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STEVEN J. RETTIG, JAMES TROTTER, W. KLIEGEL, and D. NANNINGA. Can. J. Chem. 55,1(1977). 
Crystals of difluoroboron N-methylacethydroxamate are monoclinic, a = 5.097(1), b = 

10.653(2), c = 11.520(2) A, = 103.57(2)", Z = 4, space group P2,lc. The structure was solved 
by direct methods and was refined by full-matrix least squares procedures to a final R of 0.056 
and R, of 0.077 for 988 reflections with I ?  3o(I). The structure features a planar five- 
membered BOzCN ring. Bond lengths (corrected for libration) are: B-F, 1.374(3) and 
1.381(3), 0-B, 1.496(3) and 1.497(3), 0-N, 1.349(2), 0-C, 1.346(2), C-N, 1.298(3) and 
1.458(3), and C-C, 1.468(3) A. 

STEVEN J. RETTIG, JAMES TROTTER, W. KLIEGEL et D. NANNINGA. Can. J. Chem. 5 5 1  (1977). 
Les cristaux du N-methylacethydroxamate de difluorobore sont monocliniques, a = 5.097(1), 

b = 10.653(2), c = 11.520(2) A, B = 103.57(2)", Z = 4, groupe d'espace P2,lc. On a resolu la 
structure par des methodes directes et on l'a affinee par la methode des moindres carres (matrice 
complete) jusqu'a une valeur de R de 0.056 et de R, de 0.077 pour 988 reflexions avec I 2 3o(I). 
La structure comprends un plan cycle B0,CN a cinq membres. Les longueurs de liasons 
(corrigCes pour la libration) sont: B-F, 1.374(3) et 1.381(3), 0-B, 1.496(3) et 1.497(3), 0-N, 
1.349(2), 0-C, 1.346(2), C-N, 1.298(3) et 1.458(3), and C-C, 1.468(3) A. 

Introduction R ' R' 

The formulae la-c, describing the different -c , C 
tautomeric and mesomeric forms of an isolated - +  , 

R -  Q R-N Q- 
molecule of hydroxamic acid with intramolecular ? . 

0-H 0- H chelate type hydrogen bonding, have been dis- 
cussed for hydroxamic acid and its anions (1-lo), 10 I h 
and may be summarized in Id, which features 
chelation of the proton by a bidentate zwitterionic R '  R' 
ligand. Replacement of the proton by a metal 

+//C - C cation should allow fixation of this structure +/4 \ 
R-N -0 R-N 9- 

which is otherwise difficult to establish due to the 1 
-O...H -O.. .H+ formation of both inter- and intramolecular 

hydrogen bonds (4). I C  ~d 
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Metal hydroxamates are well known (1 1-15), 
but structural formulations are (as with hy- 
droxamic acid or hydroxamate anions) still sub- 
ject to some controversy (6 ,  15). Spectroscopic 
data do not provide sufficient information for a 
definitive formulation. Evidence for at least 
partial C-N double bond and C-O single bond 
character is mainly given by X-ray crystallo- 
graphic studies of organotin (16-18), iron (19), 
and zinc (20) complexes of hydroxamic acids and 
a nickel thiohydroxamate (15, 21). Chelated 
protons are also easiiy displaced by "pseudo- 
metal" cations (22) X,Bf which are well 
established (23-27) as remarkable acceptors in 
the formation of chelate complexes. The biden- 
tale dianionic ligand in Id should be well suited 
for the synthesis of boron chelates and in fact 
hydroxamic acids and their N-substituted deriva- 
tives readily form X,B-chelates 2 (8,  9,  26, 28- 
31).' The uv spectrum of the anion 3 suggests the 
presence of C=N double bonding (8 ,  9 )  whereas 
for a cyclic thiohydroxamate the thione form, 
analogous to 2a, is favored but not unam- 
biguously proven (30). 

0 B  -X 0 B - X  0 - B  X  
I 

'W. Kliegel and D. Nanninga, unpublished results. 

With the assumption that a betainic structure 
4a represents the best formal description of the 
chelates 2a-d, the study of complexes of N- 
substituted2 hydroxamic acids with electron- 
accepting boron compounds seemed very useful. 
One of the simplest molecules of this type is the 
N-methylacethydroxamate of the extremely elec- 
tron-deficient difluoroborenium ion ( 2  or 4 ,  
R = R' = Me, X = F). The ir spectrum of N- 
methylacethydroxamic acid (1. R = R' = Me) 
(32) displays an absorption around 1625 cm-' 
which can be assigned to C=O of the hydroxamic 
or to C=N of the hydroximic form (33). In the 
difluoroboron chelate 2 or 4a this band is shifted 
to a higher frequency (about 1675 cm-l) into the 
region of C=Nf vibrations of iminium salts, 
which is a general effect (34) associated with 
quaternization of a C=N group. The iminium 
structure 2b-d or 4a is also supported by the 
'H-nmr spectrum, which shows a low field shift 
of the N-methyl protons at 6 = 3.70 ppm which 
can be compared with the values for N-methyl 
protons in nitrones 6 (R = Me) of 3.70 ppm. 
(6 (ppm) for N-methyl protons in N-methyl- 
C- ...- nitrones: (a )  -tert-butyl-, 3.65;3 (b) -phenyl-, 
3.86 (35) ;  (c) -phenyl-, 3.83; -p-tolyl-, 3.80; 
-methyl-C-phenyl-, 3.65; -methyl-C-p-tolyl-, 3.65 
(361.) 

Formally 4a can be derived by the elimination 
of R-H from the boron-nitrogen betaine 5 
(26,  37), the structure of which has been con- 
firmed by X-ray analysis of the diphenylboron 
derivative (38). Structure 5 may also be regarded 
as a formal reduction derivative of 4a. Definitive 
information on the boron-nitrogen betairle 
character of 4a could be expected from an 
analysis of bond distances. To this end an X-ray 
crystallographic analysis of difluoroboron N- 
~nethylacethydroxamate has been undertaken. 

ZIn N-unsubstituted hydroxarnates (R = H) the posi- 
tion of the proton within the complex is unclear (21). 

3W. Kliegel, unpublished results. 
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ET AL. 3 

Experimental 
2,2- Difluoro-4,5-dimethyl- 1,3-dioxa-4-nzonia-2-boranata- 

cyclopent-4-ene 
Boron trifluoride-diethyl ether complex (1.42g, 

10 mmol) was added to a solution of 0.45 g (5 mmol) of 
N-methylacethydroxamic acid (39) in 20 ml of anhydrous 
diethyl ether. A white solid, which had precipitated during 
30 min of refluxing, was filtered off after the solution had 
been allowed to stand at  room temperature for 10 h. 
After recrystallization from ethyl acetateldiethy1 ether or 
chloroform/ethyl acetate 0.53 g (779,) of colourless 
crystalline material, mp 91 "C, was obtained. Anal. 
calcd, for C3H6BFzN02:  C 26.32, H 4.42, B 7.90, N 
10.23; found: C 26.31, H 4.25, B 7.53, N 10.26; ir (11300 
KBr) 1675 cm-' (C=N); lH-nmr (60 MHz, CDC13/TMS) 
6 (ppm) 2.53 (s, 3, C-CH3), 3.70 (s, 3, N-CH,). 

X-Ray Crystallographic Analysis 
Crystals suitable for X-ray analysis were obtained by 

recrystallization from chloroforn~/ethyl acetate. The 
crystal chosen for study was mounted with a* parallel to 
the goniostat axis and had dimensions of ca. 0.4 x 0.2 x 
0.3 mm. Unit-cell and space group data were obtained 
from film and diffractometer measurements. The unit-cell 
parameters were refined by a least-squares treatment of 
sinz 0 values for 18 reflections measured on a diffractom- 
eter with Cu K, radiation. Crystal data are: 
C3H6BF2N02 f . ~ .  = 136.9 
Monoclinic, a = 5.097(1), b = 10.653(2), c = 11.520(2) A, 

= 103.57(2)", V = 608.0(2) .A3, Z = 4, pc = 1.4954(5) 
g cm-,, F(000) = 280 (22 'C, Cu K,, X = 1.54178 .A, 
p = 14.1 cm-I). Absent reflections: OkO, k # 2n, and hOl, 
I # 2n define uniquely the space groupP2,/c (c:~,  NO. 14). 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, Cu K, (nickel filter and pulse height 
analyser), and a 0-29 scan at  4' min-' over a range of 
(1.80 + 0.86 tan 0) degrees in 20, with 10 s background 
counts being measured at  each end of the scan. Data were 
measured to 20 = 146' (minimum interplanar spacing 
0.81 A). The intensity of the check reflection, measured 
every 50 reflections throughout the data collection, re- 
mained constant to with + 4%. Lorentz and polarization 
corrections and check reflection scaling were applied, and 
the structure arnplitudes were derived. No absorption 
correction was made in view of the low value of p. Of the 
1223 independent reflections measured, 230 had intensi- 
ties less than 3o(I) above background where oZ(I) = S + 
B + (0.06S)2 with S = scan count and B = time averaged 
background count. These reflections were given zero 
weight in the refinement but were included in the structure 
factor calculations. 

The structure was solved by direct methods. Eight sets 
of signs for 168 reflections with 1 El, 2 1.50 were deter- 
mined by a computer program which uses Sayre relation- 
ships in an iterative procedure (40). One set of signs was 
outstanding in that it converged in six cycles to a set 
having the highest consistency index, 0.72, with 84 
positive and 84 negative signs. The positions of the nine 
nonhydrogen atoms were easily located among the 13 
highest peaks on an E-map calculated from this set of 
signs. 

Two cycles of isotropic followed by two cycles of 

anisotropic full-matrix least-squares refinement of the 
nonhydrogen atoms gave R = 0.085. An electron density 
difference map calculated at  this point gave the coordi- 
nates of the six hydrogen atoms which were included in 
all subsequent cycles of refinement with isotropic thermal 
parameters. The entire structure was refined for six cycles 
giving a final R of 0.056 and R, of 0.077 for 978 reflec- 
tions with 1 2  3o(I) (15 reflections which had IF, - 
,FJ > 3o(F) were removed from the data set in the final 
stages of refinement). 

The least-squares refinement was based on the mini- 
mization of Zw[IF, - FJ(1 + gi) 'I2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 4.1 x The scattering factors of 
ref. 41 were used for the nonhydrogen atoms and those of 
ref. 42 for the hydrogen atoms. Anomalous scattering 
factors from ref. 43 were used for the nonhydrogen 
atoms. The anisotropic thermal parameters employed in 
the refinement ale U,, in the expression: 

where f O is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = 1/02(F) where oZ(F) is derived from the previously 
defined 02(1) gave uniform average values of w(F,! - 
FC-,j)' over ranges of IF,: and was employed in the final 
stages of refinement. 

Near tha end of the refinement it became apparent that 
there may be some ambiguity in the identification of the 
ring carbon and nitrogen atoms. A parallel refinement 
with C(l) and N interchanged was carried out. The ratios 
of the final R and R ,  values (for all 993 observed planes) 
are 1.068 and 1.038 respectively. Hamilton's test (44) 
indicates that this ratio is significant at  a confidence level 
of > 99.5%, indicating correct assignment of C(l) and N 
and also that these atoms are most likely not disordered. 
The behavior of the thermal parameters of C(1) and N 
upon interchange of scattering factors further supports 
this conclusion. The mean values of Uii (from the parallel 
refinements mentioned above) for C(1) and N as shown in 
Fig. 1 are 5.22 and 5.87 Pi2 and when interchanged are 
4.75 and 6.56 A2 respectively. On the final cycle of 
refinement the mean parameter shift was 0 . 0 5 ~  and no 
parameter shift was greater than 0.260. The mean error 
in an  observation of unit weight was 1.913. The final 
positional and thermal parameters appear in Tables 1 and 
2 respectively. Measured and calculated structure factors 
have been placed in the Depository of Unpublished 
Data.4 

The ellipsoids of thermal motion for the nonhydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
ailalysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (s) motion (45) using the 
computer program MGTLS. The rms standard error in 
the temperature factors oUi, (derived from the least- 
squares analysis) is 0.0011 Pi2. The rms AU,j value for the 
entire molecule treated as a rigid-body is 0.0034 A2. This 
pp 

4The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
KIA OS2. 
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FIG. 1. A stereo view of the difluoroboron N-methylacethydroxamate molecule. 5 0 z  ellipsoids are 
shown for the nonhydrogen atoms. Hydrogen atoms have been assigned artificially small temperature 
factors for clarity. 

TABLE 1. Final positional parameters (fractional x lo4, down a* .  Bond angles are listed in Table 4 and 
H x lo3) with estimated standard deviations in parentheses deviations of atoms from the least-squares mean 

plane defined by the five-membered B02CN ring 
Atom x Y are given in Table 5. The corrected bond dis- 
F(1) 7884(3) 1697(2) 3069(1) tances will be employed throughout the dis- 
F(2) 461 l(3) 459(1) 3388(2) cussion. 
o(1) 4472(3) 2613(2) 3849(1) The crystal structure (Fig. 2) consists of 
o(2) 3467(3) 1980(1) 
N 2056(4) 2997p, 1882(1) discrete molecules of difluoroboron N-methyl- 

2056(1) 
c(1) 2608(4) 3341(2) 3151(2) acethydroxamate. The shortest nonbonded inter- 
C(2) 1410(7) 4346(3) 3718(3) molecular distance not involving hydrogen 
C(3) 129(6) 3521(3) 1043(3)- (F(1). . . C(1) (1 + x, y,  z) = 2.961(2) A) corre- 
B 5 199(5) 1636(2) 3063(2) sponds to a normal van der Waals contact. In 
H(2a) 269(14) 497(5) 390(5) 
H(2b) 97(9) 402(4) 443(4) view of recent comments on the importance of 
H(7-c) - l(10) 471 (4) 312(4) weak hydrogen bonds (50), the geometry of three 
H ( 3 4  - 64(7) 426(4) 119(3) such C-H . . . F interactions appears in Table 6. 
W3b) - 87(7) 302(3) 79(3) These weak intermolecular C-H. . . F inter- 
H(3c) 74(9) 359(4) 32(4) actions may be responsible for a close intra- 

value indicates some independent motion of the atoms 
molecular contact between H(2c) and H(3a) 

but the derived rigid-body parameters are otherwise (2.22(6) A), both which interact with the same 
physically reasonable. fluorine atom (see Table 6). 

The appropriate bond distances have been corrected The five-membered B02CPJ ring is essentially, 
for libration (46, 47), using shape parameters qZ of 0.08 but not rigorously (X2 10.71, planar with all 
for all atoms involved. The bond distances not involving five ring atoms lying miithin 0,004 A of the hydrogen atoms were also corrected for independent 
motion based on the AUi,  (48, 49). Corrected bond mean plane (see Table 5).  The substitl~ent a t a m  
lengths appear in Table 3 along with the uncorrected C(2) and G(3) are both significantly displaced 
values. 

Results and Discussion 

from the mean plane of the B0,CP.I ring, by 
- 0.082(4) and - 0.028(3) A respectively. 

In contrast to the organotin (16-18) and iron 
Figure 1 shows a general view of the difluoro- (19) hydroxamates in which the metal-oxygen 

boron N-methylacethydroxamate molecule with bond from C-0 is significantly longer than that 
the crystallographic numbering scheme and from N-0, the 0-B bonds in difluoroboron 
Fig. 2 shows the packing arrangement viewed N-methylacethydroxamate, 1.496(3) and 1.497(3) 
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TABLE 2. Final thermal parameters and their estimated standard deviations 
(a )  Anisotropic thermal parameters (Ui ,  x l o 3  A 2 )  

Atom UII Uz 2 u3 3 U I  z U13 U2 3 

(6 )  Isotropic thermal parameters ( U  x 100) 

Atom u (A2) Atom u (A2) 

H(2a) 15(2) H(3a) 9(1) 
H(2b) 13(1) H(3b) 8(1) 
H(2c)  1 x 1 )  H(3c)  12U)  

TABLE 3.  Bond lengths ( A )  with estimated standard deviations in parentheses 
(a )  Nonhydrogen atoms 

Distance Distance 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

(b)  Bonds involving hydrogen atoms 

Bond Distance Bond Distance 

FIG.  2. The crystal structure viewed down a*. 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Nonhydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 5. Weighted least-squares plane in the 
form IX + m Y + nZ = p where x, y, z are orth- 
ogonal A coordinates with respect to a, b, andc* 

Ring atoms B02CN 
x 10.7 

Equation 0 .7876Xf 0.5914Y 
- 0.17312 = 1.8742 

Deviation (A) of 
atoms from plane 

0(1) 0.002(2) 
0(2) -0.001(2) 
N 0.003(2) 
C(1) - 0.004(2) 
B - 0.002(3) 
C(2) - 0.082(4) 
C(3) - 0.028(3) 
F(1) 1.111(2) 
F(2) -1.111(2) 

A, are essentially equal in length. The 0-B 
distances are somewhat longer than those of 
1.485(3) and 1.490(3) A in the related molecule 
(benzoylacetonato)difluoroboron (51), the differ- 
ence possibly being due to o-hybridization 
effects arising from angular constraints at boron 
imposed by the different chelate ring sizes (5- z3s. 
6-membered rings). The 0-B-0 angle in 
the present structure is 101.9(2)" us. 11 1.4" 
in (benzoy1acetonato)difluoroboron. The B-F 
bond lengths (Table 3) do not differ significantly 
from one another and their mean value of 1.378 A 
compares well with the unique distance of 
1.376(2) A in (benzoylacetonato)difluoroboron 
(51). 

The C-N and N-0 bonds are shorter and 
the C-0 bond longer than those in all other 
hydroxamate chelates cited (15-20) as well as in 
acethydroxamic acid hemihydrate (52). The 
C-N and N-0 distances of 1.298(3) and 
1.349(2) A are similar to corresponding bond 
lengths of 1.29-1.30 and 1.33-1.37 A in the cis- 
and trails-nickel(I1) thiohydroxanlate complexes 
(21). The C-W distance is shorter than that in 
pyridine-N-oxide (53) (1.34 A) and about the 
same as that in the dimethylformamide complex 
SbCl,.HCON(CH,), (54) (1.29(1) A), in which 
at least partial G=N double bond character is 
assumed. The N-0 distance of 1.349(2) A 
compares well with the N-0 distance of 1.35(2) 
A in pyridine-N-oxide (53). The C-0 distance of 
1.346(2) is comparable to phenolic C-O 
distances. The C(1)-G(2) bond length of 
1.468(3) A is shorter than the value of 1.51 A 
expected for a C(sp2)-C(sp3) single bond. Other 
bond distances in the molecule are as expected. 

In view of the equivalence of the two 0-B 
bond distances and their covalent character as 
deduced from the bond lengths, the overall 
structure of difluoroboron N-methylacethydroxa- 
mate appears to be best described by the 
resonance forms 4a and 4b. The C-N and C-0 
bond lengths indicate bond orders of approxi- 
mately 1.75 and 1.25 respectively, thus the overall 
structure may be thought of as a 3 : 1 hybrid of 4a 
and 4b, i.e. the B-N betainic form 4a is the most 
important contributor to the structure. 
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RETTIG ET A L  

TABLE 6. C-H. . . F interactions* 

D-H..  . A  H . .  .A(,&) D . .  . A ( &  L D H A  (deg) L X A H  (deg) 

*Superscripts refer to atoms at positions: 'x - 1, 112 - y, z - 112; 2-x, 112 + y, 112 - z .  The H . . . F . . . H angle at 
F(2) is 50(1)". 
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Structure of the type XXVII Streptococcus pneumoniae (pneumococcal) capsular 
polysaccharide' 

LARRY G. BEN NETT^ AND CLAUDE T. BISHOP 
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LARRY G .  B C ~ N L T T  and CLAUDE T. BISHOP. Can. J.  Chem. 55, 8 (1977) 
The type XXVII Streptococcuspneunzoniae (pneumococcus) capsular polysaccharide contains 

equimolar amounts of D-glucose, D-galactose, L-rhamnose, 2-amino-2-deoxy-D-glucose, acetyl, 
pyruvic acid, phosphate, and choline. Structural investigations involving methylation studies 
and characterization of oligosaccharides obtained by three different degradations indicate the 
structure of the complete repeating unit to be 

I 

4,6-0-carboxyethylidene 2-phosphorylcholine 

LARRY G .  BENNETT et CLAUDE T. BISHOP. Can. J. Chem. 55, 8 (1977). 
Le polysaccharide capsulaire du Streptococcus yneurnoniae (pneumococcus) de type XXVII 

contient des quantites equimolaires de D-glucose, de D-galactose, de L-rhamnose, d'amino-2 
deoxy-2 D-glucose, d'acktyle, d'acide pyruvique, de phosphate et de choline. Des etudes struc- 
turales impliquant des methylations et la caracterisation d'oligosaccharides obtenus par trois 
degradations differentes indiquent que la structure de l'unite complete de base pourrait &re 

ft3-P-D-Glc p NAc-1+3-cc-~-Gal p-lh4-0-L-Rha p-1+4-[3-~-Glc p - l j  
1 

0-carboxyethylidene-4,6 phosphoryl-2 choline 

[Traduit par le journal] 

Introduction 
The type specific capsular polysaccharide of 

type XXVII Streptococcus pne~lmoniae (pneumo- 
coccus) has been reported to contain glucose, 
galactose, rhamnose, and glucosamine (1) as 
well as 7.02% acetyl, 3.12% phosphorus (2), and 
8.7% pyruvic acid (3). However, the relative 
amounts, sequence, and linkages of the mono- 
saccharides and the locations of the other sub- 
stituents are unknown. A number of cross- 
reactions of anti-XXVII serum have been re- 
corded (4-7) but the only structural bases that 
could be deduced from these was the common 
presence of pyruvic acid in the type XXVII 
polysaccharide and in the cross-reacting poly- 
saccharides. The present paper reports the results 
of a structural study of the type XXVII poly- 
saccharide as part of a continuing program on 
structure-specificity relations in polysaccharide 
antigens of bacteria. 

'Issued as NRCC No. 15527. 
'NRCC Research Associate 1975-1977. 

Results and Discussion 
The type XXVII polysaccharide was from the 

collection of pneumococcal polysaccharides pre- 
pared by Brown (2). Table 1 gives the results of 
analysis of this product: the constituents, re- 
ported as percent of hydrolysed material, ac- 
counted for 91.7x of the polysaccharide on an 
anhydrous basis. 

Elemental analysis of the type XXVII poly- 
saccharide showed twlce as much nitrogen as 
could be accounted for by the glucosamine 
content (W, calculated from glucosamine, 1.33%; 
found, 2.7%). The absence of amino acids in 
hydrolysates precluded protein or peptides as 
the source of this extra nitrogen, but the initial 
clue as to its identity was Found in the 13C nmr 
spectrum of the polysaccharide. An outstanding 
feature of this spectrum (Fig. 1) was the high 
intensity resonance at 55.1 ppm. The observa- 
tion that this signal was three times the intensity 
of the signals from three equivalent methyl- 
carbons at 18.1, 23.4, and 25.6 ppm (for assign- 
ments see below), suggested a structure with 
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BENNETT AND BISHOP 9 

TABLE 1. Composition of type XXVII pneu- 
mococcal polysaccharide. Elemental analysis: 

C 37.7, H 6.0, N 2.7, P 2.9; ash 9.9 (%) 

Constituents "I, Molar ratio 

Acetyl 
Choline 
Phosphate 
Pyruvate 
Glucose 
Galactose 
Rhamnose 
Glucosamine 

FIG. 1. I3C nnir spectrum of pneumococcal type 
XXVII polysaccharide. 

three carbons of identical electronic environ- 
ment. Choline is such a compound, and its 
13C nmr spectrum exhibits a triplet at  55.0, 55.2, 
and 55.4 pprn attributed to the trimethylammo- 
nium carbons. Thus, the resonance at  55.1 ppm 
in the spectrum of the type XXVII polysaccha- 
ride was ascigned tentatively to the trimethyl- 
ammonium carbons of choline. Confirmation of 
the presence of choline in acid hydrolysates of 
the polysaccharide was obtained on thin-layer 
chromatograms (8) by Dragendorff's reagent (9) 
and by quant~tative analysis (10) that showed 
a choline content of 13.1%. 

The identification of choline, not previously 
reported as a constituent of the type XXVIH 
polysaccharide, was cause for concern that the 
preparation was contaminated by C-substance 
that is known to contain choline (1 1-1 3) : how- 
ever, ribitol, N-acetyl-D-galactosamine, and N- 
acetyldiaminotrideoxyhexose, the other major 
components of C-substance (12, 14, 15) were not 
present. Furthermore, the amount of choline 
( 1 3 . 1 9  and its stoichiometric relation with the 

other components (Table 1 )  indicated that it 
could not have arisen from a minor contaminant. 
Finally, the type XXVII polysaccharide gave a 
single precipitin band on immunodiffusion 
against honlologous antiserum (Fig. 2) and 
showed a cross-reaction with myeloma proteins 
specific for phosphorylcholine (16); the resulting 
spur formation where the precipitin bands 
merge (Fig. 2A)  indicated partial identity of 
reaction (complete cross-over of the bands 
would have indicated non-identity). Thus, the 
myeloma proteins and some of the homologous 
antibody proteins had reacted with a common 
determinant in the polysaccharide. Confirmation 
that this determinant was phosphorylcholine was 
given by the ability of that compound to dissolve 
the precipitin bands formed with the myeloma 
protein (Fig. 2B). 

Evidence that the choline was bound to the 
type XXVII polysaccharide through a phospho- 
diester linkage was provided by inhibition studies 
of the homologous precipitin reaction. Table 2 
shows the results of inhibition by phosphoryl- 
choline and choline in homologous precipitations 
of type XXVII and type VIII. While both phos- 
phorylcholine and choline were good inhibitors 
of the type XXVII system, it was clear from the 
inhibition at  the two lowest concentrations that 
phosphorylcholine was the better inhibitor. The 
lack of inhibition in the type VIII homologous 
precipitation showed that the results for type 
XXVII were indeed specific and were not caused 
by non-specific, ionic dissociation of the pre- 
cipitated complex. 

The 13C nmr spectrum (Fig. 1) provided other 
information in addition to the detection of 
choline: the methyl carbon region between 15 

Frc. 2. Immunodiffusion of pneurnococcal type XXVII 
polysaccharide against homologous antiserum and mye- 
loma proteins specific for phosphorylcholine. ( A )  Wells: 
1 - myeloma proteins, 2 - type XXVII polysaccharide, 
3 - anti-type XXVII serum. (B) Same as A, 3 h after 
flooding with phosphorylcholit;~ solution (5 rng/ml). 
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10 CAN.  J.  CHEM. 

TABLE 2. Inhibition of type XXVII and of type VIII 
homologous precipitations by phosphorylcholine and by 

choline 

Inhibition 
Inhibitor 
(!Jnlol) Type XXVII Type VIII 

Phosphorylcholine 
0.1 9 .1  +0.8 
0.5 16.3 -3 .0  
2 .0  20.2 +0.8 
5 .0  22.3 f 2 . 6  

20.0 23.9 0.0 

Choline 
0 . 1  
0 .5  
2.0 
5 .0  

20.0 

and 30 ppm showed four distinct resonant fre- 
quencies. These were assigned to rhamnose 
C-methyl at  18.1 ppm (17), to N-acetyl methyl 
at  23.4 ppm (Is), and to pyruvic acid C-methyl 
at  25.6 ppm. the last being made by comparison 
with the 13C nmr spectrum of inethyl 4,6- 
0-carboxyethyiidene-a-D-galactopyranoside (19) 
that showed a C-methyl resonance at  26.4 ppm. 
The equivalent intensities of these three signals 
and the triple-strength intensity of the choline 
methyl carbon peak showed that rhamnose, N- 
acetyl glucosamine, pyruvlc acid, and choline 
were present in equimolar amounts in the poly- 
saccharide. The smaller signal at  20.8 ppm in the 
13C nmr spectrum might be attributed to the 
methyl carbons of 0-acetyl groups (20); however, 
neither the structural nor serological significance 
of 0-acetyl groups was assessed because of the 
relatively small amount and the uncertainty in 
detecting their serological role in the presence 
of the major determinants, pyruvate and 
phosphorylcholine. 

Methyiation studies provided information 
about some of the linkages in the polysaccharide. 
Complete methylation was difficult to achieve, 
probably because of the pyruvate and phospho- 
rylchohne substituents. However, three major 
components were detected by gas-liquid chroma- 
tography of the partially methylated alditol 
acetates. The three derivatives, identified by gas 
chromatography - mass spectrometry (211, were 
1,3,5-tri-O-acety1-2,4,6-tr1-O-methyl galactitoi, 
1,4,5-tri-0-acetyl-2,3,6-tri-0-methyl glucitol, and 
1,2,4,5-tetra-O-acety1-3-8-methy1 rhamnitol in a 

ratio of 1 : 1 :0.6. Two smaller components were 
identified as 1,4,5-tri-0-acetyl-2,3-di-0-methyl 
rhamnitol and 1,3,4,5-tetra-0-acetyl-2-0-methyl 
rhamnitol. The sum of all rhamnitol derivatives 
was equal to an equimolar ratio with respect to 
the galactitol and glucitol derivatives. These 
results indicated that glucose and galactose were 
present as 1-4 and 1 -3 linked units, respec- 
tively. The presence of 3-0-methyl rhamnitol as 
a major component indicated that rhamnose was 
disubstituted at  C-2 and C-4, and was either a 
branch point or the site of a non-sugar sub- 
stituent. As no products representing a non- 
reducing terminal unit were detected, it was 
concluded that the polysaccharide was not 
branched. Reported difficulty in methylation of 
phosphorylated sugars, and problems of phos- 
phate migration during methylation (22), provide 
a probable interpretation of the rhamnose deriva- 
tives that were found. Thus, the 3-0-methyl 
rhamnitol and the smaller quantities of the 
2,3-di-0-methyl and 2-0-methyl derivatives 
could have arisen from a 1-4 linked rhamnose 
residue that bore a phosphorylcholine group at 
C-2. Dephosphorylation would account for the 
2,3-di-0-methyl and a 2+3 phosphate migration 
would yield the 2-0-methyl rhamnitol. Each of 
these reactions would be expected to occur to 
some extent under the strongly basic conditions 
of methylation. This interpretation was sup- 
ported by oxidation of the dephosphorylated 
polysaccharide by periodate as described below. 

The conditions under which the three non- 
sugar substituents, pyruvic acid, choiine, and 
phosphate, could be removed from the poly- 
saccharide provided information about their 
modes of linkage. Hydrolysis by acid (0.01 N 
hydrochloric at  100 "C) released pyruvic acid 
but choline and phosphate were stable. Gel 
chromatography showed that depyruvylation 
caused some degradation by hydrolysis of either 
glycosidic bonds or phosphodiester linkages 
between sugar units. Incubation of the depyruvyl- 
ated product with alkaline phosphatase did not 
release phosphateg thus eliminating the latter 
altern3rlve. Alkaline hydrolysis (0.01 N sodium 
hydroxide at 100 " C )  released choline, but 
pyruvate and phosphate were stable. This lability 
of choline and stability of phosphate has been 
observed with phosphorylcholine groups in C- 
substance (12). 

Dephosphorylation of the native type XXVll 
polysaccharide by 4 8 z  hydrofluoric acid at 
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BENNETT AND BISHOP 

FRACTION NUMBER 

FIG. 3. Bio-Gel P-2 chromatography of dephosphorylated pneumococcal typeXXVII oligosaccharides 
(@-8, phenol-sulfuric assay) and standards [---, (a)  blue dextran, (b) 3-0-(2-acetamid0-2-deoxy-!3-~- 
glucopyranosy1)-L-rhamnose, (c) 2-acetamido-2-deoxy-D-glucose, (d)  D-galactose]. 

4 "C (23) yielded a mixture of oligosaccharides 
that was resolved by gel filtration in Bio-Gel 
P-2 (Fig. 3). The major component (dp 3) was a 
tetrasaccharide that contained equiinolar propor- 
tions of glucosamine, galactose, glucose, rham- 
nose, and pyruvate but no choline or phosphate. 
Oxidation of this by periodate, followed by 
reduction and hydrolysis, yielded glucosamine, 
galactose, pyruvic acid, glycerol, and 4-deoxy- 
erythritol. The last was identified by gas chroma- 
tography - mass spectrometry of its triacetate 
as compared with a standard obtained from 
4-0-P-D-glucopyranosyl-L-rhainnose (24) by the 
same sequence of reactions. The 4-deoxyery- 
thritol could have arisen only from a 4-0-sub- 
stituted rhamnose residue in the dephosphoryl- 
ated tetrasaccharide and the point of linkage in 
the linear polymer was thereby established. 
Furthermore, as the rhamnose in the poly- 
saccharide was not susceptible to periodate 
before dephosphorylation and yielded mainly 
3-0-methyl rhamnose on methylation, the 
phosphorylcholine was located at  the C-2 
hydroxyl of this sugar. Oxidation of the de- 
phosphorylated tetrasaccharide by periodate 
also contributed information about the sequence 
of sugars. The glycerol in the hydrolysate after 
reduction must have come from glucose, the 
only sugar other than rhamnose to be oxidized. 

The glucose must therefore have been the non- 
reducing terminal unit in the oligosaccharide; 
a 1+6 linked glucose residue that would also 
have given rise to glycerol was ruled out because 
the results of methylation showed that glucose 
was 4-0-linked in the repeating unit. Similarly, 
galactose was 3-0-substituted in the repeating 
unit (methylation results) and could not represent 
the reducing end of the tetrasaccharide because 
it would then have been susceptible to oxidation 
by periodate. Degradation of the native poly- 
saccharide described below gave a glxcosaminyl- 
galactose disaccharide that located the amino 
sugar as being attached glycosidically (1+3) 
to galactose. The tetrasaccharide sequence 
was therefore glucosyl-glucosaminyl-galactosyl- 
rhamnose. 

The evidence so far showed that in the re- 
peating unit glucose and galactose were glyco- 
sidically monosubstituted, and rhamnose was 
substituted by a glycosidic bond at the 4-0- 
position and by phosphorylcholine at the 2-0- 
position. Thus glucosamine was the only residue 
that could bear the pyruvate substituent. As the 
pyruvate was stable in alkali it must have been 
present as a ketal bridging the 3,4, 3,6, or 4,6 
hydroxyls w ~ t h  the latter most likely for steric 
reasons. The presence of pyruvate and glycosidic 
attachment of the adjacent sugar residue to the 
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0 5 0  6 0  7 0  8 0  9 0  100 110 120 

FRACTION NUMBER 

FIG. 4. Bio-Gel P-2 chromatography of hydrolysates (a)  and (b) of periodate oxidized, reduced, 
pneumococcal type XXVII polysaccharide. Hydrolysate (a)  @-@; hydrolysate (b) 0-0 (phenol- 
sulfuric) and IS---m (amino sugar). The arrow indicates the void volume. 

remaining hydroxyl would mean that glucos- 
amine was fully substituted in the native poly- 
saccharide. In support of this, it was noted that 
no  methyl ethers of glucosamine were identified 
in the methylation analysis. 

Confirmation of the foregoing deduction was 
obtained by the following degradations. The 
native polysaccharide, when oxidized by perio- 
date, consumed 1 mol of oxidant per 4 mol of 
monosaccharide. Analysis of the products after 
reduction and hydrolysis showed that all the 
glucose had been oxidized and had given rise 
to  erythritol: a direct confirmation of the methyl- 
ation study showing that glucose was mono- 
substituted glpcosidically at  the 4-0-position. 
Periodate oxidation of the 85% depyruvylated 
polysaccharide (0.01 N hydrochloric acid, 60 min, 
100°C) gave the same results as the native poly- 
sacchar~de. Thus, depyruvylation d ~ d  not expose 
a glycol group and the possibility that pyruvate 
was linked in glucosarnine as a 3,4-ketal was 
ruled out. 

The periodate-oxidized, reduced, native poly- 
saccharide was subjected to mild hydrolysis (25) 
under two sets of cond~tions:  (a)  1 N hydro- 
chloric acid at 23 '6  for 24 h, (h) 0.1 N hydro- 
chloric acid at  100 "6 for I h. The products of 
these partial hydrolyses were separated by elution 
from Bio-Gel P-2 (Fig. 4). Hydrolysis (a) gave 

a single oligosaccharide (peak sd 1, Fig. 4) in 
about 90% yield. This product contained equi- 
molar amounts of glucosamine, galactose, rhain- 
nose, erythritol, phosphate, choline, and pyru- 
vate. I t  was therefore an  erythritol glycoside of a 
trisaccharide that represented the intact re- 
peating unit of the polysaccharide with erythritol 
in the position of the oxidized glucose residue. 
Further periodate oxidation, reduction, and 
hydrolysis of this non-reducing erythritol glyco- 
side resulted in the loss of erythritol with the 
concomitant appearance of glycerol. However, 
when the compound was depyruvylated (0.01 N 
hydrochloric acid at  100 "C for 1 h) and then 
exposed to periodate, erythritol disappcared as 
before but there was also loss of glucosamine 
that corresponded quantitatively with the amount 
of depyruvylation. Because depyruvylation of 
the native polysaccharide did not expose glucos- 
amine to periodate as it did in the erythritol 
glycoside, it was concluded that glucosamine 
formed the other non-reducing terminal unit 
in the latter. Thus, the oxidation of glucosamine 
in the depyruvylated erythritol glycoside must 
have occurred at  adjacent hydroxyl groups, one 
of which was exposed by the hydrolysis of the 
oxidized polysaccharide, the other by the sub- 
sequent depyruvylation. The most likely inter- 
pretation was that glucosamine was 3-0-linked 
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BENNETT AND BISHOP 

3-Glc p NAc-1-3-Gal p - 1 1 4  
I 

4,6-pyruvate ketal 

(1) Methylation - 2,4,6-tri-0-methyl-D-galactose 
2,3,6-tri-0-methyl-D-glucose 

(2) Dephosphorylation -t Glc p-1-3-Glc p NAc-1-3-Gal p-144-Rha p (peak dp3 Fig. 3) 
I 

4,6-pyruvate ketal 
I 
110,-, BH,C, H +  

glycerol, N-acetylglucosamine, galactose, 4-deoxyerythritol 

(3) Periodate oxidation, reduction 

Hydrolysis (a) -t Glc y NAc-lh3-Gal p-1-4-Rha p-l+2-erythritol (peak sdl Fig. 4)  
I I 
I I 

4,h-pyruvate ketal 2;phosphorylcholine 

/ (I) Depyruvylation 10,-, BH,-, H -  
(2) 104- ,  BH,-, H+ \ 

glycerol, galactose, 
rhamnose 

'r 
A'-acetylglucosamine, 
galactose, rhamnose, glycerol 

Hydrolys~s (b) 4 Glc p NAc-l+3-Gal (peak 111 Fig 4) 1 I.,-, BH,-, H +  

glycerol, Iqx~tol 

FIG. 5 .  Structural analysis of pneumococcal type XXVII polysaccharlde. 

in the polysaccharide and carried a 4,6-pyruvate 
ketal. The alternative of a 4-0-linked glucos- 
amine with a 3,6-pyruvate ketal was considered 
unlikely on steric grounds, nor have 3,6-pyruvate 
ketals been found in polysaccharides. 

Hydrolysis (b) of the oxidized, reduced poly- 
saccharide gave a mixture that was resolved into 
five components (peaks I-V, Fig. 4). Peaks IV 
and V contained N-acetylglucosamine and 
galactose respectively. Peak TIT was a disaccha- 
ride composed of N-acetylglucosamine and 
galactose. Borohydride reduction converted the 
galactose moiety to galactitol showing that the 
compound was a glucosaminyl-galactose. Perio- 
date oxidation, reduction, and hydrolysis yielded 
glycerol and lyxieol. Clearly, the glycerol came 
from the non-reducing terminal N-acetylglucos- 
amine and the lyxitol must have arisen from 
oxidation (at the C,-C, glycol) of a 3-0-linked 
galactopyranose residue. The characterization 
of this disaccharide, together with the identifica- 
tion of the reducing and non-reducing terminal 

residues in the tetrasaccharide from dephospho- 
rylation as rhamnose and glucose respectively, 
u~lequivocally established the sequence in the 
repeating unit. The results of this structural 
analysis are summarized in Fig. 5.  

The relative susceptibilities of the sugars in 
the polysaccharide to oxidation by chrorniurn 
trioxide were investigated to permit assignment 
of anomeric configurations to the glycosidic 
bonds (26-28). It was necessary to depyruvylate 
and dephosphorylate the polysaccharide so that 
a sufficient number of acetyl groups could be 
introduced for extractability into chloroform 
after the oxidation. Even though this caused 
some depolymerization, enough glycosidic bonds 
were left intact to permit a clear interpretation 
of the results. Thus, glucosamine, glucose, and 
rhamnose were oxidized and their giycosidic 
linkages were therefore in the P-configuration. 
The galactose was not oxidized so its glycosidic 
linkage was cs. 

The enantiomorphic forms of glucose and 
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FIG. 6. The repeating unit of pneumococcal type XXVII capsular polysaccharide. The configuration 
at  the asymmetric carbon of the pyruvate ketal has not yet been determined. 

galactose were established as D by the suscepti- 
bility of these two sugars to enzymic oxidation 
by their specific oxidases. If it is assumed that 
the glucosamine is also D, a reasonable assump- 
tion because the r -form has not been found in 
nature, then the enantioniorphic form of rham- 
nose may be deduced from the specific rotation 
of the polqsacchar~de ([u], +53.2") (2). This 
rotation ma) be regarded as the sum of rotations 
of the four constituent sugars in the anoineric 
configuration given above. For the corre- 
sponding methyl glycosides these are: P-D- 
glucopyranoside - 34.2 , u-D-galactopyranoside 
+ 179.3", P-D-glucosamine - 44", and P-L-rham- 
nopyranoside +95.4^ for a total contribution 
of (196.5')/4 = +49.lC. The corresponding cal- 
culated rotation using the value for 0-D-rhamno- 
pyranoside is + 5.7". I t  was therefore concluded 
that rhamilose was present as the L-enantiomer 
and the full structure of the repeating unit is 
shown In Fig. 6. 

Experimental 
Biologicn/ iWutei.iu/r 

The pneumococcal type XXVII capsular polysaccha- 
ride and type specific anti-XXVII and anti-VTII horse 
sera were generously provided by Dr. Kenneth Amiraian, 
New York State Department of Health, Albany, New 
York. Mouse serum from BALB/c mice bearing plasma- 
cytolna MOPC603, as the source of myeloma proteins 
specific for phosphorylcholine, was a gift from Dr. N. M. 
Young of these laboratories. 

C Xuclear Mugne tic Resol~ance 
The spectrum of the type XXVIT polysaccharide 

(100 mg in 1.0 ml DzO) was measured in a 12 mm tube 
at  30 "C on a Varian XL-100 spectrometer at  25.16 MHz. 
Spectra were obtained using a pulsed Fourier transform 
mode with complete proton decoupling. Chemical shifts 
are reported as parts per million downfield relative to an 
external tetramethylsilane standard. The 'H resonance of 

the D 2 0  provided the field freq~~ency lock. Spectra of 
phosphorylcholine and of methyl 4,6-0-carboxyethyli- 
dene-r-D-galactopyranoside (19) in D 2 0  were determined 
in 10 mni tubes on a Varian CFT-20 spectrometer. 

In?nl~inodiffusion 
Double diffusion studies (29) were done at 4 "C in 

plastic petri plates (1.5 x 5 cm) containing 1z agarose 
in 0.8% sodium chloride solution. The precipitin bands 
(Fig. 2) were allowed to form during 4 days. The plate 
was then flooded with 5 ml of aqueous phosphorylcholine 
(5 n1g:'rnl). Disappearance of the precipitin bands specific 
for phosphorylcholine determinants was complete in 
3 11 (Fig. 2B). 

Quanfitntice PrecQitins 
The relative amounts of antigen and antiserum used for 

inhibition studies were those at  maximum precipitation. 
The system used was 0.5 M sodium bicarbonate, p H  7.5 
(100 pl), undiluted a~t iserum (100 pl), antigen (25 pg in 
100 111 water), and varying amounts of inhibitor in water 
(200 111). Mixtures were incubated at 4 "C for 5 days after 
which the precipitates were washed twice with 0.1 M 
sodium bicarbonate, pH 7.5 (1.0 ml), and dissolved in 
0.1 R sodium hydroxide for estimation of protein (30). 

Otlzer Analytical lMethorls 
For analysis of neutral sugars the polysaccharide was 

hydrolysed by S hydrochloric acid at 100'C for 10 h. 
The hydrolysate was neutralized (Dowex 1-X8, HC0,- 
form) and concentrated by evaporation under diminished 
pressure at 40 "C. Sugars were separated by thin-layer 
chro~natography on silica gel 60 in ethyl acetate:iso- 
propano1:acetic acid: water, 3 : 5 : 1 : 1 ,  and analysed by a 
micromodification (31) of the phenol - sulfuric acid 
method (32) with the minor but significant change that 
the silica gel was simply pelletized by centrifugation 
before absorbances here measured. 

Alditols from studies on periodate oxidation and their 
methyl ethers from methylations were analysed by gas- 
liquid chromatography with a Hewlett-Packard Model 
402 gas chromatograph. The glass U-tube columns 
(150 x 0.3 cm) were packed with 3 z  ECNSS-M on 
80-100 mesh Gas-Chrom Q (33) which was also used in 
a Finnigan Model 9500 gas chromatograph-3100D Inass 
spectrometer when that system was used to identify 
products (21). 
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BENNETT AND BISHOP 

TABLE 3. Characterization of partially methylated alditols 

Alditol TR * m/e Molar ratio 

1,4,5-Tri-0-acetyl-2,3-di-0-methyl rhamnitol 1.00 117, 203 0 . 2  
1,3,4,5-Tetra-0-acetyl-2-0-methyl rhamnitol 1 .54 117 0 . 2  
1,2,4,5-Tetra-0-acetyl-3-0-methyl rhamnitol 1.88 189, 203 0 . 6  
1,3,5-Tri-0-acetyl-2,4,6-tri-0-methyl galactitol 2.26 45, 117, 161, 233 1 .O 
1,4,5-Tri-0-acetyl-2,3,6-tri-0-methyl glucitol 2.53 45, 117, 233 1 . O  

*Retention times relative to  that of 1,5-di-0-acetyl-2,3,4,6-tetra-0-methyl glucitoi. 

Analyses for amino sugars and amino acids were done 
on an automatic amino acid analyzer following hydrolysis 
by 3 N hydrochloric acid at  10OCC for 10 h. Phosphate 
(34), pyruvic acid (35), and choline (10) were assayed by 
published procedures. Acetyl was determined as acetic 
acid by gas chromatography on Chromosorb 102 with 
propionic acid as an  internal standard. 

Methylation 
Because of its limited solubility in diniethyl sulfoxide 

the type XXVII polysaccharide (5 mg) was acetylated 
prior to methylation. The acetylation and methylations 
by the Hakomori (36) and Purdie and Irvine (37) methods 
were as described by Choi and Meyer (38). Two methyla- 
tions by the Hakomori procedure gave incomplete 
methylation as shown by hydroxyl absorption in the 
infrared and by a m~iltiplicity of components after hydrol- 
ysis. The partially methylated polysaccharide was there- 
fore remethylated with methyl iodide:methanol (1 : 1) and 
silver oxide (37). The product, recovered by extraction 
with chloroforln and methanol, was dissolved in 80% 
aqueous methanol and deionized (mixed resin column: 
~ e x y n  101 (H+) and Dowex 1 (OH-)). Infrared spectro- 
scopy showed only minor hydroxyl absorption, and three 
major components were present after hydrolysis. The 
methylated polysaccharide was hydrolysed, first in 2 . 5 z  
methanolic hydrogen chloride at 100 "C for 20 h, then 
in 2 ,?i hydrochloric acid at 100 -C for 6 h. The hydrolysis 
products were reduced (NaBH,), acetylated, and ana- 
lysed by gas chromatography - mass spectrometry (21). 
The characterization of the partially methylated alditols 
is detailed in Table 3. 

Hydrolysis of'S~ibsrirr~er~t Grolrps 
(i) Acid Hj~drolysis 
The type XXVII pol>saccharide (8 mg) was dissolved 

in 0.01 ,V hydrochloric acid (8.0 nil) and the solution was 
heated at  100 ' C .  At intervals the solution was cooled 
and aliquots (100 and 400 pl) \vere removed, the former 
for analysis of free pyruvic acid (35). The other aliquot 
was ne~itralized (4 1 1  of ,\ sodium hydroxide) and in- 
cubated 5 days with alkaline phosphatase (100 11, 0.1% 
sol~itioa in 0.5 .W Tris, pH 10.3), after which 200 krl  was 
assayed for free choline (10) and 300 111 was assayed for 
free phosphate (34). 

(iiJ Alkaline fijdro1j.sis 
The same quantities and conditions used for acid 

hydrolysis were employed for hydrolysis of the poly- 
saccharide in 0.01 ~Vsodium hydroxide. Release of pyr~~vic  
acid; choline, and phosphate here monitored as described 
above. 

(iiiJ Dephosphor~~lation 
A solution of the polysaccharide (1Omg) in 48% 

hydrofluoric acid kept at 4 'C for 3 days was neutralized 
with sodium carbonate and insoluble sodium fluoride 
was removed by centrifugation. The supernatant was 
deionized (mixed resin, Rexyn 101 (H+) and Dowex 
1-X8 (OH-)) and freeze dried. The product recovered 
(8 mg) was free of both phosphate and choline. 

Periodate Oxidation 
Periodate oxidations, borohydride reductions, and 

hydrolysis of the products were done by standard pro- 
cedures (25). In brief, oxidations were done with 0.01 M 
sodium metaperiodate in the dark at room temperature 
for 50 h ;  consumption of oxidant was monitored spectro- 
photometrically (39). Oxidized products were reduced 
with sodium borohydride and hydrolysed with hr hydro- 
chloric acid at  100 ' C  for 10 h. Components in these 
hydrolysates were analysed by thin-layer chromatography 
and by gas-liquid chromatography after further reduction 
and acetylation to alditol acetates. Glucosamine was 
determined colorilnetrically (40). Results are given in the 
preceding section. 

Isolation of Oligoscrccharides 
(i) Fro171 Deyhosphorj~lation 
Dephosphorylated oligosaccharides (8 mg) were eluted 

from Bio-Gel P-2 (minus 400 mesh, 120 x 1.2 cm) with 
0.1 M pyridine acetate buffer, p H  6.0. Fractions (0.85 ml) 
were monitored by the phenol -sulfuric acid method 
(32) and the elution pattern is shown in Fig. 3. Fractions 
containing only peak dp 3 were combined and freeze 
dried to yield a product shown to be a tetrasacchnride as 
described above. 

(ii) From Periodate Oxidntior~ 
Portions (10 mg) of periodate-oxidized, borohydride- 

reduced, polysaccharide were hydrolysed (a) by A: hydro- 
chloric acid (5 ml) at room temperature for 24 h, (O) by 
0.1 ,\;hydrochloric acid (5 ml) at 100 ' C  for 1 h, neutral- 
ized (0.5 ,\- sodium hydroxide), and fractionated on Bio- 
Gel P-2 as described above. Fractions were monitored 
for neutral sugars as in (i) and for amino sugars by a 
modified Elson-Morgan assay (40). The elution patterns 
are shown in Fig. 4. Hydrolysis (a) gave only one com- 
ponent (sd 1) apart from a small peak at  the void volume. 
Analysis and further degradation studies as described 
above and summarized in Fig. 5 showed this to be an 
erythritol glycoside of a trisaccharide. Hydrolysis (b) gave 
5 components on elution from Bio-Gel P-2 (peaks I-V, 
Fig. 4). Peaks IV and V were identified by chromatography 
as 2VT-acetylglucosamine and galactose, respectively. Peak 
1x1, as described above, was shown to be the disaccharide, 
Glc p NAc 1-3 Gal. Peaks 1 and I1 from this elution 
were not examined further. 
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C/zllr.omium Trioxide Oxidntions 
The polysaccharide (5.5 mg) was depyruvylated and 

dephosphorylated as described above. The deionized 
product (3 mg) was reduced (NaBH4), acetylated, and 
divided into three equal portions for oxidations of 0, 1, 
and 2 h as described by Laine and Renkonen (28). After 
hydrolysis the glucosamine contents were determined 
calorimetrically (40); neutral sugars were analysed 
directly by thin-layer chromatography and as alditol 
acetates by gas-liquid chromatography with addition of 
inositol as internal quantitative standard. The results 
showed a 7 5 z  loss of glucosamine and the almost total 
loss of glucose and rhamnose in the 2 h oxidations; 
galactose was not affected. 

Enzynlic Oxidations 
An hydrolysate of the polysaccharide was incubated 

separately with D-glucose oxidase and D-galactose 
oxidase (Glucostat and Galactostat reagents, Worthing- 
ton). Thin-layer chromatography failed to show glucose 
and galactose. 
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Molecular inclusions in the paraffin layers of the nickel 
cyanide n-alkylamine systems 
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Y. MATHEY, R .  SETTON, and C. MAZIERES. Can. J. Chem. 55, 17 (1977). 
The layered Ni(C,,H,,t+lNH,),Ni(CN), acts as a host structure for amines, yielding Ni- 

(C,,H2.+1NH2),Ni(CN)4,XC,,H2,,-1NH2 (with 0 5 x i 0.4 and 12 5 rz i 16) which are 
easily prepared by various procedures including solid-solid reaction. The guest can be removed 
and re-included: it can be replaced by aromatics. Phase transitions of the clathrate (with anlines 
as guest) occur in the range 55-85 "C, obviously related to the transitions previously observed 
in the parent compound Ni(C,H,,, ,NH,),Ni(CN),. 

Y. MATHEY, R. SETTO\ et C. MAZIERES. Can. J .  Chem. 55, 17 (1977) 
La preparation et les caracttristiq~les de conlposes d'inclusion Ni(C,,H,,+ ,NH,),Ni(CN),, 

xC,,H,,+ lNH2 avec 0 5 x 5 0.4 et 12 i n 5 16 sont decrites. Les nlolecules d'amines incluses 
dans les couches paraffiniques du systeme peuvent Ctre deplacees puis reinserees. L'inclusion 
d'aromatiques, dans le i11Eme systen~e, a ete realisee. L'existence de deux transitions pour 1e 
clathrate d'amines dans l'intervalle 55-85 "C est interpretee en relation avec 1e cornportement 
de la structure d'accucil Ni(C,$H,,,+ ,NH,),Ni(CN),. 

The method of preparation which was given of them leading to a light violet product. (A) 'Quasi- 

(1) after the original description by wciss (2) of anhydrou? nickel cyanide was prepared by dehydrating 
the hydrated cyanide at  160 "C; 0.5 mol of the yellow 

the cyanide powder thus obtained was suspended in dry hexane and 
leads products for which the RNH2/  refluxed for 2 h with 0.65 mol of n-Cl,H,5NH,. The 

Ni(CN), ratio {with R = C,H,,+ ,) can vary solid was then filtered, washed with hexane and dried.' 
between 1 (parent compound) a i d  -about 1.20. ( B )  Freshly prepared hydrated cyanide NI(H,o),- 

A moderate heating (2 h at  100 "c, for instance) Nl(CNj4 Y H ~ O  (0.5 nlol) (4) was added to 65 ml of a 
10 M solutlon of n-dodecylainine In hexane and the 

yields the parent Ni(CnM2n+ tNH2)2- mixture refluxed, hltered, washed, and dried as above 
Ni(CN), which has already been described (1-3). (c) A mixture of o 65 mol of solid C, ? H ? ~ N H ,  and .- -. . 

The ease of formation of the Ni cvanide 0.5 mol of quasi-anhydrous nickel cyanide was gently 

n..alkylamines compounds will first be dimon- heated until it suddenly changes from yellow to light 
violet indicating coordination of the amine on the strated; then, using n-dodecylamine as an  available Ni sites, 

example, it will be shown that the excess of 
amine molecules is not held by superficial ad- 
sorption but rather as the guest in a true layered 
inclusion compound conveniently described as 
Ni(C,,H2nT ,NH2)2Ni(CN)4>xCnH2r, + 1NH2)with 
0 I x I 0.4. The process of inclusion is pro- 
gressive and reversible but a point exists beyond 
which the polymeric cyanide host structure 
breaks down. Furthermore, the same type of 
compound can exist with aromatic hydro- 
carbons as the included species. 

Experimental 
Preparation 

The compounds Ni(C,H,,,+ ,NH,),Ni(CN),,xC,,H,, +,- 

NH, (which will hereafter be noted NiNiC,,xC,) have 
been prepared with normal alkylamines with n = 12 to 
16. 

In the case of rz-dodecylamine (given as an example), 
one of the following three preparations can be used; all 

Analysis 
Nickel was estimated by EDTA complexometry (5). 

Thermogravimetric analysis (TGA) gave the total ainine 
content and hence x. These results were in good agree- 
ment with those calculated from elementary analysis 
using the hypothesis of one Ni to each two CN groups 
(Table 1). 

Note 
The maximurn value of x fo~lnd was 0.4; this value did 

not seem to depend on the mode of preparation. However, 
the use of excess quantities of amine led to much larger 
values of x (up to x = 4) but X-ray diffraction and 
infrared absorption showed that the compounds thus 
obtained were no longer of the NiNiC,,,xC, type here 
described. 

'This method of preparation is analogous to that given 
by Walker and Hawthorne (1) in which the excess amine 
is removed by heating to yield the stoichiometric parent 
compound NiNiC, in its form I (3). 
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TABLE 1. Elementary analysis results 

- - -- 
x* Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

0 19.8 19.8 56.8 56.1 14.2 13.7 9 . 2  9 . 2  
0 .15  18.9 18.8 57.7 57.3 13.9 13 .8  9 . 4  9 . 4  
0 .35  17.9 17 .4  58.9 58.7 13 .5  13.3 9 . 7  9 . 7  

*Content included dodecylaniine. 

Plzysical Pvoyer f ies 
X-Ray diffraction patterns were obtained by reflexion, 

on a diffractometer (hK,,Cu); ir spectra were obtained 
on Nujol inulls or KBr pellets; thermal analyses were 
obtained in air on samples ranging from 10-15 mg 
(TGA) to a few micrograms (DTA). 

Results 
Whatever the value of x (between 0 and 0.4) 

or 11 (between 12 and 16) the compounds are 
light violet powders. A part of the X-ray diffrac- 
tion pattern of the NiNiC,,, -0.4C1, compound 
is compared to the diffractogram given by form 
I of the parent NiNiC,, compound in Fig. 1 .  
Thermal treatment of the compounds singles out 

FIG. 1. X-Ray diffractogram (hK,,Cu) of (A) NiNiC,, 
LC,, inclusion compound, for n = 12 and x % 0.4; (B) 
NiNiCI2, the parent compound (form 1). The shading 
refers to the first category of lines (see text) In A, the 
4th harmonic (around 19") is occulted by other reflections. 
The lines of the second category are shown linked in the 
two diagrams. 

TABLE 2. Maximum values (in A) observed for the 
largest interplane distance in NiNiC,,xC, with 

12 5 n 5 16 and x z 0.4 

n (A) 

n NiNiC, NiNiC,,,xC,, 

three categories of lines: (i) The first line 
(smallest value of the diffraction angle) and its 
harmonics, with intensities strongly enhanced 
by preferential orientation of the powder on the 
holder. The corresponding value of the interlayer 
spacing is slightly dependent on the value of 
x and differs with n. It is always greater than 
that of the corresponding parent compound but 
tends discontinously to this latter value during 
the heat treatment (Table 2); an incomplete heat 
treatment leads to two phases. (ii) A few lines 
whose positions do not depend on n and which 
are not much affected by the heat treatments. 
They correspond to distances very close to those 
characteristic of the polymeric nickel cyanide 
plane already met in NiNiC,,. (iii) Some strong 
lines which are not linked with the value of n 
and are considerably modified by the heat 
treatment. 

The ir spectra obtained on as-prepared and 
heat-treated compounds are quite similar but. 
in the latter case, the spectrum is less complex, 
particularly in the extension vibrations v(C-C) 
and v(C-N) of the C,H,,+,NH, chain and 
v(N-H) of the NH, group; also the very intense 
v(C=N) vibration splits (2162 and 2156 cm-l). 

The different methods of physical analysis 
show that below 85 "C, modifications occur 
without any loss of mass; above this threshold, 
loss of mass occurs leading to NiNiC, (I) with 
x = 0. Depending on the previous thermal his- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MATHEY ET AL. 19 

tory, three types of thermograms can thus be 
distinguished : 

Heating to 75 "C (rnaxivlzutn) 
The DTA curve of Fig. 2A shows a first 

endotherm starting at 55 "C and another rather 
weaker one at  about 65 "C. The reverse signals 
can be observed on cooling and the cycle is 
reproducible any number of times. There is no 
loss of mass fro111 the sample; X-ray diffraction 
pattern and is spectra of the sample at  room 
temperature show no variations. 

Heating to 85 "C 
At room temperature no loss of mass or any 

modification of the ir spectrum are observed 
after a first heating to 85 "C, but the X-ray 
diffraction pattern is permanently modified fiith 
the largest value of d, the interplanar distance, 
changing from 19.30 to 19.05 A. Similarly, the 
DTA curve shows a significant reduction of the 
first endotherm (Fig. 2A'). Identical thermo- 
grams are obtained during further heating cycles 
limited to a rnaxi~num temperature of 85 "C. 

Heating to Bejond 85°C 
This entails decomposition and leads to 

NiNiC,, (I) ~vhose characteristics have already 
been described (3) (Fig. 2B). It is important to 
note that the removal of the excess amine is 
still, in a way. reversible since x can be increased 
again through the action of a solution of 
n-C,,H,,NH, in hexane. The products thus 

FIG. 2. Differential thermal analysis. (A) Of NiNiC,,, 
xC,, with x 2 0.4. First heating and cooling cycle. 
if r < 75 ' C ,  this cycle is reproducible. (A') After a first 
heating to 85 C ,  this cycle is reproducible if  t,,, 5 
85'C. (B) After a first heating to 100'C (2 h). The 
thermogra~n is that of the parent compound. 

obtained, corresponding to the formula NiNiC,,, 
x'C,,, are analogous to those obtained by 
procedures A,  B, or C, with the value of x '  
independent of the previous value of x. Also in 
this case, there exists a limiting value of x '  
beyond which profound modifications of the 
system occur. Thus, the products obtained from 
NiNiC,, and a quantity of amine equivalent to 
x' = 4 correspond to the expected foriilula but 
their characteristics are quite different from those 
described above. X-Ray diffraction yields a 
value of 24.9 A and the ir spectrunl shows two 
peaks for ~ ( C E N )  at 2152 and 2123 cm- I ,  both 
intense, two for v,,(N-H) at 3334 and 3316 cnl-' 
and two for v,(N-H) at 3270 and 3254. The 
product is identical to that described in the Note 
in Experimental section. 

Discussion 
The analogy between the X-ray diffraction 

pattern and the ir spectra of NiNiC,, and 
NiNiC,.xC, (particularly with regard to the 
structure in the Ni planes) as well as the analogy 
of the DTA curves suggests that the excess 
alnine of NiNiC,,,xC,, (with 0 < x < 0.4) leaves 
most of the crystalline lamellar structure of the 
parent coinpound unchanged. Apparently, the 
excess inolecules are trapped between the layers, 
and this both modifies the interlayer spacing 
and increases the complexity of organization of 
the paraffinic system. Since the coordinated and 
non-coordinated alkyl chains are identical and 
must probably both be in their fully extended 
trans conformation, the axes of the mean re- 
pulsion cylinder are likely to be parallel so as 
to obtain closest packing in the interlayer 
spacing. Furthermore, since the increase in the 
interlamellar distances with n (when x 2 0.4) 
is slightly greater than that observed for the 
parent compound (Table 2), the angle between 
the chains and the cyanide planes must have 
been slightly increased. The problem of the 
structural relationship between the various parts 
of the lattice has not, however, yet been solved 
owing to the lack of single-crystal data (3). 

The thermal evolution of NiNiC,,,.uC,, can 
be interpreted as follows: at about 75 "C the 
system of planes and chains settles irreversibly 
with u',,, changing from 19.30 to 19.05 A. When 
this more compact NiNiC,,,xC,, is heated once 
again from room temperature, a first transition 
occurs at about 55 'C, strikingly similar to the 
I + 11 transition of the parent compound (3). 
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The second transition, starting at  about 65 "C, 
couid be homologous to the 11 -. 111 transition 
which, in NiNiC,,, occurs at 85 "C. The decrease 
in the transition temperature could be the result 
of an increase in freedom of the ter~ninal CH, 
groups. 

The NiNiC,,,xC,, system therefore shows the 
following properties : reproducibility of the 
spectral and structural properties, possibility of 
obtaining x values between -0.4 and 0, de- 
composition leading to the parent con~pound 
NiNiC,,, possibility of regeneration. These fea- 
tures are character~stic of an inclusion compound 
in which the parent lattice plays the role of a host 
structure. For n = 12, the maximum value of x 
seems to be about 0.4; beyond this value, the 
Ni-CN bonds in the polymeric cyanide phase 
break down, as shown by the profound modi- 
fications of the ir spectra in which two intense 
v(C-N) bands appear separated by 30 cm-'. 
In other words, an excess of a~nine seems to 
lead to [Ni(RNH,),]2'[Ni(CN),]2- but the 
structural relationsh~p between the square planar 
anions and the bulky cations has not yet been 
ascertained. 

A similarity can be drawn between the host 
structure and that of the Hofmann clathrate 
(6) Ni(NH3),Ni(CN),,2C,H,. This has led us to 
attempt the inclusion of aromatics: (I) With 
benzene, for n 5 12 one can obtain NiNiC,,, 
xC,H, but the stability of this compound is low 
even at room temperature. In fact benzene seems 
to diffuse into and out of the NiNiC, structure. 

Naphthalene and anthracene can be included, 
their diffusion out being slow enough to permit 
observation of their inclusion. (2) If one tries to 
regenerate NiNiC,,,x'C,, by reacting NiNiC,, 
with C,,H,,NH, dissolved in benzene (instead of 
hexane), the inclusion of the amine doesn't occur. 
The extreme ease with which benzene apparently 
diffuses into the structure probably prevents the 
bulkier anline niolecules from pcnetrating be- 
tween the layers. (3) The stability of the aromatic 
inclusion compounds can be markedly improved 
by adjusting the size of host site to that of the in- 
cluded molecule, thus, anthracene can be better 
included in NiNiC, than in NiNiC,,. The 
differences in the uv spectrum of the aromatic 
molecules brought about by inclusion suggest 
that the distribution and orientation in the ali- 
phatic chains could be studied along the lines 
of the numerous results (7)  obtained following 
the work of Shpolskii (8) in this field. 
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1,2,3,4,7,8,9,10-0ctahydrodicyclohepta[de,ij]naphthalene and 
2,7-dimethylpyrene: a short novel synthesis 
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DAVID E. LAYCOCK, ROSEMARY J. WAIN, and ROBERT H. WIGHTMAN. Can. J. Chem. 55, 21 
(1977). 

The preparation of two tetracyclic benzenoid hydrocarbons is described using a four step 
synthesis involving 'aromatization' of a Diels-Alder dianhydride adduct. 

DAVID E. LAYCOCK, ROSEMARY J. WAIN et ROBERT H. WIGHTMAN. Can. J. Chem. 55, 21 
(1977). 

On dCcrit la prkparation de deux hydrocarbures benzenoides tCtracycliques qui sc font par 
I'intermCdiaire d'une synthkse en quatre etapes impliquant 'I'aromatisation' d'un adduit dian- 
hydride de Diels-Alder. 

[Traduit par le journal] 

Introduction 
Bis-annelation of the naphthalene nucleus via 

the peri positions has led to some interesting 
tetracyclic polyunsaturated hydrocarbons in- 
cluding acepleiadylene 1 (I), pyracylene 2 (2) 
and pyrene 3 (3). These compounds have re- 
ceived much chemical (1, 4) and theoretical 
(5-7) attention to ascertain their degree of 'aro- 
matic' character. The next higher homologue 
'dipleiadiene' 4 has not yet been synthesized (for 
synthesis of a similar system, see ref. 8) although 
it has received considerable theoretical attention 
(9, 10). One approach to 4 would seem to be via 
its octahydro derivative 8 and this manuscript 
describes a short synthetic route for this com- 
pound as well as an interesting rearrangement 
by-product, 2,7-dimethylpyrene 9. 

Fischer et al. have reported the only synthesis 
of 8 in a lengthy sequence starting with benzo- 
suberone and involving ten steps with a 7% 

-- 

'Taken in part from the thesis presented by D.E.L. in 
partial fulfillment of the requirements of the M.Sc. degree 
at Carleton University, Ottawa, Canada, May 1976. 

'Taken in part from the thesis presented by R.J.W. in 
partial fulfillment of the requirements of the M.Phil. 
(external) degree for the University of London, U.K., 
April 1972. 

3Author to whom correspondence should be addressed. 

overall yield (1 1). Our synthesis outlined in 
Scheme 1 can provide the compound quickly in 
four steps from cycloheptanone despite one very 
low yield step. Interestingly, the sequence also 
provides a source of 2,7-dimethylpyrene 9 for 
which there is only one reported synthesis with 
an acceptable yield (1 2). 

Results and Discussion 
1,2,3,4,7,8,9,10- Octahydrodicyclohepta~de,ij i- 

naphtlzalme 
The synthesis of 8 was based on the observa- 

tion that mono Diels-Alder adducts of maleic 
anhydride and bicycllc dienes could be converted 
directly to benzenoid hydrocarbons in yields of 
60-70% by heating with phosphorus pentoxide 
(13). This procedure has been used previously by 
us to synthesize a series of bis meta-annelated 
benzenoid hydrocarbons (14). 

A substantial improvement over reported 
yields (-5097,) of 1-chlorocycloheptene 5 (15) 
from cycloheptanone was achieved by modifica- 
tions in the work-up (see Experimental). The 
product should be used immediately after distil- 
lation but can be stored under nitrogen atmos- 
phere in the cold (0 "C) and dark. Conversion to 
the diene 6 was accomplished with potassium 
tert-butoxide in tetrahydrofuran at  70°C as 
reported by Bottini et al. (16). The method is a 
distinct improvement over the original procedure 
of Ball and Landor (1 5)  both in yields and experi- 
mental ease. We have found that cmr provided 
an easy and direct verification of the absence of 
double bond isomers noted by previous workers 
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Maleic 
~ n h ~ d l - i d e '  

(15, 16). The presence of only seven lines in the 
spectrum must indicate the required (symmetri- 
cal) product. The anti configuration for 6 indi- 
cated on the formula is based on assignments from 
chemical degradations of 6 (17), a Woodward- 
Hoffman conrotatory [2 + 21 dimerization of the 
cycloallene proposed as the intermediate between 
compounds such as 5 and 6 (16, 18), and possible 
pmr evidence (19). I t  should be possible to con- 
firm this stereocl~emical assignment by cmr if the 
other isomer of 6 could be obtained (20). 

The dianhydride 7 was obtained as described 
by Ball and Landor (15) although we were never 
able to achieve the yields nor, consistently, the 
sharp melting points reported by the earlier 
workers. This mav be due to mixtures of con- 
formational/configurational isomers such as have 
been reported for similar products (21). None- 
theless the reaction product when foamed and 
dried gave spectral data (ir, nmr, ms) consistent 
with the proposed structure and gave products 
identical to the crystalline material when sub- 
jected to the final reaction conditions. Upon 
heating the dianhydride 7 with phosphorus pen- 
toxide at  360 "C an orange hydrocarbon-soluble 
solid was obtained in 13% yield which was 
disappointingly low when compared to our pre- 
vious experiences (14). Gas-liquid chromato- 
graphic analysis of this product indicated two 
major components which were easily separated 
and purified by column chromatography on 
alumina to yield 8 with petroleum ether elution 
and 9 from the benzene fraction 

Various attempts were made to improve the 
yield of the Diels-Alder/aromatization sequence. 
Cycloadditions with the diene 6 were investigated 

using ethylene, acrylic acid, dimethylacetylene 
dicarboxylate, and tetracyanoethylene (22) as 
dienophiles with no useful derivatives obtained. 
Attempted conversion of the dianhydride to 
hydrocarbon products using bis triphenylphos- 
phine nickel dicarbonyl(23), PdIC at 350 "C (14), 
or lead tetraacetate with dimethyl sulfoxide in 
pyridine (24) were also unsuccessful. 

2,7-DivzetJ1ylpyrerze 
At first glance the formation of 9 bears some 

similarity to reported pyrolytic (500 "C) re- 
arrangement of benzcycloheptadiene to methyl- 
naphthalene (25). However, treatment of 8 at 
360 "C or with phosphorus pentoxide at 360 "C 
returned essentially quantitative amounts of 
starting material with no evidence for 9. Perhaps 
this result offers some clue to the mechanism of 
the 'oxidative decarboxylation' reaction with 
phosphorus pentoxide. 

Experimental 
General Details 

All reactions were carried out under nitrogen. Melting 
points were obtained on a Fisher-Johns melting point 
apparatus. Refractive indices were taken on an Officine 
Galileo Di  Milano (Jo. 50532) refractometer. Analytical 
glc data were obtained on a Hewlett Packard F&M 402 
instrument using 4 in. x 6 ft columns packed with 5% 
SE54 on Chromosorb W, an oven temperature of 225 'C, 
and flow rate of nitrogen at 70 mlimin. Infrared spectra 
were recorded on a Perkin-Elmer 237B spectrophoto- 
meter. Ultraviolet spectra were obtained in 95% EtOH on 
a Perkin-Elmer Coleman-124 spectrophotometer. 13C nmr 
data were obtained on a Varian XL-100 (100 MHz) 
instrument and proton nmr spectra were recorded on a 
Varian 7-60 (60 MHz) instrument; all values are recorded 
in ppm (6) with reference to TMS. All nmr were taken in 
CDCI, with 1z TMS. Low resolution mass spectra were 
carried out at  Trent University in Peterborough. 
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I -Chloroc~~cloheptene (5)  115) 
Cycloheptanone (225 g, 1.8 mol) was added dropwise 

to  phosphorus pentachloride (454 g, 2.2 mol) over 3 h at  
0 "C. The reaction mixture was then poured on ice 
(1000 g) and after 1 h extracted with methylene chloride 
(3 x 200 ml); the combined organic layers were washed 
with water (2 x 200 ml), dried over anhydrous sodium 
sulfate, filtered, and evaporated in vacuo. Distillation of 
the resulting oil yielded I-chlorocycloheptene, 196 g 
(79%) as a clear colourless oil; bp 54-59 "C/14 torr, 
qDZO 1.4840 (lit. (26) bp 75 T I 2 6  torr, ilD2' 1.4844); nmr 
5.95 ( lH,  t, olefinic CH), 2.5 (2H, m, CHI cc to  CCl), 2.1 
(2H, m, allylic CH,), 1.6 (6H, m, other CH,). 

Tricyclic Diene (6)  (16) 
Freshly distilled 1-chlorocycloheptene (5) (196 g, 1.5 

mol) was added dropwise over 1 h to a stirred dispersion 
of potassium tert-butoxide (370 g, 3.3 mol) in 1 litre dry 
T H F  at  66-70 "C. After 2 h at  this temperature the mix- 
ture was poured into 1 litre of water and extracted with 
ether (3 x 200 ml); the combined ether extracts were 
washed with water (1 x 200 ml), dried, filtered, and 
evaporated to give a reddish oil. Upon distillation the 
diene 6 was obtained, as a clear colourless oil, 67 g (49%), 
bp 150-162"C114 torr (lit. (15, 16) 142"C,14 torr, 123- 
137 'C/4 torr); qDzo 1.5408; nmr 5.8 (2H, m, olefinic CH), 
2.6-0.9 (18H, m, other H); ir 1660 cm-I (C=C); uv 
X,,, (E) 260 (17 500), sh 270, sh 254 nm; 13Cmr ( 1 0 . 2  
ppm), 145.8 (C,), 118.2 (Cb), 48.7 (C,), 33.4 (C,), 30.9 
(C,), 29.7 (Cf or Cd), 28.9 (Cd or Cf). 

Dianlzydride 7 (15) 
Freshly distilled diene 6 (29.0 g, 0.154 mol) and maleic 

anhydlide (58 g, 0.465 mol) were refluxed in dry benzene 
(200 ml) for 8 h. Removal of benzene in vacuo followed by 
trituration with ether furnished a residual yellow oil 
which, after repeated evaporations with acetone, yielded 
yellow foam, 16.5 g (28%). A small portion could be 
crystallized in benzene - petroleum ether (60-100 'C) as 
needles mp 263-267 'C, softening at  230 "C (lit. (15) 
267 "C); ir 1760, 1850 cm-I (anhydride); ms m/e 384 
(M'); nmr 3.3 (4H, m, C H  u to C=O), 2.9-2.4 (4H, m, 
allylic CH), 2.3-1.2 (16H, m, other H). 

Substituted Naphthalene ( 8 )  and 2,7-Dinzethylpyrene (9) 
Dry powdered dianhydride 7 (15 g, 0.039 mol) was 

mixed thoroughly with phosphorus pentoxide (15.0 g, 
0.15 mol) and placed in a long Pyrex tube with a Hickman 
still attached. The apparatus was then placed vertically in 
a furnace at  360 "C for 15 min. Orange crystals were re- 
covered from the still and chromatographed on an 
alumina column. Elution with petroleum ether gave clear 
colourless needles, recrystallized from hexane to yield 8,  
0.5 g (6%): mp 143 'C (lit (11) 143 "C); glc 6.5 min; nmr 
7.0 (4H, s, aromatic H), 3.15 (8H, m benzylic CH,), 2.0 
(8H, m, other CH,). 

Subsequent elution with benzene furnished, after re- 
crystallization from hexane, 2,7-dimethylpyrene 9, 0.3 g 
(473, as clear colourless crystals: mp 233 "C (lit. 12, 27) 
234 ' C ,  238 "C); glc 8.75 min; nmr 7.95 (8H, s, ring H's), 
2.75 (6H, s, CH3's); ms m/e 230 "C (M+);  uv A,,, (E) 
247 (20 OOO), 267 (5900), 277 (9500), sh 237 nm. 
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Gas phase ion equilibria studies of the proton in hydrogen sulfide 
and hydrogen sulfide - water mixtures. Stabilities of the 

hydrogen bonded complexes: H+(H,S),(H20), 
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Kmzo HIRAOKA and PAUL KEBARLE. Can. J .  Chem. 55,24 (1977). 
The temperature dependence of the equilibria (n,n+ 1) H+(H2S),, + H2S S H+(H2S),+, 

was measured for n = 1 to 5 in a pulsed electron beam mass spectrometer with a high pressure 
ion source. The A H , , , , ,  values obtained were (2,l) 15.4, (3,2) 9.1, (4,3) 8.4, (5,4) 6.7 kcaljrnol. 
Possible structures of the clustered ions are proposed. 

Addition of water vapor leads to mixed cluster ions such as H+(H,S),(H,O),, with x + y 
from 1 to 6, observed as the ion source temperature was decreased to - 100 'C. The temperature 
dependence of the equilibria for the exchange reactions H+(H,S)(H,O) + H 2 0  H+(H20), 
+ H2S, H+(H2S)(H20), + H 2 0  S H+(H20), + H2S, and the association reaction 
H+(H2S)(H20) + H,S H+(H2S)2(H20) were also measured. For all ions measured, the 
hydration process is energetically more favorable than the solvation by H,S. 

KENZO HIRAKOA et PAUL KEBARLE. Can. J. Chem. 55.24 (1977). 
La relation qui existe entre la temperature et l'equlibre (n,n+ 1) H+(H2S), + H f  (H,S),+, a 

ete mesuree pour n = 1 jusqu'a 5 dans un spectroni6tre de masse avec un faisceau d'klectrons 
pulses et une source ionique a haute pression. Les valeurs de AH,,+ ,,, obtenues sont (2,l) 15.4, 
(3,2) 9.1, (4,3) 8.4, (5,4) 6.7 kcal/mol. On propose des structures possibles pour les ions agglo- 
meres. 

L'addition de vapeur d'eau conduit a des ions mixtes sous forme d'agglomerats tels que 
H+(H,S),(H20), ou x + y varie de 1 a 6; on peut observer ces ions lorsque la temperature de 
l a  source ionique est abaissee jusqu'a - 100 'C .  Les relations entre la temperature et l'equilibre 
pour les reactions d'echange H+(H,S)(H,O) + H 2 0  g H+(H20)2 + H2S, H+(H,S)(H,O), 
H,O H+(H20), + H2S et pour la reaction d'association H+(H2S)(H20) + H2S + 
H+(H2S),(H20) ont aussi ete mesurees. Pour tous les ions mesures, le processus d'hydratation 
est plus favorise, au point de vue energktique, que la reaction de solvatation par H,S. 

[Traduit par le journal] 

Introduction 
Several years ago, a study of the gas phase 

equilibria of the proton in water, methanol, 
dimethyl ether (1) and mixtures thereof (2) was 
made in this laboratory. This study provided 
thermochemical information giving special in- 
sights in the solvation processes and suggested 
possible structures of the hydrogen bonded 
clusters. 

The present work deals with hydrogen sulfide 
and mixtures of hydrogen sulfide and water. A 
number of spectroscopic studies of hydrogen 
bonding to the sulfur atom in solution have been 
reported (3). However, few thermochemical data 
were obtained by this method. Lowder et al. (4) 
estimated the energy of hydrogen bonding in 
H2S. . . . HSH in the gas phase from quantitative 
infrared intensity measurements as 1.7 i 0.3 
kcal/mol. This can be compared with the energy 
of hydrogen bonding of water H 2 0 .  . .OH2 

which is - 5  kcal/mol (5) .  Apart from a quali- 
tative study of Hopkins and Bone (6), no quan- 
titative information on the hydrogen bonding in 
ionic species like (H2S. . . H .  . . SH2)+ etc. has 
been published. In order to investigate the 
intrinsic hydrogen bonding ability of hydrogen 
sulfide, we studied the equilibrium reaction of 
the proton in hydrogen sulfide and mixtures of 
hydrogen sulfide and water in methane carrier 
gas. 

Experimental 
The high pressure ion source Inass spectrometer with 

which the measurements were done was described earlier 
(7). Only a brief account of the procedures followed will 
be given here. 

The 2000 V ionizing electron beam (lo-' A) was pulsed 
'on' for 10-100 ps and 'off' for 2-4 ms. The ions escaping 
from the field free ion source into an  evacuated region 
were magnetically mass analyzed and collected in a multi- 
channel analyzer as a function of their arrival time after 
the electron pulse. 
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The H+(H,S), + H2S H+(HzS),+ measurements 
were done with CH, gas at a pressure of 4 torr containing 
known small amounts of H,S (50 to 600 mtorr). The 
CH4 gas (Linde UHP) was further purified by passing it 
through a Dry Ice - acetone-cooled trap containing 
molecular sieve 5 A. Downstream of this trap, H2S 
(Matheson C.P. Grade) was added to the CH, stream 
through a calibrated capillary. The mixed gas was passed 
in slow flow through the thermostated ion source. 

For the measurements of equilibria of the mixed 
cluster ions of H,S and H 2 0 ,  only a very small amount of 
H,O (< 1 mtorr) needed to be introduced since more than 
a few mtorr of water easily converted all mixed cluster 
ions to fully hydrated ions. This made it difficult to 
determine the water pressure directly. We had to deter- 
mine the water pressure by measuring the equilibrium ion 
intensities of H+(H,O), and H+(H20) , ,+ ,  and using the 
expression : 

The equilibrium constants K,,,,,,, were obtained in this 
laboratory before (7, 8). The water concentration result- 
ing from this procedure is accurate to only some 20-50z. 
This introduces a similar error in the equilibrium con- 
stants for the exchange reactions H'SW + W e H+W, 
+ S and H'SW, + W + H-W, + S (where S stands 
for H,S and W for H,O). 

The cluster ions H+S,, and H I W,, and mixed cluster 
ions H+S,W,. were the major ions observed in the mixed 
H,S, water experiment with some minor ions such as 
CHS+,  CH3Si, CH,SH,+, C2H,SH2-, C,H,SH2+, and 
C,H,SH,+. The total of the minor ions was less than 1% 
of the total ions. The minor ions might be produced from 
the impurities, possibly rnercaptans present in the hydro- 
gen sulfide gas, by reaction of the primary ions of methane 
with hydrogen sulfide. No investigation was made of the 
mechanism by which these ions mere formed. 

Results and Discussion 
The exper~mentally obta~ned van't Hoff plots 

for the react~ons (n.ri + 1) H+(H2S), + H,S = 

H+(H,S),+, are shown In Flg. 1 together w ~ t h  
the correspond~ng resltlts for water wh~ch  are 
glven for comparison 

An examination of the dependence of the 
equ~ l~br ium constants on the H,S pressure was 
made a t  all the temperatures shown In the van't 
Hoff plots. One example of these determ~nat~ons  
is glven In Flg 2 for the reactlon (1,2). 

The results show that the equilibrium constants 
are independent of H2S pressure in the experi- 
mentally covered pressure range, where the 
pressure changes by a factor of five to six. 

The van't Hoff plots for the exchange reac- 
tions H-SW + W s H'W, + S and H-SW, 
+ W $ H'W, + S, and the addition reaction 

1000/T ( K )  

FIG. 1. van't Hoff plots for the reactions H+(H,S),, 
+ H2S S H+(H,S),,_, (n,n+ 1). (---) plots for the reac- 
tion H+(H,O) + H,O = H+(H,O),,, ,, refs. 7 and 8. 

lo-= 1 I I I I I I 
0 200 400 600 

PRESSURE OF H2S (mto r r )  

FIG. 2. Pressure dependence of the equilibri~im con- 
stant K,, ,  for the reactlon H+(H,S) + H,S + H-(H,S),. 

H'SW + S +- HTS2W are shown In Fig. 3. The 
correspond~ng AH0,  AGO, and AS' values are 
summarized In Flg. 4 and Table 1. Included are 
results obtained earlier for pure protonated 
water (7, 8). Some of the values shown In Fig. 4 
are marked by an  asterisk. Such values were 
obtained not by direct measurement of the 
equilibrium but by the application of thermo- 
dynamic cycles. T h ~ s  was done for cases where 
the direct measurement of the equilibrium was 
difficult. 

The van't Hoff plots for pure hydrogen sulfide 
were shown in Fig. 1. The vertical distance 
between two adjacent van't Hoff lines taken a t  
some (1/T) is proportional to the free energy 
difference. Big gaps between two van't Hoff lines 
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TABLE 1 .  Thermochemical data from protonated clusters in equilibria; hydrogen 
sulfide, hydrogen sulfide - water mixture" 

Reaction -AH0 -AGO - AS0 

( I )  Addition Reaction 
H + S  + S < H+S, 1 5 . 4 5 0 . 5  8 . 1 2 0 . 4  
H + S 2  + S G H+S3 9 . 1 i 0 . 5  2 . 8 i 0 . 1  
H+S3 + S + H+S4 8 . 4 2 0 . 5  1 . 0 k 0 . 2  
HCS4 + S G H+S5 6 . 7 i 0 . 3  - 0 . 7 i 0 . 2  
HCS5 + S S H A S s b  -6.1b - - l . l h  
H+SW + S G H+S2W 1 3 . 3 k 0 . 4  6 . 8 i 0 . 2  

( 2 )  Exehnnfe Reaction 
H + S W +  W < H + W 2  + S 6 . 7 i  1 7.1 k 0 . 5  
H+SW2 + W G H+W,  + S 5 . 9 f  l  6 . 3 k 0 . 6  

"All xalues are in kcallmol, AGO values for 300 K ,  A S o  in eu, standard state 1 a tm.  Only data  
from directly measured equilibria are shown. Da ta  for related reactions can be obtained from 
thermodynamic cycles as sholrn in Fig. 4. S and W are hydrogen sulfide and water. 

T h e  values AH0 and AGo are estimated by assuming -ASo = 24 eu and AG measured at a differ- 
ent temperature. 

loS , lo3 
- A H  change 

, a' 
2 5 3.0 3 5 

lo0 

1ooo/ T (K) 

FIG. 3. van't Hoff plots for hydrogen sulfide (S) and 
water (W): Exchange reactions: H+SW + W G H + W 2  
+ S (0) and HCSW, + W G H + W ,  + S (A). Associa- 
tion reaction H+SW + S + HLS2W (0). 

thus indicate a big drop of stability towards 
dissociation of one molecule. Easily noticed in 
Fig. 1 is a big gap between (1,2) and (2,3). This is 
followed by a smaller gap between (2,3) and 
(3,4) and a big gap again between (3,4) and (4,5). 

A similar pattern can be observed in Fig. 5 
which shows the measured enthalpy changes for 
the (n,iz + I) reactions in function of n. A de- 
crease of AH,, , ,,, with iz is observed as is generally 
the case for ion clusters. The results of Fig. 5 show 
that the decrease is not regular. The fall off be- 
tween the first three interactions AH,,,, 
and AH,,, is rather smooth, then an appreciable 
decrease occurs between AH,,, and AH,,, fol- 

FIG. 4. Enthalpy changes for addition and exchange 
reactions of protonated clusters containing hydrogen 
sulfide (S) and water (W). The value corresponds to 
-AH (kcalimol). The proton is omitted from the clusters. 
Values with an asterisk were obtained indirectly from 
cycles involving directly measured values. The pure water 
values taken from refs. 7  and 8  are indicated with the 
superscript ". 

lowed by an only small decrease to AH,,,. This 
means that the first incoming molecule reacts 
most strongly, relatively strong interactions occur 
also for the second and third molecule, while 
the next two molecules, i.e. fourth and fifth, 
experience weaker interactions. This pattern of 
interactions is qualitatively very similar to the 
changes observed earlier for the proton hydrates 
H+(H,O),, except that the binding energies for 
the H,S clusters are very much lower. For the 
proton hydrates the stability decrease between 
H,O+(H,O), and H30'(H20), was very much 
less pronounced than the stability decrease ob- 
served between H,S+(H,S), and H3Sf (H,S), 
observed in the present results. In the earlier 
studies (1,2,7,8), it was concluded that the Eigen 
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HIRAOKA AN1 D KEBARLE 

FIG 5. Plot of exper~mentai -AH,, ,,_, us. n for the 
reactions H-(H,S),, + HIS s H+(H,S),+,. The numbei 
172 1s the proton affin~ty of hydrogen sulfide obtained in 
thls laboratory (14) 

structure (9) H,O'(H,O), does not have a really 
special prominence. I t  is therefore interesting to 
compare the water and hydrogen sulfide systems 
and also examine why the Eigen-type structure 
should show relatively greater stability in the 
H,S system. (The Eigen type structure, H3S+- 
(H,S), is shown in Fig. 6.) 

Yamabe et crl. (10) have examined the elec- 
tronic structure of H,S+ by nb initio MO calcu- 
lations (ST0 3G). Their results predict that 
H3ST has C,, structure with an  HSH angle of 
94". The calculated net positive charges on H and 
S are 0.150 and 0.550 respectively. Comparable 
calculations for H 3 0 +  by Allnlof and Wahlgren 
(1 1) predict an  HOH angle of 117" and net 
positive charges on H and 0 of 0.328 and 0.015 
respectively. Thus ~learly all the positive charge 
in H 3 0 f  is on the hydrogens. The near planarity 
of this molecule may be considered to  be a 
consequence of the H +  repulsions. H3Sf is quite 
different with much more charge on the sulfur 
atom, consequent smaller hydrogen repulsions 
and pyramidal structure. The above differences 
may be considered to largely reflect the higher 
electronegativity of the oxygen atom. The dipole 

H-S. S-H 
'H H' 
\ / 

FIG. 6. Structure of cluster H3S+(H,S),. 

moments of H,S and H,O are 1.1 and 1.8 D 
respectively. Considering the much smaller par- 
tial positive charges on the H atoms in H3S+, 
the smaller permanent dipole of H2S and the 
greater bulkiness of the S atom one has n o  
trouble understanding that the H+(H,S), clus- 
ters are held much more weakly than the corre- 
sponding water clusters. The shorter bonds in the 
water clusters lead to a fairly efficient positive 
charge transfer from the 'inner' hydrogen atoms 
of the H,O to the outer hydrogen atoms in the 
water molecules of the Eigen structure. This 
charge dispersal, which is characteristic of 'strong 
hydrogen bonds', is achieved by a small ainount 
of electron transfer from the outer ii~olecules to 
the H,O and by a considerable in te~nal  polariza- 
tion of the outer water molecules. For this reason 
bonding of the H30(H20),+ to an additional 
water molecule i.e. -AH,.5' and -AC,,,' is not 
weakened appreciably. In  the H3S(H,S),+ 
system positive charge transfer to the periphery 
should be much smaller because of the weaker 
hydrogen bonding, i.e. longer bonds with atten- 
dant big decrease in electron transfer and 

u 

polarization. I11 addition to this comes the 
smaller permanent dipole of H,S. Tl~erefore the 
large drop off at the (4,5) stage is expected. 
Other solvents with weak bonding abilities have 
been also observed to show distinct drop off the 
enthalpy and free energy change after coinpletion 
of the first shell. For  example recent measure- 
ments of the solvation of the proton by hydrogen 
(12) and methane (13) gas showed breaks after 
the completion of the first 'shell' that were even 
more distinct than that observed for the hydro- 
gen sulfide system. 

Figure 4 shours the enthalpy changes for addi- 
tion and exchange reactions of protonated 
clusters containing hydrogen sulfide and hater. 
The proton affinity of hydrogen sulfide is 3 
kcal/mol higher than that of water (14). Since the 
chemical bonding ability of sulfur is much lower, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



28 CAN. .I. CHEM. VOL. 55. 1977 

the slightly better accommodation of the proton 
by H,S should be mostly due to the higher 
polarizability of the H2S. This slight edge of H2S 
is lost when the interactions occur at larger 
distances and for reasons outlined above the 
interactions with water when more than one 
molecule is present are more favorable. Thus we 
see from Flg. 4 that the addition of one H2S 
molecule to H,ST brings only 15.4 kcal/mol 
exothermicity while the addition of a water mole- 
cule (S + SW) brings a whole 21.9 kcal,'mol. The 
exchange reaction H t S 2  + W HSWC + S is 
exothermic by -6.5 kcal while the further ex- 
change HSWt + W +- HW2+ releases an addi- 
tional -6.7 kcal/mol. These and the other data 
in Flg. 4 graphically show how H2S rapidly 
becomes a less desired species as the clusters 
grow. Thus the very weak bonding of H,S in an 
acidic aqueous solution is foreshadowed by these 
results. 

I t  is interesting to compare the present pair 
for H7(H20), ,  and Ht(H2S),, with the H + -  
(NH,),, and HL(PH,), systems for which results 
were obtained earlier (15, 16). The bonding in the 
phosphine system was found (16) to be much 
weaker than that in the ammonia system. This is 
a I esult that could have been expected for reasons 
very similar to those pointed out in the present 
work for the water and hydrogen sulfide systems. 
A further analogy could have been expected, 
namely that the relative drop off in stability 
between inner- and outer-shell should have 
been more pronounced for the phosphille system. 
This, however, was not observed (16). While 
there is a significant drop off in stability between 

NH,'(NH,), and NH,'(NH,), the change for 
the corresponding phosphine species seems to be 
small and continuous (16). The reasons for this 
result are not very clear. 
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Photoisomerization of 1-triphenylmethylcyclopentadiene. 
Di- n -methane rearrangement to 5,6,6- triphenylbieyc10[3. B .O]hex-Zene 
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Departmerlr of Chemistn , McMaster Unit ersity, Honziltorl, O/zt., Carzada L8S4MI 
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STEFAN WEIGL and JOHN WARKEATIN. Can. J. Chem. 55.29 (1977) 
Triphenylmethylcyclopentadiene exists as a mixture of isomers, the minor and major com- 

ponents of which are shown to be I-triphenylmethylcyclopentadiene (1) and 2-triphenylmethyl- 
cyclopentadiene (2), respectively. 

Direct irradiation of a mixture of 1 and 2 led to formation of 5,6,6,-triphenylbicyclo[3.1.O]hex- 
2-ene (3) via rearrangement of 1. Acetophenone-sensitized irradiation of the same mixture 
gave 3 as well as a two component mixture of photodimers of 1 and/or 2. Results are interpreted 
in terms of the di-n-methane rearrangement mechanism. 

S T E F A ~  WEIGL et J O H ~  WARKE~TIN.  Can. J. Chem. 55.29 (1977) 
Le triphtnylmethylcyclopentadiene existe sous forme de mtlange d'isomeres; les compo- 

sants mineurs et majeurs sont respectivement le triphenylmethyl-1 cyclopentadiene (1) et le 
triphtnylmkthyl-2 cyclopentadiene (2). 

L'irradiation directe d'un melange de 1 et de 2 conduit a la formation de triphtnyl-5,6,6 
bicyclo[3.1.0] hexene-2 (3), par l'intermkdiaire d'un rtarrangement de 1. Une irradiation sensi- 
biliste par l'acttophenone du meme melange conduit a 3 ainsi qu'a un melange a deux compo- 
sants des photodimeres de 1 et/ou 2. On interprete les resultats en terme d'un mecanisme de 
rearrangement di-n-methane. 

[Traduit par le journal] 

There are many potential photoreactions of 
the triphenylmethylcyclopentadiene system. First, 
monosubstituted cyclopentadienes are intercon- 
verted by thermal [1,5]-sigmatropic hydrogen 
migration and are obtained as mixtures of 
isomers (1-6), any one or all of which could be 
photolabile. Second, all three possible isomers 
have the endocyclic di-n-methane system of 
cyclopentadiene itself but, in the cases of 1- and 
2-triphenylmethylcyclopentadienes, P and 2, 
respectively, there is an additional di-n-methane 
system consisting of a double bond of the diene 
moiety and a phenyl group. Potential photo- 
products, therefore, include four triphenyl- 
methylbicyclo[2.1.0]pent-2-enes from the known 
electrocyclic reaction of the diene singlet (6, 7), 
eq. 1, two bicyclo[3.1.O]hex-2-enes from di-n- 
methane rearrangement1 with phenyl migration, 
eqs. 2 and 3, and a bicyclo[2.1 .l]hex-2-ene from 

[31 
wC'3 h " ,  

'Photochemical rearrangement of systems having a a variant (unprecedented) of that rearrangement, 
single sp3-hybridized carbon flanked by two x-systems eq. 2. Finally, some of the potential photo- (e.g. vinyl and phenyl) has been named di-n-methane 
vearvangement by Zimn~errnan and co-workers, who first pathways might require either the singlet Or the 
recognized its generality (8). triplet excited state of the precursor. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



30 CAN. J. CHEM. 

In  this paper we report the identities of the 
isomers present in triphenylmethylcyclopenta- 
diene and the structure and origin of the photo- 
rearrangement product. 

Methods, Results, and Discussion 
Isomers of Triplzenylnzethylcyclopentadiene 

Riemschneider and Nehrin (9), as well as 
Werner et al. (10) had established that 1 and 2 
are the major isomers in triphenylmethylcyclo- 
pentadiene mixtures and the equilibrium ratio 
had been established a t  3.8:l (10). However, 
neither group was able to establish whether 1 or 
2 is the predominant isomer. We speculated that 
the large trityl group might slow Diels-Alder 
reaction of 1 more than that of 2. That postulate 
turned out to be correct, for treatment of the 
mixture of 1 and 2 with tetracyanoethylene (6) 
led to rapid consumption of the major isomer 
only, with forination of 5,5,6,6-tetracyano-2-tri- 
phenylniethylbicyclo[2.2.l]hept-2-ene (7). Long 
reaction times led to total conversion of dienes 
to 7, presumably by prior rearrangement of 1 to 
2, followed by reaction with 6. Thus, the major 
component in the mixture of 1 and 2 is isomer 2. 
Methylcyclopentadiene also contains more 2- 
than 1-isomer at equilibrium but the ratio is only 
1.20: 1 (2, 4). Since this ratio is opposite in sense 
to that expected from a hyperconjugative effect 
of the methyl group (4), and since the effect of 
replacing the methyl group with the larger tri- 
phenylmethyl group is to increase the fraction of 
2-substituted diene in the equilibrium mixture, 
we suggest that the reason for the predominance 
of 2-alkyl cyclopentadienes over the 1-isomers 
has to do with greater steric hindra~ice in the 
latter. 

The pmr spectrum of the cyciopentadie~ie 
portion of 2 was assigned with the aid of de- 
coupling and the data are gathered in Table 1 .  

Identity of Plzotoproduct 3 
The structure of the photorearrangement 

product followed from molecular weight and 
composition data (see Experimental) and froin 
its spectra. A cyclopropane ring was inferred 
from is bands a t  3.25 and 9.80 pm (12). The uv 
spectrum (cyciohexane, max 275 (350); plateaus 
267 (850), 260 (1205) and 227 nm (E 20 153)) is 
similar to that of 6,6-diphenylbicyclo[3. l .O]hex- 
2-ene (13) (uv, cyclohexane, inax 276 (700): 
plateaus 268 (1145), 260 (1560), and 227 nm 
( E  12 800)) and indicated that the cyclopropane 
ring bears two or more phenyl substituents. 

TABLE 1. Nuclear magnetic resonance spectra of 1 and 2 

Chemical shift (6)" 

Nucleus 1 2 J ( H z ) ~  

"'H spectra: 100 MHz, CDCI,, TMS. 13C spectra: 90 MHz, CDCI,, -. ?-  

IMb. 
bWetermined by decoupling, except uhere otherwise indicated. 
CKot resolved from other signals in the \.lnyl region. 
dEstimated by computer simi~lation of the pinylic signals. 
eAssignments based on relatike Intensities and the knonn isomer 

ratio (2: l  = 4.5), as \\ell as by analogy, using methylcyclopentadiene 
spectra as models (1 1) 

Particularly useful in the structure elucidation 
were the 'H and 13C nmr spectra (Table 2). Off- 
resonance decoupling of the 13C spectrum 
showed that the four high-field signals must be 
attributed to two quaternary, one tertiary, and 
one secondary carbon. Decoupling of the 'H 
spectrum showed that the methine proton reson- 
ating at 3.21 6 is coupled weakly (1.5 Hz) to the 
-methylene protons. That feature rules out the 
isomeric 1,6,6-triphenylbicyclo[3.1 .O]hex-2-ene 
(5), in which the methine and inethylene protons 
would be vicinally coupled. Model bicyclo[3.1.0] 
hex-2-enes show approximately 7 Hz coupling 
to one of the inethylene protons and 0-2 Hz 
coupling to the other (14, 15). In the case of 
accidental magnetic equivalence of the methylene 
protons, one would expect the vicinal coupling 
constant to the cq-clopropyl proton to be of 3-4 
Hz magnitude. Clearly, the observed spectrum 
is not compatible with structure 5 but does fit 3. 

Bicyclo[2.l.l]hexene system 4 can be ruled 
out, not only on the basis of the ir and uv data 
cited above but also on the basis of the 'H 
spectrum, in which one would expect to see 
strongly differentiated methylene protons. 

Photochemistry 
Direct irradiation of a solution of 1 and 2 in 

benzene (see Experimental) yielded 3 cleanly, 
with 4 5 7  conversion. Chromatographic separa- 
tion of unreacted starting inaterial revealed that 
the latter was depleted in isomer 1 (2: 1 10). 
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TABLE 2. Nuclesr magnetic 
resor.dnce spectra o f  3 

Chemical 
Nucleus shift (6)" J (Hz )  

H I  3.21 qh J1,z = 2.0, J1,3 h. 0 .0  
Hz 5.91 m J1, ,  = = 1 . 5  
H3 5 . 1 9 m  J2 , ,  = 5 .5 , J2 , ,  = JZ,5  = 2 .0  
H4, H5 2.83 qb J 3 , ,  = J3,5 = 2 . 0  
ArH 6.75-7.30 m 
c1 40.54 dCsd 
c4 42.06 t' 
c5 44.31 sC 
c6 48.18 S" 

nlH spectra: 100 MHz, CCI,, TMS. 13C spectra: 90 MHz, CDCI,, 
TlMS. 

bPseudo quartet. 
COff-resonance decoupled. 
dC2 and C ,  signals mixed in with aromatics. 

Control experiments showed that 1 and 2 elute 
together from the column that was employed and 
that the chromatographic process itself did not 
alter the ratio (2: 1 - 4.5) in an unirradiated 
sample. The simplest explanation for the change 
in isomer ratio as a result of irradiation is that 1 
is more reactive than 2 in the di-n-methane re- 
arrangement. The fact that only one product (3) 
was detectable suggests that 2 does not undergo 
any photorearrangement on direct irradiation, 
with the possible exception of [1,3]-sigmatropic 
shifts which would interconvert it with 1. 

Formation of 3 can be interpreted in terms of 
the di-n-methane rearrangement (8, 16). The 
process is most easily visualized in terms of 
diradical intermediates [ I ]  although such pictures 
do not necessarily represent actual minima on 
the potentlal energy surface but are more likely 
points on the energy surface of a concerted pro- 
cess (8, 16, 17). The fact that 4 is not obtained is 
understandable because the 1,5-overlap required 
to reach it IS expected to be poor, relative to 1,3- 
overlap required in the transition state leading to 
3 (eq. 2, arbitrary numbering In bracketed 
structure). A diradical representation is also 
useful for rationalizing the inefficient di-n- 
methane rearrangement of 2, for which an un- 
conjugated. as opposed to an allylic, radical site 
develops along the reaction coordinate [2].  

Acetophenone sensitized reaction of 1 and 2 
led to 3 and two other major products. Although 
the latter were not separated from each other, 
analyses and osmometric molecular weight 

determination of the mixture indicated that they 
are dimers of 1 and/or 2. A melting point deter- 
mination on a microscope-equipped hot stage 
showed two crystalline solids melting at  199 and 
234 "C,  respectively. 

Sensitized photodimerization of cyclopenta- 
diene to form both the exo and endo (4 + 2) 
cycloadducts as well as a (2 + 2) cycloadduct 
has been reported (18) and sensitized addition of 
cyclopentadiene to alkenes, such as cis- and 
train-but-2-ene is also well known (19). Forma- 
tion of diniers from use of a trialet sensitizer in 
the present case was therefore expected and the 
interesting results are, first, that only two of the 
many possible dimers can be detected and, 
second, that 3 is formed. The foriner result can 
be attributed to the large steric requirements of 
the trityl groups which would make for exceed- 
ingly crowded transition states for some potential 
cycloadditions. The latter result implies that both 
the singlet and the triplet excited states of 1 
undergo the di-n-methane rearrangement. Sensi- 
tized reaction must involve the triplet, for the 
sensitizer absorbs nearly all of the light and the 
products include dimers typical of triplet diene 
reactions. Unsensitized rearrangement could also 
involve the triplet as the rearranging species but, 
if that were the case, dimers should be formed 
in that reaction also. We conclude that the 
singlet of 1 undergoes rearrangement more 
rapldly than intersystem crossing, that the 
triplet of 1 undergoes the same rearrangement 
in competition with intermolecular cycload- 
ditions, and that neither excited state of 2 re- 
arranges. Presumably, the triplet of 2 also adds 
to 1 and/or 2. 

Generalizations concerning structure-multi- 
plicity relationships for the di-n-methane re- 
arrangement have been proposed by Ziniinerinan 
and co-workers (8, 17). They proposed that an 
unconstrained system (e.g. one having at least 
one of the n-moieties capable of causing geo- 
metric change via rotation) is capable of fast 
deactivation of its triplet excited state. That de- 
activation stops (or slows) rearrangement and 
such a system therefore rearranges from the 
singlet state only. A constrained di-n-methane, 
being unable to deactivate as rapidly after inter- 
system crossing, does rearrange from the triplet 
state. It may or may not rearrange to the same 
product from the singlet state, depending on 
what other singlet reactions are possible. 

At least one example has been reported of a 
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system which undergoes di-K-methane rearrange- 
ment from both the singlet and ,the triplet 
manifolds (20). Compound 1 appears to be 
another system which behaves in that way. 

We do not have an explanation for the appar- 
ent fa~lure of 1 and/or 2 to form bicyclo[2.1 .O] 
hex-2-enes [l]  in the direct irradiation. For the 
case of 1, the alternative di-n-methane reaction 
may simply be faster but that rationale is an 
unlikely one for the case of 2, which does not 
undergo di-n-methane rearrangement. One pos- 
sibility is that some or all of the substituted 
bicyclo[2.1 .O]hex-2-enes [I] are simply too labile, 
thermally, to accumulate to detectable con- 
centration levels. 

Experimental 
Tripl~enylmethylcyclopentadienes ( 1  and 2 )  

Treatment of cyclopentadienyl magnesium bromide, 
prepared from cyclopentadiene (10.0 g; 0.15 mol) and a 
slight excess of ethylmagnesium bromide, with triphenyl- 
chloromethane (26.0 g, 0.095 mol) as described in the 
literature (3) afforded a mixture of 1 and 2 (11.5 g, 40%), 
mp 197-199 'C after crystallization of the crude product 
from benzene. The pmr spectrum consisted of signals at  
6 2.89 (m), 3.03 (m), 6.08 (m), 6.10-6.39 (m), and 7.15 (s). 
Integration of the signals at 2.89 and 3.03 6, attributable 
to  1 and 2, respectively, gave the ratio 2 : l  = 4.5. 

Reaction with Tetrac~~anoerl~lene (6)  
A mixture of 1 and 2 (2: 1 -. 4.5) (0.500 g, 1.62 mmol) 

in dry benzene (8 ml) was added during 10 min to a 
stirring solution of 6 (0.209 g, 1.63 mmol) in dry benzene 
(7 ml), at 20 "C. After a further 20 min an aliquot was 
removed and the solvent was evaporated from it at  
reduced pressure. The pmr spectrun~ (CDCI,) had, in 
addition to the signals listed below for 7, a signal at  2.89 6 
but none at  3.03 6. An aliquot taken after 4 days did not 
absorb at 2.89 6. Evaporation of the solvent from the 
main reaction mixture at that time afforded a residue 
which was recrystallized from benzene - petroleum ether 
to  yield 0.576 g (82%) of 7 as colorless crystals: mp, 
decomposition at 206'C; pmr (CDCl,, 6) 2.38 (AB 
quartet, 2H, JAB = 11.4 Hz, additional fine coupling, 
Hi), 3.95 (m, IH,  H,), 4.44 (m, IH ,  HI),  6.13 (m, 1H, H,), 
7.05-7.40 (m, 15H); 13C nmr (CDCI,, 6, off resonance de- 
coupled) 58.78 (d, C,), 55.88 (d, C,), 46.85 (s, C, or C,), 
47.98 (s, C6 or C5) ,  48.89 (t, Ci), 109.82, 11 1.47, 112.06, 
and 112.22 (s, CN), 63.39 (s, b3C). Anal. calcd. for 
C ~ O H ~ ~ N , :  C 82.54, H 4.62, N 12.84; found: C 82.23, 
H 4.85, N 12.99. 

Direct Irradiation of I and 2 
A Hanovia type L 450 W lamp was used in a water- 

cooled, quartz immersion apparatus fitted with magnetic 
stirrer and argon purging tubes. In a typical experiment, 
the mixture of 1 and 2 (2.05 g, 6.7 mmol) in 400 ml of 
cyclohexane (spectroquality, Matheson, Coleman and 
Bell) was irradiated for 12 h. The solvent was distilled off 
at  reduced pressure and the orange residue was chroma- 

tographed on silica gel (Woelm, activity grade 1, 2.2 x 
33 cm column) using CC1, as eluant. Product 3, still 
contaminated with a trace of starting material, was further 
purified by preparative thin layer chron~atography (silica 
gel, 50: 50 hexane-cyclohexane). Crystallization from 
benzene gave 3 as colorless prisms: mp 108-109 "C; 
molecular ion ( m e )  308; ir (CCl, and CS2) 3.27, 3.30, 
13.21, 13.61, 13.87, 14.34, and 14.53 (strong), 3.24, 3.44, 
6.28, 6.74, 9.38 and 9.80 (medium), 3.53, 7.04, 7.30, 7.48, 
7.58, 7.67, 7.87, 8.62, 8.78, 9.94, 10.72, 10.87, 10.99, 11.11, 
12.69, and 12.85 Hm (weak). Anal. calcd. for CZ4H20: 
C 93.46, H 6.54, found: C 93.18, H 6.50. The nmr 
spectra of 3 are in Table 2. 

Sensitized Irrarliation of I and 2 
The apparatus was the same as that described above 

except for a Pyrex sleeve around the lamp. A solution of 
1 and 2 (10.0 g, 29.2 mmol) and freshly-distilled aceto- 
phenone (5.03 g, 41.8 mmol) in 500 ml of benzene was 
irradiated for 12 h. Vacuum distillation of the solvent 
and tlc of the residue showed four components, two of 
which were acetophenone and starting material (1 and 2). 
Column chromatography on neutral Alumina (80-200 
mesh, Brockman, activity grade 1, 4.0 x 63 cm column) 
with hexane-cyclohexane (50:50) separated 1 and 2 
(together) from the other components. A second com- 
ponent was eluted with 10% benzene - 90% hexane, and 
was followed by a fraction containing a third component 
contaminated with the second. That fraction was re- 
chroniatographed 011 a 2.2 x 55 cm column to yield pure 
third component. 

Recrystallization of the second component from benzene 
gave colorless prisms of 3, mp 108-109 'C, spectra as 
described above. Recrystallization of the third component 
from benzene gave granular crystals: mp 199-234'C; 
mw (osmometric) 616, mw (ms) 616 (parent ion). Ex- 
amination of the crystals with a microscope (Kofler hot 
stage) revealed two distinct types with sharp melting 
points of 199 and 234 'C. 
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La formation de biphenylknes par pyrolyse 
de melanges de precurseurs de benzynes 

ANDRE MARTINEAU ET DON C. DEJONGH' 
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Requ le 25 mai 1976 

ANDR~.  M A R T I ~ E A U  et Doh C. DEJONGH. Can. J. Chem. 55,34 (1977). 
Nous decrivons une nouvelle mkthode d'obtention des biphenylenes substitues sur un cycle. 

La pyrolyse en phase gazeuse de melanges de precurseurs de benzynes appropries est utilisee 
pour ces syntheses. La rencontre de deux benzynes provenant de sources differentes conduit a 
la formation des dits biphenylenes. Les divers composes sont sublin~es dans un courant d'azote, 
puis entraines dans une colonne de quartz non garnie, chauffee exterieurement par un four. 

La pyrolyse simultanee de la ninhydrine et de I'anhydride tetrachlorophtalique (rapport 
molaire 2:  I) ,  a 800 ' C ,  donne le tetrachloro-1,2,3,4 biphenylhe avec un rendement de 31z .  La 
pyrolyse du melange anhydride phtalique - anhydride methyl-4 phtalique, a 850 C ,  conduit a 
la formation du methyl-2 biphenylene (rapport molaire 9 :  1) (16%). 

A\DRI! M A R T I ~ E A U  and DON C. DEJO\GH. Can. J.  Chem. 55. 34 (1977). 
A new method of forming biphenylenes substituted on one ring is described using gas-phase 

pyrolysis of mixtures of precursors of appropriate benzynes. The reaction of two benzynes 
coming from two different sources leads to the formatio~l of the biphenylenes. The mixture of 
compounds is sublimed into a current of nitrogen and led into an  unpacked quartz column 
heated externally by a furnace. 

The simultaneous pyrolysis of ninhydrin and tetrachlorophthalic anhydride (molar ratio, 
2: 1 )  at 800 "C gives 1,2,3,4-tetrachlorobiphenylene in a 31% yield. The pyrolysis of a mixture 
of phthalic anhydride and 4-methylphthalic anhydride at  850 -C  leads to the formation of 
2-methylbiphenylene (molar ratio, 9:  1) (16%). 

Introduction 

Plusieurs rnkthodes d'obtention des biphtny- 
lenes sont connues dans la litttrature; trois 
d'entre elles sont retenues pour 13inttrEt qu'elles 
ont suscitt chez plusieurs chercheurs. La pre- 
miere nlithode fut proposte par Lothrop. I1 
obtint le biphtnylene (1) par distillation du 
diiodo-2,2' biphtnyle sur de l'oxyde cuivreux (1).  
Par la suite, certairls biphtnylenes substituts ont 
CtC obtenus par cette mithode (2-7). 

La deuxieme mtthode concerne la substitu- 
tion Clectrophile sur le biphenylitne. Un grand 
nolnbre de biphtnyl6nes nouveaux ont pu &tre 
obtenus de cette f a ~ o n  (3,8-10). I1 faut cependant 
noter que les ritgles de substitutions ne permet- 
tent que la synth6se de certains biphtnylknes. 

Vers 1965, certains chercheurs ont commenct a 

'A qui toute demande d'information devra Ctre 
adressee. 

preparer le benzyne dans la phase gazeuse par 
pyrolyse a haute temptrature de produits sim- 
ples. Brown et Solly ont fait la pyrolyse en phase 
gazeuse de l'indanetrione (2) dans une colonne 
de quartz garnie d'hClices de Pyrex (1 1 ,  12). A 
600 "C sous une pression de 0.2 tors, ils ont 
obtenu le biphinylitne avec un rendernent de 4 0 7  : 
le biphtnyle, le naphtalene, le fluorene, le 
phCnanthr&ne, l 'anthrache et le triphCnyl6ne 
furent aussi prtsents. La m&me pyrolyse 500 "C 
a conduit 2 la formation du biphenylene (17%), 
de la benzocyc1obuti.nedione (3) (1 1%) et de la 
fluorenone (4) (1.27,) [I]. 
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D'autre part, Cava et al. ont entrepris la pyro- 
lyse des anhydrides phtalique (5), tttrachlo- 
rophtalique (6)  et tCtrabromophtalique (13). Les 
pyrolyses furent faites dans un courant d'azote, 
les anhydrides Ctant entrainis sur un fil de 
Nichrome chauffe B 800 "C. Pour la pyrolyse de 
l'anhydride phtalique (5), un rendement de 
biphCnyl6ne situt entre 10 et 15%, bast sur 
I'anhydride non rCcuptr.6 (33% rCcuptrC), fut 
obtenu. La pyrolyse de l'anhydride tetrachlo- 
rophtalique (6) dans les memes conditions a con- 
duit a la formation de 17hexachlorobenzi.ne (7) 
(34%) et de 1'octachlorobiphCnyli.ne (8) (30%), 
Cq. 2. Enfin, la pyrolyse de l'anhydride tCtra- 
brolnophtalique n'a conduit qu'8 la formation 
de 1'hexabromobenzi.ne (20%). 

1 ! ,  
50 t o r r  

Brown et coll. ont aussi fait la pyrolyse de 
l'anhydride phtalique (14, 15). Leur pyrolyse a 
CtC faite dans une colonne non garnie, B 760 "C, 
sous une pression de 0.3 torr, et a conduit B la 
formation du biphenylhe (9x1, du triphtnylbne 
(1.5%) et de petites quantitis de naphtalkne, de 
biphCnyle et de f luorhe;  71% du produit de 
dtpart a CtC rCcupCrC. A 830 "C,  dans les m&mes 
conditions, le rendement de biphCnyl6ne monte 
a 17% et les produits mineurs sont presque 
absents. 

La pyrolyse de certains anhydrides phtaliques 
substitubs a CtC faite et les biphCnyl6nes corres- 
pondants ont etC obtenus (15). Ainsi furent 
obtenus le dichloro-2,6 (15%), le tetrachloro- 
2,3,6,7 (6.5x)), le tCtrachloro-1,4,5,8 (473, l'octa- 
chloro (8) (26%) et le tCtramCthy1-2,3,6,7 (3%) 
biphCnyli.ne. D'autre part, parmi les composCs 
polycarbonples, la pyrolyse de l'anhydride 
o-sulfobenzoique (15) a CtC faite. A 730 "C,  dans 
une colonne garnie de tubes de quartz, le bi- 
phenyline a CtC obtenu; un rendement de 5.5% a 
CtC calculC. 

On trouve dans la IittCrature d'autres prtpara- 
tions de biphCnyl6nes par pyrolyse de composCs 
prCcurseurs de benzyne ou du diradical-2,2' 
biphenyle (16-21). Par exemple, la pyrolyse du 
dioxyde-1,l de mCthyl-5 benzothiadiazole (9) 
conduit a la formation des dimithyl-2,6 (10) et 
dimCthyl-2,7 (11) biphtnylines (17), [3]. Aussi, 
Adger et 01. ont fait la pyrolyse de benzo- 
triazines-1,2,3 (21). 11s pensaient obtenir les ben- 
zazi.tes correspondants, mais ont obtenu le 
biphenylhe. 

0 0 
\ /9 r 1 

10 11 

Fields et Meyerson ont fait la pyrolyse de 
plusieurs anhydrides aromatiques et httCro- 
cycliques, dans le benzkne et la pyridine (22). La 
formation de produits formbs par rCaction des 
benzynes avec le solvant a CtC constatCe. 

Parmi les diffirentes mCthodes CnumCrCes 
jusqu'ici impliquant la pyrolyse en phase 
gazeuse, on remarque que toutes impliquent la 
dCcomposition d'un seul composC B la fois. Ceci 
a pour effet de conduire B la formation du bi- 
phCnylkne, quand le produit de dCpart n'est pas 
substitut, et, dans le cas contraire, a la formation 
de biphCnyl6nes substitues symCtriquement sur 
les deux cycles. 

Partant de ce que l'obtention des diffkrents 
biphCnyl2nes se fait par un intermidiaire ben- 
zyne, nous nous sommes proposes d'obtenir 
certains biphCnyl6nes substituCs sur un cycle par 
pyrolyse de mklange de diverses sources de 
benzyne et de benzynes substituks. 

Notre dtmarche nous a d'abord conduit a 
examiner deux sources de benzyne: les pyrolyses 
de I'anhydride phtalique (5) et de la ninhydrine 
(12) ont CtC faites B diffirentes temperatures avec 
notre appareillage. Nous avons ensuite entrepris 
la pyrolyse de deux anhydrides phtaliques sub- 
stituCs; dans un premier cas, les halogenes sont 
utilisCs comme substituants et, dans l'autre, un 
groupernent aliphatique. Ainsi, les pyrolyses des 
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anhydrides tirtrachlorophtalique (6) et methyl-4 
phtalique (13) ont Ctt faites pour examiner leur 
comportement individuel avec la chaleur. En 
dernier lieu, la pyrolyse d'un mtlange compose 
de ninhydrine et d'anhydride tCtrachlorophta- 
lique a Ctt entreprise d'une part et, d'autre part, 
la pyrolyse du melange anhydride phtalique - 
anhydride mithyl-4 phtalique. La pyrolyse se 
produit dans un courant d'azote; les produits 
sont condensis dans une skrie de trappes refroi- 
dies et, par la suite, sont analyses dans la plupart 
des cas par cpg. 

Sozlrces de benzyrzc 
Nous avons decide de riexaminer le comporte- 

ment de l'anhydride phtalique (5) avec la chaleur 
dans les conditions dictCes par notre appareillage. 
La pyrolyse du composC 5 a CtC faite a diffirentes 
tempiratures. Les produits obtenus B 825 C 
sont des traces de naphtalene et de fluorene, le 
biphinylkne (5:) et de l'anhydride phtaltque rC- 
cupCrC. Ceci represente le meilleur rendement de 
1 que nous ayions obtenu a partir de 5 seul. Donc 
nos resultats inontrent des rendements de bi- 
phenylene assez faibles. L'augmentation de la 
tempkrature de pyrolyse fait se consommes plus 
de produit de dCpart, sans pour autant augmenter 
de f a ~ o n  appreciable les rendements de 1. D'au- 
tre part, les rendements de 1 sont plus petits que 
ceux obtenus (1 5 7 )  par Cava et ul. 2 800 "C avec 
le fil de Nichrome (13). 

Comme deuxiime source de benzyne, nous 
avons examink la pyrolyse de la ninhydrine (12). 
On trouve dans la littkrature la pyrolyse du com- 
post 12 sous sa forme dCshpdratCe (indanetrione- 
1,2,3 (2)), ( I  1, 12). Nous avons tout de mzme 
pyrolysC le composi 12, en supposant que la 
deshydratation se ferait "in situ" et que I'eau 
ainsi formee ne gEnerait pas la formation du 
biphenyline. 

A 700 "C,  le compose 1 uniquement est obtenu 
(40z)), tandis qu'h 800 "C,  c'est encore le seul 
produit obtenu mais son rendement diminue 
(32%). Lorsque la pyrolyse est falte a 600rC, 
deux produits sont prCsents: le compose 1 avec 
un rendement de 19%, infkrieur a ce qu'il est 5 
700 'C, et la benzocyclobut6ned1one (3) (397). 
Dans chacun des cas, aucun produit de dipart  
n'est rtcuptrC. Ceci est en accord avec les risul- 
tats obtenus par Brown et Solly ( I  I .  12). 

Sur la base de ces rCsuItats, il ressort que la 
ninhydrine (12) est un meilleur precurseur de 
benzyne que l'anhydride phtalique (5) dans le 

cas de notre appareillage. De plus, la pyrolyse du 
composC 12 se fait A des tempiratures plus 
basses et avec une efficaciti plus grande, si I'on 
tient compte du produit de dCpart recupCrt. 
Etant donnC ces rCsultats, le plus grand intervalle 
de tempkrature dans lequel le composC 12 se 
pyrolyse peut Etre une variable importante dans 
la pyrolyse de milanges. 

Pyrolyse des unlz~~dricles substitue's 
La pyrolyse de l'anhydride tCtrachlorophta- 

lique (6) est dCjh connue dans la littkrature (13, 
15). Dans un premier cas, un f l  de Nichrome 
chauffe A 800°C est utilisi (13). Les produits 
obtenus sont l'hexachlorobenzkne (7) et l'octa- 
chlorobiphCnyli.ne (8) avec des rendernents 
respectifs de 3 4 2 t  30%;;. Dans un autre cas, la 
pyrolyse a CtC faite & 700 "C avec une colonne de 
quartz garnie (15). Les m&mes produits sont 
obtenus; des rendements respectifs de 31% et 
26% ollt CtC calculCs pour les composCs 7 et 8. 
Avant de faire la pyrolyse de 1nClange irnpliquant 
la ~linhydrine et l'anhydride tCtrachlorophtalique, 
nous avons voulu refaire la pyrolyse du coniposi. 
6 pour vCrifier si les mEnies produits sont ob- 
tenus dans les conditions dictkes par notre 
appareillage. 

La pyrolyse du composC 6 a CtC faite a 800 'C. 
Les produits obtenus les plus importants sont 
!'hexachlorobenzkne (7, 44y)  et l'octachloro- 
biphCnylene (8, 32;). Les produits inineurs 
sont le pentachlorobenz&ne (373 et le decachloro- 
biphCnyle (3s) .  

Un deuxieme anhydride substitut a itC exami- 
ne; le choix de I'anhydride methyl-4 phtalique 
(13) a etC fait. Nous voulions voir si la diffkrence 
des substituants pouvait faire varier les condi- 
tions d'obtention des biphCnyli.nes substituks 
sur un cycle. La dkniarche entreprise pour 
l'anhydride tCtrachlorophtaliq~~e a Ctt utiliste & 
nouveau. Une pyrolyse du compost5 13 seul a CtC 
faite pour voir si le biphenylkne correspondant 
etait obtenu. Le choix de la tempkrature a CtC 
fait par analogie avec les risultats obtenus pour 
les pyrolyses des composks 5 et 6. 

Ainsi, la pyrolyse de l'anhydride 13 a CtC faite 
a 825 'C. A cette temperature, une grande partie 
du produit de dipart est rCcuperCe. Le dimithyl- 
biphCnylene a,  d'autre part, Cte obtenu. La pllro- 
lyse du dioxyde-1,l de nitthyl-5 benzothia- 
diazole (9) passe par le mEme intermediaire, 
methyl-4 benzyne, que dans notre cas et conduit 
a la formation des composis 18 et 11 (17). Sur 
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cette base, nous supposons que ces deux iso- 
meres sont aussi prCsents dans nos produits de 
pyrolyse. De plus, le dirnCthylfluori.ne a CtC 
obtenu. Sur la mEme base que prCcCdemment, 
nous prCsumons que trois isomires sont presents. 
Aucune dttermination des quantitC5 de produitc 
n'a CtC faite, puisque le but de cette pyrolyse 
Ctait de voir si le biphknylene attendu Ctait 
form&. Cependant, on remarque en plus d'une 
grande rCcupCration du produit de dCpart qu'on 
obtient d'apres le chromatogramme, une quan- 
tit6 relativement grande de dimCthylbiphCnyl6ne. 
Les quantitCs relatives de dimCthylfluor6ne sont 
plus petites. 

Compte tenu que les biphknylines dtsirCs ont 
CtC formis, nous avons CtC encourages a faire les 
pyrolyses de melanges. Les tempCratures utili- 
sCes, 800'C pour le composC 6 et 825 "C pour 
l'anhydride 13, serviront de base pour les pyro- 
lyses de mClanges. 

Pyrolj~se des me'lnige,r 
Notre premiere prCoccupation dans la pyro- 

lyse des melanges est de trouver les conditions 
de temptrature nlaxiiuales pour l'obtention des 
biphCnyl6nes substituis sur un cycle. Concernant 
la synthhse du tCtrachloro-1,2,3,4 biphinylene 
(14), nous nous sommes basis sur les rksultats 
obtenus poul- les pyrolyses des composCs seuls. 
Les rendements Clevis du biphCny1ine dans la 
pyrolyse de la ninhydrine 700 et 800 "C, et 
l'absence de I'anhydrids tCtrachlorophtalique ~ . 

rCcupCrC dans la pyrolyse de ce dernier a 800 'C, 
nous ont conduits a faire la pyrolyse du mClange 
de ces composis 800 "C. Des pyrolyses qualita- 
tives ont cependant CtC faites pour s'assurer de 
Ia validit6 de notre choix. Des quantitis relatives 
maximums du compose 84 sont obtenues pour 
des ternpCratures de pyrolyse de 750 et 800 "C. 
On note cependant a 750°C la prCsence de 
l'anhydride tCtrachlorophtalique dans les pro- 
duits de.pyrolyse; a 800 "C,  aucune quantitk de 
compost 6 n'est rCcupCrCe. La pyrolyse quanti- 
tative du mClange des coinposCs 6 et 12 a done 
CtC faite 800 'C (voir tableau 1). 

Une investigation sur le rendement du com- 
posC 14 en fonction des proportions relatives de 
chacun des composts de dipart  a CtC faite. Des 
melanges de composCs 6 et 12 ont Cte pyrolysCs a 
800 'G avec des rapports molaires respectifs de 
1 :2, de 1 : 3  et de 1 .9 ;  les resultats sont rCsumCs 
dans le tableau 1. Parmi les produits obtenus, les 
plus importants sont le biphCnyl6ne (1) et le 

tetrachloro-1,2,3,4 biphtnylkne (14). Les pro- 
duits mineurs sont le tCtrachloro-1,2,3,4 naphta- 
lkne (I§), 1'octachlorobiphCnyli.ne (8) et le 
dCcachlorobiphenyle. Ces produits sont en accord 
avec les rCsultats attendus (schCma 1). 

Uniquement les rendements des produits 1 et 
14 ont CtC calculCs. Bien qu'aucune dCtermina- 
tion pricise de la quantitC de tCtrachloro- 1,2,3,4 
naphtaline (15) n'ait CtC faite, elle est apparue 
environ six fois plus petite que la quantite de 
produit 14, indkpendamment du rapport des 
composants du mClange. 

On note que le rendement de biphknylene 
augmente avec la quantitC de ninhydrine initiale- 
ment peste. D'autre part, on constate que le 
rendement de tCtrachloro-1,2,3,4 biphCnylene 
(14) ne varie pas avec le pourcentage de nin- 
hydrine employee. 

On note dans la pyrolyse d'un meme milange, 
un certain Ccart dans la reproductibilitk des 
rCsultats. Nous sommes portCs a croire que le 
facteur responsable de ces differences est la sub- 
limation individuelle des composCs formant le 
mClange. La synthese du tCtrachloro- 1,2,3,4 
biphCnylene implique la rencontre de berizynes 
provenant de sources diffkrentes et une variation 
dans la sublimation aura un effet sur les rende- 
ments des produits obtenus. Cet effet est dfi a 
ce que les con~posCs formant le mklange ne se 
subliment pas a la meme temperature. 

Quand nous avons entrepris la pyrolyse d'un 
melange conduisant a la formation du mCthyl-2 
biphinylene (16), nous nous sommes d'abord 
intCressCs a la tempirature A laquelle il faudrait 
pyrolyser ce mClange. La ninhydrine (12) s9Ctant 
avCrCe une meilleure source de benzyne que 
I'anhydride phtalique dans nos pyrolyses prtli- 
minaires, nous avions pens6 l'utiliser a nouveau 
dans la pyrolyse irnpliquant l'anhydride mCthyl-4 
phtalique (13). Le choix de la teinpCrature pour 
la pyrolyse du inClange ninhydrine - anhydride 
mCthyl-4 phtalique a CtC fait sur La base des 
rCsultats obtenus pour les pyrolyses des com- 
posCs seuls. La prCsence satisfaisante des di- 
mCthylbiphCnylenes dans les produits de la 
pyrolyse du compost 13 2i 825 "C et le rendement 
important de biphenylene (32%) dans la pyrolyse 
du composC 12 a 800°C nous ont conduits a 
pyrolyser le mClange de ces deux composCs a 
825 'C. 

En se basant sur les rCsultats obtenus dans la 
section prtcedente, la quantitC de ninhydrine 
employte dans une premiire pyrolyse a CtC mise 
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TABLEAC' I .  Pyrolyses du melange ninhydrine (12) -anhydride 
tetrachlorophtalique (6)* 

Rapport 
rnolaire 

Rendement de 
1 (%I 

Rendement de 
14 (%) 

*Les pyroiyses on t  e r e  faites a 800cC, sous une pression de 0.2 torr avec un 
debit d'azote de 90 mlimin. 

au double de celle de l'anhydride. L'analyse des dride 13 se sublimait en premier et que le com- 
produits de pyrolyse a montrC la prCsence d'une posC 12 (apri.s dkshydratation "in situ") se sub- 
faible quantite de methyl-2 biphCnyl2ne. Aucune limait beaucoup plus tard. Cette observation 
Ctude quantitative n'a CtC faite dans ce cas. Nous expliquait en quelque sorte pourquoi si peu de 
avions noti, au cours de la pyrolyse, que l'anhy- mCthyl-2 biphCnyl6ne avait CtC formC. 
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TABLEAU 2. Pyrolyse du mClange anhydride phtalique (5) - anhydride methyl-4 
phtalique (13)* 

RCcupCre (Y,) Rendements (z) 
Rapport ----------- 

5 (mg) 13 (mg) molaire 5 13 1-1 6 10 + 111 

665.7 243.5 3 : l  15 2 15 11 10 
677.9 247.7 3 : l  35 6 17 9 2 1 
999.8 123.8 9 :  1 8 Trace 32 16 7 

1002.6 123.6 9 :  1 14 Trace 15 16 10 

*Ces pyrolyses on1 Cte faites a 850'C sous une pression de 0.2 torr avec un debit d'azote de 
90 ml 'min.  

tCes  rendements son1 bases rur  les quantites d'anhydride phtalique non reciiperees. 
:Cca rendsments aunt basks sur Ics quantites d'anhydride methyl-4 phtalique non recuperees. 
5Les temps de retention du  fluorene, forme dans les pyrolyses conduisant au benzyne ( 11 ,  

12, 15) et de 16 se recouvrent s ix  plusieurs colonnes. 

850 -C do -- - co,, - CO 

0 
5 

10 11 
S C H ~ \ ~ A  2 

Les contraintes de la sublimation des produits La pyrolyse du melange anhydride phtalique - 
de depart nous ont conduits 2 remplacer la nin- anhydride methyl-4 phtalique a CtC faite a 850 "C 
hydrine dans le melange par I'anhydride phta- et les deux anhydrides ont Cte pesCs pour qu'un 
Iique. De nouvelles conditions de temp6rature rapport molaire de ceux-ci soit de 3 : 1 respective- 
ont dit Etre choisies. Les grandes quantitCs de ment; les rCsultats sont rCsumCs dans le tableau 
produit de dCpart rCcupCrC dans les pyrolyses 2. Les produits obtenus sont le biphinylene (I), 
sCparCes des anhydrides 5 et 13 800 et 825 "C le inCthyl-2 biphknylene (16) et un mClange de 
nous ont amenis a penser que la pyrolyse devrait dimCthy1-2,6 (10) et dimCthyl-2,7 (11) biphkny- 
se faire a une temperature superieure; une tem- lenes. Certaines quantitis des deux produits de 
piratuse de 850 "C a CtC choisie. On avait con- depart ont CtC rCcupCrCes. Les produits sont en 
stati, dans la pyrolyse du composC 5 a 850 "C, accord avec les rCsultats attendus (schema 2). 
que le rendement de biphtnylene h i t  le m&me Dans cette derniere pyrolyse la quantitt de 
que celui obtenil a 825 'C; de plus, la quantiti dimCthylbiphCnyl6ne est relativement grande par 
d'anhydride rCcupCrC avait grandement diminuC rapport a celle du mCthyl-2 biphCnyl6ne. C'est 
en passant d'une tempkrature a l'autre. pourquoi nous avons fait une pyrolyse ou les 
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deux cornposants du milange sont prisents dans 
un rapport molaire de 9: 1. Les mzmes produits 
sont obtenus mais avec des rendements diffkrents; 
les rCsultats sont rCsumes dans le tableau 2. 

Conclusions 
La synth6se des biphenylenes substituis sur un 

cycle implique la rencontre de benzynes pro- 
venant de sources diffhrentes. Partant de ce fait. 
il est important que les deux produits de depart 
entrent dans la zone de pyrolyse en mtme temps, 
comme mis en k~idence avec la pyrolyse du 
~nilange ilnpl~quant l'anhydride mCthyl-4 phta- 
lique. Quand la ninhqdrine est emplojrCe pour 
l'obtention du mkthyl-2 biphCnyl&ne, le trop 
grand Ccart dans les tempkratures de sublimation 
des deux produits fait que ceux-ci entrent suc- 
cessivement dans la zone de pyrolyse. De ce 
fait, la difference des tempiratures de sublima- 
tion des produits formant le milange est plus 
importante que le rendement des produits atten- 
dus dans les pyrolyses individuelles. 

D'autre part, on a pu remarquer avec les resul- 
tats obtenus pour les pyrolyses de chaque mk- 
lange que dans le premier cas, le rendement du bi- 
phenylkne substitue sur un cycle ne depend pas 
du rapport molaire des deux composants du 
melange et que dans I'autre cas, ce rendement 
varie avec le rapport molaire des deux anhydrides 
de depart. Nous pensons que le facteur impor- 
tant est l'efficacite de la source de benzvne a se 
fragmenter dans la zone de pyrolyse. En effet, 
dans le cas ou la ninhydrine est employke, la frag- 
mentation efficace de cette derni6re fait que la 
concentration de benzyne prisent dans la zone 
de pyrolyse est grande mEme si peu de ninhydrine 
est employe. Dans le cas oh l'anhydride phtalique 
est utilisi, il faut une quantitk plus grande de ce 
dernier pour que la mtme quantite de benzjne 
obtenue avec une quantite moindre de ninhy- 
drine soit prksente dans la zone de pyrolyse. 

Somme toute, la mkthode que nous avons 
dCcrite comporte des avantages et des disavanta- 
ges. Les principaux avantages de notre mithode 
sont qu'elle utilise comme source de benzynes 
des produits commerciaux facilement accessibles 
et que la synthitse des biphtnylitnes substituis 
sur un cycle se fait en une Ctape. Pour ces rai- 
sons, si l'on considitre en plus les rendements, 
notre mkthode est plus avantageuse que celle 
proposke par Lothrop (1, 2). Un des principaux 
disavantages de la mithode est qu'il nous est 
impossible d'utiliser des anhydrides phtaliques 

dont le substituant se dicompose pendant la 
pyrolyse; ainsi les anhydrides portant un groupe- 
ment nitro ne vourront Etre utilisks. 

Les contraintes de notre montage font que 
seulement 1 a 2 g de melange peuvent @tre pyro- 
lysis a la fois. Ainsi l'obtention d'une grande 
quantite de produit nicessite plusieurs pyrolyses. 
Pourtant, nous n'avons pas essay6 de construire 
un appareillage 2 plus grande kchelle. 

En conclusion, ce travail a vermis d'obtenir 
des biphinylitnes substitues sur un cycle et a 
permis d'ouvrir la voie pour de nouvelles syn- 
thkses de biphhnylknes. 

Les spectres de masse ont ete pris a basse resolution 
sur un appareil Hitachi modele RMU-6D vendu par la 
compagnie Perkin-Elmer et'ou un appareil de la com- 
pagnie Associated Electrical Industries (A.E.I.) modele 
MS-902. 

Les points de fusion ont Cte mesures a I'aide d'un 
appareil Buchi etjou Mel-Temp; les valeurs rapportkes ne 
sont pas corrigees. 

Les spectres de resonance magnetique nucltaire du 
proton ont kt6 pris sur un spectrometre Brucker de 90 
MHz, modele WH-90 fonctionnant par transforniee de 
Fourier. 

Les spectres ultraviolets ont etC enregistres sur un 
appareil Cary, modele 14 et/'ou 17. 

Les analyses par chromatographie en phase gazeuse 
(cpg) ont e t t  faites par un appareil de la compagnie 
Hewlett-Packard niodele 5750. Cet appareil contient deux 
colonnes et est rnuni d'un systeme de programmation de 
temperature. Dans la plupart de nos analyses, une colonne 
de cuivre mesurant 9 pieds de longueur par 0.25 po de 
diametre est utilisee. Le garnissage de la colonne consiste 
en du SE-54, 102, sur Chromosorb W. Une programma- 
tion de 6 'C;'min de 90 a 270 'C est utiliske. Dans certains 
cas, une colonne lnesurant 6 pieds de longueur, contenant 
du SE-30, lo%, sur Chronlosorb W a ete nicessaire. La 
progranimation employee est la meme que precedem- 
ment. 

P~odu i t .~  
L'anhydride phtalique provient de la compagnie 

Matheson, Coleman et Bell. Avant son utilisation, il a CtC 
purifie par cristallisation dans un melange benzene- 
ethanol. La ninhydrine a ete achette de la compagnie 
Pierce Chemical; les anhydrides tetrachlorophtalique et 
methyl-4 phtalique proviennent de la compagnie Eastman 
Kodak: apres verification de leur purett, ils ont ett  
utilisis comme tels. 

Montage et procPd~rre 
Le montage pour la pyrolyse et la procedure ont deja 

CtC decrits prbcCdemment (23). Le produit ou le mtlange 
de produits est d'abord sublime dans un courant d'azote, 
puis entraine sous forme vapeur dans une colonne de 
quartz de -60 cm, dont la zone chauffee par un four 
extirieur niesure 30 em. La vitesse d'entrte du produit 
dans la zone chauffee est reglee par un debitmetre. Un 
vide de l'ordre de 0.1 torr est maintenu. Les produits 
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formes sont condenses dans une serie de trappes. La 
colonne et les trappes sont par la suite lavees. La solutlon 
provenant du lavage est coneentree, placee dans un ballon 
jauge de 25 ml et le volume total est amen6 jusqu'a la 
ligne de jauge. Les produits obtenus sont dans la plupart 
des cas sipares par cpg. Leurs rendements sont deternines 
en cornparant les surfaces sous la courbe du chromato- 
gramme des produits de pyrolyse avec les surfaces des 
pics de composCs standards de concentrations connues. 

Sozrrres de benzynes 
Dans les pyrolyses de l'anhydride 5 et de la ninhydrine, 

le chloroforme et l'acetone ont etC utilises pour le lavage 
des trappes. Les analyses de la solution de chaque 
pyrolyse ont ete faites par cpg en utilisant une colonne de 
SE-54, 10% sur Chromosorb W mesurant 9 pieds. Une 
programmation de 6 'Cjmin a partir de 90 jusqu'a 270 'C 
a Ctt utilisee. 

Dans la pyrolyse de l'anhydride phtalique, le chroma- 
togramrne montre la presence de trois produits dont deux 
d'entre eux sont I'anhydride phtalique et le naphtalene; 
ils ont CtC identifies par leur spectre de masse (24, 25) et 
par leur temps de retention qui sont identiques a ceux 
d'echantillons commerciaux. 

Le troisieme produit, un solide jaune, a ete identifie 
cornme etant le biphenylene. Le spectre de masse obtenu 
donne la fragmentation suivante: nlie (%) 153(13.7), 
152(100), 151(15.1), 150(11.7), 126(6.4), 76(14.9), 75(5.7), 
74(4.8), 63(9.4) (litt. (26) 1i7,'e (z) 153(14.0), 152(100.0), 
151(18.0), 150(10.0), 126(7.1), 76(9.1), 75(4.9), 74(4.5), 
63(6.0)). Un spectre ultraviolet qualitatif a ete enregistre 
et les absorptions suivantes ont ete obtenues: 1.,,, 
(MeOH) nm 239, 247, 327, 330, 339, 348 et 358 (litt. (3) 
(EtOH) 239, 248, 326, 330, 339, 343, 348, et 358). Une 
trace de fluorene a aussi ete detectte. 

Dans la pyrolyse de la ninhydrine a 700 et 800cC, 
uniquement le biphenylt-ne a ett  obtenu; il a etC identifie 
par ses spectres de masse et ultraviolet. A 600 'C, en plus 
du biphenylene, est presente la benzocyclobutenedione. 
Le spectre de masse de ce dernier donne les pics suivants: 
n?/e (%) 133(1.6), 132(16.3), 105(8.0), 104(78.3), 78(5.4), 
77(12.4), 76(100.0), 75(10.1), 74(16.3), 73(7.7), jO(45.7). 
Le spectre ultraviolet qualitatif du meme compose donne 
les absorptions suivantes: L,,,, (MeOH) 224, 247, 284, 
291, 299 (litt. (12) 225, 286, 292, 301; litt. (27) 220, 286, 
292, 301). 

Pyrolyse des anhydrides slrbsfifuis 
Pyiolyse de l'nnhydtide tifi~rrchloropl7tnliylre 
Dans la pyrolyse de l'anhydride tetrachlorophtalique, 

le benzene et l'acetone ont ete utilises cornrrr solvants 
pour le lavage des trappes. L'analyse de la so l~~ t ion  de 
pyrolyse par cpg a ete faite sur une colonne de SE-54, 
10%, sur Chromosorb W mesurant 9 pieds, dans les 
m&mes conditions de programmation que precedemment. 

Le chromatogramrne obtenu montre la presence de 
deux produits dont l'hexachlorobenzene; pf 227 'C (litt. 
(28) pf 230 'C). Ee spectre de masse d'un Cchantillon de 
ce compose a it6 enregistre a 70 eV; il est comparable a 
celui trouve dans la littirature (29). Une serie de pies dont 
les valeurs de mje sont situees entre 282 et 292 correspond 
a I'ion moleculaire et ses pics isotopiques. Le calcul des 
intensites relatives des pics isotopiques de l'ion molecu- 
laire nlontre que le composC possede 6 atomes de chlore 
(30). Le m&me calcul fait pour les ions fragments indique 
la perte respective de 1, 2 et 3 atomes de chlore. 

Le second produit est le pentachlorobenzene; pf 85 ' C  
(litt. (31) pf 86 'C). Le spectre de rnasse de ce compose, un 
solide de couleur blanche a ete pris B 70 eV. Une serie de 
pics dont les valeurs sont situees entre 248 et 256 corres- 
pond a l'ion moleculaire et ses pics isotopiques. Le calcul 
des intensites relatives des pics isotopiques de l'ion mole- 
culaire montre que le conlpose possede 5 atomes de chlore 
(30). Les autres series de pics correspondent a la perte 
respective de 1 , 2 , 3  et 4 atomes de chlore. 

La prise de spectres de masse du melange de pyrolyse, 
en fonction de la temperature, nous a perrnis de detecter 
la presence de 1'octachlorobiphCnylene et du decachloro- 
biphinyle. 

Par la suite, nous avons fait la sublimation du nlClange 
des produits de pyrolyse. Apres avoir chauffe le melange 
a 90 'C sous la pression atmospherique, une premiere 
fraction contenant l'hexachlorobenz~ne et le pentachloro- 
benzene a ete recueuillie. Le poids de cette fraction a kt6 
determink et les quantitts respectives de chacun des com- 
poses ont et& trouvees par calcul du rapport des surfaces 
sous la courbe du chromatogramme. Le residu a Cte par 
la suite sublin~e a 120 ' C  sous une pression de 0.6 torr; 
une deuxienle fraction contenant l'octachlorobipheny- 
lkne et le decachlorobiphCnyle a etk recueuillie. 

Le spectre de masse de la deuxikme fraction it 70 eV 
montre la presence d'une serie de pics entre mle 424 et 434 
ainsi qu'entre mie 494 et 506. L'intensite relative des deux 
massifs varie avec le temps indiquant la presence de deux 
produits. Le spectre ultraviolet de cette fraction donne 
les absorptions suivantes: I.,,,, (dioxanne) nm 224, 243, 
265, 278, 288, 302, 324, 333, 350, 370, 392, 425, 450. Le 
spectre ultraviolet de l'octachlorobiphCnyle~~e est donne 
dans la littirature (13): i.,,, (dioxanne) 225, 243, 268, 
279, 290, 354, 375, 393, 428, 452. De m&me le spectre 
ultraviolet du decachlorobiphenyle est connu (32): 
? .,,,, (isooctane) nm 280, 292, 301. 

Les quantltes relatives de l'octachlorobiphenylene et du 
dP.cachlorobiohenvle ont ete calculees aar saectrornetrie 

A 

de-masse it l i  e ~ :  La lnethode consiste enregistrer des 
spectres de masse du melange a 11 eV a partir du moment 
de son introduction dans l'appareil jusqu'a disparition 
presque complete des pics de chaque compose; l'etape 
suivante consiste a faire un graphique donnant l'intensite 
des ions en fonction du temps et ceci pour chaque produit. 
Etant donne que le nombre d'atomes de chlore dans 
chaque molecule est different, nous avons additionne les 
intensites de tous les pics formant chaque massif pour fin 
de comparaison. Le rapport des quantites respectives est 
de 9 :  1 pour I'octachlorobiphenylene et le decachloro- 
biphenyle respectivement. 

Pytolyse de 1'anhj~di.ide mithyl-4 phfalique 
La pyrolyse de l'anhydride methyl-4 phtalique a Cte 

faite a 825 'C ,  avec un  debit d'azote de 90 ml par rnin, 
sous une pression de 0.3 torr. Le benzene et l'acitone ont 
ete utilisks comme solvants pour le lavage des trappes. Les 
analyses de cpg ont etC faites en utilisant une colonne de 
SE-54, 10% sur Chrornosorb W ;  les conditiolls de pro- 
grammation sont les memes que prec6demment. 

Le chromatogramme montre la presence de trois pro- 
duits. Le premier compose est I'anhydride methyl-4 
phtalique; son pf est de 88 'C (litt. (33) pf 88.5-89 'C). 
Le spectre de masse de ce compose pris 20 eV montre 
trois pics; v i e  (z) 162(23.3), 118(100), 90(27.8). Le spectre 
de lnasse pris a 70 eV donne la fragmentation suivante: 
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m/e (z) 163(1.8), 162(16.1), 119(8.8), 118(100.0), 91(5.6), 
90(67.1), 89(48.4), 88(0.6), 87(1 .I), 86(1.6), 85(1.2), 
77(0.6), 76(0.2), 75(1.2), 74(2.4), 73(0.5), 64(6.3), 63(22.1), 
62(9.6), 61(2.9), 5 1(4.2), SO(7.9). 

Le deuxieme produit est le dimethylbiphenylene. Un 
spectre de masse de ce produit a 616 enregistre a 70 eV: 
ltlle (x) 181 (14.3), 180(100.0), 179(30.0), 178(24.4), 
177(7.0), 176(8.7), 166(11.1), 165(58.5), 164(4.2), 163(6.6), 
162(6.3), 90(18.8), 89(27.2), 88(9.8), 87(5.6), 86(3.5), 
64(3.9), 63(15.7), 62(5.9). Le spectre de rmn montre un 
singulet 6 2.15 ppm (6H) et un singulet Clargi a 6 6.50 
(6H). Le spectre de rrnn du dimethyl-2,7 est connu dans 
la litteratuse (34); les protons des groupes methyle 
apparaissent a 6 2.12 ppni, tandis que les protons aroma- 
tiques apparaissent a 6 6.50 ppni. Nous croyons que les 
deux isonii.res sont presents et que la grande symetrie 
de ceux-ci ne nous permet pas de les differencier dans le 
melange par la spectroscopie de rmn. 

Le troisieme compose a ete identifie comme etant le 
dimithylfluorene par son spectre de masse et par analogie 
avec les pyrolyses de composes similaires trouvees dans la 
litterature (11, 12, 15) (trois isomeres sont attendus). Le 
spectre de lnasse de ce compose a ete enregistrt a 70 eV: 
mle ( z )  195(17.3), 194(100.0), 193(15.0), 192(5.3), 191(7.5), 
190(3.0), 189(9.0), 180(23.3), 179(95.5), 178(35.3), 177(7.5), 
176(8.3), 166(3.8), 165(12.8), 164(3.0), 163(3.8), 162(3.0). 

P.yrolj~se des rnelonges: 
Py/.ol.~se du r~~dlnrlge ninhj.cl,.ine - arzkyr/ride tdtmchloro- 

phtaliqlre 
Dans la pyrolyse des melanges ninhydrine - anhydride 

tCtrachlorophtalique, le benzene et l'acetone ont i t6 uti- 
lisks cornme solvants pour le lavage des trappes. Les 
analyses par chronlatographie en phase gazeuse ont Cte 
faites en utilisant une colonne de SE-54, 10% sur Chro- 
mosorb W mesurant 9 pieds de longueur. 

Des pyrolyses qualitatives de melanges ont ete faites a 
differentes temperatures selon la procedure dkcrite plus 
haut. L'analyse des chrornatogrammes obtenus pour 
chaque pyrolyse par comparaison des surfaces sous la 
courbe montre que la temperature de choix est 800 'C. 

Dans les pyrolyses quantitatives, le chromatogramme 
obtenu par injection d'une quantitt de chaque solution 
montre la prksencc dc trois produits; leur temps de reten- 
tion respectif est de 18.7, 28.7 et 32.4 min. Le second 
compose est present en faible quantite; done, apres identi- 
fication des trois composes uniquernent les rendements 
des deux autres produits oat  ete determines (uoir tableau 
1). 

Le premier compose a ete identifie comme etant le 
biphenylene par ses spectrer de masse et ultraviolet. Le 
second compose, un solide blanc, a ete identifie conme  
etant le tetrachloro-1,2,3,4 naphtalene. Le point de 
fusion d'un 6chantillon collectionnc du chromatographe 
en phase gazeuse est voisin dc celui trouve dans la 
litterature: 196 'C (litt. (35) pf 200-201 'C); le spectre de 
lnasse de ce compose montre une strie de pics entre rille 
264 el  270 qui correspond a l'ion nioleculaire et ses pics 
isotopiques. Trois autres series de pics sont obtenus par 
perte successive de 1, 2 et 3 atomes de chlore. Enfin, il y a 
deux series de pics debutant a rn/e 132 et 97 correspondant 
B (M)' + et ( M  - Clz)++.  

Le troisieme con~pose est le tetrachloro-1,2,3,4 bi- 
phenylene; pf 175 "C (litt. (36) pf 176 'C). Son spectre de 
masse a ete enregistrt a 70 eV. Une serie de pics entre fnie 

288 et 294 correspond a l'ion molCculaire et ses pics 
isotopiques. Un calcul de l'intensite relative de cette 
serie de pics montre que le compose contient quatre 
atomes de chlore: trouve, m/e  (Y,) 288(80.0), 290(100.0), 
292(47.0), 294(10.3), calcule (30), mle (x), 288(77.16), 
290(100.0), 292(48.60), 294(10.50). Le reste du spectre a 
la m&me allure que celui du tetrachloro-1,2,3,4 naphta- 
Iene; les trois series de pics suivant l'ion molCculaire cor- 
respondent respectivement a (M - C1)+, (M - 2C1)+ 
et (M - 3C1)'. Les deux dernieres series correspondent 
a (M)+ + et (M - 2C1)++. Un spectre ultraviolet quali- 
tatif du m&me composC a etC enregistre: i,,,, (MeOH) nm 
256 ep., 263, 335, 352 ep, 355, 371, (litt. (36) ? -,,, (EtOH) 
nm 258 ep., 265, 339, 353 Cp, 357, 375). 

Py~olyse n'u mPlange anhydride phtnlique - anhyd~ide 
mtthyl-4 phtalique 

Au depart, des pyrolyses qualitatives de melange impli- 
quant la ninhydrine et l'anhydride niethyl-4 phtalique ont 
ete faites. Apres avoir remarque la formation d'une faible 
quantite de methyl-2 biphenylene, nous avons abandonne 
la pyrolyse de ce melange. Aucune etude quantitative n'a 
e t t  faite dans ce cas. Par la suite, nous avons rernplace 
la ninhydrine par l'anhydride phtalique. 

Dans la pyrolyse du melange anhydride phtalique- 
anhydride methyl-4 phtalique, le benzene et l'acitone ont 
ete utilises comme solvants pour le lavage des trappes. 
L'analyse des produits de pyrolyse a ete faite par chroma- 
tographic en phase gazeuse, utilisant une colonne de 6 
pieds contcnant du  SE-30, 10% sur Chromosorb W. La 
programmation de temperature est la m&me qu'utilisee 
prCcedemment. Les rendernents des produits sont donnes 
dans le tableau 2. 

Le chromatogramme montre la presence de cinq 
produits dont les temps de retention respectifs sont de 
14.8, 17.8, 18.4, 20.8 et 23.0 min. Les deux premiers ont 
ete identifies comme ktant les deux anhydrides de depart 
(le premier etant l'anhydride phtalique). Les spectres de 
masse et les temps de retention mesurts correspondent a 
ceux d'ichantillons conimerciaux. Le troisieme produit 
est le biphenylene; il a ete identifie par ses spectres de 
masse et ultraviolet. Le cinquieme produit est le dimethyl- 
biphinylene; il a Cte identifie par ses spectres de niasse et 
de rmn. Comme dans la pyrolyse de l'anhydride methyl-4 
phtalique, nous supposons que deux isomeres sont 
presents. 

Le dernier produit est le methyl-2 biphenylene (16): 
spectre de masse (70 eV), ion nioleculaire, 171,'e ( z )  
166(100.0). Un spectre rmn a ttC enregistre dans le 
CDCI, : 16, 6 2.15 (s, 3H), 6.5-7.0 ppm (m, 7H). 11 y a un 
recouvrement des pics du compose 16 et du fluorene, 
trouvi egalement en petite quantite dans notre pyrolyse de 
l'anhydride phtalique (5) ainsi que dans d'autres pyrolyses 
de 2 (11. 12) et de 5 (15). I1 est possible de distinguer ces 
deux produits dans u11 melange des deux par nioyen du 
spectrc rmn: le Iluorene, 6 3.76 (s, 2H) et 7.2-7.7 ppm 
(ni, 8H). Le spectre LIT de 16 forme dans cette pyrolyse 
s'accorde hien abet celui de la litterat~zre (8): ?.,,,,,, (EtOW) 
nm 242, 250, 298, 343, 361. 
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Conformational analysis of substituted l,%oxathiane Zoxides by 13C and IH 
nuclear magnetic resonance spectroscopy 
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G. W. BUCHANAN, N. K. SHARMA, F. DE REINACH-HIRTZBACH, and T. DURST. Can. J. Chem. 
55.44 (1977). 

'H and 13C nrnr results for 1,2-oxathiane 2-oxide and eight derivatives are reported. It is 
concluded that these n~olecules have a high preference for chair forms with axial S=O groups, 
even when a sterically bulky group such as phenyl is substituted in asp-axial  orientation to the 
exocyclic oxygen. 

G. W. BUCHANAN, N. K. SHARMA, F. DE REINACH-HIRTZBACH et 7. DURST. Can. J. Chem. 
55. 44 (1977). 

On rapporte des donnees de rmn IH et 13C pour I'oxyde-2 d'oxathianne-1,2 et pour huit de 
ses derivts. On en conclut que ces molecules ont une grande preference pour des formes chaises 
avec des groupes S=O axiaux m@me lorsqu'un groupe steriquement encombrant tel que le 
phenyle est substitue dans une orieniation syn-axiale par rapport a l'oxygene exocyclique. 

[Traduit par le journal] 

Tn recent years there has been considerable 
interest in the stereochemistry of 6-membered 
organic heterocycles containing the S=O func- 
tion. For thiane oxide it has been established (1)  
that the preferred conformation is a chair in 
which there is a slight preponderance (0.2 kcal/ 
mol) of the form in which the S=O is axial. 

When heteroatoms with lone pairs of electrons 
are introduced into the ring, adjacent to the 
S=O group, the equilibria become more biased 
toward the axial S=O forms. In the case of 
trimethylene sulfite, rhis preference has been 
estimated to be cu. 2.1 kcal/mol (2), although 
n o  direct measure of -AGO for the parent 
compouild has been possible since its 'H nmr 
spectrum is temperature independent from - 150 
to  + 150 'C .  

On the basis of dipole moments (2), 'H nmr 
(3) and I3C nmr (4), substitution of potentially 
axial CH, groups a t  both C-4 and C-6 of the 
sulfites is deemed to alter the ring conformation 
such that non-chair forms, or chairs with equa- 
torial S=O functions, can contribute. 

Compounds intermediate between the thiane 
oxides and the trimethylene sulfites, namely the 
1,2-oxathiane 2-oxides (sultines) have, by con- 
trast, received rather little attention. T o  date, 
the only report has been that of Harpp and 
Gleason (5) who found that the ' H  spectrum 
of 1,2-oxathiane 2-oxide is temperature in- 
dependent from - 90 to  + 150 "C. They con- 
cluded that the molecule adopts a chair con- 
formation with a considerable preference for the 
form having an  axial S=O moiety (cu. 2 i<cal/ 
mol). 

For  all these systems the 'H nmr spectra are 
difficult to analyze completely, and thus the 
structural information available is somewhat 
limited. Recentlv it has been demonstrated that 
13C nmr offers a n  attractive alternative for the 
study of sulfur heterocycles (4, 6-8) since the 
mectra are first order and the chemical shift 
differences are an  order of magnitude greater 
than those in the 'H spectra. We now report the 
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BUCHANAN ET AL 

TABLE 1. IFI spectral data of 1,2-oxathiane 2-oxides* 

Compound Area of adsorption (assignment) 

1.5-2.2 (4e, 5a, 5e); 2.2-3.0 (3a, 3e, 4a); 
3.6-3.8 (6e); 4.3-4.7 (6a) 

1.08 (CH,); 1.4-2.2 (4e, ja, 5e); 
2.2-3.0 (3a, 4a); 3.3-3.8 (6e); 4.0-4.6 (6a) 

1 .0 (CH,); 1.3-1.9 (5a, 5e); 2.3-2.8 (3a, 3e, 4a); 
3.75-4.0 (6e); 4.4-4.7 (6a) 

0.87 (CH,); 1.6-2.4 (4e, 5a); 2.6-3.0 (3a, 3e. 4a); 
3.6-3.8 (6e); 4.0-4.5 (6a) 

1.22 (CH,); 1.45-2.0 (4e, 5a, 5e); 
2.3-2.8 (3a, 3e, 4a); 4.5-4.9 (6a) 

1.2-2.2 (4e, 5a, 5e); 2.5-2.9 (3a, 3e, 4a); 
5.37 (6a); 7.3 (phenyl) 

1.25 (CH,-equatorial); 1.57 (CH3-axial); 
1.6-1.9 (4e, Sa, 5e); 2.3-2.8 (3a, 3e, 4a) 

1.90 (CH,); - 2.25 (4e, 5a, 5e); - 2.75 (3a, 3e, 4a);  7.2 (5H) 

1.58 (CII,); 1.7-3.2 (all other ring H); 7.1-7.5 (5H) 

*0.05-0.10 1M solutions in  CDCI, 

results of an  examination of 1,'-oxathiane 
2-oxide and eight derivatives, using 'H and 13C 
nmr, which permits some detailed conforma- 
tional conclusions. 

Results and Discussion 
(a) ' N Spectra 

Table 1 contains a sumniary of the 'H data 
for the nine con~pounds examined. A discussion 
of part of the 100 M H z  ' H  spectrum of 1 has 
been published (5). The axial C-6 proton is the 

most desh~elded (6 = 4.42) due to the well 
known (9-13) sjn-axial deshielding effect of the 
sulfinyl oxygen. This proton exhibits an 11.5 Hz 
vicinal coupling with the trarzs-diaxial H on C-5, 
indicative of a chair-type geometry. The C-4 
axial hydrogen is also deshielded relative to its 
equatorial counterpart for the same reason as 
the axial C-6 hydrogen, and to a similar extent. 
The close spatial relationship between the S=O 
group and the C-4 and C-6 axial hydrogens was 

verified by the observation that these hydrogens 
underwent the largest downfield shift, ca. 8 ppm, 
upon addition of approximately 0.5 equiv. of 
Eu(FOD),. 

The chemical shift differences referred to 
abovewere observed for all the monosubstituted 
1,2-oxathiane 2-oxides which we have thus far 
been able to isolate. On the basis of these 
observations and the 13C spectra discussed 
below, the preferred conformations of these 
compounds (2-6) are chair forms having the 
substituent in an equatorial and the S=O in the 
axial position. 

The proton spectrum of 6,6-dimethyl-1,2- 
oxathiane 2-oxide (7) showed two methyl signals 
at  1.25 and 1.57 ppm, assigned to the equatorial 
and axial methyl groups respectively. The chemi- 
cal shift difference between the CH, groups of 
6 (0.32 ppm) is somewhat smaller than for the 
CH, groups of the corresponding sulfite 10 (3), 
but considerably larger than that in the sulfite 
19 which has an  equatorial S=O bond (3). On 
this basis, 7 is suggested to have a conformation 
similar to that of PO. The methyl proton assign- 
ments in 7 were confirnled by Eu(FOD), studies 
which showed downfield shifts of ca. 3.0 and 
1.5 ppm for the 6 = 1.57 and the 6 = 1.25 
resonances respectively upon addition of 0.3 
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11 

FIG. 1. Structures and numbering scheme for com- 
pounds discussed in the text. 

equiv. of the shift reagent, indicating that the 
6 = 1.57 resonance arises from the axial methvl. 

Examination of the data for the 6-methyl-6- 
phenyl isomers 8 and 9 suggests that 8 exists 
mainly in the chair form having both the S=O 
and the C H ,  axial. For 9, the C H ,  group is 
shielded by 0.32 ppm relative to 8, resulting from 
the removal of the deshielding syn-axial S=O 
--- C H ,  interaction present in 8. Interestingly in 
8 the phenyl protons appear as a singlet at 

6 = 7.2 whereas in 9 a multiplet in the range 
7.1-7.5 ppm is found. In 2-phenyl-l,3-dithiane 
which contains an axial phenyl group (14) re- 
solved ortho aromatic protons are also observed. 
Further evidence for the existence of 9 in a chair 
with axial S=O is obtained from the effect of 
addition of ca. 0.3 equiv. of Eu(FOD),. The 
protons most affected (downfield shift of ca. 
4 ppm) are those in the ortho aromatic position. 
The axial proton (H,) was next most affected 
(downfield shift of ca. 3 ppm) as expected on the 
basis of its syn-axial relation to the S=O, 
assuming the exocyclic oxygen to be the site of 
complexation (3). Furthermore, the lanthanide 

shifted spectrum of 9 permitted measurement of 
several of the coupling constants. In addition to 
large geminal couplings (13.0 and 14.5 Hz for 
J, ,  and J,, respectively), J2, and J,, are 11.0 Hz 
which typify axial-axial couplings in chair forms 
and are similar to values found in related 
molecules such as sulfites (3). Smaller couplings 
(3.0-6.5 Hz) are noted for interactions involving 
equatorial protons as expected on the basis of 
dihedral angle considerations. Of course it can 
be argued that the shift reagent perturbs the 
geometry of the substrate and renders conforma- 
tional conclusions somewhat tenuous. Never- 
theless, it seems clear that the lanthanide 
complexed system 9 exists in a chair with axial 
S=O and we thus can suggest that the geometry 
of the free substrate is similar. 

(b)  C Spectra 
13C chemical shifts for compounds 1-9 are 

presented in Table 2. Assignments have been 
made using results for model compounds (4, 
7), well-established trends of alkyl substitution 
(15), selective 'H decoupling, and single fre- 
quency off resonance (SFORD) decoupling 
experiments. 

For 1 it is interesting to compare the ring 
1.70 --+ CH3 1 50 4 CH3 carbon shifts with those for trimethylene sulfite 

H 3 C h g 7  ?H~C&/;+O 12 and the two chair forms of thiane oxide 13 
7 o and 14. Not surprisingly (15, 16), the C-5 shift 

1.28 CH3 1.45 C H 3  of 1 is near that of C-5 of 12 and C-4 of 13 and 
PO 11 14. Also, C-6 of 1 resonates at  a similar position 
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BUCHANAN ET A L  

TABLE 2. 13C chemical shifts of 1,2-oxathiane-2-oxides (6, from TMS i0.1)* 

Position 

Compound Substituent C-3 C-4 C-5 C-6 CH, C-quat. C-o C-m C-p 

*0.05-0.10 IM solutions in CDCI,. 
t (c) and (t)  denote cis and trans relative to the S-0 bond 

to C-4,6 of 12 (4). Notably C-4 of 1 is highly 
shielded (6 = 13.6) which reflects its gauclze-y 
relatiollship to the exocyclic oxygen atom (4). 
An equatorial S=O bond as in 14 is manifested 
by the absence of the upfield y shift and the 
effect is pronounced (7-9 ppm) for both sulfites 
and sulfoxides (4: 7). Thus the 13C data for 1 are 
supportive of a chair conformation with an 
axial S=O function. 

For the mono-CH, derivatives 2, 3, and 4, 
several pieces of evidence favor the concept of 
chair forms with equatorial CH, groups and 
axial S--O bonds. Initially, the alkyl substituent 
effects on the ring carbon shifts are similar to 
those in the related sulfites (4) where the corre- 
sponding chair forms are likely. For example in 
4, the introduction of the CH, at C-6 deshjelds 
C-6 by +6.7 ppm (a effect), C-5 by +7.5 ppm 

(B effect), and C-4 by $0.7 ppm (trans-y effect) 
relative to 1. 

0 65 2 0 

1 4 

Comparing the corresponding sulfites 12 and 
15, the results are +7.0. +7.3, and +0.3 ppm 
for the a, p, and trctns-y effects respectively. 

Small deshielding y-effects for 2 (+0.6 ppm) 
and 3 (+0.5 ppm) relative to 1 again reflect the 
introduction of equatorial CH,'s into the ring. 
If the CH, groups were axial, pronounced 
shielding effects (4-6 ppm) would be expected at  
the y-carbons (17, 18). 

Finally, the close corresponda~lce in the CH, 
shifts for 2, 3, and 4 ~ i t h  15 and other sulfites 
(4) mith equatorial methyl groups support this 
argument. 

Results for the 3-CH, derivative 5 also indicate 
a chair geometry with axial S=O and equatorial 
CH,. Compared to 2, 3, and 4, the CH, group 
is shielded by ca. 6 ppm, due to its gauche-y 
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relationship to the exocq~clic oxygens. Also the 
small deshielding trat~s-y effect at  C-5 (+0.4 ppm) 
relative to 1 is consistent with the trans-y shifts 
noted in 2, 3, and 4. 

Comparison of the ring carbon shieldings for 
the 6-phenyl compound 6 with the 6-CH, 
system 4 reveals a marked similarity at the C-3, 
4, and 5 positions. Thus for 6 a chair form with 
an equatorial phenyl group is dominant. The 
deshielding effect at C-6 (+4.7 ppm) relative to 
4 is a consequence of the two p carbons of the 
aromatic ring. 

Compound 7 exhibits a guuclfe-y upfield shift 
of 2.2 pprn at C-4 relative to 1 which is indicative 
of a substantial contribution from a pure axial 
CH, at  C-6. It  is interesting to compare the C-6 
shift and the gem-CH, shifts of 7 with a related 
sulfite 10 which is inainly a chair form with an 
axial S=O bond (4). Clearly there is marked 

similarity in the data suggesting like geometries 
for 3 and 10. The deshielding of the axlal CM,'s 
in these compounds compared to their equatorial 
counterparts may be attributed to a '6' inter- 
action mith the axial S=O function (4, 19) or 
to  the anisotropic property of the S=O moiety 
(201. 

Wlth the exception of C-6, the ring carbon 
chem~cal shifts for 8 are w~thin 1 ppm of those 
for 7 which can be taken to indicate similar ring 
conformations. The deshielding at C-6 of 8 
relative to "9s no doubt a consequence of the 
p deshielding influence of the ortl~o-aromatic 
carbons. By coiltrast the CH, of 8 is shielded by 
1.3 ppm relative to the axial CH, of 7. This is 
presumably a manifestation of the minor y 
interactions of the CH, with the ortho-aromatic 
carbons. 

Compound 9, if it were in a chair f o r n ~  with 
an axial S=O would have the structure 90. An 
alternate possibility is that ring reversal might 
occur to render 9b. If this were the case, the 

C-4 resonance of 9 should be deshielded by 
7-9 ppm compared to 8, using the previous 
results for trimethylene sulfites (4) and thiane 
oxides (7) as analogies since there is a marked 
influence of S=O stereochemistry on y-carbon 
shieldings. This large deshielding is not found 
and accordingly 9b seems unlikely. 

Examil~ation of the shift data for 8 and 9 in 
Table 2 reveals a marked similarity in the 
shieldings and accordingly similar chair con- 
formations of these molecules can be suggested. 
If 9 were to adopt a twist shape then all the I3C 
shifts would be expected to go upfield (21) and 
such a trend is not observed. 

The only somewhat puzzling feature of the 
spectrum of 9 is the 2.3 ppm deshielding of the 
methyl resonance relative to 8. We can offer no 
clear rationale for this finding other than to note 
that the CH, is trans-coplanar to a y sulfur atom. 
Recently (22) deshielding trans-y shifts have been 
reported for CH,'s trans and y to oxygen atoms, 
when both the CH, and the 0 are bonded to 
quaternary sites. 

In conclusion. it is clear that ' H  and 13C nmr 
are useful complementary tools for the study of 
1,2-oxathiane 2-oxide stereochemistry. Our re- 
sults indicate a pronounced tendency for these 
molecules to adopt chair forms with axial 
S==O functions. 

Experimental 
Spectra 

The 13C chemical shifts were obtained using a Varian 
XL-100-12 nmr spectrometer in the Fourier transform 
mode via previously described procedures (23). Over the 
concentration range ernployed (0.05-0.10 >I4 solutions) 
the I3C shifts vary less than 20.1 ppm. lliI spectra were 
obtailled on a Varian T-60 spectrometer using TMS as an 
internal reference for the CDCI, solutions. The Eu(FOD), 
experiments on 9 were carried out using a Varian HA-100 
nmr spectrometer and CD2C12 as solvent. 

Materirtls 
Preparation and purification of these sultines has been 

described previously (24). 
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Nuclear magnetic resonance studies. XXX.l Hydrogen-deuterium exchange in 
bicyclo[3.2.1] and -[2.2.2]octenes through allylic and vinylic anions 

A .  K .  CHENG A N D  J .  B .  STOTHERS 
Deyortr?ler7t of'Cher?ri.str?, Urlii~ersity of Wester71 Ontcirio. Lonrlorl, Ont.. Corlc~dn ,V6A 5B7 

Received July 26. 1976 

A. K .  CHENG and J .  B. STOTHERS. Can. J .  Chem. 55 ,  SO(1977). 
Bicyclo[3.2.1]oct-2-ene undergoes hydrogen-deuterium exchange through ally1 and vinyl 

carbanionic intermediates under strongly basic conditions, tert-BuO-Iterr-BuOD at 185 ' C .  
Only allylic exchange had been observed in previous studies with terf-BuO-/DMSO. Since the 
2-tert-butoxybicyclo[3.2.l]octanes are stable under these conditions an addition-elimination 
sequence cannot account for exchange at C-3. The relative rates o f  exchange at C-2, -3, and -4, 
and the stereoselectivity at the allylic site were determined by 2H nmr. For comparison, the rate 
o f  olefinic exchange in bicyclo[2.2.2]octene was also measured. 

A. K .  CHENG et J .  B. STOTHERS. Can. J .  Chem. 55.50 (1977). 
Dans des conditions basiques fortes impliquant le tert-BuO-liert-BuOD a 185 ' C ,  le bicyclo- 

[3.2.l]octene-2 subit des echanges hydrogene-deuterium par l'intermediaire de carbanions 
allyliques et vinyliques. On avait observe uniquement des Cchanges allyliques dans des etudes 
antkrieures avec le tert-BuO-!DMSO. Puisque les tert-butoxy-2 bicyclo[3.2.1]octanes sont 
stables dans ces conditions, on ne peut pas faire appel a une sequence d'addition-elimination 
pour expliquer l'echange en position C-3. On  a determine, par rmn du 'H, les vitesses relatives 
d'echanges en positions C-2, C-3 et C-4 et la stereosClectivitC au site allylique. Pour fins de 
comparaison, on a aussi determine la vitesse de I'echange des protons olefiniques du bicyclo- 
[2.2.2]octene. 

[Traduit par le journal] 

In earlier work on the behavior of bicyclic 
ketones in a strongly basic medium, tert-butox- 
ideltert-butyl alcohol at 185 "C, we had found 
that the a,a-dimethyl derivatives of bicyclo- 
[2.2.2]octenone, bicyclo[3.2.1]oct-2-en-6-one and 
its A3 isomer undergo hydrogen-deuterium ex- 
change at both olefinic carbons (1). Since these 
ketones are interconvertible through the com- 
mon p-enolate 1, exchange at one of the olefinic 
centres is readily explicable in terms of the 
allylic nature of this intermediate. Exchange at 
the second olefinic carbon, however, requires a 
different mechanism, perhaps by direct exchange 
through a vinyl carbanion with a possible acti- 
vating effect arising froin the neighboring car- 
bony1 group. To shed further light 011 the nature 
of these processes we have examined the reacti- 
vity of bicyclo[3.2.l]oct-2-ene (2) and bicyclo- 
[2.2.2]octene (3) under the same conditions to 
compare their behavior with that of the ketones. 
The [3.2.1] olefin has been studied previously (2) 
as a model system for assessiilg long range n 
participation in the anion formed from bicyclo- 
[3.2.l]octadiene. The monoene, with tert-butox- 

ide/dimethyl sulfoxide as the base, was found to 
exhibit only allylic exchange. A comparison of 
the behavior of this olefin in these two media has 
proved interesting and we wish to present our 
results in this paper. Through the use of 'H nmr 
spectra, the relative rates of exchange and the 
stereoselectivity at the allylic methylene site were 
readily measured in a straightforward fashion. 

Experimental 
Materials 

With  one exception, the compounds employed in this 
study have been described in the literature and samples 
were synthesized having essentially the same physical 
constants. Bicyclo[3.2.l]oct-2-ene (2) was obtained from 
3-chlorobicyclo[3.2.l]oct-2-ene by Birch reduction (3).  
This chloroolefin had been prepared by reaction o f  
bicycloheptene with dichlorocarbene followed by reduc- 
tion with lithium aluminum hydride (4).  Epoxidation o f  2 
with nz-chloroperbenzoic acid in niethylene chloride at 

'For part XXIX, see ref. 17 and for part XXVIII see room temperature (5) afforded exo-2,3-epoxy-2 (6) in 
ref. 18.  more than 80% yield. Bicyclo[2.2.2]octene (3) was pre- 
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CHENG AND STOTHERS 5 1 

pared byeWolff-Kishner reduction of the corresponding 
enone which was available from earlier studies (7). 

2-tert-B~~tox~bic~cIo[3.2.I]octnrzes 
To a solution of 1 g of end0-tricycIo[3.2.1.0~~~]oct-6-ene 

(4) (S), in 15 ml of dry tert-butyl alcohol was added p- 
tolueaesulfonic acid (80 mg) and the temperature raised 
to 60 C .  After stirring for 4 days, the reaction mixture 
was cooled and poured into water. Our synthesis was 
adapted from that reported for methanol addition (9). 
The product, isolated by pentane extraction, was analyzed 
by gc 011 a 1 5 z  DEGS column at 90-C and found to 
contain three major components in a ratio of 6 :2:2 ,  
constituting >95% of the total. Hydrogenation of the 
product in ether a t  45 psi over PtO, afforded a 2 : l  
mixture of two compounds, separable by preparative gc 
on a 15% Carbowax 20M column. The proton spectra of 
each contained a sharp singlet at 1.15 ppm (9H, (CH3),C) 
and a broad rnultiplet near 3.4 ppm ( lH,  -CH(OR)-) 
with no absorption at lower field. The I3C spectrum of the 
minor product in CDCl, contained 10 signals which were 
assigned to the individual carbons in endo-2-tert-butoxy- 
bicyclo[3.2.1]octane as shown in 5 by coniparison with 
the results for 6, measured in CDCI, (10); the latter are 
in reasonable agreement ~vith those recently reported (11) 
for an unspecified solvent. The 13C spectrum of the major 
product 7 similarly accorded well with that for exo- 
bicyclo[3.2.l]octan-2-01 (8) (10, 11). 

Precise mass measurements for the two products gave 
the following results: .lfol. ~ i ~ r .  calcd. for C1,HL20:  
182.1669; found for 5 (ni,'e): 182.1670; found for 7 (r77/e): 
182.1662. 

Spectra 
Proton spectra of each of the compounds included in 

this study were obtained to confirm their identity and 
purity. These spectra were recorded with a Varian HA-100 
spectrometer which was also used for the spin decouplillg 
experiments. 'H and 13C spectra were obtained with a 
Varian XL-100-15 system operating in the Fourier 
transform mode at  15.4 and 25.2 MHz, respectively. The 
determillatior? and integration of the ZH spectra have 
been described previo~~sly (12); the precision of the 
computer-fitted integration data is judged to be 1%. Total 
deuterium content for each sample was measured with 
a Varian M-66 instrument; a MAT 31 1A was used for the 
precise mass measurements of ethers 5 and 7. 

Exchange Experinzents 
The general procedure followed was essentially as 

described previously (12). Typically, the olefin (ether) was 
added to the base, prepared by dissolving potassium metal 
in tert-butyl alcohol-0-d, (99% deuterated and < 0.005 ;M 
in water) to give a solution with a molar ratio of substrate: 
base:alcohol of 1 :4:40, 1.2 :W in teit-BuO-. Aliquots 
were placed in glass tubes under nitrogen which were 
sealed after degassing. After heating at  185 ? 3 C for 
various times, the tubes were opened and the products 
recovered by pentane extraction. Preparative gc was used 
to isolate samples for analysis. 

Results 
Following the nlethod used for our examina- 

tion of the bicyclic ketones ( I ) ,  samples of 2 
dissolved in tert-butoxideitert-butpl alcohol-0-d 
were heated in sealed tubes for varying periods 
of time at  185 'C. After recovery of the olefin, 
the deuterium content of each sainple was deter- 
mined by mass spectrometry. The results are 
collected in Table I ,  from which it is apparent 
that up to four deuterium atoms were incorpor- 
ated. The 2 H  spectrum of each sample clearly 
showed that four sites are involved in the 
exchange processes and the relative 2H content 
at  each site was measured by integration using 
the curve fitting technique described previously 
(12). These data are iiicluded in Table 1. The 
assignments for the individual signals were made 
from proton spectra of the olefin and the corre- 
sponding epoxide. 

The 2 H  spectra of the samples of 2-rl, con- 
tained tlvo signals at  higher field, 0.53 ppln 
apart, the allqlic methylene deuterons, and t\vo 
at  3.52 and 4.06 ppin frorn the highest field 
signal. the olefinic nuclei. In the proton spectrum 
of 2, the lowest field absorption (6 5.79) was 
essentially a 'triplet' with spacings of - 8 Hz, and 
each component broadened by long range 
coupling. The more shielded of the olefinic 
patterns a t  6 5.26 was essentially a doublet 
J J  - 8 Hz) of multiplets. Thus, H-2 is the less 
shielded. T o  identify the exo- and et7do-4-pro- 
tons, the 'H spectrum of the exo-epoxide of 2 
was examined with varying amounts of the shift 
reagent, Eu(fod),, added. As the shift reagent 
concentration increased, absorption patterns 
attributable to six nonequivalent protons were 
shifted sufficiently to permit assignment through 
spin-decoupling experiments. With 0.74 equiv. of 
Eu(fod),, the epoxy protons exhibited the largest 
shifts to 6 17.15 and 16.89 and the other patterns 
were: a doublet, J - 1 i Hz, at  6 12.22, a doublet 
of doublets, J - 4.5 and 16 Hz, at  6 9.48, an 
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TABLE 1. Deuterium incorporation in 2 at 185 C 

'H content by mass spectrometry' 'H assay by 'H nmrf 
--- -- --- 

C-4 
Time Total - - 

(h) 1D 2 D 3D 4D atoms 'H C-2 C-3 exo endo 

4 0.012 
8 0.034 

12 0.058 
30 0.165 
98 0.339 

210 0.456 
220 0.452 
390 0.413 

*Atoms 'H i- 0 001 
1 See Exper~mental 

ill-defined quartet, 6 8.99, and a doublet of multi- 
plets at 6 6.14 having the large J of 16 Hz. Spin- 
decoupling showed that the 16 Hz coupling was 
colnmon to the 6 6.14 and 9.48 patterns, thereby 
identifying the 4-protons, since a seminal coup- 
ling of -16 Hz and substantial shifts in the 
presence of Eu(fod), were expected for these 
nuclei. The abqorption giving the larger relative 
shift must arise from the exo-proton. Irradiation 
of the louest field signal changed the quartet at 
6 8.99 illto a tnplet, showing it to arise from H-I . 
The remaining doublet, 6 12.22, was assigned to 
the sjm-8-proton, whose geminal coupl~ng of 
11 Hz agreed well with several model systems, 
and was shown to be coupled to a proton near 
5.3 ppm. With this inforn~ation. a sample of 
2-d, from the 200 h base treatment was coilvested 
to the exo-epoxide and ~ t s  2H spectrunl recorded. 
The relative intensities of the four signals showed 
that the shielding order is the same as in the ole- 
fin. With Eu(fod),, the more intense of the two 
methylene signals exhibited the larger shift 
showing that exo-deuteration at  C-4 is preferred. 
Thus the assignments of the four signals in the 
2~ ~Dectra of the olefins were comvleted. 

employed for the olefin exchange studies. A gas 
chromatogram of the product uas  identical to 
that of the starting material indicating the 
presence of a single component having a reten- 
tion time d~fferent from that of bicyclo[3.2. I ]oc- 
tene, and the proton spectrum showed no change 
froin that of the starting material. Similarly, a 
72:28 mixture of the exo- and endo-2-tert- 
butoxybicyclo[3.2.l]octanes was unchanged after 
treatment for 221 h. Thus the observed exchange 
at C-3 cannot involve addition-elimination. 

In the manner described for 2, samples of 
bicyclo[2.2.2]octene (3) were subjected to the 
exchange conditions for various times. The 
deuterium contents of the 3-d, samples thus 
obtained were measured by mass spectrometry 
and these data are given in Table 2. No  species 
containing three deuterium atoms were observed - 
and examination of the 2H spectrum of 3-dx from 
the longest reaction time showed only olefinic 
absorption. From the mass spectrometric data a 
first-order rate constant for deuterium incor- 
poration at C-2 (or C-3) can be estimated as 
5.6 x S - I .  

From the deuterium incorporation results 
(Table 1) for the runs up to 220 h, first-order rate TABLE Deuterium lncorpolatlon In at 

constants for exchange at the four sites were 
estimated to be: C-2, 3.3 x C-3, 2.1 x 'H content by mass spectiometry* 

-- 

exo-C-4, 7.2 x and e~do-C-4, 3.9 x Total 
lo -7  S - I .  Time OD 1 D 2D atoms 'H 

Since exchange at  the olefinic sites could occur 
5 0.960 0.040 0.040 through an addition-elimination sequence, the 37 0,724 0.250 0.026 0.303 

stability of the tert-butoxy ethers potentially 124 0,605 0.340 0.054 0.449 
involved in this vrocess was of interest. A sample 210 0.323 0.493 0.184 0.861 
of exo-2-tert-butoxybicyclo[3.2. I ]octane (7) was 3g3 0.190 0.486 0.324 1.133 
treated for 221 h under the same conditions - a t o m s 2 ~  + o  001. 
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Discussion 
The striking feature of the present results for 

the [3.2.1] olefin 2 compared to the earlier data 
(2) is the finding of exchange at C-3 a t  a rate 
nearly comparable to that exhibited for the 
process proceeding through an allylic carbanion. 
In the earlier study, wlth tert-butoxide - di- 
methyl sulfoxide as the base-solvent system, only 
allylic exchange was observed. A crude com- 
parison of the total exchange rates in the two 
systems may be made from first-order plots of 
the disappearance of nondeuterated material zs. 
time which gives k,  = 2 x lo- '  s- '  in tert- 
BuO-/DMSO at  60'C and k ,  = 1.7 x 
s-I  In tert-BuO-,'tert-BuOD at 185 'C. Although 
the temperature difference is 125 "C, the overall 
rates differ by less than an order of magnitude. 
As noted above, the observed rate of deuterium 
incorporation a t  C-3 (2 x s - l )  is approx- 
imately 5 0 7  of that observed for the endo-allylic 
site (3.9 x lo-' s-I). Unfortunately the ratio of 
exo:endo incorporation for 2 in tert-BuO-/ 
DMSO was not determined. In fact, the mass 
spectrometric results reported (2) indicate no 
species with more than two deuterium atoms. 
This indicates that the exo:endo ratio of pro- 
tonation of the allylic anion is much higher than 
that found in tert-BuO-ltert-BuOD, assuming 
that exo-protonation (deuteration) of the anion 
is the preferred process as seems usual in these 
systems. It may be noted that pronounced 
differences in exolcnclo protonation upon quench- 
ing the corresponding dienyl anion with ROH 
and with DMSO have been reported (1 3). 

This contrast in behavior of 2 in the two base- 
solvent systems could be the result of a number 
of factors. Perhaps the simplest explanation 
would be an addition-elimination process in 
tert-BuO-ltert-BuOD which would be much less 
likely in tert-BuO-/DMSO. However, the 
stability of 5 and 7 under the reaction conditions 
preclude this notion. Another possibility could 
be a marked difference in the intramolecularity 
of the exchange processes in the two media since 
it has been shown that the extent of intramolecu- 
larity (internal return) in tert-BuO-/tert-BuOD 
a t  200 'C can be much less than that found for 
similar substrates in tert-BuOP/DMSO (14). 
Unfortunately, this suggestion cannot be tested 
experimentally for 2 but it seems unlikely that 
this can be the sole factor responsible for the lack 
of observable exchange a t  C-3. This would re- 
quire a major difference in the extent of intra- 

molecularity for the two (or more) exchange 
processes in tert-BuO-/DMSO, e.g. allylic and 
vinylic exchange. The higher temperature may be 
responsible for the C-3 exchange observed in 
tert-BuO-/tert-BuOD. If C-3 exchange is 10 
times slower than allylic exchange in DMSO 
compared with a difference of 2-3 in tert-BuOD, 
one can estimate that an  activation enthalpy 
difference ( A A H * )  of 3 4 kcalimol for the allylic 
and vinylic exchange processes could render C-3 
exchange unobservable at the lower temperature 
for the reaction times chosen, all other factors 
being equal. However, other factors may not be 
equal since the stabilities of the localized and 
delocalized carbanions may differ in the two 
solvents. The change from a lionpolar protic to 
a polar aprotic solvent tends to diminish the 
stability of a localized carbanion, to judge from 
pK, values (15) and this feature may preclude 
C-3 exchange in DMSB. 

I t  is interesting that exchange a t  the olefinic 
carbons in bicyclo[2.2.2]octene (3) is ca. 3 times 
faster than that at C-3 in 2. Presun~ably there is 
greater s character in the C-H bond in 3 than in 
2 which would render the olefinic hydrogens in 3 
more acidic. It may be noted that the rate of 
olefinic exchange in 3,3-dimethylbicyclo[2.2.2]- 
oct-5-en-2-one is much faster than that for 3, by 
a factor of - 100 at C-5 and even more at C-6 
a t  185 "C. In fact, measurements at lower 
temperatures will be required to obtain these rate 
wnstants for the ketone. Clearly, the polarity of 
the carbonyl group markedly accelerates olefinic 
exchange. We have presented I3C data which 
indicates an appreciable polarization of the 
double bond by the carbonyl group in the 
ketone (16). 

While the 2H assays for the individual sites of 
exchange in 2 (Table 1) permit one to estimate 
rate constants for the appearance of deuterium 
at  these sites, it would be useful to check their 
relative magnitudes and to determine the rate 
constant for direct exchange at C-2. The observed 
deuterium incorporation at C-2 can arise through 
a combination of allylic and vinylic exchange. 
The available pathways for allylic exchange can 
be set out as in Scheme 1 in terms of the rate 
constants for exo- and endo-proton abstraction, 
k-, and k-,, respectively, and the ratio, R, of 
exo : endo protonation (deuteration). In this 
scheme, the following abbreviations are used: 
k -  = (k-, + k-,); k, = 1/(1 + 1/R); k, = 
1/(1 + R) and the primed k's include a factor 
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k,lk,, for a primary kinetic isotope efTect on the 
abstraction process. T o  reduce the complexity 
of the Scheme. only one enantiomer for A, B, C ,  
D, and E are shown but the rate expressions 
include the contributions of A', B', C', D', and 
E'. These rate equations were numerically inte- 
grated using the MIMIC simulation language of 
the CDC computer and data for 2H incorpora- 
tion at  C-4 were generated. A good fit with the 
experimental values was obtained with rate 
constants of 8.3 x s-I  and 3.6 x s-I  
for exo- and endo-proton abstraction, respec- 
tively, and a ratio of 2.3 for the exo : er~do deuter- 

ation (k,/k,). The calculated 'H content at  C-2 
was lower than that observed, as expected, since 
direct vinyl exchange also leads to 2H incorpora- 
tion, as observed for C-3. Expansion of the 
MIMIC analysis to include vinyl exchange a t  C-2 
gave a rate constant of 1.6 x s-I  which 
compares favorably with the value of 2.1 x 
l o p 7  s- ' ,  noted earlier for C-3 exchange, indica- 
ting no striking reactivity difference between the 
two olefinic sites. 
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DAVID JOHN HARRIS, M. T. THOMAS, VICTOR SYIECKUS, NOGA FRIEDMAN, KJELD SCHAUM- 
BURG, KENNETH B. TOMER, and OLE BLCHARDT. Can. J. Chem. 55,56 (1977). 

Thermolysis of 3,5,7-triphenyl-l,2(4H)-diazepine (1) gives, besides the known 2,4,6-triphenyl- 
pyridine (2), 3,5,6-triphenyl-l,2(4H)-diazepine (3) and 3,5,6-triphenyl-l,2(1H)-diazepine (4) 
whose structures are deduced on the basis of spectroscopic and chemical evidence. Neat thermo- 
lysis of 1 and the related 5-(p-methoxyphenyl)-3,7-diphenyl-l,2(4H)-diazepine (24a) and 5-(p- 
chloropheny1)-3,7-diphenyl-1,2(4H)-diazepe (24c) gives only the corresponding pyridine 
derivatives 2, 260, and 26c in low yields. Photolysis of 1 in ethanol affords the somewhat un- 
stable 3,5,7-triphenyl-1,2-diazabicyclo[3.2.0]hepta-2,6-diene (21) which upon thermolysis under- 
goes cycloreversion to 1 and upon hydrolysis provides 3,5-diphenylpyrazole (23) and aceto- 
phenonc. In contrast, photolysis of 1 as wcll as of 24a and 24c in acetone results in the forma- 
tion of the pyridine (260, 26c) and pyrazole (25a, 2%) derivatives respectively in low yields. 
Irradiation of 5-(p-dimethylaminophenyl)-3,7-diphenyl-l,2(4H)-diazepine (24d) under these 
conditions gives the photo-oxygenation product 24e. The observed thermolysis and photolysis 
results of 1 are compared and contrasted with those reported for the closely related 4,4-dimethyl- 
3,7-diphenyl-1,2(4H)-diazepine (16). 

DAVID JOHN HARRIS, M. T. THOMAS, VICTOK SNIECKUS, NOGA FRIEDMAN, KJELD SCHAUM- 
BURG, KENNETH B. TOMER et OLE BUCHARDT. Can. J. Chem. 55.56 (1977). 

La thermolyse de la triphenyl-3,5,7 (4H)-diazepine-1,2 (1) conduit, en plus de la triphenyl- 
2,4,6 pyridine ( 2 )  qui est connue, a la triphknyl-3,5,6 (4H)-diazepine-1,2 (3) et a la triphenyl-3,5,6 
(1H)-diazepine-1,2 (4) pour lesquelles on a deduit les structures en se basant sur des donntes 
spectroscopiques et chimiques. Les thermolyses en phase liquid de 1 et de la p-methoxyphenyl-5 
diphenyl-3,7 (4H)-diazepine-1,2 (24n) et de la p-chlorophenyl-5 diphenyl-3,7 (4H)-diaztpine-1,2 
(24c) qui lui sont reliies conduisent uniquement aux dCrives pyridiniques corrcspondants 2, 
26a et 26c, avec de faibles rendements. La photolyse de 1 dans l'tthanol conduit au triphenyl- 
3,5,7 diaza-1,2 bicyclo[3.2.0]heptadiL+ne-2,6 (21) qui est assez instable et qui par thermolyse 
subit une cycloreversion pour conduire a I et qui par hydrolyse fournit le diphenyl-3,5 pyrazole 
(23) et I'acCtophknone. Par opposition, les photolyses de 1 ainsi que de 24n et de 24c dans 
['acetone conduisent respectivement a la formation de pyridines (26a et 26c) et de derives 
pyrazoles (250 et 25c), avec de faibles rendements. L'irradiation de la p-dimethylaminophenyl-5 
diphenyl-3,7 (4H)-diaztpine-1,2 (24d) dans de telles conditions conduit a un produit de photo- 
oxygenation 24e. On compare les rksultats observes pour la thermolyse et la photolyse 1 avec 
ceux rapport& pour la dimethyl-4,4 diphenyl-3,7 (4H)-diazipine-1,2 (16) qui a une structure tres 
analogue; on note qu'ils sont en opposition. 

[Traduit par le journal] 

The ready accessibility of 1,2(4H)-diazepines 
(I) from the reaction of hydrazine with pyrylium 

'This work was initiated independently in both labora- 
tories. Decision for a cooperative project was reached in 
order to avoid duplication of results. 

'Part 1V in the series "The chemistry of seven-mem- 
bered heterocyclic systems"; for previous paper, see ref. 1. 

3National Research Council of Canada Postgraduate 
Scholar, 1973-1976. 

4Authors to whom correspondence may be addressed. 

( 2 )  and thiapyrylium (3) salts invited the investi- 
gation of their thermal and photochemical 
behaviour as part of our continuing interest in 
the chemistry of seven-membered heterocyclic 
systems (1, 4). Studies concerning the photo- 
chemistry of acyclic azines (9, pyrazoles ( 6 ) ,  and 
pyrazolines (7) and, in particular, other simple 
and condensed diazepines (8) and the thermol- 
ysis of acyclic azines (9) and diazepines (10, 11) 
have been recently reported. 
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Thermolysis 
The thermolysis of 3,5,7-triphenyl-1,2,(4H)- 

diazepine (1) in refluxing bromobenzene fol- 
lowed by preparative layer chromatography 
yielded 2,4,6-triphenylpyridine (2) (2.5%) and 
two new isomeric 1,2-diazepines which are 
assigned structures 3 (14%) and 4 (19%) respec- 
tively on the basis of the following evidence 
(Scheme 1). 

The ir, uv, and the mass spectral fragmenta- 
tion pattern of 3 are very similar to those of 1 
(2). Comparison of the nmr spectra of 1 and 3 
clearly shows that in both compounds a methy- 
lene group is present with a large chemical shift 
difference between the two geminal protons. In 
1, 6 4.16 and 2.41 (2, 12); in 3, 6 4.63 and 2.0. 
For both methylene groups, J,,, = 11 k 1 Hz. 
Furthermore, both compounds behave similarly 
under temperature variation: for 1, AG*(343 K) 
= 17.6 kcal/mol, T, = 366 K ;  for 3, the ex- 
change-broadened doublets observed at 305 K 
become sharp doublets at  273 K and a value of 
T, = 370 K may be estimated. Reference to the 
recently determined X-ray crystal structure of 
the diazepinium picrate 5 (13) is useful in the 
analysis of the large chemical shift difference 
between the C,-geminal protons in 1 and there- 
fore in 3.5 The 1,2(4H)-diazepine conformation 
is such (cJ: 5) that HB is close to and almost 
coplanar with the C, and C, phenyl groups 
whereas HA is not. A rough estimate of the ring 
current effect based on the model of Haigh and 
Mallion (16) predicts a difference in shielding 

'There are valid arguments that (a) the conformation of 
the protonated form 5 and 1 are similar (14) and (b) the 
conformation of a (4H)-diazepine in the solid state and in 
solution should be comparable (13, 15). 

6, - 6, = 2 ppm which is in qualitative agree- 
ment with the observed values (vide supra). A 
further consequence of the conformational rep- 
resentation 5 is the expected larger coupling 
between H, and H, than between H, and HA due 
to the coplanarity of the atoms H,-C,-C,-C,- 
H,. In agreement with this expectation, we have 
found previously (2, 12) that the low-field methy- 
lene proton (H,) in l exhibits J = 2.4 Hz while 
the high-field methylene proton (HA) shows 
J = 1.6 Hz. 

The above analysis leads to the deduction that 
the thermolysis product must exhibit a structure 
which embodies a methylene group flanked by 
two phenyl-bearing sp2-carbons within a 1,2(4H)- 
diazepine framework. This rules out a number of 
mechanistically reasonable structures (see below) 
and leaves for examination the two possible 
formulations, 3 and 6 .  Structure 6 would be 
expected to show long range coupling between 
the C,-methylene and H, similar to the ABX 
ccupling pattern observed for compound 1 
(6 (H,) 6.45) (2, 12). Since no such absorption 
and pattern was observed, structure 6 is elimi- 
nated6 and therefore the 3,5,6-triphenyl-l,2(4H)- 
diazepine structure 3 is assigned to the thermol- 
ysis product. The spectrum of 3 recorded after 
addition of Eu(DPM), shift reagent showed a 
sharp singlet at 6 7.56. This downfield shift, 
independent of other signals, is assigned to the 
C,-proton and is undoubtedly due to coordina- 
tion of europium at N,  by analogy with rhodium 
coordination of 1 (19).7 

The ir spectrum of the other new thermolysis 
product (4) shows the presence of NH (v,,,, 3425 
cm-') and the mass spectrum exhibits the base 

61t may be expected that 6 should exist predominantly 
in its corresponding valence isomer form i on the basis 
of several independent studies on such diazanorcara- 
dienes ( l l a ,  17). Structure i and, incidentally, ii and 12 
(Scheme 2), the potential valence isomers of 3 and 1 
respectively are eliminated since they should all show 
typically high field absorption due to the cyclopropane 
protons (6 i 2, J,,, = 3-6 Hz) (18). 

phmyh N-N ph& N = ~  ' ~ h  

I ~i 

'The methylene signal of 3 was also influenced by the 
addition of Eu(DPM),: HA was shifted strongly down- 
field while H, was almost unaffected which is again 
reasonable if binding of the shift reagent at N, is assumed 
(cf. 5). A similar effect on the methylene protons of 1 was 
observed. 
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peak at nzle 321 (Mf - 1). The nmr spectrum 
portrays, besides absorption for the aromatic 
protons at  6 7.9-6.85 (m, 16H), a doublet at 
6 6.72 ( J  = 3 Hz) and a broad singlet at  6 8.9. 
A D 2 0  exchange experiment collapsed the signal 
at  6 6.75 into a sharp singlet and removed the 
broad NH signal at 6 8.9. This observation rules 
out a 1-iminopyridinium ylide type structure 
(7)' and directs consideration of a 1,2(1H)- 
diazepine formulation possessing a hydrogen at 
C,. In 3,4,5-triphenyl-l,2(1H)-diazepine (S), J,,, 
substantially larger than 3 Hz would be expected. 
In 4,5,6-triphenyl-l,2(1H)-diazepine (9), NH- 
prototropy should make H, and H, equivalent 
with an identical chemical shift and coupling 
constant to NH? The observed spectrum rules 
out both of these possibilities. There remain 
structures 4 and 10, R = H for consideration. In 
previous work, we have observed that, in general, 
3,5,7-triphenyl-l,2(1 H)-diazepines (e.g. 10, R = 
Me, CO,Et, COMe) show J,,, = 1.5-2.0 Hz 
(3, 4). Since the D 2 0  exchange experiment re- 
sulted in the observation of a sharp singlet for 
C,-H with a line width of less than 0.8 Hz, 10, 
R = H is eliminated and structure 4 is assigned 
to this thermolysis product. That the 6,-H sig- 
nal in 4 falls under the envelope of the phenyl 
absorption is also reasonable on the basis of our 
previous observations (3, 4). 

' In  addition, ylide 7 would not be expected to be stable 
in refluxing bromobenzene (14, 20). 

9We have observed this phenomenon recently in the 
irontricarbonyl complex o f  the parent 1,2(1H)-diazepine 
(21). 

The interrelationship of 3 and 4 was estab- 
lished by thermolysis of 3 which gave 4 as the 
exclusive product. I t  was also shown that 4 was 
stable under these conditions and that refluxing 
1 for an extended period of time led to increased 
amounts of 4 at  the expense of 3. The conversion 
of 3 into 4 provides supportive chemical evidence 
and may be viewed as a thermally allowed 
[ I  ,5]-sigmatropic shift (see Scheme 2). Intercon- 
version of other structures which have been 
discussed, e .g .  6 -+ 4, could only proceed by a 
more complicated series of rearrangements. 

Neat thermolysis (220 "C) was also performed 
on 1 to give 2,4,6-triphenylpyridine (2) as the 
only isolable product. Furthermore, these con- 
ditions were applied to 5-(p-methoxypheny1)- 
and 5-(p-chloropheny1)-3,7-diphenyl-l,2(4H)-di- 
azepines, 24a and 24c respectively and led to the 
formation of the corresponding pyridine deriva- 
tives, 26a and 26c in low yields (see Experimen- 
tal). 

The mechanism for the formation of products 
from the thermolysis of 1 is given in Scheme 2. 
The formation of 2,4,6-triphenylpyridine (2) may 
be viewed as proceeding by a [1,5]-sigmatropic 
hydrogen shift to the 1,2(lH)-diazepine 10, 
R = H followed by valence isomerization to 11 
and loss of the elements of (NH). [1,5]-Sigma- 
tropic shifts have been observed in a related 
1,2-diazepine (15) and are more widely docu- 
mented in azepines derivatives (22). Valence 
isomerization of 10, R = H into 11 and thence 
rearrangement to 2 (possibly via the inter- 
mediate N-iminopyridinium ylide, cf. 7) is ex- 
pected to be facile on the basis of previous 
thermolysis results of 1-substituted 1,2(1 H)- 
diazepines (10, R = Me, etc.) (116, 14). The 
5,6-dihpdro derivative of 1 also yields the pyri- 
dine 2 presumably by an oxidative process (10). 
The formation of 3 and 4 may be described by 
the sequence of valence isomerizations and 
[1,5]-sigmatropic shifts (intermediates 12-14) 
shown in Scheme 2 although a radical mecha- 
nism is not excluded. 

Contrasting significantly with our results are 
those reported by Zimmerman and Eberbach on 
the thermolysis of the closely related dimethyl- 
1,2(4H)-diazepine 16 which gave diazanor- 
caradiene (17) and pyridazine (18) products 
(Scheme 3) (l la).  Clearly, an identical valence 
isomerization step, 16 -t 19 and 1 -+ 12 may be 
invoked to rationalize the thermolysis results of 
1 and 16 respectively. However, whereas 19 then 
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P h P h Ph  
A 

- ( \  tl) - - 2  
Ph N-&"Ph ph  r \ j - ~  P I1 

N' 
Ph 

H H 
1 10 11 

R - H  

PI1 

[ 1.51 
---+ 3 

Ph N-N Ph N=N 

12 13 14 11.51 
I 
+ 

-x\ 
[1,5] ah - 6 

Ph' N-N "Ph 

may directly proceed to 1'7 by a C-to-C [ I  .5]-sig- 
inatropic shift ('walk' rearrangcincnt ( I  la)), in- 
termediate 12 avoids the analogous pathway to 
15 in favor of a C-to-N [1,5]-sigmatropic shift 
t o  13 which then continues via 14 to product. In  
both cases, 1 and 16, no evidence is available to 
distinguish between a concerted or non-con- 
certed process. If a concerted process is opera- 
tive, their different behavior may be a conse- 
quence of perturbation on the MO correlation 
diagrams and thus on the energy requirements 
caused by the absence of symmetry (N-atoms) 
and presence or lack of electronic efTects (C,- 
phenyl in 12) (23). If a non-concerted process 
applies, there may be expected to be little 
difference in stability of the two hypothetical 

dipolar or diradica! species from 12 en route to 
13 or 15. On the other hand, thcre should be a 
distinct preference in 19 for C-C cleavage of the 
cyclopropane ring at  the more highly substituted 
and congested side, a rationalization which is 
consistent with the observed formation of 17.1° 
It may also be noted that the C-C [1.5]-sigma- 
tropic shift, 19 + 17 is favored over the alternate 
C-N shift for steric reasons. 

Photolysis 
When 3,5,7-triphenyl-l,2(4H)-diazepine (1) 

was irradiated in ethanol with a Pyrex-filtered 
immersion lamp, a single, somewhat unstable 

'OCompound 18 probably arises from I7 (1 la ) .  
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product was isolated to which the 3,5,7-triphenyl- 
1,2-diazabicyclo[3.2.0]hepta-2,6-diene structure 
21 is assigned on the basis of the following evi- 
dence (Scheme 4). Its 60 MHz nmr spectrum con- 
sists of a multiplet at 6 7.1-7.8 due to the aro- 
matic protons, a singlet at 6 6.4 assigned to the 
vinyl hydrogen, and an AB quartet at 6 3.8 and 
3.2 (J = 17.5 Hz) attributed to the C, methylene 
protons. Since no allylic coupling between the 
vinyl proton signal and the methylene absorption 
was evident (confirmed by 100 MHz nmr), the 
structural possibility resulting from the alter- 
nate photochemical electrocycJic closure of 1 is 
eliminated. 

Chemical confirmation of structure 21 was 
obtained as follows. Upon reflux in toluene 
solution, the photoisomer underwent partial 
thermal reversion to a 2 : 1 mixture of 1 : 21. Such 
cycloreversions have been observed in the anal- 
ogous case 20 + 16 (Scheme 3) ( l la)  and other 
closely related systems (80). In further support of 
structure, brief treatment of 21 with ethanolic 
hydrochloric acid gave acetophenone and 3,5- 
diphenylpyrazole (23). This reaction most likely 
occurs through the intermediacy of 5-phenacyl- 
3,5-diphenyl-2-pyrazoline (22), which has been 
shown to undergo fragmentation to the same two 
products upon acid treatment (24). 

Irradiation of the readily available (2) com- 
pounds 24a and 24b under conditions similar to 
those employed for 1 gave crude material whose 
nmr spectra exhibited peaks consistent with 
diazabicyclo[3.2.0]heptadiene structures analo- 
gous to 21 (see Experimental). However, 
attempted purification of these products resulted 

I P h 

hv. EtOH 

in mixtures of at least eight components (tlc 
analysis) which were not characterized. Finally, 
photolysis of 24c yielded a complex reaction 
mixture containing no detectable bicyclic isomer 
(nmr analysis). 

When the parent diazepine (1) was irradiated 
(253.7 nm) in acetone solution, the same pyra- 
zole derivative (23) as well as 2,4,6-triphenyl- 
pyridine (2) were isolated in low yields. Under 
these conditions, but longer irradiation times, the 
5-p-methoxyphenyl- and 5-p-chlorophenyl-l.2- 
(4H)-diazepines, 24a and 24c afforded the cor- 
responding pyrazole (25a and 25c) and pyridine 
(26a and 26c) derivatives respectively.'l In 
neither case was there observed a significant 
build up of the respective diazabicyclo[3.2.0]- 
heptadiene derivatives. The pyrazoles 25 and 
pyridines 26 are known compounds and were 
fully characterized by comparison with authentic 
samples synthesized independently (see Experi- 
mental). Since it is known that N-substituted 
pyrazoles undergo photochemical rearrangement 
(6), the stability of the NH-pyrazole 23 to our 
irradiation conditions was tested. It was shown 
that 23 is stable to prolonged irradiation in 
acetone solution. 

0, N-N J p  
24 2 5  26 

o ,  X =/I-ICI~OC,H,, Y = Ph 
h ,  X = O  MeOC,H,, Y =p-hleC,H, 
( ,  X = p  CIC,H,, Y = Ph 
t i ,  X = / I  Me,hC,H,, Y = Ph 
c ,  X - p  Me(CHO)NC,H,, Y = Ph 

Photolysis of 24d in acetone did not produce 
rearranged products but resulted instead in 
photo-oxidation to give the N-formyl derivative 
24e. Structure 24e was assigned on the basis of 
spectral evidence. Its ir spectrum exhibits amide 

"An additional minor product from the photolysis of 
EtOH-H,O 24a could not be obtained in pure form (contaminated 

with 26a even after several preparative tlc separations) 
but it was definitely shown not to be the pyridazine i i i  by 

/ \ independent synthesis (25). Compound iii could arise by 
P h a valence isomerization analogous to 1 + 12 followed by 

\ , 
23 2 2 p,,A2~ 

SCHEME 4 iii 
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HARRI 1s ET AL. 6 1 

carbonyl absorption at  1675 cm-I and its mass 
spectrum shows the correct molecular ion at mle 
379. In comparison with the starting material 
(24d), the nmr spectrum of 24e shows the loss of 
one N-Me group and the appearance of a singlet 
a t  6 8.70 readily assigned to a formyl proton. 
Whereas compound 24a' shows two-proton ab- 
sorption at  6 6.80 due to the ortho hydrogens of 
the p-dimethylaminophenyl group, in 24e this 
multiplet is shifted under the aromatic proton 
envelope (6 8.10-7.10) as expected on the basis of 
the deshielding influence of the N-CHO func- 
tion. 

The photochemical formation of the diaza- 
bicyclo[3.2.0]heptadiene 21 (Scheme 4) may be 
expected to occur by an allowed 4n electrocycli- 
zation and has direct parallel, in contrast to the 
thermolysis results (zjide supra), with the photol- 
ysis of 16 to give 20 (Scheme 3) ( l la) .  These 
reactions represent additions to an expanding 
list of cases which involve electrocyclization of 
azabutadiene units within diverse molecular 
frameworks (8a).12 

The results obtained by irradiation in acetone 
may be mechanistically interpreted by reference 
to the reaction of 1 to produce 3,5-diphenyl- 
pyrazole (23) and 2,4,6-triphenylpyridine (2). 
The formation of compound 23 may be explained 
by postulating the intermediacy of 21 (Scheme 4) 
which undergoes loss of phenyl acetylene to form 
product. Precedence for such fragmentation is 
available (l lb).  The pyridine derivative 2 may 
arise by a photosensitized [ I  ,3]-sigmatropic hy- 
drogen shift to form the 1,2(1 H)-diazepine 10, 
R = I3 which suffers thermal ring contraction 
and [NH] loss in a manner similar to that 
already postulated (Scheme 2). Finally, the trans- 
formation 24d -+ 24e may be interpreted as an 
acetone photosensitized oxygenation, a reaction 
which has been widely documented for tertiary 
amines in the recent literature (27). 

Experimental 
General Methods 

Melting points were measured on a Mel-Temp appara- 
tus or a Reichert mp Microscope and are uncorrected. 
Microanalyses were performed by the microanalysis de- 
partment at  the University of Copenhagen. Infrared 
spectra were determined with Beckman IR-10 and Perkin- 
Elmer 337 spectrophotometers. Ultraviolet spectra were 

''The mechanistic details of 1-azabutadiene + azetine 
electrocyclization are under study by CNDO calculations 
by Prof. J. P. Snyder, University of Copenhagen (per- 
sonal con~munication, May, 1974; see also ref. 26). 

obtained on a Perkin-Elmer 137 spectrophotometer. 
Routine nmr spectra were recorded on a Varian T-60 
spectrometer with MeLSi as internal standard. For com- 
parison and interpretation purposes, the nmr spectra of 
1-4 were obtained in frequency sweep mode at  32 "C on 
the Varian HA-100 spectrometer equipped with a Spectra 
100 system. Integration was performed on averaged 
spectra. Samples were prepared in C6D,Br (25 mg/400 
yl). For shift reagent experiments, 3 was dissolved in 
CDC1,-CC14 (1 : 4), Eu(DPM), was added, and the solu- 
tion was subjected to filtration. The filtrate was sub- 
sequently diluted with additional solvent while the 
dependence of the signals was followed. Starting concen- 
trations: [3] = 0.135 M ;  [Eu(DPM),] = 9.0 x M. 
Variable temperature spectra of 3 were determined on the 
Varian A-60A spectrometer using CDCl, for T = - 40 to 
f 50 "C and C6D,Br for the T = + 30 to + 125 'C tem- 
perature ranges. Mass spectra were recorded on an AEI 
MS902 spectron~eter. 

Irradiations were carried out as follows: 
Method A :  A solution of the sample was placed in a 

water-cooled (25-35 'C) Pyrex container and photolysis 
was performed using a Hanovia Q-700 medium pressure 
mercury arc as internal light source. 

Method B: Irradiations were carried out in quartz or 
Vycor vessels placed centrally in a Rayonet Photo- 
chemical Reactor equipped with RUL-2537 A lamps and 
cooled internally (15-20 'C) by a cold-finger condenser. 

All solvents were dried and distilled before use. Thin 
layer chromatography was carried out with Merck silica 
gel CF 254 and column chromatography was effected with 
Merck silica gel (0.05-0.2 mm). Preparative tlc was per- 
formed with Merck PF 254-336 silica gel using 20 x 100 
cm plates coated with a 1.5-2.0 mm layer of adsorbent. 
Fractions were scraped from the plates and isolated by 
extraction with CHC1, in a Soxhlet apparatus. 

Thermolysis of 3,5,7-Triphenyl-1,2(4H) -diazepine (I) in 
~. Bromobenzene 

A solution of 1 (2, 3) (1 .O g) in bromobenzene (30 ml) 
was refluxed under a nitrogen atmosphere for 9 days. The 
solvent was removed under reduced pressure and the 
residue was subjected to preparative tlc using ethyl 
acetate - benzene (5 : 95) as eluent. Two successive elu- 
tions gave the following fractions: 

(a) Starting material (1): 550 mg (55%). 
(b) 2,4,6-Triphenybyridine (2) : 25 mg (2.5%) identified 

by comparison with an  authentic sample (28). 
(c) 3,5,6-Triphenyl-1,2(4H) -diazepine (3) : 136 mg 

(14%); mp 163-164 "C (EtOH); ir v,,, (KBr) 1593, 1270, 
1200, 925 cm-'; uv ?,,,, (EtOH) 274 (E 29 400), 312 (sh, 
12 200), 360 (6 900) nm; nmr (CDCI,) 6 8.13 (m, 2H), 
7.82 (m, 2H) and 7.08-7.53 (m, 12H) aromatic H, 4.63 
(br d, lH ,  C,-HA), 2.0 (br d, 1H, C,-H,); mass spectrum 
m/e 322 (Mt) .  Anal. calcd. for C2,H,,N2: C 85.68, H 
5.63, N 8.69; found: C 85.50, H 5.69, N 8.55. 

(d) 3,5,6-Triphenyl-1,2 (IH) -diazepine (4) : 190 mg 
(19%), mp 209-210 "C (EtOH-H20); v,,, (KBr) 3425, 
1600,1495,1460,900 cm-' ; uv h,,, (EtOH) 244 ( E  27 200) 
285 (19 000) nm; nmr (C6D,Br) G 6.72 (d, 1H, J = 3 Hz, 
H,), 6.9-7.45 and 7.8-8.0 (m, 15H, aromatic H), 8.9 (br s, 
l H ,  exchangeable with D 2 0 ,  NH); mass spectrum mle 
322 (M+), 321 (100%). Anal. calcd. for C23H18NZ: 
C 85.68, H 5.63, N 8.69; found: C 85.11, H 5.76, N 8.40. 

When a solution of 1 (1.9 g) in bromobenzene (30 ml) 
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was refluxed under nitrogen for 36 days and the crude 
reaction mixture was processed and separated by prepara- 
tive tlc as described above, there was obtained compound 
4 (250 mg, 25%) as the major product in addition to minor 
amounts (< 5% each) of starting material and compound 
3. 

Tlzerrrrolysis of  3,5,6-TI.ipherzyl-I,2(4H) -diazepine ( 3 )  
i17 Bromobenzene 

Compound 3 (25 mg) in bromobenzene (2 ml) was re- 
fluxed under a nitrogen atmosphere for 4 days. Thin layer 
chromatography (ethyl acetate - benzene, 5:95) showed 
the complete disappearance of starting mater~al and the 
formation of 3,5,6-triphenj31-l,2(1H)-dinzepine (4)  as the 
only product. 

Tlzernioljsis of 3,5,6-Tripherzyl-I,2 ( I H )  -dinzepine 14) iri 
Brornobenzerle 

Compound 4 (25 mg) in broniobenzene (2 ml) was re- 
fluxed under nitrogen for 4 days after which time starting 
material was completely recovered. 

Neat Therrnolj~sis of 1,2(4H)-diazepines I ,  24b, ond 24c 
3,5,7-T,@her~yl-1,2 ( 4 H )  -diazepine ( 1 )  
Compound 1 (246 mg) was pyrolpzed in a sealed evacu- 

ated tube at 220 'C (Wood's metal bath) for 1.5 h. The 
resulting dark brown oil was subjected to column 
chromatography (CH2C12 eluent to give 19 nig (8%) of 
2,4,6-tripl1e17ylpj,ridi/ille (2) and 82 mg of recovered 1. The 
pyridine 2 was identified by mp and mixture nip compari- 
son with an authentic sample (28). 

Pyrolysis of 1 at 220 ' C  for 4 h (complete disappearance 
of starting material by tlc) resulted in the formation of 
25% of 2. Numerous minor products evidenced by tic 
were in insufficient quantities for isolation. 

5- (p-;Metho.uypherzj~l) -3,7-diplrenyl-1,2 ( 4 H )  -n'inzepine 
( 2 4 ~ )  

Compound 240 (2) (240 riig) was pyrolyzed under  the^ . 

first set of conditions described for B above to give 23 Iny 
(10%) of 4-(p-methoxypheny1)-2,6-diphenylpyridine (24!), 
identified by mp and mixture mp comparison with an 
authentic sample (29) prepared by a literature method (28), 
and 85 mg of recovered 1. 

5- (p-Clzloi~ophelz~l) -3,7-cliphenj.1-1,2 ( 4 H )  -dinzepirze 
(24c)  

Pyrolysis of compound 24c (2, 3) (240 nig) as described 
for 1 above (1.5 h) gave 19 nig (10%) of 4-(p-chloro- 
pheny1)-2,6-diphenylpyridine (26c) and 83 mg of re- 
covered 1. Compound 26c was identified by mp and mix- 
ture mp comparison with an authentic sample (30) synthe- 
sized by a literature procedure (28). 

Plzotoly.ris of .?,5, r/-Tri11herrj,l-I,2 (4N) -&zepine ( 1 )  in 
Ethor~ol 

A solution of 1 (300 mg) in ethanol (250 ml) was irradi- 
ated for 4 h according to .'Cfethod A outlined in General 
Methods. The photolysate was carefully taken to dryness 
in cncuo at room temperature and the residue was re- 
crystallized from benzene - petroleum ether (60-90 'C) to 
give 200 mg (67%) of 3,5,7-ti@l7enj~l-I,2-diazabicyclo- 
j3.2.02-/lepta-2.6-diene (21), mp 161-163 'C; uv i.,,,, 
(EtOH) 254 (E 25 700) nm; nmr (CDCI,) 6 7.1-7.8 (m, 
15H, aromatic H) ,  6.4 (s, lH ,  C,-H), 3.8 (d, l H ,  J = 17.5 
Hz) and 3.2 (d, l H ,  J = 17.5 Hz), CH,; mass spectrum 
m;e 322 (M+).  Anal. calcd. for C,,H,,N,: C 85.68, H 
5.63, N 8.69; found: C 84.36, H 5.73, N 8.34. 

Reproducibility of the above experimental conditions 
was found to be somewhat problemat~c. On several 
occasions, attempts to isolate 21 by evaporation of solvent 
iri uacuo resulted in complex mixtures of products which 
no longer contained 21 (nmr evidence) even though tlc of 
the photolysate showed that it was the major constituent. 
See also photolysis of 240 and 24b below. 

Plroiolj~sis of 5- lp-~Methoxyphenyl) -3,7-dipherzyl- 
I,2 ( 4 H )  -dicrzepine (240)  in Ethanol 

A solution of 24a (200 mg) in ethanol (250 ml) was 
irradiated according to Method A until no more starting 
material was present (tlc). Evaporation to dryness under 
reduced pressure gave material whose nmr spectrum 
(CDC1,) is consistent with 5-(p-nretho.ujpkerlyl)-3,7-di- 
phenyl-I,2-diazabicyclo'3.2.0'hepta-2,6-diene: 6 6.75-7.8 
(ni, 14H, aromatic H), 6.35 (s, 1H, C6-H), 3.68 (d, 1H, 
J =  17.5 Hz)and 3.15 (d, l H ,  J =  17.5 Hz), CH,, 3.65 
(s, 3H, OCH,). Attempted recrystallization from ben- 
zene - petroleum ether (60-90 'C) resulted in extensive 
decomposition (tlc analysis). 

Photolj,sis of 5- lp-Methoxjpherzj~l-3,7-di- (p-methyl- 
phenyl) -1,2 ( 4 H )  -dinzepirze 124b) in Ethanol 

Irradiation of 24b (2) and work-up was carried out as 
described for con~pound 240 to give crude material whose 
nmr spectrum (CDCl,) was consistent with 5-(p-rriethoxy- 
phenj.1) -3,7-di- ip-rnethj~lplzer~j~l) - 1,2-diaznbicyclo3.2.0.'- 
heptrr-2,6-dierze: 6 6.7-7.7 (m, 12H, aromatic H), 6.3 (s, 
IH,  C ,  H), 3.73 (d, lH,  J = 17.5 Hz) and 3.2 (d, IH, 
J =  17.5 Hz), CH,, 3.65 (s, 3H, OCH,), 2.3 (s, 6tI 
2 x CH,). Attempted recrystallization from ether - 
petroleurn ether res~~l ted  in deconlposition to at least 
eight slew products (tlc analysis). 

Theinlolj-sis of Coiiillpou/zd 21 
A solution of 211 (30 mgj in toluene (5 ml) was refluxed 

for 24 h and then evaporated to dryness in cncuo. Nuclear 
magnetic resonance examination of the crude material 
showed the presence of conipounds 21 and 1 in a ratio 
of 1.2.  

Hydrolysis of Cor?rpozmd 2 1  
A solution of 28 (50 mg) in ethanol (50 n~l!  containing 

concentrated hydrochloric acid (1 ml) was refluxed for 
3 h. The solvent was removed under reduced pressure and 
the resulting residue was treated, in part, with 2,4-dini- 
trophenylhydrazine solution to give ncetopherzone 2,4- 
dinirrophrrz~~l/~yrfri~zon~~, mp 148 ' C ,  shown to be identical 
by n ~ p ,  mixture mp, and ir spectral comparison with an 
authentic sample. The remaining portion of the residue 
was recrystallized from ether to give 3,5-d@l1enylpj~r.nzole 
(23), identified by nmr and mass spectral and tlc com- 
parison with an authentic sample (31). 

Plzoiolysis of Cor71pourzds 1, 240, 24c, arzd 24d iri Acetone 
3,5,7-Triphenyl-1,2 ( 4 H )  -rlirriepine (1) 
A solution of 1 (200 nig) in anhydrous degassed acetone 

(200 ml) was irradiated in a quartz tube under nitrogen for 
19 h according to 'Wethod B (General Methods). The 
solvent was removed in racuo and the resulting oil was 
subjected to column chromatography to give in order of 
elution (eluent): 16 nig (8.5%) of 2,4,6-triphrrlylyyridine 
(2) (mcthylene chloride), 72 mg (36%) of 11 (methylene 
chloride - ether, 9 :  l), and 24 mg (20%) of 3,5-diphenyl- 
p~~i.azole (23) (ether). 
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Compound 1 was found to be stable under the following 
photochemical conditions (Rayonet apparatus): methy- 
lene chloride, 350 nm, 16 h; acetonitrile, 253.7 nm, 12 h ;  
benzene, 253.7 nm, benzophenone sensitization, 24 h.  

Plzotockemical Stability of 3,5-Diphenylpyrazole (23) 
Irradiation of 23 (100 ~ n g )  in dry acetone (70 ml) for 

24 h under nitrogen using Method B resulted in high yield 
recovery of starting material. 

5- (p-Methoxjphenyl) -3,7-diphenyl-1,2 (4H) -diazepine 
(24a) 

Irradiation (Vycor) of 24a (1.0 g) for 286 h in anhy- 
drous acetone (500 ml) according to Method B gave, after 
chromatography (benzene eluent), 31 mg (13%) of 4- 
(p-n~ethoxyphenyl) -2,6-diphenylpyridine (26b), 10 mg (1%) 
of 5- (p-1netho.rypheny1) -3-phenylpyrazole (25b), and 500 
mg (50%) of starting material. Compound 26b was charac- 
terized as indicated above while 25b was identified by 
comparison (mp and mixture mp) with an authentic 
sample prepared by a known method (31). 

5- (p-Clzlorophenyl) -3,7-diphenyl-I,2 (4H) -diazepine 
( 2 4 ~ )  

A solution of compound 24c (1.0 g) was irradiated 
(Mefllod B, Vycor) in anhydrous acetone (500 ml) for 
262 h and processed as described for 240 above to give 
3 1 mg (12%) of 4-p-cklorophenj~l-2,6-diphenylpyridi1~e (26c) 
and 10 mg (1%) of 5- (p-chlorophenyll-3-phenj'lpyrazole 
( 2 5 )  in addition to 400 mg of recovered starting material 
(24c). The pyridine (26c) (30) and pyrazole (25c) (32) 
derivatives were characterized by mp and mixture mp 
comparison with authentic samples synthesized inde- 
pendently by the methods of Dimroth and Wolf (28) and 
Widman (32) respectively. 

5- (p-Dir?~etkylaminophen~~l) -3,7-diphenyl-1,2 (4H) - 
diazepine ( 24d) 

A solution of 24d (3) (500 mg) in anhydrous acetone 
(600 ml) was irradiated (Method B, quartz) for 24 h. 
Chromatography gave the following fractions in order of 
elution (eluent): 127 mg (25%) of starting material (ether - 
methylene chloride, 5 : 9 3 ,  43 rng (9%) of compound 24e 
(ether - methylene chloride, 10: 90). Recrystallization 
from ethanol gave pure 24e, mp 190-191 'C; ir v,,, 
(CH,Cl,) 1675 cm-' ; nmr (CDCI,) S 8.70 (s, IH,  CHO), 
8.10-7.10 (m, 14H, aromatic H), 6.75 (br s, l H ,  C,-H), 
4.45 (br d, lH ,  J = 12 Hz, C,-HA), 3.40 (s, 3H, CH,), 
2.70 (br d ,  lH ,  J = 12 Hz, C4-H,); mass spectrum mle 
379 (kt+). Anal. calcd. for C,,H,,N,O: C 79.13, H 5.58, 
N 11.07; found: C 78.66, H 5.28, N 10.74. 
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A three-coordinate complex of mercury: crystal structure of 
bis(iodo-N,N-diethyldithiocarbamatomercury(I1)) 

CHUNG C H I E H  
GltelpJz-Waterloo Centrefir. Grrrd~tnre Work in C/zerr?istr?., Urzi~,er-~ity of Wuterluu, W~iterloo, 011t., C~intrdtr N2L 3G1 
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CHCRG CHIEH. Can. J .  Chem. 55,65 (1977). 
Reaction of mercuric iodide with N,N,N',N'-tetraethylthiuramdisulfide (TETD), 

S S 
li i I 

Et2-N-C-S-S-C-N-Et2, gave bis(iodo-N,N-diethyldithiocarbamatomercury(I1)) and 
diiodo-N,N,N',N'-tetraethylthiuramdisulfidemercury(II). The crystal of the former was mono- 
clinic with a =7.645(3), b = 7.787(4), c = 18.005(7) L% and P = 102.08(4)". The space group was 
P21/c, with two dimeric molecules per unit cell. Diffractometer measured intensities of 1727 ob- 
served reflections were used to determine the structure; the final R factor being 0.059. The mer- 
curic ion was three-coordinated with two Hg-S distances of 2.422(4) and 2.644(4) L% and 
one Hg-I distance of 2.641(1) A.  The dimer had a centre of symmetry and formed an eight- 
membercd ring. 

CHUNG CHIEH. Can. J. Chem. 55.65 (1977). 
La reaction de I'iodure mercurique avec le disulfure de N,N,N',Nf-tetraCthylthiourame (TETD) 

s S 
11 i i 

conduit aux bis(iodo N,N-diCthyldithiocarbamatomercure(II), Et2-N-C-S-S-C-N-Et,, 
et au  diiodo N,N,N1,N'-tCtraethylthiouran~disulfure de mercure(I1). Les cristaux de premier 
sont monocliniques avec n = 7.645(3), b = 7.787(4), c = 18.005(7) A et [3 = 102.08(4)". Le 
groupe d'espace est P2Jc et comporte deux molecules dimeres par maille. On a utilisi les in- 
tensitCs mesurees a l'aide d'un diffractometre pour 1727 reflexions observkes pour determiner 
la structure; le facteur final R est de 0.059. L'ion mercurique est tricoordonnee avec deux dis- 
tances Hg-S de 2.422(4) et 2.644(4) A et une distance Hg-I de 2.641(1) A. Le dimere a un 
centre de symetrie et forme un cycle a huit chainons. 

[Traduit par le .iournal] 

Introduction 
Disulfuram has been used for the treatment of 

chronic alcoholism at a dose of 0.5 g per day. 
The chemical abstract name for the compound 
is tetraethylthioperoxydicarbonic diamide; how- 
ever, it is better known as tetraethylthiuram di- 
sulfide (TETD), 

There has been a considerable interest in the 
interaction of heavy metal ions with biologically 
active compounds (2, 3). The interactions of 
TETD with mercurials are being studied. Reac- 
tion of TETD with methylmercury chloride 
gave bis(iV,N-diethy1dithiocarbamato)mercury- 
(II), (Et,WCS,),llg, and methyl N,N-diethyl- 
dithiocarbamatomercury(II), (Et,NCS,)HgMe. 
The former was also obtained as a product in the 
reaction of TETD with mercuric chloride in 
chloroform-ethanol (1 : 1 by volume) mixed 

solution. Both a- and p-forms of (Et,NCS,),Hg 
were obtained and X-ray diffraction data con- 
firmed that they had the structures as reported by 
Iwasaki (4). The structure of Et,NCS,HgMe had 
been reported ( 5 ) .  The reactions of TETD with 
mercuric bromide and mercuric iodide also gave 
two kinds of products in each case. Compounds 
of HgX,.TETD were obtained for X = Br and I. 
Their gross structures were obtained by X-ray 
diffraction methods. Further refinements are 
now being carried out. The existence of com- 
pounds of this type was claimed through nmr 
studies (6). Another compound obtained in the 
reaction of TETD with HgI, had cell constants 
similar to those of (Et,NCS,)HgMe (5) and it 
was originally thought that they not only had 
similar formula but also similar structure, with 
CH, and I playing the same role. However the 
Raman spectrum of them, Fig. 1 and Fig. 5 of 
ref. 5, were quite different and the structure de- 
termination was carried out. It revealed that the 
compound had the empirical formula (Et,NCS,)- 
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C-N 
i n  p lane  
defomatlon 

FIG. 1. Raman spectrum of bis(iodo-N,N-dieth 
ments. 

HgI which is similar to  (Et,NCS,)HgMe; how- 
ever, the two structures were different. 

Experimental 
The room temperature stable red form of mercuric 

iodide was purchased froin Fisher Scientific Co., and tetra- 
ethylthiuram disulfide from Sigma Chemical Company, St. 
Louis, Missouri. The solvents ~ ~ s e d  were standard reagent 
grade chen~icals. Raman spectra of solids were obtained 
by Dr. S. Y. Tang on a Jarrel-Ash 25-100 spectrometer 
with argon ion laser excitation. 

Several methods of preparation had been tried. For 
((Et2NCS,)HgI),, the following method was found to be 
the best. To 20 ml ethanolic solution of 0.235 g HgT,, 
20 ml chloroform solution of 0.154 g TETD were added. 
There was a small amount of small deep yellow square 
plates formed when the solutions were mixed. These small 
plates were identified as Hg12.TETD as mentioned in the 
Introduction. The mixture was covered and left at room 
temperat~~re for 3 days. Then, it was placed in a cool room 
(0 'C) and partly covered only to allow slow evaporation. 
After a week, the solution was reduced to about 0.5 ml. 
Yellow hexagonal prismatic crystals were obtained after 
filtration. A few square plate-like crystals were visible even 
to the naked eye. Due to the presence of a mixture, 
elemental analysis was not performed. 

Crystals grown froin the reactions described above were 
subjected to X-ray diffraction studies. Cell constants and 
space group were determined from photographic measure- 
ments; however, the former were refined by least-squares 
methods based on the 28 values of 30 reflections measured 
on a G.E. XRD-6 diffractometer. 

Crj~stnl Data 
C ~ H I  oHgINS2 fw = 475.7 
Monoclinic, a = 7.645(3), b = 7.787(4), c = 18.005(7) a, 

= 102.08(4)', V = 1048. ! A3, po = 3.00(1), Z = 4, 
p, = 3.014, p(Mo-K,) = 182.9cm-' : nip = 136 "C, space 
group P2,;c. 

Cuj~stallogvnphic !Men.ruuenici~t 
The crystal csed for intensity measurement was a 

hexagonal prism with cross sections and length of 0.10 
and 0.12 mm respectively. It was mounted with a* along 
the 4 axis of the goniostat. Intensities of 3052 independent 
reflections with 28 < 60' (Zr-filtered Mo-K, radiation) 
were measured using 8-28 scan method. at room tempera- 

yldithiocarbamatomercury(1I)) and partial assign- 

ture (25 i 3 ). The scan speed was 2"/min and the 28 
range was F (0.9 + 0.41 tan 8). Stationary background 
counts of 10 s each were taken at the limits of scan. Four 
standard reflections (104, 040, 202, 01 I) which had values 
evenly spread around the $-circle were measured after 
each 100 reflections. The intensities of these reflections 
showed a fluctuation of + 2% during data collection. Of 
the reflections collected, 1727 had net intensities greater 
than 2 0 ( ~ ,  were considered as observed. Majority of the 
unobserved reflections had 20 greater than 45'. No ab- 
sorption correction was made; however, the crystal used 
was u~liforni in din~ension pR(Mo-K,) = 1.10, and the 
intensity of reflection 200, which had x = 90c, showed 
very little variation when @ was varied. Lorentz and 
polarization corrections were applied and only the ob- 
served reflections were used in the structure analyses. 

Solnfron trnd Refinenlent 
The structu~e was solved by the heavy-atom method 

and refined by full-matrix least-squares The solut~on was 
straightforward and the refinement was smooth The 
atomic scattering curves were taken from ref 7 with 
dispersion corrections made for Hg and I atoms The 
function minimized was XI+( Fol- Fcl)Z where 1~ = 
(60- 1 FOl t 0 005F2) ' in the final stage of refinement 
This weighting scheme gave llghter vrerght foi both strong 
and wcak reflections than thc mcdium intense rcflect~ons, 
the variation of Z'wAF2 n L r  ranges of F, was small A11 
extinction coefficient of Zachariasen type was included in 
the 92-va~~able refinements In the last cycle of refinement, 
the sh~fts of parameters were less than o quarter of their 
standaid de\~ations The d~fference Fourier showed some 
r~pples around the mercury atom b~ l t  was otherwise 
featureless The final R (= Z(lF, ' - F, ) ZF,) and 
weighted R, (=( Cic( Fo - FJ)' ZILF,')"~ were 0 059 
and 0 051 respectively The otomic coordinates and tem- 
perature factors are listed In Table 1 ' 

Results and Discussion 
The crystal consists of dimeric molecules as 

shown in Fig. 2. The dimes has a centre of 
inversion which coincides with the centre of 

'Photocopies of the table of structure factors may be 
obtained at  a nominal charge, upon requesi, fi-om the 
Depository of Unpubl~shed Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 
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CHIEH 

FIG. 2. Molecular structure with atomic labels and 
important bond distances and angles. The esd's are: 
O H ~ - I ,  0.001;  OH^-^, 0.004; OC-S, 0.015; and OC-c or  C-N,  
0.02 A. For the angles, the esd depends mainly on the 
centre atom :  OH^, - 0.1, OS, - 0.5 and oc ., h, - 0.7". 

symmetry of the 5pace group P2, /c ; therefore, 
atoms of only half of the diagram are labelled. 
The important bond lengths and angles are also 
given separately in the two halves of the dimer. 
Around the mercuric ion, three bond lengths are 
noted: one Hg-I, 2.641(1), and two Hg-S 
distances of 2.644(4) and 2.422(4) A. However, 
there is an additional short H g .  . . S contact of 
3.042(4) A. The mercury atom is coplanar with 
the three coordinated atoms, plane 5 of Table 2. 
I t  is interesting to compare with the coordination 
of Hg in diiodo-N,N,N',Nf-tetran~ethylthiuram- 
disulfidemercury(Il), HgI,(S,CNMe,),, in which 
there are two almost equal Hg-I distances of 
2.661(2) and 2.654(2) A. However, the two 
Hg-S distances of 2.651(7) and 2.882(7) A are 
significantly different (8). The mercury atom is 
0.305 i 1 A out of the plane containing the two 
iodine and the short-distant sulfur atoms. 

Grdenic (9) derived the following mercury 
radii: van der Waals radius, 1.50; ionic radius, 
1.04; digonal covalent radius, 1.30; and tetra- 
hedral covalent radius, 1.48 A. No three coor- 
dinated covalent radius was available, probably 
due to the fact that three coordinated mercury is 
not common; however the anions HgX,- 
(X = C1, Br, and I) have a coordination number 
of 3 for mercury atom and the anion is planar (9). 
In particular, for Hg1,- the three Hg-I dis- 
tances are 2.71,2.71, and 2.65 A (average 2.69 A) 
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68 CAN.  J .  CHEM. VOL. 55. 1977 

TABLE 2. (a) Least-squares planes for the molecule in the form IX+ rn Y+ nZ=p where X,  Y, Z, are coordinates 
in Pi referred to orthogonal axes a, b, and c* 

Displacement (A) 
- 

Plane Part of molecule I nz n p Maximum Other atoms 

C \  /S .  .., 
I N-C 

C /  \wHg 0.6258 0.1112 0.7720 3 .9  O.11,Hg 1.4,C3;-1.3,C~ 

2 C \  / S  
N-c -0.6536 -0.1345 0.7448 3.7 0.07,C4 -0.3,Hg 

C' \ S  

/S 
3 N-C ' s -0.6243 -0.1442 0.7677 3 .9  O.O1,C1 -0.2,Hg 

c \ 
4 N-C c ' -0.6869 -0.1131 0.7179 3.5 0.03,N -0.4,Hg 

(b) Interplanar angles 

Planes Angle (deg) 

and the three I-Hg-I angles are 123.3, 123.6, 
and 112.8" (10). Taking the single-bond covalent 
radius for 1 as 1.33 A (1 I), the trigonal radius for 
mercury is then 1.36 A. By taking into account 
the influence of the electronegativity difference 
(12) (Schomaker-Stevenson coefficient = 0.03), 
the mean value for trigonal radius is then 1.38 A. 
The single-bond covalent radius for sulfur is 
1.04 A (1 1). The sum of trigonal mercury radius 
and single-bond sulfur covalent radius is 2.42 A 
which agrees very well with the shortest Hg-S 
distance, 2.422 A, found for the title compound. 
The lengthening of the other Hg-S distance, 
2.644 A, may be due to the fact that S, is in close 
contact with another mercury atom. The Hg-I 
distance of 2.641(1) A is slightly shorter than 
those found for HgI,- ion. The three bonds are 
not evenly spread in space around the mercury 
atom with angles of 144.8", 110.6", and 104.6', of 
which the sum is 360". From the above discus- 
sion, it can be concluded that the mercury atom 

is three-coordinated. The additional short 
Hg .  . . S contact, 3.042 A, is less than the sum of 
van der Waals radii for Hg and S. 3.35 A, but 
this type of interaction is not uncommon in 
crystal structures (9, 13). It is true that in 
coordination conlpounds, the mercury atom is 
either linearly two- or tetrahedrally four-co- 
ordinated (14). This tendency still remains in the 
present compound as the angle between the 
shortest Hg-S and Hg-I bonds is 144.8", 
much greater than 120'. Perhaps intramolecular 
forces prevent Hg.  . . S1 contact to be closer than 
3.04 A. 

C S 
The part of 'N-C' in the ligand, di- 

C' 's 
ethyldithiocarbamate, is usually found to be 
planar (4). The equations for mean planes of 
various parts of the molecule are listed in Table 
2. The unlabelled mercury atom is almost co- 
planar with labelled dithiocarbamate, exc!uding 
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CHIEH 

FIG. 3. Stereoscopic view of the molecular packing in bis(iodo-N,N-diethyldithiocarbamatomercury- 
(11)). Atoms are represented by the size of the ring in descending order of H g  > I > S > C > N. The 
direction of viewing is from a axis. 

the terminal CH, groups. When Hg2+ is included mercuric ion has no further close contact other 
in the mean plane calculation, the maximum dis- than the one indicated in Fig. 2. The next closest 
placement from the plane is only 0.11 A. When intermolecular distance between mercury and 
Hg2+ is excluded from the least-squares plane iodine atoms is 3.5 A. The dimers interlock into 
calculation, the deviation becomes - 0.3 A. The one another and this may be responsible for the 

C hardness of the crystals. 
planarity of \N-C/' and the short N-C 

C ' 'S Acknowledgement 
distance of 1.32(2) A suggest that partial double 
bond character exists between N and C,. 

Absorption bands in the range from 560 to 
608 cm-' were assigned to C-N in plane de- 
formation in ref. 15 for similar compounds; the 
band at 615 cm-', Flg. 1, was assigned accord- 
ingly. The band caused by v(,-,,, usually found 
for other compounds, is very weak. Assignments 
for bands in the region between 200 and 400 
cm-' are very difficult. Coleman, Koenig, and 
Shelton gave all kinds of composite contribu- 
tions for bands in this region for tetramethyl- 
thiuram disulfide (15). MeiC studied the vibra- 
tional spectra of CH,Hgl and CD,HgI as well 
as other halo-complexes and assigned a band at 
173 cm-' for v(,,-,, (16). Two very strong 
Raman bands at  173 and 139 cm-' were ob- 
served for ((Et,NCS,)HgT),. The one at 139 
cm-I was 30 times as strong as the strongest 
band of Fig. 1 ,  and ten times stronger than the 
band at 173 cm-I. It was anticipated that the 
stretching mode of Hg-l be a strong band in 
Raman and a shift in frequency was also expec- 
ted due to a change from two- to three-coordi- 
nated mercury; therefore, the band at 139 cm-' 
could be assigned to v(,,- , ) .  

A packing diagram is shown in Fig. 3. The 
viewing direction is from the a-axis. All inter- 
molecular distances are van der Waals type. The 

This work is supported by the National 
Research Council of Canada. 
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Synthesis and electron spin resonance studies of a Co(I1) complex 
with a tetradentate macrocyclic Schiff base ligand 

AMIKAM REUVENI, VINCENZO MALATESTA,' A N D  BRUCE R.  MCGARVEY 
Depcir.tt?zetzt qf Cllet7listp, U~~i~,er.sity qf Windsor.. Wit~dtoi., Ont., CNIICI~CI 1V9B31'4 

Received June 4. 1976 

A M I K I ~ I  REI  VFUI. V I \ C F N ~ O M A L ~ T F S T A .  and BRLJCF R MCGARVEY Can J Chem 55.70 
( 1977) 

The synthesis, physical properties, and electron spin resonance of frozen solutions of 
COTAAB(NO,)~ (TAAB = tetrabenzo[b,f,j,n] [1,5,9,13]tetraazacyclohexadecine) are reported. 
The spin Han~iltonian parameters were elucidated by simulation of spectra assuming axial g 
and j9Co hyperfine tensors and including nuclear quadrupole and Zeeman contributions. 
Electron spin resonance spectra in solvents such as methanol, acetone, and dimethylformamide 
are typical for a low spin cotnplex (S = 112) and are nearly identical with A ; \  > >  ~A,, and 
gl >> g l .  In pyridine and quinoline a complex with a molar ratio solventlligand of 1 : 1 is formed 
with the solvent which gives :Al ,  1 z , A L  and g, much closer t o g  , . In strong Lewis bases, such as 
piperidine, a 2 :  1 complex is formed and no esr signal is found. Evidence is presented to show 
that these 2: 1 complexes with strong Lewis bases are S = 1/2 complexes with a low lying 
S = 312 state that is partially populated at room temperatures. This behaviour is accounted 
for in terms of a theory derived for a 'A, ground state with a low lying quartet state which 
could become the ground state in strong basic solvents. 

AMIKAM REUVENI. VINCENZO M ~ L ~ T E S T ~  et BRCCE R.  MCGARVEI. Can. .I. Chem. 55. 70 
(1977). 

On rapporte la synthese, les proprietes physiques et les rCsonances paramagnktiques elec- 
troniques de solutions surgelees de CoTAAB(NO,), (TAAB = tetrabenzo[b,f;j,t~] [1,5,9,13]- 
tetraazacyclohexadecine). On a elucide les parametres du hamiltonien de spin par simulation de 
spectres en faisant l'hypothese que g est axial, en utilisant des tenseurs hyperfins pour jgCo, et 
ellincluant des contributions nucleaires quadrupolaires et de Zeeman. Les spectres de resonance 
paramagnetique electronique dans des solvants tels que le methanol, l'acetone et la dimethyl- 
formamide sont typiques pour un complexe de spin bas (S = 1,'2); ils sont pratiquement iden- 
tiques et ( A !  1 >> iA, ;  et g, >> g , .  Dans la pyridine et la quinoleine il y a formation d'un complexe 
avec un rapport n~olaire solvant-ligand de 1 : 1 qui donne A 2 !A,, et gl beaucoup plus proche 
de g .  Dans des bases de Lewis fortes, telles que la piptridine, il y a formation d'un complexe 
2 :  1 et on ne trouve aucun signal rpe. On presente des donntes pour moritrer que ces complexes 
2 :  1 avec des bases de Lewis fortes sont des complexes S = 1,'2 avec un etat S = 312 peu eleve 
et qu'un peuplement partiel a temperature de la piece. On tient compte de ce comportement en 
termes d'une theorie derivee d'un Ctat fondamental ' A ,  avec un etat quadruplet peu Clev.6 qui 
peut devenir l'ttat fondamental dans les solvants basiques forts. 

[Traduit par le journal] 

Introduction 
Planar low spin Co(l1) con~plexes of the types 

CON,, CoN,O,, and CoS, have been the sub- 
ject of many esr studies. The theory for the spin 
Hamiltonian parameters for these d7 complexes 
was the subject of a recent study (1) which 
showed that contributions of low-lying quartet 
states to the magnetic parameters could be sig- 
nificant for some systems. Most of the esr 
studies on frozen solutions (see references in 
ref. 1)  have involved low symmetry complexes 
and have proven of little value since the three 

'Present address: Department of Chemistry, University 
of Guelph, Guelph, Ontario. 

principal g and A values could not be assigned 
unambiguously to the molecular axes. A few 
single crystal studies have appeared (2-7). Most 
of these complexes can bond to Lewis bases to 
form five- and six-coordinated species. Several 
of the five-coordinated complexes have deinon- 
strated the ability to bond reversibly to molecular 
oxygen. 

Transition metal complexes of the tridentate, 
tribenzo[b,~j][l,5,9]triazacycloduodecine, abbre- 
viated TRI, I ,  and tetradentate, tetrabenzo- 
[b,f,j,n][1,5,9,12]tetraazacyclohexadecine, abbre- 
viated TAAB, 2, have been made (8-1 1) by the 
condensation of o-aminobenzaldehyde in the 
presence of different metal ions. 
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REUVENI ET  AL. 71 

using a JEOL C68JEL Spectrometer. Chemical analysis 
was done by Galbraith Laboratories Inc., Knoxville, 
Tenn. 

Results 
Properties of CoTAAB(NO,), 

/ CoTAAB(NO,), is soluble in water. Addition 
of concentrated solutions of HClO, or HBr to 

P 2 the water solution produced green precipitates 

We report here the synthesis of Co(1I)TAAB- 
(NO,),.H,O, its isolation for the first time, and 
an  esr study of the CO(I~)TAAB~'  complex in 
frozen solutions of various solvents and Lewis 
bases. The TAAB ligand is similar to the por- 
phyrin and phthalocyanine ligands in that it is a 
planar, conjugated tetradentate ligand with a 
fourfold symmetry axis. It differs from the 
porphyrin, phthalocyanine, and most planar 
tetradentate ligands studied in that it is neutral 
in charge. We therefore will expect to find the 
complex with the fifth and sixth coordination 
sites occupied by either a polar solvent molecule 
o r  the anions required for charge balance. 

Experimental 
Synthesisof Co(lI)TAAB(NO,),~H,O 

The synthesis follows that used by Melson and Busch 
(8) except that care is taken to keep oxygen out by de- 
gassing all solvents and carrying out all steps under pre- 
purified N,. A solution of 2.9 g (0.024 mol) of o-amino- 
benzaldehyde (freshly prepared by the method of Smith 
and Opie (12)) in 40 ml of ethanol was heated and stirred. 
While the o-aniinobenzaldehyde solution was under re- 
flux, a solution of 1.75 g of Co(N0,), .6H20 in 30 ml of 
absolute ethanol was added. The color of the solution 
changed from pale yellow to reddish brown and within 
15-20 min it turned green and a precipitate began forming. 
After refluxing for 5 h the solution was cooled and fil- 
tered. The dark green solid \\.as washed with chilled 
ethanol and ether. The green solid was recrystallized froin 
acetonitrile to gibe dark green crystals uhich analyzed 
as CoTAAB(NO,),,H,O. Calculated for C,,H,,N606- 
Co.H,O: C 54.82, H 3.61, N 13.70, Co 9.61. Found: 
C 54.30, H 3.29, N 13.63, Co 9.63. 

Ph~sicrrl AMc~nsur.e/?7eizts 
Electron spin resonance spectra were taken with a 

Varian E-12 spectrometer. All spectra were taken at  
X-band at  liquid nitrogen temperatures using a finger- 
Dewar. Infrared absorption spectra were obtained uaing 
a Beckman 1R-12 spectrophotometer. Electron Ionization 
mass spectra were obtained at various temperatures up to 
270 ' C  using a Varian-MAT CH5 spectrometer. Magnetic 
s~~sceptibilities of methanol and piperidine solutions were 
measured using the nmr shift technique (13). Magnetic 
s~~sceptibilities of powder (in air) were measured by 
Professor A. B. P. Lever of York University using the 
Faraday method at temperatures from 82 K to room teni- 
perature. Nuclear magnetic resonance spectra Mere taken 

A & 

which are presumed to be the corresponding 
perchlorate and bromide salts. When 0, was 
bubbled through an HBr solution of the bromide 
a red-brown solid resulted whose ir was identical 
to that of [CoTAABBr,]Br reported by Cum- 
mings and Busch (11). The synthesis of Co- 
TAABBr, directly from CoBr, was attempted 
yielding a green precipitate whose esr in acetone 
was identical to the bromide produced from the 
nitrate and which oxidized to [CoTAABBr,]Br, 
but a suitable recrystallization solvent was not 
found so no analysis was attempted. 

In the reaction between Co(NO,), or CoBr, 
with o-aminobenzaldehy de considerable amounts 
of cobalt remain in the ethanol solution. Evapor- 
ation of this green filtrate under vacuum yields a 
light green solid. Examination of this solid by 
tlc reveals it to be a mixture. Frozen solution esr 
spectra of acetone solutions give only the signal 
found for CoTAAB(NO,),. Magnetic suscepti- 
bility measurements reveal a much larger sus- 
ceptibility than that found for CoTAAB(NO,), 
suggesting the presence of a high spin complex. 
Finally acetone and ethanol solutions of this 
solid turn brown within minutes after exposure 
to air while similar solutions of CoTAAB(NO,), 
oxidize much more slowly. Cummings and Busch 
(1 1) have show11 that under similar preparative 
conditions, but in the presence of oxidizing 
agents, a mixture of Co(TRI),X, and Co- 
TAABX, is produced. We presume, therefore, 
that a main constituent of the ethanol solution 
after reflux is a CO(TRI),~' compound since 
this coinplex is octahedrally coordinated and 
would be expected to be high spin. This would 
account for the high susceptibility and our failure 
to detect any other esr signals at liquid nitrogen 
temperatures. 

The is spectrum of CoTAAB(NO,), is similar 
to that reported by Cummings and Busch (11) 
for [CoTAAB(NO,),]NO, except only three 
bands attributable to NO,- are found at 1365, 
1310, and 1031 cm-'. The first two are obviously 
asymmetric stretches and the 1031 cm-I is the 
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symmetric stretch. Since these frequencies are 
those normally found in ionic nitrates we can 
conclude that neither nitrate ion is really 
coordinated to the cobaltous ion. Electron ioni- 
zation mass spectra, between 100 and 270 "C, of 
CoTAAB(NO,), did not give the nz/e peak at 412 
attributed by Cummings and Busch (11) to 
(TAAB) ' . 

The magnetic susceptibilities at 298 K of 
methanol and piperidine solutions were found 
from nmr measurement of these solutions in a 
concentric double tube with TMS in the annulus 
(13). (Calibration was made with acetone, 
methanol, and carbon tetrachloride, respectively, 
in the inner tube.) The susceptibility of the 
methanol solution was found to be 1.67 $- 0.05 
B.M., a value very close to that expected for an 
S = 112 state (1.73 B.M.). The piperidine solu- 
tion gave a susceptibility of 2.25 + 0.05 B.M., 
indicating a presence of an S > 112 state. 

The magnetic susceptibility of powdered 
CoTAAB(NO,), has been measured between 82 
and 298 K and is given in Table 1. Ligand and 
anion correct~ons were calculated from Pascal's 
constants (14). The effective magnetic moment 
increases with temperature to a value at room 
temperature considerably larger than that ex- 
pected for an S = 112 system with the g values 
found for the complex from the esr studies. At- 
tempts to fit the data to a simple model assuming 
a ground state doublet and an excited quartet 
state were made, but no satisfactory fit of all the 
data could be made. It seems reasonable, however, 
that the only way to account for these results is to 
assume some population at room temperature of 
excited states with a spin higher than 112. The 

TABLE 1. Magnetic susceptibilities of 
COTAAB(NO~)~  powder at various 

temperatures 

T (K) c . .  X M  ( C ~ S  X lo6) 

82.2 2.28 7880 
87.3 2.30 7550 

105.3 2.32 6370 
121.8 2.32 5520 
138.7 2.33 4900 
156.3 2.37 4490 
173.4 2.38 4080 
191.4 2.40 3760 
209.4 2.41 3470 
227.5 2.46 3310 
245.5 2.46 3070 
263.2 2.50 2950 
298.2 2.65 2950 

same may be said for the piperidine solution of 
the complex. 

Elecfrorz Spin Resorlnrlce 
The esr results were fitted to the spin Hamil- 

tonian 

[ l l  = P[g,H,S: + g,(H,S, + H,S,)I 
+ AllSzf: + A,(SXZx + SJY) 

+ Q'[z,Z - $Z(I+ 1)] - g,PNH'Z 

where symbols have their usual meaning. The 
esr studies were all done in frozen solutions in- 
volving CoTAAB(NO,), in most cases (esr of 
the powdered compound gave a very broad line). 
Spectra of the perchlorate and bromide salts in 
acetone and methanol were identical to the 
nitrate. The solvents used for making the frozen 
solutions could be divided into three groups 
according to the spin Hamiltonian parameters 
observed: (i) Solutions in methanol, acetone, 
and dimethylformamide which gave 1 A, / >> 1 A, I ,  
and g, >> gli. (ii) Solutions in pyridine and 
quinoline which gave /All  1 z /A,/, g, much closer 
to g ,  than in (i). (iii) Solutions in piperidinc, 
aliphatic amines, pyrrolidine, and morpholine 
which gave no esr spectrum at all. 

The magnetic parameters were obtained by 
comparing the experimental spectra with simu- 
lated spectra obtained from a computer program 
which numerically integrates over expressions 
for the resonance fields predicted by the spin 
Hamiltonian given in eq. 1, solved to second 
order. Forbidden transitions (Am, = i 1, 5 2) 
were included with the allowed transitions 

FIG. 1. (0) Electron spin resonance spectrum of a 
frozen solution of CoTAAB(NO,), in dirnethylforma- 
mide. (b) Simulated spectrum of the dimethylformamide 
solution. 
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FIG. 2. (a) Electron spin resonance spectrum of a frozen solution of CoTAAB(NO,), in pyridine 
(b) Simulated spectrum of the pyridine solution. 

(Am, = 0) (15) in the calculation. A Lorentzian 
line shape was assumed and it was found neces- 
sary to assume a different line width for each 
hyperfine line to get good agreement between 
calculated and experimental spectra. Our pro- 
gram for frozen solution spectra appears to be 
different from most reported programs in that it 
calculates the derivative directly rather than 
numerically differentiating an absorption curve. 

Figure ] (a )  shows a spectrum of a frozen 
solution of CoTAAB(NO,), in DMF. The lower 
trace (6) is the simulated spectrum. Figure 2 
shows, similarly, a spectrum of a frozen solution 
of the complex in pyridine. The magnetic para- 
meters for different frozen solutions are given in 
Table 2. 

Addition of pyridine stepwise to a solution of 
CoTAAB(NO,), in acetone gives a complete 
conversion to the pyridine-type spectrum at a 
molar ratio of 1 : 1, indicating that the spectrum 
observed in pyridine is of a complex formed by 
addition of one pyridine molecule to CoTAAB2+. 
A similar experiment using piperidine gives 
complete disappearance of the acetone esr spec- 
trum at a molar ratio of 2 :  1, indicating the 

TABLE 2. Spin Hamiltonian parameters for 
CoTAAB(NO,), in fiozea solutions" 

Solvent g~n g~ Allb ALb 

Acetone 2.0259 2.2762 75.3 12.9 

Methanol 2.0275 2.2720 75.3 12.3 

Dimethyl 
formamide 2.0244 2.2772 75.8 12.1 

Pyridine 2.0562 2.1949 59.4 58.3 

Quinoline 2.0547 2.1968 60.5 59.4 

"Q' was found to be -0.00015 cm-1 
bValues in cm-'. 

formation of a complex having two molecules of 
piperidine. Addition of acetone to the residue 
obtained after evaporation of a piperidine solu- 
tion of CoTAAB(NO,), restores the acetone 
esr signal. This indicates that the reaction be- 
tween piperidine and the complex is reversible in 
nature and that the disappearance of the esr 
spectrum in piperidine is not due to some 
irreversible process such as oxidation which 
converts Co(I1) to diamagnetic Co(111). The 
nmr spectrum of CoTAAB(NO,), in piperidine 
shows an upfield shift of all piperidine lines rela- 
tive to the neat solvent with the NH line shifted 
most. The lines are also slightly broadened. 
Further shifts and broadening occur in mixed 
piperidine-CD,COCD, solvents. These nmr 
shifts indicate that the piperidine complex is 
paramagnetic with a much shorter spin relaxa- 
tion time than the S = 112 complex in pyridine 
or acetone. The only reasonable explanation for 
the lack of an esr spectrum and the nmr shifts is 
to postulate either an S = 312 ground state for 
the piperidine complex or a low lying S = 312 
state that is close enough in energy to produce a 
very short electronic T I  making esr detection at 
liquid N, temperatures impossible. The latter 
explanation is favored by the nmr susceptibility 
measurements. 

Discussion 
The spin Hamiltonian parameters fit the 

theoretical equations for an ' A ,  ground-state, 
where in the case of axial symmetry we have, by 
perturbation methods (11, for an electron in a 
(/,2 orbital: 
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TABLE 3. Computed parameters for CoTAAB(NO,), using perturbation and exact equations 

Perturbation calculation Exact calculation 
-- 

Solvent cl c3 Pa Ka C 1  C 3  Pa Ka K ( a ~ e ) ~  

Methanol 0.045 0.125 206.0 -32.5 0.047 0.118 235.5 -19.6 -24.3 

Pyridine 0.030 0.168 228.7 -51.3 0.033 0.109 227.9 -40.7 -47.5 

'In cm-' .  
bSee ref. 1, p. 2509. 

C 4 4  6 close enough in energy to the ground state to 
[4] A l ,  = K + P - - -c, - -c, 

7 7  7 result in an  electronic T I  too short to allow 
observation of esr spectra even a t  77 K. The mag- 
netic susceptibility measured in the solution and 

63 the paramagnetic shifts observed in the nmr 
spectrum of the complex are strong indications 

[5] A, = K + P that there is indeed a paramagnetic species here 

4 57 which is not a pure S = 112 state. The magnetic 
+ -c3' - G ~ 1 2 )  susceptibility of the powdered complex is about 21 the same as that measured in the piperidine j cl = </A(2Bl) solution, suggesting an arrangement in the solid 

C, = < / A ( 4 ~ 1 )  where molecules are stacked such that the fifth 
and sixth coordination sites are occupied by 

r-71 P = g e g N ~ e ~ N ( r - 3 >  nitrogen atoms from adjacent molecules. That 

K is the Fermi contact interaction, 5 is the spin- 
orbit interaction constant for one d electron. 
A('B,) is the energy difference between the 'B, 
state and the ground state and L ~ ( ~ B , )  is defined 
likewise. These equations can serve to obtain c, 
and c, from the g-values and P and K from A l l  
and A,. In this case we can also solve exactly for 
the magnetic parameters. The results of these 
exact calculations are given in eqs. 48-56 of ref. 
1. Table 3 gives values for methanol and pyridine 
frozen solutions obtained by using both methods 
of calculation. 

Table 1 of ref. 1 contains a large number of 
results of such calculations for axial complexes of 
Co(I1) wlth porphq~ Ins and phthalocYan;nes. our 
values are withln the range of values given there 
I t  was found (1) that In the lailge c ,  < 0.05 :t was 
necessary to take A > 0 and A, < 0 111 older to 
obtaln P in the expected range, this choice of 
signs was also used h e ~ e .  

The CoTAAB(hO,), forms t h e e  types of 
complexes uith the solvents investigated here In  
acetone, methanol, and dlmethqlformam~de the 
ground state is a doublet In plper~dine, where 
two solvent molecules are attached to the pianal 
CoTAABZ', there is ob~iously  a lox&-lqing 
S = 312 state, v~hrch 1s partiall) populated. i t  1s 

the species in piperidine is indeed a reversibly 
formed complex and not a product of some 
irreversible chemical change is manifested by 
retrieving the acetone-complex on redissolving in 
acetone the residue left after evaporating the 
piperidine from its solution. The pyridine- 
complex, which is formed with one solvent 
molecule is apparently an  intermediate case be- 
tween the acetone-tlpe complex and the piperi- 
dine-type one. The low-lying quartet state is 
closer to the S = 112 ground state than in the 
acetone complex but still farther than in the 
piperidine case so that esr spectra (with different 
magnetic parameters) could be observed. 
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Excess volumes of an alcohol + methylethylketone 
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KALLURU S. REDDY and PULIGUNDLA R. NAIDU. Can. J. Chem. 55.76 (1977). 
Excess volume data for mixtures of 1-propanol, 1-butanol, 1-pentanol, and 1-hexanol with 

methylethylketone were determined at  303.15 and 313.15 K .  These volumes are negative with 
1-propanol and increasingly positive with the higher homologs, suggesting that the structure- 
making effect of the ketone outweighs the structure-breaking effect in the first mixture of the 
series while the structure-breaking effect dominates in the other three mixtures. Further, the 
temperature coefficient of V E  was found to be positive in all four mixtures. 

KALLURU S. REDDY et PULIGUNDLA R. NAIDU. Can. J. Chem. 55,76 (1977). 
On a determine, a 303.15 et a 31 3.15 K ,  les donnees concernant les volumes d'exces pour des 

n~ilanges de propanol-1, de butanol-1, de pentanol-1 et d'hexanol-1 avec la butanone-2. Ces 
volumes qui sont negatifs avec le propanol-1 augmentent d'une f a ~ o n  algebrique lorsque I'on 
passe aux homologues superieurs; ces resultats suggerent que I'effet de formation de structure 
de la cetone contrebalance l'effet de brisure de structure dans le premier melange dela striealors 
que l'effet de brisure de structure domine dans les trois autres melanges. De plus on a trouve que 
le coefficient de temperature de V E  est positif dans les quatre melanges. 

[Traduit par le journal] 

Introduction 313.1 5 K are presented in Figs. 1 to 4. These 

These n~easurements were made as part of a may be expressed by an em~erical  equa- 

study of excess volumes of alcohol solutions tion the form 
containing a ketone as a common component (1). V E  
The systems studied include: 1-propanol, 1 -  X,X, cm3 mol-I = a, + a,(X, - X,) 
butanol, 1-pentanol, and I-hexanol with methyl- 
ethylketone. An attempt has been made to inter- + a,(X* - X d 2  

pret the results on the basis of structure-breaking The values of a,, a,, and a, obtained by method 
and structure-making effects of the common of least-squares are given in Table 1 along with 
solvent, methylethylketone. the standard deviation o(vE). 

Experimental 
The dilatometer used for measuring excess volumes was 

similar to that described by Rao and Naidu (2). The 
mixing cell contained two bulbs of two different capacities 
and were connected through a U-tube having mercury to 
separate the two components. One end of the bulb was 
fitted with a capillary (1 rnm id) and the other end of the 
second bulb was fixed with ground glass stopper. The V E  
values were accurate to i 0.003 cm3 mol-'. 

The alcohols were purified by the method described by 
Rao and Naidu (2). Methylethylketone was dried over 
potassiunl carbonate for 3 days, then boiled for 2 h and 
distilled (3). The purity of methylethylketone was checked 
by comparing the values of density p with that reported 
in the literature p303.15 = 0.79443 g ~ m - ~  (lit. (4) 0.79452 
g ~ m - ~ ) .  

Results 

Discussion 
The values of V E  are negative for the mixture 

I-propanol and methylethylketone at  303.15 and 
313.15 K. The negative values for V E  suggest 

Excess volume data1 determined at 303.15 and 
01 0 2  0 3  0 4  0 5  0 6  0 . 7  0 8  0 9  I 

'Camplete set of actual experimental data is available MOLEFRACTION OF METHYLETHYLKETONE 

upon request, at  a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council FIG. 1. Plot of V E  as a function of composition for 
of Canada, Ottawa, Canada KIA OS2. methylethylketone and 1-propanol system. 
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REDDY AND NAIDU 

TABLE 1. Standard deviation o ( V E )  and values of the constants in eq. 1 

Temperature o ( V E )  
System (K) uo al a2 (cm3 mol-I) 

Methylethylketone + 1-propanol 
Methylethylketone + I-butanol 
Methylethylketone + I-pentanol 
Methylethylketone + 1-hexanol 
Methylethylketone + I-propanol 
Methylethylketone + 1-butanol 
Methylethylketone + I-pentanol 
Methylethylketone + I-hexanol 

M O L E  FRACTION OF M E T H Y L E T H Y L K E T O N E  

FIG. 2. Plot of VE as a function of composition for 
methylethylketone and 1-butanol system. 

MOLE FRACTION OFMETHYLETHYLKETONE 

FIG. 3. Plot of Y E  as a function of composition for 
methylethylketone and I-pentanol system. 

that the structure-making effect, hydrogen bond 
formation between the components, outweighs 
the structure-breaking effect. vE is positive for 
the mixtures of 1-butanol, I-pentanol, and 1- 
hexanol with methylethylketone at  303.15 and 

FIG. 4. Plot of Y E  as a function of composition for 
methylethylketone and 1-hexanol system. 

3 13.15 K. In these systems the structure-breaking 
effect is dominant over structure-making effect. 

The algebraic values of vE of the four systems 
fall in the order: 

This order is similar to that observed in the 
earlier work (I).  This shows that the individual 
alcohol behaves in the same way towards the 
two ketones. 

Finally, a comparison between vE values de- 
termined at  303.15 and 313.15 K shows that VE 
becomes more positive with increase in tempera- 
ture in the four mixtures. 

1. K .  S .  REDDY, M. V. P. RAO, and P. R. NAIDU. Can. J. 
Chen~.  54.2676 ( 1976) 

2. M.  V .  P. RAO and P. R. NAIDU.  Can. J .  Chem. 52,788 
(1974). 

3. P. R. NAIDU. Aust. J .  Chem. 23.967 (1970). 
4.  J .  TIMMERMANS. Physico-chemical constants of pure 

organic compounds. Elsevier Publishing Co.. 
Amsterdam. 1950. 
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Pulsed nuclear magnetic resonance study of deuteron lineshapes 
in clathrate hydrates1 

JOHN A.  RIPMEESTER 
Dii,isiorz c?f'Clzernisri~~. Nntiorlcrl Re~eiirclz Co~(rlci1 qf'Cni~ndci, Otrai~,n, O I I ~ . ,  Cnrz(idn KIA  OR9 

Received June 28. 1976 

JOHN A. RIPMEESTER. Can. J. Chem. 55,78 (1977). 
D nmr lineshape information was obtained from the echo response following a pair of phase 

shifted pulses using a method first proposed by Clark. In this manner the D quadrupole 
coupling constant and asymmetry parameter for D 2 0  in p-dioxane.l7D2O were found to be 
217 kHz and 0.10 at 63 K.  The D nmr lineshape for ethylene oxide-d4.7H,0 shows that at  17 K 
the guest molecules are held rigidly in their cages. At higher temperatures the doublet lineshape 
collapses to a broad structureless line characteristic of molecules for which the reorientational 
modes vary from cage to cage. 

JOHN A. RIPMEESTER. Can. J. Chem. 55, 78 (1977). 
On a obtenu de l'information sur les formes des lignes de D rmn a partir de la reponse Ccho 

qui peut etre derivee en une paire de pulsations dCplacCes en phase et utilisant une methode qui 
avait etC developpte originalement par Clark. On a trouve, de cette maniere, que la constante 
de couplage quadrupolaire D et que le parametre d'asymetrie du D20  dans le complexe 
p-dioxanne.17D20 sont de 217 kHz et de 0.10 a 63 K .  La forme des lignes D rmn de l'oxyde 
d'ethylene d4.7H20 lnontre qu'a 17 K, les molecules hates sont tenues rigidement dans leurs 
cages. A des temperatures plus tlevees la forme des lignes du doublet disparait et devient une 
ligne large sans structure, caractiristique de molCcules pour lesquelles des modes de reorienta- 
tion varient d'une cage a l'autre 

[Traduit par le journal] 

Introduction Theory 
In the study of clathrate hydrates, selective The quadrupolar Hamiltonian in a coordinate 

deuteration of either guest or host molecules has frame rotating at  the Larmor frequency o can 
been used extensively to separate the respective be written as (4) 
contributions to the 'H nmr spectrum (1). Rela- 
tively little use has been made of D nmr line- [I1 2 = Aotil, + ah1; 

shape information, presumably because of ex- where A. = w, - and 
perimental difficulties in recording the weak, very 
broad D nmr spectral lines. 3eQ Vzz  

In this publication it is shown that a method ah = 
41(21 - 3 )  

first suggested by Clark (2), in which the reso- 
nance line is swept while the free induction decay where Q is the nuclear quadrupole moment and 
(FID) is integrated, can also be applied to very Vzz is the electric field gradient in the direction of 
wide D nmr powder spectra. For such lines, the external magnetic field. The response of the 
which can be -300 kHz wide, the FID decays in spin system to sf pulses can be obtained from (3) 
a time of the same order as the instrument 
recovery time, and the lineshape can be obtained [21 S( t )  = Tr [p ( t ) l+  J 

integrating the echo response the where p(t) is the density matrix in the rotating 
system to a pair of phase shifted pulses as the and I +  = 1, + i l y .  ~h~ equilibrium 
magnetic field is swept. density matrix in the high temperature, high 

In the sections the principle of the field approximation is proportional to I=, and 
method is described, some experimental details becomes after rotation by a sufficiently intense 
are given, and results of the technique as goo pulse about the rotating frame x axis. After a 
to two clathrate hydrate systems are discussed. second pulse of length = elyHl, where N, is 

INRCC No. 15567. Presented at the 58th Annual the rf field strength, and shifted in phase with 
Meeting of the Chemical Institute of Canada, Toronto, respect to the first by an angle 4 at time T, the 
Ontario, 1975. spin system response can be found from 
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RIPMEESTER 79 

[3]  S ( f )  = Tr  {exp [(- i / h ) Z ( t  - T ) ] R  
x exp [(- i /h) .Xz] p(0) exp [ ( i / h ) f l ~ ] R -  ' 

x exp [(i/h)%(t -T ) ] I , )  
with 

R = exp (i$I,) exp ( - i01,) exp ( - i+Z,) 

For  I = 1, this expression can be evaluated to 
give 

[4]  S ( t )  = e-'" cos {Aw(t  - 2r)){F( t )  
x cos 0(1- cos 0)  - sin2 0F(r - 22)) 

+ cos Aor{cos 0(1 + cos 0)F( t )  
+ sin2 0F(t - 22)) 

Equation 4 is similar to the expression found 
by Metzger and Gaines (4) for the two pulse 
response of two half integral spins tightly 
coupled by the nuclear dipolar interaction. Here 
F ( t )  is the Fourier transform of the lineshape 
function 

f ( A o )  cos A o t  dAw 

F(t - 22), the echo response, consists of two 
FED'S back to back centred a t  t  = 22 if relaxa- 
tion effects are neglected. If both 4 and 0 for the 
second pulse are 90' 

If the spin echo signal is then integrated using 
the boxcar integrator, the boxcar response will be 

X (COS Ao( t  - 2~) + COS A o t }  dt 

HereK is a constant to take into account the gain 
of the integrator. If the entire spin echo is inte- 
grated, the limits of integration r' and f" can be 
expanded to - x and + x, respectively. On 
expanding expression 7 one gets 

[8] V ( A o )  = K(1 + cos 2Awt)  

x J-4 f i t  - 22) cos A o i  dt 

It can be seen that the boxcar response is pro- 
portional to the absorption line intensity at  Aw. 
The entire absorption line shape can therefore be 
obtained by ploiting V(Ao j  as do is swept 
through resonance. According to eqs. 6 and 8 
both the spin echo amplitude and the boxcar 
response are modulated. Often, by judicious 

choice of the pulse spacing r ,  the modulating 
cos 2Aoz term can be made to vary with A o  
much more rapidly than the spin echo fine 
structure information, and the modulated ab- 
sorption line shape envelope can still provide 
lineshape information. 

Time averaging can be used to good advantage 
to remove the modulation. Instead of averaging 
successive scans, the usual time averaging tech- 
nique, the resonance line is scanned only once 
and m successive boxcar output signals are 
added. 

At constant sweep rate, the signal is sampled 
at  constant intervals of Am, say A'o .  The 
averaged signal will then be 

,ll 

[9] V(rnA1o)  = K C (1 + cos 2nA'o.r) 
n =  1 

If m and r are adjusted so that 2mAot  = n the 
cos 2 A w ~  modulation will be averaged out. 
Naturally the signal response will be averaged 
over the interval mA1w. 

Experimentali Methods 
Pulsed D nmr measurements were performed at  9.2 

MHz using a Bruker SXP spectrometer. D quadrupole 
echoes were generated using 90"-~-90",,~ pulse sequences. 
The HI. field a~llplitude was about 60 G, and the FID 
could be observed after a recovery time of 20-25 ys 
measured from the center of the rf pulse. The quadrupole 
echoes centred at  a time t = 27 were integrated  sing a 
Bruker B-KR Z15 pulse gated (boxcar) integrator. Time 
averaging was effected using a Digital Equipment Cor- 
poration PDP 8-L computer. 

The experimental conditions used to obtain each 
spectrum can be summarized by specifying z, the pulse 
spacing, At = t" - r ' ,  the integrator gate width, T,, the 
integrator time constant, m (eq. 9), the number of suc- 
cessive integrator responses added, IV,, the total number 
of points taken to define the spectrum and t ,  the total time 
taken to accumulate each spectrum. In addition, each 
spectrum could be subjected to one or more cycles of 
digital smoothing. 

The clathrate hydrate samples were the same as used 
in other studies ( 5 ,  6). 

Results and Discussion 
p-Dioxane forrus a clathrate hydrate in which 

the p-dioxane guest molecules occupy the large 
structure 11 cages (5 ) .  The water molecuies 
making up the clathrate cages form a fully 
hydrogen boi-ided network, with each water 
molecule bonded to four others (7). 

The right portion of Fig. la shows half of the 
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,*--\ ~ - D I O X A N E . ~ D ~ O /  ----- CALC. SPECTRA 

_*__----I 

FIG. 1. Experimental and calculated D nmr lineshapes 
for p-dioxane17D20 (see text). 

D nmr spectrum for p-dioxane.17D20 recorded 
a t  63 K. The total time taken to obtain the spec- 
trum was 30 min, with the other experimental 
paranleters as follows: N,  = 225, T = 220 ps, 
At = 300 ps, T, = 1 ms, m = 8. The spectrum 
is a typical spin 1 powder doublet with fine 
structure in the vicinity of the singularity due to 
a non-zero asymmetry parameter (8). This fine 
structure is illustrated in Fig. 16 where the 
spectral region near the singularity was recorded 
on an expanded scale. The recording time was 20 
min, with N,  = 100, m = 12, and the remaining 
parameters the same as for Fig. la. 

The dashed portions of Fig. 1 (a )  and (b) were 
calculated (8) using a quadrupole coupling con- 
stant of 217 kHz and an asymmetry parameter of 
0.10. Internuclear dipolar broadening was 
accounted for by folding the powder pattern with 
a Gaussian function using a broadening pa- 
rameter of 1.6 kHz. As structure I1 clathrate 
hydrates have three inequivalent sites for the 0 
atoms of the water moleculeg (3, the parameters 
characterizing the p-dioxane.17D20 spectrum 
must be average values. Not surprisingly, the D 
nmr parameters for the deuteriohydrate are 
nearly the same as those obtained for D 2 0  ice 
1, (9): for O D  bonds parallel to the c direction 
the quadrupole coupling constant and asym- 
metry parameter were 213.3 kHz and 0.100, and 
for the non-c bonds the values were 216.4 kHz 
and 0.100 (the last value assumed). 

t+----d 
100 kHz 

FIG. 2. D nrnr lineshapes obtained for ethylene 
oxide-d4.7H20 at various temperatures. 

Figure 2 shows a number of D spectra ob- 
tained for ethylene oxide-d,.7H20, a structure I 
clathrate hydrate (1 0). From the exact composi- 
tion of the hydrate, E0.6.89H20 (1 l), about 90% 
of the EO molecules are in the large structure I 
cage, the remainder in the smaller cage (12). 

The 17.3 K spectrum is again a typical powder 
doublet from which a quadrupole coupling con- 
stant of 163 kHz for the deuterons in EO-d4 can 
be derived. The total accumulation time for this 
spectrum was 50 min with the other experimental 
parameters N, = 200, T = 220 ps, At = 300 ps, 
T, - 1 ms, 172 = 30. The other spectra were 
obtained under identical conditions but in a 
much shorter time, 10 min. The doublet struc- 
ture can be seen to collapse with rise of tempera- 
ture from 17.3 to 40 K, the spectrum at the 
highest temperature being a broad featureless 
line. This disappearance of fine structure cor- 
responds to the onset of slow guest molecule 
reorientations which were also observed ill this 
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RIPMEESTER 81 

temperature range by dielectric and CWIH nmr 
methods (13). The width and shape of the D nmr 
line at 66.3 K indicate that the EO molecules 
reorient about axes which vary from cage to 
cage, and that, in general, the motions are not 
random. 

The lineshapes presented here illustrate the 
relative ease with which D nmr spectra may be 
recorded using a pulsed nmr spectrometer, even 
for very wide powder spectra. It should be 
possible to obtain good results with this tech- 
nique provided that T,  is constant for all com- 
ponents of the spectrum so that the degree of 
refocusing is the same for all the spins. 
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Reactions of dicarbonyl compounds with p-ketoglutaric acid: synthesis 
of 4-hydroxy-3,4-diphenylcyclopent-2-enone-2-carboxylic acid 

JAMES OEHLDRICH A K D  JAMES M.  COOK 
Depnrtnlcrit yf C'/1rrnistry, Unii.er.sity c?f'Wiscor~sir!-Mih'n~tker, ~Zrlili\~cirrkee. WI ,  U.S.A. 53201 

Received August 3. 1976 

JAMES OEHLDRICH and JAMES M. COOK. Can. J. Chem. 55, 82 (1977). 
Reaction of (3-ketoglutaric acid with benzil in ethanolic KOH furnished the 1 : 1 adduct 7. 

Hydrolysis and partial decarboxylation gave the monoacid 8, the structure of which was 
erroneously reported to be 5 in the earlier literature. 

JAMES OEHLDRICH et JAMES M. COOK. Can. J. Chem. 55, 82 (1977). 
La reaction de l'acide (3-cetoglutarique avec le benzile en prCsence de KOH en milieu Cthano- 

lique conduit a l'adduit 1 : 1, 7. L'hydrolyse et la decarboxylation partielle conduisent au mono- 
acide 8;  il avait ete rapporte par erreur dans une reference anterieure que cet acide avait la 
structure 5. 

[Traduit par le journal] 

In 1968 Weiss and Edwards (1) reported that 
reaction of aliphatic or alicyclic 1,2-dicarbonyl 
compounds with dimethyl P-ketoglutarate pro- 
vided 1 : 2  adducts of the type represented by 
tetramethyl bicyclo[3.3.0]octane-3,7-dione-2,4,- 
6,8-tetracarboxylate 1. We have investigated the 
analogous reaction of dimethyl-P-ketoglutarate 
with aromatic r-diketones. This procedure 
yielded 1 : 1 adducts (2-4) of type 2 instead of 
con~pounds having the 1 : 2 stoichiometry ob- 
served in aliphatic or alicyclic cases (1, 2). This 
reaction of aromatic cy-diketones has been ex- 
tended to phenanthrenequinone which also gave 
adducts of 1 : I stoichiometry (5) .  

In the course of this work we have had occa- 
sion to reexamine the reaction of benzil 3 with 
P-ketoglutaric acid 4, which was first carried out 
by Japp and Lander (6). These authors reported 
that this condensation furnished a 1 : 1 adduct, 
which was formulated as 5 because of its con- 
version to the monoketone 6 by treatment with 
hydroiodic acid. The monoketone 6 had been 
prepared by another route (7). 

In our laboratory, benzil 3 was stirred with 
P-ketoglutaric acid 4 in alcoholic potassium 
hydroxide under the conditions reported by Japp 
and Lander (6). Upon acidification of the potas- 
sium salt isolated from this reaction, followed by 

treatment with ethanol to remove excess benzil, 
a new compound (mp 248-250 "C)  was obtained 
which appeared to be the diacid 7 (C,,H,,O,). 
Esterification of this substance with methanolic 

hydrogen chloride furnished dimethyl-4-hydroxy- 
3,4-diphenylcyclopent-2-enone-2,s-dicarboxylate 
2, identical in all respects with an authentic 
sample prepared by the procedure outlined in 
refs. 2,  3, and 4. 

Decarboxylation of the diacid 7 in hot glacial 
acetic acid provided the lnonoacid 8 (mp 167- 
168 'C): the structure of which was incorrectly 
reported to be 5 by Japp and Lander (6). The 
nmr spectrum of this acid did not contain a signal 
in the vinyl region: this observation suggested 
structure 8 for this compound. This was con- 
firmed by the appearance of two overlapping 
singlets (representing two protons) at  6 2.99 and 
3.01 in the spectrum, which are clearly due to the 
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OEHLDRICH AND COOK 

methylene protons of the tnonoacid 8 This s~gnal  
for a-methylerle protons IS not poss~ble for the 
structule 5 reported In 1897 by Japp The elec- 
tron  nipa act mass spectra of the diacid 4 and the 
monoacid 8 are very s ~ m ~ l a r ,  a fact whlch ~ n d t -  
cates that thermal decatboxylat~on of 7 to 8 
occurs readllp, as would be ant~cipated. Esten- 
fication of the monoacid in niethanolic hydrogen 
chloride gave the ester 9 (142-144'C) in 9 2 x  
yield. The nmr spectrum of this ester also con- 
tained a signal for- the rx-methylene protons 
(6 2.97). We would therefore like to propose 
structure 8 for the monoacid instead of structure 
5 reported earlier (6) for t h ~ s  compound. 

j3-Keto acids are quite difficult to isolate in 
good yield; however. presumably the strain 
which occurs when '7 is decarboxylated through 
the high energy cyclopentadiene intermediate 
precludes facile decarboxylation and allows iso- 
lation of this diacid. 

Experimental 
Microanalyses were performed (UWM) on an F & M 

Scientific Corporation Carbon, Hydrogen, Nitrogen 
Ana!yzer model 185. Melting points were taken on a 
Thomas Hoover apparatus and are uncorrected. Nuclear 
magnetic resonance spectra were recorded on Varian 
T-60 and HA-100 spectrometers. Infrared spectra were 
taken on a Beckman Acculab-1 instrument; ultraviolet 
spectra were recorded on a Cary 17 spectrophotometer 
and mass spectra were taken on a Finnigan 1015 or AEI 
MS902 instrument. 

Analytical tlc plates used were E. Merck-Brinkmann uv 
active silica gel on plastic. The spray reagent was com- 

posed of 2,4-dinitrophenylhydrazine, ethanol, and sul- 
furic acid. The citrate-phosphate buffer (pH6.8) was pre- 
pared by dissolving Na2HP04.7HZ0 (1 1.67 g )  and citric 
acid (3.68 g) in water (900.00 ml). 

3-Hydrosj~-3,4-dipl1enylcyclopeilt-2-eno~1e-2,5-dicni~boxylic 
Acid, 7 

Benzil (1 1.5 g, 0.05 mol) and 3-ketoglutaric acid (7.5 g, 
0.05 mol) were dissolved in a small amount of warm 
ethanol. A prefiltered solution of potassium hydroxide 
(8.5 g, 0.15 mol), water (10 ml), and ethanoi (50 ml) was 
added. The mixture was stirred for 1 h after which time a 
white solid precipitated. The precipitate was filtered and 
washed with a small amount of ethanol; the crystals were 
then dissolved in the smallest amount of water possible 
and the resulting so!ution was acidified to p H  1 with 6 IM 
H,SO,. White crystals (11.5 g, 68%) formed and were 
filtered from the solution, washed with water, and dried 
irz ~.acsio: mp 248-250cC with decomposition; ir (KBr) 
3300 (br OH), 1727 (C=O), and 1673 cm- '  (enol form of 
B-keto acid); nmr (DMSO-d,) 6 2.74 (IH, s), 7.60 (ION, 
m); mass spectrum n2'e 294(25), 277(19), 276(87), 250(20), 
234(54); 232(28), 220(20), 208(20), 206(21), 205(33), 
203(29), 202(25), 191(22), 278(33), 249(20), 131(21), 
129(39), 106(43), 105(100), 103(25), 102(46), 101(25), 
91(54), 89(21), 78(41), 77(100), 76(31). (Molecular ion not 
observed, IM+ - CO, was found.) Al~rl .  calcd. for 
C19H,406.3HZO: C 58.16, H 5.14; found: C 58.38, 
H 5.03. 

Dirnefhyl 4-Nydi.oxy-3,4-diplzenylcyclope~zt-2-enone- 
2,5-dicarboxylate, 2 

The diacid 7 (0.5 g, 1.48 rnmol) was dissolved in nieth- 
anolic hydrogen chloride (20 ml). This solution was stirred 
for 24 h and the solvent was then evaporated under re- 
duced pressure. The crystals (0.51 g, 94%) were recrystal- 
lized from benzene: mp 138-140 "C, ir (KBr) 3480 (OH) 
and 1745 cm-'  (ester C=O), M +  at n~/e 366; nmr iden- 
tical with that reported by White (46). Anal. calcd. for 
C21H1800:  C 68.85, H 4.95; found: C 69.00, H 5.06. 
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84 CAN. J .  CHEM. 

4-Hydroxy-3,4-dighenylcyclopent-2-enone-2-carbosylic 
Acid, 8 

The diacid 7 (0.50 g, 1.48 mmol) was dissolved in hot 
glacial acetic acid and diluted with enough hot water to 
cause the solution to become turbid. This mixture was 
allowed to cool to room temperature and crystallize. The 
crystals (0.31 g, 71%) were recrystallized from benzene; 
mp 167-168 'C, ir (KBr) 3400 (OH), 1685 (acid C=O), 
and 1675 cm-' (en01 form of P-keto acid), nmr (acetone- 
cis) 6 2.99, 3.01 (2H, overlapping signal, methylene pro- 
tons) 5.78 (lH, s, OH,  D,O exchangeable), 7.25 (IOH, m, 
aryl protons); mass spectrum n ~ / e  294(36), 277(25), 
276(97), 234(63), 232(27), 206(29), 205(37), 203(27), 
202(21), 191(21), 178(30), 129(38), 105(100), 103(30), 
91(44), 78(40), 77(96), 76(21). Anal. calcd. for C18H1404: 
C73.46,H4.79;fo~1nd:C73.17,H4.56. 

Methyl 4-Hydro.~y-3,4-d~I1en~~lcyrIopent-2-enone- 
2-carbosylate, 9 

The monoacid 8 (0.25 g, 0.85 mmol) was placed in 
methanolic hydrogen chloride (10 ml) and stirred for 24 h.  
The solvent was then evaporated under reduced pressure. 
The crystals (0.24 g, 92x)  were recrystallized from 
methanol: mp 142-144'C, ir (CHCI,) 3600 (OH) and 

1735 cm-' (ester C=O); nmr (CDC1,) 6 2.97 (2H, s, 
methylene protons), 3.66 (3H, s, OCH,), 3.85 (1H, s, 
OH, D,O exchangeable), 7.20 (10H, m, aryl protons). 
Anal. calcd. for Cl,Hl,04: C 74.01, H 5.23; found: 
C 73.92, H 4.98. 

1 .  U.  WEISS and J .  M. EDWARDS. Tetrahedron Lett. 
4885 (1968). 

2.  D. YANG and J .  M. COOK. J .  Org. Chem. 41, 1903 
(1976). 

3. R. C.  C o o ~ s o x ,  J .  B.  HENSI  OCK. J .  HUDEC. and B.  R.  
D. WHITEAR. J. Chem. Soc. (C). 1986 (1967). 

4. (a) B. EISTERT and A. J .  TOMMEN. Chem. Ber. 104, 
3048 (1971); ( b )  D. M. WHITE. J .  Org. Chem. 39, 1951 
(1974). 

5. D. Y ~ s G .  J .  OEHLDRICH. and J. M. COOK. Presented 
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The reaction of diphenylethylenes with boron trifluoride 
and water1 

STANLEY BYWATER A N D  DENIS J.  WORSFOLD 
Chetnlstt? DIL IsIon, Nnr~onnl R e ~ e a r t h  Co~tnc 11 of Cnrlndo Ottnir a,  Canudrr K I A  OR9 

Rece~ved July 9, 1976 

STANLEY BYWATER and DENIS J. WORSFOLD. Can. J. Chem. 55, 85 (1977) 
The concentrations have been measured of carbenium ions formed when diphenylethylene 

and diphenylpropene react with boron trifluoride and water in methylene chloride solution. 
With both these olefins it appeared necessary that two boron trifluoride molecules should be 
present for every water molecule to form the carbenium ion. Also the ionic species formed 
showed a very high degree of ionic dissociation. Diphenylethylene rapidly formed the cyclized 
dimer, and as a side reaction formed some triphenylmethylcarbenium ions. The diphenylpro- 
pene gave a diphenylcarbenium ion that appeared stable, but the accompanying anion was 
thought to be unstable and rearranged to a more stable form which disrupted the dependences 
on the concentrations of original reactants. 

STAXLEY BYWATER et DENIS J .  WORSFOLD. Can. J. Chem. 55, 85 (1977) 
On a mesure les concentrations d'ions carbenium qui sont form& lorsque le diphCnplethylene 

et le diphenylpropene reagissent avec le trifluorure de bore et l'eau en solution dans le chlorure 
de methylene. Avec ces deux olefines, il semble necessaire que deux molecules de trifluorure de 
bore soient prtsentes pour chaque molecule d'eau si l'on veut former un ion carbdnium. De 
plus les especes ioniques formees presentent un tres haut degre de dissociation ionique. Le 
diphCnylCthylene forme rapidement un dimere cyclique et une reaction secondaire forme aussi 
des ions triphCnylmCthylcarbCnium. Le diphenylpropene conduit a I'ion diphenylcarbenium 
qui semble stable mais il nous est apparu que I'anion qui l'accompagne est instable et qu'il 
se rearrange pour donner une forme plus stable; ce rearrangement brise la dependance sur les 
concentrations des rCactifs originaux. 

[Traduit par le journal] 

1,l-Diphenylethylene (DPE) has been used by 
several authors in model systems of cationic 
polymerization. Its basic reactions in these 
systems parallel those found with other mono- 
mers, but with the simplifying factor that only a 
reversible dimerization occurs. Evans et al. (1-3) 
studied principally the kinetics of these systems 
in benzene, whereas Sigwalt and co-workers (4, 
5) took advantage of the relatively high concen- 
trations of the diphenylcarbenium ion formed in 
methylene chloride solution to make a spectro- 
scopic study of the active centres. The uv spectra 
obtained at low temperatures were complex, 
and three forms of active centre were suggested. 

An attempt has been made here to use this 
system to describe the behaviour of boron 
trifluoride and water as a catalyst-cocatalyst 
system in the initiation reaction of cationic 
polymerizations of olefins by spectroscopic 
measurements of the carbenium ion concentra- 
tion. Because of the activity of this catalyst, 
however, the subsequent cyclization reaction 
found for this monomer complicates the system. 

Some work has also been done using 1,l-di- 
phenylpropene (DPP) for which the reaction 
goes no further than the initiation reaction, sub- 
sequent dimerization or cyclization is negligible. 

Experimental 
All reactions were done in all-glass appartus, with 

break seals separating reactants, and glass covered 
breakers. The reaction vessel contained 1 cm quartz uv 
cells with removable 9 mm quartz blocks to convert them 
at will to 1 mm cells. All manipulations were made under 
a vacuum of P. The monomers were treated with 
butyl lithium. The solvent was methylene chloride, dried 
over calcium hydride after treatment with sulphuric acid 
and fractional distillation. 

No  attempt was made to have rigorously dry systems 
as water was added to most reactions. The residual water 
in the DPE systems was estimated to be less than M 
as judged from spectra observed in systems where no 
water was added and the intercept on the abscissa of Fig. 
3. Then solid DPP was more difficult to dry, and the resi- 
dual water level appeared somewhat higher. 

All reactions were carried out at  20 "C, unless other- 
wise stated. Concentrations of ions in methylene chloride 
solution were determined from the optical spectra at  
A,,, = 436 nm for DPE and 438 nm for DPP, using 
extinction coefficients of 35 000 as determined from 

'NRCC No. 15585. 
H,S04 solutions. Values of extinction coefficients be- 
tween 35 000 and 39 000 are reported in the literature for 
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DPE, The absorption of DPP dissolved in H2SO4 was 
very similar to that of DPE in the same solvent having 
maxima at  319 and 434 nm attributable to the diphenyl- 
ethylcarbeniun~ ion. The maxinla were displaced slightly 
in methylene chloride under our reactlon conditions. 

Results and Discussion 
When DPE is added to a solution of BF, in 

methylene chloride in the presence of small 
amounts of water a t  20 ' C ,  the characteristic uv 
spectrum of the diphenylcarbenium ion is ob- 
served, although the shorter wavelength band is 
obscured by excess DPE. If lower temperatures 
are used, however, the spectrum is complicated 
by auxilliary peaks which were attributed by 
Sigwalt and co-workers ( 5 )  to complexes between 
DPE and the ions. To  avoid this complication 
measurements were confined to 20 "C.  

At 20 "C,  however, due to the great reactivity 
of this Friedel-Crafts catalyst the presence of the 
final product of the reaction, the cyclic dimer 
(3-methyl- 1,1,3-triphenylindane), leads to the 
formation of some triphenylcarbenium ions. 
This reaction has been noted previously with 
perchloric acid catalysis (6). Hence, very soon 
after the start of the reaction, the uv spectrum 
of the diphenylcarbenium ion is replaced slowly 
by that of the triphenylcarbenium ion. It is, 
howeber, possible by measuring a series of spec- 
tra to extrapolate back to zero time to get the 
initial diphenylcarbenium ion spectrum (Fig. 1). 
111 Fig. 2 is plotted the disappearance of the 
monomer in a typical experiment, measured by 
vpc, together with the concentrations of the 
diphenyl- and triphenylcarbenium ions. The sole 
product found was the cyclic dimer, identified by 
vpc and tlc by coinparison with an  authentic 
sample. The product which produced the spec- 
trum characteristic of triarylcarbenium ions 
could not be isolated or identified because of its 
very low concentration. 

Difficulty was found in establishing proper 
equilibrium between BF, in the vapour phase 
and that in solution in the 1 lnm optical cell, 
particularly as the initial stages of the reaction 
were iruportant. This led to undesirable irre- 
producibility of the results. From the optical 
density a t  zero time it was possible to calculate 
the concentration of carbeniuin ions as a func- 
tion of concentration of BF,, M,O, and DPE. At 
a fixed concentration of the BF, and DPE, the 
concentration of the carbenium ion was found to 
increase as the water concentration was increased 
to a maximum near a 2 :  1 ratio of BF,-H,O and 

FIG. 1. Spectra of reaction mixture at times, from 
bottom to top, 1.5, 6, 20, 60 and 105 mi11 from start of 
reaction. Reaction condit~ons [BF,], = 2.56 x IM, 
[H2OIo = 4.42 x lo-" IM, [DPE], = 2.84 x M, 
20 C, methylene chloride solution. 

FIG. 2. Changes of concentration with tiiiic of DPE 
(O), diphenylcarbeni~~m ion ( x ) and, triphenylcarbe- 
niuni ion (f ). Reaction conditions as in Fig. 1. 

then to decrease (Fig. 3). If the BF, concentra- 
tion was varied, a non-linear relationship was 
found as in Fig. 4 with very low ion concentra- 
tions formed when the BF, concentration was 
less than that of the water. The dependence on 
the DPE concentration was quite small under the 
conditions chosen, a forty-fold increase in 
[DPE], caused only a four-fold increase in car- 
beniurn ion concentration. 

At 20 "C the concentration of carbenium ions 
was srnall colnpared with the water concentration 
if the BF, was in excess. Initiation of the re- 
action at  - 30 'C led to much higher carbenium 
ion concentrations but the spectrum at  this 
temperature showed the extra absorption band 
at  520 nm described by Sigwalt and co-workers 
(4). On cooling of these solutions to - 70 "C,  the 
total absorption increased, corresponding to a 
carbenium ion concentration approaching that 
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BYWATER AND WORSFOLD 87 

FIG. 3. Initial concentrations of diphenylcarbeniurn 
ions formed in reaction of DPE with BF3 at varying 
added H,O concentrations. [DPE], = 2.84 x lo-' M, 
[BF,], = 2.56 x M, 20°C. 

FIG. 4. Initial concentrations of diphenylcarbenium 
ions formed in reaction of DPE with H,O and varying 
BF, concentrations. [DPEIo = 2.84 x lo-' M, [H,O], 
= 8.3 x M, 20 =c. 

of the added water. Subsequent warming of the 
solutions to 0 "C and then to 20 "C caused a 
reduction in ion concentration; disappearance 
of the 520 nm band and finally spectral evolution 
of the type shown in Fig. 1. Despite the compli- 
cations at low and high temperatures, the large 
differences in absorption at different tempera- 
tures suggest a temperature dependent equili- 
brium between BF,, H20 ,  DPE, and carbenium 
ions. At 20 "C carbenium ion formation was un- 
favoured, and the concentration of ions was in 

the range 10-s-10-4 M. Sf the dissociation con- 
stant of the carbenium salt was similar to that of 
triphenylcarbenium salts in solvents with dielec- 
tric constant comparable to that of methylene 
chloride, i.e., in the region KD = 2 x M 
(7), a concentration of salt of 5 x 10-' M would 
be 80% dissociated into free ions. 

Boron trifluoride as a catalyst has been studied 
extensively by Eastham and co-workers (8-10). 
In the system BF,/H,O, it was shown that the 
presence of both BF,.H20 and excess BF, was 
necessary for catalytic activity to be evident. Sf it 
is assumed that the catalytic activity is reflected 
be the concentration of carbenium ions, the 
depelldence of the carbeniurn ion concentration 
on H 2 0  and BF, shown in this study is in agree- 
ment with that found by Eastham. Negligible 
concentrations of carbenium ions would be 
expected until appreciable amounts of free BF, 
are present in solution. This condition requires 
[BF,], 3 [H,O], where the subscript zero refers 
to added concentrations. In this range the con- 
centration of BF,.2H20 can be neglected with 
respect to the concentrations of BF, and 
BF,.H20 according to the measurements of 
Clayton and Eastham (9). 

The overall equation describing this scheme is 

where M = DPE, Rt = the carbenium ion, and 
A- the corresponding anion. Because of the 
high degree of ionic dissociation and the com- 
paratively small concentration of carbenium ion, 
the carbenium ion concentration would be 
approximately governed by the equation 

when [BF,], >> [H20],, a is the fraction of the 
total free BF, that is in solutlon and in equili- 
brium with that in the vapour phase. The above 
equatlon predicts a maximum concentration of 
carbenium ions will occur when [BE,], = 
2[H20],. It will become increasingly inaccurate 
as [H20], approaches [BF,l, due to the neglect 
of the presence of BF,.2H20. Overestimation of 
the carbenium ion concentration will result when 
[H20], is greater than about 75% of [BF,], (9). 

The dependence of [W-] on [MI should be a 
simple half power. The dependence found was 
lower than this which raises the possibility of 
preliminary complexing between DPE and BF, 
or BF,.H,O. Total coinplexing would give zero 
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order in [MI under the present conditions where 
DPE is in large excess. This is not the case and so 
an  equilibrium would have to exist. Complexes 
between other Friedel-Crafts reagents and aro- 
matic hydrocarbons have been demonstrated, 
also between BF, and olefins a t  low tempera- 
tures (1 1, 12). 

Neglecting this deviation, the term aK has been 
calculated from the data obtained and was found 
to  be a constant with a fairly large random error, 
aK = 0.245 + 0.087. The value of a is not 
known but from results of Clayton and Eastham 
(9) must be about 0.3 for the reaction vessels 
used. 

A similar study was made using DPP as the 
monomer at 20 "C. It is reasonable to assume 
that the extra species formed with DPE leading 
to new spectral bands are associated with the 
presence in this system of the dimer cation. A 
monomer which would only form monomer 
cations might therefore show simpler behaviour. 
N o  dimerization could, in fact, be detected with 
DPP by tlc, and glc indicated less than 1% in 24 
h. Only the main absorption band at 438 nm 
corresponding to the diphenylethylcarbenium 
ion was observed. Several days elapsed before 
noticeable changes in peak shape became 
apparent. It was also found that on lowering the 
temperature of the reaction mixture, although 
there was a great increase in optical density, the 
shape of the absorption band remained un- 
changed. Conversely, on re-warming the solu- 
tion, the absorption decreased markedly. N o  
longer wavelength band appeared a t  low tem- 
peratures as it did with DPE. 

The concentration of ions formed was con- 
siderably lower with DPP than with DPE. In 
contrast with the DPE system, a 1 cm cell could 
be used to measure the absorption, and a cell was 
constructed incorporating a stirrer that circula- 
ted the solvent through the cell to improve the 
equilibrium between the liquid and vapour 
phases. Several additions of BF, were made to 
each reaction mixture of given water concentra- 
tion. 

It was found, as with DPE, that when the 
concentration of BF, was less than that of the 
water, little or no carbenium ion was formed. 
When a small excess of BF, was added, the 
absorption appeared instantly, but would then 
decrease with a half life time of about 10 min. 
The final value was the measured value. On add- 

ing more BF, a point would come when there 
was no  decrease with time, and the absorption 
remained constant for this BF, concentration. 
The reaction mixture also became a little cloudy, 
particularly on standing, although it would tend 
to clear a t  higher BF, : H 2 0  ratios. 

The equilibrium carbenium ion concentration 
was measured as a function of the concentration 
of reactants. Although the results were in some 
ways similar to those found for DPE, there were 
some marked differences. Once again, for a 
fixed [BF,],, [R'] went through a maximum 
with increasing water concentration (Fig. 5), but 
except at low [BF,],, this maximum did not 
correspond to  [BF,], = 2[H,O],. The depen- 
dence on [DPP], was far closer to a half power 
than for DPE. In addition it was not found 
possible to fit the results to the equation which 
was satisfactory for the DPE results. There were 
gross systematic variations in the constants aK 
found. Empirically a better constant was found 
by substituting the term ([BF,], - [H,O]) in 
the equation for [R'] by ([BF,], - 2[H20],). I t  
should be noted that with DPE the diphenyl- 
methylcarbenium ion concentrations had to be 
found by extrapolation to zero time. On the 
other hand, in the DPP experiments it was 
possible to allow sufficient time for steady values 
to be obtained. This could be taken to imply that 
in the DPP experiments the system was closer to 

FIG. 5. Steady state concentrations of diphenylcar- 
benium ions formed in the reaction of DPP with BF3 at  
varying added H,O concentrations. [DPP], = 2.8 x 

M ,  [BF310 = 0, 0.639; 0, 1.28; x ,  2.56; A, 3.83; 
+, 5 11 ; a, 7.67; V, 10.22 x hf. Points in paren- 
theses interpolated. 
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Chalkogenides of the transition elements. XI. Miissbauer ' '~e  spectrum of the 
spinel Co,.,,Feo.,6S, between 10 K and room temperature1 
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F. W. D. WOODHAMS and OSVALD KNOP. Can. J. Chem. 55, 91 (1977). 
Mossbauer spectra of 57Fe probe atoms in the spinel indicate the existence 

of a magnetic transition at  T,, z 95 K in the parent phase CO&. The spectrum observed below 
T,, consists of a six-line magnetic spectrum and a two-line quadrupole spectrum. Above T,, the 
six-line spectrum collapses to a single line superposed on the two-line quadrupole spectrum. 
Consideration of the Mossbauer parameters and of the area ratio of the component spectra 
suggests that the atomic occupancy of the spinel lattice is [COO. ., 6 8Feo.032][Coo. 8 6 F e ~ . ~ ~ 4 ] 2 S 4 ,  
the Fe  a to~ns  having preference for the tetrahedrally coordinated cation sites. 

F. W. D. WOODHAMS et OSVALD KNOP. Can. J. Chem. 55, 91 (1977). 
Les spectres Mossbauer du 57Fe dans la spinelle Co2.94Feo.06S4 temoignent de l'existence 

d'une transition magnetique a T,, z 95 K dans la phase mere Co,S,. Au-dessous de T,, on 
observe un spectre magnitique a six coniposantes superposC a un doublet quadrupolaire, tandis 
qu'au-dessus de T,, les six composantes du spectre magnetique fusionnent, ce qui produit une 
bande unique superposte au spectre quadrupolaire. Les valeurs des parametres Mossbauer et 
le rapport de l'aire du spectre niagnetique a celle du spectre quadrupolaire suggerent une rtpar- 
tition des atomes du Co et du Fe sur le riseau spinelle suivant [ C O O . ~ ~ ~ F ~ ~ . ~ ~ ~ ] [ C O O . ~ ~ ~ -  
Feo.o,4]2-S4, les atomes Fe preferant des sites a coordinence tetraedrique. 

Only a very limited amount of work has been 
done to determine the nature of the spin states of 
the Co atoms at the A and B sites in the spinel 
Co3S,. Heidelberg et al. (2) stated the magnetic 
susceptibility (in emuig) of the sulfide to be 
3.4 and independent of temperature between 300 
and 800 K,, while Lotgering (footnote 1 of ref. 
4) found a small temperature dependence: 3.1 
(700 K), 3.6 (295 K), 4.6 (77 K), and 6.9 (20 K). It  
is not clear whether this represents spontaneous 
magnetic behaviour from ions with a small spin, 
or Pauli-paramagnetic behaviour (cf. Cogs8 and 
pentlandite, ref. 1). There was no evidence in the 
susceptibility data (cf. also ref. 5) to indicate the 
onset of magnetic order. Bouchard et al. (6) 
measured the resistivity of Co3S, between - 180 
and + 150 "C and found that the resistivity in- 
creased with temperature; the room-temperature 
value was small, 3 x ohm cm. From this 
they concluded that Co3S, is metallic. The 
existence of metallic conduction is not incon- 

'For Part X, see ref. 1. 
'Serres (3) reported 1.27 x emu/g for natural 

IinnCite between 19 and 115 "C. 

sistent with spontaneous magnetic behaviour. 
Goodenough (7) has shown that if the strength 
of the interaction between neighbouring atoms, 
as measured by the parameter b, is such that 
6, < b < b,, then both spontaneous magnetism 
and metallic conduction are observed (cf. the 
pyrite CoS,, ref. 8). Goodenough himself con- 
cluded from the magnetic and electrical proper- 
ties that Co3S, was a Pauli paramagnet but that 
the small temperature dependence of x indicated 
a narrow conduction band and thus b 2 b,, i .e. 
close to the border between metallic with a 
localized spin and metallic with no localized 
spin. Locher (4) has suggested that the Co atoms 
at the A sites might be present as Col t  (3d8), 
which would be qualitatively consistent with the 
observed low x values. His suggestion is based on 
a comparison of the nmr spectra of 59Co in the 
metallic spinel CuCo,S, and in Co3S,. It was 
estimated that 2.5 f 1.547, of the Co atoms in 
CuCo,S, were in the A sites; these and the 
Co(A) atoms in Co3S, showed a zero quadrupole 
interaction, while the splitting at 77 K at Co(B) 
was closely similar in both sulfides. In Co,S, the 
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change in the splitting from 295 to 77 K was 
small compared with CuCo,S,. 

Replacing some of the Co in Co3S4 by 57Fe 
offers the possibility of utilizing this nuclide as a 
Mossbauer probe to investigate the behaviour of 
the Fe atoms in the host structure and, indirectly, 
the magnetic properties of the Co3S4 matrix. In 
this paper we describe the results of such Moss- 
bauer experiments with Co,,,,Fe ,,,, S,, i.e. at 
2 x  replacement of Co by Fe. 

Experimental 
A sample of C O ~ , ~ ~ ~ ~ F ~ , , , , S ,  was prepared by direct 

synthesis from high-purity elements in an evacuated, 
sealed silica-glass tube. The 57Fe content of the iron 
powder was about 92%; the powder was freshly reduced 
with H, before use. On completion of reaction the sulfide 
was kept at 500'C for 24 h. The cooled mass was then 
reground under acetone, resealed, and annealed at 
600 "C/6 days -, 550 "C/2 days -t 400 "C/1 day followed 
by cooling with the furnace. A sample of CO& was pre- 
pared for comparison (600 T I 2 4  h;  reground, 600 "C/4 
days -t 550 "C/2 days -t 400 'C/1 day 4 room tempera- 
ture). Overexposed X-ray powder photographs contained 
only lines of the spinel phase. The patterns were identical 
with those reported in ref. 9. 

Mossbauer -spectra of the Fe-containing sample a t  
temperatures between 10 K and ambient were obtained 
with a conventional constant-acceleration transducer 
system coupled to a 400-channel multichannel analyzer, 
operated in its multiscaler mode. The source used was 
57Co in Pd and had an initial strength of 25 mCi. Calibra- 
tion of the spectrometer was carried out using an enriched 
57Fe foil and the calibration data given by Stevens and 
Preston (10). The low-temperature spectra were obtained . 
with the source and absorber mounted in a vertical con- 
figuration in a commercial liquid-helium cryostat (Oxford 
lnstrument Company Ltd.). This cryostat maintained the 
source temperature at that of the main refrigerant (He or 
N,) but allowed the absorber temperature to be main- 
tained at any temperature between that of the main 
refrigerant and ambient. The absorber temperature was 
measured with a AuFe/chromel thermocouple and the 
desired temperature was maintained with a proportional 
temperature controller coupled to a small heating coil 
mounted close to the absorber. The temperature stability 
was better than 20.5  K throughout the period required 
to obtain a spectrum. 

All chemical shifts quoted in this paper are relative to 
metallic iron at room temperature. 

Results and Discussion 
A representative selection of the Mossbauer 

57Fe spectra is shown in Figs. 1 to 3. Below 80 K 
the spectra consisted of two components: a six- 
line magnetic spectrum (6LMS) and superposed 
on this a two-line quadrupole spectrum (2LQS) 
typical of Fe atoms not ordered magnetically, in 
sites of symmetry lower than cubic. The presence 
of a 6LMS at only 2% replacement of the Co by 

Fe is an immediate indication that the structure 
of the sulfide is magnetically ordered and that 
the Co atoms participate in the ordering. Thus 
Co3S4 must fall within Goodenough's region 
b, < b < b,. 

As the temperature of the sample was increased 
from 10 K the splitting of the 6LMS decreased, 
until at 93 K the six lines overlapped to such an 
extent that only a broad envelope was observed. 
Above 97 K the 6LMS collapsed to a single line 
superposed on the 2LQS, the net result being 
that only a broad, non-Lorentzian-shaped reso- 
nance line appeared. This would fix the magnetic 
transition temperature TI, at about 95 K. Thus in 
demonstrating the existence of magnetic ordering 
and in yielding an estimate of TI, the 57Fe probe 
provides information concerning the behaviour 
of cobalt atoms in Co3S4. 

Spectra below T,, were fitted by least-squares 
to a model comprising a 6LMS and a 2LQS. As 
lines 3 and 4 of the 6LMS were not well resolved 
from the 2LQS, constraints had to be applied to 
obtain a sensible fit: the areas of the six lines 
were constrained in the ratio 3 : 2 : 1 : 1 : 2 : 3, the 
ratio appropriate for an unmagnetized absorber, 
the widths of the pairs of lines 1-6,2-5, and 3-4 
were constrained to be equal, and the relative 
positions of lines 3 and 4 were fixed with respect 
to lines 1 and 6 using the known ratio of the 
magnetic moments of the excited and ground 
states. No constraints were applied to the two 
lines of the 2LQS. This model will be referred to 
as model a. 

The Mossbauer parameters obtained from 
these computer fits are given in Table 1. The 
parameter E of the 6LMS is the difference in the 
splitting between lines 1-2 and 5-6. The fits of 
model a to the 10, 60, and 70 K spectra (Fig. 1) 
are acceptable except in the region of the reso- 
nance positions of the 2LQS lines. Moreover, 
there is a very noticeable difference in the widths 
and the intensities of the two component lines of 
the 2LQS, a feature to which we shall return 
below. 

We assign the two spectra on the assumption 
that they arise from 7Fe atoms substituting for 
Co atoms in the A and B sites of the spinel 
structure. However, the assignment is not 
straightforward, as it cannot be made directly 
from the area ratio R of the two spectra, R = 
(area of 6LMS)/(area of 2LQS). The value of R 
at 10, 60, and 70 K is about 1.2, whereas a value 
of 2 would be expected if the 6LMS originated 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WOODHAMS AND KNOP 

3.0 1.5 0 -1.5 -3.0 

VELOCITY, mm/s 

FIG. 1 .  Mossbauer 57Fe spectra of Co,, ,457Feo.06S4 at 10, 60 and 70 K fitted to model a (see text). 
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1 

VELOCITY, mm/s 

FIG. 2. Mossbauer 57Fe spectra of Co, ,,s7Fe,,o,S4 below (93 K) and above (102 K) the magnetic 
transition temperature T,, rr 95 K, fitted to model b. 

from Fe(B), and 0.5 if from Fe(A), assuming the 
Fe atoms to be distributed at random over the A 
and B sites. The observed ratio is too small to 
be considered as a 2: 1 ratio reduced by differ- 
ences in the recoil-free fractions of the 57Fe 
atoms at the two sites, or by vacancies at the A 
sites. It must then be due to a marked preference 
of Fe atoms for one type of site. Assignment of 
the two spectra has therefore been made from a 
consideration of the quadrupole splittings and 
the important observation that there is no, or at 
least only a very small, hyperfine magnetic field 
at one of the sites. 

The fact that E = 0, within experimental error, 
indicates that there is either no electric field gra- 
dient (EFG) at the Fe atom that gives rise to the 
6LMS, or if there is, then the angle between the 

hyperfine magnetic field and the principal axis of 
the EFG is close to arc cos (1/,/3). The 2LQS 
has an essentially temperature-independent quad- 
rupole splitting of about 0.22 mm/s. 

The symmetry at the A site is 23m-T,, so that 
no EFG is expected except for a contribution 
from disordered local environments of an Fe(A) 
due to other probe atoms (see below). The 
symmetry at a B site is 3m-D,,, so that here an 
EFG is expected giving a non-zero quadrupole 
splitting; indeed. a non-zero nmr quadrupole 
interaction has been previously reported (4) at 
Co(B) in pure Co,S, at 295 and 77 K. On this 
basis we assign the 6LMS observed below T,, as 
arising from Fe atoms in the tetrahedrally 
coordinated A sites, and the 2LQS from Fe 
atoms in the trigonally distorted octahedral B 
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WOODHAMS AND KNOP 

VELOCITY, mm/s  

FIG. 3. Mossbauer 57Fe spectra of C O , , , ~ ~ ' F ~ ~ , , ~ S ~  at 97 K and room temperature using a narrow 
velocity sweep. The spectra are fitted to model b with additional constraints (see text and Table 1). 
Note the different velocity scales. 

sites. The site occupancy should thus be formu- 
lated as [C00.968Fe0,0321[C00.986Fe0,014~2S4~ the 
probe atoms preferring the A sites.3 

An unusual feature is the closeness of the 
chemical shifts at  Fe(A) and Fe(B) at all temper- 
atures (Table 1). These shifts are, however, close 
to the measured chemical shifts in other sulfides 
containing Fe in tetrahedral sites (cf. Fig. 4 of 
ref. 11). The similarity of the room-temperature 
shifts at  Fe(A) in Co2,,,Feo,,,S, and in Fe3S,, 
0.26(2) mm/s (12), is paralleled by the similarity 

3A similar preference of Fe  for tetrahedrally coordin- 
ated sites is observed in natural (untreated) pentlandite, 
(Fe, N i ) g + ~ S s  (11). 

of the shortest M(A)-S distances in these two 
spinels, 2.18(5) and 2.1 5(2) A, respectively (13). 

The magnitude of the hyperfine magnetic 
field B at Fe(A), extrapolated to 0 K, is about 
16 T and thus much smaller than that observed 
in other Fe sulfides. For example, the field at 
both Fe(A) and Fe(B) in Fe,S, is 3 1 T (12), while 
in troilite, FeS, it is 31 T at room temperature 
(14) and in orthorhombic cubanite, CuFe,S,, it 
is about 33 T (15, 16); in chalcopyrite, CuFeS,, 
the value is about 37 T at 77 K (15). Since the 
similarity of G[Fe(A)] in CO~, , ,F~ , ,~ ,S ,  and 
Fe3S, would lead us to expect that covalency 
effects might be comparable in the two sulfides, 
the smallness of B in CO,,,,F~,,~,S, might be 
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TABLE 1. Mossbauer parameters (mm/s) of 57Fe in Co2.94Feo.06S4" 

T (K) 6 A or E B (TIb l-1 r2 r3 R 

Two-line quadrupole spectrum (2LQS) 
0.223(6) 0.268(6) 0.341(7) 
0.220(8) 0.265(9) 0.350(9) 
0.220(10) 0.258(9) 0.331(10) 
0.213(2) 0.286(4) 

[0.213] 0.272(3) 
[0.213] 0.276(5) 
[0.213] 
0.254(6) 0.255(5) 

Six-line magnetic-field spectrum (6LMS) 
0.011(11) 15.41(2) 0.434(9) 0.446(10) 
0.001(14) 13.65(4) 0.574(16) 0.518(16) 
0.015(19) 12.39(5) 0.703(22) 0.558(20) 
- 5.20(28) 1.84(12) 
- - 0.371(3) 
- - 0.333(3) 
- - 0.319(3) 
- - 0.272(5) 

aThe chemical shifts are  relative to metallic F e  a t  room temperature. The errors quoted are the coniputer-generated single standard 
deviations. A refers to  ZLQS, E refers to  6LMS (see text). R is the ratio of the area under the 6LMS (or the collapsed 6LMS) to the 
area under the 2LQS. 

*Hyperfine magnetic field at  Fe(A). 
'Model a (see text). 
dModel b (see text). 
'I? and A constrained to the values in brackets. 
T h e  constraint on A relaxed. 
".t. = room temperature. 

taken as ev~dence that the moment localized a t  shortest Fe(B)-S distance, 2.46(1) A, is notice- 
the A site is much less than it 1s In Fe3S,. This ably larger than the comparable Co(B)-S dis- 
would be consistent with the metallic nature of tance in Co3S4, 2.27(3) A (cf.  ref. 13), and the 
Co3S4, the small dependence of its x on tempera- Fe-S distance in pyrite, 2.26 A. The quadrupole 
ture, and with b z bn,. splitting, -0.22 mmjs at room temperature, is 

The appearance of the 2LQS below T,, shows smaller than that of cubic FeS,, 0.613(4) mm/s, 
that the Fe atoms that give rise to this spectrum 
do not participate in the magnetic order. This is 
entirely consistent with the proposed assignment 
that the 2LQS arises from Fe(B) atoms, if they 
have a low-spin S = 0 t,,6 configuration. The 
chemical shift of the 2LQS at room temperature, 
0.250(5) mm/s, is reasonably close to that of the 
pyrite FeS,, 0.305(3) mm/s (17), which is known 
to contain Fe atoms with an S = 0 configuration 
in an octahedral coordination of sulfur atoms. 
The shift is smaller than that observed a t  Fe(B) 
in Fe,S,, 0.55(2) mm/s (12). This is not sur- 
prising, as the configuration of Fe(B) in Fe,S, 
has been suggested by Spender ef al. (18) to be 
intermediate between high-spin ferric and high- 
spin ferrous; the low-spin d6  Fe(B) configuration 
in Co2,,,Fe0 ,,S, is more highly covalent than 

(17), so that any lattice and molecular-orbital 
contributions are less than in pyrite. 

The 2LQS below Ttr is similar in appearance to 
the "Fe spectrum of the pyrite C O ~ , , , F ~ ~ , ~ , S ,  a t  
91 K that we have previously analyzed in detail 
(8). That spectrum was shown to be due to a 
supertransferred hyperfine magnetic field of 
about 0.6 to 0.7 T a t  the Fe sites in addition to 
the quadrupole interaction. The fact that a 
similar spectrum is observed a t  Fe(B) in Co, ,,- 
Fe,,,,S, is not particularly surprising. 

In the 93 K spectrum, which was the highest- 
temperature magnetic spectrum still showing a 
resolved quadrupole spectrum (Fig. 2), the hyper- 
fine magnetic field a t  Fe(A) has decreased to such 
an extent that only a broad envelope of the col- 
lapsed 6LMS is seen. To  obtain a sensible fit to 

Fe in the high-spin states and yields a corres- this spectrum additional constraints were neces- 
pondingly smaller 6. Support for this is found in sary. The widths of all six lines of the 6LMS were 
the observed Fe(B)-S distances. In Fe,S,, the now constrained to be equal and the relative line 
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WOODHAMS AND KNOP 97 

positions to be consistent with those of a pure 
magnetic interaction; the two lines of the 2LQS 
were constrained to have equal areas and widths. 
As Fig. 2 shows, this model, model 6, gave a 
satisfactory fit. The ratio R again turned out to 
be close to the value of 1.2 observed in the well- 
resolved low-temperature spectra. 

Above T,, the area ratio R and A had to be 
constrained to values extracted from the low- 
temperature spectra; the two lines of the quad- 
rupole doublet were constrained to have equal 
line widths and areas (Table 1). In the room- 
temperature spectrum the velocity sweep was 
small and it was possible to obtain a reasonable 
fit without constraining A. This resulted in a 
somewhat higher A value. 

Some comment is justified concerning the 
absence of any measurable quadrupole splitting 
in the 6LMS and the appreciable, and unequal, 
line widths of the 6LMS components, which 
show an increase with increasing temperature as 
the hyperfine magnetic field at  Fe(A) decreases. 
This line-width behaviour is an indication that 
either there are a number of hyperfine magnetic 
fields or there is a hyperfine-field d~stribution, 
leading to a number of closely overlapping six- 
line spectra. Examination of the Co3S4 structure 
shows that a Co(A) atom is surrounded by four 
Co(A) atoms at 4.07 A, at  the corners of a regular 
tetrahedron, and by twelve Co(B) atoms at 
3.90 A, at the corners of a regular truncated 
tetrahedron. The frequency of 4Co(A) + 12Co- 
(B) environments of the Fe(A) atoms in Co, ,,- 
Fe, ,,S,, assuming an Fe(A) : Fe(B) ratio of 1.2 
but a random distribution over the A and B 
sites, will be 0.742, i.e. 74.2z of the Fe(A) atoms 
w ~ l l  have only Co atoms as their nearest metal- 
atom neighbours out to a distance of 6 A. A 1 0 x  
fraction of the Fe(A) atoms will have 1Fe(A) 
+ 3Co(A) + 12Co(B) as their nearest metal- 
atom neighbours, and 12.4x wlll have 4Co(A) 
+ lFe(B) + 1 lCo(B). As the magnetic moments 
of the Fe(A), Co(A), and Co(B) atoms will 
almost certainly be different, and non-zero: 
these three environments of Fe(A) atoms will be 
expected to give three different hyperfine mag- 
netic fields at Fe(A). If more distant metal-atom 
neighbours are included a distribution of mag- 
n e t ~ ~  fields at Fe(A) will result. 

The second and third of the Fe(A) environ- 

4The magnetic moment of Fe(B) is zero, see above. 

ments just enumerated are non-cubic if the 
charges on the Fe and Co atoms are different, 
and will give rise to an EFG at Fe(A). However, 
the resulting quadrupole splitting is difficult to 
estimate from a point-charge lattice sum because 
of the uncertainty in assigning effective charges 
to the metal atoms and in the absence of an 
estimate of the shortest Fe-Fe distances. More- 
over, the principal axis of the Fe(A)-Co(A),- 
Fe(A), tetrahedron is the threefold axis passing 
through the two Fe atoms. If the hyperfine mag- 
netic field is parallel to a crystallographic axis 
(i.e. to an edge of the unit cell or to a 4 axis), the 
angle of the field with the threefold axis of the 
tetrahedron, and thus with the principal axis of 
the EFG, is arc cos (11 ,'3). Then if the effective 
charges on the Fe(A) and Co(A) atoms were 
similar, the q,,,, contribution from any such 
tetrahedron to A would be close to zero. The 
EFG in the Fe(A)-Co(B), , Fe(B), truncated 
tetrahedron does not have axial symmetry; the 
Fe(A)-Fe(B) vector is 29.5" off the nearest 
threefold axis. The q,,,, contribution to A from 
this environment is not likely to be large. These 
considerations explain why A is not resolved in 
the 6LMS and why it is almost certainly 
'swamped' by the range of hyperfine magnetic 
fields expected at Fe(A). Further evidence for 
this conclusion is available from the spectra 
obtained above T,,: the single line arising from 
Fe(A) atoms is not noticeably broadened. 

It is interesting to note that the recently 
reported (19) room-temperature spectrum of the 
paramagnetic phase of the spinel Fe, ,,,Cr, ,,,S, 
consisted of a singlet and a quadrupole doub- 
let having the same 6 and an area ratio of 
70:30. The appearance of the doublet was ex- 
plained by formulating the site occupancy as 
[~ei~f9~Fe~,~,][Fei,~,Cr~,f9,],S,, in which case the 
Fe2+(A) atoms would occur in the structure 
either surrounded by 12Cr3 + or by 1 1Cr3+ 
+ 1Fe2 + nearest-neighbour B atoms, in an abun- 
dance ratio of 69: 26. The observed A produced 
at an Fe2+(A) atom by the 1 1Cr3+ + 1Fe2' 
environment was 0.73 mm/s. Since the authors 
considered a distribution [ ~ e ~  "][Fei , ~ , C r ~ . ~ , l 2 S 4  
unlikely on the grounds that the M(B) atoms 
would have equal charge and practically equal 
ionic radii and hence would not produce an EFG 
at Fe(A), the spectrum was taken as experimental 
evidence of a preference of the Fez+ ions for B 
sites in sulfospinels. 
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Transition state enthalpies of transfer in aqueous dimethyl sulfoxide solutions. 
The hydroxide catalyzed ionization of chloroform' 
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JOHN R. JONES and RICHARD FUCHS. Can. J .  Chem. 55, 99 (1977) 
The accelerating effect of added dimethyl sulfoxide on the rate of hydroxide-catalyzed 

ionization of chloroform in water has been examined in terms of the solvation of reactants and 
transition state. Enthalpies of solution of chloroform in water, DMSO, and mixtures of the 
two have been measured. From these, together with enthalpies of activation for the detritiation 
of chloroform, and enthalpies of transfer of hydroxide ion from water to aqueous DMSO 
mixtures, transition state enthalpies of transfer have been calculated. The reaction is accelerated 
by small concentrations of DMSO because of increased transition state solvation, but by large 
DMSO concentrations due to reduced solvation of hydroxide ion. Transition state solvation is 
unlike that of the reactants, but resembles that expected for CC1,- ion. 

JOHN R. JONES et RICHARD F u c ~ s .  Can. J.  Chem. 55, 99 (1977). 
L'addition de dimCthylsulfoxyde dans l'eau augmente la vitesse d'ionisation, catalysee par les 

ions hydroxyles, du chloroforme; on a etudie cet effet d'acceleration en termes de solvatation 
des riactifs et d'etat de transition. On a aussi mesure les enthalpies de solution du chloroforme 
dans I'eau, dans le DMSO et dans des melanges des deux. A partir de ces donnees et B l'aide des 
enthalpies d'activation pour la detritiation du chloroforme et des enthalpies de transfert de 
l'ion hydroxyle de l'eau vers des melanges aqueux de DMSO, on a calcule les enthalpies de 
l'etat de transition du transfert. La reaction est acceleree par des faibles concentrations de 
DMSO parce qu'il y a augmentation dans la solvatation de 1'Ctat de transition; toutefois dans le 
cas de concentrations Clevees de DMSO, I'accClCration est due a une solvatation reduite de 
l'ion hydroxyle. La solvatation de 1'Ctat de transition neressemble pas a celle des reactifs mais 
ressemble plutBt a celle attendue pour l'ion CC1,-. 

- .  [Traduit par le journal] 

Dimethyl sulfoxide - water mixtures contain- applies less to the ionization of carbon acids than 
ing a fixed concentration of hydroxide ions 
(usually 0.010 M) are finding increasing use in 
physical organic chemistry (1). Many reactions 
are greatly accelerated in such media (2) which 
have also been used to study the acidities of 
weak acids (3) and kinetic hydrogen isotope 
effects (4). 

In analyzing the effects of changing the 
composition of the reaction medium on reaction 
rates it is necessary to be able to assess the 
importance of solvent - solute interactions. This 
can best be done by taking a reaction of well 
defined mechanism and varying the nature of the 
substrate. Unfortunately, in many kinds of 
chemical reactions there are severe limitations on 
the choice of substrate. This restriction probably 

'Work at  the University of Houston was supported by 
the Robert A. Welch Foundation Grant E-136. 

most other types of reaction and we have re- 
cently shown (5) how a carbonyl-activated car- 
bon acid (D-a-methyl-a-phenylacetophenone) 
responds to changes in medium composition. 
Such an analysis requires enthalpies of activation 
in a series of dimethyl sulfoxide - water mixtures, 
and corresponding heats of solution for the sub- 
strate. The present paper is concerned with a 
different type of carbon acid (chloroform) for 
which data of the first kind are available (6). We 
have consequently measured heats of solution 
for chloroform in water, dimethyl sulfoxide, and 
mixtures of the two, as well as for deuteriated 
chloroform in a particular medium as it is 
implicit in the analysis of the data that the heats 
of solution are not subjected to isotope effects. 

The hydroxide-catalysed rate of detritiation 
of chloroform in water has a value of 0.165 1 
mol-I s-I, somewhat higher than that observed 
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for acetone (0.0024) (7) and acetophenone 
(0.0054) (8). This suggests a pK, ca. 20, and on 
this basis the rate acceleration upon addition of 
dimethyl sulfoxide should, if expressed in terms 
of a log k - H- relationship (9), result in a slope 
of 0.4-0.45. The much higher value near unity (6) 
is unlike that of other carbon acids, and probably 
occurs because the process of ionization of 
chloroform is accompanied by little charge de- 
localization and solvent reorganization. 

Experimental 
iVlafer.inls 

Reagent grade dimethyl sulfoxide was purified by a 
previously reported procedure (10). Mixtures with de- 
ionized water were prepared by weight. Reagent grade 
chloroform (stabilized with 0.75% ethanol) was stored 
over 4A n~olecular sieves to remove water and ethanol. 
The dried chloroforn~ was examined by gas chromatog- 
raphy (DC-710 on Chromosorb W). No remaining 
ethanol was found under conditions which will detect 
less than 0.1%. Deuteriated chloroform was commercially 
available and of 99.8z isotopic purity. 

Cnlu/.imetry 
The procedure employed was the same as that outlined 

previously (11). The accuracy of the AH, measurements 
is 10.10 kcal mol-' in water and the most highly aqueous 
solvent mixtures and '0.05 kcal mol-' in the other 
solvents. The values of AH, reported are averages of 3-6 
determinations in the concentration range of 3-10 x 

lC1. No effect of concentration on AH, was observed. 

Results and Discussion 
The measured enthalpies of solution (AH,) in 

water, dimethyl sulfoxide, and mixtures of the 
two solvents are listed in Table 1. These slowly 
increase until a maximum is reached a t  mole 
fraction DMSO of 0.17. The value of AH, for 
deuteriated chloroform in a medium of mole 
fraction DMSO equal to 0.13 is, within experi- 
mental error. equal to that obtained for chloro- 
form itself. It is reasonable to assume that the 
identity of values is carried over to the other 
solvent mixtures and to tritiated chloroform. 

TABLE 1. Enthalpies of solution of chloroform in 
DMSO-water mixtures 

Xo>rsoa AH: X D ~ I S O "  AH," 

Single ion enthalpies of transfer (from water to 
DMSO-water mixtures) for hydroxide ion can 
be calculated using the extrathermodynamic 
assumption AH,,(Ph,P') = AH,,(Ph,B-) (1 1,  
12). The absolute values of AH,, for anions are 
dependent on the accuracy of the assumption, 
but the relative values of AH,,(OH-) and 
AH, , 'hre  independent of the assumption (12). 
The enthalpy of transfer of chloroform is ob- 
tained from the enthalpies of solution: AH,, = 
AHs(S) - AHs(H,O). The sum of the two 
enthalpies of transfer (~AH,,(reactants))  to- 
gether with changes in the measured enthalpies 
of activation (6) (AH,,* = AH*(S) - AH*- 
(H,O)) can be used to derive the transition state 
enthalpy of transfer for the ionization of 
chloroform AH,,'" xAH,,(reactants) + AH,,*. 
The results (Table 2) indicate that in the more 
aqueous solvent mixtures (up to DMSO mole 
fraction 0.13) the enthalpies of transfer for 
chloroform and hydroxide ion are small, with 
both species being slightly better solvated than 
in water. Further increase in the concentration 
of diinethyl sulfoxide however brings about a 
considerable change, the hydroxide ion becoming 
increasingly desolvated and chloroform solva- 
tion remaining approximately constant. In other 
words the initial rate acceleration is brought 
about by increasing transition state solvation but 
subsequent rate increases arise mainly from 
hydroxide ion desolvation. 

Although the results are not directly coni- 
parable with those for the ionization of D-X- 

methyl-x-phenylacetophenone (5) (where because 
of solubility difficulties mixtures of higher mole 
fraction dinlethyl sulfoxide had to be used) it 
appears that the loss of transition state solva- 
tion with increasing DMSO concentration is 
smaller in chloroform ionization. Recent findings 
(13) on hydroxide-catalysed isotopic exchange 
of molecular deuteriun~ indicate that the loss of 
transition state solvation with increasing [DMSO] 
approaches that of hydroxide ion. The depen- 
dence of enthalpies of transfer of the transition 
state on structure is to be expected, as has been 
well established for stable ions. In the ionization 
of chloroform the available evidence (5, 14) 
suggests that the transition state is very product- 

like (CCI,. . . HOH). It is interesting therefore 
that AH,,'?esenibles AHt, for the iodide ion (1 1) 
(Table 2) with the difference that at mole frac- 
tions dimethyl sulfoxide in excess of 0.13 the 
transition state values become less exothermic. 
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JONES AND FUCHS 

TABLE 2. Enthalpies of transfer4 of reactants and  transition state in the ionization 
of chloroform 

AHtr =Htr AHtr 
XDMSO* AH+' A H *  (OH-)d (reactants) AH,,'" (I-)e 

OFrom water to indicated solvent, kcal mol-' 
&Mole fraction DMSO. 
CReference 6. 
dReference 12. 
=Reference 1 1.  

This suggests that the transition state is a 
'harder' anion than iodide, i .e. is less polarizable, 
with more localized charge and probably better 
solvated by water than dimethyl sulfoxide. This 
would be expected for a species resembling 
CCl, -.  

The above analysis is based entirely on con- 
siderations of enthalpy changes. This would 
seem to be a good approximation as the results 
of Margolin and Long (14) show that the en- 
thalpy of activation for the detritiation of 
chloroforn~ decreases by 3 kcal mol-I in going 
from water to a medium of mole fraction di- 

3. D. DOLMAN and R. STEWART. Can. J .  Chem. 45. 
911 (1967): D. W.  EARLS, J .  R .  JOR'ES. T. G.  RLMNEY, 
and A. F .  COCKERILL. J .  Chem. Soc. Perkin 11, 
1806 (1974). 

4. R .  P. BEI.L and B. G.  Cox.  J .  Chem. Soc.  (B), 176 
(1970); D .  W. EARLS, J. R. JONES. and T. G. RCMNEY. 
J .  Chem. Soc. Faraday I. 925 ( 1972). 

5. D.  K .  JAISWAL,  J .  R .  JOKES. and R.  FCCHS. J .  Chem. 
Soc. Perkin 11, 103 (1976). 

6. Z. MARGOLIS and F. A. LONG. J .  Am. Chern. Soc.  95. 
2757 (1973). 

7. J .  R .  JONES. Trans. Faraday Soc. 61,95 (1965). 
8. J .  R. JONES, R.  E. MARKS. and S .  C. SUBBA RAO. 

Trans. Faraday Soc. 63. 11 1 (1967). 
9. D.  W.  EARLS. J .  R. JONES. T. G. R U M N E Y .  and A.  F .  

COCKERILL. J .  Chem. Soc. Perkin 11. 1806 (1974). 
methyl sulfoxide 0.13 with but a small (3.4 eu) 10. R. FUCHS, J .  L. BEAR, and R. F. RODEWALD. J .  Am. 

decrease in the entropy of activation. However, Chem. Soc. 91.5797 (1969). 
11. R. F u c ~ s  and C. P. HAGAN. J .  Phys. Chem. 77. 1797 for media of still higher dimethyl sulfoxide (1973), 

content A S *  rapidly decreases. consequently 12, R. F u c ~ s ,  C. P. HAGAN.  and R. F. RODEWALD. J .  
our  interpretation of the results inthese solutions Phys. C h e n .  78. 1509 (1974). 
is less firmly based. 13. E. BUYCEL and E .  A.  SYMONS. J .  Am. Chem. Soc. 97. 

656 (19761. .. . ~ - -, 
I .  E. BUNCEL and H. WILSON. Adv. P h y s  Org. Chem. 14. Z .  MARGOLIN and F. A. LONG. J .  Am. Chem. Soc. 94. 

In press. 5108 (1972). 
2. J. R. JOKES. Progr. Phys. Org. Chem. 9.241 (1972). 
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Kinetic studies of Dakin oxidation of o- andp-hydroxyacetophenonesl 

Department of Chernis try, Unil.ersity of Victorin, Victoria. B.C. ,  Crrnridn V8 W 2 Y2 

Received May 20, 1976 

M. B. HOCKING and J. H .  O m .  Can. J. Chem. 55,102 (1977) 
Rates of oxidation of aqueous o-, and p-hydroxyacetophenone with alkaline hydrogen perox- 

ide to yield catechol and hydroquinone, respectively, have been followed spectrophotometri- 
cally. Both ketones showed smooth pseudo first-order behaviour, the ortho isomer yielding rate 
constants in the range 2.6 to 6.6 x min-' at  0 "C, and thepnra isomer of 0.73 to 7.10 x 

min-' at  35 "C for the concentrations of hydrogen peroxide and base used. The order in 
hydrogen peroxide was, unexpectedly, found to be 1.4. A simple test established that this 
fractional order was probably not the result of hydrogen peroxide involven~ent in simultaneous 
first- and second-order processes of differing rates. Other plausible pathways to explain this are 
proposed. 

M. B. HOCKIKG et J. H. ONG. Can. J. Chen~.  55, 102(1977) 
L'oxydation, par le peroxyde d'hydrogene en solutio~l alcaline aqueuse, de l'ortho et de la 

para-hydroxyacCtophenone conduit au cattchol et a l'hydroquinone; on a determink les 
vitesses de ces reactions d'une f a ~ o n  spectrophotometrique. Les deux cCtones prksentent un 
comportement rCgulier du pseudo premier ordre, pour les concentrations de peroxyde d'hydro- 
gene et de base utilisdes, les constantes de vitesse de l'isomere ortho sont de l'ordre de 2.6 a 
6.6 x lo-' min-' a 0 "C alors que celles de l'isomere purn devient de 0.73 a 7.10 x 
min-' a 35 "C. On a trouve d'une facon inattendue que l'ordre en peroxyde d'hydroghe est de 
1.4. Un test simple a etabli que cet ordre fractionnel n'est probablement pas dG a l'implication 
du'peroxyde d'hydrogene dans des processus simultanes du premier et du second ordre de 
vitesse diffkrentes. On propose d'autres chemins plausibles pour expliquer ces risultats. 

[Traduit par le journal] 

Introduction 
Dakin oxidation ( I )  as a means to obtain a 

predictable variety of hydroxylated aromatic 
nuclei (2) from appropriate ortl~o- or para- 
hydroxylated aldehydes or ketones (1) has been 
known for many years ( I )  but no experimentally 
well-supported mechanism has yet been pre- 
sented. The reaction path which is generally 
accepted (2, 3) as a plausible description of the 
process is given in Scheme 1. The ionic basis is 

founded on the resemblance of this reaction to 
the Baeyer-Yilliger oxidation of bis-aromatic 
ketones 5 with peracids (4), which is experi- 
mentally well documented by evidence which 
includes isolated intermediates and rearrange- 
ment products. 

These general conclusions may be made from 
the extensive mechanistic experiments concerning 
the Baeyer-Villiger reaction. The nligratory apti- 
tude is greatest for groups R or R' best able to 

Y o  Y  

+ H m  e li--&-K - slow 

- - 

'Presented at  the First Chemical Congress of the North American Continent, Mexico City, Nov. 30, 1975. 
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HOCKING AND ONG 103 

7 

0 0 
I I I l - R-0-C-R' + HO-C-& 

Slow 
8 

stabilize a positive charge (5-81, although vinyl 
(4, pp. 117 and 18; 9) and cyclopropyl (10) 
groups have been shown to migrate in preference 
to methyl. Migration proceeds with retention of 
configuration (1 1-13). 180 labelling of the car- 
bony1 carbon in the substrate 5 gives ''0 in the 
carbonyl of the ester 8 (14, 15). A migration cage 
9 has been proposed for the group R (16), with a 
highly negative AS*  of -30 to -45 eu (5, 17- 
19), and it is accepted that no free (electron 
deficient) oxygen species or carbonium ion is 

formed during the rearrangement process (16, 
20). The collapse of 8 to products is acid- 
catalyzed and is the rate-determining step of the 
process (6). 

That the initial step of Dakin oxidation is via 
nucleophilic attack of the ketone carbonyl by 
hydroperoxide anion is plausible and well 
accepted (2, 3, 21). The alkaline solution present 
has led to the adoption of hydroxyl ion as the 
leaving group coincident to migration. In con- 
trast, the acidic solutions of Baeyer-Villiger oxi- 
dations involve departure of a carboxylate anion, 
which being a delocalized, 'softer' anion than 
hydroxide is much more acceptable as a leaving 
group than the highly localized hydroxyl ion, and 
specifically in this type of reaction (21, p. 120; 
22, 23). 

From a stereochemical poinl of view, as from 
leaving group considerations, there are con- 
trasting aspects to the two processes. A hydroxy- 
phenonium ion is the intermediate or transition 
state required by the currently held Dakin 
mechanism, which dictates phenolate migration 
with inversion of configuration. Unfortunately 
configurational changes cannot be observed with 

Dakin reaction substrates, but with the Baeyer- 
Villiger reaction where configurational changes 
are observable retention has been demonstrated, 
probably via a closely associated three-center 
transition state (24). 

While a very strong electron-donating sub- 
stituent such as OH (or 0 - )  is required on the 
aromatic nucleus for Dakin oxidation to occur 
at  all (25, 26), Baeyer-Villiger reactions have 
been shown to proceed with migration of acyl 
aromatic groups (24, pp. 242 and 243; 27). 

With all these contrasting features, it is evident 
that the mechanism for the Dakin reaction 
cannot simply be adopted from an analogy with 
the Baeyer-Villiger oxidation, but to have any 
real hope of understanding must be experi- 
mentally examined using the conditions required 
for the Dakin reaction itself. 

Experimental 
Melting points were determined at calibration immer- 

sions using thermometers calibrated against National 
Bureau of Standards thermometers. Melting points and 
boiling points are not corrected. Ultraviolet spectra were 
obtained on a Cary Model 17 spectrophotometer at room 
temperature and nrnr spectra on a Perkin-Elmer R12A 
spectrometer at 37 'C. pHmeasurements were taken using 
a Fisher Accumet Model 310 p H  meter calibrated at 
measuring temperature in p H  11.10 buffer using a high 
p H  electrode (type H5586-1, Canlab). 

Materials 
Commercial p-hydroxyacetophenone was purified by 

recrvstallization from water followed bv sublimation at  
160%/0.5 torr, white crystals mp 1091110°C (lit. (28) 
mp 109-110'C). The cut of redistilled o-hydroxyaceto- 
phenone used boiled at  120-122 'C/15 torr (lit. (29) bp 
106-107 "CI17 torr) and was a pale yellow oil which gave 
only one peak on glc 25% SE 30 on Chromosorb G, 
AW-DMCS, c o l ~ ~ m n  temperature 115 'C. All inorganic 
salts, ethylenediamine tetraacetic acid (EDTA), and 
hydrogen peroxide used were reagent grade n~aterials. 
The strength of the initial batch of 30% hydrogen peroxide 
was accul-ately determined by titration (30) to be 9.62 IM, 
about 1% above labelled, and the strength was periodically 
checked both during use and on changing to a new lot 
number. Hydrogen peroxide was briefly sparged with 
nitrogen before use. Quadruply distilled water, the second 
stage from alkaline KMnO, in Pyrex and the third and 
fourth stages from quartz ware (conductance 0.8 x 10-' 
S), purged with nitrogen (to avoid radical interference 
from dissolved oxygen) was employed in the kinetic runs. 

Hydroquinone monoacetate was prepared by acetyla- 
tion of hydroquinone with acetic anhydride in aqueous 
sodium carbonate at O'C according to the method of 
Olcott and incorporating the improvements of Bunton 
and Hellyer (31). When the reaction was complete, 
diester was filtered off and the filtrate was extracted with 
ether. The ether extracts were dried (Na2SO4) and the 
ether evaporated. The residual solid obtained gave a low 
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yield o f  monoester on trituration with 60-90 "C petroleum 
ether (PE). Recrystallization several times from 60-90 "C 
PE yielded colourless plates mp  57-59 ' C  (lit. (31) mp  
62-63 "C);  60 MHr nmr (37 "C, CCl,, internal T M S )  
6 2.21 (s, 3H), 7.60 (d ,  4H), 5.75 (br s, 1 H),  mie 152 ( m + )  
-was observed. 

Competitiue O ~ i d a t i o n / H j ' d ~ o I j ~ ~ e ~  
The oxidation o f  p-hydroxyacetophenone (136 mg;  1 

mmol) in 2.6 ml o f  0.375 iZrl sodium hydroxide in water, 
with 214 mg o f  30% hydrogen peroxide at 37 "C was 
followed by the loss o f  the ketone methyl and the appear- 
ance o f  acetate ion methyl in repetitive nrnr spectra. No  
other methyl was observed. 

p-Hjdroxyacetophenone (136 mg) was then oxidized 
competitively while hydroquinone monoacetate (152 m g ;  
1 mmol) was hydrolyzed in 5.2 ml o f  0.375 IM sodium 
hydroxide in water with the addition o f  214 mg o f  30% 
hydrogen peroxide. By nmr, the relative changes in peak 
height L.S. time, which had previously been checked by 
integration and found to be a reliable measure o f  concen- 
tration at the scanning rates used, were recorded (Table 1 ) .  

Alten~ate Oxidizing Agents 
tert-Butylhydroperoxide reacted only very slowly with 

p-hydroxyacetophenone in dilute aqueous sodium 
hydroxide or sodium hydroxide - sodium acetate at room 
temperature so that proton nmr examination at intervals 
during 2 days showed only tert-butylhydroperoxide 
methyl and acetyl methyl protons, with only a trace o f  
rert-butanol and acetate ion. Heating the same initial 
con~positions 3 days at 85 "C still gave only a small 
acetate ion peak, even though small amounts o f  acetone 
(32) and tert-butanol were produced. 

Hydrogen disulfide (33) could not be induced to react 
with p-hydroxyacetophenone in 0.2 lZil Na3P04 in water 
at room temperature or on heating at 60 "C for 5 h,  when 
monitored in the same way as the tert-butylhydroperoxide 
experiments. 

Kinetic Preli~ninaries ~. 

Buffer selection was guided by the 11.65 pK, o f  hydro- 
gen peroxide at 25 'C  (34) together with the requirement 
o f  a high hydroperoxide anion concentration. Solutions 
o f  2.5 g o f  sodium and potassium carbonates or phos- 
phates in 50 ml o f  water gave pH readings at 20 "C o f  
11.8 and 12.6 for the change in anion, and each dropped 
0.05, 0.04, 0.04, and 0.03 pH units for each 10 ml addi- 
tion o f  water. Addition o f  hydrogen peroxide to these 
solutions showed noticeable spontaneous peroxide de- 
composition, probably from traces o f  iron or manganese 
in the buffer salts. This could not be cured by use o f  the 
highest purity reagents available, by adsorptive pretreat- 
ment o f  the solutions with MgO, or by solution passage 
through 'Chelex 100' chelating resin2 ( 3 9 ,  and could only 
be reduced somewhat by the addition o f  small amounts o f  
the standard peroxide stabilizers Na2Sn03,  Na4PZ07, or 
8-hydroxyquinoline. It could, however. be prevented for 
a period o f  2 h or more by the addition o f  20-30 mg o f  
EDTA. 

Using proton nmr to follow directly ketone loss during 
the reaction failed because the initial concentrations 
required for analysis were sufficiently high that the tem- 

'Purchased from Bio-Rad Laboratories (Canada) Ltd., 
Mississauga, Ontario. 

TABLE 1.  Relative aqueous oxidation~hydrolysis rates o f  
p-hydroxyacetophenone and hydroquinone monoacetate 

by proton nmr 

Methyl proton peak heights (nim)" 

Time Ketone Ester Acetate ion 
(min) (6 2.95 ppm) (6 2.68 ppm) (6 2.32 ppm) 

0 45 45 0 
1 10 21 59 
2 8 22 60 
6 5 22 63 

20 6 23 6 1 
1000 5 13 72 

*h-ormalized to constant total methyl integral. Shifts reported from 
external neat TMS. 

perature could not be held constant. Glavimetric deter- 
minations by either bromination or lead salt formation 
were insufficiently reproducible and were tedious. Gas- 
liquid chromatographic determination o f  ketone directly 
from the aqueous reaction solutions using a flame ioniza- 
tion detector gave problems with time measurement and 
was less accurate than uv. Ultraviolet determination o f  
the ketone directly from the aqueous kinetic solutions was 
not possible because o f  interference by broad buffer 
absorption, but three extractions with chlorofornl o f  
acidified blank samples saturated with NaCl gave quanti- 
tative recovery o f  ketone for absorbance measurement 
without interference. 

Kinetic Runs 
For a typical run a solution o f  1-3 x mol o f  the 

hydroxyacetophenone, 2.5 g o f  Na2C03 or Na3P04. 
12H20, and mol EDTA in 40 ml H 2 0  in an 
alkaline hydrogen peroxide pretreated (30) new polyethy- 
lene flask, was equilibrated in a thermostatted water bath. 
T o  this was added 10 ml o f  previously thermally-equili- 
brated 30% hydrogen peroxide, usually corresponding to  
more than lOOx excess. T o  follow the progress o f  the 
reaction, 5 ml aliquots o f  the reaction solution were trans- 
ferred to 25 ml glass vials and were then rapidly chilled in 
a dry ice - acetone bath and acidified to pH 1 with HC1 
or HC104 (p -  and o-ketone respectively), which effectively 
stopped the reaction. In this way, duplicate experimental 
samples extracted and analyzed immediately or after up 
to 2 b refrigerated storage gave agreement o f  ketone 
concentrations within 1.0%. 

Quenching by sparging with SO2 or addition o f  sodium 
sulfite was found to be too slow acting and produced sig- 
nificant heat. It was also a procedure which did not allow 
monitoring o f  peroxide disappearance. 

For runs with p-hydroxyacetophenone, the chloroform 
extracts o f  the chilled acidified and salted aliquots were 
scanned in the region o f  268 n m  (h,,, for the ketone) to 
follow the loss in optical density and to determine the rate 
o f  ketone loss (e.g. Table 2). Product hydroquinone was 
further oxidized under the reaction conditions used, and 
did not interfere spectrophotometrically. Duplicate 
samples from a single run were reproducible in ketone 
concentrations to within 0.5Y,, and pseudo first-order rate 
constants o f  whole kinetic runs were reproducible to 
better than 1% ((Table 1 ) .  

For runs with o-hydroxyacetophenone, aliquots satu- 
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HOCKING AND ONG 105 

TABLE 2. Absorbance readings for oxi- 
dation of 21 mg p-hydroxyacetophe- 
none with buffered* 1.35 144 hydrogen 

peroxide at  35 "C (run 5, Table 3) 

Time elapsed Absorbance 
(min) CHC1, extracts 

*Na2C03 (2.500 g) in total solution volume of 
50 ml, pH before H2O2 addition = 11.8. 

rated with NaCl generated a yellow colour which, it was 
suspected, might interfere with the ketone analysis; 
therefore, the chilled aliquots were simply extracted with 
chloroform to recover unreacted ketone and the loss of 
optical density of the peak at  253 nm was followed. Blank 
tests with known amounts of ketone established that the 
extraction procedure was quantitative and reproducible 
without salting. Catechol, the oxidation product was 
relatively stable under the extraction conditions at 0 "C 
and was seen in the CHCl, phase by a peak at  X,,, 277.5 
nm and a shoulder at  282.5 nm. Its presence did not inter- 
fere with the ketone determination. In this way duplicate 
sample runs gave pseudo first-order rate constants repro- 
ducible to better than 4% for If  half-lives, and better 
than 6% for whole kinetic runs. 

Hydrogen peroxide concentration and p H  were moni- 
tored during the course of several of the kinetic runs and 
neither changed significantly. For hydrogen peroxide 
typical results, when oxidizing p-hydroxyacetophenone 
(41.3 mg) titres of 10 1111 of 3 0 z  HZOZ (reaction concentra- 
tion, 1.92 M) in 0.13 M Na3P0, (40 ml) Kl/thiosulfate 
(0.0994 M )  with aliquots taken initially and after 15, 75, 
and 135 min, were 9.92; 10.10, 9.98 (duplicate); 9.96; and 
9.69, 9.92 ml (duplicate), respectively. While nitrogen 
purging of the water used and brief nitrogen sparging of 
the hydrogen peroxide eliminated any significant interfer- 
ence of oxygen-induced radical formation in the initial 
rates, in prolonged runs a rate enhancement occurred 
when spontaneous peroxide decomposition was observed. 

Results and Discussion 
Kinetic study of any system comprising sub- 

stituted phenols and hydrogen peroxide has to 
contend with the formation of phenoxy radicals 
and secondary products, either of which may 
interfere. This may be minimized, allowing useful 
kinetic interpretation if the reaction being 
studied is fast and only the 'initial rate' data are 
considered. Experiments aimed at reducing this 
type of interference here by use of the alterna- 
tive oxidizing agents tert-butylhydroperoxide 

and hydrogen disulfide only succeeded in gener- 
ating small amounts of tert-butanol and acetone 
(a rearrangement product (32)) from the former 
and no reaction with the latter. 

With the proper choice of buffer, absolute and 
relative concentrations, and temperature oxi- 
dation of p-hydroxyacetophenone with alkaline 
hydrogen peroxide was kinetically well-behaved 
yielding smooth concentration cs. time curves. 
From these, an initial rate test using the general 
expression dxldt = k[ketoneIn gave 0.971 for the 
order of the reaction. n (first 10 min). Runs I and 
2 (Table 3) followed tl~rough 23 half-lives gave 
pseudo first-order rate constants of 7.10 x lo-' 
min-' and 7.14 x min-l, agreement to 
within 0.6% and also. froin the different initial 
ketone concentration, confirmatioil of first-order 
behaviour with respect to ketone. Even to 49-5 
half-lives, the rate constants for the same runs 
showed less than 7 7  deviation from each other, 
kinetically very predictable behaviour (Fig. l), 
but the first-order plots became slightly concave- 
down curves. 

A decrease in the initial ~erox ide  concentra- 
tion in order to determine the effect on rate 
accentuated the concavity observed in the later 
stages of runs 1 and 2 (see Table 3, runs 4 and 5). 

0 o o l  
0 10 20 30 40 50 

TIME (MIN) 

FIG. 1. LOSS ofp-hydroxyacetophenone with time, when 
oxidized with hydrogen peroxide in the presence of 
Na2C0,,  LiNO,, and EDTA at 35 "C (run 2, Table 3). 
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TABLE 3. Pseudo first-order rate constants for the oxidation of p-hydroxyacetophe- 
none* at  35 "C 

No. of 
Run [H,Oz] [p-Ketone] Reaction half-lives k t l i z  

No. (M)?  (M x lo3) time (min) for calc. k (min-' x lo2) (min) 

1: 1.923 2.938 30 2 .5  7.10 9.76 
1$ 1.923 2.938 50 2 5 7.37 9.40 
2% + 1.923 7.344 25 2.5 7.14 9.70 
2; 1.923 7.344 40 4 .5  7.84 8.80 
3 1.923 3.966 25 2 .5  6.55 10.58 
3 1.923 3.966 40 4 6.94 9.98 
4 0.962 3.085 40 § 1 .5  2.62 26.4 
5 1.346 3.085 40 > 2 . 5  4.35 15.9 
5 1.346 3.085 3 5 > 2 4.40 15.7 
6 0.385 2.023 60 0.67 0.73 94.6 

*Oxidired in 0.4630 -2.1 N a 2 C 0 3  (2.50 g h'a2C03 in 40+ ml of water, plus reagents tabulated, giving 
in all cases a total solution volume of 50 ml). p H  before H 2 0 ,  addition = 11.8. 

tSolutions nith 1.923 and 0.962 M H 2 0 2  present gave p H  readings of 9.9 and 10.5 respectively. 
rLiXO3 (250 mg, 0.0725 M )  was also present in these runs as,part of salt effect study. 
§ ~ e a c t i o n  followed for 70 min but curvature \?.as evident in k~netic plots at times greater than shown 

(see Experimental and Discussion). 

While the rate of initial ketone loss with time was 2 00 
slower for smaller (- 41 : 1 [H202]:  [y-ketone]) 
excesses of hydrogen peroxide present, this initial 
rate was found to increase as the run progressed, 
possibly an indication of kinetic influence by the 
products of the reaction. The more than 100 
molar excess of hydrogen peroxide normally 1 50 

used was probably instrumental in oxidizing the 
initial product (hydroquinone) before it could 

~1 

exert kinetic influence in most runs. m 
0 
1 

The much more significant result emerging - 
when the hydrogen peroxide concentration was a 5 1.00 
varied was that the pseudo first-order rate con- 
stant obeyed the relation k,,, = k[H20,]1.4 

+ 
m 

(Fig. 2), where k = 2.82 x min-I m ~ l - ' . ~ .  
Thus, the Dakin oxidation is clearly not first- 
order in hydrogen peroxide. The mechanism 
currently accepted requires at least some modi- 0.50 
fication to yield an acceptable pathway consistent 
with this. o 0 2 0  O L O  060 0.80 1.00 

If the Dakin reaction is assunled to proceed via LOG CH20J 
a pureiy ionic route, Scheme 2 is one way in 

the observed order in hydrogen peroxide FIG. 2. Order in hydrogen peroxide from Dakin oxida- 

may be rationalized, Hydroperoxide anion attack tion of u - h ~ d r o ~ ~ a c e t o ~ ~ e n o l l e  a t  35 cC. 

on the carbonyl carbon of 10 is straightforward 
(20, p. 218; 361, and the process of peroxy anion of 400 s at I2 "C (38). For more than a first-order 
displacement b) 11 has been invoked for y- dependence on hydrogen peroxide, hydrotrioxide 
cyanobenzoic acid hydrolysis in the presence of decomposition must be the slow step of the 
hydrogen peroxide, with the comment it is sequence. 
expected that this type of process " ... will In- Theoretical considerations too support the 
crease in importance ... at higher p H  values". proposed pathway. A readily polarizable hydro- 
(37). Hydrotrioxide intermediates like 12 have peroxide anion (39) presents a more energet- 
also been observed, for example benzaldehyde ically favourable leavlng group (38) to the 
hydrotrioxide has been shown to have a half-life hydrotrioxide intermediate 12, than hydroxide 
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HOCKING AND ONG 

CH3 
I 

CH3 
k2 I 

HOz- + C=O HOH HOO-C-OH 
I k-2 I 

SCHEME 2. Proposed pathway to  incorporate [H2Q,]1.4 in Dakin oxidation kinetics 

jon does to the alternative intermediate 3. Also, pletely hydrolyzed before it could be placed in 
the much less stable hydrotrioxide intermediate the spectrometer. The possibility of mechanistic 
12 favours significant progression of hydro- ester intermediacy in the Dakin reaction, there- 
peroxide anion departure prior to phenyl migra- fore, could not be ruled out. 
tion, facilitating the slow step of the reaction. From the slow step of the sequence 

Even thougk mildly alkaline competitive oxi- Rate = k4 [I21 
dation/hydrolyses could be readily followed 
(Table I), final step ester hydrolysis under the and invoking a series of pre-equilibria between 

kinetic reaction conditions was found to be starting ketone and 12, this becomes 

extremely fast. At 35 "C, by nmr, using 0.1 to Rate = k 4 k 3 k 2 k 1  CB1 
0.5 M buffer concentrations, the ester was com- k- ,k- ,k- ,  CH2 02l2[101 ---- 

CBH! 
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TABLE 4. Effect of temperature on the rates of oxidation of p-hydroxy- 
acetophenone* 

[p-Hydroxyacetophenone] Temperature Reaction time k 
(IM x lo3) ("c) (min) (min-') 

*Runs in 50 ml total solution volume, 1.923 IM in H201 (10 ml; 30%) and 0.1316 M 
in Na3POa. p H  was 12.6 prior to H 2 0 2  addition, and 10.1 subsequently. Calculated 
values from data: E,,, = 65.7 kJjmol (15.7 kcal/mol); AS* = -16.3 eu. 

TABLE 5. Observed rates of oxidation of o-hydroxyacetophenone with hydrogen 
peroxide in water a t  0 'C  

Run [H202]  [o-Ketone] Reaction k t 1 1 2  

No." (M) (M x lo3) time (min) (min-' x lo2) (min) 

'Each run in 50 ml total solution kolume, buffered by 0.1316 M Na3P04. p H  = 12.6 before 
H2O2 addition. 

t lOml  30% H2O2 present, p H  = 10.1. 
$ 5  ml 30% H20i  present, p H  = 10.7. 
§Value calculated for t h ~ s  temperature from the three values experimentally determined at hisher 

temperatures. 

This simplifies to 
CBl Rate = k '[H20212[10] ----- 

CBHl 
where 

For a constant [ B ] / [ B H ] ,  

Rate = k"[H202j2  [ lo ] ,  

where k" = k l [ B ] / [ B H ] .  With a large excess of 
hydrogen peroxide 

Rate = ii,,, [ I @ ]  

where k,,, = k"[H20,j2 and is the pseudo first- 
order rate constant with respect to ketone experi- 
mentally observed. 

The possibility that the fractional order in 
hydrogen peroxide might be the consequence 
of competing reactions involving terms first- 
order and second-order in hydrogen peroxide 
was examined by letting k,,, = k,[H,O,] + 
k,[H202]2. Rearranging, this gives 

Plotting the data on coordinates [ H 2 0 , ]  us. 
k,,,l[H202] gave a scatter diagram, suggesting 

that this was not the explanation for the ob- 
served fractional order in hydrogen peroxide. 
Kinetic information from the p-ketone was in- 
sufficient to permit further speculation on the 
reason for this fractional order. 

The enthalpy of activation for the oxidation 
of p-hydroxyacetophenone calculated from ob- 
served rates at 40, 35, and 25 'C (Table 4), was 
65.7 kJ/mol (15.7 kcal/mol) and the entropy 
change, - 16.3 eu. While these values are not 
readily interpreted mechanistically (22, p. 121 ; 
40) they fall between the values for nucleophilic 
displacement of iodide from methyl iodide, 
AS*  = -10 eu, and the more crowded neo- 
pentyl iodide, AS* = - 20 eu (41). 

o-Hydroxyacetophenone was found to oxidize 
about 180 times faster than the p-isomer (Table 
5), ~ h i c h  required decreasing the reaction tem- 
perature to 0 ° C  to allow the same kinetic 
methods to be used. Similarly faster ortho than 
para ketone oxidation has been observed for 
chloran~ine oxidation of hydroxyacetophenones 
(42), and for the Baeyer-Villiger oxidation of 
nitroacetophenones (24). 

For a large excess of hydrogen peroxide, good 
pseudo first-order plots were obtained for the 
rate of disappearance of o-hydroxyacetophenone 
up to 2-3 half-lives. However, decreasing the 
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HOCKING AND ONG 109 

initial hydrogen peroxide concentration gave a 
more significant deviation from first-order linear- 
ity than seen for the p-ketone. Since catechol 
is not nearly as readily oxidized as hydroquinone 
under these  condition^,^ and since it has been 
found to be catalytically active for oxidations 
with hydrogen peroxide (43), it is possible that 
catechol or its oxidation products were respon- 
sible for the more significant kinetic interference 
found with the o-ketone. 

o-Hydroxyacetophenone is more susceptible to 
hydroperoxide anion attack than para because of 
intramolecular hydrogen bonding. For the 
phenyl migration step, the phenonium ion re- 

quires the phenyl group to be perpendicular to 
the bond between the migration origin and the 
migration terminus (44) requiring rupture of the 
hydrogen bond in 13, and consequent loss of 
stabilization energy of the order of 5 kcal (45) in 
the process. Thus, if phenyl migration was the 
rate determining step, the ortl~o isomer would be 
expected to react more slowly than the para. 

Because o-hydroxyacetophenone was found to 
react faster than the para isomer possibly a 
variant of Scheme 2 operates to account for this, 
or other alternatives may be operating for both 
ketones. A spirocyclic epoxide intermediate (46) 
(Scheme 3) or a resonance-stabilized phenolate 
radical intermediate (Scheme 4), such as has been 
invoked by Kratzl for air oxidation of phenols 
in the presence of amine-copper complexes (47), 
are other less likely possibilities under consider- 
ation. Further synthetic and electron spin reso- 
nance experiments are underway to attempt to 
identify and isolate if possible, key intermediates 
in this system to better establish the pathway 
involved. 

SCHEME 3 .  Proposed involvement of a spirocyclic epoxide intermediate in Dakin oxidation 

\ structures 

SCHEME 4. Suggested iilvoivement of a pheno!ate radical intermediate in Dakin oxidation. 

3M. B. Hocking, unpublished results. 
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X-Ray structure of tris(acetonitrile)tricarbony1rhenium(I) tetrafluoroborate 
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Drpiirtmenr ofchernistry, Universih ofillbeitrr, Edmonton, Alto., CantIda T6G2E1 
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LILLIAN Y. Y. CHAN, E. E. ISAACS, and W. A. 6. GRAHAM. Can. J. Chem. 55,111 (1977). 
Reaction of [~-BU,N], [R~,(CO)~~]  with AgBF, in acetonitrile affords the compound 

[(CH,CN),Re(CO),][BFJ. The latter crystallizes in monoclinic space group P2,lc with unit 
cell dimensions a = 11.021(5) A, b = 11.136(5) A, c = 12.980(6) A, p = 96.906(25)", and four 
molecules per unit cell. Data were collected by counter methods and the structure was refined 
using least-squares procedures to give R = 0.041. The rhenium cation is approximately octa- 
hedrally coordinated by six facially arranged ligands. The mean rhenium-nitrogen distance is 
2.13 A, and the mean rhenium-nitrogen-carbon angle in the coordinated acetonitrile is i74.7". 

LILLIAN Y. Y. CHAN, E. E. ISAACS et W. A. G .  GRAHAM. Can. J. Chem. 55, 111 (1977). 
La reaction de [n-Bu,N],[Re(COj1,] avec AgBF, dans l'acetonitrile conduit a un compose 

[(CH,CN),Re(CO),][BFJ Ce dernier cristallise sous forrne monoclinique avec un groupe 
d'espace P2,lc avec des dimensions de maille a = 11.021(5) A, b = 11.136(5) A, c = 12.980(6) 
A, B = 96.906(25)" et il y a quatre molecules par maille. On a recolt6 les donnies par la 
methode des conipteurs et la structure a CtC affinee par la mithode des moindres carres jusqu'a 
une valeur de R = 0.041. Le cation rhenium est coordonne approximativement d'une f a ~ o n  
octaedrique par six ligands arranges d'une f a ~ o n  faciale. La distance moyenne rhenium azote 
est de 2.13 A et l'angle moyen rhenium-azote-carbone dans I'acktonitrile coordonne est de 
174.7'. 

(Traduit par le journal] 

Introduction 22.50, H 1.89, N 8.75; found: C 22.56, H 2.14, N 8.49; 
mp 171-173 "C. 

A number of polynuclear rhenium carbonyl The conductivity measurement performed on a 3.5 x 
anions are known through the work of Kaesz M nitromethane solution gave a value of 104.5 

and co-workers (1-3).   he electrochemistry of cm2 mO1-l. 
The crystals for the X-ray determination were obtained these species has been little investigated and it by slow recrystallization from acetone-ethanol, 

seemed to us that the oxidation of the tetra- 
nuclear anion [Re,(CO),,]Z- (1) might lead to 
the formation, via rhenium-rhenium bond for- 
mation, of new ~ e u t r a l  polynuclear carbonyls of 
rhenium. However, this expectation was not 
fulfilled under the conditions of our experiments. 
Using silver tetrafluoroborate in acetonitrile, the 
product was [(CH,GN),Re(CO),][BF,1. We 
describe here this unexpected reaction, and, 
more importantly, the crystal structure of the 
product. 

Experimental 
Prepaiatiori o f ;  (CH3 CN)  Re(C0) 3JL-BF4,. 

To 10 m1 of an acetonitrile solutioll of [n-Bu,N],- 
[Re4(C0)16] (1) (0.25 g, 0.15 mmoi), AgBF, (0.8 g, 5.1 
mmol) was added and the mixture stirred for 24 h. The 
initial red color was lost as the solution became colorless 
with the deposition of Ag metal. The solution was filrereu 
through Ceiite and the solvent removed iil cacuo. The 
brown residue was washed with severzl portions of water 
and then dried by pumping overnight. Two recrystalliza- 
tions from dichloroniethane-heptane afforded 0.2 g (58z 
yield) of product. Anal. calcd. for C,H9N3O3ReBF4: C 

Crystal Strrtctroe 
Preliminary X-ray studies of single crystals of the 

compound with Weissenberg and precession photographs 
showed the systematic absences h01,l = 2n + 1, and OkO, 
k = 2n + 1, which indicate the monoclinic space group 
P2,lc. A single crystal was ground to a sphere (diameter 
0.155 mm) for diffractometer use. The lattice parameters 
and their estimated standard deviations were obtained at  
2 2 ' 6 a s a  = 11.021(5)A,b = i1.136(5)A,c = 12.980(6) 
A, and fi = 96.906(25)", by a least-squares refinement 
using 20 values for i 2  high-angle reflections that had been 
accurateiv centered on a Picker automatic FACS 1 
diffractometer (Mo Kc, radiation, 1, = 0.70926 A). The 
observed density by flotation is 2.03 g ~ m - ~ ,  in good 
agreement with that calculated, 2.02 g ~ m - ~ ,  for four 
molecules per unit cell. 

Intensity data were collected using graphite mono- 
chromated Wio K, radiation (y = 82.20 cnl-') and thc 
0-20 scan nlethod (2" base width, 2' min-' scan rare, 20 s 
background counts at each scan limit). The intensity data 
were reduced using the procedure of Doedens and Ibers 
(4) with a p  factor of 0.03. The independent Re atom was 
recovered fro111 a Patterson map and a difference Fourier 
map based on the Re atom position revealed all of the 
remaining non-hydrogen atoms. Following several cycles 
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TABLE 1 

(a) Atomic parameters for [(CH,CN),Re(CO),][BFJ 

Atom x Y z B (A2) 

"Aiiisotropic thermdl parameters \%ere used 

(b) Anisotropic temperature factors ( x lo5) for [(CH3CN)3Re(C0)3][BF4] 

of full-matrix least-squares refinement using isotropic 
thermal parameters, anisotropic thermal parameters were 
allowed for rhenium, oxygen, and f l~~or ine  (as indicated 
from a difference map) whereupon the R value dropped 
to 4.8%. Examination of the structure factors at  this 
stage showed extinction effects, and a secondary ex- 
tinction parameter was introd~~ced in the refinement. 
Finally, refinement converged at R1 = 4.1% and R, = 
3.9Z. A final electron density difference map showed no 
peaks or troughs exceeding 1 0 . 6  electrons k 3 . '  

The scattering factors used were taken from Cro~ner 
and co-worker (5) with anomalous dispersion included 
for the rhenium atoin. Table 1 lists atomic positions and 
thermal parameters, and Table 2 the interatomic distances 
and angles. A drawing of the [(CH3CN),Re(CO),][BF4] 
structure is shown in Fig. 1, with a packing diagram in 
Fig. 2. 

'Photocopies of the table of structure factors may be 
obtained at  a nominal charge, upon request, from the 
Depository of Unpublished Data, CIISTI, National 
Research Council of Canada, Ottawa, Canada K I A  OS2. 

Results and Discussion 
The reaction of [n-Bu,N],[Re,(CO),,] with 

AgBF, in acetonitrile solution resulted in the 
formation of the title compound, a process 
which can be represented by the following 
equation : 

The infrared spectrum in dichloromethane shows 
two strong carbonyi stretching bands at 2052 and 
1951 cm-I, the latter of greater half width. 
These are clearly the A ,  and E modes expected 
for the facial (C,,) isomer. In addition, the solid 
state infrared spectrum (KBr disc) showed weak 
bands a t  2315 and 2290 cnl-I due to the co- 
ordinated acetonitrile ligands. 
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TABLE 2 

(a) Interatomic distances for [(CH3CN)3Re(CO)3][BF4] 

Bond Distance (A) Bond Dlstance (A) 

Re-Nl 2.134(16) C1-M1 1 .462(25) 
Re-N2 2.133(16) C2-M2 1.505(27) 
Re-N3 2.125(18) C3-M3 1 .425(29) 
Re-C4 1.931(24) C4-04 1 .129(23) 
Re-C5 1.916(23) C5-05 1 .157(22) 
Re-C6 1 .867(23) C6-06 1.183(23) 
N1-C1 1.167(20) B-F1 1.268(27) 
N2-C2 1.132(21) B-F2 1 .354(34) 
N3-C3 1.133(23) B-F3 1.318(41) 

B-F4 1.281(34) 

(6)  Bond angles for [(CH3CN)3Re(CO)3][BF,1 

Bonds Angle (deg) Bonds Angle (deg) 

Re-Nl-Cl 176.2(1.5) N2-Re-C5 175.4(0.8) 
Re-N2-C2 173.4(1.6) N2-Re-C6 95.2(0.8) 
Re-N3-C3 174.5(1.8) N3-C3-M3 178.1(2.4) 
Re-C4-04 177.5(2.0) N3-Re-C4 92.2(0.8) 
Re-C5-05 177.8(1 9) N3-Re-C5 93.8(0.7) 
Re-C6-06 178.1(2.0) N3-Re-C6 176.9(0.8) 
N1-Cl-MI 176.5(1.9) C4-Re-C5 86.8(0.9) 
N1-Re-N2 84.8(0.6) C4-Re-C6 89.0(0.9) 
N1-Re-N3 85.0(0 6) C5-Re-C6 89.1(0.9) 
N 1-Re-C4 177.2(0.8) Fl-B -F2 110 l(2.8) 
N1-Re-C5 93.4(0.7) F1-B F 3  112.2(2.3) 
Nl-Re-C6 93.7(0.8) F1-B -F4 105.2(3.1) 
N2-C2-M2 174.8(2.2) F2-B -F3 119.4(3.8) 
N2-Re-N3 81.9(0.6) F2-B F 4  99.0(3.3) 
N2-Re-C4 94.8(0.8) F3-B -F4 108.7(2.7) 

M3 niethod would be preferred for synthesis of salts 
of this cation in terms of the ease of availability 
of starting materials. 

The structure consists of discrete cations and 
anions with no unusual non-bonded contacts. It 
is interesting to note tlie ligands about tlie 
rhenium atom together with the BF,- group are 
so arranged that there is an approximate three- 
fold axis passing through the two moieties. The 
bond angles at rhenium deviate slightly from 
octahedral, averaging 88.3' for OC-Re-CO 
and 83.9" for CH3CN-Re-NCCH,. 

The average N-C-CH, angle is 174.7", and 
the average N-CCH, and NC-CH, distances 

FIG. 1. The structure of [(CH3CN),Re(CO),][BF4]. 
of 1.14 and 1.46 A, respectively, are essentially the 

Methyl groups are represented by M. same as those in the free ligand (7). The average 
Re-N bond length in [(CH,CN),Re(CO),]+ 

The preparation of the hexafluorophosphate is 2.13 A. Using a value of 1.52 A as the co- 
salt of [(GH,CF\I),Re(CO),]+ has been reported valent radius of Re(I), a figure derived from 
by Reimann and Singleton (6) who obtained it the reported Re(1)-Cl distance of 2.51 8, (8), 
in almost quantitative yield by reaction of the predictcd Re(1)-N distance is 2.22 A;  this 
Re(CO),Br with AgPF, in acetonitrile. Their might be considered reasonable agreement, if 
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FIG. 2. Packing diagram and unit cell for [(CH,CN),- 
Re(C0)3][BF,], shown in projection along the b axis. 

allowance is made for uncertainties in the 
choice of appropriate covalent radii for both N 
and Re(1) in the circumstances. In acetonitrile 
con~plexes of copper(II), the Cu(1I)-N bond 
length is 1.96-1.97 A (9); if an adjustment is 
made for the larger size of Re(1) (1.52 A 0s. 
1.28 A) (lo), one estimates Re(1)-N as 2.22 A. 
This may indicate a stronger ligand-metal inter- 
action in the [(CH,CN),Re(CO),jf cation than 
in the Cu(I1) complexes. It is of interest that the 
Re(V)-N distance in [ReBr,-O(CH,CN)] - 

was 2.31 A (lo), which was taken to indicate a 

very weak interaction between rhenium and the 
acetonitrile ligand relative to the same Cu(I1) 
complexes. 

'The average Re-CO distance of 1.91 A is 
comparable to other reported terminal Re-CO 
values, e .g . ,  1.95 in Ph2SiH2Re,(CO), ( l l ) ,  
1.91 A in [Re,(C0),,I2- (I), and 1.85 A in 
(q-C5H5)2Re2(C0)5 (I2). 
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Orbital ground state, crystal field splittings, and magnetic hyperfine interactions 
in iron(P1) fluorosulphate 
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JOHN R.  SAMS, ROBERT C. THOMPSON, and TSAKG BIK TSIN. Can. J. Chem. 55, 115 (1977). 
Magnetic susceptibilities between 80 and 300 K and s7Fe Mossba,uer parameters between 4.2 

and 295 K are reported for Fe(SO,F),. These data have been analysed via a crystal field model 
including spin-orbit and spin-spin coupling. The compound is trigonally distorted by an 
elongation along the [ I l l ]  axis of the FeO, octahedronfind the ground state is the orbital 
doublet [(,/2/31x2 - y2) - . /1/3xz)),( ,v XJJ) + < 113 yz))]. The quadrupole coupling 
constant e2qQ is positive, and no rhombic distortion could be detected. The electronic spectrum 
shows a splitting of the 5Eg excited level, presumably by a dynamic Jahn-Teller effect, and 
lODq - 8000cm-I. Attempts to fit a low-temperature magnetic perturbation Mossbauer 
spectrum using a pseudo-spin Hamiltonian were only partially successful, but suggest that the 
g tensor is highly anisotropic with g ,  >> g,, and that the internal hyperfine field is small. Spin 
relaxation in Fe(SO,F), is fast at all temperatures down to 4.2 K and in applied magnetic 
fields of up to 5.0 T. 

JOHN R. SAMS, ROBERT C. THOMPSON et TSANG BIK TSIN. Can. J. Chenl. 55, 115 (1977) 
On rapporle les susceptibiliti.~ magnktiques, entre 80 et 300 K, et les parametres de Mossbauer 

du "Fe, entre 4.2 et 295 K, dans Fe(SO,F)z. 011 a analyse ces donnees par l'intermediaire d'un 
modele de champ de cristal impliquant des couplages spin-orbite et spin-spin. Le compose est 
defornie d'une facon trigonale par une elongation le l o x d e  l'axe [l  1 I]  de l'octaedre FeO, et 
l'etat fondanlentalest l'orbitalesousfor~nededoublet [(,'2/3,x2 - y Z )  - ,'1/,xz)),(,'213xy) + 
r 

,i 1/3.~z))]. La constante de couplage quadrupolaire ezqQ est positive et on n'a pas pu detecter 
aucune distorsion rhombique. LC spectre electronique montre une coupure de 1'Ctat excite 
jEg qui est probablement d i ~  a un effet Jahn-Teller dynamique et 10Dq cz 8000 cm-l.  Les 
essais pour ajuster une perturbation magnetique a basse temptrature du spectre de Mossbauer en 
faisant appel a un hamiltonien pseudo-spin n'ont connu que des succes partiels; ils suggerent 
toutefois que le tenseur g est hautement anisotl.opique avec g >> gg, et que le champ hyperfin 
interne est petit. La relaxation de spin du Fe(SO,F),~esl rapide a toutes les temperatures 
jusqu'a 4.2 K et dans des champs magnitiques appliques jusqu'k 5.0 T. 

~. [Traduit par le journal] 

Inkrodlaction in which the sain-lattice relaxation rate at low 
In a recent study (1, 2) of some octahe- temperatures is slow compared to the nuclear 

drally coordinated high-spin iron(I1) complexes, Larmor precession frequency. Thus, at tempera- 
Fe(pyO),(ClO,), (pyO = C,H,E\IO) was found tures below 30 K the two lines of the Mossbauer 
to have an unusual orbital ground state. The 
F e ( ~ y 0 ) , ~ "  cation is distorted by a trigonal 
elongation along the [ I l l ]  direction of the 
octahedron. and the ground state is the [ ( ,m lx2  
- y2) - - J ~ l x z ) ) , ( ~ l . w >  + d ~ l ~ z ) l l  
orbital doublet. A detailed fit of the temperature 
dependence of the Mossbauer quadrupole split- 
ting in terms of a crystal field model which 
included spin-orbit and spin-spin coupling, 
showed that the axial crystal field splitting 
3Ds was 455 cm-I (2), with the ground doublet 
separated by 110 cm-' from the next lowest 
lying spin-orbit-split state. 

spectrum broaden asymmetrically, signaling the 
onset of paramagnetic hyperfine splitting (1, 2). 
Mossbauer measurements at 4.2 K in applied 
magnetic fields ranging from 1 to 50 kG have 
unequivocally confirmed the existence of slow 
spin relaxation in the complex (3). These mea- 
surements also established that any Jahn- 
Teller-induced rhombic splitting of the ground 
doublet must be less than 15 cm- l .  

For purposes of comparison we were interested 
in studying another trigonally distorted octa- 
hedral iron(I2) complex. In particular, we 
wished to know if the existence of a ground 

One of the most interesting features of this doublet well isolated from all higher lying states 
complex is that it is the only known example of is generally to be expected for a trigonally 
an octahedral paramagnetic iron(I1) derivative elongated complex, and if this could be in- 
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fluencing the spin relaxation rate. The ir spec- 
trum of Fe(SO,F), (4) shows clearly that the 
anion maintains C,, symmetry even though the 
v2 band is shifted upwards by 147 cm-I com- 
pared to its position in CsS0,F ( 5 ) ,  indicating 
significant cation-anion interaction. This means 
that the metal-anion coordination must involve 
terdentate fluorosulphate groups with ali three 
oxygen atoms coordinated in an equivalent 
manner. Thus the structure of Fe(SO,F), is 
presumably of the terdentate bridging type pro- 
posed for Co(SO,F), (6), and should involve a 
trigonal distortion of the Fe-0, octahedron. 
Fe(SO,F), therefore seemed an attractive com- 
pound to investigate, and this paper reports de- 
tailed measurements of its susceptibility and 
Mossbauer spectra over wide ranges of tempera- 
ture. 

Experimental 
lron(11) fluorosulphate was prepared as described 

previously (4), and its identity and purity were confirmed 
by chemical analysis and ir spectroscopy. Electronic 
spectra over the range 5-33 kK were obtained on samples 
mulled in NLIJO~ and hexachlorobutadiene, using a Cary 
model 14 spectrophotometer. Magnetic susceptibility and 
S7Fe Mossbauer spectra were measured as fully described 
elsewhere (2). The Doppler velocity scale was calibrated 
with a metallic iron foil absorber, and isomer shifts are 
quoted relative to the centroid of the iron foil spectrum. 

Results 
Magnetic moments of Fe(SO,F), between 78 

and 300 K and Mossbauer parameters between 
4.2 and 295 K are given in Tables 1 and 2, re- 
spectively. The p,,, values are in the range ex- 
pected for a high-spin iron(1I) complex. It will 
be noted that the values increase initially with 
decreasing temperature, pass through a maxi- 
mum and then decline at low temperature. 
Similar behaviour was found for Fe(pyO), 
(ClO,),, whereas for two similar solvates having 
tetragonal distortions and orbital singlet ground 
states, peff decreased monotonically with de- 
creasing temperature (2). 

The electronic spectrum of Fe(SO,F), consists 
of a broad band, similar in appearance to that 
observed for FeSiF6.6H20 (7), with a principal 
absorption at 8800 cm-I and a broad shoulder 
a t  approximately 7100 cm-l. 

The Mijssbauer isomer shift 6 is very high, the 
usual range for octahedral S = 2 iron(I1) com- 
plexes at ca. 80 K being 1.1-1.3 mm s- l .  The 
only other high-spin iron(I1) compounds which 

TABLE 1. Effective magnetic moments of 
Fe(S03F), 

TABLE 2. "Fe Mossbauer parameters for Fe(SO,F),* 

T-F s: AEQ rl rz 
(K) (mm s-') (mm s-') (mm s- ')  (mm s-') 

*Estimated precision of the parameters is i 0.01 mm s-1. 
*Measured with a Pt resistance thermometer for T > 30 K, and a 

Ge thermometer for T < 30 K. 
:Relative to the centroid of a metallic iron foil spectrum. 

show comparable shifts are the fluorides FeF, 
(8), CsFeF, (9), and Rb,FeF, (10). As a general 
rule, high isomer shifts are associated with high 
ionicity. Using either the Walker-Wertheim- 
Jaccarino (1 1) model, or its modified form given 
by Danon (12), the derived electron configura- 
tion for the Fez' ion in Fe(SO,F), is 3d6.00 
4s0.00. The temperature dependence of 6 pre- 
sumably arises from a second-order Doppler 
sdift, and is not chemically significant. 

The quadrupole splitting lAEQl of Fe(SO,F), 
is much smaller than that of FeF, (8) where the 
ground state is essentially an orbital singlet (13), 
but somewhat larger than those of the other 
anhydrous iron(I1) dihalides, all of which are 
trigonally distorted with doublet ground states 
(14-17). IAEQl for Fe(SO,F), also shows a 
strong temperature dependence, a point we shall 
return to below. 

The Mossbauer spectrum of the compound 
remained a sharp symmetric doublet down to 
4.2 K, and there was no indication of either 
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magnetic ordering or of the asymmetric line 
broadening found for Fe(pyO),(ClO,),. Thus it 
is clear that in the absence of an applied magnetic 
field the electronic spin relaxation in Fe(SO,F), 
is fast compared to the nuclear precession 
frequency, so that the internal field sensed by the 
nucleus is zero. 

Discussion 
As suggested above, the fact of C,, symmetry 

for the S03F-  ion in Fe(S03F), strongly sug- 
gests an Fe-0, octahedron which is either 
undistorted or distorted along the threefold (C,) 
axis, since a tetragonal distortion along the C, 
axis of the octahedron would be expected to 
result in a lowering of the anion symmetry to 
C,. Of course the is data cannot differentiate 
between D,, and O,, symmetries for the cation 
because the anion symmetry would be identical 
in either case. The Miissbauer data are definitive 
on this point, however, since a pure 5T2, state 
cannot show a quadrupole splitting. Thus the 
cation must have symmetry lower than O,,. 

In view of the small IAEQl values observed, it 
might be thought that the crystal field distortion 
may be too small to be sensed by ir spectroscopy, 
and that the ir data do not in fact rule out a 
tetragonal distortion. Indeed, it is sometimes 
assumed (18) that a small JAEQl necessarily im- 
plies a small distortion for octahedral Fe2+ ions. 
This view completely ignores the fact that an 
orbital doublet ground state will produce a 
quadrupole splitting roughly half that produced 
by a singlet ground state, and that no matter how 
large the distortion IAEQI will never be much 
greater than 2 mm s-' for a doublet state. This 
is an important point. For an octahedral high- 
spin iron(I1) complex a quadrupole splitting 
substantially larger than 2 mm s- l  is conclusive 
proof of an orbital singlet ground state. On the 
other hand, if the quadrupole splitting is less 
than ca. 2 mm s-I two possibilities exist: either 
the orbital ground state is a singlet and the crystal 
field splitting is very small, or the ground state is 
a doublet. Only by detailed analysis of the 
temperature dependence of AEQ over a wide 
range of T can these cases be distinguished, as 
we now describe. 

Orbital Ground State 
For simplicity we consider only those iron 3d 

orbitals transforming as t,,, and ignore the 
higher lying e, orbitals. In the presence of an 

axial crystal field the threefold degeneracy of the 
t,, subset is partially lifted to produce a singlet 
and a doublet, separated by 3Ds. The nature of 
these orbital states depends upon the symmetry 
of the axial field ( i . e . ,  the choice of quantization 
axis). For a tetragonal distortion the singlet is 
lxy) and the doublet (Ixz), lyz)). However, if 
the distortion is along the trigonal axis the 
singlet is /z2) and the doublet [(\/m1x2 - 
v2> - J ~ I x z ) ) , ( ~ / ~ c J ? )  + v/1/31~z))1. In 
both cases the singlet lies lower if the distortion 
corresponds to a co~llpression along the quant- 
ization axis, and higher for an elongation along 
this axis. If there is a rhombic field as well, the 
doublet will be split by 12Dr. Each of these 
orbital states also has a fivefold spin degeneracy 
which will be split by the spin-orbit coupling. 

If we assume there is no rhombic distortion, 
and we shall see that thls is a good approximation 
for Fe(SO,F),, then there are four possible 
orbital ground states. A knowledge of the sign of 
the quadrupole coupling constant e2qQ will 
eliminate two of these possibilities, since for the 
1z2) and (lxz),lyz)) states e2qQ will be negative, 
whereas it is positive for the other two states. 

A Mossbauer spectrum of Fe(SO,F), recorded 
at 195.3 _f 0.1 K in the presence of a longitudinal 
applied magnetic field of 5.0 T revealed that 
e2qQ was positive, and the asymmetry parameter 
q of the electric field gradient (EFG) tensor was 
nearly or exactly zero. (As discussed elsewhere 
(1, 2), this measurement was made at elevated 
temperature to avoid any possible ambiguity 
which might arise from induced magnetization 
in the specimen due to spin polarization by the 
applied field.) The fact that 7 - 0 is consistent 
with the absence of a significantly large rhombic 
distortion, whilst e2qQ > 0 limits the possible 
ground states to [(,W1x2 - y 2, - m i x z ) ) ,  
( v m ~ x ~ )  + J ~ Y Z ) ) I  or IXY). 

Both the ir data and the fact that AEQ does 
not exceed 2.0 mm s-' favour the former ground 
state. However, in order to establish this un- 
equivocally, we have attempted to fit the tem- 
perature dependence of AEQ, using the crystal 
field model described below, for both these 
ground states. With lxy) taken to be the ground 
state we were not able to obtain a satisfactory 
representation of the observed AEQ us. T be- 
haviour, for any reasonable choice of parameter 
values. With the doublet ground state on the 
other hand, a very satisfactory fit of the data was 
achieved (uide infra), which thus establishes that 
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the orbital ground state is in fact the [ ( ,m1x2 
- v2) - d'mlxz>>,(\;2/3/x.Y? + ,/rnlyz))l 
doublet. Thus, the Fe-0, octahedron in 
Fe(SO,F), is distorted by a trigonal elongation 
along the [ I  111 axis, and the point-group sym- 
metry of the iron environment is effectively D,,. 

Crystal Field Parameters 
The value of l0Dq for Fe(SO,F), should be 

obtainable from its electronic spectrum. For a 
regular octahedral complex the spectrum should 
consist of a single absorption, a t  an energy 10Dq, 
arising from the 5T2, + 5 ~ g  transition. The 
structure observed here (principal band a t  
8800 cm-'  and shoulder at 7100 cm-l) suggests 
a splitting of the excited level by some 1700 cm-'. 
As discussed above the distortion of this com- 
plex from regular 0,, symmetry is trigonal in 
nature, and since such a distortion cannot lift 
the degeneracy of the 5E,  level, this cannot be 
the cause of the band splitting. 

A similar situation exists for FeSiF,.6H20 
which contains tr~gonally distorted [ F e ( ~ , 0 ) , ] ~ +  
octahedra. The spectrum of this compound con- 
sists of a principal band at 10 300 cm-' with a 
shoulder at 8700 cm-l,  and the band splitting in 
this case has been attr~buted to the removal of 
the excited state degeneracy by a dynamic 
Jahn-Teller effect (7). If one assumes that the 
band splitting in Fe(SO,F), is also due to this 
effect, the value of 10Dq for the complex must be 
about 8000 cm-' (approximate centre of the 
absorption band). This value is not unreasonable 
when compared with previously measured l0Dq 
values of 7650cm-' for Co(SO,F), (6) and 
7340 c m l  for Nl(SO,F), (19). 

The effects of the noncubic part of the crystal 
field together with spin-orb~t and spin-spin 
splitting can be treated via the Mamiltonlan 

where the 2, and 3, are orbital and spin angular 
momentum shift operators, respectively, Ds and 
Dr the axial and rhombic field splitt~ng para- 
meters, and ?, and D o  the spin-orbit and spin- 
spin coupling constants. The cubic field term has 
been omitted from [l ] because In our calculations 
we ignore the e, orbitals, and X operates only 
on a basis set of 15 t,, wave functions. We have 
shown elsewhere (2) that this appears to be a 
valid truncation if lODq k 9000 cm-l .  Al- 

though we estimate lODq for Fe(SO,F), to be 
only -8000cm-', this approximation is re- 
tained here. (The reason for doing this is simply 
that it allows one to truncate the 25 x 25 
matrices which one would otherwise need to 
diagonalize to  15 x 15 matrices, thereby re- 
ducing the computation time by a factor of 
nearly three.) The basis sets used were 

for tetragonal symmetry, and 

for trigonal symmetry, where we have used the 
notation IL,ML) IM,), ML being the z component 
of the total orbital angular momentum L, and 
M, = 0, f 1, f 2  the z component of spin 
angular momentum. 

For particular choices of Dsi?,, Drlh, and 
Do/IL the 15 x 15 matrix was diagonalized to 
obtain the eigenvalues E ~ / ? L  and corresponding 
eigenvectors li). These quantities were then used 
to calculate quadrupole splittings and magnetic 
moments as described in detail previously (2). 
The only change from our earlier procedure is 
that the numerical factor appearing in eq. 8 of 
ref. 2 has been altered from 4.1 to 4.5, as 
suggested recently by Konig et al. (20). 

In fitting the Mossbauer data, since the EFG 
at Fe has effectively axial symmetry (q - 0), 
we have set Dr = 0. The remaining parameter 
values were refined by least-squares techniques. 
As mentioned above, we were unable to obtain a 
satisfactory fit using an orbital singlet ground 
state. The main difficulty here was that in order 
to fit the approximate magnitude of AEQ one 
must use quite small values of Ds, and this in 
turn leads to a much more pronounced tempera- 
t ~ l r e  dependence than that observed experi- 
mentally. No reasonable choices of 1 and D o  
could rectify this problern. For the doublet 
ground state, the Mossbauer quadrupole split- 
tings are adequately fitted by the crystal field 
model using the following parameter values: 
Ds = 96 cm-', h = -90cm-' ,  and D o  = 22 
cm-'. In treating the magnetic moment data we 
employed these same values of Ds, h, and Do, 
and fitted the p,,, tw. T curve merely by adjusting 
the orbital reduction factor K .  The value of K so 
found was 0.95. Figure 1 compares the experi- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SAMS ET AL. 119 

FIG. 1. Comparison of observed and calculated 
effective magnetic moments (upper) and quadrupole 
splittings (lower) as functions of temperature for 
Fe(SO,F),. The parameters used to compute the theo- 
retical curves are given in the text. 

mental AEQ and p,,, data with theoretical curves 
computed from these parameter values. 

The Ds value found for Fe(SO,F), is some- 
what larger than those reported for FeCI, (48 
cm-l), FeBr, (58 cm-I), and FeI, (61 cm-') 
(15, 17), all of which have orbital doublet 
ground states. The larger distortion here is 
perhaps not surprising In view of the polyatomic 
nature of the anion. Inclusion of the spin-spin 
coupling term, D D ( ~ , ~  - 2), is necessary to 
acco~n t  for the behaviour of AEQ at temperatures 
below ca. 80 K. If this term is omitted from the 
Hamiltonian [ l ]  the theoretical AEQ values de- 
crease rather than increase as the temperature is 
lowered from 80 to 4.2 K. The magnitude of D o  
for Fe(SO,F), is very similar to those obtained 
for other high-spin Fe2+ complexes (2). 

The h and K values found here are slightly 
lower than one might expect. In view of the very 
high isomer shift of Fe(SO,F), which suggests 
high ionicity, values of these parameters closer 
to  the free-ion values (h, = - 103 cm- l ,  K, = 
1.00) would appear more reasonable. We suspect 
the low values we obtain may be more artificial 
than real, and perhaps result from our neglect 
of the iron e, orbitals in the crystal field model 
used. This omission appears to have no signifi- 
cant effect on the results for tetragonally dis- 
torted complexes (2), presumably because under 
D,, symmetry E, goes over into A,,  + B,, and 
there IS no mixing with the ground term. How- 
ever, the E, term remains degenerate under D,, 
(trigonal distortion) and there is now a sym- 
metry-allowed mixing with the E, component of 

T2,. Clearly any effect on K and h is not very 
large, and we feel that more elaborate calcula- 
tions employing a full basis set of 25 spin-orbit 
wavefunctions are hardly justified. 

Spin Relaxation and Magnetic Hyper fine Inter- 
action 

As noticed above, electronic spin relaxation in 
Fe(SO,F), at 4.2 K in zero magnetic field is fast 
relative to the nuclear precession frequency, so 
that the Mossbauer spectrum remains a sym- 
metric doublet under these conditions. 

The d orbital energy level diagram for the 
compound, obtained from the eigenvalues cal- 
culated in the crystal field treatment above, is 
shown in Fig. 2. This diagram is similar in 
appearance to that of Fe(pyO),(ClO,), (3), for 
which spin-lattice relaxation is slow. In partic- 
ular, the ground spin-orbit-split doublet in 
Fe(SO,F), lies 96 cm-I below the next lowest 
lying state, compared to 110 cm- ' in Fe(pyO),- 
(CIO,),. In both cases the ground state is 
effectively isolated at 4.2 K (kT - 2.9 cm-l) and 
there will be no mixing wlth higher levels. We 
have shown (3) that a ground state of this type 

FIG. 2. Energy level diagram for the t,, subset of 
ferrous 3d orbitals in Fe(S03F),, obtained by fitting the 
temperature dependence of the quadrupole splitting via 
the crystal field model described in the text. The effects of 
the trigonal distortion (VT), spin-orbit coupling (V,,), 
and spin-spin coupling (V,,) are shown. 
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can be accurately treated as a Kramer's doublet, 
and that the magnetic properties of such a state 
in the presence of an applied field H can be 
described in terms of a pseudo-spin ( S  = f) 
Hamiltonian, 

where p and p, are the Bohr and nuclear mag- 
netons, respectively, g ,  the nuclear g-factor and 
2, the nuclear quadrupole coupling Hamilton- 
ian. The first three terms in [2] describe re- 
spectively the electronic Zeeman interaction, the 
magnetic hyperfine interaction between the 
nuclear spin I and electron spin S, and the direct 
nuclear Zeeman interaction with the external 
field. Thus, in principle, Mossbauer measure- 
ments on such a system at 4.2 K in large applied 
fields enable one to deduce the components of 
both the g and A tensors and the magnitude of 
the internal hyperfine field. 

The spectrum shown in Fig. 3 was obtained 
at  4.2 K with an applied longitudinal magnetic 
field of 5.0 T, and 1s ~ ~ n u s u a l  from several points 
of view. Rather than a well-resolved hyperfine 
pattern of six or more lines. one sees only two 
comparatively feat~~reless absorption envelopes. 
These envelopes have very different intensities, 
and their small widths suggest that the internal 
magnetic field along the trigonal axis is quite 
small. 

Because of these unusual features we have 
made a great effort to fit the spectrum using the 

I ; @ ~ - ~ ~ c = = & P p  0'6 zm $i" <a e-0 ~'i-%~> 

I , "., F-%"s : 0 "  

I B 

- o.- 0 . " 
: 3o w>:.3 > P1 l a  

e o 4~ g ; - 

, T - ~ ,  , 
-30 -1.5 0 15 3 0 

Velocity (rnrnlsi 

FIG. 3 .  "Fe Mossbauer spectrum of Fe(SO,F), at 4.2 K 
in a longitudinal applied magnetic field of 5.0 T. The 
solid line is a theoretical spectrum computed from the 
S = 112 pseudo-spin Hamiltonian, using parameter values 
given in the text and a fast relaxation limit. The velocity 
scale is relative to the centroid of the zero-field spectrum 

Hamiltonian of [2]. From our previous ex- 
perience with Fe(pyO),(ClO,), (3) and the pre- 
dictions of Griffith (21), we expected a highly 
anisotropic g tensor with g 1  >> g, cz 0. There- 
fore most of the theoretical spectra calculated 
employed one of the following sets of g values: 
g, = 0, g 1  = 9 ;  g, = 0.5, g i  = 9 ;  g, = 0.8, 
g i l  = 9 ;  g, = I ,  g j l  = 9 ;  and g, = 2, gll = 8. 
However, several other seemingly less realistic 
sets of values were also tried, including g, = g i l  
= 2 and sets with g, > g . For a given combma- 
tion of g values the A tensor components A, 
and A were systematically varied, and spectra 
were calculated in both slow and fast relaxation 
limits (3) in attempting to simulate the observed 
spectrum. Altogether, more than 300 spectra 
were generated, but in no case were we able to 
obtain a really satisfactory fit. One of the main 
difficulties was in trying to reproduce the relative 
intensities of the two absorption envelopes. 

The solid line shown in Fig. 3 represents our 
most successful attempt at simulating the widths 
and shapes of the two envelopes, but the inten- 
sities are clearly wrong. This spectrum, com- 
puted in the fast relaxation limit, employs the 
parameters: g, = 1, g ,  = 9,  A, = + 1.50 mm 
s- l ,  A ;  = +0.78mm s- l ,  and AEQ and r 
values obtained from the zero-field spectrum. 
Although these parameter values should not be 
taken too seriously in view of the inadequacies 
of the fit, certain rather firm conclusions did 
emerge during the course of our calculations. 
Firstly, it appears necessary to use a very aniso- 
tropic g tensor with g l  >> g, as expected (3, 21). 
Spectra computed with isotropic g values or with 
g, > g I  were far less successful. Secondly, the 
easy axis of magnetisation is parallel to the z axis 
of the EFG, and the hyperfine field along this 
axis is apparently small (2 6T) and positive. 
Thirdly, in almost all cases. spectra con~puted 
in the slow relaxation limit showed substantially 
more fine structure than did the fast relaxation 
spectra, and in order to duplicate the rather 
featureless character of the measured spectrum 
it seems necessary to use the fast relaxation limit. 
Thus, at 4.2 K spin relaxation in Fe(SO,F), 
remains fast even in the presence of a large 
applied field. 

The rather marked difference between theo- 
retical and experimental intensity ratios of the 
two absorption envelopes remains a mystery, 
and we are not able to offer a satisfactory ex- 
planation at this time. The zero-field spectra rule 
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out the possibility of an anisotropy of the 
recoilless fraction, and this would not be ex- 
pected to be important in a highly ionic com- 
pound at 4.2 K in any case. Preferential orienta- 
tion of the crystallites also seems highly im- 
probable. Spectra at 4.2 K in zero applied field 
were recorded for three different samples of 
Fe(SO,F),, and in each instance the intensities 
and areas of the two lines were identical within 
experimental error. 

Conclusions 

The present study has shown that Fe(SO,F), 
is distorted by an elongation along the C, axis 
of the Fe-0, octahedron, with a trigonal field 
splitting 3Ds of about 290 cm-I. The lODq 
value is about 8000 cm-l, and there appears to 
be substantial Jahn-Teller splitting of the 5 ~ ,  

level. The quadrupole coupling constant is 
positive and the electric field gradient has 
effectively axial symmetry, consistent with a 
nearly degenerate [(mjx2 - y2) - mj- 
xz)),(mlxy) + ~lyz))] orbital doublet 
ground state. The trigonal axis of the crystalline 
field, the z axis of the EFG and the easy axis of 
magnetisation are colinear, and the hyperfine 
field along this axis is apparently small. Spin 
relaxation in the complex is fast relative to the 
"Fe nuclear precession frequency at all tem- 
peratures down to 4.2 K and in applied magnetic 
fields of up to 5.0 T. 
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Electrophilic additions of iodonium nitrate to unsaturated substrates 
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J. WILLIAM LOWN and ALUMMQOTTIL V. JOSHUA. Can. J. Chem. 55, 122 (1977). 
Iodonium nitrate (generated by reaction of iodine chloride with silver nitrate in chloroform- 

pyridine) reacts with a variety of unsaturated substrates to form the following: 1,4-conjugate 
addition products of the type alkenyl pyridinium nitrates; alkyliodopyridinium nitrates; 
products of aromatic iodination of both phenols and anilines; substituted benzodihydrofurans; 
tetrahydrofurans and tetrahydropyrans; polycyclic bridged ethers; lactones; thiazolines. 

J. WILLIAM LOWN et ALUMMOOTTIL V. JOSHUA. Can. J. Chem. 55, 122 (1977). 
Le nitrate d'iodonium (form6 par reaction du chlorure d'iode avec le nitrate d'argent dans le 

chloroforme et la pyridine) reaglt avec un grand nombre de substrats non-satures pour former 
ceux qui suivent: des produits d'addition conjugut-1,4 du type nitrate d'alkenyl pyridinium; 
des nitrates d'alkyliodopyridinium; des produits d'iodation aromatique des phenoles et 
d'anilines; des benzodihydrofurannes substitues; des tetrahydrofurannes et des tetrahydro- 
pyrannes; des ethers polycycliques pontes; des lactones; des thiazolines. 

[Traduit par le journal] 

In previous publications we reported on the 
chemical versatility of the addition reactions of 
the pseudo halogen iodoniunl nitrate (1-3). For 
example, iodonium nitrate (generated by reaction 
of iodine chloride with silver nitrate in chloro- 
form-pyridine solution) readily undergoes addi- 
tion to alkenes to form (i) iodoalkyl nitrates, (ii) 
iodoalkylpyridinium nitrates, or (iii) alkenyl- 
pyridinium iodides (1, 3). With olefinic alcohols, 
iodonium nitrate affords (iv) hydroxyiodoalkyl 
nitrates, (v) hydroxyiodoalkylpyridinium nitrates, 
or (vi) three, four, and five membered cyclic 
ethers depending on the substrate and the re- 
action conditions (2). It was established that 
these electrophilic additions proceed via a dis- 
crete pyridine complex (d.2Py)+N03- (in which 
the iodine is bonded to the nitrogens of the 
pyridine rings), trans-stereospecifically and often 
regiospecifically (1). 

In a continuation of our investigations we 
report several further examples of the synthetic 
utility of this reagent. 

Reactions with Conjugated Systems 
2,3-Dimethyl-l,3-butadiene reacts with iodon- 

ium nitrate to afford the 1,2-addition product 
N-[3-(4-iodo-2,3-dimethy1)but-1-enyllpyridinium 
nitrate 1 in 6 0 x  yield and compound 2, the 
product of 1,4-conjugate addition, in 5.5% yield. 
The sole formation of the pyridinium salt is con- 
sistent with the observation that this is the major 

'NRCC scholarship holder 1974-1975. 

type of product obtained when a stabilized (e .g .  
allylic) cation intermediate is involved (1). The 
nmr spectrum of 1 was consistent with a 1,2- 
addition since .it showed the terminal vinylic 
protons. Product 2 is envisaged as arising from 
1,4-addition followed by displacement of the 
allylic iodine by pyridine. Alkenyl pyridinium 
salts of the general type represented by 1 and 2 
were found to possess significant oral anti- 
diabetic properties which will be reported else- 
where. 

Iodonium nitrate is generally unreactive to- 
wards a,P-unsaturated ketones and esters unless 
activated by electron-releasing substituents. Thus 
chalcone is recovered unchanged on treatment 
with iodonium nitrate. In contrast, p-methoxy- 
chalcone 3 did react to afford the iodopyridinium 
nitrate 4 as the sole product in 91% yield. 
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0 addition of iodonium nitrate to 2-allyl-6- 
I I 

11-CH,O-C,H,-CH=CH-C-C,H, [ I  2P\1-N03 
CHCI,. P\ i ~ d ~ n e  ' 

Reactions ivith Phenols and Anilines 
Reaction of 2-allylphenol 5 with 1 mol equiv. 

of iodonium nitrate did not give the expected 
double bond addition product, but instead gave 
the aromatic iodination products 6, 7, and 8 
together with the corresponding amount of 
pyridinium nitrate. With 2 equiv. of iodonium 
nitrate the diiodinated product 8 was obtained 
in 74.5% yield. 

In the reaction between allylphenols and 
iodonium nitrate no addition to the double bond 
takes place until all the available positions ortho 
and puru to the hydroxy group are substituted 
with iodine; subsequently addition occurs 
readily. Thus 2-allylphenol on reaction with 3 
equiv. of INO, in chloroform-pyridine gave 9 
in 13% yield and a substituted benzo[blfuran 10. 
The regiochemistry of 9 is evident from the nmr 

spectrum which showed characteristic absorp- 
tions for the -CH,l and -CHONO, groups at 
6,,, 3.33 and 5-5.5 respectively. The same type 
of products, 11 and 12, were isolated from the 

methylphenol in almost the same ratio (15zeand 
33.5% respectively). 

Phenol reacted with 3 mol equiv. of INO, to 
give 2,4,6-triiodophenol 13 in 94% yield. 
Similarly, para-cresol afforded a 907, yield of 
2,6-diiodo-4-methylphenol 14 with 2 equiv. of 
INO,. 

? H ?H 

Aromatic primary amines react with INO, to 
give the corresponding iodinated products in 
low yield. This reaction is accompanied by tar 
formation probably due to oxidation of the 
amino group. It was also observed that a maxi- 
mum of two iodine atoms can be introduced. 
Thus aniline with 3 equiv. of INO, gave 2,4- 
diiodoaniline 15 in 46% yield and para-toluidine 

NH2 NH2 

I CH3 

15 16 

gave the corresponding diiodo compound 16 in 
23% yield. Reactions of secondary and tertiary 
aromatic amines with INO, are cleaner and the 
iodinated products are obtained in good to 
excellent yields. For example, N-methylaniline 
with an excess of TWO, pave a 78% yield of 2,4- 
diiodo-N-methylaniline 17. In the case of N,N- 
dimethylaniline the reaction was regiospecific in 
that only the para iodinated product 18 was 
formed in 94.5% yield. 
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Only two of the three available ovtho and para 
positions in aromatic 1"- and 2"-amines can be 
substituted with INO, in contrast to phenol. 
This may be due to the deactivation of the ring 
as a result of the introduction of the two iodine 
atoms. Steric factors may also play a role (cf .  
aniline and N,N-dimethylaniline). 

This convenient method compares favorably 
with alternative methods of aromatic iodination. 
For example, iodine will only react with aro- 
matic amines because the iodide precipitates as 
a salt; otherwise an oxidizing agent must be 
added to oxidize the iodide ion to iodine (4-6). 
Iodine chloride has also been used and tends to 
be a better iodinating agent (4). Recently 
another route to aromatic iodination has been 
developed using thallium trifluoroacetate and 
potassium iodide but tends to be more specialized 
in its applications (7). 

Additions to Olefinic Alcohols 
The behavior of neighbouring groups in 

electrophilic addition (4) of pseudo-halogens is 
often unpredictable. For example, whereas 
participation and subsequent migration of phenyl 
group have been observed in the addition of 
bromine (9), iodine chloride, iodine isocyanate, 
iodine azide (lo), and bromine azide (11) to 
triphenylpropene, no participation by hydroxy 
group occurs in the addition of iodine isocyanate 
to 1,l-dimethylallyl alcohol (10, 11). Therefore 
we examined the reaction of iodonium nitrate 
with unsaturated substrates bearing potential 
neighbouring groups. 

Reaction of 1-allylcyclohexanol with INO, in 
chloroform-pyridine gave a normal addition 
product 19. The Markovnikov nature of the 

addition was evident from the nmr spectrum 
which showed absorptions at 6 3.4 (d) and 

5.23 (quintet) characteristic of -CH,I and 
-CHONO, (3). In addition to compound 19, 
a spiro ether was isolated in 10% yield which 
proved to be 21 and not the expected product 20. 
This was confirmed by the base-catalyzed 
cyclization of 19 to the spiro ether 21 which was 
characterized by its nmr and ir spectra and 
elemental analysis. The formation of spiro ether 
21 in the addition of INO, to 1-allylcyclohexanol 
is explicable on the basis of the scheme outlined 
for the reaction of INO, with hex-5-en-3-01 (2). 

Olefinic compounds which can give rise to 
five- or six-membered cyclic structures by neigh- 
bouring group participation in the addition of 
electrophilic reagents are generally expected to 
follow this path in preference to other reaction 
pathways as exemplified by the formation of 
five-membered cyclic ethers (12, 13) and lactones 
(14) in the electrophilic addition of iodine to 
pent-4-en-1-01 and 4-pentenoic acid respectively. 
Addition of INO, in chloroform-pyridine to 
pent-4-en-1-01 gave as the major product 2- 
iodomethyltetrahydrofuran 22 in 60% yield. In 
addition a small amount (6%) of isomeric 
hydroxyiodoalkyl nitrates 23 and 24 was pro- 
duced in a ratio of approximately 9:  1 as deter- 
mined by comparing the intensities of CHONO, 

HO(CH2)3-CH-CH20h0, 
I 
I 

24 

and -CH,ONO, absorptions in the nmr 
spectrum. The ir spectrum showed intense hy- 
droxy and nitrate absorptions. The structure of 
22 was evident from the nmr and ir spectra. The 
ir spectrum showed no hydroxyl absorption. The 
cyclic ether and the iodonitrate esters were 
readily separable by chromatography on Florisil. 

As the distance between the olefinic centre and 
the neighbouring hydroxy group increases, the 
propensity for participation decreases, as evi- 
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denced by the addition of INO, to hex-5-en-1-01. 
The major products isolated were the hydroxy- 
iodoalkyl nitrate 25 and the pyridinium salt 26 
formed in 21% and 39% yields respectively cor- 
responding to regiospecific Markovnikov ad- 
dition. 

The cyclic ether 2-iodomethyl tetrahydropyran 
27 was also formed in 17% yield. The behavior 
of pent-4-en-1 -01 and hex-5-en-1-01 towards 
INO, is consistent with their behaviour towards 
bromine and iodine in that their propensity for 

participation by a neighbouring hydroxyl group 
decreases if the resulting cyclic structure is six- 
membered rather than five-membered (13). 

Reactions with Bicyclic Olejnic Alcohols 
The behavior of bicyclic olefinic alcohols to- 

wards INO, was examined. It was anticipated 
that in such rigid ring systems ring closure by the 
neighbouring hydroxy group would be preferred 
to other modes of reaction namely addition and/ 
or rearrangement, provided the participating 
group has the correct stereochemistry and the 
resulting ring system is stable. The three iso- 
meric 5-norbornene-2,3-dimethanols namely, 
endo-cis-5-norbornene-2,3-dimethanol, exo-cis- 
5-norbornene-2,3-dimethanol, and trans-5-nor- 
bornene-2,3-dimethanol were synthesized ac- 
cording to literature procedures (15, 16). Re- 
action of endo-cis-5-norbornene-2,3-dimethanol 
with iodonium nitrate in chloroform-pyridine 
gave a cyclized product 28A in 74% yield and a 

stoichiometric amount of pyridinium nitrate. 
Similarly addition of INO, to the deuterated 
analog (> 95% deuterium) gave the correspond- 
ing cyclic ether 28B. Structural assignments for 
28A and 28B are based on nmr and ir spectra 

and elemental analysis. Assignments of the 
various absorptions in the nmr spectra were 
made by comparison with other models (17-21) 
and extensive decoupling. 

Reaction of iodonium nitrate with trans-5- 
norbornene-2,3-dimethanol in chloroform-pyri- 
dine gave the cyclized product 29 in 86% yield 
together with a corresponding amount of 
pyridinium nitrate. Compound 29 contained 
only one hydroxyl group as shown by the forma- 
tion of a mono para-nitrobenzoyl derivative 30 
in 70% yield, which was characterized by its nmr 
and ir spectra and elemental analysis. 

H&? p - w 6 H 4 C 0 C l  + 

H~ Benzene 

H ' Pyr-idine 

0 

Reaction of exo-cis-5-norbornen-2,3-dimeth- 
an01 with INO, gave a mixture of products from 
which the major product 31 was isolated in 40% 

31 
A X = H  
B X = D  

yield by chromatography on Florisil. The ir 
spectrum showed intense absorption at 1630 
cm-' indicating the presence of a ONO, group. 
The assignments of the various absorptions in 
the nmr spectrum were made by extensive de- 
coupling and by comparison of the spectrum 
with that of 31B prepared from the deuterium 
analog. Thus the nmr spectrum of 31B showed 
6 5.5 (q, 1H, H2, J 2 . 3  = 2.8 Hz; J,,, = 2 Hz); 
3.82 (t, IH, H3, J2,3 = J3,7a = 2.8 Hz). The 
methylene signal of the hydroxylmethyl groups 
in 31A appeared as a multiplet at 6 3.3-4. 
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Anti-7-norbornenol (1 91, on reaction with 
INO, in chloroform-pyridine gave 32 as the sole 
product indicating a preference for addition. 
Compound 32 was characterized as its para- 
nitrobenzoyl derivative 33. syn-7-Norbornenol 

p-NO2C6H4COCI 
Benzene. p \   dine ' 

3 3  

(24) reacted more slowly than 32 with TNO, to 
give a mixture of several products as shown by 
the nrnr spectruru of the crude reaction products, 
which could not be separated and characterized. 

Like the hydroxpl group, the carboxyl group 
can also participate in INO, additions if such 
participat~on can lead to five- or six-membered 
ring structures (14, 25). An example is provided 
by the addition of INO, to 4-pentenoic a c ~ d  
which gave the iodolactone 31 together with a 
stoichiometric amount of pyridiniunl nitrate. 
Compound 34 has also been obtained in the 
addition of iodlne and iodine cyanide to 4- 
pentenoic acid. 

An example of participation by a neighbouring 
sulfur is provided in the addition of INO, to the 
allylthiourea 35 which gave a cyclized product 
assigned the thiazoline structure 36. The more 

quantitative aspects of these reactions of 
iodoniurn nitrate are discussed in the following 
paper (3 1). 

Experimental 
Melting points were determined 011 a Fisher-Johns 

apparatus and are uncorrected. The ir spectra were re- 
corded on a Perkin-Elmer model 421 spectrophotometer, 
and only the principal, sharply defined peaks are reported. 
The 'H nmr spectra were recorded on Varian A-60 and 
A-100 analytical spectrometers. The spectra were 
measured on approximately 10-15% (wlv) solutions in 
appropriate deuterated solvents with tetramethylsilane as 
standard. Line positions are reported in ppm from the 
reference. Noise decoupled I3C nmr spectra were ob- 
tained at  25.15 MHz in 12 mm spinning tubes on a Varian 
HA-100-15 instrument. Mass spectra were determined on 
an Associated Electrical Industries MS-9 double focussing 
high resolution mass spectrometer. The ionization energy, 
in general, was 70 eV. Peak measurements were made by 
comparison with perfluorotributylamine at a resolving 
power of 15000. Kieselgel DF-5 (Camag, Switzerland) 
and Eastman Kodak precoated sheets were used for thin 
layer chromatography. 

The gc analyses were performed with an Aerograph 
model A-700 gas chromatograph. The Ic analyses were 
made with a Waters Associates model ALC-100 liquid 
chromatograph. Microanalyses were carricd out by Mrs. 
D. Mahlow of this department. 

Grtzerul Procehlre for the Reaction of Iodoniuni ~Vitrnte 
~ t i t h  Unsaturrrted Substrates 

Silver nitrate, 6.8 g (0.04 mol) was dissolved in a 
mixture of 50 n ~ l  of anhydrous chloroform and 15 ml of 
anhydrous pyridine. Iodine monochloride, 6.5 g (0.4 mol) 
in 20 ml of dry chloroform, was added dropwise to the 
stirred solution. The silver chloride produced was 
collected and washed with a mixture of 10 ml of chloro- 
form and 10 ml of pyridine. A 0.04 mol quantity of the 
unsaturated substance was added all at  once to the yellow 
filtrate. The mixture was stirred at  room temperature for 
3 h, then poured into an excess of ether and chilled. The 
resulting precipitate was collected and the filtrate con- 
centrated in r,acr/o. The oil obtained was taken up in 50 ml 
of ether and washed with 50 ml of 5% cold hydrochloric 
acid to remove pyridine and then with 25 ml of cold 
water to remove any remaining pyridiniun~ salt. If the 
ether solution was colored with iodine, it was washed 
with 20 ml of 5% sodium thiosulfate solution and then 
with 20 ml of water. The ether layer was dried (MgSO,) 
and evaporated in cacuo. Further purification of the 
iodonitrate ester so obtained was effected by distillation 
under reduced pressure. 

The ether insoluble residue, after washing several times 
with ether, was extracted with a 50: 50 mixture of ethanol- 
isopropanol and filtered. Ether was added to the filtrate 
dropwise until the solution turned cloudy. The solution 
contained in a small beaker was placed in a larger beaker 
containing a little ether; the large beaker was covered 
with plastic film and kept in the refrigerator overnight. 
The resulting precipitate was collected and washed with 
ether containing a little ethanol and then with ether to 
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afford the iodopyridinium nitrate. In a few instances, 
when the iodopyridinium salt was difficult to purify and 
very dark in color (contamination with iodine and tarry 
materials), the purification was carried out by chroma- 
tography on silica gel, eluting with CHCI,, 5% CCM30H 
in CHC1, (viv), 10% CH,OH in CHCI, (v/v), and 30% 
C H 3 0 H  in CHCl3 (v/v), the iodopyridinium salt being 
collected with the last mixture of solvents. 

Reaction of lodoniuni A7itrnte with 2,3-Dimethyl-1,3- 
butadiene in Clilor.oform-Pyridine 

To a solution of iodonium nitrate (0.04 mol) in 60 ml 
of chloroform and 25 ml of pyridine was added 3.28 g 
(0.04 mol) of 2,3-dimethyl-1,3-butadiene all at once. The 
mixture was stirred at room temperature for 3 h, then 
poured into an excess of ether and chilled. The resulting 
precipitate war collected. Evaporation of the filtrate in 
cacuo did not give any identifiable material. 

The ether insoluble residue after washing several times 
with ether was extracted with ethanol at room temperature 
and filtered. Ether was added dropwise to the filtrate till 
it turned cloudy. Crystallization by the method discussed 
before gave 8.4 g (60z) of 1V-[3-(4-iodo-2,3-dimethyl)- 
buteizjll-pyr.idini~un nitrate I ;  mp 106-108 "C. Anal. 
calcd. for CilHl5N,O3I: C 37.73, H 4.32, N 8.00; 
found: C 37.70, H 4.03, N 7.91. The nmr spectrum 6TMs 
((CD,),SO) 1.67 (s, 3H, CH,-C=C), 2.03 (s, 3H, 

i + /  
CH,-C-N ), 4.3 (s, 2W, -CH,I), 5.28 (s, 1H, one 

~ \ 
olefinic'hydro&n), 5.41 (m, lH, other olefinic hydrogen), 
8.2-9.3 (m, 5H, pyridine hydrogens). 

The ethanol insoluble residue was extracted with hot 
methanol and filtered. Addition of ether and filtration 
gave 0.8 g (5.573 of N,W-[1,4-(2,3-dinlethylb~ct-2- 
ervl)  Yd~byridiniurn dinitrate 2 mp 261-263 'C (dec.). Aizul. 
calcd. for C 1 6 H 2 0 N ~ 0 6 :  C 52.97, H 5.49, N 15.38; 
found: C 52.43, H 5.51, N 15.33. The nmr spectrum tiTMs 
((CD,),SO) 1.82 (s, 6H, 2-CH,), 5.4 (s, 4H, -CH,- 
+4' 
N ), 7.9-8.8 (m, 10H, Py). 
\ 

Reactioii with p-Methoxychalrone 
A similar reaction between iodonium nitrate (0.40 mol) 

andp-methoxychalcone (0.04 mol) in chloroform-pyridine 
afforded N-( I -  (2-iodo-2-berzzoyl-1-para-niethoxyphenyl- 
ethyl)rpyridiniltm nitrate 4 mp 178-179 "C (dec.) in 91% 
yield. Anal. calcd. for C,lHl,N,061: C 49.79, H 3.75, N 
5.53; found: C 49.73, H 3.72, N 5.57. 

General Procedure for the Reaction of Zodonium Nitrate 
with Phenols and Anilines. 

The procedure was similar to that described above. 
Addition of the reaction mixture to an excess of ether 
resulted in the precipitation of an equivalent amount of 
pyridinium nitrate which was collected. The filtrate was 
concentrated in cacuo and the residual oil taken up in 
ether. The ether extract was washed with water, sodium 
thiosulfate solution, and then with water. Evaporation 
in vacuo after drying (MgS04) gave the iodinated com- 
pound. Purification was effected either by crystallization 
from a suitable solvent or chromatography on Florisil. 
Addition to 2-allylphenol gave 4,6-diiodo-2-allylphenol 8 

in 74.5% yield. Mol. Wt .  calcd. for C6H8012: 385.8664; 
found (ms): 385.8688. Infrared v,,,, (CHCI,) 3845 (OH), 
1633 (C=C) cm-'; nmr 6,,, (CDCI,) 7.8 (d, lH, H3, 
J3,5 = ~ H z ) ,  7.4 (d, 1H, H5, J5,, = ~ H z ) ,  5.5-6.3 (m, 
1H, CH=CH2), 5.4 (s, 1H, -OH), 4.8-5.3 (m, 2H, 
=CB2), 3.4 (d, 2H, -CH,-). 

Similarly phenol gave 2,4,6-triiodophenol (26) 13 in 
94% yield; 4-methylphenol gave 2,6-diiodo-4-methyl- 
phenol 14 (27) in 9 0 z  yield, aniline gave 2,4-diiodoaniline 
15 (28) in 46x  yield, 4-methylaniline gave 2,4-diiodo-IV- 
methylaniline 16 (29) in 23% yield, and N,N-dirnethyl- 
aniline gave 4-iodo-A1,N-dimethylaniline 18 (30) in 95% 
yield. X-methylaniline afforded 2,4-diiodo-N-methyl- 
aniline 17 in 78% yield. Mol. Wt .  calcd. for C,H,NI,: 
358.8660; found (ms): 358.8662. Infrared v,,,, (CHCI,) 
3405 (NH) cm-'; nmr ST,,, (CDCI,) 7.85 (d, lH,  H3, 
J3,5 = ~ H z ) ,  7.4 (4, 1H, H5, ~ s , ~ = ~ H z ,  J 5 , 6 = 8 . 5  
Hz), 6.27 (d, 1H, H6, J 5 , 6  = 8.5 HZ), 6.2 (brs, 1H, 
-NH-), 2.83 (s, 3H, CH,). , '' 

Itrate General Procedure for the Reaction of Zodoioniuln V'  
~vith Unsaturated Alcohols 

The procedure in chloroform-pyridine was similar to 
that discussed before. When the reactions were carried 
out in chloroform-syln-collidiIle the following procedure 
was adopted. The reaction mixture was added to sufficient 
ether to precipitate the collidinium salt. The precipitate 
was collected and the ethereal layer was washed several 
times successively with (a)  cold hydrochloric acid (52) 
saturated with sodium chloride, (b) saturated aqueous 
sodium chloride, (c)  sodium bicarbonate (5%) saturated 
with sodium chloride until neutral, and finally ( d )  
saturated sodium chloride solution containing sodium 
thiosulfate. The ether layer was dried (NlgSO,) and 
concentrated in cacuo. The residual oil was distilled under 
reduced pressure. The iodopyridinium salts were purified 
by thecrystallization procedure described before. 

Hex-1-en-3-01 with INO, gave an isomeric mixture of 
3-hydroxy-1-iodohex-2-yl nitrate and 3-hydroxy-2-iodo- 
hex-1-yl nitrate bp 90 'C/O.l torr in a yield of 34%. Aizal. 
calcd. for C,H,,N041: C 24.95, H 4.2, N 4.85; found: 
C 24.95, H 4.2, N 4.85. This product was formed together 
with a 16% yield of the corresponding iodopyridinium 
salt. 

1-Allylcyclohexanol similarly gave 4-hydroxy-4,4- 
pentamethylene-1-iodobut-2-yl nitrate 19 in 55% yield. 
rMol. Wt .  calcd. for C,Hi6N031: 329.0124; found (ms): 
329.0113. This product was formed together with a 15% 
yield of the corresponding iodopyridinium salt and 10% 
of the spiro ether 21. 

2-Allylphenol with INO, gave 3-(2-hydroxy-3,5-di- 
iodojphenol-1-iodoprop-2-yl nitrate 9 in 13% yield. Mol. 
Wt .  calcd. for C,H8N041,: 574.7587; found (ms): 
574.7598. The nmr 6T21S (CDCI,) 5.0-5.5 (2H, m, 
-CHON02), 3.33 (2H, m, --CH,I), 3.1 (m, 2H, 
-CH2-), 7.45,7.9 (2d, 2H, aromatic protons, d = 2 Hz). 
In addition was formed 2-iodomethyl-5,7-diiodobenzo- 
[b]2,3-dihydrofuran 10 in 33% yield. rbfol. Wt. calcd. for 
C,H,013: 511.7631 ; found (ms): 511.7631. The nmr 
6TMS (CDCIS) 3.1-3.5 (4H, m, -CW,I), 4.9 (m, lH, 
-CH-0), 7.4, 7.75 (2d, 2H, aromatic protons, J = 1 
Hz). 

Similarly 2-allyl-6-methylphenol gave 3-(2-hydroxy-5- 
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iodo-3-methy1)phenyl-I-iodoprop-2-yl nitrate 11 in 15% 
yield. Mol. Wt .  calcd. for CloH,1N0412: 462.8778; found 
(ms): 462.8773. The nrnr 6,,, (CDCI,) 5.2 (IH, quint, 
J = 6 Hz, -CHONOZ), 3.33 (2H, m, -CH21), 2.2 (s, 
3H, CH,), 3.1 (m, 2H, CH,), 7.4 (s, 2H, aromatic hydro- 
gens). In addition was formed 2-iodomethyl-5-iodo-6- 
methylbenzo[b]2,3-dihydrofuran 12 in 33.5% yield. Mol. 
Wt .  calcd. for CloHloO12: 399.8822; found (ms): 
399.8828. The nrnr 6TMS (CDCI,) 3.33 (2H, m, -CH21), 
3.04 (m, 2H, -CH,-), 7.3 (s, 2H, aromatic protons), 
4.8 (m, 1H, -CH-0), 2.14 (s, 3H, -CH3). 

Base-catalyzed C~~clization of I-Iodo-4-lzydroxy-4,4-penta- 
methylenebut-2-yl Nitrate 

To a stirred solution of 7.1 g (0.0215 mol) of I-iodo-4- 
hydroxy-4,4-pentamethylenebut-2-yl nitrate 19 in 50 ml 
of ether was added 2.25 g (0.04mol) of powdered 
potassium hydroxide. The mixture was stirred at room 
temperature overnight and then filtered. The ether solution 
was washed with 25 ml portions of water twice and dried 
(MgS04). Removal of the ether in cacuo gave 3.8 g (88%) 
of 5,5-penmn~eth~lenetef1'al~ydrofiiran-3-yl nitrate 21, 
which was purified by distillation under reduced pressure; 
bp 66-67 "C/0.07 torr. Anal. calcd. for CBH15N04: 
(mol. wt. 201.1001) C 53.72, H 7.46, N 6.97; found: (M, 
ms, 201.0995) C 53.97, H 7.43, N 6.82. The nrnr spectrum 
S T M S  (CDC13) 1.57 (br s, IOH, cyclohexane ring hydro- 
gens), 1.9-2.15 (m, 2H, -CH,-), 4.7 (m, 2H, 
-CH,-0), 5.5 (m, IH, -CH-ONO,). The ir spectrum 
v,,, (liquid film), 1630, 1275 cm-' (-ONO,). 

Addition of Iodoniutn &-itrate to Pent-4-en-I-ol in Chloro- 
form-Pyridine 

To a solution of iodonium nitrate (0.02 mol) in 30 ml 
of chloroform and 12.5 ml of pyridine was added 1.55 g 
(0.018 mol) of pent-4-en-1-01; the mixture was stirred at 
room temperature for 3 h and then poured into an excess 
of ether and chilled. The precipitated pyridinium nitrate 
was collected and the filtrate concentrated in cacuo. The 
residual oil was taken up in ether and washed successively 
with 40 ml of cold 5% hydrochloric acid, 25 ml of water, 
25 ml of 5% sodium thiosulfate solution, and finally with 
25 ml of water. The ether layer was dried (MgSO,) and 
concentrated in cacuo. The residual oil was chroma- 
tographed on 75 g of Florisil and eluted with petroleum 
ether - chloroforn~ (9:l)  and then with chloroforn1- 
methanol (9: 1). Evaporation of the first fraction gave 
2.29 g (60%) of 2-iodornerhyltetral~ydrofuran 22. The nrnr 
spectrum S T M S  (CDCI3) 3.25 (d, 2H, -CH2-I, J = 6 
Hz), 1.5-2.3 (m, 4H, 2 -CH2-), 3.6-4.1 (m, 3H, 
-CH-0, -CHz-0). 

Evaporation of the second fraction gave a mixture of 
5-hydroxy-I-iodopent-2-j~l nitrate 23 and 5-hydroxy-2- 
iodopent-1-yl nitrate 24, 0.3 g (6%). 

Addition of Iodonium Nitrate to Hex-5-en-1-01 in Chloro- 
form-Pyridine 

The reaction was carried out by the general procedure 
described before. The oil obtained on evaporation of the 
dried (MgSO,) ether solution was chromatographed on 
Florisil and eluted with petroleum ether - chloroform 
(1 : 1) and then with chloroform-methanol (9: 1). Evap- 
oration of the first fractlon gave 0.7 g (17%) of Z-iodo- 
methyltetrahydropyran 27. The nrnr spectrum 6 , M S  
(CDCI3) 3.23 (s, 2H, -CHz-I), 0.8-2.5 (m, 6H, 3 

-CH2-), 3.1-3.7 (m, 2H, -CH2-0), 3.9-4.25 (m, lH ,  
-CH-0). 

Evaporation of the second fraction gave 1.1 15 g (21%) 
of 6-hydroxy-I-iodohexyl nitrate 25. 

The ether insoluble residue was extracted with ethanol 
and a small amount of ether added. The precipitated 
pyridinium nitrate was collected and more ether added to 
the filtrate. The resulting oil was separated by decantation 
and the excess solvents removed in t.acuo to afford 2.6 g 
(39%) of N-:2-(6-hydroxyl-1-iodohexyl) 'pyridinium ni- 
trate 26 as an oil. 

Addition of Iodonium Nitrate to endo-cis-5-Norbovnene- 
2,3-dimethanol in Clzloroform-Pyridine 

Reaction of iodonium nltrate (0.03 mol) in 40 ml of 
chloroform and 20 ml of pyridine with 4.16 g (0.027 mol) 
of endo-cis-5-norbornene-2,3-dimethanol (15, 16) at room 
temperature for 2: h and work-up by the usual procedure 
gave the cyclic ether 28A. Yield 5.58 g (74z). Purification 
was effected by recrystallization from ether-hexane; mp 
54.5-55.5'C. Anal. calcd. for CBHI3O2I: (mol. wt. 
279.9961) C 38.56, H 4.64; found: (279.9971, ms) C 37.87, 
H 4.68. The nrnr spectrum 6,,, (CDCl,) see text. The ir 
spectrum v,,, (CHCI,) 3620, 3450 cnl-I (-OH). 
Similarly reaction of endo-cis-5-norbornene-2,3-dimeth- 
anol-d, with iodonium nitrate gave 28B (70%). 

Addition of Iodonium Nitrate to tmns-5-Norbornene-2,3- 
dimethanol it2 Chloroform-Pyridine 

Reaction of ~odonium nitrate (0.02 mol) in 30 ml of 
chloroform and 15 ml of pyridine with 2.772 g (0.018 
mol) of trans-5-norbornene-2,3-dimethanol (15, 16) at 
room temperature for 3 h and work-up by the usual 
procedure gave 4.315 g (86%) of the cyclic ether 29. The 
nrnr spectrum STMS (CDC13) 1.5-2.7 (m, 6H, H1, H6, H5, 
H4, H7, H7a), 3.65 (d, lH ,  CH-I, J3,-,= = 2.3 Hz), 4.73 
(d, lH ,  CH-0, J, , ,  = 5 Hz). The ir spectrum v,,, 
(Ilquid film) 3400 cm-I (-OH). 

pam-Nitrobenzoylation of Cyclic Ether 29 
To a solution of 0.650 g (2.32 mmol) of 29 and 0.237 g 

(3 mmol) of pyridine in 25 ml of anhydrous benzene was 
added a solution of 0.431 g (2.32 mmol) of para-nitro- 
benzoyl chloride in 10 ml of anhydrous benzene dropwise 
and the mixture stirred at room temperature overnight. 
The precipitated pyridinium chloride was collected and 
the filtrate washed with 20 ml of 5% sodium bicarbonate 
solution and then with 20 ml of water. Removal of thc 
solvent in cacuo after drying (MgS04) gave an oil which 
was crystallized from benzene-hexane to afford 0.7 g 
(70%) of the para-nitrobenzoyl derivative 30; mp 105- 
105.5 "C. Anal. calcd. for C'6H16NO51: C 44.75, H 3.73, 
N 3.26; found: C 45.13, H 3.74, N 3.29. The nrnr 
spectrum S T M S  (CDCl,) 1.7-2.85 (m, 6H, HI, H6, H5, H4, 
H7, H7a), 3.7 (d, 1H, CH-I, J = 2 H z ) ,  3.8 (d, 2H, 

//O 
-CH2-0, J = 2 Hz), 4.33 (d, 2H, -CHz-0-C- , 
J =  8Hz),4.8(d, lH ,CH--O,J=  4.5Hz),8.35(m,4H, 
aromatic hydrogens). The ir spectrum v,,, (CHCl,) 
1735 cm-' (C=O), 1530 cm-' (-NOZ). 

Additiorz of Iodonium Nitrate to exo-cis-5-Norbornene-2,3- 
dimethanol in Chloroform-Pyridine 

The reaction was carried out as before with iodonium 
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nitrate (0.02mol) in chloroform-pyridine and the 
olefinic alcohol, 2.772 g (0.018 mol). The oil obtained 
after evaporation of the dried (MgSO,) solution was 
chromatographed on Florisil and eluted with chloroform, 
chloroform-methanol (19: I), and chloroform-methanol 
(9: 1). Evaporation of the last fraction gave 2.45 g (40%) 
of the adduct, 31A, which was recrystallized from chloro- 
form-hexane; mp 86-88 'C. Anal. calcd. for C9H14N05: 
C 31.5, H 4.08, N 4.08; found: C 31.38, H 3.99, N 3.75. 
The nmr spectrum STMS (CDCl,) 1.5-2.6 (m, 6H, H', H6, 
H5, H4, H7a, H7b), 6.2 (s, 2H, 2 -OH), 3.3-4.0 (m, 5H, 
2 -CH,-0, -CH-I), 5.5 (m, lH ,  CH-ONO,). The 
ir spectrum v,,,, (CHCl,) 3600, 3430 cn1-' (-OH), 1637 
(0-NO2). 

Similarly reaction of 1.386 g (9 mmol) of exo-cis-5- 
norbornene-2,3-dimethanol-d4 with iodonium nitrate 
(0.01 mol) in chloroform-pyridine and work-up by the 
method described above gave 1.13 g (36%) of the adduct 
31B. The nmr spectrum 8 T M S  (CDCI,) 1.5-2.6 (m, 6H, 
H', H6, H5, H4, H7a, H7b), 3.82 (t, lH ,  -CH-I), 5.5 
(m, lH,  -CH-0N02). 

Addition of Iodonium Nitrate to anti-7-Norbornenol in 
Chloroform-Pyridine 

The reaction was carried out according to the general 
procedure. Thus reaction of iodonium nitrate (0.01 mol) 
and 0.99 g (0.9 mmol) of anti-7-norbornenol (23) gave 
2 g (74.3%) of anti-7-hydroxy-exo-3-iodo-endo-norborn- 
2-yl nitrate 32. The nmr spectrum STMS (CDCI3) 1.2-2.5 
(m, 4H,-CH,-), 2.2(s, 1H,-OH), 2.6 (m, 2H, H1, 
H4), 3.6 (d, l H ,  -CH-I, J =  3Hz), 4.8 (m, lH ,  
-CH-OH), 5.6 (m, lH ,  -CH-0N02). The ir spec- 
trum v,,, (CHCI,) 3600 cm-' (-OH), 1637, 1275 cm-' 
(-0N02). 

para-Nitrobenzoylation of Adduct 32 
The reaction was carried out as described before. Thus 

from 1 g (3.344 mmol) of adduct 32 and 0.625 g (3.344 
mmol) of para-nitrobenzoyl chloride was formed 0.77 g 
(51.4%) of anti-7-para-nitrobenzoyloxy-exo-3-iodo-endo- 
noubovn-2-yl nitrate, 33; mp 119, 120 "C (benzene- 
hexane). Anal. calcd. for C4Hl3N2O7: C 37.5, H 2.9, N 
6.25; found: C 38.06, H 2.94, N 5.88. The nmr spectrum 

(CDCI,) 1.45-2.25 (m, 4H, 2 -CH2-), 2.9 (m, 2H, 
H1, H4), 3.75 (d, lH ,  -CH-I, J = 3 HZ), 5.6 (m, 2H, 

CH-ONO,, -CH-0-C' ). The ir spectrum v,,,, 
\ \ 

(CHCI,) 1733 cm-' ( C=O), 1645 cm-' (ONO,), 1525 
/ 

Addition of Iodonirim Nitrate to 4-Pentenoic Acid in 
Chloroform-Pyridine 

The addition was carried out as described before. Thus 
reaction of iodonium nitrate (0.04 mol) in 60 ml of 
chloroform and 25 ml of pyridine with 3.6 g (0.036 moll 
of 4-pentenoic acid and work-up by the usual procedure 
gave 4.9 g (60%) of 5-iodomethylbutyrolactone, 34. 
Purification was effected by chromatography on Florisil 
and elutiol~ with chloroform. Anal. calcd. for C5H7021: 
(mol. wt. 225.9491) C 26.56, H 3.10, 1 56.2; found: 
(225.9486, ms) C 27.01, H 3.18,158.28. The nmr spectrum 
STXS (CDCI,) 1.7-2.8 (m, 4H, 2 -CH2-), 3.4 (t, 2H, 

-CH,I, J = 4 Hz, 6.5 Hz), 4.6 (m, lH,  -CH-0). The 
\ 

ir spectrum v,,, (liquid film) 1775 cm-' ( 'c=o). 
/ 

Addition of Iodoniurn Nitrate to 3-Allyl-1,l-diethyl-2- 
thiourea in Chloroform-Pyridine 

To a stirred solution of iodonium nitrate (0.02 mol) in 
40 ml of chloroform and 15 ml of pyridine was added 
3.49 g (0.02 mol) of 3-allyl-l,l-diethyl-2-thiourea all at 
once. An exothermic reaction took place and the color 
changed to dark brown. The mixture was stirred at room 
temperature for 3 h, then poured into an excess of ether 
and chilled. The resulting residue was collected, washed 
several times with ether, extracted with cold methanol, 
filtered, and reprecipitated with ether. The residue was 
chromatographed on 100 g of silica gel and eluted with 
benzene-methanol (85:15). Evaporation of the eluate 
gave an oily residue (3.3 g) which solidified slowly on 
standing to give 2-diethylamino-5-iodomethyl-2-thiazdine, 
36. Mol. Wt. calcd. for C8HI5N2SI: 298.0001; found 
(ms): 298.0003. The nmr spectrum 6 T M s  (CD3)ZS0 1.03 
(t, 6H, 2 CH,-CH2-, J = 6.5 Hz), 3.3-4.6 (m, 9H, 
-CH2-, CH,I, 2 -N-CH2-, -CH-). The ir 
spectrum v,,, (CHCI,) 1597-1625 (-C=N-). 

Acknowledgments 
This research was supported by the National 

Research Council of Canada and the Chemistry 
Department of the University of Alberta. 

1. J .  W. LOWN and A. V.  JOSHUA. J .  Chem. Soc. Perkin 
Trans. 1.2680 (1973). 

2. U.  E. DINER, M. WORSLEY. and J. W. LOWN. J. 
Chem. Soc. (C), 3131 (1971). 

3; .U. E. DINER and J .  W. LOWS. Can. J .  Chem. 49,403 
(1971). 

4. J .  MARCH. Advanced organic chemistry. reactions, 
mechanisms and structure. McGraw-Hill, New York. 
1968. p. 405. 

5 .  E. GROVENSTEIN and N. S. APRAHAMIAN. J .  Am. 
Chem. Soc. 84,212 (1962). 

6. L. SCHUTTE and E. HAVINGA. Tetrahedron, 26.2297 
(1970). 

7. E .  C. TAYLOR, F. KIENZLE. R. L. ROBEY, and A. 
MCKILLOP. J. Am. Chem. Soc. 9%. 2175 (1970). 

8. B. CAPON. Q. Rev. 18,45 (1964). 
9. R. 0. C. NORMAN and C. B. THOMAS. J .  Chem. Soc. 

(B), 598 (1967). 
10. A.  HASSNER and J.  S. TEETER. J .  Org. Chem. 35,3397 

(1970). 
11. A. HASSNER and J .  S. TEETER. J. Org. Chem. 36,2176 

(1971). 
12. D. L. H. WILLIAMS. Tetrahedron Lett. 2001 (1967). 
13. D. L. H. WILLIAMS. E. BIENVENUE-GOETZ, and J. E. 

DUBOIS. J .  Chem. Soc. (B), 517 (1969). 
14. E. E .  VAN TAMELYN and M. SHAMMA. J. Am. Chem. 

Soc. 76.2315 (1954). 
15. H. N .  MILLER and K.  W. GREENLEE. J .  Org. Chem. 

26,3734 (1961). 
16. D. CRAIG. J. Am. Chem. Soc. 73.4889 (1951). 
17. A. FACTOR and T. G. TRAYLOR. J.  Org, Chem. 33, 

2607 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



130 CAN. J. CHEM. VOL. 5 5 ,  1977 

18. F.A.L.A~~~.Can.J.Chem.39.789(1961). 
19. P. LASZLO and P. R. SCHLEYER. J .  Am. Chem. Soc. 

SS, 2709 (1963). 
20. P. LASZLO and P. R. SCHLEYER. J .  Am. Chem. Soc. 

86. 1171 (1964). 
21. P. M. SUBRAMANIAN. M.  E .  EMERSON, and N.  A. 

LEBEL. J .  Org. Chem. 30,2624 (1965). 
22. J. MEINW.~LD, Y .  C. MEIKWALD. and T. N. BAKER. 

J .  Am. Chem. Soc. 86.4074 (1964). 
23. P. R. STORY. J .  Org. Chem. 26.287 (1961). 
24. W. C. BAIRD. J .  Org. Chem. 31. 2411 (1966). 
25. R. T. A R N O L D ~ ~ ~  K.  L, L I ~ D S A Y .  J .  Am. Chem. Soc. 

75, 1048 (1954). 

26. J. E. MARSH. J .  Chem. Soc. 3164 (1927). 
27. R. L. D ~ T I A  and N .  PROSAD. J .  Am. Chem. Soc. 39. 

443 (1917). 
28 E. ELBS and H. VOLK. J.  Prakt. Chem. 99.270 (1919). 
29. H. L. WHEELER and L. M.  LIDDLE. Am. Chem. J. 42. 

449 ( 1909). 
30. F. A ~ T K E ~  and T. H. READE J .  Chem. Soc. 1896 

(1926). 
31. J .  W. LOWN and A.  V .  JOSHLJA. Can. J .  Chem. This 

issue. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Kinetics and energetics of the addition of iodonium nitrate 
to unsaturated systems 

J .  WILLIAM LOWN A N D  ALUMMOOTTIL V.  JOSHUA' 
Dc~pnrtment of Clzenzrstr?, U n ~ i  er rlt) ofAlberto, Edmonrotz, Alrtr., Conridn T6G2G2 

Rece~ved June 17, 1976 

J. WILLIAM LOWN and ALUMMOOTTIL V. JOSHUA. Can. J. Chem. 55, 13 1 (1977) 
The stereochemistry of the products of addition of iodonium nitrate to a series of cycloalk- 

2-en-1-01s indicates that the intermediate iodonium ion is formed cis to the neighbouring hydroxyl 
in the case of five-, six-, and seven-membered cyclic alkenols and trans to the hydroxyl In the 
case of cycloct-2-en-1-01, The rates and Arrhenius parameters for the second-order additions of 
iodonium nitrate to these and other unsaturated substrates have been determined. An n-hydroxy 
group enhances the rate of addition over the corresponding alkene when the iodonium ion is 
formed cis to the hydroxyl and has the opposite effect when it is formed trans to the hydroxyl. 
This evidence for neighbouring hydroxyl group participation in additions of iodoniurn nitrate is 
in contrast to the known chemistry of iodine isocyanate and iodine azide. The effects of struc- 
tural changes of the substrate on the kinetic and energetic parameters in iodonium nitrate 
additions are discussed and compared with those of other pseudo-halogens. 

J. WILLIAM LOWN et ALUMMOOTTIL V. JOSHUA. Can. J. Chern. 55, 131 (1977). 
La sttreochimie des produits d'addition du nitrate d'iodonium a une serie de cycloalcene-2 

01s-1 indique que l'ion iodonium intermediaire est forme en position cis par rapport au groupe- 
ment hydroxyle voisin dans le cas des alkanols cycliques a cinq, six et sept chainons et trans par 
rapport au groupe hydroxyle dans le cas du cyclooctene-2 01-1. On a ditermint les vitesses et 
les parametres d'ArrhCnius pour les additions du second ordre du nitrate d'iodonium a ces 
substrats insatures et a d'autres substrats. Un groupe hydroxyle en r* augmente la vitesse 
d'addition par rapport a I'alcene correspondant lorsque l'ion idononium se forme cis par 
rapport a l'hydroxyle et presente I'effet oppost quand il est form6 trans par rapport a l'hy- 
droxyle: Ces indications concernant la participation du groupe hydroxyle voisin a l'addition du 
nitrate d'iodonium est en opposition avec la chimie connue de I'isocyanate d'iode et de l'azo- 
ture d'iode. On discute des effets produits par des changements structuraux dans le substrat 
sur les parametres cinCtiques et CnergCtiques des additions de nitrate d'iodonium et on les 
compare avec ceux d'autres pseudo-halogenes. 

[Traduit par le journal] 

1Inkrodustion pseudohalogens in that in this reagent the iodine 
In previous papers we have explored the is complexed to two pyridine groups through 

chemical behavior of iodonium nitrate, par- nitrogen (1, 2). The effect of this complexation 
ticularly in electrophilic additions to a wide range may alter its relative electrophilicity compared to 
of unsaturated substrates (1-4). Hodonium nitrate other iodine containing pseudohalogens such as 
(generated by the reaction of iodine chloride iodine isocyanate, iodine chloride, and iodine 
with silver nitrate in chloroform-pyridine) like azide depending on the electronic and steric 

\ A CHCI, \ , environments in the olefinic substrate. It was 
/C=C\ + (1'2Py')N03 ,C---C\ also observed that iodonium nitrate in both P q ~ ~ d ~ n e  1 I 

o ~ o ,  1 chloroform-pyridine and chloroform-sym-col- . . -/. - 
lidine added-to suitable olefinic substrates gives other pseudohalogens has all the characteristics cyclized and,or addition products depending of an electrophilic reagent which is consistent upon the structure of the substrate (2, 3). These with the qualitative observation that electron- 
results were in contrast to the known chemistry donating groups facilitate the reaction while 
of iodine isocyanate (5) and iodine azide (6). 

olectron-withdrawing groups re- Also, addition of INO, to cyclohex-?-en-l-ol 
tard or even arrest it ( I ,  2). gives products derived from intermediate iodo- But iodonium nitrate differs from the other nium ions which are formed cis to the hydroxyl 

'NRCC scholarship holder 1974-1975. group, signifying some compensating interaction 
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between the iodine and hydroxyl group (3) (see 
belowj. 

Therefore we undertook a kinetic study of the 
addition of iodonium nitrate to olefins of varying 
nucleophilic character to allow comparison with 
other pseudo-halogens and with a view to ob- 
taining thermodynamic evidence for neighboring 
group participation and for the stereodirectional 
character of these electrophilic additions. 

Results and Discussion 
Stereochemical Directing Infl~ience of Neigh- 

boring Hydroxyl Groups in the Addition of 
Pseudohalogens to Cycloalk-2-en-1-01s. 

Addition of iodonium nitrate to cyclohex-2- 
en-1-01 in chloroform-pyridine gave an iodo- 
nitrate ester 1 in 36% yield and the iodopyri- 
dinium nitrate 2 in 29% yield. Examination of 
the appropriate coupling constants in the nmr 
spectrum of 1 showed it to be 3-hydroxy-2-iodo- 
cyclohexyl nitrate with the stereochemistry 
shown in which the hydroxy group is axial. 
Assuming both the iodonitrate ester and the 
iodopyridinium salt are formed from the same 
intermediate iodonium ion, structure 2 is pro- 
posed for the salt. Parallel reaction of iodonium 

nitrate in chloroform-sym-collidine with cyclo- 
hex-2-en-1-01 gave 1 in 55% yield (3). 

The stereochemistry of the two possible prod- 
ucts favors an intermediate of type 3 and proves 
that the iodonium ion is formed cis to the 
hydroxyl group. This is in agreement with the 
observed stereochemistry of epoxidation of 
cyclohex-2-en-1-01s in which the oxirane ring is 
formed cis to the hydroxy group (7, 8). Appar- 
ently the epoxidation reagent becomes associated 
in some way with the hydroxy group in the 
molecule prior to attacking the double bond and 
is therefore constrained to approach the latter 
from the side of the ring which bears the hy- 
droxy group. 

The above result prompted us to investigate 
the stereochemical directing influence of hydroxy 
groups in the addition of other pseudohalogens 
to cyclohex-2-en-1-01 and also in the addition 

of iodonium nitrate to cycloalk-2-en-1-01s of 
various ring sizes. 

U 

Reaction of iodine azide with cyclohex-2-en-l- 
01 produced an unstable adduct in 86% yield. 
The ir spectrum of the adduct showed strong 
absorption at 2100 cm-' indicating the presence 
of an azide group in the molecule. The nmr 
spectrum showed the following significant ab- 
sorptions: 6,,, (CDCI,) 4.3 (q, 1H, -CH-I, 
J =  8.5 Hz and 2.5 Hz), 3.7-4.15 (m, 2H, 
-CH-OH and -CH-N,). On the basis of the 
nmr spectrum structure 5 is assigned to the 

adduct. which is derived from an intermediate 
iodonium ion formed cis to the hydroxy group. 

Addition of iodine monochloride to cyclohex- 
2-en-1-01 gave a product in about 90% yield, but 
no stereochemical information could be gathered 
from the nmr spectrum. 

Cyclohept-2-en-1-01 (9) with iodonium nitrate 
produced four products. The two iodonitrate 
esters were formed in a combined yield of 59% 
and in a ratio of approximately 80: 20 (obtained 
by comparing the nmr intensity of -CH-I of 
the major product with the total intensity of 
-CH-ONO, at 6,,, (CDCI,) 5.2-5.6). The 
major product is assigned structure 6 in which 
the iodine is cis to the hydroxyl group, and the 
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LOWN AND JOSHUA: I1 133 

minor product as 7. The major product had the 
-CH-I absorption in the nmr spectrum at 
6,,, (CDC1,) 4.57 (q), with coupling constants 
of 2.25 Hz and 6.75 Hz. The nmr spectrum of 
the cycloheptene - iodonium nitrate adduct 
showed absorptions at ti,,, (CDCI,) 4.33 (sextet, 
1 H, -CH-I, J,,, = 7 Hz, J,,, = 5 Hz), and 
5.36 (sextet, lH,  -CH-ONO,, J,,, = 7 Hz, 
J,,, = 3.5 Hz). This indicates that in 6 the 
hydroxy group is pseudo-axial and iodine and 
nitrate groups equatorial. Esterification of the 
hydroxyl group with para-nitrobenzoyl chloride 
in the presence of pyridine allowed separation 
of the major product as a crystalline derivative 
8 which had in the nmr spectrum absorptions at 
6,,, (CDCI,) 4.77 (q, IH, CH-I, J = 2.5 HZ 
and 6.5 Hz), 4.96 (m, 1 H, -CH-0), and 5.5 
(m, lH,  -CH-ONO,). Treatment of the mix- 
ture of iodonitrate esters with potassium 
hydroxide in ether produced cycloheptenone as 
the major product by elimination of both 
hydrogen iodide and nitric acid from 6 and 
another compound which is assigned the epoxy 
nitrate structure 9 derived from 7 by base-cata- 
lyzed cyclization. The transformations are illus- 
trated in Scheme 1. 

The iodopyridinium nitrate salts 10A and 10B 
were formed in 27% and 8% yields respectively. 
They were easily separated by fractional crystal- 
lization from ethanol. 

Reaction of iodonium nitrate with cyclooct-2- 
en-1-01 in chloroform-pyridine gave an iodo- 
nitrate ester in 60% yield. No iodopyridinium 
nitrate was isolated in this case. The reaction was 
considerably slower and traces of cyclooctenol 
could be detected in the reaction mixture even 
after 24 h. 

The assignment of structure 11 to the iodo- 
nitrate ester is based on a comparison of the 
coupling constants in the nmr spectrum of 11 
with those in the spectrum of the cyclooctene - 
iodonium nitrate adduct. Thus the nmr spec- 
trum of 11 showed absorptions at ti,,, (CDCI,) 
4.43 (t, lH, -CHI, J = 9 Hz), and 5.3 (sextet, 
lH,  -CH-ONO,, J = 9 Hz and 4.5 Hz). The 
corresponding coupling constant JcH,-,H-o,o, 
in the spectrum of 2-iodocyclooctyl nitrate was 
10 Hz. A coupling constant of 9 Hz indicates a 
trans configuration of iodine and hydroxyl 
groups. 

Treatment of adduct 11 with potassium 
hydroxide in ether gave a cyclized product 
assigned as the epoxy nitrate 12 on the basis of 
nmr and ir spectra and mass spectral fragmenta- 
tion pattern. 

! , , ! \ I  

6 N O 2  

KOH , 
Ether  ON02 

11 12 
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Cyclopent-2-en-1-01 (17) with iodonium ni- 
trate in chloroform-pyridine produced an iodo- 
nitrate ester 13 in 5 2 z  yield and the correspon- 
ding iodopyridinium nitrate 14 in 22% yield. NO 
stereochemical information could be gathered 
from the nmr spectra of the products and com- 
parison with that of the cyclopentene - iodo- 
nium nitrate adducts. Treatment of the iodo- 
nitrate ester with base did not produce any 
cyclized product. This may indicate that the 
iodonium ion is formed cis to the hydroxy 
group. 

The second-order rate constants and thermo- 
dynamic factors for the addition of iodonium 
nitrate to a range of selected unsaturated sub- 
strates were determined by estimation of un- 
reacted iodonium nitrate with thiosulfate at 

appropriate intervals. The kinetic data support 
an addition of iodoniu~n ion cis to the hydroxyl 
group in the case of cyclopent-2-en-1-01 (see 
below). 

In electrophilic epoxidation reactions cyclo- 
hept-2-en-1-01 gave a mixture of cis and trans- 
3-hydroxycycloheptene oxides in a ratio of 2 :  1 
(9, 10). On the other hand, cyclooct-2-en-1-01 
(18) gave the trans isomer stereospecifically (1 I). 
No inforlnation is available on the stereochem- 
istry of epoxidation cyclopent-2-en-1-01. 

A comparison of the relative yields of iodo- 
nitrate esters and iodopyridinium salts for ole- 
finic alcohols and alkenes of comparable struc- 
ture (3) reveals that in general introduction of 
the hydroxy function results in a marked in- 
crease in the proportion of the iodopyridinium 
salt relative to that of the iodonitrate. This 
suggests that the hydroxy function contributes to 
the increased stabilization of the intermediate 
iodonium ion rather than to its inductive de- 
stabilization. This finding is born out by the 
kinetic results. 

Figure 1 represents a typical standard and 
weighted least-squares plot for the determina- 
tion of second-order rate constants for the addi- 
tion of iodonium nitrate to various substrates. 

The second-order rate constants at 0 "C for 

FIG. 1. Plot of log P against time (s) for the addition 
of iodonium nitrate to cyclooct-2-en-1-01 at 37 "C in 70% 
chloroform and 30% pyridine. 

the reaction of iodonium nitrate with some 
cyclic olefins and the corresponding olefinic 
alcohols (hydroxy group in the cic-carbon atom) 
along with their concentrations are given in 
Table 1. For the monocyclic olefins the order of 
increasing rate of reaction is cyclooctene < 
cycloheptene < cyclohexene < cyclopentene. 
Norbornadiene is approximately 2.5 times as 

TABLE 1. Second-order rate constants, k (1 mol-' 
s-I), for the addition of iodonium nitrate at 0 'C 

in 70% chloroforn~ and 30% pyridine 

Substrate /c 

Cyclopentene 7.96*0.06x 
Cyclopent-2-en-1-01 1 . 1 2 i 0 . 0 1  x lo-z  
Cyclohexene 7 . 0 8 f 0 . 1 2 ~  
Cyclohex-2-en-1-01 1 . 1 7 i 0 . 0 1  x lo-* 
Cycloheptene 4 . 2 4 i 0 . 0 4 ~  
Cyclohept-2-en-1-01 9 . 5 0 1 0 . 2 7 ~  
Cyclooctene 3.36 10-4" 
Cyclooct-2-en-1-01 2.21 x 10-5" 
Norbornylene 3 . 2 4 i 0 . 0 6 ~ 1 0 - ~  
Norbornadiene 8 . 1 4 5  0 . 0 7 ~  
Hex-1-ene 3.09f 0 . 0 3 ~  
Ally1 alcohol 9 . 0 4 i 0 . 1 7 ~  
But-3-en-1-01 7 . 4 4 i - 0 . 0 6 ~  
Pent-4-en-1-01 3 . 9 8 i 0 . 0 2 ~  
Hex-5-en-1 -01 2.83f 0 . 0 3 ~  
2-Hex-3-en-1-01 4 . 1 8 i 0 . 0 5 ~  lo-' 
Hex-1-en-3-01 7 . 7 1 ? 0 . 1 4 ~ 1 0 - ~  
3-Methylbut-3-en-1-01 3.95 i 0.10 x 
3,3-Dimethylbut-1-ene 1 . 1 2 1  0.03 x 

*Obtained by extrapolation to 0 ' C .  
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LOWN AND JOSHUA: I1 

reactive as norbornylene towards iodonium 
nitrate. 

The effect of an a-hydroxy group in the mono- 
cyclic olefin systems on the rate of reaction is 
also evident. In the five-, six-, and seven-mem- 
bered cyclic systems, where the iodonium ion is 
formed cis to the hydroxyl group, the alcohols 
are more reactlve than the corresponding olefins, 
whereas with the eight-membered case where the 
iodonium ion is formed trans to the hydroxyl 
the reverse situation obtains. Since the only 
product of reaction of cyclooct-2-en-1-01 with 
iodonium nitrate corresponds to addition of the 
iodonium ion t ram to the hydroxyl group, the 
rate ratio between cyclooctene and cyclooct-2- 
en-1-01 = 15.5 provides an estimate of the com- 
bined statistical, steric hindrance, and inductive 
withdrawal effects of the a-hydroxyl in the ab- 
sence of neighboring group rate enhancement. 
By contrast cyclohex-2-en-1-01 is some 15.5 
x 1.5 = 23 times as reactive as cyclohexene and 
cyclopent-2-en-1-01 is some 15.5 x 1.4 z 22 times 
as reactive as cyclopentene. Both cases indicate 
rate enhancement due to the neighboring 
hydroxyl group. Cyclohept-2-en-1-01 represents 
an intermediate situation leading to addition 
both cis and t r a m  to the hydroxyl group with the 
former favored by at least a factor of 4. 

The order of decreasing reactivity for the 
linear unsubstituted olefinic alcohols is ally1 
alcohol > but-3-en-1-01 > pent-4-en-1-01 > hex- 
5-en-1-01. The rate constant for hex-5-en-1-01 is 
comparable with that for hex-1-ene indicating 
that the hydroxy group does not have any pro- 
found influence on the reaction rate when it is 
far removed from the reaction centre. The rate 
constants for the other three olefinic alcohols 
show that the stabilization of the intermediate 
iodonium ion by the hydroxy group is a maxi- 
mum when it is cc to the olefinic center and that 
the effect decreases as the distance between the 
hydroxy group and the olefinic center increases, 
whereas for broinination in methanol, water, 
acetic acid, and trifluoroacetic acid and for 
iodination in water the reverse has been ob- 
served (12, 13). The drastically reduced extent of 
hydroxy participation for bromination in tri- 
fluoroacetic acid solvent has been attributed to 
hydrogen bond~ng between the solvent and the 
hydroxy substituent which reduces its nucleo- 
philicity and hence its effectiveness as a neigh- 
boring group (12). The results for addition of 
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TABLE 3. Activation parameters for the addition of iodonium nitrate in 70% 
chloroform and 30% pyridine 

Ea AS* A H T  
Substrate (kcal mol-') (eu) (kcal mol-') 

Cyclohexene 
Cyclohex-2-en-1-01 
Cycloheptene 
Cyclohept-2-en-1-01 
Cyclooctene 
Cyclooct-2-en-1-01 
Ally1 Alcohol 
But-3-en-1-01 
Pent-4-en-1 -01 

bromine, iodine, and iodonium nitrate are 
summarized in Table 2. 

For the determination of activation param- 
eters, both log k and log k/T were plotted 
against 1/T. This gave good Arrhenius-type plots. 
A representative example of a standard and 
weighted least-squares plot is given in Fig. 2. 
The E, values (see Table 3) are larger than those 
for the addition of iodine in hexane to cyclo- 
hexene (5.3 kcal mol-l) and for the addition of 
iodine monobromide to cyclohexene in carbon 
tetrachloride (8.2 kcal mol-l) (16). On the other 
hand AS' values are comparatively lower for 
the addition of iodonium nitrate than for the 
addition of sulfenyl chloride (14) or bromine 
(15). This nlay indicate that in this bimolecular 
reaction, there is no large increase in polarity in 

the transition state compared to the reactants. 
This is not unexpected since the reacting pseudo- 
halogen itself is considerably polarized as 
[I.2Py]+N03-. 

For the linear olefinic alcohols the E, and 
AH* values increase steadily from allyl alcohol 
to pent-4-en-1-01 whereas the AS* values show 
a tendency to become less negative. This may 
suggest that the transition state for allyl alcohol 
is more favored both by energetics and entro- 
pically than those for its higher homologues. This 
signifies considerable stabilization of the inter- 
mediate iodonium ion by the neighbouring 
hydroxy group. This enhanced stabilization 
afforded the iodonium ion by the hydroxy group 
can be envisaged in a number of ways; participa- 
tion to carbon 15, participation to iodine 16, or 
participation to the slightly positively charged 
pyridine nitrogen which may be still attached to 
the iodine in the transition state 17. Since no 

17 
- 8 

3 0  3 5  3 6  3 7  35 3 9  40 such interaction to carbon or halogen has been 
I / T  ( K  observed in the iodination and bromination of 

Frc, 2, Plot of log k against 1/T for the addition of (I3), the participation may be the 
iodonium nitrate to cyclohept-2-en-1-01 in 70% chloro- nitrogen as in 17. 
form and 30% pyridine. It was also observed that pent-4-en-1-01 with 
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iodonium nitrate gives a substantial amount of 
cyclized product. Hex-5-en-1-01 behaved simi- 
larly, although to a lesser extent. This result sig- 
nifies considerable participation to the carbon 
by the hydroxy group in the transition state. 
Thus it is reasonable to assume that in ally1 
alcohol and but-3-en-1-01, the hydroxy group 
stabilizes the iodonium ion by participation to 
nitrogen, whereas in pent-4-en-1-01 and hex-4- 

en-1-01, the stabilization is by participation to 
carbon. In the latter two compounds partici- 
pation to nitrogen will be unfavorable entropic- 
ally. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The ir spectra were re- 
corded on a Perkin-Elmer model 421 spectrophotometer, 
and only the principal, sharply defined peaks are reported. 
The nmr spectra were recorded on Varian A-60 and A-100 
analytical spectrometers. The spectra were measured on 
approximately 10-15% (w/v) solutions in appropriate 
deuterated solvents with tetramethylsilane as standard. 
Line positions are reported in ppm from the reference. 
Mass spectra were determined on an Associated Electrical 
Industries MS-9 double focussing high resolution mass 
spectrometer. The ionization energy, in general, was 70 
eV. Peak measurements were made by comparison with 
perfluorotributylamine at a resolving power of 15 000. 
Kieselgel DF-5 (Camag, Switzerland) and Eastman 
Kodak precoated sheets were used for thin layer chroma- 
tography. 

The gc analyses were performed with an Aerograph 
model A-700 gas chromatograph. The Ic analyses were 
made with a Waters Associates model ALC-100 liquid 
chromatograph. Microanalyses were carried out by Mrs. 
D. Mahlow of this department. 

Materials 
Chloroform and pyridine were freshly distilled. All ole- 

finic substrates were fractionally distilled before use and 
purities were determined by gas chromatography on a 
Varian Autoprep instrument. The iodonium nitrate - 
pyridine complex required for kinetic studies was prepared 
as follows. A solution of iodonium nitrate in chloroform- 
pyridine was prepared in the usual way. The solution was 
poured into an excess of anhydrous ether with stirring. 
The precipitated solid was collected and washed several 
times with ether. The product was recrystallized several 
times from anhydrous acetonitrile or acetonitrile-ether. It 
was not possible to  remove all silver salts from the com- 
plex because of their solubility in acetonitrile. An approxi- 
mate purity of 95% was achieved by this method. 

The presence of silver salts was shown not to interfere 

with the reaction by studying kinetics with samples of 
complex containing different amounts of silver salts. 

General Procedure for the Reaction of Iodonium Nitrate 
with Unsaturated Substmtes 

The procedure in chloroform-pyridine was similar to 
that discussed before (1). When the reactions were carried 
out in chloroform-sym-collidine the following procedure 
was adopted. The reaction mixture was added to sufficient 
ether to precipitate the collidinium salt. The precipitate 
was collected and the ethereal layer was washed several 
times successively with (a) cold hydrochloric acid (5%) 
saturated with sodium chloride, (b) saturated aqueous 
sodium chloride, (c) sodium bicarbonate (5%) saturated 
with sodium chloride until neutral, and finally (d )  satu- 
rated sodium chloride solution containing sodium thio- 
sulfate. The ether layer was dried (MgSO,) and concen- 
trated in vacuo. The residual oil was distilled under 
reduced pressure. The iodopyridinium salts were purified 
by the crystallization procedure described before (4). 

Ally1 alcohol gave an isomeric mixture of (a) 3-hydroxy- 
I -iodo-2-propyl nitrate and (b) 3-hydroxy-2-iodo-1-propyl 
nitrate in 30% yield, bp 78 "C/0.15 torr. Anal, calcd. for 
C,H4N041: N 5.8; found: N 5.7. The nmr (a) 5.15 (0.8H, 
m, -CHONO,), 3.42 (1.6H, d, J = 6 Hz, -CH21), 3.3 
(s, lH,  OH); (b) 4.35 (0.2H, m, -CHI), 4.83(0.4H, t, 
J = 6Hz, 7 Hz, -CH20N02), 3.95 (m, 2H, CH20H). In 
addition were formed the corresponding pyridinium 
nitrates in 23% yield, mp 48-52 'C. Anal. calcd. for 
C8HllN2O4I: C 29.45, H 3.4, N 8.6; found: C 30.2, H 
3.18, N 8.8. The nmr (a) 4.1 (1.5H, d, J = 5 Hz, -CH,I), 
3.85 (m, 2H, CH,OH), 5.83 (s, lH ,  OH); (b) 4.5-5.41 
im, PY~) .  

1,l-Dimeth~~lallyl alcohol gave 3-hydroxy-2-iodo-3- 
methyl-1-butyl nitrate in 20% yield, bp 70 "C/0.15 torr. 
Anal. calcd. for C5Hl0NO4I: C 21.8, H 3.65, N 5.00; 
found:~C 22.1, H 3.7, N 4.55. 2,3-Epoxy-l-iodo-3-metl1yl- 
butane was also produced, bp 52 "C16 torr in 5% yield. 
Anal. calcd. for C,H,OI: C 28.3, H 4.3; found: C 28.5, H 
4.2. The corresponding pyridinium salt was also formed in 
40% yield. 

Hex-I-en-3-01 gave an isomeric mixture of (a) 3- 
hydroxy-1-iodo-2-hexyl nitrate and (b) 3-hydroxy-2-iodo- 
1-hexyl nitrate in 34% yield, bp 90c C/0.1 torr. Anal. calcd. 
for C,jH12N041: C 24.95, H 4.2, N 4.85; found: C 24.95, 
H 4.2, N 4.7. The nmr (a) 4.95 (0.5H, m, CHONO,), 
3.47 (lH, d, J = 6 Hz, -CH21), 0.97 (m, 3H, CH,), 1.5 
(m, 4H, 2-CH,); (b) 4.4 (0.5H, m, CHI), 4.87 (lH, d, 
J =  7.5Hz),2.43 (s, 1H,OH), 3.0, 3.9(m, lH ,  CHOH). 
In addition was formed the corresponding pyridinium salt 
N-[1-(3-hydroxy-2-iodohexy1)lpyridinium nitrate in 16% 
yield, mp 80-85 "C. Anal. calcd. for C,,H17N,041: 
C35.9,H4.65,N7.61;found: C36.15,H4.7,N7.2.Also 
formed was the corresponding 3-iodo-2-propyloxetan, bp 
72 "C/2 torr in 11% yield (in the reaction in sym-collidine). 
Anal. calcd. for C,H,,Ol: C 31.9, H 2.9; found: C 31.75, 
H 4.75. 

Hex-5-en-3-01 gave an isomeric mixture of 3-hydroxy- 
1-iodo-2-hexyl nitrate and 3-hydroxy-2-iodo-1-hexyl 
nitrate in 10% yield, bp 65 'C/0.1 torr. Anal. calcd. for 
C6H12N041: N 4.85; found: N 5.0. In addition was 
found N-13-(5-ethyltetrahydrofurfuranyl)]pyridinium ni- 
trate in 20% yield, bp 60 "C/1 torr. Anal. calcd. for 
C6N,lN04: N 8.7; found: N 8.1. 

2-Cyclohexenol gave 3-hydroxy-2-iodo-cyclohexyl ni- 
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trate, bp 90 'C/0.05 torr in 36% yield. Anal. calcd, for 
C6HloN0,1: C 25.1, H 3.5, N 4.9; found: C 25.3, H 3.4, 
N 4.2. The nmr 4.48 ( I H ,  q,  J, , ,  = 8.5 Hz, J2,3 = 2.5 
Hz, CHI),  5.4 ( I H ,  m ,  -CHONO,), 1.78 ( m ,  4H, 2CH2), 
2.3 (m ,  3H, -CH2, OH),  3.8 ( m ,  1H, -CHOH). The 
pyridinium salt, N-[l-(3-hydroxy-2-iodocyclohexyl)]pyri- 
dinium nitrate, n ~ p  166-168 "C, was found in 29% yield. 
Anal. calcd. for C,lHl,N,O,I: C 36.1, H 4.1, N 7.65; 
found: C 36.1, H 4.8, N 8.0. 

2-Cyclopentenol gave 3-hydroxy-2-iodocyclopentyl ni- 
trate, m p  46-47'C in 52% yield. Anal. calcd. for 
CSH8N041:  C 21.98, H 2.93, N 5.13; found: C 21.97, H 
2.98,N 5.04.Thenmr4.33(1H,t,J=4.5Hz, -CHI),5.6 
(1H, m ,  -CH-ONO,), 1.7-2.8 (m ,  5H, 2-CH,, OH),  
3.83 (s,  1H, CHOH,  J = 5 Hz). N-[1-(3-Hydroxy-2-iodo- 
cyclopentyl)]pyridiniun~ nitrate, mp 137-139 "C was 
formed in 22% yield. Anal. calcd. for C l 0 H I 3 N 2 O 4 I :  
C 34.1, H 3.69, N 7.96; found: C 34.14, H 3.68, N 7.91. 

2-Cycloheptenol gave 3-hydroxy-2-iodocycloheptyl ni- 
trate in 59% yield. Mol. Wt .  calcd. for C7H12N041:  
300.9811; found (ms):  300.9811. The nmr 4.57 ( I H ,  q ,  
J = 2.25 Hz, 6.75 Hz, CHI),  5.5 ( I H ,  m ,  CHONO,), 
1.5-2.5 (m ,  9H, 4CH,, OH),  3.76 (m ,  1H, CHO). N-[ l -  
(3-Hydroxy-2-iodocycloheptyl)]pyridinium nitrate, m p  
14gcC, was formed in 59% yield. Anal. calcd, for 
C1,Hl7N2OJ1: C 37.9, H 4.47, N 7.37; found: C 37.92, 
H 4.89, N 7.22. 

I-Hexene gave 1-iodo-2-hexyl nitrate, bp 80 'C,'0.5 torr, 
in 41% yield. Anal. calcd. for C,Hl,N031: C 26.39, H 
4.42, N 5.12; found: C 26.35, H 4.79, N 4.73. The nlnr 
4.9 (1H, m ,  CHONO,), 3.35 (2H, d ,  J = 5.5 Hz, CH,I), 
1.3 ( m ,  9H, 3CH,-CH,). N-12-(1-Iodohexyl)]pyridinium 
nitrate was formed in 42% yield as an oil. 

3,3-Dirrret/iy/-I-bcrtene gave 2-iodo-3,3-dimethyl-1-butyl 
nitrate, bp 55 "C!0.2 torr, in 26% yield. Anal, calcd. for 
C,H12N031: C 26.39, H 4.42, N 5.12; found: C 26.37, 
H 4.80, N 4.70. The nmr 4.17 (1H, m ,  CHI),  4.8 (2H, m ,  
CH,ONO,) 1.15 (s, 9H, -C(CH,),), 1Y-[1-(2-10d0-3,3- 
dimethylbutyl)]pyridinium nitrate, mp 133 "C,  was formed 
in 49% yield. Anal. calcd. for Cl lHl ,N,031:  C 35.90, H 
4.65, N7 .50;  found: C36.10, H4.70, N4.60. 

3,4-Dimethyl-I-hexene gave an isomeric mixture o f  
1-iodo-3,4-dimethyl-2-hexyl nitrate and 2-iodo-3,4-di- 
methyl-I-hexyl nitratc bp 93-97 'C!0.5 torr, in 75% yield. 
Anal. calcd. for C,H,,N031: C 31.90, H 5.35, N 4.65; 
found: C 32.30, H 5.60, N 4.67. The nmr 4.8 ( l H ,  m ,  
CHI) ,  5.0 (2H, m ,  CHONO,), 3.4 (1.4H, n ~ ,  CH21), 4.4 
(0.6H, m ,  CH,ONO,), 0.8-2 (m ,  13H, 2-CH-, 
-CHZ-, 3CH3). 

Cjcloperztene gave 2-iodocyclopentyl nitrate, bp 
40 'Ci0.5 torr, in 54% yield. Anal. calcd. for C,H8N03T: 
C 23.35, H 3.11, N 5.45; found: C 23.48, H 3.19, N 5.42. 
The nmr 4.2 ( l H ,  m ,  -CHI), 5.4 (IH, In, -CHONO,), 
2.0 (m ,  6H, 3CH,--). %(2-1odocyclopentyl)pyridinium 
nitrate was also formed as an oil in 9% yield. .4nal, calcd. 
for C l0Hl3N2O3I :  C 35.73; N 3.89, N 8.33; found: C 
34.13, N 3.96, N 8.94. 

Cj~clohexene formed 2-iodocyclohexyl nitrate, bp 
113 "Cj1.3 torr, in 60% yield. Anal. calcd. for C,WIoNO,I: 
C 26.58, H 3.72, W 5.16; found: C 26.84, W 3.87, N 4.98. 
The nmr 4.17 ( l H ,  m ,  -CH-I), 5.15 ( I H ,  nl, -CH- 
ONO,), 1.7 ( n ~ ,  8H, 4-CH,-). 1%'-(2-Iodocyclohexy1)- 
pyridinium nitrate, bp 145-15OCC, was formed in 4 0 z  
yield. Anal. calcd. for Cl1H1,N,O3I: C 37.73, H 4.32, 
N8 .00; found:  C37.77,H4.80,N7.97. 

Cycloheptene gave 2-iodocycloheptyl nitrate, bp 
113 'Cj1.3 torr, in 60% yield. Anal. calcd, for C,H12N031: 
C 29.50, H 4.21, N 4.91; found: C 29.93, H 4.52, N 4.84. 
Thenmr 4.33 (1H, m ,  -CHI), 5.36 (1H, m, -CHON02),  
1.5-2.4 (m, 10H, 5-CH,). N-(2-1odocycloheptyl)pyri- 
dinium nitrate, bp 140-142'C, was also formed in 40% 
yield. Anal. calcd. for Cl ,HI7N2O3I:  C 39.60, H 4.67; 
found: C 39.82, H 4.87. 

Cyclooctene similarly gave 2-iodocyclooctyl nitrate, bp 
97 "Cj0.02 torr, in 79% yield. Anal, calcd. for C8Hl,N031: 
C 33.62, H 4.90, N 4.90; found: C 32.71, H 5.08, N 4.37. 
The nmr 4.3 ( I H ,  m ,  -CHI), 5.4 ( I H ,  m ,  -CHONO,), 
1.1-2.3 (m ,  12H, 6CH2-1. N-(2-1odocyclooctyl)pyridin- 
ium nitrate, bp 152-153 "C, was formed in 5.5% yield. 
Anal. calcd. for C I 3 H 1  ~ N z O ~ I :  C 41.27, H 4.03, N 7.41 ; 
found: C 41.36, H 4.99, N 7.36. 

ATorbornene gave 2-iodonorborn-3-yl nitrate, bp 
83 "Cj0.3 torr, in 60% yield. Anal. calcd. for C,HIoN031:  
C 29.70, H 3.56, N 4.95; found: C 30.55, H 3.50, N 4.33. 
Thenmr 3.75 ( l H ,  n~,-CH-I), 5.5 ( l H ,  m ,  -CHONO,), 
1.3-2.8 ( m ,  8H, 2-CH-, 3-CH,-). Nortricyclanyl 
iodide was also produced in 40% yield, bp 40 'Cj0.15 torr. 
Molecular ion 220. 

Norbornadiene gave tricyc10[2.2.1.0~~~]-5-iodohept-3-yl 
nitrate, bp 75 'C/0.08 torr, in 64% yield. Anal. calcd. for 
C7H8N031:  C 29.92, H 2.87, N 4.93; found: C 30.05, 
H 3.18, N 5.05. The nmr 4.25 ( I H ,  m ,  -CHI), 5.03 ( I H ,  
m ,  -CHONO,), 1.75, 2.5 (m ,  6H, 4-CH-, -CHI). 

1,5-Hexadiene gave 6-iodohex-1-en-5-yl nitrate, bp 
62 'C10.35 torr, in 85% yield. Anal. calcd. C 26.59; H 3.72, 
N 5.16; found: C 26.51, H 3.34, N 4.89. The nmr 4.9 
( l H ,  m ,  -CHONO,), 3.35 (2H, d, J = 5.5 Hz, -CHI), 
2.0 (m, 4H, 2CH2), 5.5, 5.6 (m ,  3H, -CH-CH,). 

Treatment of Cyclohept-2-en-1-01 Zodonium Nitrate Adducts 
with Potassium Hydroxide in Ether 

A solution o f  2.5 g (8.3 mmol) o f  the adducts in 50 ml 
o f  ether was stirred with 0.6 g o f  powdered potassium 
hydroxide for 3 h. Work-up according to  the procedure 
described before gave 1 g o f  cyclohept-2-en-1-one and a 
small amount o f  2,3-epoxycyclohept-1-y1 nitrate 9. 
Separation was achieved by chromatography on Florisil 
and elution with benzene-hexane (50: 50). Evaporation o f  
the first fraction gave the epoxy nitrate. The nmr spectrum 
6 T M S  (CDC13) 0.8-2.5 (m ,  8H, 4-CH2-), 3.2 (m ,  2H, 
2-CH-0), 5.25 (m ,  1H, -CH-0N02).  The ir spec- 
trum v,,, (CHC1,) 1630 cm-' ,  1270 cm-' (ONO,), 

Evaporation o f  the second fraction gave cyclohept-2- 
en-1-one, which was identical with an authentic sample. 

pam-I\-itrobenzoylation of 3-Hydrox~~-3-iodoc).clolzeptyl 
Nitrate 

T o  a solution o f  2 g (6.63 mmol) o f  adducts 6 and 7 and 
0.79 g (0.01 mol) o f  pyridine in 30 ml o f  anhydrous ben- 
zene was added a solution o f  1.245 g (0.00663 mol) o f  
pnra-nitrobenzoyl chloride in 10 rnl o f  benzene dropwise 
and the mixture stirred for 3 h. Work-up by the usual 
procedure gave an oil which was crystallized from 
benzene-hexane to  afford 1.5 g (50%) o f  3-para-nitro- 
beizzoyloxy-2-ioclocycloheptj~l nitrate, 8 m p  103-104 "C. 
Anal. calcd. for CI4Hl5N2O7I :  C 37.34, H 3.33, N 6.22; 
found: C 37.4, H 3.41, N 6.25. The nmr spectrum 
fiTMS (CDC13) 1.7-2.5 ( m ,  8H, 4-CH2-), 4.77 (q, IH,  
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Hydroxyl proton resonances of methyl 4,6-0-benzylidene-a- and 
P-o-glucopyranosidies and their derivatives in 

dimethyl sulfoxide solution 

Y ~ T A R O  KONDO A N D  KEISUKE KITAMURA~ 
Depctrtnzent ofAgricltltura1 Biochemistry, Tottori Universit>l, Tottori 680, Japan 

Received June 7, 1976 

YBTARO KONDO and KEISUKE KITAMURA. Can. J. Chem. 55, 141 (1977). 
Proton magnetic resonance spectra of methyl 4,6-0-benzylidene-a- and 13-D-glucopyranosides 

(1 and 10) and their mono-substituted derivatives are determined in dimethyl sulfoxide solu- 
tion. Assignments of the hydroxyl group resonances of 1 and 10 are confirmed by means of 
INDOR techniques. It is shown that the position of the hydroxyl substituent of the mono- 
substituted derivatives of 1 and 10 can be determined by using the coupling constants JH-C-O-H. 
It  is proposed that the vicinal diols of 1 and 10 give 1 : 1 associations with dimethyl sulfoxide 
molecules, and the C-H and 0-H bonds at position 2 of the mono-substituted derivatives of 1 
are approximately anti. 

Y ~ T A R O  KO~UDO et KEISUKE KITAMURA. Can. J. Chem. 55,141 (1977). 
On a dttermint les spectres rmp, dans des solutions de dimtthylsulfoxyde, des 0-benzylidkne- 

4,6-a- et B-D-glucopyrannosides de methyle (1 et 10) et de leurs derives monosubstitues. L'attri- 
bution des rtsonances des groupes hydroxyles de 1 et de 10 a pu Ctre confirmte en faisant appel 
a des techniques INDOR. On montre que la position d'un substituant hydroxyle des dtrives 
monosubstituCs de 1 et de 10 peut Ctre dtterminee en faisant appel aux constantes de couplage 
JH-c-o-~. On croit que les diols vicinaux de 1 et de 10 donnent des associations 1 : 1 avec les 
molecules de dimtthylsulfoxyde et que les liaisons C-H et 0-H en position 2 des derivts 
mono-substituts de 1 sont approximativement anti. 

[Traduit par le journal] 

I t  is well known that the pmr spectra of 
alcohols (1, 2) and carbohydrates (3-9) in 
dimethyl sulfoxide (DMSO) solution display well 
resolved signals of the hydroxyl groups and that 
the derived coupling constants JFI-c--H provide 
valuable information on configuration and con- 
formation of these compounds (2-9). 

This communication describes assignments of 
the vicinal diols in the pmr spectra of methyl 
4,6-0-benzylidene-a- and 0-D-glucopyranosides 
in dimethy! sulfoxide solution and characteriza- 
tion of 'isolated' hydroxyl groups of their mono- 
substituted derivatives. 

The pmr spectrum of methyl 4,6-0-benzyli- 
dene-a-D-glucopyranoside (1) in DMSO-d,, 
together with the INDOR spectra, are shown in 
Fig. 1. The signals of the hydroxyl groups 
appeared at T 4.85 and 5.04 as doublets ( J  = 4.5 
and 6.5 Hz, respectively) which disappeared on 
addition of D,O. The signal of H-1 occurred at 
T 5.37 as a doublet (J, , ,  = 3.8 Hz). The signals of 
the hydroxyl groups at C-2 and C-3 were assigned 

'Presented a t  the Annual Meeting of the Agricultural 
Chemical Society of Japan, July, 1975. 

'Kyoto College of Pharmacy, Kyoto 607, Japan. 

by using INDOR (internuclear double resonance) 
techniques (10-13). 

Six different INDOR spectra are shown in 
Fig. 1. Monitoring the frequency of line 1 and 
varying the INDOR frequency gave rise to three 
pairs of 'negative-positive' peaks (spectrum l), 
whereas that of line 2 gave rise to three pairs of 
'positive-negative' peaks (spectrum 2) in the 
same region of T 6.20-6.60. Monitoring lines 3 
and 4 (spectra 3 and 4) resulted in responses in 
the same region of T 6.50-6.80. When the H-1 
peaks (lines 5 and 6) were monitored, perturba- 
tion patterns similar to the INDOR spectra 3 
and 4 were observed at frequencies correspon- 
ding to the H-2 proton. These indicate that peaks 
3, 4, 5, and 6 come from the H-2 resonance. 
Accordingly, the doublet at higher field (7 5.04) 
was assigned to the 2-OH resonance and another 
doublet at lower field (T 4.85) to the 3-OH. 

The pmr and INDOR spectra of methyl 
4,6,-0-benzylidene-P-D-glucopyranoside (10) in 
DMSO-d, are shown in Fig. 2. The signals of 
two hydroxyl groups occurred as overlapped pair 
doublets at 7 4.67 ( J  = 5.0 HZ) and 4.70 ( J  = 3.5 
Hz). The signal of H-1 appeared at T 5.75 as a 
doublet (J,,, = 7.8 Hz). Assignment of the 
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C4N.  J.  CHEM. VOL. 55. 1977 

FIG. 1. Proton magnetic resonance and INDOR spectra of methyl 4,6-0-benzylidene-a-D-gluco- 
pyranoside (1) in DMSO-d,. 

hydroxyl groups at C-2 and C-3 was facilitated 
by combined use of INDOR and double-res- 
onance techniques. 

When lines 1 and 2 were monitored, pertur- 
bations were observed (spectra 1 and 2) at the 
same frequencies as when lines 4 and 5 were 
monitored (spectra 4 and 5). It follows that the 
doublet at lower field (T 4.67) was due to the 
2-OH resonance and hence, by inference, that 
the doublet to higher field (T 4.70) must be due 
to the 3-OH. The perturbations observed in Fig. 
2, obtained by monitoring transition 3 must, 
then, arise from the H-3 resonance. These assign- 
ments were confirmed by double-resonance ex- 
periments (Fig. 2). On irradiation of the W-2 
resonance at the region 7, the 2-OH doublet at 
lower field collapsed to a singlet, whereas irradi- 
ation of H-3 at the region 6 changes the 3-OH 
doublet at higher field to a sharp singlet. The 
2-OH signal in compound 1 appeared at higher 
field as compared with that in compound 10. 

This large up-field shift (0.37 ppm) may be 
caused by the shielding of the axial methoxyl 
group in compound 1, indicating the axial 
methoxyl group has a strong influence on the 
neighboring hydroxyi group rather than the 
equatorial methoxyl group. 

1 R = R ' = H  
2 R  = Ac.  R' = H  
3 R = C H , . R ' = H  
4 R = T s . R 1 = H  
5 R  = Ben. R '  = H 
6 R  = H. R '  = AC 
7 R  = H , R ' = C H ,  
8 R = H. R' = Ts 
9 R  = H.  R '  = B e n  

10 R = R ' = H  
31 R  = 4 c . R ' = H  
12 R  = CH,. R'  = H  
13 R = T5. R'  = H 
14 R  = Ben. R '  = H  
15 R = H . R 1 = A c  
16 R  = H, R '  = CH, 
17 R  = H ,  R'  = Ts 
18 R  = H. R'  = Ben 
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KONDO AND KITAMURA 

FIG. 2. Proton magnetic resonance and INDBR spectra of methyl 4,6-0-benzylidene-P-D-gluco- 
pyranoside (10) in DMSO-d,. 

It is noteworthy that H-0-C-H(2) couplings 
are larger than H-0-C-H(3) in vicinal diols of 
both anomers 1 and 10. Provided that a similar 
correlation holds for 'isolated' hydroxyl groups 
of mono-substituted derivatives of compounds 
1 and PO, this relationship may be useful for 
determination of the position of the substituents 
in compounds 1 and 10. To confirm this, we 
selected mono-substituted (acetyl, benzoyl, 
methyl, and benzyl) derivatives of compounds I 
and $0. The coupling constants JH-,_o-,, f o ~  
these compounds are presented in Tables 1 and 
2. For mono-substituted derivatives (2-9) with 
cr-D-configuration, the coupling constants of 
positions 2 and 3 were found to be 7.0-8.0 and 
5.0-5.3 Hz, respectiveiy, while compounds 11-18 
with F-D-configuration showed coupling con- 
stants of 5.5-6.0 and 4 5-5.2 Hz for the 2- and 
3-OK signals, respecrively. This shows that ~n 
these mono-substituted derivatives, the coupling 
constants at position 2 of the cl- and p-D-anorners 
are larger than those at position 3, in agreement 

TABLE 1. Proton magnetic resonance 
parameters for mono-substituted deri- 

vatives of methyl 4,6-0-benzylidene-r- 
D-glucopyranoside (1) in DMSO-rl, 

Coupling constants (Hz) 

Compound JH,OH J 1 . 2  

with the resulrs obtained with the original diols 1 
and 10. Consequently, it is possible to predict 
directly the iocation of the substituents in a 
series of mono-substituted derivatives of 1 and 
10 from the coupling constants of 'isolated' 
hydroxyl groups. 
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144 CAN.  .I. CHEM. VOL. 55, 1977 

TABLE 2. Proton magnetic resonance 
parameters for mono-substituted deri- 
vatives of methyl 4,6-0-benzylidene-D- 

D-glucopyranoside (10) in DMSO-d6 

Coupling constants (Hz) 

Compound JH,OH J J  ,Z 

'Unresolved 

change of the coupling constants of hydroxyl 
groups would not be expected to be caused by 
the configurational change at C-1. However, a 
considerable difference in coupling constants at 
position 2 and 3 was observed for the a- and 
p-D-anomers 1 and 10. This observation may be 
explained by the steric hindrance of the gluco- 
sidic methoxyl group in a 1 : 1 association to the 
neighboring DMSO molecule at C-2. This effect 
is expected to be especially significant in the 
a-D-anomer with the axial methoxyl group. 
Accordingly, 1 : 1 associations of DMSO mole- 
cules with vicinal diols of methyl 4,6-0-benzyli- 
dene-a- and P-D-glucopyranosides are respon- 
sible for the difference in the coupling constants. 

It is interesting to note that H-0-C-H(2) Experimental 
in the a-D-anOmerS 6-9 (7'0-8'0 Proton magnetic resonance spectra were measured on 

are especially large. This indicates that the C-H a ~i tachi -perkin-~lmer  90 MHz ~Dectrometer with tetra- 
and 0-H bonds are approximately an anti- methylsilane as an internal reference. The solutions used 
conformation, because i iAis  well known that contained 30 mg of compound in 0.4 rnl DMSO-d6. 

~~~~l~~ type of relation for H-C-C-H system is Chemical shifts were measured at  the 800 Hz sweep- 
width and coupling constants obtained directly from the also for H-o-C-H 'ystem and the spectra recorded at the 400 Hz or 200 Hz sweep-widths. 

coupling constants are larger for anti-conformers INDOR soectra were measured on a Varian H A - 1 0 0 ~  
than gazrche (9, 14). spectrometer which was modified as reported by van 

casu al, (5 )  postulated 1 : 1 and 2: 1 complex Deursen (13), i.e., an additional oscillator was used for 

models (Fig. 3 a and b, respectively) for the irr;t:tzar derivatives used were by the 
complex formation of DMSO molecules with a literature procedures (15). 
vicinal diol. Ins~ection of molecular models of 
the association of and lo with 

1, 0, L.  CHAPMAN and R. W. KING. J .  Am. Chem. Soc. 
DMSO offers an explanation for their observed 86, 1256(1964), 
difference in the coupling constants. In a 2: 1 2, .I, J .  UEBEL and H. W. GOODW~N. J .  Org. Chern. 31, 
association, the DMSO molecule that is suffi- 2040 (1966). 
ciently far from the glucosidic nlethoxyl 3. B. CASU. M. REGG~ANI ,  G. 6. GALLO, and A.  VIGE- 

VANI. Tetrahedron Lett. 2839 (1964). in and lo> has little On the geometry 4, B, CASC, M ,  REGGIANI, 6, G,  GALLO, and A ,  VIGE- 
of the seven-membered ring, so that a significant VANI. Tetrahedron Lett. 2253 (1965). 

( a )  

/ 
(b)  

FIG. 3. Association of a vicinal diol with DMSO 
molecules. 

5 .  B. CASU, M.  REGGIANI, G. G. GALLO, and A.  VIGE- 
VANI. Tetrahedron. 22.3061 (1966). 

6. A.  S. PERLIN. Can. J .  Chern. 44. 539 (1966). 
7. J .  C .  JOCHIMS, G. TAIGEL. A. SEELIGER, P. LUTZ, and 

H.  E. DRIESEN. Tetrahedron Lett. 4363 (1967). 
8. G. KOTOWYCZ and R. U. LEMIEUX. Chem. Rev. 73, 

669 (1973). 
9. V. S.  R. RAO. J .  Indian Inst. Sci. 55.253 (i973). 

10. R. BURTON, L.  D. HALL. and P. R. STEINER. Can. J. 
Chem. 48,2679 (1970). 

11. B. COXON. Carbohydr. Res. 18.427 (1971). 
12. V. J. KOWALEWSKI. Progress in nuclear magnetic 

resonance spectroscopy. Vol. 5 .  Edited by J .  W.  
Emsley, J .  Feeney, and L. W. Sutcliffe. Pergamon 
Press, New York. 1966. p. 1. 

13. F. W. VAN DEURSEN. Org. Magn. Reson. 3, 221 
(1971). 

14. R.  R. FRASER. M. KAUFMAN, P. MORAND, and G. 
GOVIL. Can. J .  Chem. 47.403 (1969). 

15. Y. KONDO. Agr. Biol. Chem. 39, 1879 (1975). 
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Aliphatic diazo compounds. X. The reaction of a-diazoacetophenone 
with methanolic sodium methoxidel 

PETER YATES A N D  R.  J. MAYFIELD 
Lash Millel. Chemical Laboratories, Depcirtment of Cl~ernrstr~,  Uni1,er~ity of Toronto, Toronto, Ont. ,  Canada M5S IA1 

Received June 8. 1976 

PETER YATES and R. J. MAYFIELD. Can. J. Chem. 55,145 (1977) 
The reaction of a-diazoacetophenone (1) with methanolic sodium methoxide in dilute 

solution gives 3-benzoyl-5-hydroxy-4-phenylpyrazole (4), 3-benzoyl-4-hydroxy-5-phenyl- 
pyrazole (3, 3-benzoyl-5-methoxy-4-phenylpyrazole (9), 3-benzoyl-4-phenylpyrazole (6), 5- 
benzoyltetrazole (7), 3,6-dibenzoyldihydro-s-tetrazine (lo), c i ~ -  and trans-a-benzoyl-r-phenyl- 
acrylic acid, acetophenone, methyl benzoate, and benzoic acid. The pyrazoles 4, 5, and 9 are 
considered to arise via reaction of 1 to give a-methoxyacetophenone followed by further re- 
action of the anion of the latter with 1. Evidence in accord with this view was obtained by a 
study of the products formed when 1 was treated with methanolic sodium methoxide in the 
presence of 2-methoxy-4'-methylacetophenone. Acetophenone is considered to arise by reduc- 
tion of 1 via phenylglyoxal 2-monohydrazone (37); condensation of 1 with the enolate ion 
derived from acetophenone then can give the pyrazole 6, while condensation of 1 with 37 could 
give the tetrazole 7. 

PETER YATES et R. J. MAYFIELD. Can. J. Chem. 55,145 (1977) 
La reaction de l'a-diazoacetophenone (1) avec une solution diluke de methylate de sodium 

dans le methanol conduit au benzoyl-3 hydroxy-5 phinyl-4 pyrazole (4) au benzoyl-3 hydroxy-4 
phenyl-5 pyrazole (5), au benzoyl-3 mithoxy-5 phenyl-4 pyrazole (9), au benzoyl-3 phenyl-4 
pyrazole (6), au benzoyl-5 tetrazole (7), au dibenzoyl-3,6 dihydro s-titrazine (lo), aux acides 
0-benzoyl a-phenylacrylique cis et trans, a l'acetophenone, au benzoate de methyle et a I'acide 
benzo~que. On considere que les pyrazoles 4, 5 et 9 proviennent d'une reaction de 1 con- 
duisant a l'a-mtthoxyacttophenone dont l'anion riagirait par la suite avec 1. On a obtenu des 
donnees en accord avec ces vues par une etude des produits forn~Cs lorsque l'on traite 1 avec une 
solution methanolique de methylate de sodium en presence de methoxy-2 methyl-4' aceto- 
phenone. On considhre que I'acetophinone provient d'une reduction de 1 par l'intermediaire de 
la monohydrazone du phCnylglyoxal-2 (37); la condensation de 1 avec l'ion enolate derivk de 
l'acetophenone conduit alors au pyrazole 6 alors q u e ~ l a  condensation de 1 avec 37 donne le 
tetrazole 7. 

[Traduit par le journal] 

Treatment of a 0.1 M solution of a-diazo- In contrast, treatment of a 5 M solution of 1 
acetophenone (1) with 0.15 M potassium tert- in methanol with 7 M methanolic sodium 
butoxide in tert-butyl alcohol has been shown to methoxide has been found to give an exceedingly 
give 5-benzoyl-2-phenacyltetrazole (2) ,  a dimer complex product mixture that includes the 
of 1, in good yield (1). The only other products pyrazoles 4-6, the tetrazole 7, and the N, com- 
formed are 2-phenacyltetrazole (3) and benzoic pound 8u or 8b, together with methyl benzoate 
acid, which are considered to arise by cleavage of and benzoic acid (2) (Table 1). 
2. We now report on an investigation of the 

w--N reaction of 1 and sodium methoxide in dilute 
PhCOCHN,  

h l c , ~ ~ ~ i  phCO~N';CH2COph 
+ solution that has shed further light on the 

reactions of a-diazo ketones with bases.' 
L 

Products and their Identification 
The products obtained were compounds 4-7, 

methyl benzoate and benzoic acid, and five 
Y A Y  

N \ C H ~ C O P ~  + P ~ C O ~ H  
3 'A preliminary study of the reaction of 1 with meth- 

anolic sodium methoxide of intermediate concentration 
'For paper IX, see ref. 1. has been carried out previously (3) .  
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146 C 4 N .  .I. CHEM. 

TABLE 1. Products from reaction of cc-diazo- 
acetophenone (1) with methanolic sodium 

methoxide 

Product 

Osee Experimental section for reaction conditions. 
bReference 2. 
<Trace. 
dIsolated in run during which reactioi~ mixture 

became neutral. 
'Detected, but not isolated. 

COPh HOFCOPI PllFCOPh 

N/N 
Ph WN PI 

compounds not previously detected from the 
reaction in concentrated solution (Table 1). 
Although acetophenone was not isolated from 
the reaction in concentrated solution, it has been 
isolated from the reaction mixture obtained on 
treatment of I with aqueous sodium hydroxide 
(3). 

N-N 
PhC0-f   COP^ 

H N-N 
H H 

the dimethylation products 13 and 14, by 
methylation of the sodium salt of 4 with methyl 
iodide in dimethyl sulfoxide. In order to deter- 
mine whether the product mixtures from the 
reaction of 1 with sodium methoxide also con- 
tained 15, the methyl ether of 5, this was prepared 
by methylation of 5 with diazomethane. The 
pmr spectra of the neutral fractions from the 
reaction of 1 with sodium methoxide failed to 
show the presence of 15. 

P h 
hl e COPh COPL MeOFCOPh 

0 PI1 N / ~  
I Me H 

Me 

13 14 15 

The dihydrotetrazine 103 has previously been 
obtained from B by treatment with potassium 
hydroxide in dimethyl sulfoxide (4). It was ob- 
tained in the present work in one run only, when 
a reaction of 1 was carried out with very dilute 
methanolic sodium methoxide and the reaction 
inixture became neutral during the course of the 
reaction, suggesting that it is a product of the 
reaction of B with methanolic sodium methoxide 
but is not normally observed because of its own 
base sensitivity (z:ide infra). 

The lactol 81 of cis-P-benzoyl-a-phenylacrylic 
acid was identified by comparison with an 
authentic sample (5 ) .  The corresponding trans 
acid, 12, was isolated as its methyl ester which 
was also identified by comparison with an 
authentic sample (5). 

Forn7ation of Pyrazoles 
Pyrazoles are known to be formed on treat- 

ment of x-diazo carbonyl compounds with 

- !  + - 
RCOCH h==-CHCOR" 4 

R'  CH N 
R" \N4 

The pyrazole 9 was identified by comparison 
with an authentic sample obtained, together with 3This is either the 1,2- or 1,4-dihydro compound (4). 
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YATES AND MAYFIELD 

COPh \ phGc~ph 
5 - - 0  P  I1 - 'N/N 

enolate ions, a reaction that can readily be inter- 
preted as involving initial terminal addition (3) 
of the enolate ion to the a-diazo carbonyl com- 
pound, followed by aldol condensation and de- 
hydration (cf .  ref. 6 )  (Scheme 1). 

The occurrence of acetophenone in the re- 
action m~xture  from B and methanolic sodium 
methoxide clearly suggests that the pyrazole 6 
arisec by the condensation of 1 with aceto- 
phenone as in Scheme I ,  as has previously been 
suggested for the reaction in aqueous base (3). 

The other pyrazoles formed, i . e ,  4, 5, and 9, 
are all in a higher oxidation state than 6, and 
their formation via Scheme 1 from 1 and an 
enolate ion In a higher oxidation state than that 
of acetopbenone seems likely. In the case of the 
methoxypyrazole 9: the route in Scheme 1 could 
involve the condensation of 1 with the enolate 
ion of a-methoxyacetophenone to give 19, 

4The observation that a 5-methoxypyrazole of type 9 
is formed in the reaction of an a-diazo ketone with 
methanolic sodium methoxide was first made by Dr. A. L. 
Crowther in the case of a-diazopinacolone (P. Yates, 
A. L. Crowther, and P. A. Gilbert, unpublished results). 

'The origin of a-methoxyacetophenone is discussed 
subsequently. 

and the conversion of this to 9 via 18 (Scheme 2). 
When 16 was added to the initial solution of 1 
and methanolic sodium methoxide, the yield of 
9 was considerably increased. Furthermore, 
there was an  increase in the yields of the two 
hydroxypyrazoles 4 and 5.6 Thus the inter- 
mediacy of a-methoxyacelophenone is implicated 
in the formation of all three of the pyrazoles, 4, 
5, and 9. To  account for this we propose that 17 
is converted to the azine 19, which undergoes 
base-catalyzed cyclization to 20, which gives 4 
and 5, via 21 and 22, respectively (Scheme 2). 

These pathways together with the pathway 
via 18 to 9 account for the circumstance that, 
while both the 5-hydroxypyrazole 4 and the 
corresponding 5-methoxypyrazole 9 are formed, 
the 4-hydroxypyrazole 5 is not accompanied 
by the corresponding 4-methoxypyrazole, 
Scheme 2 also accounts for the following ob- 
servations made when 2-methoxy-4'-methyl- 

6We thank Dr. R. G. F. Giles for the original observa- 
tion of this effect. 

'The possibility that 9 and 15 were both formed but 
that 15 preferentially underwent further reaction was 
excluded by the observation that both 9 and 15 are stable 
under the reaction conditions. 
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acetophenone (23) was added to the initial 
solution of 1 and methanolic sodium methoxide. 
From the weak acid fraction was obtained a 
crystalline mixture of the hydroxypyrazoles 24 
and 25. The pmr spectrum of the mixture showed 
two overlapping singlets at 6 2.35 and 2.39 
(1 1 : 9). Baeyer-Villiger oxidation of the mixture 
followed by hydrolysis gave a 1 : 1 mixture of the 
carboxylic acids 26 and 27, together with a 
mixture of phenol and p-cresol (1 : 1). From the 
acid fraction of the original reaction mixture 
was obtained a mixture of the two hydroxy- 
pyrazoles 28 and 29. The pmr spectrum of the 

24 X = PhCO. Y =p-MeC,H, 
25 X = II-M~C,H,CO, Y =  Ph 
26 X = CO,H. Y = p-MeC,H, 
27 X = CO,H. Y = Ph 

28 X = PhCO. Y = p-MeC6H4 
29 X = p-MeC,H,CO. Y = Ph 
30 X = C 0 2 H .  Y =p-MeC,H, 
31 X = C 0 , H .  Y = Ph 

32 X = PhCO, Y = p-MeC,H, 
33 X =[I-MeC,H,CO. Y = Ph 

OMe 
I 

mixture showed two overlapping singlets at 6 
2.23 and 2.30 (1 1 : 4). Baeyer-Villiger oxidation 
of the mixture followed by hydrolysis gave a 
mixture of carboxylic acids considered to be 30 
and 31, together with a mixture of phenol and 
p-cresol (2: 1). From the neutral fraction of the 
original reaction mixture was obtained a single 
5-methoxypyrazole, 32; the presence of the 

isomeric 5-methoxypyrazole, 33, could not be 
detected. The assignment of structure 32 to the 
methoxypyrazole is based on comparison of its 
pmr spectrum with the spectra of 9 and 15 and 
of the mixture of 32 and 33 obtained by methyla- 
tion of the 11 : 4 mixture of hydroxypyrazoles 28 
and 29 (see Table 2). These results are readily 
accommodated in terms of Scheme 2. Thus, the 
terminal adduct 34 formed from 1 and the anion 
of 23 can give the single 5-methoxypyrazole 32 
and the azine 35, which can give 24, 25, 28, and 
29 via two analogues of 20. 

Formation of N,  Compounds and Other Products 
5-Benzoyltetrazole (7) was isolated from the 

product mixtures formed on treatment of 1 with 
both concentrated and dilute methanolic sodium 
methoxide. Its structural relationship to 2- 
phenacyl-5-benzoyltetrazole (2) the major prod- 
uct from the reaction of 1 with potassium tert- 
butoxide in tert-butyl alcohol suggested that it 
might arise via cleavage of 2. However, treatment 
of 2 with methanolic sodium methoxide led not 
to 7 but to 5-benzoyl-2-methyltetrazole (36). 
This is in interesting contrast to its reaction with 
potassium tert-butoxide and tert-butyl alcohol 
which gives 2-phenacyltetrazole (3) (1). Pre- 
sumably cleavage to give 36 is inhibited in this 
case by enolate anion formation at the methylene 
group. 

With the exclusion of 2 as the source of 7 in 
methanolic sodium methoxide, we propose that 
the formation of 7 involves base-catalyzed re- 
action of 1 with phenylglyoxal2-monohydrazone 
(37), itself formed by reduction of 1 by,methan- 
olic sodium methoxide; the resulting inter- 
mediate, 38, could then form 7 by cyclization to 
39 followed by elimination of acetophenone 
(Scheme 3). The latter could also arise via 
Wolff-Kishner reduction of 37. In these terms 
the formation of 7 requires that the base also be 
a reducing agent. 
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YATES AND MAYFIELD 

1 McOH 

7 + PhCOCH2- 

;N-N 
I 

-\ PhCOCH 
&N-NH 

I /  -PhCOCH 
'N-N 

I 
N=N 

I 
CH2COPh 

I 
%HCOPh 

39 38 

S C H E ~ I F  3 

TABLE 2. Proton magnetic resonance spectra of methoxy- very much greater yield of methyl benzoate in 
pyrazoles the case of the reaction of 10 with sodium 

methoxide. 
Compounda 6 The cleavage product, methyl benzoate, could 

4.03 (s, 3H) also arise by attack of methoxide ion on either 1 
7.1-7.4 (m, 8H) itself or on 40, its adduct with methanol (i.e., a 

M e 0  7.67 (d of d, 2H)b protonation product of the terminal adduct 41) 
b l e o F N ~ ~ ~ ~ l  3.60 (s, 3H) (3). The formation of benzoic acid is attributable 

7.3-7.5 (m, 6H) to hydrolysis of methyl benzoate by hydroxide 
~h (15) 7.8-8.1 (m, 4H) ion produced from water formed, for example, 

2.25 (s, 3H) in the formation of the pyrazoles 6 and 9. The 
4.04 (s, 3H) putative intermediate, a-methoxyacetophenone 
6.8-7.4 (m, 7H) (16), could also arise from 41; protonation of 
7.67 (d of d, 2H)b this o n  carbon would give 42, which could give 
2.25, 2.28 (two s (11 :4), 3H) 16 either directly by loss of nitrogen or by a 
4.03 (s, 3H) displacement reaction with methoxide ion. The 
6.9-7.7 (m, 9H) adduct 42 could serve as a further source of 

(11:4) methyl benzoate. 
nAr = p-CH3C6H4 
bFirst order approximation: J = 7.5 and 2 Hz. PhCOCH=N-UHOMe P~CO?H-N=N-OM~ 

40 4 1 

The other type of N, product, 10, has not been 
observed previously in the reaction of 1 with PhCOCH,-N=N-OMe 

methanolic sodium methoxide; as mentioned 42 
above, this might be due to the fact that it usually 
reacts further under the basic reaction conditions. It is recognized that the mechanistic proposals 

order to investigate this possibility the re- made here are speculative; however, the multi- 
action of 10 with dilute methanolic sodium plicity of the reactions involved makes it 
methoxide was investigated. ~ 1 1  of the products difficult to delineate definitively the origin of all 

isolated were also obtained from the reaction of the products, particularly since these may 

1 with dilute methanolic sodium methoxide. arise by than One pathway.' 
However, the relative product yields suggest 
strongly that 10 is not a major intermediate in 'A discussion of some additional mechanistic proposals 

the reaction of with sodium methoxide, nor a and ancillary experimental results are available, at a 
nominal charge, from the Depository of Unpublished 

than Data, CISTI, National Research Council of Canada, 
benzoate in that reaction. This follows from the Ottawa, Canada KIA OS2. 
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Experimental 
Solutions in organic solvents were dried over an- 

hydrous magnesium sulfate. Chromatographic columns 
were packed in petroleum ether (bp 60-70 "C); the mixture 
to be separated was pre-absorbed on the column material 
and the resulting powder was placed as a thin band on 
top of the column. Melting points are uncorrected. 
Infrared spectra were recorded with chloroform as 
solvent, unless otherwise specified; pmr spectra were 
recorded with deuterochloroform as solvent. Known 
compounds were identified by mp and mixture mp 
determinations, and by spectroscopic and vpc comparison 
with authentic san~ples. 

Reaction of a-Dinzoacetophenone (1 )  with Methanolic 
Sodium Methoxide 

(i) A solution of 1 (1.32 g, 9.0 mmol) in anhydrous 
methanolic sodium methoxide (0.4 M, 450 ml), was boiled 
under reflux for 5.5 h. The resulting mixture was separated 
into acid (soluble in aqueous 5% NaHCO,), weak acid 
(soluble in aqueous 3% KOH), and neutral fractions. 
The acid fraction (0.40 g) was triturated with petroleum 
ether - ether (1 : 1) and the resulting pale yellow precipi- 
tate was filtered to give 4 (0.12 g, l l%), mp 246-248 "C. 
The filtrate was stripped of solvent and treated with an 
ethereal solution of diazomethane. Evaporation of 
solvent left a pale yellow oil \\'hose pmr spectrum showed 
methyl benzoate (6 3.90 (s)) to be the major component, 
accompanied by smaller amounts of the two hJ-methyl 
derivatives of 5-benzoyltetrazole (7) (6 4.28 (s) and 4.40 
(s)). In another run the residue obtained on removal of 
the solvent was examined by vpc (10 ft, 1 0 z  SE 30), and 
ir and pmr spectroscopy, which showed the presence of 
benzoic acid and 7. The ~veak acid fraction (0.26 g) was 
treated with warm benzene to yield a pale brown pre- 
cipitate of 5 (0.065 g, 673,  rnp 206-208 "C. The ireriiral 
fraction (0.48 g) was chromatographed on alumina. 
Elution with ether - petroleum ether (4410% v:v) gave a 
mixture of acetophenone (0.070 g, 7%) and methyl 
benzoate (0.010 g, 1%) as determined by vpc (SE 30). 
Unchanged a-diazoacetophenone (0.090 g) was eluted 
subsequently. Elution uith ether - petroleum ether (10- 
25% v:v) afforded small amounts of unidentified prod- 
ucts. Elution with niethanol-ether (2% v:v) yielded 3- 
benzoyl-5-methoxy-4-phenylpyrazole (9) (0.050 g, 4%) as 
a yellow glass, which on crystallization from ether - 
petrolerrm ether gave yellow prisms, mp 143-144 "C. 

(ii) A solution of 1 (1.00 g, 6.8 mmol) in anhydrous 
methanolic sodium methoxide (0.01 114, 17.5 ml) was 
boiled under reflux. An aliquot (2 ml), taken after a re- 
action time of 6.25 h, deposited on cooling in dry ice - 
niethanol red-brown needles of 10 (0.005 g), mp 182- 
183 'C (lit. (4) mp 182-183 'C ) .  After this reaction time 
the mixture was found to have p H  ca. 6.5. A further 
amount of methanolic sodium methoxide was added to 
bring the concentration to 0.025 M. The mixture was 
boiled for a further 47 h, and then cooled (dry ice - 
ethanol). A further quantity of 10 (0.004 g), mp 179- 
181 "C, was deposited. The reaction mixture was sepa- 
rated into acid, weak acid, and neutral fractions; these 
were shown to contain 4, benzoic acid, 7, and a-dia- 
zoacetophenone. 

(iii) To a boiling solution of methanolic sodium 
methoxide (0.4 M, 100 ml) was added dropwise over a 

7 h period, a solution of 1 (2.92 g, 0.020 mol) in anhy- 
drous methanol (100 ml). Heating was continued at 45- 
50 'C for a further 22 h. The acid frnction (0.90 g) was 
triturated with ether - petroleum ether (1 : 1) to give 4 
(0.30 g, 11%), mp 246-248 "C. The filtrate was stripped 
of solvent, and the residue was chromatographed on 
silica gel. The first fraction was eluted with ether - 
petroleum ether (1 3-25% v :  v) and afforded benzoic acid 
(0.07 g, 373, mp 121-122 "C. Elution with ether - petro- 
leum ether (25-35% v:v) yielded a pale yellow oil (0.28 g) 
that was a mixture. 5-Benzoyltetrazole (7) (0.075 g, 4%) 
was isolated by a combination of fractional crystallization 
and precipitation as its silver salt from a hot aqueous 
solution of the oil. On cooling the aqueous solution a 
cream solid precipitated, which on crystallization from 
benzene-cyclohexane gave the lactol form of cis+- 
benzoyl-a-phenylacrylic acid (11) (0.15 g, 67;) as colorless 
plates, mp 122-123 'C (lit. (5) mp 123-124 'C) .  Methyla- 
tion of I1 with an ethereal solution of diazomethane gave 
methyl cis-D-benzoyl-r-phenylacrylate as a viscous oil. 
The 119eak acid (0.60 g) and the neutral fractions (1.09 g) 
were shown to contain 5, 7, acetophenone, methyl 
benzoate, and unchanged a-diazoacetophenone as in (i). 

(iv) A solution of a-diazoacetophenone (2.92 g) in an- 
hydrous methanolic sodium methoxide (0.4 IM, 200 ml) 
was boiled under reflux for 23.5 h. The acid fiaction 
(0.48 g) was triturated with warm ether - petroleum ether 
(1 : I ) ,  to give 4 (0.18 g, 7x1, mp 245-247 "C. The filtrate 
was stripped of solvent, and the residue was treated with 
ethereal diazomethane. Removal of the ether left a 
viscous yellow oil, which was chromatographed on silica 
gel. The first fractions eluted with ether - petroleum ether 
(5% v:v) gave methyl benzoate. Elution with ether - 
petroleum ether (20% v:v) yielded the methyl ester of 
trans-B-benzoyl-a-phenylacrylic acid (12) (0.01 g) as a 
viscous oil that partially crystallized. Elution with ether - 
petroleum ether (25-30% v:v) gave the methyl ester of 
cis-D-benzoyl-a-phenylacrylic acid (11) (0.13 g) as a 
viscous pale yellow oil. The final fractions were eluted 
with ether - petroleum ether (30-35% v:v) to give 5- 
benzoyl-1-methyltetrazole (0.09 g) as a colorless oil that 
slowly crystallized. The ~ , e n k  acid (0.68 g) and neutral 
fractions (0.71 g) contained the same products as the cor- 
responding fractions in iii. In another run with 0.2 M 
methanolic sodium methoxide and 0.2 iM a-diazoaceto- 
phenone, 3-benzoyl-4-phenylpyrazole (6) ,  Inp 197-198 "C, 
was isolated from the neutral fraction. 

3-Berzzoyl-5-n1etlmy-4-phen).'[pymzoe ( 9 )  
To a stirred solution of the sodium salt of 4 (0.38 g) in 

dimethyl sulfoxide (5 ml) was added dropwise a solution 
of methyl iodide (0,30 g) in ether ( 5  ml). After addition 
was complete, stirring was continued for 0.5 h, the 
mixture was poured into water, and then extracted with 
ether. The ethereal extract was washed uith aqueous 5% 
KOH and water, and dried. Evaporation of the ether left 
a viscous oil (0.24 g), which was chromatographed on 
alumina. Elution with ether - petroleum ether (10-15% 
v:v) afforded 13 as a pale yellow viscous oil (0.10 g); 
h,,, (CCI,) 6.05, 7.60, 7.82, 9.40, 10.68, 10.86ym; 6 3.87 
(s, 3H), 4.00 (s, 3H), 7.0-7.4 (m, 8H), 7.73 (d of d, 2H). 
Elution with ether - petroleum ether (40-50% v: v) gave 
14 as cream crystals (0.04 g); I,,, (CCI,) 5.76, 6.05, 8.10, 
9.85, 10.82, 11.10 ym; 6 1.95 (s, 3H), 3.52 (s, 3H), 7.25- 
7.6 (m, 8H), 8.13 (d of d, 2H). Elution with ether gave 9 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MAYFIELD 151 

(0.05 g, 24%) which, after recrystallization from ether - 
petroleum ether, was obtained as pale yellow prisms, mp 
145-146 "C; h ,,, 3.00, 3.05-3.25, 6.09, 7.05, 7.70, 9.32, 
9.75. 10.96 Hm; 6 4.03 (s, 3H), 7.1-7.4 (m, 8H), 7.67 (d 
of d, 2H). Anal. calcd. for C17H14N202: C 73.36, H 5.07, 
N 10.07; found: C 73.19, H 5.15, N 9.97. 

3-Benzoyl-4-methoxy-5-phenylpyrazole (15) 
A solution of 5 (0.50 g, 1.9 mmol) in anhydrous ether 

was treated with an ethereal solutlon of diazomethane 
(10 ml, 2.56 mmol). The resulting mixture was stirred at 
5-10 "C for 6 h and then allowed to stand at room tem- 
perature for a further 18 h. The reaction mixture was 
extracted with aqueous 3% KOH and the ethereal layer 
was separated and dried. Evaporation of the ether left a 
viscous colorless oil which was chromatographed on 
alumina. Elution with ether - petroleum ether gave small 
quantities of several unidentified compounds. Elution 
with methanol-ether (2% v:v) gave an oil that slowly 
crystallized. Recrystallization from benzene-cyclohexane 
afforded 15 (0.22 g, 42%) as colorless needles, mp 143- 
144.5 "C; h,,, 3.00, 3.15-3.40, 6.08, 7.28, 9.90, 11.00 pm; 
6 3.60 (s, 3H), 7.3-7.5 (m, 6H), 7.8-8.1 (ni, 4H). Anal. 
calcd. for CI7HI4NZO2: C 73.36, H 5.07, N 10.07; 
found: C 73.52, H 5.04, N 9.84. 

Reaction of x-Diazoacetopher~one with r-Methoxyaceto- 
phenone and Methanolic Sodiztnz Merhoxide 

To a stirred solution of sodium methoxide in an- 
hydrous methanol (5.5 M, 6.5 ml) was added dropwise a 
solution of x-diazoacetophenone (4.90 g, 0.034 mol) and 
cc-methoxyacetophenone (4.70 g, 0.031 mol) in anhydrous 
methanol (5.5 ml). The mixture was kept at 0 ' C  during 
the addition and alloyed to stand at room temperature 
for 1 h after completion of the addition. The acid fraction 
was treated with a little warm ether to give a precipitate 
of 4 (0.63 g, 7%19, mp 248-250 "C. The filtrate was stripped 
of solvent to give a pale yellow oil (0.25 g) that slowly 
crystallized. Its pmr and ir spectra showed that it con- 
sisted mainly of benzoic acid and 7. The weak acid 
fraction was triturated with a small amount of hot ben- 
zene to give 5 (0.50 g, 5.5%)9, mp 206-208 "C. The 
neutral fraction was obtained as a yellow-orange glass 
(5.7 g) that slowly crystallized on standing at room tem- 
perature for several days. Its pmr spectrum exhibited a 
singlet at 6 3.93 besides aromatic proton signals. It was 
chromatographed on silica gel. Elution with ether - petro- 
leum ether mixtures (0-35% v:v) afforded some biphenyl 
(shown to be present as an impurity in the a-methoxy- 
acetophenone used in this experiment), a small amount of 
methyl benzoate, and small quantities of yellow oils. 
Elution with ether - petroleum ether (40% v:v) gave 9 
(2.20 g, 24%19 as a pale yellow glass that slowly crystal- 
lized. Recrystallization from ether - petroleum ether 
yielded pale yellow prisms, mp 145-146 "C. 

2-Methoxy-4'-methylacetophenone (23) 
A solution of p-tolylmagnesium bromide in anhydrous 

ether (350ml) was prepared from magnesium (8.8 g) 
andp-bromotoluene (61.6 g). Methoxyacetonitrile (21.3 g) 
in anhydrous ether (50 ml) was slowly added to the cooled 
(ice-salt bath), well stirred Grignard solution and, after 

gCalculated on the basis of the conversion of 1 ill01 of 
I to  1 mol of pyrazole. 

completion of the addition, the mixture was allowed to 
stand at room temperature for 2 h. The complex was de- 
composed by the addition of water (200 ml), cracked ice, 
and cold 12 N sulfuric acid (100 ml). The solution was 
extracted with ether, and the extract was dried and 
stripped of solvent to give a colorless liquid. Distillation 
gave 23 (32 g, 5473, bp 83-88 "C/0.15 torr (lit. (7) bp 
127 "C/3.0 torr); h,,, (film) 5.90, 6.24, 8.10, 8.32, 8.85, 
12.30 pm; 6 2.37 (s, 3H), 3.35 (s, 3H), 4.45 (s, 2H), 7.18 
(d, 2H, J =  8 Hz), 7.80 (d, 2H, J = 8 Hz). 

Reaction of cc-Diazoacetophenonc with 23 and Methanolic 
Sodirrrn Methoxide 

a-Diazoacetophenone (4.05 g, 0.028 mol) and 23 (4.50 
g, 0.027 mol) in anhydrous methanol (5.5 ml) were added 
dropwise to a stirred solution of methanolic sodium 
methoxide (5.5 M, 6.5 ml), which was kept at 0 "C. After 
the addition the mixture was allowed to stand at room 
temperature for 1 h and then poured into water. The acid 
fraction (0.6'7 g) was triturated with warm ether - petro- 
leum ether (1 : l )  to give a yellow solid (0.38 g), mp 195- 
207 "C, which could not be purified by recrystallization. 
Its pmr spectrum (DMSO-d,) exhibited overlapping 
singlets at 6 2.23 and 2.30 (ratio 11 :4) in addition to 
aromatic proton signals, assigned to 3-benzoyl-5- 
hydroxy-4-(p-to1yl)pyrazole (28) and 5-hydroxy-4-phenyl- 
3-(p-toluy1)pyrazole (29), respectively. The filtrate was 
evaporated to dryness and treated with an ethereal 
solution of diazomethane. The resulting yellow oil was 
shown to consist mainly of methyl benzoate and methyl 
p-toluate (major product) by prnr spectroscopy and vpc. 
The weak acid fiaction (1.16 g) was digested with warm 
benzene and the resulting solution allowed to stand for 
several hours to give a yellow-brown solid (0.51 g), mp 
191-194 "C. Its pmr spectrum showed overlapping singlets 
at 6 2.35 and 2.39 (ratio 11:9) in addition to aromatic 
proton signals, and these were assigned to 3-benzoyl-4- 
hydroxji-5-(p-toly1)pyrazole (24) and 4-hydroxy-5-phenyl- 
(3-p-toluyl)pyrazole (25), respectively. The neutralfiaction 
(4.92 g) was chromatographed on alumina. Elution with 
ether - petroleum ether (10% v:v) afforded a mixture of 
bi-p-tolyl and methyl benzoate; the former was present 
as an impurity in the starting material 23. Elution with 
ether - petroleum ether (10-12% v:v) gave unchanged 23 
(0.16 g). Elution with ether - petroleum ether (20-25% 
v:v) gave a yellow oil (1.44 g) that slowly crystallized. 
Recrystallization from ether-hexane afforded pale 
yellow prisms of 3-benzoyl-5-methoxy-4-(p-toly1)pyrazole 
(32), mp 126-127'C; h,,, 3.00, 3.20, 6.10, 6.72, 7.75, 
9.30, 11.00 pm; 6 2.25 (s, 3W), 4.04 (s, 3H), 6.8-7.4 (m, 
7H), 7.67 (d of d, 2H). Anal. calcd. for C,,HI6N2O2: 
C 73.95, H 5.52, N 9.58; found: C 74.01, H 5.47, N 9.38. 

Baeyev-Mlliger Oxidatiorz of the Mixture of 24 and 25 
To a solution of glacial acetic acid (2.0 ml) and con- 

centrated H2S04  (1.0 ml) was added the mixture of 24 
and 25 (0.20 g). The solution was cooled to 0 "C, 40% 
peracetic acid (0.3 ml) was added, and the mixture was 
stirred at room temperature for 24 h.  It was then poured 
into excess water to give a fawn solid; I,,, (Nujol) 5.85 
pm. This was dissolved in aqueous KOH (10 ml) and 
the solution was boiled under reflux for 2 h. This was 
acidified and steam distilled. The distillate was acidified 
and extracted with several portiolls of ether. The extract 
was dried and stripped of solvent to give a colorless oil 
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(0.03 g) that possessed a distinct phenolic odor. Infrared 
and nmr spectroscopy and vpc analysis of the oil showed 
it to be a ca. 1:  1 mixture of phenol and p-cresol. The 
steam involatile components of the above mixture were 
isolated by extraction with ether. The ethereal extract 
was dried and stripped of solvent to give a fawn solid 
(0.06 g); h,,, (Nujol) 3.0-4.8, 5.98, 8.05, 10.30, 12.15 ym; 
this ir spectrum was identical with that of a 1 : 1 mixture 
of 4-hydroxy-5-(p-toly1)pyrazole-3-carboxylic acid (26) 
and 4-hydroxy-5-phenylpyrazole-3-carboxylic acid (27). 

4-Hydroxy-5-(p-tolyl)p~~razole-3-carbox~lic Acid (26)  
To a stirred solution of anhydrous methanolic sodium 

methoxide (5 M, 20 ml) at room temperature was added 
dropwise a mixture of methyl p-tolylacetate (2.20 g, 13.4 
mmol) and ethyl diazoacetate (1.60 g, 14.0 mmol). After 
addition was complete, the mixture was stirred for an 
additional 1 h. The reaction mixture was diluted with 
water (5 ml) and boiled under reflux for 2 h. The resulting 
dark-brown solution was neutralized with dilute HCl, 
poured into aqueous 5% NaHCO, (150ml), and ex- 
tracted with ether. The aqueous layer was acidified and 
extracted with several portions of ether. The ethereal 
extract was dried and stripped of solvent to give an 
orange-brown gum, which after several washings with 
boiling cyclohexane solidified to an orange-brown solid 
(0.95 g), which was chromatographed on silica gel. 
Elution with ether - petroleum ether (30% v:v) afforded 
26 (0.50 g, 17%) as a cream solid, mp 221-222 "C (dec.); 
h,,, (Nujol) 3.04, 3.0-4.8, 6.00, 8.05, 10.30, 12.15ym. 
Anal. calcd. for C,lHloN,O,: C 60.54, H 4.62, N 12.84; 
found: C 60.53, H 4.68, N 12.79. 

4-Hydroxy-5-pkerzylpyrazole-3-carboxylic Acid (27) 
Compound 27 was prepared from anhydrous methan- 

olic sodium methoxide (5 M, 20 ml), methyl phenyjacetate 
(3.00 g, 20.0 mmol), and ethyl diazoacetate (2.30 g, 20.0 
mmol) by the procedure described above for the prepara- 
tion of 26. The orange-brown crude solid product (1.50 g) 
was chromatographed on silica gel; elution with ether - 
petroleum ether (60-80% v:v) gave 27 (0.53 g, 13%) as a 
cream solid, mp 212-213 'C (dec.); ),,,, (Nujol) 3.00, 
3.0-4.8, 5.98, 10.30 ym. Anal. calcd. for Cl0H8N,O3: C 
58.82,H3.95,N13.72;found: C58.96,H4.13,N 13.60. 

Baeyer-Villiger Oxidation of the Mixture of 28 and 29 
The mixture of 28 and 29 (0.15 g) was oxidized with 

glacial acetic acid (2 ml), concentrated H,S04 (1 ml), and 
peracetic acid (0.3 ml) by a procedure similar to that 
described above. When poured into water, the reaction 
mixture gave a fawn precipitate, which was dried; 
h,,, (Nujol) 3.08, 3.24 (br), 5.80, 7.94, 8.34 pm. This was 
subjected to alkaline hydrolysis followed by steam 
distillation as described above. The steam distillate was 
acidified and extracted with ether. The ethereal extract 
was dried and stripped of solvent to give a colorless oil 
(0.025 g) with a distinct phenolic odor. Infrared and 
pmr spectroscopy and vpc showed the oil to be a 2: 1 
mixture of phenol and p-cresol. The steam involatile 
constituents were obtained as a fawn solid (0.055 g); 

h,,, 3-4, 5.90 pm. This is considered to be a mixture of 
30 and 31, but attempts to separate the components were 
unsuccessful. 

Methylation of the Mixture of 28 and 29 
Sodium methoxide (0.019 g, 0.36 mmol) was added to 

a solution of the mixture of 28 and 29 (0.10 g, 0.36 mmol) 
in dimethyl sulfoxide (5 ml). The resulting orange solu- 
tion was treated dropwise with a solution of methyl 
iodide (0.051 g, 0.36 mmol) in dimethyl sulfoxide (2 ml). 
The mixture was stirred at room temperature for 2 h, 
when the orange color had faded to a pale yellow color. 
It was poured into aqueous 3% KOH and extracted 
with ether. The ethereal layer was washed with several 
portions of water, dried, and stripped of solvent to give 
a mixture of 32 and 33 as a viscous oil (0.04 g) that 
slowly crystallized (mp 80-90°C); 6 2.25 and 2.28 
(overlapping s (11 :4), 3H), 4.03 (s, 3H), 6.9-7.7 (m, 9H). 

Reaction of 2 with Methunolic Sodium Methoxide 
Compound 2 (0.100 g) was dissolved in anhydrous 

methanolic sodium methoxide (0.3 M ,  20 ml), and the 
solution was boiled under reflux for 3.5 h. The reaction 
mixture was poured into water, and the aqueous solution 
was neutralized and extracted with ether. The ethereal 
extract was dried and stripped of solvent to give a color- 
less oil (0.084 g); 6 3.90 (s), 4.48 (s) and 6.30 (s) (ratio 
7 : l l :  12), 7.5-7.8 (m), 8.00 (d of d) and 8.37 (d of d) 
(ratio 5:8). The oil was chromatographed on silica gel. 
Elution with ether - petroleum ether (5% v:v) gave methyl 
benzoate (0.01 g, 20%). Elution with ether - petroleum 
ether (40-50% v: v) afforded 36 (0.02 g, 30%) as a color- 
less oil; after crystallization from ether - petroleum ether 
this had mp 4 1 4 3  "C (lit. (8) mp 45.4-46 "C); h,,, 6.00, 
6.30, 7.35, 10.90pm; 6 4.48 (s, 3H), 7.5-7.7 (m, 3H), 
8.37 (d of d, 2H). The final fraction from the column was 
eluted with ether - petroleum ether (50% v:v) and gave 
unchanged 2 (0.04 g). 
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Isotope eEect studies of  the decomposition of  %propano1 
on hafnium(IV1 oxide 
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IAN M .  HOODLESS. Can. J .  Chem. 55, 153 (1977) 
The catalytic decomposition o f  2-propanol on hafnium dioxide has been investigated over 

the temperature range 355-397 ' C  by a micropulse reactor technique. The major reaction is one 
o f  dehydration to propene but dehydrogenation also occurs to a small extent. Isotope effect 
measurements with deuterio-2-propanols indicate that the rate-limiting step in dehydration 
involves cleavage o f  the /3-carbon-hydrogen while in the dehydrogenation reaction it is cleavage 
o f  the a-carbon-hydrogen bond. 

lax M .  HOODLESS. Can. J .  Chem. 55, 153 (1977). 
On a etudii, a des temperatures allant de 355-397 'C  et utilisant une technique de reacteur 

micropuls6, la decomposition catalytique du propanol-2 sur le dioxyde d'hafniun~. La reaction 
principale conduit au propene par dkshydratation; il y a toutefois une petite quantite de 
dtshydrogknation. Des mesures d'effets isotopiques a I'aide de deutCriopropanols-2 indiq~~ent 
que l'etape determinante dans la deshydratation implique le bris du lien carbone-fi hydrogene 
alors que dans la reaction de deshydrogenation, l'etape determinante implique le bris du lien 
carbone-r hydrogene. 

[Traduit par le journal] 

The mechanism of the catalytic decomposition 
of secondary alcohols on metal oxide surfaces 
has been the subject of numerous studies. 
Dehydration and dehydrogenation are the 
predominant modes of decomposition but there 
is still some controversy in regard to the identifi- 
cation of the rate-determining step in these 
reactions. Desorption of one of the products, 
the ketone in the case of dehydrogenation and 
water in the case of dehydration, has been 
proposed by some workers as the rate-controlling 
stage while others favour the surface reaction 
of the adsorbed alcohol as rate controlling (1). 
One method of investigation of the rate-deter- 
nlining stage in a reaction is by kinetic isotope 
effect measurements; the present paper de- 
scribes the application of this method to the 
investigation of 2-propanol decomposition on a 
HfO, catalyst. HfO, is an insulator oxide and 
previous work (2) has indicated that it catalyses 
both the dehydration and dehydrogenation of 
2-propanol. 

the tube. Pulses o f  the alcohol (2  ~1 each) were injected 
into a preheated helium carrier-gas stream and passed 
over the catalyst; the reaction products and unreacted 
alcohol emerging from the reactor were collected in a 
trap, cooled with liquid nitrogen, before being admitted 
to a Pye series 104 gas chromatograph. Quantitative 
analysis for 2-propanol, acetone, and propene was 
carried out using a 6 ft column o f  10% Carbowax 20M 
on Chromosorb G at 85°C and a katharometer as 
detector. A trapping time o f  4 min was employed in all 
the experiments; tests in which the trapping time was 
increased by a factor o f  six did not lead to an increased 
recovery o f  products or the alcohol. The general pro- 
cedure was that at a particular reaction temperature the 
catalyst would be subjected to approxin~ately twenty 
pulses o f  the alcohol; typically pulses 1-4 would be 2- 
propanol, pulses 5-7, a deuterio-alcohol, pulses 8-10, 
2-propanol and so on. The time interval between pulses 
was approximately 1 5  min. On the basis o f  the results 
over the whole temperature range the mean error in the 
estimation o f  propene is lo%, while that for acetone is 
13%. 

Materials 
The catalyst samples were HfO,  (special grade, Alfa 

Inorganics Incorporated) and had a surface area o f  ap- 
proximately 0.4 m 2  g-', as measured by the BET method 
using krypton as the adsorbate. Prior to any alcohol 
pulses the catalysts were conditioned in the reactor by 
annealing at 500'C for 4 h in the helium carrier-gas 
stream. The reactants were Spectranalyzed 2-propanol Experimental (Fisher Scientific Company) and the deuterio-alcohols 

The decomposition o f  2-propanol was investigated by (Merck, Sharp and Dohme); 2-propanol-dl ((CH3)2- 
a micropulse reactor technique. The reactor was a CHOD) and 2-propanol-d6 ((CD,)zCHOH) had a 
10 m m  diameter Pyrex-glass tube containing the powdered minimum isotopic purity o f  99 atom% D while for 2- 
catalyst mounted on a sintered glass disc sealed across propanol-2d, ((CH,),CDOH) it was 98 atom% D. 
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Results 
The decomposition of 2-propanol was in- 

vestigated over the temperature range 355 to 
397 "C. The predominant reaction was de- 
hydration of the alcohol to propene; small 
amounts of acetone and propane were also 
formed. In comparative experiments over the 
same temperature range but in the absence of 
the catalyst, no decomposition of the alcohol 
was detected. 

The kinetics of the dehydration reaction were 
briefly examined on four samples of the catalyst 
and with varying reactant-catalyst contact 
times. Plots of conversion to propene against 
reciprocal space velocity obtained by varying 
the amount of catalyst at a constant flow rate 
(Fig. I )  or by varying the carrier-gas flow rate 
(Fig. 2) are shown. The results are consistent 
with zero-order kinetics, which have frequently 
been reported (lc) for this type of reaction. 
Furthermore, since the curves pass through the 
origin, product desorption is unlikely to be the 
rate-controlling process (3). In independent 
experiments we have shown that water does 
inhibit the reaction; injections of 2 p1 of water 
on to the catalyst prior to the alcohol injections 
reduced the subsequent propene production only 

0 2 4 6 

RECIPROCAL SPACE VELOCITY x lo3g mln ml-' 

FIG. 1. Dehydration of 2-propanol over HfOz. Space 
velocity was varied by catalyst weights (0.166 g, 0.230 g, 
0.284 g, and 0.42 g). 

0 5 10 

RECIPROCAL SPACE VELOCITY x 1 0 ~ ~  min ml-' 

FIG. 2. Dehydration of 2-propanol over HfO,. Space 
velocity was varied by flow rate: 0, catalyst wt. = 0.42 g ;  
@, catalyst wt. = 0.166 g; A (1 ~1 alcohol injections), 
catalyst wt. = 0.338 g. 

with the first alcohol pulse. Apparently the time 
interval between alcohol injections is sufficient 
to permit the desorption of water from the 
catalyst at these reaction temperatures. The 
limited temperature range investigated does not 
permit accurate evaluation of the activation 
energy for the dehydration reaction but the 
present results yield a value of 32 kcal mol-l. 
The extent of conversion to acetone is too small 
to enable identification of the kinetics or the 
determination of the activation energy for this 
reaction. 

Substitution of deuterium for hydrogen leads 
to significant changes in the degree of conversion 
of alcohol. Some results for one catalyst sample 
are given in Table 1 and a more complete set 
of results for two catalyst samples is shown in 
Fig. 3 as a plot of the ratio of the fractional 
conversions of the alcohol and deuterio- 
alcohols as a function of temperature. With 2- 
propanol-d, the propene yield is reduced while 
the acetone yield is reduced with 2-propanol-2d, 
as the reactant; the substitution of deuterium 
in the hydroxyl group does not appear to affect 
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HOODLESS 155 

TABLE 1. Conversion of 2-propanol and deuterated 2-propanols on HfO, (weight of 
catalyst, 0.42 g; 2 ~1 pulses) 

Conversion Conversion 
Reaction temp. Flow rate to propene to acetone 

Reactant ("c) (ml min-I) (%) (%) 

the rate of either the dehydration or the de- 
hydrogenation reactions. 

Discussion 
The present work has shown that there is a 

significant kinetic isotope effect in the produc- 
tion of propene when there is deuterium sub- 
stitution a t  the P-hydrogens of the alcohol and 
in the production of acetone when the deuterium 
substitution is at the CL-hydrogen. These ob- 
servations rule out desorption of acetone in the 
case of dehydrogenation and desorption of 
water in the case of dehydration as being the 
rate-determining steps in the reactions under the 
present experimental conditions. The magnitude 
of the isotope effect for the acetone formation 
compares favourably with some recent studies of 
the same reaction on a predominantly de- 
hydrogenating catalyst. Nondek and SedlaCek 
(6) have compared the rate constants for the 
reaction of 2-propanol, 2-propanol-dl, and 2- 
propanol-2d, on a chromia catalyst. With 2- 
propanol-2d, and a reaction temperature of 
350 "C they obtained an isotope effect of 1.94 
which compares with a value of 2.1, obtained 
by extrapolation of the present results. As with 
the present work, substitution of deuterium in 
the hydroxyl group had no significant influence 
on the reaction rate. This observation contrasts 
with that obtained using molten indium as a 
catalyst for 2-propanol dehydrogenation; at a 
reaction temperature of 460 "C substitution of 

deuterium in the hydroxyl group gives rise to a 
significant isotope effect (7). With a basic oxide 
transfer of the hydrogen, presumably as a 
proton, from the hydroxyl group to the catalyst 
would more easily be achieved and hence the 
rate-limiting step would be fission of the a- 
carbon-hydrogen bond. 

The isotope effect observed in formation of 
propene from 2-propanol-d6 is somewhat un- 
usual in that, over the temperature range under 
investigation, it appears to be temperature in- 
dependent; a value of 1.5, is obtained for the 
magnitude of the effect. A simplified model 
(8) for the calculation of isotope effects gives 

where kH/kD is the kinetic isotope effect, 172, 

and mD are the reduced masses of the normal 
and deuterated substrates and v, and v, are the 
frequencies of the stretching vibrations of the 
C-H and C-D bonds undergoing reaction. 
The model assumes that the C-H and C-D 
bonds in question are completely broken in the 
activated complex. At moderate temperatures 
eq. 1 can be approximated to 
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TEMPERATURE ('C ) 

FIG. 3. Isotope effect (fractional conversion of 2- 
propanoljfractional conversion of deuterated 2-propanol) 
as a function of temperature for decomposition of 2-  
propanol; (a) 2-propanol-2d,, (b) 2-propanol-d,, (c) 2- 
propanol-dl. Shaded symbols are for conversion to 
propene and open symbols for conversion to acetone; 
A/A,  catalyst wt. = 0.42 g :  @/O, catalyst wt. = 0.23 g. 

Comparison of the ir spectra of 2-propanol and 
2-propanol-d, shows that the insertion of 
deuterium in the methyl group reduces its C-H 
stretching frequencies by 738 cm-'. Substitution 
of this value in eq. 2 gives a value of 2.26 for 
the isotope effect at a reaction temperature 
of 375 "C and the decrease in the value of 
kH/kD Over the interval 350-400 "C is less than 
4%. Such a small temperature dependence 
could be obscured by errors in the experi- 
mental determination of the isotope effect. 
Because of the mode1 employed, the values from 
eq. 3 correspond to a maximum possible isotope 
effect and the relatively low value obtained in 

the present work could indicate incomplete 
bond fission in the transition state. 

The mechanism of the dehydration of al- 
cohols on oxides, particularly alumina, has been 
extensively investigated and Pines and Manassen 
(9) have proposed that tertiary alcohols are 
dehydrated via a carbonium ion mechanism 
while primary and secondary alcohols are 
dehydrated via a concerted mechanism. In the 
latter case a transition state involving two- 
point attachment of the alcohol to the catalyst 
surface would be anticipated and the isotope 
effect would be lower than that predicted by 
eq. 3. The transition state would involve the 
weakening of the C,-O and Cp-H bonds of 
the alcohol and the rate and extent of this bond 
loosening is important in identifying the de- 
tailed reaction mechanism. If the weakening 
of the C,-O and CB-H bonds proceeds to 
approximately equal extents in the transition 
state an E2-like mechanism applies, while a 
marked weakening of only one of the bonds 
in the transition state is characteristic of an 
El-like mechanism. This aspect of the reaction 
mechanism has been investigated by Knozinger 
and co-workers (4, 5, 10) using isotope effect 
measurements. They conclude that with in- 
creasing reaction temperature there is a trend 
from an E2- to an El-like mechanism. A similar 
trend is observed with increasing acidic nature 
of the catalyst. In one such study the dehydra- 
tion of 2-propanol, 2-propanol-dl, and 2- 
propanol-d, was investigated on some oxide 
catalysts at a reaction temperature of 300 "C 
(5). Substitution of deuterium in the hydroxyl 
group led to an increase in the isotope effect 
from 1.01 to 1.47 for the catalyst sequence 
A120,, ZrO,, TiO,, SiO, while the reverse trend 
from an isotope effect of 1.44 to 1.04 was ob- 
served for deuterium substitution at the p- 
carbon. Comparison of this study with the 
present results suggests that the dehydration 
reaction on HfO, occurs by a predominantly 
E2-type mechanism. 
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Heat capacities of weak electrolytes and ion association reactions: method and 
application to aqueous MgSB, and HIO, at 298 K 
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EARL M. WOOLLEY and LOREV G. HEPLER. Can. J. Chem. 55, 158 (1977) 
Analysis of heat capacities for weak electrolytes (or 'almost strong' electrolytes) in terms of 

the various solute species is shown to require allowance for the thermal effects associated with 
the shift of the association or dissociation eq~~ilibrium when the temperature changes during a 
calorimetric measurement. This shift of equilibrium state is related to changes in the equilibrium 
constant and activity coefficient with temperature, as expressed by thermodynamic equations 
we have derived. These equations have been applied to aqueous MgSO, and HIO, to obtain 
the contributions of the solute species to the apparent molal heat capacities, which are then 
analyzed to yield heat capacities of MgSO, (aq, undiss.) and H103 (aq, undiss.) and ACP0 values 
for the association reactions of thz ions to form these species. 

EARL M. WOOLLEY et LOREN G. HEPLER. Can. J. Chem. 55, 158 (1977). 
L'analyse des capacites calorifiques des electrolytes faibles (ou des electrolytes presque forts) 

en terrues des diverses especes solutees demontre que l'on doit faire appel a des facteurs 
thermiques associes avec le deplacement de l'equilibre d'association ou de dissociation quand 
la temperature change durant une mesure calorimetrique. Ce deplaceme~lt de I'etat d'equilibre esi 
relie a des changernents, avec la temperature, de la constante d'equilibre et de coefficient 
d'activite tel qu'exprirnes par les equations thermodynamiques que nous avons d6rivt.s. On a 
applique ces equations au MgSO, et HIO, en solutions aqueuses pour obtenir les contributions 
des especes solutees aux capacites calorifiques molales apparentes qui ont ensuite ete analysees 
pour obtenir les capacites calorifiques de MgSO, (aqueux et non-dissocie) et de H10, (aqueux 
et non-dissocie) et les valeurs de ACP0 pour les reactions d'association des ions pour former ces 
especes. 

[Traduit par le journal] 

Introduction 
It has been known for a long time that heat 

capacities are useful or even essential for various 
important thermodynamic calculations. Also, it 
has gradually become apparent that theoretical 
analys~s of heat capacities can lead to knowledge 
of the microscopic properties of various systems. 
For  specific applications of these generalities to  
solutions, the quantities that are usually deslred 
are the partial molal heat capacities of solute 
species a t  infinite dilution. In principle, these 
desired partial molal heat capacities can be 
obtained from results of heat capacity measure- 
ments on solutions of finlte concentration, with 
results of the measurements expressed as ap- 
parent molal heat capacities, which are then ex- 
trapolated to infinite dilution. 

There are no special problems associated with 
data treatment for nonelectrolytes or for those 
electrolytes that are completely dissociated in the 

'On leave from Department of Chemistry, Brigham 
Young University, Provo, Utah, U.S.A. 

usual moderately dilute concentration range of 
the heat capacity measurements. But there are 
significant unresolved problems in the treatment 
of experimental results for weak electrolytes or 
for 'almost strong' electrolytes that are partly 
associated in the concentration range of the heat 
capacity measurements. In this paper we sho~?  
how to analyze measured heat capacities (ex- 
pressed as apparent inolal heat capacities) to 
obtain heat capacities of the undissociated 
species and the sum of the heat capacit~es of the 
ions. We illustrate the method by application to 
heat capacities for aqueous magnesium sulfate 
and iodic acid a t  298 K, followed by brief dis- 
cussion of other systems. 

Method of Data Analysis and Results 
We are here concerned with analysis of heat 

capacities of solutions in which there is an 
equilibrium between ions and a neutral species 
as in 

[ l ]  M8+(aq) + X"-(aq) G MX(aq, undiss.) 
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AND HEPLER 159 

The measured heat capacities are to be analyzed 
in terms of contributions from the various solute 
species, partly along the lines previously de- 
scribed by Perron, Desnoyers, and Millero (1). 
It is also necessary to consider the thermal effects 
associated with the shift of the equilibrium rep- 
resented by equation 1 when the temperature 
increases during a measurement of heat capacity. 
This shift of equilibrium state is related to the 
change in the equilibrium constant with tempera- 
ture and also to the change of activity coeficient 
with temperature. 

Letting Cp%nd C," represent the heat capacity 
of a solution of molality m that contains 1 kg of 
water and the heat capacity of 1 kg of pure 
water, respectively, we express the experimental 
apparent molal heat capacity $,exp as 

[2 I +CeXP = (CpS - CpW)/m 

The heat capacity of a solution that contains 
Mn+(aq), Xn-(aq), and MX(aq, undiss.) in 
equilibriu~n with each other can be expressed as 

[3 1 CpS = (dHsp/dT) + (dH,/dT) 

in which subscripts sp and r indicate contribu- 
tions to the total enthalpy from the solute species 
(and their interactions with solvent and each 
other) and from the reaction represented by eq. 1.  
Combination of eqs. 2 and 3 leads to 

[4] +cexP = [(dH,,/dT) $. (dH,/dT) - CPw]/~. 

We now define the contribution to the apparent 
molal heat capacity from the solute species as 

[ 5  1 $cv = [(dHsp/dT) - CPw]/n? 

and combine with eq. 4 to obtain 

We shall later express 4," as a sum of contribu- 
tions from the various solute species and thence 
obtain some desired partial molal heat capacities, 
but first we evaluate (dH,/dT) so that we can 
obtain $," values from the experimental results 
represented here by $CeXP. 

The thermodynamic equilibrium constant for 
the reaction represented by eq. 1 is 

[7 I Kf = a M x / a M a x  

in which we have omitted charges on M"' and 
Xn-. This equilibrium constant can also be ex- 
pressed in terms of the fraction of ions associated, 
the mean activity coefficient of free ions, and the 

activity coefficient of undissociated MX (rep- 
resented by cl, y *', and yu, respectively): 

We take the activity coefficient of the neutral 
MX to be unity and express the activity co- 
efficient of the ions in terms of the stoichiometric 
(experimental) mean activity coefficient (y, ") as 

to obtain 

and thence 

Differentiation of cl with respect to temperature 
(at constant molality) leads to 

We now substitute - L , / ~ R T ~  for d In y,"/dT 
and AHr0/RT2 for d In Kf/dT to obtain 

The quantity (dH,/dT) in eq. 6 can be ex- 
pressed as 

in which AHr represents the molar enthalpy of 
the association reaction. Combination of eqs. 
13 and 14 with 6 now leads to 

Note that AH, represents the enthalpy of the 
association reaction at the molality of the heat 
capacity measurement while AH,' represents the 
standard state (infinite dilution) enthalpy of the 
same reaction. Our procedure for obtaining AH, 
values from AH,' and other information is given 
in Appendix I. 

Now that we have eq. 15 to permit evaluation 
of 4," from experimental results expressed as 
$cexP at various molalities, we can proceed to 
relate 4," to +c values for the various solute 
species as follows. 
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The contribution of electrically neutral MX [I61 4,'' = %$,(M,, + (1 - ~ ) $ c ( M ~ +  ,p - 1 

(aq, undiss.) $Csp is $c(Mx), an Entended Debye-Huckel theory leads to 
initiallv unknown auantitv that is taken to be 
independent of concentration. Similarly, the [17] $I(,,+ ,,,-, = +O,(,,+,X,,-, 
sum of the contributions of Mn'(aq) and + Ac[(l - ~ ) m ] " ~  + Bc(l - a)m 
Xn-(aq) to $,SP is represented by $,(,,, + ,,, - ,. 
~t is now possible to express $," in terms of in which Ac is known and B, is an empirical 
these quantities and a as parameter. Substitution of eq. 17 in eq. 16 and 

rearrangement leads to 

A graph of the term in brackets on the left side 
of this equation cs, the term in brackets on the 
right side should lead to a straight line. The 
intercept of this line will give us the desired 
value of $,(,,, while the slope will give the 
parameter Bc that is of no immediate interest to 
11s. 

To make use of eq. 18, we must have a value of 
+O,(,, + ,,,, - ,. Because we are here concerned 
with solutes that are incompletely dissociated 
into Mn'(aq) and X - ( a q )  in the concentraiion 
range of the heat capacity measurements, we 
cannot obtain the desired $O,( , , ,  .,, - , values by 
straightforn~ard extrapolation of $cexP (or even 
+,SP) to zero cor~centration. Instead, we make 
use of heat capacity results for other electrolytes 
involving M"+ and X -  ions whose heat capaci- 
ties can be extrapolated to zero concentration 
without troublesome complications due ~ -to 
association or dissociation reactions. We illus- 
trate this procedure as follows for both mag- 
nesium sulfate and iodic acid. 

Combination of $,O values for aqueous 
MgCI, (21, NaCl (2, 31, and Na,SO, (2, 4) and 
similar combination of 4,' values for MgCI, (2), 
KC1 (2,3), and K2S04 (2) lead to +0,(,,2 + ,S042 -, 
= -293 J K-I mol-l. Similarly, combinations 
of 4,' values for aqueous (HC1 (3), KC1 (2, 3), 
KIO, (4)) and (HBr (3), KBr (2, 3), KIO, (4)) 

- -74 J K- '  mol-l. lead to +O,(H - ,,03 - , - 
For further specific application of our data 

treatment procedure to magnesium sulfate, we 
use the following auxiliary thermodynamic 
quantities. Sillen and Martell (5) and Pitzer (6) 
have reviewed various evaluations of K,; we 
select K, = 200. SillCn (5), Larson (7), and 
Leung and Millero (8) have all reported results 
of various evaluations of AH,' ; we select AH,' = 
1.2 kcal mol-I = 5.0 kJ mol-'. Stoichiometric 

activity coeficlents from Pitzer (6) and from 
Mlllero and Masterton (9) are in good agree- 
ment with each other. Self-consistent heats of 
dilution and related quantities ($,exP and 1,) 
are from ref. 10 and Harned and Owen (1 1). We 
have used results of our measurements (4) of 
heat capacities (expressed as +I,'"~) of aqueous 
magnesium sulfate. 

A graph for magnesium sulfate based on eq. 18 
(also using eqs. 15 and 1-8) is shown in Fig. 1, 
from which we obtain $O,(b,,s,,, = - 168 J K - I  
mol- ' (= -40 cal K- '  mol- l) .  We estimate 
that the total uncertainty in this value is about 
f 15 J K- '  mol-' or + 4  cal K - I  mol-l. Com- 
bination of this +O,(,,,o,, for undissociated 

- -293 J K-I  MgSO4 with cb0,(,,2 + ,so,2 - ) - 
mol-I cited earlier leads to ACDO = 125 J K - I  

2 
( I - a ]  M/a 

FIG. 1. Plot of the left hand side of eq. 18 for MgSOa, 
yielding t$°C(M,so,, = - 168 J K-' m01-I and B, = 930. 
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mol-' (= 30 cal K-I mol-I) for the association 
reaction represented by eq. 1. 

Several years ago Helgeson (12) and Marshall 
(13) carefully analyzed equilibrium results to 
obtain information about this ACpO. Helgeson 
(12) reported AC,' = 19 cal K-I  mol-' as an 
average value for a wide temperature range, 
while Marshall (13) reported ACpo = 3 cal K - '  
mol-I for 25 "C and ACpO = 25 cal K- '  mo!-' 
as an average value for the temperature range 
0-200 'C .  Uncertainties in all of these values 
based on d In K/dT = A N O I R T ~  and dAFlO/dT = 
ACpo are large. 

More recently, Perron et al. (1) have reported 
ACpO = 85 J K-'  mol-I for the association 
reaction represented by eq. 1. Because our eq. 15 
had not yet been derived, they made no distinc- 
tion between +,exP and +CSP. Furthermore, 
there appear to be inconsistencies between 
+°C(Mg2 - , s o 4 2  - ) values used in their eqs. 9-13. 

For iodic acid (HIO,) we use K(ionization) = 

0.157 and thence K, = 110.157 = 6.37 from the 
results of Pethybridge and Prue (14), from whom 
we also obtain activity coefficients. Further 
activity coefficients have been based on the work 
of Goldman, Bates, and Robinson (15). For the 

enthalpy of ionization we have  AH'^,,^, = - 2.4 
kcal mol-I from earlier reviews (16) and there- 
fore use AHrO = 2.4 kcal mol (= 10.0 kJ mol-'). 
Because there are no reliable +,exP values for 
aqueous iodic acid known to us, we use eq. 1-5 
with 4,' based on the Debye-Hiickel theory and 
the ion size parameter from Pethybridge and 
Prue (14) to obtain the connection between AHrO 
and ANr values and the z, values needed for 
application of eq. 15 to c$cexp values (4) to 
obtain 4," values. 

A graph for iodic acid based on eq. 18 (also 
using eq. 15 and 1-5) is shown in Fig. 2, from 
which we obtain +0c(,,03, = -40 J K-I  mol-' 
(= - 10 cal K-I  mol-I). We estimate that the 
total uncertainty in this value is about f 8 J 
K- I  mol-I or 1 2  cal K-'  mol-I. Combination 
of this +0,(H,03, for undissociated H10, with 
$OCcH - , I o ,  -) = - 74 J K -  ' mol-I cited earlier 
leads to ACPo = 34 J K- I  mol-' for the associa- 
tion reaction represented by eq. 1 or to ACP0 = 
-34 J K-' mol-' (= -8  cal K- I  mol-') for 
the ionization of HIO,(aq, undiss.). We know 
of no results with which to compare this value, 
but we note that is is of "reasonable" magnitude 
as compared to "similar" reactions (16). 

FIG. 2. Plot of the left hand side of eq. 18 for HIO,, 
yielding @°C~HIo3, = -40 J K-I mol-I and Bc = 274. 

Discussion 
The magnitude of the hitherto unrecognized 

difference between +,exP and 4," depends on the 
concentration range of the heat capacity measure- 
ments and on the various thermodynamic 
quantities that appear in eq. 15. For magnesium 
sulfate and iodic acid solutions treated here, the 
difference between +,exP and 4," ranges from 
less than 1 to 22 J K-I  mol-'. Thus the distinc- 
tion between +,exP and +," should not be 
ignored for these solutes. 

For quite strong electrolytes that are fully 
dissociated in the practical concentration range 
of heat capacity measurements there is no need 
or opportunity for the treatment described here. 
For much weaker electrolytes, such as acetic 
acid, there is again no need for the treatment 
described here. In this case it is possible to 
obtain ACpO for association of Hf with Ac- or 
dissociation of HAc by way of combination of 
results of heat capacity measurements on 
solutions of acetic acid, sodium acetate, sodium 
chloride, and hydrochloric acid. It is only for 
'intermediate' electrolytes, such as magnesium 
sulfate and iodic acid, that a treatment such as 
the one described here is needed. 
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It should be noted that eq. 15 cannot be 
applied to very weak electrolytes for which 
a E 1, due to complications associated with eq. 
9. Instead, it is proper to consider [l'] 

[1 '1 HX(aq, undiss.) = H+(aq) + X-(aq) 

We now define a' as the fraction of HX dis- 
sociated. Following the procedure given earlier 
in this paper, with y, z 1 (or calculated from 
the Debye-Hiickel theory) and small a', we 
obtain 

in which AHoiOni, represents the standard en- 
thalpy of ionization of HX(aq). The term in 
brackets is very small so that +cexP can be at- 
tributed to HX(aq, undiss.) in straightforward 
fashion as stated in the paragraph above. 

NOTE ADDED IN PROOF: 
In considering the dimensional consistency of 

eq. 14 (and some other equations) it is necessary 
to remember that we are concerned with the heat 
capacity of a solution that contains 1 kg of 
solvent. We therefore express dH,/dT in terms 
of energy K-I (kg solvent)-', which is consistent 
with expressing mAH,(dr*/dT) in terms of (mol 
solute) (kg solvent)-' energy (mol solute)-' K-'. 
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Appendix 1 
We first consider a solution of magnesium su!fate of stoichio~netric molality m. The concentrations 

of Mgii and SO,'- ions are both ( I  - a)m and the concentration of undissociated MgSO, is 
am. Dilution of the ions in this solution to m = 0 is represented by 

[I-I 1 Mg2-[(I - cl)nz] + S04'-[(1 - cl)~n] G Mg2+fm = 0) + SO4'-(:?? = 0) 

The enthalpy change for this dilution is -$,'[(I - a)m],  where 4,' is the relative apparent mold 
enthalpy of the ions at the indicated molality of ions. We also write 

11-21 Mg2+(m = 0) + SOaZ-(m = 0) $ iMgSO,(rn = 0) AH/ 

for the standard state formation of MgSO,(aq, undiss.). Next we have 

[I-31 MgS04(ln = 9) MgSO,(ctm) 

for the change in concentration of undissociated MgSO, from zero concentration to the concentra- 
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WOOLLEY AND HEPLER 163 

tion represented by am. The enthalpy of this process is represented by 4,". Combination of the three 
equations above and the corresponding enthalpies leads to 

[I-41 Mg2+ [(I - a)m] + SO,Z- [(I - a)m] 2 MgSO,(am) 

and 

To eliminate 4,' from eq. 1-5, we consider three processes similar to those above, but now for an 
amount of solution of stoichiometric molality nz such that the solution contains 1 mol of magnesium 
sulfate and therefore ( 1  - a)  mol of ME2+,  ( 1  - a) mo1 of SO,'-, and (am) mol of undissociated 
MgSO,. The corresponding enthalpies will be - ( 1  - .x)$,'[(l - x)m] ,  rxAHIO, and x+,"(xm). 
Combination of equations and enthalpies for these three processes leads to 

[I-61 (1 - n)MgZ+[(l - x)m] + (1 - x)S042-[(l - r)m] + nMgS04(am) Mg2+(m = 0) + S042-(m = 0) 

and the corresponding experimental enthalpy of dilution represented by 

[I-7 I - + L e X P  = - ( 1  - a)+,I[(l - x)m] - aAHrO - a+,'' 

Finally, we combine eqs. 1-5 and 1-7 with +," = 0 to obtain 

[I-81 AH, = (Af1,O - $LeXP)/(l  - a) 

Equation 1-7 above is equivalent to equations used by earlier iilvestigators (7, 8, 17) of the thermo- 
dynamics of ion pair formation. 
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Rearrangements involving alkoxycarbonyl group migration between nitrogen and 
oxygen. 111. Reactions of modified isoquinoline Reissert compounds with aldehydes 

M. D. ROZWADOWSKA 
I t ~ s t i t ~ ~ t e  of Clzern i~ t~y ,  Adarn Mickiewicz Universie,  Gr~rnn~~ldzX-u 6 ,  60-780 Poznriri. Polar~cl 

Received June 8 .  1976 

M. D. R o z w . s ~ o w s ~ a .  Can. J. Chem. 55,164 (1977). 
The condensation reaction of modified Reissert compounds with aldehydes was investigated. 

In the reaction of the AT-ethoxycarbonyl Reissert analog 16, ethoxycarbonyl group migration 
takes place and carbonates of 1-isoquinolylphenylcarbinols (2b, c) are formed. No  alkoxy- 
carbonyl group migration was observed in the case of the dihydro-Reissert derivative 6, but 
the cyclic urethane 7 and the amide 8 were obtained. 

M. D. ROZWAD~WSKA. Can. J. Chem. 55, 164 (1977) 
On a examine la reaction de condensation de composCs de Reissert modifies avec des alde- 

hydes. Dans la reaction de l'analogue N-CthoxycarbonylC de Reissert ( Ib) ,  il y a migration 
du groupe Cthoxycarbonyle et formation de carbonates de l'isoquinolyl-1 phenylcarbinoles 
(2b, c). On n'observe aucune migration du groupe alkoxycarbonyle dans le cas du derivC 
dihydro-Reissert 6 mais on obtient l'urethane cyclique 7 et I'amide 8. 

[Traduit par le journal] 

Introduction 
Rearrangeinent reactions involving acyl group 

migration are well I<nown, and have been the 
subject of several reviews (1-4). They are com- 
mon in acylated 1,2-amino alcohols, where a n  
i~itramolecular mechanism with a 5-membered 
cyclic intermediate hydroxyoxazolidine is pos- 
tulated. Significant contributions to the elucida- - 
tion of the mechailisni of this reaction are due 
mainly to Fodor and co-workers (5, 6) and to 
Welsh 17). 

\ ,  

These migrations are reversible and pH-de- 
pendent. I t  has been well established that in 
acidic conditions N -+ 0 migration occurs, 
whereas in alkaline solutions the opposite 0 -t N 
takes place. The structure of the products is de- 
termined by the direction of ring opening in the 
intermediate hydroxyoxazolidine. The cleavage 
of either C-N or C-0 bonds furnishes the 
0-acyl or  N-acyl derivatives. respectikely. In 
acidic media the positive nitrogen attracts the 
bonding electrons giving rise to an 0-acyl amine. 
In alkaline conditions the C-0 bond, being 
more polarized, is broken and an N-acyl alcohol 
is formed. This can be considered as a general 
rule and is applicable to most of the acylated 
aliphatic amino alcohols. There are, however, 
exceptions. For instance, in reaction of Reissert 
compounds with aldehydes N + 0 acyl migra- 
tion takes place in strongly alkaline conditions 
(8, 9). The aromatization of the system is pos- 

tulated as the driving force for this transforma- 
tion. 

In connection with our studies of alkoxycar- 
bony1 group migration (10, 1 1), this reaction 
was chosen, but modified ,V-ethoxycarbonyl and 
dihydro-Reissert compounds were used. 

Results and Discussion 
The name 'isoquinoline Reissert compounds' 

has been reserved for 1 -cyano-2-benzoyl-l,2-di- 
hydroisoquinolines (8; 9). However, soiile mod- 
ified Reissert compounds have been prepared. 
Thus 1,2,3,4-tetrahydro derivatives, called 'di- 
hydro-Reissert compounds' have been described 
(9, 12-15), and others, having acetyl (9, 16), 
sulfonyl (17), alkoxycarbonyl (9> 18, 19), car- 
bamoyl (201, and phosphate (21) substituents in 
the place of benzoyl group are also known. 

Reissert compounds are easily converted into 
their conjugate bases, which are valuable inter- 
mediates in organic synthesis (8, 9). In conden- 
sation reactions with aldehydes, these com- 
pounds (la) are transformed into secondary al- 
cohols, or their esters, containing a l-isoquinolyl 
or 2-quinolyl group bonded to the carbinol car- 
bon atom (Scheme 1, 2, 3) (9, 21, 23-26). 

In the course of this reaction the acyl group is 
shifted from nitrogen to oxygen in alkaline solu- 
tion. However, an  example was described by 
Popp et ul. (18) in which migration of the al- 
koxycarbonyl group was not observed in this 
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(ii) R'CHO q'\coR P 
H B  

NC N 
HC-OCOR 

I 

HC-OH 
I 
R' 

3 
( 1 .  R = C , H ,  
h.  R = OC,Hj .  R' = C,H, 
c .  R = 0 C 2 H , .  R' = C,H,(OCH,O) 

process. This involved the reaction of N-alkoxy- 
carbonyl analogs of Reissert compounds with 
benzaldehyde in which the anions were generated 
by the action of 11-butyllithium a t  -40 "C. As a 
result the cyclic urethane 4 was formed in mod- 
erate yield. This difference can be easily ex- 

I I 
C6H5 C6H5 

4 5 

plained, when one considers that the oxyanion C 
(Scheme 2) can alternatively lose alkoxide and 
give the product 4. When the reaction was 
carried out using sodium hydride in N,N-di- 
methylforniamide, the authors were able to iso- 
late the carbinol 3b with 47% yield, although in 
one case 5 Mas isolated and easily hydrolized by 
base to 3b. 

I t  was of interest t o  see whether there is a 
general tendency for IV-alkoxycarbonyl Reissert 
compounds to form a cyclic urethane in re- 
actions with aromatic aldehydes and not the 
fully aromatic isoquinoline formed by the 
rearrangement-elimination process. Therefore 
N-ethoxycarbonyl-l,2-dihydroisoquinaldonitrile 
(Bb) was prepared from isoquinoline, potassium 
cyanide and ethyl chloroformate, and reacted 
with aromatic aldehydes using two different re- 
action conditions. Treatment of l b  with benz- 
aldehyde in a two-phase catalytic system accord- 
ing to the Makosza method (27) described by 
Johczyk (22), using triethylbenzylammonium 

chloride (TEBA) as a phase-transfer agent, re- 
sulted, depending on the time of the reaction, in 
either of the two compounds 2b or 3b, or both 
of them. When the reaction time was 30 min the 
ethyl carbonate of 1-isoquinolylphenylcarbinol 
(2b) was formed in high yield (96%). After 24 h 
the hydrolysis product of 2b, l-isoquinolylphe- 
nylcarbinol (3b), was isolated in 91 % yield. With 
times varying from 30 min to 24 h mixtures of 
2b and 36 were obtained. 

Reaction with piperonal in the place of benz- 
aldehyde gave carbonate 2c or carbinol 3c de- 
pending on the reaction time. 

When the reaction of l b  and benzaldehyde 
was carried out with sodium hydride in DMF at 
-40JC,  carbonate 26 was obtained almost 
quantitatively. 

The structure of carbonates 2b and 2c was 
established on the bases of elemental analysis, 
spectral data (ir. nmr, uv, ms), and chemical 
transformations. All these data are in accord- 
ance with structures 26, c except for one: com- 
pounds 2b and 2c do not show basic properties 
in that they are not soluble in aqueous solutions 
of acids. Table 1 lists the pK, values (measured in 
methylcellosolve) of several compounds related 
to the carbonates. As expected, carbinols 3b, c 
exhibit pK, values (4.1) similar to that of the 
parent isoquinoline (3.85). The values for carbo- 
nates 2b, c (approximately 2.1) are comparable 
with that of N-ethoxycarbonylquinaldonitrile 
(Bb) (approximately 2.1). 

On the other hand, carbonate 2b under the 
action of hydrogen chloride in dry ether forms 
a crystalline hydrochloride which on dissolution 
in aqueous solvents is hydrolized to the free 
base. 

Because of the diverse behaviour of these 
compounds a careful analysis of their spectra 
seemed to be necessary. 

A strong absorption band in the carbonyl 
frequency region, cer.tered at  1745 cnlC1, is pres- 

TABLE 1. pK, values of carbonates 
2b, c and related compounds 

Compound P K ~  

Reissert analog Ib -2 .1  
Carbonate 26 -2 .1  
Carbonate 2c -2 .1  
Carbinol 3b -4 .1  
Carbillol 3c - 4 . 1  
Isoquinoline -3 .85  
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-CN- 

CH-OH 
1 

CH-0-COR 
1 I 

R' R' 1 R' 

ent in the is spectra of carbonates 2b, c, which if 
compared with the spectrum of the starting 
N-ethoxycarbonylisoquinaldonitrile (lb) is shift- 
ed 20 cn1-' to shorter wavelength. This position 
corresponds better to the carbonate absorption 
(1750 cm-I) described in the literature (28) than 
to a disubstituted urethane (1720 cm-l) (28). 

The nmr spectra of 1,2-dihydroisoquinolines 
exhibit signals characteristic of olefinic protons, 
giving rise to an AB quartet located in the 
region between 5.95-6.9 6 with a coupling con- 
stant J = 8 Hz (15, 29). As is evident from 
Table 2, the N-ethoxycarbonyl Reissert a~lalog 
Bb shows such a quartet centered at 6.0 6 and 
6.9 6, with J = 8 Hz. Neither in the spectra of 
carbonates 26, c nor in those of carbinols 3b, c 
is an absorption present around 5.95-6.9 6 (ex- 
cept for a sharp singlet near 6 6, corresponding 
to two methylenedioxy group protons in 2c and 
3c). On the other hand, the C, proton in the 
spectra of these compounds, as in spectra of 
other isoquinoline derivatives, appears as a 
doublet at ca. 8.6 6 with J = 6 Hz. 

Other spectral evidence that suggests a fully 
aromatic system for carboilates 2b, c can be 
seen from their uv spectra which are practically 
superimposable with those of the correspoildiilg 
carbiilols 36, c and isoquinoline, but which differ 
significantly from that of the starting Reissert 
compound 4b (see Experimental). 

In their mass spectra the two carbonates show 
the common feature of the initial loss of ethoxy- 
carbonyl and carbonate groups (73 and 89 mass 
units respectively) followed by the substituent 

attached to the C, carbon atom giving rise to the 
isoquinoline fragment Ion (129-1 r?lle) (30). In the 
mass spectra of carbinols the molecular ion is 
also the parent. The second most intense peak is 
that at 129 mass units, which corresponds to the 
isoquinoline ion. 

Reduction of 2b with sodium borohydride 
yielded carbinol 3b, also obtained by alkaline 
hydrolysis of 2b. Reaction of 3b with ethyl 
chloroformate under Gadamer-Knoch condi- 
tions yielded 2b. 

In view of the spectral and experimental re- 
sults, the structures 26, c for the carbonates 
formed In the reaction of 2-ethoxycarbonyllso- 
quinaldonitrile (16) with aromatlc aldehydes 
seem to be confirmed. 

The mechanism of this reaction is shown in 
Scheme 2. In the first step the attack of the car- 
banion A on the carbon atom of the aldehyde 
carbonyl takes place. The resulting oxyanion B 
then undergoes rearrangement (vla C )  with 
simultaneous release of the cyanide Ion, giving 
the final product 2a. 

Taking Into consideration the observations 
made on the reaction of N-alkoxycarbonyl Reis- 
sert analogs with aldehydes, one comes to a con- 
clusion that this reaction may proceed via three 
different mechanisms, giving rise to three differ- 
ent intermediates (2, 4, 5) formed on the route 
from Reissert compound 1 to l-isoquinolylphe- 
nylcarbinol (3). These mechanisms probably 
show the same initial course. involving the for- 
mation of oxyanion C (see Scheme 2) which can 
then be transformed to either carbonate 2b, c 
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due to alkoxycarbonyl group migration and elim- 
ination of the cyanide ion, or to the cyclic 
urethane 4 or 5 by the loss of alkoxide ion. 
Formation of 5 requires the additional elimina- 
tion of a molecule of hydrogen cyanide. 

It is evident froin the results presented in this 
paper as well as from those reported by Popp 
et al. (18) that the course of this reaction and 
thus the structure of the products depend on the 
experimental conditions. Factors such as type 
and amount of base used for the generation of 
the anlon, solvent, temperature, and time of re- 
action seem to have a significant influence on 
the direction of this process. A more detailed 
study must, however, be undertaken in order to 
examine the relation between experimental con- 
ditions and the course of this reaction. 

The reaction of dihydro isoquinoline Reissert 
con~pounds in which formation of their anions 
is needed, such as alkylation and acylation have 
been investigated in two cases (14, 15). The 
behaviour of these compounds in condensation 
reactions with aldehydes has not been examined. 

In connection with our interest of alkoxycar- 
bony1 group migration, 2-ethoxycarbonyl-6,7- 
methylenedioxy - 1,2,3,4 - tetrahydrolsoquinaldo- 
nitrlle (6) was synthesized and subjected to re- 
action with benzaldehyde in a two-phase cata- 
lytic system with TEBA as catalyst. When aceto- 
nitrile was used as solvent two compounds were 
isolated: the cyclic urethane 7 and dihydroiso- 
carbostirll8, while in benzene only 7 was formed. 

0 
8 

In the ir spectra of 7 and 8 strong absorption 
bands are present in the carbonyl region, cen- 
tered at 1760 and 1660 cm-I respectively. while 
in the spectrum of 8 an additional broad band 
around 3200 cm-I suggests N-H stretching 
vibrations. 

The nmr spectra of 7 and 8 (Table 2) do not 
exhibit the resonances characteristic of ethoxy 
group protons, but rather a singlet at  5.34 6 in the 

t c  s N w v i m  . . 
w c o  w w w m d m  

\3 t - m  & A ' " . t- 
' 9 %  W t - i o N C I .  0 1  
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spectrum of 7 may be attributed to the proton 
attached to the C, carbon atom. 

Further support for 7 and 8 as correct struc- 
tures was adduced from their mass spectra. 
Both compounds show molecular ions and the 
base peak (200 mle) in the spectrum of 4 is 
probably derived from the 6,7-methylenedioxy- 
3,4-dihydroisoquinaldonitrile ion, formed from 
7 by the cleavage of bonds between nitrogen and 
the urethane carbonyl and between the C, and 
C, carbon atoms. 

The molecular ion in the spectrum of 8 is at  
the same time the base peak. The loss of 29 mass 
units (NHCIH,) provides the fragment mle 162, 
which in turn appears to lose a molecule of car- 
bon monoxide giving rise to an  ion ~? i / e  134. 
6,7-Methylenedioxy-1-0x0-l,2,3,4-tetrahydro- 

isoquinoline (8) is probably formed from 7 via 
dihydroquinaldonitrile and subsequent displace- 
ment of nitrile by hydroxide ion. 

Two conclusioi~s may be drawn from the 
reactions described above. First. no  alkoxycar- 
bony1 group migration is obse r~ed  in the re- 
action of dihydro-Reissert compounds with alde- 
hydes, even under conditions when this group 
migrates readily in normal Reissert compounds. 
Secondly, there seems to be a general tendency 
of the alkoxycarbonyl group to lose alkoxide ion 
from the intermediate oxyanion C (Scheme 2) 
and form a stable 5-merubered carbarnate. 

Experimental 
Melting points were determined on a Kofler block and 

are uncorrected. The ir spectra were determined in chloro- 
form solution using 0.1 mm cells and a -0.2 M sample 
concentration on a Unicam SP 200G spectrophotometer. 
The uv spectra in 96% ethanol were recorded on a Specord 
UV-VIS spectrophotometer. The nmr spectra were mea- 
sured on a Varian Associates A-60 spectrometer with 
TMS as an internal standard. Sample concentrations 
were approximately 19% w,'v in CDCI,. Chemical shifts 
are given in 6 units. The mass spectra were obtained on a 
Jeol MS 100-D instrument. Only those signals of use in 
structure assignment are given in this paper. The pK, 
values were measured in methylcellosolve on a Radiom- 
eter Titrigraph Module PMA 943. Purity of all com- 
pounds prepared was checked by tlc on alumina plates 
(Woelm, neutral). 

2-Ethox~~cavbonyl-l,2-dihydvoisoquinaldonitile ( I b )  
To a vigorously stirred mixture of 0.05 mol of iso 

quinoline (freshly distilled from zinc dust) and 0.15 mol 
of potassium cyanide in 60 n ~ l  of water was added 0.1 mol 
of ethyl chloroformate over a period of 1 h with ice cool- 
ing. The temperature was allowed to rise to room tem- 
perature and stirring was continued overnight. The mix- 
ture was then extracted with benzene and the organic 
layer washed with water, dilute HCI, water, dilute NaOH, 

and water again, then dried. Evaporation of the solvent 
left a dark oil (7.8 g) which was passed through silica gel 
(MN, 100-200 mesh ASTM). Benzene eluted 6.5 g (57%) 
of a colorlcss oil, that solidified, mp 82-85 'C. After re- 
crystallization from ether-hexane 111p 83-85 "C; uv ?b,,,, 

285 nm ( E  12 000); ir 1725 (urethane C=O), 1620 cm-' 
(C=C); nmr 1.33 (t, J = 7 Hz, 3H, -OCH, -CH3), 4.36 
(9, J = 7 Hz, 2H, -0-CH2-CH,), 6.0 (d, J = 8 HZ, IH, 
C4-H), 6.38 (br s, 1H, C,-H), 6.95 (d, J = 8 Hz, 1H, 
C3-H), 6.75-7.5 6 (m, 4H, aromatic); ms rnle 228 (M', 
32z), 155 (IM - COOC2H,,16%), 129 (144 - COOCZH, 
- CN, 100%). A~lal.  calcd, for CI3HIZO2N2 (228): 
C 68.42, H 5.26, N 12.28; found: C 68.35, H 5.44, 
N 12.12. 

Conder~sation of the Reissert Analog 16 with Aron~atic 
Aldehydes 

( I )  Iiz a TWO Phnse Systein Using TEBA as Phase- 
tr.ai~sfer Agent 

Compound 1b (1.27 g, 5.57 mmol), 3 ml of benzene, 
50% NaOH (2.3 ml), TEBA (45 mg), and freshly dis- 
tilled benzaldehyde (0.69 ml, 7.28 mmol) were stirred at 
room temperature for 30 min. The mixture was diluted 
with water and extracted with benzene. The organic 
layer \+,as washed with dilute HCI, and water, dried, and 
the solvents evaporated iiz cacuo. Carbonate 2b (1.65 g, 
96%) was obtained as a colorless oil which crystallized 
from ethanol: nlp 93-94.5 'C; uv >v,,,, 324 (4080j, 311 
(3440), 286 (4160), 274 (5040), 261 (3760), 255 nm 
(E 3000); ir 1745 cm-' (carbonate C=O); nmr 1.23 
(t, J = 7 Hz, 3H, -0-CH2-CH3), 4.23 (q, J = 7 HZ, 2H, 
-0-CH2-CH,), 7-8.45 (m, 11H, aromatic + C,-H), 8.7 6 
(d, J = 6 Hz, IH,  C3-H); ms ~n,'e 307 (M+,  29%), 234 
( M  - COOC2H5, 61%), 218 (M - OCOOC,H,, loo%), 
128 (M - C, - substituent, 36%). Anal. calcd. for 
C19H1703N (307): C 74.26, H 5.54, N 4.65; found: 
C 74.20, H 5.55, N 4.39. 

Hydvochloride of 26-HC1 gas was bubbled through a 
solution of carbonate 2b in ether for 5 min. A white solid 
precipitated in quantitative yield that was recrystallized 
from anhydrous methanol, mp around 100°C; ir (KBr) 
3450 and 1640 (water of crystallization), 3100-2500 
(+N-H), 1750 c m '  (carbonate C=O). Anal. calcd. for 
C1gH1703N.HCI.H20 (361.5): C 63.07, H 5.53, N 3.87; 
found: C 63.02, H 5.51, N 3.68. 

Treatment of 16 (880mg, 4 mmol) with piperonal 
(675 mg, 4.5 mmol) with the same reaction conditions 
afforded 1.24 g of an oil, which after chromatography on 
alumina (Woelm, neutral, activity grade IT0) yielded 
440 mg (32%) of carbonate 2c, which, crystallized from 
ether-hexane, mp 98-100 "C; uv A,,, 321 (4960), 308 
(4640), 285 (8480), 275 (7600), 259 (4320), 252 nm 
( F  3840); ir 1745 cm-'  (carbonate C=O); nmr 1.26 
(t, J = 7 HZ, 3H, -0-CH2-CH,), 4.2 (q, J = 7 HZ, 2H, 
-0-CH,-CH,), 5.9 (s, 2H, -0-CH,-0-), 6.66-8.35 (m, 
9H, aromatic + C,-H), 8.63 6 (d, J = 6 Hz, 1H, C3-H); 
ms m/e 351 (M+,  18%), 278 (1M - COOC2HJ, 3473, 
262 (M - 0COOC2H5, loo%), 128 (M - Cl - sub- 
stituent, 21%). Anal. calcd. for CZ0HI7O5N (351): C 
68.37, H 4.81, N 3.98; found: C 68.11, H 4.99, N 3.89. 

When this reaction was carried out in the same con- 
ditions, but over 24 h carbinols 30 or 3a were obtained 
in yields of 91 and 48%, respectively. 

Cavbinol 3b-3b mp 107-109 "C (lit. (26) mp 108.5- 
109.5 "C);  uv h,,, 320 (4080), 308 (3280), 282 (4240), 
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271 (5200), 261 (4800), 254 nrn (E 4000); ir 3500-3150 
cm-I (carbinol OH); nlnr 6.0 (br, IH,  exchangable with 
D 2 0 ,  OH), 6.35 (s, lH ,  C,-H), 7.2-8.2 (m, 10H, aro- 
matic), 8.55 6 (d, J = 6 Hz, IH, C,-H); ms mje 235 
( Iv l t ,  loo%), 21 8 (ha - OH), 129 (M - CGHSCHO). 

Carbinol 3e-3e nip 91-93 "C; uv A,,,, 320 (4640), 
307 (4160), 282 (7520), 272 (6720), 259 (6380), 251 nm 
( E  3040); ir (KBr) cm-'  3350-3150 (carbinol OH); nmr 6 
(br, l H ,  exchangable with D,O, OH), 5.9 (s, 2H, -0-CH2- 
0-) ,  6.30 (s, l H ,  C,-H), 6.6-8.2 (m, 8H, aromatic), 8.6 6 
(d, J = 6 Hz, IH, C3-H); ms m,e 279 (M+,  100%), 262 
( M  - OH, 1273, 129 (M - CI  - substituent, 95%). 
Anal. calcd. for Cl,H1,03N (279): C 73.11, H 4.66, 
N 5.02; found: C 73.05, H 4.70, N 4.91. 

( 2 )  In Din~ethylformarnide ~ . i f h  So~~iunz Hydride 
T o  a solution of 16 (456 rng, 2 ~nniol) and of benzalde- 

hyde (206 rng, 2 n~mol)  in 6 rnl of D M F  cooled to 
-40 'C was added with stirring 96 mg (2 mmol) of 50% 
sodium hydride in oil dispersion in one portion. This 
mixture was stirred at -40 to -30 'C for 1 h, and then 
a t  room temperature overnight. Ice (12 g) was added 
and the mixture was extracted with ether. The ethereal 
solution was washed with water, dilute HCI, and water. 
Drying and evaporation of the solvent gave a residue 
(600mg), which was purified by the filtration through 
alumina to  yield carbonate 2b (590 nig, 96x).  

Sodilltn Borohydride Redlietion of Carbonate 2b 
A methanolic solution of carbonate 2b (154 mg, 

0.5 nimol) was treated ~vith sodium borohydride (33 nig, 
I mmol) at  room temperature mith stirring overnight. 
After the usual work-up was isolated 80 mg (68%) of 
carbinol 3b. 

Base-catalyzed Hydrolysis of Carbonate 2b 
2b (170 nig, 0.55 nimol) was dissolved in acetonitrile 

(0.5 ml) and 0.8 ml of 50% NaOH was added. The mix- 
ture was stirred overnight. Water was added and the 
mixture extracted with benzene. The combined organic 
layers were extracted with dilute HCI, the acidic solution 
neutralized, and extracted with ether. Work-up resulted 
in 80 mg (61.5x) of pure carbinol 3b. 

Carbonates 20, c are resistant toward acid-catalyzed 
hydrolysis. 

Reaction of Carbinol 3b wiflz Ethyl Cl~lorofort~~ate 
Carbinol 3b (130 n ~ g ,  0.55 mmol) was dissolved in 

6.5 n ~ l  of ether and three portions of reagent, consisting 
of 0.5 ml of 50% KOH and 0.15 ml of ethyl chloroforniate 
each, were added to the mixture at 1 h intervals. Stirring 
was continued for 20 h at  ambient temperature. The 
organic layer was separated, washed with water and 
dilute HCI, dried, and the solvent evaporated to yield 
carbonate 2b (140 mg, 82%). 

2-Ethox~~carbonyl-6,7-tnethylenediox~~-1,2,3,4-tetra- 
1~~~dr.oisoqui~zaldorzitrile (6 )  

T o  a vigorously stirred mixture of 6,7-methylenedioxy- 
3,4-dihydroisoquinoline (32) (320 rng, 1.8 nimol) in 
methylene chloride (2.5 ml) and sodium cyanide (271 mg, 
4.5 mmol), in 2.5 rnl of water was added gradually ethyl 
chloroformate (0.68 ml, 3.7 mmol) in 1.25 ml of meth- 
ylene chloride. Stirring was continued overnight, then 
the organic layer was separated and washed with water, 
dilute HCI, water, dilute NaOH, and water. Removal of 
the solvent yielded a yellow oil (500mg) which was 

chromatographed on alumina (Woelm, neutral, activity 
11'). Benzene eluted 355 mg of a colorless oil, that crys- 
tallized from ether-hexane giving 150 mg (30z)  of 
crystals, mp 103-105 'C; ir 1710 cm-' (carbaniate C=O); 
nmr 1.33 (t, J = 7 Hz, 3H, -0-CH2-CH,), 4.31 (q, 
J = 7 HZ, 2H, -0-CHZ-CH3), 6.0 (s, 3H, C1-H + - 0 -  
CH,-0-), 6.66-6.78 6 (m, 2H, aromatic); ms nz/e 274 
( M + ,  4573, 274 (M - HCN, 4573, 200 (1M - 
HCOOCzH,, 6873, 174 (M - HCN - C 0 0 C 2 H 2 ,  
100%). Anal, calcd. for C11HILQeN (274): C 61.31, 
H 5.10, N 10.21; found: C 61.63, H 5.19, N 10.07. 

Reaction of Dihyriro-Reissert Analog 6 with Benzalc/ehyde 
Compound 6 (210 mg, 0.76 mrnol), 1.5 nil of benzene, 

0.3 ml of 5 0 x  NaQH, 0.1 rnl (1 mniol) of benzaldehyde, 
and TEBA (8 nig) were stirred at room temperature for 30 
min in an argon atmosphere. A little water and ether was 
added, causing precipitation of a white solid which was 
filtered 03, washed with water and ether, dried, and re- 
crystallized from ethyl acetate. Fine crystals (117 mg) 
were collected; Inp 221-222.5 'C (sealed capillary). The 
remaining filtrate (water-ether) was separated and the 
aqueous layer extracted three times with ether. The com- 
bined ether extracts were worked-up in the usual manner, 
giving an additional 100 mg of carbamate 7. Total yield 
217 nig (79%); ir 1760 cm-I (carbamate C=Q); nmr 
5.36 (s, l H ,  C,-H), 6.0 (s, 2H, -0-CH2-0-), 6.6, 6.7 
(2s, 2H, aromatic), 7.6 6 (s, 5H, aromatic): ms m,'e 334 
(M+,  24z) ,  200 (M - CO - PHCHO, 100z).  Anal. 
calcd. for Cl,HlL0,N2 (334): C 68.25, H 4.19, N 8.38; 
found: C 68.28, H 4.28, N 8.37. 

When in the same reaction, acetonitrile was used as 
solvent, and the products were worked-up by extraction 
with ether. a mixture of two comwounds \?as obtained. 
They were separated by column chromatography on 
alumina (Woelm, neutral, activity 11'). Benzene eluted 
120 mg of urethane 9, while ether eluted compound 8 
(I 10 mg, overall yield 73%). 

Compound 8 after crystallization from ethyl acetate 
showed nip 185.5-186.5 ',C (lit. (33) mp 185-186 'C); 
ir 3200-2900 (br, N-H), 1660 cm-' (amidc C=O); 
nmr 6.0 (s, 2H, -0-CH,-0-), 6.68, 7.5 6 (2s, 2H, aro- 
matic); nis, n ~ / e  191 (M+,  100%), 162 (M - CHNH, 
89x1, 134 (IM - CHNH - CO, 78%). Anal. calcd. for 
C l o H 9 0 3 N  (191): C 62.82, H 4.71, N 7.32; found: 
C 62.63, H 4.73, N 7.30. 
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Gas phase competitive anionic cleavage of esters1 
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M. COMISAROW. Can. J. Chem. 55, 171 (1977) 
The gas phase reaction of deuteriomethoxide with methyl benzoate and wlth methyl tri- 

fluoroacetate yields the corresponding carboxylate anions and not protiomethoxide ion. These 
results are opposite to what would be expected based upon the known reactions in solution of 
anions with esters. The reasons for the different behavior between the gas phase and the solution 
phase are discussed. 

M. COMISAROW. Can. J. Chem. 55, 171 (1971). 
La reaction en phase gazeuse du deuteromethylate avec le benzoate de methyle et le 

trifluoroacetate de methyle conduit aux anions carboxylates correspondants et non pas i I'ion 
protiomethylate. Ces resultats sont en opposition avec ceux que l'on pourrait attendre en se 
basant sur les reactions connues en solution des anions avec les esters. On discute des raisons 
pour le comportement different entre la phase gazeuse et la phase en solution. 

[Traduit par le joulnal] 

It is well known that the base catalyzed 
hydrolysis of carboxylic acid esters usually 
proceeds via the acyl cleavage BA,2 mechanism; 
the alkyl cleavage B,,2 mechanism only oc- 
curring in special cases (1). The same mechanistic 
preference holds for base catalyzed alcoholysis 
(1). For instance, the reaction of rnethoxide in 
methanol with methyl benzoate at 100  "C yields 
exchanged methyl benzoate 430 000 times faster 
than it yields dimethyl ether (1). This com- 
munication reports an investigation using ion 
cyclotron resonance techniques (2) of the gas 
phase reaction of methoxide ion with some 
carboxylic acid methyl esters2 and shows that 
in the gar phase, the reaction products are 
strikingly different from those observed irz 
sol~ction. 

When deuteriomethoxide ion 11, formed by 
dissociative electron capture by deuteriomethyl 
nitrite (41, is reacted in the gas phase with 
methyltrifluoroacetate 2, trifluoroacetate ion 3, 
is the only product of the reaction as shown by 

IReported at  57th Canadian Chemical Conference, 
Regina, Saskatchewan, June 3-5, 1974. 

ZThe reaction of alkoxide ions with formate esters 
yields clustered alkoxide ions (3). 

pressure dependence studies and double res- 
onance  experiment^.^ 3 4  

Similarly, methyl benzoate 4, reacts with 
deuteriomethoxide ion to yield only benzoate 
anion 5. 

3The reactions were carried out on a home-built 
'drift cell' ICR spectrometer of conventional design. A 
dynamic pressure balance was maintained in the cell by 
bleeding in the reagents via separate inlet systems while 
oumping on the vacuum system with an ion pump. 
bouble irradiation in the source region of the drift cell 
was used for double resonance experiments. The tech- 
niques used are well described in ref. 2. 

4Typical pressures of the reagents were C D 3 0 N 0 ,  
torr; ester, to 5 x lo-' torr. 

5All ion structures and the structures of the neutral 
products are presumed. 
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Under the experimental conditions: no protio- 
methoxide ion, 6, was observable with either the 
trifluoroacetate or benzoate systems and from 
the estimated maximum possible yield of 

protiomethoxide, the rate of the alkoxide- 
forming reaction 3 may be estimated to be at 
least thirty times slower than the corresponding 
carboxylate-forming reaction 1 or 2. 

The enthalpy change, AN,,  for reaction 1 
can be determined from the thermodynamic 
cycle 

where AH, is the methyl-oxygen bond strength 
in rnethyltrifluoroacetate 2, AH, is minus the 
methyl-oxygen bond strength in dimethyl 
ether, and AN, is the difference in electron 
affinities between methoxide radical and tri- 
fluoroacetate radical; 

A& = EA(CE1,O.) - EA(CF3@O0.) 

Assuming6 
AN, = -A& 

yields 
AH, = AHb 

Therefore 
AH, = EA(CH,O.) - EA(CF,COO.) 

= 32.5 (ref. 5) - 103.4 (ref. 6) 

= - 70.9 kcal 

Reaction 2 may similarly be estimated7 to be 
exothermic by 53.8 kcal. Neglecting the secon- 
dary isotope effect, reaction 3 is, of course, 
thermoneutral. 

6This approxin~ation could be in error by several 
kilocalories without changing any of the conclusions of 
this paper. 

7Yamdagni and Kebarle (7) quote the difference 
between the 0-H bond energy iil benzoic acid and the 
electron afinity of benzoate radical as 23.7 kca!. Assum- 
ing that the 0-H bond strength in benzoic acid is 
110 kcal (8), estimation of the electron affinity of the 
benzoate radical would be 86.3 kcal. 

The present results do not provide any direct 
evidence regarding the details of the molecular 
rearrangements which convert the reactants 
into products in the gas phase reactions 1 and 2. 
One possible mechanism, however, is that the 
deuteriomethoxide ion attacks the ester at the 
carbonyl carbon to form the tetrahedral inter- 
mediate, 7, which then decomposes to products. 

The formation of a tetrahedra1 intermediate 
has been suggested as the first step in the gas 
phase reaction5 of hydroxide ion and fluoride 
ion with formate esters (9). Another possible 
mechanism for the gas phase reactions 1 and 2 
is S,2 displacement upon the methyl group in 
the ester via the complex, 8 (9). 

0 
1 1  

R-C'". . . CH3. .  . 6-QC]IB3 

8 

The striking feature of the above results is the 
preference for carboxylate formation in the gas 
phase. In the case of niethyl benzoate, the ratio 
kcarboxylate/kalkoxIde is seven orders of magnitude 
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greater in the gas phase than in methanol solu- 
tion. Since the gas phase reaction yields the most 
exothermic products, the presence of the protic 
methanol solvent must be responsible for the 
observation of the formation of the thermo- 
neutral products when the reaction of methoxide 
with methyl esters is carried out in solution. The 
change in product ratio when methanol solvent 
is 'added' to the gas phase systems can be ex- 
plained by postulating a preferential stabilization 
by the protic methanol solvent of the transition 
state for the alkoxide-forming reaction, relative 
to the transition state for the carboxylate- 
forming reaction. Since in solution the alkoxide- 
forming reaction proceeds via the tetrahedral 
intermediate, 7, in which negative charge is 
localized on one atom whereas carboxylate is 
formed via the transition state, 8, in which the 
negative charge is spread out over three atoms, 
this preferential stabilization by the protic sol- 
vent is not surprising. Analogous considerations 
should apply to other (anion) - (acid derivative) 
reactions, and may explain why in solution the 
rate of the addition-elimination reaction is 
faster than many S,2 reactions (10). 
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NICK HENRY WERSTIUK and SUJIT BA~ERJEE.  Can. J. Chem. 55, 173 (1977). 
The acid-catalyzed hydrogen isotope exchange of norcamphor 1 in DOAc-DCI-D,O is 

shown to  follow the general theory (4) for exchange of a diastereotopic proton pair a to a 
carbonyl group. That is, the less reactive proton undergoes exchange via two channels. Through 
a n  analysis of a combination of the rate data for acid-catalyzed bromination and the pK,,*, 
values for a series of cyclic and bicyclic ketones, we establish that the reactivity order in the 
former is controlled by ketone basicity and not, as has been suggested previously, by angle 
strain developed in a very enol-like transition state. 

NICK N E ~ R Y  WERSTIUK et SUJIT BANERJEE. Can. J. Chem. 55, 173 (1977). 
Dans Ie cas du norcarnphre 1, on demontre que I'ichange i so topiq~~e de I'hydrogene, catalyse 

par les acides dans le DOAc-DCl-D,O, suit la theorie generale (4) de l'ichange d'une paire de 
protons diastereotopes en r d'un groupement carbonyle. Ceci implique que le proton moins 
reactif subit un echange par deux voies. Faisant appel B une analyse d'une combinaison des 
donnees concernant les vitesses pour la bramation cataiysee par les acides et les valeurs de 
pKB,i d'une strie de citone cyclique et bicyclique, on etablit que l'ordre de reactivite dans le 
premier cas est contra16 par la basicite de !a cCtone et non pas, comme il avait ete suggere 
antirieurernent, par la tension d'angle developpee dans un etat de transition ressemblant 
bea~~coup  a un Cnol. 

[Traduit par le journal] 
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greater in the gas phase than in methanol solu- 
tion. Since the gas phase reaction yields the most 
exothermic products, the presence of the protic 
methanol solvent must be responsible for the 
observation of the formation of the thermo- 
neutral products when the reaction of methoxide 
with methyl esters is carried out in solution. The 
change in product ratio when methanol solvent 
is 'added' to the gas phase systems can be ex- 
plained by postulating a preferential stabilization 
by the protic methanol solvent of the transition 
state for the alkoxide-forming reaction, relative 
to the transition state for the carboxylate- 
forming reaction. Since in solution the alkoxide- 
forming reaction proceeds via the tetrahedral 
intermediate, 7, in which negative charge is 
localized on one atom whereas carboxylate is 
formed via the transition state, 8, in which the 
negative charge is spread out over three atoms, 
this preferential stabilization by the protic sol- 
vent is not surprising. Analogous considerations 
should apply to other (anion) - (acid derivative) 
reactions, and may explain why in solution the 
rate of the addition-elimination reaction is 
faster than many S,2 reactions (10). 
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The generally accepted mechanism for acid- 
catalyzed enolization (exchange) of ketones, as 
described in Scheme 1 involves a rapid equi- 
librium protonation of the ketone B, and proton 
transfer from the conjugate acid BD' to produce 
en01 E (1). 

Up  to the present, a diastereotopic proton 
pair HI  (fast) and H, (slow) would have been 
expected to exchange by separate one-channel 
processes. Also, the implication in the literature 
is that the development of double bond character 
is advanced in acid-catalyzed enolization and it 
is greater than that developed in the base- 
catalyzed process (2, 3). Thus, it has been 
suggested (3) that bond-angle strain developed 
in a very enol-like transition state in the former, 
controls the order of reactivity1 in a series of 
cyclic ketones. 

As a continuation of our study on the enoliza- 
tion of bicyclic ketones (4, 5) we now establish 
that (a) acid-catalyzed hydrogen  soto ope ex- 
change of a diastereotopic proton pair follows 
the general mechanism proposed previously (4), 
and (b) the range of reactivity in acid-catalyzed 
enolization of cyclic and bicyclic ketones pri- 
marily results from a pariation of pK,,+ with 
ketone structure. 

That acid-catalyzed exchange in norcamphor 1 
is describable by the theory documented for base- 
catalyzed exchange (4) is established by the data 
in Table 1. That the less reactive proton ex- 
changes via two channels is determined by the 
fact that (k,,,/k ,,,,, )"'H = 29 (entries 5 and 6). 
The intrinsic selectivity factor 5 is obtained from 
either the 1i-I + D (i = 5.4, s = 191) or D + H 
(i = 5.4, s = 186) exchange da ta2  

'The range of reactivity for acid-catalyzed enollzatioa 
in the series of cyclobutanone, cyclopentanone, cyclo- 
hexanone, and cycloheptanone (1 .150: 743 : 101) (3) is 
much greater than that for base-catalyzed enolization 
(15:9.9: 1.0: 1.7) (6) .  

2Theory (4) predicts that (k,,,/k,,8d,)"'D = si,(i f I), 
and (k,,~k,,d,)D'H = sl(i + I), where s = intrinsic selec- 
tivity, i = i,,, - iendo, kH-rD(enclo)llcD+fl(erzrlo) = iSol,  (sol- 
vent isotope effect) and kH,D(euo)'kD,ll(e.uo) = i,,, x 
i ,,,,. From entries 3 and 6, is,,, ~ ~ 1 . 9 9 ,  and from entries 
2 and 5, i,,, x i ,,,, = 10.65. Therefore the K.I.E. i = 
5.4 at  100 "C. 

l t r  X = Y  = H  
D X = D .  Y = H  
t X = Y = D  
ti X = H .  Y = D  

To establish whether acid-catalyzed enoliza- 
tion (exchange) is sensitive to torsional or bond- 
angle strain effects in the transition state, we 
utilized data that were available in the literature 
(Table 2). Bank and co-workers (8) have shown 
that the rates of base-catalyzed isomerization 
(tert-BuO-. DMSO) of the exocyclic olefins 
correlate with torsional strain energy differences 
between transition state and ground state. Fur- 
thermore, they have established that angle strain 
factors are of major importance in endocyclic 
olefin isomerization. Schriesheim and co-workers 
(6, 7) have shown that the rates of base-catalyzed 
bromination of the corresponding ketones cor- 
relate with the rates of isomerization of the 
corresponding exocyclic olefins. thereby estab- 
lishing that torsional strain effects are importallt 
in determining the reactivity order in base- 
catalyzed enolization. 

We have utilized Bank's isomerization data to 
estimate the importance of torsional and bond- 
angle strain effects on the rates of acid-catalyzed 
enolization. Thus a plot of log k ~ & i n , l t , o n  (Table 
2) vs. l~g~~,"~J", :~~, , , ,  (q3 reveals no obvlous 

isam (endo) 

FIG. 1. Correlation of log k?,Cknin,tio, (0) and PKBH; 
(@) with log k,S",9f?:,"fi,,. Numbers refer to entries in 
Table 2. 

3The available exo -t endo isomerization rate data (8) 
are not included in Table 2. 
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TABLE 1. Rate constants for acid-catalyzed exchange 

Temperature k,,, 
Entry Substrate ("c) Medium'"' b ,  k x 10' (s-l) Site k,"ao 

1 la 75.0 A 44.8" exo 
2 1 ri 100.0 A 386.0''" 
3 Ib 100.0 A 2.47d endo 1 156 

4 I c  75 .O B 4.20d exo 
5 lc 100.0 B 36.2d 
6 Id 100.0 B 1 .24d endo "" 1 29 

cA: 90% DOAc - 10% 2.08 N DCI-D,O. 
'B: 90% HOAc - 107 2.00 N HCI-H20. 
Single determinatio; 
dMean of two dctcrminations. 
eObtained from exo rate at 75 "C. 

TABLE 2. Data for the base-catalyzed isomerization of endo olefins and the acid-catalyzed 
bromination of ketones 

Substrates 
Entry (olefins or ketones) log k ~ ~ ~ ~ , ~ ~ ~ ~ , ,  log k a c i d t  

b i o i n i o s t l o n  pKBH+ log k 3  - fix 

KO-t-Bu-DMSO at 55 "C, on per H basis (6). 
90x HOAc - 0.05 M HCI at 29.9 'C, on per H basis (3). 

<See ref. 9. 
dThis  work in 90% HOAc - 10Z 2.00 N HCI at 40.0 "C. Rates converted to conditions in footnote b by comparison 

with cyclohexanone. 
'This work in 90% DOAc - 10% 2.08 ,V DCI at 40.0 "C. Rates corrected for solvent isotope effect (based on nor- 

camphor) and converted to the conditions in footnote b, by comparison wi th  cyclohexanone. 
JEstimated from a plot of ~ K B H +  c.r. (9). 

correlation (correlation coefficient 0.46)4, where- 
as a linear relationship (correlation coefficient 
0.96) exists between log k",",: ,,,,,,,, and log 
kexoi l somerlzat lon endo (Fig. 1). Consequently, the reactivity 
of the ketones in the present series is controlled 
by bond-angle strain eKects rather than by 
torsional stiain factors. 

For the process 

H+ k3 
B = BH+--+ E 

where B, BH', and E represent ketone, pro- 

4To minimize the length of the text, the plot of 
log k ~ C ~ ~ , i , , , t i , ,  cs. iog k::,",d::~:,io,, is not included. 

toaated ketone, and enol, respectively, and where 
protonation of the substrate follows the acidity 
function H,,' 

log kobs = log k ,  + pKB,+ - M ,  

Since ketone pK,,+ values are available (9), and 
the value for H ,  is constant, the data (Table 29 
establish that the deprotonation rate constant 
k ,  changes only minimally (a factor of 10). 
Consequently, we establish that ketone basicity. 
controlled by bond-angle strain effects as iIlus- 

5Since the acidity fanction for protonation of these 
ketones has not been defined, we use FI, only in an 
illustrative sense. 
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trated in Fig. 1 by the plot of pKBH+ us. log 2. W.  D. EMMONS and M. F. HAWTHORNE. J .  Am. 
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H. C. CLARK, P. L. FIESS, and C. S. Wohc. Can. J. Chem. 55, 177 (1977). 
The reactions of trans-[PtH(PEt,),(acetone)]+ and tran~-[PtH(PEt~)~(CO)1 + with a variety of 

acetylenes are described. The geometries of the products with respect to the platinum centre and 
to the stereochemistry of the alkenyl group have been determined on the basis of their 'H nmr 
parameters. For reactions with the cation containing acetone, and particularly from a variable 
temperature 'H nmr study of its reaction with 2-butyne in the presence of water, the insertion 
pathway is shown to be entirely analogous to that for olefin insertion, involving an initial 
displacement of the trans ligand by acetylene, isomerization to a cis-like intermediate, migratory 
insertion rearrangement, and re-combination with an appropriate ligand to give either cis or trans 
platinum products. The insertion pathway with the carbonyl cation is dependent on the nature 
of the acetylene; for non-activated or weakly activated acetylenes insertion occurs via five- 
coordinate intermediates, but with strongly activated acetylenes, the same mechanism as with 
the acetone cation appears to occur, involving reversible loss of carbon monoxide. 

H. C. CLARK, P. L. FIESS et C. S. WONG. Can, J. Chem. 55, 177 (1977). 
On decrit les reactions de [PtH(PEt3)2(acCtone)]+trans et [PtH(PEt3),(CO)]+trans avec 

divers acktylenes. On a determint, en se basant sur les parametres de leurs spectres rmn du 
proton, les geometries des produits par rapport au platine et la stereochimie des groupes 
alkenyles. Pour les reactions avec le cation contenant l'acetone et particulierement B partir d'une 
Ctudc, par rmn du proton a temperature variable, de sa reaction avec le butyne-2 en presence 
d'eau on demontre que le chemin de l'insertion est completement analogue a celui de l'insertion 
de l'olefine et qu'il implique un dtplacement initial du ligand trans par l'acetylene, une iso- 
merisation impliquant un intermediaire "cis", un rearrangement d'insertion migratoire et une 
recombinaison avec un llgand approprie pour donner des produits de platine soit cis soit trans. 
Le chemin d'insertion avec le cation carbonyle dtpend de la nature de l'acetylene; pour des 
acttylenes non-actives ou faiblement actives, l'insertion se produit par des intermediaires 
penta-coordonnes mais pour les acetylenes qui sont fortement actives, il semble que le mtcanisme 
soit le mCme que celui du cation contenant l'acetone et qu'il implique une perte reversible du 
monoxyde de carbone. 

[Traduit par le journal] 

Introduction 
There have been numerous reports in the 

literature of reactions involving the insertion of 
acetylenes in transition metal - hydrogen bonds 
(see, for example, ref. 1). While stable alkenyl 
products have been characterized, few investiga- 

'Present address: Department of Chemistry, University 
of Guelph, Guelph, Ont. Canada N l G  2W1. 

tions of the mechanism of such processes appear 
to have been conducted. This contrasts with the 
comparable insertions of olefins into metal- 
hydrogen bonds, which are of considerable 
importance in relation to the metal-catalyzed 
isomerizations and hydrogenations of olefins, 
and which have been extensively studied in 
recent years. 

For Pt(I1) hydrides, it has been demonstrated 
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that insertions proceed via a common mech- 
anism in which the determining factor is the 
relative ease of displacement of the ligand trans 
to the hydridic hydrogen (2). Thus, for -SnCI, 
as a trans ligand which is not readily displaced, 
insertion proceeds via a five-coordinate inter- 
mediate (3). With -C1, -NO,, or acetone as 
readily displaceable trans ligands, such five- 
coordinate species occur only as transition states 
and insertion proceeds (4) by initial displacement 
of the trans ligand, isomerization of the resulting 
trans olefinic complex to its cis isomer, migratory 
rearrangement to the alkyl (or alkenyl) product, 
and finally recombination with a suitable ligand 
to give either the cis or trans product. Hence the 
nature of the t ram ligand, in determining the 
relative stabilities of four- and five-coordinate 
species, controls the mechanistic pathway for 
insertion. Kinetic data (3, 4), the isolations ( 5 ,  6) 
of stable trans-hydrido(olefin)platinum(II) spe- 
cies, and the observation that, depending on the 
reaction conditions, both cis and trans platinum 
isomers of the alkenyl product may be obtained 
(7) with the formation of this cis isomer being 
kinetically controlled, all provide strong support 
for this general mechanism. 

Most of the previous work described above 
relates to olefin insertions. Although qualitative 
studies have been conducted leading to the 
characterization of the alkenyl products formed 
by insertion with some acetylenes (3, 7), inter- 
mediates such as trans-hydrido(acety1ene)plati- 
num(I1) species have not been identified. On the 
other hand, both cationic (8) and neutral (9) 
methylplatinum(I1) acetylene complexes have 
been isolated as stable complexes, suggesting 
that comparable hydrido analogues should per- 
haps have a reasonable stability. Also, the 
presently available data do not indicate whether 
acetylenes, compared with olefins, have a greater 
or lesser preference for a five-coordinate versus a 
four-coordinate pathway for insertion. Again, the 
use of unsymmetrically substituted acetylenes, 
R,C=CR,, in reactions with Pt(I1) hydrides may 
~rovide  much more detailed information about 
the actual migratory insertion step than is 
accessible from studies of olefin insertions. 

Further data are therefore presented here con- 
cerning acetylene insertions in the Pt-H bond, 
particularly in terms of the stereochemical 
changes which occur at the platinum centre 
during the insertion process. In the following 
paper, the nature of the actual migratory inser- 
tion step is considered. 

Experimental 
Reactions were carried out in 50 ml round-bottomed 

flasks under standard conditions. Where gaseous acety- 
lenes were used, standard vacuum techniques were em- 
ployed to transfer slightly greater thanequimolar amounts 
into the reaction mixture. 

Infrared spectra were recorded using Nujol mulls 
between NaCl optics on a Perkin-Elmer 621 spectrometer. 
'H and 19F nmr spectra were recorded on Varian T-60 
and HA-100 spectrometers, with chemical shifts being 
reported relative to TMS and CFCI, (Freon 11) respec- 
tively. Melting points were recorded on a Thomas 
Hoover instrument. Microanalyses were carried out by 
Chemalytics Inc., Tempe, Arizona, and Midwest Microlab 
Ltd., Indianapolis, Indiana. 

trans-Chlorohydridobis(triethylphosphine)platinum(II) 
was prepared using the procedure of Parshall (lo), and 
t r~ns-PtH(co)(PEt~)~+PF~-  following the method of 
Church and Mays (1 1). 

Reactions with trans-PtH(PEt3) (acetone)+ PFs- 
Since common procedures were employed for numerous 

reactions, only typical experiments will be described. 
tuans-Chlorohydridobis(triethylphosphine)platinum(II) 
(0.2 mmol) was dissolved in acetone and an acetone 
solution of silver hexafluorophosphate was added (0.2 
mmol). The thick precipitate of silver chloride was re- 
moved by centrifugation and the resulting clear solution 
was diluted to 25 ml with acetone, in a 50 ml round- 
bottomed flask. The acetylene (0.2 mmol) was added with 
stirring, this usually being accompanied by a color change. 
After 5 min, pyridine (0.2 mmol) was added turning the 
solution to a pale yellow color. The solution was passed 
through a short florisil column (100-200 mesh) and then 
evaporated to dryness under vacuum. The resulting solid 
or oil was taken up in the minimum amount of methanol, 
and diethyl ether was added dropwise to induce crystalli- 
zation of the alkenyl product. When gaseous acetylenes 
were being used, similar procedures were employed 
except that standard high vacuum techniques were used 
for transfers of acetylenes. 

The products obtained in such reactions, together with 
characterization data, are described in Table 1. 

Reaction of trans-[PtH(PEt,), (CH30H) j +PF6- with 
CH=CCH2 CH2OH 

A solution of trans-[PtHC1(PEt3),] (0.1 g, 0.21 mmol) 
in methanol (25 ml) was prepared in a 50 ml round- 
bottomed flask fitted with a magnetic stirring bar. 
3- Butyne-1-ol(0.018 ml, 0.21 mmol) was added followed 
by silver hexafluorophosphate (0.053 g, 0.21 mmol) 
in methanol (5 ml). The thick white precipitate of 
silver chloride which formed rapidly was removed 
by centrifugation to give a clear pale yellow solution. 
This was through a short florisil column and then 
evaporated under reduced pressure to ca. one-third 
of its original volume. Diethyl ether (20 ml) was added 
to ensure crystallization of white crystalline tuans- 

[ P ~ H  { ~ H ~ C H ~ O C ~ H ~  ) ( P E ~ )  + P F ~ -  ; yield 92%; mp 
128-130 "C. Anal. calcd. for C I ~ H ~ ~ F ~ O P ~ P ~ :  C 29.67, 
H 5.72; found: C 29.58, H 5.47. 

Reactions of t r ~ n s - ~ ~ P t H ( P E t ~ )  (acetone) j+PF6- with 
2-Butyne over -60 to 3 2 ° C  Temperature Range 
in the Presence o j  Water 

t ran~-[PtHCl(PEt~)~]  was dissolved in acetone-d6 and 
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TABLE 1. Characterization data for the products* of the reaction A 

Analysis (%) 

Melting Calculated Found 
Yield point - 

Alkenyl Configuration at Pt (%) ("c) C H C H 

cis 
trans 
trans 

trans 
trans 
trans 

trans 
trans 

cis and trans 
trans 
cis 
trans 

cis 
trans 

an equimolar amount of silver hexafluorophosphate in 
acetone-& was added. The precipitated silver chloride 
was removed by centrifugation and the remaining clear 
solution was pipetted @to an nmr tube. Sufficient water 
was added to provide an approximate H20:P t  ratio of 
0.8: 1. The solution was cooled to - 60 "C and 2-butyne 
was added. After the 'H nmr spectrum had been recorded, 
the temperature was raised to - 30 "C, the spectrum re- 
run, and the process repeated at -20, -10, 0, and 
32 "C. 

Reaction5 with trans-PtH(C0) fPEt3) 2+PF6- 
For qualitatwe observations of the rates of these 

reactions, 50 mg of the carbonyl salt was dissolved in 
0.3 ml CDCI, in an nmr tube. A measured quantity of 
acetylene was then introduced (dimethylacetylenedi- 
carboxylate, 15 p1; CF3C=CC6H5, 20 1.11; C4H6, 15 1.11; 
C6H5C--CC6H,, 20 mg; CH3C=CCOOCH3, 40 pl). The 
reaction was followed by nmr by monitoring the dis- 
appearance of the Pt-H signal and the formation of the 
product. The reaction time reported was the time after 
which no Pt-H signal was observed. The possible error 
in determining the reaction time is the interval of re- 
cording (may be as much as 12 h in slower reactions). 
Authentic samples of the products were prepared in 
larger quantities as described below. 

Reaction with C4F6 was carried out in a sealed nmr 
tube. trans-PtH(CO)(PEt,)ZPF, (105 mg) was dissolved in 
0.3 ml CDCI,. About 100 pl of C4F6 was condensed in 
and the tube sealed. On warming to room temperature, 
some C4F6 remained as a separate layer. The reaction was 
followed by periodically observing the 'H nmr spectrum 
until the Pt-H signal had completely disappeared. 
Recrystallization of the product from acetonejether 
yielded ~~S-P~(PE~,)~(CF~C=CHCF~)(CO)+PF~- (59%). 

For the preparation of large quantities of the alkenyl 

products, trans-PtH(CO)(PEt3),PF, was allowed to react 
with the appropriate acetylene in acetone solution for 
periods of time from 15 h to 2 days (heated to 54 "C when 
using CF3C=CC6H,). Solvent was removed under 
vacuum and the product recrystallized from methanol/ 
ether. Yields with the various acetylenes were as follows: 
C4He,~73%; CH3C=CCOOCH3,52%; C ~ H S C = C C ~ H ~ ,  
78% ; CF3C=CC6H5, 78%; CH300CC=CCOOCH3, 
49%. Characterization data are presented in Table 2. 

Results and Discussion 
The reactions which have now been investi- 

gated fall into two classes, the first of which is 
concerned with acetylenes interacting with 
trans-[PtH(PEt,),(acetone)]+PF, - . These reac- 
tions were all conducted in acetone, the Pt(I1) 
cation being generated by the treatment of an 
acetone solution of trans-PtHCl(PEt,), with an 
equimolar amount of silver hexafluorophosphate. 
After removal cf the precipitated silver chloride, 
treatment with the stoichiometric amount of 
acetylene (Table 1) gave the alkenyl insertion 
product according to A,  reaction generally being 
complete in a matter of minutes. The products 
were isolated, following the addition of pyridine, 

[ A ]  trans-[PtH(PEt,),(acetone)] 'PF6 + RIC-CR2 

as the pyridine-cation. With only two exceptions 
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TABLE 2. Characterization data for the products of the reaction R 
t raw~-PtH(C0)(PEt~)~ 'PF6 + RIC-CR2 + tmtls-(cis)Pt(CO)(PEt,),(alkenyl) + PF6- 

Analysis (%) 

Alkenyl 

(CH3)C=CH(CH,) 
(C6H5)C=CH(C6H5) 
(CH,OOC)C=CH(CH,) 
(CF3)C=CH(C6H,) 
(CF,)C=CH(CF,) 
(CH,OOC)C=CH(COOCHi) 

Reaction 
Solvent time 

CDCI, i 2 d a p s  
CDCI, 2 days 
CDCI3 24 days 
CDCI, - 2 weeks 
CDCI, 7 days 
CDCl? 24 days 

Calcd. Found 

MP ('C) C H 

(dec. - 140) 30.96 5.66 
132-135 41.38 5.27 
124-127 30.73 5.30 
87-89 34.07 4.68 

118-119 26.61 4.07 
119-121 30.53 4.99 

the yields are high (> 60%) and there is no indica- approximately twice that from the methylene 
tion of the formation of secondary products. The protons (J(P-CH,-CH,) - 16 Hz; J(CH,-CH,) 
alkenyl derivatives are all air-stable, white -8 Hz). The resulting overlap of the expected 
crystalline materials with melting points in the doublet of triplets should have produced the 
100-200 "C range. expected 1 : 2 : 2:  2:  1 quintet, but due to the 

The second group reactions is described by strong trans influence of the pyridine ligand, the 
reaction B methyl resonance of the phosphine trans to 

[B] t1.ans-[PtH(cO)(PEt~)~]'PF6- + RIC--CR2 

+ tr.nlis(cis)-[Pt(CO)(PEt,)(alkenyl)] +PF6 - 

These were all conducted in CDCI, as solvent, 
and of course did not require the addition of a 
neutral ligand such as pyridine for product 
isolation. Reactions in general were very slow, 
requiring periods of days or weeks and yields 
tendcd to bc lower (49-78%) than for reactions 
with the acetone cation in [ A ] .  The products are 
again all air-stable, crystalline solids with 
moderately high melting points. 

Stereochemistry of Reaction Products 
The nmr spectra of the products provided for 

the ready determination of the stereochemistry at 
platinum and also the disposition of substituents 
about the alkenyl C=C bond. The gross geom- 
etry about platinum was determined by examina- 
tion of the P-CH,-CH, signals (1 1-13). For a 
trans configuration at  platinum, a 1 : 4: 6 : 4 : 1 
quintet was expected and observed. Coupling 
from the two methylene protons (J(CH2-CH,) 
-8 Hz) equivalent to virtual coupling (12, 14) 
from two equivalent phosphorus nuclei (J(P- 
CH,-CH,) - 8 Hz) produces an overlapping 
triplet of triplets forming the observed pattern. 
For a cis configuration a 1 : 2:  2:2: 1 quintet 
might be expected but a 1 : 3 : 4 : 4 : 3 : 1 sextet was 
observed. Coupling from the cis phosphorus 
nucleus is apparently too small to be observed 
and coupling from the other phosphorus is 

. . 

pyridine is shifted about -8 Hz producing the 
observed overlapping doublet of pentets. 

These assignments could be confirmed by 
examination of the magnitude of the phosphorus 
coupling to the vinylic proton. For the trans 
isomer 4J(P-H,) - 1.5-4 Hz (1 5, 16). Where ob- 
servable, this results in a splitting of the vinylic 
proton resonance into a triplet from virtual 
coupling to two equivalent phosphorus nuclei. 
For the cis isomer, coupling from the cis phos- 
phorus atom is too small to be resolvable, so that 
the vinylic proton resonance is split into a doublet 
from coupling to only the trans phosphorus 
nucleus (4J(P-H,) - 10 Hz) (7, 17). 

The disposition of platinum arid hydrogen in 
the alkenyl function may be determined from the 
magnitude of 3J(Pr-H,,), for \vliich it has been 
shown (7, 17-19) that the order observed is 
trans > cis >> geinina!. However, it has zlso been 
found (16) that the value of 3J(Pt-H,.) for a 
particular vinylic configuration varies consider- 
ably according to the tmns-influence of the ligand 
trtrns to the vinylic group. Thus, for the com- 
plexes reported here (Table 3), when the con- 
figuration at platinum was cis (i.e. phosphines 
trans to the vinjrlic group), the ranges of values 
are 3J(Pt-H,( ,,,,,, ), 90-120 Hz; 3J(Pt-H ,,,, ,,,), 35- 
60 Hz; 3J(Pt-H,( ,,,,,,) 10-20 Hz. In those of our 
con~plexes with a trans configuration at  platinum 
(i.e. pyridine trans to the vinylic group), the 
ranges are : 3J(Pt-H,(,,,,,,), 120-1 60 Hz ; ,J(Pt- 
H,,,is,), 80-105 Hz; and 2J(Pt-H,( ,,,,,, ), 25-30 Hz. 
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TABLE 3. 'H nmr parameters for [Ptpy(PEt3)2(R1C=CHR2)]PF6 

Vinyl proton 

R I  Rz Geometry at Pt 6 3J(Pt-H,) 4J(P-H,) Other couplings 

trans 

trans 
trans 
trans 
trans 
tranx 
trans 
trans 

trans 

Z n s  1 
cis 

Not observable 
6.44 63 

trans 

cis 
trans 
cis 

Consideration of the data in Table 3 shows that 
the products of reaction A,  with few exceptions, 
had the trans configuration at the platinum 
centre. The only instances where cis isomers call 
be isolated as part or all of the product occurred 
where R ,  and R,, and in some cases only R,, was 
a strongly electron-withdrawing substituent, 
either -COOCH, or CF,. It has been estab- 
lished (7) by variable temperature studies that 
cis isomers are the kinetically controlled products 
and the trans ones are therinodynamically inore 
stable. This point is further verified by a variable 
temperature 'H nmr study of the reaction of 
PtH(PEt,),(H,O)+PF,- and 2-butyne (see be- 
low). The nmr parameters of Table 3 also show 
that all the products have the cis arrangement of 
platinum and the vinylic hydrogen about the 
double bond. 

For the products of symmetrically substituted 
acetylenes, the llmr parameters thus readily 
allow for the complete determination of stereo- 
chemistry. For products of other acetylenes, 
further analysis of their nmr spectra is necessary, 
although in all cases, the data of Table 3 show Pt 
and the vinylic proton to have the cis arrange- 
ment about the alkenyl double bond. Thus the 
proton nmr spectrum of the reaction product of 
.trans-[PtH(PEt,),(acetone)]'PF,- with methyl 
propiolate showed two vinylic proton resonances 
HJA) and H,(B) at 65.78 and 66.12 respectively, 

indicating formation of two isomeric products A 
and B. For isomer A, a 1 :3 :3:  1 quartet of 
triplets was observed, the quartet splitting of 
7 Hz being consistent with coupling of a vinylic 
proton to a geminal methyl group. The triplet 
splitting of 3 Hz was attributable to virtual 
coupling to two phosphorus nuclei, trans to each 
other and cis to the vinylic group. Isomer A was 
thus assigned the vinylic configuration 
-[(COOCH,)C=CHCH,]. For isomer B, the 
observed 1 : 3 : 3 : 1 quartet arose from coupling 
(- 1 Hz) of the vinylic proton to a trans methyl 
group, and coupling to 31P was not resolved. 
This isomer was therefore assigned the con- 
figuration [-(CH,)C=CH(COOCH,)]. Irradia- 
tion experiments at the vinylic proton resonances 
indicated that the vinylic methyl resonances for 
A and B were at 61.88 and 61.97 respectively and 
hence obscured by the phosphine ethyl reso- 
nances. The P-CH2-CH, resonance exhibited 
a 1:4:6:4:1 quintet at -61.12 indicative of 
trans configurations of the phosphines in both 
isomers. Integration of the vinyiic hydrogen 
resonances indicate a 5:  1 ratio of A to B, and 
this was confirmed by the similar integration 
ratio found for the -COOCH, resonances at 
63.74 and 63.59 respectively. Only for isomer A 
was coupling (4 Hz) observed between 195Pt and 
-COOCH, which in this isomer is geminal. 

For the reaction product obtained with 1- 
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phenyl-1-propyne, the vinylic proton resonance 
appeared as a 1 : 3:  3: 1 quartet at 66.59 with 
coupling to Ig5Pt (3J(Pt-H) = 74 Hz) giving rise 
to satellites of one quarter total intensity. The 
quartet splitting of 1.4 Hz is that expected for 
coupling to a trans methyl group and the con- 
figuration of the vinylic group was therefore 
assigned as [(CH,)C=CHC,H,]. The methyl 
resonance appeared at 62.25 as a broad 1 :4 :  1 
triplet due to coupling with 19'Pt (,J(Pt-H) = 46 
Hz); any splitting due to coupling to the vinylic 
proton was not well resolved. The phosphine 
P-CH,-CH, resonance was a 1 : 4 : 6 : 4 : 1 pen- 
tet at  6 1.12 indicative of trans phosphines. 

The spectrum of the product obtained with 
methylphenylpropiolate shows the resonance for 
the vinylic proton as a broad triplet at 66.80, with 
coupling to lg5Pt (,J(Pt-H) = 92 Hz) giving rise 
to satellites of one-quarter total intensity. The 
triplet resonance and the magnitude of the 
splitting, 3 Hz, indicate a trans configuration of 
the phosphines about the platinum. The 
-COOCH, resonance appeared as a 1 : 4: 1 
triplet at  63.74 due to coupling to lg5Pt. Such 
coupling has only been observed for configura- 
tions containing the Pt and -COOCH, attached 
to the same carbon atom (e.g. as described 
above, such coupling is observed for the con- 
figuration 1 but not for 2 

The product is therefore tentatively assigned 
configuration 3. 

The vinylic insertion product of l-phenyl-l- 
butyne gave a proton nmr spectrum showing two 
vinylic proton resonances at  65.63 and 6.76, 
indicating the formation of two isomeric prod- 
ucts, A and B, respectively. Satellites of one 
quarter intensity were observed for each isomer 
due to coupling to lg5pt. For isomer A, the 
vinylic proton resonance appeared as a triplet of 
triplets, the larger triplet splitting of 7 Hz being 
attributable to coupling to a geminal ethyl (i.e. 

methylene) group so that the configuration 4 is 
assigned. 

The smaller triplet of 1.5 Hz arises from coupling 
to the two equivalent, mutually frans phos- 
phorus nuclei. 

For isomer B. the vinylic proton resonance 
appears as a 1 : 4 : 6 : 4 : 1 pentet. Coupling to the 
methylene protons of a trans ethyl group - 1.5 
Hz combined with coupling to the two mutually 
trans phosphines (- 1.5 HL) would lead to a 
pentet resonance. Isomer B is therefore assigned 
configuration 5. 

Integration of the vinylic resonances gave a 
ratio of A : B = 2: 3. 

The product obtained from l-phenyl-l-per- 
fluoropropyne showed the presence of three CF, 
resonances in a 1 : 7: 2 ratio at 6 - 43.65, - 43.95, 
and - 50.85 respectively in its 19F nmr spectrum, 
indicating the presence of three isomericproducts 
A, B and C .  The B resonance at  6 - 43.95 was a 
1 : 4 :  1 triplet of doublets due to coupling to 
lg5Pt = 89 Hz. The chemical shift is that ex- 
pected for a CF, group attached to the cc-carbon, 
the doublet splitting of 9 Hz being due to 
coupling the phosphine trans to the vinylic 
group. The other phosphine in the cis position 
does not cause observable coupling. Resonailce B 
is therefore attributable to ci.e[Pt(C(CF,)= 
CHC,H, }py(PEt,),]+PF, - . The A resonance at 
6 - 43.65, a singlet with one quarter intensity 
satellites (,J(Pt-H) = 144 H7), because of its 
very similar chemical shift, is assigned to the 
isomer, trans-[Pt(C(CF,)=CHC,H,}py(PEt,),]- 
PF,. Vinylic proton resonances for these two 
isomers were not observed, but presunlably were 
obscured by the broad phenyl resonance at 67.3, 
but for C a vinylic proton resonance was observed 
as a quartet of triplets at  65.92 with satellites of 
one quarter intensity due to 1 9 9 t  coupling. The 
quartet splitting of 9.9 Hz is consistent with that 
expected for coupling of the vinylic proton to a 
geminal CF, group, and the further splitting into 
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triplets would be expected for coupling of the 
vinylic proton to two cis phosphorus nuclei 
(4J(P-H) = 1.5 Hz). Product C is thereforc 
identified as trutzs-[Pt{C(C,H,)=CHCF,)py- 
(PEt,),]+PF,-. The 19F nmr spectrum for this 
product showed a 1:6:10:7:7:10:6:1 octet at  
6 - 50.85, this resulting from coupling to 
'95Pt(4J(Pt-F) = 7 Hz), to two equivalent P 
nuclei cis to the vinylic group ('J(P-F) = 3.5 Hz) 
and to the vinylic proton (,J(H-F) = 9.9 Hz). 

The 19F nmr spectrum of the product obtained 
with 3,3,3-trifluoropropyne showed the CF, 
resonance as a 1:4:  1 triplet of doublets at  
6 - 52.8. The triplet pattern is due to coupling to 
195Pt(3~(Pt-F) = 69 Hz), the magnitude of which 
is consistent with other data given above for 
compounds containing both Pt and CF, on the 
a-carbon. The doublet splitting of 8 Hz is con- 
sistent with coupling to one trans phosphorus 
nuclei, thus indicating a mutually cis phosphine 
arrangement. This was confirmed by examination 
of the 'H nmr spectrum in which the phosphine 
methyl resonance appeared as a characteristic 
1 :3 :4 :4 :3 :1  sextet at  61.2. Also in the ' H  nmr 
spectrum, two vinylic proton resonances, H,(A) 
and H,(B), were observed at  65.74 and 6.15 with 
coupling to platinum of 58 Hz and 101 Hz 
respectively. From the magnitudes of these 
couplings, assignments could thus be made of 
H,(A) and H,(B) to protons respectively cis and 
trans across the alkenyl bond with respect to 
platinum, as previously discussed. The H,(A) 
resonance was a doublet flanked by satellites of 
one quarter intensity due to coupling to 195Pt. 
The doublet splitting of 8 P z  arises from coupling 
to a trans phosphine, this again confirming the 
mutually cis arrangement of the two phosphines. 
As in other comparable cases (21), no coupling 
of the proton to the trans CF, group was ob- 
servable. The H,(B) resonance consisted of a 
doublet of quartets, flanked by satellites of one 
qbarter intensity due to I9'Pt coupling. The 
quartet splitting of 2 Hz is consistent with 
coupling of the vinylic proton to a cis CF, across 
an alkenyl bond (20). The doublet splitting 16 Hz 
arises from coupling to the phosphorus trans to 
the alkenyl group. 

For the reaction product obtained with phenyl- 
acetylene, two vinylic proton resonances, H,(A) 
and H,(B) in a 1 : 1 ratio, were observed a t  66.62 
and 7.60 respectively. (The product was isolated 
as the carbonyl cation rather than as the pyridine 
analog, to avoid overlap of the second vinylic 

proton resonance with those of pyridine.) The 
resonance at  66.62 was a doublet of triplets with 
satellites of one quarter intensity due to coupling 
to 195Pt(3~(Pt-H,(A)) = 60 HZ;  72 Hz with pyri- 
dine as trans ligand.) The comparable coupling 
for H,(B) was 17 Hz so that H,(A) and H,(B) 
were assigned to the cis and geminal protons 
respectively relative to platinum. Moreover the 
doublet splitting of both H,(A) and H,(B) of 
18.5 Hz is fully consistent with coupling between 
tram protons on an alkenyl group. Both H,(A) 
and H,(B) resonances showed a triplet character 
due to couplings to two equivalent phosphines 
cis to the alkenyl group. This mutually trans 
geometry of the phosphines is also shown by the 
phosphine methyl resonance which appeared as 
the characteristic 1 :4: 6:4  : 1 pentet at  61.12. 

For the reaction product with l-cyclohexanol- 
phenylacetylene the vinylic proton resonance 
appeared as a broad 1 : 4: 1 triplet at 66.67 due to 
coupling with '95Pt(3~(Pt-H,) = 100 HZ). The 
product is assigned the vinylic configuration 

solely on the argument that in related vinylic 
products conteining the =CHC,H, group the 
vinylic proton resonance shows much the same 
chemical shift, whereas in cases where the 
phenyl group is on the a-carbon, this resonance 
is shifted to much higher field. The phenyl 
resonance is a broad multiplet centered at 67.49, 
and the phosphine methyl resonance as a 
1 :4 :  6:4: 1 pentet at  61.01 characteristic of 
mutually trans phosphine ligands. 

The reaction with CH=CCH,CH,OH gave a 
product whose proton spectrum showed a triple 
hydride resonance at  6 - 6.83, flanked by 
triplet satellites of one quarter intensity due to 
coupling with 195Pt ('J(Pt-H) = 616 Hz). The 
smaller triplet splitting of 18 Hz is indicative of 
coupling to two equivalent phosphines and this 
was confirmed by the characteristic 1 : 4 : 6 : 4 : 1 
pentet resonance observed for the phosphine 
methyl protons at  61.09. The a-alkoxy protons, 
-OCH,R, appeared as a 1 : 4: 1 triplet of triplets 
at 65.65 (21) due to coupling to 19'Pt (4~(Pt-H) = 

15 Hz). The smaller triplet splitting of 4 Hz is 
consistent with coupling to the two protons on 
the P-carbon. The a-carbene protons, -CCH,R 
appeared as a 1 :4:  1 triplet of triplets at 63.22 
due to coupling to I9'Pt (,J(Pt-H) = 14 Hz), and 
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to the two protons on the adjacent carbon 
(,J(H-H) = 1.5 Hz). 

The reactions of acetylenes with the plati- 
num(II) carbonyl cation gave products with the 
trans- geometry at platinum with non-activated 
acetylene or with mildly activated acetylenes, as 
is shown by the data of Table 4. Reactions with 
CH,C=CCH,, C , H j C ~ C C , H j ,  CH,CrCCO-  
OCH,, CF,C=CC,H, gave only the trans 
isomers as products, but with more activated 
acetylenes such as CH,OOCC=CCOOCH, and 
CF,C=CCF,, the cis isomers are the major 
products; from relative intensities in their nmr 
spectra, the relative amounts were, for CH,- 
OOCC=CCOOCH,, 12: 1 (cis: trans) and for 
CF,C_CCF,, no frans isomer was detected. 
Only for the unsymmetrical acetylenes CH,C= 
CCOOCH, and CF,CrCC,H,  does any ques- 
tion of the geometry of the vinylic group arise, 
since in all cases the 3 J ( ~ t - ~ )  and ,J(P-H) data 
clearly reveal both the tram (or cis) geometry at  
platinum as well as the cis arrangement of Pt and 
H about the C=C bond. For the product with 
CF,C=CC,H,, both the chemical shift (Table 4) 
for the CF, group and also the J(Pt-F) value of 
11 1 Hz are indicative of a stereochemistry with 
CF, on the %-carbon. The product with CH,- 
OOCCsCCH,  showed, in its proton spectrum, a 
coupling of 6.9 Hz between the methyl and 
vinylic protons consistent with an arrangement 
containing the methyl group geminal to the 
vinylic hydrogen. 

That the reactions of acetylenes with trurzs- 
[PtH(PEt,),(acetone)]'PF,- proceed via the 
same route established previously (4, 6) for 
olefins is demonstrated by the 'H nmr study of 
the reaction with 2-butyne in the presence of 
water. The presence of sinall amounts of water, 
which is a better donor than acetone, should 
allow species such as tratzs-[PtH(PEt,),(H,0)1' 
and its subsequent reaction products to be ob- 
served readily. Because of the close proximity of 
protons in the aquo ligand with the metal centre, 
they are extremely sensitive to changes in the 
metal coordination sphere, particularly to the 
ligand trans to the aquo ligand thus providing 
further information about the stereochemical 
course of the reaction. At - 60 "C, the 'H nmr 
spectrum (see Fig. 1) of this reaction mixture 
showed a broad resonance at 67.10 clearly attri- 
butable to coordinated H 2 0 ,  in addition to the 
expected resonances for the phosphine protons, 
for free water, and for 2-butyne. At high field, in 

addition to the hydride signal of trans-[PtH- 
(PEt3),(acetone)lt (6 - 24.71, 'J(P~H) = 1360 
Hz, 'J(PH) = 15 Hz), there was another signal at  
6 - 24.82 which was assigned to the hydridic 
hydrogen of f v a n s - [ ~ t ~ ( ~ ~ t , ) , ( H ~ ~ ) ] ~ .  At - 30 
'C, the signal of the coordinated water diminished 
in intensity, and a new resonance at 62.21 
developed with fine structure due to coupling to 
lg5Pt.  This could be assigned to coordinated 
2-butyne with 3J(PtH) = 21 Hz in the species 
trans-[PtH(PEt,),(C,H,)]+ (step 1 in Scheme 1). 
Its hydride signal appears at  6 - 12.06 with 
'J(PtH) = 1320 HZ, ,J(PH) = 13 HZ. At - 20 
"C, all the resonances associated with trans- 
[ ~ t ~ ( ~ ~ t , ) , ( a c e t o n e ) ] ' ,  trans-[PtH(PEt3),(H2- 
O)]' (66.72), and trans-[P~H(PE~,),(C,H,)]+ 
(62.16) could be observed, as well as new peaks 
at  65.50 and 67.20. The transient existence of the 
latter two peaks (see below) and the unusual low 
field of the latter lead us to assign them as the 
-C(CH,)=CH(CH,) and the coordinated 
water in c~s-[P~(PE~,),(CH,C=CHCH,)(H,O)]+ 
(step 3 in Scheme 1). At 10 'C, isomerization of 
the cis vinyl complex to the frarzs isomer occurred 
(step 4 in Scheme 1) as is evidenced by the gradual 
disappearance of the resonance at 67.20 and the 
simultaneous appearance of the resonance at  
66.18; the vinyl hydride signal also shifted to 
slightly higher field to 65.32. These changes in 
positions of the resonances are in accordance 
with the greater trans-influence of PEt, com- 
pared with that of a vinyl group or of water. At 
32 "C, the spectrum also showed the presence of 
fratzs-[Pt(PEt,),(cis-C(CH3)=CHCH3)iC4H6)]+, 
(H"5.32 with ,J(P~H) = 90 Hz, and C,H, 61.91 
with J(PtH) masked by the phosphine signals). 

This experiment thus provides conclusive 
evidence for an insertion process (Scheme 1) 
which is initiated by acetylene displacement of 
the trans ligand, in this case water and acetone. 
The detection of the existence of the thermo- 
dynamically less stable cis product, cis- 
[P~(PE~,),(~~S-C(CH,)=CH(CH,))(H~O)]~, im- 
plies a trans-to-cis isomerization (step 2, Scheme 
1) must have occurred. Interestingly, in this ex- 
periment we also observed interaction with a 
second acetylene unit in the formation of trans- 
[Pt(PEt3)z(ci~-(CH3)=cH(CH3))(C4H6)]'. 

Further evidence for this mechanism comes 
from the observation that the reaction of the 
hydrido cation with 3-butyne-1-01 gave the 
trans-hydrido carbene complex, the cyclic car- 
bene resulting from rearrangement of the co- 
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FIG. 1. Variable-temperature 'H nmr spectrum of a CD3COCD3,/H,0 solutior, containing trarzs- 
[PtH(PEt3)2(acetone)]+PF,- and 2-butyne. 
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H, /P A P \  ,H 
tmns-  ~ t +  c i ~ -  ~ t +  

P' ' c ~ H ~  P' ' ~ 4 ~ 6  

cis 

SCHEME 1.  Proposed mechanism for the reaction of PtH(PEt,),(H,O)'PF,- with 2-butyne. 

ordinated acetylene. I t  has previously been 
found that such carbene formation (for both 
cyclic and non-cyclic carbenes) occurs via co- 
ordinated acetylene intermediates for both 
Pt(I1) (22), and rhodium(II1) and iridium(II1) 
systems (23). 

In contrast, all currently available evidence 
indicates that the mechanism by which the 
carbonyi platinum(I1) cation undergoes insertion 
with acetylenes (except for the highly activated 
perfluorobut-2-yne and dimethylacetylene dicar- 
boxylate) must be described differently. Firstly, 
reactions with the hydrido(acetone)platinum 
cation require reaction times in the order of 
minutes, whereas hydrido(acetone)platinum ca- 
tions takes days for their completion. Secondly, 
the reaction products with the hydrido(carbony1) 
cation all retain CO as a ligand, and the final 
stereochemistry at  platinum seems to depend on 
the nature of the acetylene employed. Hence, for 
reactions of non-activated or only weakly- 
activated acetylenes with the hydrido(carbony1) 
cation where tram (at Pt) products are obtained, 
we conclude that five-coordinate, presumably tri- 
gonal bipyramidal lntermedlates (6) are involved, 

With C,F6 and dimethylacetylene dicarboxylate, 
reactions with the hydrido(carbony1) cation are 
slower than for the non-activated acetylenes, and 
cis-platinum alkenyl products, rather than trans, 
are formed. We therefore conclude that with 
these acetylenes, reaction may very well proceed 
via a four-coordinate cationic mechanism in- 
volving the displacement of C O  from the 
coordination sphere by the acetylene. This 
interpretation is supported by our observation 
that trans-PtH(PEt,),(acetone)'PF,- catalyzes 
the hydration of dimethylacetylene dicarboxylate 
in aqueous acetone solution to for111 dimethyloxo- 
succinate; trans-PtH(CO)(PEt,),+PF, shows 
the same catalytic effect when the reaction is 
carried out in an open atmosphere (under 
nitrogen purge), but the same compound is 
catalytically inactive in a closed atmosphere. 
This indicates that the active catalyst which is 
generated in an  open atmosphere does not con- 
tain a C O  ligand. We are currently studying 
further this interesting catalytic hydration reac- 
tion. 

Again, therefore, as is the case for olefin in- 
sertion, the nature of the ligand trar7s to hydride 
largely determines the mechanistic course of the 
insertion process. A readily displaced trans 
ligand results in an  insertion mechanism which 
proceeds via a four-coordinate intermediate, 
while a less readily displaced ligand such as CO 
requires the involvement of a five-coordinate 
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intermediate. However, the present results also 
indicate that the mechanistic pathway 1s also 
dependent on the nature of the acetylene. Be- 
cause of the better coordinating ability of some 
acetylenes (e.g. C,F,) compared with olefins, the 
normally less readily displaced CO ligand may 
also be displaced in certain cases. Other than 
this, the behaviour of acetylenes towards inser- 
tion into platinum(I1) hydrides and presumably 
other square planar d8 metal hydrides is essen- 
tially the same as that of olefins. 

Acknowledgement 
The continued financial support of the National 

Research Council of Canada is gratefully 
acknowledged. 

1. H .  C.  CLARK and W. S. TSANG. J .  Am. Chem. Soc. 89. 
529 (1967). 

2. H .  C.  CLARK. C .  R. ~ . A B L O S S K I ,  and C.  S. WOSG. 
Inorg. Chem. 14, 1332 (1975). 

3. H. C .  CLARK, C. R.  JABLONSKI,  J .  HALPERN. A. 
M s s r o v . ~ ~ ~ .  and T .  A. WEIL. Inorg. Chem. 13, 1541 
(1974). 

4. H. C. CLARK and C. S .  WONG. J .  Am. Chem. Soc. 96. 
7213 (1974). 

5. A.  J. DEEMING, B.  F. G. J O H ~ S O ~ .  and J .  LEWIS. J .  
Chem. Soc.  D. 598 (1970). 

6. H. C. CLARK and H .  K U R O S ~ W A .  Inorg. Chem. 11, 
1275 (1972). 

7. H. C.  CLARK and C.  S .  WONG. J .  Organomet. Chem. 
92. C31(1975). 

8. M. H. CHISHOLM and H.  C. CLARK. Inorg. Chem. 10. 
2557 (1971). 

9. H. C .  CLARK and R. J .  PUDDEPHATT. Inorg. Chem. 
10, 18 (1971). 

10. G. W. PARSHALL. Inorg. Synth. 12.27 (1970). 
11. M.  J .  CHURCH and M.  J .  MAYS. J .  Chem. Soc. A,  3074 

(1968). 
12. E. W.  RAXDALL and D. SHAW. Mol. Phys. 10. 41 

(1965). 
13. H. C. CLARK. K .  R. DIXON,  and W. J .  JACOBS. J .Am.  

Chem. Soc. 90, 2259 (1968). 
14. J. M. JENKINS and B.  L. SHAW. J. Chern. Soc. A,  770 

(1966). 
15. T. G. APPLETON.M. H. CHISHOLM, H .  C.  CLARK, and 

K. YASUFUKU. J .  Am. Chem. Sac. 96,6600 (1974). 
16. T.  G .  APPLEToS.M. H. CHISHOT M.  H.  C .  CLARK, and 

L .  E. MANZER. Can. J. Chem. 51.2243 (1973). 
17. M. A.  BENNETT, G. B. ROBERTSON, P. 0. WHIMP, 

and T. YOSHIDA. J .  Am. Chem. Soc. 95,3028 (1973). 
18. B. E. MANS, B. L .  SHAW, and N.  I .  TUCKER. J .  

Chem. Soc. A, 2667 (1971). 
19. B.  F. G.  JOHNSON, J .  LEWIS. J .  D. JONES. and K .  A. 

TAYLOR. J .  Chem. Soc. Dalton, 34 (1974). 
20. T. G. APPLETOS, H. C.  CLARK, and L. E. MANZER. 

Coord. Chem. Rev. 10.335 (1973). 
21. H. C. CLARK and W.  S.  TSANG. J .  Am. Chem. Soc. 89. 

533 (1967). 
22. M. H. CHISHOLM and H. C.  CLARK. Inorg. Chem. 10. 

171 1 (1971). 
23. H .  C.  CLARK^^^ K.  J .  REIMER. Inorg. Chem. 14,2133 

(1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Chemistry of metal hydrides. Part XX. The nature of the insertion rearrangement 
of acetylenes with platinum(I1) hydrides 

Depcrrtnzent of Chemistry, University of Western Ontario, London, Ont., Cnnndir N6A 3K7 

Received July 21, 1976 

T.  G .  ATT~G, H. C. CLARK, and C. S. WOKG. Can. J. Chem. 55, 189 (1977). 
The reactions of platinum(I1) hydrides, trans-PtHXL,, where X = NO3, Cl or CH,OH, 

and L = PEt, or tricyclohexylphosphine, with disubstituted acetylenes, R,C=CR,, have 
been examined under a variety of conditions. From spectroscopic parameters, the gross 
geometry at platinum as well as the geometry of the resulting alkenyl groups in the products 
have been determined. The observation that all alkenyl groups have a cis geometry is con- 
sistent with a migratory insertion step involving a four-centred transition state, in which the 
disposition of the acetylene relative to the Pt-H bond appears to be dependent on the Pt-H 
bond polarity. Evidence is presented to demonstrate that this polarity depends on several 
factors including solvent, and ligands on Pt(I1). For L = tricyclohexylphosphine, the oc- 
currence of a side reaction which competes with insertion and which leads to a Pt(0) acetylene 
complex is also demonstrated, and other interesting reactions are described. 

T. G.  ATTIG, H. C. CLARK et C. S. WONG. Can. J. Chem. 55, 189(1977). 
On a etudie, dans diverses conditions, les reactions des hydrures de platine(II), PtHXL, 

trnns (ou X = NO,, C1 ou CH,OH et L = PEt, ou tricyclohexylphosphine) avec les acetylenes 
disubstitues R,C-=CR,. En se basant sur des parametres spectroscopiques, on a determine, 
pour les produits, la geometrie globale au niveau du platine de mtme que la geometrie des 
groupes alkenyles rPsultants. Le fait que tous les groupes alkenyles possedent une geometrie cis 
est en accord avec une etape d'insertion migratoire impliquant un Ctat de transition a quatre 
centres dans lequel l'orientation de l'acetylene par rapport au lien Pt-H semble dependre de la 
polarite du lien Pt-H. On presente des donnees pour dimontrer que cette polarite depend de 
plusieurs facteurs incluant le solvant et les ligands attaches au Pt(1I). Pour L = tricyclohexyl- 
phosphine, l'existence d'une rCaction secondaire qui est en competition avec l'insertion et qui 
conduit a un complexe Pt(0) acktylene peut aussi ttre demontree et on decrit d'autres reactions 
intkressantes. 

[Traduit par le journal] 

Introduction 
In the preceding and earlier papers (1, 3), 

the mechanisms of insertion of olefins and 
acetylenes into the Pt-H bond of platinum(I1) 
hydrides have been discussed with particular 
reference to the stereochemistry a t  the platinum 
centre. Evidence has been presented for a 
mechanistic pathway which may involve either 
four- or five-coordinate intermediates, the 
determining factors being the nature of the 
ligand trnns to  hydride in the original reactant 
and the coordinating ability of the organic 
substrate. This pathway brings the hydridic 
hydrogen and the coordinated unsaturate into 
cis positions with respect to each other, and it 
is from this arrangement that the alkyl or 
alkenyl product is thought to be formed. In 
the absence of any direct evidence, it has 

'Present address: Department of Chemistry, Univer- 
sity of Kentucky, Lexington, Kentucky 40506. 

'Present address: Department of Chemistry, Univer- 
sity of Guelph, Guelph, Ont., Canada N1G 2W1. 

usually been assumed (4) that a simple four- 
centred transition state is involved. Recent 
semiempirical SCF-MO calculations ( 5 )  appear 
to be consistent with this, although unfortunately 
many of the models used for these calculations 
are inconsistent with recent experimental work 
(2, 6). The purpose of this paper is to present 
and discuss evidence concerning the nature of 
the actual insertion step and of the transition 
states that may be involved. The reactions of 
platinum(I1) hydrides with disubstituted acety- 
lenes are particularly valuable in this connection, 
in that their reaction rates can be conveniently 
followed, and also the nmr parameters of the 
resulting alkenyl derivatives allow their stereo- 
chemistry to  be readily determined. I t  follows 
that the cis or trans geometry about the C=C 
alkenyl bond, and the locations of the acetylenic 
substituents on the cr- and P-carbons of the 
alkenyl group, as well as the ligand and solvent 
effects on this stereochemistry, provide con- 
siderable information on the nature of the 
migratory insertion step. 
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TABLE 1. Analytical nmr spectroscopic and other parameters obtained 

Analytical data 

Calcd Found 
Gross M.P. 

Reaction R, R, Hvdriden Solventb geometryC Yield PC) C H Other C H Other 

1 CH, C6H5 1 MeOH frans 81 103-104 41.30 6.39 2.29(N) 41.70 6.55 2.24(N) 
MeODn 

2 CH3 CGHS 2 MeOH trans 60 104-105 43.18 6.68 6.08(C1) 43.55 6.60 6.22(C1) 

3 C6H5 CF3 I MeOH trans 81 140-143 37.96 5.46 38.24 5.73 

4 C6H5 CF3 2 MeOH trans 63 116-118 39.53 5.69 39.67 5.90 
MeODx 

5 C6H5 CsH, 2 MeOH trans 80 132-133 48.33 6.40 48.71 6.64 
MeODn 

6 CHI COOCH3 1 MeOH trans 71 132-134 34.46 6.29 34.90 6.38 
3 MeODX trans 

7 CH, COOCH, 2 MeOH cis 71 123-125 36.07 6.54 6.28(C1) 36.12 6.50 6.19(C1) 
MeOD 

8 CH, COOCH, I CoH6 cis Not isolated 

9 CF, CF3 I MeOH cis 76 121-123 29.27 4.76 29.56 5.07 
3 MeODX cis 

10 CF, CF3 2 MeOH cis 70 132-134 30.50 4.92 30.79 5.06 
2 MeOD 

11 COOCH3 COOCH3 I MeOH cis 48 115-116 33.96 5.86 34.68 6.23 
3 MeODX cis 

12 COOCHB COOCH, 2 MeOH cis 87 136-138 35.43 6.07 5.82(Cl) 35.99 6.08 5.98(Cl) 
MeODx 

13 CH3 CH3 3 MeOD" trans 80" 111-112 36.82 7.15 37.22 7.49 

14 COOCH, COOCH, 4 CH,C12 trans 806 257-258 53.98 7.87 53.66 8.02 

15 COOCH, C6H, 4 CH2CI, t ~ a n s  766 244-247 56 130 7 70 55 78 7 85 

16 COOCH3 CH3 
CH3 

COOCH3 4 CH,CI, fraris 75d 208-215 55 30 8 26 t 55 03 8 41 

17 CF3 ( 3 3  4 CH,CI, trans 56d 238 240 50 34 7 08 11 96(F) 50 38 7 22 11 99(F) 

18 CF, CGHS 4 CH2CI2 tram 646 128-135 56 15 7 54 5 92iF) 56 10 7 77 6 10(F) 

19 CH, C, H, 4 CH,CI, trans 77* 197-200 58 78f 8 46 58 83 8 40 . . - - 

O I  = t r a n ~ - P t H i F E t ~ ) ~ N O ~ ;  2 = t~arzs-PtH(PEt~)~Cl; 3 = t r an~-P tH(PEt~ )~ (h1eOD)~PF~- ;  4 = f r u ~ ~ ~ - P t H ( P c y ~ ) ~ ( M e 0 H ) + P F ~ -  
Vinyl products isolated as the chlorocomplex. 

bDeuterium exchange reactions: x = excl~ange, n = no exchange. 
=Geometry at Pt for insertion product. 
Qs chlorocomplex. 
Tmduct analyses as PtC1(Pcy,),[C(COOCH3) = CHC6H5].0.5CH2CI2. 
JProduct analyscs as PtCI(Pcy,),lC(CH,) = CHC,H,].CH,OH. 

Results and Discussion 
In addition to the reactions described earlier 

(I), we have now investigated a substantial 
number of reactions of disubstituted acetylenes 
with platinum(I1) hydrides. Table 1 gives details 
of some of the systems examined, the reaction 
conditions used and the yields and nature of 
the alkenyl products. The Pt(I1) hydrides used 
contained either triethylphosphine or tricyclo- 
hexylphosphine as ligand, the latter introducing 
additional steric constraints due to its size and 
also placing greater electron density on Pt 
because of its higher basicity. Both cationic and 

neutral hydrides were used, the latter having 
either NO,- or C1- as anionic ligand. 

As can be seen from Table 1, the yields of 
the alkenyl products are high, averaging about 
70-75% with few exceptions. The reasonable 
assumption is therefore made that these are 
generally clean reactions with the alkenyl 
insertion con~pounds as the only major products. 
The rates of these reactions vary substantially. 
For triethylphosphine cationic hydrides, inser- 
tion is often complete in less than 30 min, in 
contrast to the reactions of neutral chlorides 
where c o n l p l e t e  insertion may require 24 h. 
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ATTIG ET AL. 

the reaction trans-PtHL2X + RIC=CR, + PtL2X 

( R S )  

Nuclear magnetic resonance parameters 

Vinyl 
'9F 

6  ,J(PH) 4J(PH) Other Other &(re1 CFCI,) 

.64 91 .5  C H ,  62 .  22 ( ,  J(PtH)56.0)  

75  90 .0  C H ,  62.27(3J(PtH)56.5)  

.85 102.0 1 . 2  ,J(HF)9.6 

.97 98.5 1 .2  )J(HF)3.8 

18 88 .0  4J(HH)1 .2  C O O C H ,  63 .68;  C H 3  62.63 (3J(PtH)53.2) 

.22 43 .7  10.6 4J(HH)1 .6 C O O C H ,  63 .66;  C H ,  62.70(3J(PtH)26.7,4J(PH)6.7,4J(HH)1 . 6 )  

42 38.5 10.0 S J ( H H ) l  . 6  C O O C H ,  63 .46;  C H ,  62.46 (V(PtH)27,1J(PH)6.4) 

24 56.6 9 . 5  ,J(HF)9.5 

18 5 5 . 6  10.0 C O O C H ,  63 .82;  63.70 

5 1 V 0 8 . 5  ,J(HH)6.5 C H ,  61 .96( ,J(PtH)54);  C H ,  61.66 
' J ( H H ) l ;  5  

12 102 1.3 C O O C H ,  63.60;  63.67 (sJ(PtH)3 .O) 

64 107 C O O C H ,  83.53 ( jJ(PtH)3.0)  

76 98 ,J(HH)7 C O O C H ,  63.52 
25 83 C H ,  62.64 (3J(PtH)48);  C O O C H ,  63.52 

~. 
01 101 J (HF)  10 -49.80 (3J(PtF)138,sJ(FF)12); -57.75 

92 100 -45.85 (,J(PtF)143.5) 

59 88 C H ,  62.33 ("(PtH)52) 

More electron-withdrawing substituents on the 
u 

acetylene generally accelerate the insertion 
process. 

The arguments given below depend critically 
on the determination of the stereochemistry 
of each reaction product. For these Pt(1I) 
alkenyl derivatives, such stereochemical deter- 
mination can be achieved unambiguously on  
the basis of the observed nmr parameters, in 
terms both of cis or  t r a m  geometry about 
platinum and of the cis or  trans disposition of 
Pt  and H in the alkenyl group. 

Consideration of 3 ~ ( P t H )  and 4J(PH) data 

distinguishes clearly between the four isomeric 
possibilities. We have been able to prepare (7) 
the four possible isomers from the insertion of 
dimethylacetylene dicarboxylate with Pt(I1) hy- 
drides, and the data shown in Table 2, together 
with previously published values (8-ll), allow 
a ready determination of stereochemistry. 
Additional information can also be obtained 
from the relative intensities of the P-CH2CH, 
quintet signals (8, 12-14) and in favorable cases 
the couplings of Pt  and P with protons on the 
a-carbon help to confirm stereochemistry. 
Table 1 contains the nmr data on which the 
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stereochemical conclusions are based. The 
question of kinetically or thermodynamically 
controlled products has been discussed in the 
preceding paper (1). We further note that al- 
though cis-to-trans isomerization (about the Pt  
centre) of the complexes in solution can be 
achieved by heating, no isomerization of the 
vinylic groups of the complexes shown in Table 2 
has been observed even after heating in benzene 
at  70 "C for 3 days. It is, therefore, concluded 
that the geometry of the vinylic group is kinet- 
ically (rather than thermodynamically) con- 
t r ~ l l e d . ~  

In considering the nature of the insertion step, 
[I], two models may be proposed which rep- 

resent the extreme descriptions of the transition 
state. In the first model, the commonly held 
assumption is made that the Pt-H bond re- 
mains intact while the appropriate geometry of 
the transition state is attained. This suggests 
(but does not necessarily require) a four-centred 
transition state, 1. 

In all of the reactions described earlier (I), 
as well as those given in Table 1, the alkenyl 
groups have cis dispositions. Thus, in Table 1, 
for trans (at Pt) complexes, 3J(PtH) is in the 
range 83-108.5 Hz and for cis (at Pt) com- 
plexes, the corresponding range is 38.6 to 
61.8 Hz. These values taken in conjunction 
with the related 4J(PH) values, and by com- 
parison with the data of Table 2, confirm the 
cis stereochemistry for the alkenyl group. 
This is consistent with a four-centred transition 
state, although not proof of it. It is interesting 
that a recent theoretical study (5) of the ethylene- 

31ntramolecular (C=C) isomerizations have been ob- 
served for several vinylic Rh(I1I) complexes (15). But 
their rearrangements corresponded to a cis-to-trans 
isomerization only and required up to 24 h reaction 
time. This result is, therefore, not in conflict with our 
conclusion that the cis geometry of the vinylic groups 
in our isolated products are kinetically controlled. 

TABLE 2. Coupling constant data for 
PtCl(PEt:),(C(COOCH,)=CH(COOCH:) 

Isomer 3J(Pt-H) 4J(P-H) 

platinum hydride insertion, despite weaknesses 
in the choice of models, also suggests the like- 
lihood of a four-centre transition state. 

For a disubstituted acetylene inserting into 
Pt-H via such a transition complex, the dis- 
position of the acetylenic substituents in the 
alkenyl product would then depend primarily 
on the polarity of the Pt-H bond. Since in the 
majority of products described in Table 1 the 
more electron-withdrawing acetylenic substituent 
is placed on the P-carbon, polarization of the 
transition state may be described by 2. 

However, our data show that there are three 
circumstances under which the reverse con- 
figuration of the alkenyl group with the more 
electron-withdrawing substituent on the a-car- 
bon may be obtained. 

Firstly, this occurs, for example, in the in- 
sertion (1) of C H 3 0 0 C C ~ C C H 3  or CF,C_ 
CC,H, with trans-[PtH(PEt,),(CO)]PF,. Since 
in these reactions CO remains on Pt during the 
insertion, a five-coordinate intermediate must be 
involved and in contrast to those cases involving 
a four-coordinate intermediate these ligands 

b 

including CO must place much greater electron 
density into the platinum center. 

Secondly, with tricyclohexylphosphine as 
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ligand, the alkenyl group tends (reactions 15 and 
18 of Table 1) to have the stereochemistry with 
the more electron-withdrawing acetylenic sub- 
stituent on the a-carbon. Thus from CH,C_ 
CCOOCH, and trans- [PtH(Pcy,),(MeOH)]PF, 
in dichloromethane a mixture of the two isomers 
is obtained, while with C F 3 C ~ C C , H ,  the only 
product has CF, on the %-carbon. Since tri- 
cyclohexylphosphine is more basic than tri- 
ethylphosphine (16), it will increase the electron 
density on platinum as did CO in the previous 
case. These two effects indicate that with ligands 
placing increased density on to platinum, a 
reversal of polarity may occur leading to 
formation of the other alkenyl isomer. 

pt6+--.-Hci- Pt H 
[ 2 ]  P~<$+H&- + R C ~ C R '  -+ I - + -  n 

/ 
C-=C R R' 

R 'R' 

R = COOCH,. or CF, 

The third exceptional circumstance leading 
to this configuration of the alkenyl group ap- 
pears to be caused by either an anion or solvent 
effect. An examination of Table 1 and of 
previous data (1) shows that for all neutral 
hydrido-complexes (i.e., X = C1 or NO,) the 
resulting alkenyl product always has the more 
electron-withdrawing acetylenic substituent on 
the (3-carbon. On the other hand, for these 
neutral complexes the rate of formation of the 
insertion product does show some solvent 
dependence; CH,C_CCOOCH, and trans- 
[PtHCI(PEt,),] react completely within 24 h in 
methanol, 7 days in CHCI,, but scarcely react 
at  all in acetone, even over a period of 2 weeks. 
We have no obvious explanation for this unusual 
effect in acetone. 

For cationic hydrido complexes, with me- 
thanol or DMSO as solvent, the same geometry 
of the alkenyl product is obtained as for the 
neutral complexes, but in acetone or methylene 
chloride, some of the alkenyi product has the 

reversed geometry with the more electron- 
withdrawing substituent on the a-carbon. Ob- 
viously, charge separation is less favoured in 
non-polar solvents, so that the Pt-H bond is 
less polarized, resulting in less selective in- 
sertions. The presence of coordinating anions 
may also play a role in affecting the polarity of 
the Pt-H bond, and we tentatively attribute 

6 -  6 +  
this to an ion-pairing effect, Pt-H-CI-. 

It is interesting that in protonation studies of 
Pt(PPh,),(CH,C=CC,H,), Shaw and co- 
workers report (9), without comment, the forma- 
tion of the two alkenyl derivatives containing 
Pt[C(CH,)=CHC,H,] and Pt[C(C,H,)=CH- 
CH,1. From our results as described above. it 
is c&ar that by appropriate ligand and solvent 
changes the polarity of the Pt-H bond can 
be readily reversed so that the formation of 
one or other alkenyl isomer can be achieved 
in a controlled fashion. 

The second model for the insertion step in- 
volves actual migration of the hydridic hydrogen 
to the coordinated acetylene. In its extreme 
form, it could be regarded as a stepwise process 
involving prior cleavage of the Pt-H bond. 
Such bond cleavage might be heterolytic or 
homolytic; the latter possibility will be con- 
sidered in a later paper. 

That facile Pt-H cleavage may occur in the 
course of such insertion reactions can be demon- 
strated from reactions 1 and 2 of Table 3. In 
particular, treatment of trans-[PtH(Pcy,),(Me- 
OH)]PF, with CF,C_CCF, or H 3 C O O C C ~  
CCOOCH, was found to be markedly solvent 
dependent. In dichloromethane the cis-alkenyl 
insertion product is obtained, but in a 1 :8  
dichloromethane : methanol mixture the plat- 
inum(0) acetylene complex, (Pcy,),Pt(RC=CR), 
R = CF,, or COOCH,, is immediately pre- 
cipitated. If this precipitate is not removed and 
more dichloromethane is added to the solvent 
mixture, the precipitate re-dissolves and the 
final product is the expected cis-alkenyl insertion 
derivative. 

Pt(Pcy,):(RC=CR) + H+ + PF, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 3. Reactions of tvan~-PtH(cH,oH)(Pcy~)~PF~ with R1C=CR2 in methanol 

Analyslr 

Calc. Found Nuclear magnetlc resonance pdrameters 
Y~eld MP 

No. R, RZ Product (%) ("C) C I1 F C H F ' H lYb 

1 COOCH3 COOC113 Pt(PCy,)2[CH,COOC= 81 212-215 56 17 8 08 56 11 8 33 63 77s, COOCH, 
0 

CCOOCH31 % 
2 CF3 CF3 P l(PCy,)l[CF3C=CCF3] 81 52 34 7 25 12 42 53 38 8 10 12 40 652 65, CF,, J(Pt-F) 58 8 Hz, + 

J(P-F) 9.8 HL n 
3: 

3 CF3 C,H, trunePtIl(PCy,),[C- 70 210-211 54 12 7 44 5 46 54 59 7 56 5 32" 6- 10 36, Pt- H, J(Pt-H) 620Hz, 646 36, CF, J(P1-F) 101 5 IIz, 

(CF,)-C(OCHJCF,I J(P-H) 16 Hz, J(I(I1F) 3 Hz J(F-H) 3 IIz l2 
63 46s, OCH, C 

0 
4 CH3 CH, ~ ~ ~ ~ A - [ P ~ H ( C H ~ C = C C H ~ ) -  92 153-157 50 25 7 70 50 12 7 74 b- 11 53, Pt-H, J(Pt-1-11 1300 Hz, r 

(PCy,),lPF, J(PH) 14 H r  VI VI 

5 COOCH, ChHS C6HSCOCH2COOCII-I 67 41 5 66 68 11 6 10 h k ~ ~ ~  b3 97s, CH3, 63 72s, COOCH3 - 
en01 612 45s, OH, 65 63s CH, w 

4 -1 

b3 72s, COOCH, 
I, and E, C6H,C(OCH3)- 68 74 6 30 68 64 6 53 65 45s olefinlc CH, 63 78s, 

CIICOOCH, 63 68 OCH? 
b5 18s olefin~c CH, 63 735, 

63 53s OCIf, 

"As the CH2CI, solvate 
b79% keto, 219, cnol 
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Also, although trans-[PtH(Pcy3),(MeOH)lt in 
methanol-d shows no H-D exchange over a 3 h 
period, when the above reaction with H3- 
COOCCECCOOCH, is carried out in a 1: 1 
mixture of CH,OD and CH,CI, (the composi- 
tion of the solvent mixture chosen so as to 
prevent actual precipitation of the Pt(0) acetylene 
complex) the cis-alkenyl insertion product has 
an 85 % deuterium incorporation. 

An obvious interpretation is that the in- 
sertion process occurs by a sequence of steps 
involving (a) reductive elimination of H +  and 
formation of the Pt(0) complex, (b) rapid 
H-D exchange between the H t  and the deu- 
terated methanol solvent, (c) protonation of the 
coordinated acetylene to give the alkenyl 'inser- 
tion' product. The insertion 'step' is then the 
summation of a series of reactions and does 
not involve a four-centred transition state. It is 
by no means clear, however, that the conversion 
of the Pt(0) complex to the cis-alkenyl product 
involves protonation of the coordinated acety- 
lene; it is at least equally probable that protona- 
tion involves reformation of the Pt-H bond 
and that insertion occurs onlv via a four centre 
transition state to give the cis-alkenyl product. 
This would also imply that in the majority 
of cases an equilibrium exists between the 
hydrido(acetylene)platinum(II) cation and the 
platinum(0) acetylene complex, and that the 
low solubility of the latter compound favors 
its precipitation in methanol-rich solvent mix- 
tures. 

[5]  [PtH(Pcy,),(RC'CR)]PF, * 
1 Pt(Pcy,),(RC=CR) 4 H- + PF, 

[6]  [P~(CR=CHR)(S~IV~~~)(P~),)~]PF, 

Although the starting compound of equili- 
brium [ 5 ]  has the trans configuration, this 
geometry at platinum is not necessarily re- 
generated in the protonation of the Pt(0) 
acetylene complex, nor does the product of [ 6 ]  
necessarily have the trans geometry. 

This is consistent with other results given 
in Table 1 concerning acetylene insertions con- 
ducted in methanol-d. While none of these 
hydridoplatinum(I1) species undergo H-D ex- 
change themselves with methanol-d, the presence 

of acetylene does induce such exchange but only 
in some instances. As Table 1 indicates, for 
such systems with C F 3 C ~ C C , H , ,  CF,C= 
CCF,, CH3C~CCOOCH, ,  or C H 3 0 0 C C ~  
CCOOCH,, H-D exchange was essentially 
complete (i.e., D incorporation into the alkenyl 
group better than ca. 90%)  but for acetylenes 
such as C H 3 C ~ C C , H , ,  C,H,C=CC,H,, or 
CH3C=CCH3, no such exchange occurred (i.e., 
D incorporation into the alkenyl group less 
than ca. 10%). Apparently, the generalization 
can be made that H-D exchange only occurs 
in those systems in which the acetylene has 
electron-withdrawing substituents. This can be 
explained in terms of the equilibria: 

The presence of acetylenic electron-withdrawing 
substituents assists in the stabilization of both 
hydridoacetylenic cations and of Pt(0) acetylene 
complexes, thus pushing the overall equilibria 
in the direction most favorable for H-D ex- 
change with the methanol-d solvent. For the 
reactions described above involving tricyclo- 
hexylphosphine hydrido cations, not only are 
the acetylenes strongly electron-withdrawing, 
but also the low solubilities of the corresponding 
bis(tricyclohexylphosphine)acetyleneplatinum(0) 
complexes push the equilibria to the right 
favoring extensive H-D exchange. With regard 
to the actual insertion process then, such forma- 
tion of Pt(0) acetylene complexes appears to 
represent only a side reaction which is relatively 
unimportant in terms of the mechanism of 
formation of alkenyl insertion products. 

For the tricyclohexylphosphine complex a 
number of other interesting react~ons were 
observed. With 2-butyne, in dichloromethane, 
reaction (see Table 3) with trans-[PtH(Pcy,),- 
(MeOH)]PF, gave the hydrido(acety1ene) cation, 
trans- [P~H(PC~,)(CH,C_CCH,)]~. In the pre- 
ceding paper (I) ,  we reported that wlth tri- 
ethylphosphine hydridoplatinum(l1) species, the 
existence of the analogous hydrido(acety1ene) 
cation could only be observed at low tem- 
perature. In the present case, presumably the 
steric bulk of the tricyclohexylphosphine ligands 
stabilize the hydrido(acety1ene) species. Presum- 
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ably, also, insertion proceeds via the previously 
described mechanism involving an isomerization 
to the cis-platinum complex and insertion to the 
alkenyl product. Since platinum(I1) species 
are known (19) with two tricyclohexylphosphine 
ligands in approximately cis positions, the bulk 
of the phosphine might well slow this trans-cis 
isomerization but not totally prevent it. The 
formation of a Pt(Pcy,),(acetylene) complex 
and its recombination with Hf possibly provide 
a route for the trans-to-cis isomerization of the 
PtH(Pcy,),(acetylene) con~plex. If this is the 
case, then the inability of CH,C=CCH, to 
insert is because of its inability to form the 
Pt(0) acetylene complex. It is interesting also 
that reactions in methanol-rich solvent mixture 
of trans-[PtH(Pcy,),(MeOH)]+ with CH,C= 
CC6Hj and CH3CrCCH3 gave only starting 
materials. This is consistent with the relatively 
low donor properties of these acetylenes and 
their inability to displace methanol from 
platinum. 

In 1 : 8 dichloromethane methanol mixtures, 
the reaction of tmi~s-[PtH(Pcy,),(MeOH)]PF, 
with C 6 H , C ~ C C O O C H 3  led to interesting 
products (Table 3). An approximately 25-fold 
excess of the latter acetylene was converted at 
room temperature to a mixture of E and Z 
isomers of C6Hj(CH30)C=CHCOOCH,, and 
C6H,COCH,COOCH3. The mode of formation 
of the latter compound as well as its abundance 
relative to the other purely organic products 
have yet to be determined. However, it is clear 
that the above two olefinic isomers result 
from the catalyzed addition of methanol and 
water to the acetylene. The platinum-containing 
catalyst is recovered as 

with the final addition of NaCI. This catalyzed 
conversion of the acetylene therefore appears 
to be essentially quantitative other than the 
amount consumed in the Pt(I1)-alkenyl forma- 
tion. At the present stage, the efficiency of the 
original hydride as catalyst has yet to be deter- 
mined and indeed the fact that the actual catalyst 
is the original hydride must be verified. Similar 
behaviour is observed for reactions with C H , C e  
CCOOCH,, while using ethanol rather than 
methanol appears to lead to the ethoxy an- 

alogues. Work on these reactions is continuing. 
In this connection, it is interesting to note the 
formation of trans-PtH[C(CF,)=C(OCH,)(C,- 
H,)(Pcy3), from the reaction of the cationic 
hydride with CF,C=CC6Hj in methanol. This 
presumably results from nucleophilic attack 
on the coordinated acetylene and is comparable 
to the analogous reactions (18) of cationic 
methylplatinum(I1) species. 

Experimental 
The general procedures and instrumentation cmployed 

in these studies have been described previously (see, 
for example, refs. 3, 8, and 11). Previously reported 
methods (17, 19) were used for the preparation of trans- 
[PtHCI(PEt3),] and trans-[PtHC1(Pcy3),]. The source 
and method of purification for each acetylene were as 
follows: CF,C-CC,H5 was prepared and purified as 
described (20); CH,C=CCOOCH, was obtained by the 
methylation of tetrolic acid (Farchan) with methanol 
using sulfuric acid as catalyst and was purified by dis- 
tillation under partial vacuum and characterized by 
nmr; CF3C=CCF, (PCR Inc.) was used without further 
purification; CH3C=CC,H5 and CH,OOCC-CC00- 
CH, (Aldrich) were distilled before using, and PhC= 
CPh was purified by recrystallization from methanol; 
2-butyne was kindly provided by Dr. K. Yasufuku. 

Preparation of Pt(alkenjb/) CI(PEt,), Deriuatices 
To a solution of 150 mg of trans-PtHCI(PEt,), in 

1 ml of methanol was added two- to three-fold excess 
of acetylene. After 24 h, the solution was evaporated to 
dryness and the residue recrystallized from an ap- 
propriate solvent mixture (CH3C=CC,H5, ether/ 
hexane; CH3C-CCOOCH,, methanol/ether/hexane; 
C6H,C--CC6H5, methanol; CH300CC-CCOOCH3, 
methanol/ether/hexane; CF3C-CC6H5, methanol/pen- 
tane). 

Preparation of ~ ~ ~ ~ S - P ~ ( C H ~ C = C H C H ~ ) C I ( P E ~ ~ ) ~  
246 mg of t t~ns-PtHCl(PEt~)~ In 9 ml of methanol was 

treated with 126 mg AgPF, In 1 ml of methanol. The 
wh~te precipitate of AgCl was separated by centrifugation. 
Excess of 2-butyne (70 yl) was then added. After 1 h, the 
reaction mixture was quenched with an aqueous methano- 
Ilc solution of NaCI. The solution was evaporated to 
dryness under vacuum, extracted with ether and passed 
through a short florisil column. Recrystallization in 
acetone/H20 yield ~~~~s-P~(CH,C=CHCH~)CI(PE~~)~ 
as white crystals 220 mg (80Y,). 

Preparation of cis-Pf (CF3C=CHCF3) X(PEt,) , (X = CI 
or NO3) 

C4F, was passed into a solution of 150 mg of trans- 
PtHX(PEt3), in methanol for 5 min. Evaporation of 
the solvent after 3 h (X = CI; + h for X = NO3) gave 
white crystals which were recrystallized from methanol/ 
etherlhexane (for X = C1; CH,Cl,,/ether for X = NO3). 

Preparation of Pt  (alkenyl) NO, (PEt3) 
To a solution of 150mg of trans-PtH(N03)(PEt3) 

in 1 ml of methanol was added 1 equivalent of acetylene. 
After f h, the solution was evaporated to dryness 
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under vacuum and chromatographed through a florisil 
column with benzene. After evaporation to dryness under 
vacuum, the residue was recrystallized from an ap- 
propriate solvent mixture (for CH3C-CCOOCH3, 
CH2Cl,/ether/hexane, for CH,00CC=CCOOCH3, me- 
thanol/ether/hexane; for CH3C=CC,H,, etherlhexane; 
for CF3C=CC6H,, methanol). 

Preparation of PtCl(CRl=CHR2) (Pry,), 
To a solution of 250 mg of t r a n s - P t H ( P ~ y ~ ) ~ ( C H ~ -  

OH)PF, (prepared from trans-PtHC1(Pcy3), as pre- 
viously described (16)) in 5 ml CH,C12 was added 1 
equivalent of acetylene. After being stirred for 1 h, 
a methanolic NaCl solution was added and the solvent 
was removed. The product was extracted with CH2C12, 
and precipitated as white crystals upon the addition of 
hexane or methanol. 

Preparation ofPtCI(CF3C=CHCF3) (Pry,), 
In a thick-walled nmr tube containing 200 mg of 

~ ~ ~ ~ S - P ~ H ( P C ~ , ) ~ ( C H ~ O H ) P F ~  in 0.5 ml CH,CI,, were 
condensed 2 equivalents of hexafluoro-2-butyne at 
-196'C. The tube was sealed and allowed to warm 
to room temperature and to stand for 12 h. After similqr 
working with methanolic NaCl the white crystals af 
PtCI(CF,C=CHCF,)(Pcy,), were obtained upon addi- 
tion of methanol. 

Prepnration of PtIPcy,) (CF,C=CCF,) 
In a thick-walled nmr tube containing 200 n ~ g  (0.252 

mmol) of trans-PtH(Pcy3),(CHjOH)PF6 in 0.25 ml 
CHZCL, and 1 ml C H 3 0 H  was condensed 1.5 equivalents 
of hexafluoro-2-butyne at - 196 'C and the tube sealed. 
After standing at room temperature for 1 day the tube 
was opened. and the solution concentrated to afford 
196mg (81%) of white crystals of Pt(Pcy,),(CF,C= 
CCF,); V ( C = C ) ~ ~ ~ , , ~  1727 cm-I. 

Prepnratiorr of P t  (Pcy,) (CH, CO, C=CCO, CH3) 
To a solution of 100 mg (0.126 mmol) of trans-PtH- 

(Pcy,),(CH,OH)PF, in 1 ml CH,CI, and 10 ml CH,OH 
were added 15.5 p1 of dimethylacetylenedicarboxylate. 
After 5 rnin the product began precipitating from the 
solution as white crystals. Recrystallization from CH,- 
C12-hexane afforded 91.7 mg (81%) of Pt(Pcy,),(CH,- 
COzC=CCO2CH,) v(C=C)~,~,, 1768cm-', v(C0) 
1677, 1693 cm-'. 

When CH,CI, is added to the reaction mixture, after 
precipitation of Pt(Pcy3),(CH3C02C=CCOzCH3), to 
redissolve the precipitate and the solution allowed to 
stir for 2 h, the vinylic product trcms-PtCl(C(C02- 
CH3)=CHC02CH3)(Pcy3)2 is obtained after methanolic 
NaCl workup. 

Prepurntion of' trans-PtCl(C(C02CH3)=CDCOZCH3)- 
(PCJ'~ z 

To a solution of 177 mg trnns-PtH(P~y,)~(CH,0H)- 
PF6 in 1 ml CH2CI, and 2 rnl C H 3 0 D  were added 1 
equivalent of dimethylacetylenedicarboxylate. After 
stirring for I h the reaction mixture was quenched with 
methanolic NaCl and worked up as above to afford 
151 mg (85%) of trans-PtC1(C(C0,CH,)=CDC02CH3)- 
(Pcy,), containing 8 5 z  deuteriuni on the P-carbon at 
the vinyl group as determined from relative intensities 
in its 'H nmr spectrum. 

Preparation of trans-PtH(C(CF,)=C(OCH3/ (C6H5))- 
(PCY 3 I 2 

To a solution of 295 mg of trans-PtH(Pcy3)2(CH30H)- 
PF6 in 2 ml CH,CI, and 6 ml methanol was added 1 
equivalent of CF3C-CC6H5. The solution was allowed 
to stir for 2 days during which the product slowly 
precipitated from the solution. The solution was con- 
centrated slightly and the white crystals filtered to 
afford 329 mg (70%) of tmns-PtH(C(CF3)=C(OCH3)- 
(CeH5))(Pcy,)2.CHzCI2. v(Pt-H)~,~,l 2071 Cm-'. 

Preparation of itrans-PtH(CH3 C-CCH,) (Pcy,) 2~ PF6 
A suspension of 236mg of trans-PtH(Pcy,),(CH,- 

OH)PF, in 5 ml 2-butyne was stirred for 2 days. The 
white crystals were filtered to afford 223 mg (92%) of 
~ ~ ~ ~ s - P ~ H ( C H ~ C - C C H , ) ( P C ~ ~ ) ~ P & .  v ( P ~ H ) ~ ~ , ~ ~  2206 
cm-l.  

Reactron of CH3C02C=CC6H5 ~ t h  ti ans-PtH(Pcy3) 2-  

(CH, OH) PF6 1n CH30  H 
To a solutlon of 200mg of trans-PtH(Pcy3),(CH3- 

0H)PF6 In I nil CH,C12, 10 ml CH,OH, was added 
4 ml of CH,GO,C-CC,H5 and the solut~on was allowed 
to s t ~ r  at room temperature for 4 days The solvent was 
removed and the organlc products were vaccum dlstllled 
from the resldue at 88 C to afford a mixture of methyl 
benzoylacetate and Z and E methylmethoxyclnnamate 

Deuteriilni Exchan~e Experinlents 
~ ~ U ~ ~ - P ~ H ( P E ~ ~ ) ~ ( M ~ O D ) P F ,  was prepared by the 

addition of 1 equivalent of AgPF, to a solution of trans- 
PtHCI(PEt,), in methanol-d. After the removal of the 
AgCI, slight excess of acetylene was introduced. After 
I h the reaction mixture was evaporated to dryness 
and its nmr spectrum recorded in CDCI,. The absence 
of an alkenyl proton signal in the product spectrum in- 
dicated exchange. 

The exchange reactions of the nitrato and chloro 
complexes were carried out as described above for the 

preparation of the corresponding vinyl complexes 
except that methanol-d was used instead of methanol. 
The nmr spectrum was recorded in CDCI,. 
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The silver-pyraaole electrode and its application to determine the stability 
of Cd(I1) , Zn(I1) , Ni(PI), Co(I1) pyrazole complexes 

MARIE-JOS~ BLAIS A N D  GUY BERTHON' 
Laborntoire de Thermodyizamiyue Cl~irnique et Electrochimie de I'Unii,ersitr', 40, Avenue du Rectelrr Pinenu, 

86022 Poitiers, Frciizce 
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MARIE-Jose BLAIS and GUY BERTHON. Can. J. Chem. 55, 199 (1977). 
The silver-pyrazole metal-complex electrode was investigated and used to determine free 

concentrations of pyrazole in the presence of Cd2+ ,  Zn2+,  Ni2+,  or Co2+ ion, under different 
pyrazole/divalent metal concentration ratios. The stability constants of the complexes formed 
between these ions and pyrazole were calculated. 

MARIE-Jose BLAIS et GUY BERTHON. Can. J. Chem. 55,  199 (1977). 
L'electrode metal-complexe argent-pyrazole a ete etudiee et utiliske pour determiner les 

concentrations de pyrazole a 1'Cquilibre en presence des ions Cd2+,  Zn2+,  Ni2+,  Co2+,  pour 
differents rapports de concentrations globales ligand/mttal divalent. Les constantes de stabilite 
des complexes formes entre ces ions et le pyrazole ont ete calculees. 

I[nh.oduction TABLE 1. Application of the silver-pyrazole electrode 

The proton ionisation constant of pyrazole is to some pyrazole deteriinations 

low (pK, about 2.5 (1)) and hence its determina- 
tion in solution is not easy by means of classical EE~I-EEIO~ C A  x lo3 C~ccaic.) x lo3 A C ~ / C ~  

(mV) (moll-') (moll-') acid-base titration. 
(%I 

Indeed, two kinds of difficulties appear in such 
a case: the first arises from the closeness of the 
pK, to the acidic p H  limit of the solution, which 
reduces the possibility of accurate determination 
of the equivalence volume, even if the Gran 
procedure is used; the second is occasioned by 
the poor reproductibility of glass electrode 
measurements in the very acidic medium ob- 
tained at the end of the titration. In partially 
aqueous or non-aqueous solvents, the problem 
is stili more complicated because of the necessary 
choice of an appropriate p H  scale. 

The usefulness of a selective electrode, which 
could be directly used as an indicator of pyrazole, 
is therefore evident. 

In the present work, such an indicator is the 
Ag/Ag+, pyrazole electrode. 

First, we calculated the stability constants of 
the complexes formed between silver ion and 
pyrazole, which characterize the standard po- 
tential of this electrode. Then, we tested the 
reliance of the method by verifying its accuracy 
in some determinations of pyrazole in solutions 
of known titre. 

Finally, we determined free concentrations of 

'To whom correspondence should be addressed. 
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pyrazole in the presence of Cd2 + ,  Zn2+,  Ni2+, or Co2 + ion, and computed the stability constants of 
the complexes formed in these systems. 

Theoretical Considerations 
Let us consider the electrochemical equilibrium of a metal M with a solution including MZ+ ions 

of this metal and a ligand A, which are liable to form complexes between themselves. They define 
the following electrode 

[I] M/MZ+ ,A 

which is reversible to the metal ions. 
The related potential may be expressed by 

or writing the free metal ion concentration in terms of 

where [Mz+],, [A], and P, represent the total metal ion concentration, the free ligand concentration, 
and the stoichiometric stability constants, respectively. 

If [MZi], is <<< [A], then [A] - [A], and eq. 3 may be rearranged to give 

Thus the electrode may be considered to be reversible to the ligand under consideration and may be 
used as a ligand indicator electrode. 

From a practical point of view, one may consider a concentration cell of the type 

151 M/MZ-,A/JMz+/M 
1 2 

the emf of which may be expressed by 

If [M2'+] = [MIZf],, then 

c71 
RT " 

El = E2 - -111 C Pn[AITn 
zF 

From that last equation, it appears (on condition that [M''], << [A], and the P,, constants are 
known for a known temperature, solvent and ionic strength) that the electrode 

can be used to determine any concentration of the ligand A, in the range of [A], where the complexa- 
tion of M with A is significant (E > 0). 
The Silver-Pyrazole Electrode 

In order to determine the characteristic equilibrium constants of the silver-pyrazole electrode, 
the following cells were studied 
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BLAIS AND BERTHON 

Ag/Ag + ,KN03/:KN03//KCI/HgzC1Z-Hg 
(0.5 M) (sat) (sat) 

[lo] Ag/[Ag(pyra~ole)~]+ ,pyra~ole,KN0~//KN0~~/KClIHg~Cl~-Hg 
(0.5 M) (sat) (sat) 

The total silver concentration, C,,, was the same in eqs. 9 and 10, and remained always negligible 
in regard to that of pyrazole, C,. 

The temperature of the cells was controlled under the limits of 25 & 0.05 "C.  
Potential measurements were made by means of a Beckman Research pH-meter, the precision of 

which was k0.05 mV. This apparatus was equipped w ~ t h  a Beckman sllver electrode No. 39261 
D7 and a Beckman calomel electrode No. 4970. 

Determination of the Stability Co~zstmzts of the Silrer-Pj,razole Sq'stem 
A total silver concentration of 10-' M was used, whereas the total concentrations of pyrazole 

varied from to 3 x M. 
The formation constants obtained by means of the Leden method (8) are 

log PI  = 2.1 10 + 0.005 

log f i ,  = 4.235 i: 0.005 

which may be compared with 2.04 and 4.45 (7),  that were determined in water-ethanol 20% solvent, 
at the ionic strength of 0.1 M KNO,. 

Testing of Applicability of the Electrode. Titration of Pyrazole Solzctions 
Equation 7, which may be rewritten in the form 

and the previously determined values of P I  and P, were used to determine a series of pyrazole con- 
centrations in solutions which contained knovn  concentrations of pyrazole. The comparison of 
known and calculated values is reported in the Table I .  The accuracy one obtained is generally 
better than 1%. 

Applzcatzor~ of Szliler-Pyrazole Electrode to Determme Stabllzty Constants of Complexes Forn~ed by 
Cd(II) ,  Zn ( I I ) ,  N I  (11), Co(I1) Ions ~c I tlz P I  razole 

In those cases, we studled cells of the type [9] and 

[I21 Ag [Ag(pyra~ole)~]',pyrazole,M~-,KN0,//KNB3 /KC1 Hg2C12-Hg 
(0 5 M) (sat) (sat) 

where C,, was always equal to 10-' M 
An equation similar to [11] was used to analyze experimental emf data by calculating the free 

pyrazole concentrations [A] in the presence of a second metallic Ion, and the average coordination 
number of the complexed metal then calculated from 

These measurements were made for different ratios C,/C,  in each system under consideration 
and are given in Fig. 1 .  Since, according to the results, none of the systems gave rise to polynuclear 
complexes: the calculation of the related stability constants was made from the pairs of (E, [A]) values; 
first, graphically by the Fronaeus method (9) in order to determine the maximum degree of com- 
plexation in the investigated range of [A] concentrations (actually, the n ~ a x i m u n ~  value of E experi- 
mentally reached is determined by the appearance of precipitates of the con~plexes) and secondly, 
by means of a IRIS 45 CII computer, using a least-squares millimisation program (2). 

The results are given in Table 2, where they may be compared to those earlier obtained by other 
authors from different methods (polarography, pH-metry) under several experimental conditions. 

The agreement is generally satisfying and thus the accuracy of the constants we have calculated 
is rather good. 
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6 1 

FIG. 1. Formation curves n = f(-log [A]) of the systems: Cd(I1)-pyrazole (Cm = 0.25 M 0, 0.125 
M 0, 0.05 M O); Zn(11)-pyrazole (C,, = 0.05 M V, 0.04 M V); Ni(l1)-pyrazole (CNL = 0.10 M 
A, 0.05 M A); Co(I1)-pyrazole (Cc, = 0.05 M 0). The averaged curves are drawn from the results of 
Table 2. The dashed line represents the formation curve of the Ag(1)-pyrazole reference system. 

TABLE 2. Stability constants of the complexes formed by some transition metals with pyrazole 
(temperature 25 "C, solvent water, ionic strength 0.5 M KN03)+ 

*Reference numbers in parentheses. 
tFronaeus method. 
:Least-squares. 

Conclusion 
One can conclude from these results that the 

silver-pyrazole electrode is a suitable indicator 
of pyrazole. Practically, it is applicable from a 
concentration of pyrazole near 5 x M 
until relatively high values (about 1 M), under 
the experimental conditions defined here (25 "G, 
p = 0.5 M KNO,). 
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Ozone yields from the Febetron radiolysis of oxygen - rare gas mixtures1 

A. W. BOYD, 0. A. MILLER, A N D  E. B. SELKIRK 
Physical C1ternistr-y Branch, Chcrlk Rii'er Nuclenr. Laboratories, Atornic Erlergy of Cnriada Limited, 
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A. W. BOYD, 0. A. MILLER, and E. B. SELKIRK. Can. J. Chem. 55,203 (1977). 
Ozone yields have been measured from the Febetron irradiation of mixtures containing 1-50 

m o l z  oxygen and each of the five rare gases. The maximum values of G(O,) calculated using 
the energy absorbed only in the rare gas are obtained with the addition of less than 10% oxygen 
and are for: He, 16; Ne, 14; Ar, 11; Kr, 10; Xe, 12; each with an uncertainty of less than 
I 10%. On the addition of 0.2 mol% SF, these yields are reduced to 6,5,1,2, and 2.5 respectively. 

These values are compared with those derived from ion and excited state yields and the 
contributions of subexcitation electrons. 

A. W. BOYD, 0 .  A. MILLER et E. B. SELKIRK. Can. J. Chem. 55, 203 (1977). 
On a mesure les rendements en ozone obtenus par irradiation par le Febetron de melanges 

contenant de 1 a 50 mol% d'oxygene et chacun des cinq gaz rares. On obtient les valeurs 
maximales de G(O,), calculees en utilisant uniquement l'energie absorbee dans les gaz rares, lors 
de l'addition de moins de 10% d'oxygene et ces mleurs maximums sont de 16, He; 14, Ne; 11, 
Ar; 10, Kr;  12, Xe et dans chaque cas le facteur d'incertitude est moins que _+ 10%. Lors de 
I'addition de 0.2 mol% de SF6, on reduit respectivement ces rendements a des valeurs de 6 ,  5, 
1, 2 et 2.5. On cornpare ces valeurs avec celles obtenues a partir des rendements pour des etats 
ioniques et excites et les contributions des electrons sous-excites. 

[Traduit par le journal] 

Introduction 
The yields of ions and excited states and their 

reactions in irradiated rare gases are necessary 
to predict the radiolytic behaviour of mixtures 
of the rare gases with other materials. They are 
also important to the understanding of rare gas 
lasers. Values for many of these quantities are 
available: the total ion yields from W values; 
the ion distribution and energy from mass 
spectrometry; the reactions of ions and excited 
states from mass spectrometry, flowing after- 
glow, and beam techniques. The yields of the 
excited states are not readily determined experi- 
mentally in the pure gases. The present values 
are either calculated from binary collision 
theory (1, 2) or from partial excitation cross 
section measurements (3. 4). The two sets of 

yields in the mixtures with the data for the pure 
components could then give values for the rare 
gas excited state yields. 

We have therefore measured the yields of 
ozone from the irradiation of mixtures of each 
of the five rare gases with oxygen. We used the 
short intense pulses available from Febetrons 
because as we have shown, these result in a 
suppression of charge transfer to products or 
impurities (7). Previous measurements of these 
mixtures have been made using 60Co y-rays (8) 
but at the dose rates from these sources there 
is no contribution of ion neutralization to the 
ozone yield. 

ExperimentaI 
The radiation source used is a Febetron 705. The 

\ ,  , 

values are not in agreement. oxygen - rare gas mixtures were contained in a single pass 

A possible method of obtaining excited state cell 16cm long and 9 c m  diameter with an  electron 
window (0.025 cm thick, 6 cm diameter Al) at  right 

yields is from the measurement of the Ozone angles to the optical path. The analyzing light was from 
yields in rare gas - 0, mixtures. The yield of a 300 w Xe arc and was dispersed by a 314 m Spex 
ozone in pure Q, is well established (5) and Czerny-Turner monochromator after passage through the 

there is good agreement between this value and cell. The ozone was measured at  254 nm and an interfer- 
ence filter with a transmission peak at  250 nm was used the and reactions of the ions and excited to eliminate scattered light from the monochromator. 

states in oxygen (6). Combining the measured Measurements were made both with and without a 

'AECL No. 5628. 
0.005 cm thick 2.5 cm diameter Ta scattering foil placed - 1.5 cm in front of the electron beam window and within 
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0.3 cm of the optical cell window. The average dose 
calculated from the yield of ozone G(03) = 12.8 i 0.6 
( 5 )  and its extillction coefficient &254nm = 135 cm-' STP 
(9) and the observed optical density in pure 0, was 0.2 
Mrad/pulse with the foil and 0.5 Mrad/pulse without it. 

Both Matheson UHP and CP grades of oxygen were 
found to give the same ozone yields. The rare gases were 
Matheson research purity. Substitutio~l of Matheson 
purified grade for He and Ar did not change the observed 
yields. The sulphur hexafluoride was Matheson CP grade. 

Results 
The yields of ozone as a function of m o l z  

oxygen in each of the five rare gases with and 
without the addition of 0.2 to 1 m o l z  SF, are 
shown in Figs. 1 to 3. These yields were deter- 
mined using pressures of 50 to 220 kPa (375 to 
1650 torr) and each one is the average of a t  least 
three measurements. They are based on G(O,) = 
12.8 in pure 0, and C(0,) = 6.3 in 0, with 
0.2 to 3 mol",F, (5). 

The values given G(03)Her G(03)Ne, etc. are 
the yields of 0, due to energy absorbed only by 
the rare gas and were calculated as follows. The 
optical density (O.D.) of the 0, observed in the 
mixture was first corrected by subtracting the 
O.D. of the 0, resulting from energy absorbed 
in the 0 , .  This was assumed to be the O.D. of 
ozone obtained in pure 0, under the same con- 
ditions multiplied by the mole fraction of 0, in 
the mixture. The yield of ozone from the energy 
absorbed in the rare gas is then directly propor- 
tional to the ratio of the net O.D. to that in 
pure 0, and inversely proportional to the ratio 

M O L E  700, 

FIG. 2. Ozone yields from the Febetron radiolysis of 
Ne-02, Ne-02-SF,, Ar-O,, and Ar-02-SF, mixtures. 
0, G(03)N, for Ne-O2 mixtures; x ,  G ( 0 3 ) ~ ~  for Ne- 
O2 - 0.2% SF, mixtures; 0, G(03),, for Ar-0, mixtures; 
A, G(O,),,, for Ar - 0, - 1% SF, mixtures. 

I I I 1 1 I 8 1  

0 10 20 30 40 50 60 70 80 90 100 

M O L E  % 0 2  

FIG. 3. Ozone yrelds from the Febetron radiolysis of 
Kr-O,, Kr-0,-SF,, Xe-O,, and Xe-0,-SF, mixtures. 
a, G(O3)& for Kr-0, mixtures; A, G(O,),, for Kr - 
O2 - 1% SF, mixtures; 0, G(03),, for Xe-0, mixtures: 
x , G(O,),, for Xe - 0, - lz SF6 mixtures. 

of the energy absorbed in the rare gas to the 
energy absorbed in pure 0, with both gases a t  
the same pressure. I t  is given by 

I 
Net O.D. 

G(03)~ = O.D. pure 0, 

Stopping power 0, x density 0, 
L _ L _ _ L i i I I l  

X x i2.8 
o 10 20  30 40 50 60 70 80 90 100 Stopping power X x density X 

M O L E  % 0, 
The ratios (O,/X) of stopping powers used 

FIG. 1 .  Ozone yields from the Febetron radiolysls of are: He, 0.909; Ne, Ar, ; Kr, He-O2 and He-0,-SF, mixtures. 0, G(03),, (see text) 
for He-0, mixtures; x , G(03),, for He - 0, - 0.2% SF, Xe, 
mixtures. There appears to be no significant difference 
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BOYD ET AL. 205 

between the yields of the two dose rates of 0.2 
and 0.5 Mrad/pulse. 

In all the 0, rare gas mixtures and 0, with 
SF, the ozone concentration as shown by the 
oscilloscope traces rose to a maximum value 
within 1-2 ms and remained constant at this 
value for several hundred milliseconds. In the 
rare gas - 0, - SF, mixtures there was a fall-off 
in the ozone concentration over a period of 
300-500 ms. The extent of this fall-off appeared to 
be greater in Xe and Kr mixtures than in Ar or 
Ne and was very small in mixtures with He. 

Discussion 
To provide a basis for the comparison of 

cllculated excited state yields in the rare gases 
and those derived from the ozone yields, we 
shall first summarize the primary yields and the 
mechanism of ozone production in 0, and list 
the yields and the reactions in the rare gases. 

The following summary of 0, radiolysis is 
taken from ref. 6. 

The primary processes of ionization and ex- 
citation and their yields and energies are: 

Processes G Threshold energy (eV) 

The ions and atoms thus formed may undergo 
the following reactions : 

11 I O +  f 0 2 - + 0 , +  + 0 
k l  = 2 x lo-'' cm3 molecule-' s - l  

[2] 02+ + e(or 0,- or 02-(02).) -+ 0 + 0 
k2 = 2 x cm3 molecule-I s- ' 

I31 0 f 202 + 0 3  f 0 2  

k, = 3 x cm6 molecule-2 s-' 

[41 e + SF6- + SF6- 
k, = 2.4 x cm3 molecule-' s-' 

[ 5 ]  02+ + SF6- + Products (no 0 atoms) 
kg N 2 x cm3 molecule-' s-' 

I61 0,- + 0, -+ 0,- + 0, 
k6 = 3 x 10-lo cm3 molecule-' s-' 

I71 02+ + Q3- + O2 + products 
k7 N 2 x cm3 molecule-I s-' 

With Febetron pulses because of the high ion 
concentration, reaction 6 cannot compete with 
reaction 2 so that each neutralization of a 
positive ion gives two 0, molecules. However, 

because of the high value of k,, only a small 
amount of SF, is needed to capture all the 
electrons and replace reaction 2 by reaction 5. 
At low dose rates in pure 0, reaction 2 is re- 
placed by reaction 6 and this like [5] results in no 
contribution to the 0, yield from the neutral- 
ization. 

The maximum calculated value of the ozone 
yield from the above processes and reactions is 
G(O,),,,, = 2(1.22) + 2(3.28) + 2(2.0) = 13. 
This is reduced by 2(3.28 = 6.56 on the addition 
of SF, or at low dose rates. 

The measured and calculated values of ion 
and excited state yields In the rare gases are 
listed in Table 1. These can be divided into three 
categories. The first is the experimental ion pair 
yields which are well established and known 
within an uncertainty of less than f 5%. The 
second category is the calculated values for all 
five gases of G, and G,, by Sato, Okazaki, and 
Ohno (2). These were obtained using binary 
collision theory in which several approximations 
are made. They provide the only reported results 
for excited state yields in Ne, Kr, and Xe. The 
third category comprises the calculations of 
Alkhazov (3) and Doutliat (14) on He and of 
Eggarter (4) for Ar. For the comparison with 
our results we will of course use the experimental 
ion pair yields. 

The rate constants for the reactions in the rare 
gas-0,  mixtures are given in Table 2. The 
available rate data indicate that at concentrations 
of 0, more than about 5 x ,  all the rare gas ions 
react with 0 , .  The rate constants for the reactions 
to form the dimeric ion e.g., [9], [ I  51 are one to 
two orders of magnitude less than those for 
charge transfer to 0, and neutralization of single 
rare gas atoms is a much slower process than 
formation of the dimeric ion. The rate constants 
listed for excited state reactions also indicate 
that these react only with 0, at concentrations 
of the latter of 10% or more. 

He-0, 
The maximum yields of ozone in He-0, 

mixtures calculated from the data in Tables 1 
and 2 and the subexcitation electron contribution 
are compared with our experimental yields in 
Table 3. 

The total energy of subexcitation electrons in 
He is estimated by Alkhazov (3) to be 15 eV. We 
have calculated the ionization and excitation of 
0, by these electrons using cross sections com- 
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TABLE 1. Ion and excited state yields in irradiated rare gases 

G, yields per 100 eVf 
Threshold 

Process energy (eV) Experimental Calculated 

He-+He+ + e 24.58 2.41(W = 41.5 eV) (13) 2.42 (I), 2.27 (3) 
2.24 (14) 

He -+ He* Tn 19.8 - 0.13 (I), 0.2b (3) 
He -+ He* Sc 20.6 - 0.91 (I), 1.44' (3) 
Ne-+Ne+ + e 21.56 2.76(W = 3.62eV) (13) 2.19 (2) 
Ne -+ Ne* To 16.7 - 0.07 (2) 
Ne -+ Ne* Sc 16.8 - 1.55 (2) 
Ar --t Ar+ + e 15.75 3.82(W = 26.2eV) (13) 2.81 (2), 3.72 (4) 
Ar -+ Ar* Ta 11.6 - 0.13 (2) 
Ar -+ Ar* S c  11.8 - 1 .92 (2) 
Ar -+ Ar* I 0.4d 
Ar -+ Ar* I1 0.6e 
K r - + K r +  + e 14.00 4.11(W = 24.3 eV) (13) 3.20 (2) 
Kr -+ Kr* To 9.9 0.23 (2) 
Kr -+ Kr* Sc  10.6 1 .64 (2) 
Xe --t Xe' + e 12.13 4.56(W = 21.9eV) (13) 3 .45 (2) 
Xe -+ Xe* Ta 8.3  - 0.39 (2) 
Xe --t Xe* Sc  9.6 1.51 (2) 

YTriplet states. 
bNormalized to G ion pair = 2.41. 
%inglet states. 
dCaiculated for Ar* states with energy < 12 eV from cross section data in ref. 4 and slowing down spectrum 

in ref. 2. 
eCalculated for Ar* states with energy > 12 eV from cross section data in ref. 4 and slowing down spectrum 

in ref. 2. 
*Reference numbers in parentheses. 

TABLE 2. Reactions of rare gas ions and excited states in mixtures with O2 

Reaction 
Rate constant 

(cm3 molecule-I s-') Reference 

[8] He+ + O2 3 O +  + O + He 
[9] Het + 2He -t He,+ + He 
[lo] He, + + e -t 2He 
[ l l ]  He* T + O2 -, Products 

/ H e  + 02+ 
He* T + 02\ 

H e + O + + O  
[12] He* S + 0, -t Products 

He* S + O2 + He + O,+ 
H e + 0 + + O  

[13] Ne+ + O2 -+ O f  + O + Ne 
[14] Ne* T + O2 < 02+ + Ne 0.997 

[15] Ne* S + O2 -+ 02+ + Ne 
[I61 Ar+('P3 2 ,  'PI 2) + O2 -) 02+ + Ar 
[17] Ar+(2P3 2) + 2Ar 3 Ar, + + Ar 
[I81 Ar(3Pz) + O2 -+ 0 + O + Arb 

02+ + Ar 
[19] Ar* S + O2 

O + O + Ar 
[20] Ar* I + O2 -+ O + O + Ar 
[21] Ar* I1 + 0, -+ 0,+ + Ar 
[22] Kr+(2P3 2,  2P1 2) + O2 + 02+ + Kr 
[23] Kr* S, T + O2 3 O + O + Kr 
[24] Xe+(2P3 ,, ZP, 2) + O2 -, 02+ + Xe 
1251 Xe(3P2) + O2 3 0 + O + Xeb 

OSecond order rate constant at 100 kPa. 
bAssumed products. 
CAssumed reaction. 
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TABLE 3. Ozone yields in He-0, mixturesa 

ET AL. 207 

TABLE 4. Ozone yields in Ne-0, mixtures 

Ion or G(03)11e 
excited 
state Yield Reactionh He-0, H2-O2-SF6 

Ion or G(O~)N, 
excited - 
state Yield Reaction" Ne-0, Ne-02-SF6 

He" 2.41 PI 
He* T 0.13 (1) [ I l l  

0.20 

He* S 0.91 (1) [12] 
1 .44 (3) 

Subtotal 

Subexcitation electrons 

Total 

Experimental (Fig. 1) 

"Reference number in parentheses. 
bOzone is produced as a result of the reactions listed and two or 

more of reactions 1 to 5. 

piled by Kieffer (27) and the spectrum of the 
electrons calculated by Douthat (14). Over the 
energy range from 5 to 20 eV we assumed that 
the significant loss processes were ionization or  
dissociative excitation. Ionization was calculated 
to  be less than 5x of neutral dissociation. 

The yield of 0, in the presence of SF, is 
reduced by the suppression of dissociative 
neutralization of 0,' and by inelastic collisions 
of the subexcitation electrons with the SF,. 
There are several large resonances for the dis- 
sociative electron attachment to SF, in the 
region below 20 eV (28) and these should largely 
suppress dissociation of oxygen by these elec- 
trons. 

The uncertainties in our experimental yields 
and in the calculated subexcitation electron con- 
tribution produce a wide range of excited state 
yields in He. Assuming the subexcitation con- 
tribution to G(0,) to be 2.8 k 0.5 then G(Me* 
T + S) = 1.5 _f 0.5. I t  should be noted that 
excited state yields can also be derived from an 
energy balance. The energy available for excited 
state formation per 100 eV absorbed in He is 
100 - [2.41(41.5) + 151. The first term in the 
brackets is the energy required for ionization, 
the second is that required for subexcitation 
electrons. Taking the average energy per excited 
state as 20 eV the yield is G(He*) = 1.3. 

Ne-0, 
The maximum yields of ozone calculated from 

the data in Tables 1 and 2 and the subexcitation 
electron contribution for Ne-0, mixtures are 
compared with our experimental data in Table 4. 

Ne+ 2.76 [13] 11.04 5.52 
Ne* T 0.07 [14] 0.14 0 
Ne* S 1.55 [15] 3.1 0 

Subtotal 14.28 5.52 

Subexcitation electrons 
(See Discussion) 2 .5  - 

Total 16.8 5.5 

Experimental (Fig. 2) 13 .7k0 .6  5 F 1  

nozone is produced as a result of the reaction listed and two or 
more of reactions 1 to 5. 

The total energy of the subexcitation electrons 
is estimated to be the same as in He (29) but no 
spectrum for these is available. The value given 
is calculated assuming a spectrum similar to 
that for He. The contribution of these electrons 
to the production of 0,' is negligible. 

I t  seems unlikely that the excited state yield in 
Ne is less than 1 and that the contribution of 
subexcitation electrons to the 0, yield is less 
than 2. Using these minimum values the calcu- 
lated yield is G(0,) = 15 which is still signifi- 
cantly larger than the experimental value. A 
possible explanation of the discrepancy is that 
reaction 13 produces some 0,' a t  higher pres- 
sures. The value in Table 2 was measured a t  a 
total pressure of less than 0.3 kPa (22). Since 
the reaction is believed to proceed through the 
NeO,' ion (30) the ratio of 0,' to O f  could be 
pressure dependent. 

Ar-0 ,  
The yields of ozone calculated from the data 

in Tables 1 and 2 and the subexcitation electrons 
in As-0, mixtures are compared with our 
experimental yields in Table 5. 

The total energy of the subexcitation electrons 
was taken to be 15 eV and their spectrum was 
again assumed to have a shape similar to that 
in He. 

The yield of the excited states in Ar below the 
ionization potential of 0, from the 0, yields is 
taken to be one-half the yield in the presence of 
SF, and is G(Ar* I) = 0.5 F 0.1 in good agree- 
ment with the yields calculated from the cross 
sections in ref. 4 and the slowing down spectrum 
in ref. 2. The calculation of G(Arf)  using the 
ionization cross sections of Ar and the slowing 
down spectrum in ref. 2 gave the same value as 
that calculated by Eggarter (4). 
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TABLE 5. Ozone yields in Ar-O2 mixtures 

Ion or 
- 

G(03)~r  
excited 
state Yield Reactiona Ar + 0, Ar + O2 + SF6 

Ar t  3.82 1161 
Ar* T 0.13 (2) [18] 
Ar* S 1.92 (2) [19] 
Ar* I 0 .4b  Pol 
Ar* I1 O.bb [211 

Subtotal 

Sirbexcitation electrons 
(see Discussion) 

Total 

Experimental (Fig. 2) 

#Ozone is produced as a result of this reaction and two or more of 
reactions 1 to 5. 

bCalculated from both refs. 2 and 4 ;  see D~scussion 

TABLE 6. Ozone yields in Kr-0, mixtures 

Ion or G(O,)K, 
excited - 

state Yield Reactionu Kr + O2 Kr  + Oz + SF6 

Kri  4.11 [22] 8.22 0 

Kr* S,T 1.87 [23] 3.74 3.74 

Total 11.96 3.74 

Experimental (Fig. 3) 1 0 . 0 i 0 . 5  2 . 0 1 0 . 5  

"Ozone is produced as a result of this reaction and two or more of 
reactions 1 to 5. 

I t  can be seen that as with He the subexcitation 
electron contribution is necessary for good agree- 
ment between the calculated and experimental 
yields. The uncertainty in this contribution and 
the experimental uncertainty do not allow a 
precise value of G(Ar* 11) to be derived from the 
measured G(O,) value. 

Kr-0, 
The yields of ozone calculated from the data 

in Tables 1 and 2 for Kr-0, mixtures are com- 
pared with our experimental yields in Table 6. 
Although there will be some contribution from 
the subexcitation electrons to the ozone yield it 
should be smaller than the uncertainties in the 
calculated excited state yields or the measured 
ozone yield. 

The excited state yields of ref. 2 again appear 
to be too high. We have assumed that reaction 
23 is the sole pathway for the loss of energy of 
the excited states of Kr but this does not seem 
unreasonable in view of the rate constants found 

for reactions 11, 12, 14, 19, and 25. Our results 
indicate a total yield of G(Kr*) = 0.9 1 0.25. 

Xe-0, 
The yields of ozone calculated from the data 

in Tables 1 and 2 for Xe-0, mixtures are com- 
pared with our experimental yields in Table 7. 
The contribution of subexcitation electrons will 
be less than in Kr-0, mixtures. 

Assuming all the excited states of Xe react as 
in [25] our results give a value of G(Xe*) = 
1.3 f 0.2. 

Comparison with Reference 8 
The yields of 0, from irradiations of rare gas- 

oxygen mixtures at low dose rates (8) are com- 
pared with our data in Table 8. As we have dis- 
cussed, the yield from dissociative neutralization 
is suppressed at these dose rates and they should 
be comparable to our values for mixtures with 
SF,. A further correction needs to be made for 
the elimination of the contribution of the sub- 
excitation yield by the SF,. The difference be- 
tween the values in the first and third columns is 
probably not much greater than the sum of the 
experimental uncertainties for Ar, Kr, and Xe. 
We have no explanation for the much greater 
differences for He and Ne. 

TABLE 7. Ozone yields in Xe-O2 mixtures 

Ion or G(03)xe 
excited - 

state Yield Reaction" Xe + 0, Xe + O2 + SF6 

Xei 4.56 [24] 9.12 0 

Xe* S,T 1 .9  [25] 3.8 3.8 

Total 12.92 3.8 

Experimental (Fig. 3) 11 .7 f0 .3  2 .5+0 .5  

Yozone is produced as a result of this reaction and two or more of 
reactions 1 to 5. 

TABLE 8. Comparison with low dose rate yields 

G(03)m 

Low dose Corrected 
Rare gas ratea (8) Febetronb Febetronc 

cThese values have been corrected as discussed previously (5). 
bThese are for mixtures containing SFo. 
=The contributions of subexcitation electrons have been added to 

the measured Febetron values for mixtures containing SF6. 
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Conclusions 
The agreement between the experimentally de- 

termined yields of ozone in rare gas- 0, mix- 
tures due to energy absorbed in the rare gas 
and the values calculated from ion and excited 
state yields and subexcitation electrons is some- 
what different for each rare gas. 

In helium the value of the excited state yield is 
probably close to G(He" S + T) = 1.3 and the 
agreement between the calculated and experi- 
mental ozone yields supports the rather large 
contribution we calculated due to subexcitation 
electrons. 

In  neon the minimum calculated value of 
G(0,) assuming four ozones per Ne' ion is 
significantly larger than the experimental value. 
Resolution of this discrepancy requires measure- 
ments of the pressure dependence bf the products 
of the Ne' + 0, reaction. 

In argon as in helium, the excited state yields 
appear to be well known. The results support the 
importance of the contribution of subexcitation 
electrons to the 0, yield and the suppression of 
this contribution by SF,. 

The excited state yields in Kr  and Xe derived 
from our results can be compared only with the 
calculated values of Sato et 01. (2). The differ- 
ences between their values and ours mav be due 
to inefficient energy transfer from the rare gas 
excited state to 0, or to the difficulties of 
accurate yield calculations for these large atoms. 
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The intra- and intermolecular copper(1) catalyzed couplings of vinyl Grignards. 
A facile synthesis of pleiadiene and a synthesis of a conjugated 14membered 

ring systemP 
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REGIXALD H. MITCHELL, BHUPENDRA N. GHOSE, and MARY E. WILLIAMS. Can. J. Chern. 55, 
210 (1977). 

Pleiadiene, 27, can be efficiently prepared in 45% yield by copper catalyzed intramolecular 
coupling of the bis-Grignard reagent of 1,8-trnrzs-(B-bromovinyl)naphthalene, 5. Also obtained 
in 6% yield is the unsaturated 14-membered ring compound 28. Whereas the bis(P-broniovinyl) 
compound 5 is readily available from 1,8-divinylnaphthalene, r-bromovinyl compounds are 
obtained from divinylbenzenes. On coupling the Grignard reagent from 1,4-bis(P-bromoviny1)- 
benzene, only linear dimeric products were obtained. 

REGINALD H. MITCHELL, B H L P E ~ D R A  N. GHOSE et MARY E. WILLIAVIS. Can. J .  Chem. 55, 
210 (1977). 

En effectilant un couplage intramolec~~laire, catalyse par le cuivre, du rCactif de Grignard 
double obtenu a partir du bis(B-bromoviny1)-l,8-truns naphtalene, 5, on peut prCparer d'une 
f a ~ o n  efficace le pleiadiene 27, avec un rendement de 45%. On obtient aussi avec un rendement 
de 6% le compose 28 qui est i~isature et qui possede un cycle a 14 chainons. Alors que le coniposC 
5 peut etre obtenu facilement a partir du divinyl-I,8 naphtalene, les cosnposCs rx-hronioviny- 
liques ne peuvent Etre obtenus qu'a partir du divinylbenzene. Par couplage du reactif de 
Grignard obtenu a partir du his@-bromoviny1)-l,4 benzene, on obtient uniquement des 
produits dimeres IinCaires. 

[Yraduit par le journal] 

Introduction coupllng of a bls-v~nyl compound and In this the 

Extensive use (for a revlew see ref. 1) has bee11 cyclobutalle ring I n  was We decided 
made of the copper ~nduced coupling of acefq- 
lelles to d~ynes uslng the procedures known as the 
Glaser (2) and Egllnton (3) coupl~ngs. It IS, how- 
eve1 , only much more recently that the analogous 

8;; ( 1 )  Bulk * 8 
( 2 )  4gl 

coupling of vlnyl compounds has been observed 
In 1966 Whitesides et al. reported (4) that vmyl- 
iithlu~n compounds on treatment with Cu(I) or I 

&(I) coupled to give I,3-dienes. This was ex- 
tended in 1967 by Kauffman and Sahm (5) to 
include vinyl Grignard reagents and by Zweifel 
and Miller (6) in 1970 for vinyl alanes. Moreover, 
while the oxidative coupling of diacetylenes has 
been put to good use in the preparation of a 
whole variety of novel conjugated macrocyclic 
compounds (1, 7, 8), reports on the similar use of 
coupling of bis-vinyl derivatives are absent. In- 
deed there appears to be only one report (9) of a 

that in view of the extensive interest in large con- 
jugated systems (for a review containing many 
pertinent examples see ref. 10) to investigate the 
feasibility of coupiing vinyl derivatives to obtain 
such systems. 
1,8-Bis(P-brornovinyi)napl~thalene, 2, had at- 

traction as a test for the coupling reaction since 
the naphthalene nucleus directs the vinyl groups 
in the same region of space which should 
facilitate both intra- and intermolecular cycliza- 
tion at the expense of linear polymer formation. 

'Presented in preliminary form at the 30th Northwest 
Regional Meeting of the American Chemical Society, On the other hand, 1,4-bis(P-bromovinyI)ben- 
University of Hawaii, June 13, 1975. zene, 3, should be one of the hardest tests to 

'Author to whom correspondence should be addressed. apply since intramolecular cyclization is not 
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MITCHELL ET AL. 211 

probable3 and intermolecular cyclization is not 
going to be helped by the severe geometry 
requirements of the product, the known (12) 
paracyclophane derivative 4. This paper reports 
the results of these tests. 

//CHBr C H B r  CHBt  
4 4 
CH CH 

Results and Discussion 
I.  Synthesis of Brornoz~inq.1 Con?potmds 

Mitchell and Sondheimer (7) reported that 1,8- 
bis(rrcms-j3-brornovinyl)naphthalene, 5, was ob- 
tained as a by-product in the dehydrobromina- 
tion of the tetrabromide 4 to 1,s-diethynyl- 
naphthalene (7 ) .  We have found that use of 
potassium tert-butoxide in tert-butyl alcohol - 
dioxane for short reaction til-ncs yields 5 as the 
n?ajoi- product, a n  average yield of 87"7,rom 6 
being obtained. The pi-eparation of the precursor 
for 6, 1,8-divinyInaphthalene: 8, was achieved in 
98Wyield by using the Wittig reaction between 
the bis-phosphonium salt 9 and formaldehyde 
v,.ith lithium ethoxidc as base rather than the 
niucll less convenient sodamide - liquid am- 
monia system previously reported (7). Further, 
the analogous reactions yielded ! ,2-divinylben- 
zcne 10 in 923yield from 11, and i ,3-divinylben- 
zene 12 in 9 5 O Z  yield from 13 using equally simple 
procedures. These were carried out since we 
hoped to generate both 1,2- and 1,3-bis(@- 
bromovinyl)benzenel 14 and 15 respectively from 
the tetrabromides 16 and 17 to provide further 
tests for our coupling reactioi~. 

Raphael and co-workers (13) in 1964 reported 
that the unsymmetric bromide 18 is in fact 
formed from 16 on treatment with potassium 
tcrf-butoxide in tert-butyl alcohol. Since their 
aim was the preparation of 1,2-diethynyl benzene, 
a e  hoped that by variation of the base we could 
make the bis(@-bromide) 14 the major product. 
I n  fact that was not so. Indeed, the analogous 
tetrabromide 14 on treatment with a variety of 
bases gave the bis(a-bromide) 119 as the product. 

37he smallest p-cyclophane derivative yet prepared is 
[6]paracyclophane (1 1). 

This suggests that the mechanism proposed by 
Raphael (13) for the dehydrobromination of 116 
is not necessary, and a simple steric argument 
seems more likely. Removal of an  a-H (necessary 
to form the p-bromides 5, 14, and 15) becomes 
more difficult sterically as we go from the 1,3- 
benzene 17 to the 1,2-benzene 16 to the 1,8- 
naphthalene 6 and hence increased formation of 
@-bromide occurs in this order too. That there 
can be no doubt of the structures of the bromides 
5, 18, and 19 follows from their ir and pmr 
spectra: 5 shows a strong 950 c m l  band in its ir 
spectrum (trans -CH=CH-) and a coupling 
constant of J = 14 Hz for the doublet a t  t 3.57 in 
its pmr spectrum, whereas 19 shows the 892 c m l  
band (-CBr=CH,) and two doublets, J = 2 Hz 
each at  T 3.89 and 4.20. As Raphael (13) has 
reported, bronlide 18 shows both ir bands and 
both types of doublers. 

i n  order to overcome this problem we decided 
to investigate alternatibe routes to the 1,2-, 1,3-, 
and 1,4-bis(P-brornoviny1)benzenes. With the 
ready commercial availability of the correspond- 
ing benzene dialdehydes we were a t  first tempted 
by the Wittig reactior~. Use of bromomethyltri- 
phenylphosphonium bromide, however, proved 
fruitless, despite Kobrich's (14) successful use of 
this compound. The analogous chloromethyl salt 
did yield 1,4-bis(P-ch1orovinyl)benzene 20 from 
terephthalaldehyde, albeit in low (2073 yield. 
However, it turned out that we were unable to 
convert this compound into its bis-Grignard re- 
agent and hence preferred to seek an  alternative 
source of the bromovinyl corupounds. Bachman's 
(15) method, nameiy the decarboxylative de- 
hydrobrominatioli of u,P-dibromoacids seemed 
appropriate, since cinnamic acids can be readily 
formed from benzaldehydes, especially in light of 
the more recent paper by VVolinsl<y and Erickson 
(16). After following the procedure of Croven- 
stein and Lee (17) for the preparation of @- 
bromostyrene from cinnamic acid dibromide we 
found that we could obtain a better yield more 
conveniently by adding bromine to an  aqueous 
solution of sodium cinnamate. This procedure 
also worked, albeit poorly (1 1% yield), to prepare 
1,4-bis(j3-bromovinyl)benzene, 21, from p-ben- 
zene diacrylic acid, 22, whereas attempted isola- 
tion of the dibromo-acids failed, probably be- 
cause of low solubility in organic solvents. Use of 
pyridine or DMF as solvent (16), at  least in our 
hands, did not appear to help. An analogous 
reaction produced very little of the 1,3-isomer 15. 
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JJ 761 / t- BuOK 
,CH=CHBr D~oxane-t- BuOH 

87q 

11. Cozipling of p-Bronlostyrene 
Since Yoshino et al. ( 1  8) have shown that both 

c i ~ -  and trati~-styryl Grignards are formed from 
either c i ~ -  or trans-P-bromostyrene, 23, we 
decided in all coupl~ngs to use the mixture of 
isomers of P-bromovinyl compounds as pre- 
pared. Using Kauffman's method (51, namely 

r-BuOK 
D~ox~ine-r- BuOH 

CH=CH COOH C.H=CHBI 

addition of the Grignard reagent to a cold 
(-50°C) suspension of CUBS in tetrahydro- 
furan, and then warming to room temperature, a 
6 5 3 i e l d  of trans-trans- l,4-diphenylbuta-1,3- 
diene, 24, could be isolated. Although Seyferth 
et a/. (19) describe a method to prepare 0-styryl- 
lithium in high yield, we found that couplillg the 
resultant product led to both diene 24 and 1,4- 
diphenylbuta-l,3-diyne, 25. When lithium/Br 
exchange was attempted using 23 and rz-Buki, 
diyne 25 was the sole isolated product. Seebach's 
(20) paper on lithium/Br exchange suggested that 
acetylene formation could be avoided by use of 
irrt-butyllithium: this indeed was the case, how- 
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Mi? CuBr  
~ C H = C H B I  + $CH=CHMgBr ---+ 

Pleiadiene (27) was readily recognized by its 
orange-red colour, mp, and pmr spectrum, all 

23 identical to that published (23). It has been syn- 
thesized by Boekelheide and Vick (24), Meinwald , /H 

/C=C H 
et al. (25), Shields et al. (23), and most recently by 

H >c=c' Pagni and co-workers (26) who claim the earlier 
H '4 +-c...c-c-c-+ syntheses to be lengthy and/or low yielding. We 

24 25 believe that the coupling procedure described is 
at least an equally facile synthesis of this inter- 

ever, the yield of the coupled diene 24, was only esting compound. The change of stereochemistry 
2097,. We concluded therefore that simple of the carbon-carbon double bonds in the 
coupling of the Grignard reagent was most fruit- cyclization is consistent with the work of Yoshino 
ful. (18) noted above. 

III. Coupling of 1,s-Bis(P-bromoviny1)naphtlza- 
lerze. Syntlzesis of Pleiadiene and Cyclic Dimer 

It quickly became obvious that ordinary 
Crignard quality magnesium was not active 
enough to react with the bis-bromovinylnaphtha- 
lene 5. Since use of n- and tert-butyllithium and 
lithium itself failed to generate any vinyllithio- 
compounds from 5 (rather acetylenes were 
formed) we decided to activate the magnesium 
before use. Using the procedure of either Gilman 
and Kirby (21) (160 "C, I,) or Rieke and Bales 
(22) (in which Mg is generated from MgBr, and 
K) sufficiently active Mg was formed so that 
immediate reaction occurred with the bis- 
bromide 5. Coupling of bis-Grignard reagent 26 
with CuBr and separation of the products by 
chromatography led to  a 39-45'7, yield of 
pleiadiene, 29, about 6% of the cyclic dimer 28, 
and 1-2z of linear dimer 29. 

CuBr 

5 0 ' C  + -20 "C 

Structure of the Cyclic Ditner 28 
The overall structure of dimes 28 (stereo- 

chemistry not indicated) follows froin its mass 
spectrum, in which a clear molecular ion was 
observed a t  m/e 356. The structure was confirmed 
by hydrogenation, when one of the products 
showed uptake of 4 mol of hydrogen to give 30. 
There was also obtained a heptacyclic trans- 
annular hydrogenation product of possible 
structure 31, which showed a inolecular ion at 
mle 360, i.e. containing four hydrogen atoms less 

than 30. These results are analogous to the case 
(7) for the hydrogenation of the tetraacetylene 32 
in which 30 and a hexacyclic transannular 
product are formed. In  both cases the resultant 
hydrogenation products are not very stable and 

are rather difficult to characterize; several further 
conformers of 30 are capable of existence (for 
an analogous case see ref. 27) as are several 
isomers of 31, and hence the pmr spectra of both 
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300 40 0 50 0 600 nm 

FIG. 1. The uv spectra of 33 (29), 32 (7), and 28. 

are complex. The uv spectra, however, are simple 
and consistent with the assigned structures and 
resemble that (7) of 1,8-diethylnaphthalene. The 
stereochemistry of 28 is more difficult to assign. 
The ir spectrum has only a very weak band at  
970 cm-', the region associated\vith trafzs 
-CH=CH- groups. Since all the protoils occur 
as a broad band in the pmr spectrum (which is 
not resolved on cooling) coupling constants for 
the -CH=CH- protons cannot be obtained 
either. The uv spectra of 28, the acetylene 32 (7), 
and heptazethrene, 33, (29) are, however, all 
remarkably similar (see Fig. I), and all three 
compounds give purple solutions. The acetylene 
32 was too unstable to be isolated in the solid 
state (7), but both 28 and heptazethrene, 33, 
form green crystals. Since no ir, mp, or  pmr data 
are reported for 33, it was at  first thought that 
this was the product from the coupling reaction, 
especially in light of the report (30) that zethrene 
itself, 34, is readily formed from the diene 35. 

4By comparison, medium or strong ir bands in the 
1000-940 cm-I region are shown for trans-stilbene, rmrzs- 
trans-l,4-diphenylbuta-l,3-diene, and many other ex- 
amples (28). 

However, the mass spectral ekidence and the 
difference in stability reported for 33 from that 
found for 28 precludes that. Neverthel~ss, the 
similarities between the uv spectra of 28, 32. and 
33 suggest that they have a very si~llilar n-orbital 
structure. A cis-cis-~somer of 28, namely 36, 

would not be planar or  even nearly so, whereas a 
trans-tram-isomer, namely 37 could be, and 
hence is much more likely to give the observed uv 
spectrum which indicates that extensive delocali- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MlTCHEL .L ET AL. 215 

zation of the n-system occurs. In view of the 
limited stability of 28, however, unless other 
isomers can be synthesized by an alternative 
route, it is unlikely that the stereochemistry 
question can be settled quickly. 

IV. The Coupling o f  I,4-Bislbromocinj~l)benzene 
Activated magnesium readily formed the bis- 

Grignard reagent of 21 and coupling as pre- 
viously described produced a mixture of yellow 
compounds from which the linear dimer 38 could 
be isolated in low ( < 5 x )  yield. The structure 
could be assigned on the basis of the mass 

@ % @  ( 2 )  CuBr  $$ + 
I 
CH=CWBr CH=CH2 CH=CHZ 

spectrum, the molecular ion at  nz/e 258, the pmr 
spectrum showing the presence of -CH=CI-I- 
protons at  s 2.9-4.2 as well as =CH, at T 4.3- 
4.9, and strong ir bands at 1000 and 915 cm-l .  
I t  is however, quite likely that more than one 
isomer is present. Mass spectroscopy also indi- 
cated that bromide 39 was formed in the reaction, 
presumably from the mono-Grignard reagent of 
21. However, we were unable to ~solate any com- 
pound having the same molecular weight as the 
known (12) cyclic dimer 4. 

V. Cotrplitzg of AIunes 
Since acetylenes are readily formed from 

bromovinyl compounds on treatment with strong 
base, and because vinylalanes are simple to 
prepare by addition of R,AIH to the acetylene, 
M,e wondered if coupling the resultant vinylalane 
would be synthetically more useful than coupling 
the vinyl Grignard reagent. 

Diisobutylal~lminium hydride has been re- 
ported (31) to add to phenylacetylene in high 
yield to give diisobutylaluminiumstyryl40. When 
we added 40 to CuBr at -50°C and then 
warmed to room temperature, we could only 
isolate diene 24 in low (6%) yield. This seemed 

surprising in view of Zweifel's (6) report of good 
yields from aliphatic-1-alkynes. When we applied 

this procedure to 1,8-diethynylnaphthalene, 7, we 
obtained a low yield of the previously obtained 
cj/clic dimer 28, linear dimer 29, and no detec- 
table pleiadiene, 27.' 

For the preparation of the cyclic dimer 28 
coupling the alane does not appear to offer an 
advantage over coupling the Grignard reagent. 

Conclusions 
We have shown that both an inter- and intra- 

molecular cyclization to yield a fully conjugated 
diene system are possible by coupling vinyl 
Grignard reagents with Cu(l), and in so doing 
have found a useful synthesis of pleiadiene, 27. 
If a more general synthesis of P-bromovinyl com- 
pounds can be found, it is possible that the 
rcaction can be extended to prepare other inter- 
e;ting examples of macrocyclic conjugated 
dienes, similar to 28, of which there are very few 
reports. 

A possible extension of this reaction is by the 
use of vinyl boranes. It was reported (32) in 1961 
that alkyl boranes couple with AgNO,. Despite 
the fact that Brown et ul. (33) have reported that 
phenylacetylene forms a vinylborane with disi- 
amylborane, no reports of the coupling of this 
compound have appeared. Very recently, how- 
ever, Yamamoto et 01. (34) have shown that 
dialkenyl chloroboranes couple with CH,Cu to 
yield 1,3-dienes, at  least in the case for those 
derived from alkyl-1-alkynes. Coupling of 
boranes derived from aryl-1-alkynes will form 
part of our next investigation into this area. 

Experimental 
All melting points were determined on a Kofler hot 

stage and are uncorrected. The pmr spectra were deter- 
mined in CDC1, (unless otherwise stated) on a Perltin- 
Elmer Rl2A (60 MHz) or R32 (90 MHz) spectrometer 

5As pointed out by a referee this is consistent with cis- 
addition of the elements of A1-H to the alkyne. 
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using tetramethylsilane as internal standard. Mass spectra 
were determined on a Hitachi-Perkin-Elmer RMU-7 or 
Finnigan 3300 mass spectrometer at 70 eV. The ir spectra 
were recorded on a Pye-Unicam SPlO00 spectrophotom- 
eter and only major bands are reported. The uv spectra 
were recorded on a Cary 17 spectrophotometer. Micro- 
analyses were performed by this department. All evapora- 
tions were carried out under reduced pressure on a rotary 
evaporator at  ca. 40cC. Extracts were dried with an- 
hydrous sodium sulfate. 

1,8-Diein~~lr1aphthalene, 8 
A simpler procedure than that previously described (7) 

by one of us (R.H.M.) is rapid addition of a solution of 
lithium ethoxide (0.5 mol) in ethanol (150 ml) to a stirred 
solution of 1,8-bis(triphenylphosphoniomethy1)naphtha- 
lene dibromide, 9, (7), (41.9 g, 50 mn~ol)  and anhydrous 
formaldehyde (0.5 mol) in absolute ethanol (600 ml) at 
room temperature under N,. After 3 h the volun~e was 
reduced by evaporation, and H,O and pentane were 
added. The organic layer was washed, dried, and filtered 
through a short column of alumina (to remove any 
+,PO). Evaporation of the pentane filtrate yielded 8.12 g 
(98z) of pure product, identical to previous samples. 

1,8-Bis(tra~zs-~-broinoci1zyl)ilaphtlzulene, 5 
By shortening the reaction time of the literature pro- 

cedure (7) from 24 h to 1 h the yield of the product 
(obtained by direct recrystallization from hexane) was 
increased from 28% to 87%. 

1,2-Dicirzjlbenzene, 10 
A soliitio~l of lithium ethoxide (0.25 mol) in ethanol 

(125 nil) was added with stirring under N, to a solution of 
o-bis(tripheny1phosphoniomethyl)benzene dibromide, 11, 
(35) (79 g, 0.10 mol) and formaldehyde (0.35 mol) in abso- 
lute ethanol (350 ml) at room temperature. After 3 h the 
volume of solvent was reduced by evaporation and H 2 0  
and pentane were added. The organic extract was washed, 
dried, and filtered through a short column of alumina to 
remove any +,PO. Evaporation of the pentane yielded the 
product PO, as a colo~~rless oil, 11.9 g (92z);  pmr r (60 
MHz) 2.5-3.3 (6H,m,ArH f ArCH=), 4.51 (2H, dd, J = 
18 and 2 Hz, trans-ArCH=CH-) and 4.80 (2H, dd, 
J = 11 and 2 Hz, cis -ArCH=CH-). 

1,3- Dicinylbenzene 12 
( a )  1,3-Bis(triy/zeizylp/rosyhonioti~ethyl)benzene Dibro- 

nlic/e, 13 
A solution of a,c~'-dibromo-nz-xylene (Aldrich, 66 g, 

0.25 mol) and triphenylphosphine (144 g, 0.55 mol) in 
D M F  (400 ml) was heated to 180 "C for 2 h with stirring 
and then allowed to cool. The product was removed by 
filtration. Evaporation of the filtrate to 50% fvol.) and 
addition of benzene precipitated a further quantity of 
product, 197 g in all (almost quantitative), mp 312-3 13 ' C .  

ib) The Wittig Rractiorz 
A solution of lithium ethoxide (0.5 mol) in ethanol 

(250 ml) was added uith stirring under N, to a solution of 
m-bis(tripheny1phosphoniomethyl)benzene dibromide, 13, 
(79g, O.lOmoi), and formaldehyde (0.56 mol) in absolute 
ethanol (400ml) at room temperature. After 2 h the 
volume of solvent was reduced by evaporation and H,O 
and pentane added. The organic layer was washed, dried, 
and filtered through a short column of silica gel to give, 

after evaporation of the pentane, the product 12 as a 
colourless oil, 12.5 g (95%); pmr .r (60 MHz), 2.6-2.9 (4H, 
m, ArH), 3.39 (2H, dd, J = 11 and 17 Hz, Ar-CH=), 
4.40 (2H, dd, J = 17 and I Hz, trans -ArCH=CH-) 
and 4.88 (2H, dd, J = 11 and I Hz, cis -ArCH=CH-). 

1,3-Bis(a,P-dibvornoethyl) benzene, 17 
Bromine (13 ml, 40 g, 0.25 mol) in CCI, (50 ml) was 

added dropwise to an ice cold solution of ~iz-divinylben- 
zene, 12 (15.6 g, 0.12 mol), in CCI4 (100 ml). After warm- 
ing to room temperature the reaction mixture was poured 
into 10% NaHSO, solution. The organic layer was 
washed, dried, and evaporated to yield an oil which, on 
trituration with pentane at  0 "C, gave white crystals of 
product, 44.3 g (82%), mp 62-63 -C; pmr r (60 MHz) 2.63 
(4H, s, ArH), 4.90 (2H, dd, J = 10 and 7 Hz, ArCHBr-) 
and 5.8-6.1 (4H, m, -CH,Br); ms correct M +  for 
CIOHIOB~I .  

1,3-Bisja-bromocinyl) benzene, 19 
A solution of terr-BuOK (Aldrich, 5.7 g, 50 mmol) in 

tert-butyl alcohol (75 ml) and dioxane (25 ml) was added 
over 30 min uith stirring to a solution of the tetrabromide 
13 (9.0 g, 20 mmol), in dioxane (100 ml) at room tempera- 
ture. After a further 30 min, H,O and ether were added. 
The organic layer was mashed, dried, and evaporated and 
the residual oil was chromatographed on silica gel. 
Pentane first eluted the product 19 as a colourless oil, 
4.4 g (76%); pmr z (90 MHz) 2.2-2.8 (4H, m, Artl), 3.89 
and 4.20 (2H each, d, J = 2 Hz, =CH2); ir (neat) 1610 
and 1478 (-C=C-), 1175 and 892 (-CBr=CH,) and 
800 and 705 cm-'  (1,3-benzene); nis correct M +  for 
CloH,Br,. Anal. calcd. for C,,H,Br,: C 41.71, H 2.80; 
found: C 41.73, H 2.77. 

I,4-BisjB-chlorocinyl) benzene, 20 
n-Butyllithium (Alfa, 35 mmol in 18 n ~ l  hexane) was 

injected into a stirred suspension of chloromethyi- 
triphenylphosphonium chloride (Aldrich, 12.1 1 g, 35 
mmol) in dry T H F  (200 ml) at  - 60 'C under N,. After 
10 min, terephthaladehyde (Aldrich, 2.35 g, 17.5 mmol) 
in dry T H F  (200 ml) was added keeping the temperature 
below -40 'C .  The reaction mixture &,as then allo~+ed to 
stir - 12 h ~ i t h o u t  further cooling. After addition of 
Lvater the aqueous phase was extracted \+ith ether. The 
extracts were washed, dried, and evaporated. After 
chromatography of the residual solid on silica gel using 
pentane as eluant, the product 20 was obtained as a solid 
mixture of isomers, 1.39 g (20773). Crystallization from 
CHCi,-hexane gave crystals of a single isomer nip 72- 
74 "C; pnlr r 2.35 (4H, s, ArH), 3.41 (2H, d,  J = 8 Hz, 
ArCH=) and 3.80 (2H, d,  J = 8 Hz, =CHCI); ir (KBr)  
932 (m) (trails -CH==CHCI), 860 (vs), 852 (vs), 825 (vs), 
728 (vs), and 670 (s) cm-'; correct M +  for C,,,H,CI,. 
Anal. calcd. for C,,H,CI,: C 60.33, N 4.05; found: C 
59.98, H 3.83. 

The stereochemistry of the double bond is not assigned 
for this isomer since the ir band at 932 cm-'  indicates a 
tralrs CM-CHCI whereas the coupling constant, J = 8 Hz 
indicates a cis CH=CHCl. 

B-Bromostyrene, 2.3 
This was obtained in 60% yield using the method cf 

Grovenstein and Lee (17) by treating cinnamic acid 
dibromide with aqueous sodium carbonate or more con- 
veniently by adding bromine (1 mol) dropwise to a hot 
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(80 'C) solution of sodium cinnamate (1 mol, prepared by 
dissolving cinnamic acid and sodium carbonate in hot 
water) with good stirring. After cooling, the reaction was 
extracted with ether. The extract was washed, dried, and 
evaporated to yield a pale yellow oil consisting nearly 
entirely of B-bromostyrene by pmr comparison to an 
authentic sample (obtained above). Filtration through a 
short column of silica gel gave pure colourless product in 
about 85% yield. 

I,#-Bis(trans-p-bronio~ir~~~l) benzene, 21 
Bromine (5 ml, 92 mmol) was added dropwise with 

stirring at room temperature to a solution of p-benzene 
diacrylic acid, 22, (36) (10.0 g, 46 mmol) and Na,CO, 
(10 g, 94 mmol) in H,O (500 ml). Vigorous bubbling 
ensued as the bromine colour was discharged and an off- 
white precipitate formed. The total reaction mixture has  
extracted with ether and the organic layer was washed, 
dried, and evaporated. Recrystallization of the resulting 
residue from benzene yielded almost white crystals of 
product, ca. 1.5 g (11% yield), mp 138-140 "C (lit. (37) mp 
135 'C); pmr r (60 MHz) 2.77 (413, s, ArH), 2.91 (2H, d, 
J = 14 Hz, ArCH=) and 3.28 (2H, d, J = 14 Hz, 
=CHBr); ir (KBr) 940 (trans -CH==CHBr), 770 and 
725 cm-I; ms correct M +  for C10H8Br2. 

Concentrat~on of the benzene mother l~quors and 
addition of hexane precipitated the addition product of 
2 mol of bromine to 21, the hexabromide 

mp 159-162 "C; pmr 7 (60 MHz) 2.54 (4H, s, ArH), 4.03 
(2H, d, J = 7 Hz, Ar-CHBr), and 4.64 (ZH, d, J = 7 Hz, 
-CHBr,); ms, M +  608, correct isotope pattern for 
CloH,Br, with subsequent stepwise loss of Br. 

The AtteniptedPreparation of l,3-Bis(trans-P-bvomovirzy1)- 
benzene 15 

The reaction was carried out exactly as described above 
for the 1,4-isomer using nz-benzene diacrylic acid (38). 
Chromatography of the resulting orange oil on silica gel 
using pentane as eluant gave a small amount of material 
which in its pmr spectrum showed peaks at r (60 MHz) 
2.81 (4H, bs, ArH), 2.92 (2H, d, J = 14 Hz, ArCH=) and 
3.32 (2H, d, J = 14 Hz, =CHBr), consistent with the 
structure of 15. 

Coi~plings of B-Brornostyrene, 23 
(a) With Mg and then CuBr 
B-Bromostyrene 23 (2.6 g, 14 mmol) and Mg turnings 

(0.36 g, 15 mmol) under N, in dry THF (50 ml) were 
heated under reflux for 6 h.  The cooled black reaction 
mixture was then added dropwise over 30 min to a sus- 
pension of CuBr (dried over P,O,, 2.2 g, 15 mmol) kept 
at -60°C under N2. After the addition the resulting 
orange solution was allowed to warm to room tempera- 
ture. It turned brown above - 20 "C. After stirring over- 
night, M 2 0  and CH2C12 were added and the organic layer 
was washed, dried, and cvaporated to yield a ycllow rcsi- 
due which on crystallization from ethanol yielded trans- 
trans-1,4-diphenylbuta-1,3-diene, 24, as plates, 1.0 g 

(65%), mp 152 "C (lit. (39) mp 152-152.5 "C). Identical 
pmr and ir spectra to those published (Aldrich ZV20C and 
511E). 

(b) With Li and then CuBr 
The above reaction was repeated except that the vinyl 

lithium was prepared in ether at 0 'C under argon. The 
resulting oil from the coupling reaction contained the 
diene 24, the diyne 25, as well as many other products. 

(c) With n-BuLi and then CnBr 
A solution of n-BuLi (11 mmol in 5 ml hexane) was 

injected into a solution of P-bromostyrene (2.0 g, 11 mmol) 
in dry ether (50 ml) at 0 "C under N,. After stirring for 1 h, 
this solution was added dropwise to a suspension of CuBr 
(1.6 g, 11 nimol) in dry ether (50 ml) kept at - 60 "C under 
N2. After stirring for 1 h the pale yellow solution was 
allowed to warm to room temperature (it turned brown 
above - 10 "C). After addition of H,O, the organic layer 
was washed, dried, and evaporated to yield a brown oil 
which on chromatography on silica gel using pentane as 
eluant yielded firstly unchanged bromide, 23 (30%) 
followed by crystals of 1,4-diphenylbuta-1,3-diyne, 25, 
0.3 g (27%), identical ir spectrum to that published 
(Aldrich 1257D). 

( d )  With tert-BuLi and then CuBr 
A solution of B-bromostyrene (7.4 g, 40 mmol) in dry 

THF (50 ml) was added slowly to a solution of teit-BuLi 
(80 mmol) in pentane (100 ml) and dry THF (50 ml) kept 
at - 78 "C. After 1 h, CuBr (5.7 g, 40 mmol) was added 
and then the reaction mixture was allowed to warm to 
room temperature. The volume of solvent was reduced 
and then H 2 0  and ether were added. The organic layer 
was washed, dried, and evaporated to yield a pale yellow 
solid. Recrystallization of this from ethanol yielded 
colourless plates of 1,4-diphenylbuta-l,3-diene, 24, 0.82 g 
(20%) identical to previous samples. 

Coupling of 1,8-Bis(g-bromocinyl)naphthalene, 5. Syn- 
thesis ofPleiadiene, 27, and Cyclic Dimer 28 

1,2-Dibromoethane (1 ml) was added to a suspension of 
activated (21) Mg turnings (7.2 g, 30 mmol) in dry THF 
(100 ml) under N, at room temperature. After 15 min a 
portion of a solution of 1,s-bis(b-bromoviny1)naphtha- 
lene, 5,  (7.8 g, 20 n~mol) in dry THF (75 ml) was added. 
The reaction started quickly and an orange colour 
developed. The remainder of 5 was added slowly and 
stirring continued for 2 h. The reaction mixture was then 
cooled to -78 'C and CuBr (7.0 g, 50 mmol) was added. 
The mixture was allowed to warm slowly to room tem- 
perature and was kept overnight. After addition of H 2 0  
and ether the organic layer was washed, dried, and eva- 
porated. The residue was then chromatographed on silica 
gel. Pentane first eluted a small amount of 1,8-divinyl- 
naphthalene and as a second fraction an orange-red band. 
After evaporation of solvent and recrystallization from 
hexane this gave pleiadiene, 27, 1.4-1.6 g (39-4573 as red 
crystals mp 91-92 "C (lit. (23) mp 91-92.5 "C) identical 
pmr spectrum to that published (23); ir (KBr) 3010 
(-CH=CH-), 840, 775, 730 cm-'. The third fraction 
eluted was any unchanged starting bromide 5 .  Benzene- 
pentane (15:85) then eluted the yellow linear dimer 29, 
ca. 50 mg (1.4%), mp 133 'C (dec.); pmr r (60 MHz) 2.1- 
3.4 (18H, m, ArH and -CH=) and 4.30, 4.62, and 4.82 
(4H, bs (some coupling), =CH,); ir (KBr), 980 (s) (tmns 
-CH=CFI), 910 (m) (=CH,), and 770 (s) cm-l;  ms mle 
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(relative intensity), Mi  358(5), 180(50), 179(100), 178(100), 
165(100), under CH4 chemical ionisation: (MH)+ 359(19). 
The compound decomposes slowly on standing at room 
temperature. 

Eluted next was the cyclic dimer 28, as green crystals, 
224 mg (6.3%) which formed a purple solution. Some- 
times further chromatography on silica gel was necessary 
to purify this compound. Very careful recrystallization 
from hexane gave 94 mg (2.6%) of green crystals, mp 
160-162 'C.  On several occasions overheating or use of a 
different solvent produced dark tars; pmr T (90 MHz, 
CD2C12) 2.1-3.7 (br signal, all protons, not resolved on 
cooling to -90 "C); ir (KBr) 970 (vw), 832 (m), 773 (s) 
cm-l ;  uv (cyclohexane) h,,, (log E,,,) 578 nm (3.58), 534 
(3.24), 497 (2.86), 332 (3.58), 316 (3.63), 305 (3.60), 279 
(3.47), and 232 (4.28); (CH2CI2) hm,,582nm, 536 and 500; 
(C,H,CI) A,,, 592 nm, 545 and 510; ms mle (relative 
intensity) (source temperature 170 "C) M +  356(17), 
355(7), 354(10), 353(8), 352(5), 180(27), 179(71), 178(100), 
177(20), 176(20), and 165(67), under (CH,)3CH chemical 
ionization (M + 1)+ 357(14). Anal. calcd. for C2,H2,: 
C 94.34, H 5.66; found: C 94.42, H 5.60. The compound 
can be stored unchanged at -20'C. Eluted next, very 
close to the cyclic dimer, was a second green compound of 
unknown structure, -20 mg, dec. ca. 250 "C, which gave 
a green solution having h,,, (cyclohexane) 592, 546, 506 
nm. No molecular ions could be seen in the mass spec- 
trum. The pmr and ir spectra were essentially the same as 
for 28. 

These results were not changed significantly by pre- 
paring the active magnesium from MgBr, and K (22). 

Hydrogenatiorz of flze Cyclic Dimer 28 
The cyclic dimer 28 (80 mg) and P t02  (30 mg) were 

stirred under an H, atmosphere in ethyl acetate (50 ml) for 
30 min-2 h. Removal of catalyst and then solvent gave an 
oil which was chromatographed on silica gel, using 
pentane-benzene (5: l )  as eluant. Eluted first was the 
product 30 as a yellow oil (- 8 mg) which darkened on 
removal of solvent; pmr r (60 MHz), 2.3-3.3 (12H, m, 
ArH); 6.6-7.2 (8H, m, ArCH2-) and 7.6-8.4 (8H, m, 
-CH2-); uv (Et20) h,,, (relative absorbance) 340 nm 
(0.07), 324 sh (0.24), 302 sh (0.92), 293 (1.00) and 279 sh 
(0.79); ms m/e  (relative ~ntensity) M +  364(100), 362(50), 
360(47), with a very large number of much stronger 
cleavage peaks. This was immediately followed by a 
transannular product, e.g.  31, - 5 mg as an oil; pmr T 2.2- 
3.6 (12H, m, ArH) and 4.2-8.9 (12H, m, -CH, -CH2); 
uv (ether) A,,, (relative absorbance) 300 nm (0.95), 293 
(1.00), 280 sh (0.79) with a tail to 450 nm; ms n7/e (relative 
intensity), M + 360(100), 358(22), 181(41), 180(46), and 
199(71). 

Couplitlg of  1,4-Bis(0-bromocinyl)benzene, 21 
A few drops of 1,2-dibromoethane were added to a 

stirred suspension of activated (21) Mg(2.0 g, 8.3 mmol) in 
dry THF (50 ml) under N2  at room temperature to which 
approximately one quarter of the dibromide 21 (1.30 g, 
4.5 mmol) had been added. After 15 min stirring thecolour 
of the reaction became yellowish and the remainder of the 
dibromide was added in dry THF (20 ml). After stirring 
overnight the yellow reaction mixture was added dropwise 
to a stirred suspension of CuBr (1.5 g, 10 mmolj in dry 
T H F  (100 ml) kept at - 50 "C under N,. The mixture was 
then allowed to warm slowly to room temperature. After 

5 h, HzO and ether were added, and the organic layer was 
washed, dried, and evaporated. The resulting bright 
orange solid (470 mg) was chromatographed on silica gel. 

Pentane eluted first any unused starting bromide 21, 
followed by the yellow linear dimer 38, as a yellow solid 
from hexane, dec. with softening 140 "C; pmr T (60 MHz) 
2.5-2.9 (m, ArH), 2.9-4.2 (111, -CH=) and 4.3-4.9 (m, 
=CH,); ir (KBr) 1000 and 915 (=CH,), 868 and 822 
cm-I; ms mle (relative intensity) M' 258(100) and 
128(52). Later fractions contained the bromide 49 as 
indicated by its mass spectrum, molecular ions at m/e  338, 
336. None of the known (12) cyclic dimer 4 could be 
detected. 

Couplings of Alarres 
( a )  Deriued from Phenylacetylene 
i-BuzAIH (30 mmol) in hexane was added dropwise 

over 15 min to a solution of phenylacetylene(3 g, 29 mmol) 
in dry hexane (20 ml) under N2. The mixture was then 
heated to 50 "C for 4 h when it became orange. After 
cooling, it was added dropwise with stirring to a suspension 
of CuBr (4.6 g, 32 mmol) in THF (50 ml) under N, kept at 
- 50 'C. After 30 min the mixture was allowed to warm to 
room temperature. H,O and ether were then added and 
the organic layer was washed, dried, and evaporated. The 
resulting solid was chromatographed on silica gel using 
pentane as eluant to yield the previously obtained diene 
24, 180 mg (6%). 

( b )  Dericed from 1,8-Dieth~nylrraphthalene, 7 
i-BuzAIH (50 mmol in hexane) was added to a solution 

of 1,8-diethynylnaphthalene, 7, (7) (3.56 g, 20 mmol) in 
hexane (100 ml) at 0 "C under I?,. On warming to 50 "C 
the solution turned through yellow and red to brown. 
After 2 h the solution was cooled to -78 "C, and dry 
THF (50 ml) added followed by CuBr (7.2 g, 50 mmol). 

T h e  reaction mixture was allowed to warm to room tem- 
perature and then H 2 0  and ether were added. The organic 
layer was washed, dried, and evaporated and the residue 
chromatographed on silica gel to give small amounts of 
the previously obtained linear 29 and cyclic dimers 28, but 
no pleiadiene, 27. 
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Structure and stability of vitamin E - lecithin and phytanic acid - lecithin 
bilayers studied by "3C and 31P nuclear magnetic resonance1 

ROBERT 1. CUSHLEY AND BRUCE J . FORREST 
Drpnr.trnc~nt qf Cher?listry, Sirnot1 F~ns r r .  Urlil.er.sit?., BLII . I IUD~.  B.C. .  Cnnnda V5A IS6 
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ROBERT J. CUSHLEY and BRUCE J. FORREST. Can. J. Chem. 55.220 (1977). 
I3C spin-lattice relaxation studies on lecithin bilayers indicate a marked destabilization of 

the bilayer structure by incorporated vitamin E (d,l-r-tocopherol) and phytanic acid, phytanic 
acid causing the greatest perturbation. 

Kinetic analysis of paramagnetic praseodymium infusion into the lecithin vesicles containing 
various phytyl conipounds has been performed using 31P nmr. Relative rates of Pr3- leakage 
through the mixed lecithin - phytyl compound bilayer compared with pure lecithin (relative 
rate = 1.00) were: phytol = 7.8, vitamin E = 47.7, and phytanic acid = 2897. 

ROBERT J. CUSHLEY et BRUCE J. FORREST. Can. J. Chem. 55,220 (1977) 
Des etudes de relaxation spin-rkseau du I3C sur des couches doubles de lecithine indiquent 

qu'il se produit une destabilisation iniportante de la structure de la couche double lors de 
I'incorporation de vitamine E (d,l-a-tocopherol) et d'acide phytanique; I'acide phytanique 
cause la plus grande perturbation. 

Utilisant la rmn du 31P, on a effectue des analyses cinetiques de l'infusion de praseodyrne 
paramagnetique dans des ampoules de lecithine contenant divers compos&s phytyles. Les 
vitesses relatives de perte de Pr3+ a travers une couche double mixte de licithine - compose 
phytyle, par rapport a la Ikcithine pure (vitesse relative = 1.00), sont: phytol = 7.8, vitaniine 
E = 47.7 et acide phytanique = 2897. 

[Traduit par le journal] 

As part of our continuing study on the effects 
of branched chain compounds on the structure 
and stability of model membrane systems, we 
wish to report the effects of the incorporation of 
vitamin E (d,l-3-tocopherol) and phytanic acid 
into a model membrane. PreviousIy, we had 
studied the effects of the intercalation of the 
related isoprenoid, phytol, 3,7,11,15-tetramethyl- 
hexadec-tram-2-en-1-01 (1). We found that, at 
52 "C, the fluidity of the lecithin bilayer, as 
shown by 13C T I  relaxation times, increased 
greatly due to added phytol and the effect was 
lessened as the temperature was lowered and the 
gel-liquid crystalline transition temperature, T,, 
was approached. Since any change in the packing 
of the lipid molecules may greatly alter the 
properties of the bilayer (2), the perturbation 
was interpreted in terms of the difficulty in 
accommodating the phytyl compound in an 
ordered bilayer structure. 

In the present study the isoprenyl compounds 
phytanic acid and vitamin E have been incorpor- 

'Presented at  the 59th Canadian Chemical Conference 
of the Chemical Institute of Canada, London, Ontario, 
June 6-10, 1976. 

ated into hen egg lecithin bilayers. Despite the 
obvious physiological importance of these two 

Phytan~c ac~d 
3,7.11.15-Tetramethylhexadecanoic acid 

a- Tocopherol 
D-2.5,7,8-Tetramethy1-2-(4,8, 12-trimethylt1idecyl)-6-~hromanol 

0 HC-R 

H2C-R' 
Egg lecithin 

R = Oleic (18: 1) or linoleic 
acid (i8:2) 

R '  = Palmitic (16:0) or stearic 
acid (18:O) 

Dipalrnitoql lecithin: R = R' = palmitic acid 
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AND FORREST 22 1 

phytyl compounds, very little is known of their 
effects at  a molecular level. This is in direct 
contrast to the wealth of information concerning 
the interactions of cholesterol with membrane 
systems. To this end, we report herein the effects 
of incorporated vitamin E and phytanic acid on 
membrane structure and fluidity evidenced by 
13C nmr relaxation studies. 

In addition, we have discovered a large per- 
meability increase in the model membrane by 
means of lanthanide induced shifts (EIS) of the 
31P nmr signals which shows a strong correlation 
with the effects demonstrated by 13C. 

Experimental 
Lecithin was extracted from fresh egg yolks by the 

method of Singleton et 01. (3). Thin layer chromato- 
graphic analysis showed a single spot when developed 
with CHCI,: MeOH:H,O (65: 25: 4) and heated. Com- 
pounds were obtained from the following sources: d,l-cc- 
tocopherol (vitamin E), Sigma Chemical Co.; phytanic 
acid (99.773, Analabs; phytol, Aldrich Chemical Co.;  
praseodymium nitrate (99.973, Alpha Inorganics. 

Lecithin dispersions (10% wjv) were prepared by 
shaking the dry lipid with D,O, in the case of the 13C 
spectra, and with 0.05 M Tris buffer, p H  7.22 which was 
0.05 M in KC1 in the case of 31P spectra. The dispersions 
were then sonicated under nitrogen on a Biosonik III 
probe-type sonicator until translucence ( N  10 min) while 
being cooled by a stream of cold water flowing through a 
jacket surrounding the sample. The vesicle preparations 
were then centrifuged and passed through a 0.22 p 
Millipore filter to remove titanium fragments and to 
remove large liposomes. The resultant vesicle preparation 
was subsequently transferred under nitrogen to a 12 nlm 
nmr tube and the nmr spectra were taken immediately. 

Mixed vesicle preparations (3 : 1 mole ratio lecithin: phy- 
tyl coinpound) were prepared in a similar manner by 
first co-dissolving both components in chloroform fol- 
lowed by exhaustive pumping to obtain the dry mixture. 
Attempts to incorporate either vitamin E or phytanic 
acid into the bilayers at higher molar ratios were un- 
s~~ccessfu!. 

All I3C spectra were determined at  25.2 MHz on a 
Varian XL-100-15 nmr spectrometer fitted with a TT 
100 FT attachment using an internal 2H field-frequency 
lock, and an 8K dataset, with external TMS as a refer- 
ence. The sample temperature was kept constant at  
I I f 1 "C. Under these conditions, the vesicles remained 
stable throughout the course of the experiment. Due to 
the length of the Ti's to he measured, and in order to 
circumvent the required waiting period of five times T ,  
between pulse sequences, the 13C spin-lattice relaxation 
times were measured by the homospoil sequence of 
McDonald and Leigh (4). Ti's for several carbon atoms 
which were indicated to be < 200 n ~ s  were checked by the 
inversion-recovery method of Vold et al. ( 5 )  and were 
found to be in agreement with the homospoii determina- 
tions to within experimental error. The percentage error 
for each measurement is included in Table 1 and averages 
f 675; occasionally duplicate runs showed variance in the 

two runs up to 10%. Thus, our confidence limit is set at  
i 10%. Therefore, if the variance exceeded the percentage 
error, the variance is reported in Table 1. 

31P spectra were determined at 33 "C using a Varian 
XL-100-15 spectrometer operating at 40.5 MHz fitted 
with a TT lOOFT attachment, using an external I9F 

field-frequency lock and external H3POd (85%) as a 
reference. Unless otherwise indicated, running conditions 
were: data set = 2K zero-filled to 4K; digitizing rate = 
2 kHz; pulse width = 10 ps; pulse delay = 0.5 s. Initial 
spectra were taken and a 1 5 0 ~ 1  portion of 0.1 M 
Pr(W0,)3.5H,0 in the aforementioned buffer solution 
was then added and subsequent spectra taken. Using 3 ml 
of vesicle solution gave a Pr3+ concentration of 0.005 M. 

Results and Discussion 
The 13G spin-lattice relaxation times for egg 

lecithin, lecithin with 25 moly, incorporated 
vitamin E, and lecithin with 25 m o l z  incorpor- 
ated phytanic acid are shown in Table 1. 
Assignments are taken from those made pre- 
vlously (I).  At the concentrations used, reson- 
ances of the phytyl additives were not of 
sufficient intensity to allow an accurate deter- 
mination of their relaxation times. An examina- 
tion of the lecithin T,'s readily reveals a large 
increase in the fluidity of the lipid bilayer upon 
addition of the phytyl compounds. 

Increases are observed in the relaxation times 
for each carbon along the lecithin hydrocarbon 
chain. For example, the T I  of the main methylene 
envelope carbons increases from 0.30 to 0.55 s 
upon vitamin E incorporation, and to 0.81 s upon 
intercalation of phytanic acid, while the ante- 
penultimate carbon experiences increases from 
0.30 to 0.55 s and to 0.90 s for the lecithin - 
vitamin E, and lecithin - phytanic acid mixed 
bilayers, respectively. In like fashion, increases 
are also detected for the peilultilnaie carbon 
from 0.66 to 0.80 and 1.75 s, and for the terminal 
carbon from 2.05 to 2.76 and to 2.98 s. 

It has recently been pointed out by Seelig and 
Seelig (6) and Stockton et al. (7) that interpreta- 
tion of 13C T1's is hampered by the fact that the 
order parameter, S,,,, and r,, the rate for 
segmental motion about individual C-C bonds, 
cannot be separated in the dipolar correlation 
time, .r, calculated from T1 for purely dipolar 
relaxation 

That is, the relaxation rate is determined by the 
anisotropy of motion as well as the rate of 
motion. Nevertheless, the concept of increased 
motional freedom due to separation of phos- 
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TABLE 1. 13C relaxation timesa for lecithin and lecithin - phytyl compound bilayersC 

Carbon 

Lecithin + Lecithin + 
25 m o l z  25 m o %  

Lecithin vitamin E phytanic acid 

- 
10% W / V  lecithin vesicles 

0 2 4 6 8 10 12 14 16 18 
CARBON NUMBER 

FIG. 1. Plot of the relative 13C TI relaxation times for individual fatty acid carbons of lecithin and 
mixed lecithin - phytyl con~pounds in sonicated D 2 0  dispersions: 0.33 mol phytanic acid added; 
0 0.33 mol vitamin E added. The 13C TI values for 10% wlv lecithin, column 2, Table 1 have been 
given the relative value of 1.00. 

pholipid molecules in the bilayer will result in more clearly evinced in Fig. I .  Figure 1 plots the 
larger values for 13C T1's whether due to in- observed 13C T I  values of lecithin with the in- 
creased disorder (< S,,,), i.e., greater excursions corporation of vitamin E and phytanic acid 
of the C-H dipole from the normal to the chain relative to the T ,  values obtained for egg lecithin 
long axis, or increased rate of segmental motion, alone (relative T I  value = 1.00). As can be 
or both. seen from the figure, large increases in T I  for the 

The amount of increase in relaxation time is hydrocarbon chain carbons of the order of 50- 
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CUSHLEY AND FORREST 223 

100% are found for the incorporation of vitamin 
E and of the order of 150-200% for the incor- 
poration of phytanic acid, even at 11 "C which 
is close to the transition temperature, T,,, = 
- 5-0 "C, for egg lecithin. Such increases in T,, 
we believe, are a result of increased mobility 
along the entire acyl chain due to the necessary 
deviation from normal lipid packing. The devia- 
tions are caused by the difficulty in accommo- 
dating the highly branched compounds in an 
ordered bilayer arrangement. 

London attractive forces between identical 
nonpolar ~nolecules leads to an interaction 
potential of 

Act2 u = --- 
r6 

where A is a constant, a is the molecular polar- 
izability, and r is the separation of the molecules. 
Since there is a highly distance dependent nature 
of the London forces between the hydrocarbon 
chains of a lecithin bilayer, the incorporation of 
phytol, a-tocopherol, or phytanic acid results in 
a large decrease in the interaction of adjacent 
lipid molecules for even a small expansion of the 
bilayer. 

For the lecithin hydrophilic headgroup the 
order of T l  increase is reversed; that is, vitamin 
E incorporation gives rise to greater increases in 
T l  than determined for phytanic acid. The effect 
is particularly noticeable for the carbon atom 
adjacent to the choline phosphate moiety. The 
13C relaxation time for the choline CM2-O-P 
is increased by only 17Y, by the incorporation of 
phytanic acid, while the T ,  value for CH2-O-P 
is increased by 75Y, in the presence of vitamin E. 
The behavior of the headgroup carbons is ex- 
plained by considering the depth each phytyl 
compound sits below the membrane surface. 

We have previously provided firm evidence 
that phytol interjects further into the polar 
region of the lecithin bilayer than does, for in- 
stance, cholesterol (1). A linear electrlc field 
effect of the polar head groups of the lecithin 
bilayer was found for the unsaturated C2,C3 
bond of intercalated phytol. An electric field 
calculation based on the surface dipole moment 
placed the midpoint of the C2,C3 double bond 
approximately 4.4 below the surface and the 
phytol hydroxyi close enough to hydrogen bond 
to the phosphate of the lecithin headgroup. 

Since the 13C relaxation time for the chollne 
CH2-O-P does not greatly increase upon 

incorporation of phytanic acid, in contrast to 
the effect of cx-tocopherol, it is probable that the 
acid moiety is engaged in hydrogen bonding 
with the lecithin phosphate. Such an interaction 
would tend to anchor the carbon atoms of the 
lipid headgroup and decrease their motional 
freedom. A similar effect has been noted for the 
choline CH2-O-P in mixed phytol-lecithin 
bilayers (1). Note that the efTect is lessened as the 
trimethylammonium carbons are approached. 

In direct contrast to the effect of vitamin E 
and phytanic acid, the intercalation of choles- 
terol does not cause any appreciable change in 
13C T 1  relaxation times of egg lecithin (8). Also, 
our own results indicate little effect upon 13C 
T,'s due to the incorporation of up to 25 molx 
of an unbranched C,, fatty acid, palmitic acid. 

Monolayers of phytol, a-tocopherol, and 
phytanic acid occupy molecular areas of 55, 60, 
and 61 A2 per molecule at 0.5 dyn/cm, re- 
spectively (9). The disruptive effect of the 
branched phytyi chains of these molecules is 
understandable when a comparison of the 
aforementioned molecular areas is made with 
unbranched stearic acid which occupies 24 A2 
per molecule (9). Cholesterol is known to form 
stable monolayers with molecular areas of 
approximately 40 A2 at a surface pressure of 
0.5 dvnlcm. 

Phytanic acid is expected to cause the greatest 
expansion of the bilayer not only because of 
stiric factors, but also because the carboxyl 
moiety extends furthest into the hydrophilic 
region. In other words, the penetration into the 
plane of the lecithin headgroup further electro- 
statically interferes with the normal ionic inter- 
action between the negative phosphate of one 
lecithin molecule for the now necessarily more 
distant trimethylammonium group of adjacent 
lipid molecules. 

Although a-tocopherol has nearly the same 
area requirements as phytanic acid, it is not 
expected to penetrate as far into the hydrophilic 
region. With a single hydroxyl function on the 
bulky hydrophobic chromanol ring system 
vitamin E is expected to lie lower in the bilayer 
than phytanic acid or phytol and may parallel 
that occupied by incorporated cholesterol (10, 
11). These authors have shown that the choles- 
teroi hydroxyl is found at the position of the 
ester carbonyl. We calculate this to be some 
7.5 1 2 A below the polar surface based on the 
X-ray data of Hitchcock et ai. (12). The phytol 
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TABLE 2. Leak rates for lecithin and mixed lecithin vesicles determined by 31P nuclear magnetic resonance 

31P chemical shift" Decrease in 'inside' 
in absence of Pr3+ 31P signal intensity 
(ppm upfield from upon Pr3+ addition Relative Half-life 

85% HN,PO,) (% totailmin) rate (day) 

Lecithin 0.87 5 . 3 5 ~  1 .00 6 .5  
Lecithin + phytol (25 molz)  0.85 4.17 x lo-' 7.49 0.83 
Lecithin + vitamin E (25 mo%)  0.79 2 . 5 5 ~  lo-' 47.66 0.14 
Lecithin + phytanic acid (25 mo%)  0.91 15.50 2897 2 . 2 ~  

"800 transients; pulse wrdth = 10 us (56" Alp angle). 

hydroxyl, on the other hand, resides some 0-2 8, 
from the surface based on the field effect measure- 
ments. The much larger steric effect of toco- 
pherol us. cholesterol, vide supra, would cause a 
disruptive expansion of the bilayer. Situated 
lower in the bilayer, vitamin E would not then 
be expected to interact with or anchor the 
Lecithin headgroup. The large increase of 75, 108, 
and 71x for the relaxation times of the choline 

f + 
CH,QP, NCH,, and N(CH,), carbons, re- 
spectively, upon vitamin E incorporation, com- 
pared with increases of 17, 85, and 6 3 z  for the 
same three carbons when phytanic acid is added, 
is simply the consequence of decreased ionic 
interactionof adjacent lipid molecules due to the 
sterically induced increased separation with con- 
comitantly decreased H-bonding of the vitamin 
E hydroxyl to phosphate. 

Phytol, in spite of its relatively high position 
in the bilayer, is not expected to cause as large 
an electrostatic perturbation in the plane of the 
lipid headgroups as phytanic acid. In addition, 
the phytol monolayer area requirement of 55 W2 
is not as large as that for phytanic acid or 
vitamin E. Hn summary, the foregoing provides 
a rationale that the destabilizing effect of the 
intercalation of isoprenoid compounds into 
phospholipid bilayer membranes increases in the 
order phytanic acid > a-tocopherol > phytol. 

Nuclear iMugnetic Resonnrlce Rcsi~lts 
The permeability of lecithin vesicles can be 

correlated directly with the membrane fluidity 
as expressed by 13C TI relaxation times. We 
have studied the efiect of the incorporation of 
phytyl compounds on the permeability cf 
lecithin vesicles using a lanthanide induced shift 
(LHS) 31P nrnr technique. 

A number of recent studies have shown LiS 
of 'H and 31P nmr sigzlals of phospholipid 
vesicles due to added lanthanide (33-16). The 

addition of Pr3+ results in a downfield shift for 
the outside phosphorus nuclei. 

We have utilized the rate of disappearance of 
the 'inside' 31P resonance signal to study the 
perineability changes in model membrane 
systems. Upon addition of the Pr3+ to preformed 
vesicles, the 31P resonance of the nuclei on the 
outside of the bilayer is broadened slightly and 
shifted downfield (LIS) by approximately 8 ppm, 
while the 'inside' phosphorus resonance is 
shifted upfield very slightly (17) but remains 
sharp. 

The rate of infusion of praseodymium across 
the bilayer is proportional to the rate of dis- 
appearance of the high field 31P nmr signal. Plots 
of the disappearance of 'inside' 31P resonance 
signal as paramagnetic Pr3+ crosses the bilayer 
rs. time are shown in Fig. 2. 

-- ,- 
m A u d " 0 

0 500 I000 1500 2000 2500 3000 

TIME (MINI 

FIG. 2. Percent total of inside phosphorus nmr signal 
relative to its initial value cs. time for (A) egg lecithin 
alone + 0.005 M Pr3", (B) egg lecithin with 25 mol% 
incorporated phyto! + 0.005 M Pr3+, (C) egg lecithin 
with 25 m o l z  incorporated vitamin E + 0.005 M Pr3+, 
(D) egg lecithin with 25 molZ incorporated phytailic 
acid + 0.005 1M Pr3+. Because of the extreme slope with 
phytanic acid, lines (C) and (D) are reproduced in the 
insert using an expanded time scaie. 
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CUSFILEY AND FORREST 225 

The kinetic data from Fig. 2 are quantified in 
Table 2 for egg lecithin alone, lecithin with in- 
corporated phytol, lecithin with incorporated 
a-tocopherol (vitamin E), and lecithin with in- 
corporated phytanic acid. The incorporation of 
25 m o l z  phytol increases the vesicle leak rate by 
approximately 8 times, 25 m o l z  vitamin E by 
approximately 48 times, and 25 m o l z  phytanic 
acid by nearly 2900 times over the leak rate 
obtained with pure egg lecithin vesicles. 

The half-life of the 'inside' resonance was 
calculated from the observed rates and is shown 
in Table 2, column 5. The addition of 25 molx  
phytanic acid to the system is seen to decrease 
the half-life of the peak unaffected by para- 
magnetic Pr3+ from 6.5 days to about 3 min. 
Lesser, but significant, effects are seen with the 
incorporation of phytol and vitamin E which 
have half-lives of approximately 20 and 3 h, 
respectively. When 25 m o l z  palmitic acid was 
added, no change in the lecithin leak rate was 
detected. 

Because of the potential physiological sig- 
nificance of the above results, a much lower 
amount of vitamin E (3 molx) was incorporated. 
The permeability results still showed an increase 
of 300%. 

In spite of the large increase in permeability, 
even in the presence ofphytanic acid, the vesicles 
did not rupture. After the complete disappear- 
ance of the upfield 'inside' resonance due to 
Pr3+ entering the vesicles, sufficient EDTA was 
added to complex with all of the Pr3+ on the 
outside of the membrane resulting in reappear- 
ance of two 31P resonances. In this case, the 
upfieid peak was due to the butside' phosphorus 
nuclei of intact vesicles since Pr3+ inside the 
vesicles cannot form an EDTA complex. 

The 31P results parallel the GI relaxation 
studies on bilayers containing intercalated phytol 
(1) and I3C studies of bilayers with incorporated 
vitamin E and phytanic acid reported here. The 
I3C relaxation studies have shown an increase in 
the fluidity of the lipid bilayer caused by the 
intercaiation of the branched chain compounds. 
The increased permeability to ions shown by 
3 1 ~  nmr spectroscopy exactly parallels the order 
found for mobility increase uiz. phytanic acid > 
vitamin E > phytol > Iecithin alone. 

On a molecular level, incorporation of vitamin 
E or phytanic acid disrupts the packing of the 

hydrocarbon region of phospholipid bilayers. In 
addition, penetration of the carboxyl function of 
phytanic acid into the plane of the lecithin 
headgroups causes a further disruption of the 
electrostatic attraction between adjacent lipid 
molecules. As we have demonstrated by 13G 
spin-lattice relaxation measurements, large 
changes in the 'fluidity' of bilayer membranes 
can be caused by the incorporation of phytyl 
compounds. 

In addition, the effect of intercalated vitamin 
E, phytol, and phytanic acid are shown to 
increase the permeability of phosphatidylcholine 
bilayers to Pr3+ by up to 2900 times. The in- 
corporation of cholesterol is known to decrease 
the permeability of phospholipid bilayers to 
Na', Kf, C1-, and glucose (18) as well as 
showing increased order (7). 

Several studies (19-22) have indicated that 
there exists a correlation between membrane 
'fluidity' and the regulation of membrane bound 
co-operative enzymes. While it is possible that a 
defin~te level of membrane 'fluidity' is necessary 
for regulation, it is also probable that too great 
an increase in the 'fluidity' of biological mem- 
branes may lead to a loss of cell function and a 
failure of compartmentalization. 

Thus, Lucy and Dingle (23) observed in ritro 
that the rapid hemolysis by added retinol of 
rabbit erj~throcytes is inhibited by low con- 
centrations of a-tocopherol, as well as other 
branched chain compounds such as 6-0-acetyl- 
a-tocopherol, squalene, ubiquinone-30, vitamin 
K,, and phytol, while N,N1-diphenyl-p-phenyi- 
enediamine and hydroquinone were completely 
without effect. However, in higher concentra- 
tions, extensive hemolysis was produced by 
vitamin E and phytol themselves. This activity 
was deemed not to be caused bv the redox 
system of a-tocopherol, but rather that it was a 
function of the jsoprenoid side chain (23). 

Furthermore. the accumulation of branched 
chain compounds has been associated with a 
number of disorders. Patients afflicted with 
Refsum's disease cannot a-oxidize and de- 
carboxylate phytanic or similar branched chain 
fatty acids. The resultant buildup of these 
branched chain compounds in the nervous 
tissue has been linked with the observed de- 
generation which often leads to the complete 
disintegration of the myelin sheaths (24). 

It is clezr that the incorporation of phytpl 
compounds has a marked destabilizing effect on 
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phospholipid bilayers as shown by increased 11. D. L .  WORCESTER and N. P. FRANKS. J. Mol. Biol. 
freedom of fatty -acid chains, said-effect also 100.359 (1976). 

increasing abr~~pt ly  their permeability. 12. P. B. HITCHCOCK, R .  MASON. K .  M. THOMAS, and 
6. G.  SHIPLEY. Proc. Natl. Acad. Sci. U.S.A.. 71, 
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Nuclear magnetic resonance spectra of o-8aydroxythiobenzamides: the 
in$ramolecu%ar OH. . . S  hydrogen bonnd as a conformational probea," 
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ADRIAN 0 .  FGLEA and PETER J. KRUEGER. Can. J. Chcm. 55, 227 (1977). 

The O H  and NCH, proton signals of 1-(2'-hydroxythiobenzoy1)-2-methylpiperide (2) are 
resolved into separate peaks assigned to four corlformers (EA, EB, ZA, and ZB) in 220 MHz nmr 
spectra at - 50 'C. All have a strong intramolecular OH. . .S bydrogen bond. The Z B  and EB 
conformers have the lowest and highest ground state energies, respectively. Exchanges between 
A and B conformers have a higher energy barrier than exchanges between Z and E isomers, 
but by + 40 'C all four conformers interchange rapidly. The nature of all possible interchange 
processes is considered and a potential energy surface with respect to rotation about the 
Ph-C(S) and C-N bonds is presented. For the 4-methyl analogue of 2 low temperature 
nmr spectra exhibit two sharp O H  signals arising from A and B conformers. For 2,6-di- 
methyl-4-(2'-hydroxythiobenzoy1)morpholine the AiB OH doublet of the cis dimethyl isomer 
can be distinguished from that of the trans isomer. Thus it is demonstrated that the intra- 
molecularly hydrogen bonded O H  proton is a good spectroscopic collformational probe. 
Nuclear magnetic resonance, ir, and L I ~  data all indicate that in the 2,6-dimethylpiperidine 
analogue of 2 the CNC and Ph-C(S)N planes are perpendicular due to steric interference. 
Coplaaarity of the phenyl ring with the thioamide group is attributed to a very strong intra- 
molecular OH. . .S hydrogen bond, in equilibrium with a proton transferred 0 .  . .H-S form 
in solution. This structure resembles the transition state for rotation in the most readily 
achieved exchange between conformers of 2. 

ADRIAX 0 .  FCLEA et PETER J. KRUEGER. Can. J. Chem. 55, 227 (1977). 
On a determine le spectre rlnn a 220 MHz et a -50 ' C  de (l'hydroxy-2' thiobenzoy1)-1 

methyl-2 pipiridine ( 2 ) ;  on a pu en resoudre les signaux dus aux protons O H  et NCH, en 
pics distincts attribues aux quatre conformeres (EA, EB, ZA et ZB). Tous ces conformeres 
presentent u11 pont hydrogene intrarnoleculaire OH. . .S q ~ ~ i  est tres fort. Les conformeres 
ZS et EB ont respectivement les energies des etats fondanientaux qui sont les plus basses et 
les plus elevtes. Les Cchanges entre les conformeres A et B ont une barriere d'energie plus 
elevee que les Cchanges entre les isomeres Z et E; toutefois a +40 ' C  les quatre conformeres 
s'echangent rapidement. On considere la nature de tous les processus possibles pour ces 
tchanges et on propose une surface d'energie potentielle par rapport a la rotation autour des 
liens Ph-C(S) et C-N. Pour l'aaalogue de 2 methyle en position 4, les spectres rmn a basse 
temperature nlontrent deux signaux O H  intenses derivant des conformeres A et B. Dans le cas 
de la dimethyl-2,6 (hydroxy-2' thiobenzoy1)-4 rnorpholine, on peut distinguer le doublet A'B 
~ L I  O H  de l'isomere dimethyl-cis de celui de l'isomere trans. Ainsi on a pu den~ontrer que le 
proton O H  lie par un pont hydrogene intrainolCculaire est une bonnc sonde speclroscopique 
conforn~ationnelle. Des donnees de rmn, ir, et d'uv indiquent toutes que dans la dimethyl-2,6 
piperidine analogue de 2, les plans CNC et Ph-C(S)N sont perpendiculaires I'un a l'autre dus 
a des interferences stkriques. 011 attribue la coplanarite du cycle phenyle avec le groupe thio- 
amide ii un lien hydrogene OH. . .S intralnolec~ilaire qui est tres fort et qui est en equilibre, en 
solution, avec une forme H-S. . .O dans laquelle le proton a Cte transfere. Cette structure 
ressenlble a 1'Ctat de transition de rotation dans l'echange qui peut s'effectuer le plus facile~nent 
entre les deux conformeres de 2. 

[Traduit par le journal] 

Ilntsodbnction hydroxythiobenzoy1)morpholine exist in two 
In  previous papers (1, 2) we have shown that conformers ( A  and B) which arise because of 

I-(2'-hydroxythiobenzoy1)piperidine and 4-(2'- different steric interactions between the 6' 
aromatic proton and either one or both of the 

'From the Ph.D. thesis of A. 0 .  Fulea. 
'Plesented In part at the 12th European Congress on hetero-r~ng NCH, protons trans to the thio- 

Molecular Spectroscopy, Strasbourg, France, June 1-5, carbony' group. These conformers 
1975. rapidly on the nlnr scale by ring inversion, and 

A - 
31saac WaIton Killam scholar; on leave of absence 

from the University of Bucharest. "Revision received April 2, 1976. 
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also by rotation around the C-N and Ph- 
C(S) bonds. The last two processes are slow 
at low temperatures. 

Since these conformers play an important 
role in the elucidation of the origin of the 
magnetic non-equivalence of the NCH, protons 
in benzamides and thiobenzainides (3), we have 
nou investigated iV-(o-hydroxythiobenzoyl)pi- 
peridines and -morpholines in which the hetero 
ring is biased by one or more methyl groups, 
freezing the hetero-ring i~lversion over the 
temperature range investigated ( f  40 to - 50 " C )  
and thus providing an opportunity to see both 
conformers separately in their nnlr spectra. 

Spectroscopic data on the compounds 1-6 
are presented and discussed in this paper. 

Conlpounds 1 and 5 are reference coinpounds 
for the study of the effect of inethyl substitution 
on conformational dynamics. A11 of these com- 
pounds are characterized by a very strong intra- 
molecular OH. . .S hydrogen bond. Further- 
more, steric hindrance forces the aromatic ring 
out of planarity with the thioamide group.' The 
details of this have been investigated with a 
model which is in good agreement with experi- 
inental data. 

Experimental 
Conzpo ~rnds 

Samples B and 5 were those used in previous investiga- 
tions; 2,  3, 4, and 6 are new compounds which were 
prepared by the Willgerodt-Kindler reaction (6) from 
o-hydroxybenzaldehyde, sulfur, and the appropriate 
methylated piperidine or morpholine, using pyridine as 

5The phenyl ring twist angle in benzamides and 
thiobenzamides has been discussed recently (41, and near 
planarity of the N atom in amides is well established 
( 5 ) .  

a solvent. A 3 h reflux period gave crystalline material 
with the characteristics described in Table 1. The 2,6- 
dimethylniorpholine used as starting material for the 
synthesis of 6 was a 60,'30 = cis(ee)itr.ans(ae) mixture, 
from nmr, Microanalyses were carried out by Chernalytics, 
Inc., Tempe, Arizona, U.S.A. 

Spectm 
The 220 MHz ' H  nmr spectra were obtained at  the 

Canadian 220 MHz N M R  Centre, Sheridan Park, 
Ontario, undcr thc direction of Dr. A. E. Grey. Thc 
100 MHz spectra were obtained with a Varian HA-100 
spectrometer, with the assistance of Mr. Lawrence Wong. 
Temperature calibrations for the latter were checked 
with methanol. An internal TMS reference was used in 
all cases. 

Infrared spectra in solution, using matched 2 or 10 cm 
cells, were obtained with a Perkin-Elnier Model 621 
spectrophotometer, and uv spectra with a Beckman 
Acta V spectrophotometer by Mrs. Marelle Bertram. 

Calczrlations 
Dreiding model dimensions and geometries are used 

throughout the discussion in this paper, with full recogni- 
tion of their inherent limitations, particularly with 
respect to multiple angle deformations that may occur 
in sterically crowded molec~lles to relieve strain. The 
thioamide N atom was considered to be planar, and 
oriented for maximum x-electron overlap with the C=S 
group. The following thioamide group bond lengths 
were used: 

(Ph)C-C(S) = 1.48 

C-N = 1.40A 

All non-bonded distances were calculated with the com- 
puter programme CART (7). While some distortion of 
the piperidine ring in compounds of this type has been 
established (I) ,  it cannot be put on a quantitative basis 
at  present, and this treatment does not take such dis- 

FIG. 1. Selected non-bonded H. . .H and 0. . .S dis- 
tances in the A and B conformers of IV-(o-hydroxythio- 
benzoyl)morpholines and -piperidines, calculated from 
Dreiding model geometry, as a function of the phenyl 
ring rotational angle $. For further details see text. 
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TABLE 1. Some properties of thiobenzamides synthesized 

Reaction 
temperature Recrystallization 

Compound ('c) Yield (%) solvent mp (:C) Colour 

2 90 70 EtOH (aq.) 132-1 34 White 
3" 70 49 EtOH (aq.) 136-138 White 
4 70 24 Benzene 132-133 Red 
gb 80 80 Benzene 105-108 Pale 

green 

OAnal. calcd. for  3: C 66.34, H 7.28, iX 5.95, S 13.62: found:  C 66.59, H 7.23, N 5.98, S 14.83. 
bAna/ .  calcd. for 6 :  C 62.12, H 6.82, N 5.57, S 12.76; found: C 61.88, H 6.63, N 5.56, S 12.87. 

tortion into consideration. Greater planarity of the N-thiobenzoy]morpholines (H,; . .N6, atoms in 
aromaiic ring and the thioan2ide plane probnbly exists ~ - t h i ~ b ~ ~ ~ ~ ~ l ~ i ~ ~ ~ i d i ~ ~ ~ )  at a distance of 
in these molec~rles than is ded~rcecl from the constrainecl 
tnodels employed, but this does not alte,. the essential 2'0 " leads twist and $ B  for the 
features of anj  concIusions, which are ba.ted on specti,al two conformers as listed in Table 2. along with 
obser~.ations. other calculated geometric parameters. These 

Results and Discussion 
Geometry of Model Conformers 

The H,,. . .H6, and corresponding H,,. . .H5, 
distances in I and 5 are shown in Fig. 1 as a 
function of the phenyl ring rotational angle 
(4) out of the thioamide plane.6 It would fall 
to less than 0.5 ,!i when 4 = 0'; comparison 
cf this distance with twice the van der Waals 
radius of hydro-gen (2.0 A)' indicates that the 
phenyl ring must be rotated out of the thio- 
amide plane. 

In ortho-substituted N-thiobenzoylmorpho- 
lines and -piperidines with unsubstituted hetero 
rings we have previously found two con- 
formers ( A  and B) arising out of hetero-ring 
inversion and its relation to the H,,. . .H,, 
steric interaction (H,,. . .H,, in piperidines), 
which requires extensive rotation of the phenyl 
ring out of the thioamide plane (1, 2). The 
ground state energies for A and B were found to 
difTer by only 0.2 kcal/mol or less. Calculations 
based on Dreidirig model geometries and as- 
suming 'contact' of the H,,. . .H,, atoms in 

'The numbering system is summarized in Fig. I .  
'Vlhile the Pallling van der Waals radius of hydrogen 

is 1.2 A; it has more recentiy been concluded that 1 .O A 
is a more appropriate value (8). The hydrogen disks iii 
Dreiding ixodels therefore have ! .0 radii. Non-bonded 
atomic radii cannot be defined precisely in any event, 
and are frequeiltly anisornetric (9 ) ,  so that contact 
distances depend on the angle between the bonds to the 
approaching atoms. For aromatic protons the consistent 
van der Waals radius appears to be 1.0 A (9), and even 
closer PI, . .H contacts have been reported in bicyclo- 
(3.3.llnonane (I.7W) (10) and in I,8-bisdehydro[14]- 
annulene (1.85 A) (1:). Large atoms in particular can 
lead to 'soft' contacts. 

are applicable to all the com~pounds under dis- 
cussion, regardless of aromatic or hetero-ring 
substitution. 

The data in Table 2 show, first of all, that 
substitution of a morpholine ring for piperidine 
introduces significant conformational changes. 
Secondly, tile structural features calculated on 
the supposition that the phenyl ring lvill at- 
tempt to be as planar as possible with the thio- 
amide group, being hindered only by the steric 
interference of an ortho-aromatic proton with 
one (or both) ailti NCH, proton of the hetero 
ring, are very reasonable. Thus the first M. . .H 
'contact' (d = 2.00 a) when rotating the phenyl 
ring from 4 = 90' toward planarity in com- 
~. 

pounds of the type 1 occurs when 4, = 59.5' 
(in conformer A) and $, = 47.5" (in conforlller 
B). In both cases the aromatic o-proton (H,.) 
first touches the H,, atom. In coinpounds of the 
type 5 (~norpholine ring) $, = 61.5" and 4, = 
43.5', corresponding to "ontact' with Hjc,  al- 
though it must be noted in the last case (see 
Fig. 1) that H,,. . ~ H j ,  ‘coats-ct' actually occurs 
Jirst as 4 decreases, leading to the definition 
of co~former  G (as in Table 2) wit!i 4, = 45.5'.9 
Since iibrations about the C-N bond would 
allow H,, to slip past H5,, given the angle of 
approach, conformer C is not expected to play 
a role except perhaps a t  very low temperatures 
when librational alnplitrtdes are reduced. 

8This is the low value end of the 'contact range' 
recommended by Scheraga (12) for use in "ard sphere 
potential' calculations of protein conformations. 

'Previously estimated values of $ A ,  4B and other 
structural parameters were based on direct measurements 
on Dreiding models; the values given in this paper 
supercede the earlier values. 
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TABLE 2. Geometric paralneters calculated for conforn~ers of AT-(0-hydroxythiobenzoyl)piperidines and -morpholinesa 
- 

Conformers Hetero ring 
-- 

View along C=S bondb View along (Ph)C-C(S) bond'," Piperidine (X = CH,) Morpholine (X = 0) 

+ B  = 47.5' decrease 43.5'' decrease 

s, d~ ... H* = 2 . 0 A  
(B) pN7=S b:. \ mg ~ H , . , H ~  = 2.0  A 

do...s = 2.98 8, 2.928, 
Ha H Ad = 0.27 k 0.33 & 

Not applicable +c = 45.5; 

/O.:H 
~ H . . , H "  > 2 .08 ,  

(c) fN7&k ygjc d r 1  ... H ,  = 2 . 0  A 
do...s = 2.94 8, 

Ha L, ~d = 0.31 A 

"Using Dreiding model geometry, with a planar hetero-ring N atom. While these data are calculated for the V-(o-hydroxythio,bex1zoJ.1) com- 
pounds, the $ values determined b y  non-bonded H . . . H contact are also deemed applicable to all other h'-ihiobenzoylpiperid~nes and -mor- 
pholines. 

Wydrogen bond to thiocarbonyl S atom nhich is located directly behind thioani~de C atom. 
'H is the aromatic o-proton. H ,  and H, are the ant i  ACH, urotons of the hetero ring, and 6 is the dihedral angle between the plienyl ring - .  

and thioamide planes. 
OWhen r$ = 55.0" a torsion angle of 22.3' is required about tbe C-0 bond for the COH...S atoms to lie in a plane. This corresponds to an 

LOH-.S of 145;8". 
e S ~ ~ m  of van der Waals radii of 0 and S atoms, minus calculated do . .  . ,. 

Table 2 and Fig. 1 also show that 0. . .S 
distances are estimated to be 3.16 and 2.98 A 
for conformers A and B, respectively, in the 
piperidine ring compounds, and 3.18 and 2.92 A, 
respectively, in the morpholine ring compounds. 
These values are 0.07-0.33 A shorter than the 
sum of the respective van der Waals radii 
(r, + r ,  = 1.40 + 1.85 = 3.25 A), and such 
shortening on strong hydrogen bond formation 
is well known. Thus, 0 .  . .O and F. . .F shorten- 
ing of 0.25 A has been documeiited for inter- 
molecular OH. . .O and FH. . .F hydrogen 
bonds (13). For 1 and 5 in very dilute CCI, 
solution we have observed oilly minute traces 
of a 'free' fundamental OH stretching vibration 
in the infrared spectrum, but very intense and 
broad intramolecularly OH. . .S bonded O H  
peaks displaced by 341 and 350cm-' ,  re- 
spectively. These attest to very strong hydrogen 
bonds, the hydroxyl proton being pushed into 
the S atom electron density as the aromatic ring 
attempts to achieve the maximum permissible 
co-planarity with the thioamide group. Ht is 
known that the effective radius of a hydrogen 

atom in a hydrogen bond is negligible (14). 
In 2-methylmercaptophenol the intramolecular 
0. . .S distance is identical with that which we 
estimate for conforn~er B in the case of a mor- 
pholine ring, but the OH frequency shift due 
to intramolecular O H  . .S hydrogen bonding 
is only 149 cm-'  (14b). From the data in Table 2 
it is also expected that the acidity of OH, 
will exceed that of OH,, and the basicity of S, 
will exceed that of S,, for a given compound, 
due to the dependence of the conjugation on $. 

Hamilton and lbers (15) consider that a 
good operational criterion for the existence of a 
hydrogen bond is H. . .X shortening. Assuming 
a normal L C O H  and a normal O H  bond dis- 
tance, our model calculations show that the 
H. . .S distance in the compounds under con- 
sideration falls from 2.23 A at $ = 55" to 
1.70 at $ = 0" (phenyl ringlthioamide group 
coplanar). Relative to the sum of the van der 
Waals radii (r, + r ,  = 1.0 + 1.85 = 2.85 A), 
this corresponds to 'shrinkage' of 0.5-1.12 A, 
which is in line with those of 0.9 and 1.4 
noted for intermolecular O H  . .O and OH. . .F 
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4 I 

\ %I ,J w~ufi,j!-j 
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EA,ZA OTHER 
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FIG. 2. 220 MHz 'H nmr spectra of 2. 

hydrogen bonds, respectively (1 5). Unfortunately 
crystallographic data for compounds involving 
OH. . .S hydrogen bonds is quite meagre 
(16). 

No reference is made to the Id,,. . .H,, and 
Elii,,. . .H,, distances in Fig. 1 since they always 
exceed 2.0 A when some other contact set in. 
As far as the syn NCH, protons are concerned, 
the following distances apply in our model: 
S. . .Hz, = 3.65 A, S. . .H,, = 2.39 A (in piperi- 
dines); S . . .H, ,  = 3.50& S . . .H, ,  = 2.49A 
(in morpholines). Distances below 2.85 A are 
considered to correspond to 'soft' contacts 
here. 

Cotlformers of 1- (2'-Nydrox~~thiobenzo~~l) -2-me- 
tl~yl)Q~eridir~e ( 2 )  

The 220 MHz nmr spectra of 2 in CDCI, at  
selected temperatures between + 40 and - 50 "C 
are given in Fig. 2, and expansions at  two low 
temperatures in the most relevant regions in 
Fig. 3. Proton signal assignnle~lts are indicated 

In these figures The most strlklng character~stic 
1s the progresslke resolut~on of the spectlum 
into d~stinctly sepalate OH and S J M  and ant1 
NCH, (and NCHR) proton slgnals cha~acter~z- 
Ing the A and B confornlers of both the Z 
( ' z ~ s a m m e n ' ) ' ~  and E ('entgegen')l0 lsomers as 
the temperature 1s lowered These four con- 
for!nersl1 are illustrated in Fig. 4 together with 
all possible interchange paths, the energy bar- 
riers being correlated with the schematic 
potential energy surface proposed in Fig. 5 to 
explain the experimental data. 

Figure 4 classifies the interchange paths into 

' O Z  and E have the methyl and thiocarbonyl groups on 
the same and opposite sides of the CN bond, respectively. 

"Because the Z and E forms are not physically separ- 
able, reference will be made only to the E A ,  EB, Z A ,  
and ZB forms as 'conformers'. These collformers can be 
interchanged by rotation around the formal single bonds 
C(S)-Ph and C-N. Each of these conformers has an 
enantiomer, but that is irrelevant for this study. Their 
existence might be demonstrated in a chiral solvent. 
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rl (a) 

7 OH protons +40°C 

(c) anti NCH, protons 
NCH, protons 

syn EA and syn EB and 

ZA,ZB 

I , ? I  , , I , ,  . I  , I ,  , , A ,  , , - "  i " '  " " ' i ; '  

5 5 60 6 5 70 
I 

- , 7 -  - I , , , , . , , , , , I  -- 
(b) syn NCHe protons (dl methyl protons EA>ZA,ZB EA.ZA,ZB -- 

FIG. 3. Expanded scale 220 MHz 'IS nmr spectra of 2: (a) OH protons, (h)  syn NCH,  protons, 
(c) anti NCH,  and syn and anti NCH,  protons, and ( d )  methyl protons. 

@ =  Methyl 

FIG. 4. The four conformers of 2 and their interchange 
paths, together with the energy barriers for intercon- 
version correlated with the potential energy surface in 
Fig. 5 .  The thioamide plane is perpendicular to the paper 
and the thiocarbonyl S atom is directly behind the thio- 
amide C atom. These sketches are based on photographs 
of Dreiding models, and selected H disks shown have 
a radius of 1 A. For simplicity the methyl group is shown 
only as a dark circle. 

the following processes, based on a comparison 

of equilibrium geometries for the four con- 
formers calculated on the bass of thioamlde 
group planarity and s tem 'contact' between the 
a1 omatlc o-proton and one (or both) ant1 NCEI, 
protons of the hetero-r~ng . 

( I )  (o) Rotallon about the Ph C(S )  bond 
(A$ = - 107 ) and passage of the 0 atom past 
the S atom, and H, past H,, (or past H,,, 
depend~ng on the Isomer ~nvolved), or (6) 
rotation about the Ph-C(S) bond in the op- 
poslte direction ( A 4  = -253-) ulth passage 
of the 0 atom past H,, (or H,,), wh~ch would 
be even more difficult than (a). 

(IT), (11') Co-operatwe rotatlon about the 
6-N bond (A0 = - 180") and (a) about the 
Ph-C(S) bond (A+ = - 95 - - 119 ) wlth 
passage of the O atom past the S atom, or 
(6) about the Ph-C(S) bond In the opposlte 
direction (A+ = - 241" - -255"), lnvolv~ng 
complete breaking of the conjugation of the 
phenyl ring with the thioamlde group Path 
(a) may be energet~cally preferable because of 
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the increased plieilyl ring conjugation and the 
very strong OH. . .S hydrogen bond stabilizing 
the planar transition state, as demonstrated 
iater in this paper. This is an example of the 
'gear effect' (17). 

( I U )  Small angle 1-otation about the Ph-C(S) 
bond (A+ = - 12") with maintenance of some 
conjugation of the phenyl ring with the thio- 
amide group, and A+ - - 180' rotation about 
the C-N bond. 

The angles cited are based on our calculations 
for 1 and 5 described in the preceding section. 
Undoubtedly the real angles will be somewhat 
different, partic~llarly in the case of 2, but the 
calculated values are used throughout this 
discussion for illustrative purposes. Wotwith- 
standing the above classification of pathways, 
ail probably proceed via the energetically 
favourable 'saddle point' region in Fig. 5, 
e.g. even the EA EB conversions which ap- 
pear to involve no rotation about th,: C-N 
bond probably involve an intermediate state 
where sufficient rotation about this bond has 
occurred to permit thc Pa,, atom to slip past 
H,,. Librational motion about the C-N bond 
nlay provide the mechanism for this. Co- 

FIG. 5.  Potential energy surface proposed for inter- 
conversion between all possible pairs of Z A ,  Z B ,  EA,  and 
EB conformers. The angles B and 4 refer to rotation 
about C-N and Ph-C(S) bonds, respectively. The 8 
scaie is compressed by a factor 2 relative to the (e scale. 
Only cuts through the surface are shown for Ph-C(S) 
rotation interchanging E and Z isomers, and for C-N 
rotation relating the E,A &,B and E,B + Z ,A  con- 
formers. Tie lines (dotted lines) from the maxima in 
these cuts are joined to indicate the 'saddle point'. 

operative rotation about two bonds in amides 
has already received soiiie coilsideration (1 8). 

The assignment of OH and CH proton peaks 
follows from their relative intensities at - 50 'C, 
the manner in which they coalesce as the 
temperature is raised, and an assessment of 
steric plus other factors. The NCH, signals 
account for half as many protons as the NCH, 
signals; thus the illethyl group is axial (19). 
The s1.n NCH, proton signal is known to be 
downfield relative to the anti NCH, signal (19). 
Further, the NCH,(H) proton signals arc 
doublets due to coupling with the geminal 
axial protons, while the NCH,(CH,) signals 
are inultiplets due to coupling with the methyl 
protons. Molecular models show that conforn~er 
EB is the most sterically hindered conformer 
in the ground state, and hencc its peak should 
have the lo~vest intensity. Thus all the E B  
signals can be assigned readily as indicated in 
the spectrum at -50 "C in Figs. 2r and 3. The 
inethyl group signal for this conformer also 
appears well separated from that of the other 
three conformers. 

The s jn  NCH, proton doublet of conforlller 
EA can be identified next, slightly downfield 
from the corresponding doublet in EB. At 
- 30 'C the EB signals begin to broaden, 
together with the peaks for another conformer, 
\\hereas the peaks for the remaining two con- 
formers (one of which is E A )  are still sharp. 
Since the chemical shift difference between the 
s,rn NCH, protons of E A  and EB is the smallest 
of all the possible shift differences that can be 
formed for the four conformers, it follows that 
the process which interchanges EB @ EA is not  
the one uhicli begins to appear as rapid on the 
nrnr scale at -30 'C (process I ) .  Process I I  
interchanging EB + Z B  is envisaged as having 
a lower barrier than process III interchanging 
EB 9 Z A  for reasons already mentioned, and 
t!lis is proven iater in this paper from the nmr 
spectra of 6. where A + B interchange can 
be ruied out and coalescence similar to that 
observed for 2 must be due to R + B' inter- 
change (where B' is the n~irror image of B). 
The interchange EB @ Z B  thus remains as the 
one which first becomes rapid at -30 "C as 
the temperature is raised. 

Taking the selective broadening at - 30 ' C  
into account, the OH and sj>rz and anti NCW, 
proton signals of the Z B  conformer can be 
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assigned. This OH peak is the strongest of the 
four OH signals at - 50 "C and has the largest 
chernical shift from TMS. The two central OH 
peaks of almost equal intensity are thus due to 
the EA and ZA conformers, but no specific 
assignn~ent can be made. In order of increasing 
chemical shift at  - 50 "C, the OH protons 
therefore have the following chemical shifts 
fronl TMS (and relative intensities): EB = 

1688 Hz (1.0); EA /ZA  = 1749 Hz (1.7) and 
1781 Hz (1.4); Z B  = 1 8 1 8  Hz (2.7). This means 
that the EB conformer is 0.43 kca1;'mol less 
stable than the Z B  conformer and the EAIZA 
conforiners are 0.201'0.28 kcallmo1 less stable 
than Z B .  

The remaining SJ. / I  WCH, multiplet (with the 
largest chemical shift in this group) must arise 
from Z A ,  The anti NCH, multiplet that remains 
unidentified belongs to EA, and intensity con- 
siderations dictate that the allti NCH, proton 
cherllical shifts of t l ~ e  Z B  and Z A  conformers 
(doublet) must be identical. A t  - 30 "C broaden- 
ing due to the Z B  contribution to this signal is 
already evident. 

The axial proton signals are rliore overlapped. 
However, the broadening at - 30 "C permits 
the identification of the sj.rz and ailti NCH, 
proton signals of EB and dB. The remaining 
NCH, peaks are assigned to a superposition of 
the sj3n and nt~t i  NCH, signals of EA and Z A :  
these broaden at 0 'C and this shows that 
LIE,,, > AE,,. 

The conin~encement of selective broadening 
around -30 'C as the temperature is raised 
proves the following: 

(1) The process EB $ Z B  is becorning rapid, 
and intermolecular hydrogen exchange processes 
are ruled out, as in this case all four OH signals 
should start to coalesce at  the samc temperature. 

(2) Because 

and yet the EB and Z B  conformers interchange 
a t  a lower temperature, it follo\vs that > 
AE11. 

(3) The exchange Z B  ~ t .  EB takes place at a 
lower temperature than the exchange EB + EA 
In spite of the fact that for the NGH, protons 

E B 
<.r,",Zi - T,,', 1 >> <e; - 'C:; > 

which implies that the energy barrier for the 

latter exchange (BE,) exceeds that for the former 
(BE,,). 

The relative barrier heights AE, > BE,,, > 
AE,,, > AE,, are therefore indicated, with the 
thernlodynainic stability of isomers/conformers 
increasing in the order E,B < E,A w Z ,A  < 
Z,B. These features are incorporated into Fig. 5. 
While the barriers for Z A  e Z B  and EA EB 
exchai~ge may be slightly different, they are 
both referred to here as AE,; similarly those 
for EB e Z A  and EA P Z B  exchange are 
both labelled AE,,,. 

By 0 "C the OH peaks for all four conforn~ers 
have already coalesced (Fig. 2c) and the NCH, 
proton signals for the EB and 213 conformers 
have broadened to the extellt that they are lost 
in the background. Broad signais are observed 
for the syiz aiid anti NCH,  protons of the EA 
and Z A  conforniers, as well as a broad super- 
imposed s jn  and atiti NCH, signal for these 
conformers. 011 the other hand, the syn and 
anfi  NCH, signal of EB and Z B  is s11ai;a at 
T = 6.85 ppm, as are the methyl doublets due 
to the conformer pairs Z B / E B  and EAIZA. 
These sharp feat~lres persist at  20 'C indicating 
that even at  that temperature neither of the 
barricrs AE,,, or 86, have yet been excccdcd. 

By 40 'C the signals for the OH, NCH,(H), 
NCH,(Me), NCH,(H) and methyl protons are 

avcraged to onc signal cach, respectivcly, for 
al! four conformers (Fig. 2a). This means that 
at least one or both of the energy barriers 
AE,,, and AE, are now being exceeded by rapid 
exchange on the nmr scale, bearing in mind that 
co-operative 8,+ motion nlay mean that the 
full barrier heights AE, and BE,,, need nevcr be 
attained (Fig. 5). Coalescence at 40 "C implies 
a barrier height of - 17 kcallmo! between A 
and B conformers of 2. 

Figure Ga shows the OH proton signals for 2 
at 100 1MHz over a temperature range. At low 
temperatures the four separate signals are still 
seen, corresponding to the number of con- 
formers, proving that even at this lower field 
strength the OH group is a good spectroscopic 
probe in these compounds. 

Confiinzers of 1- /2'-ffydroxj tlthiobe~zzoyl~ -$-me- 
thylpipeiiclilie (3) 

For 3 only two OH peaks are observed at 100 
MHz at low temperatures, (Fig. Gb) in agreement 
with the expected number of conformers. The 
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100 MHz 
(a) 2 P 

i I 

FIG. 6.  100 MHz 'PI nnir spectra of (a) 2 and (b)  3 in 
CDC13, 

&a 
8 = Methyl 

FIG. 7. The A and B conformers of 4 and their enantio- 
mers A' and B', respectively, together with all possible 
interconversion paths. For further details see caption 
to Fig. 4 and text. 

complete conformational scheme for 3 is 
presented in Fig. 7. Here processes I1  and 11' 
lead to the enantiomers B' and A' of the con- 
formers B and A,  respectively, and thus only 
two spectroscopicaily distinguishable forms of 
this molecuie are expected in non-chiral solvents. 
The potential energy surface for conformational 
interconversion In 3 would resemble that pre- 

sented in Fig. 5 except that it would have a 
vertical two-fold symmetry axis through the 
saddle point. At 100 MHz the OH signal splitting 
is the only evidence for the existence of two 
conformers of 3, the hetero-ring protons 
giving only one signal for both A and B con- 
formers. 

Isomers of 2,6-Dimethyi-4-(2'-hydroxythiobenz- 
oj~1)morpholine (6) 

The sensitivity of the OH proton to the A 
and B, and the Z and E conformers of 2 having 
been demonstrated, it was of interest to in- 
vestigate the existence of A and B conformers 
in the cis and trans dimethyl compound 6 .  
The 220 MHz spectra of 6 at ambient temper- 
ature in CDCI, and CS, solution are shown 
in Fig. 8 d  and e ,  respectively. In CDCl, solutions 
the syn NCH, and the syn and anti NCH, 
proton signals differ in shape and in chemical 
shift for the A and B conformers, and the 
syn and anti methyl group protons are also 
distinguishable. From this A + B (process I) and 
A' + B (process IBB) exchanges can be ruled 
out, and B $ B' and/or A & A' (processes U 
and 46') identified as being responsible for the 
broadening. The great similarity between the s j n  
and anti NCH, proton signal patterns for 
6 and 2 at 20 "C suggests an identical process in 
the latter, and this has aiready been used in the 
assignment of its nmr signals. At the same tem- 
perature in CS, solution the syn WCH, proton 
signals of 6 have merged, but the syn and anti 
NCH, proton signals are still different in A and 
B. 

From the spectrum of 6 in CDCI, at 20 "C 
a lower limit of AE > 17 kca!/mol can be 
predicted for the barrier between A and B 
conformers, given that they still give separate 
syn and anti WCH, peaks at this temperature. 
This barrier is probably AE,,,, or related to it 
but lowered by passage through the saddle 
region in Fig. 5. In a compound like 2,6- 
dimethyl-4-(4'-nitrothiobenzoy1)morpholine an 
even higher barrier is expected because of in- 
creased 'stiffness' to rotation due to the higher 
C-N bond order. 

The breadth, multiplicity, and temperature 
dependence of the OH peaks in 6 (Fig. 8c)  
are contrasted with the corresponding signals in 
1 and 5, which are shown on the same scale in 
Fig. $a and 6, respectively. Both 1 and 5 exhibit 
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FIG. 8. 220 MHz 'H nmr OH proton signals in (a) 1, (b) 5, and (c) 6 ;  (d) (e )  nmr spectra of 6.  

only a single very sharp OH peak down  to^ 
-40'C. The chemical shifts and 
should each be approximately the same (if not 
identical) in 1 and 3, and in 5 and 6, as all the 
factors which can influence this chemical shift 
in a given conformer remain constant. Thus the 
shift differences .roHA - -cOHB should also be the 
same in 1 and 2, and in 5 and 6 ,  respectively. 
The appearance of only a single peak in 1 
and 5 implies that the interchange A + B by 
hetero-ring inversion is rapid on the nmr scale, 
over the temperature range investigated. For 2, 
3, and 6 this process is frozen on the nmr 
scale by the biased heeero ring (or a rapidly 
equilibrating mixture of a major conformer like 
A and a minor conformer of type B with an 
axial methyl group exists). 

The 220 MHz OH proton signals of 6 in 
CDCI, solution as a function of decreasing 
temperature are shown in Fig. 8c. By - 50 "C 
three peaks are observed. The dominant peaks 
a t  1777 and 1824 Hz from TMS are assigned 
to the A and B conformers of 6 with ee methyl 

groups, while the secondary peak a t  1813 Hz 
arises from the B conformer of 6 with ea 
methyl groups. The latter reflect an ee/ae mix- 
ture in the 2,6-dimethylmorpholine used in the 
synthesis of 6 (see Experimental). The rOHae and 
T,," signals of the A conformer may well 
overlap in Fig. 8c. 

A smaller proportion of the ae isomer is also 
seen in the 300 MHz methyl proton signals of 
2,6-dimethyl-4-(3'-nilrothiobenzoy1)morpholine 
(7) and (6) shown in Fig. 9a and 6, respectively, 
together with assignments. The a methyl group in 
7 now shows up as separate syn and anti doublets. 
In 6 the o-OH substituent introduces greater ri- 
gidity into the molecuie and accentuates the 
difference between the A and B conformers. Thus 
a t  - 11 "C the a methyl signals are now split. 
At -33 "C these signals have collapsed into 
single lines, but the sj1t2 e CH, signal shows 
splitting corresponding to  the different chemical 
shifts of A and B conformers. The anti e CH, 
signals are clearly different for the A and B 
conformers a t  both of these temperatures. 
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300 MHz , i n  acetone-d, 
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Z 

FIG. 9. 300 MHz nmr spectra of (a)  7 and (b) 6 
in the methyl proton region. 

I -(2'-Hydroxythiobenzo yl/ -2,6-dimethylpiperi- 
dine (4) : Phenoltlzione (C-0-fi . .S=C) 
and Enethiol-quinonemethideLde 
(C=O . .H-S-C=C) 

2,6-Dimethyl substitution of 1 produces 4, 
which is radically different in structure from 2. 
In the 220 MHz nmr spectrum of 4 (Fig. 10) 
both the chemical shift and the signal pattern of 
the NCH protons show that they are axial, and 
therefore both methyl groups must be equatorial. 
At all temperatures investigated the NCH, 
protons have the same signal; also the two e CH, 
groups have the same signal. Molecular models 
indicate that the steric interactions cannot be 
accommodated in a structure like that of 2 
(where the single methyl group is axial in all the 
conformers) and all spectral data are consistent 
with 4a (Scheme 1) in which the CNC plane is 
perpendicular to the Ph-C(S)-N plane. This 
would break the conjugation of the C-N bond 
and increase the Ph-C=S conjugation, with 

its planarity being favoured by a very strong 
intramolecular OH. . .S hydrogen bond. While 
another conformer can be envisaged by 180" 
rotation about the C-N bond, this involves 
steric H,,. . .Me interactions leading to an 
unpopulated high energy form. Rotation about 
the C-N bond to interchange these conformers 
is also bound to have a very high energy barrier 
because of the severe steric interactions in the 
planar transition state. We believe 4 to be the 
first amide in which N lone pair electrons are 
not conjugated with the C=X n-electrons be- 
cause of mutual orthogonality in the molecular 
structure. Its ground state structure is a model 
for the transition state of process 11 in 2, and 
the existence of 4 as a stable compound lends 
strong support to the hypothesis that this type 
of stabilized transition state is the most im- 
portant in the low temperature interconversion 
of Z F?. E conformers in 2. 

All the compounds dealt with in this paper 
are white in colour, except 6 which is pale 
green, and 4 which is red. That provides further 
evidence of radically different electronic struc- 
ture in the last one. Furthermore, in 4 the 
aromatic proton H,, is very much deshielded 
relative to the equivalent protons in all other 
o-OH thiobenzamides studied, such a low-field 
position being quite normal for a 6 proton in a 
quinonemethide. 

The OH signal of 4 is very broad in CDCl,, 
conditions under which 1 and 5 give very sharp 
bands, and this is indicative of an exchange 
process. The infrared spectra of 4 in very dilute 
CCI, solution (c < M) provide further 
evidence as to its structure (Fig. 11). Compound 
2 exhibits a very weak 'free' OH peak at 3613 
cm-I and an Intense broad intramolecularly 
OH. . .S bonded band with a maximum -3270 
cm-l, and all other o-hydroxythiobenzoyl- 
piperidines and -morpholines are similar. Com- 
pound 4 has a trace of 'free9 OH at 3616 cm-I, 
with v,,,,,, < 3000 cm-I and overlapped by 
CH stretching bands, and an intvamolecularly 
hydrogen bonded SH. . .Q band at 2250 cm-I. 
No absorption occurs in this region for any 
other related o-hydroxythiobenzamides, and 
'free9 SH groups normally absorb weakly in 
the range 2550-2600 cm-I. We attribute all of 
these features to the equilibrium in Scheme I .  

The lack of double bond character in the C-N 
bond favours 4b and 4 4  and the hydrogen 
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in CDCI3 (220 MHz) 

ambient 

L 

FIG. 10. 'H nmr spectra of 4. 

0-.H bonded proton moves in an unsymmetrical qcs ~e r -  41$- 2'-hydroxythiobenzoyl double minimum potential. moiety The in planarity the absence of the of H...&MR H. ' .& < steric interactions between H,, and H,, lends 
strong support to the concept that non-planarity 
of the phenyl ring with the thioamide group 

4 a 4 6 which is normally found in N-thiobenzoyl- 
'. piperidines and -morpholines arises because of 

41 H,,. . .N,, interaction. Trace amounts of 'free' 
I I- OH probably arise from rotation about the 

/ ' C-O bond, as opposed to rotation about the 
-0.. .? o...? Ph-C(S) bond. 

+ts+ - @-4 - The intramolecular OH. - .S hydrogen bond in 
4 has all the characteristics of a very strong 

H,..&N" =G hydrogen bond corresponding to a short 0 .  . .S 
.dc 4 d distance, not only in CCl, solution (Fig. 11) 

but also in KBr pellets (Fig. 12). Here the 
S( H L h l r  I infrared spectra exhibit broad bands at  2750, 
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FIG. 11. Infrared spectra of N-(0-hydroxythiobenzoyl)rnorphol~nes and -plperldlnes in very dllute 
(c  < 0.003 M) CCI, solution. 

2150, 1400 ( ?), and 970 cm-l, similar to the "A" and "B" bands have fine structure similar 
"A", "B", "C", and "D" bands observed in to that reported by Bellamy and Rogash (21) 
strongly intermolecularly hydrogen bonded sys- for strong hydrogen bonds in tautomeric 2- 
tems (20). These do not appear in the infrared thiopyridone and 2-pyridone dimers. They 
spectra of KBr pellets of other o-hydroxythio- interpreted the fine structure tentatively in terms 
benzoylmorpholines (Fig. 12). Furthermore, the of Fermi resonance of the v,, fundamental 
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hydrogen bond has ruptured and has been 
replaced by a very strong intermolecular 
OH. . .O bond to the solvent. In both acetone-d, 
and DMSO-d, the OH signal moves downfield 
with decreasing temperature, and the OH 
integral indicates the equivalent of more than 
one proton, which may indicate the involvement 
of traces of water in the hydrogen bonding 
equilibria. 

Conclusions 
(I) The proton in an intramolecular OH. . .S 

hydrogen bond is shown to be a very sensitive 
conformational probe. To our knowledge this 
is the first observation of distinctly separate 
nmr OH signals arising from the same OH. . .S 
bond, as modulated by different rotational 
isomeric and conformational geometries. 

(2) The existence of A and B conformers in 
o-hydroxythiobenzoylpiperidines and -morpho- 
lines is well documented, and the geometrical 
parameters of these conformers are estimated 
from a model which is in good agreement with 
the experimental data. 

(3) The structural characteristics of a thio- 
benzamide with no conjugation between the N 
lone pair electrons and the thiocarbonyl n- 
electrons is described for the first time, and it 
is shown to have an intramolecularly hydrogen 
bonded proton in an unsymmetrical double 
minimum potential. 

(4) The complex and still poorly understood 
infrared "A", "B", "C", and "D" band sys- 
tems which are well known for very strong 
intermolecular hydrogen bonds are also shown 
to arise from an intramolecular hydrogen bond 
in 4. 

(5) This investigation supports the hypothesis 
of Muller and Reiter (23) that the temperature 
dependence of the chemical shift of a hydrogen 
bonded proton can largely be explained by a 
change in the relative population of vibrational 
levels of the v, (here v,,,,,) stretching mode 
(13b). This vibration lies around 100-200 cm-' 
in the far infrared (24), and several excited 
states are expected to be appreciably populated 
even at low temperatures. The OH proton of 3 
yields separate sharp signals for A and B con- 
formers, respectively at -40 and -60 "C 
(Fig. 6) and no 'free' OH exists, since that 
would lead to a different chemical shift from 
that of OHA. . .S and OH, . .S. Furthermore 
rapid exchange between hydrogen bonded and 

'free' OH protons would collapse the hydrogen 
bonded peaks, which is not the case. The 
temperature dependence of the OH chemical 
shift for both conformers between -40 and 
- 60 "C can be accounted for only by decreasing 
O H  . .S distance (decreasing excitation of v,) as 
the temperature decreases, and not by a shift 
in the hydrogen bonding equilibrium as pre- 
viously considered (25). 
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PATRICIA DEMAREE, MARIE-CARMEN DORIA, and JOSEPH M. MUCHOWSKI. Can. J. Chem. 55, 
243 (1977). 

The reaction of thiophosgene with r-diazocarbonyl compounds produced mixtures of 1,2,3- 
and 1,3,4-thiadiazoles, in which the latter predominated, irrespective of whether the bis(a- 
diazoacyl)mercury derivatives or the free diazo compounds were used. In contrast, ethyl chloro- 
dithioformate gave exclusively 1,3,4-thiadiazoles with a-diazocarbonyl compounds in the 
presence of triethylamine and only 1,2,3-thiadiazoles when the bis(x-diazoacy1)mercury 
derivatives were used. 

PATRICIA DEMAREE: MARIE-CARMEN DORIA et JOSEPH M. MUCHOWSKI. Can. J. Chem. 55, 
243 (1977). 

La reaction de thiophosgkne avec les composes x-diazocarbonyles conduit B des melanges 
de thiadiazoles-1,2,3 et 1,3,4; que l'on utilise des derives mercuriques du bis(a-diazoacyl) ou les 
composes diazos libres le dernier prkdomine. Par opposition, le chlorodithioformate d'Cthyle 
conduit uniquement B des thiadiazoles-1,3,4 par reaction avec les composCs a-diazocarbonyles 
en presence de triethylamine et uniquement a des thiadiazoles-1,2,3 lorsque l'on utilise des 
derives bis(il-diazoacyl) mercure. 

[Traduit par le journal] 

The reaction of diazoalkanes with thio- 
carbonyl compounds has been extensively studied 
(1-5), and d~verse products, the nature of which 
depends on the structure of both reactants, are 
formed. For example, it has long been known 
(6, 7) that 1,3,4-thiadiazoles are produced from 
thiocarboxylic acid chlorides and diazoacetic 
esters or diazomethane. In addition, Ried and 
Beck (8) assigned the 1,2,3-structure to the thia- 
diazoles derived from thiophosgene and dia- 
zoketones, but it is now recognized (9) that the 
reported compounds were, in fact, members of 
the 1,3,4-series. Nevertheless, 1,2,3-thiadiazoles 
can arise from certain thioacyl halides, since it 
has recently been reported (2) that a mixture of 
5-ethylthio-1,2,3-thiadiazole and 2-ethylthio- 
1,3,4-thiadiazole was obtained from ethyl chloro- 
dithioformate and diazomethane. Both of the 
above types of thiadiazoles were required in con- 
nection with other studies and therefore the 
reaction of thiophosgene and ethyl chlorodithio- 
formate with several diazoacetophenones and 
ethyl diazoacetate was examined under a variety 
of conditions. 

When diazoacetophenone l a  (2 mol) was 

'Contribution No. 471 from the Syntex Institute of 
Organic Chemistry. 

'Author to whom enquiries should be addressed. 

1 
ri X = H  
h X = C I  
(, X = CH, 

reacted with thiophosgene (1 mol), a complex 
mixture, from which no pure chlorobenzoylthia- 
diazole 3a or 4a could be isolated, was obtained. 
The presence therein of at least one chlorothia- 
diazole was established, however, by the isola- 
tion of an ethylthiobenzoylthiadiazole, in 10% 
yield, after treatment of the mixture with 
ethanolic sodium ethyl mercaptide. The same 
compound was formed in considerably better 
yield (25%, see Table 1) from ethyl chlorodithio- 
formate and his(%-diazophenacy1)mercury 2a. 

0 

3 4 
ri X = H .  Y  =CI ri X = H .  Y = CI 
t? X = Y  = C I  17 X = Y  = C I  
c, X = C H , .  Y  = C1 (. X = CH,. Y  = CI 
d X = H.  Y = SC2Hs t i  X = H.  Y = SC,Hj 
e X = CI. Y = SCZH, r X .= C1. Y = SC,H5 
,f X = Cl. Y = KHC6H5 ,f X = CI. Y = NHC,H, 
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TABLE 1. Synthesis of thiadiazoles from thioacyl chlorides and diazo compounds 

Thiadiazoles (%Ia 

Diazo compound (No.) Acylation system 1.2.3- (No.) 1.3.4- (No.) 

CSCl, 8 (3d) ?b OCOCHN? (la) CICS2C2H5/(C2Hs)3N - 38 ( 4 4  

CHzNz ClCSzCZHs 19 4If 
"Refers to the nercent of nroduct(s) isolated. ~. 
bSee text and fbotnote 4. ' 
T h e  ratio (3b):(4b) was 2 : 3  in the crude product as measured by nmr. 
dThe ratio (3b):(4b) was 1 :6 in the crude product. 
'The ratio (3c):(4c) was 1 :6 in the crude product. 
JData taken from ref. 3. See text for structures of these thiadiazoles. Nuclear magnetic resonance analysis of the 

crude product indicated a 1:  2.3 ratio of the 1,2,3- to the 1,3,4-isomers uhich was unchanged in the presence of triethyl- 
amlne. 

That this substance was 4-benzoyl-5-ethylthio- 
1,2,3-thiadiazole 3d was strongly supported by 
the characteristic (10, 11) mass spectrum3 and 

31t has been reported (10, 11) that the loss of N, from 
the molecular ion is characteristic of 1,2,3-thiadiazoles. 
Both 3d and 4d showed a peak due to the loss of 28 mass 
units from this ion and, therefore, it was not possible to 
distinguish between the two compounds on this basis in 
the absence of exact mass measurements. An examination 
of the other fragments of these spectra did, however, 
make a facile identification of 3d possible, because the 
mass spectrum of this compound showed two sequential 
losses of 28 mass units (M+ - N, - C2H4 or M' - 
C2H, - N,). This fragmentation pattern was found in 
all of the ethylthio-l,2,3-thiadiazoles reported in this 
paper (see Experimental section). Furthermore, those 
1,2,3-thiadiazoles which did not contain the ethylthio 
moiety did show the expected relatively intense M +  - 28 
peaks. The corresponding 1,3,4-thiadiazoles showed 
either a very weak M +  - 28 absorption or this peak was 
absent entirelv. For those cases where it was considered 

conclusively established in the following manner. 
Sodium borohydride reduction of 3d gave an 
alcohol 5 which was different from that (6b) 
synthesized by the aerial oxidation (12) of the 
anion derived from 1-ethylthio-5-benzyl-1,3,4- 
thiadiazole 6a. 2-Ethylthio-5-benzoyl-1,3,4-thia- 
diazole 4d, the ketone isomeric with 3d, could be 
prepared from diazoacetophenone and ethyl 
chlorodithioformate in the presence of triethyl- 
amine, and reduction of this compound with 
sodium borohydride produced the alcohol 66. 

N-N 

C Z H ~ S ~ S ~ C H C , + I ~  I 

unsafe to r e l ion  the intensity of the M' - 28 peak, the 
1,3,4-thiadiazoles all lost a ring fragment (NCX) which The reaction of 4-chlorodiazoacetophenone 16 
identified the svstem without doubt (e,p, M +  - and thiophosgene, with or without added tri- 

\ " 
N=C-C1 for 4h or M +  - N=C-SC,H, for 4e). ethylamine, gave a mixture of products in which 
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both the 1,2,3- and the 1,3,4-thiadiazoles 3b and 
4b were present. The structures of these com- 
pounds were proved by conversion into the 
known anilinothiadiazoles 3f (9) and 4f (13), 
respectively. Although the isolated yields of 3b 
and 4b varied considerably (see Table I), for a 
given experiment the ratio in the crude product 
was nearly constant, as measured by nmr 
spectroscopy, and was invariant throughout the 
course of a reaction. For example, the ratio 
of 3b:4b was about 2: 3 for the reaction of 
thiophosgene with 4-chlorodiazoacetophenone, 
whereas it was 1 : 6  when the mercuric salt was 
used. 

4-Methyldiazoacetophenone l c  and thio- 
phosgene also furnished a mixture of the 1,2,3- 
and the 1,3,4-thiadiazoles, but the proportion of 
the 1,3,4-isomer was substantially greater (3c : 4c 
= 1 : 6) than observed for 4-chlorodiazoaceto- 
phenone under the same conditions. In view of 
the fact that 1,3,4- as well as 1,2,3-thiadiazoles 
were formed from both of the para-substituted 
diazoacetophenones and thiophosgene, it is 
highly probable that the 1,3,4-thiadiazole 4a was 
also produced in the corresponding reaction with 
diazoacetophenone. This substance, without 
doubt, was selectively deacylated (9) to lower 
molecular weight compounds under the strongly 
basic conditions of the thiolate ion displacement 
r e a ~ t i o n . ~  

The formation of 1,2,3-thiadiazoles from thio- 
phosgene and diazoacetophenones, or salts 
thereof, under all the conditions examined in this 
study contrasts with the failure of Bacchetti et al. 
(9) to detect these substances. 

A study of the reaction of thiophosgene with 
ethyl diazoacetate and the corresponding mer- 
curic salt 7 showed that a 1 :2  mixture of the 
1,2,3- and the 1,3,4-thiadiazoles 8a and 9a was 
formed in every case. Ethyl-5-chloro-l,2,3- 
thiadiazole-4-carboxylate 8a was a known com- 
pound and the physical properties thereof cor- 
responded to those reported (14) for it. The 
structure of this substance was confirmed by 
conversion into a mixture of the chloroamide 10 
and the amino ester 8b with alcoholic ammonia. 
Ethyl-5-amino- l,2,3-thiadiazole-4-carboxylate 86 
synthesized in this way was identical to the 
known compound prepared by the method of 
Goerdeler and Gnad (14). The identity of the 

4The reaction of 4b with ethanolic sodium ethyl 
mercaptide did not result in the formation of even traces 
of the ethylthio compound 4e (as shown by tlc), pre- 
sumably for the same reason. 

~ ~ c ~ 2 c 2 H 5  N-N 
(C,H,0COCN,)2Hg \ 

ASaC0,2Hs 

CONHz 
N-N ZsCI C ] A S ~ C O N H 2  

10 11 

1,3,4-thiadiazole 9a was established as follows. 
The ester 9a was transformed exclusively into 2- 
chloro-1,3,4-thiadiazole-5-carboxamide 11 upon 
reaction with ethanolic ammonia. This substance 
was also prepared by the aminolysis of crude 
ethyl-2-chloro- l,3,4-thiadiazole-5-carboxylate 9a 
obtained by a Sandmeyer reaction on the 
known (15) amine 96. 

The data in Table 1 show that under all the 
conditions examined, ct-diazocarbonyl com- 
pounds react with thiophosgene to give a mixture 
of 1,2,3- and 1,3,4-thiadiazoles with the latter 
predominating. The formation of these products 
can be interpreted in terms of the two possible 
modes (3) of dipolar cycloaddition of the diazo 
compound to the thiocarbonyl group of thio- 
phosgene with subsequent loss of hydrogen 
chloride [I]. Alternatively, the thiadiazoles 
could stem from acylation of the dipolar system 
on carbon or nitrogen followed by either proton 
loss and cyclization, or cyclization and then 
proton loss [2]. It was considered that if acyla- 
tion of the diazo compounds by the thioacyl 
halides played a significant role in the formation 
of the thiadiazoles, then utilization of an ct- 

metalated diazo compound5 might direct the 
acylation entirely to carbon. The exclusive for- 
mation of the 1,2,3-tl~iadiazoles 3d, 3e, and 8c 
from ethyl chlorodithioformate and the bis(a- 
diazoacyl)mercury compounds 2a, 2b, and 7 re- 
spectively, was consistent with this expectation. 
In contrast, the bis(a-diazoacy1)mercury reagents 
and thiophosgene gave mixtures in which the 
1,3,4-thiadiazole always predominated, and for 
which the thiadiazole ratio was not greatly 
different from that observed for the free diazo 
compound. Indeed, the reaction of thiophosgene 
with ethyl diazoacetate or the corresponding 
mercury derivative, repeatedly gave mixtures of 

5Ethyl lithiodiazoacetate is acylated on carbon with 
benzoyl chloride (16). The acylation of bis(a-diazoacy1)- 
mercury compounds has not previously been reported. 
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0 
I I  P 

RCCHN, + CICCI 

- HCI 
___f 

-HCI - N-N 

R c R s k c I  I I 
0 

8a and 9a which were identical in composition 
and yield. 

It  is also of considerable interest that, in the 
presence of an equivalent of triethylamine, the 
a-diazoketones la  and l b  and ethyl chlorodithio- 
formate produced only the 1,3,4-thiadiazoles 4d 
and 4e. This result apparently is restricted to the 
less reactive a-diazocarbonyl compounds since 
the reaction of diazomethane with this dithioacid 
chloride gave a 1 :2.3 mixture of 5-ethylthio- 
1,2,3-thiadiazole and 2-ethylthio-1,3,4-thiadia- 
zole in the presence or absence of triethylamine. 

Finally, it is noteworthy that compositionally 
similar mixtures of the 1,2,3- and 1,3,4-thia- 
diazoles were obtained when thiophosgene was 
the acylating agent irrespective of whether tri- 
ethylamine was present or absent. 

The results described herein have several 
consequences of synthetic importance, and some 
of these will be described in due course. 

Experimental 
The melting points were determined in a Mel-Temp 

apparatus and are not corrected. The infrared spectra 
were measured with a Perkin-Elmer model 237 grating 
infrared spectrophotometer. The ultraviolet spectra were 
recorded with a Perkin-Elmer model 402 ultraviolet 
visible spectrophotometer. The nmr spectra were ob- 
tained with a Varian T-60 spectrometer. The chemical 
shifts are expressed as ppm (6) from internal tetra- 
methylsilane. The mass spectra were measured with an 
Atlas CH-4 spectrometer. 

(A) Reaction of Ethanethiol with the Crude Reaction 
Product of Diazoacetophenone and Thiopkosgene 

The reaction was carried out in the manner described 
by Ried and Beck (8) except that a 2 :  1 molar ratio of 
diazoacetophenone to thiophosgene was used. The crude 
product was used directly in the next step. 

The crude material from above (1.213 g), dissolved in 
absolute alcohol (15 ml) was added dropwise to a stirred 
solution of ethanethiol (0.4 ml, 0.33 g, 5.33 mmol) in 
absolute alcohol containing sodium ethoxide (prepared 
from sodium metal (0.125 g, 5.43 mmol)). After 24 h at 
room temperature, the solvent was removed ilz uucuo and 
the residue was dissolved in chloroform. The chloroform 
solution was washed with water, dried over sodium sulfate 
and evaporated in vacuo. The residue was purified by tlc 
on silica gel using benzene as the developing solvent. The 
product with R, 0.55 was taken and after crystallization 
from alcohol a solid (0.053 g, 8%), mp 93-95 "C, was 
obtained. After recrystallization from methanol it had 
mp 97-98 'C; uv (CH,OH) 250 (12 300), 322 nm (13 500); 
ir (CHCI,) 1639 cm-'; nmr (CDCI,) 1.52 (t, 3H, J = 7.4 
Hz), 3.12 (q, 2H, J =  7.4Hz), 7.64(m, 3H), 8.39(1n, 2H); 
ms (relative intensity) 250(5), 222(2), 194(19), 105(100), 
77(50). Anal. calcd. for C, ,HloN20S2:  C 52.80, H 4.03, 
N 11.20; found: C 52.86, H 4.10, N 11.37. 

(B)  From Bisja-diazophenacyl/n~ercury 2a and Ethyl 
Clzlorodithioforn7ate 

A suspension of bis(cc-diazophenacyl)mercury (17) 
(0.980 g, 2 mmol) in dry acetonitrile (30 ml) containing 
ethyl chlorodithioformate (0.4 ml, 0.56 g, 4 mmol) was 
stirred at  room temperature, with protection from light, 
for 60 h. The mixture was filtered, the filtrate was 
evaporated in uacuo, and the residue was purified by tlc 
on silica gel (benzene). The product (0.264 g, 26z )  was 
crystallized from methanol to give a solid mp 95-96 "C, 
identical to the compound prepared via method A. 
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Pl1enyl(5-et/zy/thio-I,2,3-thiadiazol-4-yl)carbinol5 
Sodium borohydride (0.250 g, 6.6 mmol) was added to 

a stirred solution of 4-benzoyl-5-ethylthio-1,2,3-thiadia- 
zole (1.00 g, 4.0 mmol) in ethanol (50 ml). After 2 h at  
room temperature the solvent was removed in cacuo and 
water was added to the residue. The mixture was ex- 
tracted with ethyl acetate and the extract was dried over 
sodium sulfate and evaporated in cacuo. The oily residue 
(0.867 g, 86%) crystallized spontaneously and after 
crystallization from aqueous methanol it had mp 63- 
65'C; uv (CH,OH) 307 nm (5250); ir (CHCI,) 3585, 
3410 cm-'; nmr (CDCI,) 1.50 (t, 3H, J = 7.4 Hz), 2.57 
(s, lH,  W H  = 9 Hz, exchanged with D20) ,  6.15 (s, lH) ,  
7.28 (m, 5H); ms (relative intensity) 252(1), 224(3), 
196(10), 163(46), 162(43), 134(22), 118(66), 107(88), 
79(100), 77(74). Anal. calcd. for Cl lH, ,N20S, :  C 52.38, 
H 4.80, N 11.11; found: C 52.26, H 4.87, N 11.25. 

2-Ethylthio-.5-benzoyl-I,3,4-thiadinrole 4d 
A mixture of diazoacetophenone (1.46 g, 10 mmol), 

ethyl chlorodithioforn~ate (1.2 ml, 1.69 g, 12.0 mmol), 
and triethylamine (1.4 ml, 1.01 g, 10 n~mol)  in dry 
acetonitrile (30 ml), was stirred at  room temperature for 
24 h, at the end of which time additional ethyl chloro- 
dithioformate (0.5 ml) and triethylamine (0.5 ml) were 
added. After a further 24 h the solvent was removed in 
cncuo, the residue was taken up in ethyl acetate, and this 
solution was washed with water and dried. Evaporation 
of the solvent in cncuo gave a red oil which was chro- 
matographed on silica gel (300 g). A small amount of the 
starting material and other nonpolar materials were re- 
moved with hexane-dichloromethane (90:lO). A non- 
aromatic product (1.14 g) of intermediate polarity (shown 
to be triethyldithiocarbarnate by direct cornparison with 
an  authentic specimen) was eluted with hexane-dichloro- 
methane (75:25) and the required thiadiazole (0.94 g, 
38z )  was removed from the column with dichloro- 
methane. After evaporative distillation at  114 "C/0.005 
torr and crystallization from hexane the product had mp 
35-37 'C; uv (CH,OH) 270 (8320), 326 nm (12 600); ir 
(CHCI,) 1655 cm-';  nmr (CDCI,) 1.52 (t, 3H, J = 7.3 
Hz), 3.42 (q, 2H, J = 7.3 Hz), 7.50 (m, 3H), 8.44 (m, 
2H); ms (relative intensity) 250(42), 222(17), 163(6), 
136(21), 105(100), 77(50). Anal. calcd. for C,lHloN,OS,: 
C 52.80, H 4.03, N 11.20; found: C 52.73, H 3.95, N 
11.23. 

Phen,vl-(5-ethylthio-1,3,4-thiacliazoI-2-~l) carbirzol6b 
( A )  By the Sodium Bouohyduide Reduction of 2- 

Etllylthio-5-benzoyl-1,3,4-fhiadiazole 4d 
This reduction was effected in the same manner as 

described above for compound 3d, except that the 
reaction time was 20 h. The product (80% yield) had mp 
67-68 "C after crystallization from benzene-hexane; uv 
(CH,OH) 273 nm (6920); ir (CHCI,) 3590, 3300 cm-'; 
nmr (CDCI,) 1.57 (t, 3H, J = 7.5 HZ), 3.22 (q, 2H, J = 
7.5 Hz), 3.67 (s, IH, exchanged with D20) ,  6.08 (s, lH) ,  
7.34 (m, 5H); ms (relative intensity) 252(100), 224(36), 
219(17), 165(3), 138(24), 107(49), 79(51), 77(51). Anal. 
calcd. for CllHl,N20S,:  C 52.38, H 4.80, N 11.11; 
found: C 52.37, H 4.90, N 11.12. 
(B) Bv the Oxiclrrrion of 2-Ethylrhio-5-benzyl-I,3,4- 

thiadiazole 6a 
The ethylthio compound 6a was prepared from 5- 

benzyl-1,3,4-thiadiazole-2-thione (18) as follows. A 

solution of 85% potassium hydroxide (1.1 g, 16.7 mmol) 
in alcohol (10 n ~ l )  was added to the thione (3.4 g, 16.3 
mmol) in alcohol (100 ml) containing ethyl iodide (3 ml). 
The solution was stirred at  room temperature for 24 h, 
the solvent was removed in cacuo, and ethyl acetate was 
added to the residue. The resultant was washed with 
water, dried, and the solvent was removed in cacuo. 
Evaporative distillation of the residue at 110 'C10.01 torr 
gave the product (3.1 g, 80%); uv (CH,OH) 271 nm 
(7940); nmr (CDCI,) 1.58 (t, 3H, J = 7.2 Hz), 3.25 (q, 
2H, J = 7.2 Hz), 4.32 (s, ZH), 7.24 (s, 5H); ms (relative 
intensity) 236(50), 221(7), 208(23), 204(18), 149(5@), 
135(18), 122(12), 116(11), 91(100). Anal. calcd. for 
C l1HI2NZS2:  C 55.93, H 5.12, N 11.86; found: C 55.69, 
H 5.16, N 12.06. 

To a solution of lithium diisopropylamide (prepared 
from diisopropylamine (1.7 ml, 1.2 g, 12 mmol) and n- 
butyllithium in hexane (7.5 ml of a 1.6 M solution)) in 
anhydrous tetrahydrofuran (50 ml), maintained in a 
nitrogen atmosphere at 0 'C, was added a solution of 6a 
(1.9 g, 8.05 mmol) in dry tetrahydrofuran (10 ml). The 
solution became red in color and after 1 h at  O0C, 
oxygen was bubbled through the solution for 20 h at  
room temperature. The solution was poured into water, 
and the resultant was extracted with ethyl acetate. The 
extract was washed with water, dried, and evaporated in 
cacrro. Thin-layer chromatography on silica gel (dichloro- 
methane - ethyl acetate, 9 :  1) showed the presence of four 
products as well as starting material. The most polar 
material ( R ,  = 0.52), which was the desired product, was 
obtained pure (0.35 g, 17%) by preparative tlc using the 
above solvent system. After crystallization from benzene, 
it had mp 66-67 'C, undepressed on admixture with the 
compound prepared as described in A .  

4-(4-Clzlorobenzoyl)-5-clzloro-1,2,3-thindiuzole 3b and 2- 
Cl1loro-5-(4-chlorobmzoyl)-I,3,4-thiadiazole 4b 

( A )  From 4-Chlouodiazoacetophenone and Thiophosgene 
A solution of 4-chlorodiazoacetophenone (4.16 g, 23.1 

mmol) in anhydrous benzene (30 ml) containing thio- 
phosgene (0.88 ml, 1.32 g, 11.5 minol) was stirred at  room 
temperature, with protection from light, for 20 h. The 
solvent was removed in aacno, toluene was added to the 
residue, and the resultant was once more evaporated in 
cacuo. This process was repeated once again with toluene 
and once with methanol at which point the residue par- 
tially crystallized. Hexane and a little methanol were 
added and the crystalline 1,3,4-thiadiazole 46 (0.93 g) 
was removed by filtration. The solvent was removed in 
cacuo, hexane was added to the residue, and the mixture 
was scratched until crystallization had occurred. The in- 
soluble material (4-chlorophenacyl chloride and other 
more polar substances) was removed by filtration and the 
filtrate was evaporated in uacrro. The residue was chro- 
matographcd on silica gel using hexane as the eluant. In 
this way, an  additional quantity (0.28 g) of the 1,3,4- 
thiadiazole and a mixture of both thiadiazoles, con- 
taminated with the phenacyl chloride (1.41 g), was ob- 
tained. Hexane and a little methanol were added to the 
mixture and more of the phenacyl chloride was removed 
by filtration. Evaporation of the filtrate gave an oil which 
was separated by tlc on silica gel (hexane - ethyl acetate, 
95: 5, two developments). In this way there was obtained 
a further quantity (0.19 g) of the less polar 1,3,4-thia- 
diazole as well as the more polar 1,2,3-thiadiazole 30 
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(0.40 g, 139,). The combined yield of the 1,3,4-isomer was 
47%. After crystallization from methanol it had mp 106- 
107°C (lit. (10, 11) mp 114°C); uv (CH,OH) 286 nm 
(13 500); ir (CHCI,) 1668, 1588 cm-'; nmr (CDCI,) 7.47 
(d, 2H, J  = 8.4Hz), 8.44 (d, 2H, J = 8.4Hz); ms 
(relative intensity) 260(10), 258(14), 232(2), 230(3), 
199(19), 197(38), 172(27), 170(75), 141(33), 139(100), 
113(22), 111(71), 75(47). 

After crystallization from methanol, the 1,2,3-thia- 
diazole had mp 88-89 "C; uv (CH30H) 214 (15 850), 273 
nm (13 200); ir (CHCl,) 1670, 1590 cm-I; nmr (CDCI,) 
7.48 (d, 2H, J  = 8.6 Hz), 8.11 (d, 2H, J  = 8.6 Hz); ms 
(relative intensity) 260(1), 258(3), 232(11), 230(15), 
224(3), 222(2), 141(33), 139(100), 113(15), 11 1(46), 75(28). 
Anal. calcd. for C9H4Cl2N2OS: C 41.68, H 1.55, N 
10.86; found: C 41.88, H 1.75, N 10.62. 

(B) From 4-Chlorodiazoacefophenone and Thiophosgene 
in the Presence of Triethykuminc~ 

A solution of the diazoketone (0.45 g, 2.5 mmol) in 
dry benzene (50ml) containing thiophosgene (0.19 ml, 
2.5 mmol) and triethylamine (0.34 ml, 2.5 mmol) was 
left at room temperature for 24 h. The solvent was re- 
moved in vacuo, ethyl acetate was added to the residue, 
and the solution was washed with water, dried, and 
evaporated in cacuo. The residue was separated by tlc on 
silica gel (hexane - ethyl acetate, 95:5) to give the 1,3,4- 
thiadiazole (0.17 g, 25%) and the 1,2,3-thiadiazole 
(0.027 g, 4%). 

(C) From Bis(4-chloro-a-diazophenacyijmercury 2b6 
and Thiophosgene 

Thiophosgene (2.3 ml, 30 mmol) was added to a 
suspension of the diazo mercury reagent (8.4 g, 29.5 
mmol) in dry acetonitrile (200 ml) and the mixture was 
stirred at room temperature, with protection from light, 
for 48 h. The solvent was evaporated in vacuo, chloroform 
was added to the residue, and the mixture was filtered. 
The filtrate was evaporated in vacuo and the residue was 
separated by column chromatography on silica gel using 
hexane - ethyl acetate (98:2) as the eluant. The 1,3,4- 
thiadiazole (1.55 g, 20%) was eluted first, followed im- 
mediately by the 1,2,3-thiadiazole (0.39 g, 5%). 

4-(4-Chlorobenzoyl)-5-ethylthio-l,2,3-tRiadiazole 3e 
The diazo mercury compound 26 (0.33 g, 6 mmol) was 

suspended in anhydrous acetonitrile (50 ml) which con- 
tained ethyl chlorodithioformate (0.28 ml) and the mix- 
ture was stirred at room temperature, with protection 
from light, for 24 h. After the usual work-up and purifica- 
tion by tlc on silica gel (hexane - ethyl acetate, 95:5), 
there was obtained the 1,2,3-thiadiazole (0.087 g, 25%), 
which had mp 110-112 "C after crystallization from 
methanol; uv (CH,OH) 270 (12 500), 324 n m  (14 100); 
ir (CHCI,) 1642, 1595 cm-'; nmr (CDCI,) 1.50 (t, 3H, 
J = 7.2Hz), 3.25 (q, 2H, J =  7.2Hz), 7.40 (d, 2H, J =  
8.6 Hz), 8.28 (d, 2H, J = 8.6 Hz); ms (relative intensity) 
286(0.5), 284(1), 258(0.5), 256(1), 230(5), 228(20), 141(34), 
139(100), 113(16), 111(36), 75(17). Anal. calcd. for 
C I ~ H P C I N ~ O S ~ :  C 46.38, H 3.15, N 9.72; found: C 
46.17, H 3.06, N 9.74. 

2-Ethylfhio-5-(4-chlorobenzoyl)-I,3,4-fhiadiazole 4e 
This compound was prepared from 4-chlorodiazo- 

acetophenone and ethyl chlorodithioformate, in acetoni- 

6Prepared according to ref. 17 and used without 
purification. 

trile solution containing triethylamine, in the manner 
described for the synthesis of 4d, except that the reaction 
time was 48 h. After the usual work-up, tlc (hexane - 
ethyl acetate, 95:5) did not show the presence of the 
1,2,3-isomer 3e (which had Rf 0.41) in the product 
mixture. The 1,3,4-isomer (R, = 0.50) was purified by 
preparative tlc using the above solvent system. There 
was thus obtained, a solid (1.03 g, 369,) which, after 
crystallization from methanol, had mp 106-107 "C; uv 
(CH,OH) 285 (19 300), 333 nm (13 800); ir (CHCI,) 1643, 
1580, 1510 cm-' ; nmr (CDCI,) 1.51 (t, 3H, J = 7.4 Hz), 
3.42(q, 2H, J =  7.4Hz), 7.39(d, 2H, J = 8.6Hz), 8.40 
(d, 2H, J =  8.6Hz); ms (relative intensity) 286(31), 
284(66), 258(12), 256(28), 197(3), 172(7), 170(19), 141(35), 
139 (loo), 113(17), 111(37), 75(21). Anal. calcd. for 
CI1H9C1N2OS2: C 46.38, H 3.15, N 9.72; found: C 46.19, 
H 3.16, N 9.78. 

4- (4-Chlorobenzoylj -5-anilino-1,2,3-thiadiazole 3f 
This compound was prepared from 3b (1 equiv.) and 

aniline (3 equiv.) in hot methanol according to the 
method described by Bacchetti et al. (9) for the isomeric 
1,3,4-compound. The product 3f obtained in 77% yield 
had mp 174 "C (lit. (13) mp 179 "C), undepressed on 
admixture with an authentic specimen prepared from 
phenylisothiocyanate and 4-chlorodiazoacetophenone? 

2-Anilino-5-(4-chlorobenzoy1)-l,3,4-thiadiazole 4f 
This compound was prepared from 4b and aniline as 

described by Bacchetti et al. (9). It had mp 278 'C (lit. 
(9) mp 278 "C). 

4-(4-Methylphenylj-5-chloro-1,2,3-thiadiazole 3c and 2- 
Clzloro-5-(4-merhylpheny1)-1,3,4-thiadiazole 4c 

The diazoketone lc (1.60 g, 10 mmol) and thiophos- 
gene (0.58 g, 5 mmol) in benzene (30 ml) was left at room 
temperature for 20 h. The reaction was worked-up in the 
manner described by Ried and Beck (8) and after crystal- 
lization of the crude product from methanol, the 1,3,4- 
thiadiazole 4c (0.45 g), mp 93-94°C (lit. (8) mp 97 "C) 
was obtained; uv (CH,OH) 292 nm (12 300); ir (CHCI,) 
1653, 1608, 1571 cm-I; nmr (CDCI,) 2.43 (s, 3H), 7.25 
(d, 2H, J =  8.3Hz), 8.32 (d, 2H, J = 8.3Hz); ms 
(relative intensity) 240(10), 238(25), 224(4), 210(6), 
177(37), 150(82), 119(100), 91(87), 65(46). The mother 
liquors from the above crystallization were evaporated 
in cacuo and the residue was separated by tlc on silica gel 
(hexane - ethyl acetate, 96:4). There was obtained a 
further quantity (0.17 g, total yield 0.62 g or 52% yield) 
of the 1,3,4-thiadiazole, as well as 4-chlorophenacyl 
chloride (0.46 g) and a 1 : 1 mixture (0.24 g) of 4-chloro- 
phenacyl chloride and the 1,2,3-thiadiazole 3c. This 
mixture was separated by tlc on silica gel (hexane- 
acetone, 97:3) to give the 1,2,3-thiadiazole 3c (0.088 g, 
ca. 90% pure) which, after crystallization from petroleum 
ether (bp 70-90 "C), had mp 56-58 'C; uv (CH,OH) 214 
(13 500), 273.5 nm (14 800); ir (CHC1,) 1669, 1610 cm-'  ; 
nmr (CDCI,) 2.43 (s, 3H), 7.18 (d, 2H, J = 8.2 Hz), 7.88 
(d, 2H, J  = 8.2 Hz); ms (relative intensity) 240(1), 238(2), 
212(6), 210(15), 119(100), 91(58), 65(27). Anal. calcd. for 
C,,H,ClN,OS: C 50.30, H 2.96, N 11.74; found: C 
50.47, H 3.01, N 12.16. 

Ethyl-5-chloro-1,2,3-thiadiazole-4-carboxylate 8a and 
Ethyl-2-chloro-l,3,4-thiadiazole-5-carbo.uy1ate 9a 

(A) From Ethyl Diazoacefate and Thiophosgene 
To a stirred solution of ethyl d~azoacetate (18.5 ml, 
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19.9 g, 175 mmol) in acetonitrile (100 ml) a t  0 'C was 
added thiophosgene (6.7 ml, 87.5 mmol). The reaction 
was then stirred at room temperature for 20 h and the 
solvent was removed in cacuo. The residue was separated 
by column chromatography on silica gel (500 g) using 
hexane - ethyl acetate (96:4) as the eluting solvent. The 
1,2,3-thiadiazole 8a (3.33 g) was eluted first, then a 
mixture (2.21 g) of both thiadiazoles followed, and the 
1,3,4-thiadiazole 8a (5.71 g) was eluted last. The above 
mixture was separated by tlc on silica gel (hexane - ethyl 
acetate, 95: 5) and in this way additional amounts of the 
1,2,3-thiadiazole (0.59 g; total yield 3.92 g or 23%) and 
the 1,3,4-thiadiazole (1.59 g; total yield 7.31 g or 44%) 
were obtained. 

Ethyl-5-chloro-l,2,3-thiadiazole was further purified by 
evaporative distillation at 70 'C/0.05 torr. The oil solidi- 
fied (mp 25 "C; lit. (14) mp 25'C) on standing; uv 
(CH30H) 225 (5270), 257 nm (3630); ir (CHCI,) 1735 
cm- ' ;  ms (relative intensity) 194(1), 192(1), 166(7), 
164(18), 149(9), 147(24), 136(6), 121(7), 119(18), 108(28), 
105(22), 100(34), 92(100), 84(47). Anal. calcd. for 
CSH5CIN202S: C 31.17, H 2.61, N 14.54; found: C 30.91, 
H 2.65, N 14.86. 

Evaporative distillation of ethyl-2-chloro-1,3,4-thia- 
diazole-5-carboxylate at llO"C/0.02 torr gave an oil 
which solidified (mp 29 "C) on standing; uv (CH30H) 
245 nm (6920); ir 1760, 1730 cm-'; ms (relative intensity) 
194(2), 192(5), 165(10), 150(24), 149(26), 148(65), 147(54), 
122(39), 121(24), 120(100), 119(22), 93(17), 79(39), 59(82). 
Anal. calcd. for CsH,ClN202S: C 31.17, H 2.61, N 
14.54; found: C 31.09, H 2.71, N 14.53. 

( B )  Frorn Ethyl Diazoacetate and the Mercury Derica- 
rive 7 of Ethyl Diazoacetate (19)  

To a suspension of the mercury derivative (3.49 g, 8.2 
mmol) in dry acetonitrile (100 ml) was added thiophos- 
gene (1.26 ml, 16.4 mmol) in a dropwise manner. The 
mixture was stirred at room temperature, with protection 
from light, for 3 h and the solvent was evaporated in 
vacuo. Chloroform was added to the residue, the mixture 
was filtered, the filtrate was evaporated in uncuo, and the 
residue was separated by tlc on silica gel (hexane - ethyl 
acetate, 95:5). Evaporative distillation of the 1,3,4- 
thiadiazole fraction at llO0C/0.02 torr gave a liquid 
(1.26 g, 40%) which solidified rnp 29 'C .  Evaporative 
distillation of the 1,2,3-thiadiazole fraction at 70 "C/0.05 
torr gave an oil (0.63 g, 2073 which crystallized (mp 
25 "C) on standing. 

( C j  From Ethyl Diazoacetate and Thiophosgene in the 
Presence of Triethylamine 

Thiophosgene (0.77 ml, 10 mmol) was added at 0 "C 
to a solution of ethyl diazoacetate (1.07 ml, 10 mmol) in 
acetonitrile (50 mlj containing triethylamine (1.4 ml, 10 
mmol). The solution was stirred a t  room temperature for 
22 h, the solvent was removed in aacrro, chloroform was 
added to the residue, and the mixture was filtered. 
Evaporation of the filtrate in cacuo gave a residue which 
was separated by column chromatography on silica gel 
in the manner described above. After distillation there 
was obtained the 1,2,3-thiadiazole (0.13 g, 7%) and the 
1,3,4-thiadiazole (0.29 g, 15%). 

Ethyl-5-ethylthio-1,2,3-thiadiazole-4-cavboxylate 8c 
( A )  From the Mercury Deriuatice of Ethyl Diazoacetate 

and Ethyl Ci~lorodithioformafe 
Ethyl chlorodithioformate (0.46 ml, 4 mmol) was 

added to a stirred suspension of the mercury derivative 
(0.85 g, 2 mmol) in dry acetonitrile (50 ml). The mixture 
was stirred at room temperature, with protection from 
light, for 60 h and then the mixture was worked-up in the 
usual way. The product was purified by tlc on silica gel 
(hexane - ethyl acetate, 95: 5). A solid (0.32 g, 37%) was 
obtained, which, after crystallization from hexane, had 
mp 52°C; uv (CH30H) 233 (6310), 300 nm (9550); ir 
(CHC13) 1710 cm-'; ms (relative intensity) 218(49), 
190(22), 162(14), 144(10), 131(16), 118(66), 103(65), 
90(100), 89(93), 73(51). Anal. calcd. for C7H10N202S2: 
C 38.53, H 4.65, N 12.84; found: C38.63,H4.59, N12.88. 

( B )  Frorn Ethyl-5-chloro-I,2,3-thiadiazole-4-carboxy- 
late and Ethanethiol 

Ethyl mercaptan (0.22m1, 3 mmol) was added to a 
solution of sodium ethoxide (from 0.072 g (3 mmol) of 
sodium hydride) in absolute ethanol (15 ml). The chloro- 
thiadiazole (0.19 g, I mmol) was then added and after 
10 min the solvent was removed in cacuo. Water was 
added to the residue and the product was extracted into 
chloroform. The extract was dried and evaporated in 
cacuo to give a solid (0.18 g, 81%) mp 51 "C, undepressed 
on admixture with a specimen prepared according to 
method A. 

Ethyl-5-amino-1,2,3-t/ziadiazole-4-carboxylafe 86 arzd 5- 
Cizloro-I ,2,3,-thiadiazole-4-cavboxan?ide I 0  

Ethyl-5-chloro-1,2,3-thiadiazole-4-carboxy1ate (0.19 g, 
1 mmol) was dissolved in a solution of alcoholic ammonia 
(30 ml, 4.6 N) and left at room temperature for 8 h. The 
solvent was removed in cacuo and the residue was separ- 
ated by tlc on sllica gel (dichloromethane - ethyl acetate, 
19: 1) to give the amino ester 8b (0.020 mg, 11.5%) which 
after crystallization from benzene-hexane had mp 121 "C, 
(lit. (14) mp 126 "C) undepressed on admixture with an 
authentic specimen prepared according to Goerdeler 
and Gnad (14). 

The major product (0.097 g, 60%) from this reaction 
was the carboxamide 10. After crystallization from 
benzene it had mp 127-129 "C; uv (CH,OH) 230 (6310), 
242 nm (7240); Ir (KBr) 3400, 3305, 1695, 1615 cm-' ; ms 
(relative intensity) 166(0.5), 165(0.3), 164(1), 163(1), 
162(0.5), 137(12), 135(33) 109(19), 107(53), 94(36), 92(96), 
57(57), 44(100). Anal. calcd. for C3H2CIN,0,S: C 22.04, 
H 1.23, N 25.69; found: C 22.11, H 1.19, N 25.85. 

( A )  Fronz Ef/~yl-2-chloro-1,3,4-thiadiazole-5-carbo,~y- 
late 9a and Amnzonia 

The ester 8a (0.19 g, 1 mmol) was dissolved in an 
ethanolic ammonia solution (25 ml, 2.06 N) and left at 
room temperature for 16 h. The solvent was removed in 
cacuo, hexane was added to the residue, and a solid 
(0.16 g, 93%) which had mp 170-171 "C after crystalliza- 
tion from benzene, was obtained; uv (CH,OH) 222 
(5880), 259 nm (3240); ir (KBr) 3400, 3300, 3210, 1675 
cm-'; ms (relative intensity) 165(15), 163(40), 122(37), 
120(1 OO), 93(22), 79(17), 59(60), 44(97). Anal. calcd. for 
C3H2C1N30S: C 22.04, H 1.23, N 25.69; found: C 22.25, 
H 1.26, N 25.79. 

( B )  From the Chloro Compound 9a obtained fiorn 
Et/~yl-2-amino-1,3,4-lhiadiazole-5-carboxylate 9b (15) 

Concentrated sulfuric acid (2.02 ml, 6 mmol) was 
cooled to 0 "C in a nitrogen atmosphere and sodium 
nitrite (0.35 g, 5.1 mmol) was added portionwise. The 
reaction was left to react at room temperature and then 
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it was heated to 75 "C for 30min. The resultant was 
cooled to 0 "C, the amine 9b (0.80 g, 4.6 mmol), sus- 
pended in acetic acid (5 ml), was added (reaction tem- 
perature < 5 ^C), and after 10 min water (5 ml) was 
added below 5 "C. A solution of cupric chloride (0.83 g, 
6.2 mmol) in water (5 ml) mixed with dichloromethane 
(5 ml) was then added at  0 "C. After 15 min the organic 
phase was separated and combined with a dichloro- 
methane extract of the aqueous phase. The organic 
solution was washed with water, dried, and evaporated. 
The oil which remained was chromatographed on a 
column of silica gel (50 g). The column was first eluted 
with hexane - ethyl acetate (96:4) and then the ratio was 
changed to 92:8. The chloro compound 9a (0.20 g, 22%) 
had an ir spectrum identical to the material described 
above. It was converted into the carboxamide 11 in the 
manner described above. The material obtained in this 
way was identical to that obtained in the manner de- 
scribed previously. 
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1,4Cycloheptadienes: preparation and comparison of their proton magnetic 
resonance spectra with those of the corresponding cycloheptatrienes 

IVAN PIKULIK A N D  RONALD F. CHILDS' 
Deptrrtmetzt c?f Chemi~tt?,, McMastrr University, Harniltor~, Or~t . ,  Cnnndn L8S 4M1 

Received June 7. 1976 

IVAN PIKULIK and RONALD F. CHILDS. Can. J. Chem. 55,251 (1977). 
A general route to 3-substituted cyclohepta-l,4-dienes is described in this paper. 7-Substi- 

tuted cycloheptatrienes were used as starting materials and these were reacted with 4-phenyl- 
1,2,4-triazoline-3,5-dione to give 4 + 2 cycloaddition products of the norcaradiene form of the 
cycloheptatrienes. Catalytic reduction of these adducts gave 9-substituted 4-phenyl-2,4,6- 
triazatetracyclo[5.3.2.02~6.08~1o]dodeca-3,5-diones in good yield. Basic hydrolysis of the hetero- 
cyclic ring of these products followed by CuZi oxidation of the resulting hydrazo compounds 
gave the copper complexes of substituted 6,7-diazatricycl0[3.2.2.0~~~]non-6-enes. The azo com- 
pounds, formed on decomplexation of the copper complexes, readily lost nitrogen to give 
3-substituted cyclohepta-l,4-dienes. Care had to be taken during these last steps as the cyclo- 
heptadienes with carboxylate substituents very readily isomerized to the conjugated isomers. 
The pmr spectra of the cyclohepta-l,4-dienes and related cycloheptatrienes are compared and 
discussed in terms of the presence of an induced diamagnetic ring current in the latter systems. 

IVAN PIKULIK et ROKALD F. CHILDS. Can. J. Chem. 55,251 (1977). 
On decrit une methode genkrale de preparer des cycloheptadienes-l,4 substitues en position 3. 

On a utilise les cycloheptatrienes substitues en position 7 cornme produits de depart; par reac- 
tion avec la phenyl-4 triazoline-1,2,4 dione-3,5 ils donnent les produits de cycloaddition 4 + 2 
correspondant a la forme norcaradiene des cycloheptatrienes. La reduction catalytique de ces 
adduiis conduit avec des bons rendements aux phknyl-4 triaza-2,4,6-tttracyc10[5.3.2.0~~~.0~]- 
dodecadiones-3,5 substitues en position 9. L'hydrolyse basique de l'heterocycle de ces con~poses, 
suivie par une oxydation par le CuZ+ des composts hydrazo qui en decoulent, conduit aux com- 
plexes du cuivre des diaza-6,7 tricycI0[3.2.2.0~~~]nonenes-6 substitues. Les con~poses azo, 
formes par decomplexation des complexes de cuivre, perdent facilement de I'azote pour con- 
duire aux cycloheptadienes-1,4 substitues en position 3. On a pris beaucoup de soins au cours de 
ces dernieres etapes car les cycloheptadienes substitues par un groupement carboxylique 
s'isomerisent tres facilement pour donner les isomeres conjugues. On discute des spectres rmp 
des cycloheptadienes-1,. et des cycloheptatrienes qui leur ressemblent en terme de la presence 
d'un courant de cycle diamagnetique induit dans ces derniers systemes. 

[Traduit par le journal] 

In the course of our studies of some 7-cyclo- been reported, it was necessary to devise a syn- 
heptatrienyl- and 7-norcaradienyl methyl zwit- thesis of these materials. We describe here a 
terions, it became necessary to determine the general route to compounds of this type and 
coinposition of some rapidly equilibrating mix- discuss some of the fundamental differences in 
lures of these tautomers (1). Such a measurement the pmr spectra of the 1,4-cycloheptadienes and 
can be readily made by nmr spectroscopy, pro- cycloheptatrienes. 
vided that the chemical shifts of appropriate 
nuclei in each individual tautomer are either 
known or can be reliably estimated. To  this end 
i t  seemed that zwitterions formed from suitably 
substituted 1,4-cycloheptadieneh would serve as 
good models for the cycloheptatriene form of 
these valence tautomeric mixtures. However, 
only a limited number of cyclohepta-l,4-dienes 
have been prepared (2) and as compounds with a 
carbonyl containing substituent a t  C, have not 

'Author to whom correspondence should be addressed. 

Results and Discussion 
Synthesis of Cyclohepta-I ,4-dienes 

The cycloheptadienyl anion, 1, has been re- 
ported to react with CO, to give a mixture of 
cyclohepta- 1,3- and 1,4-diene and a carboxylic 
acid, tentatively identified as 2 (2). As the proto- 
nation of 1 is known to give cyclohepta-l,4-diene 
as one of the major products (3), this carbonation 
reaction was reexamined. 

The acidic fraction resulting from the reaction 
of 1 with CO, was esterified by treatment with 
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diazomethane and the crude product examined 
by pmr spectroscopy. One major component was 
present and this was shown to be 3a by compari- 
son of its spectroscopic properties with those 
previously reported (4). This product was 
thermally unstable and on heating or attempted 
vpc purification, 3a was partially converted to a 
further ester which was tentatively identified as 4. 
The spectroscopic properties of this ester are fully 
in accord with the assigned structure, however, 
the pmr spectrum differs somewhat from that 
previously reported for 4 (5). A comparable 
mixture of esters was obtained after esterification 
of the products obtained on the reduction of 
cycloheptatriene-7-carboxylic acid with lithium 
and liquid NH, (2, 5). No compound with a 
pmr spectrum consistent with 5a could be 
detected in either of these reactions. 

In view of the complexity of these reactions, a 
milder. more specific route to compounds such as 
5a was sought. The azo compound 6 has been 
reported to decompose at 25 "C to give 1,4- 
cycloheptadiene and N, (6). Although the ease of 
this N, elimination has been shown to be very 
dependent on the relative configurations of the 
cyclopropyl ring and azo function (7), substi- 
tuents on the methylene carbon of the cyclo- 
propyl should not greatly affect this elimination 
reaction. 

The cycloaddition of 4-phenyl-l,2,4-triazoline- 
3,5-dione to 7a, b, and c proceeded in high yield 
to give $a, 6, or c, respectively. The spectroscopic 
properties of these adducts were fully consistent 
with their assigned structures. The catalytic 
hydrogenation of the double bond of 8 was 
readily accoinplished using a Pd catalyst. The 
anti relationship of the cyclopropyl ring and the 
nitrogen bridge of both 8 and 9 was indicated by 
the considerable downfield shift observed for the 
resonance of the cyclopropyl proton geminal to 
the substituent R in the pmr spectra of com- 

pounds 9 as compared to those of 8. In 8 this 
proton is held in the shielding zone of the carbon- 
carbon double bond, an effect which is removed 
on saturation of the double bond (8a). Virtually 
no difference in the resonance positions of the 
cyclopropyl bridgehead hydrogens was detected 
in the pmr spectra of 8 and 9 .  

I t  is interesting that no adducts could be 
detected which were formed from addition of the 
triazolinedione to the cycloheptatriene forms of 
7. In contrast, when diethyl diazodicarboxylate 
was reacted with 7a, both 13 and 14 were f0rmed.z 
The ratio of 13 to 14 ~roduced  was found to be 
dependent on the tkpera ture  at which the 
cycloaddition was carried out. At -1-50 "C the 
ratio of 13 to 14 was 1.7: 1 whereas at - 5 "C this 
ratio was 5.7: 1. In contrast to these results, no 
norcaradiene adducts were reported to be 
formed when cycloheptatriene itself was reacted 
with diethyl diazodicarboxylate (9). Thus the 
type of cycloaddition a cycloheptatriene under- 
goes appears not only to be a function of the 
dienophile but also the nature of any C ,  sub- 
stituents on the cycloheptatriene ring. 

MeOOC 

P, 

Further structural modification of the cyclo- 
propyl substituent of 9 was possible. For example, 
reaction of 9c with aqueous acid gave 9e, 
obviating the need to prepare 7e, a somewhat 
refractory material (10). Alternatively, treatment 
of 9a with methyllithium gave 9d in good yield. 

The hydrolysis of 9 to give 10 was straight- 
forward. In the case of 9a and 6, concomitant 
hydrolysis of the ester also occurred to give 10j: 
The hydrazo compounds 10 here not isolated 
but were oxidized with cupric chloride to the 
corresponding azo compounds which subse- 

ZThe pmr spectrum of 14 exhibited a temperature 
dependence arising from inversion of the ester groups 
about the nitrogen atoms. 
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PIKULIK AND CHILDS 

TABLE 1. Proton chemical shifts of cyclohepta-l,4-dienes 

Chemical shift* 
- -  -- - 

Compound C,,C,,H C2,C4,H C3H CB,C.I,H CH3 OH Other 

5a 5.79m 5.79111 4.20m 2.25m 3.68s 
5g 5.78m 5.78m 4.16m 2.24m 11.2s 
5c 5.36 5.80 3.39m 2.15111 3.25s 4.17d 
5d 5.66 5.66 3.15m 2.21m 1.18s 1 .54s 

*In ppm from TMS, CDCI, as solvent. s, singlet: d,  doublet, m, multiplet. 

R R R 

- 
MeOH 

H R 

10 11 12 5 

( I .  R = COOMe il. R = C(Me),OH f. R = COO- 
b ,  R =COOEt e ,  R = CHO g ,  R = COOH 
c .  R = CH(OMe), 

quently formed copper complexe~.~ These com- 
plexes were stable and served as storable pre- 
cursors to the dienes 5 .  

The azo compounds 12 which were liberated 
on treatment of 11 with base, readily lost N2 
when warmed to 35 "C to give 5.  In order to 
prevent further isomerization of the dienes 5 ,  it 
was necessary to use limited quantities of a weak 
base to break up the copper complexes. The 
facile loss of N2 from these azo compounds is in 
accord with the findings of Allred and Hinshaw 
(64 .  

The structures of the 1,4-cycloheptadienes 5 
were established from their spectroscopic proper- 
ties (Table 1) and in the case of 5c and 5d by their 
elemental analyses. Compounds 5a,f, and g were 
unstable and isomerized to their respective con- 
jugated isomers 30, f, and g .  The half-life for 
rearrangement of 5a to 3a at room temperature 
was about 12 h and this isomerization was much 
more rapid in the presence of base. The ease of 
isomerization of 5a makes it clear why com- 

31t was not possible to prepare I l c  by this route as 
hydrolysis of the acetal function occurred. Instead 10c was 
allowed to undergo aerial oxidation to give 12 directly and 
thence 5c. 

pounds such as 5a or 5g were never detected as 
products of the carbonation of 1. Dienes 5c and d 
were found to be relatively stable and could be 
heated to +60°C without any detectable 
rearrangement. 

It was not possible to prepare the aldehyde 5e. 
The only product that could be isolated either on 
the decomposition of 12e or the hydrolysis of the 
acetal 5c, was the conjugated aldehyde 3e. The 
structure of 3e was established on the basis of a 
comparison of its spectroscopic properties with 
those given before for 3a. 

( I ,  R = COOCH, ( I .  R = COOCH, 
e .  R = CHO c ,  R = CH(OMe), 
.f, R = COO- d ,  R = C(Me),OH 
g .  R =COOH g ,  R = COOH 

h , R = H  

This route to substituted 1,4-cycloheptadienes 
should be capable of extension to include a wide 
range of substituents particularly as a large 
variety of 7-substituted cycloheptatrienes are 
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TABLE 2. Comparison of the proton chemical shifts of 3-substituted cyclohepta- 
1,4-dienes and 7-substituted cycloheptatrienes 

Chemical shift" 

Substituent Cycloheptadiene C,H Cycloheptatriene C,H A61- 

H 2.80 
COOMe 4.23 
COOH 4.16 
CH(OMe), 3.39 
C(Me),OH 3.15 

*In ppm from TMS. 
i 6  cycloheptadiene C3H - F c>cloheptatriene 
$Room temperature spectrum, chemical shift 

resonances (13, 14). 
§Reference 1. 
]Reference 33. 

available (1 1). Overall, the yields are high and the 
route provides a viable entry to this type of 
molecule. 

Colnparison of the Proton Magr~etic Resonance 
Spectra of 1,4- CJ cloheptadienes and Cj'clo- 
heptatrienes 

As was stated earlier, our principal interest in 
these 1,4-cycloheptadienes was as model com- 
pounds for the corresponding 7-substituted 
cycloheptatrienes. As can be seen from the data 
in Table 2, the chemical shifts of the correspond- 
ing methine hydrogens of these two systems are 
by no means comparable. The resonances of the 
C, proton of the cycloheptatrienes all occur 
considerably further upfield than the corre- 
sponding C ,  proton resonances of the cyclo- 
heptadienes, the difference ranging from 0.6 ppm 
for the unsubstituted systems, to 1.75 ppm for the 
compounds with an ester substituent. The ques- 
tion arises as to what is the origin of this large 
difference in chemical shift and why does the 
absolute magnitude of this difference seem to 
depend on the nature of the substituent. 

A consideration of the chemical shifts of these 
methine hydrogens shows that the 'normal' value 
is that found for the cycloheptadienes. Using the 
empirical relationship of Schoolery (12, Sb), the 
chemical shift of a proton attached to a tertiary 
carbon substituted with two vinyl groups and an 
ester function is expected to be about 6 4.4. This 
compares very favourably with the value 6 4.23 
found for 5a and it would seem that it is the 
chemical shifts of the cycloheptatrienes which are 
anomalous. 

It  is known that the cycloheptatriene ring is not 
flat but exists in a boat conformation (1 3-1 5) with 
a substituent on C, preferentially adopting the 

C-H. 
given is the average of the two methylene proton 

pseudo-equatorial position (14, 16). As such it 
could be argued that the high field position of the 
C ,  proton resonance is caused by the magnetic 
anisotropy of the C,,C, double bond. However, 
the long range shielding effect of a double bond 
may be estimated using the results of calculations 
by Tillieu (17) or Pople (18) and in either case the 
resulting shielding on an axial C ,  proton was 
found to be less than 0.2 ppm. 

The possibility that the chemical shifts of these 
cycloheptatrienes are being influenced by the 
presence in each case of appreciable amounts of 
their norcaradiene valence tautomers can be 
discounted. Only in the case of 15g has the 
norcaradiene valence tautomer been directly 
observed to be in equilibrium with the cyclo- 
heptatriene form and even then less than 3z of 
the norcaradiene form was detected (19). One 
explanation for the anomalously high-field 
resonance positions of the C, hydrogens of these 
cycloheptatrienes is that cycloheptatriene ring 
can support an induced diamagnetic ring current 
when in a magnetic field. 

The question of the aromaticity of cyclo- 
heptatriene has been under discussion ever since 
Doering et al. suggested that it could best be 
regarded as 'pseudo-aromatic' (20). In terms of 
more modern developments in the understanding 
of cyclic delocalization, cycloheptatriene is 
potentially a homoaromatic molecule and could 
be regarded as homobenzene (21). Homoaroma- 
ticity is a well defined and accepted phenomenon 
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VD CHILDS 255 

with charged systems, both cationic and anionic, 
however, its importance in neutral molecules is 
by no means clearly defined (22). 

Evidence for the importance of cyclic delocali- 
zation in cycloheptatriene has been claimed on 
the basis of its spectroscopic properties (23), its 
resonance energy of 7 kcal/mol (24), its dia- 
magnetic susceptibility exaltation (25), the effect 
of it as a solvent on the chemical shifts of a solute 
molecule (26), and work with bridged bicyclic 
systems (27). However, despite this, there still 
seems to be a reluctance to accept cyclohepta- 
triene as a bonafide homoaromatic species (28). 

The high field chemical shifts of the C, protons 
of these cycloheptatrienes are completely in 
accord with cycloheptatriene sustaining an 
induced diamagnetic ring current when in a 
magnetic field. The presence of such a ring cur- 
rent would result in a shielding of the pseudo- 
axial and deshielding of the pseudo-equatorial C ,  
hydrogens. Although these effects are in opposite 
directions, they will not be of the same magnitude 
and will depend very much upon the precise 
geometry of the molecule in question. Indeed,the 
low temperature pmr spectrum of cyclohepta- 
triene, where the rate of interconversion of the 
two boat conformations is slow, exhibits two 
signals for the C, hydrogens, one a t  6 1.43, 
attributed to the pseudo-axial hydrogen and 
another at  6 2.88 corresponding to the pseudo- 
equatorial proton (14). I t  is interesting that the 
equatorial hydrogen resonates at  almost the 
same place as the corresponding C, hydrogens of 
cyclohepta-l,4-diene (29), suggesting that this 
hydrogen of cycloheptatriene is located in a nodal 
region of the magnetic field resulting from the 
induced ring current. 

A substituent on C, of a cycloheptatriene 
preferentially adopts the pseudo-equatorial posi- 
tion. The remaining C, rnethine hydrogen is then 
largely in the pseudo-axial position and would be 
expected to be shifted upfield by almost the same 
amount as is observed for the axial hydrogen of 
cycloheptatriene itself. As can be seen from 
Table 2, this is true for 150 and 15g, however, the 
differences observed for 15c and 15d are some- 
what smaller than might be expected. This could 
be the result of several factors, including for 
example a change in the degree of delocalization 
of the cycloheptatrienes as a function of the 
substituent, a change in the conformation of the 
ring (30), or a change in the axial/equatorial 
preference of the C, substituent. 

In conclusion it would seem that the chemical 
shifts of the C, resonances of cycloheptatrienes 
can be most reasonably explained on the basis of 
a diamagnetic ring current being induced in these 
molecules and further more direct evidence for 
this is presented in the following paper (31). If 
the presence of such a ring current is a criterion 
of aromaticity (32), then on this basis these 
cycloheptatrienes must be regarded as homo- 
aromatic molecules. 

Experimental 
Proton magnetic resonance spectra were recorded on a 

Varian HA-100 spectrometer and are referred to internal 
tetramethylsilane. A Hewlett-Packard 201C audio- 
generator was employed for thc double irradiation expcri- 
ments. Infrared spectra were recorded on a Perkin- 
Elmer 521 spectrometer. Vapour phase chromatography 
was carried out on a Varian Aerograph A90-P3 instru- 
ment using column A (10 ft x 4 in. column packed with 
15% Carbowax on Chromosorb W) or column B (10 ft x 
4 in. column packed with 15% SE-30 on Chromosorb W). 
Melting points were obtained with a Thomas Hoover 
capillary melting point apparatus and are uncorrected. 
Elemental analyses were performed by Galbraith Labora- 
tories in Knoxville, Tennessee. 

Reaction of the Cycloheptadienyl Anion with Carbon 
Dioxide 

Cycloheptatriene (10 g, 0.1 mol) was dissolved in liquid 
ammonia (150 ml) and lithium (1.4 g, 0.20 mol) was added 
in small pieces to the vigorously stirred solution. The 
reaction mixture was stirred for 2 h at -40 "C and then 
poured onto a large excess of crushed dry ice. The dry ice 
was al-lowed to evaporate and the volatile portion of the 
residue removed in cacuo at room temperature. This 
distillate (3.8 g) was separated by vpc (column B, 50 "C) 
into two fractions which were shown to be the 1,3- and 
1,4-cycloheptadiene (in a ratio of 1 : 3.7) by comparison of 
their pmr spectra with those of the authentic materials 
(29). The involatile residue was dissolved in water (20 ml), 
acidified with HC1, and extracted with ether (3 x 10 ml). 
The combined ether extracts were washed with water 
(3 x 10 ml), dried over MgSO,, and treated with diazo- 
methane. The ether was removed and the residual product 
distilled under reduced pressure to give 2.7 g of an oil. 
This oil was separated by preparative vpc (column A, 
160 "C) into seven fractions. The last two fractions, each 
35% of the total, were further purified by vpc to give 3a, 
pmr (CCI,) 6 1.97 (m, 2, H-6), 2.23 (m, 4, H-5,7), 3.70 
(s, 3, 0CH3), 5.86 (m, 1, H-4), 6.39 (d, 1 ,  H-3), 7.04 
(t, 1, H-1); uv h,,,(CH,OH) 270 nm, E 2880; ms rille 
(M+)  calcd. for C,H,,OZ : 152.0837: found: 152.0833; 
and 4, pmr 6 1.97 (m, 2, H-6), 2.55 (m, 4, H-5,7), 3.70 
(s, 3, 0CH3), 5.98 (m, 2, H-3,4), 6.93 (d, 1, H-2), uv 
A,,,,(CH,OH) 278 nm; E 8700. On heating 3a at 130 "C 
for 5 h an equilibrium was set up between 30 and 4 with a 
ratio of 7: 3. 

9-Mefho.~~~carbo~~yl-4-pheny[-2,4,6-trin~afetra~ycIo- 
L~5.3.2.02~6.08~'0~-dode~-II-en-3,5-dione 8a 

A mixture of 4-phenyl-l,2,4-triazoline-3,5-dione (4.25 g, 
24.7 mmol) and 7a (4.0 g, 24.4 mmol) in CHzClz (120 ml) 
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was cooled in a dry ice - acetone bath at -60 OC. A 
solution of lead tetraacetate (14.5 g, 33.7 mmol) in methy- 
lene chloride (120 ml) was added at once to the rapidly 
stirred solution. The temperature of the mixture was 
allowed to rise to + 20 "C and the stirring continued for an 
additional 4 h. The solvent was removed in uacuo and the 
residue was washed with 0.1 N HNO, (100 ml), 0.1 N 
NaOH (100 ml), and water (100 ml). The remaining 
brown material was dissolved in boiling methanol (400 ml), 
treated with charcoal, and the volume was reduced to 
300 ml. On cooling this solution to room temperature 
6.07 g of 8a crystallized and was filtered out. Anadditional 
0.7 g of material was obtained as a second crop, bringing 
the total yield of 8a to 82%. The product was recrystallized 
from methanol to give pure 8a, mp 187 "C; pmr (CDCI,) 
6 1.41 (t, l , J  = 3.0Hz,H-9),2,19(m,2,H-8,10),  3.67 
(s, 3, OMe), 5.23 (m, 2, bridgehead protons), 6.15 (t, 2, 
J = 3.7 Hz, olefinic protons), 7.40 (s, 5, Ph); ir (KBr) 1770, 
1730,1417,1323,1240 cm-'. Anal. calcd, for Cl7HI5N3O4 : 
C 62.77, H 4.62; found: C 62.76, H 4.72. 

9-Ethoxycarbonyl-4-phenyl-2,4,6-tr.ic~zatetracyclo- 
[5.3.2.02,6.0s,'0 ?dodec-11-en-3,5-dione 86 

7-~thoxycarbony~ycloheptatriene was used as the 
starting material and the procedure used was the same as 
that described for the preparation of 8a. Yield 73%; mp 
172.5 'C; pmr (CDCI,) 6 1.26 (t, 3, Me), 1.45 (t, 1, H-9), 
2.23 (d of d's, 2, H-8,10), 4.14 (q, 2, CH,), 5.25 (m, 2, 
bridgehead H's), 6.18 (t, 2, olefinic H's), 7.42 (s, 5, Ph); ir 
(KBr) 1770, 1719, 1500, 1415, 1241 cm-'. Anal. calcd. for 
CI8Hl7N3O4: C 63.71, H 5.05; found: C 63.81, H 5.13. 

9-Dimethoxymethyl-4-phenyl-2,4,6-triazaf - 
I 5.3.2.02.6.0s~'0jdodec-ll-en-3,5-dione 8c 

The compound 8c was prepared from dimethoxy- 
methylcycloheptatriene using the same procedure as that 
described above for the preparation of 8a. Yield 73%; mp 
158 "C; pmr (CDCI,) 6 0.97 (d oft's, 1, H-9), 1.76 (m, 2, 
H-8,10), 3.33 (s, 6, OMe), 4.26 (d, 1, C-9 substituent), 5.22 
(m, 2, H-1,7), 6.17 (t, 2, olefinic protons), 7.42 (s, 5, Ph); 
ir(KBr) 1773,1755,1605,1500,1398cm-I. Anal calcd. for 
ClsH,9N,04: C 63.33, H 5.63; found: C 63.12, H 5.70. 

9-Methoxycarbonyl-4-phetzyl-2,4,6-triazatetracyclo- 
/5.3.2.02~6.0s~'0;dodeca-3,5-dione 9a 

The olefin 8a (3 g) was partially dissolved in dioxane 
(100 ml) and a 5% palladium-on-carbon catalyst (185 mg) 
added. The mixture was vigorously stirred under Hz  
(I atm) at room temperature, and 1 equiv. of H Z  was 
absorbed in 10 min (all the solid material dissolved during 
this reaction). The catalyst was removed by filtration and 
the solvent removed in uacuo. The residue was recrystal- 
lized from MeOH to give 9a (2.6 g); mp 156 'C; pmr 
(CDCI,) 6 1.55-2.22 (m, 7, cyclopropyl and methylene 
protons), 3.66 (s, 3, OMe), 4.7 (br s, 2, bridgehead pro- 
tons), 7.47 (m, 5, Ph); ir (KBr) 1775, 1720, 1500, 1440, 
1410, 1250 cm-'. Anal. calcd. for Cl,Hl,N,04: C 62.38, 
H 5.23; found: C 62.53, H 5.26. 

9-Ethox~~carbonyl-4-phenyl-2,4,6-triazatetracyclo- 
5.3.2.02,6.08,10- dodeca-3,5-dione 9b 

Starting wlth 8b the procedure used was the same as 
that described above for the preparation of 9a. Yield 9 5 z ;  
mp 156'G; pmr(CDCI3)6 1.27 (t, 3, Me), 1.60-2.20(m,7, 
H-8-12), 4.15 (q, 2, CH,), 4.73 (br s, 2, bridgehead W'sj, 
7.32-7.62 (m, 5, Ph); ir (KBr) 1770,1720,1502,1409,1320, 

1255 cm-'. Anal. calcd. for C,8H19N304: C 63.34, H 
5.61 ; found: C 63.23, H 5.52. 

9-Dimethoxymethyl-4-phenyI-2,4,5-triazatetvacyclo- 
[5.3.2.02~6.0s,'0]dodeca-3,5-dione 9c 

Olefin 8c was reduced in a directly comparable manner 
to that described above for reduction of 8a, to give 100% 
yield of 9c; mp 121 "C; pmr (CDCI,) 6 1.41 (t, 1, H-9), 
1.60-2.20(m, 6,H-8,10,11,12), 3.34(s, 6, OMe),4.22(brs, 
2, bridgehead H's), 7.3-7.7 (m, 5, Ph); ir (KBr) 1750,1696, 
1500, 1430, 1410 cm-'. Anal. calcd. for C 1 8 H 2 ~ N 3 0 4 :  C 
62.93, H 6.18; found: C 62.85, H 6.18. 

The Copper Complex of 6,7-Diazatri~yclo[3.2.2.0~*~]- 
nonane-3-carboxylic Acid I l g  

A solution of 9a (2.85 g, 8.81 mmol) in methanol (15 ml) 
containing KOH (3 g, 65 mmol) was refluxed for 24 h in a 
nitrogen atmosphere. The reaction mixture was cooled 
and dissolved in water (500 ml). The solution was titrated 
with 10% HCI to p H  4 and CuCI, (3 g, 22.3 mmol) was 
dissolved in the mixture. After 30 min the green solution 
started turning red and during the following 15 h crystals 
of l l g  accumulated on the bottom of the vessel. The com- 
plex was filtered off and thoroughly washed with acetone 
and ether to give l l g ;  yield 1.5 g (64%); mp 147 "C (dec.); 
ir (KBr) 1697,1470,1340,1280 cm-'. 

Cyclohepta-1,4-diene-3-carboxylic Acid 5g and its 
Rearrangement to 3g 

The copper complex l l g  (0.9 g, 3.22 mmol) was mixed 
with water (20 ml) containing K 2 C 0 3  (0.089 g, 6.44 mmol). 
The red solid immediately turned brown and a slow 
development of gas was observed. After 1 h of stirring, the 
precipitate was filtered off and the filtrate was heated to 
35 "C until the production of nitrogen wascomplete (12 h). 
The solution was cooled to 2 'C, acidified with HCI to 
p H  3, extracted with ether (3 x 15 ml), and the ether 
extract dried with MgSO,. The solvent was removed in 
cacuo to give 5g as a colorless oil; pmr Table 1 ; ir (film) 
3500-2500, 1715, 1421, 1289 cm-'. 

Pure 5g was heated for 1 h at 45 "C to give 3g as a 
yellow oil; pmr (CDCI,) 6 1.85 (m, 2, H-6), 2.38 (m, 4, 
H-5,7), 5.91 (d of t, 1, H-41, 6.35 (d of d, 1, H-3), 7.26 
(t, 1, H-1), 11.2 (s, 1, OH). On irradiation of the resonance 
at 6 2.38 the signal at 6 7.26 collapsed to a singlet, that at 
6 5.91 to a doublet, and the absorption at 6 1.85 collapsed 
to a broad singlet: J1,7 = 5.3 HZ; J3,, = 11.5 HZ; J4,5 = 
4.5 Hz; J3,5 = 1.0Hz. 

3-Methoxycarbonylcyclohepta-1,4-diene 5a and its 
Rearrangement to 3a 

The ether solution of 5g obtained as above, was treated 
mith a slight excess of diazomethane. The solvent was 
removed in uacuo and the residue distilled togive5a(55%); 
bp 30 "C/O.l torr; pmr Table 1 ; ir (film) 1725, 1465, 1415, 
and 1295 cm-I. 

Kept at room temperature 5a rearranged to give 3a, 
which exhibited an identical pmr spectrum to that quoted 
above. 

3-Dinzefhoxymethylcyclohepta-1,4-diene 5c 
A solution of acetal 9c (2.0 g, 5.8 mmol) in methanol 

(15 ml) containing KOH (1.5 g, 27 mmol) was refluxed 
under N2 for 48 h. Degassed water (30 ml) was added and 
the mixture extracted with methylene chloride (3 x 15 ml). 
The combined extract was dried with MgSO, and the 
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PIKULIK AND CHILDS 257 

solvent was removed in uacuo, to  give an  oil, prnr (CDCI,) 
8 1.05-2.02(m,4), 3 .35 (~ ,6 ) ,4 .20 (m,4 ) ,  3.55 (s,2),6.9 
(m, 5). This product was dissolved in CH2C12 and the 
solution was exposed to air for 8 h. Development of gas 
was observed during this time. The solvent was removed 
in uacuo, and the mixture of 5c and aniline so obtained 
was separated on a short column of basic alumina eluting 
with ether. Yield of 5c 0.47 g (48%); prnr (Table 1). Anal. 
calcd. for CloH160,:  C 72.26, H 9.70; found: C 71.97, 
H 9.77. 

4-Phenyl-2,4,6-triazatetracycl0/5.3.2.0~~.0~'~~ dodeca- 
3,5-dione-9-carbaldehyde, 9e 

Acetal 9c (0.8 g) was dissolved in acetone (30 ml), 
aqueous 37% HCl (0.5 ml) was addcd, and the solution 
was kept for 30 min at  room temperature. At the end of 
this time NaHCO, (0.5 g) was slowly added and the 
solvent was removed in aacuo. The white residue was tri- 
turated with methanol, the inorganic salt removed by 
filtration, and the solvent evaporated in aacuo to yield 
crude 9e (0.65 g, 95%). Three recrystallizations from CC1,- 
acetone mixtures gave pure 9e; mp 204 "C; prnr (CDCI,) 
6 1.50-2.30 (m, 7, H-8-12), 4.72 (br s, 2, H-1,7), 7.28-7.62 
(m, 5, Ph), 9.72 (d, 1, H-8); ir (KBr) 1770, 1710, 1600, 
1500, 1411, 1259 cm-'. Anal. calcd. for CI6H,,N3O3: C 
64.63, H 5.08; found: C 64.60, H 5.00. 

Attempted Preparation of 3-Formylcyclohepta-1,4-diene 
(a) The aldehyde 9e was hydrolyzed and treated with 

CuCI, as described above for the preparation of l l g ,  to  
give a copper complex, mp 120-122'C (dec.); ir (KBr) 
1695, 1619, 1401 cnl-'. This complex (0.2 g) was stirred 
with 5% K 2 C 0 3  solution (10 ml) at  4 "C for 3 h. The 
organic material was extracted into CH,CI,, (3 x 5 ml), 
the combined extracts dried over MgS04, and then heated 
at  35 'C for 5 h. The solvent was removed in vacuo to  
yield 2-formylcyclohepta-l,3-diene 3e, pmr (CDC1,) 6 
1.65-2.20 (m, 2, H-6), 2.20-2.90 (m, 4, H-5,7), 6.05-6.60 
(m, 2, H-3,4), 6.78 (t, 1, H-l), 9.37 (s, 1, -CHO). 

(b) Reaction of the acetal9c, using the same procedure 
as outlined for 9e, gave 3e, with the same prnr spectrum to 
that described above. Acetal 5c (20 mg) was dissolved in 
ether (4 ml) containing 3 drops of 3 7 z  HC1 and stirred at 
- 5 "C for 30 min. The ether solution was washed with 5% 
aqueous NaHCO, and water, dried over MgS04, and the 
solvent removed in aacno (all operations were carried out 
at  0 "C). The pmr spectrum of the product was identical to 
that described above for 3e. 

9- (2-Hydroxy-2-propyl) -4-l1hergvl-2,4,6-triazatetracyclo- 
/5.3.2.02~6.08~'0,~dodeca-3,5-dione, 9d 

Methyllithium (4 ml, 1.3 N in hexane) was added to a 
vigorously stirred solution of 9b (1.4 g, 4.10 mmol) in dry 
1,4-dioxane (100 ml). After 15 min, water (15 n ~ l )  was 
added and the volume of the solution was reduced to 30ml 
in aacuo. Additional water (20 ml) was added and the 
mixture neutralized with 10% HC1 and extracted with 
CH2C12 (3 x 20 ml). The organic layer was dried over 
MgSO, and reduced to 10 ml. Addition of CCI, (10 ml) 
caused precipitation of 0.2 g of white product. This 
material was recrystallized from CH2C12/CCI, mixtures 
to  yield 9d, mp 147 "C; prnr (CDCI,) 6 1.24 (s, 6, CH,), 
1.46-2.06 (m, 8), 4.66 (br s, 2, H - 1 3 ,  7.30-7.62 (m, 5, 
ArH); ir (KBr) 3450, 1745, 1700, 1497, 1408, 1278, 1255 
cm-'. Anal. calcd. for C18H21N303: C 66.04, H 6.47; 
found: C 66.30, H 6.52. 

3- (2-Hydroxy-2-propyl) -I  ,4-cyclohepradiene 5d 
9d was hydrolyzed and treated with CuCI, in the same 

manner to that outlined above for 9a to give a copper 
complex, mp 107-1 10 "C. This complex was reacted with 
aqueous K2C0 ,  as described above for l l p  to give, even- 
tually, an  oil which was purified by chromatography on 
alumina, eluting with ether. The final fraction was dis- 
tilled (60 "C/0.5 torr) to  yield 5d (30%); prnr Table 1 ; ir 
(film) 3400, 1170, 1450, 1370cm-'. Anal. calcd. for 
CI0Hl6O: C 78.90, H 10.59; found: C 78.70, H 10.71. 
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Diamagnetic susceptibilities and susceptibility exaltations of some 7-substituted 
cycloheptatrienes 

RONALD F. CHILDS AND IVAN PIKULIK 
Department of Cl~ernrstr~), McMurier Utio e l s i i ~ .  Hrinlrlton, 01it , C C I ~ ~ N ~ C I  U S  4 M l  

K e c e ~ ~ e d  June 7. 1976 

RONALD F. CHILDS and IVAN PIKULIK. Can. J. Chem. 55.259 (1977). 
The diamagnetic susceptibilities of several 7-substituted cycloheptatrienes have been measured 

and used in conjunction with estimated values of their susceptibilities (Haberditzl increment 
system) to obtain the susceptibility exaltations of these compounds. These exaltations were 
found to be very large and to vary as a function of the size of the C, substituent. There was no 
apparent correlation of the exaltation of a compound with the electronic properties of its 
substituent. The effect of a substituent on the susceptibility exaltation is interpreted in terms 
of conformational changes in the seven-membered ring. The magnitude of the susceptibility 
exaltations of these cycloheptatrienes, for example 7-tert-butylcycloheptatriene (A = 14.81, 
in comparison to that of benzene (A  = 13.7) would suggest that the presence of an induced 
diamagnetic ring current is not a good criterion of its aromaticity. 

ROXALD F. CHILDS et IVAN PIKULIK. Can. J. Chem. 55,259 (1977). 
On a mesure les susceptibilites diamagnttiques de plusieurs cycloheptatrienes substituts 

en position 7 et on a utilisC ces donnkes, de concert avec les valeurs estimees pour leurs sus- 
ceptibilites (systeme additif de Haberditzl), afin d'obtenir les augmentations de susceptibilites 
de ces composis. On a trouvC que ces exaltations sont tres grandes et qu'elles varient en fonction 
de la grosseur du substituant en position C,. I1 n'y a apparamment aucune correlation entre 
I'exaltation d'un compose et les propriktes Clectroniques de son substituant. On peut inter- 
prCte l'effet d'un substituant sur l'exaltation de la susceptibilite en termes de changements con- 
formationnels dans le cycle a sept membres. L'amplitude des exaltations des susceptibilitks 
de ces cycloheptatrii.nes, par exemple pour la iert-butyl-7 cycloheptatrienes (A = 14.8) par 
opposition a celle du benzene (A = 13.7), pourrait suggerer que la presence d'un courant de 
cycle diamagnetique induit n'est pas un bon critere pour determiner son aromaticite. 

[Traduit par le journal] 

The position of the equilibrium between 
cycloheptatriene and norcaradiene can be 
changed by the judicious introduction of sub- 
stituents (1). Particularly dramatic shifts in 
the equilibrium position have been observed 
with substitution at C,, the methylene carbon 
of these systems (2). 

Several explanations have been advanced 
to  account for the effect of a C,-substituent on 
the position of this and other closely related 
equilibria, most of which tend to  focus attention 
on the norcaradiene part of the system (3-6). 
At this present time the most widely accepted 
view seems to be that put forward by Hoffmann 
(4) and Giinther (5) which considers the inter- 
action of the molecular orbitals of a C, sub- 
stituent with those of the cyclopropyl function 
of a norcaradiene. However, the problem is 
by no means fully resolved. For example, the 
recent report of Mukai and co-workers (6) on 
some 7,7-disubstituted systems or the earlier 
results of Hall and Roberts (7) do not seem to  
fit in with these proposals. 

In t h e  preceeding paper we showed that the 
large differences in the proton chemical shifts 
of some 7-substituted cycloheptatrienes and 
their corresponding cyclohepta-l,4-dienes were 
consistent with a diamagnetic ring current 
being induced in the cycloheptatrienes (8). The 
size of this effect seemed to be de~enden t  on 
the nature of the substituent, possibly implying 
that the magnitude of the induced ring current 
was also determined by substitution a t  C,. If 
this is indeed the case, then it is apparent that 
the properties of a cycloheptatriene are sub- 
stituent dependent and this could conceivably 
have considerable bearing on the cyclohepta- 
triene-norcaradiene equilibrium. 

It is difficult on the basis of chemical shift 
arguments to establish the presence of a dia- 
magnetic ring current in a molecule, particularly 
as the whole question of the origin of the typically 
low-field resonances of aromatic protons has 
been called into question (9). To  circumvent 
this problem we have determined the magnetic 
susceptibilities and susceptibility exaltations of 
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TABLE 1. Diamagnetic susceptibilities of cycloheptatrienes and related compoundsa 

K P X XM XM ' 
Compounds (- 10- 6, (g/cm3) (- cm3/g) (- cm3/mol) (- lo-= cm3/mol) 

- 

Cycloheptatriene 
Cycloheptatriene 
7-Methoxycarbonylcycloheptatriene 
7-Methylcycloheptatriene 
7-Methoxycycloheptatriene 
7-Cyanocycloheptatriene 
7-Dimethoxymethylcyc1oheptatriene 
7-tert-Butylcycloheptatriene 
2-Methoxycarbonyl-1.3-cycloheptadiene 

aAll measurements at 36 'C .  
bToluene standard. 
CAcetonitrile standard. 
dVa!ue reported by Dauben e t a / .  (10). 

calculated assuming a C2*-C, (0) bond increment = 4.6 

a series of 7-substituted cycloheptatrienes and 
have found the magnitude of the exaltations 
to be very strongly dependent on the sub- 
stituent used. The susceptibilities of a limited 
number of cycloheptatrienes have been re- 
ported previously by Dauben et al. (10-12), 
however, unlike the results reported here, no 
large dependence of the exaltation on sub- 
stitution was found by these workers. 

Results and Discussion 
Measurement of Magnetic Susceptibility 

The diamagnetic susceptibilities of some 
substituted cycloheptatrienes were measured 
using the method described by Douglas and 
Fratiello (13) and more recently utilized by 
Dauben et al. (10). A special nmr tube con- 
sisting of two concentric cylinders was used in 
conjunction with a high resolution nmr spectrom- 
eter. All measurements were carried out at a 
probe temperature of 36 "C, using toluene or 
nitromethane as the reference material and 
calibrating the system with a set of pure liquids 
of known volume magnetic susceptibilities. The 
cycloheptatrienes used in this study, conlpounds 
1-7, were chosen such that a variety of dif- 
ferent types of substituents were present. In each 
case it is known that the corresponding nor- 
caradiene valence tautomer is not present to any 
significant extent. The volume magnetic sus- 
ceptibilities, K, of cycloheptatrienes 1-7 and 
cycloheptadiene 8 are given in Table 1. 

The densities of the various compounds were 
determined at 36 "C using a calibrated pycnom- 
eter. These were used in conjunction with the 
values of K to obtain the magnetic susceptibilities 

1 R = H  5 R = C N  8 
2 R = OCH, 6 R : CH(OCH3), 
3 R = CH, 7 R =- C(CH3)3 
4 R = COOCH, 

per gram, x (X = KIP),  and molar susceptibilities 
xV (xM = xM;  where M = mw). 

The reliability of this method of obtaining 
X, was checked by repeating the measurement 
of the susceptibility and density of cyclo- 
heptatriene. As can be seen from the first two 
entries in Table 1, the value of x, obtained in 
this work differs from that reported by Wilson 
(10) by only 0.5 x cm3/g, which is within 
the error limits of this type of experiment (12). 
Similar cross checks with other compounds of 
known molar susceptibility proved to be equally 
as good. 

Estitnation of Magnetic Susceptibility 
In order to determine whether the sus- 

ceptibility of a compound includes a contribu- 
tion from an induced diamagnetic ring current, 
it is necessary to estimate the expected suscep- 
tibility, x,', in the absence of any ring current. 
There are several methods available for the 
calculation of x,', the virtues and failures of 
which have been discussed extensively by Laity 
(12). The incremental system of FIaberditzI (14) 
which has been shown to give fairly good results 
for a large number of hydrocarbons, ethers, 
and alcohols, was used in this work. The estima- 
tion of x,' for esters is somewhat less reliable, 
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CHILDS AND PIKULIK 

TABLE 2. Measured and calculated susceptibilities of various nitrileso 

Calculated susceptibility C=N 
Compound xhlb in absence of C=N incrementc increment 

Acetonitrile 28.0 17.9 
Propionitrile 38.5 29.3 
Butyronitrile 49.4 40.6 
Benzonitrile 65.2 56.6 
Toluonitrile 76.4 68.2 
Phenylacetonitrile 76.9 67.1 

@In units of cm3/mol. 
Values taken from data given in ref. 15. 
CCalculated using Haberditzl increment system (14). 

TABLE 3. Diamagnetic susceptibility exaltations and uv spectra of some 
cycloheptatrienes and related compounds 

Compound 

Cycloheptatriene 
7-Methoxycycloheptatriene 
7-Methylcycloheptatriene 
7-Methoxycarbonylcycloheptatriene 
7-Cyanocycloheptatriene 
7-Dimethoxymethylcycloheptatriene 
7-tert-Butylcycloheptatriene 
1,6-Dimethylcycloheptatriene 
3,7,7-Trimethylcycloheptatriene 
2-Methoxycarbonylcyclohepta-1,3-diene 
Cyclohepta-1,4-diene 
Cyclohepta-1,3-diene 
Benzene 

fA. C. Cope (35). 
gW. E. Heyd (33). 

however the close agreement of x,' with the 
measured susceptibility X, of the cyclohepta- 
diene ester 8 (Table I), a molecule which cannot 
sustain an induced ring current, indicates that 
the Haberditzl system is not grossly in error 
with molecules of this type. 

Some difficulty was encountered in the cal- 
culation of x,' for 5 as an increment for the 
CGN bond has not been reported for the 
Haberditzl system. Using the known dia- 
magnetic susceptibilities of several nitriles (15) 
it was possible to estimate a value for the CEN 
bond increment by taking the average dif- 
ference betueen the measured values of X, and 
the sum of all the other increments involved in 
these nitriles (Table 2). A value of -8.9 x l o w 6  
was used as the CEN bond increment. With 
the limited number of model con~pounds used 

this value is tentative and no great significance 
should be attached to the absolute magnitude 
of the difference between xM and x ,~ ,  for 5. 

The difference between the observed and cal- 
culated susceptibilities is defined as the sus- 
ceptibility exaltation A (x, - x,, = A) (16, 11) 
and values of this parameter are listed in Table 3. 
This table also includes the susceptibility 
exaltations of some cycloheptatriene and dienes 
previously reported by Dauben et al. (11). 

Discussion of Susceptibility Exaltations 
It  is quite apparent on examination of the 
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data presented in Table 3 that all the cyclo- 
heptatrienes are diatropic, all exhibiting a 
substantial diamagnetic susceptibility exaltation 
(17, 18a).' These exaltations range from a low 
of 7.1 for the trimethyl compound 10 to  a high 
of 14.8 for the tert-butylcycloheptatriene 7.' 
The sort of discrepancies normally encountered 
between X, and x,' for atropic molecules are 
indicated by the exaltations of the various 
cycloheptadienes 8, 11, and 12 and as can be 
seen, these are very much smaller than those 
encountered for the cycloheptatrienes. 

A second and most interesting feature of the 
exaltations of these cycloheptatrienes is that 
the magnitude of the exaltation is a function 
of the substituent on the ring. This is particularly 
noticeable with the change of substituents on C,. 
Thus while 9, with two methyl groups on C, 
and C,, has almost the same susceptibility 
exaltation as cycloheptatriene itself, the 7-tert- 
butyl compound 7 has an exaltation which is 
close to 7 5 7  larger than that of 1. This marked 
dependence of the exaltation of a cyclohepta- 
triene on the C, substituent is different from 
the very small substituent effects usually en- 
countered with diatropic molecules. For ex- 
ample, the susceptibility exaltation of benzene 
is not influenced to any significant degree by 
substitution (12). Clearly some change must be 
occurring with these cycloheptatrienes as the 
substituent on C, is varied. 

Apart from the 7-cyano compound 5 for 
which there is some uncertainty in x,', there 
would appear to be a correlation between the 
steric size of a C, substituent and the sus- 
ceptibiliry exaltations of these mono-substituted 
cycloheptatrienes. Based on the steric param- 
eters deduced from cyclohexane equilibria, the 
substituent would be expected to increase in size 
in the order OMe < COOMe < CH, <CH-  
(OCH,), < tert-Bu (20) and this is the exact 
order of increase of the exaltations of the sim- 

'The term diatropic was originally defined in terms 
of the observed deshielding or shielding of the resonances 
of the peripheral protons in the pmr spectrum of a 
molecule sustaining an induced diamagnetic ring current 
(17, 18a). Rather than coin a new term, the definition 
has been extended here to include all molecules which 
exhibit an induced diamagnetic ring current, irrespective 
of how this ring current is measured. An alternative 
term which has been suggested is strobilic (19), however, 
this does not seem to have been generally accepted. 

2For simplicity the ~lnits of the molar diamagnetic 
susceptibilities are omitted in the text of this paper. 
Throughout the units are -ilk< x 1W6 cm3 mol-'. 

ilarly substituted cycloheptatrienes. There does 
not seem to be any correlation of the suscep- 
tibility exaltations with any electronic properties 
of the substituents. It is interesting that the 
introduction of a second substituent on C,, e.g. 
10 with two C, methyl groups, lowers the sus- 
ceptibility exaltation back to a value slightly less 
than that of the unsubstituted system 1. 

These changes in the susceptibility exaltation 
of these cycloheptatrienes could result from 
conformational changes in the seven-mem- 
bered ring. The seven-membered ring of cyclo- 
heptatriene is non planar and exists as a rapidly 
equilibrating mixture of two equivalent boat 
conformations (21). When a substituent is 
introduced onto the C, carbon of a cyclo- 
heptatriene, the two boat forms, while still 
rapidly equilibrating, are no longer of equal 
energy. The favoured conformation is the one 
in which the substituent is in the pseudo- 
equatorial position and this becomes in- 
creasingly the preferred conformation as the 
steric size of the substituent is increased (22). 

Not only are the two conformations of a C, 
substituted cycloheptatriene no longer of equal 
energy but it has been suggested that the shape 
of the boat in each conformation is different 
(22). Thus with a pseudo-axial substituent, the 
boat tends to  be somewhat flatter and the 
structural angle a reduced, while with an equa- 
torial substituent the angle a tends to be greater 
than that found for cycloheptatriene itself. As 
the larger substituents enhance the population 
of the conformation in which the group is in 
the equatorial position, on average the angle 
a would be expected to  increase as the sub- 
stituent size is increased. One effect of an in- 
crease in the angle x is that the lobes of the p 
orbitals on C, and C, are tipped closer together, 
Fig. 1, and the possibility of cyclic delocalization 
enhanced. The magnitude of the magnetic 
susceptibility exaltations of these 7-substituted 
cycloheptatrienes parallel these conformational 
changes. 

If such a change in the cyclic delocalization 
of the n-electrons of a cycloheptatriene is 
occurring as a function of C, substitution, then 
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FIG. 1. Schematic representation of changes in the 
relative alignment of C1 and C ,  of a cycloheptatriene as 
the structural angle 3 is changed; .4, a = 0'; R, a = 30'; 
C, sc = 55". 

it should also be reflected in other electronic 
properties of these molecules. As can be seen 
from the data in Table 3, the position of the uv 
absorption maxima of these substituted cyclo- 
heptatrienes is increasingly blue shifted as the C, 
group beconies larger. These shifts in A,,, are 
not large but they are in the direction expected 
if cyclic delocalization were to become more 
important (23). 

The susceptibility exaltation of 7-cyano- 
cycloheptatriene, 5, is higher and its uv absorp- 
tion maximum more blue shifted than would be 
expected simply on the basis of the steric size 
of the nitrile group. It  is interesting, however, 
that the cyano group of 5 also shows a larger 
preference for the pseudo-equatorial position 
than would have been anticipated on just 
steric grounds (24). 

The conformation of the seven-membered 
ring of a cycloheptatriene with two C, sub- 
stituents would appear to remain much the 
same as that of the unsubstituted system (25). 
As can be seen from the results in Table 3 the 
susceptibility exaltations of 10 and 1 are very 
similar. 

It is instructive to compare the magnitudes 
of the exaltations of these cycloheptatrienes 

with their pmr spectra. In the previous paper 
it was shown that the C, proton resonances 
of 7-substituted cycloheptatrienes occurred sub- 
stantially further upfield than the comparable 
resonances of similarly substituted cyclohepta- 
1,4-dienes (8). The difference in the chemical 
shifts of these two systems was seemingly in- 
versely related to the size of the substituents, 
decreasing as the ~ te r ic  bulk of the substituent 
was increased. This is the exact reverse of the 
changes that have been found in the susceptibility 
exaltations of the systems that have been 
described in this paper. This points out how 
tenuous are any arguments based on chemical 
shifts for the presence of an induced ring current 
in a molecule. 

Diutropic or Aromatic? 
The question of whether cycloheptatrienes and 

related molecules are homoaromatic is a long 
standing, unresolved problem (10, 26-28). Part 
of this problem is tied up with the confusion 
which surrounds the term aromatic (29), the 
difficulty in the quantification of this much 
cherished term, and the question of the relation- 
ship of induced ring currents and pmr spectra 
(19). 

If an aromatic molecule is defined as being 
"a diatropic molecule in which all the ring 
atoms are involved in a single conjugated 
system" (186) and this definition extended to 
include homoaromaticity by the inclusion of 
diatropic homo-conjugated systems, then the 
cycloheptatrienes examined in this work must 
be considered to be homoaromatic. Indeed, a 
comparison of the susceptibility exaltations of 
benzene, 13.7, and the tropylium cation, 17, 
cs. 7-tert-butylcycloheptatriene, 14.8, and the 
homotropylium cation, 21, (11) would suggest 
that there is as much right to call this sub- 
stituted cyclobeptatriene a homobenzene as 
there is for the C,H,+ cation to be called the 
homotropylium ~ a t i o n . ~  

This type of quantitative comparison of 
susceptibility exaltations must, however, be 
treated with a great deal of caution. Thus 
benzene, the archetype of all aromatic molecules, 
with a large resonance energy and showing no 

3Susceptibility exaltations are related to the area of 
the ring system involved. In these comparisons, the 
change in area on going from benzene to cycloheptatriene 
is very comparable to that involved in going from the 
tropylium to homotropylium cation. 
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bond length alternation, would seem to be in 
an entirely different league to cycloheptatriene. 
The resonance energy of cycloheptatriene has 
been reported to be only 7 kcal/mol (27), which 
is not much greater than that expected for a 
regular conjugated triene. On the basis of 
equilibration studies Conrow (28) has suggested 
that the 1,6-overlap in cycloheptatriene only 
stabilizes the molecule by some 1-2 kcal/mol 
relative to systems bearing an exocyclic methyl- 
ene group in which cyclic delocalization is not 
possible. Moreover, the several structural studies 
reported on cycloheptatriene and its derivatives 
(25) show that the C-C bonds of the seven- 
membered ring show the alternation in length 
expected of a linearly conjugated system. 

Resonance energy has been advocated and 
used as a criterion of aromaticity (30). However, 
with these cycloheptatrienes there does not 
seem to be any correlation between the mag- 
nitude of their resonance energies and dia- 
magnetic ring currents (31). This leads us to 
question whether the ability of a molecule to 
support an induced diamagnetic ring current is 
a useful, or even valid criterion of aromaticity. 
It would rather seem better. albeit somewhat 
less glamorous, if molecules exhibiting a dia- 
magnetic ring current irrespective of how this is 
measured or detected, be termed diatropic. 

Experimental 
The cycloheptatrienes used in this study were pre- 

pared by standard procedures and their purity checked 
by pmr prior to use. Cycloheptatriene, commercial 
sample purified by preparative glpc (10 ft x + in. column 
with 15% Carbowax on Chromosorb W); 7-methoxy 
and 7-methylcycloheptatrienes were prepared by the 
procedure of Dauben (32), 7-tert-butylcycloheptatriene 
by the procedure of Heyd (33); 7-cyano-cycloheptatriene 
by the addition of tropylium tetrafluoroborate to aqueous 
potassium cyanide according to the procedure of 
Dauben;" and 7-dimethoxymethylcycloheptatriene by 
the method reported by Cope (35). 

Density Determinations 
The densities of the cycloheptatrienes were deter- 

mined at  36 "C using a Lipkin bicapillary pycnometer 
(0.25 ml, Ace Glass Company) which was calibrated 
with distilled water. 

Dianlagnetic Susceptibility Measltrements 
Volume diamagnetic susceptibilities were determined 

using the method of Douglass and Fratiello (13). A cell 
consisting of precision bore, thin wall, concentric, 
flat bottom tubes was used (Wilmad Glass Company). 

"H. J. Dauben, personal communication to S. Win- 
stein; cf .  ref. 34. 

The reference material, toluene or nitromethane, was 
placed in the outer tube and the sample in the inner, 
central tube. With the sample not being spun, the pmr 
spectrum of each signal of the reference is distorted into 
a saddle shape; the separation of the two peaks being 
proportional to the susceptibility of the sample. A Varian 
HA100 spectrometer operated in the no-lock mode was 
used for these measurements. Since it was not possible 
to completely eliminate any drift of the magnetic field 
under these conditions, the error caused by the drift 
was reduced by scanning the signal 12 to 18 times 
alternately on the forward and backward directions 
and the average separation calculated. It was necessary 
to tune the spectrometer to a very high degree of field 
homogeneity. 

The sample cell and spectrometer were calibrated with 
a series of compounds of known susceptibility. The com- 
pounds used for this calibration were: CH212, CHBr,, 
CH2C12, HZO, ChH5CH3, CH,CN, CH3CH20H, and 
CH3N02 ,  all of which were purified by standard pro- 
cedures (36) and distilled through a 20 in. glass column 
filled with glass helices under He. To check that no 
change in conditions occurred during the measurement 
of the susceptibilities of the samples, several standard 
samples were re-run at  the end of the measurements. 
A plot of the separation of the methyl peak of the 
references (nitromethane and toluene) against the sus- 
ceptibilities of the standards gave straight lines within 
each case a correlation coefficient of at  least 0.999 and 
a standard deviation in K of less than 0.004. 
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Laborntoire de Syrr t11Pse Orgarriqcre -Laborntoire a s ~ o c , i l  N I L  C.Ar.R.S. n"239, Unii,ersitP Pierre et Mirrie Curie, 

tolrr.44-45,4, place J~tssirrr -75230 Paris CPdex 05 

R e ~ u  le 6 juillet 1976 

PIERRE HULLOT, T H ~ R ~ S E  CUVIGNY, MARC LARCHEV~QUE et HENRI NORMANT. Can. J. Chem. 
55, 266 (1977). 

Les carbanions en a d'amides N,N-disubstituis sont obtenus avec d'excellents rendements 
par action des "dialkylamidures actives" en solution dans le HMPT. 11s reagissent avec les 
aldehydes et cetones pour conduire a des P-hydroxyamides; avec les Cpoxydes on atteint les 
y-hydroxyarnides cyclises in situ en y-butyrolactones. 

PIERRE HULLOT, THISRPSE CUVIGKY, MARC LARCHEV~QUE, and HESRI NORMA~T.  Can. J. 
Chem. 55. 266 (1977). 

The a anlons of N,Ar-disubstituted carboxanlides can be conveniently prepared by treatment 
with "activated" lithium dialkylamides in HMPT. They react with aldehydes and ketones and 
lead to P-hydroxyarnides; furthermore the ring opening of epoxides affords y-hydroxyamides 
which may be cyclized in situ to y-butyrolactones. 

Nous avons envisage dans un pr6cCdent 
mimoire la mttallation en a des ainides N,N- 
disubstituts B l'aide de bases trks puissantes: 
les dialkylamidures de lithium "activCs" prC- 
parks in sitn par simple agitation du mCtal dans 
une solution benzene-amine-HMPT. Nous 
avons vu que les carbanions, aisCment formis a 
basse tempirature, pouvaient Etre alkylis dans 
d'excellentes conditions grgce a la prCsence du 
HMPT (1). 

D'autre part, nous avons rCcemment montrC 
que l'autoxydation de ces anions par un courant 
d'air menait aux a hydroxyamides avec des 
rendernents trks satisfaisants (2). 

Nous aborderons maintenant la condensation 
de ces anions avec des dCrivCs carbonyles et des 
Cpoxydes divers en vue d'obtenir des P- et y- 
hydroxyamides. 

Des P-hydroxyamides N,N-disubstituks ont 
dCjB ttC obtenus par diverses mCthodes. La con- 
densation des amides avec ies cetones aroma- 
tiques en presence de potasse donne des risultats 
satisfaisants (4) mais le proctde ne s'applique 
pas aux cCtones Cnolisables. Les N,N-dimCthyl 
acCtamide et propionamide ont CtC mCtallCs en 
a a l'aide du dCrivC lithiC du s-trithiane, cepen- 
dant la reaction ulttrieure avec des carbonyles 
Cnolisables ne se fait qu'avec des rendements 
mCdiocres (5). 

L'emploi des amidures de lithium "usuels" 
(butyllithium + diisopropylamine) a permis la 
mktallation de lactames dont le derive lithie ainsi 
form6 a CtC condens6 avec la benzophCnone et la 
cyclohexanone (6) ou encore la mCthylvinyl 
cCtone (7) et a fourni les P-hydroxylactames 
correspondants. Cependant, nous n'avons pas 
releve d'Ctude gtntrale concernant la prtpara- 
tion de P-hydroxyamides N,N-disubstituis. 

Nous avons rCalisC la mitallation des amides 
N,N-disubstituCs selon le mode optratoire dCja 
dCcrit (1). Le carbanion se forme aisCment sous 
l'action des amidures "activCsH que l'amide soit 
lintaire, ramifiC ou cyclique. Le dtrivt carbony16 
est introduit a basse temptrature (-40 
-60 "C), le milieu, initialement violet foncC, se 
dtcolore vers la fin de l'addition [I].  

Le tableau 1 rCsume quelques essais effectues 
avec les aldehydes. Les rendements sont satis- 
faisants, quel que soit l'encombrement de 
I'amide. 

Le N-mCthyl N-phCnyl butyramide fournit 
19hydroxyamide attendu (essai 6). Nous n'obser- 
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HULLOT ET A1 

TABLEAU 1. Hydroxyalkylation de R R' C-CON(M~), par les aldChydes 

Essai R R1 Aldehyde B-Hydroxyamide Rdt (z',)" 

2 H H PhCHO 

'En produits distill.%. 
bPolyoxymethylene non d&polym&rise 
'Amide N-methyl N-phenyl. 

vons pas de migration N + C du groupe phCnyle 
au cours de la metallation. Par contre, une telle 
migration est observCe quand cet amide est trait6 
par le dCrivC lithit du s-trithiane (5). Le polyoxy- 
mCthyl6ne non dtpolymtrisC est introduit a 
+20 "C dans la solution d'amide mttallt et 
fournit ainsi des P-hydroxyamides a fonction 
alcool primaire avec d'excellents rendements 
(essais 3 et 6). 

Le tableau 2 concerne les cCtones. Dans les 
msmes conditions que les aldChydes elles se 
condensent bien d6s - 60 "C. Une cttone aussi 
Cnolisable que la cyclohexanone conduit au 
P-hydroxyamide attendu avec un trks bon rende- 
ment (essai 8, 86%). La diffirence de comporte- 
ment de cette cCtone avec le dCrivt lithiC du 
N,N-dimtthyl acttamide selon le proctdt de 
mttallation est frappante: le rendement tombe a 
4% si l'on emploie le dCrivt lithit du s-trithiane 
(5 ) .  

Malgrt divers essais dans difftrentes condi- 
tions, nous n'avons pas rtussi B condenser le 
dCrivC lithit du N,N-dimCthyl isobutyramide 
avec la benzophtnone (essai 13). Nous pensons 

que I'encombrement de l'amide est responsable 
de cet Cchec (diffkrence avec les essais 9, 10 et 11). 

tuks: accPs aux y-butyrolactones 
La condensation des Cpoxydes sur les divers 

amides lithits formCs 2 l'aide des amidures 
activts constitue une prtparation directe de 
y-hydroxyamides N,N-disubstituis. Ces com- 
posCs sont des prtcurseurs immCdiats de y-buty- 
rolactones variCes. De telles butyrolactones prt- 
sentant en y un ou deux groupes alkyle sont 
transformkes par l'acide polyphosphorique en 
0x0-3 cyclopent6nes dont on connait l'impor- 
tance dans la synthese des prostaglandines (8). 
Quelques y-hydroxyamides ont Ctt Cgalement 
obtenus par action d'tpoxydes sur les N,N-dim& 
thy1 acttamide et propionamide prtalablement 
lnCtallCs soit a l'aide des amidures usuels (9) soit 
avec I'amidure de sodium dans l'ammoniac 
liquide (10). Ces y-hydroxyamides ont ensuite 
ttC cyclisCs B l'aide d'une rtsine acide reflux 
d'acttone (1 1) ou a reflux d'tthylkne glycol en 
presence de bases fortes (9). 
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CAN. J.  CHEM. VOL. 5 5 .  1977 

TABLEAU 2. Hydroxyalkylation de R R ' ~ C O N ( M ~ ) ~  par les &tones 

Essai R R ' CCtone P-Hydroxyamide Rdt (%)" 

OEn produits distiiles. 
bAmide N,N-diBthy1. 

R'\ 
,CH-CO-N 

/ ( I )  EtzN Li 

R2 \ (2) R: R ~ V  

Au cours de cette ktude, nous avons utilisk une 
grande variktk d'kpoxydes : oxydes d'tthylkne, de 
propylkne, de butylkne, d'isobutyline, de styr&ne 
et de cyclohexkne et nous les avons opposts aux 
dkrivks lithiks d'amides linkaires: N,N-dimkthyl 
acktamide et propionamide, d'amides ramifits : 

N,N-dimtthyl isobutyramide et isovalkramide ou 
encore cycliques : N-mkthyl pyrrolidone. 

La rtaction a lieu dans des conditions douces, 
l'introduction de l'kpoxyde est effectuke entre 
-30 et + 15 "C puis retour a tempkrature am- 
biante. Les produits isolCs diffirent selon l'hy- 
drolyse, neutre ou acide. 

(A) Hydrolyse neutre 
Les rksultats obtenus aprks hydrolyse neutre 

du mtlange rkactionnel sont consignks dans le 
tableau 3. On constate que les rendements en 
produits obtenus (a + b) sont gtnkralement 
satisfaisants et ne sont pas affectis par l'encom- 
brement de l'tpoxyde ou de l'amide mais, 
quelles que soient les conditions mises en oeuvre, 
nous n'avons pu isoler les hydroxyamides purs. 
11s sont toujours accompagnes d'une quantitk 
plus ou moins importante de lactone. 

Remarques-Quelques essais effectuks avec les 
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HULLOT ET AL. 

TABLEAU 3. Hydroxyalkylation de R ~ R ~ ~ - C O N ( M ~ ) ,  et de la N-methylpyrrolidone 
par les epoxydes 

Hydroxyamide et lactone Rdt (%',)" 

Essai R ' RZ Epoxyde A B A B 

OEn produits distilles. 
bMbtallation par I'amidure usuel (Et,NH BuLi). 
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CAN. J.  CHEM. VOL. 5 5 ,  1977 

TABLEAU 4. PrCparation de y-butyrolactones 

Essai R ' R2 Eaoxyde Lactone Rdt ('7,ia 

30 Hydroxyamide 15 6 80-90 

31 Hydroxyamide 16 

3 2 Hydroxyamide 17 80-90 

3 3 Hydroxyamide 19 

34 Hydroxyamide 21 

3 5 Hydroxyamide 23 

'En produits distilles. 

amidures "usuels" (Et,NH + BuLi) ont con- 
duit tgalement B des mtlanges (essais 17, 18, 19, 
22). L'oxyde de styrkne susceptible de rtagir 
avec les anions en a et fi a donnt lieu B une 
attaque rCgio-stlective en fi (contr8le rmn, essais 
16 et 19). 

( B )  Hydvolyse acide 
Les rtsultats sont rCsumts dans le tableau 4. 

On hydrolyse a 0 "C par HC1 4 N le mClange 
rtactionnel et agite 24 h a temptrature ambiante. 
On isole alors les lactones pures avec de bons 
rendements (essais 26,27,28 et 29). Les mClanges 
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HULLOT ET AL. 27 1 

y-hydroxyamide + lactone isolts prtctdemment 
apr6s hydrolyse neutre, conduisent, en milieu 
acide, aux lactones pures avec des rendements 
presque quantitatifs (essais 30 B 35). 

Nous avons ainsi mis au ~ o i n t  en une seule 
Ctape une preparation simple et directe de 
y-butyrolactones varites a partir des amides N,N-  
disubstituts lintaires ou ramifies et d'ipoxydes 
divers. 

La structure des divers hydroxyamides et lactones a CtB 
confirmke par ir et rmn. Les spectres infrarouges ont etC 
effectues sur un spectrophotomttre Perkin-Elmer 457 
sous forme de film pour les liquides ou dans le Nujol pour 
les cristaux. Les spectres rrnn ont CtC enregistrts sur un 
appareil Perkin-Elmer R 12 a 60 MHz, en utilisant le 
CC14-TMS comme solvant. 

La purete des produits a etC contrBlCe par chromato- 
graphie en phase gazeuse (colonnes SE 30 de 3 m et 
UCON bas de 3 m) et les produits analyses ont donne des 
rksultats satisfaisants i 0.25%). 

Priparation du diithylamidure de lithium actiui 
Dans un tetracol de 250 ml on introduit sous argon 

10 ml de HMPT, 10 ml de benzene et 4 g (0.055 mol) de 
diithylamine. On ajoute alors 0.055 at-g de li~hium mar- 
tele, le milieu devient rapidement rouge foncC; la tempt- 
rature est maintenue a 20 'C a I'aide d'un bain d'eau. Le 
lithium disparait en 2-3 h. 

Mitallation et hydroxyalkylation du N,N-dirnithylaci- 
tanlide 

Le diethylamidure de lithium dilut de 10 ml d'ether ou 
de THF pour eviter la prise en masse est refroidi a 
- 60 'C. On introduit 0.055 mol d'amide dilue d'un egal 
volunie d'ether ou de THF. Le milieu devient rapidement 
violet, on laisse revenir la temperature a - 50 "C pendant 
30 min. Le compost carbonyle (0.055 mol) dilue dans 80 
ml de T H F  est introduit a -60 "C. On observe une 
decoloration rapide de la solution qui devient jaune. On 
laisse revenir a temperature ambiante toute la nuit et 
hydrolyse. Apres extraction a l'dther, la couche organique 
est stchCe sur sulfate de magnksium, on chasse sous vide 
les solvants, puis on distille sous pression reduite le 
residu. 

Mifallation et hydroxj~alkylation des arnides lintaires, 
raniifits ou cycliques 

On opere comme precedemment en introduisant 
I'amide a -20 'C puis la temperature est ramenee pro- 
gressivement a + 15 'C pendant 13 h. On introduit alors 
le derive antagoniste. Les temperatures d.addition et la 
durte de la reaction seront donnees pour chaque cas. 

Purification 
La distillation ne permet pas toujours de separer le 

HMPT de l'hydroxyamide. La chromatographie sur 
colonne d'alumine fournit un produit pur. L'elution se 
fait a I'aide de solutions hexane-ether (20 : 80 puis 50 : 50) 
et pour finir a l'ether pur. Le HMPT reste fixe sur la 
colonne. 

Les amides de depart ont kt6 obtenus par action du 
chlorure d'acide sur la dimkthylamine, la diethylamine ou 
la N-methylaniline anhydres. Le N-trimethylsilyl capro- 
lactame a ett prepare par action de l'hydrure de sodium 
en milieu THF sur le caprolactame, suivie d'une alkyla- 
tion par le trimethylchlorosilane. 

Nous remercions vivement la Societe Bayer Chemie qui 
nous a aimablement fourni les oxydes de butylene et 
d'isobutylene. 

Tableau 1 
Essail-p eb 90 "Cj0.01 torr; ir (cm-I) 3350 (OH), 1625 

/ 
(-CON' \ ); rmn 6 5.53 (2H, m, -CH=CH-), 4.60 

(lH, s, OH), 4.26 ( lH,  m, -CH-OH), 2.80 (6H, d, 
NMe,), 1.52 (3H, d, CH,). Anal. calc. pour CsHI5N0, :  
C61.1,H9.6,N 8.9; trouve: C61.2, H9.5,N9.0. 

Essai 2-p Cb 120-130cC/0.01 torr (litt. (5) 145- 
/ 
/ 

147 "C/0.15 torr); ir (cm-I) 3370 (OH), 1620 (-CON ), 
\ 

3030, 1600, 750, 700 (CsH5); rmn 6 7.22 (5H, m, C6H5), 
5.09 ( lH,  s, OH), 4.96 ( lH,  t, CH-OH), 2.70 (6H, s, 
NMe,), 2.43 (2H, d, CH,). Anal. calc. pour C1 1 H 1 5 N O ~  : 
C68.4,H7.8,N7.3;  trouve:C68.6,H7.9,N7.4. 

Essai 3-Le polyoxymethylene non depolymerise est 
introduit a f 2 0  'C on hydrolyse aprks 45 min; p t b  130- 

/ 
14OCC/17 torr; ir (cm-I) 3380 (OH), 1620 (-CON ); 

\ 
rrnn 6 3.5 (2H, m, CH20H), 3.00 (6H, d, NMe,), 2.45 
(lH, m, CH), 1.45 (2H, m, CH2), 0.85 (3H, t, CH3). 

Essai 4-L'aldthyde fraichement dCpolymerisC, distillt, 
est introduit a -40 "C, on hydrolyse aprts 13 h a -20 "C; 
p eb 80'C/0.01 torr; ir (cm-I) 3365 (OH), 1625 

/ 
(-CON ); rmn 6 4.6 (lH, m, CH-OH), 3.65 (lH, m, 

\ 
OH), 3.00 (6H, d, NMe,), 0.9 (8H, m, CH, et CH,). 

Essai 5-L'aldthyde est introduit a - 60 'C, I'hydro- 
lyse est effectuee a -45 "C apres 2 h;  p eb 125 'C/0.01 

/ 
torr; ir (cm-') 3390 (OH), 1620 (-CON' ); rrnn 6 7.2 

\ 
(5H, m, C,H,), 6.8 a 5.85 (ZH, m, -CH=CH-), 4.6 
(lH, s, OH), 4.29 (lH, m, CH-OH), 2.92 (6H, d, NMeZ), 
1.65 (2H, m, CH,), 0.82 (3H, t, CH3). 

Essai6-L'essai est mene comme en 3 ; p eb 120-1 30 "Cj 
/ 

0.01 torr; ir (cm-I) 3400 (OH), 1630 (-CON' ), 1600, 
\ 

745, 700 (C6H,); rrnn 6 7.3 (5H, s, C6H5), 4.00(lH, s, 
OH), 3.57 (2H, m, CH,OH), 3.23 (3H, s, NCH,), 2.54 
(IH, m, CH), 1.4 (2H, m, CH,), 0.74 (3H, t, CH,). 

Essai 7-L'aldehyde est introduit a -65 -C, on ra- 
mtne ensuite a temperature ambiante et hydrolyse apres 
12 h;  p kb 90°C/0.01 torr; ir (cm-') 3400 (OH) 1625 

/ 
(-CON' ); rrnn 6 4.3 4.6 (2H, m, CH-OH), 3 (6H, 

\ 
s, ~ ~ e , ) , i . 1 8  (6H, s, Me,), 1.2 (13H, m, CH, et CH,). 

Tableau 2 
Essai 8-La cyclohexanone est introduite - 60 "C, on 

ramene a +20 "C et hydrolyse apres 16 h d'agitation; 
p Cb 103 "C/0.01 torr; ir (cm-I) (Nujol) 3250 (OH), 1615 
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272 CAN. J.  CHEM. VOL. 5 5 ,  1977 

/ 
(-CON ); rrnn 6 4.86 ( lH,  s, OH), 2.95 (6H, d, NMeZ), 

\ 
2.32 (2H, s, CH2CO-), 1.46 (lOH, m, CH,). Anal. calc. 
pour CloH19N02: C 64.8, H 10.3, N 7.5; trouve: C 64.8, 
H 9.9, N 7.4. 

Essai 9-On opere comme lors de l'essai 8; cristaux 
blancs, pf 104-105 "C (litt. (5) 103.6-104.1 "C) (ether de 
petrole); ir (cm-') (Nbjol) 3250 (OH), 3030, 1600, 1480, 

/ 
730 (C6H5), 1615 (-CON' ); rrnn 6 7.32 (IOH, m, 

\ 
C&), 3.16 (2H, s, CH,), 2.85 (6H, d, NMe,). 

Essai 10-On opere comme pour l'essai 8; cristaux 
blancs, pf 130°C (ether de petrole); ir (cm-') (Nujol) 
3250 (OH), 3025, 1570, 1485, 695 (C6H5), 1580 

/ 
(-CON' ); rrnn 6 7.8 6.75 (IOH, m, C6H5), 1.25 0.4 

\ 
(12H, m, CH,). 

Essai 11-On introduit la cktone a - 50 "C, ramene a 
+20cC, agite 10 h et hydrolyse; p t b  75-83 "C/0.1 torr; 

/ 
ir (cm-') 3380 (OH), 1625 (-CON, ); rrnn 6 3.02 (6H, 

\ 
s, NMe,), 1.26 (6H, s, Me,COH), 1.12 (6H, s, Me,). 

Essai 12-La cetone fraichement distillie est introduite 
B - 60 "C, on hydrolyse a - 50 "C au bout d'une heure; 
p eb 90 "C/0.01 torr, polymeres en fin de distillation; ir 

/ 
/ 

(cm-') 3350 (OH), 1600 (-CON et C=C); rrnn 6 5.15 
\ \ 

M~,c=c), 1.25 (9H, m, CH,). 
Essai 13-La cetone est introduite a - 50 "C, on ra- 

mene a f 2 0  "C, agite 16 h et hydrolyse. Le resultat est 
negatif. D'autres essais en faisant varier les temperatures 
d'addition et les temps de reaction ont tgalement tchoue. 

Essai 14-On introduit la cetone a -40 'C, revient a 
+ 10 'C, agite 12 h et hydrolyse; cristaux blancs pf 260 "C 
(ether de pitrole); ir (cm-') (Nujol) 3310 (OH), 3025, 

/ 
1595, 1475, 750, 695 (C6H5), 1635 (-CON ); rmn 

\ 
(DMSO-d,) 6 8 8.7.2 (IOH, m, C6H5), 6.44 (1H, A, NH). 
Anal. calc. pour C19H2,N02 : C 77.3, H 7.1, N 4.7; trouve: 
C 77.0, H 7.3, N 5.0. 

Condensation des tpoxydes sur le N,N-dimtthylacita- 
mide lithit 

A l'epoxyde a - 30 "C (0.055 mol dans 80 ml de THF) 
on ajoute, goutte a goutte, le carbanion (0.050 mol 
refroidi a -50 "C). La solution jaune-orange revient a 
temperature ambiante en 1Q h et on agite toute la nuit, 
apres hydrolyse on traite comme dtcrit precedemment. 

Amides lintaires, ram13e's ou cycliques 
L'amide lithie (0.050 mol a + 15 "C) est introduit sur 

1'Cpoxyde (0.055 mol dans 80 ml de THF) a -30 "C. 
Dans le cas de I'oxyde de cyclohexbne, I'amide lithit est 
introduit a temperature ambiante. 

Prtparation de l'amidure lrsuel 
Une solution de butyllithiuni dans l'ether (0.055 mol) 

est ajoutee goutte a goutte a - 10 "C a une solution de 

diethylamine (0.060 mol dans 30 ml de THF). On revient a 
temperature ambiante en 30 min. 

Tableau 3 
Essais 15 a 23-Les pourcentages respectifs de lactones 

et d'hydroxyamides ont etB determines par rmn. 
Essai 24-p Cb 110-125"C/0.1 torr; ir (cm-') 3380 

(OH), 1670 (CO-N); rrnn 6 3.85 ( lH,  m, CH-OH), 
3.6 a 3.2 (2H, m, CH2N), 2.8 (3H, s, NCH,), 1.10 (3H, 
d, '333). 

Essai 25-p Cb 110-140 "C/0.01 torr; ir (cm-l) 3400 
I 

(OH), 1670 (-CON-CH,); rmn 6 4.4 (IH, m, OH), 
2.80 (N-CH,); Anal. calc. pour C8HI5NO2: C 61.1, 
H 9.6, N 8.9; trouvt: C 61.0, H 9.5, N 8.8. 

Tableau 4 
Nous avons transforme les y-hydroxyamides en y-bu- 

tyrolactones par simple agitation, avec I'acide chlorhy- 
drique 4 N pendant 24 h. Nous avons opere soit directe- 
ment sur le melange reactionnel (essais 26 a 29), soit sur 
le melange hydroxyamide-lactone deja distill6 (essais 30 
a 35). 

Essai 26-p Cb 115-125 "C/23 torr; ir 1770 em-l;  
rmn 6 4.43 (IH, q, CHO), 2.6 a 1.4 (6H, m, CH,), 0.98 
(3H, t, CH,). Anal. calc. pour C6H,,02: C 63.2, H 8.8; 
trouve: C 63.0, H .  8.7. 

Essai 27-pf 49 "C (ether de petrole); rrnn 6 2.6 a 1.55 
(3H, m, CH, CH,), 1.4 (6H, d, Me,), 1.22 (3H, d, CH,). 
Anal. calc. pour C7HIzO2: C 65.7, H 9.5; trouv6: C 65.8, 
H 9.5. 

Essai 28-p Cb 93-105 "C/18 torr (litt. (12) p eb 195.5- 
197.5 'C; ir 1775 cm-' ; rmn 6 4.22 (2H, t, CH,O), 2.10 
(2H, t, CH,), 1.20 (6H, S, CH3). 

Essai 29-pf 51 'C (litt. (13) 49-51 'C) (ether de 
petrole); ir 1775 cm-'; rrnn 6 4.8 a 4.27 (IH, m, CH), 2.9 
a 2.55 (2H, m, CH,), 1.44 a 1.34 (3H, d, CH3), 1.23 (6H, 
s, CH3). 

Essai 30-p eb 98 T i 2 1  torr; ir 1763 em-'. Les spec- 
tres ir et rrnn sont comparables a ceux d'un tchantillon 
authentique de y-valerolactone. 

Essai 31-p Cb 90 'Ci0.05 torr; ir 1775 cm-'; rrnn 6 7.4 
(5H, s, C6H5), 5.35 (IH, t, CH-0), 2.75 a 2.10 (4H, m, 
CH,). - -, 

Essai 32-p kb 80 "C/5 torr; ir 1770 cm-'; rrnn 6 2.3 a 
1.8 (4H, m, CH,), 1.4 (6H, s, CH,). 

Essai 33-p Cb 125 "C/1.3 torr; ir 1770 cm-'; rmn 6 
7.23 (5H, s, C6H5), 5.65 a 5.1 (IH, m, CH-0), 3 a 2.10 
(3H, m, CH et CH,), 1.24 et 1.13 (3H, d, CH,). 

Essai34-p Cb 65 'C/0.1 torr; ir 1770 cm-'; rrnn 6 4.9 a 
4.28 (1H, m, CHO), 1.44 a 1.3 (3H, 2d, CH,), 1.14 a 0.85 
i6H, 2d, (CH,),C). 

Essai 35-pf 41 'C (litt. (14) 37 "C) (ether de pttrole); 
ir 1770 cm-'; rnin 6 2.05 (2H, s, CH2), 1.44 (6H, s, 
(CH3)ZC-0), 1.27 (6H, S, (CH3)ZC). 
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An attempted synthesis of an oxacepham derivative using isonitriles as p-lactam 
forming agents. On the stability of dihydrooxazines and the inadequacy of 

ammonia as the fourth component in the Ugi reaction 

6 .  JUST, B.  Y .  CHUNG, A N D  K.  ~ R ~ Z I N G E R  

Depc~rtment of Clzemistc, McGill University, Montreal, Que., Cnnndn H3C3GI 

Received June 8, 1976 

6. JUST, B. Y. CHUNG, and K. GROZINGER. Can. J. Chem. 55,274 (1977). 
An attempted synthesis of an oxacepham derivative, using isonitriles as B-lactam forming 

agents, is described. The reasons for the failure of this approach are discussed. 

G. JUST, B. Y.  C H ~ G  et K .  GROZINGER. Can. J. Chem. 55,274 (1977). 
On dicrit un essai de synthese d'un derivC oxacephame ou on utilise des isonitriles comme 

agents formateurs de fi-lactames. On decrit les raisons pour l'tchec de cette approche. 
[Traduit par le journal] 

In 1962, Ugi and Wischoffer reported (1) the 
synthesis of a penam derivative 3 using the 
reaction of thiazoline 1 with an isonitrile. 

This approach to penicillins was not used any 
further (see, however ref. 2) because of the wrong 
stereochemistry of the carboxamide group 
introduced in 3. We decided to use an analogous 
procedure to prepare oxacephams 5 and 6 
(X = 0) in which the stereochemical problem 
is resolved by the eventual introduction of a 
double bond. 

The main features of the proposed procedure 
are outlined in Scheme 2. 

From previous experience (3, 4) we knew 
that the hydrolysis of a methyl ester in 4a 
(R = CH,) was difficult, leading to the de- 
composition of the ring system. It was therefore 
obvious that the ring system of type 4 (R = H) 
could only be built if R were a group removable 
by non-hydrolytic methods. 

We focused our attention on the synthesis of 

4 where R = p-methoxybenzyi, benzyl, and 
trichloroethyl, and where -N- was benzamido 
or phthaloyl. The latter amine-blocking group 
was chosen because of the crystallinity of many 
phthalimide containing compounds, and be- 
cause benzamide esters gave azlactones with 
considerable ease under relatively mild con- 
ditions. 

p-Methoxybenzyl 2-benzamido-3-hydroxy ac- 
rylate 9 was prepared by condensation of 4- 
hydroxymethylene-2-phenyl-5-oxazolone 7 (5) 
with p-methoxybenzyl alcohol, and converted 
to its sodium salt 9a with sodium ethoxide in 
ethanol. 

Condensation of the thiazolidine mesylate 18 
(6) with the sodium salt 9a in 2-butanone at 
80 "C gave a 95% yield of the thiazolidine ester 
PI. Hydrolysis of the aldehyde protecting 
group was carried out using mercuric chloride 
in aqueous tetrahydrofuran. Treatment of the 

X 
0 0 

X CO-NH-R 

\ 
\ 

4, X = O , R = H  5 
6, X = S, R = alkyl 

COOH - 
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JUST ET AL. 

c a CI,CCH2 C,H,CONH 
d H C,H,CH, Phthalirnido 
r Na C,H5CHZ Phthalirnido 

8 

i i  C1,CCH2 C,H,CONH 
h C,H,CHZ Phthalirnido 

aldehyde ester 12 with ammonia in tetrahydro- 
furan gave imine ester 14, which was purified 
by column chromatography using ether as 
eluent. The ilnine ester 14, mp 114-1 17 "C,  was 
eluted first followed by a second fraction, 
which was identified as the reaction product 15 
of ethanol with the imine ester 14. The pmr 
spectrum of 15 showed a triplet a t  6 1.20 ppm 
coupled with a methylene group at 6 3.32 ppm 

( J  = 7 Hz), indicating the presence of an ethyl 
group. An exchangeable triplet at 2.80 pprn, 
coupled with a methylene group at 6 3.67 ppm 
(J = 6 Hz) confirmed the presence of a hydroxy- 
methylene group. Furthermore, there were 11 
protons downfield, with one representing a 
CH=N group. The rest of the spectrum was 
similar to that of the required product, the imine 
ester 14. The mass spectrum of 15 showed the 
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JUST ET AL. 

5. R = Ethyl 
50. R = Cyclohexyi 

acyl transfer by a cyclic mechanism yielding 
a-acylaminocarbonamides. The formation of 
the two carbonamide groups in the final product 
provides the reaction with a strong driving 
force (see arrows, Scheme 5). In our example, 
the aldehyde acid 126 functions simultaneously 
as the aldehyde and acid component. Further- 
more the reaction with the isonitrile takes place 
in the aqueous phase (1, 8) and "under dilute 
conditions", otherwise the formation of resins 
predominates. Ammonium hydroxide (0.9 equiv.) 
and cyclohexyl isonitrile (0.9 equiv.) and phos- 
phate buffer (pH 6) were added to freshly 
prepared aldehyde acid 12b in petroleum ether. 
The two-phase system was vigorously stirred 
for 24 h. After work-up, the mixture was 
purified by chromatography and the major 
fraction recrystallized from ether. The product 

showed an absorption at 1730 cm-" and the 
mass spectrum showed an (Mf + 1) at mle 458, 
the cleavage of the methyl group at mle 443, 
and the loss of acetone at m/e 400. The rest of 
the fragmentation was characteristic for the 
required product. Although the pmr spectrum 
was consistent with structure 5 (C2,H3,N30,) 
microanalysis pointed to C,,H,,N20,, indicat- 
ing that the isonitrile reacted with the aldehyde 
in a Passerini-like reaction to give 18. The ir 
absorption at 1730cm-I could now be ex- 
plained as an a,P-unsaturated lactone and the 
peak at mle 458 as the molecular ion peak. All 
other spectral data were consistent with the 
structure proposed. 

Because of the instability of the imine acid 4,  
and aldehyde acid 12b, we developed a mild 
method for cleaving the 2,2,2-trichloroethyl 
esters, involving stirring a tetrahydrofuran 
solution of the ester with zinc and a 1 M 
phosphate buffer solution for 10 min (9). Using 
this method the hydrolysis of the 2,2,2-tri- 
chloroethyl ester l l a  could be accomplished 
smoo'thly and thiazolidine acid l l b ,  mp 159- 
160°C, was obtained within 5 min. It was 
identical to the acid obtained with zinc - acetic 
acid. 

We then prepared the imine trichloroethyl 
ester 14a. Hydrolysis of the thiazolidine tri- 
chloroethyl ester l l a  with nlercuric chloride in 
aqueous tetrahydrofuran for 5 min gave the 
aldehyde ester 12a in a partially hydrated form. 
Treatment of 12a with ammonia in ether gave 
the ester 140, mp 157-1 59 "C, in 66% yield. 
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CHO + 
2 1 2 2 . X = O  23 

(not ~solatedi ( I .  X = NH 

Thin layer chromatography of the mother 
liquors of crystallization indicated the presence 
of two by-products. These were separated by 
column chromatography and identified as the 
acrylate ester 22 and hippuric acid 2,2,2-tri- 
chloroethyl ester 23. Their formation was ex- 
plained in the following manner: the hydrated 
aldehyde 19 reacted via the dioxane 28 to give 
the two products as outlined in Scheme 6. 

Since the imine acid 4 was expected to undergo 
decarboxylation readily, the hydrolysis step and 
the Ugi reaction were superimposed, without 
isolation of the intermediate 4. 

We used cyclohexylisonitrile and phosphate 
buffer solutions a t  p H  4.5, 6.0, or ammonium 
acetate at p H  7.0, which removed the 2,2,2- 
trichloroethyl ester group in all models studied 
(9) and subjected the reaction product to the 
action of isonitriles. Under these reaction COT- 
ditions, we found no trace of the oxacephalo- 
sporin derivative 5 neither by mass spectroscopy 
(mle 457), nor by infrared spectroscopy (v 
1750-1780 cm-I). 

Similar results were obtained when the 
hydrolysis of the ester group was carried out in 
the presence of isonitrile. 

The failure of these approaches was attributed 

to the reactivity of the imine esters 14 with water. 
Stability tests showed that treatment of the 
imine ester 14a with aqueous tetrahydrofuran, 
using similar conditions to those which are used 
for the hydrolysis of the ester and subsequent 
Ugi reaction, resulted in the formation of 2,2,2- 
trichloroethyl hippurate and 2-benzamido-3- 
amino acrylate 2% (the latter identified by 
nlnr only). 

We believed a possible reason for the in- 
stability of the imine acid could be the presence 
of the spiro moiety. Consequently, our next 
approach consisted of the removal of the iso- 
propylidene group by 80z trifluoroacetic acid, 
followed by acetylation with pyridine and acetic 
anhydride. A crystalline monoacetate, mp 121- 
122 "C was obtained. 

The pmr of the obtained product was differ- 
ent from the expected one 24a. Although the 
isopropylidene group was no longer present, 
the spectrum showed only one acetyl group a t  
6 1.85 ppm. Furthermore, the olefinic proton a t  
6 7.66 ppm was not present. Two protons, Ha, 
doublet a t  6 5.55 ppm (J,,, = 2.5 Hz) and H,, 
dd at 6 5.16ppm (I,,, = 2.5Hz and J,,,, = 

8 Hz) appeared, indicating that one of the 
hydroxyl groups reacted with the carbon double 
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Ida 

bond lo  form a five- or six-membered ring 3.82 (s, 3H, OCH,), 5.20 (s, 2H, 0-CH,), 7.15 (q, 4H, 
structure, 25 or 26. The spectral data did not P-substituted phenyl), 7.4-8.0 (m, 6H, ~henyl ,  CH=C), 

8.50, (s, IH, NHCO), 12.32ppm (d, J =  12Hz, l H ,  permit differentiation between these structures. OH); ir 3335 (OH), 1688, 1650, 1600, 540, 510, 
From this result, it is evident that the inter- 1388 c m - ~ ;  nls (70 e ~ ) :  mle 327 (M+) ,  310 ( M +  - OH), 
medial diol could have structures 24, 25, or 26. Annl. calcd. for C,,H,,NO, (327.3): C 66.05, H 5.24, 

In summary, the failure of these approaches N 4.28; found: C 66.10, H 5.33, N 4.25. 

Can be attributed to four factors, all of which p-&fef/loxybenzy[ 2-Benzamido-3-~ydroxy ~ ~ ~ ~ l ~ t ~  so- 
became evident as a result of the above studies: dium Salt 9n 

(I) reaction of the imine esters 14 with water, 
(2) isomerisation of the imine acid 4, followed 
by decarboxylation and (3) polymerization of 
the imine acid 4 with isonitrile during the Ugi 
reaction, (4) non-participation of ammonia in 
the Ugi reaction. Consequently, this scheme 
had to be abandoned in its present form. 

Experimental 
Melting points were determined on an Electrothermal 

block and are corrected. 
Mass spectra were obtained on an AEI-MS-902 mass 

spectrometer at 70eV using a direct insertion probe. 
Proton magnetic resonance spectra were recorded on a 
Varian 57-60 spectrometer, using tetramethylsilane as an 
internal standard. Doublets, triplets, and quartets in 
the pmr spectral data were recorded as the center of the 
peaks and multiplets as their range of absorption. 
Infrared spectra were obtained on a Perkin-Elmer 267B 
infrared spectrophotometer. 

Microanalyses were carried out by Micro-Tech. 
Laboratories Inc. and C. Daessle, Montreal. 

p-Methoxybeizi>l2-Benznmido-3-/7jdvoxy Acrylate 9 
4-Hydr~xymethylene-2-phenyl-5-oxazolone (5) 7 (18.9 

g, 0.1 mol) was suspended in benzene (400 ml) and p- 
n~ethoxybenzyl alcohol (15.2 g, 0.11 mol) was added. The 
mlxture was rcfluxed for 1611, evaporated, and the 
residue recrystallized fi.om benzene - petroleum ether. 
Yield 24.2 g (74%); mp 101-102°C; pmr (CDCI,): 6 

p-Methoxybenzyl 2-benzamido-3-hydroxy acrylate 9 
(23 g, 0.07 mol), was suspended in ethanol (200 nil) and 
an ethanolic solution of sodium ethoxide (1.55 g, 0.075 
mol of-sodium) was added with vigorous stirring. The 
suspension dissolved immediately and the sodium salt 
precipitated. Ethyl ether (200 ml) was added and the 
white salt collected by filtration, washed with ether, and 
dried in uacuo. Yield 22 g (90%); mp 225-226cC; ir 
(KBr): 3400, 3200, 1635, 1600, 1555, 1515, 1485, 1460, 
1400, 1358, 1 3 1 0 ~ m - ~ ;  ms (70eV): mje 349 (Mt), 
300, 243, and 228 (M+ - CH, - p-OMeC,H,). Aizal. 
calcd. for Cl8HI6No5Na (349.33): C 61.88, H 4.61, N 
4.00; found: C61.46,N4.54,N4.11. 

p-Metlzoxyberzzy/2-Benzamido-3-(((2',2'-dimetI~yl-4'- 
(3"-methylt/ziazoliriine-2"-yl) -1',3'-dio,~olnn 4 - j ~ l )  - 
metlzyl) osy j  Aci-ylate I I 

The sodium salt 90 (22 g, 0.063 mol) was suspended 
in a solution of the thiazolidine mesylate 10 (12 g, 
0.0386 mol) in 2-butanone (300 ml) and the mixture 
refluxed for 16 h. The salt was filtered off and the 
filtrate evaporated in vacuo. The residue was chromato- 
graphed on a silica gel column, eluted with chloroforni- 
methanol (98:2). Evaporation of the solvent gave a 
colorless oil. Yield 20 g (95%); pmr (CDCI,): 6 1.35, 
1.42 (each s, 6H acctonide), 2.28, 2.38 (each s, 3H, 
N-CH3), 2.8-3.1 (m, 4H, N-CH,-CH2-S), 3.80 
(s, 3H, 0CH3),  3.8-4.2 (m, 4H, 2CH2-O), 4.39, 4.49 
(each s, lH ,  N-CH-S), 5.18 (2H, CH,), 7.20 (q, 4H, 
p-methoxyphenyl), 7.29-7.92, ppin (m, 7H, phenyl, NH, 
C=CH); ir (CHCI,): 3420 (NH), 2980 (CH), 1670 
(ester), 1368, 1378 cnlr l  (gem-dimethyl). Anal. calcd. for 
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C28H34N207S.+HZO: C 60.96, H 6.39, N 5.07, S 5.81, 
found: C60.59,H6.14,N4.95,S6.05.  

p-Metlzoxj~benzyl 2-Ber1zarnido-3-((4'-formyl-2',2'-dirrie- 
thyl-l',3'-dioxolan-4'-y1)methoxy) Acvylate 12 

The thiazolidine ester 11 (20 g, 0.037 mol) was dis- 
solved in acetonitrile (240 ml) and water (60 ml). Mercuric 
chloride (12 g, 0.0445 mol) was added to this solution. 
The milky suspension that immediately formed was 
refluxed for 30 min. The fine precipitate was filtered and 
the filtrate evaporated. The residue was extracted twice 
with methylene chloride; the extracts were washed with 
dilute hydrochloric acid and water and dried. After 
evaporation of the solvent, the residue was passed 
through a silica gel column using ether as eluent. Yield 
14.6g (847,), oily residue; pmr (CDCI,): 6 1.38, 1.40 
(each s, 6H, acetonide), 3.80 (s, 3H, OCH,), 3.95-4.30 
(m, 2H), 4.10, 4.21 (each s, 2H), 5.15 (s, 2H, CH2-O), 
7.10 (q, 4H, p-OCH,-phenyl), 7.3-7.9 (m, 7H, phenyl, 
C=CH, NH), 9.70 ppm (s, lH ,  CHO); ir (CHCl,): 3410 
(NH), 2980 (CH,), 1700 (ester), 1670 (CO), 1608 (phenyl), 
1370cm-' (aem-dimethvll: ms (70eV): mle 469 (M'). 
,4,1al. calcd.for c , ~ H ~ ; ~ o ~ . H ~ o :  C 61.59, H 6.00, N 
2.87; found: C 60.99, H 5.99, N 2.91. 

a-Be!~zatnido-2.2-dii~1ethyl-l,3,7-tiiuxa-9-nznspiro.~4.5~'- 
dec-9-ene-8-acetic Acidp-Methox.ybenz?;l Ester 14 and 
Bj.-product 15 

The aldehyde ester 12 (14 g, 0.03 mol) was dissolved 
in dry tetrahydrofuran (75 ml) and 1.1 equiv. of gaseous 
ammonia in tetrahydrofuran were added. The mixture 
was kept at room temperature overnight, and then 
evaporated in caclro. The residue was chron~atographed 
on a silica gel column using ether as eluent. 

The first product eluted was crystallized from ether - 
petroleuni ether and its spectral data indicated it to be the 
required product 14. Yield 3.0 g (2273; mp 114-117 'C; 
pmr (CDC1,): 6 1.40 (s, 6H, acetonide), 3.62, 3.75 (each 
s, 2H, CH20) ,  3.80 (s, 3H, OCH,), 3.92-4.10 (ni, 2H, 
OCH,), 5.18 (s, 2H, CH2-0), 5.3-5.5 (m, 2H); 6.95 
(s, 1H, NH), 7.10 (q, 4H,p-methoxyphenyl), 7.4-7.9 ppm 
(m, 6H, phenyl, C=CH); ir (KBr): 3408 (NH), 2983; 
2937, 2865 (CH), 1745 (esterj, 1659 (amide), 1611 
(phenyl), 1578, 1514, 1484, 1379, 1372 cm-I; ms (70 
eV) 111;'e: 468 (M+), 453 (M+ - CH,), 410 (M+ - 
(CH,),CO), 347 (M+ - CH, - p'-methoxyphenyl), 303 
( M i  - COOCH, - p-methoxyphenyl). AI~NI. calcd. for 
C25H28N207 .+H20:  C 62.88, H 6.12, N 5.86; found: C 
62.38, H 6.12, N 5.42. The second fraction eluted gave 
15 as a colorless oi:. Yield 2.3 g (15z);  pmr (CDCI,): C. 
1.20 (t, J = 7 Hz, 3H, CH3-CH,), 1.28 is, 6E,  aceto- 
nide), 2.80 (t, J = 6 Hz, 1 I-:-:, OH), 3.32 (q, J = 7 Hz, 
2H, CH2-CE13), 3.67 (d, J = 6 HZ, 2K, CN2-OH): 
3.77 (s, 3H, OCH,), 3.6-3.8 (m, lH, CIC-N=), 4.0C 
(d, 2H, CFI,O), 4.48 (d, J = 9 HZ, 1H, PIT-CH-CO); 
5.12 (s, 2H, CH,-phenyl), 6.7-8.0 ppni (m, 1 lE1, phenyl, 
p-methoxyphenyl, NH, N=CH); ir (CEICI,): 339G 
(OH), 2970 (CEI,), 1650 (ester, amide) 1370:1380 cm-' 
(getn-dimethyl); uv (EtOH): max 231,279 nm; ms (70 eV): 
m/e 514 (M+), 499 (M+ - CH,), 484 (M' - CH,=O): 
469 (Af+ - OEt), 465 ( M -  - EtO6).  Ailrrl. calcd. for 
C27H34NZ08: C 63.02, H 6.66, N 5.44; found: C 62.92. 
H 6.68, N 5.32. 

Treatment of a-Benzamide-2,2-dimethyl-1,3,7-tvioxa-9- 
azaspivoi4.5:dec-9-ene-8-acetic Aczd p-Methoxyben- 
zyl Ester with Methanol I5a  

An excess of methanal (1 ml) was added to a solution 
of the imine-p-methoxybenzyl ester 14 (468 mg. 1 mmol), 
in 50 ml of tetrahydrofuran. The reaction mixture was 
stirred at room temperature for 3 h. Evaporation of the 
solvent and purification by chromatography on silicic 
acid using ether as eluent gave 422 mg (84%) of 15a; 
pmr (CDCI,): 6 1.37 (s, 6H, acetonide), 2.42 (t, J = 6 Hz, 
lH ,  OH), 3.42 (s, 3H, OCH,) 3.70 (d, J = 6 Hz, 2H, 
CH20), 3.80 (s, 3H, OCH,), 3.7-3.9 (m, lH,  C-CHNH), 
4.0C (m, 2H, OCH,), 4.35 (d, lH ,  N-CH-NH), 5.14 
(s, 2H, CH,-p-methoxy). 6.8-8.0 ppm (m, 11H, phenyl, 
p-methoxyphenyl, NH); ir (CHCI,): 3390 (OH), 2970 
(CH2), 1650 (ester, amide, C=N), 1370, 1380cm-' 
(gem-dimethyl); uv (EtOH): max 231, 279 nm; ms 
(70 eV): mle 500 (MC),  485 (M+ - CH,), 468 ( M +  - 
CH30H).  Anal. calcd. for C Z 6 H 3 , N ~ O ~ . + H ~ O :  C 61.28, 
H 6.52, N 5.49; found: C 61.50, H 6.44, N 5.52. 

Benzyl 2-Pl1thalimido-3-(((2',2'-dinzethyl-4'-(3"-meth~~l- 
;hiazolidine-2"-yl) -1',3'-dioxolan-4'-yl) nzethy1)oxy) 
Acrylate I l c  

The sodium salt 9e (13 g, 0.038 mol) was suspended in 
a solution of the thiazolidine mesylate 10 (7.8 g, 0.025 
mol) in 2-butanone (300ml) and the mixture refluxed 
for 16 h. The salt was filtered off and the filtrate evap- 
orated in uacuo. The residue was chromatographed on 
a silica gel column using chloroform-methanol (98 : 2) as 
eluent. Evaporation of the solvent gave white crystals. 
Yield 12.0 g (897,); mp 143-145 " C ;  pmr (CDC13): 6 
1.28, 1.37 (each s, 6H, acetonide), 2.25, 2.35 (each s, 
3H, N-CH,), 2.8-3.12 (m, 4H, N-CH2-CH,-S), 
3.6-4.37 (m, 5H, two OCH, and N-CH-S), 5.1 (s, 
2H, CH,), 7.23 (s, 5H, CH2-C6H5), 7.52-8.0 ppm 
(nl, 5H, phthalimido and C=CH); ir (KBr): 1785/1725 
(phthalamido), 1700 (ester), 1658 (C=C), 1465, 1450, 
1442, 1380, 1367 cm-'; ms (70 eV): mle 538 (Mf). 
Anal. calcd. for Cz8H,,N,0,S: C 62.44, H 5.62, N 5.20, S 
5.94; found: C 62.59. H 5.51, N 5.40, S 6.02. 

Benzyl 2-Phtlzalimido-3-i((4'-fbr/11~1-2',2'-dit~letl1yl-l',3'- 
dio.rolan-4'-y1)methyl)oxy) Acrylate 12c 

The thiazolidine ester 11c (8.6 g, 0.016 mol) was dis- 
solved in tetrahydrofuran-water (4: 1) (100 m!) and 
mercuric chloride (1.2 g) was added. The milky suspen- 
sion that formed immediately was stirred at room tem- 
perature for 1 h. The fine suspension was filtered off and 
the filtrate evaporated. The residue was extracted three 
times with benzene and the combined extracts were 
washed with dilute hydrochloric acid and water, and 
dried over anhydrous sodium sulfate, filtered, and 
evaporated in cacuo. The crude product was passeC 
through a silica gei colun~n using methylene chloride- 
ether (9: 1) as eluent. Evaporation of the solvent gave a 
white foamy solid. Yield, 6.7 g (90z);  p n ~ r  (CDCI,): 6 
1.38 (s, 6H, acetonide), 3.9-4.0 (ni, 2H, OCH,), 4.2C 
(m, 2M; OCH,), 5.10 (s, 2H, CH2-C6H,), 7.34 (s, 5H, 
phenyl), 7.6-8.1 (m, 5H, phthalimido, C-CH), 9.73 ppln 
(s, IH ,  CHO); ir (KBr): 3480, 3072-2900, 1830,'1735 
(phthalirnido), 1735 (ester), 1720 (aldehyde), 1665 
(amide and C=C), 1436, 1395, 1382, 1290, 1100cm-'; 
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n ~ s  (70 eV): mle 465 (M+). Anal. calcd. for C25H23N08:  suspension was stirred under reflux for 6 h and the 
C 64.51, H 4.98, N 3.01; found: C 64.34, H 5.01, N clear solution evaporated. The oily residue was tri- 
3.25. turated with eetroleum ether (30-60 "C) and kept over- 

ct-Phthalarnido-2,2-dimethyl-l0-hydroxj~-l,3,7-trioxa-9- 
azaspiroL74.5 decane-8-crcetlc Acid Betzzyl Ester 13 
and /mine 14b 

The aldehyde ester 12c (6.0 g, 0.013 mol) was dissolved 
in benzene (50 ml) and refluxed for 30 min using a 
Dean Stark trap. The solvent was concentrated and the 
residue dissolved in anhydrous ether (50 ml). Ammonia 
was passed through the clear solution for 5 min at room 
temperature. It was then kept overnight. White crystals 
13 were collected by filtration. Yield 2.5 g (40%); mp 
108-110 "C; pmr (DMSO-d6): 6 1.34 (s, 6H, acetonide), 
3.33-4.00 (my 5H, two OCH,, OH), 4.28 (br s, lH ,  CH- 
NH), 4.95-5.40 (m, 2H, CH-CH), 5.17 (s, 2H, CH2- 
phenyl), 5.95 (d, IH, J = 4 Hz, NH), 7.28 (s, 5H, phenyl), 
7.88 ppm (s, 4H, phthalimido); ir (KBr): 3450, 3330, 3270 
(NH, OH), 1780, 1720 (phthalimido), 1740 (ester), 1470, 
1450, 1380 cm-'; ms (70 eV): mje 464 ( M +  - H20),  
449 (464 - CH,), 421 (449 - CO), 406 (421 - CH3/or 
464 (CH3)2CO). Anal. calcd. for C25H26N20B (482.5): 
C 62.23, H 5.43, N 5.80; found: C 62.44, H 5.45, N 
5.81. 

The filtrate was chromatographed on a silica gel 
column using methylene chloride - ether (95: 5) as eluent. 
Evaporation of the major product gave a colorless oil, 
identified as the imine 14b. Yield, 2.0g (33%); pmr 
(CDCl,): 6 1.40, (s, 6H, acetonide), 3.4-4.3 (m, 4H, 
two OCHZ), 4.97 (d, 1H, N-CH-COO), 5.21 (s, 2H, 
CH2-phenyl), 5.70 (dd, 1H, N-CEI-0), 7.30 (s, 5H, 
phenyl), 7.6-8.0 ppm (m, 5H, phthalimido and N=CH); 
ir (KBr): 3500, 2995-2880, 1800, 1730 (phthalimido), 
1760 (ester), 1660 (amide and C=N); ms (70 eV): mie 
464 (M'). Anal. calcd. for C,,H,,N20,: C 64.65, H 
5.21, N 6.03; found: C 64.43, H 5.31, N 6.18. 

2,2-Dimethyl-8-phthalirnidomethyl-l,3,7-trioxa-9-azaspiro- 
4.5:decane 16 

  he carbinolamine ester 13 (482 mg, 1 mmol) or 14b 
(464 mg, 1 mmol), was suspended in 25 ml of ethyl 
acetate and added to 240 mg of palladium on charcoal 
(10z) in 25 ml of ethyl acetate, previously prehydro- 
genated with hydrogen. The mixture was hydrogenated 
at atnlospheric pressure, until 24 ml of hydrogen were 
consumed (6 h). The catalyst was filtered off and the 
filtrate evaporated to dryness. Addition of ether gave 
white crystals, recrystallized once from ethyl acetate- 
ether. Yield 191 mg (50%); mp 151-153 'C; pmr (CDC1,): 
6 1.37 (s, 5H, acetonide), 1.90 (br s, lH ,  NH), 2.98 (s, 
2H, CH,), 3.45-3.90 (m, 4H, two CH,), 4.05 (d, 2H, 
CH20) ,  4.35 (dd, IH, N-CH-0), 7.6-8.0 ppm (m, 
4H, phthalimido); ir (KBr): 3200 (NH), 2980-2860 (CH), 
1770, 1705 (phthalimido, amide), 1610 (phenyl), 1460, 
1430, 1400cm-'; ms (70eV): m/e 333 (M+ + I), 317 
(IM+ - CH,). Anal. calcd. for Cl,HZoN20,: C 61.43, 
H6.07, N 8.43;found: C61.67, H6.04, N8.19. 

2,2,2-TrichloroethyI2-Benzamido-3-hydroxy Acrylate 96 
4-Hydroxymethylene-2-phenyl-5-oxazolone 7 (5) (69.3 

g, 0.365 mol) was suspended in dry benzene (3.5 1) and 
2,2,2-trichloroethanol (109 g, 0.73 mol) was added. The 

night In the refrigerator. The red solid was collected by 
filtration and recrystallized from petroleum ether (60- 
80°C). Treatment with charcoal gave pink needles. 
Yield 95 g, (76.6%); mp 87-88 "C; pnlr (CDCI,): 6 4.98 
(s, 2H, CH,-CCl,), 7.57-8.15 (m, 6H, phenyl and C= 
CH), 8.6 (br, IH, NH), 12.7ppm (br, lH ,  OH); ir 
(KBr): 3380, 1725 (ester), 1665 (amide and C=C), 1615, 
1554, 1505, 1463, 1390, 1357, 1325, 1312, 1280, 1268, 
1240, 1162, 1115 cm-'. Anal. calcd. for CI2HIONO4C13: 
C 42.57, H 2.98, N 4.14, C1 31.61; found: C 42.83, H 
2.74, N 4.27, C1 31.29. 

2,2,2-Trichloroethyl 2-Benzamido-3-hydroxy Acrjslate So- 
dium Salt 9c 

2,2,2-Trichloroethyl 2-benzamido-3-hydroxy acrylate 
9b (91 g, 0.27 mol) was added to an ethanolic solution 
of sodium ethoxide (4.6 g of sodium in 200 ml of ethanol). 
The mixture was shaken for 10 n ~ i n  and ether (1 litre) 
added. The precipitated sodium salt was collected by 
filtration, washed several times with ether, and dried in 
uacuo. Yield 70g  (72%); mp 200-202°C (dec.); pmr 
(DMSO-d6): 6 4.74 (s, 2H, CHZ-CC13), 7.3-8.1 (nl, 
5H, phenyl), 8.42 (s, 1H, NH), 9.12 p p n ~  (s, 1 H, C=CH); 
ir (KBr): 3300 (br, salt), 3070, 2960, 1675, 1640, 1592, 
1540, 1500, 1373, 1287, 1160 cm-'. Anal. calcd. for 
C12H9N04C13Na: C 39.87, H 2.52, N 3.89, Cl 29.50; 
found: C 39.90, H 2.63, N 4.13, C1 29.74. 

2,2,2-Tr-ichloroeth).[ 2-Benzamido-3-(((2',2'-dimethyl-4'- 
(3"-mefhylthiazolidine-2"-yl)-l',3'-~/ioxolan-4~-~l) - 
methy1)oxy) Acrylate I l a  

The sodium salt 9c (70 g, 0.195 mol) was suspended in 
a solution of the thiazolidine mesylate 10 (6) (40 g, 
0.130 mol) in dry 2-butanone (1 litre) and the mixture 
stirred at 80-85 'C (bath temperature) for 12 h. The 
salt was filtered off and the filtrate evaporated. The red 
residue was dissolved in ether (50 ml), treated with 
charcoal, filtered, and evaporatcd. The yellow oil was 
further purified by passing through a silica gel colunln 
using benzene - ethyl acetate (9: 1) as eluent. Evaporation 
of the solvent gave colorless crystals. On recrystallization 
from ether, a pure sample was obtained. Yield 48.8 g, 
(68.5%); mp 126-128 "C; pmr (CDCl,): 6 1.35, 1.46 
(each s, 6H, acetonide), 2.37 (s, 3H, N-CH,), 2.8-3.2 
(m, 4H, NCH,-CH,-S), 3.93 (q, J = IOHz, 2H, 
OCH,), 4.24 (s, 2H, OCH,), 4.46 (s, 1H, NCH-S), 
4.84 (s, 2H, CH2-CCl,), 7.33-8.0 ppm (m, 7H, phenyl, 
NH and C=CH); ir (CC1,): 2990-2800, 1730 (ester), 
1698 (amide), 1660 (C=C), 1503, 1480, 1381, 1369, 
1210cm-'; ms (70eV): mie 554 (M+). Anal. calcd. 
for C2,H2,N206SC13: C 47.71, H 4.91, N 5.06, S 5.79, 
C1 19.20; found: C 47.99, H 5.10, N 5.26, S 5.50, C1 
19.41. 

2-Benzamido-3- (((2',2'-dimethyl-4'- (3"- 
dine-2"-yl)-1',3'-dioxolan-4'-yl)~~zetlzyl)oxy) Acrylic 
Acid I l b  

Zinc dust (2 g) was added at room temperature to a 
stirred solution of thiazolidine ester 1 la  (1.0 g, 1.8 mmol) 
in tetrahydrofuran (10 ml) and a 1 M  potassium dihydro- 
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gen phosphate solution pH 4.2 (2 ml). The acid liberation 
was followed by tlc (benzene-EtOAc 9: 1). After 10 min 
the mixture was filtered and the tetrahydrofuran was 
evaporated. The residue was diluted with water (100 ml) 
and extracted with ether. The organic solution was dried 
over sodium sulfate, and evaporated in L.acuo to give 
580 mg (74%) of pure thiazolidine acid I l b ,  mp 159- 
160'C; pmr (CDC13): 6 1.40 (s, 6H, acetonide), 2.31, 
2.40 (each s, 3H, N-CH,), 2.90-3.10 (m, 4H, N-CH,- 
CH,-S), 3.65-4.48 (m, 5H, two OCH, and N-CH-S), 
7.30-7.90 (m, 7H, phenyl, NH and C=CH), 10.23 ppm 
(s, IH, COOH); ir (KBr): 3250 (br), 2980, 2940 (CH,), 
1650 (br, amide), 1575, 1510, 1380 cn1-'; ms (70 eV): 
m!e 422 (M'). Alzal. calcd. for C,oH,,N,O,S: C 56.86, 
H6.20, N 6.63, S 7.58; found: C56.75,H6.42,N6.45,  
S 7.79. 

2-Benzcrniido-3- (((4'-forng.l-2',2-dirnefhyl-l',3'-dioxo- 
lan-4'-~~1)n1efhyl)osy) Acrylic Acid 12b 

The thiazolidine acid 110 (844 mg, 2 mmol), was 
dissolved in tetrahydrofuran-water (9: 1) (10 ml) and 
mercuric chloride was added. The precipitate that formed 
immediately was stirred for 30 rnin. The solid was filtered 
off and the filtrate was dried over sodium sulfate. Filtra- 
tion and evaporation of the solvent gave a white solid. 
Yield 650 mg (93%); nip 55-58 'C (50% hydrated form); 
pmr (CDCl,): 6 1.43 (s, 6H, acetonide), 3.6-4.2 (m, 4H, 
two CH,-O), 5.05 (+H, 5 0 z  hydrated aldehyde), 6.95 
(IH, COOH), 7.5-7.9 (m, 7H, phenyl, NH, C=CH), 
9.80 ppm (+H, CH=O); ir (CHCI,): 3410 (OH), 2970, 
2870 (CH,), 1670 (CO), 1600 (phenyl), 1372, 1380 (gem- 
dimethyl); ms (70 eV): 349 (M+), 334 (Mt - CH,), 
305 (M-  - CO2), 290 (305 - CH,), 273 (hi'+ - C,H6), 
244 (IM- - C6HsCO). Microanalysis was not performed 
because of instability. 

2,2-Dir?~ethj~l-9-benzumido-l,3,7,1l-tetrooxospiro.~4.7~ - 
dodec-8-e~~e-l0-one-12-ca1~bo.~~~cycIohexyIu1?1ide 18 ~- 

The thiazolidine acid 12b (698 mg, 2 mmol), was 
dissolved in tetrahydrofuran-water (9: 1) (10 ml) and  
mercuric chloride was added. The reaction mixture was 
stirred at roorri temperature for 30 min. The solid was 
filtered off and ammonium hydroxide (1.5 mmol) was 
added. The p H  was adjusted to 6.5 by adding phosphate 
buft'er (2 ml). Cyciohexyl isonitrile (655 n ~ g ,  6 n~mol) was 
added and the two phases mixed with vigorous stirring 
for 20 h. The reaction mixture was diluted with water 
(100ml) and the aqueous phase extracted with ether. 
The combined ether extracts were dried over anhydrous 
sodium sulfate and evaporated in ~>acuo. The residue 
was washed with petroleum ether to remove the un- 
reacted isonitrile. The residue was purified by chromatog- 
raphy on silica gel using chloroforn1-methanol (9: 1) as 
eluent, to give 316 nig (36z) of white crystals, mp 254- 
256'C; pmr (DMSO-d6): 6 1.32. 1.40 (each s, 6H. 
acetonide), 1 .O-1.9 (br m, 10H, cyclohexane), 3.20 (s, lH ,  
CH-N), 4.1-4.4 (m, 4H, two CH,O). 5.00 (s, 1 H, 
CH-0), 7.45-8.00 ppm (m, 8H, phenyl, ZNH, CH=C); 
ir (KBr): 3330, 2280 (NH), 2925, 2850 (CW,), 1732 
(lactone), 1637 (amide), 1600 (phenyl), 1370, 1380 cm-' 
(gem-dimethyl); ms (70 eV): 458 (M+) ,  443 (,M+ - CFI,), 

/ 
OH 

H transfer), 360 (M+ - C6H,N). Anal. calcd. for C24- 
H30N207: C 62.87, H 6.60, N 6.11; found: C 62.21, 
H 6.84, N 5.94. 

2,2,2-Trichloroethyl 2-Be~zznmido-3-(((4'-formyl-2',2'-di- 
merhyl-l',3'-dioxolan-4'-yl)methyl)oxyj Acrylafe 
12a 

Mercuric chloride (9.7 g, 35 mmol), was added to a 
solution of the thiazolidine ester 1Pn (19.8 g, 35 mmol), 
in tetrahydrofuran (200 ml) and water (20 ml); the re- 
sulting suspension was stirred for 5 min (tlc benzene - 
ethyl acetate showed absence of thiazolidine ester). The 
reaction mixture was filtered and the filtrate evaporated. 
The residue was chromatographed on silicic acid, first 
eluted with benzene-ether (9: I), to remove all the mer- 
curic salts, then with benzene-ether (1: I). The main 
fraction containing the aldehyde ester was concentrated 
to give a yellowish foamy solid. Yield: 13.5 g, (7777); 
pmr (CDCl,): 6 1.39, 1.45 (6H, each s, acetonide), 4.10, 
4.25 (4H, each s, two CH,O), 4.80 (ZH, s, CH2CC13), 
7.2-7.9 (m, 7H, phenyl, NH, C=CH), 9.63 ppm (s, 1 H, 
CHO); ir (KBr): 3340 (br, NH, hydrated form), 1730 
(ester, aldehyde), 1650 (amide), 1600 (phenyl), 1380, 
3170 em-' (gem-dimethyl); ms (70 eV): rn/e 481 [M+, 
(,'Cl)], 479 [M+(35C1)], 466 (IW+(~'CI) - CH,], 464 
[M+ (35C1) - CH,]. Anal. calcd. for ClaH20N07C13: C 
47.47, H 4.19, N 2.90, C1 22.12; found: C 47.20, H 4.26, 
N 3.15, C1 21.98. 

r-Benzamido-2,2-ciimetIzyI-l,3,7-trio.wa-9-czzaspii.oL'4.5. - 
dec-9-er~e-8-aceric Acid 2,2,2-Trichloroerhyl Ester d4a 

A solution of aldehyde ester 120 (15.2 g, 33 mmol) 
in ether (250 ml) was treated at room temperature with 
anhydrous ammonia for 1 min (pH % 8). After standing 
for 30 min, the ether was evaporated and the residue 
chromatographed on silicic acid using ether-benzene 
(1 : I )  as eluent. The product first eluted was identified 
as the imine ester 14u. Yield 10.0 g, (66.2%); mp 157- 
159 'C; pmr (CDCI,): 6 1.42 (s, 6H, acetonide), 3.80 
(q, 2H, CH20) ,  4.06 it, 2H, CH20), 4.82 (q, 2H, CHI- 
CCI,), 5.43-5.62 (m, 2H, CO-CH-NH, N-CH-O), 
6.77 (d, J = 9 Hz, lH,  NH), 7.3-7.9 ppm (m, 6H, 
phenyl, CH=N); ir (KBr): 3280 (NH), 3060, 2960, 
2870 (CIH), 1760 (ester), 1650 (amide), 1600 (aromatic 
C-H), 1378 cn1-' (gerii-dimethyl); ms (70eV): m;e 
478 [M' (35Cl)], 480 (M* (,'Cl)], 464, 463 ( M 7  - CH3), 
422, 420 ( M +  - acetone). Anal. calcd. for Cl,H,,N,- 
O,C1,: C 47.57, H 4.41, N 5.84, C1 22.17; found: C 
47.46, H 4.61, N 6.02, C1 22.24. 

2,2,2-Trichloroefhyl r-Benzamido-5-crcefoxy-5-(3'-n1et/~~~l- 
thinzolidine-2'-yl) -1,3-dioxacyc1ohe.w-2-ylacetic Acid 
2 6a 

Thiazolidine ester BPLI (2.2 g, 4 mmol) was added at 
room temperature to a solution of trifluoroacetic acid 
(8 rnl) and water (2 ml) and the mixture subsequently 
evaporated to dryness. The residue was neutralized with 
2 /V sodium bicarbonate and extracted with chloroforn~ 
and the extracts dried over sodi~im sulfate. Solvent 
removal left an oil which was treated with a mixture of 
acetic anhydride (5 ml) and pyridine (5 ml) overnight. 
Purification on a silica gel column, eluting with chloro- 
form-methanol gave 1.3 g, (5973 of a colorless oil. 
The product was crystallized from ether, mp 117-119 ^ C ;  
ir (KBr): 3392 (NH), 1770, 174-0 (ester), 1655 (amide), 
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1522 cm-'; pmr (CDCI,): 6 1.85 (s, 3H, OCH,), 2.40 
(s, 3H, NCH,), 3.00 (s, 4H, N-CHZ-CH2-S), 4.00 
(s, 2H, OCH,), 4.20 (s, 1 H, N-CH-S), 4.27 ( s ,  2H, 
CHZO), 4.80 (d, 2H, CH2CC13), 5.16 (dd, J = 2 HZ, 
J =  4Hz,  lH,  C-CH-N), 5.54 (d, J =  2Hz ,  lH ,  
0-CH-0), 6.85 (d, J = 8 Hz, 1 H, NH), 7.2-7.0 ppm 
(m, 5H, phenyl); nis (70eV): mle 5561554 (37C1/35C1), 
5411539 (M - CH,), 4971495 (IM+ - OCOCH,), 407 
( M +  - OCH2CCI3), 379 ( M +  - COOCH2CCI3). Anal. 
calcd. for C,,H,,Cl,N,O,S: '245.37, H4.53, C1 19.13, 
N 5.03; found: C 45.38, H 4.49, C1 19.32, N 5.01. 
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An alternative view of unimolecular reaction theory 
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Hcw OWEN PRITCHARD. Can. J .  Chem. 55.284 (1977). 
A primitive form of unimolecular reaction theory is constructed, based on the master equation. 

Application of the theory depends upon the way in which eigenvalues of large stochastic matrices 
behave as certain of the matrix elements are varied. Some of the required eigenvalue properties 
have been deduced by numerical experiment. and others are available from earlier work on 
diatomic dissociation reactions. Comparison of the results from this primitive approach with 
those of existing theories of unimolecular reactions suggests some reintelpretation of parameters 
used in those theories: most interestingly. the number of effective oscillators occurring in Kassel 
theory (or its Slater-theory equivalent) appears to be the ratio. at infinite pressure. of the total rate 
to the rate of the only reaction channel which survives at the lou-pressure limit. 

Huw OWEN PRITCHARD. Can. J. Chem. 55, 284 (1977). 
On a construit une forme primitive de la theorie des reactions unimoleculaires qui est basee 

sur l'equation maitresse. L'application de la thtorie depend de la faqon de se comporter des 
valeurs de eigen de grandes matrices stochastiques lorsque l'on fait varier certains elements de la 
matrice. Faisant appel a des experiences numeriques, on a deduit quelques unes des proprietCs 
des valeurs de eigen qui sont requises; d'autres sont disponibles a partir de travaux anttrieurs 
sur des reactions de dissociation diatomique. Une comparaison des rksultats obtenus grice a 
cette approche primitive avec ceux prevus par les theories de reaction unimolCculaire existante 
suggere que l'on doit faire quelques reinterpretations des parametres utilises dans ces thkories: 
la reinterpretation la plus intkressante a trait au nombre d'oscillateurs effecfifs se produisant 
dans la thkorie de Kassel (ou le nombre equivalent dans la theorie de Slater) qui semble &tre le 
rapport, a pression infinie, de la vitesse totale par rapport a la vitesse du seul chemin reactionnel 
qui survie a la limite de basse pression. 

[Traduit par le journal] 

Introduction 
The formulation of the rate of a unimolecular 

reaction using the master equation is relatively 
commonplace (1-3). However, despite this 
general acceptance of its validity, the approach 
has yielded singularly little in the nature of a 
concrete predictive theory. The basic reason for 
this is that in the master-equation approach, 
there is one differential equation for every dis- 
crete state of the molecule, and since an  interes- 
ting molecule from the point of view of uni- 
molecular reaction theory may have many 
millions of energy levels, one is faced with a two- 
fold problem, that of finding solutions for 
enormously large sets of simultaneous differential 
equations, whose constant coefficients comprise 
a n  even larger number of unknown transition 
rates between the discrete states (4). The usual 
method of trying to overcome these difficulties is 
to partition the set of energy levels into blocks 
whose size is determined by the average amount 
of internal energy per collision transferred to the 
heat bath (2): this is really no more than simu- 

lating the real process using a model consisting of 
(at most) a few hundred levels, which is perfectly 
acceptable provided (4) that the partitioning is 
not too restrictive. We then encounter the main 
obstruction to the formulation of a useful theory 
of unimolecular reactions, since these sets of si- 
multaneous differential equations, although trans- 
formed into matrix notation (2, 4), have to be 
solved numerically. Unfortunately, there appear 
to be n o  useful theorems in existence connecting 
the eigenvalues with the elements of these transi- 
tion matrices (5, 6), epen for the simplest con- 
ceivable changes in the elements. Modern 
developments in linear algebra, stimulated by 
complementary computational activity, will 
clearly lead to some new theorems in this area 
(7, 8), but it has to be remembered here that in 
our case, we are interested in the behaviour of the 
eigenvalue of smallest numerical magnitude, 
which is the rate constant, rather than in the 
dominant eigenvalue which is generally more 
amenable to study. 

The aim of this investigation, therefore, was to 
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set out the simplest and most primitive master- 
equation formulation which exhibits unimolec- 
ular reaction characteristics. The behaviour of 
the eigenvalues was then examined numerically 
over a wide range of conditions using matrices of 
the order of about 30; a few calculations were 
carried out on much larger matrices, of the order 
of 300, to  confirm that some of the properties of 
interest were not artefacts of the relatively small 
size of the transition-rate matrix. It is then con- 
jectured that any 'theorems' so deduced will be 
valid for the almost infinitely large matrices 
required for a proper description of the uni- 
molecular reaction problem. The supposition 
that progress can be made in this way is not 
entirely without foundation. Earlier work on 
diatomic dissociation reveals two things: first, 
that the eigenvalue representing the rate of the 
reaction is very insensitive to the transition 
probabilities assumed between the internal states 
of the molecule, even for systems consisting of 
quite moderately few energy levels (4, 9); and 
second, that once one considers the molecule to 
consist of more than 20 levels or so, the rigid 
one-to-one dependence (9-11) of certain eigen- 
values (relating to the internal relaxation) on 
specific elements of the matrix disappears, and 
we enter a regime where network or connec- 
tivity effects seem to dominate, with the eigen- 
values determined co-operatively by contribu- 
tions from most of the elements of the matrix 
(9, 12, 13). Clearly, even in the simplest cases, any 
connection between eigenvalues and the elements 
in the matrix is extremely complicated (1 1) and 
equally clearly, one can hope to elucidate some 
of the rules without detailed knowledge of 
individual matrix elements, or transition proba- 
bilities. 

Examination of Four Primitive Models 
We will consider the simplest possible case, 

that of a molecule A, infinitely diluted in a heat 
bath of molecules M, decomposing to give 
products. The energy levels E~ of the molecule are 
assumed to be slightly convergent as the energy 
increases, and the degeneracy gi of each level is 
assumed, for the time being, to be unity. We have 
three choices for the possible description of the 
reaction process itself. (a) To  assume a cut-off a t  
some level which is assumed to be an absorbing 
barrier (1): this is unnecessarily restrictive, and 
precludes any discussion of the behaviour of 
states above the critical level, or of phenomena 

like chemical activation or the decomposition of 
ions. (b) Following Widom (14) we can restrict 
ourselves to  an isomerisation and include all the 
internal states of the product molecule as well: 
this gives, in principle, a totally complete and 
exact description of the process. However, most 
unimolecular reactions are studied experimentally 
far away from equilibrium, e.g. methyl iso- 
cyanide, cyclopropane, and obviously we can 
(for now) dispense with the luxury of including 
all the product states, with a consequent reduc- 
tion in both the size and complexity of the 
problem; when we need to include any reference 
to the product molecules, we can simply treat 
them as structureless entities. (c)  We can treat 
the reaction processes as a series of predissccia- 
tions from certain energetic states of the molecule: 
if these predissociating levels are embedded in the 
total manifold of energy levels, then it is clear 
that the description can encompass, if necessary, 
such concepts as chemical activation or decom- 
position to more than one set of products. 

It becomes clear that the present treatment has 
many similarities to those examined by Valence 
and Schlag (15) and by Tardy and Rabinovitch 
(16) a decade ago, but whereas they were forced 
to circumvent the exact solution of the master- 
equation problem because of computational 
limitations, we will go directly for the exact 
solution. The strategy is that we may be able to 
discover the behaviour of interest for unimolec- 
ular reactions using the exact solutions for rela- 
tively small matrices and then make a 'mental 
extrapolation' to those larger matrices of real 
interest. I t  should also be noted that there are 
strong similarities to some aspects of the papers 
of Buff and Wilson (17) and of Gilbert and Ross 
(1 8). 

Figure l a  depicts the simplest model of this 
kind which exhibits unin~olecular reaction charac- 
teristics. In the actual numerical experiments, a 
series of N = 30 internal energy levels was used, 
spread over an energy range of 100 kcal/mol: 
they were slightly convergent, with a quadratic 
dependence on the index i which would cause the 
levels to converge at 1000 kcal/mol; in a sense 
then, the latter figure can be regarded as the heat 
of atomisation of the molecule, but because the 
temperature is low, we can truncate the series of 
levels a t  a much lower energy value than this. 
There is one predissociating state, with a decay 
rate constant k,, arbitrarily assigned as l o i 3  s- '  : 
in this scheme, this is the 20th level, placed a t  
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FIG. 1. Schematic representation of four unimolecular reaction models. All models have the same 
slightly convergent set of energy levels, and the same critical energy E,, but with the followingvariations: 
(a) nearest-neighbour-only transitions, dissipative, one predissociating level (model I); (b) one- and 
two-quantum transitions, dissipative, one predissociating level (model 11); (c) nearest-neighbour-only 
transitions, dissipative, two or three predissociating levels (model 111); (d )  nearest-neighbour-only 
transitions, conservative, one predissociating level giving product molecule B; back-reaction rate 
constant k, (model IV). 

about F = 70 kcaljmol above the ground state: 
(note that the subscript r will be reserved for the 
index i when the state is a predissociating one). 
Each downward transition was given a transition 
probability which increased very wealcly as the 
energy gap decreased, and all downward transi- 
tions had probabilities of the order of l o p 3  per 
collision: upward transition probabilities were 
generated by detailed balancing from the equili- 
brium populations f i i  for the temperature in 
question. The temperature T was chosen in the 
range 500-1000 K to match the practical region 
in which a reaction with a critical energy of 
70 kcal/mol might be studied. The actual 
numerical details of the model are immaterial, 
and are only presented for the purposes of 
clarifying the nature of the model, and as a 
vehicle for appreciating some of the later dis- 
cussion; moreover, the philosophy of the experi- 
ment is that the model only serves to elucidate 
some numerical 'theorems', which can then be 
transferred to more realistic matrices of much 
larger size. 

Most of the numerical experiments were per- 
formed upon what may be termed a dissipative 
model: in these calculations, the product 
molecules are unspecified and no reverse reaction 

is included; such dissipative models are models I, 
11, and 111, Figs. 1 a, b, and c. Representing the 
set of simultaneous differential equations in 
matrix form, the matrix elements for the dissi- 
pative cases are (13) 

where 
Qji  = [M]ZPji  

K.P.. = fi.p.. 
1 5 1  J ' J  

and [MI is the concentration of inert molecules, 
Z is the collision number between M and A, and 
PJi is the probability per collision of a change in 
the internal state of A from i + j. The matrix Ai j  
has N eigenvalues, none of which is zero because 
the system does not conserve particles: (N - 1) 
of the eigenvalues represent the internal relaxa- 
tion times (T, = - I L j - ' )  and the eigenvalue of 
smallest numerical magnitude h, is (minus) the 
rate constant (k,,,) for the loss of particles from 
the system. Figure 2 shows the behaviour of 
these Neigenvalues, for fixed Pi, and fixed k,, as a 
function of the inert gas concentration [MI : such 
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drawn as though they were all straight lines, but 
in fact, in the interaction zone (depicted by the 

FIG. 2. Schematic representation of the behaviour of the 
eigenvalues of the reaction-rate matrices as a function of 
the concentration of M. The inset shows the behaviour of 
the six eigenvalues of largest numerical magnitude in the 
interaction region when there are three decay channels, 
two of them having the same decay constant i.e. 
k, = k,+, # kkr+2. 

behaviour has been shown before for a two-state 
system (19), and this is the generalisation to an 
N-state system. The principal features are as 
follows : There is a bundle of (N - 2) eigenvalues 
(very closely spaced because all the downward Pi, 
are very similar in numerical magnitude) which 
appear to be directly proportional to [MI; these 
are the rates of the internal relaxations of the 
molecule A in the presence of M. At very low 
[MI, there is an eigenvalue h, = loi3 s-I, since 
this is much faster than any internal process 
under ihese conditions; however, as [MI in- 
creases and the rates of the internal processes 
become comparable with l0 l3  s-', the largest 
eigenvalue is assimilated into the bundle. In the 
diagram, the bundle of internal eigenvalues is 

shaded area) each member of the bundle exhibits 
a small displacement such that in the limit of high 
pressure, hj is the continuation of the low- 
pressure hj- ,  (see the inset in Fig. 2 for more 
details, remembering that the inset actually refers 
to another calculation of type 111); also, for each 
successive eigenvalue, the centre of the displace- 
ment moves slightly to the right as h decreases in 
numerical magnitude. Finally, the eigenvalue of 
smallest numerical magnitude ( I , ,  = -k,,,i) is 
~a ra l l e l  to the main bundle of internal-relaxation 
eigenvalues until the interaction region is 
reached, whence it turns over and becomes 
independent of [MI. 

The properties of kL,,i are as follows: 
(a )  High pressure 
The infinite pressure rate constant is exactly 

i.e. the product of the equilibrium population 
and the predissociation rate constant; this equa- 
tion also remains true if the state i = r is assigned 
a degeneracy g,  other than unity. 

(b)  Low pressure 
The identification of the rate constant is not so 

decisive, and it appears that the low-pressure 
limiting form is 

i31 kUni, ,  - 0.26fi,/h,,.-ll 

Obviously, this equation could be written in 
other suggestive forms, e.g. in terms offir-, which 
is the state supplying the predissociating one: 
other possible forms investigated involved the 
arithmetic or geometric means of the bundle of 
Ibj, but the relationships here were dependent on 
the number of levels considered, whereas in the 
form of [3], it was independent of both the 
number of levels and the index of the predissoci- 
ating state, provided r > - 5 ,  N > 30. Equally 
obviously, the rate of dissipation is simply n,k, 
where M, is the actual nonequilibriurn population 
of the predissociating state, whence 

The coefficient 0.26 is clearly only appropriate 
lor the particular set of energy levels and transi- 
tion probabilities used in this calculation. 
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jc) Intermediate pressures 
The most interesting property of k,,,i is that it 

is exactly a Lindemann fall-off curve: close to a 
hundred values of kUni as functions of [MI have 
been obtained during the variety of numerical 
experiments carried out and in no case, given the 
high-pressure limit (eq. 2) and the numerical 
form of the low-pressure limit (eq. 3), did a value 
of kUni for model I deviate by more than 1 part 
in lo6 from Lindemann behaviour, ciz. 

I t  seems safe to presume therefore that eq. 5 can 
be regarded as a valid rule for h, for large 
matrices of the form [ l ]  with only one dissipative 
element k,, given that r is embedded well within 
the body of the values of the energy-ordering 
index i ;  eq. 2 identifies the ratio ajc unam- 
biguously in terms of the properties of the matrix, 
and eq. 3 gives a n  approximate form for the 
ratio a[M]/b.  

The next interesting question is whether this 
Lindemann behaviour is specific only to this 
primitive formulation, or  whether it is more 
general: model I contains two exceedingly restric- 
tive assumptions, that of nearest-neighbour-only 
transitions, and that of only one allowed pre- 
dissociating state, and the Lindemann form for 
h, could be confined only to this special case. 

The step-ladder or nearest-neighbour approxi- 
mation (ziz. Pij  = 0,  li - jl # 1) is a common one 
in theoretical chemical kinetics, and it is now 
well established (4, 10) that in diatomic dissocia- 
tion, the activation flux is essentially step-ladder 
in form and that the principal result of making 
the step-ladder approximation is to effect a 
relatively small decrease in the overall reaction 
rate. Consequently we will examine this restric- 
tion first. This is done using model 11, Fig. 16, 
which includes both one- and two-quantum level 
transitions : the nearest-neighbour transition 
probabilities Pij  and the predissociating decay 
rate k, were kept the same as for model I, and the 
values of P i - ,  , + , were assumed to be quite large, 
of the order of 0.3Pi- Pi.i+ ,, in order to 
exaggerate any effect of non-nearest-neighbour 
transitions. The behaviour of the eigenvalues did 
not change, of course, from the pattern shown in 
Fig. 2, except in minor numerical detail. Refer- 
ring only to ?-,,., the high-pressure limiting value 
remained the same as before i.e. eq. 2, as de- 

manded by the physics of the situation, and the 
low-pressure limiting value was about 1% higher 
than before, eq. 3;  the latter is reasonable since 
the predissociating level is now fed by two path- 
ways from below, from levels i = r - 1 and 
i = r - 2, and the net result is a slightly higher 
non-equilibrium population n,. However, in the 
intermediate-pressure region, the values of -IL, 
again conformed, to better than 1 part in lo6,  to 
the Lindemann form, eq. 5. Consequently, we 
can assume from now on that the step-ladder or 
nearest-neighbour assumption is only a matter of 
detail; it will affect the calculated rate somewhat, 
as it also did in the diatomic dissociation case, 
but it will not lead to qualitatively invalid 
results: this of course is a great advantage, 
because matrix [ l ]  is then only a tridiagonal 
matrix, and once symmetrised, can be manipu- 
lated on a computer with great efficiency. An 
alternative (but not quite rigorous) rationalisa- 
tion of this is to say that a full symmetric matrix 
can always be reduced to tridiagonal form : hence, 
a nearest-neighbour model, given suitable 
weighted transition rates, will always mimic the 
behaviour of the full transition matrix. 

A brief digression: it is common in most uni- 
molecular reaction theories to make the assump- 
tion, for want of something better, of unit 
deactivation efficiency, a t  least for the interesting 
states. Our model I has deactivation efficiencies 
-which are monotonically increasing as the index i 
increases, but all of them are close to per 
collision in magnitude. The calculation was re- 
peated with all downward transitions Pi , i+l  
having the value of unity, which does no more 
than shift Fig. 2 to the left by three log units. 
Alternatively if we make some deactivation 
probabilities unity, and leave others as the 
thickness of the bundle increases by about three 
log units, and with it, the width of the (shaded) 
interaction region. Hence, assumptions about the 
numerical magnitudes of the transition probabili- 
ties themselves also only affect the detail of the 
calculation, but not the overall picture. 

Returning now to the question of more than 
one decay channel, i.e. model 111. Calculations 
were performed using the same standard set of 
Pij,  with k ,  having its usual value of 1013 s - l 9  and 
with various values assigned to k,+ ,, k,+,, . . . . 
The pattern of eigenvalue behaviour remains 
very much as is shoivn in Fig. 2, except that there 
is now one eigenvalue, horizontal in the top left- 
hand portion of the diagram, for each non-zero 
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value of k, ,  and correspondingly one less in the 
diagonal bundle. At very low pressures, I,, A,, 
A,, . . . are exactly the values assigned to the k ,  in 
descending order of magnitude. If all the k ,  are 
the same, e.g. 1013 s-I, then there is a set of 
degenerate I ,  at this value: this degeneracy 
begins to split as the interaction region is 
approached, and each one merges into the corre- 
sponding member of the bundle (see inset to 
Fig. 2). At the high-pressule limit, the obvious 
result was obtained for the rate constant, ziz. 

At the low-pressure limit, a rather startling, but 
in hindsight very obvious result was obtained, 
namely that kuni was exactly the same as if there 
was only one decay channel, k,! The physical 
explanation is very simple, and in fact is an 
implicit assumption of earlier master-equation 
theories (2, 15 ) :  level i = r decays to products 
just as quickly as molecules can be supplied to it 
from level i = r - 1 ; consequently, in the limit, 
no molecules can ever find their way into levels 
i = r + 1 ,  r + 2, . . . , and these decay channels 
become inoperative at very low pressures. 

Moreover, the-form of in the intermediate- 
pressure region can no longer be fitted to the 
Lindemann form. This is an interesting asym- 
metry: models I and I1 have a common high- 
pressure limit, but different low-pressure limits 
(arising from additional off-diagonal elements in 
the matrix); models I and I11 have a common 
low-pressure limit, but different high-pressure 
limits (arising from additional diagonal elements 
in the matrix); models I and I1 are Lindemann, 
model 111 is not. 

Another digression: in order to confirm the 
interpretation that at the low-pressure limit the 
steady-state population distribution contains no 
molecules in states i > r, it is necessary to gener- 
ate the population distribution for a time t in the 
process for which Ihj-I 1 < t < kuni- ' .  This is 
most easily done using model IV, Fig. Id, which 
conserves particles. Model IV is identical with 
model I except for the addition of one more 
equation representing the concentration of the 
(unstructured) product molecules B;  the equa- 
tions now conserve particles, and the generation 
of the population distribution, in principle at 
least, follows simply in the normal way (20). The 
equilibrium concentration of B was chosen to be 
large (as it is in many real isomerisation experi- 

ments e.g. methyl isocyanide, cyclopropane): 
this makes E ,  very small, yielding the result that 
apart from the introduction of the conservative 
zero eigenvalue, the remaining N eigenvalues 
do not change. It turns out that the calculation of 
the steady-state population distribution is rela- 
tively straightforward in the intermediate pres- 
sure range, but is rather ill-conditioned at the 
pressure extremities, especially at low pressure. 
At relatively high pressures, where ?L,v- is within 
0.1% the high-pressure limit, we recover the 
expected result that all levels below i = r are in 
thermal equilibrium with each other, all levels 
above i = r are also in equilibrium with each 
other, but there is a disparity of the order of 0.1% 
between the two sets of populations. At rela- 
tively low pressures, where [M]- lh ,~rp ,  is (say) 
about 1% above the limiting value (it is difficult 
to get much nearer to the low-pressure limit 
because of severe cancellation problen~s) the 
predicted result is also recovered: levels below 
i = r are in equilibrium, more or less, with each 
other, but with the degree of equilibration falling 
successively as i increases towards r, very much 
like plots given by Tardy and Rabinovitcl~ some 
years ago (16); 11, is of course about 1% greater at 
this pressure than the value given by eq. 4, and 
all the levels above i = r are very closely in 
equilibrium with each other, having populations 
of the order of 0.1% of their normal equilibrium 
values. Thus, the reason for the common low- 
pressure limit for models I and 111 is confirmed. 

Now, if the behaviour of kUni for model 111 
does not conform to a Lindemann plot, does it 
have some other recognisable form? It was found 
that if two non-zero values of ki were used ciz. 
k ,  = k,,, = 1013 S-I, the fall-off behaviour of 
kUni could be represented very well by a Kassel 
curve. The conformity to a Kassel curve was not 
exact, but nowhere was the deviation more than 
0.1%, and the best value of s for this case was 
s = 1.14, using, of course, the high-pressure 
Arrhenius parameters appropriate to this model, 
i.e. eq. 6. The most interesting feature of this 
observation, however, is that at the temperature 
in question, the rate constant given by eq. 6 was 
just 1.14 times the value of k,A,, the single- 
channel value. Let us therefore introduce the 
conjecture that 

Two model calculations were then constructed 
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having the value of o = 2. This can be done for 
example by keeping both k ,  and k,,, fixed a t  
I O l 3  s-I and increasing the degeneracy g,, , to  
give the desired result, or by keeping the de- 
generacy fixed and increasing k,,, correspon- 
dingly; either way, the best fit to a Kassel curve 
was obtained when s was within the range 1.98 to 
2.02. The coincidence between s and o is re- 
markable and suggestive: however, an attempt 
to extend eq. 7 to higher values of o does not lead 
to  a one-to-one correspondence between s and o; 
for example, two calculations with o = 3 (one 
with equal contributions to the rate from i = r, 
r + I ,  and r + 2, and the other using only two 
channels i = r and r + 1) both gave good fits to 
Kassel curves having s - 2.65. Considering the 
density of states in the critical region and the 
relatively narrow width of the bundle of internal 
eigenvalues, the calculations for o = 3 really are 
very strained and probably unrealistic, and it 
would seem therefore not unreasonable at the 
present juncture to leave conjecture [7] as it 
stands, to be verified for larger o at  a later stage 
using much larger matrices. 

Relationship Lo Existing Theories 
Rather than compare the present approach 

specifically and in turn with each of Hinshelwood- 
Lindemann theory (2),  Slater theory (2, 21), and 
R R K  or R R K M  theory (2, 3) ,  it seems more 
economical a t  this primitive state of development 
to make associations with the general body of 
ideas used in these theories, and highlight the 
shortcomings where they appear. We have con- 
structed an incredibly primitive master-equation 
formulation of a unimolecular reaction. The fact 
that this is worth attempting stems from our 
experience with the master-equation treatment of 
diatomic dissociation, (a) that the step-ladder 
activation assumption will give results only quan- 
titatively but not qualitatively different from a 
full network of activation steps, and (b)  that once 
the network becomes sufficiently large, the reac- 
tion rate is rather insensitive to the internal 
transition rates. The molecule is represented only 
as a series of energy levels: they are not sub- 
divided into classes or subgroups which could be 
regarded as oscillators in the normal sense, and 
yet fall-off behaviour is found which is often 
treated using the idea of a number s of coupled 
oscillators. In a sense, the present model corre- 
sponds to complete randomisation of energy and 
could easily be extended, in principle a t  least, to 

accommodate separate interleaving manifolds of 
energy levels with high transition rates within 
each manifold and relatively low transition rates 
between members of different manifolds to 
examine effects caused by non-randomisation of 
energy. The concept of oscillators in other 
theories is associated with both the sliape of the 
fall-off curve and the decline of the Arrhenius 
temperature coefficient with pressure; in practice 
also, there is a correspondence between the com- 
plexity of the molecule and the position of the 
fall-off curve on the pressure scale. We have 
shown that the varying shape of the fall-off curve 
may have an alternative interpretation: if we use 
the Kassel s to describe approximately the shape 
of the fall-off curve, then s appears via the con- 
jecture [7] to be the ratio a t  infinite pressure of 
the total rate to the contribution of that particular 
decay channel which persists a t  the low-pressure 
limit. 

On the other hand, there is no direct corre- 
spondence between the value of o (or s )  and the 
position of the fall-off. As we showed, the posi- 
tion of the fall-off is adjustable trivially by 
changing the mean value of the deactivation 
probabilities in the system. The major deter- 
minant of the position of the fail-off curve on the 
log [MI axis is simply that the top left-hand 
portion of the interaction region (cf. Fig. 2) 
occurs when 

where h,' is the eigenvalue of largest numerical 
magnitude for the unperturbed matrix (i.e. all 
k ,  = 0), and Pi,(max) is the largest collisional 
deactivation probability in the system. There- 
after, each successive member of the bundle of 
eigenvalues exhibits its displacement a t  a succes- 
sively higher pressure, and therefore kUni bends 
over and becomes horizontal a t  a pressure value 
higher than that given in [8] by an amount deter- 
mined in some topological fashion by the thick- 
ness of the bundle; thus, eq. 8 is the major deter- 
minant of the position of the fall-off, with the 
thickness of the bundle being a secondary factor. 
Clearly there is some scope for establishing a 
tenuous connection between o and the thickness 
of the bundle of eigenvalues corresponding to the 
internal processes: this aspect has not been 
examined in detail, but it seems obvious that the 
main factor will be the dynamic range of deacti- 
vation probabilities for the dominant steps in the 
network, and this range will probably be greater 
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for more complex molecules than for simple ones. 
The necessary relationship which we cannot 
establish is the one between o and the k i  re- 
quired to  define the position of the interaction 
region via eq. 8 ; this of course is where oscillator- 
based theories have some strength since, for a 
fixed deactivation probability, the predicted fall- 
off pressure decreases with increasing complexity 
of the molecule. 

The present niodel yields distinctly different 
Arrhenius temperature coefficients a t  the high- 
and low-pressure limits. At the low-pressure 
limit, when the reaction flux is through only the 
i = r channel (in the single-step excitation model) 
or  only a few channels just above i = r (in the 
general multi-step excitation model), the beha- 
viour of the rate constant, to a first approxima- 
tion, is - exp ( -  &,./kT). Another factor will be 
the way in which the depopulation of the pre- 
dissociating levels and of those below them 
change with temperature, which will depend to a 
large extent on the temperature coefficients of the 
internal relaxation eigenvalues. Making the 
plausible assumption that any non-equilibrium 
effects become more severe at  higher tempera- 
tures, the Arrhenius temperature coefficient 
would then  be^ just slightly less than E, in 
numerical magnitude (4). At the high-pressure 
limit, where the rate constant behaves as 
og ,  exp (- E , / ~ T )  (from eq. 7) ,  the Arrhenius 
temperature coefficient will depend on E, again, 
and on the way o varies with temperature. If o is 
small, there will be relatively little scope for 
deviation from E,, if 5 is large, there may be 
considerable scope, so in a sense we recover a 
relationship between the change in Arrhenius 
temperature coefficient with pressure and o 
(crudely the number of effective oscillators), but 
not a quantitative one as in other theories. We 
may distinguish two types of behaviour, one 
which we may regard as 'normal' and one 
'abnormal'. (a) If reaction takes place from 
states immediately above the state i = r ,  and the 
products k i g i  for the dominant reactive channels 
are not very different from the product k,g, for 
the critical level, then the 'activation energy' will 
be only a little in excess of E and the frequency 

r 9p 
,ause factor A ,  will be of the order kigi. (6) If, be- 

of a peculiar distribution of predissociating 
rotational states of high J somewhat above the 
level i = r ,  with kigi >> k,gr9 one can have an  
Arrhenius temperature coefficient considerably 
greater than E,, and a 'high' frequency factor A,. 

The behaviour of these two cases as the pressure 
decreases will be different: case (a) will exhibit a 
small decline in 'activation energy' with a rela- 
tively constant frequency factor, whereas case (b) 
will exhibit a large decline in 'activation energy' 
and also a relatively severe change in frequency 
factor. Obviously o plays some role in the change 
in both cases, but not a clearly defined one. 

In discussing the results of a similar investiga- 
tion about 10 years ago, Valance and Schlag (15) 
concluded that there were three necessary and 
sufficient conditions for R R K  behaviour of the 
master-equation model: (i) the steady-state 
assumption ; (ii) the strong-collision assumption : 
(iii) all levels below the critical energy are re- 
quired to be in equilibrium. We have not 
established in a detailed sense that the present 
model gives exactly R R K  behaviour, only that it 
is Kassel-like or Slater-like, but without any of 
these artificial restrictions, which it would seem 
arise from the partitioning procedure used by 
Valance and Schlag rather than the physics of the 
situation: essentially, this partitioning reduced 
the problem to a two- or three-state problem 
(admittedly with internal structure within the two 
or  three states concerned) and the risks attendant 
upon making such drastic assumptions are by 
now reasonably well recognised (4). 

Finally we note that, of course, one of the 
attractions of the master-equation approach is 
that it can encompass naturally different 
e-fficiencies of colliding molecules in restoring the 
fallen-off rate, which is not always easy in other 
approaches. It does not seem entirely un- 
reasonable to envisage a t  this stage a hybrid 
theory in which the details of the internal 
relaxations are treated in the present fashion but 
the calculation of the lifetimes of the interesting 
states rests heavily on RRKM-like considera- 
tlons. 
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The triple helical structure of lentinan, a linear P-(1+3)-D-glucan 
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TERRY L. BLUHM and ANATOLE SARKO. Can. J. Chem. 55,293 (1977). 
Probable models for the crystalline structure of lentinan, the 8-(l+3)-D-glucan of the fungus 

Lentinrrs elodes, were evaluated by X-ray fiber diffraction and theoretical conformational analy- 
sis of single and multiple helices. The X-ray diagram is consistent with a hexagonal unit cell with 
dimensions a = b = 15.8 A and c (fiber repeat) = 6 A. Conformational analysis predicts five 
probable models for this fiber repeat, of which one is a single helix, two are double helices, and 
two are triple helices. On the basis of packing of these helices into the unit celi and a comparison 
of their calculated Fourier transforms with the observed X-ray diffraction intensity distribution, 
all but the two triplc hclical models are eliminated from consideration. The two triple helices 
differ only in chirality and both left- and right-handed models are stabilized by interstrand 
O(2)---O(2) hydrogen bonds, such as are found in the triple helical structure of b-(1+3)-D- 
xylan. The right-handed triple helix may be the more probable structure of the two, by analogy 
with the known structure of the P-(1+3)-~-xylan. It is likely that the 8-(1-3)-D-glucan of 
curdlan and those of Armillaria mellea and Liliurn longi 'orun~ also possess the same structure. 

TERRY L. BLUHM et AKATOLE SARKO. Can. J. Chem. 55,293 (1977). 
On a evalue, par diffraction derayon-X defibreet par une analyse conformationnelle theorique 

des helices simples et multiples, les modeles probables pour la structure cristalline du lentinane, 
ie p-(1 -3)-D-glucanne du champignon Lentinrr.7 elodcs. Le diagramme de rayon-Xest en accord 
avec une maille hexagonale ayant des dimensions a = b = 15.8 A et ~(reptti t ion de la fibre) = 
6 A. L'analyse conformationnelle prtdit cinq modeles probables pour cette repetition de fibre: 
un correspond a une helice simple, deux sont des doubles helices et deux sont des triples helices. 
Sur la base de l'entassement de ces helices dans la maille et par comparaison de la transforma- 
tion de Fourier calculee avec celle observee pour la distribution des intensites dans la diffraction 
des rayons-)<, on peut eliminer tous les modeles excepte les deux triples helices. Les deux triples 
helices different uniquement par leur chiralite et les modeles gauches et droits sont aussi 
stabilises par des ponts hydrogene O(2)---O(2) entre~les chaines comme on en trouve dans la 
structure triple helice du P-(1-3)-D-xylane, I1 est possible que la triple helice droite soit la plus 
probable des deux si l'on se base sur une analogie avec la structure connue du P-(l+3)-D-xylane. 
I1 est probable que le B-(1-3)-D-glucanne du curdlane ainsi que ceux des Armillaria rnellea et 
Lililrrn longif(orum posskdent la m&me structure. 

[Traduit par le journal] 

Introduction 
Although cellulose is the principal structural 

polysaccharide of the plant world, a number of 
other P-linked polysaccharides have been found 
in that capacity. For example, cellulose is 
replaced by P-(1-4)-mannan in the slphoneous 
green algae Codiaceae (ref. 1, p. 94) and Dasy- 
cladaceae (2), and by P-(1+3)-xylan in Cauler- 
paceae (3). The P-(1+3)-glucans have sinlilarly 
been found as the maln structural component In 

baker's yeast, Sacclzaromj~ces cereuisiae (41, and, 
along with cellulose. in the pollen tube of 
Li1iun.i /ongij?orui~ (5). In the latter, the glucan is 
fibrlllar and crystalline and this 1s the first known 
instance of finding this glucan ~n a structural 

polysaccharides, as for example, in brown sea- 
weeds of the species Lamirzaria (6 ) ,  in unicellular 
algae such as Eugleizn gracilas (7) and in fila- 
mentous green algae such as Cladophora 
rupestris (ref. 1, pp. 196, 197). 

Other investigations of the crystalline structure 
of P-(1+3)-glucans have shown that this 
polysaccharide can be crystallized in oriented 
form and that the resulting diffraction diagrams 
are nearly identical with those obtained from the 
native crystalline form. For example, Scott and 
Rees (8) obtained fiber X-ray diEractograrus of' 
curdlan, the extra-cellular P-(l+3)-glucan froin 
a mutant of Alcaligenes faecalis. Their diffraction 
data were insufficient for a detailed X-ray 

capacity in higher plants. In addition, P-(I +3)- anaiysis of thr structure; however, they were able 
glucans occur widely in nature as storage to measure the fiber repeat as between 5.8 and 
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6.2 8, and the fiber density as 1.43 g/cc. Jelsma 
and ICreger (9) obtained identical diagrams and 
fiber repeat data from oriented fungal tissue of 
Armillaria n~ellea and Herth et al. (5) recorded a 
fiber diagram from the lily pollen tube that 
appears to be identical with both of the above. 
Marchessault et a/ .  (10) showed that curdlan 
crystallizes well after annealing and that its 
diffraction diagrams vary with the degree of 
hydration of the sample. All diffraction diagrams, 
however, were similar to those obtained from 
other fi-(1 +3)-D-glucans. 

On  the strength of the similarities between the 
X-ray diagram of the glucan and that of the 
b-(143)-xylan, the structure of which was 
shown by Atkins and Parker (11) to be a triple 
helix, both Jelsma and Kreger (9) as well as 
Scott and Rees (8) have suggested that the glucan 
has a similar structure. I11 fact, Scott and Rees (8) 
pelformed a computer modellng analysls using 
hard-sphere techn~q~les to show that a t r~ple  
he l~x  for the glucan was poss~ble. In addition, 
Jelsma and Kreger concluded that a t r~ple  hellx 
was in agreement with the observed unit cell (9). 
S~mllarly, the t r~ple  hellx of the P-(1 43)-D-xylan 
was predicted from conformational calculations 
by Sathyanarayana and Rao (12). 

In t h ~ s  art~cle, we report the results of a con- 
formational analysis of poss~ble slngle and 
multlple helices for P-(143)-glucan, performed 
w ~ t h  Lennard-Jones potential energy functions 
augmented with a term for hydrogen bonds (13). 
The allowed models were evaluated with the help 
of X-ray data from a fiber diagram obtalned 
from or~ented gels of lentlnan, a h e a r  fi-(1+3)- 
glucan isolated from the fungus Lent~nur elodes 
(14) 

Experimental 
Snmple 

A sample of pure lentinan was obtained from Dr. J. 
Hamuro of Ajinomoto Co., Inc., Kawasaki, Japan. The 
polysaccharide was reported to be predon~inantly linear 
with some 0-(1-6) branching linkages present in the 
molecule. The average molecular weight was approxi- 
mately one million. The nmr spectrum of the sample 
(in DMSO) revealed no inconsistencies with the expected 
structure and the sample was used without further 
purification. 

X-Ray Diffraction 
Fibers of lentinan suitable for X-ray diffraction were 

prepared by drying of 277, aqueous geis. The material was 
first dissolved in 1 N NaOH overnight at  room tempera- 
ture and subsequently dialyzed 2 days against distilled 

FIG. 1. X-Ray diffractogram of lentinan fiber taken in 
vacuum. Fiber axis is vertical. 

water. A small amount of the resulting gel was placed 
between two glass beads held in a fiber stretching clamp, 
stretched about 50% and left to dry at room temperature. 
The density of the fibers was measured by flotation in 
a solution of 11-xylenelcarbon tetrachloride and was 
1.547 g/cc (i 0.002). 

X-Ray diffraction diagrams were obtained in a flat 
plate carnera using CuK, radiation and at  relative 
humidities ranging from 50% to 100%. A typical fiber 
d~agram of lentinan is shown in Fig. 1. 

Conforrnational Calculntions 
The conformational analysis was performed for all 

possible single-strand helices obtainable by rotations of a 
specified, fixed monomer residue about the bonds linking 
it to glycosidic oxygens. (The rotational angle about the 
C(1)-Q,,,, bond is henceforth referred to as 4 and the 
angle about the C(3)-O,,,, bond as v.) The monomer 
residue was kept rigid in the C1 conformation and its 
atomic coordinates were taken from the average residue 
of Arnott and Scott (15). The bond angle at  the glycosidic 
oxygen was fixed at 118' and the O(6) hydroxymethyl 
group was left invariant in thegg rotational position.' The 
same conformational analysis was performed for double 
parallel-stranded, double antiparallel-stranded, and triple 
parallel-stranded helices in which the strands were 
translationally in phase, i.e. the glycosidic oxygens of each 
strand were on the same level along the helix axis. 

The single-strand helical conformations were created in 
the usual fashion, by performing 4 and I+I rotations at lo3 
intervals in the range - 180" to + 180' (or at  1' intervals 
in areas of particular interest). The multi-strand helices 
were obtained by symmetry operations on the first 
strand. For example, a double parallel-strand helix with 

'Refer to ref. 16 for the description of gt,  gg, and rg 
terminology. 
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FIG. 2. Conformational energy map for single helical 
B-(l+3)-~-glucan as a function of rotations about the 
C(1)-0 bond (4) and the C(3')-0 bond (v). The 
( 4 , ~ )  = (0,O) position is with the atom sequence 
H(1)-C(1)-0-C(3')-H(3') in plane and the bonds 
H(1)-C(1)-0-Cf3') and C(1)-0-C(3')-H(3') cis. 
The energy contours are in kcal/mol; the thin solid lines 
denote constant 1 1 ;  the dashed lines denote constant h 
(negative h indicates left-handed helices). The conforma- 
tion denoted by a cross is a minimum energy conforrna- 
tion in agreement with observed X-ray data. 

given 4 , ~  angles was obtained by first creating the re- 
quired single strand (by 4-v rotations), then creating the 
second strand by imposing a two-fold rotation about the 
helix axis on the first strand. Similarly, the double anti- 
parallel-strand helix was created by symmetry operations 
involving two-fold rotation about the helix axis coupled 
with inversion about an axis at right angles to the helix 
axis. (The inversion axis was at  z = 0.) The triple 
parallel-strand helix was created by a three-fold rotation 
about the helix axis. All strands of a multiple helix thus 
possessed the same 4 , ~  angles. 

The probability of the helices was evaluated by calcu- 
lating their conformational nonbonded energy V>,, using 
a Lennard-Jones potential energy function augmented 
with a third term for non-directional hydrogen bonds (13) 

where the summation is over all pairwise interactions 
between atoms i and j separated by a distance ri , .  In the 
evaluation of V x B  for a given multi-strand helix, the 
interactions between all atoms of a reference residue and 

FIG. 3. Conformational energy map for double parallel 
stranded helical P-(1+3)-D-glucan. (For further explana- 
tion see the caption of Fig. 2.) 

those in the residues in one complete turn of the helix of 
each strand above and below the reference residue were 
included in the summation. The conformations with V,, 
higher than 0 kcalimol were judged to be improbable. The 
regions of probable conformations were described as 
isoenergy contour maps as a function of 4 and y~ rotations. 
The resulting maps, with superin~posed n (number of 
residues per t ~ ~ r n )  and h (axial rise per residue in A) 
contours, are shown in Figs. 2-5. 

All conformational calculations were done with a 
CDC 3200 computer. 

Results and Diseossicsn 
The diffraction diagrams of lentinan showed 

only poor crystallinity, but they were similar in 
appearance to the diagrams obtained from native 
crystalline f3-(l+3)-glucans of the pollen tube of 
Liliui?~ longzf7or~lm (5) and the fungus Armillaria 
inellea (9). The patterns were apparently not 
affected by the relative humidity of the sur- 
roundings, as all of them showed two well 
oriented equatorial reflections at - 14.5 and 
-6.7 A, and a spread of intensity on the first 
layer line centered at -4.5 A. The fiber repeat 
was -6 88. The equatorial reflections and the 
fiber repeat are in rough agreement with the 
hexagonal unit cell a = b = 15.8 A and c = 
5.95 proposed for A .  mellea (9). This unit cell 
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FIG. 4. Conformational energy map for double anti- 
parallel stranded helical p-(1-3)-D-glucan. (For further 
explanation see the caption of Fig. 2.) 

FIG. 5.  Conformational energy map for triple all 
parallel stranded helical P-(1-3)-D-glucan. (For further 
explanation see the caption of Fig. 2.) 

is also in agreement with those obtained on  
curdlan by Scott and Rees (8) and Marchessault 
et al. (10). I t  thus appears that regardless of 
source, all P-(l+3)-giucans that have been 
studied crystallize in nearly the same hexagonal 
unit cell. The volume of this cell and the observed 
density are in agreement with six glucose residues 
and approximately 12 water molecules per cell. 
However, as demonstrated by Marchessault et al. 
a lower hydrate can be obtained, with decreased 
hexagonal unit cell dimensions (10). 

As is evident from the conformational energy 
maps (cf .  Figs. 2-5), minimum energy conforma- 
tions that are in agreement with the fiber repeat 
exist for the single helix as well as all multiple 
helices. A total of five such conformations were 
found : one single helix, one parallel-stranded 
double helix, one antiparallel-stranded double 
helix, and two triple helices. Their features are 
shown in Table I .  I t  must be remembered that the 
symmetry rules require that for the double paral- 
lel helix only layer lines with 1 = 2n (where n is an  
integer) be present in the diffraction diagram and, 
similarly, for the triple helix only layer lines with 
I = 3n. The same is not true for the antiparallel- 
stranded double helix but the odd-order layer 
lines are likely to be so weak as to be unobserv- 
able. The repeats per turn shown in Table 1 are 
thus consistent with the observed c r 6 A 
crystal repeat. 

The types of hydrogen bonds possible in these 
conformations have been included in Table 1. 
The lengths of these bonds do not reflect the 
most probable values because they result from 
fixed conformations. When a promising con- 
formation is refined as described below, the 
hydrogen bond lengths always undergo adjust- 
ments toward more reasonable values, provided 
the structure itself is stereochemically reasonable. 

The probability of each of the five helices as a 
suitable model for the crystal structure of 
lentinan was tested in two ways: ( I )  by packing 
analysis, and (2) by Fourier transform calcula- 
tions. In the packing analysis, each model was 
packed into the unit cell while minimizing the 
function (17) 
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TABLE 1. Helix characteristics of the most probable predicted conformations 

/Z Repeatlturn 4, w V,, Hydrogen bond type and 
Helix type Handedness n (A) (4 (deg) (kcal/mol) approximate length (A) 

Single Right 6 0.98 5.88 6,5 - 8 O(2)---O(2') intrachain, 2.7 
Double parallel Left 6 2 .0  12.0 - 11, - 20 - 14 O(2)---O(2') intrachain, 3 .0 
Double 

antiparallel Right 6 1.83 10.98 15,s - 12 O(2)---O(2') intrachain, 3.1 
Triple Left 6 3 .3  19.8 - 10, - 40 - 21 O(2)---O(2) interstrand, 2.5 
Triple Right 6 2 .9  17.4 30,lO - 24 O(2)---O(2) interstrand, 2.9 

TABLE 2. Packing of the five most probable models 

Packing energy (arbitrary units)* 
o(6) 

Helix rotation Total PE Interchain Intrachain 

Single gg 15 5 10 
Double parallel b'g 26 14 12 
Double antiparallel RS 62 5 3 9 
Triple (left) gf 15 4 11 
Triple (right) 6-t 15 6 9 

*See text. 

where r i  are bond lengths, B i  bond angles, 4 ;  
conformation angles and di j  nonbonded dis- 
tances. The corresponding standard values 
(uOi ,  0,,, + O i )  were obtained from known carbo- 
hydrate structures (15) and the standard dOij  
were previously determined by us from packing 
of carbohydrate crystal structures (1 8). In this 
fashion, both the chain conformation and pack- 
ing were simultaneously optimized. 

The results of this analysis are shown in 
Table 2. It has been found convenient to compare 
the packing of different models by comparing 
values of the last term of eq. 2, which has been 
termed a 'packing energy', PE. The latter can be 
subdivided into two parts, one for interchain and 
the other for intrachain contacts and both are 
shown in Table 2. The conformational energies 
described by the first three terms of eq. 2 usually 
change little and for that reason, are not shown. 
(Generally, only terms 2, 3, and 4 of eq. 2 were 
minimized during refinement. Bond lengths were 
usually left fixed because they varied very little.) 
I t  was previously found with other polysaccha- 
rides that when PE increases above 20, packing of 
chains becomes increasingly difficult. With this 
criterion in mind, it is clear that both the single 
helix and the two triple helices can pack into the 
unit cell of lentinan extremely well, but the 
double helical models are encountering difficul- 

ties. When the packing tests were repeated with 
smaller hexagonal cells, such as the one for the 
lower hydrate (10). neither the single nor the 
double helicai models could pack, but both 
triple helices still packed with ease. 

As a second test, the Fourier transform of each 
helix was calculated using the equation: 

x exp {i[n($ - $ j  + 7712) - 277Zzj]} 

where F(R,+,Z) is the numeric value of the 
transform at the point in reciprocal space with 
cylindrical coordinates R,jr,Z, f j  is the atomic 
scattering factor and r) ,  $ j ,  zj are the cylindrical 
polar coordinates of the jth atom. J,(X) is the 
Bessel function of order n and argument X. The 
transform was calculated for the rotational co- 
ordinate jr ranging from 0" to 60" in 10" incre- 
ments and for the Z coordinate of all required 
layer lines. Radial sections of the transforms at $ 
identical with best packing position of each model 
are shown in Fig. 6. The relative magnitudes of 
the observed intensities are shown for comparison 
in each transform as vertical lines. 

Even a casual con~parison of the transforms 
shows that only the triple helices account in a 
satisfactory manner for the observed intensities. 
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SINGLE 6, HELlX 

I A 
WUBLE -6, 2 HELlX 

I (PARALLEL) 

DOUBLE 6, 2 HELIX TRIPLE -61 3 HELIX 
I (ANTIPARALEU 

TRIPLE 61 3 HELlX 

FIG. 6. Predicted intensity distribution on observed layers 0 and 1 for the five probable conforma- 
tions of P-(1-3)-D-glucan, as calculated from eq. 3. The observed intensities are denoted by vertical 
lines of approximately correct height as an indication of magnitude. 

TABLE 3. Structure amplitudes of equatorial reflections for 
the triple helical models 

F(ca1cd) F(ca1cd) 
Left-handed Right-handed 

Reflection helix F(obs)* helix 

V t  was assumed that the reflections (110) and (200) each 
tributed 50% of the uncorrected intensity occurring at 6.7 A. 

con- 

The single helix and the antiparallel double helix 
can be ruled out immediately because they 
predict no intensity on the first layer where sub- 
stantial intensity is present in the X-ray diagram. 
Likewise, the double parallel helix can be ruled 
out because the observed high intensity equa- 
torial reflection falls into a trough in the trans- 
form. On the other hand, both left- and right- 
handed triple helices yield transforms that are in 

good agreement with the observed intensity 
distribution. This agreement is particularly evi- 
dent when a comparison is made of calculated 
and observed structure amplitudes for the equa- 
torial reflections, as shown in Table 3. Further- 
more, the triple helix transforms in best agree- 
ment with experimental intensity distributions 
were obtained when the rotational coordinate \/i 
was nearly identical with the rotational position 
of the best packing triple helix models. This was 
true for both left- and right-handcd triple helices. 

It is thus probable that the crystal structures of 
P-(1-+3)-glucans of lentinan, curdlan, A.  mellea, 
and Liliunl longiJ-torum are based on a triple 
helix. The limited X-ray data available from 
lentillan do not allow determination of the helix 
chirality, but this should not be a problem with 
the data available from curdlan (10). In any case, 
the left- and right-handed triple helices are 
surprisingly alike, as shown in Fig. 7, both 
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FIG. 7. Projection in the x-y plane of the first two 
residues of each strand of the left- and right-handed triple 
helical models. 

structures being stabilized by an interstrand 
0(2)---O(2) hydrogen bond network, as was the 
case in the structure of P-(1+3)-xylan. Because 
the latter is right-handed, it is probable that the 
triple helix of the glucan may also be right- 
handed. 
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X-Ray diffraction data for p -(1+3)-~-ghcan 
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R. H. MARCHESSAULT, Y. DESLANDES, K. OGAWA, and P. R. SUPIDARARAJAN. Can. J. Chem 
55, 300 (1977). 

The conformation of a bacterial e-(1-3)-D-glucan (curdlan) was studied by X-ray diffrac- 
tion measurements on fiber diagrams. The glucan fiber, prepared by extruding a dimethyl 
sulfoxide solution of the glucan into methanol and washing in water (A) was of low crystallinity 
but with a characteristic diffraction and orientation 'as spun'. The same fiber annealed in water, 
under tension, at  140 'C, in a closed bomb, was of higher crystallinity and occurred as two 
reversible crystalline polymorphs: one at high relative humidity (B) and the other at  relative 
humidities less than 20% (C). All three X-ray diagrams displayed the X-shaped patterns 
characteristic of helical conforn~ations; equatorial diffraction corresponded to hexagonal 
packing. The fiber axis data for B and C coupled with a conformational study and density data 
leads to a proposed three-stranded helical structure with P6, symmetry. 

Curdlan in water forms an irreversible gel when a 2-4% solution is heated above 5 5  'C. The 
same gel given the annealing treatment described above undergoes syneresis and the gel 
properties are lost. 

R. H. MARCHESSAULT, Y. DESLANDES, K. OGAWA et P. R. SUNDARARAJAN. Can. J. Chem. 55, 
300 (1977). 

La conformation d'un B-(l+3)-D-glucan d'origine bacttrienne ("curdlan") a ete ttudie par 
diffraction de rayons-)< (diagramme a fibre). Les fibres du glucan prepare par extrusion de ce 
dernier en solution dans le dimethylsulfoxide dans le methanol et laves a l'eau (A) etaient de 
faible cristallinite, mais montraient une orientation des l'extrusion. Les mCmes fibres apres avoir 
ete recuites, dans I'eau sous tension, a 140 "C dans une bombe fermee, montraient une haute 
cristallinite, ainsi que la presence de deux polymorphes cristallins, reversibles: le premier a une 
hu~nidite relative elevee (B) et le second a une humidit6 relative plus faible que 20% (C). Les 3 
differents diagrammes montrent un cliche de diffraction caracteristique d'une conformation 
helicoidale et correspondent a une maille hexagonale. Les dimensions selon l'axe de la fibre pour 
B et C, les valeurs des densites, ainsi qu'une etude conformationnelle nous amenent a proposer 
une triple-helice pour la structure du "curdlan", ayant une symetrie P6,. 

Le "curdlan" forme dans l'eau un gel irreversible quand une solution de 2-4% est chauffie au 
dessus de 55 'C. Le mCme gel expose au "recuit" dicrit precedemment, subit une synerese et les 
proprittes du gel sont perdues. 

We wish to report X-ray fiber diffraction data 
which we have obtained from the extracellular 
bacterial polysaccharide curdlan produced by the 
Takeda Chemical Co., Osaka, Japan (1). This 
sample was dissolved in di~nethyl sulfoxide 
(DMSO) and high resolution proton and I3C 
resonance spectra were recorded and interpreted 
to show that the polysaccharide was > 997, pure 
0-(143)-D-glucan (2). A proof of the chemical 
homogeneity of this polysaccharide based on 
chemical methods has also been given (3). 

Oriented fibers were prepared by extruding a 

'On leave from: Radiation Center of Osaka, Prefecture, 
Sakai, Osaka 593, Japan. 

'Present address: Xerox of Canada, Mississauga, 
Ontario, Canada. 

1041, solution of curdlan in DMSO into methanol 
at room temperature. The weakly crystalline and 
oriented fibers were further crystallized by 
washing in water and annealing in a thermo- 
stated, sealed bomb at 143 "C in the presence of 
H,O. The fibers which were under a constant 
load elongated about 7 0 z  under these conditions 
but did not break. The observed X-ray diffraction 
patterns, after the annealing treatment, were of a 
quality significantly better than what has been 
reported so far, both as regards orientation, 
crystallinity, and number of polymorphs ( l ,4 ,  5). 

X-Ray fiber patterns were recorded in a flat 
film camera at controlled relative humidities 
(r.h.). Shown in Fig. 1 (and schematically in Fig. 
2) are patterns corresponding to : A, the extruded 
fiber washed in water and exposed to X-rays at 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MARCHESSAULT E T  AL. 30 1 

FIG. 1. X-Ray diffraction patterns of oriented curdlan fibers showing the three different poly- 
morphs: A as spun, after washing and drying, at 75% r.h.; B after annealing in water at  143 "C, 
a t  75% r.h.; C same as B, at 0% r.h. Data were recorded at same film to sample distance. 

FIG. 2. Indexed schematic display of the X-ray patterns corresponding to those in Fig. 1. 

75% r.h., a similar pattern was also observed at likely that the 'melting' of curdlan crystals in the 
0% r.h.; B, the annealed fiber exposed to X-rays presence of H,O occurs somewhere around 
at 75% r.h.; C ,  the same fiber as B at 0% r.h. I t  140 "C, hence a drastic recrystallization has 
was possible to go reversibly from B to C simply occurred in going from A to B. 
by adjusting the relative humidity in the camera. Although C is less rich in diffraction data than 

It seemed that 20% r.h. was the changeover B, it is a pattern of equal quality as may be 
point where elements of both patterns B and C judged by the extensive equatorial diffraction and 
were observed together and there was no obvious sharpness of the diffraction spots. Since this 
evidence of a gradual transition from one phase pattern was recorded at zero r.h., and did not 
to the other. change even after the sample was dried at 60 "C 

The very extensive change in the patterns on in vacuum, it is believed to be a dehydrated form 
going from A to B is not unexpected when one of B which would then correspond to a crystalline 
considers the annealing treatment. It  seems hydrate. 
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TABLE 1. Parameters of curdlan fiber diffraction patterns interpreted as multiple helices 

Hexagonal Number of Number of Number of 
base Fiber axis Density? glucose units water molecules chains per 

Pattern Characteristic a = b (A) c (A) (g/cm3) per unit cell per unit cell unit cell 

A Before annealing 17 22 1.45 30 - 4-6 

B Hydrated form* 
(afterannealing) 15.71k0.05 18.82+0.05 1.47 18 36 3 

C Dehydrated* 
(afterannealing) 14.3810.05 5 .79k0 .05  1.49 6 0  3  

*Lattice parameters were obtained by a least-squares refinement program. 
tAs  measured by flotation in a solution of p-xylene and chloroform. 

Table 1 gives the unit cell, density, and other 
data corresponding to the crystal structures of the 
three samples. The fiber repeat changes drastically 
from B to sample C.  The latter could correspond 
to a sixfold helix with a 0.96 A advance per 
monomer but both conformational analysis and 
intensity calculations reject this possibility (4, 6). 
I t  is hard to explain the drastic change in the 
fiber repeat in the transformation B =+- C unless 
there is a very close similarity between the helix 
parameters in the two cases since there is no 
visible macroscopic rearrangement in the sample. 
At  this point, the data for C are best interpreted 
in terms of three intertwined 6, helices with an 
advance per monomer of 2.89 + 0.05 A, i.e. a 
triple helical structure similar to what has been 
proposed (7) for its crystalline homolog P-(1-3)- 
D-xylan. This leads to a c value which is 1/3 of 
the repeat of the individual helices and we pro- 
pose that this same symmetry, which corresponds 
to the space group P6,, is present in C .  Confor- 
rnational analysis by the virtual bond method (8) 
for a sixfold helix with a 5.7912 advance per 
monomer leads to a stereochemically acceptable 
structure. Fourier transform calculations for 
triple helices of this kind (4) confirm the above 

The base plane parameters for B are similar to 
those reported by Kreger and Jelsma (5) as well 
as Bluhln and Sarko (4), while A lattice is similar 
to that reported by Harada (1). The dry form C 
has not been reported to date. The fiber repeat of 
18.82 + 0.05 A for B is reported for the first time 
thanks to the superior resolution of our patterns. 

Evidence so far points to the fact that the 
P-(1- 3)-D-glucan linkage encourages multiple 
helices (4, 5, 7). In fact a t  this point we have no 
definitive interpretation of the helical arrange- 
ment in A but it would appear that a somewhat 
irregular and disordered multiple helical struc- 
ture would be in keeping with the poor quality of 
the observed data. In view of the importance of 
gaining a full understanding and definition of the 
triple helical structure in glucans it would appear 
that C is the pattern whose full interpretation 
will be most rewarding. 

Gelation Phenornenotz 
Multiple helix interactions have been suggested 

as a gelling mechanism for polysaccharides (9) 
and one would expect that the aqueous curdlan 
system would fall into this category also. Indeed 

interpretation. it is reported to form an irreversible gel on heat- 
In the case of the hydrated polyinorph B the ing (1) but the quality of the gel is related to the 

P6, symmetry is lost in the triple strand structure different types of interactions between chams 
as evidenced by the 18.82 k 0.05 A repeat in- such as involved in the different crystal structures 
stead of 5.79 k 0.05 A repeat. A simple explana- A and B. Our original sample is an amorphous, 
tion is that addition of water of hydration takes particulate material derived from a spray-drying 
place in a fashion so as to destroy the P6, sym- process. On heating a 2-47 suspension in water, 
metry and cause a slight increase in helix pitch a slight clearing of the suspension occurs a t  55 "C 
which now becomes the fiber repeat. The ob- then gelation to a resilient gel which resists 
served intensification of the apparent 1 l th  order further change even at the boil. This gel on 
meridional reflection (1.7 k 0.1 A) on tilted-fibre drying gives an X-ray pattern corresponding to A 
photographs characterizes the new molecular in Fig. 1 .  When the gel is placed in a sealed bomb 
periodicity, the significance of which is yet to be with N,Q and heated to 160 "C for 1 h, there is 
established. considerable deswelling (syneresis) of the gel and 
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a patter11 corresponding to B is obtained. The 
syneresis can be sufficiently severe to crumple the 
gel. Finally if the syneresed gel is dried over 
P,O, it will yield a pattern corresponding to C .  

Observations in the polarizing microscope 
show that under 100 "C, the gel was only slightly 
birefringent and was made of the swollen original 
warticles which filled the container. The cohesion 
between these particles would seem to be due to a 
cocrystallization of 'surface solubilized' chains of 
touching particles. The syneresed gel is highly 
birefringent and clearly the high temperature has 
encouraged solution then extensive interaction 
between the intertwining helices so as to expel the 
intercrystalline water and form a far less swollen 
gel. Thus if the degree of crystallinity is too great 
in multiple stranded structures the 'pseudo- 
crosslink' effect of the crvstallites. which leads to 
gelation, is lost. In other' words, hnder the right 
conditions crystallization forces can 'squeeze' the 
gel dry. 
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The preparation and the crystal and molecular structure of 
tetradecamethylcycloheptaphosphazene, (NPMe2), 
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Department of Chern~str), Ui~iversity of Britislz Cohtmbia, 2075 Wesbrook Mall, Vancorr\,er, B.C., Canada V6T 1 W.5 

Received July 27, 1976 

KEITH D. GALLICANO, RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG, and 
JAMES TROTTER. Can. J. Chem. 55,304 (1977). 

The preparation of tetradecamethylcycloheptaphosphazene, by the methylation of the 
corresponding fluorophosphazene (NPF,), with methylmagnesium bromide, is reported. 
Crystals of tetradecamethylcycloheptaphosphazene are monoclinic, a = 13.160(1), b = 
11.685(1), c = 18.576(1) A, !3 = 108.333(5)", Z = 4, space group C2/c. The structure was 
solved by direct methods and was refined by full-matrix least squares procedures to a final R 
of 0.046 and R, of 0.063 for 2568 reflections with I 2 3o(I). The molecule has crystallographic 
C2 symmetry with mean bond lengths (rms deviations from the mean in parentheses, bonds 
not involving hydrogen have been corrected for libration) P-N, 1.592(6), P-C, 1.804(11), 
and C-H, 0.94(7) A, and mean angles in the 14-membered ring are 132.9' at N and 117.1" 
at P. 

KEITH D. GALLICANO, RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG et 
JAMES TROTTER. Can. J. Chem. 55, 304 (1977). 

On rapporte la preparation du tttradtcamCthylcycloheptaphosphazene par methylation du 
Ruorophosphazene correspondant (NPF,), par le bromure de mtthylmagnesium. Les cristaux 
de tetradtcamethylcycloheptaphosphazene sont monocliniques, a = 13.160(1), b = 11.685(1), 
c = 18.576(1) A, = 108.333(5)", Z = 4, groupe d'espace C2/c. On a resolu la structure par 
les methodes directes et on I'a affinie par la methode des moindres carrts (matrice complete) 
jusqu'a une valeur finale de R = 0.046 et R, = 0.063 pour 2568 reflexions avec I 2 3cr(I). La 
molecule a une symetrie cristallographique C2 avec des longueurs de liaison moyennes (les 
deviations rms par rapport a la moyenne sont entre parentheses et les liens n'impliquant pas 
d'hydrogene ont t t t  corrigts pour les librations) P-N, 1.592(6), P-C, 1.804(1 I), et C-H, 
0.94(7) A ;  les angles moyens dans le cycle a 14 membres sont 132.9" au niveau de l'azote et de 
117.1" au niveau du phosphore. 

[Traduit par le journal] 

Introduction at room temperature and, as such, are po- 
The methylphosphazenes (NPMe,),,, have tentially useful sources of structural information. 

been known for many years (I), but the prepara- The molecular structures of [NP(OMe),],,,,, 
tion of the pentameric compound (NPMe,), (6-8) and [NP(NMe,),],,,,, (9-11) all show 
has only recently been reported (2). In the interesting conformational effects, but their 
present paper the preparation of the hepta- 
meric derivative (NPMe,), is described. The 
method, which employs the action of methyl- 
magnesium bromide on the appropriate fluoro- 
phosphazene, is generally applicable to the 
preparation of methylphosphazenes (NPMe,), 
of large ring size (n 2 6), and has been used to 
extend the series of known methylphosphazenes 
from the trimeric to the decameric derivatives. 

Unlike dimethylsiloxanes (3-5), and many 
phosphazenes of large ring sizes, all the methyl- 
phosphazenes (NPMe,),-,, are crystalline solids 

interpretation in terms of nonbonded inter- 
actions is complicated by the size and shape of 
the ligands. In the case of the methylphospha- 
zenes however, the more nearly spherical nature 
of the methyl ligands and their smaller size 
greatly reduces the number of nonbonded inter- 
actions, and conformational trends are therefore 
more easily understood. Consequently, the crystal 
structure determinations of several methylphos- 
phazenes of large ring size are currently being 
carried out; that of the heptamer (NPMe,), has 
recently been completed and is reported here. 
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A comprehensive analysis of the structural data 
is planned for the series (NPMe,),-,o upon 
completion of the structural work. 

Experimental 
Preparation of jNPMe2), 

A solution of (NPF2),' (3.28 g, 5.65 mmol) in 50 ml of 
diethylether was added, under an atmosphere of nitrogen, 
to a stirred solution of MeMgBr (from 2.54 g, 104 mmol 
of magnesium) in 250 ml of ether. No immediate reaction 
occurred, but, after an induction period of approximate!y 
2 h, precipation of magnesium salts commenced. To 
ensure the completion of the reaction, the mixture was 
heated under reflux for a further 48 h. The solvent was 
then distilled from the reaction vessel, and the reaction 
mixture dissolved in 200 ml of water. A 1 M solution of 
sodium carbonate (200 ml) was then added to precipitate 
all the magnesium as its carbonate. The solution was 
filtered and the solvent evaporated from the filtrate to 
leave a white solid, which was repeatedly extracted with 
chloroform. The solvent was distilled from the com- 
bined chloroform extracts to leave a white crystalline 
solid (0.620g). The original water-insoluble precipitate was 
recombined with the water-soluble residue and the mixture 
boiled in 200 ml of - 1 M NaOH for 1 h. This mixture 
was then refiltered, the solvent removed from the filtrate, 
and the residue extracted with hot chloroform, thereby 
affording a further 0.523 g of material soluble in chloro- 
form. The two fractions of the product were combined 
and purified by sublimation in cacao and recrystallization 
from hexane to give colourless blocks of (NPMe2)7 
(1.14 g, 2.17 mmol, 40% yield); mp 128-1 30 'C. Anal. 
calcd. for C1,H,,N7P,: C 32.01, H 8.06, N 18.66; 
found: C 31.90, H 7.96, N 18.80. 

The methylphosphazenes (NPMe2), (n = 6 and 8-10) 
have been prepared using a procedure analogous to that 
just described. The melting points and the v,,(P=N) 
stretching frequencies of these compounds are given in 
Table 1. 

X-Ray Crystallographic Analysis of (NPMe2j7 
Colourless crystals of (NPMe,), are obtained by 

recrysta!lization from hexane. The crystal chosen for 
study was mounted with (110) perpendicular to the 
goniostat axis and had dimensions of cn. 0.28 x 0.30 x 
0.50 mm. Unit-cell and space group data were obtained 
from film and diffractometer measurements. The unit- 
cell parameters were refined by a least squares treatment 
of sin2 8 values for 36 reflections measured on a dif- 
fractometer with Cu K, radiation. Crystal data are: 
C I ~ H ~ Z N ~ P ~  f.w. = 525.4 
Monoclinic, a = 13.160(1), b = 11.685(1), c = 18.576(1) 
A, = 108.333(5)", V =  2711.6(4)A3, Z =  4, p, = 
1.2868(2) g ~ m - ~ ,  F(000) = 1120 (22"C, Cu K,, h = 
1.54178 A, p = 43.1 cn1-I). Absent reflections: hkl, 
h + k # 2n, h01, 1 # 2n, and OkO, k # 2n. Space group 
C2/c (Cq,,, No. 15) from structure analysis. 

'(NPF,),-,, were prepared by fluorination, with 
KSO,F, of a mixture of chlorophosphazenes (NPCI,),, 
(n > 5), and separated by vpc (23). 

TABLE 1. Melting points and (P=N) 
stretching frequencies for the methyl- 

phosphazenes (NPMe,),, (n = 6-10) 

Melting point* 
n r c )  v(P=N)I 

*Uncorrected. 
?In cm-', from solutions in carbon tetra- 

chloride. 

TABLE 2. Final positional parameters (fractional x lo4, 
P x SO5, H x lo3) with estimated standard deviations in 

parentheses 

Atom x Y z 
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FIG. 1. A stereo view of the tetradecamethylcyc 
shown for the nonhydrogen atoms. Hydrogen aton 
factors for the sake of clarity. 

Intensities were measured on a Datex-automated 
General Electric XRD 6 diffractometer, with a scintilla- 
tion counter, Cu K, (nickel filter and pulse height 
analyser), and a 8-28 scan at  4' min-' over a range of 
(1.80 + 0.86 tan 8) degrees in 28, with 10 s background 
counts being measured at each end of the scan. Data 
were measured to 28 = 160" (minimum interplanar 
spacing 0.78 A). The intensity of the check reflection, 
measured every 50 reflections throughout the data 
collection, decreased slowly to a final value which was 
0.97 times the initial value. Lorentz and polarization 
corrections and check reflection scaling were applied, 
and the structure an~plitudes were derived. An absorption 
correction was applied by a computer program using a 
Gaussian integration method (12, 13). Transmission 
factors ranged from 0.262 to 0.447. Of the 2963 indepen- 
dent reflections measured, 2581 (87%) had intensities 
greater than 30(1) above background where oZ(I) = 
S + B + (0.06S)Z with S = scan count and B = time 
averaged background count. These reflections were used 
in the solution and refinement of the structure. 

The systematic absences allow space groups Cc or 
C2/c. The centrosymmetric space group C2/c was strongly 
indicated by the E-statistics. The structure was solved 
by direct methods 114). Fourteen of the 15 nonhydrogen 
atoms were found among the 20 highest peaks on the 
E-map calculated from the set of signs having the 
highest consistency index (0.97). Two cycles of isotropic 
full-matrix least squares refinement of the 14 atoms gave 
R = 0.162. A difference map gave the position of the 
remaining nonhydrogen atom, C(7). Anisotropic refine- 
ment lowered R to 0.066 and a subsequent difference map 
gave positions for all 21 hydrogen atoms. The entire 
structure (hydrogen atoms having isotropic thermal 
parameters) was refined for 8 cycles giving a final R 
of 0.046 and R, of 0.063 for 2568 reflections with 
I >  3o(I) (13 reflections which had IF, - !F,i > 30(F) 
were removed from the data set in the final stages of 
refinement). 

The least squares refinement was based on the min- 
imization of Zw[;F,! - 1 F,/(l + g I ) ~ I 2  where g is the 
extinction parameter and I the uncorrected intensity. 

:loheptaphosphazene molecule; 50% ellipsoids are 
ns have been assigned artificially small temperature 

The final value of g was 1.6(2) x lo-'. The scattering 
factors of ref. 15 were used for the nonhydrogen atoms 
and those of ref. 16 for the hydrogen atoms. Anomalous 
scattering factors fro111 ref. 17 were used for the non- 
hydrogen atoms. The anisotropic thermal parameters 
employed in the refinement are U,, in the expression: 

.f = f O exp [ -  2rrz(U, + U z z  k2b" + U3312c+2 
+ 2U12hka'Lb* + 2U13hla"c" + 2Uz3k1b"c"] 

where fo is the tabulated scattering factor and f is 
that corrected for thermal motion. The weighting scheme: 
IV = 1/02(F) where 02(F) is derived from the previously 
defined 02(I) gave uniform average values of w ( F ,  - 
FC1) '  over ranges of F ,  and was employed in the final 
stages of refinement. 

In the later stages of refinement it became apparent 
from the large thermal parameters that C(7) and N(4) 
were most likely disordered. Attempts to refine a split 
atom disordered model in C2/c and an ordered model in 
Cc were unsuccessful. On the final cycle of refinement 
the mean parameter shift was 0.110 and the largest 
shift, 1.00, was associated with the x coordinate of 
M(7c). The mean error in an observation of unit weight 
was 1.625. The final positional and thermal parameters 
appear in Tables 2 and 3 respectively. Measured and 
calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the nonhydrogen 
atoms are shown in Fig. 1. The thermal lnotion has been 
analysed in ternls of the rigid-body modes of translation 
(T), libration (L), and screw (5) nlotion (18) using the 
computer program MGTLS. The rms standard error 
in the temperature factors oUZj (derived from the least 
squares analysis) is 0.00i7 A2. Analysis of all non- 
hydrogen atoms except C(7) and N(4) with constraints 
of C2 symmetry resulted in an rms AUij of 0.0054 A2, a 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
CISYI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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TABLE 3. Final thermal parameters and their estimated standard deviations 

(a)  Anisotropic thermal parameters (U,,  x lo3 ,  P x lo4 A2 )  

Atom U I I  u2 2 u3 3 U I Z  U13 u2 3 

P(1) 454(4) 293(4) 427(4) 0 215(3) 0 
p(2) 458(3) 351(3) 336(3) - 68(2) 184(2) - 13(2) 
p(3) 483(3) 322(3) 299(3) - 39(2) 1 86(2) - 1 l (2)  
P(4) 627(4) 285(3) 435(3) - 26(2) 301(3) - 12(2) 
N(1)  5 4 0 )  42(1) 44U) 1(1) 25(1) 3 0 )  
N(2)  53U) 42(1) 38(1) - IO(1) 17(1) 3(1) 
N(3) 54U) 38(1) 35(1) 4(1) 16(1) - 4(1) 
N(4)  230(6) 3 I@) 43(2) 0 5 8 0 )  0 
~ ( 1 )  68(2) 46(1) 71(2) - 12(1) 2 9 ~ )  1oi1) 
C(2) 65(2) 51(1) 53U) X I )  35U) 4(1) 
~ ( 3 )  6 4 ~ )  5 8 (2)  54(2) -21(1) 17(1) - 3 ~ )  
C(4)  56(1) 4 9 u )  55(1) O(1) 30(1) - 1O(I) 
C(5) 81(2) 49(1) 36(1) - 14(1) 24(1) 3(1) 
C(6) 93(2) 400  48(1) - 1(1) 3 1(2) 7(1) 
C(7) 72(3) 62(2) 240(8) 8(2) 85(4) 2(3) 

(b)  Isotropic thermal parameters ( U x  l o3 )  

Atom U(W2)  Atom u (A2) Atom u ( A 2 )  

TABLE 4.  Bond lengths ( A )  ~ i t h  estimated standard deviations in parentheses 

(a)  Nonhydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Bond Distance Bond Distance 
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TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Nonhydrogen atoms 

Bonds Angle (degj Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

value which indicates some independent motion but the 
rigid-body parameters resulting from this analysis are 
otherwise physically reasonable. Analysis of the P(4) 
tetrahedron without symmetry constraints gave an rms 
AU,, of 0.0019 W2 and indicates that N(4) is probably 
twofold disordered about the C, axis as was inferred 
from the large thermal parameters of N(4) and C(7). 

The appropriate bond distances have been corrected 
for libration (19, 20), using shape parameters q 2  of 
0.08 for all atoms involved. Corrected bond lengths 
appear in Table 4 along with the uncorrecte6 values. 
Bond angles about P(4) and N(4) in Table 5 are correcteti 
for libration. Corrected angles about other atoms differ 
by less than 0.50 from the uncorrected values. 

Results and Discussion 
Figure 1 shows a view of the molecuia with 

the crystallographic numbering scheme. The 
unique intraannular torsion angles in the 14- 
membered ring are listed in Table 6. The mean 
structural parameters for (NPMe,), are com- 
pared with those of the related molecule 
(NPMe,), (21) in Table 7. 

The crystal structure consists of well separated 
molecules of tetradecamethylcycloheptaphos- 
phazene. The shortest intermolecular nonbonded 
distance, H(4c) . .H(7b) (3 -+ x, y - 1 2 ,  z ) ,  
2.41(6) A, corresponds to a normal van der 
Waals contact. 

Idealized local conformations (22) at  each P 
atom are defined in terms of the intraannula~ 
torsion angles about the two P-N bonds. The 
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TABLE 6. Intra-annular torsion 
angles (deg), 14-membered ring* 

Bond Value 

*Symmetry related torsion 
the same signs as those listed 

angles have 
above. 

TABLE 7. Mean* structural parameters for 
(NPMe2), (n  = 4 and 7) (distances in A 

and angles in deg) 

Value 

Parameter n = 4 n = 7  

P-N 1 .596(5) 1 .592(6) 
63-P 1 .804(3) 1 .804(11) 
N-P-N 119.8(2) 117.1(16) 
P-N-P 132.0(2) 132.9(20) 
G-P-C 104.1(2) 103.9(5) 

*Weighted mean values w ~ t h  rms deviations from 
the mean in parentheses (where appropriate). 

ideal GG conformation has both torsion angles 
60" while the GT conformation has one torsion 
angle of 60" and one of 180". In (NPMe,), 
phosphorus atoms P(1) and P(3) have GG local 
~onformations and atoms P(2) and P(4) have 
GT local conformations. The adjacent phos- 
phorus atoms, therefore, have alternately GG 
and G T  local conformations around the 14- 
membered ring except for the symmetry reiated 
pair P(4) and P(4')3 which both have GT local 
conformations. 

The mean structural parameters for the 
heptamer are compared with those of the 
tetramer in Table 7. The mean P-N and P-C 
bond lengths and the C-P-C and P-N-P 
angles are nearly the same for all three struc- 
tures, while the N-P-N angles are seen to 

3Here and elsewhere in this paper primed atoms are 
related to  those in Table 2 by rotation about the twofold 
axis passing through P(1) and N(4). 

decrease with increasing ring size. There are 
statistically significant variations among the 
individual values averaged to give the means 
shown in Table 7 which probably arise fram 
differences between the local conformations of 
the ring atoms. 
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G. CROWDER and ZAHRA NAJAFI .  Can. J .  Chem. 55, 310 (1977). 
Normal coordinate calculations were made for 2-iodopropane and the three conformers of 

2-iodobutane. A forty-seven parameter modified valence force field was used that fit eighty-four 
frequencies of those four molecules in the 250-1500 cm- '  region with an average error of 
4.8 cm-', or 0.6x. Infrared spectra were obtained for 2-iodopentane and 3-iodopentane, and 
zero-order normal coordinate calculations were made for three conformers of 2-iodopentane and 
for five conformers of 3-iodopentane. The S l IH ,  SHI I , ,  and ScH conforn~ers of 2-iodopentane are 
present, along with one or two unidentified ones, and 3-lodopentane exists as a mixture of the 
SFIH, SHH,, SCN, and ScH, conformers. The force constants that wcre determined for the four 
conforn~ers of 2-iodopropane and 2-iodobutane were transferred to the two secondary iodo- 
pentanes with good success. The average difference between observed and calculated wave- 
numbers for 164 frequencies of seven conformations of these two compounds was 5.8 cm-'. 

G. CROWDER et ZAHRA NAJAFI.  Can. J .  Chem. 55, 310 (1977) 
On a fait des calculs de coordonnees norrnales pour l'iodo-2 propane et pour les trois con- 

formires de I'iodo-2 butane. On a utilise Lln champ de force de valence modifie a 47 parametres 
qui permet d'ajuster 84 frequences de ces quatre molecules dans la region de 250-1500 cm-l 
avec une erreur moyenne de 4.8 cm-' ou 0.6%. On a determine les spectres infrarouges de l'iodo-2 
pentane et de I'iodo-3 pentane et on a effect& des calculs de coordonnees normales avec un ordre 
zero pour les trois conformeres de l'iodo-2 pentane et pour cinq conforrneres de l'iodo-3 pentane. 
Les conformeres SHH,  SHH, ,  et ScH de I'iodo-2 pentane sont presents aux catis d'une 011 deux 
autres conforn~ations non-identifites et l'iodo-3 pentane existe sous forme de melange des confor- 
meres SHH,  SHH, ,  SCHet SclI,.  Les constantes de force qui ont pu &tre dtterrninees pour les quatre 
conformeres de l'iodo-2 propane et de l'iodo-2 butane ont pu &ire transferrees aux deux iodo- 
pentanes secondaires avec un bon succes. La difference rnoyenne entre les nornbres d'onde obser- 
ves et calcules pour 164 friquences de sept conformations de ces deux composes est de 5.8 cm-'. 

[Traduit par le journal] 

Introduction 
Infrared and Raman spectra for 2-iodopropane 

have been published by Klaboe (I) ,  and he 
proposed a tentative vibrational assignment in 
terms of group vibrations. Benedetti and Cecchi 
(2) made normal coordinate calculations for 2- 
iodopropane and 2-iodobutane and obtained a 
force field that fit the frequencies of 2-iodo- 
propane, the S,, conformer of 2-iodobutane, 
and most of those of the S H H ,  and ScH con- 
formers of 2-iodobutane, all in the 250-1400 
cm-I region, with an average difference between 
observed and calculated values of 1.1 % (fifty-two 
frequencies). 

The calculations for 2-iodopropane and 2- 
iodobutane have now been repeated for the 
following reasons: (I) Benedetti and Cecchi did 
not list the calculated results for 2-iodopropane, 
of which the normal coordinate descriptions of 
the normal modes are of interest, (2) several 

force constants obtained in the previous work 
(2) cannot be compared with those of similar 
compounds, because the C-I stretching force 
constant was held fixed at the C-Br value that 
had been obtained for secondary bromides (3), 
a value obviously too high for the iodides, (3) the 
average error of 1.1x in the previous work seems 
rather high. A force field that would more 
accurately reproduce the observed frequencies of 
these molecular species could be used with more 
confidence as an aid in making vibrational 
assignments for other secondary alkyl iodides. 

Infrared spectra have been reported for 2- 
iodopentane and 3-iodopentane only in the 
region 400-800 cm-I (4). Carbon-iodine stretch- 
ing bands were assigned to four conformers of 
2-iodopentane and five conformers of 3-iodo- 
pentane. Gates, Mooney, and Willis (4) assigned 
the C-I stretch of the Scc conformer of 3- 
iodopentane to a band at 460 cm-l, contrary to 
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the normal assignment of the highest-frequency 
carbon-halogen stretch to a conformer with a 
carbon t ram to the halogen. 

In an effort to learn more about the con- 
formational behavior of these two compounds, 
to  make vibrational assignments, and to check 
the transferability of the force constants ob- 
tained from 2-iodopropane and 2-iodobutane, 
infrared spectra have been obtained and zero- 
order normal coordinate calculations have been 
made for three conformers of 2-iodopentane and 
for five conformers of 3-iodopentane. 

Experimental 
Infrared spectra were obtaincd with a Beckman IR12 

spectrophotometer. The compounds were obtained from 
Pfaltz & Bauer and were used without further purification. 

Normal Coordinate Calculations 
Normal coordinate calculations were made 

with a PDP-10 computer and utilized programs 
written by Schachtschneider and co-worker ( 5 , 6 )  
for calculation of the 6-matrix (gmat), solution 
of the vibrational secular equation (vsec), and 
for the least-squares refinement of designated 
force constants to fit the calculated to the 
observed frequencies (fpert). These references 
should be consulted for details of the calcula- 
tions, treatment of the redundancy problem, etc. 
The molecular parameters used were C-C = 
1.54 A, C-H = 1.09 A, C-I = 2.135 A, and 
all angles were assumed to be tetrahedral. 

A forty-seven parameter modified valence 
force field was used, with initial values being 
taken from secondary bromides (3), secondary 
chlorides (7), and primary iodides (8). Calcula- 
tions were first made for 2-iodopropane, to 
which thirty-five of the force constants were 
applicable. Symmetry coordinates were con- 
structed in order to factor the secular equation 
into two symmetry blocks. The transferred force 
constant values resulted in an average difference 
of 14 cm-' between observed and calculated 
frequencies. Several changes in the force con- 
stants were made manually, using the potential 
energy distributions and J Z  matrices as guides. 
Thirteen force constants were then refined by the 
least-squares program, resulting in an average 
difference of 1.6 cm-', or 0.2Y,, for the twenty 
frequencies below 1500 cm-I. These force con- 
stant values will not be given here, but are 
available from the author, along with a normal 
coordinate description of the normal modes 
obtained with the use of these constants. 

The force constants obtained for 2-iodopro- 
pane and additional ones transferred from a 
hydrocarbon force field (9) were used in a zero- 
order calculation of the frequencies of the SHH 
conformer of 2-iodobutane. The average dif- 
ference between calculated and observed wave- 
numbers was 12.9 cm-'. Several computer runs 
were then made with the least-squares program 
adjusting different sets of force constants. In the 
final run, seventeen constants were refined to fit 

TABLE 1. Observed and calculated wavenumbers and approximate normal coordinate descriptions 
for 2-iodopropane 

Wavenumber Wavenumber 
- 

Obsd." Calcd. P.E.D.(%)b Obsd." Calcd. P.E.D.(Y,)b 

"Observed values from ref. 1. 
bThe coordinate number (see Table 3) is followed by the potential energy in percent. Contributions less than 10% are 

excluded. 
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TABLE 2. Observed and calculated wavenumbers and approximate normal coordinate descriptions for 2-iodobutane 

Wavenumber Wavenumber 

Obsd." Calcd. P.E.D.(Y,)b Obsd." Calcd. P.E.D.(%)b 

SHH SHH, 
1460 1464 l(86) 1460 1463 l(88) 
1460 1461 ~ 9 1 )  1460 1461 l(93) 
1453 1460 1(90) 1453 1460 1(92) 
1453 1459 l(93) 1453 1459 l(94) 
1440 1437 3(73),14(20) 1440 1440 3(72),14(20) 
1379 1390 5(35),2(30),4(14) 1379 1379 2(103) 
1379 1376 2(73),9(21),5(12) 1354 1351 2(88),9(13) 
1354 1347 2(98) 1344 1348 5(67),9(18) 
1289 1292 4(45),5(24),6(10) 1311 1324 4(57),9(28) 
1270 1258 6(62) 1270 1257 6(66) 
1188 1186 4(47),8(23),7(13) 1178 1187 4(46),8(24) 
1142 1151 8(37),9(34) 1142 1136 8(29),9(18),4(18) 
1101 1093 9(41),8(20) 1118 1111 9(36),4(21),5(15) 
1042 1042 4(32),8(22),9(21) 1035 1044 8(45),4(20),9(14) 
1021 1021 9(83) 1000 992 8(53),9(27) 
993 995 8(63),5(13) 993 98C 8(51),9(15),4(15) 
947 956 8(71),4(12) 950 949 9(54),8(31) 
837 832 9(65),8(41) 816 834 9(73),8(30) 
785 787 7(59),8(42) 785 786 7(52),8(40) 
487 487 10(45),1 l(41) 552 567 11(35),12(30),10(16) 
447 446 11(33),12(29),10(16) 454 460 11(61),10(38) 
336 336 11(79),12(17) 302 30C 11(58),10(19),12(13) 
265 254 11(48),10(37) 265 265 1 1 (64), lO(26) 
199' 207 13(87) 199' 204 13(98) 
186' 186 11(60),12(22),13(12) 186' 179 11(62),12(293 

SCH 
1460 1463 1(88) 1035 1029 8(40),9(34),4(16) 
1460 1460 l(93) 1000' 1007 8(48),9(26) 
1453 1460 ~ ( 9 2 )  976 972 9(45),8(38) 
1453 1459 l(93) 950 952 8(60),9(17) 
1440 1440 3(72),14(20) 837 839 9(73),8(31) 
1379 1380 2(99) 785 771 7(60),8(39) 
1354' 1364 5(38),9(35),4(22) 579 579 11(43),10(37),8(18) 
1344 1346 494)  403 389 11(83),7(10) 
1311 1311 4(35),5(33),6(16),9(12) 274 12(55),1i(30),10(14) 

1240 6(59),4(14),8({2) 265 264 1 1 (65), 1 O(26) 
1188 1192 4(64),8(17) 199" 212 11(68),10(19) 
1142 1139 8(36),9(18),1 l(12) 199' 203 13(97) 
1118' 1115 9(48),8(17),4(11) 

"Observed xalues Rom ref 2 
'See footnote b, Table 1 
C b o t  used In the refinement procedure 

forty-five frequencies (excluding C-IT stretch) 
of 2-iodopropane and the S,, conformer of 2- 
iodobutane. The average error was 5.0 cm-I. 

The next step was to use the force constant 
values obtained from 2-iodopropane and S,,, 
2-iodobutane in a zero-order calculation of the 
frequencies of the S,,, and S,, conformers of 
2-iodobutane. The average error for forty-one 
frequencies between 200 and 1500 cmpl  was 
8.1 cm-I. The two calculated C-I stretching 

frequencies were in error by 35 cm-I each, and 
exclusion of these two values leaves an average 
error of 6.7 cm- '. 

Finally, force constants were refined in several 
attempts to simultaneously fit twenty frequencies 
of 2-iodopropane, twenty-three frequencies of 
S,, 2-iodobutane. twenty-three frequencies of 
S,,, 2-iodobutane, and eighteen frequencies of 
S,, 2-iodobutane. In the final run, nineteen force 
constants were refined to fit these eighty-four 
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TABLE 3. Numbering and definitions of symmetry coordinates 
- 

Coordinate Coordinate 
number Definition number Definition 

1 Antisymmetric CH3 bend 
2 Symmetric CH3 bend 
3 CH, bend 

4 Methine HCC bend 
5 CH, wag 
6 CH, twist 
7 CH, rock 

8 CH, rock 
9 C-C stretch 

10 C-I stretch 
I 

I 
11 CCC, CCI bend (c-C-C) 
12 CCC bend 
13 CH, torsion 
14 CH, redundancy 

frequencies with an average difference between 
observed and calculated values of 4.8 cm-', or 
0.6%. The observed and calculated wavenumbers 
are listed in Tables 1 and 2, along with normal 
coordinate descriptions of the normal modes in 
terms of the symmetry coordinates whose defini- 
tions are given in Table 3. The force constants, 
their definitions, and their values are listed in 
Table 4. 

Results and Discussion 
The normal coordinate descriptions of the 

normal modes of 2-iodopropane listed in Table 1 
support the assignments made by Klaboe (1) 
except for the two bands observed by him at 250 
and 269 cm-I. He assigned these two bands to 
a" and a' skeletal bends, respectively, but the 
reverse assignment was made in the present 
work, based on the calculations. Both bands are 
very strong in the Raman spectrum, and Klaboe 
reported both bands as polarized (I). However, 
one of these bands must be due to an a" bend 
and should be depolarized. Decomposition of 
the sample may have caused a problem with the 
polarization data. 

It should be noted that calculation of the two 
methyl torsional frequencies of 2-iodopropane 
(192 and 217 cm-I) required introduction of F,, 
the interaction constant between the two tor- 
sional internal coordinates. The value of F, 
required is approximately 9z of the value of H,. 
Without F,, the a '  and a" torsional frequencies 
were calculated to differ by only 2 cm-'. 

There are several differences in the potential 
energy distributions of the three conformers of 
2-iodobutane listed by Benedetti and Cecchi (2) 
and the distributions listed in Table 2. For 
example, they found the band to which the 
transverse CH bend makes its largest contribu- 

tion to be 1346, 1340, and 1349 cm-', respec- 
tively, in the SHH, S,,,, and S,, conformers. 
The present assignment is 1289, 131 1, and 
1311 cm-I, in the same order. The calculated 
values for 2-iodopropane were not given by 
Benedetti and Cecchi, but with our force field, 
the two CH bends of 2-iodopropane were calcu- 
lated at 1202 (a') and 1324 (a") cm-', in good 
agreement with Snyder's (3) values of 1221 and 
1322 cm-' for 2-bromopropane. 

Another difference between the present work 
and that of Benedetti and Cecchi that should be 
pointed out lies in the C-I stretching co- 
ordinates. They calculated a larger percentage of 
C-I stretch to the bands at 487, 454, and 579 
cm-I in the three conformers of 2-iodobutane 
than shown in Table 2. However, this difference 
was due mainly to their use of a larger value for 
the C-I stretch force constant (2.312 mdyn/A) 
than used in the present work (1.716 mdyn/A). 
The effect of using the larger value is to increase 
the C-I stretching contribution to the higher 
frequency band and decrease this contribution to 
the lower-frequency bands to which it contrib- 
utes. Their value is the C-Br value transferred 
from a secondary bromides force field, and so 
cannot give the correct potential energy distri- 
butions to the low-frequency bands. 

2-Iodopentane 
Gates et al. (4) show the liquid and solid-state 

spectra of this compound in the region 400- 
700cm-I, and they list the bands observed 
between 400 and 800 cm-I. They have assigned 
bands to four separate conformers, namely the 
SHH (all carbons coplanar), SHH, (fourth carbon 
oriented on same side of plane as iodine), S,, 
(fourth carbon trans to iodine), and a fourth 
conformer they call cis X-H. We obtained 
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TABLE 4. Force constants for 2-iodopropane and 2-iodobutane 

Force 
constant 

Coordinate(s) Common Standard 
Group involved atom(s) Value" error 

Stretch 
K? 
Kd 
Ks 
KR 
KR(X)  
Kx 

Bend 
Hz 
HB 
H d X )  
H6 
HY 
Hk 
Hs 
Hm 

CH3 
CH2 
CHI 
CHZ-CH3 
C-CHI-C 
CHI 

C-H 
C-H 
C-H 
C-C 
C-C 
C-I 

CH3 
CHZ-CH3 
CHI-CH, 
CHI 
C-CHZ-C 
C-CHI-C 
CHI 
C-C-C 
C-CHI-C 
CH3-CHI 

H-C-H 
C-C-H 
C-C-H 
H-C-H 
C-C-H 
C-C-H 
I-C-H 
C-C-C 
C-C-I 
C-C torsion 

CH3 
CHZ 
C-CH2-C 
C-CHI-C 
C-CHI-C 

C-CH-C 
C-CH-C 
C-C-C 
c-C-I 
C-CHI-C 
C-c-I 
C-CI-C 

C-C 
C 

C-C 
C-C 
C-I 
C-I 

C 

Bend-Bend 
FP 
F,(X) 
FY 
FYI = F k f  
FE c 

C-CH3 
CI-CH3 
C-CHZ-C 
C-CH-C 
C-CHI-C 
C-CHI-C 
C-CHI-C 
C-CHI-C 
CH3-CHI-CH3 
-CI3-CH- 

C-H 
C-C 
C-C 
C-H 
C-H 
C-C 
C- C 
C-I 

C 
C-C 

C-C 

C-C 

C-C 
L trans -I 

HCC,CCC 
Lgaucke 1 

HCC,CCC 
itrarzs 

HCC,CCI 
Lgauchei 

CH-C-C C-C 

CH-C-C 

CH-C-I 

C-C 

C-C 
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TABLE 4 (Concluded) 

Force Coordinate(s) Common Standard 
constant Group involved atom(s) Value4 error 

fyzf CH-C-I HCC,CCI 
L trans --I 

f"3" C-c-c-I CCC,CCI 
LgaucheJ 

fozt C-C-C-I CCC,CCI 
Lrrans -I 

C-C 0.075' 0.048 

C-C -0.024 - 

C-C -0.310' 0.069 

Stretching constants are in units of mdynlA; stretch-bend constants are in units of mdynlrad; bendini. constants are in units of mdyn .&/(sad)>. 
bThese constants were constrained to the 2-iodopropane value. 
=These constants were refined. 

spectra for this compound and made normal 
coordinate calculations in order to make vibra- 
tional assignments and to check the transfer- 
ability of the force field determined previously. 
Calculations were made only for three con- 
formers, namely s,,, s,,,, and s,,. The s,,, 
and S,, conformers are formed from the S,, by 
rotation about the C2-C, bond. Calculations 
were not made for the 'cis X-H' conformer 
because previous calculations were not made for 
such a configuration, and interaction force con- 
stants were not available. 

The observed and calculated wavenumbers are 
listed in Table 5. There are four observed bands 
assigned solely to the S,, conformer, and there is 
little doubt about this form being present. There 
are five bands assignable to both S,,, and S,, 
conformers, so one or both of these must also be 
present. There are two bands assigned solely to 
the S,, and one solely to S,,,, and it seems likely 
that both of these conformers are present. All 
other observed bands are due to overlapping 
bands from more than one conformer. 

Gates et al. (4) assigned a weak band observed 
a t  559 cm-' to the C-I stretch of the S,,, 
conformer and the shoulder observed around 
480cm-I to the 'cis X-H' conformer. The 
present calculations indicate assignment of the 
shoulder around 480cm-' to the S,, con- 
former, and this assignment seems more logical 
than the previous assignment. The weak band 
at 559 cm-I can be explained as a summation 
band. 

Assignment of 71 calculated wavenumbers for 
all three conformers between 400 and 1500 cm-' 
to observed bands resulted in an average dif- 
ference between observed and calculated values 
of 5.6 cm-l.  

There are three bands observed at 768, 795, 
and 810 cm-I that have not been assigned to the 
three conformers for which calculations were 
made. This indicates the presence of one or more 
additional conformers. Two likely conformers 
are the ones with the methyl group that is located 
on the end away from the iodine oriented on 
either side of the plane of the other four carbons. 

3-Iodopentane 
Infrared spectra were obtained for this com- 

pound in the liquid and solid states, and normal 
coordinate calculations were made to aid in 
assigning the observed bands to the different 
conformers. Calculations were made for the 
SHH, SHH,, SCH, SCHj ,  and S,, conformers. 

The liquid-state infrared spectrum in the 
region 425-700 cm-' is shown by Gates et al. (4). 
The spectrum observed in this region in the 
present investigation differs in relative intensities 
for the 461 and 590 cm-' bands, the latter being 
observed as a shoulder on the 574 cm-' band. 
Their spectrum shows the 461 cm-' band to be 
only a little less intense than the one at  485 cm-', 
whereas the ratio of the areas of the 485 to 
461 cm-' bands in the present work is four to 
one. The shoulder on the 574 cm-' band is also 
less intense here than in the spectrum of Gates 
et al. 

The solid-state spectrum was obtained for a 
film which was formed by cooling a liquid film 
held between salt plates. The sample was solidi- 
fied several times with no simplification of the 
spectrum resulting. The solid was annealed with 
no success in getting it to crystallize. The solid- 
state spectrum shown by Gates et al. also shows 
their solid to be amorphous. 

Gates et al. assigned the band they observed 
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TABLE 5. Observed and calculated wavenumbers for 2-iodopentane 

Calcd. Calcd. 

Obsd. SHH SHH, SCH Obsd. SHH SHH' SC H 

1001 
980 
924 
914 
865 
840 
810 
795 
768 
752 
743 
577 
490 

ca. 480 
423 
417 
350 

TABLE 6 Obserked and calculated wavenumbers for 3-~odopentane 

Calcd Calcd. 
Obsd. Obsd. --- 

(hquld) s~~ SHH SCH SLH (11quld) SFIH SHH S~~ S ~ l l  

1464 1463 1463 1464 999 994 
I4'O { 1462 1462 1462 1462 979 

1460 1460 1460 1461 915 930 920 ) 1460 1460 1460 1460 910 899 
1438 1441 1441 1440 905 892 

11437 1438 1438 1439 863 863 860 863 
1393 1380 1391 1393 838 825 

1378 {I377 1375 1376 1376 808 809 
1374 1371 1374 792 797 800 800 

1358 1363 1361 768 770 767 761 772 
1334 1334 1329 1331 748 
1290 1292 1301 740 
1280 1276 ca. 585 588 
1265 1266 572 574 

1256 1251 546 
1240 1237 1231 504 

1224 1225 
1180 1166 1166 482 1:;; 
1145 1152 1145 457 442 440 
1133 1138 1122 1129 41 3 401 

1118 358 346 334 
1095 1084 1096 1103 298 

266 263 269 
1049 { 1040 1043 1038 

1037 215 211 21 1 213 

1028 1032 1029 186 
1022 1014 1015 182 180 181 

1015 1011 1010 96 
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at 461 cm-I to the C-I stretch of the Scc with the average difference being 6.0 cm-I for 
conformer. It seems unlikely from steric con- the 93 values of the four conformers that had 
siderations that this conformer would be present observed values assigned to calculated values. 
in an appreciable concentration at room tem- 
perature.- Moore and Krimm (10) found no 
evidence for the presence of SCc 3-chloropentane. 
The band assigned by Gates et al. to the C-Ci 
stretch of the SCC conformer of 3-chloropentane, 
534 cm-I, was shown by Moore and Krimm to 
be due to both S,,, and SC,, conformers. We 
have found almost the same assignment for 3- 
iodopentane, except that we have assigned the 
461 cm-' band to the SHH, and ScH conformers. 
The present calculations for the Scc conformer 
indicate a band at ca. 658 cm-I, due to a mixture 
of C-I stretch, C-C-C bend, and C-C-I 
bend. There is no observed band in this region 
of the spectrum. 

The observed and calculated wavenumbers 
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Photoelectron spectra of substituted oxiranes and thiiranes. Substituent effects 
on ionization potentials involving a orbitals 

E. J .  MCALDUFF' A N D  K .  N.  H O U K ~  
Deynrtn-rer-rt of Chernistn, Lociisicinn State University, Baron Rouge, LA 70803, U.S.A 

Received July 22. 1976 

E. J. MCALDUFF and K. N. HOUK. Can. J. Chem. 55,318 (1977). 
The state assignments corresponding to the second and third ionization potentials of oxirane 

have been the subject of some uncertainty due to the great sensitivity of Koopmans' theorem 
predictions to the type of calculation performed for this molecule. In this study, the assignments 
made by Basch et a/. for oxirane are confirmed through measurement of the photoelectron 
spectra of methyl-, 1,l-dimethyl-, 1,2-dimethyl, ethyl-, vinyl-, phenyl-, chloromethyl-, and 
fluoromethyloxirane. The second and third ionizations of thiirane are confirmed to be of the 
opposite order from those in oxirane by correlations of these values with those reported here 
for methyl-, vinyl, and methoxymethylthiirane. 

In these compounds, mono-substitution by alkyl groups causes a decrease in ionization 
potential not obviously related in a simple way to the type of orbital involved. Thus, assignments 
cannot be made straightforwardly by observing ionization potential changes caused by hyper- 
conjugating or ind~~ctive substituents. Alkyl group substitution in both oxirane and thiirane 
lowers 1P's in the same order: a ,  > 0 ,  > a ,  > b,. The effects of alkyl and heteroalkyl groups 
on the four lowest IP's of oxirane are linearly related to the electronegativities of the groups, 
and to the influence of alkyl and heteroalkyl substituents on the z IP of ethylene. 

Con~parisons of the IP's of ethylheteranes and dimethylheteranes are quite useful in deter- 
nlining the site of localization of orbital density in the various orbitals. 

Conjugating substituents, which for symmetry reasons, selectively interact with only a few 
orbitals make definite assignments possible. Comparisons of experimental ionization potential 
changes and those predicted by Koopmans' theorem using ab inifio STO-3G calculations are in 
good agreement. 

E. J. MCALDUFF et K .  N. HOUK. Can. J. Chem. 55.318 (1977). 
Les attributions d'etat correspondant aux potentiels d'ionisation second et tierce de l'oxiranne 

ont fait I'objet de beaucoup d'incertitudes dues a la grande sensibilite des predictions clu 
theoreme de Koopman au type de calcul effectut sur cette molecule. Dans cette etude, les 
attributions faites par Basch et coll. pour l'oxiranne sont confirmkes par des mesures de 
spectres photoelectroniques du methyles, du dimethyl-l,l, du dimethyl-1,2, de 1'Cthyl-, du 
vinyl-, du phtnyl-, du chloromethyl- et du fluoromCthyloxiranne. On confirme que les ionisa- 
tions seconde et tierce du thiirane sont d'un ordre oppose a celles de l'oxiranne par correlation 
de ces valeurs avec celles rapportkes ici pour le methyl-, le vinyl et le methoxymCthylthiirane. 

Dans ces con~poses, la mono-substitution par des groupes alkyles cause une diminution du 
potentiel d'ionisation qui n'est pas reliee d'une fayon apparente ou directe avec le type d'orbitales 
impliqukes. Donc les attributions ne peuvent pas etre faites d'une fayon directe par les change- 
ments des potentiels d'ionisation observes et causes par des substituants qui provoquent de 
l'hyperconjugaison ou de l'induction. La substitution de groupes alkyles soit dans I'oxiranne ou 
le thiirane diminue les potentiels d'ionisation dans le mCme ordre a,  > b, > a ,  > bl .  11 y a une 
relation lineaire entre les effets des groupes alkyles et hetCroalkyles sur les quatre potentiels 
d'ionisation les plus bas de l'oxiranne et sur les electronegativites des groupes et les influences 
des substituants allcyles et hCteroalkyles sur les potentiels d'ionisation n de I'ethylkne. 

Une comparaison des potentiels d'ionisation des ethylheterannes et dimethylhetCrannes est 
trks utile pour determiner le site de la localisation de la densite orbitale dans les diverses orbi- 
tales. Les substituants, provoquant de la conjugaison et qui pour des raisons de symCtries 
interagissent d'une f a ~ o n  selective avec seulement quelques orbitales, permettent d'obtenir des 
attributions definitives. I1 existe un bon accord entre les changements des potentiels d'ionisation 
experimentaux et ceux predits par le theorerne de Koopman utilisant des calculs ab initio 
STO-3G. 

[Traduit par le journal] 

'On sabbatical leave from St. Francis Xavier University, Antigonish, Nova Scotia, 1975-1976. 
'Camille and Henry Dreyfus Teacher-Scholar Grant Recipient 1972-1977; Alfred P. Sloan Foundation Fellow 

1975-1977. 
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McALDUFF AND HOUK 319 

Introduction cyclopropane (of e' symmetry in D,,) give rise to 
Photoelectron spectra are often assigned using a Jahn-Teller split ionization centered at 10.9 eV 

Koopmans' theorern (1) : in the photoelectron spectrum (5, 6). The 
degenerate e" orbitals are combinations of the 

IP(i) = - E s,-F(i) methylene xCH2 orbitals and give rise to 2 ~ "  

This useful approximation relates ionization States centered at 13.2 eV (5). As shown in 
potentials to the negatives of SCF orbital Fig. 1, the degeneracies of these orbitals (and of 
energies. ( F ~ ~  discussion of the linlitations of the radical ion states arising from them) are 
K ~ ~ ~ ~ ~ ~ ~ '  see ref. 2,) Koopmans' removed by inclusion of a heteroatom in the ring 
theorem ionization potentials differ from exper-- as a consequence of the lowered ( C 2 u )  symlnetry 
mental vertical ionization potentials by the sum of the resulting Figure shows the 
of the amount by which the radical cation is orbital energies ~alculated for cyclopropane, 
stabilized by of the M03s upon oxirane, and thiirane by an ab initio LCAO-MO- 

ejection of one electron and the amount by SCF method using the STO-3G basis set (4). The 
which the correlation ellergies of ground and various atomic orbital coefficients are reflected 
radical catioll states differ, The electron re- the and sizes the 
organization effect will cause the predicted IP lobes drawn in Fig. 1. The experimental vertical 

to be too high, while the correlation effect will ionization potentials are shown in parentheses. 
cause the predicted IP to be too low. Only if the The Orbitals c ~ c l o ~ r o ~ a n e  into 
sum of these two effects is a constant, or a linear the bl lone pair orbital, and a lower-lying a> 
function of IP, will ]inear correlations between Of x ~ ~ ~ 2  Orbitals, the 
-FSCF and IP be found. orbitals of cyclopropane evolve into the a ,  and b2 

In spite of this limitation, the assignments of orbitals of the he te roc~c lo~ro~anes .  The fine- 

states using K ~ ~ ~ ~ ~ ~ ~ '  theorem are often valid structured ionizations at 10.57 and 9.05 eV ill the 

as long as only n states are involved (3). Incorrect photoelectron Vectra Oxirane (59 6 ,  and 
assignmellts may result if aIld ionizations are thiirane (6, 71, respectively, represent transitions 
silllilar in energy. such cases, Kooplnans~ to the 2B1 radical cation states of these com- 
theorem errors are apparently significantly pounds, while the 14.2 and 13.59 eV ionizations 

different for different types of orbitals. arise from transitions to ' A ,  states in these 
excellent case in point is provided by Oxirane, (4-7). The assignment of the 11.7 and 

where three different types of ab inirio scF 13.7 eV ionizations of oxirane and the 11.3 and 

calculations give three different orders for the 11.7 eV ionizations of thiirane are more difficult 
lowest three ionization potentials (4). Our pre- to make, since various calculations disagree upon 
vious work attempted to confirm the order of the energies the 62 and orbitals. 
radical cation states in oxirane by correlations Schweig and Thiel have used intensity changes in 
with ionization potentials of dimethyl ether and He(I1) spectra to conclude that the order shown 

oxetane. Whereas this procedure proved effective in Fig. 1 is, indeed, correct (6). 

in making assignments for analogous amines and An assignment of the 11.71 eV transition to 
sulfides, it proved less than definitive in the the 2 A 1  State and the 13.7 eV to the 2B, State 

oxygen cases. The study reported here was carried oxirane was made by Basch et al. (5) but this 
out in order to confirm assignlnents for oxirane Order levels has not always been pre- 

by comparing substituent effects in oxiranes and dicted by calculations. Basch e f  a/. found that 
thiiranes.  hi, goal has been accomplished, and double zeta ab ifzitio SCF calculations predicted 
general observations about the effects of substi- the b~ and Orbitals to be degener- 
tuents on ionization potentials involving ate, with b2 lower in energy. Direct calculations 

orbitals and upon the diEculties in applying On the relative energies of the radical cations gave 

Koopmans' theorem to systems lacking sym- the order ' B ,  < 2A < 2B2 < ' A 2 ,  and this order 

metry were made in the course of this work. was also predicted when correlation corrections 
were taken into account. 

Pople and co-workers (8) performed ab initio 
Molecular Orbitals and Radical Cation States calculation on oxirane using an extended basis 

o f  Oxiaanes and Thiirames set. The orbital energy order a ,  > b,  > a, > b, 
The familiar degenerate Walsh orbitals of was found, in variance with the results of Basch 
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FIG. 1. Molecular orbitals (STO-3G) of cyclopropane, oxirane, and thiirane (negatives of orbital 
energies are shown next to each orbital, and experimental IP's are given in parentheses). 

et al. and with the orbital energies obtained 
using the STO-3G basis or a minimal Slater 
basis (4). 

For thiirane, less extensive calculations are 
available, but both semi-empirical (7) and ab 
iniiio (4) calculations agree on the order 2 ~ ,  > 
2B2 > 2A1 > 2 ~ 2  for the radical cation states. 
The order of the 2 ~ 2  and 2 A ,  states is curiously 
different from that in oxirane. 

Substitution of heterocyclopropanes with 
various substituents can clarify these assign- 
ments if the substituents cause significant differ- 
ences in the changes in various ionization 
potentials. Furthermore, these molecules provide 
an opportunity to study the effect of substitution 
on o orbitals. In particular, most compounds 

have o levels that are either a t  high ionization 
potential or else lie close together so that their 
location and assignment proves difficult. HOW- 
ever, for oxirane and thiirane the a ,  and b2 o 
levels are resolved from adjacent bands making 
the study of substituent effects possible. 

Results 
Alky( and HulometF~ylo.ibanes 

Alkyl groups are generally considered to lower 
ionization potentials of appended moieties by a 
combination of inductive and hyperconjugative 
efTects. For TC systems, the extent of increase of a 
given orbital energy (and lomering of the corre- 
sponding ionization potential, using Koopmans' 
theorem) is normally assumed to be proportional 
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AND HOUK 321 

to some functlon of the coeffic~ent In the o rb~ ta l  
a t  the slte of subst~tuent attachment (9). How- 
ever, substitut~on whlch destroys the C,, sym- 
metry of the molecule also Induces mlxlng of the 
formerly orthogonal orbitals, w ~ t h  a resulting 
further change in o rb~ ta l  energles (9). In the 
following d~scuss~on,  we wlll retain the C,, 
deslgnat~ons to descr~be the \ arious orb~tals, even 
though the molecules, and t h e ~ r  orb~tals, have no 
symmetry. 

The effect of methyl and ethyl subst~tuents on 
the photoelectron spectra of oxirane can be 
ascertained by conslderlng the spectra of methyl- 
oxirane (propylene oxlde) and ethyloxirane 
(Fig 2). The assignments glven In Fig. 3 are made 
by assuming that STO-36 and the Basch et al. 
ass~gnment are correct, and that the orders of the 
first four IP7s of oxirane and the two allqloxiranes 
are the same. T h ~ s  is supported by calculations 
discussed below. The first four IP's are lowered 
by alkyl subst~tut~on,  but there is no obv~ous 
correspondence betueen the alkyl subst~tuent 
effect and the shape of the correspond~ng orb~ta l  
assumlng the shapes In Fig. I ,  other than that the 
6, o rb~ ta l  1s affected least by alkyl subst~tut~on.  
The ethyl subst~tuent effect is 30% greater than 
the methyl effect for the first two IP's, and 70% 
greater on the thlrd and fourth IP's. By com- 
comparison, the ethyl group lowers the IP of 
ethylene only 14Y, more than the methyl group 
lowers thls IP  (0.92 ts. 0.81 eV) (10) " 

Methyl subst~tutlon cause the 6, and a, lonlza- 
t ~ o n  potentlals to decrease by 0.82 and 0.87 eV, 
respectlvely, whereas the b, and a ,  are decreased 
by 0.31 and 0.48 eV. In the case of ethyloxlrane 
the peaks after b, are broad and d~fficult to 
asslgn. Assuming that the shoulder on the b, 
peak a t  12.7 eV corresponds to lonlzatlon from 
the a,-11ke orb~ta l ,  then ethyl subst~tut~on causes 
a decrease of 1.44 and 1 5 eV In b, and a, 
ion~zatlon potentlals, respectively, whereas the b, 
and a,  ionization potentlals decrease by 0.42 and 
0 63 eV, respectlvely 

Some lnslght into the mechanlsm of IP  lower- 
Ing by the subst~tuent may be gained by com- 
paring the first four IP's of oxlrane and ~ t s  alkyl 
and haloalkyl derivatives. 

The photoelectron spectra of the halomethyl- 

McALDUFF 

Ionization Potential 
310nizat~on potent~als reported In ref 10 are adiabatic, 

FIG 2 Photoelectron spectra of alkyl and haloalkyl 0 16 eV has been added to all except ethylene to convert 
oxlranes them to vert~cal lonizatlon potentials 
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CAN. J. CHEM. VOL. 55. 1977 

FIG. 3. Correlations between ionization potentials of oxirane and substituted oxiranes. 

oxiranes have been reported previously by Baker 
et ul. (1 1). Since these authors did not report the 
experimental spectra and gave n o  assignments, 
we have measured the photoelectron spectra of 
fluoromethyloxirane and chloroinethyloxirane. 
By comparison of the spectra of halomethyl- 
oxiranes with methyloxirane it is possible to 
assign the first few ionization potentials for 
fluoromethyloxirane and chloromethyloxirane. 
We can also assign the bromomethyloxirane 
spectrum of Baker et al. (1 1). The photoelectron 
spectra of fluoromethyl- and chloromethyloxirane 
are shown in Fig. 2 and the correlation diagram 
with oxirane and methyloxirane in Fig. 3. 

Substitution of halogen for hydrogen in 
rnethyloxirane stabilizes all levels and increases 
all ionization potentials. As with alkyl substitu- 
tion, the third and fourth orbitals, analogous to 
b, and a, in oxirane, are lowered to a greater 
extent than the first two levels which are analo- 
gous to b, and a ,  in oxirane. 

The spectrum of fluoromethyloxirane is in 

good agreement with that reported by Baker et 
a/. (11) except for the peak at  13.17 eV which is 
found a t  13.02 eV in this work. This peak has 
been assigned to the fluorine lone pair. This is in 
reasonable agreement with its location in methyl 
and vinyl fluoride (12). In  methyl fluoride, a level 
due to a methylene-n, fluorine-lone-pair combi- 
nation orbital occurs as a broad band between 
12.5 and 14.5 eV, whereas in vinyl fluoride, the 
fluorine lone pair is assigned to the band in the 
region of 13.7 eV. 

In  fluoromethyloxirane, the band at  14.17 eV 
is assigned to the level analogous to the 6, level in 
oxirane. This represents an  increase in I P  of 
1.29 eV with respect to methyloxirane or  0.56 eV 
with respect to the same level in chloromethyl- 
oxirane. 

There is some ambiguity about which of the 
next two levels at  15.06 and 16.29 eV is to be 
assigned to the a,-like orbital. In view of the fact 
that this orbital has been the one most affected by 
substitution it has been assigned to the band a t  
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I 2 3 4 

Elect ronegat iv~ty(Paui ing Scale) 

FIG. 4. Plot of 1P's of substituted methyl oxiranes and 
propenes us, substituent electronegativity (Pauling). 0, 
propenes; 0, IP,;  A, IP,; E, IP,; @, IP, of methyl- 
oxiranes. 

16.29 eV. This would represent an increase in 
ionization potential of 1.31 eV from chloro- 
methyloxirane whereas the alternative assign- 
ment would result in an increase of only 0.08 eV. 

The spectrum of chloromethyloxirane also 
agrees well with the peak positions reported by 
Baker et al. (1 1) except for the band a t  13.61 eV 
which is indicated to be a t  13.78 eV by them. The 
peak at 11.28 eV is assigned to the chlorine lone 
pair orbital since this peak is absent in the spec- 
trum of fluoromethyloxirane. 

The ionization potentials of all four oxirane- 
like orbitals of the halolnethyloxiranes and 
rnethyloxirazle correlate with electronegativity of 
the substituent as shown in Fig. 4. The ionization 
potentials of the n level in propylene and the 
allyl halides (13) are also plotted as a function of 
electronegativity for con~parison purposes. In 
order to include the ionization potentials of 
ethyloxirane in the discussion of -CH,X sub- 
stituted oxiranes, an effective electronega.ti\iy of 
the methyl group is required. This was obtained 
by assuming that the ionization potential for 
I-butene correlates with the plot of propylene 
and allyl haiides cs. electronegativity. The n ioni- 
zation potential of I-butene (9.79 eV) (10) corre- 
sponds to an effective electronegativity of 1.57 

for the methyl group. Using this value for the 
electronegativity of the methyl group, the ioniza- 
tion potentials of ethyloxirane are also included 
in Fig. 4. It can be seen that the points for 
ethyloxirane are in reasonable agreement with 
the lines drawn for the ionization potentials of 
methyloxirane and the halomethyloxiranes. The 
value of electronegativity of methyl determined 
in this way deviates somewhat from literature 
values (14), which indicate that methyl is nearly 
the same as, or more electronegative than, 
nitrogen. 

Alternatively, one may think of Fig. 4 as a 
demonstration of the linear correlation between 
the first TP of substituted propenes and the first 
four IP's of the corresponding substituted 
methyloxiranes. 

In Fig. 4, the slopes are 0.27 and 0.28 for the b ,  
and rr,-like orbitals and 0.67 and 1.58 for the b, 
and a,-like orbitals. The slope for the propenes is 
0.34, indicating that substituents affect the b ,  and 
a ,  orbitals of methyloxirane to about the same 
extent as the .ir level of propene. The changes in b, 
and a, ionization potentials of oxirane brought 
about by the substituent are considerably larger. 

The conclusion drawn from the linear rela- 
tionship in Fig. 4 is that the combination of 
inductive and hyperconjugative effects that cause 
the changes in n ionization potentials from pro- 
pene to the allyl halides must also be operating in 
the alkyloxiranes and haloinethyloxiranes to 
produce changes in each of the four oxirane-like 
orbitals. Further comments are made in the 
Discussion section. 

The STO-3G(15)4 calculations on oxirane and 
nlethyloxirane support the assignments proposed 
from the experimental data. The calculated 
(STO-36) and experiment ionization potentials 
for oxirane and n~ethj.loxirane are listed in Fig. 6. 
The STO-3G calculations tend to underestimate 
the ionization potentials with the result that the 
calculated values are in the range 0.87 to 0.97 of 
the experimental ones. Despite the disagreement 
between calculated and experimental values of 

4The §TO-36 calculations were done using the Program 
Gaussian 70 by Newton et al. (15) and R. Ditchfield, 
Quantum Chemistry Program Exchange, Indiana Uni- 
versity, Bloomington, Indiana. The total energies (au) 
obtained in these calculations are: oxirane, - 150.92698; 
methyloxirane, - 189.51265 ; vinyloxirane, - 226.86334; 
thiirane, -470.27285; methylthiirane, - 508,85587; 
vinylthiirane, - 546.20917. 
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the ionization potentials, a good linear correla- 
tion between experimental and calculated ioniza- 
tion potentials is obtained as shown in Fig. 5. 
This correlation follows the least-squares rela- 
tionship : 

Figure 6 shows the shapes of the first four orbitals 
of oxirane and methyloxirane and the first five 
orbitals of vinyloxirane taken from STO-3G 
calculations. The size of the orbitals of various 
nuclei is approximately proportional to the 
square of the coefficient a t  that nucleus. One can 
see that the order of energy levels for oxirane 
agrees with that assigned by Basch et al. (5) 
(b, > a, > b, > a2). From Fig. 6 it is also 
possible to conclude that even though the C,, 

I P ( c a i c . )  symmetry has been lost by addition of the methyl 

FIG. 5. Correlations between experimental !P's of 
group to oxirane, the order of energy levels 

oxirane, 0; methyloxirane, A; and vinyloxirane, ; remains unchanged; i.e. the first one is b,-like, 
and STO-3G orbital energies. the second a,-like, etc. 

/ 

' a,,, 9.86 
-/- - 
/ - - 8,o 

(10,58) 

FIG. 6. STO-3G molecular orbitals of oxirane, methyloxirane, and vinyloxirane (negatives of 
orbital energies are shown next to each orbital, and experimental IP's are given in parentheses). 
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boniz~tion Potential 
FIG. 7. Photoelectron spectra of vinyloxirane and 

phenyloxirane. 

Disubstitlifed Oxiranes 
The photoelectron spectra of 1, l-dimethyl- 

oxirane and trans-1,2-dimethyloxirane are shown 
in Fig. 2. The ionization potentials are correlated 
with those of oxirane and methyloxirane, and 
assigninents are listed in Fig. 3. From the corre- 
lation diagram it can be seen that all four ioniza- 
tion potentials of the disubstituted oxiranes have 
been decreased relative to methyloxirane. How- 
ever, the effect of a second methyl substituent or, 
the b, and a, 1P's is less than that of the firs: 
methyl. The ionization potentials of 1,1- 
dimethyloxisane and 1,2-dimethyloxisane are 
identical within experimental error, and the same 
order of energy levels is observed for disubsti- 
tuied oxiranes as wa: observed for methyloxirane 
and oxirane (5). The eKect of mono-methyl a c i  
di-methyl substitution observed here is analogous 
to  that observed in substituted alkenes where the 
n ionization potential of ethylene decreases 0.65 
eV (10) or 0.78 eV (9) upon methylation: bul 
substitutioi~ of a second methyl groups has less of 
an  effect. Conversion of propene to 2-methyl- 
propene decreases the IP by 0.50 eV (10) or 
0.64 eV (9), and conversion of propene to trans-2- 
butene decreases the IP by 0.62 eV (10) or 0.69 
eV (9). 

Vinyl arid Phelzj>l Oxirane~ 
The spectra of these molecules are shown in 

Fig. 7 and correlations with oxirane and sub- 
stituent moieties are shown in Fig. 8. Both 
phenyl and vinyl substituents possess several 
molecular orbitals whose ionization potentials 
lie below 15 eV. Vinyloxirane has three ioniza- 
tion potentials virtually unchanged from oxirane. 
These are located a t  10.58 (b,), 13.88 (b,), and 
14.22 (a,). Interaction of the ethylenic 7c orbital 
at 10.52 eV (12) with a ,  orbitals of oxirane 
results in two new orbitals, one whose IP is 
increased by 0.50 eV from that of the a ,  level in 
oxirane to a value of 12.2i eV. The other ioniza- 
tion in this region corresponds to ionization from 
the o levels of the vinyl moiety a t  12.71 eV which 
compares favorably with the corresponding band 
in ethylene a t  12.38 eV (12). 

Assignments made in this way correlate exactly 
with those predicted by the STO-3G calculations 
(Fig. 6). The only disagreement between the 
STO-3G calculations and the experimental ioni- 
zation potentials occurs for the a,-like orbitals of 
vinyloxirane where the calculation predicts a 
decrease in ionization potential of 0.85 eV from 
oxirane and the observed change is an increase 
of 0.02 eV. Using the relationship discussed 
previously between calculated and experi- 
mental ionization potentials (TP(exp) = 0.892 
IP(ca1cd) + 2.15) it is possible to predict a value 
of the a,-like orbital from the calculated value. 
A predicted value of 13.78 eV is obtained in this 
way. From the spectrum of vinyloxirane in 
Fig. 7, it can be seen that the peak at 13.88 eV is 
broad and could contain the a,-like orbital. 
Thus, there is some uncertainty in the exact 
position of the a,-like 6rbitai of vinyloxirane. 
However, as in the case of oxirane and'n1eth)I- 
oxirane, the calculations for vinyloxirane support 
the assignment arrived at from the photoelectron 
spectra. 

In phenyloxirane, the ionization potentials at 
10.30, 11.55, 13.42, and 14.08 eV can be assigned 
to the oxirane moietj-. Ali of these ionization 
potentials are less thar, the corresponding ones in 
oxirane, indicating the superior inductive and/or 
hyperconjugative donor ability of the phenyi 
group as compared to the vinyl group. The 6, 
and 6, levels are destabilized by 0.27 and 0.28 eV, 
respectively, which is somewhat larger than for 
the a ,  and a, whose ionization potentials have 
decreased by 0.16 and 0.12 eV from those in 
oxirane. 

The first two ionization potentials in phenyl- 
oxirane (9.07, 9.47 eV) can be correlated with the 
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9.07 Ph, 

/ 0- . 9.47 P ~ A  .- 
9 . 5  9 0  t .=.- 

FIG.  8. Correlations between ionization potentials o f  vinyloxiranes, phenyloxirane, and substituents. 

doubly degenerate highest occupied orbitals of 
benzene at 9.25 eV (12), which split under the 
influence of a substituent. The symmetric or Ph, 
orbital of symmetry b ,  is characterized by being 
delocalized over the entire phenyl ring and sub- 
stituent, with the region of highest electron 
density being at  the position of substitutio~l and 
para to it. In phenyloxirane this orbital is that 
giving rise to the IP  at  9.07 eV. The antisym- 
metric or Ph, orbital (symmetry a,) is charac- 
terized by a node passing through the position of 
substitution and para to it and high electron 
density in the ortlzo and meta position. The band 
with IP at 9.47 eV in phenyloxirane is assigned to 
this orbital. 

The ionization potential at 11.85 eV is also due 
to a phenyl orbital and is analogous to the one at 
11.67 eV in benzene. The IP at 12.45 eV in 

phenyloxirane is assigned to o ionization and is 
to be compared to the one at 12.32 eV in 
benzene (12). 

Heilbronner and co-workers (1 6) have reported 
the photoelectron spectra of cis- and trans- 
diethynyloxirane and cis- and truns-dietliynyl- 
tliiirane. They assigned the same order to the 
oxirane and thiirane moiety ionization potentials 
as reported here. Since the a, level of oxirane is 
of the correct symmetry to interact with the 
ethynyl groups, the largest changes were observed 
for this orbital when comparing the photo- 
electron spectra of oxirane and diethynyloxirane. 
This is analogous to what has been found here 
for vinyloxirane. 

Thiirutze and Alkyl Tlziiralies 
Two determinations of the photoelectron 
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FIG. 10. Correlations between thiirane ionization potentials. 

spectra of thiirane have been reported (6, 7). 
They agree except for the a ,  band which is 
reported at 11.86 eV by Schweig and Thiel (6) 
and 11.72 eV by Frost et al. (7). We have chosen 
to compare the latter with our spectra of sub- 
stituted thiiranes which are shown in Fig. 9. 
Ionization potentials and assignments are listed 
in Table 1. Thiirane differs from oxirane in the 
order of its energy levels. The b, level whose 
ionization potential is 13.7 eV in oxirane has its 
ionization potential lowered to 11.32 eV in 
thiirane. This places it at a lower ionization 
potential than a ,  which is located at 11.72 eV. 
As with oxirane the first IP at 9.05 eV is associ- 
ated with the heteroatom lone pair orbital and 

the fourth ionization potential at 13.59 eV is 
assigned to an a,  orbital. 

As shown in Fig. 10, methyl substitution on 
ihiirane produces an effect similar to that ob- 
served for the alkyl substituted oxiranes, that is, 
a decrease in all four lowest IP's. The decrease in 
6, and a ,  occurs to a lesser extent than b, and a, 
(0.12 and 0.42 eV us. 0.74 and 0.61 eV). As in the 
oxirane case, the 6 ,  and a, levels undergo greater 
destabilization upon alkyl substitution. 

With rnethoxymethylthiirane the same phe- 
nomena are observed. The ionization potentials 
at 8.77 and 1 1.21 eV are analogous to the b ,  and 
a ,  of thiirane and have decreased less than the 
ionization potentials at 9.95 and 12.0 eV which 
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McALDUFF AND HOUK 

FIG. 11. STO-3G orbitals of thiirane, methylthiirane, and vinylthiirane. 

are correlated with the 6 ,  and a ,  levels of thiirane 
(Fig. 10). The band at 12.0 eV in methoxy- 
methylthiirane is broad and probably contains 
two unresolved bands. One of these could 
correspond to  the oxygen lone pair on the 
methoxy group and the other to the a,-like 
orbital. 

STO-36 calculations have been performed on 
thiirane and methylthiirane. Figure 11 repre- 
sents the shape of the first four orbitals of thiirane 
and methylthiirane from the STO-36 calcula- 
tions. The size of the orbital a t  each nucleus is 
proportional to  the square of the coefficient at 
that nucleus. As in the case of the oxiranes the 
calculated order of ionization potentials agrees 
with the experimental assignments for thiirane 
(6, 7). The same order is observed both experi- 
mentally and in the calculations for methyl- 
thiirane as well (6, > 6 ,  > a ,  > a,). Figure 12 

shows the correlation between experimental 
ionization potentials and STO-3G orbital energies 
for thiirane, methylthiirane, and vinylthiirane. 
As in the case of the oxiranes, even though the 
calculated orbital energies do not reproduce the 
experimental ionization potentials a linear corre- 
lation is obtained between them. The following 
least-squares correlation exists between the 
calculated and experimental quantities: 

Thus, for thiirane and the alkyl-substituted 
thiiranes there is agreement between the assign- 
ments arrived at from the photoelectron spectra 
and those from the STO-3G calculations. 

Vinylthiirar~e 
Vinylthiirane is analogous to vinyloxirane in 

that the n orbital interacts with the orbital of a i  
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8 '  I I I I I I 
7 8 9 10 l l  12 13 

I P. ( c a l c )  

FIG. 12. Correlation between experimental IP's o f  
thiirane, 0 ; methylthiirane, A;  and vinylthiirane, 0 ; 
and STO-36 orbital energies. 

symmetry on the thiirane moiety producing an 
antibonding and a bondingcombination oflevels. 
The antibonding combination which is princi- 
pally alkene-like is found at 9.72 eV (9.94 eV in 
vinyloxirane). The bondingcombination of thc a, 
on thiirane with the vinyl n is found at 12.23 eV 
which represents an increase of 0.51 eV from the 
unperturbed a, level in thiirane. The other 
ionization potentials in vinylthiirane are the lone 
pair on sulfur (b,-like) at  8.89 eV and the 6,-like 
ionization potential at 11.44 cV as well as a o 
level at 12.65 eV (12.71 eV in vinyloxirane) and 
the a,-like level at  13.89 eV. The order 6, < a,  is 
obtained in vinylthiirane as it was in thiirane and 
the alkylthiiranes. As noted previously this is the 
reverse of the order of these levels in oxirane and 
the substituted oxiranes. 

STO-3G calculations have also been performed 
on vinylthiirane. The calculated orbital energies 
are plotted in Fig. I I and correlated with thc 
experimental ionization potentials in Fig. 12. The 
shapes of the first five STO-3G orbitals of 
vinylthiirane arc also included in Fig. 11. As can 
be seen in Fig. 11, the calculated and experi- 
mental values agree as to the order of energy 
levels for vinylthiirane. Thus the first ionization 
is from the b,-like level corresponding to the 
sulfur lone pair and the second is the antibonding 
combination of the vinyl n and the a, orbital of 
the thiirane moiety. This order is the reverse of 
that obtained in vinyloxirane. 

The third level is the 6,-like and is not changed 
significantly from thiirane. The fourth level 
undergoes an increase in ionization potential 
from thiirane to vinylthiirane and corresponds to 
the bonding combination of the a ,  and vinyl n 
orbitals. This increase is predicted in the calcula- 
tion and realized in the spectrum. 

As in the oxirane case, the most serious dis- 
agreement between calculated and experimental 
ionization potentials occurs for the a,-like level 
of vinylthiirane where the calculation predicts a 
0.79 eV decrease in ionization potential and 
experimentally an increase of 0.30 eV is observed. 
Using the least-squares relationship with the 
STO-3C calculations, the a,-like ionization 
potential of vinylthiirane is predicted to occur at 
13.41 eV. The band with maximum at 13.89 eV 
in the photoelectron spectrum of vinylthiirane is 
a broad one and could possibly result from the 
overlapping of several bands. Thus the un- 
certainty in the location of the a,-like band in 
vinyloxirane seems to present itself in the case of 
vinylthiirane as well. 

The overall result is that the photoelectron 
spectra and STO-3C calculation on methyl- 
thiirane and vinylthiirane have confirmed the 
earlier assignment of the order of energy levels in 
thiirane (6, 7). 

Discassion 
The first goal of this investigation was to 

confirm the assignments of IP9s of oxirane and 
thiirane. The spectra of vinyioxiranc and vinyl- 
thiirane proved to be most useful in this regard. 
That is, the vinyl moiety leaves three lip's un- 
changed in both molecules, and bas a large 
influence upon only the second EP of oxirane, and 
the third of thiirane. These are the BP's which 
calculations most often assign to ionizations 
from the a, orbitals of the heterocycles. In the 
parent heterocycles, the a ,  orbitals have identical 
IP's (1 1.71 eV in oxirane and 11.72 eV in 
thiirane) and the densities of these orbitals at 
carbon are identical in the STO-3G calculations, 
and provide ideal locai symmetry for overlap 
with a vinyl substituene in a "bisected' conforma- 
tion. 

In vinyl cyclopropane (17) the first and third 
IP's at  9.15 and 11.7 eV correspond to the anti- 
bonding and bonding interactions of the vinyl ~r 

with onc of the cyclopropane e' orbitals (b,  in 
C,,) centered at 10.9 eV. The other cyclopropane 
orbital of e' symmetry (a, in C,,) is destabilized to 
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10.65 eV in vinylcyclopropane by the inductive 
effect of the vinyl substituent. Thus, the in- 
fluence of the cyclopropyl groups on the vinyl IP 
(1.37 eV lowering of the vinyl IP; 0.8 eV raising 
of the cyclopropyl IP) is considerably larger than 
the effect of thlirane (0.8 eV lowering of vinyl; 
0.51 eV raising of the a ,  IP), which, in turn, is 
larger than the effect of oxirane (0.58 eV lowering 
of the vinyl IP; 0.50 eV raising of the a, IP). 
These results are comparable quantitative mea- 
sures of the conjugative power of these three 
small rings. 

The small changes in the remaining three low- 
energy IP's of oxirane and thiirane upon vinyl 
substitution indicate that the vinyl moiety exerts 
a similar inductive effect to that of hydrogen, and 
that a C-vinyl bond hyperconjugates to about the 
same extent as a C-H bond. 

All of the results found in this work are com- 
patible with the assignments made by Basch et al. 
(5) and in our previous work for oxirane (4) 
(6, > a,  > b, > a,), and by all calculations for 
thiirane (b, > b, > a,  > a,) (4). 

The influence of alkyl substituents upon the 
HP's of these molecules is less obviously related 
to the shapes of the orbitals of the parent 
molecules. However, the order of decreasing 
methyl (or other alkyl) influence for oxirane 
(a2(0.9) > b2(0.8) > a,(0.5) > 6,(0.3)) is the 
same as that for thiirane ( ~ ~ ( 0 . 7 )  > b2(0.6) > 
a,(0.3) > b,(0.2)). Furthermore, the effect of the 
methyl substituent upon the oxirane IP's is 
1.3-1.7 times that of the eRect on the thiirane 
HP's. Other alkyl. or heteroalkylsubstituents 
foliow the same pattern for oxirane. 

The fact that a, orbitals are affected most by 
subst~tut~on 1s reasonable, since this orbital 1s a 
symmetry adapted CH bonding orbital in the 
parent molecules, and becomes largely C-C 
bonding in the substituted moIecules. Thus, the 
correlation of the a, orbital energy with the 
electronegativities given in Fig. 4 Indicates that 
the largely C-C bonding (but delocalized) 
orbital has an IP linearly related to the electro- 
negativity of the substituent on this bond. 

As indicated by the calculations shown in 
Figs. 6 and 11, the top three orbitals are polar- 
ized, but are less affected by alkyl substitution 
than is the a, orbital. The b, (lone pair) orbitals 
are affected to a very minor extent, but the 
changes in TP's are reproduced rather well by the 
calculations. This indicates that a breakdown in 
Koopmans' theorem (orbital relaxation) cannot 

FIG. 13. The a ,  and b2 orbitals of methyl heteranes, 
showing the interaction in the former and rr + o 
interactions in the latter. 

be the source of the IP change, but instead, the 
alkyl groups influence the heterocycle lone pair 
IP's by a combination of a minor increase in 
hyperconjugative destabilization of the lone pair 
orbital, and a small inductive effect, reflected in 
the small increase in charge at the heteroatoms 
in the calculations on methylheteranes as com- 
pared to the parent heteranes: q,(oxirane) = 
- 0.21 3 ; q,(methyloxirane) = - 0.222 ; q ,(thi- 
irane) = + 0.108; q,(methylthiirane) = +0.078. 

The 6, orbitais are influenced by alkyl substi- 
tution more than the a, orbitals in both oxirane 
and thiirane. This is contrary to the naive ex- 
pectation that the a, should be affected more due 
to its larger coefficient at carbon (0.25-0.26) than 
for the 6, orbital (0.16-0.19). On reflection the 
experimentally observed trends can be ra- 
tionalized in the following way: the a, orbital 
can interact only inductively and in a n-hyper- 
conjugative fashion with the alkyl substituent, 
while the b, can interact not only inductively and 
n-hyperconjugatively, but also in a D fashion. 
That is, superimposed on the hyperconjugative 
interaction between methyl n,,,, orbitals and the 
heterane b, orbitais, there is a change in the b, 
orbital resulting from the substitution of C-C 
bond for a C-I-% bond, as shown in Fig. 13. 

Finally, we turn to disubstitution on the oxi- 
rane ring. Table I compares the effects upon IP's 
arising from monomethylation of ethylene, 
oxirane and thiirane, as well as upon ethylation, 
~,a-dimethylation, and trans-a,P-dimethylation 
of ethylene and oxirane. Alkylation of the a, and 
6, orbitals of oxirane and thiirane has an effect 
equal to, or larger than, that upon the n orbital 
of ethylene. This arises from the fact that substi- 
tution causes the a, and b, orbitals to take on 
C-C bonding character. This is shown partic- 
ularly dramatically by the comparison of 
conversion of methyloxirane to ethyloxirane or 
either of the dimethyloxiranes. Substitution on 
the methyl group (Me + Et) causes a much 
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larger change in 6, and a, IP's than methylation Vinylthiirane was prepared by a standard procedure (20). 
at the ring, compatible with the concept that Photoelectron spectra were recorded on a Perkin-Elmer 

these orbitals have significant ring-methyl C-c Lfd., PS-18 Photoelectron Spectrometer using argon and 
xenon as internal calibrants. Resolution as determined 

character. BY ring has a from the argon peak at 15.76eV was 25-30meV and the 

much greater influence on the 6, and a, IP's than recorded peak positions represent an average of five 
methylation of the methyl group. The similarity determinations. 
of the ethylene IP changes, and the a ,  changes are 
quite striking, and filly compatible with the Acknowledgements 
model proposed by Hoffmann et al. (18) and 
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Studies of the rhenium-oxygen bond. 111. The crystal and molecular structure of 
l-oxo-6-ethoxo-2,4-dichloro-3,5-dipyridinerhenium(V) 
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COLIN JAMES LYNE LOCK and GRAHAM TURNER. Can. J. Chem. 55,333 (1977). 
The crystal and molecular structure of the title compound has been examined by single 

crystal X-ray diffraction. The crystals are monoclinic with a = 28.045(10), b = 8.766(3), 
c = 12.376(5) A, P = 91.14(3)". The space group is C2/c and there are eight molecules per 
unit cell. A total of 5053 independent reflections, of which 2860 were observed, were examined 
on a Syntex P i  diffractometer. The structure was refined by full matrix least squares to an 
R ,  value of 0.0449. The ligands form a very rough octahedron around the rhenium atom with 
Re-CI(I), 2.441(3); Re-C1(2), 2.366(3), Re-O(l), 1.684(7); Re-0(2), 1.896(6); Re-N(I), 
2.144(7); Re-N(2), 2.132(7) A. The pyridine rings are a dominant factor in determining the 
details of the molecular structure. 

COLIN JAMES LYNE LOCK et GRAHAM TURNER. Can. J.  Chem. 55,333 (1977). 
On a examine les structures cristallines et moleculaires du compose mentionne dans le 

titre par diffraction de rayon-X sur un cristal unique. Les cristaux sont monocliniques avec 
n = 28.045(10), b = 8.766(3), c = 12.376(5) A. fi = 91.14(3)". Le groupe d'espace est C2/c 
et il y a huit molecules par maille. Utilisant un dlffractometre Syntex Pi, on a examine un 
total de 5053 reflexions independantes desquelles 2860 ont pu etre observees. La structure a 
CtC affinee par la mtthode des moindres carres (matrice complete) jusqu'a une valeur de 
R2 = 0.0449. Les ligands forment approximativement un octaedre autour de I'atome de 
rhenium et Re-C1(1), 2.441(3); Re-C1(2), 2.366(3), Re-O(l), 1.684(7); Re-0(2), 1.896(6); 
Re-N(l), 2.144(7); Re-N(2), 2.132(7) A. Les cycles de pyridine sont un facteur deter- 
minant dans les determinations des details de la structure moleculaire. 

[Traduit par le journal] 

Introduction 
The reaction of wet pyridine with oxotri- 

chlorobis(triphenylphosphine)rhenium(V) is pos- 
tulated to go through the following steps (1). 

Chatt and Rowe (2) claimed the structure of 1 
was as shown for R = C,H, on the basis that 
Z = 4 for a C2/c monoclinic cell which has an 
eightfold general position. The molecule thus 
had a twofold axis of symmetry. There is a 
possible ambiguity, however, since a simple 
space group determination will not differentiate 
C2/c and Cc, with a fourfold general position. 
There is no indication given by Chatt and Rowe 
(2)  that this ambiguity was resolved by an at- 
tempt at crystal structure determination and 
therefore the structure of 1 must still be con- 
sidered unknown. We have examined the struc- 
ture of 5 and shown it is correct (3). More 
recently we have examined the structure of 3, 
and shown that the structure given is incorrect: 

'To whom correspondence should be addressed. 
'py is pyridine, C5H,N; Et is the ethyl radical, CZH5.; 

en is ethylenediamine, NH2.CH2.CH2.NH2. 

1, yellowgreen 2. not isolated 

3. green 4, blue 

9, orange 
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the halves of the dimer actually contain cis polarization effects, unscaled structure factor amplitudes, 
chloro and pyridine groups (4). As a con- E, and their standard deviations, or ,  were calculated as 

sequence, if the production of 4 is a5 shown, Outlined previously (5). 

it  seemed ~oss ib le  that the structure vostulated Solution of ?he Structr/~e 
was incorrect. We have examined the structure 
of 4 by single crystal X-ray diffraction and 
report our results here. 

Experiments 
Preparation of I-0xo-6-ethoxo-2,4-dic/1Io~o-3,5-cl~pjri- 

di/ze)rhenium(V), ReC12.0~0CzH5iC5H5N), 
The tltle c o m p o ~ ~ n d  was prepared by the method of 

Johnson et 01. (1). The compound was recrystallized 
fiom a 9 :  1 mixture of 1,1,2,2-tetrachloroethane and 
absolute ethanol, in a dry atmosphere at  5 'C .  The 
final crystals were blue plates. 

Collection of the Difiaction Data 
A crystal of the title compound, selected after examina- 

tion under a polarizing microscope, was mounted with 
its longest dimension approximately parallel to the 
goniometer axis. The crystal was bounded by {loo}, 
{OlO), and {OOl }, which were 0.007, 0.018, and 0.022 cm 
apart, respectively. Precession photographs, using 
MoKr  radiation, of the Okl and hOl projections showed 
monoclinic symmetry with C centering. Weissenberg 
photographs, using CuKr  radiation, confirmed the C 
centering, and revealed an unusually long (I axis. Further 
precession photographs of lkl, 2k1, hl l ,  and h21, showed 
the systematic absences, hkl, h f k = 2n + 1, h01, 
I = 2n + 1 (h = 2n + I), and OkO (k = 2n + 1). These 
absences correspond to the space groups C2/c (f15) or 
Cc (+9). 

The crystal was transferred to a Syntex P i  diffractom- 
eter and unit cell parameters were obtained by least 
squares refinement of 15 reflections in the range 20" < 
28 < 30'. The density of a few single crystals was 
measured by flotation in a degassed aqueous solution of 
zinc bromide. Crystal data were: 
C t ~ H l ~ C 1 2 N , 0 2 R e  f.w. = 476.2 
Monoclinic, a = 28.045(10), b = 8.766(3), c = 12.376(5) 
A, p = 91.14(3)', V = 3042(2) A3, C2/c(C2,, +15), 
p,= 2.10(2), Z =  8, p , =  2.08 (22'C, 1 - =  0.70926A), 
p = 87.98 cm-'. 

Intensities were recorded on the Syntex Pi  diffractom- 
eter using graphite monochromatized MoKa radiation 
for the q ~ ~ a d r a n t  defined by h, k, k 1 up to 28 = 55". 
Data were collected using a coupled @(crystal)-28(counter) 
scan, 1" on either side of the peak. Scan rates were selected 
by the program supplied with the instrumcnt and varied 
from 4 to 24"/min. The stability of the system was 
monitored by measuring a standard reflection, 0,2,2, 
after every 49 reflections. The counting esd of the stan- 
dard was 1.3%, and the fluctuation was random (Gaus- 
sian). The intensity, I, and its esd, o,, were calculated as 
outlined previously (5). A total of 5053 reflections were 
measured, including 2860 observed, 1567 unobserved, 
and 626 rejected ( I  < oI). The intensities were corrected 
for a b ~ o r p t i o n . ~  After correction for Lorentz and 

3All calculations were carried out on a CDC 6400 
computer. The programs DATCO3, ABSORB, 

The patterson map was solved uniquely for one 
independent rhenium atom at the approximate co- 
ordinates x = 0.11, y = 0.25, z = 0.02. This indicated 
the space group C2/c, with an  eightfold general position; 
one cycle of refinement, varying only the scale factor 
gave R, = 0.30.4 A three-dimensional electron density 
difference map revealed the positions of all the remaining 
non-hydrogen atoms, except C(2). A further cycle of 
refinement, using unit weights, followed by a dif- 
ference map revealed C(2). In  further refinement it was 
necessary to keep the y coordinate of the rhenium atom 
fixed at  0.25. Allowing this parameter to vary by even 
0.001 caused the temperature factors of other atoms to 
blow up or become non-positive definite. This is because 
in reflections with k odd, the rhenium atoms do not 
contribute to the intensity if y is precisely 4, but this is 
not,so if the rhenium atom moves out of this position. 
The high scattering power of the rhenium atom tends 
to swamp other contributions. 

In all further refinement the pyridine rings were con- 
strained to the geometry given by Bak et al. (6) and 
refinement was done ~ising the program GROUPLS. 
In addition, the temperature factors of the rhenium 
and chlorine atoms were made anisotropic. A weight- 
ing scheme of the type W = [104.4 - 1.016~F0: + 
0.002931Fo/2]-1 was used for further refinement which 
was stopped at R, = 0.0789, R, = 0.0453. At this 
point a correction was made for secondary extinction by 
the method of Larsen (7) ( g  = 2.93 x and all 
reflections, including those previously considered un- 
observed, were used in further refinement. The weighting 
scheme was modified to W = [104.4 - 1.016~F0 + 

~0.00293!F0jz + 1390;o/~F,  ' I - '  for reasons outlined 
previously (4). Further refinement was terminated at  
R, = 0.0713 and R, = 0.0449. The maximum shift: 
error was 0.04 and thc average shiftlerror was 0.007. 
A final difference map showed no peak higher than 
1.02 eiA3 at  0.1 1 ,  0.20, 0.02 near the rhenium atom and 
no valley lower than - 1.06 e/A3 at  0.1 1 ,  0.30, 0.02, 
also near the rhenium atom. The final atom parameters 
are given in Table 1 and the moduli of F, and F, are 
given in Table 2.5 

An alternative refinement using anisotropic temper- 
ature factors for the oxygen atoms was terminated at  

DATRDN and ORTEP were taken from the X-RAY 71 
package. The full matrix least squares programs, CUDLS 
and GROUPLS (J. S. Stephens), Fourier program, 
SYMFOU (J. S. Rutherford), and least squares planes 
program, PALS (P. G.  Ashmore) were written locally. 

5Table 2 is available, at  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada, K I A  OS2. 
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LOCK AND TURNER 

TABLE 1. Atom parameters for ReOC1Z(OCzH5)(C5H5N)z ( X  lo3) 

Atom x .Y z u (AZ) 

Atom U L I  u2 2 u2 3 U I Z  u13 u2 3 

*Anisotropic temperature factors (a . 10". Anisotropic temperature factors U,,  were obtained from P,,  - 2n2b,b,- 
U,, where P,,'s appear as a temperature effect through exp [-(Pl11z2 - ... 2Bi2/zk t ... ) I  in the structure factor expres- 
sion and b, are the reciprocal lattice vectors. Estimated standard deviations are given in parentheses. 

R ,  = 0.0712 and R2 = 0.0448. T h ~ s  is not significantly 
better than the above refinement using Hamilton's 
test (8). A final refinement was tried moving the rhenium 
atom y parameter to 0.249 or 0.251. In both cases the 
light atom temperature factors misbehaved, as observed 
previously. Throughout the refinements the scattering 
curves used were those from the Znterrznfional Table5 
for X-ray Cr~stallography (ref. 9, Table 2.2A, p. 728.) 
and anomalous dispersion corrections from the same 
source (ref. 9, Table 2.3.1, pp. 149-150) were applied to 
the curves for Re and C1. 

Discussion 
The molecule is shown in Fig. 1 and selected 

interatomic distances and angles are given in 
Table 3. The six bonded ligand atoms form a 
very rough octahedron about the rhenium 
atom; that is, although the bond lengths vary 
markedly, all cis angles, except two, are close 
to 90". The angles which differ markedly from 
90" are O(1)-Re-C1(2), 97.4(3)" and O(2)- 
Re-Cl(l), 84.9(3)". This is apparently caused 
by non-bonded interactions. The Cl(2)-O(1) 
distance is normal (13), whereas the other C1-0 
distances, particularly Cl(l)-O(1) and Cl(1)- 

0(2), are more characteristic of systems whereas 
steric strain is present (10). Re-N(1), 2.144(7), 
and Re-N(2), 2.132(7), do not differ signifi- 
cantly and the distances agree well with pre- 
viously determined values (3, 4, 11). Re-C1(1), 
2.441(3) A, and Re-Cl(2). 2.366(3) A, do differ 
significantly, Re-Cl(2) having a distance con- 
sidered 'normal' by Ibers and co-workers (12). 
Thus, Re-Cl(1) is long and we shall show 
below this is caused by steric repulsion. The 
two Re-0 distances differ as would be expected 
for a structure written formally as 

The actual values, however, cast serious doubts 
on this formulation. Re-O(l), 1.684(7), lies 
well within the range of distances (1.60(5)- 
1.73(6) A) considered to be representative of 
Re-0 triple bonds (13 and references therein), 
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FIG. 1. ( A )  The molecule, WeOC1(OEt)(C5H5W)2, 
oriented such that the plane O(l)N(1)0(2)N(2) lies 
in the plane of the paper. The numbering of the atoms 
is as In Table 1. (B) The same molecule viewed down 
the N(I)N(2) vector, and llot retouched in the neigh- 
bourhood of the pyridine rings, to show the almost 
complete coplanarity. 

and Re-O(2). 1.896(6), is substantially less 
than 2.04 A, considered by Cotton and Lippard 
(14) to be representative of an Re(V)-O single 
bond. The Re-0(2) d~stance is closer to the 
We-0 double bond distance, 1.76-6.78 A. (3, 
15-19) and the Re-O(bridging) distance ob- 
served In Re-0-Re systems (19-21) where 
multiple bonding has been postulated (20). If 
one uses the above single bond value, the value 
of 1.765 A (obtained from accurate redeter- 
minations of the structures of [ReO,(en),]CI 
and [Re0,(py),]C1~2H20, (22)) as the double 
bond value, and the Pauling bond order - bond 
length relationship (23), then the Re-0(2) bond 
has an order of 1.44 and Re-O(l), 2.45. Thus 
a more realistic picture would be 

The partial multiple bonding in Re-O(2) is 
consistent with the very large Re-O(2)-C(1) 
angle, 144.3(9)", although this cannot be the 
only cause since, with an Re-0 double bond 
we would expect Re-0(2)-C(1) to be close to 
120". Again, we shall suggest this is caused 
by steric repulsion. We note that the Re-0 
distances observed herein are quite close to 
those observed by us for the [ORe(NH2.CH2. 
CH2.NM,)2.0H]2t ion (111, and thus the 
multiple bonding postulated here appears to 
be a general effect for O_Re-OR systems. 
This is in complete contrast to the normal 
behaviour of formally single-bonded groups 
trans to an 0x0-ligand in six-coordinate rhe- 
nium(V) cornpounds (13; 14) and is in direct 
contravention of the model of Porai-Koshits 
and Shustorovich (24). Normally the trans 
ligands are at  distances from the metal even 
greater than normal metal-ligand single bond 
distances. We do not consider the effect anorn- 
alous; four. orbitals are used in bonding along 
the 0-Re-0 axis in trans-ReO,L,"' com- 
plexes. In this complex we have gone part way 
to an 0 ~ R e - X  system, but the total bond 
order still remains close to 4. 

The 0(2)-C(1) distance (1.41 (2) A) is normal, 
but the C(1)-C(2) distance (1.40(2) A) appears 
to be short (25). We considered the possibility 
of some inexplicabie hydrogen loss to give a 
vinyl group rather than an ethyl group but 
proton nmr studies show unambiguous!y that 
an ethyl group is present (6 H(CH,), 1.00; 
6 H(CH2), 3.76 ppm downfieid relative to 
TMS, JHH = 7.42 Hz; 6 H(C,H,N), complex, 
centered at roughly 7.6 ppm downfield). The 
shortening of the bond length may be artificial, 
since both C(1) and C(2), especially C(%), 
have large temperature factors. 

The steric requirements of pyridine, noted 
previously (3, 4): are again manifest. The 
pyridine rings are essentially coplanar, as shown 
in Fig. l B ,  and are oriented such that the 
pyridine planes make an angle of 34" with the 
best plane through 0(1)(2)ReN(I)N(2) and 55" 
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LOCK AND TURNER 

TABLE 3. Selected interatomic distances and angles for 
R ~ O C ~ Z ( O C ~ H ~ ) ( C ~ H , N ) ~  

Atoms Distance (A) Atoms Distance (A) 
Re-Cl(1) 2.441(3) Re-CS(2) 2.366(3) 
Re-O(1) 1 .684(7) Re-0(2) 1 .896(6) 
Re-N(1) 2.144(7) Re-N(2) 2.132(7) 
0(2)-C(l) 1.41(2) C(l)-c(2) 1 .40(2) 

Atoms Angle (") Atoms Angle (") 

O(1)-Re-N(2) 91.6(3) O(1)-Re-N(1) 90.2(3) 
O(1)-Re-Cl(1) 88.4(2) O(1)-Re-Cl(2) 97.4(3) 
N(2)-Re-CS(1) 88.7(2) N(1)-Re-CS(1) 90.5(2) 
N(2)-Re-CI(2) 89.7(2) N(1)-Re-CI(2) 91 . 1(2) 
O(2)-Re-N(1) 88.1(3) O(2)-Re-N(2) 90.6(3) 
O(2)-Re-CI(1) 84.9(2) O(2)-Re-Cl(2) 89.4(2) 
O(1)-Re-O(2) 173 . O(3) N(1)-Re-N(2) 178.5(3) 
CS(1)-Re-Cl(2) 174.0(1) Re-O(2)-C(1) 144.3(9) 
O(2)-C(1)-C(2) 115(2) Re-N(1)-C(1 1) 121(1) 
Re-N(1)-C(15) 122(1) Re-N(2)-C(21) 122(1) 

Atoms Distance (A) Atoms Distance (A) 

Non-bonded distances 

2.925(8) CS(1)-0(2) 
3.263(8) Cl(1)-N(2) 
3.34(1) Cl(1)-C(25) 
3.075(7) Cl(2)-O(2) 
3 .222(8) Cl(1)-N(2) 
3 .46(1) Cl(2)-C(21) 
2.73(1) O(1 )-N(2) 
2.98(1) O(1)-C(2S) 
2.81(1) 0(2)-N(2) 
3.04(1) O(2)-C(21) 

with the best plane through N(l)N(2)ReCI(l)- 
Cl(2). Because of the orientation of the pyridine 
rings, atom C(1) is constrained, and must lie 
in the general direction of Cl(1). We noted above 
the large Re-Q(2)-C(1) angle. If this angle 
was 120°, as would be expected for a double 
bond - single bond system at an oxygen atom, 
the C(1)-Cl(1) distance would be 2.65-2.84 A, 
depending on the exact features of the model, 
which is unacceptably short. The CI(1)-C(1) 
distance has been increased to a more acceptable 
3.34(1) A, by leilgtheniilg the Re-Cl(1) bond, 
opening up the Re-Q(1)-C(1) angle to 
144.3(9)" and twisting C(1) out of the Cl(1)- 
ReQ(2) plane. The dihedral angle between 
the planes Re0(2)C(1) and Cl(1)Q(l)ReC1(2)- 
O(2) is 33". This final displacement is restricted 
because C(1) is now only 3.44(1) A from C(15). 
The displacement of C(1) out of the Cl(1)Re 
(2) plane brings one of the hydrogen atoms on 

C(1) closer to Cl(1) (2.74 A) than if C(l) had 
been in the plane (3.09 A).6 Presumably a short 
C1-H non-bonded distance is preferable to a 
short Cl-C non-bonded distance. 

The packing, shown in Fig. 2, is complex. In 
the a direction contact in the plane at x = 4 
is primarily between the ethyl groups and 
pyridine rings on adjacent molecules. In the 
x = 3 plane, down the y = 4 line contact is 
between oxygen and chlorine atoms on ad- 
jacent molecules. In the same plane and down 
the y = 0 line, however, we have contact 
between parallel pairs of pyridine rings. A 
similar contact is observed dominating packing 
in the b direction. In the c direction, contact 
is between a pyrldine ring on one molecule 

6Calculations are based on an H-C-FI angle of 
109.8", a CH distance of 1,000 A, and C,, symmetry of 
the bonds about C(1). 
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FIG. 2. Stereogram (stereoscopic pair of perspective projections) of ReOCI,(OC2H5)(C5H5N)2. 
The contents of one unit cell are shown. a and b are parallel to the side and top of the page respectively 
and the view is down c*. 

and chlorine and pyridine groups on another, 
or a pyridine ring on one molecule and pyridine, 
chlorine, and ethoxo groups on the other. All 
contacts mentioned above are equal to or 
greater than Van der Waals contact distances. 
There appear to be no features of the packing 
which would have any dominant effect on the 
intramolecular structural features. 

Finally, we note that the pyridine rings are 
trans, as was correctly postulated by Johnson 
et al. (1). This raises the problem of why the 
trans isomer was obtained from 3, in which the 
pyridine rings were arranged cis. We have shown 
that the cis arrangement in the dimer is a steric 
requirement of the structure. It may be that 
in the monomer species the trans arrangement 
of the pyridine groups is more stable. Octahedral 
or pseudo-octahedral complexes having two 
pyridine groups attached to the central metal 

show both cis and trnns arrangements (26- 
42). It is notable, however, that cis arrangements 
of the pyridine groups only occur where the 
remaining coordinated groups are not very 
large or sterically demanding (26-30). In com- 
pounds containing ligands such as halogens 
the pyridine ligands are trans (31-42). It appears 
therefore, that steric requirements will generally 
cause pseudo-octahedral complexes which con- 
tain two pyridine groups to have a trans arrange- 
ment of the pydrine groups. 
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Electrical conductivity studies on Cd,0,C12 and Cd30F4 

MAHADEVA NATARAJAN A N D  ETALO A.  SECCO' 
Chenlistry Depclrtnler-rt, S t .  Francis Xnvier, University, Aritigonish, N.S . ,  C ~ n n d r i  B2G 1CO 
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MAHADEVA N A T A R A J A ~  and ETALO A.  S ~ c c o .  Can. J .  Chem. 55.340 (1977). 
Electrical conductivity data on con~pressed discs of Cd,O2CI2 and Cd30F4 show contrasting 

electrical behavior. The relative high rooin temperature conductivity and its quasi-independence 
of temperature suggest Cd30F4 to be a novel semiconductor compound. 

MAHADEVA N A T A R A J A ~  et ETALO A. SECCO. Can. J. Chen~.  55,340 (1977). 
Des donnees de conductivite electrique sur des disques compresses de Cd3O2CI2 et de Cd30F4 

montrent des coinportements Clectriques qui sont en opposition. La conductivitk relativement 
&levee a temperature de la piece et son independance presque totale de la temperature sug- 
gerent que le Cd30F4 est un nouveau compose semi-conducteur. 

[Traduit par le journal] 

The cadmium oxyhalides, Cd,0,C12 and 
Cd,OF,, hake been isolated and identified in thls 
laboratory (1, 2). These compounds were ex- 
pected to possess contrasting electrical conduc- 
tivity behavior from elementary crystal structure 
and charge neutrality considerations. 

Cd302ClZ crystallizes in the monoclin~c system 
(3) in common with Hg,0,Ci2 (4) which suggests 
the struct~tral formula Cd(OCdCl),. On the 
other hand, Cd,OF, crystallizes in the cubic 
system in common with ~ t s  reactants CdO and 
CdF,. With the ionic radii of 02- and F- given 
as 1.40 and 1.36 A, respectively, (9, the oxy- 
fluoride is visualized as a substitution compound 
with normal F sltes in the fluoride lattice replaced 
by 0 units. This subst~tution can be accommo- 
dated by singly charged 0-  species, F- vacancies, 
or CdZt interstitials. 

The inherent defects speculated for oxyfluoride 
are expected to display characteristic electrical 
conductivity properties in contrast to the non- 
defective Cd30ZC1, and this report includes such 
a conductivity study. 

Experimental 
The compoiinds were prepared according to pro- 

cedures already described (1, 2) and confirmed by their 
characteristic DTA and X-ray diffraction patterns. 
Conductivity measurements were made on compressed 
polycrystalline discs (13 mm diameter and 2-3 mm thick) 
held between Pt plates by a spring loaded support (6). 
Measurements were also made with silver dag painted on 
the disc contact faces, instead of Pt plates, with no differ- 
ence in conductivity discernible. The ceil was heated at  

'To whom correspondence should be addressed. 

FIG. I .  Logarithm of specific conductivity, G, us. 
103/TK in vacuum for Cd30,C12 preanneaied at  220 ' C  
in N, for 1 h. 

the rate of 20 'C h - '  and the temperature was monitored 
by chromel-alurnel thermocouple. The frequency of 
1 kHz, unless otherwise specified, employing GR-1605 A 
Impedance bridge was used in all measurements. 

Resnits and Dbenssion 
The logarithm of conductivity o cs. 1000/T K 

for Cd,02CIZ is given in Fig. I .  The disc of 
freshly prepared compound yields 0 z.z 1 K 9  
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NATARAJAN AND SECCO 

u 
Cd 0 50 CdC12 CdO 50 Cd F2 
u 

ws. % Wt. % 

FIG. 2. Logarithm of specific conductivity, 0, us. composition (wt. %) of ruixtures, (a) CdO-CdCl,, 
filled circles for unannealed san~ples, open circles for samples annealed at  500 "C in air for 5 h; (b) 
CdO-CdF,, filled circles for unannealed samples; the spiked circle in each diagram represents the 
respective compound. 

(ohm at room temperature whereas o 
increases to (ohm cm)-' after preannealing 
at 220 "C for I h. The low temperature slope 
corresponds to an activation energy of 0.5 eV 
with regional slopes increasing to 0.65 and 1.0 eV 
at higher temperatures. A pronounced anomaly 
exists at 346 'C followed by a second effect a t  
416 "C prior to t he  sharp rise in conductivity 
above 460 "C; these latter two effects were 
observed both in preannealed and unannealed 
discs. Above 495 "C the compound undergoes 
trace decomposition with CdCI, depositing on 
the cell walls. The characteristic X-ray pattern 
for Cd,O,Ci, remained unaffected in the tem- 
perature region 320-430 "C,  thus precluding any 
phase transition. 

Room temperature conductivity measurements 
were made on CdO-CdCl, mixtures over the 
entire composition range: the data are plotted in 
Fig. 20. The conductivity for annealed and un- 
annealed mixtures remains constant, - I W 9  
(ohm cn-i-', from CdCI, to 85z CdCl,. This 
result supports the earlier suggestion (1) that a 
soiid solution of limited solubility is formed 
prior to compound formation. The conductivity 
of the compound (spiked circle) is comparable 
to CdCP, and 106 lower than the corresponding 
unannealed composition. Excess CdO in the 
compound effects a rise in conductivity attaining 
the unannealed value at -- 85% CdO. 

Plots of logo  cs. lOO0jr for Cd,OF, under 
different measurements and preannealed con- 
ditions are presented in Fig. 3. Cd,OF, was 

FIG. 3. Logarithm of specific conductivity, 5, us. 
IO3/T K for Cd30F4 under different conditions of pre- 
treatinent and measurement; (I) fresh sample in vacuum, 
(2) same sample in N, after annealing I h at 600 "C ,  
(3) same sample in vacuum after annealing in Pd, at 600 ' C  
for w.5 h, (4) fused product (prior to compound forma- 
tion) in PI,. 

prepared by prefuslng the stoichiometric mixture 
of CdO and CdF, and annealing the fused 
product at 500 "C for 2 h (2). Curve 1 refers to 
data obtained in vacuum (- torr) on the 
freshly prepared compound. Curve 2 represents 
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NATARAJAN AND SECCO 343 

ductivity o = 1.0 (ohm cm)-I at 25 "C. With the 
reasonable assumption of ionic transport, the 
diffusion coefficient of the mobile species at 
25 "C can be estimated as D = 10-' cm2 s- . 

It is hoped that this communication will 
stimulate further experimental, e.g. Hall effect 
measurements and theoretical studies to elucidate 
the nature of the electrical species and transport 
mechanism in Cd,OF,. 
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N9Ai'-~is(phenylaminomethY~)Pa~ab~ni~ acid as a complexing agent, 
Complexes of some bivalent first row transifion metals 

ANTONIO COSTANT~NO FXBRETTI. GIAN CARLO FRANCHIXI, CARLO PRETI.' 
A N D  GIUSEPPE TOSI 

Istitltto di Chinzica Gerle~nir  ed Ir2organica, Urliversitj qf Modena, 41100 Moderztr, Italy 

Received June 24, 1970 

A ~ T o z r o  COSTANTINO FABRETTI, GIAN CARLO FRAKCHINI, CARLO PRETI, and GIUSEPPE 
70s;. Can. J. Chem. 55, 344 (1977). 

The preparation of some co~nplexes of hr,A"bis(phenylaminomethyl)parabanic acid with 
halides of cobalt(II), nickel(II), and copper(l1) is reported. The complexes of the type MLX, 
seem tc  have pseudo-tetrahedral and pseudo-octahedral symmetry. The complexes have been 
studied by means of magnetic susceptibility measurements, infrared and far infrared spectra, 
electronic and n n ~ r  spectra, and conductivity measurements. The ligand behaves as bidentate 
N-bonded. The various ligand field parameters, Dq, B', and j3 have been evaluated. The B' 
values suggest a strong covalency in the metal-ligand o bond and Dq values show 2 medium 
strong ligand field. The presence of metal-nitrogen bonds is suggested. The possible stereo- 
chemistries of the complexes are discussed in the light of the experimental results. 

ANTONIO COSTAKTIKO FABRETTI, GIAN CARLC FRANCHINI, CARLO PRETI et GIUSEPPE TOSI. 
Can. J. Chem. 55, 344 (1977). 

On rapporte la preparation de quelques con~plexes de I'acide 1l'.AT'-bis(phCnylan1i110methyl) 
parabanique avec les haloger~ures du cobalt (II), du nickel (11) et du cuivre (IT). I1 semble que les 
complexes du type MLX, possedent des syn~etries pseudo-tetraidriques et pseudo-octaedriques. 
On a etudie les complexes au moyen de mesures de susceptibilit6 magnitique, de leurs spectres in- 
frarouges et infrarouges lointains, de leurs spectres electroniques et rmn et de mesures de 
conductivites. Les ligands se conduisent comme des entites bidentates hies par l'azote. On a 
evalui les divers parametres de champ de ligand Dq, B' et P. Les valeurs de B' suggerent une 
forte covalence du lien o metal-ligand et les valeurs de Dy ~nontrent un champ de ligand 
moyennement fort. On peut prtsumer de la prCsence de lien metal-azote. A la lumiere des 
resultats experimentaux, on discute des stereochimies possibles pour les complexes. 

[Traduit par le journal] 

N,Nr-Bis(phenylaminomethy1)parabanic acic! 
has three carbonyl oxygens, two nitrogen atoms 
in the ring and two nitrogen atoms exocyclic as 
potential donors. I t  is obvious from the structure 
of the molecule that all the donor atoms cannot 
coordinate simultaneousiy to the s a n e  metal ion. 
The complexatioll may be achieved by coordina- 
tion with the l iga~cl acting as monodeiitate or by 
formation of a chelate structure i~:volving botk 
oxygen and nitrogen atoms. Polymeric structures 
involving a bridging ligand are also possible, 
therefore it is of' interest to investigate the nature 
of the conlplexes formed ft.on~ thi: iigar,d. The 
parabanic acid, k o m  which this liganci hzs beer; 

'To whoni correspondence should be addressed 

obtained, is quite similar to the hydantoin and 
to the barbituric acid, widely employed as 
hypnotics and sedatives. We have undertaken a 
study of the stereochemistries and of the chemical 
reactivity of the coordination compounds of the 
derivatives of parabanic acid in order to further 
our present knowledge in the determination of 
the relationship existing between chemicai 
structure and biological activity of these drugs. 
I t  is wel! known that the metal complexes of 
ligands having biological activity are more active 
than the free iigands (1, 2). 

This paper reports the coordinating behaviour 
of DPA with bivalent cations, Co(Il), Ni(Blf, 
and Cu(B1). The infrared, uv, visible, and nmr 
spectra, and the magnetic moments of these 
colnplexes have beer, examined. Based on these 
studies the structures of the complexes have been 
proposed. 

Results and Disea~ssior, 
According to the method reported in the 
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FABRETTI ET AL. 345 

TABLE 1. Analytical data and other physical properties 

Required % Found % 
F~~~ Dec. point 

Compounds Colour C H N  C H N (B.M.) ('c) 
Bright green 
Green 
Green 
Bright yellow 
Yellow 
Dark green 
Hazel-brown 
Olive green 

*Melting point. 

TABLE 2. Most important ir bands (cm-I) 

Compounds v(NH) v(C=O) v(M-X) v(M-N) Other far ir bands 

Experimental section we have obtained com- 
plexes of the type [M(DPA)X2] (M = Co, Ni, 
X = C1, Br, I) and [Cu(DPA)X,] (X = C1, Br). 
In Table I the coordination compounds obtained 
are reported together with analytical results, 
colours, melting points. and magnetic values. 
The most important ir data are shown in Table 2. 
The principal features of the visible absorption 
spectra of this series of complexes are given in 
Tables 3 and 4. The complexes are micro- 
crystalline, soluble In h:N1-diinethylformamide, 
nitromethane, dimethylsulfoxide. These deriva- 
tives are nonelectrolytes, A lying in the range 
12.7-51.3 ohm-' cm2 mol-I in nitromethane; 
the A values, even for 1 : 1 electrolytes, are 75-95 
ohm-' cm2 mol-I in this solvent (3). 

It 1s interesting to point out that all the bands 
typical of the ligand appear In the ir spectra of 
the complexes and the llgand can be recovered by 
chemical decomposition of the compounds. 

A formulation of the type [ML,][MX,] must 
be ruled out for these complexes having only one 
coordsnated ligand because these compounds 
behave as nonelectrolytes and because the 
typical vibrations for the tetrahalo group 

[MX4I2- (X = C1, Br, I) have not been found 
in the ir spectra, see below. 

Infrared Spectral Studies 
The spectra of the ligand in the solid state and 

in chloroform solution show a difference in the 
position of the v(NH) stretching frequency, 
clearly indicating intermolecular or intramolec- 
ular hydrogen bonding between the hydrogen of 
the NH groups and the oxygen of the keto 
groups. The v(NH) in the complexes is shifted 
towards lower wave numbers by about 80 cm-'. 
The v(C=O) vibrational modes are present in 
the solid state free ligand spectrum as medium 
Sands at  1760 and 1645 cm-I, A , ,  whi!e the very 
strong absorption of the type B,  is present at  
171 5 cm-I (4). In the spectrum of the free 
ligand in chloroform solution only two bands at 
1780 and 1745 cm-I are present. On go~ng  from 
the spectra of the free ligand to those of the 
complexes, these bands are present at  the same 
wave numbers or show very smail red shifts. 
From these facts we can suppose that the co- 
ordination centres are the nstrogen atoms of the 
amino groups of the ligand, but we prefer to use 
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TABLE 3. Solid state electronic spectra (cm-') 

Compounds Absorption bands 

DPA 
[Co(DPA)CI,] 2H2O 
[Co(DPA)Br2].2H20 
[Co(DPA)I2].H2O 
[Ni(DPA)C12].2H,0 
[Ni(DPA)Br2].2H20 
[Ni(DPA)I,] 4 H 2 0  
[Cu(DPA)Cl2],2H20 
[Cu(DPA)Br2],H20 

TABLE 4. Most important visible peaks and crystal field parameters (cm-l) 

Compounds v3 V Z  V I *  Drl ~ ' t  p 

Cobalt derivatives 
[Co(DPA)Cl2].2H2O 
[Co(DPA)Br2].2H20 
[Co(DPA)I2].H20 

Nickel derivatives 
[Ni(DPA)C12].2H20 
[Ni(DPA)Br2],2H20 

*Calculated values. 
t B  is taken t o  be 967 and 1 041 cm-I  for C o 2 +  and Ni2+ free ions respectively. 

electronic spectra to confirm this hypothesis and 
to  delay the question of the assignment of 
v(M-L) until after the discussion of the elec- 
tronic spectra and nmr measurements. 

Medium absorption bands are present in all 
the complexes in the ranges expected for v(0H) 
and 6(HOEI), clearly confirming the presence of 
water of crystallization. We can exclude the 
presence of coordinated water because from a 
detailed analysis of the infrared spectra the other 
vibrational modes such as wagging, twisting, and 
rocking activated by coordination to the metal 
have not been found in the expected ranges (5). 
Furthermore this water is lost near 95-100 "C, 
while coordinated water is lost near 150-160 "C 
(5 ) .  

As for the metal-halogen stretching modes, 
Table 2, the bands at 324 and 300 c m l ,  238 and 
216 cm-l ,  and 205 cm-I in the cobalt chloro-, 
bromo-, and iodo-derivative, respectively, are in 
accord with the literature data for pseudo- 
letrahedrai colnplexes with terminal halides 
(6-12). In the complexes [Ni(DPA)CI,] and 
[Ni(DPA)Ar,] the values found at 190 and 169 

cm-l ,  and a t  158 and 148 cm-' are typical for 
halide bridged nickel(l1) complexes: no bands 
have been observed for terminal halides. In the 
iodo-derivative of nickel(I1) the vibrational 
modes at 200 cm-I and 153 cm-I are due to 
terminal iodide atoms (6, 13-16). In the copper 
derivatives the bands present at 300 and 242 
cm-l ,  and a t  250c1n-' for the chloro- and 
bromo-derivative respectively are typical for 
v(Cu-X) in halide bridged structures. This 
assignment is supported by the fact that the 
value of the ratio v(Cu-Br)/v(Cu-Cl) equals 
to 0.83 (6, 17). 

We have never observed the wave numbers of 
the v(M-X) bands similar to the values reported 
in the spectra of the halogenolnetallates of the 
type [R/IX,l2- (M = Co, NI, Cu; X = C1, Br, 
I> (18-22). 

These ir results agree very well with the 
conductivity values. 

Electronic Speclral and Magnelic S~udies  
The spectral data and the values chosen for 

the ecergies v, and v, from which the values of 
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the parameters Dq, B', and P have been derived, 
are reported in Tables 3 and 4 respectively. With 
the cobalt halides, complexes of pseudo- 
tetrahedral geometry are formed, the chloro- 
and bromo-derivative of nickel have an octa- 
hedral polymeric structure while the nickel iodo- 
complex seems to be tetrahedral. For the copper 
derivatives, octahedral, polymeric halide-bridged 
structures seem likely. 

The Dq values of the complexes, Table 4, 
suggest the order C1 > Br > I for the halides in 
the spectrochemical series and this fact is con- 
sistent with the generally accepted sequence. In 
order to determine the position of the ligand in 
the spectrochemical series, the Dq values of the 
complexes were compared with the Dq values of 
known tetrahedral halide complexes of cobalt(I1) 
and we can suggest the following order for the 
ligands (7, 15, 16, 23-28): 

benzothiazole > benzoxazole-2-thione > 2-methylbenz- 
imidazole > 3-methyl-5-phenylisoxazole > 2-an~inobenz- 
imidazole > thiomorpholin-3-thione > thiazolidine-2- 
thione > 3,s-dimethylisoxazole > DPA > thiazolidine-2- 
selenone 

Table 4 shows that the B' values for the cobalt 
derivatives are of the order of 60-68% of the free 
ion value (967 cm-'), which suggests that there is 
a considerable orbital overlap in the metal- 
ligand o bond. The ligands can be placed in the 
nephelauxetic series in the order: 

thiazolidine-2-selenone > thiazolidine-2-thione > thio- 
morpholin-3-thione > DPA > 2-aminobenzimidazole > 
3,s-dimethylisoxazole z benzothiazole > benzoxazole- 
2-thione > 3-methylbenzimidazoie > 3-methyl-5- 
phenylisoxazole 

Our ligand is at  the end of the spectrochemica 
series and almost at  the beginning of the 
nephelauxetic series. This fact can be explained 
as the former is a measure of the electrical field 
produced by the ligand while the latter is a 
measure of the covalency of the metal-ligand 
bond. 

In the cobalt derivatives the bands at  1.5 565- 
14 3.55 cm-' may be assigned as the 4A2(F) -, 
4T,(P) transition, the second at 7510-7300 cm-I 
as the 4 ~ , ( ~ )  + 4T1(F) transition. These bands 
passing from the chloro- to the iodo-derivative 
are shifted towards lower energies. The v, 
transition is s ~ l i t  because of the distorted tetra- 
hedral structure of the complexes; we have 
calculated the ligand field parameters using only 
the v, transition and the visually estimated 

frequency of the centre of gravity of the split 
bands corresponding to v, using the equations 
proposed by Underhill and Billing (29). The 
assignment of v, is made difficult by the presence 
of vibrational modes in the range where this 
transition should be expected. The calculated v, 
wave numbers are reported in Table 4. 

From the analysis of the electronic spectra we 
could determine the mode of bonding of the 
ligand by comparison of Dq values reported for 
CoL2'  and ions (30, 31). Table 4 
shows that Dq values are in good agreement, 
using the 'law of the average environment', with 
the literature data for derivatives containing 
cobalt-nitrogen bonds. 

The magnetic susceptibility values, 4.6-4.9 
B.M., lie in the range normally accepted for the 
metal tetrahedrally coordinated in high-spin 
complexes (32). 

The reflectance spectra of [Ni(DPA)X,] 
(X = C1, Br) complexes show two major bands 
at  some 23 000 cm-I and at  13 950-13 460 cm-' 
and all these are very weak in intensity. This is 
characteristic of octahedral nickel(1I) com~lexes. 

\ * 

These bands may be assigned to the transi- 
tions ,A,,(F) + and ,A,,(F) -+ ,T,,(F) v,. 
A pseudo-tetrahedral stereochemistry has been 
assigned to the nickel iodo-derivative on the 
b a s i  of its electronic spectrum, Table 4 (29). 
The medium strong band at 9390 cm-I can be 
attributed to the + ,A ,  transition (v,), 
while the band present at 17 790 cm-I ac- 
companied by a shoulder at 11 495 cm-' may 
be assigned to the v, transition ,T, -+ ,T,(P). 
The Dq values for these nickel derivatives have 
been calculated using only v, and v, values, the 
assignment of v, being very often ambiguous 
because of the presence of vibrations due to the 
ligand itself in the region where this band usually 
lies. 

The magnetic moments at  room temperature 
of chloro- and bromo-nickel(I1) derivatives lie 
within the range usually observed for octahedral 
nickel(I1) compounds. The magnetic moment of 
the iodo-complex is near the lower limit of the 
range normally accepted for nickel(I1) in a 
pseudo-tetrahedral stereochemistry (32). Com- 
parison of the electronic spectra of our com- 
plexes with those of derivatives involving Ni-O 
bonds and Ni-N bonds confirms that these 
derivatives are N-bonded as the band energies 
are at higher values than in 0-bonded derivatives 
(30). 
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On the basis of the solid state electronic 
spectra, Table 3, we can assign an octahedral 
distorted symmetry to the copper(I1) derivatives 
(30); the band at 16 950 and 16 420 cm-l,  in the 
chloro- and bromo-derivative, respectively, ac- 
companied by a shoulder at some 13 000 cm-I 
and a second band around 23 250 cm-I are in 
accord with this stereochemistry. The anoma- 
lously low effective magnetic moments observed 
for the copper complexes at room temperature 
indicate that there is a strong spin-spin inter- 
action between two cupric ions. It is very difficult 
to  decide without complete X-ray analyses 
whether spin-spin interaction takes place be- 
cause of o or 6 bond formation or by a super- 
exchange mechanism. 

Nuclear Magnetic Resonarzce Measurements 
The ligand has been studied by means of nmr 

techniques. This spectrum shows a hyper- 
fine structure in hexadeuterodimethylsulfoxide 
(DMSO-d,); the chemical shift values of 
C,H,- and CH,-proton resonances appear in 
the range 7.09-6.60 ppm and at 4.90 ppm re- 
spectively. The NH-proton resonance is at 5.39 
PPm. 

On going from the spectrum of the free ligand 
to those of the complexes in freshly-prepared 
DMSO-c& solutions we observe the disappear- 
ance of the hyperfine structure of the resonances 
as a consequence of line broadening because of 
the presence of a paramagnetic centre. A detailed 
analysis of the individual bands is, therefore, 
impossible; ~t is clear, however, that in all the 
derivatives studied here the NH-proton reson- 
ance is shifted towards lower field of about 2.30 
ppm. This chemical shift towards lower fields is 
ascribed to the electron withdrawing of the 
metals from the nitrogen atoms and the notice- 
able deshielding effect supports the hypothesis 
that the studied complexes are N-bonded. 

Conclusions 
According to the above reported results, the 

halogen independent bands in the far ir region 
in the range 250-244 cm-I for the cobalt(I1) and 
nickel(I1) derivatives and at 354 and 362 cm-' 
for the copper chloro- and bromo-derivative, 
respectively, can be attributed to the v(M-N) 
vibrations, Table 2, according to literature data 
(15, 19, 33, 34). 

The cobalt(1I) derivatives contain the metal 

ion tetrahedrally coordinated in high-spin com- 
plexes. The vibrational modes typical of 
v(Co-X) for terminal halides only suggest for 
these complexes either a monomeric structure 
with DPA acting as a chelating ligand or a 
dimeric structure involving bridging ligands. 

The nickel derivatives show different proper- 
ties as the size of the halogen increases. The 
chloro- and bromo-derivatives are bright yellow 
and yellow, respectively, as opposed to the dark 
green iodo-derivative, and are less soluble than 
the iodo-derivative. It is known from literature 
data that the nickel(l1) compounds possess a 
different stereochelnistry on passing from chlor- 
ine to iodine; the dark green or dark brown 
lodo-derivatives have a pseudo-tetrahedral sym- 
metry, whereas the yellow chloro- and bromo- 
derivatives have a pseudo-octahedral environ- 
ment with bridging halides. The electronic 
spectra of our chloro- and bromo-derivatives are 
typical of the nickel(I1) in a pseudo-octahedral 
symmetry, furthermore in the far ir region only 
the vibrational modes for v(Ni-X) for bridging 
halides are present. It  is likely for the nickel to 
attain a pseudo-octahedral geometry in a poly- 
meric structure involving bridglng ligands and 
bridging halides. Octahedral structures involving 
bridging ligands and terminal halides having co- 
ordinated water must be ruled out because from 
a detailed analysis of the infrared spectra the 
water was always uncoordinated lattice water. 
The iodo-derivative has a pseudo-tetrahedral 
stereochemistry containing terminal iodine 
atoms. We can therefore assign to this last 
complex a tetrahedral dimeric structure involving 
bridging ligands and terminal halide atoms. 

Unfortunately it has not been possible to do 
vapor phase osmometric molecular weight deter- 
minations since the solubility of the complexes 
is too low for these measurements. Furthermore 
these experiments require a time longer than that 
of conductivity and nmr measuremeilts and it is 
clear that dissociative and solvolytic problems, 
which could seriously interfere, can not be dis- 
counted. Therefore we can propose stereo- 
chemistries based upon the reported data only. 

Experimental 
Preparation of the Ligarzd 

The ligand N,Nr-bis(phenylaminomethy1)parabanic 
acid (DPA) was prepared starting with a mixture of 3.50 g 
(0.0375 mol) of aniline and thc same amount of 50% 
ethanol which was added, drop by drop, to a solution of 
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2.75 g (0.0158 mol) of IV,N'-bis(hydroxymethy1)parabanic 
acid in 75 mi of 50% ethanol, according to  the method 
described by Tanimoto and co-workers (35). The solution 
turned yellow and a yellow crystalline product separated 
out. The precipitate was recrystallized from ethanol; mp 
72-74 'C, lit. 71-74 'C(35). Anal, calcd. for Cl7HI6N4O3 : 
G 63.0, N 5.0, N 17.3; found: C 62.6, H 5.0, N 17.2. 

Preparation o f  the Coniplexes 
The complexes were all prepared by reaction of the 

appropriate metal salt with a small excess of the molten 
ligand, preliminary studies having shown that in each 
case only a single product was formed, regardless of the 
presence of excess ligand. The compounds were purified 
by means of repeated washing with ethanol. We have 
obtained complexes only in the meta1:ligand ratio re- 
ported in Table 1. 

Infinred Spectra 
The ir spectra have been recorded in the range 4000- 

100 cm-I with Perkin-Elmer 521 and 225 and Hitachi 
Perkin-Elmer FIS3 spectrophotometers as KBr discs and 
Nujol mulls between polyethylene sheets. Atmospheric 
water was removed from the spectrophotometer housing 
by flushing dry nitrogen. 

Visible and Ultmciolet Spectra 
Solid state electronic spectra have been recorded with 

a Shimadzu MPS-SOL spectrophotometer. 

Magnetic S~isceptibility Measuienients 
These were carried out by Gouy's method. Molecular 

susceptibilities were corrected for dlamagnetism of the 
component atoms by use of the Pascal's constants. 

Conducticity Measuremerits 
These measurements were carried out with a WTW 

LBR type conductivity bridge at  25 "C for M 
solutions in nitromethane. 

N~icleur Magnetic Resonance Measuremer~ts 
The nmr spectra of the ligand and its metal complexes 

were measured in hexadeuterodimethylsulfoxide (DMSO- 
d , )  solutions with a Jeol JNM-C 60 HL instrument at 
60 MHz; TMS was used as internal standard. 
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N. COLIN BAIRD and DAVID A. WERNETTE. Can. J. Chem. 55, 350 (1977). 
Ab initio calculations using the 4-31G basis set and extensive configuration interaction 

are reported for the 'A, state of trans-diimide (I), the 3A" and 'Al states of 1,l-dihydrodiazine 
(2), and the ground states of the positive ions of these systems and of cis-diimide. In all cases 
the geometries have been optimized. The relative stabilities of these systems are discussed, 
with particular reference to the heat of formation of trans-1 and to the ionization potentials of 
1 and 2. 

N. COLIN BAIRD et DAVID A. WERNETTE. Can. J. Chem. 55, 350 (1977). 
On rapporte des calculs ab initio utilisant une base 4-31G et des interactions de configuration 

etendues pour 1'Ctat ' A ,  de la diimide-trans (I) et les Btats 3A" et IA ,  de la dihydrodiazine-1,1 
(2) et pour les &tats fondamentaux des ions positifs de ces systemes et de la diimide-cis. Dans 
tous les cas, on a optimisB les geometries. On discute des stabilitis relatives de ces systkmes en 
particulier par rapport a la chaleur de formation de 1-trans et aux potentiels d'ionisation de 
1 et de 2. 

[Traduit par le journal] 

Introduction 
The chemical and physical properties of the 

dihydrodiazines, N,H,, have been the subject 
of much theoretical interest (1-18), since their 
size admits to sophisticated ab iriitio treatments 
whereas experimental results are few and often 
inconclusive. As a continuation of our own 
theoretical efforts in this area (10, 1 I), we wish 
to report here the results of ab initio calculations 
which include extensive configuration inter- 
action and which were undertaken to determine 
the structures and relative energies of 1,2- 
dihydrodiazine ('diimide'), 1, and its tautomer 
1,l-dihydrodiazine ('aminotlitrene'), 2, and the 
positive ions of these systems. 

Method of Calculation 
The extended 4-31G basis set of Ditchfield, 

Hehre, and Pople with standard molecular scale 
factors (19) was employed to expand the molec- 
ular orbitals. The single-determinant SCF wave- 
functions were constructed using Roothaan's 

'Research supported by the National Research Council 
of Canada. 

'Present address: Department of Chemistry, Ohio State 
University, Columbus, Ohio 43210. 

procedures for closed-shell (20) and open-shell 
(21) systems. To  obtain a set of deterininants 
in the configuratioll interaction (CI) calculations 
which would provide a reasonably consistent 
representation for all states and systems con- 
sidered but which would still be tractable, the 
following procedure was employed. The set 
of molecular orbitals (MOs) employed was 
restricted to the twelve most stable SCF orbitals 
(i.e., the number of orbitals in a minimal basis 
set), and the four MOs of lowest energy were 
kept doubly-occupied. 

Determinants corresponding to all configura- 
tions (of appropriate spin eigenfunction) which 
are single or double electron excitations from 
the other four occupied orbitals of the SCF 
determinant were included in the GI ~ravefunc- 
tion. However, determinants with six unpaired 
electrons were excluded. 

In  order to provide as accurate as posslble 
a n  estimation of the heat of formation of trans- 
diimide, the geometry optim~zation, and energy 
calculation for thls system and for N, + H, 
was repeated with only the lowest two MOs 
(essentially 1s orbitals on  the nitrogens) held 
doubly-occupied in the CI determinants. 

With the methods described above, nitrogen- 
nitrogen and nitrogen-hydrogen distances, and 
the bond angles were optimized for the following 
states : 
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Symmetry Configurations 
System assumed State used 

N2H2 systems 
trans-Diimide CZ ,, I 4  49 

('trans-1') 
I ,1-Dihydrodiazine cs 3.4" 133 

('triplet nitrene 2') 
1,l-Dihydrodiazine c2 b I 48 

('singlet nitrene 2') 

N,H,+ systems 
tmns-Diimide cation C2 h 2A, 7 5 
cis-Diimide cation c2 , 'Bz 82 
I ,1-Dihydrodiazine cation C 2 ,  'B2 75 

('nitrene cation 2'') 

(Note that 102 configurations resulted when 
only the lowest two MOs of trarzs-diimide were 
kept doubly-occupied.) 

For all systems, the SCF determinant strongly 
predominated in the CI  wavefunction for the 
ground state; determinants involving double 
excitations into the n* orbital were next in 
importance. 

Results and Discussion 
The Neutral Molecules 

Of particular interest for the neutral species 
are their geometries, their relative stabilities, 
their stabilities relative to N, and Hz, and the 
nature of the ground state for the nitrene form. 

The optimum geometries calculated in the 
4-316 + CI calculations are listed in Table 1.  
The predicted structure for trans-diimide agrees 
well with the experimental determination (22) 
with respect to HNN angle (106.5" experi- 
mental cs. 108" calculated) and nitrogen- 
hydrogen distance (1.028 A cs. 1.02 A); how- 
ever the nitrogen-nitrogen separation of l .252 A 
is overestimated by 0.04 A and 0.05 A respec- 
tively by the CI  calculations with 4 and 2 orbitals 
always doubly-occupied. A similar overestima- 
tion (of 0.027 A) is obtained for N, itself. 

The heat of formation AH, of trans-diimide 
is of some interest, since it is a direct measure 
of the energetic stability of the molecule relative 
to  its decomposition products N, and H,. 
Table 2 lists all the experimental and theoretical 
values for AH, (trans-1) known to the authors. 
Curiously, the more moderil experimental 
values tend to be considerably lower than the 
older values, whereas the opposite trend is 

obtained3 for the theoretical estimate, the more 
sophisticated the bases set and use of CI, the 
higher the calculated energy difference between 
N,H, and N, + H,. (Note that the theoretical 
results have not been corrected for differences 
in zero-point energies or P V  work and thus the 
experimental and calculated results are not 
exactly comparable.) Our present value of 
66 kcal mol-I is a little larger than those 
derived from the calculations reported recently 
by Ahlrichs and Staemmler (1) and which not 
only included an extensive sp basis set and CI  
but also polarization functions. The best ex- 
periniental estimate of 36 kcal mol-' indicates 
that trcms-diimide is actually 14-30 kcal mol-I 
more stable than predicted. 

The geometries calculated for the singlet and 
triplet states of the aininonitrene 2 are rather 
different from each other (see Table 1) but agree 
quite well with our previous estimates in which 
a minimal basis set and very little CI were 
employed. The nitrogen-nitrogen distance of 
1.26 in the ' A ,  state is shorter than that com- 
puted for the double bond in diimide itself. 
In the SCF wavefunction, the population of the 
p ,  orbitals of the nitrene nitrogen totals 0.39e. 

Both the rather long nitrogen-nitrogen bond 
length of 1.39 A, and the preference for a 
pyramidai geometry about the amino nitrogen, 
indicate little stabilizatioil for the three-electron 

3Plots of AH, against year yield respectable straight 
lines for both experimental and calculated values. The 
lines cross in 1973 at a AHf value of 38 kcal mol-l. 
Curiously this ~ a l u e  is identical to that obtained from 
thermochemical group additivity schemes, see ref. 26 
for details. 
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TABLE I .  Calculated geometries using 4-316 t CI method 

Calculated value for 

Geometric Neutral 
System parameter molecule Cation 

trans-Diimide (trans-I) RIN 
RIH 
LHNN 

cis-Diimide (cis-1) RNN 
RNH 
L HNN 

I ,I-D~hydrodiazine (2) RN\ 

1.00 A (3A") 
L HNN 124" ( ' A l )  121" 

115" (3A") 
L HNH l lZn ( 'Al )  118' 

115' (3A") 

Dihydrogen RHH 0.736 A 
"Values in parentheses co~nputed using only t a o  lo\rest MOs doubly-occupied in all configura- 

tions. 

TABLE 2. Heats of formation of trans-diimide 

Afff 
Method Reference (kcal mol-I) 

Experimental 
Via mass spectrometry 

Via mass spectrometry on N,H, 

Tl~eorerical" 
Minimal STO-2C basis, SCF 
4-31G basis, SCF level 
Extended basis + polarization functions, SCF 
Extended basis + polarization functions, SCF 
Extended basis polarization functions + 

correlation energy estimated 
4-3 1 G basis + extensive CI 

I 
This work 

"The theoretical values are energy diffeiences, with no corrections for zero-point vibration or PI'uork 
effects. 

*Computed using D, (H2)  = 109.5 kcal mol-I. 

.n bond in the 3A" state of l,l-dihydrodiazine. 
Indeed the unpaired electrons are 9 0 7  and 9 8 7  
locallzed in the 2pn and the 2p,  atomic orbitals 
of the nitrene nitrogen according to the single 
determinant results. 

In Table 3 are listed the energetic separations 
betbeen t!le 3/2" and 'A, states of 1,l-dihydro- 
diazine as calculated by previous workers and 
by ourselves. Ail previous work gave the triplet 
as the illore stable state, although the most 
extensive calculation (that by Ahlrichs and 

Staemmler (1)) has a TI-So splitting of only 
2.6 kcal mol-l .  Our CI results place the singlet 
lolver in energy than the triplet, though by only 
1.6 kcal mol-l .  In our opinion, the closeness in 
the calculated energies for the singlet and triplet 
states of the aminonitreile leabes open the 
question of which is the real ground state: in 
any event, the ! o ~ e s t  excited state should be 
thermally accessible. 

Finally it is worth noting that the Ch cal- 
culations predict that the neutral trans-diimide 
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BAIRD AND WERNETTE 

TABLE 3. Singlet-triplet energy gap in 1,l-dihydrodiazine 

Gapa 
Method of calculation Reference (kcal mol-') 

STO-3G basis, minimal CI 10 26.3 

4-31G unrestricted SCF 
(using optimum STO-3G geometries) 18 11.7 

Extended basis + polarization functions, 1 2 .6  

4-31G basis, extensive CI This work -1.6 

@A positive gap indicates the triplet is predicted to be more stable than is the singlet state. 

molecule is 20.3 kcal mol-I more stable than is 
the lowest singlet state of 1,l-dihydrodiazine, 
in fairly good agreement with the 24-26 kcal 
mol-I values of Ahlrichs and Staemn~ler (1). 

The N,H2 Cations 
On the basis of qualitative reasoning, one 

expects the ionization potential for the amino- 
nitrene to be significantly less than for the di- 
imides. In  particular, the least tightly-held 
electron in l , l  -dihydrodiazine occupies a molec- 
ular orbital which is almost exclusi\/ely 2p 
(nitrene N) in character. (For the triplet state 
the orbital involved is the 2p,, whereas for the 
singlet the electron ioni7ed is one of the in-plane 
lone pair in 2p,.) In  contrast, the electron ionized 
froin either isomer of diiinide originates from 
a n  MO formed by the lone pairs, and to which 
there is a substantial contribution from the 
rather stable 2s orbitals on the nitrogens. 

In  agreement with these qualitative arguments, 
our ah initio calculations predict certical ioniza- 
tion potelltials for trur~s-diimide and for the 
singlet state of 1, l -dihydrodiazine to be 9.07 
and 7.28 eV respectively. Note that even though 
Koopman's theorem has not been used, and 
optimal eigenvectors for the positive ions have 
been employed, the agreement between the 
calculated value and the photoelectron spectro- 
scopic value of 10.02 eV for diimide (27) is not 
very pood. 

Using restricted open-shell MQ theory with 
CT, the optimum geometries of the cations of 
both tmns- and cis-diimide, and of the amino- 
nitrene system, were calculated and are listed in 
Table I .  

The optimum HNN bond angles calculated 
for the cation of trans-diimide is 20" larger than 
that  calculated for the neutral species. A sub- 
stantial increase in the angles, giving a species 
closer to the linear geometry, is expected from 

Walsh's Rules for H A A H  systems when a 30, 
orbital electron is removed. For  the same reason 
the HNN angles in the cis-diimide cation are 
also large (Table 1). Although the H N N  angle 
calculated for the truns-diimide cation agrees 
well with the 127" value deduced from the 
photoelectron spectra of diimide, the calculated 
bond length for the ion is 0.03 A shorter than is 
the experimental. I n  fact the net contraction in 
the nitrogen-nitrogen separation due to ioniza- 
tion of a strongly-antibonding n ,  electron 
appears to be exaggerated in the ab itiitio results, 
the calculated value being 0.10 A as contrasted 
with the experimental 0.03 A. 

The structural changes which are calculated 
to occur upon ionization in the aminonitrene 
system are much less dramatic than for diimide, 
since a~nonbonding rather than an antibonding 
electron is removed. The nitrogen-nitrogen 
bond length decreases slightly (compared to the 
singlet neutral system) and the H N H  angle 
opens somewhat. In  our optimization calcula- 
tions for H2NN'  the ion was assumed to be 
planar; a few computations with the final N N  
and NH bond lengths but with a flapped 
geometry at  the amino nitrogen confirmed the 
assuined preference for a planar structure. 

Given that only minor geometry changes 
occur in the I,l-dihydrodizaine singlet upon 
ionization, it is not surprising that the cal- 
culated adiabatic ionization potential of 7.23 
eV is only 0.05 eV smaller than is the vertical. 
For [runs-diimide, the difference between the 
adiabatic and the vertical is much larger (0.8 1 eV 
calculated, 0.43 eV experimental), the former 
value for trans-l being 8.26 eV calculated 
(9.59 eV experimental (27)). 

As a consequence of the 23.8 kcal mol-I 
calculated advantage in adiabatic ionization 
potential, the 20.3 kcal mol-I advantage held 
by trurzs-diimide over I ,  1-dihydrodiazine in the 
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neutral molecules is just overcome, and our CI 
calcuIations predict the nitrene cation 2' to be 
more stable than the trans-diimide cation by 
about 3.5 kcal mol-l .  (Given the size of this 
energy difference, a reversal in stability order 
in more sophisticated calculations cannot be 
ruled out, however.) The trans isomer of the 
diimide ion is ~ red ic t ed  to be 6.9 kcal mol-I 
more stable than is the cis; this value is close to 
those obtained in most recent calculations for 
the energy difference between the 77eutral 
molecules. 

After this work had been completed, Wiberg 
and co-workers (28) reported the discovery of a 
second isomer of N,H,. From the appearance 
potentials for N,Hf ,  they concluded that the 
new species is 13 1 2 lccal mol-' less stable 
than is trans-1, a value which is midway between 
our calculated relative energy (of 20 kcal mol-') 
for the aminonitrene isomer 2 and that of 
6-9 kcal mol-'  usually found (1, 15, 18) for the 
relative energy of the cis-1 species. While the 
ionization potential of 9.52 eV found for the 
new species seems too high to be that for 2 
and is close to that expected for cis-1, the lack 
of a 380 nm band in the spectrum of the new 
isomer seems to preclude cis-1 as a candidate. 
Obviously more experimental and theoretical 
work is required to characterize the new isomer. 
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Dicyclohexanecarbony1~~1phate: a precursor of cyclohexyloxocarbeniurn ions 
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E. MO~TONERI, L. GIUFFR~,  M. CASSAGO, E. TEMPESTI, and M. FORNAROLI. Can. J. Chem. 
55, 355 (1977). 

Dicyclohexanecarbonylsulphate (1) is the prevailing species in the equimolar solution of 
cyclohexanecarboxylic anhydride and sulphur trioxide in liquid sulphur dioxide. The ionization 
of 1 to cyclohexyloxocarbeni~~m ions occurs only in the presence of excess sulphur trioxide. 
Both 1 and C6HI,COT are stable only in solution and at low temperature. 

E. MONTO~ERI, L. GIUFFR~,  M. CASSAGO, E. TEMPESTI et M. FORYAROLI. Can. J. Chem. 55, 
355 (1977). 

Dans une solution equimolaire d'anhydride de I'acide cyclohexanecarboxylique et d'an- 
hydride sulfurique dans l'anhydride sulfureux a 1'Ctat liquide, I'espece principale est le sulfate 
du dicyclohexanecarbonyl (1). L'ionisation de 1 en ion cyclohexyloxocarbCnium ne se produit 
qu'en prisence d'un exces d'anhydride sulfurique. Les especes 1 el C6HI1CO+ ne sont stables 
qu'en solution et a basse temperature. 

[Traduit par le journal] 

Introduction ionization may also be obtained in the presence 
From the few spectroscopic studies (1-3), of other aprotic acids. 

have been on the interaction of In relation to these facts. we wish to report 
carboxyl~c anhydrides with strong acids (Lewis the behaviour of c~clohexanecarbox~llc anhy- 

and protonic acids), it appears that the e m ~ l o v e d  dride toward trioxide. 
acid determines the &e of carbonylLin;er- 
mediates formed and their behaviour. 

In the presence of metal halides (1, 2), for 
instance, carboxylic anhydrides form donor- 
acceptor complexes via the C=O groups mainly 
(and also via the ethereal oxygen atoms) and 
n o  ionization is observed. 

Olah et al. (3) have shown that, in the presence 
of HS0,F-SbF,, initial protonation of the 
anhydride is followed, in a large excess of 
h a g i c  acid', by ionization to acylium ions. 

Other workers (4), however, investigated the 
behaviour of acetic anhydride toward some 
typical protonic acids and found that mixed 
anhydrides form. Of these species only AcOS0,- 
Ck, was found to ioniz to Ac' in the presence 
of excess CF,SO,H. AcOS0,H ( 5 ,  6 ) ,  however, 
can ionize as above, if in the presence of excess 
SO,. 

Although it may be concluded from the above 
studies that the strength of the excess protonic 

Results and Discussion 
Cyclohexanecarboxylic anhydride and sulphur 

trioxide were mixed over a wide range of 
SO~/(C,H,,CO),O mole ratios (0.0 I ns/tz, I 
5.0) in liquid SO, at  -60 "C. The carboxylic 
anhydride molality always was 2.5. Of the 
spectroscopic techniques which were tried for 
studying the system, Raman spectroscopy could 
not be employed because of the high fluorescence 
exhibited by the carboxylic anhydride - SO, 
mixtures. Good quality ir and nmr spectra were 
obtained, however. The spectra recording tem- 
perature was -60 "C (ir) and between -78 
and -20 'C (nrnr). N o  substantial changes 
beyond band broadening were observed in the 
latter spectra on decreasing the temperature 
within the range reported above. 

At  I - 20 'C the systein behaviour was found 
dependent only on the mole ratio and well 
consistent with reactions 1 and 2. 

acid determines the ionization of mixed species, 111 (R.CO),O + SO3 @ (RCO,),SO, 
it is not clear if the formation of these last 

121 ( R C O Z ) ~ S O ~  + SO3 F? 2RCO+ + S ~ 0 7 ~ -  species may take place only after initial protona- 
tion of the carboxylic anhydride. a n d  if their However, above -20 "C significant changes 

occurred in the spectra, mainly because of 
'To whom correspondence to be addressed. sulphonation of the organic substrate. These 
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FIG. 1. Infrared 
sulphur dioxide at 

8400 35W 3000 2500 2000 1800 1600 1400 1200 1000 BltD 825 

F R E Q U F B E V .  EB-' 
spectra af cyclohexanecarboxylic ailhydrlde - sulphur trioxlde mixtures In llquid 
- 60 ' C  and at  nsln, = 0 0 (n), 1 0 (01, 3 0 (c), 5.0 (d )  

changes occurred also if SO, was evaporated 
under vacuum at lower temperature (- 50 "C). 

Formation and Characterizatiotz of Dicyclohex- 
atzecarbo~zylsulpl~ate (1) 

The is spectrum of the cyclohexanecarboxylic 
anhydride and sulphur trioxide equimolar 
solution in liquid sulphur dioxide (Fig. 16) 

exhibits specific new bands compared to those 
of the carboxylic anhydride (Fig. !a) and of 
free SO, (1390 and 1075 ~ r n - ' ) ~  (7) in SO,. 
Also in Fig. 16 the typical C=O stretching 
vibratioll bands of (C,H,,CO),O and S=O 

'The 1075 cm-' band, aithough forbidden, is also 
observed by infrared spectroscopy (8). 

bands3 of free SO, are absent; this implies that 
the equimolar addition of SO, to (C,W,,CO),O 
is rather quantitative and that a t  least one 
new species, which has characteristic absorption 
frequencies at 1826, 1422, 1220, 895, 882, 808, 
and 768 cnl-I, is prevalently f ~ r m e d . ~  

If this species is assumed to be a donor- 
acceptor complex, then on the basis of previous 
work (1, 2),  a quite different spectrum from 
that reported in Fig. I b should be expected. In 
fact for a donor-acceptor complex such as 2, 
for instance, a couple of C=O bands should 
appear in the region 1700-1500 cm-l .  Assuming 
the ethereal oxygen as the favoured site for SO, 
addition, although not consistent with the 
reported studies, leads to an alternative structure 

3The 1060-1085 cm-' bands in Fig. l b  are most likely 
due to C-0 vibrations, as it is shown later. 

"The other bands betmeen 995 and 1455 cm-' are 
common to both (G,M,IC0)20 and the new species 
which is formed in the equiinolar solution. 
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such as 3. This complex may indeed absorb at 
> 1800 cm-' frequencies but, even in this case, 
two carbonyl bands should be observed. As to 
coordinated SO,, both the S=O bands in 
each of the exemplified compiexes 2 and 3 
should fall at frequencies lower than 1390 and 
1075 cnl-I respectively. An attempt to identify 
these frequencies in Fig. 1b leads to a rather 
ambiguous interpretation of the spectrum. 

Thus compournd 1, dicyclohexanecarbonyl- 
suiphate, wllose formation may be visualized 
as in reaction 1, seems more convincing. The 
new bands, which appear in Fig. l b  (v,=, 1826, 
v,-, 995, 1060-1085; v,=, 1422, 1220; v,-, 
895-768 cm-'), have been assumed as the most 
characteristic ir absorption frequencies of 1. 

The carbonyl groups in the CO-OSO,- 
OCO arrangement very likely are not planar, 
since no coupling of the C=O vibrations is 
observed (9). The frequency of the resulting 
single band is higher than the mean absorption 
frequency of the two C=O bands in pure 
(C,Hl1CO),O as expected on the basis of the 
introductioi~ of the electron-withdrawing SO, 
group in the CO-0--CO bridge (10). Further- 
more the 1826 cm-' value is very close to the 
values reported for other carboxylic-sulphuric 
mixed anhydrides (4, 11). 

Although C-O vibration bands are not 
generally as diagnostic as C=O bands, some 
consideration may be allowed in this case. The 
former bands of cyclohexanecarboxylic anhy- 
dride could be tentatively identified in the 
strong absorption5 at 995 and 1060-1085 cm-I 
(Fig. la). En Fig. l h  these bands are still present, 
but the 995 c m l  band relative to the 1360-1085 
cm-' doublet appears more intense than in Fig. 
In .  This former band is also typical of other 
cyclic mixed carboxyllc-sulphuric species (1 1 b)  
and may be associated with the C-0 vibration 
in the C-8-S bridge. From comparing Fig. 1 

5A simi!zr spectra feature, although quite less intense, 
is in faci found fur cyclohexanecarboxylic acid, but not 
fur other carbonyl compounds such as cyclohexylamide, 
cyclohexanone, caprolactam, and dicyclohexy!ketone. 

a and b it may therefore be concluded that 
the C-0 bands of both (C,HllCB),O and 
(G,H, ,GO,),SO, have the same absorption fre- 
quencies, although slightly different relative 
intensities. This conclusion is further sub- 
stantiated from thc discussion of Fig. 1 c and d 
below. 

The assignment of the 1422 and 1220 cm-' 
values respectively to the S=O asyrnnletric and 
symmetric stretching vibrations of B appears 
justified in view of the linear correlation between 
these vibration frequencies which has been 
found valid in a large number of sulphuryl 
compounds (12). Also the higher mean S=O 
frequency of P (1321 cm-I) compared to di- 
inethylsulphate (1290 em-') (1 3) and dicyclo- 
hexylsulphone (1221 crn-I) (14) values reflects 
well the general dependence of S=O fre- 
quencies upon the electronegativitp of sub- 
stituents in XYSO, compounds (12). The S=O 
force constant (k = 10.96 dyn/cm), which may 
be obtained (13) from the 1422 and 1220 cm-'  
values in Fig. lb,  is more consistent with 1 
than with 2 and 3, where SO, bonds should 
lengthen (15) and the obtained k should be 
<9.50 dyn/cm (16). 

Consistent with P and with the corresponding 
frequencies in covalent sulphates, the group 

FIG. 2. The a-proton chemica! shift (5) cs. n,/ri, at 
-20 "C for cyc~ohexanecarboxyiic anhydride - sujphui 
trioxide niixtures irL liquid sulphur dioxide. 
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of bands at  895, 882, 808, and 768 cm-' in 
Fig. Ib is to be clearly related to the S-0 
stretching vibrations, even considering probable 
interferences from C H  vibrations (10). 

In agreement with the infrared data the nmr 
spectrum of the equimolar solution may well 
represent that of pure dicyclohexanecarbonyl- 
sulphate in liquid SO2. It was found that the 
proton chemical shifts in the system are strongly 
dependent on the mole ratio; in Fig. 2 the cx- 
proton resonance chemical shift is 2.55 ppm 
(0.18 ppm higher than that of cyclohexane- 
carboxylic anhydride). The chemical shift is 
well in the range of values reported for other 
mixed carboxylic-sulphonic species (17) such 
as C,H,,CO,SO,X (with X = CH,, C,H,, 
CH,C,H,, C,H,,CO,H) and almost coin- 
cident with the last compound chemical shift 
(2.52 ppm). Furthermore the 0.18 ppm down- 
field shift displacement, which is observed in the 
formation of I from (C6HI,CO),0 as in 
reaction 1, appears quite consistent with this 
type of interaction; a downfield chemical shift 
displacement of the same order of magnitude 
(0.13 ppm) is in fact reported in the formation 
of dimethyldisulphate from SO, and the corre- 
sponding monosulphate (18). 

Ionization of Dic~~clo/zexanecarborzylsulphate 
The appearance of the known band of the 

cyclohexyloxocarbenium ion (2260 cm-I) (19) 
at  mole ratios > 1.0 (Fig. 1 c and d) shows that, 
only in the presence of excess SO,, 1 ionizes as 
in reaction 2. At 3.0 mole ratio both I and 
C,H, , CO + bands are present (Flg. 1 c), while 
at  5.0 mole ratio (FIE. Id) only the latter band6 
is observed. This indicates that the ionization 
of 1 increases on increasing the SO, mole ratio 
and that, at  ca. 5.0 mole ratio, reaction 2 may 
be ass~lmed to lie well to the right. In analogy 
with the ionization of other carboxylic-sul- 
phuric mixed species (6), the 1826 cm-I band 
broadening which is observed at 3.0 mole ratio 
seems to imply participation of higher poly- 
sulphate mixed species (e.g. dicylohexanecar- 
bonyldisulphate) in the formation of cyclo- 
hexyloxocarbenium ions. This participation, 
however, should not be relevant because, if so, 
a significant frequency shift (ca. 20cm-I) 
should be observed. 

It may also be observed that the bands in the 

Tonsidering the nonideality of the system, no at- 
tempt was made to obtain molar absorptivities. 

995-1085 cm-' range, which had been assigned 
in Fig. l a  to the C-0 vibrations in the C-0-S 
bridge of 1, undergo significant changes as the 
mole ratio increases above 1.0. These changes 
are also consistent with the displacement of 
reaction 2 to the right, which requires breaking 
of the C-0-S bridge. At 3.0 mole ratio 
(Fig. lc ) ,  in fact, in place of the 1060-1085 cm- ' 
doublet, one band at 1070 cm-' is observed. 
The intensity of this band is also slightly higher 
than that of the 995 cm-I band. This may be 
due to the presence of free SO, (8) or to the SO, 
symmetric stretch of the S20,'- ion in reaction 
2. At 5.0 mole ratio (in concomitance with the 
absence of the C=O band of 1) no absorption 
at  995 cm-I,  but only a t  1070 cm-I,  is p r e ~ e n t . ~  

Specifically the other expected (21) absorption 
bands of S20,2-  (v,=, .,,, 1230 cm- ' ; vS-, as,,n 

795 cm-'; vs-, ,,, 738 cm-I) may be rec- 
ognized in Fig. l c  and more evidently in Fig. Id, 
since there is no interference from the SO 
frequencies of 1. These assignments, however, 
cannot definitely justify the changes observed 
at > 1.0 mole ratios within the regions 1450- 
1200 and 900-700 cm-l,  where the absorption 
frequencies of free SO,, S,OIO2-, and higher 
polysulphuric species are also known to occur. 
Most of these species, as one of the referees 
pointed out, have rather similar vibrational 
spectra and further speculation at  this point 
seems unjustified. 

In agreement with the above conclusions 
the interpretation of nmr spectra in the mole 
ratio range > 1.0 may be attempted. There is a 
strict parallelism between the appearance and 
intensity increase of the C,H,,CO' ir band 
(Fig. 1 c and d) and the @-proton resonance 
chemical shift d~splacement to low fields with 
increasing SO, mole ratio (Fig. 2). The mole 
ratio dependent chemical shift at  n,/lz, > 1.0 
is consistent with fast exchange8 between the 
species involved in reaction 2. The shape of 
the curve in Fig. 2 is analogous to that reported 

- 

7The weak band at  1005 cm-' may result from a CH 
vibration of C,H,,CO+ ; the same band, although more 
intense, occurs In the spectra of Acf and has been 
identified as a rocking vibration band (20). 

'An attempt to freeze out this equilibrium at lower 
temperatures proved unsuccessful, even at -78 "C. If, 
in fact, in the mole ratio range 1.0 < n,ltzA i 5.0, the 
exchange rate could have been slowed down sufficiently 
to observe the a-proton of C,WllCO+ separately, then 
the ratio of this band area to the higher field proton 
bands areas sum should have been < 1/10. 
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for the formation and ionization of other 
carboxylic-sulphuric mixed species (5, 6). The 
slope increase at >1.0 mole ratio is largely 
accounted for by the formation of the highly 
deshielded species C,Hl,COf, as in reaction 2. 
It may also be inferred that this slope in- 
crease seems to exclude (as previously observed 
from ir spectra) a relevant participation of 
un-ionized organic polysulphuric mixed species 
in the ionization of 1. On the basis of the 
nmr data relative to the formation of dimethyl- 
polysulphate with varying dimethylsulphate/ 
SO, mole ratios (I%), it may be assumed that 
the a-proton in a hypothetical species such as 
dicyclohexanecarbonyldisulphate should not be 
greatly deshielded (1 0.18 ppm) relatively to the 
a-proton in 1. Therefore the presence of signifi- 
cant concentrations of this last species should 
fairly flatten out the plot. 

In correspondence with the curve maximum 
the nmr spectrum is virtually coincident with 
the spectra of other cyclohexyloxocarbenium 
salts (e .g .  C , H l , C O f ~ b ~ , - )  (19) and is a 
further confirmation that reaction 2 at 5.0 
mole ratio lies well to the right. 

Experimental 
Cyclohexanecarboxylic anhydride (Snia Viscosa) was 

distilled twice immediately before use. Infrared and 
nmr spectra were recorded o n  Perkin-Elmer 157G and  
Varian N V  14 60 Mz spectrometers respectively. The 
nmr  external reference solution (697, benzene in CSZ) and 
the sample were placed respectively in 513A-PP outer 
and  sealed 516-1 inner tubes (Wilmad), which were 
equipped with a Teflon O-ring. 

Two sets of runs were made respectively with and  
without tetramethylsilane (TMS) in the inner tube. T M S  
was found suitable for internal reference use up to  1.0 
S03/(C,H,,CO),0 mole ratio, although two small 
bands, a t  0.47 and  3.28 ppm downfield from TMS, 
indicated some reaction of the internal standard with 
SO, in the 1.0 mole ratio solution. The T M S  band was 

at  7.87 p p n ~  upfield from the external reference. This 
value was used to  obtain the reported chemical shifts 
(Fig. 2) from the internal standard even in the remaining 
mole ratio range, where T M S  reacted completely and 
could no t  be observed in the spectra. This approxin~ation 
should however suffice within the limits of our discussion 
as already evident in a previous work (6). 

All other experimental details have been described 
previously (6). 
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a -Aryl complexes of iridium: diphenyliodonium salts as phenylating agents 
in transition metal chemistry 
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NICHOLAS FAR~ELL and DEREK SUTTON. Can. J. Chem. 55. 360 (1974). 
Diphenyliodoniu~u salts readily react mith [irX(CO)(PW,),] (X = Cl, Br; PM, = PPh, or 

PMePh,) to yield iridium(Il1) o-phenyl complexes of general composition [IrXY(C,H,)(CO)- 
(PR,),] (V = Cl, BF,). The possible structures of these conlpounds, and their occurrence in 
the decomposition of iridium aryldiazenato complexes, are discussed. 

NICHOLAS FARRELL et DEREK S'JTTON. Can. J .  Chem. 55, 360 (1977). 
Les sels de diphenyliodonium reagissent facilement avec [IrX(CO)(PIP,),] (X = GI, Br; 

PR, = PPh, ou PMePh,) pour conduire a des complexes o-phknyle d'iridium(II1) ayanl des 
compositions genCrales [lrXY(C6H5)(CO)(PR,)21 /Y = C1, BF,). 811 discute des structures 
possibles pour ces composes et de Ieur presence dans la decomposition des complexes aryl- 
diazenato d'iridium. 

[Traduit par le journal] 

Introduction 
Extrusion of dinitrogen from aryldiazenato 

(aryldiazo) complexes of transition metals to 
form o-ary! derivatives has frequently been re- 
ported. Thus, both [PtCI(N,C,H,p-F)(PEt,),j 
(1) and [Pt(N,C,E14p- or m-F)(PEt,),] (21 have 
been shown to eliminate dinitrogen and the 
corresponding aryl coinplexes have been isolated. 
Similarly, Robinson and co-workers (3) have 
cited dinitrogen extrusion as a mode of de- 
composition for the rhodium(1bI) species [Rh61,- 
(N,Ar)(PPh,),j and in nunlerous instances aryl- 
diazonium salts have been used by Nesmeyanov's 
group as precursors for the preparation of 
metal-aryl comp!exes (4), two recent examples 
being the syntheses of [Fe(o-C6H5)(q-C,N,J- 
(CO),] and [W(o-C,H,)(q-C5Hs)(CO)3] (5, 6). 

During our investigation of aryldiazenato 
complexes of iridium(IH1) (3) several attempts to 
prepare [IrCi2(N2Ar)(CO)(PPh,),1 and [HrCl- 
(N2Ar)(CO)(PPh,),]&F4 (8) gave products with 
significantly low nitrogen content, which we 
believed were rnixtures of the desired conlplexes 
and the a-aryl analogues resulting from di- 
nitrogen extrusion. In view of this, we considered 
various ways in which these cr-aryl compiexes 
might be synthesized directly, for comparison. 

A literature survey revealed that a few examples 
of the desired complexes [IrCl,(Ar)(CO)(PR,j,I 
had been synthesized previously, also by extrusion 
reactions. Collman and Roper (9) and subse- 
quent investigators (10-1%) employed thermal 

desulfonation of aryl sulfinato compiexes to 
obtain iridiurn(II1) ary! complexes. Deeming and 
Shaw (13) employed thermal decarhonyiation of 
the related benzoyi complex. -We were interested 
to see whether iridium(1IE) 0-aryi complexes 
might be synthesized by direct methods. One 
possibility is oxidation of ail iridium(1) o-aryi 
complex. The iridium(1)-aryl complexes [Irfkr- 
(CO)(PPh,),] are usually prepared by meta- 
thesis of [IrGi(CO)(PPh,),] and the aryl-lithium, 
silver or Grignard reagent. Thus complexes for 
Ar = C,H,, C,CI,, C,F, have been reported by 
Rauscb and Moser (141, Ar = C,H,, C,Cl,, 
C,F,, p-C,H,NMe,, p-tolyl, and mesityl by 
Dahlenburg and Nast (1 51, Ar  = C6F5 by Bruce 
and co-workers (161, and Ar = C6H, by Wilkin- 
son and co-workers (14). These complexes are 
generally much less reactive towards oxidative- 
addition than the parent Vaska's complex and 
products from HX a.nd X, (X = halogen) addi- 
tion have been reported for only the perhalo- 
phenyl complexes (14, 16). 

We considered the possibility of oxidative- 
addition of phenyl ions to iridium(l) complexes 
such as [IrX(CO)(PR,),] in preference to at- 
tempted oxidation of the above iridium(1)- 
phenyl complexes. The oxidative-addition of 
aikyl halides to Vaska's complex and its ana- 
logiles with PMePh, and PMe,Ph is now well 
documented (18, 19) but aryl haiides are much 
less reactive and no products fro111 simple addi- 
tion of ArX appear to have been found. However, 
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TABLE 1. Analytical and spectral data for o-phenyl complexes of iridium(II1) 

Analysis 

Complex 

Melting C H 
point v(C0) v(Ir-C1) 
('C) (cm-') (cm-') Found Calcd Found Calcd 

in view of the widespread use of diphenyl- 
iodonium salts as phenylating agents in organic 
chemistry (20) these appeared to offer consider- 
able potential as phenylating agents for transition 
metal complexes. 

Results and Discussic~n 
The diphenyliodonium salts used were 

Ph,I+Cl- and Ph21tBF,-. Both are air-stable 
white solids, soluble in methanol and reasonably 
soluble in acetone. Their reactions with [IrX(CO)- 
(PR,),] (X = C1, Br, PR, = PPh,, PMePh,) 
proved to be a fast, clean, and convenient route 
to the required Ir(1II)-phenyl complexes. The 
compounds prepared are listed in Table 1 with 
spectroscopic and analytical data. All complexes 
are air-stable, white solids. Those with PPh, are 
only very sparingly soluble in organic solvents, 
while those with PMePh, are soluble in chloro- 
form, methanol, and acetone but insoluble in 
ether and hexane. Compound 2 is also soluble in 
benzene. The stability contrasts with that of 
[I~(o-C,H,)(CO)(PP~I~)~] which can only be 
handled in air for short periods (14, 15). 

The properties reported here for [IrCI,(Ph)- 
(CO)(PPh,),] and for [IrCl,(Ph)(CO)(PMePh,),] 
may be compared with those reported for the 
former compound (10) (but synthesised by carbon 
monoxide displacement of SO, from [IrCi,(Ph)- 
(SO,)(PPh,),]) and the properties of [IrCl,(Ph)- 
(CO)(PMe,Ph),] synthesised by decarbonylation 
of the benzoyl complex (13). Kubota and 
Loeffler (10) assigned structure B to [IrCl,(Ph)- 
(CO)(PPh,),] since only a single v(Ir-C1) band 
was observed, at  3 19 cm- ', assigned as indicating 
CI-Pr-61. By contrast [BrCl,(Ph)(CO)(PMe,- 
Ph),] was assigned structure A, since in addition 
to a band at 3 15 cm-I (assigned as Cl-Ir-CO) 
others at 271, 251 cm-I could be assigned as 
C1-Ir-Ph. The situation is confttsed when the 

con~pounds [IrC12(C,F,)(CO)(PPh,),1 and [Ir- 
C12(C,F,)(CO)(PMePh2)2] are examined. The 
former has v(Ir-C1) at  320 and 290 cm-' and 
was assigned structure A, whilst the latter has 
only v(1r-GI) at  328 cm-I and was assigned 
structure B (16). 

For [IrCI,(Ph)(CO)(PPh,),] (1) we observe 
v(lr-Cl) at  320 cm-' in agreement with Kubota 
and Loeffler (lo), and also a band at 255 cm- ' .  
A value of 320cm-I is borderline between 
typical CI-1s-C1 and CI-lr-CO vaiues (21), 
but the 255 cm-' band may readily be assigned 
to C1-Ir-Ph in view of the trans-influencing 
nature of o-bonded aryls. Thus we feel our 
compound to have structure A, but cannot 
neglect the possibility that it is contaminated 
with isomer B (assuming, as is probable, that the 
phosphines are mutually trans). Our value of 
Y(CO) is some 10 cn1-I higher than Kubota and 
Loeffler's and the band is not symmetric. It is 
known that the addition of MeX (X = Br, I) to 
[IrCl(CO)(PMe,Ph),] is solvent dependent and a 
mixture of isomers is obtained when methanol 
replaces benzene as solvent (13). The v(Ir-61) 
values for [IrCi,(Ph)(CO)(PMePh,),] show a 
reasonable correspondence with those reported 
for [lrCl,(Ph)(CO)(PMe,Ph),] by Deeming and 
Shaw (13) and we assign our bands as 330 cm-I 
(CI-Ir-CO) and 274, 255 cm-' (Cl-Ir-Ph) 
likewise in favour of structure A. Here again, 
however the high value of the upper band allows 
its assignment also to GI-lr-C1 in structure B, 
and we suspect that both isomers may again 
indeed be present. The trans disposition of the 
phosphine ligands in 2 is supported by the 
apparent 1 : 2 : 1 triplet (/,J,, t 4 ~ p H i  = 13 HZ) 
for the methyl resonance in the 'H nmr spectrum. 

The is spectra of compounds 3 to 5 exhibit 
typical broad v(BF,) absorptions at cu. 1100 
cm-'. Compounds 3 and 4 exhibit multiple 
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v(1r-C1) absorptions in the 250-350cm-' 
region (absent in the bromo complex 5) which 
are remarkably similar to those of 1 and 2. This 
argues against a discrete n~onomeric penta- 
coordinate cation being present, and the spectra 
may be indicative of a chlorine-bridged cation 
such as structure @, not unlike the structure of 
[IrCl,(Me)(CO),], (22). We have not been able 
to obtain supportivc evidence for this structure 
due to the limited solubility of these tetra- 
fluoroborates and the likelihood of disruption of 
any halogen bridge bonds in more highly donor 
solvents 

The forination of o-aryl complexes as a source 
of impurity in the reactions of [IrCI(CO)(PPh,),] 
with benzenediazonium salts (7) was confirmed 
by deliberately conducting these reactions under 
reflux conditions so as to promote dinitrogen 
extrusion from the initially formed phenyl- 
diazenato complexes. For example, PhN,'BF,- 
reacted to give an initial orange solution of the 
phenyldiazenato complex {[IrCI(PhN,)(CO)- 
(PPhj),]BF,), (7) which gradually lost its colour 
and precipitated the o-phenyl complex as a 
white solid, identified by comparison of its 
composition, infrared spectrum and melting 
point with those of 3. 

Experimental 
All solvents were dried by usual methods and distilled 

under nitrogen. The iridium starting materials were 
prepared by standard literature methods (23, 24). Di- 
phenyliodonium chloride was purchased from Aldrich 
Chemical Company Inc. and used without further 
purification. Diphenyliodonium tetrafluoroborate was 
prepared by metathesis with AgBF, and recrystallised 
from methanol-ether. Infrared spectra were recorded on 
Perkin-Elmer 457 and Beckman IR-12 instruments for 
samples pressed in KBr discs or as Nujol mulls between 
polythene windows. Proton nmr spectra were recorded 
using Varian A60 and HA100 instruments. All z values 
are relative to internal TMS. Melting points were 
recorded on a Fisher-Johns apparatus and are un- 

corrected. Elemental analyses were carried out by Mr. 
M. K. Yang of the Simon Fraser University micro- 
analytical laboratory. 

Preparation of Iridilim(II1)-Pl~enyl Cornplexes 
In a typical synthesis a 10% excess of the salt in 

methanol was added to a refluxing solution of the 
iridium(1) complex in benzene under nitrogen. The 
reaction was considered complete at the disappearance of 
the yellow colour of [TrX(CO)(PR,)2]. As expected the 
more basic diphenylmethylphosphine complexes reacted 
faster than the triphenylphosphine ones. 

Thus, to prepare [IrCl(Ph)(CO)(PPh,),IBF,, a solution 
of Ph21tBF,- (0.06 g) in MeOH (5 ml) was added to a 
refluxing solution of [IrCI(CO)(PPh,),] (0.1 g) in benzene 
(10 ml). Reflux was continued for 2.5 h during which 
time a white solid precipitated from the reaction mixture. 
The mixture was then evaporated to half-volume, cooled 
to 8" and the product filtered off, washed with benzene 
and ether, and dried in racuo. Analytical data are given 
in Table 1. Complexes 1 and 5 were prepared in a similar 
manner, in 55-60% yield. Complexes 2 and 4 were 
precipitated by addition of ether to a cooled solution of 
the reaction mixture after 1.5 h (by which time only a 
very pale yellow solution was observed) and then re- 
crystallized from acetone-hexane. 'H nmr for 2 (r): 
2.25 m 5H (CsH5); 2.75 m 20H (P-C,H,); 7.86 t 6H 
(P-CH3). 

Reactiolt of [IrCljCO) (PPh,) ,-' ~r,ith Berzzenediazonium 
Tetrafluoroborate 

To a refluxing solution of [IrCI(CO)(PPh,),] (0.1 g) jn 
benzene (10nil) was added PhN,+BF4- (0.025 g) In 
acetone (5 ml), Immediately a bright orange solution was 
obtained which, upon continued reflux, steadily became 
paler in colour. After 2.5 h the pale yellow solution was 
evaporated to half-volume and ether added. Upon 
cooling at  8& a white solid precipitated. This was filtered 
off and was shown to be [IrCI(Ph)(CO)(PPh,),IBF, by 
con~parison of mp, ir spectrum, and analysis with that of 
an authentic sample. Found: C 54.1, H 3.62; calcd. C 
54.7, H 3.74. 
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N. DOMIMLLI and A. C. OEHLSCHLAGER. Can. J. Chem. 55. 364 (1977). 
The synthesis of trans-I-n-hexyl-cis-2,3-dideuterio cyclopropane and cis-I-n-hexyl-cis-2,3- 

dideuterio cyclopropane are reported. These specifically deuterated cyclopropanes were 
reacted with tetrachloro(diethylene)diplatinun~ to yield the product (dichloro(2-n-hexylpropane- 
i,3-diy1)platinum) of addition of Pt" across the cyclopropyl C2C3 bond. It was shown by nmr 
spectroscopic analysis of the deuterated cyclopropanes and the bispyridine derivatives of the 
adducts that the Ptl'-cyclopropane reaction was stereospecific and involved retention of 
configuration at both reacting carbons. This outcome is interpreted in terms of a concerted 
cycloaddition mechanism. 

N. DOMINELLI et A. C. OEHLSCHLAGER. Can. J. Chem. 55, 364 (1977). 
On rapporte la synthese du n-hexyl-1 trans dideuterio-2,3 cis cyclopropane et du tz-hexyl-1 cis 

dideuterio-2,3 cis cyclopropane. On a fait reagir ces mol&cules de cyclopropanes deuteres d'une 
facon spicifique avec le tetrachloro(diethy1ene)diplatine et l'on obtient le produit (dichloro(11- 
hexyl-2 propanediyl-1,3)platine) provenant de I'addition de Pt" a travers le lien CZC3 du cyclo- 
propane. On monire, par des donnees spectroscopiques rmn des cyclopropanes deuterks et des 
derives bispyridine des adduits, que la reaction du platine avec le cyclopropane est stertosptci- 
fique et implique une retention de configuration aux niveaux des deux atomes de carbone qui 
reagisseni. On interprete le resultat en terme d'un mecanisme concerte de cycloaddition. 

[Traduit par le journal] 

Introduction D X Q  D Y O  

Many coordinatively unsaturated transition 
metal complexes with d7:  d 8 ,  or d l 0  electron con- 
figurations undergo oxidative addition reactions 
by insertion of the metal into an X-Y sub- 
strate single bond. Owing to the stability of 
man)! square planar d 8  complexes of Ir19 ,hi, 
and PtH, a considerable amount of research has 
been directed at  these complexes (1-4). 

ion reac- The mechanism for oxidative add:t' 
tions is currently under dispute, undoubtedly 
due to the broad classification of such reactions. 
Pearson and Muir (5) have proposed a one 
step concerted mechanism, based on orbital 
symmetry arguments for the reaction of Ir(C0)- 
ZL, (Z = Cl, I, SCN; L = PPh , ,  PPh,Me) in 
dichloroethane with CH,I which explains the 
occurrence of both cis and trans addition prod- 
ucts. 

Evidence for operation of an S,2 mechanism 
during oxidative additions of d 8  complexes to 
alkyl halides has been reported for Rhl (6), 
Ir' (71, and PdO (8, 9) complexes. 

Reactions involving insertion of two dimeric 
c18 complexes of Rh' (I) and Pt1"(2 into C-C 
single bonds have received extensive attention. 

A variety of strained hydrocarbons including 

0 
cyclopropanes (10-12), quadracyclane (13), and 
cubane (14) have been found to react with B to 

give products in which a rhodium acyl moiety is 
inserted into a strained C-C bond. 

Insertion of the Pt" complex 2 into substituted 
cyclopropanes has been investigated by several 
groups (15-23). In this case the reaction led to 
the formation of polymeric (16) cyclobutyI 
platinum adducts which reverted to the parent 
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2 m o l l  @- 

cyclopropanes upon treatment with KCN, 
triphenylphospinc, or carbon monoxidc (21-23). 

The present investigation was undertaken to 
determine the stereochemistry of the addition 
of 2 to the strained C-C bonds of substituted 
cyclopropanes, Mnowiedge of the stereochem- 
isirp of this addition process is crucial to the 
understanding of the mechanism of this and 
related oxidative addition reactions. Our choice 
of substrates for study was guided by the reports 
of McQuiliin and co-workers (21-23) that 2 
reacted with monoaIkyl substituted cyclo- 
propanes primarily at the least substituted C-C 
bond. This observation coupled with their re- 
ports (23) of differential shielding of hydrogens 
cis and trans to the alkyi substituent both in the 
parent cyclopropanes and derived metallo- 
cyclobutane adducts led us to investigate the 
reaction of 3 and 4 with 2. 

A priori, there are three stereochemical 
courses which could be observed during addition 
of Ptl' complex, 2, to the C,-6, bond of a 
cyclopropane. These are (Fig, 1):  (a) retention 
of configuration (R,R) at both carbon centres 
(C ,  and C,), (b) inversion of configuration (h,B) 
at  both carbon centres (C, and C,), and (c) 
retention of configuration at one carbon centre, 
and inversion a t  the other @,I). 

It was anticipated that the distinction between 
these three possibilities would be evident upon 

examination of the chemical shifts (23) and 
vicinal coupling (24, 25) of M, and FI, in 3 and 4 
and their Pt" adducts. 

Results and Discussion 
Our initial efforts were directed at  stereo- 

specific syntheses of 3 and 4 and their protio 
analog rz-hexylcyclopropane (5). Synthesis of 9 
was carried out according to the procedure of 
Simmons and Smith (26). The synthesis of 3 
(Fig. 2) proceeded from reaction of a mixture of 
cis- and trans-1-chioro-oct-I-enes (27, 28) with 
dichiorocarbene in the presence of a phase 
transfer agent (cetyltrimethylammonium bro- 
mide (29)). The mixture of hexyitrichlorocycio- 
propanes thus generated was reduced to the di- 
chloro stage by reaction with tri-17-butyltin 
hydride (30, 31). Deuterium was placed in the 
molecule stereospecifically trans to the hexyi 
substituent by reduction of the dichi~~ocyclo- 
propane isomers generated above with sodium 
in methanol-OD. This reduction is known to 
yield products in which deuterium is placed in 
the least hindered position at each chlorine 
containing carbon (32). In the present case 
analysis of the hexyldideuteriocyciopropa11e (3) 
by mass spectroscopy revealed 92z  D, and 8"; 
Dl.  Analysis by nmr revealed the dideuterio 
species 3 was contaminated with 4 or the isomer 
in which the deuteriums were trans to one 
another to the extent of 9 % ~  That i s ,  the total 
contamination due to C,, C, diprotio, and D2 
containing isomers with proton substitution 
t ram to the hexyl group was 17% by nnmr 
anaiysis. 

Tile synthesis of 4 (Fig. 3) proceeded from 1- 
deuierio-1-chloro-oct-I-ene. This olefin was pre- 
pared by reactioil of disiarnylborane with 1- 
chlorooct- 1-yne (33) folPowed by hydrolysis 
of the vinyl borane in acetic acid-OD (34). 
The deuterated chlorooctene thus produced 
was reacted with dichlorocarkene as above and 
the hexyltrichloro cyclopropanes produced were 
reduced to the dichloro stage by reaction with 
tri-11-butyltin deuteride $30, 31). This sequence 
placed one deuterium at each of the chlorinated 
carbons (C, and C,). Reduction of the dichloro- 
dideuterio cyclopropanes with sodium in meth- 
anol (32) gave predominantly 4. Mass spectro- 
scopic analysis revealed that 4 produced by 
this sequence was 73z  D, and 23% Dl. Since 
nuclear magnetic resonance analysis revealed 
28% contaminatio~a of 4 by isomers containing 
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FIG. I .  Possible stereochemical courses of reaction of Pt" complex 2 with deuterated cyclopropanes 3 and 4. 

I [:CCIZ] (ref. 29) 

H 

H C1 CI 

Na/CH,OD (ref. 32) 

3 

FIG. 2. Synthesis of fvans-rz-hexyl-cis-2,3-dideuteriocyclopropane (3). 
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FIG. 3.  Synthesis of cis-n-hexyl-cis-2,3-dideuterio- 
cyclopropane 4. 

proton at  C, and C, cis to the hexyl group 
one may deduce that within experimental limits 
of detection 4 was contaminated only with the 
monodeuterio species. 

Each of 3, 4, and 5 were reacted with the Pt" 
complex, 2, under the conditions used by Powell 
and McQuillin (23). The insoluble yellow ad- 
ducts thus formed were reacted with pyridine 
lo  give the corresponding bispyridine adducts 
(23). These adducts were then analyzed by 
220 MHz nmr to determine the stereochemistry 
of the insertion reaction. 

The 'H nmr spectra of 3, 4, and 5 (220 MHz, 
C,D,, internal TMS) revealed the presence of 
broad multiplets at 6 1.20 assigned to the n- 

hexyl methylene hydrogens, a quartet at 6 1.08 
( J  = 7 Hz) assigned to the CH, group a to the 
ring, a methyl group appearing as a triplet at 
6 0.83 ( J  = 6.7 Hz), and a one hydrogen multi- 
plet at  6 0.50 attributable to H I .  The 'H nmr 
spectrum of 5 revealed the C, and C, hydrogens 
cis to the hexyl group as a multiplet centered at 
0.1 and the hydrogens trans to the hexyl group 
as a multiplet centered at  6 0.27. In the spec- 
trum of 3 the signal due to the cis-2,3-hydrogens 
appears as a doublet (J,,,(,, = 5 Hz) and that 
due to the trans-2,3-hydrogens as a reduced size 
multiplet (17% of cis). The nmr spectrum of 4 
revealed the signal of the cis-2,3-hydrogens to 
be 2 8 x  that of the tmns-2,3-hydrogens which 
gave a doublet signal (J, ,2 (3)  = 8 HZ). 

The PtCl,(Py), adducts of 3-5 (220 MHz, 
C,D, external TMS) revealed common 'H nmr 
signals due to co-ordinated pyridine (6 6.5- 
8.9) and the n-hexyl groups (CH,, 6 0.80; 
(CH,),, 6 1.25; CH2-ring, 6 1.75). The nmr 
spectrum of 8, the adduct of 5, exhibited a 
multiplet signal at 6 3.39 assigned to H , .  The 
ring methylene hydrogen signals appear as 
quartets at 6 2.95 (cis-2,3-H) and 6 3.22 (trans- 
2,3-H) with 19'Pt quartet satellites. The couplings 
of the cis-2,3-hydrogens with H I  was observed 
to be 9.0 Hz and coupling with I9jpt 86 HZ. 
Coupling of the trat~s-2,3-hydrogens with H I  
was 7.5 Hz and with I9jPt it was 82 HZ. The 
above assignments are consistent with the shield- 
ing and couplings observed in other three (24) 
and four (25) membered rings and previously 
reported for 8 (23). 

Examination of the nmr spectrum of the 
PtCl,(Py), adduct 6 deriked from 3 revealed 
the signals due to the cis-2,3-hydrogens as a 
doublet (J,,,(,, = 9.0 Hz) at 6 2.94 with 195Pt 
satellites. A signal (6 3.2) due to trans-2,3- 
hydrogens was unchanged from intensity com- 
pared to 3. This observation unequivocally de- 
fines the structure of the adduct of 3 as 6a. 
Similarly the nmr spectrum of the adduct 7 
derived from 4 revealed a doublet (J1,,(,) = 

7.5 Hz) signal at  6 3.2 with Ig5Pt satellites due to 
the trans-2,3-hydrogens. Contamination by iso- 
mers containing cis-2,3-hydrogens was un- 
changed (28%) from that noted in 4. These ob- 
servations define the structure of the adduct of 
4 as 7a. 

Within the limits of detection of our ilmr 
method the addition of Pt" complex 2 adds to 
cyclopropanes 3 and 4 stereospec~fically with 
retention of configuration at  both carbons. 
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The relatively high degree of stereospecificity 
noted in the reaction studied coupled with the 
nonpolar conditions of reaction lead us to the 
conclusion that the reaction involves a con- 
certed cycloaddition as suggested by Pearson 
and Muir ( 5 )  for oxidative additions of Ir' 
to alkyl halides. In the present case the process 
may be rationalized as involving interaction of 
the lowest Walsh (35, 36) orbital of the cyclo- 
propane with a vacant orbital on platinum (37). 
Such a view is consistent with the increase in 
reactivity of cyclopropanes with 2 upon sub- 
stitution of the former with electron donating 
groups (23). 

Experimental 
Mass spectra were obtained on a Hitachi- Perkin- 

Elmer RMU-6E double focusing mass spectrometer 
using an ionization voltage of 80 eV. Nuclear magnetic 
resonance spectra were obtained on Varian A56160 and 
XLlOO spectrometers using CDCI, as solvent and TMS 
as internal standard (6 0) unless otherwise stated. 
Melting point determinations were carried out using a 
Fisher-Johns melting polnt apparatus and are uncor- 
rected. Gas-liquid chromatographic analyses were done 
using a 6 ft x Bin. stainless steel column packed with 
20% SE-30 on Chromosorb G (100/120 mesh) unless 
otherwise specified. 

Synthesis of trans-l-n-Hexyl-cis-2,3-dide~/teuiocyclopro- 
pane, 3 

Preparation of cis- and tmns-1-Chlorooct-I-ene (28) 
A solution of 34.7 g (100 mmol) of (chloromethy1)tri- 

phenylphosphonium chloride (27) in 50 ml of dry glyme 
was prepared and cooled in a dry ice - acetone bath while 
60 ml of 2 M butyllithium in hexane was added dropwise 
with stirring over a period of 1 h. The reaction mixture 
became red and copious quantities of white precipitate 
formed. While maintaining the reaction mixture at 
-50 "C, heptanal, (14.9 g, 0.12 M), was added. The 
mixture was allowed to warm to room temperature, then 
was refluxed for 16 h. The reaction mixture was filtered, 
the solvent removed in cacuo, and the residue distilled 
under reduced pressure to yield 30-35% of cis,trans-1- 
chlorooct-1-ene: bp 43-67 "C (2.5 mm Hg); glpc analysis 
showed two major components, nmr (of mixture) 6 
(CDCl,) 0.9 (3H, t, CH,, J = 5 HZ), 1.3 (8H, b, 
(CH2),-), 2.1 (2H, m, CH2-C=C), and 5.9 (2H, m, 
H 
\ 
/C=C ); ms (calcd. for C8HI5C1, M +  146): 146 

\ 

Preparation of 1,1,2-Trichloro-3-n-hexylcycloprogane 
(29) 

A solution of 1-chlorooct-1-ene (7.5g)and cetyltrimethyl- 
ammonium bromide (0.2 g) in 18 g of chloroform was 
prepared, then heated under an N, blanket to 50 "C. A 
solution of 17 g of NaOH in 17 1111 H 2 0  was added drop- 
wise over a period of 15 min. The reaction progress was 
monitored by removing samples from the organic layer 
and analysis by glpc (170 "C). The reaction was allowed 
to proceed until no further decrease in 1-chlorooct-1-ene 
was observed after addition of base. 

The reaction mixture was diluted with 100 ml H 2 0 ,  
acidified with 10% H,SO,, and extracted with ethyl ether 
(3 x 100ml). The solution was dried over anhydrous 
MgSO,, and solvent removed in cncuo, and the residue dis- 
tilled under reduced pressure to give a 67% yield of 1,1,2- 
trichloro-3-n-hexylcyclopropane; bp 95-96 "C (0.5 n1m 
Hg); nmr 6 (CDCI,) 0.9 (3H, t ,  J = 4.5 Hz, CH,, 1.5 

/ H  
(1 lH,  b, -(CH2)-,,), 3.1 (0.5H, b, cis-C ), 3.6 (0.5 H, 

,C1 
'Cl 

/ 
d, J =  8.5Hz, trans-C ); ms (15eV, calcd. for 

'H 
CPHI5Cl3, M + ,  228): 193 (.M+ - Cl, lo%), 157 ( M +  - 
2C1, 687,), 122 (100%). 

Preparation of l,2-Dichloro-3-n-hexylcyclopropane 
Reduction 1,1,2-trichloro-3-n-hexylcyclopropane was 

accomplished by the use of tri-n-butyltin hydride (30, 38) 
according to the method of Seyferth et al. (31). To 1,1,2- 
trichloro-3-n-hexylcyclopropane (4.0 g, 0.02 mol) neat 
was added tri-n-butyltin hydride (5.82 g, 0.02 mol). The 
reaction was maintained at 115 'C and monitored by 
glpc (180cC) by following the disappearance of the 
starting compound. Gas-liquid phase chromatographic 
analysis after reaction for 0.5 h revealed the appearance 
of three new peaks of shorter retention times than the 
starting trichlorocyclopropane which were attributed to 
the three possible products of a single reductive process. 
The reaction was allowed to proceed until the starting 
material was exhausted (ca. 3.5 h). The mixture was 
distilled at 0.1 mnl Hg, collecting fractions of boiling 
ranges from 65-80 'C. The overall yield of distillate was 
807,; nmr 6 (CDCI,) 1.0 (3H, t, J = 4.5 Hz, CH,), 
1.4 ( l l H ,  broad, d, J = 8 Hz, CH2) 2.9, 3.2 (2H, m, 
cis,tmns,l,2-H). 

Red~rction of 1,2-Diclzloro-3-n-he.wylcyclopropane to give 
trans-I-n-Hexyl-cis-2,3-dide~iteriocyclopropane 

The reaction was carried out according to Willcott 
and Cargle (32) with minor modification. In a typical 
reaction, 1,2-dichloro-3-n-hexylcyclopropane (2.5 g) in 
15 ml of methanol-OD and deuterium oxide (1%) were 
mixed under nitrogen. Clean pieces (- 100 mg each) of 
sodium were added to the mixture and allowed to react 
under a positive N2 atmosphere. The progress of the 
reaction was followed by glpc (180 "C) and allowed to 
proceed until the starting material was exhausted or no 
further consumption of starting material was observed 
upon further addition of sodium. 

The mixture was diluted with water, extracted with 
hexane, dried over anhydrous MgSO,, and distilled at 
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atmospheric pressure. Fractions distilling in the range 
120-150 'C were collected and pooled giving an overall 
yield o f  tmns-1-n-hexyl-cis-2,3-dideuteriocyclopropane 
(3) o f  30%. Gas-liquid phase chromatographic analysis 
o f  the fraction with bp 145-150 "C showed one component 
with the same retention time as n-hexylcyclopropane: ms 
calcd, for C8H16D2, M', 128; found: M', 128; Do,  0%; 
D l ,  8%;  D2,92%. 

Symzrhesis of cis-I-n-Hexy/-(cis-2,3-dideureriocyclopra- 
pane), 4 

Preparation of cis-I-Chloro-I-deuteriooct-l-ene 
The method o f  preparation o f  chlorodeuteriooctene 

was adopted from Brown and Zweifel (34). A solution, 
under argon, containing sodium borohydride (1.9 g) in 
25 ml o f  dry diglyme and 2-methyl-but-2-ene (9.5 g) was 
cooled to 0 'C,  flushed with argon, and freshly distilled 
boron trifluoride-etherate (9.2 g) in 10 ml o f  diglyme was 
added dropwise while rnaintaining a temperature below 
10°C. Stirring (0-5 ' C )  was continued for 2 h. After 
this time 1-chlorooct-1-yne (33) (7.25 g) was added (at 
5-10 "C)  and the reaction ~nixture was stirred for 0.5 h 
at 0-5 "C, then for 2.5 h at room temperature. 

Acetic acid-dl (12 ml) was added at 0-5 "C and the 
reaction mixture stirred for an additional 2.5 h .  Dilution 
with water (150 ml )  and extraction with ether yielded an 
ether extract which was washed with dilute N ~ O H  and 
subsequently several times with water. Removal o f  the 
ether in ancuo and distillation o f  the residue at reduced 
pressure gave a clear liquid ( 8 0 x )  bp 55-57 'C  (8 m m  
Hg). Gas-liquid phase chromatographic analysis re- 
vealed this fraction contained a major component 
(ca. 90%) and a minor amount o f  starting material; 
nmr 6 (CDCI,) 0.9 (3H, t ,  J = 4 Hz, -CH3), 1.3 (8H, 
b ,  -CH2-), 2.2 (2H, d,  J = 7 HZ,  -CH2-C=Cl-), 
5.8 (lH, m ,  C,.,,); ms (calcd. for C8Hl4DCI, M " ,  147), 
147 (M', 1601,; Do 2 1 x ,  Dl  79%, D2 07,), 43 ( M +  - 
(CH,),CH=CDCl), 100z).  

Preparation of 1,1,2-Trichloro-2-deuterio-3-n-hexylcy- 
cloproprme 

A solution containing cis-1-chloro-1-deuterio-1-octene 
(7.5 g) and cetyl trimethylammonium bromide (CTAB) 
(29), in 20 n ~ l  o f  chloroform was heated to 50-55 "C.  A 
solution o f  20 g NaOH in 20 ml o f  water was added 
dropwise. The progress o f  the reaction was monitored by 
glc (170 "C)  and allowed to proceed until no further 
decrease in concentration o f  starting material was noted 
upon further addition o f  base. The reaction mixture was 
cooled to room temperature, diluted with water (100 ml),  
acidified with 10% H,S04, and extracted into ether. 
Solvent removal and distillation undcr reduced pressure 
afforded 1,1,2-trichloro-2-deuterio-3-n-hexylcyclopropane 
as a clear liquid; bp 70-75 "C (0.1 m m  Hg). Gas-liquid 
chromatography at 170 'C  showed the product to consist 
mainly o f  one component with minor impurities; ms 
(at 15 eV) (calcd. for C,H,,DCI,, M + ,  229) 194 (M"  - 
Cl, 20x1, 123 (100%). 

Reduction of I,I,2-Ti.ichloio-2-deuterio-3-r~-I~exylcycIo- 
propane 

The reaction was carried out under nitrogen and using 
tri-n-butyltin deuteride (30, 38). The progress o f  the 
reaction was followed by glpc using a 6 fi x + in. 5% 
Carbowax 20M on Chrom G column at 180 "C. Work-up 
as previously described and distillation gave a main 
fraction bp 65-80 ' C  (0.1 m m  Hg) consisting o f  two 

products (807,) and some unreacted starting material. 
The distillate was subjected to sodium and alcohol re- 
duction without further purification. 

Reduction o f  l,2-Dichloro-1,2-dideurerio-3-n-hexylc~clo- 
propane 

The crude reduction product ( 3  g) was added to 25 ml 
o f  n~ethanol containing 1% water. While keeping the 
reaction under N7. clean uieces o f  sodium were added to 
the mixture and allowed'to react at room temperature 
with constant stirring. The progress o f  the reaction was 
followed by glpc and terminated when no further reaction 
o f  the starting material was observed. 

The mixture was diluted with water (100 ml), extracted 
with ether, the organic layer dried over anhydrous 
MgSO, and distilled at atmospheric pressure to give 40% 
o f  cis-1-n-hexyl-cis-2.3-dideuteriocycloproane 4 (957,) 
pure by glpc; bp 145-15OCC; ms (at 15 eV)  (calcd. for 
COH16D2, 128), 128 ( M i ;  Do O%, D l  277,, Dz 73%). 

Preparation of Tetracl~lovo(diethylene)diplatinum 2 
The dimeric complex, 2, was prepared from K2(PtCI4) 

by the method o f  Chatt and Searle (39). Recrystallization 
from hot toluene gave a niicrocrystalline yellow-orange 
product; mp  (darkens) 190 "C, (dec.) 205-210 "C (lit. 
(39) (dec.) 210°C); ir v,,,,, (KBr) 1412 (C=C), 1250, 
1019, 225, 485, and 335 (PtC1) cm-l .  

Reaction of Comnplex 2 tvith Cyclopropanes 
Dichloro i2-n-hexylpropane-l,3-dij~l)platinums 
In a typical reaction, 2 (200 nig, 0.34 mmol) and an 

n-hexylcyclopropane (3, 4,  or 5 )  (200 mg, 1.55 mmol) in 
5-10 ml o f  ether was stirred under reflux for 8 h. During 
the course o f  the reaction, the orange colored complex, 2, 
was replaced by a pale-yellow precipitate. The precipitate 
was filtered, washed with ether, and dried to give 80-90z 
yield o f  a pale-yellow powder; nip 120-125 'C  (dec.), 
(lit. (23) (dec.) 120 "C). 

Preparation of trans-Dichlorobispyridine(2-n-hexylpi.o- 
pane-1,3-diyl)platin~11~~ 

Dichloro(2-11-hexylpropane-l,3-diy1)platinums 6-8 (100 
mg) were individually cooled in an ice-water bath 
followed by the addition o f  ice-cold pyridine sufficient 
for dissolution. The solution was allowed to warm to 
room temperature then added dropwise and with constant 
stirring to 100 ml o f  cold H,O. The resulting milky sus- 
pension was centrifuged, the water decanted, and the 
yellow precipitate dissolved in CHC1,. Removal o f  the 
CHCI, in cacuo gave a pale-yellow solid (70-8001,). 
Recrystallization from benzene - petroleum ether gave a 
pale-yellow crystalline solid which exhibited one spot 
on thin layer chromatography (Silcia Gel HF254, 
CHCI,), mp  124-126'C (lit. (23) (darkens) 125 -C ,  
(dec.) 220 'C .  
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COMMUNICATIONS 

The cyclic carbamate unit of maytansine1 

OLIVER E. EDWARDS AKD PAK-TSUN HO 
Di~,isiolz ofBiologictrl  science.^. ~\'ationnl Research Cou~zcil ofCnnat2a, Ottri~t,cl. Onr., Carzrrda KIA  OR6 

Received September 23, 1976 

OLIVER E. EDWARDS and PAK-TSUN Ho. Can. J. Chem. 55, 371 (1977). 
An eleven step sequence with control of the relative stereochemistry of four asymmetric 

centers has converted 3,4-epoxycyclohexene into a highly functionalized model for synthesis 
of the cyclic carbamate unit of maytansine. 

OLIVER E. EDWARDS et PAK-TSUN Ho. Can. J. Cheni. 55, 371 (1977). 
Une sCrie de onze rCactions, impliquant un contrale de la stCreochimie relative au niveau de 

quatre centres asymetriques, permet de transformer 1'Cpoxy-3,4 cyclohexkne en un modkle 
hautement fonctionnalise permettant d'effectuer la synthese de 1'unitC carbamate cyclique de 
la maytansine. 

[Traduit par le journal) 

Maytansine I is an ansa macrolide which has 
been found to show significant antitumor 
activity. Following extensive toxicity studies in 
animals it has recently been found suitable for 
clinical trials (1). Model studies for the synthesis 
of the cyclic carbamate unit in maytansine had 
been reported. However, these approaches pro- 
vided either no steric control or partial control 
of the relative stereochemistry (2-5). We now 
wish to report a relatively efficient new approach 
to the cyclic carbamate 1 which involved the 
successful introductioil of the required four 
asymmetric centers with complete stereospecifi- 
city. 

Me 0 

The readily available 3,4-epoxycyclohexene 
was converted to the alcohol 2 by reaction with 
methyllithium in ether (6).' Oxidation of com- 

'Issued as NRCC No. 15702. 
'The yield under our conditions (with 2.5 eauiv. of 

pound 2 by a modified Lemieux periodate- 
permanganate method (7) followed by heating 
with acetic acid for 1 h led to the formation of 
the oily y-lactone 3 in 71% yield3; v,,, 1770 
(lactone), 1710 cm-I (carboxylic acid); 'H nmr 
6 4.73 (q, lH,  -COOCH-), 1.41 ppm (d, 3H, 
CH,CH-). Direct transformation of the car- 
boxylic function of 3 to the corresponding 
alcohol 4 was accomplished (8) by reaction of 3 
with ethyl chloroformate and triethylamine in 
anhydrous THF at - 10 "C followed by reduc- 
tion of the resulting anhydride with NaBH, in 
aqueous THF to yield the hydroxy lactone 4 as 

2 3 Rl  = COOH 
4 Rl = CHPOH 
5 R, = CH20R 

methyllithium under argon at - 10 "C for 1 h and at room 
temperature for 2 h, followed by acidic work-up) was 3Satisfactory physical and spectral data were obtained 
improved to 68% after distillation. for all new compounds. 
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an oil in an isolated yield of 82x.  Treatment of 
compound 4 with p-anisyldiphenylmethyl chlor- 
ide (1.2 equiv.) in anhydrous benzene containing 
pyridine at room temperature afforded 5 in an 
almost quantitative yield. 

Further elaboration of the lactone 5 was 
accomplished in the following way. Condensa- 
tion of acetaldehyde with the lithium enolate 
from the lactone 5, generated using lithium 
diisoprop~~lamide (3 equlv.) in anhydrous tetra- 
hydrofuran under argon at - 70 -C, produced a 
mixture of isomeric alcohols 6 (80z yield). This 
mlxture was dehydrated by conversion to the 
mesylates followed by elimination using 1,5- 
diazabicyclo[4.3.0]non-5-ene in anhydrous tetra- 
hydrofuran at 0 "C. The resulting mixture of 
olefins could easily be separated by chroma- 
tography on silica gel to give the T,P-unsaturated 
lactones 7 and 8 (ratio 4 :  1) in 86% yield. The 
desired isomer 7 had v,,, 1750 and 1618 cm-' 
and gave 'H nmr signals at 6 7.46 (14H, m), 6.79 

deshielded by their proximity to the carbonyl 
oxygen (9). 

Since osmium tetroxide is bulky it was antici- 
pated that it would selectively approach the 
double bond of 7 from the side opposite to the 
space-filling side chain. This proved to be 
correct. Osmylation in the presence of pyridine 
in tetrahydrofuran, followed by reductive work- 
up using aqueous sodium hydrogen sulfite, con- 
verted 7 in 90% yield to a mixture containing 
95% of the desired diol 9 accompanied by the 
isomer 10. 

Compound 9 gave 'H nmr signals at 6 4.61 
(IH, q, COOCH), 3.20 (2H, d, COCH,), 1.20 
(3H, d, CHCH,), and 1.08 (3H, d, CHCH,) and 
gave M' 476. Isomer 10 gave 6 4.37 (lH, q, 
COOCH), 3.20 (2H, d, COCH,), 1.32 (3H, d, 
CHCH,), and 1.18 (3H, d, CHCH,) and M +  
476. The downshield shift of the hydrogen 
marked by an asterisk in 9 relative to that in 10 
is clearly due to its closer proximity to the one 
hydroxyl group, and hence the relative stereo- 
chemistry can be assigned to each. 

H 
8 9 

(IH, m, C=CHCH,), 4.68 (lH, q, COOCH), ~3: M:zii 3.20 (2H, d, COCH,), 2.67 (2H, m, C=C-CH,), Me 
\ - - 

1.87 (3H, br d, C=CHCH,), and 1.04 (3H, d, y" NH, yo CH-CH,). Its mass spectrum had strong 
peaks at 442 (Mf) ,  364, 273, and 169. It had 
Amax (EtOH) 226 nm (E 11 600). The minor Me Me Me 

isomer 8 had v,,, 1750 and 1618 cm-l, h,,, 12 13 

(EtOH) 228 nm (E 8000) and gave 'H nmr 
signals at 6 7.46 (14H, m), 6.23 (lH, m, 
C=CHCH,), 4.64 (lH, q, COOCH), 3.16 (2H, 
d, COCH,), 2.70 (2H, m, C=C-CH,), 2.17 
(3H, br d, C==CHCH,), 1.03 (3H, d, CHCH,). 
Its mass spectrum was essentially identical to 
that of 7 .  The relative stereochemistry of these 
isomers was clear from the fact that the vinyl 
hydrogen in 7 and the vinyl methyl in 8 were 

The diol9 was converted into the acetonide 11 
by reaction with 2,2-dimethoxypropane cata- 
lyzed by p-toluenesulfonic acid at room tempera- 
ture (1 h, 82% yield). Treatment of 11 with 
excess 100% hydrazine hydrate in absolute 
ethanol at room temperature for 3 h produced 
the unstable hydroxy hydrazide 12. This was 
immediately treated with a methylene chloride 
solution of N,O, (4 equiv.) in the presence of a 
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large excess of sodium a ~ e t a t e . ~  After 5 min at 
-70°C the sensitive hydroxy azide 13 was 
produced. This had v,,, 3500, 2140, and 1705 
cm-'. Finally, Curtius rearrangement of com- 
pound 13 in refluxing xylene gave 75% con- 
version to the cyclic carbarnate 1 with 2 5 z  
recovery of the lactone 11. The desired model 1 
could be recrystallized from hexane-ether to give 
a 78% yield (based on unrecovered 11) with mp 
85 "C. It had v,,, 3400 and 1710 cm-I, and gave 
'H nmr signals at 6 7.71 (lH, exchanged with 
D,O), 4.71 ( lH,  q, NHCOOCH-), 4.01 (IH, 
q, CH,CHOC), 3.19 (2H, d, CHCH,OC), 1.48 
(3H, s, CH,C), 1.34 (3H, s, CH,C), 1.24 (3H, d, 
CIT,CH-), I .13 (3H, d, CH,CH). Anal. calcd. 
for C,,H,,O,N: C 72.29, H 7.01, N 2.63; 
found: C 72.25, H 7.19, N 2.56. 

It seems probable that the scheme can be 
modified to place a function on the starred car- 

4Attempts to diazotize 12 either under neutral condi- 
tions (pyridine) or by the use of nitrosyl chloride led to 
quantitative conversion to  the lactone 11. These condi- 
tions were successful with a simple model in experiments 
by Dr. W. Rank, whom we cordially thank. 

bon of 1, thus giving a valuable synthon for 
construction of maytansine. Further work 
directed at the synthesis of this interesting 
molecule is in progress. 
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CHERU~ALA P. VIJAYAN et DOMINIQUE-LOUIS PIRON. Can. J. Chem. 55, 375 (1977). 
Les resultats de ce travail ont permis de determiner le mecanisme de la reaction de degage- 

ment d'hydrogkne sur le niobium immerge dans des solutions alcal~nes aqueuses a 24 "C. On a 
mesure une pente de Tafel de 120 mV/dtcade (deviation standard de 8 n~V/dtc.)  et un ordre 
reactionnel de zero par rapport a la concentration des ions HA.  Ces resultat? ont permis 
d'etablir un mecanisme de Heyrovsky. La presence des anions sulfates ou chlorures n'a pas 
montri d'effets sur les resultats obtenus. 

CHERUBALA P. VIJAYAN and DOMINIQUE-LOUIS PIRON. Can. J. Chem. 55, 375 (1977). 
The mechanism of the hydrogen evolution reaction on niobium is evaluated in alkaline 

media at 24 "C. The reaction order of zero, along with the observed Tafel slopes of 120 mV/ 
decade (standard deviation 8 mV/dec.), indicate the Heyrovsky reaction mechanism to be 
applicable for the hydrogen evolution reaction. The presence of anions such as sulfate and 
chloride does not influence the mechanism. 

Introduction 
L'Ct~ide de la cinktique du dtgagement d'hy- 

drogkne sur le niobium pur (99.85%) en milieu 
alcalin a CtC l'objet de la presente investigation. 
Ce travail constitue donc une etape vers une 
meilleure compr6hension des propriCtCs Clectro- 
chiniiques de ce metal dont le minerai de pyro- 
chlore est une des richesses du Canada (1). 

La resistance a la corrosion du niobium a 
dCja fait I'objet de certains travaux. Fontana (2) 
rapporte une vitesse de corrosion de 1.1 rnpy 
24 "C dans une solution aqueuse a 517, NaOH. 

Tingley et Rogers (3) ont observC dans des 
solutions d'hydroxyde de sodium a 1017, en poids 
une vitesse de corrosion infCrieure a 2 mpy. 
Dans les limites de leur travail, ces auteurs ont  
observC que le niobium prCsente aussi une bonne 
resistance a la fragilisation. Ce dernier resultat 
est en contraste avec des observations price- 

demment rapporties par Taylor (4) dans des 
solutions de NaOH diluies. 

Van Muylder, de Zoubov et Pourbaix (5) ont 
montrC que le niobium est un metal peu noble 
qui se recouvre d'une couche d'oxyde dans tout 
le domaine de stabilitC de I'eau. Le film ainsi 
form6 peut protiger le niobium en solution 
aqueuse 2 n'importe quel pH. I1 en risulte une 
ri-sistance a la corrosion qui depend toutefois de 
la stabilite et de l'itanchiite de la couche pro- 
tectrice. Les propriCtCs Clectrochimiques sont 
donc gCnCralement observees sur un revetement 
nature1 d'oxyde de niobium. 

Leavenworth et al. (6) consid6rent que la 
corrosion de ce metal en solution d'hydroxyde de 
sodium se produit par la nucleation et la forma- 
tion de Na8Nb,0,,~l3H,O. Leur Ctude concerne 
plut6t le comportement anodique. 

Le comportement cathodique a Ctt aborde par 
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FIG. 1. Polarisation galvanostatique cathodique sur le niobium a 24 "C (bain NaOH). 

Piron et Nobe (7) qui ont mesurt une pente de 
Tafel de 1 16 mvldecade en solution 1 N NaOH 
a 24 "C, et par Rotinyan et Kozhevnikova (8), 
qui ont obtenu 120 mV/dCc. Lokshtanov et 
Rotinyan (9) ont obtenu une pente de 135 mV/ 
dec. Piron et Vijayan (10) ont observt une pente 
de 122 + 11 mV/dCc. L'ordre rtactionnel de 
digagement d'hydrogine sur le niobium n'a 
toutefois pas encore CtC mesure. Ce rtsultat a 
done t t t  recherche ici afin de pouvoir determiner 
le micanisme de ce proctdC d'electrode, en 
employant la mtthode dCcrite (1 1) et utilisCe par 
Vetter (12) pour cette meme reaction sur d'autres 
mCtaux. 

Une telle etude est importante pour la com- 
prehension des proprietts electrochimiques du 
niobium, et en particulier sa resistance a la 
corrosion. A c6tC de cet aspect assez fonda- 
mental, le prCsent travail est Cgalement un point 
de dipart dans l'tvaluation du niobium comme 
cathode dans de nouveaux Clectrolyseurs d'eau 
en relation avec 1'Cconomie de l'hydrogene. 

Yartie expCrirnentale 
Le montage experimental est analogue a celui decrit 

precedemment (10). Les solutions sont preparees a partir 
des produits chimiques NaOH, HZSOI, HCI, Na2S04 et 
NaCl de qualite A.C.S., et de I'eau distillee. Des essais de 
polarisation galvanostatique sont effectues dans des solu- 
tions de p H  11.3 a 13.6 contenant des ions SO4'- ou C1-, 
et dans des solutions 1 N B 7 N NaOH, p H  calcule 
variant entre 13.8 et 15.2, suivant la mkthode de Littauer 
et Tsai (13). 

RCsultats 
Les courbes de polarisation cathodique ob- 

tenues B 24 "C en milieu NaOH de normalit6 
variant entre 1 et 7 sont reprCsentCes sur la 
fig. 1. On observe des pentes de Tafel de 114 mV/ 
dCc. avec une dtviation standard de 9 mV dans 
un domaine de densit6 de courant variant entre 
lop4  et A/cm2. 

Les risultats de ces mesures montrent un 
changement non-ordonnt par rapport au p H  
dans la position des droites de Tafel. Ceci 
correspond B une dispersion de 40 mV. 

Une pente de Tafel de 120 mV/dCc. a aussi Ctt 
mesurke par Rotinyan et Kozhevnikova (8) dans 
le m&me domaine de densit6 de courant. Toute- 
fois, dans une deuxieme sCrie d'essais, Lok- 
shtanov et Rotinyan (9) ont obtenu des pentes de 
Tafel de 135 mV/dtc. en solution 1 N NaOH a 
20 "C. 

Les rCsultats de polarisations cathodiques du 
niobium B 24 "C en bain NaOH de p H  11.3 a 
13.6 contenant des ions sulfates (concentration: 
1 Cquiv./litre) sont reprCsentCs sur la fig. 2. La 
solution de p H  13.6 est la solution normale en 
NaOH a laquelle on a ajoutC une concentration 
normale de Na2S0,. La courbe de polarisation 
cathodique du Nb dans cette solution est iden- 
tique a la courbe de polarisation du niobium 
obtenue dans la solution 1 N NaOH de la fig. 1 
qui ne contient pas de sulfate. 

Dans la fig. 2 on observe des pentes de Tafel 
de 125 mV/dCc. avec une deviation standard de 
11 mV dans un domaine de densitt de courant 
qui varie entre et lo-' A/cm2. 

On observe une vibration de la position des 
droites de Tafel qui change avec le p H  de 
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VIJAYAN ET PIRON 

FIG. 2. Polarisation galvanostatique cathodique sur le niobium a 24 "C (bain alcalin contenant des 
sulfates). 

FIG. 3. Polarisation galvat~ostatique cathodique sur le niobium 24 "C (bain alcalin contenant des 
chlorures). 

manihre dksordonnee. Cette dispersion est de 
70 mV. 

La fig. 3 donne !es rtsultats obtenus a 24 "C 
lors de la polarisation cathodique en solution de 
NaOH de p H  variant entre 11.7 et 13.6 contenant 
1 Cquiv. d'ions chlorures par litre. 

Une pente de Tafel de 117 mV/dtc., ayant une 
dCviation standard de 6 mV, est observCe entre 

et lo-' A/cm2 de densit6 de courant. 
Le changement de la position des pentes de 

Tafel, dCsordonnte par rapport au pH, se prk- 
sente encore ici avec une dispersion de 80 mV. 
Cette dispersion dans la position des droites de 
Tafel pourrait s'expliquer par une difference de 
la microrugositt superficielle des Clectrodes. Ce 

point de vue semble &tre renforct par une 
dispersion des valeurs de la capacitk diffkren- 
tielle. La mesure de ces derni6res varie entre 15 1 
et 206 pF/cm2 pour des electrodes de Nb au 
repos, apres 3 h d'immersion dans une solution 
normale de NaOH B 25 "C. 

L'identitC des courbes de polarisation ob- 
tenues sur le Nb immergk dans une solution 1 N 
de NaOH ne contenant pas de chlorure (fig. 1) et 
une solution de mEme concentration de cette 
base B laquelle on a ajoute 1 kquiv. par !itre de 
NaC1 (fig. 3) montre que dans ces conditions 
l'addition de chlorure n'a pas eu d'effet sur la 
polarisation. 

Les r6sultats expkrimentaux prCsentCs dans les 
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trois premieres figures peuvent &tre utilists pour 
diterminer I'ordre de la reaction de digagement 
d'hydrogene. La fig. 4 montre l'ordre riactionnel 
de zCro par rapport a I'ion H t  dans un domaine 
de p H  variant entre 11.3 et 15.2. Cette dCter- 
mination sur le Nb n'ayant pas CtC publike 
prCcCdemment, il convient de la comparer avec 
Ies rksultats de dkgagement d'hydrogene obtenus 
sur d'autres metaux en milieu alcalin. 

Vetter, utilisant les resultats expkrimentaux de 
Lukowzew et a/. (14) sur le nickel et de Bockris 
et Watson (1 5) sur le mercure, a Ctabli Cgalement 
un ordre riactionnel de zero pour I'ion H +  dans 
la rCaction de dtgagement de I'hydrogene en 
milieu alcalin. 

D'autre part, Bicelli et ul. (16), travaillant sur 
le cobalt, ont, eux-aussi, obtenu en milieu alcalin 
un ordre rCactionne1 de zCro pour l'ion H + .  

Discussion 
Vetter (12) et Bicelli (17) montrent les mCca- 

nisrnes possibles de dtgagement d'hydrogene en 
milieu alcalin. Le mCcanisme est en effet en 
grande partie dCter~ninC par le fait que la fraction 
0 de la surface couverte par l'hydrogene adsorbC, 
tend vers zero, vers I'unitC, ou vers des valeurs 
intermediaires. 

Les rCsultats obtenus ici (pente de Tafel de 
120 mVldCc. et l'ordre rCactionnel de zCro) peu- 
vent Etre expliquCs par des mCcanismes basts sur 
des valeurs de 0 tendant vers 1 ou zero, et sur 
l'hypothese de Langmuir. 

Les calculs de Vijh et BClanger (IS), utilisant 
la mtthode de Stevenson (19) et les resultats 
d'Ehrlich (20), inontrent que l'enthalpie libCree 
lors de I'adsorption d'hydrogine sur les mCtaux 
de transition est tres elevCe (- 80 kcal/mol sur le 
niobium). Mueller et a/. (21) aussi arrivent B la 
mEme conclusion. Une enthalpie aussi ClevCe 
rend l'adsorption de I'hydrogine fort probable 
sur une fraction importante de la surface du 
niobium. D'autre part, les resultats expCrimen- 

FIG. 4. Ordre reactionnel en milieu alcalin contenant 
des sulfates 0, des chlorures 0, et ni sulfate ni chlorure 
@? E = - 1.5 V (C.C.S.). 

taGx de Beeck (22) ont rive!& que l'adsorption de 
l'hydrogene sur les metaux de transition se 
faisait si facilement qu'elle Ctait instantanke. 

La thermodynamique et I'expCrience portent 
donc B penser que des valeurs de 8 tendant vers 
zero sont fort peu probables ici. De plus, les 
rksultats de la prtsente investigation ne pouvant 
s'accorder a des valeurs de 8 intermkdiaires, il 
convient donc de conclure a des valeurs de 9 
tendant vers l'unite. Une conclusion similaire a 
CtC utilisie comme point de dtpart dans le 
travail de Lokshtanov (9) sur le niobium et aussi 
par Bicelli et al. (16) sur le cobalt. 

En considerant les trois mkcanismes simples 
possibles (12), et en les comparant avec les 
rCsultats obtenus dans ce travail, il est apparent 
que le micanisme de Meyrovsky serait applicable 
pour le dCgagement d'hydrogene sur le niobium. 

[I 1 H,O + e -t Had, + OH- 
(reaction de Volmer, etape rapide) 

[21 Hads + H 2 0  + e -t H z  $ OH- 
(riaction de Heyrovsky, etape lente) 

Pour ce micanisme: on Ccrit la relation sui- 
vante, en prenant 9 tendant vers l'unitC: 

ou i, densit6 de courant cathodique, k une 
constante, CH2, concentration de l'eau, a coeffi- 
cient de transfert, F Faraday, E potentiel de 
I'Clectrode, R constante de gaz, T tempirature 
absolue. 

De ceci il resulte que la pente de Tafel est 

et I'ordre rCactionnel est 

On a rnesurC une pente moyenne en milieu alcalin 
de 120 mV/dCc. (dtviation standard de 8 I ~ V )  B 
24 + 1 "C, qui amene une valeur de a = 0.5. 

Les rtsultats experilnentaux n'ttant pas in- 
fluencCs par la prisence d'ions chlorures el 
sulfates, le mtcanisme de dkgagement d'hydro- 
gkne est, lui-aussi, indCpendant de la prksence de 
ces ions. 

De plus, i l  convient de noter que le mecanisme 
prtsenti. ici permet d'expliquer les rCsultats ex- 
pkrimentaux sans faire appel a la presence de la 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



VIJAYAK ET PIRON 379 

couche d'oxyde superficielle et d'un modkle a 
doubles barrieres plus complexe (23, 24). 

Conclusion 
En conclusion, la prisente etude montre que 

l'ordre pour ta rCaction de dtgagement d'hydro- 
gene sur ;e niobium en milieu alcalin est Cgal 
zero. ke dtgagement peut &re expliqut par un 
inCca~lisme de I-Ieyrovsky. Ce dernier n'est pas 
influenct par ia presence d'ions chlorures et 
sulfates. 
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Trajectory study of dissociation reactions. Br, in Ar at 3500 K' 

D. T. C H A N G ~  AND GEORGE BURNS 
Lash Miller- Chemical Laboratory, Universih of Toronto, Toronto, Ont., Canada M5S 1Al 

Received October 8, 1976 

D. T. CHANG and GEORGE BURNS. Can. J. Chem. 55, 380 (1977). 
Dissociation of Br2 in Ar was studied at  3500 K using classical 3-D trajectory technique, 

and compared with earlier trajectory calculations. Some of the assumptions used previously 
were eliminated, while others were studied in some detail. The one-way flux, equilibrium rate 
coefficient, obtained from over 8400 trajectories, was found to be over an  order of magnitude 
larger than the experimental rate constant. This was taken as an  indication that at  high tem- 
peratures the nonequilibrium effects are important in dissociation reactions. In order to under- 
stand these effects better, additional calculations using an improved set of assumptions were 
performed. The calculated dissociation rate constant for Br2 + Ar -+ 2Br + Ar reaction, 
which accounted for nonequilibrium effects, agrees reasonably well with experimental results. 

D.  T. CHANG et GEORGE BURNS. Can. J. Chem. 55, 380 (1977). 
On a etudik la dissociation de Br2 dans Ar a 3500 K en faisant appel a la technique classique 

de trajectoire 3-D et on a compare ces resultats avec des calculs anterieurs des trajectoires. 
On a CliminC quelques-unes des hypothtses utilistes auparavant alors que d'autres ont Cte 
Ctudiees en detail. On a trouve que le flux a sens unique, coefficient de vitesse d'equilibre, 
obtenu i. partir de 8400 trajectoires est au moins dix fois plus grand que la constante de vitesse 
experimentale. On en deduit qu'a haute temperature les effets de non-equilibration sont 
importants dans les reactions de dissociation. Afin de comprendre mieux ces effets, on a 
effectue des calculs additionnels en faisant appel a un meilleur ensemble d'hypothtse. Les 
constantes de vitesse de dissociation, calculees pour la reaction Br, + Ar -r 2Br + Ar, qui 
tiennent compte des effets de non-equilibration sont en bon accord avec les valeurs experi- 
mentales. 

[Traduit par le journal] 

Dissociation of iodine and bromine illolecules possible to  run 8430 trajectories for the partic- 
was studied earlier ( 1 ,  2) ,  using 3-D classical ular case of Br, in Ar a t  3500 K. 
trajectory calculations and Monte Carlo method 
of sampling. Calculated rate constants agreed 
reasonably well ( 1 ,  2 )  with experimental data. 
However, previous calculations incorporated 
some simplifying assumptions which made 
results less reliable than they could have been. 
In the present work, some of these assumptions 
are removed, and some others studied in greater 
detail. 

The first step in 3-D trajectory computations 
of dissociation rate is the calculation (1, 2)  of 
kdeq, the equilibrium one-way flux rate coefficient 
which is not an observable quantity because it 
does not include nonequilibrium effects (3). In 
the past (2) ,  in order to  obtain kdeq, typically 
several hundred to a few thousand trajectories 
were run. In the present calculations, it was 

'Research sponsored, in part, by the Air Force Office 
of Scientific Research, Air Force Systems Command, 
USAF, under grant No. A75-2856. The United States 
Government is entitled to reproduce and distribute 
reprints for Government purposes, notwithstanding any 
copyright notation hereon. 

'Present address: Singer Stimulation Products, Silver 
Springs, Maryland 20904. 

In the earlier studies ( 1 ,  2 )  it was assumed 
that ~ ( u )  = ( t ) ,  for the internal energy range 
u i - ,  < u < ui,  where t ( u )  is a measure of the 
vibrational period of the diatomic molecule. 
Furthermore, earlier (1, 2)  it was also assumed 
that r = r,,,(q), where r is the initial inter- 
nuclear separation of the molecule and r,,,(q) 
is the position of the minimum of its effective 
potential a t  a given value of quadratic angular 
momentum, q. Both of these assumptions were 
eliminated in the present work. 

In  other respects, the present calculations 
were similar to those performed (2)  previously. 
Specifically, stratified and importance sampling 
was employed and six energy strata, each one 
kT wide, around the dissociation limit were 
used. Within each energy stratum, three annular 
strata with three different ranges of the impact 
parameter b (0 -t 3 A; 3 -t 5 A; 5 + 6.5 A) 
were employed. Of the total 8430 trajectories, 
279 led to a reaction, and in all but one case, 
the product was three separated atoms, 2Br + 
Ar. Only one collision of 8430 led to the forma- 
tion of BrAr + Br. The most important reaction 
path involved collisions of Br, molecules within 
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CHANG AND BURNS 38 1 

+ I  kT of the dissociation limit and impact - 
parameters less than 5 A. The resultant kdeq 
was found to be 3.7 x lo9 1 mol-I s - l ,  which is 
larger than 2.3 x lo9 1 mol-' s-' reported (2) 
earlier. We attribute this discrepancy pre- 
dominately to removal of the two assumptions 
mentioned above and, to  some extent, to an 
improved trajectory size. 

Earlier results (1, 2) yield k,'q, the equilibrium 
one-way flux recombination rate coefficient ob- 
tained from K, the equilibrium constant, via 
k,'q = Kkdeq, several times larger than the 
experimental recombination rate constant, k,. 
In  addition, k,'q displays (1, 2) a positive tem- 
perature dependence, while a negative tem- 
perature dependence of k ,  is normally ( 1 ,  2) 
reported. This suggests that both the absolute 
magnitude and temperature coefficient of k ,  is 
influenced to a significant extent, by the non- 
equilibrium effects (3). The fact that kdeq, 
presently obtained at 3500 K, is also larger 
than the experimental rate constant (2) also 
indicates that nonequilibrium effects are im- 
portant. Presently, no exact method for cal- 
culation of nonequilibrium effects in a real 
system appears to exist. For these reasons further 
study of nonequilibrium effects for Br, + Ar 
system at  3500 K was undertaken. Again, the 
purpose of this study was to remove some of the 
assumptions used (2) and to study other assump- 
tions in some detail. 

The nonequilibrium correction factor is 
related (2) to the observable, steady state dis- 
sociation rate constant, k,, and /cdeq by: 

where J,+(u)du are integrals of the distribution 
functions in the reactive (dissociative) zone and 
(S) are average cross-sections, a t  steady state 
and at equilibrium. 

In the present work, the f factors were cal- 
culated using the method of successive collisions 
(3), at first using assumptions employed (2) 
previously, except that the present calculation 
did not involve the assumption that ~ ( u )  = (T), 

and r = r,,,,(q). For this purpose, an equili- 
brium ensemble of 800 bromine molecules a t  
3500 K was generated in the reactive zone, 
which ranges within 12kT  around the dis- 
sociative limit and a reflecting barrier (2) at  

-3kT was assumed. No stratified and im- 
portance sampling was attempted, and the 
whole ensemble was subjected to 31 successive 
collisions with argon. The average internal 
energy in the reactive zone reached a reasonably 
well defined steady state within about 27 colli- 
sions, which agrees well with earlier (2) cal- 
culations. As previously, fluctuations in (S) 
values, when plotted us. number of collisions, 
were pronounced, and this alone produced the 
largest single uncertainty in the f factor. This 
calculation produced f = 0.1 and k ,  = 1.4 x 
lo7 l2 m 0 1 - ~  s-' compared to f = 0.23 and 
k ,  = 2.0 x lo7 1' mol-2 s- I ,  obtained (2) pre- 
viously. In view of the uncertainty in (S),,, 
these results are in reasonable agreement. 

In order to improve the above calculations of 
the f factor, we have studied further assump- 
tions previously (2) used. Thus, earlier cal- 
culations (2) do not take into account of all 
collisions which involve unenergized molecules 
and yield excited molecules in the reactive zone. 
I t  merely assumes (2) that the J,,,,, and J,,,, 
fluxes, representing de-excitation and excitation 
of molecules from and into the reactive energy 
range, are equal. However, one should expect 
that for Br, in Ar a t  3500 K, the exatation flux 
J,,,, is considerably larger than J,,,,. This 
assumption may be improved upon by com- 
plete elimination of the barrier a t  -3kT. 
However, such an elimination would make 
trajectory calculations too expensive and too 
time consuming. In order to improve calcula- 
tions, presently another stratum, between - 3kT 
and -2kT, 1s introduced. Although this energy 
region rarely yields a react~ve collision, it con- 
tributes significantly to the J,,,, flux. 

I t  was also realized that upon a sufficient 
number of collisions, even the lowest energy 
stratum, - 3kT to -2kT, (LES) considered, 
should become depopulated, if it is not allowed 
to be repopulated from even lower energy 
strata. In order to deal with this problem in the 
present work, we assumed that LES remains a t  
eq~~ilibrium with all strata which have less 
energy than - 3kT. This assumption is arbitrary, 
but seems reasonable because the LES (- 3kT - 
2kT) stratum is relatively far away from the 
dissociation limit and is almost in between it and 
the bottom of the Br, potential, where one 
should expect that molecular distribution func- 
tions are well described by the translational 
temperature of the gas. In order to maintain 
LES invariant with respect to the number of 
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N U M B E R  O F  COLLISIONS 

FIG. 1. Reaction cross-section in the dissociative zone (- 3kT to + 2 k T )  for Br2 in Ar at  3500 K us. 
the number of collisions. 

NUMBER OF COLLISION 

FIG. 2. Corrected normalized distribution function ratio for Br2 in Ar at  3500 K cs. the number of 
collisions. 

collisions, the ratio of the distribution function 
integrals was multiplied by a correction factor 
J I ~ E S + e ~ u ) d ~ / J L E s + s s ( u ) d ~ ~ ,  which thus increased 
the f factor. 

In actual calculations, we again generated an 
equilibrium ensemble of 800 molecules at  
3500 K within the dissociative zone, which was 
now defined by the internal energy of Br, from 
- 3kT to +2kT. The equilibrium ensemble was 
then subjected to 31 successive collisions with 
Ar. The resultant ( S )  and (~,+(zr)d~/~,+'~(u)du) 
{ ~ L E , + e ~ ~ ~ ) d ~ / ~ L E S ~ ( u ) d ~ )  were plotted L.S. num- 
ber of collisions (Figs. 1 and 2). Both curves 
exhibit appreciable fluctuations, but the ( S s s ) /  
(Seq) ratio, which after 31 collisions is 0.2 t 0.1, 
provides the largest uncertainty. The ratios of 
the integrals of distribution filnctions (Fig. 2)  
are of the order of 0.9 at  the steady state (30 
collisions), and for this reason, fluctuations 
in Fig. 2 d o  not affect significantly the calculated 
values of k,  and k,. The correction factor 
jLEs+eq" (~d~/ JLEs+(~)d~  increases the value of 
the f'factor, k ,  and k ,  by 1.3. The resultant k ,  is 

3 x lo7 l 2  mol->- '  and is about three times 
larger than k ,  obtained in experiments (2),  a 
fair agreement, considering the precision of the 
present calculations as v~ell as of the experi- 
mental results. Further work on reducing f l u c t ~ ~ a -  
tions in ( S )  is in progress. I t  should be added 
that present results d o  not indicate that the 
discrepancy between experimental and cal- 
culated results is due to nonequilibrium effects 
only. 
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On the invo'ivement of diaaonium ions in the photorearrangement 
of azsxybenzenel 
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NICEL J. BUNCE. Can. J. Chem. 55, 383 (1977) 
Photolysis of aromatic azoxy compounds in non-basic solvents in the presence of 2-naphthol 

leads quite generally to azonaphthols in addition to the normal photorearrangement product. 
Free diazonium ions are implicated as the precursors of the azonaphthols, both the latter and 
the usual photorearrangement product being derived from the same excited state of the azoxy 
compound. Variation of the solvent, light intensity, s~~bst ra te  concentration, and percent 
reaction all cause changes in the product distribution. Such changes can be accon~modated by 
postulating an intermediate which can either afford the normal rearrangement product by loss 
of a proton to a weak base, or expel a diazonium ion when no base is present. 

NIGEL J. BUNCE. Can. J. Chem. 55, 383 (19771 
La photolyse de composis azoxyaromatiques dans des solvants non-basiques en presence de 

naphthol-2 conduit generalenlent a la formation d'azonaphtols aux cBtes du produit normal de 
photorearrangernent. Des ions diazonium libres sont impliques comme precurseurs des azo- 
naphtols; ces derniers OLI de mCme que les produits habituels de rearrangement se formeraient a 
partir du mCme etat excite du compose azoxy. Des variations dans le solvant, dans l'intensite 
de la lumiere, dans la concentration du substrat et dans le pourcentage de la reaction causent 
toujours des changements dans la distribution des produits. On peut accommoder de tels change- 
ments en faisant l'hypothese qu'un intermediaire peut soit fournir le produit normal par perte 
d'un proton vers la base faible soit expulse un ion diazonium quand il n'y a pas debase presente. 

[Traduit par le journal] 

Apart from cis-trans photoisoinerization (I), 
the normal photoreaction of aromatic azoxy 
compounds is intramolecular rearrangement to 
a n  o-hydroxyazo compound (2) [I]. 2,2'-Azoxy- 

toluene is known to be unusual in that it gives 
photo products additional to those predicted by 
[ I ]  (3), and similar anoinalous behaviour has 
also been observed recentiy for other o-substi- 
tuted azoxybenrenes (4). The extra products are 
suppressed when 2,2'-azoxytoluene is photolyzed 
in the presence of 2-naphthol, and it has been 
suggested ( 5 )  that some intermediate such as 2, 
originally proposed by Badger and Buttery (6), 
has the ability to fragment into a diazonium ion. 
This may couple with 2-naphthol, giving l-o- 
tolylazo-2-naphthol 3 as an observed product. 

'Presented in part at  the 166th National Meeting of 
the American Chemical Society, Chicago, Illinois, 
August 1973. 

I 
R R 

2 3 

The bulk of the substituent R n~ight be expected 
to ease the departure of the diazonium ion from 
2. However, In benzene solution, photolysis of 
even azoxybenzene, which is sterically unen- 
cumbered, gave ( 5 )  three times as much (60x) of 
the azonaphtl~oi as of the normal rearrangement 
product (22%). To  the extent that formation of 
azonaphthol can be considered diagnostic of a 
diazonium ion precursor, it follows that at least 
in this solvent, most azoxybenzene molecules 
photolyze by cleavage to a trappable diazonium 
ion. Before this assertion can be justified, it must 
be determined (i) whether diazoniu~n ions are 
necessarily the precursors of the azonaphthols 
and (ii) whether both the azonaphthol and the 
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rearrangement product are formed from the 
same excited state of azoxybenzene. If so, it 
would be possible that even in the absence of 
2-naphthol, the normal product might arise, a t  
least in part, by recombination of a geminate 
pair of diazonium cation and phenoxide anion.2 
That possibility, that diazonium ions may be 
intermediates in the azoxybenzene photorear- 
rangement, is the subject of this paper. 

Results and Discussion 
Although no direct observation of the pro- 

posed diazonium ions has been made, it is 
consistent with their involvement in the photo- 
rearrangement that photolysis of p-substituted 
azoxybenzenes in benzene-2-naphthol gave a 
greater proportion of azonaphthol in the order 
p-C1 < p-H < p-CH,, progressively stabilizing 
the diazonium ion. These results, and com- 
parable ones for o-substituents of similar size, 
are given as product ratios in Table 1. The actual 
rates of reaction of the different derivatives seem 
to be subject to a substituent effect, which is 
currently being investigated. 

At this point, it was possible that the naphthol, 
rather than trapping a free cation, attacks some 
intermediate such as 2 and abstracts the dia- 
zonium moiety with expulsion of the phenol or 
phenoxide. That this was not the case was shown 
by varying the concentration of 2-naphthol. The 
distribution was unchanged over a tenfold range 
of 2-naphthol concentration: neither was the 
rate of reaction affected by the naphthol con- 
centration, except when the latter was so high 
that much of the light was filtered from absorp- 
tion by azoxybenzene. 

Previous sensitization studies of the azoxy- 
benzene photorearrangement have shown that 
high energy ketone sensitizers retard the photo- 
rearrangement (9. 10). In the presence of 2- 
naphthol, the ratio of photorearrangement prod- 
uct and the azona~hthol  was constant with 
added benzophenone, although their yields drop 
and photoreduction3 increases with increasing 
benzophenone concentration. Potential triplet 

TABLE 1. Substituent effect upon 
product ratio in the azoxybenzene 

photorearrangement" 

Product 
Substituents ratio 

4,4'-CI2 1 .1  
None 3 .8  
4,4'-(CH,), 5.3 

Oln benzene solution; product ratio is 
azonaphthol: photorearrangement. 

bData of ref. 46. 

quenchers such as oxygen and pyrene likewise 
caused no change in product distribution: so 
that it was concluded that both products are 
formed from the same, presun~ably singlet, ex- 
cited state. This result meant that 2-naphthol 
could now be used as a nlechanistic probe for the 
reaction, studying the effects of variation of 
reaction parameters upon the product distri- 
bution, in order to gain information about the 
intermediate immediately preceding the diver- 
gence of the mechanism to the two products. 

It wa5 suggested above that the size of the 
group R in intermediate 2 may ease the departure 
of the diazonium ion. Accordingly, azoxy- 
benzenes substituted in the 2,2'-positions with 
groups of increasing bulk yield more of the 
azonaphthol upon photolysis in alcoholic sol- 
vents (Table 2). The same kind of steric effect is 
observed in benzene solution (see first entry to 
Table 3). 

Because the azonaphthol predominates in 
benzene solution, the rate of azonaphthol for- 
mation approximates the overall rate of product 
formation in this solvent. An experiment was 
carricd out in which azonaphthol production 
was monitored in the simultaneous photolysis of 
compounds differing in the bulk of the 2,2'-R2 
groups, and it was found that thc quantum 
efficiencies vary by less than a factor of two, 
despite the enormous difference in steric hin- 
drance. Thus steric hindrance seems to affect not 

- 

2Solvent seuarated diazonium and ohenoxide ions are so much the overall efficiencv with which the 
presumably nbt formed, elsep-hydrox;azobenrene would azoxy compound is transformid to products, as 
be a major product, since azo couplings on phenols the relative rates of partition of sorne inter- invariably involve an available anra oosition (7). No ~, 

more than traces of p-hydroxya>oben;ene result from 
photolysis of azoxybenzene (8). 4High concentrations of piperylene (in benzene) or 

3Photoreduction apparently involves not the triplet lithium bromide or 1-bromopropane (in ethanol) cause 
state of azoxybenzene (c f ,  ref. 9) but rather "chemical changes in the product ratio. As shown below, however, 
sensitization" by benzophenone (10). the ratio is very sensitive towards solvent changes. 
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TABLE 2. Effect of orrho substitution on the photo- 
rearrangement of azoxybenzenes 

Azonaphthol/hydroxyazo 
compound Relative 

rate of 
In In azonaphthol 

R ethanol 2-propanol formationa 

QDeviation from run to run was less than 5Z over five runs. Solvent 
was benzene, see text. 

mediate between the photorearrangement prod- 
uct and the azonaphthol. 

ortho-Substituted azoxybenzenes are known 
from their electronic spectra (11) to be non- 
planar in their ground states, and facile defor- 
mation about the C-N bonds is compatible 
with the rather great length of these bonds 
determined crystallographically (12). Although 
we have no direct information about the geom- 
etry of the excited state, HMO calculations on 
azoxybenzene d o  not indicate a large increase in 
the C-N n-bond orders upon excitation. Thus 
the excited state is  also likely to twist easily, and 
this is compatible with the aromatic substitution 
meclianism for photorearrangement (4, 6), in 
which attack by oxygen on the ort l~o carbon 
must involve a non-planar transition state such 
as 4. This would minimize steric hindrance and 
explain why bulky substituents have only a small 
effect on  the efficiency of the reaction. 

This lack of steric interference parallels Tani- 
kaga's (I) observation that 3,3'-disubstituted 
azoxybenzenes afford equal amounts of both 
poss~ble photorearrangement products [2], i.e., 
the 3-substituefit offers no hindrance to substi- 
tution into the 2-position. Comparable amounts 
of both products are also obtained in the 3,3'- 
dimetlloxy systeln (1 1), and even more strikingly, 
we now find that even 3,3'-di-tert-butylazoxy- 
benzene yields equal amounts of both photo- 
rearrangement products. 

The effect of solvent upon the product ratio 

K = CH,. B I .  OCH,. C(CH,), 

was now investigated. Since expulsion of the 
diazonium ion involves separation of charge, it 
was expected that a higher proportion of dia- 
zonium ions, and hence azonaphthol, would be 
formed in more polar solvents. This was not the 
case, as Table 3 shows, with the highest pro- 
portion of azonaphthol being produced in ben- 
zene, while almost none was obtained in ethanol. 

Subsequently, it was found that the product 
spread depends on whether the solvent has basic 
properties (Table 4). Addition of water to aceto- 
nitrile, or of various substances having non- 
bonded electrons to benzene, results in greatly 
reduced azonaphthol formation. The conclusion 
to  be drawn is that there is some intermediate 
that can fulfil a dual role: in the presence of base 
it is converted to the normal liydroxyazo com- 
pound, but when base is absent, a diazonium ion 
may be expelled, and trapped by 2-naphthol if 
avaikable. Although there is the possibility that a 
basic and hence nucleophilic solvent 'Nu' might 
t rap  the diazonium ions as ArN--N-Nu and 
make them unavailable for azonaphthol for- 
mation, this seems to be ruled out by the high 

TABLE 3. Etfect of solvent on the product ratio upon 
photolysis of azoxybenzene and 2,2'-azoxytoluene with 

2-naphthol 

Product ratiosa 

Solvent Azoxybenzene 2,2'-Azoxytoluene 

Benzene 
Ethyl acetate 
Dioxane 
Diethyl ether 
Acetone 
t-Butyl alcohol 
2-Propanol 
Ethanol 
Methanol 
Acetonitrile 

oProduct ratio is azonaphthol photorearrangement. All reactions 
nere taken to >40'ir, conversion to minimize the elfect of percent 
conversion on the ratio (see text). 
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TABLE 4. Effect of adding bases upon the photo- 
lysis of azoxybenzene in non-basic solvents 

Solvent 
Product 
ratio" 

Benzene 
Benzene :dioxane 10 : 1 
Benzene:ethanol l 0 : l  
Benzene:diethylamine 10:l 
Be1izene:pyridine 10: 1 

Acetonitrile 
Acetonitrile :water 20:l 

Ethanol 
Ethanol :water 1 : 1 
Ethanol:0.5 M KOH 

"Azonaphtliol : p h o r o ~ e a ~ ~ a n g e m e i i i .  
b S ~ ~ b s t r a t e  \\as 2,2'-azoxytoluene. 

chemical yields of products that can be obtained. 
Thus photolysis of azoxlbenzene In benzene 
affords 1 and 3 In llelds of 2 2 5  and 6 0 5 ;  in 
ethanol, 3 1s almost suppressed but the yield of 31 
1s usually 60-707. 

The complexity of the system increased with 
the finding that other reaction parameters affect 
the product distribution. In benzene solution, 
relatively more photorearrangement occurred as 
the percent conversion increased, although the 
rate of reaction declines with conversion due to 
competing light absorption by the products. This 
effect. which is most noticeable at  small con- 
versions, may be rationalized by noting that the 
azophenol products which accutnulate in the 
(benzene) solution are the strongest bases pres- 
ent. more so than 2-naphthol (see Table 5). The 
situation may therefore be similar to that de- 
scribed above under solvent effects. This idea 
was tested by photolyzing azoxybenzene and 2- 
~laphthol in the presence of p-hydroxyazoben- 
zene; increasing the amount of p-hydroxy com- 
pound decreased the azonaphthol yield. 

Especialiy at  low azoxybenzene concentrations, 
the initial azoxybenzene concentration seems to 
influence the product spread, with more azo- 
naphthol being formed at  low substrate concen- 
trations. Again, this may be an effect of con- 
version. but it is worth noting that in benzene - 
solutions of azoxybenzene and 2-naphti~oi, 
ground state azoxybenzene is the strongest base 
vresent (14). 
A Light iniensity was also found to affect the 
product composition, the amount of azonaphthol 
being greatest a t  low light intensities. Although 

TABLE 5. Acidity data for con~pounds 
related to components of azoxybenzene 

photolysis mixtures 

Solvents 
Esters r .g .  ethyl acetate 20" 
Nltriles e.g. acetonitrile 24" 
Ketones e.g. acetone 21" 
Alcohols e.g. lllethdnol 16" 

Reaction components 
Azoxybenzene (ground state) 19.2" 
Azoxybenzene (excited state) 8.7' 
Phenol 2 i w  
p-Hydroxyazobenzene 15' 

cReference 16. 
dModei for 2-naphthol. 
eModel for  o-iiydroxyazobenrenes and ib r  azo- 

naphthols, ref. 17. 

stronger base than the ground state (171, it is 
unlikely that it survives long enough in solution 
to participate in bimolecuiar acid-base reactions 
in the absence of moleciliar association (for 
which there is no  evidence). Likewise, postulation 
of a biphotonic process leading to photo- 
rearrangement but not to azonaphtho! seems 
unlikely in view of the relatively high quantum 
efficiency of the normal photorearrangement. 
The effect of light intensity is thus unexpialned 
a t  present. 

These experiments clearly require a t  least one 
intermediate to be formed between the dis- 
appearance of the excited singlet state of azoxp- 
benzene and the production of the photo- 
rearranged isomer. Attempts to trap any inter- 
mediates bv Diels-Alder reactions have been 
entirely unsuccessful, neither has it been possible 
to observe any intermediates by nmr following 
photoiysis at  low temperatures. Recently how- 
eker, it has been disclosed that one, and under 
some conditions two, intermediates may be 
observed upon flash photolysis of azoxybenzene 
(181, though they are as yet unidentified. 

Scheme I shows a possible pathway for the 
reaction that is compatible with our observations. 
Although it is possible that the Badger and 
Buttery intermediate 2 is the species with the 
dual reactivity, the intermediate 5 is chosen as 
that substance on the following grounds. ( i )  The 
proposed intermediate is the one that would be 
obtained by electrophilic a.ttack of a d iazoni~rn  
ion a t  tile ortho position of the phenol. Azo 

the first excited state of azoxybenzene is a muck couplings ar.: known to ~nvo!ve a reversjl-1: 
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addition step (19), the arylazo cation being a 
relatively good leaving group (20). (ii) Consider- 
ing the resonance structure 6 of intermediate 2, 
it might be expected that hydride migration to 
gike 5 would be very facile. I t  is consistent with 

u R 

this hypothesis that when 2,2'-azoxytoluene is 
photolyzed in ethanol-0-d, the recovered m- 
cresol contains no deuterium, ix., the hydrogen 
a t  C(2) does not come from the solvent. Perhaps 
related is the observation that 2,2',4,4',6,6'-hexa- 
methylazoxybenzene affords no products on 
photolysis, even those emanating from diazoniuln 
ions, although the intermediate corresponding 
to 2 ought to be able to form, a t  least in principle, 
if steric effects are unimportant. 

I t  has been shown that the azonaphthols that  
had previously been observed upon photolysis 

of o-substituted azoxybenzenes in the presence 
of 2-naphthol are formed quite generally when 
aromatic azoxy compounds are illuminated in 
non-basic solvents, particularly benzene. Free 
diazonium ions seem to be implicated, and the 
existence of a t  least one common intermediate is 
suggested in that both kinds of product derive 
from the same excited state of azoxybenzene. 
The presence in solution of weak bases can pro- 
vide a self consistent (though probably not a 
unique) rationalization of the variations in prod- 
uct ratio that result from changes in solvent, 
substrate concentration, and extent of reaction. 
(With so many variables to be controlled, it is 
relatively difficult to obtain reproducible product 
ratios.) Thus, there exists a central intermediate, 
possibly 5 ,  that is capable of losing a proton to a 
very weak base to afford the o-hydroxyazo 
compound. In the absence of such a base, 
separation of a diazonium ion occurs and 
coupling with any available phenol gives the 
eventual products. 

Returning to the original question, of whether 
diazonium ions are normaily intermediates in the 
azoxybenzene photorearrangement, the answer 
seems to be no, at least in ethanol, the usual 
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TABLE 6. Spectral bands used in quantitating reaction componentsa 

Compound h m a x  (nm) E 

Azoxy benzene 
2,2'-Azoxytoluene 
2-Hydroxyazobenzene 
2-Hydroxy-6,2'-din~ethylazobenzene 
I -Phenylazo-2-naphthol 
1-(0-To1ylazo)-2-naphthol 
1-(0-Ethylphenylaz0)-2-naphthol 
1-(o-1sopropylphenylazo)-2-naphthol 
1-(2,s-Dimethylpheny1azo)-2-navhthol 

YIn ethanol. 
bNot a maximum, cf. ref. 4. 

solvent for the reaction, because ethanol is in 
this context a relatively strong base. In benzene 
solution however, diazonium ions are produced; 
some of these become free and lead by azo 
couplings to  the anomalous products sometimes 
observed. Thus synthetically, side product for- 
mation can be minimized by effecting the photo- 
rearrangement in a solvent such as ethanol; in 
cases where the substrate contains ortho sub- 
stituents, the side products can be suppressed 
still further by adding a base such as potassium 
hydroxide to the solvent. 

Experimental 
Photolytic procedures and methods for the separation 

and identification of photolysis products have been 
described in detail previously (4). In this work, photolyses 
were carried out without deoxygenation and with the 
light of a Hanovia 450 W medium pressure mercury arc 
filtered through Pyrcx glass, cxccpt as noted otherwise. 
In preparative work, irradiations employed immersion 
well equipment with capacities of about 325 ml; photo- 
Iyses on a smaller scale were run in ampoules or test tubes 
that were illuminated equally where appropriate using a 
merry-go-round. In either case, product mixtures were 
resolved by preparative tlc on silica gel (E. Merck 
p7747); for preparative scale irradiations carried out in 
the presence of 2-naphthol, the excess 2-naphthol was 
removed by washing with the stoichiometric amount of - 0.05 M aqueous NaOH. This procedure was shown not 
to affect the azophenols present. After separation, the 
bands were scraped off and eluted, either into chloroforn~ 
(Soxhlet extractor) or by packing the sorbent in a short 
glass column and eluting with methanol, prior to evapor- 
ation and purification. In experiments conducted solely 
to obtain product ratios, the evaporated extracts were 
dissolved in ethanol, made up volumetrically, and 
analyzed spectrophotometrically. Absorption bands that 
were used for this purpose are recorded in Table 6. 

Synthesis of Azoxy Compounds 
Syntheses of azoxybenzene and 2,2'-azoxytoluene were 

described previously (4). Several compounds were pre- 
pared by reduction of the nitro compound with thallium- 
ethanol (21). These included 2,2'-diethylazoxybenzene, 

2,2'-diisopropylazoxybenzene nip 27-28 "C (lit. (4) oil), 
2,2'5,5'-tetramethylazoxybenzene mp 11 1-112 'C (lit. 
(22) mp I l l  ' C ) ,  4,4'-dichloroazoxybenzene mp 155- 
156 "C (lit. (23) mp 156'C), 4,4'-dimethylazoxybenzene 
mp 68.5-70 "C (lit. (24) mp 70 "C), and 3,3'-di-iert- 
butylazoxybenzene mp 49-50 'C, M +  310. Anal. calcd. 
for C2oHZ6N20: C 77.38, H 8.44, N 9.02; found: C 
77.65, H 8.47, N 9.17. The m-tert-butylnitrobenzene 
required for the latter preparation was obtained by con- 
ventional reactions from acetanilide. A published (24) 
modification of the Friedel-Crafts reaction gave p-iert- 
butylacetanilide, mp 167-169 "C (lit. (25) mp 169 'C), 
which was nitrated, deacetylated, diazotized, and de- 
aminated (H3P02). 
2,2'-Bistrifluoroniethylazoxybenzene was prepared by 

oxidation of o-trifluoromethylaniline with H,02- 
CH,C02H at room temperature. After p~~vification by 
column chromatography (alumina) and recrystallization 
from ethanol, the yield of pale yellow needles, mp 87- 
88 "C,  was 55%. Anal. calcd. for C,,H8F6N,0: C 50.31, 
H 2.41 : found: C 50.10, H 2.22. M +  334. 
2,2',4,4',6,6'-Hexamethylazoxybenzene was prepared 

by the general method of Buncel and Cox (1 1). From oxi- 
dation of the azo compound with either H202-CH3C02H 
or with nz-CIC6H,C03H, the compound was obtained as 
yellow needles from ethanol, mp 89-90.5 'C (lit. (1  1 )  mp 
63 'C). Elemental analysis and spectroscopic properties 
(~1%. nmr, mass spectrum) agreed with those previously 
reported. A sample of the material of mp 63 ' C  was 
supplied by Dr.  E. Buncel, and found to have mixture 
mp 87-89'C in several proportions with the present 
substance. The discrepancy in mp is attributed to a differ- 
ence in crystal form, the form of mp 63 'C being irregular 
granules. 

I-Ar~~lazo-2-/laphthois 
Photolysis products were compared with reference 

materials obtained by coupling the appropriate diazotized 
aniline with alkaline 2-naphthol. The following unre- 
ported reference compounds were prepared. 

I-(o-Ethy~1lrer1ylazo)-2-naphthol, red needles from 
ethanol, mp 122-123 'C; uv (EtOH) j.,,, 482 nm ( E  

19 GOO), 420 (11 OOO), 310 (7200); nrnr (CDCI,) 6 1.35 
(t, J = 7 Hz, 3H, CH,), 2.95 (q, J = 7 Hz, CH,), 6.7-8.7 
(m, 10 ArH), 16.5 (s, OH); ms rn-!e 276(MT, 55"j,), 
262(19), 261(100), 233(10), 143(57), I30(10), 128(10), 
120(13), 119(43), 118(13), 115(68), 114(10), 105(20), 
103(13). Anal. calcd. for C,,HI6N,O: C 78.24, H 5.84, 
N 10.14; found: C 78.52, H 5.75, N 9.98. 
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I-io-1sopropylphenylazo)-2-naphthol, dark red crystals 
with green glance from ethanol, mp 133-134°C; uv 
(EtOH) h,,, 482 nm (8 19 400), 419 (1 1 OOO), 31 1 (7300); 
nmr (CDCI,) 6 1.35 (d, J = 6 Hz, hH, CH,), 2.50 (septet, 
J = 6 Hz, CH), 6.7-8.7 (m, 10 ArH), 16.6 (s, OH); ms 
m+/e  290(M+, 16%), 276(36), 158(13), 143(17), l34(12), 
133(100), 132(16), 130(15), 118(13), 115(38). Anal. calcd. 
for Cl,H,,hT,O: C 78.59, H 6.25, N 9.65, found: C 
78.69, H 6.15, N 9.58. 

I-(o-Trifluorot~1ethylp/~e1~ylazo/-2-naphtkol, dark red 
needles from ethanol, mp 157-158 'C, also obtained as 
bronze platelets, nip 155-156 'C; uv (EIOH) ?,,,,, 465 nm 
(E 6200), M +  316. Anal. calcd. for C,,H,,F,N,O: C 
64.56,H3.51; found: C64 .12 ,H  3.42. 

Substitrrted o-H?)di-oxyazobetzzenes 
Some of these were available from previous studies (4). 

All were obtained by photolysis of appropriate azoxy 
compounds and characterized by nmr (low field OH) and 
mass spectral fragmentation pattern. The following com- 
pounds had not been described previously. 
2-Hydi-o,~y-6,2'-diet/1~~Ia~obenzene, red needles from 

ethanol, mp 62.5-63.5 'C; uv (EtOH) I.,,,, 343 nm (E 

19 000), 240 (7400) ; ms ti1 +je 254(M +, 60%) 240(20), 
239(100), 225(14), 12i(71), 120(17), 119(41), 118(15), 
106(31), 105(41), 103(36). Anal. calcd. for C16Hl ,N20:  
C 75.56, H 7.13, N 11.01; found: C 75.32, H 7.13, 
N 11.04. 

2-Hydro.xy-2',3,5',6-tetramethylazobenzet~e, red needles 
from ethanol, mp 148-149'C; uv (EtOH) 354 nm (E 
19 500); ms rn+/e 254(M+, 92z) ,  253(33), 21 1(16), 
!49(19), 122(12), 121(100), 120(14), 106(14), 105(86), 
103(13). Anal. calcd. for C , ,HIRN20:  C 75.56, H 7.13, 
N 11 .01; found : C 75.36, H 7.02, N 11.05. Also obtained 
from the irradiation of 2,2',5,jf-tetramethylazoxybenzene 
was a small yield of 2,2',5,5'-tetramethylazobenzene, nip 
118-119°C (lit. (26) mp 119'C), identified by mass 
spectrometry (M' 238) and by comparison with an 
authentic sample. The authentic sample was obtained by 
AgO oxidation (27) of 2,5-dimethylaniline; apart from 
the azoccmpound (15%) the oxidation also afforded a 
5 z  yield of the previously unreported 1,4,5,8-tetiametl~yl- 
pherlazine, pale yellow needles fro111 ethanol, rnp 217- 
219 C ;  uv (EtOH) kc,,,, 363 nm ( E  11 000), 274 (125 000); 
nmr (C6D6)6 2.35 is), 6.65 (s): ratio 4:1;  ms m+/e  236(M+, 
loo%), 235(26), 221(18), 209(8), 118(M'"?, 6). Anal. 
calcd. for C16Hl,N,:  C 81.32, H 6.82, N 11.85; found: 
C 81.20, M 6.75, N 11.72. 

2-Hydros~b-3,3'-di-iert-b~~tylnzobenzene crnrl 2-hy&oxy- 
5,3'-di-ferf-bufylnzobewene: the assignments of these 
compounds are not certain. More polar isomer: red 
needles from ethanol, lnp 11 1-1 13 " C ;  nnir (CCI4) 6 1.40, 
1.43 (2s, rei-r-butyl). 6.8-8.2 (111, ArH;, 12.5 (s, OH); M +  
310. Anc~l. calcd. for C,,H,6N,0: C 77.38, H 8.44, N 
9.02; found: C 77.24, Ei 8.63, N 9.13. Less polar isomer: 
orange crystals from ethanol, mp 91-93 'C; nmr (CCI,) 
6 1.40, 1.42 (2s, tert-butyl), 6.8-7.9 (m, ArH), 13.7 (s, 
OH); M +  310. Anal. found: C 77.19, H 8.55, N 9.01. 

2- Hydroxy- 6,2'- bistri~uo~'omet/zyI~zobenzene, orange 
needles from ethanol, mp 128-130'C; nmr (CCI,) 6 
7.0-8.1 (m, ArH), 12.6 (s, OH); M T  334. Anal. calcd. for 
Cl,H8F6N,O: C 50.31, N 2.41; f o ~ ~ n d :  C 50.28, H 2.47. 
Also obtained in this irradiation was the corresponding 
azo compound, 2,2'-bistrifluoromethylazobenzene, mp 
126-127'C, as orange needles from ethanol, M +  318. 

Anal. calcd. for C,,H,F,N,: C 52.84, H 2.53; found: 
C 53.12, H 2.77. 

Electronic Effects orz Azonaphthol Funnation 
The azoxy compound (2 mmol) and 2-naphthol (5 

mmol) were irradiated in corked Pyrex test tubes for 
28 h in benzene solution (40 ml). The mixtures were 
worked up by dilute base extraction and preparative tlc 
to give the results recorded in Table 7. 

HMO Calculations on Azoxybenzene 
The parameters used were 3, = ci + DO; ci,,,, = 

n + 280; 30 = 3 + I .5Po; PC-, = 0.7B0; ON-N(O) = DO; 
PN-o = 0.8B0; [~,(o)-c = 0.7B0. rc-Bond orders follow, 
C-N then N(0)-C: ground state, 042, 0.31; first 
n,n* state, 0.38, 0.29; first n,nV state, 0 46, 0.36. 

Effect of Varying the 2-~Vaphthol Concentration 
Eiglit photolysis solutions were prepared by dissolving 

2-naphthol (20-208 mg) in 3 ml aliquots of a solution oi' 
azoxybenzene (503 nig) in dry benzene (50ml). The solu- 
tions were irradiated for 2 h in corked Pyrex ampoules 
with the 450 W mercury arc, equal illumination being 
maintained through a merry-go-round which encircled 
the immersion well. After the usual work-up by prepara- 
tive tlc, the average ratio of azonaphthol to 2-hydroxy- 
azobenzene was 4.5 i 0.06. No trend in the ratio was 
discerned over this concentration range. 

Having established the constancy of the product ratio, 
the rates of reaction were monitored by following the 
production of the azonaphthol spectrophotometrically. 
Six aliquots (4 ml) of a solution of azoxybenzene (1 13 mg) 
in dry benzene were irradiated in the presence of 2-naph- 
tho1 (11-158 mg) under similar conditions. After 2 h, 
the formation of azonaphthol was 3.42 f 0.09 x lo-, 
M. Values lower by more than two standard deviations 
were obtained when higher concentrations of 2-naphthol 
were used, probably because of competing light absorp- 
tion;~ 

Sensitizaiiorz a t ~ d  quench in^ 

!i) Irl the Pi.esence of Bcr~zophenone 
In order that light absorption hy benzophenone should 

compete with the azoxy compound, the reactions were 
carried out in quartz an~poules using the unfiltered light 
of the 450 W mercury arc. Two millilitre aliquots of a 
solution of 2,2'-azoxytoluene (301 mg) and 2-naphthol 
(628 mg) in 25 in1 of 2-propanol were irradiated for 1.5 h 
in sealed degassed quartz an~poules equipped with quartz 
to Pyrex graded seals. Aftcr the usual work-LIP, the 
following results were obtained. 

Products 0 24 51 93 

In a similar experiment in which 2 nll aliquots of a 
solution of azoxybenzene (257 mg) and 2-naphthol 
(625 mg) dissolved in 25 rnl of ethyl acetate were irradi- 
ated for 2 h in the presence of benzophenone (0-101 mg), 
the ratio of azonaphthol to hydroxyazo compound was 
0.51 i 0.04 (six san~ples). 
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TABLE 7. Products of irradiation of substituted azoxybenzenes with 2-naphthol 

Product (mg) 

Recovered 
o-Hydroxyazo azoxy 

Substituents Azo compound compound compound Azonaphthol 

None - 43" 213 169' 

OValues in parentheses f roni  a n  irradiation in \$hich 0.70 g of the azory compo~ind and 2.0 g '-naphthol \%ere 
irradiated in tlie preparative reactor with 325 ml benzene for 46 h. 6 Ekperiment described in ref, 4b. Cmp 
187-188 -C (lit. 188 'C ) .  K n o w n  con-inounds were fur ther  identified bv mass soectrometrv: uilreferenced litera- 
ture n7p.s a;e taken frbm ~eilstein. "mompound described in text.  " ~ i p  79-80'C (lit. 8i3c). 'mp 174-176'C 
Ol t ,  il) 176'C). gmp 141-142'C (lit. 148'C). "mu 95-96'C (lit. (3) 97°C). 'mp 130-131 'C (lit. 133 ' C ) .  'rnp 
161-162cC (Ilt. 16ZcC). hrnp 132-133 "C (lit. 134 'C). Imp 129-130'C (lit. 131 'C). 

iii) 111 tlie Presence of Quenchei.~ 
These experiments were done on a similar scale to those 

above. Some substances which had no effect on the 
p r o d ~ ~ c t  ratio \+ere oxygen or anthracene (substrate 
2,2'-azoxytoluene, solvent 2-propanol, quartz or Pyrex 
ampoules), trans-stilbene (substrate azoxybenzene, ethyl 
acetate solution), pyrene (substrate azoxybenzene, ben- 
zene solution). The relative proportion of azonaphthol 
was reducedin the presence of 2-methyl-1-butene or 
piperylene (substrate azoxybenzene, benzene solution), 
or heavy atom solvents (1-bromopropane or iodoethane 
in ethylacetate, substrate azoxybenzene: 1-brornopropane 
in ethanol or 2-propanol, substrate 2,2'-azoxytol~~ene) 
but increased when EiBr was added in large quantities 
(to 3 $1) to sol~~tions of 2,2'-azox)toluene and 2-naphthol 
in ethanol. 

Steric Effects 
Ratios of o-hydroxyazobenzene derivatives to azo- 

naphthols mere obtained from experiments in which the 
azoxy con~pound (0.01 g 'ml) uas  irradiated preparatively, 
in the appropriate solvent in the presence of ?-naphthol 
(0.05 g nil). The reactions Lvere ~ o r k e d - u p  by evapora- 
tion, extraction of a chloroform solution of the residue 
with -0.05 M NaOH to remove excess 2-naphthol, and 
resolution by preparative tic. Ratios of products are 
reported in Table 8. 

Relative rates of azonaphthol formation were ob- 
tained by irradiating benzene solutions (100 ml) of the 
azoxy compound (0.50 nimol) and 2-naphthol (2.0 g). At 
300-320 nrn each azoxy compound had an absorbance 
> 20. Aliquots (3.5 rnl) of each of the five sol~~t ions  were 
irradiated sin~ultaneously in a Rayonet photochemical 
reactor equipped with RUL 3000 lariips having maximal 
output at 300 nm. A 'merry-go-round' apparatus was 
used to ensure uniform illuniinatioil of the samples. 
Chamber temperature was 40 "C withill about 3 niin of 
striking lamps. The illuminated samples were examined by 
uv in the range 450-550 nm for azonaphthol fornlation. 
Table 2 records the average of five such determinations 
employing different irradiation times. 

TABLE 8 Prod~lcts of l~ l ad~a t lon  of 2,2'-dlsubst~tuted 
azoxy compounds ulth 2-naphthol In ethanol" 

Products (mmol) 
- - --  - -  

o-Hydroxyazo 
Substltuents conipound Azonaphthol 

H 0.20 1 0 . 0 1  
2,2'-(CH3)2 0 .19 0.03 
2,2'-(CzHs)z 0.17 0.03 
2,2'-CC3H7)2 0.08 0.10 

2,2'5,5'-(CH3)4 0 .07 0 .09 

OThe azoxy compound (1 mmol) and  2-naphthol (1.0 g) were 
irradiated in ethanol (20 ml) for 18 h. 

The irradiation of 3,3'-di- terf - butylazoxybenzene 
(0.40 g) was done in ethanol solvent (325 ml) that was 
0.25 in KOH. After irradiation for 2 h, the solvent was 
cvaporatcd and the residue acidified and extracted with 
chloroform. Preparative tlc yielded the two cornpounds 
described above (0.045 g each) and unreacted azoxy 
compound (0.28 g). 

Solcent EfJects 
The concentrations used were azoxy compound: 

10 mg/ml and 2-naphthol: 50 mg/ml. Results of these 
irradiations are given in Tables 3 and 4. 

Vclricrtion of'lnitial Azosybenzene Collcentrntiot~ 
Aliquots (3 nil) of a solution of 2-naphthol (2.5535 g) 

in benzene (100 ml) were irradiated simultaneously in  
Pyrex ampoules for 3 h with different quantities of 
azoxybenzene. The usual work-up procedure afforded the 
results in Table 9. 

Variation in P e r c e ~ ~ t  Reaction 
In a typical reaction, 2 ml aliquots of a solution of 

azoxybenzene (253 mg) and 2-naphthol (834 n ~ g )  in 
ethyl acetate (25 ml) were irradiated on a merry-go-round 
for times varying from 2-100 h. The usual work-up gave 
the results in Table 10. 
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TABLE 9. Effect of variation of azoxybenzene concentration 

[Azoxybenzene] Hydroxyazobenzene Azonaphthol 
(mglml) (mg) (mg) Ratio 

Run I 
0.49 
0.53 
0.66 
0.71 
1 .06  
1.24 

Run 2 
2.23 
2 .64  
6.65 
7.65 
9.08 
9.40 

TABLE 10. Effect of variation in percent reaction 

lrradiation 
time(h) 

Percent o-Hydroxyazobenzene Phenylazonaphthol 
reaction I (mg) 11 (m&) 

5 1 . 1  0.6 
17 3 . 4  1 . 3  
40 7 .7  2 .3  
52 8 . 8  2 . 6  
69 11.3 3 . 2  

Ratio 
I1 I 

0 .42  
0.31 
0 .24  
0.23 
0 .23  

TABLE 1 I .  Effect of variation in light intensity 

Distance 
from lamp Pel cent Hydroxyazo Azonaphthol Ratio 

(1n.1 reactlon compound 1 (mg) I1 (mg) IIjl 

Variation itr Li&?hf Interrsifj, 
The reactant solution contzined azoxybenzene (255 mg) 

and 2-naphthoi (626 mg) in 25 mi ethyl acetate. Aliquots 
(2 ml) were placed in corked Pyrex ampoules which were 
clamped at a known distance fro111 ihc iamp and irradiated 
by trial and error to comparable conversion. Work-up 
by the usual method gave the results in Table 1 3 .  

Eflect 0,f'Added ~ l - ~ y d r . o . ~ y n z ~ b e n z e ~ i i ~  
A solution of azoxybenzene (202 rng) and 2-naphtho! 

(436 n ~ g )  was prepared with 25 mi benzene, Aiiquots of 
this so l~~ t ion  (3 mi) Mere irradiated with p-hydroxyaro- 
benzene for 3 h. The usual analyticai procedure gave the 
results in Table 12, 

k t  tenzpts to T ~ a p  1nterrneriini'e.r 
Solutions of azoxybenzene (1 g) in 20 mi of benzene 

were irradiated in the presence of substances such as 
maleic anhydride, dimethyl acetylenedicarboxylate, cycio- 

pentadiene, anci i,3-cycIohexadiene. No products addi- 
tional to those obtained in the absence of these sub- 
stances were obtained. 

Senrck ,for. Inter.rnediafes bj, Nuclear il/lngnetic Resonance 
This experiment was carried out in the laboratory of 

Dr.  R. F. Childs. Solutions of azoxybenzene in per- 
deuterated toluene and in perdeuterated acetonitrile were 
irradiated at - 50 -C for periods up to 3 h, then immedi- 
ateiy examined by nmr, with the spectrometer probe 
already cooled t c  -70'C. No  new resonances were 
observed. 

Irrc~diation of 2.2'-Azos~~rol~~ene in Ethnnol-0-d 
Two solutions were prepared, each containing 2,2'- 

azoxytoluene (0.65 g), 2-naphthol (2.0 gj, and ethanol. 
0 - d  (30 ml). Irradiation in Pyrex test tubes for 46 h ga.ve 
-50% conversion of the azoxy compound by tic. The 
soivent was evaporated, ethanol (30 ml) added and 
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TABLE 12. Effect of added p-hydroxyazobenzene 

p-Hydroxyazobenzene Hydroxyazo Azonaphthol Ratio 
(mg) compound I (mg) 11 (mg) 1111 

evaporated again, and  the residue worked u p  by prepara- 
tive glc (6 ft x 4 in., 10% SE30 o n  Chromosorb W, 
601'80, 150°C). Only the peak corresponding to  nz- 
cresol was collected. Mass spectral analysis on  the ratio 
of inf, 'e 109 t o  r?lf/e 108 gave the following results (aver- 
age of five determinations): authentic nz-cresol: 0.130 * 
0.002; reaction product A :  0.136 f 0.003; reaction pro- 
duct B: 0.132 1 0.004. 

Zuracliatioiz of 2,2',4,4',6,6'-He.~a1~zet/1j~Inzo.~ybetzzene 
The azoxy c o m p o ~ ~ n d  (5 mg,n~l )  and 2-naphthol 

(15 m g m l )  were irradiated together for 16 h .  Periodic 
examination of the progress of the reaction by tlc showed 
only unchanged reactants and some tarry residue. 
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Electronic excited states of small ring compounds. IV. Bisyclo[2.1.0]pentanes 
by the photocycloaddition of cyclopsopenes to olefinsa 
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D .  R. ARKOLD and R. M. MORCHAT. Can. J. Chem. 55, 393 (1977). 
Direct irradiation of the charge-transfer complex between the cyclopropenes 3,3-dimethyl- 

1,2-diphenylcyclopropene (3) and 1,2,3-triphenylcyclopropene (7), and the electron deficient 
olcfins dimethyl fumarate (5) and maleic anhydride (11) resulted in formation of the cycloadducts 
6, 12-15 which are the bicyclo[2.1.O]pentane derivatives. These products were also formed 
when the reaction was photosensitized by triplet-triplet transfer. The structure of the adducts 
rests largely upon the interpretation of I3C and 'H nmr spectra. Nuclear Overhauser effect 
studies were used to assign stereochemistry. The thermal stability of these new bicyclo[2.1.0]- 
pentane derivatives has been examined, particularly with regard to the ring-flipping process 
and the rearrangement to the corresponding cyclopentene derivatives. 

D. R. ARKOLD et R. M. MORCHAT. Can. J. Chem. 55, 393 (1977). 
L'irradiation directe du complexe de transfert de charge entre les cyclopropenes dirnethyl-3,3 

diphtnyl-1,2 cyclopropene (3) et triphtnyl-1,2,3 cycloprop6ne (7), et des olefines deficientes 
en electron comme le fumarate de n~ethyle (5) et l'anhydride maleique (11) conduit a la forma- 
tion de cycloadduits 6,12-15 qui sont des derives bicyclo[2.1 .O]pentanes. Ces produits se forment 
aussi lorsque la reaction est photosensibiliste par 1e transfert triplet-triplet. La structure 
des adduits a e t t  dtterminee principalement par l'interprttation des spectrcs rmn du I3C 
et du 'H. On a utilise des etudes d'effet nucltaire Overhauser pour attribuer la stertochimie. On a 
examine la stabilite thermique de ces nouveaux dtrivts bicyclo[2.1 .O]pentanes particulierement 
en ce qui a trait au processus d'inversion de cycle et de rearrangement en dtrivts cyclopenteni- 
ques correspondants. 

[Traduit par le journal] 

Introduction 
When the vinyl diazo compound 1 was ir- 

radiated at long wavelengths (340 < h < 410 I21 cHx3 
nm), the cyclopropene 3 formed in nearly C 6 H 5  C 6 H 5  

quantitative yield, (reaction 1) (1). Less than 1z 3 

of the dienes 4a, b were formed. This reaction is 
believed to involve the vinylmethylene or vinyl- 
carbene 2 intermediate. In fact, the vinyl- 
methylene (triplet) is produced upon irradiation 
of 1 at low temperature (4-30 K) and is stable 
under these conditions (2). On the other hand, 

direct irradiation of the cyclopropene 3 pro- 

c 6 H 5 2 ) H 3  + [ c 6 H 5 9 i H 3 ]  duces the dienes 40, b in nearly quantitative yield 
[I1 (reaction 2) and with a quantum yield of 0.045 

C6H5 C 6 H ~  (1). If the same intermediate was involved in 
I 2 reactions 1 and 2, the quantum yield of reaction 

CH3 C H ,  2 would require that at leasf 4% of the dienes 

- A 4a, b form during reaction 1 .2 This dichotomy 
has led us to propose that different pathways are 

CsH5 C 6 H 5  involved in these two reactions. 
3 

2That 4% be a lower limit is required since the quantum 
'Contribution No. 159 from the Photochemistry Unit. yield of formation of 2 from 3 may be less than unity. 
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diniethyl fumarate 5 (0.3 M) rapid enough to 
afford a detectable amount of adduct in com- 
petition with the formation of 3 and 4a, b. 

While we were carrying out these experiments 
with reaction 2, we did, under some conditions, 
obtain a one-to-one adduct. This adduct has 
been shown to  have the bicyclo[2.l.O]pentane 
structure 6 (reaction 3). This reaction represents 

FIG. 1. Absorption curves for (a) 3 (2.75 x ;M), 
i l v  + ~,~ocH~ (b) 5 (0.3 M), (c) filter solution A (see Experimental), 

(d)  3 (0.3 M ) ,  (e) 3 (0.3 M) and 5 (0.3 $1). Curves (a )  (A > 350 nni )  
0.1 cm cuvettes, (6-e) 1.0 cm cuvettes. Curves a; b, cl, C6H5 CBOCH3 
and e were obtained using benzene solutions. 

6 

If two different interrnedlates are involved 
during reactions 1 and 2 there are several ways 
in which they might differ. For example, they 
might be structural isomers. they might be the 
singlet (carbene) and triplet (methylene) species. 
or they might have differing initial energy 
content. If the difference is due to spin multi- 
plicity, conceivably these species could have 
different reactivitv toward olefins. This criterion 
has traditionally been applied to distinguish 
other methjlenes and carbenes3 (3) and in 
fact there are reported exampies of cycloaddit~ori 
reaction5 of related \/inylmethylenes or vinyl- 
carbeiies to olefins (4). We therefore attempted 
to trap an  intermediate by carrying out both 
reactions 1 and 2 in the presence of dimethyl 
h inara te  5 (0.3 M. the limit of solubiiity in 
benzene) which is known to be a good dl- 
polarophiie. 

In neither case were we able to detect an 
adduct resulting from trapping an  ~ntermediate. 
Furtl~ermore, the quantum yield for the dis- 
appearance of cyclo&-ope~le 3 upon irradiation 
at 340 nrn (near the maximuin of the absorp- 
tion of this cyclopropene, Fig. 1) remained 0.04 
in the presence of dimethyl fumarate 5 (0.3 
We therefore conclude that if intermediates 
are involved in reactions 1 or  2, in neither case 
is the rate of reaction of the intermediate with 

'The classic example of the application of this criterion 
is for the case of methylene us. carbene, 

4D. R. Arnold and J. A. Pincock, unpublished results. 

the first example of the photocycloaddition of 
a cyclopropene to an olefin. Previous work has 
shown that some cyclopropenes can dimerize 
to give tricyclo[3.1.0.02~4]hexanes upon ir- 
radiation: however, attempts to obtain cross- 
adducts have hitherto been unsuccessfui ( 5 ) .  It 
has been suggested that the rate of reaction of 
the excited cyclopropene (triplet) with cyclo- 
propene (ground state) is so rapid that ob- 
servable cross-adduct formation is precluded 
(5a). The rate constant for the reaction of the 
triplet state of 7 with 4 (reaction 4) was found to 
be 1.1 x 10' l mo!-' s- '  (50). Nevertheless, we 
have found conditions under which bicycio- 
12.1 .0]pentane adducts can be formed from '7 in 
good yield. 

These substituted bicycIo[2.1.6]pentanes are of 
interest in their own right, particularly with 
regard to the definition of the factors which 
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FIG. 2. Absorption curves for (0) 3 (3.37 x ,W), (b) 11  (0.3 M ) ,  (c) filter solution B (see Experi- 
mental), (d) 3 (0.3 M),  (e) 3 (0.3 M )  and 11 (0.3 M ) .  Curves (a) 0.1 cm cuvettes, (b-e) 1.0 cm cuvettes. 
Curves n, b, 4 and e were obtained using benzene solutions. 

influence the nature and strength of the central 
[O] bond In this class of compounds. 

We report here: (I) the preparation and 
spectroscopic characterization of the adducts 
6, 12-15; (2) the results of experiments which 
give an indication of the thermal stability of 
the central [0] bond in these conlpounds; and, 
(3) some preliminary results regarding the 
mechanism of the photocycloaddition reaction. 
A more thorough study of the scope and mech- 
anism of the photocycloaddition reaction is now 
in progress and will be described later. 

Results 
Preparation o f  Adducts 

A benzene solution of 3,3-dirnethyi-1,2-di- 
phenylcyclopropene 3 (0.3 M )  and dirnethyl 
fumarate 5 (0.3 M) has absorption at long 
wavelengths not present in the spectrum of the 
individual components a t  this concentration 
(Fig. 1). We attribute this long wavelength 
absorption to a charge-transfer colnplex transi- 
tion. This solution was irradiated through 
chemical filter solution A which absorbs light 
of wavelengths shorter than 350 nm, Fig. 1 
(reaction 3). The products were the known dienes 
4a, b and the adduct to which we have assigned 
structure 6 .  

When the irradiation was carried out without 
the filter solution (through Pyrex) so that a 
wavelength region including the cyclopropene 
absorption maximum was irradiated, the only 
products detected were the dienes 410, 6. 

Presumably, if the charge-transfer complex 
could be irradiated without also exciting the 
cyclopropene, the ratio of adduce to dieiies 
would increase. Unfortunately, the absorption 
due to the charge-transfer complex is not 
sufficiently separated from that of the cyclo- 
propene to allow exclusive excitation at a con- 
venient rate. Using chemical solution filter B, 
with a longer wavelength cut-off (<357 nm, 
Fig. 2) than that of A ,  some adduct 6 was formed 
after prolonged (122 h) irradiation; however, 
the extent of conversion was too small to allow 
a nleaningful ratio of adduct to dienes to be 
determined. This filter solution was usuall!,: used 
in the sensitizer studies to be discussed below. 

There was no evidence for charge-transfer 
complex formation between the cyclopropene 3 
and din-~ethyl maleate 18. A benzene solution 
of 3 (0.3 M) and 10 (0.3 M )  had a long wave- 
length absorption curve which was superirn- 
posable upon that of a benzene solution of 3 
(0.3 M )  alone. When this solution was ir- 
radiated (filter A), the dienes 40, b were the 
major products. The isomeric adduct(§) with the 
methyl ester groups cis was (were) not detected. 

The photocycloaddition reaction can be 
sensitized by triplet-triplet transfer. For example, 
a benzene solution of 3 (0.3 M):  5 (0.3 M ) ,  and 
thioxanthen-9-one (0.01 M ,  ET = 65 kcal mol-' 
(6)) was irradiated through fiiter A .  After 1 h,  
'H nmr analysis indicated the reaction was 
proceeding rapidly wit11 fornlation of adduct 6 
(14%) and no dienes (40, b). During this time, 
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10 ( 3 7 3  was also formed by sensitized (triplet- 
triplet) isomerization of 5 (E, ca. 61 kcal mol-' 
(6)). Further irradiation increased the percentage 
of 10 to the reported (6) photosensitized station- 
ary state (97% 10) leaving a small amount of 5. 
The photocycloaddition reaction became much 
less efficient; however, after 45 h all the cyclo- 
propene 3 had been consumed leaving adduct 6 
(74%) and dienes 40, b (25%). No  other adduct 
was detected. 

The photosensitized (triplet-triplet transfer) 
isomerization of 5 is known to require sensitizers 
with triplet energy greater than 59 kcal mol-' 
(6). When benzil (E, = 54 kcal mol-I (6)) or 
fluorenone (E, = 53 kcal mol-I (6)) were used 
as sensitizers for reaction 3, instead of thio- 
xanthen-9-one, the photocycloaddition (filter B) 
went relatively rapidly (17 h) and completely to 
adduct 6 (ca. 100%) without complications due 
to sensitized isolnerizatioll of 5. 

The long wavelength region in the absorption 
spectrum of a benzene solution of the cyclo- 
propene 3 (0.3 M) and rnaleic anhydride 11 
(0.3 M), extends out to 420 nm (Fig. 2) which 
indicates charge-transfer complex formation 
occurs. Irradiation (700 h) of this solution 
through filter solution A gives an adduct to 
which we have assigned structure 12 (80%) 
along w~ith the dienes 4cr, b (20%) (reaction 5). 

When this irradiation was carrled out without 
the filter (through Pyrex) so that a wavelength 
region lncludlng the cyclopropene absorption 
maximum was ~rradiated. the only products 
detected were the dienes 40, 6. 

The behaviour of cyclopropene 3, upon both 
direct and triplet-triplet photosens~tized ir- 
radiation (in the absence of added olefin), is 
very different from that of cyclopropene 7 .  In 
contrast to 3, which gives the dienes 4u, b upon 

FIG. 3. Absorption curves for (a) 7 (6.70 x M, 
the absorption maximum (h = 312nm) follows Beer's 
Law over the concentration range 10-4-10-7 M), 
(b) 5 (0.3 M), (c) 7 (0.3 M), (d) 7 (0.3 M) and 5 (0.3 IW). 
Curves (a) 0.1 cm cuvettes, (b-d) 1.0 cm cuvettes. The 
solvent was benzene. 

dlrect irradiation (reaction 2), 7 is known to be 
stable under these conditions (5a). On the other 
hand, the triplet of 7 gives the dimers 8 and 9 
(reaction 4) while no dimers are formed from 
the triplet of 3. We therefore turned our atten- 
tlon to the study of the behavlour of 7 upon ir- 
radiation, direct and triplet-triplet sensitized, 
in the presence of 5, 10. and dl. 

A benzene solution of the cyclopropene 7 
(0.3 M) and 5 (0.3 M) has long wavelength 
absorption not present in the spectra of the 
components (Fig. 3), indicative of charge- 
transfer complex formation. Irradiation (250 h) 
of this solution in the long wavelength region, 
through filter A, leads to formation of the 
one-to-one adduct as the major product (82%) 
to which we assign structure 13; small amounts 
of the dilners 8 ( 9 3  and 9 (9%) are also formed 
(reaction 6).' 

These reactions can be sensitized (triplet- 
triplet transfer) using fluorenone; h o ~  ever, the 
ratlo of adduct 13 to dimes 8 decreases under 
these conditions. Irradiation of a benzene solu- 
tion of 7 (0.3 M ) ,  5 (0.3 M ) ,  and fluorenone 
(0.1 M), through filter B until 83% of 7 was 

5We have found that the ratio of the dimers 8 :9  is 
not invariant. For example, the ratio of 8 : 9  obtained 
from reaction 4 depends upon the concentration of 7; 
dilute solutions increase this ratio. This leads us to 
suggest that reaction 4 is more complex than was 
originally proposed (50). 



ARNOLD AND MORCHAT 

FIG. 4. Absorption curves for (a) 7 (6.70 x M ) ,  (b) 11 (0.3 M ) ,  (c) 7 (0.3 M),(d)7(0.3 1M)and 
11 (0.3 M). Curves (a) 0.1 cm cuvettes, (b-d) 1.0 cm cuvettes. The solvent was benzene. 

consumed, gave the products 13  (5773, 8 (14x), 
and 9 (1273. The ratio of 13 to diiner 8 was 
found to  remain essentially constant (1318 = 

3.5 h 0.5) under sensitized (fluorenone) con- 
ditions, when the concentration of equimolar 
7 and 5 was varied between 0.3-0.003 M. 

A benzene solution of 7 (0.3 M )  and 10 
(0.3 M) showed only a very small increase in 
the long wavelength region of the absorption 
spectrum in comparison to that of the spectra 
of a benzene solution of 7 (0.3 M )  alone. When 
this solution was irradiated (filter A )  the dimers 
8 and 9 were the major products. Some 5 and 
adduct 13 were also formed; however, no 
isomeric adduct(s) with the methyl ester groups 
cis was (were) detected. 

A benzene solution of 7 (0.3 M )  and 11 
(0.3 M) was visibly coloured as a result of the 
charge-transfer complex absorption. The long 
wavelength absorption of this solution is shown 
in Fig. 4. Irradiation (188 h) of this solution 
through filter B gave a good yield (77%) of the 

adduct to which we have assigned structure 14, 
along with some of the dimers, 8 (2073 and 9 
(3%) (reaction 7). 

This reaction was also sensitized by triplet- 
triplet transfer when fluorenone was added. 
The ratio of adduct 14 to d i~uer  8 again de- 
creased under sensitized irradiation conditions. 
Irradiation (6 h) of a benzene solution of 7 
(0.3 M )  and 11 (0.3 M )  and fluorenone (0.1 M), 
through filter B until the cyclopropene was 
consumed gave the following yield of products: 
14 (60%), 8 (27%), and 9 (13%). 

Thermul Stability of tlze Addzlcts 
The adducts 6 and 12 are surprisingly stable 

thermally; little or no reaction was observed 
when solutions (ortho-dichlorobenzene) of these 
adducts were heated for several hours (5-15) 
a t  ca. 170 ' C .  In marked contrast, adduct 13 
(reaction 6) is quite unstable thermally and 
rearranges quantitatively, even a t  room tem- 
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perature, to an isomer to which we have assigned 
structure 15, (reaction 8). The progress of this 

C6H5 CQOCH3 
[81 ;:'"% --c -180. 

C6H5 COOCW3 
13 

- 1  90.~ 

-2 00- 
C6H5 COOCH3 

g. 

35 0 
0 - 

reaction was coii\eniently followed by 'I3 nnir -2 10.- 

and the rate of isomerization as a function of 
temperature was determined. These data are 
giveii in Table 1. The kinetic parameters, -220- 

TABLE 1. The rate constants 
for the isomeriratio~i 13 to 
15 in ortko-dichlorobenzene 
solution, as a function of 

te~nperature 

84.02 30.4550.50 
I 

'Measured xrith a copper-iron FIG. 5. Arrhenius plot for the isomerization 13 to 15. 
thermocouple (k 0.02 'C). 

T h e  rate, first order over 2-3 
half-lives, \%as determined from a 
least-squares plot of at least six 
concentration measurements. The 
error limits are the calculated 
standard deviations. [9] --f 

Ea = 26.9 f 0.6 kcal mol-' and log A = 14.7 f 
0.4, were determined from an Arrhenius plot 15 

(Fig. 5 )  of the data in Table 1. Prolonged heating 
of adduct 15 did cause further reaction ( t , , ,  at  "g H5 ;"I;$ " 5  

162 "C ca. 9 h). The structures of the products CsM5cb~~t 
H,,84, ~ ~ c , , , ,  

(reaction 9) have not been firmly established; " ' ,~COOCH~ ,"',COOCH~ 

however, the 'H nmr, ultraviolet, and mass C I I ~ O O  C N ~ O O ~  H 

spectra are consistent with the cyclopentene 16 119 

derivatives 16 and 17. Proof of Structure of ihe Adducts 
Adduct 14 is more thermally stable than 13. When adduct 6 was first obtained we initially 

The half-life of 14 at 76 "C is nearly 80 h. suspected it to be the substituted cyclopentene 
The products from 14 have not been fully derived from the cycloadditlon of the vinyl- 
characterized; however, from the 'H ninr carbene 2 (as a 1,3-dipole) to dimethyl iumarate. 
specrrum it is clear that an isomeric bicyclo- The 'PI nmr and infrared spectra were super- 
t2.1.01pentane is not among them. We believe ficially in accord with such a structure. This 
the products are isomeric cyclopentene deriva- structure was, liowever, easily ruled out be- 
tives analogous to 16 and 17 in reaction 9. cause the ultraviolet spectrum of 6 gave no 

7>)h 
_I_? -_ = l L _ _  I =---- - 
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indication of extended (i.e. styrene like) con- 
jugation. The maximum at  221 nm (& = 10 100) 
was typical of the phenyl chromophore. That 
the adduct was a one-to-one adduct was con- 
sistent with the elemental analysis, mass spec- 
trum (mle parent peak), and thc molecular 
weight determined by the isopiestic method. 

Convincing evidence for the bicyclo[2.1.0]- 
pentane structure for 6 came from analysis of 
the 13C nlnr spectrum. The assignments show 
clearly that only 14 (12 aromatic and 2 carbonyl) 
carbons are in thc region expectcd for sp2 
hybridized carbon. The remaining nine carbons, 
(four methyl, three quaternary, and two methine 
(determined by off-resonance decoupling)) are 
sp3 hybridized. Ylie 'ti nnlr spectrum is con- 
sistent with this assignment. The trans-ester 
stereochemistry is not only required, from the 
obvious lack of Cs symmetry which would be 
present in the cis isomer, but is consistent with 
the coupling of protons Ha and H, (Jab = 4 Hz) 
expected of the trans orientation. Double 
irradiation technique confirmed coupling be- 
tween Ha and FI,. The signals due to the ester 
methyls and the methyls on the methylene 
bridge were assigned on the basis of chemical 
shift. The assignment of the low~er field singlet 
t o  the endo methyl and the higher field doublet 
to Ha, also in the endo-position, was made by 
observing an  increase in the intensity (18%) 
of the doublet (3.44 ppm) upon irradiation of 
the singlet (1.4C ppm). The intensity of the 
other doublet (4.02 ppm) was not affected by 
this double irradiation. Furthermore, double 
irradiation of the high field singlet (0.84 ppm) 
had n o  effect on the intensity of either doublet. 

The magnitude of the observed increase in 
signal intensity, (nuclear Overhauser effect, 
nOe) is similar to that reported for the related 
structure 18 (7). The exo nlethyl group in 18 
also occurs a t  higher field (0.88 ppm). An 

nOe experiment revealed a 7% intensity en- 
hancement in the allylic hydrogen absorption 
(3.36 ppm) upon saturation of the erzdo methyl 
singlet (1.44 ppm). 

The structures of the other adducts were 
assigned in a similar fashion, and the 13C and 
' H  nmr spectra! assignments are summarized 
in the Experiniental section. 

The stereochemistry of adduct 12 with the an- 
hydride exo was established by observing a 
8 . 4 z  nQe intensity enhancement of the singlet 
(3.47pprn) assigned to the two equivalent 
hydrogens on the ethylene bridge, upon ir- 
radiation of the lower field methyl signal 
(1.50ppm). N o  intensity enhancement was 
observed when the higher field methyl singlet 
(0.83 ppm) was double irradiated. This requires 
the anhydride to be in the exo position. 

The assignment of configuration of adduct 1 3  
having the exo phenyl on the methylene bridge 
was made by observing nOe enhancement 
(6.5%) of the singlet assigned to hydrogen FI, 
(3.15 ppm) upon double irradiation of the 
l?iglzer field doublet assigned to the elldo hydro- 
gen H, (3.49 ppm). Converscly, double irradia- 
tion of the doublet (3.49 ppm) led to a 8.5% 
intensity enhancement of the signal due to Ha. 
Furthermore, double irradiation of the doublet 
due to H, (4.17 ppm) had no effect on the in- 
tensity of the signal due to Ha. 

The nmr (13C and 'H) spectra of 15 are similar 
to those of 13. The isomeric nature of these 
con~pounds  was apparent from the mass 
spectra (70 eV) which appeared to bc identical. 
lsopiestic molecular weight determination con.- 
firmed tE.e monomeric structure of 15. Uniike 
13, however, double irradiation (nOe) of the 
signal assigned to hydrogen Ha (doublet, J = 
0.7 Hz, 3.38 ppn-r) had no noticeable effect on 
the intensity of either of the signals assigned to 
hydrogens H, (3.56 ppm) or  H, (4.40 ppm). 
The signal assigned to H, is a doublet of doublets 
( J  = 4.5 and 0.7 Hz). Double irradiation of 
this signal causes both the doublet assigned to 
H ,  (J = 0.7 Hz) and the doublet for H, ( J  = 

4.5 Hz] to collapse to singlets. The configuration 
of 15 is such that Ha would be expected to be 
coupled to H,. From this evidence me conclude 
that the nlore stable isomer has the phenyi 
on the tliethylene bridge oriented endo ((15). 
This may be the result of the three phenyls in 
1 3  being in close proximity, the relief of this 
steric interaction leads to 15 being more stable. - 

1 his observation causes us to open to question 
the structure of the tricyclohexane 8 obtained 
from reaction 4. The gross structure proposed 
(5c r )  for this con~pound is consistent with the 
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13C nmr spectrum; however, no evidence has 
been provided which allows assignment of the 
configuration of the phenyl groups on the 
methylene bridges. In view of the relative stabili- 
ties of 13 and 15, the phenpl groups on the 
methylenc bridges of 8 may in fact be in the 
endo-position. 

The assignment of configuration of adduct 14 
having the exo phenyl on the mcthylene bridge 
and with the anhydride exo was established by 
observing a 11.8% nOe intensity enhancement 
of the singlet (3.59 ppm) assigned to the two 
equivalent hydrogens on the ethylene bridge 
upon irradiation of hydrogen Ha (3.06 ppm); 
furthermore, double irradiation of the singlet 
(3.59 ppm) led to a 2 0 z  intensity enhancement 
of the signal due to Ha. No coupling between 
the hydrogens on the ethylene bridge and Ha was 
observed; in contrast to 15, in 14 the configura- 
tion is such that Ha would not be expected to 
be coupled. 

Discussion 
The long wavelength absorption spectra 

(Figs. 1-4), give an indication that charge- 
transfer complex formation occurs between 
the cyclopropenes 3 and 7 and dimethyl fumarate 
5 and maleic anhydride 11. There is no evidence 
from the absorption spectrum that a charge- 
transfer complex forms between 3 and dimethyl 
maleate 10 and, only a small increase in long 
wavelength absorption with a mixture of 7 
and 10. These observations are consistent with 
previous reports that dimethyl maleate is less 
prone to forin charge-transfer complexes with 
olefins than are either dimethyl fumarate or 
maleic anhydride (8). The fact that 5 and 11 are 
reactive in the pl~otocycloaddition reaction, 
while 10 is not, could be taken as an indication 
that the excited charge-transfer complex is a 
necessary intermediate leading to adduct forma- 
tion. However, several observations negate this 
conclusion. 

The small increase in long wavelength absorp- 
tion may indicate some charge-transfer com- 
plexing occurs between 7 and 10, yet adduct 
formation does not occur; however, dimers 8 
and 9 are formed. The formation of the dimers 
8 and 9, in this reaction and in reactions 6 and 
7, are typical of the triplet of 7 which suggests 
that irradiation of the charge-transfer complex 
between 7 and 5, PO, and 11 produces the 
triplet of 7. 

It  is known that direct irradiation of 7 does 

not produce appreciable triplets (5a). Obviously, 
intersystem crossing is not able to compete 
with other processes which deactivate the excited 
singlet of 7. In this connection we have observed 
intense fluorescence from 3 and 7 in rigid media 
at  low temperature. Furthermore, the cyclo- 
propene ring opening (reaction 2) is a singlet 
reaction. It may be that carbon-carbon bond 
breaking (or stretching) is a rapid non-radiative 
deactivation pathway of the singlet and some 
thermal activation is required for diene forma- 
tion. A study of the effect of temperature on the 
quantum yield of diene formation (reaction 3) 
might answer this question. In any event, it 
seems likely that excitation of the charge- 
transfer complex serves to populate the cyclo- 
propene triplet. There are several examples 
where irradiation of a charge-transfer complex 
leads ultimately to the triplet state of one of the 
components (9). This process has recently 
been reviewed (9a). 

The singlet of cyclopropene 3 does not give 
the adduct with 5 or 11; in fact, since the 
quantum yield of the disappearance of 3 upon 
direct irradiation near the cyclopropene max- 
imum is not affected by 5 (0.3 M), the reaction 
ultimately yielding the dienes 4a, b is not signi- 
ficantly quenched by this concentration of 
olefin. 

The triplet-triplet transfer sensitization experi- 
ments are consistent with adduct formation 
involving the cyclopropene triplet. The ratio of 
adduct 13 to dimer 8 does not vary when the 
concentration of equimolar 7 and 5 changes 
between 0.3 and 0.003 M. If adduct formation 
involved triplet-triplet transfer excitation of the 
charge-transfer complex, the amount of adduct 
formed should have decreased markedly upon 
dilution. On the other hand, if the cyclopro~ene 
triplet were involved the ratio of adduct to 
dimer should remain constant. 

I t  is significant that the ratio of adduct 13 
to dimer 8 is somewhat larger when the charge- 
transfer complex is excited than when the 
triplet of the cyclopropene 7 is obtained by 
triplet-triplet transfer. This observation is con- 
sistent with the rate of adduct formation, 
between the cyclopropene triplet and dimethyl 
fumarate, being competitive with diffusion, 
since the cyclopropene triplet formed from the 
excited charge-transfer complex must initially 
be next to dimethyl fumarate. Consistent with 
this view, the reported (50)  rate constant of 
triplet 7 with ground state 7 is close to the 
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diffusion limit; thus the binding energy between 
triplet 7 and dimethyl fumarate cannot be 
significantly larger than the barrier to dif- 
fusion. 

The observation that dimethyl fumarate 5 
leads to the trans-adducts 6 and 13 does not 
require the cycloadditiorl to be concerted (stereo- 
specific). It may be that the second bond from a 
diradical intermediate is forined faster than 
bond rotation which would be required for 
formation of the cis-adducts; or, it may be that 
the trans-isomers are favoured as a result of 
thermodynamic, not kinetic factors. Knowledge 
of the extent of concertedness (stereospecificity) 
of these cycloadditions must await a case where 
both configurations of olefin undergo reaction. 

Dimethyl maleate 10 is known to he less 
reactive in other cycloadditioil reactions than 
are dimethyl fumarate and maleic anhydride and 
this can account for the lack of adducts with 10 
(10). A qualitative indication of the relative 
reactivities of dimethyl fumarate 5, cyclopropene 
7, dimethyl maleate 10, and maleic anhydride 
11 with the triplet of 7, can be obtained from the 
observed ratio of adduct to dimer 8 in the 
triplet-triplet transfer sensitized reactions. These 
product ratios indicate the relative rate con- 
stant of the cycloaddition reaction increases 
10 < 7 (6 x lo7 1 mol-I s-I ( 5 ~ ) )  < (ca. 4 times) 
5 < (ca. 2 times) 11. This conclusion, of course, 
assumes that the rate determining step is not 
reversible. 

The stereochemistry of 13 from reaction 6 and 
14 from reaction 7 indicates the photocycload- 
dition is sensitive to steric factors. The reactants 
approach minimizing steric hindrance so that 
the initial product is the less thermodynamically 
stable isomer. 

In the photosensitized dimerization of 7 
(reaction 41, two products are formed; the 
cycloaddition product 8 and the product of a 
photoene reaction 9 We have not detected 
the photoene type product incorporating 5 or 11. 

The question regarding the nature and strength 
of the central bond in substituted bicyclo[2.1.0]- 
pentane compounds has been of interest for 
several years (11). We expect that the study of 
derivatives, readily avaiiable by the photo- 
cycloaddition reaction reported here, will help 
answer this question. However, the results of 
our study of the thermal stability of the adducts 
6, 12-15 are not easily explained. 

The first reported study of the kinetics of 
cis-trans-isomerization, or ring-flipping process, 

C E,, = 38.9 kcal mol-' 

=CHI 
logA =<,(I .  1 1  

of a bicyclo[2.1.O]pentane was by Chesick who 
studied the 2-methyl derivative (1 la). The barrier 
to isomerization was found to be 38.9 kcal 
mol-I, significantly greater than the calculated 
value (19 kcal mol-') which assumed formation 
of a strain free cyclic diradical without bonding 
across the former centrai bond. The conclusion 
drawn from this result was that the transition 
state for the isomerization still maintained con- 
siderable strain energy as a result of incomplete 
rupture of the central bond. 

If the radical stabilizing influence of the 
bridgehead phenyl groups is felt at the transition 
state for the ring-flipping process, the activation 
energy should be considerably lower. The 
thermal stability of the adduct 6 and 13 speak 
against a large decrease in the strength of the 
central bond. 

The ring-flipping process in the case of 6 
is a degenerate process and is therefore amenable 
to study by variable temperature 'H nmr. 
Two techniques have been tried: (1)  the signals 
due to the methyl groups on the methylene 
bridge are separated by 34 Hz, rapid exchange 
would be indicated by line shape analysis; (2) 
double irradiation of either signal would lead 
to decreased intensity of the other if exchange 
were occurring at a rate competitive with 
nuclear spin relaxation (nuclear magnetization 
transfer (13)). Both of these procedures have 
been applied in an attempt to detect the ring- 
flipping process of 6; in neither case was there 
any indication of rapid flipping even at 190 "C6 

We have used these 'H nmr techniques pre- 
viously to study the ring-flipping process in the 
related 2,3-diazabicyclo[2.1 .O]pentane system 
(e.g. 19). We concluded that :he diphenyl 

6The ring-flipping process would have to be very 
rapid in order to be detected by these techniques (i.e. 
equilibration rate > ca. 0.5 s-I). 
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derivative 49, analogous to 6, was isomerizing 
rapidly even a t  - 60 "C (13). The lack of rapid 
ring-flipping in the case of 6 now suggests 
that the urazole moiety plays a major role in 
decreasing the barrier to the flipping process in 
19. 

The isomerization of 13 to 115 (reaction 8) 
provides the most dramatic indication that the 
ring-flipping process does occur in these deriva- 
tives. The activation energy for this process is 
12 kcal mol-' less than that reported for the 
flipping of 2-methylbicyclo[2.1 .O]pentane. Once 
formed 15 has considerable stability toward 
further thermal rearrailgement (reaction 9). 
This is consistent n i th  the observation that the 
isomerization of bicyclo[2.1.O]pentane to cyclo- 
pentene has an  activation energy 7.7 kcal mol-' 
greater than the ring-flipping process with the 
2-methyl derivative. 

Throughout this discussion we have assumed 
the ring-flipplng process involves change of 
configuration a t  the central bond; brealcing the 
external cyclopropane bond should also be 
considered. There are some observatiolls which 
support isomerization about the central bond. 
Reaction 9 certainly involves cleavage of the 
central bond and it seems reasonable to view 
reaction 8 as involving the same bond.' If the 
external cyclopropane bond were cleaving in 
reaction 8 there is no  apparent reason why adduct 
14 would not also rearrange at  a low temperature 
to the mdo-phenyl isomer analogous to adduct 
15. If, on the other hand, isomerization about 
the cel~tral bond is invol\ed, the rearranged 
adduct would be less stable as a result of the 
proxiinate anhydride function. While adduct 14 
is not particularly stable thermally, no isoiueric 
bicyclo[2. I .O]pentane adduct was detected 
among the products. 

Experimental Secticon 
Generol 

The melting points were determined on a Thermolyne 
hot-stage n~icroscope and were not corrected. The com- 
bustion analyses were performed by Chemalytics, Inc., 
Tempe, Arizona. 

Dinlethyl funlarate was purchased from Aldrich 
Chemical Co. and recrystallized once from methanol. 

Dimethyl maleate was purified by vapour phase 
chromatography. 

Maleic anhydride was purchased from BDH and 
purified by recrystallization from chloroform follou~ed 
by vacuunl sublimation. 

7 T ~  our knowledge no cyclobutene or methylene 
cyclobutane has ever been observed upon thermolysis 
of any bicyclo[2.1 .O]pentane. 

1,2,3-Triphenylcyclopropene was prepared from di- 
phenylacetylene in 60-70% yield, via the syn-triphenyl- 
cyclopropenyl bromide which was reduced with lithium 
aluminum hydride, by the reported procedure (14). 

Preparative thick layer chromatography was carried 
out on 2 mm layer plates of silica gel GF-254 (E. Merck) 
and developed with benzene. Bands were detected by 
viewing under uv light. 

Molecular weight determinations by the isopiestic 
method were performed in benzene solutions using a 
Mecrolab Model 301A osmometer operating at  37 "C.  

Mass spectra were recorded on a Varian M-66 or 
Mat 311A mass spectrometer and are reported as i?i/e 

(relative intensity). Unless diagnostically significant 
only the parent peak and base peak are reported. 

The infrared spectra were run in carbon tetrachloride 
solution using 0.1 cm sodium chloride cells or in KBr 
disks on either a Beckman IR-5A or 20A spectrometer. 
The spectra were calibrated using the 1601 cm-' absorp- 
tion band of polystyrene. 

The pmr spectra were determined on dilute solution 
of deuteriochloroform using tetramethylsilane as an  
internal reference. The spectra were obtained on a Varian 
HA-100 spectrometer. The chemical shifts are taken as 
the center of multiplets and the coupling constants are 
the result of first-order analysis. 

The ultraviolet absorption spectra recorded as absorp- 
tion against wavelength were run on a Cary 118 spectrom- 
eter in methanol using 1.0crn quartz cuvettes unless 
otherwise noted. 

The 13C spectra were determined on solutions in 
deuteriochioroform (2-15z w,'v) in 5 mm tubes using 
a Varian XL-100-15 systcm operating at  25.2 MHz in the 
Fourier transform mode. With 2000 Hz 'sweep widths' 
and the available memory core, the peak positions were 
determined to I I Hz and measured relative to internal 
tetrarnethylsilane. Off-resonance deccupling was em- 
ployed to confirm assignn~ents for methyl, methylene, 
methine, and quaternary carbons. 

Preparative irradiations were performed using a 
Genera! Electric Co. 11<W medium pressure mercury 
vapour arc lamp with a quartz cooling jacket which was 
immersed in a constant temperature bath maintained 
at  10 ' C .  All solutions were placed ir, Pyrex irradiation 
tubes, flushed with nitrogen, and sealed with a rubber 
septum. 

Filter Solution A 
BiC1, (200 mg) was dissolved in 107, HCl (150 1111) 

and this solution was placed in a container such that 
there was at least 1 crn of filter solution shielding the 
irradiation vessel. Thc long wavelength cut-off is shown 
in Fig. 1. The filter solution was photolabile and was 
replaced after 24 h irradiation. 

Filter Sollrrion B 
Same as filter solution A except that a more concen- 

trated solution of BiCI, was employed (800 mg BiC1, 
in 150ml 10% H a  The long wavelength cut-off is 
shown in Fig. 2. 

Kirletic iMeasuretnet1ts 
Isomerizations were carried out in sealed thick-walled 

nmr tubes. The adduct was dissolved in 0.5 ml orfl~o- 
dichlorobenzene and placed in the tube which went 
through two freeze-pump-thaw cycles and was sealed. 

The tubes were then placed in an  oil-bath maintained 
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to f 0.02'C by a Fisher Proportional Controller. The 
tubes were withdrawn at appropriate intervals and the 
extent of isomerization determined by analysis of the 
'H nmr spectra. At least SIX values were taken at  each 
temperature. Activation parameters were calculated by 
standard methods. 

Irradiatiorz of 0.3 M 3,3-Dimethyl-1,2-dipherlplcj~clopro- 
pene and 0.3 M Dimcthyl Fumurafe 

A solution containing 1.1 g (4.9 mmol) 3,3-dimethyl- 
1,2-diphenylcyclopropene and 0.7 g (4.9 mmol) dimethyl 
fumarate in 17 n ~ l  benzene was irradiated through filter 
solution A. Progress of the reaction was monitored by 
periodlc analysis of the 'H nmr spectra. After 355 h 
irradiation almost all of the cyclopropene had been 
consumed (> 97%) with the subsequent formation of the 
dienes 4a, b (I1 and 31% respectively) and the photo- 
cycloadduct 4 (55%). 

Irradiation of 0.3 M 3,3-Dir?~efhyl-1,2-dipher1ylcyclopro- 
pene and 0.3 IM Dimefhyl Fumarate wirh 0.1 ~MFh[or- 
erzone Present as Sen.ritizer 

A solution containing 330 mg (1.5 mmol) 3,3-dimethyl- 
1,2-diphenylcyclopropene, 21 6 mg (1.5 mmol) dimethyl 
fumarate, and 90 mg (0.5 nln~ol) fluorenone in 5 ml 
benzene was irradiated through filter solution A.  After 
80 h irradiation a ' H  nmr spectrum of the reaction mix- 
ture revealed that all of the cyclopropene had been con- 
sumed. Remaining was the 1:  1 adduct 6 (81%) and the 
dienes 40, b (8 and 11% respectively). 

By consecutive preparative thick layer chromatographic 
separations the adduct was isolated pure as a clear viscous 
liquid, 6 :  ir (CCI,) 2933, 1724, 1595, 1212, 1116, 904, 
and 698 cm-'; uv h,,,,(MeOH) 221 nm ( E  10 200); 'H 
nmr S,,,(CDCI,) 0.84 (s, 3H), 1.40 (s, 3H), 3.38 (s, 3H), 
3.44 (d, IH,  J = 4.4 Hz), 3.62 (s, 3H), 4.02 (d, l H ,  
J = 4.4 Hz), 7.0-7.7 ppm (m, 10H); I3C nmr chemical 
shifts: bridgehead carbons, 41.6 and 44.7; methine 
carbons, 45.6 and 45.0; apex carbon, 30.7; endo methyl, 
16.6; exo methyl, 23.1; ester methyls, 51.7 and 51.8; 
carbonyl carbons, 173.3; aryl carbons attached directly 
to bicyclopentane nucleus, 135.9 and 137.9; ortho, mefa,  
and para carbons, 124.5-130.8 ppm; ms (70 eV), 364(2, 
M+),  304(100). Anal. calcd. for C23H2404 :  C 75.80, 
H 6.64; found: C 75.99, H 6.68. Mol. W f .  calcd. for 
C,,H,,O,: 364.42; found (isopiestic): 365.67. 

Irradiation of 0.3 M 3,3-Di~?1efhy1-1,2-riiplzenylcj~clopro- 
pene and 0.3 M Dirnethyl Maleate 

A solution containing 410 mg (1.9 mmol) 3,3-dimethyl- 
1,2-diphenylcyclopropene and 270 mg (1.9 mn~ol)  di- 
methyl maleate in 6 ml benzene was irradiated through 
filter solution A. Progress of the reaction was monitored 
by periodic analysis of the 'H nmr spectra. After 285 h 
irradiation 85% of the cyclopropene had been consulned 
with the subsequent formation of the dienes 4a, b (28 
and 48% respectively). Also present was the adduct 6 
(9%) which comes about from the photocycloaddition 
of the cyclopropene with dimethyl fumarate (produced 
via thermal isomerization of dimethyl maleate). No  
adduct with the esters cis was detected. 

Zrradiafion of 0.3 M 3,3-Ditnefhyl-l,2-diphenylcyclopro- 
pene and 0.3 M Dimethyl F~rmarate in the Presence 
of 0.01 M Thioxanthen-9-one as Sensitizer 

A solution containing 33 mg (0.15 mmol) 3,3-dimethyl- 

1,2-diphenylcyclopropene, 22 mg (0.15 mmol) dirnethyl 
fumarate, and I mg (0.005 nimol) thioxanthen-9-one in 
0.5 ml benzene was irradiated through filter solution A. 
The progress of the reaction was monitored by analysis 
of the '1% innr spectra. 

Initially the reaction occurred rapidly with formation 
of adduct 6 (14%) and no dienes 4a, b being formed, 
but with 37% of the unconsumed dimethyl fumarate 
having been ison~erized to dinlethyl maleate. As the 
reaction proceeded more dimethyl maleate was formed 
leaving less dirnethyl fumarate available to give the 
cycloadduct. 

After 46 h irradiation all of the cyclopropene had 
been consumed. Present were the adduct 6 (74%) and 
the dieiies 4a, b (9 and 1 7 z  respectively) with most 
(> 95%) of the unconsumed dimethyl Eu~narate having 
been converted to dimethyl maleate. 

Irradiarion of 0.3 M 3,3-Dirnetizyl-I,2-dip/leny!cyclopro- 
pene and 0.3 M Dimethyl Funzarate with 0.1 M B e n d  
as Sensitizer 

A solution containing 33 n ~ g  (0.15 mniol) 3,3-dimethyl- 
1,2-diphenylcyclopropene, 21 mg (0.15 mmol) diniethyl 
fumarate, 10 mg (0.05 mmol) benzil, and 0.5 ml benzene 
was irradiated through filter solution B. After 18 h 
irradiation a ' I 1  nmr spectrum was taken which in- 
dicated that all the cyclopropene had been consumed 
with ca. 100% formation of the 1 :  1 adduct 6. There was 
no appreciable formation of the dienes 4a, b. 

Irradiation of 0.3 M 3,3-Dimethyl-1,2-diphenylcyclopro- 
pene and 0.3 M ~Maleic Ankyhicle 

A solution containing 500 mg (2.3 mmol) 3,3-dimethyl- 
1,2-diphenylcyclopropene and 220 mg (2.2 mmol) maleic 
anhydride dissolved in 7.5 ml benzene was irradiated 
through filter solution A for 700 h. After irradiation the 
solvent was removed on a rotatory evaporator and the 
reaction mixture analyzed by ' H  nmr spectroscopy. 
The reaction mixture contained some unreacted cyclo- 
propene (5%), the dienes 4a, b (17%) and the cycloadduct 
12 (7723. 

The reaction mixture was placed on a colun~n packed 
with 60-120 mesh silica gel (BDH). Elution with benzene 
separated the adduct. Recrystallization from CHC1,- 
hexane afforded pure 112: mp 182-183 "C; ir (KBr) 2990, 
1866, 1790, 1512, 1466, 1257, 1116, 912, 713, and 671 
cm-' ; uv ?,,,,(MeOH) 220 nm; 'H nmr S,,,,(CDCl,) 
0.83 (s, 3H), 1.50 (s, 3H), 3.47 (s, 2H), 6.90-7.40 ppm 
(m, 10H); 13@ nmr chemical shifts: bridgehead carbons, 
46.2; methine carbons, 47.3; apex carbon, 33.6; endo 
methyl 14.9; exo methyl, 22.3; carbonyl carbons, 159.9; 
aryl carbons attached direct!y to bicyclohexane nucleus, 
133.0; ortho, meta, and para carbons, 127.9-129.8 
ppm; ms (70eV), 318(1, M'), 246(100). Anal. calcd. for 
CZ1H1803: C 79.22, H 5.70; found: C 78.90, H 5.73 

Direct Irradiation of 0.3 M 3,3-Dimefhyl-1,2-dkhenyl- 
cyclopropene in the Presence of 0.3 IM Maleic 
Anhydride 

A solution containing 66 mg (0.3 mniol) 3,3-dimethyl- 
1,2-diphenylcyclopropene and 30 mg (0.3 mmol) maleic 
anhydride dissolved in I ml chloroform was irradiated 
for I h. Analysis of thc 'H nmr spectrum revealed 65% 
consumption of the cyclopropene and formation of the 
dienes 4a, b (23 and 43% respectively) with no formation 
of a cycloadduct. 
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Irradiation of  0.3 M 1,2,3-Triphenylcyclopropene with 
Equimolar and 0.16 M Dimetlzyl Furnarate in the 
Presence of 0.1 M Fluorenone as Sensitizer 

Two solutions were prepared: (a) consisting of 40.1 mg 
(0.15 mmol) 1,2,3-triphenylcyclopropene, 22.3 mg (0.15 
mmol) dimethyl fumarate, 9.9 mg (0.05 mmol) fluorenone 
in 0.5 ml benzene; and, (6) containing 40.7 mg (0.15 
mmol) 1,2,3-triphenylcyclopropene, 11.5 mg (0.08 mmol) 
dimethyl fumarate, 9.9 mg (0.05 mmol) fluorenone in 
0.5 ml benzene. Both solutions were irradiated through 
filter solution B. After 1 h irradiation the solvent was 
removed on a rotatory evaporator and the residues dis- 
solved in CDCI,. The extent of the reaction was deter- 
mined by analysis of the 'H nmr spectra. 

The spectra revealed that in both solutions ca. 73% 
of the cyclopropene had been consumed. The amount 
of the adduct 13 decreased from 48% in solution (a)  
to 38% in solution (b). There was a corresponding in- 
crease in the amount of cyclopropene dimers 8 and 9 
from 25% (13% and 12% respectively) in solution (a)  
to 35% (16% and 19% respectively) in solution (b). 

Concentration Dependence on the Dimerization of 1,2,3- 
Triphenylcyclopropene in the Prejence of Fluorenone 
as Sensitizer 

Three solutions were prepared each containing 40 mg 
(0.15mmol) 1,2,3-triphenylcyclopropene and lOmg 
(0.05 mmol) fluorenone dissolved in 0.5, 5, and 50 ml 
benzene. These solutions were irradiated through filter 
solution B. After 5.5 h irradiation all the cyclopropene 
had been consumed. The solvent was removed on a 
rotatory evaporator and the residues dissolved in CDC1,. 
The components of the reaction mixtures were deter- 
mined by analysis of the 'H nrnr spectra. The concentra- 
tion of the tricyclohexane dimer 8 increased, in the 
solutions containing the lower concentrations of cyclo- 
propene, from 65% to 92% to 98% respectively. There was 
a corresponding decrease in the concentration of the 
cyclopropylcyclopropene dimer 9 from 35% to 8% to 
ca. 2%. 

13C nmr chemical shifts for 8 :  bridgehead carbons, 
51.5; apex carbons, 48.33; aryl carbons attached directly 
to tricyclohexane nucleus, 135.2 and 137.2; ortho, meta, 
and pam carbons, 125.7-131.0 ppm. 

Conccntratiorz Dependence on the Dirnerizntion and 
Adduct Formation of i,2,3-Tripken~~lcycIopropene in 
the Presence of Dirnetl~jl Fumarate with Fl~corenone 
as Sensitizer 

Three solutions were prepared each containing 40 mg 
(0.15 mmol) 1,2,3-triphenylcyclopropene, 22 mg (0.15 
mmol) dimethyl fumarate, and 10 mg (0.05 nimol) 
fluorenone dissolved in 0.5, 5, and 50 ml benzene. The 
solutions were irradiated through filter solution B. 
After 5 h the irradiations were stopped, the solvent 
removed on a rotatory evaporator, and the residues 
dissolved in CDCI,. The extent of the reaction was 
determined by analysis of the 'H nmr spectra. 

The spectra revealed that ca. 83% of the cyclopropene 
had been consumed with formation of 5 7 z  of the adduct 
13 and 26% of the cyclopropene dimers 8 and 9. The 
concentration of the tricyclohexane dimer 8 increased in 
the solutions containing the lower concentration of 
cyclopropene from 14% to 23% and the concentration 
of the cyclopropyicyclopropene di~ner 9 decreased from 
12% to 3%. 

Irradiation of 0.3 M I,2,3-Triphenylcyclopropene and 
0.3 M Dimethyl Fumarate 

A solution containing 212 mg (0.8 mmol) 1,2,3- 
triphenylcyclopropene and 130 mg (0.9 mmol) dimethyl 
fumarate in 3 ml benzene was irradiated through filter 
solution A .  Progress of the reaction was monitored by 
periodic analysis of the 'H nrnr spectrum. After 250 h 
irradiation all of the cyclopropene had been consumed. 
Formed were the cycloadduct 13 (82%) and the dimers 
8 (9%) and 9 (9%). 

By consecutive preparative thick layer chromatographic 
separations the adduct was isolated pure, 13: mp 103- 
104'C; is (CCI,) 3005, 2967, 1728, 1595, 1490, 1431, 
1199, 1025, and 690cm-'; uv h,,,,(MeOH) 219nm 
(E 21 500); 'H nrnr GTMs(CUC13) 3.15 (s, lH),  3.38 (s, 
3H), 3.49 (d, l H ,  J =  4.2Hz), 3.68 (s, 3H), 4.17 (d, 
l H ,  J = 4.2 Hz), 6.39-7.43 ppm (m, 15 H); I3C nrnr 
chemical shifts: bridgehead carbons, 43.2 and 44.4; 
methine carbons, 47.7 and 49.9; apex carbon, 39.9; 
ester methyls, 51.8 and 51.9; carbonyl carbons, 171.9; 
aryl carbons attached directly to bicyclopentane nucleus, 
136.0, 134.9, and 133.2; ortho, meto, and para carbons, 
125.6-131.5 ppm; ms (70 eV), 412(1, M'), 352(100). 
Anal. calcd. for C2,H2,O,: C 78.62, H 5.86; found: C 
78.55, H 5.55. 

Irradiation of 0.3 M 1,2,3-Triphenylcj~cloproyene and 
0.3 M Maleic Anhydride 

A solution containing 82 mg (0.3 mmol) 1,2,3-tri- 
phenylcyclopropene, 29 mg (0.3 mmol) maleic anhydride 
in 1 nil benzene was irradiated through filter solution B. 
The solution was irradiated for 188 h, after which analysis 
of the 'H nrnr spectrum revealed that all the cyclopropene 
had been consumed with the subsequent formation of 
the photocycloadduct 14 (77%) and the cyclopropene 
dimers 8 (20%) and 9 (3%). 

The solvent was removed on a rotatory evaporator 
and the resulting oil dissolved in minimal hot cyclo- 
hexane. Cooling of this solution resulted in precipitation 
of 108 mg slightly yellow crystals. Successive recrystal- 
lizations from cyclohexane afforded pure adduct 14: 
mp 147-150'C; ir (CCI,) 2828, 2717, 1836, 1769, 1504, 
1459, 1253, 11 18, 1012, 956, and 694 cm-' ; uv ?,,,,,(Me- 
OH) 218 nm (c 13 900); 'I3 nmr 6ThlS(CDC13) 3.06 (s, IH),  
3.59 (s, 2H), 6.34-7.54 ppm (m, 15H); I3C nrnr chemical 
shifts: bridgehead carbons, 46.1 ; methine carbons, 
50.6; apex carbon, 45.0; carbonyl carbons 169.0; aryl 
carbons attached directly to bicyclopentane nucleus, 
134.3 and 132.8; ortlzo, rneta, and para carbons, 124.8- 
131.1 ppm; ms (70 eV), 366(20, M f ) ,  294(100). 

Exact mass calcd. for C2,HI8O,: 366.1256; found 
(ms): 366.1264. 

Irradiatiorz of 0.3 1M 1,2,3-Tr@henylcyclopropene and 
0.3 M Maleic Anhydride with 0.1 lM Fluorenone 
Present as Sensitizer 

A solution containing 82 mg (0.3 mmol) 1,2,3-tri- 
phenylcyclopropene, 30 mg (0.3 mmol) maleic anhydride, 
18 rng (0.1 mmol) fluorenone in 1 ml benzene was ir- 
radiated through filter solution B. The progress of the 
reaction mixture was followed by analysis of the 'H nrnr 
spectrum at various time intervals. After 6 h irradiation, 
IH nrnr analysis revealed that all of the cyclopropene 
had been consumed. Products formed were the photo- 
cycloadduct 14 (60%) and the two cyclopropene dimers 
8 (28%) and 9 (13%). 
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Thermolj~sis of 6 
A solutio~i containing 30 mg (0.08 mmol) 6 dissolved 

in 0.5 ml orrho-dichlorobenzene was placed in a thick- 
wa!led nmr tube which was evacuated and sealed. The 
tube was placed in an oil bath maintained at  170 "C. 
Periodic checks of the solution by analysis of the 'H  
nmr spectra revealed that even after 8 h heating no 
apparent change was observed. 

TheJ'lYIol~~si~ of 12 
A solution containing 5 mg (0.02 mmol) 12 dissolved 

in 0.5 ml ortho-dichlorobenzene was placed in a thick 
walled ' H  nmr tube which was evacuated and sealed. 
The nmr tube was placed in an oil bath maintained a t  
173 'C. Periodic checks of the solution by analysis of 
the 'H nmr spectra revealed that even after 13 h heating 
n o  apparent change was observed. 

Isotnerization of 13 
A solution of 31 mg (0.08 M) of 13 in I ml of ortho- 

dichlorobenzene in a thick walled 'H nmr tube was 
sealed after three freeze-pump-thaw cycles. The tube 
was placed in a constant temperature oil bath which 
was maintained to 10 .02  'C by a Fisher Proportional 
Temperature Control Unit. The 'H nmr spectra were 
evaluated periodically. The individual rate constants 
a t  each of the five temperatures are listed in Table 1. 
The rate constants were used in an Arrhenius plot to 
determine the activation parameters (Fig. 5). 

Consecutive preparative thick layer chromatographic 
separations afforded pure rearranged adduct as a clear 
viscous oil, 15: ir (CCI,) 3040, 2960, 1735, 1600, 1433, 
1202, 1006, and 693 cm-'; ' H  nmr GTMS(CDCl3) 3.27 
(s, 3H), 3.38 (d, lH ,  J = 0 . 7 H z ) ,  3.45 (s, 3H), 3.56 
(d, IH,  J = 4.5 Hz), 4.40 (d of d, 1H, J = 4.5 and 0.7 
Hz), 7.26-7.78 ppm (m, 15H); 13C nmr chemical shifts: 
bridgehead carbons, 41.2; methine carbons, 42.3 and 
44.8; apex carbon, 41.9; ester methyls, 51.1 and 51.9; 
aryl carbons attached directly to bicyclopentane nucleus, 
133.6; ortho, meta, and para carbons, 127.4-130.9 ppm; 
ms (70 eV), 412(1, M'), 352(100). Anal. calcd. for C2,- 
H2404: C 78.62, H 5.86; found: C 78.43, H 5.61. Mol. 
Wt. calcd. (isopiestic) of C2,HZ4O4: 412.46; found: 
412.80. 

Isomerizntion of 15 
Heating of the solution used for the isomerization of 

13 was continued, at  i 90 "C, till complete conversion to 
15 occurred. This solution was then placed in a constant 
temperature oil. bath, maintained at  162.2 "C, and the 
progress of the thermolysis was followed by ' H  nrnr 
spectroscopy. The isomerization (t,!, = 8.7 h) resulted 
in the formation of two products, 16 and 17, (40 and 
60%, respectively). After 69 h heating the tube was 
opened, the solvent removed on a rotatory evaporator, 
and the residue chromatographed on preparative tlc 
silica gel plates. Isolation afforded the two products 
16 and 17 pure. 

Evidence that these are the 1,2-diphenylcyclopentene 
isomers was obtained when both products generated a 
red colour when degassed methylcyclohexane-iso- 
pentane (4 : l )  solutions were irradiated at  5 "C with a 
I kW medium pressure mercury arc lamp, (indicative 
of dihydrophenanthrene formation). 

The physical data are inconclusive in assigning the 
stereochemistry of the isomers. 

Product 1 :  mp 109-llOcC; ir (CCI4) 3043, 2945, 

1737, 1436, 1204, 1170, 1100, 1033, and 698 cm-'; uv 
h,,,,(MeOH) 218 (E 24 loo), 260 (E 12 900), 324 nm 
(E 855)O; 'H rlmr 6T,s(CDC13j 3.26 (s, 3H), 3.46 (s, 3H), 
4.14 (d of d, 1H, J = 9.7 and 8.7 Hz), 4.81 (d of d, 1H, 
J = 9.7 and 0.9 Hz), 4.86 (d of d, lH, J = 8.7 and 0.9 
Hz), 6.94-7.40 ppm (m, 15H), ms (70 eV): 412(7, MT); 
352(100). Exact n~ass  calcd. for C Z ~ H Z ~ O ~ :  412.1674; 
found (ms): 412.1664. 

Product 2: mp 136-137'C; ir (CCI,) 2996, 2934, 
1726, 1422, 1183, 1158, 1088, 1021, and 687 cm-'; uv 
h,,,(MeOH) 222 (E 14 600), 251 nm (& 10 000); ' H  nmr 
6T,,(CDCl3) 3.58 (s, 3H), 3.62 (t ,  IH, J = 6.4 HZ), 3.72 
(s, 3H), 4.38 (d of d, lH, J = 6.4 and 1.8 Hz), 4.62 
(d of d, IH,  J = 6.4 and 1.8 Hz), 6.89 (m, 5H), 7.26 ppm 
(m, 10H); ms (70 eV): 412(7, M-),  352(100). Exact mass 
calcd. for C27H2404 :  412.1674; found (ms): 412.1670. 
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The sanlfohaloform reaction. The stepwise conversion of dialkyl 
sulfides into alkanesulfonyl chlorides 
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J. STUART GROSSERT and RICHARD F. LAKGLER. Can. J. Chem. 55, 407 (1977). 
A thorough examination of the aqueous oxidative chlorination of 1,3,5-trithiane is described. 

The results are utilized to explore and delineate the scope of a general, stepwise, oxidative 
cleavage reaction of dialkyl sulfides in which they are successively halogenated and oxidized to 
a-polychloros~~lfoxides; subsequently, these cleave to form sulfinyl chlorides, which hydrolyze 
and become further oxidized to yield alkanesulfonyl chlorides. The overall stepwise process is 
named the 'Sulfohaloform reaction' and the structural requirements of the substrates at each 
step are explored in detail. A practical, general synthesis of sulfonyl chlorides is presented. 

J. STUART GROSSERT et RICHARD F. LANGLER. Can. J. Chem. 55, 407 (1977) 
On a examine la chloruration oxydative du trithiane-1,3,5 eEectuCe en phase aqueuse. On 

utilise les resultats obtenus pour explorer et delimiter I'etendue d'une reaction de clivage 
oxydative generale qui s'opkre par etape et au cours de laquelle des sulfures de dialkyles sont 
successivement halogenes, oxydes en sulfoxyde d'a-polychlores et par la suite clivCs de facon a 
fournir des chlorures de sulfinyles qui par hydrolyse et oxydation subsequentes peuvent Ctre 
transformis en chlorures d'alkanesulfonyles. On a appele ce processus global par etape 'reaction 
sulfohaloforrnique' et on a determine en detail les conditions de structures du substrat qui sont 
necessaires B chaque etape. On presente une synthkse gCnCrale et pratique des chlorures de 
sulfonyle. 

[Traduit par le journal] 

Introduction 
Some time ago, we outlined ( I )  the preliminary 

results from a study of the pathway by which 
1,3,5-trithiane, 1, is converted upon treatment 
with molecular chlorine in aqueous media, into 
chloromethanesulfony1 chloride, CICH,~SO,~CI, 
2. We now wish to report the results in detail. 

In  1940, Lee and Dougherty (2) reexamined 
the chlorination of 1,3,5-trithiane 1 in aqueous 
medium, which had originally been reported 
on by Kostsova (3) in 1935. Lee and Dougherty 
concluded that 1,4-dichloro-2,3-dithiabutane 
might be an  intermediate and showed that no  
sulfone could be intervening. In a subsequent 
study, Douglass et a/. (4) concluded that 
chloromethanesulfenyl chloride might be a 
short-lived intermediate. 

Results and Discussion 
The Aqueous Chloriization of /,3,5-Trithiane 

When we attempted to prepare 2 using the Lee 
and Dougherty procedure, it became obvious 
that 2 was grossly contaminated by other prod- 
ucts and the mixture could not be separated 

'Revision received September 20, 1976. 

conveniently. The nature of these other products 
was revealed by carrying out a partial chlorina- 
tion af 1, from which it was ascertained that no 2 
had been formed but rather a number of inter- 
mediate products as detailed in Table 1. The 
results suggested the intermediacy of 1,3- 
dichloro-2-thiapropane, 3, and this was con- 
firmed by exhaustive chlorination of 3 in 
aqueous acetic acid from which 2 was isolated 
in 70z  yield. Since Lee and Dougherty had 
already shown that oxidative chlorination of 
sulfides into sulfonyl chlorides did not proceed 
via sulfones, it became apparent that a study 
of the pathway of this conversion could be 
fruitful. In particular, the question as to whether 
C-S bond cleavage and S-CI bond formation 
occurred at  the sulfenyl or sulfinyl oxidation 
level was intriguing. Answers to these questions 
were obtained from a detailed examination of 
what emerged as a stepwise pathway by which 
the dichlorosulfide 3 is converted into the 
sulfonyl chloride 2 upon chlorination in aqueous 
medium. The study began with chlorination of 
the dicl~lorosulfide 3 in glacial acetic acid with 
varying water-sulfide ratios. This reaction 
provided the results shown in Scheme I .  
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TABLE 1. Products from partial chlorination of 1,3,5-trithiane (1 mol) in 
glacial acetic acid containing water (5 mol) 

Number of moles Yield 
Product* Yield (g) isolated (%) 

- 

CHzO 0.52 0.14 14 
Co2 0.57 0.11 11 
CICH~OAC (41, 42) 2.29 0.18 18 
ClCH,.O.CH,Cl (43, 44) 1 .49 0.11 22 
CICH2.S.CH2Cl 3 (40) 8.00 0.53 53 
C1CH2.SS.CH2CI i. 0.06 6 
Unreacted (CH2S), 1 1.00 0.06 6 

"NO CCI,, CHCl,, CH~CII, HC02H, CICH2.S02.CI, or ClCH2.S.CI was detected 
TYleld determined on a separate run. 

These experiments conclusively established 
1,3-dichloro-2-thiapropane-2-oxide, 4, as the 
next intermediate in the sequence. In a similar 
manner, chlorination of the dichlorosulfoxide 
4 established the intermediacy of 1,1,3-trichloro- 
2-thiapropane-2-oxide (CI,CH.SO.CH,CI, 5) as 
the subsequent intermediate. 

When the trichlorosulfoxide 5 was chlorinated 
in aqueous acetic acid, only chloromethane- 
sulfonyl chloride, 2, could be obtained. Although 
Lee and Dougherty (2) had demonstrated that 
some sulfones were inert to chlorine-water 
oxidation, we prepared 1,1,3-trichloro-2-tl~ia- 
propane-2,2-dioxide and subjected it to chlorina- 
tion in aqueous acetic acid, from which it was 
recovered unchanged. Hence it was clear that 
the intermediate sulfoxide(s) must have reacted 
with chlorine and cleaved to furnish chloro- 
methanesulfinyl chloride, 6 .  Since sulfinyl chlo- 
rides are readily hydrolyzed to sulfinic acids 
( 5 ) ,  it would have been futile to attempt the 
isolation of 6 from aqueous medium. When 
the trichlorosulfoxide 5 was chlorinated in dry 
acetic acid, chloron~ethanesulfinyl chloride, 6, 
could be observed in the nmr of the crude reac- 
tion mixture. This was demonstrated by adding 
authentic 6 to a sample of the crude and follow- 
ing the change in intensity of the chloromethyl 
signal. 

Attempts to isolate the sulfinyl chloride 6 
from acetic acid solution were unsuccessful. 
However, further chlorination led to a good 
conversion of 6 to the sulfonyl chloride 2 which 
could be isolated without difficulty. 

CI, 
CI,CH SO CHzCl HOAc r CICHL SO CI + CHCI, 

6 (75%) 

CICH, S02CI + 4cC1 

In  order to obviate the difficulties experienced 
in isolating 6 from acetic acid, the trichloro- 
sulfoxide 5 was chlorinated in methylene chlo- 
ride which permitted the isolation of 6 without 
complication. 

A summary of the pathway for the conversion 
of 1,3,5-trithiane, 1, appears in Scheme 2. 
The grounds for including 1,1,1,3-tetrachloro-2- 
thiapropane-2-oxide, 7, in Scheme 2 are pre- 
sented later. 

Mechanisms of Suljid~ und Suljbxide Cl~louinu- 
fions 

Mechanisms for the various steps outlined in 
Scheme 2 are available from previous work. 
The pathway by which 1,3-dichloro-2-thiapro- 
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pane, 3, is converted to the corresponding ylene chloride are the most direct evidence 
sulfoxide involves chlorosulfonium chloride salt available that the chlorination of sulfoxides 
8 formation prior to nucleophilic attack by water proceeds through an intermediate species having 
on  the sulfur atom of the sulfoniurn salt. This a sulfur-chlorine bond. 
reaction has ample precedent (6-10). The inter- 

The Chloritie-itiduced C-S Cleat.nge Reactior~ oj ~nediacy of a species with a sulfur-chlorine bond 
is supported in a more direct fashion by later r-PoI~~c/i loros~~,foxi~/es 

work in which chlorination of selected sulfides Although the reactions of sulfides and sulf- 

has been shown to furnish sulfenyl chlorides oxides with chlorine to furnish cc-chloro com- 

(1 1-18). pounds via Pummerer rearrangements and/or 
to hydrolyze to gi~te sulfoxides or sulfones had 

The mechanism for the Pummerer rearrange- 
ment of chlorosulfoniurn chlorides has been 
carefally examined by Wilson et 01. (13, 14). 
The mechan~sm basically involves an  E2 type 
elimination of HCI from the intermediate chloro- 
sulfonium chloride salt with attack by chloride 
ion on the resultant carbonium-sulfonium ion. 

The chlorination of sulfoxides has receibed 
a great deal of attention (19-30) since 1968 
and this now includes stereochemical studies 
(24, 27) also. These have led Montanari's group 
to  postulate that the intermediate oxochloro- 
sulfonium chloride 9 undergoes simultaneous 
proton abstraction and chlorine atom migratio~l 
to furnish the cc-chlorosulfoxide. 

Our own observations that cc-trichlorosulf- 
oxides, such as 5, furnish sulfinyl chlorides 
and chlorocarbons upon chlorination in meth- 

beeil.observed previously, the c lea~age reaction 
of the c/.-polychlorosulfoxide 5 had not been 
previously reported. We therefore examined it 
in some detail, by comparison of products 
fornied in three solvents of different polarities. 

Chlorination of 5 in rnethylene chloride 
fi~rnished chloro~iiethanesulfinyl chloride, 6 
(72)",), chloroform (53%),  and carbon tetra- 
chloride (11z). Direct cleavage of the oxo- 
chlorosulfoniurn chloride salt derived from 5 
gives 6 and chloroforni. However, the presence 
of carbon tetrachloride as a product implicated 
the intermediacy of the tetrachlorosulfoxide 7 
(see Scheme 3).' 

Chlorination of the trichlorosulfoxide 5 in 
glacial acetic acid furnished chloromethane- 
suifinyl chloride (isolated as the sulfonyl 
chloride) and chloroform. N o  carbon tetra- 
chloride was formed indicating that direct 

- 
'An alterngive formulation in which trichloromethyl 

carbanion (:CCl,) Is displaced by attack of CI- at 
sulfur in 7 is untenable in view of the product distribu- 
tion when 10 or 11 are chlorinated (oide infva). 
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cleavage rather than Pummerer-type rearrange- 
ment is more favored in acetic acid than in the 
less polar methylene chloride. 

By contrast, the results in [ I ]  showed that 
chlorination of 5 in water permitted solvolysis 
to  compete with cleavage by chloride ion. 

see footnote 3 

The isolation of carbon dioxide indicated that 
much of the cleavage occurred by nucleophilic 
attack of water on the most electrophilic carbon 
atom of the intermediate oxochlorosulfonium 
chloride salt. The nucleophilic competition 
observed when the chlorinations were carried 
out in aqueous media is the basis for treating 
the cleavage step as an ionic rather than free- 
radical reaction. 

Chlorination of the tetrachlorosulfoxide 7 
in water afforded chloromethanesulfonyl chlo- 
ride 2 (68%), carbon tetrachloride (2073, and 
carbon dioxide (60z). Simple calculations per- 

3Formic acid is readily oxidized to carbon dioxide 
under the reaction conditions. 

mit the forn~ulation of a detailed pathway for 
the chlorination of 5 in water (see Scheme 4). 

The reactions which involve sulfinyl chloride 
intermediates in aqueous medium are assumed 
to proceed through the sulfinic acids. However, 
in dry acetic acid, sulfinic acids cannot intervene. 
Amongst the mechanistic possibilities is the 
elimination of HCl from the intermediate oxodi- 
chlorosulfonium chloride salt 9 to furnish an  
intermediate analogous to sulfene ( 3  1). Should 
this have been the case, then chlorination of a 
sulfinyl chloride in acetic acid-d, would have 
furnished monodeuterated sulfonyl chloride. In 
fact, chlorination of methanesulfinyl chloride in 
acetic acid-d, furnished undeuterated methane- 
sulfonyl chloride, thereby requiring acetolysis of 
the intermediate oxodichlorosulfonium chloride 
or, alternatively, the formation of a sulfinate- 
acetate mixed anhydride before reaction with 
molecular chlorine. 

Hence, the complete pathway for the con- 
version of 1,3-dichloro-2-thiapropane, 3, into 
chloromethanesulfonyl chloride, 2, has been 
established and the cleavage step shown to 
occur on 1,1,3-trichloro-2-thiapropane-2-oxide, 
5. I t  seemed appropriate at  this point to examine 
the structural requirements of the chlorosulf- 
oxide substrates in general in terms of the 
cleavage step. I t  will be shown In the ensuing 
sections how both a-chlorosulfides and -sulf- 
oxides, or just simply dialkylsulfides, may be 
subjected to stepwise chlorination, oxidation, 
and cleavage steps, leading ultimately to sul- 
fonyl chlorides, by a process which we propose 
is aptly named the 'sulfohaloform reaction'. 

Chlorination of Methyl Sulfoxides 
In order to complement the work described 

above on sl,u'-polychlorosulfoxides, I ,  l-dichlo- 
ro-2-thiapropane-2-oxide, 10, was chlorinated 
in methylene chloride and the results in [2] were 
obtained. 

C H ,  SO CI + CC14 + CHCI ,  

(76%) ( 5 5 % )  (12%) 

Since carbon tetrachloride was formed it is 
obvious that most of the cleavage reaction was 
occurring on the more highly chlorinated sulf- 
oxide 11. Similar results were observed when 
either PO or 11 were chlorinated in glacial 
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GROSSERT AND LANGLER 

5 C1, 
CICHz SO C1 + HC02H CKH,  SO, C1 + C 0 2  

F 
(27%) (37%) 

CI, 
CICHz SO CI + CHCI, - CICH, SOz C1 

(6%) (4%) 
CI,C SO CHzCl 

7 (50%) 
C I \ ClCH2 SO Cl + C 0 2  A H,O CICHz S02Cl 

(30%) (26%) 

CI, 
CICH, SO C1 s CCI, A H 2 0  CICH, SO2 CI 

(10%) ( 8%) 

SLHEXIE 4 

acetic acid: 
CH, .SO,.Cl CC1, AcCl 

CI,CH,SO.CH, -+ 75% 76% 67% 

Hence, when cleavage occurs via nucleophilic 
attack by chloride ion, it is necessary for the 
sulfoxide substrate to have at  least three a- 
chlorine atonis, regardless of the substitution 
pattern. I t  is interesting to note that the third 
chlorine atom 1s approximately equally effective 
in promoting smooth chlorinolysis of the sulf- 
oxide (in methylene chloride or acetic acid) 
either when it is deployed to increase the 
electrophilicity of the carbon atom undergoing 
nucleophilic attack (e.g. 11) or when it is located 
in a position which enhances the electronegativity 
of the leaving group (e.g. 5). 

Chlorination of 10, 11, and 7 in water 
furnished markedly different results, as follows : 

CI,IH,O CH3.SOz CI 2 CCL, CO, 

ClzCH SO CH, .--+ 70% 40% 22% 68% 
10 

CI,C SO CH, - 50% 24% 20% 56% 

11 

C1,C SO CHzCl - 0% 68% 20% 60% 

7 

The intermediacy of 11 in the chlorination of 
10 and of 7 in the chlorination of 11 was 
established by isolating 11 and 7 from the 
chlorination. A straightforward analysis per- 

mits the formulation of a detailed pathway for 
the reaction of 10 with chlorine in water (see 
Scheme 5). I t  is now evident that, unlike the 
haloform reaction which requires a-trichloro 
substrates (ketones) for cleavage to occur in 
aqueous medium, the sulfohaloform reaction 
can take place with a-dichloro substrates 
(sulfoxides) in aqueous medium. 

Chlorination of a-Chlorosu@des to Form Sulfonyl 
Clilorides 

Since the isolation of the intermediate sulf- 
oxides in the sulfohaloform reaction was ex- 
perimentally rather difficult we undertook an 
examination of the chlorination of a-chloro- 
sulfides in aqueous medium in order to find 
evidence for the intermediacy of the a-chloro- 
sulfoxides. The chlorination of 1,3-dichloro-2- 
thiapropane, 3, in water furnished the corre- 
sponding sulfone (4z) and chloromethane- 
sulfonyl chloride 2 (70x1. 

We have already established that chlorination 
of 3 proceeds primarily through the corre- 
sponding sulfoxide even in dilute aqueous 
medium. Thus the observation of low yields of 
the corresponding sulfone in this type of 
reaction can be taken to implicate the inter- 
mediacy of the sulfoxide since the sulfone must, 
of necessity, have been formed via the sulfoxide. 
Application of this criterion to I-chloro-2- 
thiapropane, 12, was successful in implicating 
the intermediacy of the corresponding sulfoxide 
also, since the sulfone was isolated in 1% yield. 

These results along with those from 2-chloro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J.  CHEM. VOL. 5 5 ,  1977 

C1, CI, C12CH SO CH, HZO t CH, SO C1 HCO,H CH? SO2 C1 +CO: 
(60%) (60%) 

10 

CH, S O  C1 + CO, b CH, SO, C1 

(9%) 
H,O 

(9%) 

CI;C SO CH3 

11 (16%) C1 
CH; SO C1 T CCI, ---L H:O CH, SO, C1 

I (1%) i 1%) 

CI, 
ClCH2 SO C1 + CO, H:O CCIH, SO, C1 

(3%) (3%) 

CI,C S O  CH,Cl 

7 (6%) CI, 
CICH, S O  Cl + CCI, H20 * CICH, SO, C1 

i 1%) ( 1%) 

3-thiapentane and 4-chloro-5-thianonane are 
tabulated in Table 2. The process is obviously 
a potentially useful sulfonyl chloride synthesis. 

The overall results from the chlorination of 
chloromethyl phenyl sulfide in aqueous medium 
also showed the same behaviour, i.e. the 
formation of chloromethyl phenyl sulfone (2.5%) 
(along with benzenesulfonyl chloride (68%)) 
implicated the intermediacy of the chloro- 
methyl sulfoxide. In  contrast to the previous 
cases, the chlorination of chloromethyl phenyl 
sulfide took a long time to reach completion. 

sulfinyl group of the intermediate oxochloro- 
sulfonium chloride. 

Thus far we had observed that cr-polychlo- 
rinated sulfoxides could be converted to sulfonyl 
chlorides without the formation of any sulfones. 
Chlorination of a-dichloro and simple a -  
chlorosulfoxides gave rise to minor amounts of 
sulfones. It appeared, however, that a potential 
barrier to extending this reaction to unchlori- 
nated sulfides and sulfoxides might be the forma- 
tion of substantial amounts of unchlorinated 
sulfones. This problem was solved as follows. 

Furthermore, analysis of the partially chlo- 
rinated reaction mixture indicated that large Chlorination o f  S~rlJides fo Form Sulfonyl 

amounts of trichlorometl~yl phenyl sulfoxide Chlorides 
We began this portion of the work by ex- 

were present before any significant amount of 
ploring reactions of some conveniently available 

benzenesulfonyl chloride was formed. This result 
indicated that the phenyl ring virtually nullifies sulfoxides in order both to maximize sulfone 

formation and to see if we could find reaction 
the electron-withdrawing effect of one chlorine 

conditions which would suppress it. Such 
atom. Such an observation can be readily 

chlorinations of DMSO were illuminating, 
rationalized via resonance forms in which the 
phenyl ring shares its n electrons with the giving the results in [3] and [4]. Similar results 

H,O-HOAci 1 1) 
TABLE 2 Ylelds of sulfonyl chlorides prepared by [31 CH3 So CH3 * 

shlorlnatlon of r-chlorosulfides In water CH, SO, C1 + C H 3  SO, CH, +CICHz SO2 CH, 

(48%) ( 15%) (3%) 
Sulfide Sulfonyl chlor~de Yleld (%) 

CICH2.S.CH2CI CICH2.SOz.Cl 70 
CH3.S,CH2C1 CH3,SO,.CI 75 [4] CH, S O  CH, t Clz 

H,O + 

Ph.S.CH2C1 Ph.S02.CI 67 
CH3CH2.S.CHClCH3 CH3CH2.SOz.Cl 90 CH, SO2 C1 + CH, SO, CH, 
n-C4H9.SCHCl,n.C3H7 iz-C,H,.S02.CI 94 (26%) (70%) 
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were obtained from the chlorination of di-n- 
propyl sulfoxide in water. Hence, sulfone forma- 
tion was indeed a major potential complication 
to the useful formation of sulfonyl chlorides 
from unchlorinated sulfides and sulfoxides. 
This was not surprising since the results are 
consistent with those of Durst and Tin (32) and 
of Cinquini and co-workers (33), both of whom 
have observed sulfone formation via nucleo- 
philic attack on oxochlorosulfonium cations. 

However, after experimentation, it was found 
that chlorination of su@des in dilute aqueous 
acetic acid was s~~ccessful  in concerting the 
su@des into sulfonyl chlorides, in high yield, 
without the interference of sulfone formation 
(see Table 3). By contrast, chlorination of the 
corresponding sulfoxides under the same con- 
ditions furnished significantly larger quantities 
of sulfones, implying that the reactlon pathway 
from the sulfides does not proceed through the 
corresponding sulfoxides but rather through the 
corresponding a-chlorosulfides, and hence 
through the E-chlorosulfoxides, etc. 

Since the conditions had been established, 
which permitted direct chlorination of sulfides 
to sulfonyl chlorides by controlling the amount 
of water present in the solvent, one final 
mechanistic problem remained. In  water, the 
cleavage step is primarily achieved with water 
functioning as the nucleophile. In dry acetic 
acid, chloride ion is the exclusive nucleophile. 
I t  was not obvious just how competitive chloride 
ions would be zis-&cis water in dilute aqueous 
acetic acid, and in order to monitor this, we 
have chlorinated thiacyclopentane and isolated 
the a-chlorinated butanesulfonyl chlorides, as 
in [ 5 ] .  

The formation of 13 was not unexpected, 
since chlorination of thiacyclopentane in glacial 
acetic acid permits its isolation in 28.64, yield 
as reported by Runge et al. (34). Since chloro- 

TABLE 3. Yields of sulfonyl chlorides prepared from 
sulfides and sulfoxides by chlorination in dilute aqueous 

acetic acid 

Yield 
Sulfides/sulfoxide Sulfonyl chloride (%) 

CH3CH2,S.CHZCH3 CH3CHZ.SO2.Cl 97 
CH3(CH2),,S.(CHZ)3CH3 CH3(CH2)3.S02.CI 86 
PhCH2.S,CH2Ph PhCH2.SOz.Cl 74 
CH~(CH~)~ 'SO. (CHZ)ZCH~ CH3(CH2)2.S02.C1 76 

sulfonium chloride salts are inert to acetolysis 
(35), the origin of this nionochlorosulfonyl 
chloride, under either conditions, is undoubtedly 
through direct chlorinolysis of thiacyclopenta~le 
to give 4-chlorobutane sulfenyl chloride. The 
driving force for this reaction is the release 
of ring strain and is parallel to the reactions of 
thiacyclobutane with chlorine in chloroform, or 
with sulfuryl chloride in pentane (36), which 
furnish 3-chloropropanesulfenyl chloride. There- 
fore the formation of 13 is not relevant to a 
consideration of the normal cleavage step in 
the sulfohaloform reaction. 

However, Runge et a/. (34) did not report 
the formation of 4,4-dichlorobutanesulfonyl 
chloride, 14, upon chlorinating thiacyclopentane 
in glacial acetic acid. The sensitivity of Y- 

chloro-chlorosulfonium chloride salts to hydrol- 
ysis, implicates the intermediacy of the a-  
chlorosulfoxide in the formation of 14. The 
absence of larger amounts of the o-dichloro- 
sulfonyl chloride, as well as the failure of any o -  
trichlorobutanesulfonyl chloride to form, in- 
dicate quite clearly that cleavage by chloride 
ions in dilute aqueous acetic acid is not an  
important or competitive process and therefore 
cleavage by the nucleophilic attack of water re- 
mains the major process in the cleavage step in 
dilute aqueous acetic acid. 

The major pathways in the generalized 
sulfohaloform reaction have therefore been 
defined, and the overall reaction is outlined in 
Scheme 6. 

SCHEME 6. The sulfohalofo~~m reaction 
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Experimental 
General 

Most experimental details have been described pre- 
viously (37). Mass spectral samples were directly in- 
troduced using an all-glass probe and the spectra run 
at  40 eV with a source temperature of 15OCC. Elemental 
analyses were by Dr. F. Pascher (Bonn) or Galbraith 
Laboratories (Knoxville, Tenn.). Gas-liquid chro- 
matographic analyses were carried out with an  N2 
flow rate of 50 mllmin and the column temperature was 
40 to 50 'C. Unless otherwise indicated, "washing an 
organic layer with NaOH" means that a 2 .5z  w/v solu- 
tion of NaOH was used to wash the organic layer, 
usually 100 ml aliquots, until the aqueous layer remained 
basic. "Standard work-up" of hydrophobic solvents 
implies that they were dried (MgSO,), filtered, and then 
rotary evaporated. 

Chlorinations 
Chlorine flow rates were standardized by the use of a 

calibrated rotameter. All chlorinations were maintained 
at  25-30-C by an ice-water bath. Unless otherwise 
stated, rates and reaction times are given in the form 
"232/50". This means a flow rate of 232 mllmin and a 
reaction time of 50 min. All times are given in minutes. 

Yields 
It was often necessary to analyze reaction mixtures 

quantitatively before work-up in order to avoid obtaining 
yields which reflected losses during work-up. None of the 
sulfur-containing con~pounds were detectable on glc. 
All sulfur compounds were observable in the nrnr and 
integration of the nrnr spectrum furnished satisfactory 
molar ratios. Carbon tetrachloride was detectable on 
glc and could be interrelated with the sulfur compounds 
by the addition of methylene chloride which appeared 
both in the glc trace and the nmr spectrum. The molar 
ratios, the total sample weight, and the following equa- 
tion permit the calculation of the weight of each com- 
ponent in any mixture. 

where x, = mole fraction of 'i'th component, a ;  = 
molecular weight of 'i'th component, K , ~  = weight (in 
grams) of the 'i'th component, T = total sample weight 
(in grams). 

COz Deierminations 
Full details are provided elsewhere (37). 

Chlorination of 1,3,5-Tvithiane 
1,3,5-trithiane (17.11 g) was suspended in glacial 

acetic acid (38 ml) and distilled water (8 ml) was added. 
The reaction became non-exothermic by the end of the 
chlorination (232140). The reaction mixture was diluted 
with ice water (25 ml), the organic phase separated, and 
the aqueous phase set aside. 

The organic ohase was diluted with CHC1,4 (150 ml). 

The aqueous phase was diluted to a volume of 150 ml 
with 95% ethanol, from 100 ml of which authenticated 
2,4-dinitrophenylhydrazone of formaldehyde (2.03 g) 
was isolated (39). The results obtained after isolation and 
identification of the major products are given in Table 1 .  
Full details of identification methods are provided 
elsewhere (37). 

Preparation of l,3-Dichloro-2-ihiapropcme, 3 
1,3-Dichloro-2-thiapropane 3 was prepared from 1,3,5- 

trithiane as described by Truce ei 01. (40). The distilled 
material from this reaction contains a persistent im- 
purity which showed an ir band at 1523 cm-'. The 
contaminant was completely removed when the dichloro- 
sulfide was chromatographed on silica gel with CCI, 
using sulfide-silica gel ratios as low as 1 : 3. In a typical 
run 1,3,5-trithiane (300 g) furnished crude 1,3-dichloro-2- 
thiapropane (170 g). After column chromatography and 
redistillation, high purity dichlorosulfide 3 (121 g, 42.59,) 
was obtained. 

Chlorinaiion of 3 in H20/HOAc 
1,3-Dichloro-2-thiapropane 3 was dissolved in glacial 

acetic acid (50 ml) and distilled water added. Following 
chlorination (232 ml/min), ice water (75 ml) was added 
and the resultant mixture extracted with CHCI, (4 x 
100 ml). The combined CHC1, layers were washed first 
with NaOH then with distilled water. Standard work-up 
afforded products which were isolated by fractional 
distillation. 1,3-Dichloro-2-thiapropane-2-oxide, 4, had 
mp 36.5-37.5 "C; tlc (37) RF 0.48 (ether), after recrystal- 
lization from CCI,; ir (CHCI,) 1070 cm-'  (vso); nrnr 
(CDCI,) F 4.57 (q, J = 11.0 Hz); ms ions at  m/e 146 
(M t), 11 1 and 49. The dichlorosulfoxide 4 was identical 
with authentic material (45) by nmr, ir, mp, and mixture 
mp. See Table 5 for details of products obtained. 

Chlorination of l,3-Dichloro-2-thiapropane-2-oxide, 4 
1,3-Dichloro-2-thiapropane-2-oxide 4 was chlorinated 

as described in the previous experiment. 
The products were isolated by fractional distillation: 

1,1,3-trichloro-2-thiapropane-2-oxide, 5, had bp 94 ^C/ 
0.25 torr; R, 0.55 on tlc (4: 1 CHC1,-ether); ir (CHCl,) 
1080cm-' (vs,); nrnr (CDC1,) 6 4.70 (s, 2H) and 6.60 
(s, 1H); ms ions at  m/e 180 ( M i )  83, 49. Oxidation of 5 
(40) furnished material identical to authentic trichloro- 
sulfone by ir, nmr, and bp. Details of the products ob- 
tained are found in Table 6. 

Preparation of Cl, CH,S.CN, Cl 
Details are provided elsewhere (37). The product was 

identical to known material (40). 

Preparation of l,l,3-Trichlovo-2-thiaprogane-2-oside, 5 
1,1,3-Trichloro-2-thiapropane (24.56 g) was dissolved 

in glacial acetic acid (100 ml), distilled water (4.4 ml) 
was added, and the mixture was chlorinated (232150). 
The reaction mixture was fractionated, furnishing 1,1,3- 
trichloro-2-thiapropane-2-oxide (19.6 g, 72.5%). 

dried (M&.o,): filtered, and the CHCI, distilied off. Chlorination of 5 in H20-HOAc 
The residue was fractionated giving the results out- 1,1,3-Trichloro-2-thiapropane-2-oxide 5 (16.17 g) was 

lined in Table 4. dissolved in glacial acetic acid (50 ml) and distilled water 
(4.4 ml) was added. Following chlorination (232/39), 

4An additional run was carried out using ether as the ice water (75 ml) was added and the organic phase was 
solvent in order to check for the presence of chloro- separated. The aqueous phase was washed with CHCI, 
carbons. (100ml) which was combined with the organic phase. 
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GROSSERT AND LANGLER 

TABLE 4. Fractionation of the products from the chlorination of 1,3,5-trithiane 

Boiling point 
Fraction ('Cjtorr) Components Weight (g) 

2 20-40125 C1CH20Ac 0.71 
CICHZ.O.CH2CI 

3 40-68120 CICHZ.S.CHzC1 5.31 

4 70-80120 CICHZ.S.CHZC1 3.87 
ClCHZ.S.S.CH,Cl 
Unidentified products 

5 Cold trap in C1CH,.0.CH2CI 3.23 
vacuum line CICHZOAC 

CICH2.S.CHzCi 

6 Solid deposited 1,3,5-trithiane 1 . 0  
in fractionating 
column 

*CAUTION: b~schloromethyl ether 1s a potent carcinogen (38). 

TABLE 5. Products of the chlorination of 3 in H,O/HOAc 

Weight Chlorination Volume 
(8) time (min) H 2 0  (ml) Products Yield (g)* 

*Percentage yield in parentheses 

Standard work-up gave a concentrate which was frac- 
tionated (glass-bead column, 67 torr), to give chloro- 
methanesulfonyl chloride 2 (8.48 g, 64.0z) and a distilla- 
tion residue of unreacted 5 (1.80 g, 11.2%). 

Chlorination of5 in HOAc 
1,1,3-Trichloro-2-thiapropane-2-oxide 5 (15.85 g) was 

chlorinated (232130) in glacial acetic acid (50 ml). An 
nmr spectrum of the reaction mixture showed a molar 
ratio of 100: 73 : 27, CHCI,;'CICH,~SO~CI~CICH2~S02~C1 
respectively. The reaction was chlorinated further with 
progress being monitored hourly. After 3.5 h the sulfinyl 
chloride - suifonyl chloride ratio was 3 : 7. 

Ice water (75 ml) was added to the reaction mixture 
and the organic phase was removed. The aqueous phase 
was extracted with ether (l00m1) and the ether layer 
combined with the organic layer. The combined organic 
portion was diluted with ether to 200 ml and then divided 
into equal portions, A and B. 

A. Portion A was dried (MgSO,) and concentrated. 
The bulk of the acetic acid was distilled off at 75 torr. 
Thc residue was dissolved in CHCI, (50 ml) and con- 
tinuously extracted with water for 1 h. The aqueous 
phase was discarded and the extraction resumed with 

fresh water for I h. Standard work-up of the CHCI, 
gave a residue which was fractionated at reduced pressure 
to yield chloromethanesulfony1 chloride 2 (3.90 g). 

B. Quantitative glc and nmr integration established 
the yield of CHCI, to be equal to 759,. The ether solution 
was extracted with NaOH, washed with distilled water, 
dried (MgSO,), and fractionated, to furnish pure CHCI, 
identical with authentic material by bp, glc, and nmr. 

Chlorination of 5 in CH2C12 
1,1,3-Trichloro-2-th1apropane-2-oxide 5 (1 5.34 g) wab 

chlorinated (232130) in CH,C12 (50 ml). Methylene 
chloride (10 ml) was dist~lled off and the presence of 
both CHCI, (53.2%) and CC1, (10.7%) was demon- 
strated (glc). The bulk of the chlorocarbons were distilled 
off and the residue rectified at reduced pressure affording 
chloromethanesulfinyl chloride 6 (8.14 g, 71.7Y,), bp 
163.5 TI760 torr; ir (CHCI,) 1150 cm-' (vso); nrnr 
(CDCI,) 6 4.83 (5); ms nz/e 62, 49. Hydrolysis in dis- 
tilled water, followed by chlorination in CH,C12, 
furnished chloromethanesulfonyl chloride 2 as expected. 

Chlorination of 5 in H20 
1,1,3-Trichloro-2-thiapropane-2-oxide 5 (1 1.32 g) was 
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TABLE 6. Products of the chlorination of 1,3-dichloro-2-thiapropane-2-oxide, 4 

Weight Chlorination Volume 
(g) time (min) H 2 0  (ml) Products Yield (g)* 

*Percentage yield in parentheses 

chlorinated (2321'105) in distilled water (50 ml). The 
organic phase was pipetted off and dried (CaCI,). Gas- 
liquid chronlatography established the presence of CHCI, 
(6.3%) and CC1, (10%). The organic phase was distilled 
at reduced pressure furnishing chloromethanesulfonyl 
chloride 2 (6.05 g, 64.5%). 

In a separate experiment on 5 (1.155 g), the CO2 was 
isolated as BaC03 (0.802 g, 66.6%). Chlorination time 
was 50 min (1 16 mljmin). 

Preparation qf 1-Chloro-2-thiopropane, 12 
Details of this preparation are given elsewhere (36, 37). 

Preparatiorz of CI, C.S. CH2 CI 
I-Chloro-2-thiapropane 12 (100 g) was chlorinated 

(4481330) in CCI, (250 ml). The reaction mlxture was 
rectified furnishing 1,1,3-tetrachloro-2-thiapropane (181.9 
g, 87.4%); bp 188 C/760 torr; nmr 6 5.00 (s) (CDCI,). 

Preparation of 1,1,1,3-Tetrachloro-2-thiapropane-2-oxide, 
7 

Distilled water (12 ml) was added to 1,1,1,3-tetra- 
chloro-2-thiapropane (31.19 g) in acetic acid (100 ml). 
After chlorination (232/50), the reaction mixture was 
fractionated to give 7 (16.8 g, 50%), bp 78 "C10.5 torr; 
R, 0.65 (CHCI,) which could be crystallized from 95% 
ethanol at OcC but melted upon returning to ambient 
temperature; ir (CHCl,) 1135 cm-' (vso); nmr (CDCI,) 
6 4.57 (q, J = 1l.OHz); ms rnle 117, 82, 62, and 49. 
Anal. calcd. for C,H,CI,SO: C 11.13, H 0.93, 0 7.41; 
found: C 11.35, H 0.98. 0 7.38. Oxidation of 7 (40) 
yielded material identical to authentic tetrachlorosulfon~ 
by nmr, ir, and mixture mp. 

Chlorination of 7 in H,O 
1,1,1,3-Tetrachloro-2-thiapropane-2-oxide 7 (1 6.56 g) 

was chlorinated (448/240) in distilled water (50ml). 
The organic phase was pipetted off and dried (CaCI,). 
Gas-liquid chromatography showed that CC1, (20%) 
had been formed. The residue was distilled furnishing 
chloron~ethanesulfonyl chloride 2 (7.80 g, 67.5%). 

In a separate experiment (C1, : 232150) on 7 (1.030 g) 
C 0 2  was isolated as BaC0, (0.500 g, 60%). 

Preparation of I,]-Dichloro-2-thiapropane-2-oxide, IOs 
DMSO (16.21 g) was chlorinated (232143) in glacial 

acetic acid (50 ml) and distilled water (6.6 ml). The reac- 
tion was repeated on a second portion of DMSO (1 6.01 g). 
The combined reaction mixtures were diluted with water 
(150 ml) and extracted (CHCI,, 6 x 100 ml). The CHCI, 
was washed with NaOH then with distilled water (100 ml), 
dried (MgSO,), and evaporated. The residue was distilled 
at reduced pressure to yield 1,l-dichloro-2-thiapropane-2- 
oxide lo5 (17.53 g, 28.8%). Recrystallization (CCI,) 
of the distilled material afforded pure 10 as bundles of 
crystals (mp 32-33 'C); R, 0.49 (ether); ir (CHCI,) 
1080cm-I (vSO); nmr (CDCI,) 6 3.75 (3H, s) and 6.42 
(IH, s); ms rnje 146 (Mt ) ,  83 and 63. Oxidation of 10 
(40) yielded material identical to authentic dichloro- 

- sulfone by nmr, ir, and mixture mp. 

Chlorination of 10 in CH2 C12 
l,l-Dichloro-2-thiapropane-2-oxide 10 (1 6.22 g) was 

chlorinated (232125) in CH2CI (50 ml). A fraction was 
distilled at atmospheric pressure (44-75 "C). The residue 
was rectified at reduced pressure with a -75 "C cold 
trap in the vacuum line. The fraction from the atmo- 
spheric distillation plus the trap material contained CHCI, 
(1.5 g, 11.8%) and CCI, (8.8 g, 51.8%). The vacuum distil- 
lation furnished methanesulfinyl chloride (8.24 g, 76.3%); 
bp 136.5"C/760 torr; ir (CHCI,) 1140cm-' (vso); 
nmr (CDCI,) 6 3.37 (s); ms rille 98 (M?), 82, 63, and 48. 
Hydrolysis in distilled water, followed by chlorination 
in CH,C12 furnished methanesulfonyl chloride. 

Chlorination of I0 in HOAc 
I ,1-Dichloro-2-thiapropane-2-oxide 10 (1 5.81 g) was 

chlorinated (232130) in glacial acetic acid (50 ml). Acetyl 

5CAUTION: this sulfoxide (Cl,CH.SO.CH,) is very 
unstable at room temperature and if stored in a tightly 
stoppered container may generate sufficient gas pressure 
to explode the container within 4 h. Proper storage for 
periods of 2 weeks (maximum) requires that the sample 
be stored in the dark using an explosion-proof container, 
at or below - 32 'C. 
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chloride was established as being present in a 1 :I  ratio 
with CCI, by nmr and glc. The reaction mixture was 
added to CH2Clz (100 ml) and ice water (100 ml). The 
organic phase was separated, dried (MgSO,), filtered, 
and the CHzC12 distilled off. A fraction (bp 44-75 "C) 
was collected at atmospheric pressure and the residue 
was distilled at 50 torr with a cold trap in the vacuum 
line. The atmospheric pressure fraction plus the trap 
material contained CCI, (1 1.10 g, 66.6%). The vacuum 
distillation afforded methanesulfonyl chloride (9.2 g, 
7573. 

Chlorination of 10 in H20 
(a )  Partial Chlorination 
1,l-Dichloro-2-thiapropane-2-oxide 10 (4.30 g) was 

chlorinated (232128) in distilled water (25 ml). The 
reaction mixture was extracted with CHCI, (100 ml) 
which was washed with NaOH (50 ml aliquots), then 
with distilled water (50 ml), followed by a standard 
work-up. The residue was the trichlorosulfoxide 11 
(0.54 g, 10.3%), as established by nmr, ir, and tlc. 

(b )  E.uhaustive Chlorination 
1,l-Dichloro-2-thiapropane-2-oxide 10 (1 6.18 g) was 

chlorinated (232185) in distilled water (50 ml). The or- 
ganic phase was pipetted off and dried over CaCI,. 
Gas-liquid chromatography established the presence of 
CCI, (2.4%), a sample of which was obtained by distilla- 
tion at atmospheric pressure and was shown to be 
identical with authentic material by glc, ms, and bp. 

Distillation of the residue at reduced pressure yielded 
methanesulfonyl chloride (8.84 g, 70.0%). 

In a separate experiment on 10, (1.130 g; CI,: 232/50), 
CO, was isolated as BaCO, (1.067 g, 67.5%). 

Preparation of l,l,I-Trichloro-2-thiapropane 
1-Chloro-2-thiapropane (16.01 g) was chlorinated 

(232135) in CH,CI, (50 ml). The reaction mixture was 
distilled, furnishing 1,1,1-trichloro-2-thiapropane (16.88 
g, 61%); bp 148-149 'C; nmr (CDCI,), singlet at 6 2.75. 

Preparation of l,l,l-Trichloro-2-tJiiapropane-2-oxid (11) 
1,1,1 -Trichloro-2-thiapropane (1 6.36 g) was chlorinated 

(232127) in glacial acetic acid (50 ml) and distilled water 
(6.6 n~l) .  Water (75 ml) was added and the solution was 
extracted with CHCI, (4 x 100 ml), which was washed 
with NaOH, followed by distilled water. After standard 
work-up, the residue was distilled furnishing 11 (1 1.00 g, 
61.7%) bp 86-88 "C/1.6 torr; crystals (from methanol) 
had mp 63-65 "C; R, 0.62 (4: 1 chloroform-ether); 
ir (CHCI,) 1100cm-' (vs,); nmr (CDCI,) 6 2.92 (s); 
ms mle 180 (Mt ) ,  117, 82, 63, and 47. Anal. calcd. for 
C2H3CI3SO: C 13.24, H 1.67, O 8.82, S 17.67; found: 
C 13.26, H 1.56, 0 8.74, S 17.27. Oxidation of 11 (40), 
yielded material identical to authentic trichlorosulfone 
by nmr, ir, and mixture mp. 

Chlorirlation of 11 in HOAc 
l,l,l-Trichloro-2-thiapropane-2-oxide 11 (16.83 g) was 

chlorinated (232130) in glacial acetic acid (50 ml). 
Acetyl chloride was established as being present in a 1 : 1 
ratio with CCI, by glc on the crude mixture. A small 
amount of acetyl chloride was distilled off and identified 
by ir, nmr, and glc. Work-up identical to that described 

under "Chlorination of 10 in HOAc" afforded CCI, 
(9.95 g, 69.9%) and methanesulfonyl chloride (9.20 g, 
86.1%). 

Chlorination of 11 in Hz0 
( a )  Partial Chlorination 
l,l,l-Trichloro-2-thiapropane-2-oxide 11 (5.01 g) was 

chlorinated (232130) in distilled water (25 ml). The 
organic phase was pipetted off and added to CHCI, 
(100 ml), which was washed with NaOH (50 ml aliquots) 
and then with water. After standard work-up, the residue 
was a mixture of unreacted 11 (0.75 g) and 1,1,1,3- 
tetrachloro-2-thiapropane-2-oxide 7 (1.06 g, 18.5%). The 
sulfoxide mixture was chromatographed on a column 
of silica gel (180 g). Elution with CHCI, (1 100 ml) 
furnished 7 and an additional litre of CHCI, furnished 
11. The tetrachlorosulfoxide 7 was distilled and shown 
to be identical with authentic material by bp, nmr, ir, 
and tlc. 

( b )  Exhaustice Chlorination 
1,1,1-Trichloro-2-thiapropane-2-oxide 11 (16.04 g) was 

chlorinated (4481185) in distilled water (50ml). The 
organic phase was pipetted off and dried over CaCI,. 
Gas-liquid chromatography established that CCI, had 
formed in 20% yield. The aqueous phase was extracted 
with CHCI, (2 x 100 ml) which was combined with the 
original organic phase. Standard work-up gave a residue 
which was fractionated at reduced pressure to furnish 
a mixture of methanesulfonyl chloride (5.08 g, 50%) and 
chloromethanesulfony1 chloride (3.16 g, 23.8%). Further 
distillation at atmospheric pressure gave four fractions, 
each of which was still a mixture. Fraction 1 (bp 161- 
163 "C) contained ca. 15% chloromethanesulfonyl chlo- 
ride and 85% methanesulfonyl chloride. 

A portion of fraction 1 (212 mg) was added dropwise 
to a cooled (5 'C) solution of vanillin (21 1 mg) in pyridine 
(0,5ml). The ice water bath was removed and the solution 
was stirred at room temperature for 1 h. The reaction 

mixture was diluted with CHCI, (50ml) which was 
extracted with 2.5% NaOH (50 ml), 2.5% HCI (50 ml), 
and distilled water (50 ml). Standard work-up gave a 
pale yellow oil (287 mg) which was dissolved in 95% 
ethanol (3 ml) and stored in the refrigerator overnight. 
Colorless crystals were filtered off and dried affording 
vanillin methanesulfonate (186 mg). After recrystalliza- 
tion, the sulfonate ester was shown to be identical to 
authentic material by tlc, ir, and mixture mp. 

The concentrated mother liquor from the first crystal- 
lization was chromatographed on a preparative-layer 
plate (ether-CHCl,, 1 : 19). Methanol extraction of the 
upper band ( R F  0.55, detected by 250nm uv light) 
furnished a colorless oil (30.2 mg), which was identical 
to vanillin chloromethanesulfonate by tlc, nmr, and ir. 

In a separate experiment on 11 (1.030g) carbon 
dioxide was isolated as BaC0, (0.928 g, 55.5%). Chlorina- 
tion time was 45 min. 

Chlorination of 3 in H20 
1,3-Dichloro-2-thiapropane 3 (16.41 g) was chlorinated 

(4481200) in distilled water (50ml). Ice water (75 ml) 
was added and the reaction mixture extracted with 
CHCI, (2 x 100 ml). The residue from standard work-up 
of the CHCI, was distilled at reduced pressure yielding 
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chloromethanesulfonyl chloride (13.07 g, 70.4%). The 
distillation residue was covered with sufficient 10% NaOH 
to establish a p H  z 7. The solution was acidified (con- 
centrated HCI) and poured into CHCI, (200 ml). Stan- 
dard work-up gave 1,3-dichloro-2,2-dioxide (790 mg, 
3.8%); after recrystallization (95% ethanol), this was 
shown to be identical with authentic dichlorosulfone by 
nmr, ir, mp, and mixture mp. 

Chlorination of 12 in H20 
I-Chloro-2-thiapropane 12 (15.76 g) was chlorinated 

(448198) in distilled water (50 ml) similarly to the chlori- 
nation of 3. Products were methanesulfonyl chloride 
(14.10 g, 75.4%) and 1-chloro-2-thiapropane-2,2-dioxide 
(193 mg, 1.2%). Details are provided elsewhere (37). 

Cl~loririarion of Ph.S,CH2Cl in H20 
Chloromethyl phenyl sulfide (16.01 g) was chlorinated 

(4481130) in distilled water (50 ml). By the end of this 
time all of the organic material had crystallized from 
solution and all reaction had ceased. The reaction mixture 
was extracted with CHC1, (2 x 100ml), followed by 
standard work-up. Analytical tlc (CHC1, eluant) showed 
a spot at RF 0.49 (assumed to be C12CH.S0.Ph), a 
spot at RF 0.70 (identical to CI,C.SO,Ph), and a spot at 
R, 0.81 (identical to Ph.S02.CI). The bulk of the material 
was Cl3C.SO.Ph and an ir of the crude showed the 
expected band at 1100 cm-I (vso). The crude product 
was dissolved in acetic acid - H 2 0 ,  1 : 1, (50 ml) and 
chlorination (4481130) was repeated. Repetition of the 
work-up outlined above furnished crude product which 
showed about a 1 : 1 mixture of CI,C.SO,Ph to Ph.SO2.C1 
on tlc and the complete absence of the product previously 
observed at R, 0.49. This new crude product was further 
chlorinated (4481130) in glacial acetic acid (15 ml) and 
distilled water (25 ml). The reaction mixture was ex- 
tracted with CHCI, (4 x 100ml) which was dried 
(MgSO,) and rotary evaporated. Analytical tlc (37) 
showed the absence of CI,C.SO.Ph. The residue was 
fractionated at reduced pressure providing benzene- 
sulfonyl chloride (12.04 g, 67.3%), identical to authentic 
material by tlc, nmr, ir, and bp. The distillation residue 
contained Ph.S02.CH2.C1 (500 mg, 2.5%). Two pre- 
parative-layer plates were spotted with residue (100 mgl 
plate) and eluted with CHCI,. Methanol extraction of the 
bands at RF 0.70 furnished chloromethyl phenyl sulfone 
identical with authentic material by nmr, ir, and tlc. 

Preparation of P/L.SO.CC~, 
Trichloromethyl phenyl sulfide (16.20 g) was chlori- 

nated (232127) in glacial acetic acid (50 ml) and distilled 
water (6.6 ml). The reaction was rerun on more Ph.SO.C- 
CI3 (15.96 g). The combined reaction mixtures were 
diluted with water (100ml) and extracted with CHCI, 
(4 x 100ml) which was washed with 5% NaOH and 
then with distilled water. Standard work-up gave a 
residue which contained unreacted sulfide (10.44 g) and 
Ph.SO.CCI3 (20.19 g, 58.9%). 

Some crude material (26.33 g) was chromatographed 
on silica gel (1560 g). Elution with CC1, (6 1) furnished 
trichloromethyl phenyl sulfide (8.86 g). Further elution 
with diethyl ether (5.2 1) yielded trichloroniethyl phenyl 
sulfoxide (17.35 g). Recrystallization (95x ethanol) to 
give colorless needles; mp 77-78 ' C ;  RF 0.61 (CHCl,); 
ir (CHCI,) 1100cn1-' (vso); nmr 6 7.75 (m); ms mie 

242 (Mt) ,  125, 117, 109, 77, and 51. Anal. calcd. for 
C,H,CI,OS: C 34.52, H 2.07, C1 43.7; found: C 34.79, 
H 2.28, C1 42.9. Oxidation of the sulfoxide (40) gave 
sulfone identical to that obtained by oxidation of the 
sulfide by tlc, nmr, ir, and mixture mp. 

Chlorination of CH3CH2.S.CHC1CH3 in H z 0  
2-Chloro-3-thiapentanc (16.77 g) was chlorinated 

(448/104) in distilled water (50 ml). The reaction mixture 
was partitioned between ice water (75 ml) and CH2C12 
(10 ml). The aqueous phase was extracted with CH2CI, 
(100 ml). Standard work-up of the combined CH2C12 
layers gave a residue which was rectified at reduced 
pressure giving ethanesulfonyl chloride (15.54 g, 89.6%) 
bp 90-92 "C/55 torr. 

Chlorination of n-C4H,,S.CHCl.CH2CH2CH3 in H20 
4-Chloro-5-thianonane (15.95 g) was chlorinated (448, 

100) in distilled water (50 ml). The reaction mixture 
was extracted with CHCI, (2 x 100 ml) which was dried 
(MgS04), and evaporated. The residue was fractionated 
at reduced pressure furnishing 1-butanesulfonyl chloride 
(13.0 g, 94.3%). 

Ci~lorit~ation of DMSO in I : I  H20-HOAc 
DMSO (15.91 g) was chlorinated (4481110) in glacial 

acetic acid (25 ml) and distilled water (25 ml). Products 
were methanesulfonyl chloride (1 1.30 g, 48%), dimethyl 
sulfone (2.78 g, 14.7%), and 1-chloro-2-thiapropane-2,2- 
dioxide (0.75 g, 2.9%). Details are provided elsewhere 
(37). 

Chlorination of DMSO in H z 0  
DMSO (16.11 g) was chlorinated (448197) in distilled 

water. Total dimethyl sulfone isolated was 13.64 g 
(70.3%) and total methanesulfonyl chloride isolated was 
6.23 g (26.2%). Details are provided elsewhere (37). 

Clzlorination of (n-C3H7)2S0 in H20 
Di-n-propyl sulfoxide (15.79 g) was chlorinated (448/ 

105) in distilled water (50 ml). Ice water (75 ml) was 
added and the mixture was extracted with CHCI, (2 x 
100 ml). Standard work-up gave a residue which was 
fractionated at reduced pressure to yield l-propane- 
sulfonyl chloride (6.71 g, 39.8%); bp 104-106 "C/65 torr, 
and di-n-propyl sulfone (5.65 g, 31.3%); bp 88 "Ci0.1 
torr. 

Preparation of Sulfonyl Chlorides from the Coriesporiding 
Symmetric Sulfide or Sulfoxide 

The substrate was dissolved in glacial acetic acid 
(50 ml) and the appropriate quantity of distilled water 
was added. Chlorine (448 m1,'min) was bubbled through 
the solution. Chlorination was interrupted as necessary 
to maintain the reaction at room temperature. Ice water 
(75 ml) was added to the reaction mixture which was 
then extracted with CHCI, (4 x 100ml). The CHCI, 
layers were washed with 2.5% ww,v NaOH (3 x 100 1111) 
and subjected to standard work-up. 

Diethyl sulfide (16.01 g, 7.5 ml H,O, 108 min chlo- 
rination) gave a residue which was fractionated at 
reduced pressure to yield ethanesulfonyl chloride (22.12 g, 
96.6%). 

Di-n-propyl sulfoxide (16.00 g, 6.6 ml K 2 0 ,  90 min 
chlorination) gave a residue which was fractionated at 
reduced pressure to yield di-n-propyl sulfone (1.50 g, 
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8.4%) and 1-propanesulfon~l chloride (12.94 g, 75.6%). postgraduate fellowship to one of us (R.F.L.) 
Di-n-butyl sulfide (16.00 g, 6.6 ml H 2 0 ,  126 min is gratefully acknowledged. 

chlorination) gave a residue which was rectified at  re- 
duced pressure to  furnish 1-butanesulfanyl chloride 
(14.74 g, 86.2%). 1. J .  S. GROSSERT and R. F. LANGLER. J.  Cheni. Soc. 

Dibenzyl sulfide (16.01 g, 6.6 ml H 2 0 ,  75 min chlo- Chem. Commun. 49 (1973). 
rination) gave a residue which was crystallized from 2. S. W. LEE and G.  DOUGHERTY. J .  Org. Chem. 5. 81 
benzene - low-boiling petroleum ether to yield phenyl- (1940). 
methanesulfonyl chloride (8.82 g). The mother liquor 3. A, G.  K o s r s o v ~ .  Acta Univ. Voroneg. 8.  92 (1935); 
furnished another 1.71 g to give a total yield of 73.3%. Chem. Abstr. 32.6618 (1938). 

4. 1. B. DOLGLASS, V. G. SIMPSON, and A. K .  SAWYER. 
Chlovir2ation of Thiacyclopentane in HOAc-Hz0 J .  Org. Chem. 14, 272 (1949). 

Thiacyclopentane (15.97 g) waschlorinated(4481106) in 5, F, WUDL, D, A ,  LIGHTYER, and D. J ,  CRAM,  J ,  Am, 
glacial acetic acid (50 ml) and distilled water (7.5 ml). Ice 89. 4099 (1967), water (75 ml) was added and the mixture was extracted 6, W, E, LAWSON and T ,  P,  DAWSON, J ,  Am, Chem, 
with CHCI, (4 x 100 ml). The CHCI, was washed with 

Sot, 49, 3119(1927), 
2.5%w/v NaOH(3 x 100 nll)anddistilledwater(100ml), 7,  K ,  and W, VoGT, J~~~~~ ~ i ~ b i ~ ~  them. 
dried (MgSO,), and rotary evaporated. The residue was 381, 337 (1911). 
fractionated at  reduced pressure to  yield a mixture of 8,  T ,  ZINCKE and W, FROHNEBERG, pr, nt sch ,  them, 
sulfonyl chlorides. The mixture contained C1(CH,),S02- Ges. 43. 837 (1910). 
C1 13 (3.10 g, 8.9%) and CI,CH(CH2)3SOzC114 (1.83 g, 9, T ,  Z I ~ C K E  and W .  RUPPERSBERG. Ber. ntsch. Chem. 
4.573. A sample (2.01 g) of the distillate was chroma- Geb. 48, 120 (1915). 
tographed on a silica gel column (200 g). Elution with 10, T ,  zlNcKE and W, FROHNEBERG, B ~ ~ ,  ~ t ~ ~ h ,  Chem, 
CHCI, (650 ml) furnished a clean mixture of 13 and 14 Ges. 42,2721 (1909). 
( 2 :  1). A second column run on 1.99 g of distillate 11, H, KWART L, J ,  M ~ ~ ~ ~ ~ .  J,  A ~ ,  Chem, sot, 80, 
furnished additional 2: 1 mixture. The total chroma- 884 (1958). 
tographed mixture from chromatography weighed 1.78 g. 12, W, G ,  p H l ~ ~ 1 ~ s  and K .  W. R ~ r r s .  J .  Org. Chem. 36. 
Strong bands at  1350 and 1162 cm-' were virtually 3145 (1971). 
the only bands present in the ir of the 2: 1 mixture. 13. G. E. W r ~ s o ~ ,  JR. and M. G.  HUANG. J .  Org. Chem. 

A portion of the chromatographed mixture (1.01 g) 35, 3002(1970), 
was added drop-wise to a "Id solution of phenol 14, G. E.  WILSON, JR.  and R. ALBERT. J .  Org. Chem. 38. 
(419 mg) in pyridine (3 ml) and the reaction mixture 2160(1973), 
was stirred at room temperature for 1 h.  Chloroform 15, H ,  KWART andR.  K .  MILLER. J .  Am. Chem. Soc. 78. 
(100 ml) was added and the solution washed with 2.5% 5008 (1956). 
N a 0 H  (50 ml), 2.5% HCl (50 ml), and distilled water 16, H,  KWART and R. W. BODY. J.  Org. Chem. 30. 1188 
(50 ml). The CHC1, was dried (MgS04), and rotary (1965). 
evaporated to yield a crude phenate mixture (938 mg), 17, H,  KW,\RT. R ,  W,  B ~ ~ ~ ,  alld D, M ,  H o F ~ ~ ~ ~ ,  
crystallization of which (95% ethanol) afforded three Chem. Commun. 765 (1967). 
crops. Crops 1 and 2 (150 mg) were mixtures of ~henates .  18, H .  KWART and P. S. STRILKO. Chem. Commun. 767 
Crop 3 (130 mg) was pure C12CH(CH2)3S020Ph. The (1967). 
mother liquor from the third crystallization afforded 19, R ,  N ,  L~~~~~~ and D, C,  K ,  cHANG, ~ ~ t ~ ~ h ~ d ~ ~ ~  
residual phenate mixture (560 mg). Lett. 5415 (1968). 

The (560mg) was chromatographed On five 20, G. T~UCHIHASHI and S.  IRIUCHIJIMA. Bull. Chem. 
preparative tlc plates with benzene elution (2 x ). Each Sot, Jpn, 43. 2271 (1970), 
plate had five bands visible under uv light, i.e., RF 0.97, M ,  CINQUINI, S, coLONNA. and F, M ~ ~ ~ ~ ~ ~ ~ ~ .  J ,  
0.91, 0.83, 0.77, 0.68. Chem. Soc. D, 607 (1969). 

  he band at R, 0.77 gave C1(CH2),S02OPh (251 mg) 22, S, I R ~ ~ C H ~ J ~ M A  and G. TSUCHIHASHI. Tetrahedron 
as a colorless oil. Lett. 5259 (1969). 

The band at R~ 0.83 gave C12CH(CH2)3S020Ph 23, M .  CINQUINI and S.  COLOKNA. J .  Chem. Soc. Perkin 
(138mg) as fine needles from 95% ethanol, mp 60- Trans. 1, 1883 (1972). 
61.5 'c; (CHCI,) 1375 and 1140 cm-' ( ~ ~ 0 2 ) ;  nmr 2.25 

24. M, CINQUINI,  S. COLONNA, R. FORNASIER, and F. (4H, t), 3.34 (2H, t), 5.83 ( lH,  t), and 7.34 (5H, s);  MONTANARI. J .  Chem. Soc. Perkin Trans. 1. 1886 
ms m/e 125,94,65 and 53. Anal. calcd. for C, ,H,  2C1203S: (1972). 42.427 4.27, C1 25.04, O 16.95, 11.32; found: 25, M. CINQUINI, S.  COLONNA, and D. IAROSSI. Boll. Sci. 
C 42.80, H 3.94, CI 24.84, 0 17.04, S 11.19. Fac. Chim. Ind. Bologna, 27, 197 (1969). 

The remaining three bands gave minor quantities and 26, M, CINQUINI.  S, COLoNNA, and D, LANDINI ,  J ,  
were discarded. Chem. Soc. Perkin Trans. 2,296 (1972). 

27. P. CALZAVARA, M. CINQUINI. S.  COLONNA, R.  FOR- 
NASIER, and F. MONTANARI. J .  Am. Chem. Soc. 95. 
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Intermediate stages of the sulfohaloform reaction. Preparation sf a-halosulfoxides 
and sulifinyl chlorides. Oxygen-transfer reactions 

J .  STUART GROSSERT, WILLIAM R.  HARDSTAFF, A ~ D  RICHARD F. L A ~ G L E R  
Chernrrtr~ Deprirrmer~r, Drilhorrsre U ~ I I L  ersro, Hallfak, A S , Car~citftr B3H4J3 

Recelved October 10, 1975' 

J. STUART GROSSERT, WILLIAM R.  HARDSTAFF, and RICHARD F. LANGLER. Can. J. Chem. 55, 
421 (1977). 

Details are provided of synthetic routes from dialkyl sulfides to both a-halosulfoxides and 
sulfinyl chlorides. In the case of the former, oxidation of cr-halosulfides to the sulfoxide stage is 
achieved by chlorine in acetic acid containing controlled amounts of water. Sulfinyl chlorides 
are prepared by chlorination of a-polyhalosulfoxides in methylene chloride. During investiga- 
tions into the details of the sulfohaloforn~ reaction, a number of novel redox reactions involving 
oxygen transfer between sulfur species have been observed and these are presented. They include 
a reduction of a sulfoxide with thionyl chloride. 

J. STUART GROSSERT, WILLIAM R. HARDSTAFF et RICHARD F. LANGLER. Can. J. Chern. 55, 
421 (1977). 

On fournit des details permettant de synthetiser a la fois les a-halosulfoxydes et les chlorures 
de sulfinyles a partir des sulfures de dialkyles. Dans le premier cas, I'oxydation des sulfures 
a-haloginis en sulfoxyde est effectuee par du chlore dans de l'acide acetique contenant des 
quantites contr61Ces d'eau. On prepare les chlorures de sulfinyles par chloruration de sulfoxydes 
a-polyhalogenes dans le chlorure de methylene. Au cours des etudes effectukes afin d'elucider 
les dktails de la reaction sulfohaloformique, on a observe un certain nombre de nouvelles 
reactions d'oxydo reduction impliquant un transfert d'oxygtne entre des especes contenant du 
soufre; on presente ces nouvelles reactions. Elles colnprennent une reduction d'un sulfoxyde par 
le chlorure de thionyle. 

[Traduit par le journal] 

Synthesis of a-Polyehlorosulfoxides 
Sulfoxides are usually synthesized by the con- 

trolled oxidation of sulfides (1,2). Such a reaction 
always has the potential of giving higher oxida- 
tion products, for example, sulfones, and there is 
ample literature documentation of reactions 
designed to avoid such complications (2, 3). 
Initial investigations of the use of halogens in 
aqueous media to oxidize sulfides deinonstrated 
that molecular bromine afforded much smoother 
and more readily controlled reactions than did 
molecular chlorine (ref. 1, p. 216). Since the work 
of Fries and Vogt in 191 1 (4), no further attempts 
appear to  have been made to use chlorine for the 
oxidation of sulfides to sulfoxides. 

The excessive reactivity of chlorine becomes an 
advantage, however, when the oxidation of 
heavily chlorinated sulfides is attempted since the 

R,RZR3C.S0.CH2R4 

1 R1 = C1; R2 = R3 = R4 = H 

2 R, = R Z = C 1 ; R 3 = R 4 = H  

'Revision received September 20, 1976. 

low nucleophilicity of such sulfides introduces a 
rate retardation, in comparison to that of un- 
chlorinated sulfides, which makes the reaction 
easy to control. The complication involved in 
chlorinating more nucleophilic sulfides and 
sulfoxides is that the product is often nearly as 
reactive as the starting material. For example, 
chlorination of DMSO in aqueous acetic acid, a t  
room temperature, leads to the formation of i -  
chloro-2-thiapropane-2-oxide, 1, which is seri- 
ously contaminated with 1,l-dichloro-2-thia- 
propane-2-oxide. 2. The desired control for the 
oxidation of sulfides with chlorine in aqueous 
media does not obtain until the starting sulfide 
has a t  least two a-chlorine atoms. Thus con- 
trolled chlorination of 1,3-dichloro-2-thiapro- 
pane furnished the corresponding sulfoxide 3 
without difficulty ( 5 ) .  

In a typical experiment, the polychlorosulfide 
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TABLE 1. Preparation of a-polychlorosulfoxides from a-polychlorosulfides by 
chlorination (232 ml/min) in glacial HOAc containing 3 equiv. of water 

Yield Chlorination 
Starting sulfide Sulfoxide product (%I time (min) 

(cri. 16 gm) was dissolved in acetic acid (50 ml) 
and 3 equiv. of water were added. Chlorine was 
bubbled into the solution and the temperature 
maintained at  25 to  30 "C. The results obtained 
on the systems utilized in this study are given in 
Table 1.  

Many reagents available for the conversion of 
sulfides to sulfoxides give rise to some sulfone as 
well (2, 6). Although the preparation of a-poly- 
chlorosulfoxides utilizing chlorine and aqueous 
acetic acid is not complicated by sulfone forma- 
tion, it is normally complicated by sulfonyl 
chloride formation. However, sulfonyl chloride 
formation occurs as a minor side reaction and the 
sulfonyl chloride can be readily removed by 
washing the sulfoxide with aqueous base. By 
contrast, sulfones are often difficult to remove 
from the corresponding sulfoxide, particularly 
when purification is attempted by recrystalliza- 
tion (6). 

A useful modification of this synthetic method 
involves the conversioil of a sulfide to the corre- 
sponding a-chlorosulfoxide in one step. Since 
chlorosulfonium chloride salts are inert t o  
acetolysis (7), the starting sulfide can be chlori- 
nated in glacial acetic a c ~ d  to furnish the 
homologous a-chlorosulfide. After the addition 
of water further chlorination affords the corre- 
sponding sulfoxide. In  this way, 1,3-dichloro-2- 
thiapropane has been converted routinely into 
1,1,3-trichloro-2-thiapropane-2-oxide, 4, in 50% 
yield. 

Synthesis of Sulfinyl Chlorides 
The development of synthetic methods for the 

preparation of sulfinyl chlorides has received 
relatively little attention. Most sulfinyl chlorides 
have been made by variations of the same reac- 
tion developed by Douglass, namely the con- 
trolled solvolysis of alkyldichlorosulfonium 
chloride salts (8,9). The chief difficulties with this 

method center around finding a suitable solvent 
in which to carry out the solvolysis. For ex- 
ample, when acetic acid is employed as the sol- 
vent, excess chlorine initiates a slow but smooth 
transformation of the sulfinyl chloride into the 
corresponding sulfonyl chloride. However, this 
problem seems to have been overcome by 
employing acetic anhydride for the solvent. 
Using a different synthetic method, some aro- 
matic sulfinyl chlorides have been prepared by 
reaction between the sulfinic acid and thionyl 
chloride (10). 

Our studies on the cleavage of a-polychloro- 
sulfoxides with chlorine (5) led to the selection of 
methylene chloride as the solvent in order to  
prevent solvolysis reactions. The results of the 
initial examination of this reaction indicated that 
a-trichlorosulfoxides would undergo facile clea- 
vage when treated with chlorine in methylene 
chloride, whereas a-dichlorosulfoxides would not 
undergo cleavage in useful yields. 

A summary of the sulfoxide substrates exa- 
mined is presented in Table 2. 

It is noteworthy that the yield of sulfinyl 
chloride from chlorination of phenyl trichloro- 
methyl sulfoxide was poor and that the com- 
pound could not be separated intact from the 
reaction mixture. This observed poor yield and 
the long chlorination time are precisely what 
would have been expected from an alkyl u,a- 
dichloroalkyl sulfoxide. It appears, therefore, 
that the phenyl ring acts to suppress the electron- 
withdrawing effect of approximately one chlorine 
atom, which may be rationalized by postulating 
the delocalization in the intermediate oxochloro- 
sulfonium chloride of positive charge on  sulfur 
around the aromatic ring. 

In its generalized form, this method of alkane- 
sulfinyl chloride preparation requires that tri- 
chloromethyl alkyl sulfoxides be available. Since 
the chlorination of alkyl methyl sulfides normally 
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GROSSERT ET AL 

TABLE 2. Preparation of alkanesulfinyl chlorides from a-polychlorosulfoxides 
by chlorination (232 ml/min) in CH2Cl2 

Sulfinyl chloride Yield Chlorination 
Starting sulfoxide product (%I time (min) 

C1CHz,SO.CHCl2 4 C1CH2.S0,Cl 72 30 
CICH2.SO.CC13 5 ClCH2.SO.Cl 80 50 
CH3.S0.CHC12 2 CH3.S0.CI 76 25 
CH?.SO.CCl, 6 CH3.S0,CI 77 25 

goes preferentially into the alkyl group ( l l ) ,  it 
might appear that this method is not generaliz- 
able on account of the lack of availability of the 
intermediate trichloromethyl sulfides. However, 
this is not so, since both chloromethyl and 
dichloromethyl aikyl sulfides are available 
through established methods. Bohme (12, 13) has 
developed the preparation of chloromethyl alkyl 
sulfides from alkyl thiols, paraformaldehyde, and 
HCI. More recently a method for the preparation 
of dichloromethyl alkyl sulfides from the thiol- 
formates and phosphorus pentachloride has been 
published by Holsboer and van der Veek (14). 
These authors have also reported the preparation 
of a number of trichloromethyl alkyl sulfides 
from the dichloromethyl alkyl sulfides. 

It should be noted that the preferred method 
for the preparation of metha~lesulfinyl chloride 
utilizes 1,l -dichloro-2-thiapropane-2-oxide, 2, as 
starting material. Although the chlorination of 
1,1,l-trichloro-2-thiapropane-2-oxide, 6 ,  has been 
examined and proceeds quite satisfactorily, 6 is 
considerably less convenient to prepare than is 2. 

Oxygen-transfer Reactions 
Most of the reactions which we encountered 

during our studies on the sulfohalofor~n reaction 
(5, 7 )  involved sulfur behaving as a nucleophile 
towards eiectrophilic chlorine. However, we also 
observed a number of reaction pathways in which 
sulfoxides acted as nucleophiles at oxygen. This 
type of reaction by sulfoxides is of course well 
documented (15, 16), but the reactions described 
below are novel and warrant a brief discussion. 

Although chlorination of i,3-dichIor0-2-tllia- 
propane-2-oxide, 3, in dilute aqueous acetic acid 
was a relati.iely straightforward reaction yielding 
primarily 4 (5), the use of glacial acetic acid as 
solvent permitted the obser1-ation of a chlori- 
nated sulfoxide behaving as an oxygen nucleo- 
phile in a more complex reaction. The products 

shown in [I] were obtained. The previous report 

+ C13C.S~CH2Cl (26%) + CHCI, (26%) 
8 

( 5 )  established that the chloromethanesulfony1 
chloride, 9, is produced from the corresponding 
sulfinyl chloride which in turn is produced from 
the trichlorosulfoxide, 4. It is also clear that the 
sulfinyl chloride acquires an oxygen atom from a 
sulfoxide which is converted to the corre- 
sponding cx-chlorosulfide. The simplest assump- 
tion, since the isolated sulfide is in fact the tetra- 
chlorosulfide 8, is that oxygen is transferred 
from the trichlorosulfoxide 4. Chlorination of the 
trichlorosulfoxide 4 in glacial HOAc furnishes no 
tetrachlorosulfide 8 as we have shown previously 
(5). It therefore follows that the oxygen transfer 
must have occurred from the dichlorosulfoxide 3. 
This reasoning was supported by chlorination of 
a -1 : 1 mixture in glacial acetic acid of chloro- 
nlethanesulfinyl chloride and the dichlorosulf- 
oxide 3 which did indeed furnish the expected 
mixture of chloromethanesulfony1 chloride 9 and 
tetrachlorosulfide 8 in a 1 : 1 ratio. The pathway 
for the chiorination of the dichlorosulfide 3 in 
glacial acetic acid is depicted in Scheme 1. 

It is interesting to compare the reactions of 3 
(cf reaction 1 )  and 2 (reaction 2) (5) with 
chlorine in glacial acetic acid. No oxygen- 

C12 
[2] 2 - HOAc CH,,SOZ.CI (72%) t CC1, (72%) 

transfer products were observed in 121. The 
differences between 2 and 3 may be explained by 
a number of factors. These include the fact that 2 
undergoes rapid further chlorination to the less- 
nucleophilic trichlorosulfoxide 6 and the fact 
that in [I] ,  the oxygen transfer arises from the 
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CI, 
C1CH,.S0.CH2CI --A ClzCH.S0.CH2CI 

HOAc 
3 4 

more nucleophilic sulfoxide 3 attacking the more C I ~ C H . S O . C H ,  CI,C. SO.CH,CI 
electrophilic oxodichlorosulfonium salt 10. This 
compares with [2] in which for a comparable 
process to  occur, the predominant sulfoxide C1, / CH,CI, i Clz 
would be 6 and the comparable electrophilic 
species to 10 would be I1 (cf .  Schemes 1 and 2). 

That an oxygen-transfer reaction could occur CI3C'SO'CH3 C~CH:. SO.Ci + CCI, 

in the case of dichlorosulfoxide, 2, was found by 6 

a careful examination of its chlorination in 0 :a:- 
I II 

methylene chloride solvent. The reaction is CH .I1+ 

depicted in [3]. J 1 11 

cI2 CH3.S0.C1 + CCI, 
II 

CI2CH.S.CH3 
I31 2 7 CH,.SO.CI (75%) + CH, ,S02CI  (1%) 

CH,C12 2 , 

The chloromethanesulfinyl chloride must origi- 
nate from the tetrachlorosulfoxide 5 since 
methanesulfinyl chloride did not give rise to any :cj :- 
chloromethanesulfinyl chloride when chlorinated C1 

I + '-\ + in methylene chloride. The selective oxidation of CI,CH CH, + SO, CI + C12CH,S ,CHI 
rnethanesulfinyl chloride to the sulfonyl chloride r" 
in the presence of chloromethanesulfinyl chloride :cI:- 
can be rationalized on the grounds that the con- 
centration of methanesulfinyl chloride is much C I , ~ .  s ,-H, -- Cl, C I , C . S . C H ~ C I  
greater during the reaction and that the methane- 8 
sulfinyl chloride reacts at a faster rate with S C H E ~ I E  2 
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GROSSE 

chlorine to form the oxodichlorosulfoniun~ 
chloride salt 11. A reasonable reaction pathway 
is outlined in Scheme 2. 

It might have been expected that methane- 
sulfinyl chloride would best be prepared by 
simple chlorination of DMSO, especially in light 
of the literature report that sulfoxides may be 
cleanly chlorinated in methylene chloride (17). 
However, in our hands, DMSO produced a 
plethora of products with chlorine in either 
methylene chloride or glacial acetic acid. T h ~ s  is 
undoubtedly due to oxygen-transfer reactions. 
We did find that these processes could be sup- 
pressed to give a useful reaction by use of a 
controlled amount of water in the acetic acid (5). 

We have also observed a novel oxygen transfer 
reaction which did not involve molecular 
chlorine. 111 1955, Bordwell and Pitt (18) 
examined the reaction of sulfoxides with thionyl 
chloride. Upon subjecting thiacyclopentane- 1 - 
oxide to the appropriate conditions, they re- 
ported the formation of "a dark colored material 
with a wide boding range". A reinvestigation of 
this reaction furnished the unexpected result that 
the major isolable product was thiacyclopentane 
(25% yield). As initially isolated, it was contami- 
nated with a small amount of material that may 
have been the expected 2-chlorothiacyclopentane 
(nmr). Redistillation gave thiacyclopentane of 
satisfactory purity. This apparently unprece- 

dented reduction of a sulfoxide by thionyl 
chloride (ref. 10, p. 341) can be rationalized as 
depicted in Scheme 3. 

Experimental 
General 

Details have been provided previously (5). 

Preparation of Cl, CH.S0.CH2 Cl, 4 
1,3-Dichloro-2-thiapropane (1 6.00 g) in glacial acetic 

acid (50 ml) was chlorinated (232 ml/min) for 20 min. 
Water (6.6 ml) was added and C1, (232 ml!rnin) was 
bubbled through the reaction mixture for an  additional 
35 min. Water (75 nil) was added and the solution was 
extracted with chloroform (4 x 100 ml). The cornbinecl 
chloroform layers were washed with 2.5% NaOH until 
the p H  of the aqueous layer remained basic, and then 
given a standard work-up. The residue was fractionated at  
reduced pressure to furnish 4 (11.08 g, 50%). 

Chlorination of C13C,S0,CH2Cl, 5 
5 (15.25 g) was dissolved in methylene chloride (50 ml) 

and chlorine (232 ml/nlin) was bubbled through the reac- 
tion mixture for 50 min. The solvent was distilled off at  
atmospheric pressure and the residue was rectified at  
reduced pressure affordingchloromethanesulfinyl chloride 
9 (7.62 g, 80.3%) bp 94 ' C  80 torr. 

Chlorination of Cl,C.SO.C, H,, 7 
7 (9.64 g) was dissolved in methylene chloride (50 nll) 

and chlorine (232 mlln~in) was bubbled through the reac- 
tion mixture for 90 min. The methylene chloride was 
rotary evaporated to yield an orangish rcsiduc (10.02 g). 
Methanol (50 ml) was added to the residue and the solu- 
tion stirred at  ambient temperature for 60 min. The 
methanol was rotary evaporated affording a residue con- 
taining Ph,SO,OMe (1.90 g, 3973, unreacted Ph.SO.CC1, 
(2.25 g, 23Y,), as well as at  least two other con~pounds. 
Some of this residue was chromatographed on two 
preparative-layer plates (150 mglplate) which were eluted 
with carbon tetrachloride. The lowest band (RF 0.12 
detected by uv light) was removed, and chloroform 
extraction gave a partially crystalline residue (142.7 mg) 
which was about equal parts CI,C.SO.Phand Ph.SO.OMe. 
This residue was rechromatographed (plc, chloroform 
eluant), the lower band (R, 0.62) from which furnished 
methyl benzenesulfinate (66 mg), which was identical with 
authentic material by tlc, nmr, and ir, and the upper band 
(R, 0.83) from which furnished Ph,S0,CC13 7 (67 mg), 
identical with the starting material by tlc, nmr, and ir. 

Chlorination of CICH,.SO. CH, CI, 3 
3 (15.01 g) (5) was dissolved in glacial acetic acid (50nll) 

and chlorinated (232 ml/min) for 30 min. The nmr of the 
crude showed that C1,C.SCH2C18 and C1CH2.S02CI 9 
were presellt in a 1 :  1 ratio. Ice water (75 nil) was added 
and the solution extracted with chloroform (2 x 100 ml). 
The chloroform layer was extracted with 2.5% NaOH 
(100 ml aliquots) until the p H  of the aqueous layer re- 
mained basic. Standard work-up gave a residue which was 
fractionated at  reduced pressure affording CI3C,S.CH,CI 
8 (5.47 g, 26.4%) and Cl,CH~SO~CH,CI 4 (3.72 g, 19.6%). 
Both compounds were identical with authentic sanlples by 
nmr, ir, and bp. 
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The reaction was repeated. After addition o f  water and 
chloroform extraction, a portion o f  the chlorofor~n solu- 
tion (50 ml )  was continuously extracted with water2 for 
24 h .  The chloroform was dried (MgSO,), filtered, and 
concentrated and a portion o f  the residue (500 mg) was 
added drop-wise to  a chilled solution o f  vanillin (218 mg) 
in dry pyridine ( I  ml).  After the reaction mixture was 
stirred at ambient temperature for 1 h ,  work-up in the 
usual way gave a residue which was chromatographed on 
five preparative-layer plates usingether-chloroform, 5 : 95. 
Extraction o f  the band visible under uv light furnished 
vanillin chloromesylate (152 mg) which was identical with 
authentic material by tlc, ir, and nmr. 

Clzlorirtafion of CI,CH.SO.CH,, 2 
2 (16.81 g) in rnethylene chloride was chlorinated (232 

ml/min) for 25 min. The methylene chloride was distilled 
o f f  at atmospheric pressure and the residue was frac- 
tionated at 34 torr. Methanesulfinyl chloride (bp 52- 
54 'C:34 torr) was removed and a residue (1.00 g) was 
obtained. Nuclear magnetic resonance spectra indicated 
the presence o f  Cl,C~S~CH,CI 8 (264 mg, 1.273, 
CICH2.S0.C1 (437 mg, 2.9%), CH3.S02.C1 (163 mg, 1 .2x) ,  
and CH,.SO.Cl (139 mg, 1.273. The crude residue was 
treated with vanillin (1.002 g) in pyridine (2.5 mi)  as out- 
lined previously, the product o f  which was evacuated 
(0.45 torr) and immersed in an oil bath (which had been 
preheated to  100 'C) ,  for 2 min. Condensation o f  the 
distillate in a cold trap (- 50 ' C )  furnished 8 (153 mg) 
identical to  authentic material by nmr, ir, and bp. The 
residue from the bulb-to-bulb distillation weighed 498 mg. 
A portion o f  the residue (200 mg) was chroinatographed 
on two preparative tlc plates (silica gel HF-254) which 
were developed with 573 ether in chloroform. Vanillin 
mesylate (32.3 mg, R F  0.50) was isolated and shown t o  be 
identical to  authentic material by ir, nmr, and tlc. 

The chlorination was rerun and a portion o f  the distilla- 
tion residue (250 mg) was chlorinated (232 mljmin) in 
distilled water (1.7 ml) for 5 min. The reaction mixture 
was diluted to 10 ml with distilled water and extracted 
with chloroform (3 x 10 ml). Standard work-LIP gave a 
residue which was treated with vanillin (200n1g) in 
pyridine (1.0 ml) as described previously. Vanillin 
chloromesylate (48.2 mg. R F  0.55) was isolated by pre- 
parative-layer chromatography, as outlined above and was 
shown to be identical to  authentic material by nmr, ir, and 
tlc. 

Renrtion of Tl~iacyclopenfa~~e-I-o.~ide cmd SOC/, 
Thiacyclopentane-I-oxide (28.85 g) was dissolved in 

'The water was distilled from 5% NaOH to  prevent 
recycling o f  the acetic acid. 

methylene chloride (40 ml)  and was added drop-wise over 
a period o f  1 %  h to a gently refluxing solution o f  thionyl 
chloride (34.89 g) in methylene chloride (40 ml). Upon 
completion o f  the addition the reaction mixture was 
fractionated and the material (7.32 g) which had bp 90- 
120 ' C  was collected. Redistillation furnished clean thia- 
cyclopentane (bp 116-120 ' C ,  3.65 g) which was identical 
with authentic material by bp, nmr, and ir. 
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C-N~crleosides and related compounds. XPI. The synthesis of the carbocyclic 
analogues of D,L-6-azapseudouridine, %thio-6-azapseudouridine, and pyrazofurin 

A. On the cyclization of semicarbazones of a-keto esters 
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GEORGE JUST and SUNGGAK KIM. Can. J. Chem. 55, 427 (1977). 
The preparation of the title compounds is described. The cycli~ation of the syn- and anti- 

isomers of semicarbazones, thiosemicarbazones, and carbomethoxymethyl hydrazones to 
azauracils, thioazauracils, and pyrazoles is described. The photochemical isomerization of the 
hydrazones has been carried out. Whereas both syn- and anti-isomers of the thiosemicarbazones 
and carbomethoxymethyl hydrazones cyclize, only the syrz-isomer of the semicarbazones can 
be converted to the corresponding azauracil. 

GEORGE JUST et SUNGGAK KIM. Can. J. Chem. 55, 427 (1977) 
On decrit la preparation des composes mentionnes dans le titre. On decrit la cyclisation des 

isomeres syn et anti des semicarbazones, des thiosemicarbazones et des carbomethoxymtthyles 
hydrazones en azauracils, thioazauracils et pyrazoles. On a effectut les isomCrisations photo- 
chimiques des hydrazones. Alors que les isomeres syn ainsi que anti des thiosemicarbazones et 
carbomethoxymCthyles hydrazones peuvent se cycliser, il n'y a que l'isomere syn des semi- 
carbazones qui peut &tre transform6 en azauracil correspondant. 

[Traduit par le journal] 

In the course of the synthesis of the carbocyclic 
analogue of D,L-pyrazofurin A 17 ( I ) ,  it was 
noted that the cyclization of the corresponding 
hydrazone 10 proceeded in low yield, and that 
the hydrazone consisted of a mixture of the syn- 
and anti-isomers. It occurred to us that perhaps 
only one isomer underwent cyclization. 

The cyclization behaviour of semicarbazones 
is also a somewhat capricious reaction. It has 

of pyruvic acid underwent a high yield cyclization 
resulting in the formation of 6. Replacement of 
the sulfur atom with an oxygen atom then 
allowed him to prepare 6-azathymine 4 ( 5 ) .  In 
contrast with the cyclization of semicarbazones 
of a-keto acids, the cyclization of thiosemi- 
carbazones proceeds consistently in good yield. 
The cyclization of the thiosemicarbazones has 
therefore served as the basis for the synthesis of 

been reported that semicarbazones of a-keto 6-azauracils. 
acids and a-keto esters are cyc!ized under the Since we were interested in the synthesis of 6- 
influence of aqueous sodium hydroxide directly azauracils, 4-thio-6-azauracils, and pyrazoles, 
to the corresponding azauracil in variable yield 
(2). The reaction is normally carried out at 
100 "C. Higher yields are obtained by working 
at room temperature, but the reaction then often 
takes several months. The cyclization proceeds 
best with semicarbazones with a higher alkyl or 
even better an aryl or aralkyl group in the a-  
position (3). Furthermore, with the semicarba- 
zones of lower a-keto acids the reaction proceeds 
with some difficulty or, in case of pyruvic acid, 
not at all (4).2 

Bougault observed that the thiosemicarbazone 

'Holder of a McConnell Fellowship, 19741976. 
2Note: Chang (4c) prepared 4 from the semicarbazone 

of pyruvic acid by treatment with sodium ethoxide in 
ethylene glycol at reflux for 15 h in 51% yield. 

we decided to investigate the cyclization reactions. 
Methyl pyruvate was transformed into its 

hydrazone 1, semicarbazone 3, and thiosemi- 
carbazone 5. Spectral data indicated them to 
consist only of one isomer, assigned the anti 
geometry based on data to be discussed later. All 
cyclization reactions were carried out in a 
standard manner, involving sodium methoxide 
in boiling methanol for 2 h, unless specified 
differently. Thiosemicarbazone 5-E cyclized in 
70% yield to thioazauracil 6, presumably after 
isomerization to the syn-isomer. Pyrazole 2 was 
obtained in only 30% yield from hydrazone 1-E 
and the anti-semicarbazone 3-E did not react at 
all. 

Irradiation of methanolic solution of the anti- 
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COOMe 
I 

NHCHzCOOMe 
\ /' 1-2 

1-15 COOMe 1690 cm I .  A,,, 295 nni 
1715 cm-I. A,, ,, 273 nni 6 ( h H )  10 3 p p m  
f i ( h H )  6 3 ppni CH3 N 

COOMe M e 0  0 

-- C H 3  IN IN-CONH2 I 

3 L 

3 E 1695 c m ' .  A,,,, 265 nm 

1730 cm ' A,, ,, 262 n m  K ( Y H )  10 8 ppm 

6 ( h H ) 9  9 p p m  CH3 

4 

COOMe S 

5- t .  
1730 cnl-I. fi(NHi 10.6 ppm 

semicarbazone 3-E, h,,, 262 nm, with 254 nm 
light for 2 days, shifted the absorption maximum 
to 265 nm. Purification by tlc gave in 80% yield 
the crystall~ne sjw-isomer 3-2 .  Treatment of the 
syn-isomer with sodium methoxide in methanol 
at room temperature for 30 min gave, after 
acidification, a crystalline 6-azathymine in 75% 
yield. During the course of reaction, a precipitate 
formed. The precipitate turned out to be the 
sodium salt of 4. The assignment of the geometry 
of the semicarbazones is based on the sharply 
contrasting cyclization behaviour of the two 
isomers. It is corroborated by the following 
spectral data. In the syrz-isomer 3-2, the NH 
proton appeared at 10.8 ppm and the carbo- 
methoxy group absorbed at 1695 cm-' due to 
hydrogen bond~ng. For the anti-isomer, the 
corresponding bands appeared at 9.9 ppm and 
1730 cm-I. It should be noted that the syn- 
isomer absorbed in the ultraviolet at higher 
wavelength than the anti-isomer. Similar spectral 
data were observed for the hydrazones 1 and 10, 
and the semicarbazone 8. The spectral data are 
summarized in Scheme 1. 

In order to make sure that the poor cyclization 
yield of hydrazone 1-E was not due to slow 
conversion of the anti-isomer 1-E to the syn- 

isomer 1-Z, a methanolic solution of the anti- 
isomer, Amax 273 nm, was irradiated with 254 nm 
light for 2 days. Purification by tlc gave the syn- 
isomer in 70% yield as an oil. Treatment of 1-Z 
with sodium methoxide in methanol gave pyra- 
zole 2 in 35% yield, indicating that syn-anti 
isomerization had occurred during the reaction 
and that the low yield obtained from the anti- 
isomer was not related to its lack of convertibility 
to the syn-isomer. In the case of the thiosemi- 
carbazones it was obvious that the anti-isomer 
was easily converted to the syn-isomer under the 
reaction conditions, and no further work was 
done on that system. 

These findings were applied to the synthesis 
of C-nucleoside analogues 13, 14, and 17, which 
fully corroborated the observations made. 

The keto ester 7 (1) was converted to its 
thiosemicarbazone 9. Spectral data indicated it 
to consist of the syn- and anti-isomers in a ratio 
of approximately 1 : 1. Treatment of 9 with 
sodium methoxide in methanol gave 13 in 76% 
yield. Hydrolysis of protecting groups with 50z 
aqueous trifluoroacetic acid at room temperature 
for 30 min gave the crystalline 4-thio-6-aza- 
pseudouridine 14 in good yield. 

For the preparation of a carbocyclic analogue 
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JUST AND KIM 429 

I 
COOMe O ? N - C X N H ~  I COOMe 

+SlO 
I O - *-&/ + 1 NHCXNH* 

0 0 x W 
7 8 - 7 X = O  I 8-E X  = O 

9 - 7  X  = S 9 E X = S  

I 

1 X X 

H N Y r ~  HNYrH 

I 
COOMe 

+SlO 
1 N-NHCH:COOE +il04' I Ho+N 

0 0 0 0 HO OH 

X X 12 X - 0  

10 111 X = O  14 X = S  

COX 

15 X - OCH, 
16 X = NHZ 

21 X = COOH 
22 X = CH20H 

COOMe COOMe 
N/IVHCONH~ 

0 

COOMe 

18 52 
19 20 

of 6-azapseudouridine, the keto ester 7 was of the protecting groups with 50% aqueous 
converted to its semicarbazone 8. Spectral data trifluoroacetic acid gave crystalline 1% in 75% 
indicated it to consist of the syn- and anti- yield. The same compound was obtained in the 
isomers in a ratio of 2:  3. Cyclization with sodium following manner. Olefinic ester 18 (6) was 
methoxide in methanol gave the cyclized product oxidized with potassium permanganate and 
11 in 30% yield. Pure anti-isomer 8-E was sodium periodate (7). The resulting keto ester 19 
recovered in 50% yield. Irradiation of the anti- was converted in 78% yield to its crystalline 
isomer, 1,,,,,, 263 nm, with 254 nm light for 2 semicarbazone 20, which consisted of the s y ~ -  
days gave the syn-isomer, I,,,, 272 nm, in quanti- isomer only according to its nmr and uv spectra. 
tative yield. Gyclization of this product resulted It could be cyclized readily using the standard 
in the formation of 31 in 80% yield. Hydrolysis procedure. The resulting cyclized product 21 was 
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reduced with diborane to give 22. Treatment of 
22 with 90% aqueous trifluoroacetic acid gave 12, 
identical in all respects with the product de- 
scribed above. 

The carbocyclic analogue of pyrazofurin A 
was synthesized in the following manner. The 
keto ester 4 was converted to its hydrazone 10, 
which consisted of the sjn- and anti-isomers in a 
ratio of 6:5,  as established by high-pressure 
liquid chromatography. Cyclization of the mix- 
ture gave the crystalline pyrazole 15 in 40% yield. 
Treatment of 15 with ammonia for 7 days at 
room temperature gave the amide in 85% yield 
as a foam. Hydrolysis of the protecting groups 
gave the crystalline product 17. 

In conclusion, it may be stated that the 
variability in cyclization behaviours of the semi- 
carbazones of cr-keto esters reflects the syrz-anti 
isomer ratio of the semicarbazones. which in turn 
depends to a large extent on the steric bulk of the 
alkyl or aryl substituent in the keto ester ( 8 ) .  In 
case of 20, hydrogen bonding by the carboxyl 
group of the semicarbazone group seems to 
stabilize the syrz-isomer considerably. 

Experimental 
Melting points were determined on a Gallenkamp 

block and are uncorrected. Mass spectra were obtained 
on an AEI-MS-902 mass spectrometer at 70 eV using a 
direct-insertion probe. Nuclear magnetic resonance spec- 
tra were recorded on a Varian Associates T-60 spectrom- 
eter. Infrared spectra were obtained on an Unicam SP 
LOO0 and a Perkin-Elmer 257 ir spectrophotometer. 
Uitraviolet spectra were determined with an Unicam 
SP 800 spectrophotometer. The photolyses were carried 
out in Vycor tubes using a Rayonet photochemical 
reactor equipped with lamps with maximum output at 
2537 A. An Altex Model 300 liquid chromatograph was 
used for high pressure liquid chromatography. Micro- 
analyses were carried out by Dr. C. Daessle, Montreal 
and Heterocyclic Chemical Corp., Harrisonville, Mo., 
U.S.A. 

Preparation of Methyl Pyrucjate Hydrazone I-E 
Methyl pyruvate (1.02 g), methyl hydrazinoacetate 

hydrochloride (1.68 g, 1.2 equiv.), and sodium acetate 
(990 mg, 1.2 equiv.) were dissolved in 15 ml of methanol 
and 5 ml of water. The solution was stirred at room 
temperaturc for 6 h. The solution was evaporated under 
reduced pressure. The residue was taken up in 20 ml of 
chloroform. The chloroform solution was washed with 
water, dried over sodium sulfate, and evaporated to  dry- 
ness in uacuo. Yield 1.62 g (86%); mp 70-72 "C; nmr 
(CDCI,) 6 2.03 (s, 3H, CH,C=N), 3.73 (s, 3H, COOMe), 
3.80 (s, 3H, COOMe), 4.2 (bs, 2H, NHCH2COOMe), 
6.3 (bs, IH, NNHCH,); ir (CHCl,) 3300 (NH), 17451171 5 
(C=O), 1605 cm-' (C=N); uv (MeOH) 273 nm (log E 

4.11). 

3(5)-Carbor?1ethoxy-4-hydroxy-5(3)-methylgyrazole 2 
To a solution of hydrazone 1-E (420 mg) in 5 ml of 

methanol was added 0.63 M sodium methoxide (6.8 ml, 
2.5 equiv.). The solution was refluxed for 4 h and evapo- 
rated under reduced pressure. The residue was taken up in 
10 ml of water, acidified in 0.5 M hydrochloric acid and 
then extracted three times with ethyl acetate. The ethyl 
acetate solution was dried over sodium sulfate and 
evaporated to dryness in uacuo. The crude product was 
chromatographed on silica gel plates using chloroform 
as an eluant (R, = 0.6). Yield 102 mg (30z); n ~ p  140-142 
"C; nmr (CDCl,) S 2.2 (s, 3H, CH,), 3.8 (s, 3H, COOMe), 
8.4 (b, 2H, NH and OH); ir (CHCI,) 3200-2500, 17201 
1690 (C=O), 1640cm-'; uv h,,, 225 (log E 3.75) and 
275 nm (log E 3.65) in 0.1 NHCI; h,,, 237 (log E 3.78) and 
317 nm (log E 3.74) in 0.1 N NaOH. 

Con~ersion of the anti-Isomer 1-E into the sj~n-Isomer 2-2 
The hydrazone 1-E (320 mg) was dissolved in 20 ml of 

methanol. The solution was irradiated for 2 days at 254 
nm. The solvent was evaporated under reduced pressure 
and the crude product was chromatographed on silica gel 
plates using chloroform as an eluant for the separation. 
The syn-isomer was an oil (Rf = 0.7). Yield 225 mg 
(70%); nmr (CDC1,) 6 2.00 (s, 3H, CH,C=N), 3.67 (s, 
3H, COOMe), 3.70 (s, 3H, COOMe), 4.13 (d, J = 6 Hz, 
2H, NHCH,COOMe), 10.2 (b, 1H, NNHCH,); ir 
(CHCI,) 330 (NH), 1750,'1690 (C=O), 1570 cm-' (C=N); 
uv (MeOH) 295 nm (log E 3.97). 

Prepamtion ofPymzo1e 2 from the ~yn-Hydrazone 1-2 
The sjoz-hydrazone 1-2  was treated with sodium meth- 

oxide at reflux for 4 h. After usual work-up and separa- 
tion on silica gel plates, the pyrazole 2 was obtained in 
3 5 z  yield. Spectral data (nmr, ir, and uv) were identical 
with those of 2 which was obtained from the anti- 
hydrazone 1-E. 

Preparatiorz of the Sen~iearbazone of Methjl Pyruuate 3-E 
To a solution of methyl pyruvate (1.02 g) in 20 ml of 

methanol was slowly added a solut~on of semicarbazide 
hydrochloride (1.22 g, 1.1 equiv.) and sodium acetate 
(900 mg, 1.1 equiv.) in 10 ml of water. The solution was 
stirred at room temperature for 1 h and the white precipi- 
tate was filtered oft' and washed several times with meth- 
anol. Yield 1.40 g (88%); mp 198-200 "C; nmr (CDCl,) 
6 2.08 (s, 3H, CH3-C), 3.77 (s, 3H, COOMe), 6.4 (bs, 
2H, CONH2), 9.9 (bs, lH,  NNHCO); ir (KBr) 3540, 
3400, 3300-3000, 1730 (COOMe), 1690 (CONH,), 1595 
(C=N), 1450 cm-'; uv (MeOH) 262 nm (log E 4.39). 

Conversion of the mzti-Srrr~irarbazone 3-E into the syn- 
Semicarbazone 3-Z 

The anti-semicarbazone 3-E (210 mg) was dissolved in 
20 ml of methanol. The solution was irradiated at 254 nm 
for 2 days and separated by chromatography on silica gel 
plates using ethyl acetate as an eluant (Rf = 0.85). 
Yield 160 mg (80%); mp 128-130 "C; nmr (CDCI,) 
6 2.07 (s, 3H), 3.77 (s, 3H), 6.6 (bs, 2H, CONH,), 10.8 
(bs, 1H, NNH); ir (KBr) 3440, 3300, 1695 (C=O), 1600, 
1450 cm-'; uv (MeOH) 265 nm (log E 4.37). 

6-Metliyl-3,5-dioxo-2,3,4,5-tetrahydro-l92,4-friazine 
(6-Azathymine) 4 

The syn-semicarbazone 3-2 (140 mg) was added to 
3.0 ml of 0.63 M (2.1 equiv.) methanolic sodium meth- 
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oxide. The solution was stirred at room temperature for 
30 min. The formation of a white precipitate was ob- 
served after stirring a few minutes. Without filtration of 
the white precipitate, the reaction mixture was neutralized 
with Dowex 50W-X8 (H). The resin was filtered and the 
solvent was evaporated to dryness in cacuo. The crude 
product was crystallized from ethyl ether. Yield 85 mg 
(75%); mp 209-211 "C (lit. (4c) 210-212°C); nmr 
(DMSO-d6, external TMS) G 2.03 (s, 3H, CH,), 9.0-1 1.0 
(b, 2H, NHCONH); ir (KBr) 3280, 3200, 1730,'1680 
(C=O), 1620 (C=N), 1480 cm-I;  uv h,,, 261 nm (log 6 

3.73) in 0.1 N HCI; Z,,, 246 nin (log E 3.67) in 0.1 N 
NaOH. 

Preparation of the Sodiunz Salt 
The syn-semicarbazone 3 - 2  (100 mg) was added to 1.2 

ml of 0.6 M sodium methoxide (1.2 equiv.). The solution 
was stirred at room temperature for 10 min and the white 
precipitate was filtered off and washed with 1 ml of 
methanol. Drying in cacuo gave the sodium salt (45 mg) 
in 48% yield. Its uv spectrum was identical with that of 4 
and the nmr spectrum in D 2 0  showed a singlet at 2.10 
ppm for the methyl group. 

Preparation of Thiosemicarbazone 5-E of Methyl Pj~ruente 
Methyl pyruvate (2.06 g) and thiosemicarbazide (1.83 g, 

1 equiv.) were dissolved in 30 ml of 80% aqueous meth- 
anol. The.solution was stirred at room temperature for 
30 min. The precipitate was filtered and washed several 
times with methanol. Yield 3.50 g (78%); nlp 137-138 'C; 
nmr (DMSO, external TMS) 6 2.0 (s, 3H, CH3-C), 3.7 
(s, 3H, COOMe), 7.6 (bs, lH), 8.5 (bs, lH), 10.6 (b, 1H); 
ir (Nujol) 3540, 3250, 3180, 1730 (C=O), 1640 (C=N) 
cn1-'. 

6-Methyl-3-thioxo-5-oxo-2,3,4,5-tetralzydro-l,2,4-triazine 
6 

A solution of the thiosemicarbazone 5-E (285 mg) in 
6.6 ml of 0.63 M sodium methoxide (2 equiv.) was re- 
fluxed for 3 h, cooled, and acidified with concentrated 
hydrochloric acid. The precipitate was filtered. Yield 
155 mg (70%); mp 219-220 "C. (lit. (5a) mp 220 "C); uv 
r̂ .,,, 272 nm (log E 4.27) in 0.1 IV HCl ; j, ,,,,, 265 nm (log E 

4.22) in 0.1 N NaOH. 

Methyl-2- (2'a,3'3c-dil1yclio,~y-di-O-i.~oplogylide11e-4~- 
rert-b~~t}~ldimefhyIsiIoxy~~zethyl~yc/opent- B-yl)gl},- 
oxylnte Semicarbazone 8 

The keto ester 7 (290 mg), semicarbazide hydrochloride 
(135 nig, 1.5 equiv.), and sodium acetate (100 mg, 1.5 
equiv.) were dissolved in 10 n ~ l  of methanol and 5 rnl of 
water. The solution was stirred at room temperature 
overnight and then evaporated under reduced pressure to 
remove most of methanol. The reaction mixture was 
diluted with 5 ml of water and extracted with niethylene 
chloride. The methylene chloride solution was washed 
with water, dried over sodium sulfate, and then evapor- 
ated to dryness in vacuo. Purification on silica gel plates 
using ethyl acetate as an eluant gave an oily semicarba- 
zone 8 (300 mg) in 90% yield; nmr (CDCI,) 6 0.05 (s, 6H), 
0 .90(~,9H),  1.33(s, 3H), 1.4-2.5(m,6H),3.0-3.4(m, 1H), 
3.5-3.9 ( n ~ ,  5H, COOMe, SiO-CH,), 4.3-4.9 (m, 2H), 
6.0 (b, 2H, CONH,), 9.6 (bs, 0.4H, NNHCO), 11.3 
(bs, 0.6H, NNHCO); ir (CHCI,) 3540/3430/3400 
(NH), 1720 (C=O), 1580 (C=N), 1470, 1395, 1385 
cm-I;  uv (EtOH) 265 nm (log E 4.00). Anal. calcd. for 

C1BH3506N3Si: C 53.15, H 8.16, N 9.79; found: C 52.97, 
H 8.04, N 9.49. 

A mixt~lre of geometrical isomers was separated using 
high pressure liquid chromatography on a silica gel 
column using 0.5% methanol in methylene chloride as an 
eluant at 920 psi. The first fraction, the syn-isomer 8-2:  
yield 4 0 z ;  nmr (CDCI,) 6 0.05 (s, 6H), 0.90 (s, 9H), 1.33 
(s, 3H), 1.53 (s, 3H), 1.7-2.5 (m, 3H), 3.1-3.5 (m, 1H), 
3.67 (bd, J = 4 Hz, SIO-CH,), 3.86 (s, 3H, COOMe), 
4.3-4.8 (m, 2H), 5.8 (b, 2H, CONH,), 11.3 (bs, lH ,  
NNHCO); ir (CHC13) 354013420,'3300 (NH), 1700 
(C=O), 1570 (C=N) cm-'; uv (MeOH) 272 nm (log E 

4.01). The second fraction, the anti-isomer 8-E: yield 
60%; nmr (CDCI,) 6 0.05 (s, 6H), 0.90 (s, 9H), 1.30 (s, 
3H), 1.58 (s, 3H), 1.7-2.4 (m, 3H), 3.0-3.4 (m, 1H), 3.73 
(bd, J = 4 Hz, 2H), 3.83 (s, 3H, COOMe), 4.3-4.9 (m, 
2H), 6.0 (b, 2H, CONH,), 9.6 (bs, NNHCO); ir (CHCI,) 
3540/3440,'3360 (NH), 1720 (CEO), 1570 cm-'; uv 
(MeOH) 263 nm (log E 4.06). 

6- (2 '3c ,3 ' c ( -D i l~y&o .uy -d i -O- i soprop~- t e r t -  
b~~tyldiinethylsiloxymethylcyclo~ent-' D-yl) -3,5- 
dioxo-2,3,4,5-tetrahjdro-1,2,4-triazine 11 

To a solution of a mixture of geometrical isomers of 
semicarbazone 8 (430 mg) in 10 ml of methanol was 
added 0.63 M sodium methoxide (3.2 ml, 2 equiv.). The 
solution was refluxed for 2 h and evaporated under 
reduced pressure. The residue was taken up in 10 ml of 
water, acidified with 0.5 M hydrochloric acid, and 
immediately extracted three times with ethyl acetate. The 
ethyl acetate solution was washed with water, dried over 
sodium sulfate, and evaporated to dryness in cacuo. The 
crude product was separated by chromatography on silica 
gel plates using ethyl ether and chloroform (5:l) as an 
eluant. Major product (R, = 0.5): 215 mg (50%); spec- 
tral data (nmr, ir, uv) were identical with those of 8-E 
which was separated using high pressure liquid chrom- 
atography. Minor product 11 (Rf = 0.7): 120 mg (30%); 
nmr (CDCI,) 6 0.05 (s, 6H), 0.90 (s, 9H), 1.33 (s, 3H), 1.53 
(s, 3H), 1.7-2.7 (m, 3H), 3.10-3.85 (m, 3H), 4.2-4.6 
(m, 1H), 4.6-5.1 (m, lH),  10.0-11.0 (b and bs, 2H, 
NHCONH); ir (CHCI,) 3420, 3380, 3100-3300, 1730; 
1710 (C=O), 1600 (C=N), 1470, 1460, 1395, 1385 cnl-'; 
uv 265 nm (log E 3.78) in 0.1 N HCl; h ,,,, 255 nm 
(log E 3.70) in 0.1 N NaOH; ms (150 "C) n,'e 397 (M+), 
382 (;M+ - CH3), 340 (:W+ - C(CH3),), 282 (M' - 

tert-butyldimethylsilyl), 140 (B i- 28), 139 (B i 27). 
Anal. calcd. for Cl8H,,O,N3Si: C 54.37, H 7.87, N 
10.57; found: C 54.18, H 8.01, N 10.61. 

Coneersion of 8-E into 8-Z 
The anti-semicarbazone 8-E (120 mg) was dissolved in 

20 ml of methanol. The solution was irradiated at 254 nm 
for 2 days and evaporated to dryness in caclio to afford 
the syn-semicarbazone 8 - 2  in  essential!^ quantitative 
yield. Spectral data (nmr, ir, and uv) were identical with 
those of 8 - 2  which was separated using high pressure 
liquid chromatography. 

Preparation of (21)  fiom the sjn-Semicarbazone 8-Z 
To a solution of the syn-isomer 8 - 2  (110 nig) obtained 

from the above reaction in 5 ml of methanol was added 
0.8 ml of 0.63 hf sodium methoxide (2 equiv.). The solu- 
tion was refluxed for 2 h and evaporated under reduced 
pressure. The residue was taken up in 10 ml of water. 
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The resulting solution was acidified with 0.5 M hydro- (M+ - C(CH3),), 298 (M+-tert-butyldimethylsilyl), 280, 
chloric acid and extracted three times with ethyl acetate. 206. 
The ethyl acetate solution was washed with water, dried 
over sodium sulfate, and evaporated to dryness irz vacuo 
to give 11 (81 mg) in 80% yield. Spectral data (nmr, ir, 
and uv) were identical with those of 11 which obtained 
from 8. 

6-(2'r1,3'~-Dihy(ii.oxy-4'~-I1ydro.x~n1ethylcyclopent-l'~- 
yl) -3,5-dioxo-2,3,4,5-tetvahj.dro-I ,2,4-triuzine 12 

To a solution of 11 (180 mg) in 5 ml of methanol was 
added 5 nil of 50% aqueous trifluoroacetic acid. The solu- 
tion was stirred at room temperature for 20 min and 
evaporated to dryness in cacuo. The crude product was 
crystallized from methanol and ethyl ether. Yield 85 mg 
(75%); mp 184-186'C; ir (KBr) 3480/3250,'3150 (OH, 
NH), 1735/1690 (C=O), 1620, 1470 cm-';  uv: ?.,,, 
265 nm (log E 3.80) in 0.1 NHCl;  j,,,, 254 nm (log E 3.74) 
in 0.1 i?' NaOH; ms (200 'C) tn/e 244 (,W + + I), 243 
(M+),  225 (Mi - H20),  207 (~\f+ - 2H,O), 196, 194, 
178, 140 (B + 28), 139 (B + 27). Anal, calcd. for 
C9HI3O5N3:  C 44.44, H 5.39, N 17.28; found: C 44.38, 
H 5.19, N 17.02. 

Methyl-2-(2~,3a-di1zyrlrox~-di-0-isopvop)- 
but~~ldinzeth~~lsilos,yt~zeth.vIc~vclopent-1 B-y1)gl);oxylafe 
Tl~iosernicarDazoize 9 

To a solution of the keto ester 7 (530 111g) in 20 ml of 
methanol \\as added thiosemicarbazide (150 mg, 1.1 
equiv.). Thc rcaction mixture was refluxed overnight and 
evaporated to near dryness under reduced pressure. The 
residue was taken up in 20 ml of chloroform. The so l~~ t ion  
was washed with water, dried over sodium sulfate, and 
evaporated to dryness in cacuo. The crude product was 
purified on silica gel plates using ethyl ether as an eluant. 
Yield 545 mg (86%); nrnr (CDC1,) G 0.05 (s, 6H), 0.9 (two 
s, 9H), 1.2-2.8 (m, lOH), 3.4-3.8 (m, 5H), 4.2-4.6 (b, 2H), 
4.9-5.1 (b, IH), 7.0-7.2 (b, lH), 9.2 (bs, 0.5H), 12.1 (bs, 
0.5H); ir (CHCI,) 3540, 3400, 3300, 1730/1710 (C=O), 
1580 (C=N), 1480,1395,1385 cm-' ; uv (MeOH) 273 nm 
(log E 3.78) and 315 (log c 3.68); nis (195 'C) ~ n / e  445 

6-(2'a,3'a-Dil7~~droxy-di-O-iso~1ropylidenc-4'-tet- : 
bntyldin~etkyl.riloxycyclopent-I 'p-yl) -3-thioxo-5-0x0- 
2,3,4,5-fetmhj~dro-1,2,4-triazirze I3  

To a solution of the thioseniicarbazone 9 (200 nig) in 
5 ml of methanol was added 0.8 ml of 0.63 M sodium 
methoxide (1.1 equiv.). The solution was refluxed for 3 h 
and evaporated under reduced pressure. After adding 
10 ml of water, the solution was acidified with 0.5 N 
hydrochloric acid and then extracted three times with 
ethyl acetate. The ethyl acetate solution was dried over 
sodium sulfate and evaporated to dryness in cacuo. 
Purification of the crude product on silica gel plates using 
chloroform and ethyl ether (1 :2) as an eluant nave the 
desired product 13 6 4 6  mg) as a'n oil in 76% yield; nrnr 
(CDCI,) 6 0.05 (s, 6H), 0.93 (s, 9H), 1.43 (s, 3H), 1.67 
(s, 3H), 1.8-2.7 (b, 3H), 3.3-3.9 (m, 3H), 4.4-4.7 (m, lH), 
4.9-5.2 (m, lH),  10.7-12.2 (b, 2H); ir (CHCI,) 3420,3380, 
3200-3300, 1710, 1610, 1530 cnl-l; uv 2.,,,, 215 (log E 

3.91) and 269 nm (log E 4.18) in 0.1 N HC1; ? ,,,,, 224 
(log 8 4.11), 258 (log e 4.07) and 310 nni (log E 3.60) in 
0.1 N NaOH; ms (185 "6) m/e 389 ( M +  - CH,), 356 

6- (2'a,3'r-dihydro.~y-4'~-lzyd~oxynzethyl-I'~-yl) -3-thioxo- 
5-oxo-2,3,4,5-tetrahyd~o-1,2,4-triuzine 14 

To a solution of 13 (1 10 mg) in 2 ml of tetrahydrofuran 
was added 5 ml of 50% aqueous trifluoroacetic acid.The 
solution was stirred at room temperature for 30 min and 
evaporated to dryness in cacuo. The crude product was 
crystallized from methanol and ethyl ether. Yield 50 mg 
(72%); mp 163-165 "C; ir (KBr) 3480, 3280, 3100, 1705, 
1610, 1560 cm-';  uv L,,, 215 (log E 3.96) and 269 nm 
(log E 4.20) in 0.1 N HC1; L,,, 224 (log e 4.11), 258 
(log E 4.08), and 310 nm (log E 3.52) in 0.1 N NaOH; ms 
(190'C) m,'e 259 (MA), 241 ( M +  - H,O), 223 (M+ - 
2H,O), 212, 210, 156 (B + 28), 155 (B + 27). 

Prepamtion of its Hydrazone I0 Jj.ont 7 
The keto ester 7 (720 mg), ethyl hydrazinoacetate 

hydrochloride (450 rng, 1.5 equiv.), and sodium acetate 
(240 mg, 1.5 equiv.) were added in 15 ml of methanol and 
5 ml of water. The solution was stirred at room tempera- 
ture overnight. The solution was evaporated under 
reduced pressure to remove most of the methanol and 
20 ml of chloroform was added to the reaction mixture. 
The chloroform solution was washed with water, dried 
over sodium sulfate, and then evaporated to dryness 
in cacuo. The crude product was purified by chromatog- 
raphy on silica gel plates using ethyl ether as an eluant. 
Yield 850 mg (89%); nrnr (CDCI,) 6 0.05 (s, 6H), 0.90 
(s, 9H), 1.1-1.7 (in, 9H, 0-CH2CH3, acetonide), 1.8-2.4 
(m, 3H), 3.0-3.3 (m, lH), 3.5-3.9 (ni, 5H, COOMe, 
SiO-CH,), 4.0-4.9 (m, 6H), 6.90 (t, J = 5 Hz, 0.6H, 
NH), 10.2 (t, J = 5 Hz, 0.4H, NH); ir (CHCI,) 3300 
(NH), 17501 1700 (C=O), 1580 (C=N) cm- ' ; uv (MeOH) 
287 nm (log E 3.93); ms (160°C) m/e 472 (MI) ,  457 
( M +  - CH3), 441 ( M +  - OCH3), 415 ( M +  - C(CH3)3), 
357 ( M A  - tert-butyldimethylsilyl group) 257, 169. Anal. 
calcd. for C22H4007N2Si: C 55.93, H 8.33, N 5.93; 
found: C 55.98, H 8.68, N 6.06. 

A mixture of geometrical isomers (230 mg) was separ- 
ated using high pressure liquid chromatography on a 
silica gel colunin using 0.5% isopropyl alcohol in methyl- 
ene chloride at 460 psi. The first fraction the sj>iz-isomer: 
yield 120 mg (55%); nrnr (CDCI,) 6 0.05 (s, 6K), 0.90 (s, 
9H), 1.10-1.53 (m, 9H), 1.67-2.40 (m, 3H), 3.0-3.3 (b, 
IH), 3.53 (q, J = 5 Hz, SiO-CH,), 3.77(s, 3H, COOMe), 
4.0-4.7 (m, 6H), 10.2 (t, J = 5 Hz, IH, NH); ir (CHC13) 
3300 (NH), 1750/1700 (C=O), 1560 cm-' (C=N): uv 
(MeOH) 300 nm (log E 3.88). The second fraction the 
anti-isomer: yield, 100 nlg (45%); nrnr (CDCI,) 6 0.05 
(s, 6H), 0.90 (s, 9H), 1.1-1.6 (m, 9H), 1.8-2.3 (m, 3H), 
2.8-3.1 (b, lH), 3.4-3.8 (m, 5H, COOMe, SiO-CH,), 
3.9-4.7 (m, 6H), 6.6 (t, J = 5 Hz, lH,  NH); ir (CHCl,) 
3300 (NH), 1750/1720 (C=O), 1585 cm-' (C=N); uv 
(MeOH) 275 nm (log e 3.95). 

3(5) -(2'a,3'a-Dihydroxy-O-isopvoyylidene-4'~-tert- 
but,vldin~ethylsiIoxymethylc~~clopeizt-l' p-yl) -5(3) - 
carbomethoxy-4-hydroxypyrazole 15 

To a solution of a mixture of geometrical isomers of 
hydrazone 10 (340 mg) in 10 ml of methanol was added 
0.63 M sodium methoxide (3.2 ml, 3 equiv.). The solution 
was refluxed for 2 h and evaporated under reduced pres- 
sure. The residue was taken up in 10 ml of water, acidified 
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with 0.5 M hydrochloric acid, and then immediately 
extracted three times with ethyl acetate. The ethyl acetate 
solution was dried over sodium sulfate and evaporated 
to dryness, followed by chromatography on silica gel 
plates using ethyl ether - chloroform (5:l) as an eluant 
(R, = 0.8). The product was crystallized from petroleum 
ether (60-80 "C) and ethyl ether. Yield, 120 mg (40%); 
mp  153-154 "C; nmr (CDCI,) 6 0.05 (s, 6H), 0.90 (s, 
9H), 1.30 (s, 3H), 1.47 (s, 3H), 1.9-2.4 (m, 3H), 3.1-3.5 
(m, lH), 3.67 (bd, J = 4 Hz, SiO-CH2), 3.90 (s, 3H, 
COOMe), 4.3-4.9 (m, 2H), 8.80-9.25 (b, 2H, NH, OH); 
ir (KBr) 3420, 1715 (C=O), 1580. 1470 cm-I;  (CHCl,) 
3440, 1720/1690 (C=O), 1590, 1480 cm-I;  uv h,,, 230 
(log E 3.62) and 275 nm (log E 3.50) in 0.1 N HCl; A,,, 
240 (log E 3.80) and 320 nm (log E 3.93) in 0.1 N NaOH; 
ms (106"C), m/e 426 (MT), 411 ( M +  - CH,), 379 
(M" - CH3 - CH30H), 337 (;M+ - C(CH3), - 
CH,OH), 311 (.M+-teif-butyldimethylsilyl), 279 (;MC - 
tert-butyldimethylsilyl - CH30H), 249,219,169 (B + 28), 
168 (B + 27). Anal. calcd. for C,,H2,O6N,Si: C 56.34, 
H 7.98, N 6.57; found: C 56.59, H 7.69, N 6.71. 

3(5)-(2'a,3'a-DihydroxyYO-isopropyIidene-4'~-tert- 
butyldiniethylsiloxyniet/lq.lcyclopent-I' p-yl) -5(3) - 
carboxamide-4-hydvoxyyyrazole 16 

Pyrazole 15 (340 mg) was dissolved in 20 ml of metha- 
nol saturated with ammonia. The flask was well stoppered 
and allowed to stand for a week. The methanol was 
evaporated to dryness under reduced pressure and the 
crude product was chrornatographed on silica gel plates 
using ethyl ether as an eluant to give a foam. Yield 
280 mg (85z);  nmr (CDCl,) 6 0.05 (s, 6K), 0.90 (s, 9H), 
1.35 (s, 3H), 1.58 (s, 3H), 1.8-2.7 (m, 3H), 3.1-3.4 (m, 
IH), 3.73 (bs, J = 4 Hz, 2H, SiO-CH,), 4.4-4.9 (m, 
2H), 6.7-7.2 (b, 2H, CONH,), 9.5-1 0.2 (b, 2H, NH, OH) ; 
ir (CHCI,) 3540/3480/3440 (NH, OH), 1680/1630 
(C=O), 1590 cm-l ;  uv i.,,, 226 (log E 3.78) and 270 nm 
(log E 3.63) in 0.1 N HCl; j,,,,, 238 (log E 3.58) and 312 nm 
(log E 3.79) in 0.1 N NaOH; ms (180 "C) mle 41 1 (M'), 
396 ( M +  - CH3), 379 (iMi - CH3 - NH3), 354 
( M +  - C(CH3)3), 337 (!MA - C(CH3)3 - NH3), 296, 
279, 153 (B + 271, 137 (B + 27 - NH,). Anal. calcd. 
for CI,H3,O5N3Si: C 55.47, H 8.08, N 10.22; found: 
C 55.48, H 8.32, N 10.08. 

3 (5) -2'a,3'a-Dilzydroxj-4'~-hydvoxymethylcyclopent- 
I' p-yl) -5(3) -cavboxnr~iide-4-hydroxypj~i azole 17 

Am~de 16 (440 mg) was dissolved in 5 ml of 50% 
aqueous trifluoroacetic acid. The solution was st~rred at 
room temperature for 30 nun and evaporated to dryness 
in vacuo. The crude product was crystallized from ethyl 
ether and ethanol. Yield 240 mg (80%); mp 216-218 "C; 
ir (KBr) 3450/3000-3400 (OK,NH), 168011630 (C-0), 
1540cm-'; ms (210 "C) ni/e 257 (IN+), 240 ( M t  - NH3), 
239 (Mi - H20),  222 (;M- - H 2 0  - NH,), 221 
(Mi - 2H,O), 191, 182, 154 (B + 28), I53 (B + 27), 
137 (B + 28 - NH,), 136 (B  + 27 - NH,); uv h,,, = 
226 (log E 3.81) and 270 nm (log E 3.63) in 0.1 AT HCI; 
I,,, 235 (log E 3.71) and 311 nm (log E 3.93) in 0.1 N 
NaOH. Anal calcd. for CI0Hl5O5N3: C 46.69, H 5.88, 
N 16.34; found: C 47.09, H 6.01, N 16.14. 

Mefhyl-2-(2~,3a-dihyrlro.x~~-di-O-isopvopylidene-4~- 
carboxycyclopenf-10-y1)glj~oxylate 19 

A mixture of sodium periodate (2.78 g) and potassium 

permanganate (100 mg) in 30 ml of p H  7 phosphate 
buffer solution and the olefinic ester 18 (670 mg) in 
30 ml of acetone was stirred at room temperature for 3 h. 
The reaction mixture was filtered through Celite and the 
residue on Celite was washed with chloroforn~. The 
filtrate was extracted three times with chloroform. The 
organic solution was washed with saturated salt solution, 
dried over sodium sulfate, and evaporated to give the 
crude keto ester acid (690 mg) as an oil in 85% yield; nmr 
(CDCI,) 6 1.3 (s, 3H), 1.5 (s, 3H), 2.0-2.6 (m, 2H), 2.8- 
3.1 (m, lH), 3.4-3.6 (ni, IH), 3.80 (s, 3H, COOMe), 4.8 
(bs, 2H), 9.0 (b, lH ,  COOH); ir (CHCI,) 3400-3100, 
1740-1710 (C=O), 1395, 1385 cm-', ms (150°C) m/e 
272 (M'), 257 ( M +  - CH3), 241 (,W+ - OCH3), 213. 

Preparation of its Sei?zicarbazone 20 from 19 
The keto ester 19 (190 mg), semicarbazide hydro- 

chloride (78 mg), and sodi~1111 acetate (58 mg) were dis- 
solved in 10 ml of methanol and 5 ml of water. The solu- 
tion was stirred at room temperature overnight and then 
evaporated under reduced pressure to remove most of 
methanol. The reaction mixture was extracted three times 
with methylene chloride. The methylene chloride solution 
was washed with water, dried over sodium sulfate, and 
then evaporated to dryness to give the semicarbazone 
(210 mg), which was recrystallized fl-om ethyl ether. 
Yield 180 mg (78z);  IIIP 141-143'C; nmr (CDCI,) 
6 1.30 (s, 3H), 1.47 (s, 31-1): 2.2-2.5 (m, 2H), 2.8-3.0 (m, 
lH),  3.2-3.5 (m, lH),  3.80 (s, 3H, COOMe), 4.67 (m, lH), 
5.10 (XI, IH), 6.0-6.8 (b, 2H, CONH,), 10.2-11.0 (b, IH), 
11.2 (bs, IH); ir (KBr) 3480, 3250-3400, 2500-2700, 1720 
(CEO), 1580 (C=N), 1470, 1390 c n r ' ;  uv (MeOH) 
271 nm (log E 3.92); ms (19OCC) mle 329 (Mt),  314 
(IM" - CH,), 271,270,228. Anal. calcd. for C1,HI9O7N: 
C47.41, H 5.82, N 12.76; found: C 47.21, H 6.05, N 
13.09. 

6-12'a[3'r-Dihydrox~~-di-O-isoprop~~Iide1~e-4'~-carboxj~- 
cyclopent-I' 0-yl) -3,5-rlioxo-2,3,4,5-fetrahydro- 
1,2,4-rviazine 21 

Semicarbazone 20 (420 mg) was dissolved in 20 ml of 
methanol containing sodium (100 mg, 3.3 equiv.). The 
solution was refluxed for 1 h and evaporated under 
reduced pressure. The res id~~e was taken up in 10 in1 of 
water. The sol~~t ion was acidified with 0.5 M hydro- 
chloric acid and extracted with ethyl acetate. The ethyl 
acetate solution was dried over sodium sulfate and evapor- 
ated to dryness in uacuo. The crude product was crystal- 
lized from ethyl ether. Yield 300 mg (80%); decomposed 
above 180 'C; ir (KBr) 3350-3600, 3150-3300, 1700-1740 
(C=O), 1620 (C=N), 1390 cm-' ; uv ?.,,, 265 nm (log E 

3.62) in 0.1 N HCI; h,,, 254 nm (log E 3.60) in 0.1 N 
NaOH; ms (18OCC) in/e 297 (M'), 283 (M+ - CH3), 
239, 222, 210, 14.0 (B + 28), 139 (B + 27). Anal. calcd. 
for Cl,Hl,06N,: C 48.48, H 5.09, N 14.14; found: C 
48.30, H 5.15, N 14.47. 

6- (2'r,3'~-Dih~~droxy-di-O-isopropylidene-4'~-lz~droxy- 
meth~~lcyclo~venf-l' p-yl) -3,s-c/ioxo-2,3,4,5-tefralzydro- 
1,2,4-triazine 22 

To a solution of acid 21 (120 mg) in 5 mI of freshly 
distilled tetrahydrofuran was added 0.6 ml of 1 M di- 
borane (1.5 equiv.) in tetrahydrofuran in an ice bath. The 
solution was stirred for 2 h in an ice bath ~inder nitrogen 
atmosphere. A few drops of water were added and the 
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solvents were evaporated. Boric acid was removed by 
several coevaporations with methanol under reduced 
pressure. Purification of the crude product by chromatog- 
raphy on silica gel plates using ethyl acetate as an eluant 
gave the desired alcohol 22 (95 mg) (which decomposed 
at  above 250cC) in 83% yield; ir (KBr) 3400-3500/3300 
(OH, NH), 1730/1700 (C=O) cm-'; uv h,,, 265 nm 
(log E 3.70) in 0.1 N HCI; ? .,,,, 254 nm (log E 3.57) in 
0.1 1V NaOH; ms (150 "C); mie 268 (IM+ - CH,), 230, 
225, 140 (B + 28), 139 (B + 27). Anal. calcd. for 
Ci2HI7O5N3:  C 50.88, H 6.05, N 14.83; found: C 51.02, 
H 6.09, N 15.19. 

Preparation of 12 fronz 22 
Compound 22 (140 mg) was dissolved in 5 ml of 90% 

aqueous trifluoroacetic acid. The solution was stirred at  
room temperature for 5 min and evaporated to  dryness 
in oacuo. The crude product was crystallized from meth- 
anol and ethyl ether to give the crystalline compound 12 
(90 mg) in 75% yield. Spectral data (ir and uv) and mp 
were identical with those of 12, obtained from 11. 
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Unusual formation of N- (I-isoquinoIiny1)benzamide fromd-o- 
and 1-m-chlorobenzo~lisoquino1ines 
I). PRASAD AYSOLA AND MARTIN S. GIBSON 

Depnrtrnet~t oj'chernistry, Broc,k Utzii.ersity, S t .  C~ith(irines, O t ~ t . .  Cot~cidn L2S 3.4 1 

Received July 6. 1976 

D. PRASAD AYSOLA and MARTIX S. GIBSON. Can. J. Chem. 55, 435 (1977) 
Syntheses of 1-0- and 1-m-chlorobenzoylisoquinolines are described, (a) from 2-benzoyl- 

1,2-dihydroisoquinoline-I-carbonitrile and the appropriate chlorobenzaldehyde, and (b) from 
2-0- and 2-m-chlorobenzoyl-l,2-dihydroisoquinoline-l-carbonitrile. Treatment of either ketone 
with potassamide-potassium tert-butoxide in ammonia gives hJ-(1-isoquinoliny1)benzamide. 
The mechanism of this reaction is discussed. 

D. PRASAD AYSOLA et MAR TI^ S. GIBSON. Can. J. Chem. 55, 435 (1977). 
On dtcrit des synthises des o- et m-chlorobenzoyl-1 isoquinolCines a partir: (a) du benzoyl-2 

dihpdro-1,2 isoquinoleine carbonitrile-l et du chlorobenzaldehyde appropri6 et (b) des o- et 
m-chlorobenzoyl-2 dihydro-1,2 isoquinoltine carbonitriles-1. Le traitement de I'une ou I'autre 
des deux cetones par de I'amidure ou du tert-butylate de potassium dans l'ammoniac conduit 
au N-(isoquinolynyl-1) benzaniide. On discute du micanisme de cette riaction. 

[Traduit par le journal] 

Bunnett and Hrutfiord have noted that potas- ketones was also considered. Reaction of iso- 
samide in ammonia cleaves o-chlorobenzophe- quinoline with the corresponding chlorobenzoyl 
none to give a mixture of aniline, benzamide, and 
benzoic acid, but converts m-chlorobenzophe- 
none to a mixture of o- and 1.11-aminobenzo- 
phenones (1). Our main interest in these reactions 
lies in the area of cleavage suppression and 
heterocyclic synthesis (2), but we have a supple- 
mentary interest in problems connected with 
synthesis of aporphine alkaloids (3), including 
those of the 7-oxoaporphine sub-group typified 
by liriodenine (4). To this end we have investi- 
gated the behaviour of 1-0- and l-m-chloro- 
benzoylisoquinolines in this type of reaction. 

These ketones were prepared from the Reissert 
compound, 2-benzoyl-l,2-dihydroisoquinoline-1- 
carbonitrile (5). Treatment with sodium hydride, 
followed by the appropriate chlorobenzaldehyde, 
gave the corresponding chlorophenyl-l-isoquino- 
linylmethyl benzoate. Hydrolysis of the ester to 
the secondary alcohol, followed by oxidation, 
gave in each case the desired ketone. We note 
parenthetically that we have encountered diffi- 
culties similar to those reported previously (6) 
for reactions of the anion of 2-benzoyl-1,2- 

chloride and potassium cyanide in dichloro- 
methane-water (5) gave the corresponding Reis- 
sert compound. Treatment of the latter with 
sodium hydride in dimethylformamide (DMF) 
(7) gave the desired ketone by expulsion of 
cyanide ion, but in each case the yield was poor. 

A somewhat dirty mixture resulted from 
reaction of I-o-cl~lorobenzoylisoquinoline with 
potassamide - potassium tert-butoxide in am- 
monia, from which a compound, C,,HI2N,O, 
was isolated in 17;1, yield. A similar reaction, 
conducted in presence of dibenzo-18-crown-6 
ether (8), was much cleaner and gave the same 
product in 7 7 7  yield. The same compound was 
obtained from 1-nz-chlorobenzoylisoquinoline. 
This product was isomeric with, but not identical 
to 1 -0-aminobenzoylisoquinoline (9) (mixture 
mp and mass spectrum). The mass spectrum 
showed peaks at nz/e 248 (M + ), 171 (C,H,N,CO), 
143 (C,H,N2), 105 (C,H,CQ), and 77 (C,H,). 
These data suggested that the compound was 
N-(1-isoquinolinyi)benzamide (la), and identi- 
fication was subsequently confirmed by direct 

dihydro - 6,7 -dimethoxyisoquinoiine- 1 -carboni - comparison with an authentic sample (10). 
trile. However, we find the latter Reissert corn- Tamura et ul. (10) have suggested that compound 
pound to be stable in refluxing benzene (though (la) exists in the enolic form (16) as the ir 
not at its melting point) and the earlier reference spectrum exhibited no CO absorption band in 
to its thermal instability would seem to be the expected region. We concur in this, noting 
associated rather with solvolysis in ethanol or further that the ir spectrum (KBr) exhibits a 
ethanolic picric acid. broad peak at 2480 cm-l, indicative of a strong 

An alternative synthesis for each of the two 0-H. a .N  hydrogen bond (11). The nmr spec- 
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trum (CDCI,) shows the signal due to the 
proton involved at  unusually high field (6 15.4 
P P ~ ) .  

We view the formation of 1 in these reactions 
in terms of a mechanism of the following type 
(Scheme 1). Amide ion adds reversibly at  
position 1 in conlpetition with amide ion addition 
to the carbonyl group. This increases the nucleo- 
philicity of the ring N-atom which bonds to the 
ortho-position of the chlorobenzoyl group; chlo- 
ride ion is lost by substitution or aryne mech- 
anisms as appropriate. intramolecular acylation 
of the angular amino-group (or its conjugate 
base) is accompanied by regeneration of the 
isoquinoline system and formation of a carbanion 
which is protonated to form the phenyl group in 
the product. Another possibility follows an 
earlier suggestion ( I )  that amide ion adds to the 
carbonyl group and that after deprotonation the 
amide derived nitrogen then bonds as above to 
the ortho-position of the chlorobenzoyl group. 
Reformation of the carbonyl group with migra- 
tion of the 1-lsoquinolinyl group to nitrogen and 
ring cleavage would then produce the same 
carbanion as that in the above mechanism. This 
latter mechanism would suggest that benzanilide 
should be found amongst the products from the 
reactions of o- and m-chlorobenzophenones with 
potassamide, though its presence was not ob- 
served (1). 

Lastly, we have noted that treatment of either 
1-0- or I-m-chlorobenzoylisoquinolii~e with po- 
tassium tert-butoxide - water in 1,2-dimethoxy- 
ethane (12) for 3 h at  20°C resulted in almost 
quantitative recovery of the ketone.' It seems 
that neither ketone is very susceptible to cleavage. 

Experimental 
Mass spectra were determined ~ i t h  an AEI-MS30 

double beam mass spectrometer; data are quoted as rrz/e 
values for the lowest isotopic species. Proton magnetic 
resonance spectra were recorded 011 a Bruker WP-60 
spectrometer at 60 MHz using tetramethylsilane as internal 
reference. 

Preparation of Reissert Con~pounds 
o-Chlorobenzoyl chloride (14 g, prepared from o-chloro- 

benzoic acid and SOCI,) was added during 1 h under 
nitrogen to the stirred two-phase system composed of 

'In a parallel study, Deborah T. Allen has noted that 
refluxing ethanolic potassium hydroxide slowly reduces 
1-benzoylisoquinoline to the corresponding alcohol, with 
little cleavage; under similar conditions, 2-methyl-l- 
benzoylisoquinoliniun~ iodide is partially cleaved, the 
products including 2-methyl-1-isoquinolone and benzoate 
ion. 

6,7-dimethoxyisoquinoline (6) (3.5 g) dissolved in CHZCI, 
(120 ml) and KCN (12 g) in water (60 ml). More KCN 
(7 g) in water (30 ml) was added and stirring was con- 
tinued for 6-8 h. The phases were separated and the 
aqueous layer was washed with CH2C1,. The CH2CIZ 
solutions were combined, washed in turn with water, 5% 
HCI, water, 5% NaOH, and water, dried (MgSO,) and 
evaporated in vaclro to give a brown solid. Crystallization 
from benzene gave 2-o-clzlorobenzoyl-1,2-dihydro-6,7-di- 
methoxyisoqui~zoline-I-carbo~~itrile as cubes (4.0 g, 61%), 
mp 174-176°C; n1s nz/e 354 (M', 25%) and 139 
(ClCGH4C0, 100%). Arzal. calcd. for C19H15C1NZ03: 

. C  64.00, H 4.20, N 7.90; found: C 64.09, H 4.21, N 7.76. 
Similarly prepared were: 2-benzoyl-l,2-dihydroisoquin- 

oline-1-carbonitrile (65%) (5); 2-o-chlorobenzoyl-l,2-di- 
hydroisoquinoline-1 -carbonitrile (28%) (1 3) ; 2-m-chloro- 
benzoyl-l,2-dihydroisoquinoline-I-carbonitrile (30%) (5); 
and 2-benzoyl-1,2-dihydro-6,7-dimethoxyisoquinoline-l- 
carbonitrile (5473 (6). 

o-Chlorophenyl-1-isoqui~~oli~iylmetlcj~l Benzoate 
To a solution of 2-benzoyl-l,2-dihydroisoquinoline-1- 

carbonitrile (1.3 g) in dry benzene (25 ml) heated under 
reflux was added 5 0 z  sodium hydride dispersion in 
mineral oil (0.54 g). After 3 min, o-chlorobenzaldehyde 
(0.6 mi) was added. Heating under reflux was continued 
for 2 h and then the mixture was filtered, washed with 
water (25 ml), 0.5 1W HCl (25 ml), and water (25 1111). The 
benzene solution was dried and evaporated. Trituration 
of the residue gave o-clilorophenyl-I-isoq~1inolinyImefhyl 
benzoate, which crystallized from ethanol as needles 
(0.93 g, 50%), mp 104-105 "C; ms mie 373 (M', 8%) and 
105 (C,H,CO, 100%). Anal. calcd. for C23H,GCIN02: 
C 73.90, H 4.28, N 3.75; found: C 73.90, M 4.42, N 3.75. 

Similarly prepared was m-chlorophenyl-l-isoquinolinyl- 
methyl benzoate, which crystallized from benzene - light 
petroleum (bp 30-60 "C) as needles (1.27 g, 67%), mp 
156-158 " C ;  ms m/e 373 (M+,  6%) and 105 (CGH,CO, 
96%). Anal, found: C 74.05, H 4.22, N 3.72. 

a-Cl~lorophenyl-1-isoquiizolinylmethanol 
A solution of o-chlorophenyl-1-isoquinolinylmethyl 
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benzoate (0.5 g), KOH (3.0 g), ethanol (50 ml), and water 
(25 ml) was boiled under reflux for 24 h. The mixture was 
concentrated in vacuo and then diluted with water. Ex- 
traction with ether gave an oil which solidified on tritura- 
tion with cold ether. Crystallization from cyclohexane 
gave o-c/~loroplzenyl-1-isoquinolinyl~~zethano as needles 
(0,34g,95%),nlp 115-117"C;msmle269 (M+,  I l%)and 
234 (C16H12N0, 100%). Anal. calcd. for CI6Hl2C1NO: 
C 71.13, H 4.50, N 5.20; found: C 71.20, H 4.44, N 5.27. 

m-Chiorophenyl-I-i~oquii~olinylmerhnnol was similarly 
prepared and obtained as an oil (0.3 g, 83%); ms mie 269 
(M+, 31%) and 129 (C,H,N, 100%). 

1 -0-C/zlorobenzoylisoq~rinoline 
(a) By Oniclation 
A solution of sodium dichroniate (0.66 g) in glacial 

acetic acid (5 ml) was added to o-chlorophenyl-l-iso- 
quinolinylmethanoi (0.54 g) dissolved in acetic acid 
(LO snl). The mixture was heated on a steam bath for a 
few minutes and then diluted with water and basified 
(NN,OH). The solid was filtered off and dried. Crystal- 
lization from cyclohexane gave I-o-cklorobenzoyliso- 
qzcinoline as needles (0.48 g, 9021, mp 100-103 "C; ms 
m/e 267 (M+, 4%) and 232 (Cl,HloNO, 100%). Anal. 
calcd. for C,6H10C1NO: C 72.00, H 3.70, N 5.20; found: 
C 71.50, H 3.80, N 5.28. 

I-111-Chlorobenzoylisoquinoline, similarly prepared, crys- 
tallized from cyclohexane as needles (0.48 g, 90%), 
mp 104-105'C; ms m,'e 267 ( M a ,  67%) and 266 
(C16H9CIN0, 100%). Anal. found: C 71.71, H 3.64, N 
5.24. 

(b)  By Recnrangement 
Sodium hydride (48 mg, weighed as 50% dispersion in 

mineral oil and washed free of oil with light petroleum) 
was suspended in dry D M F  (10 ml) and stirred at  18 OC 
under dry nitrogen. A solution of 2-o-chlorobenzoyl-l,2- 
dihydroisoquinoline-I-carbonitrile (0.97 g) in D M F  
(15 ml) was added during 10 min and the mixture was 
then stirred at ambient temperature for 2 h. Ethanol 
(1 ml) was added and solvents were evaporated in vncrro 
leaving a solid residue. Crystallization from cyclohexane 
gave 1-o-chlorobenzoylisoquinoline (0.1 g, 16%), identical 
(mp and mixture mp, nmr and mass spectra) with the 
previous sample. 
1-m-Chlorobenzoylisoquinoline (52 n ~ g ,  13%) was 

similarly prepared and identified by comparison with the 
previous sample. 

N-(1-Isoquinolinyl) benzuinide 
(a) A solution of 1-o-chlorobenzoylisoquinoline (1.0 g) 

in dry tetrahydrofuran (10 ml) was added dropwise to a 
stirred solution of potassamide, prepared from potassium 
(10 g), and potassium tert-butoxide (1 g) in redistilled 
liquid ammonia (150 ml). The resulting brown mixture 
was stirred for 5 h and then NH,CI (28 g) was added in 
small portions and the ammonia was allowed to evaporate 
overnight under nitrogen. Water (60 ml) was added and 
the mixture was extracted with CH,C12. The extract was 
washed with water, dried (K2C03),  and evaporated. 
Chromatography on silica gel and elution with benzene- 

acetone (4:l) gave a buff solid which crystallized from 
cyclohexane to give colourless crystals of N-(1-isoquino- 
1inyl)benzamide (160 mg, 17%), mp 105-106 "C (lit. (10) 
mp 105.5-106.5 'C). Identity was established by mixture 
mp, tlc, and spectroscopic correlations with an authentic 
sample. Spectroscopic data were: ms mie 248 (M+,  50%), 
247(38%), 232(7%), 220(21%), 219(63%), 171(62%), 
143(5%), 128(7%), 105(100%), and 77(16%); nmr (CDCI,) 
6 15.4 (br s, 1W, exchangeable with D,O), and 10-8 ppm 
(10H, aromatic protons). Anal. calcd. for CI6Hl2N20:  
C77.45,H4.69,N11.43;found:C77.42,H4.84,N 11.29. 

(b) The yield of X-(1-isoquinolinyl)benzamide was 
increased to 77% by increasing the quantity of potassiun~ 
metal (18 g) and adding dibenzo-IS-crown-6 ether (0.1 g) 
to the reaction mixture. 

(c)  Experiment a was repeated, substituting 1-rn-chloro- 
benzoylisoquinoline (1.0 g) for the o-isomer, to give 
N-(I-isoquino1inyl)benzamide (200 mg, 21%), mp 105- 
106 'C. Identity was established as in the previous case. 
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Charge distribution in dioxygen complexes of cobalt(1II). The crystal structure and 
absolute configuration of (+),,,-A-cis-P -[(2,13-dimethyl-6,9-diphen~l- 

2,6,9,13- tetraarsatetradecanel (dioxygen)cobalt(III)] perchlorate 
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DAVID B. CRUMP, ROBERT F. STEPANIAK, and NICHOLAS C. PAYYE. Can. J. Chem. 55, 338 
(1977). 

Thc crystal structure and absolute configuration of an optically active dioxygen complex of 
cobalt(II1) have been determined from three dimensional X-ray diffraction data collected by 
counter techniques. (+)546-A-~is-b-[Co{R, R-(CH3)ZAs(cH2)3As(C6H5)(cHZ)2A~(C6H5)(CH2)3- 
As(CH,),}0,]C104 crystallizes in the orthorhombic space group P2,2,2,, in a unit cell of 
dimensions a = 12.595(7), b = 20.937(10), and c = 11.509(6) A. There are four formula units 
per cell. The structure \?.as refined on F by full matrix least-squares techniques, and converged 
with an agreement factor R = 0.0474 based on 2988 independent observations collected from 
two crystals. The absolute configuration of the cation was determined by the Bijvoet absorption 
edge technique to be A. The tetradentate ligand adopts the cis-[3 configuration around the 
cobalt atom. One six-membered ring has a chair conformation; the other is disordered, and 
occurs with equal probability in a chair and a distorted boat conformation. The five-membered 
chelate ring has a gauche conformation, of absolute configuration 7.. The absolute configurations 
at the asymmetric arsenic atoms are both R. The 0-0 bond length is 1.424(10) A. The assign- 
ment of formal oxidation states to the cobalt atom and the dioxygen ligand is discussed in light 
of the molecular geometry and the optical properties of the cation. 

DAVID B. CRUMP, ROBERT F. STEPANIAK et NICHOLAS C. PAYNE. Can. J. Chem. 55, 438 
(1977). 

On a determine la structure cristalline et la configuration absolue d'un complexe dioxygene 
optiquement actif du cobalt(II1); ces resultats ont ete obtenus a partir de donnCes de diffraction 
de rayon-)< en trois dimensions recueillies par la technique des compteurs. Le (+)546-A-~i~-p-  
[Co{R,R-(CH,)2As(CH2)3As(C~5)(CH2)2As(C6H5)(CH)As(CH)Z}02]C10, cristallise 
sous forme orthorhombique avec un groupe -d'espace P2,2,2, et une maille de dimension 
a = 12.595(7), b = 20.937(10) et c = 11.509(6) A. I1 y a quatre unites de formule par maille. 
On a affini la structure sur le fluor par la technique des moindres carres (matrice complkte) 
jusqu'a un facteur final de R = 0.0474 bast sur 2988 observations independantes recueillies a 
partir de deux cristaux. Faisant appel a la technique des absorptions limites de Bijvoet on a 
ktabli que la configuration absolue du cation est A. Le ligand tetradentate adopte une con- 
figuration cis-[3 autour de l'atome de cobalt. Un des cycles a six membres existe sous une con- 
formation chaise; I'autre est desordonne et se produit avec une probabiliti egale de conforma- 
tion chaise et de bateau croise. Le chelate de cycle a cinq membres a une conformation gauche 
de configuration absolue I.. Les configurations absolues au niveau des atomes d'arsenic asy- 
metriques sont tous les deux R. La longueur du lien 0-0 est de 1.424(10) A. On discute de 
I'attribution des etats formels d'oxydation au niveau de l'atome de cobalt et du ligand dioxygenk 
en termes de geomttrie molCculaire et de proprittCs optiques du cation. 

[Traduit par le journal] 

Introduction 
Dioxygen complexes of group VIII transition 

metals have been the subject of several recent 
reviews (1-4). Two different modes of attachment 
of the 0, ligand to the metal atom have been 
demonstrated. Firstly, the diamagnetic 1 : 1 
adducts in which the ligand is 'sideways' bonded 
with equivalent M-0 distances. Secondly, there 
are complexes with a 'bent' geometry, and two 
unequal M-0 distances. Examples of both 
geometries have been found for cobalt. 

Monomeric complexes evincing the bent 
geometry are commonly regarded as superoxo 
compounds of Co(II1). Thus, the 1 : 1 adducts 
with Co(I1) Schiff base complexes have been 
described as containing the Co(II1)-0,- group 
(5-7). The binuclear cobalt amine complexes are 
considered to be Co(II1) complexes of either the 
superoxide or the peroxide, 022-, ligands (8-10). 
Prior to this study we are aware of only one 
cobalt complex in which definitive evidence 
exists for a 'sideways' bonded dioxygen ligand. 
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Amma and co-workers (1 I )  reported the X-ray 
structural characterization of the diamagnetic 
coinplex [CO(O,){(C,H,),PCHCHP(C~H~)~}~]- 
BF,(C,H,),. The 0, ligand is symmetrically 
bonded, with Co-0 bond lengths of 1.871(7) 
and I .902(7) A. The metal coordination geometry 
was described as either that of a trigonal bi- 
pyramid, or a distorted octahedron, with two 
metal-oxygen bonds. The authors pointed out 
that conventional coordination numbers and 
integral oxidation states, i.e.. CO(III)-O,~- or 
Co(l1)-0,- represent localised states in a con- 
tinuum of bonding situations, in a manner 
analogous to that described for metal-acetylene 
complexes by Maitlis and co-workers (12), Chatt 
and Duncanson (13), and Dewar (14). 

We present here the first crystal structure 
analysis of an opt~cally active cobalt dioxygen 
con~plex in which the 0, ligand is 'sideways' 
bonded to  the metal atom. This study was under- 
taken to determine the geometry of the Co-0, 
bond, and the absolute configuration of the 
cation. In addition, the results have permitted 
some conclusions to be drawn as to the charge 
distribution over the Co-0, moiety (1 5). 

Experimental Section 
A crystalline sample of [Co(OZ)(As4C24H38)]C104 was 

prepared by Jackson and co-workers (15). The salt forms 
deep red crystals elongated along [OOl]. A series of photo- 
graphs of reciprocal lattice layers hk(O,l), h(0,1)1, and 
(0,l jkl, taken with CuKa radiation, indicated the crystals 
to be orthorhombic, with Laue symmetry rizfinn. There are 
very few reflections with intensities significantly greater 
than background for which 7"- '  sin 0 exceeded 0.40. 
Systematic absences of / I  odd, h0O; k odd, OkO; and I odd, 
001 demonstrated unambiguously the space group to be 
P21212, (no. 19, D24) (16). Preliminary cell constants were 
obtained from the films. The density of the crystals was 
measured by flotation in a mixture of carbon tetrachloride 
and ethyl iodide. The values so obtained indicated four 
formula units per cell. There can be no crystallographic 
symmetry conditions imposed upon the ions. 

The analysis of the structure has taken several years. 
The collection of intensity data is con~plicated by the 
susceptibility of the crystals to X-ray damage. Initially 
data were collected using Nb filtered Mo radiation, but an  
examination of the intensities of several standard reflec- 
tions recorded frequently during the experiment showed a 
decrease in intensity son~etin~es approaching SOY,, and a 
deterioration in peak q~iality as shown by a-scans (17). 
These data were sufficient to solve the structure. A second 
data set was then collected using Cu radiation and a small 
crystal to minimise absorption effects (u -- 100 cm-I). 
Again, radiation damage and the lack of reflections of 
significant intensity for which 20 > 75' resulted in un- 
acceptably low precision. Data collected from several 
other small crystals provided better results, but too few 
observations to yield acceptable precision. Finally suf- 

ficient data were obtained only by using two large crys- 
tals, (each approximately 0.4 n ~ m  x 0.3 mm x 0.4 mm), 
which were carefully measured using a filar micrometer 
eyepiece to facilitate an  absorption correction. Crystal 
data and details of experimental conditions for data 
collection are summarised in Table 1. 

The observations were corrected for background, 
Lorentz and polarisation effects. A standard deviation o 
was assigned to each observation 

where I = C - +(bl + bz)(t,/tb), C is the total count 
measured in time r,, and b,  and bZ are background counts, 
each measured in time t,. An absorption correction was 
applied to the data from each crystal.' The value o f p  was 
chosen to be 0.02. 

Structure Sol~itio~z and Refinement 
An initial solution was obtained using 957 observations 

recorded with MoKrl radiation. The Co atom and one As 
atom were located from a three dimensional Patterson 
synthesis, and a series of full matrix least-squares refine- 
ments and difference Fourier syntheses yielded the posi- 
tions of the remaining 34 non-hydrogen atoms. When the 
first set of data collected with Cu radiation became 
available, the structure was refined with isotropic thermal 
parameters assigned to the C atoms, and anisotropic 
parameters to the Co, As, C1, and 0 atoms. The phenyl 
rings were treated as rigid groups. The absolute con- 
figuration of the cation was determined to be A by the 
Bijvoet technique (18). Conformational disorder between 
a chair and a distorted boat was observed in one chelate 
ring. Refinement converged with 1349 unique observa- 
tions at R = 0.067. The 0-0 bond length of 1.45 A had 
an estimated standard deviation of 0.03 A, a value con- 
sidered unacceptably large. The analysis remained at this 
stage until fresh data were collected using larger crystals. 

The final refinement described hereafter was based upon 
2654 observations with FZ > 0 collected from crystal 1 
within the range 0 < 20 < 90-, and 1006 observations 
with F2 > 0 collected from crystal 2 over the range 
90 < 20 < 110". At greater 20 values fewer than 1 in 20 
observations were significantly different from zero, so no 
further data were collected. Although the Okl data were 
collected over the range 0 i 28 < 60' for both crystals 
(60 observations) with a view to scaling the two sets of 
data, in the final calculations a scale factor was refined for 
each data set and no other attempt was made to convert 
the intensities to a common scale. 

Refinement was by full matrix least-squares techniques 
on F, minimizing the function Zrs('Fol - F,l)' ,  where 
the weight ~v is defined as 4F,Z/oz(F,2). The atomic 
scattering factors for Co, As, CI, 0 ,  and C were taken 
from Cromer and Waber's tabulation (19); that of H 

'Computing was carried out on the CDC Cyber 73-14 
at  the University of Western Ontario. Programs used 
include local modifications of: orientation matrix and cell 
refinement, PICK by Ibers; absorption correction, 
AGNOST, by Cahen and Ibers; Fourier syntheses, 
FORDAP, by Zalkin; least-squares refinements and 
structure factor calculations, WOCLS, a version of 
NUCLS by Ibers; function and error calculations, 
ORFFE by Busing, Martin, and Levy, and ORTEP, by 
Johnson. 
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TABLE 1. Summat y of crystal data and experimental conditions for compound 
[Co(On) {(CH~)~AS(CH~),A~(C,H,)(CH,),A~(C,H~)(CH~),A~(CH~)~ /1C104 

Value 

Parameter Crystal I Crystal 2 

Formula weight 
Formula 
Unit cell 

a 
b 
C 

v 
z 
Density 

Observed 
Calculated 

Space group 
Crystal description 
Absorption coefficient 
Crystal faces 

Approximate crystal dimensions 
Crystal volume 
w scan, width at half height 
Transmission coeficiellts 
Radiation 

Temperature 
Receiving aperture 

Take-off angle 
Scan speed 

Scan range 
20 limits 
Data used in final refinement 

F,Z > 0.0 
p value 
Final refinement 

1.77(1) g cm-, 
1.787 g ~ r n - ~  
P2,2,2, (Dz4, orthorhombic) 
Deep red m~tltifaced blocks 
100.05 cm-' (CUKE) 

Error in observation of unit weight 
Scale factor 3.072(6) 

Cu(h(Ka,)l. 54056 A), pre- 
filtered with 0.018 mm Ni foil 

20 "C 
5.0  x 5 .0  mm, 32cm from 

crystal 
1 .So 
1.0" rnin-' , 10 s background 

counts 

0.02 
3660 observations 
233 variables 
2.44 electrons 
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from Stewart et al. (20). Values of F, were corrected for 
the real and imaginary contributions to anomalous 
dispersion of the Co, As, and C1 atoms. Values of Af' and 
Af" were taken from Cromer and Liberman (21). The 
phenyl rings were treated as groups, with D,, symmetry, 
and a C-C bond length of 1.392 A (22). Isotropic thermal 
parameters were assigned to ail atoms except the Co, As, 
C1, and 0 atoms. One cycle of least-squares refinement 
converged at agreement factors 

and 

An examination of the molecular geometry showed 
several disturbing features. C(1), C(2), C(3), C(4), and 
C(5), which comprise one (CH,)2AsCHZCH2CHZ frag- 
ment in the tetradentate ligand, all had abnormally high 
thermal parameters, and were related by unacceptable 
bond lengths. The existence of disorder, as observed 
before, whether static or dynamic, was therefore con- 
sidered. A difference Fourier synthesis calculated from 
structure factors computed omitting C(4) showed two 
peaks so positioned as to indicate a chair/boat conforma- 
tional disorder. The C atoms bonded to C(4), C(3), and 
C(5) were then omitted also, and a difference Fourier 
synthesis computed. Both C(3) and C(5) appeared as 
single peaks of electron density, though elongated in a 
direction perpendicular to the plane formed by As(l), 
As(2), C(3), and C(5). C(4) appeared as two peaks, of 
electron density 1.81(7) and 1.76(7) e k3, separated by 
1.64 A. A disorder model was therefore considered in 
which two chelate rings with ideal boat and chair geome- 
tries were superimposed at As(l), As(2), C(3), and C(5). 
Various attempts were made to refine such disorder 
models employing rigid group contraints. However a 
model giving a suitable geometry could be obtained by 
simply including two atoms of 50% multiplicity for 
C(4): C(40) and C(41). These atoms were fixed in ideal 
positions in subsequent refinements, and allotted iso- 
tropic thermal parameters. C(3) and C(5) were refined in 
normal fashion. Two cycles of refinement, with all atoms 
other than C(40) and C(41) assigned anisotropic thermal 
parameters, the phenyl C atoms allotted individual 
isotropic thermal parameters, and using all data with 
F2 > 30(F2) converged at R, = 0.0654 and R2 = 0.0913 
(2988 observations, 215 variables). 

There are 38 H atoms in the cation. A diiyerence 
Fourier synthesis showed evidence of many of these, 
though the 12 methyl H atoms were not well resolved. The 
contributions of the remaining 26 H atoms whose posi- 
tions could be calculated from the known geometries of 
the CH, and C,H, groups were included in subsequent 
calculations of F,. Values of R, = 0.0488 and R, = 
0.0530 were obtained, a significant improvement. 

The absolute configuration of the cation wasestablished 
by the Bijvoet method. Heretofore, the model chosen was 
A. Accordingly, the enantiomeric model A was refined 
under identical conditions. This model converged at 
agreement factors R, = 0.0808 and R, = 0.0941, con- 
firming that our original choice of the A enantiomer was 
correct at the 0.005 significance level (23). This assign- 

ment is confirmed by an examination of Bijvoet pairs of 
reflections. 

In the final model all non-group, non-hydrogen atoms 
except C(40) and C(41) were assigned anisotropic thermal 
parameters. Phenyl ring C atoms were given individual 
isotropic thermal parameters. All data with F2 > 0 were 
used. H atom positions were calculated prior to the final 
cycles. Three cycles of least-squares refinement (3660 
observations, 233 variables) converged at R, = 0.0557 
and R2 = 0.0499. The error on an observation of unit 
weight is 2.29 electrons. 

A final difference Fourier synthesis on the A model con- 
tained no peaks greater than 0.77(19) e k3. This peak, at 
(-0.12,0.06,0.00), was in the neighbourhood of As(4). A 
comparison of F, and F, showed secondary extinction 
could be neglected. A statistical analysis of the R2 values 
of all reflections showed no unusual trends with F a ' ,  
indices, h-'sin 8 or the x and 4 diffraclometer setting 
angles. 

The final positional and thermal parameters of the 
non-group atoms are given in Table 2. The parameters 
varied for each of the two rigid groups, and the derived 
positional parameters of the 12 group C atoms are listed 
in Table 3. Structure amplitudes are tabulated in Table 4, 
as 10(F,! cs. 10F,l in  electron^.^ Some selected Bijvoet 
pairs of reflections are given in Table 5, based upon the A 
model, where the difference exceeds 25%. Hydrogen atom 
parameters are listed in Table 6.2 

Results and Discussion 
The crystal structure is built up from discrete 

ions, for the closest approaches of anion and 
cation are 3.32 A, between O(5) and 2C6, and 
3.34 A, between O(3) and C(8). The shortest non- 
bonding interaction is 2.4 A, between O(5) and 
H2C(6). 

The cation is shown in Fig. I ,  and some bond 
distances and bond angles in the inner coordina- 
tion sphere in Fig. 2. The C atoms are numbered 
sequentially around the arsine ligand com- 
mencing with C(l) and C(2) as the methyl sub- 
stituents on As(l), and ending with C(11) and 
C(12) bonded to As(4). A selection of bond dis- 
tances and bond angles is given in Table 7. 

The geometry of the cation may be described 
either as distorted trigonal bipyramidal, In which 
case the 0, ligand is considered to occupy one 
coordination site, or alternatively, if the ligand 
occupies two coordination sites, then the geom- 
etry is that of a severely distorted octahedron. 
The angles subtended at the Co atom by the As 
atoms and the centre of the 0, moiety (i.e. a 
trigonal bipyramidal geometry) are, in degrees: 
axial/equatorial, ideal value 90, observed 85.5, 

ZTables 4 and 6 are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
K I A  OS2. 
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CRUMP ET AL. 

(a) Group parameters 

(b) Derived group atom parameters 

Atom x Y z B (A2) Atom x Y z B (A2) 
- 

lC(1) 565(5)b 384(3) - 1450(5) 5.0(2) 2C(l) 1561(6) 1841(3) 3364(5) 4 8(2) 
1 C(2) 562(6) - 131(3) -2215(7) 6.5(3) 2C(2) 847(5) 1818(3) 4286(7) 6.3(3) 
1 C(3) 83(6) - 76(3) - 3267(6) 8.1(3) 2C(3) 1070(6) 2143(4) 5312(5) 7.2(3) 
lC(4) - 417(6) 496(4) - 3607(5) 7.0(3) 2C(4) 2007(7) 2491(3) 5416(5) 6.0(3) 
lC(5) -414(6) 1012(3) -2842(7) 7.8(3) 2C(5) 2721(5) 25 14(3) 4494(7) 6.9(3) 
lC(6) 776) 955(3) - 1763(6) 6.1(2) 2C(6) 2498(5) 2189(3) 3467(5) 6.6(3) 

4g, and z ,  are the fractional coordinates of the group orlgln, 8, E ,  and q (radian?) are the group orleiltatlon angles See ref 22 
bDer~ved group atom positional parameters have been multiplied by lo4 

TABLE 5. Determination of absolute configuration 

Observed 
h k  I Fc(hkl) relationship F,(hki) 

1 7  4 13.73 < 25.81 
1 7 10 15.47 > 6.67 
4 11 1 22.49 > 15.71 
4 15 6 11.67 < 17.54 
5 2 2 26.19 < 40.21 
5 5 2 16.90 > 11.08 
5 7 7 17.22 > 7.57 
6 3 1 35.99 > 26.77 
7 2 8 11.44 < 16.00 
8 2 3 8.16 < 16.09 

87.4(6), 99.34(8), 90.3, 85.61(7), and 93.36(8); 
equatorial/equatoriaI, expected 120, observed 

FIG. 1. An overall view of the cation. Atoms are drawn 129.0, 121.7, and 109.33(8); axiallaxiall expected 
with 50z probability thermal ellipsoids. 180, observed 166.99(9)". However, if each 0 

atom is considered to occupy one coordmatlon 
site (an octahedral geometry) the equatorial/equa- 
torial angles, expected 90, are 44.9(3), 99.2(3), 
106.6(3), and 109.33(8)". Of these values, the 
most unacceptable, 44.9(3)", arises from the ) 
small 'bite' of the dioxygen ligand. Other devia- 
tions from idealized values may be attributed to 
steric strain resulting from the coordination of I 4 ~ x 1  

the tetradentate arsine ligand. A further indica- 
tion as to the geometry of the coordinatioil 
sphere may be obtained from several weighted 
least-squares planes, Table 8. Thus, the atoms in 
the 'equatorial' plane, Co, As(2), As(4), O(1), and 
O(2) show deviations from the plane not ex- 
ceeding 0.040(7) A (whether it be the equatorial 
plane of a trigonal bipyramid, or of an octa- 
hedron). If an octahedral geometry is assumed, FIG. 2. Inner coordination sphere of the cation. 
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(a) Selected bond distances (A) 

Bond Distance Bond Distance Bond Distance 

(b) Selected bond angles (deg) 

Bonds Angle Bonds Angle 

and the two other planes expected for an octa- 
hedron are calculated, then significant deviations 
of the oxygen atoms result. Overall, the struc- 
tural data may perhaps be adduced to support 
the assignment of a trigonal bipyramidal inner 
coordination sphere. 

The arsine ligand adopts the cis-P configura- 
tion, with a mean Co-As bond length of 

2.306(7) A. The angles subtended at the Co 
atom by the two six-membered rings are 87.55(6) 
and 93.36(8)", both being between axial and 
equatorial As atoms. The angle subtended by the 
five-membered ring is 85.61(7)". The disordered 
six-membered ring is that which subtends the 
smaller angle. The disorder model assumed in- 
volves the inclusion of two C atoms, C(40) and 
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CRUMP ET AL. 445 

TABLE 8. Weighted least-squares planes 

Deviation Deviation 
Atom (A) Atom (A) Equation 

Co, As(2), As(41, O(l), 0(2) 
Plane 1 Co - 0.004(2) o(2) 0.040(7) 5.047,~ + 1 9 . 0 6 ~  f 1 . 2 0 0 ~  - 1.338 = 0 

As(2) 0 .OOO(l) o(1) -0.003(7) 
As(4) o.ool(1) 

Co, As(l), As(21, As(3), 0(1) 
Plane 2 Co -0.174(2) As(1) 0.072(1) 10.38.~ - 7 . 4 5 3 ~  f 5 . 0 6 9 ~  - 1.051 = 0 

As(2) 0.008(1) o(1) 0.584(8) 
As(3) 0.047(1) 

Co, As(l), As(3), As(4), 0(2) 
Plane 3 Co - 0.027(1) As(4) -0.019(1) 2 . 5 3 0 ~  - 0.304~,  - 1 1 . 2 7 ~  + 1.905 = 0 

0.030(1) o(2) - 1 .129(7) 
As(3) 0.026(1) 

C(41). The four C-C bond lengths involving 
C(3), C(40), C(41), and C(5) have a mean value of 
1.54(1) A. The mean of the remaining C-C bond 
lengths is I .490(8) A. The average AS-C(J~') 
bond length is 1.930(8) and the average As- 
C(sp3) bond length is 1.958(10) A. The five- 
membered chelate ring adopts thc gauclze con- 
formation of absolute configuration 3, (24). The 
six-membered rings have a chair, and a disordered 
chairldistorted boat conformation. The absolute 
configuration at  each of the asymmetric As 
atoms is R (25). 

The dioxygen ligand is 'n-bonded', with two 
equivalent Co-0 bond lengths of 1.862(6) and 
1.867(7), a mean value of 1.865(2) A. The 0-0 
bond length of 1.424(10) is equivalent to that 
found by Amma and co-workers (1 l), 1.420(10) 
A. and intermediate between those of 1.28 and 
1.49 A for the superoxide and peroxide ions 
respectively. The perchlorate ion has the ex- 
pected tetrahedral structure, with an average 
C1-0 bond length of 1.424(7) A, and a mean 
0-C1-0 angle of 109.5(5)'. The anisotropic 
thermal parameters of the 0 atoms are indicative 
of considerable vibration of the anion, consistent 
with the absence of any short interionic contacts. 
However, there was no evidence in the final 
difference Fourier synthesis of a disordered 
anion. 

It has been noted that conventional coordina- 
tion numbers and integral oxidation states are 
inadequate for a discussion of the bonding in 
these types of compounds (1 I). We have seen that 
the inner coordination sphere geometry as de- 
duced from the structural parameters may be 
viewed either as trigonal bipyramidal, or as 

FIG. 3. Optical properties of the cation: -, absorption 
spectrum of the 0, complex, in H 2 0 ,  2% vjv CH,CN. 
- - - , circular dichroism of the 0, complex in H 2 0 ,  
2% vjv CH3CN. -.-.-., absorption spectrum of cis- 
[ C ~ ( O H ~ ) ~ ( d i a r s ) ~ ] ( C l O ~ ) ~ ,  in 0.5 M HC104. 

severely distorted octahedral. However, indepen- 
dent evidence is available for this complex from 
the optical properties of the cation (15), which 
are presented in Fig. 3. There is a marked 
similarity in the electronic spectra between the 0, 
complex, and cis-[Co(OH,),(diars),](ClO,),, 
(diars = o-phenylenebis(dimethylarsine)), in which 
the metal atom is certainly regarded as being in 
the + 3 oxidation state. More convincing, per- 
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haps, is the circular dichroisin spectrum of the 
0, complex, which shows three components 
under the lower energy band, which may be 
assigned to the ' A , ,  + ' T I ,  transition of an 
'octahedral' Co(II1) complex. Therefore the 
optical properties are best interpreted in light of 
an octahedral geometry, and a peroxo ligand. A 
similar formulation has recently been reported by 
Gray and co-workers (26) for the bis(cis-1,2- 
bis(diphenylphosphine)ethylene)cobalt(III) diox- 
ygen species (1 1 )  on the basis of the electronic 
structure of the complex. 

Thus it appears that the charge distribution in 
this complex is such that, in order for the uni- 
positive cation to contain a Co(I11) chromo- 
phore, two electrons must have been transferred 
to the dioxygen ligand. Of the possible bonding 
schemes, that adopted is closest to the Co(1II)- 
OZ2- description. The chemical and optical 
properties are characteristic of an octahedral 
Co(11I) chromophore, although the O(1)-Co- 
O(2) angle of 44.8(3) is far from 90". The 
description of the dioxygen ligand as a peroxo 
species has been further supported by the reac- 
tion of resolved cis-P-[Co(R,S-(C2,H2,As,))- 
(H20)2]3f with hydrogen peroxide in neutral 
water solution. A dioxygen complex identical 
with that studied was obtained, with retention of 
configuration at the Co atom (15). 
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Nuclear magnetic resonance studies. XXXI.1 Rearrangement and deuterium 
exchange through P-enolization in bicyclooctanones. An 2H nuclear 

magnetic resonance study. 
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A. K. CHENG, J. B. STOTHERS, and C. T. TAN. Can. J. Chem. 55, 447 (1977). 
The bicyclo[2.2.2]octan-2-one and -[3.2.l]octan-6-one skeletons are interconvertible under 

strongly basic conditions. Their a,a-dimethyl derivatives in tevt-BuO-ltert-BuOH at 185 'C 
undergo very slow interconversion by 0-proton abstraction. Using Z H  nmr the stereoselectivity 
of deuterium incorporation at the 0-methylene sites was established. The relative reactivities 
of 0-methyl exchange in the [3.2.1] system were also determined. As models for this process, 
exchange in the a,a,x',af-tetramethyl derivatives of the rnonocyclic ketones, C5-C8, was also 
studied. 

A. K. CHENG, J. B. STOTHERS et C. T. TAN. Can. J. Chem. 55, 447 (1977). 
Dans des conditions fortement basiques, on peut interconvertir les bicyclo[2.2.2]octanone-2 

et bicyclo[3.2.l]octanone-6. Leurs derives a,a-dimethylts, mis en presence de tert-BuO-ltert- 
BuOH a 185 "C,  subissent une interconversion trts lente par enlevement d'un proton en 0. 
Utilisant la rmn du 2H, on a pu etablir la stCrCoselectivite de I'incorporation du deuterium au 
niveau methyltnes 0. On a aussi determine les rCactivitCs relatives des echanges des methyles en 
/3 dans le systeme [3.2.1]. Afin d'obtenir des modeles pour ce processus, on a aussi CtudiC 
1'Cchange dans les derives a,a,x',ar-t6tramCthylCs des cttones monocycliques C5-C8. 

[Traduit par le journal] 

Although it is well-established that enolates 
can be generated by P-proton abstraction from 
ketones in strong base, much of the available 
data has been obtained for systems in which the 
carbonyl group is in an elaborated norcamphor 
skeleton (1, 2). Since these p-enolates have 
synthetic utility (3, 4) it is of interest to define 
the scope of the process more precisely in terms 
of the constraints imposed by molecular geom- 
etry and to examine the stereochemical features 
of the process. To this end we have extended our 
studies to the bicyclooctanone skeleton using the 
a,a-dimethyl derivatives of bicyclo[2.2.2]octan- 
2-one (1) and bicyclo[3.2.l]octan-6-one (2) as 
substrates. These ketones were chosen since, in 
principle, these skeletons are interconvertible 
through a comnlon intermediate, p-enolate 3, 
and the methyl substituents preclude possible 
complications arising through competitive a- 
enolization. A preliminary report on this system 
has appeared (4) in which 13C nmr was employed 
to assay deuterium incorporation from experi- 
ments conducted in tert-butyl alcohol-0-dl. The 
several advantages of 'H nmr as a monitor for 

'For part XXX see ref. 12. 
ZPresent address: Department of Pharmacology, Uni- 

versity of Toronto, Toronto, Canada. 

hydrogen-deuterium exchange studies (2), how- 
ever, have led us to a reexamination of this 
system primarily to obtain information on the 
stereochemistry of the exchange at the P- 
methylene sites and more precise data on the 
stereoselectivity of methyl exchange. As models 
for comparison of the latter process in a variety 
of bicyclic systems, we have examincd the methyl 
exchange occurring in the a,a,a',cc'-tetramethyl 
derivatives of the monocyclic ketones having 5- 
to 8-membered rings. All of the experiments in 
this study were conducted under the same 
strongly basic conditions, tert-BuO-ltert-BuOH- 
(D) at 185 "C, to permit direct comparisons with 
the results previously reported for a variety of 
closely related systems. 

Experimental 
Materials 

The preparations of tevt-butyl alcohol-0-dl, 3,3-di- 
methylbicyclo[2.2.2]octan-2-one, and 7,7-dimethylbi- 
cyclo[3.2.1]octan-6-one have been described (2,4, 5). The 
ct,a,a',al-tetramethyl derivatives of cyclopentanone, 
cyclohexanone, cycloheptanone, and cyclooctanone were 
obtained by repeated alkylations with sodium amide and 
methyl iodide. For the first two ketones, three cycles 
furnished the tetramethyl derivative as the sole product, 
each exhibiting the appropriate 'H, I3C, and infrared 
spectra and the physical data agreed well with published 
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values (6, 7). After some initial difficulties, our standard 
methylation procedure was modified slightly to obtain 
the tetramethyl derivatives of cycloheptanone and cyclo- 
octanone. 

T o  a stirred suspension of 10.5 g (0.269 mol) of freshly 
powdered sodium amide in 800 ml of anhydrous ether 
under a nitrogen atmosphere was added, in one portion, 
a solution of 10 g (0.089 mol) of cycloheptanone in 25 ml 
of dry ether. The mixture was agitated vigorously for 
4 h at  room temperature after which 127 g (0.89 mol) of 
methyl Iodide was added slowly. Stirring was continued 
for another 20 h. Excess sodium amide was hydrolyzed 
by the add~tion of water and the product isolated by 
ether extraction. The ether extracts were washed with 
water and saturated sodlum chloride solution and then 
dried over anhydrous magnesium sulphate. After removal 
of the ether by distillation, the residue was recycled 
through the methylation procedure. A third cycle gave 
the pure product which was isolated by fractional dis- 
tlllation under reduced pressure. 
2,2,7,7-Tetramethylcycloheptanone: v,,,, (CDCI,) 1695 

cm-'; 6, (CDC1,) 1.16 (s, methyl protons), 1.63 (br s, 
methylene absorption). Anal. calcd. for Cl1H2,0: 
C 78.51, H 11.98; found: C 78.62, H 12.03. 
2,2,8,8-Tetramethylcyclooctanone: v,,, (CDCI,) 1690 

cnl-l; 6" (CDCI,) 1.17 (s, methyl protons), 1.17-1.22 
(m, methylene pattern). Anal. calcd. for CI2H2,O: 
C 79.06, H 12.17; found: C 79.08, H 12.28. 

Reavvar~genzent and Exclzange Experinzents 
The general procedure has been described (2). To a 

solution of the base, prepared by dissolving potassium 
metal in dry tevt-butyl alcohol under a nitrogen atmo- 
sphere, was added the ketone to give a solution containing 
ketone: tert-BuO- : tert-BuOH in a molar ratio of 1 :4:40. 
Aliquots were placed in glass tubes which were sealed 
after degassing and then heated at 185 1 3 "C for various 
periods of time. For the exchange experiments, tert- 
butyl alcohol-0-dl (99% deuterated and < 0.005 M in 
water) was used. After cooling, the tubes were opened 
and the products were isolated by pentane extraction; the 
yields for the bicyclic ketones were in the range 70-80%, 
while the monocyclic ketones were recovered in -90% 
yields. Gas chron~atography (gc) on a 20% SE-30 
column was employed to determine the composition of 
the total product and preparative gc furnished samples 
of the major components for nmr and mass spectrometric 
analysis. Both I3C and ZH spectra, obtained as previously 
described (2), were employed to determine the individual 
sites and extents of deuterium incorporation. The total 
deuterium content was measured by mass spectrometry. 
A Varian XL-100-15 system operating in the Fourier 
transform mode at 25.2 and 15.4 MHz, respectively, was 
employed for the nmr measurements while a Varian M66 
spectrometer furnished the mass spectral data. Shift 
reagent studies of the proton spectra of the bicyclic 
ketones, using a Varian HA-100 instrument, were 
carried out to confirm the assignments in the 'H spectra. 

Results 
Analysis of the product obtained upon treat- 

ment of 1 under the strongly basic conditions 
revealed the presence of two ketones, the starting 
material and 2, which were readily isolated by 

preparative gc. The rearrangement of 1 -+ 2 was 
found to be very slow, but the equilibrium ratio 
appears to be approximately 1 : 4. A large sample 
of 1 was repeatedly taken through the base 
treatment a total of nine cycles, each time heated 
for about 100 h yielding a final mixture contain- 
ing 60% of 2. From another series of experiments 
using various mixtures enriched in 2 it became 

G 

apparent that the equilibrium concentration of 2 
is -80%. From a series of experiments carried 
out using tert-butyl alcohol-0-dl, samples of 1 
and 2 were isolated and their deuterium contents 
assayed to follow the exchange processes. Ini- 
tially 13C spectra were employed for these deter- 
minations and these results were reported in 
preliminary form (4). The several advantages of 
2H nmr for this purpose (2), however, led us to 
reexamine the samples using their 2H spectra to 
improve the precision and to determine the 
stereoselectivity of exchange at the methylene 
sites. For this purpose, samples of 1-d, and 2-d, 
were examined in a solvent mixture of CHCI,/ 
C,F, using Pr(fod), as shift reagent to obtain 
suitable shift dispersion for precise integration. 
Proton spectra of 1 and 2 were also recorded in 
the same media to confir~n individual assign- 
ments. 

The 2H spectra of samples of 1-d, recovered 
after treatment with tert-BuO-Itert-BuOD con- 
sisted of two signals separated by 0.76 ppm with 
that at higher field presumably arising from the 
methyl deuterons. Upon addition of Pr(fod),, 
these signals moved to higher field with the less 
shielded absorption splitting into two signals 
whose separation increased with increasing 
Pr(fod), concentration. Over the range of 0-0.2 
equiv. of Pr(fod), these signals shifted 0.94, 1.68, 
and 2.48 ppm with the methyl signal exhibiting 
the largest change. Proton spectra of 1 were 
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CHENG ET AL. 449 

TABLE 1. Deuterium incorporation in 1 at 185 "C 

'H content by mass spectrometry" ZH assay by 2H nmrb 
- 

Total C-6,7 
Time Atoms 

(h) I D  2D 3D 4 0  5D 6D 2H exo endo CH3 

60 0.412 0.094 0.004 0.61 0.54 0.05 0.03 
120 0.486 0.249 0.032 1.08 0.89 0.11 0.07 
240 0.212 0.400 0.259 0.090 0.021 2.25 1.56 0.35 0.34 
400 0.175 0.320 0.275 0.136 0.044 0.011 2.47 1.32 0 .60 0.57 

'Atoms 2H + 0.001. 
bAtoms 2 ~ :  i 0.01. 

recorded under analogous conditions and it was 
found that the readily identified methyl singlet 
exhibited the same change. With increasing 
[Pr(fod),], a broad 1-proton singlet showed a 
larger shift, 3.35 ppm, such that with 0.2 equiv. 
of Pr(fod), it was 0.56 ppm above the methyl 
signal. Thus it was assigned to the a-bridgehead 
proton. To unravel the remaining absorptions at  
lower field, 'H spectra of solutions containing up 
to 0.8 equiv. of Pr(fod), were obtained and the 
shift dispersion permitted identification of the 
multiplets. One, an ill-defined 'triplet' with a 
32 Hz half-width arising from 2 protons, ex- 
hibited the largest shift and its behavior co- 
incided precisely with that of the central signal 
in the 2~ spectra. Because of its sensitivity to 
Pr(fod), it was assigned to the endo-6 and -7 
nuclei. A second multiplet, integrating for 3 
protons with >0.1 equiv. of Pr(fod),, was 
discernible and, in the more highly shifted 
samples, was shown by spin-decoupling to be 
coupled to the 'triplet'. Since its sensitivity to 
Pr(fod), was different from that of the remaining 
2H signal it was tentatively assigned to the 4-, 
endo-5, and -8 protons. The sensitivity of the 
third 2H absorption, however, was the same as 
that of the complex multiplet which was least 
sensitive to added Pr(fod), and spin decoupling 
revealed a strong interaction with the 'triplet' 
described above. Thus the three 'H signals could 
be assigned, in order of increased shielding, to 
the exo-6,-7, endo-6,-7, and methyl deuterons. In 
the spectra of the 1-d, samples isolated after the 
longer reaction times, a small signal whose 
behavior with added Pr(fod), paralleled that of 
the a-bridgehead proton was barely discernible 
but it could not be reliably integrated. It should 
be noted that the 13C spectra of these 1-d, samples 
clearly showed that major deuterium incorpora- 
tion occurred only at C-6, C-7, and the methyl 

sites; without this information, the foregoing 
analysis of the 'H spectra would not be un- 
equivocal since the absorption patterns are ill- 
defined multiplets. Integration by line-shape 
fitting of the 'H spectra gave the deuterium 
content at  each site and these results are collected 
in Table 1. 

A second series of experiments using 2 as the 
starting material led to the data collected in 
Table 2. The individual 2H spectra of these 2-d, 
samples contained four signals whose assign- 
ments followed from comparisons of the effect 
of added Pr(fod), on the ' H  and 'H spectra. In 
the absence of Pr(fod), the methyl protons are 
equivalent and the skeletal protons give a com- 
plex pattern of essentially three multiplets in- 
tegrating for 7, 1, and 2 protons in order of 
decreasing shielding. With addition of the shift 
reagent, the methyl absorption splits into two 
singlets and four I-proton multiplets displaying 
different sensitivities to [Pr(fod),] were discern- 
ible. A 2-proton multiplet was als'o clear having 
the least sensitivity to added reagent. A variety 
of spin decoupling experiments were carried out 
to establish the identity of these multiplets and 
with 0.4-0.7 equiv. of Pr(fod), the order of 
shieldings was found to be: H-5 > endo-H-3 - 
endo-CH, > erzdo-H-4 > exo-CH, > syn-H-8 > 
exo-H-4 - anti-H-8 > H-1 - endo-H-2 > exo- 
H-2 - exo-H-3. The four signals in the 2H 
spectra could then be assigned to the following 
sites in order of decreasing shielding: 5 > 
endo-Me > exo-Me > exo-4. In the initial stages 
using 13C spectra (4) deuterium incorporation 
was not detected at the 4-position. Our later 
refinements of the experimental procedure (2) 
presumably account for this difference. A spec- 
trum of 2-12, isolated after 400 h treatment with 
tert-BuO-lfert-BuOD is shown in Fig. 1 .  Samples 
of 2-d, formed from 1 after treatment for the 
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m b w m m  t-m 
t - m m t - m  m *  8 8  

longer reaction times were isolated and then 2H 
spectra recorded; an example is illustrated in 
Fig. 2. The additional low field signal can be 
assigned to the exo-3 nucleus having been in- 
corporated at the exo-6 (7) site in 1 before 
rearrangement. To optimize the dispersion of the 
exo-3 and -4 signals, as illustrated, the signals 
for the endo-3 and erzdo-methyl sites become 
essentially equivalent but the relative 2H content 
at the latter sites is not particularly informative. 
It can be emphasized, however, that none of the 
2-d, samples examined contained detectable 
signals for an endo-4 deuterium. If present this 
signal would have appeared midway between the 
methyl signals and inspection of the figures 
reveals no absorption in this region. The results 
for two samples of 2-d, formed from 1 are 
included in Table 2. 

The behavior of four ~,a ,a ' ,~ ' - te t ramethyl  
monocyclic ketones (C,-C,) upon treatment 
with tert-BuO-ltert-BuOD at 185 "C was also 
examined and the 'H assays for these are listed 
in Table 3. Gas chromatographic analysis of the 
six-, seven-, and eight-membered ring ketones 
recovered from the reaction mixtures (-90Y, 
yields) revealed the presence of a new peak in the 
chromatograms of the products from the longer 
reaction times. In each case, these new com- 
ponent(~) constituted - 1% of the recovered 
ketone and no attempts were made to isolate 
these very minor products. Tetramethylcyclo- 
pentanone was recovered unchanged with no 
evidence of rearrangement. The 'H spectra of the 
recovered tetramethylcyclanones showed that 
exchange occurred almost entirely at the methyl 
sites. Only in the cases of the six- and seven- 
membered rings was there any indication of 
methylene exchange and this only after >200 h 
at 185 ' C  with less than 0.02 atoms 'H incor- 
poration. Although it was not rigorously estab- 
lished. it can be assumed that this very minor 
process involves the P-methylene sites by analogy 
with the several results for six- and seven- 
membered rings incorporated into bicyclic sys- 
tems (1-4). Since a shift reagent study of the 
behavior of 2,2,8,8-tetramethylcyclooctanone 
with added Pr(fod), showed that the &-inethylene 
protons are nearly as sensitive as the methyl 
protons, indicating their proximity to the car- 
bony1 group, exchange was anticipated to occur 
at C-5 but even after 375 h at 185 "C no 2H was 
detected at this site. The presence of a small 
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1 - 7  -- - - 
-- 

8 9 10 
ppm f r o m  CCCI3 

FIG. 1. Observed (A)  and computer fitted (full line) 'H spectra of 2-d, isolated after 400 h treatment 
with tert-BuO-ltert-BuOD at 185 "C. The spectrum was obtained in CHC13/C6F6 (4:l) containing 
0.3 equiv. of Pr(fod),. 

FIG. 2. Observed (A) and computer fitted (full line) 'H spectra of 2-d, obtained after treatment of 1 
for 400 h with tert-BuO-ltert-BuOD at 185 "C. The spectrum was obtained in CHCI3/C6F6 (1 :4) con- 
taining 0.3 equiv. of P r ( f ~ d ) ~ .  

amount (- 1%) of a new component could be 
taken as evidence of very slow isomerization 
which could conceivably involve a bicyclo[3.3.0]- 
octan-1-01 intermediate but the second com- 
ponent has not been investigated. 

Discussion 
From the results for the 1-d, samples (Table I), 

estimated first-order rate constants for 2H in- 
corporation are 150 x lo-', 17 x lo-', and 
5 x 10-8 s-I for the exo-6 (7) ,  endo-6 (7), and 
methyl sites, respectively. Clearly exo-deutera- 
tion is favored over endo-deuteration by almost 
a factor of 10, a somewhat higher degree of 

stereoselectivity than that found for fenchone (2) 
but lower than that exhibited by adamantanone 
(8) both under comparable conditions. It is 
interesting that the reactivity of bicyclo[2.2.2]- 
octan-2-one is also intermediate between that of 
fenchone and adamantanone with the rates of 
exo-deuteration approximately in the order, 
700: 150: 15 and for endo-deuteration at the P- 
methylene site the corresponding order is ca. 
200: 20: 1 x lo-' s- I .  Thus, the selectivities for 
exo:endo deuteration at this site are approxi- 
mately 3.5, 7.5, and 15 for fenchone, 1, and 
adamantanone, respectively. A similar com- 
parison cannot be made for 2 since we were 
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,C(Me)2 
TABLE 3. Deuterium in monocyclic ketones ( c H ~ ) , ~ ,  'C=O at 185 "C 

'C(Me){ 

'H content by mass spectrometrya Total 
Time atom 

n (h) 1 D 2D 3D 4D 5D 6D 7 D  2H 

5 60 0.392 0.204 0.062 0.013 0.004 1.05 
99" ,345 0.280 0.134 0.042 0.008 1.51 

120 0.251 0.295 0.209 0.102 0.033 0.009 2.10 
120' 0.106 0.208 0.251 0.208 0.123 0.061 0.020 3.22 

6 60 0.064 0.06 
99h 0.161 0.018 0.20 

120 0.290 0.063 0.42 
375" 0.363 0.247 0.105 0.028 0.010 1.34 

7 99b 0.118 0.035 0.19 
399 0.247 0.052 0.01 1 0.39 
255' 0.375 0.207 0.066 0.99 

8 99b 0.172 0.028 0.23 
375 0.376 0.181 0.066 0.94 

OAtom ZH, + 0 001 
Wslng same batch of base, same oven and the same reaction tlme. 
cAt 215 T for the first 12 h. 

unable to detect measurable amounts of deu- 
terluin at  the endo-C-4 site. The rate constant for 
exo-deuteration, however, 1s 30 x lo-'  s-' from 
the data in Table 2, indicating an  even greater 
stereoselectivity for 2 than for the preceding 
systems. I t  should be noted that while these 
crude rate constants may be internally consistent 
for a given substrate, comparisons from one 
compound to another are less reliable since 
competitive experiments were not performed. 
Such measurements would present major separa- 
tional difficulties. In any event, the differences 
seem sufficiently large that the qualitative order 
of reactivity: fenchone > 1 > 2 > adainanta- 
none is correct and the stereoselectivities for p- 
methylene exchange in each substrate are cer- 
tainly reliable. Thus, the most rapidly formed P- 
enolate exhibits the least selectivity for deuterium 
capture upon cleavage and in all cases the 
preferred course is inversion at  the p-methylene 
site, i .e.  exo-deuteration. 

I t  is apparent from Table 2 that bridgehead 
exchange a t  C-5 is the fastest process in 2 in 
contrast to the almost complete absence of the 
corresponding process for 1. This is consistent 
with earlier observations of bridgehead enoli- 
zation in [3.2.1] bicyclic systems (9). The barely 
detectable traces of bridgehead deuterium in 
samples of 1 - 4  isolated from the longer reaction 
times presumably arose from small amounts of 2 

reforn~ed from 1 in the slow equilibration of the 
two ketones. The progressively decreasing 2H 
content at the bridgehead w ~ t h  increasing re- 
action time (Table 2) reflects the d~lution of the 
deuterium pool by the exchange processes. 

The most striking difference between the data 
for 1 and 2 is the contraqt in the relative rates of 
methyl exchange. In the [3.2.1] system, exo- 
methyl exchange is 100 times faster than endo- 
methyl exchange and the latter is comparable to 
methyl exchange in the L2.2.21 ketone. For com- 
parison, the exo-methyl site in fenchone was also 
found to be the most reactive but only ca. 4 
times more rapid than endo-methyl exchange. 
The stereoselectivity of methyl exchange in 
fenchone and 2, houever, implicates P-enolates 
such as 4 as intermediates since the inductive 
effect of the carbonyl group as an  activating 
influence for proton abstraction should be com- 
parable for each methyl site. Fornlation of 4 
could be anticipated to lead to rearrangenlent of 
the skeleton to the ring expanded [3.3.1] system 
but no evidence for this isomerization \\as ob- 
tained. Since cyclopropanols cleave in base to 
form the product from the more stable carbanion 
(lo), the favored 4 -+ 2 cleavage is not un- 
expected. Recently we have observed rearrange- 
ment through P-enolates involving methyl sites 
in acyclic systems which have severely splayed 
C-C-C bond angles at  the carbonyl group (1 1). 
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Since it appears that this feature inay be the 
major driving force for cleavage in the less 
favored direction, it is not surprising that ring 
expansion does not occur in the bicyclic systems 
because the skeletal constraints preclude ap- 
preciable increases in this bond angle. It is 
interesting that the rates of methyl exchange in 
the monocyclic ketones are similar for the six-, 
seven-, and eight-membered rings and com- 
parable to the values for endo-methyl exchange 
in fenchone and 2, as well as that for 1 in which 
the two methyl groups are equivalent, while 
methyl exchange is significantly faster (ca. 10-  
fold) for tetramethylcyclopentanone. Thus the 
relative rates for the methyl sites in the systems 
having five-membered rings are 300 ,  5 0 ,  and 
20 x S - I  for 2, fenchone, and tetramethyl- 
cyclopentanone, respectively, and for the remain- 
ing cases the first-order rate constants are in the 
range 2-5 x 1 0 - 8  s-'. Clearly ring size and 
stereochemistry govern the reactivity for inethyl 
exchange but it is difficult to be more specific 
with regard to an  interpretation of the observed 
rates. The 100-fold difference in methyl reactivity 
for the [3.2.1] system, however, may be useful 
for tracer studies of selectively deuterated 
derivatives. 
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DCcharge triboklectrique dans les allcanes Cl-6, a basse pression 
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Dlpnrreinrrlt tie Chinlie, Urzit,er.sith Lriisiil, Qi~Pbec (QlrP.), Cnrzcidn G1K 7P4 

Resu le 19 juillet 1976 

JAN A. HERVAN, GILLES MAYRAND et HADI TARKI. Can. J.  Chem. 55, 454 (1977). 
On a soumis a la decharge tribo6lectrique les gaz suivants: CH,, CzH6, C3H8, n-C4HI0, 

iso-C,Hzo et n-CSHIZ et certains produits provenant de leur dCcomposition ont Cte mesure. La 
proportion des produits insatures mesures compte pour environ 75%. Le taux de dCcomposition 
augmente avec le nombre d'atomes de carbone du squelette du compose paraffinique. La 
composition relative des produits provenant de la deconiposition du mithdne varie en fonction 
de la pression: la proportion des produits saturts croit avec l'augmentation de la pression. On 
propose certaines explications du comportement observe des gaz etudies dans la dtcharge 
triboelectrique. 

JAN A. HERMAN, GILLES MAYRAKD, and HADI TP.RKI. Can. J. Chem. 55, 454 (1977). 
The following gases were submitted to a triboelectric discharge: CH,, C2H6, C3H8, n-C4H10, 

~SO-C,H,~,  and n-C5Hl2 and their decomposition products were analyzed. The proportion of 
unsaturated in the products is around 75% of the total. The total yield of deco~liposition 
products increases with the number of carbon atoms in the conipound submitted to the dis- 
charge. The proportion of saturated products formed from methane increases with pressure. 
Tentative explanations are offered to elucidate the observed behaviour of gases in the tribo- 
discharges. 

Introduction dans ces expiriences (5). On doit donc s'attendre 
Selon Harper (1) le nom ~~t r ibo~lec t r i sa t ion~~ a des effets chimiques risultant du processus 

(anglais : triboelectrification) englobe deux phi- triboilectrique et de telles transformations 
nomenes distincts de forlnation d'ilectricit~ chimiques ont CtC rCcemment dicrites (6-8). 
statique, par sCparation de deux phases Le r61e de  certain^ param6tres (tels la nature 

dissemblables (Clectrisation de contact), l'autre des phases misent en contact, le ~rktraitement 
par frottement de deux matiriaux simi1ait-e~ ou des surfaces, la pression, le champ ilectrique, 
non (61ectrisation par frottement). Dans des etc.1 a it6 CtudiC a plusieures reprises (9, IO), 

nombreux cas, il est difficile de distinguer Claire- ce~endant  les cOnsiquences chirniques de ces 
merit entre les deux ph&nom2nes; il est alors paramktres sont beaucoup moins bien connues. 
psifirable de parler de triboC]ectrisation (2). L'itude de Alcock et ~011. (8) sur le mithane 

Beaucoup de ditails du  micanisme fondamental sournis a la dkcharge triboilectrique est probable- 
de triboClectrisation ne sent pas encore ilucidts merit la plus dClaillte a ce sujet. Dans le prisent 
(1, 3), mais le processus lu i -m~me consiste de travail nous examinons la dCcomposition de 
f a ~ o n  globale en une stparation de charges & quelques hydrocarbures gazeux soumis a la 
19interface de deux phases suivi d'une recorn- dicharge triboilectrique. Les gaz utilisis dans 
binaison subsiquente des charges pouvant CeS expiriences SOnt le mithane, l'ithane, le 
prendre la forme d'une dicharge h travers le gaz. Propane, les n- et iso-butanes, le n-pentane. Les 
Dans le cas particulier du mouvement relatif des experiences sur le mithane sont faite entre 1 et 
surfaces contigues du mercure et du verre la 200 torr de manikre a Ctendre les conclusions de 
recombinaison est suffisamment CnergCtique pour A ~ C O C ~  et ~011. (8) 2 un domaine de pression qui 
produire des &tats jusqu'a 20 e~ au-dessus n'a pas it6 couvert par ces auteurs. La dicom- 
de l'itat fondamental des gaz rares, du mercure position des autres hydrocarbures dans la 
et aussi de la silice et du bore du verre (4). D~ la decharge tribotlectrique est intiressante par 
m&me f a ~ o n  le mouvement du mercure sur le cornparaison a celle du mithane. 
verre recouvert avec des colorants scintillants Partie expCrimentale produit l'imission du spectre caracteristique du 

Les cellules de reactions (reacteurs) sont en Pyrex. colorant et lea tensions d'ilectrisation de contact 
sent equiptes d.un robinet vide en 

mesuries dans ces s~st2mes sent en excits de insere de telle facon sur les rCacteurs que le mercure 
20 V, valeur limite de 1'Clectromittre employ6 n'entre jamais en contact avec le robinet. Ces rtacteurs 
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de forme cylindrique d'environ 200 cm3 (dian~. int. 5.6 cm) 
sont soumis a un mouvement de rotation autour de l'axe 
longitudinale du recipient. 

La triboelectrisation est trt's sensible la qualit6 de la 
surface. Pour cette raison on a adopt6 une procedure 
rigoureuse de nettoyage des rtacteurs. Ceux-ci sont 
nettoyes a l'acide sulfurique concentre bouillant, rincts 
a I'eau distillee et sechCs a 450 "C. La cellule propre est 
ensuite remplie d'une quantitt pesee de mercure frais, 
ou  de billes d'acier propres, connectee a une rampe a 
vide et chauffke a nouveau pour enlever l'humiditi et les 
gaz adsorbes sur le metal. Pendant environ 12 h on 
ponlpe sur le rtacteur (limite du vide - torr) avant 
son remplissage par une quantite controllee de gar. 

Les hydrocarbures satures proviennent de Matheson 
Co. On les purifie par distillation de piege a piege a 
- 195 'C et par adsorption sur talnis ~lloliculaire a basse 
temperature. De facon ginerale ils ne coatiennent que 
des traces d'autres hydrocarbures. Dans le cas de 1'Cthane 
on a pris la precaution supplementaire de la sCcher sur 
un n~irroir de sodium metallique, cependant son com- 
portement dans la decharge triboklectrique n'est gut're 
different de l'ethane purifie par voie habituelle. Les gaz 
sont analysis par chromatographie en phase gazeuse. On 
utilise une colonne de squalane pour analyser les hydro- 
carbures. 

Toutes les experiences sont faites a la temperature 
ambiante, soit 23 i 2 "C. 

Deux genres de mouvements de rCacteurs ont 
kt6 essayk: (I) agitation sur un agitateur de 
laboratoire, et (2) rotation autour de l'axe 
longitudinal de la cellule de rkaction. Des rksul- 
tats qualitativement similaires ont kt6 obtenus 
dans les deux cas, mais une coniparaison quanti- 
tative n'est guere possible. En effet, l'agitation 
est difficilement reproductible d'une expirience 
a l'autre nialgre les prkcautions prises dans 
l'ensemble des manipulations. I1 est frkquent de 
trouver des rksultats sur les memes rkacteurs 
qui different de 100%. Cela est dfi au moins en 
partie 2 la difficulte de positionner les rkacteurs 
de mani6re rigoureusement reproductible, ce qui 
entraine des diffkrences dans l'agitation du mer- 
cure. L'avantage de l'agitation par rapport a la 
rotation est une transformation plus grande du 
gaz soumis 2 la dkcharge triboelectrique. Ainsi 
apris quelques heures d'agitation knergique on 
peut transformer jusqu'i 50% de la quantitk 
initiale du gaz parent, a condition qu'il soit 
basse pression. 

Par contre, les rksultats obtenus par rotation 
sont reproductibles a 20% prks pour une mEme 
sCrie d'expkriences. L'avantage de cette mkthode 
rkside surtout dans la reproductibilite du mouve- 
ment du mercure, la connaissance de la vitesse 
du mktal par rapport au verse et celle de la 

surface totale parcourue au cours de l'exptrience. 
En choisissant une geomktrie simple du rCacteur 
on peut mesurer la longueur du contour de 
I'interface mercure/verre. Chacun de ces para- 
m6tres intervient dans le processus tribo- 
Clectrique, donc influence le taux de decomposi- 
tion du gaz enfermk dans le rkacteur. 

( a )  Dimensions du rre'acteur 
Le siege de la triboelectrisation est situk a 

l'endroit de la separation des phases dissem- 
blables, donc dam le cas prksent sur le bord 
arriere du mercure en mouvement sur la surface 
isolante. Dans le cas de la rotation d'une cellule, 
ce contour "actif" de l'interface Hg/verre est 
facile 2 diterminer. On s'attend B ce que l'effet 
chimique soit proportionnel a la longueur de ce 
contour "actif", et dans le cas de la dkcomposi- 
tion du N,O cela est confirm6 (1 1). D'autre part, 
pour une longueur constante du contour de 
l'interface, l'effet chimique est independant de la 
masse du mercure. 

(b)  Durre'e de la rotation 
Celle-ci est prksentke sur la fig. 1 pour l'kthane 

et le n-butane. On a port6 sur le graphique le 
pourcentage de transformation (ordonnkes) en 
fonction du temps de rotation (abcisses) a 
vitesse constante. Dans le cas du rz-butane la 
transformation par unit6 de temps est plus 
importante que celle de I'kthane. On voit qu'on 
s'kcarte de la linkasit6 apri.s environ 3% de 
transformation du n-C,H!,, tandis que dans les 
m&mes conditions de vitesse le C,H, n'est 
dCcomposk que 1.5% apres 8 h de rotation. Ces 
rksultats suggkrent que dans les conditions de 
nos expkriences, la linkaritk du taux de decom- 
position des molCcules parentes persiste jusqu'a 
environ 2%. Au-deli de cette limite on doit 
s'attendre a une diminution de la vitesse de 
dkcomposition, due selon toutes vraissemblance, 
i des depots polymCriques qui modifient les 
propriktis des surfaces en contact. 

( c )  Les I~ydrocarbures yarajfirziques C ,  ci C, 
La dCcomposition du CH, en fonction de la 

pression est presentee aux figs. 2 et 3. On con- 
state que la quantitk dkcomposee du methane 

vitesse et a surface parcourue constantes croit 
avec la pression. Cette constatation est en 
accord avec les donnkes de Alcock et coll. (8) 
lesquels ont trouvk une augmentation du taux 
de conversion jusqu'a 200 torr suivi ensuite 
d'une brusque chute. La composition relative 
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Temps ( h )  

FIG. 1. Dicomposition du C,H6 et du n-C,H,, en fonction de la d~rree de rotation. Vitesse: -21 
cm s-'. 

FIG. 2. Quantit6 (en R M )  decomposie du methane et composition relative des C,H,, C,H, et 
C,H6 en fonction de la pression dans une decharge triboelectrique. Vitesse: -21 cm s-', durke de 
rotation: 60 min. 

des produits C2H,, C,H,, C,H, et les C, formes 
dans la dicharge triboelectrique change aussi 
avec la pression. Tandis que les insatures C,H2, 
C,H,, C,H, et C,H, diininuent avec l'aug- 
inentation de la pression, les produits saturks: 
C2H6 et C,H, augmentent dans les m&mes 
conditions. 

L'influence du NO sur la dCcomposition du 
CH, B pression totale 2.6 torr est illustree B la 
fig. 4. Des faibles quantites de l'oxyde nitrique 
baissent de moitiC la formation de l'kthane, 
tandis que I'Cthylene montre une faible hausse. 
L'acCtylene diminue tres legerement et de 
maniere progressive. Les rCsultats relatifs aux 

C,H, et C2H, sont dans les limites de l'incerti- 
tude expirimentale, neamoins la tendance semble 
rielle dans les deux cas. 

La comparaison du comportement chimique 
dans le processus triboelectrique du CH,, 
C2H6, C,H,, n-C,Hlo, iso-C,Hlo et rz-C,HI2 & 
basse pression (2.5 torr) est presentee dans les 
tableaux 1 et 2. Dans le tableau 1 sont indiquis 
les pourcentages absolus et relatifs (entre paren- 
theses) pour une vitesse de rotation de -21 cm 
s-I. Dans l'avant-dernikre colonne on trouve le 
pourcentage globale de transformation. La der- 
niere colonne indique la fraction des produits 
saturCs form& dans la dCcharge. Dans le tableau 
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FIG. 3. Variation de la composition relative en fonction de la pression pour les produits mineurs 
formcis dans la dicharge triboelectrique dans le methane. Vitesse: -21 crn s-', duree de rotation: 
60 min. 

FIG. 4. Formation relative des produits C2H2, C2H, et CZH6 en fonction de la concentration du NO 
dans une decharge triboelectrique du methane. Pression totale: 2.6 torr, vitesse: -21 cm s-', duree 
de rotation: 60 min. 

2 sont prCsentCes uniquement les valeurs relatives : 
(a)  pour une vitesse de rotation trois fois moindre, 
soit 6.3 cm s-', pour les rCacteurs Hglverre, et 
(6) pour les expCriences faites dans des rCacteurs 
en verse contenant des billes d'acier. Dans le cas 
des seacteurs a interface billes d'acieriverre les 
transformations globales sont environ 30 fois 
plus faible pour un temps de rotation comparable 
a celui du tableau 1. 

Les donnCes du tableau 1 indiquent que dans 
la skrie: mCthane-n-butane le taux global de 
transformation (avant-derni6re colonne) aug- 
mente avec le nombre d'atomes de carbone. Le 

taux de dCcomposition du n-pentane est plus 
faible, ~na i s  I'analyse n'a pas CtC faite pour tous 
les produits en C ,  et supCrieurs. La valeur rap- 
portCe est donc une valeur par difaut et peu 
facilement Etre supirieure a 3%. Dans le cas de 
I'isobutane, seill alcane ramifiC, CtudiC, celui-ci 
masque sur le chromatogramme les C ,  insaturCs, 
par consiquent le taux de dCcomposition de 2.0% 
n'est qu'un minimum. 

Discussion 
L'existence de la dCcharge Clectrique est 

prouvCe par I'Cmission des ondes ClectroiuagnC- 
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tiques dans la rCgion des MHz accompagnant 
le mouvement du mercure (ou des billes mCtal- 
liques) sur le verre. Cette kmission d'ondes 
Clectromagnktiques est facilement captke par un 
rkcepteur radio dans le domaine des ondes 
courtes. L'effet lumineux qui en principe ac- 
compagne le processus tribotlectrique est par- 
fois difficilement perceptible, on ne peut done se 
fier entikrement a sa presence comme Clement 
caractkristique de ce processus et de plus il ne 
prouve pas en soit l'existance d'une dkcharge 
klectrique. 

L a  &charge triboe'lectrique 
En se basant sur la caractkristique des phe- 

nomknes triboluminescents accompagnant la 
rotation d'un systime Hg-pyrex Mandeville et 
coll. concluent qu'on est en presence d'une 
dCcharge de Townsend (4). La decharge de 
Townsend n'a lieu que si la tension de claquage 
ou de disruption, I/,, est atteinte, et pour une 
pression donnCe elle sera atteinte a une distance 
critique de separation mttallverre. Dans un 
champ uniforme la tension de claquage est 
donnee par la loi de Paschen: V, = f(P . d), ou 
P est la pression et d est la distance entre Clec- 
trodes planes et parallkles. Toujours selon cette 
loi Vc passe par un minimum et pour la plupart 
des ri-paraffines V,,,,,, z 400 V et correspond a 
des valeurs (P . d) comprises entre 0.6 et I torr . 
cm (12). La densitt moyenne de charges ac- 
cumulCes sur la surface ditlectrique par tribo- 
Clectrisation dans un systkme mktallverre est de 
I'ordre de 2 u.e.s./cm2 (8, 9), ainsi le champ 
klectrique (suppost uniforme) qui en rtsulte est 
suffisant pour que V, soit atteint sur des distances 
courtes (< 1 mm) de siparation des phases en 
mouvement aux pressions de nos expkriences. 
Pour les champs Clectriques non-uniformes la 
tension de claquage passe par un minimum en 
fonction de la pression, mais sa dipendance par 
rapport a la distance entre tlectrodes ne peut 
&tre Ctablie, sauf dans le cas des Clectrodes de 
symetrie simple. Dans le cas prCsent le champ 
Clectrique est de forme inconnue. 

Par ailleurs, Heylen et Lewis ont remarquC 
qu'une activitC considCrable en impulsions 
Clectriques nettement en dessous du V, a lieu 
dans des nombreux hydrocarbures gazeux (12, 
13). Cela peut &tre attribuC a ce que le deuxikme 
coefficient de Townsend, a, pour les hydro- 
carbures est environ lo5 fois plus faible que pour 
les gaz atmosphtriques (13, 14). I1 est difficile a 

prksent de dkterminer quel genre de dkcharge se 
produit dans le rtacteur Hg/verre en rotation, il 
se peut que les conditions locales favorisel~t soit 
I'un soit l'autre inkcanisme de dtcharge et on 
peut aussi assister a un rtgime rnixte. 

La variation du rapport Elf' (oh E est le chainp 
klectrique) dCtermira l'importance des divers 
processus primaires de fragmentation des molk- 
cules des gaz enfermkes dans le rtacteur. Or, la 
complexit6 physique du systkme ttudik ne permet 
pas de prCdire comment varie le parametre E,'P 
avec la pression. On peut s'attendre qu'8 valeur 
tlevte de EiP (de 200 a 500 V cm-I torr- l) B 
basse pression (< 15 torr) la fragmentation des 
molkcules soit plus prononcke qu'a EIP lnodkrk 
(P  > 50 torr). D'autre part, la dkcharge tribo- 
Clectrique sernble Etre tris localiske. Nous aurons 
done une forte densit6 d'esp6ces excitCes et 
radicalaires et les rkactions qui en suivront 
favoriseront la recombinaison entre radicaux. 

Le me'thnne 
Nos rksultats concordent raisonnablement bien 

avec ceux de Alcock et coll. a 200 torr et 60 min 
de rotation (8). Dans ces conditions nous trou- 
vons les trois produits principaux: C,H2, C2H4 
et C2H, en proportion 1 : 1 : 1 (fig. 2), tandis 
qu'Alcock donne un rapport 1 : 1 : 3. En raison des 
vitesses de rotation diffkrentes et des difficultts 
de reproductibilitt de ces expCriences on doit se 
contenter d'une telle precision. 

La quantitt totale du mtthane dtcompost 
ctoit avec la pression au moins jusqu'a 200 torr 
en raison du nombre croissailt de collisions 
effectives entre electrons accClerks et molkcules 
parentes sur le parcours de la dkcharge. Simul- 
tanCment la con~position relative des produits 
formks subit des changements importants comme 
tenloignent les figs. 2 et 3. La prCsence des 
spectres des radicaux CH' (dans l'ktat ' 6 )  et 
CH,' mais I'absence de celui du C2 (observt 
dans la dkcharge ktincelle (1 5)) dans la dCcharge 
trjboklectrique du CH, est rapport6 par Alcock 
et coll. (8). Ainsi on peut postuler des processus 
primaires de dtcomposition suivants: 

[ I ]  CH4 + e -t (CH,)* 4 CH' + H + Hz(2H) 

Les voies substquentes de rkactions de ces 
intermkdiaires dependent des Ctats d'excitation 
dans lesquels ils sont formis, Ctats que nous 
jgnorons. De manikre gCnCrale on peut dire que 
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les radicaux CH'  dans les Ctats 2x (16) et ,A, 
ainsi que 'CH, dans 1'Ctat ; , ' A ,  (17)vont rCagir 
rapidenlent avec le mCthane pour donner des 
expices excitkes lesquelles peuvent se dCcom- 
poser ou Etre stabilisees par collision: 

La rCactivitC avec le mCtliane du radical CH' 
dans des Ctats d'excitation suptrieurs &'B, et 
?'A,  (18) n'est pas connue. 

La conversion du radical 'CH,' a 1'Ctat triplet 
3B1 a la suite de collision avec le mCthane (19) 
et les rtactions subsCquentes du 3CH2' avec les 
radicaux 3CH2' et CH,' pour donner de l'acCty- 
l&ne et de 1'Cthyline (19-21) ne semblent pas 
Etre important, mEme si les constantes de vitesses 
de ces reactions sont comparables en grandeur a 
celle de la recombinaison de radicaux inkthy1 en 
Cthane : 

[41 CH3' + CH,' -, C,H, 

k ,  2 4.2 x lo-" cm3 molecule-' s-' (22, 23) 

Cela est montrC par l'effet inhibiteur peu signifi- 
catif du NO dans la formation du C,H, et 
du C,H, dans la dCcharge triboClectrique a 
basse pression (fig. 4). Ce mEme capteur de 
radicaux indique qu'environ 50% de 1'Cthane est 
produit a partir d'intermkdiaires qui ne sont pas 
impliquCs dans la formation des C2H2 et C,H,. 
La m&me insensibiliti. a l'action inhibitrice de 
l'oxygine est rapport6 par Alcock et coll. (8). 
Cela peut Etre une indication que 1'acCtyli.ne et 
1'Cthyline sont formCs dans les processus [2] et 
[3] a partir d'intermidiaire peu sensible B l'action 
de l'oxygene ou de l'oxyde nitrique, confirmant 
aiilsi le mecanisme proposC par Alcock et coll. 

En fait il y a une certaine similitude entre les 
rksultats obtenus a 100 torr dans la radiolyse 
Cclair du CH, (24) et les rCsultats prtsents. 
Cependant, l'influence du SF, est differente dans 
les deux cas. Des exptriences faites en presence 
du SF, jcapteur d'electrons thern~alisks) n'ont 
pas indiquC clairement de processus impliquant 
la neutralisation des charges ou la participation 
des ions n6gatifs dans la decharge tribotlectrique, 
mais la presence d'un champ Clectrique fort peut 
trks bien masquer le cours de ces processus (1 1). 

Le mercure atomique gazeux joue le r81e 
d'intercepteur de radicaux mCthyles 

Ce composC identifi6 par Paoli et Strausz (7) est 
produit a 10 torr avec un rendement d'environ 
le double de celui de I'acCtylene. C'est donc une 
espice (de m&me que HI,) majeure dans le 
systeme. 

La variation de la composition relative des 
hydrocarbures saturts par rapport aux insaturCs 
en fonction de la pression (figs. 2 et 3) peut 
s'expliquer par l'influence de trois facteurs : (a) la 
diminution du rapport EIP avec l'augmentation 
de la pression se fera sentir sur le processus [I]  
en favorisant en proportion croissante les dC- 
compositions primaires de moins en moins 
energetiques, (b) l'accroissement de la pression 
favorisera les processus de stabilisation par 
collision, (c) la proportion des atomes de mercure 
gazeux diminuant avec l'augmentation de la 
pression du CHI,, l'importance de la reaction [ 5 ]  
diminuera en faveur de la reconlbinaison [4]. 
L'importance de chacun de ces trois facteurs 
reste 2 diterminer, mais ci pr.iori on peut sup- 
poser qu'8 basse pression (1-20 torr) le facteur 
(h)  aura plus de poids que les deux autres, tandis 
qu'a pression ClevCe ce sera le contraire. 

L'allure de la formation de l'acCtyl&ne qui 
passe par un maximum B P z 10 torr (fig. 2) 
est une indication des dimensions de la trajec- 
toire de la dCcharge. A basse pression (< 10 torr) 
le nombre de collision inklastiques menant 2 des 
Ctats d'excitation tris klevCs du CH, est faible 
sur la distance du parcours des Clectrons entre 
les deux phases verre-mercure en voie de sCpara- 
tion. Ce nombre de collision tres CnergCtiques 
entre 6lectrons et molCcules parentes augmentera 
avec la pression, mais siinultanCment le processus 
de stabilisation des espices excitkes prend de 
l'ampleur. Ainsi l'allure de la formation de 
I'acCtyl&ne sera la resultante de ces deux effets 
opposes. 

Les hydrocarbzrres C,-C, 
La comparaison des donntes des tableaux 1 et 

2 est intkressante a plusieurs points de vue: 
(a) le taux absolu de dCcomposition croissant 

avec le nombre d'atomes de carbone du coin- 
posC paraffinique peut Etre mis en correlation 
soit avec le potentiel d'ionisation (25) ou avec 
le spectre d'excitation klectroniquc du composC 
(26). L'Cnergie nCcCssaire a ioniser etlou exciter 
Ctant plus faible a mesure que le nombre de 
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carbones croit dans le composC perinet un ac- 
croissement du nombre de collisions effectives 
entre Clectrons et molPcules parentes sur la 
distance du parcours des Clectrons dans la 
dkcharge. 

(b) la fraction des produits saturCs gazeux 
formCs dans la tribodecharge B basse pression 
est d'environ 25% par rapport B celle des produits 
insaturis. ~ e ~ e n d a n t  d&s les rkacteurs H ~ i v e r r e  - 
on n'a pas analysC les composCs alkylmercu- 
riques, dont la presence a CtC dCnlontrC par De 
Paoli (7). Par consequent, Ia fraction calculCe des 
produits saturCs doit Etre augmentCe pour la 
presence de ces composCs. Selon De Paoli pour 
le propane a P = 10 torr, la formation en 
(RH)Hg(RfH) est B peu de chose prks Cgale i 
celle du C,H,, et en rapportant ce rCsultat B nos 
donnies la fraction de produits saturCs devietit 
-34%. On peut supposer que pour les autres 
n-paraffines .(a l'exception du CH,) le pour- 
centage de produits saturCs gazeux est du mEme 
ordre de grandeur. Ce n'est peut Etre qu'une 
coincidence, mais pour les systi.mes a interface 
billes d'acierlverre la fraction des produits 
saturCs est d'environ 35%. La diminution des 
quantitCs d'acktyline form6 dans les riacteurs 
contenant des billes d'acier est due selon toute 
vraisseinblance a une moindre densitt de charges 
crke au point de contact entre les deux phases 
solides. La dicharge qui en rtsulte est beaucoup 
moins energttique et ne permet pas d'atteindre 
les niveaux d'excitation ClevCs des ~nolCcules 
parentes. 

(c) la production relative de 1'acCtyli.ne dimi- 
nue pour le mCthane et 1'Cthane soumis a la tri- 
bodecharge 2 vitesse 3 fois plus lente (tableau 2). 
Cet effet de vitesse peut s'expliquer en admettant 
que la densit6 de charge produite est rnoindre 
a faible vitesse de rotation en raisoii de possibiliti 
accrue de neutralisation de charges par migration 
de surface. Le rapport EIP serait moindre dans 
ce cas, et il aura un effet plus marquC pour le 
hydrocarbures a potentiel d'ionisation plus eleve. 
On comprendrait ainsi pourquoi le C,H, et les 
C,H,, ne montrent pas d'effet de vitesse par 
opposition aux CH, et C,H,. L'effet de vitesse 
de rotation fera l'objet d'une ttude sCparCe. 

I1 serait tCmCraire de proposer des schCmas 
cinitiques dttaillts pour la formation des pro- 
duits pour chacun des hydrocarbures CtudiCs. La 
difficult6 rtside dam les concentrations Clevees 
d'intermidiaires gCnCrCs pendant la dtcomposi- 
tion induite par une dkcharge. Les reactions 

secondaires qui en rCsulte sont difficile a inter- 
preter. De faqon gCnCrale, parmi les produits de 
dCcomposition d'un systeme organique soumis a 
une dCcharge il y a une importante proportion 
d'olCfines et d7acCtyli.niques, proportion qu'on 
ne retrouve pas pour d'autres modes de dCposi- 
tion d'inergie (27). Dans beaucoup de cas, cet 
excks de produits insaturis est dQ a l'impossi- 
bilitC de retirer les produits stables de la zone 
de reaction. 11 en est pareillement pour la tribo- 
dCcharge, surtout pour les rCacteurs contenant 
du mercure. NCamoins, quelques mCcanismes 
rkactionnels peuvent etre aperqus tra\ers les 
dolinees des tableaux 1 et 2. Par exemple, l'elimi- 
nation des radicaux CH' et CH,' doit Etre un 
important processus primaire pour les paraffines 
CtudiCes. L'insertion subskquente de ces inter- 
mediaires dans la molCcule parente suivie d'une 
dtcomposition conduit au moins en partie aux 
C, insaturks qu'on retrouve rCgulii.rement en 
qualititt abondante parmi les produits. L'Clirni- 
nation d'alcanes i faibles poids ~nolCculaire (CH,, 
C,H,) a partir de la molCcule parente haute~nent 
excitCe est un autre processus dont on peut soup- 
Former la plCsence Ce processus est obserkC en 
photolyse dans I'ultra\~olet a \ ~ d e  pour les 
paraffines C,-C, et 11 est d'autant plus important 
que 1'Cnergle des photons ~ n c ~ d e n t s  est plus 
ClevCe (28) Dans le cas de l'lsobutane c'est sclr- 
tout le groupement n~ t thy l  qul est 1mp1iquC dans 
ce processus s~ on en juge d'apres la quan t~ t t  
~mportante du propine formt. En admettant 
qu'une importante p r o p o r t ~ o ~ ~  du C,H, provlent 
par Cl~rn~nat~on d~recte A partlr du 11-butane et 
du n-pentane, il faut conclure que la rupture de 
la liaison P(C-C) du squelette carbon6 serait la 
plus importante parmi les divers inodes de 
dCcompositioii. 

Remarquons que dans la dicharge tribo- 
Clectrique des C,-C, certains produits rnineurs, 
tels le cyclopropane, le butyne-1-kne-3, sont 
formCs en proportion constante. Les processus 
qui menent a leur formation sont probablernent 
les mEmes pour tous les hydrocarbures CtudiCs 
et ils impliquent un ou des produits particuliers 
accumulCs dans le systkme. 
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Jaxusz GAWLOWSKI, JAN NIEDZIELSKI ,  and J A N  A. HERMAN. Can. J .  Chem. 55, 463 (1977). 
The yields o f  products formed in the recombination o f  free radicals in the radiolysis o f  

gaseous ethane and propane have been determined. The yields o f  butane from ethane radiolysis, 
and o f  2,3-dimethylbutane from propane radiolysis were found to be much lower than those 
reported in the literature. 

The yields o f  these products increased markedly in the presence o f  the traces o f  water, 
either desorbed from the walls or introduced with insufficiently dried reagents. The details o f  
experimental procedures warranting the total elimination o f  water are given. 

J A Y L S Z  G A W L ~ W S K I ,  J A N  N I E D Z I E L S K I  et JA\ A. HERMA\. Can. J .  Chem. 55, 463 (1977) 
On a determine les rendements des produits formes par recombinaison de radicaux libres 

dans la radiolyse de 1'Cthane et du propane gazeux. Les rendements en butane et en 2,3-dimethyl- 
butane dans la radiolyse respectivement de I'ethane et du propane sont beaucoup plus bas que 
ceux rapportes dans la litterature. 

Les rendements de ces produits augmentent substanciellernent en presence de trace de vapeur 
d'eau, soit desorbee des parois, soit introduit avec les reactifs qui non pas etaient suffisamment 
seches. On donne les details experimentaux, guarantissant une elimination totale de l'eau. 

Introduction 
Gas-phase radiolysis of saturated hydrocar- 

bons has been studied extensively (1-1 1). How- 
ever, there are still many doubts concerning the 
mechanism of ion neutralization, the effects of 
scavengers on the yield of products, and so on. 
This paper presents our preliminary results 
related to the effects of impurities on the yields 
of some products, originating from the radio- 
lysis of gaseous ethane and propane. 

Experimental 
(CZ)  i\/lnter.inls 

Phillips research grade ethane and propane were 
purified from the traces o f  higher and unsaturated 
hydrocarbons by passing them through a column filled 
with activated carbon (ethane at -76'C, propane at 
0 'C), then through a column filled with Hg(C104)2 on 
firebrick, and finally by the usual freeze-pump-thaw 
cycles. N o  impurities could be found in the ethane using 
gas-chron~atography methods, propane contained less 
than 0.005:7, ethane (limit o f  detection i Further 
purification procedures included drying over highly 
activated molecular sieve 3A,  and immediately before use 
exposure to the action o f  highly dispersed metallic 
sodium (12). These drying procedures were not applied in 
some experiments. 

Phillips research grade ethylene and propylene were 
purified by adsorption in activated carbon, distilled 

under vacuum, and dried as described above. Triply 
distilled water was thoroughly degassed by vacuum 
distillation from the potassium hydroxide solution. 

(b j  Scrtnple Prrparurion and Irradiation 
Glass ampoules o f  a volume o f  about 140 1111, 45 mnl in 

diameter, provided with break-off tips, were used. 
Ampoules were baked in an oven before pumping, and 
then evacuated in vacuum. In some experiments the 
anlpoules were heated under vacuum at 350-400 'C .  

In a series o f  separate experiments the an~poules were 
provided with a small glass tip, into which 2-3 mg o f  
sodium azide were inserted, After prolonged heating o f  
the ampoules under vacuum, sodium azide has been 
thermally decomposed, and nitrogen formed in such a 
process has been pumped o f f .  Thus, a sodium mirror has 
been obtained in the tip, o f  an area less than 3% o f  a 
total area o f  the ampoule. 

Ethane samples were irradiated in a y-source o f  the 
Institute o f  Radiation Techniques (Lodz) at a dose rate 
o f  approx. 0.4 Mrad h - ' .  

Propane samples were irradiated at the Lava1 Uni- 
versity irradiation facilities, with 60Co rays in AECL 
Gammacell 220 at a dose rate o f  about 0.08 Mrad h- ' .  

(c) Gas-chror,zatographic Anaijves 
Propane and butane, originating from the radiolysis 

o f  ethane, were analyzed on a 9 m (20% by weight) 
UCON LB 550X column, operated at room temperature. 

Saturated C,-C, hydrocarbons, originating from the 
radiolysis o f  propanc, were analyzed on a 5 m (20% by 
weight) isoquinoline column (with 1% DC 550 added), 
operated at room temperature. An additional short 
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TABLF 1. The yields of some products from gaseous ethane irradiated at a pressure of 200 torr to a total dose 
of 0.38 Mrad 

Yield 

With H 2 0  With C2H4 With 
0.5% 

Product (i) * (ii)t (iii)$ (iu)g 0.1% 0.5% 0.1% 0.5% 0 2  

*Ethane purified by the method described in part ( a )  of the Experimental section. 
?Ethane purified as in (i) and additionally sodium deposited onto the walls of the small tip attached to the irradiated ampoule. 
fThe ampoule not heated in vacuum. 
$Ethane purified only by the usual method, ~ i t h o u t  drying over molecular sieves and sodium, the ampoule heated in vacuum. 

TABLE 2. The yields of some products from gaseous propane irradiated at a pressure of 400 torr to a total dose of 
0.36 Mrad 

Yield (%) 

Initial 2,3-Dimethyl 2-Methyl 
composition butane pentane 12-Hexane Isopropyl n-Propyl Comments 

0.78 The results of Bone 
0.39 et a/.  obtained at a 

pressure of 760 torr 

*Propane purified by the method described in part (a) of the Experimental section. 
?Propane purified as in * and additionally sodium deposited onto the \+ails of the small tip attached to the irradiated ampoule. 
$Propane was not dried over molecular siekes and metallic sodium. 
§The results of Bone er a/ .  (9) computed using WC3H8 = 23.4 eV. 

column filled with Hg(C10,), + HC10, was placed after The results of our preliminary experiments 
the isoquinoline column in order to lower the detection were much different than those obtained by 
limit of analyses, otherwise too high d ~ ~ e  to the iso- 
quinoline volatility. Further advantage of this colun~n many other authors (see and 3)' 'light 
was that it absorbed all olefinic hvdrocarbons. Isobutane differences in experimental conditions could not 
and butane were resolved in a separate determination explain such big discre~ancies as slighth more 
using additional 3 m dibutyl phthalate on Chromosorb P, than half the vaiues for ~ ( ~ - b ~ ~ ~ ~ ~ )  frGm -ethane, 
placed after the isoquinoline column. The results for and 6(2,3-dimethylbutane) from propane radio- 
isobutane were not entirely satisfactory owing to a 
pronounced propane tail. lysis, compared with the results of earlier inves- 

tigators. Looking for the impurities which could 
Results and Dissussion affect the resultswe obviousiy turned our atten- 

The radiation yields of some products origin- tion to water, known to be extremely difficult to 
ating from radical processes in ethane and remove from the ampoule walls. 
propane are summarized in Tables 1 and 2, and The traces of water were reported to interfere 
are shown in Fig. 1. with radiation processes. Hydrogen originating 
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GAWLOW SKI ET AL. 465 

Dose ( M r a d )  

FIG. 1. G(n-C4H,,) as a function of total dose. (0) 

Ampoules not heated in vacuum; (b) ampoules heated in 
vacuum. 

from the radiolysis of pure perdeuterated hydro- 
carbons (propane, cyclohexane, n-heptane) con- 
tained substantial amounts of HD (7 ,  10, 13). 
Ion neutralization on vessel walls, covered with 
a layer of adsorbed water, as well as reactions of 
hydrocarbon ions with the traces of desorbed 
water, followed by neutralization of H,O' ions, 
were supposed to account for such a surprising 
result. 

In order to check whether these phenomena 
would occur in our system, we performed four 
series of experiments: (1)  ethane and propane 
purified only using usual method: distillation 
under vacuum with only middle fraction of the 
gas retained, thorough degassing, heating of the 
ampoules in vacuum for many hours before use; 
(2) ethane and propane dried by passing them 
through a column with molecular sieve 3A at  
room temperature, and subsequently exposed 
to the action of metallic sodium deposited onto 
the walls of a glass bulb; radiolytic vessels were 
only degassed in a high-vacuum system, no 
heating of them was applied; (3) the ampoules 
were heated in vacuum, ethane and propane 
dried as described previously, and the water was 
purposely introduced into the ampoules; (4) all 
drying procedures previously described were 
used and additionally a small tip with sodium 
deposited onto its walls was attached to the 
ampoules. This should warrant the total elimina- 
tion of the traces of water present in reactants 
as well as those desorbed from the walls. 

The results of the first two series (I and 2) were 
much higher than those obtained using highly 

TABLE 3. Ethane radiolysis, the results obtained by 
different authors 

G 
P T -- 

(torr) (K) Propane Butane Reference 

1100 313 0.75 2 . 5  6 
600 298 0 . 8  2.5 1 
620 298 0.75 2 . 4  3 
200 Room 0.66 1 .5  '% 

200 Room 0.56 2.6 .I 
*Results of this work (see Fig. I ) ,  extrapolated to zero dose, am- 

poules heated in vacuum. 
tResults of this work (see Fig. 11, extrapolated to zero dose, 

amooules not heated in vacuum. 

purified ethane or propane (by the method 
described in part (a) of the Experimental section), 
and closely resembled those of other authors. 
Water introduced in series 3 increased the 
results up to those obtained in series 1 and 2. 

The explanation of these results seems straight- 
forward: the traces of water, either present as 
impurities or desorbed from the walls, have a 
pronounced effect on the yields of radiation 
products. In order to obtain the correct results, 
meticulous care should be taken when preparing 
the samples. Our experimental procedures seem 
to be adequate, since the presence of sodium in 
series 4 had no effect on the results. 

The effect of dose on the yield of n-butane from 
the ampoules heated and unheated under vacuum 
are shown in Fig. 1. It is interesting to note that 
the curves are very similar despite the differences 
in yields in these two experiments. 

We have further examined the effects of the 
presence of unsaturated hydrocarbons. Propylene 
was found to have no effect on the yield of 2,3-di- 
methylbutane from the propane radiolysis; this 
observation is different from that of Bone et al. 
who reported that the presence of propylene 
reduced the yield of this hydrocarbon to less than 
one-half. Propylene added to those samples from 
which the traces of water were not thoroughly 
removed decreased the yield of 2,3-dimethyl- 
butane. It  seems likely that this yield depends 
on the ratio of water and propylene concentra- 
tions. 

Ethylene added to irradiated ethane increased 
the yield of n-butane. This result is unexpected 
and opposed to that described above for the 
radiolysis of propane. It is also in disagreement 
with the results of earlier investigations (18) 
where no influence of ethylene on the yield of 
n-butane could be found. In the presence of water 
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ethylene had no effect on the yield ofn-butane 
within the limit of experimental error. 

Unfortunately the explanation of our results 
is not unambiguous. 

(a) Ethane 
The main free radicals originating from the 

irradiated ethane are CH, and C,H,, the latter 
one may be formed either in primary processes 
or  in reaction 1 (3, 4) 

Recombination and disproportionation of 
these radicals leads to a sequence of reactions: 

[21 CH, + CH, + C,H6 

On the basis of this mechanism the increase in 
n-butane yield should be ascribed to the increase 
in the yield of ethyl radicals. The yields of methyl 
and ethyl radicals were calculated assuming 
k3,/k,, = 0.04 and k4,/k,, = 0.14 (14), and 
taking into account the yields of propane and 
n-butane formed in ionic processes (not sca- 
venged by oxygen), equal to 0.22 and 0.21, re- 
spectively (see Table 1). The increase in the yield 
of ethyl radicals due to the presence of water is 
equal to 2.1-2.6. Such a nlarked increment is 
obseried in the presence of the traces of water 
(either desorbed from the walls or introduced 
with the ethane insufficiently dried). Thus, water 
interference must involve a very slow ionic 
process. 

E\en though reaction of primary ethane ions 
C2H6- with water is known to be very fast. 

it cannot compete effectively with condensation 
reaction 6 under our experiinental conditions 

k6 z 10-1° cc molecule-' s - l  (16) 

Diineric ion formed in reaction 6 is unreactive 
towards ethane (16), its structure and heat of 
formation are unknown, either a chemical bond 
is formed between the ion and the molecule or 
the link is due to attractive physical forces. If 

the !atter case is true, the occurrence of reaction 7 
may be assumed. 

Such reaction may. a t  least partly, be respon- 
sible for the increase in GCzb,,. 

Another possible source of ethyl radicals 
(strictly speaking, of atomic hydrogen, precursor 
of ethyl radicals in reaction 1 )  may be neutraliza- 
tion of H 3 0 T  ions formed in reaction 7, and in 
other similar reactions. Reaction of hydrated 
ions of the type of C,H4(H,0),' may also be 
involved. Similar mechanism has been advanced 
by Fujisaki and Gaumann to explain the forma- 
tion of HD in the radiolysis of gaseous cyclo- 
C 6 D I 2  and n-C,D,, (13). 

The phenomena described above are far from 
being well understood. Further studies are 
needed, especially those concerned with the 
dependence of G(n-butane) on dose, and with the 
incrcase in G,,,, in the presence of ethylene. The 
latter result may be tentatively explained by the 
H atom transfer from C , H 6 + ,  (C2 t f6 ) ,+  and 
other higher order ions. Reaction 8 is exothermic 

The enthalpy of analogous reaction involving 
dimeric (C2H6) , -  ions is unknown. 

Also the assumption that the yield of molecu- 
lar propane and butane, persisting in the pres- 
ence of oxygen (and therefore formed in reactions 
other than [3u] and [4u]) would be the same in 
the absence of oxygen is open to serious doubts. 
Wodetzki et al. have reported G(n-C4M,,) equal 
to  0.4 in the presence of NO, but lowered down 
to 0.1 In the presence of propylene (4).  

According to mass-spectrometric evidence ion- 
molecule reactions in ethane give C3H,+ and 
C 4 H , ,  + ions (16). Oxygenated compounds, 
formed as a result of radical scavenging by oxy- 
gen, may intercept these ions in proton transfer 
reactions, yielding propane and butane. 

(b )  Propane 
The main free radicals in the radiolysis of 

gaseous propane are CH,, C2H, ,  i-C,H,, and 
11-C,H, (9). The yields of propyI radicals, calcu- 
lated using the pertinent ratios of k,/k,, are in- 
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cluded in Table 2 (14). The presence of water 
traces increases the yield of i-C,H, by AGi-C3H7 

2.7 to 3.1, affecting but slightly the yield of 
12-propyl radicals. 

In this case, the increment in G,-,,,, may also 
be ascribed to the proton transfer from (C,H,),' 
dimer to the water molecule, ultimately followed 
by the neutralization of H,Ot ions : 

Proton transfer from propane C,H,' ions to 
the water has been observed in a mass spectroin- 
eter 

k 1 2  = 1.4 x lo-' cc molecule-' s-I (15) 

The effect of propylene on the yield of I-C,H, 
may be explained by the interception of ions by 
this hydrocarbon, prior to their reaction with 
water. Higher order unsaturated ions are unlikely 
to produce atomic hydrogen upon neutralization, 
according to Bone et al. (9). This conclusion is 
supported by the results of ethylene radiolysis. 
The yield of atomic hydrogen formed in ethylene 
radiolysis by the neutralization of ions was 
assessed as equal to GH = 2.9 (17); in the pres- 
ence of 1-3z propylene the formation of H 
atoms by this mechanism was totally suppressed 
(18). Apparently, higher order ions with inserted 
propylene molecules do not yield atomic hydro- 
gen upon neutralization, the effect of propylene 
is exactly similar to that of isobutylene (1 7). 

Conclusions 
(1) The traces of water, either present as an 

impurity in insufficiently dried reagents or 
desorbed from the walls. have a pronounced 
effect on the yields of some products, originating 
from the gas-phase radiolysis of ethane and 
propane. 

The yields of products, formed as a result of 

free radical recombination in pure ethane and 
propane, are about half as large as those reported 
hitherto in the literature. 

(2) Our experimental procedure, including 
drying of the reactants over molecular siele, 
exposing to the action of subtly dispersed sodium, 
heating of the ampoules in high vacuum, is 
adequate for removing the traces of water. 
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Nuclear analogs of p-lactam antibiotics. 
I. Synthesis of 0-Zisocephams 

TERRENCE WILLIAM DOYLE, BERNARD BELLEAU, BING-YU LUH, CARRADO F. FERRARI, and 
MICHAEL PATRICK CUNXIKGHAM. Can. J. Chem. 55, 468 (1977). 

The preparation by total synthesis of a saturated cephalospcrin analog 7-P-phenoxyacet- 
amido-3-ethoxy-0-2-isocepham-4-a-carboxylic acid 30, is described. Compound 30 was pre- 
pared via cycloaddition of azidoacetyl chloride to the cinuamylidene Schiff base of ethyl 
2-amino-3,3-diethoxypropionate 136 to give the cis-3-azido-4-styryl P-lactam 156. Ozonolysis 
of 15b followed by sodium boronydride reduction gave the alcohol 18b. Boron trifluoride 
treatment of 186 gave ethyl 7-~-azido-3-~-ethoxy-O-2-isocepheni-4-carboxylate 27. Reduction 
of the azido group followed by coupling with phenoxyacetic acid and saponification of the ester 
gave 30. The mechanism of the cycloaddition reaction and the stereochemical assignments are 
also discussed. 

TERREUCE WILLIAM DOYLE, BERUARD BELLEAU, B I ~ G - Y C  LLH, CARRADO F. FERRARI et 
MICHAEL PATRICK C U ~ ~ I U G H A M .  Can. J. Chem. 55, 468 (1977) 

On dicrit la preparation, par synthese totale, d'un analogue d'une cephalosporine saturte soit 
l'acide 0-phenoxyacetaniido-7 ethoxy-3 0-isocephani-2 2-carboxylique-4 30. On a prepare le 
compost 30 en effectuant une cycloaddition du chlorure d'azidoacktyle sur ia base de Schiff 
dCrivCe du cinnarnaldehyde et de I'arnino-2 diCthoxy-3,3 propioaate d'ethyle 13b qui conduit a 
I'azido-3 styryl-4 a-lactame-cis 15b. L'ozonolyse de 15b, suivie par une reduction au boro- 
hydrure de sodium, conduit a l'alcool18b. Le traitenlent de 18b par le trifluorure de bore fournit 
la @-azido-7 0-Cthoxy-3 0-isocipheme-2 carboxylate-4 d'ethyle 27. La rtduction du groupe 
azido, suivie par un coupiage avec l'acide phenoxyacetique et une saponification de I'ester, 
conduit a 30. On discute du micanisme de la reaction de cycloaddition et des attributions 
sterCochimiques. 

[Traduit par le journal] 

Early work on the penicillin and cephalosporill 
groups of antibiotics (Fig. 1) soon established 
the following criteria for optimal biological 
activity (1). 

(I) The presence of a p-lactam ring fused to a 
second ring in such a manner as to impart strain 
to the amide bond of the b-lactam is required. In 
the penicillins 1 the ring size alone is sufficient to 
do this. The lack of activity of the A2-cephalo- 
sporins 2 relative to the A3-~e~halosporins 3 and 
penicillins leads to the recond criter~on. 

(2) In 4-6 fused systems a double bond rn 
conjugation with the p-lactarn amide is a require- 
ment either on steric or electronic grounds. 

(3) An acylated amino function a to the car- 
bony1 of the p-lactam is usually necessary. 

'Author to whom correspondence concerning this 
paper may be addressed. 

'Present address: Bristol Laboratories, P.0 Box 657, 
Syracuse, New York 13201. 

3Holder of an  NRCC Industrial Postdoctoral Fellow- 
ship 1970-1971. 

(4) The protons attached to the bridgehead 
position and a to the amido side chain must be 
oriented cis to one another. 

(5) A free carboxylic acid at position 3 in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DOYLE ET AL.:  I 469 

penicillins or position 4 in the cephalosporins 
seems to be necessary. 

At the time we started our research, the role 
piayed by the sulfur atom at position 1 in both 
the penicillins and cephalosporins had not been 
empirically elucidated. Topp and Christensen (2) 
have stated, on the basis of molecular orbital 
caIculations of the penicillins and cephalosporins, 
that it may play a role in transpeptidase enzyme 
deactivation by controlling the equilibrium con- 
formation which governs binding to the enzyme 
and in reducing the barrier to reaction with the 
enzyme. 

While a number of nuclear analogs of the 
penam and cepham systems have been synthe- 
sized, the majority of these have involved re- 
tention of the sulfur atom at position 1 (for 
leading references to work carried out prior to 
1972 see refs. 1 and 3).4 Only recently the syn- 

theses of the 1-oxocephalosporin and the des- 
thiacephalosporin systems have been reported 
(4i, j )  (Fig. 2, 4 and 5). These compounds ex- 
hibited biological activity comparable to that of 
the natural cephalosporins, thus demonstrating 
for the first time the non-essential role of the 
sulfur atom in P-lactam antibiotics (4i). 

Recently, Lowe and co-workers have reported 
the syntheses of two cephalosporin analogs in 
which the heteroatom has been transposed from 
the 1 to the 2 position (4h) (Fig. 2, 6 and 7). The 
failure of these analogs to exhibit activity is not 
surprising in view of the fact that they do not 
fulfill the necessary criteria alluded to earlier. 
Compound 7 (4h) comes closest to doing ao but 
the substitution of the 7z position by a methyl 

4For a list of references to nuclear analogs involving 
heteroatom substitutions and transpositions which have 
appeared in the literature recently, see ref. 4. 

group would be expected to impair the anti- 
bacterial activities of the system by analogy with 
the results in the natural series (5) .  

For the past several years, we have been 
engaged with the development of a general 
synthetic route to nuclear analogs of the cephalo- 
sporins of general structure 8 (Fig. 3). In this 

and the accompanying papers of this series, we 
would like to report our results in this area.5 

Apriori one may envisage a number of ways by 
which the bicyclic systems represented by 8 
might be formed (Fig. 4). Formation of the 
P-lactam amide bond in the latter stages of the 
synthesis is the classical approach used by Sheehan 
in his synthesis of penicillin and adapted by 
Heymes and Dolfini to the synthesis of cephalo- 
sporim6 Alternatively, the C,-C, bond may be 
formed onto a preexisting six-membered ring 
either by ring contraction (4e), carbene insertion 
(4f-h), or condensation (7) reactions. A third 
approach is the formation of the C,-C, and 
Cs-N bonds simultaneously via cycloaddition 
reactions. This has been used by Bose in his 
synthesis of epipenicillin, and several nuclear 
analogs of the penam and cepham systems (3,4a, 
4 4 .  More recently, Ratcliffe and Christensen 
have utilized this approach in their total synthesis 
of cephalothin and cefoxitin (8). A somewhat 
similar approach has been used by Edwards et al. 
(9) to prepare desacetylcephalothin lactone via 

51n order to preserve the numbering system currently 
in use with the cephalosporins, we propose that the follow- 
ing trivial nomenclature be used for these systems by 
analogy with that used by Manhas and Bose (3a) for i 
and Sheehan and Dadic (6) for ii. 

thus : 

6For a review of this work, see K. Heusler in ref. 1. 
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furo[3,4-clcephams. The last approach is to build 
a six-membered ring onto a preformed p-lactam. 
This approach is perhaps the most versatile with 
regard to permitting the synthesis of a variety of 
nuclear types from a common intermediate as 
has been elegantly demonstrated by Woodward 
and co-workers in their total synthesis of cephalo- 
sporin C and a number of nuclear analogs6 (10). 
More recently Kuhlein and Jensen (1 1) have 
utilized the approach to prepare a number of 
analogs of the cephalosporins. 

In view of the potential versatility of the 
approach, the synthesis of a monocyclic p-lactam 
of general structure 9 became our first target 
(Fig. 5) wherein R would be either an amino or 

amido function (or some function readily con- 
verted to these) and R'  would either be an easily 
removed protecting group or would incorporate 
the requisite functionality for conversion of 9 
to 8. 

In principle, the synthesis of structures such as 
9 might be approached in a variety of ways.7 
Recently, Hlubucek and Lowe (13) have reported 
the synthesis of 9 (R = +CH,CONH, R'  = 
CH,+, X = SCH,+) as a mixture of cis and 
trans isomers. Since we wished to avoid as far as 
possible the problems associated with cis-trans 
mixtures an approach to compounds such as 9 
utilizing the method originally discovered by 
Staudinger (14) and extended by Bose and co- 
workers (3, 4a, 4d, 15) was developed. The 
addition of ketenes (or substituted acetyl halides 
in the presence of suitable bases) to Schiff bases 
yields p-lactams. The stereochemistry of the 
resultant j3-lactams may be controlled by the 
order of addition of the reagents and by the 
substitution pattern of both the acid chloride and 

7For a review of methods for the synthesis of e-lactams 
see refs. 3 and 12. 

Schiff base (15b, 151). Inasmuch as we wished to 
avoid working with the highly labile P-substi- 
tuted acetaldehydes and in view of the possi- 
bilities of elimination reactions occurring in 
competition with cycloaddition we decided to 
mask the desired substituent at C, in the 2- 
azetidinones as a styryl function.' The use of 
cinnamylidene Schiff bases in the acid chloride - 
imine formation of p-lactams has been reported 
only seldom in the literature (14, 16a). As early 
as 1907 Staudinger (14) claimed to have obtained 
p-lactams from the reactions of dimethyl and 
diphenyl ketenes with cinnamylidene anil. The 
work was repeated during the early work on 
penicillin (16a). In contrast to these results 
Pfleger and Jager (17) have reported that the 
reaction of phenylketene and ketene with cinna- 
mylidene anil gave dihydropyridones. Similar 
results with dichloroketene have been reported 
(18). In a related reaction, Mohan has reported 
the formation of dihydropyridinone 12d from the 
reaction of an oxazolidinone with this same anil 
(19) (Fig. 6). While our work was in progress, 

patents have appeared in which the synthesis of 
a number of 4-styryl-2-azetidinones via acid 
chloride - cinnamylidene anil reactions were re- 
ported (20). 

*Base (4d) has observed elimination in the addition of 
phenoxyacetyl chloride to iii. 

MeS 

o0CH;IOCI + 9 + , N ~  

90CH;CO 
ill 
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Results and Discussion 
As a model for future work, the synthesis of 

15a was studied first (Scheme 1). Treatment of 
Schiff base 14a (derived from cinnamaldehyde 
and aminoacetaldehyde dimethyl acetal 13a in 
quantitative yield) and an equimolar amount of 
triethylamine in methylene chloride with an 
equivalent of azidoacetyl chloride gave cis-N- 
(~,P-dimethoxyethyl)-3-azido-4-styryl-2-azetidi- 
none 15a in 52.5% yield. That the product was 
not a dihydropyridone was shown by the P- 
lactam carbonyl absorption at 1755 cm-' and 
the nmr spectrum (Table I). The 5 Hz coupling 
constant between the C3-H and the C,-H was 
indicative of the cis stere~chemistry.~ No trace of 
the trans isomer could be detected by nmr 
spectroscopy of the crude product. The magnetic 
non-equivalence of the two protons of the side 
chain adjacent to the nitrogen and of the two 
methoxy groups (to a lesser extent) was as 
expected from the earlier observations of Barrow 
and Spotswood (21c) on N-benzyl substituted 
2-azetidinones. 

O+"f 
C02Et 

16 

Similarly, treatment of SchiR base 14b (derived 
from amine 13b10 and cinnamaldehyde) and 

- - 

gThe stereochemistry of monocyclic a-lactams may be 
determined from the coupling constants between C3-H 
and C4-H. Trans isomers show J ' s  of approxin~ately 
1-2 Hz while the corresponding cis isomers have J values 
of approximately 5 Hz (21). 

1°This amine was prepared via a modification of the 
method reported by Brown in ref. 16b. 

triethylamine with azidoacetyl chloride gave cis- 
N-(a-carboethoxy-P,P-diethoxyethy1)-3-azido-4- 
styryl-2-azetidinone 15b in high yield. Compound 
15b was obtained as a mixture (- 1 : 1) of dia- 
stereoisomers about the x-carboethoxy function 
as was indicated by the nmr spectrum of 156 
(Table 1). Chronlatography of the crude product 
gave a small amount (<591,) of a byproduct 16 
which was identified by its nmr and ir spectra 
and by elemental analysis. Since we envisaged 
eventually removing the asymmetric center in the 
side chain of 15b no attempt was made to 
seDarate the diastereoisomers. 

The mechanism of P-lactam formation via the 
acid chloride - imine route is by no means clear. 
A priori, one may envisage prior formation of an 
acid chloride - imine complex which undergoes 
dehydrohalogenation with triethylamine to give 
P-lactam (Fig. 7). Bose (15b, 15nz) has proposed 
that with acid chlorides possessing an atom with 
a free pair of electrons at the a position these 
atoms are capable of stabilizing transition states 
such as B via the formation of donor-acce~tor 
complexes. Proton abstraction from complex B 
in which the carbon atoms C, and C, are held in 
close proximity would lead to P-lactams. This 
proposal is especially attractive in systems cap- 
able of exhibiting extended conjugation such as 
ours. An examination of Dreidinn models indi- - 
cates that the conformation in which such a 
donor-acceptor complex would be maximized is 
as shown in Fig. 8. In such a conformation the 
C3-H' bond axis is aligned with the cationic 
p-orbital at C,. Removal of C3-H' by base with 
concerted formation of the C3-C, bond would 
lead to a p-lactam of cis stereochemistry. Alter- 
natively, abstraction of C3-H would give an 
anion stabilized by the carbonyl. Rotation 
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TABLE 1. Nuclear magnetic resonance spectra o f  mono cyclic B-lactamsa 

Aromatic and 
Cmpd. vinyl protons C3-H C4-H OCH, C02CH2CH1 CH2CH3 Other 

15a 7.25 (m, 5H, 4)  4.75 (d, IH) 4.41 (dd, IH) 3 30 (s, 3H) - - 4.43 (dd, l H ,  CH(OR),) 
6.64 (d,  1H, 4 C H )  J=5.0 J1=8.0 3.26 (s ,  3H) J1=6.0 J z z 4 . 5  
J1=15.5 J2=5.0 3.53 (dd, lH)b 
6.02 (dd, 1H, =CH-) J1=14.0 J2=4.5 
Jl=15.5 J2=8.0 3.04 (dd, lH)b 

J1=14.0 &=6.0 

15b 7.27 (m,  5H, 4)  5.00 (d)' d - 4.18 (q)" 1 .12 (m ,  9H) 3.53 (m ,  4H, CH2CH3)d 
6.62 (d, IH, +CH=)' J=5.0 4.06 (q)' 
6.67 (d,  l H ,  +CH=) 4.85 (d)" J=7.0 
J=15.0 J=5.0 - 6.20 (m,  l H ,  =CH-1 0 

- 
9 

16 7.56 (m, 5H, 4)  5.00 (s,  1H) 4.92 (dd, 1H) 4.32 (q, 2H) 1.34 ( t ,  3H) 2. 
7.64 (s ,  1H =CHOEt) J=9.0 J=5.OC 4 .27(q ,2H)  1 .40( t ,3H)  L. 

6.92 (d, 1H, +CH=) e J=7.0 J=7.0 o 
J=16.5 
6.38 (ddt, 1H, CH=CH-) 
J1=16.5 J2=8.0 

1 
C 

J3=2.75 0 L- 

18a - 4.69 (d,  1H) f 3.40 (s, 6 H )  - - 4.47 ( t ,  IH,  CH(OR),) VI 
VI 

J=5.0 J=5.0 - 
3-3.50 (m ,  2H, CH2- S 
CH(OR)zIf 4 

23a 4.24 (d,  1H) 4 3.43 (s, 6H) - - 3.28 (bs, 3H, NH2,  O H )  
J=5.0 4.56 (t ,  1 H, CH(OR)Z)g 

236 7.36 (s, 5H) 5.49 (dd, 1H) h 3.43 (s, 6H) - - 4.53 ( t ,  l H ,  CH(OR),) 
6.96 (d, 1H, N H )  J,=lO.O 3.6 1 (s, 2H, 4CH2) 
J= 10 J,=5.0 3.10 (dd, l H ,  J1=14.5, 

Jz = 4 .  O)h,' 

23c 6.9-7.6 (m, 5H, 4 )  5 58 (dd, 1H) J 3.45 (s, 3H) - - 4.56 (s, 2H, +OCH2) 
S.lO(d, l H ,  NH)  J1=10.0 3.47 (s ,  3H) 4.58 ( t ,  l H ,  CH(OR)Z) 
J= 10 J2=5.0 J=4.5 

3.20 (dd, lH)' 
J,=15.0 J2=4.0 
3.72 (dd, 1 H)' 
Jl=15.0 J2=5.0J 
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TABLE 1 (Corzcluded) 

Aromatic and 
Cmpd.  vinyl protons C3-H C4-H o c H 3  C02CH2CH,  CH2CH3 Other 

25a 7 . 4 ( m , 5 H , + )  R k 3.32 (s, 3H)  - - 1.70 (bs, 2H, NH,) 
6.74 (d ,  1H, $CH=) 3.36 (s ,  3H)  3.62 (dd,  1H)" 
J=16.0 J1=14.0 J2=5.0 
6.18 (ddt, l H ,  =CH-) 3.07 (dd,  lH)h  
J1=16.0 J2=7.5 J1=14.0 J2=6.0k 
J3=2.0 

25b 7.43 (s ,  5H, 4) 5.47 (dd,  1H) 4.61 (dd,  1H)  3.38 (s ,  3H) - - 3.57 (s, 2H, +CH2) 
7 .20  (s ,  5H, +) J l=9 .o  J2=.5.0 J,=8.0 J2=5.0 3.42 ( s ,  3H)  4.58 (dd,  l H ,  CH(OR) , )  
6.70 (d ,  l H ,  +CH=CH) J1=6.0 JZ=5.0 
J=16.0 3.12 (dd,  1H)" 
5.98 (dd,  I H ,  +CH=CH-) J1=14.5 J2=6.0 
J1=16.0 J2=8.0 3.63 (dd,  1H)" 
6.64 (d,  l H ,  N H )  J1=14.5 J2=5.0  t] 

J=9.0 0 

25c 7 . 1 5 ( s , 5 H 9 + )  5.34 (dd,  1H) 3.23 (s, 3H)  - - 4.34 (s, 2H,  +OCH2) s 
m 

6.5-7.2 ( m ,  5H, cb) J1=9.0 3.26 (s, 3H)  4.46 (m, 2H, CH(OR) ,  m _1 

7.23 (d ,  l H ,  N H )  J2=5.0 and C4-H) 
J=9.0 3.54 (dd,  lH)" * 13 
6.56 (d ,  l H ,  +CH=CH) Jl=14.5 J2=5.0 - 
J=16.0 3.05 (dd,  1 H)" 
5.88 (dd,  l H ,  +CH=CN) J,=14.5 J2=6.5 
J1=16.0 JZ=7.5  

17 9.55 (d)' 4.99(d)' 4.14 (q ,  2H) 1.18 ( m ,  9H)  3.59 ( m ,  4H,  0CH2CH, )  
J=4.7 4.95 (d)' J= 7 4.33 (d )  l H ,  J=4.5,  
9.45 (d)' J= 6 N-CH-COZEt 
J=4.7 4.43 (d ,  1H)  J=4.0,  

N-CH-C02Et 
4 . 6 4 . 9  (m, 2H)" 

186 - 4.87 (d)' - 4.15 (q)' 1 . 2 1 ( m , 9 H )  3 . 3 4 . 0 ( m , 4 H ) "  
4.81 (d)' 4 . 1 9 ~  4.6-4.8 ( m ,  2H)" 
J=4.5 J=7.0  

'Recorded in CDCI, at 60 MHz using tetramethylsilane as internal standard nilless otherwise noted. The chemical shifts are reported in 6 values and Jvalues arc in Hz. "AB quartet for 
N-CH2-CH(OMe)?. <Two diastereoisomers. Q broad multiplet 4.35-4.8 for C4-H CH(C02R)CH(OR)2 integrating for 3 protons. *Addition of hcnrene to the sample causes thcsc two overlapping 
signal sets to resolve into a doublet for C H,  J 5.5 Hz and a doublet of doublets'for C4-H J ,  = 7.0 J ,  = 5.5 Hz. fAn unresolved nlultiplct at -3.80 integrating for 4M, assigned to CH,OI-I 
and C,-H. gAn nnresolved multiplet at integrating for 3H, assigned to C H 2 0 H  and c,-k. The prbtons N---CI1,--CH(OR), appear as an unresolved multiplet at 3-3.6 6 .  "A hroad multiplet 
centered at 3.85 S integrating for 5 protons assigned to  C4-H, CN2-OH. and the lower arm or  the AB quartet tbr N-CHICH(OR)~. lUplield arm of AB qnartct for N-CH,-CH(OR),. ,A hroad 
multiplet centered at -3.90 6 integrating for 4 protons assigned to  CA-H and.CH,-OH. hComplcx multiplct from 4.2-4.6 6 integrating for 3 protons assigned to C,-H, C,-H, CIf(OR),. 'Two 
diastereoisomers integrating - 1 : 1. "'Assigned to  C,-II and CH(OEt),. "Assigned to CH2-OH and N-CH(C02Et). 
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B 

90: bond i rotation 
and  closure 

Anion inkelxion 
and clo\ure 

through 90" with concomitant C,-C, bond 
formation would also give a p-lactam of cis 
stereochemistry. 

That our p-lactams could arise via ketene 
addition is unlikely in view of the reports that the 
additions of aldoketenes generally proceed to give 
only trans adducts (22) with the stereochemistry 
of the adduct being determined by the energies of 

the respective transition states leading to inter- 
mediates C. 

That such a degree of selectivity should be 
exhibited by the presumed azidoketene in the 
cycloaddition to our cinnamylidene Schiff bases 
is highly unlikely. Bose has shown (15m) that in 
the addition of acid chlorides to Schiff bases the 
trans stereochemistry generally predominates. 
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DOYLE ET AL.: I 475 

For example, in the addition of azidoacetyl 
chloride to benzal aniline followed by the addi- 
tion of triethylamine the cis-trans ratio is 1 : 3 
(151). When the order of addition is reversed, the 
ratio becomes 3 : 1.'' 

An explanation which accommodates these 
results would be as follows. When an acid 
chloride is added to a Schiff base, rapid and 
reversible formation of an acylimonium ion 
occurs followed by a slower ( k ,  > k,) formation 
of chloro compound A. Where the acid chloride 
carries a group a to the carbonyl with a pair of 
free electrons capable of stabilizing the imonium 
ion one of the conformers of the originally 
formed acyl imonium ion becomes stabilized as 
in B. The rate with which this occurs would be 
greater than the formation of A depending on 
the substituents on the acid chloride and on the 
original Schiff base e.g. where R,  was a simple 
alkyl function, the rate of formation of A would 
be enhanced whereas when R, is aromatic (as 
in benzalimines) the rate of formation of A 
would be repressed. It  has been shown that in 
the absence of added base (triethylamine) the 
equilibrium concentrations of the chloride are 
high. Bose has demonstrated that it is the 
covalently-bonded form A which is produced 
in the reaction (15nz). Proton abstraction from 
A would be expected to lead to D which would 
be expected to give both cis and trans P-lactams 
(depending on the energies of the transition 
states leading to the respective isomers) (Fig. 8). 
If, on the other hand, formation of the initial 
acylimonium ion were to occur irz the presetlee 
of trietlzylumhe proton abstraction from B 
would lead to exclusively cis p-lactam if the 
assumptions outlined earlier are correct. Where 
the rate of proton abstraction from B and 
conco~nitant ring closure to cis-p-lactam k ,  is 
greater than either k,' or k ,  mixtures of p- 
lactams in which the cis isomer predominates 
would be obtained. Thus the isomer mixture 
which is obtained from the acid chloride - 
imine reaction to form P-lactam is dependant on 
a number of factors : 

"We have observed a similar result in the reaction of 
azidoacetyl chloride with cinnamylidene anil. Addition of 
the acid chloride to the Schiff base followed by the addi- 
tion of triethylamine gave a 29% yield of l-phenyl-3- 
azido-4-styryl-2-azetidinone with a cis-trans ratio of 3 :5.  
Inverse addition gave an 85% yield of pure cis a-lactam 
(unpublished). 

(1) The equilibrium concentrations of A and 
B in the reaction mixture. This would depend 
upon the degree to which the carbonium ion 
were to be stabilized by interactions with the 
lone pair on the amide nitrogen, by the electron 
pair of the donor atom in B and by R, itself. 

(2)  The rate with which the equilibrium be- 
tween A and B were to be established relative to 
the rates of proton abstraction from A and B. 

(3) The degree to which a conformationally 
restrained complex B could be formed would 
also affect the stereospecificity of the reaction. 
One would expect that for disubstituted acid 
chlorides or for ketoimines that the formation 
of such a complex would be sterically hindered 
to some degree. In such cases, the stereo- 
chemistry of the adducts might well be governed 
by steric interactions between the substituents. 

In the case of the cinnamylidene Schiff bases 
the possibility of extended co~ljugation would 
tend to stabilize the acylimonium ion B thus the 
high stereospecificity of the reaction. 

Ozonolysis of 15a in methanol at -78 "C 
followed by reduction with sodium borohydride 
gave a mixture of 18a and benzyl alcohol. 
Chromatography of the oil gave pure 18a in 
77% yield. Treatment of 18a with I equiv. of 
boron trifluoride etherate in methylene chloride 
gave a mixture of the isomeric 3-methoxy-7- 
azido-0-2-isocephams 19 and 20 in 5997, yield. 
On chromatography, there was obtained pure 
3-P-methoxy-7-P-azido-0-2-isocepham 19 and 
pure 3-a-methoxy-7-P-azido-0-2-isocepham 20 
in a ratio of 2: 1. The assignment of configura- 
tion to each isomer was made on the basis of its 
nmr spectrum (Table 2). An examination of 
Dreiding models indicates that the 0-2-iso- 
cepham system may exist in a chair form (C) 
either of two boat forms (B, and B,) or a twist- 
boat form (TB) (Fig. 9). The boat forms B, and 
B, were eliminated from consideration due to 
prohibitive steric interactions in each. The chair 
form C and the twist-boat form were each 
capable of explaining the pattern of coupling 
constants observed for 19 and 20 respectively, 
but led to opposite configurational assignments. 

The signals at 2.99 6 and 2.63 6 in compounds 
19 and 20 respectively have been assigned to 
4-a-protons since we would expect the 4-P- 
protons to be shifted to lower fields by the 
P-lactam carbonyls with which they are eclipsed 
in both conformers. An examination of the 
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TB B2 
F I G ~ R ~  9 

splitting patterns in 19 and 20 of the C, and 
C,a protons indicates that 19 has an axial 
methoxyl group and 20 an equatorial group. 
This is further borne out by the relative positions 
of the C3 protons in 19 and 20. The C-3 proton 
of 20 is at higher field than in 19 which is in 
accord with the observation that axial protons 
are usually found at higher fields than equa- 
torial ones in similar systems (23). The pre- 
ponderance of axial isomer 19 over 20 in this 
system is in accord with what would be expected 
on the basis of the anomeric effect (24). To 
confirm that the isomer ratio produced in the 
cyclization of 18a to 19 and 20 reflects the 
thermodynamic equilibrium between 19 and 20 

each of the isomers was equilibrated in deuterio- 
chloroform with boron trifluoride etherate and 
the isomer ratios determined by nmr spectros- 
copy. Treatment of 20 with a catalytic amount 
of boron trifluoride etherate led to a rapid 
establishment (- 1 h) of an equilibrium between 
19 and 20 (66% 19 and 34% 20). When 19 was 
treated similarly, the establishment of equilib- 
rium was slower but yielded the same results. 

We have assigned the 3-P-methoxy configura- 
tion to compound 19 and the 3-a-methoxy 
configuration to 20. Although the splitting pat- 
tern of 19 could be accommodated by the 
3-a-methoxy configuration with twist-boat con- 
formation the observation that the C,-a proton 
in 19 appears at lower field than the C,-a 
proton in 20 by 20 Hz is better accommodated 
by the assignment of the 3-P-methoxy con- 
figuration in the chair conformation. In the 
twist-boat conformation, the dihedral angles 
between the C,-Ha bond and the C3-a-methoxy 
and C,-P-methoxy C-0 bonds are 45" and 75" 
respectively. In the chair conformation on the 
other hand the dihedral angle between the 3-P- 
methoxy C-0 bond in 19 and the C,-Ha bond 
is 165" and that between the 3-a-methoxy C-0 
bond in 20 and the C,-Ha bond is 45". One 
would expect that if compounds 19 and 20 
were to adopt the twist-boat conformations, the 
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TABLE 3. E ~ ( f o d ) ~  shifts A6"jh 

Compound C,-H C3-Ha G-HD C4-Ha D-OCH3 x - O C H ~  

aRecorded in CDCI, relative to internal TMS at 60 MHz. 
Values extrapolated to 1 : 1 M Eu(fod),; ratios in parentheses. 
CInitial concentration 0.001 mo1/0.4 mi CDCI,. 
dInitial concentration 0.00067 mo1/0.3 ml CDCI,. 

Mol Eu ( f o d )  Mol o f  Substrate 
3/ 

FIG. 10. Shifts in the nmr spectra of 19 and 20 due to 
the addition of Eu (fad),: compound 19 -, e C,-H, r 
%Ha, . C4-Ha, A C3 - DOCHI; compound 20 -.-.- 0 
C,-H, V C3-HP, C4-Ha, A C3-aOCH,. 

difference in chemical shift between the C4-a 
protons would be small. On the other hand if 19 
and 20 were to adopt the chair conformations, 
the C4-a proton would not be expected to be 
shifted to higher field by the C-0 bond whereas 
it would be expected to do so in 20. 

Incremental addition of Eu(fod), caused 
downfield shifts in the nmr spectra of 19 and 20 
(Fig. 10 and Table 3). From the data in Table 3 
it is apparent that the primary site of coordina- 
tion of the Eu(fod), is the p-lactam carbonyl 
since in each isomer C,-H shows the greatest 

lanthanide induced shift (LIS) (25a).I2 The 
greater LIS of the 3-P-methoxy in compound 19 
over the 3-a-methoxy in compound 20 was as 
expected. The larger LIS of the 3-a-proton in 
19 over the 3-P-proton in 20 may be explained 
if one assumes that 19 is capable of exhibiting 
bidentate complexation with the europium. 

Reduction of the azido functions of com- 
pounds 19 and 20 with triethylamine -hydrogen 
sulfide13 in methylene chloride solution gave the 
amino 0-2-isocephams 21a and 22a respectively. 
These compounds were characterized spectro- 
scopically (ir and nmr) and were coupled with 
phenoxyacetic acid using N-carboethoxy-2-eth- 
oxy-l,2-dihydroquinoline (EEDQ) as the coup- 
ling agent (26) to give 21b and 22b in 77% and 
96% yields respectively. The nmr spectra of 
compounds 210, 21b, 22a, and 226 are recorded 
in Table 2. Con~pounds 216 and 22b exhibited 
p-lactam carbonyl bands in the ir at 1753 and 
1765 cm- ' respectively. 

Similarly 18a was reduced and coupled with 
phenylacetic acid to yield 236 in 38% yield. 
Compound 236 could also be prepared by the 
reduction of conlpound 15 followed by coupling 
of the amine 25a with phenylacetic acid to give 
25b in 34% yield. Ozonolysis of 25b in methanol 
followed by sodium borohydride reduction in 
situ gave 23b in 74% yield identical in all respects 
with the sample prepared from 18a. Similarly 
the coupling of phenoxyacetic acid with 25a 
gave 25c in 77.5% yield. Ozonolysis of 25c in 

lZThe preference for complexation with amides in the 
presence of acetals has been demonstrated by Wenkert 
and co-workers (25b). 

I3The use of ammonium sulfide in the reduction of 
azido groups has been demonstrated (9, 27). We have 
found the hydrogen sulfide - triethylamine procedure to 
be quite convenient since it permits the operation to be 
carried out in non-aqueous solution. The yields are 
generally high, 70-952, and the method very selective 
for the azido function. The role of the triethylamine is 
catalytic although the reaction proceeds faster when at 
least an equivalent of triethylamine is used. 
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DOYLE ET AL.: I 479 

methanol followed by sodium borohydride re- 
duction gave 23c in 65% yield. 

Attempts to cyclize either 23b or 23c with 
boron trifluoride etherate led to decomposition 
and loss of the p-lactam. The decomposition of 
23b was instantaneous while 23c required the 
addition of slightly greater than 1 equiv. of 
boron trifluoride etherate. Presumably these 
compounds undergo a penicilloyl type rearrange- 
ment. In the case of 23c 1 equiv. of the boron 
trifluoride is probably bound by the side chain 
(Scheme 3). In related experiments, low yields 
of 26 were isolated from the reaction and 26 was 
identified by spectroscopic methods as part of 
the product mixtures from the reactions of 23c 
with boron trifluoride etherate. 

Treatment of alcohol 18b with boron tri- 
fluoride etherate gave 3-P-ethoxy-4-a-carboeth- 
oxy-7-P-azido-0-2-isocepham 27 in 77% yield 
after chromatography (Scheme 4). While the 
formation of four configurational isomers of 27 
was possible only a single isomer was obtained 
which has been assigned to the 3-P-ethoxy-4-a- 
carboethoxy configuration on the basis of its 
nmr spectrum (Table 2). The axial configuration 
of the carboethoxy group is not surprising since 
in the equatorial position a severe interaction 
with the p-lactam carbonyl would be encoun- 
tered. In addition in the axial position there is 
only one syrz-axial interaction with the C, 
proton. The failure to observe any of the 4-P- 
carboethoxy isomer may be due to the failure of 
the side chain on the nitrogen of the p-lactam 
to adopt a conformation suitable for the cycli- 
zation of 18b to the 4-P-carboethoxy-3-ethoxy- 
0-2-isocephams due to the carboethoxy-P- 
lactarn carbonyl interaction. 

The failure to observe any of the 3-a-ethoxy- 
4-a-carboethoxy isomer may be due to de- 
stabilization of this isomer relative to the 3-P- 

ethoxy isomer by steric interaction of the ethoxy 
with the carboethoxy groups in the former case 
(Fig. 11). Attempts to epimerize 27 to its 4-0- 
carboethoxy isomer with base failed. Treatment 
of the anion of 27 with D,O led to the exchange 
of the C,-0 proton with no epimerization as 
determined by nmr spectroscopy. 

Reduction of the azido group of 27 with 
ammonium chloride and zinc in methanol gave 
3-~-ethoxy-4-a-carboethoxy-7-~-amino-O-2-iso- 
cepham 28 in 50% yield. Acylation of the amino 
function with phenoxyacetic acid and EEDQ 
proceeded as before to give 7-P-(aminophenoxy- 
acetoyl)-3-~-ethoxy-4-a-carboethoxy-O-2-isoce- 
pham 29 in 90z  yield. Saponification of 29 with 
dilute alcoholic sodium hydroxide gave 7-P- 
(aminophenoxyacetoyl)- 3 - P-ethoxy - 0-2-isoce- 
pham-4-a-carboxylic acid 30 in 5 5 z  yield. The 
ir spectrum of 30 exhibited a p-lactam carbonyl 
band at 1773 cm-l. 

Compound 30 exhibited only weak anti- 
bacterial activity which will be discussed in a 
subsequent publication. 

Experimental 
The infrared spectra were recorded on a Unicam 

SP-200G grating, ir spectrometer. The nmr spectra were 
determined on a Varian A60-A spectrometer using tetra- 
methylsilane as an internal standard. Melting points are 
uncorrected and were determined on a Gallenkamp 
melting point apparatus. The analyses were performed 
by Micro-Tech Laboratories, Skokie, Illinois. 

Ethyl a-Amino-p,p-diefhoxypvopionate 136 
To a suspension of 360 g (5 mol) sodium ethoxide in 

2800 ml of benzene was added a solution of 393 g (3 mol) 
ethyl N-formylglycinate in 1300 ml of ethyl formate over 
a period of 2 h at 0-5 "C with vigorous stirring under 
nitrogen. Stirring was continued for 4 h at 0-5 "C and the 
suspension was allowed to stand 18 h at 4 'C. The super- 
natant liquid was carefully decanted from the solid. The 
residue was taken up in 1.5 1 of ethanol and 4.0 1 methyl- 
ene chloride. The solut~on was cooled to 0-5 "C in an 
ice bath and a stream of dry hydrogen chloride passed 
through the solution for 6 h. Cooling was removed after 
1 h. Following this, the solution was permitted to stand 
at ambient temperature (-23 "C) for 18 h then purged 
of excess hydrogen chloride by passage of a rtream of dry 
nitrogen through the solution. To the solution was added 
a stream of ammonia until the p H  of the solution was 9. 
The suspension was filtered and the filtrate was evapor- 
ated at reduced pressure. The oily residue was extracted 
into petroleum ether (30-60 "C) (6 x 700 ml). The ex- 
tracts were dried over sodium sulfate and evaporated to 
give 464 g crude amine which yielded 256 g (42%) of 13b 
on distillation, bp 72-78 "C/O.O5 torr (lit. (16b) bp 71 "C/ 
1 torr); nmr (CDCI,) 6 4.54 (IH, d, J = 5.0 Hz,, 
CH(OR)2), 4.16 (2H, q, J = 7.0 HZ, CO,CH,CH,) 
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H * 
OEt - 

C O ~ E ~  C02Et 

3.55 (5H, n ~ ,  (OCH,CH,),; CH-NH2), 1.65 (2H, s, 1740 cm-I; nmr (CDCI,) 6 8.08 (lH, dd, J, = 3.5 HZ, 
NHZ), 1.30 (3H, t, J = 7.0 Hz, COZCH~CH,),  1.19 (6H, JZ = 5.0 HZ, CH=N), 7.35 (SH, m, aromatic), 6.97 
t, J = 7.0 Hz, CH,). (2H, d, J = 5.0 Hz, CH=CH=$), 4.93 (1H. d. J = 7.0 

Hz, CH(OR),), 4 24 (2H, q ,  J = 7 0 H7, CO2CH2CH,), 
Prepai afton of Scl12 f f  Bases 3 98 ( lH,  d, J = 7 0 Hz, CH-N=), 3 62, 3 65 (4H, q, 

The Sch~ff bases 140 and 14b were prepared vla the 
J = 7 0 H ~ ,  OCH~),  1 20 ( g ~ ,  m, cH3)  

procedure glven for the preparat~on of 140 

N-Cinnumylidene-P,P-dimerhoxy Erhyl Ainine 140 
To a solution of 13.2 g (0.1 mol) tinns-cinnamaldehyde 

in 200 n ~ l  dry methylene chloride was added 10.5 g 
(0.1 mol) aminoacetaldehyde diniethyl acetal. The solu- 
tion was brought to reflux and the methylene chloride 
distilled slowly with the constant addition of additional 
dry methylene chloride so as to maintain the same volume 
of liquid in the reaction vessel. After the water of reaction 
ceased to azeotrope (- 1 h) the solution was cooled and 
magnesium sulfate added to complete the reaction. After 
1 h, the suspension was filtered and evaporated to yield 
21.9 g of 14a as a pale yellow oil. The last traces of solvent 
were removed at low pressure; ir (film) 1640cm-' 
(C=N); nmr (CDCI,) 6 8.00 (lH, t, J = 4.0 Hz, CH=N 
broadened), 7.38 (5H, m, aromatic), 6.94 (2H, d, 
CH=CH-4), 4.63 ( lH,  t, J = 5.5 HZ, CH(OR)z), 
3.69 (2H, dd, J = 5.5 HZ, J, = 1.5 HZ, CH2-N=), 
3.41 (6 H, S, OCH,). 

Ethyl a-Amino-(N-cinnamy1idene)-S,P-diethoxy Pvopio- 
nate 14b 

The Schiff base 14b was similarly prepared from 92.5 g 
(0.46 niol) ethyl r-amino-B,e-diethoxy propionate and 
60.8 g (0.46 mol) cinnamaldehyde to give 158 g (quantitq- 
tive) of 14b as a pale yellow oil; ir (CHCI,) 1640 cm-', 

cis-N- (p,P-Dimethoxyetlq~l) -3-azido-4-sty,:vl-2-azeridi- 
none 15a 

A solution of 21.9 g (0.1 mol) Schiff base 14a in 500 ml 
dry methylene chloride was cooled to - 10 "C in an ice- 
methanol bath. To this was added 10.1 g (0.1 mol) tri- 
ethylamine following which a solution of 12.0 g (0.1 mol) 
azidoacetylchloride in methylene chloride (100 1111) was 
added in a dropwise manner over 1 h. After the addition 
was complete, the solution was stirred an additional 
15 min and washed with water (1 00 ml), 10% hydrochloric 
acid (100 ml), and brine (100 ml). The organic layer was 
dried over sodium sulfate, filtered, and evaporated to 
yield 33.8 g of the crude p-lactam 150. The oil was purified 
by chromatography over silica gel (10% water wiw) to 
yield 15.9 g (52.5%) of cis-ll.'-(j3,rj-dimethoxyethyl)-3- 
azido-4-styryl-2-azetidinone as an oil; ir (CHCI,) 2100 
(N,), 1755 (P-lactam C=O) cm-'. Anal. calcd. for 
CI5Hl8N4O3: C 59.59, H 6.00, N 18.53; found: C 59.66, 
H 6.09, N 18.50. 

cis-N- (a-Cavboethoxy-fi,p-diethoxyethyl) -3-azido-4- 
styryl-2-azetidinone 15b 

A freshly prepared solution of Schiff base 14b (0.46 mol 
in 1.3 1 nlethylene chloride) was cooled to 0-5 "C with an 
ice bath. To this 46.1 g (0.46 mol) triethylamine was 
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added. A solution of 56.0 g (0.46 mol) azidoacetyl 
chloride in 500 ml methylene chloride was added drop- 
wise over I h. The solution was stirred an additional 
30 min, washed with water and saturated NaCl solution, 
and dried over Na2S04. Evaporation of the solution 
yielded 187.0 g (> 98% crude yield) of compound 15b as a 
reddish oil. Generally this oil was used as such in subse- 
quent reactions. A small sample of the crude product was 
chromatographed on silica gel (10% water, w/w) using 
methylene chloride to give pure 15b as a mixture of 
diastereoisomers; ir (CHCI,) 2100 (N,), 1760 (P-lactam 
C=O), 1740 (ester C=O) cm-'. Anal. calcd. for 
CZOH26N405 . & CHzC12: C 58.50, H 6.35, N 13.64; 
found: C 58.48, H 6.48, N 13.38. 

Further elution of the column with ether gave com- 
pound 16; is (neat) 2100 (N3), 1775 (P-lactam C=O), 
1720 (ester C=O), 1650 (en01 ether > =< ) cm-l. Anal. 
calcd. for Cl8HZ0N4O4: C 60.66, H 5.66, N 15.72; 
found: C 60.78, H 5.73, N 15.91. 

cis-N- (P,B-Dimethoxyethyl) -3-azido-4-hydroxymethyl-2- 
azetidinone I8a 

A solution of 4.60 g (15.2 mmol) of 15a in 200 ml 
methanol was ozonized at - 78 "C (acetone - dry ice bath) 
until an excess of ozone had been delivered as determined 
by the development of a faint blue-green color in the 
solution. The excess ozone was purged by passing a 
stream of nitrogen through the solution. The solution was 
allowed to rise to - 40 "C at which time was added 500 mg 
(13 inmol) of sodium borohydride. The temperature of 
the solution was permitted to rise to 25 "C over 30 rnin 
following which 3 ml of 10% hydrochloric acid were 
added. The solution was evaporated to dryness at reduced 
pressure and the residue partitioned between brine 
(100 ml) and a mixture of ether and methylene chloride 
(5:l) (3 x 100 ml). The combined extracts were dried over 
magnesium sulfate, filtered, and evaporated at reduced 
pressule to yield 4.7 g of an oil. The oil was chrornato- 
graphed on 30 g of silica gel (10% water, w/w) eluted with 
15% ether-benzene which was gradually increased to 25% 
ether-benzene. A total of 2.67 g (76.5%) of pure cis-N- 
(8,~-di1nethoxyethyI)-3-azido-4-hydroxymethyl-2-azetidi- 
none 18a was collected as an oil; ir (CHCl,) 3450 (OH), 
2100 (N3), 1755 (P-lactam C=O) cm-'. Anal. calcd. for 
C8HI4N4O4: C 41.74, H 6.13, N 24.34; found: C 41.97, 
H 6.10, N 24.05. 

cis-N-(a-Carboetkoxy-~,~-diethoxyethyl)-3-azido-4- 
11yd~oxyt~1et/1yI-2-azefidinone 18b 

A solution of 43.0 g (0.107 mol) of compound 156 in 
700 ml of dry methylene chloride was ozonized at - 78 "C 
in an acetone- dry ice bath, until the solution turned 
bluish-green, at which time the ozonc was replaccd by a 
stream of dry nitrogen. When the excess ozone had been 
purged (as indicated by the disappearance of the blue 
color) 30 ml of dimethyl sulfide was added. The solution 
was allowed to come to room temperature (-25 "C) 
over 1 h. The solution was evaporated to dryness and the 
residue redissolved in 800 ml CH,CI,. The solution was 
washed with water and brine and dried over MgSO,. 
Evaporation of the solution gave an oily residue which 
was heated in cacuo for 18 h at 40-50 "C and 0.1 torr to 
remove benzaldehyde. This yielded 40.5 g of an oil. The 
nmr spectrum indicated 76% free aldehyde. The crude 
aldehyde was used in the next step without further 
purification. 

A solution of 40.3 g of crude aldehyde in 250 ml 
ethanol - 12.5 ml H 2 0  was prepared and cooled to 0-5 "C 
in an ice bath. To this was added 1.56 g (0.041 mol) 
sodium borohydride and the solution was stirred for 
30 min at 0-5 'C. To the solution was added 10% hydro- 
chloric acid to pH4.  The reaction mixture was evaporated 
to dryness at reduced pressure below 35 "C. To the residue 
was added 200 ml of brine and the solution was extracted 
with chloroform (3 x 200 ml). The extracts were dried 
over Na2S04, filtered, and evaporated to yield 37.0 g of 
crude alcohol. The crude alcohol was filtered through a 
column of activity 111 alumina (550 g) using chloroform 
as an eluent to yield 27.0 g of reasonably pure alcohol 
(> 90%). The ir and nmr spectra of the oil were com- 
patible with the assigned structure. 

The overall yield from compound 15b was 67%. A 
small sample of the alcohol was purified by column 
chromatography on alumina (activity 111); ir (CHCl,) 
3300 (OH), 2090 (N,), 1755 (P-lactam C=O), 1745 
(ester C=O) cm-'. Anal. calcd. for CI3H22N4O6: C 
47.27, H 6.71, N 16.96; found: C 47.26, H 6.85, N 17.15. 

a- and 8-3-Methoxy-7-P-azido-0-2-isocephanz 20 mzd 19 
To a solution of 4.40 g (19.1 mmol) of 18a in 40 ml of 

dry methylene chloride at 25 "C was added a sol~ltion of 
2.4 ml (19.1 mmol) of boron trifloride etherate in 20 ml 
methylene chloride over 2 h under an atmosphere of 
nitrogen. The solution was stirred an additional 30 rnin 
then filtered through a pad of activity 111 alumina. The 
pad was washed with 300 ml of chlorofornl-methanol 
(95:5) and the combined filtrates were evaporated to 
dryness to yield 4.0 g of an oil. The oil was chromato- 
graphed on activity I1 silica gel (40 g) using benzene- 
ether (4:l) as eluent. The r-isomer eluted first from the 
column to give 710mg of cr-3-methoxy-7-P-azido-0-2- 
isocepham 20. The 8-isomer eluted second from the 
column to yield 1.5 g of an oil which crystallized on 
standing, mp 73-74 "C. The combined yield was 58.1%; 
ir of B-isomer (CHCl,) 2100 (N,), 1772 (13-lactam C=O) 

cm- ' ;  ir of a-isomer (CHCl,) 2100 (N,), 1770 (P-lactam 
C=O) cm-'. Anal. calcd. for C,H,,N,O,: C 42.42, 
H 5.09, N 28.27; found (for a-isomer): C 42.32, H 5.22, 
N 28.00; found (for P-isomer): C 42.68, H 5.13, N 28.26. 

7-P- (Arninophenoxyacetoyl) -3-cr-methoxy-0-2-isocephnnz 
22b 

To a solution of 400 mg (2 mmol) of 20 in 20 ml 
methylene chloride at 0 "C was added 0.28 ml triethyl- 
amine (2 mmol). A stream of hydrogen sulfide gas was 
bubbled in for 5 min and the solution allowed to stand 
for 1 h. Evolution of nitrogen was observed. The solution 
was evaporated to dryness. An additional 50 n ~ l  methyl- 
ene chloride was added and the solution again cvaporated. 
This procedure was repeated twice more. The resultant 
yellow oil was taken up in 30 ml methylene chloride 
and to this was added 310 mg (2 mmol) phenoxyacetic 
acid followed by 500 mg (2 mmol) EEDQ. The solution 
was let stand 1 h at room temperature after which it was 
washed successively with 5% hydrochloric acid (25 ml), 
water (25 ml), and brine (25 ml). The solution was dried 
over sodium sulfate, filtered, and evaporated to yield an 
oil which was purified by chromatography on silica gel 
(10% water, w/w) (20 g) to yield 587 mg (96%) of 7-8- 
(aminophenoxyacetoy1)-3-a-methoxy-0-2-iocephm 22b 
mp 156-157 "C on elution with benzene-ether (4:l); ir 
(CHCI,) 3380 (NH), 1765 (8-lactam C=O), 1695 
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(CONH) cm-l .  Anal. calcd. for C 1 5 H 1 8 N 2 0 5 :  C 58.82, 
H 5.92, N 9.15; found: C 58.93, H 6.01, N 9.11. 

7-8- (Aniinophenoxyacetoyl) -3-8-methoxy-0-2-isocepharn 
21 b 

From 500 mg (2.5 mmol) o f  compound 19 was pre- 
pared 750 mg o f  crude 21b following the procedure for 
the preparation o f  22b. The oil was chromatographed on 
activity I1 silica gel (20 g) using benzene-ether ( 4 : l )  as  
the eluting solvent to  yield 578 mg (77%) o f  pure 21b, m p  
105-106 "C (recrystallized from methanol-ether); ir 
(CHCI,) 3490 ( N H ) ,  1753 (8-lactam C=O), 1680 
(CONH) cm-'. Anal. calcd. for C 1 5 H 1 8 N 2 0 5  : C 58.82, 
H 5.92, N 9.15; found: C 58.80, H 5.91, N 9.08. 

cis-N-(P,D-Dimethoxyethyl) -3-amino-4-styryl-2-azetidi- 
none 25a 

From 2.1 g (6.95 mmol) o f  150 was prepared 1.34 g 
(73%) o f  250 according to  the procedure described for 
22b. The oily amine formed a crystalline oxalate, m p  
138-148 "C, recrystallized from methanol-ether; ir (free 
base) (CHCI,) 3390 (NH,), 1750 (C=O) cm-' .  Anal. 
calcd. for Cl5H,,N,O,. C2H20,: C 55.73, H 6.05, 
N 7.65; found: C 55.70, H 5.92, N 7.62. 

cis-N- (j3,P-Dirnetlzoxj~ethyl) -3- (anzinoplzenylacetoyl) -4- 
styrj~l-2-azetiditzone 25b 

From 4.91 g (14.85 mmol) o f  15a was prepared 4.8 g 
crude 25b according t o  the method given for the prepara- 
tion o f  22b. The oil was purified by column chromatog- 
raphy on silica gel to  yield 2.1 g pure 25b, m p  121-123 "C 
(recrystallized from benzene); ir (CHCI,) 3490 (NH) ,  
1755 (C=O), 1680 (NH C=O) cm-I.  Anal. calcd. for 
C23H26N~04:  C 70.03, H 6.64, N 7.10; found: C 70.46, 
H 6.73, N 7.10. 

cis-N-(@,[3-Dimethoxyethyl) -3- (aminopRenoxyacetoyl) -4- 
styrj~l-2-azetidinone 25c 

T o  a mixture o f  540 mg (1.96 mmol) o f  amine 25a and 
304 mg (2.0 mmol) phenoxyacetic acid i n  20 ml methylene 
chloride was added 500 mg (2.02 mmol) EEDQ. The 
solution was let stand 1.25 h at 25 "C. Upon work-up 
(see 22b) there was obtained 605 mg (77.5%) o f  pure 25c 
m p  105-106 "C,  recrystallized from methylene chloride - 
ether; ir (CHCI,) 3400 (NH) ,  1752 (a-lactam C=O), 
1690 (amide C=O) cm-'. Anal. calcd. for C2,H2,N205: 
C 67.30, H 6.38, N 6.83; found: C 67.37, H 6.35, N 6.72. 

cis-N-(P,P- Dimethoxyethyl) -3-(arninophenylacetoyl) -4- 
hydroxymetlzyl-2-azetidinone 23b 

From 180 
From 2.46 g (10.7 mmol) o f  180 was prepared 3.5 g o f  

crude 23b according to  the procedure given for the prep- 
aration o f  226. The oil was chromatographed on 25 g 
activity I1 silica gel using methylene chloride - methanol 
(19 : l )  as eluent to  yield 1.31 g (38%) pure 23b, nip 100- 
101 ' C ;  ir (CHCI,) 3470 (OH,  NH),  1755 (C=O), 1680 
(CONH) cm-I .  Anal. calcd. for C 1 6 H Z 2 N 2 0 5 :  C 59.61, 
H 6.88, N 8.69; found: C 59.70, H 6.88, N 8.57. 

From 25b 
Into a solution o f  394 mg (1 mmol) o f  256 in 20 m! 

methanol was passed ozone at -78 "C (acetone- dry 
ice) until a pale blue color persisted. The excess ozone 
was purged by passing a stream o f  dry nitrogen through 
the solution for 10 min. T o  the solution was added 38 mg 
(10 mmol) o f  sodium borohydride and the solution was 
let warm to  25 "C over 1 h. O n  work-up (see 180) there 

was obtained 250 mg (74%) o f  23b identical in all respects 
with that prepared from 18a. 

cis-N- (8,S- Dirnethoxyethyl) -3- (arninophenox~~acetoyl) -4- 
hydroxymethyl-2-azetidinone 23c 

The preparation o f  23c was carried out in  a similar 
manner t o  the preparation o f  23b from 25b. From 410 mg 
(I mmol) o f  25c there was obtained 220 mg (65%) o f  
23c; m p  120-121.5 "C, recrystallized from ethyl acetate; 
ir (CHCI,) 3390 (NH) ,  1760 (P-lactam C=O), 1690 
(amide C=O) cm-I.  Anal. calcd. for C16H22N206:  C 
56.79, H 6.55, N 8.28; found: C 56.82, H 6.60, N 8.22. 

3-~-Ethoxy-4-a-carboethoxy-7-~-azido-O-2-isocepham 27 
T o  a solution o f  6.20 g (18.8 mmol) o f  alcohol 18b in  

I00 nil o f  dry methylene chloride was slowly added a 
solution o f  4.0 g (28.2 mmol, 3.54 ml)  boron trifluoride 
etherate in 20 ml dry methylene chloride over 15 rnin at 
0-5 "C.  The cooling bath was removed and stirring was 
continued for 18 h. The reaction mixture was filtered 
through a column o f  activity I11 alumina (40 g). The 
column was washed with 300 ml chloroform. The eluted 
fractions were evaporated to  dryness to  yield 6.0 g o f  an 
oil. The oil was chromatographed on silica gel (10% 
water, w /w)  to  yield 4.10 g o f  18 as an oil (77%); ir 
(CHCI,) 2110, 1773, 1746cm-'. Anal. calcd. for 
CllH16N405: C 46.47, H 5.67, N 19.71; found: C 46.54, 
H 5.85, N 19.34. 

3-~-Ethoxy-4-cr-carboethoxy-7-~mino-O-2-isocepham 28 
A mixture o f  760 mg (2.8 mmol) of compound 27, 

925 mg ammonium chloride (17.1 mmol), and 620 mg 
(17.1 mmol) zinc powder in 35 ml methanol was stirred 
at 25 "C for 3 h. The reaction mixture was filtered through 
Celite and the filtrate evaporated to dryness. The residue 
was taken up in chloroform and filtered through 30 g o f  
alumina (activity 111). Evaporation o f  the eluent yielded 
578 mg o f  crude amine. The amine was redissolved in 
15 ml chloroform and extracted into 10% HCl(2  x 3 ml). 
The aqueous layer was neutralized with sodium bicar- 
bonate and extracted into chloroform. The extracts were 
dried over Na,SO,, filtered, and evaporated to  yield 
360 mg (50%) o f  an oil %hich crystallized on standing; 
m p  98.5-99 "C recrystallized from ether; ir (CHCI,) 
3420, 1770, 1745 cm-l .  Anal. calcd. for C l1Hl8N20 , :  
C 51.15, H 7.03, N 10.85; found: C 51.16, H 7.01, 
N 11.03. 

7-P- (Arninophenoxyacetoyl) -3-P-ethoxy-4-a-carbo- 
ethoxy-0-2-isocepharn 29 

A solution o f  400 mg (1.55 mmol) o f  compound 28, 
410 mg (1.64 mmol) EEDQ, and 250 mg (1.69 mmol) 
phenoxyacetic acid in 20 ml dry methylene chloride was 
stirred at 25 ' C  for a period o f  1.5 h. The reaction mixture 
was filtered through a column o f  alumina (activity 111, 
8 g) and the eluent evaporated to  dryness. The resultant 
solid was washed with ether and filtered to  yield 554 mg 
(90%), m p  162-164 "C. Recrystallization from chloro- 
form-ether gave analytically pure amide, m p  166.5- 
167.5 " C ;  ir (CHCI,) 3550, 1770, 1740 (s), 1692, 1601, 
1598 cm-' .  Anal. calcd. for CI,H2,N207: C 58.15, 
H 6.16, N 7.14; found: C 57.93, H 6.23, N 7.34. 

7-8- (A~?iinophenoxyacetoyl) -3-P-ethoxy-0-2-isocepharn- 
4-cr-carboxylic Acid 30 

A solution o f  392 mg (1 mmol) compound 29 in 13 ml 
warm methanol was added to  12 ml,  1% NaOH at 25 "C 
with stirring over 10 min. After 1 h the methanol was 
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evaporated and the alkaline solution was extracted with 
chloroforn~ (2 x 20ml). The aqueous solution was 
acidified to  p H  ~4 with 10% HCI and extracted with 
chloroform (2 x 15 ml). The extracts were washed with 
water, dried over Na2S04,  filtered, and evaporated to  
give 200 mg (55%) of a white solid. Recrystallization from 
methanol-ether gave pure acid 30; mp 150-155 "C; ir 
(CHC13) 1775 cm-I. Anal. calcd. for C 1 7 H 2 ~ N 2 0 7  . 
+CH30H:  C 55.26, H 5.83, N 7.37; found: C 55.08, 
H 5.53, N 7.48. 
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Nuclear analogs of p-lactam antibiotics. 
11. Synthesis of 0-2-isocephemsl 
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TERRENCE W. DOYLE, BERNARD BELLEAU, BIYG-YU LUH, TERRY THOMAS CONWAY, MARCEL 
MENARD, JAMES L. DOUGLAS, DANIEL TIM-WU CHU, GARY LIM, LEESON R.  MORRIS, PIERRE 
RIVEST, and MICHAEL CASEY. Can. J. Chem. 55, 484 (1977). 

The preparation by total synthesis of a new class of p-lactam antibiotics is reported. Con- 
version of alcohol 16 to its mesylate 9b followed by hydrolysis of the acetal to the en01 l b  and 
base-catalyzed ring closure gave benzyl 7-B-azido-A3-0-2-isocephenl-4-carboxylate 8b. Simi- 
larly prepared were the 3-methyl, 3-benzyl, and 3-phenethyl analogs (32b-d). Reduction of the 
azides followed by coupling of the resultant amines with phenoxyacetic acid and removal of 
the benzyl groups by hydrogenolysis gave the acids 35a-e which exhibited high antibacterial 
activity. The structural assignments to the 0-2-isocephems which were made on the basis of 
their spectral characteristics (ir, uv, and nmr) are discussed. 

TERRENCE W. DOYLE, BERNARD BELLEAU, BING-YU LUH, TERRY THOMAS CONWAY, MARCEL 
MENARD, JAMES L. DOUGLAS, DANIEL TIM-WU CHU, GARY LIM, LEESON R. MORRIS, PIERRE 
RIVEST et MICHAEL CASEY. Can. J. Chem. 55,484 (1977). 

.On rapporte la preparation, par synthkse totale, d'une nouvelle classe d'antibiotiques con- 
tenant une B-lactame. La conversion de I'alcool l b  en rnesylate 96 suivie par une hydrolyse de 
I'acttal en en01 l b  et par la fermeture de cycle catalysee par les bases, conduit a la B-azido-7 
A3-0-isocepheme-2 carboxylate-4 de benzyle 8b. On a prepare par la mCme procedure les ana- 
logues methyl-3, benzyl-3 et phCnCthyl-3 (32b-d). La reduction des azotures, suivie par un 
couplage des amines qui en resultent avec I'acide phCnoxyacCtique et I'elimination des groupes 
benzyles par hydrogtnolyse fournit les acides 35a-e qui montrent une grande activite anti- 
bacterielle. On discute des attributions de structures pour les 0-isocCphemes-2 qui ont CtC 
faites en se basant sur leurs caracteristiques specfrales (ir, uv et nmr). 

[Traduit par le journal] 

In the preceding paper the synthesis of la, its 
conversion to 2a, and the subsequent conversion 
of 2a to 2e was described. The low order of 
antibacterial activity exhibited by 2e was as had 
been a n t i ~ i ~ a t e d . ~  It  remained for us to effect the 
elimination of a mole of ethanol from 2e in 
order to complete our synthesis of the 0-2-iso- 

lFor part I of this series see ref. I .  
'Author to whom correspondence concerning this 

paper should be addressed. 
3Present address: Bristol Laboratories, P.O. Box 657, 

Syracuse, New York 13201. 
4NRCC Industrial Postdoctoral Fellow, 1971-1972. 
5Gutowski et a/. have reported that compound i 

exhibits low antibacterial activity in comparison with its 
unsaturated counterpart (2). 

cephem nuclear analog of cephal~sporin.~ In 
this paper we wish to report our efforts in this 
area and the svnthesis of a number of 0-2-iso- 
cephems which exhibit high antibacterial activity. 

All efforts to effect direct elimination of eth- 
anol from 2 (Scheme I) failed as did attempted 
hydrolysis of 2 to its 3-hydroxy analogs. Treat- 
ment of 2a with zinc chloride in acetic anhydride 
gave 3a in 85% yield rather than the hoped for 
3-acetoxy derivative. This result might have been 
anticipated from the stereochemistry of 2a 
(Fig. 1). In 2a the C,-0, bond and the C,-HB 
bond are trans to one another thus facilitating 
cleavage of the C,-0, bond with formation of 
the double bond in 3a which is formed as a single 
geometrical isomer. Alternatively, 3a could be 

ref. 1 for a review of the literature concerning 
nuclear analogs of the penicillins and cephalosporins and 
an explanation of the trivial nomenclature used in this 
and the accompanying papers. 
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DOYLE ET AL.: I1 

OAc 

Compounds 1. S10 rr R = C,H, Compound 2 u R '  = OEt 
b R = CH,+ b R 1 = O H  
c R = H  c R' = CI 

d R' = 0CH2+ 

obtained directly from l a  in 75% yield. In this 
case, 3a was obtained as a mixture of isomers in 
which the isomer obtained in major amount 
(> 90%) was identical with that from 2a. 

Hydrolysis of 3a gave 4a in 94.5x yield. Com- 
pound 4a could also be obtained in low yield 
(26%) by treatment of 2a with titanium tetra- 
chloride in methylene chloride. 

The nmr and is spectra (Tables 2 and 4 re- 
spectively) of these compounds were in accord 
with the assigned structures. In the nmr com- 
pounds 3a and 4a showed signals at 7.34 and 
7.73 6 respectively for the olefinic proton. In the 

FIGURE 1 

\ / is they exhibited C=C stretching frequencies 
/ \ 

at 1640 and 1645 cm-I for en01 ethers in addition 
to the expected carbonyl bands. 

Treatment of compouild 4a with pyrrolidine - 
acetic acid in refluxing benzene gave the vin- 
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ologous urethane 5a in 75% yield as a single 
isomer. The nnlr spectrum of 5a showed con- 
siderable line broadening for all protons with the 
exception of the signals for the ethyl ester. We 
attribute this broadening-hindered rotation about 
the N&C(CO,R)=CHNC,H, bond. Com- 
pound 5a was also prepared directly from l a  in 
50x  yield. Treatment of 5a with triethylamine 
and methane sulfonyl chloride in methylene 
chloride gave 6a in 73.5% yield. Alternatively 6a 
could be prepared by treatment of 4a with 
triethllamine - methane sulfonyl chloride to 
give 10a in 6 5 z  yield followed by treatment of 
100 with pyrrolidine - acetic acid to give 6a in 
63% yield. Hydrolysis of 6a with hydrochloric 
acid in aqueous acetone gave the en01 mesylate 
7a in 89% yield. The nmr spectrum of 7a  sug- 
gested that it exists as a mixture of geometrical 
isomers of the en01 as well as, to a small extent, 
the aldehydo form. The enolic hydroxyl appears 
as a singlet at 12 6 integrating for -0.85 protons. 
The signals for the methyl group of the ester 
appears as a pair of triplets of approximately 
equal intensities. Compound 7a  gave a strong 
ferric chloride test for an en01 (deep purple). In 
the ir spectrum of 7a there are bands at 1680 and 
1630 cm-' which we assign to the aldehydo and 
eilolic forms respectively. 

Treatment of 7a  with sodium hydride in 
dimethyl sulfoxide gave ethyl 7-p-azido-A3-0-2- 
isocephem-4-carboxylate 8a in 91% yield. Alter- 
natively 7a  could be converted to 8a by refluxing 
7a  with 1 equiv. of triethylamine in chloroform in 
47.5% yield. A third route to 8a consists of treat- 
ing 10a with aqueous dilute sodium hydroxide in 
tetrahydrofuran, lyophilizing the resulting solu- 
tion and taking up the residue in DMSO. The 
yield of 8a from 10a by this procedure was 33%. 
Compound 10a was also prepared by mesylation 
of l a  to give 9a in 86% yield. Treatment of 9a 
with zinc chloride - acetic anhydride or with 
triethyloxonium fluoroborate in methylene chlor- 
ide gave 10a in 45% yield. Hydrolysis of the acetal 
function in 9a with trifluoroacetic acid at 50 "C 
effected the conversion of 9a to 7a  in 58% yield. 
The overall yield of 8a from l a  proceeding via 
the best sequence l a  -+ 9a -t 7a  + 8a was 45%. 

As we required an 0-2-isocephem carrying an 
easily deblocked ester function the synthesis of 
benzyl 7-~-azido-A3-0-2-isocephem-4-carboxyl- 
ate 8b was attempted next. 

Saponification of 2a with dilute sodium 
hydroxide solution gave 2b in 66% yield. The 

. VOL. 55. 1977 

carboxylic acid was converted to its acid chloride 
2c and subsequently to the benzyl ester 2d in 
83.5% yield. Treatment of 2d with zinc chloride - 
acetic anhydride gave 3b in 94% yield. Alter- 
natively 3b could be prepared directly from 16 
in 41% yield. 

The synthesis of l b  was accomplished by the 
following sequences (Scheme 2). Treatment of 
benzyl nitroacetate (3) 12 with triethylortho- 
formate in acetic anhydride at 80-90 "C gave a 
mixture of 13 and 14 in quantitative yield (4). 
The nmr spectrum of the mixture indicated that 
the ratio of 13 to 14 was 3:2 and that 13 was 
present as a mixture of geometric isomers one 
of which predominates. On distillation, the 
mixture decomposed extensively and yielded 
only the starting material 12. Treatment of the 
mixture of 13 and 14 with ethanol in the presence 
of a catalytic amount of sodium ethoxide gave 
exclusively 14. The yield of 14 from 12 was 
quantitative. Reduction of 14 to 15 with alumi- 
num amalgam proceeded in 42.5% yield (not 
optimized) (5). The ir and nmr spectra of 15 
were compatible with the assigned s t r ~ c t u r e . ~  
Compound 15 was converted to its cinnamyli- 
dene Schiff base 16 in quantitative yield as pre- 
viously described (1) following which 16 was 
converted to the p-lactam 17 in 89% yield by 
treatment with triethylamine-azidoacetylchio- 
ride as before (1). The mixture of diastereoiso- 
meric p-lactams could be separated chromato- 
graphically, although this was not done generally 
as the crude product was pure enough for use 
in the subsequent reactions. The nmr spectra of 
the isonlers of 17 are recorded in Table 2. Com- 
pound 17 could also be prepared from the ethyl 
ester 19 (1). Saponification of 19 with sodium 
hydroxide gave the corresponding carboxylic 
acid 20 in 60% yield. Treatment of 20 with tri- 
ethylanline and benzyl chloroformate gave the 
mixed anhydride which spontaneously decom- 
posed to the ester 17 in 55x  yield. Ozonolysis of 
17 at -78 "C gave the aldehyde 18 in 95% yield. 
The nmr spectrum of crude 18 indicated at least 
77% free aldehyde.8 Reduction of 18 with sodium 
borohydride in ethanol gave l b  in 85% yield. 

Hydrolysis of 3b gave 4b in 87% yield. Com- 

'In some runs the reduction step stopped at the 
hydroxylamine stage in which case the hydroxylamine 
was recycled over fresh aluminum amalgam. 

'A number of the aldehydes prepared in this manner 
were found to form hydrates which on reduction gave 
the desired 4-hydroxymethyl 2-azetidinones. 
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DOYLE ET AL.: I1 

TABLE 1. Nuclear magnetic resonance spectra of non-0-lactamsa 

Aromatic and 
Compound vinyl CH24 CH, 0-CHz-CHz-0 Other 

13 7.33 (s, 5H) 
8 .27 (s)" 
7.58 ( s ) ~  

14 7.16 (s, 5H) 

15 7.30 (s, 5H) 

16 7.30 (m, 10H) 
6.92 (d, 2H)" 

J = 4 . 0  

22b 7.50 (s, 5H) 
22c 7.26 (s, 5H) 

7.16 (s, 5H) 
22d 7.27 (s, 5H) 

7.12 (s, 5H) 
23a 7.43 (s, 5H) 
23b 7.30 (s, 5H) 

7.17 (s, 5H) 

5.20 (s) 

5.12 (s) 

5.16 (s) 

5.16 (s) 

5.43 (s) 
5.25 (s) 
4 .0  (s)"' 
5.25 (s) 

5.37 (s) 
5.26 (s) 
3 .20 (s)" 

1 .06 (t) 
1.14 (t) 

J = 7 . 0  
1.15 (t) 
1.13 (tj 

J = 7 . 0  
1.10 (t) 
1.12 (t) 

J = 7 . 0  

2.48 (s) 
1 .39 (t) 

J = 7 . 0  
2.43 (s) 
- 

1 .65 (s) 
- 

- 4.20 (q, J=7.0)b,h  
4.26 (q, J=7.0)',h 

- 3.53 (q, ~ = 7 . 0 ) ~  
3.60 (q, J= 7 .  0)h9d 

- 1 .60 (s, 2H)' 
4.58 (d, IH, J=5.0)f  
3.64 (d, lH,  J= 5. O)q 

- 7.99 (t, IH, J=4.0) '  
3.55 (m, 4H)h 
4.92 (d, lH, J=7.5)f  
4.05 (d, lH,  J = 7 3  

- 6-8 (bs, 1H)j 
4.46 (q, 2H, J= 7.0)k 

9.84 (s, 1H)j 
10.14 (s, 1H)j 

10.3 (s, 1H)j 
2.90 (m, 4H)' 

3.97 (s) 9.12 (s, 1H)j 
3.62 (m) 9 . 0  (s, 1H)j 

23c 7.28 (m, 5 ~ )  5.25 (sj - 3.87 (s) 2.20 (m, 2H)' 
7.12 (s, 5H) 2.70 (m)' 

2 4  - - 2.40 (s) - 4.70 (s, lH)g 
1 .32 (t) 4.25 (q, 2H, J=7.0)" 

J = 7 . 0  
25a - - 1.41 (s) 3.73 (s) 4.07 (s, 1H)g 

1.31 (t) 3.26 (s, 2H)" 
J = 7 . 0  4.30 (q, 2H, J=7.0)k 

25b 7.36 (s, 5H) 5.18 (s) 1 .36 (s) 3.91 (s) 3.60 (s, lH)g 
1 .83 (s, 2H)" 

25c 7.20 (m, 5H) 5.10 (s) - 3.40 (m) 3.58 (s, lHjg 
7.15 (s, 5H) 3.99 (s)" 2.38 (s, 2H)' 

25d 7.34 (m, 5H) 5.18 (s) - 3.90 (bs) 3.72 (s, lH)g 
7.19 (s, 5H) 2.70 (s)' 1 .91 (s, 2Hje 

2.20 (m, 2H)' 
26a 7.45 (m, 5H) - 1 .58 (s) 4.05 (m, 5H) 4.28 (q, 2H, J= 7.  O)k 

7.05 (d, 2H)" 1 .32 (t) 8.10 (t, J=4.7) '  
J = 4 . 7  J = 7 . 0  

266 7.30 (IOH, s) 5.22 (s) 1.53 (s) 3.97 (s) 4.05 (s, lH)g 
6.94 (d, 2H)" 7.95 (dd, lH,  J=4 .0 ,  J=5.0) '  

J = 4 . 0  
26c 7.30 (m, 5H) 5.20 (s) - 3.54 (m) 4.12 (s, 1H)q 

7.17 (s, 1OH) 3.06 (d)" 7.88 (dd, lH ,  J ,=5 .5 ,  J2=3.0) '  
6.97 ( d ) O  J=14.0 

J = 3 . 0  3.32 (d)" 
6.89 (s, 1H)" J=14.0 

26d 7.33 (m, 5H) 5.21 (s) -- 4.00 (s) 4.17 (s, lH)q 
7.17(m,IOH) 2.65(m,2H)'  2.40 (m, 2H)' 
7.01 (d, J=3.0)  7.95 (dd, JL=5 .5 ,  J2=3.0) '  
6.93 (s)" 

YAll spectra were recorded at 60 MHz as CDCI, solutions using tetramethylsilane as internal reference unless otherwise noted. The chemical 
shifts are reported in 6 units and the coupling constants in Hz. bMajor isomer. cMinor isomer. dThe proton signals for CH(OR) ,  and CH-NO2 
are obscured under the CH(OCH,-CH,) signals. eAssigned to NH2.  fAsslgned to CH(OR), .  'Assigned to CH-C02R. hAssigned to CH- 
(OCH2-CFI3)2. 'Assigned to -Pi=CH-.  assigned to =N-OH. hAssigned to C02CH2-CH,. 'Assigned to CH2-CH,-$, mTaken in 
D20. nAssigned to bCH,-C=. "Assigned to +CH=CH. 
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pound 4b was converted to 5b in 71% yield 
following which it was converted to its mesylate 
66 in 90% yield. Hydrolysis of 66 gave 7b (81%) 
which was converted to 86 by treatment with 
sodium hydride in DMSO in 42% yield. On 
refluxing 76 with 1 equiv. of triethylalnine in 
methylene chloride 8b was obtained in 71.5x 
yield. As in the case of the ethyl ester series com- 
pound 46 was converted to l ob  (70%) and thence 
to 8b (40%). The conversion of l b  to 9b (83.5z) 
and the hydrolysis of 9b to 7b (91%) followed by 
ring closure also gave 86 in 54.5% overall yield 
from l b .  

Compound 96 could also be obtained from 9a 
via saponification to 9c in 55x yield (in addition 
to 9c there was also produced 10a in this re- 
action). Treatment of 9c with triethylamine - 
benzyl chloroformate as before gave 9b in 84% 
yield. Hydrolysis of Sb to 11 was carried out in 
75x  yield. All attempts to prepare 86 via the 
elimination of 1 mol of water from 11 failed. 

The structural assignments to 8a and 8b rest 
on their mode of synthesis, correct elemental 
analyses, and their ir, uv, and nmr spectrai 

characteristics. The ir spectra of 8a and Sb show 
absorptions at 2110 cm-I for the azide, 1790 
cm-' for the 0-lactam carbonyl, 1715 cm-I for 
the a,P-unsaturated ester carbonyl, and an 
absorption at - 1625 cm-I for the double bond. 
In the uv spectra of 8a and 8b there are bands at 
268 nm with extinction coefficients of 6800 and 
6700 respectively. These values are in accord 
with those observed in the cephalosporins (6). 
The pronounced bathochromic shift observed in 
going from the non-cyclized chromophore in 
3, 4, and 10 to the chromophores in 8a and 8b 
may be explained as being due to participation 
of the amide lone pair in the chroinophore of 
the latter compounds (the uv spectra are re- 
corded in Table 4). This is further borne out by 
comparison of the uv spectra of 3,4,  and 10 with 
that of genepin (7) and the simpler dihydropyran 
system (8) (see Fig. 2) both of which contain the 

R R' 
-0-C=C-CO,CH,CH, chromophore. The 
A,,, and extinction coefficients for 3, 4, and 10 
are very similar to those for genepin and the 
dihydropyran system indicating little contribu- 
tion of the 0-lactam chromophore to the 0-alk- 
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DOYLE ET AL.: I1 489 

TABLE 2. Nuclear magnetic resonance spectra o f  monocyclic a-lactamsa 

Aromatic and 
Compound olefinic N3-CH- $CH2 CH3 Other 

7.27 (s,  5H) 

7 .34  (s ,  1H)  

5.12 (s)  

- 

1.10 ( m ,  6H)  3.1-4.3 ( m ,  8H)' 
4.6-4.7 ( m ,  2H)d 
4 .30  ( m ,  3H) f  
4.11 (q ,  2H, J=7.0)g  
4.09 (q ,  2H, J= 7 .  O)g 

4.25 (m, 3H) f  
4 .10  (q ,  2H)i  

4 .00  ( m ,  3H) f  
4.30 (q ,  2 ~ ) ~  
4.33 (q ,  2 ~ ) ~  
4.11 (q ,  2H)' 
4.00 (m ,  3H) f  
4 .12  (q ,  2H)k 
5 .  l  (s, O H )  
3 .8  ( m ,  3H) f  
3.41 (m ,  4H)  1.90 ( m ,  4H)' 
3.90 ( m ,  3H) f  
3.48 ( m ,  4H)  1 .95 ( m ,  4H)' 
4.40 ( m ,  3H) f  
4.10 (q ,  2H, J=7.0)' 
3.42 ( m ,  4H) ,  1.90 ( m ,  4H)' 
4.45 ( m ,  3H) f  
3 .5  ( m ,  4H) ,  1.95 (m, 4H)' 
4.18 (q ,  2H, J=7.0)k 
4 . 5  ( m ,  3 H ) f  

4.80 (dd)  
J 1 ~ 3 . 2 5  
J2=1.75 

1 .98 (s ,  3H)' 
1 .25 ( t ,  3H)g 
1.32 (t ,  3H)g 

J=7.0  
1.33 (t, 3H)' 

J=7.0  
1 .95 (s, 3H)e 
1.33 (t ,  3H) 
1.42 (t ,  3H)  

J=7.0  
1.31 ( t ,  3H)  

J= 7 . 0  
1.25 ( t ,  3H)' 

J=7 .0  

7 .40  (s,  1H) 
7.26 (s,  5H)  

4.75 (dd)  
J1= 3.5 
J2=1.5 

4.88 (d)  
J=5.0  

5.13 (s)  

7.73 (s,  1H) 

7.45 (s,  1H) 
7.28 (s,  5H) 
7 .60  (s, 1H) 

4.66 (d)  
J=5.0  

4 . 5  (m)' 

5.13 (s)  

7.66 (s,  1H) 
7.30 (s,  5H)  
7.51 (s,  1H) 

5.13 (s)  

4.83 (dd)  
J=4.5 
J=1 .5  

4.90 (d )  
J=5.0  

5.01 ( d )  
J=5.0 

1.25 ( t ,  3H) 
J= 7 . 0  

3.00 (s,  3H)'" 
3.00 (s,  3H)'" 7 .70  (s,  1H) 

7 .40  (s,  5H)  
7 .52  (bs, - 1H) 

5.17 (s)  

- 3.04 ( s ,  3H)"' 
1 .30 ( t )  
1 .35 (t) 

J=7.0 
2.95 (s ,  3H)" 7 .36  (s,  5H)  

7 .39  (s, 5H) 
7.55 (s,  1H) 

4.86 (d ,  1H) 
4.94 (d ,  1H) 

J=4.5 
- 

5.18 (s,  2H)  
5.27 

4.50 ( m ,  3H)' 

3.04 (s,  3H)'" 
1.20 ( m ,  9H)  

3.2-3.9 ( m ,  4H)O 
4.7-4.9 ( m ,  2H)d 
4.16 (q ,  2H)k 
4.2-4.6 (m, 4H)" 
3.55 (m, 4H)O 
4.7-4.9 ( m ,  2H)d 
4.2-4.6 ( m ,  4H)" 
3.70 ( m ,  4H)" 
5.1-4.9 ( m ,  2H)d 
4.2-4.8 (m, 3H)* 
9.86 (s, IH ,  C 0 , H )  
4.19 (q,  4H ,  J=7.0)j  
4.40 ( m ,  3 H ) f  

7.38 (s, 5H) 5.20 (s)  3.00 (s, 3H)" 
1.20 (rn, 6H)  

3.10 (s,  3H)'" 

7 .46  (s, 1H)  4.95 (dd)  
J1=4.0  
J2=1.5 

3.04 (s,  3 H y  
1.23 ( I ,  3H) 
1.36 ( t ,  3H)  

J=7 .0  
2.95 (s,  3H)'" 
1.35 (t ,  3H)' 

J=7.0  
1.06 (I ,  3H)  
1.08 ( t ,  3H)  

J= 7 . 0  

7.68 (s,  1H)  
7.51 (s,  5H)  

4.94 (dd)  
J l=4 .2  
J2=1.25 

4.85 (d )  
J=6.0  

5.25 (s )  4 .20  (q ,  2H, J= 7.0)' 
4 .50  (m ,  3 H ) f  

7 .28  (s,  5H) 
7.25 ( m ,  5H) 
6.60 (d)" 

J=16.0 
6.13 (ddt)" 

J1=16.0 
J2=6.2  
J3=1.5 

5.14 (s,  2H)  3.52 ( m ,  4H)O 
4.73 ( m ,  1H)" 
4.61 (dd,  IH ,  Jl=8.0,J2=6.0) '  
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TABLE 2 (Continued) 

Aromatic and 
Compound olefinic N3-CH- (bCH2 C H B  Other 

7.20 (s, 5H)  
7 .25  ( m ,  5H) 
6 61 (d)" 

J=16.0 
6.17 (ddt)" 

J1=16.0 
J Z z 6 . 2  
J3=1.5 

7 . 3 2  ( s ,  5H)  
9.74 (d, J=4.5jX 
9.63 (d ,  J=4.5)  

5.06 (s, 2H)  1.10 (t ,  3H) 
1.12 (t ,  3H)  

J=7 0 

3.52 ( m ,  4Hj0 
4.6-4.9 (m ,  3HjW 

4.96 (d ,  1H) 
4.79 (d ,  1H) 

J= 5 .5  

5.14 (s,  2H)  
5.19 

0.94 
0.97 (t ,  6H)  
1.14 
1.19 

J=7.0  
1.48 (s,  3H)  
1.30 ( t ,  3Hjk 

J=7.0  

3.0-3.9 ( m ,  5H)? 
4.78-4.80 ( m ,  2H)" 
4 .42  ( m ,  l H j Z  

7.38 ( m ,  5H) 
6.77 (d ,  IH)" 

J=16.0 
6.16 (dd,  lH)" 

J1=16.0 
J2=8.0 

7 .40  ( m ,  5H)  
6.74 (d ,  1H)" 

J=16.0  
6.20 (ddd,  IH)" 

J1=16.0 
Jz=8.0  
J3=2.5 

7 .38  (s, 5H) 
7.39 ( m ,  5H) 
6.73 (d ,  IH)" 

J=16.0 
6.21 (ddd,  lH)" 

J1=16.0 
J2=8 .0  
J3=2.5 

7.20 ( m ,  15H) 
6.67 (d ,  1H)U 

J=16.0 
6.18 ( m ,  1H)" 
7 .3  ( m ,  15H) 
6 .62  (d ,  1H)' 

J=16.0 
6.15 ( m ,  1H)" 
7.35 (s,  5H) 

4.23 (q, 2H, J= 7 .  0Ik 
4.27 (s, lH)aa  
4 .0  ( m ,  4H)bb 
4.80 (m, 2H)cC 

5.22 (s)  1 .48 (s, 3H)  4.35 (s, 1H)"" 
3.85 (s, 4H)bb 
4.95 (m ,  2H)" 

1.47 (s,  3H)  4.36 (s, IH)"" 
3.95 (s, 4Hjbb 
4.90 ( m ,  2H)" 

3.85 ( m ,  4Hjbb 
2.10 ( m ,  2H)  2.68 ( m ,  2H)dd 
4.7-5.1 (m ,  3H)"" 

4.98 (s,  2H)  
5.13 (s, 2H)  

4.36 (s) ,  4.54 (s)"" 
4.75 ( m ,  2H)" 
2.9-3.9 ( m ,  6 H ) f f  

4.95 (d )  
J=6.0 

5.28 (d )gg  
5.07 ( d )  

J=12.0 

3.80 ( m ,  4H)bb 
4.73 (s, IH)"" 
4.60 (dd,  l H ,  J l=6.0 ,  J2=4.5jh" 
9.55 (d ,  l H j X  
2.8-3.9 ( m ,  6 H ) f  
4 .42  (dd,  J 1 = 4 . 0 , J z = 5 . 0 ) ~ ~  
4.64 (dd,  J1=4.0 ,J2=5.5)hh 
4.77 (s,  IH)"" 
9.67 (d ,  J=4.0) 9.77 ( d ,  J=4.0)" 
3.82 ( m ,  4H)bb 
2.64 (m ,  2H)  2.0 (m ,  2Hjdd 
4.83 (s)  4.87 (s)"" 
4.3-4.8 ( m ,  1Hjhh 
9.53 (d ,  J=3.0) 9.63 (d, J=3.0)" 

1.46 (s ,  3H) 

7 .16  (s, 5H)  
7.28 (s, 5H) 

4.84 (d )  
J=5.5 

4.88 (d )  
J=5.0  

5.10 (s)  
5.23 (d lgg  

J=9.5 
5.01 (d )gg  

J=9.5 
5.17 (m) 7 .17  (m, 5H) 

7 .34  (s, 5H)  
4.90 (d )  

J=4.0 
4.89 (d )  

J=4.0  
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TABLE 2 (Concluded) 

Aromatic and 
Compound olefinic N,-CH- K H z  CH3 Other 

29ub 7.32 (s, 5H) 4.66 (d) 5.19 (s) 1 .35 (s) 3.80 (m, 8H)" 
J = 5 . 0  5.35(d)" 11.42(s) 4.68 (s)"" 4.65 (s)"" 

4.67 (d) J=12 .0  
J = 5 . 0  5.08 (d)qg 

J=12 .0  
29bb 7.14 (s, 5H) 4.43 (d) 2.87 (s) - 4.69 (s) 4.72 (s)"" 

7.25 (s, 5H) J = 5 . 0  3.04 (m) 4 .0  (111, 3H)f 
4.58 (d) 5.08 (m) 3.35 (m, 4H)bb 

J = 5 . 0  
29cb 7.17 (m, 5H) 4.89 (d) 5.18 (m) - 4.62 (bs) 4.55 (bs)"" 

7.33 (s, 5H) J = 5 . 0  3.84 (m, 5H)" 
4.84 (d) 2.70 (m, 2H) 2 .0  (m, 2Hldd 

J = 5 . 0  
30uh 7.34 (s, 5H) 4.85 (d) 5.24 (d)gq 2.99 (s, 3H)"' 3.76 (m, 4H)hb 

J = 5 . 0  J=12 .0  1.37 (s, 3H) 4.50 (s, 1H)"" 
5.04 (d)qg 4 . 3 4 . 8  (m, 3H)f 

J=12 .0  
306". 15 (s, 5H) - 5.10 (m) 2.91 (s, 3H) 3.50 (m, 4H)bb 

7.26 (s, 5H) 2.90(m) 2 .94(s ,3H) 4.1-4.9(ni,SH)jj  
30c 7.33 (s, 5H) - 5.17 (m) 2.92 (s, 3H) 4.2-4.9 (m, 5H)jj 

7.15 (m, 5H) 3.85 (m, 4H)bb 
2.67 (m, 2H) 2 . 0  (m, 2H)dd 

31a 7.30 (s, 5H) 4.84 (d) 5 .24 (s) 2.09 (s, 3H) 4.25 (m, 3H)f 
J = 5 . 0  5.21 (s) 2.25 (d, J=3)  12.0  (s, 1H, enol) 

2.92 (s, 3H)'" 
31b 7.27 (s, 5H) 4.80 (d) 5.13 (s) 2.72(s,3H)" 3.8-4.5(m,3H)f 

7.18 (m, 5H) J = 5 . 0  5 .24 (s) 2.83 (s, 3H)'" 
4.65 (d) 3.63 (m) 

J= -5.0  
31c 7.33 (s, 5H) 4.84 (d) 5.20 (m) 2.75 (s, 3H)"' 2.80 (m, 4Hldd 

7.20 (m, 5H) J = 5 . 0  2.87 (s, 3H)" 3.8-4.6 (m, 3H)f 
4.70 (d) 

J = 5 . 0  

.Recorded in CDCI, at  60 MHz unless otherwise noted. The chemical shifts are recorded in 5, units and coupling constants in Hz. bA mixture 
of diastereoisomers. 'Assigned to CH(OCH2-CH,),, CHIOH, and the C, proton. dAssigned to N,CH and CH(OR),. <Assigned to methyl 
group of acetate. fAssigned to -CH-CHI-OR. YAssigned to C02CH2-CH3 and -CH-0-CH,-CH,. "or single isomer. lAssi&ned to 
=CH-0CN2-CH,. JQuadrupole broadening of all proton signals was observed. "signed to C02CH,-CH,. 'Assigned to pyrrolidine 
protons. mAsslgned to mesylate methyl protons. T u > o  geometrical isomers observed in the nmr. OAssigned to CH(OCH,CH,),. PAssigned to 
CH-C02R and CH-CH2-OSO2CH3. QIsomer A .  'Isomer B. sAssigned to CH(OR)I. rAssigned to CH-CH=CH-6. "Assigned to 
bCH=CH-. "Assigned to 6CH=CH-. nAssigned to CH-CH=CH$, N,CH, and CH(OR)2. ZAssigned to -CHO. ,Assigned to CH- 
(OCH,CH,), and CH-C02R. 'Ahsigned to CHCHO and CH(OR)I. ""Aaaigned to CHC02R. bbAahigned to 0-CHI-CH,-0. icAshigned 
to  N3CH and CH-CH=CH-6. d"~igned to CH2CH,@. "Assigned to N3CH, CH-C=, and CH-COIR. ffAssigned to 0-CHICHI-0 
and CH20. YgAssigned to arms of AB quartet for CH,-6. "Assigned to CH-CHO. "Assigned to -0-(CH2)2-0, CH-CH2-OH. 
JJAssigned to N,CH, CH-CH,-OR, CHC0,R. 

oxyacrylate chromophore in these systems. In 
contrast to these observations is the marked 
bathochromic shift (+23  mm) observed in 8a 
and Sb in comparison with 3, 4, and 10. 

While the nmr spectra of 8a and 8b in deuterio- 
chloroform were not first order they provided 
confirmation of the structures. In 8a the C,-H 
appears as a doublet J = 5.0 Hz confirming the 
cis stereochemistry of the protons on C, and 
C,. In 8b the C,-H was partially obscured 
by the signal of the benzylic protons. The C,, 
protons in 8a and 8b appear at 4.63 and 4.58 6 
respectively as complex multiplets (six lines). 
The protons at C,, and C, appear as sets of 

overlapping multiplets at - 3.9 and 3.8 8 re- 
spectively. In view of the complexity of the nmr 
spectrum of Sa in CDC1, the spectrum was 
recorded in CDC1,-C,D, (1 :1) at 100 MHz 
which resulted in aromatic solvent induced shifts 
(ASIS) and enabled the assignment of each pro- 
ton in the spectrum as well as an assignment of 
conformation to 8a.9 The proton signals in the 
shifted spectrum were assigned on the basis of 
their coupling constants, spin decoupling experi- 

T h e  use of ASIS for the configurational assignments 
to the isomeric penicillin and cephalosporin sulfoxides 
has been demonstrated (9). 
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TABLE 5. Nuclear magnetic resonance data and ASIS fA = G(CDC1,) - G(CDC1,-C6D,(l : 1)))" 

Compound Solvent H7 Hs Hi, HID H3 Other 

YChemical shifts are reported in F relative to internal TMS. bRecorded at 100 MHz. CCH2-CH3. dCHz-CH3. 'Appears as doublet J = 5.0 
Hz. fAppears as doublet of doublets J 1  = 9.5, J2 = 5.0. J 3  = 3.75 Hz. *Appears as doublet of doublets J1 = 11.0, JZ = 3.75 Hz. hAppear~ as 
doublet of doublets of doublets J ,  = 11.0, J2  = 9.5, J3 = 0.5 H Z .  'Appears as singlet. JRecorded at 60 MHz. kAssigned to CH2-$. 

ments, and the relative magnitudes of the ASIS 
(Fig. 3 and Table 5). From the data in Table 3, 

- it is seen that J,,,,, = 3.75 Hz and JH,,lI, - 
9.5 Hz. Of the two possible conformations for 8 
A and B (Fig. 3) only conformer A would be 
expected to exhibit this splitting pattern for H,. 
One would predict for conformer B that J,,,, - 
3.20 HZ and JH6Hlp N 0 HZ. 

The assignment of the signals at -4.6 to HI, 
and -3.9 to HIP is also in accord with the 
expectation that the axial proton H I P  should 
appear at higher field than the equatorial proton 
HI,. These assignments are also supported by 
the relative magnitudes of the ASIS for HI, and 
HIP.  One would expect that complexation of the 
solute with the C,D6 molecules would occur 
preferentially from the less hindered a face of 
the molecules and that the ASIS for protons on 
the a face would be greater than the ASIS for 
protons on the p-face. Our observations are 

fully in accord with this prediction, protons H, 
and H, show the greatest ASIS. The ASIS for 
HI, is greater than the ASIS for HIP thus adding 
further evidence for the assignments. 

With the experience gained in the synthesis of 
8a and 86 the syntheses of the 3-methyl, 3-benzyl, 
and 3-phenethyl systems were attempted next. 

The syntheses of the starting amines 250-d 
for these systems were carried out as follows. 
Oximation of the P-keto esters 2la-d (Scheme 3) 
was achieved using the method of Adkins and 
Reeve (10) to yield the oximes 22a-d in good 
yields. Reduction of 23a with 10% Pd/C in 
ethanol in the presence of hydrochloric acid 
gave the amine hydrochloride 24 in 55% yield 
in accord with the results of Laver et al. (1 1). 
The amine hydrochloride 24 was readily con- 
verted to its ethylene ketal25a in 70% yield. The 
presence of benzylic ester functions in 22b-d 
precluded the reduction of the oximes via Laver's 
method. Consequently, con~pounds 22b-d were 
converted to their ethylene ketals 23a-c in 94, 
57, and 91% yields respectively. Reduction of 
23a-c with aluminum amalgam in moist ether 
(12) gave compounds 25b-d in 71, 93, and 68% 
yields respectively. 

Conversion of amines 25a-d to their Schiff 
bases 26a-d (Scheme 4) proceeded as before in 
quantitative yields. Treatment of the Schiff 
bases 26a-d with triethylamine and azidoacetyl 
chloride as before gave the cis-3-azido-4-styryl- 
N-substituted-2-azetidinones 27a-d in 98, 94, 
100, and 100z  crude yields1° respectively. 
Saponification of 27a with sodium hydroxide in 
tetrahydrofuran gave the corresponding car- 
boxylic acid 27e in 86% yield as a solid. Re- 

1°The crude materials were generally of sufficient 
purity (as determined by nmr spectroscopy) to be used as 
such without further purification. 
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DOYLE ET AL.: I1 

Compounds 21,22.25 Compound 23 
(1 R' = M e  R2 = Et (1 R' = CH, R2 = CHZ$ 
b R' = Me R2 = CH2$ b R' = CH2$ = R2 
c R' = R2 = CH2+ c R1 = CH2CHZ$ RZ = CHI+ 
d R' = (CH2)Z$ R2 = CH2+ 

Compounds 33-34 Compounds 26-27 Compound 35 Compounds 28-32 
R' R2 R' R2 R' R 

0 H C2H5 rr CH, CH,CH, ( i  R'  = H n CH, CH24 
b H CHZ$ b CH, C H A  6 R 1 = H  b CH2$ CHZ$ 
c CH, CH2+ c CH2+ CH2$ c R' = CH, c CH2CH2+ C H d  
d CH2$ CH2+ d CHZCH2@ CH24 d R' = CH2$ 
e (CHZ)Z$ CH,$ e CH, H e R' = CH2CH2$ 

SCHEME 4 

crystallization of 27e gave one of the diastereo- amine-benzylchloroformate method used earlier. 
isomeric acids.'' Conversion of 27e to 27b (in Ozonolysis of 276 (single isomer) in methylene 
99% yield) was carried out using the triethvl- chloride at -78 "C followed bv decom~osition 

* - - 
of the ozonide with dimethyl sulfide gave 28a 

"Compounds 2 7 ~ - d  were produced as mixtures of as a crystalline solid in 69% yield. ~h~ yield of diastereoisomers epimeric about the carbon directly 
attached to the nitrogen of the 13-lactam and the ester 28a (as a mixture diastereOmers) 27b 
function. (isomer mixture) was 71%. Similarly, ozonolysis 
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TABLE 6. Biological activitiesa 

D. S. aureus S .  aureus Sal. Pr. 
Compound pneunzoniae Smith + 50% serum enteritidis mirabilis 

OExpressed as MIC's (pg/ml) and determined by a 2 
method of Pursiano et  al. (20). 

of 27c and 27d gave the aldehydes 28b (95% 
crude yield) and 28c (45% purified yield) re- 
spectively. 

The aldehydes 280-c were reduced to the 
corresponding alcohols 29a-c using sodium 
borohydride, following which 29a-c were con- 
verted to their mesylates 30a-c. The yields of 
30a-c from the aldehydes 28a-c were 80, 84, and 
4 2 z  respectively. In the reduction of 28a to 29a 
some epimerization of the product was observed 
in that a mixture of mesylates was obtained 
epimeric about the ester position in the side 
chain. 

Hydrolysis of 30a with 95% trifluoroacetic 
acid at 25 "C gave the en01 31a in greater than 
90% yield. Compound 31a was converted to 
benzyl 7-~-azido-3-methyl-A3-0-2-isocephem-4- 
carboxylate 32a in 80% yield using triethylamine 
in refluxing methylene chloride. Similarly, com- 
pounds 306 and 30c were hydrolyzed to the 
enols 366 and 31c. In these cases it proved neces- 
sary to use higher temperatures (50-55 "C) to 
effect hydrolysis. The enols were converted to 
benzyl-7-~-azido-3-benzyl-A3-0-2-isocephem-4- 
carboxylate 32b (33%) and benzyl 7-P-azido-3- 
phenethyl-A3-0-2-isocephem-4-carboxylate 32c 
(33%) respectively. The structures of compounds 
32a-c were confirmed by their elemental analyses, 
and ir, ninr, and uv spectral characteristics 
(Tables 3 and 4). 

With the appropriately substituted 0-2-iso- 
cephems 8a-6. 3%-c on hand the conversion of 
these to their 7-P-(phenoxyacetamido)-A3-0-2- 
isocephem-4-carboxylic acids 35 was examined. 

Reduction of 8a and 8b with hydrogen on 10% 
Pd/@ gave the amines 33a and 336. The amines 
were converted to the amides 34a and 34b using 
triethylamine - phenoxyacetyl chloride in 56 and 
29% yields respectively. The ir, uv, and nmr 

-fold serial dilution assay in Difco nutrient broth by the 

spectra of 34a and 34b confirmed the structural 
assignments. 

Reduction of 32a with hydrogen and PtO, in 
ethanol gave 33c which was coupled with 
phenoxyacetic acid using EEDQ (13) to give 34c 
in 65% yield. Compounds 32b and 32c were 
reduced to their amines 33d and 33e using tri- 
ethylamine - hydrogen sulfide (1) and these 
were in turn converted to their amides 34d and 
34e using phenoxyacetic acid - EEDQ. 

Hydrogenolysis of the benzyl esters 34b-e 
(see Experimental) gave the desired acids 35a, 
35c-e in 70, 84, 20, and 92% yields respectively. 
Compound 35a was also converted to its potas- 
sium salt 35b in 45% yield (14). The structures of 
35a-e assigned on the basis of their elemental 
analyses, ir, uv, and nmr spectral characteristics. 

Compounds 35a, 35c, 35d, and 35e all exhibi- 
ted high antibacterial activity. The activities 
are listed in Table 6 along with those of 2e, 34a, 
and the phenoxyacetyl derivative of 7-amino- 
desacetyl cephalosporanic acid 36 (Fig. 4) for 
comparison purposes. The activities of these 
compounds are comparable with or better than 
those of the coinparably substituted natural pro- 
duct (compare 35c and 36). 

It should also be noted that 35a-e are racemic 
materials whereas 36 is a single enantiomer. It 
has been shown (15) that all of the activity in the 
natural series resides in a single enantiomer, thus 
the MIC's reported for 35a-e are probably too 
high by a factor of two. A full discussion of 
structure-activity relationships in this series will 
be reserved to a later publication. 

The obvious modifications of the syntheses 
reported herein to the syntheses of compounds 
of general formula 37 have been made and will 
be reported in subsequent papers of this series 
(Fig. 5). 
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Experimental 
The infrared spectra were recorded on a Unicam 

SP-200G grating ir spectrophotomcter. Thc uv spectra 
were recorded on a Unicam SP-800 uv spectrophotom- 
eter. The nmr spectra were determined on a Varian A60-A 
spectrometer using tetramethylsilane as an internal 
standard. The 100 MHz spectra and spin-decoupling 
experiments were performed by Dr. Perlin of McGill 
University whose assistance we gratefully acknowledge. 
Melting points are uncorrected except where noted and 
were determined on a Gallenkamp melting point ap- 
paratus. The analyses were performed by Micro-Tech 
Laboratories, Skokie, Illinois. 

7 - ~ - A z i d o - 3 - ~ - e t h o x y - O - 2 - i s o c e p h a r n - 4 - ~ l i c  Acid 
2b 

To a solution of 12.2 g (43 mmol) of compound 2a in 
180 ml ethanol was added 175 ml 1% sodium hydroxide 
over a period of 10 min at 1 2 5  "C. The solution was 
stirred an additional 20 min. The ethanol uas  evaporated 
a t  reduced pressure and the alkaline solution mas ex- 
tracted with ether (2 x 100 ml). The organic layer was 
discarded and the aqueous solution acidified to p H  3-4 
with 10% hydrochloric acid. The solution was extracted 
with chloroform (2 x 100 ml) and the organic layer 
washed with water (50 ml), brine (50 ml), and dried over 
MgS04. Evaporation gave 7.25 g (66%) of acid. Tritura- 
tion with ether and filtration gave pure acid, mp 114- 
I15 "C. 

Benzyl 7-P-Azido-3-P-ethoxy-0-2-isocepham-4-a-carbox- 
ylate 2d 

To a solution of 6.25 g (25.6 nlmol) of compound 2b 
in 100 ml of ether was added 5.35 g (25.6 mmol) phos- 
phorous pentachloride. The suspension \h7as refluxed for 
15 min after which the clear solution was decanted and 
evaporated to dryness. The residual oil was taken up in 
50 ml benzene and evaporated to dryness at reduced 
pressure. This procedure was repeated three times to 
remove phosphorous oxychloride. The residual oil was 
then pumped in high vacuum (0.05 torr) at 30 "C for 1 h. 

The acid chloride was taken up in 20 ml dry methylene 
chloride and was added to a mixture of 2.7 g (26 mmol) 
ben~yl  alcohol and 3.2 g triethylamine in 50 ml dry 
methylene chloride at 25 "C over a period of 10 min. The 

solution was stirred for 1 h, washed with water (2 x 
20 ml) and brine, and filtered through 20 g of Florisil. 
The eluent was treated with Norite, dried over MgSO,, 
filtered, and evaporated to give 7.4 g (83.5%) of crude 
benzyl ester 2d. Trituration with benzene - petroleum 
ether caused crystallization. The solid was recrystallized 
from benzene - petroleum ether to yield pure 2d, mp 
79-79.5 "C. 

cis-N- (a-Carboethoxy-8-ethoxyz;inyl) -3-azido-4-acetoxy- 
metlz~~l-2-azeridinone 3a 

From l a  
A mixture of 4.8 g (14.5 mmol) compound In,  2.1 g 

(15.1 mmol) zinc chloride, and 15 ml acetic anhydride 
was stirred at 25 "C lor 18 h. The solvent was removed at 
reduced pressure and the residue taken up in CHC1, 
(100 ml) - H 2 8  (20 ml), dried over Na2S04, filtered, and 
the filtrate passed through 50 g A1,0, (activity 111) 
column. Elution mith CHCI, gave 2.5 g pure acetate. The 
other fractions mere rechromatographed to give an 
additional 1.1 g (75% total yield). 

Fvom 2a 
Treatment of 1.0 g (3.5 mmol) of 2a with 1.1 g zinc 

chloride in 12 ml of acetic anhydride as above gave 3n in 
85% yield. The compound was identical in all respects 
with that obtained from Pa. 

cis-N- (a-Carbobenzoxy-8-ethox~~uinyl) -3-azido-4-ncetoxy- 
methyl-2-azetidinone 36 

Fronz Ib  
A mixture of 3.2 g (8.17 mmol) compound l b ,  11 ml 

acetic anhydride, and 1.12 g (8.2 mmol) zinc chloride was 
stirred 18 h a t  25 'C. The reaction mixture was evaporated 
at reduced pressure and the residue taken up in 40 ml 
methylene chloride - 20 ml water. The organic phase was 
separated, washed with water and brine, dried over 
MgS04, filtered, and the filtrate evaporated to yield 
3.0 g of an oil. The oil was chromatographed on 50 g 
silica gel (deactivated, 5% water) by dry column technique 
using chloroforn~ as an eluent. Evaporation of the eluent 
gave 1.3 g (41%) of pure 3b as an oil. 

Fronz 2d 
Treatment of 104 nlg (0.3 mmol) of 2rl with 82 nig 

zinc chloride in 3 ml acetic anhydride as in the prepara- 
tion of 3a from 2a gave 110 mg pure 3b (94%). 

cis-N- (u-Carboethoxy-8-ethoxyuinyl) -3-azido-I-hydroxy- 
nzethyl-2-azetidinone 4u 

From 3a 
A solution of 12.18 g (34.8 mmol) of con~pound 3a in 

40 ml MeOH and 40 ml 10% HCl was boiled at reflux 
for 1 h. The methanol was distilled at reduced pressure 
and the aqueous residue extracted with CHCI, (3 x 
50 ml). The extracts were washed with water and brine, 
dried over MgS04, filtered, and the filtrate was evaporated 
to yield 9.33 g (94.5%) pure alcohol. 

From 2a 
To a solution of 90 mg (0.316 mmol) of 20 in 5 ml of 

methylene chloride was added 3 drops (- 20 mg) titanium 
tetrachloride at 25 "C. The solution was let stand for 24 h 
at 25 "C and filtered through 1.5 g of alumina (activity 111). 
There was obtained 23.7 mg of pure 40 (26%) identical in 
all respects with that obtained from 30. 
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cis-N- (cc- Carbobenzoxy-13-efhoxyuinyl) -3-azido-4- 
hydroxymethyl-2-azetidinone 4b 

Hydrolysis of 5.95 g (15.35 mmol) of 3b according to 
the procedure described above for the conversion of 3a 
to 4a gave 4.6 g (87%) of 4b as an oil. 

cis -h i  (cc-Carboerlzoxy- P-N-pyrrolidinovinyl) -3-azido-4- 
hydroxymethyl-2-azetidinone 5a 

Fronz 4a 
A solution of 224 mg (0.785 mmol) of 4a, 141 mg 

(2 mn~ol) pyrrolidine, and 200 mg acetic acid in 15 ml 
dry benzene was boiled at reflux for 22 h. The solution 
was washed with 5 ml of saturated sodium bicarbonate 
solution, washed with water (25 ml), and dried over 
sodium sulfate. The solution was filtered and evaporated 
to dryness to give an oil which crystallized on standing. 
The oil was triturated with ether and filtered to yield 
175 mg (72%) pure 5a, mp 147-148 'C after recrystalliza- 
tion from benzene. 

Fron? l a  
Treatment of 2.78 g (8.45 mmol) of l a  with 2.5 g 

pyrrolidine and 2.5 g acetic acid in 50 ml benzene as 
described above gave 137 g (50%) of pure 5a identical in 
all respects to the sample prepared from 4a. 

cis-N- jcc-Carbobenzo,~y-P-N-pyrrolidinocinyl) -3-azido-4- 
hydroxymetl~yl-2-azetidinone 56 

From 46 
In a manner analogous to the preparation of 5a from 

4a, compound 5b was prepared from 46 in 71% yield; 
mp 111.5-112.5 "C. 

cis-N- (cc- Cnrboethoxy- P-AT-pymlidinouinyl) - 3-nzido- 4- 
mes~~lo.uymethy1-2-azetidinone 6a 

From 5a 
To a solution of 618 mg (2 mmol) of 5a and 404 mg 

(4 mmol) triethylamine in 15 ml n~ethylene chloride at 
0 "C was added 456 n ~ g  (4 mmol) methane sulfonyl 
chloride in 5 ml methylene chloride over 15 min. The 
solution was allowed to come to 25 'C over 1 h and 
washed with water (10 ml) and brine (2 x 10 ml). The 
solution was dried over sodium sulfate and filtered 
through 4.0 g of alumina (activity 111) to give 570 mg of 
pure 6a, mp 138-139 "C. 

From IOU 
Treatment of 181 mg (0.5 mmol) of 10a with pyrri- 

dineacetic acid according to the procedure given for the 
preparation of 50 gave 125 mg (63%) of 6a identical with 
the sample prepared from 5n. 

cis-N- (a-  Carbobenzoxy- P-N-pyrrolidinocinyl) -3-azido- 4- 
mesyloxymethyl-2-azetidinone 6b 

A solution of 2.44 g (6.6 mmol) compound 5b, 3.9 g 
(33 mmol) methane sulfonyl chloride, and 3.3 g (33 mmol) 
triethylamine in 50 ml methylene chloride was stirred at 
ambient (25 "C) temperature for 74 h. The reaction 
mixture was washed with water (2 x 10 ml) and brine 
and dried over Na2S04. The drying agent was filtered 
and the filtrate evaporated to dryness. The oil was 
filtered through a silica gel column (deactivated, 15% 
water) (16 g) with chloroform to give 2.6 g (90%) of 
crystalline mesylate, mp 116-1 17 "C. 

cis-N- (a-Cavboefhoxy- P-hydrox'yuinyl) -3-azido-4-mesyl- 
oxymethyl-2-azetidinone 7a 

From 6n 
A solution of 1.27 g (33 nlmol) of 6a in 20 ml acetone - 

5 ml 10% hydrochloric acid was refluxed 20 min and 
diluted to 100 ml with water. The solution was extracted 
into methylene chloride (5 x 20 ml). The methylene 
chloride extracts were extracted with 10% sodium car- 
bonate. The aqueous extracts were acidified with hydro- 
chlo~ic acid and the solution extracted into methylene 
chloride and dried over sodium sulfate, yielding 0.98 g 
of pure en01 7a  as an oil on evaporation (89%). 

From 9a 
A solution of 207 mg (0.51 mmol) of %a in 1 ml of 

95% trifluoroacetic acid was warmed to 50cC for 1 h. 
The trifluoroacetlc acid was removed at reduced pressure 
and the lesidue partitioned between methylene chloride - 
water (50 ml:20 ml). The organic layer was extracted 
with sodium carbonate as above. Work-up yielded 95 mg 
(58%) of pure 7a  identical with that obtained from 6a. 

cis-N- (a-Carbobenzoxy-13-lzydvoxyrinyl) -3-azido-4-r?zesj>/- 
oxymefhyl-2-azetidinone 7b 

From 6b 
A solution of 2.28 g (5.26 mmol) compound 6b in 

25 ml of acetone and 25 ml 10% hydrochloric acid was 
refluxed 15 min. The acetone was evaporated at reduced 
pressure and the residue extracted with chloroform 
(3 x 30 ml). The chloroform layer was washed with water 
and evaporated to dryness. The residual oil was dissolved 
in ether (20 ml) and the solution extracted with saturated 
sodium bicarbonate solution (4 x 8 ml). The bicarbonate 
was acidified to pH 4 with 10% HC1 and reextracted with 
chloroform (3 x 50 ml). The chloroform was washed 
with water and brine and dried over MgSO,. The drying 
agent was filtered and the filtrate evaporated to give 
1.62 g (81%) of compound 7b. 

From 9b 
A solution of 673 n ~ g  (1.43 mmol) of 96 in 4 ml 95% 

trifluoroacetic acid was warmed to 50-C  for 25 rnin. 
After the work-up (see %a + 7a) there was obtained 
513 mg (91%) of 7b  identical with the sample prepared 
from 6b. 

Ethyl 7-a-Azido-A3-0-2-isocephem-4-carboxylare 8a 
Method A 
To a suspension of 0.0665 g sodium hydride (1.5 mmol) 

(55% mineral oil dispersion washed three times with 
petroleum ether) in 2 ml dimethyl sulfoxide (DMSO) was 
added 500mg (1.5 mmol) of 7a in 4ml  DMSO. The 
solution was stirred 1 h at 25 "C and then diluted to  
30 ml with brine containing 2 ml 10% hydrochloric acid. 
The aqueous solution was extracted with methylene 
chloride (5 x 25 ml). The extracts were washed with 
water (3 x 25 ml) and brine (1 x 25 ml) and dried over 
sodium sulfate. Evaporation of the extracts gave 327 mg 
(91.5%) of Sa, n ~ p  137-138 "C after recrystallization from 
benzene. 

Method B 
A solution of 268 mg (0.8 mmol) of 7a  and 105 mg 

triethylamine in 10 ml of chloroform was refluxed for 
50 min. The solution was cooled and washed with water, 
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10% hydrochloric acid, water, and brine. The solution preparation of 10a from 4a gave 108.4 g (86%) of 9a as 
was dried over sodium sulfate. filtered. and eva~orated an oil. 
to yield 90 mg (47.577,) of pure'8a after crystallization. 

From I O U  
T o  a solution of 1.83 g (5.00 mmol) of compound 10a 

in 20 ml of tetrahydrofuran was added 20.0 ml of 0.25 M 
sodium hydroxide solution dropwise over 10 min. The 
resulting solution was concentrated to 20 ml b n  the 
rotary evaporator at 30 'C, The concentrate was washed 
with chloroform (3 x 10ml). The aqueous layer was 
evaporated to dryness under high vacuum. The resulting 
residue was stirred with 7.5 ml of dimethyl sulfoxide for 
1 h. Water (30 ml) and saturated sodium chloride (40 ml) 
followed by a few drops of 10% hydrochloric acid were 
added to the dimethyl sulfoxide solution. The resulting 
mixture was extracted with chloroform (3 x 40 ml) and 
the combined chloroform layers were washed with water 
and evaporated to give the crude product. Pure compound 
8a was obtained by recrystallization from benzene- 
cyclohexane, then chloroform, as colorless crystals, 
0.39 g (33% yield). 

Benzyl 7-P-Azido-A3-0-2-isocephem-4-carboxj~late 8b 
Method A 
To a suspension of 198 mg (4.70 mmol) sodium hydride 

(55% mineral oil dispersion, washed 3 x with petroleun~ 
ether) in 5 ml dry DMSO was added a solution of 1.62 g 
(4.27 mmol) compound 7b in 5 ml DMSO over 5 min 
with stirring at 25 'C. After 1 h, the reaction mixture was 
poured into 50 ml 1% HCI - ice water and was extracted 
with chloroforn~ (4 x 30ml). The organic layer was 
washed with water (3 x 10 ml) and brine and dried over 
MgS04. Filtration and evaporation of the filtrate gave 
1.2 g of an oil. Trituration with ether caused crystalliza- 
tion; 545 mg (42%) of 8b; mp 110 "C. 

Metlzod B 
A solution of 370 mg (0.935 mmol) of 7b and 100 mg 

triethylamine in 10 ml methylene chloride was refluxed 
for 4 h. Work-up as in method B for 8a gave 200 mg 
(71.5%) of pure 8b. 

From IOb 
To a solution of 260 mg (0.64 mmol) of compound in 

2.5 ml of tetrahydrofuran was added 2.55 ml of 0.25 M 
sodium hydroxide solution dropwise over 10 min. The 
solution was concentrated to 2 ml on the rotary evapora- 
tor. The concentrate has  washed with chloroform 
(2 x 2ml), then evaporated to dryness under high 
vacuum. The residue was stirred with 1 ml of dimethyl 
sulfoxide for I h. Water (I ml), saturated sodium 
chloride (1 ml), and one drop of 10% hydrochloric acid 
were added. The mixture was extracted with chloroform 
(3 x 2 ml) and the combined chloroform layers were 
washed with water and evaporated to give crude com- 
pound as a yellow solid, 103 mg (54% yield). The nmr 
spectrum indicated the product to be only 75% pure 
(i.e. a true yield of 40%). 

cis- N- ( a -  Carboethoxy- P,a-diethoxyetllyl) - 3-azido- 4 -  
mesyloxymethyl-2-azetidinone 9a 

Treatment of 102.0 g (0.308 mol) of l a  with 34.3 g 
(0.34 mol) triethylamine and 39.4 g (0.34 mol) methane 
sulfonyl chloride according to procedure given for the 

cis- N- ( a -  Carboberzzoxy- p,p-diethoxyethyl) - 3-azido- 4-  
mesyloxymethyl-2-azetidinone 9b 

From I b  
Treatment of 12.2 g (31.2 mmol) of l b  with 3.42 g 

(34 mmol) triethylamine and 2.90 g (34 mmol) methane- 
sulfonyl chloride as in the above experiment yielded 
12.3 g (83.5%) of 9b as an oil. 

From 9a 
To a solution of 1.065 g (2.61 mmol) of 9a in 25 ml 

tetrahydrofuran was added I0  ml of 0.25 N sodium 
hydroxide over 5 min. The solution was stirred 30 min 
at 25 "C following which 3 ml 10% hydrochloric acid was 
added and the solution diluted to 100 ml with brine. 
The solution was extracted into ether (4 x 50 ml). The 
ethereal extracts were extracted with sodium carbonate 
solution (10%). The ethereal layer was dried over sodium 
sulfate and evaporated to yield an oil which crystallized 
on trituration with ether (5 ml). Filtration gave 283 mg 
(26.6%) pure 10a. The alkaline extracts were acidified 
with 10% hydrochloric acid and extracted into methylene 
chloride (5 x 20 ml). The extracts were dried over sodium 
sulfate and evaporated to yield 542 mg (55%) of the 
desired acid 9c. Compound 9c was characterized spectro- 
scopically and used without further purification in the 
next step. The yields of 10a from this reaction ranged 
fron110-30% while the yields of 9c ranged from 45-70%. 

To a solution of 2.64 (7 mmol) of 9c and 2.0 g (20 mmol) 
triethylamine in 30 ml methylene chloride at 0-5 "C was 
added 2.0 g (11.7 mmol) of benzyl chloroformate. As the 
solution was stirred gas evolution was observed. After 
15 min at 0-5 "C, the solution was refluxed for 30 min. 
The solution was washed with water (50 ml), 10% hydro- 
chloric acid (10 ml), and brine (50 ml), dried over sodium 
sulfate, and evaporated to yield 3.07 g of an oil which 
yielded 2.76 g (84%) of 9b on chromatography over silica 
gel (deactivated with 15% water) using chloroform as 
eluent. 

cis-N- (a -  Carboethoxy-P-ethoxyuinyl) - 3-azido-4-mesyl- 
oxymethyl-2-azetidinone IOa 

From 4a 
To a solution of 5.68 g (20 mmol) of 4a and 3.0 ml 

(21 mmol) triethylamine in 50 ml methylene chloride at 
0-5 "C was added 2.28 g (20 mmol) methane sulfonyl 
chloride. The solution was stirred for 30 min at 25 "C 
after which it was washed with water (2 x 25 ml), 10% 
hydrochloric acid (2 x 10 ml), and brine (I x 50 ml), 
dried over sodium sulfate, and concentrated to give an oil. 
The oil was triturated with 50 ml ether and the crystalline 
mesylate isolated by filtration, 4.37 g (60.2%). The mother 
liquors were chromatographed on a column of 50 g 
silica gel (deactivated with 15% water). An additional 
380 mg (5%) of pure 10a was isolated from the latter 
fractions from ether elution; mp 101-102.5 "C (dec.). 

From 9a 
(A) A mixture of 4.9 g (12 mmol) of compound 9a, 10 

ml of acetic anhydride, 10 ml of acetic acid, and 1.75 g 
(13 mmol) of zinc chloride was stirred at 25 "C for 17 h, 
then evaporated to a tar. A methylene chloride solution 
of the tar (50ml) was washed with equal volumes of 
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water, 5% sodium bicarbonate, and dilute sodium chlo- 
ride. The methylene chloride solution was filtered through 
15 g of alumina (grade 111) and evaporated to give an  oil. 
Trituration of the oil with ether gave pure compound 10a 
as a colorless powder, 1.88 g (45% yield). 
(B) Treatment of 1.90 g (4.65 mmol) of 9a with 2.0 g 

triethyloxonium fluoroborate in 20 ml methylene chloride 
for 18 h at  25 "C gave 0.75 g (46.5%) of 10a. 

cis-N- (a-Carbobenzoxy-p-ethoxyuinyl) -3-azido-I-mesyl- 
oxymethyl-2-azetidinone IOb 

Treatment of 15.2 g (43.8 mmol) of 4b with triethyl- 
amine and methanesulfonyl chloride as in the procedure 
for the preparation of 100 from 4a yielded upon w ~ r k - u p  
13.0 g (70.4%) of pure lob,  as an  oil. 

cis-N- (a- Carbobenzoxy- B-hydroxyvinyl) -3-azido- 4-hy- 
drox~~methyl-2-azetidinone 11 

A solution of 3.71 g (10 mmol) compound 5b in 50 ml 
of acetone and 25 ml of 10% HCI was boiled at  reflux for 
30 min. The acetone was removed at  reduced pressure 
and the oily aqueous residue extracted with ether (3 x 
35 ml) and methylene chloride (3 x 25 ml). The organic 
layer was extracted with saturated aqueous NaHC03 
(5 x 20 ml). The aqueous extracts were aiidified with 
10% HCI and saturated with NaCI. The aqueous layer 
was extracted thoroughly with ether (3 x 25 ml) then 
CH,CI, (3 x 25 ml). The extracts were dried over 
Na2S04 and concentrated to yield 2.40 g of en01 alcohol 
11, 75.5Z. as an oil. 

Benzyl a-Amino-b,D-diethoxypropio~zate 15 
A solution of 62.0 g (0.325 mol) of benzyl nitroacetate 

12, 76.6 g (0.52 mol) triethylorthoformate and 65.0 g 
(0.64 mol) acetic anhydride was heated to ,f5-90 "C for 
18 h. Following this the excess triethylorthoformate, 
acetic anhydride, and ethyl acetate were removed by 
evaporation of the solution at reduced pressure (50'C/ 
1 torr). There was obtained 85.2 g of an  oil the nnlr 
spectrum of which indicated that a mixture of the desired 
acetal 14 (40%) and the elimination product of 14 (13, 
60% as Z and E isomers) had been obtaihed. To the oil 
was added 25 ml of ethanol folloued by 1.0 g sodium 
ethoxide. A mildly exothermic reaction ensued. After 
15 min the excess ethanol was removed by evaporation 
at  reduced pressure (30 "C/l torr). There was obtained 
95.0 g (100%) of the desired acetal 14 which was used as 
such in the reduction step. 

T o  37.5 g aluminum amalgam (19) covered by 450 ml 
moist ether was added 95.0 g (0.325 mmol) of 14 in 
250 ml ether. Initially 50% was added over 10 min. After 
10-15 min a violent exothermic reaction ensued which 
was controlled by ice-bath cooling. When the reaction 
had subsided the remaining acetal was added over 
30 min. After 1 h the reaction had subsided sufficiently 
that heating became necessary so as to maintain a gentle 
reflux. The solution was refluxed an additional 2 h then 
allowed to stand 24 h at  25 "C. The gelatinous aluminum 
hydroxide was removed by filtration. The filtrate was 
dried over sodium sulfate and evaporated to give 53.0 g 
of an  oil. The oil was taken up in 1 litre of ether and 
extracted with 5% hydrochloric acid (5 x 150 ml). The 
extracts were neutralized with sodium carbonate and the 
resultant solution extracted with ether. The extracts were 

dried over sodium sulfate and evaporated to yield 35.0 g 
(42.5%) of benzyl a-amino-b,P-diethoxypropionate 15. 
Compound 15 was characterized by nmr spectroscopy 
and used as such in the preparation of 17. 

cis- N -  (a- Carbobenzoxy- 0,b-diethoxyethyl) - 3-azido- 4 -  
styryl-2-azefidinone 17 

From I5  
The cinnamylidene Schiff base 16 of 15 was prepared 

from 35.0 g (0.13 mol) of 15 and 17.3 g (0.13 mol) 
cinnamaldehyde by the previously described method (1) 
in quantitative yield. Treatment of 58.0 g (0.13 n~o l )  of 
17 with 13.3 g (0.13 mol) triethylamine followed by 
15.7 g (0.13 mol) of azidoacetyl chloride (1) gave 54.14 g 
(89%) of the desired !3-lactan1 17 as an oil. A small sample 
(0.90 g) of the oil was chroniatographed on 50 g of silica 
gel (deactivated with 15% water) using chloroform as 
eluent. The two isomers of 17 were isolated. 

From 19 
To a solution of 15.5 g (38.6 mmol) of 19 (1) in 300 ml 

ethanol was added 160 ml of 0.25 N sodium hydroxide 
over 20 min at 25 "C. The solution was stirred an addi- 
tional 40 min. The solution was acidified to p H  3 with 
10% hydrochloric acid and extracted into chloroform 
(3 x 50 ml). The extracts were evaporated to dryness 
and the resultant oil taken up into 50 ml ether. The 
ethereal solution was washed once with water and then 
extracted with saturated sodium bicarbonate (3 x 15 ml). 
The extracts were made acid with 10% hydrochloric acid 
and extracted with chloroform. The extracts were dried 
over sodium sulfate and concentrated to give 8.9 g (60%) 
of the acid 20. 

Treatment of 8.9 g (23.8 mmol) of 20 with 2.4 g 
(24 mmol) triethyl anline and 4.6 g (27 mmol) benzyl- 
chloroformate according to the procedure given for the 
conversion of 9c to 9b gave 6.16 g (55%) of the desired 
ester 17. 

cis- N-  (a- Carbobenzoxy- p,p-diethoxyethyl) - 3-azido-4- 
hydroxynlethyl-2-azetidinone I b  

A solution of 4.8 g (10.04 mmol) compound 17 in 
80 ml dry methylene chloride was prepared and cooled 
to -78 "C in an  acetone- dry ice bath. To this was 
added ozone until a blue color persisted. The ozone 
addition was stopped and the excess ozone removed by 
bubbling dry nitrogen through the solution. To the 
solution was added 5 ml of dimethyl sulfide and the 
solution was allowed to come to room temperature over 
1 h. The solution was then washed with mater (20 ml), 
saturated NaHCO, (20 ml), water (10 ml), and brine and 
dried over MgS04. The solution was filtered and evap- 
orated to give 5.0 g of an oil. The byproduct benzaldehyde 
was removed by distillation at 0.05 torr and a bath 
temperature of - 65 "C. The residual oil 4.0 g (95%) was 
analyzed by nmr which indicated 77% free aldehyde 18. 

To 3.5 g (9.0 mmol) of compound 18 in 30 ml 95% 
ethanol at  0-5 'C was added 255 mg (6.0 mmol) of 
sodium borohydride with stirring. After 30 min at  0-5 'C 
the solution was stirred an additional 30 min at  25 "C. 
The solution was acidified to p H  1: 4 with 10% hydro- 
chloric acid and diluted with 40 ml ice water. The 
aqueous layer was extracted with chloroform (3 x 30 ml). 
The combined extracts were washed with water (2 x 
10 ml) and brine, dried over MgS04, filtered, and 
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evaporated to yield 3.4 g crude alcohol 116. The oil was 
chromatographed on silica gel (5% water) with chloro- 
form to yield 3.0 g pure alcohol l b  (85%). 

Benzyl -/-Phetzq~lacetoacetate 21c 
A mixture of 166 g (0.76 mol) of ethyl y-phenylaceto- 

acetate (16) and 100 g (0.92 mol) benzyl alcohol was 
heated to 170 ̂ C at  atmospheric pressure and the ethanol 
produced removed by distillation. When the still head 
temperature began to rise, the pot was cooled and the 
residue distilled at reduced pressure. Follouring removal 
of a forerun (bp 65-80 'C, 100 torr) pure 21c mas obtained 
171 g (85%:, bp 155-157 "C10.002 torr. 

Benzvl y-Benzylacetoacetate 21d 
From 204 g (1.1 mol) phenethyl bromide, 24.30 g 

(1 mol) magnesium and a trace of iodine in 250 ml of 
ether was prepared 2-phenylethyl magnesium bromide 
(17). The pot temperature was maintained at 25-30 "C 
and 45.2 g (0.40 mol) of ethyl cyanoacetate was added. 
The solution was stirred 24 h at 20-25 'C following which 
the excess Grignard reagent was decomposed by addition 
of saturated amri~onium chloride and 10% hydrochloric 
acid. The phases \\ere separated and the organic phase 
stirred vigorously with 10% hydrochloric acid for 3 h. 
The organic phase was washed with brine, dried over 
sodium sulfate, and concentrated to give 83.5 g of an  oil 
which yielded 12.67 g (21%) of ethyl y-benzylaceto- 
acetate on distillation, bp 114-122 "C/0.1 torr. 

From 12.67 g (50 mmol) of the ethyl ester and 8.1 g 
(75 mmol) benzyl alcohol was obtained 6.15 g pure 2 1 4  
bp 160-1 63 'C/O. 1 torr in the same manner as the prep- 
aration of 21c. 

Benzyl Oxirninoacetoacetate 22b 
Treatment of 173 g (0.9 mol) benzylacetoacetate (18) 

with sodlum nitrite - acetic acid according to the method 
of Adk~ns and Reeve (10) gave 186.5 g (93.2%) of bcnzyl 
oximinoacetoacetate 226; mp 81-82'C, (lit. (11) mp 
79-79.5 "C). 

Betzzyl y-Phen~~loxinzinoacetoncetafe 22c 
From 85.5 g (0.32 mol) of benzyl y-phenylacetoacetate 

was prepared 92.50 g of oily oxime by the method of 
Adkins and Reeve (10). Trituration with carbon tetra- 
chloride gave 52.8 g (56%) of pure 22c, mp 69-70 'C .  

Benzyl y-Benzyloxitninoacetoacefate 22d 
From 37.0 g (0.13 mmol) of 21d was prepared 40.1 g 

(98%) of 22d as a yellou oil by thc method of Adkins and 
Reeve (10). The oil was characterized by its nmr and ir 
spectra and was used as such in subsequent experiments. 

Benzj I Oxitninoacetoacetate Ethylene Ketal23b 
In a 2 1 flask fitted with a Dean Stark water separator 

and a condenser were placed 186.5 g (0.85 mol) of benzyl 
oximinoacetoacetate 22b, 62 g (1 n~o l )  of ethylene glycol, 
800 ml of benzene (reagent grade), and 2 g (10.5 mmol) of 
p-toluenesulfonic acid monohydrate. The reaction mix- 
ture was boiled at reflux until 15 ml of water was removed 
(3 h). The benzene solution was washed once with 
saturated sodium bicarbonate solution and once with 
brine. After drying over anhydrous sodium sulfate, the 
benzene solution was evaporated, leaving 212 g (94%) of 
benzyl oximinoacetoacetate ethylene ketal 23b as a 
mixture of sjJn and anti isomers. Generally, the product 

was ~ ~ s e d  as such in subsequent reactions but one of the 
isomers could be crystallized from toluene - petroleum 
ether (bp 30-60 "C), mp 52 "C. 

Benzyl 7-Phenyloxbninoacetoacetate Ethylene Ketal23c 
From 5.94 g (20 mmol) of 22c and 1.36 g (22 mn~ol) 

ethylene glycol there was obtained 6.70 g of an oil which 
crystallized on standing in 20 ml carbon tetrachloride. On 
filtration 4.0 g (57%) of pure 23c, mp 90-92 'C was 
obtained. 

Benzyl y-Berzzyloxi~ninoaceroncerate Erhylene Ketal23d 
From 8.48 g (27 mmol) of 22d and 1.85 g (30 mmol) of 

ethylene glycol was obtained 9.40 g crude 23d which was 
used as such in the subsequent reaction. 

Ethyl a-Aminoaceroacerate Hydroclzloride 24 
Ethyl a-oxiininoacetoacetate 22a (10) (80 g; 0.5 mol) 

was dissolved in a mixture of 200 ml of ethanol and 
70 in1 of ethanolic HC1 (9.28 AT HC1-EtOH; 1.25 equiv). 
10% palladium-on-carbon (8 g) was added carefully and 
the mixture was hydrogenated in a Parr hydrogenation 
apparatus starting at 70 psig (11). After absorption of the 
theoretical amount of hydrogen (1-2 h) the catalyst was 
filtered off and washed with ethanol. The ethanol was 
removed in cacuo at 40-50 'C leaving a thick red-brown 
oil. The oil u-as diluted with 8 volurnes of acetone with 
vigorous stirring. Yellow crystals of the amine hydro- 
chloride 24 separated out on cooling, 49 g (55Y,), mp 
122-123 'C (corr.) (lit. (1 1) mp 114-1 16 "C (uncorr.)). 
This material was used without further purification. 

Ethyl a-Aminoacetoacetate Etlzylene Ketal25a 
To a mixture of 1.75 kg (28.2 mol) of ethylene glycol 

and 210 g (1.95 mol) p-toluenesulfonic acid nionohydrate 
which had been warmed to 90°C, 460 g (2.54 mol) of 
arnine hydrochloride 24 was added with vigorous 
mechanical stirring. The mixture was stirred for 40 min 
at  90 "C, then poured into a mixture of water (2 I), 
concentrated ammonium hydroxide (650 nil), and ice 
(1 litre), and extracted four times with 500 in1 of methy- 
lene chloride. The combined organic extracts were washed 
with brine, dried (Na2S04), and evaporated to give 
491 g of a dark red oil. The oil was diluted to 1.8 1 with 
Et20,  cooled in an ice bath, and ethanol saturated with 
hydrogen chloride was added until the pH reached 2-3. 
The resulting solid was filtered off and washed with ether 
to give 398 g (70x1 of a light yellowish solid (70Y,), mp 
153-156 "C (corr.). An analytical sample of 250 was 
recrystallized from 2-propanol-ether to give white 
crystals, mp 158-160 "C (corr.). 

The free base of 25a is conveniently prepared from its 
hydrochloride by neutralization with concentrated am- 
monium hydroxide and extraction with CH,C12. 

Benzyl w-Aminoacetoacetate Ethylene Ketal25b 
Freshly prepared aluminum amalgam (19) (from 27 g 

of aluminum foil) was covered with 500 ml of diethyl 
ether. The flask was fitted with a mechanical stirrer, a 
condenser, and a dropping funnel. A solution of benzyl 
oximinoacetoacetate ethylene ketal23b (132.5 g; 0.5 mol) 
in 300 ml of wet diethyl ether was added dropwise at 
such a rate as to maintain boiling at  reflux. After stirring 
for 4 h, the reaction mixture was filtered through a 
Buchner funnel. The filtrate was evaporated leaving 
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110 g o f  yellowish oil. The oil was dissolved in 800 ml o f  
dry diethyl ether and dry hydrogen chloride gas was 
bubbled into the solution until no further precipitation 
occurred. The white precipitate was filtered o f f  and 
washed once with diethyl ether and then dried in cacuo. 
This provided 108 g o f  benzyl aminoacetoacetate ethylene 
ketal hydrochloride, mp 157-158 "C. 

T o  obtain the free base, the hydrochloride salt was 
suspended in 500 ml o f  diethyl ether and concentrated 
ammollium hydroxide was added with shaking until the 
solid nent into solution. The diethyl ether layer was 
separated and washed twice with brine. After drying over 
anhydrous sodium sulfate, the solvent was evaporated 
leaving 90 g (71%) o f  colorless oil. 

Benzyl a-Amino-y-phenylacefoacetate Ethylene Ketal25c 
T o  freshly prepared aluminum amalgam (19) (from 

6.9 g aluminum foil) in 100 ml ether was added solution 
o f  29.5 g (85 mmol) o f  23c in 600 n ~ l  o f  moist ether over 
1 h .  There was a mildly exothermic reaction and after 
the addition was complete, it was refluxed for 2 h. It 
was cooled, filtered through Celite, and extracted with 
4 x 100 ml 10% hydrochloric acid. White crystals sep- 
arated from the aqueous phase, were filtered, washed 
with cold water, and dried to give 29.0 g (93%) solid, mp 
181-183 "C, recrystallized from ethanol-ether; mp 182- 
184 "C. The free base was obtained by suspending the 
hydrochloride in water and neutralizing with cold con- 
centrated ammonium hydroxide. 

Benzyl a - ~ n l i ~ o - ~ - b e n z ~ l  Acetoncetafe Ethylene Ketal25d 
T o  freshly prepared aluminum amalgam (19) (prepared 

from 27 g aluminum foil) covered with 300 ml moist 
ether was added with stirring a solution o f  43 g (0.2 mol) 
o f  23d in 300 ml ether. There was an exothermic reaction 
and after it subsided, the system was refluxed for 4 h. 
The inorganic material was filtered on Celite and the 
filtrate shaken well with 10% hydrochloric acid (100 ml). 
White crystals separated, were collected by filtration, 
washed with ether, and dried in a dessicator to give 
54.0 g solid; mp 186-188 "C. The free base was obtained 
by suspending the solid in water, carefully neutralizing 
with cold concentrated ammoniu~n hydroxide, and ex- 
tracting with methylene chloride. After evaporation o f  
the solvent, 27.91 g (69%) o f  a yellow oil was obtained. 

Preparation of  Schif Bases 26a-d 
The Schiff bases 26a-d were prepared from cinnamal- 

dehyde and the appropriate amine 25a-d in quantitative 
yields according to our previously published method ( 1 ) .  
The nmr spectra o f  260-d are listed in Table 1. 

cis-N- (a-  Carboethoxy-P,[3-ethyleneke1alpropj~l) -3-azido- 
4-styryl-2-azetidinone 27a 

From 197.2 g (0.65 mol) o f  26a, 72 g (0.715 mol) 
triethylamine and 85.19 g (0.715 mol) azidoacetylchloride 
was prepared 245 g (98z)  o f  crude 27a as a red oil 
according to our previously published method. A small 
sample crystallized from methanol to give a white solid, 
mp 81.5-82.5 "C. 

cis-N- (a-Carbobenzoxy-P,P-ethyleneketalpropyl) -3-azido- 
4-styryl-2-azetidinone 27b 

From 27a 
T o  a solution o f  64.31 g (0.168 mol) o f  27a in 700 ml 

tetrahydrofuran was added 670 ml o f  0.25 N sodium 

hydroxide solution (0.168 mol) at such a rate as to  
maintain the temperature at 25 "C. The addition took 
1 h following which the solution was stirred an additional 
hour until thin layer chromatography indicated that no 
27a remained in the mixture. The reaction mixture was 
carefully acidified to pH 3 with concentrated hydro- 
chloric acid, saturated with salt, and extracted with 
methylene chloride ( 3  times). The methylene chloride 
extracts were washed with brine, dried over sodium 
sulfate, and evaporated at reduced pressure. The residue 
was dissolved in ether and extracted with 10% sodium 
bicarbonate solution until the extracts were colorless. 
The combined basic extracts were washed twice with 
ether, then carefully acidified to pH 3 with concentrated 
hydrochloric acid saturated with salt and extracted with 
methylene chloride. The extracts were washed with brine, 
dried over sodium sulfate, filtered, and evaporated to 
yield 51.86 g (86%) o f  the acid as a brown solid. Re- 
crystallization from benzene gave pure 27e, mp 131- 
131.5 "C (dec.) (single isomer). 

Treatment o f  27e with triethylamine and benzyl 
chloroformate according to the procedure given for the 
conversion o f  9c to 9b gave pure 27b in 99% yield, mp 
65.5-66.5 "C after recrystallization from benzene - 
petroleum ether (30-60 "C) as a single isomer. 

From 25b 
Treatment o f  26b with triethylamine and azidoacetyl 

chloride according to our previously published procedure 
( 1 )  gave 27b in 94% yield as a mixture o f  diastereoisomers. 

cis-N- ( r -  Carbobenzoxy- B,B-efhyleneketal- y-phenylpro- 
p~~l)-3-azido-4-st~~~yl-2-azetidinone 27c 

Treatment o f  26c with triethyl amine and azidoacetyl 
chloride as in ref. 1 gave 27c as a mixture o f  diastereo- 
isomers in quantitative yield. The crude oil was used as 
such in subsequent experiments. 

cis-N- ( a -  Carbobenzoxy- P,P-ethylenekefal- y-benzylpro- 
pyl)-3-azido-4-styryl-2-azetidinone 27d 

Treatment o f  26d with triethylamine and azidoacetyl 
chloride as in ref. 1 gave 27d as a red oil in quantitative 
yield and as a mixture o f  diastereoisomers. The crude 
oil was used as such In subsequent experiments. 

cis-N-(a-Carbobenzoxy-~,~-ethyleneketalpuoyyl)-3-azido- 
4-formyl-2-azetidinone 280 

A solution o f  117.5 g (0.262 mol) o f  27b in 1 litre o f  
methylene chloride was cooled to - 50 to - 60 OC in a 
dry ice - acetone bath, and ozonized until a faint blue- 
green color appeared. The solution was then flushed with 
nitrogen until the color faded. Methyl sulfide (100 ml) 
was added to the solution at -50 "C which was then 
allowed to slowly reach 25 "C as the cooling bath gradu- 
ally melted. It was kept overnight at room temperature 
under nitrogen and then it was washed twice with 1% 
sodium bicarbonate solution and twice with brine, dried 
over anhydrous sodium sulfate, and evaporated to dry- 
ness. The resulting oil was triturated four times with 
lOOml portions o f  petroleum ether (bp 30-60 "C) to 
remove benzaldehyde. The oil was then triturated care- 
fully with diethyl ether whereupon it solidified. The solid 
was filtered o f f  and dried to provide 75 g (71.5%) o f  
aldehyde as a mixture o f  isomers diasterion~eric at the 
carbon cr to the carbonyl o f  the benzyl ester. 

In another experiment, 36.36 g (81.24mmol) o f  a 
single isomer o f  27b was ozonized at -78 "C in 300 ml 
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of methylene chloride. After work-up as above, there was 
obtained 32.92 g of an oil which crystallized on standing. 
This material was slurried with ether and filtered to 
provide 18.84 g (69%) off-white solid, mp 97-100 "C 
(corr). The analytical sample was recrystallized from 
ether; white crystals, mp 101-102 "C (corr.). 

cis-AT- (E -  Carbobeizzoxy- fl,fl-ethyleneketal- y-phenylpro- 
pylj -3-azido-4-formyl-2-azetidinone 281, 

Ozonolysis of 27c according to the procedure described 
above for 28u gave 28b as an oil (9573. The nmr and ir 
spectra of 28b were compatible with the assigned struc- 
ture and it was used as such in subseauent experiments. 

cis- N-  ( a -  Carbobenzoxy- B,fl-ethyleneketal- y -  benzylpro- 
pyI)-3-azido-4-formyl-2-azetidinone 28c 

Ozonolysis of 27d according to the procedure given for 
28a to yield 28c as an oil. Chromatography of the oil 
(7.0 g) on silica gel (deactivated with 15% water) (250 g) 
using ether - petroleum ether (2: 1) as eluent to remove 
the benzaldehyde followed by pure ether gave 28c in 45% 
yield. The oil was used as such in subsequent experiments. 

cis-AT- (a-Carbobenzoxy-[3,a-ethyleneketabropyl) -3-azido- 
4-mesyloxy~nethyl-2-azetidinone 30a 

The aldehyde 28a (116.3 g; 0.31 mol) was dissolved in 
600 ml of THF (reagent grade) and the solution was then 
cooled to - 10 'C (ice-methanol bath). Sodium boro- 
hydride (5.88 g; 0.155 mol) was added and the reaction 
mixture was stirred 1 h. 10% aqueous hydrochloric acid 
was added until the mixture was slightly acidic, then 
600 ml brine was added. The THF layer was separated 
and the aqueous phase was extracted twice with 250 m! 
portions of diethyl ether. The combined organic phases 
were washed twice with 400 ml portions of brine, dried 
over anhydrous sodium sulfate, and evaporated in vacuo 
t o  yield 117.3 g of crude alcohol 29a as an orange oil. 
This oil was used as such in the next reaction. 

A solution of rnethanesulfonyl chloride (37.8 g; 0.34 
mol) in 100 ml of methylene chloride was added dropwise 
a t  0 'C (ice-water bath) to a stirring solution of alcohol 
29a (105.6 g; 0.28 mol), triethylamine (56.6 g ;  0.34 mol), 
and I litre of methylene chloride. Afterwards, the reaction 
was stirred for 30 h at 25 "C. It was then washed twice 
with brine (500ml portions), dried over anhydrous 
sodium sulfate, and evaporated in uaciro. The resulting 
oil was dissolved in methylene chloride, treated with 
Norite, and then filtered over ca. 200 g of activity I 
silica gel. The silica gel was then washed with en. 2 1 of 
methylene chloride. The filtrate was evaporated to dryness 
and the resulting oil (116 g) was covered with diethyl 
ether. It crystallized on standing giving 87.2 g (80% from 
aldehyde 28a) of nlesylate 30a as an off-white solid, lup 
97-99 "C (corr.) after recrystallization from benzene- 
ether. 

cis- N- ( a -  Carbobenzuxy- 8,P-ethyleneketal- y-phenylp~o- 
pyl) -3-uzido-4-mes~~loxymethyl-2-azetidinone 30b 

Reduction of 28b with sodium borohydride as in 28a 
gave 29b in 89% yield. The alcohol was mesylated as in 
the above example to yield 306 as an oil in 95% yield. This 
oil was used as such in subsequent reactions. 

cis- N- ( a -  Ca~bobenzoxy- p,fl -ethyleneketal- y -benzylpro- 
pj~lj-3-azido-4-mesyloxymethyl-2-azetidinone 30c 

Reduction of 28c with sodium borohydride as in 28a 
gave 29c in 92% yield. The alcohol was mesylated as in 

the conversion of 29a to 30a to give 30c in 46% yield 
after chromatography on silica gel (deactivated with 15% 
water) (4.0 g substrate to 250 g silica gel) using ether - 
petroleum ether (3: 1) as eluent. The oil was used as such 
in subsequent reactions. 

Benzyl 7-fl-Azido-3-methyl-A3-O-2-isocephem-4-car1,oxyl- 
ate 32a 

A mixture of mesylate 30a (3.19 g; 6.43 mmol) and 
30 ml of 95% trifluoroacetic acid was stirred at 25 "C for 
2 h. The mixture was diluted with 300 ml of brine and 
extracted three times with methylene chloride (100ml 
portions). The combined extracts were washed three 
times with water (50 ml portions, until neutral), dried 
(anhydrous sodium sulfate), and evaporated to dryness 
in racuo leaving 3.17 g of a brown oil. The nnir spectrum 
of this oil indicates the presence of > 9 0 x  en01 31a. 

A solution of 12.02 g (29.4 mmol) of 31a and 2.95 g 
(29.5 rnmol) tricthylamine in 100 ml of methylene chloride 
was refluxed for 2 h. The solution was washed with 10% 
hydrochloric acid and brine, and dried over sodium 
sulfate. Evaporation gave 8.56 g of an oil which was 
filtered through 100 g silica gel in methylene chloride. 
Evaporation of the filtrate gave 6.58 g (80.5%) of 32a, 
mp 87-88 'C after recrystallization from ether. 

Berzzyl 7-Azido-3-bet1zyl-A~-0-2-isocephe1n-4-carboxylate 
320 

The ketal mesylate 30b (1.36 g; 2.5 mmol) was dissolved 
in 95% trifluoroacetic acid (15 ml) and stirred at 50- 
55 "C for 2 h on an oil bath. It was poured into brine and 
extracted with CH2CI2. After washing the organic ex- 
tracts with water and drying over Na2S0,, the solvent 
was removed on the aspirator and left 1.20 g red oil, 316. 
No further purification was attempted. 

A mixture of crude en01 mesylate 31b (5.4 g) and tri- 
ethylamine (2 ml) in dry CH2C12 (100 ml) was refluxed 
for 5 h. It was cooled, washed with 10% HC1 and water, 
dried over Na,S04 and evaporated on the aspirator to 
give 4.24 g oil. This was purified by chromatography on 
200 g of silica gel (deactivated with 15% water) eluting 
with ether - petroleum ether (2: 1) to give 1.3 g (33%) or  
32b, mp 117-1 18 "C, recrystallized from methanol. 

Berrzyl 7-Azido-3-phenet/~yl-A3-O-2-isoceplzem-4-carbo.xyl- 
ate 32c 

Ketal mesylate 30c (2.05 g;  3.7 mmol) was dissolved 
in 95% trifluoroacetic acid (200 ml) and stirred at 50- 
55 "C for 2 h on an oil bath. It was then poured into a 
mixture of crushed ice and brlne and extracted with 
CH,CI,. After washing the organic extracts with water, 
and drying over Na2S04, the solvent was removed on the 
aspirator and left 1.73 g oil. No further purification was 
attempted. 

A mixture of crude 'enol mesylate' 31c (1.71 g; 3.4 
mmol) and triethylamine (0.48 ml; 3.4 mmol) in CH2C12 
(50 ml) was refluxed for 5 h. It  was cooled, washed with 
10% HCI and water, dried over Na2S04, and evaporated 
on the aspirator to give 1.35 g oil. This was purified by 
chromatography on 75 g silica gel (deactivated with 15% 
water) eluting with ether - petroleum ether (2: 1) to yield 
0.45 g (33%) pure 32c, mp 97-98 "C after recrystallization 
from methanol. 

Et/zyl 7-fl- (Aniinophenoxyacetoyl) -A3-O-2-isocephem-4- 
carboxylate 34a 

A suspension of 242.5 mg (1.02 mmol) of 8a and 
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260 mg 10% PdiC in 15 ml ethyl acetate was stirred under 
hydrogen at atmospheric pressure for 30 min. The 
suspension was filtered through diatomaceous earth and 
evaporated to yield 220 mg o f  an oil. The nmr and ir 
spectra o f  which were compatible with the amine 33a. 

The oil was taken up in 15 ml methylene chloride and 
101 mg ( 1  mmolj triethylamine was added. The solution 
was cooled to 0-5 'C and a solution o f  170.5 mg ( 1  mmol) 
phenoxyacetyl chloride in 5 ml methylene chloride was 
added over 5 min. The solution was stirred 30 min at 
25 'C and washed with water, 10% hydrochloric acid, and 
saturated sodium bicarbonate solution. The solution was 
dried over sodium sulfate and concentrated to yield 
316 nig o f  an oil. The oil was chromatographed on 25 g 
silica gel with benzene-acetone as eluent (initially 100% 
benzene gradually changed to 1 :  1 5% every 50 ml). 
There was obtained 194 mg (56%) o f  34a, mp 148- 
148.5 "C, recrystallized from benzene-ether. 

Beizzyl 7-p-(Ami~:o~henoxyacetoj~l)-A3-0-2-isocephenz-4- 
curboxylate 346 

Compound Sb, 500 mg (1.66 rn~nol) was dissolved in 
20 ml o f  dry ethyl acetate. To this was added 450 mg o f  
10% Pd,'C and the solurion was stirred under hydrogen at 
atmospheric pressure and room temperature for 30 min. 
The solution \vas filtered through Celite and the filter 
cake washed thoroughly with luethylene chloride. Evapo- 
ration o f  the filtrate yielded 500 mg o f  crude amine. The 
nmr and ir spectra o f  the compound were compatible 
with the assigned structure. 

Compound 33b (500 mg) was dissolved in 10 ml o f  dry 
methylene chloride and cooled to 0-5 "C in an ice bath. 
T o  this was added 280 mg (2.8 mmol) o f  triethylamine 
and 346 n ~ g  (2.0 mmol) o f  phenoxyacetyl chloride was 
added slowly. After stirring for 1 hat  0-5 "C, the solution 
was washed with water (2 x 10ml) and dried over 
NaZS04. After evaporation, the residual oil \vas taken up 
in 50 ml o f  ether and filtered. The filtrate was evaporated 
and triturated with ether - petroleum ether ( I  : 1). The 
solid thus obtained was filtered to yield 570 mg crude 
amide. The amide u7as chromatographed on a silica gel 
column (not deactivated) (25 g )  with benzene-acetone 
(initially in a ratio 50: 1 ,  gradually changed to 1 : 1, 2% 
more acetone every 25 ml). The desired amide was ob- 
tained pure, 195 mg (29%), as a gum. 

Benzyl 7-~-(Ainiiiophenoxyacetoyl)-3-methyl-A3-O-2-iso- 
cephern-4-carboxylate 34c 

A suspension o f  210 mg (0.64 mmol) o f  32a and 
100 mg PtOz in 35 ml absolute ethanol was hydrogenated 
at atmospheric pressure for 7 min. Filtration and evapo- 
ration o f  the filtrate gave 190mg (100%) o f  33c, mp 
91-92 "C. The nmr and ir spectra o f  33c were compatible 
with the assigned structure. 

T o  a solution o f  190 mg (0.64 mmol) o f  33c in 20 ml 
methylene chloride was added 97.4 mg (0.64 mmol) o f  
phenoxyacetic acid followed by 158 n ~ g  (0.64 n~mol)  
EEDQ. The solution was let stand 1 h. It was washed 
with 1% sodium bicarbonate solution (2  x 10 ml), 10% 
hydrochloric acid (2 x 10 ml), and brine (50 ml), and 
dried over sodium sulfate. Evaporation o f  the solvent 
gave 180 mg (655) o f  34c which crystallized on tritura- 
tion with ether, mp 133-135 "C (dec.). 

Benzyl 7-~-(Aminophenoxyacetoyl)-3-benzyl-A3-0-2-iso- 
cephenz-4-carboxylate 34d 

A mixture o f  compound 32b (0.49 g; 1.25 mmol) and 

triethylamine (0.9 ml; 6.5 mmol) in CH2C12 (50 ml) was 
cooled in an ice bath and while being stirred, was satu- 
rated with H2S. The cooling bath was removed and there 
was gas evolution which subsided in 10 min. At this 
point, tlc showed no starting material remained. Attempts 
to extract the amine from the solution as its hydro- 
chloride failed as it is more soluble in CH2CI, than in 
water. The CH2C12 solution o f  the free base was dried 
over Na2S0,  and evaporated on the aspirator to leave 
0.49 g (87%) o f  33d as a semisolid. It was used as such 
with no further purification. 

A solution o f  33d (0.46 g; 1.25 mmol), phenoxyacetic 
acid (0.19 g ;  1.25 mmol), and EEDQ (0.31 g; 1.25 mmol) 
in CH,Cl, (100 ml) was stirred at room temperature for 
16 h. I 1  was washed with 1% NaHCO, solution, then 
with brine, dried over Na,SO,, and evaporated on the 
aspirator to leave 0.56 g (89%) o f  a slightly yellow gum. 
It was used as such with no further purification. 

Berrzyl 7-p-(Aminopheno.uyacetoj~1)-3-pkenethyl-A3-0-2- 
isocephem-4-carboxylate 34e 

A mixture o f  32c (0.81 g; 2 mmol) and triethylamine 
(0.56 ml;  4 mmol) in methylene chloride (50 ml) was 
cooled in an ice bath and while being stirred, was satu- 
rated with H,S. The cooling bath was removed and there 
was gas evolution. After stirring at room temperature for 
1 h ,  the solution was evaporated at room temperature and 
partitioned between ether and 10% HCl. White crystals 
separated and were collected by filtration, washed with 
ether, and dried to give 1.12 g white solid, inp 120-123 "C. 
The free base was obtained by suspending the solid in 
water, alkalizing with cold concentrated amn~oniun~ 
hydroxide and extracting with methylene chloride. This 
was washed with brine, dried over sodium sulfate, and 
evaporated on the aspirator. There was obtained 0.68 g 
(90%) o f  33d as an oil. 

A solution o f  33e (0.40 g; 1.05 mmol), phenoxyacetic 
acid (0.16 g ;  1.05 mmol), and EEDQ (0.26 g; 1.05 mmol) 
in CHzCIZ (50 ml) was stirred at room temperature for 
2 h. It was washed with 1% XaHCO, solution, then with 
brine, dried over Na2S0,, and evaporated on the aspi- 
rator to leave 0.49 g (91%) white solid, mp 146-148 'C.  
This was used as such in the subsequent step. 

7- p-  (Aminophenoxyacetofl - A 3 - 0 -  2-isocephenz- 4-car- 
boxylic acid 35a 

Compound 34b 210 mg (0.514 mmol) was dissolved in 
40 ml ethyl acetate and 1 ml glacial acetic acid was added. 
Using 610 mg (-20%) palladium hydroxide on charcoal 
as catalyst, the solution was hydrogenated at 58 psi for 
50 min. 

The reaction mixture u7as filtered through Celite 
(twice) and the catalyst was washed thoroughly with 
chloroform (20 ml). The filtrate was evaporated to dry- 
ness. It was evaporated 3 times with benzene in order to 
strip o f f  the acetic acid. A very viscous oil was obtained 
which was washed with 10 ml benzene. The residual oil 
was scratched with 1Oml ether. The solid material 
formed was filtered out. Yield: 115 mg (70.5%). Com- 
pound 35a did not show a sharp melting point but 
decomposed in the range o f  215-250 "C. The ir and nnlr 
spectra o f  35a were compatible with the assigned struc- 
ture. 

Compound 35a was converted to its potassium salt 35b. 
T o  a solution o f  30 mg, compound 35a in 3 ml methyl- 

isobutylketone was added one or two drops o f  50% 
solution o f  potassium 2-ethylhexanoate in butanol. A 
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white crystalline material separated almost immediately 
which was filtered out and washed with methyl iso- 
butylketone and dried over P 2 0 5  for 48 h under high 
vacuum. There was obtained 18 mg (53.5%) of 356. This 
compound slowly decomposed on heating 230-260 "C. 

7-~-(Aminophenoxyacetoyl)-3-metl1~~l-A~-0-2-isocephem- 
4-carboxylic Acid 35c 

Benzyl ester 34c (100 mg; 0.237 mmol) was dissolved 
in a mixture of absolute ethanol (10 ml) and tetrahydro- 
furan (7 ml). 10% Pd-C (100 mg) was carefully added 
and the mixture was hydrogenated at atmospheric 
pressure. Hydrogen uptake was complete after ca. 7 min. 
The catalyst was filtered off and washed once with EtOH. 
The EtOH was removed in cacuo leaving 90 mg of partly 
crystalline residue. The residue was crystallized from 
acetone-ether to give 35c, mp 171-172 "C (dec.), 65 mg 
(84%). 

7-p-(Aminophe/zoxyacetoyI/ -3-benzyl-A3-0-2-isocephem- 
4-carboxylic Acid 35d 

Compound 34d (0.49; 1 mmol) was dissolved in ethyl 
acetate (100 n11) and glacial acetic acid (10 ml), 20% 
Pd(OH),-on-carbon (0.50 g) was added, and the mixture 
was agitated on a Paar apparatus at  60 psi OF H, for 2 h. 
The solid was filtered off on Celite and the filtrate 
evaporated to dryness. The residue was extracted with 
saturated NaHCO,, the aqueous phase was acidified 
with 10% NCI, and extracted with CH2C12. This was then 
washed with water, dried over Na,SO, and evaporated to 
dryness. The resulting solid was recrystallized from 
benzene and gave white crystals, mp 123-125 "C. There 
was obtained 0.08 g (20%) of 35d. 

7-a- (A~lzinopkenoxyace~oyl) -3-plzene~hyl-A3-O-2-isoce- 
phem-4-cnrboxylic Acid 35e 

A solution of compound 34e (0.49 g; 0.9 mmol) in 
ethyl acetate (75 ml) was added to a prehydrogenated 
sample of 20% Pd(OH),-on-carbon (0.50g) in ethyl 
acetate (25 ml). It was then stirred under hydrogen at 
atmospheric pressure and after 15 min, gas consumption 
had ceased. I t  was filtered through a Celite pad, washed 
well with ethyl acetate, and the solvent was removed on 
the aspirator to leave 0.40 g of an amorphous solid. This 
was suspended in ether and extracted with 2 z  NaHCO,. 
The aqueous extract was acidified with 10% HC1 and the 
white solid collected by suction filtration, washed with 
water, and dried to give a white solid, mp 160-162 -C. 
Recrystallized from CHC1,-ether, mp 162-163 'C. There 
was obtained 0.35 g (92%) of 35e. 
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Electrophilic additions of bromonium nitrate to unsaturated substrates 
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J. WILLIAM LOWN and ALUMMOOTTIL V. JOSHUA. Can. J. Chem. 55, 508 (1977). 
Bromonium nitrate (generated in situ by the reaction of bromine with silver nitrate in 

chloroform-pyridine) reacts trans-stereospecifically and regiospecifically in electrophilic addi- 
tions to a series of Z-E pairs of alkenes to give bromoalkyl nitrate esters and bromoalkyl 
pyridinium nitrates. Addition to the less hindered (Z)-[P-2H]-styrene is also stereospecific, 
eliminating the possibility of restricted rotation during addition. Reaction with conjugated 
dienes gives rise to bipyridinium salts from 1,4-conjugate addition and displacenlent. The 
accompanying alkyl bromonitrate esters rearrange readily to the more stable 1,4-bromonitrates 
in the liquid phase. In contrast to the behavior of iodonium nitrate, bromonium nitrate reacts 
with 3,3,3-triphenylpropene to give an allylic pyridinium nitrate, which results from phenyl 
migration, the structure of which was proven by synthesis. Bromonium nitrate reacts with 
pent-4-en-1-01 to give 2-bromoniethyltetrahydrofuran. Similar reaction with cyclohex-2-en-1-01 
provides products corresponding to the addition of the bromonium ion both cis and trans to 
the hydroxyl group, unlike iodonium nitrate where specific interaction between the hydroxyl 
and the pyridine group leads exclusively to cis addition. 

J. WILLIA~I LOWN et ALUM~~OOTTIL V. JOSHUA. Can. J. Chem. 55, 508 (1977) 
L'addition Clectrophile du nitrate de bromonium (produit in sitrt par reaction du brome sur 

le nitrate d'argent dans le chloroforme-pyridine) sur une sCrie de paires Z et E d'alcknes se 
produit rCgiospCcifiquement ct d'unc faqon steriospCcifique trans pour conduire aux esters 
nitrates de bromoalkyles et aux sels pyridinium de nitrates de bromoalkyles. L'addition au site 
le inoins empeche du (2)-@'HI styrene est aussi sterCospecifique; ce resultat Climine la possi- 
bilite d'une rotation enlptchee durant I'addition. La reaction avec des dienes conjugues conduit 
aux sels de bipyridinium par une addition conjuguee de 1,4 suivie d'un deplacement. En phase 
liquide, les esters bromonitrates d'alkyles qui les accompagnent se rearrangent avec facilite 
pour donner les bromonitrates-1,4 plus stables. Par opposition au comportement du nitrate 
d'iodonium, le nitrate de bronionium rCagit avec le triphenyl-3,3,3 propene pour donner un 
nitrate de pyridinium allylique qui provient d'une migration du groupe phenyle; la structure de 
ce compose a ete prouvte par synthese. Le nitrate de bromonium rCagit avec le pentene-4 01-1 
pour fourilir le bromornCthyl-2 tttrahydrofuranne. Une reaction semblable avec le cyclo- 
hexene-2 01-1 conduit a des produits correspondants B I'addition de l'ion bromonium a la fois 
cis et trans par rapport au groupe hydroxyle; ce resultat est en opposition avec ceux observes 
avec le nitrate d'iodonium oil une interaction specifique entre le groupe hydroxyle et le groupe 
pyridine conduit exclusivement a une addition cis. 

[Traduit par le journal] 

Introduction 
In previous papers we discussed the reactions 

of iodonium nitrate with unsaturated substrates 
of various types and structures and also the 
effect of neighboring groups in the addition 
reaction (1-4). The stereochemical and regio- 
chemical outcome in these reactions was ex- 
plained by assuming the formation of an inter- 
mediate iodonium ion. 

iodonium ion whereas the latter can react either 
by an ionic or free radical pathway depending 
upon the nature of the solvent and the presence 
of oxygen. 

Since the electronegativity of bromine is 
greater than that of iodine (6), bromonium 
nitrate may be expected to react by both ionic 
and free radical pathways. But as in the case of 
iodonium nitrate in chloroform-pyridine, the 

Hassner and co-workers (5-7) have compared bromine in bromonium nitrate is also complexed 
the reactivities of iodine azide and bromine to two pyridine rings. So it was anticipated that 
azide and found that the former reacted ex- bromonium nitrate will also behave like iodon- 
elusively by an ionic pathway involving a bridged ium nitrate, although the higher electrophilicity 

of bromonium ion may be reflected in its relative 
'NRCC scholarship holder 1974-1975. reactivity towards unsaturated substrates. Ac- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOWN AND JOSHUA 509 

cordingly the reactions of bromonium nitrate 
with a wide variety of unsaturated substrates 
have been examined. 

Bromonium nitrate is generated in situ by the 
reaction of bromine with silver nitrate in chloro- 
form-pyridine. The silver bromide is removed 
by filtration and the clear light yellow solution 
can be used for additions to unsaturated sub- 
strates. 

CHCl 
&NO3 + Br2 3. [ B r  2Py]+N03-  + AgBrJ 

Pyridine 

Results 
Reactions with Acyclic Alkenes 

Reaction of bromonium nitrate in chloroform- 
pyridine with simple alkenes gives products of 
the type shown in [I]. In contrast to the addition 

of iodonium nitrate to hex-1-ene, which gave 
only Markovnikov-type addition products, bro- 
monium nitrate gave 1-bromohex-2-yl nitrate 1 
and 2-bromohex-I-yl nitrate 2 in a combined 
yield of 497, and in a ratio of 67:33. The bromo- 
pyridinium salt produced in this reaction in 34% 
yield was a mixture of two isomers, 3 and 4, in a 
ratio of ca. 60:40. Assignments of structures to 

these and similar products and determinations of 
product ratios were performed by nmr spectros- 
copy. It was observed that methine protons a 
to an ONO, group absorb in the range 4.8-5.4 6, 
whereas protons a to a bromo function absorb 
in the range 3.8-4.5 6. The methylene protons a 
to a bromo function absorb at about 3.5 6, 
whereas methylene protons u to a nitrate func- 
tion absorb at 4.5-5 6. The presence of a pyridine 
group in structures such as 3 deshields the 
methylene protons a to the bromine by about 
0.7-0.9 ppm. 

In the case of 3,3-dimethylbut-1-ene, the 
bromonitrate ester 5 and the bromopyridinium 
nitrate 6 with the nitrate group and pyridine 
respectively at the primary position are the 
products obtained as clearly demonstrated by 
the nmr spectra. 

(E)-But-2-ene, on reaction with bromonium 
nitrate in chloroform-pyridine, afforded the 
erythro-bromonitrate ester 7 and the erythro- 
bromopyridinium nitrate 8 in 44 and 37% yields 

7 8 

respectively. Similar addition to (Z)-but-2-ene 
produced the threo-bromonitrate ester 9 in 48% 
yield and the threo-bromopyridinium nitrate 10 
in 29% yield. 

3 

0 
The addition of bromonium nitrate to (Z)- 

C H , q C H  ) CH-CH2-N + 
3- I and (E)-4-methylpent-2-enes also gave stereo- 

Br NO,- isomeric products as clearly shown by the nmr 
spectra. In the case of the (2)-isomer the reaction 

4 was regiospecific and stereospecific in the forma- 
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tion of the threo-bromonitrate ester 11 and the In the case of (E)-4,4-dimethylpent-2-ene, the 
threo-bromopyridinium nitrate 12, whereas for greater bulk of the tert-butyl group ensures 
the (E)-isomer, the reaction was stereospecific regiospecific addition of bromonium nitrate 
and regioselective. The erythro-bromonitrate the sole product being the erytlzro-bromonitrate 
esters 13 and 14 were produced in a ratio of ester 21, which was formed in 80% yield. No 

74:26. The ratio of the corresponding erythro- isolable yield of the corresponding bromo- 
bromopyridiniunl salts 15 and 16 was also pyridinium salt was obtained from this reaction. 
approximately the same as for the bromonitrate The reaction of bromonium nitrate with (Z)- 
esters. and (E)-stilbenes was also stereospecific in the 

formation of the bromonitrate esters threo 22 
and erytlzro 24 and the bromopyridinium salts 

Br threo 23 and erythro 25 respectively. 22 and 23 
0 2 N 0  were produced in 52% and 32% yields respec- 

13 14 tively from the (2)-isomer and 24 and 25 in 21 
and 63.5% yields respectively from the (E)-isomer. 

( c H , ) , ~ ~ N @  

Br CH3 NO< 

Br H Br 

Reaction of bromonium nitrate in chloroform- 
pyridine with (2)-pent-2-ene gave a mixture of 
threo-3-bromopent-2-yl and threo-2-bromopent- 
3-yl nitrates, 17 and 18, in a ratio of 64:36, 
together with the isomeric threo-bromopyri- 
dinium nitrates, 19 and 20, in a ratio of 70:30. 
For the pyridinium salts, the isomer ratio was 
C H CH-CH-CH3 

2 5 - ~  

C,H5-CH-CH-CH, 
I 

Br ONOz 
I 

ONO, Br 

17 18 

determined by comparing the nmr intensities 
of the methyl (italic portion of structures 19 and 
20) signals which appeared as triplets at 6 1.1 
and 0.74 respectively. 

To eliminate the possibility that the observed 
stereospecificity in all the above reactions is due 
to restricted rotation in the intermediate bromo- 
carbonium ions in the additions to (Z)- and (E)- 
alkenes and to establish conclusively the trarzs 
stereospecificity of addition, the reaction of 
bromonium nitrate with (Z)-P-deuterostyrene 
(>95% D) was performed. First it was shown 
that reaction of styrene with bromonium nitrate 
gave the bromonitrate ester 26 as the major 
product (49%). The pyridinium salt produced 
in this reaction was a mixture of 27 and 28 as 
shown by the nmr spectrum. The mixture was 
converted into 28 in an overall yield of 26.5% 
by treatment with potassium carbonate. In the 
analogous reaction with (Z)-P-deuterostyrene 
the bromonitrate ester 29 and the alkenyl 
pyridinium bromide 30 were isolated in 46% and 
26.5% yields respectively. In the nmr spectrum 
of 29 the methine hydrogen absorbed as a doub- 
let at 6,,,(CDCl,) 6.0 (J = 7.5 Hz) whereas for 
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ONO, f$$ NO< 

the protium analog 26, it absorbed as a quartet at  
G,,,(CDCl,) 6.0 (J = 6, 7.5 Hz). The methylene 
hydrogen in 29 appeared as a doublet further 

29 30 

split by H-D coupling at G,,,(CDCl,) 3.62 
( J  = 7.5 H z )  whereas for 26 the methylene hydro- 
gens absorbed as a triplet at GT,,(CDC1,) 3.62 
( J  = 6 and 7.5 Hz). 

The nmr spectrum of 38 was identical to that 
of the salt formed in iodonium nitrate addition 
to  (2)-P-deuterostyrene. 

2-Methylbut-2-ene with bromonium nitrate af- 
forded the bromonitrate ester 31 as the major 
product together with a small yield of the cor- 
responding bromopyridinium nitrate 32. Ethyl 

vinyl ether, an example in which the carbonium 
ion involved is considerably stabilized, gave only 
the bro~nopyridinium nitrate 33. 

Br-<HZ--CH-0-C,H, 
I 

Reactions with Cyclic Monounsaturated 
Conzpounds 

As in the case of iodonium nitrate additions, 

addition of bromonium nitrate to cyclic olefins 
allows a preliminary examination of the stereo- 
chemistry of the reaction (2). Cyclohexene gave 
the bromonitrate ester 34 in 52% yield which has 
a trans-diequatorial conformation as shown by 
the nmr spectrum. The corresponding bromo- 
pyridinium nitrate 35 was formed in 31.5% yield. 

Norbornene gaic nortricyclanyl bromide 36 
in 50% yield and the expected bromonitrate 
ester 37 in 15% yield. They were readily sepa- 
rated by fractional distillation. No bromopyri- 
dinium nitrate was produced in this reaction, but 
a stoichiometric amount of pyridiniurn nitrate 

37 

was formed. This reaction is analogous to that 
undergone by INO, (2) and plausibly involves 
participation across the ring aided by removal of 
the proton by solvent pyridine. 

Reaction of 2,3-dihydropyran with bromo- 
nium nitrate in chloroform-pyridine afforded 
in 45% yield trans-equatorial N-(3-bromotetra- 
hydropyranosy1)pyridinium nitrate 38, the nmr 
spectrum of which compared well with that of 
the product obtained in the addition of iodonium 
nitrate to 2,3-dihydropyran (2). As in the case 
of ethyl vinyl ether no bromonitrate ester could 
be isolated in this reaction. 

Reactions with Unconjugated Dienes 
Unconjugated dienes, on reaction with 1 equiv 

of bromonium nitrate, gave only mono-addition 
products. Thus 1,4-cyclohexadiene gave 5-bro- 
mocyclohexen-4-yl nitrate 39 in 54% yield and 
N-[4-(5-bromocyclohexenyl)]pyridinium nitrate 
40 in 25% yield. Reaction of bromonium nitrate 
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with 4-vinylcyclohexene gave the bromonitrate 
ester 41 in 3 5 z  yield and the bromopyridinium 
nitrate 42 in 40% yield corresponding exclusively 
to addition in the ring. The positions of bromine 

NO; 

4 ,c=zzPN02 a@ 
and nitrate groups in 41 and the bromine and 
pyridinium groups in 42 on the 1,2-cyclohexane 
bond could not be assigned u~iambiguously. As 
in iodonium nitrate additions the marked prefer- 
ence for electrophilic additions in this case to 
the cyclic olefinic bond may be ascribed to the 
greater stability of the resulting bromonium ion. 

The addition of bromonium nitrate to nor- 
bornadiene shows a reduced propensity for 
neighboring x-bond participation than in iodon- 
ium nitrate additions. In the latter case, only 
products corresponding to cross-ring interactions 
were forriled (2). On the other hand reaction of 
bromonium nitrate with norbornadiene pro- 
duced two bromonitrate esters and one bromo- 
pyridinium nitrate. 3-Bromo-4-norbornen-2-yl 
nitrate 43 and tricyclo[2.2.1.02~6]-5-bromohept- 
3-yl nitrate 44 were produced in yields of 16 and 
29x  respectively. They were not separable by 
distillation. The structure of 43 was evident from 
the nmr spectrum of the mixture, which showed 
olefinic hydrogen signals at GTMS(CDCI3) 6.3. 
The bromopyridinium salt formed in 12z yield 

in this reaction was exclusively N-13-(5-bromo- 
nortricyclanyl)]pyridinium nitrate 45; corre- 
sponding to cross-ring interaction. The nmr 
spectrum of 45 compared well with that of the 
corresponding iodopyridinium nitrate. 

Reactions with Conjugated Dierzes 
In contrast to the addition of iodonium nitrate 

to conjugated dienes, which gave only the iodo- 
pyridinium salts corresponding to 1,Zaddition 
(2), the reaction of bromonium nitrate gave 
significant yields of bromonitrate esters (4). 

Reaction of bromonium nitrate with 2,3-di- 
methyl-1,3-butadiene gave three products. The 
bromonitrate ester formed in 31% yield corre- 
sponded to the kinetically controlled 1,2-addition 
product 46. This was evident from the nmr 
spectrum of the product soon after isolation 
(Fig. 1). The olefinic hydrogens absorbed as a 

FIG. 1. Proton magnetic resonance spectrum at 100 
MHz (500 Hz sweep width, 100 Hz offset) in CDC13 of 
2,3-dimethyl-1,3-butadiene - bromonium nitrate adducts, 
46, 1 h after isolation. The signals at 6 3.97, 4.04, 4.95, 
and 4.98 correspond to the rearranged product 52. 

CH, CH, 

ONO, 

multiplet at G,,,(CDCI,) 5.12, while the 
-CH2-Br group appeared as an AB quartet 
at  6 3.55 and 3.85 ( J  = 11 Hz). The methyl 
group attached to the olefinic carbon absorbed 
as a multiplet (allylic coupling) at 6 1.82, while 
the other methyl group appeared as a singlet at 
6 1.73. 

In addition, pyridiniunl salts were also formed 
which were readily separated by crystallization. 
The major product is assigned structure 47, 
corresponding to 1,2-addition on the basis of the 
nmr spectrum, which was comparable with that 
of the product formed in iodonium nitrate 
addition. The other product was shown to be an 
approximately equimolar mixture of 48a and 
486. 
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LOWN AND JOSHUA 513 

tmns,frans-2,4-Hexadiene behaved similarly. 
The bromonitrate ester, 49 was produced in 19% 
yield. In this case the two pyridinium salts 50 
and 51 were not separable by crystallization. 

CH3-CH-CH-CH=CH-CH3 
I I 

Br ONO, 

49 

An interesting characteristic of these ally1 
nitrates is their tendency to rearrange to the 
thermodynamically more stable 1,4-bromo- 
nitrates. Thus both 46 and 49 rearrange either 
in the liquid phase or in solution to 52 and 53 
respectively. The rearrangement can be followed 
by nmr spectroscopy. Figures 1-3 show the 
nmr spectra of the bromonitrate ester from 
2,3-dimethyl-1,3-butadiene at different times 
after its isolation. In the case of 46 the rearranged 
product was a mixture of two isomers in approxi- 
mately equal amounts as shown by high pressure 

FIG. 2. Proton magnetic resonance spectrum at 100 
MHz (500 Hz sweep width, 100 Hz offset) in CDCI, of 
2,3-dimethyl-1,3-butadiene - bromonium nitrate adduct 
3 h after isolation. 

8 8 

Br ONO, 

H H 
I I 

CH3-CH-C=C-CH-CH, 
I I 

Br  ONO, 

530, h 

liquid chromatography. Figure 3 shows the nmr 
spectrum of the rearranged product. The 
-CH,Br groups appear as two singlets at 
G,,,(CDCI,) 3.97 and 4.04, while the -CH,- 
ONO, groups absorb as two singlets at 6 4.95 
and 4.98. On this basis structures 52a and 52b 
are assigned to the products. Moreover, treat- 
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ment of the mixture with pyridine in chloroform 
at room temperature gave 48 in almost quantita- 
tive yield. This proves that product 48 is a niix- 
ture of two geometrical isomers 48u and 486. 

The rearranged product from 49 was pre- 
dominantly the trans-iromer 53a as shown by 
the nmr spectrum, although high pressure liquid 
chromatography showed the presence of a minor 
product, probably the cis-isomer 536. The nmr 
spectrum of 53 showed 6,,,(CDC13) 1.43 
(d, 3H, CH3-CH-ONO,, J = 6.5 Hz), 1.78 
(d, 3H, CH3-CH-Br, J = 7 Hz), 4.65 (quint, 
lH, -CH-Br, J = 7 Hz), 5.5 (m, lH,  
-CH-ONO,). The olefinic hydrogens appeared 
as an octet centered at 6 5.92 with JcHZcH = 
14.5 Hz, from which follows the truns-stereo- 
chemistry about the olefinic bond. 

Treatment of 53 with pyridine in chloroform 
gave 51 in quantitative yleld. The nmr spectrum 
of 51 showed two identical methyl groups which 
absorbed as a doublet at G,,,((CD3),SO) 1.80. 
The other signals were at 6 5.8 (m, 2H, 

+ 
2-CH-N,O, 6.15-6.5 (m, 2H, olefinic hydro- 

gens), 8.1-9.3 (m, 10H, pyridine hydrogens). 

Reactions ~vith Acetylenic Compounds 
Like iodonium nitrate, bromoniurn nitrate 

was unreactive towards non-terminal acetylenes. 
With terminal acetylenes, alkynyl bromides were 
formed together with a stoichiometric quantity 
of pyridinium nitrate. Thus phenylacetylene gave 
a 63% yield of P-bromophenylacetylene, 54. 

Ph-C=C-Br 

Reaction with Olejnic Alcohols 
Ally1 alcohol on reaction with bromonium 

nitrate gave two isomeric bromonitratc esters. 

3-Hydroxyl-1-bromoprop-2-yl nitrate 55 and 
3-hydroxy-2-bromoprop-1-yl nitrate 56 were 
formed in a combined yield of 31% and in a 
ratio of 69 :31, as determined by nmr. The accom- 
panying bromopyridinium salt was also a mix- 
ture of two regioisomers, 57 and 58. The isomer 

ratio could not be determined in this case by 
nnir because of overlapping signals. 

But-3-en-1-01 also gave a comparable result. 
The bromonitrate esters, 59 and 60 were formed 
in 33z yield (isomer ratio 57 :33). The pyridinium 
salt consisted of two isomers, 41 and 42, in a 
ratio of 85:15. 

8 PPm 

FIG. 3. Proton magnetic resonance spectrum at 100 HO-CH,-CH,-CH-CH 2 - ~ @  

MHz (500 Hz sweep width, 100 Hz offset) in CDCl, of I 

2,3-dimethyl-1,3-butadiene - bromoniurn nitrate adduct B r NO3 

after complete rearrangement to 52. 62 
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The reaction of bromonium nitrate with pent- 
4-en-1-01 gives an opportunity to compare the 
extent of neighboring hydroxy group partici- 
pation in this and iodonium nitrate additions. 
The major product in this case was a mixture of 
bromonitrate esters, 63 and 64, formed in 29% 
yield and in a ratio of 67:33. The cyclic ether 
2-bromoethyltetrahydrofuran, 65, was produced 
in only 20% yield as cornpared to 60% in iodon- 
ium nitrate addition. In addition the isomeric 
bromopyridinium nitrates 66 and 67 were 

formed in approximately 20% yield (ratio 60:40). 
Cyclohex-2-en-1-01, on reaction with broma- 

niurn nitrate, gave a mixture of bromonitrate 
esters in 52% yield and bromopyridinium nitrates 
in 23.597; yield. Of the bromonitrates the major 
isomer was 68, which is derived from a bromo- 
nium ion formed cis to the hydroxy group. 
Another isomer is assigned structure 69 which 
is derived from a bromonium ion formed trans 
to  the hydroxy group. Compound 69 had the 
-CH-ONO, absorption in the nmr spectrum 
at 6 5.14 as a quartet superimposed on a multi- 
plet. 

OH OH 

3,3,3-Triphenylpropene is unreactive towards 
iodonium nitrate (1). On the other hand it does 
react with bromonium nitrate. The product 
formed in 73% yield is assigned structure 70 
on the basis of the nmr spectrum, elemental 
analysis, and synthesis from the ally1 bromide, 
71. The allylic bromide, 71 is one of the products 
formed in the addition of bromine to 3,3,3-tri- 
phenylpropene (8). 

In the nmr spectrum of 70, one of the phenyl 
groups was different from the other two and 
absorbed at about 0.4 ppm downfield. The 
integration showed the presence of one pyridine 
per molecule. In addition there was a singlet at 
6 5.72 integrating for two hydrogens. This is 
assigned to the methylene hydrogens. 

Compound 71 may be envisaged as arising as 
a result of a phenyl migration as shown. 

Discussion 
The results show that bromonium nitrate can 

react with a wide variety of unsaturated sub- 
strates to form the two types of products that 
result from a competition of the two nucleophiles 
present, nitrate and pyridine, for the intermediate 
bromonium ion. As was found for iodonium 
nitrate (I),  steric hindrance factors appear to 
play an important role directing the approach of 
the nucleophiles to the brolnonium ion, exempli- 
fied by the regiospecific additions to 3,3-di- 
methylbut-1-ene to give 5 and 6 only, and siml- 
larly accounts for the formation of 7 ,8,9,  and 10 
from the isomeric but-2-enes and of the products 
11 to 21. This steric hindrance factor resulting - 
in regiospecificity or regioselectivity can, how- 
ever, be overcome when a very stable cationic 
centre is generated as in the case of 31, 32, 33 
(see below). Additions of bromonium nitrate to 
a series of (Z) and (E) pairs of alkenes is tmns- 
stereospecific. Confirmatory evidence was ob- 
tained with (Z)-P-deuterostyrene that the ob- 
served stereospecificity does not arise because 
of restricted rotation in the intermediate bromo- 
carbonium ions, i.e. that there is no equilibration 
of the cationic centre in the additions to olefins. 
In this respect BrNO, behaves like INO,. 

The stereochemical and regiochemical out- 
come in the additions of bromonium nitrate to 
unsaturated substrates can thus be explained by 
an ionic mechanism involving the formation of a 
three-membered ring bromonium ion intermedi- 
ate 72, which is opened up from the backside by 
nucleophilic attack by nitrate ion or pyridine. 
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1 
Ph,C-CH=CH2 B'2 Ph, .C-CH-CH2-Br + Ph,C=C-CH2-Br ccl; I 

Pyridine 
1CCI. 

70 

In the case of unsymmetrically substituted ole- 
fins, there can be substantial contribution from 
the unsymmetrically bridged form 73 and the 
open cationic form 74 to permit nucleophilic 

attack des~i te  increased steric hindrance to 
permit neighboring hydroxyl group attack to 
form cyclic ethers. The intermediate can be 
sufficiently stabilized through the bridged form 
73 to maintain its stereochemical integrity to lead 
to the observed stereospecificity in addition to 
alkenes. The open carbonium form 74 evidently 
makes a major contribution to the hybrid in 
those cases, e.g. 31, 32, and 33, uhere a tertiary 
or oxonium stabilized cation is formed leading 
to preferential attack of the nucleophile at this 
centre despite the steric hindrance involved. 

The observed stereospecificity in the additions 
to stilbenes and to (Z)-P-deuterostyrene and the 
regiospecificity in the addition to (2)-P-deutero- 
styrene eliminate the possibility of any contribu- 
tion from a free radical component under the 
conditions in which the above reactions were 
performed. Free radical contribution results in 
nonstereosaecific addition and a reversal of the 
regiochemistry as is observed in bromine azide 
and chlorine azide additions (9). Bromonium 
nitrate also differs from iodonium nitrate in 
undergoing l,4-conjugate additions to dienes, 
at least in the examples studied. 

Compounds 48 and 51 corresponding to 1,4- 
addition may be envisaged as arising by two 
pathways (Scheme 1). (a) The initially formed 
bromonium ion intermediate 75 can undergo 
nucleophilic attack at the terminal carbon atom 
to give the thermodynamically more stable 1,4- 
addition product 76. The allylic bromine can 
then be displaced by pyridine to give 48. Alter- 
natively, (b) the initially formed ally1 nitrate 46 
can rearrange to the thermodynamically more 
stable 1,4-bromonitrate 52. Nucleophilic dis- 
placement of allylic bromine and nitrate in 52 by 
pyridine can lead to 48. 

To distinguish between these two possibilities, 
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C H 3  CH3 C H ,  C H ,  
I / 

CH:=C-C=CH2 [ B r  .2Py]+NO,- 1 I 
CH2-C-C-CH, 
I - - - -  +- - -  

CH3 CH3 CH,/ C H 3  C H ,  
I I I I 

Br--CH,-C-C=CH2 Br-CH2-C-C=CH, 
1 I 

the reaction between bromonium nitrate and 2,3- 
dimethyl-l,3-butadiene was allowed to proceed 
for a longer time. The yield of 1,4-addition 
product was found to increase (ca. 8% after 39 h, 
16.5% after 12 h). Since the conversion of 46 to 
48 is slow and since no equilibration of the 
benzylic center is observed in the addition of 
bromonium nitrate to (Z)-P-deuterostyrene it is 
reasonable to assume that products of the type 
48 are formed by path h, although it is difficult 
to rule out path a entirely. A similar mechanism 
may be operating in the addition of iodonium 
nitrate to 2,3-dimethyl-1,3-butadiene (4). 

As far as the mechanism of rearrangement of 
46 to 52 and of 49 to 53 is concerned, one can 
visualize two possible pathways. First, the bro- 
monitrate ester 46 can ionize to the allylic cation 
75 and nitrate ion which can recombine to give the 
more stable 1,4-addition product. Alternatively, 
it can proceed by a concerted mechanism involv- 
ing a six-membered cyclic transition state 77. 

Such a concerted mechanism has been postulated 
by Hassner for the rearrangement of the ally1 
azide 78 to 79 (7). Although there is insufficient 

evidence to prove or disprove either mechanism, 
the concerted mechanism is more likely, since 
the rearrangement can proceed either in the 
liquid phase or in a weakly ionizing solvent 
like chloroform. 

The reactions of iodonium nitrate and bro- 
monium nitrate with olefins to give halonitrate 
esters and halopyridinium salts and with olefinic 
alcohols to give the corresponding addition 
products and/or cyclic ethers are quite general. 
The isolation of substantial quantities of halo- 
alkyl nitrates in the reactions of these pseudo- 
halogens with olefinic substrates in chloroform- 
pyridine is surprising in view of the reported 
relative nucleophilicities of pyridine and nitrate 
(20: 1 for aqueous solutions) (10). However, since 
the reported heat of hydration of the nitrate ion 
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is -61 f 2 kcal (g ion)-', (11) and therefore 
comparable with that of the iodide ion (12) 
(- 68 kcal (g ion)-'), then the nucleophilicity of 
this ion may be expected to be increased relative 
to that of the unchanged pyridine upon going to 
an aprotic solvent. No data are available for a 
more direct comparison. 

In all these reactions the products isolated are 
formed under kinetic control. The primary 
products do not interconvert to any appreciable 
extent under the reaction conditions. This con- 
clusion is consistent with the observed trans 
stereochemistry of addition. 

Although iodonium nitrate and bromonium 
nitrate behave similarly towards unsaturated 
substrates, there is some apparent difference in 
reactivity between the two pseudohalogens. 
Thus, while iodonium nitrate is unreactive 
towards 3,3,3-triphenylpropene, bromonium ni- 
trate did react with this olefin to give a pyridin- 
i um salt. While for iodonium nitrate this inert- 
ness may be attributed to steric hindrance in the 
olefin, the reactivity of bromoniuin nitrate may 
reflect its higher electrophilicity which is able to 
overcome the steric factors. For example in a 
competition reaction towards (E)-4,4-dimethyl- 
pent-2-ene the ratio of bromonitrate and iodo- 
nitrate esters was determined by nmr spectros- 
copy which was found to be approximately 4:1. 
This result suggests that brornonium nitrate is 
at least 4 times as reactive as iodonium nitrate. 

Pent-4-en-1-01 reacts with both iodonium and 
bromonium nitrates to afford similar types of 
products. But with bromonium nitrate the pro- 
portion of the cyclized product is lower than with 
iodoniurn nitrate. This is consistent with the 
behaviour of pent-4-en-1-01 towards iodine and 
bromine, where iodine gave a much larger 
proportion of the cyclic ether (13). 

A major difference between bromonium 
nitrate and iodonium nitrate is found in their 

stability of the three-membered ring iodonium 
ion cs. the three-membered ring bromonium ion. 
This again is consistent with the relative stabili- 
ties of iodonium and bromonium ions involved 
in halogen azide additions (5) .  

Bromonium nitrate differs from other positive 
bromine containing pseudohalogens, for ex- 
ample, bromine azide, in that with this pseudo- 
halogen, even additions to aryl substituted olefins 
are stereospecifically tmrzs. On the other hand 
addition of bromine azide to such olefinic sys- 
tems under ionic conditions results in eauilibra- 
tion of benzylic centres suggesting involvement 
of an open bromocarbonium ion. This difference 
in behaviour mav be attributed to com~lexation 
with pyridine in the case of bromonium nitrate. 

Like the iodonium nitrate - pyridine complex, 
the broil~onium nitrate - pyridine complex can 
also be isolated as a white solid. However, 
unlike the former which can be purified and 
shown to undergo stoichiometric addition to 
alkenes, attempts to purify the bromoniu~n 
nitrate - pyridine complex by recrystallization 
were not successful. Attempted drying of the 
comalex over anhvdrous calcium sulfate in a 
desiccator resulted in a violent explosion. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The ir spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. The nmr spectra were recorded on Varian A-60 
and A-100 analytical spectrometers. The spectra were 
measured on approximately 10-15z (w,'v) solutions in 
appropriate deuterated solvents with tetramethylsilane 
as standard. Line positions are reported in ppm from the 
reference. Mass spectra were determined on an Associated 
Electrical Industries MS-9 double focussing high resolu- 
tion mass spectrometer. The ionization energy, in general, 
was 70eV. Peak measurements were made by com- 
parison with perfluorotributylamine at a resolving power 
of 15000. Kieselgel DF-5 (Camag, Switzerland) and 
Eastman Kodak vrecoated sheets were used for thin layer 

reactions with phenyl, tri-alkyl, and tetra-alkyl chromatography. 

substituted olefins. Bromonium nitrate gave sub- The gC analyses were performed nith an Aerograph 
model A-700 gas chromatograph. The lc analyses were stanti'' Yields of the ester whereas iodonium with a Waters Associates mode] *LC-100 liquid 

nitrate gave only the pyridinium salts. With chromatogranh. Microanalvses mere carried out by Mrs. 
other olefinic systems too. the relative vields of D. ~ a h l o k  of this department. 
pyridiniurn "Its are in general lower in bromo- General Procedlrrefor. the Addjjjorl ofBromonillm Njjr.nte 
nium nitrate additions than in iodonium nitrate to (;nsrrturnted Substrates 
additions. If we assume that it is the thermo- S~lver nitrate (6.8 g, 0.04 mol) was dissolved in a 
dynamic stability of the intermediate halonium mixture of 30 ml of chloroform and 15 ml of reagent 

ions which allows solvent pyridine to grade pyridine. The solution was cooled in an ice-water 
bath and bromine (6.4 g, 0.04 mol), in 15 ml of chloro- 

successfully with the nitrate, then the above forll,, added dropwise to the stirred solution. The 
results give some indication of the relative silver bromide produced was collected and washed with a 
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mixture of 10 ml of chlorofor~n and 10 n ~ l  of pyridine. H 4.93, N 6.47; nrnr 4.7 (1H, q, J = 7 Hz, CHBr). In 
T o  the clear light yellow filtrate at 0 'C 0.04 mol of the addition was formed N-[2-(2-rnethyl-3-bromobutyl)]pyri- 
olefin was added all at once. The mixture was stirred at dinium nitrate; mp 117-118 'C in 20% yield. Anal. calcd. 
0 -C for 3-4 hand then poured into an excess of ether and for CloH15N20,Br: C 41.25, H 5.19, N 9.62; found: 
chilled. The resulting oil or precipitate was collected and C 40.83, H 5.27, N 9.20; nmr 4.9 (1H, q, J = 7 Hz, 
the ether solution concentrated in cacuo. The residual oil CHBr). 
was extracted with ether, washed with 50 ml of cold 5% Cyclohexene gave 2-brornocyclohexyl nitrate; bp 67 "C/ 
hydrochloric acid, and then with 50 ml of water. Con- 0.05 torr; 52% yield. Anal. calcd. for C6H10N03Br: 
centration of the solution, after drying (MgS04), in C 32.15, H 4.47, N 6.25, Br 35.72; found: C 32.36, H 
zacuo gave the bromonitrate ester, which was purified by 4.56, N 6.14, Br 35.65; nmr 4.03 (lH, sextet, J = 9, 
distillation under reduced pressure. 4.5 Hz, -CH-Br), 5.1 ( lH,  m, -CHONO,). In addition 

The ether insoluble residue, after washing several times was formed N-(2-bromocyclohexyl)pyridiniun~ nitrate; 
with ether, was extracted with ethanol and filtered. mp 135-136'C in 31.5% yield. Anal. calcd. for CllH1,- 
Crystallization was effected by the addition of ether. The N,03Br: C 43.57, H 4.95, N 9.24, Br 26.40; found: C 
product thus obtained is the bromopyridinium nitrate. 43.49; H 5.00, N 9.11, Br 26.23; nmr 4.6-5.4 (2H, m, 

In a few instances, addition of the reaction mixture to -CHBr, -CH-I$el. ether did not give any oil or precipitate. In those cases, 
the solution was concentrated in C ~ C I I O  and the resulting hTorbornene afforded 2-bromonorborn-3-yl nitrate; bp 
oil extracted several ti~nes with ether. After that, work-up 73 'C/0.03 torr; 15% yield. Anal. calcd. for C,H,,N03Br: 
was accomplished by the procedure described before. C 35.59, H 4.24; found: C 35.32, H 4.29; nmr 3.93 (IH, 

I-Hexene gave an isomeric mixture of (a) I-bromohex- nl, -CHBr), 4.9 (1H, m, -CHON02). Tricyclanyl 
2-yl nitrate and (b) 2-bromohex-1-yl nitrate in 49% yield: bromide was also produced in 50% yield. 
bp 57-58 'C,'0.05 torr. Anal. calcd. for C,H,,NO,Br: ilrorbornadiene gave (a) tricy~lo[2.2.1.0~~~]-5-bromo- 
C 31.85, H 5.31, N 6.19, Br 35.40; found: C 3 1.89, H 5.30, hept-3-yl nitrate and (b) 3-bromo-5-norbornen-2-yl ni- 
N 6.36, Br 35.99; nnir 5.2 (0.67H, quint, / = 5.5 Hz, trate; bp 57 "Ci0.05 torr; 45% yield. Anal. calcd. for 
-CHON02), 3.55 (1.34H, d, f = 5.5 Hz, -CH2Br); C7H8N03Br: C 35.90, H 3.42, N 5.98, Br 34.20; found: 
(b)4.15(0.33H,m,-CHBr),4,7(0,66H,t,-CH,ONO,). C35.99,H3.50,N5.56,Br34.28;nmr(a)4.42(C.64H, 
I n  addition \+ere formed the corresponding pyridinium m, -CHBr), 4.95 (1H, m, -CHON02); (b) 4.1 (0.36H, 
nitrates in 34% yield as an oil: nnir (a) A'-[2-(1-bromo- m, -CHBr). In  addition was formed IV-[3-(5-bromonor- 
hexy1)lpyridiniurn nitrate 4.3 (1.3H, t, J = 6.8 Hz, tricyclany1)lpyridinium nitrate; mp 174-177 'C; 12% 
-CHBr), (b) AT-[1-(2-bromohexyl)]pyridiniurn nitrate yield. Anal. calcd. for C12H13N203Br: C 46.02, H 4.15, 
4.8-5.55 ( l ~ , m , - C H ~ ) ,  4.8 (0.7H, m, - c H , - ~ ) .  N 8.99, Br 25.57; found: C 45.85, H 4.19, N 8.87, Br 

3,3-Din?etl1j~lbut-I-ene gave 2-bromo-3,3-dimethylbutyl 25.30; nmr 4.05 (lH, s, CHBr), 5.12 (1H, s, -CH-he). 

nitrate; bp 54-55 "C,'0.05 torr; 51.5% yield. Anal. calcd. I,4-Cyclohexadiene gave 5-bromocyclohexen-4-yl ni- 
for C,H,,NO,Br: C 31.85, H 5.31, N 6.19, Br 35.40; trate; bp 56"C/0.05 torr, 54% yield. Anal. calcd. for 
found: C 31.87, H 5.33, N 6.10, Br 35.36; nmr 4.02 (1H, C8H8N03Br: C 32.43, H 3.60, N 6.30; found: C 32.06, 
nl, -CHBr), 4.7 (2H, m, -CH,ONO,), 1.3 (s, 9H, H 3.59, N 6.22; nnir 4.30 ( lH,  m, -CHBr), 5.4 (1H, m, 
(CH3),C-). In addition mas found IV-[I-(2-bromo-3,3- -CHONO*). In addition was formed hr-[4-(5-bronio- 
dirnethylbutyl)]pyridinium nitrate; mp 126-127 "C; 30% cyclohexenyl)]pyridinium nitrate; mp 132-134 "C in 25% 
yield. Anal. calcd. for C, ,H,,N,03Br: C 43.28, H 5.57, yield. Anal. calcd. for C, ,HI3N,O3Br: C 43.85, H 4.32, 
N 9 . 1 8 , B r 2 6 . 2 3 ; f o u n d : C 4 3 . 2 8 . H 5 . 6 2 . N 9 , 0 9 , B r  N 9 . 3 0 , B r 2 6 . 5 8 : f o u n d : C 4 3 . 6 6 . H 4 . 3 3 . N 9 . 0 7 . B r  
26.25; nrnr 4.02 (lH, m, CHBr), '4.7 ( 2 ~ ,  m, -cH~- 
ONO.21, 1.3 (s, 9H, (CH,),C). 

(Zj-Penrene gave an isomeric mixture of (a) threo-3- 
bromopent-2-yl nitrate and (0) threo-2-bromopent-3-yl 
nitrates; bp 32-33 'Ci0.06 torr; 5 3 z  yield. Anal. calcd. 
for C,HloN03Br: C 28.31, H 4.72, N 6.6, Br 37.74; 
found: C 28.37, H 4.75, N 6.45. Br 37.72; nrnr (a) 4.00 
(0.64H, q, J = 4.5 Hz, -CHBr), 5.31 (0.64H, octet, 
J = 4.5, 6.5 Hz, -CHON02); (b) 4.25 (0.36H, octet, 
J = 4.5, 7 Hz, CHBr), 5.07 (0.36H, quint, f = 4.5 Hz, 
CHONO,). In addition were fornled the corresponding 
(a) fhreo-IV-[2-(3-bromopentyl)lpyridinium nitrate and 
(b) threo-~~-[3-(2-bromo~ent~l)]~~ridiniu nitrates as an 
oil in 27.5Z yield. - .  

(Ej-4,4-Dinlethylpent-2-er1e gave eryfhro-3-bromo-4,4- 
dimethylpent-2-yl nitrate; bp 53 "C/0.02 torr; 80% yield. 
Al~ril. calcd. for C,H,,NO,Br: C 35.00, H 5.82, N 5.82, 
Br 33.34; found: C 35.02, H 5.74, N 5.74, Br 33.42: 
nmr 4.2 (IH, d, J = 2.5 Hz, CHBr), 5.37 ( l H ,  octet, 
J = 2.5, 7.5 Hz, CHONO,). 

2-l%fetlzylbllt-2-ene gave 3-bronio-2-methylbut-2-yl ni- 
trate; bp 3OPC10.3 torr; 35% yield. Anal. calcd, for 
C5HloN0,Br: C 28.32, H 4.72, N 6.60; found: C 28.43, 

26.58; nmr 4.9-5.6 (2H, n ~ ,  -CHBr and CH-~?) .  

4- Vinylcyclohex-I-ene gave 2-bromo-4(5)-vinylcyclo- 
hexyl nitrate; bp 63 "Ci0.05 torr; 35% yield. Anal. calcd. 
for C8HI2NO3Br: C 38.41, H 4.80, N 5.60, Br 32.00; 
found: C 38.50, H 4.79, N 5.31, Br 32.18; nnir 4.4 
(lH, m, CHBr), 5.25 (IH, m, -CHON02). N-[1(2)-2(1)- 
Bromo-4-vinylcyclohexyl)]pyridinium nitrate nas  also 
formed as an oil in 40% yield; nrnr 4.7-5.6 (5H, m, 

-CHBr, CH-~~C and vinyl protons). 

2,4-trans-trans-Hexadiene gave 5-bromohex-3-en-2-yl 
nitrate; bp 58-59 "C/0.05 torr; 19% yield. Anal. calcd. for 
C6HloN03Br: C 32.15, H 4.47, N 6.25, Br 35.72; found: 
C 31.95, H 4.44, N 6.03, Br 36.11; nmr 4.65 (lH, quint, 
J = 7 Hz, CHBr), 5.5 ( lH,  m, -CHON02). In  addition 
were formed (a) N-[4-(5-bromohex-2-enylilpyridinium 
nitrate and (b) N,N'-[2,5-(hex-3-enyl)]pyridinium nitrate, 
bromide as an oil in 70% yield; nrnr (a) 5.00 (0.58, m, 

-CHBr), and (b) 5.85 (1.42H, m, -CH-&C). 

2,3-Dimethyl-1,3-buradiane gave 4-bronio-2,3-dimethyl- 
but-2-en-1-yl nitrate; bp 57-58 'C/0.05 torr; 31% yield. 
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Anal. calcd. for C 6 H l o N 0 3 B r :  C 32.15, H 4.47, N 6.25, 
Br 35.72; found: C 31.84, H 4.43, N 6.32, Br 35.72; nrnr 
3.55, 3.85 (2H,  2d, J = 11 Hz,  -CH,Br), 5.12 ( m ,  2H, 
vinyl protons). N-[2-(4-Bromo-2,3-dimethylbuteny1)lpyri- 
dinium nitrate was also found as an oil in 34% yield; 
nrnr 4.7 (2H,  q ,  J = 12 Hz,  -CH,Br). 

Styrene gave 2-bromo-I-phenylethyl nitrate; bp 80 "C /  
0.03 torr; 49% yield. Anal. calcd. for C 8 H 8 N 0 3 B r :  C 
39.24, H 3.24, N 5.44, Br 32.93; found: C 39.03, H 3.25, 
N 5.69, Br 32.53; nrnr 6.00 ( l H ,  q ,  J = 6 ,  7 .5Hz ,  
-CHON02) ,  3.62 (2H,  t ,  J = 6, 7.5 Hz,  -CH2Br). 
IV-[I-(I-Phenylethenyl)]pyridiniurn bromide was also 
formed; bp  80 "C, 26.5% yield. 

(Z)-But-2-ene gave threo-3-bromobut-2-y1 nitrate; bp 
23 "Ci0.05 torr; 48% yield. Anal. calcd. for C4H8N03Br :  
C 24.24, H 4.04, N 7.07, Br 40.40; found: C 23.98, H 
3.98, N 6.78, Br 40.79; nmr 4.26 ( I H ,  octet, J =  4.5, 
7 H z ,  -CHBr), 5.12 ( I H ,  octet, J = 4 . 5 ,  6 .5Hz,  
-CHONO,). rhreo-N-[2-(3-Bromobuty1)]pyridinium ni- 
trate was also formed as an oil in 29% yield. 

E-But-2-ene gave erythro-3-bromobut-2-yl nitrate; bp  
25 'C/0.03 torr; 44% yield. Anal, calcd. for C4H8N03Br :  
C 24.24, H 4.04, N 7.07, Br 40.40; found: C 24.24, H 
4.07, N 7.01, Br 40.33; nmr 4.25 ( l H ,  octet, J = 4 . 5 ,  
7 H z ,  -CHBr), 5.1 ( I H ,  octet, J = 4 . 5 ,  6 .5Hz ,  
-CHONO,). erythro- N -  [2-(3 -Bromobutyl)]pyridinium 
nitrate was also formed as an oil in 37% yield. 

(Z)-4-Methylpent-2-ene gave threo-3-bromo-4-methyl- 
pent-2-yl nitrate; bp  3OZC/0.7 torr; 58% yield. Anal. 
calcd, for C , H l z N 0 3 B r :  C 31.85, H 5.31, N 6.19, Br 
35.40; found: C 32.02, H 5.42, N 6.26, Br 35.77; nrnr 
3.89 ( l H ,  q,  J = 6.5, 5 Hz,  -CHBr), 5.07 ( I H ,  quint, 
J = 6.5 HZ,  --CHONO,). 

(E)-4-Methylpent-2-ene gave a mixture o f  (a) erythro- 
3-bromo-4-methylpent-2-yl nitrate and (b) erythro-2- 
bromo-4-methylpent-3-yl nitrate; bp  27 "Ci0.17 torr; 61% 
yield. Anal. calcd. for C6H, ,N03Br:  C 31.85, H 5.31, 
N 6.19, Br 35.40; found: C 32.03, H 5.41, N 6.12, Br 
36.22; nrnr (a) 4.00 (0.74H, q ,  J = 6.5, 5 Hz,  -CHBr); 
(b)  4.24 (0.26H, quint, J = 6.5 Hz,  -CHBr); (a,  b) 5.24 
( l H ,  quint, J = 6 Hz,  -CHON02) .  In addition was 
formed a mixture o f  erythro-N-[3-(2-bromo-4-methyl- 
penty1)lpyridinium nitrate; m p  108-110 " C ;  21% yield. 
Anal. calcd. for C,,H,,N,O,Br: C 43.28, H 5.57, N 9.18, 
Br 26.53; found: C 42.48, H 5.49, N 8.73, Br 26.79; nrnr 

4.2-5.6 (2H, m ,  -CHBr, -CH-he). 
(Z)-Stilbene gave fhreo-2-bromo-1,2-diphenylethyl ni- 

trate; m p  87-88 ' C ;  52% yield. Anal. calcd. for C,,H12- 
N03Br:C52.17,H3.73,N4.35;found:C51.63,H3.74, 
N 4.37; nmr 5.11 ( I H ,  d,  J = 9 .2Hz ,  -CHBr), 6.21 
( l H ,  d ,  J = 9.2 Hz,  -CHONO,). tlzreo-N-[1-(2-Bromo- 
1,2-diphenylethyl)]pyridinium nitrate, m p  168-171 "C,  
was formed in 32% yield. Anal. calcd. for CI9Hl7N2O3Br:  
C 56.85, H 4.24, N 6.98, Br 19.95; found: C 55.43, H 
4.29, N 6.90, Br 19.49; nmr 7.02 ( l H ,  d ,  J = 12 Hz,  
-CHBr). 

E-Stilbene gave erythro-2-bromo-1,3-diphenylethyl ni- 
trate; m p  144-145 " C ;  21% yield. Anal. calcd. for 
CI4Hl2NO3Br:  C 52.17, H 3.73, N4.35,  Br 24.83; found: 
C 52.21, H 3.78, N 4.12, Br 24.68; nmr 5.13 ( I H ,  d ,  
J = 8 Hz,  -CHBr), 6.28 ( I H ,  d ,  J = 8 Hz,-CHON02).  
erythro-N-[l-(2-Bromo-l,2-diphenylethyl)]pyridinium ni- 
trate; m p  174-176°C; 63.5% yield. Anal. calcd. for 
CI9Hl7N2O3Br:  C 56.85, H 4.24, N 6.98, Br 19.95; 

found: C 56.83, H 4.28, N 6.74, Br 19.98; nrnr 7.02 
( I H ,  d ,  J = 12 Hz,  -CHBr). 

Ally1 alcohol gave an isomeric mixture o f  (a) 3-hydroxy- 
1-bromoprop-2-yl nitrate and (b) 3-hydroxy-2-bromo- 
prop-1-yl nitrate as an oil i n  33% yield. Anal. calcd, for 
C 3 H 6 N 0 3 B r :  C 18.00, H 3.00, N 7.00, Br 40.00; found: 
C 18.50, H 3.06, N 6.53, Br 39.95; nmr (a) 5.30 (0.69H, 
quint, J = 6 Hz,  -CHONO,), 3.63 (1.38H, d ,  J = 6 Hz,  
-CH,Br); (b) 4.3 (0.31H, m ,  -CHBr). The  correspond- 
ing N-[2-(3-hydroxy-I-bromopropyl)]pyridinium nitrate 
and N-[2-(4-hydroxyl-I-bromopropyl)]pyridiniu~n nitrate 
were formed as an oil in 37% yield; nrnr 4.5-4.4 (3H,  m ,  

Cyclohex-2-en-1-01 gave a mixture o f  (a) 3-hydroxy-2- 
bromocyclohexyl nitrate and (b)  6-hydroxy-2-bromo- 
cyclohexyl nitrate; bp  81-82 "C/0.02 torr; 52% yield. 
Anal. calcd. for C6Hl0NO4Br:  C 30.00, H 4.17, N 5.82, 
Br 39.34; found: C 29.85, H 4.14, N 5.26, Br 33.45; nrnr 
(a) 4.2 (0.625H, q, J,,, = 3 Hz,  J,,, = 8.5 Hz ,  -CHBr), 
5.41 (0.625H, sextet, J,,, = 4 Hz,  J,,, = 8.5 Hz,  -CH- 
ONO,), (b)  5.14 (0.37H, q, J,,, = 3 Hz,  J,,, = 8.5 Hz,  
-CHON02) .  The  corresponding pyridinium salt was 
formed; m p  172-177'C; 23.5% yyleld. Anal. calcd. for 
C I 1 H l 5 N 2 O 4 B r :  C 41.38, H 4.70, N 8.78, Br 25.1; found: 
C 41.20, H 4.78, N 8.61, Br 24.49. 

Reaction of4-Brorno-2,3-dimethylbut-2-en-I-yl Nitrate 52 
wit11 Pyridine in Chloroform 

A mixture o f  0.224 g (1 mmol) o f  4-bromo-2,3-di- 
methylbut-2-en-1-yl nitrate, 2 ml o f  pyridine, and 10 ml 
o f  chloroform was set aside overnight. Ether was added 
to  the reaction mixture and the resulting precipitate 
collected. Recrystallization from methanol-ether gave the 
dipyridinium salt 48 in almost quantitative yield. 

Reaction of 5-Bromohex-3-en-2-yl Nitrate, 53 wirh Pyridine 
in Chloroform 

The  reaction was carried out by  the procedure de- 
scribed above for 52. Thus reaction o f  0.224 g (1 mmol) 
o f  5-bromohex-3-en-2-yl nitrate with 2 ml pyridine in 
10 ml o f  chloroform gave the dipyridinium salt 51 as an 
oil in almost quantitative yield. 

Procedure for the Reaction of  Bromonium Nitrate with 
Phenylacetylene 

The  procedure was the same as that used for the 
reaction o f  iodonium nitrate with terminal alkynes. !3- 
Bromophenylacetylene 54 was obtained in 63% yield; 
bp  30.5 "C/0.07 torr (lit. (14) bp  84-85 "C/10 torr). 

Procedure for the Reaction of Bromonium Nitrate wirh 
Pent-4-en-1-01 in Chloroform-Pyridine 

T h e  reaction was performed by the general procedure 
described above. Separation o f  the cyclic ether and 
hydroxy-bromo-nitrate esters was accomplished by chro- 
matography on  Florisil and elution with petroleum 
ether - chloroform ( 9 : l )  and then with chloroform- 
methanol ( 9 : l ) .  Evaporation o f  the first fraction gave 
0.65 g (20%) o f  2-bromornerhyltetrahydrofuran, 65. 

The  nmr spectrum BTIIS(CDCI3) 1.65-2.3 ( m ,  4H,  
2-CHz-), 3.4 ( t ,  2H, -CH,Br, J = 5 Hz,  6.5 Hz),  
3.5-4.3 ( m ,  2H, -CH2-0, -CH-0). 

Evaporation o f  the second fraction gave a mixture o f  
hydroxy-bromo-nitrate esters, 63 and 64;  yield 29%. 

From the ether insoluble residue was isolated by the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOWN AND JOSHUA 521 

usual procedure a mixture of bromopyridinium salts, 66 
and 67; yield 20%. 

3,3,3-Triphenylpropene 
This compound was prepared according to reported 

procedures (7, 15). mp 80-81 "C (lit. mp 80-81 "C). 

Reaction of  Bromonium Nitrate with 3,3,3-Triphenyl- 
propene in Chloroform-Pyridine 

The reaction was carried out by the general procedure 
described above. N o  bromonitrate ester was isolated. 
Crystallization of the ether insoluble residue from 
ethanol-ether gave a mixture of compound 70 and 
pyridinium bromide (yield 3.75 g). Purification was 
effected as follows. A mixture of 1 g of the crude reaction 
product, 1 g of potassium carbonate, and 25 ml of water 
was heated on a steam bath to about 50 'C whereupon 
dissolution occurred. On cooling a solid separated, 
which was collected. Recrystallization from methanol- 
ether gave 0.6 g of pure N-(I-(2,3,3-tripheny1)prop-2- 
enyl-'pyridinizim nitrate, 40; mp 211-212 "C. Anal. calcd. 
for C2,H22N203:  C 76.1, H 5.37, N 6.83; found: C 75.71, 
H 5.40, N 6.75. The nmr spectrum FrMs((CD3)2SO) 5.72 
(s, 2H, -CH2-), 7-7.65 (in, 15H, 3Ph), 7.9-9.17 (m, 
5H, pyridine hydrogens). The melting point and nmr 
spectrum were identical to those of an authentic sample 
synthesized as follows. 

Synthesis of  N-[1-(2,3,3-TriphenyI/prop-2-enyl~pyridi- 
nium Nitrate, 70 

To a solution of 0.64 g (2.37 mmol) of 3,3,3-triphenyl- 
propene in 15 ml of carbon tetrachloride was added a 
solution of 0.397 g (2.37 mmol) of bromine in 5 ml of 
carbon tetrachloride and the mixture allowed to stand 
for 48 h. The solvent was removed in cacuo and the 
residual solid taken up in 20 ml of carbon tetrachloride. 
T o  the solution 1 ml of pyridine was added and the mix- 
ture allowed to stand for 3 h. The precipitated solid was 
collected and taken up in 50 ml of hot water. Addition of 
a few drops of concentrated nitric acid and cooling gave 
a precipitate, which was collected. Recrystallization from 
methanol-ether gave 0.7 g (72%) of N-[I-(2,3,3-tri- 
plzeny1)prop-2-eny17pyridinium nitrate, 70. 

Addition of Bromoniurn Nitrate to (Z)-P-De~lterostyrene 
in Chloroform-Pyridirle 

The reaction was carried out by the general procedure 
discussed before. Thus reaction of 3.78 g (0.036 mol) of 
(Z)-0-deuterostyrene with bromonium nitrate (0.04 mol) 
in 60 ml of chloroform and 25 1111 of pyridine at  0 ' C  for 
3 h and work-up by the usual procedure gave 4.5 g (46%) 

of threo-2-deutero-2-bromo-1-pIze11ylethyl nitrate, 29. The 
nmr spectrum FT>Is(CDC13) 3.62 (d, further split by H-D 
coupling, l H ,  -CHD-Br, J c H - c H ,  = 7.5 Hz), 6.0 (d, 
l H ,  -CH-0N02, J C ~ - ~ H - D  = 7.5 H Z ) ,  7.37 (m, 5H, 
Ph). The ir spectrum v,,, (liquid film) 1630, 1275 cm-' 
(-ONO,). 

From the ether insoluble residue and by the procedure 
described for the addition of iodonium nitrate to (Z)-P- 
deuterostyrene was isolated 2.5 g (26.5%) of iZ)-N-[I- 
(2-deutero-1-phenyljethyl--pyridinirrm bvornide, 30. The 

H 
nmr spectrum 6TMS((CD3)2SO) 6.43 (s, 1H, = c ( ~  ), 

7.45 (m, 5H, Ph), 8.17-9.27 (m, 5H, pyridine hydrogens). 
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A& initio calculations on 4substituted styrenes: a theoretical model for the 
separation and evaluation of field and resonance substituent parameters 

Depiirrrner~t o f  Ci~erni.rtty, Urlii3ersit? qf Toror~to. Toror~to, Ont. ,  Cnnnda M5S IAl  
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WILLIAM F. REYNOLDS, PACTL G.  MEZEY, and GORDON K. HAMER. Can. J. Chem. 55, 522 
(1977). 

Ab initio (STO-3G minimal basis set) molecular orbital calculations on 4-substituted styrenes 
and CH3X-C,H, pairs indicate that Aq, (the charge density difference between a-vinyl protons) 
provides a direct theoretical measure of the field effect of a polar substituent. Zq,n, the total 
substituent-induced n electron density change in styrene provides a theoretical measure of the 
resonance effect of the substituent. Aq,, and Zqcn provide the basis of a theoretical dual sub- 
stituent parameter scale, T, and TRo. This scale compares very closely with experimental DSP 
scales, indicating the latter scales are filndamentally valid. The calculations also indicate that 
field effects and o inductive effects do not show parallel trends. It is concluded that field effects 
are more important than o inductive effects except at  very close range. Individual carbon n 
electron densities reflect both resonances effects and polar n inductive effects. 

WILLIAM F. REYKOLDS, PAUL G.  MEZEY et GORDON K. HAMER. Can. J. Chem. 55, 522 (1977). 
Des calculs ah initiu d'orbitales moleculaires (base minimale STO/3G) sur des styrenes sub- 

stituks en position 4 et sur des paires CH3X-C2H, indiquent que le Aq, (difference dans la 
densite de charge entre les protons vinyliques B) fournit une mesure theorique directe de l'effet 
de champ d'un substituant polaire. La valeur Zq,n, qui correspond au changement total dans 
la. densite des electrons TC qui est induit par les substituants du styrene, fournit une mesure 
theorique de I'effet de resonance du substituant. On utilise Aq, et Zq,n cornme base d'une 
echelle theorique double pour les substituants irnpliquant deux parametres, TF et T R O .  Cette 
Cchelle se compare tres bien avec les Cchelles experimentales de DSP indiquant que cette 
derniere tchelle est valide sur Line base fondamentale. Les calculs indiquent aussi que les effets 
de champs et les effets inductifs o ne montrent pas des tendances paralleles. On en conclut 
que les effets de champs sont plus importants que les effets inductifs o, excepte a une tres 
courte distance. Les densites d'Clectrons n sur clhacun des carbones individuelles sont un reflet 
des effets combines de resonance et d'induction polaire des electrons n. 

[Traduit par Ie journal] 

There are two main dual substituent para- 
meter (DSP) scales which are claimed to divide 
Hammett G constants into fieldlinductive and 
resonance substituent parameters; the 0,-oR 
scale of Taft and co-workers (ref. 1 and references 
therein) and the F-R scale of Swain and Eupton 
(2). These DSP scales have been used to investi- 
gate substituent effects upon reaction rates, 
equilibrium constants, spectroscopic parameters, 
and calculated electron densities in aromatic 
molecules (3-6). While detailed statistical an- 
alyses have been presented to justify both the 
0,-oR scale (1) and the F-R scale (21, both DSP 
scales have been seriously criticized. The most 
important criticisms involve the criteria used for 
the separation of the fieldlinductive and reson- 

'Present address: Department of Chemistry, McGill 
University, Montreal, P.Q. 

ance parameters. For example, R constants 
were evaluated assuming R = 0 for the 
N(CH,),+ group (2). Several groups have 
pointed out that this is not strictly valid (7-9). 
Similarly, the evaluation of oR values has been 
questioned on the grounds that it involved 
arbitrary (8) and possibly dubious (10) assump- 
tions. Dewar et al. have particularly criticized 
the use of I9F chemical shifts in fluorobenzenes 
in establishing the 0,-G, scale (10). If valid, this 
criticism would cast particular doubt on the 
o2 scale which is largely based on I9F chemical 
shifts (1). In addition, it has been claimed field 
parameters evaluated from aliphatic systems 
cannot be used in aromatic systems (11); a 
criticism which would cast considerable doubt 
on the validity of the F scale (2). Finally, a, 
values for individual substituents have been 
criticized (12). 

4-Substituted styrenes have geometric charac- 
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REYNOLDS ET AL. 523 

teristics which allow separation of field and 
resonance effects (13). Consequently, we decided 
to  carry out ab initio calculations on 4-sub- 
stituted styrenes, using an ST0136 minimal 
basis set (14) and a standard geometry for the 
styrene system. The major purpose of this 
investigation was to provide a check on the 
validity of experimental DSP scales, based on 
what we hoped would prove to be an un- 
ambiguous theoretical separation of field and 
resonance effects. A secondary purpose was to 
derive a theoretical DSP scale which would 
apply to calculations at this level of approxima- 
tion. 

Since the styrene derivatives contained eight 
to twelve heavv atoms. the choices of minimal 
basis set and fixed geometries were both necessi- 
tated by cost considerations. However, we were 
confident that STO-3G calculations based upon 
fixed geometries would reproduce charge density 
differences with sufficient accuracy to sati3fy the 
main purpose of the investigation. This view 
was supp~rted by the fact that analogous cal- 
culations have reproduced substituent effects 
upon protonation energies (15) and chemical 
shifts (6) of aromatic derivatives with good 
accuracy. 

Results and Discussion 
Carbon and vinyl hydrogen charge densities 

for 4-substituted styrenes are listed in Table 1. 
Calculations were performed for planar and 
pyramidal NH, groups, OH, CHO, CH,, F, 
CF,, CN, and NO,. These correspond to the 
minimal substituent set of Taft (1) with planar 
NH,, OH, and CHO substituting for N(CH,),, 
OCH,, and COCH, for reasons of computational 
economy. 

As a test of the accuracy of the calculated 
charge densities, the n charge densities for C(1) 
and C(P) were correlated with previously re- 
ported 13C chemical shifts for these carbons 
(1312 

6,(,, = 180qc(,,n (r = 0.988) 

6,,,, = 193q,(p,n (r = 0.987) 

where r = correlation coefficient. Both the very 
good correlations and the fact that the scaling 

I3C chemical shifts for aromatic carbons which are 
remote (e.g. 3 or more bonds removed) from a sub- 
stituent are believed to accurately reflect changes in 
ground state carbon n electron density (see ref. 16 and 
references therein). 

factors relating chemical shifts and charge 
densities are consistent with previously reported 
scaling factors of 160-200 ppmln electron (17, 
18) indicate that the calculations reproduce 
charge densities with sufficient accuracy for the 
purpose of the investigation as anticipated. 

Since styrene is planar, electronic effects can 
be separated into o and n contributions. The 
resonance effect of a substituent can be defined 
in terms of Cq,n, the extent of charge transfer 
between the substituent and the n electron 
system (19). Correlations of Zq,n with o2 and 
R have been respectively reported for substituted 
benzenes (19, 6) and 4-substituted styrenes (13). 
The unique feature of the styrene system is that 
it also allows isolation of field effects. Througli- 
bond effects should affect the two P vinyl 
hydrogen charge densities equally. However, 
there should be greater field-induced polariza- 
tion of C(P)-H(C) than C(p)-H(B) due to the 
geometric arrangement of these bonds (Fig. 1). 
Therefore Aq, (= q,(,, - q,(,,) should in 
principle provide a direct measure of the e!ectric 
field effect of the substituent. 

There is one possible weakness in this argu- 
ment. There are large n electron density changes 
in the phenyl group, primarily due to resonance 
effects. This could lead to a secondary field 
effect (similar to the mesomeric field effect of 
Dewar et al. (10)) which would affect q,(,, and 
q,(,, unequally. If so, then there would be a 
small resonance contribution to Aq, and con- 
sequently an imperfect separation of field and 
resonance effects. To eliminate possible second- 
ary field effects due to the phenyl group, calcula- 
tions were performed for CH,X-C,H, pairs 
(isolated molecule or IM calculation), main- 

FIG. 1. 4-Substituted styrene and CH,X-C,H, pairs 
showing proton labelling. Arrows show electric field 
vectors and resolved components of field along C-H 
bonds. 
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TABLE I. Calculated charge densitics ( x  lo4) for 4-substituted styrenesa relative to the unsubstituted derivative (negative sign corresponds to increased 
electron dcnsity) 

V a l ~ ~ e  

Parameter NH,(pI)' NH,(py)e OHd CH3' F CHOd CF,' CN NO, 

"Average for two planar conformations of vinyl group. 
bPlanar NH,. 
CPyramidal NH2.  Experimental geometry from rcf. 32.  
"verage of planar syn and anti conformations. 
eConfbrmation with one bond at  right angles to the plane of the phenyl group. 
JSum of all rr charge densities for styrene. 
gDiKerence in chargc densities for H(C) and H(U) (I q,,(,, - q,,~,+l). 
hTotal substitoent-induced change in charge dcnsity for hydrogen I& and carbon a orbitals of styrene. 
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REYNOLDS ET A L  

taining the same orientation for the C-X bond 
and ethylene as in styrene (Fig. 1). Results are 
summarized in Table 2. 

There is an excellent linear relationship be- 
tween values of AqH in the two systems: 

This demonstrates that Aq, in styrene is in- 
sensitive to secondary field effects., A linear 
relationship was also noted between AqH 
(styrene) and px(lM), the dipole moment com- 
ponent along the C-X bond in the IM calcula- 
tion (r = 0.988). An even better correlation co- 
efficient (r = 0.996) was obtained for a correla- 
tion of Aq, with p,(IM)/r where r is the distance 
from the mid-point of the polar substituent bond 
to the mid-point of C(P)-H(C). This is exactly 
what would be expected for a dipolar electric 
field effect since the field varies as r - 3  (20). These 
results confirm that Aq, provides a direct 
measure of the dipolar electric field effect of the 
substituent. Therefore, Aq, and Cq,rc are in- 
dependent parameters which can be used to 
separate and estimate field and resonance effects 
of substituents in the styrene system. 

Values of these parameters are listed in Table 
1. To facilitate comparison of experimental and 
theoretical DSP scales, Aq, and xq,n were 
scaled to produce a theoretical DSP scale 
labelled TF and ~ 2 . ~  Aq, for OH was scaled to 
+ 0.27 and Cq,n for OH to - 0.45, correspond- 
ing to o, and o: for OCH, (I). T, and T; 
values are listed in Table 3, along with o, and 
o,O values. 

In general, there is very good agreement be- 
tween T, and o, and particularly between ~ 2  
and o: (excluding TF values for CN and NO,, 
there is a standard deviation of less than 0.050 
units between theoretical and experimental DSP 
scales). The use of planar NH,, OH, and CHO 
in place of N(CH,),, OCH,, and COCH, does 
not appear to introduce any significant error. 
A similar close parallel exists if Aq, and xq,n 

3The slope of 1.54 reflects the enhancement of the field 
effect when transmitted through the cavity of the polar- 
izable phenyl group (13). 

41t is labelled a TKO scale since the vinyl group is a 
neutral probe which is equally capable of the accepting 
or donating electrons (13). The scaling is justified since 
the absolute value of any substituent parameter scale is 
arbitrarily defined. OH was chosen to define the scale 
since ~t is a group with substantial field and resonance 
effects (1). F could have equally well been used for this 
purpose. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



526 CAN.  J .  CHE M. VOL. 55. 1977 

are scaled to allow comparison with F and R. 
We believe that the styrene calculations provide 
an unambiguous theoretical separation of field 
and resonance effects. While the procedures used 
to derive the o,-o, and F-R scales have been 
criticized (see Introduction), tlze results in Table 3 
demonstrate that these scales are fundan~entally 
zjalid. 

While the calculations reproduce the general 
pattern of substituent effects for CN and NO, 
(strong electron-withdrawing field effect and 
weak electron-withdrawing resonance effect), 
they appear to over-estimate the field effects of 
these substituents. By contrast the field effect of 
F is slightly underestimated. One possible ex- 
planation is that the deviations were due to the 
use of non-optimized substituent geometries. 
This seemed improbable since the gross change 
in substituent geometry from planar to pyramidal 
NH, (involving a change of 0.4 ,& in hydrogen 
atom coordinates) changes T ,  for this group by 
only 0.080 units. However, to check this point, 
full geometry optimization was performed for 
CH,F and CH,CN. When the fully optimized 
geometries were used in the IM calculations, 
Aq, for F changed from + 9,7 x to + 10.6 
x while Aq, for the CN derivative changed 
from +21.4 x to f21.8 x This 
corresponds to slightly better agreement be- 
tween TF and O ,  for F but slightly worse for CN. 
Thus it appears that the deviations noted in 
Table 3 are not due to the use of incorrect sub- 
stituent geometries. Rather, we believe that 
these discrepancies are due to the size limitation 

TABLE 3. Derived T, and TRo substituent parameters based 
on STO-36 charge densities for 4-substituted styrenes 

and 0,-oRO values for corresponding substituents 

Substituent TFa TRO 0 1 ~  ORO 

NM2(pl) -0.01 -0.53 +0.06d -0.52d 
NHz(py) +0.07 -0.40 f 0 . 1 2  -0.48 
ON $0.27 -0.45 -10.27' -0.45' 
CH3 -0.05 -0.04 -0.04 -0.11 
F $0.39 -0.34 t 0 . 5 0  -0.34 
CHO +0.26 +0.14 +0.28f +0.16* 
CF3 $0.40 $0.05 +0.45 f 0 . 0 8  
C N  f 0 . 7 6  +0.11 $0.56 f0 .13  
NO2 $1.11 f 0 . 1 0  f 0 . 6 5  f 0 . 1 5  

OEstimated from Aq, by scaling Aq,, for OH to t0 .27 .  
bEstimated from Zqcn by scaling Zqcx for OH to -0.45. 

and oRO values from ref. 1. 
dExperimental value for N(CH3)2. Dimethylaniline is believed to 

be planar (33). 
'Experimental value for OCH,. Refersnce 3 lists al = 0.27 and 

OR" = -0.44 for OH. No values are given in the most recent com- 
pilation (1). 

fExperimental value for COCH3. 

of the basis set. In particular, there are indications 
from previous ab initio studies with STO-3G 
basis sets that the nitrogen atom A 0  basis set is 
not matching in quality to those for other heavy 
a t o r n ~ . ~  This could cause a lower degree of 
precision in calculating molecules with one or 
more nitrogen-heavy atom bonds (particularly 
with respect to bond polarities). However, it 
should be stressed again that the failure of the 
calculations to quantitatively predict the field 
effects of CN and NO, groups does not signifi- 
cantly detract from the overall pattern of good 
agreement noted in Table 3. 

In addition to demonstrating the fundamental 
validity of experimental DSP scales, the data 
in Tables 1 and 2 provide further insight into the 
nature of polar substituent effects. First, since 
CH,X is an aliphatic derivative eq. 1 suggests 
that the same polar substituent parameters can 
be used for aliphatic and aromatic compounds, 
contrary to the conclusions of Sjostrom and 
Wold (11). Second, there appears to be little 
relation between the field effect and the o induc- 
tive effect of the substituent. The field effect is 
measured by Aq, (or TF) while the o inductive 
effect of the substituent can be estimated from 
C q o  the substituent-induced change in o electron 
density for the styrene system (Table 1). As 
noted previously (19, 24), the o inductive effect 
primarily depends on the electronegativity of the 
directly bonded substituent atom, e.g.  C < N < 
O < F, although other substituent atoms have 
some effect (particularly for CN and NO,). By 
contrast, the field effect is proportional to the o 
dipole moment of the substituent group as a 
whole (see Table 21, e.g. NH, < OH < F 5 
GF, < CN < NO,. As shown in Table 3, there 
is a close parallel between oi and the theoretic- 
ally calculated field effect (T,). Since polar sub- 
stituent effects generaily follow the o, order (I), 
this indicates that these polar effects are basically 
field effects rather than o inductive effects, in 
agreement with previous conclusions (25). While 
the o inductive effect induces large charge 
density changes, the calculations suggest that it 

5According to the quality characterization of basis sets 
by their logarithmic energy gradients, G,  = aE]a log a 
(where a is the orbital exponent) (21), the nitrogen 
ST0/3G basis set appears to be off balance (jGl = 1.52). 
Convergence difficulties in the SCF procedure, that also 
possibly indicate lack of balance in the basis set system, 
have been observed with unusually high frequency for 
molecules containing nitrogen bonded to other heavy 
atoms (see e.g. refs. 22, 23). 
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REYNOLDS ET AL. 527 

is a localized effect which attenuates very rapidly 
with increasing number of bonds. The main in- 
ductive charge density changes in the styrene o 
system occur at the directly bonded carbon C(4). 
At other carbons, q,o appears to primarily 
mirros the n charge density change (see Table 1). 
CND0/2 calculations for 4-substituted l-fluoro- 
bicyclo[2.2.2]octanes have also indicated that the 
o inductive effect is a localized phenomenon 
with very little effect beyond three carbons re- 
moved from the substituent (19). 

In addition to field and o inductive effects, 
polar substituent effects can also be transmitted 
via perturbation of the n electron system. Sub- 
stituent effects which alter the n electron system 
without charge transfer to or from the n electron 
system are labelled n inductive effects (5, 26). 
Two types of polar n inductive effects are 
believed to be important. The first is field- 
induced polarization of the n electron system 
(n, in the terminology of Topsom (5)), an effect 
which was previously shown to be present in both 
aromatic derivatives (13, 16, 27, 28) and vinyl 
groups (13). The IM calculations provide 
further evidence for the n, effect since electron 
withdrawing groups polarize the ethylene n bond 
towards the substituent, decreasing n electron 
density at C(P). Changes in ethylene n electron 
density correlate with AqH or T,: 

This demonstrates that the same field substituent 
parameters can be used in investigations of 
through-space field effects and n polarization 
effects, n,. 

The second type of n inductive effect is the 
inductoelectromeric effect (29) (n, in the termin- 
ology of Topsom ( 5 ) ) .  An electronegative group 
can withdraw electrons from the directly bonded 
phenyl carbon via the C-X o bond, i.e. a o 
inductive effect. This may induce a redistribution 
of the phenyl n electron system as represented 
by 4 (with a possible sinall increase in n electron 

1 

density at the meta carbons). By contrast with 
n,, the n, effect should not be directly pro- 
portional to polar substituent constants such as 
o,, since field and o inductive effects are not 
proportional to one another. 

TABLE 4. Correlations of carbon charge densities 
for 4-substituted styrenes with T, and TRO 

Value 

Parameter p," P R ~  rt 

OWeighting coefficients for equation qcx = pFT, -1 pnTRO. 
bCorrelation coefficient. 

While Cq,n provides a measure of the 
resonance effect of the substituent group, in- 
dividual carbon charge densities should reflect 
both resonance effects and n inductive effects of 
the type discussed above. Correlations of 
~ndividual n charge densities with TF and T? 
confirm this (see Table 4).6 

The p, values for the various carbons show the 
expected alternation in sign and decrease in 
magnitude with Increasing distance, i.e. C(4) > 
C(2) > C(a) and C(3) > C(l) > C(P). The pat- 
tern of p, values is more complex. The expected 
pattern of n charge density changes associated 
with the n, effect has been illustrated schematic- 
ally in 4 .  When a polar substituent is separated 
from a phenyl group by either an aliphatic 
linkage (16) or a second phenyl group (291, it 
polarizes the entlre phenyl .n electron system 
towards the substituent (n, effect) in a manner 
which can be represented schematically by 2. 

However, in the styrene system where the polar 
group is attached directly to the ring, the pattern 
of p, values appears to be a composite of 1 and 2. 
Inductike withdrawal of o electron density from 
C(4) may cause a short-range perturbation of the 
n electron system, particularly at C(4) and C(3) 
(nu effect). This would account for the relatively 
poorer correlation at C(4) (since the nu effect is 

6The sum of p, values, Cpl- = 0.001. This Indicates 
that there is no n charge transfer component to the T, 
scale (by contrast Z p R  = 0.232). Therefore, the p ,  values 
for individual carbons must reflect n inductive effects, 
i.e. effects which redistribute n electron density iv i tho~~t  
n charge transfer to or from the substituent. 
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not linearly related to TF). At longer ranges, the 
n, effect seems to be dominant. It  has already 
been shown that the vinyl 13C chemical shifts 
in 4-substituted styrenes can be accounted for 
in terms of both through-space polarization of 
the vlnyl group (as in the IM calculations, see 
Table 2) and polarization of the entire n electron 
system from phenyl to vinyl groups (13), re- 
sulting in a large field dependence for 6C(p,. 
This nF effect also can account for the large 
p, value for qC(p,.n (Table 4). 

In summary, STO-3G minimal basis set 
calculations for 4-substituted styrenes allow the 
separation and isolation of resonance effects and 
field effects of indiv~dual substituents. This has 
allowed estimation of theoretical field, T,, and 
resonance, T:, substituent parameters. Com- 
parison with experimental DSP scales indicates 
that the latter are fundamentally valid. In- 
dividual carbon charge densities not only reflect 
resonance (or n charge transfer) effects but also 
effects by which polar substituents induce re- 
distribution of n electron density without charge 
transfer to or from the substituent, i.e. n in- 
ductive effects. The calculations also demon- 
strate o inductive effects and field effects are not 
parallel phenomena and that the former is 
important only at short range. 

Details of Calculations 
Throughout this study an STO-3G basis set 

as contracted to a minimal basis (14) was used. 
All ab initio SCF MO calculations were carried 
out on an IBM 370/165 computer using a version 
of the Gaussian 70 program (30). 

Standard geometries were used for the 
styrene system (r,_, = 1.08 A, rC-,(phenyl) = 
1.40 i$, rC(l)-C(K) = 1.46 A, rc(,)-C(o) = 1.35 
A, all angles = 120") and for the IM calculations 
(r.,-, = 1.09 A and tetrahedral angles for 
CH3X). Substituent geometries were chosen to 
reproduce experimental geometries as accurately 
as possible. Full details of substituent geometries 
have been given elsewhere (31). 
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Substituent-induced ' W chemical shifts for 4substituted 
(%,%-dichlorosyc11opropyl)benze~~es: further evidence for 
intramolecular electric field effects on % chemical shifts 

ROBERT H. KOHLEK AND WILLIAM F. REYNOLDS 
Department qf C l ~ e n ~ i ~ t r y ,  Unil.ei.sih of Toronto, Toronto, Otzt., Cnncidn M5S 1AI 

Received June 8. 1976 

ROBERT H. KOHLER and WILLIAM F. REY~OLDS.  Can. J. Chem. 55, 530 (1977) 
Correlations of cyclopropyl proton chemical shifts for 4-substituted (2,2-dichlorocyclopropyl)- 

benzenes with o, and oRO provide evidence that these chemical shifts reflect direct field effects 
and weak phenyl-cyclopropyl conjugative interactions. Corrections for variable ring current 
effects due to substituent-induced changes in conformation improve the individual correlations 
but do not alter the basic pattern of results. Correlation of the B cyclopropyl 'H chemical shift 
difference with o,, with calculated hydrogen electron densities, and with calculated electric 
field components provides further strong evidence for a field effect on 'H chemical shifts. 

ROBERT H. KOHLER et WILLIAM F. REY~OLDS.  Can. J. Chem. 55, 530 (1977). 
Des correlations entre les dCplacements chimiques des protons du cyclopropyle de (dichloro- 

2,2 cyclopropyl-) benzenes substitues en position 4 avec o, et oRO suggerent queces deplacements 
chimiques sont un reflet d'effets directs de champs et d~interactions faibles de conjugaison du 
phinyle avec le cyclopropyle. Des correctio~ls pour les effets de courant de cycle qui varient a 
cause de changements, iilduits par les substituants, dans la conformation ameiiorent les corrt.la- 
tions individuelles mais n'alterent pas les tendances de base des resultats. La correlation des 
differences dans les deplacements chimiques du 'H en P du cyclopropyle avec le o,, avec les 
densites electroniques calculees pour l'hydrogene et avec les composantes calculCes pour les 
champs Clectriques suggerent encore plus fortenlent I'influence d'efiet de champ sur les deplace- 
ments chimiques de 'H. 

[Traduit par le journal] 

Introduction c1 
Substituent-induced IH chemical shifts in 4- 

substituted styrenes (1) and phenylacetylenes (2) 
can be accounted for in terms of through-space 
field effects, resonance effects, and n inductive 
(polarization) effects. In each case, the side chain X 
is conjugated with the phenyl group. Investiga- 
tions of 4-substituted cc-alk~lstyrenes showed 
that the transmission of resonance and n induc- 
tive effects to the side chain decreased as conju- 
gation decreased (3). Consequently, it was 
decided to extend these investigations to systems 
in which side chain conjugation was weak, in an 
attempt to provide further evidence for the exis- 
tence of through-space electric field effects on 'H 
chemical shifts. The compounds chosen for this 
purpose were 4-substituted (2,2-dichlorocyclo- 
propy1)benzenes. These seemed particularly use- 
ful compounds for investigation since, as in the 
case of styrenes (I) ,  the two a hydrogens have 
different geometries with respect to the 4-X 
phenyl group, thus potentially allowing the iso- 
lation of through-space effects from through bond 
effects : 

1 

In addition, these compounds could easily be 
synthesized by dichlorocarbene addition to the 
corresponding styrenes (4). The ABC spectrum 
for the dichlorocyclopropyl group is also con- 
siderably easier to analyze than the ABB'CC' 
spectrum which would be given by cyclopropyl- 
benzene derivatives. Finally, very unusual substi- 
tuent-induced 'H chemical shifts had been 
reported for B ( 5 ) ,  results which suggested to us 
that a more thorough investigation of this 
system was desirable. 

Results and Discussion 
'H chemical shifts for 4-substituted derivatives 

of 1 are given in Table 1. Correlations of these 
shifts with the dual substituent parameters o, and 
oRO are also given in Table 1, along with correla- 
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KOHLER AND REYNOLDS 53 1 

TABLE 1. 'H chemical shifts for cyclopropyl protons (in 
ppm relative to tetramethylsilane) of 4-substituted (2,2- 
cyclopropyl)benzene derivatives and correlations of these 

chemical shifts with o, - oRO 

Substituent 6H(A)a 

Family Parameter P r" P R ~  r ' 

1 SH(A) 0.054 0.137 0.974 
1 SH(B) 0.068 0.202 0.985 
1 S ~ ( ~ )  0.151 0.181 0.996 
1 GH(c) - SH(B)d 0.077 - 0.934 
1 S - 6 )  0.083 -0.021 0.962 

Styrene SH(A; 0.081 0.204 0.979 
SH(B) 0.148 0.457 0.995 

Styrene 6 ~ ( c )  0.266 0.475 0.996 
&(c) - 0.116 0.017 0.984 

"For proton labelling see 1. 
Weighting coefficicnts~for equation 6 = plo, ' p R o ~ '  t &. 
CCorrelation coefficient. 
dCorrelation for GI only. 
'Correlations include some derivatives as 1 plus SCH,, COCH3. 

Data from ref. 1. 

tions of the 'H chemical shifts for 4-substituted 
styrenes, for comparison. o, should measure the 
polar (fieldlinductive) effect of the substituent 
while oRO measures the resonance (conjugative) 
effect of the substituent (6). Through-bond 
(resonance and inductive) effects should affect 
6,(,, and a,(,, equally since H(B) and H(C) are 
separated by the substituent by the same number 
of bonds. However, 6,(,, should be more 
sensitive to through-space electric field effects 
since the substituent-induced electric field acts 
more directly along the C(P)-H(C) bond than 
along C(P)-H(B) (the field effect depends upon 
the magnitude of the electric field acting along a 
C-H bond (7)). This greater field effect for 6,(,, 
should be reflected by a greater p, value for 6,(,, 
than ti,(,, in the oI,oR correlations: 

In fact p, is greater for 6,(,, than 6,(,,, indicating 
the presence of a significant electric field effect. 
By contrast p, is similar for 6,(,, and 6,(,,, as 
expected for a through-bond effect. 

pR values are slightly greater for 6,(,, and 6,(,, 
than for 6,(*,, as observed in a more pronounced 
manner for styrene. In the latter case, this reflects 
conjugative interactions which alter .n electron 
density at C(P) (1). Therefore, it appears that 
there is weak phenyl-cyclopropyl conjugation in 

Q some 1, with the cyclopropyl C-C bonds havin, 
.n character.' This is consistent with previous 
evidence for phenyl-cyclopropyl conjugation 
(11-14), including the observation that the 
cyclopropyl group is a weaker transmitter of 
electronic effects than an alkene function (14). 

In spite of the generally reasonable p, and pR 
values in the o1,oR0 correlations, the correlation 
of (6,(,; - 6,(,,) with both o, and o,,eRO is 
mediocre. 
(2,2-Dic11lorocyclopropyl)benzene is a confor- 

mationally mobile system. On the basis of Kerr 
constant and dipole moment measurements, 
Aroney et al. estimated that the equilibrium 
angle of twist, $, of the phenyl group was 
60" (15). 

This represents a balance between conjugative 
effects which favor + = 0" (as observed in elec- 
tron diffraction studies of cyclopropylbenzene 
(1 1)) and steric interactions (particularly phenyl- 
C1 interactions). It was also concluded that para 
substituents could alter 4 by as much as 7" (Is), 
presumably by altering phenyl-cyclopropyl con- 
jugation. Since variation in $ would significantly 
alter the ring current effect of the phenyl group at 
H(A), H(B), and H(C), it was felt that this might 
account for the poor correlations for (6,(,, - 
6,,(,,). Consequently, we undertook CNDO/2 
energy minimization calculations for 1, varying 4 
from 4.5" to 75". The calculations predict a 
rhallow minimum about $ = 60" with the shape 
of the potential well being substituent-dependent. 
Typical results are presented in Fig. The 
apparent success of the calculation in predicting 

'In the 'H spectra of 4-substituted ethylbenzene the 
CH3 protons are about 40% as sensitive to substituent 
effects as the CH2 protons (8-10). This is presumably the 
pattern characteristic of non-conjugating alkyl groups. 

2The complete set of calculated energy !evels is avail- 
able, at a nominal charge, from the Depository of Un- 
published Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 
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CAN. J.  CHEM. VOL. 55. 1977 

FIG. 1. Energy (ca1;mol) for unsubstituted 2,2-(dichloro- 
cyclopropy1)benzene as a function of the angle 6 betneen 
C(a)-H and the plane of the phenyl group. 

the energy m~iiiniuin is in itself interesting since 
CND012 calculations for coiljugated molecules 
often fail to predict the most stable conformations 
(16). The calculations may be better in cases like 
this where steric interactions dominate. 

A weight-averaged angle of twist, (+), was 
estimated for each derivative by first determining 
the relative population, N+, at each angle 4, 
using the Boltzmann expression 

[21 N N - - f E v E o ) I R T  $1 0 - e  

where E, and No refer to the angle of minimum 
energy and T was taken as 300 K, corresponding 
to the probe temperature, then calculating (4) 
from 

Estimated values of (+) are given in Table 2. 
These are geilerally smaller for electron-with- 
drawing substituents, correspoilding to increased 
phenyl-cyclopropyl conjugation (as expected 
since the cyclopropyl group is an electron donor 
group (14, 17)). Ring current corrections were 
estimated by Johnson-Bovey calculations (IS), 
using a program written for that purpose (19). 
The ring current correction was estimated for the 
average angle (4). This may introduce a small 
error since the ring current correction varies in a 

TABLE 2. Table of weight-averaged 
angles, (+), for 4-substituted (2,2- 
dichlorocyclopropy1)benzene deri- 

vatives 

Substituent <+)" 

"(6) = average dihedral angle for 
C(?)-H bond relative to plane of phenyl 
group as determined by [ 2 ]  and [31. 

nonlinear fashion with angle. However, since the 
ring current calculations may not be quantita- 
tively accurate (20), this approximation seemed 
justified. Corrected chemical shifts are given in 
Table 3. The correlations of (6,(,, - 6,(,,) with 
o, and with o, - CT,' are both improved by the 
ring current corrections (see Table 3). Compari- 
son of the correlations in Tables 1 and 3 shows 
that substituent-induced changes in conforma- 
tion introduce a spurious3 resonance contribution 
to which contributes to the poor correlation 
for (6,,(,, - 6,(,,). The corrected correlations 
indicate very similar field effects upon (6,(,, - 

6,(,,) as in the case of styrenes (Table 1). The 
significantly inlproved correlation coefficients 
suggests that the ring current corrections must be 
at least semi-quantitatively correct, in spite of the 
approximations noted above, This is supported 
by the equations given below. It is also important 
to note that the f~~ndamental conclusions con- 
cerning greater field effects for s,,,, and greater 
resonance effects for p than a hydrogens are 
unaltered by corrections. 

(6,(,, - 6 ,,(,,) primarily reflects field effects. 
The electric field effect due to a substituent can be 
estimated from the Buckingham equation (7) : 

where E, is the field component acting along the 
C-H bond (7) and A is a constant with a value 
in the range 2.9-5.5 x 10-12 (esu)-I (3). Conse- 

3Spurious in the sense that it arises from magnetic 
anisotropy effects rather than from changes in local 
electron density. 
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K O H L E R  A N D  R E Y N O L D S  533 

TABLE 3. Ring current corrections and corrected chemical shifts for cyclopropyl protons of 1 

H - 2.784 - 1 714 1.810 0.097 

H(CH3)2 + 0.002 2.697 f0.017 1.635 1.732 0.097 
OCHB + 0.002 2.726 +0.014 1.655 1.773 0.118 
OC2H5 $0.002 2.712 +0.014 1.649 1.769 0.120 
CHB +0.001 2.746 +0.005 1.684 1.783 0.099 
C(CH315 +0.001 2.746 +0.007 1.693 1.794 0.101 
F +0.001 2.750 C0.007 1 ,670 1.825 0.155 
CsHs 0.000 2.761 0.000 1.689 1.808 0.119 
CF3 -0.002 2.819 -0.015 1.743 1 ,897 0.153 
C N  - 0.001 2.803 - 0.009 1.751 1.910 0.159 
NO2 -0  003 2.841 -0.025 1.778 1.947 0.171 

Parameter PI" P R ~  re 

aCorrect~on factor to compensate for ring current change (relative to tlnsubstit~~ted derivative) due to angle change In Table 2. The correction 
factor is opposite in sign to the ring current change to remole the effect of this change, e.y .  the decrease in ( 6 )  for the NO, derivatile leads 
to  a posit i~e (ionfieid) shift for 6,,,,. Therefore the correction factor is negative. 

b'H chemical shift including As,,. 
rCorrcction factors ranged from 0.0003 ppm for K(CH3), to -0.0004 ppm for KO2 
dWeighting factors for correlation eq~iation 6 - p,o, 4 p R a R o  - F o .  
=Correlation coefficient. 
fcorrelation with 0, only. 

quently, (6,(,, - 6,(,,),,,, was correlated with 
AEZ(H(C)-H(B)), the difference in substituent- 
induced electric fields acting along the two 
C(P)-H bonds. Field components were esti- 
mated using aliphatic o bond moments (21) for 
the substituents4 and using previously listed 
parameters (1 9). Values of AEZ(H(C)-H(B)) are 
given in Table 4. The following correlation was 
obtained : 

Both the reasonable value of A and the good 
correlation coefficient indicate that 6,(,, - 6,(,, 
reflects field effects. (A much worse correlation 
was obtained for the uncorrected shifts (r = 

0.836).) 
Hydrogen charge densities were also estimated 

by C N D 0 / 2  molecular orbital calculations (see 
Table 4). Correlation of (6,(,, - 6H(B,)c0rr cs. 
(C~H(C) - C~H(B)) yielded : 

4Ab initio calculations on 4-substituted styrenes demon- 
strate that the field effect of the substituent is directly 
proportional to (aliphatic) o bond moment of the substi- 
tuent (22). 

The scal~ng factor of 27 ppmlls  electron 1s in 
good agreement w ~ t h  previously repol ted values 
which range from 18 to 30 ppm/ 1s electron (23, 
24). Since through-space field effects alter hydro- 
gen charge denslty by polar~zing G-H bonds (I), 
[6] prov~des further evidence fol the presence of 
these effects. Thus correlations of 6,(,, - 6,(,, 
(corrected for changes In ling current effects) 
with fieldlinductive subst~tuent parameters, with 
calculated electric field components, and wlth 
hydrogen charge densities all Indicate the pres- 
ence of a through-space field effect T h ~ s  prov~des 
further proof for the ~ n ~ p o l t a n c e  of intramolec- 
ular field effects on 'H chemical shifts 

Both the corrected correlations for 1 (Table 3) 
and the styrene correlat~ons (Table 1) show a 
sl~ghtly greatel p, value for 6,(,, than for tiH(,, 
This could be taken as an  :ndlcation of a secon- 
dary field effect due to the large resonance- 
~nduced TC electron dens~ty changes at C(1). Due 
to the bond geometries, 6,(,, should be slightly 
more sensitive than ii,(,, to a secondary field 
effect, thus possibiy accounting the slight larger 
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TABLE 4. Calculated electric field components (in esu) due to polar substituents and calculated (CNDO/2) charge 
densities ( x  lo4) for 4-substituted (2,2-dichlorocyc1opropyl)benrene derivatives 

AEz(H(C)-H(B))" ZA E;(H(C)-H(B)) 
Substituent ( x lo4) A ( ~ H ( c I  - ~H(BI) '  4c(l,' ( x 10") 

N(CH3)z $0.092 - 1 - 368 -0.409 
OCH, $0.392 + 5 - 280 +0.009 
O C ~ H S  +0.392 + 5 - 276 +0.015 
CH3 -0.162 - 2 - 100 -0.318 
C(CH3)3 -0.243 - 1 - 140 -0.434 
F +0.937 + 17 - 175 +0.701 
CsHs $0.150 + 3 - 28 1 0 . 1 2 2  
CF3 t 0 . 9 9 6  + 21 i- 151 + 1.202 
CN +1.393 + 13(+ 16)' + 39(+48je +1.458 
NO, +l .598 + 34(+ 27) +215(+ 169) $1.829 

"Difference in electric field components (due to polar substituent) acting along C(B)-H(C) and C(B)-H(B). 
hCharge density diffeietlce between H(C) and H(B), expressed relative to the charge density difference in the pattein conlpound. 
CCharpe densit:. a t  C(1), relative t o  the parent compound (negatixe sign indicates increased eiectron density). 
"Difference In electric field components due to both the polar substltuent (dipolar field),and charge,density change at  C(1) (monopolar field). 
<Charge densities scaled by ratio of experimental calculated dipole moment in beilronltrile and nitroben7ene. Charge densities \rere scaled 

since C\DO 2 calculations respectivel) underest~rnite and overestlrnate electronic effects of C K  and NO, groups (1, 2). Scaled charge densities 
\+ere used in correlations. 

p, value for 6,(,,. A similar explanation has been 
advanced to account for the chemical shifts of 
6,(,, in styrene (1) and the methyl 'H chemical 
shifts in trimethylanilinium ions (25; 26). On the 
other hand, .ah itzitio calculations on styrene 
provide no evidence for the existence of a 
secondary field effect (22). 

T o  inve~stigate this point further, an attempt 
was made to calculate secondary field effects. 
Since field effects drop off rapidly with distance 
and since both resonance (1) and n: polarization 
effects (27) cause much larger x electron density 
changes at  C(l) than C(2,6), the secondary field 
effect was estimated assuming a point charge at  
C(1). Electron densities were estimated by 
CNDO/2 calculations (see Table 4). Values of 
C AEz(H(C)-H(B)), the sum of direct (dipolar) 
and secondary (monopolar) field components, 
are also given in Table 4. Ho~vever, the correla- 
tion of this parameter with (6H(C,  - 6H(B))corr  was 
worse than the correlation in [ 5 ]  (r = 0.952 as 
compared to 0.970 for [j]). A similar observation 
was made when an attempt was made to estimate 
secondary field effects in styrene. This leads to 
the conclusion that secondary field effects are not 
important in these systems, in agreement with the 
results of ub initio calculations on styrene deriva- 
tives (22). However, there may be inductive 
transn~ission of the effects of electron density 
changes a t  C(1) to the side chain protons, since 
qH(A)  (and a,(,,) in styrene appear to reflect the 
electron density changes at  C(1) (1). While field 
effects appear to dominate over inductive effects 
a t  long range (28, 29), calculations on aliphatic 

co~npounds  suggest that inductive effects may be 
important at  distances up to three bonds (29). 
The sinalier shifts for CH, protons than CH, pro- 
tons for ethylbenzenes (8-10) are consistent with 
inductive effects, possibly combined with weak 
hyperco~ljugative interactions of the alkyl and 
phenyl groups (25). The apparent resonance con- 
tribution to 6,(,, - 6 ,,(,, may be due to small 
substituent induced distortions of the side-chain 
group. The difference in p, values for 6,,(,, - 

6,(,, in each case corresponds to a resonance 
contribution of ca. 0.01 pp171. Due to the close 
proximity of H(B) to the phenpl group in each 
system, very minor substituent induced changes 
in bond length and/or bond angle could lead to 
this apparent resonance contribution. 

As mentioned in the Introduction Mal'tsev et 
a/ .  reported very unusual ' H  chemical shifts for 
derivatives of P (5). They found that 6 ,,,,, 
and 6,(,, for the unsubstituted derivative were to 
high field of the corresponding protons in both 
nitro and dimethylamino derivatives (5). Their 
data and ours are compared in Table 5. The 
N(.CH,), and NO, derivatives show the ex- 
pected low field shifts associated with the transfer 
of a polar solute from C,D,, to CCl, (30) but the 
unsubstituted derivative shows an anomalous 
high field shift. However, Cox and Smith 
reported data for the unsubstituted derivative in 
CCI, (31) which are much more consistent with 
the other data. This suggests that there may be 
significant experimental errors in the data of 
Mal'tsev et 01. (5). Certainly our 'H chemical 
shift data show n o  similar anomalies. 
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TABLE 5. Comparison of 'H chemical shifts of 4-substi- 
tuted derivatives of 1 from this work and from ref. 5. 

Chemical shifts in ppm from tetramethylsilane 

Substituent Solvent &H(B) 6 ~ ( ~ )  

N(CH3)Za C6DlZ 2.695 1.618 1.732 

k O 2  
C6D12 2.784 1.713 1.810 
C6D12 2.851 1.803 1.950 

N(CH3)Zb CCI4 2 .79 1.66 1.80 

k O 2  
CC14 2 .60 1.53 1.59 
CcI4 3 .00 1 .97 2.13 

Hc CCIL 2.824 1.772 1.888 

"This work. 
bData from ref. 5 .  
<Data from ref. 3 1. 

Experimental 
Four-substituted (2,2-dichlorocyclopropy1)benzenes 

were synthesized by addition of dichlorocarbene to the 
corresponding 4-substituted styrene, using the method of 
Makoszka and Wawrzyniewiecz (4). The styrenes were 
either obtained commercially or were available from a 
previous investigation (I). The (2,2-dich1orocyclopropyl)- 
benzene derivatives were characterized by their nnir 
spectra which showed characteristic ABC multiplets for 
the cyclopropyl protons and AA'BB' spectra for thepava- 
disubstituted benzene group. 

'H spectra were obtained using procedures identical to 
thosepreviously reported (1). I t  is estimated that individual 
chemical shifts are accurate to 0.001 ppni. C N D 0 / 2  cal- 
culations were carried out on an IBM 3701165 computer 
using a standard program (32) and standard geometries 
(33). The energy minimization calculations were carried 
out using previously reported geometries for cyclo- 
propylbenzenes (I 1, 15). 
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Chemical shifts for Qsubstituted phenylvinyl ethers, sulfides, and selenides: 
evidence concerning the relative abilities of 0, S, and Se to transmit 

electronic effects 
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WILLIAM F. REYNOLDS and ROBERT A. MCCLELLAKD. Can. J. Chen~.  55, 536 (1977) 
13C chemical shifts for B carbons of 4-substituted phenylvinyl ethers, sulfides, and selenides 

plus previous data for styrenes indicate that the relative ability of link groups to transmit 
electronic effects between conjugative groups is S > Se % - > 0 (where - refers to no link 
group, i.e. styrene). However, marked deviations from additivity are noted for C(l) chemical 
shifts which may indicate that 0 deactivates the ring to electronic substituent effects while 
S and Se activate the ring. If this explanation is valid then the actual ability of the link atom to 
transmit electronic effects is - > 0 > S > Se. 

WILLIAM F. REYNOLDS et ROBERT A. MCCLELLAND. Can. J. Chem. 55, 536 (1977). 
Les deplacements chimiques du carbone-13 des carbones-B d'ethers sulfures et stltnures de 

vinyle et de phknyles substitues en position 4, utilises de concert avec des donnees anterieures 
pour les styrines, indiquent que l'habilite relative des groupes liants a transmettre les effets 
electroniques entre les groupes conjugues est S > Se a - > 0 (oh - se refere au cas ou il n'y 
a pas de groupe liant, i.e. le styrene). Toutefois on note des deviations importantes de I'addivite 
pour les deplacements chimiques du C(1); ces deviations peuvent indiquer que I'oxygene 
dCsactive le cycle par rapport aux effets electroniques des substituants alors que le S et le Se 
activent le cycle. Si cette explication est valide, l'habilite reelle des groupes liants a transmettre 
les effets electroniques serait - > 0 > S > Se. 

[Traduit par le journal] 

There has been considerable interest in the 
relative abilities of 0, S and, to a lesser extent, 
Se to transmit electronic effects, particularly 
in the case where these atoms act as a link or 
bridge between two conjugative groups. The 
initial investigation was by Litvinenko who in- 
vestigated the reactivity of the amino group to 
acylation in compounds of the type X-C,H,- 
Y-C,H,NH, where X is the variable sub- 
stituent and Y = 0, S, etc. (1). He concluded 
that the ability to transmit electronic sub- 
stituent effects decreased in the order S > 
Se > 0 > -.I Subsequent investigations in- 
volving 'H (2, 3), 19F (4, 5), and 13C (6) nmr 
spectroscopy supported the order S > 0 2 - in 
cases involving conjugative transmission of sub- 

phenomenon which has been referred to as a 
positive bridge effect (1) or superconductivity 
(2). 

The most recent investigation involved ' H  
and 13C chemical shifts measurements for 
phenylvinyl ethers and sulfides (6). However, 
measurements were carried out for a limited 
number of derivatives (including only three para 
derivatives in each case) and I3C chemical 
shifts were measured for neat liquids. Since we 
had a large number of phenylvinyl ethers, 
sulfides, and selenides as part of another in- 
vestigation ( 7 ) ,  a further more careful 13C nmr 
spectroscopic investigation of this system seemed 
desirable. It  was hoped that this would provide 
further evidence concerning the relative position 

stituent effects. Perhaps the most striking feature of Se on the transmission scale and possibly 
of these investigations is the general conclusion also help to elucidate the origin of the positive 
that interposition of 0 or S between two con- bridge effect. In fact, the investigation has shown 
jugative groups apparently enhances the trans- that the previous order S > Se > 0 > - 
mission of electronic effects relative to the case possibly does not reflect the ability of these 
where the two groups are directly linked, a linking groups to transmit substituent effects. 

'Throughout this manuscript the symbol - refers to Results and Discussion 
the case where the two conjugative groups are directly 13C chemical shifts for 4-substituted phenyl- 
linked, i.e. biphenyl in this case. vinyl ethers, sulfides, and selenides are listed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REYNOLDS AND McCLELLAND 537 

TABLE 1. I3C chemica! shiftsa for 4-substituted derivat~ves X-C6H4YCH=CH2 

Y X 8 ~ ~ 4 1  &c(3) Sc(2) ~ C ( I )  fic(z) ficcp) A6c(11b A8c(plb 

0 H 122.74 129.23 117.00 156.69 147.95 94.64 - - 
0 NH, 142.10 115.50 118.73 149.00 149.74 92.40 -7.69 -2.24 
O OCH3 155.51 114.29 118.45 150.34 149.30 93.06 -6.35 -1.58 
0 GH3 131.77 129.71 117.05 154.62 148.46 93.87 -2.07 -0.78 
O F 158.54 115.89 118.53 152.57 148.50 94.49 -4.12 -0.15 
0 C1 128.24 129.37 118.24 155.17 147.60 95.41 -1.52 +0.77 
0 Br 115.56 132.35 118.64 155.72 147.52 95.59 -0.97 +0.95 
0 hTOz 147.95 125.52 116.06 160.98 145.82 98.59 +4.29 i -3.95 

S H 126.72 128.74 130.54 134.26 132.18 114.58 - - 
S NHz 146.30 115.16 134.70 119.20 134.70 110.63 -15.06 -3.95 
S OCH3 159.47 114.47 134.07 123.49 133.93 111.71 -10.77 -2.87 
S c H 3  136.58 129.28 131.37 129.50 133.00 113.27 -4.76 -1.31 
S F 162.24 116.04 133.88 128.76 132.59 113.87 -5.50 -0.71 
S C1 133.26 129.03 131.66' 132.66 131.66' 115.47 -1.60 +0.89 
S Br 121.90 131.96"31.72d 133.41 131.29 115.73 -0.85 +1.15 
S CF3 128.88 125.66 128.68 140.20 129.73 118.48 +5.94 +3.40 
S NO, 152.05 123.81 128.23 144.30 128.23 120.88 +10.04 i 6 . 3 0  

Se H 127.14 128.92 133.15 129.16 127.98 118.53 - - 
Se NH, 146.34 115.44 136.40 114.81 129.85 115.59 -14.35 -2.94 
Se OCH, 159.58 114.72 136.03 118.30 129.23 116.36 -10.86 -2.17 
Se CH3 136.87 129.73 136.87 125.18 128.57 117.50 -3.98 -1.03 
Se F 162.54 116.29 135.73 123.20 128.14 118.10 -5.96 -0.43 
Se C1 133.80 129.21 134.30 127.20 127.36 119.26 -1.96 +0.73 
Se Br 121.82 132.17 134.50 127.99 127.23 119.50 -1.17 i 0 . 9 7  
Se CF3 129.68 125.74 131.71 135.06 125.95 121.74 +5.90 +3.19 
Se NO2 146.90 123.76 130.62 139.91 124.71 123.97 +10.75 f 5 . 4 4  

-- ~ 

Oln ppm to low field for tetramethylsilane. 
bChemical shift- relative to unsubstltuted derivatibe. 
'Overlapping peaks. 
dAssignments uncertain. 

in Table I .  Based on both the maximum range 
of substituent effects upon p carbon 13C 
chemical shifts (from NH, to NO, derivatives) 
and on correlations of p carbon chemical shifts 
against one another, the apparent order of 
transmission of substituent effects is S > 
Se = - > 0 (see Table 2). This parallels the 
order of Litvinenko ( I )  and subsequent workers 
(2-6) with respect to 0 ,  S, and Se. However, 
the directly bonded system (styrene) appears 
to be more efficient at transmitting substituent 
effects than previously deduced from systems 
of the type X-C,H,-Y-C,H,Z (1, 3-6). I t  
could be argued that the present system supplies 
a more reliable order since styrene (8) (and 
presumably the other derivatives) are planar 
while the systems X-C,H,-Y-C,H,Z under- 
go uncertain conformational changes as Y is 
varied (9). 

However, inspection of the phenyl carbon 
chemical shifts indicates an additional com- 
plexity. The effect of substituents on C(l) 
chemical shifts varies markedly from system 
to system (Table 1). Taft and co-workers have 

recently reported similar marked deviations 
from additivity of 13C chemical shifts in yara- 
disubstituted benzenes (10). They suggested that 
o electron-withdrawing groups deactivate the 
ring towards both n-inductive and resonance 
effects of substituents (10). The obvious corol- 
lary of this is that o-donor groups should 
activate the phenyl group; a trend which is 
apparent in 13C chemical shift data for 4- 
substituted trimethylsilylbenzenes (1 1). On this 
basis, it would appear from our results that 
-SCH=CH, and -SeCH=CH, groups both 
activate the phenyl groups (see &A,, , ,). While S 
and Se are normally considered to have electro- 
negativities similar to carbon (12), it is possible 
that the polarizabilities of these atoms con- 
tribute to their apparent activating effect.' By 
contrast -OCH=CH, appears to be a de- 

2Lynch has collected data for a large number of p- 
disubstituted benzenes and has concluded that the 
deviations from additivity for the I3C chemical shifts of 
the carbon para to the variable substituent depend upon 
the polarizability of the fixed substituent (13). The other 
I3C chemical shifts show little deviation from additivity. 
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TABLE 2. Various parameters which measure the relative abilities 
of 0, S, and Se to transmit electronic effects, relative to the case 

where the two conjugative groups are directly linked 

Values 

Parameter d - 0 S Se 

Chemical shift difference between KO, and NH2 derivative. 
bSSlpe  of a correlation of C(P) chemical shifts us. C(B) for 4-substituted styrenes. 
"0,  values from Table 3. 
dData from ref. 18. 

activating group (as observed for the o-with- 
drawing OCH, group (10)) while -CH=CH, 
is essentially neutral (the total range of para 
carbon chemical shifts from NH, to NO, 
derivatives of benzene is 16.0 ppm (10) com- 
pared to 15.0 ppm for C(l) in styrene, see 
Table 2). 

Taking our results in conjunction with those 
of Taft and co-workers (lo), total range of 
substituent-induced para carbon chemical shifts 
(from NH, to NO,) varies from 9.9 ppm in 4- 
substituted fluorobenzenes to 25.1 ppm in 4- 
substituted phenylvinyl sulfides and selenides. 
This raises the possibility that these deviations 
from non-additivity reflect variations in the 
sensitivity of 13C chemical shifts to electron 
density changes rather than variations in electron 
density changes. Put in empirical terms, this 
would indicate that the scaling factor relating 
13C chemical shifts to .rr. electron density changes 
is altered from the normal value of 160-200 
ppmln electron (14, 15) by the effect of the 
directly bonded atom. In support of this view, 
ab initio (ST0/3G minimal basis set) calculations 
for 4-substituted fluorobenzenes and substituted 
benzenes indicate much smaller deviations from 
additivity than noted from the I3C chemical 
shifts (16). However, these calculations assume a 
regular hexagonal structure for the benzene 
rings. Available structural data indicates that 
substituents can induce significant distortions 
of the benzene ring in poly-substituted benzenes 
(17) which might result in non-additive elec- 
tronic effects not predicted by calculations 
based on idealized geometries. Obviously this 
is an area worthy of further investigation, 
although geometry-optimization calculations on 
poly-substituted benzenes would be prohibitively 
expensive. 

If it is assumed that these non-additive effects 
on 13C chemical shifts accurately reflect ground 
state electron density changes (previous in- 
vestigations of 13C chemical shifts in benzene 
derivatives support this view (18-21)), the 
phenyl carbon chemical shift data allow an 
alternative interpretation of transmission of 
electronic effects by 0 ,  S, and Se. The effect 
of the link group can be divided into two parts: 
(1)  its ability to activate (or deactivate) the 
directly bonded carbon of phenyl group towards 
electronic substituent effects and (2) the ability 
to transmit these effects to the second conjuga- 
tive group. On this basis, a better measure of 
the actual ability of the substituent group to 
transmit electronic effects should be the ratio 
of C(P) to C(1) chemical shifts. These ratios are 
given in Table 2. They indicate a much dif- 
ferent order of transmission ability, i.e. - > 
0 > S > Se. If this approach is correct, it 
indicates that the apparent 'superconducting' or 
'positive bridge' effect of S and Se is not really 
a transmission effect but rather reflects the 
ability of these linking atoms to activate the 
phenyl group towards substituent effects. In 
many ways, this seems more satisfactory than 
an explanation involving positive bridge effects. 
It is also consistent with previous conclusions 
that 0 is more capable of conjugative inter- 
actions than S (22). 

Assuming that the phenyl carbon shifts 
parallel electronic effects, a more detailed 
picture of these electronic effects can be ob- 
tained by correlating 13C chemical shifts for 
C(1), C(a), and C(P) with Taft's o, .and oRO 
substituent constants (23) (Table 35. These 
correlations indicate that C(P) and C(1) show 
different relative sensitivities to fieldlinductive 
and resonance effects. Considering the resonance 
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TABLE 3. Correlations of C(1), C(a), and C(p) chemical shifts with 
(31 and oRO 

- " c(1) 5.62 18.47 3.29 0.996 
- C(a) -2.48 -0.12 0.988 
- C(P) 5.62 8.19 1.55 0.996 
0 c(1) 3.67 16.09 4.39 0.995 
0 c ( a )  -2.31 -4.42 1.92 0.991 
0 c(P) 4.38 6.31 1.44 0.997 
S c(1) 10.92 29.63 2.69 0.995 
S c ( a )  -4.23 -6.73 1.59 0.997 
S c(B) 6.64 10.77 1.62 0.997 
Se C(1) 10.02 30.29 3.02 0.998 
Se c ( a )  -3.54 -5.18 1.46 0.997 
Se c(p) 5.57 8.62 1.55 0.995 

aExperimental data from ref. 18. Correlations were based on the same substi- 
tuents as for phenylvinyl sulfide. Inclusion of other substituents gives sllght 
different values (19). 

OWeighting coefficients for equation 6 = p,ol + p,ano t So. 
' h  = PRIPI.  
dCorrelat~on coefficient. 

effects first, the p, values indicate an enhance- 
ment of resonance effects at C(l) on going from 
phenylvinyl ether to the sulfide and selenide 
analogues. The correlations for the vinyl group 
indicate the alternation in sign and magnitude 
of p, which seems typical of resonance effects. 
Since C(P) and C(l) have different sensitivities to 
fieldlinductive and resonance effects, p,C(o)/ 
pRC(l) should provide a better measure of the 
ability of the bridge group to transmit con- 
jugative effects. These ratios are given in Table 2. 
While quantitatively different from AAC,,,/ . , 
AAq,,, they predict the same order. 

There is an even greater variation of p, values 
for C(l) since these vary by a factor of three. 
Taft and co-workers also noted greater varia- 
tions in p, than p, (10). We have previously 
suggested that polar substituents can polarize 
the entire .n electron system towards the sub- 
stituent (20) 

Taft et al. suggested that o-withdrawing groups 
para to X would inhibit this polarization by 
making it more difficult to remove n electron 
density from the para carbon (while o donor 
groups should enhance the polarization) (10). 
Our results are consistent with this explanation. 
In this regard, it may or may not3 be significant 

31t may not be significant because it could equally 
well be argued that this demonstrated that the deviations 
from additivity for the para carbon reflected different 
sensitivities of these carbons to electron density changes. 

that carbons ovtho to the variable substituent 
show much smaller deviations from additivity 
(19, 20b and Table 1) than in the case of the para 
carbon. This is consistent with .n polarization 
effects, 1, as well as resonance effects, 2, in- 
volving quininoid structures : 

It is interesting to note that C(P) chemical 
shifts show a large sensitivity to fieldlinductive 
effects (in fact p, is larger for C(P) than for C(l) 
in phenylvinyl ether). This indicates the present 
of polar n inductive effects, i.e. effects which can 
alter the .n electron distribution without charge 
transfer to or from the substituent. We have 
previously shown that n polarization in styrene 
involves two components (1, 24); polarization 
of the entire conjugated system from vinyl to 
phenyl groups and through space polarization 
of the vinyl n bond towards the substituent. 
The latter effect can account for the relatively 
large sensitivity of C(P) to fieldlinductive effects. 
Although the vinyl group is further removed 
from the substituent in ethers, sulfides, and 
selenides than in styrene, it is aligned more 
directly with the C-X bond axis: 
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Proportionality relationships in the carbon-13 nuclear magnetic resonance spectra 
of para-disubstituted benzenes: a new interpretation of non-additive behavior 

BRIAN MAURICE LYNCH 
Department qfChemistry, Saint Francis Xrrvier Urzi~'er.sity, Antigonish, N.S., Cunridri B2G 1CO 

Received September 7, 1976 

BRIAN MAURICE LYNCH. Can. J. Chem. 55,541 (1977). 
The carbon-13 chen~ical shifts for 214 distinct sites (the 4-carbons) in 24 sets of 1-X,4-Y- 

disubstituted benzenes and for 270 distinct sites (the 1- and 2-carbons) in 16 of these sets are 
reproduced with excellent precision (correlation coefficients 0.99 or greater) either by linear 
proportionality relationships with the appropriate substituent chemical shift (scs) in a mono- 
substituted benzene (for the 4-carbons), or by simple additivity relationships with the scs 
(for the 1- and 2-carbons). 

]inconsistencies are pointed out in a theoretical rationalization of 4-carbon shifts used in 
discussing the non-additivity of these shifts in terms of a DSP approach, whereas the above one- 
narameter approach yields sets of proportionality constants (slopes of scs relative to Y = H) 
following systematic trends which are interpreted as results of changes in the excitation energy 
term at carbon-4 dependent upon the ionization potential of the group Y. There is no significant 
association between the scs slopes and sets of calculated CNDO/2 electron densities for these 
para-disubstituted benzenes. 

BRIAN MAURICE LYNCH. Can. J. Chem. 55, 541 (1977). 
On reproduit avec une excellente precision (coefficient de correlation de 0.99 ou plus) les 

dCplacements chimiques de I3C de 214 sites distincts (les carbones-4) dans 24 groupes de 
benzknes disubstitutis I-X, 4-Y et pour 270 sites distinctsl(des carbones-1 et -2) dans 16 de ces 
groupes; ces reproductions sont effectutes soit par des relations de proportionnalitt lintaire 
avec des dtplacements chimiques du substituants appropriees (dcs) dans les benzenes mono- 
substitues (pour les carbones-4) ou par des regles d'additivites simples avec les dcs (pour les 
carbones-1 et -2). 

On inet en relief des inconsistances dans la rationalisation thkorique des dCplacements 
chimiques des carbone-4 utiliste dans la discussion de la non-additivitt de ces dtplacements en 
rermes d'une approche DSP alors que I'approche utilisant un parametre qui est mentionnee plus 
haut conduit a des groupes de constantes de proportionnalite (pentes de dcs relatives a Y = H) 
qui suivent des tendances systelnatiques que l'on interprete comme resultant de changements 
dans le terme d'energie d'excitation au niveau du carbone 4 en fonction du potentiel d'ionisation 
du groupe Y. 11 n'y a aucune association importante entre les pentes des dcs et les groupes de 
densites electroniques calculees par la lnCthode CNDO/2 pour ces benzenes para-disubstitues. 

[Traduit par le journal] 

Introduction 
Additivity parameters (substituent chemical 

shifts, scs) derived from tlie carbon-13 shifts of 
monosubstituted benzenes have been very useful 
in signal assignments in polysubstituted com- 
pounds (for examples, see refs. 1-5), but a 
cautionary note is sounded through a recent 
communication of Bromilow, Brownlee, Topsom, 
and Taft (6), reporting marked non-additivity in 
para-substituent 13C shifts for the 4-carbon in 
compounds of type 1 

with Y a fixed substituent (NO,, F, OMe, NH,, 
CN) and X a minimum basis set of substituents 
(7) (X = NH,, OMe, F, Me, H, CF,, CN, NO, 
for each Y). Taft's group analysed the influence 
of the Y substituent on the para-scs through the 
dual substituent parameter (DSP) approach (7), 
and through a suggested parallelism between the 
influence of Y upon the p, value and upon the 
STO-3G ab initio o-electron density at the 4- 
carbon of the monosubstituted benzene (i.e. for 
X = M), their results were interpreted to indicate 
that the o-charge density at the 4-carbon regu- 
lates the ease of n-polarization by the distant 
para-substituent X. 

Their interpretation leads to the prediction 
that o-donor Y groups will show amplified para- 
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scs by comparison with Y = H, with increased p, 
and p, values. Published data for a set of phenyl- 
trimethylsilanes (8) support this prediction, but a 
limited data set for bromobenzenes (measured as 
neat liquids) (5) also show amplifiedpara-scs, and 
it seems inconceivable to classify a halogen as a 
o-donor. Furthermore, plots of the published 4- 
carbon shifts for the bromobenzenes against o, 
or oRO are linear, with G, influences apparently 
absent (p, 1: 0). The evident failure of the Y = 
Br set to fit the logic of the Taft model requires a 
more searching examination of the reported non- 
additivity patterns, through examination of addi- 
tional Y groups, extension of the range of X 
substituents, and different modelling assump- 
tions. 

In this paper, I use an alternative single- 
parameter approach to explore non-additivity 
patterns in the scs for the 1-, 2-, and 4-carbons 
with an extended range of substituerits Y, in- 
cluding the following (the number of X substit- 
uents in the data set follows the Y descriptor): 
Br, 10; I, 8;  CI, 10; CF,, 9;  Me, 10; Et, 9; 
CH:  CH,, 11  ; CMe: CH,, 8;  C(CMe,):CH,, 9; 
C r C H ,  1 1 ; C,H,, 8 ; CMe,, 8 ; SiMe,, 7 ; GeMe,, 
6; SnMe,, 7; CO.NH,, 7;  O.CH:CH,, 8; 
S.CH:CH,, 9;  Se.CH:CH,, 9. The single- 
parameter approach analyses the scs patterns in 
terms of 6-6 relationships (cf 4, 9) as in eq. 1 : 

where 6 ,  is the carbon chemical shift for a given 
position and substituent X, a, the shift calculated 
for the parent species with X = H, and the 6, are 
the set of carbon scs for a given position for 
monosubstituted benzenes with Y = H;  b is the 
slope parameter. Such an approach is equivalent 
to the use of the scs in monosubstituted benzenes 
as substituent constants. Equation 1 could 
reproduce experimental results through addi- 
tivity relationships with b = 1, or through 
proportiorzality relationships, with b < 1 or b > 1. 

Results and Discussion 
Table 1 assembles the results of fitting the data 

of Taft's group and the extended data sets of Y 
substituents listed above to eq. 1 to the various 
4-carbon scs, using the parent 6, values 
assembled in Table 2. Proportionality relation- 
ships of excellent precision are evident for all the 
sets, and the data of Taft's group are reproduced 
almost as precisely by eq. 1 as by the DSP treat- 

ment. Two instances with evidence of saturation 
of substituent effects (Y = X = NO,, scs = 2.77 
ppm and Y = CF,, X = NO,, scs 2.74 ppm) 
were omitted from the analyses. Data-fitting to 
eq. 1 was also made for the 1- and 2-carbons for 
all Y substituents except those cited in ref. 6, 
using the appropriate scs from Table 2. For these 
16 substituents and 270 sites, additivity relation- 
ships prevail (b = 1 .OO & 0.05) with excellent pre- 
cision (minimum correlation coefficient, 0.993). 
Since the goodness of fit to eq. 1 is either com- 
parable to that for the DSP analys~s (for the 4- 
carbons) or superior to it (ortho-substituents 
(2-carbons) are very poorly correlated by the 
DSP analysis (6)), one must prefer the simpler 
treatment unless the DSP analysis has a superior 
theoretical basis. The cited data for bromo- 
benzenes (5) indicate significant deficiencies in 
the approach separating o, and oR as applied to 
carbon-13 substituent chemical shifts. 

Equation 1 is remarkably successful in organiz- 
ing the shift data, and the systematic trends 
in relative slopes, including the orders 

F i OMe < NH,, NO2 i H < Me 

CMe3 < SiMe3 i GeMe, < SnMe, 

suggest that dependences on physical quantities 
attributable to the key atom of the Y substituent, 
such as electronegativity or ionization potential 
will indicate an appropriate theoretical model 
accounting for these trends. 

The most obvious proposal is that the difTering 
electronegativities of the key atoms of the Y 
groups lead to differences in their abilities to 
modify the charge redistribution resulting from 
the presence of the X substituent; for example, 
the smaller slope for Y = F than for Y = H 
would then indicate a smaller range of variation 
in electron density at the 4-carbon for Y = F as 
compared with Y = H. Note that the validity of 
this proposal depends upon the unproved assump- 
tion of uniform response of the 4-carbon shift (in 
ppm/electron) throughout the data sets, while in 
fact, comparisons of ab initio calculations of 
electron densities for para-substituted fluoro- 
benzenes and the corresponding monosubsti- 
tuted benzenes (10) indicate that variations in the 
electron densities approximately parallel one 
another. This pattern of behavior is also ob- 
served with more approximate (CNDO/2) 
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TABLE 1. Proportionality relationships of the 4-carbon shifts in pnua-disubstituted benzenes to the shifts 
in monosubstituted benzenes" 

- 

Chemical shift 
for X = H 

No. of (ppm from TMS), 
Fixed data flo Uncertainty Correlation Goodness 

substituent, points, Slope, of slope,b coefficient, of fit,' 
Y n Obs. Calcd. b s d t )  r SD/RMS (Y,) Reference 

F 10 163.50 163.03 0.619 0.060 0.9930 11.65 6 
OMe 10 160.10 160.15 0.714 0.062 0.9945 10.84 6 
NH2 10 146.70 146.97 0.825 0.085 0.9925 12.86 6 
NO2 lod 148.50 147.78 0.820 0.099 0.9893 12.75 6 
CF3 9d 131.10 131.00 1.049 0.070 0.9972 6.65 
Me 10 137.60 138.13 1.103 0.062 0.9976 8.28 
C1 10 134.70 134.77 1.119 0.037 0.9992 4.27 e 

CN 10 113.30 113.03 1.161 0.120 0.9921 12.73 6 
CH: CH, 11 137.40 137.42 0.918 0.043 0.9981 6.44 1 9f 
CMe: CH, 8 141.07 141.02 0.963 0.038 0.9992 3.84 20f 
C(CMe3) : CH, 9 143.08 143.08 0.990 0.049 0.9985 5.33 20f 
C-CH 11 122.52 122.39 1.034 0.050 0.9979 6.40 2 if 
Et 9 143.42 141.61 1.087 0.041 0.9991 4.68 9 

CsHs 8 141.45 141.61 0.978 0.058 0.9982 6.71 22h 
CMe, 8 150.48 150.97 1.073 0.097 0.9960 9.40 8' 
SiMe, 7 139.70 140.00 1.251 0.103 0.9974 6.02 8 ' 
GeMe, 6 142.60 142.24 1.305 0.087 0.9998 3.82 8' 
SnMe, 7 141.53 141.99 1.345 0.128 0.9966 7.26 23' 
O.CH: CH, 8 156.69 156.40 0.765 0.066 0.9963 8.30 24 
S.CH:CH2 9 134.26 134.76 1.536 0.083 0.9982 6.47 24 
Se.CH: CH, 9 129.16 129.77 1.537 0.069 0.9988 6.78 24 
C0.NH2 7 134.37 134.25 0.988 0.140 0.9924 14.1 This workk 
Br 10 122.48 122.58 1.241 0.063 0.9981 6.39 This workk 
I 8 94.35 94.32 1.474 0.123 0.9965 9.12 This workk 

aLTnless specified otherwise, shifts uere determined for dilute soiutioiis (approxiniately 0.4 M )  in CDCI,. The basic set of 4-carbon shifts rela- 
tive to benzene is taken from ref. 6, and is reproduced in Table 2. Secondary shifts for other substituents were used in analyses if some of these 
substltuents uere missing from the available data sets; these are also listed In Table 2. 

bProduct of the standard deviation of the slope, s,, and the t distribution for the 95% confidence level for the n data points; for a discussion 
of this indication of goodness of fit, see ref. 18. 

'Standard deviation (s ) from linear relationship, divided by the root-mean-square value of the n data points. 
dData points for X =%o> were omitted from the analysis. 
ePersonal communication from Professor R. W. Taft. 
fData in CCll solvent. 
9G. K. Hamer and W. F. Reynolds, personal communication. 
"Data in acetone solvent. 
'Data for 50% (m/v or v/v) solutions in CCI4. 
)Data for pure liquids plus 10% (v/v) benzene. 
"ata for the benzamides are for solut~ons In DMSO-do. Concer~trations of the solutions were in the range 0.1-0.4 1M 

calculations on these two series (1 1), and my own 
CND0/2 calculations of electron densities for a 
variety of para-disubstituted benzenes (X = H, 
F, NH,, Me, NO,, OH, CN; Y = H, NH,, NO,, 
Me, CECH, OH, CO.NH,) yield results for the 
4-carbon electron densities approximately paral- 
leling the set Y = H (see Table 3), but displaced 
in direction and magnitude as a function of the Y 
group. Since there is no significant association 
(r = -0.50, corresponding to a vector angle of 
120") between the ratios of electron density 
variations and the observed scs slopes of Table 1, 
I conclude tentatively that the differing slopes are 

not a consequence of differing ranges of ground- 
state variations in electron density. This con- 
clusion requires reinforcement through geometry- 
optimized ab initio calculations for full confidence 
in the electron densities, but the electronegativity- 
controlled influence of which the above model is 
an example would require that groups Y with key 
atoms of similar electronegarivities should exhibit 
similar amplifications of scs influences. This is 
not so: the electronegativities of carbon and of 
iodine are accepted generally (12) as closely 
similar, yet the scs slopes are: Me, 1.103; 1, 
1.474. 
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TABLE 2. Carbon-13 substituent chemical shift parameters 
for monosubstituted benzenesa 

Position 
- 

Substituent Ipso (1) ortho (2) para (4) 

H 
NMez 
NHz 
OMe 
O H  
F 
C1 
Br 
CF3 
CMe, 
Et 
Me 
C N  
NO2 
COCH3 
CH:O 
COzH 

aUnless specified otherwise, all ipso and ortho shift parameters are 
taken from ref. 25 and all para shift parameters from ref. 6. 

bFrorn ref. 26. 
'R. W. Taft, personal communication. 
dFrom ref. 25.  

A more successful accounting of the slope 
trends is obtained by postulating changes in the 
excitation energy term A E  of the paramagnetic 
shielding expression for carbon- 13 shifts' (Kar- 
plus and Pople (13)). Since the deviations from 
scs additivity do not extend beyond the 4-carbon 
(that bearing the substituent Y) any such changes 
must be highly local (Karplus and Pople (13) 
suggest the possibility of localized excitations). I 
propose that the relative energies of the ground- 

'A referee comments that correlations of appropriate 
inverse ionization potentials with proton and with 
fluorine chemical shifts have been made previously by 
Schaefer et al. (17), but these do not relate directly to 
my approach. My quoted data sets are concerned with the 
effect of ipso-substituent (Y) variation in modifying the 
scs influence of para-substituents X on the ipso-carbon 
(4-carbon) shifts relative to the species where Y = H, 
rather than upon the influence of variation of Y upon the 
ipso chemical shift where X = H. A study of this latter 
influence would be directly analogous to the examples 
studied by Schaefer et al. ; unfortunately, our preliminary 
work (B. M. Lynch and J. J. MacDonald, unpublished 
data) indicates that the influence of Y upon the ipso 
shift includes (at least) contributions from steric, electron- 
density, and excitation-energy terms. 

state and excited-state configurations of carbon-4 
are modified by interaction with the key atom of 
the substituent Y, and that the extent of this 
modification will be determined largely by the 
ionization potential of Y. 

My proposal predicts that the scs slope will be 
a linear function of the reciprocal of the loniza- 
tion potential of the key atom of Y, and for the 
sets Y = F, H, C1, Br, I and Y = CMe,, SiMe,, 
GeMe,. SnMe,, linear associations of high 
quality are evident between these quantities 
(Table 4). Further, the scs slopes for a set of 
groups with varying ligand nature and number 
(Y = F, OMe, NH,, NO,, C :  CH,, Me) also fol- 
low the sequence of the reciprocals of the calcu- 
lated valence-state ionization potentials (cf .  Hinze 
and Jaffe (14)) although the precision of the linear 
relationship is less. Finally, the large amplifica- 
tions noted for Y = S.CH: CH, and Y = 

Se.CH:CH, (Table 1) by comparison with 
Y = O.CH: CH, and Y = CH : CH, may be in- 
terpreted (in addition to the low ionization 
potentials of S and Se) by a model for these 
groups akin to a perturbed ally1 anion substituent 
(CH.CH:CH,), in which low-lying (albeit un- 
occupied) orbitals of the substitue~lts interact 
stroigly with carbon-4. 

Conclusions 
The major features of the chemical shift pat- 

terns at the 4-carbon in pam-disubstituted ben- 
zcnes, and the trends in scs effects, are well ex- 
plained by the proposed modification of the 
excitation energy term. A test of the proposed 
localizcd nature of the modification is that scs 
additivity would be predicted for the 1- and for 
the 2-carbons in the para-disubstituted series (as 
is observed, see above) and also for the 2-, 3-, 4-, 
and 6-carbons in 1-Y,3-X-disubstituted benzenes. 
The limited available data support this latter pre- 
diction, which I hope to test in the near future 
with a wider data base. At present, it appears that 
the small scs at the 3-position in 1-X,4-Y-disub- 
stituted benzenes exhibit an insufficient range to 
allow development of statistically significant 
correlation models. 

Experimental 
Materials 

The substituted benzamides were prepared by ammo- 
nolysis of the commercially available benzoyl chlorides, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LYNCH 545 

TABLE 3. Relationships among CND0/2 total electron densities at the 4-carbon 
in paw-disubstituted benzenes 

Varying Total electron densities for fixed substituent, Y 
substituents, 

X H NH2 NOz CH3 C=CH 013 CONHz 

H 
F 
OH 
NH2 
CH3 
NO2 
CN 
Slope of linear 

plot of electron 
densities relative 
t o Y = H  

Correlation 
coefficient 
for linear plot 

TABLE 4. Substituent chemical shift (scs) responses correlated with inverse 
ionization potentials of key atoms." The least-squares linear lelationship 
is b = - 0.6455 + 22.366/(IP); r = 0.9970; SD/RMS = 10%; uncertainty 

of slope = 3.19 

(a) Benzene and halobenzenes 

Slope (6) of scs response 

Key atom Y Observed Calculated (l/(IP)) x 102 

(b) r-Butylben~enes, phenyltrimethylsilanes, phenyltrimethylgermanes, 
and phenyltrimethylstannanes. The least-squares linear relationship is 
b = 0.5577 + 5.778/(IP); r = 0.9950; SD/RMS = 14.2%; ullcertaillty 

of slope = 1.77 

Slope b 

Key atom O bserved Calculated (1/(1P)) x lo2 

C 1.073 1.071 8.884 
Si 1.251 1.267 12.271 
Ge 1.305 1.291 12.690 
Sn 1.345 1.345 13.624 

"Atom ionization potentials are from ref. 28. 

using a standard procedure (15); the substituted bromo- 
benzenes and iodobenzenes were commercial samples. All 
were purified by crystallization or distillation where 
appropriate, to agreement with literature melting or 
boiling points. The pmr spectra of the compounds were 
fully consistent with the purported structures, and 
indicated purities were over 97%. 

Carbon-13 Nuclear Magnetic Resonance Spectra 
These were acquired in the Fourier Transform mode 

using full proton decoupling, with either a Varian CFT-20 
spectrometerz or a Varian XL-100 spe~trometer .~  Shift 
data for the ring protons of the benzamides, bromo- 
benzenes, and iodobenzenes, and parameters of the 

ZCourtesy of Dr. D.  L. Hooper, Dalhousie University, 
Halifax, Nova Scotia. 

3Courtesy of Drs. A. 6. McInnes and J. A. Walter, 
Atlantic Regional Laboratory, NRCC. 
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additivity equations for the 1- and 2-carbon shifts for 
these compounds, appear in Table 5. 

CNDOI2 Calculations 
These were made on a Hewlett-Packard 3000 computer 

using a standard program (cf. 16); recommended 

TABLE 5. Ring carbon chemical shifts for substituted 
benzamides, bromobenzenes, and iodobenzenes 

(in ppm from internal tetramethylsilane) 

(a) para-Substituted benzamides" 

Chemical shift 

Substituent C-l 

H 131.24 
OMe 160.84 
C1 136.04 
F 163.99 
Me 141.16 
C N  113.68 
NO2 - 

OAdditivity equations 6,., = 130.32 + 0.987 60,c.I ( I  = 0.9978; 
SDIRMS = 7.109,, sb(t) = 0.092); 

6c.z = 128.22 + 1.050 6 0 , ~ . >  (r = 0.9988; 
SD/RMS = 4.929,, sb(t) = 0.059). 

(b) para-Substituted bromobenzenes" 

Chemical shift 

Substituent C-1 C-2 C-3 C-4 

H 
NMe2 
NH2 
O H  
OM: 
CH:O 
Me 
Et 
COMe 
NO2 

"dd~tivity equ 

(c) para-Substituted iodobenzenes" 

Chemical shift 

Substituent C-l C-2 C-3 C-4 

H 127.24 130.03 137.24 94.35 
NH2 145.24 116.70 138.00 80.30 
OMe 158.72 116.84 138.06 82.42 
Me 137.31 131.10 137.20 90.21 
Et 143.01 129.59 137.12 90.49 
C1 134.18 130.45 138.65 91.16 
CO,H 130.31 131.00 137.50 100.90 
NO2 147.30 124.80 138.65 104.13 

nAdditivity equations 6c.1 = 127.89 + 0.9840 6o.c.1 (r = 0.9991: 
SD/RMS = 2.86%. sb(t) = 0.041). 

6=., = 130.00 0.9585 ~ O . C . ~  (r = 0.9966; 
SD/RMS = R.02%, sb(t) = 0.079). 

standard bond lengths and bond angles were used in 
defining the input geometries. 
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Vinyl sulfide hydrolysis 

ROBERT A. MCCLELLAND 
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ROBERT A. MCCLELLAND. Can. J. Cheni. 55, 548 (1977). 
The hydrolysis of vinyl sulfides in acid solutions is shown to proceed via a mechanism 

analogous to that of vinyl ethers, with slow proton transfer to the carbon-carbon double bond 
to produce a sulfur stabilized carbonium ion. Relative rates of hydrolysis of compounds 
RXCH=CH2 are CH3S-, 41 ; CH,O-, 1500; C,H,S-, 1 ; and C,H,O-, 10.5. This order 
is compared with that of other systems which produce similar stabilized carbonium ions. 

ROBERT A. MCCLELLAND. Can. J. Chem. 55, 548 (1977). 
On montre que l'hydrolyse dcs sulfures dc vinyle en solutions acides se produit par un 

micanisme selnblable a celui des ethers vinyliques impliquant un transfert lent de proton vers la 
double liaison carbone-carbone afin de produire un carbocation stabilise par le soufre. Les 
vitesses relatives d'hydrolyse des colnposes RXCH=CH, sont: CH3S-, 41; CH,O-, 1500; 
C,H,S-, 1 et C,H,O-, 10.5. On compare cet ordre avec celui observe avec d'autres systkmes 
qui produisent des carbocations stabilises de la m2me manikre. 

[Traduit par le journal] 

A recent study (1, 2) of acylal and thioacylal 
hydrolysis allowed a comparison of the effects 
of oxygen and sulfur in a reaction generating an 
adjacent carboniurn ion centre (reaction 1, X = 

0, S: R = Me, Ar), 

this system showing a much closer reactivity 
between oxygen- and sulfur-containi~lg com- 
pounds than that anticipated on the basis of 
previous results, for example, on the solvolysis 
of chloromethyl ethers and chloromethyl sul- 
fides (3). For further comparison, we have 
turned to the acid-catalyzed liydrolysis of vinyl 
ethers and vinyl sulfides. Vinyl ethers are now 
well established (4) to undergo such hydrolyses 
with rate-determining proton transfer to the 
carbon-carbon double bond giving the inter- 
mediate oxycarbonium ion. Although no mecha- 
nistic study appears to have been carried out 
with vinyl sulfides, they should behave similarly, 
as, in fact, we will first establish. In particular, 
this report focuses on the hydrolysis of methyl 
vinyl sulfide and a series of aryl vinyl sulfides, 
along with their vinyl ether analogs, and a 
comparison of their relative reactivities in the 
light of the acylal-thioacylal study. 

Experimentd 
Materials 

Methyl vinyl sulfide was commercially available. Aryl 
vinyl ethers were prepared using a n~ethod similar to that 
employed previously (5). In a typical procedure, phenol 
(0.1 mol), ethylene bromide (0.21nol), and sodium 
hydroxide (0.1 mol) were refluxed overnight with 250 
ml of hater. The resultant phenetoles were separated 
from the aqueous layer and purified by fractional dis- 
tillation. These were dehydrobroniinated by adding to 
25 ml of dimethyl sulfoxide containing a slight excess of 
potassium tert-butoxide. Water (200 ml) was added and 
the vinyl ether extracted with ether and purified by 
vacuum distillation. 

Aryl vinyl sulfides \\ere prepared as follows. The 
benzenethiol (0.1 mol) and sulfuryl chloride (0.12 mol) 
Mere refluxed in 100 ml of carbon tetrachloride for 1 h, 
and the solvent and excess chloride removed on the 
rotary evaporator to yield the arylsulfenyl chloride (6). 
Addition of this reagent to ethylene (6) was accomplished 
by passing an excess of the olefin through a solution in 
methylene chloride. The solvent was again removed and 
the adduct was dehydrochlorinated with potassium 
hydroxide (slight excess) in refluxing 95% ethanol (ca. 2 h). 
After removal of much of the solvent and addition of 
bvater the vinyl sulfide was obtained by ether extraction 
and vacuum distillation. 

The identity and purity of all cornpounds mere estab- 
lished using 'H and 13C nmr spectroscopy; analysis of 
the 13C nrnr spectra has been reported separately (7). 
Boiling points of known compounds agreed with liter- 
ature values (5, 8). New compounds gave satisfactory 
analyses. 

Kinetic Mensurenlents 
All rates Mere obtained using uv spectroscopy at  a 

wavelength corresponding to the greatest spectral change 
on hydrolysis (for methyl vlnyl sulfide, ?, = 225 nm; aryl 
vinyl ethers, 230-240, except 3-NO,-, 280; 4-NOZ--, 
330; aryl vinyl sulfides, 260-270, except 4-NO,-, 340). 
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McCLELLAND 549 

The spectrometer (Cary 16) was thermostatted at 25.0 
or 50.0 'C (k 0.1 "C) and the kinetic runs were initiated 
by addition of a solution of the substrate in methanol 
(0.005 ml) directly to the aqueous solution (2.5 ml) in 
the uv cell, final concentrations in substrate ranging 
from to 1M. First-order rate constants were 
evaluated as slopes of plots of In ( A ,  - A,) or In 
(A, - A,)  cs. time. Rate constants were reproducible to 
&2%, Stable infinity values were obtained in all cases, 
and the first order plots were linear over the entire 
course of the reaction. 

Products 
The compounds studied here are expected to give 

acetaldehyde and the phenol or thiol on hydrolysis. In 
all cases quantitative conversion to the latter was verified 
by comparison of the uv spectrum of the products with 
that of an authentic sample. With methyl vinyl sulfide 
and phenyl vinyl sulfide conversion to both products %as 
established by nmr spectroscopy, the solvent in this case 
being 0.5 N DCI in 80% dimethyl sulfoxide-d6: 20% 
DZO. 

Results 
Products 

The hydrolysis of the vinyl sulfides studied 
here produces the expected products (9), acetal- 
dehyde and thiol 

0 
H +  1 1  

CH2=CHSR + H20 ---+ CH,CH f RSH 

Buffer Catalysis 
Rates of hydrolysis of methyl vinyl sulfide 

were obtained at 50 "C in a series of buffer 
solutions of four different carboxylic acids. Using 
solutions of constant buffer ratio but differing 
total buffer concentration,' catalysis by the acid 
component of the buffer was found, with strict 
adherence to the rate law of eq. 2, 

[21 kobs = k H + [ H + ]  + kHA[HA] 

The catalytic coefficients are listed in Table 1, 
while the Bronsted plot is shown in Fig. 1. 
Ignoring the point for the hydronium ion (which 
displays a similar negative deviation in Bronsted 
plots involving vinyl ethers (13)) a Bronsted a 
value of 0.73 is obtained. 
Soluerzt Isotope Effect 

Hydrolysis of methyl vinyl sulfide in H 2 0  and 
D 2 0  at 25 "C using dilute HC1 and DC1 (0.01- 
0.1 M )  as catalyst acid gave rate constants of 
0.0210 M - I  sC1 for H,O+ and 0.00742 M-I  s-I 
for D,O+;  their ratio k ,,,, +/k,,,+ is 2.83. 

Aryl Vinyl Eflzers a11d Aryl Vinyl Suljides 
Rates of hydrolysis of a series of these com- 

pounds in 1 N HC1 are reported in Table 2 ;  

'Suitable corrections were made in this treatment for 
"buffer failure" with the stronger acids (10). 

TABLE 1. Catalytic rate constants for hydrolysis of methyl 
vinyl sulfide in aqueous solution at 50 "C 

104 kHA 
Catalyst PK, (50 "C) s-I) 

OReference 11. 
Qeference 12. 
<Obtained by extrapolation of data in ref. 11. 
dAt 25 'C (12). 
'In dilute HCI solutions. The average value obtained from the 

intercept of plots of kabi CS. [HA] is 0.222 (IT 0.014) ~ 2 . 1 - ~  s - ' .  

I I I I I I 
-4 -3 -2  - 1  0 + I  

l o g  g K a / p  

FIG. 1. Bronsted plot for the hydrolysis of methyl vinyl 
sulfide. 

Fig. 2 depicts plots of log k,,, us. the Hammett 
a constant. The p values, ignoring the electron 
donating substituents, are - 1.78 (sulfides) and 
- 2.09 (ethers). 

Discussion 
Meclzarzism of Virzyl Sulfide Hydrolysis 

All data are consistent with a mechanism of 
vinyl sulfide hydrolysis analogous to that of 
vinyl ethers (reaction 3) 

H ' + H z 0  
[3] RSCH=CH, + RSCHCH, ----+ products 

slow fast 

Consistent with this are (a)  the Hammett plot 
for the aryl vinyl sulfides (and its similarity to 
that of the aryl vinyl ethers (Fig. 2)), (b) the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



550 C A N .  J.  C H E M .  

TABLE 2. Rates of hydrolysis of aryl vinyl ethers and aryl 
vinyl sulfides in 1.00 NHCI at 25.0 "C 

lo4 k,,,, (s-l) 

Substituent ArSCH=CH, ArOCH=CH, 

FIG. 2. Hammett plots for the hydrolysis of aryl vinyl 
ethers (8) and aryl vinyl sulfides (0) in 1 lli HCI at 25 "C. 

solvent isotope effect, and (c) the general acid 
catalysis; (b) and (c) pointing to a process with 
a slow proton transfer and (a) consistent with 
the +intermediacy of a thiocarbonium ion, 
ArSCHCH,. 

For comparison purposes, the Bronsted a 
value for ethyl vinyl ether hydrolysis (at 25 "C) 
is 0.70 based on carboxylic acid catalysts (13); 
k,+/k,+ for this compound is 2.95 (14). Taking 
the data of a number of vinyl ethers, Kresge and 

co-workers have pointed out that there are rough 
correlations between the values of a (10) or 
k,+ /kDL (1 4) and the relative reactivity. Within 
such a framework the two pieces of data for 
methyl vinyl sulfide are seen to fit quite well, 
although they would be more appropriate if the 
coinpound were slightly more reactive. 

Oxygen cs. Su2firr 
Table 3 sumnlarizes relative rates for vinyl 

ethers and sulfides, along with those of the 
acylals and thioacylals (reaction I). The latter 
data are based on the step-wise colnparison 
previously described (1); the former data are 
based on direct coinparison in 1 N HC1 (Table 2). 
the number for methyl vinyl ether being ob- 
tained by comparing its hydrolysis rate in more 
dilute acid (k,, = 0.76 M - ' s - l  (15)) with that 
of methyl vinyl sulfide. 

In comparing the two sets of data we note 
initially that the reactivity differences between 
the CH,S- and C,H,S compounds are approxi- 
mately the same, while this is not true for the 
oxygen analogs. More importantly in considering 
oxygen us. sulfur therc is no correlation, the 
oxygen-containing molecules in the RXCH= 
CH, series being substantially more reactive 
than their sulfur analogs, in comparison to 
similar cases in RXCH,OAc. In explaining these 
behaviours a number of factors come to mind. 
none of which, in our opinion, satisfactorily 
accounts for all aspects of Table 3. 

(i) Ground State D~fference.~: One major dif- 
ference in the two classes is that in the vinylic 
series the heteroatom is conjugatively linked 
with the reacting centre in the ground state; in 
other words there may be differences in ground 
state energy levels due to relative conjugative 
stabilizing effects in RXCH=CH,. This ex- 
planation requires for our data that sulfur be 
better conjugated with the adjacent C=C than 
oxygen, and although there appears to be no 

TABLE 3. Relative rates of hydrolysis 

Relative rate 

RXCHz0Acb 
RX RXCH=CH," (via RXCH, +) 

OIn 1 N HCI. 
bReferences 1 and 2.  
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evidence either for or against this idea, it seems 
unattractive since sulfur is generally regarded as 
a poorer n donor. Certainly the higher nmr 
upfield shifts of the P-carbon and P-hydrogens 
in the vinyl ethers (7) is more consistent with the 
opposite, a greater conjugation with oxygen. 

(ii) Stevic Efects:  A recent theoretical calcu- 
lation (16) has predicted that phenyl vinyl ether 
is not completely planar. With longer C-S bond 
lengths the corresponding sulfide may be more 
so, giving rise again to an increased reactivity in 
the former due to less conjugative stabilization 
in the ground state. This might explain why the 
rate differences between M e 0  and C,H,O com- 
pounds in the two series do not correlate, while 
those for sulfur do. 

In addition, following the reasoning of Des- 
longchainp (17), the conformation responsible 
for reaction in the acylal-thioacylal compounds 
must have a heteroatom lone pair aligned anti- 
periplanar to the leaving carboxylic acid, as 
below. 

0 0 C C H 3  

H 

FI-ont atom: 0 01. S 
R = meth) 1 or a]-) i 

With a gauche interaction between the methyl or 
aryl group and the cai-boxylate this is less stable 
than the conformer with these groups anti. The 
longer C-S bond lengths, however, make the 
gauche confornler nlore readily available in the 
thioacylals, and may then account for their en- 
hanced reactivity. 

(iii) Transition State D(fference~: Although 
similar cations are being formed in the two 
series, what is being measured here is not their 
stabilitv but rather that of the transition state 
leading to them, so that the reactivity differences 
may be due to differences in detailed transition 
state structure. A pertinent observation here is 
that in general ethers are more basic than sulfides 
in dilute acid (18). This preference of oxygen 
molecules for the proton may be reflected in the 
vinylic rates, even though the proton is not 
being placed directly on the heteroatom. One can 
imagine perhaps that in the transition state the 
incoming solvated proton utilizes a heteroatom 
lone pair in its hydrogen bonding network, and 
oxygen is certainly more capable of this than 
sulfur (18). 

In conclusion it is worth pointing out that 

although the differences in Table 2 appear large 
on a relative rate basis, on a free energy basis 
they are quite small, particularly when compared 
to the enormous rate variations observed in 
general for olefin hydration reactions (19) and 
AA,l acetate ester hydrolyses ( I ,  20). 
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Thegcerc;. substituent dependence of the internal rotational barrier in benzenethiol 
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TED SCHAEFER and WILLIAM J. E. PARR. Can. J. Chem. 55, 552 (1977). 
On the basis of the observed spin-spin coupling constants between the sulfhydryl and ring 

protons and a hindered rotor treatment of the twofold barrier to internal rotation in a series of 
para substituted benzenethiol derivatives, it is argued that V2 is essentially zero in p-amino- 
benzenethiol and is 2.5 + 0.2 kcal/mol in p-nitrobenzenethiol; having intermediate values for 
the methoxy, fluoro, methyl, and bromo derivatives in solution. The results are based on an 
assumed relationship between the four-bond and the fictitious six-bond couplings to the 
sulfhydryl proton. The conclusions are consistent with the observed magnitudes of the couplings 
oper six and seven bonds, respectively, between the sulfhydryl proton and the fluorine nucleus 
and the methyl protons in the appropriate derivatives; as well as with the coupling between 
the sulfhydryl and methyl protons in 4-bromo-3-methylbenzenethiol. The experimental barriers 
are compared with ab initio molecular orbital calculations of their substituent dependence. 

TED SCHAEFER et WILLIAM J. E. PARR. Can. J. Chem. 55, 552 (1977). 
En se basant sur les constantes de couplage spin-spin observees entre les protons sulfhydryles 

et les protons du cycle et en traitant comme un rotor empCchC la barriere binaire la rotation 
interne dans une serie de benzenethiols substituts enpam,  on suggtre que V2 est pratiquement 
Cgal a zero dans lep-aminobenzenethiol et a 2.5 i 0.2 kcal/mol dans lep-nitrobenzenethiol; en 
solution, les valeurs sont intermediaires pour les derives methoxy-, fluoro-, methyl- et bromo-. 
Ces resultats sont bases sur une relation hypothktique entre les couplages a travers quatre 
liaisons et sur les couplages fictifs a travers six liaisons pour le proton sulfhydryle. Les con- 
clusions sont en accord avec les ordres de g rande~~r  observes respectivement pour les couplages 
a travers six et sept liaisons entre le proton sulfhydryle et le noyau de fluor et les protons des 
methyles dans des derives appropries: ces conclusions sont aussi en accord avec le couplage 
entre les protons sulfhydryles et methyles du bromo-4 methyl-3 benzenethiol. On compare les 
barrieres experimentales avec les rtsultats de calculs ab inirio d'orbitales moltculaires predisant 
leur dependance sur les substituants. 

[Traduit par le journal] 

Introduction 
O n  the basis of the long-range spin-spin 

coupling constant over six bonds between the 
sulfhydryl proton and the ring proton in the para 
position, 6~,".S", of the analogy of its angular 
dependence to P-proton hyperfine interactions 
in radicals, and of the hyperconjugative overlap 
integrals involving C-H and S-H bonds, it was 
shown recently (1) that a maximum value of the 
barrier to internal rotatlon in benzenethiol in 
CCl, solution is 1.3 kcal/mol; although a final 
estimate of 1.1 + 0.3 kcal/mol was suggested as 
covering most likely eventualities. 

Now. in p-substituted phenol derivatives 
theory and experiment agree that substantial 
changes can occur in the internal rotational bar- 
rier of the phenol fragment (2), depending on 
the electron-withdrawing or donating character- 
istics of the para substituent. Because the internal 

'Postdoctoral fellow, 1974-1976. 

barriers in both phenol and benzenethiol pre- 
sumably arise from a partial loss of conjugation 
of the lone pair electrons with the n system of 
the ring, it is likely that p-substituted benzene- 
thiol derivatives also display substituent depen- 
dent barriers to rotation of the sulfhydryl group. 

Of course, 6JpH,SH does not exist for these 
compounds. However, 4J,,H,SH is possibly roughly 
proportional to the nonexistent 6 ~ p H , S H  SO that 
the former may serve as an  indicator of the 
internal barrier. Furthermore, in the p-fluoro 
and the p-methyl derivatives spin-spin coupling 
between the sulfhydryl proton, the I9F nucleus, 
and the methyl protons constitutes a check on 
the deductions based on This paper con- 
cerns itself with these questions. 

Experimental 
Five mole percent solutions in CCI4 containing a little 

tetramethylsilane were degassed by the freeze-pump-thaw 
technique. For reasons of solubility or stability other 
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SCHAEFER AND PARR 

TABLE 1. Spectral parameters* for a 5 mol% solution in CCl, of 4-fluorobenzenethiol 

Parameter Value Parameter Value 

3 J  H , F  
0 

4J H , F  

6 ~  SH,F 
P 

4~ S H , H  

5 J  S H , H  
m 

rms error 
Peaks assigned 

Transitions calculated 

*Proton chemical shifts in Hz to low field of internal tetramethylsilane at 100 MHz at 305 K. 
?To high field of internal CF3CC13 at 56.443 MHz at 302,K, in Hz. 
:The numbers in parentheses are the standard deviations In the last place. 
§For the uroton and fluorine spectra at 100 MHz and 56.443 MHz. resuectivelv. 
I n  the proton spectrum 

solvents were necessary for two con~pounds. Proton mag- 
netic resonance spectra were calibrated in the frequency 
sweep mode on an HA-100 spectrometer at 305 K. Partial 
decoupling (3) and weak irradiation (4) experiments 
established the signs of coupling constants relative to 
3 J 0 H , F ,  3 J o H , H ,  and 4J0H,CH3, known to be positive (9, 
positive (6), and negative (7), respectively. Intermolecular 
proton exchange was hindered by the presence of molecu- 
lar sieve, although drying periods of a few weeks were 
sometimes necessary. 

Ab initio molecular orbital calculations at the S T 0  3 6  
level (8, 9) were performed on an IBM 3701158 coni- 
puter system. 

Results and Discussion 
(I ) Spectral Analyses 

Spectral analyses using the program LAME 
(lo> ''1 were straightforward' In 

FIG, 1, The proton magnetlc resonance spectrum at 
1 the full results of the analysis the P - ~ ~ ~ ~ ~ -  100 MHz and 305 I( of the sulfhydryl proton in a 5 m o l z  
benzenethiol are given as an example. The Stan- solution of p-fluorobenzenethiol in CC1,. The calculated 
dard deviations in the suggest an spectrum is-based on the parameters in Table 1. 

accuracy of at least 0.02 I-Iz in the coupling con- 
stants of major interest in thls paper. In Fig. 1 
the spectrum of the sulfhydryl proton is dis- 
played. Rather than tabulate the plethora of 
spectral parameters, we give in Table 2 the long- 
range coupling constants to sulfhydryl protons, 
methyl protons, and the 19F nucleus for seven 
p-substituted benzenethiol derivatives. The chemi- 
cal shifts of the sulfhydryl proton have been 
discussed for most of these compounds (12). 

( 2 )  Substituent Dependence of tlze Internal Barrier 
(i) 4 J , , H 3 S H  and the Barriers 
In previous work (1) it was argued that 

6 ~ , H , S H  in benzenethiol follows a sin2 0 law as in 
I ,  
I 6 J,  H . SH = 6 ~ , 0 s i n 2 8  

where 0 is the angle by which the S-H bond 
twists out of the aromatic plane. GJ90 is the maxi- 

TABLE 2. Long-range coupling con- 
stants to the sulfhydryl proton in some 
p-substituted benzenethiol derivatives* 

Substituent 4 J 0 H , S H  5 J  H , S H  

H'r -0.380 0.250 
NH2; -0.697 0.294 
O C N 3  -0.649 0.298 
F 5 -0.531 0.270 
C H 3  1 ,  -0.439 0.271 
Br -0.333 0.231 
NOz 7 -0.203 0.203 

*For 5 molZ solutions in CCI, unless other- 
wise stated, to an accuracy of 0.02 Hz. 

-I6J H.SH = -0.334 Hz. 
: ~ ' 3  n io lz  solution in C,DG gave 4J,  = 

0 . 7 1 3  and =J,,, = 0.296 Ilz;  a 2 moly, solution 
in CDCI, gave '+J, = -0.682 and 5J,,, = 0.293 - - 
HZ. 

8GJpF,SH = 1.01 i 0.02 HZ. 
7 J P S H , C H 3  = 0.40 i 0.02 Hz, "JoH,CH3 = 

0 . 7 1  Hz, 5J,,",CH3 = 0.33 HZ. 
pFor a 2 mol% solution in CDCls. 
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TABLE 3. The twofold barriers* to internal rotation in p-substituted deriva- 
tives of benzenethiol in solution 

1 2 V, (kcal/mol) 

Substituent 6J,o = - 1.06 HZ 6Jg0 = - 1.24 HZ 1 2 

'Quoted to the nearest 0.1 kcal/mol. 

mum value of 6JpH,SH and the twofold potential 
hindering the internal barrier determines the 
average value of sin2 8, which also depends on 
the reduced moment of inertia and the tempera- 
ture. A value of 6 ~ , o  of - I .06 Hz was preferred, 
a lower limit of - 1.24 Hz  being possible (1). 

In the para derivatives in Table 2, 6 ~ p H , S H  is 
not available. However. if it is assumed that 
4 H,SH . 
J,  IS dominated by a o-n mechanism, this 

coupl~ng may be used to estimate the barriers 
to internal rotation. Tn phenol (13), 16JpH,oHI j 

0.03 Hz and I4JOH,OHI < 0.07 HZ, suggesting 
that 4J,H90H is nearly zero for the high barrier of 
3.5 kcal/mol (14); the o-n mechanism contri- 
buting little to the magnitude of the coupling. 
In toluene, for an effectively zero internal barrier 
(15), 4J,H,CH/6JpH,CH = 1.19 (16), and if 6 ~ p H , C H  

is o-n determined (17), it follows from the 
magnitudes of the coupling constants that the 
non o-n component of 4 ~ 0 H , C H  does not likely 
exceed - 0.1 Hz. 

In benzenethiol 4 ~ 0 H 3 S H  is -0.38 + 0.02 Hz  
and 6 ~ p H , S H  is -0.33 + 0.02 Hz. Therefore the 
ratio of the couplings lies between 1.29 and 1.03. 
The average is 1.16 and will be taken as holding 
for the compounds in Table 2. Either limit of 
this ratio shifts the ensuing barrier by 0.1 
kcal/mol. 6 ~ , o  is taken as -1.06 Hz and as 
- 1.24 Hz, yielding two sets of average values of 
sin2 8 in Table 3. These are related via the 
hindered rotor treatment (18) to  the two sets of 
V,, the twofold barrier to  internal rotation, also 
given in Table 3. 

(ii) Consistency of V ,  with 7~:HsCH3 and 
6 j - S H , C H  3 and 6 j - F , S H  

In tgluene 6~,"cHYis -0.62 Hz  (161, while in 

p-xylene (19, 20) 7 ~ p C H 3 , C H 3  is +0.62 Hz. The 
sign reversal is expected for a o-n mechanism. 
The magnitudes of the two numbers suggest that 

- for the benzenethiol analogues, 6JpH,SH - 
- 7J;H,CH3 with the proviso, of course, that the 
methyl group changes the barrier. Therefore 
6 ~ p H , S H  here refers not to benzenethiol but to a 
fictitious 6JpH.SH in p-methylbenzenethiol. In fact 
(Table 2), 7J:H,CH3 is 0.40 rir 0.02 Hz, whereas 
the assumed ratio of 1.16 for 4 J o H , S H / 6 ~ p H , S H  im- 
plies that the fictitious 6JpH3SH is -0.38 Hz. In 
other words, the two V2 values of 0.7 and 1.1 
kcal/mol in Table 2 are consistent to within 
0.1 kcal/mol with the magnitude of 7 ~ ; H , C H 3  in 
p-methylbenzenethiol. 

In p-fluorobenzenethiol, 6JpF,SH is 1 .O1 0.02 
Hz. In p-fluorotoluene, 6 ~ p F , C H 3  is 1.15 HZ (21). 
Assuming that the latter coupling determines the 
o-n parameter for the C-F bond and that free 
methyl group rotation occurs (22), one has 
(sin2 8) = 1.01/(2 x 1.15) x 1.06 = 0.414; cor- 
responding to a barrier of 0.5 kcal/mol, or a 
value of 0.3 kcal/mol if 6 ~ , o  = - 1.24 kcal/mol. 
In other words, the values of 0.3 and 0.7 kcal/mol 
based on 4J0H3SH in Table 3 are in agreement with 
the conclusions based on 6 ~ p F , S H .  

From our previous work (1) we prefer the 
lower values of V2 in Table 3, although the mean 
values may well be as reliable. In any event, the 
error limits are probably near 0.2 kcal/mol. 

f i i i )  Consistency of V, w'ith 6 ~ m S H , C H 3  irz 
4- Bromo-3-methylbenzenethioE 

In m-xylene, 6JmCH33CH3 is -0.21 HZ (19, 20). 
If this coupling is taken as the magnitude of the 
n electron contribution to 5 ~ n , H , C H 3  in toluene 
(19, 20), a test of the arguments concerning 6 ~ , o  
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in the benzenethiol derivatives can be made as 
follows. In toluene and in rn-xylene one has 
(sin2 0 )  as 0.5. In Table 3, (sin2 0)  is 0.25 + 
0.02 for p-bromobenzenethiol, the limits being 
given by the extremes in 6J,,. Consequent- 
ly 6 ~ m S H , C H 3  in 4-bromo-3-methylbenzenethiol 
should be -0.2112 or - 0.1 1 _f 0.02 Hz. In fact, 
the analysis of the proton spectrum indicated a 
value of -0.13 1 0.02 Hz. 

Now, this compound is asymmetrical so that 
the internal barrier to rotation about the C-S 
bond may well contain a significant component 
which is not twofold in character. Furthermore, 
the presence of the methyl group may alter the 
magnitude of the barrier. However, if the barrier 
is sensitive to resonance interactions, the presence 
of the methyl group meta to the sulfhydryl group 
suggests a smaller perturbation than if it were 
placed para to the sulfhydryl moiety. Neverthe- 
less the observed value of - 0.13 f 0.02 Hz for 

SH,CH3 is consistent with the conclusions con- JP 
cerning the internal barrier in the p-substituted 
benzenethiol derivatives. 

(it.) Coinparison with p-Substituted Phenols 
In Table 3, V,  ranges from 2.5 kcal/mol for 

p-nitrobenzenethiol through 1.1 kcal/mol for 
benzenethiol to -0.2 kcal/mol for p-amino- 
benzenethiol, always with an accuracy of ca. 0.2 
kcal/mol. Clearly, an electron-withdrawing group 
increases the barrier, presumably by increasing 
the conjugation2 of the SH group with the aro- 
matic nucleus in the planar form. Then the 
electron-donating groups lower the barrier by 
decreasing the double bond character of the C-S 
bond in the planar, ground state. 

In the phenol analogue, the nitro group in- 
creases the internal barrier by 1 kcal/mol (2), 
the increase of 1.4 kcallmol in p-nitrothiophenol 
being somewhat larger. In the phenol derivatives, 
the hydroxy, fluoro, and methyl groups decrease 
the barrier by 0.9, 0.6, and 0.3 kcal/mol, respec- 
tively, rather similar to the decreases of 1.0, 0.7, 
and 0.3 kcal/mol in the methoxy, fluoro, and 
methyl derivatives of benzenethiol. In view of 
the larger barrier in phenol, it appears that the 
sulfhydryl group is more susceptible than the 

'It might have been argued that an increased double 
bond character of the C-S bond would increase the 
magnitude of 6J,,H,SH if the coupling were transmitted via 
the conjugative TI electrons. The opposite occurs, just as 
in phenol (13), and aniline (231, in agreement with the 
hyperconjugative (sin2 0) mechanism. 

hydroxyl group to substituent induced changes 
in conjugation with the aromatic x electrons (24). 

(v) Comparison with Ab Initio MO Calcirlations 
The ST03G calculations are rather expensive 

for benzenethiol derivatives, particularly when 
geometry optimization procedures are adopted. 
Optimization of the C-S-H geometry yielded 
C-S (S-H) bond lengths of 1.76, (1.34) A and 
a CSH angle of 95.8" for the pianar conformation 
of benzenethiol. These bond parameters then 
gave V2 as 3.52 kcal/mol, i.e., the conformation 
in which the S-H bond lies in a plane perpendi- 
cular to the aromatic plane had the higher energy. 
The apparent overestimate of about 2.4 kcalimol 
is similar to the overestimate for phenol (2). 
When a standard geometry (25) was used, i.e., 
C-S = 1.815 A and LCSH = 109.5", the bar- 
rier was calculated as 2.8 kcal/mol. 

The optimized geometry of the CSH group 
above gave a barrier of 2.55 kcal/mol for p- 
aminobenzenethiol, a decrease of 0.97 kcal/mol 
relative to benzenethiol, close to the experimental 
value in Table 3. For D-fluorobenzenethiol the 
calculated decrease of 0.46 kcal/mol also corn- 
pares favorably with the observed decrease of 
0.6 1: 0.2 kcal/mol in Table 3. Unfortunately, no 
convergence in the calculations was obtained for 
the p-nitro derivative. 

Apparently, the ab initio calculations over- 
estimate substantially the barriers in both phenol 
and benzenethiol derivatives but predict sub- 
stituent-induced changes in the barriers in 
reasonable agreement with experiment. 

(vi) Correlations Involving 4J0H,SH and 5Jn,H,SH 
A plot of 4J0H,SH against 5J,,,H3SH is roughly 

linear; the former varying by 0.5 Hz, the latter 
by 0.1 Hz, over the range of para substituents in 
Table 2. In view of the preceding discussion, the 
increase in magnitude of both coupling con- 
stants reflects an increase in the o-x contribu- 
tion as the substituent varies from NO, to NH,. 
In terms of simple MO theory, the smaller in- 
crease in 5 ~ m H 3 S H  occurs because the two ring 
carbon atoms belong to the same starred (or un- 
starred) set and, to zero order, the mobile bond 
order between these carbons vanishes. Because 
5J ,, H,SH presumably contains a substantial o com- 

ponent (compare corresponding couplings in 
phenol (13), benzaldehyde (26), aniline (23), for 
example), the rather small increase in 5JmH,SH 
may reflect a compensating decrease in this 
component as the 0-x component grows with 
increasing (sin"). 
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i t l i i  i Inteunzolecu/ur Association 8. W. J. HEHRE, R.  F. STEWART, and J. A. POPLE. J .  

The concentrations of the solutions in Table 2 
are 0.5 M or less. At these concentrations chemi- 
cal shift (27) and infrared (28) studies suggest 
that perhaps only about 1 % of the solute mole- 
cules are associated. Of course, the solvent mole- 
cules are ~nteracting with the solute molecules by 
dispersion forces, if in no other way. A gas-phase 
lneasure~nent of the coupling constants is de- 
sirable but their small magnitude may vitiate 
their determination to the needed accuracy. 

Conclusions 
I t  is very likely that para substituents alter the 

barrier to rotation about the C-S bond in bcn- 
zenethiol derivatives and that the barrier ranges 
over as much as 2.5 kcal/mol. This conclusion, 
reached on the basis of long-range proton-proton 
spin-spin coupling constants, should be con- 
firmed if possible by microwave or high resolu- 
tion infrared or Raman measurements in the 
gas phase. 
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A proton magnetic resonance determination of the small rotational barriers 
about &he C-Si bond in phenyl derivatives of chloro and methyl silanes 
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WILLIAM J. E. PARR and TED SCHAEFER. Can. J. Chem. 55, 557 (1977). 
The long-range spin-spin coupling constants between protons bonded to silicon and ring 

protons in C6H5SiH,, C6H5SiH2C1, C6H5SiH2CH,, C6H5SiHCI2, and C6H5SiH(CH3), are 
determined from the proton magnetic resonance spectra of benzene solutions. A hindered rotor 
treatment of the barrier to internal rotation about the C-Si bond, in conjunction with the 
coupling constants over six bonds, allows the deduction of the low-energy conformations for 
C6H5SiH(CH3), and for C,H5SiHC12, as well as of barriers of 1.0 & 0.2 kcaljmol. The ap- 
proach becomes less reliable for C6H5SiH2CH3 and for C,H5SiH2C1 and, particularly for the 
latter compound, the derived barrier is very likely an upper limit only. Ab inirio molecular 
orbital calculations of the conformational energies are reported for C6H5SiH3, C6H5SiH2C1, 
and for C6H5SiHC12. 

WILLIAM J. E. PARR et TED SCHAEFER. Can. J. Chem. 55, 557 (1977) 
On a determine les constantes de couplage spin-spin a longue distance entre les protons 

lies au silicium et les protons du cycle dans C6H5SiH3, CsE15SiHzCl, C6H5SiH2CH3, C6H5- 
SiHCl, et C6H5SiH(CH,),; ces constantes ont i t6 determinees a partir des spectres de resonance 
magnetique nucliaire du proton en solutions benzeniques. Si 1'011 traite la barriere a rotation 
interne autour du lien C-Si sous forme de rotor en~pechi et que l'on utilise aussi les constantes 
de couplage a travers six liaisons, il est possible de deduire les conformations de basse tnergie 
pour C6H5SiH(CH,), et pour C,H5SiHClZ; on peut aussi en deduire que les barriires sont de 
I'ordre 1.0 & 0.2 kcaljmol. Cette approche devient nioins fiable pour C,H5SiH2CH3 et pour 
C,H,SiH,CI et particulierement dans le cas du dernier compose, la barriere qui est deduite est 
probablement uniquement une limite supirieure. On rapporte des calculs ab initio d'orbitales 
moleculaires des energies conformationnelles pour C6H5SiH3, C6H5SiH2C1 et C6H5SiHC12. 

[Traduit par le journal] 

Introduction 
In toluene the coupling over six bonds be- 

tween methyl protons and ring protons in the 
para position, 6J,H,CH displays a sin2 8 depen- 
dence, 

where 8 is the angle in 1 (1, 2). For free rotation 
about the C-CH, bond (3) the average value 
of sin2 0 is 0.5. If it is assumed that 6J in u and 
u,a derivatives is also a function of sin2 0, 
reasonable twofold barriers to rotation about the 
C-CH,X and C-CHX, bonds can be derived 
on the basis of hindered rotor treatments (4, 5). 
These yield (sin2 8) as a function of the hinder- 
ing potentials and of the reduced moments of 
inertia (4). 

The sixfold barrier to rotation about the 
C-Si bond in phenylsilane is 0.018 kcal/mol ( 6 ) ,  
very similar to the 0.014 kcal/mol in toluene (3). 
When one or two Si-H bonds are replaced by 

'Postdoctoral fellow, 1974-1976. 
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TABLE 1. Chemical shifts* and spin-spin coupling constants-f for some phenylsilane derivatives in benzene-d6 solution 

Parameter +CH,: $SiH3 +SiH,CH, +SiH2Cl $SiH(CH& § +SiHCIZ 

v, - 421 .60 445.66 508.09 459.26 575.0 

v2,6 697.30 738.54 744.09 737.45 745.19 742.29 
V3,5  708.51 707.50 714.20 705.08 718.18 702.08 
v4 700.36 712.06 716.00 710.92 717.99 708.97 

~ C H ~  
- - 21.26 - 21.72 

3J2,3 7.64 7.322(8) 7.383(6) 7.386(7) 7.367(9) 7.534(6) 
'J3.4 7.52 7.576(6) 7.526(4) 7.584(6) 7.499(5) 7.570(4) 
"J2,4 1.25 1.363(7) 1 .350(5) 1.381(8) 1.417(8) 1 .341(6) 
4J2, 6 1.87 1.363(7) 1 .343(4) 1 .344(8) 1 .322(6) 1 .455(5) 
4J3, 5 1.51 1 .309(7) 1 .275(4) 1 .196(9) 1.251(6) 1.233(5) 
'J2,5 0.60 0.694(8) 0.708(5) 0.737(7) 0.686(8) 0.716(6) 

4JoH,XHl -0.75 -0.142(5) -0.183(4) -0.061(11) -0.197(7) - 0.036(8) 
SJ,~H,LH 0.36 0.204(6) 0.198(6) 0.21 8(6) 0.181(10) 0.291(7) 

6=J~HsXH -0.62 - 0.343(8) - 0.293(9) -0.231(8) -0.221(15) -0.177(11) 
'J(Z9Si, H) - -200.0 -193.3 -236.0 -188.0 -289.1 
rms error - 0.028 0.019 0.017 0.023 0.015 

*In Hz at  100 Mz to low field of internal tetramethylsilane for 10 m o l z  solutions at 305 K. 
t I n  Hz, numbers in parentheses representing standard deviations in the analysis. 
f For a neat toluene sample, ref. 1. 
S3JHSICH is 4.23 Hz for CaH5S!H2CHs and is 3.77 Hz for C6HsSiH(CHa)2. 
X stands for C or SI, as required. 

Si-Cl and Si-CH, bonds it is reasonable to 
discuss the predominantly twofold barriers in 
terms of conformations 2 to 7. In this paper the 
proton magnetic resonance spectra of phenyl- 
silane derivatives where X = Cl and CH, are 
analyzed. 6JpH,S'H is discussed in terms of the 
ground state conformations and of the magni- 
tudes of the internal rotational barriers. Molecu- 
lar orbital calculations a t  the ab initio STO-3G 
level are compared with results based on 
6 H,SiH 

JP . 
Experimental 

The only compound not of commercial origin was 
C,H5SiH2CI, which was prepared from phenylsilane 
using anhydrous stannic chloride (7). For reasons of 
spectral dispersion, samples were prepared as ca. 10 
mol% solutions in CsD6 containing a small amount of 
internal tetramethylsilane. After degassing the samples 
by the freeze-pump-thaw technique, the proton magnetic 
resonance spectra were calibrated on anHA100 spectrom- 
eter in the frequency sweep mode at a probe temperature 
of 305 K. 

Ab initio STO-3G molecular orbital calculations (8) 
were performed on an IBM 370/158 system and employed 
a standard geometry (9) for the phenyl group, tetrahedral 
angles about silicon and C-Si, Si-H, Si-Cl bond 
lengths of 1.843, 1.48, and 2.03 if, respectively. 

Results and Discussion 
Spectral Analysis 

Analysis of the spectra utilized the computer 
program LAME (10, 11). The chemical shift and 
spin-spin coupling parameters are arrayed in 
Table 1. The analyses showed that the signs of 

the long-range couplings were as given in Table 1 ,  
alternative sign combinations yielding clear dis- 
agreement with spectral patterns. The 1J(29Si,H) 
values were obtained from the satellite spectra 
arising from the 4.7% abundant ,'Si. 

King Proton Cl2emical Shifts 
The substituent dependence of the chemical 

shifts of the ring protons is partially masked by 
the aromatic solvent induced shifts, ASIS (12-15). 
However, the ASIS caused by toluene are very 
similar to those arising from benzene (14). The 
parameters given for toluene itself in Table 1 
originate in a neat solution of toluene, so that a 
conlparison of these parameters with those of 
phenylsilane and its derivatives is approximately 
valid. The chemical shift of the benzene protons 
in benzene solution is 7.07 ppm, very close to the 
shift of 7.08, ppm of the meta protons of toluene 
in toluene solution. The shift to high field of the 
ortho and para ring proton is consistent with a 
small increased n electron density a t  the ortho 
and para carbon atoms (16)  and with a negative 
value for the o constant for the methyl group. 

Comparison of the para proton shifts in Table 
1 suggests that the SiH, group is a weak n elec- 
tron acceptor (17), although for the SiH2C1 and 
SiHCI, groups the conclusions are clouded by 
the possibility of larger ASIS values for molecules 
containing appreciable polar bonds (15). For the 
most part, the large low-field shifts of the ortho 
protons in all the phenylsilane derivatives are 
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hardly due to electronegativity effects. I t  may be as compared to the C-C bond length (1.52 A) 
noted that these shifts may be another example in toluene. 
of the so-called heavy-atom perturbations, for 4 ~ 0 H , S i H  is markedly smaller in magnitude than 
which numerous and probably related explana- is 4 ~ 0 H , C H 3  in toluene, indicating that a positive o 
tions have been advanced (18-20). electron contribution partially compensates the 

negative n: electron contribution to 4 ~ 0 H . S ' H  in 
Coupling Constants within the Phenyl Group phenylsilane; expected to be of nearly the same 

In benzene, to within 0.04 Hz, the couplings magnitude as for ~ J ~ H , s ~ H .  3 H , H  4 j  H , H  
j 0  n and sJ/'H are 7.543 and in toluene, Sj;, ,H.CH' collsists Of a of 

0.69 Hz, respectively (21). 3J0HZ3H3 in the phenyl- positive o and n: electron contributions (2,30,31). silane derivatives is less than 7.54 Hz, although The smaller of the corresponding 
on'y by O" Hz at This (22) coupling constant in phenylsilane can once more 
that the side chains are less eiectronegative than be attributed to a smaller electron 
the methyl group and therefore that the low-field transmission of spin '.tate information. In any shifts the ortho protons do not have their event, 6 4 H . S i H  is of primary interest and is dis- 
origin in a polarization of the intervening o elec- cussed below. tron svstem. 

The other couplings between the ring protons 
in Table 1,  when compared with the benzene 
coupling parameters and with those for toluene, 
are consistent with a relatively weak perturbation 
of the electrons in the phenyl group. For example, 
in phenylsilane all these coupling constants equal 
those in benzene to within experimental error. 
This fact contrasts strongly with the data for 
other benzene derivatives and even with the data 
for toluene in Table 1. 
1 j  2 9  i 

( S , H )  
The magnitudes of these coupling constants 

lie within 0.5 Hz of literature values (23, 24) and 
the usual arguments (25-29) concerning hybridi- 
zation and substituent electronegativities apply 
to them. Of particular interest is the iterative 
hybridization method of Rastelli and Pozzoli 
(29) which reproduces the available experimental 
bond angles involving silicon for phenyl- and 
phenylmethylsilane derivatives. Their work sug- 
gests that the bond angles do not deviate by more 
than 1" from a tetrahedral geometry and that 
therefore the tetrahedral geometry assumed in 
the STO-3G calculations below is reasonable. 

Long-range Proton-Proton Couplings to the Side 
Chain 

6JpH,SiH in phenylsilane has approximately half 
the magnitude2 of 6 J p H , C H 3  in toluene (see Table 
I), suggesting that the o-rr parameter for the 
SiH, group is very nearly half as large as for 
the CH, group. The smaller magnitude for the 
SiH, group is at  least partially attributable to 
the greater length (1.843 A) of the C-Si bond, 

ZAn analysis of a CS2 solution gave -0.312 Hz. We 
are grateful to Dr. C. J. MacDonald for this information, 
prior to publication. 

6 J p H , S i H  and the Barriers to Internal Rotation 
In a manner analogous to the work on toluene 

derivatives (4, 5) it is assumed that 6 ~ p H . S i "  obeys 
El I. 

For phenylsilane (sin2 8), the value of sin2 8 
averaged over the essentially free rotation about 
the C-Si bond, is 0.5. 

i n  an u,a-disubstituted phenylsilane, (sin2 8 )  
depends on which of 5, 6, or 7 is the ground 
state conformation, on the magnitude of the 
internal barrier to rotation, on the temperature, 
and on the reduced moment of inertia; being 
relatively insensitive to the latter quantity. For 
low barriers near 305 K,  the temperature of mea- 
surement, a hindered rotor treatment is essen- 
tial and has been performed (4), yielding (sin2 8 )  
as a function of the two-fold barrier to internal 
rotation. If 5 is the conformation of lowest 
energy, (sin2 8 )  increases from zero for a large 
barrier to 0.5 for free rotation; whereas if 6 is of 
lowest energy, (sin2 8 )  decreases from 0.75 to 
0.5 as the barrier decreases. 

( i )  C,H,SiH(CH,), 
In toluene, u substitution by methyl groups 

does not change 6 ~ 9 , H , C H  (5, 32). A similar as- 
sumption for phenylsilane gives 6J,oH3S'H as 
-0.68, Hz. For C,H,SiH(CH,),, (sin2 8 )  is 
0.22110.686 or 0.32. It follows that 5, and not 
6 or 7, is the stable conformation. A reduced 
moment of inertia of 0.8 x g cm2 then 
implies a barrier of 1.0 f 0.2 kcal/mol, where 
the error depends on possible errors in the mea- 
sured coupling constant. The percentage error is 
larger than in the barrier of 2.0 f 0.2 kcallmol 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM. VOL. 55, 1977 

TABLE 2. Barriers to internal rotation about C-Si and C-C bonds in phenylsilane and in toluene 
derivatives 

Conformer* Barrier (kcal/mol) 
- 

Compound Low High 6J STO-36 Other Reference 

+SiH3 3 2 - 0.001.~ 0.018t 6 
W H 3  - - - 0.00 0.0143 3 
+SiH(CH3I2 5 7 1 . 0 k 0 . 3  - - - 
3,5-diB1$CH(cH~)~ 5 7 2 . 0 i 0 . 2  - - 33 
+SiHCl2 5 7 1.Oi-0.3 0.50 - - 

4CHC12 5 7 2 7 - - - 
+SiH2CH3 2 4 0.8+0.4 - - - 

3,5-diBr+CH2CH3 2 4 1.2i-0.1 2.25 1.3,1 3 5 
+SiHZC1 2 4 1.7T 0.39 - - 

3,5-diC1+CH2C1 2 4 2.1f-0.2 2.225 - 34 

*The conformer numbers refer to the diagrams in the text, and indicate low and high energy forms. 
+Below level of sinnificance. 
:Microwave. eas ohace. 
§partial optih;ilaii&of geometry. 
Thermodynamic value, ref. 35. 
TUpper limit. 

recently derived (33) by the same method for 
3,5-dibromoisopropylbenzene in solution and 
reflects the smaller magnitudes of 6 ~ p H , S ' H ,  the 
error in measurement being of the same magni- 
tude for 6J,H,S'" and 6~pH,CH.  However, there 
appears to be no doubt of the ground state con- 
formation, §, for the groups HSi(CH,), and 
HC(CH3)2. 

jii) C6ff5SiHC12 
Determination of the barrier in C,H,SiHC12 

involves an estimate of the change In 6JpH3S'H 
caused by the electronegative chlorine substit- 
uents. For the CH2Cl moiety it has been esti- 
mated that the magnitude of 6~ , ,H,CH decreases 
by 8 % from its magnitude for a CH, group (34). 
Introduction of a second chlorine substituent 
would presumably cause a further decrease of 
no more than 8%. Assuming a similar pair of 
numbers for SiHCI, one arrives at ,J,, for this 
group of 0.58 Hz, a (sin2 8)  of 0.30,, and a 
barrier of 3.0 + 0.2 kcalimol, the error in- 
cluding a situation where 6~ , ,H ,S 'H  is the same as 
in the SiH, group. 

(iii) C, H, SiH2 CH, 
The errors in the barriers for C,H,SiH(CH,), 

and C6H5SiHC12 are somewhat mitigated by the 
fact that 5 is the low energy conformation and 
that therefore (sin2 8)  varies between 0 and 0.5 
as a function of the barrier. In C,H5SiH2CI and 
C,H,SiH,CH,, on the other hand, (sin2 8 )  
changes at most by 0.25 in going from free rota- 
tion to a very large barrier on the assumption 
that one of 2,3, or 4 is the stable conformer. This 
insensitivity of (sin2 8) ,combined with the small 

magnitudes of the 6JpH,S'H numbers and with 2 
constant error in measurement, entails even 
greater uncertainties in the deductions of the 
barriers and ground state conformations of these 
compounds. 

For C6H5SiH2CH3, (sin2 8) is 0.43, elimina- 
ting 4 as the ground state conformation because 
(sin2 8)  must lie between 0.75 and 0.5 for 4. 
A rigid 3 implies - 0.69 x or - 0.26 Hz for 
6 ~ p H , S ' H  and is perhaps compatible with the 
observed -0.29 Hz. However, the analogous 
toluene derivative has a barrier of 1.2 kcal/mol 
and a stable form analogous to 2. On the assump- 
tion that the stable form of C,H5SiH2CH, is 2, 
the barrier becomes 0.8 kcal/mol. The relative 
insensitivity of (sin2 8)  to the barrier leads us to 
suggest a barrier of 0.8 rt 0.4 kcalimol. 

(iv) C6H,SiH2CI 
If 6~, ,H,S'H in C,H5SiH2C1 undergoes a simi- 

lar reduction in magnitude from its value in 
C,H,SiH, as that estimated in the corresponding 
toluenes, i .e.,  to -0.63 Hz, (sin2 8)  becomes 
0.36. The assumption of 2 as stable then yields a 
barrier of 1.7 + 0.5 kcalimol. This value seems 
unreasonably high and could presumably only 
be rationalized by a strong hyperconjugative 
interaction of the Si-Cl bond with the n elec- 
trons system of the phenyl group in conformation 
2. The barrier in benzyl chloride is only 2.1 
kcal/mol (34). 

Table 2 contains the barriers to internal rota- 
tion about the bond to the aromatic carbon atom 
for the phenylsilane derivatives and for the avail- 
able, analogous toluene derivatives. Jn general, 
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PARR AND SCFIAEFER 561 

the barriers are smaller for the phenylsilane than 
for the corresponding toluene derivatives; as ex- 
pected on the basis of steric interactions, the 
C-Si and Si-X bonds being longer than the 
C-C and C-X bonds. 
Molecular Orbital Calculations 

The aE irzitic STO-3G results are also given 
in Table 2 for C6K5SiM,, C,H,SiN,CI, and 
C,kH,SikICI,. Thc calculations agree with the 
coupling constant data as to the low and the 
high energy forms of the chlorine derivatives. 
However, they suggest othcr than a twofold form 
for the hindering potential and also predict 
rather lower barriers thar, those based on the 
coupling constant data. For C6HjSiHC12 a two- 
folci barrier implies that 6 has an energy of 
0.25 kcalimol relative to 5 f ,  as calculated, 7 has 
an energy of 0.5 kcal/mol higher than that of 5. 
The M C  calculations suggest an energy of 
0.44 kcalimo! for 6. The reverse situation holds 
for the calculation on C,I-15SiK2Cl, where 2, 3, 
and 4 have relative energies of 0.39, 0.07, and 
0.00 kcalimol, respectively. In our opinion, how- 
ever, the minima! basis set calculations are not 
reliable enough to vitiate the assumption of a 
two-fold barrier as used in the discussion of the 
coupling constant data. 

Col~clusions 
The assumed twofold barriers to rotation 

about the C-Si bond, as derived from long- 
range coupling constants, are probably accurate 
to 20% for C,H,SiH(CH,), and C,H,SiHCl,. 
Molecular orbital calculations prov~de support 
for the low-energy confornlations deduced from 
the coupling constants. For C,H5SiH2CH3 and 
C,H5SiH2C1 the barriers derived from the 
coupling data are very likely upper limits to the 
true values and, for the latter compound, the 
method may be unreliable. It would be interesting 
to have microwave values for these barriers. 
Measurements of the spin-lattice relaxation 
rates of ,'Si and of the ortl~o 13C nuclei could 
possibly aid in assessing the magnitudes of the 
internal barriers. 
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COMMUNICATIONS 

A stereospecific, total synthesis of thromboxane B, 
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STEPHEN HANESSIAN and PIERRE LAVALLEE. Can. J. Chem. 55, 562 (1977). 
A stereospecific, total synthesis of crystalline thromboxane B, from D-glucose is described. 

STEPHEN HAKESSIAN et PIERRE LAVALLEE. Can. J. Chem. 55, 562 (1977). 
La synthcise st6reospCcifique et totale de la thromboxane B2 cristalline a partir du D-glucose 

est d6crite. 

The pioneering recent studies of Hamberg et 
al. (1) on the biosynthesis of prostaglandins has 
led to the discovery of a new class of compounds 
called the thromboxanes. It appears that in 
many cells, the normal transformation of endo- 
peroxide intermediates into prostaglandins is 
altered in favor of the formation of throm- 
boxane A,, which, in turn, is rapidly trans- 
formed into thromboxane B, (2). 

Thromboxane A2 

Thromboxane B2 

While the remarkable biological properties of 
the relatively unstable A, component (half-life 
in aqueous solution - 30 s) have been recognized, 
much less is known of the more stable B, 
component. In this paper, we describe a stereo- 
specific total synthesis of crystalline throm- 
boxane B,, from D-glucose, based on the syste- 
matic and stereocontrolled introduction of 
functional groups.' Thromboxane B, can be 

considered as a 2,4,6-trideoxy-D-ribo-hexose, in 
which positions 4 and 6 are the sites of C- 
branching and chain extension, respectively. The 
plan for a practical synthesis of this substance 
was therefore based on the stereospecific intro- 
duction of the acid side chain at C-4, and 
appropriate chain extension at C-6 in a suitable 
carbohydrate derivative. Scheme 1 outlines the 
synthetic sequence leading to thromboxane B,, 
and its C-15 e ~ i m e r . ~  

The readily available methyl 4,6-0-benzyli- 
dene-2-deoxy-a-D-ribo-hexopyranoside 1 (4) was 
transformed into the corresponding 3-benzoate 2, 
mp 100-101 "C, [ x ] , ~ ~  + 183' (C 1.18)4 (89%), and 
the latter was sequentially hydrogenolyzed (20% 
Pd(OH),/C, Hz, quantitative), and silylated with 
tert-butyldiphenylsilyl chloride (5), to give the 
crystalline compound 3 (90%), mp 116-1 17 "C, 
[x ] , ' ~  + 90.2' (c 1.1). Oxidation of 3 in dimethyl 
sulfoxide and 1-ethyl-3-(3'-dimethylaminopro- 
pyljcarbodiimide hydrochloride (EDAC.HC1) 
(6) in the presence of pyridinium trifluoroacetate 
(25 "C, overnight), gave the highly crystalline 
4-uloside derivative 4 (85%), mp 86-88 "C, 
[uIDz5 + 148' (c 1.22). Lack of any detectable 
epimerization at C-3 was ascertained by nmr 
spectral data, and by subsequent transformation. 
Treatment of 4 with trimethylphosphonoacetate 
in the presence of potassium tert-butoxide gave a 
mixture of two compounds 5 and 6 that were 

3Prostaglandin numbering. 
'NRCC predoctoral fellow, 1972-1976. 40ptical rotations were recorded in chloroform. 
'While this manuscript was in preparation, a series of Melting points are uncorrected. Crystalline compounds 

papers was published on the synthesis of thromboxane B2 gave correct microanalyses. All compounds exhibited 
from prostagla~ldin F,, and from a prostaglandin inter- nmr spectra (60, 100 MHz) that were in accord with their 
mediate, see ref. 3). structures. 
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H 
OBz > 

OH 
(1) DIBAL .."'- C0,Me (1) BzCI 
(2) Ph3P*(CHz),COOLi 0-r-BDPSi (2) Bu,NF, THF 
(3) CHzNz 

9 

""-CO,M~ (1) Collins * 
M e0"" 

0 
(2 )  B~,P&(cH,),M~ 

10 

OBz OBz 

K2C0, - C02Me -..--,-b 
MeOH 

M ~ O "  H 

R R R R 

1 4 , R f = H ; R  = O H  15, R' - OH; R = H 16, R' = H; R = OH 17, R'= OH; R = H 

separated by chromatography and isolated as individually, or as a mixture resulting from the 
syrups (95%) in a ratio of 3 : 2.' For the more above reaction, gave 7, isolated as a syrup (95%); 
polar component, [a], + 162.5" (c  1.0); for the less + 100" (c 1 .I). Treatment of 7 with 
polar component, [a], + 199.3" ( c  1.2). Hydrogen- potassium carbonate in methanol (25 "C,  60 h, 
ation (20% Pd(OH),/C, H,, overnight) of 5 and 6 N,) gave the highly crystalline lactone 8 (85%); 

mp 80.5-81.5 "C; [aIDz5 $41.8" (c  1.05); mle 409 
50zonolysis of 5 and 6 individually gave the crystalline ( M  - 311, mle 383 ( M  - 57). Reduction of 

4-uloside derivative 4. with diisobutylaluminium hydride (DIBAL) in 
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toluene (quantitative), followed by treatment 
with 4-carboxybutyltriphenylphosphonium bro- 
mide in HMPT, in the presence of lithium 
bis(trin~ethylsilyl)ainide 7, gave, after esterifica- 
tion with diazomethane and chromatography, 
the branched-chain derivative 9 as a syrup 
(67-71%); [[aDZ5 +62" (c 1); rrzle 483 ( M  - 57), 
mle 465 (M - 57 - 18). Since hydrogenation of 
5 and 6 was expected to occur by cis-addition, it 
was possible that the resulting products 7 and S 
could also have alternative configurations, i.e. 
epiineric at C-4. This possibility wa,s dismissed by 
detailed nmr analysis of the products 7 and 8, 
and by chemical means. Thus, oxidation of 3 
with EDAC.HCI in DMSO, followed by at- 
tempted equilibration with K,CO,-MeOH, and 
finally reductioil with sodium borohydride gave 
the starting compound 9, in which the configura- 
tions at C-3 and C-4 were preserved. It is well 
known froin work done in this laboratory and 
elsewhere, that axial substituents that are vicinal 
to carbonyl groups are prone to epimerization, 
leading to the thermodyna~llically more stable 
equatorial isomer. Thus, had the catalytic 
reduction led to a lactone of opposite configura- 
tion at  C-4 (i.e. ~ - x j . l o  configuration), the axially 
disposed C-branched unit at C-4 would have 
most assuredly undergone epimerization during 
the treatment of the correspo~lding 3-uloside with 
base, in contrast to experimental results. 

Benzoylation of 9, followed by treatment of 
the product with tetra 12-butylatnmonium fluoride 
in T H F  (8), gave, after chromatographic purifica- 
tion, compound BO as a syrup (9047,); [rIDz5 
+ 130" (c 1.02); m/e 374 ( M  - 32). Collins oxi- 
dation (quantitative), followed by a Wittig 
reaction in the usual manner (91, gave the ex- 
pected product 11. isolated as a syrup in 76-80'7, 
yield; [c(],~' + 153' (c 1.14); Mi.  500; mle 468 
( M  - 32). Reduction of I1 with zinc boro- 
hydride in a mixture of DME and ether (25 "C, 
4 h) gave a mixture of the epimeric products 12 
and 13 (1 : I )  (73%). Chromatographic separation 
gave the 15 S isomer 12, [xID2' + 137.8" (c 1.19); 
M' 502, m/e 484 ( M  - 18), and the 15 R :somer ' 

13, [x],~' + 132.0" (c 0.91), M +  502, etc., as 
colorless syrups. Treatment of 12 and 13 
individually with potassium carbonate in meth- 
anol, effected smooth debenzoylation to give the 
respective epiiueric alcohols, 14 (15 S isomer), 
[aID2' +95.XC (c 1.09); Exact Mass calcd. for a 
fragment, M - H,O: 348.2249; measured: 
348.2246, and 15 (15 R isomer), [alp2' f93.2" 

(c 1.1). The chromatographic properties of 14, 
and the mass spectral fragmentation of the 
corresponding 0-trimethylsilyl derivative were in 
accord with data recorded for the natural 
thromboxane B, derivatives (1). For the bis 
0-trimethylsilyl derivative. Exact Mciss calcd. for 
a fragment, M - 32: 510.3197; measured: 
510.3214. 

Finally, seque~ltial deesterification of 14 
(aqueous NaOH, 1.2 equiv.), followed by treat- 
ment with excess Dowex-50 (H'), gabe throm- 
boxane B, 16, as a chromatographically ho- 
mogeneous syrup (90z), which crystallized from 
a mixture of ethyl acetate, ether, and petroleum 
ether (30-60 "C); mp and mixture mp 91-93 cC.6 
Recrystallization froin the same solvent mixture 
gave beautiful elongated plates. rnp 95-96 " C ;  

+57.4' (c 0.26, EtOAc); v,,,(film) 1705 
cm-I (C=O), 3380cm-I (OH); rrlle 335 
( M  - H 2 0  - OH) m/e 317 (M - 2H,O - 
OH). The epimeric derivative 19, was similarly 
prepared, and isolated as a syrup. 

The synthesis of thromboxane B, by the 
sequence described in this paper encompasses the 
elements of practicality, efficacy, and versatility. 
and it also provides access to intermediates that 
could be useful in the preparation of  analog^.^ 111 
addition, ~t further illustrates the utility of carbo- 
hydrates as chiral precursors in the total syn- 
thesis of ilatural products (1 1). 
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BRIAN R. JAMES and GEORGE ROSENBERG. Can. J. Chem. 55, 567 (1977) 
Kinetics have been studied for the decomposition of Rh(CO)BrSZ- to cis-Rh(C0),Br2- in 

aqueous HBr solutions at 60 'C under a carbon monoxide atmosphere. A hydrolysis step leads 
to formation of rhodium(1) which is stabilized as the dicarbonyl; this dicarbonyl then reacts 
with Rh(CO)BrS2- in an autocatalytic process to give more Rh(CO),Br,- via a mixed valence 
[Rhl . . . Br . . . Rh"'] bridged intermediate. Ferric ion may be reduced according to the net 
reaction : 

2Fe11' + CO $ H 2 0  + 2Fe" + C 0 2  + 2H+ 

using the bromorhodate(II1 or I) complexes as catalyst, and the kinetics of this process are also 
reported. 

BRIAN R. JAMES et GEORGE ROSENBERG. Can. J .  Chem. 55, 567 (1977). 
On a Ctudie la cinttique de la dtcomposition du Rh(CO)BrS2- en Rh(CO),Br,- cis dans des 

solutions aqueuses de HBr, a 60 "C et sous une atmosphere de monoxyde de carbone. Une 
Ctape d'hydrolyse conduit a la formation de rhodium(1) qui est stabilise sous forme de dicar- 
bonyle; ce dicarbonyle reagit alors avec Rh(CO)BrSZ- dans un processus autocatalytique pour 
conduire a d'autre Rh(CO)2Br,- g r k e  a un intermediaire ponte de valence mixte [Rh' . . . 
Br . . . Rh"']. On peut rCduire I'ion ferrique suivant la rCaction globale suivante 

2FeH1 f CO f H 2 0  + 2Fe" + CO, + 2H+ 

en utilisant des complexes de bromorhodates(II1 ou I) et on rapporte aussi la cinCtique de ce 
processus. 

[Traduit par le journal] 

Introduction 
We recently reported (1) on the carbonylation 

of bromorhodate(II1) species in aqueous solu- 
tions to give the cis-dibromodicarbonyIrhodate(I) 
anion, Rh(CO),Br,-. One path in this reductive 
carbonylation process was considered to involve 
decomposition by water of an intermediate 
rhodium(II1) carbonyl anion which was formed 
in a rate-determining step and thus not detected 

'Taken from the Ph.D. thesis of G. Rosenberg, Uni- 
versity of British Columbia, Vancouver, British Columbia, 
1974. 

directly. This paper considers the decomposition 
in aqueous hydrobromic acid solution of one 
such anion, the pentabromocarbonylrhodate(II1) 
complex, Rh(CO)BrS2-, and investigates the use 
of such a system under carbon monoxide for 
catalytic reduction of inorganic substrates. Ki- 
netic studies show the role of rhodium(1) inter- 
mediates. The work stems from initial observa- 
tions in this laboratory that indicated that 
Rh(CO),Cl,- could catalyze the carbon mon- 
oxide-reduction of ferric ion (2); later work has 
considered the catalytic reduction of molecular 
dioxygen (3, 4), and nitric oxide (5). 
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Since solutions of rhodium(II1) halide com- [ I ]  ~ h " l ( C 0 )  + H,O * Rhl + CO, + 2Hi 
plexes also activate dihydrogen (I), the potential 
of such systems to promote Fischer-Tropsch type 
reactions (the H2-reduction of CO to hydro- 
carbons) seems real. Thus. the detailed under- 
standing of the gas activation processes is 
important and critical. 

Experimental 
The cesium salts of Rh(CO)BrS2- and Rh(CO)CIS2- 

were prepared according to the method of Cleare and 
Griffith (6) from the corresponding rhodium(II1) tri- 
halides; tribromide was obtained as the dihydrate from 
Platinum Chemicals, and the trichloride as a trihydrate 
from Johnson Matthey Ltd. The synthesis of the bromo 
complex involves boiling the tribromide in air with a 
mixture of conc. HBr and formic acid for 15 min; during 
this time the initially red solution goes yellow, and finally 
orange which contains the Rh(CO)BrS2- anion. Addition 
of (n-C4H9),NBr to the yellow solution (stable in the 
absence of air) precipitates the Rh(CO),Brz- salt (7, 8). 

The precipitated Rh(CO)XS2- anions decomposed 
readily when washed with distilled water, being reduced 
to metal, although there was no noticeable decomposition 
on treatment with the hydrohalic acid at room tempera- 
ture (9) (see also points in the Results and Discussion). 
All other materials used, and the procedure used for 
following CO uptake at constant pressure, have been 
described previously (1, 2); the CO concentration in the 
aqueous HBr solutions was computed from solubility 
data of Seidell (lo), assuming the solubility to be the 
same as in pure water. 

Results 
Carbonylation of Rh(C0)X ,'- 

The solid cesium salts of R~(cO)X,'- (X = 

C1, Br) are quite stable in air, and the reflectance 
spectra show peaks at 398 and 502 nm for the 

Metal is likely produced via the disproportion- 
ation reaction shown in [2] (2, 12, 13): 

[21 2Rh1 + Rho + Rh" 

Metal formation can be avoided by efficient 
removal of the Rh(1) formed in [I]. A carbon 
monoxide atmosphere stabilizes the Rh(1) as 
Rh(CO),X,- (1, 2), while reagents such as 
ferric or dioxygen oxidize the rhodium to the 
trivalent state and give halorhodate(II1) species 
(2-4); the solution products in all cases are 
readily confirmed by the characteristic uv/vis 
spectra reported previously (1, 2). 

Figure 1 shows gas-uptake plots for solutions 
of Rh(CO)Brj2- in 0.5 M HBr at 60 "C under a 
CO atmosphere. The total net measurable uptake 
corresponded to an apparent 1 : 1 mole ratio of 
gas : Rh; experiments in the presence of a soda- 
lime tube (to absorb CO,) resulted in a 2: 1 
uptake. The original orange solution became 
yellow (h,,, 330 nm, E = 3300 M- I  cm-I) indi- 
cating reduction to Rh(CO),Br,- (1). The overall 
reaction is 

The uptake plots are sigmoid in shape suggesting 
autocatalytic behaviour, and maximum rates 
were measured over a range of rhodium con- 
centrations (0.009-0.021 M) and CO pressures 
up to 1 atm. The maximum rates were found at 
about 5 0 z  reaction and were proportional to the 

chloride, and at 440 and 550 nm for the bromide. 
In aqueous solutions of the corresponding hydro- 
halic acids, the initially measured spectra are 2 0  

essentially the same: A,,, at 393 nm (E  450 M - I  
cm-l) and 500 nm (E 60) for the chloride, and at 
435 nm (E 1050) and 550 nm (E 120) for the _? 
bromide. Upon standing in an inert atmosphere 2 

(N, or Ar), however, the solutions decompose 
with evolution of CO, (1 mole per mole Rh) and 1 0  

eventual precipitation of metal; the decomposi- < 
tion rate increases with temperature and decreas- 2 
ing acidity. The decomposition reactions can be 
studied directly by monitoring the gas evolution 
rate or changes in optical density, but the 
methods are somewhat impractical due to the 
deposition of rhodium metal which ruins per- 0 400 800 1200 

T l r n e ,  s 

manently any glassware used. FIG. 1. Rate plot for decomposition of Rh(CO)BrS2- 
The decomposition occurs via production of in 0.5 M H B ~  at 60 oc under 615 mm CO; e, 0.0207 M 

Rh(1) according to reaction 1 (1, 2, 11) ~ h ;  s, 0.0086 A4 Rh. 
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JAMES AND ROSENBERG 569 

product [ ~ h " ' ] [ ~ h ' ]  (Fig. 2); the same result has 
been found previously (1, 2) for corresponding 
carbonylation of ~ h C 1 , ( ~ , 0 ) ~ -  and RhBr,- 
(H20), - (reaction 4) : 

As for these systems (see ref. 2), there is a 
significant rate at zero [Rh'], as can be seen in 
Fig. 1 and from the non-zero intercept of Fig. 2. 
The rate law then for reaction 3 can be expressed 
as : 

where k,' and k,' contain all variables other than 
the dependence on rhodium. The slope of Fig. 2 
gives a k,' value of 0.32 M- 's- ' .  Information 
on the initial reaction (the k, ' term) was obtained 
from studies carried out in the presence of added 
ferric ion, which rapidly reoxidizes the ~ h '  as it 
is formed and prevents the autocatalytic reaction. 

In order to  determine the CO dependence, 
maximum rate measurements were made for 
varying CO pressures at a constant [Rh"']; 
the rate was essentially independent of CO 
pressure above 600 mm, but showed a first order 
dependence up to about 300 mm (Fig. 3). Thus 
at higher CO pressures k,' is a true second order 
rate constant, and the second term of rate law 
[5] becomes k, [Rhl"] [ ~ h ' ] .  Integration of just 
this part of the rate law yields eq. 6: 

[6] log [Rh'] - log [Rhl"] = 

k,[Rh],,,,, t12.3 + constant 

and plots of (log [Rh'] - log [Rh"']) us. time 

FIG. 2. Dependence of the maximum rate on [Rh"'] 
[Rh'] at 60 'C, under 615 mm CO in 0.5 M HBr. 

FIG. 3. Dependence of the maximum rate on CO 
pressure at 60 "C, 0.0105 M R h  in 0.5 IM HBr. 

-1.4 -~ 0 200 400 T i m e ,  s 600 800 

FIG. 4. Plots of log [Rh(CO),Br,-] - log [Rh(CO)- 
BrS2-] US. time (eq. 6), 60 "C, 615 mm CO in 0.5 M HBr; 
0, 0.0207 M initial Rh; B, 0.0152 M initial Rh. 

for the data from plots such as Fig. 1 are shown 
in Fig. 4; as expected, the plots deviate from 
linearity during the first part of the reaction, but 
the slopes of the lines drawn give k2 values of 
0.35 and 0.39 M-' s-l, in reasonable agreement 
with the value determined from the slope of 
Fig. 2. 
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The Initial Reaction and Catalytic Reduction of 
Iron ( I I I )  10 

The initial reaction was the decomposition of 
Rh(CO)Brj2- by water to yield a Rhl species - 2  

(cf .  reaction l), and thus the presence of an < 
oxidant such as Fe"' should lead to an overall i2' 
catalytic process in which the Rh' is oxidized to $,, 
Rh"', followed by absorption of CO to give : 
R h " ' ( ~ 0 )  (see refs. 1, 2), and resumption of the 08 

catalytic cycle. Such a cycle gives the net reaction 
7 with no overall gas volume change, O 

H z 0  
[7 ]  2Fe"' + CO -----t 2Fe" + CO, f 2H+ 

and so the reaction was monitored by measuring 
the CO uptake in the presence of sodalime. 
Reaction 7 does not occur at the conditions used 
in the absence of rhodium. 

The uptake plots for mixtures of R ~ ( C O ) B ~ , ~ -  
and Fe(ClO4),~6H,O in 0.5 M HBr at 60°C 
were unusual in shape (Fig. 5), but were repro- 
ducible. There was little measurable uptake till 
about 500 s, after which an essentially linear CO 
absorption first occurred followed by an en- 
hanced rate of absorption, which then fell away 
to zero. The visible spectrum of the final solution 
was that of Rh(CO),Br,-; the Fel" was com- 
pletely reduced to Fel' which was measured 
spectrophotometrically as the Fe(phen),'+ com- 
plex (14), after first precipitating the Rhl car- 
bony1 species (7, 8) as [(n-C,H,),N][Rh(CO),- 
Br,]. It was readily shown that the linear region 
of the uptake plot was associated with the ferric 
reduction, and for the conditions of Fig. 5 at 
least up to the stage of 50% Fe"' reduction, the 
solution showed a h,,, at 550 nm (E = 100 M - I  
cm-') indicating that the rhodium is probably 
still present mainly as Rh(CO)Brj2- (see below). 
The subsequent part of the absorption involves 
production of Rh(CO),Br,- from a bromo- 
rhodate(II1) species, and the stoichiometry for 
this stage shows about a 3: 1 mole ratio of 
CO:Rh, consistent with reaction 4. A number 

FIG. 5. Rate plot for the Rh(CO)Br,Z--catalyzed reduc- 
tion of 0.046 M Fel" in 0.5 MHBr  at 60 "C under 615 mm 
CO, in the presence of sodalime; 8, 0.0105 M Rh;  
1, 0.0052 M Rh. 

of experiments using varying [Rh"'] and [Fe"'], 
like those in Fig. 5, shows that at the end of the 
linear region the uptake corresponds to about 
(x/2 - y)  moles of CO per x moles of Fe"' and 
y moles of Rh"'. 

Mixtures of ~ h ( C 0 ) B r , ~ -  and iron(II1) in 
0.5 M HBr at 60 "C in the absence of CO (under 
N, or air) react with the stoichiometry of 
reaction 8 

The final visible spectrum featured a maximum 
at 532 nm (E = 170), characteristic of bromo- 
rhodate(II1) species (1). More concentrated solu- 
tions of Rh(C0)Br ,' - ( > 0.02 M) reacted simi- 
larly, but eventually precipitated Cs,[Rh,Br,] as 
a green solid (the reflectance spectrum showed 
maxima at 485 and 583 nm. Anal. calcd: Rh 15.6, 
Br 54.3. Found: Rh 15.7, Br 54.2). 

Reaction 8 represents the sum of reaction I ,  
plus the reduction of 2 equivalents of Fe"' by 1 
equivalent of Rhl. The coordinated CO is 
acting overall as a 2-equivalent reductant. The 
stoichiometry at the end of the linear region in 
uptake plots such as shown in Fig. 5 corresponds 
to the net reaction: 

The linear rates of the initial region (Fig. 5) pressures above 600 mm (Fig. 6A). The rate law 
were first-order in [ ~ h " ' ]  up to 10T2 M, and at the higher pressure thus becomes 
independent of the [Fe"']. The CO dependence is 
first-order at lower pressures but then becomes [lo] - d[CO]/dt = k ,  [Rh"'] 

less than one and approaches zero-order at with k, being about 0.14 x s-I at 60 OC. 
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[Rh']). The maximum rates at approximately 
50% reaction are then given by: 

where [Rh], = total [Rh]. Substitution of the 
k, and k, values, estimated by the methods 
described, into expression [ I  31 gives maximum 
rates in good agreement with those measured 
from plots such as those in Fig. 1. 

The reductive carbonylation process of Rh(1II) 
to Rh(1) has been discussed in detail previously 
(1, 2, 15) and is thought to involve a carboxylate 
intermediate : 

C O  precsure , mrn H g  OH-(H20) 
[14] RhlI1(CO) - - [Rh(C02H)] -, Rh' FIG. 6. (A) Effect of GO pressure on the reduction rate 

of 0.046 M Fen' in 0.5 M HBr at 60 "C with 0.0105 IM Rh. f CO2 + H+(2) 
(B )  Effect of CO pressure on the maximum rate of Rh"' 
decomposition following the catalytic Fen' reduction; 
conditions as in A. 

Following the linear region, the kinetics for 
the carbonylation of bromorhodate(II1) species 
to  give Rh(CO),Br,- were determined by mea- 
suring the maximum rates after the inflexion 
points (Fig. 5). The ra-tes were first-order in 
[Rh"'] up to M, and the CO dependence 
(Fig. 6B) was similar to that observed for the 
Fe"' reduction. At the higher CO pressures 
(> 500 mm), the rate law for the second region 
of the uptake plots approximates to: 

[ I l l  - d[CO]/dt = k, [Rh"'] 

where k ,  = (0.43 f 0.02) x l op2  s-' at  60 "C. 

Discussion 
Carbon Monoxide Uptake ii? the Absence of 

Iron (III) 
The autocatalytic production of Rh(CO),Br,- 

from Rh(CO)Br,'- in the absence of Fe"' 
(Fig. 1, reaction 3, rate law [5]) must proceed via 
a mechanism involving bridged [Rh"' . . . Br . . . 
Rh'] intermediates, as established previously for 
the reaction of CO with aquopentachloro- and 
bisaquotetrabromorhodate(I11) complexes (1, 2). 

The initial formation of Rh(CO),Br,- pro- 
ceeds via reactions 1 and 12 

Reaction 1 presumably gives rise to the first 
term in rate law [5], i.e. the k, ' [~h" ' ]"  term is 
identified as k,[RhH'] and rate law [5] at higher 
CO pressures becomes (k, [Rh"'] + k2[~h1"]  

Some data on decomposition of a RhH'(CO) 
complex in N,N-din~ethylacetamide (1 1) indicate 
that decomposition proceeds via hydroxide. 
Since the acid strength was not varied in the 
present system, it is uncertain whether attack at 
the carbonyl involves water or hydroxide. 
Furthermore it is difficult to determine whether 
the hydroxide or water need be coordinated to 
the metal before migration to the carbonyl, i.e. 
by the 'insertion mechanism'. These problems 
were considered in our previous paper (I), and 
we tend to favour attack by coordinated water or 
hydroxide. This implies that k, (1.4 x sC1 
at 60 "C) refers to an aquation of R ~ ( c o ) B ~ , ~ -  
with loss of bromide. A corresponding aquation 
of RhC1,(H20)2- in acid solution has a rate 
constant of ca. 4 x s-' at 60°C and is 
believed to occur via a dissociative process (16), 
but the similarity in rate constants is probably 
fortuitous; the .n-bonding CO ligand could 
possibly promote associative-type hydrolysis 
(17). An initially formed tra~s-Rh(CO)(H,O)- 
Br,-. product seems probable, with rearrange- 
ment to a cis geometry being required for the 
subsequent insertion reaction and reductive car- 
bonylation (18). Studies on the kinetics and 
equilibration of various aquobromorhodate(II1) 
species are being pursued (19). The isolation of 
the Cs,[Rh,Br,] complex from the HBr solutions 
of Rh(I1I) is of interest in this respect. The 
compound has been prepared earlier by the 
addition of CsBr to aqueous solutions of 
rhodium tribromide (20). 

By analogy with the previous papers on the 
autocatalytic production of Rh' carbonyls (1, 2), 
the process giving rise to the k,  [ ~ h " ' ] [ ~ h ' ]  term 
of rate law [5] may be written: 
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After a two-electron transfer within the bromide- 
bridged intermediate, decomposition via cleavage 
of the newly-formed labile Rh'-bromide bond 
will lead to Rh(CO)Br,'-. This species must 
then react with CO to form the dicarbonyl 
species. Above CO pressures of ca. 600 mm, the 
k, step is rate-determining and this implies that 
reaction 16 is relatively fast. 

The observed CO dependence at lower CO 
pressures (Fig. 3) could arise from reaction 16 
becoming rate-determining, or from this reaction 
being a pre-equilibrium for formation of Rh- 
(CO),Br2- required for the k, step. At lower 
CO pressures, if [16] is a rapid equilibrium, the 
maximum rate expression [13] becomes 

Using the determined values of k, and k,, and 
the measured maximum rates gives a K,  value 
of - 2  x lo3, which would account for the data 
of Fig. 3. However, at lower CO pressures, this 
implies that the product of the carbonylation 
reaction would be a rhodium(1) monocarbonyl, 
and yet the measured stoichiometry is still 
2CO:Rh, in agreement with reaction 3. Thus, 
the alternative explanation of [16] becoming 
rate-determining is favoured. Such a suggestion 
for the related R~(CO),CI~-/R~C~~(H,O)~- 
system was made previously (2), and evidence for 
a R ~ ( C O ) C I , ~ -  species has been obtained also 
(21) by studying the reaction of Rh(CO),CI2- 
with Rh(CO)Cl,'- under N, atmospheres (cf. 
the reactions in 1151). There is no kinetic evidence 
to suggest that a R h ( c O ) ~ r , ~ -  species will react 
with Rh(CO)BrS2- to give a bridged species, and 
such a reaction involving two double-negatively 
charged anions is likely to be unfavourable. 

The k, value for the reaction of Rh(CO),Br2- 

with Rh(CO)Br,L- ([15]) is about twice that for 
reaction of the dicarbonyl with RhBr,(H,O),- 
under corresponding conditions (1). Considering 
the less favourable electrostatic factor for 
~h(C0)Br, ' - ,  the n-acceptor CO ligand likely 
plays an important role in facilitating electron 
transfer to the Rh"' centre in the bridged 
complex. 

Carbon Monoxide Uptake in the Presence of 
Zron(Z1I); the Catalytic Reduction of ~ e " '  

The kinetics and observations for the catalytic 
reduction of Feu' at higher CO pressures (eq. 
10) are consistent with the mechanism of reaction 
1 followed by : 

fast 
[171 Rhl f 2Fe1" ----+ Rh"' + 2Fe1' 

k 
[I81 RhlI1 + CO -+ Rhl" (CO) 

The spectral and kinetic data show that at 
least up to 50% Fe"' reduction the catalyst is 
mainly regenerated as the pentabromocarbonyl 
species at higher CO pressures, although the 
nature of the coordinated ligands on the inter- 
mediates in reactions 1, 17, and 18 is not known 
definitely. Since (x/2 - 1) moles of CO are 
absorbed per mole of RhH'(CO) during the 
reduction of x moles of Fen', it appears that the 
Rh' reductant contains no coordinated CO and 
also implies that at the completion of ferric 
reduction, the Rh"' complex present contains no 
carbonyl. Step [17] then appears faster than 
coordination of CO to Rh', which is also known 
to be fast (1, 2). The stoichiometry data then 
tend to rule out an alternative process such as: 

fast 
[I91 Rhl + CO --+ Rhl(CO) 

The mechanism of reactions 1, 17, 18 also 
readily accounts for the CO dependence (Fig. 
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6A). Above CO pressures of about 600 mm, 
reaction 18 must occur more rapidly than reac- 
tion 1, but at lower pressures reaction 18 could 
become rate-determining. The slope of the linear 
region in Fig. 6A at lower CO pressures would 
then represent an estimate for the rate of reaction 
between CO and a bromorhodate(II1) complex; 
the estimated rate constant k at 60 "C is 4.5 M-' 
s-', and this is close to a value of 2.6 M - I  s-I 
extrapolated from an Arrhenius plot for the 
direct carbonylation of RhBr,(H,O),- in the 
same media (1). It should be noted that at 
600 mm CO, the rate of loss of the Rh"' in 
reaction 18 (assuming a CO solubility of 5.2 x 

M at this pressure) is about 2.5 x 
[Rh"'] s-', while the rate-loss of R ~ ( c o ) B ~ , ~ -  
is about 1.4 x 10-3[~h" 'J  s- l .  The rates of 
reactions 1 and 18 are clearly of the same order 
of magnitude over the pressure range studied, and 
the solutions in the linear regions of uptake plots 
will likely contain both bromocarbonyl- and 
bromo-rhodate(1II) species, the relative amounts 
depending on the CO pressure. The somewhat 
similar visible spectra of the species in 0.5 M 
HBr makes this difficult to study quantitatively. 
The equilibrated solutions of bromorhodate(II1) 
complexes in this media (mainly RhBr,(H,O),-) 
show a maximum at 537 nm, E 175 M - I  cm-I 
(I), and the species resulting in [17] are not 
necessarily equilibrated. 

To account for the CO dependence via the 
mechanism of [I], [19], and [20] requires [19] to 
become rate-determining at lower CO pressure, 
but this would lead to metal production via 
reaction 2. A mechanism analogous to [I], [19], 

and [20] has been demonstrated by Halpern and 
co-workers (15) for a formally related cobalt- 
catalyzed CO reduction of Fe"' (see below). 

The net reduction of Fel" (reaction 7) cata- 
lyzed by the rhodium system is of interest in that 
the essential mechanism of reactions 1, 17, and 
18 shows that any reagent capable of oxidizing 
aqueous bromorhodate(1) systems to the Rh"' 
state can be catalytically reduced in the presence 
of CO under mild conditions. Electrode potential 
data for the rhodium couple (Rh"' + 2e =$ Rhl) 
are not yet available. Higher CO pressures will 
offer no advantage since reaction 1 is rate- 
controlling. The corresponding rhodium chloride 
system also effects the catalysis (2), and solutions 
containing haiorhodate(III), carbonylhalorho- 
date(III), or biscarbonyldihalorhodate(I) are all 
equally effective since they are interconvertible 
in the presence of CO and an oxidant. (Rh(CO),- 
X,- acts as a six-equivalent reductant toward 
Fel" (2).) 

The non-complementary electron transfer re- 
action between Rh' and Fe"' could take place by 
a two-step mechanisni involving a transient Rh" 
species, or possibly by a one-step termolecular 
reaction. The latter mechanism has rarely been 
postulated for reactions involving only simple 
metal ion species and would likely be slow (22). 
The electron transfer could proceed by an inner 
sphere mechanism involving a bromide-bridged 
intermediate [Rhl . . . Br . . . Fe"'], or by an 
outer sphere mechanism. Such bridged inter- 
mediates involving cyanide have been established 
for the related cobalt(1)-iron(II1) system out- 
lined below (1 5): 

OH - 
[21 1 Co1(CO)L4 + 2Fe111(CN)63- ----t [(CN)5Fe11(CN)Co111L4(COOH)] + Fe11(CN)64- 

(L4 = (CN)2(PE\ slow 1 -C02, -H+ 

- Fe11(CN),4- [(CN)5Fe11(CN)Co1L4] 

As for our Rh1/2Fe"' system, the details of the 
initial Co1/2Fe"' interaction remain unclear. 
Formally analogous [Rhl . . . Br . . . Rh"'] inter- 
mediates also seem well-established (1, 2), and 
are almost certainly involved in the autocatalytic 
reaction observed in the absence of Feu' (Fig. 1). 

Following reduction of the ferric substrate, 
reduction of RhHhpecies  to Rh(CO),Br,- 
occurs (Fig. 5); subsequent to the inflexion 
point, the CO uptake corresponds to about 

3 moles CO per Rh, indicating that the reduced 
Rhl" species contains no carbonyl and the 
reaction occurs according to [4]. The reductive 
carbonylation process now appears to show no 
autocatalysis, although this could be masked 
near the inflexion region of the curves. However, 
the fact that the maximum rates developed show 
a first-order dependence on Rh confirm no auto- 
catalysis, or at least a relative unimportance of 
such a process (cf.  reaction 5), and rate law [ l l ]  
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operates at higher pressures. The measured rate 
constant k,, written in terms of CO uptake, is 
about three times that (k,) estimated for de- 
con~position of Rh(CO)Br,2-, and since the rate 
constant in terms of loss of Rh"' will be three 
or two times smaller (depending whether the 
reduction process corresponds to reaction 4 or 
3, respectively), it seems that the rate-determining 
step is reaction I .  Furthermore, the CO depen- 
dence (Fig. 6B) gives at low CO pressures a 
second-order rate constant of 12.6 M - I  s-I 
which corresponds to 12.613, i.e. 4.2 M - I  s-I 
for loss of Rh"' and again this is essentially the 
same as that determined for reaction 18. Thus 
the reduction of the Rh(II1) species after catalysis 
almost certainly occurs at higher pressures via 
reaction 1 (rate-determining) and 12, and at 
lower pressures via reactions 18 (rate-determin- 
ing), 1, and 12. The stoichiometries at the 
inflexion points at the higher pressures (Fig. 5) 
should perhaps be treated with some caution 
since as mentioned earlier the rates of [ l ]  and 
[18] are such that the solutions at this stage 
could contain both carbonyl-free and carbonyl- 
containing rhodium(II1) species. 

The lack of autocatalysis, which is being 
studied further, could be due to the presence of 
excess Fe(I1) species preventing formation of the 
required RhH1 . . . Br . . . Rhl bridge; evidence 
has been presented for the existence of bridged 
Col-Fen species (1 5). 
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Nigh resolution lM nuclear magnetic resonance studies of a flavine 
and its product with MoC& 
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T. ROBERIE, N. S. BHACCA, and J. SELBIN. Can. J. Chem. 55,575 (1977). 
The high resolution 'H  nmr spectra of the substituted flavine, 3-N-methyltetraacetylribo- 

flavine (3-Me-TARF), and its non-aqueous solution complexes with Gd(fod),, Eu(fod),, 
MoCI4, and MoC1,.2CH,(CH2),CN, were studied in order to try to discern the binding sites of 
the flavine as it attaches to the molybdenum. Evidence was found that all three metal atoms, 
Gd(III), Eu(III), and Mo(IV), are attached in solution not only by the primary binding 
(chelating) sites of the flavine, ciz., the 0 -4  and N-5 atoms, but also by an acetyl oxygen atom, 
at the C-4'site of the ribityl side chain. 300 MHz spectra of the 3-Me-TARF have permitted the 
coupling constants for the side chain methine and methylene protons to be obtained. 

T. ROBERIE, N. S. BHACCA et J. SELBIN. Can. J. Chem. 55, 575 (1977). 
On a Ctudi6 les spectres rmn du proton B haute resolution de la flavine substituke, 

IV-methyl-3 tetraacetylriboflavine (Me-3 TARF), et de ses complexes, en solutions non- 
aqueuses avec Gd(fod),, Eu(fod),, MoCI, et MoCI,.~CH,(CH,)~CN; ces etudes ont etC effec- 
tuees afin d'essayer de determiner le site de complexation de la flavine lorsqu'eile s'attache avec 
le molybdene. On a obtenu des resultats indiquant qu'en solution, les trois metaux Gd(III), 
Eu(II1) et Mo(IV) ne s'attachent pas uniquement par les sites de complexation primaire (chela- 
tion) des flavines, a savoir les atomes 0 - 4  et N-5, mais aussi par un atome d'oxygene de l'acide 
acttyle au niveau du site C-4' de la chaine laterale ribityle. Les spectres a 300 MHz du Me-3 
TARF ont permis d'obtenir les constantes de couplage pour les protons du methine et du 
methylene de la chaine laterale. 

[Traduit par le journal] 

Introduction 
Several studies have been reported of the 

interactions between flavines and flavocoenzymes 
with metal ions, and the extensive review by 
Hemmerich and Lauterwein (2) is a valuable 
background to much of this literature. Most of 
the studies have been carried out in solution, 
mainly by Hemmerich and co-workers; but more 
recently there have also been X-ray structural 
studies of solids, primarily by Fritchie and 
co-workers. The solution work, mainly in aque- 
ous but more recently in non-aqueous media, 
has led to the recognition of at least three types 
of flavine-metal complexes (2). This work, but 
in particular solid state structural work (3), has 
also established certain structural features re- 
lated to metal-ligand binding at the several 
potential binding sites of the flavines. Whereas 
X-ray structures clearly establisli metal-ligand 
binding sites, these may only be inferred from 
solution data. It is far from certain that solution 
and crystalline state structures are necessarily 
the same when fluxional ligands such as flavines 

'Presented at the First Chemical Congress of the North 
American Continent, Mexico City, December 4, 1975. 

are involved. One means for obtaining structural 
information on species in solution is through 
high resolution nuclear magnetic resonance. 

We have found relatively little proton nmr ('H 
nmr) data in the literature on flavoquinones (1). 

A brief report was made of the 'H nmr spectra 
of FMN or riboflavin 5'-phosphate (R, = H;  
R, = R, = CH,; Rlo = CH2(CHOH),CH2- 
OPO,H), lumiflavin (R, = H ;  R, = R, = 

R,, = CH,), and its 7-ethyl analogue in D 2 0  
at p H  = 6.8. The protons in positions 6 through 
10 were again assigned for lumiflavin and its 
9-bromo- and 9-deutero- and 6,9-dideutero- 
derivatives (4, 5). More thorough 'H nmr studies 
of FMN and FAD (flavin adenine dinucleotide) 
confirmed irztramolecular interaction between 
the adenine and the isoalloxazine rings in FAD 
and also suggested intermolecular interaction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



576 CAN. J .  CHEM. 

between isoalloxyazine rings of neighboring FAD 
molecules (6, 7). In 1972, a brief account of the 
'H nrnr spectra was published of tetraacetyl- 
riboflavine (R, = H ;  R, = R, = CH,; R,, = 

CH2(CHOCOCH,),CH20COCH,) and its com- 
plexes with Fez+, Co2+, Ni2+, and Cu2+ in 
acetone-d, (8). A full account of that work in- 
cluding additional information on the 'H nrnr 
of complexes of Cu+, Agf , Zn2 +, Cd2 +, Mn2 +, 
Mg2+, and Fe3+ has now been published (9, 
10). 'H nrnr studies of hydroxyquinolinate com- 
plexes of Mo(V1, V) and V(V) have also been 
reported as models of molybdenum-flavine 
interactions (1 1). 

Inasmuch as molybdenum and a flavine (FAD 
in particular) are essential co-factors in several 
enzyme systems (12), and since neither X-ray 
nor any kind of solution studies have established 
the ligand binding sites of flavines on molyb- 
denum, we decided to undertake a detailed 'H 
nrnr study of solutions of a particular molyb- 
denum-flavine system. From earlier studies it is 
not clear that biological molybdenum and FAD 
are even near each other (12), except possibly 
during a turnover of the enzyme molecule, and 
so we recognize that this study may or may not 
have any relevance to the biological systems. 
In any case the study has revealed some new 
and interesting chemistry of both molybdenum 
and of the derivative of riboflavin which we em- 
ployed as a model of FAD. 

We report here a study of the 'H nrnr spec- 
tra of 3-N-methyltetraacetylriboflavine (3-Me- 
TARF) (2) 

and its non-aqueous solution complexes with 
Gd(fod),, Eu(fod), (fod = 1,1,1,2,2,3,3-heptaflu- 
oro-7,7,-dimethyl-4,6-octanedione), and MoCl,. 

Experhental 
All solutions used in this study were prepared in an 

efficient nitrogen-filled dry box. CDCI, was used as the 

solvent for the nrnr work involving Eu(fod), and 
Gd(fod),. On the other hand, because of the very low 
solubility of MoCl, in CDCl,, it was dissolved in a 99: 1 
CDCl,-ethanol mixture. These 'reagent' solutions were 
stored in 8.0 ml septum vials capped with teflon 'mininert' 
valves (obtained from Precision Sampling Corp., Baton 
Rouge, Louisiana 70815, Cat. No. 614250). The vials 
were transferred then from the dry box to N2-filled glove 
bags where continuous and easy sampling could be carried 
out. During a typical nrnr determination, the nrnr sample 
tube containing the flavine solution was placed in the 
glove bag and an incremental amount of 'reagent' solu- 
tion was then added with a Hamilton microliter syringe. 
'H nrnr spectra were obtained at 100 and 300 MHz on 
Varian HA-100 and HR-300 spectrometers. A small 
amount of tetramethylsilane was added to the sample 
solution, to act both as an internal reference as well as an 
internal lock signal. 

3-N-Methyl-riboflavintetraacetate (14) (3-Me-TARF) 
and anhydrous Gd(fod), (15) were synthesized according 
to known procedures. MoC1, was supplied in vacuum 
sealed vials by Climax Molybdenum Company. Eu(fod), 
was purchased from Kary Laboratories, Somerville, N.J. 

CDCI, was dried by refluxing it under N, with CaH2 
before distilling it under N2. Absolute ethanol was re- 
fluxed with magnesium acetate overnight before being 
distilled under N,. 

After 'H nrnr data had been obtained on the MoCI, 
and 3-Me-TARF, it was found from esr studies of the 
MoCI, dissolved in the 99: 1 CDC1,-ethanol mixture that 
there was a small quantity of Mo(V) present in the sample. 
Efforts to wash out the Mo(V) species from the MoCI, 
sample using benzene were only partially successful but in 
any case when the MoC14 was redissolved in the mixed 
solvent some Mo(1V) was oxidized to Mo(V). We believe 
that it may be impossible to prevent some Mo(V) from 
forming whenever MoCl, IS put into solution. Since the 
observed 'H nrnr resonance broadening in the 3-Me- 
TARF spectra upon addition of MoCI, might be due to 
the impurity levels of Mo(V), we prepared the compound, 
MoCI4.2CH3(CH2),CN (17), to reexamine the Mo(1V) 
lH nmr studies. This Mo(1V) compound can be made 
nearly Mo(V)-free. It dissolves in CDC1, without the 
necessity of ethanol being present (which may be the 
cause of the Mo(V) forming) and without any increase in 
Mo(V) impurity. The latter was verified by means of esr 
measurements. The results of the 'H nrnr study using the 
butyronitrile complex of MoCl, in place of MOCI, itself 
gave the same order of broadening effects on 3-Me-TARF. 
Thus the conclusion we draw is that it is indeed Mo(1V) 
and not Mo(V) that is responsible for the proton broad- 
en ing~  on the ligand and that the ligand IS  indeed attached 
to Mo(1V). 

Results and Discussion 
TAe Flucine 

In the 100 MHz svectrum of 3-Me-TARF 
(see bottom spectrum of Fig. 1) most of the reso- 
nances corresponding to the side chain protons 
are indecipherable and therefore 300 MHz spec- 
tra (in CDCI, and CD,COCD, solutions) of 
the sample were obtained (see Fig. 1). The sub- 
sequent first order, as well as calculated, spectral 
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analysis yields all the coupling constants related 
to the side chain protons. Finally from the direct 
comparison of these coupling constants with 
those of acyclic ribose and arabinose (as shown 
in Table 1) the ribose structure was assigned to 
the side chain. This conclusion is in harmony 
with the fact that the 3-Me-TARF had been pre- 
pared from riboflavin whose side chain possesses 
the d-ribose structure. 

The Flarirze and Eu(fod), 
The addition of incremental amounts of 

Eu(fod), to CDCI, solutions of 3-Me-TARF 
produced the shifts of the isoalloxazine protons 
as a function of concentration shown plotted in 
Fig. 2. The shifts fall in the order: H-6 >> N-3- 
CH, > H-9 >> C-8-CH, > C-7-CH,. These 
data support 1 : 1 Eu(fod), : 3-Me-TARF com- 
plexing. The H-6 proton signal is immediately 
severely broadened as well as shifted. The se- 
quence of shifts confirms metal chelation at the 
primary binding site of the isoalloxazine, 0-4 
and N-5. 

The shifting and broadening of methylene and 
methine side chain proton signals with increasing 
Eu(fod), concentration were also examined and 
the shifts are plotted in Fig. 3. Again, 1 : 1 com- 
plexing is supported by the evidence shown in 
Fig. 3. The sequential order of shifts may be 
rationalized by certain side chain structural 
information. For example, the extreme high 
field position (6 = 1.75) of the 2'-OCOCH, 
methyl peak (Fig. 1) strongly suggests that this 
methyl group is located in the shielding region 
of aromatic A ring and, as molecular models 
clearly reveal, that one of the two C-1' methylene 
protons is the deshielding zone of the C-2'-car- 
bony1 function. On the other hand, the H-2' is 

TABLE 1. Coupling constants for the side chain meth- 
ine and methylene protons from 300 MHz spectra 

Value 

Parameter 3-Me-TARF Ribose* Arabinose* 

*Reference 16. 
TC-I' has two methoxy groups and only one H. 

FIG. 2. Shifts in ppm of the isoalloxazine proton reso- 
nances with increasing E ~ ( f o d ) ~  to ligand mole ratios. 

0.5 1.0 1.5 2 . 0  

- [ M e t a l ]  / 
[ ~ i g o n d ]  - 

FIG. 3. Shifts in ppm of the methylene and methine 
side chain proton resonances with increasing E ~ ( f o d ) ~  
to ligand mole ratios. 
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ET AL. 579 

deshielded either by proximity to a carbonyl 
group or by proximity to the metal atom, de- 
pending upon which side of the fused ring system 
the ribityl side chain falls. This is the likely ex- 
planation for the large downfield shifts observed 
(Fig. 3) for the H-2' resonance and for the signals 
of one of the two C-1' methylene protons. 

The comparatively large downfield shift of 
the H-4' proton signal (Fig. 3) was not expected. 
We believe that this shift is caused by the prox- 
imity of the H-4' to the Eu atom due to binding 
of the Eu atom by the carbonyl oxygen of C-4'- 
OCOCH, (cide infia). 

The shifting of the methyl proton signals of 
the acetate groups with increasing Eu(fod), 
concentration was examined and the results are 
plotted in Fig. 4. The 1 : 1 complexing is again 
evident from the latter figure as is the unexpected 
result that the C-4'-OCOCH, signal is shifted 
considerably more than the remaining three 
acetate signals. We interpret this result to mean 
that complexing of the flavine occurs not only 
through the primary binding site but via the 
4'-acetate as well. Molecular models support 
this interpretation since they show that, with the 
2'-acetate locked over the A ring (cide itzfra), only 
the acetate at C-5' or C-4' can come within rea- 
sonable bonding distance to a metal atom bound 
at the primary site. The choice between these two 
possibilities can then be made in the model by 
requiring the side chain configuration to con- 
form to all other 'H nmr shift results. From 
model studies and, in particular, on the basis of 
the 'H nmr data for the 4'-methine and acetate 
protons, we propose that at least in solution there 
is strong evidence that the metal atom (here Eu) 
is bound by three ligand atoms, the primary 
binding pair, 0 -4  and N-5, and the carbonyl 
oxygen of the C-4'-acetate. 

The Flatline and Gd(fod), 
Gadolinium has an 'S,,, ground state and 

thus its complexes are magnetically isotropic 
and therefore do not exhibit dipolar shifts (13). 
However, the broadening of 'H nmr lines caused 
by increasing concentrations of Gd(fod), sup- 
plies very useful information since the only effect 
operating is a pseudocontact or through-space 
interaction. Although the signals due to the side 
chain methine and methylene protons are too 
weak and too rapidly broadened, meaningful 
results have been obtained for both the isoal- 
loxazine protons and the acetate protons. The 

FIG. 4. Shifts in ppm of the side chain acetate methyl 
resonances with increasing E u ( f ~ d ) ~  to ligand mole ratios. 

line width broadening as a function of Gd(fod), 
concentration is plotted for these signals in Figs. 
5 and 6, respectively. The broadening sequence 
(Fig. 5), H-6 >> N-3-CH, > C-7-CH, >> 
H-9 > C-8-CH,, is just that expected from an 
isotropic magnet placed at the primary binding 
site between the N-5 and 0 -4  positions. Of much 
greater interest is the broadening sequence shown 
in Fig. 6 for the acetate methyl proton signals: 
C-4' >> C-3' > C-5' > C-2'. Although these 
could only be followed out to a metallligand 
mole ratio of roughly lo-', it is clear that the 
C-4'-acetate must be much closer to the Gd 
atom than the other three acetate groups. Thus 
we again find evidence in support of attachment 
of the flavine to a metal atom via three sites. 

The Flucine and MoCl, 
The addition of incremental amounts of 

MoCl, (or MoC1,.2CH3(CH,),CN, see Experi- 
mental section) to chloroform-d solutions of 
3-Me-TARF produced the results shown in Fig. 
7. The more pronounced effect is a broadening, 
but there is also a very slight shifting of signals. 
This is more evident in Fig. 8, where the broad- 
ening and slight shifting (in chloroform solu- 
tions) is shown for the several acetyl protons and 
the C-7 and C-8 methyl protons. 
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FIG. 5. Line width broadening of the isoalloxazine pro- 
ton resonances plotted as a function of increasing 
Gd(fod), to ligand mole ratios. 

FIG. 6. Line width broadening of the side chain acetate 
methyl resonances plotted as a function of increasing 
G d ( f ~ d ) ~  to ligand mole ratios. 

The broadening sequence in the isoalloxazine 
protons for the MoC1,-3-Me-TARF interaction 
is (Fig. 9): H-9 - H-6 > C-8-CH, > AT-3- 
CH, > C-7-CH,. This sequence for the para- 
magnetic Mo(IV) species supports the binding of 

FIG. 7. Line width broadening of the side chain 
acetate methyl resonances plotted as a function of in- 
creasing MoCI4 to ligand mole ratios. 

the molybdenum atom by at least the primary 
binding site, 0 - 4  and N-5. It is a sequence ex- 
pected if a contact interaction is superimposed 
upon the pseudocontact interaction. Thus, the 
differences between this sequence for the gad- 
olinium case (cide supra) where only pseudocon- 
tact interactions are operative, and the europiuln 
and molybdenum cases can be explained on the 
basis of expected increasing (Eu to Mo) contri- 
butions from contact interactions. For example, 
the relative positions of C-7-CH, and 
C-8-CH, in the Eu and Mo sequences conl- 
pared to their positions in the Cd  sequence bear 
out the increased importance of electron de- 
localization (i.e., Fermi contact interaction) in 
the Mo complex. The C-7-CH, is spatially 
closer to a metal atom complexed at 0 -4  and 
N-5, but the n-electron spin density at position 7 
is near 0.0 whereas it is near 0.15 at position 
8 (1). 

In addition to the molybdenum atom being 
bound by the primary site of the isoalloxazine 
system, it appears that it is further bound by the 
acetate oxygen of C-4'-OCOCH,. Thus, both 
the broadening sequence (from Fig. 9) and the 
shifting sequence show the greatest effect is on the 
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ROBERIE ET AL. 

I i 
H  - C  - OAC 

I i 
H - C - H  

FIG. 8. 100 MHz spectrum of the 1.50 to 2.75 8 region of 3-Me-TARF at 100 sueep width and the 
resulting spectra obtained upon incremental additions of MoCI, solutron in amounts giving mole 
ratios of 0 : l ,  0.15:1, 0.29:1, 0.35:1, 0.61:1, 0.78:1, and 1:1 as we go from bottom to top. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



582 CAN. J. CHEM. 

- [Metal] 
/ r , i g c ~ n c i ~  + 

FIG. 9. Line width broadening of the isoalloxazine 
protons plotted as a functioc of increasing hfoC1, to 
ligand mole ratios. 

methyl proton of C-4'-OCOCH,. This is in 
agreement with analogous results for both the 
Gd and Eu compounds. 

On the basis of the foregoing results and their 
interpretation, it is tentatively suggested that 
molybdenum is bound to flavine molecules 
through the agency of at least two binding sites 
and very likely a third binding site present on the 
folded ribityl side chain. For the tetraacetylribo- 
flavin compound studied here, that binding site is 
the C-4'-acetyl group. 

Acknowledgement 

samples of Mo compounds. The authors are 
also grateful to Mr. Everett R. Santee of The 
University of Akron Institute of Polymer Sci- 
ence for his help in obtaining 300 MHz of 
3-Me-TARF. 

1. A. V.  Guzzo and G.  TOLLIN. Arch. Biochem. 
Biophys. 105.380 (1964). 

2. P. HEMMERICH and J .  LAUTERWEIN. In Inorganic 
biochemistry. Edited by G. Eichhorn. Elsevier, 
Amsterdam. 1973, pp. 1168-1190. 

3. M. W. Yu and C. J. FRITCHIE, JR. J .  Chem. Soc. 
Dalton Trans. 377 (1975) and earlierpapers by Fritchie 
and co-workers. 

4. F .  J. BULLOCK and 0 .  JARDETZKY. J .  Org. Chem. 30. 
2056 (1965). 

5. D. B. MCCORMICK. J.  Heterocvclic Chem. 4. 629 
( 1967). 

6. R. H .  SARMA. P. DANNIES, and W. 0 .  KAPLAN. 
Biochem. 7,4359 (1968). 

7. G. K o r o w ~ c z .  N.  TENG, M. P. KLEIN. and M. C ~ L -  
VIX. J.  Bio. Chem. 244,5656 (1969). 

8. J .  LAUTERWEIN, P. HEMMERICH, and J.  M .  LHOSTE. 
2. Naturforsch. 276, 1047 (1972). 

9. J .  LAUTERWEIN, P. HEMMERICH, and J .  M.  LHOSTE. 
Inorg. Chem. 14,2152 (1975). 

10. J. LAUTERWEIN. P. HEMMERICH, and J. M. LHOSTE. 
Inorg. Chem. 14,2161 (1975). 

11. L .  W. AMOS and D. T. SAWYER. Inorg. Chem. 13,78 
( 1974). 

12. R.  C. BRAY and J .  C. SWANN. Stnlct. Bonding Berlin. 
11, 107 (1972); R. A. D. WENTWORTH. Coord. Chem. 
Rev. 18. l(1976). 

13. W. DEW. HORROCKS, JR. In Nmr of paramagnetic 
molecules. Edited by G. N. LaMar, W. Dew.  Har- 
rocks, Jr., and R. H.  Holm. Academic Press. New 
York. 1973. p. 491. 

14. P. HEMMERICH. Helv. Chim. Acta. 47.464 (1964). 
15. C. S. SPRINGER. D. W. MEEK, and R .  E. SIEVER. 

Inorg. Chem. 6, 1105 (1967). 
16. D. HORTON. M. MUESSER, D. GAGNAIRE, and J. DE- 

FAYE. Carbohyd. Rev. 21,407 (1972). 
17. E. A. ALLEN. B.  J .  BRISDON, and G. W. A. FOWLES. 

J .  Chem. Soc. 4531 (1964). 

The authors are grateful to the Climax Molyb- 
denum Company for their generous donation of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Acetyl group relaxation in four aromatic ketones 
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C .  K .  MCLELLAN and S .  WALKER. Can. J. Chem. 55, 583 (1977). 
Dielectric absorption studies have been made o f  group relaxation o f  acetophenone, 1,4-dia- 

cetylbenzene, 4-acetyibiphenyl, and 2-acetylfluorene in a polystyrene matrix, and two rigid 
molecules have also been examined. For acetyl group relaxation in acetophenone, AH, = 
29.6 f 0.6 kJ mol-' and AS, = 26 i 3 J K-'  mol-I ( 9 5 x  confidence intervals). The  energy 
barrier for acetyl group relaxation is o f  the same order as that obtained from nmr data. Our 
results for acetophenone differ appreciably from the values reported fa the gaseous phase by 
the far-infrared approach and from those by  the dielectric absorption o f  aromatic ketones in 
benzene solution. The  enthalpies o f  activation for acetyl group relaxation in 1,4-diacetylben- 
zene, 4-acetylbiphenyl, and 2-acetylfluorene are 29, 30, and 32 kJ  11101-', respectively, which 
values are identical within their experimental errors. These three substances have also been 
examined as pure solids, yielding enthalpies o f  activation for acetyl group relaxation o f  a similar 
magnitude. 

C .  K .  MCLELLAN et S .  WALKER. Can. J. Chem. 55, 583 (1977). 
O n  a effectue des etudes, dans des ~natrices de polystyrene, d'absorption dielectrique afin 

d'kvaluer la relaxation du groupe de I'acCtophCnone, du diacityl-l,4 benzene, de 1'acCtyl-4 
biphinyle et de I'acCtyl-2 fluorine; on  a aussi examine deux molPcules rigides. Pour la relaxa- 
tion du groupe acCtyle de l'acetophenone, AH,  = 29.6 i 0.6 kJ  mol-' et ASE = 26 f 3 J 
K - '  mol-' (avec des intervalles de confiance de 95%). La barriere d'energie pour la relaxation 
du groupe acityle est du mCme ordre que celle obtenue par des donnCes de rmn. Nos resultats 
pour I'acCtophCnone direrent toutefois d'une faqon appreciable des valeurs rapportees pour la 
phase gazeuse alors qu'une approche par infrarouge lointain ayant Cte utilisCe ainsi que de celles 
obtenues a partir de ]'absorption diklectrique de cetones aromatiques en solution dans le ben- 
zene. Les enthalpies d'activation pour la relaxation du groupe acetyle dans le diacttyl-1,4 
benzine, I'acCtyl-4 biphinyle et I'acCtyl-2 fluorine sont respectivement de 29, 30 et 32 k J  mol-' ; 
ces valeurs sont identiques a l'interieur des erreurs exptrimentales. O n  a aussi examine ces 
trois substances a 1'Ctat de solides purs; on  a pu en deriver des enthalpies d'activation pour la 
relaxation du groupe acetyle qui sont d'une grandeur sembable. 

[Traduit par le journal] 

Introduction and some related substances at  low concentra- 
~h~ energ), barrier to acetyl group rotation, tions in a solid matrix where the means existed 

when the acetyl group is attached to an aro~llatic of directly separating the group relaxation con- 
ring, has received solne attention. A far-infrared tribution from the molecukir relaxation. Such a 
study (1) of acetophenone in the gas phase gave procedure appeared more straightforward than 
a value of 13.0 k j  mol-l. ~b initio calculations studying the dielectric absorption of these solutes 
(2) yielded 18.4 k~ mol-l. lzong and smyth in an inert liquid solvent, since in this latter situa- 
studied 2-acetylnaphthalene and 4-acetyl-o-ter- ti011 the lnolecular and group absorptions over- 
phen~11 (3) ,  4-phen)~lacetOphenone, and 1,4- lap, and the number of microwave frequencies 
diacetylbeIlzelle (4) in benzene solution and ob- available is usually fairly limited. In addition, in 
tained values of 4.2 to 6.3 k j  rnol-1 for the acti- S U C ~  ~ 0 l . k  it is necessary to obtain the group 
vation entllalpy barrier from Eyring relaxation time (T,), which has to be obtained at 
theory) which the acetyl group encounters as it a few temperatures to estimate the enthalpy of 
rotates. Grindley, Katritzky, and T~~~~~ ( 5 )  activatioll for group relaxation; the deduction of 
have estimated from nmr data on paPa-substi- requires a Bud6 analysis which in a ~luinber 
tuted acetophenones that the rotation barrier for is known to be unsatisfactory (6). 
acetophenone itself is 26 k9 mol-l. Thus, the 
energy barriers for acetyl group rotation esti- Experimental Results 
mated by these procedures differ considerably The dielectric measurements have been made 
and merit further examination. on a General Radio 1615A capacitance bridge 

It seemed of interest to examine acetophenone in the frequency range 50 to 10' Hz. The mea- 
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suring cell was a three-terminal circular parallel 
plate capacitor mounted in a temperature-con- 
trolled chamber purged with dry nitrogen gas. 
The cell may be operated from liquid nitrogen 
temperature to about 400 K. For the polystyrene 
matrix sample of acetophenone only, additional 
measurements have been made using a Hewlett- 
Packard 4342A Q-meter with a temperature- 
controlled two-terminal cell in the range 2.5 x 
lo4 to 1.5 x 10' Hz. The apparatus and mea- 
surement techniques have been described pre- 
viously (7). 

We have adopted the Davies and Swain (8) 
procedures both experimentally and in the evalu- 
ation of the relaxation time and distribution 
parameter by means of the Fuoss-Kirkwood 
equation and the enthalpy of activation from the 
Eyring equation. The polystyrene used here had 
a nominal M ,  = 230 000. The matrix solutions 
were prepared by dissolving weighed quantities 
of polystyrene and the desired solute in a third 
non-polar solvent, trans-l,2-dichloroethylene. 
This latter solvent was then removed by heating 
to 360 K followed by treatment in a heated 
vacuum oven. The resultant matrix mass was 
pressed (5 ton ram load) in a cylindrical die 
heated to 395 K to produce a sample disk 2.0 in. 
in diameter and approximately 0.065 in. in thick- 
ness. Prior to pressing, the matrix mass con- 
taining acetophenone was returned to the 
vacuum oven at 360 K for 24 h with no resultant 
weight loss, indicating that this preparation pro- 
cedure did not produce any loss of solute from 
the matrix. The sample disks were allowed to 
relax possible strains from pressing for at least 
24 h prior to measurements, and repeat measure- 
ments several months later on the same disk 
yielded comparable data. We have also taken 
the precautions which Davies and Swain (8) 
have pointed out are necessary for accurate 
measurements and have repeated their study on 
cyclohexyl chloride in polystyrene, obtaining an 
enthalpy of activation of 43 1 7 kJ mol-I for 
the intramolecular process, in good agreement 
with their value of 42 + 2.5 kJ mol-' and with 
the value of 43 1 2 kJ mol-I deduced from 
nmr studies on the pure liquid (9). 

Acetophenone, 1,4-diacetylbenzene, 4-acetyl- 
biphenyl, and 2-acetylfluorene have each been 
examined in a polystyrene matrix, and a sample 
plot of loss factor (E" = ~"(obs)  - ~"(poly- 
styrene)) against log (frequency) is given in Fig. 1 
for acetophenone. Similar dielectric measure- 

ments were carried out out on three of these as 
pure polycrystalline powders pressed into disks. 
The results of Eyring equation analyses of these 
data and of data for two other rigid molecules 
(4-bromotoluene and 4-nitrobiphenyl) are given 
in Table 1, along with relaxation times calculated 
from these analyses at three temperatures. 

In the fitting of the data of relaxation time as 
a function of temperature to the Eyring equa- 
tion, standard statistical techniques (10) have 
been employed to obtain the slope and intercept 
of the line and the variances of these two param- 
eters. These data yielded values of the enthalpy 
(AHE) and entropy (AS,) of activation for the 
relaxation process along with confidence inter- 
vals for each of these two. The 95% confidence 
intervals on AHE were typically + 10% of the 
nominal values, or less, in agreement with the 
work of Davies et a/. (8, 11). For the AS, term 
these confidence intervals were of the order of 
+50% of the nominal values in some cases, - 
since this term is often a small part of the inter- 
cept, (In (hlk) - AS,/R), of the In (TT) t.5. 

(I/T) plot. For this reason an extenslve study of 
the acetophenone/polystyrene matrix was under- 
taken to obtain a larger number of points on the 
Eyrlng plot extending to higher temperatures 
(smaller 1/T values). This procedure produced 
values of AH, = 29.6 f 0.6 kJ mol-' and 
ASE = 26 + 3 J K-' mol-I (95% confidence 
intervals). For other samples the values have 
been quoted to two significant digits in line with 
the error estimates as outlined above. 

Discussion 
From good straight line plots of log TT us. 

FIG. 1. Dielectric loss factor cs. log,, f for 0.265 M 
acetophenone in polystyrene at four temperatures as 
indicated. The solid lines result from computer analyses 
of the experimental points via the Fuoss-Kirkwood 
equation. 
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McLELLAN AND WALKER 585 

FIG. 2. Eyring plot of log,, Tt rs. ( l / T )  for 0.265 IM 
acetophenone in polystyrene. The solid line represents 
the computer-generated best fit to the experimental 
points. 

1/T (for example, see Fig. 26, the corresponding 
enthalpies of activation were 29.6, 29, 30, and 
32 kJ mol-I  for 3% (wt.) solutions of acetophe- 
none, 1,4-diacetylbenzene, 4-acetylbiphenyl, and 
2-acetylfluorene in polystyrene. Thus, all four 
ketones exhibited dielectric absor~ t ions  in sim- 
ilar ranges of temperature and frequency, 
yielding AH, values in very good agreement, well 
within our estimate of experimental error. 

If we take into account the studies of Davies 
and Swain (8) in polystyrene matrices at  similar 
temperatures, the two possible sources of the 
dielectric absorptions in these aromatic ketones 
are molecular or group relaxation. For  several 
flexible molecules examined by Davies and Swain 
(8), only intramolecular relaxation was observed ; 
indeed, they noted that "molecular reorientation 
thus has been restricted to such low frequencies 
that it does not a m e a r  at  all". lit is to be noted " L 
that the ketones considered here differ appreci- 
ably in size, and that the enthalpy of activation 
for molecular relaxation tends to increase with 
size. For  example, one may note the values in 
Table 1 for two rigid molecules chosen for the 
similarities of their sizes to those of the ketones 

O O O  D m n  a n w  m -t 
I I 1  I  I l l  1 1  

2  2 2  2 2 %  2 2 2 2  2  
X X X  X X X  X X X  X  X  

? ?  ? N ? ? M C ? ?  ': 
& N h  * N m  N N i  PI m 

m m m m  - t o  
I  1 1  I I  I N 1  I  

2  2 2  ZQ5? 2 2 2  s m  
X  X X  X N X  X X X  X  * 
QI mt- rn 3 N ~ N  cc 
\d A +  A d A  

-t l o " ?  t , I  a 7 2 
o s 2 0 2 s 2 4  2 2  
X  X X  X X X  X X  X  X  
co i t -  m o m  m i o i  W t- . . 
N cod A m &  A A A G  & 

2 
u . . u  - a .  

4 4.z ? ? +  + + "  m + 5 
a a$ ao, Q Q $  d a 2 
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under investigation. Further, it may be seen 
from Table I that we have observed for the two 
larger ketones a second dielectric absorption 
process at higher temperatures although still 
below the glass transition temperatures (approxi- 
mately 345 K) of the matrix samples. The AH, 
and T values for these absorptions are in good 
agreement with the corresponding values ob- 
tained froin the data for the similarly-sized rigid 
molecule, 4-nitrobiphenyl. 

Table 1 includes the results of dielectric mea- 
surements on crystalline solid samples of three 
of the ketones under discussion. In this state one 
may reasonably expect that molecular relaxation 
would be eliminated while group relaxation may 
still occur. It is apparent in this table that the 
AH, values so obtained, being 27, 33, and 32 kJ 
11101-' for 1,4-diacetylbenzene, 4-acetylbiphenyl, 
and 2-acetylfluorene, respectively, are in good 
agreement with the values derived from analyses 
of the lo\+-temperature dielectric absorptions in 
the polystyrene matrix samples. 

For the cases of 4-acetylbiphenyl and 2-acetyl- 
fluorene, then. we have observed two dielectric 
absorption processes in polystyrene matrix sain- 
ples. In each case the Eyring activation param- 
eters for the lower-temperature process is in 
agreement with that obtained from a crystalline 
sample. In addition, the parameters for the 
higher-temperature process are in reasonable 
agreement with the data for a polystyrene matrix 
sample of the rigid molecule 4-nitrobiphenyl. For 
the case of 1,4-diacetylbenzene a low-tempera- 
ture absorption similarly has been observed in 
both the polystyrene rnatrix and crystalline sam- 
ples. Further, for this substance the components 
of the substituent groups' dipole moments along 
the molecule's long axis cancel out one another. 
The possible relaxation candidates in this case 
then could be inolecular relaxation of a rigid 
cis form of the molecule or acetyl group relaxa- 
tion. A stable cir form would imply a high energy 
barrier opposing group relaxation, probably 
considerably higher than that obtained for acetyl 
group rotation by other methods. It may be 
noted also that the relaxation times for the 
slightly srnaller 4-bromotoluene in polystyrene 
at 150, 225, and 300 K were approximately two 
orders of magnit~ude longer than those of 1,4- 
diacetylbenzene, which is just the opposite of 
what would have been expected if both molecules 
had exhibited molecular relaxation. 

It would seem that the most likely interpreta- 

tion of this information is that acetyl group 
relaxation has been observed in 1,4-diacetylben- 
zene, 4-acetylbiphenyl, and 2-acetylfluorene at  
temperatures near 150 K, and that molecular 
relaxation has also been observed in the latter 
two at temperatures near 320 K. One may note 
that in these two rod-shaped ketones the relaxa- 
tion times for molecular and group processes at 
300 K differed by a factor of approximately lo6 
in the polystyrene matrices, which factor is enor- 
mously larger than is usually found in liquid 
studies. From the existence of acetyl group re- 
laxation in all three of these ketones one would 
anticipate that the same process should be found 
in acetophenone itself, and as Table 1 shows the 
AH,, AS,, and T values for this molecule are 
entirely in accord with the values found for the 
lower-temperature process in the other three. 
The fact that the relaxation time values for 
acetophenone are approximately twice as long 
as those of the lower-temperature process in the 
much larger molecule 4-acetylbiphenyl is further 
indication that these processes could not both be 
molecular relaxation. 

The possibility has to be considered that our 
matrix values do not correspond with those of an 
isolated molecule. Borisova and Chirkov (12) 
found that the energy barrier for molecular re- 
laxation of small molecules in a polystyrene 
matrix was independent of concentration pro- 
vided that these were below 5-7 mo%.  Similarly, 
Davies and Swain (8) reported an anomalous 
dielectric absorption in one of their samples at 
15% (wt.) which disappeared when solute con- 
centration was reduced to 9%. These authors 
indicated that at  concentrations less than 10% 
the solute was monomolecularly dispersed in the 
polystyrene matrix. Our results for each of the 
aromatic ketones was at a considerably lower 
concentration, approximately 3% (wt.). Further, 
it would be expected that group relaxation would 
be less sensitive to environment than molecular 
relaxation. 

Conclusions 
Altogether, the relaxation time and enthalpy 

data favour group relaxation in acetophenone, 
1,4-diacetylbenzene, 4-acetylbiphenyl, and 2-ace- 
tylfluorene. Further, molecular relaxation ap- 
pears to have Seen observed in the latter two of 
these completely separated from the group 
process. 

It is interesting to compare our energy barrier 
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McLELLAN AND WALKER 587 

values for group relaxation in acetophenone in 
the polystyrene matrix with values from other 
procedures. A good correspondence is obtained 
with the estimated nmr value (5) of AGE = 26 kJ 
mol-' for acetophenone in liquid solution. Our 
data yield AGE = 26 kJ mol-I at 140 K, which 
is within the range of coalescence temperatures 
reported by Klinck et al. (13). It may be worth 
recollecting that the energy barrier for the 
intramolecular process of cyclohexyl chloride 
in the polystyrene matrix agreed precisely with 
the nmr value obtained from a study in the liquid 
state. The agreement with the ab initio calculated 
value of 18.4 kJ mol-I is perhaps all that one can 
expect bearing in mind the difference in phase, 
the assumptions in such calculations, and the 
fact that they are not based on the rate theory as 
is the case in the Eyring treatment of both nmr 
and dielectric data. 

Serious disagreement results between our 
value and that for (a)  the one obtained froin 
far-lnfrared data in the gas phase and, (b) the 
dielectric absorption of aromatic ketones in ben- 
zene solutions where in the latter case the values 
are about a factor of five less than our value. 

It would seem that much further work is 
necessary in which the energy barriers are com- 
pared for group rotation in the different phases 
and by the different techniques. In particular, it 
would be interesting to compare more results 
from the direct techniques of dielectric absorp- 
tion, ultrasonics, and nmr, and to examine fur- 
ther whether the energy barrier for group relaxa- 
tion froin dielectric absorption measurements by 
the matrix technique corresponds with that 
from nmr in the liquid phase. Certainly, signifi- 
cant differences have been noted for intramolec- 
ular energy barriers as determined on gases and 
pure liquids from far-infrared data for substi- 
tuted benzaldehydes (1). It  is difficult to under- 
stand why the barrier for acetyl group relaxation 

in benzene solution should be - 5 kJ mol-I as 
determined from dielectric studies in the micro- 
wave region while the corresponding value in the 
matrix work is - 30 kJ mol-l. Yet it is apparent 
that the matrix value is very similar to that esti- 
mated from the nmr approach in which toluene 
is used as the solvent. Very likely far more sys- 
tems will have to be examined before an appre- 
ciation of the factors responsible is gained. 

If accurate energy barrier vaiues can be estab- 
lished, then these ought to be of considerable 
interest in relating their magnitude to conjuga- 
tive, inductive, and steric effects in small aro- 
matic molecules. 
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Reactions of ozonides. XPH. Ozonolysis of methylenecyclohexane 
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DUNDAPPA R. KERUR and DENNIS G. M. DIAPER. Can. J. Chem. 55,588 (1977). 
Ozonization of methylenecyclohexane in various solvents gives several peroxides and the 

ozonide in competing reactions. All products can be adequately explained by adaptation of the 
Criegee theory, ~vithout invoking a Baeyer-Villiger reaction of carbonyl solvents. Solvent effect 
on product proportions is not linked with dielectric constant or enol content, but appears to be 
a zwitterion solvation effect. 

D U ~ D A P P A  R. KERUR et DENNIS G. M. DIAPER. Can. J. Chem. 55, 588 (1977). 
L'ozonation du nitthylPnecyclohexane dans divers solvants conduit, par reactions concur- 

rentes, a son ozonide ainsi qu'a plusieurs peroxydes. L'ensen~ble des produits peut Ctre expliqu6 
dans le cadre d'une modification de la theorie de Criegee, excluant I'intervention de solvants 
carbonyles par une ~eaction de Baeyer-Villiger. Cet effet est relie ni a la constante dielictrique 
ni au contenu en enol du solvant, mais semble intervenir par une solvation des zwitterions. 

The course of the ozonolysis of alkylidenecy- 
clohexanes is modified by the use of very large 
proportions of certain carbonyl compounds as 
solvents (1-3). This observation led to a dras- 
tically modified general theory of ozonolysis 
mechanisms now largely discarded (4-7) fol- 
lowing detailed re-investigations which showed 
that the products of carbonyl-modified ozonol- 
ysis were explicable by mechanism theories 
hitherto found adequate. There remain some 
unanswered questions about the observations 
on carbonyl-modified ozonolysis which led us 
to re-investigate the methylenecyclohexane reac- 
tion in detail. First it has been assumed that 
diminution of ozonide yields in carbonyl sol- 
vents has been due to chemical reaction of the 
carbonyl group. We now find that the partial 
suppression of ozonide formation with con- 
comitant increase of peroxide products is not 
specifically a property of carbonyl solvents, but 
is a phenomenon shared by non-carbonyl sol- 
vents, which may even be more effective. Second, 
it has been assumed, but not proved, that 6-hexa- 
nolide is a secondary product from peroxides; 
we have now identified the peroxides and in 

Experimental 
The reference substances 1-hydroperoxy-1'-hydroxy- 

dicyclohexyl peroxide 3, dicyclohexylidene diperoxide 4, 
and bis(hydroxymethy1) peroxide 8 were prepared by 
standard procedures (8). Thin-layer chromatography was 
done on pre-coated silica gel on plastic (Merck) using 
butyl acetate solvent. For ozonides and hydroxyperoxides 
a 3% KKI in 50% acetic acid visualizing spray was used and 
for the diperoxide 4, concentrated sulphuric acid at 
100 "C. R, values were: 2,0.65; 3,0.74; 4,0.96; polymers, 
stationary. For nmr spectra, CCI4 was used as solvent in 
all cases except the residue after reaction in pentane 
which was examined undiluted; residues from acctone, 
dichlorotetrafluoroacetone, and diisopropyl ketone ex- 
~er iments  which were examined both undiluted and in 

some cases ascertained the yiefds. CCI,; the residue after ozonolysis in hexamethylacetone, 

ozonation of methylenecyclohexane 1 in  a was examined in CCI, and ( C M e 3 ) ~ C 0  solvents. The 
nmr spectrum of bis(hydroxymethy1) peroxide 8 was ob- 

number of "lvents> carbonyl and nOn-carbOnylo tained in D 2 0  with DSS marker. Infrared spectra of all 
has been found to give the products of Scheme 1 licluid nroducts were obtained from smears on NaCl 
in agreement witk previo;s reports (1-3) but plates and solids as KBr discs. 

we have encountered other products as well. We Methylenecyclohexane (Baker or chemicals procure- 
ment) in 0.2 A4 solution in the designated solvent (Table 

have 'Iso the a 1) was ozonized using an ozone-oxygen stream until 
solvent to partially suppress ozonide 2 formation absorption ceased. The residue after solvent removal was 
with its physical or chemical nature. examined by thin layer chromatography, nmr and ir 
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KERUR AND DIAPER 589 

spectroscopy, qualitative tests, and comparison with au- 
thentic samples. Wherever possible, crystalline products 
were recovered. 

Thermal decomposition of 1-hydroxy-1'-hydroperoxy- 
dicyclohexyl peroxide 8 in boiling toluene gave after sol- 
vent removal cyclohexanone (25%), hexanoic acid @%), 
adipic acid (473, and dodecanedioic acid (trace). There 
was also an  unidentified acidic brown gummy substance. 
This reaction will be discussed further (9). 

Results 
Product analyses are tabulated in Table 1 .  
Residues from methylenecyclohexane ozon- 

ized in most halogenated solvents showed the 
characteristic (10-12) ir ozonide absorption at 
9.4-9.6 pm and nmr peaks at 6 5.08 ppm. Release 
of oxygen from lead tetraacetate in acetic acid 
indicated (13) hydroperoxide or oligomeric y - 
hydroperoxide (a weak result after ozonolysis Sl 
in diisopropyl ketone). The presence of ketone 2 
peroxides was further demonstrated by a positive .s 
test with aqueous ferrous sulphate and ammo- 
nium thiocyanate (14). Infrared absorption at '- 

B 2.9 (hydroxy) and 5.8-5.9 pm (carbonyl) was 2 
observed. I 

Even at slow flow rates, considerable entrain- 
ment losses of olefin and products were sustained 2 
in 1,4-dioxane which could not be cooled below 4 its freezing point, 10 "C. Attempts to trap the 2 mist were only partly successful. Small sample ,o 
size in this solvent as in hexamethylacetone in- 2 

h 
creased the seriousness of this product loss. 5 

The nmr spectrum of the residue after ozonol- 
ysis in hexachloroacetone had no ozonide peak, g 
but a multiplet at 6 1.62-1.80 ppm, three peaks .t: 

in the 2.08-2.41 ppm region, four peaks between 
3.45 and 4.20 ppm, a broad absorption centred g 
at 5.20 ppm, and a singlet at 8.17 ppm. Extensive k 
decomposition associated with production of -j 
hydrochloric acid from the solvent was sus- -1 

pected. + 1 
In trifluoroacetone, although no ozonide was 

produced, traces of adipic acid and cyclohexa- 
none were detected as well as 18.5% of dicyclo- 
hexylidene peroxide 4 and 10% of bis(hydroxy- 
methyl) peroxide 8, mp 61-63 "C (dec.) (lit. 
(8) mp 62.5 "C). The latter, encountered now for 
the first time in methylenecyclohexane ozonol- 
yses, was identified with an authentic sample 
(nmr 6 4.81 and 5.23 ppm, Na 2,2-dimethyl-2- 
silapentane-5-sulphonate marker). Decomposi- 
tion products from authentic 8 and this sample 
were identical. Both 3 and 8 and oligomeric 
peroxides related to 8 were detected qualitatively 
but were not isolated in several experiments. 
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i 10 + HCHO 

Discussion 
It is remarkable that ozonide formation from 

alkenes is partly suppressed by carbonyl com- 
pounds but especially remarkable when that 
particular carbonyl compound used as solvent is 
one of the end products of the ozonolysis of that 
particular alkene and is one of the intermediates 
in accepted theories of the mechanism of the 
reaction. It is true that the initial alkene-ozone 
adduct here preferentially breaks up in the direc- 
tion of Scheme 2 rather than Scheme 3 (15. 16). , > ,, 
but identification of 8 shows that production of 
cyclohexanone is not negligible. If it is assumed 
that the ozonide 2 is formed solely from 10 and 
formaldehyde or from 11 and cyclohexanone, 
and that the solvent does not intervene in these 
or competing reactions, then ozonide yield 
should d e ~ e n d  on the kinetics of these two reac- 
tions and competing zwitterion reactions. In- 
crease of cyclohexanone concentrations should 
therefore increase ozonide yield, yet the result is 
opposite. More intermediate gives less product. 

It is well known that participating solvents 
diminish ozonide yields in two ways at least: 
alcohols and acids by trapping the zwitterion 
giving aikoxy- or acyloxyhydroperoxides, and 
bases, such as pyridine, by catalysis of ozonide 
decomposition in a regenerative reaction. 
Neither appears to apply here; rather it is sug- 
gested that the role of the solvent is a complex 
balance of intermediate solvation effects. The 

most abundant polar intermediate zwitterion 
10, would seem to be the most important factor 
here, especially as it is the source of the relatively 
abundant side products 3 and 4 as well as 
polymers. 

Story and co-workers (1-3) invoked Baeyer- 
Villiger oxidation of a ketone solvent as another 
possible mechanism for diminution of ozonide 
yield: we have used I4C to demonstrate that 
cyclohexanone can function this way in ethyl- 
idenecyclohexane ozonolysis in no more than 
0.02% yield (6). There is no clear relation be- 
tween effectiveness of suppression of ozonide 
formation and dielectric constant of solvents 
of Table 1. The dioxane, (CI,C),CO, and 
CH,COCH, results clearly show this. 

Cyclohexanone and pinacolone were the 
ketones for which the effect was first reported, 
but they are in fact relatively feeble suppressants 
of ozonide formation. Both have a significant 
en01 content; diisopropyl ketone, with less enol, 
falls between the two in suppression efficiency. 
Tetrahydrofuran and 1,4-dioxane, having neither 
en01 nor ketone groups, are more powerful than 
either of the first two ketone solvents. The effect 
is not, therefore, an en01 effect analogous to 
alcohol-zwitterion interaction. The products 
are completely explicable with Criegee zwit- 
terions, provided that it is assumed that the 
kinetics of competing zwitterion reactions are 
affected by solvation. Zwitterions consumed by 
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loss of H Z 0 2  

OH OOH 

HOOC(CH,).COOH co < 
OH Hexanolide 

peroxide production are unavailable for produc- 
tion of ozonide 2. Solvation probably extends 
zwitterion half-life, enhancing dimerization pos- 
sibilities. 

The experiment with hexamethylacetone, 
which cannot enolize, was inconclusive. The 
other non-enolizable ketones employed were 
fluoro and/or chloro ketones. They were strong 
ozonide suppressants as was the enolizable 
CF,COCH,. In all cases the products were 
explicable through the Criegee zwitterions of 
Scheme 2 and Scheme 3. Cyclohexanone as a 
product of bimolecular loss of oxygen from 
zwitterions is readily explained (17). Both direc- 
tions of cleavage of the primary ozonide 9 are 
represented in the observed products: 8 comes 
from 11 in several possible ways. Traces of water 
necessary in Schemes 2 and 3 could come from 
concurrent elimination reactions or from atmo- 
spheric moisture during work-up. In another 
solvent system, methylenecyclohexane primary 
ozonide cleaved (15) to give 10 rather than 11 
(96.8% and 3.2%); in trifluoroacetone 90% seems 
to be an upper limit because 10'7, of 8 was 
isolated. 

Adipic acid 5 is attributable to the decomposi- 
tion of hydroxyhydroperoxide 3 which was dif- 

ficult to isolate from the reaction products be- 
cause of lts ~nstablllty. Although it was isolated 
from only one solvent system, qualitative tests 
showed it present in most, if not all, experiments. 
An authent~c sample of 3, heated in toluene, 
gave 5, cyclohexanone, and dodecane-1,12-dioic 
acid 6 but not 4. The three products detected 
were also formed from 3 by dry pyrolysis (18) 
and under acid conditions (19). In the latter 
case, an ionic mechanism has been invoked, but 
here a radical process (18,20) is considered more 
likely (Scheme 4). Peroxide by-products, fre- 
quently major products, always accompany 
ozonides (16, 21, 22). 6-Hexanolide from alkyl- 
idenecyclohexane ozonolysis is explicable (6) as 
a secondary decomposition product of peroxides. 
No Baeyer-Villiger reaction occurred in an 
acetylated cyclopentene ozonolysis (23). Ozonol- 
ysis of methylenecyclohexane in the solvents 
presently used gave no evidence of cross ozonide 
formation. This is probably due in part to low 
concentrations of zwitterion 11 as well as the use 
of ketones rather than aldehydes (except the 
formaldehyde from primary ozonide break-up). 

Ozonide 2 yield is only one part of a jig-saw 
puzzle of concurrent reactions in these systems; 
it can come from the two zwitterions 10 and 11 
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which can each form a range of other condensa- 
tion and decomposition products. In the solvents 
used, kinetics determining product ratios are not 
only the kinetics of zwitterion reactions, but the 
kinetics of solvated species. The highly polar 
halogenated ketones, for example, may be ex- 
pected to be more efficient solvating agents than 
cyclohexanone for zwitterions. Zwitterion solva- 
tion, rather than enol, dielectric, or Baeyer-Vil- 
liger participation of solvent, must be the key to 
results hi-therto described as 'carbonyl-modified' 
ozonolysis. 
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Studies on the condensation of lignins in alkaline media. Part 11.' 
The formation of stilbene and arylcoumaran structures through 

neighbouring group participation reactions2 

JOSEF GIERER AND INGEGERD PETTERSSON 
Swedish Forest Produc;s Research Luboratory, C l ~ e r n i ~ t n  Depurtmrnt, Bo-I 5604, 5-114 86 Stockholm, SH ede~z 
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JOSEF GIERER and INGEGERD PETTERSSON. Can. J. Chem. 55, 593 (1977). 
The alkaline condensation of p-hydroxyarylglycerol-a-aryl ether units in lignin with other 

phenolic structures and the subsequent reactions of the condensation products have been 
elucidated using appropriate model compounds. It is shown that the primary condensation of 
simple phenols (2,6-xylenol or resorcinol) into the a-position of phenolic compounds of the 
f3-aryl ether type is followed by an aryl participation (A,-3) reaction resulting in the cleavage 
of the a-aryl ether bond and formation of the corresponding stilbene derivative. When resorcinol 
is used as reaction partner, the condensation is also followed by the cleavage of the P-aryl ether 
linkage through another type of neighbouring group participation reaction involving the 
phenolate anion ortho to the site of condensation and giving rise to the corresponding aryl- 
coumaran derivative. 

The consequences of these findings for the course of alkaline delignification processes are 
briefly discussed. 

JOSEF GIERER et INGECERD PETTERSSON. Can. J. Chem. 55, 593 (1977). 
On a ClucidC, utilisant des composes modiles approprits, le mecanisme de la condensation 

alcaline d'unites d'ether p-hydroxyarylglycCro1 a-aryle de la lignine avec d'autres structures 
phCnoliques et les rCactions subsCquentes des produits de condensation. On a montr6 que la 
condensation primaire de phenols simples (xylenol-2,6 ou rCsorcino1) en position a des com- 
poses phCnoliques du type ether a-aryle est suivie par une reaction de participation du groupe 
aryle (A1-3) qui conduit au bris du lien ether P-aryle et a la formation du derive stilbene 
correspondant. Quand on utilise le resorcinol comme partenaire de la rCaction, la condensation 
est aussi suivie par une coupure du lien ether a-aryle par un autre type de reaction de participa- 
tion de groupe voisin impliquant I'anion phenolate ortho par rapport au site de condensation 
et donnant lieu au dCrivC arylcoumarane correspondant. 

On discute des consCquences de ces resultats pour les processus de delignification alcaline. 
[Traduit par le journal] 

Numerous studies on the alkaline condensa- 
tion of lignins have shown that the benzylic posi- 
tion in phenolic units constitutes the main site of 
reaction in this complex process (1-6). In most 
of these studies, model compounds of the p- 
hydroxybenzyl alcohol type were reacted with 
simple phenols and the resulting diarylmethanes 
were isolated. The condensation reaction was 
formulated as a nucleophilic addition of an 
ortho- or para-cyclohexadienone carbanion to 
the appropriate para-quinonemethide, followed 
by proton or side-chain elimination with re- 
aromatization (7). 

'Part I, see ref. 18. 
'The results of this work have been presented (by J.G.) 

a t  the Fifth Plenary Meeting of the International Academy 
of Wood Science, Copenhagen, Denmark, June 17-19, 
1976, and at  the 1976 Canadian Wood Chemistry Sym- 
posium at Mont Gabriel, Que., Canada, September 1-3, 
1976. 

Results from studies using model compounds 
of the y-hydroxyaryl coumaran (8) and P-aryl- 
glycerol (9) types indicated that this conjugate 
addition reaction is not prevented by the presence 
of an aryi or an aroxy group in the adjacent 
P-position (cf.  also condensations in acidic media 
(10)). Thus, carbanions formed from phenolic 
lignin structures compete, in fact, with the other 
nucleophiles present in the pulping liquor (SH-, 
OH- ions) for the various quinonemethide inter- 
mediates (7). 

In the present work, the condensation between 
phenolic compounds of the P-aryl ether type and 
added phenols is investigated and the behaviour 
of the condensation products towards alkali 
under pulping conditions is studied. 

Results and Discussion 
The compounds and conditions used and the 

results obtained are summarized in Table 1. 
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When compound 1 (Scheme 1) was reacted 
with 2,6-xylenol in 1 N sodium hydroxide at 
150 "C for 1.5 11, an extensive condensation took 
place and the expected product 3 could be iso- 
lated in 60% yield. In a competing reaction, a 
proton is abstracted from the quinonemethide 
intermediate and the P-guaiacoxy styrene deriva- 
tive 4 is formed (11). In a separate experiment it 
was shown that compound 4, similarly treated 
with 2,6-xylenol, also gives compound 3 al- 
though in a lower yield (37%). Part of the com- 
pound 3 obtained from 1 could thus have been 
formed via compound 4 (cf. below however). 

Among the remaining reaction products, the 
4,4'-dihydroxystilbene 5 is of particular interest. 
The formation of this compound, in a small 
amount, is suggested to proceed via the product 
of condensation 3 and to involve elimination of 
the P-aroxy substituent through an aryl partici- 
pation (A,-3) reaction (Scheme 2). Hence, the 

elimination is brought about by an intramolecu- 
lar nucleophilic attack of a carbanion 3a on the 
P-carbon atom resulting in the formation of a 
spiro cyclohexadienone intermediate. Rearrange- 
ment of this intermediate with participation of 
the aryloxide ion results in the opening of the 
three-membered ring and subsequent proton 
elimination yields the 4,4'-dihydroxystilbene de- 
rivative 5. 

The formation and the opening of the three- 
membered ring are reminiscent of the cor- 
responding reaction steps in other eliminations 
of P-aroxy substituents involving neighbouring 
group participation such as the cleavage of 
P-aryl ether linkages by neighbouring mercap- 
tide groups (12). The function of a spiro cyclo- 
hexadienone as a transient intermediate has been 
previously (13) proposed in order to interpret a 
related reaction, i.e. the alkaline solvolysis of 
2-p-hydroxyphenylethyl bromide. Shortly after, 
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GIERER AND PETTERSSON 595 

this intermediate was isolated and its behaviour 
under different reductive and solvolytic condi- 
tions was studied (14). 

The intermediacy of the condensation product 
3 in the formation of stilbene 5 was shown by 
treating compound 3 with 1 N sodium hydroxide 
at  170 "C for 2 h and isolating compound 5 and 
guaiacol in high yields (61 and 74%, respectively). 
Apparently, the aryl participation reaction re- 
quires a higher temperature (about 170 "C) than 
does the preceding condensation step. 

It  can be expected that the condensation of a 
phenol to compound 1 and the subsequent elimi- 
nation of the 0-guaiacoxy substituent through 
aryl participation will be enhanced by the 
presence of one or two additional phenolic 
hydroxyl groups in the meta-position(s) (resorci- 
nol, phloroglucinol, and their derivatives). In 
these instances, all phenolic hydroxyl groups 
should contribute to the ease of formation of 
reactive carbanions in the ortlzo- and para- 
positions, thus facilitating both the condensation 
and the subsequent elimination step. In fact, 
treatment of compound 1 with resorcinol in 1 N 
sodium hydroxide at 150 "C for 1.5 h (Scheme 3) 
gave an almost quantitative yield (98%) of 
guaiacol, indicating an extensive condensation 
and elimination reaction. The reaction mixture 
contained, in addition to guaiacol and small 
amounts of unreacted resorcinol and stilbene 6 
(273, the expected stilbene 7 (11%), the bis- 
stilbene 8 (5 %), and the arylcoumaran 9 (10.5%). 
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H L O *  
I - OH - ____, 

HCOH O\ 

Undoubtedly, the formation of stilbene 7 fol- 
lows a route analogous to that for stilbene 5 
(Scheme 1). However, in the case of stilbene 7, 
the precursor, i .e .  the condensation product cor- 
responding to compound 3 was not isolated. This 
is probably due to the high rate of the aryl parti- 
cipation reaction caused by the ortho- and para- 
hydroxyl groups of the resorcinol residue in the 
condensation product. 

The high reactivity of resorcinol in this type 
of condensation with subsequent aryl ether 
cleavage through aryl participation is also re- 
flected by the presence of the distilbene 8 in the 
reaction mixture. Obviously, this compound is 
formed by a repetition of the condensation and 
aryl participation reactions involving stilbene 7 
and the starting compound 1 as reaction species. 

Although the initial condensation product be- 
tween resorcinol and compound 1 was not 
isolated, its intermediacy is revealed by the isola- 
tion of the 3-arylcoumaran 9. It is obvious that 
this compound arises from the expected conden- 
sation product through another type of neigh- 

bouring group participation in which the ortho- 
phenolate ion nucleophilically attacks the P- 
carbon atom and eliminates the P-aroxy substi- 
tuent. Thus, the formation of 9 competes with 
that of compound 7, but both neighbouring 
group participation reactions result in the cleav- 
age of the P-aryl ether linkage. 

According to the nmr and mass spectroscopic 
data, the isolated coumaran could also be the 
2-aryl-substituted isomer 11 which might be 
formed from stilbene 7 by a subsequent ring 
closure. However, this possibility was excluded 
by treating stilbene 7 with 1 N sodium hydroxide 
under the same conditions as were used for com- 
pound 1 and demonstrating the absence of the 
couinaran obtained from 1 in the resulting re- 
action mixture (thin-layer chromatography). This 
experiment also showed that a considerable part 
of the stilbene 7 was converted into other com- 
pounds unidentified so far. Conversely, a similar 
alkaline treatment of the isolated coumaran did 
not afford any detectable amount of the stilbene 
7. This result also supports the structure of a 3- 
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GIERER AND PETTERSSON 597 

TABLE 2. Proton chemical shifts (T values in ppm) of acetylated products from alkaline condensations of model 
compounds* 

Acetate of Aromatic + 
compound mp ('C) olefinic H Aliphatic H Methoxyl H Acetyl H Methyl H 

Cis-4 (18) 102-103 2.42(d, 1H) 6.18(s, 6H) 7.72(s, 3H) 
2.80-3.25 

(m, 7H) 
3.46(d, 1H) 
4.48(d, 1H) 
J = 7 .0  

5 155-156 2.84-3.12 6.17(s, 3H) 7.71(s, 3H) 7.86(s, 6H) 
(m, 7H) 7.74(s, 3H) 

6 227-229 2.87-3.17 6 .17(~,  6H) 7 .73(~ ,  6H) 
(m, 8H) 

7 129-130 2.40(d, 1H) 6 .16(~,  3H) 7.53-7.80 
2.88-3.13 (OS 9H) 

(m, 7H) 
Dihydro-7 75-76 2.90-3.50 7.21(s, 4H) 6.28(s, 3H) 7.60-7.81 

(m, 6H) (0% 9H) 
8 191-193 2.16-2.51 6 .15(~,  6H) 7.52-7.80 

(m, 2H) (os, 12H) 
2.82-3.10 
(m, 1OH) 

9 143-145 2.90-3.70 4.98-5.70 6 .26(~,  3H) 7.73-7.75(0~, 9H) 
(m, 6H) (m, 3H) 

10 150-151 2.80-3.51 4.65-5.20 6 .29(~,  3H) 7 .75(~,  6H) 
(m, 6H) (m, 1H) 8.02(s, 3H) 

5.20-6.20 
(m, 3H) 

*s = singlet, d = doublet, m = multiplet, os = overlapp~ng singlets. 

arylcoumaran 9 since the 2-aryl isomer 11 on 
treatment with alkali would be expected to give 
an equilibrium mixture consisting of 7 and the 
starting compound. 

Stilbene 6 is formed by a pathway analogous to 
the formation of 7 (and 8), the eliminated guaia- 
col acting as condensation partner in competi- 
tion with resorcinol. 

The total yield of stilbenes 6-8 together with 
the arylcoumaran 9 is only about 30%. In view 
of the large amount of guaiacol obtained (98 %), 
the low yields of the other reaction products may 
be ascribed to partial alkaline degradation of 
the stilbenes (see above) and/or to losses during 
the work-up and separation procedures (Table I), 
rather than to incomplete conversion of the 
starting compound 1. 

The behaviour of compound 2 upon treat- 
ment with resorcinol in 1 N sodium hydroxide 
under similar conditions is analogous to that of 

compound 1. Guaiacol was obtained in a large 
amount (51.5%) and the stilbenes 6 and 7 were 
isolated in 2.6 and 21.7% yields, respectively. 
Furthermore, the reaction mixture contained the 
arylcoumaran 10 (8.2%), corresponding to 9 
obtained from 1. The presence of 10 and the 
absence of 9 in the reaction mixture from 2 show 
that the initial condensation step involves the 
quinonemethide derived from 2, rather than the 
P-guaiacoxystyrene derivative 4. In other words, 
formaldehyde elimination most likely takes place 
after, rather than before, the condensation and 
aryl participation steps in the formation of 6, 7, 
and 8 (cf. also proton elimination from the 
quinonemethide in Scheme 2). The absence of 4 
in the reaction ,mixtures obtained from the treat- 
ments of 1 or 2 with resorcinol further supports 
this view. Apparently, conjugate addition of the 
carbanion from resorcinol to the quinonemethide 
from 1 more effectively competes with proton 
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elimination than does the conjugate addition of 
the carbanion from 2,6-xylenol (Scheme 1). The 
formation of 4 during the treatment of compound 
1 with 2,6-xylenol (see Scheme 1) should thus be 
considered as a side reaction rather than a step 
in the formation of stilbene 5. Eliminated 
guaiacol and formaldehyde, together with the 
excess of resorcinol, may undergo alkaline con- 
densation reactions yielding high molecular 
weight materials of the phenoplast type. Such 
condensations could be responsible for the lower 
yield of guaiacol obtained from compound 2 as 
compared to that obtained from 1. 

Conclusions 
The results of the present work illustrate the 

behaviour of phenolic lignin units of the P-aryl 
ether type towards other phenolic structures 
upon heating in alkaline solution. The primary 
condensation, which gives the diarylmethane 
type of structures, is followed by the cleavage of 
the P-aryl ether bond through neighbouring 
group participation involving an aromatic nucle- 
us (aryl participation) or, if present, a phenolate 
anion in the ortho-position to the condensation 
site. These reactiok lead to the formation of 
stilbene and/or arylcoumaran types of structures. 
Thus, the increase in molecular size of lignin 
brought about by the initial condensation step 
involving phenolic P-aryl ether units may be 
counterbalanced by the subsequent fragmenta- 
tion due to P-aryl ether cleavage through neigh- 
bouring group participation. 

The stilbene structures found in alkali-treated 
lignins (15) may thus originate not only from 
native structures in which the carbon skeleton 
is preformed (aryl coumaran and 1,2-diarylpro- 
pane 1,3-diol structures) (15) (Scheme 3) but 
also from P-aryl ether structures which undergo 
condensation and subsequent aryl participation 
reactions. 

The possible genesis of stilbene structures by 
this route has been recently3 confirmed by heat- 
ing wood powder (picea abies) with 2,6-xylenol in 
alkaline solution at 170 "C, demonstrating the 
presence of stilbene 5 as dominant component 
in the reaction mixture. 

These findings suggest the advisability of con- 
ducting the alkaline delignification in the pres- 
ence of a suitable (added) phenol. The latter, 
by condensing with reactive a-positions, should 

3J. Gierer and 0. Lindeberg, unpublished results. 

not only inhibit the self-condensation of lignin 
(16) but also facilitate its fragmentation through 
the neighbouring group participation reactions 
demonstrated in this work. 

Experiments to explore this possibility are 
being currently carried out. 

Experimental 
Materials 

The compounds used in this study were prepared as 
previously described: 1 (1 I)  and 2 (17). Compound 4 was 
obtained as a sodium salt after treatment of 1 with 2 N 
sodium hydroxide (11). 

TABLE 3. Mass spectral fragmentation of acetylated pro- 
ducts from alkaline condensations of model compounds 
(all fragments having mle > 120 and intensities > 10% of 

the base peak are listed) 

Acetate of 
compound 

3 

cis-4 (18) 

5 

6 

7 

Dihydro-7 

8 

9 

10 

*m/e 42 corresponds to CH2C0 arising from aromatic acetyl groups. 
t M  - 123. 
$M - 123 - 42. 
$M - 123 - (2 X 42). 
1,Benzyl cation. 
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GIERER AND PETTERSSON 599 

Methods Mass Spectronletry 
The treatments with 1 Nsodium hydroxide were carried Mass spectra were recorded on a Perkin-Elmer 270 

out in an  atmosphere of nitrogen to avoid autoxidation instrument at  20 eV using the direct inlet system. Mass 
reactions. The other reaction conditions (amount of spectral data are summarized in Table 3. 
model con~pound and alkali, temperature, and length of 
treatment) were chosen to simulate the conditions pre- 
vailing during alkaline pulping or, if necessary, to facili- 
tate the isolation of the reaction products. These condi- 
tions and the results of the alkaline condensations are 1. A. ISHIZU. J .  NAKAPIO, H. OYA. and N.  MIGITA. J .  
summarized in Table 1. Jpn. Wood Res. Soc. 4. 176 (1958). 

Work-up Procedure 
After the alkaline treatment, the reaction mixture was 

neutralized by adding dry ice and extracted repeatedly 
with ethyl acetate. The combined extracts were evapor- 
ated under reduced pressure. The residue was acetylated 
with acetic anhydride - pyridine and the resulting mixture 
of acetylated reaction products was separated by column 
chromatography. The separation was followed by thin- 
layer chromatography. 

Thin-layer (tlc) and Columrz Chromatography 
The acetylated compounds were separated on an 

analytical scale by tlc using silica gel HF2,, (E. Merck 
A. G. Darmstadt) as adsorbant and mixtures of petro- 
leum ether - ethyl acetate in proportions between 2: 1 to 
4 : l  as solvent systems. The spots were developed by 
spraying with a 1% solution of vanillin in concentrated 
sulphuric acid and heating at 120 "C for about 10 min. 
The preparative separations were carried out by column 
chromatography using silica gel 60 (120-230 mesh, 
ASTM, Merck) as adsorbant and the same mixtures of 
petroleum ether - ethyl acetate as those used in tlc. 

The isolated compounds were identified by nmr and 
mass spectroscopic methods. Compound 7 was also 
characterized as the (acetylated) dihydro derivative. 

Nziclear Magnetic Resouance spectrometry 
The nmr spectra (CDCI,) were recorded with a 

Perkin-Elmer R-12 spectrometer. The nmr data are sum- 
marized in Table 2 which also contains the melting points 
of the isolated (acetylated) reaction products. Chemical 
shifts (7 values/ are given in ppm downfield from TMS. 
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JOHN A. FINDLAY, JIRI KREPINSKY, ANITA SHUM, C. G. CASINOVI, and L. RADICS. Can. J. 
Chem. 55, 600 (1977). 

The structure of isoflavipucine 2a, a remarkable rearrangement product of the antibiotic 
flavipucine 1, is proposed on the basis of spectral data and chemical and mechanistic consid- 
erations. 

JOHN A. FINDLAY, JIRI KREPINSKY, ANITA SHUM, C. 6. CASINOVI et L. RADICS. Can. J. Chem. 
55,600 (1977). 

En se basant sur des donnkes spectrales et sur des considerations chimiques et mkcanistiques 
on propose la structure 2a pour l'isoflavipucine, un produit remarquable de rearrangement de 
I'antibiotique flavipucine 1. 

[Traduit par le journal] 

Recently we reported (1) the structure 1 for 
flavipucine CI2Hl5NO,, an optically active 
metabolite of A~pergillus 3avipes possessing 
antibiotic activity (2). In the course of isolating 
this substance, the co-occurrence of an isomeric 
compound in the culture filtrates was noted. 
Isoflavipucine (mp 166-171 "C) is apparently 
optically inactive, [cxID2' 0" (c 1% 95% EtOH), 
and its nlnr spectrum (see Table 1) is remarkably 
similar to that of flavipucine apart from the dis- 
placement of the signal at 6 3.80 for the C7-H 
to much lower field (6 6.04) in the isomeric com- 
pound. The ultraviolet spectrum of isoflavi- 
pucine (A,,, (EtOH) 221 (E 26 090), 307 (E 
10 260) nm) is substantially different from that 
of flavipucine indicating the presence of a new 
chromophore. 

X 

'Presented in part a t  the 9th International Symposium 
on the Chemistry of Natural Products, Ottawa, Canada 
(June 1974). 

We propose the structure 2a for isoflavipucine 
on the basis of spectral and chemical data. 
Nuclear magnetic resonance parameters (see 
Tables 1 and 2) and nuclear magnetic double 
resonance experiments are in excellent agree- 
ment with this structure. The infrared (KBr) 
spectrum displays a strong carbonyl absorption 
at 1670 cm- (conjugated amide) accompanied 
by a ketone band at 1730 cm-l and bands as- 
signed to conjugation at 1630 and 1610 cm-'. 
The mass spectrum is practically indistinguish- 
able from that of flavipucine and confirms the 
elemental composition while the base peak n ~ [ e  
152 (M - (CH3),CHCH2CO) affirms the pres- 
ence of the isobutyl ketone moiety. Microanalysis 
is in agreement with the elemental composition 
C12HI ,NO,. 

A useful confirmation of the isoflavipucine 
structure can be derived from a comparison of 
the 13C nmr spectra of 1 and 2a (see Table 3). 
One notable difference is that isoflavipucine 
contains an additional sp2 carbon (6 143.5 
ppm) at the expense of an sp3 carbon (6 60.0 
ppm) present in flavipucine. Also, the signal at 
6 68.8 ppm for C7 in flavipucine 1 is found at 6 
107.6 ppm in isoflavipucine 2a consistent with 
the C7 change from mono- to dioxygen substi- 
tution. Thus the major difference between 1 and 
2a concerning C3 and C7 is corroborated in 
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FINDLAY ET AL. 60 1 

TABLE 1. Chemical shift data ppm) 

2b 5.83 5.93 3.76* 1.26* 1.40* 1.81* 0.82 0.93 2.21 11.714.9 CDC1,-DMSO-ds/6O0C 

*For these parameters iterative calculations were performed using the LAOCN3 program of Bothner-By and Castellano (5). Long range 
couplings were assumed to be zero and the spectra were approximated by the simplified spin systems indicated in Table 2. An IBM 7040 
Computer was employed for these calculations and the estimated accuracy is of the order of 0.1 Hz. 

detail. Of interest in comparing the signal as- 
signments is compound 4, a synthetic material, 
which we have prepared recently. 

I 
H H 

3 4 

Chemical corroboration of the structural 
assignment 2a comes from the ready acid 
hydrolysis of isoflavipucine to give 3,4-dihy- 
droxy-6-methyl-2-pyridone 3. This structure 
was confirmed by independent synthesis by the 
method of Lapworth and Collie (3) who con- 
verted 2,4-dihydroxy-6-methyl pyridine to the 
3-nitro derivative which was reduced to 3-amino- 
3,4-dihydroxy-6-picoline. Treatment of the latter 
amino dihydroxypicoline with Na2C03 gave 3. 
Attempts to prepare 3 by the procedure of Hess 
(4) were singularly unsuccessful. We formulate 3 
as a pyridone rather than a trihydrvxypicoline 
(3) since its infrared spectrum shows bands for a 
conjugated amide (1650, 1610 cm- I). 

Reduction of the ketone in 2a was readily 
achieved by hydrogenation in glacial acetic acid 
with Adams' catalyst. Dihydroisoflavipucine 2b 
(mp 204-206 "C) was obtained and shows spec- 
tral characteristics consistent with its formula- 
tion. Thus, while a strong amide carbonyl band 
at  1670 cm-I is present in the infrared (KBr) 
spectrum, the absence of any ketone absorption 
near 1730 cm-I is noted. In addition, the mass 
spectrum displays the appropriate molecular 
ion at nzle 239 as well as prominent ions at 196 
( M  - (CH3),CH) and 152 ( M  - (CH3),- 
GHCH2CHOH) and the ultraviolet spectrum 
(vide infra) resembles that of isoflavipucine. 

We have now succeeded in transforming 
flavipucine (mp 130-13 1 "C) into isoflavipucine 
in 30% yield by heating the crystalline solid at 
138-140 "C for 15 min. Heating 1 in boiling 
xylene (139 "C) did not effect any transformation 
and this suggests an ionic rather than a radical 

mechanism for the interconversion 1 to 2u. In 
addition, traces of isoflavipucine can be found 
in the reaction mixture resulting when flavipu- 
cine is treated with cold aqueous Na2C03 solu- 
tion (2%). 

Scheme 1 contains mechanistic proposals to 
account for the transformation 1 to 2a. In path- 
way 'a' the tautomer 5 is visualized as under- 
going a rearrangement via a transition state 
involving a four-membered ring and requiring 
an external proton transfer agent (e.g., another 
molecule of 1). Route 'b' proposes the initial 
generation of a five-membered lactol ring 6 which 
then undergoes rearrangement via the resonance 
stabilized zwitterion 7 to isoflavipucine 2a. Both 
pathways require the external assistance of 
proton transfer agents and are consistent with 
the finding that the pyrolytic conversion does 
not occur in boiling anhydrous xylene (139 "C) 
but occurs readily with molten flavipucine at the 
same temperature. Pathway 'b' readily accom- 
modates the observation that isoflavipucine is 
optically inactive; however, route 'a' cannot be 
excluded on this basis alone since racemization 
of 2a after its formation is also feasible. The 
pathway 'b' is favoured by us since it would ap- 
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CAN. J .  CHEM. VOL. 55. 1977 

TABLE 2. Coupling constants (Hz) 

2a 0 .8  - - - 6.7* 6.7" 6.7* 6.7* ABMXY 

2b 0 .8  3.8" 8.6* 5.0* -13.5* 4.8* 9.0* 6.7* 6.7 ABMXY 

'For these parameters iterative calculations were performed using the LAOCN3 program of Bothner-By and Castellano ( 5 ) .  Long range 
couplings were assumed to be zero and the spectra were approximated by the simplified spin systems indicated in Table 2. An IBM 7040 
Computer was employed for these calculations and the estimated accuracy is of the order of 0.1 Hz. 

TABLE 3. 13C nmr chemical shift data (STMS ppm)* 

C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 

2a 155.2 130.1 154.3 93.3 143.5 107.6 200.6 45.4 23.6 22.4 22.4 19.1 

*Solvent = CDCI,. 
?Assignments may be interchanged. The assignments of 13C resonances to the individual carbon atoms in the molecules are based on standard 

Fourier transform '3C nmr techniques, selective IT-( 'HI  decoupling experiments, spectral comparison, and known substituent effects. 

pear to proceed via lower energy transition bottomed flask (above its melting point) at 138-140 'C 

states than does route ~ t ,  of course, requires for 15 min in an oil bath. Subsequent chromatography 
afforded isoflavipucine 2a (60 n ~ g ,  30Y, yield) identical in a cis Of C4 and C8 with respect s~ectra l  characteristics and melting point (and mixture 

the oxirane bridge. mp) with isoflavipucine isolated from acidified culture 

Experimental 
Melting points were determined on a Kofler hot stage 

apparatus and are uncorrected. Mass spectra were deter- 
mined with a Consolidated Electrodynamics Corpora- 
tion R6-l instrument. A Varian HA-100 spectrometer 
was employed for recording nmr spectra. Ultraviolet 
spectra were obtained with a Perkin-Elmer Model 467 
spectrophotometer and infrared spectra with a Perkin- 
Elmer Model 457 grating instrument. 13C nmr spectra 
were obtained with a Valian XL-100-15 equipped with 
SL-124 Fourier transform accessory and 16K 620L 
computer. 

Isolation of Zsoflavipucine 2ci 
The crude chloroform extract of the acidified fermenta- 

tion broth of strain F2091/7 of A~pergi l lu~ J'lncipes was 
chromatographed on silica gel. Initial benzene-ether (3 : 1) 
eluates yielded flavipucine (mp 130-1 3 1 "C) while later 
benzene ether fractions proved to be mixtures of flavi- 
pucine and isoflavipucine. Rechromatography of these 
fractions on silica gel columns or plates afforded pure 
isoflavipucine which was recrystallized from ether to 
give white crystals, mp 166-171 "C. Anal. calcd. for 
C12H15N04: C 60.75, H 6.37, N 5.90; found: C 60.41, 
H 6.39, N 5.75. The mass spectrum mle 237 (M+), 153, 
152 (100%) (M - (CH3)2CHCH2CHO), 126, 125, 96. 
The ir spectrum v,,, (KBr) 3440, 3110, 2960, 2870,2800, 
2750-2500, 1730, 1670 (broad v. strong), 1630, 1600, 
1460, 1420, 1390, 1370, 1285, 1210, 1170, 1140, 1115, 
1040,990, 820,740,660,640,620 cm-'. The uv spectrum 
h,,,, (95% ethanol) 221 (E 26 090), 307 (E 10 260) nm. 
[aIDz1 0" ( c  I%, 95% ethanol). 

Isofiacipucine 2a froin Flauipucine I 
(a)  By Pyrolysis 
Flavipucine (200 mg) was heated in a stoppered round 

filtrates of Aspergillus flacipes. 
(b) By Na,CO, Tveatnient 
Flavipucine (0.20 g) was dissolved in 2% aqueous 

Na2C03 solution (250 ml) and the yellow solution was 
allowed to stand 15 min at room temperature before 
extraction with CI-ICI, which afforded after drying and 
evaporation an oil (0.15 g) which proved by preparative 
layer chromatography on silica gel to be a mixture of 
flavipucine and isoflavipucine (40: 1). The identity of the 
isoflavipucine prepared in this way was confirmed by 
spectral data and mixture melting point with an authentic 
sample. 

Dihydroisofiavipucine 20 
Flavipucine (0.50 g) in glacial acetic acid (20 ml) was 

hydrogenated over Adams' catalyst (0.10 g) for 22 h. 
Filtration and evaporation gave a crude product (0.49 g), 
essentially homogeneous on tlc, which was crystallized 
from ethanol yielding pure dihydroisoflavipucine (0.215 
g), mp 204-206 "C. Mass spectrum m/e 239 (M'), 196 
(M - C3H7), 154, 153, 152 (loo%), 141, 125, 124, 112, 
109, 97,96. The ir spectrum v,,, (KBr) 3300, 2960,2900- 
2500, 1660 (broad, strong), 1615, 1595, 1560, 1480, 1450, 
1425, 1390, 1380, 1368, 1340, 1330, 1310, 1295, 1260, 
1212, 1170, 1140, 1120, 1110, 1090, 1080, 1040, 920, 858, 
810,780,755,740,710,660,640,590,560,510,480 cm-'. 
The uv spectrum (95% EtOH) I,,, 220 (E 20 060), 308 
( E  6560) nm. 

3,4-Dihydroxy-6-methy1-2-pyridone 3 
(a) From Isofiavipucine 
Isoflavipucine 2a (0.0542 g, 0.23 mmol) was added to a 

solution of 3.8% HCI in water-ethanol 1 :  1 (2 mlj, and 
stirred at room temperature until completely dissolved. 
The solution was then heated at 80°C for 14 h. The 
cooled aqueous solution was extracted with ether and 
then evaporated itz uacuo at room temperature yielding 
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FINDLAY ET AL. 603 

the white crystalline product 3 (0.0314 g, 96.5%), mp for assistance in early phases of this work. 
212-226 "C. The mass SPeCtrLlm m/e 141 (M'). The lr Thanks are also due to D. G. smith ( ~ t l ~ ~ t i ~  
spectrum v,,, (KBr) 3400-2300 cm-' broad (NH, OH), 
1650, 1600 (conjugated amide). The uv spectrum A,,, Regiona1 Laboratory, Nova ScOtia) 
(H,o) 302 (E 3740); (H,O + H+) 300 (E 3660); (H,O + for providing the 13C nmr spectrum, together 
OH-)  335 (E 3280) nm. The nmr spectrum 6 T h , ~  (D201, with useful comments, for compound 4. 
2.3 (s, 3H, CH3), 6.38 (s, 1H, aromatic CH). 

(b)  By Synthesis 1. (a )  J. A. FINDLAY and L.  RADICS. J .  Chem. Soc. 

3,4-Dihydroxy-6-methyl-2-pyridone prepared by the Perkin Trans. I. 2071 (1972): ( b )  J. A.  FINDLAY and D. 

method of Lapworth and Collie (3) was identical with KWAN. J .  Chem. Soc. Perkin Trans. I. 2963 (1972). 

compound 3 obtained by hydrolysis of isoflavipucine as 2. (") C. G. CAs1Nov17 G.  GRANDoLIN1, R. MERCAN- 

above. TINI, N.  ODDO, R. OLIVIERI, and A. TONOLO. Tet- 
rahedron Lett. 3175 (1968); (b) C.  G. CASINOVI, G. 
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The authors are grateful to the Italian Ministry (Rome), 5,514 (1969). 

of ~ ~ ~ l t h  and the ~ ~ t i ~ ~ ~ l  Research Council 3. A. LAPWORTH and J. N .  COLLIE. J. Chem. Sot. 71, 
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due to Professor G. Grandolini (University of 5 .  D. F. DETAR (Editor). Computer programs for 
Perugia) and Dr. F. W. Wehrli (Varian AG) chemistry. Benjamin. 1968. p. 10. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The stereochemical dependence of f3C nuclear magnetic resonance chemical shifts 
and l3C-31P couplings in some dialkylphosphonocyclohexanes 

GERALD W. BUCHANAN AND JOHN H. BOWEN' 
Depcirtnlerlt of Clzemistry, Carleton University, Ottux~n, Orlt., Crinudu KIS 5B6 

Received September 14,1976 

GERALD W. BUCHANAN and JOHN H. BOWEN. Can. J. Chem. 55, 604 (1977). 
I3C chemical shifts and 13C-31P couplings are reported for 15 dialkylphosphonocyclohexanes. 

Data are compared to those for three related hydroxyphosphonates. Both direct and vicinal 
I3C"lP couplings are useful stereochemical probes. Materials with equatorial phosphorus 
exhibit one bond couplings larger by ca. 5 Hz than their axial counterparts. Vicinal couplings 
follow an approximate dihedral angle dependence but are attenuated by O H  substitution. In 
addition to the expected gauche-y shielding effects, pentavalent phosphorus substituents induce 
minor (ca. 1 ppm) upfield shifts at  carbons to which they bear an anti-periplanar relation. 

GERALD W. BUCHANAN et JOHN H. BOWEN. Can. J. Chem. 55, 604 (1977). 
On rapporte les dtplacements chimiques du I3C et les constantes de couplage 13C-31P de 15 

dialkylphosphonocyclohexanes. On compare ces donnees avec celles de trois hydroxyphos- 
phonates voisins. Les couplages directs et vicinaux '3C-3'P sont tous les deux des sondes 
stereochimiques utiles. Les composts avec un phosphore en position Cquatoriale prksentent des 
couplages a travers une liaison qui sont plus grands par environ 5 Hz que leurs contreparties 
axiales. I1 existe une dependance approximative entre les couplages vicinaux et I'angle diedre; 
ces couplages sont toutefois attenues par I'introduction d'un OH. En plus des effets de blindage 
y gauche attendus, les phosphores pentavalents induisent au niveau des carbones par rapport 
auxquels ils ont une relation anti-periplanaire, des deplacements chimiques mineurs (environ 
1 ppm) vers les hauts champs. 

[Traduit par le journal] 

Introduction 
I t  has been a decade since the first report (1) 

of the utility of 13C nmr as a technique for the 
stereochemical analysis of cyclohexyl compounds 
and the method is now well established (2, 3). 
An area of recent interest has been in the appli- 
cation of I3C nmr to conformational effects 
among cyclohexyl phosphorus compounds con- 
taining tri- and tetravalent phosphorus atoms 
(4). Herein we report our findings for a series of 
substituted dimethyl-, diethyl-, and diisopro- 
pylphosphonocyclohexanes in which the influ- 
ence of axial and equatorial pentavalent phos- 
phorus atoms on the carbon shifts and 13C-31P 
couplings has been examined. 

Results are compared with earlier data for 
cis- and trans-4-tert-butyl-1-hydroxy-1-dimethyl- 
phosphonocyclohexanes (5) to clarify the effects 
of OH substitution on the nmr parameters. 
Employing the isomeric 4-tert-butyl cyclohexyl 
compounds as models as well as the known in- 
fluence of methyl stereochemistry on carbon 
shifts (6 ) ,  the preferred geometries of some pre- 

'Present address: Department of Biochemistry, Queen's 
University, Kingston, Ont., Canada K7L 3N6. 

viously unknown 2-methyldialkylphosphonocy- 
clohexanes have been deduced. 

Results and Discussion 
(a) Spectral Assignments 

Routinely the 13C spectra were recorded using 
complete 'H noise decoupling. Subsequently the 
single frequency off-resonance decoupling pro- 
cedure was employed to identify CH,, CH,, 
CH, and quaternary carbons. Selective 'H 
decoupling was used occasionally as were lan- 
thanide shift reagent studies (0.1 M equivalent 
Pr(FOD),) to distinguish between small chem- 
ical shift differences and 13C-31P coupling phe- 
nomena (7). Assignments were also facilitated 
by the knowledge of 13C-31P couplings found 
earlier (5) in related molecules of known geom- 
etry. 

(b)  Cliernical Shifts 
The 13C shieldings for compounds 1-18 are 

presented in Table 1, with the corresponding 
structures and numbering scheme shown in 
Fig. 1. Comparing the epimeric 4-tert-butyl- 
cyclohexyl systems 1 and 2 the most notable 
differences appear at C-1 and C-3,5 which are 
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CAN. J. CHEM. VOL. 55, 1977 

1 (R  = CH,) 
7 (R = Et) 

10 (R =;-PI.) 

2 (R = CH,) 3 (R = CH,) 
8 (R = Et) 9 (R = Et) 

11 (R =;-PI-) 12 ( R  = i-Pr) 

13 ( R  = CH,) cH3 
15 (R = Et) 14 ( R  = CH,) 
17 IR = ;-PI') 16 (R = Et) 

18 (R = i-PI-) 

FIG. 1. Structures and numbering schemes for phosphonates. 

shielded by 4.4 and 3.1 ppm, respectively, in the 
axial isomer 1. The observation of increased 
shielding for the carbon bearing the axial sub- 
stituent has ainple precedent (1-3) but is not 
always predictable (8). The upfield shift at 
C-3,5 of 1 exemplifies the well known 'gauche-y' 
shielding effect (2, 3). Although it is clear that 
these y shifts do not correlate with the steric 
bulk of the axial group (8) it is interesting to 
note that the gauche y-effect for the pentavalent 
-P(O)(OCH,), function (3.1 ppm), is nearly 
identical to that for the trivalent -P(OCH,), 
moiety (4). 

Comparison of the C-3,5 shifts for the frans- 
isomer 2 with C-2,6 of tert-butylcyclohexane 
(6 27.7 for a 0.3 M solution in CDCI,) indicates 
the presence of a 1.2 ppm shielding effect on these 
resonances due to the anti-periplanar phosphorus 
substituent on C-1. Germane to this observation 
are the recent results of Eliel et 01. (9) who have 
pointed out the operation of shielding effects at 
y carbons induced by second row elements held 
rigidly in trarzs-coplanar orientations. For third 
row elements such as S or C1, however, Eliel 
et al. found no evidence of this trans-y shielding 
effect and suggested that none would be expected 
for other third row elements. Thus our findings 
cast doubt on the model proposed by Eliel and 
indicate the N, 0, and F do not, as was suggested 
(9), play a "unique role" in the trans-y shift. It is 
interesting to note that for a series of trivalent 

phosphorus substituents both shielding and 
deshielding trans-y shifts have been obtained (4). 

Compound 3, which lacks the 4-tert-butyl 
substituent, exhibits C-1 and C-3,5 chemical 
shifts nearly identical to. 2 which suggests a 
strong preference for an equatorial dispositicn 
of the dimethylphosphono group. In the limiting 
low temperature spectrum of 3 (- 120 "C in 
CD,CI,) we have not detected any resonances 
characteristic of the axially substituted con- 
former. Given the high preference for equatorial 
-P(O)(OCH,), in 3, it is interesting to compare 
the C-3,5 shift for 3 (6 26.3) with cyclohexane 
itself (6 27.2 for a 0.3 M solution in CDCI,). 
Again the existence of a minor (ca. 1 ppm) up- 
field trans-y effect is operative for the carbons to 
which the pentavalent phosphorus bears an 
ariti-periplanar relationship. 

For the series of cis-4-tert-butylcyclohexyl 
isomers 1, 7, and 10 and the trans-isomers 2, 8, 
and 11, ~t is evident that further branching in the 
0-alkyl chain of the phosphono group has only 
minor perturbing effects on the carbon shifts. 
Comparing 1, 7, and 18, there is a minor de- 
shielding (ca. 1 ppm) effect at C-1 as the (OR), 
group changes from R = GH, to R = Et and 
R = isopropyl. Siin~larly In the tmns-isomers 2, 
8, and 11 and in the simple cyc!ohexyl coin- 
pounds 3, 9, and 12 C-1 becomes deshielded as 
the degree of 0-alkylation Increases. In each 
case, the additional sltbstitution is at a position 
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which bears a '6 '  relationship to C-1. The mag- 
nitudes of these '6' effects are reminiscent of 
those noted for linear and branched alkanes 
(10). Other ring carbon resonances are nearly 
identical in the above isomeric series. The trends 
for the shifts of the 0-alkyl carbons are consis- 
tent with the well documented influences of 
alkyl substitution (2, 10). 

In the context of the earlier discussion re 
frarzs-y effects it is useful to compare the C-3,5 
shifts for 1 and 4 shown below. Clearly the anti- 
periplanar OH in 4 has no effect on the I3C 
shieldings of the trans-y carbons. It appears 
therefore that even for second row elements the 
trans-y shielding effect (9) is not completely 

general. Recently some examples of marked 
deslzielding trans-y effects (up to 4 ppm) have 
been noted (11) in arrangements such as that 
depicted below, where both the a and the P car- 
bons are quaternary. 

When group 4B substitueilts are present at the 
anti-periplanar positions ji.e. C ,  Si, Ge, and Sn) 
one also finds substantial downfield trans-y 
shifts (12). 

For the conformationally 'mobile' hydroxy- 
phosphonate 6 the C-3,5 shifts are similar to 
those of 5 ,  again suggesting a high preference for 
the equatorial dialkylpl~osphono functions. It is 
notable, however, that the C-3,5 shift for 6 does 
not lie between the values for the 'model' com- 
pounds 4 and 5 .  

With regard to the 2-methyl compounds 13- 
18, resonance assignments were facilitated by the 
previous 13C-31P coupling results (5) and by the 
known effects of methyl stereochemistry on 
cyclohexyl carbon resonances (6, 13). In each 
case the large vicinal couplings to 31P indicated 

that the dialkylphosphono group was equatorial. 
For 13, the 2-CH, resonance is at 6 21.8 which is 
6.7 ppm deshielded relative to the case where the 
2-CH, is axial (compound 14). This difference in 
methyl shieldings is comparable to that of other 
epimeric methyl substituted cyclohexanes (6, 
13). Further support for the designation of an 
axial 2-CH, group in 14 comes from the gauclze-y 
shielding (ca. 5 ppm) found at C-4 and C-6 of 14 
relative to 13. There appears to be no measurable 
trans-y effect of the equatorial CH, in 13 as evi- 
denced by the close correspondence in the C-4 
and C-6 shifts for 13 and 3. At C-1 and C-3 of 13 
to 18 there are appreciable shift differences be- 
tween isomers. In all instances, compounds 
having the axial CH, exhibit ca. 3 ppm upfield 
p-effects at these centres. These constitute further 
examples of the coexistence of shielding P and 
gauche-y effects although the P effects are nor- 
mally smaller in magnitude (2). 

In 13-18 the 0-? and 0-C-c positions 
become diastereotopic (14) and therefore minor 
(ca. 0.1 ppm) shift differences are observed. 

(c) Coupling Con~tants 
(i) One Bond Couplings 
The direct 13C-31P couplings are shown in 

Table 2, and from earlier work (15) the sign is 
assumed to be positive. Couplings for the hy- 
droxy phosphonates 4, 5, and 6 are considerably 
larger than those for the related phosphonates 1, 

TABLE 2. One bond 13C-3'P 
couplings (+ 0.2 Hz)" 

Compound J (Hz) 

1 138:O 
2 144.0 
3 143.2 
4 156.8 
5 164.6 
6 165.5 
7 137.9 
8 143.1 
9 143.0 

10 139.2 
11 144.3 
12 144.2 
13 137.7 
14 139.8 
15 137.7 
16 139.8 
17 139.7 
18 141,9 

OSign assumed to be positive (15). 
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2, and 3. These findings are in accord with those 
of Gray (16) who reported an increase of ca. 
20 Hz in the 13C-31P coupling in phosphonates 
in which a hydrogen bonded to the carbon of 
interest is replaced by a methoxyl group. 

For 1-12 it is important to note the stereo- 
specificity of the one bond 13C-31P J'S. In the 
phosphonates the coupling between C-1 and an 
equatorial pentavalent phosphorus is 5-6 Hz 
larger than when the phosphorus is axial. For 

the hydroxyphosphonates 4 and 5 the difference 
is larger (7.8 Hz). The present results parallel 
the values for 'J,, at the anomeric carbons of 
a- and P-D-glucose (169 and 160 Hz) respectively 
(17), although the mechanisms of 13C-31~ and 
13C-H couplings are no doubt very different. 
For the pentavalent phosphine oxides depicted 
(18) the stereochemical trend in 'J,, is opposite 
to that in the phosphonates. 

A further point of interest, although we can 
offer no rationale at present, is the difference in 
'J,, for the isomeric pairs 13,14, 15,16, and 
17,18. In each case where the 2-CH, is axial the 
'J,, value is larger by ca. 2 Hz than when the 
2-CH, is equatorial. 

(ii) Geminal Cozlplings 
In Table 3 are presented the two bond 13C-31P 

couplings found for 1-18. For the P-0-C J's, 
the range of 6.4-7.4 Hz is similar to that found 
in cyclic phosphates (19) and in acyclic phos- 
phonates (16). Although absolute values only 
are depicted in Table 3, the sign is likely negative 
for these couplings by analogy with the findings 
for (CH,O),P(O)CH, (1 5). 

TABLE 3. Geminal 13C-31P couplings 
(f 0.2 Hz)" 

Compound Path ; J 1  (Hz) 

2,6c-Ic-p 
CH3-0-P 
2,6C-'C-P 
CH3-0-P 
2,6~-1~-p 
CH3-0-P 
Z,6C-'C-P 
-CH,-0-P 
2,6C-'C-P 
-CH2-0-P 
2,6C-'C-P 
-CH2-0-P 
2,6c-'C-p 
CH-0-P 
2,6C-'C-P 
>CH-0-P 
236C-1c-p 
> CH-0-P 

2C-'C-P 
6C-1C-P 

2C-'C-P 
6c-1C-P 

2C-1 C-P 
6C-'C-P 

2C-'C-P 
T-' C-P 

2C-'C-P 
6C-'C-P 

"For 13-18, 0-C carbons are diastereotopic and 
P-0-C J's undetermined due to spectral complexity. 

With regard to the C-C-P couplings, again 
only absolute values are quoted since it has been 
noted (20) for trivalent phosphorus compounds 
at least, that the sign of these interactions can be 
positive or negative. The total range of J,,,,, 
values is small (1.5-4.2 Hz) and few clear trends 
are evident. It is notable that in the cis-dimethyl- 
phosphono compound 1, J,,, is 3.0 Hz whereas 
in the corresponding hydroxyphosphonate 4 
Jeep falls to 1.5 Hz. It is known for geminal 
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C-C-H couplings (21) that hydroxyl substituents 
can reduce the value of J,,,,. In the case where 
the OH is axial, i.e. 5, the OH group does not 
appreciably alter the coupling compared to 2. 

(iii) Vicinal Couplings 
Data for the 3-bond couplings are collected 

in Table 4. For the trans-4-tert-butylcyclohexyl 
compounds 2 ,$ ,  and 11, the couplings are nearly 
identical (ca. 16 Hz) and reflect a dihedral angle 
near 180" between P and C-3,5. The simple 

TABLE 4. Vicinal 13C-31P couplings 
(i 0.2 Hz) 

Compound Path J (Hz)" 

N.R.b 

16.2 

16.2 

N.R. 

12.6 

11.1 

N.R. 
6.0 

16.1 
5 . 7  

16.2 
5 .6  

N.R. 
2.6 

16.0 
3 . 0  

16.1 
3 .0  

16.3 
14.9 

1 .3  

15.0 
14.7 

1 . 1  

16.1 
15.8 
1 . 1  

14.9 
14.8 
1 . 1  

16.1 
15.6 
1 . 2  

15.7 
15.1 

1 . 1  

"Sign taken as positive (15). 
bN.R. = non resolvable i.e. < 0.5 Hz. 

cyclohexyl systems 3, 9, and 12 show similar 
values again mirroring their high preference for 
equatorial phosphorus. It is instructive to recall 
that for the exo-2-norbornyl compound shown 
below the Jcccp value is 18.4 Hz where 0 again is 
near 180" (5). Thus these couplings tend to vary 
with the nature of the pathway even though the 
dihedral angles are essentially identical. 

When an OH is inserted at C-1 as in 5 and 6 
the vicinal coupling is reduced by ca. 5 Hz. There 
have been similar phenomena noted for vicinal 
C-H couplings (21) and for vicinal H-H interac- 
tions (22, 23) although these influences tend to 
be maximal when the OH is trans-coplanar to a 
terminus of the coupling path. 

For the 2-methyl compounds 13-18 the vicinal 
couplings of the equatcrial phosphorus to posi- 
tions 3 and 5 of the ring tend to be slightly less 
than in compounds where the 2 position is not 
substituted. It  is plausible that gauche-interac- 
tions between the 2-CH, and the equatorial P 
cause minor ring deformations so that the 
0 values deviate from 180" and result in re- 
duced J's. 

When the dihedral angle between 31P and a 
ring carbon is near 60" (compounds 1, 4, 7, and 
10) no resolvable vicinal coupling is apparent. 
In the 2-methyl compounds, however, resolvable 
J ' s  to the methyls are obtained but they are all 
rather small (ca. 1 Hz). 

Combining the present findings with those 
noted earlier (5) it is evident that both direct and 
vicinal 13C-31P couplings are useful stereochem- 
ical probes in pentavalent phosphorus com- 
pounds. Care must be taken however in the strict 
application of a Karplus type relationship for 
J,,,,. The influence of OH groups on vicinal 
couplings parallels results for 13C-H and H-H 
interactions although a sufficient number of 
model compounds with a wide range of dihedral 
angles is still lacking. 

Experimental 
Spectra 

13C spectra were measured employing a Varian 
XL-100-12 nmr spectrometer, equipped with a Nicolet 
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TABLE 5. Properties of new materials 

Analysis (%) 

Calculated Found 
mle - 

Compound (M +) nDZ5 C H P C H P 

1 248 1 ,4598 58.05 10.15 12.47 57.99 10.20 12.39 
2 248 1 .4570 58.05 10.15 12.47 58.03 10.22 12.46 

10 304 1 ,4580 63.13 10.93 10.18 63.25 10.88 10.25 
11 304 1 ,4566 63.13 10.93 10.18 63.05 10.98 10.30 
13 206 1 ,4560 52.42 9.28 15.02 52.25 9.40 15.10 
14 206 1 .4590 52.42 9.28 15.02 52.30 9.42 15.01 
15 234 1 ,4525 56.40 9.89 13.22 56.41 9.72 13.19 
16 234 1 ,4548 56.40 9.89 13.22 56.47 9.95 13.13 
17 262 1 ,4493 59.52 10.37 11.81 59.60 10.47 11.72 
18 262 1 ,4499 59.52 10.37 11.81 59.57 10.31 11.99 

Technology Corporation TT-100 Fourier transform ac- 
cessory, via techniques described previously (5). 
Materials 

Compounds 4 and 5 were available from previous work 
(5) and 6 was synthesized from cyclohexanone and 
dimethyl phosphite according to the published proce- - .  

dure (24). 
The nhosnhonates 3. 13. and 14 were synthesized via . A 

the corresponding cyclohkxane-l,l-dithiois (25) which 
were subsequently reacted with trimethyl phosphite and 
Raney nickel according to recently reported methods 
(26, 27). Similarly 9, 15, and 16 were prepared using tri- 
ethyl phosphite and 12, 17, and 18 employing triisopropyl 
phosphite. 

For the 4-tert-butylcyclohexyl compounds 1, 2, 7, 8, 
10, and 11 it was necessary to proceed from 4-tert-butyl- 
cyclohexanone to its morpholine enamine derivative 
which then was converted to 4-tert-butylcyclohexane-1,l- 
dithiol using the published method (28). Conversion of 
the gem-dithiol to the phosphonates was then accom- 
plished in a manner similar to that for the simpler cyclo- 
hexane derivatives. 

Separation of epimers was accomplished in all cases 
by preparative glc using a 5% Ucon on Chromosorb 
W.H.P. column of dimensions 6 ft by 6 mm inner diam- 
eter. Typical oven temperatures were near 200 "C,  with 
the detector near 210 "C and injector at  310 "C. The N, 
flow rate on the Perkin-Elmer 990 gas chromatograph 
was typically 130 ml/min. Isomer ratios obtained (z) 
were as follows: 1:2, 58:42; 7:8, 68:32; 10:11, 62:38. 
In each case the axial epimer was eluted first (retention 
time near 45 min) and the equatorial isomer retention 
times were near 55 min. For the 2-methyl compounds 
13-18 the isomer ratios were nearly 50: 50 with the iso- 
mers having the equatorial 2-methyl group exhibiting the 
shorter retention times (ca. 40 min). 

Cllaracterization of Products 
Physical properties of 7 and 8 were in agreement with 

those reported previously (29) as were those of 3, 9, and 
12 (26, 27). For the remaining new materials mass spec- 
tral parent ions, refractive indices, and analytical data 
are collected in Table 5. 
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Kinetic studies on the mechanism of the decomposition of a number of p-substituted 
tert-butyl a, a-dimethylperpropionates 

DENNIS D. TANNER, H. YABUUCHI,' AND H. LUTZER 
Department of Chemist??;, Uni1,er~ih ofAlberta, Edrnoritor~. Alta., Cunadcr T6G 2G2 

Received September 14, 1976 

DENNIS D.  TANNER, H. YABUUCHI, and H.  LUTZER. Can. J. Chem. 55, 612 (1977). 
A series of terf-butyl peresters having a general forn~ula corresponding to I were synthesized. 

Y-CH2C(CH3)2C03C(CH3)3 

I 

(Y = H, C2H,, CI, Br, I, C6H5S) 

The thermally initiated rates of decomposition of these peresters were determined at several 
temperatures and the activation parameters for these thermolyses were calculated. 

The rates of decomposition were relatively insensitive to the substituents and followed the 
order I > C2H, > C6H5S > H > Br > C1. The activation parameters and product studies 
were consistent with a simple two bond scission mechanism and no evidence could be found for 
neighboring group participation in these homolyses. 

D E ~ N I S  D. TANNER, H. YABUUCHI et H. LUTZER. Can. J. Chem. 55, 612 (1977). 
On a synthktise une serie d'esters tert-butyles ayant une formule gtnerale correspondant B I. 

Y-CH2C(CH3)2C03C(CH,)3 

I 

(Y = H, C2H5, C1, Br, I, C6H,S) 

On a dttermink les vitesses de dCcomposition, initiees thermiquement, de ces peresters diverses 
temperatures et on a calcule des parametres d'activation de ces thermolyses. 

Les vitesses de decon~position sont relativernent insensibles a la nature des substituants et 
l'ordre est le suivant I > C,H, > C,H,S > H > Br > CI. Les parametres d'activation et les 
ktudes de produits sont en accord avec un mecanisme de scission simple de deux liens et on ne 
trouve aucune indication pouvant supporter la participation d'un groupe voisin dans ces reac- 
tions homolytiques. 

[Traduit par le journal] 

Introduction 
A large number of investigations of the mech- 

anism of tert-butyl perester decompositions 
have been concerned with the relationship be- 
tween the structure of the peroxide and its mode 
of decomposition (1). The thermal decomposi- 
tions of the simple peresters have been proposed 
to proceed by two mechanistically distinct path- 
ways, one-bond scission (reaction 1) and two- 
bond scission (reaction 2). Kinetic criteria for 

0 
I I 

[l]  R-C-O-O-C(CH3)3 

lvisiting scientist on leave from Sumitomo Chemical 
Co., Osaka, Japan. 

distinguishing between the two paths has been 
established by Bartlett and Hiatt by comparing 
the activation parameters of a series of peresters 
and by correlating these comparisons with the 
chemical information available for these systems 
(2). Although these criteria have been somewhat 
modified, the analysis of the problem has been 
well supported (I).  

Another facet of the structure-reactivity rela- 
tionship in perester decomposition has been the 
effect of neighboring groups on not only the 
mechanism of the decomposition, but on its 
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absolute rate relative to the unsubstituted 
perester (ref. I ,  pp. 137-143). 

Substituted peresters have been shown to be 
subject to polar effects as well as effects attri- 
buted to anchimeric assistance during homolysis 
(3, 4). 

A study of the decomposition of tert-butyl 
&,a-dimethylperpropionate 1 and its P-substi- 
tuted analogues affords a method for the study 
of the substituent effect on the decomposition of 
a perester which has been considered as decom- 
posing via the two-bond scission process [2] 
(2,5-8). Homolytic cleavage of the P-substituted 
peresters can in theory proceed through a variety 
of possible transition states (I-IV). 

Assisted homolysis of the (8-0) bond by the 
substituent Y should result in an increased rate 
for the decomposition of the substituted perester 
compared to its unsubstituted analogue (9-1 1). 
If the decomposition path proceeds via transi- 
tion states 11-1V one would expect the assistance 
to be reflected in the activation parameters, a 
smaller AH* and a more negative AS*. 

Polar effects on the decomposition of peresters 
proceeding via transition state I would predict, 
by inductive interaction with the polar structure 
i ,  that the order of the rates of decomposition 
of the substituted peresters would be the induc- 

tive order, C2H5 > H > SCH, > I > Br > Cl 
(12). Unless the polar interactions were large, 
however, small changes in the steric requirements 
of the groups or upon the solvation of the transi- 
tion state would easily mask the observation of 
a regular trend (1, 13, 14). The same polar order 

SCH, > I > Br > C1 > F has been observed 
for the decomposition of a series of 3-substi- 
tuted tert-butyl perpropionates. Peresters of this 
structure, presumably, proceed via one-bond 
scission, although it has been suggested that 
tert-butyl 3-methylthioperpropionate undergoes 
a concerted three-bond scission (15). 

Results and Discussion 
The rates for the thermal decomposition of 

the teut-butyl peroxides 1-6 were determined at 
several temperatures and the results are listed 
in Table 1. 

The thermolyses of cyclohexane solutions of 
peresters 1 and 2 (0.04 M) gave 98 and 99% 
yields of the theoretically calculated amounts of 
CO, and followed steady first-order kinetics to 
> 80% reaction. The rate of decomposition of 4 
in cyclohexane agrees extremely well with that 
reported by Koenig and Wolf ( 5 ) ,  for its ther- 
molysis in isooctane, and the activation param- 
eters are, within the limits of the experimental 
error (Which masks any solvent effect), com- 
parable with those reported by Bartlett and 
Simons (8) or by Lorand et al. (6) for decom- 
positions run in chlorobenzene and cumene. 
The rate constant observed for 2 in cyclohexane 
was approximately 60% lower than that reported 
by Fort and Franklin (7) when its decomposition 
was carried out in cumene. The decreased rate 
of decomposition observed in the less polar 

ZThe rate constant at 73.88 "C was calculated for com- 
parison using the activation parameters reported in this 
manuscript. 
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TABLE 1. Rate constants and activation parameters for the thermal decomposition of the tert- 
butyl 3-substituted 2,2,-dimethylperpropionates (X-CH,-C(CH,),-C03-C(CH3)3) at 

several temperatures, in cyclohexane 

Activation parameters 

Substrate Temp. Rate constant Relative AH* AS* 
X r ~ )  k x lo5 (s-I) rates (kcal/mol) (eu) 

C1" 55 0.35510.014 0.345k0.007 
65 1.48 k0 .04  0.36810.005 30.7k1.4 10 .014 .3  
75 5.65 kO.10 0.390i0.010 

Br" 55 0 . 9 5 0 ~ 0 . 0 2 8  0.922k0.10 
65 3.58 k0 .19  0.890k0.016 28.211.4 4 . 0 t 3 . 3  
75 12.3 k 0 . 6  0.84110.007 

H 55 1.03 k0 .02  1 
65 4.02 t 0 . 1 6  1 2 9 . 3 i 1 . 4  7 . 8 k 4 . 1  
75 1 4 . 5 k 0 . 6  1 

C6H5S" 55 1.63 20 .04  1.58 20 .01  
C6H5S 65 1.61 t 0 . 0 4  1.56 kO.01 27 .9k0 .7  3 . 8 i 0 . 7  
C6H5Sn 75 19.8 1 0 . 4  1.37 20 .03  

CZHS 55 1.66 kO.01 1.61 k 0 . 0 2  
65 6.31 t 0 . 2 5  1.57 iO .00  28 .8k0 .9  7 . 0 t 2 . 7  
75 22.3 k 0 . 4  1.54 i 0 . 0 4  

I" 55 2.91 t 0 . 0 8  2.83 t 0 . 0 3  2 7 . 9 i 0 . 3  5 . 7 t 1 . 4  
75 37.6 20 .70  2.59 l-0.10 

#Iodine a a s  added to exclude catalyzed decomposition (0.04 M ) .  

solvent, cyclohexane, would be expected for 
this concerted homolytic process (16). 

The decompositon of 3 and 4 in various sol- 
vents (chlorobenzene, cumene, and cyclohexane) 
did not show simple first-order kinetics and at 
higher percentage decomposition the calculated 
instantaneous first-order rate constants increased 
with time. When radical scavengers such as 
DPPH, galvinoxyl, or molecular iodine were 
added steady first-order kinetics were obtained. 
The induced decompositions without added 
scavengers are presumed to be due to a p-scission 
process which results in a heterolytic acid cata- 
lyzed decomposition of the peroxide. Associ- 

ated with the induced decompositon was a de- 
creased yield of carbon dioxide and the accom- 
panying production of the parent carboxylic 
acid. When the thermolyses were carried out in 
the presence of added molecular iodine first- 
order kinetics were obtained and quantitative 

yields (100 i 3%) of carbon dioxide were ob- 
tained. No carbonyl containing compounds 
could be detected by ir analyses. 

Both compounds 5 and 6 (0.04 M) gave steady 
first-order kinetics in cyclohexane with added 
molecular iodine (0.04 M) and produced carbon 
dioxide in near quantitative yields (97 and 95%). 
When the thermolvsis of 6 was carried out in the 
absence of molecular iodine the same first-order 
rate constant was determined (1.63 x 
s-I,  55 "C) and the yield of carbon dioxide (99%) 
was essentially the same as that obtained when 
the decomposition was carried out in the pres- 
ence of a scavenger. It was anticipated that al- 
though the p-scission process would be quite 
favourable for thiyl radical elimination, the 
stability of the sulphur centered radical would 
lead almost exclusively to coupling products and 
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TANNER ET AL 

TABLE 2. Products of decomposition of tert-butyl2,2-dimethyl-3-phenyl- 
thioperpropionate in cyclohexane at 75 "C 

A m o ~ ~ n t  Amount Mol/mol 
Product (mg) (mmol) perester 

Carbon dioxide 30.8 0.673 0.97 
fevt-Butyl alcohol 46.3 0.625 0.90 
Isobutyleae 33.8 0.603 0.84 
p-Methylallylpnenylsulphide 18.0 0.110 0.16 
Cyclohexylphenylsulphide 64.1 0.334 0.47 
Diphenyldisulphide 21.3 0.098 0.14 

PhS . 
PhS. - PhS-SPh - PhS-C,H,, +PhS .  

CsHii. 

not products resulting from hydrogen abstrac- 
tion. Since the acid (C,H,SH) catalyzed reaction 
would not be involved in the decomposition it 
was not surprising that the scavenged and un- 
scavenged rates of decomposition were the same. 
A study of the decomposition products resulting 
from the thermolysis (75 "C) of 6,  tert-butyl 
2,2-dimethyl-3-phenylthioperpropionate, con- 
firmed these predictions (see Table 2), and 
allowed the suggestion for a decomposition 
mechanism which is consistent with the products 
of the reaction and the activation parameters 
that were obtained. 

Meclzanistic Conclusions 
It has convincingly been argued that tert-butyl 

peroxypivalate decomposes by a concerted two- 
bond scission (1, 2, 5-7, 14). The criteria used, 
the magnitude of the activation parameters, and 

the high yields of carbon dioxide produced, 
have been taken with some modification (1, 4, 6) 
as indications of a concerted two-bond scission. 
The activation parameters obtained for the de- 
composition of peresters 1-6 vary from AH* 
30.7 & 1.4 kcallmol, AS* 10.0 + 4.3 eu (Y = 
CI) to 27.9 + 0.7 kcal/mol and 3.8 f 0.7 eu 
(U = PhS), and the interpretation of these dif- 
ferences must be considered mechanistically 
indistinguishable from tert-butyl peroxyper- 
pivalate (AH' 29.3 $. 1.4 kcal/mol and AS* 
7.8 + 4.1 eu). The high yields of carbon dioxide 
obtained for all of the peresters confirm this 
mechanistic conclusion. The similarity in the 
activation parameters and the observed rate 
constants (a variation of less than 3 from the un- 
substituted perester) are clearly indicative of the 
same mechanistic pathway for all of the decom- 
positions, i.e. via transition state I. The minor 
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differences in energetics due to polar effects, 
steric or solvation interactions are too small to 
justify a detailed analysis. 

Experimental 
A/laterials 

Cyclohexane and cumene (Phillips Research Grade) 
were purified by heating to reflux over sodium metal for 
several hours followed by fractional distillation. Chloro- 
benzene was fractionally distilled from phosphorous 
pentoxide. All solvents were found to be without detect- 
able impurities by ir and glpc. 
3-Bromo-2,2-dirnethylpropionic acid was prepared by 

the reaction of fuming hydrobromic acid upon 3-hydroxy- 
2,2-dimethylpropionic acid. The acid was prepared by 
potassium permanganate oxidation of 2,2-dimethyl-1,3- 
propane diol according to the method of Testa et al. (17). 
The oxidation by this method netted a 36% yield of 
3-hydroxy-2,2-dimethylpropionic acid, mp 122-126 "C 
(lit. (17) mp 123-125 "C). The hydroxycarboxylic acid 
was converted to 3-bromo-2,2-dimethylpropionic acid 
with hydrobromic acid according to a modification of a 
procedure described by Nerdel et al. (18). A mixture of 
38.97 g (0.33 n~ol)  of 3-hydroxy-2,2-dimethylpropionic 
acid and 218 ml(4.80 mol) of 48% hydrobromic acid was 
allowed to stir for 24 h a t  95-100 "C while a constant flow 
of hydrogen bromide was bubbled through the solution. 
The acid was isolated by the given method (18) in a 98% 
yield and recrystallized from water, mp 51-52 'C (lit. 
(17) mp 52 'C). 
3-Zodo-2,2:dimefhylpropionic acid was prepared ac- 

cording to the method of Kohn and Schmitt (19), mp 
48.5-49.5 "C (lit. (19) mp 54 "C). Anal. calcd. for 
CsHgO,I: C 26.30, H 3.95; found: C 26.49, H 3.95. 

2,2-Dimethyl-3-phenj~lthiopvopionic acid was prepared 
according to the method used by Truce and Knospe (20) 
for the preparation of 2,2-dimethyl-3-methylthiopro- 
pionic acid. To a solution of absolute ethyl alcohol (130 
ml) and sodium metal (9.7 g, 0.47 mol) was added the 
reaction mixture of absolute ethyl alcohol (130 ml), thio- 
phenol (25 g, 0.52 mol), and sodium metal (11.3 g, 0.50 
mol). The solution was allowed to stir for 2 h at 30 "C. 
The combined mixture was subsequently added dropwise 
into an ethyl alcohol solution of 3-chloro-2,2-dimethyl- 
propionic acid (64 g, 0.47 mol). The reaction mixture 
was concentrated under vacuum and the solid residue 
was acidified with 10% aqueous hydrochloric acid. The 
aqueous solution was extracted several times with ether, 
and the combined ethereal extracts were dried over anhy- 
drous magnesium sulphate. After distillation of the sol- 
vent 87 g (80%) of a white solid was isolated. The crude 
product was recrystallized from chloroform - carbon 
tetrachloride mp 115.5-116 "C (iit. (21) mp 115 "C) .  Anal. 
caicd. for CllHl,O,S: C 62.82, N 6.71, S 15.25; found: 
C 62.50, H 6.49, S 15.36. 

3-Sribstituted 2,2-dimethylpvopionyl chlorides were syn- 
thesized from their corresponding carboxylic acids (either 
synthesized as above or commercially available from 
Aldrich Chemicals Co.) by treatment with thionyl chlo- 
ride (22). 

2,2-Dirilethyi-3-pher1j~Ithiopropi~nyl chloride was not 
prepared by the standard thionyl chloride method since 
reflux with thionyl chloride produced not only the desired 

acid chloride but also I-thiocromanon. The acid chloride 
was prepared by the dropwise addition of a benzene solu- 
tion of oxalyl chloride (112.5 g, 0.89 mol) to a benzene 
solution (100 ml) of 2,2-dimethyl-3-phenylthiopropionic 
acid (10.4 g, 0.05 rnol). The mixture was stirred for 1 h 
at 30 "C. The volatile fraction of the mixture was distilled 
at reduced pressure (room temperature) leaving 11 g 
(97%) of a yellow liquid. 

tert-Butylpevestevs (1-5) : peresters 1-5 were prepared 
by the dropwise addition of (0.17 mol) of purified pyridine 
to a cooled, 0 'C, n-pentane (100 mi) solution of the acid 
chloride (0.15 mol) and tert-butyl hydroperoxide (0.25 
mol). The temperature was always maintained below 
5 "C. The reaction mixture was then allowed to stand at 
room temperature for 40 min. Subsequently the mixture 
was poured onto ice. The organic layer was separated 
and washed successively with cold 10% hydrochloric 
acid, 10% sodium bicarbonate solution, and distilled 
water, and finally dried over anhydrous sodium sulphate. 
After removal of the solvent, the remaining crude mate- 
rial (usually 80-90% yield) was purified either by recrys- 
tallization from n-pentane at -78 "C or by passing it 
through a column of Woelm neutral alumina at 0 'C, 
using ether as the eluant. The latter method was shown 
to be particularly effective to remove all traces of im- 
purities. Peroxide contents as determined by the iodo- 
metric titration procedure developed by Silbert and 
Swern (23) were as previously reported (8,24) not reliable 
(j3-C2H5, 86.5%; 0-H, 84.7%; P-CI, 98.3%; B-Br, 98.2%). 
The purity of the peresters was therefore determined by 
their infrared and nmr spectra, kinetic behaviour, and 
elemental analysis. The refractive indices, carbonyl ab- 
sorptions, microanalyses and the nmr spectra (CCI,) of 
the peresters are listed in Tables 3 and 4. 

tert-B~~tyl2,2-din1efhyl-3-phenylfhioperpropionate 6 was 
synthesized in a different manner. An attempt to syn- 
thesize this perester from the corresponding acid chloride 
according to the procedure employed for the other peres- 
ters, led to an apparent spontaneous decomposition of 
the perester during the preparation. The perester 6 was 
consequently prepared by a simple modification of the 
procedure described for the other peresters. To a stirred 
cold (OcC) n-pentane (10 ml) solution of tert-butyl hy- 
droperoxide were slowly and simultaneously added two 
n-pentane solutions (10 ml each), one containing 2,2-di- 
methyl-3-phenylthiopropionyl chloride (3.07 g, 0.0135 
mol) and the other pyridine (1.34 g, 0.0170 rnol). After 
the addition was completed (20 min) the perester was 
isolated in the same manner as were the other peresters. 

The nmr and ir spectra and elemental analyses of 
peresters 1-6 showed them to be without experimentally 
detectable impurities. 

B-1Wethyla//j~ipl:enfislllphide was prepared by the reac- 
tion of thiophenol with j3-methylally1 chloride according 
to the procedure of Cope et 01. (25); bp 83-84 'Ci2.8 torr 
(lit. 89 "C13.4 torr); the nmr spectrum (neat) was com- 
patible with the one reported for this compound by 
Kwart and Evans (26). Anal. calcd. for CIOHZ2S: C 73.11, 
N 7.36, S 19.52, found: C 73.27, H 7.46, S 19.64. 

Cycloi:e,~~~lphenyls~ilphide was prepared according to 
the method employed by Saville (27); bp 126-129 "C/ 
2.8 torr (lit. 111 "C/0.1 torr); nmr (neat) 2.74-3.29 (m, 
5H, aromatic), 6.80-7.51 (m, lH, HI of cyclohexyl), and 
8.60-9.65 (m, IOH, cyclohexyl). Anal. ca!cd for G12HS6S: 
C74.94,H8.39,S 16.67;found: C75.00,H8.69,S 16.70. 
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TANNER ET AL. 

TABLE 3. Refraction index, carbonyl absorption, and elemental analyses of various 
tert-butyl 3-substituted 2,2-dimethylperpropionates 

(X-CH2-C(CH3)z-C03-C(CH3)3) 

Analysis (C9HI7O3X) 

Calculated Found 
Substrate vc = 0 - 

X nDZ (cm- ') C H C H 

H 1.4100 1761 62.04 10.41 61.98 10.30 
CzHs 1.4226 1765 65.31 10.96 65.15 11.14 
C1 1.4390 1765 51.80 8.21 51.56 8.40 
Br 1.4569 1775 42.69 6.77 42.49 6.62 
I 1.5198 1764 36.02 5.71 35.78 5.72 
CBHSS - 1760 63.79 7.85 63.59 7.97 

TABLE 4. Nuclear magnetic resonance spectra of various tevr-butyl 3-substituted 2,2- 
dimethylperpropionates (X-CH2-C(CH3),-C03-C(CH3)3)a 

Substrate Chemical shift tert-Butyl 
X Methylene gem-dimethyl (peroxy) Other 

H 8 .76(s) 8.80 (s, tert-butyl) 
CZH, 8.68(m) 8.84(s) 8.74(s) 9.08 (t, methyl) 
C1 6.40(s) 8.68(s) 8.73(s) 
Br 6.58(s) 8.69(s) 8.74(s) 
I 6.72(s) 8.69(s) 8.73(s) 
CBHSS 6.88(s) 8.72(s) 2.60-2.97 (m, aromatic) 

T h e  nmr spectra were taken in carbon tetrachloride with TMS as internal standard. 

Kinetic Studies 
The rate of disappearance of the peresters was mon- 

itored by following the disappearance of the carbonyl 
stretching band of the peresters at  1760-1775 cm-'. A 
Perkin-Elmer infrared spectrophotometer, Model 21 or 
421, was employed throughout this study. Products from 
the decomposition of the peresters did not have any ab- 
sorptions in this region of the infrared spectrum. 

A cyclohexane solution of a perester (0.04 M) was 
initially prepared. In the case of the peresters, 4 (X = 
CI), 3 (X = Br), and sometimes 5 (X = I) and 6 (X = 
C6H5S), iodine (0.04 M) was added in order to exclude 
anticipated induced decomposition of these peresters. 
Beer's Law was verified for this system, as evidenced by 
the straight lines obtained from a plot of log percentage 
transmittance as. the known concentration of the perester, 
for a series of standard solutions. Aliquots (1.5 ml) of the 
solution were degassed by three cycles of the freeze-thaw 
method and sealed in Pyrex ampoules. The anlpoules 
were then immersed in an  oil bath, thermostated at  the 
appropriate temperature within i 0.05" for 10 min, and 
after various subsequent reaction periods the tubes were 
removed from the bath, quenched in liquid nitrogen, and 
analyzed by ir spectroscopy. The initial and final concen- 
trations of the peresters were obtained from the linear 
plots of perester concentration ~ s .  (!og Tm -- log T), 
when T is the percentage transmittance for a known 
perester concentration. The errors for the rate consta.nts 
reported in Table 1 are average deviations from the mean 
values obtained for the calculated instantaneous first- 
order rate constants. Duplicate experiments were carried 

out and the values obtained were within the experimental 
limits listed in Table 1. 

Studies on the Perester Decomposition Products 
~. The decompositions of 0.04 M solutions of peresters 
1-6 were carried out in reaction vessels fitted with break- 
seals at  75 "C for 10 half-lives. The reaction vessels were 
opened to a vacuum line and the volatile gases were 
fractionated into three traps, the first two cooled to 
- 122 "C and the third cooled to - 198 "C. The content 
of the third trap was measured by means of a Toepler 
pump (see Table 5). After measurement the gas was identi- 
fied by its glpc retention time (poly-pack 1, 4 ft x 3 in. 
glass column, 0 "C) and was collected and submitted for 
mass spectral analysis. The cracking pattern, MS-9 high 
resolution mass spectrometer, confirmed that the gas col- 
lected was pure carbon dioxide. Infrared spectra of the 
residual product mixtures showed an  absence of any de- 
tectable carbonyl absorption. 

terr-Bufyl2,2-dirnerl~j~l-3-phenylthioperpropionate 6 was 
decomposed without added iodine and a 97% yield of 
carbon dioxide was collected, identified, and measured 
(see Table 5). 

The residual reaction mixture was collected, a known 
amount of benzene was added as an  internal standard, 
and the low boiling fraction of the mixture was analyzed 
by glpc (20 ft x -& in. 4% FFAP on Chromosorb W A/W 
DMCS, 72 'C). Two products were detected; isobutylene 
(84x) and tert-butyl alcohol (90%). The reaction mixture 
was concentrated by distillation under vacuum, a known 
amount of dibenzyl was added as an  internal standard, 
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TABLE 5. Measurement of carbon dioxide in the decomposition of tert-butyl 3-substituted 
2,2-dimethylperpr0pionates".~ 

Carbon dioxide 
Perester Perester co2 (mol/mol 

substrate (mmol) Solvent (mmol) perester) 

1' 2.00 Cyclohexane 1.95 0.98 
Zc 2.00 Cyclohexane 1.97 0.99 
4 2.00 Chlorobenzene 2.06 1.03 
3 0.85 Cyclohexane 0.85 0.99 
5 1.55 Cyclohexane 1 .SO 0.97 
6 1.69 Cyclohexane 1.61 0.95 
6' 0.72 Cyclohexane 0.71 0.97 

*The decompositions were carried out %ith 0.04 M iodine added except where otheruise indicated 
bThe peresters were decomposed to greater than 10 half-lives. 
<No iodine was added. 

the mixture was dissolved in ether, and analyzed by glpc 
(5 f t  x $ in .  10% SE-30 on Chromosorb W A/W, 172 "C). 
The products found under these conditions were: 
p-methylallylphenylsulphide (15%), cyclohexyiphenylsul- 
phide (4773, and diphenyldisulphide (14z). 

The products (see Table 2) were identified by a com- 
parison of their glpc retention times and mass and ir 
spectra with those of the authentic materials. 
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Carbon-13, proton spin-spin coupling constants in some Qsubstituted 
isothiazoles and related heterocyclics 

RODERICK E. WASYLISHEN A N D  HAROLD M. HUTTON 
Depot tmerzt of C h e r n ~ s t ~ ,  Unrx ersit) of Wlnnrpeg, Wlnnrpeg Mnrz Canada R3B 2E9 
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RODERICK E. WASYLISHEN and HAROLD M. HUTTOK. Can. J. Chem. 55, 619 (1977) 
Carbon-13, proton nuclear spin-spin coupling constants have been measured for a number 

of 4-substituted isothiazoles. The observed values are compared with those measured in other 
heterocyclic systems and those calculated in the parent and related heterocyclics using finite 
perturbation theory and semi-empirical molecular orbital theory at  the CND0/2 and INDO 
levels of approximation. 

RODERICK E. WASYLISHEN et HAROLD M. HUTTOK. Can. J. Chem. 55,619 (1977). 
On a mesure les constantes de couplage spin-spin entre les noyaux de proton et de carbone-13 

pour un certain nombre d'isothiazoles substitues en position 4. On a compart les valeurs ob- 
servees avec celles mesurtes dans d'autres systkmes heterocycliques et celles calculCes pour le 
compost fondamental et pour des hettrocycles apparents; ces calculs ont BtB effectuts, a des 
niveaux d'approximation CNDO/2 et INDO, a l'aide de la thiorie des perturbations finies et 
la thtorie semi-empirique des orbitales moltculaires. 

[Traduit par le journal] 

Introduction Carbon-I3 Aruclear Magnetic Resonance Sprctra 

Although 13C,H coupling constants are avail- 
able for a large variety of molecules (1-8), there 
have been few systematic studies of substituent 
effects on *J(13C,H) where n > 1. A better under- 
standing of substituent effects on these coupling 
constants should be helpful in the assignment of 
complex 13C nmr spectra (9-1 1). As part of our 
continuing interest in the isothiazole ring system 
(12, 13) we report "J(13C,H) values in a number 
of 4-substituted isothiazoles (1). 

The observed coupling constants are compared 
with those observed in other heterocyclic systems. 
Those observed in the parent compound are also 
compared with coupling constants calculated 
using semi-empirical molecular orbital theory 
(4, 14-16). 

Experimentall 
Compozmds 

The ester of isothiazole-4-carboxylic acid was prepared 
as described earlier (12). All the other isothiazoles were 
obtained from Raylo Chemical Company, Edmonton, 
Alberta. Isoxazole, and its methyl derivatives were ob- 
tained from Aldrich Chemicai Company. I-Methyl- 
pyrazole was obtained from ICN K & K Laboratories, 
Inc. 

Natural abundance 1 ' 3 ~  nmr spectra were measured in 
10 mm sample tubes at  20 MHz using a Varian CFT-20 
Fourier Transform nmr Spectrometer. Gated proton 
decoupling (decoupler on during the pulse delay) was 
used in order to retain nuclear Overhauser enhancements 
of the proton coupled spectra. Typically, Aip angles of 30 
to 40" were used with acquisition times > 4 s and a pulse 
delay of 2-3 s. All coupling constants reported here are 
accurate to 1 0 . 3  Hz or better unless otherwise indicated. 
All measurements were made at 33 i 2'C on approxi- 
lnately 3 M solutions of the 4-substituted isothiazoles in 
DMSO and on neat solutions of isoxazole, the methyl 
derivatives of isoxazole, and I-methylpyrazole. Proton- 
coupled carbon-13 nmr spectra were also obtained at  
55 MHz for neat solutions of isothiazole and its methyl 
derivatives as previously described (12). 

Proton ATuclear Mclgrzetic Resonance Spectra 
'H nrnr spectra of the isothiazoles were obtained on a 

Varian A-60 nmr spectrometer. A Perkin Elmer R24 
spectrometer was used to obtain approximate proton 
chemical shifts of neat isothiazole. 

Molecrilar Orbital Calcularior~s 
Molecular orbital calculations at  the CNDO/2 and 

INDO-MO-FPT levels of approximation (14, 15) were 
performed on an IBM 3701158 system. The following 
parameters were added to the MO program (14-16) so 
that INDO calculations on molecules containing sulfur 
Mere uossible: Gl(16) = 0.31302 and F2(16) = 0.21794 
(17). 

References to the geometries used for isothiazole and 
its derivatives are given on p. 599 of ref. 12. The structures 
of the isoxazole and pyrazole rings were taken from 
microwave studies (18, 19). Standard geometries (given 
on p. 110 of ref. 14) were used for the methyl substituents. 

For isothiazole and its methyl derivatives the calculated 
coupling constants did not converge before the density 
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620 CAN. J. CHEM. VOL. 55, 1977 

matrix rms error of lo-' was reached. In these calcula- 
tions this value was 0.7 x or smaller, using a 
perturbation of Some of the coupling constants 
were still changing significantly with successive iterations 
when the calculations were terminated. 

Results and Discussion 
A11 13C,H coupling constants were extracted 

from the 13C nmr spectra assuming that the 
spectra were essentially first order. This assump- 
tion was verified by simulating several of the 
13C nmr spectra using the computer program 
LAOCOON 111. Proton nmr parameters were 
obtained for the same sample on which coupled 
13C nmr spectra were measured. Results for the 
4-substituted isothiazoles and the neat solutions 
of isoxazole (2) and 1-methylpyrazole (3) are 
presented in Table 1. 

CH3 
2 3 

The various two and three bond lJC,H coup- 
ling constants in isothiazole and isoxazole were 
assigned by comparing the spectra of the parent 
compounds with those obtained in neat solutions 
of their 3-methyl- and 5-methyl- derivatives. 
Results for these compounds also appear in 
Table 1. 

Calculated values of the various 13C,H COUP- 

ling constants in isothiazole, isoxazole, and 
1-methylpyrazole are given in Table 2. 

'J(I3C,H) 
In isothiazole, 'J(C,,H) is approximately 3.6 

Hz greater than 'J(C,,H). This trend is also 
observed in thiazole (20), where lJ(C,H) for the 
carbon adjacent to the sulfur is 2.6 Hz greater 
than that observed for the carbon adjacent to 
the nitrogen. Similarly in thiophene 'J(C2,H) is 
184.7 Hz (21), approximately 7.1 Hz greater than 
the value of 177.6 Hz observed for this coupling 
in pyridine (22). 

In all 4-substituted isothiazoles 'J(C,,H) > 
'J(C,,H), although the difference is only about 
1 Hz in the case of X = NO, and CN. 'J(C,,H) 
and 'J(C,,H) values increase by 15.6 and 13.0 Hz 
respectively from X = CH, to X = NO,. These 
values are to be colnpared with corresponding 
increases of - 10 Hz and - 16 Hz for lJ(C,,H) 
and 'J(C,,H) in 3-substituted thiophenes (23), 
and 12.3 Hz in   no no substituted benzenes (24- 
27) (where X varies from CH, to NO,). 

The MO calculations are not successful in pre- 
dicting 'J(C,,H) > 'J(C,,H). 'J(C,H) values 
have often been related to P&,,,,(,,,, where 
P,(,,,,~,,, is the carbon 2s -hydrogen s bond 
order (4, 15). Both the CND0/2 and INDO cal- 
culations predict P,~2,,,(,,, to be greater for 
C,-H3 than for C,-H,. It is of interest to 
point out that ab initio calculations1 also predict 
such behaviour but in this case the difference in 
bond orders is small (29). 

In isoxazole, lJ(C,,H) is 203.5 Hz, similar to 
the value of 201.7 Hz observed in furan (30). The 
value of 'J(C,,H) is approximately 10.5 Hz 
greater than the analogous coupling constant in 
pyridine (22). Also, 'J(C,,H) in isoxazole is more 
than 9 Hz larger than 'J(C,,H) in furan (301, 
pyridine (22), or benzene (31). The MO calcula- 
tions on isoxazole are successful in that they 
predict 'J(C,,H) > 'J(C,,H) or 'J(C4,H). 

For 1-methylpyrazole we find that the average 
of 'J(C,,H) and 'J(C,,H) is approximately 5 Hz 
less than the value observed in pyrazole (32) 
where C, and C, are equivalent because of 
tautomerism. 'J(C4,H) in 3 is about 2 Hz less 
than the corresponding value in pyrazole. The 
INDO calculations correctly predict 'J(C,,H) > 
'J(C,,H) > 'J(C4,H). 

' J f  C,H) 
2J(Cs,2-C,,2H) values can be of either sign 

(3, 5, 33). In the fragment (4) ,J(C,,H,) increases 
with increasing electronegativity of a substituent 

H1 
\ 

C1=C1 

4 

at C,. For example, in I-chloroethylene (34, 35), 
,J(C,,H,) is + 6.9 Hz as opposed to - 2.4 Hz 
in ethylene (36, 37). Monosubstitution at C, 
results in opposite trends which are dependent 
upon the orientation of the substituent (1, 3, 34). 
If the substituent is trarzs to H,, then 'J(C2,HI) 
increases as the electronegativity of the substitu- 
ent increases. Thus very large ,J(C,II) values are 
observed when two electronegative substituents 
are cis to one another. For example, in 1,3- 
dioxide (5), 'J(C,H) is 20.0 Hz (38). 

M x* 
O v O  

5 

'STO-3G level ab initio calculations (28) were carried 
out using the geometry given in reference (12). 
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TABLE 1. 13C,H spill-spin coupling constants in Hz in 4-substituted isothiazoles and related compounds 

c3 c4 C5 

Compound 

Isothiazole 
4-Nitroisothiazole 
4-Bromoisothiazolc 
4-Cyanoisothiazole 
4-Carboxylisothiazole 

13C,H coupling constants with substituents 

Isoxazole 187.6 6.2 6.2 9.6 184.6 14.3 4.4 10.9 203.5 
3-Methylisoxazole 6.2 6.2 181.8 14.0 10.0 201.3 'J(C3,CH3) = 6.2; 3J(C4,CH3) = 2.7 
5-Methylisoxazole 185.3 6.0 9.3 181.8 4.5 10.2 'J(CS,CH3) = 6.9; 3J(C4,CH3) = 2.8 

5.7 8.4 

*Coupling constants not available from spectrum. 
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TABLE 2. Calculated I3C,H coupling constants in Hz 

C3 C4 c5 

MO 
Compound calculation H3 H4 Hg H3 H4 Hs H3 H4 H5 

Isothiazole CND0/2* 139 1 .4  11.5 2 .5  125 -1 .5  4 .6  -3.3 96 
INDO* 164 -0.91 13.7 -0.34 146 -4 .7  1 .9  -13.6 123 

Isoxazole CNDO/2 131.1 2.12 7.46 3.41 140.5 4.60 5.78 4.31 143.3 
INDO 162.9 -2.43 10.90 0.31 165.7 3.11 7.94 0.12 171.9 

1-Methylpyrazole CND0/2 131.7 2.42 7.18 4.14 134.7 3.03 5.72 4.79 142.9 
INDO 161.5 -1.87 11.11 2.15 158.5 0.44 8.76 1.15 168.5 

*Density matrix rms error of 0.7 x or smaller (see text). 

If the substituent at C, IS cis to HI ,  then2J(C,,H,) 
generally decreases as the electronegativity of 
the substituent increases. For example, in 
benzene, 2J(C,H) = + 1.0 Hz while in chloro- 
benzene and nitrobenzene, 'J(C,,H,) = - 3.4 
and -3.5 Hz, respectively (24, 27, 31). 

Some of the striking features of the data in 
Table 1 are the large values of 2J(C,,H3). In 
contrast to nlonosubstituted benzenes (24-27), 
thiophenes (23, 32, 39, 40), and pyridines (22, 
41-44) where 3J(C,H) is generally larger than 
2 ~ ( C , ~ ) ,  we find several cases where the reverse 
is true. 

For all the isothiazoles studied here, we ob- 
serve that ,J(C,,H3) is more than twice 2J(C,,H ,). 
This trend is in agreement with that predicted 
on the basis of the electronegativity arguments 
presented above since nitrogen is more electro- 
negative than sulfur. 

2J(C,,H5) becomes very small in the case of 
4-bromoisothiazole. 

In the case of isoxazole, 'J(C,,H,) > 'J(C,,H,). 
In furan, 2J(C3,H2) = 13.8 Hz while 2~(C3,H,) 
is only 4.05 Hz. Finally it is of interest to men- 
tion that in furan, 'J(C2,H3) = 11.0 Hz. In 
isoxazole the analogous coupling constant, 
2 ~ ( C 5 , ~ , )  is 10.0 Hz. 

2J(C,,H3) rr 2J(C,,H5) - 9.8 Hz in l-methyl- 
pyrazole, very similar to the value of 9.5 Hz 
observed in pyrazole (32). One would expect 
3J(C,,H5) in 1-methylpyrazole to fall between 
6.2 and 11.2 Hz, the values observed for this 
coupling constant in isoxazole and isothiazole 
(see Discussion below). Also, since 3J(C2,H,) > 
6.8 Hz in both pyridine (22) and pyrole (45), we 
tentatively assign the splitting of 5.7 Hz in 3 
to 2J(C,,H,) instead of 3J(C,,H5). 

Previously (46), we have found that INDO 
calculates 2J(C,H) values in unsaturated systems 
which are roughly 10 Hz too negative. In Table 3 

we have added 10 Hz to the values calculated 
using INDO. For isothiazole the calculations 
predict 2J(C,,H,) to be about 4.5 Hz greater 
than 2J(C,,!-~5) in qualitative agreement with 
experiment. The value calculated for 2J(C5,H,) 
is clearly erroneous. The experimental trends 
observed for 'J(C,H) in isoxazole and l-methyl- 
pyrazole seem to be reproduced reasonably well 
by the INDO calculations. 

From plots of magnetic susceptibility aniso- 
tropy, AX, us. 3J(H-C=C-H) Schaefer (47) 
has found two distinct re1ationships.Compounds 
which are generally considered aromatic in- 
cluding isoxazole fall on the one line, while 
nonaromatic compounds fall on the other 
!ine. Schaefer and co-workers (48) have also 
found that distinct correlations exist between 
2J(13C=C-H) and 3J(H-C=C-H) for aro- 
matic and nonaromatic compounds. Averaging 
2J(C,,M,) and 2J(C5,1-I,) and plotting this value 
against 3J(C,H), we find that both isoxazole and 
isothiazole are aromatic according to the criteria 
discussed above. 

3 J ( 1 3 C , ~ )  
The various structural features which seem 

to be important in determining the magnitude of 
,J(C,H) in aikenes have recently been reviewed 
by Vogeli and von Philipsborn (49). They stated 
that in the 13C,-C2=C3-H fragment, an 
electronegative substituent at the C, position 
leads to an enhancement in 3J(C,,H), however, 
such a substituent at C, produces a decrease in 
3J(C,,H). Similar observations have been made 
for monosubstituted benzenes (24-27). For 
example, in fluorobenzene, 3~(C, ,H,)  = 11.1 
Hz and 3J(C2,H,) = 5.0 Hz (24). The value in 
benzene is 7.4 Hz (31). 

In isothiazole and its 4-substituted derivatives, 
3J(C3,H5) is generally about twice as large as 
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WASYLISHEN AND HUTTON 

TABLE 3. Observed and calculated 'J(I3C,H)* 

Isothiazoie Isoxazole 1-Methylpyrazole 

Parameter Obs. INDO Obs. INDO Obs. INDO 

'J(C3,HJ 8 . 2  9 .1  6 .2  7 . 6  5 .7  8 . 1  
'J(C4,Hs) 14.2 9 .7  9 . 6  10.3 9 .8  12.2 
'J(C4,Hs) 5 .4  5 .3  14.3  13.1 9 .8  10.4 
2J(Cs $4) 8 . 0  -3 .6  10.9 10.1  - 11 .2  

*10 Hz has been added to all calculated values. 

3J(C5,H3). This difference may be rationalized 
on the basis of electronegativity arguments since 
the nitrogen can be considered somewhat electro- 
negative while the sulfur is somewhat electro- 
positive.' However, it is difficult to account for 
the similarity of 3J(C2,H,) and 3J(C,,H2) in 
other heterocyclics. For example, in the case of 
thiophene, 3J(C2,H4) = 10.0 Hz, and 3J(C4,H2) 
= 9.8 Hz; in pyridine, 3J(C,,H,) = 6.85 Hz 
and 3J(C,,H,) = 6.34Hz; in furan, 3J(C2,H,) = 

10.04 Hz and 3J(C,,H2) = 9.79 Hz; in pyrrole, 
3J(C2,H4) = 7.46 Hz and 3J(C4,H2) = 7.31 Hz. 
Notice that in every case 3J(C,,H,) and 3J(C4,H2) 
are similar. 

In isoxazole we also observe 3J(C3,H,) > 
3J(C5,H3), however, in this case the difference is 
not as large as in the case of isothiazole. 

It is interesting to note that the MO calcula- 
tions correctly predict the observed trends in 
3J(13C,H) for isothiazole and isoxazole. 

In the 4-substituted isothiazoles both 3J(C3,H,) 
and 3J(C,,H3) decrease as the electronegativity 
of a substituent increases, however, factors other 
than electronegativity may be important. 

Finally it is of interest to discuss the coupling 
constants which involve the substituent when 
X = CN, COOR, and CH,. In all of the iso- 
thiazoles considered here we found that 3J(C,H) 
coupling constants involving the carbon of the 
substituent were less than 2.7 Hz. These small 
values observed for these coupling constants 
are consistent with the empirical relationship, 
3J(C,H) 1. 0.6 3J(H,H) proposed by Vogeli and 
von Philipsborn (49). In isothiazole, 3J(H3,H4) = 

1.66 Hz and 3~(H4,H,) = 4.66 Hz, thus one 
would not expect 3J(C,H) to exceed 3.3 Hz. 

In the methyl substituted isothiazoles we 

'Although C N D 0 / 2  calculations predict a slight posi- 
tive charge on the sulfur (+0.0013e-), ab irzitio calcula- 
tions (28,29) predict a large positive charge on the suifur 
(+0.443e-). 

observe quite different values for 3J(C,CH3). 
For example, in 4-methylisothiazole 3 J ( C 3 , C ~ 3 )  
= 4.3 Hz while 3J(C,,CH3) = 5.3 Hz. The larger 
coupling constant to C, is probably due to the 
larger .rr-bond order for the C,-C, bond as 
opposed to that of the C,-C3 bond (13, 16). 
Previously (13), we found 4J(H5,CH3) much 
larger than 4 J ( ~ 3 , C H 3 ) .  As well as r-bond order, 
the orientation of the methyl group will also be 
important in determining the magnitude of 
3J(C,CH3) (16). In contrast to toluene where the 
inethyl group is essentially a free rotor (50), the 
barrier to methyl-group rotation in the hetero- 
cyclics studied here will probably be greater than 
kT (51-53). 

It is interesting to notice that in the case 
of the 3- and 5-methyl-substituted isoxazoles, 
3J(C4,CH3) is the same within experimental 
error, 2.7 and 2.8 Hz, respectively. 
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The photolysis of hexaaquoiron(II1) perchlorate in the presence of ethylene glycol 
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JOHN H. CAREY, ERNEST G. COSGROVE, and BARRY G.  OLIVER. Can. J .  Chem. 55, 625 (1977). 
Two types of reactions occur when hexaaquoiron(II1) ion is irradiated at 254 nm in the presence 

of alcohols. Firstly, a charge transfer transition from a water centred orbital to an iron centred 
orbital produces OH' radicals which go on to abstract hydrogen from the alcohols. secondly ,!the 
reaction with the charge transfer excited states of iron(II1) species can lead to outer sphere 
oxidation of the alcohols. In this paper, these reactions have been studied in detail for the diol 
ethylene glycol in aqueous solutions. It has been found that the quantum yield of acetaldehyde, 
the major product of hydroxyl radical reactions with ethylene glycol, is 0.09 and the yield of 
formaldehyde, the major product of the direct charge transfer reaction, is 0.05 in 1 M ethylene 
glycol. The quantum yields for these major products, as well as minor products. such as 
glycolaldehyde and succinaldehyde, have been determined at several concentrations of ethylene 
glycol and iron. A detailed reaction scheme for the photolysis has been developed. 

JOHN H. CAREY, ERNEST G. COSGROVE et BARRY G. OLIVER. Can. J. Chem. 55, 625 (1977) 
I1 y a deux types de rCaction qui se produisent lorsque l'ion hexaaquofer(II1) est irradiC a 

254 nm en presence d'alcools. En premier lieu, il y a une transition de transfert de charge a 
partir d'une orbitale centree au niveau de I'eau vers une orbitale centree sur le fer qui produit 
des radicaux O H  qui ensuite enlevent de l'hydrogene des alcools. Deuxiemement il y a une 
reaction avec les Ctats excites de transfert de charge des espkces du fer(II1) qui peut conduire a 
des oxydations par les sphkres extCrieures de l'alcool. Dans la prCsente communication, on a 
Ctudit ces rkactions en detail pour le diol ethylene glycol en solution aqueuse. On a trouve que 
le rendement quantique d'acCtaldChyde, le produit majeur des reactions du radical hydroxyle 
avec l'ethylene glycol, est de 0.09 et le rendenlent de formaldehyde, qui est le produit majeur de 
la reaction de transfert directe de charge, est de 0.05 dans 1'6thyltne glycol 1 M. On a determine 
les rendements quantiques de ces produits majeurs ainsi que des produits mineurs tel que le 
glycolaldthyde et le succinaldthyde a plusieurs concentrations d'ethylene glycol et de fer. On a 
developpe un schema rtactionnel dttaillt pour la photolyse. 

[Traduit par le journal] 

Introduction 
Two types of reactions occur when hexa- 

aquoiron(II1) ion is irradiated at 254 nm in the 
presence of organic scavengers. Firstly, a charge 
transfer transition from a water centred orbital 
to an iron centred orbital produces OH. radicals 
which react with the organics via hydrogen 
abstraction (1). Secondly, the direct reaction of 
charge transfer excited states of iron(II1) species 
can lead to outer sphere oxidation (2). Since 
either mechanism may prove to be a pathway for 
pollutant degradation in natural waters, par- 
ticularly at sediment-water interfaces, it was 
decided to examine them in closer detail. The 
compound chosen for study was ethylene glycol 
which is used as a deicer and finds its way into 
the environn~ent mainly in airport runoff (3). 

Previous studies on the radiolysis of deaerated 
ethylene glycol (4) showed that high yields of 
acetaldehyde were produced in a chain reaction. 
Radiolysis of aqueous ethylene glycol in the 
presence of H,O, ( 5 )  and far ultraviolet (185 nm) 

irradiation of 2 M aqueous ethylene glycol solu- 
tions (6) also showed acetaldehyde to be the 
major product. The proposed reaction mecha- 
nism was the abstraction of an cl-hydrogen from 
ethylene glycol by OH. to produce the HO- 
cH-CH,OH radical which loses H,O in an 
acid catalyzed reaction to produce O=CH- 
CH,. The O=CH-CH, radical would then 
abstract hydrogen from another ethylene glycol 
to produce acetaldehyde. Both these radicals 
have been shown to be present by electron spin 
resonance spectroscopy (7, 8). 

I t  was decided that a detailed look at the 
reactions and product yields in the aqueous iron 
system would shed more light on OH. radical 
reactions as well as reveal the extent of any 
direct excited state reactions in the system. 

Experimental 
Solutions to be irradiated were prepared from stock 

solutions of reagent grade chemicals to be 0.01 to 0.04 M 
ferric perchlorate, 2.0 M HC104, and various ethylene 
glycol concentrations. Irradiations were performed in a 
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0  0 5 1 0  1 5  2 0  2 5 

[ETHYLENE GLYCOL, ( moles 1 2 )  

FIG. 1. The quantum yields of formaldehyde A, iron(l1) @, and acetaldehyde . as a function of 
ethylene glycol concentration. Concentration of ferric perchlorate: 0.02 1W. 

cylindrical quartz cell with an outer jacket through which 
distilled water was circulated to control the temperature 
to 35.0 k0 .1  ' C .  Samples were deoxygenated by bubbling 
high purity nitrogen through then1 for 15 min prior to 
irradiation. The 254 nm light source was a photoreactor 
(Ultraviolet Products Inc., San Gabriel, California) con- 
taining four circular low pressure mercury lamps. A mag- 
netic stirrer was used to agitate the solutions during 
photolysis. Light intcnsitics werc measured using fer- 
rioxalate actinometry (9). 

The Fe(I1) yields were determined from the absorbance 
at  510 nm (a = 1.09 x 10") using o-phenanthroline and 
a neutralization/dilution technique (I). All the organic 
analyses were performed on the supernatant after precipi- 
tation of the iron and perchlorate from the solutions by 
addition of known volumes of 2 M KOH. The presence 
of acetaldehyde, formaldehyde, and glycolaldehyde was 
demonstrated by thin layer chromatography of their 
2,4-DNPH derivatives on alumina using cyclohexane- 
nitrobenzene (2: 1) as solvent. Acetaldehyde was deter- 
mined in cold H2S04  with y-hydroxydiphenyl by mea- 
suring the absorbance at 568 nm (a = 4.7 x lo4) (10). 
Formaldehyde concentrations were evaluated colori- 
metrically (a = 1.8 x lo4 at  570 nm) using a modified 
chromatrophic acid technique (11). Glycolaldehyde was 
determined calorimetrically as the osazone (12) at  580 nin 
(a = 1.76 x lo4). Succinaldehyde was measured with p- 
dimethylaminobenzaldehyde (13) at  546 nm (a = 7.1 x 
104). 

The solvation analysis were carried out on a Varian 
T-60 nuclear magnetic resonance spectrometer with probe 
temperature 35 "C. The treatment of the data was done 
using procedures described in refs. 2, 14, 15, and 16. 

Results and Disc~ssisn 
A preliminary study showed that the major 

photoproducts formed during the ultraviolet ir- 
radiation of degassed, strongly acidic, aqueous 
solutions of ferric perchlorate containing ethylene 

glycol were iron(II), acetaldehyde, and formalde- 
hyde. Figure 1 shows that the quantum yields of 
these three products vary as a function of ethylene 
glycol concentration. In addition to these prod- 
ucts, small yields of glycolaldehyde (0.010) and 
succinaldehyde (0.003) were observed. The yields 
of these two products were essentially indepen- 
dent of the ethylene glycol concentration. 

Based on these results the following reaction 
scheme for the photolysis of aqueous iron(II1) in 
the presence of ethylene glycol is proposed: 

Iz v k~ 
[1 I Fe3 + (aq) , Fe3 + (aq)* -+ 

k -  I 
Fe2+(aq) + OH' + H +  

1 

k2 
[2] OH' + HOCHzCHzOH -, HOCH~CHOH + H 2 0  

0 
: I  

[41 'CH2C-H + Fez + (aq) 
0 
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CAREY ET AL. 627 

Reaction 1 represents the photoproduction of 
hydroxyl radicals by excitation of the water to 
iron charge transfer (CT) transition. At high 
scavenger concentration (>0.1 M) all the OH' 
radicals react by abstraction of an a-hydrogen 
from ethylene glycol (reaction 2). The HOCH,- 
CHOH radical can then undergo acid catalyzed 

0 
I I 

dehydration (7) to give the CH,CH radical via 
0 
I I 

reaction 3. The major reaction of the CH,CH 
radical will be with Fe(I1). which will be pro- 
duced in close proximity to it, to give acetalde- 
hyde, 2 (reaction 4). At higher ethylene glycol 
concentrations reaction 5,  a chain propagating 
reaction, will begin to become important. This is 
evident from the positive slope, 0.033. of the 
acetaldehyde quantum yield as a function of 
glycol concentration in Fig. 1. Alternate fates of 

0 - 
I I 

the HOCH,CHOH and the CH,CH radicals are 
depicted in reactions 6 and 7 and result in forma- 
tion of the two minor products glycolaldehyde, 
3, and succinaldehyde, 4, respectively. 

At low glycol concentration reaction 5 is un- 
important and thus extrapolation of the acetalde- 
hyde yield to zero glycol concentration will give 
a value for the quantum yield of acetaldehyde 
produced by reactions 1-4 (QO (acetaldehyde)). 
The primary yield of hydroxyl radicals in this 
system, based on the stoichiometry of reactions 
1-7, is then equal to 

@ (hydroxyl radical) = Q0 (acetaldehyde) 
+ @ (glycolaldehyde) + 2@ (succinaldehyde) 

The limiting yields of acetaldehyde and the 
yields of glycolaldehyde and succinaldehyde are 
0.050, 0.010, and 0.003, respectively, giving an 
hydroxyl radical yield of 0.066. This value is in 
excellent agreement with the primary hydroxyl 
radical yield 0.065 found by Langford and Carey 
(1) using tert-butyl alcohol as a scavenger. 

Reactions 1-7 are essentially   den tical to those 
observed by Walling and Johnson (17) in the 
Fenton's reagent oxidation of ethylene glycol. 
However, several features of the present study 
cannot be explained by this reaction sequence. 
They are the appearance of formaldehyde as a 
photoproduct and the linear increase of quantum 
yields for formaldehyde and iron(1I) with in- 
creasing ethylene glycol concentration. Based on 
reactions 1-7, the iron(I1) yield should depend 
only on the iron(I1I) and the acid concentrations, 
and qhould be constant at high levels of scavenger. 
Some other photoprocess must be included to 
successfully account for all observed features. 

If ethylene glycol molecules mere present in 
the primary solvation sphere of Fe(lII), a ligand- 
to-metal charge transfer (LMCT) transition be- 
tween glycol and iron would arise. Excitation of 
such a trans~tion would likely result in produc- 
tion of iron(1I) and an electron deficient glycol. 
Should this glycol species react via C-C bond 
fission, the resulting products would be formalde- 
hyde and a hydroxy-methyl radical. Since the 
latter radicals react with iron(II1) to give form- 
aldehyde and iron(II), the net products of the 
alcohol-to-iron CT photoreaction could be two 
molecules of formaldehyde and two molecules of 
iron(I1). The C-C bond cleavage proposed is 
not without precedent. Cox and Kemp (18) have 
shown that C-C bond fission occurs upon 
irradiation of iron(II1) species in neat alcohol 
glasses when tertiary alcohols are used as sub- 
strates. For primary and secondary alcohols 
however, the predominant process was C-H 
bond fission at the a-carbon. 

A nuclear magnetic resonance technique for 
determining whether molecules are in the im- 
mediate paramagnetic environment of iron(II1) 
has been described elsewhere (2, 14-16). Hydroxy 
proton linewidths measured for the ethylene 
glycol system were essentially identical to those 
obtained by Carey and Langford (2) for methyl, 
tert-butyl, and isopropyl alcohols. The line- 
widths are consistent with lack of entry of the 
scavenger into the coordination sphere and rule 
out the CT transition as the source of form- 
aldehyde. 

However, if ethylene glycol can react with an 
iron excited state prior to hydroxyl radical pro- 
duction, it is not necessary to propose excitation 
of a glycol-to-iron transition to explain reactions 
different from hydroxyl radical scavenging. The 
reactive excited state need not be long lived since 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



628 CAN. J. CHEM. VOL. 5 5 .  1977 

at the scavenger levels employed a significant 
number of glycol molecules will be present in the 
secondary solvation sphere of Fe(II1) ( i .e . ,  in 
encounter) at the time of excitation and thus the 
reaction will not be limited by diffusion of reac- 
tants. Such a reaction was recently proposed to 
explain scavenger dependent iron(I1) yields in 
the photolysis of ferric perchlorate when methyl 
and isopropyl alcohols and formic acid were 
used as scavengers (2). The reaction scheme may 
be written as follows : 

The observed glycol dependence of the quan- 
tum yield is in agreement with formation of the 
reactive species via a reaction such as [8] while 
reactions 9 and 10 represent the formation of 
iron(I1) and formaldehyde via the outer sphere 
oxidation and indicate that these two products 
should be formed in a 1: 1 ratio. Thus, if the 
reaction via the outer sphere pathway did not 
affect the primary yield of hydroxyl radicals the 
slope of the formaldehyde and iron(l1) yields (Fig. 
1) should be the same. In fact, the Fe(I1) slope is 
0.043 1 mol-' while the formaldehyde slope is 
0.047 1 mol-' and the ratio @Fez+/@CH20 = 0.91. 
If the outer sphere reaction actually involves an 
excited state precursor to hydroxyl radicals, the 
Fe(I1) slope must be corrected to account for 
those excited states which would have produced 
Fe(I1) via the hydroxyl radical pathway but in- 
stead undergo prior reaction via the outer sphere 
pathway. 

In order to calculate the magnitude of this 
correction, it is necessary to know the number of 
excited states reacting via the outer sphere path- 
way and the fraction of these which would have 
produced hydroxyl radicals. Previous studies on 
the outer sphere reaction suggested that it oc- 
curred with unit efficiency for those scavenger 
molecules in the reactive site at the time of 
excitation (2). Assuming this to be true for the 
ethylene glycol system, we find the number of 
excited states reacting with outer sphere scaven- 
ger at any glycol concentration would be 
(+)QCH20 (recall each excited state reacting pro- 
duces two formaldehyde). If we assume that the 

state reacting with unit efficiency is the primary 
excited state, then the fraction of these which 
would have produced hydroxyl radicals is simply 
the primary hydroxyl radical yield, 0.066. In this 
case the hydroxyl radical yield at any ethylene 
glycol concentration is given by the expression 

and the iron(I1) yield from the hydroxyl radical 
pathway is twice this value. Therefore in order 
to judge the magnitude of the outer sphere re- 
action from the iron(I1) slope, this slope must be 
corrected according to corrected Fe(I1) slope = 
observed Fe(I1) slope + 2 x 0.066 x 5 x for- 
maldehyde slope. We calculate the corrected 
Fe(I1) slope to be 0.046 1 mol-l, in good agree- 
ment with the observed formaldehyde slope. 

We note that in the ethylene glycol case, the 
observed slope of the iron(I1) yield is 0.043, 
somewhat higher than the 0.030 slopes pre- 
viously observed for methyl and isopropyl alco- 
hols and formic acid (2). For the latter three 
organics, the limiting reactivity with the excited 
state was thought to include a statistical factor 
which was related to the probability that the 
scavenger in encounter occupies a reactive site. 
A higher statistical factor might be anticipated 
for ethylene glycol since it has two reactive 
centres while methyl and isopropyl alcohols and 
formic acid have only one. 

To provide additional support to the proposed 
reaction mechanisms, studies were done at three 
different Fe(II1) concentrations. A plot of Fe(I1) 
as a function of ethylene glycol concentration for 
three Fe(II1) concentrations is shown in Fig. 2. 
It can be seen that there is very little difference 
between the slopes of the three lines but there is 
a significant change in the intercept. Even when 
radical-radical reaction [7] is omitted, the 
steady state method yields an extremely com- 
plex expression for the @,,, , . However, at zero 
glycol concentration, a fairly simple expression 
for 1/OFe2 + O  is obtained. 

where V represents volume, I light intensity in 
einsteins/s and OFe2 + O  the iron(I1) yield obtained 
from extrapolation of the linear portion of Fig. 2 
to zero glycol concentration. Since V and I are 
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0 ,  I 

0 0 5 1.0 1 5  2.0 2 5 

[ETHYLENE GLYCOL] ( moles i t ! )  

FIG. 2. The quantum yields of Fe(I1) at  Fe(II1) concentrations of 0.01 M, A; 0.02 M, a; and 0.04 M, ., as a function of ethylene glycol concentration. Inset: Dependence of l /QO Fe(I1) on l/Fe(III) at  
zero giycol concentration where Q0 Fe(I1) is obtained by extrapolation of Fig. 2. 

constant during the experiment, the expression 
simplifies to 

A plot of I/@,,, + us. 1/[Fe3 + ] (inset Fig. 2) is 
seen to be linear. As the Fe(II1) concentration is 
increased, the Fe(I1) quantum yield at zero glycol 
(the intercept) is seen to increase as predicted by 
eq. 12. As the Fe(II1) concentration is increased, 
the absolute yield of Fe(I1) and glycolaldehyde 
increase and the yield of acetaldehyde decreases. 
This behaviour is consistent with the proposed 
reaction scheme. 

The photolysis of aqueous iron solutions con- 
taining ethylene glycol proceeds by two major 
pathways. Reactions based on abstraction of 
a-hydrogens by hydroxyl radicals leads to pro- 
duction of acetaldehyde as the major product 
whereas the direct outer sphere oxidation of 
ethylene glycol by excited states of Fe(II1) yields 
formaldehyde and Fe(I1) as major products. 
The observation that different products are 
formed by the two different mechanisms o f  oxi- 
dation is of interest since it raises the possibility 
that scavenging with ethylene glycol/iron(III) 
can be used to elucidate mechanisms of photo- 
oxidation of other systems. We are presently 
investigating the use of this scavenger system to 
study reaction mechanisms during illumination 
of semi-conductor electrode surfaces (19) and 
sediment-water interfaces. 
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Discussion 
o-Aminobenzhydroxamic acid, 2, required for 

the synthesis of 1, was prepared by the reaction 
of methyl anthranilate with hydroxylamine in 
alkaline solution as described by Scott and Wood 
(3). The reaction of isatoic anhydride 3 with 
hydroxylamine, a possible alternate route to 2, 
was interpreted by Scott and Wood (3) as giving 
rise to the isomer of 2, the O-acyl-hydroxyl- 
amine 4. 

Diazotization of o-aminobenzhydroxamic acid, 
2, afforded the same 3-hydroxy-l,2,3-benzotri- 
azin-4-one, 1, described by Harrison and Sniith 
(1); the spectral characteristics of 1, and the 
structure of the derivatives described below, 
confirm the assignment of the cyclic hydroxamic 
acid structure to the diazoiization product. The 
ir spectrum of 1 displays a broad, hydrogen- 
bonded hydroxyl band at 2700 cm-' and car- 
bony1 absorption at 1660 cm-'. Methylation of 
P with dimethyl sulphate under basic conditions 
affords a single 0-methyl derivative 5a, which 
shows an 0-methyl proton resonance at  T 5.72 
in the nmr spectrum. The structure of §a was 
confirmed by the mass spectrum, elemental 
analysis, and a narrow carbonyl absorption band 
a t  1700 cm-I in the ir spectrum. The broadness 
of the carbonyl band in I,  and the shift to lower 
frequency compared with the carbonyl absorp- 
tion in 5a, suggest the presence of intramolecular 
hydrogen bonding in 1. Strong intramolecular 
hydrogen bonds have also been shown to exist 
in other cyclic hydroxamic acids, e.g. N-hydroxy- 
2-pyridone (4, 5) .  

3 4 5 n R =CH, 
b R = COCH, 
c R = COPh 

Acetylation of the N-hydroxytriazinone 1 with 
acetyl chloride or acetic anhydride afforded a 
single mono-acetyl derivative, characterized as 
the N-acetoxytriazinone 56 by the presence of a 
strong carbonyl band at 1805 cm-I and acetyl- 
methyl proton resonance at z 7.43. Reaction of 
the N-hydroxytriazinone 1 with benzoyl chloride 
similarly gave the N-benzoyloxy derivative 5c. 
The uv spectra of the N-hydroxytriazinone 1 
and the methyl-5a, acetyldb, and benzoyl-5c 
derivatives show distinct similarities, with com- 
mon bands at  220-230 and 300-313 nm (Fig. 1). 
However, the band at 250-260 nm, common to 
1, 5a, and 56, is absent in the spectrum of the 
benzoate 5c, whereas the band at 280-290 nm, 
common to the derivatives §a, 56, and 5c, is not 
observed in the spectrum of 1. An additional 
band at 384 nm is observed only in the spectrum 
of 1. 

The mass spectral fragmentation patterns of 
the derivatives 5a-c show several common 
features, but also significant differences (Scheme 
1). Two fragmentation pathways are evident 
for the 0-methyl derivative §a. The major path- 
way is ring cleavage (route d), apparently by 
direct loss of the fragment HNCO; N-alkoxy 
cleavage (route a), involving loss of CH,O, is 
the lesser pathway. No fragments are observed 
in the mass spectrum of 5a corresponding to loss 
of N, (route c) or to 0-alkyl cleavage (route b). 
Ring cleavage (route d) is also the principle 
fragmentation of the acetate 56, but in this case 
0-acyl cleavage (route b) is more evident than 
N-acetoxy cleavage (route a); fragmentation by 
loss of N, (route c) is not observed. The mass 
spectrum of the benzoate 5c shows both N-acyl- 
oxy (route a) and 0-acyl (route b) cleavages, but 
unlike the methyl and acetyl derivatives, 5c shows 
fragmentation by the loss of N, (route c) and, 
surprisingly, by loss of GO, (route e). 

The properties and reactions of 1 described 
above are clearly consistent with the cyclic 
hydroxamic acid structure proposed previously 
(1) and no evidence has been found to suggest 
the existence of an N-oxide tautomer of 1. In 
this respect, 1 is similar to many other N-hydroxy 
cr-0x0 compounds, which have been shown to 
prefer the 0x0 form over the N-oxide form 
(ref. 5, p. 407-408). 

Thermolysis of the N-hydroxytriazinone 1 in 
anhydrous inert solvents, e .g .  diglyme (1.3 h), 
p-xylene (2.5 h), toluene (20 h), or benzene (4-5 
days), afforded in each case the same yellow solid, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 5.5, 1977 

FIG. 1. Ultraviolet spectra, recorded in ethanol solution, of I (-) 3-hydroxy-l,2,3-benzotriazin-4-one 
1;  II (---) 3-methoxy-1,2,3-benzotriazin-4-one 5a;  III (-.-.-.) 3-acetoxy-1,2,3-benzotriazin-4-one 5b;  
I V  (.-.) 3-benzoyloxy-l,2,3-benzotriazin-4-one 5c; and V 3-(0-aminobenzoy1oxy)-1,2,3-benzo- 
triazin-4-one 6.  

L J 

t?z/e 239 
(from 5c) 

which was found by molecular ion mass measure- 
ment to have molecular formula C,,H,,N,O,. 
The yellow solid evidently arises from a dimeriza- 
tion of 1, minus the elements of N,O, and was 
identified as 3-(0-aminobenzoy1oxy)-1,2,3-benzo- 
triazin-4-one, 6, on the basis of spectral data and 
degradation. The presence of NH, is indicated 
by bands at 3480 and 3365 cm-l in the ir spec- 

trum of 6, which also displays bands for two 
carbonyl groups at 1740 and 1713 cm-I. The 
mass spectrum of 6 exhibits fragments arising 
from N-acyloxy cleavage (route a), 0-acyl 
cleavage (route b), and loss of CO, (route e), but 
not direct loss of N, (route c) (see Scheme 1). 
The uv spectrum of 6 shows close similarity to 
the acyl derivatives 5b and 5c (Fig. 1). 
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The N-benzoyloxy function in heterocyclic 
compounds is generally labile and susceptible to 
ready hydrolysis (6), whereas 6 was resistant to 
concentrated acid at room temperature and did 
not react with dimethyl sulphate under basic 
conditions. However, when diazotization of 6 
was attempted in order to react the diazonium 
salt with hydroxylamine or azide ion, rapid 
cleavage of the acyloxy group resulted and the 
N-hydroxytriazinone 1 was isolated in high yield. 
These observations imply that the o-amino group 
in 6 renders the acyloxy group unreactive by its 
electron-donating resonance effect, but that this 
effect is reversed when the amino group is con- 
verted to a diazonium group. 

Attempted acetylation of 6 with acetyl chloride 
or acetic anhydride also caused acyl-oxy cleav- 
age, affording a mixture of the N-acetoxy deriva- 
tive 56 and N-acetylanthranilic acid. Similarly, 
treatment of 6 in pyridine with benzoyl chloride 
resulted in immediate formation of the N- 
benzoyloxy derivative 5c. Acylation of the amino 
group in 6 would certainly lessen the deactivation 
of the acyloxy group and this may be a factor in 
facilitating these apparent cleavage reactions. 
However, a similar 'acyl-exchange' reaction was 
observed when 3-benzoyloxy-l,2,3-benzotriazin- 
4-one, 5c, was treated with acetic anhydride, 
even though specific precautions were taken to 
exclude water from the reaction mixture, result- 
ing in formation of the acetoxy derivative 56. 
Benzoic acid, an expected product of hydrolysis 
of 5c, was not observed as a by-product in the 
conversion 5c -+ 5b. Thus, the 'acyl-exchange' 
reaction does not require activation by a sub- 
stituent in the aryl group, and apparently is not 
a result of hydrolysis and re-acylation. It is 
therefore likely that the conversions 6 -+ 56, 
6 + 5c and 5c + 5b occur by a common 'acyl- 
exchange' mechanism involving a cyclic, six- 
membered transition state (e.g.  [I]).' This 
behaviour of the N-aroyloxy derivatives 6 and 
5c is analogous to the property of l-benzoyloxy- 
2-pyridone, which is a good benzoylating agent 

2The 'acyl-exchange' observed here is significantly 
different from previously observed 'acyl-transfer' reac- 
tions (20). Transacylation from benzoyl chloride has been 
observed in the conversion of N-acyl-5-aminopyrin~idines 
t o  pyrimidino-isoxazoles (20a), whereas the transacylation 
of diacylanilines takes place only with carboxylic acids, 
or  with anhydrides in the presence of a catalyst (206). In 
the latter reactions, acylium ions are postulated as 
intermediates. Transacylation in anthracene di-0-acyl 
derivatives is also initiated by carboxylic acids ( 2 0 ~ ) .  

(6a). The o-aminobenzoyl derivative 6 may also 
have application as an o-aminobenzoylating 
(anthraniloylating) agent ; indeed, benzylamine 
was converted into N-benzylanthranilamide by 
reaction with 6 in acetonitrile [2]. However, 

reaction of 6 with aqueous methylamine did not 
afford N-methylanthranilamide; the N-hydroxy- 
triazinone 1 was recovered in the latter reaction. 
The synthetic potential of 6 as an o-amino- 
benzoylating agent is under further investiga- 
tion. 

The N-o-aminobenzoyloxy derivative 6 shows 
no tendency to form a diazoxepine by ring 
closure. Prolonged thermolysis of the N-hydroxy- 
triazinone 1 in diglyme resulted in further re- 
action of 6, but the preferred mode of reaction 
appears to be polymerization of 6 ,  and cyclo- 
dehydration of the polymer species. The diglyme 
reaction gave a low yield of a high melting solid, 
which exhibited mass spectral fragments as high 
as m/e 577. More significantly, the mass spectral 
fragments fall into several sequences, which are 
identical but for a common increment of 119 
mass units (corresponding to the monomer unit 
-NH . C,H, . CO-). This observation sug- 
gests the polymerization and cyclodehydration 
pathway shown in Scheme 2. Initially, the 
monomer 6 anthraniloylates itself by nucleo- 
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philic displacement of the N-oxytriazinone frag- 
ment, resulting in formation of the amide 7, 
which can then readily cyclodehydrate to afford 
the diazocine 8. The molecular ion of 8 (M' 
383), and fragments at m/e 366, 357, 339, 322, 
312, and 297 resulting from breakdown of 8, 
are observed in the mass spectrum of the poly- 
meric material from the diglyme reaction. Re- 
peated reaction of 7 with 6 affords the polymeric 
amides 9 (n = 2,3 ,4 .  . . etc) which can dehydrate 
in an analogous manner to give a series of diazo- 
cines 10. The mass spectrum of the polymeric 
material shows clearly a fragment at nz/e 502, 
corresponding to the molecular ion of the diazo- 
cine PO (n = 2), and further fragments at mle 
485, 476, 458, 441, and 432. The fragments at 

m/e 577, 560, 551, and 533 correspond exactly 
to the breakdown predicted for the diazocine 130 
(n = 3) on the basis of the fragmentations of 8 
and 18 (n = 2). Thus, the mass spectrum of the 
polymeric material from the diglyme thermo- 
lysis of 1 is a conglomeration of the mass spectra 
of several diazocines of general formula 10. 
Similar diazocine formation has been observed 
recently in the pyrolysis of an o-aminobenzoyl- 
imidazole (7). 

The formation of 6 in the thermolysis of 1 
has previously been accounted for (2) by the 
initial formation of the keienimine 111, followed 
by nucleophilic addition to the ketene by the 
hydroxylic function of a second molecule of 1 
PI.  
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Further evidence for ketenimine formation is 
found in the solvolyses of 1 with nucleophilic 
solvents. Thermolysis of 1 in n-amyl alcohol 
affords rz-amyl o-aminobenzoate and in aniline 
affords N-phenplanthranilamide, both products 
arising by addition of the nucleophile (ROH and 
PhNH, respectively) to the ketene. Addition of 
water to the ketene may also account for the 
formation of anthranilic acid in the acid hydrol- 
ysis of 1, in contrast to the previously recorded 
(1) formation of o-azidobenzoic acid in the 
alkaline hydrolysis of 1. The N-hydroxytri- 
azinone 1 was recovered mainly unchanged from 
boiling water, but the formation of a small 
amount of anthranilic acid was evident. The 
formation of the Diels-Alder adduct, 3-phenyl- 
quinazolin-2,4(1H)-dione, 12, from the reaction 
of B with phenyl isocyanate is clear evidence for 
the intermediate formation of 11 from 1 [4]. 

Ketenimines, valence tautomers of benzazeti- 
dones, have been postulated as intermediates in 
the thermolysis of 1,2,3-benzotriazin-4(3H)-one 
13 (8, 91, isatoic anhydride (9), saccharin (10) 
and 3-phenyl-1,2,3-benzotriazin-4-one (1 1). Sev- 
eral modes of formation of the ketenimine I1 in 

the thermolysis of 1 are possible. Direct loss of 
N,O from the N-oxide tautomer 14 is a very 
attractive and simple mechanism, but the 
properties of 1 give no indication of the existence 
of an N-oxide tautonler and the involvement of 

14 in the conversion 1 -+ 11 is unlikely. A further 
possibility is that fragmentation of 1 involves 
initial loss of N, by ring cleavage, as observed 
in the thermolysis of 3-phenyl-l,2,3-benzotri- 
azin-4-one (11), in which case an analogous 
thermal breakdown of 3-methoxy-l,2,3-benzo- 
triazin-4-one 5a would be expected. However, the 
N-methoxytriazinone was recovered quantita- 
tively unchanged after prolonged refluxing in 
p-xylene. 

Since the same ketenimine 11 has been postu- 
lated as an intermediate in the thermolysis of 
benzotriazinone 13 (8, 9), the possibility of an 
initial deoxygenation of 1 to give 13 as an inter- 
mediate was considered. Thermal deoxygenation 
of cyclic hydroxamic acids, although rare, has 
been reported previously (12). However, the 
conversion 1 + 6 takes place at temperatures 
much lower than those required to initiate 
reaction of benzotriazinone 13, and benzotri- 
azinone is not formed as a by-product of the 
thermolysis of 1. Furthermore, benzotriazinone 
13 was recovered almost quantitatively un- 
changed when an equimolar mixture of 1 and 13 
was subjected to thermolysis in benzene. Only a 
small recovery of 13 was obtained when 1 and 
13 were refluxed together in p-xylene and the 
only product in addition to 13 was the N-(o- 
aminobenzoy1oxy)triazinone 6, the yield of which 
was greater than could be accounted for on the 
basis of the amount of 1 used. Evidently, at 
least some of 6 arises by direct interaction of 1 
and 13. where the nucleo~hile 1 attacks the 4-0x0 
group in 13, as observed previously in the re- 
action of benzotriazinone 13 with alcohols and 
other nucleophiles (13) [5]. 

6 

The alternative, and most likely, mechanism of 
formation of the ketenimine from 1 is a con- 
certed process involving deoxygenation accom- 
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panied by fragmentation of the triazine ring. 
Such a deoxidative ring cleavage mechanism 
would give rise to the open-chain triazene inter- 
mediate 15, which would be expected to undergo 
facile nitrogen elimination (14) directly to the 
ketenimine [6]. 

An analogous mechanism, also involving a 
triazene intermediate, has been postulated to 
account for the formation of acridone in the 
photolysis of 3-phenyl-l,2,3-benzotriazin-4-one 
(15). 

The mode of thermal decomposition of the 
cyclic hydroxamic acid 1 is clearly different from 
that of benzotriazinone 13. Thermolyses of the 
latter in diglyme (13), and in reactive methylene 
compounds (16), have been shown to be bi- 
molecular, whereas Herlinger (8) and Crabtree 
et al. (9) have suggested that the ketenimine 11 
is an intermediate in the thermolysis of benzo- 
triazinone. Herlinger's hypothesis was based 
on the observation that thermolysis of 13 with 
phenyl isocyanate afforded the oxazinone 16, 
which was explained as a Diels-Alder adduct of 
the ketenimine and the isocyanate. However, 
such a Diels-Alder reaction is contrary to the 
normal mode of cycloaddition of the isocyanate 
group (17), in which the C=N group, not C=O, 
is the dienophile. Crabtree et al. (9) also ques- 
tioned the validity of the Diels-Alder mechanism 
for the formation of 16 from 13, but on the basis 
of comparison of thermolysis temperatures; 
they proposed an alternative polar mechanism 
which was substantiated by isolation of an 
intermediate carbamoylbenzotriazinone. In the 
present work, no such intermediate was evident 
in the conversion 1 + PhN=C=O -+ 12. The 
formation of 12 from the thermolysis of 1 with 
phenyl isocyanate is consistent with the normal 
mode of cycloaddition of the isocyanate, and is 
therefore clear evidence for the intermediate 
formation of the ketenimine 11 in the thermo- 
lysis of 1. 

Experimental 
Melting points were recorded on a hot-stage apparatus 

(Reichert) and are uncorrected. Infrared spectra were 
recorded with Nujol suspensions on a Perkin-Elmer 

model 467 grating spectrophotometer; uv spectra were 
obtained for ethanolic solutions with a Perkin-Elmer 
model 402 spectrophotometer. Nuclear magnetic reso- 
nance spectra were measured on Varian A-60A or 
EM360 spectrometers using tetramethylsilane as internal 
standard. Mass spectra (medium resolution) were re- 
corded with a Dupont/C.E.C. model 21-491 spectrometer 
using direct insertion, and high resolution molecular ion 
mass measurement was carried out by the peak-matching 
method, using electrical detection, with a Dupont/C.E.C. 
21-1 10B spectrometer. Microanalyses were conducted by 
Chemalytics Inc., Tempe, Arizona. 

o-Aminobenzhj~droxamic Acid 2 
Methyl anthranilate reacted with hydroxylamine in the 

presence of sodium hydroxide, according to the method 
of Scott and Wood (3), to yield o-aminobenzhydroxamic 
acid (43-512); mp 144-146 "C (from ether) (lit. (3) mp 
149 "C); v,,, 3400, 3300, 3150, 3300-2500 (broad), and 
1640 cm-'. 

3-Hydroxy-I,2,3-benzotriazin-4-one 1 
o-Aminobenzhydroxamic acid (32.2 g) in concentrated 

hydrochloric acid (56 ml), diluted with water (600 ml), 
was diazotized at 0-5 "C with sodium nitrite (16.0 g) in 
water (50 ml). The diazonium salt solution was then 
removed from the cold bath, stirred at room temperature 
for 0.75 h, and filtered to afford the N-hydroxytriazinone 
(19.2 g, 5573, mp 182-182.5 'C (dec.) (colourless needles 
from ethanol) (lit. (1) mp 180-181 'C), v,,, 2700 (broad 
OH), 1700 (sh), and 1660 cm-'; 1. .,,, 221, 260, 303, and 
384 nm. 

Methyl Derioatice 
The N-hydroxytriazinone 1 reacted with dimethyl 

sulphate in aqueous sodium hydroxide at room tempera- 
ture to afford 3-methoxy-1,2,3-benzotriazin-4-one 5a 
(55% yield); mp 134-135 'C  (white needles from ethanol); 
v,,, 1700cm-'; h,,, 220, 250(sh), 290, and 313 nm; 
G(CDC1,) 7.3-8.5 (4H, m, aromatic), 4.28 (3H, s, 
-0Me); M +  177(22%), mle 147(2%), 134(25%), 120(4%), 
118(22%), 106(31%',), 104(59%), 91(100~) ,  78(100%). 
Anal. calcd. for C8H7N302:  C 54.20, H 3.98, N 23.70; 
found: C 53.77, H 4.03, N 23.61. 

3-Acetoxy-1,2,3-benzotriazin-4-one 5b 
(a) The N-hydroxytriazinone 1 (0.5 g) was refluxed in 

freshly distilled acetyl chloride (20 ml) for 1.0 h. The 
excess acetyl chloride was evaporated under vacuum, 
with care to avoid sublimation of the product, and the 
residue yielded the N-acetoxy derivative (0.26 g, 41%), 
mp 174-175 "C (colourless prisms from benzene), v,,, 
1805 and 1700 cm-'; h,,,, 225,250 (sh), 280, and 312 (w) 
nm; G(DMS0-d,) 8.5-7.9 (4H, m, aromatic) and 2.57 
(3H, s, -CO,Me); M +  205(73%), mle 163(10%), 147(5%), 
135(95%), 104(50%), 91 (27%) and 79(100z). Anal, calcd. 
for C9H7N303: C 52.70, H 3.41, N 20.50; found: C 
52.46, H 3.54, N 20.41. 

(b) The N-hydroxytriazinone 1 (0.5 g) was heated with 
acetic anhydride (4.0 ml) at 100 'C for 0.5 h. After stand- 
ing at room temperature for 2 h, the mixture was treated 
with water to afford the same N-acetoxy derivative 
(0.4 g, 64%). 

3-Benzoyloxy-I,2,3-benzotriazin-4-one 5c 
The N-hydroxytriazinone 1 (0.5 g) was dissolved in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



AHERN ET AL. 637 

redistilied pyridine (3.0 ml) and freshly distilled benzoyl 
chloride (0.5 g) was added, whereupon a vigorous 
reaction ensued. The mixture was heated over a flame for 
2 min and poured, with constant agitation, into cold 
water (15 ml). After vigorous mixing, the supernatant 
liquor was decanted and the residue was triturated with 
1 N sodium carbonate (10 ml). Separation of the solid 
material afYorded the benzoate 5c (0.65 g, 7973, mp 158- 
160 "C (pale yellow needles from ethanol), v,,, 1760 and 
1700 cm-I; h,,, 215 (sh), 230,280,300 (sh), and 313 nm; 
M+ 267(53%), mle 238(0.3%), 223(0.4%), 209(3%), 
195(0.7%), 180(0.8%), 163(0.4%), 152(5%), 147(3%), 
122(9%), 119(3%), 105(100%). Anal. calcd. for C14H9- 
N303: C 62.90, H 3.37, N 15.70; found: C 62.68, H 3.47, 
N 15.68. 

Reaction of the Benzoate 5c with Acetic Anhydride 
3-Benzoyloxy-1,2,3-benzotriazin-4-one (0.1 g) was re- 

fluxed in anhydrous, freshly distilled acetic anhydride 
(0.5 ml) for 10 min and the resulting mixture was p'oured 
into cold water (10 ml). After boiling briefly to destroy 
acetic anhydride, the mixture was cooled and filtered to 
afford 3-acetoxy-1,2,3-benzotriazin-4-one 5b (44 mg, 
62%), identical in all respects with a sample prepared 
above. 

The aqueous mother liquor was extracted with ether, 
and the dried (MgSO,) ether extract was evaporated to 
dryness. Trituration of the residue with petrole~im ether 
afforded a small yield (less than 5%) of the N-hydroxy- 
triazinone 1. Evaporation of the petroleum ether washings 
gave an oily residue; tlc analysis of the residue showed 
that benzoic acid was not present. 

3-(0-Aminobenzoyloxy) -1,2,3-benzotriarin-4-one 6 
(a) 3-Hydroxy-1,2,3-benzotriazin-4-one (1.0 g) was re- 

fluxed in anhydrous diglyme (Na dried) (25 ml) for 1.3 h. 
The solution changes colour slowly from yellow to brown. 
Evaporation of the diglyme under vacuum left a brown 
oil, which solidified after 5 min. Trituration of the 
residue with benzene afforded 3-(0-aminobenzoy1oxy)- 
1,2,3-benzotriazin-4-ope 6 (0.92 g, 97%); mp 204-206 "C 
(dec.) (yellow prisms from toluene); v,,, 3480, 3365, 
1740, and 1713 cm-'; ?,,,, 226, 253, 276, 310, and 
350 nm; M +  found 282.0743(7%), calcd. for CI4HI0N4O3 
282.0753; mle 238 (0.5%, M - COZ), 163 (0.2%, M - 
NHCsH4CO), 147 (0.3%, M - NHC6H4C02), 137 
(0.7%, C,H7N02), 120 (loo%, NHzCsH4CO). 

(b) 3-Hydroxy-1,2,3-benzotriazin-4-one (0.5 g) was re- 
fluxed in anhydrous p-xylene (17.5 ml) for 2.5 h. The 
reaction mixture was cooled and the resulting crystalline 
mass was filtered to afford directly the o-aminobenzoyl- 
oxytriazinone 6 (0.34 g, 72Y,), identical with the product 
from (a) above. 

(c) The N-hydroxytriazinone 1 (0.25 g) was refluxed in 
anhydrous toluene (20 ml) for 20 h. The yellow solution 
was evaporated to dryness and the residue was the o- 
aminobenzoyloxy compound 6 (quantitative yield), which 
was identical with the product from (a). 

(d) i-l (0.25 g) was refluxed in anhydrous benzene 
(20ml) for 48 h. Separation of the crystallized solid 
from the cooled reaction mixture afforded unchanged 
starting material (0.176 g, 70% recovery). Evaporation of 
the mother liquor under vacuum afforded the same o- 
aminobenzoyloxy compound 6 (0.065 g, 100% yield 
based on unrecovered starting material). 

ii-1 (0.25 g) was refluxed in anhydrous benzene 
(125 ml) for 112.5 h. The reaction was followed by tlc 
analysis until 1 did not appear on the chromatogram. 
Evaporation of the benzene under vacuum afforded a 
quantitative yield of 6. 

Prolonged Thern~olysis of the N-Hydroxytriarinone 1 in 
Diglqvne 

1 (0.5 g) was refluxed in anhydrous diglyme (20 ml) 
for 24 h (tlc analysis of the reaction mixture showed the 
presence of several components after only 5 h of reflux). 
The reaction mixture was cooled and the precipitate was 
filtered to afford a solid material, yield 10.4 mg; mp > 
300°C. The mass spectrum of the high-melting solid 
exhibited the following fragments: mle 577, 560, 551, 533, 
514, 502, 485, 476, 458, 441, 432, 411, 383, 366, 357, 339, 
322, 312, 297, 281, 265, 249, 238, 221, 210, 120 (base). 

Evaporation of the diglyme mother liquor gave an 
intractable brown gum. 

Thermolysis of 3-Hydroxj~-1,2,3-benzotriazin-4-one 1 with 
1,2,3-Benzotriazin-4-one 13 

(a) 1,2,3-Benzotriazin-4-one (0.3 g, 0.002mol) was 
dissolved in anhydrous p-xylene (40 ml) with 3-hydroxy- 
1,2,3-benzotriazin-4-one (0.66 g, 0.004 mol) and the 
mixture was refluxed for 2.5 h. The cooled reaction 
mixture produced a bright yellow precipitate; filtration 
afforded the o-aminobenzoyloxytriazinone 6 (0.55 g). 
Evaporation of the filtrate and trituration of the residue 
with benzene gave a solid which was extracted with 
aqueous NaOH and filtered to afford a second crop of 
the o-aminobenzoyloxytriazinone (total yield 0.58 g, 
0.0021 mol). The sodium hydroxide washings were acidi- 
fied with acetic acid and extracted with chloroform. 
Evaporation of the dried (MgS04) chloroform extract 
afforded unreacted benzotriazinone 13 (< 10 mg). 

(b) 13 (0.226 g, 0.00153 mol) and 1 (0.250 g, 0.00153 
mol) were mixed in anhydrous benzene (125 ml) and 
refluxed for 112.5 h. The solution was concentrated, 
under vacuum, to approximately 20 ml in volume and 
cooled to afford an orange precipitate, which was 
filtered. This solid (0.237 g) consisted almost entirely of 
unreacted benzotriazinone 13 (recovery > 9573, but did 
contain a small amount of the o-aminobenzoyloxy- 
triazinone 6.  

Evaporation of the benzene filtrate afforded a pure 
sample of 6 (0.188 g, 87% based on 1). 

Reactions of 3-(0-Aminobenzoyloxy)-1,2,3-benzotriazin-4- 
one 6 

(i) Acetylation 
(a) 6 (0.2 g) was refluxed in freshly distilled acetyl 

chloride (10 ml) for 1 h. The solution was evaporated to 
dryness under vacuum and the brown, solid residue was 
recrystallized from benzene to afford N-acetylanthranilic 
acid (0.051 g, 40%), mp 175-176 "C, identical (mixture 
mp 175-176°C and ir spectrum) with an authentic 
sample (Eastman). Evaporation of the benzene mother 
liquor gave 3-acetoxy-l,2,3-benzotriazin-4-one 56 (0.074 g, 
51%). 

(b) Similarly, heating 6 (0.25 g) in redistilled acetic 
anhydride (1.0 ml) for 10 min and treatment of the 
mixture with water afforded the same 3-acetoxy-1,2,3- 
benzotriazin-4-one (yield 70%). 
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(ii) Benzoylation 
6 (0.25 g) was dissolved in warm, anhydrous pyridine 

(2 ml) and freshly distilled benzoyl chloride (0.252 g) was 
added in one portion. A precipitate formed quickly and 
was separated immediately. The solid was scrubbed with 
1 N sodium carbonate (20 ml), filtered, and recrystallized 
from ethanol to afford 3-benzoyloxy-1,2,3-benzotriazin- 
4-one 5c (78% yield), identical with the product of 
benzoylation of 1. 

(iii) Diazotization 
6 (0.25 g) was dissolved in concentrated HCI (5 ml), 

cooled to 0 "C and diazotized to starch-iodide end-point 
with sodium nitrite (0.0625 g). The diazonium salt 
solution was treated with hydroxylamine hydrochloride 
(0.1 g) in water (20ml) and the mixture stirred for 
20 min. Separation of the precipitate afforded the N- 
hydroxytriazinone 1 (0.118 g, 82%). 

A similar result was observed when the diazonium salt 
solution was treated with sodium azide. 

(iu) N- (0-Aminobenzoyl) benzylamine 
3 -(o - Aminobenzoyloxy) - 1,2,3 - b e n z o t r i a z i n  one 6 

(0.5 g) was suspended in acetonitrile (30 ml) and benzyl- 
amine (0.2 g) was added. An immediate reaction was 
observed, with precipitation, and the mixture was refluxed 
for 0.25 h, whereupon a clear solution was obtained. The 
reaction mixture was cooled slowly to room temperature, 
and then to O'C, before filtration to remove a small 
amount of unidentified solid. Evaporation of the filtrate 
gave an orange residue, which was washed thoroughly 
with saturated NaHC03 solution and filtered to give N- 
(0-aminobenzoy1)-benzylamine (0.37 g, 90%), mp 120- 
123 "C (lit. (18) mp 123 "C), identical (ir spectrum) with 
an authentic sample, prepared by reaction of benzo- 
triazinone 13 with benzylamine (1 3). 

(u) Reaction of 6 with Methylamine 
Aqueous methylamine (2.0 ml, 404,) was added drop- 

wise to 6 (0.5 g), whereupon a clear solution was obtained. 
After standing at  room temperature for 0.5 h, the 
solution was acidified with 2 N hydrochloric acid and the 
resulting precipitate filtered to afford the N-hydroxy- 
triazinone 1 (0.2 g, 69%). 

Acid Hj>drolysis of 3-Hydro.~~~-I,2,3-benzotriazin-4-one 
1 (0.7 g) was refluxed in 5 N hydrochloric acid (15 ml) 

for 0.5 h and left at  room temperature for 3 h. The 
mixture was filtered, and the filtrate made almost 
neutral with solid sodium bicarbonate, which precipitated 
anthranilic acid (0.15 g, 25%), identical with an authentic 
sample. 

Thermolysis of d in n-Aniyl Alcohol 
1 (0.5 g) was refluxed in rz-amyl alcohol (15 ml) for 

27.5 h. After cooling and standing for 2 h at  room 
temperature, the excess alcohol was evaporated under 
vacuum and the oily residue was triturated with benzene. 
Filtration of the benzene solution and evaporation of the 
filtrate afforded n-amyl o-aminobenzoate (0.6 g, 9473, 
identical with an  authentic sample (13). 

Tlzernzolysis of 2 in Aniline 
1 (0.5 g) was refluxed in freshly distilled aniline 

(20 ml) for 0.5 h. The excess aniline was removed under 
vacuum and the brown, gummy residue was triturated 

with benzene - petroleum ether to give a pale yellow 
solid, which was recrystallized from benzene - petroleum 
ether to afford N-phenylanthranilamide (0.252 g, 3573, 
mp 120°C, identical (ir spectrum) with an authentic 
sample (13). Anal. calcd. for C13H12N20: C 73.57, H 
5.70, N 13.20; found: C 73.86, H 5.76, N 13.15. 

Reaction of 1 with Phenyl Isocyanate 
(a) 1 (0.25 g) and phenyl isocyanate (0.4 g) were mixed 

in anhydrous diglyme (10 ml) and refluxed for 1.5 h. The 
solution was evaporated under vacuum and the orange, 
gummy residue was triturated with benzene. Separation 
of the precipitate afforded 3-phenyl-2,4-quinazolinedione 
12 (0.16 g, 4573, mp 282-284 'C (colourless needles from 
ethanol) (lit. (19) rnp 276 "C), identical (ir Spectrum) with 
an  authentic sample prepared by base-catalyzed re- 
arrangement of the oxazinone 16 (8). Anal. calcd. for 
Cl4HI0N2O2: C 70.58, H 4.23, N 11.76; found: C 70.45, 
H 4.19, N 11.78. 

(b) 1 (0.25 g) and phenyl isocyanate (0.4 g) were mixed 
in p-xylene (10 ml) and refluxed for 2.5 h. The solution 
was cooled in ice and the pale yellow precipitate was 
filtered to afford the same quinazolinedione (0.17 g, 48%). 
Evaporation of the p-xylene from the filtrate left an 
unidentified orange gum. 

Thermolj~sis of 3-Methox;v-l,Z,3-benzotriazirz-4-one 5a 
5a (0.073 g) was refluxed in y-xylene (5 ml) for 22 h. 

Evaporation of the solution to dryness under vacuum 
afforded a quantitative recovery of unchanged starting 
material. 
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General base catalysis in acidic solutions. Acceleration of intramolecular 
phosphonate-assisted amide hydrolysis 
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RONALD KLUGER and C.-H. LAM. Can. J. Chem. 55,640 (1977). 
The hydrolysis of the amide linkage of 2'-phosphonobenzanilide, 1, occurs with nucleophilic 

assistance from the adjacent phosphonic acid moiety. The basic component of buffers in acidic 
solutions provides additional rate acceleration. A Bransted plot yields a straight line for buffers 
of phosphoric acid, cyanoacetic acid, chloroacetic acid, and dichloroacetic acid with P 2 1.0. 
I t  is suggested that the second acidic group of the phosphonic acid of 1 dissociates upon forma- 
tion of an  addition intermediate, leading to a zwitterion (TI).  This zwitterionic intermediate 
decomposes in the rate-determining step, with added base or water removing a proton from a 
hydroxyl group of the intermediate. The product is a mixed phosphonic-carboxylic anhydride 
which hydrolyzes rapidly. It is concluded that a phosphoric acid derivative is a particularly 
good catalyst for this type of reaction since a stabilized intermediate can be internally generated 
along the reaction coordinate. 

RONALD KLUGER et C.-H. LAM. Can. J. Chem. 55, 640 (1977). 
L'hydrolyse du lien amide du phosphono-2' benzanilide 1 se produit avec I'aide de l'acide 

phosphonique adjacent agissant comme nucli.ophile. Le composant basique des tampons, en 
solutions acides, fournit une autre accileration de vitesse. Une courbe de Bronsted conduit a 
une ligne droite pour des tampons d'acide phosphorique, d'acide cyanoacetique, d'acide chlo- 
roacktique et d'acide dichloroacCtique avec une valeur de = 1.0. On suggkre que le second 
groupe acide de l'acide phosphonique de 1 se dissocie lors de la formation d'un intermediaire 
d'addition qui conduit a un zwitterion (T'). Ce zwitterion intermediaire se decompose dans 
]'&tape determinant la vitesse de la rCaction alors que les bases ajoutees ou l'eau enlevent un 
proton du groupe hydroxyle de I'intermediaire. Le produit est un anhydride mixte phosphoni- 
que-carboxylique qui s'hydrolyse rapidenient. On en conclut qu'un derive d'acide phosphorique 
est un catalyseur qui est particulikrement bon pour ce type de reaction puisqu'un intermediaire 
stabilise peut ktre gCnCre d'une faqon interne au cours de la reaction. 

[Traduit par le journal] 

Covalent interactions of amides and phos- 
phates are of particular interest because of their 
potential significance in aggregates of proteins 
and nucleotides. We have been studying these 
interactions in model compounds containing the 
two functionalities in reactive proximity using 
hydrolysis rates as a probe (1-3). Evidence that 
a phosphate derivative can undergo addition to 
an amide includes our observation that a neigh- 
boring phosphonic acid markedly accelerates the 
hydrolysis of an amide (2). We have examined 
the mechanism of this catalytic interaction in 
detail in order to obtain an understanding of the 
stepwise processes involved. Although analogies 
can be drawn to situations in which carboxylic 
acids participate in the hydrolysis of amides, 
contrasts provide important information about 
the details of both types of interactions. In this 
report, we present evidence that external Bran- 
sted bases facilitate the hydrolysis reaction pro- 
moted by a phosphonic acid in acidic solution. 

The function of the base can be contrasted to the 
requirement for Brsnsted acids in cases involving 
participation by carboxylic acids (4, 5) .  The na- 
ture of the phosphonate-amide adduct uniquely 
accounts for the observed difference and suggests 
ways in which enzymic catalysis might be brought 
about. 

Materials and Methods 
Procedures were based on those we have used in re- 

lated studies (4, 5). The substrate for these studies, 2'- 
phosphonobenzanilide 1, was prepared and purified ac- 

1 
cording to the procedure described by Kluger and Chan 
(2). Kinetic data were obtained by monitoring the decrease 
in absorbance at 270 nm as 1 was hydrolyzed to 2-phos- 
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KLUGER 

phonobenzoic acid and aniline. Products were identified 
in a large scale reaction by spectroscopic comparison 
with genuine samples. Ultraviolet absorbance was fol- 
lowed with a Unicam SP1800A spectrophotometer and 
rate constants were obtained from conventional first- 
order plots which gave straight line fits for a t  least four 
half lives and correlation coefficients greater than 0.95 
on least-squares analysis. Dissociation constants were 
taken from published compilations ( 6 )  and corrected for 
temperature (7) and proton number (8). All acid strengths 
were confirmed by titration. Ionic strength of the reaction 
medium was maintained with potassium chloride. Sub- 
strate concentration (added in - 10 p1 methanol to 3 ml 
solution) was approximately M. 

First-order rate constants observed (kobsd) for hydro- 
lysis of 1 at varying buffer concentrations, but at constant 
hydrogen ion concentration, were plotted as function of 
buffer concentration, using the data in Table 1. From 
the slopes of these plots (k,,,) the observed net buffer 
catalysis rate constant (k,,,,) was obtained after correction 
for dissociation of the substrate: 

where AH, is 1 and AH- is its conjugate base (pK,' = 
1.6). The dependence of k,,,, on the separate buffer com- 
ponents was determined by variation of buffer ratios 
(changing hydrogen ion concentration) and plotting the 
dependence of k,,,, on the buffer ratio. These plots indi- 
cated that k,,,, is entirely accounted for by reaction in- 
volving the basic component of the buffer, giving ks, 
the specific rate constant for general base catalysis. For 
Br~nsted plots the rate constant, k,, is statistically cor- 
rected for the number of basic sites on the added catalyst 
(8). 

Results 
The hydrolysis of 1, while several orders of 

magnitude greater in rate than that of its un- 
substituted amide analog (2), is promoted further 
by addition of buffers to the reaction solution in 
the region below pH 4 (see Table 1). To analyze 
these results we first determined that it is the 
undissociated form of the substrate that is re- 
active, based on the pH-rate profile for hydroly- 
sis (2). Therefore buffer effects were necessarily 
corrected to account for substrate in the undis- 
sociated form, as described under Materials and 
Methods. Then, the effect of total buffer concen- 
tration at a particular acidity was measured. A 
plot of total buffer concentration us. observed 
first-order rate constant, corrected for substrate 
in undissociated form, for hydrolysis of 1 (data 
in Table 1) gave a significant slope (k,,,,) for all 
buffers we studied. The intercepts of these plots 
gave the values of rate constants obtained earlier 
for the pH-rate profile. It was then necessary to 
determine which component of the buffer is 

AND LAM 64 1 

responsible for the catalysis. In order to mea- 
sure this, we plotted kcor, as a function of the 
fraction of buffer present as conjugate base. The 
plots for all buffers (see Fig. 1) revealed that only 
the basic component of the buffer is involved in 
catalysis. Therefore, the value for the true, net 
rate constant, k,, is that due to purely the basic 
component of the buffer, obtained from the value 
of the intercept of the plot of buffer, fraction us. 

kcor,. 
Finally, with the values of k, obtained for the 

reaction of 1 with added phosphate, cyanoacetate, 
chloracetate, and dichloracetate buffers, a value 
for the Brnnsted coefficient, P, was determined. 
Since the buffers contained different numbers of 
dissociable protons, conventional statistical cor- 
rections were made for each k, (8) in the Brsn- 
sted plot. The plot (Fig. 2) utilizes the pK, of 
the conjugate acid of the buffer, so that the slope 
is equal to - P. We find then that P r 1.0 (least- 
squares analysis gives a correlation coefficient 
of 0.988 for a value of P = 0.98). 

Discussion 
The hydrolysis of the amide functionality of 1 

in acidic solutions is rapid compared to that of 
similar amides without adjacent acidic substi- 
tuent groups (2). Kinetic studies suggested that 
this is due to the availability of a pathway for 
hydrolysis of 1 in which the phosphonic acid 
moiety adds to the amide center to form an 
internal addition intermediate. This decomposes 
to yield a reactive mixed anhydride along with 
expulsion of aniline. We now have observed that 

0 0 .2  0. 4 0.6 0.8 1.0 

tl,P o4 /(%PO4+ Z P  0 4 )  

FIG. 1. Buffer fraction plot for phosphate buffer data 
in Table 1. Intercept value gives kB. 
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TABLE 1. Observed rate constants and derived values 

Buffer 
105 105 1 04 1 04 1 04 

pH M k ( s )  k,,; (M-' s-') k c  ( M i  s )  f C  kBd (M-I  s-I ) kBe/q(M-Is-') 

Phosphate 
1 .2  1.0 12.2 

0.7 10.4 
0.4 8.39 
0.1 5.35 

Cyanoacetate 
1.9 1.0 5.90 

0.7 5.42 
0.4 5.10 
0.1 3.93 

Chloroacetate 
2.5 1.0 

0.7 
0.4 
0.1 
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KLUGER AND LAM 

TABLE 1 (Concluded) 

Buffer 
105 105 1 o4 lo4 1 o4 

pH M kabsd (s-I) kappa (M-I  S-I) kcor? (M-I s ) f" kBd (M-I s-' ) kBe/q(M-Is- ')  

Dichloroacetate 
1 .3  1.0 

0.7 
0 .4  
0 .1  

'Buffer rate constant (slope of [Bl r s .  kobsd). 
*k,,, corrected for substrate in undissociated form (pK; = 1.6). 
'Buffer fraction = [BHI/([BHl t [B-I). 
dRate constant for general base catalysis. 
*ke statistically corrected for number of protonation sites 

FIG. 2. Statistically corrected rate constant (k,) us. 
statistically corrected pK, for buffer catalyzed hydrolysis 
of 1 (see Table 1). The values used for 'pK, + log plq' 
are: 0.99 (dichloroacetic acid), 2.13 (cyanoacetic acid), 
2.30 (phosphoric acid), and 2.56 (chloroacetic acid). 

this reaction is further promoted by the conju- 
gate base component of acidic buffers. In the 
case of carboxylic acid participation in the hydro- 
lysis of amides in acidic solutions, it has been 
observed that the reaction is further promoted 
by what is described kinetically as general acid 
catalysis (4, 5, 9, 10). In the carboxylic acid case, 
recent studies have indicated that the observed 

general acid catalysis is probably due to a 
mechanism involving sequentially specific acid - 
general base catalysis (5, 10). This gives the same 
empirical rate equation for buffer catalysis as 
general acid catalysis (5). 

0 

O H  + A0 z 
[ll  I 7 

C-NR 
I I  H ,CLNHR 
0 HO 

For the case of phosphonic acid participation, 
which we observe, a parallel mechanism utilizing 
a similar sequence of reactions should also apply. 
However, the observation that the phosphonic 
acid reaction is subject to general base catalysis 
requires an important modification. In reaction 2 
we have proposed a mechanism for general base- 
assisted hydrolysis of 1. 

The major modification of the mechanism 
shown in reaction 1 that appears in reaction 2, 
is formation of a zwitterionic intermediate T'. 
In the case of carboxylic acid participation, 
intermediate C of reaction 1 cannot decompose 
without formation of the cationic intermediate 
CH' which decomposes in the rate-determining 
step. The intermediate indicated in reaction 2, T, 
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Products 

has an alternative means of arriving at a cationic 
nitrogen center (in order to develop a leaving 
group). Since the phosphonic acid moiety of 1 
has two dissociable protons, formation of inter- 
mediate T only utilizes one of the acidic groups. 
The remaining group is a fairly strong acid 
(phosphonic acid monoesters typically have 
pKa's near 2) and the zwitterion, T", should be 
present as a significant portion of the total of 
species T and T'. The decomposition of T' re- 
quires only the Br~ns ted  base, B, indicated in 
reaction 2. The rate expression for the buffer 
catalyzed hydrolysis of 1 according to reaction 
2 is: 

We see from [4] that k, depends on the stability 
of the intermediates relative to the starting ma- 
terial, the relative amount of zwitterion present, 
and the energy of the transition state associated 
with k. Since general acid catalysis was not 
observed, reaction proceeding via a cationic 
intermediate generated by protonation of T 
without dissociation of the phosphonic acid 
must not be significant. The contrast then with 
carboxylic acid participation [ I ]  is that the 
phosphonic acid can proceed via a zwitterion, 
T", while the carboxylic acid cannot. 

We can now analyze further the nature of the 
transition state associated with k by examining 
the results of the Br~ns ted  plot (Fig. 2). The 

slope we observe of unity (or nearly that) re- 
quires that proton transfer in the rate deter- 
mining step be nearly complete at the transition 
state (11). This suggests that transfer of the 
hydroxylic proton of T' to B is itself rate- 
determining, leading to the metastable inter- 
mediate T "  which can decompose rapidly. Con- 

sistent with this view: we find that the rate 
constant for the 'uncatalyzed' reaction of 1 (2), 
corresponding to water acting as a general base 
when plotted relative to the pKa of its conjugate 
acid, hydronium ion (as in the plot of Fig. 2), 
falls considerably above the extrapolated line. 
This is consistent with arguments that suggest 
that water is a relatively superior catalyst for 
proton transfer (11) and should deviate posi- 
tively from that extrapolated from Br~nsted plots 
(pK, = - 1.75, kHZO = 1.6 x M-I  S - I ;  k 
(extrapolated) = 3.0 x M-I s-').I The de- 
composition of T" by a stepwise process is consis- 
tent with Jencks's expectations for many elimina- 
tion reactions which produce carbonyl groups (12, 
13). Since aniline is a good leaving group, the 
endergonic proton-transfer leading to formation 
of T*  may become rate-determining. The obser- 
vation of buffer catalysis suggests that this inter- 
pretation is applicable here. If expulsio~l of 
aniline were rate-determining, there would be 
no likely role for the Brsnsted base catalyst. 
Kirby and co-workers (9, 10) have presented 
their findings for other amides in which struc- 
tural factors determine whether buffer catalysis 
may be observed and for which rate-limiting 
~roton-transfer must be invoked. Since our 
results are based on a limited Brsnsted plot, we 
must regard these results as suggestive of the 
proposed mechanism and await further data to 
test these hypotheses. 

' kHZo is obtained from the appropriate value in ref. 2 
divided by the water concentration to adjust for units. 
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Our results suggest that one means by which 3. R.  KLUGER and J. L. W. CHAN. J. Am. Chem. Soc. 98. 
enzymatic cleavage of peptides might be assisted 4913 (1976). 

is through electrostatic stabilization of proto- 4. R. KLUGER and C.-H. LAM. J .  Am. Chem. g. 
5536 (1975). 

nated intermediates by adjacent anions. The 5, R, KruGER and C,-H, LAM, J ,  Am, Chem, Sot, 98, 
case we have studied indicates that the zwit- 4154 (1976). - - 

terion derived from a phosphonic acid addition 6. W. P:-JEN&KS and J. REGENSTEIN. In Handbook of 

intermediate may be a good model for this type biochemistry. Edited by H. Sober. Chemical Rubber 
Co., Cleveland, Ohio. 1968. pp. J-150-J-189. of environment. 7. D. D. PERRIN. Aust. J .  Chem. 17,484 (1964). 
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Rules for the quantitative prediction of stereochemistry in the reduction 
of cyclohexanones by sodium borohydride 

DONALD C. WIGFIELD 
Department of Clzernistr?.. Carleton Universig, Ottarc.~, Orzt., Canrida K1S 5B6 

Received July 8. 1976 

DONALD C. WIGFIELD. Can. J. Chem. 55, 646 (1977). 
A procedure is outlined which allows calculation of the stereoselectivity of reduction of 

cyclohexanones by sodium borohydride under normal conditions (room temperature, 2- 
propanol as solvent). The procedure rests on incremental enthalpy values of steric hindrance, 
coupled with known isokinetic relationships to obtain values of AAG*; thus it delineates 
quantitatively the steric factors governing stereoselectivity in these reductions. 

DONALD C. WIGFIELD. Can. J. Chem. 55, 646 (1977). 
On decrit un procede qui permet de calculer la sttrtosClectivitC de la reduction de cyclo- 

hexanones par le borohydrure de sodium dans des conditions normales (temperature de la 
p i k e ;  propanol-2 comme solvant). Ce proctde repose sur des valeurs additives d'enthalpie 
due a I'emp2chement stCrique qui sont couplees avec des rapports isocinetiques connus afin 
de determiner les valeurs BAG*;  ce procCde delimite donc quantitativement les facteurs 
stiriques qui gouvernent la stCreosClectivitC de ces reductions. 

[Traduit par le journal] 

Sodium borohydride has been known for over 
30 years and has been extensively used in organic 
chemistry for much of this period. Yet despite 
its central place, the reductions of cyclohexanones 
by sodium borohydride are still very puzzling 
from the point of view of mechanism and stereo- 
chemistry. The detailed mechanism of reduction, 
the origin of stereoselectivity, and even a practi- 
cal, if empirical, formula for quantitatively pre- 
dicting stereoselectivity, are all problems that re- 
main inadequately resolved. This coinmunica- 
tion is directed at the last of these problems. 

In 1953, it was recognized by Barton that "re- 
duction (of cyclohexanones) with sodium boro- 
hydride or lithium aluminum hydride in general 
affords the equatorial epimer if the ketone group 
is not hindered, the polar (axial) epimer if it is 
hindered or very hindered" (1). In the 23 years 
that have passed since that statement was nude 
its generality has been amply confirmed, but a 
guantifutice prediction of stereochemistry has 
never been possible. Our recent measurements of 
specific activation parameters for axial and equa- 
torial attack by sodium borohydride on a wide 
variety of cyclohexanones (2, 3) have indicated 
the reason why it is so difficult to  make such 
predictions. The observed stereochemical pro- 
duct ratio must be a result of the difference in 
fiee elzergy (BAG') between the two transition 
states for axial and equatorial attack. Yet the 

reaction is enthalpy controlled (3), and the 
compensating entropy effects (isokinetic rela- 
tionships) difler significantly depending on 
whether the ketone is unhindered or hindered 
and, to a lesser extent, whether axial or equa- 
torial attack is being considered (3). Thus, a neat 
series of incremental free energy additions is not 
possible and efforts to find such increments must 
fail. Despite the fact that the origin of stereo- 
selectivity in these reductions still remains un- 
established, one line of attack worth pursuing is 
the reflection that, if changes in stereoselectivity 
from one ketone to another are simply the con- 
sequence of differential steric impedance between 
ketone and reducing agent, then it should be 
possible to devise a series of appropriate enthalpy 
increments for substituents in various locations 
around the cyclohexanone ring. By combining 
these increments with the appropriate isokinetic 
relationship, the entropy and thence the free 
energy increments may be obtained, leading to a 
calculated value of AAG*: from which the deriva- 
tion of stereochemical product ratio in a kineti- 
cally controlled reaction is trivial. We wish to 
report that this approach to predicting quanti- 
tatively the stereoselectivity successfully pro- 
duces a workable tool, and details of the steps in 
such a calculation follow. 

Step 1. Values of  AH^,' and AH,,* (enthal- 
pies of activation for axial and equatorial attack 
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WIGFIELD 

TABLE 1. Increments in AH* for methyl substitution on cyclohexanones 

AH *(kcal/mol) 

Axial attack Equatorial attack 
Substituent (Base value 6 .3  kcal/n~ol) (Base value 7.5 kcal/mol) 

respectively) are calculated by addition of the 
appropriate incremental substituent effects to the 
base values of 6.3 kcal/mol for axial attack and 
7.5 kcal/mol for equatorial attack. 

These incremental substituent effects, which 
follow from previously published activation 
parameter data (2, 3), are shown in Table 1. 

Step 2. The cyclohexanone under considera- 
tion is classified as unhindered, hindered, or very 
hindered, and values of SAH,,* and SAHeq* 
(difference between calculated AH* and 'stan- 
dard'' value for that class of ketone) calculated 
by [I] and [2]. 

For this purpose, isokinetic plots (3) make it 
clear that unlzindered ketones are those which 
contain only 3-equatorial and/or 4-substitution 
(axial and/or equatorial); very hindered ketones 
are those which contain two 3-axial substituents; 
hindered ketones are those with any other sub- 
stituent pattern. The values of (AH,,*), and 
(AHe,*), are indicated in Table 2 and in the 
isokinetic plot sketches in Fig. 1. 

Step 3. The values of 6AHdx* and 6AHeqq are 
converted to 6AG,,* and 6AGeqi respectively 
using the isokinetic relationship [3] 

where p is the appropriate isokinetic tempera- 

lThe subscript 0 and the term 'standard' do not imply 
physical significance and simply refer to an  arbitrarily 
chosen point on the appropriate isokinetic line. 

TABLE 2. Conversion factors for calculation of AAGeq* 

Type of ketone 

Factor Unhindered Hindered Very hindered 

*See footnote 1. 

t ~ r e . ~  Values of (1 - TIP), calculated from pub- 
lished data, (3) are given in Table 2. 

Step 4. AAGe,*(= Ace,* - AG,,*) is calcu- 
lated from [4] 

where the appropriate values of AAG,* are given 
in Table 2. 

Step 5. AAG,,* is converted to stereochemical 
product ratio (at 25 "C) using [5] 

151 % equatorial alcohol = 
100 

1 + e- 1 .69AACe=*  

Despite the rather involved above description of 
the calculation procedure, it is, in practice, not 
unduly cumbersome, and a worked example 
follows to illustrate this point. All data required 
is contained in Tables 1 and 2. 

'Or, more correctly, the slope of the AH* cs. AS' plot 
since there is no evidence that an isokinetic temperature 
actually exists. Insufficient information is available on 
the characteristics (slope, position of line) of the isoki- 
netic relationship for very hindered ketones. However, it 
appears that the shift in characteristics between the line 
for hindered ketones and that for very hindered ketones 
is approximately the same as the (known) shift between 
the lines for unhindered ketones and hindered ketones. 
We have assumed here that these two shifts are, in fact, 
equal, and this assumption appears to work satisfactorily 
for product ratio prediction. 
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9.9 

\p= 397 AH, 4 ~8 .7  

FIG. 1. Isokinetic relationships for reduction of unhindered (lower lines), hindered (centre lines), 
and very hindered (upper lines) ketones. 

Calculation of Stereochemical Product Ratio 
for Reduction of 3,3,5-Trimethylcyclohexanone 

Step 1. Ketone has two 3-equatorial and one 
3-axial substituents. 

AHaXi = 6.3 + 2(0.6) + 2.8 
= 10.3 kcal/mol 

AH,,* = 7.5 + 2(0.7) + 0.0 

= 8.9 kcal/mol 

Step 2. The ketone is classified as 'hindered'. 

 AH,," = 10.3 - 8.2 
= + 2.1 kcal/mol 

6AH,,* = 8.9 - 8.7 
= +0.2 kcal/mol 

Step 3. 
ZAG,,* = f2 .1  x 0.32 

= + 0.7 kcal/mol 

~AG,,*  = +0.2 x 0.36 

= + 0.1 kcal/mol 
Step 4. 

AAG,,* = $0.5 + 0.1 - 0.7 

= - 0.1 kcal/mol 

Step 5. 

% equatorial alcohol = 
100 

+ e-~.69(-o.tj  

= 46 % (experimental 
value 48%) (3) 

Calculated stereochemical product ratios of 

the reduction of a variety of cyclohexanones 
using this procedure, and comparisons with 
experimental observations are shown in Table 3.3 
Examination of Table 3 makes it clear that there 
is good agreement (within 4%) between calcula- 
tion and experiment, which suggests that the 
method presented is a workable predictive tool, 
and also provides evidence that the original 
premise of differential stereoselectivity being a 
result of predictable incremental steric inter- 
actions may be correct. The method is clearly 
only valid for reductions performed under the 
conditions for which the activation parameters 
were measured (i.e. in 2-propanoi at 25 "C), and, 
strictly speaking, valid only for the substituents 
being methyl groups. However, the calculation 
appears to work satisfactorily when the sub- 
stituent is part of a methylene chain, either cyclic 
(see steroids 3, 4, 5, 7, 19 and particularly the 
comparison of 3 and 4) or acyclic (entries 14-18). 
Surprisingly, the agreement is apparently toler- 
able even with an isopropyl group substituent 
(entry 18), but (not surprisingly) breaks down 
when a tert-butyl group is in a significantly 

3For entries 4, 8,9, 13, 15, 16, 19 of Table 3, the specific 
activation parameters for reduction are unknown, and 
thus these are pure predictions. For the other ketones 
(those whose specific activation parameters have been 
measured and from which the approach is derived) the 
approach is cyclic and thus deviations represent only 
deviations from idealized linearity. It should be em- 
phasized, however, that because of the differing isokinetic 
relationships that exist, not even a cyclic prediction of 
stereochemistry covering a variety of ketone reductions 
has previously been successful. The data in Table 3 
demonstrate that the approach is consistent and that it 
may be generally applied in a predictive way. 
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WIGFIELD 

TABLE 3. Calculated and observed stereochemical product ratios from ketone 
reductions with NaBH, 

% equatorial alcohol 

Ketone Calculated Observed* 

(1) 4-Methylcyclohexanone 88 
(2) 3-Methylcyclohexanone 89 
(3) Cholestan-3-one 93 
(4) Coprastone 93 
(5) Androstan-3-one 93 
(6) 2-Methylcyclohexanone 70 
(7) Cholestan-2-one 42 
(8) cis-3,5-Dimethylcyclohexanone 8 8 
(9) trans-3,4-Dimethylcyclohexanone 89 

(10) 2,2-Dimethyl-4-tert-butylcyclohexanone 90 
(11) cis-2,6-Dimethylcyclohexanone 62 
(12) 3,3,5-Trimethylcyclohexanone 46 
(13) 2,4,4-Trimethylcyclohexanone 82 
(14) 4-tert-Butylcyclohexanone 88 
(15) 3-tert-Butylcyclohexanone 89 
(16) 2-tert-Butylcyclohexanone 70 
(17) 5-n-Butyl-3,3-dimethylcyclohexanone 46 
(18) Menthone(trans-5-methyl-2-isopropyl- 73 

cyclohexanone) 
(19) D-Homotestan-3a-01-11,17a-dione acetate 90 

*Product ratios are taken from ref. 3 unless otherwise noted. 

hindering position (entry 16). It  is also doubtful 
that the relationship would be of any relevance 
to  cyclohexanones with polar substituents. It is 
of interest to extend these calculations to very 
hindered ketones: 3,3,5,5-tetramethylcyclohexa- 
none is a ketone for which clearly no product 
ratio is experimentally measurable and estimates 
of the ratio of axial : equatorial attack have ranged 
from 0.5 to 30% axial attack. (For a discussion of 
this point, see ref. 7.) The above calculation 
method gives 95.4% equatorial attack ( i .e .  4.6% 
equatorial alcohol) in excellent agreement with 
the 95: 5 product ratio recently determined on a 
4-substituted derivative in our laboratory (8). 
Extension to the reduction of 11-ketosteroids 
gives an axial : equatorial product ratio of 
97.2:2.8. While sodium borohydride does not 
reduce these highly hindered ketones, reduc- 
tions of' 11-ketosteroids with lithium aluminum 
hydride have been reported to give essentially 
only the axial alcohol4 (ref. 9 and references 
cited therein). 

In summary, the procedure outlined here ap- 
pears to give a quantitative ( i 4 % )  estimate of 

4We are not aware of any efforts to detect small amounts 
(< 3%) of the equatorial alcohol. 

the stereochemical product ratio in the reduction 
of cyclohexanones by sodium borohydride in 2- 
propanol. While the procedure was designed for 
methyl substitution, it appears to give reliable 
answers for cyclohexanones with a variety of 
nonpolar substituents, including steroids. The 
steric factors controlling stereoselectivity are 
thus delineated and the Barton generalization (1) 
converted to a quantitative tool. 
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Synthesis of 6-substituted 5,6,7,12-tetrahydrodibenzo[a,d]cyclooctenesl 

ROGER N. RENAUD A N D  JOHN W. BOVEKKAMP 
Divisiorl of Chen~istr?, h7citiorznl Rearcirih Coiirlcil of Catziidn, Otrtrit~n, Ont., Cnncrdn KIA OR6 
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ROGER N.  RENAUD and JOHN W. BOVENKAMP. Can. J. Chem. 55, 650 (1977) 
The eight-membered ring 6,6-dicyano-5,6,7,12-tetrahydrodibenzo[a,d]cyc1ooctene was pre- 

pared from 2,2'-bis(brornomethy1)diphenylmethane and sodiomalononitrile. From this dicyano 
derivative a series of mono- and disubstituted cyclooctenes was synthesized. 

The corresponding 5,7,12-trihydro-6H-dibenzo[a,d]cycloocten-one was obtained by the 
ring enlargement of 5,10-dihydro-llH-dibenzo[a,d]cyclohepten-11-one with diazomethane. 
The parent compound and its dideuterio derivative were prepared from the eight-membered 
ring ketone. A Wittig reaction on the ketone gave the methylene derivative. 

ROGER N. RENALTD et JOHN W. BOVENKAMP. Can. J. Chem. 55, 650 (1977). 
Le dicyano-6,6 tetrahydro-5,6,7,12 dibenzo[a,d]cyclooctene fut prepare a partir du bis- 

(bronion1ethy1)-2,2' diphCny11nethane en presence de sodiomalononitrile. Le groupement 
fonctionnel a servi a la synthkse de plusieurs composCs substituCs en position 6. 

La trihydro-5,7,12 dibenzo-6H-[a,d]cyclooctenone-6 a ete prtparie par I'agrandissement de 
I'anneau cycloheptknone de la dihydro-5,10 dibenzo-11H-[a,d]cyclohepttnone-11 en presence 
de diazomethane. Cette cetone fut soit riduite en cyclooctane normal et dideutirit ou trans- 
formee en derive mCthylinique par la rCaction de Wittig. 

In earlier papers (1, 2), it has been shown 
that the eight-membered ring system, N-alkyl- 
5,6-dihydro-7H, 12H-dibenzo[c,f]azocines, shows 
conformational behaviour in which the ring can 
be in a rigid and in a flexible conformation. These 
results were interesting enough to cause us to have 
a detailed look at the corresponding all-carbon 
ring system.' Thus it was necessary to have avail- 
able a series of mono- and di-6-substituted 
5,6,7,12- tetrahydrodibenzo [a, d]cyclooctenes 1 
and this paper describes the synthesis of these 
compounds. The only other carbocyclic com- 
pounds reported in the literature having the skel- 
eton of 1 are those with substitution at  C-12 (3). 
These were prepared according to Scheme 1 where 
R, = R2 = EI. This approach could only have 
been used to synthesize some of the C-6 substi- 
tuted compounds described in this paper since the 
first step is limited to just a few 1-substituted 
phenylbromoethanes. For instance, this pro- 
cedure is certainly not suitable for the preparation 
of l b ,  Id, or l i .  Also, Winthrop et ul. (3) found 
that the cyclization step was very sensitive to 
structural change in the reactants, and in some 
cases the desired cyclization product was not 
obtained. 

'NRCC KO. 15670. 
'A manuscript (R. R. Fraser, R. N. Renaud, and 

J. W. Bovenkamp) describing the conformational be- 
haviour of this ring system is in preparation, 

1 

R ,  Rz 
ci COOEt COOEt 
h CN CN 
( COOH H 
(1 COOCH, H 
e CH,OH H 
f CH,OTs H 
g CH, H 
/ I  COOH COOH 
i COOCH, COOCH, 
j CH,OH CH,OH 
k CH20Ts CHzOTs 
1 CH, CH20H 
tn CH, CH3 
n H H 

n D 

The reaction sequence chosen by us is shown 
in Scheme 2. The first reaction attempted was 
that between 2,2'-bis(bromoniethy1)diphenyl- 
methane and diethyl sodiomalonate. This re- 
action did not give any detectable monomeric 
compound l a  but did give a good yield of the 
16-membered ring compound 3 along with some 
polymeric products (4). In direct contrast, the 
smaller sodiomalononitrile gives a good yield 
of eight-membered ring cyclization product. In 
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RENAUD AND BOVENKAMP 

CH 
/ \ 

R R 
SCHEME 2 

our view, the different results obtained with 
these disubstituted nucleophiles are due to the 
steric effect of the substituents during cycliza- 
tion. A n  examination of the Dreiding models 
shows that the eight membered ring compound 
substituted at  C-6 can exist in four intercon- 
vertible  conformation^,^ namely two rigid boat- 
chair conformers (a and b) and two flexible boat- 
boat conformers (c and d).4 The conformers b 
(R quasi-axial) and c (R inside) contain inter- 
actions which could be highly unfavourable with 
large groups. These are the interactions of R 
with the .rr electrons of the benzene rings in b or  
with one of the protons a t  C-12 in c. In contrast, 
the interactions in conformations a and d are 
expected to be much less severe. In  the case 
of the TJ-alkyl-5,6-dihydro-7H,1.2H-dibenzo[cf]- 

azocines (2), the eight-membered ring is formed 
readily from the dibromide and the correspond- 
ing amine even when the alkyl substituent is as 
large as tert-butyl. In  these cases, cyclization to 
the two high energy conformations can be 
avoided. When two substituents are present a t  
C-6, one of the substituents is always involved 
with one of the high energy interactions already 
mentioned. Thus, during cyclization with disub- 
stituted nucleophiles, the development of these 
interactions as the transition state is approached 
may prevent the cyclization to the eight-mem- 
bered ring. This appears to be the most plausible 
explanation for the bimolecular cyclization 
with the large diethyl sodiomalonate to give the 
16-membered ring 3 (4) while with the smaller 
sodiomalononitrile intramolecular cyclization 
occurs to give the eight-membered ring lb .  

Starting from this dinitrile, a series of mono- 
and disubstituted benzocyclooctenes were syn- 
thesized ( l c  to lm). The dinitrile l b  could be 
converted to both monoacid l c  and diacid l h  
under basic conditions. The hydrolysis with 5% 
sodium hydroxide in refluxing ethylene glycol 
gave only the monoacid l c  upon neutralization. 
The diacid l h  was obtained in good yield by 
refluxing the dinitrile in 2 5 z  aqueous sodium 
hydroxide solution for 36 h. Even after a 24 h 
reflux, sizeable amide peaks could be seen in the 
infrared spectrum. 

3The conforinational interconversion has bcen dis- lzrorn the monoacid were obtained the Inethyl cussed in the case of Ci-alkyl-5,6-dihydr0-7ff,lZH-di- 
benzo[c, flazocines (2, 5). ester Id,  the alcohol Pe, the tosylate If, and the 

4The force fieid calc~llations of Allinger et 01. (6) hydrocarbon Ig. Trideuterated (at C-6, 6-12> 
indicate that in 1,4-cyclooctadiene the boat-boat con- and C-12) was obtained by carrying out the 
former does not twist to relieve the severe repulsion hydrolysis of 16 ill ethylene glycol-di. It is  of 
between the hydrogens a1 C-3 and C-7. In the case of illterect to note that, as has been observed in the :V-alkyl-5,6-dihydro-7H,l2H-dibenzo[c,f]azocines (2) and 
of 1 (see footnote 2), the dynamic nmr is best explained G~ fluOrene (7), the protons at '"I2 ('.'. the 
by tivo lower energy twist-boat enantiomers. protons of the rnethylene group between the two 
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benzene rings) are readily exchanged under 
relatively mild basic conditions; however, 
according to nmr the methylene protons at  C-5 

and C-7, having only one adjacent benzene ring, 
are not exchanged. It is known that benzylic 
protons exchange in the presence of a very strong 
base (8). The diacid gave successively the diester 
l i ,  the diol l j ,  and the ditosylate l k .  The dito- 
sylate upon reduction w ~ t h  li th~um aluminum 
hydride gave both 11 and Im. It  was easier to 
obtain 11 pure when ether was used as the solvent 
while for Im purification was simpler wlth the 
use of tetrahydrofuran. 

The synthesis of the ketone 2a from 2,2'- 
bis(bromomethy1)diphenylniethane elther by the 
Thorpe reaction (9) or by cyclization with ethyl 
ethylthiomethyl sulfoxide (10) led to very poor 
yields of 2a (27, and 6% respectively). The 

preparation of 2a by the ring enlargement of 
5,lO - dihydro - 11 H- dibenzo[a,d]cyclohepten - 5 - 
one with diazomethane by the method described 
by House et al. (11) gave a much improved 
yield. 

The parent hydrocarbon In  was easily ob- 
tained from 2a by the Wolff-Kishner reaction 
(12). However, the synthesis of the dideuterio 
compound l o  proved to be surprisingly difficult. 
The tosyl derivative of the monodeuterated 
alcohol, obtained from the reduction of 2a with 
lithium aluminum deuteride followed by tosyla- 
tion, gave back the alcohol on reduction. The 
bromo analogue, s.ynthesized from the alcohol 
by the method of Squires et al. (13), gave very 
impure product either when reacted with lithium 
aluminum deuteride or with zinc dust in reflux- 
ing acetic acid-d (14). It is well known that the 
conversion of unactivated aliphatic ketones into 
a dideuterio methylene group is difficult to 
achieve without deuterium scrambling (15). 
Sodium cyanoborohydride, has been used to 
reduce ketones to methylene groups (16). It was 
thought worthwhile to attempt to obtain l o  by 
the use of sodium cyanoborodeuteride; however, 
the use of this reagent led to a hydrocarbon with 
excessive scrambling. A suitable sample (85% 
d,, 11% d, and 4.5% d,) of l o  was finally ob- 
tained using the improved Clemmensen reaction 
described by Steiner (170). Thus we have further 
demonstrated the usefulness of Steiner's method 
by achieving an acceptable level of scrambling 
in a compound where the ketone group is next 
to two benzylic methylenes. 
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The methylene derivative 2b was prepared 
according to the method of Corey and co- 
workers (18) using a 1 : 1 ratio of Wittig reagent 
and ketone. When a large excess of Wittig 
reagent was used an impurity appeared which 
could not be separated by column chromatog- 
raphy, recrystallization, or distillation. The same 
impurity was also formed when the reaction was 
carried out using n-butyllithium to form the 
Wittig reagent and the reaction carried out in 
boiling ether (19). In this latter case, a large 
amount of the methylene 2b rearranged to the 
conjugated olefin 6-methyl-7,12-dihydrodibenzo- 
[a,d]cyclooctane. 

Experimental 
All melting points are uncorrected. Infrared spectra 

were observed on a Perkin-Elmer model 267 spectro- 
photometer and only the characteristic bands are re- 
ported. 'H nuclear magnetic resonance spectra were, 
unless otherwise noted, taken in deuterochloroform 
solution on a Varian Associates spectrometer model E.M. 
360 and the chemical shifts are reported on the 6 scale. 
Molecular weight determinations were carried out on a 
Mechrolab vapor pressure osmometer apparatus and/or 
on a Hitachi-Perkin-Elmer RMU-6D mass spectrometer. 

Preparation of  Compound Ib  
The method described by Bloomfield (20) for the 

preparation of dialkylmalononitrile was followed. 
Malononitrile (0.73 g, 11 mmol) freshly distilled from 
phosphorus pentoxide was dissolved in dry dimethyl 
sulfoxide (3.5 ml). This solution was added over a period 
of 15 min to a stirred slurry of sodium hydride (0.6 g, 
25.1 mmol) in dry dimethyl sulfoxide (5 ml) in a nitrogen 
atmosphere and the stirring was continued for an 
additional 15 min with occasional cooling. Then 2,2'- 
bis(bromomethyl)diphenylmethane (1) (3.46 g, 9.78 
mmol) in dry dimethyl sulfoxide (14 mlj was added to 
the above mixture over a period of 20 min with oc- 
casional cooling. The reaction mixture, after being stirred 
at room temperature overnight, was poured into water 
(250ml). The resultant precipitate was collected by 
filtration and washed with water. The solid was added to 
benzene and after filtering off the insoluble brownish 
powder, the yellow solution was treated with deaolour- 
izing carbon. The benzene was removed to leave 1.92 g 
of a pale yellow solid melting at 174-180 "C. On re- 
crystallization from an absolute ethanol - benzene mix- 
ture, a colourless solid melting at 183-185 "C was ob- 
tained in 50% yield (1.25 g). An analytical sample (mp 
185.5-186.5 'C) was prepared; nmr 7.38 (8H, s, aromatic), 
3.024.68 (6H, m, methylene protons at C-5, C-7, and 
C-12); ir (CHCI3) 2256 cm-'  (CN). Mol. wf .  (benzene) 
calcd: 258; found: 263 ; ms mle 258 (M+). Anal. calcd. 
for CI8Hl4N2: C 83.69, H 5.46, N 10.85; found: C 
83.89, H 5.59, N 10.68. 

Preparation of Compound Id  
The dinitrile 16 (1.01 g, 3.88 mmol) was added to a 

solution of sodium hydroxide (1.5 g) in ethylene glycol 
(30 ml). The mixture was refluxed for 3 h and then allowed 

to come to room temperature. The resulting solution was 
dlluted with water and filtered. The precipitate uhich was 
formed on neutralization of the filtrate with concentrated 
hydrochloric acid was filtered off and washed with water. 
The resultant white solid l c  (0.76 g, 3.01 mn~ol), nip 
168-170 'C, was obtained in 78% yield. 

The monoacid l c  (0.76 g) was methylated with an 
excess of diazomethane in ether to give 0.76 g (95%) of 
a white powder, mp 98-99.5 "C. An analytical sample 
was prepared by recrystallization from ethanol-water to 
give fine white needles rneltlng at 101-102'C; ms m / e  
266 (M+). Anal. calcd. for Cl8Hl8O2: C 81.17, H 6.81; 
found: C 80.63, H 6.95. 

Preparation of  Con~pound l e  
The methyl ester lrl (0.73 g, 2.74 mmol) was reduced 

by subjecting it to a 20 h reflux in a suspension of lithium 
aluminum hydride (0.27 g, 7.11 nin~ol) in ether. The 
product was worked-up in thc usual manner to give 0.62 g 
(95%) of a white solid melting at 123.5-125 "C. An 
analytical sample was prepared by recrystallization from 
benzene - petroleum ether (bp 60-80 'C) to give a white 
solid with a melting point of 126.5-127 " C ;  nmr 6.90-7.55 
(8H, m, aromatic), 2.35-4.55 (7H, m, niethylenes at C-5, 
C-7, and C-12, and methine at C-6), 1.53 (IH, s, OH, 
exchanges with D20);  ir (CHCI,) 3435cm-' (OH 
bonded), 3609 cm-' (OH free). Anal. calcd. for CI,H,,O: 
C85.67, H7.61; found: C85.48, H7.35. 

Preparation of Compolrnd I f  
The alcohol l e  (0.62 g, 2.60 mmol) was dissolved in 

pyridine and the flask was then packed in ice. After the 
addition of the tosyl chloride (0.60 g, 3.2 mniol) the ice 
was allowed to melt and the solution was stirred over- 
night. The reaction mixture was added to cold dilute 
sulfuric acid and a red gummy precipitate was obtained 
which was filtered and washed with water. The material 
was added to chloroform and filtered. On removal of the 
chloroform a clear orange oil was obtained (1.06 gj. 
Attempts to crystallize the oil were unsuccessful. 

Preparafion of' Compound Ig  
To a stirred suspension of lithium aluminum hydride 

(0.23 g, 5.9 mmol) in anhydrous ether (10 ml), cooled in 
ice, was added 1.05 g (2.7 mmol) of the tosylate 1.f in 
anhydrous ether (10 ml). The suspension was refluxed for 
24 h. After destroying the excess of lithium aluminum 
hydride with aqueous sodium hydroxide (5%), more ether 
was added and the precipitate was filtered off. The ether 
was removed to leave a clear colourless oil (0.57 g). The 
oil was purified by dissolving it in chloroform and passing 
it through a small column of silica gel. The first 20 ml of 
eluent were collected. After removal of the chloroform 
solvent, a bulb-to-bulb distillation was carried out at 
100 "C/0.01 torr to give 0.406 g (68%) of a viscous 
colourless oil; nmr 6.88-7.60 (8H, m, aromatic), 2.30- 
4.67 (6H, m, methylenes at C-5, C-7, and C-121, 1.50- 
2.10 (IH, br m, methine), 0.35-1.45 (3H, two broad peaks, 
methyl); ms m/e 222 (M'). Anal. calcd. for C17H18: C 
91.84, H, 8.16; found: C 91.66, H 8.13. 

Preparation of the 6,12,12-Trideuterio Dericatice of 
Compound 1g 

The same procedure as described for the preparation 
of l g  was followed. Positions 6 and 12 were deuterated by 
the hydrolysis of compound l b  with the sodium salt of 
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ethylene glycol in ethylene glycol-d, and by neutralization 
of the resultant basic solution with deuterium chloride 
(10 N). The trideuterio derivative of Ig analyzed 91% dd, 
and 9% d2 by mass spectrometry; nmr 6.87-7.58 (8H, m, 
aromatic), 2.35-3.75 (4H, n ~ ,  methylenes at C-5 and 
C-7), 0.33-1.45 (3H, two br peaks, methyl). Anal. calcd. 
for C,,H,,D,: C 90.61, H and D 9.39; found: C 90.39, 
H and D 9.04. 

Preparation of Compound I h  
The dinitrile 10 (0.60 g, 2.32 nimol) was added to a 

solution of sodium hydroxide (9 g) in water (27 ml) and 
the mixture was refluxed for 36 h.' The mixture was 
cooled and the white precipitate was filtered off and 
washed with water. The filtrate and the water washings 
were then combined and neutralized with concentrated 
sulfuric acid while cooling the mixture in ice. The white 
solid obtained upon filtration (0.42 g, 61%) melted to a 
clear liquid at 159-161 ' C  with the production of bubbles 
(CO,). A recrystallization from ethanol-water did not 
improve the melting point. Nmr 6.94-7.61 (8H, m, 
aromatic), 5.1-6.9 (2H, broad peak, carboxylic hydrogens, 
exchanges with D,O), 2.94-4.61 (6H, m, methylenes at 
C-5, C-7, C-12); in (Nujol) 1688 cm-' (acid C=O). Anal. 
calcd. for ClsH1604: C 72.96, H 5.44; found: C 73.17, 
H 5.63. 

Preparation of Coinpound I i  
The diacid Ih (0.38 g) was methylated with an excess of 

diazomethane in ether to give a quantitative yield of a 
viscous clear oil. An analytical sample was obtained by 
a Spath distillation on a portion of the diester (125 'C,' 
0.002 torr); nmr 6.81-7.54 (8H, m, aromatic), 3.75 (6H, s, 
ester methyls), 2.87-4.54 (6H, m, methylenes at C-5, C-7; 
and C-12); ir (GHCI,) 1729 cni-' (ester C=O). Anal. 
calcd. for C,,H,,O,: C 74.05, H 6.22; found: C 74.20, 
H 6.19. 

Preparation of Compound I j  
The diester l i  (1.93 g, 0.0060 mol) in ether (10 ml) was 

added to a suspension of 1.50 g lithium aluminum hydride 
in 20 ml of ether. The mixture was refluxed for 24 h.The 
excess hydride was destroyed by the addition of 5% 
aqueous sodium hydroxide, the solid was removed by 
filtration, the ether solution was dried, and the ether 
removed to leave 1.52 g (95%) of a white solid (mp 135- 
146cC). An analytical sample was obtained by twice 
recrystallizing a portion from benzene to give a sample 
with mp 165-166'C; nmr 6.87-7.56 (8H, m, aromatic), 
2.63-4.53 (10H, m, methylenes at C-5, C-7, C-12, and 
of the CH,OH groups), 1.77 (2H, s, OH, exchanges with 
D,O); ir (CHCI,) 3435 (OH bonded), 3606 cm-I (OH 
free). Anal. calcd. for ClsH200Z: C 80.56, H 7.5i; found: 
C 80.39, H 7.35. 

Preparation of Coinpound dk 
When the diol Pj was treated with tosyl chloride at 

room temperature as described for the preparation of the 
monotosylate I f ,  an incomplete reaction was obtained. A 
good yield (84x) was obtained when the reaction mixture 
was subjected to a 3 h reflux. An analytical sample (mp 
156-158 "C) was obtained by recrystallization from 

%n arnide peak is present in the ir spectrum when the 
mixture is refluxed for 24 h, while a lower yield of diacid 
was obtained when refluxing for 48 h. 

methanol-water. Anal. calcd. for C32H3206S2:  C 66.65, 
H 5.59; found: C 66.49, H 5.66. 

Preparntioiz of Co~npouizd I1 
A mixture of the ditosylate Pk (0.20 g, 0.34 mmol) and 

lithium aluminum hydride in dry diethyl ether (10 ml) 
was heated to reflux for 2.5 days. The resultant mixture 
was worked-up as described for the preparation of com- 
pound Irn. The oily material obtained was purified by 
fractionation on a silica gel column using firstly chloro- 
form (to elute impure dimethyl derivative off the column) 
followed by methanol (to elute the required alcohol). 
The viscous oil obtained was distilled in a Spath bulb at 
115-130 'Cj0.005 torr to give a white solid melting at 
109-1 11 "C (41 mg, 48% yield); nmr 6.87-7.56 (8H, m, 
aromatic), 2.34-4.60 (8H, m, methylenes at C-5, C-7, 
C-12, and of the CH,OH group), 1.78 ( lH,  s, OH, 
exchanges with D,O), 0.38 and 1.30 (3H, two s, methyl); 
ir (CWCI,) 3432 (OH bonded), 3610 cm-' (OH free). 
Anal. calcd. for C18H200:  C 85.67, H 7.99; found: C 
85.39, H 7.86. 

Preparation of Conpound Im 
A mixture of the ditosylate Ik (0.25 g, 0.42 mmol) and 

lithium aluminum hydride (0.10 g, 2.63 mmol) in dry 
tetrahydrofuran (10 ml) was heated to reflux for 5 days. 
The excess hydride was destroyed with aqueous sodium 
hydroxide (5%) and the precipitate filtered off. The solu- 
tion was dried and the organic solvent was removed to 
leave an oil which contained some THF decomposition 
products. The mixture was chromatographed through 
silica gel using chloroform as the eluent. The first 
fraction (44 mg) contained the expected dimethyl deriva- 
tive. This fraction was distilled in a Spath bulb at 75- 
95 'C/O.OOS torr. The oil obtained was filtered through an 
aluminum oxide column and again distilled under re- 
duced pressure; nmr 6.90-7.47 (SH, m, aromatic), 2.37- 
4.54 (6H, m, methylenes at C-5, C-7, and C-12), 0.40-1.43 
(6H, two s of equal intensity and a smaller peak, methyl 
 peak^).^ ms m/e 236 (M-). Anal. calcd. for C,,H,,: C 
91.47, H 8.53; found: C 91.58, H 8.37. 

Prcparatiotz of Compound 2n 
To a solution of 5,10-dihydro-1 IN-dibenzo[a,d]cyclo- 

heptene-11-one (5.0 g, 24.3 mmol) in absolute ether (150 
ml) was added boron trifluoride etherate (3.4 g, 24.0 
mmol) (6). The solution was cooled to 0 ' C  and 480 mi 
of an alcohol free ether solution of diazomethane (146 
mmol) were added with stirring over a period of 0.5 h.  
The solution was then filtered, washed with water, and 
then dried with MgSO,. On removal of the ether, a 
yellowish oil was obtained. The mixture was fractionated 
on a columll of Woelm neutral aluminum oxide (the 
eluent used was benzene) until all the eight-membered 
ring ketone had come off the column. Then the seven- 
membered ring ketone was eluted off the column with 
chloroform. The middle fractions which contained both 
ketones were recombined and refractionated in the same 
way on a new column of aluniinum oxide. In this manner 
1.47 g of impure compound Za were obtained. It was 

6The low temperature nlnr of I1 has been completely 
interpreted (see footnote 2); hpwever, some smaller 
details of the low temperature nmr of Pm have resisted 
interpretation. Thus at this time a small amount of 
isomerization during the reduction cannot be ruled out. 
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twice recrystallized from 95% ethanol to give 0.83 g of the 
ketone 2a melting at  150.5-151.0 "C. The net yield was 
29%; nmr 7.00-7.42 (8H, m, aromatic), 4.00 (2H, s, 
methylene at  C-12), 3.83 (4H, s, mcthylenes at  C-5 and 
C-7); ir (CHCl,) 1708 cm-' (C=O). ,4nal. calcd. for 
C I 6 H l 4 0 :  C 86.45, H 6.35; found: C 86.35, H 6.47. 

Preparation of Compound Itz 
The ketone 2n (0.15 g, 0.68 mmol) was reduced using 

the Huang-Minlon modification of the Wolff-Kishner 
reaction (12). The white precipitate obtained after the 
work up of the reaction mixture weighed 0.13 g (88z)  
(mp 81.5-83.5 'C). An analytical sample (mp 86-86.5 "C) 
was prepared by recrystallization from 9 5 z  ethanol; 
nmr 6.99-7.69 (8H, m, aromatic), 3.56-4.70 (2H, broad 
peak, methylene at C-12), 2.68-3.50 (4H, br peak, 
methylenes at C-5 and C-7), 1.10-2.60 (2f-1, br peak, 
methylene at C-6); ms m/e 208 (M+). And.  calcd. for 
CI6H16: C 92.26, H 7.74; found: C 92.14, H 7.90. 

Preparation of Compourzd do 
The method described by Steiner was followed (17a). 

All operations were carried out over nitrogen. Freshly 
distilled trimethylchlorosilane (0.50 g, 4.61 mmol) was 
added by syringe with gentle agitation to deuterium oxide 
(0.07 g, 3.80 mmol) in dry tetrahydrofuran (3 ml) in a 
dropping funnel. After 5 min, the resulting deuterium 
chloride solution was added over a period of 20 min to  a 
stirred, ice cooled, mixture of zinc dust (0.51 g) and the 
ketone 2u (0.20 g, 0.91 mmol) in dry tetrahydrofuran 
(5 ml). After 1 h, a further 200 mg of zinc dust were 
added and the mixture was a!lowed to  stir at room tem- 
perature overnight. 

After an  addition of ether (40 ml), the mixture was 
filtered aud then washed with ice water and aqueous 
sodium carbonate. The ether solutioll was dried and the 
solvent removed to leave a sticky solid. This solid was 
subjected to  an alumillum oxide column purification. 
The first 20 ml of benzene eluent contained 0.i37 g of a 
white solid melting at  62-70 'C. The impure solid hvas 
recrystallized three times from 95% ethanol to give a 
white solid (63 mg, 33%) melting at  86-86.5 'C; nmr 
7.00-7.60 (8H, m, aromatic), 3.58-4.56 (2H, br peak, 
nlethylene at  C-121, 3.08 (4H, br s; methylenes at C-5 and 
C-7); ms 11% d l ,  85% rl, and 4.5% d,. 

Preparation of Cornpolmd 26 
Compound 26 was prepared according to the procedure 

of Corey and co-workers (18). Sodium hydride (0.35 g, 
freed from mineral oil with n-pentane) and dimethyi 
sulfoxide (20 ml) were heated at 80 "C for 1 h under 
nitrogen. With a syringe, 2 ml of this solution (1.45 mmol 
of methylsulfinyl carbanion) \?as placed in a flask filled 
with nitrogen. The solution was cooled in an ice-water 
bath and methyltriphenylphosphonium bromide (0.52 g, 
1.45 mmol) in warm dimethyl sulfoxide (4 ml) was added. 
The resulting mixture was stirred at  room temperature 
for 1 h and then the ketone (0.303 g, 1.36 mmolj was 
added. After being stirred overnight at room temperature, 
the solution was poured into water and the aqueous 
solution was extracted twice with n-pentane. The pentane 
extracts were washed with water and dried over an- 
hydrous magnesium sulfate. Upon removal of the 
solvent, 0.20 g of a solid was obtained which was shown 
by nmr to consist of 50% starting material and 50% of the 
desired product. The olefin (0.097 g, mp 87-88 'C, net 

yield 49%) was obtained free of the ketone by dissolving 
the mixture in benzene and filtering through a column of 
alumina. The retained ketone can be eluted ~ i t h  chloro- 
form. The analytical sample was obtained by recrystalliza- 
tion from 95% ethanol to give 79 mg of white needles 
(mp 89-89.jcC); nmr 6.90-7.48 (8H, m, aromatic), 4.97 
(2H, s, olefinic H), 4.07 (2H, s, methylene at C-12), 3.65 
(4H, s, methylenes at C-5 and C-7); ir (CHCI,) 1638, 894 
cm-' (CR2=CH,); nis m,le 220 (M-). Anal. calcd. for 
C17H16: C 92.58, H 7.32; found: C 92.51, H 7.42. 
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H. S. RAY, N. KH. TUMANOVA, and S. N. FLENGAS. Can. J. Chem. 55, 656 (1977) 
The oscillating planar solid microelectrode developed previously (1) has been used to investi- 

gate the reduction of the ions CoZ+,  Ni2+, Pb2+, CdZ+,  Cu+, Ag+, as well as of the redox 
system Fe2+/Fe3+ in solvent melts containing various amounts of CsCl and AlCI,. 

Similarly, the reductions of the ions CoZ+, NiZ+, and CdZ+ as well as Zr4+ have been investi- 
gated in solvent melts containing various amounts of CsCl and ZnClz. 

Well-defined limiting currents have been obtained in all systems. These were found to vary 
linearly with the concentration of the solute. From the slopes of Evs. log ( i ,  - i ) ,  or log i/(iL - i), 
the electrode reactions were established in most cases. The analysis of the results for Zr4+ 
indicates a three step reduction process. 

H. S. RAY, N. KH. TUMANOVA et S. N. FLENGAS. Can. J. Chem. 55, 656 (1977). 
On a utilise la microBlectrode solide, planaire et oscillante qui avait et6 developpee ante- 

rieurement (1) pour etudier la reduction des ions Co2+, NiZT, PbZ+, Cd2+, Cut ,  Ag+, de 
mkme que le systkme redox FeZ+/Fe3+, dans des milieux fondus contenant diverses quantitks 
de CsCl et de AIC13. 

De la m&me maniere on a Btudie les reductions des ions CoZ+, Nit+ et Cd2+ de m&me que 
Zr4+ dans des milieux fondus contenant diverses quantitks de CsCl el de ZnC12. 

On a pu obtenir des courants limites bien definis dans tous les systemes. On a trouve que 
ceux-ci varient d'une f a ~ o n  liniaire avec les concentrations du solute. A partir des pentes de E 
en fonction de log (i, - i )  ou de log i/(iL - i ) ,  on a pu etablir les reactions d'tlectrode dans la 
plupart des cas. L'analyse des resultats obtenus avec Zr4+ indique que le processus de reduction 
se fait en trois Ctapes. 

[Traduit par le journal] 

Introduction 
Previous work from this laboratory has re- 

sulted in the development of an oscillating planar 
solid microelectrode which was found to be 
suitable for voltamrnetric studies in aqueous 
and fused salt solutions (I). 

This microelectrode consisted of a platinum 
or tungsten wire flame-sealed in a Pyrex capillary 
tube ground flat at the lower end. The electrodes 
were vibrated mechanicallv. 

The limiting currents i, obtained were well 
defined and reproducible and were found to be 
proportional to the surface area of the metal 
electrode disc A in cm2, the frequency v given 
as the number of oscillations per minute and the 
concentration of the electroreducible species i, 
Xi given as a mole fraction. The empirical equa- 

IVisiting Scientist. Present address: Department of 
Metallurgical Engineering, Indian Institute of Tech- 
nology, Kanpur, 208016, India. 

'Visiting Scientist. Present address: The Institute of 
General and Inorganic Chemistry, Ukrainian Academy 
of Sciences, Kiev, U.S.S.R. 

tion relating these variables was given as 

[I 1 iL = (Kl f K2v)AXi 

where K,  and K, are constants dependent upon 
temperature and the nature of the ionic species 
present in solution. 

The electrode was used successfully at room 
temperature with aqueous solutions and in 
molten alkali nitrate electrolytes at temperatures 
up to 330 "C. With the molten alkali nitrate sol- 
vent, results were obtained for Ag', which is the 
only ion reduced at potentials below the de- 
composition potential of the supporting electro- 
lyte, which is -0.5 V. 

The technique was also applied to chloride 
melts containing AgCi dissolved in the equi- 
molar mixture of KC1 and NaCl at about 700 "C. 
It was found that the voltammetric curves were 
not well defined and exhibited unusually large 
residual currents. In addition, the limiting cur- 
rents could not be- measured with the auto- 
matically driven polarograph due to kinetic 
factors and had to be measured at fixed values 
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RAY ET AL. 

TABLE 1. Composition of solvent melts 

CSCI AICI, 
(mol%) (mol%) 

54 46 

ZnCI, Melting point 
(mol%) ("C) 

- 344 

Comments 
- 

Eutectic composition in the 
CsCI-CsAlCI, subsystem 
Congruently melting compound 
Eutectic composition in the 
CsA1C14-AICI3 subsystem 
Compound CsZn2C15 and excess CsCl 
Compound CsZnzCI5 
Compound CsZn2Cl5 and excess ZnCl, 

*Versus the Pt-foil reference electrode. Decomposition ~otentials versus a graphite reference electrode are of the same order of magnitude 
if the graphite electrode is saturated with chlorine by pre-electrolysis. Otherwise its potentials are ill-defined. 

of applied potentials after allowing sufficient 
time for equilibrium. 

In the present work the technique has been 
applied to dilute solutions of a large number of 
metal chlorides dissolved in solvent melts con- 
taining CsCl with the covalently bonded AlCI, 
or ZnC1,. 

Pure AlC1, and ZnC1, in the solid and molten 
states are poor electrical conductors and highly 
volatile. The boiling points (2) for AlCl, and 
ZnC1, are, respectively, 187 and 732 "C. How- 
ever, solutions of these salts in molten alkali 
chlorides are ionic conductors and show a pro- 
nounced thermal stability which increases as the 
size of the alkali metal cation increases from Li' 
to  Csf .  Particularly, the solutions of AICl, and 
of ZnC1, in CsCl exhibit very low vapour pres- 
sures. The increased thermodynamic stability of 
solutions containing CsCl is related to the 
presence of congruently melting compounds 
which appear in the phase diagrams for the 
systems AlC1,-CsC1 (3) and ZnC1,-CsC1 (4). 
Thus, in the former, the phase diagram shows 
the congruent compound CsAlCl, melting at 
377 "C and two adjacent compositions melting 
a t  344 and 148 "C, respectively. Similarly, the 
ZnC1,-CsC1 phase diagram indicates, among 
others, the compound CsZn,Cl,, which melts 
at 284 OC and has two adjacent eutectic compo- 
sitions melting at 268 and 263 "C, respectively. 

The solvent melts which have been used as 
supporting electrolytes for the present study in- 
volve compositions rich in CsCI, the chemical 
compounds CsAlCI, and CsZn,Cl,, and compo- 
sitions rich in ZnC1, or AICI,. These composi- 
tions were chosen in order to observe possible 
solvent effects on the reduction of metal chloride 
cations. 

The metal chloride solutes investigated include 

NiCl,, CoCI,, CdCI,, PbCI,, AgCl, CuCl, and 
the redox systems containing FeCI, and FeCl,, 
and ZrC1,. 

Experimental 
The anhydrous compounds PbCI,, CdCI2, CuCI, AgCI, 

ZnCI,, FeCI3, NiCl, as well as CsCl were all of analytical 
reagent grade. AICI3, CoC12, and FeCI, were Puratex 
reagents of 99.9% purity. 

All reagents were treated at 100 "C with anhydrous 
gaseous HCI, degassed under vacuum and stored in des- 
sicators. ZrC1, was added as the compound CszZrC1, 
prepared in this laboratory (5). 

The A1C13-CsCI and the ZnC1,-CsC1 mixtures were 
prepared in closed Pyrex tubes by mixing together the 
appropriate amounts of each component and were 
further purified by pre-electrolysis between tungsten 
electrodes at 1.2 V for about 1 h and/or by bubbling 
chlorine gas for 1 h through the melts. The exact com- 
positions of the various solvent melts are given in Table 1. 

Solutions of the various metal chlorides in these melts 
were made by adding the appropriate amounts to the 
molten solvent through a feeding tube attached to the cell. 

The voltammetric cells were made out of Pyrex glass 
and were operated under an inert atmosphere of argon 
gas. The cell design is shown in Fig. 1. The oscillating 
indicator electrode consisted of a tungsten wire of 0.5 mm 
diameter flame-sealed in a Pyrex capillary tube having an 
outside diameter of 0.5 cm. The tip of this electrode was 
ground flat until its cross-section consisted of two con- 
centric discs, i.e. the tungsten wire surrounded by ground 
Pyrex glass. 

The reference electrode was a platinum foil with surface 
area of about 8 cm2. A third auxillary electrode was also 
present in the cell and consisted of a second platinum foil. 
The function of the latter was to make possible theelectro- 
chemical removal of the metallic deposits from the indi- 
cator electrode after each run. To this end the indicator 
electrode was made anodic and all deposits could be 
transferred by electrolysis to the auxillary electrode acting 
as a cathode. For best results, however, it was found neces- 
sary to remove the indicator electrode and polish its 
surface prior to each experiment. 

The mechanical oscillator consisted of an electrically 
driven cam and piston device capable of creating a har- 
monic motion having an amplitude of 1 cm at various 
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I 

I 
Schematic diagram of the voltammetric cell. 

frequencies between 30 and 200 opm. The experiments 
were conducted at 85 or 180 opm. As opposed to its be- 
haviour in nitrate melts, the tungsten microelectrode did 
not react with chloride melts. The polarograph was a 
Fisher electropode, model 65, fitted with a recorder. The 
potential was applied at a rate of 200 mV per min. 

All limiting currents were measured from the recorded 
voltammetric curves using the 'three tangents method'. 

Results 
Some typical voltainmetric waves for the re- 

duction of the cations of Wi2+, Co2', Ag+, Cu+, 
and of the Fe2 +/Fe3+ redox system in the three 
solvent melts containing CsCl and AlCl,, are 
given in Fig. 2. 

These curves have been traced from the actual 
i-v curves recorded by the polarograph. It should 
be noted that for the purpose of presentation the 
reduction curves have been shifted arbitrarily 
along the current axis. The current scale indi- 
cated on the graph is common for all the metal 
cations and allows the exact calculation of the 
limiting currents for a given reduction process. 
However, the potential scale is exact. The order 
of these curves indicates the relative reducibility 
of the metal cations. It should also be noted that 

the mole fractions of the ions are all comparable 
and of the order of as shown. 

The curves for the reduction of Ni2+, Co2+,  
Cut ,  Agf , and for the system Fe2'/Fe3' are 
smooth and indicate well defined limiting cur- 
rent plateaus. The corresponding curves for PbZi 
and Cd2 + indicate pronounced maxima. These 
are the only metals which at 400 "C deposit at 
the microelectrode in the molten state. 

The concentration dependence of the limiting 
currents at a frequency of 85 oprn is shown in 
Fig. 3. It is seen that all limiting currents are 
proportional to the mole fraction of the metal 
chloride in solution. For the redox system con- 
taining FeCI, and FeCl,, only one reduction 
wave could be seen at about - 1.05 V. 

Figure 4 shows the shape of the reduction 
curves and the concentration dependence of the 
limiting current for Co2' obtained at the much 
higher oscillation frequency of 180 opm. Some 
typical voltammetric curves obtained at the 
same higher frequency for the reduction of 
Ni2+, Co2+> and Cd2+ dissolved in the solvent 
melts containing CsCl and ZnC1, are given in 
Fig. 5. 
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0.2 0.4 0.6 0.8 1.0 1~.2 1.4 1.6 1.8 

POTENTIAL (Vol ts*  
FIG. 2. Typical voltammetric waves for the reduction of metal cations dissolved in the AIC13-CsCl 

solvent melts. Curve (I) NiC1, dissolved in the CsCI-CsAlCI, melt at XNiC,, = 5.25 x t = 400°C. 
Curve (2) NiC1, dissolved in the CsAlC1, at XxiCll  = 3.7 x r = 400 OC. Curve (3) NiCl, 
dissolved in the CsAlC1,-AlCI, at XXic, ,  = 6 x t = 200 "C. Curve (4) PbCI, dissolved in 
CsCL-CsA1Cl4 melt a t  XPbCf2 = 6.07 x lo-,, t = 400 "C. Curve (5) CoCI, dissolved in CsCI-CsAlCl, 
melt at Xc,c12 = 5.35 x lo-,, t = 400°C. Curve (6)  CoCIz dissolved in the CsAICl4 melt at XcaCI2 = 
2.8 x t = 400 "C. Curve (7) CoC1, dissolved in the CsAIC1,-AlCI, melt at XCOC12 = 2.8 x 10-3, 
r = 200 "C. Curve (8) AgCl dissolved in the CsCI-CsAlCl, solvent melt at XA,o = 7.3 x 
t = 400 "C. Curve (9) AgCl dissolved in the CsAlCl, solvent melt at XA,,, = 4.0 x t = 400 "C. 
Curve (9) AgCl dissolved in the CsAlCl, solvent melt at X,,,, = 4.0 x r = 400 "C. Curve (10) 
CuCl dissolved in the CsCI-CsAlCl, solvent melt at X,,,, = 8.6 x t = 400 "C. Curve (11) 
CuCl dissolved in CsAlC1,-AICI, solvent melt at X,,,, = 7.0 x t = 200 "C. Curve (12) FeClz 
and FeCl, dissolved in the CsCl-CsAlCI, solvent melt at X,,,,, = 5.2 x and X F ~ C ~ ~  = 5.36 x 

r = 400 "C. Curve (13) FeCI, and FeCI, dissolved in the CsAICI, solvent melt at XreClz = 1.5 x 
and XFecla = 1.5 x t = 400 OC. Curve (14) FeCI, and FeCl, dissolved in the CsAICI,- 

AIC13 solvent melt at Xreclz = 1.5 x XFeCI3 = 1.5 x lo-,, t = 200 'C. Curve (15) Decomposi- 
tion curve for the solvent melt CsC1-CsAlCl, after purification and pre-electrolysis, t = 400 "C. 
Current scale shown on diagram is common for all curves. Oscillation frequency was 85 opm. The 
reference electrode was a Pt foil. 

These curves traced from the original auto- could be recorded (curve 5). However, with 
matic recordings of the polarograph also indi- more concentrated solutions (curve 6),  a second 
cate well-defined limiting currents. reduction wave was evident. This second wave 

With regard to the behaviour of Gd2+ ions could not be seen at temperatures higher than 
at  low concentrations only one reduction wave 400 "C. 
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S o l v e n t  ( 4 0 0 ° C )  
C s C I - C S  A I C I  

S o l v e n t  ( ~ O O O C ?  
CsA IC14  

S o l v e n t  ( 2 0 0 ° C )  
CsAIC14 -AICI, 

250 

3 

FIG. 3. Concentration dependence of the limiting currents for the reduction of various metal cations 
in the AlC1,-CsCI solvent melts at an oscillation frequency of 85 opm. 

The concentration dependence of the limiting indicating a high diffusion rate for the small Fe3 ' 
currents at 350 "C is shown in Fig. 6. cation. It should be noted that for the redox re- 

In all cases the limiting currents are propor- action Fe3+ + Fez', the reaction represents a 
tional to the mole fraction of the solute species. one electron electrode process and its limiting 
For the Cd2+ ions the plot is based on the limit- current is determined by the steady-state mass 
ing currents representing the first wave only. transport of Fe3+ from the bulk phase to the 

The concentration dependence of the limiting electrode-solution interface. 
currents, given in Fig. 3, shows that the slopes of In Fig. 6, the slopes for the concentration de- 
the curves for the Agf and Cuf ions are similar, pendence of the limiting currents for the reduc- 
except for Cu' dissolved in the CsAlC1,-AlC1, tion of divalent cations are also of similar 
solvent at 200 "C which indicates abnormally magnitude. 
higher limiting currents. Similarly, Co2' and The reduction of Zr4+ ions, added to a ZnC1,- 
Ni2+ show identical concentration dependence, CsCl melt as the solid compound Cs2ZrC1,, has 
the magnitude of a limiting current at a given also been investigated. The system is of interest 
concentration being almost double that for because zirconium has beer, reported to exist in 
monovalent ions. four multiple oxidation states, namely, Zr4', 

This relationship is to be expected since all Zr3+, Zr2', and Zr' (6). 
mass transport expressions for limiting currents The reduction path of Zr4+ ions on a solid 
indicate, among others, a direct proportionality electrode is also related to the mechanism of 
between the limiting current and the valence of electrodeposition of zirconium from fused 
the electroreducible species. chloride melts. 

However, regarding the redox system Fez+/  Figure 7a shows three voltammetric curves 
Fe3', the limiting current is very high, probably for the reduction of Zr4' dissolved in the 
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RAY ET AL 

FIG. 4. Voltammetric waves for the reduction of CoZ+, dissolved in the CsC1-CsAICle solvent melt 
obtained at the higher oscillation frequency of 180 opm at 418 'C. Curve (I) CoZ+ at XcOcl, = 0.45 x 

Curve (2) Co2+ at XcOc,, = 1.10 x Curve (3) CoZ+ at XcoCl,  = 1.95 x Curve 
(4) CoZ+ at XcOc,, = 2.76 x Curve (5) Co2+ at XcoCl,  = 3.72 x lom3. Graph in upper right 
hand corner shows plots of iL us. XcoCl,. The reference electrode was a platinum foil. 

.=-- 

Q b- h A - 
z 
W 
IB: 
K 

CsZn2C13 melt. It should be noted that only one 
reduction wave appears before the breaking 
down of the supporting electrolyte. The reduc- 
tion begins at about - 1.02 V and the concentra- 
tion dependence of the limiting current, shown 
in the upper left hand corner of the same figure, 
is linear. 

A melt containing Zr4+ at a mole fraction, 
X,,,,, = 4.47 x after a period of about 
70 h and repeated voltammetric runs began to 
iiidicate multiple reduction steps. This behaviour 
became more pronounced when the melt tem- 
perature was first increased to about 450 "C 
and then reduced to temperatures below 350 "C. 
The multiple reduction steps became even more 
evident when a run was repeated without polish- 
ing the indicator electrode surface. Figure 76 
shows two typical voltammetric curves from 
among several similar recordings. They show 
three distinct reduction steps at about -0.85, 
-0.92, and - 1.2 V. 

The temperature dependence of the limiting 
current was also investigated in several cases. 
Figure 8 shows the temperature dependence of 

/ 1 2 5 p A / : i  ( Y  A )  20 o i- I 2 3 4 x 1 0 . ~  
10 

Xc.cl, 2f;50pA4 3 I I I I I I I I I 1 5 I l+L.- I I 

the limiting current obtained for a solution of 
CdCI, in CsZn,Cl,. The plot indicates that the 
dependence is exponential. The slope of the 
straight line represents an activation energy of 
about 9 kcal/mol which compares well with the 
activation energy for the diffusion of Cd2+ in 
some molten salts given by Delimarskii and 
Markov (7). It should be noted, however, that 
the limiting current observed in the present in- 
vestigation is not necessarily controlled by diffu- 
sion alone and should also be influenced by 
viscosity variations with temperature. 

0 8  I 0  12 0 4  0 6  0 8  I 0  1 2  0 4  0 6  0 8  I 0  1 2  

POTENTIAL (Volts)--- Volts - 

Dissussion 
For metals depositing on tungsten at low 

temperatures, it is reasonable to assume that 
surface alloys do not form, and hence, the activity 
of the metal deposit should be unity. 

For a cathodic reduction, 

[21 MZ+ 4- Ze- -, M,,,, 

where Z is the valence of the cation, the relation- 
ship between the applied potential and the cor- 
responding voltammetric current on a solid 
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0 0.2 0.4 0.6 0.8 l .O 1 2 1.4 

POTENTIAL (Volts)-- 
FIG. 5. Typical voltammetric curves for the reduction of 

metal cations dissolved in the CsC1-ZnCl, solvent melts 
at 350 "C and at an oscillation frequency of 180 opm. 
Curve (I) NiCl, dissolved in the ZnC1,-CsZn,CI5 melt 
at X,,,,, = 3.5 x Curve (2) CoCl, dissolved in the 
ZnC1,-CsZn2C15 melt at XcOcl2 = 2.0 x Curve (3) 
CoC1, dissolved in the CsC1-CsZn,Cl, melt at XcOc,, = 
5.38 x Curve (4) CoCI, dissolved in the CsZn2C15 
melt at XcOc12 = 9.9 x Curve (5) CdClz dissolved 
in the CsZn,C15 melt at X,,,,, = 8.75 x Curve (6) 
CdCll dissolved in the CsZn,CI, melt at Xcdc,, = 3.37 x 
10W2. Curve (7)Decomposition curve for solvent CsZn2Cl5 
-ZnCl,. AII curves except 5 were measured against the 
Pt foil reference electrode. Curve 5 was obtained against 
a graphite red reference electrode saturated with chlorine 
by pre-electrolysis, 

microelectrode should be similar to that derived 
by Kolthoff and Lingane (8) for the reduction of 
metal cations at the dropping mercury electrode, 
when the metal deposited is insoluble in mercury. 
Taking into account the expected difference in 
the value for the constant term, this expression 
is : 

RT 
[3] E,p,,i,, = Constant + ---1n (i, - i) 

ZF 

where i, is the limiting current and i is the cur- 
rent along the rising part of the wave. 

The derivation of this expression was based 
on the assumption that the electrode reaction is 
totally reversible and that the magnitude of the 
current is defined by the cathodic process at the 
microelectrode which is controlled by mass trans- 
fer only. 

The so-called half-wave potential El,,  at the 
mid-point of the rising voltammetric curve is 
given as 

C41 
RT i, 

El,, = Constant + -1n- 
ZF 2 

Since i, is concentration dependent, E,,, also 
changes with the concentration of the electro- 
reducible specie in solution. Therefore, El,,  is 
not as significant a quantity in the present case 
as in aqueous polarography. 

Similarly, considering an electrode process 
which involves an intermediate reduction of a 
cationic species from one oxidation state to 
another, such as 

the equation of the voltammetric wave would 
depend on whether or not any of the reduced 
form is originally present in the solution. 

If none of the reduced form is originally 
present, then the equation for the wave derived 
by Kolthoff and Lingane (8) should also be 
applicable to a solid microelectrode. The equa- 
tion is given as 

When the reduced form is originally present in 
solution, the equation for the wave becomes 

RT i - (iL)* 
[7] E = Constant - ---1n 

Z F  (i& - i 

where (i,), and (i,), are, respectively, the anodic 
and cathodic components of the voltammetric 
curve. 

When the free energy for the anodic reaction 
is sufficiently positive then the reduction curve 
does not contain an anodic component even at 
very low concentration ratios of X (red)/X (oxid). 
Thus (i,), = 0, and eq. 7 reduces to eq. 6. 
Similar expressions for solid microelectrodes 
have been given by Delimarskii and Markov (7). 

Figure 9 shows plots of E us. log (i, - i) for 
the voltammetric curves shown in Fig. 2, except 
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FIG. 6. Concentration dependence of limiting currents for CoZ+,  Ni2+, and Cd2+ ions dissolved in 
the CsC1-ZnC1, melts. Frequency of oscillations is common for all curves at 180 opm. Curves 1,2, 3, 
4a have been obtained against a Pt foil reference. Curve 4b represents measurements against the 
graphite reference electrode. 

for the reduction of CdZf and PbZf which 
exhibited maxima. It is evident that the linearity 
predicted by eq. 3 is followed in all cases. The 
graph also contains lines indicating theoretical 
slopes expected for one- and two-electron reduc- 
tion processes, respectively. 

It is seen that the reduction for Cu+ and Ag+ 
ions is clearly a one-electron process, while that 
for Co2+ is a two-electron process. The remain- 
ing curves indicate small deviations from the 
expected theoretical slopes, indicating possible 
irreversibility in the reduction process involved. 

Similarly, Fig. 10 shows the E cs. log (i, - i) 
plots of three curves given in Fig. 5 for cations 
dissolved in the CsC1-ZnC1, melts. 

Again, the reaction for Co2+ is distinctly a 
reversible two-electron reduction process. How- 
ever, the reduction for Ni2+ is anomalous and 
shows a one-electron slope. 

Figure 11 represents the analysis of multiple 
reduction waves obtained in the CsC1-ZnC1, 
solvent melt. 

The corresponding voltammetric curves for 
the reduction of Cd2+ and Zr4' are given in 
Figs. 5 and 7, and that for the redox system 
Fe3 '/Fez ' is given in Fig. 2. 

The graph contains plots of E 2.s. log i/(i, - i), 

as required by the Kolthoff-Lingane eq. 6 for 
reduction waves indicating multiple steps. 

The redox system Fe3' /Fez' showed one 
voltammetric curve and the plot of E cs. log 
i/(i, - i) is linear. The slope of the curve is that 
required for a reversible one-electron process and 
accordingly the reduction wave represents the 
reaction 

For the first reduction wave seen in the Cd2' 
voltammetric curve, the E us. log i/(i, - i) is 
linear, but the slope is lower than that required 
for a one-electron process corresponding to a 
monovalent Cd'. The second wave is not linear 
and cannot be defined. 

For the multiple reduction steps seen in the 
reduction of Zr4', the first wave yields a well- 
defined linear plot with a two-electron slope, 
and the second wave indicates a one-electron 
slope. Accordingly, these waves represent the 
reduction processes 

and 
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FIG. 9'. Voltammetric curves for the reduction of Zr4+ added (as CszZrC16) in the CsZnzC13 solvent 
melt obtained at an oscillation frequency of 180 opm, t = 350 "C. Curve (al) Zr4+ at XZ,,,, = 2.44 x 

Curve (a2) Zr4+ at XZKcl,  = 3.08 x Curve (a3) Zr4+ at XZrCI4 = 4.47 x Curve (a4) 
Decomposition curve for solvent CsZnzC13. Plot in the upper left hand corner of Fig. 7a shows the con- 
centration dependence of the limiting currents (voltammetric curve for first point not included in 
Fig. 70). Curve (61) Zr4+ at XZrC1,  = 4.47 x t = 330% Curve (b2) Zr4+ at XZrCLl = 4.47 x 

t = 310 "C. All measurements were against the Pt foil reference electrode at 180 opm. 

1.4 1.5 1 .6 1.7 

1 0 8 0 / T  K 
FIG. 8. Dependence of the limiting currents on tempera- 

ture for a solution of CdCl, in CsZnzC13 melt at 180 opm. 
xcdC12 = 2.24 x 10-3. 

The plot for the third wave shows slight devia- 
tions from linearity, and its average slope could 
be taken as representing a one-electron reduc- 
tion process. Therefore, this wave could indicate 
the reduction to metal according to 

It  should be noted that monovalent Zr' has 
been found in ZrCl 49) which is a chemically 
stable compound even at temperatures as high 
as 1000 "C. 

These results seem to indicate that the inter- 
mediate reduction of Zr4' to Zr3+ is not taking 
place in these melts. It  has been shown by Gopley 
and Shelton (10) that pure ZrC1, disproportion- 
ates to a lower valence state at temperatures 
above 310 "C. 

It  should be noted that the decomposition 
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r T h e o r e t i c a l  S l o p e s  a t  4 0 Q Q C  

FIG. 9. Plots of E us. log (i, - i) for the reduction of metal cations dissolved in the CsCI-AICI3 
solvent melts. Numbers on each curve correspond to voltammetric curves of the same number shown 
in Fig. 2. Theoretical slopes for one- and two-electron reduction processes are shown on the graph by 
dotted lines. (I) NiCI, dissolved in the CsCl-CsAlCl, melt at XNiC12 = 5.25 x i = 400 'C. 
(5) CoCI, dissolved in CsCl-CsAICl, melt at X,,,,, = 5.35 x t = 400 "C. (6) CoCl, dissolved 
in the CsAlCI, melt at X,,,,, = 2.8 x low3, t = 400 "C. (8) AgCl dissolved in the CsC1-CsAICI, melt 
at XA8c1 = 7.3 x t = 400 "C. (9) AgCl dissolved in the CsAlCl, melt at XASo = 4.0 x 
t = 400 "C. (10) CuCl dissolved in the CsCI-CsAICl, melt at Xc,,, = 8.6 x t = 40OoC. 
( I I )  CuCl dissolved in CsAlC1,-A1C13 melt at XcUcl = 7.0 x loT3, t = 200 'C. 

1 .2 r T h e o r e t i c a l  S l o p e s  a t  3 5 0 ° C  

FIG. 10. Plots of E us. log (i, - 6) for the reduction of metal cations dissolved in the CsC1-ZnC1, 
melts. Numbers on each curve correspond to voltammetric curves of the same number shown in 
Fig. 5. Theoretical slopes for one- and two-electron reduction processes are shown in the graph by 
dotted lines. (1) NiCl, dissolved in the ZnC1,-CsZn,Cl, melt at XN1,,, = 3.50 x low3, t = 350 "C. 
(2) CoC12 dissolved in the ZnC12-CsZn2C13 melt at X,,,l, = 2.00 x lo-', t = 350°C. (3) COCIZ 
dissolved in the CsC1-CsZn,Cl, melt at X,,,,, = 5.38 x e = 350 "C. (4a) CoClz dissolved in 
the CsZn2CI, melt at XcoCl2 = 9.90 x loT3, t = 35OoC. 
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4+- ~ h i r d  Wa2> A------P- 
o - C d Z + -  

s e c o n d  " W a v e  

5-  
-/+- 

--- 
e c t r o n  p r o c e s s  

I T h e o r e t i c a l  S l o p e s  a t  3 5 0 "  C 

FIG. 11. Plots of E cs. log i/(i, - i) for multiple reduction waves. Numbers in each curve correspond 
to voltammetric curves of same number given in Figs. 2, 5, and 7, respectively. Theoretical slopes for 
one- and two-electron reduction processes are shown by dotted lines. (7b-1) ZrC1, dissolved in CsZn2CI5 
melt at XZCcl, = 4.47 x t = 330 "C. (5-6) CdCI, dissolved in CsZn2C1, melt at X,,,,, = 3.37 x 
lo-', 1 = 350 'C. (2-12) FeC1, and FeCl, dissolved in CsAIC1, solvent melt at X,,,,, = 5.20 x 
and X, ,,,, = 5.36 x 1W3, t = 400 "C. 

TABLE 2. Electroreduction characteristics of metal cations on the tungsten vibrating micro- 
electrode (X ,,,, , ,,,,,,,, = 5 x 

- - 
- E d , ,  (V)* 

Overall reaction 
at the tungsten CsCl-CsAlCl, CsAlCl, CsAlC1,-AlC13 

indicator electrode (400 "C) (400 "C) (200 "C) 

NiZ+ + 2e- = Ni 0.65-0.66 0.60-0.62 0 .6  
Pb2+ + 2e- = Pb 0.72 0.72 0.83 
Coi+ t- 2e- = Co 0.80-0.83 0.70-0.72 0.80-0.82 
CdZ+ + 2e- = Cd (a) 0.96; (b) 1.06 - - 
Ag+ f e- = Ag 0.90-0.93 0.80-0.86 0.84-0.88 
Cu+ + e- = Cu 1 . 00--1 .02 0.96-1 . O  1 .OO-1.02 
Fe3+ + e-  = Fez+ 1.05 0.95-0.96 0.96-0.98 

- 
CsC1-CsZnZCl5 CsZnZC15 ZnClz-CsZn2CI5 

Reaction (350 "C) (350 "C) (350 "C) 

CoZ + 2e = Co 0.90-0.91 - 0.92-0.94 
NiZ+ + 2e = Ni - - 0.78-0.80 
CdZ+ + 2e = Cd - (a) 0.83 and - 

(b) 0.94 
Zr4+ + 4e = Zr - (a) 0.85, (b) 0.94, - 

and (c) 1.16 

* (a), ( E l ,  and (c)  indicate, respectively, first, second, and third waves. 
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voltages shown by the pure solvent electrolytes 
are differeni from those seen in voltammetric 
curves measured in the presence of solute metal 
cations. This variation may be attributed to the 
effect of coating the tungsten surface with minute 
amounts of the metal deposit during electrolysis. 

The decomposition potentials for the pure 
solvent melts used in this study are given in 
Table I .  

Since half-wave potentials are not too signifi- 
cant in the present system and furthermore, since 
deposition on a solid microelectrode may pro- 
ceed irreversibly, it is more meaningf~ll to tabu- 
late the initial deposition potentials for the 
electrode reactions investigated. 

Table 2 shows the deposition potentials for 
cations in the various solvents investigated mea- 
sured against the platinum reference electrode at 
solute mole fraction of 5 x lo-,. 

It should be noted that potential measurements 
taken against the graphite reference electrode 
saturated with chlorine did not indicate any ap- 
preciable differences from the values shown in 
Table 2. 

Since the graphite electrode is definitely a 
chlorine electrode, it seems that the platinurn 
reference electrode behaves like a chlorine elec- 
trode and that platinum dissolution does not take 
place. Accordingly, the possible anodic reaction 
at the platinum and the graphite reference elec- 
trodes should be written as 

A comparison between the decomposition 
potentials in the various solvent melts at the 
common mole fraction for the solute ions of 
5 x shows that in the AlC!,-CsC1 solvent 
the lowest deposition potentials occur with the 
compound CsAlCI,. With melts which contain 
CsAlCl, and an excess of either CsCl or AlC1, 
the potentials are slightly higher, indicating that 
the metal cations are at a lower activity level 
possibly due to complex formation. This effect, 
however, was not investigated in the ZnCI,-CsCl 
melts. 

Conclusions 
This study has shown that the oscillating 

tungsten microelectrode is a very useful tool for 
investigating the eIectrochemical reduction of 
metal cations dissolved in chloride solvent melts 
in the temperature range 200 to 420 "C. 

The voltammetric waves for Agf ,  Cu', 

Co2+, and for the redox system Fez+ /Fe3' con- 
sist of one well-defined reduction step. A!1 the 
limiting currents are proportional to the mole 
fraction of the solute, indicating that the limiting 
currents are defined by steady-state mass 
transport. 

For systems like Pb2+ and Cd2+ in solution 
in the CsCI-AICI, melts, the voltammetric curves 
show two reduction waves with pronounced 
maxima. Cd2' dissolved in a CsC1-ZnC1, melt 
also showed two waves but no maximum. 

The reduction of Zr4' ions at low concentra- 
tions shows one reduction wave only. However, 
at higher concentrations three well-defined waves 
are evident. 

Regarding the choice of solvent melts used in 
this study, they are characterized mainly by 
CsCl as the common component and contained 
either AlCI, or ZnC1, in various proportions as 
the second component. 

A1C13 and ZnC1, are useful in that they reduce 
the melting points of the solvent melts to tem- 
peratures as low as 200 "C. In addition they have 
a definite effect in reducing the residual currents 
which have been found to be very high in pure 
alkali chloride melts. The CsCl component in 
these melts has the additional advantage of re- 
ducing the escaping tendency of the volatile com- 
pounds ZnCl, and AlCl,, due to strong chemical 
interactions in the liquid state. From among the 
various solvent melts investigated, those con- 
taining an excess of CsCI, like the CsCI-CsAICI, 
and CsCl-CsZn,Cl,, appear to be the most stable 
supporting electrolytes. 

It is of interest to note that the limiting cur- 
rents in the CsC1-AICI, and CsCl-ZnC1, solvent 
melts are of comparable magnitude for a given 
solute cation at the same concentration and 
temperature. A slight shift in the deposition 
potentials could be seen by comparing the 
voltammetric curves representing the various 
solvent melts for the reduction of a given cation, 
but the magnitude of the change is not sufficient 
to suggest the presence of different complex 
species in ihese melts. Thus, ihe deposition 
potentials of a given cation in ;he three melts 
having compositions corresponding to CsCI- 
CsAlCI,, CsAlCl,, and CsAlCl,-AlCl,, respec- 
tively, would be expected to be higher in the first 
melt containing an excess of CsCI, and hence an 
excess of Tree' chloride ions. Since this was not 
observed it should be concluded that the con- 
gruent compounds CsAlC1, and CsZn2C1, in the 
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molten state are sufficiently dissociated to pro- 
vide an abundance of 'free' chloride ions in all 
these solvents. 

Analysis of the shape of the voltammetric 
reduction curves following the Kolthoff and 
Lingane (8) relationships yielded linear plots. 

The reduction of Agt , Cut, and Co2 ' and 
of Fe2/Fe3' dissolved in the CsC1-AICI, melts 
appears to be reversible, while the voltammetric 
curve for the reduction for NiZt indicates an 
abnormally high slope. 

For Cd2' and Pb2+ dissolved in the CsCI- 
AlCl, melts, the observed maxima did not allow 
an analysis of the shape of the voltammetric 
curves with any accuracy. 

In the CsC1-ZnC1, melts the reduction of Cd2+ 
indicates the presence of an intermediated Cd' 
species. 

From the analysis of the multiple reduction 
steps seen in the reduction of Zr4', it is con- 
cluded that the electron transfer takes place in 
the sequence Zr4' + Zr2+ + Zrf , followed by 
a possible final reduction step to metallic 
zirconium. 
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The electronic structure of tetrapho~ghorans trisulphide 
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J o ~ s  D. HEAD, KEITH A. R. MITCHELL, LOUIS NOODLEMAN, and NORMAN L. PADDOCK. 
Can. J. Chem. 55, 669 (1977). 

The electronic structure of P4S3 has been investigated by the X r  scattered wave (XrSW) 
method as well as by the extended Huckel (EH) and complete neglect of differential overlap 
(CNDO) molecular orbital methods. The XaSW method gives a particularly good account of 
the ionization energies determined by He1 photoelectron spectroscopy. The valence shell levels 
fall into two groups. Those of lower energy are for the most part multicentre orbitals having 
high s character. The upper occupied levels are non-bonding or weakly bonding, and have a 
large p component. Contour plots of wave functions and charge distributions emphasize the 
importance of 'bent bonding' associated with electron density outside the framework of the 
cage structure, and of multicentre density ins~de the cage structure. These calculations provide 
a basis for understanding the relationship between the chemical properties of P4S3 and its 
electronic structure. 

JOHN D. HEAD, KEITH A. R. MITCHELL, LOUIS NOODLEMAN et NORMAN L. PADDOCK. Can. 
3. Chem. 55, 669 (1977). 

On a Ctudit la structure electronique du P4S3 par la methode des ondes diffusCes de Xa  
(XaSW) de mtme que par des mCthodes d'orbitales molCculaires de Hiickel eteildues (EH) et 
CNDO. La methode XaSW fournit une bonne approximation des Cnergies d'ionisation qui ont 
ete determinees par spectroscopie photoelectronique HeI. Les niveaux des couches de valence 
se divisent en deux groupes. Les niveaux qui ont des Cnergies moins elevees sont pour la plupart 
des cas d'orbitales a plusieurs centres ayant un caractere s eleve. Les couches occupkes de 
niveaux plus eleves ne lient pas ou ne lient que faiblement; de plus elles possedent une conl- 
posante p importante. Les tracks de contour des fonctions d'onde et des distributions de 
charge mettent en relief l'importance de la liaison deformee associCe avec la densite electronique 
a l'exterieur du cadre de la structure en cage et de la densite a plusieurs centres a l'intirieur de 
la structure en cage. Ces calculs fournissent une base pour comprendre la relation entre les 
proprietes chimiques du P4S, et sa structure electronique. 

[Traduit par le journal] 

Intuodanctiora 
At the time of Stock's systematic investigation 

of the phosphorus sulphides (I), the compounds 
P,S,, P,S,, P,S,, and P,S,, were known. More 
recently, the existence of P,S, has been estab- 
lished (2, 3), and a new molecular form of P,S, 
has been found (4). Although there is no detailed 
knowledge of the structures of the two latest 
additions to the series, P,S, (3) and P4S2 (3, 5), 
thermochemical and spectroscopic evidence (6) 
suggests that these compounds, Iike those in- 
vestigated earlier (4, 7-11), all have structures 
which are based on a P, tetrahedron. In P,S3, all 
the phosphorus atoms are tervalent, while one 
divalent suiphur atom is inserted in each of three 
coterm~nal edges of the phosphorus tetrahedron 
(Fig. I). Similar cage structures are found for 
a- and @-As$, (121, P,%e3 (13), As,(CH,),- 

'To whom all correspondence should be addressed. 

FIG. 1. The structure of P4S3 (7). Mean dimensions 
Pa-S, 2.090; Pb-S, 2.090; Pb-P,, 2.235 A; angles: 
S-Pa-S, 99.5" 1 Pa-S-Pb, 103.0'; S-Pb-Pb, 103.13, 
Pb-Pb-Pb, 60'. 

CMe (14), and the P,3- ion (15), isoelectronic 
with P,S3. 

Tetraphosphorus trisulphide is the only phos- 
phorus sulphide to retain its molecular structure 
in the solid, liquid, and vapour phases (16) and 
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in some chemical reactions. Although two elec- 
trons on each phosphorus atom and four on 
each sulphur atom are formally non-bonding, 
P,S, is an effective donor only when the acceptor 
atom can release electrons to the ligand. Where 
structures of con~plexes with metal carbonyls 
(17, 18) are known, coordination occurs through 
the apical phosphorus atom, although the basal 
phosphorus atoms are involved in other reac- 
tions, for example with iodine (19, 20) and with 
elemental sulphur (21,221. To provide a basis for 
assessing the chemical properties of PAS, and its 
structural relationship to P, and the other 
molecules mentioned above, we report here a 
theoretical investigation of its electronic struc- 
ture. 

Calculational Methods 
Calculations have been made with the Xa  

scattered wave (XmSW) (23), the extended 
Hiickel (EH) (24), and the complete neglect of 
differential overlap (CNDO) (25) methods. The 
procedures and parameters for the EH calcula- 
tions follow those used by Bartell et al. (26) 
except that d functions were not included. This 
seems reasonable since all atoms in PAS3 are in 
low oxidation states, although conventionally d 
orbitals are included in CNDO calculations for 
phosphorus and sulphur in all their compounds. 
The CNDO calculations were performed using 
the CND0/2 version with the parameters speci- 
fied by Pople and Beveridge (25). Convergence 
problems in the CNDO calculations were over- 
come in a way similar to those used by Bennett, 
McCarroll, and Messmer (27) and by Blyholder 
(28). This involves expressing the density matrix 
used, as input for the ith iteration as 

where P i - ,  is the density matrix used as input 
for the (i - 1)th iteration and Pi - lnew is the 
density matrix calculated in the (i - 1)th itera- 
tion. A was fixed at 0.7. 

The XaSW method uses a self-consistent field 
approach, but does not use a basis of atomic 
orbital functions; the method relies instead on 
obtaining numerical radial fuilctions which 
accurately solve a model Schrodinger equation. 
It is based on a statistical total energy expression 
in which the exchange-correlation energy Exc(pj 
is assumed to be a functional of the total electron 
density p (29). By using the variational principle, 
a set of orbitals pi and the corresponding one- 

electron eigenvalues E~ are obtained from the 
one-electron Schrodinger equation 

[21 I-V2 + VC(~)  + V~a( r ) l~ , ( r )  = &iPi (~)  

This equation is given in Rydberg units (1 Ry = 
13.605 eV). Vc(r) is the classical Coulomb 
potential produced at r by the total electron 
density p and the nuclear charges, and 

is the exchange-correlation potential for the spin 
restricted case. 

In practice, this method depends on parti- 
tioning the molecule into regions and choosing 
a suitable potential for each region. Each atom is 
surrounded by a sphere (centered at the nucleus), 
and the potential inside each atomic sphere is 
found by spherically averaging the one-electron 
potential Vc(r) + V,,(r). The potential in the 
region between the atomic spheres (the inter- 
sphere region) is replaced by a constant volume- 
averaged potential, and in addition an isolated 
molecule is entirely surrounded by an extra- 
inolecular (outer sphere) region in which the 
potential is again spherically averaged. With this 
model potential [2] can be solved accurateljr by 
numerical methods. The wave functions are 
joined smoothly from one region to another, 
and, within the regions of spherically symmetric 
potentials, are expanded over spherical har- 
monics (the convergeilce in 1 is usually rapid). 
The foundations of the Xa  theory and detailed 
descriptions of the method for solving the 
scattered wave equations have been discussed 
elsewhere (29, 30). 

A recent development has been to allow the 
atomic spheres to overlap (31-33); the voiume of 
the constant potential region is reduced, and the 
volumes over which the more accurate spherical 
averaging is performed are increased. Table 1 
gives the atomic sphere radii and values of a 
(eq. 3) used here. The a values are those reported 

TABLE 1. P4S3 sphere radiiY and x parameters 

Atom Model 1: Model 23 C( 

*In units of the Bohr radius. 
tP ,  = apical; P, = basal phosphorus atom. 
$See text. 
$Same value used for intersphere region. 
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HEAD ET AL 

TABLE 2. One-electron energy eigenvalues (eV) from XaSW calculations 

Core state Model 1" Model 2* Valence shell orbital Model l* Model 2* 

p a p )  - 125.42 -126.78 17e -5.64 -7.21 
(2s) - 173.17 - 174.54 3a2 -6.23 -7.67 
(1s) - 2076.90 -2078.19 17al -6.70 -7.88 

16e -7.31 -8.80 
p b ( 2 ~ )  -124.72 - 126.14 15e -7.79 -9 , lO  

(2s) -172.45 -173.88 16al -8.41 -9.70 
(1s) - 2076.22 - 2077.69 15al -9.94 -11.03 

14e -9.97 -11.20 
W P )  -156.30 -157.69 13e -13.34 -14.68 

(2s) -209.36 -210.76 14al -14.09 -15.38 
(1s) - 2395.30 - 2396.66 13al -17.96 -18.85 

12e -18.61 - 19.87 
12al -21.39 -21.93 

*See text. 

by Schwarz (34). The ratios of the atomic sphere 
radii were fixed by a prescription given by 
Norman (32). This involved an initial calculation 
of a molecular charge distribution constructed 
from the superimposed charge densities of the 
free atoms, using the wave functions of Herman 
and Skillman (35). Preliminary sphere radii were 
chosen so that each sphere enclosed a total elec- 
tron charge equal to the appropriate atomic 
number; the ratios of the atomic sphere radii for 
the XxSW calculations were then taken as equal 
to  the appropriate ratios of the preliminary 
sphere radii. The two sets of absolute radii which 
have been used in this study (Table 1) are 
respectively 30% (Model 1) and 20% (Model 2) 
greater than required for contact of the spheres. 
For Model 1, the wave functions within the 
atomic spheres were expanded over a basis set in- 
volving spherical harmonics corresponding to 
I = 0 and k = 1 ; for Model 2, the basis was ex- 
tended lo include 1 = 2 functions. 

Results 
All calculations were made using the geometry 

of Fig. 1. Table 2 gives the one-electron eigen- 
values obtained from the XaSW calculations for 
both the core and the valence shell levels. The 
one-electron E~ are defined as 

where (Ex,) is the expectation value of the total 
energy of the molecule, and r z ,  is the occupation 
number of the ith level. Ionization energies were 
calculated by transition state theory (27), which 
includes first order corrections for relaxation. 
For the semi-empirical methods, the ionization 

energies were taken to be the negatives of the 
calculated one-electron energies. The ionization 
energies calculated by all the methods are given 
in Table 3, together wit11 the values measured by 
photoelectron spe~troscopy.~ The individual 
molecular orbitals from the XaSW method 
(Model 2) are analysed in Table 4, and the charge 
distributions for all the methods in Table 5. The 
total atomic valence-shell electron populations 
are given in Table 6. Table 7 gives the low lying 
dipole allowed excitation energies from spin 
restricted transition state calculations for the 
XaSW method (Model I), and from differences 
in orbital energy for the EH and CNDO 
methods. 

Discussion 
Orbital Energies and Charge Distribution 

The He1 photoelectron spectrum of P,S, is 
shown in Fig. 2, with the ionization energies 
calculated by the XaSW method (Model 2) 
superimposed upon it. This calculation accounts 
particularly well for the relative positions of the 
energy levels (Table 3). The range covered by the 
first eight ionization energies is similar for Model 
1 (4.45 eV) and Model 2 (4.09 eV), and close to 
the observed range (4.27 eV). The corresponding 
ranges calculated by the EH and CNDO 
methods, using Koopmans' theorem, are less 
satisfactory, being 3.38 and 6.83 eV, respectively. 

The spacings in the ionization energies calcu- 
lated by the XaSW method are changed slightly, 
but significantly, by the inclusion in Model 2 of 
d waves, to the extent of about 0.2-0.3 d electron 

'The spectrum (HeI) was determined by Dr J. N. A. 
Ridyard of Perkin-Elmer, using a PS-18 photoelectron 
spectrometer. 
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TABLE 3. Calculated and observed ionization energies (eV) 

XctSW XaSW 
Orbital (Model 1) (Model 2) Band No. Obs. EH CNDQ 

TABLE 4. Partial wave decomposition* 

Orbital Pa S P b  % Orbital Pa S Pb % 

S 0 
15e p 0.003 

d 0.009 

s 0.082 
16nlp 0.127 

d 0.000 

s 0.002 
15al p 0.044 

d 0.007 

Total 
for all s 1.498 
valence p 2.298 
leve1s.f d 0.289 

7.3 S 

87.8 12ep 
4.8 rl 

19.0 S 

75.8 12~1 P 
5.2 r l  

8.7 
86.7 
4.7 

Total 
for all 
levels 

12al-13ez 

*From XxSW calculations on Model 2. The outer sphere contributions are excluded from individual orbital summations 
touter sphere populations: s 0.074.p 0.274. d 0.196. f 0.274; g 0.129. 
touter sphere populations: .c: 0.0071 pi 0.024; d: 0.060; f: 0.029; g: 0.008. 

on each atom. Model 2 gives the slightly better ionization energies calculated for i34odels 1 and 
description, in that the preferential stabilization 2 are caused by the different choices of sphere 
of the e levels by the (small) d-wave component overiap. 
separates the levels ciearly into the groups of Norman (32) has suggested that the virial 
3 ,  3, and 2 found In the spectrum. The chief theorem be used as a criterion for establishing 
differences between the absolute values of the the absolute value of the sphere overlap. For 
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H E A D  ET AL. 673 

TABLE 5. Percentage charge distribution by atom type* 

Apical P (1)  Sulphur (3)  Basal P (3)  
- 

State XaSW EH CNDO XaSW EH CNDO XYSW EH CNDO Int. Out 

*For each molecular orbital, charge densities are given for the apical phosphorus atom, the three sulphur atoms, and the three basal phosphorus 
atoms. For each type of atom, the successive columns refer to ( I )  total sphere charges (XxSW Model 2), (2) the gross atomic populatioil from 
a Muiliken population analysis of the EH wave functions, (3) the diagonal terms of the density matriv (CNDO). The last t n o  columns of the 
table refer to the intersphere and outer sphere charges calculated by the XaSW method 

TABLE 6. Valence shell electronic popu- 
lations on individual atoms 

Atom XxSW* EH CNDO 

Pa 4.82  4 .74  4.95 
S 6.26 6.10 6.04  
Pb 4.81 4.99 4.98 

*Results for Model 2. The charge in the inter- 
sphere and outer sphere regions has been re- 
allocated to the atomic sphere charges in the 
ratio of the actual valence atomlc sphere 
charges. 

TABLE 7 .  Calculated optical transitions in 
P4S3 

Transition 

17e -> 4a2 
17e + 18e 
17e * 18al 
17e * !9a, 
3a2 + 4a2 
17e + 19e 

Excitation energy (eV) 

X z S W ' X H  CNDO 

*Model 1. Averaged over singlet-singlet and singlet- 
triplet transitions. 

Models 1 and 2, - 2T/V = 1.000204 and 
1.000627 respectively. Although the deviation 
from unity is slightly greater in Model 2,  this 
model is nevertheless preferable both because it 
avoids the unphysical negative intersphere 
charge (- 4% to - 13%) found for the four 
lohest valence orbitals in the calculations on 
Model I and because it gives tbe closer account 

of the measured ionization energies. If a constant 
0.55 eV is subtracted from the ionization ener- 
gies of Table 3 (Model 2), the mean deviation of 
the individual calculated and observed values is 
0.16 eV. 

The semi-empirical methods perform less well. 
Both follow the XzSW method in giving 17e as 
the highest occupied level, but, among the 
higher levels, the EH method interchanges 16e 
and 17a,, and CNDO interchanges 17a, and 
3ai.. The ordering of levels derived from the 
XzSW calculations is supported by the interpre- 
tations of the photoelectron spectra of other 
rnolcculcs. The 3a2 orbital is an almost pure 
nonbonding combination of sulphur 31, (tan- 
gential) orbitals with only weak involvement of 
3p orbitals on thc basal phosphorus atoms. This 
is the case for all the methods (see Tables 4 and 
5).  The assignment of this level to the eneigy of 
the second band (9.29 eV) in Fig. 3 is consistent 
with the set of lone pair ionization energies of 
S,, the highest being 9.23 (34) or 9.40 eV (37). 
The energy of the apical lone pair (defined here 
as the highest occupied a ,  orbital) in phosphines 
is lowered (relative to sulphur) by electronegative 
substituents, cJ H2S, 10.47 (38);  pH,, 10.59 
(39); (CF,),S, 1 1 . 1  1 (40); (CF,),P, 12.70 eV 
(411, and the corresponding assignment of the 
third band to 17a,, shown below to have this 
type of electron distribution, is a natural one. 
The equal intensities of bands 4 and 5 in the 
experimental spectrum suggest that this structure 
could correspond to a degenerate level (16e) 
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The intersphere and outer sphere contributions 
in Table 5 also show that the upper occupied 
orbitals are more spatially diffuse than the lower 

, . valence orbitals. The involvement of d waves is 
small throughout, averaging about 5% (Table 
4). Froin Table 2 (XaSW, Model 2) an energy gap 
of about 3.48 eV between the s-type and p-type 
states is expected. Measurements by X-ray 
photoelectron spectroscopy4 show a peak, here 
assigned to the 13e state, at an energy -3.6 eV 
higher than the ionization energy of the deepest 

. .  . . . ievel (14e) fbund by He1 photoelectron spectro- 
scopy. The separation calculated by the EH 
method is 3.17 eV. No direct con~parison is 
possible with the CNDO method, because the 
order of the levels is different in this region, but 
there is no clear separation between the s- and 
p-type orbitals. 

Orbital Compositions irz the Extended Huckel and 
CNDO Methods 

The CNDO orbitals have a larger d character 
(1 1 x  average) and a greater degree of slp mixing 

t I I I I I 1 than the XxSW orbitals. However, the com- 
lo 13 14 ~ o n e n t s  of .Y and LI functions in the individual 

IONISATION POTENTIAL EV. 
FIG. 2. The photoelectron spectrulu (HeI) of P4S3. The 

ion~zation energies calculated by the XrlSW method 
(Model 2), uniforlnly decreased by 0 55 eV from those 
given in Table 3 (see text) are shov\.n at the top. 

split by the Jahn-Teller effect. The eighth band 
seems broad enough to include both the 15u1 
and 14e levels calculated to be in this region. 

The ultraviolet spectrum3 of P,S, shows a 
single dipole-allowed band, with a transition 
energy of 6.0 eV (E = 13 800 1 cm-I mol-I), 
near the instrumental limit of 6.2 eV. The 
XaSW method, through transition state theory, 
predicts several bands in the observable spectral 
region (Table 7), while the EH method predicts 
two bands (17e -+ 4a, and 3a, * 4a,) and the 
CNDO nlethod none. 

The XvSW partial wave decompositions in 
Table 4 show a substantial contrast between the 
upper occupied levels 14e to 17e and the lower 
valence levels 12a, to 13e. The former pre- 
dominantly involve p functions (76 to 98% p), 
and the latter involve primarily s functions (60 
to 89% s), although orbitals 13e and 140, have 
an appreciable p-content (33 and 3 5 z  respec- 
tive1y)which reduces their antibonding character. 

jM. R. LeGeyt. Private comn~unication. 

inolecular orbitals are broadly similar to those 
from the XaSW method, as are the charge 
distributions on the various atoms (Table 5), the 
largest discrepamy being for the 15a, state. The 
CNDO method Indicates the states 14e to 17e to 
be composed primarily of p orbitals (58-86x p), 
while the lower states involve greater propor- 
tions of s orbitals (48-77x s). 

An essentially similar situation holds in the 
EH calculations, although here the sip mixing is 
less than from the XaSW calculations. According 
to the EH method, the states 14e to 17e are 
composed of more than 90% p functions (in an 
s,p basis only), and similarly 12a, to 13a1 
involve predominantly s orbitals (89 to 100% s). 
In common with the XESW and CNDO methods 
EH indicates significant s!p mixing in the 13e and 
14a1 orbitals. EH is the only method in which 
the amount of p character in these two orbitals 
(56 and 66x  respectively) exceeds that of s. The 
EH charge distributions on the different atoms 
(Table 5) are similar to those from XaSW for the 
lower valence levels 12a1 to 13e, but there are 
inarked differences in the higher valence levels 
14e-17e. Figure 3 sllows how the E1-i energy 
levels of the P, and PS, fragments change on 

4M. S. Banna, D. C. Frost, C.  A. McDov~ell, and B. 
Wallbank. Unpublished results. 
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MOLECULAR EXTENSION 8 
FIG. 3. Energies (EH) of the orbitals of P, and PS3 

approaching (C3L  symmetry) to form P,S3. The last 1.5 8, 
of the idealized process is shoun. 

bringing them together to the distance which 
separates them in P,S,. It highlights the existence 
of both bonding interactions between the P, and 
PS, fragments in the states 12a,, 12e, and 14a1, 
and antibonding interactions in the states 13a, 
and 13e. These results are interesting in view of 
the similarity of the lower valence levels as de- 
termined by the EM and XaSW methods. 

Co~ltour Plots of the XaSW Orbitals and Elec- 
tronic Cjznrge Di.ctributiot?s 

The XaSW method provides no numerical 
measure of bonding character corresponding to 
the concept of bond order in molecular orbital 
theory. Contour plots of wave functions and 
electronic charge distribution5 are more detailed 
and informative, and are presented in this 
section for some of the more important orbitals. 
Wave function contour diagrams6 for some of 

5R. P. Messmer, S. K. Knudson, and K. H. Johnson. 
Unpublished data. 

6From Model 1 calculations. Small differences in detail 
are to be expected from plots of the Model 2 wave func- 
tions, but the fundamental characteristics of the orbitals 
will be unchanged. 

the higher lying levels of P,S, are given in 
Fig. 4. Sections of a wave function belonging to 
17e (Fig. 4 a, 6) show that electron density is 
concentrated on the sulfur atoms in non- 
interacting p orbitals, and that there are weak 
interactions within the basal phosphorus ring. 
The apical atom barely contributes to 17e. The 
17a1 state, and to a lesser extent the 16a, state, 
should be expected from consideration of sym- 
metry, energy, and charge distribution to con- 
stitute the apical phosphorus lone pair, although 
the total charge on Pa from the 17a, and 16a, 
orbitals is only 1.02 electrons. Of the total 
electronic charge in 17u,, 30% is found on Pa, as 
compared with about 50% on P for the highest 
occupied u1 orbital in PH, (32). The plots of 
17a, in Fig. 4 c, d illustrate that the electron 
density arises mainly from phosphorus p orbitals 
oriented towards the centre of the molecule. The 
14e, 15e, and 15a1 levels are weakly bonding 
orbitals delocalized over both the P and S rings, 
but (Table 5) with little charge on P,. Sections 
of a wave function belonging to 14e, the deepest 
found by He1 photoelectron spectroscopy, are 
shown in Fig. 4e and$ Both show 'bent bonds'; 
in one, the bonding electrons are predominantly 
outside the phosphorus triangle, in the other they 
are concentrated somewhat outs~de the Pa-S 
internuclear axis. 

Further contour plots are shown in Fig. 5 for 
wave functions corresponding to the lower 
valence levels 12a, to 13e. Figures 5a and b show 
that although 13e is antibonding with respect to 
atomic s funct~ons for both Pb-P, and Pb-S 
bonds, the appreciable mixing in of p waves re- 
sults in net Pa-S bonding. In 14a1 (Fig. 5c) the 
high concentration of charge in the Pa s-orbital is 
antibonding with respect to the sulphur orbitals, 
and there is also appreciable bonding density in 
the middle of the P, face. The dominant feature of 
130, (Fig. 5 d, e) is the multicentre nature of the 
bonding within the P, subunit; Fig. 5dalso shows 
an antibonding interaction between the P, and 
PS, subunits. The two lowest valence orbitals, 
12e and 12a1, are both strongly bonding. The 
former (Fig. 5f) corresponds to polar o-bonding 
between S and P,, and the latter (Fig. 5 g ,  11) has 
considerable multicentre character within the PS, 
subunit. The participation ofp  functions in these 
predominantly s states reduces significantly the 
antibonding character of the 13e and 14cr, 
orbitals, and sllghtly increases the bonding 
character of 13a,, 12e, and 12a1. 
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HEAD ET AL. 679 

The total electronic charge distributions (Fig. 
6) show a number of features of chemical interest. 
Distributions characteristic of directed lone pairs 
a t  both Pa and P, are evident in Fig. 60. The 
symmetrical nature of the charge distribution 
round each sulphur atom (Fig. 6b) shows that 
direct S-S bonding is unimportant, though 
there is some indirect S-S bonding mediated by 
P, (Fig. 6 a, b). Figure 6c displays both lone pair 
density and 'bent bonding' density in the basal 
phosphorus ring. The individual contour dia- 
grams show the divislon into s type and p type, 
13e and 14a1 being intermediate in this respect. 
The s type orbitals have appreciable electron 
density within the molecule, to give multicentre 
bonding, whereas some of the higher p type 
orbitals have electron density outside the inter- 
nuclear axes, forming 'bent bonds'. Brundle and 
co-workers (42) have suggested that multi- 
centre bonding density ('omnidirectional' in 
their terminology) may be important to the 
stability of P,. According to the present analysis, 
such bonding may account for the frequent 
appearance of the P, structural unit in the 
phosphorus sulphides: it is probably significant 
that the ion P3Sf,  isoelectronic with P,, is 
abundant in the mass spectrum of P,S, (43). 

Chemical Properties 
Various properties of P,S, depend on the fact 

that the higher occupied levels are essentially 
nonbonding, so that snlall perturbations can 
have a large effect on charge distribution. 
Accordingly, the chemical shifts of P, (44) 
and the basal phosplrorus atoms of P,S, (45) are 
both very sensitive to the solvent, the apical 
phosphorus atom being somewhat less so (45). 
The sensitivity can be attributed to the high 
polarizability of the occupied orbitals, especially 
17e in P,S, and 2e and 6t ,  in P, (42, 46). It is 
also interesting that an investigation of the 
dynamic polarization of the 31P nucleus (47) 
showed a higher scalar enhancement, and. hence 
a greater s character; in the P, than in the P, lone 
pair. This result is coilsistent with the XaSW 
calculations (Table 4), which show that the s 
density in both the 'lone pair' orbitals 17a,, 
I6a1 is greater on P,. Most of the chemistry of 
P,S3 involves donor-acceptor interactions, The 
highest occupied orbital in a symmetrical phos- 

density on phosphorus spread among the basal 
atoms. Both types of phosphorus atom can be 
expected to act as donors, and we can now dis- 
cuss in more detail the complexes referred to in 
the Introduction. 

The ionization energy of 17a, is 9.66 eV, coin- 
parable to that of the highest a' level of MePH, 
(9.72, 9.6 eV (48, 49)). This compound is a very 
weak base, and, consistently, P,S, is not pro- 
toilated by normally available methods. Tetra- 
phosphorus tr~sulphide does, however, form 
the complexes cis-(P,S,),M(CO), (M = Cr, Mo, 
W), cis-(P,S,),M(CO), (M = Cr, Mo), and 
Nl(P,S,),, in w:iich, on the basis of their ,'P llmr 
spectra, coordination takes place through Pa 
(17). A crystallographic analysis (18) of a further 
complex P,S,MO(CO)~ shows that a strong 
Pa-Mo bond is formed at the expease of all the 
P-S bonds in the ligand, not merely those from 
Pa itself. The Pa-Mo bond can be explained in 
terms of o-donation from 170, (Fig. 4c) accom- 
panied by n donor and acceptor interactions 
involving 14e (Fig. 4e), 17e (Fig. 4u), excited 
states of P,S,, and d and s orbitals of molyb- 
denum. 

In these reactions, PAS, does not differ greatly 
from such tertiary phosphines as Ph3P, as shown 
by the corresponding CO stretching frequencies 
in P,S,Mo(CO), (18) and (in parentheses) 
Ph,PMo(CO), (50): A,, 2075 (2075); B,, 1985 
(1989); A , ,  1965 (1945); E, 1940 (1950) cm-l. 
However, P4S, forms another con?plex7 P,S,- 
Mo(CO), with t ~ o  strong bands (1999, 1940 
cm-I) in the CO stretching region, similar to the 
(A + E) bands of C,H,Mo(CO), (1991, 1919 
cin-l) (51) and (PhPCl,),Mo(CO), (2016, 1943 
cm-I) (52). The complex evidently has trigonal 
symmetry, and it seems most likely7 that 
coordination takes place through the basal 
phosphorus atoms, though confirmation of co- 
ordination by a P, triangle by X-ray methods is 
not yet available, either for this compound or 
the rhodium complexes of P, (53). 

An example of a different type of interaction 
at the basal atooms of P,S, is given by its reaction 
with i od~ i~e .  The first product that can be iso- 
lated is p-P,S,I, (19, 20) (Fig, 7a), whose for- 
mallon is presumably a result of the high electron 
densiiy at P, in 17e. Its subsequent rearrange- 

phi~re is ~zormally of (!, sqimnletr~, and P4S3 is 
7 ~ .  willingham and A. W. Cordes, private c o ~ ~ ~ m u n i -  

unusual in having its highest a, orbital below a caiioi~; W. Willingham, Ph.3.  thesis, University of 
degenerate orbital which has its major electron Arkansas, 1972. 
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FIG. 7. Structures of (o) 13-P,S3T, (19, 20) and (b) 
a-PqS312 (54). 

ment to give the more stable a-P,S3H, (54) (Fig. 
7b) is accompanied by a reduction of the separa- 
tion of the formally nonbonded P and S atoms 
to 3.1 A, well below the sum ofthe van der Waals 
radii (3.5 A). The skeletal mobility of P,S3P, 
and the occurrence of such indirect bonding are 
both compatible with the concept of multi- 
centre bonding indicated by the XaSW calcu- 
lations. 

Concluding Wemwks 
Calculation of the electronic structure of 

P,S3 by the XxSW method gives a good account 
of the ionization energies determined by photo- 
electron spectroscopy. A small d-component is 
fairly evenly spread among all the orbitals, and, 
although it is unlikely to have a major effect on 
molecular geometry, it is important in deter- 
mining the detailed spacing of the levels. Of the 
two semi-empirical methods used, EH gives a 
better account of the measured ionization efier- 
gies, but the CNDO charge distributions are 
closer to those found by the Xci.SW method. An 
important feature of the XxSW calculations is 
that, although there are some significant effects 
of s-p mixing, there is a distinct energetic divi- 
sion between the lower states based mainly on 
3.r orbitals and the higher, 3p type, Their bonding 
charar.teristics are diEerent, the former providing 
the meln cohesive energy ofthe molecule tl~rough 
mu1tice:ltre bond i~g  within the P,  and PS, 
subunits, ( a d  perhaps accounting for the preva- 
Ience of the P, tinit in the phosphortis sulphidesj 
 he Iztter being more directed, and having a high 
electron densiey both in the conventional lone 
pair directions, and, in scme cases, outsjdz the 
conventional bond axes {'bent bonds"). All thest: 
characteristics cac be 5-eci~ iri the coatour 

orams~ dia, 
Cbemical!y, P,S, can be ex~ected to a c l  as E 

donor at both the apical and a s a i  sires, as fo:jj4dd 

there being no clear theoretical preference. The 
donor properties of Pa are similar to those of 
other tertiary phosphines, and the formation of 
complexes with metal carbonyls can be under- 
stood in terms of the calculated molecular 
orbitals. The basal P3 atoms behave like P,, and 
further experimental investigations of coordina- 
tion in this region would be valuable. Multi- 
centre bonding is likely to be important here, and 
in such reactions as the structure transformation 
of p-P,S,I,. 

AekrnswledgemnaeHa%s 
We are grateful to Dr. L. S. Bartel! and to Dr. 

K. H. Johnson, respectively, for the EH and 
XESW programs, to Dr. K. P. Messmer and Dr. 
9. G. Norman for the plotting programs, to Dr. 
J. N. A. Ridyard and Dr. 19. C. Frost, respec- 
tively, for the He1 and X-ray photoelectron 
spectra, to Dr. A. W. Cordes for unpublished 
information, and to the National Research 
Council of Canada for financial support. 

I .  A. STOCK. Chem. Ber. 43. 150 (1910); 43. 414 (1910): 
43. 1223 (1910). 

2. M.  MEISEL and H.  GRUSZE. Z. Anorg. Chem. 366,152 
(1969). 

3. H. VINCENT. Bull. Soc. Chim. Fr. 4517 (1972). 
4. A. M.  GRIFFIS and 6. M. SHELDRICK. Acta Crystal- 

logr. Sect. B. 31.2738 (1975). 
5 .  R. FORTHMANN and A. SCHNEIDER. Z. Phys. Chem. 

(N.F.). 49.22 (1966). 
6. H. VINCENT and C. VISCENT-FORAT. Bull. Soc. 

Chim. Fr.  499 (1973). 
7. Y .  C. LEUNG, J .  WASER. S. VAN HOUTEN. A.  VOS, G. 

A. W~EGEKS, and E. H.  WIEBENCA. ActaCrystallogr. 
10.594 (1957). 

8. S. V A N  HOUTES and E. H. WIEBENGA. Acta Clystal- 
logr. $0. 156 (1957). 

9. A. Vos and E. W. WIEBENGA. AstaCrystallogr. 8.217 
(1955). 

10. A. Vos and E. PI. WIEMENGA. Acta Ciystallogv. 9, 92 
(1956) 

11. H H Z L I ~ ~ E Z .  Acta ClvitaLioz: Sest B, 25. 1229 (19431. - 
12. H. 6. WHITFIELD. J .  Chen.  Soc. A. 2800 (3940): J. 

C!;crn. Soc. Dalton Trans, 1739 (1973). 
13. E ,  KEULEN and '4. pios. Acta Grystailcgr, 12. 323 

(1959). 
14. .i. ~ E L E R M A ~ Z  and H. SCHGSSNIR. Angeiv. Chem, 

In!. Ed, Eng!. 13, 601 (1974). 
i5 .  W. D A H P M A : ~ ~  arid 1-1.G. v o ~  SCHNERING. Natuy- 

;v:sseascbaRen, 59,420 (1972). 
16, Wi, GARESEK. J .  6311em. 562. Daiton Trans. 491 (1973). 
47. R.  ~EFFERSDP',  13. F. KLEIN, and J. F. Nlxoh. Cliem. 

Commuii. 5326 (1969). 
18. A, W. Co;.,nr;s, R. D. JOYYEK, R .  D. SHORES, and E. 

D. D r x .  Inorg. Chcm. 13, i32 (19743. 
19. G. W. 1-1uiv-r and A. W. Coaoes. I n o g .  Chem. PO. 

1935 (19711. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HEAD ET AL. 68 1 

20. G. J. PENNEY and 6. M. SHELDRICK. J.  Chem. Soc. A, 
1100 (1971). 

21. K. BOULOCH. C.  R. Acad. Sci. 138.364 (1904). 
22. W. D. TREADWELL and C. BEELI. Helv. Chirn. Acta. 

IS, 1161 (1935). 
23. J. C. SLATERand K. H.  JOHNSON. Phys. Rev. B. 5,844 

(1972). 
24. R. HOFFMANN. J .  Chem. Phys. 39. 1397 (1963). 
25. J. A. POPLE and 14. L. BEVERIDGE. Approximate 

molecular orbital theory. McGraw-Hill, New York. 
1970. 

26. L .  S.  BARTELL. L. S. SU. and H. Yow. Inorg. Chem. 
9. 1903 (1970). 

27. A. J .  BENNETT. B. MCCARROLL, and R. P. MESSMER. 
Phys. Rev. B, 3, 1397(1971). 

28. 6 .  BLYHOLDER. J.  Res. inst. Catal. Hokkaido Univ. 
28,92 (i973). 

29. J. C .  SLATER. Adv. Quantum Chem. 6, 1 (1972). 
30. K. El .  JOHNSON. Adv. Quantum Chem. 7 ,  143 (1973). 
31. N. Rosca.  W. G. KLEMPERER, and K .  H. JOHNSON. 

Chem. Phys. Lett. 23. 149(1973). 
32. J. G. NORMA&. J. Chem. Phys. 61,4630(1974). 
33. F. H ~ X M A N .  A. R. WILLIAMS. and K. H.  JOHNSON. J .  

Chem. Phys. 61, 3508 (1974). 
34. ah. SCHWARZ. Phys. Rev. B ,  5,2466 (1972). 
35. F. HERMAN and S. SKILLMAX. Atomic structure cal- 

culations. Prentice-Hall, New York. 1963. 
36. R. Boscwr and "Wi. SCHMIDT. Inol-g. Nucl. Chem. 

Lett. 9,443 (1973). 
37. N.  Bi. ~ 1 c a A ~ ~ s o r v  and P. WEIKBERGER. J. Electron 

Spectrosc. 6. 109 (1975). 
38. W. C .  PRICE. Ckem. Rev. 48, 257 (1947). 
39. 6 .  R. BRANTON, D. C.  FROST,C. A. MCDOWELL, and 

I. A. STENHOUSE. Chem. Phys. Lett. 5. l(1970). 

40. W.  R. CULLEN. D. C. FROST, and D. A. VROOM. 
Inorg. Chem. 8, 1803 (1969). 

41. A. H. COWLEY, M. J. S. DEWAR, and D. W. GOOD- 
MAN. J .  Am. Chem. Soc. W ,  3653 (1975). 

42. C. R. BRUNDLE. N.  A. KUEBLER, M.  B. ROBIN, and 
H. BASCH. Inorg. Chem. %I ,20  (1972). 

43. 6 .  J. PENNEY and G. hd. SHELDRICK. J .  Chem. SOC. A, 
243 (1971). 

44. 6. NECKMANN and E. FLUCK. Z. Waturforsch. %b, 
282 (1971). 

45. G. HECKMANN and E. FLUCK. Z. Natulforsch. %b, 
982 (1971). 

46. S .  EVANS, P. J. JOACHIM. A. F. ORCHARD. and D. W, 
TURNER. Int. J .  Mass Spectrom. 9, 41 (1972). 

47. R.  A. DWEK, R. E. RICHARDS, D. TAYLOR. G .  J. 
PENNEY. and G. M. SHELDRICK. J .  Chem. Soc. A, 935 
(1969); J .  A. POTENLA, E .  H.  POINDEXTER, P. J .  CP- 
LAN, and R. A. DWEK. J .  Am. Chem. Soc. 91. 4356 
(1969). 

48. M. F .  LAPPERT, J .  B. PEDLEY, B. T. WILKINS, 0.  
STELZER. and E. UNGER. J .  Chem. Soc. Dalton Trans. 
1207 (1975). 

49. S. CRADOCK. E. A. V.  EBSWORTH. W. 9. SAVAGE, 
and R. A. WHITEFORD. J. Chem. Soc. Faraday Trans. 
11.934 (1972). 

50. D.  J. DAREKSBOURG and T. L. BROWX. inorg. Chem. 
7.959 (1967). 

51. R. D. FISCHER. Chem. Ber. 93. 165 (1960). 
52. E. W. ABEL. M. A. BENNETT. and 6;. WILKINSOK. J .  

Chem. Soc. 2323 (1959). 
53. A. P. GINSBERG and 9di'. E. LINDSELL. J .  Am. Chem. 

SOC. 93.2082 (1941). 
54. D. A. WRIGHT and B. R.  PENFOLD. Acta Crystallogr. 

12,455 (1959). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Use of the scaled-particle theory for the determination of single ion 
standard Free energy of transfer between solvents 

CLAUDE T R E I N E R  
Laborutoire d'Electrochirnie, Universit68. et M .  C ~ i ~ i e ,  4, Place Jlr~sieri-Brit. F-75230 P01.i.r Cetlex 05-ERA 310 

Received September 27. 1976 

CLAUDE TREINER. Can. J. Chen~.  55, 682 (1977) 
The tetraphenylboron extrathermodynamic assumption is one of the methods most often 

used for the evaluation of single ion standard thermodynamic functions of transfer between two 
solvents. We sho~v in this article that the scaled-particle theory may be useful for discriminating 
among those solvents for which this extrathermodynamic assumption may be questionable 
because of strong solute-solvent interactions. Although no general rule is proposed, the 
tetraphenylboron assumption seems valid in the case of the free energy of transfer between 
water and solvents like methanol, ethanol, acetonitrile, and formamide; it should not be used 
in thc case of thc transfer to solvents like propylene carbonate, dimethylsulfoxide or si~lfolanc. 
The scaled-particle theory may also be used to predict within 20% the standard free energy of 
transfer of the tetraphenylboron ion bet~veen water and aqueous mixed solvents; examples are 
given for water-methanol and water-ethanol mixtures. 

CLAUDE TREINER. Can. J. Chem. 55, 682 (1977). 
L'hypothese de l'equisolvatation des ions tetraphenylborure et tetraphinylarsiniurn est tine 

des lnethodes extrathermodynamiques les plus utilisees pour la determination des fonctions 
thermodynamiques de transfert d'ions individuel entre deux solvants. Nous montrons ici que 
la theorie des spheres rigides peut ttre utilisee pour designer les solvants pour lesquels dues 
de fortes interactions soli~te-solvant, cette nlethode extrathermodynamique est peu sure. 
Aucune regle gtnerale n'est proposee; toutefois il selnble que la methode soit valable dans 
le cas du transfert de I'eau a des solvants tels que le methanol, l'ethanol, l'acktonitrile et le 
formamide. Elle semble devoir Ctre rejetbe dans le cas du transfert de l'eau a des solvants dont 
les ~.noltcules sont plus complexes tels que le carbonate de propylene, le dimethylsulfoxide et le 
sulfolane. La theorie des sphkres rigides peut igalement tire utilisee pour predire B 20% 
pres l'energie libre standard de transfert de l'ion tetraphenylborure entre l'eau et des melanges 
hydroorganiques: on donne les exemples des melanges eau-methanol et eau-ethanol. 

Introduction 
The evaluation of single ion therlnodynaniic 

properties has been the subject of many discus- 
sions. A wide variety of extrathermodynamic 
assumptions have been proposed (1) and have 
been critically reviewed in recent years (2-5); 
none of them has gained so much populariiy as 
the tetraphenylboron (T+B) ass~~i ip t ion  5rst 
proposed by Grunvcald et a!. (5) in 1950. Ac- 
cording to this extrathermodyna~~~ic %pproach, 
the tetrapheny!boron ion (+,9-) 2nd the tetra- 
phenylphosphoniuln ion ($,Pf) are taken as 
identical in size and weakiy solvated to the same 
extent. The replacement ol' +,PT with *,As+ (7) 
does not cliange the bas~c a ~ s u i ~ ~ p t i o i i ~  o,C ~1x1s 
approach. Sonie warnicgs inay be f o m d  in the 
literature against the T+3 ass;:t12?rion based 
mostly on spectroscopic sixdies (8, 9): ~~rzroriu- 
nateiy, comparison betiyeen c l~e l~~ica l  shirts and 
'~l~ermodyiiarnic quai~ilties is 3ot straightrorward, 
and a theoretical approach bcas Celt necessary. 

We have shown recently (lo), that the scaled- 
particle theory (SPT) can account for the main 
part of the standard free energy of transfer of a 
large ion like tetrabutylaminonium from water 
LO water-acetone and to water-acetonitrile mix- 
tures. It was thus felt interesting to investigate 
 he possi's~lity of using the SPT to discriminate 
between ihe solvents for nhich the T$B assump- 
tion could be useful for tile evaluatioli of reliable 
s~nsle  ion free energies of transfer betneen two 
;olvents, a i d  those for ahich this assumption 
should iiol be dsed. 

Theorj 
~ c c o r d ~ n ~  to the SPT. the standard free energy 

sssoc:ated ~71th the dissolut~on of a haid snhere 
1t-1 a soillent can be repieseilled by tite FoZlow~g 
;elat:onshi;9 (1 1) : 

[ I )  %Go = AGO(ca:) f AGo(lnt) 
f RTlog RTIY 
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TREINER 683 

TABLE 1. Characteristic constant* for the calculation of AG,O for the tetraphenylarsenium ion 
from water to some pure organic solvents at 298.15 K using the scaled-particle theory (1 1) 

- AGto (kJ mol-') 
 AGO.^ - 

Solvent d (1) (kJ mol-I) Calcd Expt 

Water 
Methanol 
Ethanol 
Acetonitrile 
Formamide 
Dimethylforniamide 
Dimethylsulfoxide 
Sulfolane: 
Propylene carbonate 
AT-Methyl 2-pyrrolidone 

*AG," is expressed in the mole fraction scale. 
+Equation 1, AGo(int) = 0. 
ivalue at 30 'C. 

where AGO(cav) is the free energy for creating a 
cavity in the solvent and AGo(int) is the free 
energy of interaction of the solute particle in 
the cavity with the solvent molecules; V is the 
molar volume of the solvent. In  the case of the 
standard free energy of transfer of the solute be- 
tween a reference solvent (here water) and a given 
solvent s, one may write: 

[2] AGtO = A~,O(cav) + AGtO(int) 
+ RT ln (V,/V,) 

with 
A~,O(cav) = AGTO(cav) - AGW0(cav) 

and 
AGtO(int) = AGS0(int) - AG,'(int) 

AGtO(int) is not known for the chemical systems 
we want to study; Masterton et al. (12) have 
pointed out that when dealing with aromatic 
molecules, the scaled-particle theory IS relatively 
inaccurate presumably because of uncertainties 
in the interaction energy term. Thus we shall 
assume that AGtO(int) E 0 which corresponds to 
the basic hypothesis of the T+B assumption (see 
Discussioll section). 

The only constants necessary for the calcula- 
tion of AGtO(cav) are the diameter of the solute 
and solvent molecules collsidered as hard spheres 
and the density of the solvents. The d~ameter of 
$,Pasf was assumed equal to that of +,B- : 
Grunwald's value of 8~4- was adopted (5). The 
hard sphere diameter a of the solvent nioiecules 
was calculated using the de k ig~ ly  and van der 
Veen (13) method based on Bondi's 114) estimates 
of van der Waals volumes. The a values thus 

obtained may be in error by some unknown 
amounts especially for molecules like N-methyl- 
pyrrolidone, but they represent a consistent set 
of values based on the same calculation method. 
The density d of the solvents were take11 from 
the literature (15). 

Results and Discussion 
( A )  Free Energy of Transfer of +,As+fi'oi7z Water 

to Pure Solcenfs 
In  Table 1 we present the results obtained on 

the mole fraction scale together with the experi- 
mental AGtO values taken froin a review article 
by Cox et al. (16) and expressed on the same 
co~lcentration scale. AGt0(calcd) should of course 
be corrected by a coulombic term as the SPT is 
only concerned with uncharged particles; how- 
ever, if we assume that the Born equation gives a 
good estimate of the electrostatic effect one can 
easily show that for the large ion we are dealing 
with AGto(coul) is a t  most equal to 4.6 kJ mol-I 
(in the case of the transfer from water to ethanol 
which has the lomes: dielectric constant value of 
the solvefit listed). 

TvIost often for the solvents considered here 
AGtO(coui) is of the order of 2.5 kJ mol-I and 
may therefore be neglected. 

The data listed in Table 1 show that AGtO(exp) 
is negative from w;ter to all the solvents studied: 
the comparison be~wecn calculated (eq. 2 with 
BGtO(int) = 0) ana  experimental values indicates 
surprisingiy gooa agreement for the transfer to 
methanol, ethanol, acetonitrile, and formamide. 
This may be taken as evidence that AGtO(int) 
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which has been assumed to be zero in our calcula- 
tion is indeed small and may be neglected in these 
cases, i.e. the interaction between +,As+ and 
the solvents is small (or similar in water and in 
these organic solvents). 

The agreement is not good in the case of di- 
nlethylformamide and is obviously bad for sul- 
folane, N-methylpyrrolidone, dimethylsulfoxide, 
and propylene carbonate: even the sign of AGtO 
is not predicted by the SPT. This means that in 
these cases we are not allowed to neglect AGtO(int) 
and that this term is large for some of the solvents 
listed (for example of the order of -67.8 kJ 
mol-I from water to sulEolane).l It implies that 
strong solute-solvent interactions take place 
which are different in water and in those organic 
solvents. We should note however that this con- 
clusion rests to some extent on the (reasonable) 
assumption that +,As+ or $,B- are more 
strongly solvated in the organic solvents than in 
water; it follows that AGtO(int) is negative from 
water to the organic solvents. This assumption 
is in agreement with the observations of Coetzee 
and Sharpe (9). It then follows that the stronger 
the solute-solvent interactions, the larger can be 
the difference between tl:e solvation of the cation 
and the anion (that such a difference may exist 
has been indeed pointed out by Grunwald when 
the T+B assumption was first proposed). The 
obvious conclusion is that the T+B assumption 
should not be used in the cases just discussed and 
the following procedure can be proposed. 

If AGtO(exp) E AGtO(cav) within, say, 30% 
then single ion values as obtained through the 
T$B assumption can be considered reliable. In 
other cases, the T+B assumption should not be 
used. 

( B )  Free Enevgj) of Transfer of +,Asf from Wafer 
to Mixed Solcents 

It  is also interesting to compare calculated and 
experimental AGtO values in the case of mixed 
aqueous solvents. AGtO(calcd) is obtained using 
equations published previously (10, 17). 

AGtO(exp) from water to water-ethanol mix- 

'One of the referees pointed out to us the work of 
Neff and McQuarrie who try to introduce the influence 
of the solute on the solvent-solvent interactions in their 
solubility calculations. (Note that the discrepancies be- 
tween experimental and calculated hG,O values are usually 
larger when the density of the organic solvent is higher 
than of water.) Howevzr the system they study (neon in 
argon) is so different from ours that it seems difficult to 
apply their ideas to the present problem. 

tures had been obtained from solubility mea- 
surements (18), and from water to water- 
methanol mixtures from vapor pressure mea- 
surements (19). 

The density of the solvent mixtures were taken 
from ref. 15. Figures I and 2 present the results 
obtained with AGtO(int) = 0. The agreement 
between experimental and calculated ACtO 
values is good, being of the order of 20%. If the 
Born effect is also considered the agreement is 
even better. I t  seems then, that in the cases for 
which AGtO for +,Asf may be predicted by the 
SPT from water to a pure solvent, the calculation 
may be extended to the mixture of the two 
solvents. However, complications may arise 
from strong solvent-solvent interactions as in 
the case of water + acetonitrile mixtures (10). 

Conclusion 
The tetraphenylboron assumption should be 

used with great care. Our study confirms pre- 
vious warnings against its use, but it also shows 
that in the cases of the standard free energy of 
transfer between water and organic solvents it " 
may be used with some confidence after com- 
parison between experimental and calculated 
AGtO data using the simple SPT equations. 

0 z2 1 

FIG. I .  AG,0 for from water to water-ethanol 
mixtures: (a) "experimental", (b) calculated by SPT with- 
oat the Born term, (c) calculated with the Born term 
(u+ = 4.2 A) (mole fraction scale). 
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Studies in solvolysis. Part VBII. An entropy correlation related to the reaction 
of various nucleophiles with malachite green 

STEPHEN HARVEY MORRIS, JOHN MARSHALL WILLIAM SCOTT,' A N D  FREDERICK STEELE 
Cl1er?7istr~ Depiil.:n~erzt. Mernoiiiii Uriii.ci.siQ. c ~ f ' N e i ~ f i ~ ~ i r ~ d l ~ i r I t l ,  St .  Jol~n 'a ,  ~Vfitl., C(ii~trrl~i AIC5S7 
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STEFHEN HARVEY MORRIS, JOHN MARSHALL WILLIAM SCOTT, and FREDERICK STEELE. Can. J. 
Chem. 55, 686 (1977). 

The entropies of activation related to the reactions of aqueous malachite green with the nu- 
cleophiles water, hydroxide, hydrazine, ammonia, hypochlorite, and sulphite have been calcu- 
lated from the temperature dependence of the rate constants appropriate to these reactions. The 
entropies of the transition states for these reactions have been characterized and the transition 
states shown to be 'reactant like'. A similar correlation, based on data for a series of nucleo- 
philes attacking methyl iodide, suggests that the transition states for the Sx2 displacement reac- 
tions are also 'reactant like' with respect to the attacking nucleophile. A relationship between 
two distinct parameters each of which is related to the position of transition states along the 
reaction coordinate is considered. 

STEP HE^ HARVEY MORRIS, JOHS MARSHALL WILLIAM SCOTT et FREDERICK STEELT. Can. J. 
Chem. 55, 686 (1977). 

On a calcule les entropies d'activation relikes aux reactions du vert de malachite aqueux avec 
les ~~ucleophiles eau, hydroxyde, hydrazine, ammoniac, hypochlorite et sulphite; ces calculs ont 
CtC effectuCs a partir de la depeadance qui existe entre la temptra t~~re  et les constantes de vitesses 
appropriCes de ces rtactions. On a caracterise les entropies des Ctats de transition de ces rCac- 
tions et on a di.montrC qae les etats de transitions ressemblent aux rCactifs. Une correlation 
semblable, baste sur des donnies pour une sCrie de nucleophiles attaquant l'iodure de methyle, 
suggere que, par rapport au nucliophile qui attaque, les Ctats de transition des reactions de 
dtplacement S22 ressemblent aussi au reactif. On considPre une relation entre deux parametres 
distincts chacun desquels est relie a la position de l'etat de transition Ze long des coordonnees de 
la riaction. 

[Traduit par le journal] 

The thermodynamic parameters AN* and AS* 
which characterize the reactions of charged and 
neutral nucleophiles with triaryl carboniuin ions 

where 77 = 0, 1, and 2, have been measured fre- 
quently (1-6). The previous use of these quanti- 
fies has been to extrapolate or interpolate mea- 
sured rates for correlations based on relative 
rates (free energies of activation, AG*). More- 
over, little attention has been directed to :he pre- 
cision with which these quantities have been 
measured. Reported values for the entropies of 
activation show coilsiderable variation. For 
instance when Ar,C' = malachite green and 
Nn- = OH-, AS* has been reported as - 19 
(41, - 14 46), - 10.4 (I), and -7 (3 )  cal mol-I 
K-' and no systematic entropy data for these 
reactions exist to offer further insight into the 
details of the activation process. 

'To whom all correspo~ldence should be addressed. 

Conclusions concerning the nature of the 
activated state can often be deduced from en- 
tropies of activation ill conjunction with the ap- 
propriate initial state data. Correlations of this 
type have been used by Robertson et al. (7-10) 
for the methyl (7, 91, allyl (71, and isopropyl 
halides (7, 8). The correlations take the form, 

[2] S*(RX) = mS(X-) + constant 

where R = methyl, allyl, and s-propyl, S* is 
the entropy of the trailsition state, and S(X-) is 
the standard entropy of the completely forined 
soivated aqueous anionic leaving group. The 
quantity cx is best considered as a reaction co- 
ordinate ~arameter ,  which in this case measures 
the degree of resemblance of the activated state 
to the products, i.e. the fully formed ions. The 
quantity S*(RX) is calculated frorn the equation 

[ 3 ]  S'(RX) = S,(RX) + G,S(RX) f AS* 

where the symbols on the right hand side are 
the gas phase entropy of WX, the entropy of 
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MORRIS ET AL. 687 

solution of RX, and the entropy of activation 
respectively. 

The intention of the present paper is twofold. 
Firstly, to  provide a careful study of the tem- 
perature dependence of the rates of attack of 
several nucleophiles on malachite green, from 
which the entropies of activation can be cal- 
culated. Secondly, to combine these entropies 
with the appropriate initiai state data so that the 
transition state entropies for the malachite 
green - nucleophile reaction series can be charac- 
terized and to use the transition state entropies 
as a means of investigating the details of the 
activation process. 

Experimental 
Materials 

Malachite green perchlorate was prepared and purified 
as described elsewhere in this series. The nucleophilic 
reagents were the best quality grade commercially avail- 
able and were used wit'hout further purification. 

All solutions were prepared with freshly distilled water. 
Sodiuni hydroxide, hypochlorite, and sulphite solutions 

were prepared immediately prior to use. The s~~ lph i t e  
solutions were stabilized with quinol (ca. i x lo-' mol 
dm-3) which had no effect on the measured rates (18). 

The ammonia solutions were buffered to pH = 9.25. 
A stock solutioll of malachite green was prepared by 

dissolving the perchlorate in acetone (1 cm3) and diluting 
to 1 dm3 with water. The final concentration of malachite 
green in the reaction cells was ca. 5 x mol 

Kirzetic Mensurements 
Reactions involving hydroxide and ammonia were 

carried out using a Unicam SP500 spectrophotometer. 
Solutions were contained in 10 mm stoppered silica cells 
and the kinetics of the pseudo first order reactions were 
measured by recording the decrease of the absorption at 
615 nnl for at least three half-lives using a Varian A25 
chart recorder. 

Water flowing around the cell housing was maintained 
at  the required ternperatuse by means of a large thermo- 
stat regulated by a Tronac PTC-1000 precision controller 
described in more detail in an earlier paper of the present 
series. Temperature control was better than F 0.01 K. 

The reactions with hypochlorite and sulphite as nu- 
cleophiles were followed by stopped-flow spectroscopy. 
The custom-built apparatus used for these n~easurenlents 
will be described elsewhere. The temperature for this sps- 
ten1 was also maintained as described above. 

A~zalj~sis of Rafe Consfants 
Kinetic data from both the above sqsterns mere ana- 

lysed using a three parameter nonlinear curve fit com- 
puter program (Basic for PDP-11) based on a method 
given by Moore (11). Best fit values of lco, Po, and P, 
related to the equation 

were computed together with their respective standard 
deviations. The quantity ko is the observed pseudo first 
order rate constant, Po and P,  are the dye absorbances 
at  t = 0 and t = m respectively, and P is the absorbance 
at  f = f .  When the reaction goes to equilibrium k, be- 
comes the sum of the forward (k,) and back (lc-,) rate 
constants and k, the second order rate constant for the 
attack of the nucleophile. Using a three parameter fit in 
this manner P, becornes a disposable parameter and 
correct values of k2 may be obtained irrespective of 
mhether the reaction goes to eq~~ilibrium or completion. 
Second order rate constants (kZ) were obtained subse- 
quently from a weighted least squares slope of the linear 
dependence of the pseudo first order rate constant on the 
concentration of nucleophile. The intercept from such an 
analysis of the hydroxide kinetic runs also yielded the 
pseudo firs1 order rate constants for the water reaction, 
i.e. 

where k2 is the second order rate constant for the hy- 
droxide reaction k,, the pseudo first order rate constant 
for the concurrent reaction with water. The lc, constants 
were converted to second order constants in the usual 
way. 

Temperature Dependelelrce oj the Rate C~lell~tflltf~ 
A two parameter nonlinear least squares program was 

used to evaluate AH= and AS*  from the Eyring equation 

Values of the second order rate constants and their corre- 
spondlng temperatures were llltrod~lced into the program 
and best fit values of A S =  and AH * together with their 
respective standard deviations were calculated via an 
iterative procedure. 

Results 
Some preliminary experiments showed that 

the pseudo first order rate constants, measured 
as described above. were relatively insensitive to 
ionic strength effects. Ritchie et 01. (12) observed 
that the addition of inert electrolytes ( < 1  x 
lo-' 11101 dm-3). had no detectable effect on the 
rate of attack of hydroxide on malachite green. 
Consequently even though the rates are all mea- 
sured at variable ionic strellgth in the present 
studv, concentrations were such that ionic 
strength influences on the reaction rates are 
negligible. 

The second order rate constailts for the attack 
of each nucleophile on malachite green a t  various 
temperatures are reported in Table 1. A typical 
plot representing (a) the dependence of pseudo 
first order rate constants on the concentration 
of a particular nucleophile (ammonia) and (6) the 
influence of te~liperature on this correlation is 
shown in Fig. 1. 
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TABLE 1. Second order rate constants for the reaction of 
malachite green with a series of nucleophiles at various 

temperatures 

Nucleophile TIM 

S03Z- 288.40 
292.15 
298.35 
304.15 
308.95 

OH-  294.89 
298.14 
303.80 
309.12 

C10- 286.19 
298.15 
302.89 
309.59 

H 2 0 b  294.89 
298.14 
303.80 
309.12 

NMB 240.36 
293.93 
296.98 
300.12 
303.31 
306.98 

YNumber of kinetic runs, 
bCalculated from intercept of the second order hydroxide plot 

A comparison of the new rate measurements 
with those reported previously is made in Table 
2. The differences in both ionic strength (see 
above) and temperature related to the previous 
measurements make meaningful comparisons 
with the present data difficult. The rate of attack 
of hydroxide on malachite green reported in this 
communication is in good agreement with that 
measured by Taft (reported in ref. 12). The water 
rale is slighly higher than those previously re- 
ported, but since this rate is derived from the 
intercept of the second order plot when hy- 
droxide ion is the nucleophile, some uncertainty 
in the derived water rates is inevitable. The 
second order rate constants associated with the 
reactions of sulphite and hypochlorite as nucleo- 
philes are also in reasonable agreement with 
those given by Ritchie and Virtanen (17). Dixon 
and Bruice (15) report rate constants which are 
considerably smaller. Ritchie and Virtanen 
rationalize the difference between their measure- 
ments and those of Dixon and Bruice on the basis 
of ionic strength differences. For the suiphite 
reaction the observed rate constant is korrected9 
from 2.8 x 10' mol-I dm3 s-I (I = 1.0) to 3 x 

FIG. 1. The dependence of the pseudo first order rale 
constant on the concentration of ammonia for the reac- 
tion with malachite green at  various temperatures. 

1Q3 mol-I dm3 s-' (I = 0) using the Debye- 
Hiickel kiiniting Law (DHLL). The corrected 
value is  still low considering the temperature 
(303.16 K) at which the rates were measured. 
The use of the DHLL for large ionic strength 
corrections must be concidered suspect. 

The thernlodynamic parameters calculated 
from the temperature-rate data are collected in 
Table 3, together with values of the standard 
entropies of the attacking nucleophiie measured 
in aqueous solution at 298.16 K. These latter 
values collected by Latimer (13) are the most 
recent compilation of entropy data available, 
incorporating selected values by the U.S. 
National Bureau of Standards (14). 

The entropies of activation derived froin the 
kinetic data are negative for all the nucleophiles 
ranging from - 15 + -24 cal mol-' deg-l. 
The entropy of activation for the hydroxide ion 
reaction (- 19.7 cal mol-I K-l)  is in excellent 
agreement wlth that reported by Taft and co- 
workers (4) (- 19 cal 1no1-I K- l )  and is in fair 
agreement with the value reported by Ritchie 
et al. (6) (-14 cal moi-' K-' ). The value of 
AS* for the water reaction is more positive than 
previously reported values, - 3 1.7 cal moi-I 
K-I  (4) and -28.9 cal mol-I M-I  (61, however 
the large differences in AS* for this nucleophile 
are not surprising in view of the relatively large 
errors which must characterlae the individual 
rate measurements (see above). The values of 
AH* and AS* reported here for the reactions of 
ammonia, hypochlorite, and sulphite with mala- 
chite green are new. The thermodynamic param- 
eters of activation which characterize the hy- 
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MORRIS ET AL. 

TABLE 2. A comparison of previously reported second order rate constants for the 
reaction of malachite green with various nucleophiles 

Nucleophile k2/mol-' dm3 s-' T/K I Reference 

Variable 
1 .0 

< 

Variable 
1 .0  

< 
1 x 10-3 
1 .o 

< 10-2 
5 x 10-4 
1 .0 

"Data reported in this paper. 
6Calcu1ated value using act~,ation parameters. 

TABLE 3. Enthalpies and entropies of activation and related thermodynamic data characterizing the reaction 
of a series of nucleophiles with malachite green 

AS*/cal mol- ' S(N)jcal mol-' S*(CINAC) - S(C1) 
Nucleophile AN=/kcal mol-I K-' K-'  /cal mol- ' K-I 

"Data obtained from ref. 5.  

drazine reaction, are based on the rate-tempera- 
ture data reported by Dixon and Bruice ( 5 )  
which were reprocessed using our computer pro- 
gram in order to maintain uniformity of calcula- 
tion. Values of AH* and AS' obtained for this 
nucleophile are also reported in Table 3. 

The entropy of activation for any given nucleo- 
phile attacking malachite green is given by 

[7] AS' = S"(CINAC)  - S(N)  - S(C1) 

where S*(CLNAC) is the entropy of the car- 
bonium ion - nucleophile activated complex, 
S(N) is the entropy of the nucleophile, and S(C1) 
is the entropy of the carbonium ion. Hence 

[s] s i ( e n N A c )  - s(cn) = AS* t S(N] 

Since S(C1) is constant for all the nucleophiies, 
the experimental quantities on the right hand 
side of [8] give a relatice characterization of 

S'(C1NAC) as the structure of N is altered. 
Such a relative characterization of S*(CINAC) 
is sufficient for the purposes of this communica- 
tion. Values of S'(CINA@) for the various 
nucleophiles attacking malachite green are 
recorded in Table 3. 

Discussions 
The second order rate constants related lo the 

various nucleophiles in the present study show a 
wide range of reactivity (ca. lo9) and these re- 
agents may be classified te~tatively in several 
ways. For instance water, at various times, has 
been postulated to react via a general-base catal- 
ysis mechanism (6 ) ,  although the evidence for 
this is neither conclusive nor compelling. Sui- 
phite, hypochlorite, and hydrazine are classified 
as a-effect nucleophiles and show enhanced 
reactivity when related to the pK, of their con- 
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jugate acids. Hydroxide and ammonia might be 
described as 'normal' ilucleophiles but may react 
as general bases (see above). The entropies of 
actikation show no obvious correlation with the 
ilucleophile classifications elaborated above, 
but tend to more negative values as the entropy 
of the aqueous i~ucleopl~ile becomes more posi- 
tive (see Table 3). The cr-effect ilucleophiles show 
no marked differences on the basis of their en- 
tropies of activation and this is unexpected. since 
the electronic nature of the cr-effect suggests that 
a coilsiderable degree of desolvation should be 
necessary before the effect is evident. 

Whilst the entropies of activation themselves 
provide little indication of the details of the acti- 
vation process, the entropy of the trailsition 
state is more useful. Ritchie's (18) extensive 
study suggests a 'reactant like' transitioil state. 
hence a correlation between SJ'(CINAC) and 
the entropy of the initial state (S,) is anticipated. 
The quantity S, is given by 

[9] Si = S(N) + S(CI) = S(N) + constant 

hence for a 'reactant like' transition state the 
correlatioil anticipated is 

[lo] S*(CINAC) = hS(N) + constant 

where h is a constant. The relationship between 
S'(CINAC) and S(N) is shown in Fig. 2, and a 

FIG. 2. An entropy correlation related to the reactions 
of various nucleophiles with malachite green. 

weighted linear least-squares treatment of the 
data gives ?, = 0.88 + 0.02. i.e. confirming the 
'reactant like' description of the transition 
states. This particular correlation has a further 
~lovel feature. The absolute entropies of individ- 
ual ions are not known with any certainty since 
all entropy measurements of ions must involve 
two or more ions \$ith some arbitrary division 
of the total entropy change between the ions in- 
volved. Although ions in chemical processes are 
always present in pairs, trios, quartets, etc., 
kinetic situations are possible where a single ion 
is the effective reagent. This is true in the present 
case where the hydroxide, sulphite, and hypo- 
chlorite ions are the attacking reagents. The fact 
that bof/z the neutral and charged nucleophiles 
are embraced by a single l ~ n e  (Fig. 2) suggests 
that the approximation S(H+)  = 0 is correct 
within the error of our correlation (ca. + 1.0 cal 
111ol-' K-I). Thus the correlation between 
S'(C1NAC) and S(N) provides indirect con- 
firmation of the scale currently used to represent 
single ion entropies. 

Whilst there is no problem in specifying the 
relative values of the entropy of the initial state 
for the reactions representing e.g., [I], the present 
reaction series, the possibility of specifying the 
entropy of the final state (Sf) as the nucleophile 
is varied is more problematical. Ho\+ever the 
products of the reactions for the water and hy- 
droxide as nucleophiles differ only by a proton 
and hence &(OH-) = S,(H,O), since S(H+) = 
0. The data in Table 4 show that 6,Sf Z 6,S* 
for H,O and OH-  irrespective as to whether or 
not one or two water molecules are used to define 
the initial state for the carbonium ion reaction 
with water.' Since the quantity S*(CINAC) 
shows no correlation with Sf for hydroxide and 
water we extrapolate this result to the remaining 
nucleophiles and retain the notion that the cor- 
relation of S*(CINAC) wlth S(N) is the more 
meaningful relationship. Finally, if the appro- 
priate kinetic data are available [lo] provides a 
rough method of determining the standard state 
entropy of anions if such thermodynamic data are 
otherwise unavailable. The significance of the 
quantity h in [LO] has been discussed elsewhere 
by Robertson et ul. (7-9). Constants such as h 
or a (see above) are best considered as 'reaction 
coordinate parameters' and will be discussed 
more fully below. 

26N is an  operator denoting changes in the structure of 
the nucleophile. 
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TABLE 4. Entropies of activation and related thermodynamic data characterizing the reaction 
of a series of nucleophiles with methyl iodide 

AS+ S(N) S =  - S(CH31) 
Nucleophile Reference /cal mol-I K-' ,'cal mol-' K-I /cal mol-I K-I 

It is of some interest to examine the correla- 
tion between S' and S(N) for a system other 
than a triaryl carbonium ion. The reaction be- 
tween methyl iodide and a similar series of nu- 
cleophiles provides a useful system for compari- 
son. In a recent communication by Robertson. 
Annesa, and Scott (9), it was suggested that the 
mechanism for these reactions involved prior 
activation of the methyl halide to an intimate or 
tight ion pair followed by nucleophilic attack 
on this intermediate with ce1.y little bond making. 
This leads to the prediction that the S*(CH,I) 
cs. S(N) correlation would give a slope very close 
to unity and this is indeed the case. The data for 
this correlation are displayed in Fig. 3 and tabu- 
lated in Table 4. The weighted linear least 
squares slope of the line is 0.94 i 0.09 which 
agrees vith previous proposals (9) in all respects, 
and perhaps represents the most important 
rebuttal of the usual S,2 mechanism. The old 
S,2 description of the methyl iodide displace- 
ments e~nphasizes the synchronous motion of the 
new and old bonding pairs related to the reacting 
carbon. The entropy correlation (Fig. 4) pro- 

S ( N ) / c a l  mol -' K1 --+ 

FIG. 3. An entropy correlation related to the reactions 
of various nucleophiles with methyl iodide. 

FIG. 4. The relationship between the Bronsted expo- 
nent (@ and the entropy quantity (2,). 

vides additional evidence which suggests that the 
old picture of these processes should be aban- 
doned (see references given in ref. 9). 

Returning to the triaryl carbonium ion reac- 
tions we recall that Ritchie (18) has used the 
equation 

to accommodate the reaction of a range of car- 
bonium ions and nucleophiles. The N ,  scale is 
defined byp-nitromalachite green as the standard 
carbonium ion and water as the standard nu- 
cleophile. Equation 11 indirectly demands that 
the selectivity of ali nucleophiles with carbonium 
ions be identical. This conclusion is rather un- 
usual and is in coi~tradiction with data already 
in the literature (19). We note some thoughtful 
comments by Pross (20) on this matter and we 
hope to deal with the proble~n in some detail in 
later papers of the present series. The correla- 
tions between N+ and the rates of attack of the 
nucleophiles on various carboniunl ions appear 
adequate, but these reactions do not show any 
rate-equilibrium or equilibrium-equilibrium re- 
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The rearrangement of 4-chloromethyl- 1,4-dihydropyridine 
derivatives to pyrrolo[l,%c]pyrimidines 

ERIC BULLOCK, BRIAN GREGORY, A N D  M.  THOMAS THOMAS 
Deprrrtment of'Clzerni.stry. Mernoi.iu1 Urlir,er.sit?. (<f'Nenfofolrndlntzd, St .  John's ,  AYd., Cnntida A1C5S7 

Received August 10, 1976 

ERIC BULLOCK, BRIAN GREGORY, and M.  THOMAS T H O M ~ S .  Can. J .  Chem. 55, 693 (1977). 
When refluxed with urea in ethanol, certain 4-chloromethyl-1,4-dihydropyridines undergo 

reamangement to give 1,2,5,9-tetrahydro-l-oxopy1~olo[l,2-c]pyrimidines In good yield. The 
structures of the products are established by spectroscopic properties and by dehydrogenation, 
hydrolysis, anddecarboxylation to a 1,2-dihydro-1-oxopyrrolo[l,2-clpyrimidine. In contrast, the 
reaction between thiourea and the 4-chloromethyl-1,4-dihydropyridines occurs w~thout rear- 
rangement and gives isothiouronium salts which were isolated as the picrates. 

ERIC BULLOCK, BRIAN GREGORY et M. THOMAS THOMAS. Can. J .  Chem. 55, 693 (1977). 
Lorsque l'on porte certaines chloromethyl-4 dihydro-1,4 pyridines au reflux avec de I'uree 

dans I'ethanol, il se produit un rearrangement qui conduit aux tetrahydro-1,2,5,9 0x0-l 
pyrrolo[1.2-clpyrimidines avec de bon rendement. On a etabli les structures des produits par des 
methodes spectroscopiques et par deshydrogenation, hydrolyse et decarboxylation pour con- 
duire a la dihydro-1,2 0x0-l pyrrolo[l,2-c,]pyrimidine. Par opposition, la reaction entre la 
thiouree et les chloromethyl-4 dihydro-1,4 pyridines se produit sans rearrangement et donne des 
sels d'isothiouronium qui ont pu Ctre isoles sous forme de picrates. 

[Traduit par le journal] 

4-Chloromethyl-l,4-dihydropyridines having 
electron-withdrawing substituents such as ethoxy- 
carbonyl (I), acetyl (2), and cyano (3) groups 
at  C, and C, were first synthesized by Benary 
who also reported some of their reactions with 
nucleophilic reagents. A reinvestigation of the 
action of cyanide ion on the diester l c  revealed 
that ring expansion had taken place leading to a 
4,5-dihydro-lH-azepine (4), and this was ex- 
tended to the dicyano ( 5 )  and diacetyl com- 
pounds (6). Subsequent work has shown that the 
chloromethyl compounds may be used in the 
synthesis of azepines (7), pyrroles (4-7), fulvenes 
(8). 2,3-dihydrofurans (6), 2-aza-8-thiabicyclo- 
[3.2.l]oct-3-enes (9), and furo[2,3-blpyridines 
(10). We now report that the reaction of urea on 
the 4-chloromethyl compounds leads to pyr- 
rolo[l,2-clpyrimidine derivatives in adequate 
yield. 

When the chloromethyl compound Pc was 
refluxed with urea in ethanol, the ultraviolet 
maxima at 231 and 349 nm (4) of the dihydro- 
pyridine chromophore were replaced, over the 
course of a few hours, by bands at 263 and 310 
nm. Addition of water at this stage caused precip- 
itation of a compound C,,H,,N,O,, M +  308 
whose ultraviolet spectrum was incompatible 
with the presence of dihydropyridine, tetrahy- 
dropyridine, dihydroazepine, and pyrrole chro- 

mophores. The infrared spectrum revealed the 
presence of NH (v,,, 3415 cm-I) and ester 
group(s) (v,,, 1707 cm-I), while the mass spec- 
trum was indicative of the presence of two ester 
groups (see below). The nmr spectrum showed 
signals due to methyl groups at 6 2.68 (t,' J - 1 
Hz) and 2.28 (d, J - 1 Hz), which exhibit homol- 
lylic coupling to two and one protons respec- 
tively. The appearance of 1 : 1 : 1 : 1 quartets at 6 

n R, = COCH, Rz = H 
b R,  = CO,CHI R, = H 
c R, = CO,C,H, R, = H 
d R,  = C N  R2 = H 
e R, = CO,CH, R2 = CH, 

4.68 (H,) and 3.22 (H,) leaves no doubt that 
the protons responsible for homoallylic splitting 
of the methyl groups are attached to adjacent 
carbons (the signal due to HA at  approximately 

'We cannot rule out the possibility that this signal con- 
sists of overlapping doublets due to the small coupling 
constant. 
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6 2.64 is partly obscured by the methyl resonance 
a t  6 2.68). A consideration of the origin of the 
compound, the above splitting pattern, and the 
infrared spectrum suggest the presence of the 
diethyl octa-2,6-diene-3,6-dicarboxylate (part 
structure 2), while the low-field position of H, 
suggests the attachment of a nitrogen function 
at this point. Since deuteration caused no change 
in the Hx signal the adjacent nitrogen atom is 
devoid of protons. In addition the nmr spectrum 
confirms the presence of two ethyl ester groups 
and a proton attached to nitrogen. These data are 
accommodated by the pyrrolo[l,2-elpyrimidine 
structure 3c. In the presence of the paramagnetic 
shift reagent Eu(fod), the HA signal is revealed 
as a triplet which, like the signals due to H, 
and Hx, is broadened by homoallylic coupling. 
The mass spectrum is in good agreement with 
structure 3c, and is dominated by fragmentation 
pathways involving the ethoxycarbonyl and ring 
methyl groups which are situated ortho to each 
other. One important pathway involves loss of 
ethyl group from the molecular ion to give an 

3 4 

a R = COCH? 
h R = C02CH, 
c R = C0,C2H, 
d R = H  

ion m/e 279 (98.5%) which subsequently loses 
ethanol to give an ion nz/e 233 (81%) while 
sequential loss of ethoxyl and ethyl radicals 
from the molecular ion gives rise to the base 
peak at mle 234. The ions at mle 183, 155, and 
137 are reminiscent of the 1,2,3,4-tetrahydro-2- 
oxopyrimidines (1 1) and may arise by scission 
between C, and C, (see Scheme I) followed by 
loss of the side chain from nitrogen with con- 
comitant hydrogen transfer to give the 2-oxoppri- 
midinium ion (mle 183). This ion may lose 
ethylene from the ethyl ester by McLafferty 
rearrangement to give an ion at mle 155 or lose 
ethanol to give an ion mle 137.2 

'In support of this interpretation, the corresponding 
dimethyl ester (see below) gives rise to expected ions at 
mle 169 and 137 but no fragment analogous to the m/e 
155 ion. 

The structure 3c was confirmed, as outlined 
below, by dehydrogenation to give a compound 
showing an aromatic proton, and subsequent 
removal of ethoxycarbonyl groups to give a 
compound having three aromatic protons, two 
of which are attached to adjacent carbon atoms. 

The pyrrolo[l,2-clpyrimidine 3c was dehy- 
drogenated by 10% palladium-on-carbon in 
boiling mesitylene, or, less efficiently, by heating 
with sulfur, to a compound C1,H,,N2O5, M+ 
306 whose nmr spectrum reveals the presence of 
non-equivalent ethyl esters, methyl singlets at 6 
2.97 and 2.42, and a one proton singlet at 6 6.79. 
The low-field shift of the methyl resonances and 
the chemical shift of the one-proton singlet, 
typical of pyrrole P protons, are consistent with 
structure 4c for this product. 

When 4c was refluxed with 5 0 z  aqueous sul- 
furic acid, hydrolysis and decarboxylation oc- 
curred to give 4d, C,H,,N,O, in which the func- 
tionality of the oxygen is indicated by the pres- 
ence of a carbonyl stretching absorption at 1701 
cm-' in the infrared spectrum. The nmr of 4d 
exhibited a pair of doublets (an AB system due 
to adjacent aromatic protons) in addition to two 
methyl singlets, a broad NH singlet and a singlet 
due to a further uncoupled aromatic proton. 
The mass spectrum showed intense M and 
M - 1 ions. 

When refluxed with urea in ethanol, the dihy- 
dropyridines l a  and l b  gave the corresponding 
pyrrolopyrimidine derivatives 3a and 3b whose 
structures are supported by their spectroscopic 
properties. Under similar reaction conditions 
the dicyano compound Id was unchanged. 

The rearrangement of the dihydropyridines 
la-c to the pyrrolopyrimidines 3a-c is believed 
to proceed via alkylation of urea on nitrogen 
(12), with simultaneous ring expansion. to give 
the 4-ureido-4,5-dihydro-1 H-azepine derivative 5 
followed by hydrolytic ring-opening to give the 
acyclic compound 6 and subsequent cyclization. 
(see Scheme 2). An alternative is possible which 
involves intramolecular Michael addition (cf. 
ref. 13) forming 7 followed by ring-opening to 
give 8 and cyclization. In an attempt to isolate 
intermediates, several by-products including 
ethyl acetoacetate, ethyl 2-methylpyrrole-3-car- 
boxylate, ethyl carbamate, and ethyl 3-ureidoc- 
rotonate were isolated from the reaction of urea 
with l c .  It  is well-known that urea decomposes 
in boiling ethanol to give ethyl carbamate and 
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ammonia (14). Anderson and Johnson have 
shown that l c  reacts with ammonium hydroxide 
in alcohol to give ethyl 2-methylpyrrole-3-car- 

+ 
//NH2 

H ,CH2-S-C 

R1&:i3 'NH; 02N$N02 

CH3 
R2 NO2 

9 

n R, = COCH, R, = H 
b R, = CO2CH3 R, = H 
c R, = C0,CH3 R, = CH3 
d R, = C0,C2H5 R, = H 

boxylate and ethyl acetoacetate (7). In view of 
the suggested mechanisms (above) it is interesting 
that ethyl 3-ureidocrotonate may be isolated. 
This is formed from ethyl acetoacetate and urea 
(15) and demonstrates that the cyclization of a 
ureido function onto the carbonyl group of a 
P-ketoester moiety is possible under these reac- 
tion conditions. In addition, it is unlikely that 
dimethyl 2,7 - dimethyl - 4H-  azepine - 3,6 - dicar- 
boxylate, which has been shown to be an inter- 
mediate in the cyanide catalyzed ring expansion 
of l b  (16), is an intermediate in this reaction, 
since no pyrrolopyrimidine is formed when the 
azepine is refluxed in ethanol with urea alone or 
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in the presence of ammonium acetate or ammo- 
nium chloride. 

The above mechanisms each suggest that the 
nitrogen of the dihydropyridine is eliminated 
during the reaction and, in support of this, it has 
been shown that the N-methyl compound l e  gives 
the pyrrolopyrimidine 3b when refluxed with 
urea. 

Although the report of the degradation of the 
paralytic shellfish toxin saxitoxin to a pyrrolo- 
[1,2-elpyrimidine (17) stimulated work on this 
ring system, there are still few synthetic routes 
available (1 8). Pyrrolo[l,2-clpyrimidine deriva- 
tives have been prepared from pyrrol-2-aldehyde 
(19), aminoethylpyrrolidines (20), 3-(4-pyrim- 
idyl)-1-propanol(21), and pyrimidine quaternary 
salts (22-24). The preparation from 4-chloro- 
methyl-l,4-dihydropyridines represents a con- 
venient entry into this ring system and its scope 
is presently under investigation. 

In contrast to the rearrangement which occurs 
on reaction with urea, the reaction of la-c,e with 
thiourea has been shown to give S-alkyliso- 
thiouronium salts. When the 4-chloromethyl- 
1,4-dihydropyridines la-c,e were refluxed with 
thiourea in ethanol until tlc revealed absence of 
the chloromethyl compound, it was found that 
the solution still showed ultraviolet absorption 
typical of the 1,4-dihydropyridine (h,,, 23 1 and 
350 nm) rather than the dihydroazepine (4) or 
pyrrolopyrimidine chromophores. Addition of 
picric acid to the solution allowed crystallization 
of the isothiouronium picrates 90-d. The nmr 
spectra of these compounds were in agreement 
with the assigned structures. Again the 3,5- 
dicyano compound Id failed to react. 

The pyrrolopyrimidine 3c was screened for 
pharmacological activity, and found to have no 
in ritro antibiotic, antiparasitic, enzyme inhib- 
itory, contraceptive, or antihypertensive activity. 

Experimental 
Melting points were determined using a Fisher-Johns 

melting point apparatus. Infrared spectra were obtained 
in chloroform solution using a Perkin-Elmer 237B grating 
infrared spectrometer. Ultraviolet spectra were measured 
on Unicam SP 800D or Perkin Elmer 202 spectrophotom- 
eters using solutions in 95% ethanol. Spectra were cali- 
brated using the bands at 2850.7 and 1601.4 cm-I of 
polystyrene (ir) or at 279.4 and 360.9 nm of a holmium 
oxide filter (uv). The IH nmr spectra were obtained on 
Varian HA 100 or EM 360 spectrometers using deutero- 
chloroform as solvent unless specified otherwise. All 
chemical shifts are expressed in parts per million down- 
field from internal tetramethylsilane. The sample of 

Sievers Eu(fod), shift reagent was obtained from Norell 
Chemical Company, Inc., Landing, New Jersey, 07850. 
Mass spectra were determined at 70 eV ionizing energy 
using a Hitachi-Perkin-Elmer RMU 6E mass spectrom- 
eter. Only the most intense peaks are lisred; normalized 
intensities are given in parentheses. Initial and final total 
ion current values differed by < 5%. New compounds 
were homogeneous by tlc and were analyzed for C, H, N, 
S by Alfred Bernhardt, West Germany. The identity of 
known compounds was established by mp, mixture mp, 
and comparison of ir, nmr, and 111s with those of authentic 
specimens. 

Diethyl1,2,5,9-Tetrahydro-3,7-dimetlzyl-l-oxopyr.volo;I,2- 
c-Tpyrimidine-4,6-dicarboxylate, 3c 

The chloromethyl compound l c  (5.03 g) and urea 
(3.35 g) were heated under reflux in ethanol (100 ml) for 
7 h and then concentrated to about 40 ml. Water (200 ml) 
was added and, on standing, a precipitate was formed 
which was filtered, washed with water, and recrystallized 
from cyclohexane to give the product 3c (4.07 g, 7973, 
mp 132-133 "C. Anal. calcd. for Cl,H,,N,O,: C 58.43, 
H 6.54, N 9.09; found: C 58.38, H 6.61, N 9.11. Spectral 
data: ir 3415 (NH, free), 3217 (NH, bonded), 1707 (un- 
saturated ester), 1670 (amide), 1640 c n - I  (C=C); uv 263 
(E 26 200) 310 nm (E 7150); l H  nmr 6 1.29 and 1.31 (two 
t, J = 7.0 Hz, 6H, methyls of ethyl esters), 2.28 (d, 
J,,,,,II,I~, - 1 Hz, CH, at C3), 2.64 approx (m, partly 
obscured by methyl resonance at 6 2.68, HA at C,), 2.68 
(t, fhomoallylic 1 HZ, 4H3, CJ33 at G I ,  3.22 (two q,  Jx,~ 
14.5Hz, JMx = 9.5Hz, J ,,,,, ll,li, - 1 Hz, IH, HM at 
C,), 4.24 and 4.20 (overlapping q, J = 7.0 Hz, 4H, CFI, 
of ethyl esters), 4.68 (q broadened by honioallylic cou- 
pling, JAx = 13 HZ, JMX = 9.5 HZ, lH,  Hx at C,), 9.01 
(s, 1H, NH). Compound 3c (3.1 x 10-4mol) and the 
shift reagent Eu(IIl)(fod), (4.8 x lo-, mol) in CDC1, 

.(0.6 ml) showed 6 1.40 and 1.43 (two t, J = 7.0 Hz, 6H 
methyls of ethyl esters), 2.39 (s, 3H, CH, at C,), 3.1 1 (br 
t,  JAhz = 14.5 HZ, JAx = 13 HZ, IH, HA at C,), 3.62 (q, 
Ja>f = 14.5 Hz, JMx = 9.5 Hz, 1H, H, at C,), 4.23 (s, 
3H, CH3 at C,), 4.40 (q, J = 7 Hz, 41-1, CK, of ethyl 
esters), 5.38 (q, broadened, JAx = 13 Hz, JMx = 9.5 Hz, 
lH ,  H, at C,), 9.95 (s, lH, NH); ms mle 308(51, M+),  
279(98), 263(40), 261(28), 235(43), 234(100), 233(81), 
207(53), 206(63), 205(26), 189(69), 183(15), 163(27), 
162(55), 161(33), 155(18), and 137(23). 

The filtrate was concentrated to remove ethanol, acidi- 
fied with hydrochloric acid, and extracted with ether. 
The ether was washed with water, dried (MgS04), fi!- 
tered, and evaporated to give a pleasant smelling 011 
which contained ethyl acetoacetate. On standing, crystals 
were obtained, which were filtered off, recrystallized 
from aqueous ethanol and then sublimed to give ethyl 
2-methylpyrrole-3-carboxylate mp 76-77 "C (lit. (1, 7) 
78-79 "C) and had ir and ms identical with those of an 
authentic specimen. 

In a separate experiment, after concentration and addi- 
tion of water the reaction mixture was extracted using 
ether. Evaporation of thc cthcr and chromatography on 
silica gel afforded ethyl acetoacetate, ethyl 2-methyl- 
pyrrole-3-carboxylate, diethyl 1,2,5,9-tetrahydro-3,7-di- 
methyl-l-oxopyrrolo[1,2-c]pyrimidine-4,6-dicarboxylate, 

,The integration includes that of the signal due to PI,. 
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ethyl carbamate, and ethyl 3-ureidocrotonate. When the 
AT-methyl compound l e  was refluxed with urea in ethanol, 
the pyrrolopyrimidine 3c was produced. 

Dirnethyl 1,2,5,9-Tetrahydro-3,7-dimethyl-1-oxopyrrolo- 
;1,2-c,pyrimicline-4,6-dicarboxylate, 3b 

The chloromethyl compound l b  (1.368 g) was refluxed 
with urea (0.9 g) in ethanol (20 ml) as above and recrys- 
tallized from ethanol to give the dimethyl ester 3b (0.836 
g, 60%) mp 210-212 "C. Anal. calcd. for Cl3HI6N2o5:  
C 55.71, H 5.75, N 10.00; found: C 55.79, H 6.07, N 
10.22. Spectral data: ir 3410, 1709, 1683, 1637 cm-'; uv 
262 (E 25 OOO), 310 nm (E 7000); 'H nmr 6 2.40 (d, J - 1 
Hz, 3H, CH3 at C,), 2.75 (br t obscured by methyl reso- 
nances, J,,, N 14 Hz, HA at C,), 2.93 (distorted d, 
J - 1 HZ, 3H, CH3 at C,), 3.32 (q, J,,, = 14 Hz, JMx = 
9 Hz, IH, HbI at C5) 3.63 (s, 3H, methyl ester), 3.67 (s 
3H, methyl ester), 4.69 (q, Jvx = 9 Hz, J,, - 12 Hz, 
1H, H, at C,), 10.59 (br s, IH, NH); ms mle 280 (70, 
M + )  265(100), 249(45), 247(89), 233(66), 221(42), 220(90), 
189(37), 169(19), 162(30), 161(24), 137(19). 

4 , 6 - D i a c e t ~ l - 1 , 2 , 5 , 9 - t e t r a h y d r o - 3 , 7 - ~ y r r o l o -  
Lr1,2-c,pyrimidme, 3a 

The chloromethyl compound l a  (1 g) was refluxed with 
urea (I g) in ethanol as above and after recrystallization 
from aqueous ethanol gave the product 3a (0.42 g, 41%), 
mp 215-216 "C. Anal. calcd. for c l 3 H l 6 N Z o 3 :  C 62.88, 
H 6.50, N 11.29; found: C 62.78, H 6.49, N 11.37. Spec- 
tral data: ir 3405, 1700, 1622 cm-'; uv 283 (E 24 270) 
330 nm (E 8700); 'H nmr 6 (pyridlne-d,) 2.15 (s, 3H, 
acetyl), 2.27 (d, approx. 3H, Jh ,,,, ,,,,,, = 1.5 Hz, CH, 
at C,), 2.30 (s, 3H, acetyl), 2.91 (br t, partly obscured by 
methyl resonances, Jhom,,ll,l~c = 1.5 Hz, J A M  = 15.5 HZ, 
Jax = 13.8 Hz, Ha at C,), 2.91 (t, Jh ,,,, ,, ,,,, = 1.5 Hz, 
3H, CH3 at  C,), 3.40 (broadened dd, Jh ,,,, l l ,2,c = 1-5 
HZ, JA\r = 15.5 Hz, J M X  = 9.6 Hz, IH, H,, at C,), 4.75 
(two d d (8 Ilnes), J, ,,,, ,,,,,, = 1.5 Hz, J A ,  = 13.8 Hz, 
J,,Y = 9.6 Hz, IH, Hx at C,), 10.66 (br s, 1H, NH); ms 
m/e 248 (60, M+), 246(26), 205(48), 191(26), 186(100), 
153(19), 121(97), 107(31), 66(27), 65(33), 56(46), 43(44). 

Dimerhyl 1,2-Dihydro-3,7-dimethyl-1-oxopyrrolo[I,2-c 7- 
pyrimidine-4,6-dicar.boxylate, 4b 

The dimethyl ester 30 (1 15 mg) and 10% palladium-on- 
charcoal (55 mg) in dry mesitylene (20 ml) were refluxed 
for 3 h, cooled, and diluted with ethanol (150 ml). Filtra- 
tion through a pad of Celite followed by evaporation gave 
colorless needles which were recrystallized from aqueous 
methanol to give the product 4b (83 mg, 73%) mp 283- 
284.5 "C. Anal. calcd. for Ct3Hl4NZO5: C 56.11, H 5.07, 
N 10.07; found: C 56.14, H 5.10, N 10.05. Spectral data: 
ir 3390, 1728, and 1706 cm-I; uv 222 (E 37 400), 252 (sh, 
E 7220), 292 (E 4820), 303 (E 5100) 328 nm (E 5240); 'H 
nmr 6 (DMSO-d6) 11.13 (br s, IH, NH), 6.68 (s, 1H, 
C5-H), 3.79 (s, 3H, CH302C), 3.77 (s, 3H, CH302C), 
2.9 (s, 3H, C,-CH,), 2.34 (s, 3H, C3-CH,); ms mle 
278 (100, M+), 263(52), 247(23), 246(7), 231(23) 218(25). 

Diethyl 1,2-Dilzydro-3,7-dirnethyl-I-oxopyrrolo[l,2-cj- 
pyrimidine-4,6-dicarboxylate, 4c 

The diethyl ester 3c (1.008 g) and 10% palladium-on- 
charcoal (522 n ~ g )  in dry mesitylene (175 ml) were treated 
as above to yield the product 4c (0.73 g, 7373, mp 219- 
220 "C. Anal. calcd. for C1,Ht8N2o5: C 58.82, H 5.92, 

N 9.15; found: C 58.81, H 6.04, N 9.10. Spectral data: 
ir 3406, 3225, 1726, 1703, 1621 cm-'; uv 221 (s 41 900), 
293 (E 4900), 303 (E 5200), 340 nm (E 4900); 'H nmr 6 
(DMSO-d,, HA 100) 6.79 (s, lH,  C,-H), 5.76 and 5.71 
(overlapping q, J = 7 Hz, 4H, CH, of ethyl), 2.97 (s, 3H, 
C,-CH,), 2.42 (s, 3H, C3-CH,), 1.35 and 1.37 (over- 
lapping t, J = 7 Ilz, 6H, CH3 of ethyl); ms m/e 306 (80, 
M7), 277(100), 261(27), 249(80), 232(20), 231(21). 

1,2-Dilzydro-3,7-dimethyl-l-oxopyrrolo[l,2-cjpyrimidine, 
4d 

The diethyl ester 4c (1.367 g) in 50% sulfuric acid (100 
ml) was refluxed with stirring for 3 h. The resulting red 
solution was cooled, diluted with water (100 ml), and 
neutralized by addition of solid sodium carbonate. Ex- 
traction using ether afforded a crude product which was 
purified by sublimation at 80 'C/0.01 torr to give the pure 
product 4d (0.45 g, 62%) mp 183-185 "C (dec.). Anal. 
calcd. for C,H,,N20: C 66.65, H 6.22, N 17.27; found: 
C 66.61, H 6.36, N 17.00. Spectral data: ir 3407 (NH, 
free) 1701 (strong, C=O), 1664 cm-' (medium, amide 
11); uv max 205 (s 14 960), 278 (sh, E 12 870), 284 nm (E 
13 060); 'H nmr 6 9.88 (br s, IH, NH) 6.17 (d, J = 3.6 
Hz, IH), 5.99 (s, 1H, H a t  C4), 5.97(d, J =  3.6Hz, IH), 
2.75 (s, 3H), 2.16 (s, 3H); ms m/e 162 (93, M + )  161(100). 

Preparation of Zsotkiouroni~tm Picrates of 4-Chloromethyl- 
I ,4-dihydropyridines, 9a-d 

The chloromethyl compound (1.5 g) and thiourea (1.5 
g) were heated under reflux in ethanol (25 ml). After 
addition of picric acid (1.5 g), the solution was cooled 
when the isothiouronium salt crystallized. Recrystalliza- 
tion from ethanol afforded the pure product. 

The time required for reaction, yield, melting point, 
and elemental analysis are shown in Table 1 and 'H nmr 
spectra are reported in Table 2. 
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The chromous chloride promoted addition of N-haloamides to olefins. 111.' Scope 
and limitations for the synthesis of N-(2-haloalkyl)amides2 

HUGHES DRIGUEZ ,3  JOHN M.  PATON .4 A N D  JEAN LESSARD~ 
DPptii.tcmet~t de chinlie, Ut~ii.er.sitP de S/zc'r.b~.ooXe, Sl~erbrooke (QlrP.), Cutlcidn J IK2R1 
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HUGHES DRIGUEZ, JOHK M. PATON, and JEAN LESSARD. Can. J. Chem. 55, 700 (1977). 
A study of the chromous chloride promoted addition of various N-chloro- and N-bromo- 

amides (ZCONHX) to a variety of olefins shows that two types of addition products can be 
obtained, namely N-(2-haloalky1)amides (1,2-adducts) which generally predominate and N- 
alkylamides (1,H-adducts). The total yield of addition products, the relative proportion of 
N-(2-haloalkyl)amide(s) and N-alkylamide, and the stereochemistry of 1,2-addition to cyclic 
olefins vary with the N-haloamide, that is with both Z and X, and also with the olefin. The best 
yields of 1,2-adducts were obtained with N-chlorocarbamates (Z = 0-alkyl) and the proper 
choice of Z (e .g. ,  2,2,2-trichloroethoxy, benzyloxy) shows the potential of this method for the 
synthesis of N-protected a-chloro primary amines where the amino group is attached to the less 
substituted carbon atom. The use of an excess of N-haloamide results in high yields ( z  90z )  of 
1,2-addition based on the olefin, the excess of Ar-haloamide being simply reduced to the corre- 
sponding amide. N-Chloro-N-alkylamides (ZCONRCI) do not add to cyclohexene and are 
simply reduced to the corresponding amides. 

HUGHES DRIGUEZ, JOHN M. PATON et JEAK LESSARD. Can. J. Chem. 55, 700 (1977). 
Une etude de l'addition, catalysee par le chlorure chromeux, de divers N-chloro- et N-bromo- 

amides (ZCONHX) a des olefines varites montre que deux types de produits d'addition sont 
possibles, soit des AT-(halo-2 alky1)amides (adduits-1,2) qui generalement prCdominent, et des 
N-alkylamides (adduits-1,H). Le rendement total en addition, la proportion relative de N- 
(halo-2 alkyl)amide(s) et de AT-alkylamide, et la stereochimie d'addition-1,2 aux olefines cycliques 
varient avec le N-haloamide selon la nature de Z et X, et avec l'olefine. De f a ~ o n  generale, les 

N-chlorocarbamates (Z = 0-alkyle) donnent les meilleurs rendements en addition-1,2 et avec 
un choix approprie de Z (par exemple un groupement trichloro-2,2,2 Cthoxy ou benzyloxy), 
peuvent servir a la synthese de a-chloroamines primaires N-protegees dont le groupement 
amino est fix6 a l'atome de carbone le moins substitu6. Et utilisant un exces de N-haloamide, 
il est possible d'obtenir d'excellents rendements ( z  90%) en addition-1,2 par rapport a l'olifine 
car le N-haloamide en exces est tout simplement rtduit en amide correspondant. Les N-chloro- 
N-alkylamides (ZCONRCI) ne s'additionnent pas au cyclohexene et soilt simplement reduits 
en amides correspondants. 

Introdaaction the fact that the amido radical would abstract 
In the photochemically induced reaction of hydrogen in preference to adding to the double 

N-haloamides with olefins, the halogen atom can bond as proposed by Neale et al. (3). This 
compete with the amido radical. Thus the hypothesis led us to study the one-electron 
failure of certain N-haloamides (e.g. N-bromo- reduction of M-haloamides by low-valent transi- 
and N-chloro-N-methylacetamide) to add to tion metal salts as a way of producing amido 
olefins (3, 416 could be due to the greater reactiv- 
ity of the halogen atom and not necessarily to 

'References 1 and 2 are to be considered as parts I and 
I1 respectively in this series. 

2Taken in part from the Ph.D. thesis of H. Driguez, 
Faculte des Sciences, Universite de Sherbrooke, 1971. 

3Arts Council of Canada Predoctorate Fellow, 1969- 
1971. Present address: Centre de Recherches sur les 
Macromol~cules Vtgetales. C.N.R.S. B.P. 53. 38041 
Grenoble (France). 

$NRCC Postdoctorate Fellow, 1968-1970. 
5Author to whom correspondence should be addressed. 
'jD. Touchard and J. Lessard, unpublished results. 

radicals without the concomitant formation of 
halogen atoms, and to develop a simple and 
efficient method for adding N-haloamides to 
olefins using chromous chloride. This paper re- 
ports a study of the scope and limitations of the 
method for the synthesis of N-(2-ha1oalkyl)- 
amides and N-protected P-haloamines (Scheme 
1). The standard reaction conditions are very 
mild and the reaction procedure quite simple 
(see the Experimental). As will be seen, this 
reaction constitutes a useful alternative and 
complement to other methods of addition of 
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DRIGUE :Z ET AL. 70 1 

I I 
ZCONH-C-C-X 

I I 
Z = 0-alkyl, alkyl 
X = C1, Br 

SC t l F l l t  1 

N-haloamides to olefins ( 5 ) ;  namely, the thermal 
addition of N,N-dichlorourethane (6-8b, 8c), the 
photochemical addition of N-chlorourethane (8) 
and of N-chloro- and N-bromocarboxamides 
(4). This reaction constitutes also a novel use for 
the chromous ion (9, 10). 

Additions 
Addition of N-Chlorourethane l a  to Cyclohexene 

(Scheme 2: Z = CH,CH,O, X = Cl) 
Since it is known that the photochemical 

addition of N-chlorourethane (NCU, la) to 
cyclohexene proceeds with a good yield @a), we 
chose the NCU-cyclohexene system to study the 
possibility of using a low-valent transition metal 
salt to initiate the addition of N-haloamides to 
olefins. A cursory investigation of the reduction 
s f  NCU by various metal salts in aqueous 
methanol at ca. 0 " 6  and under an oxygen-free 
atmosphere (nitrogen or carbon dioxide) showed 
that Fe(IH), Cu(l), and Ti(1II)salts were ineffec- 
tive whereas V(II), Cr(II), and Ti(I1) chlorides 
did reduce NCU as evidenced by changes in 
color and the complete disappearance of active 
chlorine. The reduction of NCU by the latter 
three salts was then carried out under the same 
conditions but in the presence of cyclohexene 
(3 mol per mol of NCU). No P-chlorocarbamate 
was formed with V(I1) ~ h l o r i d e , ~  a 10% yield of 
P-chlorocarbamates 2a and 3a (cis: trans = 2) 
was obtained with Ti(lI) chloride, and a 42x  
yieid (cis: trans = 1.9) with Cr(I1) chloride. This 
led us to investigate further the chromous 
chloride promoted addition of NCU %a to 
cyclohexene. 

The results of this invest~gation are sum- 
marized in Table 1. Besides the cis and trans 
f3-chlorocarbamates %a and 3a (1,2-adducts), the 
carbarnate 4a (I,H-adduct)' was isolated in 

'In chloroform-methanol at  -20 'C, 1.5% of p- 
chlorocarbamates 2a and 3a (cts:trans = 1) was formed 
according to vapor phase chromatographic (vpc) analysis. 

aThroughout the paper, the addition products havlng 
a hydrogen instead of the halogen at  posltlon P will be 
referred to as the 1,H-adducts. They do not result from 
reduction of the I,2-adducts as will be seen. 

small amounts. In the presence of chloroform, 
which was necessary at -78 "C to maintain an 
homogeneous solution, higher yields of 1,2- 
adducts and larger cis-trans ratios were obtained 
(compare entries 1 and 3, 2 and 4). The yield of 
1,2-adducts and, in the presence of chloroform, 
the proportion of the cis isomer 2a, were also 
increased by lowering the temperature (see entries 
1 and 2, and entries 3, 4, and 5). A slow rate of 
addition of chromous chloride (a lower effective 
concentration of chromous ions) resulted in a 
noticeable increase in the yield of 2a and 3a 
(compare entries 5 and 6). A fourfold dilution of 
the reaction mixture and a decrease in the 
chloroform-methanol voluminal ratio had little 
effect (compare entries 6 and 7). All the NCU 
which did not add to cyclohexene was recovered 
as urethane as seen from the material balance. 
Bicyclohexenyl was formed in small amounts, 
but none of the chlorinated products (dichloro- 
cyclohexane, 3-chlorocyclohexene, 4-chlorocy- 
clohexene) which could be expected if chlorine 
atoms were i n v ~ l v e d , ~  were detected. The reac- 
tion is thus very clean and a very high yield of 
1,2-adducts 2a and 3a (99% based on cyclo- 
hexene) was obtained when using an excess of 
NCU even though the reaction was carried out 
at -40 'C, in the absence of chloroform, and 
with a fast rate of addition of chromous chloride 
(entry 8). 

The investigation was extended to include the 
addition of various N-haloamides 1 to cyclo- 
hexene (Tables 2 and 3) and then to a variety of 
olefins (Tables 4 to 8). The reaction conditions 
were similar to those referred to in Table 1, entry 
6, except for the total amount of solvent and 
relative proportions of chloroform and methanol 
(see the Experimental). 

Addition of NChloroamides (1, X = Cl)  to 
Cyclohexene (Scheme 2 )  

The results of a comparative study of the 
addition of various N-chloroamides to cyclo- 
hexene are reported in Table 2. The total yield 
of addition (2 + 3 + 41, the ratio of 1,2-addi- 
tion (2 + 3) to 1,W-addition (4, and the cis 
(2) - trans (3) ratio vary with the structure of Z: 
increase of the total yield of addition in the order 

gDichiorocyclohexane and, in smaller amounts, 
bicyclohexenyl, 3-chlorocyclohexene, and 4-chlorocyclo- 
hexene, are formed in the photochemical decomposition 
of N-chlorocarboxamides and N-chlorosuccinimide in the 
presence of cyclohexene (4a,c). 
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TABLE 1. Addition of N-chlorourethane l a  to cyclohexene (Scheme 2: Z = CH3CH20, X = C1) 

Reaction conditions Yield" of products 

Entry 
lalolefin CHC13/CH30H 
(mmol) (mob 

Addition of CrCIzd 

(mmol) (min) 

2 .5  5  
2.5 10 
2 .5  5  
2 . 5  10 
2 .5  5  
4 .5  70 

10 90 
9 .5  15 

Material Bicyclo- 
2a + 3a 4a Urethane balance hexenyl 

(%I 2~13a (%I (%I (2) (%I 

QBased o n  N-chlorourethane except in entry 7 where it refers to cyclohexene. Of chromatographically pure products for the 1,2-adducts 2a 
and 3a. By vpc for the 1,H-adduct 4a, urethane, and bicyclohexenyl. 

bAmount of solvent before addine the solution of chromous chloride. 
~ ~ e m ~ e r a t u r e  of the cooling bathr 
d l  M methanolic solution. The addition was stopped when all the NCU was consumed (negative starch-iodide paper test). 
OSmall amounts of electrophilic chlorination products were also formed: 2-chloro-1-methoxycyclohexane (3x1 and 2-chlorocyclohexanol 

(1.5%) (yields determined by vpc). 

TABLE 2. Addition of N-chloroamides (1, X = C1) to 
cyclohexene (Scheme 2)" 

Yield of addition products 

cIn this and the following tables, unless specified otherwise, the 
reactions were carried out at -78°C (cooling bath temperature), 2 
mol of olefin per mol of IV-haloamide were used, the yields are based on 
the N-haloamide and represent yields of isolated chromatographically 
pure products. The yield of amide was determined in many cases and 
the balance of material (addition products plus amide) was greater than 
95% except \%hen the amide was very soluble in water. 

bFrom Table I ,  entry 6. 

N-protected P-chloro primary amines. Treatment 
of the P-chlorocarbarnates 2c and 3c with zinc 
dust in acetic acid at 0 "C afforded the pure P- 
chlorocyclohexylamines cis (5) and trans (6),  
respectively, which were characterized as their 
N-acetyl derivatives 2c (1 1) and 3c (12) (90 and 
88% yield, respectively). Hydrogenolysis of the 
P-chlorocarbamate 2d followed by acetylation 
gave the N-acetyl derivative 2c in a 98% yield. 

CBy vpc. 
dNo attempt was made to dctcct or isolatc the 1,H-adduct 4 .  
eCooling bath temperature of - 5 5 ' ~ .  ~ r - ~ h i ~ ~ ~ ~ ~ ~ ~  li was in- Addition of N-B~omoan?ides (1 ,  X = Br) to Cycle- 

soluble at -78 "C. 
*The cis and trans isomers could not be separated completely. The hexene (Scheme 2)  

cis adduct 2i was obtained pure by recrystallization. The results are recorded in Table 3. The in- 

CCI, < CH, < CF, < ClGH, < 0-alkyl; in- 
crease of the 1,2-adducts - 1 ,H-adduct ratio in 
the order CH, < CH,Cl < OC,H, < CCl, 5 
CF, ; and variation of the cis-trans ratio in the 
order CF, - CCl, CH, - CH,Cl < 0-alkyl. 
Thus the best yields of 1,2-adducts 2 and 3 and 
the highest cis (2) - trans (3) ratios were obtained 
with the N-chlorocarbamates l a  to Id.  The addi- 

fluence of the structure of Z on the yield of 
addition products, on the ratio of 1,Zadducts - 
1,H-adduct, and on the cis-trans ratio is much 
less important than with the N-chloroamides. 
The N-bromoamides gave lower cis-trans ratiosf O 

and a much smaller proportion of 1,H-adduct 4 
than the corresponding N-chloroamides. Since 
alkyl bromides should be reduced more easily 

tion of N-chloro-2,2,2-trichioroethylcarbamate iOLower ratios with the ,v-bromoarnides as 
I c  and N-chlorobenzylcarbamate I d  illustrates compared to the N-chlorozmides have also been observed 
the potential of this reaction for the synthesis of in the photochemical additions to cyclohexene (4a). 
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DRIGUEZ ET AL. 

TABLE 3. Addition of N-bromoamides (1, X = Br) to cyclohexene (Scheme 2) 

Yield of addition products 

2 + 3  4 Electrophilic 
N-Bromoamide (%I 213 (%) bromination (%',)" 

CH3CH20CONHBr l j  7 1 1 . 5  < 0 . 5 b  26 
ClCH2CHzOCONHBr l k  77 1 .3  C d 

CC13CH20CONHBr 11 70 1 . 4  20 
85" 1 . 6  12 

C6H5CH20CONHBr l m  61 1.7 C 35 
CH3CONHBr In 67 1 .1  9 2 
CICHzCONHBr l o  74 1.3 - 4f d 

CC13CONHBr l p  66 1  . O  d 

CH3(CHz)3CONHBr l q  66 1 . 4  C 2 

aThe yields of 2-bromomethoxycyclohexane and 2-bromocyclohexanol were determined by vpc: re- 
spectively, 15% and 11% for l j ,  2% and 8% with 11, 19% and 1 6 x  with l m .  No 2-bromocyclohexanol was 
detected with In and lq .  

bBy vpc. 
CNot detected in the chromatographic fractions. 
dNot determined. 
eThe N-bromocarbamate 11 was recrystallized from methylene chloride - pentane at cn. -40'C im- 

mediately before the reaction. Five moles of cyclohexene per mol of 11 were used. 
fBy nmr in a mixture of 40 and 2-chloroacetamide. 

than alkyl chlorides, the smaller amount of partly removed by low temperature recrystalliza- 
1,I-I-adduct 4 with the N-bromoamides strongly tion. N-Bromocarbamates have been shown to 
suggests that this addition product does not arise be in equilibrium with their disproportionation 
from reduction of the 1,2-adducts 2 and 3. products, [I], ( K  - 0.1 near room temperature) 
Indeed, each of the 1,2-adducts 2a, 3a, 2j, and 3j (13). With the N-bromocarboxamides which 
was recovered unchanged after treatment with have much less tendency to dismutate (13), 
chroinous chloride under the standard reaction electrophilic bromination was almost negligible 
conditions. These experiments also show that no 2ROCONHBr ROCONBr, + ROCONH, 
cis-trans isomerization occurred during the - 
addition reaction. The 1,H-adduct 4 nlost 
probably results from Cr(I1) reduction of the 
intermediate P-amidocyclohexyl radical followed 
by protonolysis of the organochromium deriva- 
tive. A faster halogen-atom transfer to the radical 
in the case of the N-bromoamides would then 
account for the smaller proportion of 1,H-addi- 
tion." 

Due to electrophilic bromination, the N- 
bromocarbamates I j  to In7 gave lower yields of 
addition than the corresponding N-chloro- 
carbarnates la  to Id.  This competing ionic pro- 
cess limits the synthetic value of the N-bromo- 
carbarnates for the preparation of N-protected 
j3-bromo primary amines. When the N-bromo- 
carbarnate was recrystallized at low temperature 
(< -40 "C) then dissolved in the cold and the 
solut~on used immediately, electrophihc bromin- 
ation was less important (see PI). We believe the 
eiectrophilic brorninating species to be the 
i%i,N-dibromocarba~ate which would then be 

I'See the accompanying paper for a discussion of the 
mechanistic aspects. 

and the yields of addition ( 2  + 3 + 4) wcre 
more or less comparable to those obtained with 
the corresponding N-chlorocarboxamides. 

The addition of N-bromo~entanoamide l a  
was studied in order to see if intramolecular 
hydrogen abstraction in the amido radical could 
compete significantly with the intermolecular 
attack on the double bond.12 It did not since the 
yield of addition was quite similar to that ob- 
tained with N-bromoacetamide In.  Furthermore 
we could not obtain any evidence of the forma- 
tion of 4-bromopentanoainide. When N-bromo- 
pentanoamide I q  was treated with chromous 
chloride under the same conditions but in the 
absence of an olefin, pentanoamide was isolated 
in a 95% yield. A microanalytical determination 
of bromine indicated that about 2% of 4-bromo- 
pentanoamide could have been formed. Thus 

lZN-d-Halocarboxamides are known to photochemically 
rearrange to the 4-halo isomers through a free-radical 
chain reaction involving an intramolecular hydrogen- 
atom transfer to the amido radical (3, 14). For example, 
N-bromopentanoamide was reported to yield 37% of 
4-bromopentanoamide (3). 
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intermolecular addition of the pentanoamido 
radical to cyclohexene is faster than intra- 
molecular hydrogen abstraction which appears 
to be slower than its chromium(I1) reduction. 

Additions to I-Octene, I-Met~zylcyclohexene, and 
Norbornene 

The additions to 1-octene (Scheme 3 and Table 
4) and to I-methylcyclohexene (Scheme 4 and 
Table 5) illustrate the regiospecificity of the 
reaction. The amido group becomes attached to 
the less substituted carbon atom as expected if 
an amido radical is the attacking species. Small 
amounts of the 1,2-adducts 11 and 12 resulting 
from the attaclc on the more substituted carbon 
aton1 of I-methylcyclohexene were isolated in 
the case of NCU l a  and N-bromoacetamide In. 
They were probably formed also with the other 
N-haloamides but were not isolated. The addi- 
tions to norbornene (Scheme 5 and Table 6) gave 
exclusively products having the amido group exo 
in agreement again with the initial attack of an 
amido radical. Indeed, in free radical additions 
to norbornene, the initial addition generally 
occurs from the less hindered exo side (8b, 15); 
very few examples of a partial attack from the 
endo side have been reported (16). 

With 1-octene (Table 4) and l-methylcyclo- 
hexene (Table 5).  the yields of addition products 
(1,2-addition plus 1 ,H-addition) were similar to 
those obtained with cyclohexene and generally 
somewhat lower than w ~ t h  norbornene (Table 6). 
In the case of 1-methylcyclohexene, no 1,H- 
adduct was isolated even with N-chloroacet- 
amide l e  which gave the highest proportion of 
1,H-addition with the other olefins whereas, with 

TABLE 4. Addition of N-haloamides 1  to 1-octene 
(Scheme 3) 

Yield of addition products (2) 

N-Haloamide 7 8 

CH3CH20CONHCl I n  8.5 
CH3CONHCl Pe 28 47b 
ClCH,CONHCI If 64 13 
NH2CONHCI li' 5 3 
CH3CH20CONHBr l j d  81 
CH3CONMBr I n  62' 
CICH,CONHBr Po 80 

"Not detected by preparative layer chromatography. 
bBy vpc. 
CCooling bath temperature of 5 5  ' C .  AT-Chlorourea l i  was in- 

soluble ar -78 "C. 
*The N-hromourethane 1 jwas recrystallized from methylene chloride 

- pentane at 6 0  lo 5 0  ' C  immediately before the reaction. 
eBased on  the con\ersion into the oxazoliiie 38. The 1,2-adduct 7n 

undeiweiit paitial decomposition upon chromatography on silica pel. 

ZCONHX + CH3(CH2)5CH=CH2 + 

1 

CH3(CH2)5CH-CH2 f CH3(CH2),CH2--CH2 
I I 
X NHCOZ 

I 
NHCOZ 

7 8 
SCHEME 3 

NHCOZ 

ZCONHX + a a + 
X 

1 9 (c i~ ) 

TABLE 5. Addition of N-haloamides 1 to l-methylcyclo- 
hexene (Scheme 4) 

Yield of addition products 

QThe ratio was determined by vpc. The trans isomer 12a \\-as not 
isolated as such(see sectionentitled Structure of theadditionproducts). 

bThe addition products 11 and 12 could not be isolated by prepara- 
tive layer chromatography but they were probably formed according 
to the tlc of the crude reaction product. 

<A chromatographic fraction contained at least one of the isomers 
according to the 'H nmr and mass spectra. 

1-octene and ~zorbornene, the ratlo of 1,2-add;- 
t i o n  1.H-addltion did increase with Z in the 
order CH, < CH,Cl < OC,H, as found wtth 
cyclotlexene Howevel. norbornere is unlque 
among ttle mono-olefins studled in iead~ng 
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DRIGUEZ ET AL. 705 

TABLE 6. Addition of N-haloamides 1 to norbornene 
(Scheme 5 )  

Yield of addition products 

QBy vpc. 
bOnly the cis isomer 1 3 ~  could be isolated from the chromato- 

graphic fractions. 

predominantly to 1,H-addition with N-chloro- 
amides whereas with N-bromoamides, the 
amount of 1,H-addition was more or less com- 
varable to that obtained with cyclohexene. For 
instance, N-chloroacetamide 1; gave 98% of 
1 ,H-addition whereas N-bromoacetamide In 
gave 4% of l.H-addition (Table 6). The highest 
yields of 1,2-addition to 1-octene and I-methyl- 
cyclohexene were obtained with a N-chlorocar- 
bamate as was the case in the additions to cyclo- 
hexene. Finally, for the 1,2-addition to l-methyl- 
cyclohexene and to norbornene, the cis-trans 
ratios (respectively 9:  10 and 13: 14) were found 
to vary with Z in the order CH, < CH2CI < 
0C2H5  and to be larger for X = C1 than for 
X = Br as for the 1.2-addition to cyclohexene. 
With a given N-haloamide, 1-methylcyclohexene 
led to a larger cis-trans ratio than cyclohexene 
whereas norbornene led to a similar cis-franc 
ratio. 

Acldition of NCU l a  and N-Brorno-2-chloro- 
ucetamide l o  to Conjugated Dienes 

The products and yields of addition of these 
two N-haloamides to butadiene and 1,3-cpclo- 
hexadiene are given in Table 7. With NCU, no 
chlorinated products (1,2- or 1,4-adducts) could 
be detected. The adducts 16a and P7a from 
butadiene and B8a from cyclohexadiene were 
most probably formed via chromous ion trap- 
ping of the corresponding intermediate a-ethoxy- 
carbonyla~nino allylic radicals. They did not 
arise from reduction of the allylic chlorides 
resulting from a 1,2- or a 1,4-addition since 
3-chlorocyclohexene was not reduced to a sig- 
nificant extent by excess chromous chloride 
under similar reaction conditions. Trapping of 
the 4-ethoxycarbonylaminobutenyl radical oc- 

curred with equal ease at both positions 1 and 3 
whereas trapping of the 4-ethoxycarbonyl- 
aminocyclohexenyl radical occurred predomin- 
antly at position 3. 

The addition of N-bromo-2-chloroacetamide 
l o  to the above conjugated dienes did not give 
any brominated products. Since bromine-atom 
transfers are usually faster than chlorine-atom 
transfers, 1,2- and/or 1,4-adducts could have 
been expected. However, the exclusive isolation 
of adducts 160 and 170 from butadiene, and of 
adducts 180 and 190 from cyclohexadiene, does 
not exclude the formation first of 1,2- and/or 
1,4-adducts (allylic bromides). Indeed 3-bromo- 
cyclohexene was readily reduced by chromous 
chloride under the reaction conditions. The 
formation of a relatively large proportion of 190 
is noteworthy since the corresponding adduct 
19a was not isolated. 

Addition of N-Cl~lorocarban~ates (1: Z = OR, 
X = Clj to Various Mono-olefins 

We have seen that among the N-haloamides 
studied, the N-chlorocarbamates were the most 
efficient for the 1,2-addition to simple mono- 
olefins like cyclohexene, 1-octene, and l-methyl- 
cyclohexene (norbornene being an exception 
because of the predominant 1,H-addition of 
N-chloroamides). Furthermore, with the proper 
choice of the carbamate alkyl group (e.g. l c  
R = CH2CC1,, and I d  R = CH2C,H,), a 
method for synthesizing N-protected P-chloro 
primary amines, with the amino group attached 
to the less substituted carbon atom, becomes 
available. We have thus extended the chromous 
chloride promoted additions of N-chlorocar- 
bamates to a variety of mono-olefins using WCU 
l a  as a representative N-chlorocarbamate. The 
results together with the reaction conditions are 
recorded in Table 8. 

Cyclopentene gave a lower yield of addition 
(64%), a smaller cis-trans ratio (20: 21 = 1.56), 
and a higher proportion of 1,H-addition (22) 
than cyclohexene. Thus with NCU, the 1,2- 
addition - 1,H-addition ratio decreases in the 
order cyclohexene (14.5) > cyclopentene (2.6) 
> norbornene (0.76), which is also the order of 
increasing ring strain. 

The addition to tetramethylethylene is note- 
worthy since upon photochemical initiation, 
N-chloroamides do not add to tetrasubstituted 
olefins (4c). Dehydrohalogenation of the 1,2- 
adduct 23 did occur to a small extent during the 
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TABLE 7. Addition of NCU l a  and N-bromo-E-chloroacetamide l o  to conjugated dienes 

Addition products 
- 

Yield Yield 
Diene Product (%) Product (%I 

C2H,0CONHCl Butadiene NHCOOC~HS 37" \HCOOC2H5 w - 37" 
l a  160 I ~ U  

ClCH,CONHBr Butadiene 
UHCOCH2CI 29" -'-~-4, \HCOCHZCI w 30" 

l o  160 17~1 

- - 

aBy vpc. 
bNot detected In the chromatographic fractions. 

work-up and/or during the chromatographic 
separation leading to the olefinic derivative 24. 

With styrene, no 1,2-adduct nor 1 ,H-adduct 
could be isolated. A complex mixture was ob- 
tained consisting most probably of telomers 
and/or polymers and was not investigated 
further. The addition of the intermediate 
0-ethoxycarbonylamino radical (C,H,-cH- 
CH,-NHCOOC,H,) to another styrene mole- 
cule was thus faster than its chromous ion reduc- 
tion and/or its trapping by chlorine-atom 
transfer. 

The additions to pregnenolone acetate illus- 
trate the possibility of obtaining high yields of 
1,2-adducts to a more complex and somewhat 
hindered olefin. The addition is completely 
regiospecific, the amido group being attached to 
the less substituted carbon atom (C-6) in both 
1,2-adducts 25 and 26. No 1,H-adduct was 
detected in the chromatographic fractions. The 
A and B rings' fusion is tram in both adducts 
indicating that the transfer of chlorine onto the 
intermediate radical at C-5 occurred from the 
a-side in order to give the more stable A/B 
trans junction. The predominant formation of 
the adduct 25 where a 1,3-diaxial interaction 
exists between the p-amido group at C-6 and the 
methyl group at C-10, shows the strong pref- 
erence for the axial attack of the 5,6-double 
bond by the amido radical. Ponsold and Ihn 
(17) have studied the photochemical addltion of 
NCU to cholesteryl acetate and to androst-5-en- 

30-01-17-one acetate and have isolated only the 
corresponding 5a - chloro - 6p - ethoxycarbonyl- 
amino derivatives (axial attack) in 34% and 9'7, 
yield respectively. 

Attempts to add NCU to 1-(N-piperidin0)- 
cyclohexene were unsuccessful due to rapid 
electrophilic chlorination. Indeed, the active 
chlorine disappeared quickly ( 5  30 s) when NCU 
was mixed with this enamine in chloroform- 
methanol at - 78 "C and 2-chlorocyclohexanone 
(34%) was obtained after acid hydrolysis. How- 
ever, the addition of NCU to the less electron 
rich 1-methoxycyclohexene, followed by acid 
hydrolysis, led to a high yield (85%) of the 
a-ethoxycarbonylamino ketone 27; no 2-chloro- 
cyclohexanone was detected by vpc. With 1- 
acetoxycyclohexene, the yield of addition was 
much lower (43% of ketone 27). The addition to 
1-chlorocyclohexene was still less efficient (27x7,) 
giving the 1,2-adduct 28 and the 1 ,H-adducts 2a 
and 3a. The orientation of these additions is 
again in agreement with the attack of the olefinic 
system by an amido radical. 

The addition of NCU lo methyl acrylate and 
to methyl vinyl ketone gave, in low yields, 
respectiveiy, the P-ethoxycarbonylainino ester 29 
and the P-ethoxycarbonylamino ketone 30 via 
the more stable carbonyl substituted ~nterrne- 
diate radical. No ch!orinated products (1,2- 
adducts) were isolated. Since x-chlorocyclo- 
hexanone was not reduced to a significant extent 
by excess chromous chloride under similar re- 
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TABLE 8. Addition of N-chlorocarbamates (1, Z = OR, X = C1) to various mono-olefins 

Addition products 

Product 
Yield 
(%I Product 

Yield 
(%I 

Cyclopentene 

~ : H c o 0 c 2 H '  

20 i u i )  28" 18" 

21 (trans) 18" 

Tetramethyl- (CH3)2C-C(CH3)2 23 7 1 CH,C-C(CH~I~ 24 7 
ethylene 4, A H C O O C ~ H ~  CH, I ,  N H C O O C ~ H ~  I 

Styrene b 

Pregnenolone 2% (R = CZH,) 79 260 iR = C2H5) 21 
acetateb ACO 

35d (R = CH2C6H5) 61 AcO t i ;  
h HCOOR 

26d iR = C H I C ~ H S I  13 
VHCOOR 

1-Chloro- 
cyclohexene or,lHcooc2H5 28 

CI 

Methyl- 
acrylate 

0 
l-octyne C ~ H I ~ C = C H  

33 28 C ~ H , ~ C - C H ~ N H C O O C ~ H I ) ~  34 Traces I 1  

"By vpc. 
bAn excess of h~chlorocarbamate was used (2 mol per mol of olefin) and the yields are based on the olefin. 
'After the addition of CrCI,, dilute H2S04 was added and the reaction mixture was stirred at room temperature for 4 h. 
dThe major product a a s  2-chlorocyclohexanone (34z hy vpc) resulting from electrophilic chlorination. 
'This represents a minimum yield since the compound underwent partial decomposition upon chromatography on silica gel 
T h e s e  yields refer to a reaction carried out with an excess of NCU l a  (2 mol per mol of methyl vinyl ketone) and are based 
*Three moles of NCU la per mol of progesterone were used. 
hMixture of telomers and polymers. 
'No addition product was isolated. 

the 

action conditions, the adducts 29 and 30 most a small amount of the P-diethoxycarbonylamino 
probably result from chromous ion reduction of ketone 31. When the reaction was carried out 
the intermediate carbonyl-substituted radical with an excess of NCU, the proportion of com- 
(1,H-addition). The addition to methyl vinyl pound 31 was increased noticeably. This com- 
ketone led, in addition to the 1,H-adduct 30, to pound was not formed via the adduct 30 (for 
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instance by addition on the en01 form of 30) 
since the latter did not react with an excess of 
NCU under the conditions used for the addi- 
tions. One possible route for the formation of 31 
would be the radical addition of NCU to the 
organochroinium intermediate 32, the assumed 
precursor of 31. With a more hindered a,P 

unsaturated ketone like progesterone, no addi- 
tion product could be isolated even if an excess of 
NCU was used; 90% of unreacted progesterone 
was recovered. 

The addition of NGU to 1-octyne gave a 
complex mixture from which the 1,2-adduct 33 
and the a,a-diethoxycarbonylainino ketone 34 
(resulting from the hydrolysis of a two-to-one 
adduct) were isolated, but in quite different 
proportions from two different experiments. 

Miscellaneou~ Addition5 to Cyclolzexene 
As mentioned in the introductior-r, N-halo-N- 

alkyl amides fail to add to olefins upon photo- 
chemical decomposition (3, 4). In order to see if 
they could be added using the present method, we 
studied the addition of N-chloro-N-methyl-2,2,2- 
trichloroethyl carbamate and N-chloro-N- 
methylacetarnide to cyclohexene. As indicated in 
Table 9, no 1,2-adduct nor 1,H-adduct was 
isolated or even detected; the corresponding 
amide was isolated in high yields and small 
amounts (- 5%) of bicyclohexenyl were detected. 

We investigated also the addition of N-chloro- 
and N-bromosuccinimide to cyclohexene; the 
corresponding trans 1.2-adducts 35 and 36 were 
isolated in low yields (Table 9). These trans 
additions to cyclohexene contrast with the pre- 
dominance of cis addition of the N-haloamides 1 
(ZCONHX); the bulkiness of the succinimidyl 
group could be responsible for this preference 
for trans addition. 

Finally, the addition of N-fluorourethane to 
cyclohexene gave M-cyclohexylurethane (1,H- 
adduct 4a) as the sole addition product albeit 
in a low yield, the other reaction product being 
urethane according to vpc analysis (Table 9). 

Structure and Steseoche~s&ry of the 
Addition Pssducts 

All the addition products had ir and 'H nmr 
spectra, an elemental analysis and/or a mass 

spectrum, consistent with their structure. The 
protons on the carbons bearing the amido 
groups are easily identified in the 'H ninr spectra 
by the narrowing of the signal after N-deutera- 
tion; in many cases, the multiplicity of the N-H 
signal is resolved. The interpretation and analysis 
of the 'H nmr and Ir spectra are quite straight- 
forward and will not be discussed further here. 
Chemical proofs of structure and stereochemistry 
are described below. 

Whenever possible, known compounds were 
identified by comparison with samples prepared 
according to procedures described in the litera- 
ture. For instance, the 1,H-adducts resulting 
from the addition to cyclohexene, 1-octene, 
norbornene, and cyclopentene were prepared 
from the corresponding amines: the trans 
1,Zadduct 3a was prepared by the addition of 
N,AT-dichlorourethane to cyclohexene ( 7 ) ;  the 
cis and trans 1,2-adducts 13 and 44 were obtained 
from the photochemical addition of WCU l a  to 
norbornene according to the procedure pub- 
lished by Schrage (8b) who rigorously established 
their structure and stereochemistry. 

We have already mentioned the following con- 
versions (see section entitled Addition of N- 
chloroamides to cyclohexene): 2c (Z = OCH,- 
CC1,) to 2e (Z = CH,), 3c to 3e, 2d (Z = 

OCH,C,H,) to 2e. The cis-P-chlorocarbamate 
2b (Z = OCH,CH,Cl) and the cis-P-bromo- 
carbamate 21 (Z = OCH,CCl,) were converted 
respectively to 2e (74% yield) and 2n (41% yield) 
(Z = CH,) by zinc dust reduction followed by 
acetylation: 26, reduction in 80% aqueous acetic 
acid at ca. 80 'C in the presence of excess 
potassium iodide; 21, reduction in glacial acetic 
acid at room temperature. The compounds 2e 
( 1  l), 3e (12), and 2n (1 1) have been described in 
the literature. 

Pyrolysis of the 2-halo-N-ethoxycarbonyl-l- 
octylamines 7a (X = C1) and 7j (X = Br) gave 
the oxazolidone 37. The I ,2-adduct 7e (Z = 

CH,, X = 61) was converted to the oxazoline 
38 by sodium methoxide. Attempts to purify the 

1,2-adduct 7 n  (Z = CH,, X = Br) by micro- 
distillation at 140 "C yielded the hydrobromide 
of the oxazoline 38. 
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The stereochemistry of the tram 1,2-adducts 
18a (X = C1) and 10j (X = Br) (addition to 
I-methylcyclohexene) was established by their 
conversion to the N-ethoxycarbonylaziridine 39 
with alcoholic potassium hydroxide. Under the 
same conditions, the cis isomers 9a and 9 j  were 
recovered unchanged. With silica gel or silicic 
acid, the aziridine 39 was converted to the 
trat~s-P-hydroxycarbamate 40. The stereochem- 
istry of the other 1,2-adducts 9 and 10 follows 
from a comparison of their 'H nmr spectra with 
those of 9a, 9j, 10a, and IOj. 

In the addition of NCU to l-methylcyclo- 
hexene (Table 5 ) ,  small amounts of 1,2-adducts 
l l a  and 12a were isolated as a mixture of both 
isomers which were not separated as such but 
were treated with alcoholic potassiun~ hydroxide 
to afford a mixture of l l a  and the N-ethoxy- 
carbonylaziridine 39. On silica gel, it gave a 
mixture of l l a  and the tra~is-P-hydroxycarba- 
mate 40 which were then easily separated. 

The stereochemistry of the trans 1,2-adduct 
14.j (Z = OCH,CH,, X = Br) (addition to nor- 
bornene) was confirmed by its conversion to the 
oxazolidone 41 (8b) upon pyrolysis at 180 "C. 
The c i ~  isomer 13j was recovered unchanged 
under the same conditions. 

The stereochemistry of the 1,2-adducts 20 and 
21 (addition to cyclopentene) was established by 
their treatment with alcoholic potassium hy- 
droxide. The trans isomer 26 was converted to 
the aziridine 42 while the cis isomer was re- 
covered unchanged. 

The E configuration was tentatively assigned 
to the I-amido-2-butenes 67 (addition to buta- 
diene, Table 7) on the basis of a strong band at 
960-962 cm-' in the ir spectrum (18). The two 
olefinic protons have nearly the same chemical 
shifts at 60 MHz. 

In the 1,2-adducts 25 and 26 obtained from the 
addition of ,V-chlorocai-barnates to pregnenolone 
acetate (Table 8). the A/$ ring fusion is trans 
(chlorine c! at G-5) and the carbamate group at 

C-6 is respectively P (axial) and cr. (equatorial) 
according to 'H and I3C nmr spectroscopy (see 
the Experimental for the assignment of the 13C 
chemical shifts). The structural conclusions 
derived from nmr spectroscopy are confirmed by 
the chemical transformations summarized in 
Scheme 6. The aziridine 43a was readily formed 
from 25a whereas, under the same reaction 
conditions, no aziridine was formed from 26a. 
The 3P-alcohol44 obtained from the adduct 25a 
was oxidized by Jones' reagent under carefully 
controlled conditions, The 3-ketone 45 was quite 
labile and was characterized by its 'H nmr 
spectrum only. Silica gel impregnated with 
hydrochloric acid, when added to the nmr tube, 
caused elimination of hydrochloric acid from 45 
followed by isomerization of a,P-unsaturated 
ketone 46 into the more stable epimer 47: the AB 
quartet centered at 3.23 ppm (AvAB = 21.4 Hz, 
JAB = 16.5 Hz) due to the protons at C-4 of 
ketone 45 disappeared gradually while a narrow 
singlet appeared at 6.10 ppm (no allylic coupling 
between H-4 and equatorial H-6 in 46) which 
then gradually changed to a doublet (J = 1.8 
Hz) at 5.99 ppm (allylic coupling between H-4 
and H-6 axial in 47). The oxidation of alcohol 48 
(obtained by saponification of the 1,2-adduct 
26a) again under carefully controlled conditions, 
gave the labile ketone 49 which was character- 
ized by its 'H nmr spectrum only. Elimination 
of HC1 monitored by nmr in the same conditions 
as above led directly to the 6a-ethoxycarbonyl- 
amino-A4-3-ketone 47. The latter, when treated 
with concentrated hydrochloric acid in benzene, 
gave 5a-pregnane-3,5,20-trione 50 (19). 

Summary and Conclusions 
The present work shows that two types of 

adducts can be formed in the chromous chloride 
promoted addition of N-haloamides (ZCONHX) 
to olefins : N-(2-haloalky1)amides (1,2-adducts) 
and N-alkylamides (1 ,H-adducts). Their relative 
proportion depends on the olefin, on the halogen, 
and on the nature of Z. For instance no 1,H- 
adduct was isolated from the additions to tri- 
substituted olefins (1-methylcyclohexene, preg- 
nenolone acetate) whereas with conjugated olefins 
(methyl acrylate, conjugated dienes) it was the 
sole addition product(s) obtained: the conju- 
gated dienes led to a mixture of AT-(2-alkenyl)- 
and N-(3-a1kenyi)amides. The additions of iV- 
bromoamides to slmple mono-olefins usually 
gave less than 5'4 of I,H-adduct but with 
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Ac 

AcO @ NHCOOEt zi: 0 :fE;EtOH "C + Ho@ C 1 ~ ~ ~ ~ ~ ~ t  Jane: f y n t ,  o@ 
C1 NHCOOEt 

I 
COOEt 

4 3 

& , H 

AcO 6, 
NHCOOEt NHCOOEt 

Jones' reagent H + 

HO 0 "C 0 0 -13r- 
AHCOOE~ *HCOOE~ NHCOOE~ 

certain hi-chloroamides (e.g. N-chloroacetamide 
Ic) and olefins, it was the predominant adduct 
(e.g. 64% with I-octene, 98% with norbornene). 
On the other hand, the proportion of 1,H- 
adduct was usually nluch lower with AT-chloro- 
carbamates (Z = 0-alkyl) than with N-chloro- 
carboxamides (Z = aikyl). 

The best yields of 1,2-addition to a variety of 
olefins were obtained with N-chloroca.rbarnates. 
The addition of NCU la to a tetrasubst~tuked 
olefin, tetramethyiethylene, is noteworthy since 
no addition was observed upon photochemical 

~ni t ia t ion.~ The addit~on of N-chlorocarbamates 
Ic (Z = 0CH2CCI,) and Id (Z = 0CH2C,H,) 
shows the potentla! of the ~hromous chloride 
promoted additions for the preparation of N- 
protected F-chloro primary amines in wh~cli the 
amino grorrp is attached to the less substituted 
carbon atom of tlie olefin; the regiospecificity of 
the additions to unsymmetrical olefins was 
greater than 90%. With the corresponding 
i%i-bromocarbamates 11 and Inz, electrophilic 
brolnination competed with the radical addition 
to the extent of 20 to 35%, which severely limits 
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their synthetic value for the preparation of N- 
protected P-bromo primary amines. iV-Bromo- 
2-chloroacetamide l o  might be useful for that 
purpose since the N-chloroacetyl group has been 
reported to be cleaved by thioureas in neutral 
medium (20). However we did not study its 
removal in any of the N-(2-bromoalky1)-2- 
chloroacetamides obtained. N-Chlorotrifluoro- 
acetamide could probably be used also for the 
synthesis of N-protected b-chloro primary 
amines since its yield of addition to cyclohexene 
was quite good and the proportion of 1,H- 
addition small (see Table 2). 

We would like to emphasize the fact that, in 
these additions, all the N-haloamide which does 
not react with the olefin is simply reduced to the 
amide. Therefore, in the cases where electro- 
philic halogenation is not a competing process, 
high yields of addition based on the olefin can be 
obtained by using an excess of N-haloamide and 
the alnide can be recovered (see for instance entry 
7 of Table 1 and the addition to pregnenolone 
acetate in Table 8). 

The addition of NGU to electron-poor olefins 
(e .g .  I-chlorocyclohexene, cc,P-unsaturated car- 
bony1 compounds) and to 1-octyne was ineffi- 
cient. With olefins being very rich in electrons 
(e.g. enamines), electrophilic chlorination was 
faster than the addition. However the addition of 
NCU to 1-methoxycyclohexene was quite effi- 
cient (>85%)  and the scope and limitations of 
the chromous chloride promoted addition o f  
N-chloroamides to en01 ethers as a method for 
synthesizing N-protected cc-amino acetals (ke- 
tones and aldehydes) will be evaluated in a 
forthcoming paper. 

N-Ghloro-N-alkylamides which do not add to 
olefins upon photochemical initiation (3, 4) also 
failed to add to cyclohexene with the present 
method, but most probably for different reasons. 
In the photochemical decomposition, the halogen 
atom might be more reactive than the N-alkyl- 
arnido radical, whereas, with chrornous chloride, 
the reduction of the lV-alkyiarnido radical might 
be faster than its addition to the olefin. 

Mechanistic aspects of these chromous chlor- 
ide initiated reactions are discussed in the 
accompanying paper in "re light of the results 
presented in this paper, trying the rationalization 
of them, and in the light of additional experi- 
mental facts. We would like to point out here 
that the reduction of the amido radical competes 
with its addition to the olefin and that the 

reduction of the intermediate adduct-radical 
(leading to 1,H-addition) competes with the 
chain-propagation step (leading to 1,2-addition). 
Therefore, the slower the addition of the 
chromous chloride solution (the smaller the 
amount of chromous chloride added at a time) 
the better the yield of 1,2-addition as we have 
seen (Table 1 ,  entries 5 and 6). However we did 
not try to optimize the yields of 1,2-addition by 
allowing the addition of very minute amounts of 
chromous chloride at a time. 

The additions to cyclic olefins have shown that 
the stereochemistry of 1,2-addition does vary 
with the halogen, the nature of Z, and the olefin. 
However, discussion of the stereochemical 
aspects of these additions must await further 
investigation and we are currently studying the 
stereochemistry of the radical addition of N- 
haloamides to cyclic (rigid and non-rigid) as well 
as acyclic (E and 2) olefins, comparing chromous 
chloride promoted additions with photochemi- 
cally initiated additions. 

Melting points were determined on a B~lchi apparatus 
and are uncorrected. Infrared spectra were taken on a 
Perkin-Elmer 257 spectrometer. 'H nmr spectra were 
recorded on a Varian A-60 spectrometer using TMS as 
internal reference. 13C nrnr spectra were recorded on a 
Bruker HX-90 spectrometer equipped with a Nicolet 1083 
computer for F o ~ ~ r i e r  transform spectroscopy. Mass 
spectra were taken on a Hitachi RMU-6E spectrometer. 
Optical rotations were determined on a Perkin-Elmer 141 
digital polarinieter at  589 nm. Column chromatography 
was done using Davison's silica gel No. 923 or 950. 
Merck silica gel GFZs4 was used for thin and preparative 
layer chromatography. Vapor phase chronlatographic 
analyses were performed on a Hewlett Packard chroma- 
tograph model 5750 equipped with both thernlal con- 
ductivity and flame ionization detectors; an OS-138 
column (15% polyphenyl ether on dimethylsilylated 
Chroniosorb W) with o.d. 0.25 in. and length 6 ft was 
used unless specified otherwise. Preparative separations 
were done on a similar column with o.d. 0.375 in. and 
length 6 fi. Organic phases from extractions were dried 
over anhydrous sodium sulfate. 

;V- FlnloumiLies 
Wiih the exception of IV-chlorourea Bi, N-bromo- 

acetamide l i z  (commercially a\jailable), and N-bromo- 
2,2,2-trichloroacetamide dp, the A'-haloamides were pre- 
pared by the sodiunl hypohalite method (13). 

I3A few addition products are h l ly  described in the 
Experimental. For the others, the melting points together 
with the rnicro~nalytical and/or mass spectral data and 
the ir and 'H nnlr characteristic absorptions are available, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, K! A OSZ. 
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N-Chlorourea l i  was prepared according to the method 
described by Chalsty and Israelstam (21). W e  found that 
the bath temperature had to be maintained at 0 "C while 
evaporating the solvent (rotating evaporator) to prevent 
decomposition. However, when crystalline and dry, 
N-chlorourea l a  was stable at room temperature. The 
crude product (98% active chlorine, 98% yield), mp  
74-76 ' C  (dec.), was ~ised without purification. 
N-Bromo-2,2,2-trichloroacetaniide l p  was prepared 

according to the method o f  Park et al. (22) and recrystal- 
lized from methylene chloride, mp  124-125 "C (100% 
active bromine, 80% yield). 
N-Chloro-N-methyl-2,2,2-trichloroethylcarbanate was 

prepared by treatment o f  the corresponding carbamate 
(obtained from methylamine and 2,2,2-trichloroethyl 
chloroformate and having mp 72-73 ' C )  in methylene 
chloride with 5% aqueous sodium hypochlorite at en. 
0 "C, followed by extraction with niethylene chloride. 
The crude product contained 96% active chlorine (90% 
yield) and was used without purification. 
IV-Chloro-N-niethylaceta~nide was prepared by treat- 

ment o f  an aqueous solution o f  the corresponding amide 
containing sodium bicarbonate with chlorine followed by 
extraction with ~nethylene chloride and distillation under 
reduced pressure: bp 45-46 "C/16 torr (95% active 
chlorine, 73% yield). 

Fluorination o f  urethane was carried out as described 
in the literature (23) and was followed by ' H  nmr spec- 
troscopy. The reaction was stopped when the ratio o f  
N-fluorourethane-urethane did not increase any more and 
the ratio o f  N-fluorourethane-ethanol reached a maxi- 
mum. The crude product (90% active fluorine, 40% yield) 
was used without purification. 

General Proced~11.e for the Chromuu.~ Chloride Promoted 
Additions of IV-Hnlouinides to Olefins 

The additions were carried out in the apparatus 
illustrated in Fig. 1 under a stream o f  dry carbon dioxide 
or nitrogen. At temperatures below - 70 "C, an appre- 
ciable amount o f  carbon dioxide dissolved in the reaction 
mixture which then becamc more viscous. A more effi- 
cient stirring could be achieved by using nitrogen but 
most reactions were carried out using carbon dioxide. 

From 25 to 75 ml o f  a 1 M methanolic chromic 
chloride solution (0.2 N in HC1,6.3 M in H,O) (266.5 g o f  
CrCI3.6H2O, 16 ml o f  concentrated HCI, and absolute 
m e t h a n ~ l ' ~  in a 1 e vol~~metric flask) was reduced in 
flask A by stirring with freshly prepared and dry amal- 
gamated zinc (7 g o f  zinc d ~ ~ s t  and 2.6 g o f  HgCI,). The 
reduction took 10 to 30 rnin then the needed a~nount o f  
the clear blue chromous chloride solution was transferred 
into the dropping funnel C (containing a small amount o f  
amalgamated zinc) by closing a and forcing the iriert gas 
through b. 

The IV-haioamide (alternatively the olefin) was dis- 
solved in a chloroforn3 - absolute methanol1" mixture 
and the solution was cooled to the desired temperature, 
us~~al ly  - 78 ' C  (methanol - dry ice bath), in the reaction 
vessel 5. The olefin (alternatively the N-haloamide) In 
solution in the same solvent was added slowly. In the case 

'"When using ordinary methanol, we could not obtaii: 
homogeneous reaction mixtures at --78 "G throughoiit 
the addition o f  the chromous chloride solution with 
olefins like cyclohexene, 1-octene, norbor~lene, etc. 

FIG.  1. Apparatus for the chromous chloride promoted 
addition o f  AT-haloamides to olefins. 

o f  the addition o f  NCU to I-methoxycyclohexene and for 
the additions o f  hr-bromoamides, the two solutions were 
cooled to - 78 ' C  before being mixed in order to minimize 
theextent o f  electrophilic halogenation. The total amount 
o f  solvent as well as the relative proportions o f  chloro- 
form and methanol had to be varied according to the 

s-olubility o f  the N-haloan~ide and/or the olefin in order 
to obtain an homogeneous solution at - 78 ' C ;  the con- 
centration o f  the starting solutions varied from 0.3 to 
0.9 M in IV-haloarnide and the chloroform-methanol 
voluminal ratio varied from 1 .5  to 5 .  Such variations had 
little effect on the addition o f  NCU to cyclohexene (com- 
pare entries 6 and 7 o f  Table 1 ) .  The insolubility o f  
N-chlorourea Bi precluded the use o f  the general condi- 
tions: the reactions were carried out at -55 ' C  (CC1,- 
CH2C12 - dry ice bath) in chloroform-methanol 1 : 1.6, 
the starting solution being 0.1 M in li. 

The chromous chloride solution was then added drop- 
wise, at a slow rate (time o f  addition: 1.5-4 h) ,  with 
vigorous stirring o f  the reaction mixtiire. The addition 
nas stopped either immediately after 110 more N-halo- 
amide was present in the reaction mixture (negative 
starch-iodide paper test) or, as in most cases, after adding 
an additional 10z o f  the chromous chloride solrition. 
The total amount o f  chromous chloride added varied 
from 0.9-2.2 mol per n o !  o f  AT-haloamide depending on 
whether the yield o f  1,2-addition (based on the N-halo- 
amide) was high (> 85%) or low (i 20%) respectibely. 

Work-lip A 
This work up allowed a separation o f  the I ,2-addact(s) 

from the amide and I,H-adduct. The reaction mixture 
was pollred into a mixture o f  ice and water (five to ten 
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times the final volun~e of methanol) then extracted 
rapidly with ether in the presence of ice. The organic 
phases were washed, usually once or twice, with cold 
water to remove all the chromic salts then dried. The 
organochromiurn derivatives which are the precursors of 
the 1,H-adduct and of the amide (see the accompanying 
paper) were not extensively hydrolyzed and remained in 
the aqueous layers. The ether layer contained almost 
exclusively the 1,2-adduct(s). The 1,H-adduct and the 
amide were then obtained by continuous extraction of the 
combined aqueous phases for 24-48 h with methylene 
chloride. 

Work-up B 
The reaction vessel B was removed from the apparatus 

(to allow air to oxidize the chromous ions in excess) and 
the reaction mixture was allowed to warm up to room 
temperature after adding water, and kept at  room tem- 
perature for 30-60 min. It was then thoroughly extracted 
with methylene chloride or chloroform. The organic 
layers were washed with water, cornbiaed, and dried. The 
organic phase contained the l,2-adduct(s), the 1,H-adduct, 
and the amide. In some cases cornpletc recovery of the 
amide necessitated a continuous extraction with methy- 
lene chloride. 

In the case of the addition of NCU to l-methoxy- 
cyclohexene and I-acetox)~cyclohexene (Table 8), the 
reaction mixture was allowed to warm up to room 
temperature, dilute H2S04 (1 N) was added, and the 
mixture stirred for 4 h before being extracted with 
methylene chloride. 

The addition products were isolated by preparative 
layer chromatography, using ether-hexane mixtures, 
when working on a 5-10 mmol scale as in most cases. 
Some reactions were carried out on a 25-50 mmol scale 
and column chrolnatography followed by preparative 
layer chromatography was used. The yields of addition 
products (Tables 1 to 9) represent yields of isolated 
products hon~ogeneous by tlc. In a few cases the yields 
were determined by vpc using an authentic sample as 
standard. The chromatographic fractions were purified 
by recrystallizatio~l or microdistillation for complete 
characterization.13 It is noteworthy that in the additions 
to cyclic olefins, the cis 1,2-adduct was always less polar 
than the trans isomer. The 1,2-addticts 11 and 12 (addi- 
tions to I-n~ethplcyclol~exene, Table 5) were slightly less 
polar than the cis 1,2-adduct 9 and, aitl~ough their 
presence could be inferred from the tlc of the crude 
reaction product, they have been successfully isolated in 
one instance only: addition of NCU. In the case of the 
addition of N-bromoacetamide In, a chromatographic 
fraction less polar than the one containing the cis 1,2- 
adduct 9rz probably contained, along with some other 
products, one or' the isomeric ?,2-addilcts IBn or l%n 
according to its 'H nmr and mass spectrum: S (CDC1,) 
1.52 (s, CH3), 2.02 (s, COCB,), 4.38 (m, CW- Br), 5.57 
ppm (br s, NH); nt/e233, 235 (relative intensity 1 : 1, M'): 
it was not i~lvestigated further. 

The yields of amide were determined by vpc or prepara- 
tive tlc. The material balance, addition products plus 
amide, was usually quite good (95-102%). T h t  yields 
of bicyclohexenyl, of 2-halo-1-methoxycyclohexanes, of 
2-halocyc!ohexanols, and of 2-cbiorocyclohexano~le were 
determined by vpc using authentic sampies as standards. 
These authentic samples were either available cornmer- 
cially or prepared according to the literature. These 

compounds were isolated from the crude reaction 
product by preparative vpc for their complete identifica- 
tion (ir and 'H nmr). 

Typical Procedures for r/ie Chrornous Chloride Promoted 
Addition of N-Haloamides to Olefins 

( a )  Addition of NCU l a  to Cyclohexene (E,xcess of 
Olefin) 

In the reaction vessel B (Fig. I), NCU (644 mg, 96% 
active chlorine, 5 mmol) was dissolved in chloroform 
(3 nll) and absolute methanol (1 ml) and the solution was 
cooled to cn. - 78 'C.  Cyclohexene (1 ml, - 10 mmol) in 
chloroform (2 ml) was added slowly. The 1 M chromous 
chloride solution was then added dropwise until the 
starch-iodide paper test was negative: 4.5 ml (4.5 mmol) 
added over 70 min. The reaction mixture was poured into 
a mixture of ice and water (50 ml) and rapidly extracted 
with ether (3 x 100 ml) in the presence of ice (work-up 
A). The ether layer was washed once with cold water 
(25 ml) then dried. The solution was concentrated and 
analyzed by vpc: urethane, -0.5%; bicyclohexenyl, 
-0.8%; N-ethoxycarbonylcyclohexylan~ine 4a -0.5%; 
cis adduct 20, 77%; trans adduct 3a, 1 1%. The solvent 
was removed in vac~lo and the crude product (964 mg) 
separated by preparative layer chromatography (ether- 
hexane 1 : 3) to afford two main fractions. The less polar 
fraction consisted of cis-2-ch1or.o-N-etho.xycarboriylcyclo- 
lzexylarnine 2a, mp 52-54cC (782 mg, 76%). Two re- 
crystallizations from pentane afforded the analytical 
sample, mp 57.5-58 "C (lit. (8a) 58 "C); v,,,, (CCI,) 3458 
and 3350 (free and bonded NH), 1721 (C=O), 1505 
(NH), 1220 and 1050 (C-0-C), 688 cm-' (C-C1 axial 
(24)); 6 (CDCI,) 1.21 (t, J = 7 Hz, 0CH,CH3), 3.81 (m, 
AvlIZ = 22 Hz, Av,,, = 14 Hz after exchange with DzO, 
HI),  4.48 (q, J =  2.6 HZ, H,), 4.11 (q, J =  7 HZ, 
0CH2CH3), 4.95 ppm (br d, J = 8 Hz, NH); mle 205, 

2 0 7  (3: 1 ,M+). Anal. calcd. for C9HI6C1NOz: C 52.55, 
H7.84,C117.24;found: C52.35,H7.73,C1 17.12. 

The other fraction (117 mg, 11%) consisted of trans- 
2-chloro-N-etho.x~~carbor2ylcyclohexylaniine 30, mp 91- 
92cC. It was recrystallized from ether-hexane for 
analysis, mp 93.5-94 ' C  (lit. (7) 96 'C); v,,, (CCI,) 3460 
and 3355 (free and bonded NH), 1722 (C=O), 1505 
(NH), 1225, 1045, 1055 cm-'; v,,,,, (CS,) 737 a n - '  
(C-C1 equatorial (24)); 6 (CDCI,) 1.25 (t, J = 7 Hz, 
C)CH2CH3), 3.70 (m, Avl,, 30Hz,  HI  and Hz),4.13 
(q, J = 7 Hz, 0CH2CH3), 4.95 (br, WH). Anal. calcd. for 
CgH,,ClN02: C1 17.24; found: C1 17.19. It proved 
identical (ir, II-i nmr) to an authentic sample prepared by 
addition of jv,&--dichlorourethane to cyclohexene (7). 

The aqueous phases from the ether extraction were 
combined and extracted with methylene chloride for 48 h. 
The organic phase was dried. The sol~~t ion was concen- 
trated and analyzed by vpc: urethane, 6%; IV-ethoxycar- 
bon~~Ic~~clohez;~.lnmiiz~ 4a, 5.5z .  The prodacts were then 
separated by preparative layer chromatography (ether- 
hexane I :  1) and proved identical (mixture mp, ir) with 
authentic specimens (4a was prepared from cyclohexyl- 
smine and ethyl chloroformate): 4n, mp 53-54 -C (lit. 
(25) 55-56 'C); v,,,~, (CMC13) 3450 (NH), 1715 (C=O), 
!515 (NN), 1230, 1360 cm-' (doublet). 

(b )  Addition of NCri Pa lo Ptegr~errolorze Acetate 
(Excess of Xmide) 

In  ihe reaction vessel B (Flg. I), a solution of preg- 
nenolone acetate (8.96 g, 25 mmol) in chloroform 
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(35 ~ n l )  and absolute methanol (20 ml) was cooled to 
ca. -78 "C. A solution of NCU (8.4 g, 88% active 
chlorine, 60 mmol) in chloroform (15 ml) was added 
slowly. The 1 M chromous chloride solution was added 
dropwise until a negative starch-iodide paper test: 100 ml 
(100 mmol) added over 4 h (the product began to preci- 
pitate after about 60 ml of the CrCI, solution was added). 
The reaction mixture was allowed to warm up to room 
temperature while adding water (500 ml) then extracted 
with cllloroform (5 x 100 ml) (work-up B). The organic 
phases were washed once with water, then collected and 
dried. The crude product was recrystallized from 
chloroform-ether to yield 8.77 g (73%) of 3B-acetoxy-5r- 
chloro-6~-ethox~~carbonylari1ino-pregnane-20-one 250, mp 
200-202 ^C. Recrystallization from ethanol afforded the 
analytical sample, mp 201-203 "C; [aID2O -20" (c 1.0, 
CHCI,); v,,,, (CHCl,) 3455 (NH), 1726 (carbamate and 
ester), 1704 (ketone), 1505 (carbamate), 1250 and 1034 
cm-' (carbamate and ester); 'H nmr (CDCI,) 0.65 (s, 
18-CH,), 1.23 (s, 19-CH,), 1.25 (1, J = 7 HZ, OCH,CH3), 
2.02 (s, 20-CH,), 2.10 (s, OCOCH,), 4.13 (q, J = 7 Hz, 
0CH,CH3), 4.20 (m, Avl,, < 20 Hz, H-6 equatorial), 
4.90 (br d, J = 10 Hz, NH), 5.33 ppm (m, Av,,, = 30 Hz, 
H-3 axial); 13C nmr (CDCI3) 13.7 (C-18) 14.6 (OCH2- 
CH,), 18.9 (C-19), 21.3 (C-11 and OCOCH,), 22.9 
(C-15), 24.3 (C-16), 26.5 (C-2), 31.1 (C-8), 31.5 (C-21), 
32.2 (C-7), 34.2 (C-1), 37.8 (C-4), 38.8 (C-12), 40.2 (C-lo), 
44.3 (C-13), 45.9 (C-9), 55.8 (C-6 and C-14), 61.3 
(OCH,CH,), 63.6 (C-17), 70.6 (C-3), 83.5 (C-5), 156.1 

0 0 
1 I 1 I 

(- COCH,CH,), 170.1 ppni (OCCH,) downfield TMS.15 
Aizal. calcd. for C26H,o0,NCI: C 64.78, H 8.36, CI 7.36; 
found: C 64.60, H 8.25, C1 7.31. 

The mother liquors were evaporated to dryness (4 g) 
and separated by column chromatography on silica gel 
and then preparative layer chronlatography to yield, in 
order of decreasing polarity, 0.75 g of urethane, an 
additional 0.73 g (total, 9.50 g, 79%) of 1,2-add~ct 25a, 
mp 196-198 "C, and 2.55 g (21%) of 3B-acetoxy-5a- 
ckloro-6a-ethoxyca~~bon);lnmino-preg11ane-2O-oze 26a, mp 
112-115 "C. The analytical sample was obtained after 
two recrystallizations from ether-hexane, mp 117-1 19 " C ;  
[a],20 + 34.6C (c 0.3, CHCI,); v,,, (CHCI,) 3440 (NH), 
1720 (carbamate and ester), 1704 (ketone), 1250 and 
1046 cm-' (carbamate and ester); 'H nmr (CDCI,) 0.62 
(s, 18-CH3) 1.18 (s, 19-CH3), 1.23 (t, J = 7 HZ, OCHZ- 
CU;), 2.02 (s, COCH,), 2.10 (s, OCOCH,), 4.05 (m, 
Av, ,, = 30 Hz, H-6 axial), 4.1 1 (q, J = 7 Hz, OCH,CH,) 
4.88 (br d, J = 10 Hz, NM), 5.23 (m, Av,,, = 32 Hz, 
Hi-3 axial); 13C nmr (CDCI,) 13.5 (C-18), 14.6 
(OCH,CI-I,), 16.4 (C-19), 21.3 (C-11 and OCOCH,)$ 
22.9 (C-15), 24.1 (C-16), 26.2 (C-2), 31.6 (C-7 and C-21), 
34.0 (C-1 and C-8), 36.6 (C-4), 38.7 (C-J2), 41.5 (C-lo), 
44.1 (C-13), 45.5 (C-9), 52.4 (C-6), 55.8 (C-141, 61.0 
(OCH,CH,), 63.4 (C-I?), 70.0 (C-3), 87.8 (C-51, i56.1 
(COOCH,@H,), 170.2 ppm (OCOCH,) downfield from 

',We thank Professor J. M. Saunders for the interpre- 
tation of the 13C nmr spectra, The chemical shifts of ring 
A and B carbons, and in particular of C-3, C-5, C-6, C-8, 
and C-19, are in complete agreement ~ i r h  the structure 
and stereochemistry of the isomeric 1,2-adducts 25u and 
26a. 

TMS.'5 Anal. calcd. for C26H4005NCI: C 64.78, H 8.36, 
C17.36 ; found : C 64.67, H 8.57, C17.26. 

Chromous Chloride Reducrion of IV-Bromopentanoanzide Iq 
To a solution of N-bromopentanoaniide (1.45 g, 90% 

active bromine, 7.27 n~mol) in chloroform (5 ml) and 
absolute methanol (1 ml) cooled in a dry ice - methanol 
bath (ca. - 78 "C) (see Fig. I), the 1 M cbromous chloride 
solution was added slowly: 18 mmol added over 5 h. 
Work-up B gave pentanoamide (862 mg, 95% by taking 
into account the 145 mg present in the starting material), 
mp 100-102 'C, identified by con~parison to an authentic 
sample by ir and 'H nmr spectroscopy. The crystals were 
ground in a mortar then dried under vacuum. A micro- 
analytical determination of bromine gave 1.18% which 
could be due to the presence of some (i 2%) 4-bromo- 
pentanoamide. 

Chromous Chloride Rehrction of 3-Chloro- and 3-Bromo- 
cyclohexene, aitd 2-Chlorocpclohexrmone 

3-Chlorocyclohexene 
A solution of 3-chlorocyclohexene (820 mg, 5.4 nimol) 

in chloroform (8 ml) and absolute methanol (3 ml) was 
cooled to en. - 78 "C in the reaction vessel B (Fig. 1). The 
1 M chromous chloride solution was added slowly: 10 
nimol added over 70 min. The reaction mixturc remained 
blue during most of the addition; it turned slightly green 
(turquoise) towards the end of the addition indicating 
that no extensive reduction of 3-chlorocyclohexene had 
occurred. The reaction vessel was removed from the 
apparatus and the reaction mixture allowed to warm up 
to room temperature during which it became dark green. 
Water (50 ml) was added and the mixture was stirred at 
room temperature overnight. It was extracted with ether 
and analyzed by vpc on a SE-30 colunln (10% on di- 
methylsilylated Chromosorb W) for the dosage of cyclo- 
hexene (22%) and on the 0s-138 column for the dosage 
of 3-methoxycyclohexene (16%), 3-chlorocyclohexene 
(42%), and 3-hydroxycyclohexene (25%). The products 
were isolated by preparative vpc for complete identifica- 
tion (ir and 'H nmr). 

3-Bromocyclohexene 
The reaction was carried out as above except that the 

mixture was stirred at room temperature for 90 nlin after 
adding water. The chromous chloride solution turned 
green as soon as it touched the reaction mixture indicating 
that 3-bromocyclohexene was reduced at ca. -78 "C. 
Analysis of the crude product by vpc (SE-30 and OS-138 
columns) showed that no 3-bromocyclohexene was left. 
However the yield of cyclohexene was 67% only, which 
could probably be explained by the fact that hydrolysis 
of the organochromium derivative was not complete 
after 90 min. 

2-Chlorocyclohexanone 
The reaction was carried out as describcd for 3-chloro- 

cyclohexene except that the mixture was stirred at room 
temperature for 45 min after the addition of waier. The 
reaction ~nixture remained blue throughout the addition 
indicating that no extensive reduction had occurred at 
cu. - 78 'C. It turned dark green when allowed to warm 
up to room temperature, The product was analyzed by 
vpc (8s-138 column): 73% of 2-chlorocyclohexanone and 
24% of cyclohexanone. 

The formation of cyclohexene (22%) with 3-chloro- 
cyclohexene and of cyclohexanone (24%) with 2-chloro- 
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cyclohexanone indicate that some reduction did occur 
despite the fact that the reaction mixture remained blue. 
The reduction probably occurred during the warming up 
of the reaction mixture. the diffusion of air into the 
reaction mixture being slow enough to allow chromous 
ions to be present at higher temperatures. 

Renzoz~al of the 7richloroetho.xycnrbonyl Group 
cis-D-Chlorocarbat~iute 2c 
The adduct 2c (309 mg, 1 rnmol) was treated with 

freshly actirated zinc dust (300 mg) in glacial acetic acid 
(5 ml) at room temperature for 60 min. The reaction 
mixture was made strongly alkaline with an ice-cold 4 N 
NaOH solution then extracted with ether. The ether layer 
was dried and the solvent removed on a rotating evapor- 
ator to yield cis-2-chlorocyclohexylat~iine 5 (132 mg) as a 
liquid: v,,,, (CHCI,) 3400 and 3330 cm-' (NH,); 6 
(CHCl,) 2.90 (m, v 26 Hz, HI  axial) and 4.35 
ppm (m, A V ~ , ~  = 11 Hz, H 2  equatorial). It was acetylated 
in the usual way, Ac,O (0.5 ml) in pyridine (1 ml), to give 
cis-2-chloro-N-acetyIc~~cIolzexylamine 2e (158 mg, 90x), 
mp 95-96 ' C  (lit. (17) 88 'C). It proved identical (ir, 'H 
nmr) to the cis 1,2-adduct 2e obtained from JV-chloro- 
acetamide l e  and cyclohexene. 

trans-8-Chlorocarbnn~ate 3c 
The reduction (21 6 mg, 0.7 mmol) carried out as above 

gave, after acetylation of the crude 8-chloroamine 6 
(88 mg), tinn.s-2-chloro-h'-nce~lcyclohe.uyla1ine 3e (108 

m g ,  88%) mp 128-130 "C (lit. (12) mp 129-130 "C) which 
proved identical (ir, 'R nmr) to the trans 1,2-adduct 3e 
obtained from N-chloroacetamide It. and cyclohexene. 

cis-[3-Bron1ocarbarnate 21 
The reduction (291 mg, 0.8 mmol) as above gave, after 

acetylation of the crude amine (103 mg) followed by 
preparative layer chromatography (ether-hexane 4:  I), 
cis-2-broi~1o-N-acefylc~~clohexylai?ziie 2n (73 mg 41%), 
mp 97.5-99 ' C  (lit. (1 1) 103-104 'C). It proved identical 
(ir, 'H nmr) with the cis 1,2-adduct 2n obtained from A'- 
bromoacetamide B i z  and cyclohexene. 

Reduction of the cis-j3-Chlorocaibamate 2b (2 = 
0 CH2 C& Cl) 

The 8-chlorocarbamate Zb (450 mg, 2 mmol) was 
treated with freshly activated zinc dust (1.2 g, added in 
portions of 200 mg every 2 h) and potassium iodide 
(1.33 g, 8 mmol) in 80% aqueous acetic acid (16 ml) at 
80 'C for 16 h. The reaction mixture was cooled to 0 'C 
then made strongly alkalinc with 4 N NaOH. It was 
extracted with niethylene chloride. The organic phase was 
dried and the solvent removed at the rotating evaporator. 
The crude product was acetylated in the usual way to 
give, after recrystallization of the res id~~e (345 mg), cis-2- 
chlovo-IV-acetylcyclokexyln~nine 2e (2 1 I mg), mp 95- 
96.5 "C, which proved identical (ir, 'PI nmr) with an 
authentic sample. 

The mother liquors (130 mg) were separated by 
preparative layer chromatography to yield an addiiionai 
amount (63 mg) of the cis-P-chlorocrrnide 2.12, mp 96.5- 
97.5 "C (total amount 274 mg, 78% yiyicld). A more polar 
oily fraction (1 5 mg) contained ci.~-2-chloro-N-(2-rrcetoxy- 
erho.~ycarbonyl)cyclohe,~yIat~~ine according to the fol- 
lowing spectral data: v,~,, (GCI,) 3440 and 3360 (free and 
bonded NH), 1735 (brand vs, ester and carbsrnate), 1505 
(carbarnate), 1240 (vs) and 1060 (ester and carbamate), 
685 cm-' (C-CI ax. (24)); 6 (CC1,) 2.00 (s, COCM,), 

3.67 (m, Av,,, = 18 Hz, HI  ax.), 4.15 (s, 0CH2CH20),  
4.43 (q, J = 3 Hz, H 2  eq.), 5.07 (br d, J = 8 Hz, NH). 

Hydrogenolysi~ of cis-2-Chlouo-N-berzzyloxycarbonylcj~clo- 
hexylamine 2d 

A solution of the cis-(3-chlorocarbamate 2d (321 mg, 
1.2 mmol) in 95% ethanol (90 ml) was hydrogenated over 
30% palladiunl-on-charcoal at atmospheric pressure until 
no more carbon dioxide was produced (3 h). The catalyst 
was filtered and the solvent was evaporated to yield cis-2- 
chlorocyclohexylamine 5 (165 mg, quantitative) identified 
by ir and 'H nmr spectroscopy. Acetylation in the usual 
way led to cis-2-chloro-N-acetylcyclohexylumine 2e (206 
mg, 98%), mp 96-97 "C, identical (ir and 'H nmr) to an 
authentic specimen. 

5-(1 -Hexj>l) -2-oxazolidone 37 
Pyrolysis of 2-CJzloro-N-ef/~oxycarbonyl-1-octylamiize 
70 

The j3-chlorocarbamate 7a  (670 mg, 2.84 mmol) was 
heated at 185 'C under nitrogen for 3 h to give the 
oxazolidone 37, mp 87-88 "C (486 mg, quantitative). The 
analytical sample (recrystallization from ether) had mp 
88 'C; v,,, (CHCl,) 3480 (NH), 1750 (C=O), 1240 and 
1075 cm-' (C-0-C); 6 (CDCI,) 3.20 and 3.70 (two t, 
3 = 8 Hz, H-4), 4.58 (q, J = 8 Hz, H-5), 6.90 (s, NH); 
mje 171 (Mf) .  Anal. calcd. for C9H17N02:  C 63.15, 
H 10.01, N8.19;found: C62.90, H 9.98,N8.19. 

Pyrolj sis of 2-Brorno-N-ethoxj~cnrbonyl-1-octylamine 
77 

The B-bromocarbamate 7j (400 mg, 1.43 mmol) was 
heated at 185 'C under nitrogen for 2 h to give, after 
treatment of the black residue with activated charcoal, 
the oxazolidone 37, mp 87-88 "C (171 mg, 70%) identical 
(ir, 'H nmr) with the above sample. 

5-(I-Hexy1)-2-methyl-2-oxazolirze 38 
From 2-Chloro-N-acetyl-I-octylan~i~~e 7e 
The j3-chloroamide 7e (170 mg, 0.83 mmol) was treated 

with sodium methoxide in absolute methanol (18 mr! of 
sodium and 2 ml of nlethanol) at 60 "C for LO h. There- 
action mixture was evaporated to dryness. The residue was 
dissolved in Inethylene chloride and washed with brine. 
The organic phase was dried and the solvent evaporated 
to gwe the oxazoline 38 as a liquid (137 mg, 9773, v,,, 
(CC1,) 1725 (C=N), 1438 (CHz-N), and 1230 cm-' 
(C-0-C); 6 (CCI,) 1.81 (1, 3 = 1.3 HZ, CH,), 3.50 
(m, EI-4), and 4.40 ppm (N-5); ?il/e 169 (M+). I t  was 
further characterized as the hydrobromide derivative, mp 
71-72 "C (ether); v,,, (CHCI,) 2400-3000 cm-' (very 
broad); 6 (CDC13) 2.62 (m, CH,), 3.95 and 4.50 (respec- 
tively d of d, J - 8 and 9 Hz, and t, i - 9 Hz, H-4), 5.40 
ppm (m, El-5). Anal. calcd. fol Cl,H20BrNO: C 48.00. 
M 8.05, Br 31.94, N 5.60; found: C 48.02, H 7.86, Br 
32.70, N 5.56. 

R o m  2-Bromo-N-acetyl-1-oci))lamine 7n 
Attempts to purify the fLbromoarnide 7n by micro- 

distillation a t  140 'C!0.01 tori resulted in its cotlversion 
to the hydrobromirle of the oxuzoline 38, mp 69-7CCC, 
identical (ir, 'H nmr) to the sample obtair.ed above. 

Alternatively the crude product from the addition of 
N-bron~oacetan~ide In (8.7 mmol) to I-octene (20 mmo!), 
work-up A, was treated with sodium rnethoxide as 
described above to yield the oxuzoline 38 (913 mg, 62%) 
identical (ir, 'H nmr) to the sample obtained above. The 
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yield of 38 was taken as the yield of 1,2-adduct 7n assum- 
ing that its conversion to the oxazoline was quantitative. 

I-Methyl-7-aza- 7-ethoxycarbonylbicyclo,'4.1.0~ heptane 39 
From trans-2-Chloro-2-methyl-N-ethoxycarbonJ- 

hexylamine I O U  
A solution of the trans-rj-chlorocarbaniate 100 (180 mg, 

0.82 mmol) and potassium hydroxide (69 mg, 1.2 mmol) 
in 95Y, ethanol (10 ml) was heated to reflux for I h, then 
poured into cold water (25 ml) and extracted with ether 
(3 x 25 ml). After drying and evaporating the solvent, 
the residue was filtered on activity I11 neutral alumina to 
yield the N-ethoxj~carbonyl aziridine 39 as a liquid (113 
mg, 75%). The analytical sample was obtained by micro- 
distillation at 64-65 "Ci2.4 torr; v,,, (CCI,) 1725 (C=O), 
1260, 1100, 1035 cm-'; 6 (CDCl,) 1.26 (superimposed s 
and t with J = 7.0 Hz, C-CH3 and OCH,CH,), 2.500, 
J = 3.5 Hz, H-2), 4.20 ppm (q, J = 7.0 Hz, OCH,CH,). 
Anal. calcd. for C10H17N02: C 65.54, H 9.35, N 7.64; 
found: C 65.75, H 9.46, N 7.93. 

The filtration on alumina removed the free aziridine 
(NH) resulting from partial cleavage of the N-ethoxy- 
carbony! group of 39. The free aziridine was not re- 
covered. 

Fronz trans-2-Brorno-2-methyl-N-erhoxycarbo~- 
hexylamine IOj 

The trans-(3-bromocarbamate l 0 j  (150 mg, 0.56 mmol) 
was treated with alcoholic potassium hydroxide ( I  .7 mmol 
in 10 ml) at 50 'C for 45 min. Work-up as above gave the 
aziridine 39 (85 my, 82%) identical (ir, 'H nmr) to the 
sample obtained above. Again partial cleavage of the 
N-ethoxycarbonyl group of 39 occurred. 

trans-2-~~droxy-2-methyl-~-ethox~carbon) 
amine 40 

The aziridine 39 (85 mg, 0.46 mmol) in ether (10 ml) 
was stirred with silicic acid (1 g) for 16 h at room tempera- 
ture. The mixture was filtered and the solids washed with 
ether-methanol 9:1. Evaporation to dryness gave the 
trans-rj-hydroxycarbaniate 40, mp 109-1 11 "C (1 14 mg, 
quantitative). Recrystallization from methylene chloride- 
ether gave the analytical sample, mp 110-1 11 "C; v,,, 
(CHCI,) 3590 (free OH), 3450 (free NH), 3430 (broad, 
bonded O H  and NH), 1703 (bonded C =  O),  1510 cm- ' 
(NH); 6 (CDCI,) 1.14 (s, CH,), 1.24 (t, J = 7 Hz, 
0CHZCH3), 3.46 (br s, OH), 3.58 (m, AvSl2 - 25 Hz, 
H-l), 4.20 (q, J = 7 Hz, 0CHZCH3) 5.10 ppm (br d, 
J = 7.5 Hz, NH). 

Treatment of a Mixture of cis- and trons-2-Chloro-l- 
methyl-N-ethoxycarbonylcyclohexylamies (Ida and 
12a) with Alcoholic Potassium FIydroxide 

The mixture of cis- and trans-P-chlorocarbamates I l a  
and 12a (386 mg, 1.75 mmol) was obtained from the 
chromatographic separation of the crude product from 
the addition of NCU (25 mmol) to 1-methylcyclohexene 
(50 mmol), the dla-12a ratio being 3.4 according to vpc 
analysis (see Table 5). A solution of this mixture and 
potassium hydroxide (202 mg, 3.6 mmol) in 95% ethanol 
(40 ml) was heated to reflux for 20 min. The usual work 
up gave a mixture of the cis-rj-chlorocarbamate I l a  and 
the aziridine 39 according to vpc analysis. It was put on a 
silica gel plate (1.5 mm thick) and kept at room tempera- 
ture for 22 h. Elution with ether-hexane 1 :2  gave two 
main fractions. The less polar fraction consisted of 

cis - 2 - chlovo-I-methyl- N- e t h o x y c a r b o r 2 y l e  
1%a, liqitid (289 mg, 1.32 mmol). The analytical sample 
was obtained by microdistillation at 75 'C/0.12 torr; 
v,,, (CCI,) 3420 (free NH), 1730 (C=O), 1505 (NH), 
1230 and 1100 (C-0-C), 729 cm-' (C-Cl ax. (24)); 
6 (CDCl,) 1.28 (t, J = 7.0 HZ, OCHZCH,), 1.51 (s, 
CH,), 4.17 (m which narrowed on D 2 0  exchange, H-2), 
4.21 (q, J = 7.0 Hz, 0CH,CH3), 5.03 ppm (br s, NH). 
Atzal. calcd. for Cl0Hl8CINO2 : C 54.67, H 8.26, C1 16.14, 
N 6.38; found: C 54.89, H 8.09, C1 16.32, N 6.57. 

The more polar fraction was identical (mixture mp, 
ir, 'H nmr) to the trans-P-hydroxycarbamate 40, mp 
109-110 "C (60 mg, 0.30 mmol). 

The free aziridine resulting from the cleavage of the 
N-ethoxycarbonyl group was not recovered. 

Oxazolidone 41 
The trans-rj-bromocarbamate 14j  (70 mg, 2.3 mmol) 

was heated at 180 "C for 3 h under nitrogen. The brown 
residue was treated with activated charcoal to yield the 
oxazolidone 41 (26 mg, 63x1, n ~ p  133-134 "C (lit. (8b) 
136-137 "C); v,,, (CHC13) 3470 and 3260 (free and 
bonded NH), 1750 (C=O), 1240 and 1050 cm-' 
(C-0-C); 6 (CDCl,) 2.22 and 2.47 (m's bridgehead 
protons), 3.66 (d, J = 7 Hz, H-2), 4.48 (d, J = 7 Hz, 
H-3) 5.75 (br s, NH). 

Under the same conditions, the cis isomer 13j was 
recovered unchanged. 

N-Ethoxycarbonyl Aziridine 42 
A solution of trans-2-chloro-N-ethoxycarbonylcyclo- 

pentylan~ine 21 (192 mg, 1 mmol) and potassium hy- 
droxide (180 mg, 3 mmol) in 95% ethanol (20 ml) was 
heated to reflux for 10 min then poured into cold water 
and extracted with ether. The ether layer was dried then 
distilled. The residue was passed through a small column 
of activity 111 alumina with ether-hexane 1 : 1 to remove 
the free aziridine resulting from the cleavage of the 
N-ethoxycarbonyl group. The IV-ethoxycarbonyl aziridine 
42 (74 mg, 51%) was purified further by microdistillation 
at 83-85 'Ci21 torr; v,,,, (CCI,) 1725 (C=O), 1275, 1190, 
1105 cm-'; 6 (CDCI,) 1.27 (t, J = 7.0 Hz, OCH,CH3), 
2.91 (narrow m, AvlI2 = 3 Hz, H-1 and H-2), 4.10 (q, 
J = 7.0 Hz, 0CHZCH3). Anal. calcd. for C8Hl,N02:  
C 61.93, H 8.38, N 9.03; found: C 61.75, H 8.38, N 9.21. 

Under these conditions, the cis isomer 20 was recovered 
unchanged. 

Steroidal Aziridine 43a 
The trans 1,2-adduct 25a (1.0 g, 2.1 mmol) was sus- 

pended in a solution of potassium hydroxide (1.5 g) in 
ethanol (20 ml) and water (30 ml). After 2 h at room 
temperature, all the starting material had reacted (tlc). 
The reaction mixture was poured into water (200 ml) and 
extracted with methylene chloride. The organic layer was 
dried and the solvent evaporated to give the aziridine 
43a (800 mg, 9473, mp 166-168"C, homogeneous 
according to tlc. A recrystallization from chloroform- 
ether afforded the analytical sample, mp 171-172"C, 
[%IDZ0 f53.5"  (c 1.0 in CHCl,); v,,, (CS,) 3600 and 3440 
(free and bonded OH), 1715 (C=O), 1265, 1065 cm-' ; 
6 (CDCI,) 0.61 (s, 18-GH3), 1.07 (s, 19-CH3), 1.28 (t, 
J = 7 Hz, 0CH,CH3), 2.13 (s, 20-CH,), 2.60 (m, OH), 
2.83 (m, A V , , ~  = 7 Hz, H-6), 3.80 (m, AvllZ - 20 Hz, 
H-3) 4.18 ppm (q, J = 7 Hz, OCHZCH,). Anal. calcd. 
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for C,,H3,N04: C 71.43, H 9.24, N 3.47; found: C 
71.25, H 9.07, N 3.74. 

5n-Chloro-6~-etkoxyccrrbonyla1ni17o-pregnan-3~-ol-2O-one 
44 

The fmris 1,2-adduct 250 (1.92 g, 4 mmol) was sus- 
pended in a solutioll of potassium hydroxide (3 g) in 
ethanol (80 ml) and water at room temperature. When all 
the steroid was dissolved (30 min), the solution was 
cooled to ca. 0 "C, acidified with 4 N HCl, then diluted 
with water (200 ml), and extracted with n~ethylene chlo- 
ride. The residue ( I  g) after evaporation of the solvent 
was purified by preparative layer chromatography on 
silica gel (benzene-ether 1 :2) to yield the pure trlcohol44 
(0.80 g, 46%), mp 148-150 "C, which was recrystallized 
from ether for analysis: mp 156-151 'C; [r*IDz0 -13.53 
(c 1.0 in CHCI,); v,,, (CHCI,) 3600 (free OH), 3460 (free 
N H  and bonded OH), 1715 (C-0), 1510 (NH), 1240 and 
1040 (C-0-C), 910 cm-' (str); 6 (CDCI,) 0.65 (s, 
18-CHS), 1.23 (s, 19-CH3), 1.27 (t, J = 7 HZ, OCH,CH3), 
2.15 (s, 20-CH,), 2.48 (m, OH), 4.16 (q, J =  7 Hz, 
0CH2CH3), -4.2 (m, H-3 and H-6), 5.00 pprn (br d, 
J = 10 Hz, NH). Anal. calcd. for C,,H3,C1N04: C 65.51, 
H 8.71, CI 8.06; found: C 65.43, H 9.04, CI 8.16. 

open in^ of Aziridine 43a 
The aziridine 43a (200 mg, 0.5 mmol) in tetrahydro- 

fiiran (15 ml) was treated with 4 N HC1 (5 ml) at room 
temperature for 16 h. The mixture was poured into water 
(100 ml), extracted with methylene chloride, dried, and 
evaporated. The residue was acetylated in the usual way 
and the crude product separated on a silica gel plate 
(benzene-ether 2 : l )  to yield the trans 1,2-adduct 250 
(108 mg, 45%) mp 195-197 "C. It proved identical (ir, 
nmr) with an authentic sample. 

Oxidation of Alcohol 44 
Jones' reagent (2.7 M in CrO,) was added slowly with 

a syringe to a cold solution (m. 0 "C) of the alcohol 44 
(320 mg, 0.73 mmol) in acetone (30 ml). The reaction was 
followed by tlc and the addition (-0.1 ml) was stopped 
when some starting alcohol could still be detected on the 
plates. The reaction mixture was poured into cold water 
and extracted with chloroform. The residue (284 mg) 
contained mainly (290%) the 3-ketone 45 according to 
the 'H nmr spectrum: 6 (CDCI,) 0.70 (s, 18-CH,), 1.28 
(t, J =  7 Hz, 0CH2CH3), 1.42 (s, 19-CH,), 2.20 (s, 
20-CH,), 3.23 (AB quartet: Av,, = 21.3 Hz, J,, = 16.5 
Hz; protons at C-4), -4.2 (m, H-6), 4.25 (q, J = 7 Hz, 
0CH,CH3), 5.28 pprn ( n ~ ,  NH). An attempt to purify an 
aliquot (80 mg) of this residue by preparative tlc on silica 
gel with ether resulted in partial loss of HCI and gave a 
mixture of ketone 45, 6p-ethoxycarbonylamino a&- 
unsaturated ketone 46, and the 6n-isomer 47 according 
to the 'H nmr spectrum. 

Separation of another aliquot (120 mg) on activity lII 
alumina with ether containing methanol (1%) gave 
6a-erho.xj~carbonyIa1~7ino-4-pregnene-3,20-dione 47 (104 
mg, 84% from alcohol 44) mp 162-164 "C. One recrystal- 
lization from ether gave the analytical sample, mp 164- 
166 "C; [n]v20 + 100' (C 0.43 in CHC1,); )w,,, (EtOH) 
238 nm ( E  12 400); v,,, (CHCI,) 3440 (NH), I705 (C=O, 
carbamate and 20-ketone), 1670 (3-keto group), 1620 
(G=C), 1230, 1110 cm-'; 6 (CDCI,) 0.68 (s, 18-CH,), 
1.23 (t, J = 7 HZ, 0CH2CH3), 1.28 (s, 19-CH,), 2.15 ( s ,  
20-CH,), 4.15 (q, J = 7 Hz, 0CH2CH3), 4.53 (m, 

Av,,, = 25 Hz, H-6 axial), 5.03 (br d, J = 10 Hz, NH), 
5.99 pprn (d, J = 1.8 Hz, £3-4). Anal. calcd. for C2,H3,- 
NO4: C 71.80, H 8.79, N 3.49; found: C 71.63, H 8.62, 
N 3.49. Hence, on alumina, the ketone 45 lost PIC1 
readily and the n,P-unsaturated ketone 46 was isomerized 
to the more stable n,p-unsaturated ketone 47. 

A third aliquot (75 mg) of the residue from oxidation 
of 44 was placed in an nmr tube in CDCI, with silica gel 
impregnated with concentrated HCl. 'H nmr spectra 
were run repeatedly. First the absorptions due to ketone 
45 disappeared gradually while the absorptions of ketone 
46 appeared: 6 0.73 (s, 18-CH,), 1.23 (t, J = 7 Hz, 
0CH2CH3), 1.33 (s, Ig-CH;), 2.16 (s, 20-CHj), 4.18 (q, 
J = 7 Hz, OCH,CH,), 4.39 (m, H-6), 5.35 (m, NH), 
6.10 pprn (narrow s, H-4). When the AB quartet at 3.23 
pprn due to ketone 45 had completely disappeared, a 
doublet at 5.99 ppm due to a,P-unsaturated ketone 47 
began to appear next to the narrow singlet at 6.10 ppm 
due to the 6P-isomer 46. After 1 h, the isomerization of 
46 into 47 was complete. The solution was filtered and the 
solvent evaporated. The residue was purified by prepara- 
tive tlc on silica gel to afford pure 6%-etkoxycarbonyl- 
amino-n,B-~cizsatzrrnted ketone 47 (67 mg, 86% from 44), 
mp 163-165 "C, identical (ir, nmr) to the sample obtained 
above. 

5~-Ch/oro-6r-ethox~cnrbon~~laniino-pregnan-3P-ol-20-one 
48 

The cis 1,2-adduct 260 (500 mg, 1.04 mmol) was sus- 
pended in a solution of potassiun~ hydroxide (0.15 g) in 
ethanol (15 ml) and water (15 n ~ l )  and stirred at room 
temperature for 2 h. The mixture was poured into water 
(200 ml) and extracted with chloroform to yield, after 
evaporation of the solvent, the pure alcohol48 (384 mg, 
84%), mp 123-125 "C. One recrystallization from ether 
gave the analytical sample, mp 127-128 "C; [n]vZO 
t48.3"  (c 1.0 in CHCI,); 6 (CDCI,) 0.62 (s, 18-CH,), 1.20 
(s, 19-CH,), 1.28 (t, J = 7 HZ, OCH,CH,), 2.15 (s, 
20-CH,), -4.2 (m, H-3 and H-6), 4.23 (q, J = 7 Hz, 
0CHzCH3), 5.08 pprn (br d, J = 10 Hz, NH). Anal. 
calcd. for C24H38C1N04: C 65.51, H 8.71, C18.06; found: 
C 65.19, H 8.80, C1 8.19. 

Oxidation of Alcohol 48 
To a cold jca. 0 'C) solution of the alcohol 48 (140 mg, 

0.32 mmol) in acetone (10 ml) was added slowly, with a 
syringe, 0.075 mI of Jones' reagent (2.7 M in Cr03).  
Work-up as above (oxidation of 44) gave the 3-ketone 49 
(142 mg) which was characterized by its 'H nmr spectrum 
only: 6 (CDCI,) 0.65 (s, 18-GH,), 1.25 (t, J = 7 Hz, 
0CH2CH3) 1.35 ( s ,  19-CH,), 2.13 (s, 20-CH,), 2.85 (s, 
2H, protons at C-41, -4.1 (m, H-6), 4.15 (q, J = 7 Hz, 
0CH2CH,), 4.95 pprn (br d, J = 10 Hz, NH). 

Attempts to purify an aliquot (70 mg) by preparative 
tlc on silica gel gave the 6n-ethoxycarbonylamino 
unsaturated ketone 47 (56 ng ,  88% from 48), mp 163- 
165 "C, which proved identical (ir 'H nmr) to an authen- 
tic sample. Another aliquot (65 mg) in CDC1, was treated 
with silica gel impregnated with HCl in an nmr tube. 
lP1 nmr spectra were run repeatedly. The elimination of 
HC1 led directly to the 6a-ethoxycarborzylamino a,P- 
unsaturated ketone 47 as shown by the appearance of a 
doublet ( J  = 1.8 Hz) at 5.99 ppm while the singlet at 
2.85 pprn gradually disappeared. The ketone 47 (54 mg, 
92% from 48), mp 162-164 'C, was isolated and identified 
by comparison with an authentic sample. 
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5a-Pregnane-3,6,20-Pione 50 
A mixture of a$-unsaturated ketone 47 (100 nig, 0.2 

mmoi) and concentrated HC1 (0.5 ml) in benzene (10 ml) 
was stirred at  room temperature for 20 h. The crude 
product was separated on a thin layer silica gel plate 
(benzene-ether 4 :  1) to afford 5a-pregnaize-3,6,20-trione 
50 (49 mg, 62%), mp 220-225 "C. It was recrystallized 
from benzene-ether to  afford the analytical sample, m p  
225-230°C: [aIDz5 +63^ (c 0.6 in CHCI,) (lit. (19a) 
232.5-233 "C, [%ID +613 (c 1.0 in CHCl,); (19b) 226- 
23OCC, [a], +59"); v,,,,, (CHCI,) 1710 cm-'  (C=O); 
6 (CDCI,) 0.68 (18-CH3), 0.98 (19-CH,) and 2.20 ppm 
(20-CH,). Anal. calcd. for C ~ ~ H 3 0 0 ~ :  C 46.34, H 9.15; 
found: C 46.23, H 8.97. 
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The chromous chloride promoted addition of N-haloamides to olefins. IV.' 
Mechanistic aspects2 

HUGHES DRIGUEZ~ A N D  JEAN LESSARD 
D~;prirrernenr dr cliirnir. Uriii.ersit6 cle Slzerhrooke. Sherbrooke (Qlrc;.). Curiridcr JII<2Rl 
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HUGHES DRIGUEZ and J E A ~  LESSARD. Can. J. Chem. 55, 720 (1977). 
A discussion on the mechanism of the chromous chloride promoted addition of N-haloamides 

to olefins is presented on the basis of the results already reported and some additional evidence. 
The mechanism proposed involves a radical chain addition in which the N-haloamide acts as the 
transfer agent, the termination steps being chron~ium(II) reduction of the arnido radical and 
chromium(1i) reduction of the intermediate adduct radical. The addition of N-chloro- and 
AT-bromoacetamide to norbornadiene is described. The use of chromous chloride to initiate the 
reaction of N-chloropiperidine with ethyl vinyl ether and cyclohexene led to low yields of 
addition. 

HUGHES DRIGUEZ et JEAU LESSARD. Can. J. Chem. 55, 720 (1977). 
Le mtcanisme de l'addition, catalysee par le chlorure chromeux, de N-haloamides aux olefines 

est discute en regard des resultats deja rapport& et de quelques experiences additionnelles. Le 
micanisme propose fait intervenir une addition radicalaire en chaine ou l'amide N-halogen6 agit 
comme agent de transfert. Les Ctapes de terininaison sont la reduction du radical amido et de 
I'adduit radicalaire intermediaire par I'ion chromeux. On dCcrit l'addition du N-chloro- et 
N-bromoacetamide au norbornadibe. La reaction, initite par le chlorure chromeux, de la 
N-chloropiperidine avec l'ethyl vinyl Cther et avec le cyclohexene a donne de faibles rendements 
en addition. 

In the preceding paper (1), we described the and N-chloro-N-methylacetamide with cyclo- 
chromous chloride ~romoted  addition of various hexene (l).' 
N-haloamides to a variety of olefins in order 
to try to delineate the scope and limitations of 
the method for the synthesis of N-(2-halo- 
alky1)amides. We will now discuss a working 
hypothesis concerning the mechanism in the 
light of the facts reported and some additional 
experimental evidence described in this paper. 
This working hypothesis is summarized by reac- 
tions 1 to 7.4 Some allylic hydrogen abstraction 
does occur as evidenced by the detection of 
bicycfohexenyl (1 5% under the usual reaction 
conditions) in the reaction of N-chlorourethane 

lFor part 111 of this series, see ref. 1. 
'Abbreviated in part from the Ph.D. thesis of H. 

Driguer, Universitk de Sherbrooke, 1971. 
3Arts Council of Canada Predoctorate Fellow, 1969- 

1971. Present address: Centre de Recherches sur les 
Macromol~cules VCgetales, C.N.W.S., B.P. 53, 38041 
Crenoble (France). 

4We have establ~shed in the preceding paper (1) that 
N-alkylamides (1,H-adducts) do not arise from chro- 
mium(II) reduction of N-(2-haloa1kyi)amides (1,2-ad- 
ducts) under the reaction conditions. 

Discussion and Results 
Amido Radical Formation 

Mechanistic studies on the chromium(P1) re- 
duction of alkyl halides (2-6) and of hydroxyl- 
amine and amine oxides (7-916 have indicated 
that the first step involves the formation of a 
radical species. The following observations sup- 
port the contention that the first step of the reac- 
tion of chromium(lI) with a N-haloamide also 
involves the formation of an amido radical [ I ] :  
the orientation of the addition to unsymmet- 
rically substituted olefins (the amide moiety is 
attached to the less substituted carbon atom (1)) 

T h e  amount of bicyclohexenyi formed is probably less 
than the extent of allylic hydrogen abstraction since some 
of the cyclohexenyl radicals formed might have been con- 
verted to cyclohexene by chromium(I1) reduction fol- 
lowed by protonolysis. 3-ChlorocycIohexene has never 
been detected even at ca. - 78 "C where it was not reduced 
to a significant extent by excess chromous chloride (1). 

6For reviews on the reduction of organic compounds 
by chromous salts, see ref. 10. 
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DKIGUEZ AND LESSARD 

[I] ZCONHX + Cr" -t Z C O ~ ~ H  + XCrl" 

[21 zcoRa 
I I + 'C=C/ + LCONH-C-C 

/ \ I 1  

I I 
ZCONH-C-C 

' 1  
[3 1 + ZCONHX -. ZCONH-C-C-X + Z C O ~ ~ H  

, I I 1  

I I I I 
141 ZCONH-C-C. + Cr" -t ZCONH-C-C-Crl" 

I I I / 

' I 1 I 
[51 ZCONH-C-C-Cr"' + H +  + ZCONH-C-C-H + Cr"' 

I I I I 

and to norbornene (the amido group is exo7 (I)), 
the formation of nortricyclenyl derivatives in the 
additions to norbornadiene (see below), and the 
formation of formaldehyde when the reduction 
is carried out in methanol and in the absence of 
an olefin (see below). By analogy with the reduc- 
tion of alkyl halides, hydroxylamine, and amine 
oxides, the formation of the amido radical is 
assumed to occur via an inner-sphere or bridged 
activated complex as shown in [la] or in [lb]:' 
the AT-haloamide could act as a bidentate ligand 
in the formation of the activated complex, which 
would lead to an amido radical bonded to the 
chromic ion. Even if the amido radical is not 

[ l a ]  ZCONHX + C r " ~ 6  + [ZCONH...X...CrL5]* 

HN. 

7Radical attack on norbornene shows a strong prefer- 
ence for the less hindered exo face (11, 12). 

sSince ligands on chromium(I1) are readily inter- 
changed (13) and methanol as solvent is present in large 
excess, the coordination sphere most probably contained 
methanol molecules (L = CH,OH). 

directly bonded to the chromic ion as depicted 
in [Ib], it could still be associated with it since 
association complexes between radicals and 
transition metal ions have been postulated (14). 

Stoichionzetric Sttidies 
If the above mechanism is correct, the genera- 

tion of the amide ([I], [6] ,  and [71) and the for- 
mation of the 1,H-adduct ([I], [2], [4], and [5]) 
should require 2 mol of chromium(I1) per mol 
of N-haloamide whereas the 1,2-addition process 
([I], [2], and [3]) should require only a catalytic 
amount of chromium(I1). This was confirmed by 
a study of the stoichiometry of these three pro- 
cesses. 

The stoichiometry of amide formation was 
studied with N-chlorourethane and N-chloro- 
acetamide, in methanol and in chloroform- 
methanol, and in the absence of an olefin9. The 
results are reported in Table 1. In methanol 
(entries 1 to 3), 1 mol of chromium(II) per mol of 
N-chloroamide was consumed and some formal- 
dehyde was produced, which could be accounted 
for in the following way. The amide is formed by 
hydrogen abstraction from the solvent [8] and 
the resulting hydroxymethylene radical under- 
goes disproportionation to give formaldehyde 
[9] and most probably also coupling to give 

'N-Chlorourethane and N-chloroacetamide do not 
react with methanol in the absence of chromous chloride 
at 0 'C (no loss of active chlorine after 1 h). 
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722 CAN. J.  CHEM. VOL. 55, 1977 

ethylene glycol However, in chloroform- Finally, studies on the stoichiometry of the 

[8] Z C O ~ ~ H  + C H 3 0 H  -t ZCONH2 + .CH20H 
addition of N-chlorourethane to cyclohexene 
(Table 2) have confirmed that the 1,2-addition 

[9] 2 .CH20H + CHzO + CH,OH process occurs by a chain mechanism. Indeed, 

methanol (the solvent used for the additions to 
olefins), 2 mol of chromium(I1) per mol of 
N-chloroainide were used and formaldehyde 
could not be detected. Thus chromium(I1) re- 
duc,ion of the amido radical [6] appears to be 
faster than hydrogen abstraction from methanol, 
which could be due to a preferential solvation 
of the amido radical by chloroform;ll protonol- 
ysis of the nitrogen-chromium bond [7] would 
then afford the amide.12 If the amido radical is 
complexed with the halochromic ion formed in 
[I] (such complexation could be favored in the 
presence of chloroform), its reduction could 
occur through bridging with the halide ion of 
the complex (see [6a]) as has been suggested for 
the chromium(I1) reduction of alkyl halides to 
alkanes (10). 

[6a] [ Z C O ~ ~ H  CrH'X] + Cr" + ZCONHCrl" 
+ XCrlI' 

To study the stoichiometry of N-alkylamide 
formation (1,H-addition), we chose the addition 
of N-chloroacetamide to norbornene which was 
shown to lead almost exclusively to 1 ,H-addition 
(1). The results reported in Table 2 show that the 
formation of 1 mol of N-acetylnorbornylamine 1 
requires nearly 2 mol of chromium(I1) as in the 
postulated mechanism. 

'OThe hydroxymethylene radical generated by radiolysis 
of methanol was reported to give ethylene glycol and 
formaldehyde; metal ions were found to increase the pro- 
portion of formaldehyde and an association complex 
[Mn-.CHzOH] was suggested to be responsible for this 
(14a). We made no attempt to see if ethylene glycol was 
formed or not. 

"The C-H bond of chloroforn~ is less reactive than a 
C,-H bond of an alcohol or an ether towards electro- 
philic radicals (15). Chromium(I1) reduction of the amido 
radical could then be faster than hydrogen abstraction 
from chloroform. 

12For the reduction of hydroxylamine and amine oxides 
in aqueous acidic medium, Taube and his co-workers 
(9) have suggested that the aminium radicals might react 
with chromium(I1) by abstracting a hydrogen atom from 
the water molecules of the coordination sphere to explain 
the fact that they could not obtain evidence for the forma- 
tion of a Crl"NR, intermediate. The amido radical could 
react with chromium(I1) in a similar fashion but the pro- 
posed mechanism ([6] and [7]) is similar to the accepted 
mechanism of chromium(I1) reduction of alkyl halides 
(2-5, 16) and appears more probable to us. 

the amount of urethane and N-cyclohexylure- 
thane 4 formed (0.92 mmol all together) should 
have required about 1.8 mmol of chromous 
chloride; since 1.75 mmol was consumed, no 
chromous chloride was effectively used for the 
formation of the 1,2-adducts 2 and 3 (Scheme 1). 
Alternatively, when 1.0 mmol of chromous chlo- 
ride was added to a tenfold excess of N-chlo- 
rourethane and a twentyfold excess of cyclo- 
hexene under the standard reaction conditions 
and the reaction mixture stirred at - 78 "C for 24 

h, 5.0 mmol of 1,2-adducts 2 and 3 were obtained 
together with 0.3 mmol of 1,H-adduct 4 and 
about 0.3 mmol of urethane; again the amount 
of urethane and 1,H-adduct 4 (-0.6 mmol) 
accounts for all the chromous chloride consumed 
and therefore none was used for the 1,2-addition 
process. 

P-Amido-alkylcl~romiurn Intermediate 
In order to obtain further evidence for 

the formation of a P-amido-alkylchromium 
intermediate, N-chloro-N-deuteroacetamide was 
added to norbornene, all the acidic hydrogens 
of the medium being replaced by deuterium 
(Scheme 2). In a first experiment, the reaction 
mixture was allowed to warm to ca. 0 "C then 
worked-up in water: no deuterium was incor- 
porated in N-acetylnorbornylamine 1. In a 
second experiment, heavy water was added im- 
mediately after removing the cooling bath: the 
isolated N-acetylnorbornylamine (1-d,) had two 
deuteriums according to its nmr spectrum. The 
N-deuterium was exchanged readily with water, 
the other being at position 3 as required by 
the formation and protonolysis of a P-amido- 
alkylchromium intermediate ([4] and [5]); the 
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TABLE 1. Stoichiometry of the reduction of ZCONHCI in the absence of an olefin 

Reaction conditions 

ZCONNCI Volume T 
Z (mmol) Solveill (mu ("C) 

Cr(1l) 
added" 
(mmol) 

Cr(I1) 
used" 

(mmol) 
Stoichiometry 
Cr(Il)/ > NClc 

0.99 
1.04 
1.24 
1.97 
1.95 
1 98 

Yieldd of products (Z) 

"The 1.01 rt 0.01 M methanolic solution of CrCI, was added rapidly (5 to 10 min). 
bThe amount ofunreacted chromium(1I) was determined by titration using sodium triiodide and sodium thiosulfatc (sce the Experimental). 
'Molar ratio. 
"y vpe. 
eFornvaldehyde was also trapped with dimedone in a separate experiment. 
f N o  attempt was made to see if diacetylaminomethane was formed or not. Formaldehyde was trapped with dimedone. 
gNot detected. 
"Formaldehyde could not be detectcd with dimedone. 

> 
T A B L ~  2. Stoichioinetry of the 1 ,H-addition and 1,Zaddition processes" d u 

YleldC (mmol) Sto~chlomctry 
Cr(ll) added Cr(l1) used" - 

Ole fin N-Chloroam~de (mmol) (mmol) A m ~ d e  1 ,H-add'n 1,2-add'n. Cr(lJ)/ > NCI Cr(ll)/l-H add'n. C1(ll)/l,2-add'n. 

Norhornene CI1,CON HCI 
(5 mmol) (2.50 mmol) 

Cyclohexene CzHSOCONHCl 
( 5  mmol) (2 50 mmol) 5 05 1 75 0 80 0 12 1 55 0 70 (2 0) 

.?The reactions were carried out in the usual conditions, that is at a bath temperature of' -78 "C and in chlorofiorm (2.5 ml) - mcihanol (1 ml) but the chromous chloride methanolic solution 
(1.0 + 0.02,M)was added rapidly (5 tq 10 min) which explains why the yields of addition are lower than those given in the foregoing paper (I). 

bFrom trltratlon of unreacted chronilum(l1) (see Table 1, footnote h). 
=Bv voc. 
d ~ - o t  detected. 
eThe Cr(II)/I,I-1-addition and the Cr(lI)/amide molar ratios were taken as 2 for the calculation of Cr(ll)/1,2-addition mtio. 
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proton and carbon nmr spectra showed that 
the deuterium was distributed between the exo 
and endo positions (see the Experimental). The 
first experiment indicates that protonolysis of 
the P-amido-alkylchromium intermediate does 
not occur readily in the reaction medium at tem- 
peratures up to 0 OC. The proposed mechanism 
for the 1 ,H-addition process is in agreement with 
a number of studies on chromium(I1) reduction 
of alkyl halides indicating that alkylchromium 
ions are formed when alkyl radicals are captured 
by chromous ions (3a, 5a, 5c, 9, 16) and that the 
corresponding alkanes result from protonolysis 
(3a, 5c, 16a, 16d). 

Chain-transfer Step 
The radical nature of the chromous chloride 

promoted addition of N-haloamides to olefins 
was further confirmed by the addition of 
N-chloro- and N-bromoacetamide to norborn- 
adiene (Scheme 3). Indeed radical additions to 
norbornadiene can give 5,6-disubstituted nor- 
bornenes via 1,2-addition andlor 3,5-disubsti- 
tuted nortricyclenes via 1,5-homoconjugative 
addition (17). N-Chloroacetamide led exclu- 
sively to nortricyclene products (7a, $a, 9a, and 
10) (no olefinic proton absorption could be de- 
tected in the nmr spectrum of the crude product 
and of the chromatographic fractions) whereas 
with N-bromoacetamide, the ratio of norbornene 
derivatives 5b and 6b to nortricyclene derivatives 
76, 8b, and 9b was approximately one-to-one.I3 
The chain-transfer step is thus faster with N-bro- 
moacetamide. This agrees with the proposed 
mechanism in which the N-haloamide acts as 

TWO isomers 

Thl-ee isomers 
7 : 8 : 9  10 
74: 14: I? (65%) 9% 
49: 3 1 : 20 (45%) 0% 

the transfer agent (see [3] ) ,  a bromine-atom 
transfer being faster than a chlorine-atom trans- 
fer. But it would also agree with a transfer step 
(see [I  I]) involving a ligand transfer from the 
halochromium(II1) produced in [I]  since a bro- 
mide is transferred more readily than a chlo- 
ride.14 A number of free radical 1,2-additions 
of organic halides to olefins have been initiated 

I I 
[ I l l  ZCONH-C-C + XCr"' + 

I I 
1 I 

ZCONH-C-C-X + Cr" 
I I 

by various low-valent transition metal salts and 
a redox-transfer chain mechanism has been sug- 

I3The stereochemistry of the products of addition of 
various N-haloamides to norbornadiene is under study 
and will be reported later. 

14The analogy between oxidation of an alkyl radical 
by ligand transfer and atom transfer to an alkyl radical 
has been discussed by Kochi (18). 
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DRIGUEZ AND LESSARD 725 

gested for these reactions (19-21). However the 
metal salts participating in the ligand-transfer 
step (e.g. Cu(I1) chloride, Fe(T11) chloride) have 
a much higher redox potential than the chromic 
ion and we believe that the ligand transfer illus- 
trated in reaction 1 1  is not very 
Nevertheless the following experiments were 
carried out in an attempt to distinguish between 
[1 l ]  and [3]. 

First we carried out a chromous bromide 
initiated addition of N-chlorourethane to cyclo- 
hexene in the presence of a slight excess of chro- 
mic bromide. We could not detect any P-bromo- 
carbamate, the P-chlorocarbamates 2 and 3, 
cyclohexylurethane 4, and urethane accounting 
for all the starting N-chlorourethane (Scheme 
4); this is in agreement with the chain-transfer 
step [3]. The yield of addition (47%) was much 

C,H,0CONH2 + 

(53%) Y = Br (20%) 
Y = OCH, (5%)  

S C H E ~ ~ E  4 

lower than in the chromous chloride promoted 
addition (93%) (I), probably as a result of the 
reduction of N-chlorourethane by bromide ions; 
part of the molecular bromine thus formed was 
trapped by cyclohexene to give trans-dibromo- 

"Reaction 1 I would be the microscopic reverse of the 
first step of the chromium(I1) reduction of alkyl halides 
(2-6). 

I6Recently Surzur and Stella (22) suggested that in the 
radical cyclization of olefinic N-chloroamines catalyzed 
by Ti(II1) chloride, oxidation of the intermediate radical 
does not occur by ligand transfer of chlorine from Ti(1V) 
chloride but rather by chlorine-atom transfer from a 
molecule of N-chloroamine. Minisci et a/. (23) had pre- 
viously shown that ligand transfer of chlorine from Ti(1V) 
chloride was much less efficient than from Fe(II1) chlo- 
ride. The redox potential of titanium(IV), although much 
lower than that of iron(III), is still appreciably higher 
than that of chromium(II1). 

cyclohexane and trans-bromomethoxycyclo- 
hexane, the other part being most probably re- 
duced by the chromous ions. We then compared 
the chromous chloride promoted simultaneous 
addition of N-chlorourethane and N-bromo-a- 
chloroacetamide to 1-octene with the photo- 
chemical simultaneous addition in methylene 
chloride at -70 "C. An excess of N-chloro- 
urethane over the N-bromo-x-chloroacetamide 
was used to compensate for the fact that both 
the initiation step and the chain-transfer step 
should be faster with the N-bromo derivative in 
the chromous chloride as well as in the photo- 
chemically induced reaction. The results are 
summarized in Scheme 5. The proportions of 
crossed 1,2-adducts 12 and 14 (respectively 6-7% 
and 3-579 are similar whether the addition was 
initiated by chromous chloride or by irradiation. 
The formation of crossed 1,2-adducts is there- 
fore also in agreement with the chain-transfer 
step [3].'7,18 

Clzain-termination Steps 
According to the proposed mechanism, the 

two main chain-termination steps are chro- 
mium(I1) reduction of the amido radical [6] and 
chromium(I1) reduction of the intermediate 
adduct radical [4]. The first one competes with 
the addition of the amido radical to the olefin 
[2] and leads to the amide through [7]; the 

"The photochemical addition of N-haloamides to 
olefins has been shown to proceed by a chain mechanism 
(D. Touchard, Ph.D. Thesis, Universite de Sherbrooke, 
1974). 

18The two crossed experiments reported in this para- 
graph do not constitute fool-proof experimental evidence 
against the ligand-transfer step [ I l l .  In the second experi- 
ment, some halogen exchange could have occurred be- 
tween N-chlorourethane and N-bromo-cx-chloroacet- 
amide before completion of the reaction. In  the first 
experiment, all the steps leading to a 1,2-adduct could 
involve radical-halochromium(III) complexes in which 
the halide ion would come originally from the N-halo- 
amide: 

ZCONHX + c ~ " L ~  + [ZCOQH X C ~ " ' L ~ I  

I I 1 I 
ZCONH-C-C-X + c ~ " L ~  c [ZCONH-C-C. xCI" 'L~I  

1 I I I 

Chromium(II1) being substitution inert (13), the halide 
ion in the complex would not be exchanged readily with 
an  halide ion in solution. Furthermore the radical-halo- 
chromium(II1) complexes could react before the occur- 
rence of any exchange between the halochromic ion in the 
complex and the halochromic ions in solution. 
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(15 mmol) Cl IVEICOOC2H5 Br NHCOOC2H5 

second one competes with the halogen-atom 
transfer 131 and leads to the I,H-adduct through 
151. The yield of addition and the 1,2-addition - 
i,H-addition ratio should then be higher when 
lowering tl-ie concentration of chromaus chio- 
ride. Indeed in the reaction of iVchlorouretkane 
with cyclohexene, the yield oE addition and the 
1,2-addition - : ,H-addition ratio were higher 
(respectively, 9 3 z  and 14.5) wherr the chromous 
chloride solution was added slowly ( e . ~  over 
70 min) (lower effective concentration of ciiro- 
mous ions) than when it was added rapidly (e.g. 
over 10 min) (respectively, 70% and 99 (1). 
Similarly i very slow rate of addition of chro- 
mous chloride (3 11) led to a 94z yield of addi- 
tion of N-chioroacetamide to norbornene (1) 
whereas a fast rate (5 min) led to a 43% yield of 
addition (Table 2); in this case the amount of 
7,2-addition was too small to measure a mean- 
ingful variation of the 1,2-addition - i ,H-addi- 
tion ratio. 

The competition between addition of the 
amido radical to the olefin [23 and its chro- 
mium(H1) reduction [6] should also depend on the 
relative reactivity of the amido radical in these 
two processes. The reactivity of ZCORH to- 
wards addition to simple olefins would be ex- 
pected to increase with the electrophilic character 
of the radicaljig that is with the electron-with- 
drawing ability of the ZCO moiety. On the other 
hand the ease of chromium(l1) reduction of 
ZCO~%H should also increase with the ability of 
ZCO to accept electrons (anionic character of 

"The amido radical is most probably electrophilic 
which implies the contrib~~tion of polar resonance forms 
(indicating some electron transfer from the olefin to the 
radical) to the stabilization of the transition state for the 
addition (24). 

the organochromium derivative) but not neces- 
sarily to the same extent, The variation with Z 
of the ra!io of addition-chromiuni(I1) reduction 
of ZCONH is indicated in Tabie 3 for the addi- 
tion of ZCONHX to cyclohexene and indeed it 
shows no definite trend.20 The ratio is the highest 
with the ethoxycarbonylamino radical (Z = 

OC,H,) which is probably more electrophilic 
thaa the acetylamino radical (Z = CM,) 'because 
of the inductive effect of the ethoxy group but 
wouId be reduced less readily by chromiurn(II) 
than the latter because the carboethoxy group 
would be less effcieae than the acetyl group to 
accommodate the electrons of the organochro- 
mium derivative." An hi-methylac~ido radical 
( Z C O ~ ~ C H ~ )  should be less reactive than 
-ZCO&H towards addition to olefins because of 
greater spin delocalization bu.i mainly because 
of a steric effect. On "ie other hand, the steric 
effect would be expected to be less important for 
tile chromium(H1) reduction. As a result, the 
chrornium(l1) reduction of Z C O ~ ~ C H ,  could be 
faster than its addition to cyclohexene which 
would explain that no addition products to cyclo- 
hexene were detected with N-chloro-Nmethyl- 
acetamide and N-chloro-N-methyl-29292-tri- 
chloroethylcarbamate (Table 3). Finally the 
succinimidyl radical should be more readily re- 

ZOIt is noteworthy here that in the photochemical addi- 
tion of ZCONNX (X = C1, Br) to cyclohexene where the 
addition of the amido radical competes with the reactions 
of the halogen atom, the yield of addition increases with 
the electron-withdrawing power of Z (25). 

21The acidity of the protons on nitrogen of N-chlo- 
rourethane (pK, = 8.02) is lower than that of N-chloro- 
acetamide (pK, = 7.22) (F. Comtois, J. Lessard, H. 
Mknard, and M. Paquette, unpublished results) and the 
pK, of an acetate (-25) is higher than that of acetone 
(- 20). 
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DRIGUEZ AKD LESSARD 727 

TABLE 3. Ratio* of addition-chromium(1H) reduc- 
tion of ZCONR in the addition of ZGBNRX 

to cyclohexene 

r" 
SJ 2C61"X 

-- 
"7-hese ratios nere calculated fxom !he additions reoorled ir, 

~ s :  I .  r? t i c  cases w!;erette yieiil of amidemas notdeten-,lined, 
v,e assumed rhai a!l the S-haioainide nhich aid not add to 
cycio'lzxe!:e end did not lpad to electrouhilii ~~alogenation was 
convcrl.ed to the amide by reduction (id! a n t  [ 5 ] )  as in otiier 
cases: percentage of cllromiumill) seductioi~ = I00 - Oield 
of sdiition I yieici of electrophilic halogenation). 

6ueeC5 $y ci?i-omiulx(Hi) thar; Z C ~ , & E I  because 
of a greater siabilizaiion of the ionic transition 
state Qpartiai ~eget ive charge on the organic 
g,-oupj. Or, the other hand egeE if it conid be 
inore eIz.c^&rophiidc than ZCONEI, it is bulkier. 
The Pow addition - chromiurn(1H) reduction 
ratios in the reiction of ial-chlorcsuccinimiile 
zad PJ-bromosuccinimide with cyclohexene 
(Table 3) are therefore not unexpected. 

For a given amido radical, the competition 
between addition to the o!efin [%I and chro- 
rnium(I1) reduction [6] should depend also on 
the reactivity of the olefin. Indeed, in the addi- 
tions of N-chiorourethane to I-substituted cyclo- 
hexenes, the yield of addition increases in the 
order 1-chlorocyclohexene (29%) < l-acetoxy- 
cyclohexene (47%;;) < 1-methyicyclohexene (87%) 
5 I-methoxycyclohexene (90%) (I), in agreement 
with both the relative ability of the subseieuents to 
delocalize an unpaired electron and their reiative 
electron-releasing power.22 Norbornene is known 
to be more reactive than cyclohexene towards 
electrophilic radicals (27) and effectively the yields 
of addition of the various N-haloamides studied 
were generally higher with norbornene (1). With 
monosubstituted olefins the yield of addition of 

ZZThe reactivity of the olefin towards an  electrophilic 
radical should depend not only on steric factors and on 
the ability of the substituents to delocalize an  unpaired 
electron but also on their ability to dsnate electrons 
(polar effect). 

N-chlorourethane increases in the following 
order: methyl vinyl ketone (18%) < methyl 
acrylate (38%) < I-octene (85%) (1). This is 
again in agreement with a competition between 
step [2] and step [63 and with the eiectrophiiic 
character of the urethane radical. 

We have seen that the competition between 
the halogen-atom transfer [a] and chrornium(1I) 
reduction of the intermediate adduct radical [4] 
does depend on the chromous ion concentration. 
It should also depend on other factors affecting 
the reiative rates of [3]  and 141. One of these 
factors is the reactivity of the N-haloamide as a 
halogen-atom transfer agent. The additions to 
norhrnadiene have established that an I?r-bro- 
inoarnide is more reactive than an Nchloro- 
amnride and indeed the i ,%-addition - 1 ,H-addi- 
tion ratio, ;'or a given oiefin, is larger with PI-bro- 
moamides than with elie corresponding N-chio- 
roamides (see Table 4). It is ilztereshing to note 
n Table 4 the increase in the 1,2-addition - Z,H- 
addition radio with Z in the order CH, < 
CIGH, < C,H,O < CCI, < CF,. We hypoth- 
esize that the reactivity of the N-haloanside in 
the chairi-transfer step [3]  increases with the 
electron-withdrawing power of the ZCO moiety 
as a result of increasing contribution of a polar 
resonance form to the stabilization of the transi- 
tion state. Work is in progress to verify this 
hypothesis. 

Two other factors affecting the reiative rates 
of steps [3]  and [4] and hence the 1,2-addition - 
1,~-addi t ion ratio would be, for a given N-halo- 
amide, the reactivity of the intermediate adduct 
radical and the stability of the alkylchrornium 
derived from it. For instance, the more stable 
the radical, the slower the transfer step [ 3 ] ;  the 
more stable the alkyIchromium, the faster the 

TABLE 4. Ratio of 1,2-addition - I,H-addition in 
the addition of ZCONHX to cyclohexene 

1,2-addition11 ,H-additiona 

Z C O N N X  ( X  = C1) (X = Br) 

CH3CONHX 0.94 7 . 4  
ClCH2CONHX 5.8 18.5 
C2HSOCONHX 14.5 -140 

cRatios calculated from the results reported in ref. 1. 
bThe 1,H-adduct mas not detected in the chromatographic 

fractions and we assume that we would have been able to 
detect 2% of it. 
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I I 
[ZCONH-C-C Cl-NHCOZc 

1 I 

reduction of the radical [4]. We have seen that, 
for the additions of N-chloroacetamide for 
example, the I ,2-addition - 1 ,H-addition ratio is 
much smaller with 1-octene (0.57) and cyclo- 
hexene (0.94) than with 1-methylcyclohexene 
(237 ,  no I,H-adduct was isolated) (1). The de- 
termining factor in this case is probably the 
stability of the alkylchromium derivative. Indeed 
a secondary radical is less stable than a tertiary 
radical but a secondary alkylchromium should 
be more stable than a tertiary alkylchromium 
(carbanion character). In the additions to con- 
jugated systems, both spin delocalization in the 
adduct radical (allylic radical, radical a to a 
carbonyl group) and the charge delocalization 
in the alkylchromium derived from it should 
favor the reduction step [4] over the transfer step 
[3] in agreement with the experimental facts 
reported in the preceding paper (1): the sole 
addition products isolated from the addition of 
N-chlorourethane to butadiene, cyclohexadiene, 
methyl acrylate, and methyl vinyl ketone, are 
derived from the reduction of the adduct radical 
[4]. Finally we have observed that the 1,2-addi- 
tion -- 1 &-addition ratio (e.g. addition of N-chlo- 
rourethane) decreases in the order cyclohexene 
(14.5) > cyclopentene (2.6) > norbornene (0.76), 
which is the order of increasing ring strain and 
could be the order of increasing stability of the 
intermediate adduct radical. But we do not know 
if this is due to an influence on the rate of step 
[3] or on the rate of step [4], or on both rates. 

Conclusion 
The discussion and experimental facts pre- 

sented in this paper do not provide an answer 
to all the questions concerning the mechanism of 
the chromous chloride promoted addition of 
N-haloamides to olefins but we hope it will be 
useful to potential users of the reaction and 
might foster a more thorough mechanistic in- 
vestigation. One puzzling fact is the following. 
Stoichiometric studies have shown that virtually 
no chromium(1l) is used for the 1,2-addition 
process; however in the reactions where the 
yield of 1,2-addition to an excess of olefin is high 
(>85Y,) ,  at least 0.9 mol of chromous chloride 
has to be added to consume all the N-halo- 
amide (1). 

To the best of our knowledge, no example of 
a radical 1,2-addition to olefins initiated by 

chromium(I1) was known until the appearance 
of our preliminary reports on the chromous 
chloride promoted addition of N-chlorocar- 
bamates to olefins (26). It would be interesting 
to see if chromium(I1) could be used to initiate 
other 1,2-additions. As a first step in that direc- 
tion, we studied the chromous chloride promoted 
addition of N-chloropiperidine to ethyl vinyl 
ether hoping that electrophilic halogenation 
might not compete with the radical reactions at 
-78 "CZ3 We did obtain the expected adduct 
15 but in a very low yield (14x1, the other prod- 
ucts being the x-chloroacetal 16 (24%) resulting 
from electrophilic chlorination, and piperidine. 
The yield of 1,2-addition (17 and 18) to cyclo- 
hexene was also quite low (14%, 17/18 = 2.51, 
piperidine being the sole other product isolated; 
no chloromethoxycyclohexane (electrophilic 
chlorination) was detected. Thus it appears that 
chromium(I1) reduction of the piperidino rad- 
ical would be faster than its addition to either 
ethyl vinyl ether or cyclohexene.24 

Experimental 
The pertinent general information and a description of 

the apparatus used for the chromous chloride promoted 
reactions have been given in the preceding paper (1). 

Z3According to Minisci ef al. (211, in methanol at  0 "C 
and in the presence of Fe(II), Cu(I), and Ti(1lI) salts, 
electrophilic chlorination of en01 ethers was faster than 
reduction of the N-chlorodialkylamine. 

24With a milder reducing salt, the yields of 1,2-addition 
are much better. Minisci et al. (21) reported an 80% yield 
and a large predominance of the cis-adduct 17 for the 
addition catalyzed by the ferrous sulfate - ferric chloride 
couple in methanol at  0 'C; in our hands, however; the 
yield of 1,2-addition was 67% ((17/48 = 2). Using titanous 
chloride in methanol at - 1 5 T ,  L. Stella (Thkse de 
Doctorat &-Sciences physiques, UniversitC de Provence, 
1972) obtained a 66% yield of 1,2-addition; using the 
same conditions, we obtained a 75% yield, (17/18 = 2). 
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General Procedure for Stoichiometry Determinations 
A known volume (5 or 10 ml) of the chromous chloride 

solution measured as accurately as possible in dropping 
funnel C was added drop-wise over 5 to 10 min into flask 
B containing the N-haloamide (and the olefin) in meth- 
anol or in chloroforni-methanol and cooled in an ice bath 
or  a dry ice - methanol bath. An excess of ch romo~~s  
chloride, generally 2 mol per mol of N-haloamide, was 
added rapidly (5 to I0 min). Then a standard 0.2 N 
sodium triiodide solution (10 or 25 in]) was added with a 
volumetric pipet. The mixture was allowed to warm to 
room temperature and titrated with a 0.1 N standard 
sodium thiosulfate solution using the coloration of the 
chloroform layer to determine the end point. The organic 
products were separated from the inorganic salts by con- 
tinuous extraction with methylene chloride for 24-48 h. 
The solvent was partly removed by distillation and the 
resulting mixture transferred into a volumetric flask. The 
yields were determined by vpc using authentic samples 
as standards. For each of the results reported in Table 1 
and Table 2, at least two determinations (sometimes three) 
were made. The titration values were always within 2% 
of one another and the yields were within 5%. The mean 
values are given in Tables 1 and 2. 

An aliquot of the crude product was separated by 
preparative tlc on silica gel for complete identification 
of the products. Diethoxycarbonylaminomethane (Table 
I ,  entry I), mp 130-131 "C, proved identical (mixture mp 
ir, 'H nmr) to an authentic sample prepared from ure- 
thane and formaldehyde (27). 

The chron~ous chloride solution was titrated in the 
same apparatus, using a chloroform layer to determine 
the end point, and -the different values were within 1% 
of one another. 

Trapping of Formaldehyde with Dimedone in the Cl~romous 
Chloride Reduction of N-Chlorourethane and 
N-Chloroacetamide 

The reactions were carried out under the same condi- 
tions as those used for the stoichiometry determination 
(see Table 1) except that no excess chromous chloride 
was used: the addition of the chromous chloride solution 
was stopped when the starch-iodide paper test was nega- 
tive. The reaction flask was then heated to reflux under a 
stream of nitrogen and the exit gases were allowed to pass 
through a saturated aqueous solution of dimedone. The 
precipitate was collected and dried, mp 185-187 "C (lit. 
(28) 189 "C). In the experiments corresponding to the con- 
ditions of entries 1 and 2 of Table 1, the following quan- 
tities of precipitate were obtained: 86 mg and 115 mg 
respcctively. In the experiment corresponding to the con- 
ditions of entry 4, no precipitate was formed. 

Addition of N-Chloro-N-deuteroacetamide to Norbornene 
in a Deuterated Medircrn 

Chromous Chloride Solution 
To CrC1,,6H2O (5.3 g, 20 mmol), freshly distilled 

thionyl chloride was added dropwise and the mixture 
heated to reflux for 4 h. The excess thionyl chloride was 
distilled off and the violet powder was dried overnight 
under vacuum (29). The anhydrous CrCI, thus obtained 
was dissolved in CH30D (20 ml) containing D 2 0  (2 ml) 

Addition 
The chromous chloride solution (7 ml) was added drop- 

wise to a solution, cooled in a dry ice - methanol bath, 
of N-chloro-N-deuteroacetamide (240 mg, 2.5 mmol) and 
norbornene (470 mg, 5 mmoI) in CHC1, (2 mI) and 
CH30D (1 ml). The addition took 3 h and the reaction 
mixture was allowed to warm to OcC then poured into 
water (50ml). Continuous extraction with methylene 
chloride for 48 h and separation of the residue by prep- 
arative layer chromatography gave N-acetylnorbornyl- 
anline 1, mp 133-135 "C, (290 mg, 77%) identical ('H 
nmr, mass spectrum) to an authentic sample. 

The reaction was repeated in exactly the same condi- 
tions except for the work-up procedure. Deuterated water 
(201111) was added before the reaction mixture was 
allowed to warm up to room temperature. Continuous 
extraction followed by chromatography as above gave 
N-acetyl-N,3-dideutero-norbornylamine 1-d2, mp 132- 
134 "C (315 mg, 84%); 6 (CDCI,) 3.65 ppm (br d, J - 4 
Hz, Avl12 = 10 Hz, H-3). Exchange with water gave 
N-acetyl-3-deutero-norbornylamine 1-d; m/e 154 (M+);  
'H nmr 6 (CDC13) 3.65 ppm (br t, J - 6 Hz, Avll, = 
14 Hz, H-3); 13C nmr 6 (CDCI,) 23.28 (COCH,), 26.47 
(C-6), 28.09 (C-5), 35.44 (C-7), 35.53 (C-41, 39.80 (C-3, t, 
J,-, = 20.5 Hz), 42.28 (C-l), 52.77 ppm (C-2). The 
signal of C-5 at 28.09 ppm 1s broader (Avll, = 2.5 Hz) 
than the signal of C-6 at 26.47 ppm (AvIl2 N 1 HZ) due 
to coupling between C-5 and the deuterium at  position 3. 
Since the vicinal 3JC,D should be about 1 Hz with the 
deuterium exo (dihedral angle of 180") and about 0.3 Hz 
with the deuterium endo (dihedral angle of 6OC), the deu- 
terium must be distributed between the exo and endo 
positions.25 The same conclusion is reached by con- 
sidering the half band width of the signal of H-3 in the 
'H nmr spectrum of N-deuterated N-acetylnorbornyl- 
amine 1-ND and of the N,3-dideuterated derivative 1-d2. 
The difference A(Avliz) between 1-ND and 1-d2 is 5 Hz 
and should be about 7-8 Hz if the deuterium at C-3 was 
exo and about 2-3 Hz if it was endo. 

Addition of N-Chlorourethane to Cyclohexene with a 
Catalytic Amount of Chromous Chloride. 

Chromous chloride (10 ml of a 0.1 M methanolic solu- 
tion, 1 mmol), was added to a solution of N-chloro- 
urethane (1.29 g, 96% active chlorine, 10 mmol) and cy- 
clohexene (2 ml, 20 mmol) in chloroform (10 ml) and 
absolute methanol (2 ml) cooled in a dry ice - methanol 
bath (- 78 "C). The mixture was kept at ca. - 78 "C under 
a carbon dioxide atmosphere for 24 h. A saturated 
sodium bisulfite aqueous solution was added to reduce 
the unreacted N-chlorourethane and the mixture was 
allowed to warm up to ca. 0 "C then extracted with ether 
(4 x 100ml). The residue was separated on silica gel 
plates (ether-hexane 1:4) to give cis-N-(2-chlorocyclo- 
hexy1)urethane 2, mp 56-58 "C (0.85 g) and trans-N-(2- 
chlorocyclohexyl)urethane 3, mp 92-94 "C (0.18 g) (total 
yield of 1,2-addition: 1.03 g, 5 mmol, 50%). 

The aqueous phases were combined, saturated with 
sodium chloride, and extracted continuously with methy- 
lene chloride for 2 days. Vapor phase chromatographic 
analysis of the crystalline residue, mp 46-48 "C (0.620 g), 
showed that it contained 0.052 g (0.3 mmol, 3%) of 
N-cyclohexylurethane 4, the rest being urethane only. 

and DCI (0.3 ml of a 38% solution in D,O). The resulting 
green solution was reduced over zinc amalgam (prepared 25We thank professor J. K. Saunders for the interpreta- 
in D,O acidified with DC1). tion of the I3C n m  spectrum. 
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Additions to Norbornadiene 
N-Cl~loroacetamide 
The chromous chloride solution (20 ml, 20 mmol) was 

added over 5 h to a solution of N-chloroacetamide (940 
mg, 10 mmol) and norbornadiene (1843 mg, 20 mmol) in 
chloroform (I0 ml) - methanol (4 ml) at ca. - 78 "C. 
The reaction mixture was poured into cold water and 
extracted rapidly with ether (4 x 200 ml), work-up A 
(ref. 1). The 'H nmr spectrum of the residue (1310 mg) 
did not show any absorption in the olefinic proton region. 
An aliquot (570 mg) was separated on silica gel plates 
(ether-pentane 2:  1) to give one main fraction (499 mg) 
showing no olefinic absorption in the nmr. The other 
fractions (20 mg or less) did not have any olefinic protons 
according to their nmr spectrum. Further separation of 
the main fraction (ether-pentane 1 : I )  followed by recrys- 
tallizations of the various fractions from ether or ether - 
methylene chloride allowed the complete separation of 
two isomeric 3-acetylamino-5-chloronor.tricyclenes, 7a 
and 8a. Isomer 70: mp 136 "C; v,,, (CHCI,) 3440 and 
3320 (free and bonded NH), 1675 (C=O), 1520 (NH), 
818 cm-' (nortricyclene (30)); 6 (CDCI,) 2.00 (s, CH,), 
3.95 (d o f t ,  J = 7 and 1.5 Hz, H-3), 4.05 (t, J = 1.5 Hz, 
H-5), 6.25 pprn (m, NH). Anal. calcd. for CgH12C1NO: 
C 58.22, H 6.51, N 7.54; found: C58.42,H6.56,N7.32. 
Isomer 8a: mp 115 "C; v,,, (CHCI,) 3450 and 3330 (free 
and bonded NH), 1675 (C=O), 1520 (NH), 815 cm-' 
(nortricyclene (30)); 6 (CDCI,) 2.02 (s, CH,), 4.05 (t, 
J = 1.5 Hz, N-5), 4.62 (d of t, J = 7 and 1.5 Hz, H-3), 
6.32 pprn (m, NH); molecular weight by osmometry in 
CHCl,, 187 (calcd. 185.65). Anal. calcd. for C9HI2C1NO : 
C 58.22, H 6.51, N 7.54; found: C 58.07, H 6.56, N 7.25. 
A crystalline fraction containing a third isomer of 
3-acetylamino-5-chloro1~ortricyclene, 9a, was obtained but 
this isomer could not be isolated free from contamination 
by isomer 7a. The ir spectrum showed the characteristic 
absorptions of the acetylamino group and of the nortri- 
cyclene skeleton (815 cm-'j. In the nmr spectrum, after 
the exchange of NH with D 2 0 ,  H-3 appears as a triplet 
a t  3.82 pprn with J = 1.5 Hz (beside the triplet of the 
H-3 proton of isomer 7a at 3.95 ppn~)  and H-5 absorbs 
a t  4.42 ppm (m, AvlI2 = 4 Hz). From the nmr spectrum 
of the crude product, after exchange of the N H  protons 
with D 2 0 ,  it was possible to determine the relative pro- 
portion of 4a, 8a, and 9a as 74: 14: 12. 

Continuous extraction with methylene chloride of the 
aqueous layer from the ether extraction of the reaction 
mixture gave a residue (460 mg) which afforded three 
main fractions after chromatographic separation on 
silica gel plates (ether-pentane 2: 1): acetamide (153 mg, 
21%) identified by its mp, ir, and 'H nmr spectra. A mix- 
ture of 7a, $a, and 9a (60 mg, altogether 1206 mg, 65%); 
and 3-acetylaminonortricyclene PO, mp 100-102 "C (136 
mg, 9%). A recrystallization from ether afforded a sample 
melting at 104-105 "C; v,,, (CHCl3) 3440 (free NH), 
1670 (C=O), 1510 (NH), 815 cm-' (nortricyclene (30)); 
6 (CDC1,) 2.00 (s, CH,), 3.83 (d o f t ,  J = 1.5 Hz), -5.7 
ppm (very broad, NH); mle 151 (M+), 91 (base peak). 

AT-Bromoacetamide 
The reaction was carried out as above on 1.380 g (9.8 

mmol) of N-bromoacetamide and 1.843 g (20 mmol) of 
norbornadicne to give, after the usual work-up, 2.134 g 
o f  crude product which was separated by preparative 
layer chromatography on silica gel (ether-pentane 3 : I )  to 
afford three main fractions. 

(a) 5-Acetylamino-6-bromonorbornene 56, mp 120- 
123 "C (0.284 g, 13%). One recrystallization from ether 
gave the analytical sample, mp 126 "C; v,,, (CHCI,) 
3420 (NH), 1670 (C=O), 1505 cm-' (NH); 6(CDCl,) 
2.00 (s, CH,), 2.80 and 3.16 (two m, H-l  and H-4), 4.00 
(octet, J = 7.5, 7, and 2 Hz, H-5), 4.28 (d of d, J = 7 
and 2 Hz, H-6), 6.18 and 6.38 (m, olefinic protons), 6.20 
pprn (m, NH). Anal. caicd. for C9H12BrNO: C 46.97, H 
5.26, Br 34.72, N 6.09; found: C 46.87, H 5.41, Br 34.70, 
N 5.90. 

(b) 5-Acetylamino-6-bromonorbornene 66, mp 130- 
134 "C (0.734 g, 3373. One recrystallization from methy- 
lene chloride - ether gave the analytical sample, mp 
134-135 "C; v,,, (CHCI,) 3420 and 3340 (free and bonded 
NH), 1670 (C=O), 1500 cm-' (NH); S(CDC1,) 2.00 (s, 
CH,), 3.16 (m, H-1 and H-4), 3.45 (t, J - 2.6 Hz, H-6), 
4.80 (octet, J = 9, 4 and 2.6 Hz, H-5), 6.00 (m, NH), 
6.38 (m, olefinic protons). Anal. calcd. for C,H,,BrNO: 
C 46.97, H 5.26, Br 34.72, N 6.09; found: C 47.15, H 
5.25, Br 34.92, N 5.87. 

(c) A mixture of isomeric 3-acetylamino-5-bromonortri- 
cyclenes 76, 8b, and 96 in the ratio 49: 31 :20 by 'H nmr. 
Chromatographic separation on silica gel plates (ether- 
pentane 3 : 1) followed by recrystallizations of the various 
fractions from ether gave the pure isomers 4b and 86 but the 
isomer 90 could not be isolated free from contamination 
by isomer 7b. Isomer 7b: mp 121-123 "C; v,,, (CHCI3) 
3440 and 3330 (free and bonded NH), 1675 (C=O), 1510 
(NH), 81 5 cm-' (nortricyclene (30)); 6 (CDCI,) 2.00 (s, 
CH,), 3.92 (d of t, J = 7 and 1.5 Hz, H-3), 4.08 (t, J = 
1.5 Hz, H-5), 6.00 pprn (m, NH). Anal. calcd. for 
CgH,,BrNO: C 46.97, H 5.26, N 6.09; found: C 46.79, 
H 5.09, N 6.11. Isomer 8b: 125-126°C; v,,,, (CHCI,) 
3445 and 3320 (free and bonded NH), 1670 (C=Oj, 1515 
(NH), 815 cm-' (nortricyclene (30)); 6 (CDCI,) 2.02 (s, 
CH,), 4.10 (t, J = 1.5 Hz, H-51, 4.68 (d of ill-defined t 

 with J = 7 Hz and AvlI2 - 4 Hz, H-3), 6.45 pprn (m, 
NH); osmometric molecular weight determination 
(CHCI,), 233 (calcd. 230.1). Anal. calcd. for C,H12BrNO: 
C 46.97, H 5.26, Br 34.72, N 6.09; found: C 46.85, H 
5.51, Br 34.69, N 6.19. Mixture of 96 and 76 in a 8:21 
ratio: v,,, (CHCI,), 3440 and 3330 (free and bonded NH), 
1675 (C-O), 1510 (NH), 815 cm- ' (nortricyclene); 6 
(CDCI,) 2.00 (s, CH, of 9b and 7b), 3.92 (d o f t ,  J = 7 
and 1.5 Hz, H-3 of 7b masking H-3 of 9b), 4.08 (t, J = 
1.5 Hz, H-5 of 7b), 4.31 (rn, Bv,,, = 3.5 Hz, H-5 of 9b), 
6.00 and 6.32 pprn (NH of 96 and 7b). 

Chvomous Bvomide Prolnofed Additionof N-Chlorourethane 
to Cyclohexene. 

The chromic bromide solution (5.933 g of CrBr,, 3.3 ml 
of concentrated HC1, and absolute methanol in a 100 ml 
volumetric flask) was reduced over zinc amalgam as usual 
(I). The resulting clear blue chromous bromide solution 
(33 ml, 6,6 mmol) was added slowly (over 10 h) to a solu- 
tion of N-chlorourethane (0.635 g, 97% active chlorine, 
5 mmol), cyclohexene (10 ml, - 10 mmol), and chromic 
bromide (1.600 g, 5.5 mmol) in chloroform (6 ml) - 
methanol (4 mi) cooled to ca. - 78 "C (methanol - dry 
ice bath). The mixture was then poured into water (100 
ml) and continuously extracted with methylene chloride 
for 24 h. The solvent was partly removed by distillation 
and the resulting solution was transferred into a 25 ml 
volumetric flask. Analysis by vpc using authentic sam- 
pIes as standards gave the following results: urethane, 
51%; trans-bromomethoxycyclohexane, 5%; bicyclo- 
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hexenyl, - 1%; trans-dibromocyclohexane, 20%; AT-cy- 
clohexylurethane 4, 2%; cis-N-(2-chlorocyclohexyl)ure- 
thane 2, 39%; trans-N-(2-chlorocyclohexy1)urethane 3, 
9%. No trace o f  cis- or trans-N-(2-bromocyclohexyl)ure- 
thane could be detected by vpc or tlc. The bromometh- 
oxycyclohexane and dibromocyclohexane were isolated 
from an aliquot by preparative vpc for complete identi- 
fication (ir, 'H nmr). Another aliquot (12 ml) was sepa- 
rated by preparative tlc on silica gel (ether-hexane 1 :2)  
to  afford the cis-P-chlorocarbamate 2, m p  55-57 "C 
(0.184 g, 3773, the trans-8-chlorocarbamate 3, mp 94- 
96 "C (0.039 g, 8%), and urethane, m p  44-46 "C (0.1 13 g, 
53%). 

Simultaneous Addition of N-Cl~lorouretlzane and N-Bromo- 
a-chloroacetamide to Cyclohexene 

Photochemical Addition 
N-Chlorourethane (1.950 g, 95% active chlorine, 15 

mmol), N-bromo-Y-chloroacetamide (0.173 g, 1 mmol),  
1-octene (2.5 ml,  -25 mmol) in methylene chloride (75 
ml),  and absolute methanol (2 ml) in a Vycor cell were 
irradiated at -70'C at 254 nm in a Rayonnet RPR 100 
reactor for 6 h .  The solvent was evaporated in a rotating 
evaporator and the residue (3.72 g) separated by column 
chromatography and preparative tlc (ether-hexane 1 : 2)  
into two main fractions. The less polar fraction (3.265 g) 
was an oil and had ir and ' H  nmr practically identical to  
those o f  N-(2-chlorooctyl)urethane 11. It was dried care- 
fully and submitted to  microanalysis: C 55.07%, H 
9.14%, C1 13.68%, Br 2.57%. Assuming that the fraction 
contained only N-(2-chlorooctyl)urethane 11 and IV-(2- 
bromoocty1)urethane 12, the halogen analysis would 
correspond to 92.3% o f  11 (84% yield) and 7.7% o f  12 
(7% yield). 

The more polar fraction, mp 43-44 ' C  (0.260 g), had ir 
and ' H  nmr spectra very similar to  those o f  N-(2-bromo- 
octy1)-a-chloroacetamide 13. The crystals were ground 
in a mortar, dried under vacuum, and submitted to bro- 
mine and chlorine microanalysis: Br 26.78%, C1 13.24%. 
Again assuming that this fraction contained only A'-(2- 
bromoocty1)-cr-chloroacetamide 13 and N-(2-ch1orooctyl)- 
Y-chloroacetamide 14, the analysis would correspond to  
94.6% o f  63 (87% yield) and 5.4% o f  14 (5% yield). 

Chromous Chloride Promoter1 Addition 
The reaction was carried out under the usual condi- 

tions: chromous chloride solution (18 ml,  18 mmol) 
added over 2 h ,  N-chlorourethane (1.954 g, 95% active 
chlorine, 15 mmol), Ar-bromo-a-chloroacetamide (1.175 
g, 1 mmol),  1-octene (2.5 ml, - 25 mmol), chloroform 
(15 ml), absolute methanol (5 ml),  dry ice - methanol 
bath. The mixture was poured into ice and water (10 ml) 
and rapidly extracted with ether (4 x 200 ml),  work-up 
A ( 1 ) .  The residue (3.25 g) was separated into two frac- 
tions as above, each o f  them being submitted to  bromine 
and chlorine analysis. The oily fraction (2.934 g) had Br 
2.44% and C1 13.75%, which would correspond to  92.7% 
o f  8-chlorocarbamate 11 (76% yield) and 7.3% o f  8-bro- 
mocarbamate 12 (6% yield). The crystalline fraction, m p  
41-43 ' C  (0.222 g), had Br 27.19% and C1 12.99%, which 
would correspond to 96.3% o f  8-bromoamide 13 (75% 
yield) and 3.7% o f  b-chloroamide 14 (3% yield). 

Addition of N-Chloropiperidine to Cyclohexene 
Ferrous Sulfate - Ferric Chloride Promoted Addition 
The reaction was carried out at 0 "C,  under nitrogen, 

according to  the method described by Minisci et al. (21) 

with the following quantities: N-chloropiperidine (6.50 g, 
92% active chlorine, 50 mmol), ferric chloride (7 g), fer- 
rous sulfate (14 g), and cyclohexene (100 ml, 100 mmol). 
The reaction mixture was poured into cold water (500 
ml),  acidified with 4 N HC1 (10 ml),  and extracted with 
ether. The aqueous phase was made basic by adding 4 N 
NaOH (60 ml) then extracted with methylene chloride 
(4 x 200 ml). Molecular distillation o f  the residue (7.4 g) 
at 70 "C/O.l torr gave a mixture (6.8 g, 67%) o f  cis- and 
trans-N-(2-chlorocyclohe,~yl)piperidine 17 and 18 in a 
2 :  1 ratio according to  the ' H  nmr spectrum. The two 
isomers were separated by preparative layer chromatog- 
raphy on silica gel (ethyl acetate - hexane 1 : 2). cis Isomer 
17: v,,, (CS,) 680 cm-' (C-CI axial (31)); 6 (CS,) 1.0- 
2.1 (14H), 2.2-2.7 (5H, H-3 + 4H o f  the piperidine ring), 
4.43 ppm (m,  Avl,, = 6.5 H z ,  H-2 equatorial). The 
picrate melted at 140-141 'C  (lit. (21) 146-147 "C).  trans 
Isomer 18: v,,, (CS,) 730 cm-' (C-C1 equatorial (31)): 
6 (CS,) 1.0-2.1 (14H), 2.1-2.7 (5H, H-1 + 4H o f  the 
piperidine ring), 3.72 ( m ,  A V ~ , ~  = 25 Hz, H-2 axial). 
The picrate melted at 153-154 "C (lit. (21) 153-154 "C).  

Titanous Chloride Promoted Addition 
The addition was carried out under nitrogen as de- 

scribed by Stellaz6 at - 15 ' C  (CCI, - dry ice bath) with 
60 g (100% active chlorine, 50 nimol) o f  N-chloropiperi- 
dine and 100 ml (100 mmol) o f  cyclohexene in 50 ml o f  
methanol. Titanous chloride (6 ml o f  a 26% commercial 
solution, 10 mniol) was added dropwise and the mixture 
stirred at - 15 'C  for an additional 30 min. The reaction 
mixture was made strongly alkaline by adding 10 N 
sodium hydroxide. The precipitate was filtered on Celite 
and washed many times with ether. The ether layer was 
decanted and dried. The residue was distilled at 64 "C/ 
0.01 torr to  afford 7.4 g (75%) o f  a mixture o f  cis- and 
trans-N-(2-clzlorocyclokexyljpiperidine 17 and 18 in a 
2 :  1 ratio according to  the ' H  nmr spectrum; v,,, (CS,) 
680 (C-C1 axial) and 730 cm-' (C-C1 equatorial). 

Chromous Chloride Promoted Addition 
The reaction was carried out under the usual condi- 

tions : N-chloropiperidine (4.77 g, 100% active chlorine, 
40 mmol), cyclohexene (8 ml,  80 mmol),  chloroform 
(100 ml), absolute methanol (20 ml),  dry ice - methanol 
bath (-78 "C). The chromous chloride solution (80 ml,  
80 mmol) was added over 5 h.  The reaction mixture was 
allowed to  warm up to  ca. 0 OC then acidified and ex- 
tracted with ether. The aqueous phase was made strongly 
alkaline with a 10 N sodium hydroxide solution in meth- 
anol-water ( 1  : 1 ) .  The precipitate was filtered on Celite 
and washed many times with ether. The ether layer was 
washed with water then dried. The solvent was removed 
in the rotating evaporator The piperidine was removed 
in aacuo to  give 1.12 g (14%) o f  a mixture o f  17 and 18 in 
a 2 .5: l  ratio according to  the ' H  nmr spectrum; v,,, 
(CS2)  680 and 730 cm- ' ;  m/e 201, 203 (3 :  1 ,  M+).  

Chromous Cltloride Promoted Addition of N-Chloropiperi- 
dine to Ethyl Vinyl Ether 

A solution o f  N-chloropiperidine (6.0 g, 50 mmol) in 
absolute methanol (50 ml) was cooled in a dry ice - 
methanol bath (-78 "C).  Freshly distilled ethyl vinyl 
ether (7.2 g, 100 mmol) cooled to  - 78 "C was added. 
The chromous chloride solution (80 ml,  80 mmol) was 

z6L.  Stella, These de Doctorat 6s-Sciences physiques, 
Universite de Provence, 1972. 
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added over 30 min. Then sodium methoxide (50 ml of a 
1 M solution) was added. The mixture was allowed to  

warm up to 0 'C and made strongly alkaline with 10 N 
sodium hydroxide. The residue obtained after the usual 
work-up was distilled to  give two compounds: (a) The 
a-chloroacetal 16, bp 34 "C/15 torr (1.68 g, 24%); v,,, 
(CCI,) 1060 and 1030 (acetal), 720cm-I (C-CI); 6 
(CCI,) 1.23 (t, J = 7 HZ, 0CH2CH3),  3.36 (s, 0CH3) ,  
3.45 (d, J = 5.5 Hz, ClCH,CH), 3.65 and 3.68 (two q of 
equal intensity, J = 7 Hz, 0CH2CH3),  4.58 ppm (t, J = 

/ 
0 

6Hz,  CH,CH' ); mle 107, 109 (5:2, M T  - 0CH3) .  (b) 

'0 
The adduct 15, bp 85-90 T / 1 5  torr (1.27 g, 15%); v,,, 
(CCI,) 1060 and 1130 (acetal), 1300 em-' (C-N); 6 
(CDCI,) 1.22 (t, J = 7 HZ, 0CH2CHa),  1.4-1.8 (6H, 
piperidine ring), 2.5 (4H, piperidine ring), 2.53 (d, J = 
5 Hz, NCH2CH), 3.40 (s, OCH,), 3.67 and 3.70 (two 
q, J = 7 HZ, 0CH2CH3),  4.67 ppm (t, J = 5 Hz, 

0 

CH,CH' ); m/e 187 (M+). Anal. calcd. for C,,H2,0zN: 

'0 
C64 .13 ,H  11.30; found: C63 .74 ,H  11.28. 
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COMMUNICATIONS 

Oxidation with chromium(V1) oxide - pyridine complex. A study of reaction 
parameters using cholesterol as substrate1 

EDWARD PIERS A N D  PAUL M. WORSTER 
Drpiirtrnerzt of Chernis t~?.  Urzii.er.sit~ ofBritis11 Col~cinbici, 2075 Wrsbrook Pl[ic,e, 1Vatzrolri.er. B.C.. Cai~citl(i V6T 1 W.5 

Received September 27, 1976 

EDWARD PIERS and PAUL M. WORSTER. Can. J. Chem. 55, 733 (1977). 
Oxidation of cholesterol with chromium(V1) oxide - pyridine complex under various condi- 

tions produced cholest-5-en-3-one accompanied by varying amounts of cholest-4-ene-3,6-dione. 
The efficiency of the oxidation and the product distribution were found to be dependent on 
the atmosphere, ,temperature, molar ratio of oxidant to substrate, molar ratio of pyridine to 
chromium trioxide, the heterocyclic amine used, and the proton source employed. The yield of 
cbolest-5-en-3-one was optimized by oxidation of cl~olesterol with a ten-fold excess of the 
monopyridine - chromium(V1) oxide complex in dichloromethane under a nitrogen at- 
mosphere at  0°C. 

EDWARD P I ~ R S  et PAUL M. WORSTER. Can. J. Chem. 55, 733 (1977). 
L'oxydation du cholesterol par le complexe d'oxyde de chrome(V1) - pyridine sous diverses 

conditions conduit a la cholestene-5 one-3 accompagnee par des quantites variables de choles- 
tene- 4 dione-3,6. On a trouvC que l'efficacite de l'oxydation et la distribution des produits dC- 
pendent de l'atmosphere, de la temperature, du rapport molaire d'oxydant-substrat, du rapport 
molaire de pyridine - trioxyde de chrome, de l'amine hCt6rocyclique et de la source de proton 
utiliste. On a pu optimiser le rendement de la cholestene-5 one-3 par oxydation du cholesterol 
avec un exces de dix fois de complexe d'oxyde de chrome(V1) - monopyridine dans le dichlo- 
romtthane, sous atmosphere d'azote, a 0°C. 

[Traduit par le journal] 

The oxidation of alcohols to ketones or alde- 
hydes with chromium(V1) reagents in non- 
acidic media has found extensive application in 
organic synthesis. However, even though a 
significant number of technically advantageous 
modifications on the original work of Sarett (1) 
have been reported (2-7), little detail con- 
cerning the effect of various reaction parameters 
on oxidations with chromium(V1) oxide - 
pyridine complexes has as yet become avail- 
able.' Furthermore, it is well known that 
chromium(V1) oxidation of homoallylic alcohols 
to  the corresponding P,y-unsaturated ketones 
fails in acidic media (9) and is troublesome in 
non-acidic media (10). In order to provide 

'Support for this work from the National Research 
Council of Canada and an NRCC scholarship (to 
P.M.W.) are gratefully acknowledged. 

ZCollins (3) has shown that a six-fold molar excess 
of Cr03.2C5H5N complex was required to oxidize 
primary and secondary aliphatic alcohols, while Holum 
(8) found that pyridine solutions of allylic or benzylic 
alcohols usually require only a three-fold excess of C r 0 3  
for complete oxidation. 

fundamental information regarding both of 
these problems, we have studied the effect of 
several reaction parameters on the outcome of 
the chromium(V1) oxide - pyridine oxidation of 
cholesterol (1) in dichloromethane. 

Oxidation of 1 under a variety of conditions 
afforded, in each case, the expected product 
cholest-5-en-3-one (2) accompanied by varying 
amounts of cholest-4-ene-3,6-dione (3) and 
trace amounts of 6P-hydroxycholest-4-en-3-one 
(4).3 In addition, varying quantities of starting 
material 1 were recovered. Some of our initial 
results are summarized in Table 1. 

As expected (3, 5), complete oxidation of 
cholesterol (1) required 6 mol equiv. of oxidant 
(run 3), while use of lesser quantities of oxidizing 
agent resulted in recovery of appreciable 

3The allylic alcohol 4 is oxidized much faster than the 
homoallylic alcohol 1. For the purpose of product anal- 
ysis, compound 4 could be ignored since the ratio of 
3:4 was > 5 :  1. Oxalic acid catalyzed isomerization of 
the product mixture afforded compounds 5 and 3 along 
with trace amounts of 6.  
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TABLE 1. Cr0,.2C5H5N oxidations of cholesterol (1) in CH,CI, 

Oxidant/alcohol Percentage Average product 
Run" Changes molar ratioh mass recoveryc ratiod 2:3 (%I) 

Standard 
Standard 
Standard 
N, atmosphere 
N, atmosphere 
Temp OcG 
Temp 0°C 
Standard f H,OP 
Standard f FI,Oe + P2Osf 

 all experiments \\ere done at least in duplicate \+ith the standard reaction being done in air at 23 ri- 1°C for 30 min; choles- 
terol (1) (1 mmol), CrOl (2, 4, or 6 mmoi), pyrldine (12 mmol), CH2CI, (50 ml). 

'This indicates the molar ratio of CrO, to cholesterol. 
c N o ~ ~ - a c i d ~ c  material recovered after crude oxidation product was isomerired mith aqueous oxalic acid. 
d A  measure of cholesterol (1) recovered and the ratlo of cholest-5-en-3-one (2) to cholest-4-ene-3,6-dlone (3) as determined by 

'Hmr integration of the olefinic protons of compounds 1, 5, and 3, respectively. 
'2 n~nlo l  o f  H,O added. 
f 6 mmol of P ~ O ,  added. 

amounts of 1 (runs 1, 2). The drop in oxidation 
efficiency, along with an increase in the ratio 
of products 2:3, caused by replacing the air 
atmosphere with nitrogen (runs 4, 5) was from 
a synthetic viewpoint a significant observation 
and was presumably due to the known (1 I) up- 
take of oxygen in chromate oxidations and the 
susceptibility of 2 to autoxidation. Further- 
more, in contrast to Collins' (3) conclusion, a 
lower reaction temperature appeared to de- 
crease oxidation efficiency (at Least within a 
specified reaction time), but also produced a 
synthetical] y more pleasing ratio of 2 : 3 (runs 
6 ,  7). Finally, addition of water (run 8) had the 
expected effect, since it is known (3) that the 
Cr03.2C,H,N complex readily hydrates to 
give an insoluble, unreactive species C,,H,,- 
Cr2N207. Addition of the dehydrating agent 

P,O, (run 9) failed to restore full oxidation 
efficiency? 

Table 2 summarizes results of experiments 
aimed at determining the effect of adding varying 
amounts of pyridine in the in situ oxidation of 1 
with CrO,-pyridine in dichloromethane. These 
results clearly show that, although pyridine is 
necessary for oxidation (run 5), there is no 
justification for the current practice (5) of 
employing a 2 :  1 molar ratio of pyridine to 
GrO, for the in situ generation of Sisler's 
complex (12). Thus, use of a 1 : 1 Cr0,-pyridine 
ratio gave oxidation results essentially identical 
with those obtained by employing the two 
substances in a 1 : 2  ratio (runs 2,3 and 7,s). 
Furthermore, filtering the solutions containing 
either the 2: 1 or the 1 : 1 pyridine-CrO, com- 
plex before addition of the sterol left the sub- 
sequent oxidation results unchanged (footnote e, 
Table 2), even though GrO, itself is completely 
insoluble in dichloromethane. Mechanistically, 
therefore, our results are at least consistent 
with the postulate that oxidation takes place 
via the intermediate monopyridine complex 4, 
rather than via the dipyridine complex 8 usually 
postulated. 

Results obtained from oxidation of cholesterol 
(1) (1 mmol) with CrO, (6 mmol) in the presence 
of several different heterocyclic amines (6 mmol) 
in dichloromethane for 30 min are summarized 
in Table 3. Of those studied, pyridine appeared 

4We feel that the most important aspect of adding 
P,05 is the addition of a good proton source, as phos- 
phoric acid, rather than the use of PzO5 as a dehydrating 
agent. 
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TABLE 2. Oxidation of cholesterol (1) with CrOB in CH,C!, ill the presence of varying amounts 
of pyridinc 

Oxidant/alcohol Pyridine,'oxi:!ant Percentage Average product 
Runa molar ratiob molar ratio mass recoveryC ratio" 2:3 (XI) 

.All experiments were done at least in duplicate in air at 23 1'C for 30min; cholesterol (1) ( I  mmol), CrO, 
or 6 n~mol), pyridine (0-36 mmol), CH2Cl2 (50 ml). 

(4 bAs in footnote b Table 1 .  
=As in footnote c: Table 1. 
dAs in footnote d Table 1. 
'Filtering the soldtion containing either the 2 :  1 or the 1: I pyridine-Cr03 complex before addition of the sterol 1 

left the oxidation results unchanged but filtering the 1 : 2 reagent con~plex (run 4) increased substalltially the recovered 
cholesterol (to > 30%). 

TABLE 3. Oxidation of cholesterol (1) with C r 0 3  in CH2C12 in the presence of different 
pyridine analogs 

Percentage Average product 
RunQ Amine (pK,,,+) mass recoveryb ratioc 2 : s  (%I) 
-- -- ~ 

1 Quinoline (5.00) 97 85: 15 (34) 
2 Pyridine (5.25) 9 1 89: l l  (4) 
3 4-Methylpyridine (6.02) 95 75: 25 (2) 
4 2,4-Dimethylpyridine (6.99) 84 79: 21 (3) 
5 2,4,6-Trimethylpyridine (7.43) 79 80:20 (31) 

"All experiments u.ere done at least in duplicate in air at 23 2 1 "C for 30 min; cholesterol (1) (1 mmoi), 
C r 0 3  (6 mmol), amine (6 mmol), CH2C1, (50 mil. 

bAs in footnote c, Table 1. 
CAs in footnote d, Table 1. 

o o resulted in a dramatic increase in the amount of 
1 I I I CG-\~-O- C 6 - c r - & 3  cholesterol that was re~overed .~  

/ \ Other studies showed that enone 5 is not 
0 9 !? produced directly in the oxidizing media 
7 8 employed and that 5 is stable under the oxidation 

t o  be the most favorable amine for the purpose 
of minimizing the formation of enedione product 
3. Unexpectedly, it was found that virtually no 
oxidation occurred when aryl amines such as 
N,&dimethylaniline (1 3) (pKB,+ = 5.15) were 
used. Similarly, little if any cholesterol was 
oxidized ~vhen 2,2-dipyridyl, 4,4-dipyridyl, or 
picolinic acid were employed. Recently, the 
latter compound was shown (14) to exert i 
strong rate accelerating effect on chromium(Y1) 
oxidation of alcohols In aqueous acidic media. 
Finally, it was found that introduction of 

conditions. Therefore, it is probable that 3 is 
produced from 2, probably via enolization 
followed by further oxidation. However, the 
above results demonstrate the futility of trying 
to avoid the formation of 3 by simply buffering 
the reaction media with an amine. Nevertheless, 
from a synthetic point of view, it is important 
to note that the favorable parameter changes 
outlined in Tables 1, 2, and 3 can be advanta- 
geously combined, That is, it was found that 
oxidation of cholesterol (I) with a ten-fold excess 
of the monopyridine - chromium(V1) oxide com- 

amines such as tsiethylamine (PKBH+ = 11.0) to 5The proton dependence of oxidations with CrO,- 
a solution of the active oxidizing complex (7 or 8) amine reagents will be the subject of a future publication. 
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plex in dichloromethane at 0°C under a nitrogen 4. W. M. COATES and J .  R. CORRIGAN. Chem. Ind. 1594 
(1969). atmosphere produced' in very high 

5. R. RATCLIFFE and R. R o o ~ a o ~ i r .  J. Org. Chem 35. practically pure cholest-5-en-3-one (2).6 4000 (1970): R. Ratcliffe. Org. Synth. 55,84 (1975). 

G,  I, Poos. G,  E, ARTH, R ,  E, BEYLER, and L, H ,  6. E. J .  COREY and J. W. SUGGS. Tetrahedron Lett. 2647 

SARETT. J. Am. Chem. Soc. 75,425 (1953). ( 1975). 

2, K-E, STENSIOandC,A,  -wACi,TMEISTER,ActaChem, 
7 .  X. B .  SHARPLFSS andK.  A K ~ S H I .  J .  Am. Chem. Soc. 

Scand. 18, 1013 (1964): K-E. STEXSIO. Acta Chem. 97.5927 (1975). 

Scand. 25, 1125 (1971). 8. J .  R. HOLUM. J .  Org. Chem. 26,4814 (1961). 

3, J ,  C, COL~1xS ,  W, W, HESS, and F, J ,  FUNK, Tet- 9' L' F' FIESER' J '  Am' Sot. 75, 4377 

3363 (1968j; J ,  c, COLLIE;Sand W, W,  10. J. B. JONES and K .  D. GORDOPI. Can. J .  Chem. 50. 

HESS. Org. Synth. 52. 5 (1972). 2712 (1972), and references cited therein. 
11. K. B. WIBERG and T. MILL. J .  Am. Chem. Soc. 80. 

'Analogous results were obtained when 3fi-hydroxy- 3022 (1958). 
androst-5-ene was substituted for cholesterol in this and 12. H.  H. SISLER. J .  D. BUSH. and 0. E. A c c o u x r ~ r ~ s .  J .  

other experiments described in this communication. In Am. Chem. Soc. 70,3827 (1948). 

addition, the results obtained from the oxidation of 13' F' HoLLOWAy' M. C o ~ E N .  and F. H. WESTHEIMER. 

primary (e.g., 1-octadecanol), secondary (e.g., 4-tert- J .  Am. Chem. Soc. 73,65 (1951). 

butylcyclohexanol), and benzylic (e.g., C,H5CH,0H) 14' T-Y' PENG and J .  R°CEK. J .  Am. 98. 

alcohols with either the dipyridine or the monopyridine (1976). 

complex of CrO, were indistinguishable. 
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Information theory and bulk rotational or vibrational relaxation processes 
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ANDREW W. YAU and Huw 0 .  PRITCHARD. Can. J. Chem. 55,737 (1977) 
The possible occurrence in bulk relaxation of pure-exponential, near-exponential, and non- 

exponential decay of the total energy is examined in terms of the normal-mode and information- 
theoretic approaches. Experimental tests are suggested for the identification of pure-exponen- 
tial decay caused by adherence to the 'sum rule', and of near-exponential decay. In the case of 
near-exponential decay (as opposed to pure-exponential decay), it is not possible to derive 
reliable state-to-state rate constants by invoking approximate adherence to the sum rule. 

ANDREW W. YAU et Huw 0 .  PRITCHARD. Can. J. Chem. 55, 737 (1977). 
On examine la possibilitt de l'existence, dans la relaxation globale, de decompositions 

exponentielles pures, pratiquement exponentielle et non-exponentielle de l'energie totale en 
termes des approches du mode normal et de I'informat~on theorique. On suggere des essais 
exptrimentaux permettant d'identifier une dCcomposition exponentielle pure par une adhesion 
a la "regle des sommes" ainsi qu'une decomposition pratiquement exponentlelle. Dans le cas 
d'une decomposition pratiquement exponentielle (par opposition a une decomposition ex- 
ponentlelle pure), il n'est pas possible d'obtenir des constantes de vltesse d'etat a etat qui soient 
certaines en invoquant l'adhision approximative B la "rkgle des sommes". 

[Traduit par le journal] 

Two recent papers from this laboratory have 
examined the bulk relaxation behaviour of a 
model diatomic molecule, infinitely diluted in an 
inert-gas bath, in terms of normal modes of 
relaxation (I, 2). An alternative treatment of 
simple bulk relaxation processes, in terms of an 
information-theoretic approach (3), has also 
been developed recently by Procaccia and Levine 
(4-6). On the surface, it appears that these two 
treatments are not always consistent with each 
other: in particular, markedly non-exponential 
decay of the total energy would seem to be a 
distinct possibility, given the right kind of 
experiment (2),  whereas accepting pure-exponen- 
tial decay as a constraint, the information- 
theoretic treatment provides an attractive and 
elegant framework within which to describe such 
bulk relaxation processes. Since both approaches 
to the problem are based on the application of 

the master equation, we wili begin by restating 
the relevant useful equations. 

The isothermal relaxation of a diatomic gas, 
with N rotation-vibration levels, diluted in a 
heat bath is governed by the transition matrix A 
where (1) 

111 A i j  = [M]Z {(I - Si j )Pj i  - F i j  

In [I] ,  Pji  is the probability per collision for a 
transition from state i to state j, [MI is the 
concentration of buffer gas, and Z is the collision 
number. As a consequence of detailed balancing 

E2 1 A . .  IJ fii  = A . .  J I  fi. J  

where E i  is the population of the ith level at 
equilibrium, A may be symmetrized to B by the 
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transformation 

where 

t3al iv.. l J  = 6 . .  11 5. I 

The matrix B  therefore has real eigenvalues, Aj, 
which may be found using the transformation 
matrix S, i.e. 

[4I B S = S A  
The final attainment of Boltzmann equilibrium 
is guaranteed by the fact that one eigenvalue, 
AN- ,, is zero, with a corresponding eigenvector 

[4al Si ,N-  1 = zil l 2  

and all of the other eigenvalues are negative. The 
time evolution of the total internal energy of the 
system, E( t ) ,  is 

eigenvalues are degenerate: the necessary and 
sufficient condition for this to occur (8) is that 
the transition rate matrix should have the form 

where a is a constant.' Second, a much less 
restrictive and well-known condition (4-13), that 
the transition rates obey the 'sum rule' 

181 1 E ~ A ~ ~  = p(E(m) - E ~ )  
j 

for all i, where p is a positive constant, whence 

Equation 7 is, in fact, a special case of [8]. In 
conventional terms, we have 0 = AN-, > 
-p  = A,-, 2 A,-, 2 ... A,; adapting the for- 
mula of van Kampen (13), the vector of the 
symmetrized form of [8] corresponding to the 
ei~envalue - u is 

where ni( t )  is the population of the ith level at 
time t, and E~ is the energy of that level. An 
alternative way of writing [5] is (1) 

where t j ,  the amount of energy which decays 
with characteristic time constant hj, is given by 

Inspection of [5] or [5a] shows that, in general, 
the energy must decay in a non-exponential 
manner: pure-exponential decay will occur under 
rather special circumstances. Nevertheless, these 
model calculations (1, 2) have shown that, often, 
very few of the normal modes may have associ- 
ated with them a significant value of k j ,  and in 
these cases the relaxation behaviour would be 
very difficult indeed to distinguish from a pure- 
exponential decay under normal experimental 
conditions; other examples are given by Cukier 
and Hynes (7). 

Pure-exponential decay can occur in two ways. 
First, in a trivial way, when all the non-zero 

Using this, together with [4a], it is then a simple 
matter (8) to show that all the other modes of 
relaxation are passive in the sense that all c j ,  j < ( N  - 2) are zero: hence each of these 
( N  - 2) modes only shuffles the populations 
without changing the total energy of the assembly 
of molecules. 

The occurrence of pure-exponential decay 
requires certain relationships between the tran- 
sition rates. To begin with, we may classify 
possible transition-probability patterns into 
three distinct classes. 

(i) Those which conform to eq. 7 ,  whence 
both the energy and all the individual popula- 
tions decay exponentially: we do not know 
whether there exist any examples of such be- 
haviour in molecular relaxation. 

(ii) Those which conform to the sum rule, 
eq. 8, whence the energy will decay exponentially, 
but the populations will not. Several examples 
of such conformity are known (7), most notably 
the Landau-Teller transition probabilities for 
harmonic-oscillator transitions. It appears also 

'Since this paper was submitted, we have learnt that 
this condition has been proved also by Procaccia et al. (9). 
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YAU AND PRITCHARD 739 

that certain classically computed V-T transition 
probabilities (14) for 

conform approximately to the sum rule (5). On 
the other hand, some transition probabilities 
derived from quantum calculations, in the 
breathing-sphere approximation (1 5), on 

do not conform, in the sense that the energy 
evolution derived from these probabilities is not 
exponential for some initial population distribu- 
tions. 

Adherence to the sum rule is verifiable, in 
principle at least, by experiment since at long 
time, after all the initial transients have died out, 
the evolution of the populations depends on the 
initial energy but is independent of the fine 
structure of the initial distribution of that 
energy. Thus (8) 

(iii) Those which conform to neither [7] nor 
[8], in which case neither the energy nor the 
populations decay in a strictly exponential 
fashion. Again, we may subdivide into three 
classes: (a)  those probabilities which conform to 
linear ~urpr i sa l ,~  in which case, as is shown 
below, the range of eigenvalues can be very 
small; (b) those which conform to more com- 
plex surprisal forms (9, 16), a development 
which arose after we had completed this ana- 
lysis, and which we will not discuss further; (c) 
arbitrary transition probabilities, such as those 
used in our own previous model calculations (1, 
2), where the range of the eigenvalues can be very 
large indeed, cf. also ref. 17, Fig. 3. 

The 'linear surprisal' form of the rate constant 
is 

[ I l l  ki,j = kp,j exp ( - 0 1 ~ ~  - ~ ~ l / k T )  - ZPji 

where kp,j is the 'prior rate constant' (the rate 
constant in the absence of any dynamical con- 
straint) and 0 is the 'surprisal' (a measure of the 

ZLinear surprisal forms may or may not obey the sum 
rule. 

effect of the energy defect for transition from 
state i to state j). For a system with an array of 
rotation-vibration levels at temperature T (18) 

[12] k,OJ,,tJ, = constant x T ' / ~ ~ , ,  
x exp (A) . A . Kl(A) 

where g,, = 2J' + 1, A = 'reduced energy trans- 
fer' = (E,, - ~,.,,)/2kT, and Kl(A) = modified 
Bessel function of the first order. Since K,(A) is 
odd with respect to A, eq. 12 satisfies the prin- 
ciple of detailed balancing. This implies that the 
surprisal 0 in eq. 11 is symmetric with respect to 
the initial and final states, and the rate constant 
then takes the form 

[13] k,,,,,,, = constant x (2J' + 1) 
x exp (A). A . K,(A). exp (-2O/A1) 

As examples of V-T transfer, the experimental 
rates of 

Li2*(u) + M F? Liz*(v') + M 

have been shown to conform to a linear sur- 
prisal form (4). Among the theoretically calcu- 
lated rates (14) 

have been shown to obey (approximately) the 
linear surprisal form, although the last reaction 
does not obey the sum rule (5, 6); more recently 
(9, 16) the Cl + C1, case has been re-analysed, 
giving a functional (v, v') dependence on the 
surprisal. No quantal V-T data have yet, to our 
knowledge, been analysed in this way, but we 
have shown (8) that the impulsive limit of the 
first-order distorted-wave approximation for 
nearest-neighbour transitions has the same 
temperature dependence as the linear surprisal 
form. For R-T collisions, the quantal data of 
Green (19) on 

have been analysed by Procaccia and Levine 
(20) : there is (semiquantitative) agreement in 
respect of the temperature coefficients, and the 
fit to the linear surprisal form is accurate to 
about + 20%. 

Given that many transition probabilities 
appear to obey the linear surprisal form, it is a 
simple matter to show that, at least for V-T and 
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fb /  VIBRATION IC l R 0  TATION - VIBRA TlON 

FIG. 1. Comparison of the range of eigenvalues A,/h,-,  for the information-theoretic descriptions 
of three model molecules (see text) for a series of temperatures and surprisal values: (a) pure rotational 
relaxation; (6)  pure vibrational relaxation; (c) mixed rotation-vibration relaxation. 

R-T processes, one would expect to find almost 
pure-exponential decay of the energy, euen if 
the sum rule is not obeyed. Since in eq. 13, the 
'reduced energy transfer' is representative for all 
diatomic lnolecules in either pure vibrational or 
pure rotational relaxation if a reduced tempera- 
ture scale is used, viz. p, = hcw,/kT or P, = 

lzcB,/kT, we can continue to use our previous 
model molecule, ortlzo-H,, in this illustration. 
Figure 1 shows plots of the ratio ho/h,v-2 (i.e. the 
spread of the eigenvalues) for a range of values 
of 8, for three kinds of processes: (a)  pure rota- 
tional relaxation involving the lowest 8 rotational 
states of ortho-H2 ; ( b )  pure vibrational relaxation 
involving the lowest 8 vibrational states of 
J= 1H2 ;3 ( c )  mixed vibration-rotation relaxation 
involving the lowest 20 levels of ortho-H,. Over 
a wide range of reduced temperature, the mini- 
mum spread in eigenvalues occurs near 8 = 0.5, 
compared with values of 0 of the order of unity 
found in many analyses reported in the literature 
(20). The fact that the spread of eigenvalues is 
indeed modest means that these distinct relaxation 
times will be hard to resolve experimentally (1, 

31n the usual formulation, each vibrational state is 
averaged over its rotational manifold, assuming rotational 
equilibrium (5). However, there is some difficulty with 
detailed balancing in such a formulation, and since we are 
interested at  the present time in only a model calculation, 
we consider only one rotational state. 

2)  and the bulk relaxation will appear to be very 
close to a pure-exponential decay, because, in 
fact, we have an approximation to the (N - 1)- 
fold degenerate case, eq. 7 .  

However, as is well known (1, 7), near-expo- 
nential decay (we may define near-exponential 
decay to mean that it would be difficult to detect 
experimentally any non-exponential behaviour) 
can occur when the eigenvalues are well separ- 
ated, and this is shown by two pairs of calcula- 
tions illustrated in Fig. 2. In these calculations, 
we colnpare the bulk relaxation behaviour for 
(a )  rotation and (b )  vibration, for a temperature 
change from 700 to 500 K, using transition 
probabilities either of the functional form of [I31 
and having the ininimurn spread of eigenvalues 
(see Fig. 1) or the empirical set of transition 
probabilities used previously (1, 2). The lower 
curve shows that the behaviour is hardly dis- 
tinguishable4 for bulk vibrational relaxation, 
despite the fact that in one case the spread of 
eigenvalues ho/?b,v-2 is 2.3, whereas in the other 
case it is 120; in normal-mode terms, this is 
because the succession of normal modes of 
longest time constant (see e.g. Fig. 3 of ref. 2) 
are relatively close together, with the last one 
carrying most of the traffic (i.e. 5,-, dominates). 

40f  course, drawn out on a much larger scale, both 
lines are slightly curved. 
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(a /  TIME in units oy -  A:? 
0 

*o' 

FIG. 2. Logarithmic plots of the total energy us. time 
for (a) pure rotational relaxation and (b) pure vibrational 
relaxation. Open circles represent points calculated using 
information-theoretic rate constants of nlinimurn eigen- 
value spread, and crosses represent points calculated with 
an  empirical set of transition rates (1). The solid lines 
represent exact exponential decay, and the vertical arrows 
marked r represent the points at  which l /e of the total 
energy remains: this occurs very close to - h, -,-I in the 
vibrational cases, but near -21,-' in the rotational 
cases. The eigenvalue ranges (i.e. hO/?bh -,) in these calcu- 
lations wcrc (a) rotation 1.9 and 75, (b) vibration 2.3 and 
120 for the information-theoretic and the empirical rates 
respectively. 

Non-exponential decay of vibrational energy 
will always be difficult to detect unless the mole- 
cule is very anharmonic (which will cause a 
wider spacing of the eigenvalues) a i d  the relative 
populations of high-v and low-u states change 
appreciably in the relaxation process. 

The upper part of Fig. 2 shows the rotational 
relaxation behaviour using probabilities which 
have an eigenvalue range ho/3L,,,_, of 1.9 and 75 
respectively. Mere the plots are just about dis- 
tinguishable from each other, and they are both 
slightly curved, The curvature is of course more 
severe for the case where the range of eigen- 
values is larger, and it is interesting to note that, 
in this case, the time it takes the ewrgy to relax 
is closely related to the fast~~r rime constant, not 
the slowest as is usually assumed: Cukier and 

Hynes (7) also give a numerical example of this 
kind, and the reasons for this behaviour are 
easily understood in terms of our previous dis- 
cussion of rotational sound dispersion (1). For 
these reasons also, non-exponentiality should be 
much easier to detect in rotational than in 
vibrational relaxation, and a relatively simple 
experiment based on our earlier calculations (2) 
should suffice to settle the issue one way or the 
other: all that is necessary is to measure the 
shock-wave rotational relaxation time for hy- 
drogen from a series of different starting tem- 
peratures to a single fixed final temperature; if a 
monotonically increasing progression of relaxa- 
tion times is found, converging to the ultrasonic 
relaxation time for the final temperature in 
question, then the decay is non-exponential and 
the treatment depicted in Fig. 1 of ref. 2 would 
be essentially correct. In the case of 7-VR pro- 
cesses, we can expect, as discussed previously (2), 
a complete spectrum of behaviour from that in 
which the rotational and vibrational relaxations 
separate completely to that where they are 
completely inseparable: in the former case, the 
considerat~ons we have just discussed would 
apply, whereas in the latter case, noting (a)  the 
larger spread of eigenvalues shown in Fig. l c  
and (b) the apparent failure of Alexander's 
calculations (21) for T-VR processes in hydrogen 
to conform to the linear surprisal form, it would 
seem that non-exponential decay will be the rule 
rather than the exception. Thus, in fact, we see 
no real and irreconcilable differences between 
the normal-mode and the information-theoretic 
descriptions of bulk relaxation processes. 

However, there is one aspect of the informa- 
tion-theoretic approach where we feel that some 
caution is appropriate. Procaccia and Levine 
(4-6) have claimed that if the observed decay is 
exponential, then it is possible to deduce micro- 
scopic state-to-state transition rates from the 
observed bulk relnxation time constant. If the 
sum rule holds, this may well be true, although 
some doubts have been expressed5 about this 
possibility unless the relaxing system behaves in 
a canonically invariant mancer. But it seems that 
adherence to the scm rule, from the evidence 
cited above, is uni:kely to be the general beha- 
viour, In t r b~sh  case the claim can have, at best, 
only limited ~~aliditjl. There are two difficulties, 

5K. E. Shuler and IF,. 1. Cukier, personal communica- 
tions. 
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FIG. 3. Comparison of vibrational temperatures at  
various levels for a sudden cooling process from 700 to 
500 K. The temperature is defined as !3, = k In [n,(t)/ 
n,, l ( t ) ] / ( ~ ,  + - B,), and the plots are shown for t = 47, 
z, and 2r  where T = - h,-, -'. Dashed line = empirical 
probabilities (1); dotted line = information-theoretic 
probabilities of tnirrimum eigetmnlue spread. 

in our view. First, a relaxation may appear to be 
exponential, or very nearly so, but this in no way 
implies that the sum rule holds, unless the long- 
time behaviour of the populations is shown to 
conform to eq. 10. Second, as can be seen from 
Fig. 2 (especially in the vibrational case), the 
bulk relaxation behaviour is extremely insensi- 
tive to the transition probabilities assumed: 
hence, as Carrington (22) recognized, it is a very 
ill-conditioned problem to work back from the 
observed bulk relaxation behaviour to the de- 
tailed rate constants. As an example of this, we 
show in Fig. 3 the behaviour of the vibrational 
population distributions at +r, r, and 2r for the 
two relaxations which are energetically indis- 
tinguishable in Fig. 2. Although the bulk 
relaxation behaviours are only imperceptibly 
different, the populations show diametrically 
different evolution behaviours, and it is evident 
that the ill-conditioned nature of the problem is 
quite severe: we can do no more than reiterate 
Carrington's conclusion of 15 years ago, that the 
present precision of relaxation experiments does 
not allow a meaningful deduction of transition 
rate constants from observed bulk relaxation 

rates. Nevertheless, in the absence of other 
sources of information. the information-theoretic 
approach (9) still provides the least-biased guess 
at a set of transition rates which will reproduce 
the known behaviour. 
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The preparation and characterisation of Sb,Cl,,F, 
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JACK G. BALLARD, THOMAS BIRCHALL, and DAVID R.  SLIM. Can. J. Chem. 55,743 (1977). 
The title compound has been prepared by the reaction of SbF, and SbCI, in liquid SOZ. 

Raman and Mossbauer spectra have been recorded and its crystal structure determined by 
three-dimensional X-ray counter measurements. Crystals are monoclinic with a = 12.359(6) A, 
b = 16.480(10) A, c = 9.387(3) A, = 103.96(5)". The structure has been refined in the space 
group P2,ln to a final agreement index R2 of 0.113 for 2415 independent reflections. The struc- 
ture consists of a cis fluorine-bridged trimer with one of the chlorine atoms 25% substituted by 
fluorine. 

JACK G. BALLARD, THOMAS BIRCHALL et DAVID R. SLIM. Can. J. Chem. 55, 743 (1977). 
On a prkpart le composk mentionne dans le titre par la rkaction du SbF, et du SbCl, dans le 

SO2 liquide. On en a enregistre les spectres Raman et de Mossbauer et on a determine sa 
structure cristalline par des mesures de diffraction de rayon-X en trois dimensions. Les cris- 
taux sont monocliniques avec a = 12.359(6) A, b = 16.480(10) A, c = 9.387(3) A, p = 
103.96(5)". On a affink la structure dans le groupe d'espace P21/n jusqu'a un indice final de R2 
de 0.113 pour 2415 reflexions independantes. La structure consiste en un trimkre pontk con- 
tenant un fluor cis avec un atome de chlore substituk a 25% par le fluor. 

[Traduit par le journal] 

Introduction 
The SbC1,-,F, system has been investigated 

by numerous workers since the early work of 
Swarts (1). All of these compounds behave as 
powerful Lewis acid catalysts and are excellent 
halogenating and oxidizing agents. From a 
stereochemical point of view they are of interest, 
since the antimony atom rarely remains five 
coordinate. Indeed only for SbCl, has five- 
coordination been established (2). However, a 
phase change is thought to occur at low tempera- 
tures, resulting in a different structure. Although 
a number of structures have been postulated 
(3-9, Mossbauer evidence at 4 K suggests a 
trigonal bipyramidal arrangement of chlorine 
atoms around antimony (6). SbF, (7), SbC1,F 
(81, and SbC13F, (9) have all been shown by 
X-ray crystallography to exist as cis fluorine- 
bridged tetramers. Two other chlorofluorides, 
SbC12F3 (10) and Sb3C14Fll (11) have been 
shown to contain the [SbCI,'] cation and 
[Sb2Cl,F,-] and [Sb,F,,-] anions, respectively. 

We now report the preparation and charac- 
terisation of Sb3Cl,,,,F,,3 which has a pre- 
viously unreported trimeric structure. 

Experimental 
An amount of 6.73 g of doubly distilled (142-143 "C) 

SbF, was added to one side of a dry reaction vessel. 

whom all correspondence should be addressed. 

Freshly distilled SbCI, (6 ml) were added to the other side 
of the same reaction vessel, but separated by a glass frit. 
All additions were made in a dry N 2  glove box. SO2 was 
condensed onto the SbF, at - 196 "C and, when allowed 
to warm, the SbF, dissolved completely. The SbF, in 
SO2 solution was slowly added to the SbC1, and the 
mixture was stirred overnight. A white precipitate, 
partially soluble in SO2, was produced and was washed 
with~liquid SO2. The SO2 was pumped away and the dry 
white powder was vacuum sublimed at 20cC. Single 
crystals were obtained by subliming the material in a 
quartz capillary tube. The sample melted at 64-69 "C. 

Analysis was carried out by the Mikroanalytisches 
Laboratorium (Found: Sb 45.71, C141.11: F 11.57. Anal. 
calcd. for Sb,CIllF,: Sb 43.91, C1 46.95, F 9.14; Sb3- 
C11,F4: Sb 44.80, C1 43.55, F 11.65). The Mossbauer 
spectrum was recorded and analyzed by procedures 
already described (12, 13). Raman spectra were recorded 
on a Spectro Physics He/Ne (6328 A) or an Ar ion laser 
(5145 A) with a Spex 1400 Spectrophotometer system. 
The spectra recorded for the single crystal were the same 
as for the bulk material. The following crystal data were 
obtained. 

S ~ ~ C I I O . , F ~ . ,  fw = 827.5 
Monoclinic,a = 12.359(6), b = 16.480(10),c = 9.387(3), 
p = 103.96(5), V =  1856A3, z = 4, D~ = 2.96 g ~ m - ~ ,  
F(O,O,O) = 1496, h(Mo K&) = 0.71069 and p(Mo KE) = 
53.0 cm-l. 

The unit cell parameters were obtained from a least- 
squares refinement of 15 reflections within the range 
20" < 20 < 25". Weissenberg and precession photographs 
indicated that reflections were absent for OkO when 
k = 2n + 1 and h01 when h + 1 = 2n + 1, characteristic of 
the non-standard space group P2,ln which is alternative 
setting for P2,lc (No. 14) (14). The equivalent positions of 
this space group are x,y,z; -x, - y, -2; 3-x,++ y,$-z; 
++x,+-y,++z. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



744 CAN.  J .  CHEM. VOL. 55, 1975 

X-ray I~ztensity Measurentents 
The crystal, which was an irregular block of approxi- 

mate dimensions 0.20 x 0.20 x 0.16 mm, was sealed in 
a quartz capiliary and mounted on a syntex PT diffracto- 
meter with the O.i6 edge, which was perpendicular to the 
(0,0,1) face, almost coincident with the + axis of the 
diffractometer. Intensities were measured with graphite 
monochromated radiation, using a 0-20 scan, with a scan 
rate varying from 8.0 to 24.O0/min in 20, so that the weaker 
reflections were examined more slowly to minimize 
counting errors. Stationary background counts, with a 
time equal to half the scan time for each reflection, were 
made at each end of the scan range. One standard 
reflection was regularly checked to monitor the stability 
of the crystal and its alignment, but no significant varia- 
tion was observed. A total of 3055 reflections within a 
unique quadrant with 20 < 50" were measured. Sub- 
sequent averaging resulted in a total of 2415 independent 
reflections, of which 1934 had intensities greater than 
three times their standard error, based on counting 
statistics. Lorentz, polarisation, and absorption correc- 
tions were applied to the observed intensities. 

Solution and Refinement of the Strucrure 
The positions of three independent antimony atoms 

were located from the three-dimensional Patterson func- 
tion. The real and imaginary parts of the anomalous 
dispersion correction were applied to the scattering 
factors for neu.tra1 antimony (15). Full-matrix least- 
square refinement of positional and isotropic thermal 
parameters yielded an R, index of 0.32. The positions of 
15 light atoms were located from a three-dimensional 
electron density map, 11 of which were assumed to be 
chlorine as they were about 2.2 A from an antimony 
atom and the remaining 4 were assumed to be fluorine. 
Four cycles of least-squares refinement gave an R1 index 
of 0.15. Anisotropic temperature factors were introduced 
for the antimony atoms and further refinement reduced 
R, to 0.11. Examination of the molecular geometry 
around Sb(2) indicated that the Sb(2)-Cl(11) bond was 
much shorter than the other Sb-C1 bond lengths. This 
suggested that Cl(l i)  was partially substituted by a 
fluorine atom. The occupation parameters of this site 
were varied and refinement terminated when the site 
contained 75% chlorine and 25% fluorine. Anisotropic 
temperature factors were introduced for the chlorine and 
fluorine atoms but the drop in R, index to 0.102 was in- 
significant based on Hamilton's significance tests (16). 
The final R, index was 0.106 and the final R2 index with 
unit weight was 0.114.2 The maximum shift was 0.1 of the 
estimated standard deviation in the final cycle and a 
difference electron density map showed no significant 
peaks. A list of structure factors is availabie on r e q ~ e s t . ~  

Discussion 
The final parameters, and a list of the inter- 

atomic bond lengths and bond angles, are given 

'Rz is given by the expression R, = f CwjjFgIZ - 
lFe12~Y~~.Fn21-1. , - , . -  " *  

3Photocopies are available at  a nominal charge, upon 
request, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada MIA OS2. 

in Tables 1 and 2 respectively. The trimeric unit 
is shown in Fig. 1 and the projection of the unit 
cell down the c axis is shown in Fig. 2. 

In the atomic arrangement, each antimony 
atom has a distorted octahedral coordination of 
chlorine and fluorine. One antimony has one 
terminal fluorine atom and two fluorine atoms in 
cis positions, bridging to the other two anti- 
mony atoms which in turn are linked through a 
bridging fluorine atom. One of these antimony 
atoms has four terminal chlorine atoms while 
the other has three chlorines in a cis arrangement 
and a fourth site which consists of 75% chlorlne 
and 2 5 z  fluorine. 

fin the trimer the mean Sb-Cl distance is 
2.26 A. This is comparable to the corresponding 
values found in SbC1,F (8), SbCl,F, (9), 
Sb,Cl,F,B (171, and [SbCI,+][Sb,F,,-) (1 1) 
respectively, i.e., 2.29 A, 2.25 A, 2.26 A, and 
2.23 A. All of these mean bond lengths are 
longer than that found in [SbCl,' ][Sb,C1,F9-] 
(lo), 2.18 A. One might have expected tha.c the 
Sb-C1 bond length in the cation would be 
shorter than that in the anion. Even nore  sur- 
prising is the 2.23 A value found in the [Sb,F,, -1 
salt, although it must be pointed out that this 
structure has never been refined satisfactorily. 
The cis GI-Sb-Cl' angles, which vary from 
94.2" to 102.4', are intermediate between the 90" 
angle expected for octahedral coordination and 
the tetrahedral angle achieved in the [SbCl,'] 
cation. Presumably the greater repulsive effect 
of the chlorine atoms compared to fluorine 
would cause the CI-Sb-CI' angles to open up 
from 90". 

The Sb-F (terminal) bond length, 1.87 A, is 
somewhat shorter than those found in SbCl,F, 
(9) and in SbCl,F,O (17), 1.92 A and I .94 A 
respectively. In the [Sb,C1,FgPb-] ion (10) the 
Sb-F (terminal) distances vary over rather a 
wide range, 1.83-1.99 A and although the errors 
are rather high, this variation may be the result 
of cation-anion interaction which is discussrd 
later. 

The bridges between Sb(1) and Sb(2), and 
Sb(2) and Sb(3) are both symmetric (meal 
Sb-1- = 2.08 A) whereas that between SbQ1) 
and Sb(3) is asymrnetl-ic (Sb(l?-F = 2.04 A, 
Sb(3)-F = 2.12 A, mean = 2.08 A) These 
bridging fluorine &toms complete thc dibt~rled 
oclhhedral coosdinatior, about each antimony. 
The meag bridge dis ta~ce is compara3ie to the 
corresponding nzeans in Sb,CI,F,B (17), SbC3I3- 
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BALL.ARD ET AL. 

TABLE 1. Positional and thermal parameters* ( x  lo4) for Sb3Cl,o,,F4,3 

Atom xla 
- - 

ylb zlc u(l,l) u(2,2) u(3,3) u(1,2) u(1,3) ~ ( 2 ~ 3 )  

*The anisotropic temperature factors are given by the expression exp [-2n2(a*2/z'u(l,l) + b*2kzu(2,2) + ~ * ~ i ~ u ( 3 , 3 )  + 2a*b*hku(1,2) 
+ 2a*c*hlu(1,3) + 2b*c*klu(2,3))1. 

TABLE 2 

(a) Bond lengths in Sb,C1,0,7F4.3 

Length Length Length 
Bond (A) Bond (A) Bond (A) 

(b) Bond angles in Sb3CI,,.,F4., 

Angle Angle Angle 
Bonds (deg) Bonds Bonds (deg) 
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CAN. J .  CHEM. 

FIG. 1. View of the Sb3Cllo.7F,,3 structure. 

FIG. 2. Projection of the unit cell of Sb3C110.7F4.3 
down the c axis (circles of increasing size represent Sb, 
C1, and F respectively). 

F, (9), and SbC1,F (8), of 2.07 A, 2.07(2) A, and 
2.12 A respectively, all of which are longer than 
the bridging distances in [CIO,+][Sb,Fl,-] (18) 
and [Sb2C1,F,-1, that is 2.01 A and 2.00 A, 
respectively. 

The CI-F disorder has already been dis- 
cussed in the section concerning the refinement 
of the structure. The Sb-CI(F) bond length, 
2.12 A, is approximately the value expected for 
a site consisting of 75% chlorine and 25% 
fluorine. We conclude that the composition of 
the crystal and the bulk material is a 3: 1 mix- 
ture of Sb3CIIlF4 and Sb3CIl,F,. One site has 
four chlorines and two cis bridging fluorines as 
in SbCI,F (8), while the other site has three 
chlorines, one terminal fluorine, and two cis 
bridging fluorines, as in SbCI,F,. Two of the 
former and one of the latter units constitute the 
trimer Sb3CIIlF,, while the converse is true for 
Sb,CIl,@,, It should be noted that the relative 
orientation of the terminal fluorines in Sb3Cl1,F, 

is the same as those in SbCI,F,. We have made 
repeated attempts to isolate pure components of 
the mixture by varying the sublimation condi- 
tions but with no success. However, it must be 
noted that the unit cell dimensions for the two 
compounds would be expected to be very similar. 

The Sb3F, unit is considerably distorted, with 
mean F-Sb-F' and Sb-F-Sb' angles of 
79.4" and 158.2" respectively. These are in sharp 
contrast to the corresponding 0-Sb-8' and 
Sb-0-Sb' angles in the trimeric anion 
[Sb30,Flz3 -1 of 101" and 130" respectively (19). 
Presumably Sb3Cll, ,F4,, forms a less efficiently 
packed entity and the large chlorine atoms 
would tend to close down the F-Sb-F' angles 
and hence open up the Sb-F-Sb' angles. It is 
interesting to compare these angles with the 
corresponding angles in SbC!,F and SbC!,Fz, 
82.7" and 173", and 78" and 164" respectively. 
Again, packing considerations are probably 
dominant since in these compounds there is an 
attempt to form an approximate cubic close 
packed array. However, it must be admitted that 
possible constraints can be expected in going 
from a trimer to a tetramer. 

At first sight the existence of the compound as 
a cyclic trimer seems surprising since the only 
other reported antimony V chlorofluorides are 
cyclic tetramers, or ionic structures. An ionic 
structure for Sb3Cll,F, or Sb,ClIlF4, similar 
to those already established (10, l l ) ,  that is 
[SbC14+] salts, would probably be unstable, since 
the basicity of the anion would be significantly 
reduced by the increased number of chlorines. 
For the compound to be a tetramer there would 
probably be substantial disorder as opposed to 
the minor disorder observed for the trimer. 

Closer examination of the data for [SbCI,+]- 
[SbzCIzF,-] reported by Preiss (10) reveals that 
there are four weak contacts from fluorine atoms 
of the anion to the antimony atom of the cation. 
These contacts, which are in the range 2.95 A to 
3.25 A, are probably involved to some extent in 
the bonding. Such interaction may be the cause 
of the large variation in the terminal Sb-F bond 
lengths alluded to earlier. Each of the four weak 
contacts are perpendicular to a face of the 
[SbCl,'] tetrahedron giving three F-Sb-C1 
angles of 71" and one of 180°, as shown in Fig. 3. 
Miissbauer data recorded for [~bCl,+][Sb,Gl,- 
F,-1 have been interpreted in these terms, and in 
addition, similar data for [SbC14'][SbzF, , - I  
also suggest substantial cation-anion inter- 
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BALLARD ET AL. 747 

FIG. 3. A view of the antimony environment in the 
cation of [SbCl,+][Sb,CI,F,-1. (The F numbering refers 
to the anion.) 

actions (19). Furthermore the cation in [SbCI,+]- 
[Sb,CI,F,-] is situated in such a way, relative to 
the anion, so as to form the triangular arrange- 
ment of antimony atoms, which is shown in Fig. 
4. The trimeric nature of the Sb3Cll0,,F,,, is 
then, perhaps, not so surprising. 

Mossbauer Sl~ectrunz 
The 12'Sb Mossbauer spectrum consisted of 

a resonance which could not be fitted to a single 
antimony site. A good fit was obtained only 
when two antimony sites were considered. The 
isomer shift and quadrupole coupling constants 
obtained for the two sites are, I.S. = 5.3 and 
7.7 mm/s; e Z q ~ ,  = 8.9 and 2.7 mm/s. These 
values have been discussed elsewhere in Inore 
detail (20). It was concluded, on the basis of the 
isomer shift values, that one site would have four 

a sin /3 r 
b 

FIG. 4. Projection of the unit cell of [SbCl,+][Sb,CI,- 
F9-] down the c axis (circles of increasing size represent 
Sb, C1, and F respectively). 

chlorines and two bridging fluorines while the 
other site would have one chlorine replaced by a 
terminal fluorine. Mossbauer data were unable 
to establish with any certainty the amounts of 
each site present since the recoil free fractions 
for the individual sites will not be the same. 

Raman Spectrum 
The Raman spectra of the solid and liquid 

phases of Sb3Cllo.,F,,, are given in Table 3. 
The spectra are not easily assigned since both 
trimers, Sb3C11,F, and Sb3Cll,F, have C, 
symmetry. The spectra of the solid and liquid 
phases contain 16 and 10 bands respectively. 
When the solid melts some of the bands coalesce 
into a broad band. This is probably due to some 
halogen exchange occurring in the liquid form. 
Some of the weak bands observed for the solid 
were not observed for the melt. The polarization 
data recorded for the melt indicated that the 
bands at 659 cm-l, 380 cm-', and 351 cm-I are 
almost totally polarized. The band at 659 cm-' 
can be assigned to the symmetric Sb-F stretch 
while those at 380 cm-' and 351 cm-I can be 
assigned to the symmetric Sb-Cl equatorial and 
axial stretches respectively. This agrees with the 
assignments made by Beattie et al. (21) for the 
cis fluorine-bridged tetramer SbCl,F. It is 
reasonable to attribute the very weak band at 
431 cm-' to the Sb-F-Sb bridging mode, 

TABLE 3. Raman spectra (cm-') of solid and liquid 
S ~ , C ~ I O . ~ F ~ . ,  

Solidb Liquid' Assignments 

431(6)~ v (Sb..  .F . .  .Sb) bridge 

380(100)br p v Sb-C1 equatorial 
351(51)p v Sb-C1 axial 
301(2) 

176(8)sh 
162(17)dpd Deformation modes 
149(19)dp 

122(13)dp 
Lattice modes 

<Abbreviations: br, broad peak; sh, shoulder; p, polarized; dp, 
depolarized. 

bSolid 20 "C. 
<Melt at 70 "C. 
Values in parentheses denote intensity relative to largest band. 
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which is consistent with the analogous assign- 
ment for that vibration (446 cm-') in SbC1,F 
(21). The lower frequency may be a consequence 
of the smaller Sb-F-Sb bridge angle, 158" as 
opposed to 173' for SbC1,F. The bands at 121 
to 175 cm-' are depolarized and can be assigned 
to the deformation modes. The polarization data 
are not available for some of these bands 
because of their very weak intensity. 
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Recombination of iodine atoms by flash photolysis over 
a wide temperature range. VIIP. Iz in 02' 

W. E. ANT RIM.^ GEORGE B U R N S , ~  A N D  J. K. K. IP 
Lri;\!i Miilei. Clzc~niicni Lcibor.trtor.ie~, Department of Cherwi.str>, Urzivcr.sit~ of Tororrto 

Torot~ro, Otzr., C'cintrtic~ M5S IAI 

Received May 19. 1976 

R. E. ANTRIM, GEORGE BURNS, and J. K. K. IF. Can. J. Chem. 55, 749 (1977). 
Flash photolysis of T2 in a large excess of Q2 was studied between 300 and 1173 K. Between 

533 and 1173 M the rate of atomic recombination 21(2P,,2) + 02(3?3,-) G P,('Zgi) + 02(3X,-) 
was measured without interference of side reactions. Its rate constant was found to be log 
kr0>(T) = 9.000 - 0.71 log (T,'573). Between 573 and 873 K there is an induction period lasting 
several hundred microseconds during which only a small net change in the iodine molecule 
concentration takes place. This induction period is consisi~nt with the reaction O,('A,) + 1, = 
02(3Z,-) + 21. Beow 573 K, the overall recor~ibination rate constant has a temperature depen- 
dent negative temperature coefficient and is enhanced when the flash includes radiation in the 
neighborhood of 200 :In?. Evident!y this occcrs because the flash photolysis of 0, creates new 
efficient third bodies, such as 0, and O,('Ai\,), which accelerate the recombination reaction either 
directly or via an 10 intermediate. The mechanism for the formation of I 0  during the flash 
photolysis of I, in an excess of 0, was studied. It was shown :hat the reactions O(,P) or 
0 3 *  + I 2  + I 0  + P + (O,), where 0 3 *  refers to an electronically or vibrationally excited state 
of 0 3 ,  account for the formation of I 0  under our experimental conditions. I 0  may also 
possibly be formed via the reaction O,* + I I 0  + 0 , .  On the other hand, reactions be- 
tween excited or ground state 1 a.toms and @, suggested by earlier workers do not occur. 
Thus, all experinlental con~plications observed are traceable io the presence of 0, photolysis 
products and to the reaction of I(ZP,,2) with 02(3Z,-). 

R. E. ANTRIM, GEORGE 19umr;s et J. K. K. IP. Can. J. Chem. 55,749 (1977). 
On a Ctudie, entre 300 et 1173 K, la photolyse eclair de I, dans un grand exces de 0 , .  Er,tre 

573 et 1173 M, la vitesse de recombinaison atomique 21(2P3,2) + 02(3Zg-) + IZ('ZE+) + 
02(3Z,-) a CtC mesurke sans interference des rkactions secondaires. On a trouve que sa vitesse 
de reaction est Cgale a log Kr02(T) = 9.000 - 0.71 log (27573). Entre 573 et 873 R, il y a une 
piriode d'induction qui dure plusieurs centaines de microsecondes durant laquelle il n'y a qu'un 
tres faible changenient net dans la concentration des rnoltcules d'iode. Cette pCriode d'induction 
est en accord avec la reaction O,('A,) + I, S 0,(3Z,-) + 21. En dessous de 573 K, la con- 
stante de vitesse globale de recombinaison possede un coefficient de temperature negatif qui 
dCpend de la temptrature et qui augmente quand I'tclair inclut des radiations aux environs de 
200 nm. Evidemment ceci se produit parce que la photolyse Cclair de O 2  crCe de nouveaux 
troisieme corps efficaces, tels que O3 et 0,('A,), qui accCl2rent la reaction de combinaison soit 
directement ou par l'intermediaire de 10 .  On a etudie le mtcanisme de formation de 1 0  durant 
la photolyse eclair de I, dans un exces de 0 , .  On a montrC que ies rkactions O(,P) ou 
0 3 *  + 1, = 1 0  + I + ((I2), ou 0 3 *  se rCfere a un Ctat excite electroniquement ou vibration- 
nellement de O,, expliquent la formation de I 0  dans nos conditions expkrimentales. I1 est aussi 
possible que 10 puisse se former par I'intermCdiaire de la rtaction 0 3 *  + I + I 0  + 0, .  
Par ailleurs, il ne semble pas que la reaction entre S'etat excite ou fondamental des atomes 
d'iode et de O,, qui avait Ctk suggCrCe anterieurement par des chercheurs, se produit. Donc 
toutes les complications experimentales qui ont ete observCes peuvent Ctre attributes a la 
presence de produits de photolyse de O2 et a la reaction de I(,P,,,) avec 0,(3C,-). 

[Traduit par le journal] 

Introduction reaction 
One of the reactions which affects the efficiency [I] I(~P,,,) + o,(~z,-) .+ a(zp,!,) + O,(Q~A,) 

of the iodine gas phase laser at 1315 nm is the 
because it is known (1) to be very fast. If laser 

'Research sponsored, in part, by the Air Force Office 2Present address: Richard Bland Co!lege, Petersburg, 
of Scientific Research, Air Force Systems Command, VA 23803. 
USAF, under grant no. AFOSR-A75-2856. The United ,The final portion of this work was done at  the Uni- 
States Government is entitled to reproduce and distribute versitC de Bordeaux I, Unit6 de Chimie, Laboratoire de 
reprints for Government purposes notwithstanding any Chimie Physique A, 351, cours de la Liberation, 33405 
copyright notation hereon. Talence, France. 
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action is generated by flash photolysis, reaction 1 
decreases the concentration of electronically 
excited iodine atoms, and this lowers the 
efficiency of the iodine laser. On the other hand, 
it was suggested (2) that the reverse of the 
reaction 1 can be used to increase the concen- 
tration of I(2P,,2) in an electric discharge, and 
thus to improve the efficiency of the iodine laser. 

For these reasons, it seemed appropriate to 
study the iodine-oxygen reaction under the 
simplest possible experimental conditions. Speci- 
fically, in flash photolysis atomic recombination 
studies (3-13), one generates a minimum number 
of reactive species, making detailed elucidation 
of reaction mechanisms often possible. 

In the present work, recombination of iodine 
atoms in oxygen is investigated using the flash 
photolysis technique over a wide temperature 
range, and the results are compared to earlier 
recombination studies. 

Experimental 
One spectrophotometric and one spectroscopic flash 

photolysis apparatus were used for the present study. The 
spectrophotometric apparatus, experimental and purifi- 
cation techniques, and methods of data analysis have been 
described previously (7, 8). To ensure a sufficient iodine 
vapour pressure in the reaction cell at high temperatures, 
an auxiliary oven was used (8) to prepare iodine-oxygen 
mixtures at elevated temperatures. Cylinder oxygen 
(Canox) was used without purification; in several experi- 
ments, Ultra High Purity oxygen (Matheson, minimum 
purity 99.95%) was used. The experiments were conducted 
in a double-walled quartz reaction vessel, with an outer 
jacket available for gas filters, which eliminate flash 
radiation of undesirable wavelengths. The Pyrex glass 
filter used in some experiments consisted of a 1.5 mm wall 
thickness cylindrical sleeve fitted over the quartz vessel. 
As in previous studies (5, 7-10), the experimental observ- 
able, from which the recombination rate constant was 
obtained, was the rate of change of the optical absorption 
at 487 nm, a wavelength close to the peak of the iodine 
absorption spectrum (14). The concentration of 1, was, 
typically, 1 to  3 x mol/l, while that of O2 was 
1 to 4 x mol/l. 

The kinetic spectroscopy apparatus, which was de- 
scribed previously (15), was equipped with a Jarrell-Ash 
A6.3 grating spectrograph. Eastman Kodak 103F plates 
were used. These plates were photometered on a Joyce- 
Loebl microdensitometer, model Mk. IIIC. 

Results 
In spectrophotometric studies, the time de- 

pendent I, absorption was studied between 300 
and 1173 K. In experiments conducted between 
300 and 573 K and between 873 and 1173 K the 
absorption traces were similar to those observed 
in earlier investigations of halogen atom recom- 

bination (3). This suggests that, within the 
temperature specified above, the predominant 
reaction was the recombination of iodine atoms 
in the presence of chemically inert 0 , :  

In addition, I, should contribute to the reaction: 

The traces yield apparent recombination rate 
constants, k,"PP, defined by 

where M refers to O,, I,, and to all possible 
other third bodies in the reacting mixture. 

Between 723 and 873 K all traces display a 
'hump', i .e.,  a slight dip and a rise before 
decaying smoothly with time (Fig. 1). Since the 
'hump' is shallow, the optical absorption appears 
to be nearly in a steady state for a few hundred 
microseconds following initiation of the reaction. 
Rate constants were obtained from such anom- 
alous traces by discarding the raw data from the 
first 2 ms. All apparent recombination rate 
constants obtained in this work are plotted in 
Fig. 2. 

In an attempt to isolate the excitation energy 
from the flash lamp responsible for the anoma- 
lous 'hump', ammonia (0.5 to 1.5 atm), chlorine 
(1 atm), bromine (0.2 atm), and a Pyrex glass 
sleeve were used, in various combinations, as 
filters around the reaction vessel. The absorption 
spectra of all these filters are published elsewhere 
(16). No apparent change in the shape of the 
L ~ L -  was observed in such experiments. In some 
runs, Ultra High Purity oxygen was used as the 
diluent but that did not affect the 'hump' either. 
When argon was substituted for oxygen as the 
diluent, the 'hump' disappeared, and the rate 
constant, krA', (Fig. 2) agreed well with previous 
values which were determined using the same 
apparatus (8). The rate constants obtained from 
individual runs at 723 K, where the 'hump' 
appeared to be most noticeable, indicate that no 
matter what filter was used, the rate constant a t  
this temperature did not change outside of 
experimental error, which is between 10 and 15%. 

Between 300 and 573 K, k,"PP, obtained with 
ammonia gas or Pyrex glass filters, are in agree- 
ment with each other, within experimental error. 
However, they are invariably smaller than rate 
constants obtained without the use-, of filters 
around the reaction vessel. The apparent rate 
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ANTRIM ET AL. 

-t 
FIG. 1. O~cilloscope trace for I atom recombination in [O,] at 723 K. [I,] = 1.3 x moll1 and 

[O,] = 8.1 x 10-3 mol 1-'. Flash energy 1200 J. Flash traces, ordinate 0.05 V/cm, abscissa 0.5 ms/cm. 
Square wave ordinate 1 V/cm. 

T K 
3 0 0  7 0 0  l i00 

I I I I 

x quar tz  vessel 

4 NH3 f i l t e r  

o P rex f i l t e r  
n kPr this work 

l og  T K 

FIG. 2. Temperature dependence of kraPp, the apparent 
iodine atom recombination rate constant in oxygen, and 
of krAr in lZ mol-2 s-I. 

constants, determined at room temperature from 
mixtures with various compositions of iodine 
and oxygen, yield values of krl' (reaction 3) 
equal to (1.3 + 1.0) x 10'' (result from experi- 
ments with quartz vessel alone) and (1.5 + 0.7) x 
10'' l2 mol-' s-I  (combined result from experi- 

ments with ammonia and Pyrex filters), in agree- 
ment with a more accurate value of krl' = 
1.3 x 1012 1' mol-' s-I  reported previously (8). 

In order to further study reaction generated 
by flash photolysis of I, + 0, mixtures, the 
kinetic spectroscopy apparatus was used. In 
these experiments the I 0  spectrum was observed. 
The I0  spectrum rose to its maximum at the 
time the main flash reached its peak intensity 
(10-15 ps). The half-life for I 0  decay was about 
80 ps. These results are in agreement with earlier 
data (17). A typical I 0  spectrum obtained in the 
present work is shown in Fig. 3. This spectrum 
was observed previously (17) in the photolysis of 
iodine-oxygen mixtures in an all-quartz reaction 
vessel; our results confirm this finding. However, 
in the present work, we found that the I 0  
spectrum was absent if a Pyrex sleeve was 
installed around the reaction cell (Fig. 3). 

Discussion 
Earlier systematic studies of halogen atom 

recombination reactions, over a wide tempera- 
ture range, and in the presence of a large excess 
of various third bodies (3-13), revealed some 
consistent trends. In agreement with a previous 
investigation (1 I), it was invariably found (3-10) 
that heavier and more complex non-reacting 
molecules were more efficient third bodies. 

The experimental recombination reaction rate 
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FIG. 3. Spectrum of 10 produced by flash photolysis of I,-0, mixtures: 2 torr 12, 620 torr 02, 
T = 350 K. Top, 25 ys delay without filter; bottom, 25 ps delay with Pyrex filter. Fiash energy 1125 J. 

constants could normally be expressed via the via reactions 5-9: 
relationship 

t61 I('P1,2j + T(2P112) + 02(3Eg-) + 210 
[ 5 ]  log k ,  = log k?O0 - H log (T/300) 

+ m log (T1300)' 171 I(ZP~l,) T 1('p3,2) + 02(3Eg-)  + 210 

[81 6(2P312) + 1(2P3,2) + 02(3Zg-)  e 2 X 0  
Furthermore, the higher the efficiency of the 
third body, the higher was the negative tempera- I~I 'Z,+) + o(~P) = 10 + I ( ~ P ~ / ~ )  

ture coefficient at room temperature, i.e. n. 
When data over a sufficiently wide temperature 
were accumulated (3-8), it became apparent 
that m, eq. 5, was either positive or zero, and 
generally increased with molecular weight and 
complexity of the third body as well as with 
chemical reactivity between the third body and 
recombining atom. As was shown recently (18- 
25), these empirical findings have a theoretical 
basis. 

Present results on the I, + 0, system do not 
fit well into these established trends (3-13). 
Specifically, three experimental results need to 
be examined: (a) formation of 110 during fiash 
photolysis; (b) the discrepancy between F,"PP 
obtained in experiments with filters around the 
reaction vessel and those without filters, and 

temperature dependen5e; and (c) presence 
of the %hump9 between 723 and 873 K. These 
experimental findings are discussed below. 

( a )  itbc~hunism of r!?e Forwatiorz of Iodine 
iWorzoxide 

Under our experimental conditions, Aash light 
may p~oduce the fo1low;ng primary photoiy~is 
products : I('P,,,), and 0(3P"), 

Conseq~~ently, 10 can bs formed, in principle, 

Of these reactions, the reaction 8 involves the 
least energetic species, is endothermic by 34 kcaI/ 
mol, and therefore should be the slowest and 
the least important. Furthermore, present results 
indicate that the mechanism involving reactions 
6 and 7, proposed previously (16), plays no role 
in 10 formation. This is because flash photolysis 
of I, + 0, mixture in a reaction vessel with a 
Pyrex sleeve, which yields I(~P,,?) and I(~P,,,), 
does not produce 10. Thls findlng is in agree- 
ment with predictions made earlier (16). 

Thus, the only primary flash photolysis prod- 
uct. which can yield 10 under our experimental 
conditions, is q 3 P )  (reaction 9). Oxygen atoms 
can be produced (16) by direct flash photolysis of 
0, between 180 and 200 nm. Although the 
absorption of short wavelengths a.t about 200 nm 
produces 8, in a 3C,f attractive state, these 
molecuies should predissociate, producing 0 ( 3 P )  
atoms. The reverse process, i.e. inverse pre- 
dissociation leading to the formation of 8, in 
'C,+ state has been observed in shock waves (26). 

Secmdary photoiysis products, which can 
1 ield 10, may be produced in reactions involving 
0 ( 3 P )  atoms. Recent investigators (27) have 
shown that durii?g Aash photolys~s of 0, in 
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quartz vessels, 0(3P)  atoms react via: 

[I01 0 ( 3 P )  + 2 0 2 ( 3 C g - )  $ 0 3 *  (or 0 3 )  + o2 
where O,* is ozone in an electronically or 
vibrationally excited state. The prevailing litera- 
ture (28-32) value of k,, is 2 x 10' l' mol-' s - l  
while its most recent measurement yields (27) 
1 x 10' l2 mol-2 s-'. Therefore, the reaction 
half-life, T,,, is of the order of 5 ps, and is 
about equal to T,, if reaction 9 were to occur on 
every tenth collision. Although k, has not been 
measured, the reaction 

[I11 Br2 + 0 -+ BrO + Br 

occurs (33), approximately, on every ten colli- 
sions at 300 K. We conclude, therefore, that the 
most likely fate of the 0(3P)  atom in our 
experiments is reactions 9 and 10. Consequently, 
we are unable to exclude the possibility that 

also contributes to the formation 10. 
The formation of ozone increases the number 

of plausible reactions which can make interpre- 
tation of our experimental data ambiguous. This 
is because 0, itself can be photolyzed (27) 
producing O('D), O,('A,), 02('C,+), and vibra- 
tionally excited 02(3Z,-). Fortunately for us, 
this ambiguity resolved itself because in our 
experiment 0, is rapidly depleted via the reaction 

The rate constant for this reaction, measured 
(34) by the flow discharge technique, is 5 x lox4  1 
mol-' s - l ,  which is about as fast as k,, (7 x 
1014 l niol-I s-I). However, except in initial 
stages of photolysis, i.e. during first 30 ps or so, 
reaction 12 cannot be the main cause for the 
10 observed in our experiments. This is because 
I 0  is produced within about 15 ps after flash 
initiation and essentially disappears within 
200 ps, while I atoms exist for milliseconds. 

The nlechanism of the formation of BrO in 
flash photolysis of Br, and 0, mixtures was 
studied earlier (16). It was found that BrQ is 
formed predominantly via reactions with 0(3P),  
ozone, or excited 0,.  Thus, the mechanisms of 
the formation of TO and BrO are essentially 
identical, within the limitations of the present 
experiments, as was suggested earlier (16). 

The temperature dependence of 10 formation 
was studied here qualitatively only up to 600 K, 
and it was found that the concentration of I 0  

decreases with temperature. This is due in part 
to the decreased transparency of quartz at an 
elevated temperature, and, possibly, to the 
thermal decomposition of 0,".  Similar tem- 
perature dependence for BrO formation was 
reported earlier (1 5). 

( b )  A Comparisori of I C , " ~ ~  Obtained witli and 
without Filters, and its Ter7iperature De- 
penderzce 

It  follows from the above discussion (a)  that 
the reaction mixture in early stages of photolysis, 
i.e. first 10 to 30 ps after the flash initiation, 
consists of several reacting species, some of 
which exist in excited electronic andlor vibra- 
tional states. However, about 200-300 ps after 
the flash initiation, i.e. at the earliest time at 
which our spectrophotometric measurements can 
be made, all these species have decayed, and the 
reaction mixture consists ofI(,P3 ,), I,, 02(3Zg-), 
Q,(lA,), and 0 , .  The l(,P1,,) atoms, which 
constitute about 20x  of all iodine atonis pro- 
duced by the flash, also disappear via reaction 1. 
The rate constant for this reaction (1) at 300 K is 
1.6 & 0.2 x 10" 1 mol-' s-', which means that, 
under our experimental conditions, the half-life 
of I(2P1,2) (lo-' to lo-' s) is much shorter than 
the duration of the flash. 

The O,('A,) molecules, produced via reaction 
1 and by photolysis of ozone 

are quenched via 

and 

of which [14] should be predominant. At 300 K, 
k I4  was found (35) to be equal to 1.3 x lo3 l 
mol-I s- l .  This means (35, 36) that under our 
experimental conditions, at 300 K the llfetime 
of O,(lA,) is about 35 times !onger than the 
lifetime of I('P, ,,), which disappears via reactions 
2 and 3. 

Since at 300 K the j.alues of kraPQ obtained 
with ammonia and Pyrex glass filters are in 
agreement with each other, the flash photolytic 
reactions in these two cases appear to be indis- 
tinguishable. This conclusion is also reasonable 
because it was shown above that in or?r experi- 
ments no photochemical reac'mons are generated 
by radiation beiweeir 2000 and 2900 A. The 
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difference between k,"PP (filter) and k,"PP (no 
filter) is due primarily to the presence of O,, 
which is absent in experiments with filters, and 
0, photolysis products, of which only O,(lA,) 
has a long enough lifetime to interfere with 
recombination reaction (27). 

Therefore, in order to account for a difference 
in k,"PP (filter) and k,"PP (no filter) we must 
assume that in experiments with no filter addi- 
tional recombination occurs via 

as well as via reaction 12 which is followed by 
rapid 

As the temperature of the reaction vessel is 
increased, contributions from the reactions 16, 
17, 12, and 18 should decrease because the 
concentration of intermediate complexes, such as 
I--0,, would drop with the temperature rise. 
Furthermore, 0, itself is unstable with respect 
to 0 , .  For these reasons, the difference between 
k,"PP (filter) and kraPp (no filter) decreases with 
temperature, and above 500 K, k,"PP (filter) = 

k,"PP (no filter) (Fig. 2). The absolute values of 
k,app suggest that at room temperature, the 
magnitude of kro2 is determined primarily by the 
RMC (18) mechanism. However, at highest 
temperatures, the ET mechanism (19) predomi- 
nates. Between 573 and 1173 K the atomic 
recombination 21(2P,,,) + 02(3Z,-) S 12(lCg+) 
+ 02(3C,-) can be measured without inter- 
ference of side reactions. Its rate constant was 
found to be log kro2 = 9.000 - 0.71 log (Tl573). 

(c) An Induction Period in I Atonz Recombination 
between 723 and 873 K 

Production of oxygen atoms, 0 3 ,  and I 0  

cannot explain the anomalous 'hump' in re- 
combination traces observed between 723 and 
873 K (Fig. I). This is because the anomaly is 
present whether or not filters are used, even 
though 10 ,  O,, and 0 atoms cannot be formed 
in the absence of unfiltered radiation. Neither can 
we explain the 'hump' by impurities, because it is 
present even if Ultra Pure 0, is used. 

The 'hump' can be explained either by the 
presence of molecules, other than I,, which 
absorb at 487 nm, and which are destroyed in 
some chemical reactions, or by a reaction which 
destroys stable I, molecules. Only the I 0  spec- 
trum may, conceivably, overlap with I, spectrum 
at 487 nm; oxygen is transparent at this wave- 
length. However, the I0 absorption could not 
explain the anomalous "ump', because again it 
is present in experiments in which filters were 
used. Therefore, the only reasonable alternative 
is a reaction which destroys stable I,. I t  is 
possible to calculate from the available experi- 
mental data, such as Fig. 1, that such a reaction 
would yield an additional decomposition of 2 to 
3% of the initial iodine concentration. This can 
be done by extrapolating the absorption curve 
(Fig. 1) from t > 2 ms to t = 0 using the known 
k,"PP (Fig. 2) at 723 K. 

As discussed above, the only excited species 
present at this temperature are O,('A,). It ap- 
pears that at 723 K, a new reaction becomes 
significant. 

A value of k , ,  at 723 K may be estimated 
from the iodine molecule concentration which 
remains approximately constant during the in- 
duction period for about 0.5 ms after the initia- 
tion of the reaction. The steady state approxi- 
mation for I, molecules yields 

where [1(2~,,2)],, is the equilibrium concentra- atoms in equilibrium with 1.5 x mol I F 1  
tion of iodine atoms prior to the photolysis. iodine is 8.2 x moll-'. From the per- 
Typical concentrations at 723 K are [0,] = centage decomposition, [I (2P, ,2)~, ,  = 6 x 1W6 
1.5 x mol I-.', and [I,] = 1.5 x mol mol I- '  and [I,] = 1.2 x mol 'immediately' 
1-I and typically 20% of I, is decomposed by the after the flash. The concentration of singlet 
flash. At 723 I<, the concentration of iodine oxygen, O,(lA,), will be 0.2[142P3,2)],,, because 
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essentially all of the excited iodine atoms form 
O,('A ) via reaction 1. Thus, k,, - 4 x lo7 1 
m ~ l - ~ ~ s - l  at 723 #. 

Comparison of this value with the value ob- 
tained from the simple collision theory, using a 
steric factor of unity and molecular diameters of 
5.0 A for iodine and 3.4 A for oxygen, results in 
an activation energy of 12 kcal/mol. This calcu- 
lated activation energy is in reasonable agree- 
ment with the endothermicity of reaction 19, 
which is 13.1 kcal/mol. 

It is possible that reaction 19 proceeds via 
electronically excited attractive states of iodine, 

the production of 0, in the quartz reaction 
vessel. 
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R A W M O ~ U  LE GOALLER et JEA~-LOUIS PIERRE. Can. J. Chem. 55,757 (i947) 
Le texte dCcrit deux methodes d'obtention de derives cyclopropanedio!iques: la rkduction 

des (3-dicetones et le pontage des bissiioxy-I,? alcenes dont certains sont obtenus par une 
nnuvelle methode. 

RAYVGND LE GOALLER and JEA~-Lours PIERRE. Can. 3. Chem. 55,757 (1977). 
T h o  methods are described for the preparation of substituted cyclopropanediols: reduction 

of B-diketones, and bridg~ng of 1,2-bissiloxqalkenes; a number of the iatter compounds were 
prepared by a new method. 

[Journal translation] 

Inatrodustioen 
Ce travail s'intkgre a une Ctude ginirale des 

voies d'accis aux cyclopropanediols (rCf. 1. et 
les rifkrences qui y sont cities). 11 avait fait 
I'objet de deux ccnimunications preliminaires 
(2, 3). 

Depuis qur Staschewski (4) proposa pour la 
riduction de Cleri~mensen de la dirntthyl-5,5 
cyclohexanedione-1,3 un micanisme faisant 
intervenir un cyclopropanediol, divers auteurs 
ont repris 1'Ctude de cette rCaction sur de 
nombreux substrats (rCfs 5 et 6 et les rifkrences 
qui y sont citkes), ces differents travaux vCrifiant 
d'ailleurs l'hypothise alors avancCe. 

A notre connaissance, hormis (I) ,  aucune 
Ctude permettant de rendre accessible la structure 
cyclopropanediolique n'a encore Cte rCalisCe, 
bien qu'en fait quelques cornposCs de ce type 
aient dija CtC obtenus: (i) par riduction des 
P-dicetones: d6s 1969, trois tquipes isolent les 
premiers dCrivis de cyclopropanediols ( 2 ,  7, 8) 
et plus tard, quelques dio!s libres ont pu Etre 
obtenus (9-il); (ii) par pontage des doubles 
liaisons: se sont essentiellement l'action du 
diazon~Cthane sur les carbonates de vinylene 
(12) et des dih;iiogCnocarbenes sur les ditthers 
Cthyiiniques (1 3). 

Pour noere part, aprks avoir rnontrC que !a 
rkduction de la dirnkthyi-3,3 pentanedione-i,4 
par ie scrdluin dans i'ieher en prisence de tri- 
rn6thylchiorosiiane (TMCS), fournissait les deux 
cn:nposis cyc!opropaniques attenclus j2), noes 
avons erllreprls de mettre au point des rnetkodes 
d'obtentio~; bes dCri-\lCs de cyclo~ropanediols et . . 
nous exposoils ICI 1i.s rksultats cbtenms: (i) d'une 

part en gkniralisallt la rkdl~ction des cornposis 
p-dicarbonylis, (ii) d'autre part en appliquant 
la riaction de Simmons et Smith aux bissiloxyai- 
cknes, priparis pour la prerniire fois en 1960 par 
Ruhlmann par une mkthode qui consiste 
piCger la forme inedioiique obtenue au cours de 
la riaction acylo~rle par du TMCS (14). 

Afin d'obtenir des bis(trimethy1siloxy-1,2) 
alcknes dissymktriques, nous avons applique 
cette mEme riaction aux cz-dicktones. 

RCsultats et discussion 
A. Re'duction des compos6s ~-dicar.bo~zyl6s 

Afin d'Cviter les complications dues a 1'Cnolisa- 
tion, nous avons utilisC des substrats non CnolisCs. 
Nous avons opCrC avec du sodium dispersi et 
avec ie melange Na-K plus f a d e  2 mettre en 
oeuvre et qui donne de meii!eurs rtsultats, dans 
1'Cther et en prCsencz de trimCthylch!orosilane 
(TMCS). Nous avons i tudit  les substrats 
suivants : 

2 Et Et 6 Me W 10 R = Me 
3 Et hle 7 Me BEt 
4 Ph Sh 8 EiCl OEt 
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Les risultats obtenus avec I ont CtC dicrits 
dans notre communication priliminaire (2). 11s 
peuvent s'expliquer par le micanisme gCnCrale- 
ment invoquC pour la riduction des citones par 
les mitaux (15) et sont rtsumis dans le schCma 1 .  
Avec une quantiti iquivalente de sodium, on 
obtient deux fractions A et B. Les proportions 
relatives de la fraction B itant:  l a  20%; 16 10%; 
Pc meso 15%; l c  dl 5%; I d  20%; l e  30%. Si 
on op&re avec un exces de sodium, seule la 
fraction B est obtenue. 

Les produits A, '  et I c  ont CtC d'autre part 
obtenus par action du TMCS en prCsence de 
trikthylamine sur les composis hydroxylCs 
correspondants. Nous avons vCrifiC que A,' et 
Id  donnent par hydrolyse la didtone de dCpart, 
tandis que A,' et l e  donnent le cCtol attendu. 
L'hydrolyse de l a  en milieu neutre conduit B la 
didtone de dipart alors qu'en milieu acide 
concentri, nous obtenons un produit non encore 
identifik, mais different du cCtol obtenu par 
rCduction de Clemmensen de la dimithyl-3,3 
pentanedione-2,4 (1 6). 

La sttrCochimie de la  et Ib a CtC dCterminee 
par rmn de meme que celle des isom&res de I c  
et cette Ctude a fait l'objet d'une communication 
sCparCe (17). 

I1 est B remarauer nous avons obtenu une 
fraction importaAe de transfert d7H sur les 
cCty1es. Ce phCnom6ne avait Cgalement CtC 
observe lors de la reduction de la cyclohexanone 
dans les m&mes conditions (15). 

Nous avons vCrifiC le comportement de la 
dicCtone initiale en milieu basique: une coupure 
normale est observke conduisant B I'acCtate et 
B la mCthyl-3 butanone-2. La cCtone transposie 
de Brohmann et Pinder et de Inamoto et al. n'est 
pas observCe (18). La prCsence de TMCS ne 
semble pas avoir d'effet sur la marche de la 
riaction puisque les rCsultats sont inchangCs en 
opCrant son addition avant, pendant ou apres la 
rCduction de la dicCtone. 

Les autres dicCtones ou cCtoald6hydes CtudiCs 
ont un comportement absolument identique qui 
peut se rCsumer de la faqon suivante (schCma 2). 
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L E  GOALLER ET PIERRE 759 

TABLEAU 1.  Les rtsultats de la reduction des comvosCs OX 
p-dicarbonylis 

~ a - ~ ~ 2 ~  box + XOv 
Rendement*(%) Rendement (79 wH 4 x 0  

Produit a + b Rapport alb c + d + e I I  I /  

1 30 2 70 
2 30 2 70 

+CH~OX + 
4 90 a seul 0 
5 40 3 0 

*I1 s'agit de rendements moyens t-tablis sur plusieurs reactions 
&values par rapport au produit de dkpart. Dans certains cas, oi 
obtient un peu de polymerisation. 

Les resultats, obtenus en utilisant un gros O E ~  -0Et 
excits de rCducteur, ce qui permet de supprimer 
la fraction A et de consommer entiitrement les 0 0 
produits de depart, sont r6sumCs dans le tableau 7 a  7 r 
1 .  

Pour 4 on obtient exclusivement le compose 
Z. Les produits analogues a Id et l e  qui represen- 
taient 50% des produits de la riaction ne peuvent 
intervenir. L'absence des analogues de l c  
implique que le cetyle ne capte pas d'hydroghe 
ce qui semble indiquer pour 1, les HI provenaient 
de la dismutation du cityle lui-meme (schima 3). 

nous avons obtenu quantitativement les produits 
de la riduction normale 11 et 12. 

Enfin le diester 8 qui aurait pu selon le 
schema de la rCduction acyloine conduire a un 
derive disiloxyiC du cycloprop6ne, nous a en 
rCalitC fourni le composC ouvert 8c avec un 
rendement supCrieur B 90%. Un rksultat analogue 
au n6tre a CtC observi par ref. 19 et expliquC par 
ref. 20. 

Le citoaldChyde 5 conduit aux dCrivCs cyclo- 
propaniques avec un rendement de I'ordre de 
4001, accompagnCs de nombreux sous-produits 
non analysabies alors que 6 fournit le cyclo- 
propane a 90%. 

A titre de comparaison, nous avons effectuC 
la rCduction de 6 par le sodium dans l'ammoniac 
liquide, en captant ensuite les inolates formis 
par le TMCS. Aucun cyclopropane n'est obtenu 
sans doute B cause du caract6re donneur de H 
du solvant (schima 4). 

Le p-citoester 7 conduit egalement avec un 
excellent rendement (> 80%) B un dCrivC cpclo- 
propanique 7~z qui semble Etre unique mais dont 
nous n'avons pu prCciser la structure, accom- 
pagnC de 20% du compost ouvert 7c. (schCma 5). 

La riduction de U r n s  NH,-Et,O-TMCS 
ne fournit aucun produit cyclopropanique et 

Les attlibutions de configuration ont CtC 
faites de f a ~ o n  certaine pour l a  et l b ,  2a et 2b, 
et 4a sur la base de YCquivalence des mkthyles 
en 3 pour les composCs E et de leur inequivalence 
pour les composCs Z (17). On constate que dans 
tous ces cas le composk Z est majoritaire, ce qui 
nous a conduit B adn~ettre cette structure pour 
le compost majoritaire obtenu dans les autres 
cas. 

Discussion 
Sur le plan thiorique, le resultat est clairement 

interprCtC, deux voies pouvant etre envisagCes 
(schima 6). 

L'ttude Clectrochimique de Curphey et al. 
(71, suivie en rpe, a permis de montrer qu'il se 
formait un radical donnant une simple absorp- 
tion large, l'absence de structure fine empschant 
toute interprktation. D'autre part, Curphey 
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indique qu'il est impossible d'ajouter plus d'un 
Clectron aux dicttones, par voie C!ectrochimique, 
et conclut B I'exiseence d'un seul radical anion. 
Ceci pose le problkme des composts obtenus 
par dismutation, composts qui ne sent jamais 
hydrsxylts ainsi que pourrait le suggkrer l'inter- 
mediaire cyclopropanique de la voie A. 

B. Pontage des bis(trin.iefhj~lsiloxy)-1,2 aicenes 
La rtaction de Ruhlmann, a laquelle nous 

avons apportk une petite modification en 
utilisant, comrne agent rkducteur, l'alliage 
sodium-potassium qui donne de meilleurs 
risultats que le sodium disperst, nous a permis 
d'atteindre les siloxyalc2nes du tableau 2. Ces 
produits ont it6 caracttrists par leurs donnCes 
speclroscopiques. 

La riductio~i des cr-dicetones dissymktriques 
dans les ingmes conditions a conduit aux 
bissiioxyalcines du tableau 3 qui ont kt6 kgale- 
merit caractirisis pas spectroscopie ir et rmn, B 
c8tC d'autres produits rtsultant de la dismutation 
des radicaux anions intermidiaires (21). 

Pontage des bis(trirne'ilij~1siloxy)-I,Z alc8nes. 
Nous avons examint divers riactifs carbe- 

niques. 
(i) Le diazome'thane peut donner le mkthylkne 

(CH,:) et conduire aux cyclopropanes par 
addition aux olifines (22). Ce riactif avait kt6 
utilist avec succis par Breitbeil et a/ .  (12) avec 
les carbonates de vinylhe, mais il s'est avtrk 
inerte sur nos composts. 

(ii) Le ph&nj,l carbBrze (Ph-CH:) peut enire 
autres mCthodes (22) &tre prkpark par la dtcom- 
position catalytique de tosylhydrazones (rtaction 
de Bamford-Stevens). Le phe'nyl carbPne ainsi 
pre'pcre', ajoute' au siloxj~ alc2nes pre'ce'dents, n'a 
conduii 2 aucun phe'nyl cyclopropane. Les 
substrats sont rkcuptrCs accompagnts de gou- 
drons. 

(iii) L'addition thermocaialyste (Cu, 80" C) 
du diazoace'tate d'e'thyle (donc du carbokthoxy- 
carbine) au bis(trimtthylsi1sxy)-1,2 buthe-2, 
Z,  a conduit, B cBtC du produit de duplication du 
carbkne, B I'esier cyclopropanique correspondant 
avec un rendernent de 60% (schima 7). 

Le cyclopropane obtenu est caracttrid par 
spectroscopie. La relation cis des mkthyles est 
dCmontrCe par l'observation de leur Cquivalence 
rnagnCtique (17). Par contre, nous n'avons pas 
de critkre de Ia configuration relative du groupe- 
ment ester. I! est important de remarquer que la 
riaction n'a conduit B aucun produit d'ouverture 
du cyclopropane, contrairernent B la rtaction 
d'addition du meme rCactif aux ~nonosiloxyal- 
cine (23). 

Bien qu'elle soit positive, nous n'avons pas 
etendu cette rtaction aax autres dissiloxyalcines, 
notre but n'Ctant pas de prkparer des cyclo- 
propanes trifonctionnalisCs. E'hydroiyse de 24 
par H,O-MeOH-C,H, conduit k 

(iu) La reaction de Sinzmons e l  Smith. Cette 
rkaction, souvent apparentte aux rCactions 
carbtnoides (24), conduit 2 un cyciopropane en 
traitant une oltfine par de l'iodure de mtthylene 
en prksence du couple zinc/cuivre. 

Nous l'avons appliquie aux siloxyalc2nes des 
tableaux 2 et 3 et obtenu dans tous les cas les 
composCs cyclopropaniques attendus avec de 
bons rendements (tableau 4). 

En utilisant la technique habituelle (hydrolyse 
puis prtcipitation des sels de zinc solubles dans 
I'tther par du carbonate de sodium), il se forme 
des produits d'suveriure du cyclopropane ob- 
tenu. Le rendement est nettement amtliort si, 
avant hydrolyse, on remplace I'tther par $61 

pentane dans lequel les sels de zii~c sont insolu- 
bles. L'extraction est ensuite effectuke au pentane 
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LE GOALLER ET PIERRE 

TABLEAU 2. Les siloxyalctnes obtenus par la reaction de Ruhlrnann 

Rendement 
apres purification (z) 
- 

Produit de depart Bis(trimCthylsi1oxy)-1,2 alcene Na Na-K 

Adipate de Me 60 70 
(1% 

Adipate de Et 40 70 

Glutarate d'Et (19) 65 70 

*Melange Z-E. 

TABLFAU 3. Zes produits de la reaction de Simmons et Smith 

Rendement 
Produit de depart Bis(trimethy1siloxy)-1.2 alcene (%I 

et les sels de zinc prCcipitCs sous forine d'hy- stkrkochimie caractkriske par rmn (17). Bans 
droxydes par addition d'eau. tous ies cas, I'isomire Z est Iris prkpondkrant 

La structure des produits obtenus a Ctk dans le rapport 911 vis-a-vis de l'isomire E. 
caractkriske par leurs spectres ir et rmn et leurs Ees bis(trimCt11ylsiloxy)-1,2 cyclopropanes sont 
analyses centisimales. Les isomires cir-fvuns des liquides incolores stables B l'air et B la 
ont pu Stre siparks par cpv prkparative et la chaleur, jusqu'a 200'C environ. 11s peuvent 
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TABLEAU 4. Bis(trimCthylsi1oxy)-1,2 cyclopropanes obtenus par rtaction de Simmons 
et Smith 

Rendement (%) 

Compos6 MCthode classique Methode modifite 

&tre quantitativelnent transformks en acCtates 
par l'action du bromure d'acityle. Leurs rCac- 
tions avec divers autres riactifs (H,O, ROH, 
HX, RLi, etc ...) ont it6 itudiCes et seront 
publites prochainement (25). 

ConcBusions 
I1 est vCrifiC que les P-dicttones et les P- 

cCtoesters non tnolisables fournissent sous 
l'action du sodium dispersk ou de I'alliage 

Na-K dans 1'Cther des dirivks cyclopropane- 
dioliques a c6t6 d'autres produits issus des 
radicaux-anions intermkdiaires qui limitent l'in- 
tCr&t pratique de cette mCthode du fait de la 
dificulti de dparation des produits. 

Par contre, la rkaction de Simmons et Smith 
appliqute aux bis(trimCthy1siloxy)-1,2 alcknes 
s'est av6rCe Etre une bonne voie d'acc6s B ce type 
de composis et constitue sans doute actuelle- 
ment, la methode de choix pour prCparer Ies 
dtrivCs de cyclopropanediols. 
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LE GOALLER E T  PIERRE 763 

Les spectres rrnn ont t t t  enregistrts dans CCI, sur Si 20.36. 
l c  dl: 5%; ir 1250 cm-'; rrnn cf. r6f. 18. appareil fonctionnant a 60 MHz. Tous les deplacements ld: ir 1255, 1610, 31 15 cm-l;  rmn 0.2 (SiMe3), chimiques sont donnts en 6 x lo6, sauf pr6cision con- 

traire. Les spectres ir sur Perkin-Elmer 227. 1.15 (Me2C), 242.5 et 237.5 ( J  = 1.5 Hz, H2C). Anal. 
calc.:C57.35,H10.29,Si20.58;trouv~:C58.10,H9.90, 

Substrats 
1, 2, 3, 4, 7 et 8 ont t t t  obtenus par dimtthylation des 

dicetones Cnolisables selon rtf. 26; 5, 6 et 10 a partir des 
eneamines selon rtf. 27; 9, selon ref. 28 suivi de mtthyla- 
tion. 

Rdductionpar Na-EtzO ou Na-K-EtzO (mode opdratoire 
type: cas de I) 

Na-K est obtenu en chauffant un melange 1 :1 en poids 
de Na et de K .  Dans un tricol equip6 d'un rtfrigerant, 
d'un agitateur et d'une ampoule a brome, maintenu sous 
azote sec et exempt d'oxygene, on introduit 0.5 mol de 
sodium disperse dans 300 ml d'ether anhydre. A reflux 
d'tther on ajoute goutte a goutte un melange de 0.5 mol 
de TMCS et de 0.25 mol de dicttone. On maintient 
ensuite l'agitation pendant 5 h a temperature ordinaire, 
on filtre rapidement et distille apres evaporation de 
l'ether. 

De  nombreux essais ont kt6 effectuts. Dans tous les 
cas, le compose dicarbonyle est totalement consommC au 
bout de quelques heures. 

Dans le cas 1, la distillation conduit a deux fractions 
A et B (A n'est pas obtenue si on opere avec un excis de 
sodium). 

Fvaction A (54-58"C/4 torr) 
Deux produits sont stparts par cpv et identifies. 
A,' Me-C-C(Me)2-CH(OSiMe3)-Me: ir 1700, 

1 i 
0 

1250, 830 cm-'; rmn 0.05 (s, 9H, SiMe,), 0.98 (d, 3H, 
J = 6 HZ, CH3-CH), 3.87 (q, lH ,  J = 6 HZ, CH-CH,), 
2.00 (s, 3H, CH3-CO), 1.00 (s, 6H, Me2). Anal. calc.: 
C 59.40, H 10.89, Si 13.86; trouvt: C 61.60, H 10.02, 
Si 13.49. 

A2': Me-C-C(Me),-C(0Si Me3)=CHZ : ir 3 125, 
I I 
I I 
0 

1720, 1625, 1250 et 850 cm-'; rrnn 0.19 (s, 9H, SiMe,), 
1.12 (Me,C), 2.00 (CH,CO), 252 et 245 Hz ( J  = 2 Hz, 
CH2=). Anal. calc.: C 60, H 10, Si 14; trouve: C 60.14, 
H 10.34, Si 13.74. 

Fraction B (65-7O0C/2 torr) 
La cpv permet de distinguer six produits qui sont 

stpares par cpv preparative en plusieurs temps (Apiezon 
20 pieds). 

l a :  20%; ir 1250 cm-' ; rrnn cf ref. 18. 
1b: 10%; ir et nmr (voir la). Anal. calc.: C 56.93, 

H 10.94, Si 20.43; trouve: C 57.30, H 10.90, Si 20.08. 
Diacetate E: rmn 1.09 (s, MezC), 1.39 (s, Me- 

CO(CH,)-), 1.95 (s, Me-CO-). 
Spectre de masse (realis6 par M. Pechiney au labora- 

toire de Chimie Structurale Organique d'orsay): faible 
pic a 114 (PM); pic important a nzle 171 (214 - 43, 
correspondant a la perte de CH3CO+); pic important a 
m/e 154 (fragmentation de MacLafferty: perte de 
CR3C02H);  pic important a mle 139 (perte d'un CH,); 
pics importants a m/e 129, 112, 97, 87 et 69 (interpre- 
tables par pertes de cttenes et de mkthyle). 

l c  rneso: 15%; ir 1250 cm-l ;  rmn cf. r6f. 18. Anal. 

Si 19.87. 
l e :  ir 3100, 1610, 1250, 830cm-'; rmn 0.12 et 0.25 

(SiMe3),0.91 et 1.01 (Me2C), 1.00(Me-CH, J = 6.5 Hz), 
3.91 (CH-Me, J = 6.5 Hz), 244.5 et 235.5 Hz (=CH,), 
J = 1.6 Hz. Anal. calc.: C 56.93, H 10.94, Si 20.43; 
trouvt: C 57.65, H 11.03, Si 20.18. 

Nous ne dttaillerons pas les rtsultats obtenus avec 2 
et 3 qui sont en tous points identiques a ceux obtenus 
a partir de 1 et qui nc souffrent d'aucune ambigui't6. 

Le dtriv6 cyclopropanique obtenu a partir de 4 est 
ais6ment identifit: 4a: ir 1250 cm-'; rrnn 0.05 (SiMe,), 

Me., 
1.09 et 1.4 (Me/C non tquivalents, d'oh la configuration 

cis, cf. rbf. 18), 7.35 (massif phtnyl). 
Reduction de 5: Les deux isomires 5a et 56 sont separts. 

Ils sont dans des proportions 75:25 et prtsentent les 
m&mes caractCristiques ir; rrnn du produit majoritaire 
0.05 et 0.03 (SiMe,), 0.64 et 1.10 (Me2C), 3.10 (H), 
7.2 B 7.4 (Ph); rrnn du produit minoritaire 0.05 et 0.30 
(SiMe,), 0.81 et 1.30 (Me,C), 3.28 (H), 7.1 a 7.6 (Ph). 

La encore nous n'avons pas de critere sQr de configura- 
tion. Un raisonnement base sur les dtplacements 
chimiques (effet d'un Ph a-cis sur un proton cyclopro- 
panique, effet d'un 0SiMe3) milite en faveur de la con- 
figuration cis pour le compost majoritaire. 

Rtduction de 6:  nous n'avons pas pu stparer les deux 
isomBes 6a et 6b. Cependant la rmn du mtlange permet 
a partir des pics du proton H d'tvaluer les proportions 
a 60:40; rmn du melange 0.05 (SiMe,), 0.90 et 0.95 
(Me2C), 1.25 (Me), 2.45 et 2.82 (H de chaque isomere). 

11: ir 1700, 1250, 1160, 830 cm-'; rrnn 0.05 (SiMe,), 
1.00 (Me2C), 2.00 (MeCO), 3.4 (CH2). 

12: ir 1250, 1185 et 830 cm-', rrnn 0.04 (OEtMe,), 
0.70 (MezC), 0.97 (Me-CH, d, J = 6.6 Hz), 3.65 (q, H), 
3.62 (spectres AB, -CH2-). 

Reduction de 7 :  nous n'avons pu stparer les deux 
isomttres 7a et 7b dont le n16lange prksente en ir 1250 et 
850 cm-'; rrnn 0.13 (SiMe,), 0.85 et 0.90 (Me,C), 
1.2 (Me), 3.6 (CH2), 1.05 (CH3CH2). 

7c: ir 1700, 1250, 830 cm-'; rmn 0.15 (%Me3), 1.2 

Reduction de 9:  les deux isomeres sont stpares par 
cpv preparative. 11s sont dans les proportions 80:20 et 
prtsentent les mCmes caracttristiques ir; rrnn du produit 
majoritaire 0.05 (SiMe,), 0.90 (Me), 1.1 a 1.9 (cycle), 
2.7 (H); rrnn du produit minoritaire 0.05 (SiMe,), 
1 .OO (Me), 1.4 1.8 (cycle), 2.8 (H). 

Reduction de 10: la cpv sur colonne Apiezon montre 
quatre produits. Les produits cyclopropaniques 10a et 
lob sont separts sur DEGS 5 pied a 90 "C. Anal. calc.: 
C60,H10.66,Si18.66;trouvC:C59.63,H11.28,Si18.54; 
rmn du produit majoritaire 0.05 (SiMe,), 0.82 (Me ang.), 
1.16 (MeCO), 1.2 a 2 (cycle); rrnn du produit minoritaire 
0.05 (%Me3), 0.85 (Me ang.), 0.98 (MeCO), 1.2 a 2.2 
(cycle). 

Tous les produits siloxylis non cyclopropaniques 
obtenus ont t t t  hydrolysts et les diols, cktones ou 
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dicetones obtenus compares a des echantillons authen- 
tiques. 

Les bissiloxyalcenes symCtriques sont prepares par 
reduction des esters selon ref. 14 en utilisant comme 
agent reduction du sodium disperse ou Na-K. 

13: p eb 45-55 "C/12 torr; ir 3050, 1660, 1250, 
840 cm-'; rmn 0.05 (s, 9H), 5.5 (s, 1H). 

14: p eb 65-72 "C/10 torr; ir 1660, 1250, 840 cm-'; 
rmn 0.08 (s, 18H), 1.7 (s, 6H). 

15: p eb 85-88 "C/12 torr; ir 1682, 1250, 830 cm-'; 
rrnn 0.1 (s, 18H), 0.95 (t, 6H), 1.95 (q, 4H). 

16: p eb 88-89cC/12torr; ir 1255, 835cm-'; rrnn 
0.08 (s, 18H), 0.95 (d, 12H), 1.90 (H, 2H). 

18: p 6b 92cC,!6 torr; ir 1690, 1250, 830 cn1-'; rmn 
0.1 (s), massifs entre 1.55 et 2. 

19: p 6b 90°C/8 torr; ir 1680, 1240, 840 cm-'; rmn 
0.12 (s, 18H), massifs entre 1.6 et 2.2 (6H). 

17: p eb 90-92"C/9 torr; ir 1672, 1250, 830 cm-'; 
rmn 0.1 (s, 18H), massifs a 1.5 et 2. 

Les bissiloxyalcenes dissymetriques sont obtenus par 
la m&me n~ethode A partir des a-dicetones. 

20: p eb 80-82 "C/3 torr; ir 3100, 3000, 1640, 1600, 
1250, 835 cm-'; rrnn 0.02 (s, 9H), 0.22 (s, 9H), 6.5 
(s, lH), 7-7.4 (s, 5H). 

21: p eb 80-84"C/16 torr; ir 3090, 1670, 1250, 845 
cm-' ; rrnn 0.005 (s, 18H), 0.98 (s, 9H), 5.6 (s, 1H). 

22: p Cb 86-88 'C/11 torr; ir 1680, 1250-1255, 830-840 
cm-'; rmn 0.07 (s, 18H), 0.9 (3H), 1.6 (3H), 1.9 (2H). 

23: p i b  85-89 "C/5 torr; ir 0.1 (s, 18H), 0.95, 1.5, et 
1.95. 

kes a-dicttones ont Cte obtenues par la methode de 
Riley. 

CarbCthoxy-1 bissiloxy-1,2 cyclopropane 24: a 15 g 
de 14 (0.067 moi), additionne d'l g de cuivre en poudre 
contenu dans un ballon tricol maintenu sous courant 
d'azote, muni d'un refrigerant, d'une ampoule a brome 
et d'un agitate~ir magnetique, on ajoute lentement 
7.6 g de diazoacetate d'ethyle diluC dans 8 g de cyclo- 
hexane. Le ballon est maintenu a 80 'C. Apres filtration, 
la distillation permet de rCcupCrer 11 g de produit; p eb 
93-100 'C/0.7 torr (60%). La separation en cpv (Apiezon 
10 pieds) fournit 2 isorneres de 24 presentant le mCme 
spectre infrarouge: 3010 (ep.) 1725, 1255, 830cm-'; 
rmn de 24A (55%) 0.05 (s, 18H), 1.2 (t, 3H), 1.5 (s, 6H), 
1.75 (s, IH), 4.1 (q, 2H); rmn de 24B (45%) 0.1 (s, 18H), 
1.2 (t, 3H), 1.75 (s, 6H), 2.3 (s, IH), 4.1 (q, 2H). 

L'hydrolyse de ce compose dans le melange H20-  
MeOH-C6H6, fournit essentiellement (par separation 
cpv Apiezon L 15%) un produit presentant en ir des 
bandes a 1740-1710, 1250 et 830 cm-'; en rmn 0.1 (s, 
9H),1.2(t,3H), 1.27(s,3H),2.1 (s,3H),2.6(AB,JAB = 
16Nz, 6*, = 90Hz, SB = 114.7Hz), 4.4 (q, 2H); en 
accord avec la formule proposee dans le texte. 

Re'action de Sirilrnons et Smirh 
A 17 g de couple Zn-Cu prtpart selon Simmons- 

Smith (24) ou de couple Zn-Ag selon Conia et ses 
collegues (29) dans 80ml d'ether anhydre, on ajoute 
sufisamment de CHzI, pour faire dtmarrer le couple 
maintenu sous courant d'azote. On ajoute ensuite 0.1 mol 
de bissiloxyalcene, puis l'iodure de methylene de faqon a 
maintenir un bon reflux. On maintient ensuite ce reflux 
pendant 18 h. On elinline la majeure quantiti d'ether et 
on ajoute 100 ml de pentane. Puis on ajoute goutte A 
goutte 10 ml d~eau ,  on filtre el on extrait au pentane. La 

phase organique est ensuite lavte a I'eau, jusqu'a ce que 
l'hydroxyde de zinc ne prkcipite plus. Apres sechage au 
sulfate de sodium, on Blimine le solvant et on distille. 

25: p t b  69-72 "C/5 torr; nDZO 1.4182. Anal. calc.: C 
53.66, H 10.57, Si 22.75; trouvC: C 52.89, H 10.28, Si 
22.28. 252:  ir 3088, 1255, 1025, 840 cm-I;  rrnn 0.05 (s, 
18H), 1.25 (6H); spectres A B  6, = 14.7 Hz, = 45.3 
Hz, J A B  = 6 Hz. 25E: ir 3075, 1255, 1025, 840c1n-'; 
rrnn 0.07 (s, 18H), 0.85 (3H), 1.15 (3H), 0.5 (2H). 

26: p eb 80 "C/2 torr; nDZ0 1.4334. Anal. calc.: C 56.91, 
H 10.95, Si 20.42; trouvk: C 56.32, H 10.48, Si 20.16; ir 
3075, 1255, 1020, 830 cm-'; rrnn (i) Z 0.1 (s, 18H), 0.95 
(3H), 1.45 (2H), J A B  = 6.6 HZ, 6a = 20 HZ, 6g = 35.2 
Hz; ( i i )E0.1  (s), 0.95 (3H), 1.45 (2H) S,, = 0.4Hz. 

27: p eb 97 'C/5 torr; nDZO 1.4346 Anal. calc. : C 59.6, H 
11.26, Si 18.71; trouve: C 61.18, H 11.26, Si 17.89; ir 
3075, 1255, 1010, 830-835 cm-'; rrnn (i) Z 0.1 (18H), 
0.9 (6H), 1.3-1.6 (8H), 6.4 = 18.5 HZ, SB = 44.2Hz, 
JAB = 6.1 HZ;  (ii) E spectre A z  SA = 0.6 Hz (2H), reste 
identique a Z. 

28: p eb 89-91 "614 torr; nDZ0 1.4428; ir 3081, 1250, 
1010, 850 cm-'; rrnn 0.1 (18H), 0.9 (6H), 1.4-1.6 (2H), 
SA = I8 HZ, Sg = 44.2 HZ, J A B  = 6 HZ. 

29: p eb 63 "C/0.2 torr; noZ0 1.4459; Anal. calc.: C 
57.35, H 10.33, Si 19.85; trouvk: C 58.18, H 10.41, Si 
19.48; ir 3070, 1250, 1010, 840cm-'; rrnn 0.1 (18H), 
1.05-1.45 (4H), 1.75-2.15 (4H), SA = 27.4 HZ, 6s = 44.6 
HZ, J A B  = 6 HZ. 

30: p Cb 78 "C/5 torr; nD20 1.4523. Anal. calc.: C 58.12, 
H 10.50, Si 22.58; trouv6: C 57.84, H 10.22, Si 22.12; ir 
3080, 1250, 1005, 835 cm-'; rrnn 0.1 (18H), 1.05-1.95 
(6H), 6,4 = 16 HZ, 6B = 41.3 HZ, J A B  = 6 HZ. 

31: p eb 96 "C/8 torr; nDZO 1.4488; ir 3065, 1255, 1020, 
830 cm-'; rrnn 0.15 (18H), 1.05 (9H), 0.4 (2H), 2.9 (1H). 

32: p eb 125-13OCC/0.25 torr; nDZ0 1.4365; ir 3000, 
3080, 1600, 1250, 838 cm-'; rrnn (2 isorneres) 0.05 (9H) 
et 0.3 (9H), massif entre 0.7 et 1.3 (2H), 1.8 (IH), 7.1-7.5 
(5H). 

33: p Cb 75 "C/2 torr; nDZO 1.4285. Anal. calc.: C 53.75, 
H 10.00, Si 21.58; trouve: C 53.15, H 9.81, Si 20.94; rrnn 
(i) Z 0.08 (18H), 1.05 (6H), 1.5 (2H), 6, = 18 Hz, 6, = 
48 Hz, J A B  = 6.5 Hz; (ii) E0.05 (18H), 1.2 (6H), 1.7 (2H), 
0.55 (2H). 

34: p eb 95 "C/3 torr; nDZO 1.4352; ir 3075, 1255, 1010 
et 835 cm-\ rrnn 0.09 (18H), 1.05 (6H), 1.25 (2H), 1.45 
(2H), 0.4 (2H). 
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Redox properties of 2,3,7,8-tetramethoxyselenanthrene: a charge-transfer donor 
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A. W. ADDISON, T. H. LI, and L. WEILER. Can. J. Chem. 55,766 (1977). 
The redox properties of 2,3,7,8-tetramethoxyselenanthrene and 2,3,7,8-tetramethoxy- 

thianthrene have been studied in solution in order to compare their potential applicability as 
charge-transfer donors. The selenium compound is the weaker reductant, yielding a stable 
radical cation and a reactive dication, the former dimerizing in solution. Electron spin reso- 
nance and visible absorption spectra of the stable species were obtained. The 1 :1 charge- 
transfer complexes of the above donors with tetracyanoquinodimethane are found to be 
insulators. 

A. W. ADDISO~,  T. H. LI et L. WEILER. Can. J. Chem. 55,766 (1977). 
On a etudie les proprietes redox du tktramethoxy-2,3,7,8 selknanthrene et du tetramethoxy- 

2,3,7,8 thianthrene; ces etudes ont ett effectuees en solution de f a ~ o n  a comparer les possibi- 
lites d'application de ces composCs comme donneurs de transfert de charge. Le compose con- 
tenant le stltnium est un reducteur plus faible conduisant & un cation radical stable et un dica- 
tion reactif; le premier se dimerise en solution. On a obtenu les spectres rpe et d'absorption dans 
le visible des especes stables. On a trouve que les complexes de transfert de charge 1: 1 des 
donneurs mentionnes plus haut avec le tetracyanoquiriodimCthane peuvent agir comme des 
isolants. 

[Traduit par le journal] 

Introduction 
Intensive current interest ( I )  in the field of 

organic conductors and in the chemistry of their 
component donor and acceptor species has led 
to the development of selenium analogs (2-4) of 
an as yet limited number of previously known 
organosulfur donors. The availability of HOMO 
electrons for donation is reflected bv the oxidiz- 
ability of a molecule, and consequently the redox 
properties of the sulfur and selenium-based 
donors (5-7), as well as of acceptors ( 5 ,  8), is 
receiving considerable attention, not only because 
of the relationships (5) between redox potentials 
and CT complex conductivity, but also because 
electro~~ntheiis has proved convenient in these 
systems (9). Our laboratories are engaged in the 
redox chemistry of both mononuclear and bi- 
nuclear metal and ~seudometal centres. We re- 
port here aspects of the redox, solution, and 
solid-state chemistry of 2,3,7,8-tetramethoxy- 
selenanthrene 1, the selenium analogue of the 
thianthrene 2. 

Ultraviolet, visible, and near-ir spectra were obtained 
on a Cary-14 spectrophotometer, and esr spectra on a 
Varian E3 spectrometer, operating in the X-band, and 
calibrated with a 'H nmr probe and DPPH.' 

Electrochemistry was performed with a PAR-173 
potentiostat, incorporating a PAR-176 i /E converter. A 
platinum sphere electrode (ca. 0.5 mm radius) and a 
Beckman rpel were used as working electrodes in the 
three-electrode cell. The nonaqueous reference electrodes 
used were Ag(s)/AgC104 (0.01 M), TEAP1 (0.1 M) ,  
CH,CN or Ag(s)/AgC104 (0.01 M), TEAP (0.1 M) ,  
CH,N02 half cells, their potentials being positive of the 
sce at 25 "C by 0.30 V and 0.74 V respectively. 

All potentials reported herein are referred to the sce. 
All polarography, voltammetry, and coulometry was per- 
formed under nitrogen, in nitromethane (distilled off 4 A 
molecular sieves under nitrogen), or in acetonitrile (dis- 
tilled off phosphorus(V) oxide under nitrogen) and, 
except where noted, at 25.0 & 0.2 "C. Supporting electro- 
lyte was TEAP (from Eastman Kodak, recrystallized from 
H 2 0 ,  or from G. F. Smith) or tetraethylammonium tri- 
fluoromethanesulfonate,l prepared according to Rous- 
seau et al. (lo), both being dried in aacuo over phos- 
phorus(V) oxide. Trifluoroacetic anhydride (Matheson, 
Coleman and Bell) was used as received. 

'Abbreviations : DPPH, diphenylpicrylhydrazyl radical ; 
TEAP. tetraethvlammonium ~erchlorate: TEFS. tetra- 
ethylammonium trifluoromethanesulfonate; TFAA, tri- 
fluoroacetic anhydride; TPFS, tetra(n-propyl) ammonium 
trifluoromethanesulfonate; rpe, rotating platinum elec- 
trode; sce, saturated calomel electrode; TCNQ ,7,7,8,8- 
tetracyanoquinodimethane. 
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For simultaneous spectrophotometry and electro- 
chemistry, a simple dual cell was constructed, incor- 
porating a 4 cm optical path connected to an approxi- 
mately 50 ml electrochemical cell by all-pyrex tubing. The 
solution was circulated throughout the cell by the action 
of a teflon-coated magnetic stirring bar. 

The electrical resistivity of single crystals was measured 
using a two-probe technique (1 1). 2,3,7,8-Tetramethoxy- 
selenanthrene 1 was prepared according to the method of 
Weiss et a/. (12), and the 2,3,7,8-tetramethoxythianthrene 
2 was prepared according to the method of Fries et ul. 
(13). TCNQ' was prepared by the method of Acker and 
Hertler (14). All compounds were vacuum sublimed 
before use and gave acceptable elemental analyses. The 
lustrous dark blue complexes of 1 and 2 with TCNQ were 
prepared by adding hot concentrated solutions of the 
donor in acetonitrile to a hot concentrated solution of 
TCNQ. The complexes crystallized on cooling and they 
could be recrystallized from acetonitrile. The 1 : 1 nature 
of the complexes was corroborated by uv and esr spectra 
of acetonitrile solutions of the complexes and the chemical 
analyses. Anal. calcd. for C,,H2,N4O4Se, (I-TCNQ): 
C 52.99, H 3.15, N 8.83;found: C 53.12, H 3.00, N 8.60. 
Anal. calcd. for C28H20N404S4 (2-TCNQ): C 62.20, 
H 3.73, N 10.36; found: C 62.02, H 3.46, N 10.20. 

Results and Discussion 
Compound 2 is known (15) to undergo two 

one-electron oxidation processes in solution, in a 
fashion similar to its unsubstituted analogue (l6), 
and a third oxidation process has also been 
observed (15). Indeed, under our experimental 
conditions, polarography of 2 (rpe) at 1-3 
x M in acetonitrile containing ca. 1% 
TFAA (10, 17) and 0.1 m TEFS1 as supporting 
electrolyte yielded two oxidation waves of equal 
height, with El,,-values of +0.53 and +0.88 V 
us. sce. These two oxidation steps have been 
shown previously (17) in the case of 2 to be 
electrochemically reversible, one-electron pro- 
cesses, yielding the dithianthrene cation radical 
2' and the dication 22+,  s~ccessively. Under the 
same conditions, polarography of the selenium 
compound 1 at the rpe, also yielded two well- 
defined oxidation waves of essentially equal 
height with half-height potentials of +0.90 and 
+ 1.21 V us. sce. 

This contrasts with a recent report (4) on the 
redox properties of the selenanthrene 1, in which 
a single irreversible oxidation at +0.90 V was 
observed. No definite reason for the discrepancy 
can be given, as the paper by Wheland and 
Gillson (4) gives no details as to experimental 
conditions under which voltammetry was per- 
formed. However, we suspect that the species 
formed by the oxidation process at +0.90 V 

reacted rapidly with a nucleophile in their solu- 
tions, and the likelihood of the reactant's being 
trace water will emerge from the discussion 
below. It  is to be noted also that a third oxida- 
tion wave was observed for neither compound 1 
nor 2 in the nitromethane/TFAA solvent system 
below + 1.2 V. A third oxidation step was 
observed for the selenanthrene 1 in acetonitrile1 
TEFSITFAA only at a rotating gold disc elec- 
trode. Its potential (ca. + 1.5 V) was not re- 
producible, although it was of the same height 
as the other two waves. 

Diffusion control of the limiting oxidative 
current at the rpe for the first two oxidation 
steps of both the sulfur and selenium hetero- 
cycles was evidenced by excellent linearity (18) 
of the i us. w1I2 plot from 400 to 3000 rpm and 
leads to a value of n = 1 for each step, consis- 
tent with diffusion coefficients, calculated from 
the first wave, which are essentially the same as 
one another, at D = 2.0 (k0.8)  x cm2 
s- l .  

Cyclic voltammetry (platinum bead electrode) 
of the selenanthrene in CH,NO, showed that 
the first two oxidation waves had peak-to-peak 
potential separations of 60 mV at a scan rate of 
0.1 V s-l ,  consistent with one-electron Nernstian 
processes (19). At scan rates of this order, the 
peak current ratio, i,/i,, was essentially unity for 
the first oxidation process, as expected for a 
chemically reversible system. However, the 
second oxidation process had iJi, < 0.95 at 
1.0 V s-', and the ratio decreased with decreas- 
ing scan rate, indicating decay of the expected 
dication product in solution. Thus, attempts to 
electrosynthesize this two-electron oxidation 
product resulted in its complete decomposition 
on the time scale of the electrolysis (several 
minutes) and bleaching of the solution. 

The third oxidation process could be observed 
more readily in the absence of TFAA, and was 
irreversible at scan rates up to 4 V s-' under all 
conditions. 

In the case of the thianthrene 2, one-electron 
oxidative coulometry at a platinum gauze anode 
(in nitromethane1TEFS) gave the green solution 
of the previously reported (15) radical cation 2' 
(Table 2). Further oxidation at  150 mV positive 
of the second El,, resulted in the consumption 
of another 0.93 Faraday per mol, yielding a bright 
blue solution of the dication z2+.  The absorb- 
ance (Table 2) decreased gradually in time. 
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TABLE 1 .  Redox properties of the anthrenes 
- 
Concentration Supporting 

Heteroatoms (M x Solventb electrolyte Eln E2" 

S 1 CM,CN TEFS $0.83 f 1 . 1 7  
S 1 CH3NQ2 TEFS -10.83 +1.18 
Se 1 CH,CN TEA$ f 0 . 8 9  $1.20 
Se 1 CH3CN TEFS +0.89 -1-1.21 
Se 0.1 CH,CN TEFS $0.91 +1.19 
Se 1 CH3N0, TEFS $0.90 + 1  21 

"In volts (V) measured 1.1. nonaqueous reference electrodes (Ag/Ag+) ana quoted cs. sce. Values ( 5  10 
mV) from volta~nmetry and rpe polarograpl~y. 

bl-2% TFAA. 

FIG. 1 .  Cyclic voltammagram of 2,3,7,8-tetramethoxy- 
selenanthrene (0.18 mM) in acetonitrile/TFAA/TEFS., at 
platinum sphere electrode, scan rate 100 mV s-'. 

TABLE 2. Absorption spectra 

Heteroatoms Species h (nm) Log E 

Shoulder;  neutral molecules in acetonitrile 
Tat ions  in nitromzthane, TEFS. 

Controlled potential oxidation of a 1.0 
x M solution of the selenanthrene P in 
acetonitrile/TEFS at 160 mV positive of El,,  for 
the first oxidation wave caused the solution to 
become bright blue. After 5 half-lives, 0.96 
Faraday per mol had been consuined in produc- 
tion of the cation radical i i  and the solution 

yielded an esr signal, with g = 2.0246 and 
a,, = 20.7 G. The spectrum of the radical 2' is 
a complex pattern at g = 2.0073 (20). The 
g-values are similar to those of the analogous 
radical cations of tetrathiofulvalene 3 (21) and 
its selenium counterpart 4, the latter having g = 
2.027 (22). 

As expected, the effect of methoxyl substituents 
is to delocalize the spin density on 8 + ,  and lower 
(23) its reduction potential by ca. 0.24 V (16) 
relative to the unsubstituted radical cation 
(g = 2.0315) (24). 

The solution's electronic absorption spectrum 
exhibited two overlapping bands of approxi- 
mately equal intensity, at 690 and 820 nm 
(Table 2). This observation was reminiscent of 
the aggregation observed for the unsubstituted 
analog of 2' in solution (25). Accordingly, 
simultaneous electrochemistry and spectro- 
photometry were carried out. The absorption 
spectra of increasing concentrations of i+  
(acetonitrile, 2% TTFAA, 0.1 M TPFS, 27 "C), 
prepared by in situ electrooxidation of aliquots 
of 1 in solution at i- 785 mV, were obtained. The 
absorption band at 820 nrn was dominant in the 
1-20 pM region, but limiting spectra (i.e. of the 
680 nm or 820 nm species) could not be obtained 
directly, the former because of solubility limita- 
tions (even though the trifluoromethanesulfonate 
salt is appreciably more soluble than the per- 
chlorale), the latter because of the strong 
association. Thus, in the above concentration 
range, where the absorbance of the aggregated 
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species may, to a first approximation, be con- 
sidered negligible at 820 nm, the apparent molar 
absorptivity at 820 nm decreased linearly with 
concentration, evidencing a dimerization pro- 
cess. If this is written to be comparable with the 
case of if, then the equilibrium constant for the 
process 

is computed to be approximately 2 x 106, for E 

11 000 at 820 nm for if. Further aggregation 
may also occur. This equilibrium is reflected also 
in a concentration dependence of the E l l ,  values 
(Table l), and presumably contributes to the 
dependence of the E,l,-values on solvent and 
supporting electrolytes. 

All solutions of the radical cation i+  reacted 
with water, being bleached immediately water 
was added, whereas the sulfur radical 2' had a 
half-life of a few minutes. It is not surprising that 
the use of TFAA as a dehydrating agent (17) is 
important for preparation of if and 2" when 
they are in the M range. It is also expected, 
therefore, that 1'' and 2" will be even more 
susceptible to nucleophilic attack than the mono- 
cations, and thus decay more rapidly in solu- 
tion. It is noteworthy that TFAA addition 
readily extends the potential range of reagent 
nitromethaneITEAP for anodic electrochemistrv 
(to ca. + 2.0 l.s. sce). 

The relationship between the electrochemical 
properties of 1 and 2 closely parallels that (6) 
between the fulvalenes 3 and 4, in that selenium 
monocation is a stronger oxidant in solution 
than the sulfur analogue. The differences be- 
tween the two oxidation potentials of the sele- 
nium compounds are less than for their sulfur 
analogues. Thus, the tendency of 1' to redox 
disproportiorate in solution is slightly greater 
than that of 2', and a product of the process will 
be the relatively unstable dication. 

The single crystal resistivity value (1 I)  for the 
TCNQ complex of the selenanthrene 1 is 
1.3 0.3 x 10' ohm cm, and for the thian- 
threne-TCNQ adduct, 1 .1  f 0.3 x 10' ohm 
cm. Both materials are therefore insulators. It is 
possible that the packing geometry in the com- 
plexes is unfavourable for electron transfer. This 
could be contributed to by steric interactions of 
the methoxyl groups, if bent out of the rings' 
planes, or by the bent (domed) nature of the 
heterocyclic rings. In addition, we have been 

unable to detect an esr signal in either of the solid 
complexes of 1 or 2 with TCNQ, indicating very 
few unpaired spins, and hence very littlc net 
electron transfer in the ground state of the CT 
interactions. 

The effect of methoxyl substitution appears to 
be greater (0.34 V) for the sulfur heterocycle than 
for the selenium system (0.24 V), to the extent 
that the relative reduction potentials of the 
sulfur and selenium cation radicals are reversed 
by methoxylation. This increased sensitivity of 
the sulfur compound may relate to more 
effective participation of the relatively lower 
energy orbitals of the sulfur in the ring conjuga- 
tion. 
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Conformational and configurational analysis of hydrocarbon chains 
based on time-averaged carbon-13 chemical shifts 
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HELMUT BEIERBECK and JOHN K. SAUNDERS. Can. J. Chem. 55, 771 (1977). 
The conformations of saturated hydrocarbon chains are analysed by a least-squares fit of 

calculated to observed time-averaged carbon-13 chen~ical shifts. The calculated resonances are 
the sums of products of conformer resonances and conformer probabilities. The conformer 
shieldings are derived with predictive parameters developed earlier for conformationally well 
defined systems. The conformer probabilities are taken to be products of rotamer probabilities. 
The rotamer probabilities are variables in the analysis. 

HELMUT BEIERBECK et JOHN K. SAUNDERS. Can. J. Chem. 55, 771 (1977) 
On a analysk les conformations de chaines hydrocarbontes saturCes par un ajustement, par 

la methode des moindres carres, des valeurs calculees et observees pour les dtplacements 
chimiques du carbone-13 moyennes dans le temps. Les resonances calculCes sont les sommes 
des produits des rksonances d'un conformere et des probabilites de ce conformkre. On peut 
obtenir les blindages d'un conformere a partir des parametres qui permettent de les prtdire 
et qui ont etC dCveloppCs anterieurement pour des systemes qui sont conformationnellement 
bien definis. On fait I'hypothese que les probabilites des conformeres sont les produits des 
probabilites des rotameres. Les probabilites des rotameres sont des variables dans cette analyse. 

[Traduit par le journal] 

The carbon-13 resonances of saturated hydro- carbons is based on four separate reference 
carbon chains at ambient temperatures are the values, since a-carbon substituent effects are 
sums of the chemical shifts in all molecular nonadditive. The resonances of the primary, 
conformations, weighted by the probability of secondary, tertiary, and quaternary carbons in 
occurrence of each conformation. If the con- ethane, propane, isobutane, and neopentane, 
former resonances may be measured, or cal- respectively, served as starting estimates for 
culated to a good approximation, the conformer these references. Two substituent parameters, 
populations may be derived by fitting calculated HC and CC, account for the deshielding effect 
to observed time-averaged carbon-13 resonances. of P-carbons. A shift increment HC is associated 
Since conformational analysis is a prerequisite with every 1,3-diaxial hydrogen-hydrogen inter- 
for the determination of the configurations of action introduced by a P-carbon. An increment 
mobile systems, the derivation of the conforma- CC is associated with everv carbon-carbon 
tional probabilities from time-averaged carbon- gauche interaction. Previously derived parameter 
13 resonances also allows the determination of values (2, 3) served as starting estimates for HC 
configuration in asymmetric hydrocarbon chains. and CC. No y-carbon parameter is required. 

Results 
The method was developed and tested with 

the hydrocarbon resonances of Lindeman and 
Adams (1). Conformer resonances and prob- 
abilities were derived in the following way. 

Conformer Chemical Shifts 
The conformer resonances were derived with 

a set of substituent parameters described pre- 
viously (2, 3). The numerical values for the 
parameters were treated as variables in the 
analysis. The derivation of the resonances for 

An incoming anti y-carbon does not cause any 
significant displacement and the upfield shift 
associated with the introduction of a gauche 
y-carbon is due to the disappearance of the 
1,3-diaxial hydrogen interaction, i.e. the elimina- 
tion of an HC increment (3). The only 6- 
parameter which is required is a deshielding 
increment 6(C) associated with syn-axial 6-carbon 
interactions (4, 5). Its starting estimate was 
derived from methyl resonances in terpenoids. 
The definitions and optimized values of the 
structural parameters are found in Table 1. 

The derivation of the carbon resonances for 
primary, secondary, tertiary, and quaternary one of the d,l-3,4-dimethylhexane conforma- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



772 CAN. J. CHEM. VOL. 55. 1977 

tions may serve to illustrate the application of 
these parameters. The conformer is super- 
imposed onto cyclohexane and the hydrogens 
are labelled axial and equatorial. The hydrogens 
and carbons are engaged in the following inter- 
actions. 

HC Interactions 
C(l) -, H(1a)-H(3a) 
C(2) 4 H(2a)-H(4a), H(2a)-H(7a), 

H(2e)-H(7e) 
C(3) t H(3a)-H(la) - H(3a)-H(8a) 
C(7) + H(7a)-H(2a), H(7e)-H(2e) - H(7a)-H(4a) 

CC Interactions 
C(1) - 
C(2) 4 C(1)-C(4) 
C(3) +- C(4)-C(l) 

-t C(2)-C(5), C(7)-C(8) 
C(7) - 

6(C) Interactions 
C(l) + C(1)-C(5) 
C(2) - 
C(3) - 
C(7) - 

Only C(1), C(2), C(3), and C(7) need to be 
considered for reasons of symmetry. The inter- 
actions have been divided into two groups, 
backward and forward along the chain, for 
reasons which will be explained in the section 
defining conformer probabilities. 

Rotamer Populations 
The contributions of any given conformation 

to the time-averaged carbon resonances are 
proportional to the fraction of the time that the 
molecule adopts that conformation. These 
conformer probabilities are taken to be products 
of rotamer probabilities. It is assumed that the 
energies of the rotational states about a given 
bond are solely a function of the atoms directly 
attached to the terminal carbons of that bond. 
If one of these carbons is primary, all three 

rotational states are obviously equivalent. If one 
of the terminal carbons of the bond is quater- 
nary, the three rotamer populations are again 
assumed to be equal, whether there is a threefold 
axis of symmetry (tert-butyl group) or whether 
the three carbons are nonequivalent (as in 
3,3-dimethylhexane). Three possibilities remain: 
(I) Both carbons are secondary. (2) One carbon 
is secondary and the other is tertiary. (3) Both 
carbons are tertiary. 

Ca,e 1 Case 2 Case3  

The populations of the three unique rotamers 
(state I )  are designated p ,  ,, p,,, and p , , .  Since 
it is assumed that only the directly bonded 
atoms affect the energies of the rotational states, 
we have 

p = p .  22 13 

and 
pi2 = (1 - pi1112 

The populations of the three unique rotamers, 
pI1,  p21, and p,,, are the three remaining 
variables in the analysis, for which starting esti- 
mates of 113 were used. The optimized values 
are included in Table 1. 

Conformer Populations 
The probability of finding a molecule or 

molecular segment in a given conformatioi? is 
taken to be the product of the probabilities of 
finding the individual carbon-carbon bonds in 
their corresponding rotational states. There are 
two ways to derive all conformer contributions. 
For short hydrocarbon chains one may simply 
generate all molecular conformations and derive 
all carbon resonances in each conformation. 
For longer chains one needs. to deal only with 
the molecular segment containing the carbon 
in question, because only the rotational states 
of the closest bonds affect the carbon resonances. 
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BEIERBECK AND SAUWDERS 773 

TABLE 1. Definition of the structural parameters on which the present analysis is based, and their numerical 
valuesa 

Comparison This work 
Parameter 
definitions I 2 3 4 5 6 

Reference chemical shifts 
Primary 5 . 9  6.39 7.44 5.63 5.71 0.38 
Secondary 16.1 17.62 17.62 16.25 16.48 0.48 
Tertiary 25.2 24.99 24.17 23.00 23.18 0.47 
Quaternary 27.9 29.73 26.53 27.82 27.84 0.53 

Structural parameters 
He 

Rotamer populations 

OThe reference chemical shifts are given in ppm from TMS and the substituent parameters in ppm. The resonances in column I 
and the parameter values in columns 2 and 3 derived from carbon resonances in rigid systems, were included for comparison. 
Column I, Observed resonances in ethane, &pane, isobutane, and neopentane (9). Column 2, Paramctcr values derived from 
resonances in decalin derivatives found in the literature (10). Column 3 Parameter values derived from resonances in steroids and 
terpenoids (to be published). Column 4 Parameter values derived fr6m the data in Table 4 without restraints on population 
variables. Column 5, Parameter values dirived from the data in Table 4, and the restraint 0 5 d,, s 1. Column 6, Standard errors 
for the parameters in column 5. 

The conformations of the molecular segments 
along the four tetrahedral directions are assumed 
to be independent. Only unsubstituted and 
methylated chains are considered here. There- 
fore, only the conformations of molecular seg- 
ments in at most two directions, backward and 
forward along the chain, are required. 

In order to establish the presence or absence 
of a &carbon in a syn-axial position it is necessary 
to define the rotational staies of at least the three 
closest bonds. A definition of the rotational 

state of the fourth bond would also be required 
in order to establish whether a 6-hydrogen points 
toward "6, i.e. to distinguish 6-interactions from 
unrealistic &-interactions. However, the com- 
bination of rotational states leading to such an 
&-arrangement is usually so improbable that the 
definition of the three-bond segment seemed 
sufficient, We will return to this point in the 
Discussion section. 

Summation over Conformer Contributions 
The summation over the conformer con- 

tributions to the carbon resonances in the 
3,CdimethyIhexane isomers may serve as illu- 
stration. For these six-carbon chains it would 
have been simpler to generate all molecular 
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TABLE 2. Calculation of HC, CC, and 6(C) conformer contributions to the averaged 
C-13 resonances of C(1), C(2), C(3), and C(7) of d,1-3,4-dimethylhexanea 

[HC + CC + 6(C)] x Conformer population = Conformer 
contribution 

2.359 
0.000 
2.900 
0.000 
4.570 
0.000 

"The conformation is defined by the figure in the text. The reference values are added after summation 
over HC, CC, and 6(C) contributions of all conformations. The reference values and calculated resonance 
averages are in ppm from TMS. 

conformations and count the interactions in 
each conformer. However, this example will be 
used to demonstrate the general procedure of 
dealing only with three-bond segments. Only 
bonds C(2)-C(3), C(3)-C(4), and C(4)-C(5) 
give rise to nonequivaient rotational states. The 
conformations of the following molecular seg- 
ments have to be defined. 

Segment Probability 

The resonance of C(l) receives contributions 
from 3 x 3 conformations, since bonds C(2)- 
C(3) and C(3)-C(4) occur in segment C(1)- 
C(4). In the conformation defined at the be- 
ginning of the Results section bond C(2)-C(3), 
type 2, is in rotational state 2 and bond C(3)- 
C(4), type 3, is in state I. This conformation of 
segment C(1)-C(4) therefore occurs with prob- 
ability p,, x p,,. The combination of the rota- 
tional states of the three bonds in segment 
C(2)-C(5) gives rise to 3 x 3 x 3 conforma- 
tional contributions to the C(2) resonance. Bond 
C(4)-C(5), type 2, is in state I and this con- 
formation of segment C(2)-C(5) therefore 
occurs with probability p,, x p,, x p,,. Both 
C(3) and C(7) receive contributions from 3 
conformations in the first part of the chain, and 
from 3 x 3 conformations in the second part. 
In the example above the probabilities of 
occurrence are p,, and p,, x p,  ,, respectively. 
These products of rotamer populations are 

listed above with the corresponding chain seg- 
ments. The derivation of the numerical values 
for the p- and 6-contributions to the C(1), C(2), 
C(3), and C(7) resonances in the same d,l-3,4- 
dimethylhexane conformation is shown in 
Table 2. The reference shifts are added after the 
derivation of the total p- and 6-shift contribu- 
tions from all conformations. 

Table 3 gives the substituent interactions for 
all carbons and segmental conformations of meso 
and d,l-3,4-dimethylhexane. For each segmental 
conformer four types of interactions are listed, 
namely the number of 1,3-diaxial hydrogen 
interactions HC. the number of carbon-carbon 
gauche interactions CC, the number of gauche 
y-carbons y(C), and the number of syn-axial 
&carbons 6(C). No substituent parameter for 
gauche y-carbons is required. The number of 
y-carbons was included simply because the sum 
of these four types of interactions is constant 
for a given chain segment, regardless sf the 
conformation of that segment. For example, 
C(2) is always engaged in a total of four such 
interactions along C(2)-C(5). In the first con- 
formation n,, = 1, n,, = 2, n,(,, = 1, and 
ng(,) = 0, etc. 

The segmental conformations are generated 
and listed in the tables in the following sequence. 
In the starting conformation all bonds are in their 
unique rotational state. In the direction from 
the lowest to the highest numbered carbon in 
the segment the lastbond is rotated clockwise 
by 120" and 240°, then the second and finally the 
first bond. This convention is used whether the 
carbon under observation is at the beginning or 
end of the segment. For example, the conforma- 
tion of segment C(2)-C(5) in the d,l-3,4- 
dimethylhexane example would be the tenth 
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TABLE 3. Structural parameters for all conformations of mesa and d,l-3,4-dimethylhexaneGb 

mesa-3,4- Dimethylhexane 

1001 1001 1010 

1201 1210 1210 
2110 2110 21 10 
1111 1120 1120 

"For each segmental conformer four types of interactions are listed, namely the number of 1,3-diaxial hydrogen inter- 
actions HC, the number of carbon-carbon gauche interactions CC, the number of gauche y-carbons y(C), and the number 
of syn-axial 8-carbons 6(C).  The segmental conformations are generated and listed in the following sequence. In the 
stariing conformation all bonds are in their unique rotational states. 

In  the direction from the lowest to the highest numbered carbon in the segment the last bond is rotated clockwise by 120' 
and 240' then the second and finally the first bond. 

b~ntera'ctions which lead to shift differences in meso and d,l-isomers are set in italics. For example, the set 1001 for C(7) 
occurs with probability pal  x p 2 ~  in the meso isomers (item 3 in row C(7)+) but with probability P~~ X 1122 in the 
d,l-isomers (item 5 in row C(7) +). 

conformer generated, 

9 x ( j - 1 ) + 3 x ( k - 1 ) + I  
= 9 x ( 2 - 1 ) + 3 x ( l - 1 ) + 1 = 1 0  

since the first bond C(2)-C(3) is in state j = 2, 
the second bond C(3)-C(4) in state k = 1, and 
the last bond C(4)-C(5) in state I  = 1. There- 
fore the set 3100 of three HC interactions and 
one CC interaction of C(2) along direction 
C(2)+C(5) is found in position 10 in row 
C(2) + of Table 3. 

The references, substituent parameters, and 
rotamer populations in Table 1  were derived 
with the data set in Table 4. If no constraints 
were placed on the rotamer parameters, p , ,  was 

found to be negative. The deviation of p , ,  from 
the smallest possible value of zero is slightly 
larger than the standard error for that parameter. 
The value of p , ,  was set equal to zero and the 
remaining parameters were redetermined. Both 
parameter sets are shown in Table 1. Table 4 
also contains quaternary carbon resonances, 
even though the resonances of quaternary 
carbons are taken to be independent of con- 
formation for reasons of symmetry and because 
they are only engaged in carbon-carbon gauche 
interactions. The quaternary carbon resonances 
were included in the analysis because substituent 
parameters and reference shifts were also op- 
timized. The results of analyses of heptane and 
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TABLE 4. Observed (1) and differences (Sobs - between observed and calculated time-averaged C-13 resonances 
for a series of butane, pentane, and hexane derivativesd 

Substrate 

Butane derivatives 
2-Me 

Pentane derivatives 
Nil 

Hexane derivatives 
Nil 
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BEIERBECK APiD SAUNDERS 

TABLE 4 (Concluded) 

Substrate C(l) c(2) C(3) C(4) C(5) C(6) C(7) C(8) C(9) 

system (n = chain length) 

bNumbering system (n = chain length) 
~ h a t n  

C"+1 

c I 
H 

CNot included in the data set which was used for the derivation of the parameters in Table 1 
dRoot-mean-squares deviation between calculated and observed resonances was 1.24 ppm. 

octane derivatives and of nonane are shown in 
Table 5. 

Discussion 
The present analysis is based on the assump- 

tion of independent rotational potentials, i.e. 
the rotational energy of any given bond is taken 
to be independent of the rotational states of the 
adjacent bonds. This model of independent 
rotational potentials is generally believed to be 
inadequate for the analysis of hydrocarbon 
chain conformations (61, since it does not take 
into account long range effects such as syn-axial 
8-interactions. For example, the energy of the 
g:, g T  combination of gatrclre rotational states 
is believed to be considerabIy higher than the 
sum of the energy increments associated with the 
two trans+gauche transitions (6). 

the assumption of independent rotational poten- 
tials leads to a satisfactory interpretation of the 
conformational dependence of time-averaged 
C-13 chemical shifts. The parameter set in Table 
1 represents a minimum set and no attempt was 
made to improve the fit between calculation and 
experiment by the addition of corrective param- 
eters. The reference shifts are in satisfactory 
agreement with the corresponding resonances in 
ethane etc., and also with references derived with 
carbon resonances in conformationally well 
defined substrates (Table I). The values for the 
structural parameters also conlpare favorably 
with parameters for rigid systems. The popula- 
tion parameters favor the expected rotational 
states. Finally, the root-mean-squares deviation 
between calculated and observed time-averaged 
carbon resonances is of the same order of 

3.0 magnitude as error estimates for the prediction - of carbon resonances in rigid molecules. Thus 
hcal/rnoi there is no indication that conformations with 

syn-axial &-interactions require special con- -- siderations, and g+gF  and g,g, states are taken 
to be equally probable. For example, the follow- 

It was decided ~~eve~thcicss  to test this simplest ing probabilities are predicted for the molecular 
model first, and from our results it appears that conformations of pentane and 2-methylpentane. 
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It is also quite evident that predictive schemes 
like Lindeman and Adam's (1) or Grant and 
Paul's (7), which do not explicitly take into 
account conformational interconversions, are 
successful because the average conformation of 
a molecular segment remains constant as addi- 
tional substituents are added to the chain. 

An analysis based on rotational probabilities 
and three-dimensional parameters auton~atically 
accounts for the effects of asymmetry, and there- 
fore permits the assignment of resonances to 
nonequivalent carbons and the distinction of 
diastereoisomers. The assignment of the reso- 
nances for C(l) and C(6) in 2,3-dimethylpentane 
may serve to illustrate how molecular asymmetry 
leads to different resonances at nonequivalent 

carbons. Structural information is carried by 
two sets of parameters, namely the set of inter- 
actions in a given conformation and the com- 
bination of rotational states which define the 
probability of occurrence of that conformation. 
C(l) and C(6) are engaged in the same number 
of interactions in an equal number of conforma- 
tions, since rotation about C(2)-C(3) brings 
C(6) into the position previously occupied by 
C(1). However, these same interactions occur 
with unequal probability. For example, the C(1) 
parameter set 3001 in conformation 2 occurs 
with probability p,, x p,,, whereas C(6) ex- 
periences the same interactions with probability 
p,, x p,,. In other words, asymmetry is not 
carried by the structural parameters in this 

Conformation Probability C(1) C(6) 
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BEIERBECK AND SAUNDERS 779 

analysis, but rather by the population param- 
eters. Conformers do not give rise to nonequiv- 
alent contributions if both carbons are in 
equivalent structural surroundings in that con- 
former, or if there is an equally probable con- 
formation in which the two carbons interchange 
interactions. Thus, the parameter sets 3010 
cancel each other in conformations 1 and 3. 
The effects of the C(1) interactions 2011 in 4, 
2020 in 5 and 6, and 3010 in 7 and 9 are offset 
by the corresponding C(6) interactions in 7, 8, 

and 9, and 4 and 6, since p,, = p2,  and p3,  = 
p,,, and conformations 4 and 7, as well as 
conformations 5,6,8, and 9 are equally probable. 
This leaves the transfer of 3001 from C(1) in 
conformation 2 to C(6) in conformation 5, and 
of 3010 from C(1) in conformation 8 to C(6) 
in conformation 2. The three HC interactions 
cancel again and only the y(C)-G(C) exchange 
makes unequal contributions to the C(1) and 
C(6) resonances. The probability p,, x p,, that 
C(1) is engaged in a &interaction is higher than 

TABLE 5. Observed (1) and differences (So,, - F,,,,) between observed and calculated time-averaged C-13 resonances 
for a series of heptane and octane derivatives and for nonanec 

Substrate C(1) C(2) C(3) C(4) C(5) C(6) C(7) C(8) ~ ( 9 )  

Reptane derivatives 
Nil 

2-Me 

3-Me 

4-Me 

2,2-diMe 

2,3-diMea 

2,4-diMea 

2,5-diMca 

2,6-diMe 

3,3-diMe 

3,4-diMe meso 

3,4-diMe d,l 

3,5-diMe mesob 

3,5-diMe d,lb 

4,4-diMe 

Octane derivatives 
Nil 

Nonane derivatives 
Nil 

OFor definition of C(1) and C(8) see footnotes, Table 4. 
bThe present method does not distinguish these mesa and d,l isomers, and no assignment is implied in this case. 
CThe root-mean-squares deviation between calculated and observed resonances was 0.91 ppm. 
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the probability p,, x p,, for C(6), and the 
downfield signal is therefore assigned to C(1). 
This assignment would appear to be quite certain, 
since there is little doubt that p,, > p3,, and 
that syn-axial 6-interactions cause rather large 
downfield shifts. Hcwever, the assumption that 
the remaining conformer resonances do not 
contribute to the nonequivalence of C(l) and 
C(6) is not rigorously true. There is no molecular 
symmetry operation with interchanges C(1) and 
C(6) and therefore p,, x p,, and p,, x p2, are 
not exactly equal, etc. Furthermore, deviations 
between calculated and actual conformer res- 
onances will not affect C(l) and C(6) equally 
and may therefore also contribute to the non- 
equivalence of C(l) and C(6). 

The 3,4-dimethylhexanes are the only examp!es 
of diastereoisomers in Table 4. Since only the 
spectrum of the mixture of diastereoisomers is 
available, they do not provide a test for the 
assignment of configuration. The derivation of 
the resonances for both isomers may neverthe- 
less serve as an example. Table 3 lists the structural 
parameters in all conformations. C(1) is pre- 
dicted to have the same resonances in both 
isomers, because the substituents on the second 
asymmetric carbon are beyond the three-bond 
segment C(1)-C(4) (v.i.). A small shift differ- 
ence between rneso and d,l isomers is predicted 
at C(2). Elimination of all Interactions which 
occur in equally probable conforn~ations in the 
meso and d,l isomers leaves two sets of param- 
eters (set In italics in Table 3). 

Conformation ineso d, Probability 

13 2110 2101 P z 2 X P 3 2 X P 2 ,  

18 2101 .1 2110 P z z  x P 3 3  x P 2 3  

20 21 10 2101 P z 3 x P 3 l x P 2 2  

27 2101 1 2110 p23 X P 3 3  x p 2 3  

Since confornlation 13 is less probable than 
18, the 13/18 interchange of the 6-interactions 
causes a differential downfield shift at C(2) in the 
ineso isomer. This is partially offset by the 
28/27 interchange of 6-interactions, since con- 
formation 28 is more likely than 27. C(3) is 
predicted to have the same resonance values in 
both isomers. The C(7) signal shows the largest 
observed and predicted isomeric shift. In this 
case the 1001 set of interactions occurs in 
conformation 3 in the meso isomer, but in 
conformer 5 in the d,: isomer. Sincep,, x p,, > 

p,, x pZ2, the low field signal is assigned to the 
meso isomer. 

The further the asymmetric center is from a 
given carbon, the larger the number of rotational 
states which have to be defined in order to 
transmit the effect of asymmetry. The present 
three-bond treatment only allows the distinction 
of diastereoisomers with adjacent asymmetric 

centers. The definition of the rotational states 
of the three closest bonds, together with the 
substituents of the &carbon, only specify the 
presence or absence of a syn-axial 8-interaction. 
It does not indicate whether a 8-hydrogen 
(&-interactions) or an E-carbon (&-interactions) 
point toward the carbon in question. Thus, in the 
3,4-dimethylhexanes the probabilities of 6- 
interactions of C(7) along the two CB-C, bonds 
differ, since 8-interactions are only possible 
along C(4)-C(5), but not along C(4)-C(8). 
In the 3,5-dimethylheptanes, on the other hand, 
the 6-interactions of C(8) with C(6) and C(9) 
are taken to be equally probable, since the 
distinguishing feature, C(7), occurs beyond the 
three-bond segment and therefore is not recog- 
nized. In this case a definition of the rotational 
state of the fourth bond would be required to 
distinguish the two diastereoisomers. 

The 2,4-din1ethylhexanes may serve as ex- 
amples. Table 6 lists the 6- and +interactions for 
the nonequivalent carbons C(1) and C(7) in 
all molecular conformations. If all rotational 
states in the four-bond segments C(1)-C(5), 
C(1)-C(8), C(7)-C(5), and C(7)-C(8) are 
defined, the nonequivalence of C(1) and C(7) is 
traced to the fact that &-interactions with C(6) 
occur with probabilities p,, x p,, x p,, and 
PZ3 x p,, x P2, for C(1), but only with prob- 
abilities p21 p22 p23 and p22 p2.1 p21 
for C(7). Since the occurrence of unrealistic 
&-interactions, i.e. the loss of 6-interactions, is 
more probable for C(l), its signal is expected 
to be upfield from the C(7) resonance. 

The asymmetry effect is still relatively large 
if the two asymmetric centers are only separated 
by a methylene group, but becomes quite small 
as they move apart. For example, the C(1)-C(8) 
differences in 2,3-, 2,4-, and 2,5-dimethylheptane 
are 2.2 ppm, 1.0 ppm, and 0.2 ppm, respectively 
(Table 5). The four-bond treatment might there- 
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BEIERBECK AND SAUNDERS 

TABLE 6. 6- and E-interactions of C(1) and C(7) in 2,4-dimethylhe~ane"~~ 
- 

OConformer probabilities: ijk = ,u2, x p , j  x p 2 & ;  68 = &interaction w i t h  C(8) ;  66 = ~-interaction with 
C(6), etc. 

astartme conforrnation: 

fore seem a useful general procedure. However, 
the need to eliminate E-conformations, rather 
ehan introduce E-parameters, creates complica- 
tions. The elimination of such a conformation 
contradicts the assumption of independent 
rotational potentials, if that conformation would 
have a substantial probability of occurring. 
Returning to the examp!e in Table 6, conformer 
1 is taken to occur with probability p,, x p,, x 
p , ,  = 0 and itselimination would not pose any 
problem. However, conformation 24 occurs with 
nonzero probability p,, x p,, x p,, and its 
elimination would contradict the assumption 
p z l  + p z z  + p23 = 1. One therefore has a 
choice between two approximate treatments of 
long range asymmetry effects. Either a four-bond 
treatment is adopted and conformations with 
&-interactions are eliminated, even though this 
procedure would contradict the assumption of 
independent rotation potentials. Alternatively, 
the three-bond method is retained and long range 
asymmetry effects are considered separately. 
The assignment of the C(1) and C(7) resonances 
in 2,4-dimethylhexane illustrated in Table 6 was 
an example. Since the structural and population 
parameters in Table 1 seem reasonable, the three- 
bond treatment is retained. It would seem more 
appropriate to improve the prediction,of con- 
former resonances before going to a more 

daborate scheme of weighing these conformer 
resonances. 

Finaily, this method of conformational anal- 
ysis IS easily adopted to the description of 
heterosubstituted chains, since the derivation of 
carbon resonances in heterosubst~tuted sub- 
strates is entirely analogor-s to the pred~ct~ve 
scheme used here (8). 
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Synthesis of 4,4'-bis(dicyanomethylene)bicyclohexy1idine 

LARRY D. PEDERSEK A N D  LARRY WEILER' 
Depcirtnler7t ofChernist~?, Unil,er.rir~ o.fBr.itisl1 Coliimbitr, Vtrrrc,olrl.~r, B.C., C I I Z O ~ C I  V671W5 

Received August 25, 1976 

LARRY D. PEDERSEN and LARRY WEILER. Can. J. Chem. 55,782 (1977). 
4,4'-Bis(dicyanomethy1ene)bicyclohexylidine and its dihydro derivative, 4,4'-bis(dicyan0- 

methylene)bicyclohexyl were prepared from the condensation of malononitrile with the cor- 
responding diketone. Bicyclohexylidene-4,4'-dione was synthesized from the monoketal of 
cyclohexanedione via the symmetric azosulfide. 

The uv spectra of the 4,4'-bis(dicyanomethylene)bicyclohexylidine and related model com- 
pounds indicate the presence of a long range interaction between the dicyanomethylene groups 
of the title compound. 

LARRY D. PEDERSEX et LARRY W ~ I L E R .  Can. J. Chem. 55,782 (1977). 
On a prepare la bis(dicyanomtthylene)-4,4' bicyclohexylidine et son dCrive dihydro bis- 

(dicyanom6thylene)-4,4' bicyclohexyle par condensation du malononitrile avec la dicetone 
correspondante. On a synthCtisC la bicyclohexylidenedione-4,4' a partir du monoacCtal de la 
cyclohexanedione par I'intermCdiaire d'un azosulfure symttrique. 

Le spectre uv du bis(dicyanomCthy1ene)-4,4' bicyclohexylidine et des composes modeles 
voisins indiquent la presence d'une interaction a longue distance entre les groupes dicyano- 
mCthyli-nes du compose mentionnt dans le titre. 

[Traduit par le journal] 

Many cyano-substituted olefins form a variety to 9 (Scheme 1) or the corresponding diols by 
of charge-transfer complexes with electron various catalysts and solvent systems gave either 
donors (1). We became interested in studying monoaromatic products or fully reduced bicy- 
potential complexes of an acceptor in which 
there were two symmetrically disposed sites in 
the same molecule, not directly conjugated with 
each other. 1,4-Bis(dicyanomethy1ene)cyclohex- 
ane 1 (2) and 4,4'-bis(dicyanomethy1ene)bicy- 
clohexylidine 2 are two examples of such mole- 

cules. We now wish to report the synthesis of 2 
and its dihydro derivative 3. Catalytic reduction 

clohexyl-4,4'-diol. 
Thus we turned to an investigation of the re- 

ductive dimerization of the monoketal of cyclo- 
hexane-1,4-dione 4 (4) using the azosulfide 

5 6 7 Ncm\z NC 

3 
of p,pl-biphenol and subsequent oxidation gave + 
bicyclohexyl-4,4'-dione (3). Condensation of this 

diketone alanine (2) with gave malononitrile 3 in 38% yield catalyzed from the by dione. P- O f - $ - N $ N  O 
All attempts to partially reduce the p,p'-biphenol u 0 NC CN 

8 9 2 
'Author to whom correspondence should be addressed. SCHEME 1 
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PEDERSEN .4hD WEILER 783 

method recently developed by Barton and Willis 
(5a) and by ICellogg and Wassenaar (5b) (Scheme 
1). Treatment of 4 with hydrazine in ethanol (or 
methanol) gave the azine 5 which was converted 
into the tetrahydrothiadiazole 6 with H,S in 
water. Isolation of 5 and subsequent conversion 
to 6 usually resulted in lower yields of 6 than the 
one pot reaction (5a). The tetrahydrothiadiazole 
6 was oxidized with lead tetraacetate in methy- 
lene chloride to give the azosulfide 7 in 95% 
yield. Treatment of 7 with triphenylphosphine 
neat at 120°C for 2 h produced a smooth elim- 
ination of nitrogen and sulfur, and the bisketal 
8 was isolated in quantitative yield. Hence this 
symmetric reductive dimerization of a ketone is 
compatible with a ketal protecting group. The 
ketal group was removed by treating 8 with 5% 
aqueous hydrochloric acid in tetrahydrofuran 
to give bicyclohexylidene-4,4'-dione 9 in quanti- 
tative yield. Finally 9 was condensed with 
malononitrile with p-alanine as catalyst to give 
4,4'-bis(dicyanomethylene)bicyclohexylidene 2 in 
45% yield. 

The infrared spectrum of the dione 9 has a 
strong band at 1710 cm-' (CHCI,) which can be 
compared to the reported value of 1728 cm-' 
(CCl,) for l,4-cyclohexanedione (6) and 171 5 
cm- "CHCl,) for bicyclohexyl-4,4'-dione. Also, 
the Raman spectrum of a powder sample of 
dione 9 has medium bands at 1661 cm-' and 
1708 cm-' due to the carbon-carbon double 
bond and the carbon-oxygen double bond 
respectively. 1,4-Cyclohexanedione shows only a 
weak band at 1702 cm-I in the Raman spectrum 
(7). The enhancement of the intensity of the 
carbonyl stretch in the Raman spectrum of 9 
may be due to some coupling with the 1661 cm-' 
band or to different solid state conformations of 
9 and 1,4-cyclohexanedione. 

The uv spectra of 1-3 and 10 are given in 
Table 1 .  The bathochromic shift from 10 to 1 is 

C N 

10 

consistent with a long range interaction between 
the dicyanomethylene groups in 1. Similarly, a 
comparison of the longest wavelength absorption 
of 2 and 3 indicate a long range interaction 
through the central double bond of 2. A similar 
bathochromic shift has been reported in the uv 
spectra of 4-methylene cyclohexanones (8). We 

TABLE 1. Ultraviolet absorption of dicyanomethylene 
compounds" 

Compound L a x  (nm) 

Dicyanomethylenecyclohexane 10 239 (E 13 600) 
1,4-Bis(dicyanomethy1ene)cyclohexane 1 248 (F: 34 500) 
4,4'-Bis(dicyanomethylene)bicyclohexyl 239 (E 35 000) 

3 
4,4'-Bis(dicyanornethylene)bicyclo- 235 ( E  29 400) 

hexylidene 2 268 (sh, E 12 000) 

#All uv spectra were obtained in methylene chloride solutions. 

have not been able to obtain any well defined 
charge transfer spectra for these dicyanomethyl- 
ene derivatives in the presence of an electron 
donor 

Experimental 
All melting points are uncorrected. The ir spectra were 

recorded on a Perkin-Elmer Model 700 or Model 421 
spectrophotometer. Raman spectra were recorded on a 
Cary 81 spectrometer. Nuclear magnetic resonance 
spectra were recorded on a Varian T60 or XL-100 
spectrometer and chemical shifts are reported in 6 units 
from internal TMS. Mass spectra were recorded on an 
AEI-MS9 spectrometer. Microanalyses were performed 
by Mr. Peter Borda, University of British Colunlbia. 

Bicyclohexyl-4,4'-dione 
Bicyclohexyl-4,4'-dione was prepared in 90% yield 

from p,pf-biphenol by catalytic reduction in ethanol 
ethyl acetate - acetic acid (10: 10: 6) using 5% Rh on 
alumina as catalyst at 50 psi and subsequent oxidation of 
the diol with Jones' reagent (9); mp 111.5-114.5 "C (lit. 
(3) mp 114-115 "C). 

4,4'-Bis (rlicyanomethylene) bicyclohexyl3 
A mixture of 5.4 g of bicyclohexyl-4,4'-dione and 3.8 g 

of malononitrile was melted on a steam bath. To the melt 
was added 1.0 ml of an aqueous P-alanine solution 
(0.125 g/25 ml of H 2 0 )  and heating continued for 1 h. 
After cooling, the reaction mixture was washed with 
water and ether and the solid recrystallized from 250 ml 
of acetone to give 3.0 g (37.5% yield) of 3; mp 227-228 "C; 
ir (CH,C12) 2250, 1600 cm-I;  nmr (CDC1,) 6 1.45 
(m, 6H), 2.25 (m, 8H), 3.04 (br d, J = 15 Hz, 4H). And.  
calcd. for C,,HI8N4: C 74.48, H 6.21, N 19.31; found: 
C 74.40, H 6.06, N 19.49. 

1,4-Dioxaspiro[4.5]decan-8-one Azine 5 
To a stirred solution of 1.0 g of 1,4-cyclohexanedione 

monoketal (4) in 10 ml of methanol was added 5.8 ml of 
25% hydrazine hydrate over a period of 5 min. The 
reaction mixture was allowed to stir for an additional 
30 min. After removing the methanol by rotary evapora- 
tion, the residue was diluted with 10 ml of water and 
extracted with 30 ml of ether. The ether solution was dried 
(Na2S04) and evaporated to dryness, affording 300 mg of 
crude product. Recrystallization from hexanes afforded 
75 mg of white crystals; mp 118-120°C; ir (CH2Cl2) 
1645 cm-'; nmr (CDCI,) 6 1.68-2,O (m, 8H), 2.44-2.66 
(m, 8H), 3.96 (s, 8H); ms (70 eV) mle (relative intensity): 
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308(81), 222(15), 207(16), 170(33), 154(100), 99(49), 
86(19), 82(25), 44(47), 40(59). Anal. calcd. for C,BH,,- 
N 2 0 4 :  C 62.31, H 7.84, N 9.09; found: C 61.58, H 7.56, 
N 8.91. 

Bisethylene Ketal of Cyc1ohexa1~-4-onespiro-2'-1',3',4'- 
thindiazoiidine-5'-syirocyclohexan-4-one 6 

T o  a stirred sol~tiori of 13.5 g of I,4-cyclohexanedione 
n~onoketa! (4) in 125 ml of ethanol was added 78 mi of 
25% hydrazine hydrate over a period of 1 h. An initially 
formed white precipitate dissolved upon continued 
addition of the hydrazine hydrate. After stirring for an 
additional I0 min, the ethanol was removed by rotary 
evaporation. The residue was diluted to I50 ml with water. 
A stream of hydrogen sulfide ivas passed through this 
stirred aqueous solution for 2 h. The white precipitate 
was cciiected by filtration, washed with water, and air 
dried to give 12.8 g (86.4% yield) of crude tetrahydro- 
thiadiazoie 6. A sma:L amount was recrystallized from 
hexanes; mp 135-138 "C; iv  (CH2CI,) 3250,1140 cm-'; 
nrnr (CDCI,) 6 1.64-1.92 (GI, 8H), 1.92-2.1 (m, 8M), 3.94 
(s, 8H). Aizal. calcd. for Ci6H,6NPr,0,0: C 50.11, H 7.65, 
N8.18,S9.36,found:C55.90,H7.50,N8.19,S9.65. 

Biserhyiene Kefnl of Cyciohe.uai~-4-oi~espiro-2'-1',3',4'- 
fiiiarlinzolii?e-5'-spirocyc!olzexut~-4-oi?e 7 

A solution of 10.5 g of 6 in 85 m! of methylene chloride 
was added to a stirred solution of 15,4 g of lead tetra- 
acetate in 50 ml of methyiene chloride under nitrogen 
and cooled to 0 "C over a period of 45 min. The reaction 
mixture was allowed to warm to room temperatme with 
stirring over a period of 1 h and was then diluted to 300 
ml with methylene chloride. This mixture was washed 
with 200 ml of saturated sodium bicarbonate, filtered, 
washed with an additional 50 ml of saturated sodium 
bicarbonate and 50 ml of water, and dried (Na2S04). 
Evaporation to dryness gave 9.9 g (95% yield) of thia- 
diazoline 7. A small amount of 7 was recrystallized from 
hexanes to give clear crystals which clouded on heating 
a t  ca. 118 "C and decomposed with gas evolution to a 
white powder at 130 "C. The resulting white powder melts 
a t  233-234'C; ir (CH2CIZ) 1580 cm-'; nmr (CDCI,) 6 
1.64-2.10 (m, 12H), 2.48-2.86 (m, 4H), 4.0 (s, 8H). Anal. 
calcd. for CI6Hz4N2O4.S: C 56.44, H 7.11, N 8.23; 
found: C 56.20, H 7.22, N 8.44. 

Bisethylene Ketal of Bicyclohexylidene-4,4'-dione 8 
A mixture of 8.5 y of trlphenylphosphine and 9.6 g of 

";was heated at 120°C for 2 h. Rapid gas evolution was 
observed at  the beginning of the reaction. After cooling, 
the solid reaction mixture was taken up in chloroform and 
chroniatographed on a silica gel coiuinn (31 x 3.5 cm) 
eluting with chloroform. Triphenylphosphine sulfide 
came OR fi;st, followed by 8.0 g of the bisketal 8 (quanti- 
tative yield); mp ! 14-117 "C; nmr JCDC1,) S 1.50-1.84 
(m, 8H), 2.20-2.50 (m, 8IH), 4.00 (s, 8H). Anal. calcd. for 
C16H2404: C 68.54, H 8.63; found: C 68.57, H 8.46. 

Bic~~clohes:~~lidene-4,4'-dione 9 
A solution of 7.9 g of bisketal8 in 150 ml of 5% hydro- 

chloric acid and 150 ml of tetrahydrofuran was refluxed 
for 1 h. After cooling, the tetrahydrofuran was removed 
by rotary evaporation. The resultant aqueous solution 
was extracted with chloroform (2 x 100 ml). The com- 
bined cb!oroform extracts were washed with 50 ml of 
saturated sodium bicarbonate and 50 ml of water, dried 
(MgSO,), and evaporated to dryness. Thus 5.5 g (quanti- 
tative yield) of bisketone 9 was obtained. A small amount 
\\as recrystallized from hexanes; mp 117-1 18 "6 ;  ir 
(CHC13) 1710 cm-'; nmr (CDCI,) 6 2.34-2.76 (m). Anal. 
calcd. for C12H,602:  C 74.96,'H 8.39; found: C 74.90, 
H 8.40. 

4,4'-Bis (di~~yanon~ethylenej bicyclohe.u2.!idene 2 
A mixture of 1.0 g of bisketone 9 and 1.0 g of malo- 

nonitrile was melted on a steam bath. To the melt was 
added 5 drops of an  aqueous p-alanine solution (0.125 g/ 
25 ml of H20) .  The reaction flask was stoppered and 
heating continued for 30 min. The resulting light green 
solid reaction mixture was washed with water and ether, 
and recrystallized from 150 ml of ethyl acetate lo give 
0.685 g (45z yield) of light yellow needles; mp 223-224 "C; 
ir (CH,C12) 2255, 1600 cm-'; nmr (C3C1,) 6 2.20-3.00 
(m). Aircrl. ca?cd. for Ci8Hi6N4: C 74.97, H 5.59, r\l 19.43; 
found: C 74.85, H 5.73, N 19.33. 
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JOHN F. KISGSTOK and LARRY WEILER. Can. J. Chem. 55,785 (1977). 
An outline of a synthetic route to the antibiotic resistomycin is presented. We report the 

successful construction of an intermediate containing all of the carbon atoms in resistomycin 
with requisite functionalities. The key steps involved an aldol type condensation of the dianion 
from 2,4,6-trin~ethoxybenzoylacetone and a suitable acetophenone. This was followed by a 
novel acid-catalyzed cyclization-condensation to form the naphthalene intermediate required 
in our scheme. 

J o ~ h  F. KIUGSTO\ et LARRY WEILER. Can. J. Chem. 55, 785 (1977). 
On prCsente une ebauche d'une voie de synthkse conduisant a l'antibiotique resistomycine. 

On a construit avec succks un intermediaire contenant tous les atonles de carbone de la rksisto- 
mycine ainsi que les fonctions requises. Les etapes cles impliquent uae condensation de type 
aldolique du dianion de la trimethoxy-2,4,6 benzoylacetone et d u n e  acetophenone approprike. 
Cette reaction est suivie d'une nouvelle riaction de cyclisation-condensation catalysee par les 
acides conduisant au naphtalene intermtdiaire requis dans notre schema. 

[Traduit par le journal] 

Recently structure 1 was proposed for resis- 
tomycin ( I ,  2), an  antibiotic first isolated from 
Streptomj.ces resis tomyci j ic~c,  (3). The compound 
was resistant, hence its name, to decomposition 
in hot normal potassiuln hydroxide or hot con- 
centrated sulfuric acid. Resistolnycin is the only 

known example of a natural product with this 
pentacyclic skeleton. Its oxigenation pattern 
suggests that its biosynthesis involves the con- 
densation of ten acetate units which can fold in 
two possible modes, 2 ( l a )  or 3 (2), to produce 
resistomycin. Rings B, G, D in resistomycin 1 

hope that the methodology developed in the 
synthesis of resistomycin might be of widespread 
synthetic utility in the field of aro~natic aceto- 
genins (7). 

Our general synthetic approach to resistorny- 
cin involved using a molecuie containing ring E 
as the cornerstone on which is constructed ring 
D. Subsequent introduction of ring B and 
cyclizing to form rings C and A would generate 
the desired carbon skeleton as shown schema- 
tically in [ l ] .  A suitable ring E precursor would 

be the keto nitrile 7. This material was prepared 
from 3,5-dimethoxybenzoic acid 4 as shown in 
Scherne 1. The acid 4 was reduced with lithium 
aluminum hydride to the corresponding a!cohol 
which was converted via the cl~ioride to the nitrile 
5 (8) in 67% yield. The nitrile 9 was alkylated in 
807; yield with sodium hydride and methyl 
iodide in ref uxing 1,2-dimethoxyethane to give 
6. Finally, acyiation of 6 gave 7 in 79% yield. 

0 0 0  0 0 0  The symmetry of the proton and carbon nmr 
spectra of this product were consistent with 

2 3 structure 7 rather than the possible isomeric 
have distinct similarities to tile tetracycline anti- structure with the acetyi group a r f l ~ o  to the 
biotics (4) and the anthracycline family (5) of 2-methylpropionitrile grollp. 
antitumor agents. 111 addition rings C ,  D, E in Reaction of acetophenone 7 with an  excess of 
resisto~llycin B are quite similar to the natural the diallion of methyl acetoacetate (9) gave the 
phenalones and their dimers (6). This invited the 6-hydroxy-P-lteto ester $ ( I  0) which was charac- 
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Me0-9'C00H ------, 

OMe OMe OMe 

4 5 / 

Me#CN 0 OMe 

7 

SCHEME 1. Synthesis of 2-(4-acetyl-3,5-dimeth0~jrp~ienyl)-2-methylpropionitrile 7. 

terized as its trimethylsilyl ether (11). Thc a-carbon in a P-keto ester is significantly less 
alcohol 8 was smoothly dehydrated to an  reactive than the corresponding carbon in a P- 
EZ-mixture of olefins 9 in greater than 85% diketone in acid- and base-catalyzed alkylation 
yield from 7. All attempts to cyclizc 9 to the reactions. The feasibility of utilizing this fact was 
naphthalene 10 with acids, bases (for related suggested by the following observation. An 
base-catalyzed cyclizations, see ref. 12), or photo- excess of the dianion of benzoylacetone (for a 
lysis (for related photochemical cyclizations, see review of the generation and reactions of 
ref. 13) were unsuccessful, In addition attempted dianions from P-diketones, see ref. 14) was 

added to 2,4,6-trimethoxyacetophenone to pro- 

Me#cN - MelccN d duce the aldol product 12. This material was 
M e 0  

OMe 
0 OMe COOMe 

H* 

- Me* 
0 OMe I / / 

7 8 \ 

0 OH OH 0 

12 13 

dehydrated with HC1 in chloroform to a mixture 
OMe Me# CHCOCHzCooMe " of the corresponding E and Z alkenes. If the 

above dehydration reaction mixture was allowed 
9 to stand for about 5 h a new product was pro- 

duced in over 50% yield from 2,4,6-trimethoxy- 
cyclizations via thermolysis or pliotolysis of the acetophene. The structure of this new product 
corresponding en01 acetate of 9 were not suc- was readily shown to be 13. 
cessful. Similarly, the aldol product 14 was obtained in 

In  our proposed route to resistomycin we had quantitative yield from the condensation of the 
intended to  use 10 in an  acylation reaction with dianlon of 2,4,6-trimethoxybenroylacetone with 
1-375-trimethoxybenzene lo  give 11. the acetop~lenone 7 .  Attempts to dehydrate this 

material with HC1 in cliloroform gave a complex 

Me& Me mixture boron trifluoride of products; etherate however, in ether we found smoothly that 

/ / 

COOMe M e 0  

OH 40 OW 0 11 OMe Mw&oMe- F s O M e  OMe 1 

\ 

our failure to cyclize 9 to 10, suggested that a 
more conbergent route to 11 might fare better. In 0 OH OMe 0 OH OMe 

particular, we have consistently found that the 14 15 
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KINGSTON A N D  WEILER 787 

effected the dehydration of 14. But the major 
dehydration product was the unconjugated 
alkene 15 plus small amounts of the E and Z 
conjugated isomers of 15. N o  attempt was made 
to  separate the isomers a t  this stage. But this 
mixture of isomers, containing mainly 15, was 
treated first with HC1 in benzene to isomerize 
the double bond into conjugation and subse- 
quently with stannic chloride (1 5) to produce the 
cyclized ketone 11 in ca. 50% yield. 

At present we have very little evidence as to 
the mechanism of this novel cyclization to yield 
the naphthalenes 11 and 13, but we suggest the 
following possibility. It has been shown that 
methoxybenzene derivatives are readily pro- 
tonated on a ring carbon in strong acid (16). A 
similar protonation in the above cyclizations 
would produce 16. Attack of the resulting elec- 

trophilic ring carbon on the tin enolate would 
give 17 [2] which, on loss of methanol and 
enolization, yields the cyclized products 11 and 
13. In this reaction the roles of electrophile and 
nucleophile have been reversed from those 
normally encountered in aromatic substitutions. 
The stannic chloride is essential for the cycliza- 
tion and we can attribute two possible advan- 
tageous properties to this Lewis acid. First, the 
chelating properties of the tin may be important 
in holding intermediate 16 in the appropriate 
conformation for cyclization. In addition, the 
high ionic character of the tin-oxygen bond may 
enhance the nucleophilic character of the en01 
carbon and hence assist the cyclization. A similar 
type of mechanism may also be involved in the 
stannic chloride-catalyzed cyclization of the 
P-keto ester 18 shown in [3] (1 7 ) .  

COOMe COOMe 

This completes the synthesis of a resistomycin 
intermediate containing all of the carbon atoms 

of resistomycin and rings B, C, and E. The re- 
maining steps involve a cyclization and loss of 
methanol to produce ring C, and an internal 
acylation, perhaps of the I-Ioesch type (18) to 
form ring A. dn light of the above successful 
cyclizations [2]  which we suggest arc initiated by 
ring protonation, we undertook a study of the 
acid cyclizations of 11. Indeed, treatment of 11 
with a variety of strong acids gave a product in 
high yield which had undergone a cyclization and 
loss of methanol. Unfortunately this product was 
shown to be the xanthone 19 from its spectral 
properties. It would appear that protonation of 

Y 
OMe 

19 

the ketone or trimethoxybenzene ring was 
occurring, as hoped, but the oxygen of the ring 
D hydroxyl was a more efficient nucleophile than 
ring E. We are currently involved in the prepara- 
tion of suitable derivatives of 11 and in their sub- 
sequent cyclization. 

Experimental 
Infrared (ir) spectra were taken in chloroform solution 

(unless orherwise noted). They were recorded on a 
Perkin-Elmer model 700 spectrophotometer and were 
calibrated with the 1601 cm-I band of polystyrene. 
Nuclear magnetic resonance (nmr) spectra were taken in 
deuterochloroforn~ (unless otherwise noted) and were 
recorded on a Varian model T-60 spectrometer. Tetra- 
methylsilane was used as an internal standard except 
where indicated. Chemical shifts are reported using the 6 
scale. The following abbreviations are used regarding the 
multiplicity of peaks: s singlet, d doublet, t triplet, 
q quartet, m multiplet. Coupling constants are denoted 
by J and are quoted in cycles per second (Hz). The 
multiplicity, coupling constants, integrated peak areas, 
and proton assignments are listed in parentheses after 
each signal. Ultraviolet-visible (uv-vis) spectra were 
recorded on either a Unicam model SP 800 or a Perkin- 
Elmer model 202 spectrophotometer. Unless otherwise 
noted the spectra were taken in methanol. The molar 
extinction coefficients of the main bands are listed in 
parentheses after the absorptions. The mass spectra were 
obtained using an Atlas CH-4b mass spectrometer. High 
resolution measurements were made on an AEI MS-9 
mass spectrometer. Each mass ( m ! r )  has its relative 
intensity listed in parentheses aiier i t .  Both instruments 
were operated at an ionizing potential of 70 V. 

Melting points (mp) were determined on a Kofler hot 
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stage microscope and are uncorrected. Elemental micro- 
analyses were performed by Mr. Peter Borda, University 
o f  British Columbia. 

3,5-Diinerhoxybenzyl Alcohol 
A 1000 ml three-necked flask was fitted with a dropping 

funnel, a condenser with a calcium sulphate drying tube, 
and a magnetic stirrer. Tt was charged with a suspension 
o f  lithium aluminum hydride (4.80 g, 126 mmol) in THF 
(200 ml). A solution o f  3,5-dimethoxybenzoic acid 4 
(10.0 g, 55.0 mniol) in dry THF (200 nil) was added 
dropwise at a rate that maintained gentle reflux. After the 
addition was complete ( 1  h )  the mixture was allowed to  
stir for an additional + h. This was follo\ved by the drop- 
wise addition o f  ether (250 ml)  saturated with water and 
the drop\+ise addition o f  6 Nsulphuric acid (180 ml). The 
aqueous and organic phases nere separated and the 
aqueous phase was extracted with ether (2 x 100 ml). The 
combined organic phases were washed with water (3 x 50 
ml),  dried over sodium sulphate, and evaporated under 
reduced pressure to  yield 3,5-dimethoxybenzyl alcohol 
(9.17 g, 99%); ir 3400, 1600 cm- ' ;  nmr 6 2.16 (s, 1, hy- 
droxyl proton, exchangeable inD,O), 3.70 (s, 6,  metlioxy 
group protons), 4.47 (s, 2, methyler~e protons), 6.25 (m ,  3, 
aronlatic protons). 

3,5-Dimerhosybei1zj~l C11loi.ide 
A 1000 ml three-necked flask was fitted with a dropping 

funnel, a condenser, and a magnetic stirrer. It \vas 
charged with a solution o f  3,5-dimethoxybenzyl alcohol 
(28.4 g, 169 m n ~ o l )  and pyridine (3 rnl) in anhydrous ether 
(300 ml). A solution o f  thionyl chloride (50.0 g, 324 
mmol) in anhydrous ether (250 ml) uas  added dropwise 
over a period o f  1 h .  The solution was then allo\ved t o  
stir an additional 1 h before water (60 1111) was added, 
carefully, through the dropping funnel. The aqueous and 
organic phases were separated and the organic phase \\.as 
washed with water (2 x 100 ml) and dried over mag- 
nesi~trn sulphate. The solvents \?.ere removed under 
reduced pressure to  yield 3,s-dimethoxybenzyl chloride 
(28.6 g, 9 0 z )  as a yellowish oil which crystallized on 
standing; m p  42-44 ' C  (lit. (8) mp 46 'C) .  

3,5-Dir?lefhosybeizl4.1 Cyaizide 
A mixture o f  3,s-dimethoxybenzyl chloride (33.0 g, 

187 mmol), sodium cyanide (60.0 g ,  1.23 mol), ethanol 
(600 ilil), and Rater (150 ml)  was refluxed for 4 h. The 
solution was poured onto 1000 g o f  ice. The precipitate 
formed \\as collected oil a filter and dissolved in ether. 
This solution was dried over magnesium sulphate and 
the solvents were removed under reduced pressure to  
yield 5 (23.7 g, 75%); rnp 50-51 ' C  (lit, (8) nip 53 ' C ) ;  ir 
2260 cni- l ;  nmr 6 3.55 (s, 2, methylene protons), 3.71 (s,  
6. methoxy group protons), 6.25 (m, 3, aromatic protons). 

2- (3,5-Di!??erho.~yphenj~I) -2-inerlz.v~iopioniiri/e 6 
A 500 mi three-necked flask was fitted with a dropping 

funnel, a condenser, and gas inlet and outlet tubes. It was 
charged with sodium hydride as a 57% dispersion in 
nlineral oil (12.0 g, 289 mmol) and the mineral oil was 
removed by washing with petroleum ether (2 x 20 ml). 
Dry D M E  (150 ml) was added a.nd the flask was flushed 
with nitrogen. A sorution o f  3,s-dimethoxybznzyl cyanide 
5 (12.0 g, 67.8 mmol) in dry DME (100 mlj was added 
dropwise over a period o f  5 h.  The mixture was allowed 
to  stir for 15 min and then methyl iodide (41.0 g, 288 
mmol) !?as added dropwise over a period o f  20 min. The 
m i x t ~ r e  was refluxed for 24 h and then cooled to  room 

temperature. Water (100 ml) and ether (150 ml) were 
added and the phases separated. The aqueous phase was 
extracted with ether (2 x 150 ml) and the combined 
organics were washed with water (2 x 150 ml),  dried over 
magnesium sulphate, and the solvents were removed by 
evaporation under reduced pressure. The crude oil ob- 
tained was distilled in cucuo to  afford 6 (1 1.1 g, 80%); 
bp 97 'C12 torr (lit. (8) bp 147-150 "C/750 torr); nmr 6 
1.67 (s, 6,  gem-dimethyl group protons), 3.75 (s, 6,  
methoxy group protons), 6.45 (m ,  3, aromatic protons). 

2- (4-Acetyl-3,5-dimethoxypkenyl) -2-~?zethylpvopionifrile 7 
A solution c f  6 (511 mg, 2.50 mmol) and acetic anhy- 

dride (600 mg, 5.88 mmol) in methylene chloride (50 ml) 
was added to  a 50 ml three-necked flask fitted with nitro- 
gen inlet and outlet syringe needles and a magnetic 
stirrer. The flask was flushed with nitrogen and cooled 
to  - 10 "C in an ice-salt bath. Aluminum chloride (2.0 g, 
15.0 mmol) was added, a portion at a time, with stirring, 
over a period o f  4 h. The mixture was allowed to  stir at 
0 "C for an additional 1% h after the addition o f  the 
aluminum chloride was complete. Water (15 rnl) was 
added with vigorous shaking. The phases were separated 
and the aqueous phase was extracted with rnethylene 
chloride (2  x 15 ml). The combined organics were 
washed with water (2 x 15 ml)  and dried over magnesium 
sulphate. The solvents were removed under reduced 
pressure to yield crude brown crystals which were 
recrystallired twice from ligroin - carbon tetrachloride to  
afford 22 (491 mg, 79%) as fine tan coloured crystals; m p  
120-121 ' C ;  ir 2250, 1700, 1610, 1580, 1250 cm-' ; nmr 
6 1.78 (s, 6,  gem-dimethyl group protons), 2.50 (s, 3, 
acetyl methyl group protons), 3.89 (s, 6, methoxy group 
protons), 6.71 (s, 2, aromatic protons); uv 262 n m  (3240); 
ms mle 247(23), 233(15), 232(100), 216(11), 175(5), 165(5), 
121(3), 119(5), 116(5), 115(5), 91(8), 83(6), 57(3), 56(3), 
55(5); Anal. calcd, for C14H1703N:  C 68.00, H 6.93, 
N 5.66;found: C67.73,H7.05,N5.38. 

,Mellgvl-5 (4-1'-Cyano-If-methylethyl-2,6-clirnethoxy- 
phenyl) -5-lzydro.~y-3-oxol1exanoate 8 

Sodium hydride as a 54% dispersion on mineral oil 
(175 n ~ g ,  4.17 mmol) was weighed into a 50 ml flask 
equipped with a magnetic stirrer. The mineral oil was 
removed by washing with dry T H F  (5  ml) and a further 
10 ml o f  dry THF was added as solvent. The flask was 
stoppered with a serum cap, fitted with nitrogen inlet and 
outlet syringe needles, flushed with nitrogen, and cooled 
to  OcC in an ice bath. Methyl acetoacetate (464 mg, 
4.00 nimol) was added dropwise to  the stirred mixture at 
a rate which maintained a vigorous but not excessive 
evolution o f  hydrogen. The reaction was allowed to  stir 
for 10 min after the addition was complete. Next, a solu- 
tion o f  n-butyllithiun~ (165 ml,  2.50 1W9 4.12 mmo!) was 
added dropwise to  the reaction mixture over a period o f  
I min. After a further 10 rnin o f  stirring, a solution o f  
ketone 7 (100 mg, 0.405 mmol) in dry THF (I0  ml) was 
added t o  the reaction mixture, still at 0 'C.  The reaction 
was allowed to  stir at this temperature for a further 10 
min aiid then 1 N hydrochloric acid (10 ml) was added in 
one portion. The mixture was poured into ether (100 ml) 
and the phases v,ere separated. The organic phase was 
washed ui th  water ( 5  x 15 mi) arid dried over magnesium 
sulphate. The solvents were removed under reduced 
pressure and the oil obtained was separated into its 
components by preparative tlc on silica gel using a mix- 
ture o f  carbon tetrachloride and ether (2 :  1 vlv) as devei- 
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KINGSTOh A N D  WEILER 789 

oping solvent. The band lying in the region R, 0.1-0.2 v,as 
removed and extracted with chloroform, The soivel~t was 
removed under reduced pressure to yield 9 (129 mg, 
8873; ir 3500, 2250, 1745, 1710, 1610, 1575 cm-'; nmr 
8 1.60 (s, 3, carbinol carbon methyl group protons), 1.70 
(gem-dimethy! group protons), 2.95 (d, J = 16 Hz, 1, 
proton on methylene group a to carbinol carbon), 3.52 
(d, J = 16 Hz, 1, proton on methylene group a to car- 
binol carbon), 3.47 (s, 2, rnethy!ene protons on carbon a 
to ester), 3.68 (s, 3, ester methoxy group protons), 3.90 
js, 6, ether methoxy group protons), 6.72 (s, 2, aromatic 
protons); tiv 276 nm (1670), 283 (shoulder); ms (a) low 
resoiution m/e 345(2), 332(8), 314(13), 249(21), 248(100)7 
233(1 I), 232(65), 230(27), 217(12), 162(25), 129(21), 
101(10), 85(!2), 59(14), 57(15), 55(10); (t) high resolution 
calcd. for CJBH2305r\! (P-IS) (a.mu): 345.158; found 
(mje): 345.162. 

Methyl 5- (4-l'-Cj~nizo-I'-met/zyletiz~~1-2,6-rlirnethoxy- 
phenyl) -3-oxo-5-r;.inzet/zylsilosyi~e.~a1io~1re 

Methyl 5-14] '-cyano-1'-methylethyl-2,6-dimechoxy- 
pheny1)-5-hydroxy-3-oxohexanoate 8 (95 mg, 0.26 mrnol), 
trimethylsiiylchloride (30 mg, 0.28 mmol), and hexa- 
methyldisiliazane (24. mg, 0.15 mmol) were dissolved in 
dry pyridine (5 ml) and the solution was stirred at room 
temperature for j h. 'The fine, \+hive precipitate formed 
was filtered o f  and hashed with anhydrous cther (5 ml). 
'Thewashing was combined with the filtrateand the solvents 
were removed under reduced pressure. The oil obtained 
was purified by preparative tlc on siiica gel using an ether - 
carbon tetrachloi-ide mixture ( I :2  v/v) as developing 
solvent. The band at 17, 0.3-0.4 nas  removed and extrac- 
ted with chloroform. The solvent mas removed under 
reduced pressure to yield the TMS derivative of 8; (52 
mg, 46z) ;  ir 2250, 1745, 1710, 1610, 1575 crn -'; nmr 
6 -0.04 (s, 9, silyl methyl group protons), 1.66 (s, 6, 
gem-dimethyl group protons), 1.80 (s, 3, protons on 
methyl group cr to silyl ether carbon), 2.95 (d, 1, proton 
on methylene group a to silyl ether carbon), 3.30 (d, 1 ,  
proton on methylene group a to silyl ether carbon), 
3.55 (s, 2, methylene protons on carbon cr to ester), 3.66 
(s, 3, ester methoxy group protons), 3.76 (s, 6, ether 
methoxy group protons), 6.60 (s, 2, aromatic protons); 
uv 283 nm (i640); ms (a) low resolution m/e 436(3), 
421(3), 406(3), 345(17), 321(10), 315(21), 314(100), 
272(17), 248(28), 232(14), 230(10), 162(11), 101(10), 
75(14), 59(11); (b) high reso!ution calcd. for C,,H,,O,- 
NSi (amu): 435.207; found (m/e): 435.200. 

1Wefhyl5- 14-1'-C~ano-I'-n~ethylethyl-2,6-di11~et/~o,~y- 
pherzyi) -3-0.rohe.r-4-etzonte 9 

Chloroform (25 ml) nas  sat~lrated with hydrogen 
chloride by bubblizlg the anhydrous gas directly through 
che solvent for 20 min. Methyl 5-(4-1 '-cyano-L '-methyl- 
ethyl-2,6-diniethoxyphenyl)-5-hydroxy-3-oxohexaoa!e 8 
(135 mg, 0.372 mmol) was added and the solution was 
allowed to stir at room temperature for 2 h. It was then 
washed nith saturated aqueolis sodium hydrogen car- 
bonate solution (3 x 10 m!) and water (3 x 10 ml), and 
dried over magnesium sulphate. The solvent was re- 
moved under reduced pressure to afford 9 (125 mg, 980z) 
as an E,Z mixture; ir 2250, 1740, 1680, 1610, 1575 crn-' ; 
nmr 6 1,75 (s, 6, getif-dimethyl group protons), 2.09, 2.32 
(2d, J = 2 Hz, 3 total, vinyl methyl groups in E and Z 
isomers respectively), 3.24, 3.53 (2s, 2 total, methylene 
protons on carbon a to ester in E and Z isonlers respec- 
tively), 3.65, 3.75 (2s, 3 total, ester methoxy group 

protons for E and 2" isomers respectively), 3.87 (s, 6; ester 
methoxy group protons), 6.16, 6.32 (2q, J = 2 Hz, 1 total, 
vinyl protons in Z and E isoil~ers respectively), 6.70 (s, 2, 
aromatic protor~s); uv 285 nm (6400); ms ((I) low resolu- 
tion m/e 345(2), 315(11), 314(7G), 272(13), 257(21), 
256(100), 214(13), 176(1 I), L62(12), 161(10), 101(12), 
53(12), 51(36); (0) high resolution calcd. for C,,H,,B,N 
(amu): 345.158; found (r??!e): 345.158. 

5-Hydro.~.y-1-phenyl-5- (2,4,6-trimerhoxjphenj~l) hexane- 
I,3-diotw 12 

A 50 ml flask containing isopropylcyclohexylamine 
(1.150 g, 8. I6 rnrnol) and dry T K F  (20 nil) was equipped 
wiih a magnetic stirrer, stoppered c i th  a serum cap, fitted 
wiih nitrogen inlct and outlet syringe needles, and 
flushed with nitrogen. A solution of n-butylhthium in 
hexane (3.30 mi, 2.50 1W9 8.25 mmol) was added and the 
reaciion was stirred at room temperature for 10 niin. 
After this time, a solution of benzoylacetone (618 mg, 
4.00 mmol) in dry T H F  (5 ml) Lvas added and the reaction 
was stirred at room temperature for 4 h before being 
cooled to 0 'C. A solutior~ of 2,4,6-trimethoxyaceto- 
phenona (168 n ~ g ,  0.800 nimol) in dry TMF (2 ml) was 
added acd the reaction mixture was stirred at 0 "C for 10 
min before being quenched by the addition of 1 1'V 

hydrochloric acid (15 ml). The roiltents of the flask Mere 
poured into ether (75 ml) and the organic phase was 
washed with water (5 x 10 1111) and dried over niag- 
nesi~lm sulphate. Evaporation of the solvents under 
reduced pressure yieided a mixt~lre of compounds com- 
posed primarily of beilzoylacetone and 12 (by tlc). 
Isolation of the product was accomplished by preparative 
tlc on silica gel using a carbon tetrachloride- ether 
mixture (2: 1 v/v) as developing solvent. The band lying at 
R, 0.3-0.4 was removed and extracted with chloroform. 
Evaporation of the chloroform under reduced pressure 
afforded 12 (303 mg, 100%) as a light yellow oil; ir 3550- 
3500, 1650-1550 cmL1; nmr (assignment simplified by 
ignoring the keto tautomer present in minor amount) 6 
1.75 (s, 3, carbinol carbon methyl group protons), 2.89 
(d, J = 14 Hz, 1, proton on methylene group a to car- 
binol carbon), 3.24 (d, J = 14 Hz, 1, proton on methy- 
lene group a to carbinoi carbon), 3.75 (2s, 9, methoxy 
group protons), 6.15 (s, 1, vinyl proton of enol), 6.i8 (s, 
2, protons on trimethoxyphenyl ring), 7.2-7.8 (m, 5, 
protons on phenyl ring); uv 338 nm (10,200); Ins (a) 
Icw resolution n ~ / e  354(50), 338(10), 324(17), 323(76), 
322(17), 249(12), 221(17), 219(14), 194114). 19?(43), 
L77(12), 168(26), 147(45), 106(10). 105(100), 91(14), 
77(48), 68(52); (b) high resolution calcd for C21HZ2o5 
(P-18) (amu): 354.147; found (nzle): 354.151. 

1.-Phettyl-5- (2,4,6-iritnethoxyphenylj he.x-l-eize-l,3-dione 
Chloroform (40 ~n!) was saturated with hydrogen 

chloride by bubbling the anhydrous gas through the 
solvent for h. A solution of 5-hydroxy-l-pheny1-5- 
(2,4,6-trimethoxypheny1)hezane-1,3-dione 62 (149 mg, 
0.412 ~xrnol) in chloroform (2 ml) was added and the 
solutioll was stirred for 1: h before being washed with 
water (5 x 10 ml) and dried over magnesium sulphate. 
Evaporation of the solvent under reduced pressure 
afforded the dehydrated products (138 mg, 97%) as a 
crude orange oil; ir 1650-1550 cm-'; nmr 6 2.15, 2.49 
( 2 4  J = 2 Hz, 3 total, vinyl methyl group protons in E 
and Z isomers), 4.75-4.85 (several s, 9 total, methoxy 
group protons), 5.90-5.40 (m, vinyl proton, vinyl proton 
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o f  enol, trimethoxyphenyl ring protons), 7.30-8.20 (ni, 
5, phenyl ring protons). 

5,7-Din~ethoxy-2-hydroxy-4-r~~ethyl-I-naphthyl Phenyl 
Ketone 13 

A 50 ml flask containing diisopropylamine (1.05 g, 
10.4 mmol) and THF (20 ml) was equipped with a mag- 
netic stirrer, stoppered with a serum cap, fitted with 
nitrogen inlet and outlet syringe needles, and flushed with 
nitrogen. A solution o f  11-butyllithium in hexane (4.60 ml, 
2.20 M, 10.1 n ~ n ~ o l )  was added and the mixture was stirred 
for 5 min before a solution o f  benzoylacetone (0.810 g, 
5.00 mmol) in dry THF (5 ml) was added. The reaction 
was refluxed under nitrogen for 2 h and then cooled to 
room temperature. A solution o f  2,4,6-trirnethoxyaceto- 
phenone (0.108 g ,  0.515 mmol) in dry THF ( 5  ml) was 
added and the solution was stirred at room temperature 
for 2 h. After this time, the contents o f  the flask were 
transferred via a stainless steel cannula to a rapidly 
stirred nlixt~~re o f  1 N hydrochloric acid (50 ml) and ether 
(250 ml). The organic phase was washed with water 
( 3  x 50 ml) and dried over magnesium sulphate. The 
mixture o f  compounds obtained after evaporation o f  the 
solvents under reduced pressure was dissolved in chloro- 
form (100 1111) saturated with anhydrous hydrogen 
chloride gas. This solution was stirred for 5 h and then 
washed with water (20 ml) and extracted with 1 N sodium 
hydroxide (5 x 20 ml). The base insoluble portion was 
washed with water (3 x 20 ml) and dried over mag- 
nesium sulphate. The solvents were evaporated under 
reduced pressure to yield a mixture o f  compounds which 
was separated into two components by preparative tlc 
on silica gel. A mixture o f  carbon tetrachloride and ether 
(2:  1 v/v) was used to develop the plates. The band lying 
at Rf 0.6-0.7 \%-as removed and extracted with chloroform. 
Evaporation o f  the chloroform under reduced pressure 
afforded 1-phenyl-5-(2,4,6-trimethoxypheny1)hex-4-ene- 
1,3-dione (46 mg, 25%); spectral data as described under 
synthesis o f  this compound above. Extraction o f  the band 
lying at R, 0.3-0.4 on the plates afforded 13 (88 mg, 53%). 
A sample o f  this yellow crystalline compound was sub- 
limed for analysis; mp 135-137 " C ;  ir 1640, 1600, 1575 
cm-'; nmr 6 2.49 ( s ,  3 ,  methyl group protons), 3.85 (2s, 
6, methoxy group protons), 6.10-6.40 (m,  3 ,  naphthyl 
ring protons), 7.30-8.40 (m, 5, phenyl ring protons); 
uv-vis 240 (34 300), 260 (shoulder), 285 (shoulder), 415 
(shoulder), 435 nm ( 5 1  500); ms n ~ / e  322(79), 305(39), 
246(16), 245(100), 230(18), 188(10), 147(10), 105(12), 
77(29). Anal. calcd. for C,,Hls04: C 74.52, H 5.63; 
found: C 74.40, H 5.60. 

I -  (2,4,6-Trimetho.~~'pIzenyl) butarze-1,3-dione 
A 250 ml flask containing a solution o f  2,4,6-trimethoxy- 

acetophenone (1.976 g, 9.41 mmol) in dry THF (175 ml) 
was eyilipped with a magnetic stirrer, stoppered with a 
serum cap, fitted with nitrogen inlet and outlet syringe 
needles, and flushed with nitrogen. A solution o f  trityl- 
potassium in DME (- 0.5 M )  was added dropwise until 
a permanent red colour appeared in the reaction mixture. 
During this addition a flocculent white precipitate was 
formed. Methyl acetate (10.0 ml, 132 mmol) was added 
and the reaction mixture was stirred at room temperature 
for 16 h,  during which time the precipitate dissolved. 
Next, the contents o f  the flask were transferred via a 
stainless steel cannula to a rapidly stirred mixture o f  1 
N hydrochloric acid (100 ml) and ether (500 ml). The 
aqueous phase was extracted with ether (2 x 50 ml) and 

the combined organics were washed with water (100 ml) 
and extracted with 1 N sodium hydroxide (3 x 75 ml). 
The combined base extracts were acidified by the addition 
o f  concentrated hydrochloric acid and reextracted with 
ether (3 x 75 ml). The combined ether extracts were 
washed with lvater (3 x 50 ml) and dried over mag- 
nesium sulphate. The product obtained after evaporation 
o f  the solvents under reduced pressure was recrystallized 
from ethanol-ligroin to afford 1-(2,4,6-trimethoxypheny1)- 
butane-1,3-dione (0.876 g ,  37%); mp 102-104'C; ir 
1650-1560 c n - ' ;  nmr 6 2.11 (s, 2, terminal methyl group 
in en01 tautomer), 2.26 ( s ,  1, terminal methyl group in 
keto tautomer), 3.8 (m,  -10, methoxy group protons 
and methylene protons o f  keto tautomer), 5.74 (s, 0.66, 
vinyl proton o f  en01 tautomer), 6.15 (2s, 2 total, aromatic 
protons in keto and en01 tautomers); uv 295 nm ( 1 5  200); 
ms nz/e 252(15), 221(40), 196(13), 195(100), 168(19), 
167(15), 165(15), 153(10), 137(10), 70(12), 61(12). Anal. 
calcd. for C I 3 H l 6 O 5 :  C 61.90, H 6.39; found: C 61.79, 
H 6.40. 

The base insoluble portion o f  the product mixture from 
the above reaction (still in ether) was washed with water 
( 3  x 50 ml) and dried over magnesium sulphate. The 
mixture obtained after the solvents were removed under 
reduced pressure was recycled twice following the same 
procedure as outlined above. This resulted in an overall 
yield o f  55% from the original 2,4,6-trimethoxyaceto- 
phenone. 

2- (3,5- Dimethoxy-4- (4,6-dioxo-2-liydroxy-6-Zf,4',6'- 
trinzethoxyphenylhes-2-y1)phenyl) -2-methylpropio- 
nitrile 14 

This con~pound was prepared following the procedure 
employed in the preparation o f  5-hydroxyl-l-phenyl-5- 
(2,4,6-trimethoxypheny1)hexane-1,3-dione 12. The fol- 
lowing reagents were used: isopropylcyclohexylamine (720 
mg, 5.1 1 mmol), 11-butyllithium in hexane (2.15 ml, 2.50 M,  
5.36 mmol), 1-(2,4,6-trin1ethoxyphenyl)butane-1,3-dione 
(630 mg, 2.50 mn~ol)  and 2-(4-acetyl-3,5-dimethoxy- 
pheny1)-2-methylpropionitrile 7 (124 mg, 0.502 mmol) in 
dry THF (30 ml total volume). The product was separated 
from unreacted dione by preparative tic on silica gel. The 
plates were developed with a mixture o f  carbon tetra- 
chloride and ether ( 1  : 1 v/v). The band lying at Rf 0.4-0.6 
was removed and extracted with chloroform. Evaporation 
o f  the solvent under reduced pressure afforded unreacted 
dione (395 mg, 78% o f  theoretical excess). No unreacted 
7 was observed on the plates. Extraction o f  the band 
lying at R, 0.1-0.2 afforded 14 (252 mg, 100%) as a clear 
011; ir 3550, 2255, 1650-1560 cnl-'; nnlr 6 1.55, 1.77, 
1.70 ( 3 s ,  9 total, carbinol carbon methyl group protons in 
en01 and keto tautomers and genz-dimethyl group 
protons respectively), 2.6-3.4 (m,  2, protons on methy- 
lene group E to carbinol carbon in en01 and keto tauto- 
mers), 4.8 (several s ,  15 total, methoxy group protons), 
5.72 ( s ,  < 1, vinyl proton o f  en01 tautomer), 6.15 (s, 2, 
protons on trimethoxyphenyl ring), 6.71 ( s ,  2, protons on 
dimethoxyphenyl ring); uv 285-310 nm (broad) (8650); 
ms (a) low resolution ni/e 499(2), 481(4), 468(5), 252(45), 
248(32), 232(32), 221(48), 197(10), 196(15), 195(100), 
168(15), 161(9); (b) high resolution calcd. for C27H3jOsN 
(amu): 499.220; found (mle): 499.220. 

2- (3,5- Dimethoxy-4- (4,6-dioxo-6-2',4',6'-trirnethoxy- 
phenylhex-I-en-2-yl)phenyl)-2-n1ethy[gropionitvile 15 

Boron trifluoride etherate (- 1 ml) was added to a 
stirred solution o f  14 (232 mg, 0.465 mmol) in anhydrous 
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KINGSTON 

ether (20 ml). A precipitate which formed during the 
addition dissolved in 2 min. After 20 min the solution was 
washed with water and dried over magnesium sulphate. 
Evaporation of the solvents under reduced pressure 
afforded a crude mixture of 15 and the conjugated isomers 
(223 mg, 100%) as a bright orange foam; ir 2255, 1650, 
1580, 1530 cm-I ;  nmr 6 1.72 (s, 6, gem-dimethyl group 
protons), 2.23, 2.55 (2d, J = 2 Hz, vinyl methyl group 
protons in E and Z isomers), 3.3-3.9 (methylene group 
protons in 15 and methoxy group protons), 6.10 (s, 2, 
protons on trimethoxyphenyl ring), 6.66 (2s, 2, protons 
on  dimethoxyphenyl ring), 6.0-6.7 (m, vinyl proton of 29 
and vinyl proton of various en01 tautomers). 

2- (7-Hydroxy-5-methyl-4-methoxy-8-2',-- 
ber1zoyl-2-naphthyl)-2-n1etlzylgropionitvile I 1  

A sample of the rnixture of 15 and conjugated isomers 
(212 mg, 0.440 nimol) was dissolved in dry benzene (50 
ml) and anhydrous hydrogen chloride was bubbled 
through the solution for 1Q h. After this time, stannic 
chloride (2 ml) and water (2 drops) were added and the 
resulting mixture was stirred at room temperature for 
16 h before being poured into water (20 ml). A precipi- 
tate which had formed in the reaction flask was dissolved 
in chlorofor~n (100 ml) and added to the benzene-water 
mixture. The organic phase was washed with water 
(4 x 20 ml) and dried over magnesium sulphate. Evapora- 
tion of the solvents under reduced pressure afforded 187 
mg of crude product which was recrystallized from 
ethanol-ligroin to yield 11 (90 mg, 46%) as bright yellow 
crystals mp 218-220 "C. A sample was sublimed for analy- 
sis (180 "C/0.04 torr); ir 2255,1640, 1600,1540 cm-'; nmr 
6 2.70 (s, 6, gem-dimethyl group protons), 2.51 (s, 3, 
aromatic methyl group protons), 4.8 (several s, 12 total, 
methoxy group protons), 5.8-8.0 (several s, 5 total, 
aromatic protons); uv 295 (shoulder), 304 (18 000), 
398 (54 400), 420 nm (shoulder); 111s ~n,'e 449(24), 432(28), 
282(12), 267(13), 266(10), 256(23), 255(100), 242(25), 
240(23), 211(12), 195(49), 180(1 I), 168(1 I),  167(10), 
165(11), 152(13), 149(13), 139(16), 137(14), 115(12), 
109(13), 95(13), 91 (17), 85(14), 83(1 I), 81(!7), 79(13), 
77(18), 71(18), 70(11), 69(26), 67(15), 63(10), 57(52), 
56(23), 55(61), 53(17), 51(16), 50(13). Anal. calcd. for 
CZ,H,,O,N: C 69.47, H 6.05, N 3.12; found: C 69.42, 
I1 6.15, N 3.00. 

Cyclization of P l  ro file Xarzthone 19 
A 15 mg sample of 11 was dissolved in 10 ml of cold 

(0 "C) acetic acid containing anhydrous HCI. This reac- 
tion mixture was allowed to warm to room temperature 
and stirred for 3 h. The reaction mixture was poured into 
saturated aqueous NaHCO, and extracted with chloro- 
form (5 x 20 ml). The extracts were combined, washed 
with water (2 x 10 ml), and dried over magnesium 
sulphate. The solvents were removed under reduced 
pressure to afford 13 mg of crude product which was 
purified by tlc on silica gel using chloroform-ether (1 : 1) 
as developing solvent. The band at Rf 0.3-0.5 was re- 
moved and extracted with chloroform to yield 8 mg of 
xanthone 19 as a yellow semi-solid; ir 2255, 1650, 1600 
cm-l;  nmr 6 2.68 (s, 6, gem-dimethyl group protons), 
2.46 (s, 3, aromatic methyl group protons), cci. 4.8 (three 
s, 9, n~ethoxy group protons), 6-8 (several s, 5, aromatic 
protons); ms (a) low resolution mle 417(65), 402(10), 
349(17), 334(10), 265(27), 237(12), 180(35), 152(22), 

91(20); (b) high resolution calcd. for C,,HZ30,N (amu): 
417.1576; found (m/e): 417.1589. 
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Studies on the iodidetriiodide equilibrium 

ROBERT L. BEXOIT, MICHAEL F. WILSON, and SING-UEUNG LAM. Can. J. Chem. 55, 792 
(1977). 

The solvent effect on the iodide-triiiodide equilibrium has been investigated by means of 
calorimetric and potentiometric measurements. The aprotic solvents studied were nitromethane, 
nitrobenzene, sulfolane, acetonitrile, propylene carbonate, acetophenone, dimethplformamide, 
dimethylsulfoxide, and o-dichlorobenzene. The resulting enthalpy and free energy changes imply 
that the variations of the enthalpies and free energies of transfer of the iodide and triiodide ions 
probably are small and that there is an important non-coulombic contribution to these transfer 
parameters. Va!ues were obtained for the enthalpy of formation of two solid triiodides, which 
together \\ ith values for other triiodides, cast doubt on reported calculated lattice enthalpies of 
triiodides and formation enthalpy of 13- ion in the gas phase. This latter formation enthalpy 
is found to be, from our solution data, Inore negative than -22 kcal mol-'. 

ROBERT L. B E ~ o ~ T ,  MICHAEL F. WILSON et SING-YEUNG LAM. Can. J. Chem. 55,792 (1977). 
On a etudie I'eRet de solvant sur l'equilibre iodure-triiodure au moyen de determinations 

calorimitriques et potentiomCtriques. Les solvants aprotoniques consideris incluent le nitro- 
methane, le nitrobenzene, le sulfolane, l'acetonitrile, le carbonate de propylkne, l'acetophinone, 
Ie dimi.thylformamide, le dimethylsulfoxyae et 1'0-dichlorobenzPne. Les changements d'enthal- 
pie et d'knergie libre observes impliquent des variations vraisemblablernent faibles pour les 
entbalpies et energies libres de transfert des ions iodures et triiodures et une composante non- 
coulombienne importante pour ces grandeurs de transrert. On a obtenu des valeurs de l'enthal- 
pie de la reaction de formation de deux triiodures solides et ces valeurs jointes B ceiles d'autres 
triiodures mettent en question des valeurs publiees de I'energie de reseau des triiodures et de 
l'enthalpie de formation de I'ion I,- en phase gazeuse. Cette derniere enthalpie de formation 
est, d'apris nos resultats, plus negative que -22 kcal mol-I. 

We have recently reported thermodyna~nic 
data for an anion-n~olecule reaction, C1-(s) + 
HR(s) e ClHR-(s). involving hydrogen-bond- 
ing between C1-, a halide ion, and a series of 
Br~nsted acids HR (1). A comparlsan of the 
enthalpy data obtained in sulfolane with gas- 
phase data allowed us to make a conlpiete 
analysis of the solvent effect on that reaction. 
Another type of anion-molecule reaction of 
general interest is that whcre the nlolecule is an 
uncharged Lewis acid. We have now com- 
pleted a study of such a reaction, namely 

in a series of dipolar aprotic (dpa) solvents (s). 
Association constants K for [ I ]  have been 

reported for many solvents of different classes 
(refs. 2, 3 and references cited therein). It is 
generally found that K is larger for aprotic 
solvents than for protic solvents. These differ- 
ences are qualitatively accounted for in terms of 
strong hydrogen-bonding interactions between 
1- and the protic solvents and strong dipolar 
interactions between 1,- and the dpa solvents. 

Values of K also vary significantly within the 
group of dpa solvents but apparently for 
another reason, i.e. the more basic the solvent, 
the stronger the interaction of the Lewis acid I, 
with the solvent and the lower the value of K. 

In the present work we have tried to assess 
more completely the solvent effect on the iodide- 
triiodide equilibrium by determining first the 
enthalpy change dH(s, c)' for 

The solvents studied include the dpa solvents, 
nitromethane (NM), nitrobenzene (NB), sulfo- 
lane (TMS), acetonilrile (AN), propylene car- 
bonate (PC), acetophenone (AP), dimethylfor- 
mamide (DMF), dimethylsulfoxide (DMSO), 
and also o-dichlorobenzene (DCB). An attempt 
was made to estimate for some of these solvents, 
the free energy of transfer1 fbr the single ions 
1- and I,-, from potentiometric measurements 
on the redox system 1-/I,-, together with the 

'The thermodynamic functions can be approximated 
to AM0 and AGO considering the dilute solutions used and 
the nature of the reaction. 
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BENOIT ET AL. 793 

aid of some extrathermodynamic assumptions. 
Calorimetric measurements were also carried 
out to evaluate, through thermodynamic cycles, 
the enthalpy changes AH(c) for 

(where M + is tetramethyl and tetrabutylammon- 
ium ions) and AH(g) for the gas phase reaction 

These enthalpy changes were then compared 
with values calculated from emf measurements 
of solid-state galvanic cells (4). 

Experimental 
Materials 

Sulfolane (Shell) was purified according to a method 
given earlier (1). Spectroanalytical grade DMSO (Fisher) 
and reagent grade D M F  (Anacheniia) were treated with 
4A molecular sieves heated to 200 'C, decanted, and then 
distilled. PC (Aldrich) was doubly distilled at a tempera- 
ture below 100 "C and a pressure less than 10 mm Hg;  
only the middle portion of the distillate was collected. 
AP (Matheson, Coleman, and Bell) was crystallised 
twice by freezing, followed by distillation under vacuum. 
Baker analysed NB and spectrocheniical grade NM (M, 
C, and B) were dried with 4A molecular sieves. Reagent 
grade AN and DCB (Eastman) were used as received. 

Residual waterZ in the solvents was found to be between 
0.002 and 0.02 M a s  determined by Karl Fischer titration. 

Tetramethylammonium and tetrabutylarnnloniurn io- 
dides (Me4NI and Bu4NI) were obtained from Eastman. 
The corresponding triiodide salts were synthesized by 
equilibrating stoichiornetric amounts of the appropriate 
iodide and iodine under vacuum for 3 days at 70 and 
40'C for the tetramethylammonium and tetrabutyl- 
ammonium salts respectively; the method was according 
to Topol (4). Baker analytical reagent iodine \+as used as 
purchased. Tetraethylammonium picrate (Et4NPic) was 
prepared according to the nlethod of Coetzee and 
Padmanabhan (5). 

Calorimetry 
The apparatus and calorimetric procedure used have 

been described in an earlier publication (6). The heats of 
solution of various amounts of solid iodine in 27 nil of 
0.05 IM Bu,NI solution in the solvents (0.01 IM Me4NI 
solution in DMF) were determined at 25 'C (30 'C in the 
case of TMS as solvent). Molar concentration ratios of 
I, t o  I-  were between 0.1 and 0.9. Measurements of the 
heats of solution of Bu4NI in D M F  and Bu4N13 in D M F  
and DMSO were also carried out at  salt concentrations 
between 0.001 and 0.01 M .  In all cases, at least three 
determinations were made for each reaction. Dissolving 
solid iodine In the solvents containing R4NI took usually 
less than 10 rnin except in the case of TlWS and N M  
(30 min). 

Polenliometric M~ras~rrenze~zts 
Electromotive force measurements were carried out 

using the following cell 

The assembly was contained in a water jacketted glass 
vessel thermostated at 25.0 'C (30.09C in the case of 
TMS). The potentiometric measurements were made with 
a Tacussel-Aries iOO0O potentiometer with digital read- 
out. The Et,NPic bridge was selected in order to eliminate 
the liquid junction potential (7). Measurements, made 
after 10 min to allow the system to equilibrate, were re- 
producible within 3 mV or less. Readings drifted 1-3 mV 
over a subsequent 15 min period. The effect of light 
catalyzed oxidation of I- was assumed to be minimal in 
these 'redox buffered' solutions under our experimental 
conditions. 

Results 

+ 

Pt 

- 

[51 Pt 

Calorinzetry 
The heats of solution of solid iodine AH(s,c) 

in the dpa solrents containing 0.05 M Bu4NI, 
as represented by [2], are listed in Table 1 ;  the 
mean experimental value for each reaction is 
given. The completeness of [2] under our ex- 

Bu4NI (lo-' M )  

Bu4N13 M) 

in PC 

periinental conditions results from the values of 
K 2 lo5 (3) and is evidenced for each solvent by 
the constancy within 0.1-0.2 kcal mol-' of the 
heats of solution per mole of I, added. The 
results of Hepler and co-workers (8) for the same 
reaction in water are also included in Table 1. 

The heats of solution determined for Me4NI,, 
Bu4NI, and Bu4NI, in DMF, and Bu,NI, in 
DMSO together with literature values are given 
in Table 2. These heats of solution were com- 
bined with our values of AH(s,c) both in DMF 
and DMSO to yield, by means of a simple 
thermodynamic cycle, the AH(c) values for [3] 

ZOn the basis of our results on the hydration of anions 
in dpa solvents (22) the hydration of the large ions I- 
and I,- and hence the effect of residual water on i l l  are 
assumed to be negligible considering the relative con- 
centrations involved. 

Et4NPic (lo-' M )  

in PC 

Bu4NI (lo-' M )  

Bu4N13 (LO-' M )  

in solvent s 
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listed in Table 2. A AH(c) value obtained by 
Topol (4) from emf measurements on a solid- 
state cell is also included. 

Electromotice Force Measurements 
The redox system to be considered in order to 

calculate the emf of the cell represented by [5] is 

Since the concentrations of iodide and tri- 
iodide are the same at both electrodes, the 
overall emf of the cell, AE, is given as 

[7] AE = E j  + 0.0296 log "y;,- 

- 0.0888 log "y;- 

where Ej is the liquid junction potential and log 
the medium effect for the transfer of the 

single ionic species i from PC to solvent s. 
AC(i) and log y i  are related by 

Table 3 presents our observed emf values AE 
which are related to free energies of transfer of 
1,- and I- through eqs. 7 and 8 if Ej  is known. 

Discussion 
First we will discuss the solvent effect on the 

iodide-triiodide equilibriunl as deduced from 
our calorimetric results. The data in Table 1 
show that while AH(s,c) is endothermic in 
water, it is, as expected, exothermic in the 
aprotic solvents, but the variations between the 
dpa solvents are relatively small. We also note 
that for three out of the four solvents NB, NM, 
AP, and DCB where ion-pair formation is either 
partial or extensive, AH(s,c) is not very different 
from the values for the more dissociating aprotic 
solvents. The enthalpy change AH(s) for reaction 
1 could be deduced from our AH(s,c) values by 
subtracting the generally endothermic heat of 
solution of solid iodine in the solvents (9). 
However, by comparing our values of AH(s,c) 
for reaction 2, rather than AH(s), we simplify the 
interpretation of the solvent effect on the I--1,- 
equilibrium by eliminating the basicity-related 
solvent influence on I, (9). This becomes appar- 
ent when we calculate AAH(s,c), the difference 
between the values of AH(s,c) for the solvent s 
and for PC taken as reference solvent: 

[9] AAH(s,c) = AH(s,c) - AH(PC,c) 
= AN(PC 4 S) (I,-) - AH(PC 4 s) (I-) 
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BENOIT ET AL 

TABLE 2. Enthalpy changes (kcal mol-I) at 25 "C for reaction 
R~NI(c)  + I ~ ( c )  e R ~ N I ~ ( c )  

Reaction Phase Enthalpy change 

Me4N13(c) + Me4N+(s) + I ~ - ( s )  
Me4NI(c) e Me4N+(s) + I -  (s) 
MeaNI(c) + Iz(c) + Me4N13(c) 

D M F  
DMF 
Solid 

D M F  
DMF 
Solid 
DMSO 
DMSO 
Solid 

AH, = -2.27 
A& = +4.0* 

AHic) = - 1 . 0  
AH(c) = - 1.71' 

AH,= + 9 . 2  
AH, = f 3 . 9  

AH(c) = -12.5 
AH, = +12.8 
AH, = +7.3f 

AH(c) = -11.6 

TABLE 3. Electromotive force values (V) for cell [5] and free energies of transfer 
for I- and 13- (kcal mol-') at 25 "C 

AG(PC -, s)(I-) AG(PC -t s)(13-) 

Born Equation Born 
Solvents AE* Ref. l o t  equation1 7s equation: 

DMSO -0.034 -2 .0  $0.4 -7 .6  $0 .3  
D M F  -0.074 4-0.3 + 0.9 -2.5 +0.7 
TMS ,I -0.029 $0.7 +0 .7  +0 .8  +0 .5  
AN - 0.002 f 0 . 3  $0.8 $0.8 $0.6 
NM +0.030 
NB -0.064 
AP -0.112 

"Cell 151. 
PCalculated from ref. 10. 
ICalculared from values of AG derived from Born equat~on (see text) a i th  r,- = 2.2 A and 

rl,- = 3.0 A. 
§Calculated from AG(PC-+ s) (I-) and eq. 7 with E, = 0 
1130 'C. 

where AH(PC -+ s)(i) is the enthalpy of transfer 
of the species i from PC to s. 

Now when we compare these latter AAH(s,c) 
values in Table 1 we face the difficult problem of 
assessing ionic solvation effects from data on a 
pair of ions, in our case on two anions I-, I , - .  
The problem is not unlike that met when trying 
to separate heats of solution of salts M'A- 
into cationic and anionic contributions. The 
relatively small variations (less than 2.5 kcal 
mol-l) of AAH(s,c), i.e. the difference between 
the enthalpies of transfer of I,- and I-  is most 
simply accounted for by assuming that the 
single anions enthalpies of transfer are also 
small, at least for the solvents PC, DMSO, AN, 
DMF, and TMS. This point of view is supported 
by similarly small changes for the enthalpies of 
transfer of two more anion pairs, CI-,SbCI,- 
(13) and CI-,ClHR- (7) ,  pairs whose com- 

ponents are quite dissimilar. Some single anion 
enthalpies of transfer obtained by using the 
tetraphenylarsoniumtetraphenylborate (tatb) ex- 
trathermodynamic assun~ption (10) and given in 
Table 1 indicate somewhat larger variations (up 
to 3.3 kcal mol-I). However, such single ion 
enthalpies of transfer carry appreciable errors 
coming from the many experimental steps in- 
volved in their calculation. For example from 
different but carefully obtained experimental 
data, Arnett and McKelvey (1 1) and Parker and 
co-workers (10) calculated AH(H,O -+ DMSO) 
(I-) values to be, respectively, - 2.52 and - 3.23 
kcal mol-l. Our values for AH(PC + s) (I,-) - 
AH(PC -+ s) (I-) are on the contrary obtained 
in one experimental step. We can next show that 
these values are not governed by coulombic 
interactions. An expression can be derived, from 
the Born equation, giving values for AN(PC -t s) 
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(i), the enthalpy of transfer of ion i from PC to 
solvent s (12). We have given in Table I (line §) 
the AH(PC -+ s) values calculated for I -  and 
I,-. The differences deduced for AH(PC + s) 
(I3-) - AH(PC -+ s)(I-) can then be shown to 
be at variance with our experimental values, the 
sign of the difference being even opposite for 
transfers to DMSO and DMF. A similar state of 
affair prevails for the enthalpies of transfer of 
another anion pair Cl-.SbCI,- (13). It would 
therefore seem that the non-coulombic contribu- 
tion to the anionic enthalpies of transfer between 
dpa solvents plays an important part. 

Next, we consider briefly the solvent effect on 
the iodide-triiodide equilibrium as deduced from 
our emf determinations. The interpretation of 
the AE values for cell [5], reported in Table 3, 
in terms of free energies of transfer by means of 
eqs. 7 and 8 is more difficult than in the case of 
the calorinletric data. First, eq. 7 shows that there 
are different coefficients affecting the transfer of 
I -  and I,-. Second, there is the problem of 
estimating E,. Parker (7b) in his studies on 
ionic solvat~on in dpa solvents found good 
agreenlent between six quite different sets of 
extrathermodynalnic assumptions and recom- 
mended the assumption that there was negligible 
liquid junction potential in a cell composed of 
silver electrodes in two dissimilar solvents linked 
by a 0.1 M Et4NPic bridge in either solvent. 
With this assurriptioi~ E, = 0 in eq. 7, we have 
deduced AG(PC -+ s)(13-) uslng eq. 7 and values 
of AG(PC + s)(I-) calculated from the data of 
Parker and co-workers (10). These free energies 
of transfer listed in Table 3 can be compared 
with values calculated from an expression, 
deri>ed from the Born equation, giving values 
for AG(PC -+ s)(i) (11). Just as was the case for 
the ionic enthalpies of transfer, the agreement is 
poor between the Born derived values and the 
experimental values. A further interpretation of 
transfer parameters would require the knowledge 
of the corresponding parameter for an uncharged 
anaiog of I -  and I,-, since the non-coulombic 
contribution to the transfer energy must be 
important. This latter point can be clearly seen 
by comparing the significant differences between 
A 6  or AE values for DMF and AN, two solvents 
selected for their nearly identical dielectric 
constant 36.7 and 38.8, respectively. 

Our enthalpy data can be used to calculate 
enthalpy changes AH(c) and AH(g) for the 
formation of triiodides, respectively in the solid 

phase [3] and gas phase [4]. These AH(c) and 
AH(g) values are then compared with previously 
reported data. First, our calculated AH(c) for 
M t  = Me4NL in Table 2, is in fair agreement 
with a value determined from variations with 
temperature of emf of solid-state cells (4). Our 
values for M + = Bu,N + calculated respectively 
from measurements in DMF and DMSO are 
reasonably close considering the many steps 
involved. We can then combine our values of 
AH(c) for [3] with those of Topol (4, 14) to 
consider the influence on AH(c) of the radius 
r+(A) of the cation M t .  The AH(c) values 
(kcal mol- I) for MI(c) + I,(c) e MI,(c) are as 
follows: -2.1, NH4+ (r, = 1.43); -3.1, Rbf 
(r, = 1.48); -3.7, Csf (r, = 1.68); -1.0, 
Me,Nf (r, = 3.0); and - 12.0, Bu4Nf (r, = 
5.0). It is clear that the exothermicity of AH(c) 
does not increase smoothly with r+  which is 
contrary to what is expected from the Kapustin- 
skii equation (15). The use of this equation by 
others (4, 16), in the calculation of U(M13) (and 
possibly U(M1) when M is an alkylammonium 
ion) is then open to criticism. 

We can at this point discuss the values of the 
enthalpy change AH(g) for [4] estimated (4) 
from values of AH(c) and lattice energies of MI 
and MI, calculated from a form of the Kapustin- 
skii equation. By using his AH(c) values for 
M +  = Rbf and Csf with r , -  = 2.25 A, Topol 
calculated an effective radius r,,- = 2.45 A and 
the lattice energies U(Rb1,) and U(Cs1,). From 
these latter values, U(RbI), U(CsI), and the 
experimental values of AH(c), Topol obtained an 
enthalpy change of - 9.1 kcal mol-' for I-&) 
+ I,(c)+l,(g) and finally AH(g) = -24.0 
kcal mol-l. However, the lattice enthalpy 
U(Cs1,) = 137.7 kcal mol-I used by Topol 
differs from an older value U(CsI,) = 118 
calculated by Halliwell and Nyburg (16) from 
the Kapustinskii equation but this time with 
r,,- = 3.0 A.  It is surprising that both previous 
authors note a good agreement between their 
different values for r,,- and the same set of 
crystallographic data (17). The latter value of 
U(CsI,) leads to AH(g) = -44 kcal mol-', i.e. 
a value 20 kcal mol-' more exothermic than 
Topol's value. It would thus seem that such 
values of AH(g) involving the use of the Kapu- 
stinskii equation are not reliable. We have 
therefore calculated a limit for AH(g) from our 
enthalpies of reaction AH(s,c). Taking from 
Table 1, AH(s,c) = -7.5 kcal mol-I for the 
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solvent TMS, we obtain a AH(s,g) value of (1968): (17)  R. L.  BENGIT and C. Lours. Inorg. Nucl. 
Chem. Lett. 6,817 (1970). -4 '5  - 14'9 = -22'4 mo'-' the re- 

4. L ,  E. TOPOL. Tnorg. Chem. PO. 736 (1971). 
actiO1l I-(§) $- I,(E) * This repre- 5. J .  F. COETZEE and G. R. PADMA~ABHIN.  J .  Phys. 
sents a limit for AH(%) since the enthalpy of Chem.66. 1708(1962). 
solvation of 1,- is likely to be less exot&&ic 6. R. L.  BENOIT. M. RINFRET. and R. D O ~ I A I S .  inorg. 

Chem. 11.2603 (1972). than "lat Of I - '  The of AH(g) may' 7, (ii) B. G.  Cox. A. J .  PARKER. and W. E.  W.AGHORNE. 
however, be more lhan J ,  Am, Chem, Sot, 95, lOi0 (1973): ( h )  R,  ALEX,^. 

-22.4 kcal mol-l. Such a situation has been DER.  A. J. PARKER. .f. H. SHARP. and W. E. 
discussed previously (6) for a similar reaction WAGHORKE. J .  Am. Chem. Soc. 94. I148 (1972). 

leading to the formation of hydrogen 8. C. S. WL, M .  M. BIRKY, and L.  G.  I ~ E P L E R .  j. Phys. 
Chem. 67. 1202 (1963). 

ion' Another way Of estimating AH(g) be 9, R ,  L,  BENOIT and C, Locls,  The 
to use an argument similar to that advanced by non.aqueous solvents, '\iol. V. by J .  J. 

McDaniel and Valiee (18), i.e. that AH(c) for [3] Lagowski. Academic Press. New York, N.Y. In 
should tend towards AH(g) in eq. 10 when r+ is 
large, because U(M1) - U(M1,) then tends to- 
wards 0. Although this argument is open to 
criticism, since we have seen that AH(c) does not 
vary smoothly with r , ,  using AH(c) = - 12.0 
kcal mol-' for Bu,Wf would lead to a limiting 
value for AH(g) = - 12.0 - 14.9 = -26.9 kcal 
mol-I. Finally, a theoretical value has also 
been calculated for AH(g) using a modified 
Hiickel procedure (19). The formation energy 
thus found for 1,- with respect to the reactants 
in free state is 2.1 kcal mol-l, a value which is 
a t  odds with the limits set above. 
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Comment: A problem in extracting structure information from the temperature of 
maximum density for aqueous solutions 

J A M E S  R. KUPPERS 
Dep(ii.l1?7ent of'C!~erilicti:v. The Ut~il.el.sitj, oj'fiortiz Corolinci i i r  Chiirlotte, Cl~trriurre, NC28223 

Received September 26. 1976 

JAMES R. KUPPERS. Can. J. Chem. 55, 798 (1977). 
The shift in the temperature of maximum ddnsity for aqueous solutions customarily has 

been dissected into an  ideal and a str~lctnral contribution. This analysis demonstrates that 
the dissection leads to the formulation of an  ideal state which is attained by a fortuitous 
superposition of temperature dependent properties of pure components and, hence, cannot 
serve as a reliable reference state for comparing the influence of different solutes upon solution 
structure. 

J A ~ ~ E S  R. KUPPERS. Can. J. Cheni. 55,798 (1977). 
Le deplacement dans la temperature de densite maximuni de solutions aqueuses est gCn6rale- 

ment disstqui en termes de contributions idkale et strucrurale. Cette analyse dimonire que 
cette dissection conduit i la formulation d'un &tat ideal qui peut &tre obtenu par une super- 
position fortuite de proprittes des coniposants purs qui dependent de la tempirature et 
qu'ainsi il ne peut pas servir comrne etat de reference adiquat pour comparer l'influence de 
differents solutes sur la structure de la solution. 

[Traduit par Ie journal] 

The shift in the temperature of maximum analogous to identifying conditions under 
density, TMD, of a water solution relative to which the compressibility factor of an imperfect 
that of pure water is given by the relation of gas is unity. 
Wada and U~neda (1) To further clarify this issue let us examine in 

where x is the mole fraction of solute, u is the 
thermal coefficient of expansion of pure solute 
(assumed to be constant over the temperature 
range considered), f 3  1s the coefficient in the 
parabolic relation to temperature of the molar 
volume of water In the vicinity of 3.98 "C,  V,' 
is the molar volume of pure solute at 0 "C,  V," 
1s the molar volume of water at 3.98 "C. and 

detail the necessary consequences of assuming 
that AB,, = 0 signifies that the solute has no 
influence upon the structure of water near its 
TMD, and then determine whether or not these 
consequences are consistent with our special 
concepts of 'ideality' of mixing. Suppose that 
AQ,, = 0 for a particular solute over a small 
finite range of concentration. This implies that 
8AVMlaT must be zero at any concentration 
within this range. Now recall that - 

AV" is the excess volume of mixing. 
[4] AV" = V -  xV2 - ((1 - x)V, 

It has been assumed (1-4) that A0 could be 
decomposed into an 'ideal' term and a 'struc- where V,,  V,, and V are the molar volumes of 
tural' term such that A0 = A@, + A@,,, where pure solute, pure solvent, and solution, all at 

[2] 88 ,  = -xu.V;/(l - x)2f3Vls some specified temperature. Furthermore 

and 

The 'ideal' state inferred by this deco~nposition If we now apply eq. 5 at the TMD, then aV/aT = 
is one in which AV" is not necessarily zero but 0, and it 1s immediately revealed that aAVM/t3T 
one in which it remains constant over some at the TMD is uniquely determined by aV,jaT 
finite temperature range. In order that a solution and a V,/aT, which are properties of the pure 
satisfy the proposed criterion for 'ideality' it is components. However, the values to be assigned 
not sufficient that aAvh'/a7" be zero at just one these quantities will depend upon the TMD. 
specified temperature. To do so would be Note that aV,jaT and aV2/aT, both functions 
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KUPPERS 799 

of temperature, were made implicit functions There is still no reason to question the validity 
of concentration when a V / a T  was set equal to of eq. 1 provided the possible temperature 
zero, i.e. for a given concentration of a particular dependence of a and P are recognized. Further- 
solute there is a unique temperature at which more, it provides a means for calculating a 
the solution possesses its maximum density. fundamental thermodynamic property of the 
Moreover, if we require that eq. 5 be set equal to solute, a+/aT,  the apparent molal expansibility 
zero then of the solute at the TMD. 

and if eq. 6 is required to hold over any finite 
range of concentration it demands a most un- 
usual thermal expansibility for the pure solute. 

This result is sufficient grounds for rejecting 
A@,, as a completely reliable indicator of solution 
structuring. 

Having demonstrated that BAVW/BT at the 
TMD can be calculated from the properties of 
the pure components, it follows immediately 
that, if p is sufficiently insensitive to temper- 
ature, A@,, can be also. Of course, this is not the 
method used previously for computing A@,,. 
Instead, A@, was calculated, with the assumption 
that a and p were constant, then subtracted 
from the measured A@ to give A@,,. By this 
artifact a A@,, was obtained which could be 
correlated with other indices to nonideality of 
mixing. Although A@,, undoubtedly contains 
information regarding solution structure, it 
cannot tell us more than A@ itself. 

Also, by extrapolating measured values of 
AO/x to infinite dilution, one may obtain a value 
of the partial molal expansibility of the solute 
at 3.98 "C,  a potentially meaningful indicator of 
solution structural properties (5). The apparent 
molal expansibility of solutes in aqueous solution 
was used earlier as an index of the structural 
interaction of solutes with water (6). 

1. G. WADA and S. U ~ I E D A .  Bull. Chem. Soc. Jpn. 35, 
646 (1962): 35, 1797 (1962). 

2. F .  FRANKS and B. WATSON. Trans. Faraday Soc. 63, 
329 (1967). 

3. A. J. DARNLLL and J .  GRAYSON. J .  Phys. Chem. 72, 
3021 (1968). 

4. D. D. M A C D O ~ A L D  and J .  B. HYNE.  Can. J. Chern. 54, 
3073 (1976). 

5. J. R.  KUPPERS. J .  Phys. Chern. 78, 1041 (1974); 79, 
2105 (1975). 

6. J .  L. NE-\L and D. A. I. GORING. J. Phys. Chem. 74, 
658 (1970). 
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Reply to comment: '6A problem in extracting structure information from the 
temperature of maximum density for aqueous so%n8isns" 

DIGBY D. MACDONALV 
Depcir.trlzrr~f yf Cllernistr?., Utli\,risit?. c!fCa/gcir?, C~i1gci1.j.. Airo., Crinritlii T2h' llV4 

Received November 23. 1976 

DIGBY D. M A C D ~ N A L D .  Can. J .  Chem. 55, 800 (1977) 
The arguments presented by Kuppers in the preceding paper on the use o f  the temperature 

o f  maximum density parameters 8 0  and A@,, for rhe analysis o f  the effect o f  solutes or: the 
structure c f  water are critically examined. The validity of these arguments i s  challenged on 
both theoretical and experimental grounds. In particular, the proper choice o f  the standard 
state i s  stressed, and it is demonstrated that A@,, contains structural information which cannot 
be extracted from A0 directly. 

DIGBY D. MACD~NALD.  Can. J .  Cheni. 55, 800 (1977). 
On examine d'une f a ~ o n  critique les arguments presentts par Kuppers, dans la publication 

pricidente, sur l'utilisation des parametres de temperature de densite maximum A0 er A@,, 
pour l'analyse de I'efit des solutCs sur la structure de I'eau. Utilisant une base thiorique et 
expCrimenta!e on met en doure la validiti de ces argumentations. En particulier, on met en 
relief l'importance de faire le choix approprii de 1'Ctat de rifirence et on dimontre que A@,, 
contient une information structurale qui ne peut pas &?re obtenue directement a partir de A8. 

[Traduit par le journal] 

In the preceding paper Kuppers (1) presents 
an analysis of the effect of solutes on the tem- 
perature of maximum density (TMD) of aqueous 
soiutions, and claims that the structural com- 
ponent of the shift in the TMD of a real system, 
AB,,, cannot yield more information as to the 
influence of solutes on the structure of water 
than can the observed shift, AQ, itself. The 
purpose of this communication is to present a 
critical exalnination of Kuppers' arguments, and 
to emphasise our previous claim (2) that the 
structure-selective parameter, A@,,, does yield 
structural informatioil which cannot be ob- 
tained directly from the undissected parameters, 
A@. 

Kuppers states that "it has been assumed that 
A8 could be decomposed into an 'ideal' term and 
a 'structural' term such that A8 = A8, + A%,,, 
. . .". Furtl~ern~ore, he states that "the ideal 
state inferred by this decomposition is one in 
which AVM is not necessarily zero but one in 
which it remains constant over some finite 
temperature range" (see eq. 1, preceding paper). 
However, by definition a thermodynamically 
ideal mixture is characterised by a zero AVhl 
at all temperatures, i.e. ( i3AVhl/a~)  = 0, in which 
case A8 = A0,. Therefore, the thermodynam- 
ically ideal system satisfies the criteria for the 
standard state as dictated by eq. 1 of the pre- 
ceding paper. It is important to note that this 

definition of the standard state is independent 
of the composition of the system, i .e .  both 
AV" and ~ t s  temperature deper~dence are zero 
at all solute concentrationr. According to 
Kuppers, a system which is characterised by 
(aAVV/aT) = 0, but Av" f 0, is also an ac- 
ceptable standard state. However, this would 
be analogous to stating that an acceptable 
standard state for aqueous HCl at 25 "C is a 
1.2 M solution because the activity (not the 
activity coefficient) is equal to one at this con- 
centration. If this were so, then each solute 
would be characterised by a unique standard 
state! Accordingly, the limited criteria suggested 
by Kuppers are not acceptable for defining the 
standard state of a liquid mixture. Tnterectingly 
enough, many structure making solutes do 
exhibit AO,, = 0 at some (unique) concentration 
(3, 4); a behaviour which parallels that of the 
activity of aqueous HC1 alluded to above. 

The crux of Kuppers' arguments is contained 
in eq. 6 of the preceding paper which, he 
claims, "demands a most u~lusual thermal 
expansibility for the pure solute". However, 
this equation is better written as 

where x is the mole fraction of solute (subscript 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MACDOVALD 80 1 

1) and 1 - x is the mole fraction of the solvent 
(subscript 2). The subscript T M D  has been 
included to emphasise that the temperature to 
which eq. 1 above refers is the temperature of 
maximuln density for the ideal system for a 
given composition (note that the T M D  is a 
function of concentration). Work to date (3, 4) 
indicates that those solutes which form near 
ideal mixtures with water depress the temper- 
ature of maximum density (i.e. TMD < 3.98 "C). 
In thls region of temperature (aV2'/aT) is 
negat~ve, and it is this unusual behaviour of the 
solvent (water) which is responsible for the 
maximum in density in the first place. Ac- 
cordingly, ( a V I 0 / a ~ )  is positive; a result which 
this author does not find "most unusual" as 
claimed by Kuppers. 

Finally, Kuppers offers no experimental 
evidence to support his contention that A@,, 
cannot tell us more about the structural proper- 
ties of aqueous sohtions than can A 0  itself. On 
the other hand, a considerable amount of data 
exists which shows that those solutes which 

are normally regarded as water-structure makers 
(e.g. alcohols) exhibit positive A@,, values (as 
expected) even though A0 may be positive or 
negative. Likewise, structure breakers exhibit 
negative A0,, values. This clearly demonstrates 
that the indexing of solutes as "structure makers" 
of "structure breakers" using TMD data can 
only be made upon the basis of A@,, and not 
upon the basis of the undissected parameter A0,  
i.e. A@,, contains information which cannot be 
extracted from A0 directly. The experimental 
evidence for the utility of A0,, 1)s. A0 as an index 
of the effect of solutes on the structure of water 
has been examined recently by Macdonald and 
Hyne (2) and the reader is referred to this paper 
for a more detailed discussion of this subject. 

1. J .  R. KUPPEKS. Can. J .  Chem.  Thisissue 
2. D. D. MACDONALD and J. B. HYNE.  Can. J .  Chem. 54, 

3073 (1976). 
3. G.  W . 4 ~ 4  and S. U M E D ~ .  Bull. Chem.  Soc. Jpn. 35. 

646 (1962). 
4. G.  W.ADA and S. U M E D ~ .  Bull. Chem.  Soc. Jpn. 35, 

1797 (1962). 
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The linear mixture formula in non-equilibrium chemical kinetics 

ROBERT K. BOYD 
Department of  Chemisrty, Utlii.er.sih College, Sn ' i ins~n,  U .K .  

r1tzd 
Girelplz- Writerloo Centre for. Gradurrte Work in Chemistry, Glrell~lz Campirs, Gllelph, Ont., Catzacla iVIG2WI 

Received June 25, 1976 

ROBERT K.  BOYD. Can. J .  Chem. 55, 802 (1977). 
The recent extensions of the 'eigenvalue approximation' of non-equilibrium kinetics proposed 

by Bartis and Widom to explain in a direct qualitative sense some general features of 
phenomenological chemical kinetics in ideal gas systems. have been used to investigate the 
problem of the 'linear mixture formula' applied to non-equilibrium kinetics of reactions proceed- 
ing in mixtures. For isomerization reactions in mixtures dilute in reactant, the model of Bartis and 
Widom. without further embellishment, has been shown to justify such an equation. Extrapola- 
tion of this result to account for recent empirical successes of a linear mixture formula in 
dissociation-recombination reactions of diatomic n~olecules X2 is not straightforward; the physi- 
cal implications of the mathematical approximations employed are examined, and the non-linear 
recombination term is accounted for in the present purely qualitative context by an appropriate 
linearization. However, the appreciable contributions from X,-X, collisions, under the condi- 
tions of the experiments cited. introduce inescapable non-linea~ities if vibration-vibration ex- 
change. for example. is important. Problems associated with the role of the free atom X as a 
collision partner seem likely to be less important. 

ROBERT K.  BOYD. Can. J. Chem. 55.802 (1977) 
On a utilise les extensions recentes de I'approximation des valeurs de eigen pour des cinetiques 

de systemes qui ne sont pas en equilibre et qui ont ete proposees par Bartis et Widom pour 
expliquer d'une maniere qualitative directe quelques caracteristiques generales de la cinetique 
chimique phenomenologique dans des systkmes gazeux ideaux pour etudier le probleme de la 
"formule de melange lineaire" appliquee a des cinetiques qui ne sont pas en equilibre de reactions 
se produisant dans des melanges. Pour des reactions d'isomerisation dans des melanges dilues en 
reactif, on a montre que le modele de Bartis et Widom sans autres embellissements justifie une 
telle equation. L'extrapolation de ces resultats pourtenir compte de succes empiriques recents de 
la "formule de melange lineaire" dans des reactions de dissociation et de recombinaison de 
molecules diatomiques X, n'est pas directe; on a examine les implications physiques des ap- 
proximations mathematiques qui ont kt6 utilisees et on tient compte des termes de combinaisons 
non-lineaires dans le contexte plirement qualitatif actt~el par une linearisation appropriee. 
Toutefois les contributions importantes des collisions X,-X2 dans les conditions de rkactions 
citees introduisent des non-linearites qui ne peuvent t tre empichees si, par exemple, I'echange 
vibration-vibration est important. Les problemes associ6s avec le r6le de I'atome X libre agissant 
comme un partenaire de collision semblent vraisemblablement moins importants. 

[Traduit par le journal] 

I. Introduction 
The empirical relations of the phenomenolog- 

ical chemical kinetics of thermal systems have 
long been intuitively understood, in a qualitative 
way, on the basis of what rnay be conveniently 
termed 'local-equilibrium' theories. In general, a 
common basic assumption of such theories is 
that the internal (physical) modes of the reacting 
(chemical) species are equilibrated amongst 
themselves. This postulate greatly simplifies the 
theoretical treatments, as in transition state 
theory (I), for example; the justification for the 
'local-equilibrium' assumption concerns the 
much shorter timescale associated with internal 
relaxation than with chemical reaction, under 

most conditions. In such cases, local-equilibrium 
theories offer qualitative understanding, as well 
as quantitative or semi-quantitative accounts, 
of such relations as the phenome~iological rate 
equations, the temperature dependence of rate 
constants, the principle of detailed balance, etc. 

However, in experiments where the rates of 
internal relaxation and chemical reaction are not 
well-separated, the local-equilibrium postulate 
breaks down, and in such cases it is not immedi- 
ately obvious that the empirical relationships of 
'inormal' chemical kinetics should apply. Theo- 
retical understanding, in a qualitative sense at 
least, of non-equilibrium chemical kinetics in 
ideal gas systems has been made possible in re- 
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BOYD 

cent years through the work of Widom and col- 
laborators (2-4); this work represents a develop- 
ment of an idea first proposed by Zwolinski and 
Eyring (5 ) ,  and subsequently extended by a num- 
ber of authors (6-9). This approach will here be 
termed the 'eigenvalue approximation', for con- 
venience, and is discussed at some length 
below. The general thrust of the present work 
may be divided into three main sections: 

(a) An analysis is attempted of some of the 
physical implications of mathematical approxi- 
mations made in the more recent developments 
of the eigenvalue approximation due to Widom 
and co-worker (3, 4). 

(b) The simple eigenvalue theory (2-9) refers 
only to first-order, or pseudo-first-order, reac- 
tions. In view of the present slant towards dis- 
sociation-recombination reactions of diatomic 
n~olecules, an attempt is made to provide a justi- 
fication for extending the insights and under- 
standing offered by Widom's treatment (3, 4) to 
such cases. 

(c) Recently ( I  0-16), the laser-schlieren tech- 
nique, used to follow diatomic dissociation rates 
in shock-tubes, has yielded rate data of high 
precision over a wide range of reactant composi- 
tion. This development has permitted a meaning- 
ful test of the linear mixture formula for non- 
equilibrium chemical kinetics, viz. ; 

where [X,] is the concentration of diatomic 
molecules, [XI that of the free atom, and the M i  
represent the heat-bath collision partners, in- 
cluding both X, and X as well as added inert 
specie; such as argon. The first serious question 
as to the applicability of such a simple linear com- 
bination of separable rates, in cases where non- 
equilibrium effects seemed likely to be important, 
appears to have been raised by Byron (17). In the 
present work, this problem is discussed in the 
spirit of Widom's development (3,4) of theeigen- 
value approximation. 

The phenomenologica~ rate equation for this 
reaction would then take the form: 

where the concentration of M has conveniently 
been included in the pseudo-first-order rate 
constants k f  and k,. Consideration of just two 
isomers A and B avoids the complications due to 
chemical mechanisms with closed loops (4, 9), 
and also provides a linear analogue for the c L -  
sociation-recombination reactions of homonu- 
clear diatomic molecules. 

In common with earlier work on such prob- 
lems (2-9), it is assumed f r o r ~  the outset that the 
microscopic description is given by an appro- 
priate master equation : 

where la)  is a column vector, whose ith com- 
ponent ai (1 I i I n) is the population per unit 
volume of the isomerizing molecule in state i ;  
KM is the transport matrix for changes of state 
via collisions with M, such that 

(ki iM = O), and KijM = -k j iM for i # j ,  The 
kijM include the concentration of M, and are 
thus pseudo-first-order rate constants for i -t j 
transitions. An exact solution to this equation is 
known : 

C5l u i ( l )  = ui* + f. c:$?(i) exp ( -h / r )  
r = 2  

where a," is the equilibrium (t + co) limit of 
ai ,  the crO are constants dependent on the initial 
(t = 0) distribution function la(O)), $rM(i)  is 
the ith component of the rth eigenvector of KM 
and krM is the corresponding eigenvalue. In order 
to contract this purely physical description to a 
chemical one, it is necessary to ascribe some of 
the states (say 1 to nz - I ,  inclusive) to isomer A, 
and the remainder to B, thus: 

II. Physicd Implications of Widom's nr - I n 

Extension of Eigenvallme Approximation $I La1 = z a,; [BI = x a ,  
In this section, the discussion will centre upcn I =  1 , = m  

a simple isomerization reaction, proceeding via The conditions under which the phenomen- 
the agency of coliisions with an inert heal-bath ological rate equation [3] is an exact conse- 
species M, assumed present in large excess: quence of the microscopic description, as given 
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by [5] and [6], are known (9) to be impossibly 
stringent, and approximate solutions must be 
sought. The traditional 'local-equilibrium' ap- 
proximation identifies the rate constants with the 
following theoretical constructs : 

As discussed in the Introduction, however, 
this approximation is not expected to be uni- 
versally valid, and in such cases a very general 
non-equilibrium theory may be delineated (5) 
by considering that the eigenvalue spectrum of 
K" has the forrn: 

The smallest eigenvalue is identically zero 
for reactions in closed systems. 

The exact solution [5] may, after an incuba- 
tion time -(l/h,"), be approximated by ornit- 
ting all terms with r 2 3 ; then by requiring that 
the rate constants be independent of time and of 
initial conditions, the following theoretical con- 
structs are derived (2-9) as the 'eigenvalue 
approximations' to the rate collstaiits : 

The number of almost-degenerate eigenvalues 
(two in the present case) must be the same as the 
number of chemical species. Previously, this 
property of the eigenkalue spectrum [8] was 
assumed; however, by making further assunip- 
tions whose range of validity 1s discussed below, 
Widom (3, 4) was able to derive a special case of 
the eigenvalue approximation for which [8] was 
a readily understandable result. Further, this 
same special case (3, 4) also led to a crucial 
'orthogonality relation' for the eigenvectors of 
KM, which simultaneously guarantees detailed 
balance for non-trivial cases (9) (chemical mech- 
anisms with closed loops), and also permits a 
demonstration (9) that the eigenvalue approxi- 
mation is quite generally a better approximation 
to the 'exact' solution, as given by [5] plus [ 6 ] ,  
than is the local equilibrium approximation given 
by [7].  In view of these successes of the extended 
version (3, 4) of the eigenvalue approximation, 
it seemed important to investigate the special 

additional assumptions involved, with a view 
to establishing their probable range of validity 
with respect to the experimental systems of inter- 
est. In this model (3, 4), the discrete states 
labelled by the integer variables i,j are replaced 
by a continuum of states, labelled by x,y;  the 
ranges of x and of y are assumed to be -so I 
x(y)  5 + a. Then, under various assumptions 
whose physical significance is discussed below, 
the relevant eigenvalue equation reduced (3) to:  

where the sign of the left side of [lo] has been 
changed from that in the original (3), in order to 
permit positive eigenval~~es h, as in the discrete 
model. In [lo], f ( x )  is the equilibrium (Boltz- 
mann) distribution function of the molecule 
(and thus independent of the nature of M), and 
prime denotes differentiation with respect to 
x; $,"(x) is the rtli eigenvector of the synz- 
nzetrized transition kernel, and may be converted 
to the analogue of I+?) in the discrete case by 
a simple transformation involving only f ( x ) .  
The quantity M,M is the second moment of the 
symmetrized transition probability function : 

where wM(x, y )  dl) is the probability per unit 
time, in heat-bath composed of M, that a mole- 
cule in state x will undergo a transition to a state 
in the range y to J + dp, (cJ ki, in the discrete 
model, Section 11). Then M Z M  is defined by: 

The crucial approximation in reducing the 
general case to the special eigenvalue equation 
[lo] involves the assumption (3, 4) that the 
values of ~v,(x, y) be significant only for y e x ;  
then, moments higher than the second moment 
M ,  may be discarded. In fact, such an assump- 
tion may be justified physically if the state label 
.Y is defined such as to be a smoothly varying 
function of internal energy, since energy transfers 
from internal modes to translational energy of a 
structureless atom like argon are known to be 
fairly small; the Landau-Teller transition prob- 
abilities for a harmonic oscillator undergoing 
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BOYD 805 

near-adiabatic transitions offer a possibly ex- 
treme example of this point. Thus, the above 
restriction (3, 4) on M~,(x, J) is physically reason- 
able, provided the label x is a smooth function 
(not necessarily monotonic) of the internal 
energy. 

Nonetheless, the state label x cannot be identi- 
fied precisely with the state energy, since a speci- 
fied energy may correspond to more than one 
state, which in turn may be ascribed to different 
chemical species; thus the state label x carries a 
more detailed description than that provided by 
only the state energy. 

In addition, under this same assumption con- 
cerning w,(x, y), MI should also be small since: 

where 6~ is the internal energy difference associ- 
ated with both f 6x, (6.u and 6~ small), and de- 
excitation processes are assumed to involve 
negligible activation energy. Thus, iM, should be 
approximately zero, since ~~,(x,y) is invariant to 
a change of sign of y ;  thus, only M ,  remains 
in [lo]. 

The remaining approximation concerns the 
functional dependence of M2" upon the state 
label x, i .e. effectively upon the internal energy; 
in order for [lo] to be useful, it is necessary that 
this functional dependence be weak, relative to 
that of the other factor on the left side of [lo]. 
In turn, this implies that the functional depen- 
dence of this latter factor should be approxi- 
mately that of the eigenfunction +,"(x). lit does 
not seem possible, at present, to make any useful 
generalization here; however, if the Landau- 
Teller probabilities for a harmonic oscillator 
are again invoked as a rather special simple case, 
M2M clearly increases approximately linearly 
with the vibrational quantum number, since 
k,,, ,, = (t. + I)k,,. The eigenvectors may be 
expressed (6) in terms of Gottlieb polynomials, 
for which the variation of the eigenvector ele- 
ments is a complex function of the index p: 

El41 lr(p) = exp (- re)  
n 

x [I - exp 81" 
\, = 0 

where 8 is the vibrational spacing and n the 
number of levels considered. It is clear that the 
dependence of Ir(p) upon p is considerably 
greater than the linear dependence of M2M, 
discussed above, and to this extent the approxi- 
mation (3, 4) of constant 1M2M is reasonable in 
this rather special case. 

It  is well-known (6) that the simple harmonic 
oscillator model is inadequate insofar as a 
quantitative account of dissociation-recombina- 
tion reactions of diatomic molecules is con- 
cerned. However, the results of interest here are 
very general conclusions regarding the transition 
kernel; by assuming that these results are at  
least approximately valid in general, Widom 
(3, 4) has shown that the all-important property 
[8] of the eigenvalue spectrum, together with the 
chemical principle of detailed balance, follows 
immediately. The present section has demon- 
strated that the necessary assumptions (3, 4) are 
consistent with the known properties of a model 
which is physically meaningful, even if not quan- 
titatively valid (6). 

Quite apart from these residual uncertainties 
just outlined, which refer to reactions proceeding 
via collisions with inert, structureless heat-bath 
molecules such as argon. additional difficulties 

u 

arise when dissociation-recombination reactions 
of diatomic molecules are considered. These dif- 
ficulties are associated with the fact that the 
diatomic X, and free atom X are usually present 
in significant concentration, and are clearly not 
inert, structureless collision partners. Discussion 
of these additional problems is best deferred to 
Section V below. 

III. Dissociation-Recombination Reactions 
The simple linear model used thus far is not 

applicable to dissociation-recombination reac- 
tions, since the recombination terms are non- 
linear. The approach adopted in the present work 
is to devise an approximate linearization pro- 
cedure, valid close to complete equilibrium, 
whereby the truly non-linear master equation 
may be re-expressed in a linear form analogous 
to that discussed above. The qualitative con- 
cll~sions derived previously (2-9) for the linear 
isomeriration model reaction, as well as those 
derived below, may then be applied to dissocia- 
tion-recombination reactions. In order for this 
extrapoiation to be valid, it is necessary that the 
experimental rate constants, obtained in shock- 
tube experiments as the ratio of a dissociation 
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rate to a concentration, are indeed true rate 
constants, independent of time and of composi- 
tion; it is this crucial assumption which permits 
the identification of the appropriate theoretical 
constructs for the rate constants within the 
'eigenvalue approximation', and implies that the 
measurements were made well after the incuba- 
tion time. 

While preparing this work for publication, it 
was realised that the results of this linearization 
procedure had been given previously by Nikitin 
(18). However, the method of derivation and 
limits of validity of this result are not readily 
available, and these are included here as an 
Appendix for the sake of completeness. 

Then, within the limits of this approximate 
linearization (see Appendix), the eigenvalue 
approximation expressions for the rate constants 
are : 

(kdh/k,h) = [A*I2/[A2*] = K* 
[I51 

h, = (k," + 4[A*]k,h) 

This result is analogous to 191, which applies to 
the strictly linear isomerization model; note 
that, according to [15], the rate constants are 
true constants only if h2 varies with [A*] as 
(1 + 4[AW]/K*). While it is true that h, must 
increase with [A*], it does not seem possible 
to prove that this particular functional depen- 
dence is necessary; however, it seems likely that 
this apparent prediction of a composition depen- 
dence of kdh and k," is an artefact of the force-fit 
of the true master equation into the linearized 
form. 

In other words, in view of the somewhat 
artificial linearization required, it is not the 
eigenvalue which should here be regarded as the 
more fundamental quantity, but rather the rate 
constants themselves. 

It is not claimed that the present linearization 
procedure offers a good model for quantitative 
treatments; rather, it was intended to provide a 
justification for extending to dissociation-re- 
combination reactions the qualitative conclu- 
sions reached for isomerization reactions (2-9). 

1V. Linear Mixture Formula 
The experimental findings which prompted 

the present work involve dissociation-recombi- 
nation reactions of diatomic molecules, for which 
[I] gives the appropriate form of the linear mix- 
ture formula. However, the discussion of the 

theoretical implications of such a formula is 
most easily given for the linear isomerization 
model described in Section 11; extension of the 
qualitative conclusions thus reached to the sys- 
tems of interest is then justified by the considera- 
tions of Section 111. 

Now, the reaction described by [2] is assumed 
to proceed via collisions with inert, structureless 
heat-bath molecules M and N, such that FM and 
F, = (1 - F,) are the illole fractions of M and 
N respectively in the heat-bath. Then, in view of 
the present restriction to ideal gas systems, the 
microscopic description of the rate, assumed 
again to be given by a master equation analogous 
to [4], becomes: 

This 'linear mixture formula' for the microscopic 
description is simply a consequence of the ad- 
ditivity and independence of collision rates in 
ideal gases. The present problem is to justify the 
contraction of [16], via the definition of chem- 
ical species [6], to the phenomenological linear 
mixture formula [17] relevant to our model 
reaction : 

In the local equilibrium approximation, the 
theoretical constructs [7] for the rate constants 
become : 

and similarly for "k,. Such definitions are en- 
tirely consistent with the linear mixture formula 
[17], as is intuitively obvious (19). 

Again, however, in the non-equilibrium 
eigenvalue approximation (2-9), the result is 
non-trivial; the definitions of theoretical expres- 
sions for the rate constants analogous to [9] are 
derived from [16] in the usual way, and are valid 
whatever the composition of the heat-bath: 

In [19], h, is the smallest non-zero eigenvalue of 
K (see [16]), and is thus a function of FM and 
FN(= 1 - F,), as well as of all the micro- 
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scopic rate constants kij.M and kijN. If 'kp and 
Ik, are to satisfy [17], it 1s clearly necessary and 
sufficient that this functional dependence be of 
the following form: 

[2O I h, = FMh2M + FNhZN 

since K X  is not a function of the nature of M and 
N. (hZM is a function of the kijM only, and hZN 
of the kijN.) 

A sufficient condition for [20] to be valid is 
that KM and K N  shall commute; in such a case 
KM, KN, and K (see [16]) share common eigen- 
vectors, so that [20] and thus [17] follow directly. 
This commutation condition is not necessary, 
since it is required only that the first two eigen- 
vectors 14,) and I$,), corresponding to h, and 
h, be shared, in the present two-species model 
reaction; 14,) = /u*)  is shared, in any event. 

The question of the commutation of KM and 
KN was investigated by considering the vector 
KM(K"lu)), and attempting to reduce it to a 
form symmetrical with respect to interchange of 
M and N; in the trivial two-level case (n = 2) it 
is possible to do so, using the microscopic 
reversibility relations (kijM/kjiM) = (uj*/uiX) = 
(kijN/kj?). However, for n > 2 this is not pos- 
sible, in principle, as is readily seen from writing 
out the matrix product explicitly; thus, KM and 
K N  do not commute, in general. 

However, as mentioned above, this commuta- 
tion requirement is too strong; furthermore, it is 
not necessary that the relation [20] be obeyed 
exactly, since the experimental relation [I]  may 
be confirmed in shock-tubes only to within an 
appreciable experimental scatter, even in the 
more recent investigations (10-16). In the spirit 
of the latter comment, it is instructive to con- 
sider the further approximations introduced by 
Bartis and Widom (4), discussed in Section I1 
above. 

The crucial eigenvalue equation [lo] yields 
invaluable insights (3, 4) if MzM, as defined by 
[12], is effectively constant, i.e. has a much 
weaker dependence on the state label x than do 
the eigenfunctions +,M(x). Under this same ap- 
proximation (3, 4), it is clear that [lo] implies 
that the \IrrM(x) are independent of the nature of 
M, and the corresponding eigenvalues scale 
linearly with MZM. In fact, it is only necessary 
to assume that M," is approximately indepen- 
dent of x, relative to the dependence of +,M(x), 
for r < A, where A is the number of chemical 
species involved (9) (two in the present case). 

Thus, the same approximations as used pre- 
viously by Widom and co-worker (3, 4), culmi- 
nating in the relation [lo] plus the above as- 
sumption regarding MZM, lead immediately to 
[20], and thus to the linear mixture formula 
given by [17]. An earlier investigation (20) of 
this same problem concluded that the linear mix- 
ture formula was valid under local-equilibrium 
conditions, but was unable to justify the formula 
for non-equilibrium kinetics. 

V. Empirical Tests of Linear Mixture Formula 
A direct test of the preceding discussion, for 

dissociation-recombination reactions, would re- 
quire data obtained using highly dilute mixtures 
of X, in mixtures of inert gases (e.g., neon plus 
argon); no systematic investigations of this type 
are known to the present author. The nearest 
approach to this experiment was achieved by 
Breshears et al. (1 1) for the shock dissociation 
of 0,; also relevant is the elegant investigation 
of the relaxation of hydrogen by Dove and col- 
laborators (21, 22). In both cases, in order to 
obtain good shocks into mixtures containing 
helium, it was necessary (11, 21, 22) to add a 
proportion of a diluent (Kr) heavier than He. 
The linear mixture formula (23, 24) appropriate 
to the relaxation experiment was found (21, 22) 
to account for the data quite satisfactorily. This 
observation is, at least, perfectly understandable 
in the context of the simple harmonic oscillator 
approximation; this is most readily seen in terms 
of the treatment due to Montroll and Shuler 
(25). If the factor K (eq. (1.7) of ref. 25) is identi- 
fied as (kIoMFM + kIoN~,) ,  in line with the ad- 
ditivity of collision rates, then it is a simple 
exercise to show that the original analysis (25) 
is not sensibly altered, and the simple Bethe- 
Teller expression for the energy relaxation is still 
obtained, modified according to the linear mix- 
ture formula (23, 24). However, in view of the 
finding (22) that the rotational mode is probably 
involved in the observed relaxation, this simple 
demonstration is clearly not the last word on this 
subject. The case of the 0, dissociation experi- 
ments (1 1) is discussed more fully below. 

In the case of those dissociation experiments 
(11-16) for which a truly meaningful test of the 
linear mixture rate equation [ I ]  was possible, 
the heat-bath collision partners involved have 
been an inert gas (typically argon), the diatomic 
molecule Xz itself, and the dissociated atom X. 
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Before discussing the added theoretical compli- 
cations arislng from this fact, ~t is appropriate 
to comment on the degree to which the linear 
mixture equation has been tested in this work 
(1 1-16), and on its success or otherwise. 

It  appears that the most impressive successes 
of [ l  1 are in the experimental investigations with 
X, = H, (13) and X, = Br, (15, 16). In both 
cases, the experiments suggested that kdM, kdX2, 
and kdX are all true rate constants, independent 
of the particular reactlon mixture used. Thus, 
for example, the value of kdHZ extracted using 111 
was independent (1 3) of the nature of M ;  also, 
the very precise values of kdAr obtained (13) for 
H, using the laser-schlieren technique are in 
excellent agreement with the equally precise 
results of Myerson and Watt (26), obtained in 
very dilure mixtures using an atomic resonance 
absorption technique to follow the rate of H 
atom production. In the case of X, = Br,, each 
of kdA', kdKr, kdBr2, and k,Br is a true rate con- 
stant, in that values obtained from high-tem- 
perature flash photolysis (271, laser-schlieren, 
molecular absorption spectroscopy, or atomic 
two-body emission in shock waves (15, 16, 35) 
are all in agreement to within experimental un- 
certainty. 

In the case of X, = O,, the laser-schlieren 
results (1 1) are again a satisfyingly self-consistent 
set of data when treated in terms of the linear 
mixture formula [I]. However, values so ob- 
tained (11) for kdAr are about a factor of three 
higher than the comparable results of Watt and 
Myerson (28) using atomic resonance absorption 
spectroscopy, which are in good agreement with 
direct high-temperature measurements (29) of 
k:'; this discrepancy is far outside the com- 
bined experimental scatter, and seems significant 
in the llght of the excellent agreement, cited 
above, for X, = Ei,. The reasons for this dis- 
agreement are not clear. 

In the cases (12, 14) of X, = HCl and X ,  = 
F,, the h e a r  mixture formula [ I ]  was found to 
be perfectly adequate, but these experiments (12, 
14) were less extensive, and do not prolide as 
severe a test of [ I ]  as do the first two cases dis- 
cussed. Nevertheless, these findings (12, 14) pro- 
vide a significant contribution to confidence in 
the linear mixture formula as applted to this class 
of reactions: on the whole, ~t seeins to be a fair 
conclusion that the recent shock-tube data (1:- 
16) are well described by the linear ,%ix:ure 
formula [ I ] ,  vlth only one (X, = 0,) reserva- 
tion. 

However, this empirical success of the linear 
mixture formula [ l ]  cannot be accounted for 
simply and directly in terms of the considera- 
tions of Sections 11, 111, and IV above, since the 
collision partners X, and X are very special, not 
at all covered by the assumption in the theoret- 
ical treatment of inert, structureless heat-bath 
molecules. The case of the dissociated atom X 
seems marginally simpler, and will be dealt with 
first. 

The extraordinary efficiency of free atoms X 
in relaxation and dissociation of X, is well docu- 
mented, and has frequently been cited as evi- 
dence of a 'che~nical' interaction. From the 
present point of view, this need not necessarily 
nullify the present theoretical treatment, pro- 
vided that this extra efficiency stil! retains the 
characteristics that M ,  >> M,, M,, etc., and that 
,M, has a relatively weak functional dependence 
on x, (see Sections I1 and IV above). That is to 
say, relatively s~iiall energy transfers in X-X, 
collisioils must still be appreciably more prob- 
able than larger energy transfers; as emphasized 
recently (30), there ic a great need for further 
theoretical studies of this problem. The most 
relevant study is that due to Thompson (31), 
who carried out a classical dynamical study of 
vibrational relaxation and atom-exchange in the 
systems C1 + C1, and I + I,. As can be seen 
readily from Figs. 10 and 11 of ref. 31 the distri- 
butions over u' for the process 

are sharply peaked around 2; = v', for u = 14 
at 1100 K ;  this distribution is particularlynarrow 
for X E I, and less so for X = C1. Although 
these results (31) are invaluable, they are un- 
fortunately inadequate to permit a quantitative 
evaluation of the validity of Widom's contrac- 
tion of the Taylor-series expansion (3, 41, of the 
transition kernel, which led to [lo];  this is be- 
cause no information is avai!able on the eigen- 
vectors and their derivatives. However, the evi- 
dence available (3 1) is ciearly consistent with the 
free atom X meeting the requiremefits of 
Widom's qualitative model (3, 4). In  addition. 
of course, it must be assumed that the transla- 
tional and electronic modes of the atom X are 
fully relaxed at  all times uncler shock-tube con- 
ditions; then X may be regarded effectively as a 
structureless collision partner, and may be repre- 
sented as a sing!e state n in [A! 3 (see Appendix). 
tinder these conditions, it appears that there 
should be no brealtdown of [ i  ] due to the special 
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nature of the dissociated atom X as collision 
partner. 

No such accommodation in the present theory 
is possible for the case of X, as a collision part- 
ner, since it is the disequilibrium of the internal 
states of X, during dissociation which is the 
object of the present exercise. Thus, significant 
contributions of X,-X, collisions in which both 
molecules change their internal states introduce 
non-linearities which are inescapable. The only 
escape for the present theoretical approach, in 
this case. would require a demonstration that in 
X,-X, collisions, translational-vibrational ex- 
change, for example, is much more probable 
than vibrational-vibrational (V-V) exchange, 
possibly due to non-matching of the anharmonic 
vibrational levels. The fitting of vibrational re- 
laxation times of pure X, into semi-empirical 
correlation schemes (32), based upon simple 
theory of translational-vibrational relaxation, 
offers some heavilv circumstantial evidence to 
sustain this hope, but clearly more work is neces- 
sary here also. The phenomenological success of 
[ l ]  in including kdX2 is thus not properly ac- 
counted for by the present approach. 

An alternative theoretical approach, which 
has yielded usef~ll information on this question, 
involves numerical (computer) experiments. In 
a study of a model system designed to resemble 
H, dissociation in He, McElwain and Pritchard 
(33) showed that the linear mixture formula 
would hold in mixtures containing appreciable 
H, provided that the V-V coupling was not too 
strong, but would break down badly if such 
processes were efficient, in broad agreement 
with present conclusions. The problem remains 
to ascertain the efficiency of V-V exchange for 
Hz in He, under experimental shock dissociation 
conditions, and thus to determine into which 
regime (33) the real system should fall; the ex- 
perimental evidence, for I-I, in Ar (13, 26), 
clearly indicates the linear mixture formula is 
valid, suggesting (33) that V-V coupling is not 
efficient in this latter system. 

Similar work due to Kiefer (34), on a model 
system designed to simulate O,, seems to confirm 
the conclusion that when V-8: exchange is signi- 
ficar,: the linear mixture rate law is not valid. 
One explicitly stated conclusio~z (34), that signi- 
fica.nt deviations from the linear mixture formula 
seem to be largely confined to the effect of the 
self-atom, would appear to be an inevitable 
consequence of the method used (34) to reduce 
the 'experimental' (i.e. computalioilal) data. 

Rate constants kdX2 and kdM, where M is Ar for 
example, were obtained using [ l ]  for mixtures 
of closely similar con~positions rzot containing 
any X ;  then the rate data for a mixture of M, X,, 
and X were reduced (34) through [I] ,  using these 
same values of kdM and kdX2. That is, all devia- 
tions from [ I ] ,  whatever their cause, were auto- 
matically assigned (34) to the kdX so calculated. 
Thus, the conclusion stated elsewhere in (34) 
that breakdown of [ I ]  is generally a consequence 
of significant V-V exchange would appear to be 
the appropriate one. 

Such computational 'experiments' are in- 
valuable in that they afford the opportunity of 
providing quantitative insights which the present 
analytic approach cannot provide; on the other 
hand, the numerical approach alone has not 
offered qualitative physical understanding. For 
example, the question, treated above, as to IV/~J), 

in the absence of significant V-V coupling, the 
linear mixture formula should be valid for non- 
equilibrium kinetics, was not broached in either 
of the studies cited (33, 34). Thus the two ap- 
proaches should be considered as complemen- 
tary to one another. The most pressing problem 
now would seem to be to account for the em- 
pirical success (1 1-16, 35) of the linear mixture 
formula in a range of systems, including pure 
diatomic X,, for which V-V coupling and other 
exchanges of internal energy might be expected 
to be significant. 
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Appendix: Linearization of Dissociation-Recombination Master Equation 
For convenience, in the following derivation the superscript M is dropped from the rate constants, 

which are again pseudo-first-order, or pseudo-second-order in the case of recombination steps. De- 
noting by Pn the concentration of free dissociated atoms, the relevant master equation is: 

The problenl with [All  is that the two composition vectors are not identical; the aim is to approxi- 
mate [Al l  in such a way as to render the two vectors identical, while still retaining all the appropriate 
properties (2-9) of the transport matrix. This may be achieved by defining: 

[A2 1 a, z (0,"/2) + A where A - (fin - fin") 

Thus, pn2 w 2Pn*an, provided << I ; also: (dan/dt) = (dPn/dt). Then, to within this approxi- 
mation, [All may be written : 

1-43 1 - (d/dt)la) = Lla) 

where Li,, = -2P,"kn,i, for I < i < n, and 

Lnn = 4Pn* C i kni 

all other elements of L are unchanged from those of the matrix in [All .  The determinant /El is zero, 
and thus L has one zero eigenvalue, A, say, with the corresponding eigenvector given by 14,) = 
lor"), as required (2-9). 
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The analysis now proceeds as usual (2-9); the matrix L may be diagonalized by a similarity trans- 
form (i$-'I2L A+'I2), where A is a diagonal matrix with A,i = a,'" for 1 < i < M ,  and A,,, = 
2xn* = pn*; the solution given as [5] then applies. The chemical classification of the states is now: 

[A21 = ,C xi; CAI = P n  
i =  1  

and insertion of i5] into [A41 gives the appropriate theoretical predictions of the chemical composi- 
tion as a function of time. However, the mass conservation condition upon the eigenvectors 14,) 
must be reinvestigated: this is best done by deriving two expressions for P,, one directly from a,, and 
the other from the expression for [A,] plus mass balance. Thus: 

The mass balance condition is : 
n -  1 n- 1 

[A61 [A2] + $[A] = cti + +PI, = z ai* + ?PI? = f xi* 
i = l  i =  1 i=  1 

From [ 5 ] ,  we have: 

1 ~ 7 1  5 ur  = i ai* + i ero exp (-Art) Z &(i) 
i =  1  i = l  r = 2  ( i ; i  1 

From [A2], [A6], and [A71 is derived: 

Then, since the crO are arbitrary, it is true, for 2 < r n, that 

and this is the mass conservation condition upon the eigenvectors. Now, ignoring all terms with 
r > 2, yields for the eigenvalue approximation: 

n -  1 

[A101 [Az] = C a i  = [A,*] + cz0u2 exp (-h2t) 
i =  l 

[ A l l ]  (-d/dt)[A,] = ~ , ~ u , h ,  exp (-h2t) 

[A121 [A]' = pnz E 2P,,*a,, = 2P,*c(,* + 2P,,'k20 exp (-h2t)4,(n) = [A4']' 
- 4[A*]c20u2 exp (-h2t) 

Equations A10-A12 are consistent with the phenomenological description of the rate, provided that 
the rate constants correspond to the eigenvalue approximation expressions, given by [15]. 
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An acidity function based on thiocarbonyl indicators 
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JOHN T. EDWARD, IVAY LANTOS, GARY D. DERDALL, and SIN CHEONG WONG. Can. J. Chem. 
55, 812 (1977). 

The ionization of 16 thiocarbonyl indicators of overlapping range has been used to establish 
an  acidity function EI, for 10-90% ssulfuric acid. Agreement with an  earlier HT scale of Tissier 
and Tissier using different thiocarbonyl indicators is good. Protonation constants PKTHC 
derived by the classic Hammett-Deyrup approach are in good agreement with those derived by 
the Bunnett-Olsen relations, but in less satisfactory agreement with those derived by the 
Marziano-Cimino-Passerini relations. 

JOHN T. EDWARD, IVAK LANTOS, GARY D. DERDALL et Siu CHEONG WONG. Can. 3. Chem. 
55, 812 (1977). 

On a utilisC l'ionisation de 16 indicateurs thiocarbonyles ayant des Ccarts qui se recoupent 
pour Ctablir une fonction d'aciditi HT pour l'acide sulfurique de 10-90z. L'accord avec une 
echelle anterieure H, de Tissier et Tissier utilisant differents indicateurs thiocarbonyles est bon. 
Les constantes de protonation pKT,+, obtenues par une approche classique de Hammett- 
Deyrup, sont en bon accord avec celles obtenues par des relations de Bunnett-Olsen mais ne 
sont pas en aussi bon accord avec celles d6rivCes de relations Marziano-Cimino-Passerini. 

[Traduit par le journal] 

Introduction 
The extent to which thioamides and related 

compounds (T) are converted into their conju- 
gate acid forms (TH') in aqueous sulfuric acid 
is governed by an acidity function H, (I),  
defined by 

where the symbols have their customary defini- 
tions (1,  2). This acidity function proves to be 
very close to Hot" (2), which governs the 
protonation of tertiary anilines, In its dependence 
on acid concentration (3-5). Our need to inter- 
pret results on the kinetics of the acid-catalyzed 
hydrolysis of thioamides and thionesters (1) has 
led us to establish the H ,  scale for 10-90% 
aqueous sulfuric acid, using 16 thiocarbonyl 
indicators of varying structures ( I )  and the oper- 
lap procedure of Halnmett and Deyrup (6), and 
we report these results in this paper. 

Since Hammett and Deyrup's classic paper, 
two new approaches for establish~ng an acidity 
function scale, and hence for obtaining therrno- 
dynamic ionization constants of weak bases, 
have been reported in the literature. The first 
approach is based on the linear free energy 
relationship of Bunnett and Olsen (7) : 

[2] log ([THt]l[T]) + Ho = 

4(H, + log LH + 1) + PKTH 

The t.$ parameters, which characterize the 
changing activity coefficient behaviour of bases 
with changing acidity (7-9), can be calculated 
from ionization ratio data for a set of indicators. 
The H,  scale may then be derived fro111 the 
average 4 value and the H, function (6. 10) by 

(obtained by rearranging [2]). Tissier and Tissier 
(11) have applied this method and established 
HT for 10-80",queous sulfuric acid using 11 
indicators, all of then1 different from ours, with 
an average t.$ value of 0.36. 

The second approach is based on another 
empirical linear relationship, this one discovered 
by Marziano, Cimino, and Passerini (M.C.P.) 
(12). They found that for a series of overlappiilg 
indicators A, B, C ..., at any given acid concen- 
tration the f o l l o ~ i n g  relationship holds : 

log -- 
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EDWARD ET AL.  813 

etc A plot of log ([Hf][B],'[BH-I) for the indi- 
cator B againht the correspond~lig funct~on fol 
A at the same acld concentrations should give 
the parameter n,  as the slope, and tlie protona- 
t ~ o n  constant pKB,, + of the second indlcatoi can 
be calculated fiom the Intercept and from 17, if 
pK + 1s known 

in this \lay, startlng f ~ o m  an 'anchor' com- 
pound A mhose plotonatlon constant 1s known 
In dllute aqueous solut~oii, the protonatlon 
constatits of the weaker bases B, (; . . may be 
established by a stepwise p~ocedure wlllch does 
not depend on any a c ~ d ~ t y  furlction. Further- 
more from the same data one rnaq derive a nen 
actiwty coefficlen: furlctron it&, based 011 a slngie 
reference base A. Equation 4 inay be le~vrltren as 

lI5l 
f +J ig  f ~ +  f* log -F"- = 71, log ----- 
S B H  + ~ A F I  + 

Since thernlodynalnic parameters for the anchor 
compound A are kno~vn, M ,  may be established 
by measurement of' the ionization ratios of 
ii~dicators B, C ... a t  higher acid concentratio~~s, 
using the values of nB, 1 1 ~  ... and pK,,+, 
pKcH, ... already established. 

The pK,,+ values obtained by the M.C.P. 
procedure should be free froin errors caused by 
the cuillulative effects of debiations fronl 
parallelism in plots of log [BH']I[B] against 
acid concentratioll in the classic Hanimett- 
Deyrup procedure, and from errors inherent in 
the long extrapolation to dilute aqueous solution 
involved in the Bunnett-Olsen approach. 
Furthermore, the M ,  function, referring to a 
single reference base A?  should in theory eliini- 
nate the need for a multiplicity of acidity func- 
tions EI,, No"', H,, H,. etc., the differing be- 
haviour of different types of base being reflected 
in different values of 1 1 .  

I11 the present paper we apply these two new 
approaches also to data for the ionization of the 
16 thiocarbonyl indicators, and compare the 
pK,, + values thus obtained with those yielded 
by the traditional overlap procedure of Hammett 
arid Deyrup. 

etc. M,  is defined by Experimental 
Materials 

fH' f* [ 6 ]  ~%f, = - log------ 1,3-Diethylthiourea was a gift of Professor W. Cocker, 
f ~ f i  + and 1,3-di-rei.t-butylt11io~1rea was a commercial product. 

+ , S  - L /  VL 24 k i -4 - il4'\id4bi.L:i\ni - ~ - & ~ ~ ' ~ ~ ~ ~ p ~ ~ ~ d  by reaction of 3- 

- - 1 ~ H T J B  
aminoburanone hydrochloride and amn~on iun~  thio- 

- -log- 
n~ ~ B H +  

cyanate in water (13). All three compounds were purified 
by crystallization from ethanol and had melting points 

I & + f c  close to those reported. 
- - - ,log--- Thiobenzamide (nip 119-1 lS0C, lit. (14) mp 1 i6'C), 

nc ~ C H -  4-methoxythiobenzamide ( n ~ p  151-152-6, lit. (14) mp 
148.5-149.5 "C), and 4-chlorothiobenzamide (mp 131- 

- - - 7 I log ----- f i l + f ~ -  - ... 132'C, lit. (14) mp 124-C) were prepared by reactions of 
?ID ~ D H +  the appropriate nitriles with hydrogen sulfide in the 

presence of triethylamine (14) and crystallized from 
where n,:" nBnc ... 7zX This equation may be ethanol. 
rewritten as Thioheptanamide was prepared by reaction of heptan- 

JH + f 4  
amide with phosphorus pentasulfide in refl~~xing pyri- 

[7] lMc = - log ----- dine (c j :  ref. 15), and melted at 63-65-C after crystalliza- 
 AH - tion from ethanol. A~zal. calcd. for C,H,,NS: C 57.9, 

H 10.4, N 9.6, S 22.1; found: C 58.0, H 10.2, N 9.8, 
L-B1 S 22.0. 

4-Nitrothioacetanilide was similarly prepared (mp 
173.5-175'C, lit. (1 6) mp 175'6). The reaction mixture 

+ log [H'] + pKBH+ was quenched in water after only 10 min of reflux to 
prevent decomposition. 
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The 1,2-dithiole-3-thiones (17) were gifts of E. Klings- 
berg. 

Ethyl thionbenzoate was prepared from benzonitrile 
according to the procedure of Renson and Bidaine (18), 
and was separated from a small amount of ethyl ben- 
zoate by chrornatogrzphy of a hexane solution over 
alumina. The other thionesters were prepared in similar 
fashion. Ethyl 3-brornothionbenzoate, bp 98-99.j3C;'3 
torr, was a new compound: i,,,, (EtOH) 416,285,251 nm 
(E 119, 11 500, 7350). Anal. calcd. for C9H9BrOS : C 44.1, 
H 3.7; found: C44.0, H 3.9. 

Thiobenzamidoniunl pentacyanopropenide was pre- 
pared by adding 10 mol excess of pyridinium penta- 
cyanopropenide (19) to a solution of thiobenzamide in 
70Y, sulfuric acid at  30-35'C (cf. ref. 20). Because of the 
hygroscopic nature of the salt it was not s~lbmitted for 
elemental analysis, but was analyzed by measurement of 
the ultraviolet absorption spectrum of a solution in 
sulfuric acid. The absorbances at different wavelengths 
were those expected for a 1 : 1 salt (at 275 nm, E found 
13 600; E calcd. 13 900). 1,3-Diethylthiouronium penta- 
cyanopropenide was prepared in similar fashion. Its 
spectrum established it also as a 1 : l  salt (at 210 nm, E 

found 23 800; E calcd. 23 400). 

Spectral ~\.lenslri.ernents 
Measurements were made with a Unicam SP800 

spectrophotomerer having a cell compartment thermo- 
statted at 25.0 + 0.2'C, following general procedures 
already described (3-5). In general, good isosbestic points 
were observed for most families of spectra. When an 
isosbestic point was not evident (as in the case of curves 
for the substituted thioureas), extinction coefficients of 
the unprotonated (ET) and of the protonated bases (cTH-) 
were taken as the extinction coefficients three H, units 
before and after half-ionization, determined by a pre- 
liminary plot according to Stewart and Granger (21). 

Thionesters were stable in dilute or very concentrated 
sulfuric acid; E, and E,,,+ could be determined with 
relative ease. In moderately concentrated acid, however, 
these compounds hydrolyzed fairly rapidly and their 
extinction coefficients were obtained by extrapolation to 
the time of preparing the solutions. 

The ionization ratios I (= [TH+]/[T]) were then 
obtained from the extinction coefficients according to the 
equation 

In an attempt to minimize errors (cf .  Kresge and Chen 
(22)) most nleasurements were kept within the range: 
log I = 10 .6 .  

Solubility Measurements 
A suspension of an  excess of solid in about 2 ml of 

sulfuric acid of known concentration, contained in a 10 
ml flask immersed in a water-bath maintained at  25.0 
t 0.4"C, was shaken with a mechanical shaker. Satura- 
tion of neutral bases required 12-15 h ;  of pentacyano- 
propenide salts, 2-4 h. The suspension was filtered 
through a sintered glass funnel and the ultraviolet 
absorbance of the filtrate (diluted, if necessary, with acid 
of the same strength) was measured. Following Boyd 
(231, solubilities were expressed as absorbance ( A )  at a 
designated wavelength in a 1.0 cm cell without dilution. 

Measurements of solubilities of thiobenzamide (Table 

3) were carried out in solutions of increasing acidity, up 
to concentrations sufficient for 50% protonation, and 
corrections were made for solubility due to protonation 
of base by use of the equation 

where A is the measured absorbance at  287 nm (due to T 
and TH+), AT is the absorbance due to unprotonated 
base, and I, &,I,+ and ET are from results of the preceding 
section. 

Solubilities of salts were followed by the changing 
absorbance of the 412 nm band of the pentacyanopro- 
penide anion. Results are given in Table 4. 

Results and Discussion 
Site of Protonation of Thiocarbonj~l Cov~pounds 

The 16 indicators used to establish our H ,  
scale are shown in Table 1 with their ldentlfying 
numerals, and include several different types of 
thiocarbonyl compounds: thioureas (numbers 
1-3), thioamides (numbers 4-8), 1,2-dlthiole-3- 
thiones (1; X=S) (numbers 9, 10, and 12), a 
2,4-dithiohydantoin (2) (number I I ) ,  and thion- 
esters (numbers 13-1 6). 

There is now general consensus that thioureas 
(24), thioamides (24), and thionesters (25) are 
protonated on the thiocarbonyl sulfur in strongly 
acidic solution, and ultraviolet spectral changes 
indicate 2,4-dithiohydantoins to be protonated 
on the sulfur at the 2-position (4). Protonation 
of the thiocarbonyl sulfur of 1,2-dithiole-3- 
thiones is suggested by the fact that their pro- 
tonation follows the same acidity function as the 
other thiocarbonyl compounds, as shown by the 
parallelism of the curves of Fig. 1. On the other 
hand, the protonation of 5-phenyl-1,2-dithiole- 
3-one (1; R = H, R '  = Ph, X = 0 )  follows HA 
(26) (pK = - 3.26), as would be expected if 
protonation takes place on the carbonyl oxygen. 

Ionization Constant of the 'Anchor' Base 
The P K . ~ ,  + of the strongest base of Table 1, 

1,3-di-tert-butylthiourea, has been determined 
by an extrapolation procedure due to Paul (27). 
Equation 1 may be rewritten as 

[lo] pK,, + = log I - log [H'] 

+ 1% ( ~ T H  + FT~H + ) 
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EDWARD ET AL.  815 

TABLE 1. Protonation constants (pKTH+) of indicators used to establish HT scales 

Hammett approach 

Indicators A log I ~ K T H +  

Bunnett-Olsen approach M.C.P. approach 

dithiohydantoin (2)d 
12. 4,5-Benzo-1,2-dithiole- 0.39k 0.03 

3-thione 
(1; R R f = C 6 H 4 ,  X=S) 

13. Ethyl 4-methoxy- 1 .0310.02 
thionbenzoate 

14. Ethyl thionbenzoate 0.92k0.02 
15. Ethyl 3-bromothion- 1.08_+0.03 

benzoate 
16. Ethyl 4-nitrothion- 0 .92 t0 .04  -10.55 -0.37 -10.07 0.023 

benzoate 

O o ,  is the standard deviation of points from the linear regression line in they.  
b'Anchor' base: P K T ~ +  derived from Fig. 2. 
CExperimental data given in ref. 3. 
*Experimental data given in ref. 4. 

FIG. 1. Effect of acid concentration on ionization of thiocarbonyl indicators (identified by numbers 
in Table 1). 
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In  dilute acid solution, as [Hi]  + 0, log 
( f T * ,  + YTfH +I  -' 0, SO that 

[If]  pKTH+ = lim (log I - log [Hi]) 
[H-JpO 

In dilute sulfuric acid [H'] is uncertain because 
of the incomplete dissociation of the weak acid 
HS0,p9 but percl~loric acid is completely dis- 
sociated (271, so that [H-] n:ay be determined by 
titration. In Fig. 2 is shown a plot of (log I - log 
[Hi]) against concentration of perchloric acid 
(-0.7-1.7 M). Extrapoiation of the plot gives a 
pK,, - of - 1.32 for I ,3-di-terf-butylthiourea. 

H ,  Fli t~ctio~~fionz the Hnmrnett Procedure 
IJsing the 'anchored' pK,,, - value of - 1.32 

for 1.3-di-rcrt-butylthiourea and the expen- 
mental difference of O . i O  111 the logaritlim of the 
ionization ratio (A log I) between this con~pound 
and the next strongest base, 1,3-vinylenetliio- 
urea, for a given acid concentration (Fig. I), the 
pKTH - of the latter in aqueous sulfuric acid was 
calculated to be - 1.42. This is in excellent agree- 
ment with the value of - 1.43 obtained from Fig. 
2. 

This stepwise procedure (6) was repeated for 
the other 14 indicators. Their pKT, + values are 
given in Table 1, column 3, along with the data 
used in calculating them (column 2). From these 
pKTH + values, values for HT were calculated by 
application of [l] to the experimental values of I 
(- [THf]/[T]) in different strengths of acid. 
Values obtained from a smoothed-out curve are 
given in Table 2, column 2. 

- 1.5 L__-~-- I 
0 0.5 1.0 1.5 2.0 M 

LH-'2 

FIG. 2,  Extrapolation of the ioilizatio~i of 1,3-di-tert- 
butylthiourea (0) and (A)  in per- 

L, - , I  , r ,  .+-* a .. ., 8.L~! i - - ! - i  + - i $'I. , L:, I :j> 

HT Function from the Bunnett-0lsen Approach 
From 121, it is evident that a plot of (log I 

+ H,) against (H,  + log [Ht]) for any thio- 
carbonyl b a x  should give a straight line with the 
hydration parameter 4 as the slope and the 
ionization constant pK,, + as the intercept. 

This alternative to the stepwise overlap pro- 
cedure of analyzing experimental ionization data 
has been applied to our 16 indicators, and the 
results are given in Table I ,  columns 4-6. H0 
values were interpolated from the data of Paul 
and Long (28) and Jorgenson and Hartter (10) 
[H'] (r [H,Oi]) values1 were interpolated from 
the data of Robertson and Dunford (29). 

The pKTH + values of the 16 bases studied are 
mostly within 0.3 unlt of those obtained by the 
preceding method. The 4 values are scattered 
from -0.26 for I,3-diethylthiourea and 5,5- 
pentamethylene-2,4-dithiohydantoin (2) to 
-0.53 for 5-phenyl (1; R = H, R' = Ph, 
X = S) and 4-phenyl (I;  R = Ph, R '  = H, 
X = S) 1,2-dithiole-3-thiones. The average 
cQ value is -0.40, but only six compounds 
have + values within the range -0.35 to -0.45. 
Tissier and Tissier ( I  1) have reported less scatter 
in their set of 4 vaiues: eight of their eleven 
indicators had 4 values between -0.32 and 
-0.38, the remaining three had values of 
-0.25, -0.48, and -0.52; and their average 
was - 0.36. However, the H ,  scale constructed 
by application of [3] shows that the average 4 
value of -0.40 gives results which are in good 
agreement with results of the traditional Ham- 
mett approach, especially in concentrated 
aqueous sulfuric acid. (Compare columns 3 and 
4 with column 2 of Table 2.) 

The justification for the Bunnett-Olsen ap- 
proach has been empirical, and various theoret- 
ical objections to it have been raised (30-32). 
Accordingly, the closeness of the HT scales 
established by the Bunnett-Bisen approach to 
that established by the traditional approach 
indicates the practical equivalence of the two 
approaches. 

M ,  Function for Tl~iocarbonyl Compou?~ds 
As another approach, the M.C.P. procedure 

was applied to the data of our 16 indicators,with 
1,3-di-[err-butylthiourea again being the knchor' 

'Bunnett and Olsen (7), in applying [2] to data on 
ioiiirations in sulfuric acid, took [P1+]  to be equal to the 
stoichiomea-ic con cent ratio^: of acid. Because of the si~iall 
but finite dissociatioi~ of HS0,- in strong acid, this 
practice introduces a small error into the results. 
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EDWARD ET AL. 817 

TABLE 2. HT scales derived b y  different methods compared with Hot" and HA 

(XI - HTa - HTb - HTC - MC - HTd - Ho ' " -HA 

"Hammett approach. 
hBunnett-Olsen approach 
<Tissier and Tissier (1 1). 
drz*M~ - log [H+]. 

compound. In all cases, linear relations were 
found for a plot of log ([H+][T]/[THt]) against 
the correspoliding value of the succeeding indi- 
cator of Table 1 ,  generally with very high corre- 
lation coefficients (>0.998 or 0.999). The results 
are given in Table 1, columns 7-9. 

While most indicators have n values in the 
range of 1.0 i 0.1, two con~pounds, thio- 
caprolactarn (71 = 1.260) and 5,5-pentamethyl- 
ene-2,4-ditlliohydantoill (12  = 0.814), have 12 

values that are appreciably different. However, 
this difference is no worse than inany reported 
by Marziano et al. (12) for other types of bases, 
71 values less than 0.8 or greater than 1.2 being 
not uncommon. Most pK,,+ values differ 
appreciably from those calculated by the pre- 
vious two methods (some by as much as one 
logarithmic unit). In a similar comparison, 
differences of these magnitudes or greater were 
encountered also by Marziano et ul. (12). 

From pKTl,- and 12 values, MC values for 
thiocarbonyl compounds were calculated from 
ionization ratios by application of [7]. They are 
reported in Table 2, colun~n 5. 

The AfC function for a base of type X in 
general is related - t o  the appropriate acidity 
function H, by: 

n*MC = Hx t log [H'] 

from the hfC function for the thiocarbonyl com- 
pounds a l ~ d  from [H'] values of Robertsoll and 
Dullford (29) agrees fairly well with the H ,  
scales derived by the previous two methods 
(compare column 6 ~ i t h  coluiu~ls 2 and 3 of 
Table 2), except in the most concentrated acid. 

We are faced with the choice of a set of 
pK,,_ values to accept. Marziano et ul. (12) 
give various reasons for considering values 
derived by their approach to be more reliable: 
the order of pKxH + is occasionally altered to one 
which seems more plausible on intuitive grounds: 
a better linear relatio~lsl~ip is observed between 
pKx,+ and partial molal heats of transfer of 
primary nitroanilines to fluorosulfonic acid (33); 
eic. However, none of these argun~ents call be 
considered conclusive. It seems likely that no 
choice between the alternative approaches can 
be made without a refinement of techniques 
wliich allows measurement of very low or very 
high ionization ratios, [BH']/[B], [CHi]i[C]...g 
and hence experimental discrimination between 
the various extra-thermodynamic assumptions 
on which the different approaches are based. For 
the traditional Hammett-Deyrup approach, the 
assumption is made that for crll acid concen- 
trations 

fB 
C 

El31 
J C log ---- = log 7 

fna + JcH- 
r?* (1.156) being the average of II,*, 12,". . .  for 
our 16 indicators. The N, scale thus derived 

- - ... = log- fi 
fzn2- 
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For any two indicators of overlapping range, this 
assumption can be tested by noting whether the 
vertical separation between the two curves for 
log I (Fig. 1) at  different acid concentrations 
remains constant (the criterion of 'parallelism' 
(28)). However, present experimental techniques 
make it possible to observe this parallelism be- 
tween neighbouring curves only over a small 
range of acid concentrations. Arnett (34) has 
given reasons to believe that outside this ob- 
servable range the parallelism may break down 
for certain bases, but at  the moment this point 
cannot be established experimentally. 

On the other hand, the M.C.P. approach 
makes the assumption that for all acid concen- 
trations 

log + log (/,+)nC 
~ B H  + 

etc. This assumption is supported to the extent 
that plots of log ([B][Hf]l[BH']) against log 
([C][H']/[CH+]) give straight lines; again, such 
linear relationships can in fact be observed, 
because of experimental limitations, over only a 
limited range of acid  concentration^.^ To the 
extent that n,, n, ... approach unity, [I41 reduces 
to [13]; however, n values frequently deviate 
strongly from unity. 

I t  would seem, then, that at the moment there 
are no decisive grounds to preferring the M.C.P. 
to the Hammett-Deyrup approach, and the 
matter must be regarded as sub judice. However, 
the M.C.P. and Bunnett-Olsen approaches 
share a great practical advantage over the 
Hammett-Deyrup approach, in that they can be 
applied to compounds for which an appropriate 
acidity scale has not yet been, or cannot be, 
developed 

'By expressing H, and Ho in terms of activity coeffi- 
cients, [3] becomes 

[il log ( f ~ l f ~ ~ +  + log fH + = 

log (fB/fBH+)'-' f log (fHi)'-' 

( 5  in this case being a Harnmett No base.) Comparison of 
[i] and [14] shows that the Bunnett-Olsen and M.C.P. 
approaches are theoretically equivalent, and that the 
different results for the more concentrated acid solutions 
obtained by each approach come from the different ways 
in which extrapolation to the standard state of dilute 
aqueous solution is carried out. 

The Acficity CoefJicients fT andf,, + * 
The discussion above emphasizes the impor- 

tance of direct measurements of fx and fx,+ in 
acidity function studies (23, 35). 

The activity coefficient of a neutral Bronsted 
base in an acid solution is given by the ratio 
of its solubility in water (So) to its solubility in 
the acid under consideration ( S )  

when these solubilities are sufficiently low. 
The activity coefficients of thiobenzamide in 

0-40% sulfuric acid, calculated from the solu- 
bility data of Table 3, are shown in Fig. 3 along 
with those of 2,4-dinitrobenzamide (20) and 
N,N-dimethyl-3,4-dinitroaniline (36). 

Following Boyd (23), activity coefficients of 
conjugate acids are referred to a standard ion, 
tetraethylammonium ion (TEA-). By definition 

TABLE 3. Solubilities (S) and activity coefficients 
(f) of thiobenzamide in various concentrations of 

sulfuric acid 

HzS04 
( 1  S x Sf x logf" 

0s' is the solubility offree basecorrected for protonation 
bf - SOIS'. 

FIG. 3. Activity coefficients (f) of neutral bases: 
A Thiobenzamide (T); x 2,4-Dinitrobenzamide (A); 
0 N, N-Dimethyl-3,4-dinitroaniline (B"'). 
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It  is impossible to measure single-ion activity 
coefficients, but the mean ionic activity coeffi- 
cients f, of a sparingly soluble 1 : 1 salt may be 
determined by solubility measurements: 

where f, and f- are individual ionic activity 
coefficients. Boyd (23) found that the salts of 
many organic bases with the strong acid, penta- 
cyanopropene (HtPCP-) had conveniently low 
solubilities. Thus, for each concentration of acid, 
the relative activity coefficient of the ion TH' is 
given by : 

We have determined the solubility of the PCP 
salt of protonated 1,3-diethylthiourea in 37.8- 
69.1% sulfuric acid and of protonated thio- 
benzamide in 53 5-71.0% sulfuric acid (Table 3). 
These salts are hydrolyzed in more dilute acid 
solutions, 2.nd so the change in their activity 
coefficients in dilute acid cannot be determined 
directly. Yates and Sweeting (20) have described 
a method of anchoring these relative activity 
coefficients to dilute aqueous solution as stan- 
dard states; the following method is simpler but 
basically equivalent. 

Since in a given concentration of acid a, - 
should not be affected by the nature of base 
present in the vanishingly small amount neces- 
sary for spectrophotometric determination of I, 
the difference between H ,  and any acidity 
function Hx is given by: 

so that 

The values off,,, - * for 1,3-diethylthiouronium 
ion in 0-37.82 sulfuric acid were calculated from 
this equation using the data of thiobenzamide 
for log f,; 2,4-dinitroaniline (23) for log j,, 
anilinium ion (23) for log f,, + *  and No for H,. 
(Calculations based on Hot" (2) give essentially 
the same results.) The values for thiobenzami- 
donium ion were calculated by interpolating the 
first reference point (57.5% H,SO,) from the 

data of 1,3-diethylthiouronium ion. The results 
are shown in Fig. 4 along with those for ben- 
zamidonium ion (20) and N,N-dimethylani- 
linium ion (23). 

Difference betkveen HT and HA 
In spite of the close similarity of amides and 

thioamides, there is a large difference between 
the protonating power of sulfuric acid when 
measured by thiocarbonyl indicators (T) (in- 
cluding thioamides) and when measured by 
amide indicators (A). The reasons for this 
difference can be understood by considering 
[20]. Below 4 0 z  acid, log f,,+* -. log f,, +*, 
and most of the difference between HT and HA 
arises from the variation in log fT/fA. (In 30z 
acid, for instance, HA - H ,  - 0.8, log f,lf, 
-. 0.7; in 4 0 x  acid, HA - H,  -- 1.2, log 

fT / fA  -. 1.0.) Thiobenzamide is increasingly 
salted-out as the concentration of acid goes up, 
while 2,4-dinitrobenzamide is salted-in. A part of 
this difference can be attributed to the specific 
effect of nitro groups, which cause a compound 
to be salted-in in sulfuric acid (39,  but most of 
the difference comes from the different behaviour 
of amide and thioamide groups. Thioamides are 
probably more polar, and so more strongly 
hydrated than amides (3). Consequently, it is to 
be expected that they will be salted-out in acid 
solution as the water activity of the solution 
decreases. 

Above 40% sulfuric acid, while logfTlf, still 
remains important, the contribution of the term 

FIG. 4. Activity coefficients (A*) of conjugate acids: 
A 1,3-Diethylthiouroniun-~ ion (7Ht ) ;  b Thiobenza- 
midonium ion (TH+); x Benzari~idonium ion (AH+);  
0 Ar3N-Dimethylanilini~11-11 ion (B1"H+). 
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TABLE 4. Solubilities (S) and activity coefficients (f+*) of thio- 
benzamidonium pentacyanopropenide (A) and of 1,3-diethyl- 

thiouronium pentacyanopropenide (B) 

HzSO/I. 
Compound ( )  S x logf+" logf+*O 

% = SOIS. 
Y+* = [f=lf= (TEATPCP-)I2 and uere anchored to infinite dilution. 

log f,, +if,, + to the difference between H, and 
HA becomes quite significant. (In 60% acid, for 
instance, HA - HT - 3, log f,,, -If,, + - 1.4.) 
Amidonium ions are salted-out to a much greater 
extent than thioamidoniuni ions, suggesting the 
latter is less hydrated than the former. This order 
is not unexpected since a protonated sulfur base, 
by virtue of its larger size and consequently 
lower charge density, would be expected to have 
lower hydration requirements. 

Several classes of thio bases (thioureas, thio- 
amides, 1,2-dithiole-3-thiones, and thionesters) 
have been used to construct a single H, acidity 
function, indicating that structural variations 
have little effect on the protonation behaviour 
of tliiocarbonyl compounds. This is probably 
the most striking difference between thiocar- 
bony1 compounds and carbony1 compounds. 
The latter are known to exhibit a diversified 
acidity function behaviour, aldehydes, ketones, 
esters, aniides, and acids follouing slightly 
different acidity functions ( 1  9, 37). 

fT f, , ,, -) -. 0.1. Thus thioamides are hydrated 
to a greater extent than tertiary anilines, again 
probably because of the highly polar nature of 
the former. But this is compensated for by 
thioamidonium ions also being hydrated to a 
greater extent than tertiary aniliniuni ions, 
presumably because of the greater nunlber of 
acid hydrogen atoms available for hydrogen 
bonding to water molecules. 
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Synthetic application of cyclobutanes V.l a-Carbalkoxymethylation of 
a ,  @-unsaturated ketones 
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HSING-JANG LIU and PATRICK CHI-LIN YAO. Can. J. Chem. 55, 822 (1977). 
Two general methods for r-carbalkoxyniethylation of both enolizable and nonenolizable 

(towards the y-position) r,D-unsaturated ketones have been developed. Method A involves 
three synthetic steps: photocycloaddition of the starting enone to 1,l-dimethoxyethylene, 
hydrolysis-oxidation of the adduct with acetic acid and 30% hydrogen peroxide, and O-alkyla- 
tion of the resulting mixture of lactone and acid using anhydrous potassium carbonate and 
an alkyl iodide, e .g . ,  13 -t 17 + 21 i 22 i 23. Method B differs from method A in the 
means of securing the required cyclobutanone intermediate. Thus, photocycloaddition of 13 
to vinyl acetate followed by hydrolysis of the adduct gave two epimeric keto alcohols 39 
whose oxidation with dimethyl sulfoxide and acetic anhydride afforded diketone 40. Baeyer- 
Villiger oxidation of 40 followed by methylation of the products 21 and 22 completed the 
overall r-carbomethoxymethylation process to give keto ester 23. 

HSING-JANG LIU et PATRICK CHI-LIN YAO. Can. J. Chem. 55, 822 (1977). 
On a dttveloppe deux rnethodes gCnCrales pour effectuer 1'3-carbalkoxymethylation de 

citones r,p-nonsaturees enolisables ainsi que nonenolisables (vers la position y). La niCthode A 
irnplique trois &apes de synthese: une photocycloaddition de 1'Cnorie de depart avec le dime- 
thoxy-1,1 mkthylene, Line hydrolyse avec oxydation de I'adduit par l'acide acetique en presence 
de peroxyde hydrogene a 30%, et finalement une 0-alkylation du melange de lactone et d'acide 
qui en resulte faisant appel a du carbonate de potassium anhydre et un iodure d'alkyle, par 
exemple 13 -t 17 -t 21 + 22 -t 23. La mithode B differe de la methode A par les moyens 
utilises pour obtenir la cyclobutanone requise comrne intermediaire. Ainsi la photocycloaddi- 
tion de 13 sur de I'acetate de vinyle suivie par une hydrloyse de I'adduit conduit a deux cetoal- 
cools Cpimeres 39 qui par oxydation avec le dimethyle sulfoxyde et anhydride acetique four- 
nissent la dicetone 40. Une oxydation de Baeyer-Villiger de 40 suivie par une methylation 
des produits 21 et 22 obtenus complete le processus global d'r-carbomtthoxymethylation 
conduisant au cetoester 23. 

[Traduit par le journal] 

Introduction 
The utilization of the pl~otocycloaddition 

reaction as a potential method for the introduc- 
tion of a single alkyl chain specifically to the Y- 

carbon of an u,p-unsaturated ketone was first 
demonstrated in the total synthesis of the Omzo- 
sicr skeleton (5) .  The crucial step of alkylation 
of the noi~enolizable enone 1 in the synthesis 
was achieved via a suitably substituted cyclo- 
butane intermediate 2 using a three-step sequence 
(Scheme 1). This procedure was, however, later 
shown to be limited to u,P-unsaturated ketones 
in which the enolization of the ketone group 
towards the u'-carbon was not possible due to 
either substitution or strain; the preferential 
incorporation of a leaving group into the desir- 
able r-position which was required for a Grob 
fragmentation (3 + 4) (6) was found difficult in 

cases in which the a'-carbon was also reactive 
(7). Using a photocycloaddition reaction as a 
general entry, two additional methods were 
subsequently developed. Valenta and coworkers 
(7) showed that the photoadducts of 2-cyclo- 
hexen-1-ones and en01 acetates after hydrolysis 
underwent oxidative cleavage of the cyclo- 
butane ring upon treatment with a variety of 
oxidants, in particular, ceric ammonium nitrate, 
to give products of type 5 (Scheme 2). More 
recently photoadducts of conjugated enones and 
vinylene carbonate were found to undergo 
fragmentation with alkali to yield compounds 
of type 6 (Scheme 3) (8). These a-monoalkylation 
procedures are synthetically attractive. In addi- 
tion to providing useful 1,4-dicarbonyl com- 
pounds of broad synthetic i n t e r e ~ t , ~  by virtue 
of the mode of the initial photocycloaddition 

'For parts I-IV of this series, see refs. 1-4 respectively. 'For a relevant discussion see ref. 7. 
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LIU AND YAO 

reaction, they have the following outstanding 
features in comparison with the conventional 
alkylation methods (9). (i) An ellolizable y- 
hydrogen atom is not required to effect the 
a l k y l a t i ~ n . ~  (ii) The position of the double 
bond in the starting enone fully determines the 
site of the addition. (iii) The introduction of a 
single activated alkyl chain can be readily 
controlled. 

3Though no specific examples &ere given, the method 
cited in ref. 8 is apparently applicable to a&-unsaturated 
ketones without an  enolizable y-hydrogen atom. This 
method has recently been extended to uracil (10) and its 
nucleoside (1 1). 

Although the above procedures differ froin 
each other in principle, they all furnish 1,4- 
dicarbonyl compounds of the type 5, in which, 
of the three possible sites for nucleophilic 
attack, the side chain carbonyl has been shown 
to be usually more reactive (5, 12). Consequently, 
in cases in which the transformation of the 
enone system, e.g., addition of Crignard reagent, 
is subsequently desired, ~t is necessary to modify 
the side chain in advance (12). In  order to cir- 
cumvent this deficiency, coniplementary methods 
allowing the direct incorporation of a less 
reactive functionality into the side chain are 
needed. We wish to report two new photo- 
chemical routes which facilitate the u-mono- 
carbalkoxyniethylation of both enoiizable u,P- 
unsaturated ketones and those in which enoliza- 
tion toward the ./-position is blocked? 

Results and Discussion 
Conceptually, the r-alkylation of both enoliz- 

able and llonenolizable a,P-unsaturated ketones 
can be achieved by concomitant Michael type 
addition and cyclization, using a reagent which 
possesses both a nucleophilic center and a 
leaving group, followed by p-elimination as 
illustrated schematically in Scheme 4. In  
practice, such a scheme poses obvious problems; 
the reagent chosen may easily undergo poly- 
merization or  internal cyclization. I t  is con- 
ceivable, however, to achieve a similar trans- 
formation by the use of a cycloaddition reaction, 

"A part of this work has been reported in preliminary 
form (4). A number of reactions have since been im- 
proved. 
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X = Leaking group 
V = Nucleophile 

e ,g . ,  Diels-Alder reaction or  photocycloaddi- 
tion, to form two carbon-carbon bonds to give 
compounds of type 7 (as shown in Scheme 5) 

followed by selective introduction of a leaving 
group a t  the P-position as shown in 8. The 
present studies followed this principle and the 
photochemical route has been used as the initial 
cycloaddition, 

In  order to facilitate the incorporation of the 
desired leaving group, it is necessary to activate 
the cyclobutane ring resulting from the photo- 
chemical process. In  the first approach (method 
A) 1,l-dimethoxyethylene was selected for this 
purpose since it has been well established that 
its addition to conjugated enoj:es proceeds in 
a head-to-tail fashion to give adducts of type 9 
(13). The hydrolysis of 9 was expected to provide 
10 which in principle could undergo selective 
Baeyer-Villiger oxidation under controlled re- 
action conditions to give desirable intermediates 
such as 11 for the regeneration of the initial 
double bond in the starting enone and thus 
comp!eting an  overall a-alkylation of a con- 
jugated enone. 

In order to test the feasibility and generality 
of this alkylation procedure, four representative 
eiloncs 12-15 \\.ere examined. The results of 
their photocycloaddition to 1,l-diniethoxyethyi- 
ene are compiled in Table 1.  

The photocycloadditions proceeded with a 
high degree of regioselectivity. The relative 
orientation of the fu~lctionalities of the photo- 
adduct in each cr~se follows unalxlbiguously 
from further transformations. Photoadducts 116 
and 17 were obtained as a nlixture of cis and 
tr.a/zs isomers. The ~nixture nature of these 
products was revealed by thei< nuclear mag- 
netic resonance (nmr) spectra. Four singlets a t  
t 8.93, 8.89, 8.86, and 8.74 were observed for 
the gem-dimethyl group of 16 in its ninr spec- 
trum, whereas C O I I ~ P O L I I I ~  17 shon,ed in the nmr 
spectrum a total of six singlets at  t 9.04, 8.98, 
8.93, 8.88, 8.78, and 8.69 for the three methyl 
substituents. Since the two chiral centers 
presented in these molecules would be sub- 
sequently destroyed, no  attempts were made to 
separate the two isomers. 

Photoadduct 18 was thought to be a single 
stereoisomer since gas-liquid rl~romatography 
(glc) analysis showed a single peak for the 
distilled compound and its nmr spectrum dis- 
played a singlet for the acetyl group at 7 8.10 
and two singlets a t  t 7.05 and 6.92 for the 
methoxy groups. The data available, however, 
(lo not permit unambiguous definition of its 
stereochemistry. 

Photocycloadditio~l of enone 15 to 1,l- 
dimethoxyethlyei-ie gave a mixture of two isomers, 
one of which crystallized readily fro111 Skelly B. - 
Ihe  mother liquor enriched in the other isomer 
was subsequently boiled with aqueous sodium 
hydroxide in methanol to epimerize it and to 
provide an  additional crop of the first isomer. 
The ring j u n c t i o ~ ~  of the crystalline compound 
thus obtained could readily be assigned as cis, 
since it has been established that in the bicyclo- 
[4..2.0]ocean-2-one systems, the tr .~~n,s ring junc- 
tion is readily epimerized upon treatment with 
base to give the thern~odynamically more stable 
cis form (13). The mnr spectrum oS the isolated 
crysta!line photoadduct was in full agreement 
with its assigned stereochemistry. The two 
singlets for the methoxy groups appeared at  
t 4.73 and 7.07. The appearance of one methoxy 
group a t  abnormallj~ high field could be at- 
tributed to the shielding effect of the benzene 
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TABLE 1. Photocycloaddition of conjugated enones to 
1,l-dimethoxyethylene 

Isolated 
Photoadduct yield 

Enone obtained (%) 

@iy 
CH;O 2 

O C H ,  

rlng and suggested that the 1111g junctlon of the 
compound mas trs, slnce lnspectron of Drledlng 
lnodels revealed that the mcthoxy group could 
be slilelded by the benzene ling only when the 
rings were so fused 

The subsequc~it two-step transformation of the 
photoadducts 16-19 Into compou~ids of type 28, 
Illustrated In Scheme 6 for the conversion of 
photoadduct I 7  to keto ester 23, completed the 

overall a-carbalkoxyalkylaiion of a conjugated 
ellone. Treatment of 17 uith a solution of 30% 
hydrogen peroxide in glacial acetic acid, 1 :  1, 
furnished a mixture of keto Iactone 21 and acid 
22 as a result of concomitant deketalization, 
selective Baeyer-Villiger oxidation, and partial 

Iactone ring cleavage. For the purpose of 
identification, the crystalline lactone 21\ould 
be isolated by extcnsivc chromatography of the 
crude mixture. Attempts to purify the acid 22 
were futile, due to its rapid conversio~i to the 
!actone 21. For further conversion, thc mixture 
of 21 and 22 was boiled with fivefold excess of 
anhydrous potassium carbonate and a large 
excess of niethyl iodide in acetone. After 2 days, 
keto ester 23 was isolated in 42% yield based on 
14. Similarly, photoadduct 16 was transformed 
into 24 via intcrmcdiates lactone 25 and acid 26 
in 41'; overall yield. 

\ 

111 the case of photoadduct 19, the hydrolysis- 
oxidation proceeded abnormally. In  addition to 

5Tts stereochemistry folio\is from the fact that Baeyer- 
Viiliger oxidation (\\hick1 is known to proceed nith 
retention of configuration (14)) of 40 \+ith nz-chloro- 
perbenzoic acid gave the same lactone as the only 
product. 
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the expected products, iactone 27 and acid 28 
(a total yield of 51z) ,  a 24'x yield of ester 
29 was also obtained. When the mixture of 211, 
28, and 29 was subjected to alkylation under the 
conditions described previously, another mix- 
ture was obtained. Though it was found to be 
homogeneous on thin-layer chromatography 
(tlc), glc analysis showed two partially over- 
lapped peaks. Besides the expected peak at  244. 
the mass spectrum showed an additional peak 
of approximately equal intensity at  258. Exact 
mass measurements of these two peaks indicated 
a difference of a rnethylene unit. Although there 
were insufficient data to permit conclusive assign- 
ments of the ident~ties of the two components, 
it was logical to deduce from the mode of the 
reaction that the mixture consisted of the desired 
ester 29 and the dialkylated compound 30. 

As a consequence of this finding, methyl 
iodide was replaced by a less reactive alkylating 
agent. namely, isopropyl Iodide, in the alkylation 
step. As anticipated, this nlodificat~on cir- 
cumvented the dialkylation problem and a 
mixture of esters 29 and 31 was obtained. 
Separation of these tmo conlpounds was 
achieved by extensive column chromatography 
on silica gel. The yields of the pure substances 
were low, due to the loss of ~ilaterial incurred 
during the purification. It was found more 
convenient to separate ester 29 from lactone 27 
and acid 28 prior to the alkylation reaction. 
Subsequent treatment of 27 and 28 with iso- 
propyl iodide and potassium carbonate in 
acetone resulted in the formation of ester 31 
in 71% yield, Accordingly, from photoadduct 19, 
methyl ester 29 and isopropyl ester 31 were 
obtained in a ratio of 1 : 1.5 and in a total yield 
of 60z. 

kipon hydrolysis-oxidation and subsequent 
alkylation under the same conditio~ls which 
effected the transforn~ation of 17 -, 23, photo- 
adduct 18 gave rise to a 5 8 2  yield of a mixture 
of 32, 33, and 34 in the ratio of ca. 4: I. : 1 via 
intermediates 35 and 36. The major product 

could be separated by column chromatography 
and its structure readily assigned as 32 on the 
basis of the spectral data. The minor components 
were obtained as a mixture of 33 and 34 as 
indicated by the mass spectrum showing two 
ntolecular ion peaks at 232 and 218. The two 
singlets at  r 8.10 and 8.07 in the nmr spectrum 
confirmed the presence of two acetyl groups while 
a high field doublet at T 8.47 could be accounted 
for by the extra methyl group introduced during 
tlie all<ylation. The stereocliernistry of 33 and 34 
was assigned as shown because of tlie shielding 
on the acetyl groups with respect to tvuris- 
benzalacetolle as observed in the nmr spectrum. 
The shielding effect indicated that the acetyl 
group, in each case, was in the proximity of the 
phenyl group, which required that these two 
groups be cis. The major ester, the acetyl 
singlet of which appeared in the ilmr spectrum 
at r 7.60. was consequently assigned the trans 
structure 32. 

The second method (method B) is based on 
the same principle as that previously described 
for method A but difers from it in the means 
of securllig the required cyclobutanone inter- 
mediate, c.g. 39. Whereas in method A the 
cyclobutanone moiety was jilcorporated directly 
in the ketal form in the initial photochemical 
process and later generated it1 situ, it was 
produced in method B by oxidation of the cor- 
responding alcohol which, in turn. was prepared 
in two steps from the starting enone and vinyl 
acetate. Thus, irradiation of a benzene solution 
of isophorone 13 and vinyl acetate afforded an 
85% yield of a mixture consisting of at least 
two diastereomers of 37. Hydrolysis of 37 
with aqueous potassium carbonate iit methanol 
gave a 98';1, yield of two epimeric alcohols 38 
(1). Subsequent oxidation of 38 using dimethyl 
sulfoxide and acetic anhydride (15) at  5 O C  
resulted in the formation of diketone 39 in 91: 
yield. Transformation of 39 to 23 (67%) com- 
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LIU AKD YAO 827 

pleted the overall a-carbomethoxymethylation 
process in two steps under reaction conditions 
similar to those used for 17 + 23. This procedure 
was shown to be equally applicable to a,P- 
unsaturated ketones in which enolization to- 
ward the y-position is blocked. By the same 
reaction sequence, the conversion of 12 into 24 
was achieved in an overall yield of 45% by the 
route outlined in Scheme 7. 

Both methods provide comparable overall 
yields for the conversion. Where the starting 
enone is easily obtainable, method B would bc 
preferable because of the availability of the 
reagent required, i.e., vinyl acetate. Method A 
howevcr has the advantage of having relatively 
few steps and is more suitable in cases where 
the starting enone is not as easily obtained. 

Experimental 
General 

Melting points were determined on a Kofler hot 
stage apparatus and are uncorrected. Mass spectra were 
recorded on AEI MS-50, MS-9, and MS-2 spectrometers. 
Infrared spectra were obtained by using Perkin-Elmer 
model 457 and 337 spectrophotometers. Nuclear magnetic 
resonance spectra were recorded on Varian A-60,90 MHz 
Perkin-Elmer 32 and HR-100 spectrometers. Unless 
otherwise stated, carbon tetrachloride was employed as 
the solvent and tetramethylsilane as internal standard. 
The following abbreviations are used in the text: s 
singlet, d doublet, t triplet, q quartet, and m multiplet. 
Elemental analyses were performed by the ~nicroallalytical 
laboratory of this department. Gas chromatographic 
analyses were performed using an Aerograph A-90- 
P-3 with a column of 15% SE 30 on Chromosorb W. 

Materials 
The commercially available isophorone 13 and trans- 

benzalacetone 14 were freshly distilled under reduced 
pressure before use. 4,4-Dimethyl-2-cyclo-hexene-1-one 
12 (16) and 1,l-dimethyl-2-0x0-l,2-dihydronaphthalene 
15 (17) were synthesized according to the described 
procedures. I ,1-Dimethoxyethylene was obtained from 
dehydrobromination (13) of bromoacetaldehyde di- 
methylaceta! which was prepared according to the 
reported procedure (18) w ~ t h  the modification of using 
methanol instead of ethanol as a solvent. 

General Procedure for Photocycloaddition Reactions 
The enone used was dissolved in ca. 15 mol excess of 

I,]-dimethoxyethylene or 20 mol excess of vinyl acetate. 
The solutio~l was then diluted with benzene to four or 
five times its original volume. A constant and moderate 
flow of dry and oxygen-free nitrogen was maintained to 
agitate the solution throughout the reaction period. 
The solution was irradiated using a 450 W Hanovia high- 
pressure quartz mercury-vapor lamp and a Pyrex filter 
at -OZC (ice bath) for 6-20 h. The progress of the 
reaction was monitored by checking the ir of an aliquot 
of the reaction mixture. Concentration of the resulting 
solution gave the crude adduct. 

7,7-Dimethoxy-j,5-dimethyli~icyc/o 4.2.0~-octan-2-orze 16 
4,4-Dimethyl-2-cyclohexen-I-one 12 (3.589 g, 28.94 

mmol) and 1,l-dimethoxyethylene (40 g, 0.45 mol) were 
dissolved in benzene (- 120 ml). The solution was ir- 
radiated for 15 h. The solvent and the unreacted olefin 
here distilled off at  atmospheric pressure and the residue 
was subjected to bulb-to-bulb distillation at 108-112 "C/ 
3 torr to give 16 (4.767 g, 78%): nmr r 8.93, 8.89, 8.86, 
and 8.74 (all s, total 6H, gen~dimethyl), 6.82 (s, 6H, 2 
OCH,); ir (film) 1735 cm-' (ketone); ms M +  212.1419 
(calcd. for C,,H2,O3: 212.1413). 

irradiation (16 h) of isophorone 13 (4.272 g, 30.96 
mmol) and 1,l-dimethoxyethylene furnished after distill- 
ing the crude product from bulb-to-bulb at  107-112'C/ 
1.7 torr, photoadduct 17 (4.969 g, 7173: nmr T 9.04, 8.98, 
8.93, 8.88, 8.78, and 8.69 (all s, total 9H, 3 CH,), 6.88 
and 6.84 (both s. 3H each. 2 O C H d :  ir (film) 1720 cni-' " ,  \ , ... 

(ketone); ms M +  226.1214 (calcd. for C,,H,,O3: 
226,1205). 

3-Acet~~l-l,l-dimethoxy-2-phnzy/cyc~obztane 18 
Irradiation (20 h) of trans-benzalacetone I4 (15.08 g, 

0.103 mol) and 1,l-dimethoxyethylene gave rise to, 
after bulb-to-bulb distillation of the crude product at  
82-125 "C/0.8-3.1 torr, 118 (8.850 g, 37%): nmr r 8.10 
(s, 3H, COCI-1,), 7.05 (s, 3H, OCH,), and 6.92 (s, 3H, 
OCH,); ir (iilm) 1710cm-' (ketone); ms M +  234.1259 
(calcd. for CI4H1803: 234.1256). 

cis-6,6-Dirnetlzoxy-2,2-rlirnetIzy1fric~'~i0.~6.4.0.0~~~~~d0de- 
crin-I,Y,I1-triene-3-one 19 

The crude product obtained from the photocyclo- 
addition of 1,l-dimethyl-2-0x0-l,2-dihydronaphthalene 
I5 (8.256 g, 48 mn~ol) to 1,l-dimethoxyethylene (ir- 
radiated for 9 h) was dissolved in Skelly B. Upon standing 
at  0 'G, crystalline material 119, mp 104.5-106 "C, was 
obtained. The mother liquor was concentrated and dis- 
solved in 10 ml of methanol. One drop of 2.5 N aqueous 
sodium hydroxide was added and the resulting solution 
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\\>as refluxed under nitrogen for 4 h. The reaction mixture 
was dil~ltcd ~ i t h  water and extracted with ether. The 
product obtained after the usual lvork-up of the organic 
solution was dissolved in Skelly B. After standing at  0 'C, 
it afforded an additional crop of 19. The total anlount of 
19 thus obtained was 11.76 g (81°<). Conipound 19 
exhibited the follo\ving spectral data: amr  (CDCI,) r 
8.65 (s, 3H, CH,), 8.45 (s, 3H. CH,), 7.07 (s, 3H, OCH,), 
6.73 (s, 3H, OCH,), and 2.60-2.82 (m, 4H, aromatic): 
ir (CHCI,) 1710 cni-I (ketone); rns ]\IfT 260.1408 
(calcd, for C l ,H2003 :  260.1413). Anal. calcd. for C16- 
H 2 0 0 3 :  C 73.82, H 7.74: found: C 73.55; H 7.92. 

7-Acctox~~-4,4,6-tr~it11etI1y~bic~~c/c~.~42.O~ocf~tz-2-one 3 7  
A solution of isophoronc 43 (20 g, 0.145 mol) and 

vinyl acetate (250 g, 2.9 niol) in benzene was irradiated 
for 6 h. Colunin chromatography of the crucie product 
on silica gel using a so l~~ t ion  of 5% ethcr in benzene as 
eluent gave 27.6 g (857:) of 37: ir (film) 1740 (ester) and 
1705 cm-I (Itetone); nmr T 4.67-5.53 (complex, total 
l H ,  CHOAc), 7.98, 8.01 (both s, total 3H, GCOCH,), 
and 8.81-9.08 (8 s, total OH, 3 CH,); ms M +  224.1413 
(calcd. for C13H,,0, : 234.1413). Anal. calcd. for 
C , 3 H 2 0 0 3 :  C 69.6i, H 8.99; foiind: C 69.69, H 9.10. 

7-Aceto.uj~-5,5-c/ir11erl1)~ibic~.ciu4.2.O.~uctat1-2-oize 10 
The crude product obtained after irradiating enone 12 

(3.49 g, 28.15 nimol) and \inyl acetate (50 g, 0.58 mol) 
for 16 h \\as subjected to short-path distillation to give a 
mixture of four diastereomers of 40 (4.66 g, 7 9 z ) :  bp 
89-94C 0.1 tori.; iimr r 4.67-5.38 (complex, total lH ,  
CHOAc), 7.96, 8.00, 8.02, 8.04 (all s; total 3H, OCOCH,), 
and 8.81-9.09 (7 s, total 6 H,  2 CH,);  ir (film) 1730 
(ester)  and^ 1705 cnir ' (Itetone); ms M +  210.12518 
(calcd. for C1 2H1 807 : 2 10.12560). Anal. calcil. for 
CI2H18O3: C 68.55: H 8.63; fo~ tnd :  C 68.17, H 8.72. 

Genet.tr1 Pr,occviill.e fill. the ,Vyc/rolj~sir-Oxihtion of' the 
Phorondd~~cts 16-19 

Thc reaction was carried out in such a manner that 1 g 
of the photoactduct \%as ciissolved in I0 ml of acetic acid - 
30"; hydrogen peroxide (1 : I )  solutiorl and the resulting 
solution \\as stirred at room temperature. The progress 
of the reaction \vas monitored by tlc. At the end of the 
reaction (6-7 h for photoadducts 16-18 and 3 h for 191, 
the solution Lras diluted u i th  mater and extracted with 
chloroform. The chloroform solution \\as mashed a i th  
aqueous sodi~lni bisulfite and saturated sodium chloride 
solutions. Drying (MgSO,), filtration, and concentration 
gave the crude product. 

cis-4,4,6-T~~irt1ctl1~~l-7-o.vcrbicqc~o~~4.3.0.~rzotznr1e-2,8-dione 
21 utzd 2-Cnt~box~~r~1etl1.~1-3,5,5-t1~iir1etIzyI-2-ej~cIo- 
hexene-I-one 22 

From photoadduct 17 (1.352 g, 6 inmol) a mixture of 
lactone 21 and acid 22 (700 nlg, -- 60z )  was obtained. 
The crude i i i ix t~~rc  mas L I S ~ ~  without purification for 
further transformation (see below). An analytical sample 
of 21 \vas obtained by colunin chromatography of the 
cr~lde  reaction product on silica gel with 30% benzene in 
Skelly B elution, followed by crystallization (petroleum 
ether - ether): mp 116-1 17 -C; nmr z 6.45-7.40 (m, 3H, 
CH2  and CH), 7.68 (s, 2H, CH2),  8.49 (s, 3H, CH,), 
8.90 (s, 3H, CH,), and 9.10 (s, 3H, CH,); ir (CHCI,) 
1770 (lactone) and 1712 cm-' (ketone); ms hZT 196.1104 
(calcd. for C1,H1,03: 196.1101). Arznl. calcd. for Cl,-  
H1603: C 67.32, H 8.22; foulld: C 67.56, H 8.26. 

Acid 22 was found to undergo rapid lactonization to 
give 21 and was not obtained in pure form. 

5,5-Ditnethyl-7-oxnbicyclo.~4.3.O.~~onnne-2,8-dior1e 25 and 
2-Curboxyn1etkyl-4,4-dir1~efhyl-2-cyclo/ze,~ene-l-one 
26 

Photoadduct 16 (962 mg, 4.54 mrnol) was treated mith 
acetic acid - 30% hydrogen peroxide according to the 
general procedure to give a mixture of lactone 25 and 
acid 26 (668 mg, -81z ) :  ir (film) 2700-3450 (acid), 
1768 (lactone), 1715 (ketone and acid) and 1665 c m r l  
(ketone). Attempts made to separate these two corn- 
pounds \\ere uns~~ccessful due to their rapid intercon- 
version and the mixture was used for the subsequent 
alkylation reaction. 

2,2- Diniethyl-7-oxutricy~lo.~7~4~O~O~~~~~tridecn-I,lO,l2- 
trierze-3,6-dione 27, 3-Carbosymethyl-2,2-dirizetIzj,I-2- 
oxo-1,2-di/zydiot1uphthaIene 28, rmd 3-Carbotnethosy- 
n i e t h y l - 2 , 2 - d i t ~ 1 e t / z y l - 2 - o x . o - 1 , 2 - d i h ~ n e  29 

Hydrolysis-oxidation of photoadduct 19 (2.04 g, 
7.85 mniol) under the described conditions gave 1.623 g 
of the crude product. A portion of this material (1.258 g )  
bas  purified by column chromatography on silica gel. 
Elution ~vith a solution of 30% benzene in Skelly B gave 
96 nig (7%) of lactone 27. Further elution with the s a n ~ e  
solvent, gave 301 mg (24%) of ester 29. Final elution with 
a solution of 10% methanol in ether afforded acid 28 
(620 mg, 45%). 

Con~pound 27 was crystallized from chloroforn~ to 
give a constant mp of 109--110 'C and showed the follow- 
ing spectral data:  nInr (CD,OD) .r 2.55-2.82 (m, 4H, 
aromatic), 5.05 (t of d, J = 10 Hz, J' = 1.5 Hz, IN, 
CO,CH), 6.18-6.77 (m, 3H, CHCO, and CH2C0,),  
8.45 (s, 3H, CH,), and 8.55 (s, 3H, CH,); ir (CHCI,) 
1785 (lactone), 1715 c n ~ '  (ketone); nis M +  230. 

An analytical sarnple of 29 was obtained by bulb-to- 
bulb distillation at 127-131 'C (oven temperature):0.2 
torr and showed the fo l lo~~ ing  spectral data: nmr T 
2.66-2.88 (ni, 5H, aromatic and vinylic), 6.33 (s, 3H, 
CO,CH,), 6.67 (s, 2H, CH,CO,CH,), and 8.57 (s, 6H, 
getti-dimethyl); ir (film) 1735 (ester) and 1660 cnl- ' 
(ketone); ms M a  244.1099 (calcd. for CljH1603: 
244.1086). Ancrl. calcd. for Cl5HI,O,:  C 73.75, H 6.60; 
found: C 73.69, H 6.59. 

Acid 28 was crystallized from chloroform to a constant 
n ~ p  of 144-145 'C and displayed the following spectral 
data: nmr (CDCI,) r 2.50-2.82 (m, 5H, aromatic and 
vinylic), 6.55 (s, 2H, CH,C02H), and 8.53 (s, 6H, 
getti-dimethyl): ir (CHCI,) 2700-3500 (acid), 1720 (acid) 
and 1660cm-' (ketone): ms M +  230.0943 (calcd. for 
C14H1403: 230.0933). 

3-Acetyl-5-oxo-2-pl1e11~~cycloxapet1tune 35 ntld 3-Bcrzzili- 
de11e-4-oxo/1et1tmzoic Acid 36  

Photoadduct 18 (3.128 g, 13.4 mrnol) was subjected 
to acetic acid - 3 0 2  hydrogen peroxide treatment to 
give a mixture of 35 and 36 (2.599 g, 95%) nhich was 
used without purification for the subsequent transforma- 
tion. 

Gerzernl Proeedrire for ,Wethylatiot~ of Hyd~oly~is-O rirkz- 
tiot~ Products oJ'P/zotoadd~icrs 16-19 

The crude mixture obtained from the hydrolysiss 
oxidation of the photoadd~lct was dissolved in acetone 
(0.1 g ml). Anhydrous potassiunl carbonate (- 5 inol 
equiv.) and methyl iodide (-2 ml, 1 g of reactant) were 
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LIU A 

added. The resulting rnixt~ire was refluxed under a 
nitrogen atmosphere for 1-4 days. After cooling to room 
temperatme, the mixture was diluted nith water and 
extracted with chloroform. The organic solution was 
washed with water, dried mith MgSO,, filtered, and 
concentrated. The crude product thus obtained mas 
purified by coluinn chroniatography on silica gel using a 
solution of 10% etlier in benzene as eluent. 

2-Carbometho,~)~11nefh~~I-3,5,5-ii.imefhyI-2-cyclohe~~e1ze-l- 
one 23 

The crude iuixture of 21 and 22 (0.458 g) obtained 
directly from 17 was subjected to n~ethylation conditions 
for 2 days according to the general procedure resulting 
in the formation of 23 (326 nlg, 42% based on 17): nnir r 
8.95 (s, 6H, grin-diiiietliyl group), 8.10 (s, 3N, CH,), 
7.82 (s, 2H, CH,), 7.72 (s, 2H, CH,), 6.73 (s, 2H, CH2- 
COACH,), and 6.38 (s, 3H, CO,CH,); ir (film) 1665 
(ketone), and 1740cm-' (ester); ms M +  210.1263 
icalcd. for C1,H,,O3 : 210.1256). Anal. calcd. for 
C I ~ H 2 0 0 3 :  C 68.28, H 8.89; found: C 68.54, H 8.63. 

2-Carbor~letl1os~~i~~ethyl-4,4-diinetl~yl-2-c~~clohexeiie-l-onr 
24 

The c r ~ ~ d e  mixture of 25 and 26 (688 mg) directly 
obtained f r o n ~  photoadduct 16, nas  treated under the 
described reaction conditions for 2 days to give 24 
(362 mg, 41Yz based on 16): lirnr r 3.54 (s, lH, vinylic), 
6.34 (s, 3H, CO,CN,), and 6.96 (s, 2H, CIf2C02CH,); 
ir (film) 1740 (ester), and 1665 cm-'(ketone);  ms Mi  
196.1101 (calcd. for Cl lHI6O3:  196.1099). Anol. calcd. 
for C l 1 1 3 ~ ~ 0 3 :  C 67.32, H 8.22; found: C 67.52, H 8.16. 

3- (1'-Catbo~nethos~efIiyI) - 1 , l - d i n i e f -  
d~onaphthalerze 30 and 3-Caibo111et l~ox~1~hyl - I , I -d i -  
mrtli~~l-2-oso-1,2-clihy~~~on0pIitI1aIene 29 

Attempted monolnethylation of a mixture of 27, 28, 
and 29 (800 mg) in crude form with nlethyl iodide and 
potassium carbonate under the usual conditions for 3 
days gave 640 mg of a mixture consisting of 30 and 29: 
ir (film) 1740 (esters) and 1660 cni-I (ketones); ms Mi  
258.1246 (calcd. for C16H1803: 258.1256) and 244.1094 
(calcd. for C15H1603: 244.1099). 

(C)-?if~~/l~~/-3-ber~zi/idrne-J-o.'iope11tn1oate 32, (Z)-~$fe-  
thyl-3-benzilidc~/?e-4-oxopenfanoate 33, and iZ)- 
:~ethyl-3-beilzilide1~e-2-1netI~j~i-4-o,~oyenta~loate 34 

The crude mixt~lre (279 mg) obtained from the hydrol- 
ysis-oxidation reaction of photoadduct 18 was niethylated 
according to the general procedure for 1 day. After 
purification, the major product 32 (127 mg, 40% based 
on 18; slower moving) rvas obtained in pure form and 33 
and 34 as a 1 : 1 (nmr) mixture (58 mg, 18% based on 18). 
The major product shok~ed the following spectral data: 
nmr r 2.42 (s, 1H, vinylic), 2.58-2.85 (m, 5H, aron~atic), 
6.65 (s, 2H, CH2C02CH3), 6.35 (s, 3H, C02CH3), 
and 7.60 (s, 3H, COCH,); ir (film) 1740 (ester) and 1660 
cn1-I (ketone); ms M i  218.0947 (calcd. for C13HI4o3: 
21 8.0943). 

The mixture showed the two parent iliolecular ion 
peaks in the mass spectrum at 218 and 232. The nrnr 
spectrum showed signals at r 8.07 (s, COCH,), 8.10 
(s, COCH3), and 8.58 (d, S = 7 Hz, CH,) in 1 : 1 : 1 ratio. 

Isopr.opylafiorz o f 2 7  and 28 
Lactone 27 (96 mg) and acid 28 (483 mg) were dis- 

solved in acetone (20 ml). Anhydrous potassium car- 

bonate (1.7 g) and isopropyl iodide (1 g) Lvere added. 
The resuiting niixture was refluxed under nitrogen for 
'Oh. After the ~isual nork-up, the oily product nas  
purified by colun~n chromatography on silica gel. Elution 
\vith a solution of 10% ether in benzene afforded 3-car- 
bisopropouymethyl-1,l- din?et:iyl-2-0x0-i ,2-dihydronaph- 
thalene 31 (320 mg, 717; based on consumed starting 
material (scc beloa.)): nnir z 2.55-2.80 (111, 51-1, aromatic 
and vinylic), 8.53 (s, 6H, getii-dirrtethyl), 8.78 (d, 6H, 
J = 6 Hz, C02CH(ChT,)2j: ir (film) 1740 (ester) and 
1660 cm-' (ketone); ins ?\.I' 272.1112 (calcd. for C ,  ,- 
1-1,,03: 272.1413). Further elution with a solution of 1 0 z  
methanol in ether afrorded 210 rng of the starting acid 28. 

7-Hj~di.oxy-4,4,6-l~i1~1ei/~)'lDicyclo~~4.2.Cl.~octnrz-2-or1e 38 
To a solution of 37 (1.805 g, 8.06 nimol) in nlethanol 

(20 ml), was added saturated aqueous potassium car- 
bonate solution (20 ml). The reaction mixture was 
refluxed under an atmosphere of nitrogen for 3 h. 
After cooling to rooni tcnipcrature, the reaction iilixture 
was poiired into water and extracted with chloroforin. 
Drying (MgSO,), filtration, and concentration gave an 
oil which uas  chromatographed on silica gel. Elution 
nith a solution of 20% ether in benzene gave 38 (1.438 g,  
98z) :  ir (film) 3400 (alcohol) and 1690 cm-I (ketone); 
nrnr z 5.56-6.40 (coniplex, 2H, CHOH), 8.76, 8.79, 
8.90, 8.99, 9.02, and 9.1 1 (all s, total 9H, 3 CH3); ms 
M i  182.1305 (calcd. for C11T3,,02: 182.1306). And. 
calcd. for C ,  ,H ,  50, : C 72.49, prl 9.95; found: C 72.69, 
H 10.25. 

4,4,6-Trin~ethylbic~~lo~4.2.0;octm1e-2,7-dione 39 
A solution of 38 (1.438 g, 7.9 mmol) in dimethyl 

sulfoxide (15 ml) and acetic anhydride (I0 nil) was 
kept at 5 "C for 4 days. Water (30 ml) was added and the 
resulting solution, after stirring at room temperature 
for 2 h, was extracted with chloroform. The chloroform 
solution was washed with saturated aqueous sodiuin 
carbonate and water, dried (MgS04), filtered, and con- 
centrated. The crude product \vas chromatographed on 
silica gel with a solution of 5% ether in benzene as 
eluent to give 39 (1.294 g, 91%): ir (film) 1778 (ketone) 
and 1700 cm-I (ketone); nmr r 6.53 (dd, 1H, J = 18, 
J' = 10 Hz, COCN2CH), 6.93 (dd, IFT, ,J = 18, J' = 
5 Hz, COCH,CH), 7.42 (dd, IH, J = 10, J' = 5 Hz, 
COCH), 8.68 (s, 3H, CH;), 8.98 (3, 3H, CH,), and 9.17 
(s, 3H, CH,); ms M +  180.1148 (calcd. for C11Hl602: 
180.1150). 

Kefo Ester 23 from 39 
Diketone 39 (1.156 g, 6.42 mniol) was dissolved in 

glacial acetic acid (15 ml) and 30% hydrogen peroxide 
(15 ml) mas slowly added. The reaction mixture was 
stirred at room temperature for I6 h. Water (50 ml) 
was added and the resulting solution extracted with 
chloroform. The extracts were washed with aqueous 
sodium bisulfite solution and water. Drying (MgSO,), 
filtration, and concentration gave a mixture of 21 and 22 
(1.07 g, -85%) which, without purification, was dis- 
solved in acetone (15 ml) and anhydrous potassium 
carbonate (3.8 g) and methyl iodide (2 ml) were added. 
The reaction mixture was refluxed under a nitrogen at- 
mosphere for 2 days. After cooling to room temperature, 
the mixture was poured into water and extracted with 
chloroform. The organic solution, after the usual work- 
up gave an oily product which was purified by colulnn 
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chromatography on silica gel. Elution with a solution of 
10% ether in benzene afforded 23 (903 mg, 67% from 39). 

7-~~dro.u~-5,5-din1efh~~Ibicyclo~4.2.0jo~t--0 41 
Saturated aqueous sodium carbonate solution (10 ml) 

was added to a solution of 40 (449 mg, 2.14 mmol) in 
methanol (10 ml). The reaction mixture was stirred at  
room temperature under a nitrogen atmosphere for 16 h. 
Work-up in the usual manner followed by column 
chromatography of the oily product on silica gel using a 
solution of 20% ether in benzene as eluent gave 41 
(348 mg, 97%): ir (film) 3420 (alcohol) and 1700 cm-' 
(ketone); nmr T 5.42-6.44 (con~plex, 2H, CHOH), 
8.90, 8.92, 8.98, and 9.02 (all s, total 6H, gem-dimethyl); 
ms M -  168.1154 (calcd. for C10H1602: 168.1150). 
Annl. calcd. for C10H1602: C 71.39, H 9.59; found: C 
71.64. H 9.44. 

j ,5-Dimerhylbicyclo~~4.2.0~ne-2,7-diane 42 
Under the same conditions described previously for 

the oxidation of 38 to 39, keto alcohol 41 (252 mg, 
1.5 mmol) was treated with dimethyl sulfoxide (3 ml) 
and acetic anhydride (2 ml). Chromatography of the 
crude product on silica gel with benzene elution gave 42 
(214 mg, 8673: ir (film) 1780 (ketone) and 1705 cnl-' 
(ketone); nmr T 8.87 and 8.98 (both s, 3H each, gem- 
dimethyl); ms M t  166.0998 (calcd. for CloH1402:  
166.0993). 

Keto Ester 24 from 42 
The transformation was carried out by the use of 

the same reaction sequence and conditions described for 
39 + 23. Oxidation of 42 (1.351 g, 8.14 mmol) with 30% 
hydrogen peroxide (20 ml) and acetic acid (20 ml) gave 
a mixture of 25 and 26 (1.3628, -92%) which was 
methylated with potassium carbonate (5 g) and methyl 
iodide (3 ml) in acetone (15 ml) to give, after bulb-to- 
bulb distillation of the crude product at 110'C (oven 
temperature)/0.2 torr, 24 (1.082 g, 687, from 42). 

Council of Canada and the University of Alberta 
for financial support. 
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Triazolopyridine nucleosides. 11. Glycosylations of 3-0x0-s-triazolo[4,3-alpyridines 
with accompanying conversions into Zoxo-s-triazolo[l,S-alpyridine nucleosidesl 

BRIAN MAURICE  LYNCH^ AND SURESH CHANDRA S H A R M A ~  
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BRIAX MAURICE LYNCH and SURESH CHANDRA SHARMA. Can. J. Chem. 55, 831 (1977) 
3-0x0-s-triazolo[4,3-alpyridine and various C-methyl derivatives (general structure 1) have 

been converted into the 2-[3-D-ribof~iranosyl species 2 and thence 4 via Friedel-Crafts catalyzed 
reaction with tetra-0-acetyl-p-D-ribofuranose, followed by deblocking. During the course of 
these reactions, rearrangements into the isomeric 3-p-D-ribofuranosyl-2-0x0-s-triazolo[l,5-a]- 
pyridines occur through ring-opening$of the pyridine rings yielding species 3 and 5. The propor- 
tion of rearrangement products is dependent upon the position and number of the C-methyl 
substituents. 

Structural assignments for these compounds are based upon conlparisons of spectroscopic 
properties ( lH  nmr, 13C nmr, uv) with model conlpounds from each isomeric series; structural 
assignments for these models are based on unequivocal mass-spectral fragmentation patterns. 
Unlike related triazolopyridine nucleosides with the ribose moiety attached to a pyridine 
nitrogen (Lynch and Sharma (1976)), there are no unusual aspects in the conformations of the 
nucleosides of types 4 and 5. 

BRIAN MAURICE LYXCH et SURESH CHANDRA SHARMA. Can. J. Chem. 55, 831 (1977) 
On a transforme 1'0x0-3 s-triazolo[4,3-alpyridine et ses divers derives C-mkthyles (structure 

gknerale 1) en especes 0-D-ribofurannosyl-2 2 et de 18 en composes du type 4 par l'interniediaire 
d'une reaction catalysee de Friedel-Crafts avec le tetra-0-acetyl-B-D-ribofurannose suivie d'un 
deblocage du produit. Au cours de ces reactions, il se produit des rtarrangements, par une 
ouverture du cycle de la pyridine, qui conduisent aux p-D-ribofurannosyl-3 0x0-2 s-triazolo- 
[1,5-ulpyridines isomeres 3 et 5. La proportion de produits de rearrangement depend de la 
position et du nombre de substituants C-methyle. 

Les attributions de structure de ces composts sont, dans chaque serie, bastes sur des com- 
paraisons de proprietts spectroscopiques (rmn 'H, rmn 13C, UV) avec descomposes modeles; 
Ies attributions de structures pour ces modeles sont basies sur des types non-tquivoques de 
fragmentations de spectres de masse. Par opposition avec les triazolopyridines nucleosides 
voisins ayant une portion ribose attachee a l'azote de la pyridine (Lynch et Sharma (1976)) il 
n'y a pas d'aspects inusites dans les conformations des nucleosides des types 4 et 5. 

[Traduit par le journal] 

Introduction 
In this paper, we report further exploration 

of synthetic routes to nucleosides of triazolo- 
pyridines (for the initial paper, see ref. I), 
focussing attention on representatives of two 
isomeric ring systems possessing bridgehead 
nitrogen atoms. As noted previously (I), the 
objective of this synthetic program is to obtain 
positionally isomeric nucleosides expected to 
possess differing constraints on preferred sugar- 
base torsional angles. 

'For Part I see ref. 1. Research assisted by grants-in- 
aid from the National Research Council of Canada. 
Presented in part at  the Canadian Chemical Conference 
of the Chemical Institute of Canada, London, Ontario, 
June 1976. 

ZAuthor to whom all correspondence should be 
addressed. 

3Professional Research Associate. 

As starting heterocyclic components, we used 
a series of 3-0x0-s-triazolo[4,3-alpyridines of 
general structure 1. These compounds were 
prepared by reactions of the appropriately sub- 
stituted 2-hydrazinopyridines with urea or 
ethyl chloroformate (2, 3) and were converted 
into the trimethylsilyl derivatives, and then 
subjected to Lewis-acid catalyzed glycosylation 
using 1,2,3,5-tetra-0-acetyl-p-D-ribofuranose and 
tin(1V) chloride. This method provides tri- 
acetylribofuranosides of p-configuration (4, cJ: 
5), readily deblocked to the corresponding 
nucleosides, and avoids the epimerizations some- 
times observed (6 ,7)  using the fusion method. 

Results and Discussion 
The glycosylations of compounds of general 

structure B would be expected to give 2-sub- 
stituted derivatives, but reactions with the 
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R8 
I87 R7 v+~+~ 
R6 R6*.x 1 

R5 R3 
1,2,  and 4 3 and 5 

(also 6 and 9) (also 7 and 10) 

A11 R functions not indicated imply a nydrogen substitilent 
X ir 13-D-(2,3,5-triacety1)ribofuranosyl 
Y is B-D-ribofu;anosyl 

1 2 3 
a R 2 = H  a R 2 = X  a - 
b RI = CH3 b - b R3 = CH3 
c Rg = CH3 c R5 = CH3, R2 = X c R5 = CH3, R3 = X 
d R6 = CH3 d RG = CH3, Rz = X d R6 = CH3, R3 = X 
e R7 = CH3 e R7 = CH,, Rz = X e R7 = CH3, R3 =2 X 
f R8 = CH3 f R8 = CH3, R2 = X J' R8 = CH3, R3 = X 
g R5 = R7 = CH3 g Rg = R7 = CH3, Rz = X g Kg = R7 = CH3, Rg = X 

4 5 6 
a R z = Y  n - R, = R6 = CH, 
b - b - 
c Rg  = CH3, R2 = Y c Rg = CH3, R3 = Y 
d Rs = CH3, R2 = Y d R6 = CH3, R3 = Y 
e R7 = CH,, R2 = Y e R7 = CH3, R3 = Y 
f Rg = CH3, Rz = Y J' Rg = CH3, R3 = Y 
g Rs = R7 = CH3, Rz = Y ,g Rg = R7 = CH3, Rg = Y 

7 9 10 
R3 = Rs = CH3 Rz = COCH3, R6 = NO2 R3 = H, R6 = NO2 

methyl-substituted species Id, le ,  and If provided 0- to N-rearrangement (8) of glycosides. We 
nzixtures of cornparable amounts of two isonzeric suggest that the isolations of two isomeric species 
triucetylt7ucleosicles from each starting material. from a single starting material result from 
These were separable into the individual species rearrangement of the 3-0x0-s-triazolo[4,3-a]- 
by preparative rhin-layer chromatography. Each . pyridine nuclei to 2-0x0-s-triazolo[l,5-alpyridine 
triacetylnucleoside species was deblocked readily nuclei during the reaction sequence. There is 
to the corresponding nucleoside (or mixture-of equivocal support in the literature for this 
nucleosides in some cases) by niethanolic sodium suggestion. Potts et al. (9) have observed re- 
methoxide. The cornpounds l a  and l c  yieided arrangenients of certain 3-substituted-s-triazolo- 
single triacetylnucleosides,4 and the dimethyl [4,3-alpyridines into 2-substituted-s-triazolo[l,5- 
compound l g  provided one major product and alpyridines, but they specifically exclude the 
a trace of a second triacetyinucleoside; again, 3-0x0 species, noting that it is degraded into 
deblocking was effected readily. 'pyridine derivatives', without rearrangement. 

Accompanying 0- and N-glycosylation might However, closer examination of some of their 
explain the formation of two products from a reported experimental results shows that they 
single starting heterocycle, but the conditions are consistent with our proposed rearrangement. 
used for glycosylation are those standard for Thus, methylation of the parent 0x0 compound 

l a  by dilnethyl sulfate in alkali was reported to 
4A referee has pointed out that the assignment of yield two products: one assigned as 2-methyl- 

anon~eric configuration is readily verifiable by preparz- ~-oxo-s-~riazo~o[4~~-a]pyridine lb,  mp 112- 
tion of the 2',3'-0-isopropylidene derivative, and use of 13 CG, and a second minor species of cunknown 
the differences in proton chemical shifts of the methyl 
groups to diagnose configuration (a difference greater (9), mp 217-219 O C  with decOm- 
than 0.18 ppIn characterizing a 13 configuration (14)); position, assigned the formula @,4H,6N683. 
indeed, this approach was employed in Part I(1). Prep=- We noted that the reported analytical data are 
tion of this derivative from the parent l a  using the consistent with a hemihydrate species ((c,H,- 
standard procedure furnished an oil after preparative 
thin-layer chromatography, which showed C-methyl N,O),.H,O), and repetition of the methylation 
proton signals at  6 1.36 and 1.60, thus confirming the P experiments in our laboralor' provided the two 
assignment. products with the physical properties cited by 
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LYNCH AND SHARMA 833 

Potts' group (separations were effected by 
preparative thin-layer chromatography), and the 
'H nmr spectra of thoroughly dried samples 
showed N-methyl and aromatic ring proton 
signals in the ratio 3:4. We therefore assign the 
second product as 3-methyl-2-0x0-s-triazolo- 
[1,5-alpyridine, 3b. The unrearranged 2-methyl- 
3-0x0 compound l b  shows a pattern of aromatic 
ring proton shifts closely similar to one set of 
the triacetylribosylation and ribosylation prod- 
ucts (see Table la), i.e. a one-proton signal in the 
range 6 5.9-6.6, assigned as proton 6 of species 
1, 2, and 4 :  two protons of closely similar 
chemical shifts between 6 6.7-7.4, assigned to 
protons 7 and 8, and a low-field one-proton 
signal show~ng a well-resolved ortho-coupling of 
ca. 7 IHz and falling in the range 6 7.4-7.8, 
assigned to the 5-proton. These shifts, and the 
C-methyl proton shifts, closely resemble those 
reported for correspondingly substituted simple 
s-triazolo[4,3-alpyridines by Potts et al. (10). 

In contrast, the 'H nmr spectrum of the 
minor methylation product, assigned above as 
the 3-methyl-2-0x0 species 3b, shows aromatic 
ring proton shifts fitting the pattern of the 
second set of triacetylribosylation and ribosyla- 
tion products (Table lb) ,  i.e. a one-proton signal 
between 6 6.6-7.1, assigned to the 6-proton in 
type 3  or 5 species; two one-proton signals be- 
tween 6 7.47-7.87, assigned to the 8- and the 
7-protons, and a low-field one-proton signal at  
6 7.9-8.25 from the 5-proton. 

The matching of patterns to those of ILb and 
3b is strongly suggestive of rearrangements from 
tile [4,3-a] to the [1,5-n] series in the glycosyla- 
tion processes, but since the glycosylation of the 
[4,3-a] coinpound I n  yields a singie triacetyl- 
nucleoside, and deblocking yields a single nucleo- 
side, each one of which shows 'H nmr patterns 
(Table 1)  indicative of retention of the s- 
triazolo[4,3-rtlpyridine structure ; more decisive 
evidence would be inarshalled through com- 
parison of species where rearrangements oc- 
curred in both the methylation and the glyco- 
sylation processes, together with unequivocal 
structure proofs of the methylation products. 

This evidence \+as provided by a methylation 
study of 6-methyl-3-0x0-s-triazolo[4,3-alpyridine 
Id, wh~ch on glqcosylation yields a mixture of 
two products. The major methylation product 
(inp 135 "C, 71"; yield) gave a 13C nmr spectrum 
closely sim~lar to that of the parent compoulld 
Id, and also to one of the triacetylnucleosides 

obtained from Id (see Table 2), and is therefore 
assigned as the 2,6-dimethyl-3-0x0-s-triazolo- 
[4,3-alpyridine 6. The 'H nlnr spectrum of this 
product closely resembled that of the compound 
assigned as lb .  The second methylation product 
(mp 234'C, 107 yield) is expected to have 
structure 7 (3,6-dimethyl-2-0x0-r-triazolo[l,5-a]- 
pyridine), and the isomeric nature and the 
structures of the two methylation products were 
proved by their mass spectra and fragmentation 
patterns. Each compound gave a molecular ion 
peak at nl/e 163, and the specles of mp 135 'C 
showed successive losses of N-CH, (M' - 
29) and CO ((M' - 29) - 28) moieties, while 
the compound of mp 234°C fragmented 
successively mith the loss of N-C-O ( M f  - 
42), N-CH, ( (Af t  - 42) - 29), and HCN 
( ( M t  - 71) - 27). The fragmentation sequences 
are indicated on the proposed structures 6 and 7, 
and these sequences are in full agreement with 
expectation. 

We therefore conclude that the two sets of 
triacetylribosylation products, and the corres- 
ponding sets of deblocked nucleosides, represent 
2-glycosylated s-triazolo[4,3-alpyridines and 3- 
glycosylated s-triazolo[l,5-~ilpyridines respec- 
tively. The electronic absorption spectra of the 
two series of compounds (Table 3) (general 
structures 1, 2, 4, and 6 for one series, and 
general structures 3, 5, and 7 for the other) 
show significant differences: five distinct absorp- 
tion maxima for the [4,3-a] series, and three for 
the [1,5-a] series. These differences are useful 
in monitoring the separations of isomer mixtures 
by thin-layer chromatography. 

Rearrangements in basic media analogous to 
those occurring during the methylations of 
compounds l a  and Id are well documented 
(9, 11, 12), and acid-catalyzed reactions have 
been reported for s-triazolo[4,3-alpyrimidinels- 
triazolo[l,5-alpyrimidine and s-triazolo[4,3-el- 
quinazoline/s-triazoIo[l ,5-c]quinazoliie conver- 
sions ( I  I ,  12). These reactions may be generalized 
as variations of a Dimroth rearrangement, as 
illustrated in Scheme I .  

Under basic conditions, following Novinson 
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TABLE 1. Proton magnetic resonance spectra of oxotriazolopyridincs and thcir glycosylation and methylation products 
(u) 3-0x0-1-substiluted .\-tr1a~olo[4,3-a]pyrid1nes 

Proton shifts Coupling constants ( H L )  
-- 

Compo~ind Solvent H-2 H-5 - 6  1-1-7 H-8 9 5 . 6  J6.7 9 7 . 8  J 5 . 7  J 6 . s  

nr* 
nr  
nr 

6.71 
( J 1 ~ 2 ,  = 2.8 H Z )  

5.86 
( J 1 ' 2 ,  = 4.3 HZ) 

12.42 
6.34 

( J 1 ' 2 ,  = 3.2 H z )  
5.95 
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TABLE 2. nnir spectra of oxotriazolopyridine deri~atives and their glycosylation products 

Compound 
-- Tetra-O-acetyl- 

Id 6 2d 3d 6-D-ribofuranose 

' T signals 
Aromatic carbons 2- 

3- 
5- 
6- 
7- 
8- 
8a- 

C-Methyl 
A'-Methyl 

Ribosyl carbons 
Acetyl carbonyls 

C-1 ' 
C-2' 
C-3 ' 
C-4' 
C-5' 
Acetyl methyls 

TABLE 3. Electronic spectra of oxotriazolopyridine derivati~es and their glycosylation products 

(a) s-Triazolo[4,3-nlpyridines 

Species )+mar (nm) log &nlax 

(b) s-Triazolo[l,5-alpyridines 

Species 

3c 
5c 
3d 
5rl 
7 
3e 
5e 
3f 
51' 
3 s  
5g 

log En,,,, 

3 .92 3.34 3.68 
4.01 3 .47  3.75 
4 .04  3.45 3.85 
4.11 3.48 3.76 
3.97 3 .26  3.45 
3.79 3 .42  3.47 
4 .00  3.64 3.69 
3.99 3.58 3.81 
4.01 3 .59  3.79 
4 .08  3 .60  3.81 
3 .86  3.34 3.61 
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LYNCH AND SHARMA 

SCHEME 1. Proposed rearrangement pathways for conversions of 
s-triazolo[4,3-ulpyridines into s-triazolo[l,5-cllpyridines. 

and co-workers ( I  I )  we postulate nucleophilic 
attack at  the carbon adjacent to the bridgehead 
nitrogen to yield a triazo!e intermediate, then 
recyclizing to the isomeric species. The acid- 
catalyzed process is suggested to involve initial 
protonation (or Lewis a c ~ d  conjugation) followed 
by ring-opening to generate a carbonium-ion 
intermediate, again recyclizing as indicated. The 
extent of rearrangement during triacetylribosyla- 
tion appears to be determined by the extent of 
stabilization of the proposed carbonium ion; 
thus, complete rearrangement occurs on tri- 
acetylribosylation of 5-methyl-3-0x0-s-triazolo- 
[4,3-alpyridine I c  to yield 3c (in Ic, the methyl 
group would stabilize the carbonium ion most 
effectively), and virtually complete rearrange- 
ment with 5,7-dimethyl-3-0x0-s-triazolo[4,3-a]- 
pyridine Ig; the other methyl-substituted species 
give mixtures of both isomeric triacetylnucleo- 
sides in comparable amounts, and with the 
parent species la ,  no rearrangement occurs. 

Rearrangements were also found to accom- 
pany attempted syntheses and substitution re- 
actions of derivatives of the parent compound 
l a .  Thus, nitration of l a  using nitric acid - 
acetic anhydride reagent afforded a product 
C,H,N404, mp 218-220 "C,  assigned as 2-acetyl- 
6-nitro-3-0x0-s-triazolo[4,3-a] pyridine 9. Subli- 
mation of a crude sample of 9 yielded a de- 
acetylated product @,H,W,O,, mp 299-301 "C, 
with a 'H nlnr spectrum differing significantiy 
from that of 9 in the aromatic region. Since the 
remote 2-acetyl substituent would be expected to 
have little effect on the aromatic ring shifts, we 
suggest that the product of mp 299-301 "C is 
6-nitro-2-oxo-.r-tria~olo[I,5-a]pyridi~1e 10; the 

differences in the 'H nmr spectra of the two 
products (see Experimental) resemble those for 
the ison~eric series assembled in Table 1. An 
attempted synthesis of the 6-nitro-3-oxo-s- 
triazolo[4,3-alpyridine by ring closure of 2- 
etl~oxycarbonylhydrazino-5-nitropyridine with 
N-sodium hydroxide at 80 "C failed, since the 
product of mp 299-301 "C was obtained, 
probably through base-catalyzed rearrangements 
of the [4,3-a] compound. 

The Conforinations of Triazolopyuidine Nucleo- 
sides 

In marked contrast to the related compound 
4 - B - D - ribofuranosyl - vie - triazoIo[4,5 - blpyrid - 
.%one, 8, which shows marked deshielding of 
H-1' by comparison with monocyclic precursors, 
and a large 1'-2' proton coupling (6.50 Hz) 
(cJ ref. I), the nucleosides of series 4 and 5 

R~bose 

8 
exhibit normal H-I' shielding (d 5.8-6.0) and 
1'-2' couplings (series 4, 3.8-4.5 Hz, series 5, 
3.4-3.8 Hz). The severe conformational con- 
straints proposed to account for the lH nmr 
p2tterns of 8 are thus absent in the series 5, 
aicl~ough in each type of compound the sugar- 
base ? ~ c k  is positioned between an amide 
sarbonyl and a conjoined ring. 

The d~iTering behavior is interpreted in terms 
of the greater separation between the amide 
oxygen (at C-2) and the ribose carbon C-1' in 
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TABLE 4. Glycosylations of 3-0x0-s-triazolo[4,3-alpyridines with tetra-0-acetyl-p-D-ribofuranose 

Reactants 

Tetra- Yield@) 
Triazolo- acetyl- Reflux of product(s) 

Starting Reaction pyridine ribose SnCI4 time 
species product (g) (9) (ml) (h) g % 

l a  2a 2.97 6.36 1.5 2* 7.61 96 
l c  3c 1.64 3.05 1 .5  10 2.98 73 
Id 2d 1.64 3.18 1 .5  8 0.84 2 1 

3d 1.98 50 
l e  2e 1.64 3.18 1 . O  8 1 .51 37 

3e 1.02 25 
I f  2 f  1.36 2.51 1 . O  10 1 .61 48 

3 f  1.60 47 
l g  2g 1.80 3.18 1 .0  8 0.05 2 

3g 1.64 57 
(0.57 g 

recovered 
starting 
material) 

Analysis 
- - -  

Calculated Found 
Product Melting Crystall17. Molecular - -- 
species point ('C) solvent formula C H N C H N 

2n 135-136 
3c 188-192 
2d 46-49 
3d 65-67 
2e 113-115 
3e 210-212 
2 f Viscous 

oil 
3 f  129-131 
3g 98-99 

EtOH:EtzO C17HlgNj08 
MeOH CI,H,IN,O, 
MeOH 
MeOH 
MeOH 
MeOH 

MeOH 
MeOH C I ~ H Z S N ~ O ~  

*Reflux time of 8 h did not give any isomeric 5-triazolo[l,5-alpyridine nocleoside, 3a. 

type 5 compounds in contrast to 8, allowing the elemental analyses were dried at 65 "Ci0.2 torr for at 

type 5 compounds greater rotational freedom least 6 h and were analyzed using a Hewlett-Packard 
model 185 analyser. Mass spectra were obtained using 

and conformatio'lal thus a DuPont CEC 21-491 instrument. Thin-layer chroma- 
using I2O0 bond angles for the six-membered tography was performed using Fluka Kieselgel G F  254. 
ring moiety of 8, and 108" internal angles for 5, All extracts were dried over anhydrous sodium sulfate 
together with standard bond lengths (13). and evaporations were effected below 35 "C under , ,, 

that the 0-c-1, separatioi in 8 is reduced pressure. Known compounds referred to in 
details of experiments had physical properties according 

0.27 nm, and in 5 is 0.30 nm. with literature values. 

Experimental 
General 

Melting points were determined using a Fisher-Johns 
apparatus and are uncorrected. The 'H nmr spectra were 
recorded with a Varian A-60D instrument, and the I3C 
nmr spectra using a Varian CFT-20. All chemical shifts 
are expressed in parts per million from tetramethylsilane, 
present as internal reference. Electronic absorption (uv) 
spectra were measured for solutions in methanol, with 
a Beckman Acta I11 spectrophotometer. Specimens for 

Starzdavd Procedure for Reactions of 3-0x0-s-triazolo- 
L-4,3-a-'pyridines with Tetra-0-acef;r.liibofuranose 

For details of scale and duration of reactions, see 
Table 4. The appropriate 3-0x0-s-triazolo[4,3-nlpyridine 
was heated under reflux in excess of hexan~ethyldisilazane 
in the presence of a catalytic amount of alnmoniunl 
sulfate for 6 h, with precautions for exclusion of moisture. 
Hexamethyldisilazane was removed under reduced pres- 
sure, and the crude trimethylsilyl derivative of the 
triazolopyridine was dissolved in 1,2-dichloroethane. A 
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LYNCH AND SHARMA 

solution of tetra-0-acetyl-P-D-ribofuranose in dichloro- 
ethane was added, followed by tin(1V) chloride. The 
mixture was heated under reflux for the indicated time, 
washed with saturated aqueous sodium hydrogen 
carbonate, and the organic layer was separated and 
dried. Concentration of the reaction mixture yielded the 
crude triacetylnucleosides. For the examples where 
single products were obtained (species 2a, 3c), the crude 
materials were purified by crystallization from the 
indicated solvent. The mixtures containing both s- 
triazolo[4,3-alpyridine and s-triazolo[l,5-alpyridine tri- 
acetylnucleosides (2d, 3d; 2e, 3e; 2f,  3A 2g,  3g) were 
separated by preparative thin-layer chromatography on 

2 silica gel, using a benzene: ethyl acetate: methanol 2 
(30:75:5v/v) solvent system in development. The 2 
separated species were purified by crystallization as 2 
indicated. a - 

X 
Deblocking of the Triacetylnncleosides + 

0 
The triacetylnucleoside was treated with an  excess of ,z - freshly prepared 1% (wlv) sodium methoxide in methanol 

at  room temperature for 18 h. The reaction mixture was o 
passed through an Amberlite IKC-50(H) column and so 

.- 
eluted with methanol. Concentration under reduced Y 

pressure, followed by crystallization from methanol, 8 
provided the deblocked nucleosides listed in Table 5. B 

Deblocking of the triacetylnucleosides in the s-triazolo- -a x 
[4,3-alpyridine series led to some isomerization, as the P 

mother liquors contained proportions of the s-triazolo- F 
[1,5-alpyridine nucleosides detectable by 'H nmr spec- . ti - 
troscopy. s 
Methylation of 3-0x0-6-methyl-s-triazolo j4,3-a]pyridine, 2 

Id  .- 
-a 

3-0x0-6-methyl-S-triazolo[4,3-alpyridine I d  (1.50 g) '= x 
was dissolved in methanol (60 ml) and treated with methyl a - iodide (1.0 ml) and anhydrous potassium carbonate 

ti - (1.40g). The reaction mixture was stirred at  room .- 
temperature for 18 h and concentrated under reduced + 

pressure. Preparative thin-layer chromatography on ? 
silica gel with development in an ethyl acetate:methanol x 
(93:7 v/v) solvent system provided 2,6-dimethyl-3-0x0-s- ? - 
triazolo[4,3-alpyridine 6 (1.16 g, 71%), mp 135 "C; mle 3 
163 (loo%;;, M'), 134 (20%, M +  - NCH,), 106 (30%, G 

I ! +  - NCH, - GO), after evaporation and crystalliza- 
tion from methanol, together with 3,6-dimethyl-2-0x0-s- 4 triazolo[l,5-alpyridine 7 (0.17 g, lo%), mp 234 "C; mle 
163 (100%, M+), 121 (loo%, Mf - CNO); 92 (60%, 
M +  - CNO - NCH,), 65 (loo%, M' - CNO - 

2 
ci 

NCH, - HCN) after similar recrystallization. V; 
W J 

Methylafio~z of3-Oxo-s-triazolo[4,3-a.~py1'idine, l a  2 
This was effected according to Potts et al. (9), providing * 

a 3:l  mixture 'H nmr spectroscopic examination from 
N-methyl signal intensities) of the 2-methyl species l b  
and the 1-methyl species 3b, with melting points coinci- 
dent with those reported (9). 

A'itvo Compounds and Rearrangenzcnts 
(a) Nirvarion of3-0x0-s-hiuzolo/ 4,3-a,7pyrldine, l a  
To l a  (2.00 g) in acetic anhydride (40 ml) was added 

(dropwise) a solution of nitric acid (90%, 4 ml) in acetic 
anhydride (6.0 ml) at  5 "C. After completion of addition 
the reaction mixture was kept below 10 "C for 30 min 
and poured onto ice (200g). Filtration afforded a 

- 
s o b  .c L 
2 - 
2 .g 

at- r - w w a O N v !  
WM CRmmm0\0\00 
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product (0.63 g), mp 218-22O0C. Anal. calcd. for 
C8H6N404:  C 43.25, H 2.72, N 25.22; found: C 43.16, 
H 3.10, N 25.12; rn/e 222 (3.7%, M+),  180 (loo%, M +  - 
NCO);  ' H  nmr spectrum (DMSO-d,) 6 2.68 (s, 3H, 
N-COCH,), 7.50 (d, l H ,  J = 10.0 HZ,  H-81, 8.07 (dd, 
1 H , J =  1.50and10.0Hz,H-7),8.95(d,lH,J= 1.50Hz, 
H-5), assigned as 2-acetyl-6-nitr0-3-oxo-s-triazoio[4,3-a]- 
pyridine, 9. Sublimation of the crude material provided 
0.40g, mp 299-301 "C.  Anal. calcd. for C6H4N40 , :  
C 40.00, H 2.24, N 31.11; found: C 39.61, H 2.35, 
N 31.44; nz/e 180 (100'7,, M+);  'H nmr spectrum (DMSO- 
d,) 6 7.72 (d, 1H, J =  9.5Hz, H-4), 8.42 (dd, l H ,  J =  
2.50 and 9.5 Hz, H-5), 9.88 (d, IH,  J = 2.50 Hz, H-71, 
assigned as 6-nitro-2-0x0-s-triazolo[1,5-alpyridine, 10. 

(b) Syizrkesis and Ring Closure of 2-Nhosycarborzyl- 
/i~drarin0-5-nitro~ny1'idine 

Sj'nthesis-2-Hydrazino-5-nitropyridine (2.20 g j  was 
heated at 100°C with ethyl chloroformate (20 ml) for 
1 h ;  excess ethyl chloroformate was removed under 
reduced pressure, and the residue was washed with 
saturated aqueous sodium hydrogen carbonate, dried, 
evaporated, and crystallized from aqueous ethanol, 
providing 2 - ethoxycarbonylhydrazino - 5 - nitropyridine 
(2.86 g), mp 161-162 "C. 

Ritzg Closrrie-The above compound (2.50 g) was 
heated at 80 ' C  in 1 ,V aqueous sodium hydroxide for 
15 min; after cooling to room temperature, the reaction 
mixture was neutralized with dilute sulfuric acid and the 
precipitated solid was collected. Crystallization from 
ethanol gave 6-nitro-2-0x0-s-triazolo[l,5-nipyridine 10, 
(1.43 g), mp and mixture rnp 299-301 "C,  identical to the 
material obtained in (o) above. 
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13 C nuclear magnetic resonance studies. 64.' The "C spectra of a variety of 
bicyclo[3.2.l]octanoIs 
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J. B. STOTHERS and C. T. TAN. Can. J. Chem. 55, 841 (1977). 
The 13C nmr spectra of a series of 20 bicyclo[3.2.1]octanols and -0ctenols have been deter- 

mined to examine the shielding effects of the hydroxyl group on the skeletal carbons in this 
ring system. For comparison, the previously unreported data for a few closely related alcohols 
in the [2.1.1], [2.2.1], and [3.2.2] systems were also collected. The utility of these substituent 
effects for configurational and conformational assignments is discussed. 

J. B. STOTHERS et C. T. TAN. Can. J. Chem. 55, 841 (1977). 
On a determine les spectres rmn du 13C d'une skrie de 20 bicyclo[3.2.1]octanols et -0ct6nols 

afin d'examiner les effets de blindage du groupe hydroxyle sur le squelette carbone de ce sys- 
tkme cyclique. Pour fins de comparaisons, on a aussi rassemble des valeurs, qui n'avaient pas 
ete rapportkes anterieurement, pour quelques alcools voisins dans les systkmes [2.1.1], [2.2.1] 
et [3.2.2]. On discute de l'utilite de ces effets de substituants pour des attributions de configura- 
tion et de conformation. 

[Traduit par le journal] 

As part of our continuing examination of the 
effects of molecular geometry on  13C chieldings 
we have obtained the spectra of a series of 
bicyclo[3.2.l]octanoIs and -octenols to compare 
the effects of the  hydroxgl group on the skeletal 
shieldings in this rlng system with the results for 
other bicyclic systems (1). The prime reason for 
investigating these series ic that the well-defined 
carbon skeleton allows one to study the shielding 
variations as a function of niolecular geometry. 
The [3.2.1] saturated examples have the addi- 
tional feature of a flexible six-menibered ring per- 
mittlng an  examination of this factor on the - 
shielding trends. In general, the shifts produced 
by the substituent at carbons within four bonds 
are of particular interest as potential probes for 
stereoche~nical analysis. A deficiellcy in 
the use of bicyclic systems as models for these 
perturbations is the contribution of 'strain' to the 
observed shieldings, a factor which is difficult to 
assess. However, the influence of strain could be 
revealed in a compariso~l of the corresponding 
interactions in a kariety of systems differing in 
strain energy. For  this reason, the bicyclo- 
[3.2.l]octane skeleton was selected as a model 
system for comparison with the results for the 
bicyclo[2.2.l]heptane and bicyclo[2.2.2]octane 

skeletons which are more highly strained and of 
similar strain, respectively. According to molec- 
ular mechanics the calculated strain energies 
for the parent hydrocarbons are 17. I .  13.0, and 
12.1 kcal/mol for the [2.2.1], [2.2.2], and [3.2.1] 
systems, respectively (2). Another reference point 
IS, of course, prov~ded by the cqclohexanol 
syrtem for wh~ch  the data for a varlety of denva- 
tlves are available (3) as are the results for several 
decalols (4) and sterols (5) Whlle it 1s well 
establ~shed that 13C shleldlngs for compounds In 
closely related serles are corlelated very well by 
additiv~ty of substltuent effects, the origlns of 
these effects are not well understood (61 but 

\ * 

empirical analysis of the data on carefully 
selected systems, in conibination with the con- 
tinuing development of shielding theory, may 
gain the ultimate goal of understanding. In any 
event, the results may be applied directly to 
problems involving the skeletons for which data 
are available. A few of the compounds included 
in this study have been reported previously (7); 
these have been reexamined, however, to obtain 
data for the entire series under closely similar 
conditions. 5-1 5'7. solutions in deuteriochloro- 
form, for internal consistencj~ and for meaningful 
comparison with previous results. 

'For part 63 see ref. 18 ; part 62 see ref. 1 c. Experimental 
'Present address: Department of Pharmacology, lVfc~ter.inl,y 

University of Toronto, Toronto, Onr., Canada. The compounds examined in this study have been 
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TABLE 1. 13C shieldings" of several bicyclo[3.2.1]octanols and -0ctenols 

Compound Substitutionb C-1 

Nil 
exo-2-OH 

pprn from internal TMS for CDC13 solutions; values in square brackets may be interchanged. Values in parentheses are the shifts produced 
upon acetylation, i .e . ,  for a given carbon GCRO"C - GCROH. For the acetates the carbonyl signals appeared in the range 170.1 + 0.2 pprn and 
the methyl carbons absorbed at  6 ,  21.2 i 0.1. 

bsubstituent orientations (exolendo) are given with respect to the larger of the two unsubstituted bridges. 
'Data taken from ref. 8. 
"or ease of comparisons within this table, 15, 20, and 21 are numbered in an unconventional manner and the substitutions are listed in 

quotation marks. 

described in the literature and samples with the appro- solutions (5-15%, w/v) containing TMS as an internal 
priate physical data were prepared from the published standard. 
procedures. Infrared and proton spectra of each alcohol 
were recorded to ensure their identities. The parent ketone Results 
of each alcohol was available from earlier studies in this 
laboratory (8, 9) and 2, 6 ,  16, and 18 had been prepared The 13' for the series of bicyclo- 
as intermediates in these ketone syntheses. The remaining 13.2. lloctanols, their unsaturated analogs, and 
examples were, with two exceptions, obtained by reduc- the corresponding hydrocarbons are listed in 
tion of the appropriate ketone; 3, 7,9 ,  17, 19, 21,23, 25, Table 1 ; our data for these hydrocarbons were 
28, and 30 were isolated as the sole products of metal reported (8), For each alcohol, the hydride reduction using LiAIH,, NaBH,, or LiAIH- 
(OMe),. Mixtures of 415, 16/62, 13/14, and 20121 were c a r b i n ~ l  was assigned from its 
obtained in approximately 1 :3  ratios by reduction and characteristic position, 6, 66-82. The bridge- 
the relative intensities of the two sets of signals in their head carbon signals were distinguished by off- 
I3C spectra readily permitted assignments to the indi- resonance decoupling thus, directly assigned 
vidual isomers. A sample of 12 was also available from 
Li-]VH, reduction of bjcyclo[3,2,1]octa-3,6-dien-2-one, for Ihe 3- and 8"alcohols with the exception of 
Ketone reduction failed to provide samples of 8 and 26 20 and 21 for which the allylic centres were taken 
thereby requiring a different approach. Thus 8 was pre- to be at lower field as in the olefin. For the 2- 
pared from 9 via the tosylate, acetolysis, and hydrolysis and g-a]cohols, that a t  lower field was assigned 
(10) while 26 was generated from norbornene as described 
by Baird (11). to the bridgehead carbon a to the carbinyl 

centre. The olefiaic sigl~al assignme~ts were 
3C S ~ C C I ~ Y I  made by comparison of the observed shielding 

A Varian XL-100-15 system operating in the Fourier 
transform mode at 25,2 MHz was employed for the 13C with those for the corresponding oiefin. Reversal 
spectra. Carbon types were distinguished by OR-resonance of the Present assignments for 14-21 would 
decoupling. All compounds here examined as CDCI, require that the hydroxyl group exerts markedly 
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STOTHERS AND TAN 843 

TABLE 2. 13C shieldingsa of some bicyclic compounds 

Skeleton Compd. 

K2.2.11 22* 
23 
24* 
25 

Substitution 

Nil 
7-OH 
A2 
A2-anti-OH 
A2-syn-OH 
Nil 
endo-6-OH 
Nil 
2-OH 

'In ppm from internal TMS for CDCI3 solutions. 
"ata from ref. 13. 
"Syn with respect to the hydroxyl group. 
*Anti with respect to the hydroxyl group. 

larger substituent effects in this ring system than 
in bicyclo[2.2.2]octenoIs (la) and bicyclo[2.2.1]- 
heptenols (Ib) and that these effects are direc- 
tionally opposite in 18-21 from those found for 
the corresponding analogs in these other bicyclic 
systems. Such drastic alterations in substituent 
effects are unprecedented. For 11 and 12, the 
assignments listed in Table 1 seem the more 
consistent with the findings for the norborn-5- 
en-2-01s (1 b) and the bicyclo[2.2.2]oct-5-en-2-ols, 
particularly the upfield shift for C-7 in 12 and 
the small downfield shift for C-7 in 11. For 13 
and 14, there is no difficulty completing the 
assignments because of their symmetry. 

The methylene assignments for the remaining 
unsaturated alcohols were made on the basis of 
the appearance of the pattern in the off-reso- 
nance decoupled spectrum and by consideration 
of the shifts caused by the hydroxyl substitution 
relative to those found for analogous substitu- 
tions in other bicyclic systems. For example, the 
off-resonance pattern for C-2 in 20 and 21 was a 
clean triplet while C-6 and C-7 gave rise to more 
complex multiplets owing to the fact that the 
protons bonded thereto form a closely coupled 
system. Grutzner (12) has discussed the basis for 
such assignments. The C-6 and C-7 signals in 20 
and 21 were assigned as listed since it was expec- 
ted that the 8-hydroxyl group shields both 
carbons; reversal of the assignments would mean 
that C-6 is shielded by -7 ppm while C-7 is de- 
shielded by 1-2 ppm, a very strange pattern. 
Both were expected to be shielded since the 
inethylene carbons in 7-norbornanol (23) are 
shielded relative to those in norbornane (see 
Table 2). Although a recent paper (7) reports 
that the inethylene carbons in 23 are equivalent, 
in an unspecified medium, we find C-2,C-3 (syn 

to the hydroxyl) 0.2 ppm upfield from C-5,C-6. 
Reduction of 25 with deuterium over PtO, 
furnished 23-5,6-d, whose spectrum permitted 
unequivocal methylene assignments. The off- 
resonance decoupled spectra of 11,12,16, and 17 
readily identified the C-8 methylene signal and 
C-3 and C-4 were distinguished for 11 and 12 by 
the expected 8-10 ppm downfield shift (the P 
effect) exhibited by C-3. For 16 and 17, the C-6 
and C-7 signals were distinguished froin the 
expected upfield shift for C-7 arising from the 
y effect of the hydroxyl group. Finally, the three 
methylene signals for 18 and 19 were asslgned 
by comparison with the shifts produced by the 
hydroxyl group in the 2-norbornanols (lb). It 
could be anticipated that the hydroxyl substit- 
uent effects at  C-7 and C-8 in 18 and 19 should 
be closely similar to those for C-3 and C-7 111 the 
corresponding norbornanols while the shift for 
C-2 (18, 19) may resemble those for C-5 in the 
norbornanols. In fact with the present assign- 
ments the shifts at  these centres in 18 are 12.1, 
-4.1, and - 1.1 p p n ~ ,  respectively, while the 
corresponding shifts for exo-2-norbornanol are 
12.6, -3.9, and - 1.5 ppm. 

The methylene signals in the spectra of blcyclo- 
octanols 2-9 were assigned in a similar fashion; 
those for 4 and 5 were particularly straight- 
forward. The less intense methylene signals 
arose from C-8 while C-6,C-7 were distiilgu~shed 
from C-2,C-4 by their patterns in the off- 
resonance decoupled spectra. For 6 and 7, the 
C-7 and C-8 signals were identified by the off- 
resonance spectra and, as in the case of 18 and 
19, these were distinguished in 6 by the marked 
downfield shift, 12.3 ppm, expected for C-7. The 
highest field signal, - 19 ppm, was ascribed to 
C-3 for 6 and 7 while C-4 was ident~fied by the 
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upfield shifts arising from the y effect of the 
hydroxyl group. For 8 and 9, the C-3 signal was 
readily identified by its upfield position and 
lower relative intensity. The absorption posi- 
tions appear to distinguish C-2,C-4 from 
C-6,C-7 for 8 but the relatively small difference 
of 0.8 ppm for these shieldings in 9 renders our 
assignment equivocal. The off-resonance spectra 
served to identify the C-8 signal for 2 and 3 
showing that the hydroxyl shields this centre in 
2 by -7.6 ppm; this tends to support our 
assignment for 9 in which C-2,C-4 are shielded 
by -7.5 ppm. In 2, C-6 can be expected to be 
least affected by the hydroxyl group leading to 
its assignment as 28.4 ppm, while the remaining 
methylene signals cannot be definitively assigned 
since all are very similar, 26.5-26.9 ppm. Simi- 
larly, the assignments for C-3 and C-6 in 3 may 
be interchanged but those for C-4 and C-7 seem 
most appropriate. The present assignments for 
2-5 agree with those reported recently by 
Lippmaa et a/. (7) although the individual 
shieldings in the two sets of data differ by 
0-0.9 ppm presumably because of the difference 
in solvent but the medium is unspecified for the 
earlier data (7). The shifts produced upon 
acetylation of 2-5 and 8 are included in Table 1 
and these are unexceptional (lb, 7). 

The data for a few previously unreported 
model compounds are collected in Table 2. The 
assignments for 23 were discussed above and 
those for 25 and 26 presented no problems. For 
28, the assignments are by no means established 
but seem the most reasonable; a similar situation 
obtains for 30. 

Discussion 
The bicyclo[3.2.l]octane skeleton (31) con- 

tains a cyclohexane ring with two axial substit- 
uents, the 6,7-ethano bridge, which form a unit 
analogous to the norbornane skeleton. Com- 
parisons can be made to both parent systems to 
gain a better understanding of hydroxyl sub- 
stituent effects. The six-membered ring of 1 
exists predominantly in the chair conformation 
31a with the endo-2 and 2x0-3 C-H bonds 
essentially equatorial. The 6,7 bridge tends to 
pinch together the axial bonds at C-1,5 (31b) 
such that the axial bonds at  C-2,4 are splayed 
relative to their arrangement in a 'strainless' 
cyclohexane or decalin (32). Thus, this ring is 
flattened at  C-2,3,4 and this should be accentu- 
ated in the A6 derivatives because of the shorter 

6,7 bond (33). Introduction of a 3,4 double bond 
renders this portion of the molecule planar. In 
the saturated skeleton. endo-3 and endo-6 sub- 
stitution could introduce nonbonded inter- 
actions of sufficient magnitude to alter the con- 
formation of the six-membered ring. It is of 
interest, therefore, to examine the shielding 
changes produced by hydroxyl substitution to 
check for shifts which differ appreciably from 
those expected from the data for cyclohexanols 
and norbornanols. For this purpose, the dif- 
ferences 6,R0" - 6CRH, from Tables 1 and 2 are 
collected in Table 3. Some caution is necessarv 
since some assignments were based in part on 
the anticipated hydroxyl effects but, in most 
cases, there was other evidence to support the 
assignments, as discussed above, and often the 
alternative assignments would require remark- 
able variations in the substituent effects. Table 3 
includes data for some model cyclohexanols, 
decalols, and norbornanols. Considerable effort 
has been directed toward the study of sub- 
stituted cyclohexanols (3-5) and a recent dis- 
cussion of hydroxyl substituent effects in 
cyclohexanols, decalols, and sterols (5) can serve 
as a basis for examination of the present data. 

A priori it is reasonable to expect the effects of 
exo-3-hydroxyl substitutioil to resemble those 
for an unhindered equatorial hydroxyl group in 
the cyclohexanol and decal01 systems (items 1, 
2:  Table 3) but items 3 and 4 show marked 
differences with all carbons less shielded by the 
OH group. It is particularly interesting that the 
bridgehead carbons fail to exhibit appreciable 
y anti shifts although ill sterols analogous 
methine carbons tend to show larger upfield 
shifts than methylene carbons (5). The enhanced 
cx effect (-4 ppm) may be a result of the sillaller 
dihedral angle between the hydroxyl and the 
exo-2 and -4 protons caused by ring flattening. 
Some support for this notion is given by the 
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50 ppm a effect observed for 16a-hydroxyl 
substitution in androstane (5) relative to the 
-45 ppm shift found for 2a and 3P substitution. 
An equatorial hydroxyl group at C-2 in the 
[3.2.1] system, however, exerts effects which are 
very similar to those in the corresponding decalol 
(cf. items 5 and 6). The smaller a effect can be 
ascribed to a y interaction with a neighboring 
methylene proton on C-7 (C-9 in the decalol). 
Although suggestions to the contrary have been 
made (14), it seems generally true that y gauclze 
carbons must bear a hydrogen atom closely 
neighboring the hydroxyl group to produce an 
upfield y gauche effect. Introduction of the A~ 
double bond produces a larger x effect (item 7), 
as expected, since the olefinic proton at C-7 is 
well separated from the hydroxyl group, whereas 
the A3 double bond decreases the R effect (item 
8) by enhancing the y interaction with C-7 
through ring flattening at C-2. In accord with 
this interpretation, a larger upfield shift is found 
for C-7. However, a puzzling feature emerges 
from the shifts for items 6-8. While the y anti 
effects at C-4 and C-8 are similar for 3 and 12 
( -  2 ppm) there is a downfield shift of 2 ppm for 
C-8 in 17. The C-8 assignment for 17 was con- 
firmed by the off-resonance spectrum and the 
lowest field methylene carbon in olefin 15 was 
proved to be C-2 by deuteration (15). A larger 
downfield shift (4 ppm) occurs for the corre- 
sponding interact~on in exo-2-bicyclo[3.2.1]- 
octa-3,6-dienol (8). Upfield y anti effects are 
common (16) but with fully substituted inter- 
vening carbons these are downfield (lc). 

Items 9-18 include compounds bearing axial 
hydroxyl groups and the 3-hydroxy [3.2.1] 
derivatives exhiblt marked differences from axial 
alicyclic alcohols having two P methylene 
groups (items 9, 10). In the former, pronounced 
ring-flattening at C-3 can be anticipated through 
the syn-axial6 interaction of the hydroxyl group 
with C-6 and C-7, an arrangement known to 
cause deshielding (la, 16, 17). The shifts for the 
endo- and exo-3 derivatives (items 3, 4, 11, and 
12) are remarkably similar indicating 13C spectra 
could not be used for stereochemical assign- 
ments in closely related cases. In contrast, the 
exo-2-hydroxyl derivatives seem well behaved 
with the somewhat flattened ring of 2 leading to 
slightly stronger R and P effects and reduced y 
effects relative to those found for the decalol 
(items 13 and 14), trends which are accentuated 
upon introduction of the 6,7- double bond 
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STOTHERS AND TAN 

TABLE 4. Shielding effectsa of the hydroxyl group on sp2 carbons in 
bicyclic systems 

Skeleton Compd. Substitution Q - 180" Q > 90" 6 

[3.2.1] 11 A6-exo-2-OH 0 . 8  2 .7  
12 A6-endo-2-OH - 2 . 0  2 . 2  
13 A6-exo-3-OH 0 . 5  
14 A6-endo-3-OH 6 . 2  

[2.2.1] As-exo-2-OHb -1 .7  5 . 0  
As-endo-2-OHb - 4 . 1  4 . 8  

25 As-anti-7-OH - 0 . 9  
26 As-syn-7-OH - 3 . 3  

[3.2.1] 20 A3-exo-8-OH - 2 . 3  0 . 2  
21 A3-endo-8-OH - 5 . 0  2.7 
18 A3-exo-6-OH -4 .5  2 .1  
19 A3-endo-6-OH - 5.3  4 . 3  

[2.2.2] As-exo-2-OHc - 2 . 1  1.1 
As-endo-2-OHc -5 .1  1 .8  

#AS C -  - 8 c RoH - 6CRH (in ppm) where RH is the appropriate olefin. Negative values are 
upfield shifts. 

bData taken from ref. Ib. 
CData taken from ref. lc.  

(item 15). As above, the allylic alcohol 16 The effects of an exo-6-hydroxyl group in the 
exhibits an attenuated a effect and a smaller [3.2.1] skeleton resemble those for an exo-2-OH 
upfield shift for C-8. In 16, C-7 is strikingly group in the norbornane system (items 24-26) 
shielded, a y anti effect in the expected direction with curious differences in the a effects and the 
but more than twice as large as that found for P effects at the bridgehead carbons. The attenua- 
the saturated analog 2. This would suggest that tion of the y anti effect in the [3.2.1] case relative 
the dihedral angle relating the hydroxyl group to that in the [2.2.1 j system may reflect the change 
and the anti y carbon is a critical factor governing in dihedral angle. Representations 34 and 35 
these effects. illustrate the relative orientations of the bonds 

An endo-8 hydroxyl group is axial with respect in this portion of the two bicyclic systems. 
to  the six-membered ring (see 310) and the sub- Differences for an endo-6-hydroxyl group are 
stituent effects for 9 are similar for the model also apparent from 34 and 35 and there is a 
decal01 (item 13). The A3 function produces significant difference in the y gauche effects at 
the trends expected from ring flattening and the C-6 and C-4, respectively (items 27 and 28). 
removal of one y gauche interaction. Similar An endo y C-H bond is more nearly aligned 
upfield y anti effects occur in the [3.2.1] and with the C-0 bond in the [2.2.1] skeleton 
[2.2.1] systems (items, 17-19 and 21) for which indicating that the transmission of the y gauclze 
the geometries must be similar. The smaller y effect is more effective when the hydroxyl and a 
gauche effects in the [2.2.1] cases (items 19 and hydrogen are closer. It is also interesting that the 
20) are ascribed to the increased separation of y anti effects at C-7 (C-8) (items 28-30) are more 
the hydroxyl group from the exo-protons. An shielding in the [3.2.1] examples. Any inter- 
exo-8-hydroxyl group exerts comparable y changes of the inethylene assignments for 19 
ga~rclze shifts (items 22 and 23) while its effects lead to an even stronger set of shifts. As noted 
at  the carbons of the six-membered ring are above, the angular dependence of the y anti 
similar to those for the equatorial models (items effects seems quite striking. 
I, 2, and 5).  To compare the hydroxyl substituent effects 

in a variety of bicyclic systems the results for the 

Hexo B 
[2.1.1], [2.2. I], [2.2.2], and [3.2.2] skeletons are 
shown in 36-39; those for the [2.2.1] and [2.2.2] 
were reported earlier ( l a ,  16). The effects are 
very similar indicating the absence of significant 

3 4 35 perturbations due to strain. 
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The hydroxyl substituents effects on the sp2 
carbons of the unsaturated alcohols are listed in 
Table 4. The general trends are similar to those 
discussed above with y gauclle interactions pro- 
ducing larger upfield shifts than y anti effects. 
The 6 effects are larger than those in Table 3 
with maximum deshielding effects occurring in 
the compounds in which the hydroxyl group 
closely approaches the double bond. These 
resemble sjn-axial perturbations in saturated 
systems ( l a ,  16, 17). In the two allylic alcohols, 
both olefinic carbons appear to be deshielded by 
the hydroxyl group, behavior which is analogous 
to  acyclic allylic alcohols. 

Jn summary, the most puzzling trends are 
associated with y anti effects for which the angu- 
lar dependence may be a critical factor. It has 
been established that the degree of substitution 
of the intervening carbons in the y fragment also 
has a nlajor influence on the magnitude and 
direction of these shifts (lc). Thus their use for 
diagnostic purposes must be approached cau- 
tiously. Interestingly, there seems to be no 
obvious trend associated wit11 the direrent strain 
energies of these various bicyciic systems. In  
general the relative orientations of the hydroxyl 
and a y C-H bond tend to govern the magni- 
tude of the upfield shift. The present data con- 
firm earlier conclusions on this point (5) although 
contrary proposals have appeared (14). 
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A ~ T H O N Y  D. BARANYI, MARIO ONYSZCHTJK,  YVON LE PAGE, and GARRTELLE DOKKAY. Can. 
J .  Chem. 55, 849 (1977). 

The title compound has two PbBr2,2[(CH3)2SO] units, Z = 2, in a cell with a = 11.093(2), 
b = 12.382(3), c = 4.540(1) A, belonging to  space group Prnrnn. The structure was solved by 
Patterson functions and was refined by full-matrix least-squares calculations to a final X o f  
0.054 for 348 observed diffractorneter intensities. Passing through the unit cell are two anti- 
parallel, infinite polar chains, each with symmetry n11112, extending along z and interacting with 
each other by weak van der Waals forces. Lead(I1) is six-coordinate with a close, covalent 
hemisphere consisting o f  two bromine atoms [Pb-Brl,Brl' 2.93(1) A], and two oxygen atoms 
[Pb-O,O' 2.50(3) Aj  which subtend an angle o f  157.9(9)" at lead, located at the intersection o f  
the 0-Pb-0' and Brl-Pb-Brl' perpendicular mirror planes. The other hemisphere consists 
o f  bridging bromine atoms from the neighboring PbBr2.2drnso unit [ P b  Brll',Br'v 3.24(1) A], 
resulting in a rectangle o f  bromine atoms around lead [Brl-Pb-Br" 90.5(1)', Brl"-Pb-Brl' 
80.2(1)=]. The distortion o f  the octahedral coordination sphere around lead is discussed in terms 
o f  (a) a repulsive effect o f  the Pb(I1) valence lone electron-pair, (0) weak Br-S bonding, and 
(c)  crystal packing forces. 

ANTHOKY D. BARANYI, MARIO ONYSZCHUK, YVON LE PAGE et GABRIELLE DONNAY. Can. J .  
Chem. 55, 849 (1977). 

Le compose mentionnt dans le titre a deux unites de PbBr2.2[(CH3),SO] et Z = 2 par maille 
de dimensions a = 11.093(2), b = 12.382(3), c = 4.540(1) A et appartenant au groupe d'espace 
Pmmn. On a resolu la structure par les fonctions de Patterson et on l'a affinee par mithode des 
moindres carres (matrice complete) jusqu'a une valeur finale de R de 0.054 pour 348 intensites 
observees par diffracton~etrie. Passant par la maille, il y a deux chaines polaires infinies et 
antiparalleles qui possedent chacune une syn~etrie rnm2 s'etendant le long de l'axe z et qui inter- 
agissent l'unc avcc l'autre par des forces de Van der Waals faibles. Le plomb(11) est hexa- 
coordonne avec un hemisphere covalent ferme consistant de deux atornes de brome [Pb- 
Brl,Brl' 2.93(1) A] et deux atomes d'oxygene [Pb-0,O' 2.50(3) A] qui soutendent un angle 
de 157.9(9)c au niveau du plon~b, situe a l'intersection des plans mirroirs perpendiculaires de 
0-Pb-0' et Brl-Pb-Br". L'autre hemisphere consiste d'atomes de brome qui forment un 
pont et qui proviennent de l'unite PbBr2,2dniso voisine [Pb-Br"',Brl' 3.24(1) A ] ;  ces arrange- 
ments conduisent a l'existence d'un rectangle d'atomes de brome autour de l'atome de plornb 
[Brl-Pb-Br" 90.5(1)', Br"'-Pb-Br'v 80.2(1)'] .On discute de la distorsion de la coordina- 
tion octaedrique de la sphere autour du plomh en termes: (a )  d'un effet  rep~ilsif de la paire 
d'electrons libres de valence du Pb(II), (b) de liaisons Br-S faibles et (c)  de forces d'entasse- 
ment du cristal. 

[Traduit par le journal] 

Introduction 
Crystal and molecular structures of coordina- 

tion compounds of lead(1I) halides and pseudo- 
halides are I<nown oiily for lead(11) chloride- 
bis-thiourea ( I ) ,  PbC12.2tu, and di-isothiocy- 
anato lead(I1)-bis-d~methylsulphoxide (2),  Pb- 
(NCS),.2dmso. In  the first structure, lead is 
seven coordinate due to bonding with four 
sulphur and two chlorine atoms, all a t  the 
corners of a distorted trigona! prism, and a t h ~ r d  

chlorine atom near the center of a prism face 
Sulphur atoms and aplcal chlorine atoms bridge 
to nelghbounng lead atoms forining a polymeric 
chain Polyrner~c chams are also present In 
crystal!~ne Pb(NCS)2 2dmso. the lead atom of 
u l ~ i c h  is six-coordinate in a distot ted octahedral 
arlangeiueat of t n o  ilitrogeil atoms and t u o  
bridglng sulphu~ atoms appl-ox~mately coplanar, 
with one oxjgen atom dbove and another beloii 
the plane (2) 
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Adducts of lead(I1) bromide with a variety of 
0 - ,  S-, and N-donor ligands have been prepared 
and characterized (3), but few conclusions were 
made about structure on the basis of the mea- 
sured vibrational spectra. Of the available com- 
plexes, PbBr,.2dmso was chosen for an X-ray 
diffraction study because it offered the possibility 
of a direct comparison with the structure of 
Pb(NCS),.2dmso (2). Structures of dimethyl- 
sulphoxide complexes are also of particular 
interest because of the ambidentate coordinating 
ability of this ligand. Dimethylsulphoxide is 
sulphur-bonded in Ir(C, ,H, ,0)C12.2dmso (41, 
PdC1,.2dmso ( 5 ) ,  Pd(N0,),.2dmso ( 6 ) ,  and 
[Ru(dmso)(NH,),][PF,], (7); oxygen-bonded in 
[FeCl,(drnso),J[FeCl4] (81, CuC1,.2dmso (9), 
(CH3),SnC1,.2dmso (lo), SnC1,.2dmso (1 I), 
Pb(NCS),.2dmso (2), and La(N03),.4dmso (12); 
and oxygen-bridge-bonded in 3HgC12.2dmso ,.- 

Experimental 
Lead(I1) bron1ide-bis-dirnet/1j~lsrrlpho wide, PbBr2,2dn~so 13) 

Small white needles were obtained after PbBr2 (3.7 g, 
10 mmol) was dissolved in dimethylsulphoxide (50ml) 
at 4 0 T ,  and the solution was allowed to stand for 
several days until crystallization took place. Crystals were 
separated by filtration and dried with suction in a 
nitrogen-filled dry-box. The complex decomposed rapidly 
to a white powder on exposure to moist air, and at  
approximately I00 "C in a capillary tube filled and 
sealed under nitrogen. A~zal. calcd. for PbBr2.2[(CH3),- 
SO]: C 9.2, H 2.3, Pb 39.6; found: C 9.3, H 2.3, Pb 
38.5. 

Data Collection 
The crystal selected for study was held in a Lindeman 

glass capillary tube by a thin film of silicone grease, 
sealed under nitrogen, and mounted with the longest 
dimension of the crystal, c, approximately parallel with 
the rotation axis of the Eulerian cradle to  minimize 
absorption. The dimensions of the crystal were ca. 
0.01 x 0.01 x 0.30 mm. 

The diffraction aspect P**n was determined from 
rotation, Weissenberg, and precession films using Ni- 
filtered CuK, radiation, and two possible space-groups 
were indicated: P~nnr t~  and 132,n:lr. Measurements of the 
independent reflections with the diffractometer confirmed 
the systematic extinction hkO for h + k = 2n f 1. The 
unit-cell parameters were refined by least-squares fit of 
^f,,$,w and 28 values for 12 general reflections with 
28 > 35. measured on a diffractometer with MOM= 
radiation. Crystal data are: 
PbBr2.2[(CH,),SQ] fw = 523.3 
Orthorhombic, a = 11.093(2), 0 = 12.382(3), c = 
4.540(1) a, u = 623.6 ,A3, Z = 2, p, = 2.79, Space group 
Ptnnlii, (D:;), MoKa, h = 0.70926 .A, p(MoKr) = 
202.6 cm-I, T = 20 'C. 

Intensities were measured on a Picker four-circle auto- 

mated diffractometer using graphite monochromated 
MoKa radiation. Reflections were collected using the 
6-20 scan method, scanning from 0.6" below a, to 0.6" 
above a 2  at  +" 28 min-', with 20 s background counts 
being measured at each end of the scan. The intensities 
of three standard reflections, measured after every 10 
reflections, showed only the deviations from the mean 
predicted from counting statistics. A total of 883 sym- 
metry independent reflections were measured in the range 
5" I 26 I 60", 348 of which had I > 20(1) and were 
classed observed. Intensities were corrected for Lorentz 
and polarization factors by means of the DATRDN 
program of X-Ray 70 (14). No absorption corrections 
were made because the width of the crystal is only 0.01 
mm, which is considerably smaller than the calculated 
optimum size, to,, = 0.33 mm (15). The transmission 
factor was in the range 0.82 to 0.87, and the error due to 
absorption was estimated to be i 5 %  on intensities. 
Atomic scattering factors were taken from Hanson et a/. 
(16) and corrections were made for anomalous dispersion 
of lead, bromine, and sulfur (17). 

Structuve Determination and Refinement 
A study of the Patterson function provided a unique 

spatial distribution of the heaviest atoms, Pb, Br, and  S, 
giving a pseudo-body-centered Bravais lattice which had 
not been noticed from photographic measurements. The 
mean of h + k + I odd intensities was only 14% of the 
mean of h + k + 1 even intensities. A partial Patterson 
synthesis of lz + lc + I odd terms indicated that the 
difference between the true structure and the body- 
centered pseudo-structure was not due to the light atoms, 
but mainly to a displacement of the lead atom from the 
center of the rectangle of bromine atoms (18). A model of 
two parallel chains along [OOl], probably in space group 
Pmm2, pseudo-Imn12; was indicated. The systematic 
extinctions in this space group become str~lctural ab- 
sences. The difference from a model of antiparallel chains, 
rejected by the partial Patterson synthesis, lay only in the 
z coordinate of one oxygen atom. Since Pmm2 is a sub- 
group of Pmmn, both models were first refined and 
compared in that space group. 

The n glide-plane systematic extinctions were included 
in the observed data. The model of parallel chains refined 
to a residual R of 0.090 using isotropic temperature 
factors for the five atoms Pb, Br, S, 0 ,  and C. In the 
least-squares calculation all atoms were accepted except 
one oxygen atom whose temperature factor became un- 
acceptably large during refinement. 

The difference Fourier synthesis showed a wide peak at  
the position where an oxygen atom was expected in the 
model of antiparallel chains. By introducing the oxygen 
atom in this position, the residual R decreased to 0.055, 
using anisotropic thermal parameters for Pb, Br, and S. 

.4n analysis of this model showed that it was com- 
patible with space group Pmmn, the largest difference 
being 40 in the z position of bromine. After removing the 
systematic extinctions of the n glide-plane from the data, 
the structure was further refined in the Pmmn space group 
by full-matrix least-squares methods using anisotropic 
temperature factors for all atoms. Three cycles were 
required for final convergence. The function minimized 
was Zw(lF,I - F,l)2 where w = I. The refinement 
terminated with an unweighted residual R of 0.054 for all 
atoms except hydrogen which could not be located from 
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TABLE 1. Final positional parameters with estimated standard deviations 
in parentheses; space group Pmmn, origin at  center* 

Atom Position x Y z 

Pb Xu) 114 114 0.2115(4) 
Br 4 ( f )  0.5622(3) 3 14 0.2435(8) 
0 4(e) 114 0.4479(24) 0.1063(58) 
S 4(e) 114 0.4801(8) 0.7681(19) 
C 8(g) 0.8719(26) 0.0750(26) 0.2646(61) 

*Coordinates of general position: t (x,y,z; + - x , ~ , z ;  x,+-4.7; f -x,j -y,z). 

TABLE 2. Final anisotropic thermal parameters (U,j  x 100 W2) and their estimated standard deviations" 

Atom UII ( 12  2 u3 3 u12 u13 UZ 3 

Pb 4.86(13) 4.84(11) 2.67(8) 0 . 0  0 . 0  0 .0  
Br 3 .95(22) 5.85(23) 5 .03 (24) 0 .0  0.21(16) 0 .0  
0 13.9(26) 6.9(20) 5.1(15) 0 . 0  0 .0  3.1(15) 
S 6.9(66) 4.95(51) 4.00(46) 0 . 0  0 .0  0.36(43) 
C 7.8(21) 10.1(22) 6.4(17) -4.8(19) -0,1(16) - 1.2(17) 

*The form of the thermal ellipsoid is: exp (-2n2 3 2  3Z h,h,a, 
i = l j = l  

the final difference-Fourier map. When the refinement 
was repeated with a statistical weighting of the data, 
w = l/cs2, an R value of 0.055 was obtained: the refined 
parameters and estimated standard deviations were un- 
changed within the error limits. The refinement displayed 
a large Ul l  thermal parameter for the oxygen atoms. This 
thermal motion had smeared out the Pb-0 peak in the 
partial Patterson synthesis to such an extent that this peak 
was absent and led to the initial assumption of space 
group Pmm2. The final residual R of 0.054 corresponds 
to  a partial residual of 0.044 on 214 observed h + /c + 
1 = 2n structure factors and 0.086 on 134 odd ones. The 
larger residual for the odd terms indicates that they 
contribute less to the sum of the structure factors than 
even terms rather than forming a large contribution to 
the sum of the errors. 

Results and Discussion 
Atomic co-ordinates are listed in Table 1, 

anisotropic temperature factors in Table 2, and 
bond distances and angles in Table 3. Observed 
and calculated structure factors have been 
placed in the Depository of Unpubiished Data.' 

The crystal structure consists of two anti- 
parallel chains of symmetry nz1~2 extending 
along the z direction, corresponding to one 
another by an I Z  glide-plane perpendicuiar to c. 
The chains consist of PbBr2.2dmso units bridged 
through bromine atoms (Fig. 1). Lead has a 
coordination nuniber of six and sits at  the inter- 
section of the two mirror planes. Four bromine 

'The structure factor table is available, at a nominal 
charge, from the Deposito~y of Unpublished Data, 
GISTI, Kationa! Research Council of Canada, Ottawa, 
Canada KIA OSZ. 

atoms form a rectangle in a mirror plane with 
two short Pb-Br bonds (2.93(1) A) and two 
longer bridging Pb-Br interactions (3.24(1) A). 
The Br-Pb-Br angles range from 80 to 95". 
The two oxygen atoms of the dimethylsulphoxide 
groups complete the coordination sphere of lead 
and subtend an  angle of 157.9(9)" a t  lead. The 
dmso units point toward the region of short 
Pb-Br distances (Fig. 2). 

The directions of the largest thermal motions 
of Br and O are perpendicular to the plane of 
their bonds. The maximum vibration of sulfur is 
in the same direction as oxygen, while the carbon 
atoms vibrate in the xy plane, indicating a 
probable oscillation of the dmso group around 
the S-O bond. The lead atom has an oblate 
thermal motion ellipsoid along the z axis, cor- 
responding to transverse vibrations of chains 
rather than to independent movements of 
individual lead atoms. 

The coordination sphere of lead has changed 
drastically from the parent PbBr, in which lead 
is bound to nine bromine atoms, six at  the 
apices of a trigonal prism and three beyond the 
centers of the three prism faces (19). The lead- 
bromine distances in PbBr, range from 3,0 to 
3.88 A. In PbBr2.2dmso lead is six-coordinate 
and there are rwo distinct coordination hemi- 
spheres (Fig. 2). There is a close-packed, 
covalently bound region consisting of two oxygen 
atoms, 0 and Or,  and two bromine atoms, Br' 
and Rr". The Pb-Br' and Pb-Br" distances, 
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TABLE 3. Bond lengths (A), interatomic distances (A), and bond angles (deg), 
with estimated standard deviations in parentheses 

Bond Length Bonds Angle 

Pb-Brl,Br" 2.93(1) Brl-Pb-Br" 90.5(1) 
Pb-Br",Brl' 3.24(1) B ~ I ~ I - ~ ~ - B ~ I V  80.2(1) 
Pb-0 2.50(3) Brl-Pb-Brl" 94.7(1) 
S-0 1 .59(3) Brl,ll-Pb-O 82.3(4) 
S-c 1 .80(3) Br"'.'v-Pb-O 98.4(5) 

0-Pb-0' 157.9(9) 
Pb-0-S 115.6(15) 
C-S-C 97.6(15) 
0-S-C 104.2(12) 

Non-bonding van der Waals Covalent radii 
approaches Observed radii sums (25) sums (25) 

(i) Within each unit* of a chain 
Brl. . .Br" 4.17(1) 3.6-4.0 
BrlI1. . .BrW 4.540(1) 3.6-4.0 
0 .  . .Brl*" 3.59(2) 3.3-3.5 
0. , .Br1I1*'\. 4.37(2) 3.3-3.5 
S. . .Brlxl' 3.53(1) 3.6-3.8 
CH,. . .Brl," 4.10(2) 3.8-4.0 

(ii) Between neighbouring units in the same chain 
Pb. . .S 3.81(1) 3 .8  
S . .  .O 3.03(3) 3 . 3  
C H 3 . .  .CH3 4.540(1) 4 . 0  
CH,. . .Br 4.10(2) 3.8-4.0 

(iii) Between units in neighbouring chains 
CHj. .  .CH3 4.02(4) 4 . 0  

4.32(4) 4 . 0  
CH,. . .Br 3.76(2) 3.8-4.0 

3.80(2) 3.8-4.0 
CH,. . .O 4.27(4) 3 . 5  
CH,. . .S 4.83(4) 3 . 8  

*Unit refers to the PhBr2.2dmso cluster. 

FIG. 1. ORTEP diagram (26) showing stereoscopically the packing in trio unit cells along c 
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BARAKYI ET AL. 853 

FIG. 2. ORTEP plot (26) of the molecular structure 
(including Brut and BrIv fro111 the next unit) showing 
equatorial plane, atomic labelling, and bond valences in 
valence units (vu). 

2.93(1) A, are only slightly longer than the sums 
of corresponding covalent radii (2.7 A) and 
appreciably shorter than the sums of correspond- 
ing van der Waals radii (3.9 A), indicating that 
Pb-Br' and Pb-Brl' bonds are predominantly 
covalent. Lead-oxygen distances, 2.50(3) A, also 
show appreciable covalent character, being 
much closer to the covalent radii sum, 2.31 A, 
than to the van der Waals radii sum, 3.5 A. In  
the same region B~'~"-O, ~ r ' ~ " - 0 ' ,  and 
Br'-Rr" interatomic approaches are equal to or 
greater than the sums of their respective van der 
Waals radii (Table 3). .On the opposite side of 
the lead atom, i . r . ,  in the second hemisphere, 
there are two bridging bromine atoms from the 
neighboring PbBr2.2dmso unit (Fig. 2). The 
Pb--5r1" and Pb-5s" distances, 3.24 A, are 
greater than the sums of their ionic radii, 3.13 A 
(25) but less than the sums s f  their van der 
Waals radii, 3.9 A. The other interatomic 
approaches, 0. . . BS'" , '~  and Pb. . .S, are equal 
to, or  greater than the sums of the respective 
van cler Waals radii (Tab!e 3). 

Three possibilities are suggested for the 
distortions of the octahedral configuration 
around Pb(II) : !a) a repulsive effect of the Pb(IH) 
valence !one electron-pair, (bl weak Rr. . .S 

bonding, and (c) crystal packing  force^.^ Each 
of these possibilities will now be discussed in 
detail. 

(a)  The two dmso molecules of each octahedral 
cluster are bent away from 180c, 0-Pb-0' 
157.9(9)", toward the nearest bromine atoms, 
Brl and Br", rather than towards the more dis- 
tant bromine atoms, BrIrl and ~ r ' " ,  a region one 
might have expected more sterically able to 
accom~nodate dlnso molecu!es. A similar distor- 
tion of the 0-Pb-0 angle (160.1(8)") in 
crystalline Pb(NCS),.2dmso was attributed to 
the repulsive effect of the unshared electron-pair 
of Pb(I1) occupying a coordination site between 
two bridging thiocyatlate groups (2). In  Pb- 
Br2.2dmso, none of the angles in the PbBr, 
rectangle is large enough to suggest the presence 
of a directed lone electron-pair. However, the 
unsymmetrical arrangement of bromine atoms 
and the 22" departure of the 0-Pb--Of angle 
from linearity suggest the existence of a re- 
pulsive effect which might be due to the distribu- 
tion of the unshared electron-pair of Pb(I1) 
being asymmetric rather than spherically sym- 
metric. Similar examples of coordination spheres 
containing short and long bonds as well as 
angular distortions have been reported for 
As(III), Sb(III), and Bi(II1) compounds and 
attributed to asyinrnetric lone electron-pairs (20). 

(b) Thc fact that Br . .  .S and S. . .O non- 
bonding distances are slightly less than the cor- 
responding van der Waals radii sums (Table 3) 
prompts us to suggest that the observed distor- 
tions of the Pb(I1) octahedral coordination 
sphere might be due to weak Br. . .S and S. . .O 
bonding within chains. When this possibility is 
examined in terms of the bond valence analysis 
of Donnay and Allrnan (21), or Brow11 (22), 
Pb(l1) emerges with. two strong, two medium, 
and two weak bonds, correspo~lding to Brown's 
configuration A. Bond valence units (vu) around 
Pb(I1) were calculated from bond distances in 
the usual way (21, 22) and are given in Fig. 2. 
Lead(I1) is assigned a bond va!ence sum of 
2.0 and the proportions among the six bonds 
are similar to those of SnO in which Sn(1I) is 
six-coordinate in a distorted octahedral geometry 
(22). Although the lorig Pb-Br bonds have only 
half the bond valence of the short Pb-Br 

'These were s~ggested and preferred by one of the 
referees. 
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TABLE 4. Data for dimethylsulphoxide compounds 

M-S M-0 M-0-S S-0 
Compound distance (A) distance (A) angle (deg) distance (a) Reference 

S-bonded: Ir(C15H~30)C12~2dmso 2.24 1.44,1.46 4 
PdC12.2dmso 2.29 1.47 5 
P d ( N 0 3 ) 2 . 2 d m ~ ~  2.23,2.25 1.46 6 
[ R U ( ~ ~ S O ) ( N H ~ ) ~ ] ( P F , ) ~  2.19 1.53 7 

0-bridged : 3HgC12~2dniso 2.52,2.56 121.9,130.2 1.54 13 
0-bonded: [FeC12(dmso)4][FeC1,1 2 . 0  124.5 1.54 8 

CuC12.2dmso 1.96 118.2 1.53 9 
Me2SnC1,.2dmso 2.32,2.38 122 1.51,1.61 10 
SnC14.2dmso 1.51,1.54 11 
La(N03),.4dmso 2.47,2.48 1.48,1.52 12 
Pb(NCS),.2dmso 2.45,2.50 123.7,128.2 1.50,1.53 2 
PbBr2,2dmso 2.50 115.6 1.59 

bonds, their bond valence is large enough to 
indicate that BrH1 and BrtV are within the primary 
coordination sphere of Pb(I1). The fact that the 
bond valence sum at each Br atom is 0.67 rather 
than 1.0 vu suggests that Br atoms are involved 
in additional bonding interactions, most likely 
with nearby S atoms of coordinated dmso mole- 
cules. Unfortunately, bond valences around 
sulfur cannot be calculated directly because the 
required sulfur radii are not yet available; how- 
ever, bond valences surrounding sulfur can be 
obtained indirectly as follows. Since the total 
bond valence of oxygen is 2.0 vu and 0.33 vu of 
this is attributed to the Pb-0 bond, 1.66 vu 
remain for the S-0 bond. Sulfur is also co- 
valently bound to two methyl groups, each bond 
accounting for 1 . 0 ~ ~ .  Therefore, the bond 
valence sum at sulfur is 3.66 vu instead of 4.0 vu 
required by its oxidation number. If the differ- 
ence of 0.34 vu is attributed to a weak interaction 
of the sulfur atom with two neighbouring Br 
atoms, i .e . .  0.17 vu per bond, the total bond 
valence of each Br atom becomes 1.0 as shown 
in Fig. 2. This proposal is supported by the good 
agreement between the observed Br. . .S distance 
of 3.53(1) and the calculated distance of 3.2 
to 3.6 A obtained from the bond valence 
equation (22). Additional evidence of a Br. . .S 
interaction is provided by the Pb-0-S angle 
of 115.6(15)" being the smallest reported in 
crystal structures of dmso complexes (Table 4). 
Since the S. . .O distance between ne~ghbouring 
PbBr,.2dmso units in the same chain is about 
10% less than the van der Waals radii sums, the 
possibility of weak S. . .O bonding cannot be 
excluded. The S=O bond length (1.59(3) A) in 
PbBr2.2dmso is one of the longest found in dmso 

complexes (Table 4). The S-C bond length is 
unchanged from that in solid dmso (1.80 A) (23). 

(c) Crystal packing forces are usually proposed 
to account for differences in structure observed 
between the gaseous and crystalline phases of a 
substance. Unfortunately, such a comparison is 
not possible with PbBr2.2dmso because it does 
not exist in the gaseous phase. Nevertheless, the 
fact that so many non-bonding approaches 
(Table 3) are approximately equal to van der 
Waals radii sums might suggest that deviations 
from a Pb(I1) octahedral configuration are due 
primarily to inter- and intra-chain van der 
Waals forces arising from dipole-dipole, dipole - 
induced dipole, and London dispersion forces 
among neighbouring molecules and atoms (24). 
Thus the small interatomic Br. . .S and S. . .O 
distances with the consequent deviation of the 
0-Pb-0' angle from 180" may not be due to 
weak bonding interactions, as previously sug- 
gested, but merely the result of the need for the 
crystal to achieve the most efficient packing ar- 
rangement possible both within each chain and 
between the chains. 
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T h e  heat capacities, vslumes, and expansibilities of tert-butyl alcohol - water 
mixtures from 6 to 65 "C 
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CEES DE VISSER, GERALD PERRON, and JACQUES E. DES~OYERS.  Can. J. Chem. 55,856 (1977). 
The densities and specific neat capacities of niixtures of terr-butyl alcohol (TBA) and water 

(W) have been measured at 6, 10, 25, 40, 55, and 65 'C. From these data the apparent lnolal 
volilmes (O,), heat capacities j&), and expansibilities (4,) were evaluated. Generally, the 
tenlperature dependence of these quantities is rather characteristic of hydrophobic solutes in 
water. At high co~lcentrations 6, and 4,. resemble those of surfactants, suggesting the existence 
of some microphase separation. At low temperatures 6, show a significant hump as a function 
of concentration, which is probably not due to the presence of the -OH group on the TBA 
molecule. A similar behaviour is observed for I+,. The 4, and $c of water in TBA have also been 
calculated; 4,,, is in theTBA-rich region 2 to 2.5 cm3 m o l l  smaller than the molar volume of 
water, but &, ,  is of the same order of magnitude as the molar heat capacity of water. 

CEES DE VISSER, GERALD PERRON et JACQUES E. DESNOYERS. Can. J. Chem. 55 ,  856 (1977). 
Les masses volumiques et capacitis calorifiques des melanges du rut-butanol (TBA) et de 

I'eau (W) ont Cte rnesurtes a 6, 10, 25, 40, 55 ei 65 'C .  Les volumes (a\), capacites calorifiques 
(&) et expansibilitis ($E) n~olaires apparents ont CtC calculCs shr tout le domaine de concentra- 
tion. En general la dependance sur la temperature de ces quantites est assez typique du corn- 
portement des solutes hydrophobes dans l'eau. Aux fortes concentration $, et @\, ressemblent 
a ceux des detergents suggerant I'existence d'une fonction de microphases. Aux basses tempera- 
tures 4, augmente d'une f a ~ o n  non-liniaire avec la concentration avant de dirninuer rapidement 
vers sa valeur molaire aux plus fortes concentrations. L'existence de cette bosse en fonction de 
la concentration ne senlble pas relike & la presence du groupement OH. Un comportement 
similaire est observe pour $,. Les volumes ei capacitts calorifiques molaires apparents de W 
dans le TBA ont a ~ ~ s s i  ete calculis: $,,, dans la region riche en TBA est de 2 a 2.5 cm3 n ~ o l - '  
plus petit que le volume molaire de W rnais +,,, est du mime ordre de grandeur que la capaciti 
calorifique molaire de W. 

Inatasduction 
The numerous studies on inixtures of alcohols 

and water have been very well reviewed by 
Franks and co-workers (1-3). Most of the 
alcoholic systems fall in a class of solutio~ls 
which are generally classified as typically aqueous 
(3-5); the excess free energy GE is positive, 
I TSEI > 1 HEI (entropy-controlled mixing), the 
solution tends to unmix at  high temperatures 
and the concentratioii depeildence of the 
thermodynamic properties shotv characteristic 
trends. The hydrophobic character of the 
cosolvent seems to be responsible for the general 
behaviour of these solutions. 

fert-Butyl alcohol (TBA) is of particular in- 
terest since, although it is quite hydrophobic, it 
is still miscible in all proportions with water. 

'On leave of absence from Department of Chemistry, 
the Free University of Amsterdam, Amsterdam, The 
Netherlands. 

'To whom correspondence should be addressed. 

Most properties of this binary system, especially 
in the water-rich region, have been well in- 
vestigated (1-14). However, precise heat capacity 
data over the whole concelltration range and at 
many temperatures are still scarce: previous 
studies were often limited to the water-rich 
region and to 25 "C (14, 15). Only Kenttamaa 
et 01. (6) reported mean molar heat capacities 
over the whole mole fraction range. Unfortun- 
ately, they reported their data "at about 30-33 
and 50-53 "C". Moreover, as will be shown in 
this paper, mean molar heat capacities do not 
give much information on specific (structural) 
effects on dissolution. Also the heat capacities 
of pure TBA are not known accurately enough 
above 25 "C (16). 

Heat capacity data are of interest since they 
are known to be very sensitive to structural 
changes in solutions. We therefore felt it would 
be useful to measure this property for mixtures 
of TBA and water over a wide temperature range 
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and whenever possible over the complete mole 
fraction range. Under similar conditions the 
volumes were also ekaluated because the flow 
microcalorimetric technique used for the mea- 
surements of the differences in heat capacities 
requires the knowledge of precise densities. In  
addition, the apparent n~ola l  expansibilities can 
then be calculated from the temperature de- 
pendence of the apparent inolal volun~es. 

Finally, it should be mentioned that precise 
data of the binary TBA-W system are required 
for a systematic study of ternary systeius in- 
volving the TBA-W mixtures, which we habe 
investigated (17). 

Experimental 
All solutions were prepared by weight with deionized 

(Continental Deionised Water System) distilled water, 
and TBA (Baker Analyzed Reagent) was used as such 
(141. 

The solution densities (d )  and heat capacities per  nit 
volun~e (0) were measured with a flow densimeter (18) 
and a Picker flow microcalorimeter (19, 20). At 25 ' C ,  
the detection limits, i ~ i  differential measurements, were 
respectively + 3 x g c m r 3  and i 7  x 10-' J K - '  
c r r 3 .  The experimental techniques, the uncertainties at  
other temperatures, and the general procedures have been 
described elsewhere (18-21). 111 the present study, using 
a flow rate of 0.6 cn1r3 min-' and a heating power of 
21 nlW, the temperature increment during the heat 
capacity measurements was -0.5 -C. All data are ex- 
pressed relative to  NaCl solutions (20). The absolute 
temperature of the measurements was n~easured to 
0.01 K with a Hewlett-Packard Quartz Thermometer. 

Results 
The apparent molal volume, + , ,  and heat 

capacity, +,, of Z'BA in the mixtures were 
calculated from the data using the following 
equations : 

L111 
M 1000(n - do )  9 --- 

V -  d ~ n d d ,  
and 

where M is the solute molecular weight, 171 the 
molality, and c, the specific heat capacity. The 
density do and specific heat capacity c,, of pure 
water are taken respectively from Kell (22) and 
Stimson (23).  The difference in specific heat 
capacity can be derived from the measured 
difference in heat capacity per unit volume by 
the relation : 

where oo is given by c,,d,. By reversing TBA and 
W, it is of course also possible using eqs. I to 3 
to calculate the corresponding functions for 
water. 

The original data and derived +, and 4, values 
at  6,  10, 25, 40, 55, and 65 'C are given else- 
v ~ h e r e . ~  Except for +, at 65 'C ,  at  least 10 
measurements were made below m,,, = I a t  
each temperature and both 4, and 4, were 
fitted by least-squares methods to equations of 
the form: 

The resulting coefficients at  different tempera- 
tures are collected in Table 1 .  At 10 ' C  two 
different sets of measurements yielded slightly 
different $,e (486.3 and 482.9 J K -  ' mol-l)  
values. Since we d o  not know which one is the 
best, we used them both in order to calculate 
4, - 4,'. In Table 1 the mean value for 4,' 
has been reported. The value of $,' at  25 "C is 
in good agreement with that (87.95 cm3 mol-') 
reported by Franks and Smith (7 )  obtained from 
precise density measurements at  very low con- 
centrations. The agreement with the data of 
AvCdikian pt ul. (14) is also within the experi- 
mental error. The value of 87.73 cm3 mol-' 
reported by Jolicoeur and Lacroix (24) is 
slightly lower but they obtained 9,' by extra- 
polating against molarity with a lowest con- 
centration of 0.27 mol I-'. Kenttalnaa et ul. (6 )  
reported partial molal volumes at  15, 25, 40, 
and 50 ' C  covering the complete inole fraction 
range. Their infinite diiution data (Po = 

deviate generally by about 2 cm3 11101-I from the 
present results. However, calculation of 4, for 
the complete mole fraction range using their 
density data shows that only below X,,, = 0.05 
d o  important differences exist; above X,,, = 
0.05 the agreement with the present data is 
generaily within 0.1 cm3 mol-I, both at  25 and 
40 "C. Their values for the molar volume of 
pure TBA at 2 5 - C  (supercooled liquid) of 
94.96 cni3 mol-I and at  40 'C of 96.88 cm3 
mol-I are in excellent agreement v,ith the present 
results of 94.97 and 96.86 cm3 n~ol-- ' ,  respec- 
tively, given in Table 1 .  Finally, Nakanishi et 01. 
(25) reported on excess and partial molal 
volurnes of TBA-MI systems at  25 ' C .  Calcula- 

3Complete set of tabular data is available, at a nominal 
charge, from the Deposi~ory of Unpublished Data, 
CISTI, National Research Council of Canada, 0 t t a ~ ' a  
Canada K I A  OS2. 
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tions of the 4, from their densities yield very 
close results to the present ones below X,,, = 
0.3 while at higher X,,, their values are slightly 
lower, the difference increasing to 0.2 cm3 mol-I 
for the molar volurne of pure TBA. 

Our +ce at 25 O C  is in excellent agreement with 
that, 464.0 J K-I  mol-l, reported by Jolicoeur 
and Lacroix (24) and with the corrected value 
(20) of 462.8 J K-I  mol-I given by AvCdikian 
et al. (14). It is also possible to obtain $2 
(= c:) from the integral heat of solution method 
as carried out by Alexander and Hill (12). At 
25 "C,  a value for C,e of 475 f 20 J K-I  mol-I 
can be derived from their data, which is, al- 
though less accurate, in agreement with the 
present results. 

The molar heat capacities of pure TBA C; 
above room temperature are, as mentioned be- 
fore, rather scarce. Only Oetting (26) seems to 
have reported heat capacities and entropies of 
TBA from 15 to 330 K. His (interpolated) heat 
capacities at 25, 40, and 55 "C are 220, 233, and 
244 J K- '  mol-I respectively. These data are, 
especially at higher temperatures, in very good 
agreement with our results given in Table 1. 
Precise data for 4, in the TBA-W mixture are 
also scarce in the literature. Kenttamaa et al. 
(6) reported mean molar heat capacities C, at 
temperatures around 31.5 and 51.5 "C. From the 
present results it is also possible to calculate 
mean molar heat capacities using the following 
equation: 

Values obtained using eq. 5 at 25, 40, and 55 "C 
show the same trends as those given by Kent- 
tamaa et a/. (6). Arnaud et al. (1 5) reported also 
mean molar heat capacities up to X,,, = 0.27. 
The difference from the present results is within 
I J K-I  mol-' in most cases. We can therefore 
say that the present data are in good agreement 
with existing literature values where available 
and give us confidence that they are close to the 
true values. 

Discussion 
Thermodynamic properties of binary solvent 

mixtures are often discussed in terms of excess 
molar thermodynamic functions. With the 
exception of free energies and entropies these 
are defined by 
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DE VISSER ET AL. 859 

where Y is the mean molar quantity and Y,' 
and Y,' are the standard molar quantities of the 
two pire components. The excess volumes and 
heat capacities of the TBA-W mixtures at 25, 
40, and 55 "C are shown in Fig. 1. On this kind 
of graph the TBA-W mixtures do not seem too 
anomalous. With the exception of the pro- 
nounced asymmetry with CPE, this system does 
not appear too different from other liquid 
mixtures, and shows little dependence on tem- 
perature. On the other hand, if the apparent 
molal volumes and heat capacities are plotted 
against the mole fraction of TBA, then the 
particularities of this hydrophobic solute are 
more evident as seen from Figs. 2 and 3. The 
4, goes through a characteristic minimum in the 
water-rich region and this minimum is more 

u 

pronounced and shifted to higher concentrations 
the lower the temperature. In the TBA-rich 
region 4, tends to the molar volume of TBA 
as expected. The general trends of 4, are again 
typical of hydrophobic solutes; 4, first increases 
with concentration and then rapidly falls to its 
molar value. These transitions are even sharper 
if partial molal quantities are plotted instead of 
apparent molal ones. For example C, nearly 
reaches its molar value at concentrations as low 
as 0.1 mole fraction. Qualitatively speaking, 
4, and 4, of TBA in W are quite similar to those 
of surfactants (27, 28) which also show charac- 
teristic maxima and minima but of course at 
much lower concentration to 10-l mol 
kg-'). Still, the similarity between the present 
system and surfactants suggests that the rela- 

FIG. 1. Excess molar volumes and heat capacities o f  
tert-butyl alcohol and water at 25, 40, and 55 "C. 

FIG. 2. Apparent molal volumes o f  terr-butyl alcohol 
in water at different temperatures. 

tively sharp increase in volume and decrease in 
heat capacity corresponds to some kind of 
microphase transition as in the case of micelllza- 
tion. Above 0.1 to 0.2 mole fraction, the hydro- 
phobic part of TBA is seeing only other TBA 
molecules. The system can probably be con- 
sidered to be a micro emulsion although the 
present data do not give us information on the 
size and structure of the aggregates. 

The concentration dependence of the apparent 
molal quantities, 4, - +,@, are plotted for the 
water-rich region in Figs. 4 and 5. Here the 
volumes are showing the normal trends of 
hydrophobic solutes: the negative slopes, in- 
creasing in magnitude as the temperature is 
lowered, are also observed with hydrophobic 
electrolytes (21). On the other hand, the con- 
centration and temperature dependences of 
4, - +,e show significant differences with 
normal hydrophobic electrolytes. For example, 
tetrapentylammoniurn bromide (21) and nonyl- 
trimethylammonium bromide (28) have negative 
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0 1 0 3 0 5 0 7 0 9 

' T E A  

FIG. 3. Apparent molal heat capacities of tert-butyl 
alcohol In water at d~fferent temperatures. 

X T B A  

FIG. 4. Excess apparent molal volumes of rert-butyl 
alcohol in the water-rich region at different temperatures. 

initial slopes a t  high temperatures and positive 
ones at  low temperatures. With TBA, the initial 
slope changes little with temperature from 25 "C 
upwards while 4, - +,' is nearly independent of 
concentration at  low temperatures in the water- 
rich region. There is also a significant hump in 
4, - 41,' a t  25 and 10 "C at  higher concentra- 
tions. A somewhat similar observation was made 
with tetrabutyloctanoate in water (29). 

Recently Savage and Wood (30) have sug- 
gested that the interaction of the polar group 
( e . g .  the -OH group) of one molecule with the 
alkyl chain of another may be just as important 

FIG. 5. Excess apparent molal heat capacities of trrt- 
butyl alcohol in the water-rich region at different tem- 
peratures. 

as the hydrophobic-hydrophobic interactions in 
predicting the signs and magnitudes of pair 
interaction functions. As a check that the peculiar 
behaviour of 4, - $,e of TBA was not due to 
the presence of the -OH group we have also 
begun a study of 4, of triethylamine in water (31). 
A t  15 ' C  this liquid is completely miscible with 
water. As with TBA, 4, - 4,' changes little 
w ~ t h  concentration at  rather low concentratlons, 
rises to over 150 J K - I  mol-I at  about 1 mol 
kg-', and then decreases sharply to  about 
-400 J K - I  mol-l .  The hump in 4, - 4 2  is 
therefore related to hydrophobic interactions and 
suggests that there are structural changes which 
occur in these solutions at  certain concentrations 
which resemble a ln icro~hase  separation or 
higher order transition in the liquid phase. The 
sharp decrease in 4, - $2 can well be accounted 
for in terms of contact pairing: the hq drophobic 
solutes lose part of their cospheres on contact 
association. The hump in 4, - $2 probably 
corresponds to  a much weaker transition since 
it is not seen with excess volumes and enthal~ies.  
One such possibility would be a solvent-shared 
association complex which could occur in a 
cooperative way (32). 

A t  present we cannot offer anv reasonable 
explanation for the peculiar temperature de- 
pendence of 4, - 4 2  a t  low concentration. 
Studies are under way now with other non- 
electrolyte-water systems to clarify this be- 
haviour. 

The apparent molal expansibilities +, can be 
calculated from the temperature dependence of 
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DE VlSSER ET AL. 861. 

$,. At low concentration 4, can be shown to be 
in excellent agreement witn the direct measure- 
ments of Desrosiers and Desnoyers (33). The 
concentration dependence of 4, is shown for 
three temperatures on Fig. 6 ;  $, initially in- 
creases sharply, goes through a maximum and 
finally tends to the molar expansibility E0 of 
pure TBA, the inaximum being more pro- 
nounced at low temperatures. The negative sign 
of 4,' - E0 is consistent with rhe models of 
hydrophobic hydration (34, 35); since there is 
less free space in the cosphere of a n  hydro- 
phobic soiute (+,' - V 0  < 0)  there will be less 
expansion during a rise in temperature. The 
lllaxirnum in 4, is obviously related to the 
minimum in $,. It is also related to the nlaximum 
in 4,. This follows from Eley9s theory (36) and 
from the scaled-particle theory (37) which both 
show that there is a relation between the heat 
capacity of cavity formation and the change 
in expansibility of the medium with temperature. 
It  is-therefore not surprising that interactions 
giving rise to an extremum with 4, should also 
influence +,. 

The temperature dependences of $2, $,@, and 
+,' are compared with the corresponding molar 
values of pure TBA in Fig. 7. These data are 
all fairly typical of hydrophobic solutes and are 
consistent with the models that suggest that these 
solutes promote water structul-e at low con- 
centrations; the positive value of $2 - CP0 and 
negative values of 41,' - V O  and 4,' - E O  all 
decrease in magnitude as the temperature in- 

FIG. 6. Apparent molal expansibilities of tert-butyl 
alcohol in water. 

FIG. 7. Standard apparent rnolal volumes, heat capa- 
cities, and expansibilities and the corresponding rnolar 
quantities as a function of temperature. Standard 
apparent molal quantities: x : present results; 0: 
ref. 7. Molar quantities: A :  present results; A :  ref. 26. 

creases. The positive sign of T a+,dlaT (= 
-a+,}aP) also seems characteristic of hydro- 
phobic solutes (38). 

Finally, since we have volume and heat 
capacity data over thc whole concentration 
range, except at low temperatures, it is also 
possible to calcu!ate the apparent molal volumes 

, , , , , , , , , 1 
0 1 0 3 0 5 0 7 0 9 

X ~ 2 0  

FIG. 8. Apparent molal volumes and heat capacities of 
water in tert-butyl alcohol at  25 and 55 "C. 
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and heat capacities of W in TBA-W mixtures. 
These are shown in Fig. 8. The in TBA 
is lower than its molar volume VwO by about 2 
to  2.5 cm3 mol-' as we would expect from a 
closer packing of the TBA molecules around the 
water molecule compared with the more open 
structure of pure water. On the other hand, as 
with water in dimethylformamide (39), $,,,O 

remains comparable with c,,,' and the differ- 
ence hardly changes with temperature. Further 
work is under way to find the origin of this 
apparently anomalous value of 

NOTE ADDED IN  PROOF: Work presently under 
way in this laboratory indicates that 4, of many 
apparently hydrophobic nonelectrolytes (ethers, 
esters, ketones, and amides) in water show a 
large initial decrease with concentration a t  25 "C 
in contrast to alcohols, carboxylic acids, and 
amines. Alcohols may therefore not be typical 
of hydrophobic solutes as far as heat capacities 
are  concerned. 
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N. COLIN BAIRD and HARISH B. KATHPAL. Can. J. Chem. 55, 863 (1977). 
The important geometrical variables in the structures of the lowest 'A '  and 'A" states of 

the free radicals HCO, CH3C0, NH2C0,  HNN, and CH3NN have been determined by 
ab initio MO calculations using the STO-3G basis set. The energy differences between the states, 
and the energies of the radicals relative to their decomposition products and relathe to their 
hydrogen atom addition products, are reported using both STO-3G and 4-31G basis sets in 
the restricted open-shell calculations. The trends in these results and their relation to available 
experimental data are discussed. 

N. COLIN BAIRD et HARISH B. KATHPAL. Can. J. Chem. 55, 863 (1977). 
Utilisant des calculs d'orbitales molCculaires nb initio faisant appel a une base STO-3G, on a 

determine des variables gkometriques importantes dans les structures des &tats 2A' et 'A" les 
plus bas des radicaux libres HCO, CH,CO, NH2C0,  H N N  et CH,NN. On rapporte les 
differences d'energie entre ces Ctats et les energies des radicaux, relatives a leurs produits de 
dtcomposition et relatives a leurs produits d'addition d'atome d'hydrogkne, en faisant appel 
a des bases STO-3G et 4-31G dans des calculs restreints de couches ouvertes. On discute 
des tendances dans ces resultats et de l e ~ ~ r  relation avec des donnees experimentales disponibles. 

[Traduit par le journal] 

Introduction to the open-shell eigenvectors (9). The basis sets 
Free radicals of the type R - ~ = o  and used were the minimal STO-3G and the extended 

R-N=N' are often encountered as trallsient 4-31G sets, with the usual molecular scale factors, 
intermediates in photochemical reactions. Al- of  POP^^ and co-workers (10, 11). All geometry 
though the parent system HCO has been the optimizations are believed accurate to 0.01 A 
subject of both spectral studies (1, 2) and so- and to 1". The calculations were performed on 
phisticated ab initio calculations (3, 4), rather the CDC Cyber 73 computer at the University of 
little information is available for its derivatives Western Olltario, using Programs described Pre- 
(e.g., CH,CO, NH,CO, PhCO). For the dinitro- viously (9). 
gen radicals, the parent HNN has received some In CH3CO and CH3NN, carbon-hydrogen 
theoretical attention (4-6) although neither it bondlengthsof1.090AandtetrahedralH-C-H 
nor its simple derivatives (e.g., CH3NN) have bond angles were assumed. For NHLCO, nitro- 
been characterized experimentally as yet. gen-hydrogen distances of 1.013 A and H-N-H 

We wish to report here the results of our and H-N-C h n d  angles of 120", and a corn- 
ab irzitio molecular orbital calculations for the pletely coplanar arrangement of atoms, were 
ground and lowest-lying excited state of the assumed. 
parent and methyl derivative of both the RCO Results and Discussion 
and RNN series, and also for NH,CO, a radical 
which is isomeric with the N-formamido radical Geometric Structure of tlze Radicals 

NHCHO which we discussed previously (7). Optimum geometries calculated using the 
STO-3G basis set for the lowest pair of electronic 

Method of Calculation states of each of the five radicals are given in 

All results reported herein are based upon Table 1. For HNN and HCO, the results of 

Roothaan restricted open-shell SCFMO calcu- optimizations using the 4-31G basis are also 

lations (8); to improve convergence, half-electron given (in parentheses). 

method wavefunctions were used as initial guesses The restricted open-shell results for both the 
ground 'A' state and the low-lying 'A" state of 

'Research supported by the National Research Council HCO agree very well with the latest experimental 
of Canada. values (2) given in square brackets in Table 1. 
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TABLE 1. Geometries of XCO and XNN radicalsa 

RLO or RN, RLX 01. R\IX 
Radical State (A) (A) L OCX or L NNX 

HCO ZA' 1.19 1.31 126' 
(1.18) ( 1  .09) (129') 
[ I .  1751 [ I .  1251 [125.03] 

2A"(C, ,) 1.20 1.07 180" ass. 
(1.19) (1 .05) (180" ass.) 
[I ,1861 [ I  . C64 j 180" 

CH,CO 2A' 1.19 1.54 128" 
'Ai ' (C3 c )  1.20 1.48 180" ass. 

NHzCO ZA' 1.21 1.38 128" 
ZA"(C2 u )  1.22 1.41 180" ass. 

H N N  2A' 1.23 1.06 1 1  1" 
(1.18) (1 .02) (1 18') 

'A"(C,,) 1.20 1.01 180" ass. 
(1.17) (0.98) (180" ass.) 

CH,NN 2A' 1.23 1.52 116" 
L.4 "(C, ,) 1.20 1.44 180' ass. 
--- 

=Values in parentheses refer to  the 4-31G basis; those in square brackets are experimental values from ref. 2. 
See also the values quoted in ref. 20. 

Both basis sets reproduce the small ~ncrease in 
the carbon-oxygen length, and the larger de- 
crease in the carbon-hydrogen length, which 
occur upon excitation and linearization. The 
agreement between the STO-36 and the experi- 
mental H-C-0 angle in the ground state is 
particularly good. Similar restricted and un- 
restricted SCF results using larger basis sets have 
been reported by Bruna, Buenker, and Peyerim- 
hoff (3a) and by Botschwina (36) respectively. 
Unrestricted STO-36 open-shell results give too 
long a carbon-oxygen distance in the 'A' state 
due to contamination of the wavefunctlon by 
quartet character (4). 

In fact the structure for the 2A' state of the 
formyl radical HCO is quite similar to that of 
formaldehyde H2C0.  Removal of one hydrogen 
atom from the latter yields a radical with an 
HCO angle increased by 3" and a CO bond 
length decreased by 0.03 A according both to 
experiment and to STO-3G calculations. Similar 
trends are evident when one compares the struc- 
ture of the HNN radical to that of trans-diimide 
HNNH.' Upon hydrogen abstraction from the 
latter,2 the HNN bond angle is calcu!ated to 
increase by 6" and the NN distance to decrease 
by 0.04 A. Thus the rather different HXY bond 
angles in the ground states of the isoelectronic 

'See ref. 4 for the calculated STO-3G structures of 
I-I,CO and HNPJH, and the experimental structure of 
the former. 

radicals HNN and HCO are inherited from the 
HNNI-I and H 2 C 0  systems. 

As in HCO, excitation and l~nearization in the 
HNN system leads to a sigcificant shortening of 
the bond to hydrogen (see Table 1). However 
the NN bond length decreases upon excitation of 
HNN compared to the sllght increase which 
occurs in HCO. 

The structures calculated for the methyl deri- 
vatives are very similar to those found for the 
parent radicals. Thus the CO length in CH,CO 
and the NM lengths in CH,NN are equal to those 
for HCO and HNW respectively in both ground 
and excited states, and the bond angles in the 
ground states are only a few degrees larger for 
the methyl systems (see Tabie 1). The C-C and 
C-N length in the linear excited state are signifi- 
cantly shorter than in the bent ground state, in 
analogy with the M-C and M-N contraction 
mentioned above for the parent systems. 

The carbon-oxygen bond lengths calculated 
for the 'A' and ' A "  states of the carba~nyl free 
radical, NH,CO, are slightly longer than those 
in HCO and CH,CO, although the bond angles 
about the central heavy atom are identical to 
those in CH,CO. The carbon-nitrogen distance 
in the 'A '  state of 1.38 A is shorter than that 
calculated by the same method for any of the 
low-lying states of either formamide, NH'CHO, 
or the N-formamido radical, NHCHO (7, 12). 
The CN length in the excited A" state is larger, 
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BAIRD AND KATHPAL 

TABLE 2. Ground state energetics for RCO and RNN radicals 

Energies" of H C-X or N-X bond 
Total energies atom addition dissociation energiesh 

(au) (kcal mol-l) (kcal molF1) 
- 

Radical STO-3G 4-31G STO-3G 4-31G STO-3G 4-31G 

HCO -111.7301 -113.0666 80.0 79.1 +6 .1  + 9 . 9  
CH3CO -150.3242 -152.0612 78.2 78.0 +17.0  $5.5  
NH2CO -166.0690 -168.0193 70.3 99.8 + 6 . 6  -2 .1  
H N N  -107.9894 -109.2320 38.1 50.0 -3.9 - 8 . 9  
CH3NN -146.5749 -148.2086 41.8 50.5 + 1 . 6  -24.5 

"Eiiergies for H addition products 1eTt.r to standard aeometlies and are from lef. 13. The energies for atomic h)drogen 
use optimum atomic exponents (13). L'se of optimum STO-3G geometries for the product decreases the 4-31G energy of 
addition by 3.6 kcal mol-I for H N V  and by 0.2 kcal mol-' for HCO. 

bNegative dissociation energies indicate that the products are more stable than is the reactant radical. The H N H  angle 
in N H 2  \+as taken to be the STO-3G optimum value of 101' (7). The CH; radical was assumed to be planar ~ i t h  120" bond 
angles. 

and is close to that established for these other 
systems (7, 12). 

Grouizd-state Energies 
The total energies, calculated both by the 

STO-3G and by the 4-31G bases, for the ground 
states of the five radicals are listed in Table 2, 
along \+lit11 the calculated energies of hydrogen 
atom addition to yield formaldehyde, acetalde- 
hyde, formamide, trans-diimide, and trans- 
methyldiimide. (Total energies for these products 
and for atomic hydrogen were taken fro111 the 
compilations by Pople and co-workers (13), and 
refer to 'standard' rather than optimized geome- 
tries.) Also given in Table 2 are the energy 
differences between the radicals and the ground 
states of the dissociation products formed by 
X-C or X-N fission. 

The hydrogen addition energies of 78 kcal 
mol-' for the acetyl radical, CH,CO, agree 
fairly well with the value of 88 which is obtained 
using the most recent experimental heats of for- 
mation for CH,CO (14) and acetaldehyde and 
hydrogen (15). Closer agreement is not expected, 
given the significant change in correlation energy 
that probably accompallies such reactions. For 
the same reason, too much faith should not be 
placed in the calculated values for diimide and 
methyldiimide (Table 2). 

Although the hydrogen addition energies 
calculated for the methyl derivatives are almost 
identical to those of HCO and HNN, the values 
for N H 2 C 0  are quite different than those for 
HCO (see Table 2). In particular the STO-3G 
basis set predicts the hydrogen atom affinity of 
NH,CO to be 9.3 kcal molp' less than that for 
HCO whereas the more reliable 4-316 basis pre- 

dicts the result for N H 2 C 0  is 20.7 kcal mol-I 
greater than for HCO. Much of this discrepancy 
IS due probably to a s~gnlficant underest~mat~on 
by the STO-3G method of the substantial stabi- 
lizing interaction betueen the -NH, group and 
the carbonyl double bond In the formamide 
molecule itself (13c). Apparently this stabillzing 
interact1011 is much less important in the radical, 
with the result (by 4-31G) that the C-H bond 
dissociation energy in forlnamide is significantly 
greater than those in formaldehyde and acetalde- 
hyde. Interestingly, the effect of conjugation 
between a p, lone pair on nitrogen with the 
carbonyl group was also found to be smaller in 
the L, state of the N-formamido radical, 
'NH-C(H)=O, than in formamide (7). 

The carbon-carbon bond dissociation energies 
calculated for the CH3C0 free radical bracket 
the latest experimental value of + 11 kcal mol- ' 
for this process (14). According to both basis 
sets, the dissociation energy for N H 2 C 0  to give 
CO and the ground .rr state of NH, is somewhat 
less than that for CH3C0.  At first glance this 
prediction would appear to be in conflict with 
the fact that N H 2 C 0  is stable to decomposition 
at much higher temperatures than is CH,CO 
(16a). However, resistance to decomposition 
refers to the kinetic stability of the radicals 
whereas the dissociation energies relate to 
thermodynamic stability. The NH,CO radical 
appears more stable since its activation energy 
for decoinposition is larger than is that for 
CH,CO (14, 166). This is so presumably be- 
cause of the presence of two avoided crossings 
in the decomposition of the former as compared 
to only one for CH,CO and HCO. (Decomposi- 
tion of linear HCO to ground state H and CO 
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TABLE 3. ZA' -+ zA" excitation energies (in kcal mol-') 

Geometry used AE 

Radical 'A' state 'A" state STO-3Ga 4-31Gb 

HCO ZA' 2A' 
ZA' 2A" 

CH,CO 2A' ZA' 
ZA' 2 ~ "  

NHzCO 2A' ZA' 
2A' ZA" 
ZA" ZA" 

HNN ZA' 2A' 
'A' ZA" 

'See Table 1 for numerical values used (STO-3G results). 
bValues in parentheses are 4-31G energles using optimum 4-316 geometries 

(see Table 1). 

requires excitation of one TC electron to the o 
system, whereas dissociation of planar NH,CO 
with a linear N-C-0 arrangement to ground 
state N H ,  and CO requires the excitation of both 
a b, and a b, electron into an a ,  orbital. In the 
bent geometries of the radicals the crossings are 
avoided and no actual excitations need occur; 
however, their 'memory' gives rise to activation 
barriers for decomposition in excesc of the bond 
energy, and to activation energies for recombina- 
tion of the reaction products (17).) Similarly, 
the activation energy for recombination of the 
N H ,  and C O  radicals should be greater than 
that of 6.0 kcal mol-' found for C H ,  + CO 
(14). For this reason we feel that the value of 
89 kcal mol-' given by Back and Boden for the 
C-H bond dissociation energy of forrnaniide 
must be too low since it is based upon the assump- 
tion that the activation energies for recombina- 
tion in the two reactions are identical (166). We 
are currently engaged in a study of the potential 
surfaces for RCO decomposition reactions to 
clarify further this point. 

The tofal energy calculated by the 4-31G basis 
for the ground state of the carbon-centered radi- 
cal NH,-C=O is virtually identical to that com- 
puted for the (planar) n, ground state of the iso- 
meric nitrogen-centered radical fiH-C(H)=O 
by the same method (see Table 2 and ref. 7). 
Since the 4-31G basis underestimates the W-H 
bond energy in methylamine by about 7 kcal 
mol-' more than it does the C-H bond in 

acetaldehyde, it is probable that in reality the 
N-H and @-H bond energies in formamide 
are not equal but rather that the value for C-13 
is 5-10 kcal mol-' less than for N-H. Experi- 
mentally, free radical abstraction of hydrogen 
from formamide occurs preferentially, if not 
exclusively, at the carbon atom (16), suggesting 
that the carbon-centered radical is indeed the 
more stable species (assuming that no activation 
energy in addition to the reaction enthalpy is re- 
quired for abstraction from the closed-shell 
species). 

Tlze A" Excited Sfates of the Radicals 
It i c  well-known that, in its linear geometry, 

the 'A '  ground state and the lowest-lying 2A" 
state of HCO become the two degenerate com- 
ponents of the ' . r ~  state (18, 19). The same situa- 
tion should arise also for H N N ,  CH,CO, and 
CH,NN although the designation of linear geo- 
metries (of the heavy atoms) for the latter two is 
,E rather than ,n. The 'A' and 2A" states of 
NH'CO are not degenerate for a linear N-C-0 
geometry, however, as discussed below. 

The relatioe energies of the ,A' and ,A" states 
of the five radicals are given in Table 3. In each 
case we report both the certical excitation energy 
(i.e., that computed using the optimum 2A' 
geometry for both states) and the adiabatic 
energy (i.e. that computed using optimum geo- 
metries appropriate to each state). The worlting 
hypothesis is that the vertical energy can be 
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associated with highest-intensity band in the 
electronic spectrum, and the adiabatic energy 
with the 0-0 band. 

The only experimental spectral data available 
for these systems are those for HCO (18, 19). The 
adiabatic energy difference of 23.9 kcal mol-I 
calculated by 4-31C is in excellent agreement3 
with the difference in electronic energies of 24.8 
observed by Johns, Priddle, and Ramsay (18). 
The strongest sharp bands in the absorption 
spectrum occur in the 46-51 kcal mol-' region, 
in very good agreement with the 4-31G vertical 
excitation energy of 52.5 kcal mol-l. The cor- 
responding STO-3G energies are about 5 kcal 
mol-I higher than are the 4-31G results (see 
Table 3). The calculated excitation energies for 
CH,CO are virtually identical to those for HCO 
(Table 31, and thus the positions of the intensity 
maximum band and the 0-0 band in the spectra 
should be very similar. 

Both the STO-3G and 4-31G calculations pre- 
dict that vertical excitation from the 2A' ground 
state to the 2A" excited state of both HNN and 
CH3NN should require less energy than for the 
RCO free radicals (see Table 3). The 4-31G basis 
set results predict the maximum intensity bands 
in HNN should occur about 1000 A to the red of 
those for HCO. The two basis set predictions 
disagree as to the relative adiabatic excitation 
energies of HCO and HNN. (The STO-3G basis 
predicts larger adiabatic energy gaps for HNN 
and CH3NN than for HCO and CH3C0, where- 
as the 4-316 basis predicts a slightly smaller gap 
for HNN than for HCO (see Table 3).) Recalcu- 
lation of the latter results using optimum 4-31G 
geometries (see results in parentheses in Table 3) 
does not alter these conclusions. 

The excitation energies for the NH2C0 free 
radical given in Table 3 are much greater than 
those for the related HCO and CH,CO radicals. 
In addition, the NH,CO radical is unusual in that 
the 'A' and 'A" states are still widely split in 
energy even for a linear N-C-0 geometry. 
The difference in electronic structure of the linear 
states is illustrated in Fig. 1. In the 'A' state, 
the n electron system (perpendicular to the five- 
atom pl-ane) contains four electrons and cor- 
responds essentially to a y, lone pair on nitrogen 

3Since both states invoived originate from the s a r x  
degenerate state in the iinesr geometry, there should he 
no large difference in correlation energy b e t ~ e e n  the two 
states; thus calcula~.ionr even without C1 should give good 
excitation energy predictions. 

FIG. 1. Electron configurations in the 'A '  and ZA" 
states of NH,CO. 

conjugated to a two-electron carbonyl n bond. 
The in-plane p orbitals perpendicular to the 
N-C-0 line contain three electrons essentially 
localized as shown in Fig. 1 with one at carbon 
and two at oxygen. In the 2A" state, however, 
the 71. system contains five electrons and cor- 
responds essentially to lone p, pairs on nitrogen 
and oxygen and a single p, electron on carbon 
(see Fig. 1). The in-plane p orbitals, however, 
now form a strong two-electron carbon-oxygen 
'n' bond. The five-electron N-C-0 ~c network 
is very similar to that in the lowest 3nn": state of 
formamide (12). In both cases there appears to be 
no stabilization associated with conjugation of 
the nitrogen lone pair with the three-electron n 
network of the CO unit. In fact the optimum 
geometry about the nitrogen in the 2A" state of 
NH2C0 is probably pyramidal as it is in the 
3nn" state (12) and the ground state of form- 
amide; however, we have not investigated this 
point in these calculations. 

As a consequence of the conjugative stabiliza- 
tion of the 2A' state but not the 2A" state, the 
energy gap between the states amounts to 28.3 
kcal mo!-' (by 4-316) at the optimum linear 
geometry for the 'A" state (see Table 3). The 
predicted 0-0 band energy (by 4-31G) is 67.0 
kczl mol-', some 43.1 kcal mol-' greater than 
that pred~cted for HGO. Similarly the vertical 
excitaticm energy calculated for NPI'CO is much 
greater than that for HCO. 

1. 9. W. C. JOHNS. S. H ,  PRIDDLE. and D. A.  RAMSAY. 
Discuss. Farad25 Suc. 35, 90 (1963) and references 
therein. 

2. J. M. B R Q W ~  a i d  I). A.  R A ~ ~ S A Y .  Can. J .  Phys. 53, 
2232 (1975). 

3. ( a )  P. .I. BRUNA. R. J .  BUENKER. and S. D. 
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The reactivity of tungsten halides with organic sulfides. Part 11.' 
Desulfurization of tetrahydrothiopheme 

P. MICHAEL BOORMAN, TKISTRAM CHIVERS, and KALABEERAPPA N. MAHADEV. Can. J. Chem. 
55.869 (1977). 

WCl6 reacts with tetrahydrothiophene (tht) to yield initially [C4F18SC4HsCllz [W2S2CLs- 
(tht),]. The sulfonium ion is slowly degraded at 120 "C in tht and a green, neutral complex 
[Va1,S2C14(tht),] is produced. The formation of [C4H8SC4H,CI]- occurs through the desulfur- 
ization of tht by WCI, to form CI(CH,),CI, which in turn alkylates a tht molecule. The identity 
of most of the organic by-products of these reactions has been determined, and on this basis it is 
suggested that S-chlorination of tht occurs to give [C,H,SCl] C1. The degradation of this species 
by various possible pathways may account for the formation of some of the diverse products. 

P. MICHAEL BOOR MA^, TRISTRAM CHIVERS et KALABEERAPPA N. MAHADLV. Can. J. Chem. 55, 
869 (1977). 

WC16 reagit avec le tetrahydrothiophkne (tht) pour conduire initialement au [C4H8SC4H8C1]2 
[W2S,Cl,(tht),]. L'ion sulfonium se degrade lentement a 120 -C dans le tht et un complexe 
vert, neutre [W,S,Cl,(tht),] se produit. I1 y a formation du [C,H,SC,H,Cl]- par une de- 
sulfi~risation du tht par WCI, conduisant au Cl(CH,)4C1 qui, a son tour, vient alliyle une 
molecule de tht. On a determini. I'ideatite de la plupart des sous-produitr deces reactions et sur 
cette base on suggkre qu'une S-chloration du tht se produit pour donner le [C,H,SCI]CI. La 
degradation de cette espece par divers mtcanismes possibles permet d'eapliquer la formatio~l 
de quelques-uns des divers produits finals. 

[Traduit par le journal] 

Introduction 
In an earlier publication ( I )  we showed that 

tungsten hexachloride reacts with alkyl sulfides 
to give (R,S),[WCl,]. The reactions involve S- 
dealkylation followed by reductive elimination 
of R,S,. Alkylation of R,S by RCI probably 
occurs at the tungsten site through the inter- 
mediacy of WCl,(R,S),. Clearly there could not 
be a cornpletely analogous reaction between 
WCl, and a cyclic sulfide and it was therefore of 
interest to study such a case. 

Frequent references have been made recently 
to the incorporation of WC!, into organometallic 
catalytic systems, such as for olefin metathesis 
(2), and yet few comprehensive studies of systems 
involving WCI, and relatively simple organic 
molecules have been reported. The ability of 
WCI, to react with Lewis bases to form adducts, 
with or without reduction of tungsten, has been 
weil documented (3). Fowles and co-workers 
have also reported on the reactivity of various 
tungsten halides with potential donors in which 
organic molecules underwent an unexpected 

'For Part I, see ref. 1. 
'Author to whom correspondence shou!d he addressed. 

reaction, rather than forming the predicted 
adduct (4, 5). Reactivity of this kind with poten- 
tial sulfur donors is of particular interest in that 
it may possibly be relevant to proposed mechan- 
isms for hydrodesulfurization processes on 
molybdenunl or tungsten-containing l~eterogene- 
ous catalysts (6). 

In this paper we discuss the direct reaction of 
WCl, (and WC1,) with tetrahydrothiophene 
(tht) from which we have obtained two new 
dimeric tungsten species. Of particular interest 
was the ability of the tungsten halide to dcsulfur- 
ize the cyclic sulfide and the nature of the organic 
by-products which arise. 

Experimental 
General Procedures 

All handling procedures were carried out in a dry 
nitrogen atmosphere. Teirahydrothiophene (Aldrich 93% 
Technical Grade) was dried by refluxing over CaH,, 
triple-distilled under nitrogen, and degassed before use. 
'Thc purity was checked by gas chromatography. Tungsten 
hexachloride was obtained from Alfa Pnorganics and was 
resublin~ed in tencuo befo~e use; WCI, was obtained as 
previously described ( I ) .  Tungsten was analyzed by 
ignition to the oxide and other elements were determined 
by Alfred Bernhardt Laboratories. Infrared spectra were 
recorded as Nujol mulls between CsI plates using a 
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TABLE 1. Analytical data for compounds 1 and 2 

Product from W C1 C H S 

WCls + tht reaction (green) 
WCI, + tht reaction (green) 
Calculated for [WSC12(tht),12 

WC16 + tht reaction (brown) 
WCI, + tht reaction (brown) 

Calculated for / ~ - ( C H 2 ) 4 - C I  r[W2S2C16(thtii] 24.0 24.4  4.10 1 
(also for [W2S2Clsl 

and WCla(tht),) 

Beckman IR 20-A spectrometer; far infrared spectra 
were recorded as Nujol mulls between polyethylene plates 
using a Digilab FTS-16 spectrometer. Magnetic data were 
obtained using a standard Gouy technique at  22 "C. The 
susceptibilities were corrected for the diamagnetism of 
the ligands using Pascal'sconstants. The nmr spectra were 
recorded using a Varian HA-100 spectrometer and mas$ 
spectra using a Varian MAT CH5 Series 1 Mass Spec- 
trometer. Conductivity data were obtained in dry PhNO, 
solutions by standard methods. Molecular weight deter- 
minations were made by cryoscopy in PhNO,. 

Volatile by-products from the various reactions were 
separated on Reoplex 400 columns, and fed directly into 
the mass spectrometer from the Varian Aerograph Series 
1200 gas chromatograph. 

Reactions of  WC16 and WCI, with tlzt 
The reactions were carried out in evacuated sealed 

Pyrex tubes at  120 "C for 72 h. In a typical experiment 
4-5 g of WCls were loaded into a tube in the glovebox, 
and tht (ca. 10 ml) was added, whereupon a vigorous 
exothermic reaction occurred. Attempts to isolate solid 
products at  this stage resulted in the formation of oils. 
After 72 h of retluxing at  120 "C, a brown solid product 
was produced, with a green supernatant liquid. Upon 
addition of hexane to the filtered green solution a green 
precipitate was formed, which was washed with hexane 
and dried in vaetto. The brown compound which was 
earlier removed by filtration from the mother liquor was 
washed with CH2CI, and hexane and dried. Yields were 
typically: 

Green compound, 1, WZClSS6ClbH3~, 16%. 
Brown compound, 2, W2CI8S6C24H48, 73%. 

Some green product was lost during the CH2C12 washing 
of the brown product. Identification of the products as 

S-(CH2j4CI 2[W2S2C16(tht)2] brown and [W2S2C14- Ic 1 
(tht),] (green) is discussed later. Analytical data are 
presented in Table 1. 

The reaction system was modified for the purpose of 
collecting and identifying volatile by-products, so that an  
H-shaped tube was used which was loaded with reactants 
in one vertical arm. After reaction under sealed evacuated 
conditions the volatiles were cold distilled into the second 
arm and sealed off. 

The mixture was fractionated, and from 'H nmr 
spectra it was found to contain large quantities of HC1 
in the first two of five fractions. The large amount of tht 
in the heavier fractions precluded identification of all 
of the compounds, but in the fifth (heaviest) fraction 2- 
chlorotetrahydrothiophene was suggested on the basis 
of a characteristic multiplet centered at F 5.68. Subse- 
quently this was confirmed by running each fraction 
through a gas chromatographic column (Reoplex 400) 
directly into the mass spectrometer. Complete separation 
was achieved, and the components identified are shown 
in Table 2. Apart from confirming the presence of 2- 
chlorotetrahydrothiophene in fraction 5, the other 
components of interest were ethylene and a dihydrothio- 
phene. This was identified as 2,3-dihydrothiophene by 
addition of a bona fide sample of this species to a gas 
chromatographic sample. 

Reaction of 1 with Pyridine 
Approximately 0.5 g of 1 was dissolved in ca. 5 ml of 

pyridine (py) and after stirring for 3 h at room tempera- 
ture, hexane was added. The green precipitate so formed 
was filtered, washed with hexane, and dried in vacuum. 
The product 3 was identified as [W,Cl,S,(py),] (calcd.: 
W 41.8, C1 15.9, C 27.0, H 2.26; found: W 41.9, CI 16.9, 
C 28.2, H 2.62). 

Reaction of  1 with Et,NCI 
0.5 g of 1 was reacted in CH,CI, (-20 ml) with an 

approximately 5 M excess of Et,NCI, also dissolved in 
CH,Cl, (- 15 ml). A tarry green precipitate was formed 
which was converted to a dark green powder by stirring 
with fresh CH2C1,. After washing with hexane and 
drying, the compound was found by infrared spectroscopy 
to contain Et4N + cations and no coordinated tht. Analysis 
indicated that this product was (Et4N)2 [W2S2C16], 4, 
which requires: W 40.6, C1 23.5, S 7.09, N 3.10, C 21.3, 
H 4.45; found: W 40.7, CI 23.2, S 7.30, N 2.86, C 21.1, 
H 4.35. 

This compound was prepared by reaction of tht with 
1,4-dichlorobutane in a 1 : 1 ratio in a sealed tube contain- 
ing a catalytic quantity of HCI. Both 5 and 
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BOORMAN ET AL. 

TABLE 2. Volatile products from the reaction of WCI, with tht 

Approximate 
percentage of total Major peaks in the 

Compound organic b y - p r o d u c t s b a s s  spectrum? 

Ethylene 7 28, 27, 26 
Propanethiol 3 76, 47, 43, 42, 27 
Butene 4 41, 56, 39, 27, 28 
Thiophene 4 84, 58, 57, 45, 39 
2,3-Dihydrothiophene 3 86, 60, 58, 57, 45 
Chlorobutene 45 55, 90, 75, 62, 39 
2-Chlorotetrahydrothiophene 31 122, 87, 60, 35, 45 
Unidentified components 3 - 

*Based on peak areas in gc trace. 
?Given in order of decreasing intensity; identified from 'CRC Atlas of Spectral Data'. 

J 

were formed but after repeated re- 
crystallization 5 could be isolated in a pure state. The 
spectral properties of 5 are shown in Table 3 and in the 
Fig. 1c (nmr). 

I 2  (6) 

The bis(sulfonium) ion was most readily prepared as 
compound 6 by refluxing an excess of tht with 1,4-di- 
iodobutane. After 2-3 h a cream colored precipitate 
formed which was filtered, washed with hexane, and dried 
a t  80 "C under vacuum. Spectral data are given in Table 2 

and in Fig. Ib. (Calcd, for I, 

13.3, I 52.5z.) 
C 29.6, H 4.98, S 13.2, 152.2; found: C 29.8, H 4.84, S 

Reaction o f 1  with 5 
[W2SZC14(tht)4] (0.5 g) was dissolved in CH2C12 and a 

3 M  quantity of 

also in CH,C12 solution. Immediate formation of a brown 
precipitate occurred which was filtered, washed with 
CH,C12, hexane, and dried in vacuum. Analysis and 
infrared spectra showed that this product was identical 

with 2. (Calcd. for 

Results and Discussion 
Characterization of the Green Cornpotlnd 1 as 

r W2S2CI4 (tllf) 'J 
The soluble green compound obtained from 

the direct reaction of WCI, or WCI, with tht 
was shown by analysis to have the empirical 
formula [WSCI,(tht),],, (Table 1). The com- 
pound hydrolyzes rapidly in moist air with 
liberation of both He1 and Hz§, suggesting the 

presence of both coordinated chloride and 
sulfide ions. The solubility of 1 in polar organic 
solvents enabled solution data to be obtained. 
Solutions in nitrobenzene were non-conducting 
and the cryoscopically determined molecular 
weight in this solvent was 870 & 50, consistent 
with the formulation of 1 as the dimer [WSCI,- 
(tht),], (calculated molecular weight 926). The 
magnetic susceptibility of 1, x,, calculated for a 
formula WSCl,(tht), was +41 x lod6  cgs units, 
giving a relatively low magnetic moment of 
0.32 BM per tungsten atom, at 21 "C. This 
formally tungsten (IV) (d2) compound might 
have been expected to possess a larger degree of 
paramagnetism, if it were not a bridged binuclear 
species, since even relatively low symmetry 
mononuclear tungsten (IV) species tend to have 
p values in the range 1.5-2.0 BM (7). Neverthe- 
less the paralnagnetism was found to be suffi- 
ciently large to prevent the observation of an 
nmr spectrum of 1 in the non-coordinating 
solvent CH2CIz. 

In dmso (d,) the spectrum of free tht was 
observed, presumably due to displacement of 
this weak sulfur donor by the strongly donating 
solvent. The infrared spectrum of 1 is typical of 
coordinated tht. The free ligand possesses a band 
at 685 cm-I which has been assigned to C-S 
stretching (8), which usually is lowered upon co- 
ordination. Such is the case in the spectrum of 1 
where the v(C-S) band occurs at 665 cm-I. No 
band is observed in the 500 cm-' region of the 
spectrum which could be assigned to a terminal 
W=S group, suggesting that the compound 
therefore contains bridging sulfide groups. Two 
strong bands at 312crn-' and 275cm-' 
(shoulder) can probably be assigned to W-61 
stretching vibrations. 

These observations are consistent with a 
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, 
( a )  brown p r o d u c t  / 

/ 

(21 

t h t  

FIG. 1 .  Nuclear magnetic resonance spectra of (Q) 2, (A) 6 ,  (c) 5, and ( d )  tht. 
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BOORhlAPI I T  AL. 

TABLE 3. Mass spectral data for red liquid obtained from thermal decomposition 
of 2, and for compounds 4 and 5 

Relative 
Compound rille* abundance Assignment 

Red liquid 
214 18 

(compound 5) 310 2 ( I ( c H ~ ) ~ I ) '  
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s t ruc t~re  of 1 which involves a sulfur-bridged 
dimer as shown below, or one of its geometric 
isomers : 

t h t  t h t  
cl\ I yS\ I /c' 
C I / Y \ S ~ Y \ C I  

th t  tht  

Further evidence in favor of such a structure 
was obtained by reaction of 1 with pyridine, 
which enabled the compound 3, W,S,Cl,(py),. 
to be isolated as a green solid. The infrared 
spectrum of 3 showed the presence of coordin- 
ated pyridine, the absence of terminal W=S 
groups, and bands at 312 cm-' (vs) and -275 
cm-' (shoulder) which we assign to W-C1 
stretching. The latter region of the spectrum is 
very similar to that of the spectrum of 1, as 
expected if pyridine has displaced tht from a 
common W,S,CI, structural unit. The solution 
properties of 3 support this conclusion, since in 
nitrobenzene as solvent it is an essentially non- 
conducting di~neric species, although some slight 
dissociation probably occurs (observed molecu- 
lar weight 740 f 50; calculated for W,S,Cl,- 
(PY),, 890). 

Characterizafion of the Bro1~'n Compound, 2, as 

The insoluble brown compound, 2, was the 
major product from the reaction of WCI, (or 
WCl,) with tht. Its characterization presented 
some problems due to its insolubility. Analysis 
(Table 1) was consistent with a simple formula- 
tion as WCl,(tht), but such a formulation was 
inconsistent with the following facts. Firstly, 
WCl,(tht), is a known compound (7) which 
exhibits no tendency to take up further tht. 
Secondly, upon hydrolysis of 2, H2S is liberated 
(in addition to HCl) suggesting the presence of 
inorganic sulfide. Furthermore, the infrared and 
nmr spectral properties were not consistent with 
this suggestion. 

Ther~nal decomposition of 2 in a sealed, 
evacuated tube gave rise to two volatile products. 
One of these was readily identified as tht. while 
the other was a red oil with a mass spectrum 

suggesting the formuiation /D--(CH,I,CI CI. 1 
L J 

5. However, the presence of a C-CI bond in the 
structure of 2 could not be unequi\ocally 
identified from the infrared spectrum. and so 

both 5 and the corresponding disulfonium 
cation derived from tht and CI(CH,),Cl were 
synthesized. The mass spectrum of 

L J 

6 showed no parent ion peak 
(Table 3) and thus this technique was unable to 
prove conclusively which cation occurs in the 
compound 2. 

The two plausible structures of 2 involving 
such sulfonium ions derived from tht and 
CI(CH,),CI are : 

Analybis cannot d~st~nguish betueen (,4), (B). 
and WCl,(tht),, but strong support for ( A )  was 
derived froill the 'H nmr spectrum of 2 111 dmso 
(d,). ( T h ~ s  was the only solvent In n h ~ c h  2 
showed appreciable solubil~ty ) The spectra of 
2, 5, and 6 are shown in Fig. 1, and ~t can 
read~ly be seen that the 6 2 0-4 0 reglon of the 
spectrum suggests that structure (A) ~nvolv~ng  a 
monosulfon~um catlon IS correct The d~splace- 
ment of tht by dmso (d,) is also impl~ed by the 
spectrum of 2. 

Confirmation of structure (A) was obtalned by 
synthes~s of 2 from the green compound 1, and 
the sulfon~um chloride 5 ,  In CH,Cl, solution. 

th t  tilt 

[ ~ s c H ] Z  1 C1, I ,§, I ,cl I 
Cl4"\s /Y- \c ,  I 

The correspond~ng compound (Et,N), [W,- 
S,Cl,(tht),] was not obtalned from the reactlon 
of Et,NC! w ~ t h  I. but instead the compound 4, 
(Et,N), [W,S,Cl,j was obta~ned, from wh~ch  the 
siuth I~gand, neutral tht, had been lost 4 showed 
no tendency to t a le  up fuither chloride 1011 to 
y~eld the anion of structure ( B )  

The o t h e ~  propelties of 2 are co~lsistent 1~1 th  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOORMAN ET AL. 875 

formulation as ( A ) .  Its infrared spectrum shows 
bands typical of coordinated tht, in addition to 
bands found for compound 5, although the 
C-C1 stretching vibration found as a strong 
band a t  644 cm-I in the spectrum of 5 is 
relatively weak in the spectrum of 2. The presence 
of both the sulfonium cation and coordinated 
tht makes a complete assignment of the spectrum 
of 2 impossible. The magnetic moment of 2 was 
found to  be 1.05 BM per tungsten atom, rather 
higher than that of 1. Nevertheless the relation- 
ship between 1 and 2 is proven by the synthesis 
of 2 from B and 5. The reverse reaction, con- 
version of 2 into P 1s readily achieved by heating 
2 in a sealed tube w ~ t h  tht and HC1 (catalytic 
quantity). After 72 h a t  120 "C a good yield of 1 
can be obtained, together with prod~lcts of 
decomposition of the sulfonium cation which 
are discussed later. 

These reactions all confirm the relationship 
between P and 2 in which a common binuclear 
tungsten species [W,S,CI,] is involved. It seems 
likely that more examples of such sulfur-bridged 
species will be discovered 111 the chemistry of 
tongsten with sulfur donors, since we have 
already found other examples of this phenome- 
non (9, 10) and Fowles and co-workers have 
suggested polymeric sulfur-bridged structures 
for WSCl, and WSCl, (1 1). 

i%fechani~m of Reaction Bet\t,een WCI, and tht 
The predominant product from the reaction 

between WCl, and tht has been shown to be 2, 
and the origin of this product is a matter of some 
interest, since the WCl, has abstracted sulfur 
from the ring system and has been reduced to 
W(1V). The secondary product, 1, has been 
shown to arise from the degradation of 2 in the 
presence of excess tht, and HCI. 

The postulated pathway for desulfurization of 
tht by WC1, is shown in Scheme 1. Such a path- 

way is consistent with the presence of the sulfo- 
nium cation, and inorganic sulfide in the product. 

The reaction is very similar to that between 
MoCl, and tetrahydrofuran (thf) reported by 
Kepert and Mandyczewsky (12) which yields 
MoOCl,(thf), with 1,4-dichlorobutane as the 
by-product. The present reaction is more com- 
plex, however, due to the concomitant reduction 
of tungsten (VI) to tungsten (IV). This leaves 
more room for conjecture and it was a t  first 
expected that a reductive elimination of organic 
disulfide would be involved as in the case of 
simple alkyl sulfides (1). This is shown in 
Scheme 2. 

However an analysis of the volatile by- 
products from the reaction failed to show any 
sign of disulfides (Table 2). Instead, a major 
product, which begins to be formed very early 
in the reaction, is HCl. A more likely mechanism 
therefore would seem to be an S-chlorination 
reaction with subsequent reactions of the 
chlorosulfonium ion, as studied extensively by 
Wilson and co-workers (13, 14). Such a reaction 
can follow two pathways, involving either the 
elimination of HCl (Pummerer Reaction) or 
C -S bond cleavage to yield a sulfenyl chloride 
(13). For the present system these alternatives 
are shown in Scheme 3. 

The superposition of Schemes 1 and 3 would 
account for the desulfurization of tht to yield the 
cation in 2, the presence of inorganic sulfide in 

\ I 
\\?/'I -k 3 * W=S + CI(CH2),CI 

2, the reduction of W(VI) to W(IV), and the 
' 1 \CI ' I nature of several of the by-products. The se- 

/ 
quence of the reduction and desulfurization 
reactions is uncertain, and indeed they niay well 

J excess th t  occur simultaneously The immed~ate formation 
of large quantities of HC1 upon react~on of 
WCI, with tht suggests that the reduction re- ].;- action begins at an early stage. 

(5) Scheme 3 is able to account for the formation 
of a t  least two of the important by-products. 

(CHz),CI Both 2-chlorotetrahydrothiophene and 2,3-di- 
SCHEME I hydrothiophene were confirmed as being prod- 
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TABLE 4. Products obtained from degradation of 

Approxiinate 
percentage of total Major peaks in the 

Compound organic by-products mass spectrum 

Ethylene 15 28, 27, 26 
CH3-CH2-CGC-SH 9 86, 71, 57, 56, 41 
CH2=CH-CsC-SH 9 84, 57, 56, 55, 27 
Thiophene 2 84, 58, 57, 45, 39 
Chlorobutene 65 55, 90, 75, 62, 39 

Path ( b )  
C-S bond 

cleavage 

';1 f;' 
CI-S-(CH2)4CI 

I Decomposition 

I and further 1 Bayigce3s tht) reactions 

Various products 

ucts. This is consistent with the S-chlorination 
of tht and subsequent reactions described by 
Wllson and co-worker (14), who showed that 
direct reaction of CI, with tht in various solvents 
yields 2-chlorotetrahydrothiophene and under 
some circumstances 2,3-dichlorotetrahydrothio- 
phene. However, we found no evidence for the 
presence of the latter compound. Loss of HCI 
from 2-chlorotetrahydrothiophene is presumably 

responsible for formation of 0. - 
The alternative pathway for the degradation 

of [[=s-Cl] a. which has been previously 

established for chlorination reactions of thio- 
ethers is via C-S bond cleavage to produce a 
sulfenyl chloride. In the case of tht this would 
imply the formation of Cl(CH,),SCl. I t  is well 
known that sulfenyl halides are highly reactive 
species and even the simplest of such compounds, 
CH,SCl, has been shown to decompose spon- 
taneously to  yield at  least seven different prod- 

ucts (15). It is therefore conceivable that some 
of the products listed in Table 3 arise in this 
way, but in view of the lack of information in 
the literature on the reactivity of this particular 
sulfenyl chloride, we can only speculate upon 
the mechanisms involved. 

A second source of volatile organic by- 
products lies in the degradation of 

ions: in the conversion of 2 to I. 
T o  identify those species which might arise in 
this way, compound 2 was subjected to controlled 
thermal decomposition. The volatiles from the 
direct dry decomposition were only tht and 5, 
which were readily identified by mass spectros- 
copy, and the residue was WSCI,. However, 
upon heating 2 to I20 "C in excess tht and in the 
presence of HCl, decomposition of the cation 
occurred with the production of 1. The volatiles 
were collected and analyzed by gc/ms as shown 
in Table 4. In the case of chlorobutene there is 
some uncertainty as to the isomer produced, and 
thus the description given is a general one. I t  
may be noted that thiophene is produced and 
thus may arise via this route to produce the 
small amounts found in the products from the 
WCl,/tht reaction. The presence of acetylenic 
thiols implies that the degradation of 

[ ~ - - ( C H ~ ) I C I ] +  

involves rupture of the tht ring, as 
well as of the side chain. Clearly this is a com- 
plex reaction and there is little point in specula- 
ting about the pathways involved. I t  is of interest, 
however, that the reaction of WCI, with tht is 
capable of desulfurization of the ring, and yields 
a number of alkenic by-products, including 
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BOORMAN ET AL. 877 

ethylene. Apart from the information that may 
be useful in studies of heterogeneous catalytic 
hydrodesulfurization, it is possible that direct 
desulfurization of organosulfur constituents of 
hydrocarbon fuels may be a viable proposition, 
particularly in view of the alkenic by-products 
formed. 
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Cobalt (11) and zinc(11) complexes of the tripod' ligand 
tris(2-benzimidazylmethy1)amine. Some five-coordinate 

derivatives and some with mixed stereochemistriesl 
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LAURENCE K. THOMPSON, BARATHAM S. RAMASWAMY, and ELIZABETH A. SEYMOUR. Can. J. 
Chem. 55, 878 (1977). 

A series of cobalt(I1) and zinc(I1) complexes of the title ligand are reported which contain 
mixed stereochemistries, e.g., five-coordinate trigonal bipyramidal cations [M(ligand)XIt, 
and four-coordinate anions, [MX,I2- (M = Co, Zn; X = C1, Br, NCS). The blue cobalt 
complexes, [Co(ligand)X],[CoX,], are readily converted to purple five-coordinate complexes, 
[Co(ligand)X]X, by recrystallisation from a solvent containing water, e.g. acetone. Other five- 
coordinate cobalt and zinc derivatives were also prepared, [Co(ligand)X]X (X = NOs, CIO,), 
[Co(ligand)X]BPh, (X = Cl, Br, NCS, NO,, ClO,), [Zn(ligand)X]BPh, (X = C1, Br, I, NCS). 
Nuclear magnetic resonance data for all the zinc con~plexes indicate a significant deshielding of 
one benzene ring proton on each coordinated benzimidazole group. Conductance data suggest 
the possibility of cationic association through pseudo-hydrogen bonding in both the cobalt and 
zinc derivatives involving C1, Br, NCS anions. 

LAURENCE K. THOMPSON, BARATHAM S. RAMASWAMY et ELIZABETH A. SEYMOUR. Can. J. 
Chem. 55, 878 (1977). 

On rapporte la prkparation d'une serie de conlplexes du cobalt(I1) et du zinc(I1) contenant 
le ligand mentionne dans le titre et qui contiennent des stertochimies mixtes; par exemple des 
cations bipyramidaux trigonaux pentacoordonnes [M(ligand)X]+ et des anions tttracoordonnes 
[MX,I2- (M = Co, Zn: X = C1, Br, NCS). Les complexes bleus du cobalt, [Co(ligand)Xl2- 
[Cox,], se transforment facilement en complexes pentacoordonnts violets [Co(ligand)X]X, par 
recristallisation a partir d'un solvant contenant de l'eau, par exemple I'acCtone. D'autres derives 
pentacoordonnes du cobalt et du cuivre ont aussi etC prepares: [Co(ligand)X]X (X = NO3, 
CIO,), [Co(ligand)X]RPh, (X = C1, Br, NCS, NO,, CIO,) et [Zn(ligand)X]BPh, (X = C1, Br, 
I ,  NCS). Les donnkes de rmn pour tous les conipiexes du zinc indiquent qu'il y a un deblindage 
important d'un proton du noyau benzenique de chacun des groupes benzimidazole qui a ttC 
coordonne. Les donnkes de conductivite suggerent la possibilite d'une association cationique, 
par l'intermediaire d'un pseudo pont hydrogene dans les derives du cobalt ainsi que du zinc, 
qui impliquerait les anions C1, Br, NCS. 

[Traduit par le journal] 

Introduction 
The coordinating ability of a number of 

monodentate benzimidazole derivatives has 
been reported in the literature (1-6). However, 
examples of polyfunctional benzimidazole deriv- 
atives and their complexes appear to be lacking. 
We report here the synthesis and characteriza- 
tion of a trisbenzimidazole derivative, tris(2- 
benzimidazylmethyl)amine, which contains four 
potential donor sites (Fig. 1, ligand abbreviated 
NTB) and a number of its cobalt and zinc com- 
plexes. The ligand has been synthesized by two 
independent routes, one involving condensation 

IPresented in part at  the 56th Canadian Chemical 
Conference of the Chemical Institute of Canada, 
Montreal, June 1973. 

=To whom correspondence should be addressed. 

of o-phenylenediamine with nitrilotriacetonitrile 
and the other by condensation of the diamine 
with nitrilotriacetic acid (Fig. 1). 

Reaction of the ligand with cobalt and zinc 
salts, MX, (M = Co, Zn; X = C1, Br, NCS) in 
ethyl alcohol led to the formation of ionic 
derivatives, [M(NTB)X],[MX,], containing five- 
coordinate pseudo-trigonal bipyramidal cations 
and a four-coordinate tetrahedral anion. The 
blue cobalt complexes appear to be stable in 
fairly dry non-aqueous solvents but on re- 
crystallization from aqueous acetone a series of 
purple five-coordinate derivatives, [Co(NTB)- 
X]X (X = C1, Br, NCS) were formed. These 
trigonal bipyramidal cations could also be 
stabilized as their tetraphenylborate salts by 
direct synthesis from alcoholic solution. Other 
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THOMPSON ET AL. 

A 2 0 0  -C NTB 

FIG. 1. Synthesis of tris(2-benzimidazylmethyl)amine. 

five-coordinate derivatives include pink cobalt 
nitrate and perchlorate derivatives, [Co(NTB)- 
X]X, [Co(NTB)X]BPh, (X = NO,, ClO,) and 
a series of white zinc complexes, [Zn(NTB)X]- 
BPh, (X = Cl, Br, I, NCS). Structural assign- 
ments have been justified by electronic, vibra- 
tional, and nmr spectra and by conductance and 
magnetic data. 

Experimental 
Nuclear magnetic resonance data were obtained in 

deuterated DMSO with Varian Associates A60 and 
EM360 Spectrometers using SiMe, as internal calibrant. 
Electronic spectra were recorded using Beckman DK2A 
and Cary 17 Spectrometers and infrared data using 
Perkin-Elmer models 457 and 283. Magnetic suscepti- 
bilities were obtained by the Faraday method at room 
temperature using a Cahn model -7600 coupled to a Cahn 
gram electrobalance and conductivity data were obtained 
using a General Radio Company bridge with impedance 
comparator and a constant temperature bath adjusted 
to 25 "C. Microanalyses were carried out by the Beller 
laboratories, Gottingen, W. Germany and by Chema- 
lytics, Tempe, Arizona. Metal analyses were determined 
by Atomic Absorption using a Varian Techtron AA-5, 
after prior digestion of the samples in concentrated HCl 
or ternary solution (HNO,, H2S04,  HC1O4 in a ratio 
of 10: 1 : 4 respectively). 

Tris(2-benzimidazylmethy1)arnine (NTB) 
Method A 
Nitrilotriacetonitrile (5.0 g, 0.037 mol) and o-phenyl- 

enediamine (12.0 g, 0.11 mol) were finely ground, mixed, 
and heated together using an oil bath at 200-210 "C. 
When evolution of ammonia was essentially complete 
(approx. 24 h) the cooled solid was crushed to a fine 
powder, washed with ether, and extracted into methanol 
and refluxed with decolourizing charcoal. After filtration 
the methanol solution was reduced in volume to give a 
creamy crystalline product (10.0 g, 66% yield) which was 
recrystallized from methanol and dried thoroughly under 
vacuum (mp 271 "C). Vacuum drying of the product 
appears to be essential since nmr data indicate the 
presence of solvate molecules (e.g., methanol, ethanol) in 

the undried product, in a ratio of 1 : 3, (ligand(solvent),). 
These solvate molecules are probably hydrogen bonded, 
one to each imidazole ring. 

Method B 
Nitrilotriacetic acid (15.3g, 0.0800mol) and o- 

phenylenediamine (27.0 g, 0.250 mol) were finely ground 
and heated together at  190-200 'C for 1 h using an oil 
bath. The reaction mixture was cooled and crushed, and 
refluxed in methanol containing decolourizing charcoal. 
The solution was filtered hot and its volume reduced until 
on cooling pinkish white crystals were obtained (17.5 g, 
54% yield). Recrystallization was effected using methanol 
and the product dried under vacuum (mp 270 "C). Anal. 
calcd. for CZ4HZ1N7: C 70.8, H 5.16, N 24.1; found: C 
70.5, H 5.21, N 23.5. Infrared spectrum (Nujol mull) 
3140 (vNH), 1622, 1588 (vCN) cm-'; nmr (DMSO-d,) 
 relative intensity)) 12.1(8.5) (broad singlet, NH), 
7.60(17), 7.19(17) (AA'BB' multiplet, aromatic CH), 
4.12(17) (CH,); mass spectrum, major mass peaks 
(m/e(relative intensities)) 407(3) P, 277(15), 276(80), 
248(8), 146(57), 133(10), 132(96), 131(100), 119(24), 
104(22), 92(9), 77(24). 

Metal Complexes of NTB 
Cortiplexes of Mixed Stereochemistry .'M(NTB) X i2 -  

IMX,] 
Stoichiometric amounts of the metal salt, MX, 

(hydrated or anhydrous) (M = Co, Zn;  X = Cl, Br, 
NCS) and NTB were dissolved separately in hot absolute 
ethanol and the hot solutions mixed with stirring for 
about 112 h. In some cases the products crystallized from 
the hot solution while in others reduction in volume 
followed by cooling was necessary to induce crystalliza- 
tion. The products were recrystallized from absolute 
ethanol and dried under vacuum at 90 OC. 

Five-coordinate Conlplexes 
iCoiNTB) X j X  (X = CI, BY, NCS) 

The blue cobalt complexes of mixed stereochemistry 
were found to be hydrolytically unstable in aqueous 
solvents and on recrystallization from aqueous acetone 
(approx. 10% H 2 0 )  purple complexes of formula [Co- 
(NTB)X]X were produced. The compounds were dried 
under vacuum at 90 OC. 

[Co(NTB) XjBPh, (X = CI, BY, NCS, NO3, C1O4) 
A hot ethanolic solution of the ligand and a slight 
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TABLE 1. Analytical and other data 

Found Calcd M 
yo -- 

Compound Colour yield C H N C H N Found Calcd 

Blue 
Blue 
Blue 
Purple 
Purple 
Purple 
Purple 
Purple 
Purple 
Pink 
Pink 
Pink 
Pink 
White 
White 
White 
White 
White 
White 
White 

exsess of sodium tetraphenylborate was added with 
stirring to a hot ethanolic solution of a stoichiometric 
amount of the cobalt salt. On cooling purple (X = C1, 
Br, NCS) and pink (X = NO,, C10,) products were 
obtained which were recrystallized from ethanol and 
dried under vacuum at 90 "C. 

The chloro-, bromo-, and isothiocyanato compounds 
were also synthesized by adding ethanolic NaBPh, to an 
ethanolic solution of [Co(NTB)X]X. 

Zn(NTB)X--BPh, ( X  = CI, BY, I, NCS) 
These complexes were prepared in a similar fashion to 

the analogous cobalt derivatives. 
[Co(NTB)X--X ( X  = NO3, C10,) 

Stoichiometric amounts of the cobalt salt and NTB were 
mixed in hot ethanol to give pink solutions from which 
pink crystalline solids were obtained. The products were 
recrystallized from acetone and dried under vacuum at 
90 "C. 

Analytical and other data for these systems are given 
in Table 1. 

Results and Discussion 
Characterization of t i le Ligand 

Our interest in this ligand, which to our 
knowledge has not been previously reported in 
the literature. stemmed in Dart from our earlier 
involvement with ligands containing imidazoline 
rings (7) ~ h i c h  were obtained by simple con- 
densation of dinitriles lvith dianlines, e.g., 
ethylenediamine, A simple extension of this 
reaction to the trinitrile, nitrilotriacetonitrile, led 
to the title ligand vdhich appeared to have the 

right geometrical features to be a stereo- 
chemically selective 'tripod' ligand capable of 
forcing metal ions to adopt predominantly one 
stereochemistry, i.e., a distorted trigonal bi- 
pyramid. 

2-Substituted benzimidazoles have been pre- 
pared in good yield by the reaction of o-phenyl- 
enediamine with monobasic acids (e.g. formic, 
propionic, acetic, etc.) under reflux in dilute 
hydrochloric acid. Extension of this reaction to 
dibasic acids, e .g .  oxalic and malonic, did not 
lead to 2-substituted benzimidazoles, but with 
succinic acid both mono and bis-2-benzimida- 
zole derivatives were produced (8, 9). Hein and 
co-workers (10) prepared 2-alkyl and -aryl 
benzimidazole derivatives by the high tempera- 
ture (250°C) condensation of acids, esters, 
amides, or nitriles with an appropriate diamine 
in the presence of polyphosphoric acid which 
acts both as a catalyst and a solvent. Both of 
these methods were tried for the preparation of 
NTB but with little success. A much better 
method proved to be the direct fusion of nitrilo- 
triacetonitrile or nitrilotriacetic acid with o- 
phenylenediamine at  high temperatures, followed 
by recrystallization from methanol (Fig. 1). The 
products obtained by both synthetic routes were 
identical in all respects as indicated by analysis, 
melting point, infrared, nmr, and mass spectros- 
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THOMPSON ET AL. 881 

copy. An attempted degradation of NTB using 
conc. HCl was carried out under reflux. NTB 
did not degrade but simply formed its hydro- 
chloride salt from which NTB was regenerated 
on treatment with base. 

In the nmr spectrum of the ligand thc methy- 
lene protons are all equivalent, appearing as a 
singlet shifted downfield slightly in comparison 
with nitrilotriacetonitrile, while the aromatic 
protons appear as a symmetrical set of peaks 
typical of the AA'BB' spectrum observed for 
symmetrically ovtho-disubstituted benzene rings, 
e.g., o-phenylenediamine, naphthalene, benzi- 
midazole, etc. (Table 5). The symmetrical nature 
of this set of peaks indicates a plane of symmetry 
bisecting each benzimidazole unit and passing 
through the 2-carbon atom. This suggests that 
the imidazole ring proton is delocalized equally 
along the N-C-N framework. This proton 
appears as a very broad resonance at  12.1 o. As 
will be shown later, the symmetry or lack of 
symmetry associated with this set of nmr peaks 
indicates whether or not the benzimidazole rings 
are coordinated. 

The infrared spectrum of NTB is similar to 
that of benzimidazole itself. 

C/zaracrerizatio~z of tlze Complexes 
Complexes of the general formula [M(NTB)- 

X],[MX,] (M = Co, Zn; X = C1, Br, NCS), 
[M(NTB)X]X (M = Co; X = CI, Br, NCS, 
NO,, ClO,), and [M(NTB)X]BPh, (M = Co; 
X = C1, Br, NCS, NO,, ClO,; M = Zn; 
X = CI, Br, I, NCS) were obtained. These 
complexes bear some resemblance to previously 
reported systems involving tetradentate tripod 
ligands. Sacconi and co-workers (1 1-13) have 
recently reported five-coordinate cobalt and 
nickel complexes of potentially tetradentate 
tripod ligands based on triethylamine with a P 
position on each ethyl group replaced by a donor 
group, e.g., N, 0, P, As. The bulkiness of the 
coordinating groups appeared to be a factor in 
directing the stereochemistry of the resulting 
complexes, e.g., with decreasing bulkiness of the 
donor groups a trend towards six-coordination 
was observed. In addition complexes were cited 
where the ligand behaved as a bidentate or 
terdentate. In terms of the chromophoric en- 
vironment of the ligand, NTB, it bears more 
resemblance to trenMe (tris(2-dimethylamino- 
ethyl)amine) which acts as a tetradentate tripod 

ligand, forming pseudo-trigonal bipyramidal 
systems (14). NTB appears to be the first example 
of a tetradentate tripod ligand involving three 
coordinating benzimidazole groups. 

Cobalt Complexes 
The tetraphenylborate ion is a good non- 

coordinating anion which has been used effec- 
tively to stabilize five-coordinate cations. Re- 
action of NTB with cobalt salts in ethanol, in 
the presence of one equivalent of sodium tetra- 
phenylborate, produces a series of complexes 
[Co(NTB)X]BPh, (X = Cl, Br, NCS, NO,, 
C10,) (Table 1). Electronic spectral data for 
these salts are given in Table 2. The solid mull 
transmittance and acetone solution spectra are 
very similar indicating a similar metal ion 
stereochemistry both in the solid state and in 
solution. The spectral band positions and their 
intensities are not typical of either octahedral or 
tetrahedral cobalt(I1) but they bear a close re- 
semblance to previously reported spectra for 
pseudo-trigonal bipyramidal cobalt derivatives 
containing tetradentate tripod ligands (Figs. 2, 
3) (1 1-14). 

Recent studies by Bertini and co-workers (15) 
have attempted to simulate observed spectra of 
some pseudo-trigonal bipyramidal cobalt(1I) 
complexes using both the crystal field and angular 
overlap approach. Using a C,, field good agree- 
ment was obtained between calculated and ob- 
served transition energies for the chromophores 
CoNN,Br (NN, = trenMe), CoNS,Br (NS, = 

tris(2-tert-buty1thioethyl)amine) and CoNP,Br 
(NP, = tris(2-diphenylphosphinoethy1)amine). 
Four major transitions are observed in these 
systems assigned from the 4A, ground state in 
C,, symmetry. A iow energy band around 5-6 
kK, assigned to 4E c 4A2, appears to be largely 
unaffected by structural variations whereas 
tetrahedral distortion tends to shift the other 
4E + 4242 and the P t F transitiolls to lower 
energy. The main features of the spectra include 
four bands: 4~ - ,A2 (5-6 kK), t ,A2 (10- 
12 kK), 4A2(P) + 4.A2 (14-16 kK), 4E(P) + 4 A z  
(17.5-19.5 kK). 

The spectra of the tetraphenylborate NTB 
derivatives exhibit absorptions in three main 
areas; 5.2-6.8 kK, 10.5-13.3 kK, 16.7-20,s kK. 
The lower energy band shows little fine structure 
in solution but in the solid state splitting of the 
band is observed in some cases, which is en- 
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TABLE 2. Electronic spectra (an-')* 

(a) [Co(NTB)XIt 

Compound 4E C---- ,A2 c-----~A~ 4E(P) t---- 4A2f 

[Co(NTB)Br]Br 

[Co(NTB)Br]BPh, 

[Co(NTB)Br], [CoBr,] 

[Co(NTB)(NCS)]NCS.H20 

[Co(NTB)(NCS)]BPh, 

[CO(NTB)(NCS)I~[C~(NCS),~ 

(b) [c0x412- 

,T,(F) t---- ,Az ,T1(P) - 4A2 
Compound ( ~ 2 )  ( ~ 3 )  

[Co(NTB)CI], [CoCI,] u 6100(145) 6700(136) 14500(480) 15200(480) 16000(363) 16750(726) 
b 5200 5600 6300 14600 [16000] 17200 

[Co(NTB)BrI2 [CoBr,] a 5600(150) 14300(775) 15000(467) 15700(300) 
b 5200 5800 14300 

[CO(NTB)(NCS)]~[C~(NCS),~ a 6950(403) 8300(260) 16150(1980) 16600(1910) 17100(1920) 
b 6900 7500 8500 16700 

"Labels mean tlie foliofilng: a ,  solution in acetone; b, mull transmittance spectrum (room temperature); c ,  solution in nitromethane. [ I 
shoulder, ( molar extinction coefficient. Some bands have been assigned mice, i.e. to both five-coordinate and tetrahedral cobalt(l1). These 
bands probably contain oberlapping components associated kith both stereochemistries. 

?The 'A2(P) - 4.'12 transition appears to be missii~y in aln~ost all the spectra %ith the exception of [Co(NTB)CIlCI and [Co(NTB)CIlBPh4 
where a weak shoulder at 16000 cm-1 can possibly be assisned to thls transition. 

hanced at low temperature (77 K). The high 
energy band is split into two conlponents in 
most cases, especially in solution. The splitting 
of this band has been observed in some other 
trigonal bipyramidal systems and can possibly 
be associated with spin-orbit effects or deviations 
from C,, symmetry. In the NTB complex ions 
the ligand is assumed to be acting as a tetra- 
dentate in an approximately C,, syminetry en- 
vironmerlt (Fig. 4) and the observed spectral 

bands are tentatively assigned as follows: 4E c 
4A2 (5.2-6.8 kK), 4E  +- 4 ~ 2  (10.5-13.3 kK), and 
"E(P) c "A, (two components 16.7-20.5 kK) 
(Table 2). (The QA,(P) +- 4 ~ ,  transition is 
probably hidden beneath the band envelope 
associated with 4E(P) c Q2; see footnote T, 
Table 2.) 

Magnetic data (Table 3) indicate that these 
complexes are high spin, typical of systems of 
this type with hard donor atoms (16). The 
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FIG. 4. Stereochemistry of NTB complex. 

FIG. 2. Electronic spectra of some NTB complexes. 
A.  Mull transmittance spectrum of [Co(NTB)(NCS)]BPh, 
(arbitrary absorbance). B, C. [Co(NTB)(NCS)jNCS and 
[Co(NTB)(NCS)]BPh,, respectively, in acetone. 

Acetone  Solut ion 

FIG. 3. Acetone solution spectra to illustrate the 
presence of [CoBr412- and [Co(NTB)Br]+ in the cobalt 
bromide colnplex of mixed stereochemistry. The chloro- 
and isothiocyanato analogues exhibit similar spectra 
which indicate the presence of four-coordinate anions 
and five-coordinate cations. A ,  [Co(NTB)BriBr: 23, 

6nucleophil~c reactibity constant' established by 
Sacconi (16) for the donor set N,X (X = C1, 
Br, NCSj lies :n the range i 5  4-1 9.1, typ~cal of 
h ~ g h  spln system>. The magnetic moments for 

the five-coordinate tetraphenylborate derivatives 
fall in the range 4.3-4.7 BM. Moments for 
typical trigonal bipyramidal systems with tripod 
ligands containing N, 0 ,  S, P donor atoms fall 
in the range 4.4-4.7 BM (1 1, 13, 14). 

The tetraphenylborate complexes (X = C1, 
Br, NCS) exhibit conductances (Table 3) which 
are somewhat lower than would be expected for 
1 : I electrolyte species (17). These data are 
rather difficult to rationalize in the light of the 
proposed nature of these species, which are 
assumed to exist as five-coordinate cations 
stabilized by the tetraphenylborate anion. How- 
ever cationic association leading to large bulky 
ions with low ion mobility and the low ion 
mobility associated with BPh,- itself could lead 
to significantly lower molar conductances than 
would be expected. Cobalt complexes of tren- 
(2,2',2"-triaminotriethylamine) of formula [Co2- 
(tren),X,](BPh,), (X = OCN-, SCN-, C1-, 
N,-) have recently been shown to  contain five- 
coordinate, outer sphere bridged cations, in 
which the bridging association is thought to  
occur via a hydrogen bond, Co-X----HN-Co 
(18). This association leads to weak antiferro- 
magnetic exchange between the cobalt centres. 
Outer sphere association of this type could 
possibly exist in the NTB complexes via the 
imidazole ring hydrogen, which is likely to 
reside on the non-coordinating ring nitrogen 
atom. 

A concentration dependence of the molar con- 
ductance of [Co(NTB)Br]BPh, in nitromethane 
was studied in the range lQ-3-lQ-s A4 at  25 "C 
(Table 3). A, was found to be 75.9 and the slope 
of the Kohlrausch plot (A, - A, rs. ,/?) was 
found to  be 960. A typical slope for a 1 :  1 
electrolyte is around 200 (slope for NaBPh, in 
MeNO, = 216 (19)) and it is evident that 
cationic association is occurring in solution. One 
possible associative mechanism could involve 
pseudo-hydrogen bonding, as suggested pre- 
viously, of an axial halogen (or pseudo-hal- 
ogen) on one ion with one of the three imi- 
dazole hydrogen atoms on another to form 
a species of the type {[Co(NTB)Br],,)"'. It 
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TABLE 3. Magnetic moment and conductance data 

P (BM) 
Abr* 

Compound (mho mol-' cm2) Solid? Solution$ 

*Solvent nitromethane at approx. AM (25 'C). 
?Magnetic moment per metal measured in solid state by Faraday method. 
tMagnetic moment measured in CHCI,I(CH3),C0(4A CHCI,) by nmr method (22 and ref'erences therein). 

seems likely that the other cobalt halide and 
thiocyanate derivatives would behave similarly 
in nitromethane. Further studies on the con- 
centration dependence of the conductivity of 
these systems are being carried out. However, 
additional support for an associative interaction 
of this type is apparent when one considers the 
molar conductance values which follow the 
order NCS > Br > C1, in keeping with the 
electronegativities associated with these co- 
ordinated anions. Also the strong association 
that exists between NTB and alcohols (a 1 :3  
solvate is formed on recrystailization from, e.g., 
methanol or ethanol which required prolonged 
drying under vacuum to desolvate) lends support 
to an associative effect of a hydrogen bonding 
type in the NTB complexes. 

The purple complexes [Co(NTB)X]X (X = 

C1, Br, NCS) have magnetic moments (Table 3) 
typical or' high spin systems and electronic 
spectra which are identical to their tetraphenyl- 
borate analogues both in solution and in the 
solid state (Fig. 2). This indicates that these 
species contain pseudo-trigonal bipyramidal 
cations, apparently stabilized by a negative ion 
capable of coordination. Spectral assignments for 
these five-coordinate cations are assumed to be 

the same as those for the tetraphenylborate 
analogues (Table 2). 

Conductivity data in nitromethane (Table 3) 
indicate species with some ionic character and 
low values again suggest the possibility of 
cationic association involving N-H---X bridges. 
This is supported by the conductance values 
which follom~ the order NCS > Br > CI. An 
alternative explanation for the low conductance 
values for these systems results from a considera- 
tion of solution equilibria involving the forma- 
tion of e.g. neutral four- or six-coordinate 
species : 

In the octahedral case NTB mould act as a 
tetradentate, while in the tetrahedral case it 
would presumably act as a bidentate ligand. 
Electronic spectra of nitromethane solutions of 
these coinplexes do not show the presence of 
bands attributable to tetrahedral or octahedral 
species but are the same as the spectra obtained 
in acetone. 

The pink nitrate and perchlorate complexes, 
[Co(NTB)X]X (X = NO,, CIO,), have elec- 
tronic spectra (Table 2) which are almost 
identical to their tetraphenylborate analogues. 
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their three main absorptioi~ bands occurring at 
slightly higher energies than the corresponding 
chloro, bromo, and isothiocyanato derivatives. 
It seems reasonable to suppose that these com- 
pounds contain trigonal bipyramidai cations 
each with one coordinated nitrate and perchlor- 
ate group. Magnetic data for these systems also 
appear to be consistent with five-coordinate, 
trigonal bipyrainidal cobalt(1I). 

Conductivity data for the nitrato derivatives 
in nitromethane (Table 3) suggest the presence 
of 1 : 1 electrolytes. The bisperchlorato derivative 
appears to  be a 1 : 2 electrolyte, which is rather 
surprising since it implies displacement of a co- 
ordinated perchlorate group by a nitromethane 
molecule. The tetraphenylborate analogue ex- 
hibits a lower inolar conductance which could 
possibly be associated with a 1 : 2  electrolyte in 
the presence of a large bulky ion like BPh,-. 
The electronic spectra of nitromethane solutions 
of [Co(NTB)(ClO,)]Cl0, and [Co(NTB)(CIO,)]- 
BPh, are almost identical, but differ somewhat 
in terms of transition energies (Table 2) from 
their corresponding acetone spectra., suggesting 
possible axial involvement of a solvent n~olecule. 

The deep blbie complexes [Co(NTB)X],- 
[COX,] (X = GI, Br ,  NCS) exhibit electronic 
spectra (Fig. 3) (Table 2) which show un- 
equivocally the presence of tetrahedral [CoX,I2- 
anions and five-coordinate cations identical to 
those present in the purple complexes [Co(NTB)- 
X]X and [Co(NTB)X]BPh,. In each case a ! : 1 
correspondence is observed between the peaks 
associated with the [CoX,I2- anions in the blue 
complexes and the salts [rz-Bu,N][CoX,] run in 
the same solvent. Magnetic data (Table 3) 
indicate high spin systems but the moments are 
slightly lower than would be expected. The ob- 
served moment should represent an average for 
the three nietal centres in the con~plex and an 
average momelit based on two five-coordinate 
cations (Table 3) and e.g. CoCI,'-, shot~ld be 
around 4.4 BM. The low observed moments 
could indicate the presence of cationic associa- 
tion in the solid slate, e.g. of the hydrogen bond- 
ing type (1 8), leading to weak antiferromagnetic 
exchange. 

The thiocyanate complex exlllbits a molar 
conductance close to the range expected for a 1 : 2 
eleclro!yte, while the lower values of rhe chloride 
and bromide complexes are perhaps more 
typical of 1 : 1 eiectro!ytes. Again the conductalzce 

order follows the sequence NCS > Br > C1 
suggesting a hydrogen bonding association be- 
tween cations. These conductivity data are 
paralleled by the analogous zinc compIexes 
[Zn(NTB)X],[ZnX,]. A comparison of the 
solution (CEI,NO,, (CH,),CO) and solid elec- 
tronic spectra of these mixed stereochelnistry 
systems suggests that the same species exist both 
in the solid state and in solution. 

Zinc Con~ylexes 
Two series of zinc complexes were obtained: 

(Zn(NTB)X],[ZnX,] (X = G1, Br, NCS) and 
[Zn(NTB)X]BPh, (X = C1, Br, I, NCS). The 
former are thought to be analogous to the 
cobalt con~plexes of mixed stereochemistry, 
containing two five-coordinate cations and a 
four-coordinate, tetrahedral anion. The tetra- 
phenylborate salts are assumed to contain 
trigonal bipyramidal cations. Conductivity data 
in nitromethane (Table 3) indicate ionic species, 
but again low values suggest the possible exist- 
ence of associative effects. 

Nuclear magnetic resonance data obtained in 
DMSO-d6 (Table 5) indicate that the ligand is 
acting as a quadridentate and lies on a threefold 
axis of symmetry within each complex cation. 
The methylene proton resonance occurs as a 
singlet in each case, indicating equivalent 
methylene protons, which are shifted downfield 
slightly (12-18 Hz) with respect to the free 
ligand. NTB exhibits a very symmetrical set of 
aromatic proton resonances (AA'BB') indicative 
of a plane of symmetry within each benzimida- 
zole group. Jn all the complexes the aromatic 
proton resonances are observed in two groups of 
lines (Fig. 5) .  Three protons remain at essentially 
the same chemical shift observed for the free 
ligand, while one proton of the lower field pair 
is shifted downfield considerably. It is assumed 
that the benzene ring protons nearest to the 
imidazole ring are the more deshielded and would 
be observed at lower field, corresponding to the 
lower field half of the aromatic proton reson- 
ances observed for NTB. On coordination one 
of these protons, which is sti!l coupled to the 
other ring protons, is shifted downfield by some 
70-80 Hz. This significant dov~nfield shift cor- 
responds to a marked deshielding of one ring 
proton witl-I respect to the others. 

One obvious coni;!~sion to draw from the lack 
of symmetry of the benzene ring proton reson- 
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FIG. 5. Nuclear inagnetic resonance spectra in DMSO- 
d,. A, NTB; B, [Zn(NTB)Br]BF, (the tetrafluoroborate 
complex was used because of interfering peaks associated 
with the corresponding tetraphenylborate complex); C, 
[Zn(NTB)Br],[ZnBr,]. 

ances would be the coordination of one imida- 
zole nitrogen to a zinc ion. In addition, since 
only one set of benzimidazole proton resonances 
appear in the spectrum, it is assumed that all 
three benzimidazole groups are involved in co- 
ordination to the same metal. The slight down- 
field shift associated with the methylene protons 
suggests coordination of the apical nitrogen also. 

Models suggest that an essentially strain free 
way for the ligand to coordinate to a metal ion 
would be as a tripod ligand, with the apical 
nitrogen occupying an axial site and a nitrogen 
atom from each benzimidazole group occupying 
a trigonai equatorial site in a pseudo-trigonal 
bipyramidal structure. In this configuration one 
a proton in each benzene ring lies close to the 
other axial site which contains an electronegative 
group, e.g. C1, Br, NCS. The close proximity of 
this electronegative group to the a ring proton 
could be responsible for a through space 
electronic interaction leading to a deshielding 
effect and a downfield shift of the a proton. 
Alternative, but perhaps less likely, explanations 
would be an electron withdrawing effect, trans- 
mitted from the axial anionic group via the metal 
through five bonds or from a neighbouring 
hydrogen bonded ion in an associated structure, 
if such association exists in highly polar di- 
methylsulfoxide. 

Infrared Data 
The infrared spectra of the NTB complexes 

studied were in general fairly complex and did 
not provide very much structurally useful in- 
formation. This was especially true in the far 
infrared where interfering bands associated with 
the ligand itself prevented any definitive struc- 
tural assignments. 

Infrared spectra of the nitrate derivatives 
contain bands that can be assigned to ionic and 
monodentate nitrate groups. The bisnitrato 
derivative exhibits bands at 846, 1390, and 700 
cm-I (Table 4) which can be associated with an 
ionic nitrate, and are absent in the tetraphenyl- 
borate analogue. Both compounds exhibit bands 
around 980 and 13 10 cm- ' assigned to A, modes 
associated with a monodentate nitrate group 
(20). In the case of the perchlorate derivatives it 
is possible to pick out a strong doublet (1050, 
1130 cm-I for [Co(NTB)(ClO,)jCIO,; 1050, 
1140 cm-' for [Co(NTB)(ClO,)]BPh,) due to 
the v,(T,) vibration in a tetrahedral species like 
CIO,- which is split into A ,  + Eon lowering the 
symmetry from T, to C,,. This suggests the 
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THOMPSON ET AL. 

TABLE 4. Infrared data (cm-') 

(a) Thiocyanato derivatives 

Compound v(CN)[NCS] 

(b) Nitrato derivatives 

NO3 - 
\ 

0 

Compound v2(Azf') v3(Ef) v4(EJ) A1 A I  

(c) Perchlorato derivatives 

/ 
M-0-Cl-0 

\ 
0 

c10,- - 
Compound v3(T2) E A I 

*KBr disc spectra. All other data obtained using mulls in either Nujol or 
hexachlorobutadiene. 

TABLE 5.  Nuclear magnetic resonance data (ppm in DMSO-d6)* 

1 

6H01 6HC2 6Hh 6CH2 6NH 
Compound (m) ( 4  (m) (s) (bs) 

NTB 7.60 
[Zn(NTB)CI]2[ZnC14] 8.79 
[Zn(NTB)BrI2 [ZnBr,] 8.89 
[Zn(NTB)(NCS)],[Zn(NCS),] 8.69 
[Zn(NTB)C1]BPh4.H20 8.67 
[Zn(NTB)Br]BPh,.H,O 8.70 
[Zn(NTB)I]BPh, 8.76 
[Zn(NTB)(NCS)]BPh, 8.!2 
[Zn(NTB)CI]BF, 8.64 
[Zn(NTB)Br]BF, 8.77 

*m = mult~plet, s == singlet, bs = broad singlet, nd = not detected. The Ha and H, protons appear as 
asymmetric complex multiplets which appear to contain five major components, one of x+hich has relatively 
low inteilsity, In estimating the chemical shifts associated nith these protons the centre of gra>ity of the four 
higher intensity components was determined in each case. 
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FIG. 6. n, Localized ring structure; h, deiocalized ring 
structure. 

presence of a coordinated perchlorate group in 
both cases. The bisperchlorato derivative ex- 
hibits a strong singlet at 11 10 cm-', which is 
assigned to the v,(T,) stretching vibration in an 
ionic perchlorate group (20). 

The thiocyanate complexes exhibit bands 
associated with CN stretch in the range 2039- 
2097 cm-' (Table 4).  For the complexes [M- 
(NTB)(NCS>l2[M(NCS),1 (M = Co, Zn) the 
higher energy band is assigned to N-bonded 
thiocyanate in the complex cation, while the 
lower energy band is associated with N-bonded 
thiocyanate in the anion [M(NCS),]'- (M = Co, 
Zn). The tetraphenylborate complexes exhibit a 
single C N  stretch which is associated with N- 
bonded thiocyanate, whiie for the complex 
[Co(NTB)(NCS)]NCS.H,O the higher energy 
band is assigned to N-bonded thiocyanate and 
the lower energy band to ionic thiocyanate (21). 

NTB exhibits two absorptions at 1622 and 
1588 cm-' which are assumed to be due to CN 
stretch in the imidazole ring. The con~plexes all 
exhibit the same two bands; the lower energy 
band falling in the range 1590-1607 cm-', while 
the higher energy band falls in the range 1610- 
1632 cin-'. In most cases, with. the exception of 
the nltrate and perchlorate complexes, the higher 
energy band lies belov~ its counterpart in the 
free ligand, ivhile the lower energy band occurs 
above 1588 cm-' in all cases. The close similarity 
of a11 the complexes in this spectral region sug- 
gests a similar coordination environment around 
the metal in all cases and the behaviour of the 
ligand as a tetradentate. 

A previous study on the cobalt and nickel 
complexes of some bidentate imidazoline ligands 
(7)  related the CN stretching frequency in the 
imidazoline rings to the state of localization 
along the NCN ring framework. As expected, 
X-ray data confirmed the coordination of the 
imidazoline ring via the tertiary nitrogen, but 
also suggested two possible structural types 
based on CN bond lengths. A CN frequency 
below that of the free ligand indicated a de- 
localized imidazoline ring, with essentially equal 
C N  bond lengths while frequencies higher than 

the free ligand suggested a more localized ring 
structure in which the CN bond lengths were 
different. By analogy with the imidazoline com- 
plexes the nitrato and perchlorato derivatives 
possibly have more localized ring structures 
(Fig. 6a) while the other complexes possibly have 
more delocalized ring structures (Fig. 6b). Also 
it is assumed that in the NTB complexes the 
imidazole ring is coordinated to the metal via 
the tertiary ring nitrogen atom (Fig. 6). 
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The kinetics of the solid state transformation of racemic to optically 
active 1, 1 '-binaphthyl 
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KEITH R. WILSOK and RICHARD E. PINCOCK. Can. J. Chem. 55, 889 (1977). 
Rates of the solid state reaction which thermally converts racemic to optically active 1,l '- 

binaphthyl (mp 158 'C) have been determined at temperatures between 105 and 135 ' C  using 
polycrystalline samples. The presence of a sufficiently uniform distribution of enantiomorphic 
seed crystals results in a smooth conversion of the racemate to the e~~tect ic  crystal forms of 
binaphthyl. Although it is possible to force the resol~ltion reaction almost to completion at 
higher temperatures (150 ' C )  where the melt phase is an  intermediate, lower final specific rota- 
tions are obtained when only solid phases are involved (below 145 ' C )  because of the indepen- 
dent nucleation of racemic material from the reacting crystals. Both spontaneous nucleation and 
reaction rates in the solid state were increased by grinding the initially prepared samples and 
were decreased by the storage of samples. The Arrheni~~s  activation energy of this phase 
transforn~ation giving optically active product is en. 60 kca1,mol in a variety of different 
samples. This is consistent with a mechanism in which a molecule of I,!'-binaphthyl attains 
considerable freedom from the racelnic solid in order to interconvert to its ellantio~ner and add 
to the growing optically active phase. 

KEITH R. WILSON et RICHARD E. PINCOCK. Can. J. Chem. 55, 889(1977). 
On a determine, a des temperatures allant de 105 135 ' C  et faisant appel a des tchantillons 

polycristallins, les vitesses cle reactions a l'etat solide, qui permettent de transformer d'une 
faqon thermique du binaphthyl-i,l' (pf 158 ' C )  racCmique en produit optiquement actif. La 
presence d'une tlistribution suffisamment ulliforrne de cristaua permettant d'ensemencer un 
enantion?orphe conduit a la conversion facile ~ L I  racemique en une forme cristalline eutectiq~re 
du binaphtyl. I1 est possible de forcer la reaction de fagon obtenir une resolution pratique- 
ment complete a des temperat~lres pl~rs Clevees (150 C )  alors que la phase fondue est un inter- 
mediaire; toutefois 011 obtient des rotations spkcifiques finales qui sont plus basses quaad ii n'y 
a que des phases solides d'imp1iqui.e~ (en dessi~s de 145 ̂ C)  et ce resirltat est dil a la nucleation 
independante du cornpose racenlique h partir des crirtaux q i ~ i  rkagissent. La nucleation spon- 
tanee et les vitesses de reaction a l'etat solide sont toirtes les deux augmentees lorsque 1.011 broie 
les Cchantillons preparks initialement: toutefois elles sont diminuees lorsque l'on garde les 
echanrillons d'une f a ~ o n  prolongke. L'energie d'activation d'Arrhenius dc cette transformation 
de phase conduisant a un produit optiquement aciif est d'environ 60 kcal'n~ol dans une grande 
quantite d'echantillons differenis. Cette valeur est en accord avec Lin mecanisme dans lequel 
une molic~rle de binaphtyl-l;l' devient tres libre d ~ :  solide racemique de faqon 2 se convertir 
dans son enantiomere et B s'additionner a la phase optiquement active qiii est en croissance. 

[Traduit par le journal] 

The transformation of optically inactive into 
optically acti\-e 1,l '-binaphthyl iuay occur simply 
by heating a sample below its melting point (1). 
This is possible because the raceinate form 
(mp 145 ' C )  of this compound is unstable relative 
to  a mixture of separate R ( - )  and S ( + )  enan- 
tiomeric crystals (mp 158 'C). At temperatures of 
ccr. 76 to 145 "C a solid state reaction of racemate 
occurs and optically active product (i.e. an 
unequal mixture of R and S crystals) may result. 
This reaction shows the typically complex 
aspects of solid state transformations (2-4); it 
appears to be sensitive to any previous treatment 
whicla influences the size of crystals and the 

presence of lattice imperfections. It is well known 
in general that these factors greatly determine 
the ability to nucleate and grow new interfaces 
between the reactant and product. In the case of 
the solid state resolution of binaphthyl such 
factors inay determine the extent of optical reso- 
lution as well as the rate of development of 
optical activity. When ordinarily recrystallized 
racemic binaphthyl is used these co~llplex and 
variable factors result in widely scattered and 
erratic values for the final optical activity eve11 
in polycrysta!line samples taken from a single 
preparation (see Fig. 2 of ref. 1) .  

However, the recrystallization of binaphthyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



890 CAN.  J .  CHEM. VOL. 55. 1977 

which is slightly optically active gives samples 
which show a smooth and consistent deve10~- 
ment of optical activity and allows a more 
thorough investigation of this solid state reac- 
tion. We report here our observations on the 
kinetic aspects of the transformation of several 
of these samples of 1 , l  '-binaphthyl into optically 
active product. Relatively few solid 4 solid 
reactions, especially organic reactions, have been 
kinetically studied (2). In this case the reacting 
system is very sirnple in that the product is at 
least molecularly the same as the reactant. The 
availability of smoothly resolving samples 
presents an opportunity to study the rate of 
production of enantiomorphic crystals and ob- 
tain information on the specific mechanism of 
the solid state resolution of 1, l  '-binaphthyl. 
Also, as discussed belon, the system lends itself 
in a unique way to the study of factors affecting 
the spontaneous nucleation of a new phase in an 
organic crystal. 

Experimental 
Samples of l , l  '-binaphthyl used in these kinetic studies 

were prepared from racemic binaphthyl by admixture of 
small amounts of optically active binaphthyl according to 
procedure B of ref. 1. The designation of the individual 
batch, the total weight, and the specific rotation in ben- 
zene are, respectively; S-1, 3.0 g, +1.4'; S-2, 4.0 g, 
+11.8'; S-3, 5.7 g, +1.8"; and R-1, 3.8 g, -11.0'. As 
indicated by the notations R and S, three samp!es gave 
predominately S (+)  and one gave R(-) binaphthyi when 
heated at  temperatures of 105 to 150 ' C .  

The resolution reaction of each batch was followed by 
heating individually sealed ampules containing a carefully 
weighed anlount (15-20 mg) of the polycrystalline bi- 
naphthyl at  a given temperature for various lengths of 
time. Samples were dissolved in benzene and optical 
rotations measured as previously described on a Bendix 
type 143A automatic polarimeter at the sodium D line 
(5890 A). Since the kinetic characteristics of individual 
batches changed after storage (c.g., see Fig. I for a com- 
parisoii of sa~nples before and arter storage at  25-C for 6 
weeks) all samples were stored at  0 "C and runs reported 
here were performed within 5 weeks. 

All batches resolved to final rotations greater than 
[a], t 200' when heated at 150 'C ,  but with a half-life too 
short at this temperature for an accurate kinetic descrip- 
tion. (Optically pure 1,l'-binaphthyl has [r], f 245" (I).) 
The final rotation in several runs at temperatures in the 
range 105 to 135 ' C  was considerably less than i 200" 
(see Table I of ref. I). 

An assessment of how closely the relatively easily 
measured optical rotations of a sample reflected the 
actual extent of phase transformation of racemate to 
eutectic forms of binaphthyl was carried out using quan- 
titative X-ray powder diffraction (5) (with a Debye- 
Scherrer powder camera, philips PW 1024/10). By choos- 
ing one line in the diRraction pattern of the racemate 

- I 
L? TEMPERATURE 135'C 1 

TIME (MINI 

FIG. 1. Kinetic data for the solid state resolution of 
neat, polycrystalline 1,l'-binaphthyl, S-1 kinetic batch at  
135 'C. Effect of grinding and of storage at  25 "C for 6 
weeks: 8 original kinetic run; 0 run performed after 6 
weeks' storage at 25°C; A run using ground samples; 
1$ run using more highly ground samples. 

(d = 10.1 A) and one in the pattern of the eutectic form 
(d  = 6.4 A) which is distinct in a mixture of the two 
forms, the disappearance of racemate and the appearance 
of eutectic could be quantitatively followed. A standard 
procedure for exposure and development of powder 
photographs, followed by analysis on a microdensi- 
tometer (Joyce double beam recording instr~lment 
MKIITc) and calibration with known mixtures of eutectic 
and racernate forms resulted in reproducible analyses 
which agreed within 2% (6)). Application of this method 
to the analysis of the phase transfor~nation of the S-2 
kinetic batch at 125 ' C ,  and con~parison to the inde- 
pendently obtained optical rotations, showed that the 
ratio was closely equivalent to the extent of 
phase transformation, i.e. to the mole fraction of the 
eutectic form present. As this is thecaseeven in this batch 
of binaphthyl which resolved only to a relatively low 
rotation ([a],i,,, 136" at  125 '.C) then the fraction of final 
rotation achieved at  any time is a good measure of the 
actual fraction of eutectic form present at  that time, 
i.e. y = [n],/[r]iina,, where y is the mole fraction of 
eutectic form. The mole fraction of product phase, y, is 
thereby made accessible from readily measured optical 
activity data alone; it is a direct measure of the fraction of 
reaction and therefore suitable for further kinetic analysis. 

Results and Discussion 
The thermal production of optica! activity in 

specially seeded samples of 1 ,! '-binaphthyl 
shows a very prominent difference frorn that in 
ordinary racemic samples; the resolution reac- 
tion in any small portion of the sample is re- 
markably smooth and consistent. This is shown, 
for example, in some representative specific 
rotation us. time plots for the various kinetic 
batches in Figs. I ,  2, and 3. The specially pre- 
pared batches apparently have a highly refined 
and uniform dispersion of seed crystals which 
enable a smooth development of optical activity 
even in small polycrystalline samples. 
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WILSOK A N D  PINCOCK 

TIME (H) 
10 20 30 40 50 60 70 

TIME (MINI 

FIG. 2. Kinetic data for the solid state resolution of 
neat, polycrystalline I , l  '-binaphthyl, S-2 kinetic batch, at 
11 5 "C (upper time scale A) and at  135 "C (lower time scale 

Although the activity of samples develops 
smoothly, there appears to be no characteristic 
shape to the curves. Some are sigmoid (although 
none have prolonged induction periods), while 
others appear to increase linearly with time or 
even show an initial rate maximum. The extent of 
resolution also varies in different batches and in 
the same batch at different temperatures. 
Generally lower resolutions were obtained at 
lower temperatures. As discussed below a low 
final rotation indicates nucleation and growth 
during a run of the enantiomer opposite from 
that seeded into the sample. 

As shown in Fig. 1 the results of kinetic runs 
were sensitive to grinding of the crystals and such 
disruption of the initial crystals always caused a 
faster resolution to a lower specific rotation. 
Storage of samples resulted in the opposite 
results; a higher final rotation was obtained 
from samples stored at 0 "C for 4 months (see 
Fig. 3 of ref. 1) and a somewhat slower rate of 
resolution occurred in a sample stored at 25 "C 
for 6 weeks (see Fig. 1). These effects of storage 
and of grinding, as well as the relationship of 
temperature to extent of resolution may all be 
explained in a qualitative manner after considera- 
tion of the mechanism of the resolution reaction. 

An ideal seeded sample, i.e. suitable for the 
production of optically pure binaphthyl, consists 
of a slight excess of one enantiomer (e.g.,  the R 
enantioiner in its 'eutectic' crystal form) and all 
the rest of the sample would be in the R,S- 
racemate form (1). When such a sample is 
heated, and provided that no nucleation of the 
other enantiomer (e.g.,  the S eutectic form) 
occurs, the growth of only R enantiomeric 
crystals proceeds at the expense of R,S-racemate 

TIME !H) 
0 I0 20 30 40 50 60 70 

I0 20 X) 40 50 60 
TIME !MINI 

FIG. 3. Kinetic data for the solid state resolution of 
neat, polycrystalline 1,l'-binaphthyl, R-1 kinetic batch, 
at  115 "C (upper time scale A) and at 135 "C (lower time 
scale (b). 

and the entire sample is converted to optically 
pure R crystals. In practice such an ideal sample 
is probably impossible to obtain and, in addition, 
nucleation during a run can be an important 
factor in obtaining a high optical resolution. 

When nucleation occurs in a racemic 1.1'- 
binaphthyl reactant phase, which could be a 
racemic crystal below 145 "C or a melt below 
158 "C,  it is just as likely to involve R molecules 
as S molecules (7). In other words, nucleation 
(whish is independent of crystal growth) is 
expected to create R and S crystallites with equal 
probability. The growth of these new nucleites 
produces separate R and S eutectic crystals and 
leads to low overall resolutions. Low values of 
the final rotation therefore may result from the 
presence of initial seed crystallites of undesired 
enantiomer in the material before heating andlor 
from the nucleation of racemic material during 
the reaction. 

All of the specially seeded sanlples appear to 
be sufficiently free from unwanted enantiomeric 
'seeds' so that high rotations (greater than 200" or 
82% optically pure) resulted when samples were 
heated at 150 "C. At this temperature, the reac- 
tion involves a conversion of racemate through 
the melt to optically active solid (I) .  Since a 
binaphthyl melt will remain supercooled in- 
definitely at 150 "C,  nucleation in a melted phase 
does not occur at this temperature. The situation 
in the seeded samples at 150 "C therefore ap- 
proaches the ideai for production of optically 
pure product as mentioned above. In this way, 
advantage can be taken of the phase relationships 
in the 1,l'-binaphthyl system in order to obtain, 
reproducibly, excellent resolutions in either 
direction in a single heating step (1). 

In the solid -, solid conversion (not invoiving 
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melt), which occurs below 145 'C, nucleation in 
some samples definitely occurs as is shown by 
the lower final specific rotations. The inability 
to control or even reproduce the nucleation of 
new product sites (and the resulting autocata- 
lytic growth of product) is the major reason why 
solid state reactions are so dependent on the past 
history of samples, Mild disruption of the bi- 
naphthyl crystals by grinding produces a greater 
reactant-product interface and causes a more 
rapid reaction. 111 addition there are stresses, dis- 
locations, and other imperfections produced by 
grinding and these act as sites for the nucleation 
of racemic material. The result is the observation 
of higher rates of reaction but to a lower degree 
of resolution (shown in Fig. 1). On the other 
hand, storage of samples apparently allows for 
slow annealing out of such nucleation sites and 
gives material that resolves slower but to a 
greater extent. in  samples prone to nucleation 
(e.g.,  R-1 as in Fig. 3), lower temperatures and 
therefore longer reaction times gave lower final 
rotations possibly because the nucleation of 
racemic material has a greater dependency on 
time and temperature than does the rate of phase 
transfer. 

Although some features of this solid state 
reaction <nay therefore be qualitatively under- 
stood, the above examples of the variations 
present in different batches and the effects of 
grinding and storage all provide a good illustra- 
tion of the complex sensitivity of a solid state 
reaction to the previous treatment of a sample. 
Samples of binaphthyl that resolve to high 
optical purity are available (1) but our results 
here show that reproducible preparations of 
samples which give essentially the same extent 
and rate of resolution below 140 "C would be 
very difficult. 

Kinetic Avialysis 
As already indicated by the varied qualitative 

results discussed above, the solid state resolution 
of various samples of I ,lf-binaphthyl is too com- 
plex to fit any single general kinetic scheme. 
Nevertheless there are few kinetic studies of 
simple solid 4 solid organic transformations 
and the ease of measurement of optical rotations 
with binaphthyl presents an opportunity to 
obtain data which might fit (at least in an indi- 
vidual preparation) some empirical kinetic 
equation for solid state reactions. However, the 
relationship of measured specific rotations to the 

actual extent of phase transformation must first 
be considered. 

In an ideal solid state resolution, i.e. one giving 
a colnpletely resolved product (a situation 
approached by batches S-1 and S-3), the extent 
of phase transformation (y) at any time must 
equal the ratio of measured specific rotation to 
the final specific rotation (y = [ u ] , / [ u ] ~ ~ ~ ~ , ) .  For 
a batch of binaphthyl that finally resolves only to 
a restricted extent (batches S-2 and R-1) the 
phase transformation may not necessar~ly run 
parallel to the specific rotation. However, the 
relationship of measured rotations to  extent of 
phase transformation given above was experi- 
mentally established by quantitative X-ray 
analysis of partially reacted samples (6). There- 
fore for a comparison of various rate equations, 
the use of measured rotations as an expression of 
the fraction of phase transformation is justified. 

Of the rate equations for solid state reactions 
that have been developed two seem most widely 
used (2, 3). The first of these, the Avrami- 
Erofeev equation may be expressed by the 
relationship -log (1 - y) = (kt)" and a plot of 
log [log (1/(1-y))] against log ( t )  results in a line 
with the slope equal to n. Such a plot was made 
for all four kinetic batches, two of which are 
illustrated in Figs. 4 and 5. With the S-1 batch 
the results fit a straight line (with rz near two) 
rather well (Fig. 4). Less perfect fits are found 
with the other batches where the plots are 
better described at a given temperature as two 
straight lines. The most obvious bend occurs 
with the S-2 kinetic batch (Fig. 5) which gives 
limiting slopes of 0.65 and 1.9 at all four tem- 
peratures. 

L , # r #  _7___- 

2.5 30 35 4C 45 53 55 60 65 
LOG (TIME,SECONDS3 

FIG. 4. Avrami-Erofeev plots for the solid state resolu- 
tion of neat, polycrystalline 1,l'-binaphthyl, S-1 kinetic 
batch at  135 ' C  0, and 105 "C @. The results from the 
sample stored 6 weeks at  25 "C are plotted against [log 
(time) f l ]  and given by A from a run at 135 'C .  
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25 30 35 4 0  1 5  50 55 6 0  65 
LOG (TIME, SECONDS) 

FIG. 5. Avrami-Erofeev plots for the solid state reso- 
lution of neat, polycrystalline 1 ,l '"binaphthyl, S-2 kinetic 
batch at 135, 125, 115, and 105 'C .  

Any mechanistic implications from the fit of 
data from the S-1 batch to the Avrami-Erofeev 
equation are not altogether certain. One com- 
mon interpretation of the exponent 12 is that it is 
composed of two quantities, namely n = P + y 
(2, 8). The P component refers to the number of 
steps required to form a nucleus and is revealed 
in a power law of the type N = ktP where N is 
the number of nuclei formed in time t .  In the 
case of the S-1 and S-3 kinetic batches the high 
resolutions finally attained indicate that nuclea- 
tion (which gives racernic product) is not impor- 
tant, i.e. p = 0. The observed value of n = 2 is 
then equivalent to y, the number of dimensions 
in which growth of existing crystalkites occur. At 
least in the case of the S-1 batch of Fig. 4 the 
implication is that the growing product crystal- 
lites spread in two dimensions along, for example 
preferred lattice planes or boundaries between 
racemate crystallites. 

The other commonly used rate law is the 
Prout-Tompkins equation: log (y/(l-y)) = kt 
+ constant. Plots of log (y/(l - y)) against time 
often show two straight lines (2); in the case of 
1,1 '-binaphthyl the plots show linearity beyond 
y C= 0.3 for all the kinetic batches (see represen- 
tative runs in Fig. 6). Since a rate constant k is 
derived from the slopes of such plots the Prout- 
Tom~k ins  treatment leads to a determination of 
an activation energy for the reaction, at least in 
this part of its overall reaction progress. This is 
shown in Fig. 7, where Arrhenius activation 
energies, calculated from 2.30R (slope of line) are 
57.7, 62.4, 59.4, and 67.0 kcal mol-I for the S-1, 
S-2, S-3, and R-I batches, respectively. This 
large activation energy for a conversion of race- 
mate to eutectic crystals may be contrasted with 

I . . , , , v - k  
5 10 15 20 25 30 35 40 45 50 

TIME (H )  

FIG. 6. Pro~t-Tompkins plots for the solid state 
resolation of neat polycrystalline 1,l '-blnaphthyl, S-2, 
S-3, and R-1 kinetic batches at 115 C. 

FIG. 7. Relation of log k (from Prout-Tompkins plots) 
to reciprocal temperature for the solid state resolution of 
neat, polycrystalline 1,l'-binaphthyl, kinetic batches S-3 
6, R-1 0, S-2 A,  and S-1 A. 

the relatively small enthalpy value of approxi- 
mately 7 kcal mol-I required to melt the race- 
mate (6). This contrast shows that the resolution 
is certainly not analogous simply to the release of 
molecules from the racemate to an interface re- 
sembling the melt. Even if an activation energy 
expected for interconversion of enantiomers in 
solution (ca. 22 kcal/mol in it-heptane) (9) is 
added to the energy required to melt the race- 
mate the figure obtained is still far from the ob- 
served ca. 60 kcal/mol activation energy. 

The observed energy may be more closely 
related to the energy increment associated with 
the removal of a single molecule from inside a 
crystal to the vapour state. This is twice the 
energy needed to vaporize the complete crystal 
( i .e.  the heat of sublimation which is about 22 
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kcal/mol-I). The energy required for this pro- 
cess of breaking the van der Waals forces in the 
racemate crystal is then approximately 44 kcal 
mol-I and if the molecule interconverts to its 
enantiomer in addition to effectively vaporizing, 
an activation energy estimate could be as high as 
44 + 22 = 66 kcal mol-l. 

The fact that 1 ,I '-binaphthyl has an activa- 
tion energy of the order of 60 kcal mol-I means 
that for the resolution reaction to be observable 
at all at the moderate temperatures used, the 
high activation energy must be compensated by 
a high entropy of activation. The high activation 
energy and entropy are consistent with a picture 
in which a molecule of 1, l '-binaphthyl attains a 
great deal of freedom from the solid, similar to 
that obtained by transfer to a gas phase, in order 
to interconvert to enantiomer and grow the 
optically active solid phase. 
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The synthesis of 1,3-diazepine derivatives by the ring expansion of alkyl 
4-chloromethyl- 1,2,3,4-tetrahydro-6-methyl- 
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ERIC BULLOCK, ROGER A. CARTER, REGINA M. COCHRAXE, BRIAN GREGORY, and DOUGLAS 
C. SHIELDS. Can. J. Chem. 55,895 (1977). 

Alkyl 4-chloromethyl-1,2,3,4-tetrahydro-6-methyl-2-oxopyrimidine-5-carboxylates are ob- 
tained from the reaction of 1,2-dichloroethyl ethyl ether with alkyl3-ureidocrotonates, Reaction 
of the chloromethyl compounds with basic nudeophilic reagents causes ring expansion and 
leads, in high yield, to 7-substituted 2,3,6,7-tetrahydro-2-oxo-lH-1,3-diazepine derivatives. 
In the case of sulfhydryl ion, intramolecular Michael addition follows ring expansion and gives 
derivatives of 3-oxo-8-thia-2,4-diazabicyclo[3.2.l]octane, whose structures are established by 
spectroscopic examination and chemical degradation. The alkyl 7-alkoxy-2,3,6,7-tetrahydro- 
2-oxo-lH-1,3-diazepine-5-carboxylates react rapidly with acid to give alkyl l-carbamoyl-2- 
methylpyrrole-3-carboxylates. Mechanisms are suggested for these rearrangement reactions. 

ERIC BULLOCK, ROGER A. CARTER, R E G I ~ A  M. COCHRAXE, BRIAZ GREGORY et DOUGLAS C. 
SHIELDS. Can. J. Chem. 55.895 (1977). 

On obtient les chloromCthyl-4 tetrahydro-1,2,3,4 methyl-6 0x0-2 pyrimidinecarboxylates-5 
d'alkyle par reaction du dichloro-1,2 Cthoxyethane avec des ureidocrotonates-3 d'alkyle. La 
reaction des composes chloroniethylCs avec des riactifs nucleophiles basiques produit une ex- 
tension de cycle et conduit, avec de bons rendements, aux derives tetrahydro-2,3,6,7 0x0-2 1 H  
diazepines-l,3 substitues en position 7. Dans le cas de l'ion sulfhydryle, l'addition intramolCcu- 
laire de Michael suit I'extension de cycle et conduit aux derivis 0x0-3 thia-8 diaza-2,4 bicyclo- 
[3.2.l]octanes dont les structures ont pu Ctre determinees par des methodes spectroscopiques 
et une degradation chimique. Les alkoxy-7 tetrahydro-2,3,6,7 0x0-2 1 H  diazepine-1,3 carboxy- 
lates-5 d'alkyle reagissent rapidenlent avec les acides pour conduire au carbamoyl-1 methyl-2 
pyrrolecarboxylates-3 d'alkyle. On suggere des mecanisms pour ces reactions de rearrangement. 

[Traduit par le journal] 

Lack of suitable synthetic methods has 
limited studies of monocyclic 1,3-diazepines to 
derivatives of tetramethylene urea, 4,5,6,7- 
tetrahydro-Iff-1,3-diazepine. and hexahydro- 
1.3-diazepine (1, 2). 1,3-Diazepines of higher 
oxidation level have recently been prepared from 
2-amino-1-methylimidazole (3), 3,5.6-triphenyl- 
triazine,' and 1,3-disubstituted uracil-carbene 
adducts (5) while the dihydro-l,3-diazepine-2,4- 
dione squamolone has been isolated from Anona 
,rquumosu (6). We have recently (7) reported the 
ring expansion of 4-chloromethyl-l,2,3,4-tetra- 
hydro-2-oxopyrimidine derivatives to derivatives 
of 1 H-1,3-diazepine and now present an  account 
of this work in full. 

Earlier, we have shown (8) that dialkyl 
4 - chloromethyl- 1,4- dihydrolutidine-3,5 - dicar- 

'A. Hassner and D. J. Anderson, unpctblished results 
quoted in ref. 4. 

boxylates (9) will undergo ring expansion reac- 
tions when treated with basic nucleophilic re- 
agents. In the case of cyanide ion, evidence has 
been presented which supports a mechanism 
involving loss of proton from the ring nitrogen, 
followed by rapid elimination of halide ion with 
concomitant ring expansion and conjugate addi- 
tion of hydrogen cyanide (10). Other evidence 
has been obtained, however, which suggests that 
under certain conditions, such chloromethyl 
compounds behave as typically homoallylic 
systems and reactions may proceed via an  
homoallyl carbonium ion which is stabilized by 
electron release from the ring nitrogen,' remini- 
scent of the behaviour of 3,5-dimethoxy-1,4- 
dihydrobenzyl tosylate (1 1). 

By analogy with these results, it was antici- 

'E. Bullock, T. S. Chen, and B. Gregory, unpublished 
results. 
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pated that 4-chloromethyl-l,2,3,4-tetrahydro-2- 
oxopyrimidines (e.g.,  l a )  would undergo ring 
expansion. 1,2,3,4-Tetrahydro-2-oxopyrimidines 
are readily ava~lable by the Biginelii reaction 
(12, 13) between urea, a P-ketoester, and an 
aldehyde, or by the Folkers and Johnson 
mod~ficaeion using ethyl 3-ureidocrotonate and 
an aldehyde In the presence of acid (14). The 
nmr spectrum of ethyl and methyl 3-ureidocro- 
tonate, prepared by the method of Donleavy 
and Kise (15), showed the presence of only one 
tautomer and one geometrical isomer. The 
appearance of the NH resonance at  low field 
(6 - 10-15 ppm) (16-18) and its relative in- 
sensitivity to changes in solvent polarity and 
concentration (19) are characteristic of chelation 
in vinylogous amides, imides, and urethanes. 
Accordingly the chelated Z-configuration 2 is 
assigned to these 3-ureidocrotonates. Since the 
condensallon of 1,2-dichloroethyl ethyl ether 

0 
1 2 

cr R, = R, = CH, ( 1  R = CI-I, 
h R ,  = CH,. RZ = CKBr2 h R = C2H5 
( R,  = C,H,, R2 = CH, 

0 
3 

with an alkyl ureidocrotonate is expected to 
involve 3, in which free rotation is permitted 
about C2-C,, the use of the less-preferred 
Z-isomer offers little disadvantage (cf .  ref. 20). 

Condensation of the dichloroether with ethyl 
3-ureidocrotonate3 in the absence of solvent 

31t is well-known that l,2-dichloroethyl ethyl ether 
reacts with ethyl acetoacetate in the presence of ammo- 
nium hydroxide to give a furan (21) and a pyrrole (21) 
and with urea to give 2-aminooxazole (22), while dialkyl- 
ureas react with ethyl acetoacetate to give 1,3-oxazines 
(23). To reduce the number of possible products we 
decided to use the Folkers-Johnson approach. Sub- 
sequently, Ashby and Griffiths (24) have shown that a 
product identical with ours is formed from 1,2-dichloro- 
ethyl ethyl ether, ethyl acetoacetate, and urea, although 
in considerabiy lower yield. 

afforded in good yield, a compound C,H, ,ClN2- 
0, (7) ,  the spectroscopic properties of which 
were in full accord with the assigned structure 
Ic. Thus the mass spectrum was dominated by 
peaks at  mle 183, 155, and 137, which arise 
through loss of a chloromethyl radical to give 
the resonance stabilized ion 4b, followed by loss 
of ethylene4 by a McLafferty rearrangement to 
glve ion 5, or loss of ethanol to give ion 6 (see 
Scheme I ) .  A number of ethyl 4-alkyl-1,2,3,4- 
tetrahydro-2-oxopyrimidine-5-carboxylates have 
been prepared and undergo similar fragmenta- 
tions5 (see Experimental). At high inlet tempera- 
tures, thermal elimination of HCl from Ic  takes 
place. The nmr spectrum showed two broad NM 
absorptions, one of which is a doublet and is 
coupled to a proton attached to an adjacent 
carbon which appeared as a multiplet at 6 4.45. 
Deuteration resulted in the disappearance of 
both NH signals, while the CH signal at  6 4.45 
collapsed to a triplet thus demonstrating the 
presence of the NH-CH-CH, moiety and 
eliminating the 2-imino-1,3-oxazine structure 
70. The methylene group appeared as a doublet, 
showing that, although the CH-CH, should, 
in principle, be an ABX system (C, is asym- 

4Tn the case of the methyl ester l a ,  which has been 
prepared in a similar manner, and other 4,5-dialkyl- 
1,2,3,4-tetrahydropyriinidines, the loss of the 4-alkyl 
substituent gives an ion ~ n / e  169 which loses methanol 
to give ion 6. As expected, no ion corresponding to 5 is 
observed. 

5The fragmentation of various aryl 1,2,3,4-tetrahydro- 
2-0x0-pyrimidines lacking electron-withdrawing sub- 
stituents at C-5 is dominated by loss of aryl radicals (25). 
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BULLOCK ET AL 

metric), the methylene hydrogens are equivalent 
and free rotation is permitted about C,-C,'. 
The chemical shift values were in good agree- 
ment with those of authentic 1,2,3,4-tetrahydro- 
2-oxopyrimidines. The 2-0x0 tautomeric struc- 
ture was supported by the similarity between the 
ultraviolet spectra of l c ,  ethyl 3-aminocrotonate, 
and ethyl 3-ureidocrotonate. In  order to  un- 
equivocally eliminateG the 2-imino-1,3-oxazine 
structure 76, compound l c  was reduced to the 
k n l o ~ n  ethyl 4:6-dimethyl-l,2,3,4-tetrahydro-2- 
oxopyrimidine-5-carboxylate using tri-n-butyltin 
hydride (cf. ref. 26) in the presence of azo- 
bisisobutyronitrile, thus confirnling the structure 
Pc. Reduction of Ib using sodium borohydride 
in acetonitrile gave an  isomeric product whose 
spectroscopic properties were in agreement with 
the 1,3-diazepine structure 8e resulting from 
ring expansion. None of this product was 
detected in the tributyltin hydride reduction. 

The action of bromine (2 mol) in chloroform 
on  the methyl ester l a  gave the 6-dibromo- 
methyl compound l b ,  whose nmr spectrum 
showed a 1H singlet a t  6 8.03 and lacked the 3EI 
singlet due to the C, methyl group. A similar 
con~pound was obtained by brornination of 
methyl 1,2,3,4-tetrahydro-4,6-dimethyl-2-oxopy- 
rimidine-5-carboxylate (cf. ref. 27). We have 
been unable to  effect hydrolysis of the 6-di- 
brorno~nethyl cornpounds to the 6-aldehydes. 

Treatment of the chloromethyl con~pound l a  
in methanol hvith dilute aqueous potassium 
hydroxide, followed by acidification, resulted in 
formation of a sinall amount of methyl 2- 
methylpyrrole-3-carboxylate 90 and a inajor 
product G,H,,N,O, whose mass spcctruni 
showed a n~olecular ion at  r.n,'e 182 and fragments 
a t  m'e  139, 124. 108. and 107 due to loss of 
HNCO followed by loss of inethyl or methoxyl 
radicals and methanol respectiiely (cf. ref. 28). 
The nnir spectrum showed signals due to an  
NH, group, a pair of adjacent aromatic protons, 
a methyl group attached to an  aromatic ring, 
and a lnethyl of nlethoxycarbonyl group. The 
ninr and ms are consistent with the N-carbam- 
oylpyrrole structure 9c. The structure was 
confirmed \+hen 9c was shown to give the pyrrole 
9u when treated with base. Potassiunl fluoride 
in acetonitrile converted l a  directly to 9a in 
good yield. The ethyl ester I c  yielded a similar 

8 
( I  R  = CH,,  X = C N  
b R  C H , ,  X - O C H ,  

0 

0' 
tl R = CH,. X = CH(CO,C,H,), 
e R  = C 2 H 5 .  X = H 
f' R = C2H, ,  X = C N  
g R  = C2H, ,  X = O C H ,  
I I  R = C,Hs.  X = 0 C 2 H s  

0 

k, 
9 

( I  R ,  = H ,  R2 = C H ,  
b R ,  = H ,  R2 = C2H5 
c R ,  = C O N H ? .  R, = C H ,  
d R ,  = CONH,.  R ,  = C z H s  
e R ,  = C 0 2 C H , .  R 2  = C,H, 

1V-carbamoylpyrrole 9d with potassium hy- 
droxide in ethanol. Several unsuccessful attempts 
were made to synthesize 9d by a rational route. 
For example, ethyl 2-methylpyrrole-3-carboxyl- 
ate 96 was converted to the corresponding 
pyrrolylrnagnesium bromide which reacted with 
methyl chloroformate7 to yield ethyl l-meth- 
oxycarbonyl-2-methylpyrrole-3-carboxylate, 9e. 
However, reaction of 9e with ammonia gas in 
nlethanol resulted only in removal of the 
methoxycarbonyl group to regenerate 9b. Con- 

'Additional support was obtained when compound 
Ic was converted to ethyl I-carbamoyl-2-methylpyrrole- 
3-carboxylate. 

7The methyl ester was used in order to facilitate the 
interpretation of the reaction of the product, a l-methoxy- 
carbonyl-3-ethoxycarbonylpyrrole, with ammonia. 
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densation of cr-chloroacrylonitrile (cf. ref. 29) 
with ethyl 3-ureidocrotonate did not yield 9d. 

When the chloromethyl compound l a  was 
reacted with sodium methoxide in methanol, a 
major product C,H,,N,O, was obtained and 
was assigned the 7-methoxy-1,3-diazepine struc- 
ture 8b. The nmr spectrum showed singlets due 
to methoxyl and methoxycarbonyl groups and a 
doublet which was due to a C-methyl group 
which exhibited homoallylic coupling. In addi- 
tion, the spectrum showed two NH absorptions, 
one of which was coupled to Hx of an AMX 
system. The Hx proton appeared at 6 4.76 as a 
multiplet which was changed to a 1 :1 :1 :1 
quartet on exchange of the labile NH protons 
for deuterium. A consideration of this and the 
chemical shift of proton Hx suggests the presence 
of the -CH,-CH(OCH,)-NH- moiety. In 
spin decoupling experiments, irradiation on the 
proton Hx at 6 4.76 caused the quartet at 6 
3.70 due to HM to collapse to a doublet (J = 
14.5 Hz) but no change in the HA signal 
(broadened d at 6 2.67) while irradiation at 
6 2.67 caused the quartet of H, at 6 3.70 to 
collapse to a doublet (J = 6.5 Hz). The homo- 
allylic coupling of the proton HA to the C- 
methyl group and the above nmr data provide 
strong support for the structure 8b. 

When treated with methanolic hydrogen 
chloride or other acidic reagents at room 
temperature the methoxy-1,3-diazepine 8b was 
very rapidly and quantitatively converted to the 
1-carbamoylpyrrole 9c. In the absence of water, 
we believe this reaction occurs via protonation 
at N-l followed by methoxyl-assisted cleavage, 
in a manner reminiscent of acetal hydrolysis, to 
give a carbonium ion (see Scheme 2). Cyclization 

by nucleophilic attack of N-3, and acid-catalyzed 
loss of methanol would then yield 9c. An alterna- 
tive mechanism, which cannot be excluded, 
involves protonation of the methoxyl group, 
transannular displacement to give the 1,6- 
diazabicyclo[3.2.0]heptanone 10, and subsequent 
acid-catalyzed ring opening to 9c. In the presence 
of water, a third mechanism is possible which 
involves hydrolytic ring-opcning of the vinyl- 
ogous urethane to give the ketoester 11. Sub- 
sequent cyclization and loss of methanol would 

yield 9c. In the formation of 9c or 9d directly8 
from the chloromethyl compounds l a  and 1c 
respectively, the pathway appears to depend 
on the solvent used. The reaction proceeds via 
the 7-alkoxy-l,3-diazepine in high alcoho1:water 
ratios and requires acid to complete the trans- 
formation to the pyrrole. Carbinolamines e.g. 
12, 13 appear to be formed competitively in 
aqueous ethanol or aqueous tetrahydrofuran. 

Other 7-substituted 1,3-diazepines have been 
prepared from l a  and l c  using nucleophilic 
reagents. Thus the 7-ethoxy compound 8h was 
prepared by the action of potassium cyanate in 
dry ethanol on l c ,  while tetramethylammonium 
hydroxide and l c  in methanol gave the 7- 
methoxy compound 8g without ester exchange. 
The reaction of the chloromethyl compounds 
l a  and l c  with potassium cyanide, potassium 
succinimide, or diethyl sodiomalonate gave the 
7-cyano-1,3-diazepines 8a and 8f (7),9 7- 
succinimino-1,3-diazepines 8c and 8i, and 7- 
diethoxycarbonylmethyl-1,3-diazepines 8d and 
8j respectively. The spcctroscopic properties of 
the compounds $a-8j were in good agreement 

sFor the ring contraction of a pyrimidine to a pyrrole 
under reductive/acidic conditions see ref. 30. 

gSome of our results reported earlier (7) have recently 
been confirmed by Ashby and Griffiths (24). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BULLOCK ET A1 

with the proposed structures. Thus, the ultra- 
violet absorption maxima which invariably 
appeared about 265 nm (E 13 000 approximately) 
are about 15 nm to shorter wavelength than those 
of typical 4,6-dialkyl-!,2,3,4-tetrahydro-2-0x0- 
pyrimidine-5-carboxylates and may reflect a 
decrease in planarity of the cyclic ureidocroto- 
nate chromophore. In the case of the 7-suc- 
cinimino- and 7-(diethoxycarbonylmethy1)- 1,3- 
diazepines, the base peaks in the mass spectrum 
were formed by a McLafferty rearrangement 
which resulted in loss of succinimide or diethyl 
malonate respectively. 

Although, in principle, ring expansion of l a  
and Ic  may take place by participation of either 
N-3 or the aminocrotonate system, the former 
would result in attachment of the nucleophile 
a t  C-6 rather than C-7 as found. It has been 
observed that the reaction of l a  and l c  in 
dipolar aprotic solvents. e.g. dimethyl sulfoxide 
or dimethylformamide, with bases such as 
cyanide, fert-butoxide, methoxide, or succinimide 
anions or !,5-diazabicyclo[4.3.0]non-5-ene causes 
the production of an intensely violet-colored 
solution. This violet color gradually fades over 
30-60 min to gibe a yellow-brown solution znd 
work-up by addition of water a'i this point 
resuits in isola.tion of ring-expanded product in 
high yield. The violet-colored species is formed 

by reaction of l c  with cyanide anion in aprotic 
solvents such as pyridine, tetrahydrofuran, or 
acetonitrile only on addition of a crown ether 
such as dicyclohexyl-18-crown-6 and is not 
observed at  all in hydroxylic solvents. Alkyl 
4,6 - dimethyl - 1,2,3,4 - tetrahydro - 2 - oxopyrimi- 
dine-5-carboxylates and the 1,3-diazepines 8a-8j 
do not give violet-colored solutions with bases 
in dilnethyl sulfoxide and dimethylformamide. 
These results are accommodated by a mechanism 
shown in Scheme 3. In the absence of kinetic 
measurements we are not able to eliminate the 
possibility that ring expansion takes place by 
a mechanism involving a honloallylic carbonium 
ion. 

Recently, Ashby and Griffiths have reported 
(24) the reaction of potassium hydrosulfide in 
ethanol with l c  to give the 8-thia-2,4-diazabi- 
cyclo[3.2.l]octane derivatives l4a and 14c. We 
have studied1' the reaction of compounds l a  
and I c  with sulfhydryl ion and have similarly 
observed the formation of compounds 14a-14c, 
whose structures follow from the lack of ultra- 
violet maxima above 210 nm, the presence of 
saturated acid or ester and unsaturated ester 
carbonyl frequencies in the infrared spectra, and 

'OTalcen in part from B.Sc Hons. Thesis of Miss R. M. 
Cochrane, Memo1,ial University of Newfoundland, 
Wfld., May 1974. 
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TABLE 1. Ultraviolet absorption data 

?.,,,, (nm) and 
Compound Solvent* intensity 

Ethyl 3-aminocrotonatet A 
2a E 
2b E 
10 E 
10 E 

274 (C 20 400) 
270.5 ( ~ 1 4 1 0 0 )  
272.5 (E 17 900) 
281 (E 10 500) 
232 (E 5050) 
297.5 (C 7850) 
282 (E 10 500) 
265 (C 13 300) 
264 (C 13 200) 
264.5 (E 11 600) 
268.5 (C 12 400) 
270 (E 12 550) 
264.5 (E 12 900) 
264 (C 12 500) 
264.5 (C 13 250) 
264.5 (C 1 1 450) 
268.5 (C 12 800) 
212.5 (E 23 800) 
233.5 (C 9900) 
248 (sh, E 5800) 
212.5 (E 24 500) 
234.5 (C 11 300) 
249 (sh, E 6800) 
232 (E 10 700) 
267 (sh, E 5100) 

'Solvent: A is absolute alcohol; E is 95:z ethanol; M is methanol. 
?Reference 37. 
$Reference 35. 

the formation of the ion 15 at  mle 130 by loss 
of acrylic acid or its esters in the mass spectra. 
The nmr spectra are in agreement with those 
reported (24). In addition, we have obtained 
chemical confirmation for this structure. Thus 
carboxylic acid P4a eliminated urea on treatment 
with acid to  yield the known 2-methyl-3-thenoic 
acid and desulfurization of 14c with Raney 
nickel gave the hexahydro-2-0x0-l,3-diazepine 
16. 

H 

Compounds lc ,  8f, and 9d were screened for 
pharmacological activity, and found to have no 
in zjitro antibiotic, antiparasitic, enzyme inhibi- 
tory, contraceptive, and antihypertensive ac- 
tivity. 

Experimental 
Melting points were determined using a Fisher-Johns 

melting point apparatus. Infrared spectra were obtained 
in chloroform solution using a Perkin-Elmer 237B grating 
infrared spectrometer. Ultraviolet spectra were measured 
on Unicam SP 800D or Perkin-Elmer 202 spectropho- 
tometers using solutions in 95% ethanol. Spectra were 
calibrated using the bands at 2850.7 and 1601.4 cm-' of 
polystyrene (ir) or at  279.4 and 360.9 nm of a holmium 
oxide filter (uv). The pmr spectra were obtained on 
Varian HA 100 or EM 360 spectrometers using deutero- 
chloroform as solvent unless specified otherwise. All 
chemical shifts are expressed in parts per million down- 
field from internal tetramethylsilane. Mass spectra were 
determined at 70 eV ionizing energy using a Hitachi- 
Perkin-Elmer RMU 6E mass spectrometer. Only the most 
intense peaks are listed; normalized intensities are given 
in parentheses. Initial and final total ion current values 
differed by <5%. New compounds were homogeneous 
by tlc and elemental analyses were performed by Alfred 
Bernhardt, West Germany. The identity of known 
compounds was established by mp, mixture mp, and 
comparison of ir, pmr, and ms with those of authentic 
specimens. 

Ethyl 3-ureidocrotonate was prepared by the method 
of Donleavy and Kise (15). The product, after two re- 
crystallizations had mp 169.5-170.5 'C (lit. (15) mp 
170 "C). Methyl 3-ureidocrotonate was prepared in a 
similar manner and had mp 156-186.5 "C (lit. (31) mp 
180-181 'C); pmr (DMSO-d6) 6 2.28 (s, CH, at C,), 
3.63 (s, methyl ester), 4.82 (d, J - 1 Hz, olefinic H), 
6.83 (br s, NH,), 10.2 (br s, NH). 

Methyl  4-Chlorotnethyl-I,2,3,4-tetrnhyrl,o-6-meihyl-2-oxo- 
pyi.itilidine-5-cnrboxy/aie, 1c1 

Methyl 3-ureidocrotonate 2a (15.8 g) was stirred to a 
stiff paste with 1,2-dichloroethyl ethyl ether (15.7 g) and 
heated slowly to 95 'C. At this temperature the reaction 
m i x t ~ ~ r e  existed as two liquid phases and on mixing, a 
vigorous reaction occurred in which hydrogen chloride 
and ethanol vapour were evolved. Aftcr a few minutes the 
melt solidified and was thcn cooled, triturated with abso- 
lute methanol (15 nil), and filtered. The solid was 
suspended in absolute methanol and heated under 
reflux for 6 h, during which time a slow stream of dry 
l~ydrogen chloride was passed through the sol~i t ion.~ '  
The resulting solution was then concentrated, cooled, 
and thc crude product obtained by filtration. Recrystal- 
lization once from methanol and tv,ice from dry acetone 
yielded the pure product (11.2 g, 51%), mp 196 'C. Atzal. 
calcd. for C8Hl1ClNZO3: C 43.92, H 5.07, Cl 16.20, 
N 12.80; found: C 44.09, H 4.91, Cl 16.15, N 12.67. 

"Elimination of ethanol in the prescnce of hydrogen 
chloride in the early stages of the reaction caused some 
ester exchange. 
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:K ET  AL. 901 

The ir 3420, 1705, 1685, 1640 cm-'; prnr S (DMSO-cl6) 
2.22 (s, 3H, CH3 at C6), 3.59 (d, J = 3.8 Hz, 2H, -CH2- 
Cl), 3.66 (s, 3H, -C02CH3), 4.43 (doublet t approxi- 
mating to a q, J = 3.8 Hz  and 7.5 Hz, l H ,  H at  C1), 
7.49 (br d, J - 3 Hz, IH ,  N,-H), 9.25 (br s, N3-H): 
on addition of D,O, the N H  absorptions at  6 7.49 and 
9.25 disappeared and the signal at  6 4.43 simplified to  a 
triplet, J = 3.8 Hz;  mass spectrum m:'e 218(0.5, M + ,  
"Cl), 169(100) 137(53), 42(15). 

Ethj.1 4-Cliloror~~ethyl-I,2,3,4-teti.nl1j~di.o-6-n1ethyl-2-oxo- 
pyrirni&2e-5-carboxyIate, I c  

The crude material obtained from the reaction of ethyl 
3-ureidocrotonate (fb, 8.6 g) with 1,2-dichloroethyl ethyl 
ether (7.9 g) was recrystallized twice from acetone to give 
the pure product I c  (7.56 g, 657:) as colorless needles, 
mp 176.5-177 'C. Anul. calcd. for C9HI3C1NZO3: C 
46.42, N 5.59, C1 15.27, N 12.03; found: C 46.28, H 5.74, 
Cl 15.13, N 11.94. The ir 3420, 1705, 1682, 1645 cm-' ;  
pmr 6 (DMSO-d,) 1.27 (t, J = 7 Hz, 3H, CH3  of ethyl), 
2.22 (s, 3H, CH, at C,), 3.62 (d, J = 4.5 Hz, 2H, CH2CI), 
4.12 (q, J = 7 Hz, 2H, CH, of ethyl), 4.45 (m, lK,  H 
at C,) 7.5 (br d, IH,  N,-H) 9.2 (br s, lM, N3-H): 
on addition of D 2 0  the N H  absorptions at  6 7.5 and 
9.2 disappeared and the multiplet at 6 4.45 collapsed to 
a trip!et ( J  = 4.5 Hz): ms, n7,'e 232(1, M T ,  35C1), 189(3), 
387(9), 183(100), 155(34), 137(35), 110(5), 86(5), 84(4), 
42(14). 

The chloromethyl compound Pc (20 mg), tri-lz-butyltin 
hydridc (213 mg), and azobisisobutyronitrile (2 nig) in 
dry xylene (1.5 ml) were heated at 90 'C for 24 h. After 
evaporation of the xylene at  reduced pressure, the crude 
material was separated by preparative tlc using silica gel 
GF,,, and 4 : l  benzene-acetone as eluting solvent. 
Further purification by sublinlation at 80 "Ci0.01 torr, 
gave the product, ethyl 1,2,3,4-tetrahydro-4,6-dimethyl- 
2-oxopyrimidine-5-carboxylate (8 rug, 477,); mp 193- 
194°C (lit. (32) rnp 192.5-193.5 "C), mixture mp 193.5- 
194'C, which had identical ms to that of authentic 
lnaterial and in particular had major ions at  tqle 198, 
183, 155, 137. 

Ethyl 2,3,6,7-Tetrahj~dro-4-tnet/~)~l-2-oxo-IH-1,3-diaze- 
pine-5-carbo.q,lnte, 8e 

Sodium borohydridc (0.25 g) was added over 10 rnin 
to a stirred solution of the chlorornethyl compound l c  
(0.50 g) at  75 'C. After stirring for a further 14 h, the 
acetonitrile was evaporated and water (10 mi) added to 
the residue. Extraction with chloroform (4 x 10ml) 
gave the alinost pure product (0.40 g). Purification by 
sublimation at 80 "C/0.01 torr or recrystallization from 
ethanol gave pure ethyl 2,3,6,7-tetrahydro-4-methyl-2- 
0x0-IH-1,3-diazepine-5-carboxylate (0.37 g, 87%); m p  
194-195 "C (lit. (24) nip 192-193 'C). Anal. calcd. for 
C9HI4N20 , :  C 54.53, H 7.12, N 14.13; found: C 54.58, 
H 7.06, N 14.04. Thei r  3325, 3396, 3216, 1692, 1645; the 
pmr (pyridine-4) 6 1.08 (t, J = 7,O Hz, CH, of ethyl 
ester), 2.42 (s, CH, at C,), 2.68 (m, 6-CH,), 3.27 (m, 
7-CH,), 4.07 (q, J = 7.0 Hz, CH2 of ethyl ester), 8.27 
(br s, N1-H) 9.08 (N,-H). 

Metl~j'l 6 -  Dibron~ornetl~yl- 1,2,3,4- terrnhyn'ro -4-  r~~elhyl -  
2-oxol>yrir71idine-5-~~1~I1ox~~!nte 

A solution of bromine (17.6 g) in chloroform (100 ml) 

was added, over a period of 15 min to a suspension of 
methyl 1,2,3,4-tetrahydro-4,h-dimethyl-2-oxopyrimidine- 
5-carboxylate (9.2 g) in chloroform (100 nil). The solid 
rapidly dissolved after approximately 1Oml of the 
bromine solution had rcacted. Considerable heat was 
evolved as the reaction proceeded, accompanied by 
brisk evolution of hydrogen bromide. After briefly 
refluxing on a stream bath, the chloroform solution was 
cooled, washed with saturated sodium bicarbonate 
solution (3 x 5 ml) and water (2 x 50 ml), and dried 
(MgSO,). Removal of the solvcnt on the rotary evaporator 
yielded an  orange gum which crystallized on treatment 
with methanol. The crude material (16.2 g) was recrystal- 
lized twice from methanol-benzene (1 :5, v/v) to give the 
pure product (14.1 g, 82%) as colorless needles mp 
162-162.5 'C. Atzal. calcd. for C8HI0BrZN2O3 : C 28.07, 
H 2.92, Br 46.75, N 8.18; found: C 28.11, H 3.05, Br 
46.94, N 8.32. The ir 3422, 1720, 1705, 1645 cm-' ;  
pmr (DMSO-(Is) 1.16 (d, J = 6.5 Hz, CH, at  C,), 3.77 
is, CW, of ester), 4.23 (m, a double q ,  approximating to 
u 1 : I  :1:1 q, J = 6.5 Hz and 3 Hz H at C,), 7.5 (br s, 
N3-H), 8.0 (s, CHBr,), 9.47 (br s, IH,  N1-H); ex- 
change of the NH protons using D20 simplified the 
signal at 6 4.23 to a quartet ( J  = 6.5 Hz); ms 340(2, 
M- ,  59Br isotopes), 329(47), 327(91), 325(47), 167(100). 

 methyl 6- Dibromometliyl- 4- c/zloi.on~e?/zj~l- 1,2,3,4- tetrn - 
h~~n',o-2-oxopyrimiditze-5-carboxylte, Ib  

Following the procedure used in the previous prepara- 
tion, bromine (8.8 g) in chloroform (75 ml) was reacted 
with the chloromethyl compound I n  (5.4 g) in chloroforni 
(75 ml). The reaction mixture was washed with 5% 
sodium acetate solution (3 x 50 ml), water (2 x 50 ml), 
and worked-up in the manner indicated. The crude 
product was recrystallized from methanol to give color- 
less crystals of 16 (8.1 g, 87%); mp 186-187 "C. Anal. 
calcd. for C8H9Br2C1N20,: C 25.47, H 2.39, Br 42.50, 
C1 9.41, N 7.43; found: C 25.56, H 2.52, Br 42.37, 
Cl 9.49, N 7.61. The ir 3405, 1720, 1710, 1640cm-'; 
the pmr (DMSO-&): 6 3.7 (d, J - 4 Hz, 2H, CH2CI), 
3.77 6, 3H, CH302C),  4.53 (double t approximating to 
q ,  J - 4 Hz and 3 Hz, 113, H at  C,), 7.6 (br, l H ,  N3-H), 
8.03 (s, IH, CHBr,), 9.65 (br s, l H ,  N,-H). Deuterium 
exchange simplified the signal at 6 4.53 to a t J - 4 Hz. 

Methyl I - C a r b r n n o y l - 2 - n ~ e i h y l p ~ ~ r r o l e - 3 - c ~ t e  9c 
(a) To a solution of the chloromethyl compound l a  

(2.2 g) in methanol (100 ml) was added potassium 
hydroxide (0.84 g) in water (15 1111). After stirring over- 
night at room temperature, water (50 ml) was added 
and the solution was concentrated to approximately 
70 ml on a rotary evaporator. The aqueous solution was 
extracted with ether (3 x 50 ml) and then acidified with 
hydrochloric acid (3 nil, 6 N ) .  The aqueous solution was 
cooled in ice for 3 h and then filtered to yield the 1- 
carbamoylpyrrole 9c as almost colorless needles. Re- 
srystallization from aqueous rnethanol and sublimation 
at 125 'C10.05 tcrr yielded the pure product (1.32 g, 72%); 
rnp 210-211 'C .  Ana?. calcd. for C ~ H I O N ~ O ~ :  C 52.74, 
K 5.53, N 15.38,found: C52.66, H 5.36, N 15.26. The 
ir 3512, 3405, 1738, j704, 1588, (570, 1440, 1375, 
I320 cm-!: the pnir (DMSB-a,): S 2.73 (s, CH, a t  
C-21, 3.78 ( 5 ,  CH, of meihyl ester), 6.53 (d, J = 3.5 Hz, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



902 CAN. J. CHEM. VOL. 55 ,  1977 

4-H), 7.25 (d, J = 3.5 Hz, 5-H), 7.79 (br s, 2H, NH2);  
the ms m/e 182(51, M+),  139(76), 124(32), 108(100), 
107(42), 106(20). 

Evaporation of the dried (MgSO,) ether extract 
yielded a low-melting solid identified, after sublimation 
at  55 "C/0.l torr, as methyl 2-methylpyrrole-3-carboxy- 
late 9a; mp 64'C (lit. (33) mp 63-64"C, (34) mp 67- 
68 "C) and whose spectral properties were consistent 
with those reported for this compound. 

The I-carbamoyl pyrrole 9c was also formed from the 
chloromethyl compound by the action of sodi~lm bi- 
carbonate in dimethyl sulfoxide. 

(h) A solution of the methoxydiazepine 8b (1.05 g) in 
absolute methanol (50 ml) was treated with a slow stream 
of dry hydrogen chloride. The solution became very 
warm and after a few minutes developed a bright green 
color which almost immediately faded. At this point, the 
gas flow was halted and the solution allowed to cool. 
The solvent was removed under reduced pressure and 
the residue purified by recrystallization from aqueous 
methanol and sublimation at  125 'Ci0.05 torr to give the 
product 9c (0.85 g, 95%); mp 210-211 ' C  undepressed on 
admixture with the prod~lct froni (a) and having identical 
spectral properties. 

Ethyl I - C a i b n n 1 o y l - 2 - m e r I 1 y / p y 1 ' 1 ' o l e - 3 - ~ t e ,  9d 
Finely ground chloromethyl compound Ic  (2.3 g) was 

added, in portions of approximately 0.25 g, to a stirred 
mixture of aqueous potassiuni hydroxide (15 ml, 1 IM) 
and ethanol (10 ml). Stirring was continued for 12 h at  
room temperature. when hydrochloric acid was added 
(3 ml, 6 M ) .  After cooling in ice, the crude product was 
filtered off  and recrystallized from aqueous ethanol. 
Sublimation at 110-115 "C/0.05 torr yielded the pure 
product 9d (1.4 g, 71%); nip 186-187 'C. Anal. calcd. for 
C9Hl2NzO3:  C 55.09, H 6.17, N 14.28; found: C 55.01, 
H 6.04, N 14.12. The ir 3510, 3400, 1740, 1702, 1585, 
1570 cm-'; pmr (DMSO-&) 6 1.27 (t, J = 7 Hz, CH3 
of ethyl), 2.7 (s, CH, at C-2), 4.23 (q, J = 7 Hz, 2H, CH2 
of ethyl), 6.49 (d, J = 3.5 H z ,  H at C-4), 7.2 (d, J = 
3.5 Hz, H at C-5), 7.75 (br s, 2H, NH,); the broad singlet 
at  6 7.75 disappeared in the presence of D,O; n ~ s  m/e 
196(38, M-),  153(54), 124(93), 108(100!, 107(28), 106(21), 
80(24), 53(29). 

The Reacrion of rhe ChIo~or~~erl~y/p~~rin~idi~~e l a  ~i,irh 
Ar111j~dr.o~~ Potrr~siunl F/~roride 

The chloromethyl compound I n ,  (218 mg) and an- 
hydrous potassium fluoride (580 mg) in dried acetonitrile 
(30 ml) were heated under reflux for 4 days and then 
evaporated to dryness. The solid residue was washed 
with water (2 x 5 ml), and the residue extracted with 
benzene (3 x 10 ml). The benzene solution was dried 
(MgSO,), filtered, and evaporated to give a colorless 
solid (119 nig) which afforded, after sublimation at  40- 
50 -C,'0.01 torr, colorless crystals (84 mg, 60oj;), identified 
as methyl 2-methylpyrrole-3-carboxylate; n ~ p  64 'C (lit. 
(33) mp 63-64 'C, (34) 67-68 'C) having spectral prop- 
erties identical with an authe~ltic specimen. 

3-E~hoxj~ca1~boriyl-1-n~etl1o.~yca~~bonyl-2-me~liy~~~1'i'ole 9e 
und Reaction nirli A~nrnoniu 

A solution of ethyl 2-methylpyrrole-3-carboxylate 
(1.5 g) in dry ether (25 ml) was added to the Grignard 
solution prepared froni the reaction of ethyl iodide 

(1.5 g) and magnesium (0.25 g) in dry ether (25 ml). To 
the well-stirred solution, under nitrogen, dimethyl 
carbonate (1.9 g) in ether (10 ml) was added. The re- 
sulting mixture was stirred at room temperature for 2 h 
and then refluxed for 12 h .  The reaction mixture was 
treated with 10% ammonium chloride and then extracted 
with ether (3 x 20 ml). Evaporation of the ether extract 
yielded an orange 011 which was chromatographed on 
neutral alumina (Fluka type 507C neutral) using benzene 
as eluant. The first fractions were evaporated and puri- 
fied by rubl~mation at  35 "C,0.01 torr to give the product 
as colorless crystals; mp 40 'C (Ilt. (35) mp 39.5-41 'C) 
ms, rn/e 211(82, M+),  182(100), 166(70), 165(30), 138(31), 
122(25), 106(26), 59(45), 42(26); the Ir, uv, and pmr were 
identical with those reported by Biellrnann and Goeldner 
(35). 

The above pyrrole diester (50 n ~ g )  was dissolved in 
anhydrous methanol (5 ml) and the solution saturated 
with dry ammonia gas. After standing overnight at  room 
temperature, the solution was evaporated and the 
residue purified by sublimation at 40 "C/0.01 torr when 
crystals (31 mg, 85%) of ethyl 2-methylpyrrole-3-carboxy- 
late 9h were obtained. No traces of ethyl I-carbamoyl- 
2-niethylpyrrole-3-carboxylate 9rl were found on ex- 
amination of the crude product by both tlc and mass 
spectrometry. 

Methyl 7-1Methoxy-2,3,6,7-tet~ahydro-4-methyl-2-o~0- 
I H-l,3-diazepine-5-car.bo.~yIate, 8b 

(a) A solution of the chloromethyl compound l a  
(4.4 g) and sodium methoxide (6.1 g) in absolute methanol 
(250 ml) was stirred at room temperature for 24 h, then 
distilled until 120 ml of methanol had been collected. TO 
the concentrate, water was added and after cooling in ice 
for 2 h the crude product was obtained by filtration. 
Recrystallization from absolute methanol yieided the 
pure product 86 (3.1 g, 70%); mp 199-200'C. Anal. 
calcd. for C,HIAN,O,: C 50.46, H 6.59, N 13.08; 
found: C 50.33, H 6.44, N 12.98. The ir 3415, 3395, 
1700, 1685, 1680, 1640 cm-'  ; pmr (pyridine-4, HA 100) 
6 2.51 (d, Jhoa,oallll,c = 1 Hz, CH3 at C,), 2.67 (br d, 
J-\M = 14.5Hz, HA at C,), 3.35 (s, CH30-), 3.70 
(9, J A \ r  = 14.5 HZ, j ~ ,  = 6.5 HZ, Hxf at C,), 3.67 (s, 
CH, of ester) 4.76 (tn, JM, = 6.5 Hz, J,, = 2 Hz, Hx 
at  C,), 9.13 (br d, H a t  N,), 9.66 (br s, H a t  N,). Irradia- 
tion at  6 4.76 caused the q at 6 3.70 to collapse to a d, 
J = 14.5 Hz but no change in the d at  6 2.67; irradiation 
at  6 2.67 caused the q at  6 3.70 to change to a d, J = 
6.5 Hz; addition of D,O to the solution resulted in 
disappearance of the signals 6 9.13 and 9.66 while the 
resonance at 6 4.76 changed to a q ;  ms m,'e 214(5, MA) ,  
182(54), 151(22), 140(43), 123(21), 108(49), 96(17), 
60(100), 42(41). 

(b) The chloromethyl con~pound (4.4 g) was reacted 
with a solution of potassium hydroxide (1.2 g) in methanol 
(170 ml) by the above procedure and yielded the product 
(2.7 g, 61%) identical in all respects with that obtained in 
(a) above. 

Ethyl 7 -  ~Ic(rrho,~~v - 2,3,6,7- tetmhyillo - 4 - rnerlz~l- 2 - 0x0 - 
I H-1,3-dicrzepine-5-carboxylare, 8e 

A solution of the chloromethyl compound PC (2.3 gj  
and tetramethylammonium hydroxide (2ml, 0.21M 
aqueous) in methanol (100 ml) was stirred at roo111 
temperature for 24 h and then concentrated by distilla- 
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tion to about 30 ml. Addition of water (30 ml) afforded a 
crystalline material which recrystallized from methanol 
t o  give the pure methoxydiazepine 8e (1.8 g, 78%) as 
small, colorless prisms; mp 195-196 "C. Anal. calcd. 
for CIOH1,N204: C 52.60, H 7.02, N 12.28; found: 
C 52.42, H 7.04, N 12.19. The ir 3412, 3395, 1698, 1685, 
1675, 1640 cm-'; pmr (DMSO-d,) 6 1.2 (t, J = 7 Hz, 
CH, of ethyl), 2.17 (s, CH, at  C,), 2.5 approximately 
(d of Ha, partly obscured by DMSO), 2.97 (one half of 
the H, quartet, JB, = 5 Hz approximately), 3.18 (s, 
CH,O at  C,, conceals one half of HB quartet), 4.07 
(q, J = 7 Hz, CH, of ethyl ester) 4.43 (m, overlaps with 
q at  6 4.07, H, a t  C,), 7.95 (br, N,-H), 8.5 (br, N,-H), 
ms m/e 228(4, M+), 196(33), 151(21), 60(100), 42(24). 

Methyl 7-C~~ano-2,3,6,7-tetrahydro-4-methyl-2-oxo-1H- 
1,3-diazepine-5-carboxylate, 8a 

When sodium cyanide (2.5 g) was added to a stirred 
solution of the chloromethyl compound l a  (4.4 g) in 
dimethyl sulfoxide (35 ml), an intense violet color was 
immediately developed, which faded over 0.5 h to give 
a yellow solution. Stirring was continued for 12 h at  
room temperature, when sodium chloride was precipi- 
tated. Ice water (500 ml) was then added and the pre- 
cipitated product was collected and washed with water, 
methanol (25 ml), and ether (25 ml). Recrystallization 
from aqueous methanol yielded the colorless crystalline 
product (3.3 g, 78%); mp 238-239 "C (dec.). Anal. calcd. 
for CgHl ,N ,03 :  C 51.67, H 5.30, N 20.09: found: 
C 51.87, H 5.30, N 20.02. The ir (KBr) 3320, 3225, 3100, 
2240, 1695-1 670 (broad), 1620 cm- ' ; pmr (DMSO-d6) 
6 2.27 (s, 3H, CH3 at  C,), 2.63 (br d partially obscured 
by DMSO signal, JAM - 16 Hz, Hhf at  C,), 3.28 (q, l H ,  
Jaw = 15.5Hz, JAx = ~ H z ,  Ha at C6), 3.68 (s, 3H, 
CH302C),  4.73 (m, IH, H, of AMX coupled to N,-H), 
7.95 (br d, lH,  J W 6 . 5 H z  Nl-H): 8.77 (br s, l H ,  
N3-H); the CHxCN multiplet, which is symmetrical 
since the coupling constants to H, and Nl-H are almost 
the same, is simplified to a double doublet J,, = 6 Hz, 
Jhfx - 2.5 Hz on addition of D 2 0 ;  ms m/e 209(69, M + )  
182(57), 178(29), 177(14), 150(27), 128(41), 123(24), 
122(23), 108(24), 96(100), 68(22), 55(53), 53(25), 42(67). 

Ethyl 7 -  Cyano-2,3,6,7- tetrahj~r(l.o-4-t~1etl1j.l-2-oxo-IH- 
1,3-diazepine-5-ca,.DoxyIai~~, 8f 

Reaction of the chloroniethyl compound l c  (5.0 gj 
and sodium cyanide (2.5 g) in diinethyl sulfoxide (30 ml) 
in a similar manner to the above yielded, after recrystal- 
lization from aqueous ethanol, the pure product (4.1 g, 
84%); m p  236-237 "C (dec.). Aizal. calcd, for CloH13- 
N30, :  C 53.80, H 5.87, N 18.83; found: C 53.62, H 5.69, 
N 18.95. The ir (KBr) 3322, 3225, 2243, 1695-1673 
(broad) 1622 c n - ' 1  the pmr (DMSO-d6) 6 1.22 (t, 
J = 7 Hz, 3H, CH, of ethyl), 2.25 (s, 3H, CH, at C,), 
2.62 (d, partially obscured by DMSO signal, J A M  - 
15.5Hz, HLI), 3.23 (q, I H ,  JAM= 16Hz , J I ,  - 5.5Hz, 
HA), 4.13 (q, J = 7 Hz, 2H, CH, of ethyl), 4.72 (m, l H ,  
CHxCN coupled to MI-H), 7.9 (br in, 1H, Nl-H), 
8.73 (br s, lH ,  N3-H); deuteration caused the H, 
signal to  collapse to a double doublet, J,, = 5 Hz, 
Jhfx 2 H z ;  ms m,'e 223(36, M+) ,  196(34), 178(30), 
150(23), 142(26), 123(23), 122(20), 96(100), 42(61). 

Eti~yI 7-Ethoxy-2,3,6,7-ferrahyciro -4-methyl-2-0x0 -1 H-  
1,3-dicrzepine-5-cai.Dox~~/ate, 8h 

The chlorornethyl compound Ic (4 g) and potassium 

cyanate (4 g) were refluxed in dry ethanol (300 nil) for 
15 h. The ethanol solution was then decanted from in- 
organic material, evaporated, water (20 ml) added, and 
the resulting suspension extracted with chloroform 
(4 x 25 ml). The chloroform extract was washed with 
water (2 x 10 ml), dried (MgSO,), filtered, and evapo- 
rated. Crystallization of the residue from aqueous 
ethanol yield the product as pale yellow crystals (3.47 g, 
83%); mp 171-172 ^C  (lit. (24) mp 164-166 "C). 

Methyl 2,3,6,7- Tetrahydro-4-methyl-2-0x0- 7 -  (1  -succi- 
nimino)-IH-1,3-diazepine-5-cai'bo.~ylate, 8c 

The chloromethyl compound l a  (1 g) and potassium 
succininlide (0.756 g) in dimethylformamide (10 ml) 
were stirred for 24 h at room temperature. Water (80 ml) 
was added and after cooling for 4 h at O'C, the pre- 
cipitated solid was obtained by filtration and recrystallized 
from methanol to give the succiniminodiazepine 8c 
(0.637 g, 5373 mp 216-217.5 'C (dec). Anal. calcd. for 
C l2Hl5N3O5:  C 51.24, H 5.38, N 14.94; found: C 51.36, 
H 5.32, N 14.96. The ir (KCI) 3336, 3196, 1711, 1681, 
1636 cm-' ; pmr (DMSO-&) 6 2.14 (s, CH3 at C,), 
2.53 (s, CH,-CH, of succinimino group), 2.60-3.40 
(m, H's at C,), 3.60 (s, CH, of ester), 5.09 (dd, H at  C,), 
7.10 (br s, N,-H),  8.52 (br s, N3-H); ms mle 281(2, 
M+) ,  182(100), 151(27), 140(69), 123(31), 108(63), 
99(82), 96(30), 56(78), 55(31), 42(60). 

Eti1j~1 2,3,6,7- Tetrahydro - 4 -methyl- 2 - 0x0 - 7 -  i 1 - succi- 
nil~iino)-IH-1,3-diazepine-5-crri.bo.~~~I~1te, 8i 

The chloromethyl compound l c  (4.31 g) and potassium 
succinimide (3.738 g) in dry dimethylforniamide (20 ml) 
were stirred at  room temperature for 20 h. The dimethyl- 
formamide was removed at  50 'CI0.01 torr and the residue 
triturated with water (30 ml) and cooled in the refrigerator 
to give, after filtration, the almost pure product 8i 
(4.295 g, 78"j,). The pure succinimino compound, mp 
202-205 "C, was obtained by recrystallization from 
ethanol. Anal. calcd. for C13H17N305:  C 52.88, H 5.80, 
N 14.23; found: C 52.84, H 5.74, N 14.23. The ir 3490, 
3233, 1718 (sh), 1710, 1641 cni-'; pnir (pyridine-d5) 
6 1.02 (t, J = 7.0 Hz, CH, of ethyl ester), 2.39 (s, CH, 
at C, and -CH,CH,- of succinimino group), 3.03 
(dd, J , i M  = 14 HZ, JAX = 2.5 Hz, H A  at C,), 3.72 (br t, 
overlaps with signal at  6 4.02, J,, = 14 Hz, Jhf, = 10 Hz, 
Hhf at  C,), 4.02 (q, J = 7.0 Hz, CH, of ethyl ester), 
5.76 (dd, J A x  = 2.5 Hz, J,, = 10 Hz, H, at C,), 8.38 
(br s, Nl-H), 9.68 (br s, N3-H); ms mle 295(0.7, M+) ,  
250(1.5), 196(100), 155(20), 151(39), 150(45), 124(32), 
123(27), 108(27), 99(77), 56(47), 42(21). 

Ethyl 7 -  Diethoxycarbonylmethyl- 2,3,6,7- tetrahydro - 4 - 
methyl-2-oxo-IH-1,3-diazepine-5-cnrbo,xylate 8/' 

Sodium hydride in paraffin (1.5 g, approximately 1 :1) 
was washed with dry petroleum ether (4,ml) and anhy- 
d r o ~ ~ s  tetrahydrofuran (2 x 4 ml). The remaining solid 
was suspended in anhydrous tetrahydrofuran (4 ml) 
and diethyl inalonate (1.93 g) was added. After stirring 
for 0.5 h, the chloromethyl con~pound l c  (2.32 g) was 
added and stirring contiiiued for 3 days. After addition 
of water (25 ml) the crystals (2.53 g, 71%) thus obtained 
were filtered off and shown to be homogeneous by tlc. 
Recrystallization from 95% ethanol gave the product as 
colorless needles; mp 157-159 'C. Anal. calcd. for C16- 
Hz,N,O7: C 53.93, H 6.79, N 7.86; found: C 53.74, 
H 6.71, N 8.02. The ir (KCI) 3321 and 3206 (NH str.), 
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1749 (malonate ester), 1693 (unsaturated ester), 1676 
(urea C=O), and 1614 (C=C) cm-', pmr 6 1 25 (t, 
J = 7 0 Hz, 9H, CH,'s of ethyl esters), 2 25 (7, CH, 
at C,), 2 4-3 4 (ni, 2H, 6-CH,), 3 49 (d, J = 9 0 Hz, 
CH of malonate), 4 19 (m, CH,'s of ethyl esters and H 
at C,), 6 15 (s, PU,-H), 7 95 (s, hr,-H), ms in e 356(1, 
M+),  311(9), 196(100), 151(17), 142(59), 133(25), 115(36), 
96(31), 43(34), 42(22) 

Methyl 7 -  Diethoxycc1rboi1y/1nefhr'l-2,3,6,7-teli.nhydro-4- 
1 ? 1 e r h ~ ~ / - 2 - o x o - / H - l , 3 - d i n z e ~ ~ i n e - 5 - c u ~ t e ,  8d 

Reaction of the chloromethyl conlpound Bri  (0.438 g) 
with sodiodiethylmalonate in an analogous manner 
yielded the product 8d (0.336 g, 49%) as colorless needles, 
mp 161-162'C. Anal. calcd. for CI5H2,Nz07: C 52.63, 
H 6 . 4 8 , N  8.18;found: C52.95, H 6 . 4 1 , N  8.27. The i r  
(KCI) 3329 and 3209 (N-H str.), 1741 (ester of malonate), 
1698 (unsaturated ester), 1676 (urea C=O), and 1616 
(C-C) c n l ' ;  pnir 6 1.25 (t, 6H, CH, of ethyi esters), 
2.86 (m, 2H, 6-CH,), 3.47 (d, J = 9.0 Hz, l H ,  C H  of 
malonate), 3.67 (s, 3H, methyl ester), 4.19 (overlapping 
q and unresolved 111, 5H, CH,'s of ethyi ester and H at 
C,). 6.05 (br d, N,-H), 7.73 (br s, N3-H); ms 17i;e 
342(3, MA) ,  182(100), 15:/,13), 140(18), 133(24), 128(60), 
11 5(31), 96(29), 43(28), 42(22). 

Methyl I-:Weterhyl-3-oso-8-r/1iri-2,4-~/iaz~1bieyc/o~~3.2.1 - 
ocmne-7-c~rbo.rylc11e, 140 

To  a solution of the chloromethylpyrimidine I n  
(4.38 g )  in anhydrous methanol (150ml) was added 
potassium hydrosulfide solution (8 ml of 6.3 x .M), 
and the mixture stirred at 50-60 ' C  for 2 h. After concen- 
trating to approximately 30 n11, the mixture was cooled, 
diluted with ether (100 ml), and allowed to stand at 0 ' C  
overnight. The solid (3.42 g) which deposited was 
crystallized twice from aqueous methanol to yield the 
product (2.09 g, 48%) as colorless cubic crystals which 
deconlposed at  200'C. Annl. calcd. for CsH,,N,O3S: C 
44.44, H 5.56, N 12.95, S 14.80; f o ~ ~ n d :  C 44.32, H 5.51, 
N 12.79, S 14.70. The ir (KBr) 3575, 3515, 3315, 3205, 
1745, 1730, 1677, 1643 cm-' ;  prnr (DMSO-&) S 1.83 
(s, 3H, CH, at  C-I), 2.1-3.45 (complex signals partly 
obscured by DMSO signal, approximately 3H), 3.68 
(s, 3H, methyl of ester), 5.03 (m, approximately t, l H ,  
H at  C-5), 7.35-7.75 (two overlapping resonances, total 
2H, N,-H 2nd N,-H). Deuteration caused disappear- 
ance of signals at 6 7.35-7.75 and conversion of the 6 
5.03 signal to a double d ( J  = 3.5, 1 Hz approxiniately); 
ms m/e 216(22, M + )  183(21), 130(100). 84(22), 59(21), 
42(37). 

Ethyl 1 -  : l / feth~,l-  3 - 0x0 - 8 - thiti - 2,4 - di:;zubicj~clo.-3,2.1 - 
octatze-7-crci.bo,ry/nte, 

Reaction of the chioron-lethyl coninoi~nci Ic ~ i t h  
sodium hydrosrrliids: il: a manner siziliiar to that of 
Ashby and Griffiths yielded, after r.ecrysia!lization three 
times fiom ethanul and oncc from v.ater, ihe product; 
mp 203-205 'C (lii. (24) rnp 200-202 'C). 

bulked chloroform extract was evaporated and the 
brown tarry residue extracted with water (8 mi) over a 
steam bath for 0.5 h. The aqueous solution was then 
decanted and cooled when 2-methyl-3-thenoic acid 
(0.01 g, 7%) was obtained as brownish yellow crystals; 
mp 114-116°C (lit. (36) mp 115-117°C). The product 
has identical ir, uv, nmr, and ms to material prepared 
by the method of Gaertner (36). 

Ethyl 2,3,4,5,6,7- Hexahydro -4-methyl-2-0x0 - IH- 1,3- 
dirizepine-5-rarbox)Inte, 16 

The sulfur conlpound P4c (0.245 g) and Raney nickel 
W2 (approximately 3 g) in 90% ethanol (100 nil) were 
refluxed with stirring for 4 11. The reaction mixture was 
then cooled, filtered through a pad of Celite, and 
evaporated to give a colorless residue (202 mg, 95%); 
mp 140.5-142 "C. Annl. calcd. for C9H16N,o3: C 53.99, 
H 8.05, N 13.99; found: C 54.01, H 8.09, N 13.99. The 
ir 3420, 1727, 1666 cm-'; the nmr 6 1.24 (t, J = 7.0 Hz, 
CH, of ethyl ester), 1.25 (d, J = 7.0 Hz, CH3 at  C,), 
2.0 (m, 2H, 6-CH,), 2.69 (rn, i H ,  H a t  C,), 3.17 (111, 2H, 
7-CII,), 3.80 (m, IH, H at C,), 4.13 (q, 2H, J = 7.0 Hz, 
CH, of ethyl ester), 5.60 (br s, NH), 5.98 (br s, NH); 
after exchange with D,O, the n1 at 6 3.80 changed to  two 
q, J = 7.0 Hz and 3.2 Hz;  ms 11i'e 200(6, MT),  101(8), 
86(8), 73(10), 55(8), 44(100). 
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N-Methylamino acids in peptide synthesis. V. The synthesis 
of N-tert- butyloxycarbonyl,N-methylamino acids 

by N-methylatisnl 

Dc.yoi.trner-rt of Biochenlistr?, Unii.ei.sit? o.f'Ottn~t,ci. Otttr\i.ci, Our., Cnncrrltr K lN9A9  

Received August 23. 1976 

S. T. C H E U ~ G  and N. LEO BENOITON. Can. J. Chem. 55, 906 (1977). 
The preparation of enantiomerically pure h'ter~/-butyloxycarbonyl,~\T-n~ethylamino acids by 

IV-methylation of the parent amino acid derivatives using sodium hydride and methyl iodide in 
tetrahydrof~~ran at room temperature is described for neutral amino acids including O-benzyl- 
protected threonine and tyrosine. Methylation of the 0-beazylserine derivative under these 
conditions gives the N-methyldehydroalanine derivative. The p-elimination is completely 
suppressed, giving the corresponding N-niethylserine derivative when the reaction is carried 
out at 5 'C. Other related data on N-methylation and N-methylamino acid derivatives are 
presented. 

S. T. CHEUNC et N. LEO BENOITON. Can. J. Chem. 55, 906 (1977). 
On decrit la preparation des N-methylamino-acides il'-tert-butyloxycarbonyles optiquement 

purs par la A:methylation, a l'aide d'hydrure de sodium et d'iodure de methyle dans le tetrahydro- 
furanne a la temperature de la piece, de derives des acides aniines correspondants; cette methode 
a e t i  appliqi~ee aux acides anlines neutres, y compris la threonine et la tyrosine protegees par un 
groupe 0-benzyle. La mithylation du derive de la 0-benryls@rine, dans de telles conditions, 
conduit au derive de la h-methyldehydroalanine. Lorsque l'on effectue la reaction a 5 'C, 
l'elimination 0 est completement suppriniee et l'on obtient le derive I\:-n-mCthylsCrine corres- 
pondant. On prisente d'autres donnees sur la .&'-methylation et les derives d'acides lV-n~i.thyla- 
rnines. 

[Traduit par le journal] 

Easy access to derivatives of N-methylamino 
acids which can be used in peptide synthesis is 
desirable for anyone wishing to incorporate an N- 
methylamino acid into peptides. We have pre- 
viously described a method of preparing N- 
benzyloxycarbonyl derivatives of N-methylamino 
acids by N-methylation of the N-benzyloxy- 
carbonylamino acid using sodium hydride - 
methyl iodide in TMF containing DMF at 80 OC 
(2),' and subsequently in neat THF at room 
temperature (4).3 The latter method is preferable 
since the former also esterifies the carboxy! 

'Supported by a grant from the Medical Research 
Council of Canada. N.E.B. 1s an Associate of the MRCC. 
Presented in part at the First Chemical Congress of the 
North American Continent, Mexico City, Mexico, 
Dec. 1975. For oari IV of this series. see ref. 1. 

group, and removal of the ester group by saponi- 
fication is accompanied by some racemization (6). 
We now report the preparation of enantio- 
merically pure N-tert-butyloxycarbonyl,N-me- 
thylamino acids by this simple procedure, a small 
modification which allows the preparation of 
derivatives of serine as well, and other data 
related to N-alkylations. In the accompanying 
papers, we describe a genera1 method for deter- 
mining the enantiomeric purity of N-methyl- 
amino acids and their derivatives (7 ) ,  and report 
that all of the other methods except one4 which 
have been used to prepare opeically active N- 
methylamino acids and their derivatives do not 
give optically pure products (8), a fact which adds 
considerably to the value of our method of 
svnthesis. 

2The abbreviations for the aminokcid derivatives are The ~~t.r~-bu~yloxycarbOnyl,~-melhylami~o 
those recommended by the IUPAC-IUB Commission on which we have prepared by reaction of the 
Biochemical Nomenclature (3). The amino-acid symbols 
represent the r-isomer, Other abbreviations used: Boc, parent amino acid with 
tert-butyloxycarbony1; BZ, benroyl; BZI, benzyl; 2, hydride (3 mo!) and methyl iodide (8 mol) in TfIF 
benzyloxycarbonyl; THF, tetrahydrofuran; DMF, iPy;lV- at room temperature are described in Table 1. All 
dimethylformamide; AAla, didehydroalanine. -- 

3Pioneering work on urethane methylation using 'Only the synthesis of an Nm~~-toluenesulfonyl,.\~- 
sodium hydride - methyl iodide was done by Dannley and metbylamino acid followed by cleavage with sodium in 
Lukin ( 5 ) .  liquiii ammonia gives an optically pure product (8). 
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CHEUNG AND BENOITON: I 907 

NaH, CH,I 
------------t (CH,),COCO--NCHR-COOH 
THF, 23 "C I 

CH3 

compounds were shown to contain < 0.1% of un- 
methylated derivative, and < 0.1 % of contami- 
nating enantiomer (8), except for the 0-benzyl 
derivatives whose optical purities were not 
established. Boc-MeVal-OH has been crystallized 
for the first time, albeit with difficulty. The 
melting points for Boc-MeAla-OH and the 
dicyclohexylammonium salt of Boc-MeVal-OH 
are higher than those recorded in the literature 
(see below). Higher melting points for the N- 
benzyloxycarbonyl derivatives of these two $ 
N-methylamino acids are also reported. These ; 
data are in line with our findings (8) that these E 
derivatives are not optically pure when prepared 5 
by most of the other methods4 5 x 

The 0-benzyl groups of Boc-Thr(Bz1)-OM and 
Boc-Tyr(Bz1)-OH were found to be stable to the 2- 
reaction conditions, allowing preparation of the 5 
appropriate N-methyl derivatives. These are oils 
which do not precipitate out in the presence of E 
dicyclohexylamine in light petroleum. In con- 3 
trast, Boc-Ser(Bz1)-ON underwent P-elimination 5 - 
simultaneously with the N-methylation to give an f 
excellent yield of B O C - M ~ A A ~ ~ - O H . ~  Similar 3 
P-eliminations have been reported for analogous 2 
reactions (11, 14). Since we had not in our "d 
previous work (4) attempted the methylation of 2 * 
Z-Ser(Bu')-OH, which should be less susceptible 
to P-elimination, we did the experiment and 3 

c" obtained a mixture containing about 75% of the . - 
desired Z-MeSer(But)-OH and 25% of Z- 
MeAAla-OH.6 The latter could be removed 
easily by crystallizing it out as the dicyclo- i." 
hexylammonium salt thus allowing a practical 
synthesis (60z yield) of the pure desired com- 
pound.7 At this stage, the temperature of the 
reaction was lowered to see if p-elimination 
might be suppressed completely. At 5 "C it was, 

5This derivative would be accessible also by methyla- 
tion of Boc-AAla-OMe using methyl iodideand potassium 
carbonate in DMF (21). 

61t follows that this cornpound could best be prepared 
from Z-Ser(Bz1)-OH. 

7The rule seems to be that the Boc- and Z-methylamino 
acids protected on the side chain by a benzyl or  tell-butyl 
group (i.e. for Ser, Thr, Tyr, Asp, Glu) do not form in- 
soluble dicyclohexylammonium salts, while other deriva- 
tives exemplified by Boc-MeSer(Me)-OH, 2-MeVal-OH, 
2-Ser(But)-OH, and Z-MeAAla-OH do. 

2 
T a h  
4 E 
E C 
K 2 r ;  

i 
LC 

e n  
m iD 
0 v -w n - - 
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and the N-methylation still occurred, albeit more 
slowly. In fact, this allowed the preparation of 
not only Z-MeSer(But)-OH, but Boc-MeSer- 
(Bz1)-OH in 8041, yield as well! It should be noted 
that this also provides two routes to optically 
pure N-methylserine which is not readily 
accessible.' 

Several of the compounds described in Table 1 
were obtained from the Boc-amino acids pre- 
pared in our own laboratory. Considerable 
difficulty was encountered when the Boc-amino 
acids (Boc-Val-OH and Boc-Phe-OH in partic- 
ular) were purchased from commercial suppliers. 
The reactions did not go to completion, or else 
they went to completion only when carried out 
on a small scale (see below). Fortunately, we 
were able to resolve this dilemma, after most of 
this work had been carried out. It was found that 
there were no difficulties with the methylations 
when starting materials (Boc-Val-OH and Boc- 
Phe-OH) were left overnight in vacuo at 56 "C 
before they were used.g 

In view of the more sluggish reaction at 3 "C,  
we compared the extents of N-methylation for 
the two types of derivatives and found that 
Z-Ala-OH had undergone 91% methylation, and 
Boc-Ala-OH 56% methylation, after 15 h. Hence 
the methylation of a Z-derivative proceeds more 
quickly. 

In the previous paper (4), we had reported 
that methylations of Z-Glu-OH and Z-Asp-OH 
did not go to completion, probably due to 
precipitation during the reaction. Since other 
methylations have been carried out in aceto- 
nitrile (22), we investigated this solvent as an 
alternative to THF in case it might prove 
advantageous.' O Excellent ylelds of Z-MeAla-OH 
and Z-MeLeu-OH were obtained, but no success 
was achieved with the dicarboxylic amino acids. 
Methylation of Z-Phe-OH was incomplete, but 
Z-MePhe-ONa precipitated from the aqueous 
solution during work-up, and regeneration of 
this gave pure Z-MePhe-OH (32%), inp 68-69 "C 
(lit. (1 1) mp 65-70 "C; (23) mp 69-71 "C). Aceto- 
nitrile, therefore, can be used as solvent for the 

8The methylation of serine derivatives will form the 
subject of a subsequent communication. 

9We thank Dr. N. Chaturvedi, of Chemical Dynamics, 
for the gifts of Boc-Val-OH and Boc-Phe-OH, and for the 
valuable suggestion that our difficulties might be due to 
the presence of hydrazoic acid, ~ h i c h  could be removed 
by using reduced pressure. 

'OThese experiments were carried out by Mr. K. 
Kuroda. 

methylations, but it does not offer any obvious 
advantage. 

In order to see if N-acyl,N-methylamino acids 
could also be prepared by our method, a few 
N-acylamino acids were methplated. The results, 
as well as others obtained using the methylation 
procedure of Olsen (silver oxide and methyl 
iodide in DMF) (1 I ) ,  are given in Table 2. All 
these methylations were incomplete, except that 
of Bz-Leu-OH using our procedure. Moreover, 
the Bz-MeIle-OH obtained was shown to be 
partially epimerized. The reaction can be made 
to go to completion if carried out at 80 "C in the 
presence of DMF (2), however, these conditions 
also esterify the carboxyl group. Z-Ala-OH also 
was nearly completely esterified when a reaction 
was carried out at 80 "C in the absence of DMF. 
Since the ester group would normally be re- 
moved by saponification, and basic conditions 
are known to partially racemize fully protected 
N-methylamino acids (6), it would seem that this 
approach for the preparation of optically active 
N-acyl,N-methylamino acids is likely not to give 
products which are enantiomerically pure. 

N-tert-Butyloxycarbonylamino acids are useful 
in peptide synthesis because the Boc-group 
satisfies the requirements of a selectively re- 
movable protecting group. Since N-methylamino 
acids and their derivatives often behave differ- 
ently than the corresponding unmethylated com- 
pounds under various reaction conditions, it was 
thought useful to compare the rates of cleavage of 
the Boc-group from an N-methylamino and an 
amino acid under the same conditions. The 
amounts of amino acid and N-methylamino acid 
released during specified time periods from four 
derivatives left in a solution of trifluoroacetic 
acid (2%) in dichloromethane were determined 
with an amino-acid analyzer. This dilution was 

TABLE 2. Extent of N-methylation" 

Substrate Percentage methylatedh 

QCsing sodium hydridelmethyl iodide in T H F  at 
23 'C .  

bAssuming methylated -I- unmethylated derivative 
= 1n07 .-.,". 

<22P;, using methylation procedure of Olsen (11). 
dGave 60z yield of Bz-MeLeu-OH. 
'54Z using procedure of Olsen (11). 
fpartial epimerization occurred. 
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CHEUNG AND BENOITON: 1 909 

TIME ( h )  

FIG. 1 .  Calculated least-squares lines of best fit for 
the apparent first-order cieavage of Boc-derivatives by 
2% trifluoroacetic acid in dichloromethane at  23 "C. 
k = apparent first-order rate constant determined from 
the slope of the iine: (8) Boc-MeAla-OH, k = 30.9 x 

(@I Boc-MeLeu-OH, k = 22.1 x (A) Boc- 
Ala-ON, k = 14.7 x ($) Boc-Leu-OH, k = 8.9 x 
10- 6 .  

used because it was found to give rates slow 
enough to measure. The results are given in 
Fig. ! in the form of a first-order reaction plot. 
I t  is seen that for-both amino acids tested (ala- 
nine and leucine), the Boc-group was cleaved 
horn the N-rnethylarninc acid at  least twice as 
fast (2.5 and 2.1 x )  as from the corresponding 
amino acid. This result is in agreement with the 
theory that acidslytic cleavage of urethane 
protecting groups is initiated by protonation of 
the oxygen atom of'the urethane carbonyl group 
(see ref. 24 for a discussion) which would be 
favored by the positive inductive effect of the 
N-methyl group, b u ~  it is a!so compatible with 
protonation being at the nitrogen atom. 

Experimental 
~Mclterial.~ atzd ,Wet/zods 

Sodium hydride was obtained from Ventron Corpora- 
tion, Berverly, Massachusetts, and J. T. Baker Chemical 
Company, Phillipsburg, New Jersey as a 57-60% disper- 
sion in oil, which contained 1.6-3.7% by weight of 
NaOH (25). Methyl iodide, silver oxide, acetonitrile, 
THF, and DMF were products from Fisher Scientific 
Company, Fair Lawn, New Jersey. T H F  was refluxed 
over LiAIH4 for 24 h, and distilled directly into the reac- 
tion vessel. This is a change from our previous method of 
purifying THF which we recommend. Acetonitrile was 
distilled from P,Os. DMF was distilled from CaO 
immediately before use. Light petroleum refers to the 
30-60 ' C  fraction, from Fisher. 

Boc-Ala-OH and Boc-Leu-OH.H,O were purchased 
from Beckman Instruments, Palo Alto, California; 

Boc-Ser(Bzl)-OH, Boc-Thr(Bz1)-OH and Boc-Tyr(Bz1)- 
O H  from Bachem Feinchemickalien, Marine Del Ray, 
Calif.; and 2-Ser(Bur)-OH dicyclohexylammonium salt 
from Fluka AG, Buchs, Switzerland. The latter was con- 
verted to the free acid using aqueous citric acid. Other 
A'-tert-butyloxycarbonylamino acids were synthesized by 
the method of Schwyzer et 01. (26). Water of hydration 
was removed by drying a solution of the compound in 
chloroform (10 ml'mmol) over MgSO, for 3 h, and 
evaporating. Final traces of chlorofornl were removed by 
reevaporating after having added THF,  iwice. 

Proton nmr (Varian T-60) and amino-acid analyses 
after deprotection (70% aqueous trifluoroacetic acid for 
the Boc group, hydrogenation for the benzyl group, and 
acid hydrolysis for acyl groups) were ~lsed routinely for 
monitoring reactions and characterizing products. 
Amino-acid analyses were carried out with a Beckman 
model 120B amino-acid analyzer with the eluting buRer 
at  half-normal flow rate to allow determination of the 
Ar-methylamino acids (27). Proton chemical shifts are for 
solutions in deuterochloroform and are given in ppm 
relative to tetramethylsilane as internal standard. Optical 
rotations were measured with a Perkin-Elmer model 141 
polarirneter using a I-dm tube. Melting points were taken 
by the capillary method, and are uncorrected. Elemental 
analyses were done by Organic Microanalyses, Montreal, 
on thc compounds dried irt carlio over P,O,. 

iV-tert-Butylos~~carbon;.l,N-i?~ethj>lamit~o Acids 
J\--tert-Butyloxycarbonylamino acid (10 mniol) and 

methyl iodide (5 ml, 80 mmol) were dissolved in purified 
THF (30 nil), and sodium hydride dispersion (1.32 g, 
30 mmol) was added cautiously with gentle stirring to the 
solution at O'C. The suspension, protected from the 
atmosphere by a drying tube, was stirred at room tern- 
perature for 2 1  h, and the A'-te1~t-butyloxycarbonyl,~1~- 
methylamino acid was isolated and purified as previously 
described for the IV-benzyloxycarbonyl derivatives (41, 
using 5% aqueous citric acid for acidification. For 
methylations at  lower temperature, '.he reaction vessel 
was kept in an ice-bath for 15 rnin after addition cf  
sodium hydride, and then left at  5 'C." Dicyclohexyl- 
ammonium salts were prepared by adding excess ainine to 
the product dissolved in ether, followed by the addition of 
light petroleum and storage at 4 "C. Recrystallization 
from the same solvent mixture gave yields of 65-75z. 

The methylation of Boc-Val-OH is extremely sensitive 
to the quality of the T H F  used. The methylation of 
Boc-Ala-OH requires twice the volume of THF, otherwise 
the reaction is incomplete due to precipitation during 
the reaction, but it proceeds even if tindistilled THF is 
used. Methylations of Boc-Thr(Bz1)-OH and Boc-Tyr 
(Bz1)-OH were incomplete when carried out on a 2 mmol 
scale, but complete on a 1 n ~ n ~ o l  scale. We were unable to 
achieve complete methylation (30-50% unnmethylated) of 
samples oF Boc-Vai-01% (Chemical Dynamics, South 
Plainfield, P.I.J.; and Beckman, recrystallized), Boc-Ile- 
OH+H2Q) (Beckman, dehydrated) and Boc-Phe-OH 
(Chemical Dynamics; Peninsuia, San Carlos, Calif.; 
Beckman, recrystallized). A 50:50 mixture of the latter 
and Boc-Fhe-OH synthesized by us gave the same in- 

"It is imperative that the temperature not be allowed 
to exceed 5 C .  Erratic results were obtained when a cold- 
room constantly used by others was used. 
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complete reaction despite the fact that an  experimeht with 
the synthetic Boc-Phe-OH alone run in parallel was 
successful. Methylations of Boc-Ser(Bz1)-OH and Z-Ser 
(Bur)-OH at 5 "C were complete when carried out on a 
5 mmol scale but incomplete on a 10 mmol scale. I t  was 
then found that the problem could be eliminated by 
subjecting the starting materials to reduced p r e s ~ u r e . ~  

N-Benzyloxycarbonyl,N-n?ethylarnino Acidsio 
Methylation conditions and work-up were as de- 

scribed above, with compounds being crystallized from 
ethyl acetate - light petroleum. Z-Ala-OH (10 rnrnol) in 
acetonitrile gave 2-MeAla-OH (84%); mp 67-68 "C; 

-25.8' (C 1 in ethanol), -31.0" (c 2 in acetic acid) 
(lit. rnp 58-59 'C, [aIDz0 - 39.2" (c 1 in ethanol) (28); rnp 
64.5-66 "C, [rIDzs -33.1" (c 2 in acetic acid) (29); rnp 
65-66 "C, [rIDZ5 -29.2' (c 2 in DMF) (2); mp 62-64 "C, 
[aIDz8 -31.0" (c 2 in acetic acid) (11); mp 61-62 'C, [ale 
-31 'C (c 2 in acetic acid) (30)). Z-Leu-OH (5 mmol) in 
acetonitrile gave Z-MeLeu-OH (72%), mp 74-75 "C (lit. 
mp 73-74 "C (2, 4)). Z-Val-OH (10 mmol) in T H F  gave 
2-MeVal-OH (87Y,), mp 70-71 "C, - 86.3' (c 2 in 
ethanol) (lit. mp 69-702C, [aIDZ4 -85.8 'C (C 1 in ethanol) 
(31); mp 68-69 "C, [aIDz7 -84.8 'C (C 1 in ethanol) (4); 
mp 70 "C, [aID2O -82.6' (c 1 in ethanol) (14); mp 68.5- 
69 "C [aIDz0 +90 (c 0.5 in ethanol) for the D-isomer (32). 

Kinetic Cleacage Experiments 
A solution of Boc-derivative (0.5-2.0 mmol) in 2% 

trifluoroacetic acid in dichloromethane (5 ml) was divided 
into 0.5 ml portions which were kept at  23 + 1 "C in 
screw-capped vials. At selected time periods, a tube was 
freed of solvent by passing a stream of nitrogen into the 
open vial. The residue was dissolved in citrate buffer, 
p H  7.0, and the mixture was kept frozen until analyzed. 
Liberated amino acids were determined with the amino- 
acid analyzer using a 1 x I5  cm column of Aminex A-5 
resin eluted with 0.2 N sodium citrate buffer at  23 "C at  
half-normal flow rate (34 mllh). Ninhydrin color con- 
stants were determined for each compound. The data are 
as follows: pH4.25 buffer: MeLeu, elution time 78.5 min, 
constant 7.5; Leu, 87.5 and 42.7. p H  3.28 buffer: MeAla, 
28 and 2.65; Ala, 40 and 38.3. Boc-derivativesarepartially 
cleaved by these buffers if elution is carried out at  57 "C. 
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N-Methylamino acids in peptide synthesis. VI. A method for determining the 
enantiomeric purity of N-methylamino acids and their derivatives by 
ion-exchange chromatography as their C-terminal lysyl dipeptidesl 

Depnrtmer-it ofBiocl~ernistl:\, Ur-ii~,ersiry oj'Oftcrii.ii, Ottni~.a, Or-it.. Ccir-iiitl(i K l ~ Y 9 ~ 4 9  
Received August 23. 1976 

S. T. CHEUNC and N. LEO BENOITOK. Can. J. Chem. 55, 911 (1977). 
A method capable of detecting one part in one thousand of the other isomer is described for 

determining the enantiomeric purity of N-methylamino acids and their cleavable derivatives. 
The method consists in converting the N-methylamino acid to its N-benzyloxycarbonyl deriva- 
tive, and/or coupling the derivative with benzyl N"benzyloxycarbony1-L-lysinate using N,N'- 
dicyclohexylcarbodiimide, followed by removal of protecting groups by catalytic hydrogenation 
or other cleavage methods not affecting the chirality of the product. The resulting diastereomeric 
lysyl peptides are analyzed by ion-exchange chromatography on a 15 crn column of Aminex 
A-5 resin using an amino-acid analyzer. The method is applicable to samples contaminated 
by the corresponding unmethylated amino acid or derivative, and in effect, provides a new 
method for determining the enantiomeric purity of amino acids and their derivatives as well. 

Examples are given where, in some cases, optical purity verification or configurational 
assignment for N-methylamino acids can be achieved by inspection of the nmr spectra of 
related lysyl dipeptide derivatives. 

S. T.  CHEUNG et N. LEO BENOITON. Can. J. Cheni. 55, 91 1 (1977) 
On dCcrit une methode de determination de la purete CnantiomCrique d'acides N-methyl- 

amines et de leurs derives pouvant &tre clives qui permet de dttecter une partie dans mille de 
l'autre isomere. Cette niCthode est basee sur la conversion de l'acide N-methylamine en dCrive 
N-benzyloxycarbonyle etlou le couplage, a l'aide de la N,N'-dicyclohexylcarbodiimide, du 
derive avec le N"benzyloxycarbony1 L-lysinate de benzyle; on enleve ensuite les groupements 
protecteurs par uae hydrogenation catalytique ou par d'autres methodes de clivage n'affectant 
pas la chiralite du produit. On analyse les peptides diastCreoisomeres contenant de la lysine qui 
en rksultent par chromatographie d'tchange ionique sur une colonne de 15 cm de resine 
Aminex A-5 utilisant un analyseur d'acide aminC. La mtthode peut Ctre appliqute a des 
echantillons contaminees par les acides aminis non-methyles correspondants ou leurs derives 
et fournit en effet une nouvelle mkthode pour determiner la purett Cnantionierique d'acides 
aminks ainsi que celle de leurs derives. 

On donne quelques exemples ou la verification de la p ~ ~ r e t e  optique ou l'attribution de 
configuration des acides N-mCthylamints a pu @tre effectuer par un examen des spectres rmn 
des derives de dipeptides connexes contenant de la lysine. 

[Traduit par le journal] 

Despite the inany methods available for method consists in coupling the N-protected N- 
determining the optical purity of amino acids 
(see ref. 2) there is no general method available 
for determining the optical purity of N-methyl- 
amino acids or their derivatives. N-Protected N- 
methylamino acids are used in peptide synthesis, 
and these are accessible by methylation of the 
corresponding N-protected amino acids, so a 
method applicable to the derivatives as well as 
the free N-methylamino acids, would be valu- 
able. This paper describes such a method. The 

methylamino acid, or an N-methylamino acid 
which has been converted to its N-benzyloxy- 
carbonyl derivative, with an NF-protected L- 

lysine ester, followed by deprotection and 
analysis for the diastereomeric lysyl dipeptides 
with an amino-acid analyzer. There are con- 
flicting reports in the literature on the applica- 
tion to N-methylamino acids of the method of 
Manning and Moore (2) for determining amino- 
acid enantiomers. We have reexamined this . . 

auestion. Some data on the analysis of related 
'Supported by a grant from the Medical Research irotected diastereomeric pepti& by nmr 

Council of Canada. N.L.B. is an Associate of the MRCC. 
Presented in part at  the First Chem~cal Congress of the spectroscopy are also given. Results on the ap- 
North American Continent. Mexico Citv. Mexico. plication of the chromatographic method to N- 
Dec. 1975. For part V of this'series, see ref. i: methylamino acids and their derivatives pre- 
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912 CAN. .I. CHEM. 

pared by various methods appear in the ac- 
companying paper (3). 

111 1968, Manning and Moore described a 
simple and elegant chromatographic method 
for the determination of amino acid enantiomers 
(2). The method consists of reacting the amino 
acid with, in most cases, L-leucine N-carboxy- 
anhydride, followed by analysis for the leucyl- 
amino acid dipeptide with an  amino-acid 
analyzer. Choice of the appropriate chromato- 
graphic system aliows complete separation of 
the diastereoixeric L-L- atid L-D-dipeptides. We 
attempted to apply this method to N-methyl- 
aniino acids, using L-alanine N-carboxyan- 
hydridc instead of L-lcucine IV-carboxyanhydridc 
because our .V-methylation experilnei~ts had 
been carried out with leucine derivatives. We 
reported that thc reaction was sluggish, that 
more by-products were formed, but that it 
worked (4). Reexamination of this. however, 
led L ~ S  to retract this conclusioll (5). It was 
found that the peptide H-Ala-MeLeu-OH2 had 
an billusually low ~linhydrin color-yield, and 
that the peaks had been misassigned. Since 
then, three reports on the use of this method for 
configurational assignments for MeAla and 
MePhe (7) and optical purity determinations for 
MeLeu (8) and MeAla3 have come to our at- 
tention. We have therefore again reexamined 
this question. The reaction was carried out as 
described (4), and the peptides were analyzed as 
previously described (5) but also by pumping the 
eluting buffer at  half-normal flow-rate, which 
allows definite distinction between N-methyl- 
amino acids and amino acids or peptides.4 
D,L-Alanine and D,L-leucine were used as con- 
trols. We found that L-alanine N-carboxy- 
anhydride did not couple with D , L - M ~ A ~ ~ ,  D,L- 

MeLeu. and D,L-MeVa!; and that D,L-leucine 
N-carboxyanhydride did not coriple with u.r- 
MeVal and D,L-MeL.eu; but that D,L-leucine N- 
carboxyanhydride did couple with ~ , ~ - k f e A l a .  
These results are in agreement with the two 

'The abbreviations for rhe amino-acid a.nd peptide 
derivatives are those recommended by the IUPAC-IUR 
Commis:ion on Biochen9.ical Nomenclature (6 ) .  When 
not indicated, the amino-acid s)mhols represent ihe L- 

isomer. Olher abbreviations used: Boc, rev?-butyioxy- 
carbon)-!; Bzl, benzql: Tos, p-toiuenesulfonyi; Z, 
benzy!oxyca:bonyl. 

". H. Rici?, personal romm~~nicatioii. 
4T!;e color-yield increases by Inore than twice if the 

compoiind is not an  ordinary aminc acid or peptide 
(4). 

reports for MeAla (71,~ and also our previous 
conclusion for MeLeu (5). There is no  obvious 
explanation for the different behavior of MeAla 
towards leucine N-carboxyanhydride and alanine 
N-carboxyanhydride. We suggest extreme cau- 
tion in interpreting results if this method is 
used. 

Having resigned ourseives several years ago to 
the impossibility of using the method of Manning 
and Moore, we were nevertheless able to estab- 
lish the optical purity of one of our synthetic 
derivatives, Z-MeLeu-OH. This was accom- 
plished by incorporating the N-methylamino 
acid, through the in-termediate benzyl ester, 
into the dipcptide H-Ala-MeLeu-OH, whose 
diastereomers could be separated with the 
amino-acid analyzer (10). In the process, we 
established that this peptide had an unusually 
low ninhydrin color-yield (4% of that for H- 
Ala-Leu-013) (lo), and that the color-yield of 
its retro-isomer H-MeLeu-Ala-OH was neg- 
ligible ( i O ) .  I t  occurred to us that a lysyl residue 
should impart a normal color-yield to a di- 
peptide containing an N-methylamino acid 
regardless of its position in the peptide, and that 
the diastereomeric peptides might be separabie 
on a short column of the analyzer which is 
used to separate basic alniao acids. This proved 
to be the case, and we were ab!e to coup!e our 
synthetic Boc- and Z-methylamino acids directly 
with a lysine derivative to achieve our objective. 

The reactions are described in [I]. For the 
lysine derivative, we chose the H-Lys(Z)- 
OBzl whose protecting groups are then removed 
by catalytic hydrogenation, which also de- 
protects the Z-methylamino acid.5 Eoc-deriva- 
tives are deprotected by an additional treatment, 
with trifluoroacetic acid.6 For determination of 
the optical purity of a free N-methylamino acid, 
it is converted to its Z-derivative which is ob- 
tained as an oil and used as such. The coupling 
is carried out on a 0.2 mmol scale. For the 
coupling reagent, we examined the use of 
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquino- 
line (13), and N,N'-dicyc!ohexy!.carbodiimide 

'K-Lys(Z)-OMe, with saponiiication of the dipeptide 
before hydrogenation, can be used to prepare the 
diastereomeric mixture for reference, but not for- the 
analysis of aptical purity because saponification would 
partially raceinire t11e peptide (1 1). 

T t ~ e  p:~riiy of a 70s-melhylarnino acid prepared by 
the method of Fischer and Lipschitz (12) ran be estab- 
lished si:-ililarly, if sodium in iiqi~id amruonia is used for 
deproteciion ( 3 ) .  
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CHEUNG AND BENOITON: I1 

Dicyclohexylcarbodiimide 
[l I RCO-MeX-OH + H-Lys(Z)-OBzl k RCO-MeX-Lys(Z)-OBzl 

L (and D) L CH,CN, 5 'C L-L (and D-L) 

(i) H2,  Pd(C) . H-MeX-Lys-OH 
(ii) CF,COOH; L-L (and D-L) 

R = OBut 
X = Amino acid residue; R = OBzl, OBut 

Bzl-01-1, Tos-OH ( i )  p H  9.4, AcOEt 
[21 H-Lyj(Z)-OH --------------t H-Lys(Z)-0Bzl.Tos k H-Lys(Z)-OBzl.HC1 

C6H6, A (ii) HCI/E~OH 

with N-hydroxysuccinimide as additive (14), 
which seemingly might have offered advantages 
(lo), but we obtained the cleanest products using 
N,N1-dicyclohexylcarbodiiinide alone (15). Ace- 
tonitrile was chosen as solvent to minimize 
acyl-urea formation (16). The yields obtained 
are not high (30-40'jl, ?), but adequate for the 
purpose. The H-Lys(Z)-OBzl was prepared as 
the hydrochloride by the azeotropic method 
as shown in [2] followed by purification by 
extraction from a solution at p H  9.4 as had 
been done for the methyl ester (17), followed 
by crystallization. Without the purification (18), 
the p-toluenesulfonyl salt always contained 
some H-Lys(Z)-OH and/or H-Lys-OBzl. We 
found that the same compound prepared from 
Z-Lys(Z)-OH using phosphorus pentachloride 
and benzyl alcohol had a wide melting range 
several degrees lower than that reported (19). 

The analysis of amino acids with a Beckman 
analyzer according to Spackman et nl. (20) is 
based on the separation of the acidic and neutral 
amino acids on a lollg (62 cm) column of AA-15 
resin, eluted with p H  3.25 and 4.25 buffers, and 
the basic a ~ n i n o  acids on a short (7 cm) column 
of PA-35 resin, eluted with p H  5.28 buffer. 
Chromatography of the diastereomeric peptide 
pairs for H-MeAla-Eys-OH and H-MeVal- 
Lys-OH on the short column using p H  5.28 
buffer as eluent gave single broad peaks a t  
55-60 min, and buffers of higher p H  gave peaks 
emerging sooner which were sharper. However, 
good separation was achieved on the inter- 
mediate length (15 cm) column of Aminex A-5 
resin, using p H  6.50 as eluting buffer. This addi- 
tional column has been part of our instrument for 
nearly a decade, and has proven useful on 
several other occasions (10, 21). The chromato- 
graphic data for these and other dipeptides ap- 
pear in Table 1.  The data were obtained by 

TABLE 1. Chromatographic data for analysis of 
H-MeX-Lys-OH diastereomers" 

Elution time 
(min)b 
-- Ninhydrin color- 

X L-L D-L yield ratio D-L/L-L 

Ala 3 1  3 6  1.18 
Val 3  1 46 1 .38  
Leu 39 63 1 .44  
Phec 32 80 1.10 

chromatography of the products obtained by 
coupling the N-protected amino acids with H- 
~ , ~ - L y s ( Z ) - o B z l . ~  The identities of the peaks 
were established by synthesis and chromatog- 
raphy of the L-L-peptides. Integration of the 
peaks gave the relative ninhydrin color-yields 
for each pair of diastereomers. Higher color- 
yields were observed for an L-D-peptide than 
for its L-L-isomer. This contrasts with the lower 
color yields for L-D-peptides not containing N- 
methylamino acids (2). These color-yield ratios 
are correct provided the mixtures from which 
they were obtained were 50:50 mixtures. 
Evidence for this is presented below. All the 
diastereorners are completely separated by the 
systems described, allowing detection of as 
little as one part in one thousand of one isomer 
in a diastereomeric mixture. This was confirmed 
by analyzing mixtures containing decreasing 
amounts of an I--D-peptide, prepared by the 

'Ail alternative would be to couple the racemic N- 
methylamino-acid derivative with the optically active 
ester. The D-L-peptide obtained would then be the 
enantiomorph of the L-D-peptide obtained above. 
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914 CAN. J .  CHEM. VOL. 55, 1977 

addition of a 50:50 diastereomeric mixture to 
a solution of the L-L-peptide. The feasibility 
of this experiment implies that L-L-peptide 
gave a single peak with the analyzer. All our 
synthetic L-L-peptides did so (3). This proves 
that none of the reactions ( [ I ]  and 121) involved 
in the method cause racemization, and estab- 
lishes the validity of its use for demonstrating 
that an N-methylamino acid or its derivative 
is enantiomerically pure. The accuracy of the 
method was verified by analyzing samples of 
2-MeAla-OH containing 2.5 and 10% of D- 

isoiuer, prepared by adding racemate to the 
enantiomer. The results were within 12% of the 
theoretical values.' 

A noteworthy and valuable feature of the 
method is that it can be applied to a compound 
in the presence of some of the corresponding 
unmethylated compound. This is because the 
unmethy!ated peptide emerges from the column 
shortly before the corresponding methylated 
peptide for the eight peptides listed in Table 1. 
Moreover, each unmethylated diastereomeric 
peptide pair emerges separated, wliich provides, 
in effect, a new, general method for the deter- 
mination of the enantiomeric purity of amino 
acids and their derivatives, which we are using 
routinely in preference to the method of Manning 
and Moore (2). 

Recent additions to the methods allowing dis- 
tinction between dipeptide diastereomers include 
nmr spectroscopy. Weinstein and Pritchard 
have reported different chemical shifts for the 
alanine methyl group in some N-protected 
alanyl dipeptide methyl esters (22), and Davies 
et al. have reported different chemical shifts 
for the methoxy methyl group in the N-benzoyl 
dipeptide methyl esters containing alanine and 
va!ine (23). Examination of the nlnr spectra 
(100 MHz) of a few protected lysyi dipeptides 
containing an N-methylamino acid revealed 
that the diastereomers of Z-MeLeu-kys(Z)- 
8 M e  and Z-MeVal-Lys(Z)-OMe could be 
readily distinguished by virtue of the different 
chemical shifts of the methoxy methyl singlets. 
These are at 371 (L-L) and 368 (D-L) Hz for the 
leucyl derivative (N-methyl, 283), and 371.5 
(i-~j and 366.5 (D-L) Hz for the valyl derivative 
(N-methyl, 287). Tntegration of the pertinent 
peaks allowed the demonstration that the 
products formed by coupling equimoiar amounts 

'Higher accuracy could likely be obtaincd, but we did 
not explore this further. 

of Z - ~ , ~ - M e v a l - o H  or Z - D , L - M ~ L ~ U - O H  with 
H-Lys(Z)-OMe were 50: 50 mixtures of L-L- and 
D-L-isomers. When these protected racemic N- 
methylamino acids were coupled with 0.1 mol. 
equiv. of ester, the products contained the 
peptides in the L-L:D-L ratios of 57: 43 and 
58 : 42, respectively. It  thus transpires that some 
kinetic resolution obtains, the L-L-isomer being 
favored, but not when there is enough ester 
present to react with all of the N-methylamino 
acid derivative. We therefore consider the color- 
yield ratios described above (Table 1) as true 
values. 

Use of nmr as described above. in effect. 
provides a second method, albeit a less sensitive 
one, for determining the enantiomeric purity 
of MeLeu and MeVal, and their derivatives, or 
for establishing the configuration of samples of 
these N-methylamino acids. The method cannot 
be used for MeAla, since the methoxy methyl 
singlets of Z-D,L-MeAla-Lys(Z)-OMe coincide. 
Boc-D,L-MeLeu-Lys(Z)-OMe also did not give 
separated methoxy methyl peaks. However, 
another derivative of this same peptide, namely 
Z-D,L-M~L~U-L~S(Z)-OH,  gave separated N- 
methyl singlets, at 282 and 278 Hz. 

Experimental 
Marevin/.r and Methods 

The Boc- and Z-methylamino acids were prepared as 
described in (1). L-Alanine IV-carboxyanhydride, mp 
92 "C, and D,L-leucine N-carboxyanhydride mp 49-50 'C, 
were prepared from the Z-amino acid using thionyl 
chloride by standard procedures (24). Acetonitrile was 
distilled from P,O,. The amino-acid analyzer was a 
standard model 120B Beckman instrument. Aminex 
A-5 resin was purchased from Bio-Rad Laboratories, 
Richmond, California. The resin compresses more during 
an analysis than do the AA-15 and PA-35 resins, and 
give more variable elution times. The eluting buffers 
were prepared by adding 50% NaOH to the standard 
p H  5.28 buffer. 

Synthesis of H-LysiZj-OBz/.HCl 
A inixture of H-Lys(2)-OH (5.60 g, 20 mmol), p- 

toluenesulfonic acid.H,O (4.56 g, 25 mmo!), benzyl 
alcohol (25 nil), and benzene (35 ml) was heated (oil 
bath) under reflux for 7 h, the water formed being col- 
lected in a Dean-Stark receiver. Ether (100 ml) and light 
petroleum (100 rnl) were added with shaking to the 
cooled mixture. The precipitate was collected and washed 
well with light petroleum. Four grams of the air-dried 
product (10.4 g)  were suspended in water (100 ml), the 
p H  of the solution was adjusted to 9.0,9 and the ester was 
extracted into ethyl acetate (50 ml). The aqueous layer 
was washed with ethyl acetate (25 ml), the combined 
exrracts were dried (MgSO,), and the solvent was 

9A few drops of ethyl acetate solubilize the ester. 
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CHEUNG AND BENOITON: I1 915 

evaporated off. Evaporation was repeated after the addl- 
tion of ethanol (10 ml), and ethanolic HC1 (20 mi) was 
added. After cooling overnight, the crystals were col- 
lected and washed by trituration in ether. Yield: 1.5-1.6 g 
(45-SO%), mp 140-141 "C, [rIDz7 - 12.4' (c 0.5 in 0.1 N 
HC1) (lit. mp 139'C, [aI3 - 9.9" (19) and mp 138- 
140 -C, [a], - 7.0" (9)). Thin-layer chron~atography on 
silica gel GFZS4 in 1-butanol -acetic acid -water (4: 1 : 1) 
gave Rf 0.80; H-Lys(Z)-OH, 0.60; H-Lys-OBzl, 0.23. 
Melting point for H-D,L-L~S(Z)-OBZI.HCI, 135-135.5 "C. 
Substantial amounts of H-Lys-OBzl were formed when 
the reaction was carried out for a longer period of time. 

Dericnfizntion of the A~~Methylamino Acid 
The N-methylamino acid is converted to its N- 

benzyloxycarbonyl derivative by the usual procedure. The 
crystals or residue (-1 mmol; we have occasionally 
used 0.5 mmol) remaining after evaporation of a solution 
are dissolved in 3 ml of 4 NNaOH,  0.2 ml of benzyl 
chloroformate is added, and the mixture is stirred 
vigorously at 5 "C for 4 h. The solution is extracted with 
ether (5 ml), acidified to Congo Red with 5 NKCI  
while still cold, and the product is extracted into ethyl 
acetate (10 n ~ l  x 2). The combined extracts are washed 
with water ( x 2), dried (MgSO,), and evaporated to give 
an  oil, which is used as such to avoid fractionation. The 
yield for MeVal is !ower than for MeAla or MeLeu. 

Dipepfide Synthesis 
To the Boc- or Z-methylamino acid (0.2 mmol) in 

2 ml of acetonitrile at  5 'C are added H-Lys(Z)-BBzl.HC1 
(81.4mg. 0.2mmol) and triethylamine (20.3 mg, 0.2 
mmol). The mixture is stirred for 15 min, N,N'-di- 
cyclohexylcarbodiimide (41.2 mg, 0.2 mmol) is added, 
and the mixture is stirred a t  5 'C for 18 h. One drop of 
acetic acid is added, followed by acetone (5 ml), and the 
mixture is filtered after cooling for 1 h. The solvents 
are evaporated off, the residue is taken up in chloroform 
(35 ml), and the solution is washed successively with 10% 
aqueous citric acid ( x 2), water, aqueous NaHCO, ( x 2), 
and water, dried, and the solvent is evaporated off. The 
protected peptides which were analyzed by nmr were 
prepared in the same manner using H-Lys(Z)-OMe.HC1 
(17). One of these was then ~aponif ied .~  

The residue is taken up in 80% aqueous acetic acid and 
the solution is hydrogenated over 1 0 z  palladium-on- 
charcoal catalyst (100 mg) for 18 h after filtration through 
Celite. The catalyst is removed by filtration, the solution 
is evaporated to dryness, and the residue is left for 1 h 
in 70% aqueous trifluoroacetic, acid if a Boc-group is 
present. After evaporation, 10 mi of water are added, 
and the last traces of N,N'-dicyclohexyl~irea are allowed 
to crystaliize by leaving the solution at 5 C for several 
hours. 

Annlysis cf Dias:ereoi~orneis 
A I-ml aliquot of the above solution which has been 

filtered through Celite is diluted to 5 ml with 0.2 N 
sodiurn citrate, p H  2.2, and 0.5 ml of this is analyzed 
using rhe conditions described in Table 1. The relative 
amounts of the two isomers in the sample are obtained 
by comparison of the surface areas of the two peaks after 
having divided thc sirface area of the =,:.-peak by the 

color-yield ratio given in Table 1. These ratios can be 
obtained by couplings in which either one or both of the 
components are racemic. 

We have found in studies on couplings that 
if 1-hydroxybenzotriazole (W. Konig and R. 
Geiger. Clzern. Ber. 103, 788 (1970)) is added 
to the N,N-dicyclohexylcarbodiimide-mediated 
coupling of a Z-methylamino acid, the acylurea 
normally formed does not appear, and the yields 
are very good (F.M.F. Chen and N.L.B.). 
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N-Methylamino acids in peptide synthesis. VII. Studies on the enantiomeric 
purity of N-methylamino acids prepared by various procedures' 

S. T. CHEUNG A N D  N.  LEO BENOITON 
Depcii.tiiieirt of Bioc~~e~?li~il?. ,  U17i\.(,i.&ih i~f'O/fnl~.(i, Ott~i~i.fi, 01ii. , C(ii2nci(i KIlV 9A9 
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S. T. CHEUNC and N.  LEO BEXOITON. Can. J .  Chern. 55, 916 (1977). 
The enaiitioiiieric purity of N-methylamino acids and their derivatives obtained by various 

procedures has been examined by analysis with an amino-acid analyzer of the diastereomeric 
Iysyl dipeptides formed by coupling them with a lysyl derivative. A'-Benzyloxycarbonyl, and 
1Y-te1.t-butyloxycarbonyl,.V-methylamino acids obtained by methylation of the parent deriva- 
tive ~lsing sociiiim hydride and methyl iodide, and iV-inethyla~nino acids obtained by methyla- 
tion of the p-tol~~enesulfonylarnino acid followed by treatment with sodium in liquid ammonia, 
are optically pure. Compounds obtained by other procedilses which include reductive alkylations 
or the use of silver oxide - methyl iodide are generally not optically pure. 

S. T. CHEUNG et N. LEO BENOITOL. Can. J. Chem. 55, 916 (1977). 
On a examine la p~lrete enantiornCrique d'acides IV-methylamints et de leurs derives q ~ i i  

avaient ere obtenus par divers proc6des: ces etudes ont ete effectuees en examinant a l'aide 
d'iln analqseur d'acide amink des dipeptides diastereoisomeres contenant de la lysine et qui 
ont ete formes par couplage de ces acides arnints avec u11 dCrivC contenant de la lysine. Les 
acides AV-metliylalliines portant aussi des groupes Ah~-benzyloxycarbonyle ou N-tert-butyloxy- 
carbonyle, obten~is par methylation du compose de base a l'aide d'hydrure de sodium et 
d'iodure de methyle, ainsi que les acides .W-methylamines obtenus par une methylation de 
l'acide p-toluenesulfonyiamine correspondant suivie par ~ 1 1 1  traitement avec le sodium dans 
l'arnmoniac liquide, sont optiquement purs. Les compos@s o b t e n ~ ~ s  par d'autres methodes, 
y compris les alkylations reductives et l'utilisation de l'oxyde d'argent et l'iodure de methyle, 
ne soat generalernent pas optiquenient piirs. 

[Traduit par le journal] 

N-Methylamino acids are frequently en- 
countered, or incorporated into peptides for 
various studies of a biological or physical 
nature. A method for their preparation has been 
available since the time of Fischer [I],' and a 
second, more commonly used one [2] was in- 
troduced by Quitt et 01. (4) in 1963. Others 
[3]-[5] have made their appearance more re- 
cently. I t  has generally been accepted that these 
methods give optically pure products, however, 
the only criterion of purity available has been 
specific rotation measurements. N o  unequivocal 
method of establishing the enantioiueric purity 
of N-methylamino acids has been available. In 
the accompanying paper (I), we describe a 
method for doing this. In this paper, we report 

'Supported by a grant from the Medical Research 
Council of Canada. N.L.B. is an  Associate of the 
MRCC. Presented in part at the First Chemical Congress 
of the North American Continent, Mexico City, Mexico, 
Dec. 1975. For part VI  of this series, see ref. 1. 

'Abbreviations used: Bzl, benzyl; Boc, ieut-butyioxy- 
carbonyl; Tos, p-toluenesulfonyl; Z ,  benzyloxycarbonyl; 
DMF, dirnethylformamide; THF, tetrahydrofuran: 
MeLeu, N-methylleucine, etc. 

the results of enantiomeric purity determinations 
on N-methylamino acid products prepared by 
most of the general methods available for their 
synthesis. Also included are results on the 
optical purity of N-benzylamino acids prepared 
by reductive alkylation using various reducing 
agents. 

Methjlation of p-Toluenesulfonyl Dericatices 
This method involves methylation of the Tos- 

ainino acid in basic solution with inethyl Iodide 
at 65 "C (2), followed by cleavage of the Tos- 
amido group by one of various procedures 

The results appear in Table 1 .  All cleavage 
methods using acid led to significant racemiza- 
tion. Only sod~urn in liquid ammonia (3) gave 
pure products. The original acid hydrolysis 
method of Fischer and Lipschitz (2) gave less 
raceniization than did acidolytic cleavage by 
hydrogen bromide in acetic acid ( i l ) ,  which 
gave about the same results whether carried 
out a t  room temperature or a t  70 "C.  The fact 
that a t  least one of these methods gave optically 
pure products proves that the inversion occurs 
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CHEUNG AND BENOITON: 111 

2 AT NaOH, CH,I 
[I] Ph(CH3)S02NH-CHRf-COOH Ph(CH3)S02N(CM,)-CHR'-COOH 

65 ' C ,  20-60 min 
( ( I )  12 I\ HCI, 100 -C, 8 h 
(6) Na NH, 

-+ HN(CH3)-CHR'-COOH 
( c )  5 6 11, NErIAcOH 70 'C, 2 h 
(d) 2 h I-YBr AcOH, 24 h 

(a) Vethod of Flschei and Llpschitz, 1915 (2) 
(b)  Method of du V~gneaud and Behrens, 1937 (3) 

Aqueous PhCHO Aqueous HCHO 
[2] NH2-CHR'-COOH bPhCH2NH-CHR'-COOH - 

(a) OH-,  NaBH4 HCOOH, A 
(b) OH-, H2-Pd(C) 
(c) p H  6.5, NaCNBH, 

H2 
P h C H 2 N ( C H , ) - C H R f - C O O H d  HN(CH, j-CHR'-COOH 

Pd(C) 
(a ,  b) Method of Quitt et al., I963 (4) 

Ag207 CH3I N NaOH-EtOH(1: 3) 
[3] RCONH-CHR'-COOH kRCON(CH3)-CHR'-COOCH, -------- - 

DMF, 23 or 45 "C 
RCON(CH3)-CHR'-COOH 

R = OCH2Ph 
Method of O!sen, 1970 

NaH, CH,I 
[4] RCONH-CHR'-COOH b RCON(CH,)-CMR'-COOCH, 

THF-DMF (10. I), 80 C 

(a) 2 N NaOH-MeOH, 35 "C; R = 0CH2Ph 
kRCON(CH3)-CHR'-COOH 

(6)  N NaOH-THF; R = Ph, CH, 

5.6 nTHBrlAcOH; R = OCH,Ph 
HN(CH3)-CHR'-COOCH3 

' ~ e t h o d  of Coggins and Benoiton, 1971 (7) 

NaH, CH31 
[j] RCONH-CHR'-COOH + RCON(CH,)-CHR'-COOH 

THF, 23 "C 
R = 0CH2Ph, OBur; 5 'C for R'  = CH20Bzl, CH2OBur 

Method of Benoiton and co-workers, 1973, 1976 (8-10) 

during cleavsge, and not during the rnethy!a- occur for the corresponding unmethylated 
tion.' The inversion observed for acidolv~ic derivative, but this was not verified. 
cleavage agrees with our previous demonstration Metl~.ylntion of Crrc.tl~anc Dcri~~atices il.sing Silser 
that  hydroger, bromide in acetic acid racemizes Oxide 
Pi-stibstituted AT-methylamino acid-; (12). The This nethod iilvolves methylation of tile 
iriversion observed for cleavage by acid hydroi- Boc- or  Z-derivative in DMF using silver oxide 
ysis is probably higher than that which would 

and rnerhyl iodide, solnetinses aided by heating, 

'Sill-iiiar wo!-k, ~resented at a meeti~p in 1970, was followed by saponification of the methyl ester 
published by Okamoto et n!. in 1974 (6). which is formed [3] (5, 5).  The results appear in 

'Fischer ant1 Lipschiiz also used phosphonium iodide Table 2. It is seec that products contained 
in hydrioilic acid for Tos-anlido cleavage (2 ) .  either a,boill 1:; or else substantially more of the 

'The methylation of Tos-Phe-OH nlay he an exception 
to t1.k becaiise in their work, Fisciier and Lipschit7 9-isomer, Generally, except for N-methyl- 
isolated two fr;cr;o:ls of ~ ~ ~ - l t / ~ ~ p h ~ . . ~ ~ j ,  one with a alanine which was higher, all BCC-derivatives 
specific roiaticn 1 5 2  lower than thst of the other (2). were about 2:{ racemized. Boc-MeLeu-OH 
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TABLE 1. Enantiomeric purity of N-methylamino acids pre- 
pared from the N-p-toluenesulfonyl derivative [I]" 

Method of detosylation MeAla MeVal 

(a) 12 N HC1, 100 'C ,  8 h 4 . 4  2.3 
(b) Na/NH3 < o .  I < O . I  
(c) 5.6 N HBr,'AcOH, 70 "C, 2  h 13.6  5 .1  
(d) 2  N HBrlAcOH, 24 h 11.3 

TABLE 2. Enantiomeric purity of N-methylamino acids prepared by 
methylation of the urethane derivative" 

Reagents and derivatives employed 

Amino 
acid Boc Z Boc Z 

Me Ala 
MeLeu 
MeVal 
MePhe 
MeIle 
MeaIle 

OPercentage D-isomer. 
bAt 23 ' C  for Z, and 45 "C for Boc, folloued by saponification (1 h) 
<After the 4 h required to complete the saponification. 
*25% of the ester remained. 
=55% of the ester remained. 

might be purer, but it was not examined. Except 
for N-methylleucine, the Z-derivatives were 
8-28% racemized, the higher figures being for 
those which had been more difficult to saponify. 
These results confirm our previous demon- 
stration that fully protected N-methylamino acids 
are racemized by base (12). The Boc-derivatives 
were more easy to saponify than the Z-deriva- 
tives, and we attribute the higher degree of 
optical purity of products to this fact. The amino- 
acid side chain also had no effect on the results 
for the Boc-derivatives, which contrasts with 
the pronounced effect it had on the results for 
the Z-derivatives. It would seem that the method 
of methylating itself does not cause racemization. 
The results for N-methylalanine derivatives 
seem anomalous in several respects. 

Met/iylation of Urethane Derivatives using 
Sodium Hydride 

The more recent version of this method in- 
volves the methylation of the Boc- or Z-deriva- 
tive in THF  using sodium hydride and methyl 
iodide at  room temperature to give directly the 
N-protected N-methylamino acid [5] (8-10). 
The results appear in Table 2. All the derivatives 

tested were optically pure, except for Z-MeIle- 
OH, which contained 0.9% of diastereomer. 
Since procedures are available for deprotecting 
these derivatives without affecting their chirality, 
this method provides a source for optically pure 
N-methylamino acids. 

The earlier version of this method included 
some DMF as well as THF as solvent, with 
heating [4] (7). The product is the corresponding 
methyl ester. The protected N-methylamino 
acid is then obtained by saponification. But we 
have also shown that fully protected N-methyl- 
amino acids can undergo some inversion in 
aqueous base (12). Therefore, products obtained 
in this manner are suspect, and in view of our 
success with the recent version of this method, 
none were examined. It  should be noted, never- 
theless, that N-methylamino acid derivatives 
with a free methylamino group are not racemized 
by base, therefore optically pure N-methyl- 
amino acids are still accessible through this 
procedure as well as via [3] if the saponification 
is carried out after removal of the Pa-protecting 
group. Removal of N-protecting groups occurs 
without change in chirality, unless hydrogen 
bromide in anhydrous acetic acid is used on a 
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CHEUNG AND BENOITON: I11 

TABLE 3. Enantiomeric purity of N-alkylamino acids prepared by reductive 
alkylation using various reducing agents [2Ia 

N-Methylamino 
acid N-Benzylamino acid 

Amino 
acid NaBHdb NaBH4 H2, Pd(C) hTaCNBH3 

Ala 2.7, 4 . 3  2.6,  2 .3  4 .5  <O. 1' 
Leu 0.3, 0 .3  0  
Val 13.9 6 .0 ,  5 .1  5 .1  d 

Phe 3 .1  1 .6 ,  1 . 6  
Ile 12 .0  
~ - A l a  5 .2  

*Percentage D-isomer. Each value represents a different experiment. 
6Followed by reductive alkylation o f  the IV-benzylamino acid tising HCHO/HCOOH. 
cA sample showed 5.5";, D-isomer after methylation using HCHOIHCOOH. 
dCould not be prepared due to insolubility o f  valine at  pH 6.5. 

derivative containing a free carboxyl group (12). for alanine, after an optically pure sample of 
Finally, we have not shown definitely that Bzl-Ala-OH was synthesized by another pro- 
mcthylatio~l according to this earlier version cedure. Methylation of this by the Clarke- 
gives optically pure products, but we have no Eschweiler method gave a product containing 
reason to  believe otherwise. 5.5% of the D-isomer. , " 

Methylation by Successive Reducti~e Alkylations The reductive alkylation of an amino acid to 

This method involves reductive alkylation of the benzylainino acid involves the reduction of 

the amino acid using benzaldehyde and either the Schiff base in the presence of base. It is 
known that tautomerism of a Schiff base can of two reducing agents, sodium borohydride, 
occur under these conditions, (see ref. 15 for or hydrogen and palladium-on-charcoal catalyst, 

to  give the N-benzylamino acid, followed by references and a discussion), and this would 

nlethylation by the procedure of Clarke- be promoted by the adjacent carboxylate anion. 

Eschweiler (13, 14) using aqueous formaldehyde The partial racemization observed for the N- 

in hot formic acid [2] (4). The first alkylation benzylamino acids6 (Table 3) can therefore be 

is carried out on the sodium salt of the amino accounted for on this basis, as in [6].  

acid. This promotes Schiff base formation by [6] PhCH=N-CHR-COO- e 
deprotonating the amino group, and also P~CH,-N=CR-COO- 
solubilizes the amino acid. The benzyl group 
is finally removed by catalytic hydrogenation. The mechanism of the Clarke-Eschweiler 

The results are given in Table 3. The products reaction has been investigated in several labora- 

prepared using sodium borohydride all con- tories (17, 1%). A common by-product of the 

tained between 2.7-13.9% of D-isomer, except reaction is the carbonyl compound, attributed 

for N-methylleucine which contained 0.3% of to hydrolysis of the isomerized Schiff base, 

D-isomer. Particularly striking are the results exemplified as in [7] for a primary amine. The 

for the two "hindered' com~ounds ,  N-methyl- methylation of a few chiral primary amines 

vallne and N-methyllsole'cine, which had H z 0  
undergone - 25"1,nversion [7] RCH2-N=CHZ -, RCN=N-CH3 --' 

In order to ldent~fy the or~gin of the racemiza- RCHO + CHBWHz - 
tioil, N-benzyiamino acids were prepared by including a benzylamine has been examined 
both procedures, and examined for optical (18, 19) and despite formation of some car- 
purity. All of ?he products, except Bzl-Leu-OH> bonY1 no evidence for epimerization 
were found to be lace~nized, but generally to an ,as obtained, leading to the conc-usion that 
extent less than had been found for the corre- 
sponding AT-methylamino acids. This suggested -- 

6These results should be taken into account if N- that racemization n~ight also be occuring during 
benryiamino-acid derivatives are used for purposes, 

the second step of the synthesis, namely, the for exanlple, such as the synthesis of optically active r- 
methylation. This was proven definitely, at least hydrazino acids (16). 
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920 CAW. J.  CHEM. 

the Ciarke-Eschweiler reaction proceeds without 
epimerization (18, 19), and to the postulate 
that anv isomerized Schiff base is neither further 
methylaled nor reisomerized, but converted 
completely to the carbonyl compound (18). 
However, benzylamino acids incorporate an 
additional factor besides the benzyl group, 
the carboxyi group, which would also favor 
migrat~on of unsaturation. The latter is sub- 
stantiated by the nature (methylamine and carbon 
dioxide) and extent of by-product formation 
during the methy!ation of amino acids (14). 
The combination of these two groups must be 
sufficient to cause a small but significant reversal 
of the isomzrization, as in [8]. This seems to 
be the first report of an epimerization occuring 
during methylation by the Clarke-Eschweiler 
procedure. 

Reductice Al/g.lations at Acidic p H  
Having demonstrated that reductive alkyla- 

tions carried out at alkaline p H  give partially 
racemized Bzl-amino acids (Table 3), the use of 
cyanoborohydrides as reducing agent was 
examined; Tnese reagents of Borcht and Hassid 
(20) are stable down to p H  3, and effective a t  
acidic pH. Indeed. it was found that by carrying 
out the reduction of L-alanine at pH6.5,  optically 
pure Bzl-Ala-OH was obtained in good yield 
(Table 3). However, success was not achieved 
until a pH-stat was used. Addition of sodium 
cyanoborohydride to an aqueous amino acid 
solution causes an immediate rise in p H  of 
about 3-4 units, and a sample of Bzl-Ala-OH 
containing as much as 20% D-isomer was once 
obtained. This served to demonstrate dramat- 
ically the erect of p H  on the optical integrity of 
an amino acid which is undergoing reductive 
alkylation, and confirmed our suspicions that 
benzylamino acids prepared by the methods of 
Quitt et al. (4) are not optically pure because 
base is added to the reaction mixture. However, 
it is sometimes necessary for practical reasons, 
to  keep the amino acid in solution. We were 
unable to  prepare Bzl-Val-OH using sodium 
cyanoborohydride a t  p H  6.5 because valine is 
not soluble enough at  this pH. 

Bn view of the demonstration that racemiza- 
tion had also occurred during the methylation 
of Bzl-Ala-OH by the Clarke-Eschweiler pro- 

cedure, attempts were made to use sodium 
cyanoborohydride instead of formic acid as 
reducing agent for the reductive inethylation of 
Bzi-Aia-OH. The same, but even worse, solubil- 
ity problem arose. A few mixed solvents were 
examined, but without success. The question 
was abandoned, without exhaustive considera- 
tion. 

Cer~eral 
The results, obtained with difunctional amino 

acids, can be summarized as follows: optically 
pure N-methylamino acids can be obtained using 
methods [l](b) and [5]. For the latter, Z-groups 
can be cleaved off by catalytic hydrogenation or 
hydrogen bromide in aqueous acetic acid (12), 
and Boc-groups, by any acidolytic reagent 
other than hydrogen bromide in anhydrous 
acetic acid (12). Though it has not been proven 
definitely, methods [ 3 ]  and [4] probably give 
optically pure N-methylamino acids provided 
that saponification is not used before N-deprotec- 
lion to obtain the final product. The two alterna- 
tives are saponification subsequent to N- 
deprotection, or O-deprotection by acid hydrol- 
ysis. Optically pure N-protected N-methyl- 
amino acids can be obtained by methylation of 
the corresponding amino acid derivative using 
method [5] for Boc- and Z-derivatives, and [ I ]  
for Tos-derivatives. N-Methylleucine is excep- 
tional in that, in addition to the above, es- 
sentially optically pure products are obtainable 
also using methods [2] and [3] (the Boc- 
derivative). 

With respect to  the relative sensitivities to  
inversion of the different amino acids under 
synthetic conditions, the side-chain of leucine 
consistently allowed the ieast amount of inver- 
sion. The side-chains of valine and isoleucine 
allowed surprizingly high amounts of inversion 
during reductive alkylations (Table 3), and 
caused more racemization than others during 
saponifications (Table 2) because their deriva- 
tives are more difficult to saponify. When all 
methods are taken into consideration, alanine 
is the most sensitive to inversion, since even 
both products obtained by method [3] (Table 2) 
were substantially racemized. N-Methylalanine 
also racemizetl more than did N-methylvaline 
during tosyl removal by acid (Table 1). The 
demonstration that inversion occurred in many 
of the cases examined provides an explanation 
for the discrepancies in physical data (melting 
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points and specific rotations) which are recorded 
in the literature, particularly for N-methyl- 
alanine and N-methylvaline and their derivatives, 
for the same compounds prepared by various 
methods (see ref. 10 for examples). N-Methyl- 
amino acids other than those considered here 
have been prepared over the years by the 
methods described. The results presented in 
this paper as well as recognition of the in- 
dividuality of the amino acids should be borne 
in mind when attempting to assess the likelihood 
that these were optically pure. 

It is interesting to note that the classical 
synthetic method of Fischer-du Vigneaud [l](b) 
gives optically pure products, while variations 
of this and some other methods do not, and 
that the introduction of this method (3), a 
synthesis of N"-methylhistidine by methylation 
of Tos-His(Bz1)-OH and subsequent deprotec- 
tion, represented the introduction of the use of 
sodium in liquid ammonia for the removal of 
these N-protecting groups in amino acid and 
peptide chemistry. 

Experimental 
The Z- and Boc-methylamino acids prepared using 

sodium hydride [5] (Table 2) were those described in (10). 
The same derivatives obtained using silver oxide 131 
(Table 2) were prepared as described by Olsen (5). 
The N-alkylamino acids recorded in Table 3 were pre- 
pared as described by Quitt et 01. i2J (4), except for the 
Bzl-Ala-OH obtained using NaCNBH3. The N-benzyl- 
amino acids were cleaved by catalytic hydrogenation in 
80% aqueous acetic acid. Silver oxide and sodium 
borohydride were products from Fisher Scientific 
Company, Fair Lawn, New Jersey; sodium cyanoboro- 
hydride, from Sigma Chemical Company, St. Louis, 
Missouri. 

For synthesis from the Tos-derivatives [ I ] ,  synthetic 
Tos-Ala-OH and Tos-Val-OH (2) were methyiated with 
heating for 1 h according to Fischer and Lipschitz (2.) 
to  give Tos-MeAla-OH, mp 128-130aC, and Tos- 
MeVal-OH, mp 87 'C, upon acidification of the solutions. 
Half-gram quantities were treated with the reagents 
described in Table I .  The acid hydrolysis was carried 
out in a sealed tube. Samples treated with HBrjAcOH 
were evaporated to an oil, and the N-methylamino acid 
was isolated by adsorption onto Dowex 50 (H+) followed 
by elution with aqueous ammonia. 

Solutions containing N-methylamino acid or amino 
acid were evaporated to dryness. Residual compounds 
and Boc- and Z-derivatives were examined for enantio- 
meric purity as described iil the accoinpanying paper (i). 

The values recorded in the tables are considered to be 
accurate to within about 2 10%. 

Optically Pure Bzl-Ala-OH 
A mixture containing L-alanine (8.9 g, 0.1 mol), 10 ml 

of benzaldeh~de and 50 ml of water was stirred until it 
became homogeneous (30 min). A pH-stat charged with 
N HCI was connected to the solution and the p H  was 
adjusted to 6.5 and kept at that pH. Sodium cyanoboro- 
hydride (1.89 g, 0.03 mol) was added, and after stirring 
for 2 h, the additions of aldehyde and reducing agent 
were repeated. Stirring was continued until HC1 con- 
sumption had ceased (24 h). The copious precipitate 
was brought into solution by adjusting the p H  to 8.5, 
excess benzaldehyde was removed by extraction with 
ether, and the product was crystallized by bringing the 
p H  back to 6.5. The air-dried product, after washing with 
ether (yield, 90%), was recrystallized from water- 
ethanol. The compound had the expected nmr spectrum, 
and was shown to contain ~ 0 . 1 %  of the D-isomer. 
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3,Lf-Methylenedioxyphthalide- a-carboxylic acid; its use in the total synthesis of 
isoquinoline alkaloids 
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BALA C. NALLIAH, DAVID B. MACLEAN, RUSSELL G. A. RODRIGO, and RICHARD H. F. 
MANSKE. Can. J .  Chem. 55, 922 (1977). 
3,4-Methylenedioxyphthalide-oc-carboxylic acid has been synthesized in four steps from 

piperonal. From it and phenylethylamines ten phthalideisoquinoline and spirobenzylisoquino- 
line alkaloids have been synthesized. 

BALA C. NALLIAH, DAVID B. MAC LEA^, RUSSELL G. A. RODRIGO et RICHARD H. F. MANSKE. 
Can. J .  Chem. 55, 922 (1977). 

Utilisant le pipironal comme produit de depart, on a synthttisi, en quatre Ctapes, I'acide 
methylenedioxy-3,4 phtaiide a carboxylique. Utilisant cet acide ainsi que des phCnylCthy1- 
amines. on a synthetise dix alcaloides des series phtalideisoquinolCine et spirobenzyliso- 
quinoleine. 

[Traduit par le journal] 

We report a simple and efficient synthesis of 
3,4-methylenedioxyphthalide-sc-carboxylic acid 1 
and illustrate its use in the total synthesis of six 
spirobenzylisoquinoline (1) and four phthalide- 
isoquinoline (1) alkaloids. 

Piperonal was carboxylated (2) to provide 
piperonal-2-carboxylic acid (63z) which was 
treated successively with aqueous potassium 
cyanide and 15% hydrochloric acid to yield 3,4- 
methylenedioxyphihalide-a-carboxamide 2 (7157,) 
(mp 239-240°C; vmaX(Nujol) 3460, 3220, 1770, 
and 1650 cm-I).' The amide was hydrolyzed 
by brief treatment with hot concentrated hydro- 
chloric acid to the acid i (70x) (mp 210°C; 
v,,x(Nujol) 1790 and 1733 cm-I). The acid 1 
now obtained in 31% overall yield from piper- 
onal (four steps) is the methylenedioxy analogue 
of meconine-a-carboxylic acid 3 employed by 
Haworth and Pinder (3) in their synthesis of the 
phthalideisoquinoline alkaloid, hydrastine. This 
route to the hthalideisoquinolines has since 

'The fuil range of spectral data (consistent with the 
assigned siructures) will be reported in detail in the full 
communication. 

been virtually ignored presumably because of 
the inaccessibility of the hitherto unknown 1 
and of 3. 

1 R, + Rz = CH,, R, = CO,H 4 R, + R, = CH, 
2 R ,  + R2 = CH,, R, = CONH, 5 R, = R, = CH, 
3 R,  = Rz = M e ,  R, = CO,H 

When 1 was converted to its acid chloride 
(oxalyl chloride, tetrahydrofuran, reflux) and 
condenred with N-methylhomopiperonylainine 4 
it provided the amide 6 (61%) (mp 155"C, 
vma,(CHC13) 1665 and 1780 c ~ i i - ~ ) .  This amide 
underwent Bischler-Napieralski cyclization with 
phosphorus oxychloride in acetonitrile to yield 
the dehydrophthalideisoquinoline 8 (727) (mp 
259°C; v,,,,(CHC13) 1760 cm-I). Contrary to an 
earlier suggestion (4) this compound has been 
shown to have the E configuration because of a 
strong nuclear Overhauser enhancement at the 
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proton at C-10 when the N-Me group is irradi- 
ated. The dehydrophthalide 9 (9, mp 218°C; 
v,,,(CIICI,) 1765 cm-l) was similarly obtained 
from 5 through the amide 7 (7, mp 145-146°C; 
v,,,(CHCl,) 1660, 1780 cm- l). 

Catalytic hydrogenation of 8 (H,/Pt/acetic 
acid) provided ($.)-adlumidine 10 (mp 199°C) 
(31%) ((-)-adlumidine is also known as cap- 
noidine) and ($.)-bicuculline 11 (mp 216°C) 
(34%) separable by chromatography (tlc) on 
silica gel. Similarly, (+)-adlumine 12 (mp 
191°C) (32%) and (I)-corlumine 13 (mp 174°C) 
(35%) were obtained by the hydrogenation of 9.' 

All the known spirobenzylisoquinoline alka- 
loids (1) possess methylenedioxy substitution in 
ring D and several carry two different oxygen 
substituents in ring C (e .g . ,  14-17). The latter 
type is not easily obtainable by the usual indane- 
trione approach and to date only one synthesis, 
that of yenhusomidine 16 has been reported (5 ) .  

The synthetic value of 1 is enhanced by an 
earlier observation (6) that a dehydrophthalide- 
isoquinoline similar to 8 (and 9) was smoothly 
rearranged to products like 14-17. In the present 
instance 8 upon treatment with diisobutyl- 
aluminum hydride in dry tetrahydrofuran at 
0°C under nitrogen for 1 h provided (k)-cory- 
daine (7) 14 (26%) and (f  )-sibiricine (8) 15 
(41%) while similar treatment of 9 yielded 
(+)-yenhusomidine (9) 16 (42%) and (f )- 
raddeanone (10) 17 (27%)). 

We have observed that in these reactions the 
sibiricine/corydaine (or raddeanone/yenhusomi- 
dine) ratio in the product is highest when the 
reaction mixture is worked-up immediately. 
Conversely, when the hydride is decomposed by 
methanol at completion of the reaction as 

ZAll synthetic alkaloids reported here were chroma- 
tographically pure (tlc on at  least two solvent systems) 
and were found to be identical with natural samples 
(where available) in their chromatographic and spectro- 
scopic properties. 

10 R, + R, = CHZ (15,9S and lR.9R) 
11 R ,  + R, = C H z  (lS,9R and lR,Y.S? 
12 R,  = R, = C H ,  (1S,95 and lR.9R) 
13 R, = R, = C H ,  (1S,9R and IR.9S) 
14 R, + R ,  = C H 2 , R ,  = H.R, = O H . &  + R, = O  
15 R ,  + R, = CH, ,  R, = OH. & = H ,  Rc + Rh = O  
16 R,  = R, = C H 3 .  R, = H ,  R4 = OH. RS + Rh = 0 
17 R ,  = R, = CH, ,  R3  = O H ,  R, = H. RS + R6 = 
18 R ,  + R2 = CH, ,  R, = H ,  R, = O H .  RS = OH. R6 = H 
19 R,  = R, = CH,, R, = H ,  R, = O H ,  R, = O H ,  R, = H 

before but the mixture is then left stirring over- 
night at room temperature, the corydaine (or 
yenhusomidine) content now predominates. 
Furthermore, sibiricine may be transformed to 
corydaine (potassium hydroxide, methanol, re- 
flux) although we have not yet been successful 
in effecting 10091, conversions. These observa- 
tions imply that aldol (6) and retro-aldol reac- 
tions occurring at the P-hydroxyketone system in 
ring C transform the sibiricine (raddeanone) 
configurations, initially produced, into the more 
stable corydaine (yenhusomidine) arrangements 
where intramolecular hydrogen bonding of the 
hydroxyl group to the nitrogen atom has been 
shown to prevail (7,  9). This process racemizes 
two chiral centres; its operation is probably 
responsible for the fact that those alkaloids for 
which rotations are reported have been found in 
an optically inactive form and it also raises the 
possibility that corydaine and yenhusomidine 
may be artefacts produced from sibiricine and 
raddeanone respectively by exposure to base 
during isolation. Further investigations in this 
area are in progress. 

The preferential formation of sibiricine or 
raddeanone may be accounted for if one assumes 
that, after reduction, both oxygens of the 
original lactone remain coordinated with alu- 
minum until ring closure occurs. 

Sodium borohydride reduction (methanol, 
24 h, room temperature) of ($.I-corydaine 14 
and (+)-yenhusomidine 16 yielded (k)-ochro- 
birine (11) 18 (80%) and (+)-yenhusomine (9) 
19 (78x1, respectively. The diastereomic c i ~ -  
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diols were not formed in detectable amounts 
( t l ~ ) . ~  

Further applications of l in isoquinoline 
alkaloid synthesis are under investigation. 

Acknowledgements 
We thank the National Research Council of 

Canada for financial support. We are grateful 
to  Professor S. Mclean ,  University of Toronto, 

3The structures of all new compounds synthesized in 
this work are supported by acceptable elemental analyses 
or high resolution mass analysis or both. Samples of 
natural corydaine, raddeanone, yenhusomidine, and 
yenhusomine, were not available for comparison at the 
time of writing but their published spectra! data are 
identical with those of our synthetic samples within 
experiri~ental error. Our sample of corydaine has been 
compared with a sample synthesized by a different route 
in the laboratory of Professor S. McLean at the University 
of Torofito. In several cases the melting points of our 
synthetic compoi~nds do not agree with published values 
suggesting that the compounds may exist in more than 
one crystalline form. 

for informing us of his synthetic route to these 
alkaloids. 

1. M. SHAMMA. The isoquinoline alkaloids. Academic 
Press, Xew York, NY. 1972. 

2. F .  E. Z I E G L E R ~ ~ ~  K.  W. FOWLER. J .  Org. Chem. 41, 
1564 (1976). 

3. R. D. HAWORTH and A.  R. PINDER. J. Chem. Soc. 
1776 (1950). 

4. T. KAMETANI, S. HIRAT.~,  M. IHARA, and K.  
F U K U ~ ~ O T O .  Heterocycles. 3, 405 (1975). 

5. H. IRIE. A.  KITAGAWA, A. KCNO. J. TANAKA, and N. 
YOKOTAKI. Heterocycles. 4, 1083 (1976). 

6. D. B. MACLEAN, H. L. HOLLAND, R. RODRIGO, and 
R. H. F .  MANSKE. Tetrahedron L,ett. 4323 (1975). 

7. KL. SL. BAISHEVA, D. A. FESENKO, B. K.  ROS- 
TOTSKII, and M. E. PERELSON. Khim. P ~ i r .  Soedin. 6 ,  
456 (1970); Chem. Abstr. 74, 10343f (1971); D. A. 
F E S E K K O ~ ~ ~  M. E. PERELSON. Khim. Prir. Soedin. 7, 
166 (1971); Chem. Abstr. 75,49381n (1971). 

8. R.  H. F.  MANSKE, R. RODRIGO, D. B. MACLEAN, D. 
E. F.  GRACEY, and J .  K. SAUNDERS. Can. J. Chem. 
47, 3585 (1969). 

9. S-T. Lu, 7-L. Sc-, T. KAMETANI, and M. IHARA. 
Heterocycles, 3, 301 (1975). 

10. T. KAMETANI, M. TAKEMURA. M. IH~ZR,I, and K.  
FUKUMOTO. Heterocycles. 4.723 (1976). 

11. R. H. F .  MANSKE, R.  RODRIGO, D. B. MACLEAN, D. 
E. F .  GRACEY, and J .  K.  SAUNDERS. Can. J .  Chem. 
47, 3589 (1969). 

Total synthesis of spirobenzylissquino1ine alkaloids. Part IV 

STEWART MCLEAN A N D  DAVID DIME 
Drpurrmer~r of Chemistry, Unir,er.rity of Toronto, loronto, Onr., Cunudtr '15S IAl  

Received December 10. 1976 

STFWART MCLFAP., and DAVID DIME. Can. J .  Chem. 55, 924 (1977) 
The stereoselective synthesis of the racemic forms of the spirobenzylisoquinoline alkaloids 

corydaine and yenhusomidine is reported. 

STFWART MCLEA\ et DAVID DIME. Can. J. Chem. 55, 924 (1977) 
On decrit la synthkse stCrCoselective des formes racimiques de deux alcaloides spiro- 

bei7zylisoquinoleine, a savoir la corydaine et la yenhusomidine. 
[Traduit par le journal] 

Our original synthesis ( I )  of ochotensimine, 
using a Pictet-Spengler reaction of an  in- 
danedione to construct the spirobenzylisoquino- 
line skeleton, was subsequently modified (2) by 
using a bromoindanedione to afford eventual 
access to those alkaloids having two oxygen 
functions on the five-membered ring. In principle, 
this strategy provides for control of both 

functionality and stereochemistry, permitting 
the synthesis of any of the alkaloids of this class. 
In practice, although the intermediate l a  was 
synthesized, apparently with complete stereo- 
selectivity, and required only N-methylation to 
be converted to the alkaloid 2a h a ~ i n g  different 
oxidation levels at  C-9 and C- 14, the Eschwei!er- 
Clarke reaction failed, and an  alternative pro- 
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diols were not formed in detectable amounts 
( t l ~ ) . ~  

Further applications of l in isoquinoline 
alkaloid synthesis are under investigation. 
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Total synthesis of spirobenzylissquino1ine alkaloids. Part IV 
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STFWART MCLFAP., and DAVID DIME. Can. J .  Chem. 55, 924 (1977) 
The stereoselective synthesis of the racemic forms of the spirobenzylisoquinoline alkaloids 

corydaine and yenhusomidine is reported. 

STFWART MCLEA\ et DAVID DIME. Can. J. Chem. 55, 924 (1977) 
On decrit la synthkse stCrCoselective des formes racimiques de deux alcaloides spiro- 

bei7zylisoquinoleine, a savoir la corydaine et la yenhusomidine. 
[Traduit par le journal] 

Our original synthesis ( I )  of ochotensimine, 
using a Pictet-Spengler reaction of an  in- 
danedione to construct the spirobenzylisoquino- 
line skeleton, was subsequently modified (2) by 
using a bromoindanedione to afford eventual 
access to those alkaloids having two oxygen 
functions on the five-membered ring. In principle, 
this strategy provides for control of both 

functionality and stereochemistry, permitting 
the synthesis of any of the alkaloids of this class. 
In practice, although the intermediate l a  was 
synthesized, apparently with complete stereo- 
selectivity, and required only N-methylation to 
be converted to the alkaloid 2a h a ~ i n g  different 
oxidation levels at  C-9 and C- 14, the Eschwei!er- 
Clarke reaction failed, and an  alternative pro- 
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cedure led to ochrobirine, in which the C-9 
carbonyl is also reduced. 

The hydroxyf groups at C-14 appeared to be 
implicated in the failure of the Eschweiier- 
Clarke reaction, and a modified reductive 
methylation sequence has now been developed 
that takes this feature into account. The pro- 
cedure was first investigated in a model series 
with an analog lacking the ring D methylene- 
dioxy group. A solution of 3a (16 mg) and 

\ \ 
R R 

1 R + R = -OCH20-. R '  = H 
n R" + R" = -CH2- 
b R"  = CH, 
2 R - R = -OCH20-. R '  = CH, 
( I  R" + R" = -CH2- 
h R" = CW, 
3 R = H.  R" = CH, 
(1 R '  = H 
1, R '  = CH, 
4 R = H. R" = CH3 

formaldehyde (37% aqueous, 0.1 ml) in 5 ml of 
acetonitrile was stirred at room temperature 
under nitrogen for 2 h. Evaporation under 
reduced pressure afforded a residue which was 
d~ssolved in methylene chloride and washed with 
water; the material obtained from the organic 
layer was recrystallized and the product, mp 
160-1 63"C, had the spectroscopic characteristics 
(ir, nmr, ms) expected for the oxazolidine 4. A 
solution of 4 (20 mg) and sodium cyanoboro- 
hydride (3.3 mg) in 3 mi of methanol containing 
sufficient dilute hydrochloric acid to bring it to 
p H  3 was stirred at room temperature under 
nitrogen for 1 h. Dilution with water and ex- 
traction into methylene chloride afforded a 
product (12 mg) which showed the spectroscopic 
characteristics (ir, nmr, ms) expected for 3b. 

The intermediate l a  (2) was then converted by 
the same reaction sequence to 2a, mp 127-128"C, 
the structure assigned to the alkaloid corydaine 
(3). Despite the difference in melting points, the 
spectroscopic and tlc characteristics of the 
synthetic product were identical in all significant 
respects with those of the optically active natural 
material. 

The corresponding sequence of reactions con- 
verted the intermediate Ib to its N-methyl 
derivative 26, mp 239-2413C, the structure 
assigned to the alkaloid yenhusomidine (4). The 
spectroscopic data for natural and synthetic 
samples confirm their identity. The synthesis of 
racemic yenhusomidine by a different route was 
announced recently ( 5 ) .  

Our reductive methylation sequence appeared 
to lead unequivocally to the configuration at 
C-14 shown in the products and to provide 
chemical proof for this assignment in the 
alkaloids. However, we have now become aware 
of the work of Nalliah et a/. (6) who have 
synthesized these alkaloids by a different route; 
comparison of samples and spectra confirms the 
identities of their products wlth ours. One out- 
come of their work has been the demonstration 
of the facile isomerization of these alkaloids, and 
that 2a and 2b are theri~odynamically the more 
stable epimers. Our route remains stereoselective, 
but since we have not proven that equilibration 
could not have taken place during the isoiation 
of the products, it falls short of providing the 
intended proof of configuration. 
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High resolution l19sn nuclear magnetic resonance studies 
by pulse Fourier transform 
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C. R. LASSIGNE and E. J. WELLS. Can. J. Chem. 55, 927 (1977). 
The Ti's, linewidths (T2's), and chemical shifts of '19Sn nuclei in a variety of tin compounds 

have been surveyed using pulse Fourier transform techniques. The results span the very large 
chemical shift range for tin-1 19 (- 2000 ppm), and indicate rather short TI values with widely 
varied T2 relaxation times. Possible mechanisms are discussed for both TI and T2 relaxation 
times. Our results show an approximate correlation between TI (lI9Sn) and the paramagnetic 
contribution to the obscrved shielding of the "9Sn nucleus, indicating that apart from a large 
scalar contribution in Sn(1V) iodides and bromides, the dominant "9Sn TI mechanism is spin 
rotation interaction. 

C. R. LASSIGNE et E. J. WELLS. Can. J. Chem. 55, 927 (1977). 
On a examine les TI, les largeurs des lignes (T,) et les dCplacements chimiques du noyau "9Sn 

dans une grande variete de compose de 1'Ctain; ces Ctudes ont ete effectuees en utilisant les 
techniques de transformation de Fourier pulsCes. Les rtsultats recouvrent une tres grande 
variete de deplacements chimiques pour l'ttain-119 (- 2000 ppm) et indiquent que les valeurs de 
TI sont relativement courtes m&me avec des temps de relaxation T, qui varient beaucoup. On 
discute des mecanismes possibles pour les temps de relaxation TI ainsi que T,. Nos resultats 
montrent qu'il existe une correlation approximative entre les TI de lX9Sn et la contribution 
paramagnetique au blindage observe au niveau du noyau de "9Sn; cette correlation indi- 
querait, en plus d'une grande contribution scalaire dans les bromures et les iodures du Sn(IV), 
que le mecanisme predominant dans le TI du l19Sn est une interaction spin rotation. 

[Traduit par le journal] 

I. Introduction 
The '19Sn isotope (I = 112) is the most 

abundant isotope of tin and the one most fre- 
quently studied in nmr investigations. Previous 
measurements of '19Sn chemical shifts have been 
done under rapid passage dispersion mode (1) 
and also absorption mode signals involving 
proton decoupling (2). However now that Fourier 
transform is readily available a number of heavy 
nuclei may be studied with greater ease. We 
report the results of some signal-averaged pulse 
Fourier transform experiments on "9Sn in a 
variety of tin compounds. 

11. Experimental 
All spectra were obtained on natural abundance 

(8.68%) "9Sn samples in 12 mm tubes at 15.05 MHz, 
using a modified NMR-Specialties spectrometer with a 
home built crossed-coil, external water-lock probe.' The 
sample was not spun. Fourier transformation of the free 
induction decay (FID) was accomplished using a Nicolet 
1082 FT system. Spin-lattice relaxation times were 
obtained by the usual 180"-7-90" pulse sequence. All 
chemical shifts are given relative to the reference Sn(CH,),. 

All tin compounds were obtained commercially except 
for SnCI,, SnBr2, SnCI4,2CH3OH, and SnCI4.2CH3CN. 
Both stannous chloride and bromide were prepared by 

'T. P. Higgs, A. Brooke, and E. J. Wells. Unpublished 
results. 
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928 CAN. J.  CHEM. VOL. 5 5 .  1977 

TABLE I .  Il9Sn chemical shifts, T19s and T2's 

Compound 6 ( P P ~ ) "  J6t-1lgsn (Hz) T2 (ms) T: (sob 

Sn14 (2 !M in CS,) 1698.6 940' 10 ZSC E 0.38 TISR h. 10 
SnCI4.2CH3CN (satd. in CH,CN) 775.0 - 4 B 

SnBr, (3 M in CS2) 631.6 920d 3 T I S C =  1.8  TIS"2 :7  
SnC1,.2MeOH (satd. in MeOM) 602.1 - 8 7.3  
N a ~ s n ( 0 I - I ) ~  ( a d  591 .o  h - 64 
SnCI, (satd. in 12 M HCl) ' 388.1 - 80 4.2 
SnBr, (satd. in 9 it.9 HBr) 385.0 - 2 1 3 .8  
SnCi, (neat) 447.8 470" 1 . 5  1 .6  
Sn(CH3I4 (neat) (0) 54. 0f 106 0 .6  
S I I (CH~)(C~)~  ( 5  M in CCI,) -15.2 99.7/ 3 2.0 
Sn(CH,),CI, (acetone) -19.6 86. 2f 2 1 1 .O 
Sn(CW,),C12 (satd. in CCI,) - 141.2 71 .Of 11 Q 

SII(CH~)~CI ( 5  M in CC1,) -160.0 59.9f 40 0.66 

"Precision I 0.1 ppm. Instrumental llnewidth 3 Hz. All spectra recordcd at  301 K. 
* T ,  I 10z .  
cJ119sn-, (5). 

eJ~is i , -F ,  ( 5 ) .  
fMeasured also on  a Varian A56160 high resolution nmr spectrometer by observing proton spectrum. 
"Xot measured owing lo weakness of signal. 
"Not measured. 

reacting stannous oxide with concentrated MCI and HBr solvent used. in agreement with the results of 
respectively. Both stannic chloride adducts were pre- ~~~t~~ and (21, suggesting specific 
pared by react~ng methanol and acetonitrile with cold 
SnC1, (anhydrous) producing immediately a white preci- solvation effects. A typical high resolution "9Sn 
a it ate of SnC1,,2CH,OM and SnCl,.2CH,CN. The Spectrum is shown in Fig. 1. 
melting points of these adducts are in agreement with In Me,Sn we have measured J119Sn-13C to be 
those reported in the literature (3), 338 Hz while in Me,SnCl the couplina constant 

IIE. Results and Discussion is measured to be 387 Ha (Fig. I) .  ?he &crease in 
J119Sn-13C in going from Me,Sn to Me3SnCI is 

1. Chemical Shifts due to the slight increase in 's' character at the 
The large range of chemical shifts observed 

(Table 1) shows that the major contributory term 
to the shielding of the tin-119 nucleus is the 
paramagnetic term. This has been shown to be 
the case for 13C chemical shifts (4) and also 'I9Sn 
(5) ' .  The diamagnetic contribution to the total 
shielding constant remains essentially constant 
and it is the changes in the paramagnetic term 
which cause the changes in observed chemical 
shift for a particular nucleus. The chemical shift 
data are tabulated in Table 1. 

The variation in chemical shift for the series 
(CH,),SnCI,-, is the same as that observed for 
(n-butyl), SnC1,-, (1, 2) and similarly suggests 
that there are two important factors opposing 
each other in the shielding of the tin nuclei of 
this series: (a) an inductive effect resulting in the 
increased shielding by the addition of alkyl 
groups and (6) an opposite effect due to (p -+ d)n  
bonding between Sn and C1. The (in chemical FIG. 1. Natural abundance '19Sn FT spectrum of 

shifts and coupling constants J,,-,, are very Sn(CH3),C1, 5 M in CCl, solvent. The eight inner 
members of the expected proton coupled decet are clearly 

dependent on the and type of visible with separation 59.9 Hz. Additional splitting due 
to l3C (in natural abundance) is visible (387 Hz) and 

'C. W. Lassigne and E. J. Wells. Unpublished results. indicated below (8000 scans, 1.1 s delay). 
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EASSIGNE AND WELLS 929 

tin atom by the substitution of a C1 for a Me 
group. 

2. Linewidths a~zd T, Relaxation 
The linewidth is indicative of the various 

possible spin-spin relaxation mechanisms con- 
tributing to the transverse relaxation time &. 
The possible mechanisms are: (a )  experimental, 
i.e. magnet inhomogeneity, (b) scalar relaxation, 
and (c) exchange, which can be determined from 
the temperature dependence. The T2 values 
measured for the various IlgSra compounds are 
listed in Table I .  

SnCI,, SnBr,, and SnI, (5, 6 )  all have a T2 
dominated by scalar relaxation of the second 
kind (7) to the geminal halogen nuclei assumed 
to be relaxing independently, 

where J is the scalar coupling constant between 
nuclei H and S;  S is the spin of the quadrupolar 
nucleus, usually TIQ = TzQ for liquids and Ns is 
the number of quadrupolar nuclei involved. The 
large scalar coupling constants (5, 6) in all three 
compounds along with the fairly short TIQ of the 
quadrupolar halogens produce a relatively 
efficient transverse relaxation in '19Sn. 

The series of methyltin chlorides shows 
decreasing linewidths as the number N, of 
chlorines is decreased. Again this is consistent 
with the scalar contribution to T2 by the rapidly 
relaxing chlorines according to [ I ] .  

Tne two adducts of stannlc chloride (SnCI,. 
%CH,OM and SnC14~2CH,CN) have a smaller 
linewidth than the anhydrous SnCI,. This may be 
a reflection of the decrease in s character of the 
tin nucleus in going from a tetrahedral (sp3) 
geometry to a cis-octahedral (sp3d2) geometry 
(8, 9). This decrease in s character of the nucleus 
would cause the 9119,,-,, to be smaller than the 
470 Hz reported by Sharp, and therefore would 
make a smaller contribution to TZS" (see eq. 1) 
making the tin-1 19 linewidth smaller. Also ebe 
change to the octahedral species increases the 
moment of ~nertia, lowering the angular velocity 
correlation time T, 2nd raising the as;g~rlar 
orientation correlation tlme r,, assuming rqta- 
lionai equiparlit~oa of energy cnd rotat~vna! 
diffusion. This eiTect shortens no and thus 

decreases the scalar T, at the Sn in the fast, 
relaxation limit of quadrupolar spin S. 

3. Spin-Lattice Rekar:atr'orz Times ( T I )  
The wide range of T,'s shows that a number of 

spin-lattice mechanisms may be operative. The 
possible mechanisms are: (a )  dipole-dipole, 
(b) scalar relaxation, ( c )  spin-rotation, and in 
some cases (d) chemical shift anisotropy. The 
last case would only be found in the compounds 
which do not have T,  or 0, symmetry and thus 
may contain an anisotropic shielding for the 
central tin-L 19 nucleus. However, for the near- 
symmetrical structures studied here, this con- 
tribution is expected to be very small and is 
neglected hereafter. In principle, this contribu- 
tion can be isolated by variable temperature, 
variable field T, studies. 

For tetramethyl tin, we have shown2 that T I  is 
strictly dominated by the spin-rotation interac- 
tion. The TI of SnCl, is also dominated by spin- 
rotation as has been demonstrated by Sharp (5) .  
However in SnBr, ( 6 )  and SnI, (5) the spin- 
lattice relaxation rate is a mixture of both spin- 
rotation and scalar relaxation. For neat SnBr,, 
Sharp (5) has decomposed the TI mechanisms, 
obtaining TI SR cz 7 s, TISC rz 1.8 s at 300 M. For 
the neat SnI, case, Sharp (5 )  obtained data at 
477 K and extrapolation of his data back to 
300 K yields TISR rz 10 s and TISC - 0.38 s. Our 
T, solution data for the various Sn(IV) halides 
are in agreement with Sharp's (5 ,  6) reported 
values on the neat liquids. We were only able to 
measure the TI of one SnCl, adduct (SnCl,. 
2CH,OH) because the signal of the acetonitrile 
adduct was very weak. The SnC14.2CH,0H 
adduct most probably relaxes by spin-rotation; 
its TI (7.3 s) is much longer than SnCI, (TI = 
1.6 s). We interpret this as due to a smaller 
anguiar correlation time ('6,) due to increased 
moment of inertia, along with a smaller spin- 
rotation constant (C,) related to the smaller 
paramagnetic shielding (10). All of the T,'s of 
methyl tin chlorides here most probably are also 
dominated by the spin-rotation interaction, with 
the dipole-dipole relaxation being negligible 
because of the r - 6  dependence. Both Sn(I1) 
dihalides in ilreir respective acids have similar TI 
vaii~es (4 s). A q a e c ? ~ ~  solutions of Sn(lI) halides 
exhibit concentrxiion dependent "9Sn spectra 
which. resolve ar low temperature (11). 'I9Sn 
spectra of Sn(k1) halides are concentration 
dependent, but to dare we have been unable to 
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resolve individual species resonances. Sn(1I) 
halide solutions thus cannot be identified from 
Sn(1V) halide solutions by either '19Sn shifts or 
TI values. 

From the data in Table 1 there is a trend 
showing that with increasing paramagnetic 
chemical shift there is also an increase in the 
TISR. The reason for this is that the trace of the 
paramagnetic term of the shielding tensor 
becomes smaller with the upfield shift in going 
from Sn(CH,), to SnI, and thus the spin- 
rotation constant becomes smaller (10); also the 
value of T ,  decreases with increasing moment of 
inertia causing overall a less effective spin- 
rotation interaction and therefore the TISR values 
become longer. 

The total nuclear shielding constant has been 
related to the spin-rotation constant (12, 13); 

Deverell (10) has argued that the first term o,' 
associated with a given nucleus i is constant from 
molecule to molecule, and that the paramagnetic 
shielding oPf  given by the second bracketed term 
is responsible for the shift differences observed. 
Thus, o,' is directly related to the spin-rotation 
constant C, (Hz) and the molecular moment of 
inertia I. The spin-rotation relaxation rate RISR 
for the central nucleus of a spherical top molecule 
is given by Hubbard (14) and McClung (15) as: 

where T ,  is the correlation time for reorientation 
of the angular momentum vector. In the rota- 
tional diffusion limit T ,  is related to the re- 
orientational correlation time T,,,. 

where the reduced correlation times T,*, .re,,* are 

Combination of [3] with o,' of [2] and z ,  of [5] 
yields 

In general z,* can only be obtained from 
detailed relaxation studies. z,* values for those 
compounds that have been investigated are 
remarkably constant, at the same temperature in 
different media. Thus we have found T,* = 0.054 
for neat Sn(CH,), at 300 K;2 Sharp (5) finds 
T,* = 0.048 for neat SnCl, at 298 K, and 0.108 
and 0.134 at 423 K for neat SnC1, and neat SnI, 
respectively. This suggests that z,* can be 
approximated as a constant in [6]. 

The validity of [6] across the present data may 
then be tested quantitatively from an absolute 
chemical shift scale which evaluated the opt. We 
have determined such a scale for '19Sn by 
temperature dependent relaxation studies of neat 
liquid Sn(CH,), and its isotopic modifications 
(16), which yielded a value of (17.7 f 2) kHz for 
the spin-rotation interaction constant C, of 
'"Sn. Use of this value in [2] sets o,' (Sn(CH,),) 
as - 3200 ppm. The measured '19Sn shifts, spin- 
rotation relaxation rates, and calculated molec- 
ular constants for some of the other moiecular 
species are displayed in Table 2, and these data 
are plotted according to [6] in Fig. 2. 

Although the dependence is not exact, and is 
not  expected to be because of the approxima- 
tions made (isotropic motion, rotational diffusion 
limit, T ,  independent of medium) we see that [6] 
does indeed correlate the measured relaxation 
behaviour with the measured shifts to first order. 
This verifies our interpretation of the relaxation 
as due predominantly to the spin-rotation 
mechanism, and also validates Deverell's relation 
between the spin-rotation constant and the 
paramagnetic shielding term for 'l9Sn in a 
variety of compounds. 

Comparison of the measured slope of Fig. 2 
with the numerical coefficient of [6] yields an 
average value of T,* for these molecules in the 
liquid phase at 304 K of 0.055. The smallness of 
this value compared to unity confirms that 
molecules on or near the best fit line are in the 
rotational diffusion limit. SnBr, and Sn(CH,)Cl, 
are apparently anomalous in this series. The 
anomaly of SnBr, has been noticed previously 
(6), and this molecule alone of the tin tetra- 
halides is thought to be in intermediate motion 
between rotational diffusion and inertial rota- 
tion. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LASSIGNE AND WELLS 

TABLE 2. "9Sn values for o,'; Z and RISR 

olndependently obtained value for u ' (see ref. 16). All other a ' values obtained from differences between experimental a,' 
(Sn(CH3).,) and measured chemical shi; differences relative to U~S;(CH,).,. 

*Reference 17. 
"Reference 18. 
dReference 19. 
eObtained assuming all bond angles 109.5' and bond distances r c _ ,  = 1.09 A ;  rc_,, = 2.18 A; and r,,_a = 2.28 A. 

0 0.5 1.0 15 

R? (s-') 

FIG. 2. "9Sn relaxation and shift data from Table 2 plotted according to  [6] .  

Generally, we conclude that the rather short 
spin-lattice relaxation times of l19Sn make it a 
useful nucleus for further high resolution FT 
nmr studies. 
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NEIL M .  BALLASH, SURJIT S.  NAGRA, AND DAVID A.  ARMSTRONG 
Deptri tineilt o f  CI~er?~rsf~? , The U i f r ~  ei sir) oj Cnlgai? , Ccrlg(i~?, Altii., C~incida T2N IN4 

Received June 28, 1976 

NEIL M. BALLASH, SURJIT S. NAGRA, and DAVID A. ARMSTRONG. Can. J. Chem. 55, 932 
(1977). 

Nitric oxide reduces the production of hydrogen in irradiated HCI and leads to ClNO forma- 
tion. The results can be interpreted on the basis of a competition between HC1 and NO for H 
atoms and (HCl),- negative ion intermediates. The yield of (HCI),- = 2.4 2 0.3 per 100 eV is 
similar to that found from experiments with chlorine, as was the total yield of scavengable H 
atoms plus electrons, g, + gH. From analyses of the competition kinetics for experiments both 
with and without added SF,, the ratio of the termolecular rate constant for reaction of H with 
NO in the presence of HCI as third body to that for reaction of H with HCI was estimated to be 
6.3 f 0.8 x 10-l9 cm3 molecule-' at  298 K. 

NEIL M.  BALLASH, SURJIT S. NAGRA et DAVID A. ARMSTRONG. Can. J. Chem. 55, 932 
(1977). 

L'oxyde nitrique reduit la production d'hydrogene dans du HCI irradie et conduit a la 
formation de C1NO. On peut interpreter les resultats en se basant sur une competition entre HCI 
et NO pour les atomes d'hydrogene et les intermediaires ioniques nkgatifs (HCI),-. Le rende- 
ment de (HCI),- = 2.4 + 0.3 par 100 eV est semblable a celui trouver pour des experiences 
avec le chlore; il en avait ete aussi de rnCme pour le rendement total: atomes d'hydrogene 
pikgeables plus electrons, g, + g,,. A partir de I'analyse de la cinetique de compktition pour des 
experiences effectuees avec et sans SF, ajoute, le rapport de la constante de vitesse termolt.culaire 
de la reaction de H avec NO en presence de HCI cornme troisieme corps et de celle de la reaction 
de H avec HCI peut Ctre estime a 6.3 f 0.8 x 10-I9 cm3 molecule-' a 298 K. 

[Traduit par le journal] 

Introduction 
The mechanism of hydrogen formation in 

irradiated HC1 has previously been investigated 
with the electron scavengers SF,, CCI,, and 
C,F,, ( 1 ,  2), and with chlorine and bromine, 
which consume hydrogen atoms as well as nega- 
tive ion species (1, 3). In the work reported here 
nitric oxide was used as a scavenger of inter- 
mediates. Like chlorine and bromine this 
molecule reacts with hydrogen atoms (4-6) as well 
as electrons (7). However, reaction 1 differs from 

the hydrogen atom reactions of the halogens (re- 
action 2) in that it requires the presence of a 

third body for stabilization of the HNO molecule. 
Since the stabilization probability should de- 
crease with increased translat~onal energy of H, 
[ I ]  is likely to be more specific for thermal H 
atoms than [2].  Thus, the use of nitric oxide 
provides a further and more definitive means of 

'Research supported by NWCC A3571. 

confirming the presence of this species. In addi- 
tion the results discussed here support earlier 
evidence for the formation of an ( H C l ) ,  nega- 
tive ion intermediate. 

Experimental 
Materials 

Matheson 'electronic grade' HC1 was purified by 
preirradiation and sublimation as already described (8). 
The nitric oxide and sulfur hexafluoride were also from 
the Matheson Company and of research grade. The 
sulfur hexafluoride was degassed before storage. The 
nitric oxide was separated from NO, and other trace 
impurities by sublimation. All gases were stored in liquid 
nitrogen traps attached to the mercury free vacuum line 
used for filling the radiation cells. 

Appai.atus a i~d  Pvoced~rue 
Irradiations were performed at 298 K with an AECL 

60Co gamma cell 220 which accommodated the 350 cm3 
cylindrical pyrex cells. After irr-adiation these were re- 
attached to the preparation line and the HCI and NO were 
condensed in a small side arm immersed in liquid nitrogen. 
For samples with large NO concentrations the side arni 
was immersed in a solid nitrogen slurry. The hydrogen 
was pumped through a trap to remove nitric oxide and 
into another vacuum line for analysis as already de- 
scribed (8). 

The dose rate was determined regularly wth HCI, for 
which G(H2) in the absence of scavengers is 8.0 + 0.2 
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BALLASH ET AL. 933 

TABLE 1. Hydrogen yields from HC1-NO mixtures at 298 K 

HC1 NO G(H2) 
(10" molecules ~ m - ~ )  (lo', molecules ~ r n - ~ )  (molecules per 100 eV) A" g,Bb 

'Fraction of H atoms reacting with HCI assuming k s k l - I  = 1.7 x 1018 molecules cm-3. 
bYield per 100 eV of electrons forming H atoms (see text). 

molecules per 100 eV (3). The average dose rate over the 
duration of the study was 5 x 1016 eV g-' min-'. Other 
details of technique and procedure may be found in 
earlier references (8, 9). 

Results 
From other work (see, for example, ref. 10) it 

can be shown that reaction 3 will compete with 
reaction 4 under the conditions employed here. 

[31 C1 + NO + HCl + ClNO + HCI 

[41 Cl + Cl + HCI + Clz + HC1 

By transferring a small aliquot of the irradiated 
mixture to a 1 cm path length spectroscopic cell 
and scanning the absorption in the 180 to 260 nm 
range the production of ClNO was confirmed 
from its strong absorption at 197 nm (1 1). How- 
ever, the yields of this product were not examined 
in detail. 

Hydrogen yields were normally measured in 
the dose range 0 to 4.6 x 1018eVg-I and 
hydrogen concentration us. dose plots were linear 
to much larger doses, which showed that reac- 
tions of H atoms or other intermediates with 
products were unimportant. Table 1 summarizes 
the 100 eV yields obtained with various amounts 
of nitric oxide added to HCl at three different 
concentrations. Average deviations of replicate 
experiments were normally 10.15 molecules per 
100 eV. 

Previous studies (1-3, 12) have led to the 
conclusion that primary processes in HCl 
produce HClf ,  electrons, thermal hydrogen 
atoms (H), and hot hydrogen atoms (H) with the 
following yields per 100 eV: g,,,, = ge = 4.0, 
g, = 1.8, and g, = 2.2. Electrons are captured in 
reactions 5 through 7 and hydrogen formation 
occurs through reactions 9 and 10. 

[51 e + 2HC1 F? (HCI),-* 

[61 (HC1)2-* + HCI + H + Cl-.2HC1 

[71 (HCl)z-* + HCl + (HC1)2- + HCI 

[81 (HCI),- + HC1 + H + C1-.xHCI 

Z ~ I  H + HCI -t H2 + C1 

[lo] H + HCI + H2 + Cl 

As stated earlier chlorine formation in [4] will 
be suppressed by [3] but this would not influence 
hydrogen production. Also, reaction 10 is rapid 
(13) and [I] cannot compete with it. However, 
interpretation of the hydrogen yields is com- 
plicated by the possibility that nitric oxide may 
compete for electrons and/or (HCl),-, as well as 
for H atoms. For that reason the effect of nitric 
oxide on hydrogen yields from HCl containing 1 
to 1.25 mol% SF, was also investigated. This 
scavenger suppresses all reactions of electrons 
(i.e. [ 5 ]  through [8]) and should make it possible 
to study the competition between NO and HC1 
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934 C.4N. .I. CHE M. VOL. 55, 1977 

I I I I I I 
10 2 0  3 0  4 0  5 0  

[ N O ] " / I O ~ ' ~ C ~ ~  molecule-' 

FIG. 1. Reciprocal plots of the change in G(H2) against 
[NO]-'. Filled points, 1 to 1.25 mol% SF, present; open 
points, no SF, present; [HCI] = 19.4 x 10" molecules 
~ r n - ~ .  

for thermal hydrogen atoms alone (cf .  ref. 14). 
Under these circumstances the competition be- 
tween reactions 1 and 9 should be described by 
expression 11, where y, is equal to gH. 

The solid points in Fig. 1 are values of 
{AG(H2)} - ' from experiments with varying [NO] 
in 19.4, x lo t8  molecules cm-3 of HCl contain- 
ing 1 mol% SF,. The intercept of the linear plot 
gives y,  = 1.8 k 0.1 molecules per 100 eV. The 
slope divided by intercept leads to k,k1-' = 1.7 + 
0.2 x 10" molecules ~ m - ~ .  The results of similar 
experiments with 38.8, x 10" molecules cm-3 
of HCl are reported in Fig. 3 and discussed later. 

Discussion 
The magnitude of I,, from the experiments 

described in the preceding paragraph is in 
excellent agreement with g,  froin other experi- 
ments (see above). Also, taking k, at 298 K = 
1.1 k 0.1 x 10-13 cm3 molecule-I s-I  from a 
number of experimental studies (1 5 ,  16) one finds 
from k,klP1 = 1.7 i 0.2 x 10" molecule ~ m - ~ ,  
k, = 6.6 5 1.0 x cm6 molecule-2 s-' for 
HCI as third body. This is somewhat larger than 
-3 x cm6 molecule-2 s-I for argon as 
third body (4-6), which seems entirely rea- 
sonable, and closer to 6.0 _f 0.2 x cm6 
molecule-I s-' for hydrogen as third body. 
Further justification for the magnitude of k,kSp 
and for the termolecular character of reaction 1 

in HCl is given later. However, the values of y, 
and k,k1-' from the system with SF, present are 
seen to be in reasonable accord with expectations 
for the scavenging of thermal H atoms, and we 
turn now to the interpretation of experiments 
with NO alone as scavenger. 

Reactions 6 and 7 are fast and NO should not 
compete with them. This is also true for the 
clustering of (HCl),- to form (HCI),-, which is 
not explicitly shown. To allow for the possible 
scavenging of e and/or (HCI),- one can use the 
term B to represent the fraction of electrons 
proceeding through reactions 5 to 8 to form H 
atoms. The total hydrogen yield is then given by 

where A,  the fraction of H atoms undergoing [9], 
is equal to (1 + k,[NO]/k,)-I. Both A and B 
must go to unity as [NO] + 0, and the decrease 
in G(H,) for [NO] # 0 is given by [13]. 

In the event that NO did not react with e or 
(HCI),- B would always be unity and [13] could 
be reduced to the same reciprocal form as [ l l ]  
with y, now equal to (g, + g,). This expression 
was tested for the results in Table 1 by making 
plots of {AG(H2))-I us. [NO]-'. The open 
points in Fig. 1 illustrate this for the 19.4, x 10" 
moleeule cm-3 HC1 concentration. From the 
magnitudes of the slope/(intercept) apparent 
values of k, x k l - '  equal to 0.8 x 1018, 0.5 x 
10ls, and 0.2 x 1018 molecules cm-3 were found 
for [HCl] = 38.9 x 1018, 19.4 x lo'', and 
9.7 x 1018 molecules ~ m - ~ ,  respectively. The 
fact that these decrease progressively with [HCI] 
and are all smaller than the value of k,k,-' from 
the experiments with SF, present demonstrates 
that a simple competition for H atoms alone does 
not hold. This was also shown by the fact that 
(g, + g,,) from the intercepts (= y,-l) varied 
from 5.9 to 5.2 to 4.3 respectively for the three 
HC1 concentrations. 

For the purpose of investigating the scavenging 
of e and (HCl),- by NO, expression 13 was 
rearranged to [14]. 

Assuming k,k, -' = 1.7 x 10" molecules cm-3 
from above, we calculated .the values of A in 
column four of Table 1 for the experimental con- 
ditions listed in columns one and two. and used 
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LSH ET AL. 935 

them to evaluate the quantity on the left-hand 
side of expression 14. This was used as a measure 
ofg,B and is given in column five of Table 1. Also 
the dependence ofg,B on [NO]/[HCl] is shown in 
Fig. 2a, where it is interesting to note that: 
(a) the points for the three HC1 concentrations 
fall on a single curve: and (b) this is flat at 
-2 molecules/100 eV for [NO]/[HCl] 2 0.04. 
Since g, = 4.0 the latter feature suggests that NO 
cannot compete with reaction 5, but does 
scavenge (HCl),- in reaction 15 (also see below). 

Likely products for this reaction are HNO and 
C1-.(x - 1)HCl. 

Figure 26 presents a plot of {ge(l - B)}-'  us. 
[HCl]/[NO], which conforms to expression 16. 

The intercept leads to g(,cl,x- = 2.4 k 0.3 mol- 
ecules per 100 eV and the (slope/intercept) 
to k,/k,, = 1.4 rtr: 0.3 x lo-'. Thus, the quan- 
tity B can now be set equal to [(l - a) + a{l + 
k,5[NO]/k8[HCl])-1], where a = k,/(k, + k,) = 
(g(,c,,x-/ge) = 0.60. This formula has the correct 
form to explain Fig. 2a and leads also to ex- 
pression 16. 

To determine whether the values of the param- 
eters above are consistent with the best value of 
k,k1-l the following approach was employed. 

0 1 I 1 I I I 
0 04 0 08 0 12 0 16 

[NO] / [HCI] 

FIG. 2. Effect of NO on hydrogen atom formation by 
electrons. (u) Plot of number of electrons forming H 
atoms per 100 eV, g,B, us. [NO]/[HCI]. (b) Plot of 
(g,(l - B)}-' us. [HCI]/[NO]. 0, [HCI] = 9.7 x loLs;  
A, 19.4 x 10"; 0, 38.9 x 10' molecules ~ m - ~ .  

Substituting the explicit formula for B into 
expression 13 and rearranging it, one obtains 

Using the magnitudes of a and klSk8-l  deter- 
mined above the fraction A of H atoms under- 
going [9] was recalculated. It is plotted as a 
function of the nitric oxide pressure in Fig. 3. The 
scatter of points is greater for experiments with 
SF, present because the fractional change in 
G(H2) for a given [NO] is much smaller. How- 
ever, the results for the different HCl concentra- 
tions both with and without SF, fall on a single 
line. The slope of this gave kgkl = 1.6 f 0.2 x 
lo1,, whence using kg from above we find 
k, = 6.9 i 1.0 x cm6 molecule-' s-'. 
These values are within experimental error the 
saivle as those found from the experiments with 
SF, present in the Results section, and a more 
elaborate determination of a, kl,k8-l,  and 
k,kl - ' by successive approximat~on is not 
required. 

The observed value of g( H,,,x - = 2.4 f 0.3 is 
very similar to g(,cl,x- = 2.4 F 0.3 at 274 K and 
2.5 F 0.1 molecules per 100 eV at 196 K esti- 
mated by Davidow and Armstrong (1) using 
chlorine as a scavenger. Also the magnitude of 
k8/kI5 = 1.2 x lo-' is to be compared with 
k,/k18 = 3.3 x calculated for 298 K from 
the earlier results. 

[NO] / l o q 8  molecule cm-3 

FIG. 3. Reciprocal of the fraction A of H atoms reacting 
with HCI. Plotted as a function of NO concentration. 
HCI concentrations shown by points as in Fig. 2;  filled 
points, 1 to 1.25 molx ':SF6 present; open points, without 
SF6. 
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Although the interpretation of the present results 
is relatively complex these comparisons strongly 
support the view that NO is scavenging the same 
species (HCI),- as was previously postulated to 
explain the chlorine results. The absence of a 
competition for free electrons is not entirely 
unexpected, since electron capture by nitric 
oxide is much slower than by the common 
electron scavengers SF, and CCI,. The electron 
capture mechanism in pure NO is considered to 
involve reactions 19, 20, and 21 (7). 

[19]/[20] e + NO + NO z$ NO- + NO 

1211 NO- + 2 N 0  -+ Stable ions 

The magnitude of k,,, which determines the rate 
wheneveryN0- undergoes [21],'is8 i 4 x 
cm6 molecule-2 s- I .  Assuming reaction 22 
occurs with a rate constant similar to reaction 19 

1221 e + NO + HC1+ NO- + HCI 

the maximum rate of capture in HCl for a given 
set of [HCl] and [NO] would be 8 x 
[NO][HCI]. With this and a rate of electron 
capture by HC1 = 10.4 i 0.7 x [HC1I3 
from (12) we find that 13% nitric oxide in HCl 
will captureelectrons at one tenth, one twentieth, 
and one fortieth the rate by HCI at concentra- 
tions of9.7 x 1018, 19.4 x 1018, and 38.9 x 1018 
molecules cn1C3 respectively. 

The fate of HNO in the HC1 system is ob- 
viously of particular interest. In contrast to the 
analogous process in HI (17), reaction 23 

123 1 HNO + HC1+ H z  + ClNO 

is found from data in ref. 18 to be endothermic 
by 10 kcal per mole and can be excluded. Some 
HNO may disappear in reaction 24 (19-21) and 
by reaction with NO (19). 

1241 HNO -I- HNO + HzO f NzO 

'In HC1 NO- should undergo the reaction NO- + 
HC1-t C1- + FINO which has a second order rate 
constant of 1.6 x lo-' cm3 s- '  (22). 

However, an important factor here is the presence 
of C1, and CINO, which may remove NO 
through reactions 25 and 26. 

[251 Clz + HNO -r HCl + ClNO 

[261 ClNO + H N O  + H C l f  2 N 0  

These reactions are exothermic and seem likely 
in the present circumstances. 
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Synthetic routes tap nucleoside analogs of N-substituted 1-oxa-4-azacyclohexanes 
and 1- thia-4-azacyclaphexanes. l3C nucBear magnetic resonance spectra of 

six-membered, cyclic amides 

B. MARIO PINTO, DOLATRAI M. V Y A S ~  A N D  WALTER A. SZAREK' 
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B. MARIO PINTO.  DOLATRAI M .  VYAS, and WALTERA. SZAREK. Can. J .  Chem. 55.937 (1977). 
Nucleoside analogs, namely 6-chloro-9-(4-benzoyl-l-oxa-4-azacyclohexan-2-yl)-9H-purine 

6 and 6-chloro-9-(4-benzoyI-1-thia-4-azacyclohexan-2-yl)-9H-purine 7, were obtained by 
treatment of 4-benzoyl-2-hydroxy-1-oxa-4-azacyclohexane 13 and 4-benzoyl-2-hydroxy-1-thia- 
4-azacyclohexane 18, respectively, with 6-chloropurine, methyldiphenylphosphine, and diethyl 
azodicarboxylate in refluxing tetrahydrofuran. Compounds 13 and 18 were obtained by O- 
deacetylation of the corresponding 2-acetoxy derivatives 11 and 16 with a catalytic amount of 
sodium methoxide in chloroform. 2-Acetoxy-4-benzoyl-I-oxa-4-azacyclohexane 11 was obtained 
from 4-benzoyl-1-oxa-4-azacyclohexane 10 by treatment with tert-butyl peracetate, cuprous 
chloride, and benzene, whereas 2-acetoxy-4-benzoyl-1-thia-4-azacyclohexane 16 was prepared 
by a Pumrnerer reaction with 4-benzoyl-1-thia-4-azacyclohexane 1-oxide 15. The ' 3C nmr spectra 
of all the sompounds are reported; the spectra provided unambiguous proof of structure. 

B.  MARIO PINTO, DOLATRIA M .  VYAS et WALTER '4. SZAREK. Can. J .  Chem. 55.  937 (1977). 
On a obtenu des analogues nucleosides a savoir la chloro-6 (benzoyl-4 oxa-1 aza-4 cyclo- 

hexanyl-2)-9 9H-purine 6 et chloro-6 (benzoyl-4 thia-1 aza-4 cyclohexanyl-2)-9 9H-purine 7 
par les reactions respectives du benzoyl-4 hydroxy-2 oxa-1 aza-4 cyclohexane 13 et du benzoyl-4 
hydroxy-2 thia-1 aza-4 cyclohexane 18 avec la chloro-6 purine, la methyIdiphCnylphosphine et 
l'azodicarboxylate de diethyle dans le tetrahydrofuranne au reflux. On a obtenu les composCs 
13 et 18 par une 0-diacylation des derives acktoxy-2 correspondants (11 et 16) avec des quan- 
tit& catalytiques de methylate de sodium dans le chloroforme. On a obtenu I'acCtoxy-2 benzoyl- 
4 oxa-1 aza-4 cyclohexane 11 B partir du benzoyl-4 oxa-1 aza-4 cyclohexane 10 par reaction 
avec le peracetate de [err-butyle, le chlorure cuivreux et le benzene alors qu'on a prepare l'aci- 
toxy-2 benzoyl-4 thia-1 aza-4 cyclohexane 16 par une reaction de Pumrnerer avec le benzoyl-4 
thia-1 aza-4 cyclohexane oxyde-l 15. On rapporte les spectres rmn du 'T de tous les composes; 
les spectres fournissent une preuve non-ambigue des structures. 

[Traduit par le journal] 

Introduction 
In the quest for potent anticancer agents for 

chemotherapeutic use, an active area of research 
in this laboratory is the synthesis of novel 
nucleoside analogs containing more than one 
hetero-atom in the carbohydrate ring. A stimulus 
for this aspect of nucleoside chemistry b a s  
provided by the fact that N-[2-(9-adeny1)-3,5- 
dihydroxy - 6 - (hydroxymethyl)morpholino]iso - 
nicotinamide I,  obtained by condensation of 
periodate-oxidized adenosine with isonicotinic 
acid hydrazide, is a substituted morpholine 
structure and possesses both antitumor and 
immunosuppressive properties (1). The reduction 
of the adduct of periodate-oxidized adenosine 
5'-phosphate and nlethylainine has also afforded 
a nucleotide analog of an N-methylmorpholine 

'Author to whom inquiries should be addressed. 

derivative (2u), and a uridine-base derivative of 
a morpholine derivative has been synthesized 
by Jones and Walker (26) by reacting "uridine- 
dialdehyde" with benzoylhydrazine. As part of 
this program, the synthesis (3) and conforma- 
tional analysis (4) of nucleoside-base derivatives 
of l,4-oxathiane (2 and 3), l,4-dithiane 4, and 
1,4-dioxane 5 have been reported; some of these 
compounds have exhibited anticancer activity.' 

As a further extension, in this paper we report 
the synthesis of 6-chloro-9-(4-benzoyl-1-oxa-4- 
azacyclohexan-2-y1)-9H-purine 6 and 6-chloro- 
9-(4-benzoyl- 1 -thia-4-azacyclohexan-2-yl)-9H- 
purine 7 from the readily available, non- 
carbohydrateprecursors, I-ma-4-azacyclohexane 
8 and 1-thia-4-azacyclohexane 9, respectively. 
I11 earlier studies (6, 7), suitably protected 

'W. A. Szarek, D. M. Vyas, and A. Bloch, unpublished 
results. 
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carbohydrates have been converted into deri- 
vatives of 1-oxa-4-azacyclohexanes. Interestingly, 
several guanidine derivatives of 1-thia-4-aza- 
cyclohexane and 1-thia-4-azacycloheptane have 
also been studied (8) for their potential anti- 
hypertensive properties. 13C magnetic resonance 
(l3Cnlr) and proton magnetic resonance ('Hmr) 
spectroscopic data of all intermediates, side- 
products, and product nucleosides are also 
reported in this paper; these data have been 
employed for proof of structure and examination 
of conformational behaviour. 

In contrast to our earlier study (4) on 13Cmr 
spectra of 1,4-oxathiane derivatives in which 
the assignment of chemical shifts was straight- 
forward, in the case of the present series of 

compounds, namely the N-acylated nitrogen 
heterocycles, the assignment of signals in their 
13Cmr spectra obtained at  ambient temperature 
was complicated because of broadening of 
certain signals owing to restricted rotation about 
the amide bond (9). Hirsch et al. (10) have re- 
ctxLtly reported barriers to amide rotation in a 
series of substituted, six-membered nitrogen 
heterocycles, including 4-benzoyl-1-oxa-4-aza- 
cyclohexane 10, as studied by 13C dnmr. In the 
present study, spectra obtained at various 
temperatures were employed to distinctly assign 

the signals of all of the carbons in the six- 
membered rings. Details of a 'H dnmr study 
of the effects of substitution on nitrogen on 
barriers to rotation of cyclic amides have been 
published (1 1). 

Results and Discussion 
Commercially available 1 - oxa - 4 - azacyclo - 

hexane 8 was readily converted into 4-benzoyl- 
1-oxa-4-azacyclohexane 10 (see Scheme 1) by 
treatment with benzoyl chloride and pyridine 
in chloroform. Treatment of 10 with tert-butyl 
peracetate in refluxing benzene in the presence 
of cuprous chloride for 5.5 h by the procedure 
of Sosnovsky and Lawesson (12) afforded 
chromatographically separable 2 - acetoxy - 4 - 
benzoyl-1-oxa-4-azacyclohexane 11 and trans- 
2,3-diacetoxy-4-benzoyl- 1-oxa-4-azacyclohexane 
12 in a ratio of approximately 4 : 1, respectively; 
prolonged heating resulted in the formation of 
a greater proportion of 12. 

The regioselectivity of the acetoxylation re- 
action to give the 2-acetoxy derivative 11 was 
readily confirmed by 13Cmr spectroscopy The 
13C chemical shifts for the 1-oxa-4-azacyclo- 
hexane derivatives 8 and 10-13 are given in 
Table 1. In the case of compounds 11 and 13, 
the spectral data are reported at temperatures 
at which the rates of rotation about the amide 
bond are slow, intermediate, and fast on the 
nmr time-scale; in the case of 4-benzoyl-l- 
oxa-4-azacyclohexane 10, the two temperatures 
given are those representing slow and inter- 
mediate rates. The data given for the diacetate 
12 are those for the slow-exchange rate. The 
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presence of the acetoxy group at C-2 in 2- 
acetoxy-4-benzoyl-1-oxa -4-azacyclohexane 11 
causes a large downfield shift (-22 ppm) of the 
C-2 signal relative to that in the spectrum of 
4-benzoyl-1-oxa-4-azacyclohexane 10 and only 
slight changes in the chemical shifts of the C-3 
and C-5 signals. It is noteworthy that the C-6 
signal in the spectrum of 11 (recorded at the 
slow-exchange limit) is shifted upfield by 
6.0 ppm relative to the corresponding signal in 
the spectrum of 10. This result is consistent with 
the preponderant conformation of compound 
11 having the acetoxy group in the axial orienta- 
tion, since there then would be a y steric inter- 
action (4, 13) between this group and the axial 
hydrogen at C-6. The assignment of the axial 
orientation for the acetoxy group is in accordance 
with the anomeric effect (14), and was corro- 
borated by the observation, in the 'Hmr 
spectrum of 11, of the H-2 signal as a broad 
singlet at 7 3.82 (J2,, + J,,,, E 5 Hz); the value 
of 5 Hz includes the long-range coupling across 
oxygen. 

The constitution and stereochemistry of the 
diacetoxy derivative, trans - 2,3 - diacetoxy - 4 - 
benzoyl-1-oxa-4-azacyclohexane 12, were also 
established by nmr spectroscopy. The observa- 
tion that the C-6 signal in the 13Cmr spectrum 
of the diacetate 12 is shifted upfield by 1.3 ppm 
relative to that in the spectrum of the mono- 
acetate 11 (recorded at 305 K) is only consistent 
with the second acetoxy group being at C-3 in 
compound 12; the presence of this group at C-6 
or C-5 would be expected to cause a downfield 
shift of the C-6 signal in 12 (relative to 11) as a 
consequence of the cc or p effect (4, 15), re- 
spectively. In the 'Hmr spectrum of 12 the 
H-2 and H-3 signals appeared as broad singlets 
having half-height widths of 3 and 4 H z , ~  
respectively, an observation which suggests that 
the acetoxy groups at C-2 and C-3 in the pre- 
ferred conformation of 12 are trans-diaxially 
disposed. This stereochemistry is also manifested 
by the upfield shifts (4.3 and 6.9 ppm) of the 
C-5 and C-6 signals, respectively, in the 13Cmr 
spectrum of 12 relative to the corresponding 
signals in the spectrum of 4-benzoyl-l-oxa-4- 
azacyclohexane 10 (recorded at 270 K) attri- 
butable to the y steric interactions between the 

axial acetoxy groups and the axial hydrogens at 
C-5 and C-6. 

Another interesting aspect of the 13Cmr- 
spectral study of compounds 10 and 11 is the 
effect of restricted rotation about the amide 
bond on 13C chemical shifts. In the spectrum 
of 10 at 295 K the C-3 and C-5 resonances 
appear as a broad band; however, at 270 K 
distinct signals are observed at 48.2 and 42.5 ppm 
indicating a slow rate of rotation about the 
amide bond on the nmr time-scale. Previous 
workers have shown (17) that the carbon syn 
to the carbonyl oxygen of an amide is shielded 
relative to the corresponding carbon in the anti 
conformer. Thus, the signals at 48.2 and 42.5 ppm 
are assigned to the carbons which are anti 
and syn, respectively, to the carbonyl oxygen. 
In the case of the 2-acetoxy derivative 11, the 
C-3 and C-5 resonances, which appear as a 
broad band at 305 K (see Fig. Ib), are resolved 
into two sharp peaks at 48.2 and 43.8 ppm at the 
fast-exchange limit (see Fig. la); the signal at 
48.2 ppm is assigned to C-3 on the basis of an 
expected P effect of a neighboring acetoxy group. 
At the slow-exchange limit, signals for the two 
ring carbons a to the nitrogen for the two rota- 
tional isomers are clearly revealed (see Fig. Ic); 
the signals for the syn and anti isomers were as- 
signed on the basis of the approach outlined 
above. 

Treatment of compound 11 with a catalytic 
amount of sodium methoxide afforded 4- 
benzoyl-2-hydroxy- 1 -oxa-4-azacyclohexane 13 
(see Scheme 2) as a colorless syrup. The 13C 

3These values presumably include long-range couplings 
across the two heteroatoms in the ring (compare refs. 4 
and 16). 
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PINTO ET AL. 

FIG. 1 .  13Cmr spectra of 2-acetoxy-4-benzoyl-1-oxa-4-azacyclohexane 11 at (u) 330 K, (b) 305 K, 
and (c) 260 K. 

chemical shift assignments for the 2-hydroxy 
derivative 13 were relatively straightforward and 
are documented in Table 1. Compound 13 was 
converted into the nucleoside analog 6 in 50% 
yield by treatment (18) with 6-chloropurine, 
methyldiphenylphosphine, and diethyl azodi- 
carboxylate in refluxing tetrahydrofuran. The 
maximal uv absorption for 6 at 264nm in 
neutral, acid, or basic solution is in agreement 
(19) with a 9-substituted purine. The value 
(12 Hz) obtained for J,,,,, + J, , , , , ,  from the 

'Hmr spectrum of 6 is indicative of a pre- 
ponderance in chloroform-d of the conformer 
having the purine moiety in an equatorial 
orientation. This conformational preference is 
further indicated by the observation that the 
C-6' signal in the 13Cmr spectrum of nucleoside 
6 (recorded at 330 K) is shifted upfield by only 
0.8 ppm (see Table 2) with respect to the C-6 
signal in the spectrum of 10; a preference for the 
conformer having the purine moiety in an axial 
orientation would have been expected to be 
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PIKTO ET AL. 943 

manifested by a significantly larger upfield shift 
of the C-6' signal owing to a y steric interaction 
between the purine ring and the axial hydrogen 
at C-6'. 

1-Thia-4-azacyclohexane 9, prepared from 
diethanolamine by the method of Cymerman- 
Craig et al. (20), was converted into 4-benzoyl-l- 
thia-4-azacyclohexane 14 (see Scheme 3) by 
treatment with benzoyl chloride and pyridine in 
chloroform. The sulfoxide 15 was obtained from 
14 by oxidation with sodium metaperiodate by 
the method of Leonard and Johnson (21). 
Treatment of 15 with 2.4 equiv. of acetic an- 
hydride in benzene containing a trace of p- 
toluenesulfonic acid monohydrate at 60 "C for 
3.5 h afforded the chromatographically separable 
Pummerer-reaction product 16, as a colorless 
syrup, and a small proportion of 4-benzoyl-l- 
thia-4-azacyclohex-2-ene 17; treatment of 15 
with these reagents at 80 "C for 1 h afforded a 
1 :1 mixture of the Pummerer-reaction product 
16 and the elimination product 17. 

The 13C chemical shift assignments in the 
spectrum of 4-benzoyl-1-thia-4-azacyclohexane 
14 (see Table 3) were made in analogy to those 
made in the spectrum of 4-benzoyl-l-oxa-4- 
azacyclohexane 10; however, in the case of 14, 
the C-2 and C-6 signals were observed to have 
slightly different chemical shifts. The assignment 
of the C-2 and C-6 signals was made by an 
extension of the approach employed for the 
C-3 and C-5 signals. 

In Fig. 2 are shown the 13Cmr spectra of the 
sulfide 14 and the sulfoxide 15. The relative 
shifts observed for corresponding signals parallel 
the trends described previously (4) for 1,4- 
oxathiane and 1,4-oxathiane 1-oxide. 

The 13Cmr spectrum of the Pummerer product 
16 was analyzed in a manner analogous to that 
employed in the case of 2-acetoxy-4-benzoyl-l- 
oxa-4-azacyclohexane 11. A salient feature 
again is the 4.1 ppm upfield shift of the C-6 
signal in the spectrum of 16 (recorded at the 
slow-exchange limit) relative to the corres- 
ponding signal in the spectrum of 4-benzoyl-l- 
thia-4-azacyclohexane 14 indicating that the 
preponderant conformation of compound 16 
has the acetoxy group at C-2 in the axial 
orientation; the value (-8 Hz) obtained for 
J,,, + J,,,, from the 'Hmr spectrum of 16 
could also be considered to be in agreement with 
this assignment, provided that it is noted that the 
value presumably includes the long-range 
coupling across sulfur. Moreover, the assign- 
ment is in accordance with previous examples 
(22) of the anomeric effect in sulfur heterocycles. 
Finally, the 13Cmr spectra of 16 recorded at both 
fast- and slow-exchange limits exhibit nearly 
identical features to those described above for 
the spectra of 2-acetoxy-4-benzoyl-1-oxa-4-aza- 
cyclohexane 11. 

Treatment of con~pound 16 with a catalytic 
amount of sodium methoxide afforded 4- 
benzoyl-2-hydroxy- 1 -thia-4-azacyclohexane 18 
(see Scheme 4) as a colorless syrup. Compound 
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FIG. 2. 13Cmr spectra of 4-benzoyl-1-thia-4-azacyclohexane 14 and 4-benzoyl-1-thia-4-azacyclo- 
hexane 1-oxide 15 recorded at 250 K. 

18 was then converted into the llucleoside 
analog 7 in 35:: yield by the same coupling 
procedure as described for 6. The maxiinal uv 
absorption for '7 at  264-266 nm in neutral, acid, 
or  basic solution is in agreement with a 9- 
substituted purine. The 13C chemical-shift data 
for 7 are given in Table 2. As in the case of 
2-acetoxy-4-benzoyl-1-thia-4-a~acjclohexane 16, 
the 13Cmr and 'Hmr data suggested that the 
preponderant conformation of the nucleoside 
analog 7 has tbe substituent a t  C-2 in the axial 
orientation; however, the C-6 signal in the 
spectrum of 7 (recorded a t  330 K) is shifted 
upfield by only 1.4 ppm relative to the C-6 
signal in the spectrum of 14. 

Experimental 
Melting points \\ere determined with a Fisher-Johns 

melting point apparatus and are uncorrected. The ir 
spectra here recorded on a Perkin-Elmer 180 spectro- 
photometer. liltraviolet (uv) spectra were recorded on a 
Beckman ACTA MIV spectrophotonieter. Proton 
magnetic resonance ('Mrnr) spectra were recorded at  
60 MHz on a Varian EM-360 or Bruker HX-60 spec- 
trometer in chloroform-d with tetramethylsilane (TMS, 
s = 10.00) as the internal standard. 13Cmr spectra were 
recorded in chloroform-il solution on a Bruker HX-60 
spectrometer equipped with a FT60M Fourier transform 
accessory at 15.09 MHz;  chemical shifts are given in 
ppm downfield from TMS. Thin-layer chromatography 
was performed with silica gel G as the adsorbent in the 
following solvent systems (viv): ( A )  benzene - ethyl 
acetate, 1 : I ;  (B) 4 : l ;  (C)  1 :2; (D) petroleum ether 
(bp 60-80 ' C )  - ethyl acetate - methanol, 3 :3:1. The 
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developed plates were air dried, and exposed to uv light azacyclohexane 11 (0.29 g, 1.16 mmol) in chloroform 
andlor sprayed with a solution of cerium sulfate (1.0%) (20 ml) at  0 "C was added sodium methoxide ( ~ 0 . 1  M) 
and molybdic acid (1.5%) in 10% aqueous sulfuric acid, in methanol (1 ml); stirring was continued at  0 'C for 
and heated at - 150 'C. Column chromatography was 5 h. Thin-layer chromatography (solvent A )  indicated the 
performed on Brinkmann silica gel (70-325 mesh). presence of a new component having an R, value of 0.1. 
Solvents were evaporated under reduced pressure below The solution was washed with an  aqueous sodium 
50 "C. hydrogen carbonate solution (2 x 7 ml) and then with 

4-Benzo~~/-l-oxa-4-azac}~clohexane 10 
T o  a solution of I-oxa-4-azacyclohexane 8 (10 g, 

0.115 mol) in chloroform (100 ml) containing pyridine 
(18.9 g) at  O'C was added benzoyl chloride (16.3 g, 
0.116 mol) in chloroform (20 ml) over a period of 1.5 h. 
The mixture was stirred at room temperature for 8 h 
and then poured onto ice. The layers were separated, and 
the organic layer was washed successively with 6 hr 
hydrochloric acid, aqueous sodium hydrogen carbonate 
solution (3 x 30ml), aqueous copper sulfate solution 
(30 ml), and water (30 mi). The organic layer was dried 
over anhydrous magnesium sulfate, and the solvent 
evaporated to afford a syrup (20 g) which crystallized 
upon cooling irz cacuo. The sample was recrystallized 
from ether-hexane to give 10 as white crystals (16.8 g, 
76z ) ;  mp 69-70cC; 'Hmr data: r 2.62 (s, SH, Ph), 
6.38 (br s, 8H, 2H-2's, 2H-3's, 2H-j's, 2H-6's). 

2-Ace/o.uq.-4-benzoyl-l-oxa-4-azacyclohexaze 11 
T o  a stirred solution of 4-benzoyl-1-oxa-4-azacyclo- 

hexane 10 (0.75 g, 3.9 mmol) in benzene (50 n ~ l )  con- 
taining cuprous chloride (40 mg), under an atmosphere 
of nitrogen at  81 'C, was added tevt-butyl peracetate 
(0.56 g of a 75% solution in Mineral Spirits, 3.2 mmol) 
in benzene (15 ml) over a period of 2 h. The mixture was 
stirred at  81 ^C lor 3.5 h. Thin-layer chromatography 
indicated the presence of three new components having 
R, values of 0.5, 0.4, and 0.3 together with unreacted 
starting material 10 (RF 0.2). The mixture was cooled, 
diluted with benzene (50 ml), washed successively with 
aqueous sodium hydrogen carbonate solution (2 x 
25 ml) and water (25 ml), and dried over anhydrous 
sodium sulfate. Evaporation of the solvent afforded a 
syrup which was chromatographed on silica gel, with 
solvent A as eluant, to give components having R, values 
of 0.5, 0.4, 0.3, and 0.2. The component having an RF 
value of 0.5 was obtained from ethanol as white crystals 
(28 mg), mp 146-147"C, and was identified as being 
trans- 2,3 -diacetoxy-4- benzoyl- 1 -oxa-4-azacyclohexane 
12; 'Hmr data: T 2.5 (s, 5H, Ph), 3.82, 4.02 (two-1H br s, 
W,,, = 3 and 4 Hz, respectively, H-2 or H-3), 5.50-7.00 
(m, 4H, 2H-j's, 2H-6's), 7.82 (s, 3H, OAc), 7.90 (s, 3H, 
OAc). Anal. calcd. for C I ~ H I 7 N O S :  C 58.62, H 5.58, 
N 4.56; found: C 58.61, H 5.66, N 4.48. 

The component having an R, value of 0.4 was isolated 
as a syrup (12 mg) and was not identified. The component 
having an R, value of 0.3 was isolated as a syrup and was 
identified as being 2-acetoxy-4-benzoyl-1-oxa-4-aza- 
cyclohexane 11 (82 mg, 44%); 'Hmr data: r 2.5 (s, 5H, 
Ph), 4.0 (br s, 1H, H-2), 5.6-7.1 (6H, 2H-3's, jJ2,, + 

J 2 , 3 , 1  - 5 Hz, 2H-5's, 2H-6's), 7.9 (s, 3H, OAc). The 
component having RF value of 0.2 was isolated as a white 
solid and was identified as being unreacted starting 
material 9 (0.60 g). 

4-Benzoyl-2-hydroxy-l-oxa-4-azacyc(oheane 13 
To a stirred solution of 2-acetoxy-4-benzoyl-l-oxa-4- 

water-(7 ml), and dried over anhydrous magnesium 
sulfate. Evaporation of the solvent afforded a syrup 
which was identified as being 4-benzoyl-2-hydroxy-l- 
oxa-4-azacyclohexane 13 (0.24 g, 98%); 'Hmr data: 
r 2.58 (s, 5H, Ph), 5.17 (br s, l H ,  after deuteriation of 
OH, H-2) 5.67-6.92 (br signals, 6H, 2H-3's, 2H-5's, 
2H-6's). 

6-Chloro-9-(4-benzoyl-1 -oxa-4-nzacyelohexan-2-yl) -9H- 
purine 6 

A mixture of 6-chloropurine (0.179 g, 1.16 mmol), 
methyldiphenylphosphine (0.232 g, 1.16 mn~ol), and 
diethyl azodicarboxylate (0.202 g, 1.16 mmol) in dry 
tetrahydrofuran (20ml) was added to 4-benzoyl-2- 
hydroxy-1-oxa-4-azacyclohexane 13 (0.235 g, 1.14 mmol) 
in dry tetrahydrofuran (20 ml) with stirring; stirring was 
continued for 20 h at  room temperature. The reaction 
mixture was brought to reflux, and each of the reagents 
(0.5 equiv.) was added; refluxing was continued for 12 h. 
The reaction mixture was concentrated, and the residue 
uas  chromatographed on silica gel, with solvent C as 
eluant, to give a component having an R, value of 0.1 
in solvcnt A and 0.2 in solvellt C. The sample was 
obtained as a white foam and was identified as being 
6-chloro-9-(4-benzoyl-l-oxa-4-azacyclohexan-2-yl)-9H- 
purine 6 (0.20 g, 50%); mp 61 "C (sintered at 55 "C); 
ir (chloroform): 1578, 1550, and 1480 (purine ring), 
1625 (CEO) cnl-'; uv h,,, (ethanol): 264 (E 3492) 
(purine ring), 248 (E 3257) (benzamide), 210 nm ( E  7039) 
(purine ring); X,,,, (ethanol containing a trace of hydro- 

chloric acid): 264 (& 3603), 248 (& 3408), 209 nm ( E  6536); 
A,,, (ethanol containing a trace of sodium hydroxide): 
264 ( E  3743) shoulder, 246 ( E  5251), 217 nm (E 16 480); 
'Hmr data: r 1.28, 1.63 (2s, 1H each, H-2, H-8), 2.55 (s, 
5H, Ph), 4.05 (d of d, IH, iJ2*,3, + JZs,3,,' = 12 HZ, 
H-2'1, 5.1-6.9 (6H, H-3', H-3", H-5', H-5", H-6', 
H-6"). Anal. calcd. for C16H~4N~02C1:  C 55.90, H 4.10, 
N 20.37, CI 10.32; found: C 55.87, H 4.23, N 20.21, 
C1 10.52. 

4-Benzoyl-I-thia-4-azacyclohexane 14 
Crude 1-thia-4-azacyclohexane 9, prepared from 

diethanolamine (16.8 g, 0.16 mol) by the method of 
Cymerman-Craig et a/. (20), was dissolved in chloroform 
(250 ml) and pyridine (16 g) was added to the solution. 
The mixture was cooled to O0C, and benzoyl chloride 
(27.3 g, 0.19 mol) was then added dropwise with stirring 
over a period of 1 h ;  stirring was continued at room 
temperature for 12 h. The mixture was stirred vigorously 
with 2 Nhydrochloric acid, and the layers were separated. 
The organic layer was washed successively with aqueous 
sodium hydrogen carbonate solution (4 x 150ml), 
aqueous copper sulfate solution (100 ml), and water 
(2 x 100n1l), and dried over anhydrous magnesium 
sulfate. Evaporation of the solvent afforded a brown 
syrup which was chromatographed on silica gel, with 
solvent A as eluant, to yield a syrup (15 g) having an 
R F  value of 0.5. Compound 14 was obtained from ether 
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as a white, crystalline solid (45% based on diethanol- the starting sulfoxide 15 was consumed in I h, and 
amine); m p  68 'C; 'Hmr data: .r 2.65 (s, 5H, Ph), 6.23 
( n ~ ,  4H, 2H-3's, 2H-j's), 7.41 (m, 4H, 2H-2's, 2H-6's). 
For  compound 14, mp 63 'C has been reported (5). 
Anal. calcd. for C,,H,,NOS: C 63.80, H 6.28, N 6.76, 
S 15.48; found: C 63.90, H 6.53, N 6.61, S 15.38. 

4-Beizzoyl-I-thin-4-arncyclohexane I-Oxide 15 
To  a solution of 4-benzoyl-1-thia-4-azacyclohexane 

14 (3.63 g, 17.5 n~mol)  in methanol (25 ml) at  5 'C was 
added sodium metaperiodate (3.74 g, 17.5 mmol) in 
1 :1 (vlv) methanol-water (50 mI) with stirring; stirring 
was continued at 5 'C for 24 h. The mixture was evapo- 
rated to dryness, and the residue was extracted with 
chloroform (150rnl). The extracts were washed with 
aqueous sodium thiosulfate solution (25 ml) and then 
with water (25 mi), and dried over anhydrous magnesium 
sulfate. Evaporation of the solvent afforded a yellow 
solid (3.44 g) which was revealcd by tlc (solvent D) to 
consist of two components having R, values of 0.6 and 
0.2; fractionation on silica gel, with solvent D as eluant, 
yielded the two components. The faster-moving com- 
ponent (0.94 g) was identified as being unreacted starting 
material 14. The slower-moving component was re- 
crystallized from ethyl acetate to give 15 as white crystals 
(2.50g, 86%); mp 113-114LC; ir (KBr): 1048 (S=O) 
cm-'; 'Hmr data:  r 2.57 (s, 5H, Ph), 5.90 (ni, 4H, 
2H-3's, 2H-5's), 7.20 (m, 4H, 2H-2's, ZH-6's). Ancrl. 
calcd. for C,,H,,NO,S: C 59.22, H 5.83, N 6.28, 
S 14.37; found: C 59.14, H 5.91, N 6.21, S 14.21. 

Pun~n~erer  Reaction n.itlz 4-Benzoyl-I-thin-4-nzacj~clo- 
hexane ]-Oxide 15 

A solution of the sulfoxide 15 (0.85 g, 3.8 mmol) in 
benzene (40 ml) containing acetic anhydride (1 ml) and 
p-toluenesulfonic acid monohydrate (- 10 mg) was 
heated at  60cC  for 3.5 h. Thin-layer chromatography 
(solvent B) showed the presence of two new components 
having RF values of 0.6 and 0.3 together with unreacted 
sulfoxide 15 (R ,  0.05). The reaction mixture was stirred 
vigorously with aqueous sodium hydrogen carbonate 
solution (50 ml) for 2 h, and the layers were separated; 
the organic layer was washed with aqueous sodium 
hydrogen carbonate (2 x 15ml) and then with water 
(20 ml), and dried over anhydrous magnesium sulfate. 
Evaporation of the solvent afforded a partially crystalline 
syrup which was chromatographed on silica gel, with, 
initially, solvent B and, finally, ethanol as eluants. The 
faster-moving component (R, 0.6) was recrystallized 
from ether to give 17 (66 mg, 20%); mp 89-90'C; 
'Hmr data: r 2.57 (s, SH, Ph), 3.34 (br d, IH,  H-3), 
4.70 (br d, 1H, H-2) 5.86 (m, 2H, 2H-j's), 6.89 (m, 2H, 
2H-6's). Anal. calcd. for C,,H,,NOS: C 64.42, H 5.36, 
N 6.83, S 15.64; found: C 64.64, H 5.32, N 6.64, S 15.41. 

The slower-moving component (R, 0.3) was isolated as 
a syrup (0.33 g, 80%) and was identified as being 2- 
acetoxy-4-benzoyl-1 -thia-4-azacyclohexane 16; 'Hmr 
data:  r 2.59 (s, 5H, Ph), 4.32 (br s, l H ,  J,,, f J,,,,l cz 
8 Hz, H-2), 5.67-7.67 (br signals, 6H, 2H-3's, 2H-j's, 
2H-h's), 7.93 (s, 3H, OAc). A n d .  calcd. for C13HI,N03S:  
C58.90,H5.66,N5.28,S 12.10:found: C59.01,H5.63,  
N 5.14, S 11.94. 

The unreacted sulfoxide 15 (0.49 g, 2.2 mmol) was 
isolated as a white, crystalline solid. 

When the reaction was performed at 80 'C, most of 

compound; 16 and 17 were produced in a ratio of - 1 :1. 

4-Benzoyl-2-hydroxq.-I-thia-4-azacyc/oheane I 8  
To  a stirred solution of 2-acetoxy-4-benzoyl-1-thia-4- 

azacyclohexane 16 (0.30 g, 1.15 mmol) in chloroform 
(20 ml) at O'C was added sodium methoxide (0.1 IM) 
in methanol (I ml); stirring was continued at 0 "C for 
2 h. The solution was washed with aqueous sodium 
hydrogen carbonate solution (2 x 7 ml) and then with 
water ( loml),  and dried over anhydrous magnesium 
sulfate. Evaporation of the solvent afforded a syrup 
(0.25 g, 98%) which was homogeneous in tlc (solvent A, 
RF = 0.4) and was identified as being 4-benzoyl-2- 
hydroxy-I-thia-4-azacyclohexane 18; 'Hmr data: r 2.58 
(s, 5H, Ph), 5.17 (br signal, 1H, H-2), 5.50-7.83 (br 
signals, 7H, 2H-3's, 2H-j's, 2H-6's, OH). 

6- Chloro-9- (4- berizoyl- 1 -thia-4-ozacyclohe.uarz-2-y1) - 
9H-plinne 7 

A mixture of 6-chloropurine (0.172 g, 1.11 n~mol),  
methyldiphenylphosphine (0.223 g, 1 . l  1 mn~ol),  and 
diethyl azodicarboxylate (0.194 g, 1.11 mmol) in dry 
tetrahydrofuran (20 ml) was added to a solution of 4- 
benzoyl-2-hydroxy-1-thia-4-azacyclohexane 18 (0.249 g, 
1.11 mmol) in tetrahydrofuran (20ml) with stirring; 
stirring was continued for 12 h at room temperature. 
Thin-layer chromatography (solvent A) indicated the 
presence of starting material 18. The mixture was heated 
at  reflux temperature for 2 h, and each of the reagents 
(1 equiv.) was added. Thin-layer chromatonraphy 
(sol;ent A)  indicated that most of 18 (R, 0.4) had been 
consumed, and revealed the presence of a new component 
having an  R, value of 0.2. The reaction mixture was 
evaporated to dryness, and the orange residue was 
chromatographed on silica gel, with solvent A as eluant, 
to yield the 2 compounds 18 and 7. Con~pound 7 was 
obtained from ethyl acetate as a white, crystalline solid 
(121 mg, 3.5%); mp 174-175 "C; ir (KBr): 1588, 1565 and 
14.78 (purine ring), 1625 (C=O) cm-' ;  uv h,,, (ethanol): 
265 (E 7475), 215 nm (E 10 918) (purine ring); ?,,,, 
(ethanol containing a trace of hydrochloric acid): 265 
(E 7628), 215 nm (E 10 204); I,,,, (ethanol containing a 
trace of sodium hydroxide): 261 (E 7653) shoulder (purine 
ring), 245 (E 9260) (benzamide), 217 nm (E 11 531) (purine 
ring); 'Hmr data:  r 1.53, 1.60 (2s, 1H each, H-2, H-81, 
2.33-2.67 (m, 5H, Ph), 4.334.67 (br signal, 1H, 1J2s,3s + 
J 2 , , 3 , ,  = 8 HZ, H-2')$ 4.92-6.13 (2H, H-3', H-3"), 
6.30-8.17 (4H, H-5', H-5", H-6', H-6"). Anal. calcd. 
for C I ~ H I ~ N ~ O S C I :  C 53.44, H 3.89, N 19.47, S 8.92, 
C1 9.86; found: C 53.39, H 4.04, N 19.31, S 8.78, CI 9.92. 

The unreacted starting material 18 was obtained as a 
syrup (24 mg). 
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Eflects of substitution on nitrogen on barriers to rotation of cyclic amides. Part I. 
Investigation of the rotational barrier in 4benzoyl-1-thia-Qazacyclohex-2-ene by 

IN dynamic nuclear magnetic resonance spectroscopy 
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T. BRUCE GRINDLEY, B. MARIO PINTO, and WALTER A.  SZAREK. Can. J .  Chem. 55. 949 
(1977). 

The rotational barrier in 4-benzoyl-1-thia-4-azacyclohex-2-ene has been investigated by 
total line-shape analysis of variable temperature 'H nmr spectra in acetonitrile-d,. Separate 
treatment of the vinyl and methylene signals yielded sets of values for activation parameters 
which were in excellent agreement. Assignment of the major and minor rotational isomers mas 
made from chemical-shift data derived from the 13C nmr spectrum at 243 K in acetonitrile-d3, 

T. BRUCE GRINDLEY, B. MARIO PINTO et W A I ~ E R  A. SZAREK. Can. J .  Chem. 55,949 (1977). 
On a etudie la barriere B la rotation dans le benzoyl-4 thia-1 aza-4 cyclohexene-2 par une 

analyse globale de la forme des raies des spectres mmn du proton, a temperature variable, dans 
l'acttonitrile-d,, Des traitements siparts des signaux des groupes vinyles et methylenes ont 
conduit a des ensembles de valeurs pour les parametres d'activation qui sont en tres bon 
accord. L'attribution des isomeres n~ajeurs et mineurs de rotation a e t t  effectute a partir de 
donnees de deplacements chirniques derivees de spectres rmn 13C B 243 K dans I'acetonitrile-d3. 

[Traduit par le journal] 

Introduction 
A large number of studies of rotational 

barriers in amides has been performed (1, 2). 
Nevertheless, there have been few systematic 
studies (3, 4) of the effects of substitution on 
nitrogen on these rotational barriers and n o  
study in which it is possible to clearly separate 
resonance, steric, and bond angle efTects. A 
useful technique for investigating such intra- 
n~olecular rate processes is the total line-shape 
analysis of variable temperature, ~luclear mag- 
netic resonance (nmr) spectra. The validity and 
reliability of the careful application of this 
technique to appropriate systems has been 
confirmed by comparison of the results obtained 
by the line-shape method with those obtained 
by direct thermal equilibration (for example, 
see refs. 5 and 4 ) .  However, to obtain accurate 
values of the enthalpies and entropies of activa- 
tion, it is necessary to perform the line-shape 
analysis over as large a temperature range 
as possible, and to have systems of suficient 
complexity ( 7 )  to facilitate band-shape matching 
over this range. In the present article the 
rotatio~iai barrier in 4-benzoyl-f -this-4-azacyclo- 

hex-2-ene 1 has been investigated by total 
line-shape analysis of variable teinperature 'M 
nmr spectra in acetonitrile-d,. Compound 1, 

an interesting candidate for heterocyclic con- 
formational analysis, was obtained during the 
course of a synthesis of some novel nucleoside 
analogs (8). 

Experimental 
Acetonitrile-d3 nas  obtained from Stohler Isotope 

Chemicals. '13 nmr spectra at 220 MHz nere measured 
on a Varian HR-220 spectrometer at the Canadian 220 
MHz N M R  Centre; the solution was 0.8 M in acetoni- 
triie-d,. Spectra req~~ired for simulatiol? were recorded 
using a 500-Hz s\\eep ~ ~ i d t h .  Temperatures were obtained 
by measuring peak separations in standard Varian 
samples of methanol and ethylene glycol and converting 
these into temperature values using the quadratic 
equation (9) of Van Geet for methanol and the linear 
equation (10) for ethylene glycol. Temperature gradients 
within the sample region of the HR-220 spectrometer 
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are considered to be negligible because of the large 
distance between the heating unit and the probe; tern- 
peratures are believed to be accurate to f 1 "C. Coupling 
constants and chemical shifts were obtained by analysis 
of the spectra (500-Hz sweep width) recorded at 245.9, 
255.0, and 267.0 K using a modified version of the 
iterative program NMR-LAOCN-4A (11); coupling 
constants were assumed to be temperature invariant. 
Chemical shifts in the exchange-broadened region were 
derived by a linear extrapolation of the values obtained 
at  the three lowest temperatures; this procedure re- 
sulted in excellent matching of the experimental and 
calculated chemical shifts of the vinyl signals, but the 
chemical shifts of the methylene signals required adjust- 
ment. Similarly, linear extrapolation of the population 
values obtained at the three lowest temperatures afforded 
values for the exchange-broadened region. Line widths 
were found to be unchanged at  the slow and fast ex- 
change limits and were assumed to be temperature 
invariant. Calculation of simulated line shapes was 
performed by use of a slightly modified version of the 
DNMR3 program (12) on a CDC-6400 computer 
equipped with a CALCOMP plotter. Rate constants 
were obtained by visual comparison of the experimental 
spectra with those calculated for various rates; the 
errors were considered to be the ranges in rates over 
which it was impossible to distinguish between the experi- 
mental and calculated spectra. 

Activation parameters and errors were calculated by 
the use of a weighted, linear least-squares program 
(RATES)' which employed equations described by 
Wolberg (13); this program weights the data in ac- 
cordance with their estimated errors and specifically 
treats errors in both temperatures and rate constants. 

13C nmr spectra were recorded in a 0.4 M acetonitrile- 
d3 solution on a Bruker HX-60 spectrometer equipped 
with a FT60M Fourier transform accessory at  15.1 MHz, 
with tetramethylsilane (TMS) as the internal standard; 
chemical shifts are given in parts per million downfield 
from TMS. A 90- pulse was employed. The probe 
thermocouple was used for temperature calibration 
(error _+ 1 'C). 

Results and Discussion 
The conformational analysis of 4-benzoyl-l- 

thia-4-azacyclohex-2-ene 1  is potentially com- 
plex because of the occurrence of two dynamic 
processes, namely, ring inversion and restricted 
rotation about the amide bond, as illustrated in 
Fig. 1. In the present work it has been found 
to be possible to study the latter process without 
interference from the former; this situation is 
not surprising, since the magnitude of the in- 
version barrier would be expected to be signifi- 
cantlv lower than that for amide rotation. Thus. 
for example, in the case of 4-benzoyl-l-oxa-4- 
azacyclohexane the free energies of activation for 
the inversion (14) and rotation (3) processes have 

'Copies of the RATES program may be obtained from 
T.B.G. 

FIG. 1. Conformational processes in 4-benzoyl-1-thia- 
4-azacyclohex-2-ene 1. 

been determined to be 7.4 and 14.4 kcal/mol, 
respectively. The remainder of this section, there- 
fore, will be concerned with the conformational 
equilibrium of the two amide isomers l a  and l b .  

The determination of the conformational 
preference in the case of several tertiary amides 
has frequently been a difficult task by 'H nnlr 
spectroscopy (1 5). In the present work the assign- 
ment of the major and minor rotational isomers 
was readily made from chemical-shift data 
derived from the 13C nmr spectrum at 243 K 
in acetonitrile-d,. Previous workers have shown 
(16) that the carbon syn to the carbonyl oxygen 
of an amide is shielded relative to the corre- 
sponding carbon in the anti conformer. In Table 
1 are documented 13C chemical-shift data for the 
rotational isomers l a  and l b .  On the basis of 
this data, isomer l b  was deemed to be the major 
contributor to the rotational equilibrium. Thus, 
in the case of isomer l b ,  the C-5 signal is shifted 
upfield by 6.7 ppm relative to the corresponding 
signal in the spectrum of l a ,  whereas the C-3 

TABLE 1. 13C chemical-shift dataa of rotational isomers 

Carbon 
Temperature 

Isomer (K) 2 3 5 6  

"In ppm downfield from internal tetramethylsilane (TMS) in 
acetonitrile-d,. Values in parentheses are peak heights standardized 
on the basis of each carbon of the minor isomer la having a peak 
height of 1.0. 
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GRINDLEY ET A L  

FIG. 2. 'H nmr spectrum at 220 MHz of 4-benzoyl-1-thia-4-azacycloheu-2-ene 1 (0.8 .M in acetoni- 
trile-d,) at 255.0 K. 

signal is shifted downfield by 3.0 ppm. It  is 
interesting to note that the signals for the C-2 
carbons in the two isomers are also distinct, 
whereas those for the C-6 carbons are not. 
Moreover, C-2 in the major isomer Ib is 
shielded relative to the correspoilding carbon in 
the minor isomer Pa. 

The 'H ninr spectrun~ a t  220 MHz of 4- 
benzoyl-1-thia-4-azacyclohex-2-ene 1 (0.8 M in 
acetonitrile-d,) at  255.0 K is shown in Fig. 2. 
The signal assignments were readily made 011 

the basis of published (17) chemical-shift data. 
Integration of the spectrum showed that isomers 
Pa and Pb were present in the ratio 1 :2.1, 
respectively. A n  interesting feature of the 
spectrum is the observation that the sequence 
of signals for the individual isomers la and Ib in 
the case of each of the vinyl protons is the 
reverse of that in the case of the protons of 
each of the methylene groups. Moreover, the 
sequence of signals for H-3 and H-5,5' in the 

l a  l b  

'H nmr spectrunl is the reverse of that for C-3 
and C-5 in the 13C ninr spectrum. 

The statlc parameters obtained from the 
LAOCN-4A analysis of the two ABCC'DD' 
systems, corresponding to the vinyl and inethyl- 
ene protons in 10 and lb ,  in the 220 MHz 
spectrum recorded at  255.0 K are given in 
Tables 2 and 3. The values of the long-range 
coupling constants were estinlated from line 
widths, and are in agreement with those re- 
ported for 4~ across sulfur (18) and amide 
nitrogen (19). 

The experimental and calculated dnmr spectra 
of the vinyl and methylene protons in compound 
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TABLE 2. Calculated chemical shiftsa for llmr signals of analysis, since the rate constants for the pro- 
vinyl and rnethylene protons in $ cesses in the two directions were expected to be 

-- significantly different. The rate constants derived 
Signal from this treatment are documented in Table 4. 

Isomer H-2 K-3 H-5,5' H-5,6' 

ppin from tetrarnethylsilane at 223 MHz and  255.0 K 

TABLE 3. Caicu!ated coupling constants (Hz) for vinyl and 
meihylene protons in 1 

- - 
Parameter Value Parameter Value 

- 
s2,3 8 . 4  J5,5' = 9 6 , 6 '  -11.0 

J 2 , 6  = J2,6' 0.6  J5,6 = .jsp,6' 7 .8  

J3.5 = J 3 , 5 ,  -1.1 J5.6' = Js'.~ 2 . 8  

I are illustrated in Figs 3-5 The total Ilrre-shape 
anaiysls was perfornied by lrdependently treating 
the exchange processes for the vlnyl and 
methyiene protons as AB + CCD and AA'BB' + 
CC'DD', respectively The effects of the love- 
range couplings were incorporated by a d ~ u s t ~ n g  
the approprtate Ilne-width parameter The two- 
spln system was sr~nulated by analysls of the 
process golng from the more populated con- 
former to the lesg populated conformer ( Ib  + 

Pa), whereas the four-spln system was simulated 
by analysls of the process going from the less 
populated conformer to the more populated 
conformer ( In  -, In). t h ~ s  approach was adopted 
In order to e1;m:nate any poss,ble bias ~ r i  the 

Activatiori parameters for the restricted 
rotation about the amide bond in 4-benzoy!-i- 
khia-4-azacyclohex-2-ene 1 were saiculated as 
described in the Experimental section. The 
results are presented in Table 5. In addition lo 
the careful e:iecution of the present analysis, the 
reliability of the values of the derived parameters 
may be attributed to the fact that, in the case 
of compound 1, each spin system is comprised 
of two components each of which has a signi- 
ficantly different chemical-shift difference be- 
tween the corresponding signals of the two 
isomers, a situation which permits the observa- 
tion of maximum broadening of the i~dividual 
segments at different temperatures. A further 
outstanding feature of the data is the very close 
agreement between the sets of parameters 
obtained. by independent analysis of the two- 
spin system and the four-spin system. 

The magnitude of the barrier to rotation 
determined for amide Ii (AG* 14.79 or 14.,37 
kca1,'mol at 300 M) is essentialiy the same as 
those of the barriers in some related amides, 
for example, I-benzoylpiperidine (14.82 kcal/niol 
at 292 K) and 1-benzoyl-4-piperidone (14.32 
kcal/mol at  303 K). However, in the case of 
acyclic amides, the magnitude of the rota- 
tional barrier is decreased by the introduction of 
unsaturation into one of the substituents at- 
tached to nitrogen (see Table 6); Jacltmart (2) 

ZABL~.  4. Rate constants (k, i-9 derived from line-shape analysis 

AB f CDa AA'BB' 5 CC'DD' 
Temperature -- 

w? k Error k Error 

"Data for process l b  i la. 
BData fur plocess l a -  Eb. 
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GRINDLEY ET AL 

FIG. 3.  Experimental dnmr spectra of vinyl protons in 1. Peaks marked with * are spinning side- 
bands. The N-3 signal for isomer I n  was obscured by the phenyl resonances. 
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FIG. 4. Calculated dnmr spectra of vinyl protons in 1 

has suggested that resonance stabilization of the tional barrier in amide 1 does not differ sub- 
transition state is a key factor in causing this stantially from those in corresponding saturated 
decrease in the free energy of activation. On amides, it would appear that other factors may 
the basis of the results obtained in the present also be of significance. A detailed investigation 
work, namely that the magnitude of the rota- of the barriers in appropriate cyclic amides is 
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FIG. 5. Experimental (left) and calculated (right) dnmr spectra of methylene protons in 1. 
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TABLE 5. Activation parameters for the restricted rotation about the amide bond 
in 1 

Parameter AB CD AA'BB' + CC'DD' Mean value 

E, (kcal/mol) 
Log A 
AH * (kcal/mol) 
AS' (eu) 
AG* (k~al, 'mol)~ 

E, (kcal/mol) 
Log A 
AH' (kcal/niol) 
AST (eu) 
AG* (kcal/mol)" 

(a) Data for process l a  + l b  
14.9 i 0 . 2  14.6 i 0 . 2  
12.9 k 0 . 2  12.7 i 0 . 2  
14.1 5 0 . 2  14.0 1-0.2 

-1 .7  2 0 . 8  -2 .6  i 0 . 8  
14.82+0.1 14 .76 t0 .1  

(b) Data for process 16 + l a  
14.8 i 0 . 3  14.4  1 0 . 2  
13.1 i 0 . 2  12.9 i 0 . 2  
14.2  i 0 . 3  13.8 1 0 . 2  

-0 .8  1 0 . 9  -1 .6  i 0 . 8  
14.39_+0.1 14.34k0.1  
- - 

DValues for 4G' were calculated at  300 K ;  the errors in these values were ob- 
tained by the use of the following formula (20) for the linearized relative statistical 
error in AG* : 

(oL\G+/AC*)~ = [In (kBT/hk)]-2(ob/k)2 + [I + {In (kBT/hk)}-']Z(o-r/T)2 

TABLE 6. Barriers to rotation in some acyclic amidesa 

AC * Temperature 
Compound (kcal/mol) (K) Reference 

H 2 C z C H  
\ 

NCHO 18.3 372 22 
HIC 

H2C=CH 

NCOCH, 
/ 13.4 298 4  

H 3C 

Walues were obtained using neat liquids, except in the case of A\r,l:A-dimethylacetamide in which 
carbon tetrachloride was the solvent. 

in progress, in an effort to assess the relative 
importance of resonance, steric, and bond angle 
effects. 
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STEVEN J. RETTIG and JAMES TROTTER. Can. J. Chem. 55, 958 (1977). 
Crystals of L-prolinatodiphenylboron are monoclinic, a = 5.9427(5), b = 14.4633(7), 

c = 8.9654(4) A, a = 95.423(8)", Z = 2, space group P2,. The structure was solved by direct 
methods and was refined by full-matrix least-squares procedures to a final R of 0.037 and R, of 
0.053 for 1477 reflections with I >  3o(I). The proline ring exhibits conformational disorder. 
The crystal structure consists of discrete molecules linked by N-13. . . O  hydrogen bonds 
( N . .  .O = 2.893(3) A) along the short a axis. Intramolecular N-B coordination occurs to 
form a system of two fused five-membered rings. Bond lengths (corrected for libration) are: 
N-B, 1.630(3), 0-B, 1.529(3), 0-C, 1.219(3) and 1.300(3), N-C, 1.506(3) and 1.507(3), 
C(sp7-C(sp3)), 1.525(4), C(spZ)-C(sp3), 1.517(3), and mean C-C(phenyl), 1.394 A. 

STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 55, 958 (1977). 
Les cristaux du L-prolinatodiphCnylbore sont monocliniques, a = 5.9427(5), b = 14.4633(7), 

c = 8.9654(4) A, P = 98.423(8)", Z = 2, groupe d'espace P2,. On a rCsolu la structure par les 
mkthodes directes et on l'a affinCe par la methode des moindres carrks (matrice complete) 
jusqu'a une valeur finale de R de 0.037 et de R, de 0.053 pour 1477 rtflexions avec I > 3o(I). Le 
cycle de proline prtsente du dCsordre conformationncl. La structurc cristalline consiste de 
molecules individuelies lites par les ponts hydrogene N-H. . .O (N. . . O  = 2.893(3) A) le long 
de I'axe a qui est court. La coordination N-B intramoleculaire se produit de f a ~ o n  a former un 
systkme de deux cycles a cinq chainons qui sont relies. Les longueurs des liaisons (corrigkes pour 
les librations) sont : N-B, 1.630(3), 0-B, 1.529(3), 0-C, 1.219(3) et 1.300(3), N-C, 1.506(3) et 
1.507(3), C(sp3)-C(sp3), 1.525(4), C(sp2)-C(sp3), 1.517(3) et la valeur moyenne de C-C(phC- 
nyle) 1.394 A. 

[Traduit par le journal] 

Introduction 
The crystal structures of a number of ethanol- 

amine esters of the boron acids (1-3) have 

c i ,  R = CbHs 
b ,  R =(I-FC,H, 
c , ,  R =p-CH3CbH4 

recently been determined (1-6). The unusual 
hydrolytic and oxidative stability (7) of these 
compounds is attributed to intramolecular N-B 
coordination. The mixed anhydrides of diphenyl- 
borinic acid and amino acids form a closely 
related class of compounds which exhibit similar 
hydrolytic stability (8-10) and are also believed 
to feature intramolecular N-B coordination. We 
now report the crystal structure of a member of 
this class of compounds, namely L-prolinato- 
diphenylboron 4. 

Experimental 
A solution of L-proline (0.67 g, 5.8 mmol) in 75 ml of 

1 :  1 ethanollwater was added to a solution of diphenyl 
borinic acid (from acid hydrolysis of 1.30 g, 5.8 mmol of 
2-aminoethyldiphenylborinate) in 75 ml of ethanolldi- 
ethylether. Precipitation of a fine white powder com- 
menced almost immediately. The reaction mixture was 
refluxed for 1 h, allowed to cool, and filtered. The precipi- 
tate was washed with water, then with ethanol, and dried 
to yield 1.40 g (5.0 mmol, 87% yield) of L-prolinatodi- 
phenylboron. Anal. calcd. for C,,H18BN02: C 73.16, H 
6.50, N 5.02; found: C 73.13, H 6.41, N 5.11. Melting 
point (decomp) 263-265 'C. 

Crystals suitable for X-ray analysis were obtained by 
recrystallization from 2-butanone. The crystal chosen for 
study was mounted with a* parallel to the goniostat axis 
and had dimensions of ca. 0.40 x 0.25 x 0.40 mm. Unit- 
cell and space group data were obtained from film and 
diffractometer measurements. The unit-cell parameters 
were refined by a least-squares treatment of sinz 8 values 
for 20 reflections measured on a diffractometer with Cu M, 
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RETTIG P LND TROTTER 959 

radiation (h = 1.5418 A). Crystal data (at 22 ' C )  are: 

C I ~ H I ~ B N O ~  fw = 279.1 
Monoclinic, n = 5.9427(5), b = 14.4633(7), c = 8.9654(4) 
A, f3 = 98.423(8)', 1/ = 762.26(9) .A3, pm = 1.20 (flotation 
in  aqueous KI) ,  Z = 2, p, = 1.2161(1) g ~ m - ~ ,  F(000) = 
296, p(CuK,) = 6.3 cm-I .  Absent reflections: OkO, 
k f 2 4  space group P2, (C:, No. 4). 

Intensities were measured with nickel-filtered Cu  K, 
radiation on  a Datex-automated General Electric XRD-6 
diffractometer. A 8-28 scan at 2" min-' over a range o f  
(1.80 + 0.86 tan 8) degrees in  28 was employed. Back- 
ground counts (10 s) were measured at each end o f  the 
scan. Data were measured t o  28 = 146" (minimum inter- 
planar spacing 0.81 A) .  The intensity o f  the check reflec- 
tion, measured every 40 reflections throughout the data 
collection, remained constant to within + 3%. Lorentz 
and polarization corrections and check reflection scaling 
were applied, and the structure amplitudes were derived. 
N o  absorption correction was made in view o f  the low 
value o f  p. O f  the 1590 independent reflections measured, 
1482 had intensities greater than 3 ~ ( 1 )  above background 
where 0 2 ( I )  = S + B + (0.06S)2 with S = scan count and 
B = time averaged background count. These reflections 
were used in the solution and refinement o f  the structure. 

The systematic absences allow space groups P2, or 
P2,/n1, the centrosymmetric space group P2,/m being 
ruled out by the presence o f  the chiral L-proline moiety. 
The structure was solved by direct methods, 210 reflections 
with !El 2 1.40 being used in the symbolic addition pro- 
cedure for noncentrosymmetric crystals ( 1  1 ) .  Four sets o f  
phases were generated by a computer program which 
determines phases using the tangent formula (12).' There 
were two nearly identical sets o f  phases with Rk o f  0.16 
and all 210 phases determined. The highest 20 peaks on 
E-maps calculated from both sets o f  phases accounted for 
all o f  the nonhydrogen atoms except C(4). The difference 
between the two E-maps was in the location o f  the C(4) 
peak, which had an electron density which was about 50% 
o f  that observed for the other carbon atoms. One o f  the 
two possible C(4) locations was chosen on the basis o f  
slightly higher electron density and more reasonable 
geometry. 

Two cycles o f  isotropic, followed by two cycles o f  
anisotropic full-matrix least-squares refinement o f  the 
nonhydrogen atoms, gave R = 0.073. Examination o f  the 
thermal parameters o f  C(3j, C(4j, and C(5) (especially 
C(4)) indicated conformational disordering o f  the proline 
ring where C(4) is either folded away from or toward O(1). 
A difference map calculated at this point gave positions 
for 14 o f  the 18 hydrogen atoms; o f  those associated with 
C(3)-C(5) only two were found. C(4) was then refined as 
a split atom, initially with site occupancies fixed at 0.5 and 
later allowed to  vary, reducing R t o  0.045. A difference 
map then gave positions for the remaining hydrogen 
atoms associated with C(3j, C(4), and C(5). The atom 
H(4a) is shared by both C(4) and C(4') and thus has a 
site occupancy o f  1.0. The second hydrogen atom 
associated with C(4') was not located and has been left 
out o f  the refinement. The site occupancy o f  H(4b) was 
not refined but was kept equal to  that o f  C(4). The atoms 
C(3), C(5), and their respective hydrogen atoms could not 

]Also M. C. B. Drew. Private communication. See, for 
example, ref. 13. 

TABLE 1. Final positional parameters (fractional x lo4, 
H x lo3)  withestimated standard deviations in parentheses 

o ( 1 )  6317( 3) 7652 3717( 2) 
o ( 2 )  7861( 3) 8487( 2) 2048( 2)  
N 2570( 4)  8287( 2) 3385( 2) 
c ( 1 )  6231( 4) 8252( 2) 2634( 3) 
c ( 2 )  3863( 4)  8637( 2) 2179( 3) 
c ( 3 )  3733( 7 )  9687( 3) 2216( 6)  
c ( 4 )  * 2087(21) 9908( 5) 3439(10) 
C(4')* 3587(89) 9891( 7 )  3576(22) 
c ( 5 )  2441( 7 )  9095( 2) 4423( 3) 
C(6) 3102( 4) 6486( 2)  3032( 2) 
(37) 4643( 6)  5792( 2) 2797( 3) 
c ( 8 )  4002( 7 )  5005( 2) 1967( 4)  
c ( 9 )  1778( 7 )  4889( 3) 1320( 4 )  
c(10)  203( 7 )  5561( 3) 1521( 5) 
c ( l 1 )  863( 5) 6342( 3) 2372( 4)  
c(12)  3978( 4)  7240( 2) 5824( 2) 
c(13)  2 loo( 6 )  6876( 3) 6378( 3) 
c(14)  2097( 7 )  6742( 3) 7907( 4 )  
c(15)  3957( 7 )  6946( 3) 8915( 3) 
C(16) 5866( 7 )  73 1 O( 3) 8410( 3) 
c(17) 5854( 5) 7458( 2) 6880( 3) 
B 3965( 4)  7372( 2) 4042( 3)  
H(N)  133( 6)  819( 2) 296( 4)  
H(2) 313( 5) 837( 2) 121( 4)  
H(3a) 530(18) 994( 8) 229(10) 
H(3b) 300(12) 992( 6)  125( 8 )  
H(4a) 296(11) 1038( 6) 384( 7 )  
H(4b) 52(11) 989( 4)  296( 7 )  
H(5a) 372( 9) 908( 4 )  519( 6)  
H(5b) 124(12) 906( 6) 487( 8) 
H(7) 616( 7 )  590( 3) 323( 4)  
H(8) 512( 9) 456( 4 )  180( 6)  
H(9) 131( 8) 440( 4)  59( 5) 
H(10) - 155(11) 545( 5 )  97( 7 )  
H(11) -33( 7 )  685( 3) 245( 5) 
H(13) 96( 6) 666( 3) 569( 4) 
H(14) 73( 9) 649( 4)  818( 5) 
H(15) 396( 6)  685( 3) 997( 5) 

702( 8) 757( 4) 912( 6 )  
H(17) 714( 5) 769( 2) 651( 3) 

* h n a l  slte occupancies are 0 59(4) for C(4) and 0.42(5) for C(4 ). 

be successfully refined as split atoms and the disorder 
manifests itself as relatively large thermal parameters for 
these atoms. The entlre structure was refined for three 
more cycles giving a final R o f  0.037 and R, o f  0.053 for 
1477 reflections with 1 2  3o(I)  (5 reflections which had 
IF, - lFcl 30(F) were removed from the data set in 
the final stages o f  refinement). 

The least-squares refinement was based on the mini- 
mization o f  C w[lF,I - IF,/(l + gI) 'Iz where g is the 
extinction parameter and I the uncorrected intensity. The 
final value o f  g was 5.3 x The scattering factors o f  
ref. 14 were used for the non-hydrogen atoms and those o f  
ref. 15 for the hydrogen atoms. Anomalous scattering 
factors from ref. 16 were used for the nonhydrogen 
atoms. The anisotropic thermal parameters employed in 
the refinement are U,, in the expression: 
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TABLE 2. Final thermal parameters and their estimated standard deviations 
(0) Anisotropic thermal parameters (U,, x lo3 A2) 

Atom UII U2 2 U3 3 UIZ u13 U2 3 

(b) Isotropic thermal parameters (U x lo3) 

Atom u (A2) Atom (A2) Atom u (A2) 

where f O is the tabulated scattering factor and f is that 
corrected for thermal motion. The weighting scheme: 
w = l /02(F) where 02(F)  is derived from the previously 
defined 02(1) gave uniform average values of w(lFol - 
IF, )' over ranges of IF,; and was employed in the final 
stages of refinement. 

The absolute configuration of the molecule was deter- 
mined from that known for the L-proline moiety. On the 
final cycle of refinement the mean parameter shift was 
0.050 and no parameter shift was greater than 0.550. The 
mean error in an observation of unit weight was 1.448. A 
final electron density difference map showed maximum 
fluctuations of i 0 . 2 0  e k3. The final oositional and 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(I), libration (L), and screw (s) motion (17) using the 
computer program MGTLS. The rms standard error in 
the temperature factors o U i j  (derived from the least- 
squares analysis) is (excluding the C(4) atoms) 0.0018 A2. 
Analyses were successful for the two phenyl groups 
C(6)-C(11), B and C(12)--C(17), B (rms AUij = 0.0017 
and 0.0028 A2 respectively), and for the eight atom 
group 0(1), 0(2), N, C(1), C(2), B, C(6), and C(12) 
(rms AUij = 0.0023 A'). 

The appropriate bond distances have been corrected for 
libration (18, 19), using shape parameters qZ  of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 3 
along with the uncorrected values. 

thermal parameters appear in Tables 1 a n d 2  respectively. 
Measured and calculated structure factors have been Results and Disclnssisn 
placed in the Depository of Unpublished Data.' Figure 1 shows a general view of the molecule 

2The structure factor table is available, a t  a nominal and the numbering and 
charge, from the Depository of UnpublishedData, GISTI, Fig. 2 shows a general view of the packing 
National Research Council of Canada, Ottawa, Canada arrangement. Bond angles are given in Table 4 
K I A  OS2. and htra-annular torsion angles in Table 5.  
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RETTIG AND TROTTER 

FIG. 1. A stereo view of the L-prolinatodiphenylboron molecule. 50z ellipsoids are shown for the 
nonhydrogen atoms. Hydrogen atoms have been given artificially small temperature factors for 
clarity. 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Nonhydrogen atoms 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

Q(1)-C(1) 
O(1)-B 
O(2)-C(1) 
N-C(2) 
N-C(5) 
N-B 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(3)-C(4') 
C(4)-C(5) 
C(4')-C(5) 
C(6)-C(7) 

(b) Bonds involving hydrogen atoms 

Bond Distance Bond Distance 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Nonhydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

C(1)-O(1)-B 112.6(2) C(6)-C(7)-C(8) 122.6(3) 
C(2)-N-C(5) 105.2(2) C(7)-C(8)-C(9) 120.0(3) 
C(2)--N-B 103.4(2) C(8)-C(9)-C(10) 119.3(3) 
C(5)-N-B 118.6(2) C(9)-C(10)-C(11) 120.2(3) 
O(1)-C(1)-0(2) 124.3(2) C(6)-C(l1)-C(10) 122.2(3) 
O(1)-C(1)-C(2) 112.4(2) B-C(12)-C(13) 120.9(2) 
O(2)-C(1)-C(2) 123.3(2) B-C(12)-C(17) 122.4(2) 
N-C(2)-C(1) 103 .6(2) C(13)-C(12)-C(17) 116.7(2) 
N-C(2)-C(3) 106.7(3) C(12)-C(13)-C(14) 121.6(3) 
C(1)-C(2)-C(3) 114.2(2) C(13)-C(14)-C(15) 120.7(3) 
C(2)-C(3)-C(4) 1 04.6(4) C(14)-C(15)-C(16) 119.5(3) 
C(2)--C(3)-C(4') 105.3(6) C(15)-C(16)-C(17) 119.7(3) 
C(3)-C(4)-C(5) 101.7(5) C(12)-C(17)-C(16) 121.7(3) 
C(3)-C(4')-C(5) 112.7(13) O(1)-B-N 98.5(2) 
N-C(5)-C(4) 105.4(4) O(1)-B-C(6) 109.2(2) 
N-C(5)-C(4') 101 .7(5) O(1)-B-C(12) 110.5(2) 
B-C(6)-C(7) 119.7(2) N-B-C(6) 109.9(2) 
B-C(6)-C(11) 124.4(2) N-B-C(12) 112.6(2) 
C(7)-C(6)-C(11) 115.8(2) C(6)-B-C(12) 114.8(2) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

- -- -- 

Table 6 lists nonbonded distances and details of 
the hydrogen-bonding scheme. 

The expected intrainolecular N-B coordina- 
tion occurs to form a system of two fused five- 
membered rings, both of which are puckered 
(see Table 5). The coordination of the boron 
atom is tetrahedral, slightly distorted by the 

98.5(2)" Q(1)-B-N angle. The disordering of 
C(4) results in two collformations for the proline 
ring, that containing C(4) being folded away 
from Q(1) while that containing C(4') is folded 
toward Q(1) (see Fig. 1). 

The C(6)-C(l I )  phenyl ring is rigorously 
planar within experimental error while the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RETTIG AND TROTTER 

TABLE 5. Intra-annular torsion angles (deg) 

Proline ring 

BOCCN ring Value 

Bond Value Bond With C(4) With C(4') 

B-O(1) - 24.0(2) N-C(2) - l9.4(3) - 19.4(3) 
o(I)--c(l) 10.3(2) c(2)-C(3) - 4.7(4) 

10.0(2) 
30(2) 

C(l)--C(2) C(3)-C(4/4') 27.3(5) - 28(2) 
C(2)-N - 24.0(2) C(4/4')-C(5) -39.9(5) 
N-B 

15(2) 
28.3(2) C(5)-N 38.4(4) 4(1) 

TABLE 6 
(a) Selected intra- and intermolecular contacts 

Intramolecular Intermolecular* 
-- - -- 

Atoms Distance Atoms Distance 

(b) Hydrogen-bond data* (distances in A and angles in deg) 

D-H.. .A  H . .  . A  D . .  . A  L DHA L XAH 

N-H(N). . . 0(213 2.15(4) 2.893(3) 157(3) 124.1(8) 
C-H. . .O interactions 

C(7)-H(7). . . O(1) 2.57(4) 2.944(3) 104(3) 122(1), 76(1) 
C(l7)-H(l7). . . 0(1) 2.48(3) 2.902(3) 107(2) 136(1), 82(1 ) 
C(3)-H(3a). . . O(2) 2.62(11) 3.027(4) 105(8) 71(2) 
C(4)-H(4b). . . 0(2)3 2.62(7) 3.34(1) 131(5) 124(1) 
C(I 1)-H(I 1). . . 0(2)~ 2.61(5) 3.570(3) 156(3) 91.4(9) 

NOTE: Other angles at O(1) and O(2) are: H(7) ... O(1) ... H(17) 101(1) H(N) ... O(2) ... H(3a) 132(2) H(N) 
... O(2) ... H(4b), 62(2), H(N) ... O(2) ... H(I I ) ,  54(1j, H(3a) ... b(2) ... ~ ( 4 b ) ,  72(3), H(3aj ... b(2) ... H ( I I ) ,  
162(2), and H(4b) ... O(2) .. . H(l I), 11 6(2)". 

*Superscripts refer to atoms at positions noted below. 
'1 + x, y, 2. 

C(12)-C(17) ring is not, although all atoms of 
the ring lie within k0.01 A of the mean plane. 
The boron atom is significantly displaced from 
both phenyl mean planes, by -0.023 from the 
C(6)-C(1 I) plane and by 0.045 fion-i the 
C(12)-C(17) plane. The dihedral angles defining 
the orientation of the phenyl rings are: 
8(1)[B-C(6)]C(7), 38.5(2), N jB--C(6)]C(l I), 
- 35.7(3), 0(1)[B-C(12)"(17), 6.4(3), and 

N[B-C(12)]C(13), 78.9(3)". The dihedral angle 
between normals to the mean planes is 104.1". 

The BOCCN ring in 4 may be regarded as a 
keto derivative of those in 1-3 and 5 (20). The 
C(?) cctrbonyj group in 4 significantly alters the 
electrori distribation around the BBCCN ring 
when compared to 1-3, an effect also noted for 
the substituted ring in 5. The 0-B, 0-C, C-C, 
C-N, and N-B bond lengths are 1.529(3), 
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FIG. 2. A stereo view of the packing arrange 
dotted lines C-H. . .O interactions. 

:rnent. Broken lines represent hydrogen bonds and 

1.300(3), 1.517(3), 1.507(3), and 1.630(3) A in the 
present structure compared to values3 of 1.43(1), 
1.43(1), 1.52(1), 1.49(1), and 1.647(9) A for 1 
(1, 2); 1.467(7), 1.415(4), 1.519(5). 1.486(1), and 
1.666(3) A for 2 (3); 1.477(5), 1.412(4), 1.503(5), 
1.488(2), and 1.654(2) A for 3 (4-6); and 
1.452(2), 1.426(2), 1.530(2), 1.5 l3(2), and 1.692(2) 
A for 5 (20). The most important influence of the 
carbonyl group on the electron distribution in 
the BOCCN ring is contribution to the overall 
structure by resonance forms such as 4b. This is 
evidenced by increases in the B-O and C-N 
bond Iengths and decreases in the B-N and 
C-O bond lengths in 4 when compared to  
those in 2 and 3. The C-C bond in 4 at 1.5 17(3) 
A corresponds to a normal C(sp2)-C(sp3) single 
bond whereas the ring C-C bonds in 2 and 3 are 
significantly shorter than normal C(sp3)-C(sp3) 
single bonds. 

The B-C distances of 1.612(3) and 1.614(3) A 
are near the weighted mean B-C distance of 
1.615(9) A for compounds 2, 3, 5, and related 
diphenylboron chelates 6 (21) and 7 (22). The 
individual B-C distances in these compounds 

3Weighted mean values are given where appropriate. 
Here and elsewhere in this paper when mean values are 
quoted, numbers in parentheses refer to rms deviations 
from the mean. 

range from 1.599(2) A in 5 to 1.639(8) in 6. The 
mean phenyl C-C distance is 1.394(10) A and as 
in other B-substituted phenyl rings (6, 23) the 
C-C distances decrease with greater distance 
from the boron substituent, the mean values 
being 1.401(2), 1.391(2), and 1.384(12) A. The 
substituent-induced angular variations are also 
as expected (6, 23): the mean angles in the phenyl 
rings a t  carbon atoms bonded to boron and at 
the ortho, meta, and para positions relative to the 
boron substituent are 116.2(5), 122.0(6), 120.2(4), 
and 1 19.4(1)". 

The mean C(sp3)-H and C(ar)-H distances 
of 0.94(5) and 0.96(5) A are as expected for X-ray 
data. Both of the N-C bonds are significantly 
longer than the usual distance of 1.485 A. All 
other bonds not involving the disordered C(4) 
atom are normal. 

The crystal structure consists of discrete 
molecules of L-prolinatodiphenylboron linked 
together by N-PI . . .O hydrogen bonds (N . . . O  
= 2.893(3) A) along the short a axis. There are a 
number of weak C-H . . . O interactions which 
may have some influence on the structure, both 
in the orientation of the phenyl rings and also the 
greater occupation of the C(4) site since the 
partially occupied site H(4b) is involved in one of 
these interactions. 
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Flash thermolysis of formal sxirenearene adducts. Rearrangement to 
cycloheptatriene carboxaldehydes and the question of the formation of oxirenel 
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E. G. LEWARS and G. MORRISON. Can. J. Chem. 55, 966 (1977) 
Flash thermolysis of 11,12-epoxy-9,10-dihydro-9,10-ethanoanthracene (dibenzobarrellene 

oxide) (2) gave 5H-dibenzo[a,d]cycloheptene-5-carboxaldehyde (3). At higher temperatures the 
products included SH-dibenzo[a,d]cycioheptene-10-carboxaldehyde (4), 5H-dibenzo[a,d]cyclo- 
heptene (5) ,  and fluorene (6). Flash thermolysis of dimethyl 3-0xatricycl0[3.2.2.0~,~]nona-6,8- 
diene-6,7-dicarboxylate (the oxide of barreliene-2,3-dicarboxylic acid dimethyl ester) (16) gave 
a con~pound considered to be either dirnethyl 3-methanoyl-l,3,5-cycloheptatriene-1,2-dicar- 
boxylate (17) or dimethyl l-n1ethanoyl-1,3,5-cycloheptatriene-2,3-dicarboxylate (la), while at  
higher temperatures dimethyl l-methanoyl-1,3,5-cycloheptatriene-6,7-dicarboxylate (19) was 
obtained. 16 also yielded small amounts of ketene, which was detected by low-temperature 
infrared spectroscopy. The mechanistic significance of these results is discussed. 

E. 6. LEWARS et G. MORRISON. Can. J. Chem. 55, 966 (1977) 
La thermolyse eclair de I'tpoxy-ll,l2 dihydro-9,10 Cthano-9,10 anthrackne (oxyde du di- 

benzobarrellene) (2) conduit au 5H-dibenzo[a,d]cycloheptenecarboxaldehyde-5 (3). A des 
temperatures plus elevees, les produits obtenus conlprennent le SH-dibenzo[a,d]cyclohept~ne- 
carboxaldehyde-10 (4), le 5H-dibenzo[a,d]cycloheptene (5) et le fluorkne (6). La thermolyse 
eclair de I'oxa-3 tricycl0[3.2.2.O~~~]nonadiene-6,8 dicarboxylate-6,7 de dimethyle (['ester di- 
methylique de I'oxyde de I'acide barrellenedicarboxylique-2,3) (16) conduit a un compos6 que 
I'on considkre 6tre soit le methanoyl-3 cycloheptatriene-l,3,5 dicarboxylate-1,2 de dimkthyle 
(17) ou le methanoyl-1 cycloheptatriene-1,3,5 dicarboxylate-2,3 de dimethyle (18) alors qu'a 
des temperatures plus elevees, on obtient le methanoyl-1 cycloheptatrikne-1,3,5 dicarboxylate- 
6,7 de dimithyle (19). 16 conduit aussi a des petites quantites de cetene qui peut 6tre ditecte par 
spectroscopie infrarouge a basse temperature. On discute des implications mecanistiques de 
ces rCsultats. 

[Traduit par le journal] 

Oxirene (1) is a molecule of considerable 
interest (2) which has, however, never been 
isolated. The molecule represents both an 
experimental and a theoretical challenge there 
is evidence that oxirene, if formed, rapidly 
rearranges to ketene (201, and while the in- 
volvement in the photochemical Wolff re- 
arrangement of a species with the symmetry 
of oxirene has been elegantly demonstrated 
(2b), it is by no means clear if this species is a 
true intermediate or merely a transition state 
(2c). The reverse Diels-Alder reaction has been 

'A preliminary co~nrnunication of some of this 
work has been published (I). 

widely used for generating highly reactive 
alkenes (3), and its application to the synthesis 
of oxirene appeared to us a possibility worthy 
of investigation. To  this end, a promising 
precursor would appear to be a (formal!) 
adduct of oxirene and an arene, since the activa- 
tion energy of the reaction will be lowered inso- 
far as the transition state resembles the products, 
owing to the thernlodynamic stability of the 
incipient arene. Indeed. an apprehension of the 
putative utility of such oxirene-arene adducts 
for the generation of the elusive heterocycle 
is implic~t in a paper by Vogel and coworkers 
(4) where passing reference is made to the pos- 
sibility of effecting cleavage of adduct 16 to 
"acetylene oxide" and dimethyl phthalate. We 
were intrigued by this possibility, as well as the 
question of the pathway that would be followed 
should 46 decline to be so obliging. 

For our purpose, the ideal technique for 
effecting the reverse Diels-Alder reaction ap- 
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LEWARS AND MORRISON: I 967 

peared to be flash thermolysis (flash vacuum 
thermolysis/pyrolysis). In this technique (5), 
the compound in the vapor phase at low pressure 
contacts a hot surface for a duration of the 
order of a few ms; the resulting thermolysate is 
then deposited on a cold surface for chemical 
or spectroscopic investigation. With these 
facts in mind, we subjected to flash thermolysis 
with observation of the low-temperature in- 
frared spectrum (5a) compound 2 (6 ) ,  a formal 
oxirene-anthracene adduct, and the above- 
mentioned compound 16 (a formal oxirene - 
dimethyl phthalate adduct). Although thermol- 
ysis of 16 gave some evidence for the formation 
of 1, the main pathways taken by 2 and 16 were 
more complex. 

Thermolysis of 2 gave a mixture, the composi- 
tion of which varied considerably with the 
thermolysis temperature. The identity of the 
components was established by chromatographic 
isolation and direct coiilparison with authentic 
samples, and the composition was calculated 
from the integrated 'H nmr spectra. The results 
are summarized in Table 1. 

The formation of 3 may be rationalized by 
epoxide cleavage to 7 and a Wagner-Meerwein 
shift to give 8, followed by carbon-carbon bond 
cleavage (8, arrow I ) , ~  while the alternative 
cleavage (8, arrows 2) would give the o-xylylene 

9 which could be converted to 4 by a 1,5- 
sigmatropic suprafacial shift of a hydrogen atom 
(7).  Thermolysis of 3 at 500 "C gives only a small 
(ca. 57,) yield of 4, showing that most of the 
aldehyde 4 formed under these conditions arises 
from 2 without the intermediacy of 3. Inter- 
mediate 8 may also be involved in the trans- 
formation of 3 to 4, since electrophilic attack 
of the aldehyde group of 3 on the transannular 

'Cf. ref. 6. 

TABLE 1. The products of the thermolysis of 2 

Thermolysate composition 
(mol%) 

Temperature 
("c) 2 3 4 5 6 Others* 

*Compounds showing mainly only aromatic H's in the 'H nmr 
spectrum; the presence of 8 aromatic H's was assumed. 

4-v CHO 

double bond would generate 8. Transannular 
reactions are not prominent in seven-membered 
rings, but one need rationalize only a low yield of 
4. We wish to point out that the invoking of an 
ionic mechanism here does not necessarily 
imply that we regard it as being more likely 
than a free radical one. Since explicit mechan- 
istic studies were not conducted, a detailed dis- 
cussion of reaction mechanisms seems pointless 
here. The dibenzocycloheptatriene 5 is pre- 
sumably a decarbonylation product of 4, and 
fluorene (6) probably results from loss of ethyne 
from 5 (5 -+ 10 -+ 11 -+ 6), which seems more 
likely (8) than concerted extrusion, which would 
require an antiaromatic transition state (9). 

That these thermolysis products had the 
structures which have been assigned them was 
suggested by their infrared and lH nmr spectra 
and their molecular weights (mass spectra) 
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and confirmed by direct colnparison with 
authentic samples. An authentic sample of 3 
was made by isolnerizing 2 with acidic alumina, 
as described by Cristol and Bly (6). A surprising 
feature of the nmr spectrum of 3 is that the 
aldehyde proton and the proton on the adjacent 
carbon give sharp singlets, rather than the 
expected doublets. Space-filling molecular 
models suggest that the proximal ovtho hydro- 
gens of the lateral benzene rings constrain the 
CHO group t o  take up a conformation such that 
the dihedral angle between the C-H bonds of 
the CHO group and the hydrogen on the adjacent 
carbon is ca. 90°, making any coupling small 
(< 1 Hz) (10). 

Authentic samples of 4 and 5 were synthesized 
from the commercially available (Aldrich 10- 
bromo-5H-dibenzo[a,d]-5-cycloheptenone by re- 
duction and metallation followed by car- 
bonylation with dimethylformamide, giving 4, 
or protonation with water, giving 5.3  

Besides fluorene, 9-methylanthracene seems 
to be a major component (ct i .  2073 of the 800 "C 
therniolysate. The presence of this was not 
rigorously demonstrated, but is rendered likely 
by two facts: the 'H nmr spectrum of the 
thermolysate mixture showed, besides a singlet 
at 6 3.77 for Auorene, a sharp singlet a t  6 3.00, 
the position of the methyl group of 9-methyl- 
anthracene (these were the only peaks in the 
nonaromatic region of the spectrum). Further- 
more, the mass spectrum of an impure sample 

35 has been made by other methods, see e.g. ref. 6;  a 
patent describes the preparation of 4 from the corre- 
sponding methyl compound (1 1). 

of the non-fluorene material, collected from a 
partially resolved vpc peak, gave a molecular 
ion of mle 192, consistent with a methylanthra- 
cene. This probable component could arise by 
t!ie kind of mechanism suggested by Srinivasan 
and co-workers for the photorearrangement of 
12 to 13 (12). However, the fact that thermol- 

ysis of the aldehyde 4 at 700 "C gave 5 and the 
putative 9-methylanthracene (molar ratio 1.5 ; 1 
by 'H nmr) suggests the pathway 5 + 18 -+ 

14 + 15 + 9-methylanthracene. 
When the therniolysate was trapped at 

- 140 "C on the sodium chloride disc of an 
infrared cryostat, at none of the therruolysis 
temperatures tried (see Table 1) was there any 
indication of keiene4 or of a species which gave 
ketene or was otherwise unstable, and vpc 
examination of the 650 and 800cC ther- 
molysates (the oilly ones containing unidentified 
components) showed that anthracene, if present, 
was only a minor (not more than ca. 5%) 
component. Clearly, if reverse Diels-Alder 
eleavage of 2 to I and anthracene occurred 
under our conditions, it represented only a 
minor pathway. 

The flash thermolytic behavior of 16 was 
somewhat analogous to that of 2. At 300 "C 
there was obtained a 62% yield of an aldehyde, 
mp 105-106 "C, as well as 4% yield of another 
aldehyde, mp 108-1 10 "C, and 24% of recovered 
16. The aldehyde of mp 105-106'C was as- 
signed structure 17' or 18 on the basis of its 

CHO CHO 

formula, C,,H,,O,, spectra, and transformation 
to the other aldehyde (see below). The 'fl 
nmr spectrum showed an AMX pattern (6, 
7.50, 6, 6.52, 6, 5.97, JAM = 5.5 Hz, J,,, = 

4CS. ref. 2a. 
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LEWARS AND MORRISON: I 969 

3 Hz) with Hx also coupled to a CH, group at 
6 2.67 ( J  = 7 Hz), revealing a C=CH,- 
CH,=CM,-GH, grouping with HA strongly 
deshielded. In addition, the spectrum displayed 
a CHO peak (6 3.48, s) and two C02Me 
methyis (6 3.77, 6H, giving way to two 3H 
singlets on addition of Eu(fod),-d,, shift 
reagent). This spectrum is very similar to that 
of a compound reported by King et al. (13) 
which differs from 17/38 only in having a 
phenyl group In place of a CHO, and is almost 
uniquely compatible with structure 47/18. Con- 
sonant with this structure, the ultraviolet 
spectrum revealed extensive unsaturation, 
3Lma,(MeOH) 242 (E 15 600), 285 nm (E 5000), and 
the infrared spectrum showed L,,,(KBr) 5.80 
(conjugated ester) and 5.93 pm (conjugated 
aldehyde). We believe a choice between 17 and 
18 cannot be made with the information at  
hand. 

Therlnolysis of 17/18 or of 16 at 400 "C gave, 
in addition to a 23% yield of the aldehyde dls- 
cussed above, a 58% yield of the aldehyde of 
mp 108-110 "G. This compound was assigned 
structure 19 on the basis of its formula, C,,- 
H I 2 0 , ,  spectra, and formation from 16 by 
treatment with acidic alumina. The 'H nmr 
spectrum displayed, besides a GHO peak (6 
9.43, s) and two C0,Me methyls (6 3.77, s and 
3.45, s), an olefinic ABCD system (6 7.50-7.27, 
m, 1H; 7.13-5.93, m, 1H; 6.93-6.67, m, 2H) 
and a peak at  5.63 (s, 1H). Structure 19 is 
strongly supported by the infrared spectrum, 
3bm,x(KBr) 5.76 (saturated ester), 5.86 (con- 

CHO C02Me 

CMO 

jugated ester), 5.94 pm (conjugated aldehyde), 
and the ultraviolet spectrum h,,,(MeOH) 
228 ( E  34 OOO), 313 nm (E 6500), which is quite 
similar to the uv spectra reported by Eschen- 
moser and co-workers (14) and Vogel et al. 

( I  5) for 20 and 21 respectively. Aside from its 
electronically isolated central carbomethoxy 
group, our aldehyde is a half-way house 
between 20 and 21. The significantly shorter 
wavelength absorption of the conjugated ester 
groups in the infrared spectrum of 17/18 
(5.80 pm) as compared to that of the conjugated 
ester group of 19 (5.86 pm) probably reflects 
close juxtaposition of the central carbomeihoxy 
group to its neighbours.' In 19, on the other 
hand, the central carbomethoxy group is at- 
tached to an sp3-hybridized carbon and can lie 
out of the  lanes defined bv the carbon-carbon 
double binds bearing (he other carbonyl 
groups. The fact that the carbomethoxy groups 
of 20 absorb at 5.85 pm is consistent with this 
suggestion. Further support for a bis(carbo- 
methoxy)cycloheptatriene carboxaldehyde struc- 
ture for this aldehyde was provided by the fact 
that treatment of 16 with acidic alumina gave 
the aldehyde in 5 0 7  yield; this rearrangement 
finds precedence in the alumina-promoted 
isomerization of 2 to 3 (6). 

The formation of the aldehydes 17 or 18, 
and 19, can be rationalized by C-O bond 
cleavage (cf. 7: heterolytic, as shown here, 
when promoted by alumina, possibly homolytic 
under flash thermolysis conditions) and Wagner- 
Meerwein-type rearrangement to give a bi- 
cycIo[3.2.1] system, analogous to 8, which under- 
goes another Wagner-Meerwein-type shift, yield- 
ing 22; this could be transformed into 17 or 18, 
or into 19, by sequential 1,5-sigmatropic 
hydrogen atom shifts (on thermolysis) (17) or 
by alumina-catalyzed double bond isomeriza- 
tion. 

When the thermolysate from runs in the 
temperature range 600-800 "C was trapped at 
- 140 "C on the sodium chloride disc of an 
infrared cryostat, a band at 4.63 pm, growing 
weaker as the cryostat was allowed to warm up, 
and attributable to ketene, was seen. The 
simplest interpretation of this is that oxirene 
was extruded from 16 and isomerized to ketene, 
but isoinerization of 16 to the bicyclo[2.2.2]- 
octadienone followed by extrusion of ketene 
cannot be ruled out. Based on the strength of 
the ketene band from a known amount of 16 
we estimate the yield of ketene to be roughly 

SPropinquity of a polar group to a carbonyl group can 
shift the infrared absorption of the carbonyl to shorter 
wavelength (see, e .g .  ref. 16). 
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5% at  the optimum temperature of 700 "C, and 
vpc examination of the crude thermolysate 
showed a peak with the same retention time as 
dimethyl phthalate, again roughly 5% of the 
mixture. The 'H nmr spectrum of the crude 
700 'C thermolysate showed three carbomethoxy 
methyls, but could not be used to estimate the 
yield of dimethyl phthalate since the signals of 
one of the products of this high-temperature 
thermolysis, 7-carbomethoxyisocoumarin (22), 
obscure those of dimethyl phthalate. 

A few flash thermolysis experiments were 
also conducted with the barrellene oxides 23 
(18) and 24 (19) using the infrared cryostat. 
Compound 23 gave a band at 4.63 pm (optimum 
temperature 600 "C) suggesting that ketene 
was formed to the extent of roughly lo%, and 
the vpc trace showed that material of the same 
retention time as tetramethyl benzene-1,2,4,5- 
tetracarboxylate constituted about 10-20% of the 
crude thermolysate. Compound 24, too, gave a 
band at 4.63 ym, ascribed to dimethylketene 
(optimum temperature 500 "C), indicating that 
the ketene was formed in a yield of roughly 5%, 
and vpc examination of the crude thermolysate 
showed a peak with the same retention time as 
dimethyl phthalate, representing ca. 2-5% of the 
mixture. These results, which, we are fully 
aware, are only suggestive, lend credence to the 
hypothesis that some barrellene oxides ther- 
molytically extrude an oxirene, which quickly 
rearranges to a ketene. We are investigating the 
possibility that appropriate substitution of the 
barrellene oxide system might make extrusion of 
oxirene the main reaction6 

ref. 13 for a discussion of a case where small 
substituent changes showed a large effect on the propen- 
sity toward reverse Diels-Alder fragmentation of a 
thiabarrellene derivative. 

Summary 
The question as to whether 16 (4) or 2 

undergo thermal reverse Diels-Alder cleavage 
to oxirene (1) and the corresponding arene has 
been essentially answered. The main reaction 
pathway is isomerization to cycloheptatriene 
carboxaldehydes, although 16 (as well as 23 and 
24) do give small amounts of ketene (or di- 
methylketene, from 24), which could be inter- 
preted as evidence for the extrusion of oxirene. 

Experimental 
All melting points were determined on a Fisher-Johns 

melting point hot stage and are uncorrected. 
Unless stated otherwise, all infrared spectra (ir) were 

recorded as carbon tetrachloride solutions on a Unicam 
SP-200 spectrophotometer. The spectra were calibrated 
with the 6.24 pm band of polystyrene film. 

Ultraviolet spectra (uv) were recorded in methanol 
solutions, unless stated otherwise, with a Unicam SP- 
800A spectrophotometer using 1 cm pathlength cells. 

' H  nuclear magnetic resonance spectra (nmr) were 
recorded in deuteriochloroform solution unless stated 
otherwise, with a Jeol C-60 H L  spectrometer. Chemical 
shifts are reported in parts per million downfield from 
tetramethylsilane as internal references (6 scale). The 
following abbreviations apply: s = singlet, d = doublet, 
t = triplet, dd = doublet of doublets, n~ = an unresolved 
multiplet. 

Mass spectra were obtained with an  A.E.I. MS 12 
spectrometer at  an  electron beam energy of 70eV. 
High resolution mass spectra were taken on a Varian 
MAT 31 1A mass spectrometer. 
- Gas chromatography was carried out with a Pye 
series 104 gas chro~natograph equipped with a flame 
ionization detector. The instrument was fitted with 
both a + in. x 7 ft, 10% silicon grease on Chromosorb W 
glass preparative column, and a $in.  x 5 ft, 5% SE-30 
on Chromosorb W glass analytical column. Helium was 
employed as the carrier gas. 

Unless otherwise stated, all Rf values refer to analytical 
thin layer chromatography (tlc) using commercially 
available aluminum sheets precoated with silica gel 
60F-254, layer thickness 0.2 mm (Brinkmann Instru- 
ments, Rexdale, Ontario). Preparative tlc was per- 
formed on 20 x 20 cm glass plates coated with Fluka 
silica gel HF-254. Each plate contained approximately 
20 g of silica gel to which a maximum of 200 mg of 
material was applied. The bands were visualized with a 
Mineralight UVS-12 ultraviolet lamp and extracted with a 
methanol-dichloromethane (1 : 10) solution. 

Unless otherwise stated, anhydrous magnesium sul- 
phate was used for drying of solutions. Solvents were 
removed with a Biichi Rotovapor in conjunction with 
a water aspirator. 

The gas phase thermolyses were carried out by sub- 
liming a known amount of material, typically 50 mg, 
under high vacuum (10-4-10-3 tors) through a hot 
quartz tube. The product mixture was then frozen out on 
either a liquid-nitrogen-cooled cold finger or the sodium 
chloride disc of the cryostat (Fig. 1). Sublimation of 
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FIG. 1. Infrared cryostat (ca. one-quarter actual size): 
I. liquid nitrogen reservoir, 2. head carrying thermo- 
couple wires (wires sealed at  orifice with epoxy resin), 
3. joint for receiving Pirani gauge, 4. metal collar (at- 
tached to reservoir through glass-to-metal seal), 5. NaCl 
disc, 6. to vacuunl system, 7. to thermolysis tube (51 x 
1 cm), 8. optical windows. Silicone grease was used on all 
ground-glass joints. 

the substrate was facilitated by the use of a preheater set 
at  100 "C. A post-heater, situated immediately after the 
oven, was utilized at  a temperature of 175 'C to eliminate 
any condensation of the thermolysate prior to its im- 
pingement onto the liquid-nitrogen-cooled surface. When 
all the material had been thermolyzed and the products 
frozen out, the infrared spectrum could be taken, or, 
alternatively, the vacuum broken and the products 
rinsed off for analysis. 

The quartz tube inserted through the oven was capped 
at  one end by a B14 ground glass socket and joined to the 
cryostat via another B14 ground glass joint. The furnace 
unit enveloping the quartz tube was a Lindberg Type 550 
35A oven, capable of maintaining temperature (f 5 'C) 
up to 1000 'C. The preheater and post-heater were 2.5 x 
lOcm pieces of Pyrex tubing wrapped with asbestos 
strips, 30-gauge hTichrome wire, and glass wool, and 
connected to variable transformers, 

The cryostat consisted of two sections. The upper 
section contained a 270 ml liquid nitrogen reservoir. The 

sodium chloride disc was held in a hollow brass frame 
which formed part of the reservoir enabling liquid 
nitrogen to circulate within the frame. The temperature 
of the disc was measured with a chroniel-aluniel thermo- 
couple inserted into a small hole in the disc. The lower 
section of the cryostat was fitted with two B14 ground 
glass joints connecting the cryostat to the vacuum 
system and to the quartz tube, and also contained two 
sodium chloride windows directly opposite one another 
and at right angles to the other joints. The upper and 
lower sections were joined by a B60 ground glass joint 
which enabled the sodium chloride plate to be turned 90' 
while still under vacuum to a position in line with the 
two optical windows for the recording of spectra. The 
vacuum system utilized a Speedivac E.D. 35 mechanical 
pump and a two-stage oil diffusion pump, and was con- 
nected to the thermolysis unit through a liquid-nitrogen- 
cooled trap. The pressure at the cryostat and at the trap 
were monitored with an Edwards Pirani G9 gauge and 
an Edwards No. 6 Penning gauge, respectively. Contact 
times are thought to have been a few ms (5c). 

Then?ioljsis of 2 
400 " C  
Thermolysis of 2 (40 mg) gave 36 mg of thermolysate 

(yellow oil). The nmr spectrum of the crude therrnolysate 
showed it to be a mixture of unchanged 2, as well as 3 
and 4 in the molar ratio 4 :  15: 1. The material was 
subjected to preparative tlc (methanol - light petroleum, 
1:20) to give 2 (8 mg), 3 (25 mg), and 4 (2.5 mg). The 
aldehyde 3, R, = 0.25, was crystallized from ether; mp 
110-112'C (lit. (6) mp 112-114'C) and readily formed a 
yellow 2,4-dinitrophenylhydrazone derivative (2,4-DNP), 
mp 215-217'C (lit. (6) mp 221-223'C). The aldehyde 
showed ir h ,,,, 5.77 pm; uv ? .,,, (hexane) 224, 290 nni; 
nmr (CCI,) 6 4.33 ( lH,  s), 6.70 (2H, s), 7.15 (8H, m), 
9.40 (SH, s); rnle 220(M+). 

500 ' C  
Compound 2 (47 mg) gave 42 mg of an oily thermoly- 

sate which was shown by nmr to contain 3 and 4 in the 
molar ratio 1 :9. Preparative tlc (methanol - light petro- 
leum, l :20) gave a band (R,  = 0.56) which gave 34 mg 
of 4. The product crystallized from ether to give a colour- 
less solid nip 133-134'C (lit. (11) mp 133-135 " C ) ;  
2,4-DNP (red) mp 235-237 ' C ;  ir 7 .,,,,, 5.88 pm, uv 
?,,,, (hexane) 228, 303 nm; nmr 6 3.58 (2H, s), 7.20 
(8H, m), 7.62 (1H, sj, 9.68 ( lH,  s); n?/e 220 (M+j .  
Lxact IWCISS calcd. for C,,HI2O: 220.08826; found: 
220.08835. 

650 ' C  
C o m p o ~ ~ n d  2 (54 mg) afforded on therrnolysis an  oil 

(49 mg) which was shown by nnir to contain 4 and 5 in 
a molar ratio 5 :  13. Preparative tlc gave 4 (i3 mg) and 5 
(25 mg). Compo~lild 5 (R, = 0.74) was recrystallized 
from methanol to give a white solid, mp 123-126'C 
(lit. (6) mp 132-134 'C); ir ), ,,,, 6.65, 6.88 pm; uv ? .,,,,, 
(hexane) 223, 289 nm; nmr 6 3.66 (2H, s), 6.90 (2H, s) 
7.15 (8H, m); n7,'e 192 (M'). 

800 ' C  
The 800 "C thermolysate of 2 was shown by nmr to 

contain 6 (25 mol x) .  Preparative gas chromatography 
of the thermolysate (column temperature = 190°C) 
gave a 3 mg sample of 4, mp 109-1 12 'C. Mixture melting 
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point was 109-113 "C with an authentic sample o f  nlp 
109-111 'C .  The two samples were indistinguishable by 
their ultraviolet, infrared, and mass spectra as well as 
their retention times on gas chromatography. 

Thermolysis of 16 
300 "C 
Compound 16 (40 mg) gave 34 mg o f  an oil which was 

shown by nmr to  contain unchanged 16, 17 (or IS), and 
19 in the molar ratio 4 :  15: 1 .  The thermolysates from 
three runs were combined (190 mg) and subjected to  
preparative tlc (ether-hexane, 1 : 1 ) .  Extraction o f  the 
bands gave 16 (47 mg),  17/18 (118 mg),  and 19 (8 mg). 
Compound 17/18 (Rr  = 0.20) crystallized from ether, 
m p  105-106 - C ,  and formed a red 2,4-DNP, mp 208- 
210 ' C .  The aldehyde possessed the following character- 
istics : is i .,,,, (KBr) 5.80, 5.93 pm; uv ? .,,,, 242 (& 15 600), 
285 n m  ( E  5000); nmr 6 2.67 (2H, d ,  J = 7 Hz), 3.77 
(6H, s), 5 . 9 7 ( l H , m ,  J =  9, 7 Hz),  6.52(1H, dd, J =  9, 
5.5Hz),  7.50 ( l H ,  d ,  J =  5 .5Hz) ,  9.48 ( l H ,  s) m/e  
236 ( M T ) .  E.~aci Mass calcd. for C l 2 H l 2 O 5 :  236.06792; 
found : 236.06791. 

400 "C 
Compound 16 (56 mg) on thermolysis at 400 "C gave 

49 mg o f  a yellow oil. Analysis by nmr showed 17 (or 
18) and 19 in a molar ratio o f  ca. 1:3.  Preparative tlc 
(ether-hexane 1 : 1 )  o f  two thermolysates combined ( 1  19 
mg) gave 17/18 (28 mg)  and 19 (70 mg).  Compound 19 
(Rp = 0.55) was crystallized from ether to  give a solid, 
m p  108-llOiC 2,4-DNP (red) mp 227-228'C; ir h,,, 
(KBr)  5.76, 5.86, 5.94 pni; uv k,,, 228 ( E  34 OOO), 313 n m  
( E  65 000); nmr 6 3.45 (3H, s), 3.77 (3H, s), 5.63 ( I H ,  s) ,  
6.67-6.93 (2H-, ni), 6.93-7.13 (lH, ~n) ,  7.27-7.50 ( l H ,  m ) ;  
m/e  236 ( M + ) .  Exact Mass calcd. for C1,Hi20,:  
236.06792; found: 236.06860. 

Infrared Cryostat E.xperirnents >vith 2,  16, 23, and 24 
All analytical thermolyses for the low temperature 

infrared studies were conducted with ca. 7 mg o f  sub- 
strate. The thermolysate was condensed on the liquid- 
nitrogen-cooled sodiunl chloride disc o f  the cryostat 
and the spectrum recorded. Gas chromatographic 
analysis o f  the thermolysates was done by rinsing the 
product mixture from the sodium chloride disc with hot 
carbon tetrachloride. 

Thermolyses o f  2 at temperatures from 300 t o  900 'C 
resulted in infrared spectra with no absorption due to  
ketene, although at 700, 800, and 900 ' C  the gas chroma- 
tograph trace (analytical column, temperature = 180 "C)  
showed five main peaks, one o f  these (not more than ca. 
5% o f  the mixture) possessing the same retention time as 
anthracene. 

Thermolysis o f  16 at 600, 700, and 800 ' C  resulted in 
infrared spectra having a weak t o  medium absorption 
at 4.63 pm due to  ketene. Gas chromatography (analytical 
column, temperature = 183'C) revealed a complex 
mixture with five main products. A minor product (en. 
5% o f  the mixture) had a retention time identical to  that 
o f  dimethyl phthalate. 

The 600 "C thermolysate o f  23 had an infrared spectrum 
with a weak to  medium absorption band at 4.63 pm, 
ascribed to  ketene. Gas chromatography (analytical 
column, temperature = 200 "C) showed three main 
products, one o f  which constituted ca. 20% o f  the mix- 

ture and had the same retention time as tetramethyl 
benzene-1,2,4,5-tetracarboxylate. 

The infrared spectra o f  the 400, 500, 600, and 800 "C 
thermolysates o f  24 all showed absorption at 4.65 pm 
attributable to  dimethyl ketene. The optimum temper- 
ature for dimethyl ketene formation was 500 "C. Gas 
chromatography (analytical column temperature = 
150cC) showed that a product with the same retention 
time as dimethyl phthalate was obtained in all these 
thermolyses as a minor product (ca. 3% o f  the mixture). 
A n  authentic infrared spectrum o f  dimethyl ketene was 
obtained by flash thermolysis o f  dimethyl ketene dimer 
(2,2,3,3-tetramethylcyclob~tane-I,3-dione)~ at 700 "C and 
0.10 torr. 

Except for the disappearance o f  a ketene band with 
compounds 16,23, and 24, no change occurred in any o f  
the infrared spectra when the product mixtures were 
allowed to  warn1 to  room temperature. 

11 ,12 -Eposy -9 ,10 -d i / z ydro -9 ,10 -e thanoe  ( 2 )  
The following modifications o f  the literature (6) 

procedure were made. 
11,12-Dichloro-9,10-dihydro-9,10-ethanoanthracene 

(6.0 g, 22 mmol) and Zn-Cu couple (20) (6.0 g 92 mmol) 
were refluxed under a CaC1, drying tube with anhydrous 
ethanol (800 ml) for 1 wcck. Filtration and evaporation 
gave a solid which was taken up in dichloromethane and 
washed with 3 x 50 ml o f  water, dried, and evaporated 
to  give 9,lO-dihydro-9,IO-ethenoanthracene (4.42g, 
9573, m p  106-112 ' C  (lit. ( 6 )  mp 118-1 19 "C).  

Epoxidation o f  the ethenoanthracene to  afford 2 was 
effected with ~n-chloroperbenzoic acid, essentially as 
described (6) for reaction with perbenzoic acid. Re- 
crystallization from ether gave a 75% yield o f  2, nip 
158-160 "C (lit. (6) m p  154-165 'C) .  

Authentic 5H- Dibenzo(a,rl:cycloheptene-5-carboxalde- 
lzyde (3 )  

A n  authentic sample o f  3 was prepared according to  
the procedure outlined by Cristol and Bly (6).  The epoxide 
2 was eluted through a column o f  acidic alumina (pre- 
viously washed with 5% trifluoroacetic acid in CCI4, 
then with CC1,) with carbon tetrachloride as reported. 
The sample obtained gave a melting point o f  1 1  1-1 13 ' C  
(lit. (6) 111p 112-114 OC) and formed a 2,4-DNP deriva- 
tive, m p  214-217 "C (lit. (6) m p  221-223 "C). The mixture 
melting point o f  the authentic and thermolytic samples 
o f  3 (mp  110-112 "C)  was 110-113 "C. The two samples 
were indistinguishable by ir, uv,  and nmr spectrometry. 

Authentic 5H-DibenzoLFa.d2 cycloheptene-3-carboxalde- 
hyde (4) 

Reduction o f  the ketone function o f  the con~mercially 
available (Aldrich) 10-bromo-5H-dlbenzo[a,d]cyclohep- 
tene-5-one was acconlplished by the method o f  Toda 
et al. (21). The bromo ketone (1.00 g) afforded the bronlo 
compound (0.950 g, 91%) as a solid foam which de- 
composes slowly on standing, mp (crude solid) 67- 
78 " C ;  ir ?,,,, 6.69 pm; uv ) .,,,, (hexane) 288 n m ;  nmr 
6 3.58 (2H, s), 7.00 (8H, m ) ,  7.43 ( I H ,  s ) ;  m/e 270 (M+). 
Exact A4ass calcd. for C1,Hl17gBr: 270.00446; found: 
270.0031 1 .  

7Kindly donated by Professor A .  H .  Rees o f  this 
department. 
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LEWARS AND MORRISON: I 973 

This bromide (50 mg, 0.18 mmol) was placed in a round 
bottom flask flushed with nitrogen gas, and sealed with a 
wired-on septum. Anhydrous ether (1 ml) was syringed in 
and swirled to dissolve the bromide. Over 10 s, 2 '44 71- 

butyllithiunl (0.10m1, 0.20mmol) was injected with 
slight agitation of the Hask; the brown lithium salt 
sometlines precipitated. After 4 min, dimethylform- 
amide (5 ml, distilled from calcium hydride) was added 
and the mixture magnetically stirred 1 h. The mixture 
was then diluted with 10 ml of ether and washed succes- 
sively with 10 ml of 1 M hydrochloric acid, 10 ml of 
water, and 5 ml of a saturated sodium bicarbonate 
solution. The ether solution was dried, concentrated, 
and the residue subjected to preparative tlc (dichloro- 
methane, run 2 x).  A band of R, = 0.51 on extraction 
gave 4 (13 ing, 32Y,), n ~ p  132-134 ^C (lit. (11) mp 133- 
135 'C); mixture melting point with the thermolytic 
sample (mp 133-134 "C), 133-134 "C; 2,4-DNP mp 
236-237 -C. The authentic and thermolytic samples gave 
very similar infrared spectra; their nmr and uv spectra 
were indistinguishable, and the infrared spectra of their 
2,4-DNP derivatives were identical. 

Autheiztic 5H-Dibenzo, a,d,cycloheptene (5) 
Treatnlent of the lithium derivative of the bronio coin- 

pound (see above) with water instead of dimethyl- 
formamide, followed by the work-up described for the 
synthesis of 3, gave 5 (98%) as a cream-colored solid, 
mp 124-127 'C (lit. (6) mp 132-134 "C). The mixture 
melting point with thermolytic 5 of mp 123-126 "C 
was 123-126"C, and the authentic and thermolytic 
samples were indistinguishable by ir, uv, and nmr 
spectrometry. 

Dimethyl 3-0xatricyclo.'3.2.2.O2.4jnona-6,8-diene-6,7-di- 
carboxylate (16)  

Compound 16 was prepared essentially as described by 
Vogel and coworkers (4) but with the following modifi- 
cations. 

Pyridinium tribromide ("pyridinium hydrobromide 
perbromide") (0.85 g, 2.6 mmol), 1,4-cyclohexadiene 
(0.213 g, 2.6 mmol), and hexane (10 ml) in a stoppered 
round bottom flask were magnetically stirred for 4 h 
(until the orange pyridinium tribromide had been con- 
verted to the white pyridinium bromide). Filtration and 
concentration gave dibromocyclohexene (0.556 g, 90%). 

This material (556 mg, 2.30 mmol) and m-chloro- 
perbenzoic acid (575 mg of 85% peracid, 2.84 mmol) in 
chloroform (10 ml) were allowed to stand in a stoppered 
flask at  room temperature for 4 days. The precipitated 
m-chlorobenzoic acid was filtered off and the filtrate 
washed successively with 4 ml of a saturated sodium 
bisulfite solution (2x ) ,  4 m l  of a saturated sodium bi- 
carbonate solution (2x ) ,  and 4 ml of a brine solution 
(1 x ) .  The organic layer was dried and concentrated to 
afford 1,2-epoxy-4,5-dibromocyclohexane (412 mg, 70%). 
Sodium metal (0.16 g, 6.9 mmol) was added in small 
pieces to dry methanol (4 ml). When all the sodium had 
dissolved, the excess methanol was distilled off to give a 
thick slurry of methanol - sodium methoxide. Anhydrous 
ether (4 ml) was added, then a solution of the 1,2-epoxy- 
4,s-dibromocyclohexane (0.36 g, 1.4 mn~ol) in anhydrous 
ether (2 ml). The bright yellow solution was then refluxed 
1 h. Work-up of the reaction mixture as outlined in the 
literature (4) gave oxepin (0.134 g, 70%). 

Dimethyl acetylene dicarboxylate (0.96 g, 6.7 mmol) 
and oxepin (0.63 g, 6.7 mmol) were dissolved in ether 
(2 ml) and allowed to stand in a stoppered flask at  room 
temperature for 1 week. Concentration and crystalliza- 
tion from ether gave 16 (1.48 g, 9373, mp 55.5-56 "C 
(lit. (4) mp 56 "C). The nmr spectrum was identical to 
that previously reported (4). 

Dirnetlvl I-Methanoyl-1,3,5-cycloheptatriene-6,7-&car- 
boxylate (19)  

Isomerization of 16 to 19 was effected by column 
chromatography. A 2.0 cm x 10 cm column containing 
20 g of Fisher alumina (neutral, activity I) was washed 
with 20 ml of trifluoroacetic acid - carbon tetrachloride 
(1 : 20), and then with 100 ml of carbon tetrachloride. 
Compound 16 (50 mg) in carbon tetrachloride was passed 
through the column, eluting with carbon tetrachloride. 
After 1 h a faint brown band was observed moving down 
the column. Preceding this band was another product, 
R, = 0.22 (tlc with dichloromethane) which was collected. 
Evaporation of the eluate gave a colourless oil (30 mg, 
60%) which pas  shown by ir, uv, and nmr spectrometry 
to be identical with the thermolytic sample 19. 
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Rearrangement of a barrellene oxide to an isocoumarin under flash thermolysis 
conditions. An apparent series of sigmatropic shifts 

E. G. LEWARS AND 6.  MORRISON 
Dep(/rrrnrrzt ofChemisrr?., Trerzt Uni~ersity,  Peterboro~~gh, Orlt., C(innda K9J 7B8 

Received September 16, 1976 

E. G. LEWARS and G. MORRISON. Can. J. Chem. 55, 975 (1977). 
Flash thermolysis of dimethyl 3-oxatricyclo[3.2.2.02~4]nona-6,8-diene-6,7-dicarboxylate (the 

oxide of barrellene-2,3-dicarboxylic acid dimethyl ester) (2) at 700 "C gave methyl isocoumarin- 
7-carboxylate (3) as a major component of the thermolysate. The rearrangement is discussed in 
terms of sigmatropic shifts in cycloheptatrienes and their norcaradiene tautomers. 

E. G. LEWARS et G. MORRISON. Can. J. Chem. 55, 975 (1977). 
La thermolyse eclair de l'oxa-3 tricycl0[3.2.2.0~~~]nonadiene-6,8 dicarboxylate-6,7 de di- 

mtthyle (l'oxyde du barr6lltnedicarboxylate-2,3 de dimethyle) (2) a 700 "C conduit a l'iso- 
coumarinecarboxylate-7 de methyle (3) comme produit majeur de la thermolyse. On discute du 
rearrangement en termes d'un diplacement sigmatropique dans les cycloheptatriines et leurs 
tautomkres norcaradibnes. 

[Traduit par le journal] 

Our interest in oxirene (1) led us to study the 
flash thermolysis of the barrellene oxide 2 in 
the hope of effecting reverse Diels-Alder cleav- 
age to 1 and dimethyl phthalate (1). At temper- 
atures in the range 300-600 "C, the main reac- 
tion was rearrangement to cycloheptatriene 

carboxaldehydes, although the formation of a 
small amount of ketene, detected by low-tem- 
perature infrared spectrometry, could be inter- 
preted as indicating that the desired fragmenta- 
tion had occurred to a minor extent. Here, we 
wish to report that flash thermolysis of 2 at 
700 "C gave methyl isocoumarin-7-carboxylate 
(3). 

When 2 was subjected to flash thermolysis 
(1) at 700 "C, a complex thermolysate (10 spots 
on thin layer chromatography) was obtained 
from which only one pure compound was iso- 
lated. This compound, a colorless, micro- 
crystalline solid, was shown by mass spectro- 
metry to have the formula C,,H,O,, corre- 
sponding to the loss of methanol from 2. Its 
origin and 'H nmr spectrum [6 (CDCI,) 3.90 
(s, 3H), 6.40 (d, J = 6 Hz, IH), 7.20 (d, J = 6 
Hz, IH), 7.32 (d, J = 8 Hz, 1H), 8.15 (d of d, 
J = 8 and 2 Hz, IH), 8.72 (d, J = 2 Hz, IH)] 
suggested that it might be a benzene-ring- 

substituted isocoumarin, and its infrared [A,,, 
(KBr) 5.81 pm] and ultraviolet [A,,, (MeOH) 
225 (E 24 000), 242 (E 17 000), 250 (E 16 OOO), 
285 nm ( E  16 OOO)] spectra were consistent with 
this view. The isocoumarin structure received 
strong support when the compound absorbed 
one and only one molar equivalent of hydrogen 
at atmospheric pressure in the presence of 
palladium-charcoal, giving a dihydro derivative, 
8 (CDCI,) 3.05 (t, J = 6 Hz, 2H), 3.88 (s, 3H), 
4.47 (t, J = 6 Hz, 2H), 7.23 (d, J = 8 HZ, lH), 
8.05 (d of d, J = 8 and 2 Hz, IH), 8.58 (d, 
J = 2 Hz, lH), A,,, (KBr) 5.82 ym, A,,, 
(MeOH) 214 (E 38 OOO), 236 nm (sh, E 11 400). 
The nmr spectra pointed strongly to a 1,2,4- 
substituted benzene ring, and the low-field 
position of the isolated (weakly coupled, J = 
2 Hz) proton in both compounds indicated that 
it was located between the carbons bearing 
carbonyl groups,l thus suggesting structure 3 
for the thermolysis product, and structure 4 
for its dihydro derivative. 

That structures 3 and 4 were correct was 
shown by an unambiguous synthesis of 4 starting 
with 4-nitrohomophthalic acid 5 (3), the struc- 
ture of which has been rigorously established 
(4). Compound 5, made by treating homoph- 
thalic acid with fuming nitric acid, was converted 
into the carbomethoxy diol 11 by standard 

' C '  the analogous proton in 3-toluic acid (6 7.4 or 
7.8) and in benzene-1,3-dicarboxylic acid (6  8.7) (2). 
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6. X = NO2 
7. X = NH, 

procedures. The oxidation of 11 to the di- 
hydroisocoumarin 4, effected by activated 
manganese dioxide (5) in good yield (7373, is 
noteworthy; although the oxidation of 2-(2- 
hydroxymethylpheny1)ethanols to dihydroiso- 
coumarins by chromium trioxide has been re- 
ported (6), the yield was very low (ca. 10%). 
We believe that this oxidation, as effected by 
activated manganese dioxide, proceeds by 
oxidation of the benzylic hydroxyl (7) to an 
aldehyde group which is attacked by the re- 
maining hydroxyl group; the resulting hemiketa! 
is again a benzylic alcohol, and is oxidized to 4. 

The barrellene oxide 2 has been shown (1) 
to rearrange at 400 "C to the cycloheptatriene 
carboxyaldehyde 12. The observation that 12 
gave the isocoumarin 3 under the same condi- 
tions as those under which 2 rearranged to 3 
enables us to propose a likely mechanism for 
the genesis of 3. Two consecutive sigmatropic 
shifts of hydrogen could convert 12 into 13, 
the nsrcaradiene taueomer of which, 14, could 
undergo a 1,5-sigmatropic shift of carbon 
giving 15, the norcaradiene tautomer of 16; 
another 1,5-hydrogen shift (to give 17) followed 
by tautornerization leads to 48, which could 
reasonably be expected to isomerize to 19. The 
isomerization of cycioheptatrienes by sigrna- 
tropic shifts of hydrogen and of carbon is well 
known (8), and the conversion of cyciohepta- 
triene and its derivatives to toluene or sub- 
stituted toluenes (19 is a toluene substituted in 
the benzene nucleus and on the side chain) is 

well established (ref. 9, and especially refs. 
11-16 therein). The cyclization of 19 to the 
isocournarin 3, possibly by way of the enoi 
form of 19, appears reasonable. 

CHO CHO 

2 - -+ 

CHO CHO 

CHO CHO 

C02Me C02Me 

CHO CHO 

- 3 
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The mechanism of the rearrangement of 2 
to  12 can thus Se plausibly rationalized ( I ) ,  
and the subsequent transformation2 of 12 into 
3 is interpretable in terms of amply documented 
processes. 

Experimental 
Cenerai experimental techniques, including a descrip- 

tion of thermoiysis procedures and the apparatus used, 
are given In our earlier paper (1). Momophthalic acid, 
for the preparation of 5, was purchased from the Aidrich 
Chemical Company. 

Thern~oiysis of 3 nr 300'C; 1Werhj.i Isocoumaritr-7-car- 
bo.rylate ( 3 )  

Compound 2 (203 :ng) gave 150 mg of therrnolysate 
as a sticky solid. The 'R nmr spectrum of the crude 
mixture showed it to be composed of ca, 25 mol % iso- 
coumarin 3. Preparative tlc (chloroform, run 3 x )  gave 
a band of R, = 0.36 which on extraction gave a white 
powder, 23 mg, Recrystailization from carbon tetra- 
chloride gavc colorless microneedles, 17 mg, mp 178- 
179 "C; nzle 204 (Mi) .  Exact lMn~s caicd. for CI1H8O4: 
204.04170; found: 204.04320. 

Methyl Di/~~~clr.oisocoun7ai~itz-7-curboxylate ( 4 )  
A thermolytic sample of 3 (12.1 mg, 0.059 mmol) in 

ethyl acetate (2 1-111) was hydrogenaied at 1 atm with 
5% Pd/charcoal (co. 50 mg). Approximately I mol. 
equiv. of hydrogen was absorbed over 30 min. Filtration 
and concentration gave 11.9 mg of the dihydro derivative 
4 (97%). Recrystallization from carbon tetrachloride 
gave microcrystals, ~ mp 108-109 'C; m,'e 206 (M'). 
Exact Mass calcd. for C,,H,,O,: 206.05735; found: 
206.05774. 

Thern~olysi.~ of 12 
Aldehyde 12 (80 mg) was thermolyzed at  700 'C and 

the crude thermolyzate was subjected to preparative 
tlc (chloroform, run 3 x) .  The band of R, = 0.36 was 
extracted and the material was crystallized from carbon 
tetrachloride to give 7 nig of a white powder, mp 177- 
178 "C; the mixture mp with isocoumarin 3, from epoxide 
thermoiysis, of mp 178-179 'C was 177-179 "C, and the 
two materials had identical ir, uv, and mass spectra. 

Authentic ,Wethy/ Isocoumarin-7-carboxylate ( 4 )  
Diester 6 
4-Nitrohomophthalic acid (5) (3) (400 mg, 1.7 mmol) 

was dissolved in methanol (20 ml) and a slight excess of 
standardized diazomethane so l~~ t ion  was added. Evapora- 
tion gave 386 mg (87%) of 4-nitrohomophthalic acid 
dimethyl ester. Recrystallization from methanol gave 
white plates, mp 87-88 "C; ir I.,,, 5.75, 7.39 pm; uv 
X,,, 219, 262nm; nmr 6 3.67 (3H, s), 388 (3H, s), 
4.08 (2H, s), 4.40 ( lH,  d, J = 8 Hz), 4.90 ( lH,  dd, 
J = 8, 2 Hz), 8.68 (lH, d, J = 2 Hz); n1,'e 253 (M+). 

Amino Dieste~ 7 
Con~pound 6 (420 mg, 1.6 mmol) in ethyl acetate 

(15 ml) was hydrogenated at 1 aim with 5% Pd-charcoal 

21t is of course possible that a pathway exists for the 
transformation of 2 into 3 without the intermediasy of 
12; we choose, however, to invoice Occam's razor. 

(100 mg). Over 2 h, ca. 3 rnol. equiv. of hydrogen were 
absorbed. Filtration and concentration gave 333 mg 
(90%) of 4-aminohomophthalic acid dimethyi ester, 
mp 93-98 'C; ir 7 .,,, 5.79 um; uv A,,, 221, 248, 320 nm; 
nrnr 6 3.62 (3H, s), 3.75 (3H, s), 3.78 (2H, s), 6.59 (!IT, 
dd, J = 8, 2 Hz), 688 (IH, d, J = 8 Hz), 7.15 (lH, d, 
J = 2 Hz); ~ n / e  223 (MTj .  E.xoct Tdass calcd. for Cl1Hl1- 
NO,: 223.08445; found: 223.08429. 

Amino Diol8 
Vitride reducing agent (sodium bis(2-methoxyethoxy)- 

aluminum hydride in benlene) (6.0 ml of a 70% solution, 
22 mmol) In tetrahydrofuran (130 mi, distilled from cal- 
cium hydride) was brought to reflux under a nitrogen 
atmosphere. 4-Aminohomophthalic acid dimethyl ester 
(1.30 g, 5.0 mmol) was added over 1.5 h. After refluxing 
an additional 6 h, the mmxture was carefully poured into 
ice water (100 ml) and continuously extracted w ~ t h  di- 
chloromethane overnight. Drying and concentration of 
the organic layer gave 0.91 g (93%) of an oil which showed 
mainly one spot on analytical thin layer chromatography 
(methanol-dichloromethane, 1:20); Rf = 0.20, ir h,,, 
(CH,CI,) 6.15 pm; uv h,,, 240, 290 nm, shifting to 
shorter wavelength on addition of acid; nmr (DMSB-d6) 
6 2.63 (2H, t ,  J = 6 Hz), 3.50 (2H, m), 4.40 (2H, s), 
6.37 (IH, dd, J = 8, 2 Hz), 6.56 (lH, d, J = 2 Hz), 
6.77 (IH, d,  J = 8 Hz); mle 167 (M+) .  Exact Mass 
calcd. for C,H,,hT02: 167.09407; found: 167.09473. 

Cyar~o Diol 9 
Amino diol 8 (826 mg, 4.9 mmol) was dissolved in a 

solution of concentrated sulfuric acid (5 ml) and water 
(7 ml). When solution was complete, another 20 ml 
of water was added and the solution was cooled to 0 'C. 
To the cooled solution was added sodium nitrite (355 mg, 
5.1 mmol), at  such a rate as to keep the temperature of 
the solution below 5 'C. After addition, the solution was 
stirred at 0 "C for 30 min, and carefully neutralized with 
sodium carbonate. A solution of cuprous cyanide (0.50 g, 
5.6 mmol) and sodium cyanide (0.60 g, 12.2 mmol) in 
water (20 ml) was added, and stirred at room temperature 
for 1 h. The solution was then continuously extracted 
with dichloromethane overnight and the organic layer 
dried and concentrated to afford 353 mg (40%) of 9 as an 
oil. Analytical tlc (methanol-dichloromethane, 1 : 20) 
showed one spot, Rf = 0.26; uv h,,,, 235 nm, no change 
on addition of acid, showing no amine was present; 
mle 177 (M+). 

Carboxy Diol BO 
The crude cyano diol (9) (353 mg, 2.0 mmol) was 

refluxed with iO% sodi~lm hydroxide (20ml) for 2 h. 
The solutioc was extracted with ether to remove non- 
basic impurities and the aqueous layer was acidified with 
concentrated hydrochloric acid. The asidified solution 
was continuously extracted with ether overnight and the 
ether layer dried arid evaporated to give 193 mg (49%) 
of PO, mp 153-157'6; ir L,,, (KBr) 5.90pni; uv ) .,,, 
238 nm; nmr (DMSO-d6/CDCI,) G 2.83 (2H, t, J = 6 Hz), 
3.65 (2H, t, J = 6 Hz), 4.55 (2H, s), 7.15 (IH, d, J = 
8 Hz), 7.70 (!H, d, J = 8 Hz), 7.87 (tW, s);  m/e 196 
(FA+). Exact Mass caicd. for C,oH120J: 196.07300; 
found: 196.07270. 

Carbometho.xy Diol 11 
An ethereal solution of diazomethane was added to a 

solution of the acid-diol 10 (90 mg, 0.46 rnmol) in 
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methanol (3 ml) until a yellow color persisted. The solu- 
tion was then evaporated to give 81 mg (84%) of the ester 
11 as an oil; ir h,,, 5.80 pm; uv A,,, 239 nm, nmr 6 
2.86 (ZH, t, J =  6Hz),  3.73 (2H, t, J =  6Hz),  3.80(3H, 
s), 4.50 (2H, s), 7.10 ( lH ,  d,  J  = 6 Hz), 7.70 ( lH,  dd, 
J = 6, 2 Hz), 7.77 ( lH ,  d, J  = 2 Hz); m/e 210 (Mt) .  

Methyl Dihydroisocoumarin-7-carboxylate ( 4 )  
The diol 11 (81 mg, 0.39 mmol) was refluxed with 

activated manganese dioxide (5) (0.80 g) in ether (15 ml) 
for 12 h. The mixture was filtered, dried, and concentrated 
to give 58 mg (73%) of a solid that showed one spot 
(Rf = 0.30) on tlc (dichloromethane). The compound 
was crystallized from carbon tetrachloride to give micro- 
crystals, mp 106-107 "C. The mixture melting point with 
the compound (mp 108-109 "C) obtained from hydro- 
genation of thermolytic methyl isocoumarin-7-car- 
boxylate was 106-108 "C. The two samples were in- 
distinguishable by ir, uv, and nmr spectrometry, and by 
tlc. 
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An optically active cyclopropene as a mechanistic probe in cyclopropene 
photochemistry 

JAMES A .  PINCOCK AND ALEXIOS A .  MOUTSOKAPAS 
Depcirtment oj'Clzei?~i.stiy, Doillorisie Un i i ' e f i i r~ ,  Hnlifris, !\;.\:.S., Cnr~iirln B3H 4J3 
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JAMES A. PIKCOCK and ALEXIOS A. MOUTSOKAPAS. Can. J. Chem. 55, 979 (1977) 
The photochemistry of methyl 1-methyl-2-phenylcyclopropene-3-carboxylate has been 

examined in both the racemic and optically active forms. In the excited singlet the cyclopropene 
is converted to 2-methoxy-5-methyl-4-phenylfuran whereas the triplet state dimerizes to a 
tricyclohexane derivative. Experiments with opticaily active cyclopropene ester demonstrate 
that photochemical racemization occurs a b o ~ ~ t  2.5 times as fast as conversion to the furan 
product irdicating that there is an  intermediate vinyl carbene on the singlet surface. No 
racemization is observed in the triplet state. 

JAMES A. PIKCOCK et ALEXIOS A. MOUTSOKAPAS. Can. 9. Chem. 55, 979 (1977) 
On a examine la photochimie du methyl-1 phenyl-2 cycloprop~necarboxylate-3 de mtthyle 

dans ses formes ractmique et optiquement active. Dans l'etat singulet excite, le cyclopropene est 
transform6 en mtthoxp-2 mkthyl-5 phenyl-4 furanne alors que l'etat triplet se din16rise en un 
derivt tricyclohexane. Des experiences avec I'ester de cyclopropene optiquement actif permet- 
tent de demontrer que la racemisation photochimique se produit environ 2.5 fois plus rapide- 
ment que sa conversion en derive de furanne; ces resultats indiquent qu'il y a un intermediaire 
vinyle carbene a la surface du singulet. II n'y a aucune racemisation d'observe a l'etat triplet. 

[Traduit par le journal] 

The photochemistry of cyclopropene deriva- 
tives has been shown to be remarkably dependent 
o n  the multiplicity of the excited state involved. 
Singlet states react by o-bond cleavage to give 
products which are explained in terms of the 
chemistry of vinyl carbenes; an  example is shown 
in reaction 1 for the direct irradiation of 3,3-di- 
methyl-l,2-diphenylcyclopropene, 1, to a mixture 
of cis- and trans- l,2-diphenyl-3-methylbutadiene, 
3 and 4, with a quantum yield for the conversion 
of0.045 (1). In contrast, triplet states generated by 

sensitization techniques give high yields of cyclo- 
propene dimers; for example, [ 2 ] ,  photolysis of 
methyl 1,2-diphenylcyclopropene-3-carboxylate, 
5, in the presence of a variety of sensitizers gives 
the tricyclic dllner 6 with quantum lields as high 
as 0.8 (2). 

11 v 

Ph Sensitized 

The surprising feature of these results is that, 
despite the extra energy introduced by elec- 
tronic excitation, in neither case is there efficient 
ring cleavage to relieve the strain energy (-54 
kcal/mol (3) in the ground state) of the cyclo- 
propene ring. The triplet reacts with high quan- 
tum yield but retains the three-membered ring; 
the singlet reacts by ring cleavage but with very 
low efficiency. This low efficiency for singlet state 
reactivity has been explained by thermal return of 
the carbene intermediate ( i .e .  2 in 111) to the 

L A *  

cyclopropene ( I ) .  Such thermal behaviour of 
vinyl carbenes is well known and is in fact the 
basis of a synthetic procedure for the preparation 
of cyclopropenes (1, 4). More quanritative infor- 
mation is available from a study (5) of the thermal 
racemization of 1,3-diethylcyclopropene where 
return of the carbene intermediate to starting 
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material is favoured over rearrangement to 
products by a factor of 9. Thus the possibility 
exists that the low efficiency of cyclopropene 
excited singlet reactions is a result of favourable 
return and not of inherent unreactivity of the 
cyclopropene ring. 

In order to test this possibility and also to gain 
a better understanding of vinyl carbene inter- 
mediates generated from excited states we have 
examined the photochemistry of both racemic 
and optically active methyl 1-methyl-2-phenyl- 
cyclopropene-3-carboxylate, 7 ,  by direct and 
sensitized irradiations. 

Ph xre 7 

Results and Discussion 
( I )  Syntlzesis of Metlzyl l-Methyl-2-pl?enj~lcyclo- 

propene-3-carbox~~late 
In a series of papers D'yakonov and co- 

workers (6, 7) have reported that the reaction of 
ethyl diazoacetate with I-phenylpropyne gives 
two products, the cyclopropene ester 8, and the 
2-ethoxyfuran 9, as in [3]. This carbenoid reac- 

t Pw 
Me OEt 

P h Me 

tion was said to be catalyzed by copper sulfate 
with the ratio of 918 increasing with increased 
amounts of catalyst and temperature and is 
quoted in standard texts (8) as an example of 
copper catalysis affecting the ratio of carbene to 
1,3-dipolar addition in ketocarbenes. As an 
obvious precursor to the methyl ester 13' we have 
examined this procedure for the preparation of 8 
in some detail. By 'H nmr analysis of the crude 
reaction mixtures immediately after these rapid 
(- 10 min) reactions were completed the ratio of 
918 could be easily determined. Under a variety 
of conditions no 9 could be detected. However, 
on distillation of the reaction mixtures (P = 0.3 

'The methyl ester was preferred for the photochemical 
study because the methoxy singlet makes monitoring by 
nmr easier, particularly when using chiral shift reagents. 

torr, T = 125 "C)' when copper sulfate was 
present, considerable amounts of an ethoxy- 
furan presumed to be 9 were observed. The 
amount was dependent on the temperature and 
duration of the distillation and in fact heating the 
reaction for 3 h at 120 O C  and then distilling 
gave only the furan. In contrast the ester 8 could 
be cleanly distilled when copper sulfate was 
absent. The conversion of 8 to 9 is therefore not 
a simple thermal reaction but is metal catalyzed. 
Since the presence of copper sulfate as a catalyst 
improved the yield of the addition reaction and 
only interfered with the isolation procedure, this 
difficulty is best avoided by saponification of the 
crude reaction mixture and purification of the 
cyclopropene as the free acid. The acid was then 
cleanly converted to 7 by 3-methyl-1-p-tolyltri- 
aaene (9). 

(2)  Direct Photolysis of Metlzyl I-Metl~yl-2- 
phenylcyclopropene-3-carboxylate 

The cyclopropene ester 7 was irradiated in 
acetonitrile solution using a 200 W medium 
pressure Manovia lamp and a Vycor filter. 
Analysis by 'H nmr of the crude photolysate 
indicated one major component (estimated at 
-75x yield based on reacted cyclopropene), 2- 
methoxy-5-methyl-4-phenylfuran, PO [4]. Isola- 

/ I  v 
[41 

P h xi; Tim? OMe 

7 

tion of this furan proved to be extremely 
difficult since it was sensitive to air oxidation. 
Pure samples could be obtained by column 
chromatography but the recoveries were always 
low. The gross structure of 10 was suggested by 
several key spectral features; lack of a carbonyl 
band in the infrared and a vinyl singlet in the 
'H nmr at 5.25 6. This high field signal is 
characteristic of the 3H in 2-alkoxyfuran deriva- 
tives; compare, for example, 5.10 6 for 2- 
methoxyfuran (10). The remaining question then 
was the substitution pattern of the phenyl and 
methyl groups. Advantage was taken of the 
ready oxidation of alkoxy furans to derivatives of 
esters of 4-keto-2-butenoic acids (6, 7, 11). There 
are two possibilities as shown in [5] and [6].  
Compound 13 is known (12) and its 'H nmr gives 
the expected allylic coupling (J = 2 Hz) of a 

2Temperatures of the flask in a bulb-to-bulb distilla- 
lion. 
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PINCOCK AND MOUTSOKAPAS 98 1 

[51 
Me OMe 

Me / OMe 
0 0 

methyl doublet and a vinyl quartet. As well, the 
ir bands in the carbonyl region are at 1680 and 
1731 cm-'. Oxidation of PO, however, did not 
give 13 but rather, as the only product, 11; 
'H nmr 6: 2.40 (s, 3H), 3.73 (s, 3H), 6.28 (s, 1H) 
and 7.35-7.40 (s, 5H). Moreover the carbonyl 
bands in the infrared are at 1728 and 1760 cm-'. 
The observation of the sharp singlets for the 
methyl and vinyl protons and the different ir 
bands rule out 13 as an oxidation product. 
Therefore the furan from the photolysis of the 
cyclopropene ester 7 must be the 5-methyl-4- 
phenyl derivative 10. 

D'yakonov (6, 7) has reported that this is the 
same furan substitution pattern obtained by 
addition of ethyl diazoacetate to l-phenyl- 
propyne; note 9 in [3]. As shown above this 
furan is actually formed in a catalyzed thermal 
process by rearrangement of the cyclopropene 
ester 8. The 'H nmr spectrum of 9 showed 
methyl (2.20 6) and vinyl (5.10 6) singlets which 
seemed sufficiently different from those of 10, 
methyl (2.36 6) and vinyl (5.25 6), to be sur- 
prising when the only change should be from a 
2-ethoxy group in 9 to a 2-methoxy group in 10. 
Similar differences also occurred in the carbon 
spectra: for 9, 86.1 (C-2 of ring) and 14.5 6 
(CH,); for 10, 90.9 and 12.6 6. This discrepancy 
was easily clarified by air oxidation of 9. Al- 
though the ethyl ester corresponding to 11 should 
have been formed, the product actually obtained 
was the ethyl ester of 13: by 'pi nmr the allylic 
coupling was obvious and the ir bands were at 
1728 and 1687 ~ t 7 - l . ~  Therefore D'yakonov's 9 
is actually 14. 

14 

3D'yakonov does not report an nmr spectrurn but  does 
give ir bands of 5.78 (1718 crn-') and 5.96 prn (1678 
crn-I). 

Two factors concerning the direct photolysis of 
7 are noteworthy. First of all the product ob- 
tained, 2-methoxy-5-methyl-4-phenylfuran 10, is 
a result of o-bond cleavage of the cyclopropene 
ring as expected. This must reflect the reactivity 
of the excited singlet state slnce intersystem 
crossing efficiencies for phenyl substituted cyclo- 
propenes are known to be low (2). Moreover 
generation of the triplet state by sensitization 
(see below) does not give the furan product. The 
second feature of this photolysis is that the 
product obtained results from cleavage of the 
cyclopropene single bond which is methyl rather 
than phenyl substituted. This seems surprising 
since one might have expected the alternate 
cleavage to be preferred. At the moment we have 
no explanation for this behaviour except to note 
that similar effects seem to be present in the 
ground state thermal chemistry of cyclo- 
propenes, i.e. substitution that should normally 
stabilize radical centers and make bond cleavage 
easier raises the activation barrier (5). 

(3)  Ser~sitized Photolysis of Methyl I-Metlzyl-2- 
phenylcyclopropei~e-3-carboxylute, 7 

Photolysis of 7 in either acetone as solvent or in 
acetonitrile with benzophenone gave very clean 
conversions to a dimeric product 15, mp 33- 
34 "C, mass spectrum parent ion, 376. (Note [7].) 

This conversion could be nicely followed by 
'H nmr spectra taken during photolysis in 
deutcrated acetone. Although there are six 
possible unfi-structures for a tricyclic hexane 
formed from dimerization of 7 the simplicity of 
the 'H nmr spectrum (6 1.63 (s, 3H), 2.85 (s, lH), 
3.41 (s, 3H), 4.20 (m, 5H)) requires that the 
structure have either both carbomethoxy groups 
endo or both exo. The structure of an analogous 
dimer (6 in [2]) has been confirmed by X-ray 
crystallography (13) and both groups are exo. 
Therefore the photoproduct from 7 is either 15 
or the isomeric 16. Evidence for the proposed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



982 CAN. J. CHEM. VOL. 55, 1977 

structure 415 is available from photolysis of 
optically active 7 as described below. 

P h -Me 

M e 0 ; C W  COzMe ['I 7R ph% COzMe 

H Me 
15 17 

( 4 )  Optically Active Methyl 1-Methyl-2-phenyl- 
cyclopropene-3-carboxylate; Determination 

J;' % 
of Optical Purity 

The resolution of 1-methyl-2-phenylcyclo- 
propene-3-carboxyiic acid by formation of the ~h ~h 
diastereomeric salts with I-e~hedrene has been 7s 10 
reported previously (14) glthough without 
experimental details. The resolved acid was then 
converted to the methyl ester with l-methyl-3-p- 
tolyltriazine (9) as for the racemic acid. 

Rather than use optical rotation measure- 
ments to determine optical purity of the cyclo- 
propene ester 4 we have found that the chiral lan- 
thanide shift reagent, tris(3-heptafluorobutyryl- 
d-camphorato)europium 111, [Eu(hfbc),], is pre- 
ferable (15). This 'H nmr method has the 
obvious advantage that, provided resolution of 
the enantiomeric signals can be attained, the 
percentage composition can be determined even 
in the presence of other compounds which would 
interfere with rotation measurements. Shown in 
Fig. 1 is a spectrum of optically active 7, [aIDz5 
76. lo (c 1.34, CH,CN) with added Eu(hfbc),. The 
enantiomeric signals are obviously well resolved. 
No detailed studies were made to attempt to 
maximize the chemical shift differences; rather 
the shift reagent was added until reliable resolu- 
tion was obtained (molar ratio of Eu(hfbc), :7 of 
about 0.1). Peak areas were measured by at least 
five integrator scans and then the values averaged. 
From the spectrum in Fig. 1 the following values 
are obtained; -0Me signal, ratio high fieid/low 
field 1 :3.12; methine H, 1 :3.13; -CMe, 3.19: 1. 

the end point of the excited state chemistry, and 
if thermal return of 17 to 7R (or 7S)4 competes 
with conversion to the furan 10 then photo- 
chemical racemization of the cyclopropene should 
occur faster than its rate of disappearance. This 
results because 17 as drawn is flat and return to 
either of the two enantiomers is equally probable. 

The results for the photolysis of optically 
active 7 are shown in Table 1. The cyclopropene 

TABLE 1. Photoracemization of 7 as a 
function of conversion to 10 

Conversion Racemiration of 7 
(%I (%I 

10 29+2 
16 39 + 4 
25 56+8 

was photolyzed and its disappearance monitored 
by gas chromatography. At the conversions 
given the cyclopropene was reisolated by thin 
layer chromatography and the enantiomeric 
coinposition determined. Clearly from the results 
photochemicai racemization is occurring about 
2.5 times as fast as conversion. 

Therefore the sample contains 76 + 1% ((+ (6)  Sensitized Photolysis of Optically Actice 
enantiomer. Methyl l-Metlzyl-2-phenylcyclopropene-3- 

(5)  Direct Pliotolysis of Optically Active Methyl carboxylate, 7 

1 -Methyl-2-phenylcycl~pro~ene-3-carboxy- Photolysis of optically active 7 in acetone gave 

late, 7 no indication of photochemical racemization. 

With a convenient method available for moni- For example, a sample of 65 t 2% (+)-enriched 

toring racemization of 7 during photolysis a 7 was photolyzed until 50z  conversion to the 

study for the intervention of vinyl carbene inter- dimer 15. Reisolation of 7 and measurement of 

mediates in the conversion of cyclopropene 7 to the enantiomeric composition indicated 67 F 3% 

the furan 10 is now possi'0lc. This is outlined in 4Note that the abSOiu(e of the cycle- 
[8]. If 17 is an intermediate in the photolysis, i.e. prapenes are unknown but are unnecessary far this study. 
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PINCOCK AND MOUTSOKAPAS 983 

FIG. 1. Nuclear magnetic resonance spectrum of (+)-enriched 7 with E u ( h f b ~ ) ~ .  

(+)-enriched. Similar results were observed a t  H 

lower conversions. These observations demon- 
strate that the triplet state does exhibit only n- I,ol Me02c+Me + Me 4 C02Me - 
bond reactivity to form the dimer with no 

P h indication of o-bond cleavage. H 
Moreover, this result is only consistent with 7~ 7 s  

structure 15 as the correct one for this dimeric 
product. As shown in [9] and [lo] the two possible 
dimers 15 and 16 would be formed by two Me02C 
poqsible orientations of cyclopropene rings. C02Me 

However dilner 16 can only be formed by reac- H 

H 
16 

tion of two cyclopropenes of opposite configura- 
9 M e o 2 C k ~ e  4 CO2Me - t i o n  7W + 7 s .  Therefore each time a dimer of 

structure 16 was formed a dll pair of 7 would 
P h H have reacted and the residual cyclopropene 

7R 7R would have increased in optical purity. On the 
other hand, formation of 15 only occurs by 
reaction of cyclopropenes of the same configura- 

C 0 2 M e  
tion, 7 R  + 7 R  as shown or 7.9 + 7S. Since the 
rate constants for the R + R and the S + S 

H reactions will be the same, the rates will only be 
15 dependent on the concentrations of R and S. 
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984 CAN. 3 .  CHEM. VOL. 55, 1977 

Therefore the rates of disappearance of R and S 
will be the same as the ratio of their concentra- 
tions and the RIS ratio in the unreacted cyslo- 
propene will remaill constant. Since this is the 
observed behaviour for the photolysis of optically 
active 7, the structure of the dimeric product 
must be 15. 

The triplet state photochemistry of cyclo- 
propene ester 7 is then as shown in 171. Inter- 
estingly enough the dimer obtained probably has 
worse steric iilteractions than the alternate 
possibiiity assuming that a phenyl-phenyl inter- 
action is worse than a phenyl-rnethyi one. How- 
ever, this observation is nicely explained by the 
suggestion (2) that the primary photochemical 
product of these triplet state reactions is actually 
a diradical, i.e., 17. The famat ion of 15 then 
results because 17 aliows maximum delocaliza- 
tion of the radical centers in the inter~ediate .  

(7 )  Generrrl Concl~tsions orz Cyclopropene Photo- 
chemistry 

The results of this study confir111 previous 
observations on cyclopropene excited state 
reactivity; singlet states react  on!)^ by a-bond 
cleavage and trip!et states by dirnerization. The 
low quantum yield for singlet reactivity ( I )  is at 
least in pa-rt explained by photochemical 
racenlization of the cyclopropene. At the moment 
there is not an example where both quantum 
yield of racemimation and reactivity have been 
measured so the overall eficiency of ring opening 
is unknown. It would not be surprising if this 
efficiency were high considering the highly 
exothermic nature of this process. 

The reacciviey of triplet cyclspropenes is more 
puzzling. In a recent publication of ab initio 
calculations of the cyclopropene - vinyl carbene 
surface (15) the exothermic nature of the triplet 
cyclopropene to triplet vinyl carbene conversion 
is clearly sllown. Why then does the cyclo- 
propene remain intact long enough to react with 
another molecule in the ground state? The 
answer must be that there is a barrier on the 
cyclopropene - vinyl carbene triplet surface which 

results by MEWDO-3 calculations5 suggest that 
this indeed may be the correct explanation. 

Experimental 
l - ~ M e t h y ~ - 2 - p h e t ~ y ~ c y c l o p 1 ' o p ~ c  Acid 

A variation of the reported procedure was followed 
(6, 7). To 23.7g (0,204mol) of I-phenjlpropyne and 20mg 
(0.126 mmol) of copper sulfate heated to 120 'C in an oil 
bath was added 13.5 g (0.118 moi) of ethyi diazoacetate 
(163 over a 15 niin period. The reaction mixture was then 
cooied and added to a solution of 20 g KOH in 360 rnl of 
95% ethanol. After stirring at room temperature for 48 h 
800 mi of water was added aiid the mixture extracted with 
2 x 200 ml ether to recover the unreacted acetylene. The 
aqueous phase was then acidified with 10% HCl and 
extracted with 2 x 200 ml ether. The extract was washed 
with 2 x 200 ml saturated NaCI, dried over MgSO,, and 
concentrated to give 7.27 g of dark brown solid. This solid 
was chromatographed on 110 g of silica gel using CHCI, 
as eluant, 'The volume from 200-800 ml contained 6.03 g 
of crude acid which could be recrystaliized to give 4.05 g 
(0.0232 mol, 20% yield) of pure 1-n~eiliyl-2-phenyicyclo- 
propene-3-carboxylic acid; n ~ p  139-140 "C (lit. (6) 137.2- 
137.9); 'H nmr (GDCI,) G 2.37 (s, 3H), 2.48 (s, lH), 7.4- 
7.6 (m, 5H), 9.8 (br s, 1H). 

~ M e f h j ~ l 2 - ~ z / I e t h y l - 2 - p h e n y ! c y c l o p 1 ' o p e n e - b t e  
To 0.250 g (1.44 mmol) of the acid in 10 ml of ether was 

added 9.500 g (3.3 mmol) of I-methyl-3-(p-toiy1)triazene 
(9) dissolved in 10 ml of ether. The reaction inixture was 
stirred for 20 h at room temperature. T l ~ e  solution was 
then washed with 4 x 10 mi of 10% HWCI, 15 ml of 10% 
NaFICO?, and finally with 2 x 15 1111 water. The ether 
solutlon was d ~ l e d  ove: MgS04 and concentrated to give 
0.244 g (1 31 rnmol, 91z )  of the known (17) ester: 'H nmr 
(CDCI,) G 2.33 (s, 3H), 245 (s, lH), 4 18 (s, 3H), 7 2-7 3 
(s, 5H); lr (film) 1430, 1895 em-'; uv (CH,CN) 257 nm 
( E  17 700). 

Piiotolysis of Merizj~l I-MethyI-2-pherzj~lcycIop1'opene-3- 
ca~bosqlate 

In a typical experiment 1.00 g of the ester was dissolved 
in 300 ml of CH,CN (disiilled from P,O,) and irradiated 
for 2.5 h in a nitrogen atmosphere with a 250 W Hanovia 
medium pressure lamp and a Vycor filter. Evaporation of 
the solvent gave 1.14 g of inaterial which by nnir analysis 
contained - 7 5 2  of 2-rnethoxy-5-nlethyl-4-phenylf~~ran. 
This furail ccu!d be purified in !ow yield by column 
chromatography; 240 mg of the crude phoiolysate 011 13 g 
of basic alumina. eluted with 2 5 z  ether in petroleum 
ether gave 38.1 mg (16% yield based cn initial cyclo- 
propene) of pu;e furan: 'H nnir (CDCI,), 6 2.36 (s, 3H), 
3.87 (s, 3H), 5.25 (s, H), 7.3-7.5 (s, 5H); 13t7 nmr (CDCI,) 
8 12.57 (q), 57.82 (q), 80.89 (d); ir (film) 1612 cm-'; ms 
188(100), 173(100), 145(26), 1?1(22), 102(40). Elemental 
analysis on this compound was not attempted because of 
its ready oxidation by air. 

Air Bxidotion of 2-1Wetho?cy-5-r1iethyl-4-phe1zyIfurniz 
A solutioil of 30 mg (0.16 mn~ol) of the furan in 2 ml of 

CHC1, was saturated with air for I h. Evaporation of the 

does not exist on the singlet surface. Preliminary 5R. J. Boyd and J. P,. Pincock, to be published. 
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PINCOCK AND MOUTSOKAPAS 985 

so!vent gave a quantitative yield of methyl 4-keto-3- 
phenyl-2-butenoic acid as a pale yellow oil; 'W nmr 
(GDCI,) 6 2.43 ( s ,  3H), 3.78 (s, 3H), 6.17 (s, H), 7.4-7.5 
(m, 5H); ir (film) 1728, 1760 cm-l.  Anal. calcd. for 
C12H1203:  C 70.57, H 5.92; found: C 70.82, H 5.68. 

2-Ethoxy-4-methyl-5-phrnyljluran 
According to the procedure of D'yakonov (6, 7) 5.8 g 

(0.050 mol) of 1-phenylpropyne and 29 mg of CuS04 at  
120 'C were reacted with 2.85 g (0.025 mol) of ethyldi- 
azoacetate over 15 min. The 'H nmr of the crude reaction 
mixture indicated no  furan but only ethyl l-methyl-2- 
phenylcyclopropene-3-carboxylate, diethyl fumarate, and 
1-phenylpropyne. The reaction mixture was then main- 
tained at  120 "C under nitrogen for 3 h, at which point 
'PI nmr analysis indicated the cyclopropene ester had 
completely disappeared. Bulb-to-bulb distillation then 
gave two fractions : fraction l,70-90 'C/10 torr, consisting 
of 1-phenylpropyne and diethyl fumarate; fraction 2, 
125-1 30 "C/0.2 torr, 2-ethoxy-4-rnethyl-S-pheny1furan, 
620 mg (3.2 x mol, 13%); nmr (CDCl,) 6 1.38 
( t ,  3H), 2.20 (s, 3H), 4.05 (q, 2H), 5.10 (s, lH) ,  7.0-7.5 
(m, 5H); 13C nmr (CDCI,) 6 12.2 (q), 14.5 (q), 66.58 (t), 
86.19 (d). 

Air Oxidatiorz of 2-Ethoxy-4-methyl-5-phenj~Ifuran ( 6 )  
A solution of 60 mg (0.29 mmol) of the furan in 2 ml of 

CHC13 was saturated with oxygen for 1 h. Removal of the 
solvent gave a quantitative yield of ethyl 3-benzoyl-2- 
butenoate: 'H nmr 6 1.02 (t, J = 7 Hz, 3H), 2.10 (d, J = 2 
Hz, 3H), 3.95 (q, J = 7 Hz, 2H), 5.98 (q, J = 2 Hz, IH), 
7.0-7.3 (m, 3H), 7.7-8.0(m, 2Hj; ir(film) 1685, 1728 cm-'. 

Sensitized Photolysis of Methyl I-Methyl-2-phenylcyclo- 
propene-3-carboxylate 

A solution of 200 mg (1.06 mmol) of the ester in 5 ml of 
acetone was irradiated for 22 h in a Pyrex container using 
a 200 W Hanovia medium pressure lamp. After evapora- 
tion of the acetone and recrystallization of the residue 
from benzene there was obtained 102 mg (51%) of the 
bicyclic dimer: mp 32-34 "C; 'H nmr (CDC1,) 6 1.63 
(s, 3H). 2.85 (s, IH), 3.41 (s, 3N), 7.20 (m, 5H); ir (film) 
1745 cm-'; ms 376(3), 344(7), 316(22), 284(100), 258(25), 
256(22), 129(20), 115(20), 105(26), 91(25). Anal. calcd. for 
C2,H2,04: C 76.56, M 6.43; found: C 76.43, N 6.49. 

Resolution of I-Methyl-2-phe~tylcyclopvoperze-3-caw 
Acid 

The resolution of this acid has been described (14) but 
no  experimental details were given. In  a typical resolution 
experiment a mixture of 0.765 g (4.42 mmol) of the acid 
and 0.730 g (4.42 mmol) of I-ephedrene was dissolved in 
20 ml of benzene and heated to 50 'C  for 10 min. The salt 
solution was cooled and 70-90 "C petroleum ether was 
added until a slight cloudiness appeared. The mixture was 
then left to crystallize. The precipitated salt was crystal- 
lized four times in this way to  give 0.420 g (28.1% yield). 
The salt was then dissolved in 30 ml of 2% KOH in 30% 

methanol-water solution and stirred for 24 h at  room 
temperature. The ephedrene was extracted with ether and 
then the aqueous layer was acidified to p H  2 with 10% 
H2S04.  The acid was extracted with ether and the ether 
layer dried over MgS04 and concentrated in cacrto to give 
0.168 g (78% based on the salt) of the acid. The acid was 
transformed to the ester as described above, Measurement 
of the optical rotation gave [r*IDz5 +76.1" (c 1.340, 
CH,CN). The enantiomeric purity of this sample was 
measured a t  76 2 1% (-t) as shown by the 'Pa nmr 
spectrum, Fig. 1, in the presence of Eu(hf b ~ ) ~  (1 5). 
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The balance between electronic and nuclear energy in conformational change 
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IMRE G .  CSIZMADIA, GIANNOULA THEODORAKOPOULOS, H. BERNHARD SCHLEGEL, MYUNG- 
HWAN WHAWGBO, and SAUL WOLFE. Can. J. Chem. 55, 986 (1977). 

The relative contributions of nuclear repulsion and electronic attraction to conformational 
rotational potentials have been analysed for several types of systems. It is shown that de- 
composition of a computed total energy into these two components provides a diagnostic tool 
for the evaluation of the reliability of such computations. It is also pointed out that Hartree- 
Fock theory is sufficient to reproduce experimental stereochemical observations, provided that 
one is aware of the accuracy needed to compute the molecular electronic wavefunction. This 
accuracy is predetermined by the nuclear or electronic dominance of the process. 

IMRE G. CSIZMADIA, G I A N ~ O U L A  THEODORAKOPOULOS, H. BERNHARD SCHLEGEL, MYUNG- 
HWAN WHANGBO et SAUL WOLFE. Can. J. Chem. 55, 986 (1977). 

On a analyse les contributions relatives de la repulsion nucleaire et de l'attraction elec- 
tronique par rapport au potentiel rotationnel conformationnel de plusieurs types de systemes. 
On a montre que la decomposition, dans ces deux composantes, de l'energie totale calculCe 
fournit un outil diagnostique pour I'evaluation de la certitude de tels calculs. On met aussi en 
relief que la theorie de Hartree-Fock est suffisante pour reproduire des observations stereo- 
chin~iques experimentales a condition que l'on soit conscient de la precision necessaire pour 
calculer les fonctions d'onde electroniques moleculaires. Cette precision est prkdeterminee par 
la dominance nucleaire ou Clectronique du processus. 

[Traduit par le journal] 

Introduction 
With the advent and availability of computer 

programmes for the computation of the total 
energies and stable geometries of molecules, 
theoretical stereochemistry has entered an ex- 
tremely productive era (1). Accumulated ex- 
perience in this field seems to indicate that there 
are two classes of problems. In the first, it is 
found that SCF-MB computations performed at 
almost any level of accuracy afford fairly good 
agreement with experiment; but in the second, 
very extensive computations combined with 
careful geometry optimization are required to 
yield such agreement. 

The classical example of the first type is 
rotation in ethane (2 ) ,  and for the second type, 
the classical examples are rotation in hydrogen 
peroxide (3) and pyramidal inversion in ammonia 
(4). Thus, even the simplest semi-empirical 
con~putations are able to reproduce the ca. 
3 kcal/mol barrier of ethane, but to reproduce 
the ttmzs barrier to rotation in hydrogen per- 

oxide (ca. 1 kcal/mol), it has been necessary to 
go almost to the Hartree-Fock limit using d- 
orbitals on oxygen and p-orbitals on hydrogen, 
in conjunction with geometry optimization at 
each torsional angle (3a). 

It might be tempting to suggest that the 
difficulty lies in the relatively low barrier that 
is being computed. However, the rotational 
barrier in methanol is also about 1 kcal/mol, 
and it can be reproduced without great diffi- 
culty (5) (i.e., methanol is a member of the first 
class of molecules). Consequently, it is clear that, 
for the class of compounds exemplified by 
H,O,, one has to use a much more accurate 
wavefunction than for the class of compounds 
exemplified by ethane. 

Why it is necessary to approach the Hartree- 
Fock limit more closely in one case than in 
another does not appear to have been discussed 
previously, and the purpose of the present work 
is to attempt an analysis of this problem. In 
terms of this analysis it becomes possible, in 
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DIh  ET AL.. 987 

principle, to estimate the quality of computa- 
tion that wili be necessary to reproduce a 
particular observation. 

Theory 
In the Born-Oppenheimer approximation, the 

total energy (E,,,) of a molecular system is the 
sum of electronic attraction (Eel,, = T + V,,, + 
V,,, where T, V,,, and V,, are the kinetic 
energy, electron-nuclear attraction, and elec- 
tron-electron repulsion* terms, respectively), a 
negative quantity and nuclear repulsion (Enucl),  
a positive quantity (eq. 1). 

I Etot = Eelec + Enuc~ 

The nuclear repulsion component can be com- 
puted without difficulty, according to classical 
electrostatics, from the nuclear charges (Z,, 
Z,, etc.) and their interatomic distances (R,,) 
(es. 2) 

In  contrast, computation of the electronic 
component requires solution of the Schroedinger 
equation through the variation theorem (eq. 3). 

Clearly, the effort required to evaluate eq. 2 
is insignificant in comparison to what is needed 
for eq. 3. 

It is therefore useful to be aware of the 
equality shown in eq. 1, because it means ( l a )  
that a semi-quantitative understanding of Eta, 
based on experimental observations (e.g., ob- 
servations of conformational equilibria) can 
be combined with a computation of En,,, to 
provide a semi-quantitative understanding of 
Eel,, and, in particular, its phase.1 

Our chemical experience is that molecules 
have stability with respect to  separated atoms. 
This requires that En,,, and E,,,, always have 
opposite phase (see Fig. lb). Were this not the 
case, our chemical experience would consist 
either of a collapsing universe (Fig. l a )  in which 
only a single giant atom exists, or a dissociating 
universe (Fig. Ic) ,  in which only separated atoms 

'By phase we mean the direction of change, i e .  the 
sign of the derivative with respect to a geometrical 
parameter of the n~olecule. 

exist. These alternatives are illustrated schem- 
atically for the general case of a diatomic 
molecule in Fig. 1, and they allow the formula- 
tion of a rule: 

"The nuclear and electronic components of a 
molecular conforrnational potential curve always 
have opposite phase". 

We may now note that, in any region of a 
potential curve corresponding to that cross- 
section of a conformational hypersurface which 
describes the conformational change, the total 
energy is in phase either with the electronic 
component or with the nuclear component. 
Employing the example of the stretching 
potential shown in Fig. 16, it can be seen that 
at a large internuclear separation (re < r < m) 
the total energy is in phase with the electronic 
component (and may be said to be electronic 
dominant) and, at a shorter bond length (0 < 
r < re) ,  the total energy is in phase with the 
nuclear component (and may be said to be 
nuclear dominant). This observation permits 
the formulation of a second rule: 

" In  any region of apotential curve, the variation 
of tlze total energy of  a nzolecular systenz during 
confor?national clzange is in phase eitlzer with the 
nuclear repulsion (nuclear dominant) or with the 
electronic attraction (electronic dominant)". 

As a consequence of this second rule, we 
should recognize that the total energy may be 
in phase with one of these components through- 
out the conformational charge, as in the case 
of rigid rotation in ethane in which the total 

C O L L A P S I N G  O U R  D I S S O C I A T I N G  

U N I V E R S E  

: 
U N I V E R S E  

ro 
- I N T E R N U C L E A R  SEPARATION --+ 

FIG. 1. Alternatives of nuclear and electronic com- 
ponents of the total energy. ( A )  Collqpsing universe, 
where En,,, and E,,,, are in phase. (B) Our universe, 
where En,,, and E,,,, are in opposite phase. (C) Dissocia- 
ting universe, where En,,, and Eel,, are in phase. 
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energy is in phase with the nuclear repulsion 
(see below), or there may be a cross-over from 
electronic dominance to nuclear dominance at 
some point. This cross-over represents a balance 
between the attractive electronic forces and the 
repulsive nuclear forces. These considerations 
permit the formulation of a third rule: 

"Whenerer there is a change from nuclear 
dominance to electronic dominance in a con- 
formational process, this change will be found 
at an energy extrernunz". 

Discussion 
The preceding considerations have been 

derived by inductive reasoning, and we may now 
consider their application to the problems of 
torsion and pyramidal inversion. 

l a )  Rotation (Torsion) 
In the general molecule 1,  nuclear repulsion 

is a maximum and electronic attraction is a 
minimum in the most crowded conformation 
l a  if we allow rigid rotation only. The opposite 
is true for the less crowded conformation 16. 

x \  /Y \ 
A-B A-B 

Whether the actual structure adopted by 1 is 
closer to l a  or to l b  will then depend on the 
relative importance of nuclear repulsion and 
electronic attraction. For example, -CH,OH 
(6) displays two energy minima corresponding 
to the W and Y conforlnations 2a and 2b. 

As shown in Fig. 2,  (i) the nuclear and electronic 
components have opposite phase; ( i i )  the total 
energy is in phase either with the nuclear re- 
pulsion or the electronic attraction; (iii) the 
more stable 'd conformation is dominated by 
nuclear repulsion, and the less stable W con- 
formation is dominated by electronic attraction; 
a balance between the two components is 
achieved at the transition state which connects 
the two minima. Thus, the rotational behaviour 
of -CH,OI-I illustrates the operation of all 
three rules. 

A seco~ld example is given in Fig. 3 for 

N U C L E A R  E L F C T R O N I C  
)  DOMINANT^^ D O M I N A N T  d ~ ~ ~ k : ~ , " ~ T ~  

0' 60" 120' 180' 240" 300" 360' 

R O T A T I O N  (8) 

FIG. 2. The variation of total energy as well as its 
nuclear and electronic components of - :CH,-OH with 
the rotational (dihedral) angle along the C-0 bond. 

R O T A T I O N  (8) 

FIG. 3. The variation of total energy as well as its 
nuclear and electronic components of FCH,-CH2F 
with the rotational (dihedral) angle along the C-C bond. 
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CSIZMADIA ET AL. 989 

1,2-difluoroethane as obtained by a minimal 
(STO-3G (7)) basis set calculation. In this case, 
the higher minimum (3b) is fully dominated by 
nuclear repulsion, and the change in dominance 
between the opposing nuclear and electronic 
components occurs in the gauche conformation 
(34.  

U c 

Consequently, both the position and the energy 
of the lower minimum (3a) depend upon the 
accuracy of the computation of the electronic 
component. The situation is analogous to that 
of hydrogen peroxide (cf. Fig. 4B) but different 
from that of ethane (cf. Fig. 5). In the latter case, 
the total energy is in phase with only one of the 
components. However, it should be noted that 
the behavior changes from nuclear dominance 
to electronic dominance as one changes from 
rigid rotation (cf. Fig. 5A) to relaxed rotation 
(cf. Fig. 5B) on the conformational hyper- 
surface (8, 9). Because one of the components is 
always dominant the total barrier is always 
relatively easy to obtain even though the 
component barrier heights differ significantly in 
the two modes shown in Fig. 5 A and B. 

T O T A L  

- 1 8 7 0 0 k  

L 
- 1 8 7 2 0 k  

- I 8 &  ELECTRONIC 

D I H E D R A L  A N G L E  

FIG. 5. The variation o f  nuclear repulsion, total and 
electronic energy o f  CH3CH3 with angle o f  (A )  rigid 
rotation and ( B )  relaxed rotation about the C-C bond. 

The situation is much more complicated in the 
case of H,O, because there is a change from 
exclusive nuclear dominance to balanced domin- 
ance as one goes from Fig. 4A to Fig. 4B. 
Consequently, both geometry optimization (i.e., 
relaxation) and the inclusion of polarization 
functions in the basis set are required to obtain 
the small trans barrier (Fig. 4B) (10). 

(b) Inversion 
In a pyramidal molecule 4, 

D I H E D R A L  A N G L E  

FIG. 4. The variation o f  nuclear repulsion, total and 
electronic energy o f  MOOH with angle o f  (A )  rigid 
rotation and ( B )  relaxed rotation about the 0-0 bond. 

nuclear repulsion is greater in the pyramidal 
conformations 4a and 4c than in the planar 
conforn~ation 4b when rigid inversion (i.e., 
inversion with fixed bond lengths) is considered. 
For relaxed inversion (i.e., inversion with 
variable bond lengths) the opposite may be true. 
However, the barrier to pyramidal inversion is 
always dominated by one of the components 
and the minimum is always characterized by a 
change in dominance. Therefore, the computa- 
tion of the barrier to inversion will depend upon 
the accuracy of the electronic component. The 
pyramidal inversion of NH, exemplifies this 
mode of motion (1 1). 
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T O T A L  
7 

\; ELECTRONIC A 
ANGLE OF PYRAMIDAL INVERSION 

FIG. 6. The variation of nuclear repulsion, total and 
electronic energy of N H ,  with angle of relaxed pyramidal 
inversion. 

Figure 6 shows relaxed pyramidal inversion 
of NH,. The total energy is nuclear dominant 
between the two minima, including the planar 
transition state. The minima are characterized 
by a change from nuclear to electronic domin- 
ance. The calculated barrier is thus very sensitive 
to the accuracy of the calculation. 

(c)  Rotation-Inversion 
The conformational surface E = E(Q,+) asso- 

ciated with two independent modes of motion 
such as pyramidal inversion (4) and rotation (9) 
may be calculated for any molecule (e.g., 5) 
that has these internal modes of motion avail- 
able by virtue of its molecular structure 

X\ 8 
4 jpf s, 

Y 
5 

Two systems of interest are -CH,N02 (6) and 
NH,PH2 (7) 

I 

Z 

0 
ROTATION 

I I I  
OD 90' 180" 270° 360' 

ROTATION 

FIG. 7. The topological features of a general rotation- 
inversion surface. 

The rotation-inversion surfaces of 6 (12) and 
7 (13) are to be published elsewhere. However, 
Fig. 7 summarizes the topological features of 
both surfaces. 

Rigid and relaxed rotational cross-sections of 
the surfaces of 6 and 7 are shown in Figs. 8 and 9 
respectively. In the case of 6 the components are 
well behaved, and there is no change in domin- 
ance on going from rigid rotation to relaxed 
rotation. However, the situation with H,NPH2 
is different. For the rigid rotation, the nuclear 
and electronic components are in phase with 
each other and with the total energy! This 
represents an exception to the three rules pro- 
posed above. However, when the geometry is 
relaxed to permit rotation and nitrogen inver- 
sion to occur simultaneously, the apparent 

I I I 
NUCLEAR 

cc 

ELECTRONIC 

-352.2 

-352.6 

0 "  120' 240' 350' 

NUCLEAR 
-239.58 

,39.62! - 
' -23968  > 

TOTAL 
W 

D I H E D R A L  A N G L E  

FIG. 8. The variation of nuclear repulsion, total and 
electronic energy of - C H 2 N 0 2  with angle of ( A )  rigid 
rotation and (B) relaxed rotation about the C-N bond. 
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CSIZMADIA ET AL. 991 

NUCLEAR 1 

D I H E D R A L  A N G L E  

FIG. 9. The variation of nuclear repulsion, total and 
electronic energy of H2PNH, with angle of ( A )  rigid 
rotation and (B) relaxed rotation about the P-N bond. 

discrepancy disappears. This leads to the con- 
clusion that the three rules are strictly valid 
along the "reaction coordinates". The rules may 
not be operative along an unstable cross-section, 
because thc system will "roll down" from the 
side of the surface to the nearest minimum path. 

Conclusion 
In conclusion, it appears that when there is 

exclusive dominance of one component (either 
electronic or nuclear) it is relatively easy to 
reproduce the experimental stabilities (thermo- 
dynamic or kinetic) by theoretical calculations. 
However, when there is a change in dominance 
along a given mode of motion the accuracy of 
the calculations required to reproduce the 
corresponding experimental stabilities is very 
high. 

Finally, it appears that the anti-parallelism 
of the phases of the nuclear and electronic 
components may be valid throughout the hyper- 
surface or for only certain regions of it: the 
latter type of surface is the more intriguing. In 
this case, one of the two components may be in 
phase with the total energy in one region of the 
hypersurface, and the other component may be 
in phase with the total energy in another region 
of the hypersurface, as in the case of rigid and 
relaxed rotation. On going from one region of the 
hypersurface to the other, both the nuclear and 
the electronic componenis must change phase. 

FIG. 10. The variation of the nuclear repulsion, total 
and electronic energy of a molecule with conformational 
change showing in five stages ( A  to E) the change in the 
phase of the two components but no change in the phase 
of the total energy. 

Such a simultaneous change would require the 
existence of an intermediate region in which 
both components are in phase with the total 
energy. This is illustrated schematically in Fig. 
10. Clearly, the situation is more complicated 
when there is a change of dominance during the 
conformational change, as in HO-OH, -CH2- 
OH, FCH,-CH2F, and NH,. 
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Density of states and the steepest descent method: a non-iterative procedure 

ANDREW W. YAU AND HUW 0. PRITCHARD 
Centre fir,. Re~ec~~.c l t  ill Esperimer~tnl Spnce Science, York University, Donxsvietc', Ont. ,  Cnnndo M3J lP3 

Received September 13, 1976 

ANDREW W. YAU and H u w  0. PRITCHARD. Can. J. Chem. 55, 992 (1977) 
A non-iterative approximation to the method of steepest descent is given for the evaluation 

of state density in a molecular system. Test calculations on 'large' and 'small' model molecules 
consisting of harmonic oscillators and rigid rotors show excellent agreement with the 'exact' 
first-order steepest-descent solutions, but are almost an order of magnitude faster in computing 
times. 

ANDREW W. YAU et H u w  0. PRITCHARD. Can. J. Chem. 55, 992 (1977). 
On prdsente une approximation non-ittrative pour la mdthode de descente la plus rapide pour 

l'dvaluation de la densitd d'ttats d'un systeme moldculaire. Des essais de calcul sur des molCcules 
modeles "grande" et "petite" consistant d'oscillateurs harmoniques et de rotors rigides montrent 
un accord excellent avec les solutions "exactes" de descente la plus rapide du premier ordre, mais 
sont presque un ordre de grandeur plus rapide en temps de calcul. 

[Traduit par le journal] 

The density of states N(E) of a model molecule 
at energy E is an important quantity in statistical 
rate theories (l ,2).  Several approximate methods 
of calculation have been proposed in recent 
years, and extensive comparisons between them 
have been made by Forst and PrBSil(3). Among 
various 'quantal' methods, the method of 
steepest descent (3-5) proves most attractive 
since it yields excellent approximations to the 
exact count, whilst requiring less computation 
than the method using Cauchy's residue theorem 
(6, 7). 

The method of solution of the (first-order) 
steepest-descent approximation (4) has been 
derived independently by Forst and PraSil (3) 
and by Hoare and Ruijgrok (5): N(E), formally 
the inverse Laplace Transform of the partition 
function, is related analytically to the saddle 
point of the integrand of the inversion integral; 
in this procedure, several iterations (10 to 15 for 
the first energy and typically 5 thereafter) are 
required to determine the saddle point. In the 
present paper, we report an alternative procedure 
which does not require such an accurate deter- 
mination of the saddle point: a sufficiently 
accurate value for the saddle point can be 
constructed without iteration, with a consequent 
saving in computing time of a factor of between 5 
and 10 in the calculation of N(E). Since in uni- 
molecular rate calculations N(E) is required at 
some hundreds of values of the energy, the time 
saving can become appreciable. 

The density of states N,,(E) for a system with u 

independent vibrators and r free rotors1 is 
formally the inverse Laplace Transform of the 
partition function Z(P) (3-3, i.e. 

where p = l /kT  is the transform parameter; the 
sum of states G,,(E) is readily related to No,,+ ,(E) 
(1). 

To evaluate I, one defines 

and the first-order steepest-descent method gives 
(3) 

[31 I - exp [+(P*)1[2~+"(P*)1-1'2 

where p* is the saddle point. Since 

identifying P* as the (inverse) temperature at 
which the average energy of the system is E (8). 
In the Forst-PrBSil formulation (3), eq. 4 is 
transformed to an algebraic equation via 
8 = exp (- P). The transformation, although 
mathematically convenient, makes subsequent 

'We follow the definition of Forst and PraSil (1, 3): a 
two-dimensional rotor is counted as two one-dimensional 
rotors. 
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YAU AND PRITCHARD 993 

computations more difficult. This is because, 
whereas p* is between 0 and 0* is between 
0.999 and unity; thus, whilst a precision of 
suffices for p*, a precision of lo-" is needed for 
0" (3). And it is precisely this less stringent re- 
quirement on the precision in p*, together with 
the thermodynamic relation [4a], that permits a 
'one-shot' approximation which yields accurate 
N,,(E). Note that using eq. 4a, one obtains 

[5] I i.l. Z(P *) exp ( P  *E) 

The 'one-shot' approximation is achieved by 
relating P* explicitly to P o ,  a first approximation, 
via the Taylor expansion of E, using [4a], viz. 

which is necessarily small near P*. This in- 
sensitivity arises because exp (PE) increases with 
p whereas Z(P) decreases. In test calculations, I 
computed using 1.5) and [8] agrees with the exact 
steepest-descent solution to better than 1% even 
when Po differs from P* by as much as 20%, 
except for very large r at low E (since then 
Z(P) K p-'/'). Thus, the ultimate performance of 
this approximation hinges upon the initial choice 
of Po. In practice, however, where N,,(E) is 
computed at hundreds of energies, typically only 
50-100 cm-I apart, P* for two neighbouring 
energies are not very different. Thus, except for 
the first cycle, we may take Po to be the P* value 
corresponding to the preceding energy, fully 
exploiting the fact that in [8],  P o ,  AEand(aE/ap)lpo 
are all known quantities: p* is readily determined 
by explicit evaluation of ( a 2 ~ / a p 2 ) l p , ;  no iteration 
is needed. This leaves only the choice of the 
initial value of Po at the starting energy, and 
for r rigid rotors and n groups of harmonic oscil- 
lators of degeneracies gi  and frequencies v i  

12 

(v, < v ,  < . . . < v, and C g i  = v), the following 
1 

empirical relation is convenient2 

where Ap = p* - Po and all derivatives are 1101 p - evaluated at Po. Now substituting the first-order 
approximation where 

171 
m 

Sm= C givi 
i =  1 

where AE = E(P*) - E(Po), back into the (AP)' with 
term of eq. 6a, one obtains m = l if g,v, 2 E 

It might be thought that values of I thus 
computed might be grossly in error since [87 is 
only a second-order approximation to P*, and 
the truncation error in p* would be magnified 
by the exponential in eq. 5. Howe.~.er, since 
$'(P*) = 0, a simple error analysis gives 

PI G[exp ($11 - exp ($)+'wJ + Q(6PI2 - o(6P)2 

or 
m = n  if S , < E  

and 
sm < E <  Sm+l 

otherwise. 
To test the performance of the method, we 

have computed N,,(E) for two model molecules 
for which both exact direct counts and exact 
steepest-descent solutions are available (3): they 
are model A ,  representing a typical 'small' 
molecule and model B representing a typical 
'large' molecule, both with varying numbers of 
rotors. Tables 1 and 2 compare these previous 
calculations with those using eqs. 10, 8, and 5; 

'Because of the insensitivity of I to [lo (see text above), 
any empirical relation which gives a good approximation 
to B* will suffce: the choice of [lo] is based on the 
realisation that Do is exactly P* for a system of r rotors or v 
degenerate oscillators. 
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TABLE 1. Reduced density N,,'(E) for model A* 

Steepest descent 
Exact 

E count Exact 
Y (cm-') (ref. 3) (ref. 3) This work 

*The frequency pattern is (3): 880, 1296, 1440, 3774, 3788 cm-'. 

TABLE 2. Reduced density N,,'(E) for model B* 

Steepest descent 
Exact -- -- 

E count Exact 
Y (cm-') (ref. 3) (ref. 3) This work 

2 2 000 2 . 0 ~  10' 1 . 6 1 6 ~  10' 
5 000 6 . 2 ~  lo2 5 . 7 4 7 ~  lo2 

10 000 3.677x104 3 . 7 2 9 ~  lo4 
20 000 1 ,052 x 10' 1 . 0 6 6 ~  lo7 

4 2 000 8.753 x lo3 9 . 5 7 6 ~  lo3 
5 000 5 . 0 0 9 ~  lo5 5 . 1 8 0 ~  lo5 

10000 4.783 x lo7 4 . 8 6 9 ~  107 
20 000 2 . 1 2 4 ~  1O1O 2.145 x IO'O 

12 2 000 3.052 x lo t4  3.144 x 1014 
5 000 1.383 x 10" 1.409 x 1017 

10 000 6 . 8 1 5 ~  1019 6 . 9 1 7 ~  IOl9 
20 000 1.855 x 1.873 x loz3 

*The frequency pattern IS (3): 983(4), 1415(4), 2000(1), 3034(6) cm-I.  

following Forst and PrASil (3), the tabulated 
quantities are redziced state densities, i.e. 

where Q,' is the classical partition function for v 
rotors with the factor ( k ~ ) " '  deleted. Note that in 
practice, onc would not use eq. 10 to estimate Po 
a t  each value of the energy, as we have done in 
this test, but one would use the value of PX 
calculated a t  the preceding value of the energy; 
this will be a better approximation than [lo], so 
that the method will actually perform better than 
is shown in Tables 1 and 2 in any practical 
application. 

We conclude by noting that since the desired 
accuracy of N,,(E) in unimolecu!ar rate calcula- 

tions is of the order of a few percent, this method 
should prove efficient and useful in the entire 
range where the standard steepest-descent 
method is applicable: a t  low energy, direct counts, 
for which efficient algorithms exist (9, lo), may be 
used. We note also that the accuracy of the 
approximation improves as E increases, making 
it attractive for calculations in the very high 
energy range, such as are needed in mass-spectral 
applications.3 Finally, generalisation to more 

3An annotated FORTRAN program listing (including 
test cases and specimen output) is available upon request, 
at a nominal charge, from The Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA OS2. 
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realistic systems, e.g. Morse oscillators, is 
straightforward. 
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Ring formation via P-keto ester dianions 
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PHAIK-ENG SUM and LARRY WEILER. Can. J. Chem. 55, 996 (1977). 
The reaction of a,o-dihalides with the dianion of methyl acetoacetate gives a mixture of 

mono- and bisalkylated products. The monoalkylated products can be cyclized via the mono- 
anion to cyclic p-keto esters with a seven- or eight-membered ring. Alternatively these mono- 
alkylated products can be cyclized via the dianion to y-cyclopentyl- or y-cyclohexyl-p-keto 
esters. 

PHAIK-ENG SUM et LARRY WEILER. Can. J. Chem. 55, 996 (1977). 
La reaction de derives dihalogenes a,w avec le dianion de I'acetoacttate de methyle conduit 

a un melange de produits mono- et bisalkyles. Les produits monoalkyles peuvent &tre cyclises, 
par l'intermediaire du monoanion, en esters cetoniques cycliques posstdant un cycle a sept 
ou huit membres. D'une maniere alternative, ces produits monoalkylCs peuvent Etre cyclists, 
par l'intermediaire du dianion, en esters a-ceto y-cyclopentyl ou y-cyclohexyl. 

[Traduit par le journal] 

Previously, cyclic P-keto esters were prepared 
by two different routes. The first route involves 
carboxylation of the corresponding cyclic ketone 
with diethyl carbonate and base (1). Alter- 
natively, they have been prepared by the route 
shown in reaction 1 (2-4). In this case, the ketone 
is first converted into the corresponding enamine 
and this is treated with methyl propiolate to 
yield the enamine 1 in which two carbons have 
been inserted into the original ring. Hydrolysis 
of 1 and reduction yields the cyclic P-keto 
ester with two more carbons than the starting 

cyclic ketone. Neither of these routes offers 
any regioselective control over the position of 
carboxylation, except in the case of an a- 
alkylated starting ketone. We would like to 
report a new synthesis of cyclic P-keto esters. 

On treating the dianion of methyl aceto- 
acetate (2) (5) with 1 equiv. of an u,w-dihalo- 
alkane, a mixture of products containing ap- 

'Author to whom correspondence may be addressed. 

proximately equal amounts of the monohalo 
P-keto ester 3 and the bis P-keto ester 4 is 

COOMe 
0 

4 

obtained (see ref. 5 also). Except in the case of 
n = 3 (5), no cyclic P-keto ester could be de- 
tected in these reactions. Even if the purified 
monohalo compound 3 (n = 4, 5, or 10) was 
allowed to reflux with 1 equiv. of sodium hydride 
in tetrahydrofuran (THF) for several hours, no 
sign of C-alkylation at the u-carbon was ob- 
served. This correlates with the previously ob- 
served lack of reactivity of the u-carbanion of 
P-keto esters in THF (refs. 5-7 and references 
therein) and the fact that no dialkylation was 
observed in this alkylation or in the original 
dianion alkylations (5). However, treating the 
monohalo compounds 3 (n = 4 or 5) with 1 
equiv. of sodium methoxide in refluxing me- 
thanol lead to cyclization at the u-carbon to 
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yield the corresponding cyclic P-keto esters in 
good yield. In addition, we have found that 
the crude mixture of 3 and 4 could also be sub- 
jected to these cyclization conditions to produce 
the cyclic P-keto esters 5 (n = 4 or 5) in reason- 
able yield. These cyclic P-keto esters could be 

5 6 

readily separated from the bisalkylated product 
4 and hence this provides a simple two-step 
synthesis of 5 from acyclic precursors. 

We were intrigued by the lack of cyclization 
of the monoanion of 3 in THF  and investigated 
this further for lz = 4. Cyclization of 3 (n = 4) 
in THF could eventually be induced by treating 
the bromo compound 3 with sodium hydride in a 
mixture of THF and hexamethylphosphoramide 
(HMP). But the cyclization proceeded exclusively 
via 0-alkylation to yield 6. This is consistent 
with the observed intermolecular 0-alkylation 
of P-keto esters in dipolar aprotic solvents (8). 
The 0-alkylation product appeared to be ex- 
clusively the E isomer shown. This was deter- 
mined by comparing the nmr spectra of 6 with 
the corresponding E,Z isomers of the cyclic 
furylidene 7 (9).' The formation of 6 probably 

&cHcooMe 

involves cyclization of the a-shaped conforma- 
tion (10) of the monoanion from 3. This is 
expected to be the most stable conformation, in 
which dipole-dipole repulsions are minimized, 
of the free monoanion formed in HMP (1 1). 

We have also found that the dianion 2 from 
methyl acetoacetate reacts with cis-1,4-dichloro- 
2-butene to yield the mono-alkylated product 8 
and the bis P-keto ester 9 in approximately 
equal amounts. The geometry about the double 
bond of both products is thought to remain cis. 
In the case of 8, the nmr spectrum of the olefinic 
protons shows a 12 Hz coupling which is con- 
sistent with a cis geometry. The ir spectra of 8 
and 9 are consistent with the proposed cis 
geometry. Cyclization of the monochloro prod- 
uct 8 with sodium methoxide in methanol gave 
the seven-membered ring compound 18 as the 

ZP.E. Sum and L. Weiler, unpublished results. 

c o o M e $ e +  t COOMe 
- - 

2 

C1 COOMe 

C1 8 0 
9 

only detectable product in mediocre yield. 
The fact that only 10 was observed was interest- 
ing because one might expect formation of the 
five-membered ring product 11 as welL3 An 

examination of molecular models of the carb- 
anion from 8 indicates that the transition state 
to the seven-membered ring is quite favourable. 
The presence of the four sp2-hybridized ring 
carbons in the transition state leading to 10 
no doubt reflects the ease of the formation of the 
seven-membered ring in this case. If the geometry 
of the double bond in 8 were trans, then direct 
cyclization to 10 would be impossible and one 
would probably observe production of the five- 
membered ring product ll.3 

The stability of the monoanions of the halides 
3 in T H F  has led to another useful facet in the 
chemistry of P-keto ester dianions. Treatment 
of the monoanions of 3 in THF  with 1 equiv. 
of lithium diisopropyl amide generated the 
dianion 12 which, in the case of n = 4 and 5, 
underwent an internal cyclization to provide the 
P-keto esters 13 along with some bisalkylated 
product 4 which could be readily separated by 

thin layer chromatography. This route to 13 is 
quite convenient when compared to the pre- 
viously reported multistep route to these com- 
pounds (12). 

3Professor Borch (University of Minnesota) has 
informed us that reaction of dianion 2 with 1,4-dichloro- 
2-butene of unknown stereochemistry followed by 
cyclization does lead to a mixture of 10 and 11. 
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Experimental 
Melting points, which were determined on a Kofler 

hot stage microscope, and boiling points are uncor- 
rected. All ir spectra were recorded in CHCI, solution 
using a Perkin-Elmer Model 700 spectrophotometer, 
and were calibrated with the 1601 cm-' band of poly- 
styrene. The 'H-nmr spectra were recorded in CDCI, 
solution on either a Varian model T-60 or HA-100 
spectrometer. The signal positions are reported using the 
6 scale with tetramethylsilane as lnternal standard. The 
multiplicity, coupling constants, and integrated peak 
areas are indicated in parentheses after each signal. 
The mass spectra were obtained using an Atlas CH-4B 
mass spectrometer, and high resolution determinations 
were obtained using an AEI MS-9 or MS-50 mass 
spectrometer. Both instruments were operated at an 
ionizing potential of 70 eV. Elemental microanalyses 
were performed by Mr. Peter Borda, University of 
British Columbia. The silica gel used was obtained 
from E. Merck and that used for thin layer chromato- 
graphy (tlc) was the grade PF,,,, whilst that used for 
column chromatography was the grade finer than 200 
mesh ASTM. 

Alkylation of the Diar~ion of rJ-Keto Esters wirh Dihalo- 
alkanes 

Reactions of 1,4-Dibron~obutane with Dianion 2 
Sodium hydride, as a 57% mineral oil dispersion 

(1.0896 g, 0.02 mol) was weighed into an oven-dried 
100 ml flask, and tetrahydrofuran (50 ml) was distilled 
from lithium aluminum hydride, directly into this flask. 
The flask was fitted with a magnetic stirrer and septum 
cap, cooled in ice to O0C, and flushed with nitrogen. 
Methyl acetoacetate (2.32 g, 0.02 mol) was added drop- 
wise, and the reaction mixture was stirred for 10 min 
after the addition was complete. 12-Butyllithium, as a . 
2.2 M solution in hexane, (9 ml, 0.02 mol) was added 
dropwise to the reaction which was allowed to stir for a 
further 10 min before the addition of 1,4-dibromobutane 
(4.3186 g, 0.02 mol) in one portion. The reaction mixture 
was allowed to stir for an additional 1 h at 0 ' C .  It was 
then quenched with dilute hydrochloric acid, extracted 
with ethyl ether (2 x 50 ml), washed with saturated 
sodium bicarbonate (2 x 50 ml) and saturated sodium 
chloride solution (50 ml), dried over magnesium sulfate, 
and filtered. The solvents were removed by evaporation 
under reduced pressure to give 3.2729 g of crude products. 
Purification of these products was achieved by tlc 
using silica plates and a mixture of carbon tetrachloride 
and ethyl ether (7:3 viv) as eluent. T h o  components 
were isolated from this chromatography, and these 
were, in order of elution, methyl 8-bromo-3-oxooctanoate 
(3, n = 4) (26%) and dimethyl 3,lO-dioxododecanedioate 
(4, n = 4) (15%). 

Methyl 8-bromo-3-oxooctanoate (3, n = 4) was 
characterized by: ir 1745 and 1720 cm- l ;  nmr 6 1.25-2.0 
(m, 6H), 2.56 (t, J =  7.0Hz, 2H), 3.5 (s, 2H), 3.42 
(t, J = 6.2Hz, 2H), and 3.75 pprn (s, 3H); ms m!e 
(relative intensity) 40(44), 41(16), 43(57), 44(100), 55(9), 
59(6), 69(16), 73(1), 101(8), 113(11), 116(20), 129(2), 
171(11), 177(5), 179(4), 250(1), and 252(1). Anal. calcd. 
for C,H,,BrO,: C 43.05, H 6.02, Br 31.82; found: C 
42.96, H 5.93. Br 31.98. 

Dimethyl 3,l0-dioxododecanedioate (4, n = 4) was 

characterized by: ir 1745, 1720cm-'; nmr 6 1.1-1.8 
(m, 8H), 2.52 (t, J = 6.20 Hz, 4H), 3.42 (s, 4H), and 
3.75 ppm (s, 6H); ms m/e (relative intensity) 41(20), 
43(20), 55(29), 58(20), 59(33), 69(22), 74(13), 83(17), 
97(45), 101(37), 111(22), 116(68), 129(24), 139(27), 
153(12), 171(100), 172(10), 181(13), 213(8), 255(8), 
268(11), and 286(1). Anal. calcd. for C,,H,,O,: C 
58.73, H 7.74; found: C 58.67, H 7.66. 

Reaction of l,5-Dibromopentane with Dianion 2 
The procedure used in this reaction was the same as 

that employed in the reaction of 1,4-dibromobutane 
with dianion 2. The reagents used were: sodium hydride, 
as a 57% mineral oil dispersion (1.0896 g, 0.02 mol), 
methyl acetoacetate (2.32 g, 0.02 mol), n-butyllithium, 
as a 2.2 M solution in hexane (9 ml, 0.02 mol), and 1,5- 
dibromopentane (4.6 g, 0.02 moll which gave 4.16 g 
of a mixture of crude products. Purification of these 
products was achieved by tic using a mixture of carbon 
tetrachloride and ethyl ether (7:3 v/v) as eluent. Two 
components were isolated from this chromatography, 
and these were, in order of elution, methyl 9-bromo-3- 
oxononaoate (3, n = 5) (25Y,) and dimethyl 3 , l l -  
dioxotridecanedioate (4, n = 5) (16%). 

Methyl 9-bromo-3-oxononaoate (3, n = 5) was 
characterized by: ir 1745 and 1720 cm-', nmr 6 1.2-2.0 
(m, 8H), 2.55 (t, J = 7.0 Hz, 2H), 3.42 (t, J = 6.5 Hz, 
211), 3.45 (s, 2H), and 3.72 ppm (s, 3H); ms m/e (relative 
intensity) 43(72), 44(75), 55(36), 58(40), 59(21), 69(12), 
74(17), 83(25), 84(16), 101(25), 111(11), 116(100), 
117(15), 127(9), 129(8), 185(25), 191(15), 193(13), 
264(0.1), and 266(0.1). Anal. calcd. for CloH,,Br03: 
C 45.30, H 6.46, Br 30.14; found: C 45.47, H 6.27, Br 
29.90. 

Dimethyl 3,11-dioxotridecanedioate (4, n = 5) was 
characterized by: ir 1745 and 1720 cm-'; nmy 6 1.2-1.8 
{m, lOH), 2.5 (t, J = 7.0 Hz, 4H), 3.45 (s, 4H), and 
3.75 ppm (s, 6H); ms m/e (relative intensity) 43(35), 
55(58), 59(48), 69(28), 81(10), 84(22), 97(20), 101(47), 
11 1(43), 116(79), 125(23), 129(29), 153(25), 167(76), 
185(100), 195(20), 227(18), 267(16), 268(16) and 300(7). 
Anal. calcd. for C,,HI4O6: C 59.98, H 8.05; found: 
C 59.87, H 8.05. 

Reaction of 1,lO- Dibromodecane with Dianion 2 
The procedure used in this reaction was the same as 

that employed in the reaction of 1,4-dibromobutane 
with dianion 2.  The reagents used were: sodium hydride, 
as a 5 7 z  mineral oil dispersion (1.0896 g, 0.02 rnol), 
methyl acetoacetate (2.32 g, 0.02 mol), n-butyllithium as 
a 2.2 M solution in hexane (9 ml, 0.02 mol), and 1,lO- 
dibromodecane (5.996 g, 0.02 mol), which gave 7.03 g of 
a mixture of crude products. Purification of the products 
was achieved by tlc using a mixture of carbon tetra- 
chloride and ethyl ether (7:3 v;v) as eluent. Two corn- 
ponents were isolated from this chromatography, and 
these were, in order of elution, methyl 14-bromo-3- 
oxotetradecanoate (3, )I = 10) (39%) and dimethyl 3,16- 
dioxooctadecanedioate (4, 11 = 10) (22%) which was 
identified by comparison of its ir and nmr spectra with 
those of the authentic con~pound. 

Methyl 14-bromo-3-oxotetradecanoate (3, n = 10) was 
characterized by: ir 1745 and 1720 cm-'; nmr 6 1.0-1.6 
(m, 18H), 2.5 (t, J = 7 . 0 H z ,  ZH), 3.42 (9, 2H), 3.42 
(t, J = 6.5 Hz, 2H), and 3.7 ppm (s, 3H); rns (a) high 
resolution calculated for Cl,H,,BrO, : 334.1144 amu; 
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found (mle): 334.1120; (b) low resolution m/e (relative 
intensity) 55(82), 58(89), 59(45), 69(45), 71(40), 74(33), 
81(29), 83(31), 85(33), 97(23), 101(26), 116(100), 129(41), 
130(16), 138(14), 149(11), 159(9), 162(16), 163(9), 179(10), 
181(11), l83(11), 193(6), 195(8), 236(5), 252(3), and 254(6), 

Methyl 2-Cycloheptanone Carboxj>late (5,  n = 4 )  
A n  oven-dried 100 ml 3-neck flask was fitted with a 

condenser and calcium chloride tube, and a lOml 
dropping funnel. Fifty millilitres o f  dry methanol was 
added gradually to  the flask containing sodium (0.23 g, 
0.01 mol). When the sodium had dissolved, a crude 
mixture o f  compound 4 (n = 4) and 3.5 g o f  methyl 8- 
bromo-3-oxooctanoate (3, n = 4) in 2 ml o f  methanol 
was added dropwise to  the sodium methoxide solution. 
The reaction mixture was then heated to  gentle boiling 
and refluxed for 13 h .  It was then allowed to  cool and the 
methanol was removed under reduced pressure. Water 
(25 ml) was added to  dissolve the solid, and the product 
was extracted with ethyl ether (2 x 25 nil). The organic 
layer was then washed with water until it was neutral 
t o  litmus, dried over magnesium sulfate, and the solvent 
removed under reduced pressure to  give 1.9254 g o f  
crude product which was chromatographed on silica 
plates using a mixture o f  carbon tetrachloride and ethyl 
ether (7:3  v / v )  as eluent. The top fraction isolated from 
this chromatography was methyl 2-cycloheptanone 
carboxylate (5, n = 4)  (73% based on bromo-compound 3,  
n = 4) which was characterized by:  ir 1735 and 1700 
c m - l ;  nmr6  1.2-2.0(m38H),2.5(m,2H), 3 . 5 ( m ,  IH),  
and 3.7 ppm (s, 3H);  ms (a) high resolution calculated 
for CgH1403: 170.0943 amu;  found (nzle): 170.0944; 
(6) low resolution mle (relative intensity) 41(33), 55(73), 
68(23), 69(20), 74(31), 82(3 I), 87(25), 110(37), 11 1(6), 
113(27), 128(15), 138(100), 139(45), 142(43), and 170(60). 

Methyl 2-Cyclooctanone Carboxylate ( 5 ,  n = 5 )  
This compound was prepared by the same procedure 

as that employed in the preparation o f  compound 5 
(n  = 4). The reagents used were: sodium (0.23 g, 0.01 
rnol), dry methanol (50 ml), and 4.2 g o f  a crude mixture 
o f  compound 4 (n = 5) and methyl 9-bromo-3-oxono- 
naoate (3, n = 5). The crude product was chromato- 
graphed as above to  give 73% (based on compound 3 )  
o f  methyl 2-cyclooctanone carboxylate (5,  n = 5) 
which was characterized by :  Ir 1735 and 1700cm-';  
nmr 6 1.0-2.0 (m ,  l.OH), 2.4 (m ,  2H), 3.38 (m, IH),  
and 3.65 ppm (s, 3H);  ms (a) high resolution calculated 
for C,,Hl,O3: 184.1099 amu;  found (mle): 184.1098; 
(b) low resolution mle (relative intensity) 41(52), 43(32), 
45(27), 55(92), 59(19), 68(36), 68(36), 69(44), 74(100), 
83(23), 84(34), 86(18), 87(31), 96(27), 98(23), 109(23), 
124(27), 125(4), 152(63), 153(31), 156(36), and 184(67). 

Methyl 2-Oxacycloheptaethylidene Carboxylate ( 6 )  
Hexamethylphosphoramide (15 ml) was added t o  an 

oven-dried 25 ml flask containing 0.027 g o f  sodium 
hydride (as a 57% mineral oil dispersion). The flask was 
fitted with a magnetic stirrer and a septum cap and was 
flushed with nitrogen. Methyl 8-bromo-3-oxooctanoate 
(3, n = 4) (0.125 g, 0.0005 mol) in 1 ml o f  tetrahydro- 
furan was added dropwise to  the solution. The reaction 
mixture was allowed to  stir for I &  h. It was then diluted 
with pentane, washed with water, and dried over mag- 
nesium sulfate. The solvents were removed by evapora- 
tion under reduced pressure. Purification was achieved 
by tlc to  give 0.0502 g (59%) o f  compound 6 which was 

characterized by :  ir 1700, 1630, and 840cm-I;  nmr 
S 1.2-1.9 ( m ,  6H), 3.2 (m, 2H), 3.7 (s,  3H), 4.2 ( m ,  2H), 
and 5.25 ppm (s,  1H);  ms :  (a) high resolution calculated 
for CgH14O3: 170.0943 amu; found (mle): 170.0944; 
(b) low resolution m/e (relative intensity) 41(73), 43(36), 
44(82), 56(100), 60(28), 69(30), 70(86), 75(34), 83(32), 
85(86), 87(51), 98(32), 102(28), 111(41), 129(30), 134(45), 
139(77), 140(61), 143(42), and 170(66). 

Reaction of Sodio Lifhio Methyl Acetoacetate (2) with 
Dihaloalkene 

Preparation of cis-1,4- Dichloro-2-butene 
N-Chlorosuccinimide ( 1  1.74 g, 0.088 mol) was dis- 

solved in 400 ml o f  anhydrous methylene chloride. The 
flask was fitted with a septum cap and magnetic stirrer, 
cooled in ice, and flushed with nitrogen. Methyl sulfide 
(5.456 g, 0.088 mol) was added dropwise over a few 
minutes. A heavy white precipitate was observed. The 
reaction mixture was then cooled to  -20 'C  (carbon 
tetrachloride, plus dry ice) and cis-2-butene-l,4-diol 
(3.520 g, 0.040 n ~ o l )  in 5 ml o f  methylene chloride was 
added over 10min. The resulting solution was then 
warmed to  0 ' C  and stirred for 50 min. The white pre- 
cipitate disappeared, leaving a clear colorless solution. 
The mixture was stirred for an additional 70min,  
diluted with pentane, and poured into 400 ml o f  ice-cold 
brine. The aqueous phase was extracted with pentane 
(2  x 200 ml) and the organic layers were combined. 
It was then washed with cold brine (2 x 400 ml) and 
dried over magnesium sulfate. The solvents were re- 
moved under reduced pressure and the resulting crude 
product was then distilled to  give 3.6104 g (72%) of  cis- 
1,4-dichloro-2-butene, bp 128 'C1760 torr (lit. (13) bp 
83-85 "C/80 torr). 

Alkylatiorz of Sodio Lithio Methyl Acetoacetate (2) 
with cis-1,4-Dichloro-2-butene 

The procedure used in this reaction was the same as 
that employed in the reaction o f  1,4-dibromobutane with 
d i a n i o ~  2. The reagents in this preparation were: sodium 
hydride, as a 57% mineral oil dispersion (1.0896 g ,  
0.02 mol), methyl acetoacetate (2.32 g, 0.02 rnol), n- 
butyllithium, as a 2.2 M solution in hexane (9 ml, 
0.02 mol) and cis-1,4-dichloro-2-butene (2.5 g, 0.02 mol) 
which gave 3.00 g o f  crude product. Purification o f  the 
products was achieved by tlc on silica using a mixture 
o f  carbon tetrachloride and ethyl ether (7:3  v /v)  as 
eluent. Two  components were isolated from this chroma- 
tography, and these were, in order o f  elution, methyl 3- 
0x0-8-chloro-6-octenoate (8) (18%) and dimethyl 3,lO- 
dioxo-6-dodecenedioate (9) (18%) .  Methyl 3-oxo-8- 
chloro-6-octenoate (8) was characterized by:  ir 1745, 
1720, and 1660cm-';  nmr 6 2.2-2.8 ( m ,  4H), 3.45 (s,  
2H), 3.75 (s, 3H), 4.08 (d ,  J = 6.5 Hz, 2H), and 5.5- 
5.8 ppm (m,  2H);  nis: (a) high resolution calculated 
for C,H13CI03 : 204.0553 amu;  found (mle): 204.0540; 
(b) low resolution m/e (relative intensity) 53(20), 55(16), 
59(20), 67(42), 69(100), 81(14), 94(13), 95(13), 101(79), 
109(13), 127(13), 136(25), 137(34), 168(37), 169(10), and 
204(1). 

Dimethyl 3,lO-dioxo-6-dodecenedloate (9) was char- 
acterized by:  ir 1740, 1718, and 1660 cnl- ';  nmr 6 2.18- 
2.8 (m ,  8H), 3.45 (s, 4H),  3.75 (s, 3H), and 5.4 ppm 
( t ,  J = 4.0 Hz, 2H);  ms (a) high resolution calculated 
for C 1 4 H 2 0 0 S :  284.1259 amu; found (mie): 284.1305; (b) 
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low resolution m/e (relative intensity) 43(33), 57(10), 
59(12), 71(25), 85(19), 91(16), 94(29), 95(33), 101(61), 
109(13), 113(12), 116(20), 127(19), 129(13), 136(12), 
137(45), 150(12), 155(18), 159(12), 168(48), 169(100), 
179(11), 221(16), 252(1 I), and 284(4). 

Methyl 2-0x0-5-cj~cloheptene Carboxylate (10)  
This compound was prepared by thc same procedure 

as that employed in the preparation of compound 5. 
The reagents ured were: sodium (0.1570 g, 0.0068 n~ol) ,  
dry methanol (10 ml), and pure methyl 3-0x0-8-chloro- 
6-octenoate (8) (0.1383 g, 0.0068 n~o l )  wh~ch  gave 0.0460 g 
(40%) of methyl 2-0x0-5-cycloheptene carboxylate (10) 
characterized by: ir 1735, 1700, and 1660cm-'; nmr 
6 2.0-2.8 (m, 4H), 3.65 (m, lH),  3.72 (s, 3H), and 5.78 
ppm (t, J = 4.0 Hz, 2H); ms (a) high resolution cal- 
culated for C,Hl,O, : 168.0787 amu; found (m~e) :  
168.0779; (b) low resolution m/e (relative intensity) 
32(100), 39(38), 42(47), 44(28), 53(22), 55(20), 59(23), 
66(22), 67(68), 68(38), 79(24), 80(31), 81(46), 84(34), 
101(21), 108(23), 109(21), 110(21), 136(95), 137(43), and 
168(60). 

Internal Dirilkylatiotz a t  the y-Carborz of the Diarzion of 
Methyl Acetoacetafe 

Methyl 3-Oso-3-cyclopentyl Propanoate (13, n = 4) 
Sodium hydride, as a 57% mineral oil dispersion, 

(1.0896 g, 0.02 mol) was weighed into an oven-dried 
100 ml flask, and tetrahydrofuran (50 ml) was distilled, 
from lithium aluminum hydride, directly into the flask. 
The flask was fitted with a magnetic stirrer and a septum 
cap, cooled in ice to O'C, and flushed with nitrogen. 
Methyl acetoacetate (2.32 g, 0.02 mol) was added drop- 
wise, and the reaction mixture was stirred for 10 niin 
after the addition was complete. tz-Butyllithium as a 
2.2 M solution in hexane (9.6 ml, 0.021 mol) was added 
dropwise to the reaction which was allowed to  stir for 
a further 10 min before the addition of 1,4-dibromobutane - 

(4.3186 g, 0.02 mol). The reaction was then stirred for 
I h and lithium diisopropylamide (made by stirring 
3.08 ml of diisopropylamine with 9.9 ml of n-butyl- 
lithium at 0 "C for + h) was added dropwise. The reaction 
mixture was stirred for an additional 30 min. It was 
then quenched with dilute hydrochloric acid, extracted 
with ethyl ethcr (2 x 50ml), washed with saturated 
sodium bicarbonate and water, and dried over mag- 
nesium sulfate. The solvents were removed under re- 
duced pressure to give 3.29 g of crude products. Purifica- 
tion was achieved by tlc on silica using a mixture of 
carbon tetrachloride and ethyl ether (7:3 v/v) as eluent 
to  give methyl 3-0x0-3-cyclopentyl propanoate (13, n = 4) 
in 26% yield based on methyl acetoacetate or in ap- 
proximately quantitative yield based on the amount of 
monohalide intermediate produced. Compound 13 
(n = 4) was characterized by: ir 1740 and 1710 cm- I ;  
nmr 6 1.05-2.0 (m, 8H), 3.0 (m, lH),  3.5 (s, 2H), and 
3.75 ppm (s, 3H); ms m/e (relative intensity) 41(64), 
43(50), 44(19), 57(7), 59(60), 69(62), 74(19), 96(40), 
97(100), 101(73), 129(86), 139(7), and 170(51). Anal. 

calcd. for C,H,,O,: C 63.51, H 8.29; found: C 63.68, 
H 8.16. 

Methyl 3-0x0-3-cyclohexylpropanoate (13, n = 5) 
This compound was prepared by the same procedure 

as that employed in the preparation of methyl 3-oxo-3- 
cyclopenty1propanoate (13, n = 4). The reagents used 
were: sodium hydride, as a 57% mineral oil dispersion 
(0.545 g, 0.01 mol), methyl acetoacetate (1.16 g, 0.01 
mol), n-butyllithium (4.8 rill, 0.01 mol), 1,5-dibromo- 
pentane (2.30g, 0.01 mol), and lithium diisopropyl- 
amide (made by stirrlng 1.67 g, 0.016 mol of diisopropyl- 
amine with 7.5 ml of n-butyllithium at  0 "C for 4 h), 
which gave 1.79 g of crude products. This crude material 
was chromatographed to  give methyl 3-0x0-3-cyclo- 
hexylpropanoate (13, n = 5) in 32% yield based on 
methyl acetoacetate. This compound was characterized 
by: ir 1740 and 1710cm-'; nmr 6 1.8-2.0 (m, lOH), 
2.3-2.6 (m, lH),  3.45 (s, 2H), and 3.72 ppni (s, 3H); 
ms tnie (relative intensity) 41(64), 43(29), 44(50), 55(76), 
59(26), 69(48), 74(22), 83(IOO), 100(25), 101(35), 106(20), 
129(33), 143(8), and 184(29). Anal. calcd. for C,0H,60, :  
C 65.19, H 8.75; found: C 65.19, H 8.70. 
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Products and stereochemistry of thermolysis of some diazenes containing the 
2-phenyl-2-butyH groupP 

KARL R.  MOPECKY. THOMAS W. MOJELSKY. THOMAS GILLAN . 2  

JAMES A. BARRY, A N D  JUAN A .  LOPEZ SASTRE 
Depai tinenf oj C h r m l \ t ~ ~ .  Unr~  rrsrtj c)j Albeifn, Edmoi~ton Altii C ~ ~ a i i c i  T6G2G2 

Rece~ved October 7, 1976 

KARL R. KOPECKY, THOMAS W. MOJELSKY, THOMAS GILLAN, JAMES A. BARRY, and JUAN A. 
LOPEZ SASTRE. Can. J. Chem. 55, 1001 (1977). 

Thermolysis of (-)-(R)-I-benzyi-2-(2-phenyl-2-butyl)diazene ( - ) - R - 4 ,  produces (+)-(S)-2- 
methyl-1,2-diphenylbutane with 1297, net retention of configuration at 110 "C in benzene or 
pentane containing 1 M butanethiol. The ratio of the rate constant for coupling of the initial 
radical pair to that of rotation of the 2-phenyl-2-butyl radical, k,/kr, is calculated to be - 0.04- 
0.08. Therrnolysis of (+)-(S)-l-(2-phenyl-2-butyl)-2-(2-propyl)diazene at 100 "C in benzene 
containing 1 M butanethiol produces 2,3-dimethyl-3-phenylpentane with no observable rota- 
iion. The product must be less than 15% optically pure. The reaction produces (-)-(R)-2- 
phenylbutane, (-)-(R)-IS, with 0.6-1.3% retention of configuration. The ratio of the rate 
constant for disproportionation to (-j-(R)-16 to k, is calculated to be 0.02-0.04. Thermolysis of 
(-)-(R)-l-(4-nitrophenyl)-2-(2-phenyl-2-butyl-diazene, (-)-(R)-12, at  175 ' C  in diphenylether 
produced no 2-(4-nitropheny1)-2-phenylbutane. This produci was produced on photolysis of 
(+ j-(S)-32 in hexadecane at  15 "C but had no rotation. Neither (+)-(S)-7 nor (-)-(R)-12 was 
racelnized during thermolysis and (+)-(S)-12 was not racemized during photolysis. Activation 
parameters for thermolysis of ( 1 ) - 4  are AH* = 33 kcal/mol, AS* = 15 eu and for (?)-I& 
AH+ = 37.3 kcal/mol, AS* = 5.5 eu. 

KARL R. KOPECKY, THOMAS W. MOJELSKY, THOMAS GILLAN, JAMES A. BARRY et JUAN A. 
LOPEZ SASTRE. Can. J. Chem. 95, 10Oi (1977). 

La therrnolyse du (-)-(R) benzyl-1 (phinyl-2 butyl-2)-2 diazene, ( - ) -R-4 ,  conduit au (+)-(S)  
methyl-2 diphenyl-1,2 butane avec une retention nette de 12% de la configuration a 110 'C dans 
du benzene ou dans du pentane contenant 1 M de butanethiol. Le rapport des constantes de 
vitesse du couplage de la paire de radicaux initiaux et de la rotation du radical phenyl-2 butyle-2, 
k,/k,, est d'environ 0.04-0.08. La therrnolysc du (+)-(S) (phenyl-2 butyl-2)-l (propyl-2)-2 
diazene a 100 "C dans du benz6ne contenant 1 M de butanethiol conduit au dimethyl-2,3 
phenyl-3 pentane pratiquement sans rotation. Le produit doit etre moins que 15% optiquemcnt 
pur. La reaction fournit du (-)-(R) phinyl-2 butane, (-)-(R)-16, avec une retention de con- 
figuration de 0.6-1.3%. On a calcule que le rapport de la constante de vitesse de disproportiona- 
tion en (-)-(R)-16 sur k ,  est de 0.02-0.04. La thermolyse du (-)-(R) (nitro-4 phtny1)-l (phenyl-2 
butyl-2)-2 diazene, (-)-(R)-12, a 175'C dans I'Cther diphenyle ne conduit pas au (nitro-4 
pheny1)-2 phenyl-2 butane. Ce compose est obtenu par photolyse du (+)-(Sj-12 dans l'hexa- 
dtcane a 15 'C mais il n'y a pas de rotation. I1 11'y a pas de racemisation lors de la thermolyse du 
(+)-(S)-7 ou du (-)-(R)-12 et le (+)-(S)-12 n'est pas racernise durant sa photolyse. Les 
parametres d'activation pour la thermolyse de (+)-4 sont AH* = 33 kcal,'mol, AS' = 15 ue et 
pour (*)-I2 AH* = 37.3 kcal/rnol, AS* = 5.5 ue. 

[Traduit par le journal] 

The results of the earlier studies of the 
thermolysis of the chiral diazenes 1 ( I )  and 2 (2) 
are consistent with the assun~ption that in these 
compounds both C-N bonds are breaking 
simultaneously in the rate determining step, [I]. 

[I]  R-N=N-R' ---t R. N2-R' 

'This research was supported by the National Research 
Council of Canada. 

'Holder of a National Research Council of Canada 
Studentship 1966-1968, a Province of Alberta Scholar- 
ship, 1966-1967, and a University of Alberta Dissertation 
Fellowship 1968-1969. 

There has already been evidence. which is still 
accumulating, that such a concerted cleavage 
occurs on thermolysis of a number of acyclic (3) 
and cyclic (4) diazenes. In most of these com- 
pounds R .  and R' .  are radicals of similar 
stability. 
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At the time that we initiated studies in this 
area we began also to examine diazenes that 
might provide stereochemical evidence for one- 
bond cleavage (5) as indicated by racemization of 
optically active starting material, [2], in which R .  

is a much more stable radical than is R' . .  
Since our work began, stereochemical evidence 

for one-bond cleavage during thermolysis of 
several optically active diazenes has appeared (6). 
Other evidence for one-bond cleavage has been 
obtained from kinetic (7), pressure (8), and nmr 
(9) studies of, and the observation of isomeriza- 
tion (10) in, the thermolysis of diazenes. 

In this paper the thermolyses of (-)-(R)-1- 
benzyl-2-(2-phenyl-2-buty1)diazene (-)-(R)-4, 
(+)-(S)-l-(-2-phenyl-2-butyl)-2-(2-propyl)diazene 
(+)-(S)-7, and (-)-(R)- 1 -(4-nitropheny1)-2-(2- 
phenyl-2-buty1)diazene (-)-(R)-12 are described. 
The diazenes each contain a 2-phenyl-2-butyl 
group, chosen because it cannot undergo 
racemization by reversible hydrogen atom ab- 
straction, and constitute a series in which the 
other substituent is varied from benzyl to 2- 
propyl to 4-nitrophenyl. This is in order of 
decreasing radical stability. It was expected that 
(-)-(R)-4 would undergo concerted two-bond 
cleavage and produce a coupling product with 
retention of configuration (1, 2), whereas (-)- 
(R)-12 would decompose by a one-bond cleavage 
reaction [2] and thus might racemize during 
thermolysis. The mechanism of thermolysis of 
(+)-(S)-7 is not so easy to predict and a com- 
parison of the stereochemistry of the product of 
coupling with that from (-)-(R)-4 might be 
informative. In fact, indirect evidence indicates 
that the coupling product from (+)-(S)-7 was 
formed with a somewhat smaller amount of 
retention of configuration than that from (-)- 
(R)-4, that (+)-(5')-7 was not racenlized during 
thermolysis, and that (-)-(R)-12 was not 
racemized during either thermolysis or pho- 
tolysis. 

Syntheses of Optically Actizje Diazenes and Cou- 
pling Products 

The syntheses of the optically active diazenes 
and of the coupling products expected from 
(-)-(R)-4 and (+)-(S)-7 are outlined in Schemes 1 
to 3. Rotations given are those calculated for 
optically pure compounds. The maximum rota- 

tions and absolute configurations of (+)-(R)-(2- 
phenyl-2-buty1)diazane (+ ) - (R) -3  (1 (-)-(R)- 
1,2-diphenyl-2-methyI-2-butanone(-)-(R)-§ (12), 
and (-)-(R)-2-methyl-2-phenylbutanoic acid (-)- 
(R)-9 (13) have been determined. Thus, the ab- 
solute configurations and maximum rotations of 
(-)-(R)-4, (+ )-(S)-l,2-diphenyl-2-methylbutane 
(+)-(S)-6, (+)-(S)-2,3-dimethyl-3-phenyl-1-pen- 
tene (+)-(S)-10, (-)-(S)-2,3-dimethyl-3-phenyl- 
pentane (-)-(S)-11, and (-)-(R)-12 are es- 
tablished. The absolute configuration and maxi- 
mum rotation of (+)-(S)-7 were determined by 
hydrogenolysis to (-)-(S)-2-phenyl-2-butylamine 
(-)-(S)-8, of known configuration (11). This 
amine was also prepared again in this work from 
(+)-(S)-2-methyl-2-phenylbutanoic acid (+)-(S)- 
9 to check the magnitude of its rotation. 

The magnitude of the rotation of the optically 
pure coupling product (-)-(S)-11 expected from 
thermolysis of optically active 7 is smaller than 
expected. It was prepared from (-)-(R)-9 by re- 
actions that do not affect the chiral center and the 
immediate precursor (+)-(S)-10 has a significant 
rotation. Values of [MI,  - 19.2 or -4.4" for the 
rotation of (-)-(S)-11 were calculated using 
Brewster's empirical rules (14). By estimat~ng the 
density of (-)-(S)-11 to be 0.87 values of a, 
- 9.5 or -2.2" (neat, l 1 dm) were obtained. The 
larger values were obtained using the higher 
polarizabil~ty of the phenyl group which has been 
found to give the more accurate estimate of 
rotation for many compounds. However, it is 
known that empirical rules for calculating optical 
rotation give erroneous results for con~pounds 
with 2-propyl groups attached to the chiral center 
(15), presumably because of steric crowding. The 
rotation of (-)-(S)-11 did not vary greatly with 
wavelength down to 300 nm, the shortest wave- 
length utilizable. The maximum rotation at the 
position of a low intensity peak was [ ~ 1 ] , , , ~ ~  = 
- 33" (C 1.05, CH,OH). 

Results 

Rates and Products of Thermolysis 
The rates of thermolysis of (+)-4, (-1)-7, and 

(&)-I2 are presented in Table 1. The rate of 
thermolysis of (+)-4 is about 17 times that of 1 
(1). This is about the effect to be expected on 
replacing a hydrogen atom of 1 by an alkyl group 
(16). The rate of thermolysis of (-1)-7 is nearly 

3A much more convenient method of resolution of 
(1) -3  has been found, see Experimental. 
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(+I-(R)-3 
r5,,2' + 13.6'(neat. I 1 dm) 

( I )  LiAIH, 
(2) HZ0 

t 
(3) Na. H 
(4)  CH30H 

( I )  Tartaric 

C6H5 ( I )  CH,COCH, C6H5 acid I 
C6H5 

1 (2) LiAIH4 (2) HO- 
C2H5CNHNH2 F C2H5CNHNHCH(CH3)2 . \ 

C-N=W--CH(CH3)2 

I (3) H2O 1 (3) 0 2  CH 
' 3 3  ' 3 3  C2H5 

(+)-(S )--7 
rD25 +42.3" (neat, 1 1 dm) 

C6H5 ( I )  soC1, CsH5 

\CC02H ( 2 )  N3- 
\ 

C-NH2 

C H ; " ~  ( 3 )  H,O, A CH;-'d 
C2H5 C2H5 

(+)-(SF9 (-)-(.7)-8 
r D 2 5  - 15 7" (neat. 1 1 dm) 

F" (1) SOClz C6H5 C H 
(2) CH3Li 

,CC02H 
\ /jH2 H2/Rh + 

,C-C 
f 

CCH(CH3)2 

c ~ H ; ' ' ~  
(3) H2O C2H;"2 

CH3 CH3 
(5) A 

( -)-(R)-9 (+)-(S)-10 (-1-(S)-11 
rD2' + ll.6'(neat, I 1 dm) aD2' -0.4" (neat. I 1 dm) 

( I  ) Menthyl 
C I ~ S  chlorocarbonate C6H5 C H 

I (2) Recrystalization ( 1 )  4-FC,&N02 C-N=N-(4)-C,H,NO, 
CZH5CNIINH2 

\ 
C-NHNH2 

I (3) H O ,  A CH;*'i' (2) 0 2  ' CH;,'I 
CH3 (4) H3O' c2H5 C2H5 

(-)-(S)-3 
rD2' - 11.6 (neat. 1 1 dm) 
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TABLE 1. Rates of thermolysis of diazenes (f)-4,  (k)-7, and (*)-I2 

Concentration Temperature Moles k x lo4 
Diazene Solvent (MI ("c) Nza W 1 )  

(1 1-4 Cumene 0.16 86.6 0.85 0 .  131b 
(i 1-4 Cumene 0.16 103.7 0.89F0.04" 1.18+0.05' 
(i 1-7 Cumene 0.25 122.5 0 . 8 5 ~ 0 . 0 1 c - d  1.46f0.02'  
(C 1-12 Diphenyl ether 0.35 160.5 O.88&O.0lc 0 . 2 1 3 ~ 0 . 0 0 7 c 3 e  
(C  1-12 Diphenyl ether 0.35 187.0 0.90C0.02" 2.77k0.03'  

OMol N, per mol of diazene. 
bAt 103.7'C AH* = 33 kcal/mol, AS*  = 15 eu. 
'Average of two runs, 
*Based on 2 mol of gas (N2 propane or propene) per mol of 7. 
eAt 160.5 "C AH* = 37.3 0.6 kcal/mol, AS* = 5.5 2 1.5 eu. 

identical to that of I-(2-phenyl-2-propy1)-2-(2- 
propy1)diazene 13 (17). Thus, replacement of a 
methyl group in 13 by an ethyl group has little 
effect on the rate of thermolysis. 

The rate of thermolysis of (*)-I2 is very much 
slower than that of either (i-)-4 or (+)-7. This 
might suggest that (+)-I2 thermolyzes by a 
mechanism different from that of the other two 
compounds, but the main factor contributing to 
the rate difference between (*)-7 and (f  )-I2 is 
the difference in the entropies of activation, about 
8 eu (reported for 13 (17) AH' = 36.0 kcal/mol, 
AS* = 14 eu), assuming that the activation 
parameters of (*)-7 and 13 are nearly the same. 
A larger difference in the enthalpies of activation 
than the observed 1.7 kcal/mol might have been 
expected if 13 were decomposing according to [I] 
and (+)-I2 according to [2]. 

Thermolysis of a lo-' M solution of (1 ) -4  in 
benzene at 110 "C produced toluene, (1)-6, 3,4- 
dimethyl-3,4-diphenylhexane 14, and 1,2-di- 
phenylethane 15 in a 12 : 53 : 22 : 13 molar ratio in 
50% total yield [3]. About a 10% yield of a 
mixture, only partially resolved under the gc 
conditions used, of 2-phenylbutane (i-)-16, 2- 
phenyl-1 -butene 17, Z- and possibly E-2-phenyl- 
2-butene 2- and E-18 was also formed, as was 
about a 207, yield of several unidentified com- 
pounds. Very similar results were obtained when 
pentane was used as solvent. 

Thermolysis of ( f ) -4  in the presence of 1 kf 
butanethiol or benzenethiol resulted in greatly 
increased yields, relative to those of (51-6, 
toluene, and (*)-16, Table 2. No symmetrical 

CH, CH, 
I I 

coupling products were formed. Toluene and 
( 1 )  -16 are formed outside the initial solvent cage 
from benzyl and 2-phenyl-2-butyl radicals by 
abstraction of hydrogen atoms from the thiols. 
An additional source of toluene could be from 
disproportionation of the two radicals in the 
initial solvent cage. Since the yield of toluene is 
only slightly higher than that of (+)-I6 only 
-2% of the radicals undergo disproportionation 
in the cage. Such a high ratio of coupling to 
disproportionation is common to benzylic 
radical pairs (1, 18). 

TABLE 2. Relative yields (%) of products from thermolysis 
of ( f  )-4 at  110 ' C  in rhe presence of scavengers 

[Thiol] 
Solvent M Toluene ( f )-I6 ( f )-6 

Pentane- 
benzenethiol 1 .2  46 46 8 

Benzene- 
benzenethiol 0.97 77 23 

Benzene- 
butanethiol 0.84 28" 15" 

Butanethiol 9 . 7  74 26 
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Numerous other products, most of which were 
eluted between ($-)-I6 and (*)-6 under the gc 
conditions used, were also formed in the 
presence of the thiols. About half the amount of 
these products, relative to (*)-6, was formed in 
the presence of benzenethiol as was formed in the 
presence of butanethiol. Only one of these com- 
pounds was identified and it was shown to be 
E-1,2-diphenylethene E-19, formed in - 5% 
yield in the presence of butanethiol. No E-19 was 
formed in the absence of thiol. The formation of 
E-19 in low yield has been observed on ther- 
molysis of 1,2-dibenzyldiazene in the absence of 
scavenger (19). Its origin in these reactions is not 
clear. It cannot be formed under the present 
conditions by dehydrogenation of 15 because 
none of the latter compound is formed. A possible 
route to the formation of E-19 is shown in 
Scheme 4. Thermolysis of diazenes in the 
presence of thiols produces appreciable amounts 
of bis(methy1ene)diazanes (azines) (20). Pre- 
sumably this occurs by successive hydrogen 
atom abstractions from the diazene by thiyl 

radicals [4] (20). This would mean that the 
radical generated upon abstraction of the first 
hydrogen atom must have enough stability so 
that it can survive sufficiently long in the 
presence of thiol to undergo a second hydrogen 
atom abstraction. The radical 20 generated in 
this way from 4 cannot undergo a second 
hydrogen atom abstraction. 

Dimerization of two such radicals would give 
the bis-diazene 21 and subsequent thermolysis of 
this compound could produce E-19. The radical 
21 also could couple with a thiyl radical to form 
the diazene 22 which would give rise to at least 
two other products 23 and 24 on therrnolysis. A 
search for these compounds was not made. 

Thermolysis of 0.5 M ( f ) -7  in benzene at 
100 "C produced ( i ) -16,  17, 2-18, ( f  )-11, and 
14 in a 23:2:2:59:14 molar ratio in 51% total 
yield. Very similar results were obtained at 
125 "C. No E-18 was detected. No attempt was 
made to detect other products of the 2-propyl 
radical. In the presence of 1 M butanethiol a 
64: 36 molar ratio of (i-)-16: (&)-I1 was formed 
in 57% total yield. No symmetrical coupling 
product 14 was detected. A number of un- 
identified other products that eluted near 
(*)-I1 under the gc conditions used were 
formed in both the presence and absence of 
thiol. Under both conditions considerable 
amounts of hydrazone were formed. A signi- 
ficantly larger yield, 30%, of (+)-11 was formed 
in the absence of butanethiol than in its presence, 
217,. This indicates that a considerable amount 
of coupling between 2-phenyl-2-butyl and 2- 
propyl radicals must occur outside the initial 
solvent cage in benzene. Similar behavior was 
observed recently for 2-butyl and diphenyl- 
methyl radicals (21). 

Products of thermolysis of 0.3 M (k)-12 under 
nitrogen in diphenyl ether at 175 "C that were 
identified are shown in [5]. Nitrobenzene and 
1-phenyl-1-propanone were eluted together under 
the gc conditions used. The identified products 
accounted for -50% of the 2-phenyl-2-butyl 
radicals. Unexpectedly, neither (+)-I16 nor the 
coupling product 14 could be detected. The 
coupling product 14 was shown to survive heat- 
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ing at 175 ' C  in diphenyl ether for a time equal to 
several half-lives of decomposition of (f  )-12. 
None of the unsymmetrical coupling product 
2-(4-nitropheny1)-2-phenylbutane 27 was de- 
tected either. As in the thermolysis of (f)-7,  E-18 
predominates greatly over Z-18. 

Possible routes to some of the products are 
given in Scheme 5. The presence of the ketones 
among the products is good evidence that 
2-phenyl-2-butoxy radicals are formed which 
then undergo p-sission. The alkoxy radicals must 
result from the reaction between 2-phenyl-2- 
butyl radicals and a nitro group. The alkenes 17 
and Z- and E-18 are not likely to be formed by 
disproportionation between two 2-phenyl-2- 
butyl radicals since neither the alkane (f  )-16, 
which would be the other product of dispro- 
portionation, nor the coupling product 14 is 

formed. The absence of 14 is good evidence that 
the radicals never encounter each other since 
coupling is an important result of such en- 
counters as shown by thermolysis of (f  )-4 and 
(f)-7 at lower temperatures. The higher tem- 
perature in the thermolysis of (+)-I2 should not 
be the reason for lack of formation of 14 since in 
thermolysis of (1 ) -7  a slightly higher relative 
yield of 14 was formed at 125 "C than at 100 'C .  
The alkenes may be formed by disproportiona- 
tion of 2-phenyl-2-butyl and 4-nitrophenyl- 
diazenyl radicals in the initial solvent cage. 

Since 2-phenyl-2-butyl radicals do not couple 
under these reaction conditions it is unlikely that 
4-nitrophenyi radicals would couple, hence the 
suggested route to 25 in Scheme 5. The formation 
of 25 in 79% yield on thermolysis of neat 
(+)-I2 at 175 "C is consistent with the proposed 
route. Higher concentrations of the diazene 
would favor the addition of the niirophenyl 
radical to the diazene. Only - 15% total yield of 
the products of the 2-phenyl-2-butyl radical were 
detected. The reaction was not done in a sealed 
tube and these products may have evaporated. 

Tl~ernzolyris of Optically Active Diaze~es  
Thermolysis of (-)-(R)-4 in benzene at 110 "C 

produced (+ ) - (S ) -6  with 6% net retention of 
configuration, Table 3. In the presence of 0.9 M 
butanethiol (+)-(S)-6 is formed with - 12% net 
retention of configuration in either benzene or 
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TABLE 3. Stereochemistry of (+)-(S)-6 from thermolysis of (-)-(R)-4" at  110 ' C  

( ( R )  Concentration Butanethiol, (+)-(S)-6b Retentiond 
Solvent (mg) (MI (M) (mg) [ ~ r l ~ ~ ~ ~ ~  (degIc (%) 

Benzene 3 60 0 . 1  0 39 C2.67 5 .8  
Benzene 460 0 .04 0 . 9  40 f 5 . 8 8  12.8 
Pentane 450 0.04 0 . 9  23 +5.07 11.0 
Butanethiol 1170 0.09 9 .7  70 + 5.54 12.1 

TABLE 4. Stcreochemistry of thermolysis of (+)-(S)-7 at 100 'C in benzene 

(-)-(R)-16 11 
(+)-(S)-7 Concentration Butanethiol, - -- 

(mg) ( M )  (MI mg Rotation Retention (Y,) mg 1310~~" 

a(c 2.2-2.7, CHIOH). 
bzD25 t 35.5' (neat, 1 1 dm), 8 4 Z  optically pure. 
Coptically pure material has  ED*^ - 24.3' (neat, I 1 dm) (22a) and [a143623 - 55.5 (226). 
dz,22 T 14.0' (neat, I 1 dm), 33Z optically pure. 
e ( - ) - (R) -7  \+as actually used, [ r ~ l , ~ ~ ~ ~  - 82.9' (c 0.567, CCI,). The material uas heated for 22 h,  700 mg recovered material had [ z ] , , , ~ ~  

- 81.4" (c 0.631, CCI,). 

pentane. In neat butanethiol the degree of 
retention is also -12x. These results are very 
similar to those obtained on thermolysis of 1 
and 2. There is a higher degree of retention in the 
presence of butanethiol because no racemic 
coupling product is formed outside the initial 
solvent cage as in unscavenged runs. 

The stereochemistry of the coupling product 
obtained from thermolysis of (+)-(S)-7 could not 
be determined. Even the isolated product from 
scavenged runs had no observable rotation at 
3 10 nm, the position of the peak in the ord curve 
of optically pure (-)-(S)-11. At the maximum 
concentration of coupling product that could be 
used without overloading the photomultiplier, 
product with an optical purity of 15% would have 
given a reading on the ord instrument of -0.05". 
This is similar in magnitude to the baseline noise 
of the instrument. Thus, the optical purity of the 
coupling product is less than 15%. 

Fortunately, the 2-phenyl-2-butyl radical pro- 
duced in the reaction is also converted to another 
product with a chiral center, (-)-(R)-16, which 
has an observable rotation. Only in the presence 
of scavenger was enough (-)-(R)-16 produced to 
be isolated. The optical activity of this product is 
due entirely to that fraction of the product that 
was formed by disproportionation in the original 
solvent cage. Since scavenging of the 2-phenyl-2- 

butyl radicals that escape from the original 
solvent cage must produce (+)-I6 the amount of 
retention of (-)-(R)-16 formed in the cage must 
be greater than that indicated in Table 4. The 
relative amounts of material formed inside and 
outside the solvent cage were not determined but 
a reisonable estimate can probably be made. For 
the 2-phenyl-2-propyl-cyclohexyl radical pair the 
ratio of the rate of disproportionation to 2- 
phenylbutane and cyclohexene to the rate of 
coupling is estimated to be 0.24 (23). This ratio 
for the 2-phenyl-2-butyl-2-propyl radical pair 
should be quite similar. From the relative yields 
of ( f )-I6 ( 6 4 9  and (+)-I1 (362) formed in the 
presence of butanethiol it can be reckoned that 
-0.24 x 36/64 = -3 of the total (f )-I6 was 
formed in the original solvent cage. Thus, the 
(-)-(R)-16 that was formed from (+)-(S)-7 in 
the original solvent cage was produced with - 5-9x net retention of c~nfiguration.~ 

Recovery of ( - )-(R)-7 after heating at 100 "C 
in benzene for one half-life of decomposition 
gave product with 1.8x lower rotation than that 
of starting material. Since the experimental error 

4A radical disproportionation giving product with a 
high degree of retention has been observed already. Cage 
disproportionation during thermolysis of an optically 
active diacyl peroxide produced product with 31-37% net 
retention of configuration (24). 
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must be of nearly the same magnitude there is no 
evidence that ( - ) - (R)-7  racemizes during ther- 
molysis. 

Thermolysis of (*)-I2 produced no coupling 
product, 2-(4-nitropheny1)-2-phenylbutane 27 so 
the only stereochemical result sought was 
whether (-)-(R)-12 racemized during thermoly- 
sis. Recovered (-)-(R)-12 showed no loss of 
optical activity after heating at 175 "C for 3.5 
half-lives of decomposition in cumene. After this 
experiment had been performed it was reported 
that optically active 28 racemized during pho- 

tolysis (6c,d). The photolysis of (+)-(S)-12 was 
then carried out. Starting material was recovered 
after 4097, decomposition in hexane or 6 0 2  
decomposition in hexadecane at 15 "C with no 
loss of optical activity. In hexadecane a 3"7,ield 
of coupling product 27 was formed which 
showed no optical activity. No attempt was made 
to  isolate the Z-isomer of (+)-(R)-12. 

Discussioii 
The main purpose of this study was to deter- 

mine whether 7 and 12 underwent thermolysis by 
a concerted two-bond [ l ]  or a stepwise one-bond 
[2] cleavage process. The lack of racemization of 
the optically active isomers during thermolysis 
provides no support for the stepwise process. 
Stereochemical evidence obtained recently indi- 
cates that thermolysis of (-)-(S)-29 proceeds by 

CH, 
F2H5 I 

(-)-(5)-29 30 

a one-bond cleavage process to give, initially, the 
diphenylmethyl-2-butyldiazenyl radical pair (21). 
Viewed in this light thermolysis of 12 also would 
be expected to proceed in a stepwise manner. The 
aryl-N bond of 12 is much stronger than the 
2-butyl-N bond of (-)-(S)-29 and the difference 
in the strengths of these two bonds probably is 
greater than the difference in the strengths of the 
other two C-N bonds of the two diazenes. 
Evidence in support of one-bond cleavage in the 
thermolysis of 12 is the observation that no 

coupling product 27 was formed. Had the 2- 
phenyl-2-butyl-4-nitro-phenyl radical pair been 
formed in the solvent cage some cage recombina- 
tion very likely would have occurred as cage 
recombination appears to be a reaction common 
to all but the most bulky (25) of caged radical 
pairs. The observation that the 2-isomers of 28 
and 30 decompose thermolytically by a one-bond 
cleavage mechanism (6c, 6d, 9) also lends support 
to a one-bond cleavage process for thermolysis 
of 12. 

It is more diificult to determine from circum- 
stantial evidence whether 7 undergoes ther- 
molysis by a one- or two-bond cleavage process. 
The enthalpy of activation for thermolysis of the 
structurally analogous compound 13,36 kcal/mol 
(17), is within experimental error of that for 12. 
Thus, breaking of the 2-propyl-N bond of 7 does 
not appear to be important in the rate deter- 
mining step. Cage coupling product still could be 
formed as a result of a one-bond cleavage 
process if the 2-propyldiazenyl radical has a very 
short lifetime. It appears that the 2-butyl- 
diazenyl radical decomposes within the original 
solvent cage (21). Most of the chemistry of 7 can 
be accounted for in terms of either a one- or a 
two-bond cleavage process. Only the enthalpy of 
activation seems to be in favor of a one-bond 
cleavage process although arguments in favor of 
a concerted cleavage for 13 have been made (17). 

The lack of racemization of (+)-(S)-7 and, 
especially, of (-)-(R)-12 during thermolysis 
contrasts with the reported racemization of 
optically active 31 (6a) and 32 (6b). It is clear that 

racemization does not necessarily occur during 
thermolysis of optically active diazenes that 
cleave by a one-bond mechanism. 

The lack of racemization of (+)-(S)-12 during 
photolysis was also surprising in view of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Y ET AL. 1009 

racemization of optically active 28 under essen- 
tially identical conditions. The latter compound 
Is ison~erized on photolysis to the thermally 
labile 2-isomer which then decomposes thermally 
by a one-bond cleavage process. Recombination 
of the 2-phenyl-2-butyl radical pair leads to 
partially racernized starting material (64 .  The 
reason for the difference in behavior of (+)-(S)-12 
is not clear and a discussion of the possible 
factors involved would be premature before the 
2-isomer is isolated and studied. 

The ratio of the rate constant for coupling (or 
disproportionation) of the caged radical pair to 
that for rotation of the 2-ghenyl-2-butyi radical 
with respect to iis caged partner, kc/kr,  can be 
estimated for the radicals derived from (-)-(19)-4 
and (+)-(S)-7 [Q] ( I ) ,  

retention 
inversion cage  

where F is the fraction of radicals which are 
consumed by coupling and disproportionation 
before diffusion froin the original solvent cage 
and f is the fraction of radicals consumed in this 
way that undergo disproportionation. Accurate 
determinations of the cage effects were not 
carried out but reasonable estimates for the 
range of cage effects can be made. For (-)-(R)-4 
the minimum value is 15%, the absolute yield of 6 
formed in the presence of scavenger. There is 
very little disproportionation. This value is lower 
than the values of the cage effect found for 1, 
2530% at 110 "C ( I ) ,  2, 28% at 105 'C (2, 26), 
and 33, 21Y,, extrapolated to 110 "C (27). The 
actual cage effect is thus in the range 15-30%. 
For (+)-(S)-7 the minimum value is 21%, the 
absolute yield of 11 formed in the presence of 
scavenger. However, a large amount of dispro- 
portionation must also take place. By analogy to 
the 2-phenyl-2-propyl-cyclohexyl radical pair 
(23) about 1.5 times as much disproportionation 
as coupling occurs and the actual cage effect for 
(+)-(S)-7 must be -50z. For the radical pair 
derived from ( - ) - ( R ) - 4 ,  kc/k,  is in the range 
0.04-0.08 at 110°C in benzene and for the 
radical pair derived from (+)-(9-7, kcjkr is 
0.02-0.04 at 100 "C in benzene. In the latter case 
kc actually represents the rate constant for 
disproportionation to (-)-(R)-16 and propene. 
These values for kc/k,  are similar in magnitude to 
those, -0.06-0.10, found for the radical pairs 
derived from 1 and 2. 

Experimental 
Boiling points and melting points are uncorrected. 

Infrared spectra were recorded on Perkin-Elmer model 421 
or model 337 recording infrared spectrophotometers. 
Ultraviolet spectra were measured on a Bausch and 
Lomb Spectronic 600 spectrophotometer. Nuclear mag- 
netic resonance spectra wcre recorded on Varian analy- 
tical spectrometers, models A-60 and A-56/60, Tetra- 
methylsilane was used as internal reference. Neat optical 
rotations were taken with a Rudolph polarimeter model 
80 and solution optical rotations were taken with a 
Perkin-Elmer 141 polarimeter. Optical rotatory dispersion 
curves were taken on a Japan Spectroscopic Company 
spectropolarimeter model 0RD;UV-5. Gas chroma- 
tography was carried out on Aerograph 202 and A90-P3 
fractometers with a 6 ft x & in. stainless steel column 
packed with 20% SF96 on 6C,'80 Chromosorb P, column 
A, or with 10% Carbowax 20 M on 60180 Chromosorb P, 
column B. 

Chlorobenzene and bromobenzene were purified by 
successive shaking with three portions of sulfuric acid, 
two of water, and two of sodium bicarbonate. The 
materials were dried over magnesium sulfate and distilled 
from phosphorus pentoxide through a 4 ft Podbielniak 
column or a 24 in. Nester-Faust annular Teflon spinning 
band column. Middle fractions were collected and stored 
over molecular sieves. Aliquots were distilled from the 
stored solutions just before use. Benzene, cumene, and 
cyclohexane were purified and stored in the same manner 
except that they were distilled from sodiumwire. Diphenyl 
ether was recrystallized twice from pentane. 

j i / -I-(I-Meth~~lefkylidene)-2-(2-p/zenyl-2-bcrtyl)diuzc~~ze 
A mixture made from 20 g (2-phenyl-2-buty1)diazane 

(28), bp 90 "C11.4 torr, nDZ5 1.5365 (lit. (28) bp 81-84 
'C10.4 torr, nD2' 1.5354), 7.5 g magnesium sulfate, and 
133 ml acetone was stirred under nitrogen at 45 'C for 2 h 
and then at  23 'C for 12 h. The reaction mixture was 
-filtered, concentrated, and distilled to yield 21 g (84%) of 
a light yellow oil bp 82 "C/0.6 torr; nDZ7 1.5219; nmr 
(CCI,) r 2.75 (m, 5.OH), 5.5 (br, 0.7H), 8.15 (q, J = 7.5 
Hz,2H),8.17(~,3H),8.34(s,3H),8.65(~,3.1H)and9.35 
(t, J = 7.5 Hz, 3.0H). 

( _+ ) - I -  (2-Phenyl-2-butylj -2- (2-propj~l)diuzene, ( _+ ) - 7 
A solution of 2.0 g (0.01 mol) of the above hydrazone 

in 20 ml ether was added over 3 h to 0.50 g (0.013 mol) of 
lithium aluminum hydride in 100 ml ether. The reaction 
mixture was stirred under nitrogen at  reflux for 3 days and 
then hydrolyzed by successive addition of 0.5 ml water, 
1.0 ml 10% potassium hydroxide, and 0.5 ml water. The 
mixture was filtered and the filtrate was stirred in an un- 
stoppered f ask for 8 h, then washed with water, dried over 
sodium carbonate, and concentrated. The residue was ad- 
sorbed on a 30 x 1.5 cm column of neutral alumina. A 
green band was eluted with 50 n ~ l  pentane. Solvent was 
removed and the residue kept under vacuum as a thin 
film for several hours to leave 1.1 g (55%) of a green oil, 
nu2' 1.4932; ir (CCI,) 1580cm-' (N=N, weak); A,,, 
(ether) 368 nm, log E 1.46; nmr (CCl,) r 2.62 (m, 5.OI-i), 
6.25 (septet, J = 6.5 Hz, 1.0H) 8.04 (q, J = 7.5 Hz, 
2.2H), 8.62(s, 3.3H), 8 . 7 5 ( d , J =  6.5Hz,6.lH),and9.34 
(t, J = 7.5 Hz, 3.lH). 
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Reduction of 30 g of (i)-1-(I-methylethy1idene)-2-(2- 
phenyl-2-butyljdiazane was carried out as described above 
except that the reaction mixture (1500 ml), after hydroly- 
sis, was filtered into a 2 ! flask which contained a cold 
solution of 45 g dibenzoyl tartaric acid (29); mp 89-90 "C; 
[rIDz5 -115.3' (c 1.03, methanol) (lit. (29) mp 89-91 "C; 
[rIDz5 - 112.5' (30)). Eight grams of precipitate formed 
immediately. The remainder of the solution was allowed 
to stand at 5 'C for 48 h to give 20 g of crystals. The two 
crops were recrystallized separately twice from 2:  1 
ethanol-water, 10 ml/g of crystals, to give 1.3 g and 7 g 
of white, slender needles. Both batches had mp 109-110 
"C; [aIDZ5 - 65.2' (c 1, chloroform). Further recrystalliza- 
tion did not change the rotation of the salt or that of the 
diazene prepared from it. Anal. calcd. for C31H36N,0,: 
C 65.94, H 6.43, N 4.96; found: C 65.65, H 6.23, N 5.08. 

The dibenzoyltartrate salt (3 g) was treated with 20 ml 
10% potassium hydroxide solution and the hydrazine was 
extracted into ether (2 x 20 ml). The csmbined ether 
cxtracts were washed with water, dried, and the hydrazine 
oxidized to the azo compound, which was isolated as 
described for the preparation of (2)-7, to give 0.65 g oil; 
nDZ5 1.4934; rDZ5 f 35.5' (neat, I 1 dm); ord (c 0.25, 
cyclohexane) [@I,,, +98', + 130U, [@Isoo +230 , 
[@I450 +40gC, [@I410 +980°, [@I398 + 111Oo, [@I380 
+506', [@I,,, o', [@I360 -945', [@I346 -127", [@I310 
- 620'. Anal. calcd. for Cl,H2,N2 : C 76.42, H 9.87, N 
13.71; found: C 76.12, H 9.86, N 13.86. 

( t ) -2-Acero.ry-2,3-dimethyl-3-phenllpen/ane 
A solution of 13 g (0.066 mol) of 2-methyl-2-phenyi- 

butanoyl chloride (31) in 90 ml ether was added to a 
rapidly stirred solution of methyllithium, made from 3.7 g 
(0.53 mol) lithium and 37.5 g (0.264 molj methyl iodide in 
200 ml ether, at -60 'C. The reaction mixture was al- 
lowed to warm to 0 'C, 100 ml saturated ammonium 
chloride solution was added, and the aaueous solution was 
extracted with ether. The combined ether solutions were 
successively washed with solutions of sodium bisulfite 
and sodium bicarbonate, water, and then dried. The ir 
spectrum of the oil obtained on concentration of a 
portion of the ether solution showed moderate carbonyl 
absorption (1710 cm-') so the entire solution was treated 
with excess methyllithiurn and the reaction mixture 
worked-up as described above. The ether was removed to 
give 12 g of an oil which was acetylated (32) with acetyl 
chloride to give 8.5 g (55%) of product, bp 88-89 'C/0.4 
torr; nDZ5 1.5034; nmr (CCl,) r 2.8 (m, 5.1H), 7.75 (m, 
2H), 8.14 (s, 3H), 8.55 (s, 3Hj, 8.66 (s, 6K), and 9.33 (t, 
J = 7.5 Hz, 3W). Anal. calcd. for C151-12282: C 76.88, 
H 9.46; found: C 77.06, H 9.17. 

( t ) -2,3-Dimethyl-3-p11enyl-l-pentene, ( i. ) - l o  
A solution of 1.9 g of the above acetate in 10 ml 

methanol was pyrolyzed by dropwise addition (33) into a 
heated 1 in diameter glass tube filled to 12 in with glass 
helices. The optimum conditions were determined by 
pyrolyzing small quantities of the solution and analyzing 
the pyrolysate by gc. An equal volume of water was 
added to the pyrolysate and the resulting mixture shaken 
with ether (2 x 20 mi). The combined ether extracts were 
shaken with sodium bicarbonate solution, dried, and 
concentrated. The residue was distilled through a micro- 

distillation apparatus to yield 0.9 g (61%) of a colorless 
oil, bp 107-110 "C/23 torr; nDZ5 1.5103; ir (CCI,) 1635 
and 895 cm-' (=CHz); nnir (CCI4) r 2.8 (s, 5.1H), 5.05 
(s, 1.9H), 8.12 (q, J = 7 Hz, 2.1H), 8.52 (s, 3.1H), 8.66 
(s, 3.1H), and 9.21 (t, J = 7 Hz, 3.OH). Anal. calcd. for 
C13H18: C 89.58, H 10.41; found: C 89.80, H 10.60. 

( +) -(S) -2,3-Dimefhyl-3-phenyl-I-pentene, (+)-(S)-10 
A sample of (-)-(R)-2-methyl-2-phenylbutanoic acid 

(31) of [aIDZ5 -29.06- (c 4.8, benzene) (lit. (31) [aIDz5 
- 30.0" for optically pure material) was converted to the 
crude 2-acetoxy-2,3-dimethyl-3-phenylpentane as de- 
scribed above. This acetate, which was prepared from 
ketone free alcohol, was pyrolyzed as described above to 
give the product bp 105-109 "C/21 torr; nDZ9 1.5101; rDz5 
+ 11.3" (neat, 1 1 dm) whose ir and nmr spectra were 
identical to those of the racemic material. 

( i. ) -2,3-Dirnethyl-3-phei1.v11,e1zfa1ze, ( f ) -11 
A mixture of 1 g ( f  i-10 in 20 ml ethanol and 0.1 g 5% 

rhodium on alumina was stirred under hydrogen in a 
microhydrogenation apparatus for 24 h. The theoretical 
amount of hydrogen was consumed after 1 h and no 
more was taken up. The catalyst was filtered, the solvent 
removed, and the residue distilled through a micro- 
dist~llation apparatus to give a colorle~s oil, bp 105-107 
'C 21 torr; nDZ7 1.5012; nmr (CC1,) r 2.86 (s, 5H), 7.9- 
8.7 (m, 3H), 8.83 (s, 3H), 9.10 (d, J = 6.5 Hz, 3H), 9.35 
(d, J = 6.5 Hz, 3Hj, and 9.31 (t, J = 7 Hz, 3H). Anal. 
calcd. for C1SHZO: C 88.57, H 11.43; found: C 88.89, H 
11.48. 

f -) -(S) -2,3-Dimethyl-3-phenyl-I-penfane, ( -) -(S)-I1 
Hydrogenation of (+)-(S)-10, rDZ5 + 11,3", as described 

above afforded (-)-(S)-11, bp 108-111 T I 2 3  torr; nDZ6 
1.5012; aDZ5 -0.4' (neat, I 1 dm); ord (c 1.05, methanol) 

-13-, -34-, -58', -42', 
[@Iz,, 0". Analys~s by gc showed that the compound was 
> 98% pure and contained no starting alkene. 

Hj~drogenolysis of ( + ) - (S) - 7 to ( - ) -2-Phenyl-2-bufyi- 
amine, (-)-(S)-8 

A solution of 1 .O g (+)-(S)-7, aDZ5 + 35.gC (neat, I1  dm), 
in 100 ml methanol was stirred over 4.5 g of W-2 Raney 
nickel under a hydrogen atmosphere at 22 'C. After 4 h 
hydrogen uptake ceased when nearly 1 equiv. was taken 
up. The contents of the flask were then held under reflux 
for 11 h. The catalyst was filtered, the methanol removed, 
and the residue taken up in ether. The ether solution was 
extracted with hydrochloric acid and the acid layer made 
basic with potassium hydroxide solution. The resulting 
mixture was shaken with ether and the ether layer dried 
over potassiun~ carbonate and concentrated. The product 
was collected from the effluent of the gas chromatograph 
to give 200 mg of (-)-(S)-8; nDZ5 1.5146; rDZ5 -14.0' 
(neat, 1 1  dm) (lit. (29) nDZ5 1.5148; - 18.2' (neat, 
I 1 dm)). 

( - )-(S)-2-Phenyl-2-butylan?ine, ( -) -(S) -8 
Using the reported procedure (28) (+)-(S)-2-methyl-2- 

phenylbutanoic acid [%IDZ5 + 6.60' (c 4.8, benzene) 22% 
optically pure was converted to (-)-(3-8, aDZ5 - 3.42" 
(neat, 1 1 dm). On this basis optically pure (-)+)-ti 
would have aDZ5 -15.7- (neat, 1 l dm) (lit. (34) aDz5 
+ 16.8" (neat, I 1  dm) for ( + ) - ( R ) - 8  obtained by resolution 
of the maleate salt). 
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( j -1-Benzj~l-2- (2-phenyl-2-butyl) diazane 
A mixture of 2.5 g (0.015 mol) (2-phenyl-2-buty1)di- 

azane (28), 0.6 g (0.015 mol) benzaldehyde, 2 g mag- 
nesium sulfate, and 20 ml anhydrous ether was stirred for 
4 h and then filtered. The filtrate was hydrogenated under 
1 atm over 0.4 g 5% palladium-on-charcoal until 1 equiv. 
of hydrogen had been taken up. The mixture was filtered 
under nitrogen and the residue, after removal of solvent, 
was distilled to give 2.7 g (67%) of a colorless viscous oil, 
bp 130-132 "C10.2 torr; nDZ5 1.5582; nmr (CCI,) 7; 2.6-2.9 
(ni, 10.1H), 6.20(s,  1.8H), 6.77 (br s, 2.OH, NH), 8.3 
(q, J =7.5 Hz)and 8.56 (s) (total 5.2H)and 9.32 (t, J =7.5 
Hz, 3.1H). This material was readily oxidized by air and a 
satisfactory analysis was not obtained. 

( i- )-l-BenzyI-2-(2-p~~enyl-2-bufyl)&zer~e, ( i 1-4 
A solution of 0.6 g of the above diazane in 50 ml ether 

was allowed to stand under an atmosphere of oxygen for 
20 h, then washed uith water and dried over potassium 
carbonate. Removal of the ether under reduced pressure 
left 0.45 g of a yellow oil, nD" 11.538; nmr (CDCI,) r 2.66 
(s, lO.OH),4.97(s, 2H),7.98(q, J =  7.5 Hz,2.1H), 8.57 
(s, 3.1H), 9.30 (t, J = 7.5 H L ,  3.0H). Anul. calcd. for 
C1,HZON2: C 80.91, H 7.99, N 11.10; found: C 80.46, 
80.66, H 7.67, 7.68, N 11.06. 

I-) -(R) -1-Benzyl-2- (2-yhenJ~I-2-butyl) diazene, (-1 -(R)-4 
This material was prepared as described for the raceinic 

compound from (+)-(R)-3 (28), r5,625 3.52" (neat, 1 
1 dm), 26% optically pure (28). The product, nDZ5 1.5528, 
had an nmr spectrum identical with that of ( i ) - 4 ;  
[c(]DZ5 - 12.88", [ ~ ] 5 4 6 ~ ~  - 16.6OZ, [X]43625 -66.8OC(c2.95, 
C6H6); ord (c 32.8, C6H6)  [@I5,, - 165', [@Iso0 -230°, 
[@I450 -46OC, [@I400 -I28OC, [@I375 oC, [@I350 1680Ci 
[@I300 755'. 

f +)-(Sl-4  
The mother liquor from the first crystallization of the 

dibenzoyl tartrate salt of ( i ) - 3  (28) was evaporated and 
from the residue was isolated (-)-(S)-3, r546Z5 -2.04" 
(neat, I 1  dm), 15% optically pure. This product was con- 
verted to the benzyl derivative, as described above, which 
was dissolved in a saturated solution of oxalic acid in 
ethanol. After several days at 5 'C crystals of the oxalate 
salt were filtered, treated with aqueous potassium 
hydroxide, and the hydrazine taken up in ether. Oxidation 
of the hydrazine with oxygen produced (+)-(S)-4, [nIDz5 
$28.0" (c 1.25, C6H,), 56% optically pure. A further 
batch of the oxalate salt was obtained after concentration 
of the mother liquor and converted to the diazene, [zIDz5 
0.00 (c  1 SO, C6H6).  Thus, the oxalate salt had undergone 
spontaneous resolution, 

(-1 - i s )  -(2-P/1enj'l-2-b11tyl)dirrzane, (-) -(S) -3 
A solution of 36.0 g (0.166 mol) nienthyl chlorocar- 

bonate (35) in 100 ml ether was added simultaneousiy 
with a separate solution of 19.2 g (0.19 mol) triethylamine 
to a stirred solution of 27.3 g (0.166 mol) (f )-3 (28) in 
150ml ether under nitrogen. The reaction mixture was 
stirred overnight and filtered. The filter cake was washed 
with ether and the combined ether solutions were eva- 
porated to give 58 g of a viscous oil. Five crystallizations 
at  0 "C from methanol, containing a little water gave 
material of constant rotation [a],,,2"220' (c 1.03, 
CC14). Filtration was carried out at 0 ' C  and the crystals 
were quickly pressed dry. The crystals melted at  -- 15 'C. 

At 0 "C they turned to syrup after a few minutes exposure 
to air. A satisfactory analysis was not obtained. 

A solution of 20 g of this resolved product and 20 g 
potassium hydroxide in 100 ml methanol was heated 
under reflux for 4 h and then evaporated to one half its 
volume. The residue was acidified with dilute hydrochloric 
acid and the resulting mixture extracted with ether. The 
aqueous layer was made basic with dilute sodium hy- 
droxide and extracted with ether. The ether layer was 
dried under nitrogen with sodium sulfate and concen- 
trated to an oil. The oil was distilled to give 3.2 g product, 
bp 68-69 'C10.2 torr; nDZ5 1.5350; xoZ5 - 11.56- (neat, 1 
1 dm) (lit. (28) for (+)-(R)-3, r546Z5 + 11.8" (neat, i 1 dm) 
for material 80% optically pure). 

( + ) - (S) -1,2-D@henj~i-2-inerhylbutnr2e, ( + ) -(S) -6 
A sample of (-)-(R)-2-methyl-2-phenylbutanoic acid 

(31), [%]Dz5 -29.6' (c 4.8, C6H6), 98% optically pure, was 
converted (13) to (-)-(R)-l,2-diphenyl-2-methyl-l-b~1ta- 
none, nDz5 1.5705; [x],'~ -61.1' (C 6, benzene) (lit. (13) 
nDZ5 1.5700, aDZ5 -63.7' (neat, 1 ! dm)). The ketone was 
reduced to the alcohol with lithium aluniinuni hydride 
(13). A mixture of 2.0 g (0.009 mol) of the crude product, 
2.5 g (0.017 mol) iodomethane in 100 mi dimethoxy- 
ethane, and 0.3 g (0.014 mol) sodium hydride \+as stirred 
for 4 h and then heated for 3 h under reflux. Water was 
added to the cooled reaction mixture and the resulting 
mixture was extracted with ether. The ether layer was 
washed several times with water and dried over potassium 
carbonate. The crude methyl ether left after removal of 
the ether was stirred with 2 ml sodium potassium alloy in 
100 ml ether under nitrogen for 24 h at 21 'C. The red 
solution was then cooled to 0 "C and a methanol-ether 
mixture was added slowly until all the alloy was decom- 
posed. The reaction mixture was shaken with water and 
the ether layer dried over potassium carbonate and con- 
centrated. The product was isolated from the effluent of 
the gc (column A); nDZ6.5 1.5584; [c(]DZ5 +78.3"; [c(]546z5 
+94.7', [s(]43625 + 178" (C 4.7, C6Hs) (lit. (12) nDZ5 
1.5550; rDz5 + 67" (neat, 1 1 dm)); ord (c 4.7, C6H6) [@]60~  
118", [ Q I S ~ O  +167", [@I500 +224=, [@I450 +326', [@I400 
+ 50OC, [@I350 + 880C, [@]300 + 1835^. 

( + ) -1-(4-1Vitrophenyl)-2-(2-yhenyl-2-butyljdiuze~1e, 
( + ) - I 2  

A mixture of 1.64 g (0.01 mol) (1)-3 ,  1.4 g (0.01 mol) 
4-fluoronitrobenzene and 1.68 g (0.02mol) sodium 
bicarbonate in 6 ml dirnethyl sulfoxide was stirred under 
nitrogen at  50 'C for 36 h. The mixture was then cooled 
and filtered. The filtrate was stirred under air for 12 hand  
then diluted with 20 ml ether. The resulting mixture was 
shaken several times with water and the ether layer dried 
and concentrated. The residue was chromatographed on a 
1.5 x 15 cni column of n e ~ ~ t r a l  alumina. Elution with 
50 mi ether followed by concentration of the eluate 
under vacuum yielded 1.8 g (65%) or a red oil, 1zDZ5 

1.5830; nmr (CCI,) T 1.71 (d, J = 8.8 Hz, 2H), 2.21 
(d, J = 8.8 Hz, ZH), 2.63 (m, 5H), 7.86 (111, ZH), 8.42 
(s, 3H), 9.22 (t, J = 7.0 Hz. 3H). Anal. calcd. for C16H17- 
N,O,: C67.84, H6.01, N 14.84;found: C67.74, H6.12, 
N 14.87. 

j - ) - ( R )  - I- i4-n7ti.o~1/rer~'I) -2- (2-phenjl-2-bur? lld~azene, 
( - ) - (R)-12  

The procedure used was identical to that for the pre- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1012 CAN. J .  CHEM. VOL. 5 5 ,  1977 

paration of the racemic compound except that (+)-(R)-3 500 mg (-)-(R)-12 (nDZ5 1.5910; - 108.8' (C 1.09, 
(28), [aIDz5 + 11.6' (c 1.04, CHCI3) was used. The CHCl,)) in 30 ml cumene in a stainless steel bomb which 
product had nDZ5 1.5910; [aIDz5 - 109" (C 1.09, CHCI,). was then sealed and heated at  175 "C for 5 h. Cumene was 

distilled under reduced pressure and the residue was 
( + ) - (s) -1- (4-Nitrophenfl -2- ( 2 - p h e n ~ > l - 2 -  repeatedly chromatographed on activity I alumina using 

(+)-(S)-12 benzene-hexane as eluent until pure (tlc, nmr) (-)-(R)-12, 
This material was prepared from (-?-(S?-3, aDZ2 31 mg, was eluted, nDZ5 1.5898; [r]D25 - 111.7" (C 1.02, - 11.6" (neat, 1 1 dm) and had nDZ6 1.5910; [r1IDz5 + 120" C H C I ~ ) ,  

(C 0.582. CHClql. 

( F ) -2-(4-Nitrophenq.1)-2-phenylbutane, ( i: )-27 
A mixture of 1.0 ml concentrated nitric acid, 1.2 ml 

concentrated sulfuric acid and 2.0 g 2,2-diphenylbutane 
(36) was stirred at 6 0 L C  for 20 min. The mixture was 
poured into 200 ml water. The water was extracted twice 
with hexane, the combined hexane layers dried and 
concentrated, and the residual oil chromatographed on a 
1.5 x 10 crn column of activity 2 alumina using 1 : 1 
hexane-benzene as eluent. The first 30 ml of eluent con- 
tained 700 mg starting material; the second 30 ml con- 
tained 250 mg of product contaminated (gc) by - 10% 
starting material; the third 30 1111 afforded 650 mg of pure 
(gc) product on evaporation; nDZ9 1.5819; nmr (CCI,) T 

1 . 9 6 ( d , J =  8.5Hz,2H),2.71 ( d , J =  8.5Hz,2H),2.87 
(n?, 5H), 7.85 (m, 2H), 8.40 (s, 3H), 9.28 (t, J = 7 Hz). 
Anal. calcd. for C1,HI7NO2: C 75.29, H 6.67, N 5.49; 
found: C 74.97, H 6.67, N 5.69. 

Hj,drogenolysis of (+ j -jS)-l-(2-P/~enyl-2-butyl)-2-(2- 
propyl)diazene, ( + ) -S-12 

A solution of 1.0 g (+)-(9-12, aDZ5 435.5" (neat, I 
1 dm) in 100 ml methanol was hydrogenated using 4.5 g 
Raney nickel at  25 "C under 1 atm. Nearly 1 equiv. of 
hydrogen was consumed in 4 h when hydrogen uptake 
ceased. The mixture was then heated under reflux for 11 h, 
cooled, filtered, and the filtrate concentrated to an oil. 
The oil was taken up in ether and the resulting solution 
shaken with hydrochloric acid. The aqueous layer was 
made basic and then extracted with ether. The ether layer 
was dried over potassium carbonate, concentrated to an  
oil, and the product isolated from the effluent of the gc 
(colun~n A) to give 200 mg (-)-(S)-8, nDZ5 1.5146; aDZ5 
- 14.0" (neat, I 1  dm). Based on the calculated rotation of 
aDZ5 - 15.7' (neat, 1 1 dm) for optically pure material as 
described above the product was 89% optically pure. 

Interrupted Tlzern~olysis of (- j -(R)-7 
A solution of 1.4 g (-)-(R)-7, tzDZ2 1.4947, in 300 ml 

benzene was divided equally among three 150 ml pressure 
bottles. The solutions were boiled for several minutes and 
the bottles closed and kept at 100 "C for 22 h. The solu- 
tions were combined and concentrated through a 4 ft 
Podbielniak colun~n to - 20 ml volume. The residue was 
taken up in pentane. Most of the benzene was removed by 
a series of crystallizations from this solution at  -78 "C, 
concentrating the solution after each crystallization. The 
final residue was chromatographed on 30 g silica gel at 
-30 "C. The hydrocarbon products were eluted with 
pentane, and 2% ether in pentane removed pure (tlc, 
nmr) (- )-(R)-7,0.70 g, nDZ2 1.4958. The coupling product 
11 was isolated from the concentrated pentane eluent by 
gc, column A at 170 'C and 150 ml/min He flow. Rota- 
tions are given in Table 4. 

Interrupted Thermolysis of (-)-( ,?)-I2 
Nitrogen was bubbled for 10 mill through a solution of 

Photolysis of (+)-(S)-12 
A solution of 400 mg (+)-(S)-12 (nDZ5 1.5902; [ciIDz5 

+ 110.2- (c 0.448, CHC13)) in 50 ml hexadecane was 
photolyzed at  15 "C under nitrogen in an immersion 
apparatus fitted with a Pyrex filter using a medium 
pressure 200 W Hanovia lamp until 60% of the theo- 
retical amount of nitrogen had been evolved. The reaction 
mixture was concentrated under vacuum and the residue 
was chromatographed on 75 g activated alumina which 
had been heated over the full heat of a Bunsen burner for 
4 h. The column was washed with 1.2 ! pentane and then 
with pentane containing increasing amounts of benzene. 
Benzene-pentane, 1 : 1, removed pure (tlc, nmr) (+)-(S)- 
12, 60 mg, nDZ5 1.5895; [rIDZ5 + 111" (C 0.130, CHCI3). 

In a similar way 236 mg (+)-(S)-12, [aIDz5 + 120- (c 
0.400, CHCI,), was recovered from photolysis of 900 mg 
of the diazene, [aIDz5 + 119" (c 0.590, CHCl,), in hexane 
for 9 h until 40% of the theoretical amount of nitrogen 
had been evolved. 

The recovered diazenes were combined with fractions 
from the chromatographies containing impure diazene 
and the resulting mixture photolyzed in hexadecane until 
no  more diazene remained (tic). I t  was necessary twice to 
remove a brown precipitate when nitrogen evolution 
ceased before the photolysis was complete. The photo- 
lysate was concentrated and the residue chromatographed 
on a 100 x 1.2 cm column of silica gel using pentane as 
eluent. A sample, 44 mg (373, of pure (tlc) 27 was iso- 
lated, [r]36525 O.OO(c 0.18, CC14). 

Thertnolysis of (+ ) -(S)-4 and (-)-(R)-4 
A solution of 0.97 g of (+)-(S)-4, [aIDZ5 f28.0 '  (c 1.25, 

C6H6), and 4.7 g butanethiol in 50 ml benzene in a 
stainless steel bomb was flushed with nitrogen. The bomb 
was closed and heated at  102 'C for 30 h, then cooled, and 
the contcnts evaporated under reduced pressure. The 
residue was fractionated by gc using column A. Material 
which eluted at the retention time of ( i ) - 6  was collected 
and found to consist of a liquid and a white solid. This 
mixture was refractionated using column B to two 
separate compounds, a small amount of E-19, identified 
by its nmr spectrum and gc retention time on both 
columns, and ( - ) - (R)-6 ,  [aIDz5 - 4.6' (c 1.8, C6H6), which 
was formed with 10.7z retention of configuration. 

The same procedure was used for the thermolysis of 
(-)-(S)-4. The concentrated reaction mixtures were 
fractionated directly with column B. The results arc 
presented in Table 3.  

Thern~oljsis of (+ )-is) -7 
Benzene solutions of (+)-(S)-7 were heated under 

nitrogen in a stainless steel bomb as described above. 
After 10 half-lives of decomposition the solvent was 
distilled slowly through a Vigreaux colun~n. Traces of 
alkene were removed by heating the residual oil in a 
solution of 10 ml acetic acid containing 2 ml trichloro- 
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methylsulfenyl chloride at 85 "C for 60 min. The reaction 
mixture was taken up in 100 ml pentane and the pentane 
layer shaken 7 times with water, dried, and concentrated 
by distillation through a Vigreaux column. The residue 
was chromatographed on 200 g of activated basic 
alumina at 0 'C using pentane as eluent. The hydrocarbons 
11 and (-)-(R)-16 were isolated from the effluent of the gc 
using column A. The results are presented in Table 4. 

Pvoduct Studies 
Solutions of - 35 mg (k) -7  in 0.4 ml benzene or 1 M 

butanethiol in benzene were placed in glass tubes and 
degassed by three freeze-thaw cycles under torr. 
The tubes were sealed and heated at 100 ' C  for 130 h or at 
125 "C for 14 h. The reaction mixtures were then ad- 
sorbed on 5 g of neutral activity I alumina and the 
alumina was washed with 15 ml pentane. Furthrr elution 
with pentane removed another material, presumably 
hydrazone, which interfered with subsequent analysis. 
The eluent was concentrated by distillation through a 
Vigreaux column, a known amount of bromobenzene was 
added to the residue which was then analyzed by gc using 
column A (temperature programmed; initial temperature 
90 "C, rate of increase 1.S0C/min, initial He 90 ml/min). 
Calibrations were made using mixtures of known con- 
centration in benzene. The products were identified on the 
basis of their retention times. Authentic samples of 17, 
Z- and E-18 were prepared (37) as were ~neso- and dl-14 
(38), which were not separated under the gc conditions 
used. In the decompositions at 125 'C the relative yield of 
(*)-I6 was 2% lower and that of 14 was 3% higher than 
in the decon:positions at 100 "C. The relative yields of the 
other products were the same at the two temperatures. 

Solutions of (+)-4 in the various solvents were placed 
in a stainless steel bomb and flushed for several minutes 
with nitrogen. The bomb was closed and heated at  110 'C 
for 20 h. The reaction mixtures were analyzed directly by 
gc using column B (temperature progran~nled; initial 
temperature 100 'C, rate of increase 3 'C/min, initial He 
85 ml/min). The compounds were identified on the basis 
of their retenrion times. In one case a known amount of 
bromobenzene was added just before analysis. Calibra- 
tions were made using mixtures of known concentration 
in benzene. 

A solution of 700 mg (&)-I2  in 7 g diphenylether was 
heated under nitrogen in a stainless steel bomb at 175 -C  
for 18 h. A known amount of dimethylaniline was added 
to the reaction mixture and this was analyzed by gc 
using colunln B (120 'C, He 50 ml/min). Calibrations 
were made using mixtures of known concentration in 
benzene. The volatile compounds were identified by mass 
spectral analysis as they emerged from the gc. The mass 
spectral cracking patterns were conlpared to those of the 
authentic compounds. The amount of 25 formed was 
found by adding an aliquot of the reaction mixture to 
hexane, collecting, and comparing (mp, ir) the precipitate 
with an authentic sample of 65. 

A 2 g sample of (+)- I2  was heated at 175 ̂ C for 18 h 
under nitrogen in a 5 ml flask fitted with a condenser. 
After cooling the residue was stirred several times with 
small amounts of hexane. The insoluble material, 0.67 g 
(79%) was nearly pure 25. Dimethylaniline was added to 
the combined hexane washings and the solution analyzed 
by gc. 

Kinetic Studies 
Rates of evolution of nitrogen from solutions of the 

diazenes were measured using an apparatus and a pro- 
cedure similar to that described (39). Rate constants were 
determined from the slopes of plots of log (V, - Vo/ 
V, - V,). The results are presented in Table 1. 
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Conformational analysis of 2-substituted methylenecyclohexanes and 3-substituted 
cyclohexenes and the anomeric effectP 
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JEAN LESSARD, PHAN VIET MINH TAA, ROBERT M A R T I ~ O ,  and J o ~ h  K. SAUYDERS. Can. J. 
Chem. 55, 1015 (1977). 

The analysis of the l3C and 'H nuclear magnetic resonance data of 2-substituted methylene- 
cyclohexanes and 3-substituted cyclohexenes demonstrates that a double bond stabilizes the 
axial conformer for an electronegative substituent. Introduction of a methoxy group on the 
double bond further increases the relative stability of the axial conformer. These results are 
interpreted in terms of the 'double bond - no bond' resonance. 

JEAN LESSARD, PHAK VIET MINH TAN, ROBERT M A R T I ~ O  et JOH\ K. SAUNDERS. Can. J. Chem. 
55, 1015 (1977). 

L'analyse des spectres de resonance magnttique nucleaire du I3C et dl1 IH de methylene- 
cyclohexanes substitues a la position 2 et de cyclohexenes substitues a la position 3 demontre 
qu'une double liaison stabilise le conformere axial lorsque le substituant est electronegatif. 
L'introduction d'un groupement mtthoxy silr la double liaison augmente d'avantage la stabilitt 
relative du conformere axial. Les rksultats sont interpret& en termes de resonance 'double 
bond - no bond'. 

The effect that causes electronegative groups 
to occupy sterically unfavoured conformations 
when attached to a carbon bearing an electro- 
negative atom is known as the anomeric effect 
(1). A number of hypotheses have been advanced 
in order to explain this effect. These include the 
dipole-dipole interaction (2) which would favour 
the axial conformation relative to the equatorial 
since in the former the two dipoles are virtually 

perpendicular, whereas in the latter the two 
dipoles have the same direction and are in much 
closer proximity. A secoild explanation (31, 
labelled the rabbit-ear effect, states that the 
interaction lone pair - lone pair is significantly 
larger than either the interactions lone pair - 
bonding pair or bonding pair - bonding pair. In 
the example where both X and Y are oxygens, a 
conformation can be defined for the axial con- 
former in which there is no lone pair - lone pair 
interaction whereas when V is equatorial all 

possible conformations have at least one such 
interaction. Thus again, the conforlnation in 
which Y is equatorial is destabilized. A third 
possible explanation is known as double bond - 
no bond resonance (4). In this hypothesis, 
charged resonance forms such as 

+ - a Y 

contribute. This can also be intcrpretcd in term 
of an overlap between the lone-pair electrons 
on X and the o antibonding orbital of the C-Y 
bond. This should be a inaximurn when the 
lone pair on X and the G-Y bond are antiperi- 
planar and thus this theory predicts that the 
form with Y axial would be stabilized. 

In an attempt to obtain experimental evidence, 
other than crystallographic data (5), of the 
importance of the latter postulate, we have 

'Based on the M.Sc. dissertation of Phan Viet Minh studied a namber of 2-substituted methylene- Tan, Universitt. de Sherbrooke, 1976. 
'NRCC Predoctorate Fellow 1974-1975. cyclohexanes and 3-substituted cyclohexenes. If 
3Permanent address: Universite Pail] Sabatler, U.E.B. the double bond - no bond resonance makes a 

de Chimie Organique, Toulouse, France. significant contribution to the anomeric effect 
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TABLE 1. 13C Chemical shifta data for cyclohexene derivatives 

Substituents Chemical shifts 

Compound X R R'  C-1 C-2 C-3 C-4 C-5 C-6 Re, R,, R' X 

lb  H H H 127.4 127.4 25.2 23.3 23.3 25.2 
2b CH 3 H H 126.8 134.1 32.7 30.8 22.2 25.8 22.2 
3' H CH3 CH3 134.3 120.0 24.7 34.7 29.2 43.5 31.7 25.1 23.0 
4b 0 C H 3  H H 73.8 27.2 18.8 24.7 54.9 
5" OCOCH, H H 126.0 132.8 68.1 28.4 19.0 25.0 170.2; 21.1 
6 OH CH3 CH3 136.0 124.5 66.4 44.3 31.1 45.1 31.5 26.2 23.6 
7 OCH3 CH3 CH? 134.9 121.0 75.5 41.1 30.9 44.4 31.2 26.5 23.7 55.5 

OCOCH, CH3 CH3 136.7 119.8 68.8 40.4 30.1 43.8 30.1 26.7 23.2 168.7; 20.6 

ORelatlve to TMS; approximateiy 7Z In CF2Br,-CD,CI, 75:25; 270 K 
bCDC13. 
<I25 K. 
dCC14 - 10% CD,COCD,. 

then a double bond should stabilize the axial 
conformer when the substituents are electro- 
negative. The results of this study, presented in 
this paper, do in fact demonstrate that this 
postulate is important. 

Results 
The 13C nuclear magnetic resonance (13Cmr) 

chemical shift data for a number of cyclohexene 
derivatives is given in Table 1. The spectral 
assignments were made using the literature 
values for 1 (6) and (2) (7),  and normal substi- 
tuent effects. The spectrum of each compound as 
a function of temperature was then studied. How- 
ever, 3 was the only compound to show marked 
spectral changes with temperature. At room 
temperatures the two methyl groups appeared as 
a single peak at 28.4 ppm. As the temperature 
approached 145 K, this peak broadened and at 
temperatures below 145 K, the resonances 
corresponding to each methyl group were ob- 
served. The coalescence temperature was esti- 
mated to be 145 K and since Av is 6.6 ppm (at 
22.63 MHz), AG* was calculated to be 6.5 1 0.5 
kcal/mol using the Eyring equation (8). This 
value is within experimental error of published 
values determined for other cyclohexene deriva- 
tives (9). The spectra of the other compounds 
exhibited small chemical shift changes with 
temperature but since the CF2Br2 resonances 
varied relative to the deuterium signal of CD,Cl,, 
no information could be gleaned from these 
variations. However, no evidence of coalescence 

behaviour was observed. This could be due to 
three factors: (i) chemical shift difference too 
small, (ii) decrease in the barrier of intercon- 
version, or (iii) essentially one conformer being 
present. The first possibility can be neglected at 
least for 2, 4, and 5 since the difference at C-5 in 
these compounds between X pseudo axial or 
pseudo equatorial would be at least 5 ppm. The 
introduction of one of these substituents in 
cyclohexenes (9) and methylenecyclohexanes 
(10, 11) does not appear to cause a significant 
variation in the value of AG* and thus it 
appears unlikely that the barrier to intercon- 
version in 2, 4-8 is significantly less than that 
observed in 3 and hence it appears that the second 
possibility is extremely unlikely. Thus it is 
reasonable to assume that the lack of observation 
of coalescence behaviour is due to essentially one 
isomer being present. 

It is of interest to compare the chemical 
shifts of carbon 5 in compounds 1, 2, 4, and 5. 
In compound 2, this carbon has virtually the 
same chemical shift as in 1, whereas in 4 and 5 it 
is shielded by 4.5 and 4.3 ppm respectively. This 
is a consequence of the well known y effect in 
3Cmr spectroscopy which causes an upfield 

shift when the group X and the proton on the y 
carbon are 1,3 diaxial. Thus, it appears that in 2 
the conformer with the CH, group equatorial is 
preferred, whereas for 2, 4, and 5, it is the con- 
former with the OR group axial which is pre- 
dominant. In order to verify these facts, the 'Hmr 
of these compounds together with several other 
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LESSARD ET AL. 

TABLE 2. Linewidth at half height of H-3 in cyclohexene derivatives 
R 

Compound X R R' Solvent Avl,za 

CCI, 
CCI4 
CDC13 
CCI4 
CCI, 
cc14 
cc1, 
CCI4 
CCI, 
CCI, 
CCI4 
CCI, 

"Linewidth at half height 0.5 Hz. 

derivatives were studied. In Table 2, the width at 
half height (Av,,,) for the 3 proton is given. The 
observed linewidth will be the sum of 3J3,4a + 
3 ~ 3 , 4 e  + 3 ~ 3 , 2  + 4J3,1 + 'J3,+ Using published 
values of J and dihedral angles (12), these values 
are for H-3 pseudo axial: 3J3,,a = 11.0 HZ, 
3J3,4e = 1.5 HZ, 3J3,2 = 1.5 HZ, 4 ~ 3 , 1  = 1.0 HZ, 
and 5J3,6 = 1.5 Hz. For H-3 pseudo equatorial: 
3 J3,,, = 1.5 Hz, 3J3,4e = 1.0 HZ, 3J3,2 = 4.0 HZ, 

and 4J3,, + 5 ~ 3 , 6  < 0.5 HZ. In the compounds 
where R' = CH,, the CH, appeared as a doublet 
of doublets with coupling constants of 1.5 Hz 
and 1.4 Hz with the latter corresponding to 
J,,,,,. The values of AvII2 were then estimated 
to be 17.0 Hz (R' = H) and 17.5 Hz (R' = CH,) 
for the group X pseudo equatorial and 6.5 Hz 
(R' = H) and 8.0 Hz (R' = CH,) for X pseudo 
axial. Inspection of the data in Table 2 indicates 
that 6,7,8,11, and 14 exist predominately, if not 
almost exclusively, with X in the pseudo equa- 
torial conformation whereas the predominant 
conformation of 4, 5, 9, 10, 12, and 13 is that in 
which the X group is pseudo axial. It is of 
interest to note that AvlI2 in 9 is less than that 
observed in 4, 5, and 10 indicating that the 
pseudo axial conformer is more highly populated 
when X = Br then when X is an oxygenated 
substituent. Also, comparison of 12 and 13 with 
10 and 4 demonstrates that the replacement of H 
at C-1 by an OCH, group increases the propor- 
tion of X pseudo axial. 

The 13Cmr spectral data for the substituted 
methylenecyclohexanes are given in Table 3. 

Assignments were made with the aid of single 
frequency off-resonance decoupled spectra and 
the published chemical shift data for 15 (13) and 
164. The compounds were then studied as a 
function of temperature. For 17, the signals at 
26.3 and 36.0 ppm become significantly broad- 
ened as the temperature approached 195 K as did 
the signal at 104.2 ppm. At 170 K, the signals for 
the two conformers were observed. The Over- 
hauser effect should be the same in both con- 
formers and thus integration of the respective 
signals can be used to determine the population 
in each conformation at this temperature. The 
average equatorial/axial ratio was determined to 
be 95: 5, which leads to a AGO (axial-equatorial) 
of 1.0 i 0.2 kcal/mol. The various absorptions 
exhibited coalescence temperatures between 185 
and 198 K depending on the respective chemical 
shift difference. The average value for AG* was 
found to be 9 F 0.6 kcal/mol which is slightly 
higher than that found in dimethyl methylene- 
cyclohexanes (10). Compound 18 also showed 
coalescence behaviour as can be seen in Fig. 1 in 
which the spectra recorded at 193 and 163 K are 
illustrated. The most intense absorption in the 
spectrum at 193 K is due to GF2Br2. At 193 K, 
the absorptions corresp~nding to C-4 and C-6 
are extremely broad, that corresponding to the 
OCH, is reasonably broad, whereas the absorp- 
tions for C-1, C-2, and C-3 are relatively narrow. 

4G. Caron, Ph.D. Thesis, Universitk de Sherbrooke, 
1976. 
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TABLE 3. 13C Chemical shifts" of methylenecyclohexane derivatives 

Compound X R R' C-1 C-2 C-3 C-4 C-5 C-6 C-7 Re, R,, R' X 

15b H 
16' H 
17 CHdeq) 

CH3(ax) 
18 OCHdeq) 

OCH,(ax) 
19d 0 C H 3  
20 OCH, 
21 H 

H H 149.7 36.2 28.9 
H 0 C H 3  118.4 30.6 28.9 
H H 155.7 37.5 36.7 
H H 35.9 35.4 
H H 149.3 81.6 35.2 
H H 147.3 80.8 33.3 
H 0 C H 3  116.6 77.8 33.6 
CH3 H 149.6 78.7 47.0 
CH, OCH, 117.4 26.1 38.6 

ORelative to TIMS; approxilnately 7z in CF,Br,-CD,C12 7 5 : 2 5 ;  163 K 
*Reference 13. 
CG. Caron, Ph.D. Thesis, Universite de Sherbrooke, 1976. 
dCDC13, -305 K. 

In the spectrum at 163 K,  the absorption for the 
two conformers can be clearly observed and 
careful integration of several spectra at this 
temperature gave an axial/equatorial ratio of 
3.5 + 0.3. Thus, the conformer with the OCH, 
group axial is 0.4 0.04 kcal/mol more stable 
ihan that in which the OCH, is equatorial. From 
the coalescence temperatures and respective 
chemical shift difference, AG* could be calcu- 
lated for the coalescence of each pair of reso- 
nances and an average value of 9 1: 0.6 kcal/mol 
was obtained. 

In Fig. 2, the spectrum of 19 at 163 K is com- 
pared to that of 18 at the same temperature. The 
spectrum of 19 corresponds to only one confor- 
mation being present and the spectrum obtained 
at 130 K is essentially identical with that shown. 
In order to verify that the barrier to intercon- 
version had not been drastically lowered by the 
introduction of the OCH, group at C-7, com- 
pound 21 was studied as a function of tempera- 
ture. The coalescence temperature for the signals 
of the methyl groups is 198 K and since Av = 9.5 
ppm, AG* = 9.0 i 0.6 kcallmol. Since the 
barriers to interconversion of compounds 17, 18, 
and 21 have all been calculated to be 9.0 i 0.6 
kcal/mol and since Av (axial-equatorial) for C-4 
in 19 should be of the order of -4.5 ppm, it is 
reasonable to conclude that the axial/equatorial 
ratio at 163 K is at least 17. The predominant 
conformer present is readily assigned as the axial 
due to the chemical shifts of C-4 and C-6. Thus 
AGO (axial-equatorial) is at least - 1.0 kcal/mol. 

In order to destabilize the axial conformations, 
compound 20 and the 4,4-dimethyl analog of 19 
were prepared. At low temperatures, only one 
conformer of 20, namely the equatorial, was 
observed. Unfortunately, the dimethyl analog of 
19 could not be obtained in a pure state (see 
Experimental). 

Discussion 
In cyclohexane derivatives, the A value of a 

group is a measure of the energy difference 
between an axial and equatorial orientation for 
the group in question. For methylenecyclo- 
hexanes substituted in the 2 position, we have 
introduced an interaction between the group X 
and the hydrogen of the double bond. This 
interaction is known as the allylic tension A " , ~ ' .  
Thus, the observed free energy difference for 
2-substituted methylenecyclohexanes will be 
A - A",3) provided only steric interactions are 
involved. The A value of a CH, group is 1.7 
kcal/mol(14). As seen in the previous section, the 
free energy difference for 2-methylmethylene- 
cyclohexane (17) is 1.0 kcal/mol and since the A 
value for 17 should be almost identical with that 
in cyclohexane the allylic interaction A ( ' , ~ )  is of 
the order of 0.7 kcal/mol. This value is signifi- 
cantly less than that estimated by 'Hmr spec- 
troscopy (15) although St-Jacques5 did not 
observe the axial conformer in the 'Hmr spec- 
trum at low temperatures. The value of 0.7 

5M. St-Jacques, private communication. 
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LESSARD ET AL. 

FIG. 1. l3Cmr spectra of 18 at 193 and 163 K. 

kcal/mol is reasonably close to the value ob- 
served for a 1,3 diaxial CH,-hydrogen interac- 
tion. 

The A value for an OCH, group is 0.8 kcal/mol 
(14). Thus, if we assume that the A(',,' interac- 
tion for a OCH, is of the same order as for a 
CH, group, i.e. half the A value, then we would 
predict AGO (axial-equatorial) = 0.4 kcaI/moI for 
2-methoxymethylenecyclohexane (18). However, 
experimentally it is -0.4 kcal/n~ol and thus the 
conformation in which the OCH, is axial is 
stabilized by approximately 0.8 kcal/mol. Simi- 
larly, for 19, where AGO (axial-equatorial) > 
- 1.0 kcal/mol, the axial conformer is stabilized 
by at least 1.4 kcal/mol (0.6 kcal/mol relative to 
18). The difference in energy between that pre- 
dicted and observed for 18 could be due to 
either double bond -no  bond resonance or an 
electrostatic interaction between the C-0 and 
C=C bonds. This interaction is either dipole- 
dipole or dipole-quadrupole in nature. The latter 
interaction has been proposed (11) in order to 

explain the conformational equilibrium observed 
for 3-substituted methylenecyclohexanes. We 
have carried out simple electrostatic calcula- 
tions, similar to those performed by Lambert and 
Clikeman (1 I), using the standard dipole-dipole 
and dipole-quadrupole interaction equations 
(16-18) and have found that the two interactions 
stabilize the axial conformation of 18 relative to 
the equatorial conformation with the dipole- 
quadrupole interaction being more important. 
Introduction of the oxygen at C-7 will decrease 
the dipole moment and should also decrease 
the quadrupole moment (18) of the double bond. 
Hence, it appears that the difference in conformer 
population of 19 relative to  18 is not due to an 
increase in the electrostatic interaction between 
the C,-0 bond and the C-C double bond. In 
compound 89, we have a situation which resem- 
bles that of 2-methoxytetrahydropyran. However, 
the influence of the oxygen-oxygen dipole-dipole 
interaction on the relative stability of the two 
conformations is calculated as being negligible 
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FIG. 2. I3Cmr spectra of 18 and 19 at 163 K. 

and the rabbit-ear effect can no longer be in- 
voked. Hence we are left with the double bond - 
no bond resonance since the introduction of an 
OCH, group on the double bond increases its 
electron density. In order for an overlap to occur 
between the .rr molecular orbital of the double 
bond and the o* orbital of the C-0 bond, the 
OCH, group must be axial and therefore the 
axial conformer '19 ax' is stabilized by double 
bond - no bond resonance. 

For 3 substituted cyclohexenes, the results are 
not quantitative. However, the compounds in 
which X is an electronegative group and R an 
hydrogen all have a preponderance of the con- 
formation where X is pseudo axial, whereas 
when X is a CH, group, the preferred conforma- 
tion is that with X pseudo equatorial. Again, as 
in the 2-substituted methylenecyclohexanes, the 
stabilization of the axial conformer by the double 
bond is adequately explained either in terms of 
double bond - no bond resonance or the dipole- 
quadrupole interaction between the C-X and 
the C=C bonds. Also the extra stabilization 
afforded by the introduction of the OCH, group 
is interpreted in terms of the former since the 
dipole-dipole interactions and the rabbit ear 
effect cannot be invoked and since the introduc- 
tion of the OCH, group on the double bond 
should decrease its quadrupole moment. 

Conclusion 
I 
0CH3 The results obtained for the substituted 
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methylenecyclohexanes and cyclohexenes demon- 
strate that the double bond stabilizes the confor- 
mer with the electronegative group axial at the 
allylic position (C-2 and C-3 respectively). 
Introduction of an OCH, group on the double 
bond at either C-1 (cyclohexene) or C-7 (methy- 
lenecyclohexane) further stabilizes the axial con- 
former. The stabilization by the double bond is 
evaluated at 0.8 kcal/mol and the introduction of 
the OCH, results in an added stabilization of at 
least 0.6 kcal/mol. The stabilization by the 
double bond is interpreted as being due to either 
double bond - no bond resonance or an electro- 
static interaction between the C-X and C=C 
bonds (predominantly the dipole-quadrupole 
interaction). However, it has been calculated (17) 
that when the two entities are in close proximity, 
the electrostatic interaction is less important 
which would tend to suggest that the principal 
factor causing the stabilization is the double 
bond - no bond resonance. The extra stabiliza- 
tion afforded by the introduction of the OCH, 
group on the double bond is interpreted in terms 
of double bond - no bond resonance. We would 
thus expect that in 2-methoxytetrahydropyran, 
for example, the overlap between the non 
bonding electron of oxygen and the o anti- 
bonding orbital of the C-0 bond to be im- 
portant. 

Experimental 
Vapor phase chromatographic analyses and separa- 

tions were performed on a Hewlett Packard chromato- 
graph model 5750 equipped with both thermal conduc- 
tivity and flame ionization detectors: an OS-138 column 
(15% polyphenyl ether on dimethylsilylated Chromosorb 
W )  or an SE-30 column (10% on dimethylsilylated 
Chromosorb W )  with 0.d. 0.25 in. (analytical) or 0.375 in. 
(preparative) and length 6 ft were used. Infrared spectra 
were taken on a Perkin-Elmer 257 spectrophotometer. 
Mass spectra were recorded on a Hitachi RMU-6E 
spectrometer. 

Nuclear Magnetic Resonance Spectra 
Proton spectra were obtained using either a Varian 

A-60 spectrometer or a Bruker HX-90 spectrometer. 13C 
spectra were obtained on a Bruker HX-90 system equipped 
with a Nicolet 1083 computer operating in the Fourier 
transform mode. The data were determined for CDC1, 
solutions (approximately 0.4 M )  or in a mixture o f  75% 
CF,Br2 - 25% CD,CI, (approximately 7%). The tem- 
peratures were monitored using a calibrated copper- 
constantin thermocouple and are accurate to * 3 K .  

Materials 
Compounds not commercially available were prepared 

either as described in the literature or by standard pro- 
cedures. All compounds were pure (> 98%) according to  
vpc analyses and had ir and 'Hmr spectra consistent with 

their structure. The methods o f  preparation together with 
characteristic 'Hmr absorptions are given below. 

1,5,5-Trimethylcyclohexene (3)-Prepared from iso- 
phorone according to  the method described by Sneen and 
Martheny (19). The 1,5,5 isomer was separated from the 
3,5,5, isomer by preparative vpc at 80 ' C  (SE-30 column) : 
6 (CC1,) 0.90 (s, CH,  at '2-9 ,  1.65 (m, CH,  at C- l ) ,  
5.40 pprn ( m ,  H-2). 

3-Hydroxycyclohexene (10)-Prepared by treating 3- 
bromocyclohexene (9) with 15% aqueous NaOH at room 
temperature overnight and also by LiAIH, reduction o f  
2-cyclohexenone in ether: bp 68 "C/13 torr (lit. (20) bp 
85 "C/25 torr); 6 (CDCI,) 4.25 (m ,  H-3), 5.86 pprn ( m ,  H-1 
and H-2). 

3-Methoxycyclohexene (4)-Prepared by treating 3- 
bromocyclohexene (9) with an equimolar quantity o f  
sodium methoxide in refluxing methanol for 5 hand also 
by methylation o f  the sodium salt o f  3-hydroxycyclo- 
hexene (10) (reaction with sodium metal in ether) with 
methyl iodide in ether at room temperature for 30 h :  bp 
45-50 T I 3 0  torr. It proved identical (vpc, ir, 'Hmr)  to a 
commercial sample (Pfatz and Bauer); 6 (CDCI,) 3.41 
(s, OCH,), 3.83 ( m ,  H-3), 5.93 pprn ( m ,  H-1 and H-2). 

3-Acetoxyc~~clohexene (5)-Prepared by acetylation 
(acetic anhydride - sodium acetate) o f  alcohol 10: bp 
85-87 "C/50 torr (lit. (21) bp 83-84 "C/40 torr); 6 (CDCl,) 
2.05 ( s ,  OCOCH,), 5.38 ( m ,  H-3), 5.92 pprn (m ,  H-1 and 
H-2). - - -, - 
3-Hydroxy-1,5,5-trimethylcyclohexene 16)-Prepared 

by LiAIH, reduction o f  isophorone (equimolar quantities 
o f  reagents) in ether (92% yield); bp 89-90 "Cj15 torr; 6 
(CDCI,) 0.90 and 1.00 (two s, CH,  at C-5), 1.71 ( m ,  C H ,  
at C-1), 4.32 ( m ,  H-3), 5.60 ppm (m,  H-2); m/e 140 (M'). 

3-Methoxy-1,5,5-trimethylcyclohexene (7)-Prepared 
by methylation (CH,I) o f  the sodium salt o f  6 in ether 
(80% yield): bp 63-64 "C/22 torr; 6 (CDCI,) 0.91 and 1.01 
(two s ,CH,  at C-5), 1.72 ( m ,  CH,  at C- l ) ,  3.42 (s,  OCH,), 
3.89 ( m ,  H-3), 5.62 pprn (m ,  H-2); mle 154 (M+) .  
3-Acetoxy-I,5,5-trimethylcyclohexene (8)-Prepared by 

acetylation o f  6 (acetic anhydride - sodium acetate) (92% 
yield): bp 88 'C/15 torr; 6 (CDCI,) 0.96 and 1.01 (two s, 
CH,  at C-5), 1.72 ( m ,  CH,  at C- l ) ,  2.06 (s,  OCOCH,), 
5.45 ( m ,  H-3), 5.53 pprn ( m ,  H-2); m/e 182 ( M t ) .  
3-Bromo-1,5,5-triinethjlcjclohexene (11)-Prepared from 

alcohol 6 and phosphorus tribromide (0.35 mol per mol 
o f  6 )  at room temperature overnight. The product was 
isolated from the reaction mixture by distillation. It was 
purified further by distillation: bp 53-55 'C/2 torr (lit. (22) 
bp 46-47 "C/1 torr); 6 (CCI,) 0.90 and 1.05 (two s ,  CH,  at 
C-5), 1.75 ( m ,  CH3 at C- l ) ,  4.80 ( m ,  H-3), 5.72 ppm 
( m ,  H-2). 

3-Methoxy-2-cyclolzexenone-Prepared in a 71% yield 
from 1,3-cyclohexanedione and methanol following the 
procedure described for the preparation o f  3-ethoxy-2- 
cyclohexenone (23) : bp 114 "C/14 torr; 6 (CDCl,) 1.8-2.2 
(6H), 3.79 (s, OCH,), 5.50 pprn (s, H-2). 

3-Hydro.uy-I-merhoxycyclohexene (12)-Prepared by 
LiAIH, reduction o f  3-methoxy-2-cyclohexenone (equi- 
molar quantities o f  reagents) in ether. A complex mixture 
was obtained from which compound 12 was obtained by 
repeated fractional distillations: bp 84 "C/1.5 torr; 6 
(CDCI,) 3.60 (s,  OCH,), 4.32 (m ,  H-3), 4.90 ppm (d,  
J = 4.5 Hz, H-2); m/e 128 (Mt) .  

1,3-Dimethoxycyclohexene (13)-Prepared by methyla- 
tion o f  the sodium salt o f  alcohol 12 with CH31 in ether 
(65% yield): bp 67 "C/15 torr; 6 (CDCI,) 3.40 and 3.60 
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(two s, OCH, at C-3 and C-I), 3.89 (rn, H-3), 4.90 
pprn (d, J = 4.5 Hz, M-2); nz/e 142 (M+). 

3-Mefhoxy-5,5-dirnetlzyl-2-cyclohexenone-Prepared 
(98% yield) from 5,5-dimethyl-cyclohexane-1,3-dione and 
methanol following the procedure described by Gannon 
and House (23) for the preparation of 3-ethoxy-2-cyclo- 
hexenone: bp 124-125 "Cj1.5 torr; 6 (CDC1,) 1.05 (s, 
CH,), 2.22 and 2.32 (two s, H-6 and H-4), 3.78 (s, 
OCH,), 5.47 pprn (s, H-2). 

3-Hydroxy-I -metizox,v-5,5-da'tnethyIcyclohexene-Pre- 
pared by LiAlH, reduction of 3-methoxy-5,5-dimethyl-2- 
cyclohexenone (equimola: quantities) in ether and ob- 
tained pure after repeated fractional distillations: bp 
108-1 12 "C11.5 torr; 6 (CDCI,) 0.95 and 1.05 (two s, CN, 
at C-5), 3.62 (s, OCH,), 4.46 (m, H-3), 4.83 (m, W-2); m/e 
156 (Mi). 
1,3-Dirr1etho,~y-5,5-dimethylcyclohexene (14)-Prepared 

by methylation (CH,I) of the sodium salt of 3-hydroxy-l- 
methoxy-5,5-dimethylcyclohexene in ether: bp 84 "C/15 
torr; 6 (CDCI,) 0.95 and 1.04 (two s, CH3 at C-5), 3.42 
(s, OCH,), 3.62 (s, OCH,), 4.10 (m, H-3), 4.85 pprn (m, 
H-2); m;'e 170 (M+). 

2-Metlzylmetlzylenecyclolzexane (17)-Prepared by a 
Wittig reaction on 2-n~ethylcyclohexanone (triphenyl- 
methyl phosphoniun~ bromide in ether-benzene (3 : 7) at 
- 10 "C using phenyllithium) (37% yield): bp 120-122 "C 
(lit. (24) bp 120 'C); 6 (CDCl,) 1.05 (d, J = 6.4 Hz, CHI,), 
4.70 pprn (m, 2 olefinic H). 

2-Nydroxynzetlzylenecyclohexane-Prepared by EiAIH, 
reduction of 2-carbori~ethoxycyclohexanone (25) as 
described by Dreiding and Hartman (26): bp 78-80 "C/25 
torr (lit. (26) bp 78.5-80 'C123 torr); 6 (CDC1,) 4.13 (m, 
H-2), 4.80 and 4.97 ppm (two m, olefinic H). 

2-Methoxymefhylenecyclohexane (18)-Prepared by 
methylation (CH,I) of the sodium salt of 2-hydroxy- 
methylenecyclohexane in ether: bp 66 'C/25 torr (lit. (27) 
bp 58-59 "C/43 torr); 6 (CDCI,) 3.40 (s, OCH,) 3.80 
(m, H-2), 4.95 pprn (m, 2 olefinic H). 

2-Hydvoxycyclohexanone-Prepared from 2-chloro- 
cyclohexanone and aqueous potassium carbonate a t  
room temperature for 20 h. A solid me!ting at 83.5 "C was 
obtained from which 2-hydroxycyclohexanone was dis- 
tilled: bp 72 'C/15 torr (lit. (28) bp 55-60 "C/0.4 torr); 6 
(CDCI,) 4.20 ppm (m, H-2). 

2-Methoxycyclokexnno~ze-Prepared from 2-hydroxy- 
cyclohexanone by the method described by Bergman and 
Gierth (29): bp 65 "C/15 torr (lit. (30) bp72-75OCj14 torr); 
6 (CDCl,) 3.47 (s, OCW,), 3.80 pprn (m, H-2); m/e 128 
(Mf). 

2-Methoxy(methox~~methy1ene)cyclolzexane (19)-Pre- 
pared by a Wittig reaction on 2-methoxycyclohexanone 
(methoxymethyl triphenylphosphonium chloride in ether- 
benzene(3 :7) at - 10°C using phenyllithium) (45% yield) : 
bp 94 "C/44 torr; 6 (CDCI,) 3.25 (s, OCW,), 3.56 (m, H-21, 
3.66 (s, OCH,), 6.07 pprn (olefinic H); m/e 156 (M+). 
2-Methoxy-4,4-dimerhylcyclohexanone-Prepared by hy- 

drogenation of 2-methoxy-4,4-dimethyl-2-cyclohexenone 
(30) in ethanol over 5% Pd/charcoai in a Parr apparatus at 
20-40 psi (94% yield): bp 64-65 "C10.5 torr; 6 (CCI,) 1.09 
and 1.22 (two s, CH3 at C-4), 3.40 (s, OCW,), 3.74 pprn 
(d of d, Z J  = 18 Hz, H-2); m/e 156 ( M f ) ,  
2-Methoxy-4,4-dimethylmethyle~zecyclohexane (20)- 

Prepared by a Wittig reaction on 2-methoxy-4,4-dimethyl- 
cyclohexanone (methyl triphenylphosphonium bromide 
and phenyllithium in ether). The crude product was 

separated by preparative vpc (OS-138 column): 6 (CDC13) 
0.99 and 1.00 (two s, CHI3 at C-41, 3.49 (s, OCH3), 3.73 
(m, HI-2), 4.95 pprn (2 olefinic H); m/e 154 (M+). 

4,4-Dimethyl(metho.~j~methylene) cyclohexane (22 ) -  
Prepared by a Wittig reaction on 4,4-dimethylcyclo- 
hexancne (31) (methoxymethyl triphenylphosphonium 
chloride and phenyllithium in ether). The crude product 
was separated by preparative vpc (OS-138); 6 (CCI,) 0.92 
(s, CH, at C-41, 1.8-2.4 (4 allylic I%), 3.53 (s, OCH,), 5.77 
p p n ~  (m, olefinic H); rnje 154 (M+). 

2-Methoxy- 4,4 -dimethyl(mellzoxymetilylene) cj~clohex- 
ane-Prepared by a Wittig reaction on 2-methoxy-4,4-di- 
methylcyclohexanone (methoxymethyl triphenylphos- 
phonium chloride and phenyllithium in ether). The com- 
pound could not be obtained pure even after repeated 
distillation through a spinning band column. The sample 
thus obtained contained about 80% of the desired product 
according to vpc and spectral analyses: bp 63 "Cj0.3 torr; 
6 (CDCI,) 0.91 and 1.06 (two s, CH3 at C-4), 3.30 (s, 
OCM, at C-2), 3.60 (m, H-2), 3.68 (s, 0CH3), 6.11 ppm 
(olefinic H); m/e 184 (M+). 
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Secondary a-ferrocenyl substituted carbocations from tertiary carbinols 
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CHOI CHUCK LEE, SHI-CHOW CHEN, W. JACK PANNEKOEK, and RONALD G. SUTHERLAND. 
Can. J. Chem. 55, 1024 (1977). 

The same secondary ferrocenylisopropylcarbenium ion was formed from treatment with 
concentrated H,SOA at 10°C of either ferrocenvliso~roovlcarbinol or ferrocenvlmethvldimethvl- - .  . & s. 

carbinol and the same secondary ferrocenyldiphenylmethylcarbenium ion was obtained when 
either ferrocenyldiphenylmethylcarbinol or ferrocenylmethyldiphenylcarbinol was treated with 
CF,COOH at 5°C. The results indicate the occurrence of 1,2-hydride shifts converting tertiary 
to secondary carbocations. 

CHOI CHUCK LEE, SHI-CHOW CHEN, W. JACK PANNEKOEK et RONALD G. SUTHERLAND. 
Can. J. Chem. 55,1024 (1977). 

On forme le m6me ion ferroc~nylisopropylcarbenium secondaire en traitant soit le fer- 
rocenylisopropylcarbinol ou le ferrocenylmCthyldimCthylcarbinol avec de l'acide sulfurique 
concentre a 10°C. On obtient aussi le m&me ion ferrocenyldiphCnylmCthylcarbCnium secondaire 
en traitant soit le ferroci.nyldiphenylm6thylcarbinol ou le ferrocCnylmCthyldiphtnylcarbin01 
avec de I'acide trifluoroacCtique a 5°C. Les resultats indiquent I'intervention d'une migration-1,2 
d'hydrure convertissant le carbocation tertiaire en carbocation secondaire. 

[Traduit par le journal] 

It is well known that carbocations can undergo 
rearrangements to give more stable cations and 
thus, usually, primary or secondary carbocations 
rearrange to give the more stable tertiary cations 
(1, 2). In a demonstration of the extraordinary 
stability ofa-ferrocenyl substituted carbocations,' 
Larsen and Ashkenazi (3) have recently pre- 
sented calorimetric data to show that primary 
and secondary a-ferrocenylcarbenium ions are 
more stable than tertiary cations such as the tri- 
phenylmethyl cation. Such findings led to the 
present work, in which attempts are made to 
effect rearrangements of tertiary carbocations to 
more stable secondary a-ferrocenylcarbenium 
ions, so as to provide some examples of rearrange- 
ment of tertiary to secondary cations, a reversal 
of the usually observed behaviour. 

13C nmr studies on a number of a-ferrocenyl- 
carbenium ions generated from treatment of the 
corresponding alcohols with cold H,SO, have 
been reported by Olah and Liang (4). A similar 
technique is utilized in the present work. It was 
found that the same secondary ferrocenyliso- 
propylcarbenium ion ( l a )  was obtained when 
either the secondary ferrocenylisopropylcarbinol 
(2a) or the tertiary ferrocenylmethyldimethyl- 

'For further discussions on the stability of r-ferrocenyl- 
carbenium ions, see literature cited in ref. 3. 

carbinol (3a) was treated with concentrated 
H,SO, at 10°C. The chemical shifts from the 
'H-decoupled 13C nmr spectra of carbinols 2a 
and 3a, and carbenium ion l a ,  are summarized 
in Table 1. 

OH 

I 
CH2 -C(R)2 
a P 10, 2 1 .  31 R = CH, 

Fe lb .  2b, 3b R = C6H5 
I 

Braun et al. (5) have recently reported the 13C 
nmr spectrum of l a  generated from 2a in 
CF3COOD. The present data for l a  and 2a 
(Table 1) are essentially identical to those 
observed by these workers (5). It has been 
pointed out that the asymmetric center at C-a 
in 2a renders the C-2,5 and C-3,4 pairs of 
carbons diastereotopic, thus giving rise to five 
signals for the substituted cyclopentadienyl ring 
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LEE ET AL. 

TABLE 1. Data from the lH-decoupled 13C nlnr spectra of ferrocenylisopropyl- 
carbinol (2a), ferrocenylmethyldimethylcarbinol (3a), and the ferrocenylisopropyl- 

carbenium ion (la) 

Chemical shifts (ppm)* 
-- 

2a 2at  3a l a?  
(Acetone-d,) (CDC13) (Acetone-d,) (HzS04) 

C- 1 93.7 93.4 85.4  104.7 
C-2,5 66.1,68.3 64.9,68.9 68.0 81.4,82.1 
C-3,4 67.7 67.6,67.9 70.8 95.1,95.6 

C-1 '-C-5' 69.1 68.3 69.1 82.1 
C- a 75.2 75.1 45.7 133.4 
C-S 36.3 34.9 - 35.5 
CH3 18.2,19.0 18.6,18.8 29.4 22.5,28.7 

~ 

*Chemical shifts were measured from external TMS in a capillary tube which also contained some 
CD,N02 as a locking compound in studies with la .  

*Essentially identical results were reported in ref. 5 for 2a in CDCI3 and l a  in CF,COOD. 

TABLE 2. Data from the 'H-decoupled I3C nmr spectra of ferrocenyldiphenyl- 
methylcarbinol (2b), ferrocenylmethyldiphenylcarbinol (3b), and the ferrocenyl- 

diphenylmethylcarbenium ion (lb) 

Chemical shifts (ppm)* 

C- 1 94.5 83.6 104.9 
C-2,5 66.3,68.6 67.8 79.9,81.2 
C-3,4 67.7 71.3 94.5,94.7 

C-1 '-C-5' 69.1 69.1 81.7 
C - ~ l  72.9 43.8 140.3 
c- I3 61.5 78.9 56.01- 

Aromatic 126.8,128.7 127.0,128.3 124.3,127.8,128.2 
129.7,130.1 129.5,130.0,130.5 

Aromatic 143.7,144.3 148.7 - 
quaternary 

*Chemical shifts were measured from external TMS in a capillary tube which also contained some 
CD3NO2 as a locking compound in studies with Ib. 

?Becomes a doublet in off resonance studies, indicating the presence of 1H at C-B. 

of 2a (5). Similarly, the nonequivalence of the 
CH, groups of 2a is also due to the presence of 
the asymmetric center, a finding that was first 
observed for asymmetric isopropylcarbinols by 
Roberts and co-workers (6). The C-2,5 and 
C-3,4 pairs of carbons and the CH, groups are 
also nonequivalent in the carbenium ion l a ,  
and the origin of this nonequivalence has been 
attributed to a restricted rotation about the 
C-1-C-a bond in the a-ferrocenyl substituted 
carbocation (4, 5). The fact that tertiary carbinol 
3a also gave rise to l a  indicates the occurrence 
of a 1,2-hydride shift, converting the tertiary fer- 
rocenylmethyldimethylcarbenium ion to the more 
stable a-ferrocenyl substituted secondary carbo- 
cation l a .  

In analogous studies with the secondary fer- 

rocenyldiphenylmethylcarbinol (2b) and the 
tertiary ferrocenylmethyldiphenylcarbinol (3b), 
it was found that treatment of either of these 
alcohols with cold concentrated H,SO, gave 
rise to extensive decomposition. The ferrocenyl- 
diphenylmethylcarbenium ion (Xb), however, 
was obtained by dissolving 26 in CF,COOH at 
5°C. When the tertiary carbinol 3b was treated 
with neat CF,COOH, decomposition also oc- 
curred. Ion Ib  was generated from 3b when CF3- 
COOH (about 10%) was added to a solution of 
3b in CDCI, at 5°C and the 13C nmr spectrum 
was recorded after a relatively short contact time 
(about 4000 scans) in order to minimize decom- 
position. The chemical shifts from the 'H- 
decoupled I3C nmr spectra of carbinols 26 and 
3b, and carbenium ion Pb are given in Table 2, 
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and the spectra of ions l a  and l b  are shown in 
Fig. 1. The identification of Pb as the secondary 
ferrocenyldiphenylmethylcarbenium ion is based 
on the general similarity of its 13C nmr spectrum 
with that of l a ,  the nonequivalence of the C-2,5 
and C-3,4 pairs of carbon atoms, and the fact 
that off resonance gave a doublet for the G-P 
absorption showing the presence of one H on 
this carbon. The formation of l b  from 36 again 
indicates the occurrence of a 1,2-hydride shift 
converting the tertiary ferrocenylmethyldiphenyl- 

Y5' A 

FIG. 1. 'Pi[-decoupled 13C nnir spectra of the ferrocenyl- 
isopropylcarbeniuni ion (A) and the ferrocenyldiphenyl- 
methylcarbenium ion (B) (the quartet marked S in (B) is 
due to CF, of the CF,COOH solvent). 

carbenium ion to the secondary ferrocenyldi- 
phenylmethylcarbenium ion. 

Experimental 
Ferrocenyl Isoyropyl Ketone ( 4 )  

To a solution of 2.02 g (19 mmol) of isobutyryl chloride 
and 3.52 g (19 mmol) of ferrocene in 70 ml of methylene 
chloride was added, with stirring and under nitrogen, 
2.80 g (21 mmol) of aluminum chloride. The deep purple 
reaction mixture was stirred under nitrogen and at room 
temperature for 2 h and then heated under reflux for an 
additional 1 h. After cooling, 50 ml of water was added, 
the organic layer was separated, and the aqueous layer 
was extracted with methylene chloride (3 x 30 ml). The 
combined organic solution was washed with saturated 
sodium bicarbonate sol~ltion and then with water. After 
drying over Na,S04, removal of the solvent gave 4 3 g of 
an oily product which was purified by column chromato- 
graphy through neutral alumina (20 g) Unreacted fer- 
rocene was first removed by elution with n-hexane. Sub- 
sequent elution with 1 :1 (vol.) n-hexane-chloroform gave 
4.1 g (85%) of the brownish red ketone 4; 'H nmr (CCI,) 
6 1.17 (d, J = 6.5 Hz, 6H, CH,), 3.00 (sept. J = 6.5 Hz, 
IH, CH) 4.10 (s, 5H, C,H,), 4.40 (t, J = 1.5 Hz, 2H, part 
of C5H4), 4.75 (t, J = 1.5 Hz, 2H, part of C5H,). Anal. 
calcd, for C14H1,0Fe: C 65.65, H 6.30; found: C 65.26, 
H 6.27. 

Fer.rocenj~/isopropj~/cc~~bino~ (2a) 
To a solution of 760 mg (20 mmol) of LiAIH, in 80 ml 

of anhydrous ether was added a solution of 4.0 g (16 
mmol) of 4 in 20 ml of anhydrous ether. The resulting 
mixture was heated under reflux over N, for 4 h: cooled, 
and then treated with a few ml of H,O. The ether layer 
was separated and dried over MgSO,. Removal of the 
ether gave 3.8 g (9473 of product. Purification through 
an alumina column with elution by n-hexane gave the 
pure alcohol 2a as an orange liquid; 'H nmr (CDCI,) 
6 0.75 (d, J = 7 Hz, 3H, CH3), 0.93 (d, J = 7 Hz, 3H, 
CH,), 1.75 (m, lH ,  CH), 2.1 (s, lH,  OH), 4.06 (d, J = 
6.5 Hz, lH ,  CH), 4.15 (m, 2H, part of C,H4), 4.20 (s, 7H, 
C5H, and part of C,H4). Anol. calcd. for C,,Hl,OFe: 
C 65.14, H 7.03; found: C 65.26, H 7.01. 

Ferrocenylrlipherz~~It~zethylcarbinol ( 2 0 )  
Analogous to the synthesis of ketone 4, acylation of 

ferrocene with diphenylacetyl chloride gave a 90% yield 
of ferrocenpl diphenylmethyl ketone (5) as an orange 
solid, which was recrystallized from tetrahydrofuran- 
pentane, mp 180-182-C; 'H nmr (CDCI,) 6 4.30 (s, 5H, 
C5P15), 4.70 (t, J = 2 Hz, 2H, part of C,H,), 5.00 (t, 
J = 2 Hz, 2H, part of C5H4) 5.75 (s, lH,  CH), 7.5 (m, 
lOH, aromatic). Anol. calcd. for C,,H,,OFe: C 75.80, 
H 5.30; found: C 76.1 1, H 5.24. 

Similar to the reduction of 4 to %a, ketone 5 w7as re- 
duced with LiAlH, in anhydrous tetrahydrofuran to give 
89% yield of carbinol 2b as a yellow solid, which was 
crystallized from chloroform-pentane, mp 125-127°C; 
'H nmr (CDCI,) 6 2.25 (s, lH, OH), 3.85 (d, J = 8.0 Hz, 
1W, CH), 4.0-4.1 (m, 9H, C5H5 and C,H,), 5.00 (d, 
J = 8.0 Hz, lH, CH), 7.15 (s, 5H, aromatic), 7.3 (m, 5H, 
aromatic). Anal calcd. for C,,H,,OFe: C 75.40, PI 5.80; 
found: G 75.46, H 5.57. 
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Ferrccenylrnethpldinzethylcarbinol (3a) 
Ferrocenylacetic acid (7) was esterified with diazo- 

methane in ether to give methyl ferrocenylacetate (6); 
'H  nmr (CDCI,) F 3.35 (s, 3H, CH,); 3.70 (s, 2H, CH2), 
4.i0 (s, 9H, C5H5 and C,H,). 

A solution of 1.82 g (70 mmol) of 6 in 30 ml of ether 
was added dropwise, undt:r N,, to 2 mol equiv. of 
CH3Mgl in 50 ml of ether. The resulting mixture was 
heated under reflux for 2 h. A.fter decomposition with a 
saturated aqueous solution of NH,C!, the ether layer was 
separated, dried over MgSO,, and evaporated to give 
1.72 g (89%) of carbinol 3a. Recrystallized from ether, 
it melted at 51-53°C; 'H nmr (CDCI,) 6 1.15 (s, 6K, 
CPla), 1.70 (s, lH, OH) 2.50 (s, 2H, CH,), 4.10 (s, 9H, 
C5M5 and C,H,). Anal. calcd. for C,,H,,OFe: C 65.14, 
H 7.03; found: C 65.26, R 6.99. 

LEE ET AL. 1027 

Feeriocen,vlmethyl$iphenylca~bitlol (3b)  
Carbinol 3b was prepared from reaction of 6 with 

PhMgRr in the same way as in the preparation of 3a. 
A 93% yield of the crude product was obtained as an 
orange oil. Purification by passage through a salicic acid 
column, with elution by CHCI,, followed by trituration 
wjthn-hexane gave the crystalline product, nip103-104'vC; 
'H nmr JCCI,) 6 2.65 (s, 1H, OH), 3.33 (s, 2H, CH,), 
3.90 (t, J = 2 Hz, 2H, part of C,H,), 4.00 (t, J = 2 Hz, 
2H, part of C5H,), 4.10 (s, SH, C,H,): 7.1-7.4 (m, 10H, 
aromatic). Anal. calcd. for f ,,H2,0Fe: C 75.43, 13 5.80; 
found: C 75.66, H 5.55. 

~\~uciear i\dagnetic Resonance Sr~ectin 
The 'ii: nmr spectra were taken with a Varlan T-60 or 

HA-100 spectrometer, and the 13C nlnr spectra were 
obtained with a Bruker WP-60 spectrometer with 8K 

memory. When ion In  was generated from carbinol2a or 
3a in H,SO, at 1O0C, attempts at trapping the ion by 
pouring the reaction mixture into cold CH,OH gave 
only the olefin, 1-ferrocenyl-2-methylpropene, mp (after 
sablimation) 35-36°C; '1-4 nmr (CCI,) 6 1 72 (s, 3H, CH,), 
1.75 (s, 3H, CM,). 3.90 (s, 5K, C5H5), 3.95, 4.05 (m, 41-1, 
C,H,), 5.85 (m, lM, CHI. Anal. calcd. for C,,H,,Fe: 
C 70.02, H 6.72; found: C 70.33, EI 6.98. No attempts 
were made to trap ion Bb from studies with carbinol 21: 
or 31:. 
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A kinetic investigation of the effects of molecular complexing 
on the acidities of some n: donor carboxylic acids 
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ALLAN K.  COLTER and R. JAMES KERSTING. Can. J. Chem. 55, 1028 (1977) 
Rates of reaction of the five 71 donor acids indole-3-acrylic acid (IAA), indole-5-carboxylic 

acid (ICA), 3,4,5-trimethoxybenzoic acid (TMBA), 2,4-dihydroxybenzoic acid (DHBA), 
and 3,4,5-trihydroxybenzoic acid (THBA) with 4-chlorodiphenyldiazomethane (4-ClDDM) in 
ethanol at 30 "C were measured in the presence of the 71 acceptors 1,3,5-trinitrobenzene (TNB), 
benzotrifuroxan (BTF), and 1,2,4,5-tetracyanobenzene (TCNB) and in the absence of acceptor. 
For 12 of the 13 combinations studied, added acceptor produced rate enhancements. The rate 
data were combined with independently-determined I : 1 acceptor - donor acid association con- 
stants to obtain second-order rate constants for reaction of the 1 : I acceptor - donor acid com- 
plexes. From the increase in the rate constant resulting from complexation, estimates of the 
increase in K,(H,O, 25 "C) produced by complexation were obtained for 13 acceptor - donor 
acid combinations. Second-order rate constants for reaction of 4-CIDDM with 10 other 
carboxylic acids and p-toluenesulfonic acid in ethanol at  30 ' C  were also measured and the 
pattern of reactivity shown to parallel very closely that of diphenyldiazoinethane. 

ALLAN K. COLTER et R. JAMES KERSTING. Can. J. Chem. 55, 1028 (1977). 
On a mesure les vitesses de reaction de cinq acides donneur n l'acide indole acrylique-3, 

(IAA), l'acide indole carboxylique-5 (ICA) l'acide trimethoxy-3,4,5 benzoi'que (TMBA) 
I'acide dihydroxy-2,4 benzoi'que (DHBA) et l'acide trihydroxy-3,4,5 benzoi'que (THBA) avec 
le chloro-4 diphenyldiazomCthane (4-CIDDM) dans l'tthanol a 30 "C en presence d'accepteurs 
-71 comme le trinitro-1,3,5 benzene (TNB), le benzotrifuroxanne (BTF) et le tttracyano-1,2,4,5 
benzkne (TCNB) ainsi queen l'absence d'accepteur. Dans les cas de 12 des 13 combinaisons 
etudites, l'addition d'accepteur conduit a des augmentations de vitesse. On a combine les 
donnies concernant les vitesses avec les constantes d'association acide donneur - accepteur 1 : 1 
determine d'une facon independante de faqon a obtenir les constantes de vitesses du deuxikme 
ordre pour la reaction des con~plexes acide donneur - accepteur 1 : 1. A partir des augmenta- 
tions dans la constante de vitesse par complexation, on a pu estimer l'augmentation dans 
K,(H,O, 25 'C), produite par une complexation, pour 13 des combinaisons acide donneur - 
accepteur. On a aussi mesure les constantes de vitesse du deuxieme ordre pour la reaction du 
4-CIDDM avec 10 autres acides carboxyliques et I'acide p-toluknesulfonique dans I'ethanol a 
30 " C ;  on a montre que les tendances dans la reactivite sont tres paralleles avec celles du 
diphenyldiazomethane. 

[Traduit par le journal] 

Our interest in the chemical effects of molec- 
ular complexing (ref. 1 and previous papers in 
this series) has led us to investigate the influence 
of molecular complexing on acid-base prop- 
erties. The previous paper in the series (2) 
describes an approach to the problem involving 
potentiometric measurements in aqueous solu- 
tion. While the potentiornetric method is 
relatively direct, its application is limited in 
practice to investigations of electrically charged 
complexing agents, where the total effect of 
complexation is a result of contributions from 

'Present address: Department of Chemistry, Univer- 
sity of Guelph, Guelph, Ontario. 

both charge-transfer and direct electrostatic 
interactions. 

An objective of the present work was to 
obtain a nleasure of the influence of charge- 
transfer interaction on acid-base properties in 
weak complexes. How, for example, is the 
acidity of a benzoic acid affected by complexa- 
tion with trinitrobenzene ? Inforn~ation of this 
kind is of interest in relation to recurring ques- 
tions (3) concerning the contribution of charge- 
transfer forces to the enthalpy of formation of 
weak donor- acceptor complexes and the extent 
of charge transfer in such complexes. 

We describe here an indirect approach to the 
estimation of the effects of complexation on 
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COLTER AND KERSTING 1029 

acidity which is based on the effect of complexing 
on the rate of a general acid-catalyzed reaction. 

Method 
For a series of structurally related acids the 

catalytic constants k are frequently related to 
their acidity constants K, by means of a Bronsted 
catalysis law expression [I]  (4). For a reaction 

I log k = rx. log K, + c 

mixture containing a donor acid, HD, and an 
acceptor, A, which forms a 1: 1 complex with 
the acid, the reaction will be catalyzed by both 
complexed and uncomplexed acid. Provided 
that the acceptor does not interact with the 
substrate and does not significantly affect the 
catalytic constant for the uncomplexed donor 
acid, the observed rate constant in such a mix- 
ture is given by [2] 

[2] k,,, = k[HD] + k,[HD.A] 

= k{cHD - [HD.A]) + kc[HD.A] 

= kcHD + (kc - k)[HD.A] 

where kc is the catalytic constant for the 1 : 1 com- 
plex, [HD] and [HD.A] are actual concentrations 
of uncomplexed and complexed donor acid, re- 
spectively, and c,, is the stoichiometric con- 
centration of donor acid. Rearrangement of [2] 
leads to an expression [3] for the catalytic 
constant of the 1 : 1 complex. From 

k c = k +  kobs - ~ C H D  
[HD .A] 

the equilibriun~ condition for 1 : 1 complexation 
[4] one can obtain an explicit expression for 

[I] K = 
[HD .A] 
CJrIDlCAI 

[HD.A] in terms of K, c,,, and the stoichio- 
metric acceptor concentration c,. By substitu- 
tion into [3] one could then obtain an equation 
containing only two unknowns, kc and K. In 
theory. then, measurement of kob, at two or 
more acceptor concentrations could lead to both 
kc and K. However, the success of such an ap- 
proach requires significant rate effects by added 
acceptor over a range of acceptor concentrations 
corresponding to a substantial variation in the 
fraction of the acid which is complexed (1, 5) .  

In the present work it was found necessary to 
determine K spectrophotometrically. Having K, 
c,,, and c, for a particular kinetic experiment, 
[HD.A] can then be calculated. From k,,,, k 
(the rate constant measured in the absence of 
acceptor), and c,,, the catalytic constant for 
the 1 : 1 complex can then be calculated from 
[3]. Finally, assuming that kc obeys the Bronsted 
relation [I], the acidity constant for the 1 : 1 
complex, K,', can be estimated by means of [5]. 

The reaction chosen for the present investiga- 
tion was the reaction of diphenyldiazomethane 
(DDM), or one of its derivatives, with carboxylic 
acids in ethanol solvent. In addition to its 
convenience, this reaction has several desirable 
features for our purposes. It is one of the most 
extensively studied of all organic reactions with 
respect to structural influences on the rate (6), 
it has been thoroughly studied from a mechan- 
istic standpoint (7) ,  and there is strong evidence 
that the rate determining step involves transfer 
of a moton from the acid to the DDM. General 
acid catalysis has been established, and for 
selected groups of closely related carboxylic 
acids at least, the rates are well correlated by 
means of a Bronsted relation (see later discus- 
sion, however). 

Results 
Since the method requires that the reactivity 

of the substrate be unchanged by the presence 
of acceptor we first examined mixtures of DDM 
and 1,3,5-trinitrobenzene (TNB) by uv-visible 
spectroscopy. The spectrum of a solution con- 
taining 0.003 M DDM and 0.051 M TNB 
shows some enhancement of absorption over 
the sum of the spectra of solutions of DDM and 
TNB alone. The DDM absorption band at 
520 nm was enhanced and broadened by addi- 
tion of TNB, indicating a weak interaction 
between the two compounds. With the hope of 
reducing the interaction by steric hindrance we 
synthesized 4,4'-di-tert-butyldiphenyldiazometh- 
ane and examined its spectrum with an without 
added TNB. Addition of TNB resulted in an 
even greater enhancement of the long wave- 
length absorption of the diazo compound 
(A,,, = 535 nm). In addition, a discrete new 
absorption band appeared at 465 nm. The failure 
of the two tert-butyl groups to hinder complexing 
suggests that the interaction must involve 
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TABLE I .  Rate o f  reaction o f  4-CIDDM with acids in ethanol at 30 "C 

[Acid] k P& 
Acid ( M )  (emol- '  min-')" (Hz0, 25 ' Q b  

Benzoic 
o-Chlorobenzoic 
p-Chlorobenzoic 
trans-Cinnamic 
p-Methoxy-trans-cinnamic 
2-Furoic 
o-Methoxybenzoic 
1-Naphthoic 
p-Nitrobenzoic 
Acetic 
p-Toluenesulfonic 
Indole-3-acrylic 
Indole-5-carboxylic 
3,4,5-Trimethoxybenzoic 
2,4-Dihydroxybenzoic 
3,4,5-Trihydroxybenzoic 

4.20 
2.92 
3.98 
4.44 
4.54 
3.16 
4.09 
3.69 
3.43 
4.75 

- 
- 

4.83 (30 'C)' 
4.03 (30 "C)" 
3.22 (30 "C)  
4.33 

"Average of  indicated numbers of runs (in parentheses), with average deviations 
*Taken from ref. 12 except \%here noted. 
CD. Buben, unpublished work. 

the diazo group. Interestingly, the thermal 
stability of 4,4'-di-tert-butyldiphenyldiazometh- 
ane in ethanol appears to be markedly increased 
by TNB. Because of the sensitivity of the inter- 
action to substitution. 4-chlorodiphenyldiazo- 
methane (4-ClDDM) was examined. Ultra- 
violet-visible spectra of mixtures of 4-ClDDM 
and TNB and of 4-ClDDM and benzotrifuroxan 
(BTF) showed no evidence of complexing. 

Earlier kinetic studies of the reaction of 4- 
CIDDM with acids (8) have been limited to 
toluene solvent. We therefore examined the 
kinetics of reaction of 4-CIDDM with 14 
carboxylic acids and p-toluenesulfonic acid in 
ethanol at 30 "C. Rate measurements were 
carried out under pseudo first-order conditions 
using an excess of acid and following the dis- 
appearance of 4-ClDDM spectrophotometri- 
cally. By analogy with the DDM reaction (7) 
we expect about 0.60 mol of carboxylic acid to 
be consumed per mol of 4-CIDDM reacting, 
with the formation of ester and ether in the 
ratio of about 3:  2. In approximate agreement 
with expectations, reaction of 4-CIDDM with 
indole-3-acrylic acid was determined by titration 
to consume 0.54 mol of acid per mol of 4- 
CIDDM. No curvature in first-order rate plots 
could be detected under the conditions of our 
measurements. Second-order rate constants 
(Table l), calculated by dividing observed 
pseudo first-order rate constants by the con- 
centration of acid, showed no significant de- 

pendence on acid concentration over the con- 
centration ranges studied. The second-order 
rate constants for 4-ClDDM can be compared 
to literature values for DDM (9) under identical 
conditions for nine of the carboxylic acids in 
Table 1 (all except p-methoxy-trans-cinnamic 
acid and the five donor acids chosen for the 
present study). For these nine acids k (DDM)/k 
(4-ClDDM) = 2.09 + 0.17. Excluding 2-furoic 
acid (9c) (ratio = 2.65) and 2-methoxybenzoic 
acid (9e) (ratio = 1.79) the average ratio is 
2.05 0.08. For comparison, Hancock et al. 
(8a) found DDM to be 2.07 times as reactive as 
4-CIDDM in reaction with benzoic acid in 
toluene at  25 "C. The very close correspondence 
in the reactivities of DDM and 4-CIDDM 
means that we can use the extensive literature 
data for the former to define the Bronsted 
relation [I] needed to estimate the influence of 
complexation on the acidity constant. 

Using the reported K, for benzoic acid in 
ethanol at  25 "C (6.3 x lo- ' ' )  (10) and the 
measured catalytic constant for p-toluene- 
sulfonic acid, Re calculate that less than 1% 
of the reaction of 4-CIDDM with 0.05 M 
benzoic acid is due to oxonium ion catalysis. 
A similar conclusion was reached by Roberts 
e l  al. (11) for the reaction of benzoic acid with 
DDM under the same conditions. 

Five donor acids \$ere chosen for investigation 
of the influence of nlolecular complexing on 
acidity. These s e r e  indole-3-acrylic acid (IAA). 
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indole-5-carboxylic acid (ICA), 3,4,5-trimethoxy- 
benzoic acid (TMBA), 2,4-dihydroxybenzoic 
acid (DHBA), and 3,4,5-trihydroxybenzoic acid 
(THBA). Benzoic acid itself, because of the 
electron-withdrawing nature of the carboxyl 
group, is expected to have only very weak n 
donor properties. It was anticipated that two 
or three hydroxy or methoxy groups or a fused 
pyrrole ring would more than neutralize the 
effect of the carboxyl group providing acids 
with pronounced 7t donor properties. In fact, all 
five donor acids gave visible color enhancement 
with TNB in ethanol solution. In contrast, p- 
methoxybenzoic, cinnamic, p-methoxycinnamic 
and 2-furoic acids gave no visible evidence for 
complexing with TNB. In addition to the 
pronounced n donor properties of the indole 
ring (13) the choice of IAA and ICA was based 
on a second consideration. If the donor- 
acceptor interaction is centred on the pyrrole 
ring, the substantial separation between the 
site of complexation and the carboxyl group 
should reduce the likelihood of steric hindrance 
by the acceptor in the transition state for reac- 
tion of the co~nplexed acid. All five of the donor 
acids have conveniently measurable second- 
order rate constants (Table 1). 

The acidity of a phenol is expected to be 
influenced to a greater extent by complexation 
than the acidity of a substituted benzoic acid 
since the charge on the phenoxide ion is de- 
localized onto the aromatic ring. Unfortunately, 
the n donor phenols are too weakly acidic to 
study in the 4-ClDDM reaction. For example, 
the rate of disappearance of 4-CIDDM in the 
presence of 0.3 rM 2,6-dimethylphenol in ethanol 
at 65 "C was identical, within experimental 
uncertainty to the rate in the absence of phenol. 

For the purposes of the present study the TC 

acceptor must have reasonable solubility in 
ethanol and must be stable in ethanol at least 
for the time required for the kinetic measure- 
ments. Few of the stronger n acceptors meet 
both criteria. For example, 2,4,7-trinitrofluore- 
none and chloranil have insufficient solubility 
in ethanol; tetracyanoethylene and pyromellitic 
dianhydride solvolyze in ethanol to yield acidic 
solutions. The acceptors TNB, benzotrifuroxan 
(BTF) (14), and 1,2,4,5-tetracyanobenzene 
(TCNB) (15) were chosen for closer scrutiny. 
As measured by charge-transfer maxima (16), 
the acceptor strengths of the three acceptors lie 
in the order TCNB > TNB 2 BTF. The few 

comparisons which have been made indicate 
that BTF (14) and TCNB (17) form complexes 
with aromatic n donors of comparable or 
greater stability than the corresponding TNB 
complexes. 

In order to distinguish effects due to com- 
plexation of donor acid from other medium 
effects of added acceptor, two kinds of control 
experiments were carried out. The influence of 
added acceptor was examined in the reaction of 
4-ClDDM with the non-donor acid acetic acid 
and in the thermal decomposition of 4-ClDDM 
at 30 "C in the absence of acids. A portion of 
the results are summarized in Table 2. The 
results clearly show that any increase in the 
rate of the acetic acid reaction produced by 
0.070 M TNB is well within the experimental 
error. The effect of BTF varied from sample to 
sample. One sample (Table 2) produced a rate 
increase of about 12.5% at a concentration of 
0.030 M. A rate measurement using the same 
concentration of this sample of BTF alone 
showed that the increase could be attributed 
entirely to catalytic activity of the BTF and was 
therefore not due to an interaction between 
the acetic acid and the BTF. This catalytic 
activity is apparently due to an acidic impurity 
in the BTF, though repeated crystallization 
from acetic acid and benzene failed to alter its 
catalytic activity. A second independently 
prepared sample gave approximately the same 
rate increase, while a third sample exhibited no 
effect whatever on the rate of decomposition of 
4-ClDDM. This sample was used in the rate 
runs reported in Table 3. Finally, TCNB at 
saturation (approximately 0.010 M)  had no 
measurable effect on the rate of decomposition 
of 4-ClDDM. 

Tables 3 and 4 summarize the results of rate 
measurements involving the five donor acids with 
and without added TNB, BTF, and TCNB. 
The rate enhancements produced by 0.050 and 
0.070 M TNB ranged from 12 to 22%, well 
outside the experimental uncertainty with all 
five donor acids (Table 3). Also included in 
Table 3 are the results of some experiments with 
p-methoxy-trans-cinnamic acid, an acid ex- 
pected to have weak n donor properties but 
which gives no visible evidence for complexing 
with TNB in ethanol (above). Significantly, the 
rate increase (5%) was much smaller than 
that obtained with the other five donor acids, 
just marginally outside the combined experi- 
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TABLE 2. Rates of reaction of 4-CIDDM with acetic acid in ethanol at 
30 'C, with and without added TNB and BTF 

[Acetic acid] [Acceptor] 102k,,, 
(MI Acceptor ( M )  (min-I). 

none 
TNB 
TNB 
none 
TNB 
TNB 
none 
BTF 
BTF 

OAverages of indicated numbers of runs (in parentheses), with average deviations. 

TABLE 3. Rates of reaction of 4-ClDDM with donor acids in ethanol at 30 "C, with and without 
added TNBa 

[Acid] 
Acidb (MI 1021c,,, (without TNB)" 102k,,, (0.070 M TNB)' 

IAA 0.035 
0.050 

ICA 0.035 
0.050 
0.080 

TMBA 0.035 
0.050 
0.080 

DHBA 0.035 
0.050 
0.080 

THB A 0.040 
0.050 
0.050 
0.080 

p-Methoxy-trans- 
cinnamic acid 0.035 

"0.070 A t  unless otherwise specified. 
bSee text for abbreviations. 
'Averages of indicated numbers of runs (in parentheses) with average deviations. 
dConcentration of T N B  is 0.050 M. 

mental uilcertainties of the two rate constants. 
Even at 0.010 and 0.015 M conceiltrations of 
BTF, rate increases well outside the experi- 
mental uncertainty (approximately 22, 11, and 
13 %, respectively) were observed N ith IAA, 
ICA, and DHBA. The difficulty in obtaining 
samples of BTF showing negligible catalysis 
in the absence of acid limited the scope of our 
study with this acceptor. For unknown reasons, 
the kinetics of the reaction of TMBA with 4- 
CIDDM in the presence of BTF were not re- 
producible. The solubility of TCNB in ethanol 
in the presence of the donor acids is around 
0.010 M. At  this low concentratioll observed 

rate enhancements were just barcly outside the 
combined experimental uncertainties of the rate 
constants with and without added acceptor with 
TMBA, DMBA, and THBA. With ICA a rate 
increase comparable to the experimental un- 
certainty was observed, while with IAA, 
0.010 M TCNB gave a very small rate decrease, 
which, however, is well within the limits of the 
experimental uncertainty. 

In addition to the studies with the three un- 
charged acceptors some preliminary investiga- 
tions were carried out wiih one cationic acceptor, 
N-methylquinolinium chloride (NMQ'Cl-). In 
our potentiometric studies of the effects of 
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COLTER AND KERSTING 1033 

TABLE 4. Rates of reaction of 4-CIDDM with donor acids in ethanol at 30 "C with and without added BTF and TCNB 

[Acid] [Acceptor] 
Acida (M) Acceptora (1M) 10Zk,,, (without acceptor)* 1O2k,,, (added a ~ c e p t o r ) ~  

I A A 0.060 BTF 
BTF 
TCNB 

ICA 0.045 BTF 
BTF 
TCNB 

TMBA 0.050 TCNB 

DHBA 0.050 BTF 
BTF 
TCNB 

THBA 0.050 TCNB 

'See text for abbreviations. 
BAverages of  indicated numbers of runs (in parentheses) with average deviations 

TABLE 5. Equilibrium constants (K) (emol-') for moiecular complex forma- 
tion in ethanol at 30 "C" 

Acceptor 

Donor acidb TNB BTF TCNB 

I A A 2.4510.16(2) 2.23+0.14(3) 1.93+0.06(2) 
IC A 4.63*0.09(2) 4.36_+0.28(3) 3.75+0.24(2) 
TMBA 1.10(1) - 3.52 1 0.08(3) 
DHB A 1.5610.65(2) 4.44+0.16(3) 0.67+0.14(3) 
THBA 2.18(1) 4.7610.02(2) 1 .72i0 .23(3)  

OAverages of determinations at  indicated numbers of  havelengths (in parentheses) i\ith 
average deviations. See Experimental section for details. 

bSee text for abbrev~ations. 

molecular complexing on acid-base equilibria 
(2) it was found that electrostatic effects are 
generally more important than effects due to 
charge-transfer interaction in weak complexes 
involving anionic acceptors. Addition of 
NMQtC1- to ethanolic solutions of IAA or 
THBA produces a visible color change. How- 
ever, the rates of reaction of 0.040 M acetic 
acid, 0.040 M IAA, and 0.050 M THBA with 
4-CIDDM in the presence of 0 .050M 
NMQ'CI- were identical within experimental 
error to the rates of the same reactions in the 
presence of 0.050 M tetraethylammonium chlo- 
ride (TEA'CI-), a non-acceptor salt. Further- 
more, second-order rate constants for the three 
acids in the presence of either salt were within 
5% of those in the absence of salt. In contrast, 
Roberts et al. found that 0.05 M LiC10, pro- 
duced rate increases of around 10-12% in the 
reaction of DDM with benzoic (11) and acetic 
(18) acids. It is possible that the NMQf - donor 
acid complexes do not show the expected cat- 

alytic activity because of steric hindrance. 
However, there is no obvious reason why the 
NMQf and TNB complexes should be any 
different in this respect, and no attempt was 
made to answer this question. 

In order to estimate the catalytic constants 
for the acceptor - donor acid complexes for 
which kinetic data are available, it is necessary 
to have an estimate of the concentrations of 
cornplexed and unco~llplexed acid under the 
conditions of a particular rate measurement. 
For this reason, 1: 1 association constants for 
all donor acid - acceptor pairs were measured 
spectrophotometrically. The results are sum- 
marized in Table 5. The determinations were 
carried out using a modification of the procedure 
of de Maine and Seawright (19) (Experimental). 
Where possible, measurements were usually 
made at  three wavelengths. With some systems 
overlap of the charge-transfer absorption with 
the acceptor absorption was so severe that 
measurements were only practical at  one or 
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TABLE 6. Catalytic constants k , ( tmol- l  min-') for reaction of acceptor-donor acid complexes with 
4-CIDDM in ethanol at 30 "C 

[Acid] [Acceptor] 102k, 
Acida ( M )  Acceptora ( M )  (emol-I min-l)b kclkb 

IAA 0.035 TNB 0.070 0.55(0.46-0.66) 
0.050 TNB 0.070 0.44(0.34-0.55) 

ICA 0.035 TNB 0.070 0.32(0.26-0.37) 
0.050 TNB 0.070 0.35(0.33-0.37) 
0.080 TNB 0.070 0.34(0.28-0.40) 

TMBA 0.035 TNB 0.070 1.7(1.4-2.1) 
0.050 TNB 0.070 2.0(1.6-2.5) 
0.080 TNB 0.070 1.9(1.8-2.2) 

DHBA 0.035 TNB 0.070 5.1(3.9-7.9) 
0.050 TNB 0.070 4.8(3.6-7.8) 
0.080 TNB 0.070 5.3(4.2-7.8) 

THBA 0.040 TNB 0.070 0.51(0.36-0.70) 
0.050 TNB 0.070 0.54(0.49-0.61) 
0.050 TNB 0.050 0.49(0.42-0.60) 
0.080 TNB 0.070 0.57(0.46-0.70) 

IAA 0.060 BTF 0.010 l.g(l.4-2.2) 
0.060 BTF 0.015 1 .8(1.5-2.2) 
0.060 TCNB 0.010 O(0-0.3 1) 

ICA 0.045 BTF 0.010 0.47(0.38-0.56) 
0.045 BTF 0.015 0.55(0.44-0.68) 

DHBA 0.050 BTF 0.010 4.4(2.5-6.4) 
0.050 BTF 0.015 5.9(4.9-7.0) 

ICA 0.045 TCNB 0.010 0.30(0.13-0.50) 

TMBA 0.050 TCNB 0.010 1.8(1.2-2.5) 

DHBA 0.050 TCNB 0.010 12(4-22) 

THBA 0.050 TCNB 0.010. 0.69(0.33-1.08) 

Osee text for abbreviations. 
bMinimum and maximum values, estimated as described in text, given in parentheses. 

two wavelengths. For all except three com- 
binations (DHBA-TNB, DHBA-TCNB, and 
THBA-TCNB) where measurements were car- 
ried out at more than one wavelength, average 
deviations were +6.5% or less. A more realistic 
estimate of the uncertainty in K is likely around 
10 to 20%, except where average deviations are 
larger (20). 

The 1 : 1 association constants were then com- 
bined with the results of the kinetic studies to 
calculate the catalytic constant k, for the 1: 1 
acceptor - donor acid complex for each com- 
bination studied. The results are listed in Table 6 
for each set of rate comparisons in Tables 3 and 
4. Also listed are values of kJk, the factor by 
which the catalytic constant of the donor acid 
is increased by complexing. The first step in the 
calculation of kc is calculation of the concentra- 
tion of the 1 : 1 acceptor - donor acid complex, 
[HD.A], under the conditions of the rate mea- 

surements, from c,,, c,, and K. The calculated 
value of [HD.A] is then combined with pseudo 
first-order rate constants in the nresence and 
absence of acceptor (where k,,, in the absence 
of acceptor = kc,,) to calculate kc by means of 
[3]. Rate measurements in the presence and 
absence of acceptor at the same acid concentra- 
tion were carried out simultaneously and values 
of k,/k were calculated from the value of k,,, 
in the absence of acceptor (Tables 3 and 4). 

For purposes of comparison of kc/k ratios 
it is important to have an estimate of experi- 
mental uncertainty, particularly for numbers 
calculated from small rate enhancements. Such 
estimates were obtained in the following way. 
Uncertainties in individual pseudo first-order 
rate constants were taken as the average devia- 
tions for three or four duplicate measurements 
(Tables 3 and 4), and used to calculate maximum 
and minimum values for the difference (k,,, - 
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TABLE 7. Estimates of the effect of complexing on the acidity, 
Kac/Ka(H,O, 25 "C)" 

Acceptorb 
- 

Donor acidb TNB BTF TCNB 

I A A 2.6i.0.1 10.5i.O.l 0  
ICA 1 . 8 i 0 . 1  3 . 1 k 0 . 3  1.8 
TMBA 3 . 3 k 0 . 1  - 3 . 0  
DHBA 3 . 6 1 0 . 1  3 . 4 i 0 . 6  8 . 4  
THBA 2 . 7 1 0 . 1  - 3.6 

"Averages of average Kac, lK,  values from separate rate comparisons. ~ i t h  
average deviations. 

%ee text ~ O I -  abbreviations. 

kc,,,). Using the average deviation in K as a 
measure of its experimental uncertainty, min- 
imum and maximuin values of [ H D A ]  were 
calculated for the conditions of each rate com- 
pzrison. Where a K was measured at a single 
wavelength its uncertainty was taken arbitrarily 
as f 10%. Minimum and maxin~uni values of kc 
were then calculated from minimum and max- 
imbtm values of (k,,, - kc,,) and maximum and 
minimum values of [HD.A], respectively. Al- 
though uncertainties in Klnay be underestimated 
in some cases by this procedure, the calculated 
uncertainties in kc and k,/k reflect mainly un- 
certainties in the rate increases and are iil- 
Auenced only slightly by a 10% uncertainty in K. 
We believe, therefore, that our estimates of the 
uncertainties in kc and kc/k are maximum un- 
certainties. Values of kc and k,/k obtained from 
rate comparisons a t  different acid and/or 
acceptor concentrations are generally in good 
agreement and the ranges of kc and kc/k overlap 
without exception. 

Finally, it remains to estimate the effects 
of molecular complexing on the acidity con- 
stant by means of [5]. For this purpose cc is the 
slope of a plot of log Ic for reaction of 4-C1DDM 
with carboxylic acids a t  30 "C us. log K, in H,O 
at 25 "C. For the 14 carboxylic acids in Table 1 
for which the K,'s have been measured, a = 0.59 
(standard deviation 0.06). However, since the 
relative reactivities of 4-CLDDM and D D M  are 
essentially independent of the acid (above) 
we may use the much more extensive data for 
the latter to choose an appropriate value of a. 
Unfortunately, though good correlatiolls are 
obtained for small groups of closely related 
carboxylic acids, there is considerable variation 
of a from one group to another. For example, 
for selected groups of nieta- and para-substituted 
benzoic acids a (equal to the Hammett p in the 

case) is 0.93-0.95 (21-24), for phenylacetic 
acids, 0.72 (23) P-phenylpropion~c acids 0.92 
(23), phenoxyacetic acids 0.72 (23), trans- 
cinnarnic acids 1.0 (231, 3-substituted acrylic 
acids 0.72-0.74 (24), ortho-substituted benzoic 
acids 0.79 (24), substituted acetic, and propionic 
acids 0.62 (9f). Values of both log k (DDM, 
ethanol, 30 'C) and Ka (thermodynamic, H,O, 
25 "C) have now been reported in the literature 
for 19 nleta- and para-substituted benzoic acids. 
For this group cc = 0.91 (standard deviation 
0.02, corr. coeff. 0.995) and we have used this 
value to obtain the estimates of KaC/K, listed in 
Table 7. 

Discussion 
The most important result of this work is the 

demonstration that with a single exception 
(IAA + TCNB) addition of the n acceptors 
TNB, BTF, and TCNB to the reactions of five n 
donor carboxylic acids with 4-ClDDM in 
ethanol produces measurable rate enhance- 
ments. We have interpreted these rate enhance- 
ments as resulting from formation of a 1 : 1 
acceptor - donor acid complex which is a 
stronger acid than the unconiplexed acid. By 
combining the rate data with independently- 
determined 1 : 1 association constants we have 
calculated the factors, kc/k, by which the cat- 
alytic constants of the acids are increased by 
complexation, and from these have estimated the 
factors, Kac/K,, by which the acidity constant is 
increased by complexation. 

Before considering the significance of the 
derived results in Tables 6 and 7, it is important 
to review the evidence supporting our inter- 
pretation of the rate enhancements. With 0.070 
M TNB and 0.015 lliI BTF, rate enhancements 
well outside experimental error were observed 
with every acid showing visible evidence for 
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complexing, while the rate of reaction of p- 
methoxy-trans-cinnamic acid, a very weak n 
donor showing no visible evidence for complex- 
ing with TNB, was increased only 5 f 3% by 
0.07 M TNB. The rate of reaction of the non- 
donor acid acetic acid was unchanged by 
0.070 M TNB. The rate of decomposition of 4- 
ClDDM in ethanol was unaffected by the 
presence of the three acceptors at concentrations 
used in the rate enhancement measurements. 
Finally, values of kc/k calculated from rate 
comparisons at different concentrations of TNB 
or BTF and/or different donor acid concentra- 
tions are in good agreement. 

The most striking feature of the kc/k values 
in Table 6 is their similarity. Average k,/k values 
for 8 of the 13 combinations studied lie in the 
range 2.0 to 3.5 and only 2 values, those for IAA- 
BTF (8.5) and IAA-TCNB (0) lie outside this 
range by more than the experimental uncer- 
tainty. 

Complexing could produce an increase in 
acidity by means of at least two kinds of 
electronic effects. The most likely interaction 
mechanism of general importance is n electron 
charge-transfer from donor to acceptor, in 
accordance with the Mulliken description of 
donor-acceptor complexes (25). The extent of 
charge-transfer should increase with decreasing 
donor ionization energy and increasing ac- 
ceptor electron affinity, however it is likely to be 
small and reasonably constant for the weak 
complexes studied in this work. Complexing 
could also influence acidity through direct 
electrostatic interaction between polar groups 
(e.g., NO,) in the acceptor and the donor 
carboxyl group. Such field effects could facilitate 
or impede loss of a proton, depending on the 
preferred relative orientation of the complexed 
donor and acceptor, and are more likely to 
vary from one donor-acceptor combination to 
another. Changes in equilibrium acidity re- 
sulting from complexiilg could be partly ob- 
scured by unfavorable steric effects in the proton 
transfer transition state. Again, steric effects 
should vary widely from one donor-acceptor 
combination to another. 

The close similarity of the k,/k values strongly 
suggests that steric effects are generally un- 
important. On the other hand, steric hindrance 
appears to be the most plausible explanation for 
the lack of reactivity of the IAA-TCNB com- 
plex. This result is reminiscent of the work 

of Menger and Bender (26) who found com- 
plexes of N-(indole-3-acryloy1)imidazole and 
p-nitrophenyl 3-indoleacrylate with 3,5-dinitro- 
benzoate to be inert in basic hydrolysis. A 
similar, though somewhat weaker argument can 
be made for the general unimportance of dipolar 
field effects, though such effects could be im- 
portant in either or both of the systems whose 
kc/k values lie outside the 2.0-3.5 range. We 
consider, therefore, that the results of this 
investigation provide clear evidence for signifi- 
cant charge-transfer in weak donor-acceptor 
complexes. 

Experimental uncertainties in kc/k make 
comparisons between donors risky, particularly 
outside of the TNB results. No clear order of 
donor or acceptor strengths is discernible from 
the kc/k values, nor does any constant pattern 
of donor or acceptor strengths emerge from the 
equilibrium studies. As was found in the cat- 
alysis of acetolysis of 2,4,7-trinitro-9-fluorenyl 
p-toluenesulfonate by aromatic hydrocarbon 
donors (1) and by methoxynaphthalene donors 
(27) there is little relationship between the 
stability of the complex (as measured by K) 
and the chemical effect of complexing (kc/k). 

Finally, it is interesting to compare the effects 
of complexing on acidity with the effects of 
electron-withdrawing substituents on the 
acidities of benzoic acids. Log (KZc/K,) values 
from this work vary over the ranges 0.26-0.56 
(TNB), 0.5-1.0 (BTF), and 0.2-0.9 (TCNB). 
These (presumed) electron-withdrawing effects 
are therefore similar to those of substituents in 
the benzoic acids (log K/K,,, or o), e.g., p-C1 
(0.26), m-CN (0.56), p-CN (0.78). These effects 
are also comparable to the electronic effects of 
complexing by aromatic donors in acetolysis 
of 2,4,7-trinitro-9-fluorenyl p-toluenesulfonate 
where, for example, complexatioil with phenan- 
threne has about the same effect as removal of 
the 2-nitro group. The much smaller rate en- 
hancements in the present work are due n~ostly 
to the much lower sensitivity of the K, of 
benzoic and related acids to electron with- 
drawal from the benzene ring. 

Experimental 
Reagents 

4-Chlorodiphenyldiazomethane, prepared as described 
by Schroeder and Katz (28), was purified by crystal- 
lizing twice from dry methanol; mp 34.5-35.5 ' C ,  uv 
h,,, (ethanol) = 520 nm. 4,4'-Di-tert-butyldiphenyldiazo- 
methane, was prepared by silver oxide oxidation (28) 
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COLTER AND KERSTING 1037 

TABLE 8. Experimental conditions for the determination of association constants 

Donor- 
acceptor 

IAA-TNB 

ICA-TNB 

TMBA-TNB 

DHBA-TNB 

THBA-TNB 

IAA-BTF 

ICA-BTF 

DHBA-BTF 

THBA-BTF 

IAA-TCNB 

ICA-TCNB 

TMBA-TCNB 

DHBA-TCNB 

THBA-TCNB 

No. of 
solutions 

[Donor] 
range (M) 

[Acceptor] 
range (M) O.D. range 

1 : 1 
Association 

constant 

2.61 
2.30 

4.72 
4.54 

1 .  l o  

of the corresponding hydrazone, obtained from 4,4'-di- 
tert-butylbenzophenone (29) by the method of Szmant 
and McG~nnis (30). After crystallization from hexane the 
diazo compound had mp 95-98 "C, uv A,,, (ethanol) = 
535 nm. 

1,2,4,5-Tetracyanobenzene was prepared by the pro- 
cedure of Bailey et al. (17a), mp 265-266 "C (lit. (17a) 
mp 270-272 "C), infrared spectrum identical to published 
spectrum (17a). 

Benzotrifuroxan was prepared by the method of 
Bailey and Case (14), mp 193-195 "C (lit. (14) mp 194- 
195 'C), infrared spectrum identical to published spec- 
trum. 

1,3,5-Trinitrobenzene, all of the carboxylic acids, p- 
toluenesulfonic acid, N-methylquinolinium chloride, 
and tetraethylammonium chloride were obtained from 
commercial sources and, where necessary, purified by 
crystallization until their melting points agreed with 
published (31) values. 

Kinetic Meas~rrenzents 
The progress of the reaction was followed by the 

usual spectrophotometric method (11, 32). Optical 
density measurements utilized a Guilford model 200 
spectrophotometer equipped with a thermostatted cell 
compartment maintained at  30.00 + 0.05 "C by circula- 
tion of water. The disappearance of 4-CIDDM was 
generally followed at  530nm but when a molecular 
complex had significant absorption at this wavelength a 
longer wavelength was used. Measurements were carried 
out under pseudo first-order conditions using an excess 
of acid and following the reaction through at least two 
half-lives. Pseudo first-order rate constants were deter- 
mined both graphically and by computer. 

Determination of Association Constants 
The association constants were determined spectro- 

photometrically using a Guilford model 200 spectro- 
photometer (above). The experimental data were analyzed 
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Total synthesis of ylango sesquiterpenoids: (+)-cis- and (+)-trans-sativenediol, 
(+)-helminthosporal, (+)-helminthospsrol, prehelminthosporal, 

prehelminthosporal diethyl acetal, (+)-victoxinine, (+)-isosativenediol 

EDWARD PIERS AND HANS-PETER ISENRING 
Depai,tn~ent ofChernistry, Uni\.ersity ofBritish Colrrn~bin, 2075 Wesbr.ook Plircr, Vciricou\,er, B.C., Cnrinclir V6TlW.5 

Received October 19, 1976 

EDWARD PIERS and HANS-PETER ISENRING. Can. J. Chem. 55, 1039 (1977). 
Oxidation of the previously prepared olefinic alcohol 26 with chromium trioxide -- pyridine in 

dichloromethane containing trifluoroacetic acid gave the tricyclic ketone 29 as the major 
product. Hydroxylation of the latter, followed by reduction of the resulting a-hydroxy ketone 
31, afforded a 1 : 1 mixture of (+)-cis- (22) and (+)-trans-sativenediol (23). In  view of earlier 
synthetic transformations reported by a number of different researchers, the present work 
also constitutes formal total syntheses of the enantiomers of the following sesquiterpenoids: 
(-)-helminthosporal (I), (-)-helminthosporol (21, prehelminthosporal (3), prehelmintho- 
sporal diethyl acetal (4), (-)-victoxinine ($), and (-)-isosativenediol (19). 

EDWARD PIERS et HANS-PETER ISENRING. Can. J. Chem. 55, 1039 (1977) 
L'oxydation de l'alcool olkfinique 26, prepare anterieurement, par le complexe oxyde de 

chrome - pyridine dans le dichloromCthane contenant de l'acide trifluoroacetique conduit a 
la cttone tricyclique 29 comme produit majeur. L'hydroxylation de ce dernier, suivie par 
une reduction de l'a-hydroxy cCtone 31 qui en resulte, conduit a un melange 1 : 1 des sativene- 
diols (f )-cis (22) et (+)-trans (23). Si l'on tient compte des transformations synthetiques rap- 
parties anterieurement par un certain nombre de chercheurs differents, le travail actuel con- 
stitue aussi une synthese totale formelle des Cnantiomkres des sesquiterpknes suivants: le 
(-) helminthosporal (I), le (-) helminthosporol (2), le prehelminthosporal (3), le diethylaceta1 
de prChelminthospora1 (4), le (-) victoxinine (8) et le (-1 isosativenediol (19). 

[Traduit par le journal] 

During the past 15 years, Helmintlzosporium 
sativum, a fungus which is responsible for as- 
sorted deleterious effects on a variety of cereal 
crops and grasses (I), has been the object of a 
series of chemical investigations carried out by 
a number of different research groups. The com- 
bined results of this work have shown that the 
fungus produces a fairly large number of struc- 
turally related sesquiterpenoids,' some of which 

I(-)-Helminthosporal (1) (1-3); (-)-helminthosporol 
(2)  (4, 5),2 preliel~ni~~thosporal (3)3 (6), (-)-preliel- 
minthosporol (5) (6-9), (-)-sativene (6) (101, 9-hydroxy- 
prehelminthosporol (7) (7), (-)-victoxinine (8) (111, 
(-)-longifolene (9) and a secolongifolane derivative (10) 
(121, (-)-cis-sativenediol (11) (8, 9) and related metabo- 
lites (12-18, excluding compound 15a) (81, (-)-iso- 
sativenediol (19) and the related trio1 (20) (13). 

21t was subsequently reported (6) that 1 and 2 did 
not actually occur as such in crude extracts of the fungus. 
They were therefore believed to be artifacts of the isola- 
tion procedure. 

3Prehelminthosporal (3) was isolated as the corre- 
sponding diethyl acetal 4 (6). 

have subsequently been obtained by partial or 
total syn the~is .~  Interestingly, some of these 
natural products exhibit significant biological 
activity, particularly as related to regulation of 
plant growth (4, 5, 9). 

The recent isolation and structural elucidation 
of (-)-cis-sativenediol (11) was independently 
reported by two research groups (8> 9). This 
natural product, isolated from two different 
fungi (Helmi~zthosporiunz sativum (8, 9) and 
Cochliobolus setariae IF0 6635 (9)) was shown 
to be a plant growth promotor with gibberellin- 
like activity (9). At the same time, both groups 
isoiated an isomeric substance, also levorotatory, 
to which was initially assigned the trans- 
sativenediol structure 21 (8, 9). However, more 
recently, Dorn and Arigoni have clearly shown 
(13) that the isomeric compound actually 

4(-)-Helminthosporai (I) (14), (+)-, (kj- ,  or (-)- 
sativene (6) (10, 15-20), (-)-victoxinine (8) (ll), (f )- 
longifolene (9) (21-23). 
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1040 CAN. J. CHEM. VOL. 5 5 .  1977 

14 R  =OW. R '  = CH, 16 17 R  = OH. R' = CH, 1 9 R = H  
15 R.  R '  - = C H ,  18 R . R r  = =CH2 2 0 R  = O H  
150 R = H .  R '  = C H ,  

Dossesses the isosativenediol structure 19.5 We 
report herein the total synthesis of both (+)-cis- 
and (+)-trans-sativenediol (22 and 23, respec- 
t i ~ e l y ) . ~ , ~  Our work fully confirms the structural 
assignment made with respect to 11, and also 
shows that the original assignments (21) (8, 9) 
made in the case of the isomeric compound were 
indeed incorrect. 

It is pertinent to note that the following con- 
versions h a ~ e  previously been accomplished: 
(a) (-)-cir-sativenediol (14) into prehelmintho- 
sporal (3) (9), prehelminthosporal diethyl acetal 

5We are very grateful to Professors Arigoni and 
Marunlo for personal con~munications regarding this 
point. We also thank Professor Arigoni for full experi- 
mental details regarding the work which he and his 
co-workers have done in this area. 

6For a preliminary cornmunication regarding this 
work, see izf. 24. 

'McMurry and Silvestri (25) have recently completed a 
very elegant total synthesis of racemic cix-sativenediol 
via a sequence entirely different from that used in our 
work. We are grateful to Professor McMurry for a pre- 
print regarding their synthesis. 

(4) (9), and (-)-isosativenediol (19) (13); (b) 
compound 4 into (-)-helminthosporal (1) (6); 
(c) (-)-helminthosporal (1) into (-)-helmintho- 
sporol (2) (5); (d) (-)-prehelminthosporol (5) 
into (-)-victoxinine (8) via the diol 150 ( l l ) ,  
which has also been derived from (-)-cis- 
sativenediol (11) (13). In view of these trans- 
formations, our work also constitutes the com- 
pletion of formal total syntheses of the enantio- 
mers of the sesquiterpenoids 1-4, 8, and 19. 

In connection with earlier work concerning 
the total synthesis of ylango-types sesquiter- 
peno~ds, we have already described (18, 19) the 
preparation of the diene 25 and its conversion 
into the olefinic alcohol 26. Since these com- 
pounds were synthetically derived from (-)- 
carvone (24), their absolute stereochemistry was 
firmly established. Although oxidation of 26 
with Collins' reagent (27,28) under carefully con- 
trolled conditions produced the corresponding 

'For an  explanation regarding the origin of the term 
'ylango', see ref. 26. 
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PIERS AND ISENRIWG 1041 

aldehyde 27 in good yield, the latter compound 
was invariably accompanied by a small amount 
(-5-8x) of another previously unidentified 
product (19). This minor product was isolated 
by preparative glc and was subjected to spectral 
analysis. The is spectrum showed a strong 
absorption at 1741 cm-l,  indicating the presence 
of a cyclopentanone-type carbonyl group. 
Other particularly instructive bands were found 
at  1651 and 883 cm-l,  indicative of an exo- 
cyclic methylene functionality. The presence of 
the latter functional group was confirmed by the 
'H nmr spectrum in which signals due to the 
two olefinic protons appeared as singlets a t  
z 4.83 and 5.17. In addition, a one-proton 
signal a t  z 6.83 could readily be attributed to an 
allylic proton. On the basis of these data, the 
structure of the minor product obtained from 
oxidation of 24 could be assigned the tricyclic 
structure 29. Clearly, under the conditions of 
the oxidation reaction, the initially formed 
olefinic aldehyde 27 was, at least to a small 
extent, undergoing intramolecular cyclization 
(internal Prins reaction (29, 30)) to afford the 
alcohol 30, which was then further oxidized to 
the corresponding ketone 29. Since the latter 
compound appeared to be an ideal synthetic 
precursor for (+)-cis- (22) and (+) - f i rms-  
sativenediol (23), a study was undertaken with 
the aim of finding conditions for the oxidation 
of 26 which would give 29 as a major product. 

After considerable investigation of various 
alternatives and reaction conditions, it was 
found that the overall conversion of 26 into 
29 could be carried out in a fairly efficient manner 
as follom~s. When the olefinic alcohol 26 was 

treated with 8 mol equiv. of Collins' reagent 
(27, 28) in dichloromethane at room temper- 
ature, it was found that essentially all of 26 had 
been converted into the corresponding aldehyde 
27 in -20 min. Since the Prins reaction is 
known to be acid-catalyzed (29, 30), the reaction 
mixture was treated with a catalytic amount of 
trifluoroacetic acid, along with a further 8 
equiv. of oxidizing agent. Work-up after an 
additional reaction time of 4.5 h gave a crude 
mixture of products which, upon subjection to 
column chromatography, yielded 30% of the 
desired tricyclic ketone 29, 19% of the aldehyde 
27, and a crude oil that contained the olefinic 
acid 28. Resubjection of 27 to the oxidizing 
conditions (Cr0,.2C5H,N, CF,COOH, CH2- 
C1,) gave a further 10% of 30. Finally, two suc- 
cessive treatments of the crude acid 28 with 
oxalyi chloride in benzene, followed by ap- 
propriate purification by column chromatog- 
raphy afforded an additional 15% of the desired 
material 29. Thus, the latter compound was 
obtained in 55% o~lerall yield from the diene 25. 

Interestingly, alternative oxidation procedures 
for the direct conversion of 26 into 29 proved 
less satisfactory. For example, it is pertinent 
to note that pyridinium chlorochromate, a 
reagent recently employed to cyclize citronellol 
oxidatively to pulegone (31: 32) produced in our 
case an excellent yield of the aldehyde 27, even 
in the presence of excess reagent. 

Clearly, the conversion of the tricyclic ketone 
29 into the two sativenediols 22 and 23 re- 
quired only hydroxylation of 29 at the position 
adjacent to the carbonyl group, followed by 
reduction of the resulting hydroxy ketone. 
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1042 CAN.  J .  CHEM. 

Although there are now a number of apparently 
efficient methods available for effecting u- 
hydroxylation of a ketone, we chose the neat, 
experimentally convenient procedure recently 
introduced by Vedejs (33). Thus, conversion of 
29 into the corresponding lithium enolate 
(lithium diisopropylarnide, THF, - 70 "C), fol- 
lowed by treatment of the resultant solution 
with the molybdenum peroxide MoO,.Py.HM- 
PA (33) ,  afforded, stereoselectively, in 74% 
yield, the hydroxy ketone 31. The stereo- 
chemistry of the latter compound, predicted to 
be as shown (approach of the electrophilic 
reagent from the less hindered side of the enolate 
anion, cf. 29a), was fully corroborated by the 
'H nmr spectrum. In particular, the carbinoi 
proton in 31 appeared as a sharp singlet at  
z 6.06, clearly showing that there was little or 
no coupling between this proton and the one on 
the adjacent carbon atom. A molecular model of 
31 indicated that the dihedral angle between 
these two protons was very close to 90" and 
therefore little or no coupling would be ex- 
pected (34). On the other hand, the corre- 
sponding dihedral angle in the epimeric com- 
pound would have been approximately 40-45" 
and coupling (-3-5 Hz) would have been 
expected. 

It is interesting to note that during purifica- 
tion by column chromatography, or upon 
standing in solution, compound 31 slowly 
din~erized. The resultant substance (probably 32) 
was only slightly soluble in ether, gave gas- 
liquid chromatographic retention times identical 
with those of 31 and, upon distillation, was 
smoothly transformed into the monomeric 
hydroxy ketone 31. The reversible dimerization 
of a-hydroxy ketones is a well-known phenom- 
enon and these observations therefore deserve 
no further comment. 

Reduction of the hydroxy ketone 31 with 
lithium aluminum hydride in ether at 0 "C 
produced, in 90% yield, a 1 : 1 mixture of (+)- 
cis- (22) and (+)-trans-sativenediol (23). These 
compounds were cleanly separated by column 
chromatography on silica gel. The cis-diol 22 
exhibited ir and 'H nmr spectra identical with 
those of the naturally occurring enantiomer ll.9 
The spectra (ir and 'Fil nmr) obtained from the 
trnrzs-diol 23 were similar to, but clearly dis- 

gWe are very grateful to Professor Marumo for copies 
of the ir and I I i  nmr spectra of (-)-cis-sativenediol (11) 
and of (-)-isosativenediol (19). 

tinguishable from, those of (-)-isosativenediol 
(19) and of the cis-diol 22. 

Experimental 
General 

Melting points, which were determined on a Kofler 
block, and boiling points are uncorrected. Optical 
rotations were obtained at the sodium D line, using a 
Perkin-Elmer model 141 automatic polarimeter. Routine 
ir spectra were recorded on a Perkin-Elmer model 710 
spectrophotometer, while comparison spectra were 
recorded on a Perkin-Elmer model 457 spectrophotom- 
eter. Proton magnetic resonance spectra were taken in 
deuteriochloroform solution on Varian Associates 
spectrometers, models T-60, HA-100 and/or XL-100. 
Signal positions are given in the Tiers T scale, with 
tetramethylsilane as an internal standard. The multi- 
plicity, integrated peak areas, and proton assignments 
are indicated in parentheses. Mass spectrometric measure- 
ments were carried out on an AEI type MS-9 mass 
spectrometer. Gas-liquid chromatographic analyses 
were carried out on a Hewlett-Packard model 5832A gas 
chromatograph. A variety of stainless steel columns 
(6 ft x 118 in., packed with 5% OV-1, 5% OV-17, 5% 
OV-210 or 5% SP-1000 on 80-100 mesh Chromosorb W) 
were employed and a carrier gas (helium) flow rate of 
30 ml/min mas used in all analyses. Microanalyses were 
performed by Mr. P. Borda, Microanalytical Laboratory, 
University of British Columbia, Vancouver, B.C. 

Preparatiorz of the Tricyclic Ketone 29 
To a solution of freshly distilled 2-methyl-2-butene 

(2.3 ml, 21.6 mmol) in 35 ml of dry tetrahydrofuran at  
0 'C was added 865 p1 (9.1 mmol) of borane - methyl 
sulfide complex, and the resulting solution was stirred 
under an atmosphere of nitrogen for 30 min. A solution 

.of the diene 25 (880 mg, 4.3 mmol) in 17.5 ml of dry 
tetrahydrofuran was added, the cooling bath was re- 
moved, and the reaction mixture was stirred at room 
temperature for 2.5 h. The solution was cooled to 0 'C, 
9.1 ml of 10% aqueous sodium hydroxide and 7.7 ml 
of 30% aqueous hydrogen peroxide were carefully added, 
and the resulting mixture was stirred at room temperature 
for 1 h. After having been diluted with brine, the reaction 
mixture was thoroughly extracted with 2: 1 petroleum 
ether (bp 30-60 'C) - ether. The combined extracts were 
washed with brine and dried over anhydrous magnesium 
sulfate. Reilloval of the solvent afforded 950 mg of a 
nearly colorless oil. Gas-liquid chromatographic analysis 
of this material showed the absence of starting material 
25 and indicated that the product, olefinic alcohol 26, 
was > 98% pure. 

A solution of this material in 9.5 in1 of dry dichloro- 
methane was added to a solution of chromium trioxide - 
dipyridine complex (34.5 mmol) in 86 ml of the same 
solvent. Examination (glc) of an aliquot indicated that 
all of the alcohol 26 had been converted into the aldehyde 
27 after about 20 min. At this time, pyridine (69 mmol) 
and chromium trioxide (34.5 mmol) were added, followed 
after 15 min by 260 pi of trifluoroacetic acid. After 4.5 h, 
the dark reaction mixture was diluted with brine and the 
products were extracted with ether. The combined ex- 
tracts were washed with brine, dried over anhydrous 
magnesium sulfate, and evaporated under reduced 
pressure. The residual oil was s~~bjected to chromatog- 
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PIERS AND 

raphy on 50 g of silica gel. Elution with 5% ether in 
petroleum ether (bp 60-110'C) afforded 180 mg of the 
olefinic aldehyde 27 and 280 mg (30%) of the tricyclic 
ketone 29. Elution with pure ether af'iorded a crude oil 
which contained the olefinic acid 28. 

Subjection of the aldehyde 27 to the oxidation condi- 
tions described above (13 mmol chromium trioxide - 
dipyridine complex, 45 p1 trifluoroacetic acid, 20 ml 
dichloromethane, reaction time 1.25 h), followed by 
chromatography of the crude product afforded an addi- 
tional 95 mg (10%) of the desired ketone 29. 

The crude oil ( -  550 mg) containing the olefinic acid 28 
(see above) was dissolved in 20 mi of dry benzene. The 
resulting solution was treated with 1.0 ml of oxalyi 
chloride and was rhen stirred at room temperature for 
30 min. Removal cf the benzene, followed by chroma- 
tography (silica gel) of the residual material gave pure 
cyclic ketone 29% and a crude mixture containing some 
acid chloride (corresponding to 28). Hydrolysis of the 
latter, followed by resubjection of the resultant crude 
material to reaction with oxalyl chloride in benzene 
afforded additional amounts of cyclic ketone. In this way, 
140 mg (15%) of the desired material 29 was obtained, 

The total yield (based on diene 25) of the tricyclic 
ketone 29 was 515 mg (557,). This material exhibited bp 
75 'C 0.3 torr; jaIDz2 + 188' (c 1.35 in CHCI,); ir 
(film) v ,,,,, 1741, 1651, 883 cm-';  'H nmr T 4.83, 5.17 
(s, s, 2H, olefinic protons), 6.83 (br s, lH,  allylic proton, 
w,,, = 4.0 Hz), 8.85 (s, 3H, tertiary methyl), 9.09, 9.12 
(d, d, 6H, isopropyl methyls, J = 6 Hz). iV101. Wt. calcd. 
for C15HzzO: 218.1670; found (high resolution mass 
spectrometry): 218.1701. 

Prepninfion of the N y r l i o , ~ ~ ~  Ketone 31 
To a cold (0'6) solution of diisopropylamine (1.95 

mmol) in 2.0 ml of dry tetrahydrofuran was added 0.72 ml 
of a solution of n-butyllithium in hexane (2.72 M). 
The resultant mixture was cooled to -70eC, and a 
solution of the cyclic ketone 29 (327 mg, 1.5 mmol) in 
8 ml of dry tetrahydrofuran was added slowly. The 
reaction mixture was stirred at -70'C for 30 min, 
after which time 846 mg (1.95 mmol) of the molybdenum 
peroxide MoO,.Py.HMPA (33) was added in one portion. 
Stirring was continued for 1 h at -70 to -65 'C, the 
cooling bath was removed, and the reaction mixture was 
allowed to warm slowly to 0 "C; at  which temperature 
it became honlogeneous. Brine was added and the re- 
sultant mixture was thoroughly extracted with ether. 
Thc combined ether extracts were washed once with 
5% aqueous sodium carbonate, once with 5% hydro- 
chloric acid, and then dried over anhydrous magnesium 
sulfate. Removal of the solvent yielded an oil which was 
subjected to chromatography on silica gel (16 g). Elution 
with 92: 8 petroleum ether - ether gave 60 mg (18%) of 
starting material 29. Elution with 1 : 1 petroleum ether - 
ether gave 230 mg of crystalline material. On the basis 
of the physical characteristics of the latter, it was clear 
that this material was a mixture of two compounds. 
One of them (the dimer 32) was only slightly soluble in 
ether, whilc thc other gave spectral data in accord with 
the desired monomeric hydroxy ketone 31. Both com- 
pounds gave the same retention times on glc thus clearly 
showing that upon subjection to heat, the di~ner reverted 
to the monomer. Distillation of the mixture (bath 
telliperature up lo 210'C) at 0.3 torr afforded 212 mg 
(74%, based on unrecovered starting material) of pure 

hydroxy ketone 31, mp 55'C; [aID2' +194' (c 1.85 in 
CHC1,); ir (CHCI,) v,,, 3410 (br), 3075, 1750, 1655, 
1059, 890 cnl-'; l H  nmr T 4.90, 5.22 (s, s, 2H, olefinic 
protons), 6.06 (s, 1H, carbino! proton), 6.83 (br s, lH ,  
allylic proton, il.,,, - 4.0 Hz), 7.35 (br s, IH, w,;, = 
5.0 Hz), 8.86 (s, 3H, tertiary methyl), 9.10, 9.13 (d, d, 
6H, isopropyl methyls, J = 6 Hz). Mol. Wt. calcd for 
C15H2202: 234.1619; found (high reso!ution mass 
spectrometry): 234.1644. 

(+)-cis- (22) aad i + ) -tmns-Saticer~ediol (23) 
To a cold (0 'C) sol~ition of the hydroxy ketone 31 

(142 mg, 0.61 mniol) in 6 ml of dry ether was added 
25 mg of lithium aluminum hydride and the ~nixture 
was stirred at 0 "C for 10 ~n in .  Saturated aqueous am- 
monium chloride (5 ml) was added carefully and the 
resulting niixture was stirred for another 5 min. The 
niixture was diluted with brine and thoroughly extracted 
with ether. The combined extracts were dried over 
anhydrous magnesi~lnl sulfate. Renioval of the solvent 
yielded an oil which was subjected to chromatography 
on silica gel (30 g). The column was eluted with petroleum 
ether - ether (85:15 to 10:90, respectively), yielding 
cis-sativenediol (22) (62 nig, 4379, a mixture of 22 and 23 
(5 mg), and trarzs-sativenediol (23) (63 mg, 4 4 3 .  

Distillation (air-bath temperature 130cC,'0.3 torr) of 
cis-sativenediol (22) gave an oil: [a],2" + 124" (c 0.98 
in CHCI,); ir (film) v,,,,, 3350 ibr), 3065, 1660, 1055, 
884 cm-';  ' H  nmr r 5.10; 5.42 (s, s, 2H, olefinic protons), 
6.00 (d, l H ,  carbinol proton, J = 6 Hz), 6.39 (d, l H ,  
carbinol proton, J = 6 Hz), 6.7 (br, 2H, -OH), 7.36 (br 
s, lW, H , ~ , ~  = ~ N z ) ,  7.59 (br s, l H ,  it . l l2  = 4 H z ) ,  
8.96 (s, 3H, tertiary methyl), 9.06, 9.19 (d, d, 6I-1, iso- 
propyl methyls, J = 6 Hz). Arznl. calcd. for CI5H2,O,: 
C 76.22, H 10.26; found: C 75.82, H 10.24. 

trnrzs-Sativenediol (23) (air-bath temperature 135 "C,/ 
0.3 torr) was also an oil: [xIDz4 164 '  (c 1.32 in CHCI,); 
ir (fil-ni) v ,,,, 3380 (br), 3065, 1655, 1090, 1073, 1035, 
889 cm-'; ' H  nmr r 5.11, 5.19 (s, s, 2H, olefinic protons), 
6.24 (m, l H ,  carbinol proton), 6.45 (d, IH, carbinol 
proton, J = 2 Hz), 7.3 (br, 2H, -OH), 7.34 (br, lH ,  
wl,, = 8 Hz), 7.62 (br s, IH, w , , ~  = 4 Hz), 8.96 (s, 
3H, tertiary methyl), 9.10, 9.16 (d, d, 6H, isopropyl 
methyls, J = 6 Hz). Arlnl. calcd. for Cl,H2,02: C 76.22, 
H 10.26; found: C 76.40, H 10.40. 
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Selective, homonuclear pulse experiments in the Fourier transform mode: a study 
of 2',3'- 0-isopropylidene uridinel 
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KLAUS BOCK, ROLAND BURTON, and LAURANCE D.  HALL. Can. J. Chem. 55, 1045 (1977). 
A simple modification of a conventional Fourier transform nmr spectrometer (Varian XL- 

100) makes it feasible to apply selective, radiofrequency pulses at the resonance frequency of 
one, or more, proton resonances and to monitor the effects of those perturbations in the usual 
F.t, fashion. Experiments with 2',3'-0-isopropylidene uridine are used to illustrate the utility of 
this technique in measurements of selective spin-lattice relaxation rates, to eliminate unwanted 
resonances by selective saturation or by selective partial relaxation, and to perform the pulse 
equivalent of a 'H-'H INDOR experiment. 

KLAUS BOCK, ROLAND BURTON et LAURANCE D.  HALL. Can. J. Chem. 55, 1045 (1977) 
Une modification simple d'un spectrometre rmn a transformation de Fourier conventionnel 

(Varian XL-100) perniet d'appliquer des pulsations de frequences radios6lectives a la frequence 
d'une ou de plusieurs resonances du proton et d'evaluer l'effet de ces perturbations dans un 
mode usuel de transformation de Fourier. On a utilise des experiences avec la 2',3'-0-isopro- 
pylidene uridine pour illustrer les utilites de cette technique dans les mesures de vitesses selec- 
tives de relaxation spin rkseau pour eliminer des resonances non-desirees par saturationselective 
ou par relaxation partielle silective, et pour effectuer l'equivalent pulste d'une experience 
INDOR H1-HI. 

[Traduit par le journal] 

Two, closely related concepts are fundamental 
to  the design of any pulse Fourier transform 
(F.t.) nmr experiment, that of the "ip angle' and 
that of the "ulse selectivity'. 

TheJlip angle (ci) is that angle through which 
the magnetization vector of a nucleus is turned by 
a pulse of radiofrequency power of the appro- 
priate frequency. The magnitude of this angle is 
given by the product of the 'pulse duration' and 
the 'pulse intensity' and, in principle, an infinite 
number of combinations of these two variables 
can be used to provide any chosen value for a. In 
normal practice the experimental options are 
restricted somewhat by the desire to sample as 
wide a spectral region as possible, with a power 
distribution which is as homogeneous as possible, 
an experiment hereafter referred to as a non- 
selective pulse F.t. experiment. 

Since the effective bandwidth ( A )  in the fre- 

'Part 10 of a series, '"pplications of pulsed nuclear 
magnetic resonance spectroscopy"; for part 9, see ref. 1. 
A full account of this study was given at the Canadian 
Chemical Conference of the Chemical Institute of Canada, 
Toronto, May 25-28, 1975. 

'Visiting Associate Professor at U.B.C., 1974-1975. 
Permanent address, Institute for Organic Chemistry, The 
Tech~ical University of Denmark, Lyngby, Denmark. 

qlrency domlain, of a 360" flip angle pulse of 
duration t,,,-s in the time domain, is given by the 
relationship, 

A = y H l / 2 n  = l/t,,, 

the non-selective pulse F.t. experiment makes use 
of rather intense pulses (100-200 W), of rather 
short duration (commonly 20-50 ps for a 90" 
pulse). Such pulses have a total bandwidth of 
5-12 kHz but in common practice a flat, power- 
frequency distribution is experienced by only a 
few kHz on either side of the carrier frequency. 

With a few notable exceptions, little attention 
has been directed towards nmr experiments in 
which highly seleciive pulses are applied to one, 
or a few, regions of a spectrum. We refer to these 
as a selective-prrlse experiment. It is clear that the 
pulses for such an experiment should be rather 
weak, and of very long duration. This approach 
was first pioneered by Freeman and Wittekoek 
(2) with their 'audio-modulation' pulse technique ; 
but, as we found to our cost when we used that 
approach (3) ,  it suffered from the disadvantage 
that the e3ects of a perturbation also had to be 
monitored in a selective fashion, and this was 
extremely time consuming for multiple-spin nmr 
spectra. The obvious solution to this problem is 
to use the audio-moduiation technique to provide 
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a long, weak, and therefore highly selective 
perturbation pulse, but to monitor its effect on 
the remainder of the nmr spectrum using a short, 
intense, non-selective monitoring pulse available 
from a conkentiona! pulse F.t. nmr spectrometer. 
And as we shail see in the fofsllowing discussion 
this solution is both simple and effective. How- 
ever, it is appropriate to mention at this juncture 
that the "aiiored excitation' technique developed 
by Hill and Tomlinson (4) is likely to provide an 
even more effective solution in the future." 

It proved convenient for several reasons to use 
2',3'-0-isopropyIide14e uridine (1) as a model 
compound for an evaluation of the utility of 
various selective-pulse E.t. experiments. The 'H 
nmr spectrum of 1 in dimethyl suiphoxide-d, a: 
100 MHz, is reasonably well dispersed. Equally 
irnporiant, the proton spin-lattice relaxation 
rates for I are suficiently rapid to provide a 
stringent test of certain relaxation measuremer-its 
and I is related to compounds which are of 
considerable interest to us in another context. 

Results and Discassioa 
The basic puise sequence used for ali the 

experiments described here, is sunirnarized in 
Fig. ! A .  The selective, pertzdrbation pulse is 
derived either directly, or via one of several 
difirent classes of audio-modulation, from the 
homonuclear decoupier of the spectrometer. The 
non-selective, mo:~itoringpu/se and the remainder 
of the detection system is generally derived fronx 
the usual pulse F.t. section s f  the spectrometer. 
Both pulses are cornputer controlled, either via 
the gates provided with the instrument or via 2 

sepa-rate gate controlled by a flag specifically 
derived f ron  the computer. Minor modifications 
may be reqxiret to obtain appropriately long 
pulses from the decoupler channel. In our 
laboratory we also have extensive options 
available for data storage and subsequent data 
manipulation, but these are not fundam-nental to 
the success of the expe,.~ vnents,  

The objective of the first series of experinents, 
which are iliustrated in Figs. 2-4, was to demon-, 
strate experimentaliy the range of frequency 
selectivities which could be obtained by varying 
the pulse daratiun, In each instance the perturba- 
tion corresponded to a 180" pulse, and its effect 

3Since this manuscript was submitted Freeman and co- 
workers ( P O )  have reported an alrernative method for 
generating 'tailored excitation" sequences that seems io 
have considerable generality. 

Receiver Polar~ty - C - 
FIG. I .  Diagrammatic representation of rhe pulse 

sequences used for .most of the experiments described in 
this paper: 6P = width of selective puise; 6 D  = delay 
between selectiiie pulse and F.t. pulse; P W  = width of' 
f . t .  (monitoring) pulse; A T =  acquisition time for 
F.I.B.; P D  = pu!se delay (four dimes Ti value). 

was monitored by a rzon-selective 90" pulse in the 
usual fashion." 

The effects of a 180' puise appiied to the big11 
fieid component ofthe H-6 dotr blet are illustrated 
irl  Fig. 2. A pulse of 100 ins provides a reasonable 
degree of frequency selectivity and. any decrease 
in its duration is accompanied by a rapid de- 
crease In that selectrv~ty. For example the 10 ms 
puise applies a 180" flip angle to both compo- 
nents of the H-6 doublet. This 1s a pity because 
the shorter pulse clearly tips the K-6 magnetiza- 
tion more effectively than the I o ~ g e r  puise; this is 
simply because the latter is now sufficiently long 
for appreciable magnetization to be lost during 
the duration of "Le pulse itsel.:, Ciearly then, the 
selective reiaxatlori ratehof the transi":on, or 
resonance of interest constitutes an effective 
apper %1m16, fol the pulse dQratron and hence for 
.he fre~juency selectlvlty for chat part~cular 
sample. 

The spectra shown ~n Figs. 3 and 4 rndlcate the 

'A referee prompted us to draw the readers' attention 
to the work of Ernst and co-workers (21) (and also that of 
Meelcin and Jesson (22)) which discusses the importance 
of the flip angle of the monitoring pulse used to sample 
the magnetization of a strongly coupled spin system that 
has previously been subjected to a selective perturbation. 
For large Aip angies the observed line intensities do not 
always directly reflect population differences between just 
two energy levels, A brief discussion of this phenomenon 
in relation to the homonuclear pulse INDOR expesi- 
rnents is given in ref. I .  

jTke selectioe relaxation rate of H-6 is 1063 ms-', Note 
that this value digers from the noiz-seiecrice R1-vaiue (5). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIG. 2. Inset A shows the normal H-6 resonance of I measured with P W 75 ps, P D  5 s ,  AT4  s, hTT 10, 
and sensitivity enhancement 1.5. The remaining spectra were measured using identical conditions but 
with prior application, to the upfield transition, of a 180' pulse, the duration and intensity of which are 
indicated immediately above each resonance. Note that the 10 ms pulse flips both the H-6 transitions 
through 180'. 

FIG. 3. Spectra showing the effects of changing the 
duration of a selective 180" pulse applied at the centre of a 
multiplet resonance (the 6 P  values are listed at  the side). 
The normal 'H spectrum is shown in A. Note that even a 
I0 ms pulse has no significant effect on the H-5 and H-4' 
resonances (the spectra were moni~ored as for Fig. 2). 

Fic. 4. These spectra show that it is feasible to invert 
the resonances of a substantial spectral region by applying 
a suitably short pulse. See Fig. 2 for monitoring condi- 
tions. 

intermediate ranges of frequency selectivity which 
are possible; in each instance the decoupler 
frequency was set at the centre of the H-2', H-3', 
OH' region. Note that even the 10 ms pulse has 
little effect on the H-5 and H-4' resonances which 
1s in accord with expectation since the total 
bandwidth of this pulse should only be 50 HZ. 

The final set of spectra, shown in Fig. 4 iliu- 
strate that a pulse of 2-5 ms duration can be used 
to invert a substantial region of a " spectrum, 
but still leave some spectral regions unpes- 
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FIG. 5. The inversion-recovery determination of the selective relaxation rate for the H-6 resonances 
of 1. A, shows part of the normal F.t. nmr spectrum (NT 5, P W  75 s, AT4 s, SE 1.5). Theother spectra 
were obtained by inverting the spin-states of H-6 with a selective 180" pulse (38 ms, 100 dB) and 
monitoring the magnetization using the parameters listed above: the pulse delay times are listed against 
the corresponding spectrum. Note the nearly complete cancellation of the H-6 resonance for the 0.5 s 
spectrum. The value for RI6(6) calculated from these data is 1053 ms-'. 

turbed; in this case the H-6 resonance. Note that 
the 5 ms pulse has an off-resonance field equiva- 
lent to a 90" pulse for the H-5 and H-4' reso- 
nances. The possibility of using the decoupler as 
a convenient source of perturbation pulse of 
intermediate frequency-bandwidth has many 
potentially useful applications, particularly in the 
area of heteronuclear nmr studies. 

Selective Measurements of Spin-lattice Relation 
Rates 

The non-selective, two-pulse, inversion-re- 
covery sequence used for measuring spin-lattice 
relaxation rates is now well known (6). All the 
spins of one nuclear species are simultaneously 
inverted with a non-selective, 180" pulse and the 
amount of residual magnetization remaining 
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BOCK ET AL. 

FIG. 6 .  Spectra showing the determination of the double-selective spin-lattice relaxation rate for the 
H-6 and H-5 resonances of 1. The normal spectrum is shown in A ( N T  5,  P W 75  s, A T 4  s, SE 1.5). The 
remaining spectra show the inversion-recovery sequence following selective inversion of both the H-6 
and H-5 resonances with a 180"-pulse (38 ms, 103 dB); these are plotted for delay times for 0.1 to 1.5 s. 
Note the more rapid relaxation of H-6 and the fact that the H-1' resonance is not significantly affected 
by the 180" pulse applied to H-5. Processing these data gave R16(5,6) 1282 ms-I and R15(5,6) 562 ms-l. 

after a known delay time (PD) is monitored with 
a non-selective, 90" pulse. The selective mea- 
surement merely involves the substitution of a 
selective 180" pulse from the decoupler for the 
non-selective pulse from the radiofrequency 
transmitter. The spectra shown in Fig. 5 illustrate 
the determination of the selective R,-value of the 
H-6 resonance of 1. The normal spectrum 

monitored with a non-selective 90' pulse is 
shown in A, Fig. 5. The partially-relaxed spectra, 
each accompanied by the appropriate delay time, 
are displayed in the form of a stack plot even 
though they were originally stored on a magnetic 
tape and were separately plotted. 

An example of a double-selective, inversion- 
recovery experiment is given in Fig. 6. In this 
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FIG. 7. Illustration of the selective, three-pulse sequences applied to the measurement of the R1-value 
of the FI-6 resonance of 1.  

case the frequency of the decoupler was set 
precisely between the H-6 and H-5 resonances 
and then an audio-modulation frequency, of 
precisely one half the chemical shift difference 
between the Pi-6 and H-5 resonances, was 
applied to the decoupler. This positioned the 
first audio-modulation side-bands precisely on 
the PI-6 and H-5 resonances. Simultaneous 
timing of the audio-modulation pulse derived 
from both these side bands could be effected by 
gating either the decoupler or the audio- 
oscillator, or both. The selectivity of the applied 
180" pulse is attested to by the minimal perturba- 
tion of the H-1' resonance by the pulse. And the 
constancy of the intensity of the other resonances 
not directly involved in the experiment show that 
spurious, off-resonance effects are also com- 
mendably small. 

Clearly there are many alternative procedures 
for effecting double-, triple-, quadruple-, etc., 
selective inversion experiments. In this present 
instance, addition of a second audio-modulation 
frequency would have produced four selective 
pulses; but these, like those used in the above 
experiment, would by defin~tion have to have the 
same duration and intensity. For experiments 
which require several pulses, each of dzffering 
infe~zsity, an alternate protocol is necessary. Now 
the decoupler frequency is offset to one side of 
the entire spectrum and then two, or more, 
audio-modulation frequencies are applied, each 
producing a side-band the intensity of which is 
proportional to the audio-modulation index. 
With a suitable choice of offset frequency for the 

decoupler- and audio-frequencies it is generally 
possible to ensure that only one set of side bands 
impinges on the entire spectral region. It must be 
noted, however, that the organization of such 
experiments is rather more complex than for the 
experiment summarized in Fig. 6. 

It is a trivial matter to extend the above audio- 
modulation approach to encompass all of the 
other methods for measuring spin-lattice relaxa- 
tion times, including the saturation recovery (7) 
and progressive saturation (8) methods. Al- 
though we do not illustrate these experiments 
here, Fig. 7 shows the efficiency with which a 
selective, three-pulse inversion-recovery experi- 
ment (9) can be performed; that is the sequence 
[18O0(selective)-t-90'-5T1-90"-5T,],. Note the 
efficiency with which this sequence results in the 
cancellation of the resonance not subjected to the 
selective, 180" pulse; this point will be discussed 
again in the next section. 

A Pulse Equivnlenl of the ZNDOR Experirnerzt 
A useful variant on the experiments described 

in the previous section involves selective irradia- 
tion of a single transition of a spin-coupled 
multiplet. This pulse perturbs the populations of 
the spin states associated with the irradiated 
transition and this in turn induces changes in the 
transition probabilities, and hence transition 
intensities, of all the spectral components having 
an energy level in common with those which have 
been perturbed. This is illustrated diagramma- 
tically for an AX-system in Fig. 8. Application of 
a 180" pulse to transition A-1 inverts the popuia- 
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BOCK 

FIG, 8~ Diagrammatic representation of the effect of 
180" pulse applied to transition A-l of an  AX-spectrum. 

tions of the two energy levels and this in turn 
increases the transition probabilities for X-l and 
decreases the probability for X-2. This experi- 
ment is forinally analogous to the continuous 
wave LNDOW experiment (10) measured under 
power levels sufficient to cause spin-pumping but 
too low to cause spin-tickling. Heteronuclear, 
selective pulse experiments have previously been 
described by Pachler and Wessels (1 1) and 
Jakobsen and co-workers (12) and since we have 
previously given ( 4 )  an extensive discussion of the 
'M-lH experiment only a brief account will be 
given here. 

The spectra shown in Fig. 9 show the pulse 
PWDOR experiment involving the H-5 and H-6 
resonances of 1. In this case the two transitions 
of' H-5 whose intensities are aitered by the per- 
turbation, are both clearly resolved from the rest 
of the spectrum, and the spectra obtained by 
using the repetitwe pulse sequency given in 
Fig. 1A can be easily interpreted. However, this 
direct mode of observation is totally unsuited to 
the detection of transitions which are obscured 
by the fortuitous overlap of other nuclear 
resonances, as is the case in the 'hidden reso- 
nance' problem. Now it is necessary to use a 
differential mode of display which can be ob- 
tained by the pulse sequence summarized in 
Fig. 1B; in essence this display mode subtracts 
those resonances whose intensities remain un- 
perturbed by the selective pulse, and an example 
is given in Fig. 9. Note that the subtraction of the 
normal spectrum is by no means perfect, but 
there is no ambiguity between the "residues9 and 
the LNDOR-like responses. This pulse expern- 
ment has a number of important advantages over 
c.w. INDOR measurements, not the least being 
the ease with which the experiments can be 
effected. 

FIG. 9. These spectra illustrate the selective-pulse equiv- 
alent of an TNDOR ex~erirnent, displayed in the difference 
mode. A shows the normal F.t. spectrum of 1. B shows the 
effect of selectivel>- irradiating the low field transition of 
1-1-6 with a selective 180' pulse (0.12 s, 93 dB) and moni- 
toring the spectrum in tile usual fashion, followed by sub- 
traction of the norn~al F.t. spectrum measured with the 
decoupler off. Aii the resonalices unaffected by the selec- 
tive pulse are removed ieaving the H-5 transitions dis- 
played in the familiar, INFPOR mode. C shows the eRect 
of a similar experiment involving the high field transition 
of H-6; The sharp spikes marked " are due to pick up of 
the line frequency by the spectrometer. 
~. 

Gated Nuclear 0z;evhauser Experiments 
Measurements of nuclear Overhauser en- 

hanceme~~ts (n.0.e.) factors (13, 14) using a 
continuous-wave spectrometer are often iabo- 
rious and time consuming. One of the principal 
difficulties is that the irradiating field often 
causes spin decoupling which makes it necessary 
to measure intensit:] changes in the integral mode. 
In an F.t. mode of operation the irradiating fieid 
can be gated off during the acquisition of the 
nmr spectrum, thereby eliminating any spin- 
decoupling and allowing a direct intercompa-' llson 
of 'normal' and 'enhanced9 spectra by rneasure- 
ment of peak heights ( I  5). The correct choice of 
pulse-timing is ir~ilportant, for example the 
acquisition time must be shorter than the 
relaxation time of the polarized nuclei, but this 
represents no problem. An example of this class 
of experiment is given, inter a l f q  in Fig. 10D and 
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1. Nuclear Overhauser enhancement factors (III, + 5%) for 1, obtained by gated 
decoupling. A saturation pulse was applied at a chosen frequency for 8 s (1 10 dB), 

gated off, and the spectrum sampled with a 90'-monitoring pulse 
pp -- 

Nucleus observed 
Nucleus 

irradiated H-1' H-2',H-3',OH' H-4' H-5 ' H-5 H-6 

H-4' 5 5 - 0 0 0 

FIG. 10. Illustration of different methods for eliminating the resonance of the water impurity peak 
from the spectrum of 1 in dimethyl sulphoxide-d6. The normal F.t. nmr spectrum is shown in A.  
The spectrum in B was measured using a non-selectice two-pulse sequence (180'-f-90') with f = 1.2 s ;  
note that the H-5 resonance, which has approximately the same R,-value, is also removed and that the 
relative intensities of the other peaks are perturbed from their normal values. The spectrum in C 
illustrates the effects of selectively saturating the H,O resonance with a weak field which was gated off 
immediately prior to the monitoring pulse. A similar experiment in which the H-5 resonance was 
irradiated is shown in D;  note the enhancement in the intensity of the H-6 resonance due the nuclear 
Overhauser enhancement. 

the data obtained from a series of such experi- 
ments is summarized in Table 1. 

Selected Remoual of Utlwanted Resonances 
Although measurements of relaxation times 

are undoubtedly the most important applications 
of the manipulation of magnetization, the seiec- 
tive removal of unwanted resonances is also 
particularly useful. Two approaches have been 
used previously. The first depends on the fact 
that after application of a 180" pulse, the 
magnetization of a nucleus must pass through 

zero intensity; the rate at which different 
resonances reach their nu1 point depends on 
their spin-lattice relaxation times. Patt and 
Sykes (16) and Feeney and co-workers (17) 
demonstrated that this approach could be used to 
eliminate water resonances and Hall and co- 
workers (18) subsequently showed that over- 
lapping resonances from the same molecule 
could be separately distinguished in the same 
way. 

Powerful as it is, this approach has some im- 
portant limitations. Principally the relative 
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BOCK ET AL. 1053 

intensities of the resonances which are detected 
depend on the relative values of their spin-lattice 
relaxation times, which makes interpretation of 
the spectra rather difficult: this is illustrated in 
Fig. 10B. 

An alternative approach simply requires that 
the single resonance to be removed be saturated 
with a suitably powerful radiofrequency field. 
The principal difficulty here is that this technique 
indiscriminately eliminates all resonances from 
the region being irradiated and hence has none of 
the differential capability of the partial relaxation 
method. Nevertheless it is effective, as is illu- 
strated in Figs. 10C and 10D. The latter show 
that the approach can result in a build up of a 
nuclear Overhauser enhancement of intensity in 
some instances; fortunately it is a trivial matter 
to suppress this by only gating the decoupler on 
during the acquisition time and by allowing a 
sufficiently long delay between successive pulses 
for complete relaxation to occur. 

Fortunately a selective inversion-recovery ex- 
periment combines the best of both the above 
experiments. A 180" pulse is applied selectively to 

a particular spectral region and, after a suitable 
delay time, the spectrum is monitored with a non- 
selective 90" pulse. The spectra shown in 
Fig. 11 illustrate that this approach can lead to 
particularly efficient removal of resonances, and 
with an absolutely minimal perturbation of 
nearby resonances; all that is required is 
sufficient patience in selection of the PD value! 

Conclusions 
In the above discussion we have illustrated 

several types of proton nmr experiments in which 
the spectral responses of principal interest are 
associated with the prior perturbation of certain 
spectral transitions by a highly selective 180" 
pulse. These experiments can all be routinely 
performed and appear to have appreciable poten- 
tial in chemical studies. 

Several instrumental developn~ents suggest 
that interest in the experiments described here is 
likely to increase in the future. Notable amongst 
these is the development of the elegant 'tailored 
excitation' method of Tomlinson and Hill (4), 
which provides a general method for applying 
perturbing pulses to many regions of an nmr 
spectrum with unprecedented ease. At a more 
prosaic level, the development of nmr instru- 
ments which only operate in the pulse F.t. mode 
seems likely to become a dominant one for many 
reasons and, if this be so, then the further 
development of pulse equivalents for other C.W. 
experiments will be imperative. 

We have previously illustrated (19) the use of 
tailored excitation for selective relaxation and 
nuclear Overhauser enhancement measurements. 

Experimental Section 

FIG. 11. Illustration of the use of the selective, inver- 
sion-recovery method for eliminating specific resonances: 
all spectra were monitored with a non-selective 90c pulse 
applied at a suitable time after application of a selective 
180" pulse to the appropriate resonance. A, shows part 
of the F.t. nmr spectrum of 1. In spectrum B the selective 
180" pulse was applied to the H,O resonance followed, 
0.82 s later, by the 90"-pulse. In C, the H-4' resonance was 
selectively inverted and the delay time was 0.90 s. In D, 
the H-5 resonance was irradiated and the delay time was 
1.5 s; note that the off-resonance effect on the H-1' 
resonance is rather small. 

All nmr measurements were made using a Varian 
Associated XL-100 (15) spectrometer fitted with a Varian 
620L(16K) computer and Linc Tape Unit (model 
C0600). 

An otherwise standard Varian programme (994100-D 
X-2) was modified so that the Gyrocode spin decoupler 
could be gated to provide the weak pulse required for 
selective manipulation. Several different modifications 
have now been used; full details will be given e l~ewhere .~  
Most of the single-selective experiments described here 
can be performed with the Varian Gyrocode decoupler 
working in the gated mode, using the gate provided by 
Varian. In like fashion double-selective experiments can 
be performed simply by connecting an audio-oscillator to 
the external modulation jack on the rear panel of the 
Gyrocode decoupler. 

6K. Bock, L. D. Hall, T. Markus, and J. Sallos, to be 
published. 
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Velocity separation of isotopic mixtures in underexpanded supersonic beams 
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A. E. REDPATH and M. MENZINGER. Can. J. Chem. 55, 1055 (1977). 
The velocity distributions of the heavy components in CD4/CH,/He(H,) supersonic beams 

were measured by time-of-flight and the slippage with respect to the seeding gas was investigated 
as a function of nozzle pressure and temperature. The isotopic species attain different velocity 
distributions. Following a proposal by Anderson and Davidovits, isotope separation factors 
are calculated both for the present system and, by analogy, for 235UF6/Z38UF6/Ar(He,Xe). 

A. E. REDPATH et M. MENZINGER. Can. J. Chem. 55, 1055 (1977). 
Utilisant le temps de vol, on a mesure les distributions de vitesse des composants lourds 

dans les rayons supersoniques de CD4/CH4/He(H2); de plus on a CtudiC le decalage par 
rapport aux gaz d'ensemencernent en fonction de la pression du jet et de la temperature. 
Les diverses especes isotopiques atteignent une distribution diffkrente de vitesses. En accord 
avec une proposition de Anderson et Davidovits on a pu calcule des facteurs de separation 
isotopique a la fois pour le systeme actuel et, par analogie, pour 235UF6/238UF6/Ar(He,Xe). 

[Traduit par le journal] 

I. Introduction by time-of-flight (TOF) for a range of experi- 
Partial separation of isotopic mixtures can be mental conditions (i.e. mass of the seeding gas, 

achieved by utilizing a number of interrelated gas 
dynamic phenomena accompanying the free ex- 
pansion of gas mixtures. The well known spatial 
enrichment of the heavier components in the 
beam core, through the more rapid pressure dif- 
fusion of the light components out of the beam, 
forms the basis of the supersonic jet (1, 2) and 
curved jet (3) methods developed by Becker and 
co-workers. Apart from this spatial separation, 
Anderson and Davidovits (4) (AD) have recently 
pointed out that isotopic components of a seeded 
beam can be differentially accelerated and attain 
different final velocities. This separation in 
velocity space can be utilized for a physical 
separation via velocity selection which could, 
according to AD, exceed the spatial effect. 
Literature data on velocity distributions of a 
single heavy component in seeded beams, in 
particular Hz seeded Xe beams (3, were used (4) 
together with estimates of the expected mass 
dependent differential acceleration to predict the 
magnitude of the 2 3 8 U ~ 6 / 2 3 5 ~ ~ ,  separation 
factors. The separation of isotopes in velocity 
space has de facto not been proven. 

To provide an experimental test of this effect 
we chose He (and H,) seeded CH,/CD, mix- 
tures as prototype systems. The velocity distribu- 
tion of both isotopic components were measured 

seeding ratio X,  nozzle pressure, nozzle tempera- 
ture). The goal of this work was (I) to present 
data on the properties of underexpanded seeded 
molecular beams, ( 2 )  to test Anderson and 
Davidovits' model for isotope separation, and (3) 
to arrive at new predictions of the separation 
effects in systems of technical interest. 

The velocity separation factor a' (defined in 
eq. 7) computed from the measured CH,/CD, 
velocity distributions attains a peak value of 1.4, 
demonstrating the feasibility of AD's separation 
scheme. 

To obtain projections for the technically in- 
teresting 235U~6 /238UF,  system, ad hoe assump- 
tions were made about the direct transferability 
of measured velocity distributions to systems of 
greatly disparate mass. The separation factors 
estimated thus fall somewhat short of AD's pre- 
dictions, but they still exceed those of current 
gas dynamical (2, 3) and gaseous diffusion pro- 
cesses. While the CH,/CD, measurements clearly 
demonstrate the feasibility of the proposed sepa- 
ration scheme, the assumptions in connection 
with UF, could be questioned, and it is con- 
ceivable that the extrapolation to UF, employed 
here actually underestimates the experimentally 
achievable separation. Detailed gas dynamic 
calculations (14) support this possibility. Mea- 
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1056 CAN. J. CHEM. 

surements on the real system (or, at least, on 
model systems SF,, MoF,, WF,/Ke, Ar) will 
have to decide this point. 

11. Experimental 
A supersonic beam (from a He(H,) seeded CH,/CD4 

(50:50) mixture) is formed from a 0.01 cm diameter 
stainless steel converging nozzle and a 0 05 cm diameter 
conical skimmer, with the nozzle-skimmer separation 
held fixed at 1.0 cm. The nozzle can be resistively heated 
and its temperature is measured on a chromel-alumel 
thermocouple. A high speed chopper (250 Hz, opening 
time 16 ps every 2 ms, 5 cm downstream from the 
skimmer) pulses the beam which is ionized after a drift 
space of 37 2 cm and mass analyzed in a small magnetic 
90" sector instrument. Detection is by an electron multi- 
plier (EM1 9643/3B) followed by a high speed amplifier 
and the repetitive signal is averaged on a PAR TDH-9 
wave form eductor. Important dimensions and experi- 
mental conditions are given (16) in Table 1. 

The time calibration of the TOF measurement was 
checked with pure supersonic Ar and He beams of known 
bulk flow velocity. Time-of-flight spectra were recorded 
for two different mixtures of CH,:CD,:He (2:2:96 and 
5:5:90) over a range of nozzle pressure (20-400 torr) for 
two different nozzle temperatures (281 K and 573 K). 
Some experiments were also performed using Hz  as the 
seeding gas. In addition, pure He, pure Hz ,  and pure 
CH4 were run under the same conditions. Only 50:50 
mixtures of the isotopic components were employed since 
a t  the low seeding ratios used here interaction of the 
heavy components is expected to be small. Measurements 
were made on both p (parent mass) and p - 1 mass peaks 
for CH4 (p and p - 2 for CD,) and no differences in the 
TOF spectra were observed. 

Typical TOF spectra for the CH, and CD, components 
of the seeded beam are shown in Fig. la .  They are 
characterized by two parameters: t,,,, the position of the 
maximum, and AtllZ, the full width at half maximum. 
Rather than inverting the TOF spectra directly (6) and 
neglecting the apparatus resolution function,' the finite 
resolution was accounted for by the following empirical 
technique: The (number density) velocity distribution 
function appropriate to a supersonic beam is traditionally 
described by (6) 

[I] f(v) dv = C(v/v,)Z exp - [(v - vS)S/v,l2 du 

in terms of the streaming (= bulk flow) velocity v, and 
the speed ratio S which measures the width of the distri- 
bution. S is defined as the ratio of bulk flow to the most 
probable velocity by 

where T, is the (parallel) streaming temperature ap- 
propriate to the width of the distribution A number of 
assumed velocity distributions f ( u ;  v,, S) were convoluted 
with the appropriate TOF resolution function1 and the 
results were inverted to simulate TOF spectra. Two cali- 
bration plots were obtained, one relating the observed 

'The resolution function accounts for finite chopper 
opening time, ionizer length, mass spectrometer transit 
time, and response time of the electronics. 

TABLE 1. Apparatus dimensions and operating conditions 

Chamber Parameter Value 

Nozzle Diameter 0.01 cm 
Skimmer Diameter 0.05 cm 

Inner angle 35" 
Outer angle 40" 
Height 0 .3  cm 
Nozzle-skimmer separation 1 .0  cm 
TOF flight path 37.2 cm 

Typical operating 
Chamber Pump pressures (torr) 

Nozzle VHS-6 (Varian) 5 x lo-, 
(unbaffled) 2300 11s 

Main VHS-6 (Varian) 2 x 
(baffled) 1000 l /s  

Mass Spec EO-2 (Edwards) 1 x 

FIG. 1 (a) TOF spectra for both isotopic components 
of a CH4/CD4/He (2:2:96) mixture. Source pressure was 
60 torr, source temperature 281 K. Signals were nor- 
malized at t,,,. The FWHM, At,,, is indicated. The 
experimental uncertainty (one standard deviation) of 
flight time is typically k4.5  ps for this data set and it 
decreases to k 2  ps at higher nozzle pressures ( p ,  > 150 
torr). (b) Velocity distributions of CH,, CD, derived 
from Fig. l a  (eq. 1). C, the separation velocity used is 
taken as the arithmetic mean of the zj, values. Full curve: 
CH, (S  = 4.21, v ,  = 1.21 x lo5 cm/s); dashed curve: 
CD4 (S = 4.23, c s  = 1.17 x lo5 cm/s). 
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(tma,/AtI,,) to S, and the other relating t,,, to v, for a m 
given S. Given experimental t,,,, At , , ,  values, S and v, [ 5 ]  Kn,lil, = $nooH,d 
could be directly read off. Typical velocity distributions, 
derived from the spectra, Fig. l a ,  are drawn in Fig. l b .  

In 

111. Velocity Distributions 
The properties Of supersonic beams Here oHL is the effective cross section (9) for col- 

depend markedly upon the 'Ource conditions, ln lisions between heavy and light beam molecules, 
particular upon the source number density, the no the source number density, and the mole 
nozzle diameter d, source temperature To, and fraction weighted mass of the mixture with 
on the skimmer geometry, and Pressure in the masses nlH (heavy) and m, (light = seeding gas). 
nozzle and main chambers. The source Knudsen Under the same source conditions, two heavy 
number, Kn = k/d, the ratio of mean free path' isotopic components with masses mHl and mH, 
to nozzle diameter d is a convenient character- have different Kn,-- due to the mass factor 
istic parameter of the nozzle conditions. This 

[filjmHi - 312L33. the slippage-dominated low 
representation has the advantage of compacting po regime the vS/viro ratio is a sensitive function 
the experimental variables of Po, To, and d onto of Kn& and two isotopic components reach dif- 
one scale. Anderson and Fenn (6) have ~ h o w n  ferent velocities and 
that for pure beams the terminal speed ratio is *ccording to eqs. 3, 4, and 5 ,  and (v,,vi,,) a linear function of Kn-0.4 : were plotted as functions of Kn-0.4 and Krz,g4 
[3 1 S = 2 . 0 5 ( ~ / 2 ) ' / ~ ~ ~ . ~ ~ n - ~ . ~  respectively as shown in Figs. 2 and 3. Included 

in these graphs are data from the literature as 
where E I 1 is a measure of the 'collision effec- explained in the captions. 
tiveness' or average logarithmic energy loss per ~h~ speed ratio K , ~ - 0 . 4  plot ( ~ i ~ .  2 )  shows 
collision (7), that is assumed to be energy inde- that for K ~ - 0 . 4  I 17 the linear relationship (4) 
pendent for a given gas. is indeed valid, but the slopes of the various data 

The streaming velocity2 vs also depends upon sets differ appreciably. The question arises to 
the Knudsen number in the following fashion: what extent these differences are characteristic 
For high values of the inverse source Knudsen of the systems studied (e.g., H ~ ;  CH4/CD4/He; 
number (Po - Kn-l 2 1000) the beam expan- Hz;  Xe/H,) and to what extent they arise from 
sion is practically complete and both light and the conditions (i.e. the different 
heavy Components achieve the Same isoentropic beam machines having different nozzle-skimmer 
streaming velocity given by: assemblies, pump speeds, etc.). While Haber- 

[4 I vi,, = ( 2 c , ~ ~ / m ) " ~  land's data (5) (Fig. 2) demonstrate a pronounced 
dependence on nozzle temperature, the different 

where ?, and f i  are the mole fraction weighted qualities of supersonic beams achieved in dif- 
average heat capacity and mass and To is the ferent laboratories (5,8,10-12) show that experi- 
source temperature. As the source pressure mental design plays an important role, and that 
(-Kn- '1 decreases, fewer collisions take place the data sets from different laboratories are not 
during the expansion and velocity equilibration directly comparable. For instance, speed ratios 
is no longer attained: the heavy component lags in the range of s > 50 have recently been 
behind the light seeding gas. This velocity slip obtained for H, and He beams (10, 11). 
phenomenon, expressed in terms of the ratio of Velocity distributions of the light components 
streaming velocity to maximum (ideal) iso- were also measured and were found to agree 
entropic velocity, vs/vis0, is conveniently tor- closely with those of pure beams of seeding gas 
related with the mass-weighted slip Knudsen and it was confirmed (12, 13) that the heavy 
number (8), defined by component was characterized by substantially 

higher T, than the seeding gas. 
,The velocity v,,, of the maximum in the distribution, 7he data of ~ i ~ .  3 illustrate the increasing 

is somewhat greater than c : slippage (or decreasing v,/ui,,) with falling source 
2vm,, = v S ( l  + JV) pressure (P,'." - Kn-:;$,I. The lowest velocities 

However, for S > 4 the difference beween the is measured are only -40% of the ideal isoentro~ic 
.c 6% and one can use u s  to approximate urn,,. expansion value. Figure 4 shows the relative 
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I I I I I 

1%Xe/H2(To=617 K and 1610 
/-------- 

/ 
/ 

FIG. 2. Speed ratios cs. Kn-O for pure H,, He, CH, beams and for CH,/CD, and CH,lCD,/He 
mixtures. Also shown are the results for pure H, beams (17) and for Xe in Xe/H2 beams (5). The 
values plotted for the CH,/CD,/He mixtures are the average values of the two components. For 
(2:2:96) mixtures, S is ca. 5% higher than for (5:5:90) mixtures, and CH, speed ratios exceed those 
for CD, by a few %. The estimated error of S is 6%. Symbols: x H,; A pure He; pure CH,; 
0 CH,/CD, in (CH,/CD,/He) mixtures, all at To = 281 K .  @ CH,ICD, in (CH,/CD,/He) mixtures 
at To = 573 K. 

FIG. 3. (u,/ci,,) cs. Kn;;: for CH,/CD,/He mixtures. 
Also shown are data from refs. 5 (dashed curve XeiH2 
beams) and 8,12 (dash-dot curve, several He-seeded 
gases). The tie lines connect (c,/~>~,,) values for the two 
isotopic components of a given mixture at identical 
source conditions (shown for To = 281 K only for clarity). 
The full line represents the fit to eq. 6. Symbols: (CH,! 
CD4/He = 2:2:96; CH, data): 0 To = 281 K ,  A To = 
573 K ;  (CH,ICD,/He = .2:2:96, CD, data): 8 To = 

281 K ,  A To = 573 K ;  (CH,iCD,/He = 5:5:90; To = 
281 K ,  0 To = 573 K); (CH,/CD,/He = 5:5:90; 
To = 291 K, + To = 573 K).  

difference in velocities of the two isotopic heavy 
components At.,/c plotted as a function of 
Kn,,Pp4. This method of plotting collapses data 
for different source conditioris (To,  Po, seeding 
ratio, etc.) into one band of points. The solid 
curves represent a visual 'best' fit to the data of 
Fig. 3 of the form: 

[6 1 (v/vis0) = a [ l  - exp (-hxc)]  

with a = 0.93, b = 0.3, c = 1.3, and x = 

K ~ I ; $ ~ .  This fit optimally reproduces both the 
(u/vis0) and (Atllv) data of Figs. 3 and 4, the 
latter essentiaily being a measure of the slope of 
Fig. 3. 

Systematic deviations from this average curve 
show, however, that this data compaction is only 
approximate: the tie lines in Fig. 3 join data 
points for the CH, and CD, conlponents of a 
given mixture, run under a particular set of 
source conditions. For pairs of data points the 
difference in velocity cf the two components 
( A L . / L . ~ ~ ~  = v S I / ~ i s o  - is generally slightly 
smaller than that represented by the solid curve. 
It is possible that the assumption of independent 
expansions of the two heavy components at these 
low seeding ratios is not completely valid and/or 
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REDPATB AND MENZINGER 1059 

FIG. 4. Relative slippage Ac,/C of the isotopic com- 
ponents in CH,/CD,/He mixtures (2:2:96 and 5:5:90). 
dv ,  is the difference in streaming velocities and f is their 
arithmetic mean. The solid curve corresponds to eq. 6. 
Symbols same as Fig. 3. 

that collisions with background gas also di- 
minishes the separation e f f e ~ t . ~  The shift of 
our results to lower (t./t.,,,) values compared to 
literature curves (Xe/H2 and H2) demonstrates 
again the influence of the beam machine. 

HV. Isotope Sepmaticsn Factors 
The results of the preceding section are used 

to calculate the efficiency of the isotope separa- 
tion effect possible by velocity selection. This 
efficiency is normally given by the separation 
factor, a', defined in our case as (1, 3, 4): 

where n 1 ~  IS the number of molecules of mass nz, 
havlng ve1ocii:es below (i.e. to the left of) the 
separating veloclty 6 in Flg. lb,2 etc. For our 
calculations i was taken as the arithmetic mean 
of uS1 and v,,. A diRerent cholce of i would, of 
course, result In a different value for a'. It has 
been pointed out (I  5) that for h4axweliiar, distll- 
butions a' can be made very large if the separasi~ag 
velocity is rn the reglon of the high velocity tails, 

at the expense of a drastically reduced mass 
throughput. Our choice of 5 would allow close to 
maximum collection efficiency at the expense of 
a lower a'. 

Anderson and Davidovits give the approximate 
analytic expression for a' for beams with high 
speed ratios where f ( v )  can be approximated by a 
Gaussian. Their simple formula : 

shows more clearly than the following analytical 
expressions the basic dependence on the variables 
S and Ac,/6 of the separation effect: a' is a 
(linear) function of both speed ratio and the 
relative velocity difference. For the low speed 
ratios at which SAes/6 is maximized the expan- 
sion [8], that has been truncated after the linear 
term, is no longer valid: instead an exact calcu- 
lation of n,, etc. yields: 

x exp -Sl2(u,lo,, - 1)' dt. 

x exp - Sl2(t./uSl - dv 

etc. Evaluatioil of the integrals leads to: 

[IOU] n,, = nl N[(1/2S1) exp (- S, 2, 

- (al/2S12 + l/S1) exp (-a12) 

+ (3 ,/iF/4) (erf a, + erf S,)] 

with 
at = (Av/~ss)(s,/2d 

N = [(1/2S,) exp (- S12) 

+ (3 fi/4)(1 + erf S,)]- ' 
(us, and S, referring to the GH, component). 

For a given mixture of CH,:CD,:He, Kn;k4 
values for the two heavy components are calcu- 
lated, and S and v, values are then derived from 
Figs. 3 and 4. Equations IOU, lob, and 7 are then 
used to calculate E'. The results are presented in 
Fig. 5 as (3' - 1) us. KnzP,,. With decreasing 
XnzP, the curt e goes through a maximum at 
KnGP," 3.25 and appears to drop off for 
lower K~;P,"alues. The actual behaviour of 
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FIG. 5 .  Separation factor (a' - 1) cs. Kn,fp4 calcu- 
lated for CH,/CD4/He mixtures. For classical effusive 
CH4/CD4 beams,4 cl' - 1 = 0.6, while for effusive 
'garden hose' separation (15) a '  - 1 = 0.46. 

(a' - 1) in the region of low Kn;k5 is, however, 
uncertain. The isentropic beam expansion 
model fails in this region where the flow becomes 
effusive. A gas dynamic calculation by Anderson4 
of a '  = 1.29 at K17-O = 5.04 agrees well with 
our measurements and lends support to the 
calculations (14)4 on heavier systems. The sepa- 
ration factor for classical effusive beams4 and 
for 'garden hose' effusive beams (15) are 
(a:,, ,,,,, - 1) = 0.6 and 0.46 respectively, if one 
assumes 5 equal to the average of the most 
probable velocities. The nozzle beam results 
ought to extrapolate to this value; how they do 
is not certain. It would appear that effusive 
beams provide as good, if not better, velocity 
separation than seeded supersonic beams. Al- 
though this is the case for the mass combinations 
of our system it is not clear at present whether 
this can be generalized to 235UF,/238UF,. 

V. Discussion 
Applying the present results and those from 

the literature (5, 8) to systems of such substan- 
tially different mass and molecular structure as 
UF,/He calls for a number of assumptions: 
(I) The slippage v/vi,, and Avl5, under identical 
experimental conditions and Kn,g4, is taken to 
be the same for 235UF,/238UF, mixtures seeded 
by He, Ar, Xe as for He-seeded CH4/CD4. 
While the approximate agreement of slippage 
data for different beam gases (dash-dotted curve 
of Figs. 3 and 9 of ref. 8) supports this view, a 
closer examination of Fig. 9 exposes, not un- 

4J. B. Anderson, private comn~unication. 

expectedly, an increased slippage for heavier 
beams. (2) Speed ratio for UF, in He were as- 
sumed to be given by the CH4/CD4/He mea- 
surements (Fig. 4), while for Ar- and Xe-seeded 
SF, speed ratios for pure Ar beams (8, 12) were 
substituted since He beams are known (12, 16) 
to yield, under comparable source conditions, 
lower speed ratios than pure H, or Ar beams. 

Separation factors (a' - 1) were calculated 
from eqs. 7, 10 for He-, As-, Xe-seeded (99:l) 
UF, mixtures as a function of Kn,,; and results 
are presented in Fig. 6. The predicted maxima 
(a' - 1) lie below the value (x~ , , , , ~ , ,  - 1) = 

0.018 for 'classical' effusive beams4 and, with 
the exception of Xe-seeding also below (a~,,,,, ,,,, 
- 1) = 0.015 for 'garden hose' effusive beams 
(15). Our calculation predicts that a,,,' in- 
creases with the mass of seeding gas, although 
the position of the maximum does not change. 
This is a direct consequence of assumption (I) 
that the slippage data (eq. 6) are independent of 
seeding gas: anything that increases the difference 
in Ki~;,0,,~ values will increase a,,,'. The Kn,g4 
values for the isotopic components are related by 

where m, is the mass of the seeding gas. The 
bracketted term increases with m,, predicting 
enhanced AKn,Z4 and a'. This approach leads 

K j 
0 I I 1 1 1 l l 1  

2 4 6 8 0 

K",;.; 

FIG. 6. Separation factor (a' - I )  us. Kn;Yb4 predicted 
for 23iUF6/238UF,/X mixtures, where X = He, Ar, Xe, 
as described in the text. Gas dynamic calculations (14) 
predict an inverse effect: a decrease of a' with increasing 
mx. For classical effusive 235UF,/238UF6 beams4 a' - 1 
= 0.018, while 'garden hose separation' (15) yields 
a' - 1 = 0.0146. 
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however to the wrong asymptotic limit m, -, 
mu,,, a fact that strongly suggests an experi- 
mental test of assumption (I). Gas dynamic 
calculations (14)4 indicate a reverse trend, while 
experiments using CH,/CD,/H, mixtures show 
indeed a lower a,,,' for H, than for He. 

The present calculation predicts a,,,' values 
substantially lower than those of AD's original 
proposal (4) (a,,,' = 0.01 - 0.016 us. 0.1). The 
major source of this discrepancy lies in the 
different speed ratios used; ours are ca. six times 
lower than the value S - 24 taken (4) by AD 
from the data ( 5 )  on Xe/H, mixtures. The criti- 
cal, and most controversial, assumption of our 
analysis is thus number 2. 

For an estimate of the full potential of the 
beam separation, the spatial separation factor is 
estimated from Becker's values (1) extrapolated 
for pure 235UF,/238UF, mixtures, a (space) - 
1.008. An improvement of (a(space) - 1) by 1.7 
is predicted (2b) for seeding with a gas of a mass 
1/10 of the beam gas (e .g. ,  Ar or N,) .With this 
the overall separation factor for 2 3 5 ~ ~ , / 2 3 8 ~ ~ , /  

Ar mixtures is predicted to be a(tota1) =  space) 
x al(velocity) = 1.025. This value still lies below 
AD's original prediction (4) of 1.1 and below 
their more recent values a '  = 1.05 - 1.09 ob- 
tained from detailed gas dynamical calculations 
(14). However, it exceeds the separation factors 
of currently attainable gas dynamic and gaseous 
diffusion methods. Only experiments on UF, or 
on closely related model systems (SF,, MoF,, 
WF, .../ He, Ar ...), employing a velocity selector 
similar to the one proposed (4, 14) (i.e. of the 
slotted disk type) will give an unambiguous as- 
sessment of the complicated and interrelated gas 
dynamic effects involved in the separation of iso- 
topic mixtures. 
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The viscosity of concentrated electrolyte solutions. I. Concentration 
dependence at fixed temperature 
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DOUGLAS E. GOLDSACK and RAYMOND FRANCHETTO. Can. J. Chem. 55, 1062 (1977) 
The absolute rate theory of viscosity for simple fluids has been extended to account for the 

concentration dependence of the viscosity of concentrated single electrolyte solutions (1-10 m 
region). Graphical and computer techniques for obtaining the two parameters (volume and 
free energy of activation) which control the concentration dependence of the viscosity of single 
salt solutions at  fixed temperatures are described. The additivity of these parameters for single 
ions are discussed with reference to the alkali and ammonium halides at  25 "C and the B 
coefficients of the Jones-Dole equation. 

DOUGLAS E. GOLDSACK et RAYMO~D FRANCHETTO. Can. J. Chem, 55,1062 (1977). 
Afin de rendre compte de la dependance qui existe entre la conceiltration et la viscosite de 

solutions concentries (rCgion de 1-10 m )  d'electrolytes simples, on a etendu la thiorie des 
vitesses absolues de la viscositt a des Auides simples. On dtcrit des techniques graphiques et par 
ordinateur qui permettent d'obtenir les deux paramktres (volume et energie libre d'activation) 
qui contr6lent la dependance existant, a temperature fixe, entre la concentration et la viscosite 
de solution de sels simples. On discute de l'additivitt de ces parani6tres pour des ions uniques 
par reference aux halogCnui-es alcalins et d'an~monium a 25 "C et aux coefficients B de l'equa- 
tion de Jones-Dole. 

[Traduit par le journal] 

Introduction 
Phenonzenologicul Description of the Viscosity of 

Aqueous Electrolyte Solutions 
The viscosity of aqueous electrolyte solutions 

has been studied in detail continuously since 
Arrhenius began his investigations of the proper- 
ties of electrolyte solutions in the 1880's. Three 
major reviews of the subject have been written 
(1-3). Aside from the many empirical relations 
which have been explored for single and mixed 
electrolyte solutions, the major theoretical 
thrust for understanding the viscosity of elec- 
trolyte solutions has been in the dilute solution 
region (less than 0.1 M). 

Einstein (I) ,  in 1906, deduced from the 
classical principles of hydrodynamics that if the 
solute were composed of spherical incompressible 
uncharged particles which were large in com- 
parison to the water molecules, then the viscosity 
of the solution could be expressed as 

where €I denotes the volu~ne fraction of the solute 
particles, q, is the viscosity of the pure solvent, 
and q is the viscosity of the solution. This equa- 
tion proved valid only a t  low concentrations. 

Later, Falkenhagen and Dole (1) attacked the 

problem of the viscosity of electrolyte solutions 
in terins of the interionic forces in the adjacent 
layers of an electrolyte solution. They proposed 
that the electrical forces between ions in the solu- 
tion tend to establish and maintain a preferred 
rearrangement and thus to "stiffen" the solution, 
i.e. to increase its viscosity. The mathematical 
treatment of this effect resulted in the following 
limiting law for very low concentrations of 
electrolytes (< 0.01 M). 

where the always positive constant A is a 
function of solvent properties, ionic charges, 
mobilities and temperature (1). Numerically, A 
is fairly small (0.005 for K1, 0.0167 for Li,SO, at 
25 "C). 

Practically, the Falkenhagen equation was of 
little use in calculating viscosities since the square 
root term is swamped by a much larger linear 
term expressed in the empirical equation of 
Jones and Dole (1) 

where A is again Falkenhagen's theoretical 
coefficient while the empirical parameter B 
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GOLDSACK AND FRANCHETTO 1063 

supposedly represents ion-solvent interaction. 
The B coeficient is found to be greater or less 
than zero depending on the salt and to be highiy 
specific for both the electrolyte and temperature 
(e.g., -0.014 for KC1 and +0.567 for LaC1, at 
25 "C) (1). The B coefficients are fairly accurately 
additive properties of the constituent ions based 
on the assumed equal values of -0.007 for K' 
and C1- at 25 "C. Negative values for B are 
found for ions which exert a 'structure-breaking' 
effect on the solution (i.e. they contribute to a 
considerable increase in the disorder of water 
when dissolved) such as Rbf , Csf , I - ,  C10,-, 
and NO3-. Usually, however, the B values are 
fairly large and positive and correspond to ions 
which are strongly hydrated (structure makers) 
such as Na ', Lif ,  Mg2', and La3'. The Jones- 
Dole equation is generally valid up to a few 
tenths molar concentration. Recently the Jones- 
Dole equation has also been extended to include 
higher terms in a power series in M (4, 5). How- 
ever, no new interpretive information has been 
revealed by this approach. 

In the concentrated solution region (0.1 to 
10 M), several features of the viscosity of elec- 
trolyte solutions have been noted. For some 
salts a plot of the viscosity us. the molality at a 
fixed temperature yields a roughly exponentially 
increasing function (Figs. 1 and 2). However, for 
other salts a pronounced minimum in this plot 
occurs (Figs. 3 and 4). These latter salts fall into 
the category of structure breakers mentioned 
previously. 

Thus, any equation which proposes to describe 
the variation of viscosity with concentration in 
this region must account for both of these 
phenomena in a quantitative manner. 

The effect of concentration on the viscosity of 
salt solutions in the more concentrated region, 
and at fixed temperature, has been approached 
empirically in various ways. Vand (71, for 
example, extended Einstein's limiting theory to 
higher concentrations giving 

where Q is proposed to be an interaction param- 
eter dealing with the mutual interference between 
the spheres. Several other equations have been 
advanced in this direction : 

Thomas (8) : 

[51 q,,, = I + 2.58 + 10.0502 

I 
0 00 2.00 4 00 6.00 

MOLALITY 

FIG. I .  Observed and calculated viscosities for LiCI, 
NaCI, NaBr, and NaI. The solid curves are calculated 
with eq. 20 and the parameters given in Table 3. 

0.4 009 
0.00 2.00 4.00 6.00 8.00 

MOLALITY 

FIG. 2. Observed and calculated viscosities for KF and 
CsF. Solid curves as in Fig. 1. 
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1 / R b C l  j l  

3.8 4 cc L - - - A  
0 00 2 02 4.00 6.00 

MOLAL ITY  

FIG. 3. Observed and calculated viscosities for KCI, 
RbCI, CsC1, and NH4CI. Solid curves as in Fig. 1. 

N?LAL. 'Y  

FIG. 4. Observed and calculated viscosities for KBr, K1, 
NH4Br, and NHJ. Solid lines as in Fig. 1. 

Moulik (9): 

[61 (qr,J2 = M + kc2 
where M and k are constants. 

Bingham (lo), by an entirely empirical 
approach, proposed that the fluidities of one 
molar electrolyte solutions were composed of 
additive fluidity constituents of the solvent and 
ions. That is 

where 4 is the fluidity of the solution, 4, the 
fluidity of the solvent, 4, the fluidity derived 
from the anions, and 4, the fluidity derived from 
the cations. Since the fluidity of water is almost 
as large as that of the solution at the concentra- 
tions (up to 1 N )  dealt with by Bingham, he 
regarded the fluidities of the ions as corrections 
to the fluidity of water. Equation 7 can then be 
written as 

where A, is the elevation or depression produced 
in the fluidity of the solution by the presence of 
one equivalent weight of cations and A, is the 
corresponding elevation or depression for the 
anions. Bingham tabulated these ionic param- 
eters at 25 "C assuming the A value for the 
potassium ion was equal to that of the chloride 
ion as a basis for determining the single ionic A 
parameters. Excellent agreement between calcu- 
lated and experimental solution fluidities resulted 
when these values were used to calculate fluidities 
for a large number of salts at concentrations of 
1 N and 0.5 N. While legitimate empirically, this 
approach lacked a sound molecular and theo- 
retical basis. 

Suryanarayana and Venkatesan (1 1) have 
observed that the equation 

[91 q, = A" exp (Bt'CP) 

adequately describes the variation of elec- 
trolyte viscosity throughout the high concentra- 
tion range. Here q, represents the ratio of the 
viscosity of the solution at a given concentration 
relative to that at saturation at the same tem- 
perature and C, the ratio of the mole fraction of 
the solute at a given concentration to that at 
saturation at the same temperature. A" and B" 
are experimentally determined constants. How- 
ever, no theoretical basis was found for this 
equation. 

Another property of these solutions which has 
been studied in the high concentration region is 
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GOLDSACK AND FRANCHETTO 1065 

the temperature dependence of the viscosity at 
fixed composition. For pure liquids, the tem- 
perature dependence has been accounted for 
empirically by an equation attributed originally 
to Andrade (6): 

[101 = A eB ' /T  

where A '  and B' are constants and T is the 
absolute temperature. Fixed composition elec- 
trolyte solutions of high concentration have also 
been found to follow this equation. 

As a starting point for a molecular interpreta- 
tion of the viscosity of electrolyte solutions, the 
approach of Eyring et al. has been used by 
several investigators (1, 12). However, an 
explanation of both the concentration effects 
observed in Fig. 1 through Fig. 4 at fixed tem- 
peratures or the temperature variation of these 
effects has not yet appeared. The following sec- 
tion outlines such an approach based on the 
absolute rate theory of viscosity. 

Extension of the Absolute Rate Theory of the 
Viscosity of Liquids to Concentrated Single 
Electrolyte Sol~rtions 

The basic equation for the viscosity of a fluid 
from the absolute rate theory approach has been 
shown to be (14): 

Clll 
hN 11 = - e A G * ~ R T  
v 

where 11 is the viscosity of the fluid, h is Planck's 
constant, N Avogadro's constant, R the gas 
constant, V the molar volume of the hole in the 
liquid, and AG" the molar free energy of activa- 
tion for creating this hole in the liquid by the 
particle moving in the fluid. 

It has also been shown that the viscosity of 
electrolyte solutions at high fixed concentrations 
follows the simple temperature dependence of 
this equation (13). We assume this basic equation 
can be used therefore to represent the viscosity of 
an electrolyte solution. It must be kept in mind 
that, in such a solution, there will be solvent 
particles as well as anion and cation particles 
which will contribute to the total viscosity of the 
medium. Furthermore there are two parameters 
in this equation which characterize the viscosity 
of the medium: the volume of the hole in the 
liquid Y, and the free energy of activation in- 
volved in forming the hole, AG:! For a mixture 
of particles, we assume that these parameters are 
average parameters and that the volume and free 
energy parameters include solvent, anion, and 
cation components. We will outline the deriva- 

tion of the equation first for a solution of a 1 : 1 
salt. 

The simplest relation between the average 
parameters and their sub-components involves 
the mole fraction of each component. We there- 
fore assume the volume and free energy com- 
ponents are given as 

where X, = mole fraction of solvent, Xa = mole 
fraction of the anion, X, = mole fraction of the 
cation, V, = molar volume of the solvent mole- 
cule hole, V, = molar volume of the anion hole, 
Yc = molar volume of the cation hole, AG,* = 

free energy of activation for viscous flow per 
mole of solvent, AG,'k = free energy of activation 
for viscous flow per mole of anion, and AGcs = 
free energy of activation for viscous flow per mole 
of cation. 

Now the mole fraction must take into account 
all distinct particles in the medium and is there- 
fore, for the mole fraction of cations, given by 
the equation (14) 

This equation applies to an aqueous solution on 
the molal scale since there are 55.51 moles of 
water per kg of water and 2n2 moles of salt 
particles (anion plus cation) for an m molal 
solution of a I : 1 salt such as NaCl. For other 
solvents the appropriate number of moles per kg 
must be used. Now for a 1 : 1 salt the following 
relations are valid : 

x, = xa 
and 

X I  + xc + x, = 1 
Thus, 

[151 X, = 1 - 2xC 

Substitution of eq. 15 into eq. 12 gives 

Similarly 

[17] AG" = AG1* + Xc(AGc'k 
+ AGa* - 2AG1*) 

Substitution of eqs. 16 and 17 into eq. 11 yields 
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TABLE 1. Equations to express viscosity of single salt solutions" 

Salt 
type x 

3:1 x a  3AG,* + AG,* - 4AG1* -- 3 Vc + Va 
Vl 

'Basic equation: q = q l  eXF,RT/(l  i X V ) .  

the following relation for the viscosity of the solution Q. 

Cl8l Q = IzN 
exp {AGl*/RT + X,[(AG,* + AGa* - 2AG,*)/RTJ_) 

v1 [I + X, j vc va - 2)] 

For the pure solvent we assume eq. 11 is valid: 

hN A G I * / R T  
Q l  = x e  

and therefore 

or in simvlified form 

exp (X,[(AG,* + AGa* - 2AG,*)/RT]) 
Q = q1-  

1 + [x, (v- 2)] 

where 
E = (AG," + AG," - 2AGl*)/RT 

x = x, 
This final equation for the viscosity of an 

electrolyte solution is in essence a two-parameter 
equation just as the equation for the viscosity of a 
pure liquid is a two-parameter equation. Further- 
more, all salt types (1: 1 ,  1:2, 1:3, 2 :  1, 3:  I )  yield 
equations of the same form involving two ad- 
justable parameters. The appropriate definitions 
of the E and V parameters for all salt types are 
given in Table 1. 

The purpose of this paper is to show how this 
extension of the basic absolute rate theory for the 
viscosity of fluids accounts quantitatively for the 

phenomena observed with the viscosities of 
concentrated electrolyte solutions of single 1 : 1 
salts. The various empirical equations pre- 
viously discussed which have been observed to 
account for some of the behaviour of the 
viscosity of concentrated electrolyte solutions, 
will be shown to be compatible with these new 
theoretical equations. Application of these 
equations to other salt types as well as a dis- 
cussion of the temperature dependence of these 
parameters will be left to further papers in this 
series. 

Experimental 
The viscosities of concentrated solutions of NaF, KF, 

NaBr, KBr, NH,Br, NaI, and KI were measured and are 
given in Table 2. All salts were certified ACS and were 
dried for at  least 24 h at  110 to 120 "C prior to use. They 
were then temporarily stored in a glass desiccator over 
P205  In the case of the solutions of KF with molalities 
greater than 2.0, addition of a very slight amount of HF 
was necessary to adjust the p H  of the solutions to within 
the p H  range 6.5 to 7.5. The required amounts of salts 
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GOLDSACK AND FRANCHETTO 1067 

TABLE 2. Experimental and calculated viscosities of single salt solutions at  25 'C 

rn l l e x u  %=IC m ? e x 0  l l c a i c  rn e x  77ca1c rn q e x u  ' l c a ~ c  

NaF NaBr KBr 

NaI 

were all weighed on a 5 place balance to yield the exact 
molality as indicated in Table 2. 

For each of these solutions, densities and viscosities 
were determined at  25.00 0.02 'C in a Cannon constant 
temperature bath (Model M-1). Density measurements 
were obtained using 25 ml pycnometers which had been 
previously calibrated with distilled water at 25 "C. A 
buoyancy correction (15) was applied in obtaining these 
densities. Viscosities were determined using Ostwald 
microviscometers (size 50) which were ca!ibrated with 
1.0 ml of distilled water which had been equilibrated to 
the bath temperature. The solution fall times were 
obtained with stopwatches accurate to i 0.1 s and in no 
cases were times less than 100 s. Measurements were 
repeated until three consecutive readings varying only by 
k0.2 s were obtained. Each viscosity measurement on 
each viscometer was followed by a t  least five washings 
with distilled water and three with acetone. The viscom- 
eters were frequently cleansed with alcoholic KOH and 
chromic acid. 

Absolute viscosities were calculated in centipoise using 
the formula: 

q1dt 11 = --- 
n,t, 

where 17, = 0.8904 cP for water at  25.00 'C (16), dl is the 
density of water at 25.00 C, t ,  the fall time for water, d 
the density of the salt solution, and t the fall time for the 
salt solution. 

The data for other salts were obtained from a variety of 
sources as indicated in Table 3. Only data with four 
significant figures were accepted for analysis. Computa- 
tions and tests of the data were carried out on an IBM 360 
computer as indicated in the treatment of data section. 

Treatment of Data 
Two main approaches were used to obtain the values of 

the E and V parameters from the viscosities of the salt 
solutions as a function of concentration. Equation 20 can 
be rearranged as follows : 

If the correct value of V were used to calculate values of 
(q/ql)(l + XV), then a plot of the natural logarithm of 
this function us. the mole fraction of cation, X, should 
give a straight line of slope E and an intercept of zero. To 
test this equation, a computer program was devised to 
calculate for each salt the function Y with a fixed value of 
V for all concentrations corresponding to the measured 
viscosities. The value of V was varied from 0 to 50 in 
increments of 0.01. For each value of V, a least-squares 
plot was performed on the values of the function Y and 
the values of X to generate a value of E from the slope of 
this plot. Theoretical values of the viscosities were com- 
puted using this fixed value of V and the least-squares 
value of E in eq. 20. The sum of the differences between 
the observed and calculated viscosities were then com- 
puted. The best value of V and the resultant best E 
parameter were picked when the minimum sum of devia- 
tions between observed and calculated viscosities 
resulted. 

Examples of the plots of the best fit functions Y us. X 
are given in Figs. 5 and 6 and the best fit parameters E and 
V for all salts are given in Table 3. Correlation co- 
efficients calculated for the best fit plots of Y us. X 
exceeded 0.9999 for all salts and all intercepts on this plot 
were zero within the error of the measurements. Calcu- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 5 5 ,  1977 

TABLE 3. Volume, free energy, and difference parameters at 25 "C 

v, + v a  

Salt E [(T - 2, - E ]  Data reference 

NaF 
K F  
RbF 
CsF 

LiCl 
NaCl 
KC1 
NH4CI 
RbCl 
CsCl 

NaBr 
KBr 
NH,Br 

LiI 
NaI 
K I  
NH4I 
RbI 
CsI 

4, this work 
4,22, this work 
4,22 
4,22 

4,22,23,24,25 
22,23,25,26,30 
22,23,25,29 
23,27 
22,23,25 
22,25 

This work 
This work 
This work 

2 1 
This work 
This work 
23,21 
4,21 
4.28 

lated viscosities for various salts using these best fit 
parameters are tabulated in Table 2 and graphically shown 
in Figs. I through 4. 

Figures 3 and 4 reveal that certain salts yield minimum 
values on a viscosity us. concentration scale plot. This fact 
led to the second approach to obtaining the parameters V 
and E from the minimum values of the viscosity qmi, and 
the mole fraction value at this minimum X,,, on a 
viscosity mole fraction plot. Equation 20 shows that for a 
minimum in this plot to occur, the first derivative aq/aX 
must be zero. 

Hence 

Equations 23 and 20 then yield for qmi, the relation 

From the known values of Xmi, and qmi, obtained from 
the curve, distinct values of E and V can be obtained via 
relations 23 and 24. Theoretical values of the viscosity can 
then be calculated as a function of concentration to be 
compared with the observed values. Since in many cases 
the minimum in the curve of q us. Xis  a broad minimum, 
some error occurs in picking the value of Xmi,. The values 
of E and V obtained in this way can be used however as 
first estimates of the best E and Vvalues to be used in the 
computer iteration method previously discussed. It is 

found that the values of the parameters E and V obtained 
in this manner agree with those obtained by the least- 
squares analyses of the function Y cs. mole fraction 
plots. 

Discussion 
It is apparent from Table 2 and from Figs. 1 

through 4 that the two-parameter eq. 20 can 
reproduce the observed viscosities within experi- 
mental error over the high concentration region 
for all the alkali and ammonium halide salts. 
Furthermore, eqs. 18 through 20 are of the same 
form as the empirical equations found to 
reproduce viscosity data in the high concentra- 
tion region (1 1). 

Since we are concerned with the concentration 
dependence of the viscosity of concentrated 
electrolyte solutions at fixed temperature, we 
shall leave the discussion of the temperature 
dependence of these effects to another paper. 
However, as indicated previously it has been 
found that eq. 10 accounts for the concentration 
dependence of the viscosity of electrolyte solu- 
tions at high concentrations. Equation 20 is 
compatible with eq. 10 and indeed indicates that 
eq. 10 is only an approximation to the real con- 
centration dependence of the viscosity of elec- 
trolyte solutions. It  has been observed that when 
log q is plotted us. C, (the ratio of the mole frac- 
tion of the salt at a g&en concentration relative to 
that at saturation), a straight line is obtained in 
the high concentration region but that curvature 
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GOLDSACK AND FRANCHETTO 1069 

MOLE F R A C T I O N  ( x 1 0 2 )  

FIG. 5. Test of linearity of eq. 21 for LiCI, NaCI, KC1, 
and NH,Cl. 

NaBr 1' ,/' CsF 

MOLE F R A C T I O N  ( ~ 1 0 ~ )  

FIG. 6. Test of linearity of eq. 21 for NaBr, NaI, KBr, 
NH,Br, and CsF. 

in the low concentration region also occurs (1 1). 
This is just what would be predicted according to 
eq. 20. If X,,, is the mole fraction of the salt in the 
solution at saturation, then X/X,,, equals Cp and 
eq. 20 can be re-written as: 

If the term log q were plotted against C, we could 
not expect a straight line relation from eq. 25 but 
rather a curve depending on the size of the 
parameter X,,,V for any salt. If X,,,V is small 
enough, then to a first approximation, a straight 
line relation would be observed at high concen- 
trations, with deviations occurring at low con- 
centrations. In these cases the high concentration 
slope would be equal to Xsa,E/2.303 and the 
intercept of the straight portion of the curve at C, 
equal to zero would be given by log q l .  

If eq. 20 is valid over the whole range of elec- 
trolyte concentration, it should account quan- 
titatively for both the high concentration as well 
as the low concentration viscosity effects. In the 
low concentration region, the Jones-Dole equa- 
tion (eq. 3) has been used to describe the viscosity 
of electrolyte solutions in the region below 0.1 M. 
If we ignore the Falkenhagen term ( A  Jc) in this 
expression and assume that the B coefficient is 
such that it will swamp out and encompass the 
long range electrostatic effects which are ex- 
plained by the A* term, and noting that at 
concentrations < 0.1 the molarity is almost equal 
to the molality, then we can write the Jones-Dole 
equation in terms of the molality as : 

Here B, is the corrected B coefficient of the 
Jones-Dole equation. Equation 20 can now be 
expanded as follows since the mole fraction X 
will be << 1 in the region of concentration < 0.1 m. 

Ignoring terms in X2 since X << 1, then 

Since the molality, rn, is small, then X can be 
approximated as : 
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TABLE 4. Comparison between parameters obtained from various viscosity equations for electrolytes 
at 25 "C 

Salt ( )  (A, + A,)O 1.953(V- E) (q) 
NaF 
KF 
RbF 
CsF 

LiCl 
NaCl 
KC1 
NH4CI 
RbCl 
CsCl 

NaBr 
KBr 
NH4Br 

LiI 
NaI 
KI 
NH41 
Rbl 
Csl 

and therefore 

Comparing eqs. 26 and 28 shows that the B 
coefficient of the Jones-Dole expression should 
be approximately equal to (E - V)/55.51. 
Table 4 shows the good agreement between the 
observed B coefficients and the (E  - V)/55.51 
parameters for the salts studied in this paper. 
Because the B coefficients were obtained with 
either the full Jones-Dole expression or with an 
expanded Jones-Dole equation, exact agreement 
between these two parameters should not be 
expected. 

Equation 20 can also be used to account for 
the A parameters of Bingham (10) which are 
additive up to 1 in. If we define (@ - 4,)lulz as the 
molal fluidity increment or decrement, depending 
on the sign of the A parameters. then 

Equation 20 can be rearranged and expanded as : 

Up to 1 m, the term EX < 1, and terms in E2X2  
can be ignored. Hence 

If we consider a 1 m solution only to determine 
the A values then: 

and 

In term? of viscosities this can be written as Since q ,  for water at  2.5 "C is 0.008904 poise, then 

l l ? l l  equating 1291 and [31] we obtain for a 1 molal 
- -  

11 1 1 1 - 1 1  
solution : 

[29] - - - - - ha + Ac 
m 11m 11321 A, + A, = 1.953(V - E) 
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Table 4 lists values of A, + A, observed and 
those calculated using eq. 32. 

Furthermore, according to eqs. 32 and 28 the 
ratio of the (A, i- A,) parameter to the B param- 
eter for all salts should be a constant. 

Calculated values of this ratio are given in 
Table 4 and show good agreement with this 
prediction. Large differences in these values 
appear only for KC1, NH,CI, RbCl, CsC1. Since 
there does not appear to be any systematic error 
in these numbers, then the only possible source of 
this large error is in the prime data of Bingham 
(10). Shown in brackets beside these numbers in 
Table 4 are values calculated using 1.953(V - 
E)/B. 

It should be noted, in Table 4, in comparing 
the B values to the (A, + A,) parameters of 
Bingham, thet the signs of these parameters for 
each salt are opposite, i.e. if the B coefficient is 
positive then (A, + A,) is negative and vice- 
versa. This follows from the fact that in the low 
concentration region, if a salt increases the 
viscosity relative to that of water at that tem- 
perature, such as NaCl, this results in a positive B 
value. However, since fluidity is the inverse of 
viscosity, then if the viscosity increases, the 
fluidity decreases and thus a negative value of 
(A,  + A,) results. Similarly if a salt initially 
decreases the viscosity from that of water, such as 
KCl, then a negative B value results. However, 
the fluidity would initially increase and thus 
yield a positive (A, + A,) value. 

It is also interesting to note that as the 
temperature is raised, negative B values found in 
'structure-breaking' salts become less negative 
and eventually become positive. This is due to the 
fact that as the temperature increases, the initial 
decrease in viscosity shown in Figs. 3 and 4 is 
gradually lost until the exponentially increasing 
function of Figs. 1 and 2 is achieved. 

The additivity of the B and (A, + A,) param- 
eters has been commented on, mulled over, and 
dissected in detail over the past 20 years ( 1 ,  17- 
20). Excellent discussions of the various possible 
component contributions to these parameters are 
available in these references. The V and E 
parameters of eq. 20, however, give another in- 
sight into the values of the B and A parameters. 
It can be seen from Table 3 that the individual E 
and V parameters do not show systematic 

trends or seem to have additive characteristics. 
However, the difference parameter (E - V )  
reflects systematic trends and since it is directly 
proportional to the additive parameters Band A, 
it too must be made of additive components. The 
definitions of E and V given in eq. 20 and Table 1 
for other salt types in fact indicate that the 
(E - V) parameter should be additive. Thus, for 
I : 1 salts 

Thus, the thrust of any argument over the 
significance of the B and A parameters according 
to eq. 34 should concern itself with the free 
energy of activation of viscous flow for the 
anions, cations, and solvent molecules as well as 
the volume ratios of the holes created in the 
liquid structure by these particles during viscous 
flow. 

However, the free energy parameters can only 
be properly understood in terms of the enthalpy 
and entropy of activation components according 
t o  eq. 35 

1351 AG": = AH:k - TAS" 

Furthermore, ionic B values show a linear rela- 
tionship with the partial molar ionic entropies 
(11, and since the ( E  - V )  parameter is related to 
these 63 values, then the (E - V )  parameter 
should also show some kind of relationship to the 
entropy. Therefore a detailed discussion of the 
significance of the (E - V )  parameters for 
various salts should be properly deferred until 
the determination of the temperature dependence 
of the (E  - V) parameters has been carried out. 

Conclusions 
A simple extension of the transition state 

theory of viscosity for fluids has led to a two- 
parameter equation which quantitatively ac- 
counts for the viscosity of concentrated solutions 
of electrolytes. Comparison of this equation with 
several empirical equations in the high and low 
concentration regions shows that this new equa- 
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tion also successfully links the B parameters of 
the Jones-Dole equation and the A parameter of 
Bingham's equation with the free energy of 
activation and volume ratio parameters of this 
new equation. 
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Studies in the usnic acid series. IV."he base catalyzed usnic acid - isousnic acid 
rearrangement. Part 11. An improved synthesis of (+)-isousnic acid 
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JAMES 9. KUTNEY, IGYACIO H. S A ~ C H E Z ,  and TREVOR YEE. Can J .  Chem. 55,1073 (1977) 
Investigations concerning the alkaline cleavage of (+)-2H-[1,2]oxazocinousnic acid (3) are 

described. These studies provide an interesting rearrangement from the 'normal' (usnic acid) to 
the 'iso' (isousnic) series and, in turn, a high yielding sequence for the synthesis of (-t)-  
isousnic acid (1). 

JAMES P. KCTNEY, IGKACIO H. SANCHEZ et TREVOR YEE. Can. J. Chem. 55, 1073 (1977). 
On decrit des etudes concernant les coupures alcalines de l'acide (+)-2H-[1,2]oxazocinous- 

nique (3). Ces etudes fournissent un rearrangement interessant de la serie 'normale' (acide 
usnique) en serie 'iso' (acide isousnique) aussi qu'une methode pour effectuer la synthese de 
l'acide (+)-isousnique (I) par une sequence irnpliquant de hons rendements. 

[Traduit par le journal] 

During our continued studies on nitrogen con- 
taining usnic acid derivatives (1, 2) as useful 
synthetic intermediates for the preparation of the 
several biodegradation products isolated in our 
lab~rator ies ,~ we have recognized an interesting 
base-catalyzed usnic acid - isousnic acid re- 
arrangement (3). 

The following studies confirm its generality and 
synthetic usefulness, as seen by the greatly im- 
proved preparation of the naturally occurring 
lichen substance (+)-isousnic acid (1) (4-6). 

Thus, the alkaline treatment of (+)-2H- 
[1,2]oxazocinousnic acid (3) (2) follows a very 
similar course to that previously observed (3) for 
the isomeric isoxazole 2 (2) producing 5 as the 
main component, (Fig. 1) the latter belonging to 
the isousnic acid series (the 'iso' series). The 
structural assignment followed from the exami- 
nation of the relevant spectroscopic properties. 
For example, in the 'Hmr spectrum one notes the 
characteristic (3) two-proton AB quartet cen- 
tered at 6 3.10 ppm (J = 18 Hz) corresponding to 
the C,-methylene group of the cis B/C ring fused 
series (C,,-aOH) as shown in 5 and the one- 
proton singlet at 6 6.08 ppm assigned to the C,- 
aromatic proton. Further support for this 
assignment was derived from its cd spectrum 
which showed absorption maxima and Cotton 
effects (see Experimental) comparable in sign and 

For part 111 see ref. 3. 
2J. P. Kutney, 1. H. Sanchez, T. Yee,and P. J. Salisbury, 

manuscript in preparation. 

magnitude to those observed for the oxazocine 7 
also belonging to the iso series (3). 

The minor components obtained from the 
basic treatment of 3 result from both Michael 
addition of water (solvent) to the C,-C,, 
double bond and alkali cleavage of the non- 
enolizable C, carbonyl group producing the 
C,,-hydroxylated derivative 4 and the un- 
saturated acid 6 respectively (Fig. 1). 

Dehydration of compound 5 by means of 0.5% 
concentrated sulfuric acid in acetic anhydride 
produced, in 80% yield, the desired olefin 7. The 
latter substance shows the olefinic and aromatic 
protons as sharp s~nglets at 6 6.02 and 6.76 ppm, 
respectively, in its 'Hmr spectrum. 

Two other minor components were isolated 
and characterized from the dehydration reaction 
mixture. One of these (67, yield) revealed a 
molecular formula, C,,H,,O,PJ and was clearly 
the result of C-acylation of the aromatic ring 
(8, Fig. 2), as evidenced by new absorptions 
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Compound Yield (56) 

28 

HOOC 
0 NH 

FIG. 1. The base cleavage of (+)-2H-[1,2]oxazocinousnic acid (3). 

Compound Yield (95) 

9 

FIG. 2. The acid-catalyzed dehydration of (+)-.*-hydroxydesacetyI-2H-[1,2]oxazocinoisousnic acid 
(5) .  
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KUTNEY ET AL. 1075 

in its infrared spectrum at  1775 (phenolic 
acetate) and 1690 cm-' (aromatic acetyl group), 
Its 'Hmr spectrum showed three-proton singlets 
at 8 2.33, 2.45, and 2.50 ppm, representative of 
the @,-phenolic acetate, the aromatic methyl 
ketone, and the N-acetyl group, respectively, 
with the one-proton singlet a t  6 5.90 ppm being 
assigned to the olefinic proton. 

The final component proved to be the acetoxy 
derivative 9, far which the C,,-a-configuration 
(i.e. cis-BIC ring junction) could be cleanly 
derived from tile chemical shifts of both the C,- 
methylene group protons, observed as an AB 
quartet centered at 8 3.65 pprn (J = 18 Hz), and 
the aromatic proton, seen at 6 6.70 ppm. These 
values are in full agreement with previous 'Hmr 
data obtained for the isomeric isoxazole series 
(3). 

Alkaline hydrolysis (0.8% aqueous sodiurn 
hydroxide in tetrahydrofuran) of the 0,N-diace- 
tate 8 furnished the first ?so'-series intermediate 
available for direct comparison with the 'normal' 
series studied earlier. Thus coinpound 10 ob- 
tained as colorless prisms, mp 170-172"C, [ c ( ] , ~ ~  

+ 357" (CH,CN), was shown not to be identical 
with the known (+)-2H-(I ,2]oxazocinousnic 
acid (3) (2). Table 1 shows a comparison of the 
relevant 'Hmr characteristics of these two 
materials. 

Being certain at this point that we were in- 
volved with compounds of the iso series, we 
proceeded to complete the synthesis of (+)- 
isousnic acid (I) (Fig. 3) by performing the 
hydrogenolytic 0-N bond cleavage (2) of 

TABLE 1. Proton magnetic resonance data of 
(+)-2H-[1,2]oxazocinousnic acid (3) and 
(+)-2H-[1,2]oxazocinoisousnic acid (PO) 

Functionality 3 10 

Cgb-CH3 
Cs-CH3 
Ca-CHj 
CII-CHS 
C6-cocH3 
C8-COCH3 
C4-H 
N-H 
C,-OH 

oxazocine 7 followed by immediate alkaline (1 N 
sodium hydroxide in tetrahydrofuran) regenera- 
tion of the ring C P-triketone system. In this 
manner, it was possible to obtain (+)-a- 
desacetylisousnic acid (11), in overall 80% yield. 
The latter substance was shown to be identicaI 
with the product obtained froin similar treat- 
ment of the [4,5-b]isoxazole series in a previous 
study (3). Since 11 has been successfully con- 
verted into (+)-isousnic acid (1) by an aluminum- 
trichloride-catalyzed Fries rearrangement of its 
corresponding di-0-acetyl derivative (3), this 
sequence represents a much improved synthesis 
of 1 from the normal usnic acid series. 

This base catalyzed interconversion from the 
normal to the iso series (3 + 5) obviously in- 
volves fission of the C-0 bond in ring B of 3 and 
recyclization with the aromatic C, oxygen as the 
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I 
NaOH 

i 

11 

FIG. 3. The preparation of (+)-8-desacetylisousnic acid (11) from (+)-2H-[l,2]oxazocinousnic acid 
(3). 

ring B hetero atom in the final product. Clearly 
such a rearrangement is made possible only if the 
0-N bond of the oxazocine ring is cleaved 
under the basic conditions to the corresponding 
phenolic hydroxylamine derivative, as shown. 

It  is our hope that the present work will also 
add some information to the sparse knowledge of 
oxazocine ring chemistry. Perhaps this in- 
teresting protecting group can be employed in 
other areas of organic synthesis. 

Melting points were determined on a Kofler block and 
are uncorrected. 

Ultraviolet (uv) spectra were recorded on a Cary 15 
spectrophotometer in methanol solution (unless otherwise 

noted). The wavelength of the absorption maxima are 
reported in nanometres (nm). 

Infrared (ir) spectra were measured routinely on a 
Perkin-Elmer model 710 spectrophotometer. Analytical or 
comparison spectra were recorded on a Perkin-Elmer 
model 457 spectrophotometer using matched cells with a 
cell path of 0.2 mm in chloroform solution. Calibration 
was achieved using the 1601 cm-'  absorption band of 
polystyrene. The absorption maxima are quoted in wave 
numbers (cnl-'). 

Proton magnetic resonance ('Hmr) spectra were 
measured in deuterochloroform (CDCI,) solution (unless 
otherwise indicated) at room temperature. Routine 
spectra were recorded at 60 MHz on a Varian T-60 
spectrometer, and analytical or comparison spectra at 
100 MHz on either a Varian HA-100 or a Varian XL-100 
spectrometer. All 'Hmr spectra obtained via the Fourier 
transform (F.t.) technique are so noted and were recorded 
on a Varian X1-100 spectrometer. Line positions are 
given in the 6 (ppm) scale using tetramethylsilane (TMS) 
as internal standard. The integrated peak areas, multi- 
plicity, and proton assignments are indicated in paren- 
theses. 

Low resolution mass (ms) spectra were determined on 
either an  AEI-902 or an Atlas CH-4B mass spectrometer, 
with high resolution mass spectra being recorded exclu- 
sively on an AEI-MS-902 mass spectrometer. 

Circular dichroism (cd) spectra were obtained on a 
Jasco model 5-20 spectropolarimeter in methanol solution 
(unless otherwise indicated). The wavelength of the 
absorption maxima is reported in nano~netres (nm). The 
differential molar extinction coefficient (As) and the sign 
of the observed Cotton effect are indicated in parentheses. 

Optical rotations ([?lo) were measured on a Perkin- 
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KUTNEY ET AL. 1077 

Elmer model 141 polarimeter at the sodium D line in 
chloroform solution (unless otherwise noted) using cells 
with a 0.1 dm path. 

Microanalyses were performed by Mr. P. Borda of the 
Microanalytical Laboratory, University of British 
Columbia. 

Merck silica pel G (acc. to Stahl) impregnated with 
oxalic acid (2%)and with 2% fluorescent indiiator added, 
was used as adsorbent for thin layer chromatography 
(tlc), unless otherwise noted. The tlc plates were activated 
in an oven at 90°C for 4 h before use. For qualitative 
chromatography layers of 0.3 mm thickness were used 
and the spots were visualized by viewing under ultra- 
violet (uv) light or spraying with a 1% ethanolic ferric 
chloride solution. For preparative (plc) chromatography 
large (20 x 20 and 20 x 60 cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A, 
petroleum ether (30-60°C) - acetone (4: I), and B, chloro- 
form - ethyl acetate (3 : 2), unless otherwise indicated. 

Colunln chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 mm grain size) or Merck 60 
(0.063-0.2 mm grain size) silica gel. 

The usnic acid utilized throughout the course of this 
study was obtained from Koch-Light Laboratories, 
England, as the optically active dextrorotatory isomer, 
(+)-usnic acid, isolated from lichen sources (Usnea 
barbata). 

In order to present in a coherent manner the charac- 
teristic spectroscopic data for those compounds that are 
formally derived from usnic acid and retain its basic 
skeletal features, we have decided to maintain through the 
course of this work the numbering system recommended 
for the parent molecule, that is, the approved dibenzo- 
furan numbering(7) instead of using those arising from 
the corresponding systematic names. In all other in- 
stances the latter numbering systems will be used. 

Base Clent'age of ( + ) -2H-(1,2.'Oxazocinousnic Acid (3)  
A solution of (+)-2H-[1,2]oxazocinousnic acid (3) 

(3.973 g, 11.651 mmol) in freshly prepared 20% aqueous 
potassium hydroxide (200 ml) was stirred at room tem- 
perature under a nitrogen atmosphere for 1.5 h. The dark 
brown reaction mixture was diluted with cold distilled 
water (200 ml), acidified with 1 N hydrochloric acid, and 
extracted with ethyl acetate (3 x 120 ml). The combined 
extracts were washed with water, dried over anhydrous 
sodium sulfate, and evaporated under reduced pressure to 
afford a pale yellow foam (4.508 g). Purification by 
colun~n chromatography on Macherey-Nagel silica gel 
(160 g) yielded the following pure components. 

Fraction I. ( + ) -a-Hydroxy-2H-[l ,2~70xazocinozcsnic 
acid (4) (7-Acetyl-5aa,8-dihydroxy-3n,4,l0b,ll-ier~a- 
hydro-3,9,lOba-trimethyl-4,l I-dioxo-2H-4,5-dihydro~~1,2~ - 
oxazocinoL-4,5,6,7,8-a,n,I,k~~dibetzzofurarz) 

Colorless arisms from acetone-chloroform (0.423 g, 
1.178 mmol;AlOz), mp 211.5-212.5 C ;  [13(lDz6 (cH,cN) 
+ 158" (c 0.1195); uv: h,,, (log E) 330 (3.44), 285 (3.85), 
223 (3.92); ir (Nujol): v,,, 3500-3100 (OH, chelated), 
1685 (C=O, enone system), 1620 (C=O, chelated aro- 
matic acetyl), 1600 (C=C); 'Hmr (CDCI3-DMSO-(I6): 
6 1.91 (3H, s, Ggb-CH,), 2.01 (3H, S, Cs-CH,), 2.37 (3H, S, 
C11-CH3)r 2.53 (3H, S, C6-COCH3), 3.10 ( lH,  br, N-H), 
3.12 (2B, AB q, J = 18 Hz, C4-H,), 9.36 (lH, br, Cda- 
%OH), 13.43 ppm ( lH,  s, C,-OH); Ins: m/e 359 (M'), 236, 
234, 128, 118, 85, 83 (base peak), 43. Anal. calcd. for 
Cl8H1,07N (0.85 CHCI,): C 49.13, H 3.91, N 3.04, Cl 

19.62; found: C 49.14, H 3.92, N 2.97, CI 19.54. High 
resolution molecular weight determination calcd. for 
CI8Hl70,N:  359.100; found: 359.099; cd: X,,, (AE) 276 
(+ 3.02), 250 (+ 3.45), 226 (- 7.32). 

Fraction II. (+ )-a-Hydroxj~desacetyl-2H-~,2.~oxazo- 
cinoisousnic Acid (5) (5an,8-Dihydroxy-3a,4,5,5a,IOb,II- 
hexahydro-3,7, 10b~rimethyl-4,II-dioxo-ZH-4,5-dihydro 
/1,2;oxazocino[4,5,6,7,8-a,m,l,k.'dibenzofuran) 

Colorless prisms from acetone-chloroform (2.250 g, 
7.097 mmol ; 61%), mp 227-229°C; [a]Dz6 (CH3CN) t 284" 
(c 0.0845); uv: ?.,,, (log E) 287 (3.11), 263 (3.26), 217 
(3.86); ir (Nujol): v,,, 3550, 3500-3100 (OH, NH), 1700, 
1630 (C=O), 1600 (C=C); 'Hmr (CDC1,-DMSO-d,): 6 
1.90 (3H, s, Cgb-CH,), 2.16 (3H, S, C6-CH3), 2.40 (3H, S, 
Cll-CH,), 3.10 (2H, AB q, J = 18 HZ, C4-Hz), 6.08 (lH, 
s, C8-H), 6.76 (1H, s, C4,-aOH), 8.16 (lH, br, C1 ,-N-H), 
8.56 ppm ( lH ,  s, C,-OH); ms: mle 317 (M', base peak), 
302, 289, 275, 260, 230, 219, 178. Anal. calcd. for 
CI6Hl5O6N: C 60.57, H 4.77, N 4.41; found: C 60.25, H 
4.71, N 4.12. High resolution molecular weight deter- 
mination: calcd. : 317.090; found: 317.088; cd: X,,, (AE) 
300 (+4.54), 268 (+10.26), 239 (-3.50), 218 (-6.01). 

Fraction ZIZ. 8-Aceryl-4-carboxy-9-hydroxy-3,IO,l2-rri- 
nleillyl-5-0x0-2H-5,6-dihydroDDl ,2.-oxazocino .-7,8,9,10- 
b,c,d.~dibmzofirran (6) 

Fluffy pale yellow needles from methanol (1.190 g, 3.314 
mmol; 28%), mp 210-232'C; [rIDz6 (CH,OH) 0' (c 
0.1235); uv: j.,,, (log E) 356 (3.07), 287 (3.83), 237 (3.84); 
ir (NlGol): v,,, 3500-2400 (OH, NH), 1685 (C=O, car- 
boxylic acid dimer), 1640 (C=O, chelated aromatic 
acetyl), 1620 (C=O, enone system), 1590 (C=C); 'Hmr 
(CDCI3-DMSO-d6): F 2.1 1 (3H, S, Cl0-CH3), 2.33 (3H, s, 
C1,-CH,), 2.46 (3H, S, C,-CH,), 2.73 (3H, S, C8-COCH,), 
4.28 (2H, s, C6-Hz), 6.36 (2H, br, C,-COOH and C,- 
NH), 13.71 ppm ( lH,  s, C,-OH); ms: m/e 359 (MC), 317 
233. 215. 84. 44 (base ueak). 43. Anal. calcd. for C,,H,, 

& "  A ,  

o,N.+H,o; C 59.43, H 4.85, N 3.85; found: C 59.56, H 
4.72, N 3.69. High resolution molecular weight deter- 

-mination calcd.: for C,,H,,O,N: 359.100; found: 
359.098. 

Dehjldration of (+ )-a-Hj~droxydesacet,vl-2H-,1,2.~oxazo- 
cinoisorrsnic Acid ( 5 )  

A solution of (+)-a-hydroxydesacetyl-2H-[1,2]oxazo- 
cinoisousnic acid (5) (970 mg, 3.059 mmol) in 0.5% con- 
centrated sulfuric acid in acetic anhydride (10 ml) was 
heated at 55'C (oil bath temperature) under a nitrogen 
atmosphere for 1 h. The reaction mixture was poured onto 
crushed ice (20 g), extracted with ethyl acetate (3 x 10 ml), 
and the combined extracts were washed with water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure to produce a colorless foam (1.174 g), 
which upon purification by preparative chromatography 
afforded the following components. 

Fraction I. ( + j -N-Acetyldesacetyl-2m,2loxazocino- 
isous~zic AcidAcetate (7) (N-Acetyl-8-aceto.~j~-3a,4,IOb,ll- 
fetmhydro-3,7,IObrl-trii~~eth~~l-4,Il-dioxo-4,5-dihydro[1,2.7- 
oxazocir1o~4,5,6,7,8-a,m,l,k.~dibenzofuran) 

Colorless prisms from ethyl alcohol (934.3 mg, 2.439 
mmol; 78%), mp 154-155°C; [C(IDz6 (CH,CN) f205" 
(c 0.20); uv: ).,,, (log E) 300 (3.40), 243 (3.75), 216 (4.20); 
ir (Nujol): v,,, 1760 (C=O, acetate), 1675 (C=O, enone 
system), 1660 (C=O, tertiary unsaturated amide), 1620, 
1610 (C=O); 'Hmr: 6 1.83 (3H, s, Cgb-CH,), 2.16 (3H, s, 
C6-CH3), 2.32 (3H, S, C7-OCOCH3), 2.50 (3H, S, GI,- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1078 CAN. J.  CHEM. VOL. 5 5 .  1977 

N-COCHS), 2.54 (3H, S, GIl-CHZ), 6.02 (IH, S, C4-H), 
6.76 ppni ( lH,  s, Cs-H); ms: m e  383 (Mf) ,  341, 299, 284 
(base peak), 260, 256, 218, 190, 44, 43. Anal. calcd. for 
C,,H170,N: C 62.66, H 4.47, N 3.65; found: C 62.46, H 
4.60, N 3.61. High resolution n~olecular weight deter- 
mination calcd. : 383.100; found : 383.098; cd: h,,,, (AE) 
328 (+17.02), 265 (-7.10), 225 (- 16.41). 

Frcrction II. i + ) -N-Acetyl. l,2. oxazocinoisousnic Acid 
Acetate (8) (AT-Acetyl-8-acetoxj~-9-acetyi-3a,4,10b,ll- 
tetrah~~dro-3,7,IObcr-trirnethyl-4,1 1-dioxo-4,s-dihydroLF1,2,-- 
o.razocit1o~4,5,6,7,8-a,m,I,k,~dibenzofiimn) 

Colorless foam that could not be induced to crystallize 
(83.2 mg, 0.195 mmol; 6%); [s(]D26 ((CH,CN) +235' (c 
0.051); uv: ? .,,,, (log E) 385 (3.18), 310 (3.79), 277 (3.68), 
241 (4.!3), 227 (4.20); ir: v,,,, 1775 (C=O, acetate), 1690 
(C=O, aromatic acetyl), 1670 (C=O, enone system), 1660 
(CEO: tertiary amide), 1610, 1600 (C=C); 'Hmr: 6 1.85 
(3H, S, Cgb-Ct13), 2.16 (3H, S, C6-CH3)? 2.33 (3H, S ,  Ci- 
0COCH3), 2.45 (3H, s, Cs-COCH,), 2.50 (3H, s, C11- 
N-COCH3), 2.55 (3H, s, Cll-CM,), 5.90 ppm (IH, s, 
C4-H); Ins: rqe  425 (Mf) ,  383, 341, 326 (base peak), 308, 
298, 284, 259, 217. Anal. calcd. for C22M1g08N.HZO: C 
59.59, H 4.77, N 3.16; found: C 60.00, H 4.39, N 3.00. 
High resolution molecular weight determination calcd. 
for CZ2H1908N: 425.1 11 ; found: 425.103. 

r t i  I .  ( + ) -N-AcetyI-n-crc.etuxyiirsacr;y!1,2.~- 
oxazocinoisor~sizic Acid Acetate ( 9 )  ilV-Acetyl-5acr,8- 
diaceto,~y-3a,4,5,5a,lOb, 11-hexnl~ydr.o-3,7,IObcr-trirrzethy!- 
4,  I l-clioso-4,5-dihyd~oLol,2~~ox~~zocii~oLo4,5,667,8-a,n;II,kk~- 
dibenzojiiratz) 

Colorless prismatic needles from methanol (67 mg, 
0.151 mmol; 4.9%',, mp 182-183-C; [s(ID2' (CH3CN) 
+ 112' (c 0.08); uv: I,,, (log E) 280 (3.42), 238 (4.02), 223 
(4.28); ir: v,,, 1761 ( C - 0 ,  acetates), 1695 (C=O, enone 
system), 1630 (C=C); 'Hmr: 1.90 (3H, s, C9,-CH,), 1.95 
(3H, s, C6-CH3), 2.04 (3H, S, C4,-mltBCOCH3), 2.24 (3H, 
s, C7-OCOCH,), 2.38 (3H, s, C1 I-N-COCH3), 2.41 (3H, 
s,Cll-CH,), 3.65(2H,ABq, J = 18 HZ, Ca-H2), 6.70ppm 
(lH, s, Cs-H); ms: nzle 443 (Mf),  401, 359, 317 (base 
peak), 299,284,43. Anal. calcd. for C,2H210,W: C 59.59, 
H4.77,N3.16;found:C59.75. H 4.64,N2.99. Highres- 
olution molecular weight determination calcd. : 443.129; 
found : 443.129. 

Base tl?/drol~~sis of ( + ) -AT-Acetyl-~/,2oxazocinoisorunic 
Acid Acetate (7). Forrnation of i+)-2H-[1,2~'O.~azocitzo- 
iso~rsnic ncicl (IOj (9-Acet~~l-8-hj~droxy-3a,4,10b,ll-tetra- 
hydro-3,7,i0bcr-trimethyl-4,li-dioxo-2H-4,5-dih.vdro~~l,2,~- 
oxuzocitzo~,5,6,7,8-a,m,I,k~~dibenzofururzj 

A solution of (+)-N-acetyl-[l,2]oxazocinoisousnic acid 
acetate (7) (50 n ~ g ,  0.1 18 mmol) in tetrahydrofuran (2 ml) 
was treated with freshly prcpared 0.8% aqueous sodium 
hydroxide (10 ml) and stirred at room temperature under 
a nitrogen atmosphere for 40 min. The cold reaction was 
acidified with 1 N hydrochloric acid, extracted with ethyl 
acetate (2 x 15 ml), and the combined extracts washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure to afford a colorless 
glass (42.2 mg). Purification by preparative chromatog- 
raphy (silica gel - oxalic acid, solvent system A) produced 
colorless crystals from ethyl acetateof (+)-2H-[1,2]oxazo- 
cinoisousnic acid (10) (6.7 mg, 0.0196 mmol; 17%), mp 
170-172'C; mixture mp with (+)-2H-[1,2]oxazocinousnic 
acid (31, 125-157'C; [aIDz6 (CH,CN) + 357' (c 0.014); 
uv: I,,, (log E) 325 (3.50), 281 (4.24), 233 (4.43); ir 
(Nujol): v,,, 3200-2900 (OH, chelated), 1655 (C=O, 

diketoenamine system), 1625 (C==O, chelated aromatic 
acetyl grouping; C=C, en01 ether, aromatic ring); 'Hmr 
6 1.82 (3H, s, Cg,-CH,), 2.15 (3H, 3, C6-CH,), 2.58 (3H, S, 
Gl l-CH3), 2.75 (3H, S, C8-COCH3), 6.01 (IH, s, C4-H), 
7.45 (IH, br, Cl1-N-H), 13.63 ppm ( lH,  s, C7-OH); ms: 
mje 341 (M+) ,  326 ( M  - 15, base peak), 308, 298. 280, 
260, 232, 217. Anal. calcd. for ClsHl5OsN: C 63.34, H 
4.43, N 4.10; found: C 63.37, H 4.39, N 3.90. High resolu- 
tion molecular weight determination : calcd. : 341.090; 
found: 341.088. 

Rt~rluctice Ring Opening und Base Hydrolysis of' (+)-N- 
Aceryldesacetyl-L~l ,2oxazocinoisousnic Acid Acetate ( 7 ) .  
Prepamtion of ( + ) -8-Desacefylisousnic acid (11) 

A solution of (+)-IV-acetyl-[l ,2]oxazocinoisousnic acid 
acetate (7) (325 mg, 0.848 mmol) in absolute ethyl alcohol 
(50 ml) was hydrogenated over platinum oxide (50 mg) at 
room temperature and atmospheric pressure. After the 
absorption of 1 mol equiv. of hydrrrgen (20.7 ml at 
25'C) the reaction mixture was filtered through Celite to 
eliminate the catalyst and the solvent evaporated under 
reduced pressure. The residue was dissolved in tetrahy- 
drofuran (2 mi), treated with freshly prepared I N sodium 
hydroxide (20 ml), and stirred at room temperature under 
a nitrogen atmosphere for 1 h. The res~~lting deep green 
solution was cooled in an ice bath, acidified with 1 AT 
hydrochloric acid, and extracted with ethyl acetate 
(3 x 20 ml). The combined extracts were washed with 
water, dried over anhydrous sodium sulfate, and eva- 
porated under reduced pressure to produce a yellow foam 
(245.8 mg), which upon purification by cclumn chroma- 
tography on Macherey-Nagel silica gel (20 g) afforded 
pure (+)-8-desacetylisousnic acid (11) (205 mg, 0.678 
mmol; SO%), bright yellow small needles from chloro- 
form - petroleum ether (30-60QC), mp 208-209°C (melts 
partially at 181-183°C and resolidifies as long prismatic 
needles); mixture mp with authentic (+I-8-desacetyli- 
sousnic acid, 208-210°C. All other spectroscopic and 
chromatographic properties confirmed the identity of the 
two samples. 
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Studies in the usnic acid series. v.' The base catalyzed usnic acid - isousnic acid 
rearrangement. Part 111. (-)-Usnic acid isomethoxide monoacetate 

JAMES P. KUTNEY A N D  IGNACIO H. SANCHEZ 
Depiirtr?lcrit qf Cl1emisri?.. Uizi,.er.sit?. of Br.iri;\h Co/iir77bici, 2075 W ~ . ~ b i ' u o f i  Pleicc~. 

Vciizcori~~er., B .C. ,  Cciriiitlci V6T 1 W 5  
Received September 30, 1976 

JAMES P. KUTNEY and I G N A C I ~  H. SANCHEZ. Can. J. Chem. 55.  1079 (1977). 
Further studies on the base catalyzed usnic acid - isousnic acid rearrangement process clarify 

the situation concerning (-)-usnic acid ison~ethoxide monoacetate (7). This substance is now 
shown to be a mixture of the two possible C,, epimers. These and previous data allow a 
mechanism to be proposed for this interesting rearrangement. 

JAMES P. KUTNEY et IGNACI~  H. SASCHEZ. Can. J .  Chem. 5 5 ,  1079 (1977). 
De nouvelles etudes sur les rearrangements, catalyses par les bases, de I'acide usnique en 

acide isousnique clarifient la situation concernant le monoacetate de l'isomethylate d'acide (-1 
usnique. On demontre maintenant que cette substance est un melange des deux ipimeres 
possibles en C4r. Ces donnees et d'autres publikes antirieurement permettent de proposer un 
micanisme pour ce rearrangement interessant. 

[Traduit par le journal] 

During the course of our synthetic studies in 
the usnic acid area (1, 9), we have recognized a 
novel base catalyzed rearrangement which allows 
an attractive synthetic pathway from the 'nor- 
mal', or usnic acid series to the 'iso' or isousnic 
family of compounds. These studies could then 
be applied to our initial objective, an efficient 
synthesis of the naturally occurring lichen sub- 
stance (+)-isousnic acid (1) (2, 3). The present 
work provides a further understanding of this 
rearrangement and, in particular, illustrates the 
effect of substitution at the C,, position on the 
outcome of this base-catalyzed transformation. 

Bearing in mind that the ring C P-triketone 
system characteristic of usnic acid requires pro- 
tection against alkaline treatment, an ideally 
suited starting material for the present study is 
the isoxazole 2 (4). When this material was 
treated with 20% methanolic potassium hy- 
droxide at 5OGC, a mixture of the epimeric C,,-P- 
and a-methoxy derivatives 3 and 4 was isolated 
in approximately 60% yield (relative ratio of 
3:4 is 1 :4). Tabie 1 shows a comparison of the 
'Hmr spectra of both compounds. 

However, due to the relatively low yield ob- 
tained (4) in the preparation of the isoxazole 2, 
it was decided to investigate other synthetic 
routes leading to C,,-methoxy epimers such as 3 
and 4. In 1953, Takahashi ( 5 )  was able to pre- 

'For part IV,  see ref. 9. 

O m N  \ KOH 
' MeOH 

pare (-)-usnic acid isomethoxide monoacetate 
(6) by an acid-catalyzed methanol addition onto 
the C,-C,, double bond of (+)-usnic acid di- 
acetate (5) (4 )  and further converted it into N- 
phenylpyrazole derivatives already possessing 
the desired substitution. Although the same 
workers (7)  proposed that the splitting observed 
in the 'Nmr spectrum of 6 was due to the exis- 
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1080 C.4K. J. CHEM. 

TABLE 1. Proton magnetic resonance spectra of 
(+)-b-methoxyisoxazolo[4,5-blusnic acid (3) 
and (+)-n-methoxyisoxazolo[4~5-blusnic acid 

(4) 

6 ( P P ~ )  

Functionality 3 4 

1.75 
2.06 
2.46 
2.60 
3.66 

( J  = 18 Hz) 
- 

3.55 
8.61 
13.33 

1.75 
2.06 
2.45 
2.63 
3.18 

( J  = 18 Hz) 
3.50 
- 
6.61 
13.45 

tence in solution of ring C keto-en01 tautomers, 
we have now demonstrated that it is indeed 
caused by epimeric substitution at the C,,- 
position. In fact, when its 'Hmr spectrum (Table 
2) is analyzed according to our present results, 
a 2:3 epimeric ratio results with the a-methoxy 
derivative (i.e. cis-B/C ring junction) being pre- 
dominant. 

COCH 

OAc 0 

5 

By means of the following transformations 
such an epimeric ratio was then shown to remain 
constant and to be due exclusively to the con- 
figuration about the C,,-position. The methoxy 
monoacetate 6, whose preparation was greatly 
improved by carefully controliing the amount of 
acid present during the reaction, was first 
treated with hydroxylamine hydrochloride in 
dry pyridine followed by thermal cyclization of 
the oxime intermediate in methanolic solution 
to produce, in 98% yield, an isoxazole generally 
represented by structure 7, rnp 190-191°C. This 
material showed infrared absorptions at 1780 
(phenolic acetate), 1700 (C,-carbonyl group), 

TABLE 2. Proton magnetic resonance spectrum 
of (-)-usnic acid isomethoxide monoacetate (6) 

6 (ppm) 

Functionality a-0CH3 13-0CH3 

C9b-CH3 1.68 
Cs-CH3 1.91 
C9-0COCH3 2.36 
CZ-COCH, 2.44 
C,-COCH3 2.64 
C4-Hz 3.16 

(J = 16 Hz) 
C4,-OCH, 3.47 
C7-OH 13.22 
C3-OH 17.64 

1.79 
1.94 
2.40 
2.58 
2.64 
3.09 

( J  = 16 Hz) 
3.42 
13.25 
18.25 

and 1640 cm-' (chelated aromatic methyl ke- 
tone) while its 'Hmr spectrum, unexpectedly, 
consisted of only one set of signals with the 
C,,-methoxyl appearing at 6 3.50 and the C,- 
methylene group protons as an AB quartet 
centered at 6 3.63 ppm (J = 18 Hz). Moreover, 
upon alkaline hydrolysis it produced a mixture 
which-after purification provided the pure C,=-P- 
and a-methoxyisoxazoles 3 and 4, identical by 
all standard comparison techniques with the ma- 
terials isolated directly from isoxazole 2 (uide 
supra). It was now clear that 7 in spite of its 
sharp melting point and spectroscopic character- 
istics was a mixture of the two possible C,, 
epimers. 

Surprisingly, strong alkaline treatment (KON, 
65°C) of 7 produced not only the expected aro- 
matic deacylation but substitution of the angular 
methoxyl groups by hydroxyl with concomitant 
rearrangement. The reaction product, compound 
8, isolated in 86% yield, was shown to be identical 
with the C,,-a-hydroxylated 'iso' series deriva- 
tive previously isolated from the direct base 
treatment of isoxazole 2 (1). Conclusive evidence 
for the proposed rearrangement was obtained by 
dehydration (0.5% concentrated sulfuric acid in 
acetic anhydride) to the known (I)  desacetyl di- 
acetate 9. 

It is pertinent to note that alkaline cleavage of 
the present series does not lead to the formation 
of carboxylic acids via attack at the non- 
enolizable C, carbonyl group (1 ,9) indicating 
the competitive and mutually excluding nature 
of the rearrangement and normal cleavage pro- 
cesses. Thus based on all the information 
obtained thus far, it is possible to postulate a 
mechanism for the base-catalyzed usnic acid - 
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KUTNEY AND SANCHEZ: I 

( 1 )  NH,OH 
(2) MeOH 

OAC 0 OAc 0 

NaOH 

OH 0 OH 0 

3 4 

Relative ratio: 40:60 

isousnic acid rearrangement, as exemplified for 
the isoxazole 2. 

glass (102.8 mg) which upon purification by preparative 
layer chromatography (silica gel - oxalic acid plates, 
solvent A )  produced the following pure products. 

Experimental 
All details concerning spectral measurements, chroma- 

tographicseparations, etc., are provided in the accompany- 
ing publication (9). The numbering system employed is 
that-approved for the dibenzofuran-series (8). 

- 

Methanolic Base Treatnient of  (+ )-Isoxazoloi4,5-blusnic 
Acid (2)  

A suspension of (+)-isoxazolo[4,5-blusnic acid (2) 
(100 mg, 0.293 mmol) in a solution of potassium hydroxide 
(1 g) in dry methanol (5 ml) was heated at 50°C (oil bath 
temperature) under a nitrogen atmosphere for 0.5 h. The 
reaction mixture was diluted with cold water (30 ml), 
acidified with 1 N hydrochloric acid, and extracted with 
ethyl acetate (3 x 10 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure to afford a brown 

Fraction I. ( + ) -[3-Methoxyisoxazolo[4,5-b/usnic Acid 
(3) (10-Acetyl-7,9-dihydroxy-lap-methoxy-la,2,6,6a- 
tetrahydro-5,6aa,8-trimetkyl-6-oxoisoxazolo[4,5-b]- 
dibenzo furan) 

Colorless prisms from chloroform - petroleum ether 
(30-60°C) (12.5 mg, 0.033 mmol; l l z ) ,  mp 152-154°C; 
[aIDz6 (CH3CN) + 120' (c 0.0415); uv: h,,, (log E )  333 
(3.26), 283 (3.86), 228 (3.93); ir: v,,, 3500-3200 (OH, 
chelated), 1660 (C=O, enone system), 1620 (C=O, che- 
lated aromatic acetyl; C=C); 'Hmr: 6 1.75 (3H, s, 
C9b-CH,), 2.06 (3H, S, Cs-CH3), 2.46 (3H, S, C ~ I - C H ) ,  
2.60 (3H, S, C6-COCH3), 3.55 (3H, S, C,,-POCH,), 3.66 
(2H, AB q, J = 18 HZ, Cb-HZ), 8.61 (lH, S, Cg-OH), 
13.33 ppm (lH, s, C,-OH); ms: mle 373 (Mi, base peak), 
313, 298, 285, 273, 263, 250, 235, 233, 232, 217, 161. 

Anal. Calcd. for CI9Hl9O7N: C 61.12, H 5.12, N 3.75. 
Found: C 61.25, H 5.20, N 3.71. High resolution molecu- 
lar weight determination calcd. : 373.1 16; found: 373.1 17. 

Fraction II. (+ )-r-Methoxyisoxazolo[4,5-blusnic 
Acid ( 4 )  (10-Acetyl-7,9-dihydroxy-laa-methoxy- 
Ia,2,6,6a-tetrahydro-5,6aa,8-trimethyl-6- 
oxoisoxazolo [4,5-bldibenzojkran) 

Colorless prisms from chloroform - petroleum ether 
(30-60°C) (51.7 mg, 0.138 mmol; 4773, mp 222-224°C; 
[aIDz6 (CH3CN) + 188" (c 0.03175); uv: A,,, (log 6 )  328 
(3.33), 283 (3.64), 228 (3.74); ir: v,,, 3640, 3500-3200 
(OH), 1690 (C=O, enone system), 1620 (C=O chelated 
aromatic acetyl; C=C); 'Hmr: 6 1.75 (3H, s, C9b-CH3), 
2.06 (3H, S, C8-CHj), 2.45 (3H, S, C11-CHB), 2.63 (3H, 
S, C6-COCH3), 3.18 (2H, AB q, J = 18 HZ, C,-HZ), 3.50 
(3H, s, C4,-aOCH,), 6.61 ( lH,  b, C9-OH), 13.45 ppm 
(lH, s, C,-OH); ms: m/e 373 (M+,  base peak), 358, 140, 
43. Anal. calcd. for Cl9HI9O7N: C 61.12, H 5.12, N 3.75; 
found: C 61.17, H 5.09, N 3.81. High resolution molecu- 
lar weight determination calcd. : 373.1 16; found: 373.1 12. 
Relative ratio a-OCH, :[3-0CH3 (4:l). 

Preparation of  (+) -Usnic Acid Diacetafe ( 5 )  (7,9- 
Diacetoxy-2,6-diacetyl-1 ,Yb-dihydro-8- 
3-hydroxy- I -oxodibenzo furan) 

A solution of (+)-usnic acid (5.0 g, 14.534 mmol) in a 
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1 " 0 0- I coo- 1 

FIG. 1. Proposed mechanism for the base cleavage of (+)-isoxazolo[4,5-blusnic acid (2). 

mixture of 0.5% concentrated sulfuric acid in acetic 
anhydride (20 ml) was allowed to stand at room tempera- 
ture overnight. The resulting dark red solution was poured 
onto crushed ice (50 g) and extracted with ethyl acetate 
(3 x 20 ml). The combined extracts were thoroughly 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue 
(6.32 g) was crystallized directly from ethyl alcohol- 
water to produce pure (+)-usnic acid diacetate (5) 
(6.10 g, 14.232 mmol; 98%), fine yellow needles, mp 

202-204'C; [rxIDz5 + 250" (c 0.1095); uv: h,,, (log E )  305 
(3.99, 248 (4.23), 224 (4.41); ir: v,,, 3000-2500 (OH, 
chelated), 1770 (C=O, acetates), 1695 (C=O, enone 
system), 1660 (C=C), 1540 (C=O, chelated triketone 
system); 'Hmr: 6 1.83 (3H, s, Cgb-CH,), 2.00 (3H, s, 
Cs-CH3), 2.35 (3H, S, C9-0COCH3), 2.49 (3H, S, C7- 
OCOCH3), 2.56 (3H, S ,  C6-COCH3), 2.64 (3H, S ,  CI- 
COCH,), 5.95 (IH, S, C,-H), 18.45 ppm (lH, S, C,-OH); 
ms: inle 428 (M+), 386 (M - 42), 344, 329, 302, 275, 
260, 223 (base peak), 217. Anal. calcd. for C,,H,,09: 
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KUTNEY AND SANCHEZ: I 1083 

C 61.67, H 4.70; found: C 61.55, H 4.73. High resolution 3400-2700 (OH, chelated), 1780 (C=O, acetate), 1700 
molecular weight determination calcd. : 428.1 11 ; found: (C=O, enone system), 1640 (C-0, chelated aromatic 
428.110. acetyl); 'Hmr: 6 1.68 (3H, s, C,,-CH,), 2.3 (3H, s, 

Modified Preparation of ( - ) - Usnic Acid Zsomethoxide 
Monoacetate ( 6 )  (9-Acetoxy-2,6-diacetyl-3,7- 
dihydroxy-8,9ba-din1ethyl-4a-methoxy-9b,l,4,4a- 
tetrahydro-I-oxodibenzofuran) 

A suspension of (+)-usnic acid diacetate (5) (1.90 g, 
4.439 mmol) in 10% methanolic hydrogen chloride (40 ml, 
prepared by reaction of acetyl chloride and anhydrous 
methanol) was heated to reflux under a nitrogen atmos- 
phere for 1.5 h. The resulting deep red solution was con- 
centrated under reduced pressure to approximately 10 ml, 
and after thorough cooling (ice-water bath) the sand- 
colored crystalline precipitate was removed by suction 
filtration. Two recrystallizations from methanol pro- 
duced the pure (-)-usnic acid isoniethoxide monoacetate 
(6) (1.532 g, 3.665 mmol; 82.5%), thin yellow plates, 
mp 167-168°C (lit. (5) mp 167-168°C); [a]," (CH3CN) 
-54" (c 0.0555) (lit. (5) [aID1O (CHCI,) -83"); uv: A,,, 
(log E) 346 (3.31), 267 (4.14); ir: v,,, 3200-2400 (OH, 
chelated), 1760 (C-0, acetate), 1670 (C=O, enone 
system), 1630 (C=O), 1620 (C=C), 1560 (C=O, che- 
lated triketone system); 'Hmr: a-OCH, isomer: 6 1.68 
(3H, S, C9b-CH3), 1.91 (3H, S, CS-CH3), 2.36 (3H, S, 
Cg-OCOCH,), 2.44 (3H, S, C2-COCH,), 2.64 (3H, s 
C6-COCH,), 3.16 (2H, AB q, J = 16 HZ, C4-HZ), 3.47 
(3H, S, C4,-aOCH,), 13.22 ( lH,  S, c7-OH), 17.64 ppnl 
( lH,  s, C,-OH); p-OCH, isomer: F 1.79 (3H, s, Cgb-CH,), 
1.94 (3H, S, C8-CH3), 2.40 (3H, s, C9-OCOCH,), 2.58 
(3H, S, CZ-COCH3), 2.64 (3H, S, C6-COCH,), 3.09 (2H, 
AB q, J = 16 HZ, C4-Hz), 3.42 (3H, S, C4a-pOCH3), 
13.25 (lH, s, C7-OH), 18.25 ppm (IH, s, C,-OH); rela- 
tive ratio a-OCH, :p-OCH, 3 :2; ms: mle 418 (M+), 292 
(base peak), 276, 250, 235, 234, 143, 43. Anal. calcd. for 
C21H220,: C 60.28, H 5.30; found: C 60.30, H 5.31. 
High resolution molecular weight determination calcd.: 
418.126: found: 418.118. 

The reaction of (-)-Usnic Acid Zsomethoxide Mono- 
acetate ( 6 )  with Hydroxylamine Hydrochloride. 
Formation of  (+ )-Methoxyisoxazolo~ 4,5-bjusnic 
Acid Monoacetate ( 7 )  (9-Acetoxy-IO-acetyl-7- 
hydroxy-la-nzethoxy-la,2,6,6a-tetrahydm-5&~,8- 
trimethyl-6-oxoisoxazolo[4,5-b- dibenzofuran) 

A solution of (-)-usnic acid isomethoxide mono- 
acetate (6) (100 mg, 0.240 mmol) and hydroxylamine 
hydrochloride (25 nig, 0.360 mmol) in anhydrous pyridine 
(2 ml) was stirred at room temperature under a nitrogen 
atmosphere for 0.5 h. The reaction mixture was then 
diluted with cold water (10 ml), acidified with 1 N hydro- 
chloric acid, and extracted with ethyl acetate (2 x 5 ml). 
The combined extracts were washed with water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure. The residue (123 mg) was dissolved in 
dry methanol (5 ml) and heated to reflux under a nitrogen 
atmosphere for 0.75 h. Evaporation of the solvent under 
reduced pressure produced a pale yellow glass (1 11.4 mg) 
which upon purification by preparative chromatography 
(silica gel - oxalic acid plates, solvent system A )  afforded 
(+)-methoxyisoxazolo[4,5-blusnic acid monoacetate (7) 
(97.7 mg, 0.235 mmol; 98Y,), pale yellow prisms from 
methanol, mp 190-191°C; (CH,CN) + 10Y (c 
0.05675), uv: h,,, (log e) 346 (3.37), 266 (3.89); ir: v,,, 

C8-CH3), 2.43 (3H, S, Cll-CH3), 2.61 (3H, S, Cs-COCK,), 
3.50 (3H, s, C4,-OCH,), 3.63 (2H, AB q, J = 18 Hz, 
C4-Hz), 13.16 ppm (SH, s, C7-OH); ms: mle 415 (M+,  
base peak), 373, 341, 313, 292, 285, 251, 236, 217, 43. 
Anal. calcd. for C2,H2,08N: C 60.71, H 5.09, N 3.37; 
found: C 60.91, H 5.11, N 3.30; High resolution molecu- 
lar weight determination calcd. : 41 5.127 ; found : 41 5.130. 

Base Hydrolysis of ( + ) -Methoxyisoxazolo~~4,5-b,j~tsnic 
Acid Monoacetate ( 7 )  

A solution of the (+)-methoxyisoxazolo compound (7) 
(95 mg, 0.229 mmol) in tetrahydrofuran (0.5 ml) was 
treated with freshly prepared I N sodium hydroxide (4 
ml) and stirred at room temperature under a nitrogen 
atmosphere for 1 h. The cold reaction mixture was acidi- 
fied with 1 N hydrochloric acid, extracted with ethyl 
acetate (2 x 2 ml), and the combined extracts washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure. Purification of the 
residue (85 mg) by preparative chromatography (silica 
gel - oxalic acid plates, solvent A )  afforded three main 
components. 

Fraction I. (+ )-P-Methoxyisoxasolo;4,5-b j~is~zic 
Acid (3) 

Colorless prisms from chloroform - petroleum ether 
(30-60°C) (14.0 mg, 0.037 mmol; 22.5%), mp 151-153°C; 
mixture mp with sample from previous experiments, 
151-153'C. The other chromatographic and spectroscopic 
properties confirmed the identity of both products. 

Fraction 11. ($ )-Methoxyisoxazolo[4,5-b.7~rsnic Acid 
Monoacerate ( 7 )  

Pale yellow prisms from methanol-water (27.0 nig, 
0.065 mmol; 28%), mp 190-192'C; mixture mp with the 
starting material, 190-192°C. Identity was shown as well 
by air other spectroscopic properties. 

Fraction ZZI. (+ )-a-Methoxyisoxazolo[4,5-blusnic 
Acid ( 4 )  

Colorless prisms from chloroform - petroleum ether 
(24.6 mg, 0.0662 mmol; 40%), mp 221-222'C; mixture 
mp with authentic material from a previous reaction, 
220-222°C. Identical spectroscopic characteristics were 
shown by both samples. 

Base Cleavage of (+ )-Methoxyisoxazolo[4,5-blusnic 
Acid Monoacetate (7) 

To a suspension of (+)-methoxyisoxazolo[4,5-blusnic 
acid monoacetate (7) (100 mg, 0.241 mmol) in methanol 
(0.5 ml) and water (1.5 ml) was added a solution of potas- 
sium hydroxide (I g) in water (3 ml) and the resulting 
mixture heated at 65-67°C (oil bath temperature) under 
a nitrogen atmosphere for 40 min. The reaction mixture 
was diluted with cold distilled water (10 ml), acidified 
with 1 N hydrochloric acid, and extracted with ethyl 
acetate (3 x 10 ml). The combined extracts were washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure to produce a pale 
yellow glass (81 mg). Purification by preparative chlo- 
matography (silica gel - oxalic acid plates, petroleum 
ether - acetone (3 2)) yielded one main component. 

Fraction I. (+ ) -x-Hydroxydesacetylisoxazoloj4,5-b]- 
isousnic Acid ( 8 )  

Colorless microcrystals from chloroform (65.8 mg, 
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0.207 mmol; 86%) mp 223-225°C; mixture mp with 
authentic (+)-r-Hydroxydesacetylisoxazolo[4,5-b]-isous- 
nic acid from previous experiments, 222-224°C; [aIDz6 
(CH,CN) +304" (c 0.1295); uv: ?.,,, (log E) 286 (2.98), 
262 (3.18), 218 (3.90); ir: v,,, 3600-3100 (OH, chelated), 
1690 (C=O, enone system), 1640, 1600 (C=C); 'Hmr: 
(CDC13-DMSO-d6): 6 1.93 (6H, S, C9b-CH3 and C6- 
CH,), 2.40 (3H, s, Cll-CH,), 3.08 (2H, AB q, J = 18 
Hz, C4-Hz), 6.09 (1H, S, Cs-H), 6.67 (IH, br, C,,-NOH), 
8.28 (lH, br, C,-OH), 8.50 ppm (IH, br, C9-OH); ms: 
m/e 317 (MT,  base peak), 275, 260, 246, 219, 194, 178. 
Anal. calcd. for CI6Hl5o6N:  C 60.56, H 4.77, N 4.41; 
found: C 60.59, H 4.75, N 4.39. High resolution molecu- 
lar weight determination calcd.: 317.090; found: 317.088. 

Acid-catalyzed Dehydration of ( + ) -r-Hydr.oxydesacetyl- 
isoxazolo[4,5-b,~iso~rsnic Acid ( 8 )  

A solution of the (+)-a-hydroxy derivative (8) (20 mg, 
0.0631 mmol) in 0.5% concentrated sulfuric acid in acetic 
anhydride (1 ml) was heated at 55'C (oil bath tempera- 
ture) under a nitrogen atmosphere for 1 h. The reaction 
mixture was then poured onto crushed ice (5 g), extracted 
with ethyl acetate (2 x 3 ml), and the combined extracts 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue was 
purified by preparative layer chromatography (silica gel 
plates, solvent B) to produce (+)-desacetylisoxazolo- 
[4,5-blisousnic acid diacetate (9) (12 mg, 0.0319 mmol; 
50.5%) colorless prisms from chloroform-methanol, n ~ p  
148-150°C; mixture mp with authentic (+)-desacetyl- 
isoxazolo[4,5-blisousnic acid diacetate, 147-149°C; [aIDZ6 
(CH,CN) +252" (c 0.0325); uv: h,,,, (log E) 297 (3.34), 
246 (3.70), 216 (4.19); ir: v,,, 1775 (C=O, acetates), 
1670 (C=O, enone system), 1620, 1600 (C=C); 'Hmr : 
6 1.83 (3H, s, Cgb-CH,), 2.17 (3H, S, C6-CH,), 2.32 (3H, 

s, C7-0COCH3), 2.50 (3H, S, C9-OCOCH,), 2.55 (3H, S, 
Cll-CH3), 6.03 (lH, s, C4-H), 6.78 ppm ( lH,  s, C,-H); 
ms: m/e 383 (M+), 341, 325, 299, 284 (base peak), 256, 
220, 190,43. High resolution molecular weight determina- 
tion: Calcd. for C2,HI7O7N: 383.100; found: 383.104. 
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Studies in the usnic acid series. VI.' The preparation of some ether derivatives 
of (+)-usnic acid 
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JAMES P. KUTSEY and IGNACIO H. SANCHEZ. Can. J.  Chem. 55, 1085 (1977). 
Studies involving the selective 0-alkylation of (+)-usnic acid (1) have provided high yielding 

methods for the preparation of mono- and diether derivatives of 1. With appropriate selection 
of conditions, either 7- or 9-0-alkyl derivatives can be prepared. 

JAMES P. KUTNEY et IGNACIO H. SANCHEZ. Can. J. Chem. 55, 1085 (1977). 
Des Ctudes impliquant une 0-alkylation selective de l'acide (f )-usnique (1) fournissent des 

mkthodes, avec de bons rendements, permettant de preparer des derives mono- et ditther de 1. 
Utilisant des conditions expCrimentales appropriCes, on peut preparer soit les derives 7- ou 
9-0-alkylis. 

[Traduit par le journal] 

During investigations (1-5) leading to the syn- 
thesis of various biodegradation products of 
(+)-usnic acid (I),' it became essential to pre- 
pare a series of deacylated derivatives of the 
'normal' usnic acid family. The extremely facile 
rearrangement of the usnic (normal) to the isous- 
nic ('iso') series under a variety of experimental 
conditions prompted us to study the preparation 
of suitable ether derivatives which hopefully 
would prevent such transformations. 

An examination of previous work in this area 
(6-8) showed that the observed products ob- 
tained in alkylation studies arise from predomi- 
nant C-alkylation on the aromatic ring A, and 
Takahashi and co-workers (9-13) were able to 
demonstrate the generality of the reaction by 
preparing, under similar conditions, a variety of 
C-alkylated derivatives including ( + )-methylus- 
nic acid (2) and (+)-methyldihydrousnic acid 
(3). However, it was Bertilsson and Wachtmeister 
(14) who first prepared, in very low yield, the 
ether derivative, (+)-7-0-methylusnic acid (41, 
by prolonged treatment with excess methyl 
iodide and potassium carbonate in refluxing 
acetone. Although the same workers were unable 
to prepare the corresponding diether derivative, 
they showed (1 5) that reaction of 1 with ethereal 
diazomethane produces, instead, the tetracyclic 
furan derivative 5 in low yield. 

'For part V see ref. 5. 
ZJ. P. Kutney, I. H. Sanchez, T. Yee, and J. D. Leman, 

manuscript in preparation. 
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TABLE 1. Proton magnetic resonance data of several ether derivatives of (+)-usnic acid (1) 

6 ( P P ~ )  

Functionality 4 6 7 8 9 10 

5.36 
l o  Hz) 

5.86 
- 

However, in the light of the present knowledge 
(16-19) on the alkylation of ambident anions, 
we decided to investigate new high yielding meth- 
ods, suitable for large scale, of preparing mono- 
and diether derivatives of usnic acid. Thus, com- 
pound 1 was treated with tetramethylammonium 
hydroxide pentahydrate (20) in dry hexamethyl- 
phosphoramide (HMPA) (21, 22) a t  0" C, and 
the resulting phenoxide ion alkylated with ben~yl  
bromide to produce the crystalline (+)-7-0- 
benzylusnic acid (6) in 7 5 z  yield. The presence 
of the benzyl group was readily evident from 
the 'Hmr spectrum (singlet at 6 4.86 ppm). A 
minor component, isolated in 19% yield, (overall 
94% yield of 0-alkylated products), proved to 
be the racenlic (f )-7,9-di-0-benzylusnic acid 
('71, yellow crystals, mp 145-146" C, which in its 
'Hmr spectrum showed the methylene groups 
of the C,- and C,-ethers at 6 4.94 (s) and 5.36 
ppm (AB q, J = 10 Hz), respectively. This last 
result is in complete agreement with previous 
observations on the relative ease of racemization 
of 7,9-disubstituted usnic acid derivatives (14, 
23). Moreover, the determination of the site of 
alkylation can be easily deduced from the charac- 
teristic chemical shift of the remaining functions 
in the molecule (i.e. aromatic acetyl, phenolic 
and/or enolic hydroxyls, etc.). Table 1 presents a 
summary of the observed chemical shifts for the 
various ether derivatives prepared. 

The further application of our experimental 
procedure was evaluated by the alkylation of 
(+)-usnic acid (I) with p-bromobenzyl bromide. 
Thus, (+)-7-0-p-bromobenzylusnic acid ($1, 
mp 122-123' C, was isolated in 82% yield, and 

there appears little doubt that under the reaction 

conditions developed ((cH,),&oH. NMPA), 
predominant mono-0-alkylation at the 7-position 
can be easily achieved. 

Although only low yields of diether derivatives 
have been achieved directly with the above 
method, we found that somewhat more vigorous 
conditions (i.e. sodium hydride in dry tetrahy- 
drofuran at 60" C) produce good yields of di-0- 
alkylated materials. A combination of these pro- 
cedures provides an excellent approach for the 
preparation of 'mixed' derivatives. Thus when 
the monobenzyl ether 6 was alkylated under the 
latter conditions with dimethyl sulfate, a 72% 
yield of (i)-7-0-benzyl-9-0-methylusnic acid 
(9) was obtained. This compound showed the 
methylene protons of the benzyl group at 6 4.89 
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KUTNEY AND SANCHEZ: I1 1087 

ppm (s) and the C,-methoxyl as a sharp signal 
at 6 4.06 ppm in the 'Hmr spectrum. 

Moreover, pure 9-0-alkyl derivatives can be 
easily prepared from the corresponding 'mixed' 
diether derivative by selective debenzylation em- 
ploying an excess of trifluoroacetic acid (TFA) 
in dichloromethane at room temperature (24, 
25). In this manner, a yield of over 9 0 z  of (f )-9- 
0-methylusnic acid (10) was obtained. 

An interesting relationship was also observed 
from the corresponding ultraviolet spectra, 
which show absorption maxima characteristic 
for each series regardless of the nature of the 
alkyl residue (Table 2). 

On the other hand, 0-alkylation of ring C pro- 
tected usnic acid derivatives (i.e. isoxazoles) 
presents difficulties due to the higher base sen- 
sitivity of the isoxazole system (2-5). However, 
as a satisfactory complement to our previous 
methods, we have found that predominant 
0-alkylation of isoxazole derivatives can be 
achieved by the use of methyl iodide - silver 
oxide in chloroform (26, 27). In this way the 
isoxazole 11 was converted in 71% yield into the 
oily dimethyl ether 12 with complete retention of 
optical activity. These 0-methyl substituents 
were observed as sharp singlets at 6 3.74 and 
4.02 ppm, respectively, for the 7- and 9-positions. 
A minor product, isolated in 16% yield, resulted 

TABLE 2. The ultraviolet absorption maxima for ether 
derivatives of (+)-usnic acid (1): i,,,, (CH,OH) and log E 

in parentheses 

6 8 7 9 10 

from di-C-alkylation on the aromatic ring A, 
and on the basis of spectroscopic evidence has 
been assigned structure 13. Similar di-C-alkyl- 
ated systems have been obtained (28, 29) by the 
nuclear methylation of phloroacetophenone 
under similar conditions. ~n~conclusion we must 
indicate that the latter method is not directly 
applicable to (+)-usnic acid (1) itself. However, 
since all three methods seem to com~lement each 
other very adequately, the solutions to obtaining 
the required 0-alkylated derivatives in the usnic 
acid series are now available. 

Experimental 
Melting points were determined on a Kofler block and 

are uncorrected. 
Ultraviolet (uv) spectra were recorded on a Cary 15 

spectrophotometer in methanol solution (unless other- 
wise noted). The wavelength of the absorption maxima 
are reported in nanometres (nm). 

Infrared (ir) spectra were measured routinely on a 
Perkin-Elmer model 710 spectrophotometer. Analytical 
or comparison spectra were recorded on a Perkin-Elmer 
model 457 spectrophotometer using matched cells with a 
cell path of 0.2 mm in chloroform solution. Calibration 
was achieved using the 1601 cm-' absorption band of 
polystyrene. The absorption maxima are quoted in wave 
numbers (cm-I). 

Proton magnetic resonance ('Hmr) spectra were mea- 
sured in deuterochloroforrn (CDCI,) solution (unless 
otherwise indicated) at  room temperature. Routine spec- 
tra were recorded at 60 MHz on a Varian T-60 spectrom- 
eter, and analytical or comparison spectra at  100 MHz 
on either a Varian HA-100 or a Varlan XL-100 spectrom- 
eter. Line positions are given in the 6 (ppm) scale using 
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tetramethylsilane (TMS) as internal standard. The in- 
tegrated peak areas, multiplicity, and proton assignments 
are indicated in parentheses. 

Low resolution mass (ms) spectra were determined on 
either an AEI-MS-902 or an Atlas CH-4B mass spectrom- 
eter, with high resolution mass spectra being recorded 
exclusively on an AEI-MS-902 mass spectrometer. 

Circular dichroism (cd) spectra were obtained on a 
Jasco model J-20 spectropolarimeter in methanol solution 
(unless otherwise indicated). The wavelength of the ab- 
sorption maxima is reported in nanometres (nm). The 
differentlal molar extinction coefficient (As) and the slgn 
of the observed Cotton effect are indicated in parentheses. 

Optical rotations ([%ID) were measured on a Perkin- 
Elmer model 141 polarimeter at the sodium D line in 
chloroform solution (unless otherwise noted) using cells 
with a 0.1 dm path. 

Microanalyses were performed by Mr. P. Borda of the 
Microanalytical Laboratory, University of British 
Columbia. 

Merck silica gel G (acc. to Stahl) impregnated with 
oxalic acid (2%) and with 2% fluorescent indicator added, 
was used as adsorbent for thln layer chromatography 
(tlc), unless otherwise noted. The tlc plates were activated 
in an oven at 90°C for 4 h before use. For qualitative 
chromatography layers of 0.3 mm thickness were used 
and the spots were visualized by viewing under ultraviolet 
(uv) light or  spraying with a 1% eihanolic ferric chloride 
solution. For preparative (plc) chromatography large 
(20 x 20 and 20 x 60cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A, 
petroleum ether (30-60°C) - acetone (4: I), and B, chloro- 
form - ethyl acetate (3 :2), unless otherwise indicated. 

Column chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 mm grain size) or Merck 60 
(0.063-0.2 mm grain size) silica gel. 

The usnic acid utilized throughout the course of this 
study was obtained from Koch-Light Laboratories, 
England, as the optically active dextrorotatory isomer, 
(+)-usnic acid, isolated from lichen sources Usnea bar- 
bata). 

The numbering system employed is that approved for 
the dibenzofuran series (30). 

Reaction of (+) -Usnic Acid ( I )  with Benzjll Brotnide in 
Hexarnethylphosphoramide ( H M P A )  

A suspension of (+)-usnic acid (1) (2.0 g, 5.813 mmol) 
and tetramethylammonium hydroxide pentahydrate (3.46 
g, 19.1 16 mmol) in dry hexamethylphosphoramide (60 ml, 
freshly distilled from lithium aluminum hvdride) was 
stirred at 0°C under a nitrogen atmosphere for 1 h. The 
dark green solution was then treated with benzyl bromide 
(3.14 g, 18.362 mmol) and stirring continued at 0°C for 
2 h. The resulting suspension was carefully poured into 
cold distilled water (200 ml) and extracted once with light 
petroleum ether (50 ml) to eliminate the excess alkylating 
agent. The aqueous phase was acidified with 1 N hydro- 
chloric acid, extracted with ethyl acetate (4 x 100 ml), 
and the combined extracts were washed thoroughly with 
water (5 x 50 ml), dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure to produce a yel- 
low foam (2.748 g). Purification by column chromatog- 
raphy on Macherey-Nagel silica gel (200 g) afforded the 
following products. 

Fraction I. Recorjered (+)-Usnic Acid (1) 
Yellow needles from chloroform (218.4mg, 0.634 

mmol; lo%), mp 202-203°C; mixture mp with (+)-usnic 
acid, 202-204°C. The sample showed superiniposable 
'Hmr, ir, and uv spectra with those of the starting mate- 
rial. 

Fraction 11. ( + ) -7-0-Benzylusnic Acid (6)  (7-Benzyl- 
oxy-2,6-diacetyl-1,9b-dihydro-3,9-dih~~droxy-8,9ba- 
dimethyl-1-oxodibenzofuran) 

Yellow prisms from acetone-methanol (1.6815 g, 3.874 
mmol; 7473, mp 131-133°C; [aIDz6 (CH3CN) +208" (c 
0.0767); uv: ?,,,, (log E) 346 (2.99), 266 (4.03), 239 (4.01); 
ir: v,,, 3400-2500 (OH, chelated), 1672 (C=O, aromatic 
acetyl, enone system), 1600 (C=C), 1540 (C=O, chelated 
triketone system); 'Hmr: 6 1.76 (3H, s, Cgb-CH,), 2.18 
(3H, S, Cs-CH3), 2.55 (3H, S, C6-COCH,), 2.64 (3H, s, 
C2-COCH3), 4.86 (2H, S, C7-0-CHZ-CsE1[5), 5.95 (lH, 
s, Ch-H), 7.41 (5H, S, CsH5), 10.78 (lH, S, Cg-OH), 18.80 
ppm (IH, s, C3-OH); ms: rnle 434 (M+), 416, 392, 343, 
323, 308, 301, 281, 273, 260, 259, 241, 233, 215, 203, 90 
(base peak). Anal. calcd. for CZ5Hz2O7 : C 69.12, H 5.10; 
found: C 69.08, H 5.06. High resolution molecular weight 
determination calcd. : 434.136; found: 434.132. 

Fraction III. ( & )-7,9- Di-0-benzyl~fsnic Acid (7) (2,6- 
Diacetyl-7,9-dibenzyloxy-l,9b-dihydvo-8,9b-dirnethyl- 
3-hydrox~l-I -oxodibenzofii~an) 

Yellow prisms from acetone- ethyl alcohol (0.505 g, 
0.964mmol; la%), mp 145-146'C; [%IDz6 (CH3CN) 0' 
(C 0.0272); uv: I,,, (log e) 368 (3.19), 325 (3.56), 259 
(4.08), 226 (4.29); ir: v,,, 2800-2400 (OH, chelated), 
1680 (C=O, aromatic acetyl, enone system), 1610, 1590 
(C=C, aromatic rings), 1560 (C=O, chelated triketone 
system); 'Hmr: 6 1.82 (3H, s, Cgb-CH,), 2.27 (3H, s, 
Cs-CH3), 2.50 (3H, s, C6-COCH3), 2.58 (3H, s, CZ- 
COCH,), 4.94 (2H, S, C7-O-CHz-CsH5), 5.36 (2H, 
AB q, J 10 HZ, Cg-O-CHz-C6H~), 5.86 (lH, S, 
C,-H), 7.20-7.60 (lOH, br, 2 x C6H5), 17.99 ppm (IK, s, 
C3-OH); ms: rnle 524 (M+), 480, 433 (base peak), 432, 
390, 350, 343, 341, 323, 307, 259, 233, 231, 181, 90. Anal. 
calcd. for C3,HZsO7: C 73.27, H 5.38; found: C 73.06, 
H 5.52, High resolution molecular weight determination 
calcd. : 524.183; found: 524.183. 

Preparation of (+)-7-0-p-Bromobenzylusnic Acid ( 8 )  
(7-p-Brornobe1zzyloxy-2,6-diacetyl-1,9b-dihydvo-3,9- 
dilzydroxy-8,9ba-dirnetkyl-I-oxodibenzofuran) 

A suspension of (+)-usnic acid (1) (200 mg, 0.582 
mmol) and tetra~~~ethylarnrnonium hydroxide pentahy- 
drate (346 mg, 1.911 mmol) in dry hexamethylphosphor- 
amide (10 ml) was stirred at room temperature under a 
nitrogen atmosphere for 0.5 h. To the resulting dark green 
suspension was added crystallinep-bromobenzyl bromide 
(160 mg, 0.640 mmol) and the reaction allowed to pro- 
ceed at room temperature under nitrogen for 2 h. The 
reaction mixture was diluted with cold distilled water 
(40 ml), acidified with 1 N hydrochloric acid, and ex- 
tracted with ethyl acetate (3 x 20 ml). The combined 
extracts were washed with water, dried over anhydrous 
sodium sulfate, and evaporated under reduced pressure. 
The resulting dark yellow residue (314 mg) was purified 
by column chromatography on Macherey-Nagel silica 
gel (30 g) to afford pure (+ )-7-0-p-bromobenzylusnic 
acid (8) (245 mg, 0.476 mmol; 81Y,), pale yellow-green 
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plates from ethyl alcohol, mp 122-123'C; [%IDz6 (CH3CN) 
+245" (c 0.061); uv: h,,, (log E) 266 (4.19), 229 (4.36); 
ir: v,,, 3400-2500 (OH, chelated), 1670 (C=O, aromatic 
acetyl, enone system), 1620, 1600 (C=C), 1530 (C=O, 
chelated triketone system); 'Hrnr: 6 1.78 (3H, s, C9,- 
CH3), 2.18 (3H, S, C8-CH,), 2.56 (3H, S, C6-COCH,), 
2.66 (3W, S, C2-COCH31, 4.86 (2H, S, C7-0-CHZ- 
C6H4-Br), 5.99 (lH, s, C4-H), 7.45 (4H, AB q, J = 8 
Hz, -CHI-C6H4-Br), 10.81 (1H, s, C9-OH), 18.82 
ppm (IH, s, C3-OH); ms: m/e 514 (M+), 512, 496, 494, 
472, 470, 403, 401, 389, 387, 344, 343 (base peak), 301, 
260, 259, 233, 231, 171, 159, 90, 43. Anal. calcd. for 
C2,H2,07Br: C 58.48, H 4.12, Br 15.56; found: C 58.42, 
H 4.18, Br 15.47. High resolution molecular weight deter- 
mination calcd. for C2,H210,79Br: 512.052; calcd. for 
CZ,H210781Br: 514.045; found: 512.047, 514.045. 

Preparation of (2)-7-0-Benzyl-9-0-methylusnic acid (9) 
(7-Benzyloxy-2,6- diacetyl-1,9b - dihydro - 8,9bc( - di- 
methyl-3-hydroxy-9-methoxy-1-oxodibenzofuran) 

Sodiurll hydride emulsion (55%, 4.0 g, 91.666 mmol) 
was washed twice with distilled light petroleum ether (2 x 
10ml) and suspended in dry tetrahydrofuran (600 ml, 
freshly distilled from lithium aluminum hydride). Under 
a stream of nitrogen (+)-7-0-benzylusnic acid (6) (15.0 
g, 34.562 mmol) in dry tetrahydrofuran (200 ml) was 
added dropwise over 45 min and the reaction mixture 
stirred at room temperature for 1 h. Dimethyl sulfate 
(8.70 g, 69.00 mmol) in dry tetrahydrofuran (20 ml) was 
added dropwise and the reaction mixture heated at 60- 
62'C under a nitrogen atmosphere for 2.75 h. The result- 
ing dark brown solution was slowly poured into an ice- 
water mixture (2: I), acidified with 1 N hydrochloric acid, 
and extracted with ethyl acetate (3 x 500 ml). The com- 
bined extracts were washed with water, dried over anhy- 
drous sodium sulfate, and evaporated under reduced 
pressure to produce a dark yellow foam (16.892 g), which 
upon purification on Merck silica gcl (600 g), afforded 
pure (+)-7-0-benzyl-9-0-methylusnic acid (9) (11.22 g, 
25.048 mmol; 72%), bright yellow prisms from acetone - 
ethyl alcohol, mp 112-113°C; [aIDZ6 (CH,CN) 0" (c 
0.065); UV: h,,, (log E) 370 (3.03), 320 (3.57), 259 (4.02), 
226 (4.23); ir: v,,, 2500-2400 (OH, chelated), 1680 
(C=O, aromatic acetyl), 1670 (C=O, enone system), 
1600, 1580 (C=C), 1540 (C=O, chelated triketone sys- 
tem); 'Hmr: 6 1.83 (3H, s, Cg,-CH,), 2.25 (3H, s, 
C8-CH3), 2.54 (6H, S, C2-COCH3 and Ce-COCN3), 4.06 
(3H, S, Cy-0CH3), 4.89 (2H, S, C7-0-CH,-C,H,), 5.83 
( lH,  s, C4-H), 7.39 (5H, S, C6H5), 18.15 ppm (1H, s, 
C3-OH); ms: inle 448 (M+), 406, 391, 387 (base peak), 
322,315,295, 287, 273,247,231,230, 215,91. Anal. calcd~ 
for CZ6Hz4o7: C 69.63, H 5.39; found: C 69.87, H 5.58. 
High resolution molecular weight determination calcd. : 
448.152, found: 448.152. 

The Debenzylatioiz of ( k )-7-0-Benzyl-9-0-rnethylusnic 
Acid (9). Isolation of (+)-9-0-Methylusnic Acid 
(10) (2,6-Diacetyl-l,9b-dihydro-3,7-dihydroxy-8,9bx- 
dimethyl-9-w2ethoxy-l-oxodiben~ofiiran) - Exp~ri-  
meat I 

A solution of (+)-7-8-benzyl-9-0-methylusnic acid 
(9) (50 mg, 0.11 1 mmol) in trifluoroacetic acid (0.5 ml) 
was stirred at room temperature under a nitrogen atmo- 
sphere for 20 min. Excess trifluoroacetic acid was euapo- 

rated under reduced pressure (water-bath teinperature 
40'C). The residue was redissolved in dry benzene (2 ml) 
and the solvent once more evaporated under reduced 
pressure to produce a glassy residue which was dissolved 
in ethyl acetate (10 ml), and the solution thoroughly 
washed with cold distilled water, dried over anhydrous 
sodium sulfate, and evaporated under reduced pressure 
to afford a bright yellow crystalline residue (61.7 mg). 
Purification by preparative layer chromatography (silica 
gel - oxalic acid plates, solvent A) yielded pure (+)-9-0- 
methylusnic acid (10) (37.0 mg, 0.103 mmol; 92%), thick 
bright yellow prisms from acetone-hexane, mp 195- 
196°C (dec.); [%IDz6 (CH3CN) 0' (c 0.103); UV: k,,, (log 
E) 345 (3.56), 274 (4.13), 228 (4.24); ir: v,,, 3200-2700 
(OH, chelated), 1680 (G=O, enone system), 1625 (C=O, 
chelated aromatic acetyl grouping), 1590 (C=C), 1560 
(C=O, chelated triketone system); 'Hmr: 6 1.86 (3H, s, 
Cyb-CH3), 2.24 (3H, S, Cs-CH3), 2.56 (3H, S, Cz-COCH3), 
2.74 (3H, S, C6-COCH,), 4.14 (3H, S, Cg-OCH,), 5.91 
(IH, s, C4-N), 13.22 (lH, s, C,-OH), 18.00 ppm (lH, s, 
C3-ON); ms: mle 358 (M+), 343 (M - 151, 274, 247 
(base peak), 246, 229. Anal. calcd. for C19H180,: C 
63.68, H 5.06; found: C 63.65, H 5.06. High resolution 
molecular weight determination calcd.: 358.105. found: 
358.104. 

The Debenzylation of (F)-7-0-Benzyl-9-0-methylusnic 
Acid ( 3 )  - Experiment II 

A solution of (f )-7-0-benzyl-9-0-methylusnic acid 
(9j (50 mg, 0.1 11 nimol) in dry dichloromethane (4 ml) 
was treated at room temperature under a nitrogen atmo- 
sphere with trifluoroacetic acid (128 mg, 1.122 mmol) 
and the reaction allowed to proceed with stirring for 
3 h. The reaction mixture was then transferred to a sepa- 
ratory funnel, diluted with dichloromethane (4 ml), 
washed thoroughly with water, dried over anhydrous 
sodium sulfate, and evaporated under reduced pressure 
to produce a yellow glass, which upon direct crystalliza- 
tion from acetone-hexane produced pure (+)-9-0- 
methylusnic acid (10) (38.5 mg, 0.1075 mmol; 96x1, mp 
195-197°C; mixture mp with authentic material from pre- 
vious experiments, 195-197'C. Chromatographic and 
spectroscopic characteristics were identical for both 
samples. 

Synthesis of ( + ) -7,9-Di-0-methylisoxazolo[4,5-blnsnic 
Acid (12)  (10-,4cet,vl-6,6a-dihydro-7,9-dimethoxy- 
5,6acc,8-trimethyl-6-oxoisoxazolo/4,5-b,~dibenzofuran) 

A solution of (+)-isoxazolo[4,5-blusnic acid (11) (3.0 
g, 8.797 mmol) in dry chloroform (150 ml) was treated 
with silver oxide (30 g, 129.6 minol) and iodomethane 
(10 g, 70.422 mmol), and with mechanical stirring heated 
at 54-55°C (oil bath temperature) under a nitrogen atmo- 
sphere for 20 h. The solid material (salts) was removed by 
filtration through Celite, and the Celite cake washed with 
chloroform (2 x 25 ml). The combined filtrates were 
evaporated under reduced pressure to  produce an orange 
foam (3.721 g). Purification by column chromatography 
on silica gel Merck (200 g) using 5 x  acetone in benzene 
produced the following pure conlpounds. 

Fraction I. (i )-7,9-Di-0-n!ethylisoxazolo[4,5-bjusnic 
Acid ( 12 )  

Yellow foam that could not be induced to crvstallize 
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uv: I,,, (log E) 360 (3.10), 305 (3.39, 250 (3.85), 205 
(4.37); ir: v,,, 2940 (C-H, aromatic -OCH3), 2850 
(C-H, aromatic -OCH,), 1690 (C=O, aromatic 
acetyl), 1660 (C=O, enone system), 1600, 1590 (C=C); 
'Hmr: 6 1.82 (3H, s, Cgb-CH3), 2.22 (3H, S, C8-CH,), 2.44 
(3H, S, Cll-CH,), 2.57 (3H, S, Cs-COCH3), 3.74 (3H, S, 
C,-OCH,), 4.02 (3H, s, C,-OCH,), 6.22 ppm (1H, s, 
C,-H); ms: mle 369 (M+,  base peak), 354, 341, 326, 301, 
285, 245, 43. Anal. calcd. for C2,H1,OGN: C 65.03, H 
5.18, N 3.79 ; found : C 65.30, H 5.40, N 3.50. High resolu- 
tion molecular weight determination calcd.: 369.121; 
found: 369.124. 

Fvaction II ,  (+)-10-13-Acetyl-6,6a,7,8,9,10-hexahydvo- 
5,6aa,8,8,lOcl-pentamethyl-6,7,9-tvioxoisoxazolo(4,5- 
bldibenzofirran (13) 

Thick colorless' prismatic needles from chloroform - 
petroleum ether (30-60°C) (525 mg, 1.422 mmol; 16%), 
mp 185-187°C; [cl]DZG (CH,CN) t 3 5 4 "  (c 0.13825); uv: 
h, , , ( log~) 318 (3.79), 264(3.79), 220(4.13), 214(4.17); 
ir: v,,, 1730, 1690, 1675 (C=O), 1620 (C=C); 'Hmr 
(CDC1,-CGD6): 6 1.49 (3H, S, Cs-DCH,), 1.64 (3H, S, 
C8-aCH,), 1.78 (3H, s, C,,-CH,), 2.43 (3H, s, CIo- 
PCOCH,), 2.45 (3H, s, Cll-CH,), 6.62 ppm (IH, s, 
C2-H); ms: m/e  369 (M+, base peak), 326, 312, 298, 284, 
257, 242, 231, 229, 219, 191, 153, 91, 77, 69, 43, 42, 41. 
Anal. calcd. for C ~ O H ~ ~ O ~ N :  C 65.03, H 5.18, N 3.79, 
found: C 65.07, H 5.41, N 3.45. High resolution molec- 
ular weight determination calcd.: 369.121; found: 
369.119. 
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On the construction of the C,D ring system of chasmanine by the photochemical 
method 
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K. WIESNER, I. H. SANCHEZ, K. S. ATWAL, and S. F. LEE. Can. J. Chem. 55, 1091 (1977). 
Two highly stereoselective syntheses of the methoxy ketal 18, which had been previously 

transformed to the chasmanine model compound IV are described. Both these processes avoid 
the equilibration step VII $ VIII which failed (with compounds IX @ X) in the actual chas- 
manine synthesis. There is reason to believe that the second of these routes, remarkable by its 
brevity, wil! be applicable in the full chasmanine system. 

K. WIESNER, I. H. SANCHEZ, K. S. ATWAL et S. F. LEE. Can. J. Chem. 55, 1091 (1977). 
On dkcrit deux syntheses hautement sterCosClectives du methoxy acetal 18 qui a t te trans- 

formt antkrieurement dans le compose IV, modtle de la chasmanine. Les deux procedes 
Cvitent 1'Ctape d'equilibration VII F? VIII qui n'avait pas fonctionne (avec les composes 
IX F? X) dans la synthtse rtellc de la chasmanine. 11 y a des raisons de croire que la deuxitrne 
de ces routes, remarquable par sa brievete, pourra Ctre applicable dans le systeme complet de la 
chasmanine. 

[Traduit par le journal] 

Introduction 
Some time ago we have described a stereo- 

specific conversion of the model compound I 
to the bromo derivative PI. This material was 
then rearranged to 111 and functionalized to 
the ketone PV the structure of which was cor- 
roborated by X-ray crystallography (1). Re- 
cently we have finally reported (2) the total 
synthesis of the compound V which we hoped 
to transform by the above technique to the 
alkaloid chasmanine VI. 

There was however in the sequence I -t 11 a 
step which while perfectly satisfactory in the 
model series gave rise to some misgivings in the 
anticipated synthesis proper. It was the equili- 
bration and separation of the epimeric a,P- 
unsaturated ketones VII and VIE. 

It  did not take long to ascertain that this 
operation in fact causes trouble with the fully 
functionalized system. Birch reduction, acetyla- 
tion and acid treatment of the aromatic inter- 
mediate V yielded the anticipated compound IX 
without difficulty. IHowever, the equilibration 
of this epimer with the desired epimer X could 
not be performed without some destruction of 
material and the separation of the two corn- 

'back to the model'. It was our intention to set 
up the desired configuration (marked with arrow 
in formula X) by a series of irreversible stereo- 
specific steps and thus to avoid the equilibration 
PX -+ X. 

It is perhaps remarkable that both variants 
of this detour which we have worked out are 
slzorter than the original route (1). This is 
primarily due to the operation of our photo- 
chemical addition rule (3) which requires that 
the diastereoisomers IX and X add photo- 
chemically olefins to the P and a face of the 
molecule respectively. More importantly, this 
development illustrates the process of refining 
the synthesis of polysubstituted polybridged 
compounds to the simplest possible variant by 
systematic switching between model work and 
synthesis proper. 

Discussion 
The starting point of the 'variant A' of our 

new process was the P,y-unsaturated ketone 2 
(Scheme 2) prepared by Birch reduction and 
mild acid treatment of the aromatic model 
compound 1 (I).' 

Reduction of 2 with sodium borohydride 

pounds turned out to be exceedingly difficult. 
'Ail spectra! data of all compounds are in agreement 

As as we that the step with the structures assigned and are recorded in the 
is to into an Ipottle- "xperimental'. Only specially relevant data arc presented 
neck, it became clear that it was necessary to go also in the 'D~scussion'. 
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, H 
\ 

N e- f- HO' 
M e 0  , 

OMe 
VI VII ( = 20) VIII IX X 

AcO 

\OMe 

yielded the unsaturated alcohol 3. The overall 
yield of the oily material 3 from 1 was approxi- 
mately 90%. Compound 3 was now transformed 
to the crystalline hydroxy a,P-unsaturated 
ketone 4 in a yield of 81% as follows (4). The 
unsaturated alcohol 3 was first transformed into 
an exo-epoxide by treatment with m-chloroper- 
benzoic acid in dichloromethane. This material 
was immediately oxidized to the corresponding 
ketone by the addition of tetramethyl piperidine 
hydrochloride and more m-chloroperbenzoic 
acid in the same solvent. The conversion to 4 
was finally completed by treatment of the epoxy 
ketone with methanolic sodium methoxide. 

The photoaddition of allene to compound 4 
gave the crystalline adduct 5 in a yield of 87z .  
The configuration of this adduct, predictable 
by the addition rule (3), was confirmed by 
further transformations to the hemiacetal 8 and 
finally to the methoxy ketal 18, an intermediate 
of our original synthesis (1). 

Compound 5 was now converted quantita- 
tively into the dimethyl ketai 6 and this material 
gave on ozonolysis, borohydride reduction, and 
acetylation the crystalline acetoxy ketone 7 in an 

overall yield of 72%. In this sequence the di- 
methyl ketal function was lost during the work- 
up of the final acetylation step. In this manner 
the unstable keto-cyclobutanol functionality 
which undergoes spontaneous retro aldol cleav- 
age was never completely unmasked. If the 
acetylation step is omitted and the product of 
the ozonolysis and borohydride reduction is 
chromatographed on silica gel the extremely 
stable crystalline hemiacetal 8 which is useless 
for further elaboration is obtained in a yield of 
84%. 

Dehydration of the tertiary alcohol 7 with 
thionyl chloride and pyridine yielded the oily 
P,y-unsaturated ketone 9 in a yield of 71%. A 
small amount (10%) of the crystalline chloro 
ketone 10 was also isolated. Compound 9 
showed in the infrared (ir) spectrum peaks at 
1755, 1715, and 1676 cm-' for the acetate 
carbonyl, the six-membered ketone, and the 
double bond. The nuclear magnetic resonance 
spectrum (nmr) showed a quadruplet centered 
at .r = 4.43 ppm which corresponded to the 
vinylic hydrogen. 

Treatment of the unsaturated keto acetate 9 
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with dilute methanolic potassium hydroxide 
caused hydrolysis of the acetate group, retro 
aldol cleavage of the unmasked keto-cyclo- 
butanol functionality, and immediate aldol ring 
closure of the resulting unsaturated keto- 
aldehyde to the mixture of epimeric alcohols 
l l a ,b .  This spontaneous aldol condensation 
of the enolate ion b to the aldols l l a , b  was 
surprising since we have previously noted (1) 
that the saturated enolate a does not aldolize 
and the aldol condensation of the saturated 
keto-aldehyde has to be driven by boron tri- 
fluoride and acetic anhydride. It may be that 
the double bond in l l a , b  diminishes the twist 
of the condensed system, which is considerable 
in the saturated skeleton 13 or 14. In any event, 
the discovery of this spontaneous ring closure is 
a great advantage in the anticipated use of the 
method with polymethoxylated derivatives in 
the synthesis proper. 

Benzoylation of the aldols l l a , b  yielded the 
crystalline mixture of benzoates 12a and 12b 
and the major isomer 12a was purified by 
crystallization. Compound 12a showed in the ir 
spectrum peaks at 1720 and 1670 cnl- for the 
benzoate carbonyl and ketone and for the double 
bond; the nmr spectrum displayed a doublet at 
z = 4.40 ppm for the vinylic proton. 

Hydrogenation of the epimeric mixture 12a,b 
in methanol with rhodium on alumina yielded 
the two readily separable crystalline hexa- 
hydrobenzoates 13 and 14 in a ratio 3.2: 1. The 
configuration of 13 followed from its conversion 
to the known compound 18 (Scheme 2) which 
required an inversion of the alcohol function. 
Compound 18, it will be recalled, was an inter- 
mediate of our first synthesis (1) and it was 
transformed to the ketone IV (Scheme I)  the 
structure of which was verified by X-ray 
crystallography. The configuration of compound 
14 differs from that of compound 13 at the ring 
junction since it could not be transformed to 18 
by the appropriate manipulation of the func- 
tional groups. Specifically, while compound 13 
yielded the keto-ketal 17, compou~d  14 was 
coi~verted by an analogous manipulation of 
functional groups into a diastereoisomer of 17. 

Compounds 120 and 12b are difficult to 
separate and thus we have only investigated the 
hydrogenation of the mixture. Since it is clear 
that compound 13 results from the hydro- 
genation of 12a it is reasonable to assume that 
compound 14 is the hydrogenation product of 

12b and that the shielding by the benzoate group 
controls the stereochemistry of the double bond 
hydrogenation. This assumption is thus the 
reason for the assignment of the complete 
configuration to the diastereoisomer 14. (Only 
the complete configuration of 13 is rigorously 
proved by its conversion to the final product 18.) 

The keto-ester 13 was now converted into the 
crystalline ketal 15 and this material was saponi- 
fied to the unstable alcohol 16b which was 
immediately oxidized to the oily but homo- 
geneous keto ketal 17. 

Reduction of this last compound with sodium 
borohydride proceeded stereospecifically and 
quantitatively to yield the crystalline alcohol 
16a. Finally methylation of 16a gave the known 
methoxy ketal 18 which was an intermediate 
in our first synthesis (1). 

Thus we have reached our objective and 
devised a route which avoided the equilibration 
step VII -+ VPII and was in fact two steps 
shorter than the original synthesis. All steps 
were stereospecific except for 12a,b -+ 13 which 
was highly stereoselective (3.2: 1). 

We were in fact so pleased by this method 
that we have committed an error. We have 
overlooked that in compound X I  (Scheme I), 
the full fledged analogue of the model inter- 
mediate 7, there is a very serious nonbonded 
interaction between the tertiary hydroxyl and 
the ring A methoxy group which might lead to 
a considerable change in reactivity. 

Instead of proceeding with caution Dr. S. F. 
Lee who was in charge of the synthesis proper 
converted at the instigation of the senior author 
almost our entire supply of the aromatic com- 
pound V into the intermediate XI. The trans- 
formation V + XI proceeded exactly as in the 
model series in excellent yield. Compound XI, 
however, displayed a very sharp singlet at 
z = 3.5 ppm for the hydroxyl hydrogen (identi- 
fied by deuteration) and it was completely 
resistant to dehydration although all the methods 
found in the literature were tried. For the second 
time this meant 'back to the model'. 

Our objective now was not to find new 
methods for dehydrating the tertiary alcohol 7 
(practically all methods worked with this model 
compound) but to discover an entirely new 
variant which would completely avoid the 
dehydration step. 

Thus, we have discovered 'variant B' which 
is even simpler than the 'variant A' and most 
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M e 0  
"'O9 \ "Q / OBobl Me0 QEl a 

AcO 

8 9 PO a b l l a  R = H, R'  = OH 
110 R = OH. R '  = H 
120 R = H. R'  = 0COC6H, 
120 R = OCOC,H,, R '  = H 

important, it works in the real system. On 
previous occasions it has not been our custom 
to discuss the ups and downs of synthetic 
work in publications. In the present instance 
the lesson to be drawn from the switches 
between model and real system seems to justify 
an exception. 

The basis of the second 'variant B' was the 
a,@-unsaturated ketone 19a (Scheme 3). We 
have first obtained this compound by treatment 
of the P,y-unsaturated isomer 9 w ~ t h  hydro- 
chloric acid in chloroform. The is spectrum of 
19a showed maxima at 1749 (acetate carbonyl), 
1675 (conjugated ketone), and 1652 cm-I 
(double bond). The nmr spectrum showed a 
quadruplet centered at z = 3.27 ppm for the 
vinylic hydrogen in the P-position and a doublet 
of narrow doublets at .t = 3.92 ppm for the 
vinylic hydrogen a to the ketone. The max' imum 
absorption in the ultraviolet (uv) of compound 
19a was at 235 nm (log E = 4.16). It is clear 
that the conjugated ketone 19a and the P,y-un- 
saturated ketone 9 should by saponification, 
dealdolization, and conjugate enolate ion forma- 
tion give rise to the same species b (Scheme 2). 
If this species is indeed an intermediate in the 
conversion 9 -, Ila,b the reaction d9a -, Ila,b 

should proceed equally well. In fact compound 
19a gave the same aldols Ila,b and benzoates 
12a,b in a similar yield as compound 9. 

There is now a very facile way to obtain 19a 
from the readily available (1) compound 20.' 
Photoaddition of vinyl acetate to the a,@- 
unsaturated ketone 20 gave a 91% yield of a 
mixture consisting of approximately equal 
quantities of the isomers 21a and 21b. The pure 
isomer 21a was obtained by crystallization of the 
oily mixture. 

It is of course also possible to prepare 21a 
regiospecifically from the allene adduct of 20. 
The vinyl acetate addition saves five steps as 
compared to this allene route and thus would be 
only moderately inferior in yield; we chose it in 
this model study because of its brevity. Bromina- 
tion of 21a gave a quantitative yield of the 
crystalline monobromide 22a. Dehydrobromina- 
tion of 22u in anhydrous dimethylformamide 
with lithium bromide and lithium carbonate (5) 
gave compound 19a in an 82% yield. 

We have also carried out a direct conversion 
of the vinyl acetate adduct mixture 21a,b to 

2Compound 20 is obtained by further mild acid treat- 
ment of compound 2. 
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the pure compound 17, an intermediate in the 
'variant A' synthesis. The overall yield from 
the a,P-unsaturated ketone 20 to the keto ketal 
17 was 13.7%. The details of this process are 
described in the Experimental. The reaction 
sequence proceeded via the mixtures 22a,b and 
19a,b. Base treatment of 19a,b followed by 
benzoylation yielded the benzoates 12a,b and 
24 which were separated by chromatography. 
Finally the conversion of 12a,b to 17 was per- 
formed as described above. 

We had just enough of the u,P-unsaturated 
ketone IX at this point to subject it to this 
abbreviated vinyl acetate sequence. The entire 
operation was uneventful as in the model 
'variant B' and the acetate XI1 was reached in a 
quantity just sufficient to be characterized. 
(Acetylation was used instead of the benzoyla- 
tion employed in the model system.) The success 
of 'variant B' in the full system in which the 
'variant A' failed is clearly due to the fact that in 
the course of the entire sequence no inter- 
mediate was needed which would have a serious 
nonbonded interaction absent from the model 
series. 

We believe that one can derive from these 
findings an important lesson on how to evaluate 
critically the chances of a model study to succeed 
in the full system. Based on this lesson we 
believe that the chances of compound XI1 in 
the remaining steps are excellent. 

We shall report in detail on the application 
of this study to the total synthesis of chasmanine 
and other aconite alkaloids as soon as we reach 
the corresponding natural products. 

Experimental 
Preparation of the B ,  y- Unsatiirated Ketone 2 

A solution o f  con~pound 1 ( 1 )  (13.4 g) in anhydrous 
tetrahydrofuran (78 ml) and tert-butyl alcohol (78 ml) 
was added dropwise over a period o f  45 min to  a stirred 
solution o f  lithium metal (5.41 g) in distilled liquid 
ammonia (290 ml). The mixture was stirred at acetone - 

dry ice temperature for 24 h. Absolute methanol was 
added until the blue colour disappeared and the reaction 
mixture was allowed to  stand to evaporate the excess 
ammonia. The resulting white residue was dissolved in 
water (200 ml) and extracted thoroughly with ether 
(4 x 50 ml). The extracts were washed with water and 
dried over anhydrous potassium carbonate. Evaporation 
afforded a colorless oil (13.0 g )  which was immediately 
dissolved in cold absolute methanol (250ml) and 
treated with aqueous oxalic acid ( 1  IM solution, 80 ml). 
After 45 min at OcC (ice-bath) the reaction mixture was 
neutralized by dropwise addition o f  saturated sodium 
bicarbonate solution. Work-up by the standard procedure 
produced the unstable p,y-unsaturated ketone 2 ( 1  1.72 g, 
94%) as a colorless oil homogeneous by tlc in several 
solvent systems. Mol. Wt. calcd. for C 1 1 H 1 4 0 :  162; 
found (ms) : 162. Infrared (CC14) : 171 5 (six-membered 
ketone), 1670 cm-' (tetrasubstituted double bond). 

Preparation o f  tlze B,y-Unsaturated Alcohol 3 
The P,y-unsaturated ketone 2 (4.60 g )  was dissolved in 

absolute methanol (100 ml) and sodium borohydride 
(0.57 g )  was added portion-wise at O'C. After an addi- 
tional 3 h at this temperature the reaction mixture was 
worked-up by the usual procedure. The resulting oily 
residue (4.72 g) was purified by chromatography on 
silica gel. Elution with ether-hexane ( 1  : 1, v/v) afforded 
the pure alcohol 3 (4.21 g, 91%) as a colorless oil homo- 
geneous by tlc in various solvent systems. iMol. Wt. 
calcd. for CllH,,O: 164; found (ms): 164. Infrared 
(CC14): 3625, 3400 (hydroxyl), 1665 cm-' (double bond); 
nmr (CC14): z 6.30 ppm (m, lH,  proton unshielded by 
hydroxyl). 

Preparation of the E,P-Unsaturated Ketone 4 
T o  a solution o f  the alcohol 3 (245 mg) in dry di- 

chloromethane (10 ml) was added dropwise a solution 
o f  m-chloroperbenzoic acid (325 mg) in the same solvent 
(15 ml) at 0°C under a nitrogen atmosphere. After an 
additional hour at this temperature the reaction mixture 
was treated with freshly prepared 0.2 M solution o f  
tetramethyl piperidine hydrochloride (4) (TMP.HC1) in 
dry dichloromethane (0.3 ml) followed by the dropwise 
addition o f  a solution o f  m-chloroperbenzoic acid (350 
mg) in the same solvent (15 ml). The reaction was allowed 
to proceed with stirring for 8 h at room temperature. 
The resulting pale yellow solution was transferred into 
a separatory funnel and thoroughly washed with 5 z  
aqueous sodium carbonate and water. The extract was 
dried over anhydrous magnesium sulfate and evaporated 
to dryness under reduced pressure to afford a yellowish 
oil (265 mg) which was taken up in absolute methanol 
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(5 ml) and treated with a 4 M methanolic sodium 
methoxide solution (0.4 rnl) at 0°C for Q h. The mixture 
was neutralized with dilute hydrochloric acid, diluted 
with saturated aqueous sodium chloride (15 ml), and 
thoroughly extracted with ether (4 x 10 ml). The com- 
bined extracts were washed with water, dried over 
anhydrous magnesium sulfate, and evaporated to dry- 
ness. The residue (247 mg) was purified by preparative 
tlc on silica gel using ether-hexane (2: 1, vlv) to yield 
the pure z,fLunsaturated ketone 4 (215 mg, 81x)  as 
colorless prisms nip 100-101'C from carbon tetra- 
chloride- hexane. Anal. calcd. for CIIH,,Oz: C 74.13, 
H 7.92; found: C 73.89, H 7.89. r\llol. Wt .  calcd.: 178; 
found (rns): 178. Infrared (CC1,): 3620, 3410 (hydroxyl), 
1665 cm-' (conjugated six-membered ketone); nmr 
(CCI,): 7 4.33 (s, lH,  vinylic proton), 6.17 ppm (br, IH, 
hydroxyl proton); uv: h,,,, (MeOH) 237.5 nm (log e 4.07). 

Photoaddition of Allene to Coinpoitnd 4 
A mixture of the a,@-unsaturated ketone 4 (1.0 g) 

and excess allene (15 g) in anhydrous tetrahydrofuran 
(25 ml) was irradiated at -78'C with a 200 W Hanovia 
mercury lamp through a Pyrex filter for 8 h under a 
stream of nitrogen. Excess allene and solvent were 
removed by evaporation under reduced pressure and the 
resulting oily residue was purified by chromatography 
on silica gel using ether-hexane (2: 1, v/v). The photo- 
adduct 5 (1.07 g, 87x)  was obtained as thin colorless 
plates mp 83-85-C from ether-hexane. Anal, calcd. 
for C14H1802: C 77.03, H 8.31; found: G 76.95, Pi 
8.41. Mol. Wt .  calcd.: 218; found (ms): 218. Infrared 
(CCI,): 3625, 3485 (hydroxyl), 1718 (six-membered 
ketone), 1675, 875 cm-I (terminal methylene); nmr 
(CCl,): r 5.05 and 5.18 (q, J = 3 and 6 Hz, 1H each, 
vinylic protons), 7.58 ppm (s, lH ,  hydroxyl proton). 

Preparation of Din~efhyl  Acetal6 
The allene photoadduct 5 (100 mg) was dissolved in 

absolute methanol (10 ml) and to this solution was added 
dry Rexyn 101-(H) R-204 (10 mg) and trirnethylortho- 
formate (0.2 ml). After 1) h stirring under nitrogen a 
second (0.2 ml) portion of orthoformate was added. 
The reaction mixture was stirred at room temperature 
for a further I +  h. The resin was filtered off and the 
filtrate evaporated under red~~ced pressure In presence of 
triethyl amine (3 drops). The yield of the oily acetal 6 
is quantitative. 11Jol. W f .  calcd. for CI6H2403: 264; 
found (ms): 264. Infrared (CCl,): 3625, 3475 (hydroxyl), 
1670, 875 cm- ' (terminal methylene) ; nmr (CCI,) : 
r 5.07 (q, J = 3 and 6 Hz, lH,  vinyl~c proton), 5.25 
(q, J = 3 and 6 Hz, 1H, vinylic proton), 6.8U, 6.87 ppm 
(s, 3H each, acetal methyl groups). 

Preparation of  Keio Acetufrre 7 
The hydroxy acetal 6 (115 mg) was dissolved in 

absolute methanol (15 ml) and cooled to -70°C. A 
stream of ozonized oxygen was slowly passed through 
the solution until it acquired a permanent blue color. 
After removing excess ozone with a stream of nitrogen 
the reaction mixture was allowed to warm up to 0°C. 
Sodium borohydride (400 mg) was then added in portions 
and the resulting mixture stirred for an additional 1 h 
at 0°C. The solvent was evaporated under reduced pres- 
sure and the residue thoroughly extracted with ether. 
The combined extracts were washed with brine, dried 

over anhydrous potassium carbonate, and evaporated 
to dryness. The oily residue (125 mg) was dissolved in a 
mixture of pyridine - acetic anhydride (2: 1, 3 ml) and 
allowed to stand at room temperature overnight. The 
reaction mixture upon acidic work-up (HCI) produced 
the desired keto acetate 7 (83.03 mg, 72%) as colorless 
prisms mp 134-135°C from carbon tetrachloride - 
hexane. Anal. calcd. for C , s H 2 0 0 ~ :  C 68.16, H 7.63; 
found: C 67.89, H 7.70. Mol. Wt .  calcd.: 264; found (ms): 
264. Infrared (CCl,): 3620, 3500 (hydroxyl), 1750 
(acetate), 1710 cm-I (six-membered ketone); nmr 
(CDCI,): 7 4.83 (q, J = 9 Hz, IH, proton unshielded 
by acetoxyl), 7.97 p p n ~  (s, 3H, acetoxy methyl). 

Prepamtion of the Hemiacefa18 
The hydroxy acetal 6 (60 mg) was dissolved in ab- 

solute methanol (10 ml) and ozonized at - 70'C until a 
pale blue color persisted. Excess ozone was removed by 
means of a stream of nitrogen and the cold (OcC) solution 
was treated with sodium borohydride (150 mg) in small 
portions with additional stirring at 0°C for 1 h. The 
solution was then concentrated under reduced pressure, 
diluted with water (10 ml), and extracted with ether. 
The combined (wet) ether extracts were treated with an- 
hydrous magnesium sulfate (400 mg) with stirring at 
room teniperature for 1 h. After evaporation of the sol- 
vent the resid~ie was purified by preparative tlc on silica 
gel using ether-hexane (2: 1, v/v) to produce the crystal- 
line hemiacetal 8 (42.38 mg, 84%) as a colorless micro- 
crystalline material, mp 125-126-C from ether-hexane, 
which consists (nmr) of a 3.5: 1 mixture of epimers at 
the hemiacetal carbon. Anal. calcd. for C13H,&3: C 
70.23, H 8.17; found: C 70.23, H 8.20. Mol. Wt .  calcd.: 
222; found (ms): 222. Infrared (CCl,): 3630, 3425 
(hydroxyl), 1710 cm-I (six-membered ketone); nmr 
(CCI,): 7 4.53 (br, lH,  proton unshielded by the hemi- 
acetal oxygen), 5.15 ppm (br, lH ,  hemiacetal hydroxyl); 
nmr (CDC13): T 4.49 (m, 1H, proton unshielded by the 
hemiacetal oxygen), 6.20 and 6.42 ppm (d, J = 4 Hz, lH ,  
minor and major epimers respectively, hemiacetal 
hydroxyl). 

Preparation of the @, y- Unsatlrrafed Ketone 9 
A solution of the keto acetate 7 (200 mg) in dry 

pyridine (6 ml) was cooled to O'C (ice-salt bath) and 
treated with thionyl chloride (15 drops). After 10 min 
the pale yellow reaction mixture was poured into cold 
water (20 ml) and extracted with ether (3 x 10 ml). The 
combined extracts were washed with dilute hydrochloric 
acid and water, dried over anhydrous magnesium sul- 
fate, and evaporated to dryness. The residue was puri- 
fied by preparative tls on silica gel using ether-hexane 
(1: I ,  v,v) to produce the oily B,y-unsaturated ketone 
(133 mg, 71%). hfol. 1Vt. calcd. for Cl5HI8O3: 246: 
found (nis): 246. Infrared (CCI,): 1755 (acetate), 1715 
(six-membered ketone), 1676 c ~ n - '  (double bond); 
nnir (CCI,): T 4.43 (dd, / = 2 and 6 Hz, lH,  virlylic 
proton), 4.80 (q, J = 9 Hz, 1H, proton unshielded by 
acetoxyl), 8.03 pprn (s, 3H, acetoxy methyl). 

From the preparative tlc was also obtained the crystal- 
line chloro ketone 10 (22.0mg, 10%) mp 162-163'C 
from carbon tetrachloride - hexane. Anal. calcd. for 
C1sH1903Cl.jiCkJ14: C 58.22, H 6.11; found: C 58.78, H 
6.25. Mol. Wt .  calcd. for C15H1903C1: 282; found (ms): 
282. Infrared (CHCl3): 1745 (acetate), 1715 cnl-' (six- 
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membered ketone); nmr (CDCI,): r 4.90 (q, J = 9 Hz, 
lH ,  proton unshielded by acetoxyl), 7.90 ppni (s, 3H, 
acetoxy methyl). 

Base Treatment qf Keto Acetate 9 
Compound 9 (133 mg) was dissolved in 1% methanolic 

potassium hydroxide (2 ml) and stirred under nitrogen 
at room temperature for 20 min. The reaction mixture 
was diluted with cold water (10 ml) and the methanol 
evaporated under reduced pressure. The residue was 
thoroughly extracted with ether (4 x 5 ml) and the 
combined extracts were washed with brine, dried over 
anhydrous sodium sulfate, and evaporated to dryness. 
The residue was purified by preparative tlc on silica gel 
using ether-hexane (2: 1, viv) to afford the pure aldol 
mixture Ila,b (LOO mg, 91%) as a colorless glass. ,4401. 
Wt. calcd. for C13H1602: 204; found (ms): 204. Infrared 
(CHC1,): 3620, 3420 (hydroxyl), 1735, 1725 (six-mem- 
bered ring ketone), 1675 cm-' (double bond); nmr 
(CCI,): T 4.50 (d, J = 6 Hz, lH ,  vinylic proton), 6.00 
(m, 2M, hydroxyl and proton unshielded by hydroxyl), 
6.87 ppm (dd, J = 2 and 6 Hz, proton at the ring junction 
adjacent to the carbonyl grouping). 

Benzoylation of Aldol Ila,b 
A solution of the mixture Ila,b (100 mg) in dry 

pyridine (2ml) was cooled to O'C and treatcd with 
freshly distilled benzoyl chloride (103 mg). The reaction 
was allowed to proceed at the same temperature for 1 h 
and it was then diluted with cold water (10 ml), neutralized 
with dilute hydrochloric acid, and extracted with ether 
(3 x 10 ml). The combined extracts were washed with 
water, dried over anhydrous magnesium sulfate, and 
evaporated to dryness. Purification of the residue by 
preparative tlc on silica gel using ether-hexane (1:2, 
v/v) produced the crystalline benzoate mixture 12a,b 
(120 mg, 79%), colorless prisms mp 116-123.C from 
carbon tetrachloride - hexane. ~Mol. Wt. calcd, for 
C20H,o03 : 308 ; found (ms): 308. Infrared (CCI,): 
1735 (benzoate), 1720 (six-membered ketone), 1670 cm- ' 
(double bond); nmr (CCI,): r 1.73 and 2.57 (m, 2 and 
3H respectively, aroluatic protons), 4.37 (d, J = 6.5 Hz, 
IH, vinylic proton), 4.93 (m, 1H, proton unshielded by 
benzoate), 6.67 ppni (dd, J = 2 and 6 Hz, lH ,  proton at 
the ring junction adjacent to the carbonyl grouping). 

For analytical purposes, this epimeric mixture was 
fractionally recrystallized from carbon tetrachloride - 
hexane to p rod~~ce  the major benzoate 12a as colorless 
prisms mp 121-122'C. Anal. calcd. for C,oH,oO,: C 
77.90, H 6.54; found: C 77.73, H 6.55. Mol. Wt ,  calcd.: 
308; found (ms) : 308. Infrared (CHCI,): 1720 (benzoate 
and six-membered ketone), 1670 cm-' (double bond); 
nmr (CDCI,): r 1.91 and 2.47 (m, 2 and 3H respectively, 
aromatic protons), 4.40 (d, J = 6.5 Hz, 1H, vinylic 
proton), 4.80 (m, IH, proton unshielded by benzoate), 
6.57 ppm (dd, J = 4 and 6.5 Hz, 1H, proton at the ring 
junction). 

Hydrogenutiofl of the Benzoate Mixt~rre 12a,b 
A mixture of the epimeric benzoates 12~1,b (80 mg) and 

5% rhodium on aluluina catalyst (80mg) in absolute 
methanol (4ml) was hydrogenated at 94 psi for 32 h 
at room temperature. The resulting suspension was 
filtered through Celite and the filtering pad washed 
thoroughly with methanol (20 ml). The combined 
filtrates were evaporated to dryness and the oily residue 

was dissolved in dry dichloromethane (3 ml) and added 
in one portion to a stirred solution of the chromium 
trioxide - dipyridine complex (430 mg) in the same sol- 
vent (15 ml). The reaction was allowed to proceed at 
room temperature for I h, quenched with wet ether 
(20 ml), and filtered through a neutral alumina-Celite 
pad (1 : 1, w/w). The colorless filtrate was evaporated 
to dryncss and purified by preparative tlc on silica gel 
using ether-hexane (2:3, vlv) to yield the dihydro 
derivatives 13 and 14 (70 mg, 88%). These compounds 
were isolated in a 3.2: 1 ratio. 

Con~poztnd 13 
Colorless prisms mp 88-89'C from n-hexane (51 n~g) .  

Anal. calcd. for C ~ ~ H 2 8 0 3 :  C 75.91, H 8.92; found: C 
75.74, H 8.98. Mol. Wt .  calcd.: 316; found (ms): 316. 
Infrared (CCI,): 1740 (ester), 1735 cm-' (six-membered 
ketone); nmr (CCI,): z 5.00 ppm (dd, J = 5 and 8 Hz, 
1H, proton unshielded by the ester gro~~ping).  

Cornpound 14 
Colorless prisms mp 96-97-C from n-hexane (16 mg). 

Anal. calcd. for C20H2,03: C 75.91, H 8.92; found: C 
75.83, 14 9.02. .Wol. Wt.  calcd.: 316; found (ms): 316. 
Infrared (CC14): 1735 cm-I (ester and SIX-membered 
ketone); nmr (CCI,): r 4.73 ppm (multiplet, IH, proton 
unshielded by ester grouping). 

Pi.epaiztion of lief0115 
A solution of the ketoester 13 (325 mg) and y-toluene- 

sulfonic acid monohydrate (40 mg) in anhydrous benzene 
(75 n ~ l )  containing dry ethylene glycol (0.93 ml) was 
heated under reflux with a water separator for 5 h. 
Work-up by the usual procedure aRoorded ketal 15 
(358 mg, 97%) as colorless prisms mp 105-106-C from 
methanol. Anal. calcd. for Cz2H3,O4.+H2O: C 72.15, 
H 8.99; found: C 72.15, H 8.91. ~Moi. Wt.  calcd, for 
cZ2H32o4: 360; found (ms): 360. Infrared (CHC13): 
1720 cm-' (ester); nmr (CDCl,): -r 5.2.3 (m, lM, proton 
unshielded by ester), 6.17 ppm (br s, 4H, dioxolane 
protons). 

Preparation of Ketone 17 
Compound 15 (350 nig) was dissolved in 4% nlethanolic 

potassium hydroxide (40 n ~ l )  and heated to 60'C under 
nitrogen for 12 h. The resulting colorless solution was 
diluted with cold water (40 ml) and most of the methanol 
was evaporated under reduced pressure. The residue 
was thoroughly extracted with ether (4 x 10 ml). The 
combined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated to dryness. 
The unstable hydroxy ketal 16b (211 mg) was taken up 
in dry dichloromethane (3 ml) and added in one portion 
to a stirred solution of the chromium trioxide - dipyridine 
complex (1400 mg) in the same solvent (50 ml). The 
reaction niixturi: was stirred at room temperature for 
1 h. Quenching with wet ether (50 ml) and filtration of the 
crude oxidation mixture through a neutral alumina- 
Celite pad (1 : 1, wjw) afforded a colorless filtrate which 
was evaporated to dryness. Purification of the residue 
by preparative tlc on silica gel using ether-hexane (1 : 1, 
vjv) yielded the oily ketal 17 (197 mg, 82%) as a colorless 
oil homogeneous by tlc in several solvent systems. Mol. 
Wt. calcd. for C i5HZ003:  248; fouild (ms): 248. Infrared 
(CCI,): 1740 cm-I (six-membered ketone); nmr (CC14): 
r 6.10 ppm (s, 4H, dioxolane protons). 
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Preparation of Alcohol 16a 
The ketone 17 (120 mg) was dissolved in absolute 

methanol (5 ml) and reduced at 0-C (ice bath) with excess 
sodium borohydride. Usual nork-up afforded the crystal- 
line alcohol 16a in quantitative yield as colorless prisms 
mp 98-99 C from 11-hexane. Anal. calcd. for Cl5H2,O3: 
C 71.97, H 8.86; found: C 71.42, H 8.77. Mol. Wt .  
calcd.: 250; found (ms): 250. Infrared (C614): 3540 cm-I 
(hydroxyl); nrnr (CCI,): z 6.13 (s, 4H, dioxolane protons), 
6.60 ppm (br s, lH ,  hydroxyl proton). 

Prepaiarion of Methoxy Ketal18 
A mixture of the hydroxy ketal 160 (80 mg), sodium 

hydride (15 mg, prewashed with petroleum ether), and 
excess methyl iodide (0.5 ml) in anhydrous dioxane 
(3 n ~ l )  was heated at 55'C under nitrogen for 12 h. 
The cold reaction mixture was quenched with absolute 
methanol (5 drops), diluted with brine (10 ml), and 
thoroughly extracted with ether (5 x 5 ml). The com- 
bined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated to dryness. 
Purification of the residue by preparative tlc on silica 
gel using ether-hexane (1 : 1, v/v) afforded the crystalline 
methoxy ketal 18 (75 mg, 89z )  as colorless prisms mp 
116-1 17'C from 11-hexane, identical by all standard 
techniques (mixture mp, tlc, infrared, nmr. ms) with a 
sample previously prepared in our laboratories (1). 

Pveparation of the z,p-Uiisaturated Ketone 19u 
A solution of keto acetate 9 (100 mg) in dry chloroform 

(10 ml) was treated with concentrated hydrochloric 
acid (2 drops) and stirred at room temperature under 
nitrogen for 2 h. The reaction mixture was transferred 
into a separatary funnel and washed with a saturated 
sodium bicarbonate solution and water. Drying over 
anhydrous magnesium sulfate and evaporation gave a 
quantitative yield of the a$-unsaturated ketone 19a as a 
colorless oil homogeneous by tlc in several solvent 
systems. Mol. Wt .  calcd. for C,,H,,O,: 246; found (ms): 
246. Infrared (CCI,): 1749 (acetate), 1675 (six-membered 
unsaturated ketone), 1652 cm-' (double bond); nrnr 
(CCI,): T 3.27 (dd, J = 2 and 10 Hz, lH ,  vinylic proton 
at the P-position of the enone), 3.92 (dd, J = 1 and 10 Hz, 
IH, vinylic proton at the r-position of the enone), 
4.73 (m, lH ,  proton unshielded by acetoxyl), 8.03 ppm 
(s, 3H, acetoxy methyl); uv X,,,, (MeOH): 213 (sh) 
(log E 4.02) and 235 nm (log E 4.16). 

Base Treatment of the r,P-Unsntrtrated Ketone 19a 
Compound 19a (185 mg) was stirred in 1% methanolic 

potassium hydroxide (5 ml) at room temperature under 
nitrogen for 15 min. The pale yellow reaction mixture 
was diluted with cold water (10 ml) and most of the 
methanol evaporated under reduced pressure. The 
residue was extracted with ether and the combined 
extracts washed with water, dried over anhydrous 
sodium sulfate, and evaporated to dryness. The resulting 
material was purified by preparative tlc on silica gel 
using ether-hexane (3:2, v/v) to afford the pure aldol 
mixture 1la,b (145 mg, 95%) as a colorless oil homo- 
geneous by tlc in several solvent systems. By all standard 
comparison techniques (nmr, ir, tlc, ms) this material was 
identical with that obtained from the base treatment on 
the P,y-unsaturated ketone 9. 

Treatment of this material with benzoyl chloride in 

pyridine at 0°C (tide supra) gave 9 1 z  of a benzoate 
mixture which crystallized from carbon tetrachloride - 
hexane as colorless prisms mp 116-123°C. This sample 
showed spectroscopic and chromatographic properties 
identical to those of 12a,b obtained from the enone 9. 

Photooddition of Vinyl Acetate to the a,P-Unsaturated 
Ketone 20 

A solution of compound 20 (1) (2 g) and vinyl acetate 
(40 ml) in freshly distilled dry tetrahydrofuran (50 ml) 
was cooled to -78'C and irradiated through a Pyrex 
filter with a 200 W Hanovia mercury lamp for 6 h under 
nitrogen. The solvent and excess vinyl acetate were 
evaporated under reduced pressure and the residue was 
purified by chromatography on silica gel. Elution with 
ether-hexane (1: 1, v/v) afforded the pure photoadduct 
(2.8 g, 91%) as a thick colorless oil consisting of ap- 
proximately equal amounts of the isomers 21a and 21b. 
Mol. Wt .  calcd. for C,,H,,03: 248; found (ms): 248. 
Infrared ( 'XI4):  1748, 1740 (acetate), 1715, 1710 cm-I 
(six-membered ketone); nmr (CDCI,): T 4.85 and 5.08 
(q, J = 8 Hz, 1H, proton unshielded by acetoxyl), 7.92 
and 8.00 ppm (s, 3H, acetoxy methyl). 

The acetate mixture 21a,b was crystallized using carbon 
tetrachloride - hexane to afford the pure isomer 21a as 
colorless prisms, mp 96-98'C. Anal. calcd, for C15- 
H2,O3: C 72.55, H 8.12; found: C 72.11, H 8.11. ~Wol .  
Wt .  calcd. : 248; found (ms): 248. Infrared (CCl,): 1740 
(acetate), 1710cm-' (six-membered ketone); nrnr 
(CDCI,): T 4.82 (q, J = 8 Hz, lH,  proton unshielded 
by acetoxyl), 7.98 ppm (s, 3H, acetoxy methyl). 

Byomination of Keto Acetate 21a 
A solution of the keto acetate 21a (60 mg) in dry 

tetrahydrofuran (5 ~ n l )  was treated in one portion with 
pyridinium hydrobromide perbromide (92.9 1ng) and 
the resulting mixture stirred at room temperature under 
nifrogen for 4 h. The colorless reaction mixture was 
poured into cold saturated aqueous sodium bicarbonate 
(10 ml), diluted with brine (10 ml), and thoroughly 
extracted with ether (5 x 10 ml). The combined extracts 
were washed with dilute hydrochloric acid and water, 
dried over anhydrous sodium sulfate, and evaporated to 
dryness to afford the crystalline keto bromide 22a as 
colorless prisms mp 147-149'6 from ether-hexane in 
quantitative yield. Anal. calcd. for C,,H,,O,Br: C 55.06, 
H 5.85; found: C 54.93, H 5.91. Mol. Wt .  calcd.: 327; 
found (ms): 327. Infrared (CC14): 1752 (acetate), 1718 
cm-' (six-membered ketone); nrnr (CCl4): T 4.97 (br q, 
J = 8 Hz, lH ,  proton unshielded by acetoxyl), 5.63 
(t, J = 2 Hz, lH,  proton unshielded by the bromine 
atom), 8.02 ppm (s, 3H, acetoxy methyl). 

Dehydrobrornination of Byomo Ketone 22a 
A recrystallized sample of the a-bromo ketone 22a 

(60 mg) was added in one portion to a stirred suspension 
of anhydrous lithium bromide (24.9 mg) and lithium 
carbonate (33.13 mg) in anhydrous N,N-dimethyl- 
formamide (2 ml) (5). The resulting mixture was heated to 
145°C (oil-bath temperature) under nitrogen for 1 h. 
The cold reaction mixture was carefully poured into 
dilute acetic acid (15 ml) and extracted with ether 
(6 x 10 ml). The organic extracts were washed with 
water (6 x 10 ml), the aqueous washings back extracted 
with ether (2 x IOml), and the combined extracts 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WIESNER ET AL. 1099 

dried over anhydrous magnesium sulfate and evaporated 
to dryness under reduced pressure. The resulting pale 
yellow glass (42.2 mg) was purified by preparative tlc 
on silica gel using ether-hexane (2: 1, v/v) to afford the 
pure n,B-unsaturated ketone 19a (36.7 mg, 82%) as a 
colorless oil. This material proved to be identical with 
the compound obtained by acid treatment of the P,y- 
unsaturated ketone 9 by all standard comparison tech- 
niques. 

Bromiization-DelzL.dvobromination of the Keto Acetate 
Mixture 210,b 

The mixture 21a,b (140 mg) was brominated in dry 
tetrahydrofuran (15 ml) with pyridinium hydrobromide 
perbromide (217 mg) as described for the keto acetate 
21a. Identical work-up gave the oily bromo ketone mix- 
ture 22a,b in quantitative yield. Mot. Wt. calcd. for 
CI5Hl9O3Br: 327; found (ms): 327. Infrared (CCI,): 
1748, 1735 (sh) (acetates), 1'718 cm-' (six-membered 
ketone); nmr (CDCI,): 7 4.67 and 5.00 (br q's, J = 8 
and 9 Hz respectively, lH ,  proton unshielded by acetoxyl), 
5.57 (m, lH ,  proton unshielded by the bromine atom), 
7.93 and 7.97 ppm (s, 3H, acetoxy methyl). 

The bromo ketone mixture 22a,b (91 mg) was de- 
hydrobrominated at  145'C in anhydrous N,N-dimethyl- 
formamide (3 ml) with anhydrous lithium bromide 
(37.8 mg) and lithium carbonate (50.2 mg). The reaction 
was worked-up as before (vide supra) and the residue 
was purified by preparative tlc on silica gel using ether- 
hexane (2: 1, v/v) to yield the mixture of n,B-unsaturated 
ketones 19a,b (55.4 mg, 81%) as a colorless oil. 

For analytical purposes the mixture 19a,b can be easily 
separated by preparative tlc on silica gel using ether- 
hexane (2:3, v/v; run twice) to yield the pure a,B- 
unsaturated ketones 19a and 196. 

Componwd 19u 
This sample proved to be identical by all usual conl- 

parison standa~ds with the material obtained from the 
B,y-unsaturated keto acetate 9 and from the pure keto 
acetate 21a. 

Conipound 190 
Mol. Wt. calcd. for Cl5Hl8O3 : 246; found (ms): 246. 

Infrared (CC14) : 1745 (acetate), 1670 cm-' (six-membered 

hexane (1 : 2, v/v) gave a thick colorless oil (1.05 g, 84z )  
which consisted of a mixture of the aldols l l a , b  and the 
n,e-unsaturated ketone 23. This material was dissolved 
in dry pyridine (20 ml) and allowed to react at  OcC with 
freshly distilled benzoyl chloride (1.03 g) for 1 h. Work- 
up by the standard procedure furnished a crystalline 
substance (1.491 g) which could be separated by careful 
chromatography on silica gel using ether-hexane (1 :3, 
v/v) into its two components, the less polar benzoates 
12a,b (520.3 mg) and the ketoester 24 (754.5 mg). 

The benzoates 12a,b were obtained as colorless prisms 
mp 116-123'C from carbon tetrachloride - hexane and 
presented chromatographic and spectroscopic character- 
istics identical to those previously recorded for the 
material prepared via the B,y-unsaturated ketone 9. 

Benzoate 24 was obtained as colorless prisms mp 89- 
91'C from carbon tetrachloride - hexane. Anal. calcd. 
for C,,H,,O,: C 77.90, H 6.54; found: C 77.83, H 6.59. 
Mot. Wt .  calcd.: 308; found (ms): 308. Infrared (CCI,): 
1720 (benzoate), 1672 (six-membered unsaturated ketone), 
1650 cm-' (double bond); nmr (CDCI,): 7 1.92 and 2.48 
(m, 2 and 3H respectively, aromatic protons), 3.18 
(dd, J = 3 and 11 Hz, IH,  vinylic proton at the B- 
position of the enone), 3.85 (dd, J = 1 and 11 Hz, lH ,  
vinylic proton at  the r-position of the enone), 4.93 ppm 
(t, J = 6 Hz, lH ,  proton unshieided by benzoate); w 
?,,,, (MeOH): 214 (log E 3.64) and 231.5 nm (log E 4.05). 

Concersion o f  the Benzoates 12a,b into the Ketnl 17 
The benzoates 12a,b (obtained from the mixture 19a,b) 

were converted to the ketone 17 exactly as described in 
the case of the same material originating from pure 9 
or 19a. The homogeneous keto ketal 17 was obtained 
in an overall yield 13.7% from thc n,B-unsaturated 
ketone 20. Its identity with the previously prepared 
material was ascertained by tlc, ir, nmr, and ms. 
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unsaturated ketone); nmr (CDCI,): 7 3.20 (ni, IH,  over many years. 
vinvlic uroton at  the O-oosition of the enone). 3.90 
(dd, J 4 2 and 12 HZ,' {H, vinylic proton at  the a- 
position of the enone), 5.13 (m, l H ,  proton unshielded 
by acetoxyl), 7.90 ppm (s, 3H, acetoxy methyl); uv 
A,,,, (MeOH): 213 (sh) (log E 4.07) and 235 nm (log E 

4.16). 

Base Treatn~ent of the Mixture 19a,b 
The a,B-unsaturated ketone mixture 19a,b (1.5 g) 

was dissolved in 1% methanolic potassium hydroxide 
(20 ml) and stirred at room temperature under nitrogen 
for 4 h. Usual work-up and purification of the residue 
by column chromatography on silica gel using ether- 
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The synthesis of D-angolosamine 
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HANS H. BAER and FAWZY F.  2. GEORGES. Can. J. Chem. 55. 1100 (1977). 
The synthesis of 2,3,6-trideoxy-3-dimethylamino-D-arabino-hexose hydrochloride (10) (D-an- 

golosamine, a constituent of the antibiotic, angolamycin) is described. First, a simplified proce- 
dure for the preparation of methyl 6-deoxy-a-D-glucopyranoside from methyl E-D-glucopyrano- 
side is recorded. The deoxy derivative served as the starting point for sequential preparation of 
methyl 3,6-dideoxy-3-nitro-a-D-glucopyranoside (I), its 2,4-diacetate (Z), its 4-monoacetate (3), 
its 2-0-mesyl-4-acetate (4), its 2-mesylate (5), and methyl 2,3,6-trideoxy-3-nitro-r-D-erythro- 
hex-2-enopyranoside (6) essentially according to procedures previously established (in part, in 
the L-series). Treatment of 5 or 6 with sodium borohydride produced methyl 2,3,6-trideoxy-3- 
nitro-cc-D-arabino-hexopyranoside (7). Catalytic hydrogenation of 7 gave the corresponding 
3-amino glycoside hydrochloride (8) which was hydrolyzed to furnish 3-amino-2,3,6-trideoxy-D- 
arabino-hexose hydrochloride (9) (D-acosamine, the enantiomer of a component of the anti- 
biotic, actinoidin). N,N-Dimethylation of 8 followed by hydrolysis afforded the crystalline title 
compound (10). 

HANS H. BAER et FAWZY F. 2. GEORGES. Can. J. Chem. 55, 1100 (1977). 
La synthkse de I'hydrochlorure de 2,3,6-tridesoxy-3-dimethylamino-D-arabinohxose (10) 

(D-angolosamine, un constituant de l'antibiotique, angolamycine) est decrite. Tout d'abord, 
une mtthode simplifite de preparation du methyle 6-dtsoxy-cl-D-glucopyranoside a partir du 
methyle a-D-glucopyranoside est presentee. LC derive disoxy a servi comme produit de depart 
pour les preparations sequentielles du methyle 3,6-didisoxy-3-nitro-a-D-glucopyranoside (I), 
de son 2,4-diacetate (Z), de son 4-monoacetate (3), de son 2-0-misyle-4-acetate ( 4 ,  de son 
2-mesylate (5) et du methyle 2,3,6-tridCsoxy-3-nitro-a-~-~rythro-hex-2-enopyranoside (6) en 
suivant essentiellement des methodes existantes (en partie, pour la sCrie L). Le traitement de 5 
ou 6 avec du borohydrure de sodium a produit le mkthyle 2,3,6-tridesoxy-3-nitro-a-D-arabino- 
hexopyranoside (7). Par hydrogenation catalytique de 7 on a obtenue l'hydrochlorure du 
3-amino glycoside correspondant (8) qui par hydrolyse a donne l'hydrochlorure de 3-amino- 
2,3,6-tridesoxy-D-arabino-hexose (9) (D-acosamine, I'enantiomere d'un composant de l'anti- 
biotique actinoidine). Une N,N-dimCthylation de 8 suivie d'une hydrolyse a fourni le produit de- 
sire (10) sous forme crystalline. 

The macrolide antibiotic angolamycin, iso- 
lated by Swiss workers ( I )  from Streptomyces 
eurythermw, was shown (2) to contain two neu- 
tral sugar moieties (L-mycarose and D-mycinose) 
together with a previously unknown amino sugar 
componznt (angolosamine) which proved to be 
2,3,6-trideoxy-3-dimethylamino-D-arabino-hex- 
ose (10). A structure for the complete antibiotic 
was proposed (3) in 1972, at which time it was 
also found that angolamycin and a similar prod- 
uct, shincomycin A (4), appear in fact identical 
according to mass spectral analysis. 

We now report the synthesis of 10. The syn- 
thetic route led through another amino sugar of 
potential biological interest, namely, 3-amino- 
2,3,6-trideoxy-D-auabino-hexose (9). This com- 
pound had previously been synthesized by a dif- 
ferent approach and characterized as its hydro- 
chloride salt and N-acetyl derivative (5); some 
glycosidic derivatives had also been prepared (5, 

6). More recently, the L-enantiomer of 9 was dis- 
covered (7) to occur in nature as a constituent of 
an antibiotic, actinoidin. It has been named 
acosamine and synthesized (8) along with several 
glycosidic derivatives (8, 9), but no reference to 
the known D-enantiomer was made. Synthetically 
modified analogs of daunorubiciil and adriamy- 
cin containing L-acosamine in place of daunos- 
amine (the L-lyxo isomer) were reported (10) to 
show interesting biological properties. 

Methyl 3,6-dideoxy-3-nitro-a-D-glucopyrano- 
side (1) was prepared from methyl 6-deoxy-a-D- 
glucopyranosidel by the nitromethane method as 
described (1 1) for its L-enantiomer. Acetylation 
of P to provide the 2,4-diacetate 2, and selective 

'The preparation of this starting compound was simpli- 
fied by use of a procedure which avoids the need of tedi- 
ous chromatographic purification of its precursor, the 
corresponding 6-chloro-6-deoxy derivative; see Experi- 
mental. 
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de-0-acetylation of 2 by means of acid-catalyzed 
methanolysis giving the 4-acetate 3 were likewise 
performed as reported (12) for the L-series. 
Methanesulfonylation of 3 followed by de-0- 
acetylation gave (13) methyl 3,6-dideoxy-2-0- 
methylsulfonyl-3-nitro-a-D-glucopyranosde (5) 
via the mixed ester 4. All the products 1-5 were 
crystalline and the overall yield based on 1 was 
ca. 38%. The next key intermediate required was 
methyl 2,3,6-trideoxy-3-nitro-a-D-arabino-hexo- 
pyranoside (7). It  was produced in good yield 
by sodium borohydride reduction of the crystal- 
line nitro olefin 6, methyl 2,3,6-trideoxy-3-nitro- 
a-D-erythro-hex-2-enopyranoside, which had 
been obtained before (13) by action of sodium 
hydrogen carbonate upon 5. However, it was 
found unnecessary to prepare first the olefin 6 
for this purpose. Direct application of sodium 
borohydride to the mesylate 5 resulted in a 
smooth replacement of the 2-mesyloxy group by 
a hydrogen atom, presumably by way of a reduc- 
tive elimination proceeding through interme- 
diary 6 .  This shorter procedure appears to hold 
promise for similar syntheses in this area.' Un- 

'In the same manner we have converted methyl 3,6- 
dideoxy-4-O-methylsulfonyl-3-nitro-a-~-glucopyranoside 
(mp 93-94.532, [a] ,  +96.6" in chloroform) into methyl 
3,4,6-trideoxy-3-nitro-a-D-xylo-hexopyranoside (mp 55- 
56"C, [a] ,  + 197" in chloroform), a convenient inter- 
mediate for a new synthesis of D-desosamine (N. N. Baer 
and F. F. Z .  Georges, unpublished results). 

fortunately, the material designated as 7, which 
was obtained in either way in about 75% yield, 
was a non-crystallizable syrup despite chroma- 
tographic purification. It did not give wholly 
correct microanalytical data and displayed some 
features in its nmr spectrum which may cast 
doubt on its h~mogene i ty .~  Nevertheless, the 
next preparative operation performed with the 
product confirmed that 7 must have been its chief 
component. Hydrogenation with Adams catalyst 
in methanol in the presence of 1 equiv. of anhy- 
drous hydrogen chloride gave a 68% yield of 
crystalline methyl 3-amino-2,3,6-trideoxy-a-D- 
arabino-hexopyranoside hydrochloride (8) which 
agreed well in its melting point and [a],-value 
(with opposite sign) with the known (9), syn- 
thetic L-enantiomer (methyl a-L-acosaminide 
hydrochloride). Acid hydrolysis of 8 afforded 
D-acosamine hydrochloride (9), which crystal- 
lized in the downward mutarotating a-form. 
N,N-Dimethylation of 8 by the Eschweiler- 
Clarke procedure (14) and hydrolysis of the 
product gave 2,3,6-trideoxy-3-dimethylamino-D- 
arabino-hexose that was isolated as a crystalline 
hydrochloride (10). It  proved identical with 
D-angolosamine hydrochloride from angolamy- 
cin according to melting point, optical rotation, 
and an infrared spectrum (in KBr) which showed 
every detail of the published (2), somewhat less 
well resolved spectrum of the natural product. 

Optical rotations were recorded at room temperature 
in a Perkin-Elmer 141 automatic polarimeter. The nmr 
data refer to 100-MHz spectra of solutions in CDCI,, in- 
ternally standardized with tetramethylsilane. Infrared 
spectra were taken from Nujol mulls unless otherwise 
indicated. Thin layer chromatography (tlc) was performed 
on plates coated with silica gel G (E. Merck AG); unless 
otherwise specified, the developing phase was 5% meth- 
anol in chloroform (solvent A)  or 1 : 2  ethyi acetate - 
petroleum ether, bp 30-60°C (solvent B). 

3The nmr spectrum of the material in chloroform-d or 
pyridine showed the substituent resonances expected of 7, 
namely, a 3-proton doublet at  high field for C-CH, and 
a 3-proton singlet at lower field for 0-CH,, with a 2-pro- 
ton multiplet assignable to the C-2 methylene group in 
the intermediate region. The remaining ring protons, 
however, gave partially overlapping signals that could 
not be analyzed satisfactorily. It is possible that the spec- 
tra were affected by remnants of boric acid, or that other 
foreign matter was present, or that the compound dis- 
plays a conformational behavior not yet understood. In 
the latter connection it is interesting to note that the speci- 
fic rotation was positive (+23") in water but negative 
(- 34.5') in chloroform solution. 
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Methyl 2,3,4-Tri-O-acet~1-6-chloro-h-deoxy- 
7-rrgllrcopyrano~ide 

Methyl a-D-glucopyranoside was chlorinated to give 
methyl 6-chloro-6-deoxy-a-D-glucopyranoside essentially 
as described in the literature (15), but the crude product 
was converted without prior chromatographic isolation 
into its 2,3,4-triacetate, as follows. Methanesulfonyl chlo- 
ride (37.5 ml, 0.5 mol) was added to a stirred solution of 
the glucoside (19.4 g, 0.1 mol) in N,N-dimethylformamide 
(200 ml) under external cooling (18°C). The cooling bath 
was removed and the temperature allowed to rise to 70 1 
5"C, at which the reaction mixture was kept for 16 h. 
Then I-propanol (80 ml) and water (20 ml) were added, 
and stirring was continued for another 3 h at the same 
temperature. The reaction mixture was evaporated to 
near dryness (50'C bath, water aspirator), and added 
1-propanol (50 ml) was evaporated from the residue. The 
dry solid material was acetylated by stirring it overnight 
with acetic anhydride (50 ml) in dry pyridine (100 ml), at  
25°C. Excess anhydride was thereafter destroyed by the 
addition of methanol (50 ml) followed, after 1 h, by 1-pro- 
panol (50 mi). Coevaporation of the mixture with several 
additional portions of propanol gave a residue which was 
then dissolved in chloroforn~ (50 ml). The solution was 
washed with water (3 x 20 mi), dried over Na,SO,, and 
evaporated to give the crystalline title compound (28 g, 
83%), mp 96-97'C after recrystallization from methanol, 
[MID + 175.7" (C 1, CHC13) (lit. (15) mp 96-97'C, [%ID 
-k 1 7X9). - .  

The above triacetate (7 g) was reduced (and simultan- 
eously deacetylated) to furnish methyl 6-deoxy-a-D-glu- 
copyranoside as reported (15) for the non-acetylated 
chloro compound except that 5 + 2 g (instead of 3 + 2 
g) of lithium aluminum hydride was employed. 

Methyl 3,6-Dideoxy-3-tzitro- a-o-g1~rcopyranoside (I) 
Methyl 6-deoxy-z-D-glucopyranoside was oxidized on 

a 20-g scale with sodium metaperiodate, and the product 
was cyclized with nitromethane in the presence of sodium 
methoxide, exactly as detailed for the preparation (1 1) of 
the L-enantiomer of 1 from methyl a-L-rhamnopyranoside 
except that a reaction time of 3 h (instead of 40 min) was 
allowed for the cyclization. The extended time was chosen 
in consideration of studies (16) indicating that this will 
favor formation of 1 over its nzanno isomer. Compound 1 
was obtained in 35% yield by direct crystallization from 
the mixture of products, and processing of the mother 
liquor by column chron~atography (llrc) was dispensed 
with; mp 140-142C, [a], + 163.2' (c 1, water) (lit. ( l l a )  
for L-1, mp 141-143'C, [z], -164.3" (water)). The ir 
spectra of the enantiomers were superimposable. 

Meflzyl 2,4-Di-0-aceh 1-3,6-fiicleoxy-3-t1itr.o- 
1-~glucopymnoside ( 2 )  

Compound 2 was obtained in 9499% yield by boron 
trifluoride-catalyzed acetylation of P with acetic anhy- 
dride as described (12) for the L-enantiomer; mp 110- 
112'C, [a], + 156' (c 1, CHC1,) (lit. (12) for L-2: mp 
113-113.5'C, [a], - 155.3" (CPICl,) and (17) mp 109- 
1 103C, [ r ] ,  - 154' (CHCI3). 

Methyl 4-0-Acetyl-3,6-dideo.uy-3-nitro- 
a-l>glucopyranoside (3) 

The procedure of partial methanolysis reported (12) for 
the L-series was slightly modified. The diacetate 2 (2.0 g) 

was dissolved in methanol (20 ml, dried over and distilled 
from magnesium) and acetone (2 ml, dried over molec- 
ular sieves type 4-A). Acetyl chloride (1 n ~ l )  was added, 
and the solution was agitated at  40°C under exclusion of 
moisture. Progress of the reaction was monitored by tlc 
(solvent A) which indicated complete disappearance of 2 
after 3 h and appearance of two slower spots of similar 
strength (3 and 1). The reaction mixture was then evapo- 
rated to give a syrup which was chromatographed (solvent 
A) on a column of silica gel (50 g). The faster moving 
component (3) was obtained from the column in pure 
form (0.85 g, 50%) and crystallized on standing overnight 
after solvent evaporation; mp 110-1 1 l0C, [r], + 176.5" 
(c 1, CHC1,) (lit. (12) for L-3: mp 112-113"C, [a], 
- 178.5" (CHC1,)). The ir and nmr data of the two enan- 
tiomers were identical. 

Co~npounds 4, 5, and 6 
Mesylation of 3 to give its 2-0-methylsulfonyl deriva- 

tive 4 (80% yield), de-0-acetylation of 4 to afford methyl 
3,6-dideoxy-2-0-methylsulfonyl-3-nitro-a-~-glucopyran- 
oside (5) in 98% yield, and conversion of 5 into methyl 
2,3,6-trideoxy-3-nitro-a-~-eryth~o-hex-2-enopyranoside 
(6) by treatment with sodium bicarbonate in refluxing 
benzene (92% yield) have been described (13). 

Methyl 2,3,6-Trideoxy-3-nitro-n-rrnrabino- 
/ze,uopyranoside (7) 

(a) From the Nitro Olefin 6 
Sodium borohydride (0.33 g) was added to a solution 

of 6 (500 mg) in 99% ethanol (13 ml), which was stirred 
at  room temperature. Examination by tlc (solvent B )  re- 
vealed that the reaction was complete after 10 min. Meth- 
anol (3 ml) was added and stirring was continued for 
another 15 min. The solvent was then evaporated to near 
dryness of the residue, and the latter was taken up in 
chloroform (10 ml). The suspension was filtered through 
a layer of Celite and the filtrate evaporated. The resulting 
syrup was dissolved in a small amount (1.5 ml) of fresh 
chloroform, and a voluminous precipitate which formed 
upon addition of acetone (8 ml) was removed and dis- 
carded. The filtrate was evaporated and several portions 
of methanol were successively evaporated from the re- 
maining residue which was finally passed through a 
column of silica gel (8 g) by means of chloroform. A fast- 
moving impurity that had been seen in tlc was thus re- 
moved. The chromatographically homogeneous fractions 
containing the main product yielded a syrup (377 mg, 
75%) believed to consist chiefly of 7. Attempts at  crystal- 
lization were unsuccessful. The material showed [a], 
+ 23" (c 0.6, water), - 34.5" (c 0.6, CHCI3); v,,, (neat) 
3200 (br, OH) and 1550 cm-' (NO2). The nmr data: 
4.50 (2H, unresolved m), 3.83 ( lH,  m, H-5), 3.5 region 
(unresolved m), 3.41 (3H, s, 0-CH,), 2.33 (2H, q, H-2,2'), 
1.14 (3W, d, J = 6.5 Hz, C-CH,). Anal. calcd. for 
C7HI3NO5 (191.2): C 43.97, H 6.85, N 7.32; found: C 
43.11, H 7.65, N 6.68. 

(6) From the 2-~Mesj~late 5 
Sodium borohydride (0.66 g) was added in small por- 

tions to a stirred solution of 5 (1.65 g) in 99% ethanol 
(25 ml), with cooling in a cold water bath. The further 
course of operations was as described under (a).  There 
was obtained 829 mg (75%) of a syrup which was identical 
with the previous preparation according to ir and nmr 
spectra. 
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Methyl 3-Amino-2,3,6-trideoxy-e-~ambino- 
hexopyranoside Hydrochloride (8) 

The syrupy nitro glycoside 7 (150 mg, approximately 
0.8 mmol) was dissolved in absolute methanol (15 ml) to  
which exactly 0.055 ml(0.78 mmol) of acetyl chloride had 
been previously added to generate hydrogen chloride. 
The solution was introduced in a high-pressure hydro- 
genation flask containing platinum catalyst (150 mg of 
PtOz prereduced in a few millilitres of methanol) and 
shaken for 3 h under hydrogen at  40 psi and room tem- 
perature. The filtered solution gave upon evaporation a 
dry residue which was dissolved in 99% ethanol (1.5 ml). 
Dropwise addition of ether at  P C  caused crystallization 
of 8 which was isolated after 3 h. The yield was 105 mg 
(68%); m p  193-195'C (dec.), [a], + 112.7" (c 0.5, meth- 
anol) (lit. (9u) for L-8: mp 196-198°C (dec.), [XI, - 115.5" 
(methanol)). 

3-Amino-2,3,6-tr.ideo.~y-~rrmbino-hexose Hydrochloride 
(9)  (~Acosumine  Hydrochloride) 

The amino glycoside 8 (50 mg) was hydrolyzed in 0.1 
IM hydrochloric acid (3 ml) for 1 h at 90°C. The hydrol- 
yzate was evaporated to a brownish syrup with the addi- 
tion of several portions of 40% aqueous ethanol. The 
product was finally dissolved in ethanol, decolorized with 
activated charcoal, and recovercd by evaporation to  near 
dryness. Trituration of the residue with a few drops of 
ethyl acetate gave crystalline 9, [a], f 3 1 c  (initial) + 
+ 22" (final, 3 h ;  c 0.7, water) (lit. (8) for L-9: [z], - 18.3" 
at  equilibrium (c 0.43, water)). We had previously obtained 
9 in a crystalline form (presumably the a-anomer) show- 
ing [XI, + 81.7' (in water) without mutarotation (5). We 
have now hydrolyzed. (1 h at  100°C in 0.5 M hydrochloric 
acid) a sample of the N-acetyl derivative of 9 that was still 
available from the previous work (5) and found [a], + 18' 
for the product in the hydrolysis solution. The reason for 
the apparent lack of mutarotation of the earlier sample of 
9 is not clear. 

2,3,6-Trideoxy-3-dimethylamino-~urabino-hexose 
Hydruchluride (10) (~Angolosarnine 
Hydrochloride) 

A solution of the amino glycoside hydrochloride 8 
(55 mg) in 37% aqueous formaldehyde (1.5 ml) was 
slightly basified with a few drops of 0.1 N sodium hy- 
droxide solution, and 90% formic a$d (3.5 ml) was then 
added. The mixture was heated to  reflux for 5 h and then 
evaporated and coevaporated with added portions of 
ethanol. The resultant material was taken up in cold 
ethanol (1 ml) and kept at O'C for 30 min, after which 
time an undissoived residue was filtered off and the fil- 
trate evaporated t o  dryness. The product was hydrolyzed 
in 0.1 .44 hydrochloric acid (2 ml) for 1 h at  90cC. Re- 
moval of the acid by coevaporation with 40% aqueous 
ethanol gave a semicrystalline, brownish mass which was 
decolorized in ethanolic solution with activated charcoal. 

Concentration of the filtrate, ice cooling, and dropwise 
addition of absolute ether readily gave crystalline 10 
(19 mg, 32%) which was washed repeatedly with cold 
ether; mp 170-173.5"C, [a], f 5.5' (equilibrium; c 1, 
water) (lit. (2), mp 172-174"C, [z], +4.6" (water)). The 
infrared spectrum of 10 (in KBr) showed excellent agree- 
ment with the depicted (2) spectrum of the natural 
product. 
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Mc~lecular structures of dichloro(dimethyl)germane and trichloro(methy1)gerrmane 
determined by vapour phase electron diffraction 
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JOHN E. DRAKE, J. LAWRENCE HENCHER, and QUANG SHEN. Can. J. Chem. 55, 1104 (1977). 
The molecular structures of dichloro(dimethyl)germane and trichloro(methyl)germane have 

been determined in the vapour phase by electron diffraction. The principal geometrical param- 
eters for (CH,),GeCl, are r,(Ge-C1) = 2.143 f 0.004 A, u,(Ge-C) = 1.928 f 0.006 A, 
L(ClGeC1) = 105 f 2", L(CGeC1) = 108 1 2", and L(CGeC) = 121 f 4". In the analysis 
of CH3GeGI3 recently reported values of the rotational constants were combined with the elec- 
tron diffraction data to  give r,(Ge-C1) = 2.132 i 0.003 A, r,(Ge-C) = 1.893 f 0.010 A, 
L (CGeCl) = 112.3 i: 0.9-, and L(C1GeCl) = 106.4 + 0.7". In both cases the methylgermane 
geometry was assumed for the methyl group (r,(C-H) = 1.103 A and L(GeCH) = 110.5") 
which was fixed in the staggered configuration with respect to  the CzGeClz and CGeCI, frames 
respectively. Both random and systematic errors were included in the uncertainty estimates, 
which are believed to be approximately at the 95% confidence level. In the case of (CH,),GeCl, 
the uncertainties in L (ClGeCl). L (CGeCl), and L (CGeC) were enlarged to four times the 
least-squares values in order to reflect the difficulty of resolving the CI. . . C1, C .  . .GI, and 
C .  . . C distances in the analysis. 

JOHN E. DRAKE, J. LAWRENCE HEXCHER et QUANG SHEN. Can. J. Chem. 55,1104 (1977). 
On a determine les structures molCculaires du dichloro(dimCthy1e)germane et du trichloro- 

(mCthy1e)germane en phase gazeuse en faisant appel a la diffraction des electrons. Les princi- 
paux parametres geomktriques du (CH3),GeC1, sont u,(Ge-C1) = 2.143 i. 0.004 A, 
r,(Ge-C) = 1.928 i: 0.006 A, L(ClGeC1) = 105 f 2", L (CGeCl) = 108 + 2" et 
L(CGeC) = 121 f 4". Dans l'analyse du CH,GeCI3, les valeurs des constantes de rotation, 
qui ont CtC rapportkes rkcemment, ont CtC combinees avec des donnCes de diffractions d'Clec- 
trons pour conduire aux valeurs r,(Ge-C1) = 2.132 i 0.003 A, r,(Ge-C) = 1.893 i 0.010 
A, L(CGeC1) = 112.3 + 0.9", et L(C1GeCI) = 106.4 + 0.7". Dans les deux cas on a fait 
l'hypothese que la gkomktrie du mCthyle du mkthylgermane est (r,(C-H) = 1.103 A et 
L (GeCH) = 110.5") et on a fixe ce groupe dans une configuration dCcalCe par rapport respec- 
tivement aux dispositions des C2GeCl, et CGeCI,. On a inclu les erreurs systCmatiques ainsi 
que celles dues au hasard dans les estimks des incertitudes que I'on croit Etre approximative- 
men1 au niveau de confiance de 95%. Dans le cas du (CH,),GeCl,, les incertitudes dans les 
angles L (ClGeCI), L CGeC1) et L (CGeC) sont agrandies jusqu'a un niveau de quatre fois les 
valeurs des moindres carrCs de f a ~ o n  a refleter les difficultes qu'il y a de resoudre les distances 
C1. . .CI, C .  . . CI, et C .  . . C dans l'analyse. 

[Traduit par le journal] 

In the recently determined structures of 
Me,Ge (I) ,  Me2GeF2 and MeGeF, (2), and 
Me2GeBr2 and MeGeBr, (3), large variations 
in the bond lengths and valence angles were ob- 
served to depend on the number of halogen 
atoms. We now report the structures of Me2- 
GeCi, and MeGeG1, as part of a continuing 
study of this group of compounds. 

Sectored electron diffraction patterns were recorded on 
Kodak Electron Image Plates, which were developed and 
microphotometered as previously described (1, 4). A 
summary of the experimental conditions is given in Table 
1. The s  scale (s = (4nlh) sin (8/2), ?- = electron wave- 
length) for the diffraction angle, 8, was determined from 
CS2 diffraction patterns using the structure suggested by 
Kuchitsu ( 5 ) .  

The procedure used to extract the experimental molec- 
ular intensity, slmX(s), and the details of the corresponding 
theoretical expression were the same as previously de- 
scribed (1, 2). In the least-squares analysis a set of inde- 

Experimental pendent bond lengths and angles, baseb on the r, inter- 
atomic distances (6 ) ,  and the root-mean-square ampli- 

The sanlples of both compounds were obtained from tudes, lij, were the parameters. A diagonal weight matrix 
Alfa Inorganics Inc. The nmr spectra revealed no known was employed, 
impurities after simple vacuum distillation. The parameter uncertainties were estimated as 2(oIsZ + 

usysZ)l'z. The 01,2 were obtained from the diagonal ele- 
'To whom all correspondence should be addressed. ments of the zeroth order, error matrix, 1LfX0 as M, = 
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DRAKE ET AL.  1105 

TABLE 1. Experimental conditions 

Useful 
Sample Optical range of 

pressurea Camera Exposure density Number s values Resolution 
Conpound (torr) length (mm) time (s) range of plates (kl) factorb 

Me,GeCl, 8 296.68 15 0.1-0.3 3 3-16 1.303 (10) 
8 95.24 60, 65, 70 0.3-0.8 3 15-33 1 ,226 (1 3) 

MeCeCI, 8 296.79 15, 25, 30 0.2-0.4 3 3-16 1 .260 (1 5) 
8 95.22 50, 60, 70 0.3-1.0 3 15-35 1 ,229 (20) 

OIiigh voltage 58 kV stabilized to < 1 X 10-4; beam current 1 x 10-7 A; background pressure during exposures, 1-3 x 10-5 torr; 
nozzle temperature, LISC. 

bResolution factor -- Z(Isf,,,(s)J) c,lc /(IsImX(s)i). Reference numbers in parentheses. 

IP,,M,O where R,, - 2-r,'iAs(yZ + r z ) ] ,  (6, 7). With As = 
(n/lO) A-', *( = 1 and r ,  the bond length, 2 A (Ce-CI 
or Ge-C for example), R,, z 1.3. The overall systematic 
error, o,,, due to the s scale urlcertainty was estimated to 
be i-0.002 A for an interatomic distance. The factor, 2, 
estimates the 95% confidence levt.1, assuming that the 
errors are randomly distributed (7). 

Tables of the reduced intensities, backgrounds, and 
sI,,(s) are available from the Depository of Unpublished 
Data.' 

Analyses 
Analysis of MeGeCl, 

The independent geometrical parameters were 
r(C-H), r(Ge-C), r(Ge-GI), L (CGeCI), and 
z(HCGeC1) (the angle of rotation of the methyl 
group about the Ge-C bond, relative to the 
eclipsed configuration). All parameters involving 
hydrogen were given assumed values and fixed 
in the least-squares analysis., Simultaneous re- 
finement of the remaining geometrical param- 
eters was only possible when I(C. .  .Cl) and 
I(Ge-C) were fixed, and led to an uncertain 
value of r(Ge-C) but good results were obtained 
for r(Ge-Cl), (2.132 1 0.003 A) and L (CGeC1) 
(112 5 I"). The angle was consistent with 
the values of L(CGeX) in MeGeF, (2) and 
MeGeBr, (3) which were also larger than tetra- 
hedra!. 

In the course of this work, a partial r,  structure 
was reported ($1, based on rotational constants 
obtained by microwave spectroscopy. The bond 
length rs(Ge-C1) = 2.135 f 0.006 A agreed 
with our result, barring the difference between 

'Photocopies may be obtained at a nominal charge, 
upon request, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA OS2. 

37he scattering components due to r(C-H), 
r(Ge. . .H), etc. wcrc very weak compared to r(Ge-C1) 
and r(C1. . . C1) and were not well enough resolved to de- 
termine these parameters. 

the rs and r, distance formalisms; however, 
L(CGeC1) was reported to be 106.0 f 0.7" 
which is smaller by 6" than our electron diffrac- 
tion result. Also, the value of r,(Ge-C) = 1.945 
assumed by the authors in their analysis was 
several hundredths of an Angstrom longer than 
we have found for MeGeF, (1.904 f 0.009 A) 
and MeGeBr, (1.89 f 0.03 A). Although there 
were difficulties in the electron diffraction anal- 
ysis. as noted above. the angle was thought to be 
well determined (f 1"). There was no evidence 
of large amplitude vibrational effects such as 
unusual broadness of the r(C1. . . Cl)/r(C . . . C1) 
peak in the radial distribution curve, and the 
experimental I(C1. . . C1) agreed well with the 
value calculated from the harmonic force field 
(8). Moreover, this angle is predicted to be greater. 
than 109.5" by both the rehybridization and 
VSEPR theories, on the basis of the electro- 
negativity arguments (see Discussion below). 
The reason for the discrepancy is probably the 
large value assumed for r(Ge-C) in the spectro- 
scopic treatment. In a preliminary analysig of the 
rotational constants we found that with 
r(Ge-C) = 1.90 fixed, I (CGeCl) ap- 
proached the eiectron diffraction result. 

It was apparent that neither technique could 
determine all the parameters simultaneously; 
however, ~f the electron diffraction results were 
assumed for r(Ge-CS) and L(CGeC1) and the 
methyl group geonletry (r(C--HI, L (G~CH) ,  
and z(HCGeC1)) was transferred from methyl- 
germane, only r(Ge-C) would remain to be de- 
termined from the rotational constants. 

In the combined arialysis of the spectroscopic 
and electron diffraction data, the structural 
parameters were referred to the distances be- 
tween the mean atomic positions, r," (0 M, elec- 
tron diffraction) and equivalently r, (ground 
vibrational Etate, spectroscopic) obtained by 
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TABLE 2. rZa structure of MeGeC13 and calculated rotational constants 

BO (expt) 
Compound (MHz) ExpLb Calcd.' 

1601.38 1601.14 
1600.62 1600.31 
1599.91 1599.50 
1537.04 1537.42 
1536.32 1536.57 
1535.56 1535.73 

Value 

Compound Parameter Value Parameter Expt. Calcd. 

Parameter Value 

y.(Ge-C) 1 .889(6) A 
y,(Ge-Cl) 2.129 A (assumed) 
L(CGeCl)d 112+1° 
yz(C-H) 1.083 A 
L (GeCH)" 110.5" 

@r.  U rnO. see text 
b'fhe roti$onal constant corrected for harmonic vibrational motion. 
T h e  rotational constant calculated from the r ,  geometrical parameters 
dSee text for discussion of error limits. 
eTaken from the methylgermane structure, see ref. 8. 

making corrections for the effects of vibrational and cubic force constants (10) as 1.6 k1 for 
averaging on the interatomic distances and rota- Ge-Cl and 1.7 A-1 for Ge-C. The lijT (T K = 
tionai constants respectively. The r: (9) were sample temperature), I,,' (0 K) and Kij" (0 K) 
obtained from (the vibrational correction due to the vibrational 

motion perpendicular to the bond), calculated 
[I] r: = r,  - ta[(lijT)' - (IijO)'] - Kij" from the known force field (8) by the methods 

of Stolevik et al. (1 1). are given in 'Table 3. The , ,> L. 

where the Morse anharmonicity constants, a, r, were obtained from the B,(") (a = a, 6, or c 
were obtained from the estimated quadratic axis) (12) which were given by 

where inertial axes a, b, and c. The are the Coriolis 
A ~ ~ ( ~ ~ )  = 1 - C (lis(a))2 coupling constants for normal modes s and s ' . ~  

i A small correction for centrifugal distortion 

(ss,(u) = C (lis(P) l i s ! ~ )  - lis(Yf li,!"') was ignored. As a test, the computer program 
i successfully reproduced the previously reported 

and zi,'"' js the component of the ith atom in the 4Equation 2 differs from the reference in the 
normal mode for axis a. In all cases the x, Y ,  used for the sums. Here, w,~ = w, indicates degenerate 

and z axes were transformed to coincide with the modes. 
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DRAKE ET AL. 

TABLE 3. The molecular structures (r,) of MezGeClz and MeGeC13" 

Value 

MeGeC1, 

Me2GeC1, I t ]  C 

Kij " 
Parameter "S li jc  (expt) YS 298 K OK (0 K) 

r(C-H) 1.103 0.078 1 .  103b 0.078 0.078 0.0200 
r(Ge-C) 1.928(5) 0.050 1 .  893(10)b 0.049 0.047 0.0041 
r(Ge-C1) 2.143(4) 0.046 2.132(4) 0.047 0.041 0.0013 
L (ClGeCl) iOS(2) 106.4(7) 
L (CGeCl) 108(2) 112.3(9) 
L (CGeC) l i l(4) - 
L (CGeH) 1184.5 110.5 
~(ClGeCl3) 360 (staggered) 60 (staggered) 
Cl . .  .C1 3.394 0.110 3.416(18) 0.104 0.066 0.0006 
C . .  .Cl 3.289 0.116 3.346(15) 0.13 0.081 0.0017 
C . .  . C  3.348 0.100 - 
Ge. .  . H  2.546 0.117 2.51 0.118 0.116 0.0191 
k~ 1.303(10) 1 .260(15) 
1% 1 .226(P 3) 1 .229(20) 
R 0.064 0.096d 

'Distances in .& and angles in degrees are based on the r ,  distances and least-squares parameters given in Tables 4 and 5. The quoted 
uncertainties reflect both random and systematic errors discussed in the text. 

'r,values calculated from the rl distances given in Table 2. 
<All rms amplitudes calculated from the molecular force fields. 
dR = { ~ S [ S ~ ~ ~ C ~ ~ ~ ( S !  - S ~ L ~ ~ O ~ ( ~ ) ~ ~ / ~ B [ ~ M ~ X ~ ~ ( S ! I ~ ~ ~ ' ~ .  

vibrational parameters and rotational constants 
for H 2 0  (13), COF, (13), CH3CN (l4), and 
B,H, (9). The observed and calculated rotational 
constants and the r, structural parameters are 
presented in Table 2. 

The differences between the observed and 
calculated B,'""s for the symmetrically substi- 
tuted species correspond to a i 0.002 A variation 
in r,(Ge-C) if all other parameters are con- 
sidered exact. The agreement in the MeGe37- 
C135C12 cases is somewhat worse and may be a 
reflection of the severe constraints which were 
adopted. It was found that & l o  variation in 
L (GeCH) resulted in a further i 0.006 variation 
in r,(Ge-C). Taking these factors into account 
it appeared that r,jGe-C) = 1.889 & 0.010 A 
was a reasonable estimate. 

The r,(Ge-C] parameter was obtained from 
r,(Ge-C) using eq. 1 and fixed in a subsequent 
least-squares analysis of the electron diffraction 
data alone. The resulting r, structure is presented 
in Table 3 and the matrix of correlation coeffi- 
cients is given ~i: Table 4. The molecular in- 
tensity is presented in Fig. 1. 

TABLE 4. Correlation matrix for refined parameters of 
MeGeC1, (electron diffraction data only) 

v(Ge-C1) L (CGeCI) kLb ksb 

o,," 0.0009 0.28 0.015 0.021 
1 ,000 0.227 0.038 -0.030 

1.000 -0.097 - 0.097 
1 ,000 -0.388 

1.000 

"Least-squares uncertainties representing only random errors in the 
present electron diffraction data. 

bkL, kS are resolution factors for long and short camera lengths 
respectively. 

r(Ge-GI), 4 L (ClGeCl), L (ZGeCl) (7c - 
3 L (CGeC)), I (HCGe), and .r(HCGeCl) (the 
angle of rotation of the C-H bond about 
Ge-C relative to Ge-Cl). As in the case of 
MeGeCl, all parameters involving hydrogen 
atoms were given fixed  value^.^ 

In the least-squares analysis it was found that 
5 L (ClGeCl), L (ZGeC), l(Ge-C), l(C1. . . GI), 
&(C. . .C1), and 1(C. . .C) could not be refined 
simultaneoasly because the scattering compo- 
nents due to r(C1.. .Cl), r (C . .  .Cl), and 
r (C . .  .C) could not be resolved. This difficulty 
was partly overcome by fixing the I,,'s at values 

Analysis of Me,GeCl, calculated from the molecular force field (15). 
The independent geometric parameters se- The correlation coefficients of the least-squares 

lected for Me,GeCl, were r(C-H), r(Ge-C), parameters are given in Table 5. The molecular 
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CAN. J .  CHEM. 

FIG. 2. The molecular intensity of Me,GeCl,. ( A )  
Experimental (dots), theoretical (solid), and difference 
curves for the long distance camera. (B) Experimental 
(dots), theoretical (solid), and difference curves for the 
short distance camera. The theoretical curves were cal- 
culated from the final structural parameters. 

1 I I I I I 1 

20 40 60 80 100 
Q- 

FIG. 1. The molecular intensity of MeGeC1,. (A) 
Experimental (dots), theoretical (solid), and difference 
curves for the long distance camera. (B) Experimental 
(dots), theoretical (solid), and different curves for the 
short distance camera. The theoretical curves were cal- 
culated from the final structural parameters. 

structure, based on these parameters, is given 
in Table 3. The molecular intensity sI,,,(s) is 
given in Fig. 2. 

The difficulty of determining the two angle 
parameters is clear from the values of the 
Cl . . .Cl, C .  . . Cl, and C . . . C distances given in 
Table 3, which are within less than a mean square 
amplitude of each other. Even with r(Ge-C1) 
and r(Ge-C) well determined, and with inde- 
pendently obtained lij's, these distances cannot 
be resolved mainly because the weakest com- 
ponent, due to C . .  .C is comparable with the 
random intensity errors, Moreover, the effects 
of systematic intensity errors (16) were not 
evaluated in the present analysis. As a conse- 
quence, the uncertainties in the angles were much 
larger than indicated by the least-squares anal- 
ysis. As a rough estimate, based on the com- 
parison of trends in these angles within Me2GeF2 

and Me,GeBr2, which were previously deter- 
mined, the uncertainties in the angles were taken 
as four times the least-squares estimates. 

Discussion 

The structures of Me,GeCl (16), Me,GeCl,, 
MeGeC1, (see Table 6) follow the same trends 
as the corresponding fluorides (2) and bromides 
(3). When successive chlorines are substituted 
for methyl groups, both the Ge-C and Ge-C1 
bonds become shorter, and the angles deviate 
from the tetrahedron in the way predicted by the 
valence shell electron pair repulsion model 
(VSEPR) (18) as discussed previously (2). The 
observed trends in Ge-C bond length suggest 
that the change does not depend much on the 
species of halogen atom. In the trihalides, 
MeGeX,, r(Ge-C) = 1.89(3) (Br), 1.893(10) 
(el), and 1.904(9) (F), while in the dihalides, 
Me,GeX,, r(Ge-C) = 1.91(1) (Br), 1.924(4) 
(Cl), and 1.928(3) (F). The overall large variation 
in bond length depends on the number of halo- 
gen atoms, not whether they are F, C1. or Br. 
This trend is borne out by the similarities in the 
angles: XGeX angles - 105", CGeX - 107" in 
the dihalides; and XGeX - 106" and CGeX - 
112" in the trdhalides. 
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DRAKE ET A L  

TABLE 5. Correlation matrix for Me2GeC12" 

'See footnotes of Table 4. 

TABLE 6. Comparison of bond lengths and formal charges 

Compound v(Ge-C1) u(Ge-C) 6 ~ e  6c1 6c 6, 

GeCI4" 2.112(1) - 0.136 - 0.034 - - 
CH3GeC13' 2.132(4) 1.893(10) 0.028 -0.099 0.020 0.083 
(CH3)zGeC12b 2.143(4) 1.928(6) -0.031 -0.134 -0.010 0.053 
(CH3),GeClC 2.170(1) 1.940(1) - 0.067 -0.156 -0.028 0.034 
(CH3I4Ged - 1 .945(3) - 0.092 - -0.041 0.021 
HC;eCl,' 2.118(1) - 0.081 -0.067 - - 
H2GeClzf 2.130(3) - 0.028 -0.099 - - 

H3GeCIg 2.148(3) - -0.029 -0.134 - - 
FGeC13h 2.067(5) - 0.297 -0.063 - - 

C1,CGeC13' 2.111(1) 1.98(1) 0.134 -0.035 0.076 - 
-- 

OReference 18. 
6Present work. 
CReference 17. 
dReference 1. 
=Reference 22. The Ge-CI bond length ( r ,  = 2.1 14(1)) was corrected to r ,  for the present comparison. 
fReference 23. 
9Reference 24. 
hReference 25. 
'Reference 21. 
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COMMUNICATIONS 

Carbohydrates as chiral intermediates in organic synthesis. Two 
functionalized chemical precursors comprising eight of the ten 

chiral centers of erythronolide A1 

STEPHEN HANESSIAN A N D  GEORGES RAN COURT^ 
Department of Chemistry, Unil'ersity ofMontrea1, Montreal, P.Q., Canudu H3C3V1 

Received December 29, 1976 

STEPHEN HANESSIAN and GEORGES RANCOURT. Can. J .  Chem. 55. 1111 (1977). 
Two appropriately functionalized branched-chain sugars have been synthesized as potentially 

useful chemical precursors to erythronolide A ,  encompassing its C- 1-C-6 and C-9-C- 15 segments 
respectively. 

STEPHEN HANESSJAN et GEORGES RANCOURT. Can. J .  Chem. 55. 11 11 (1977). 
La synthese de deux sucres ramifies et fonctionnalises, qui seraient potentiellement utiles 

comme precurseurs chimiques de I'krythronolide A. et correspondant a ses segments C-1-C-6 et 
C-9-C-15 respectivement est decrite. 

In connection with a long-standing program 2, where C-1-C-6, and C-9-C-15 can be con- 
designed to utilize carbohydrates as chiral inter- figurationally related to two precursors, I and 
mediates in organic synthesis, we now report the 11, having the L-ido and D-gluco stereochemistry, 
synthesis of two, fully functionalized precursors respectively. Our synthetic plan for the elabora- 
to erythronolide A, 1, encompassing its C-1-C-6 
and C-9-C-15 segments, respectively. Efforts 
directed toward the total synthesis of macrolide 
antibiotics (1) have been recently highlighted by 
the ingenious development of macrolactoniza- 
tion procedures (2-4), and the first total syn- 2 ~ : ~  CH2 thesis of a macrolide antibiotic, methynlycin (4), ~. 1 1 0 % ,  1 

M ~ F C I ! I I I H  and a partial synthesis of tylonolide hemiacetal 
(5). The pursuit of equally formidable synthetic Mell"' 

objectives will undoubtedly be immensely facili- 
Me Me HOII 

tated in the immediate future, by the avail- o HO 
ability of appropriately substituted, chiral pre- 

- - - 

cursors, in preparatively significant quantities. k e  
1 2 

The task of overcoming the functional and 
stereochemical complexities present in erythro- 
nolide A, can be considerably simplified with 
the recognition of the sequence of chiral centers 
as two functionalized, acyclic, carbohydrate- 

~nL%q tile 

derived chains (6). This can be best illustrated in OMe 
Precursor I 

lPortions of this work were disclosed at  a symposium 
on Modern research related to asymmetry in carbo- 
hydrates, Centennial meeting, Am. Chem. Soc., New 
York, NY, 1976; see ref. 6. 

ZNRCC predoctoral fellow. 
3Because of the phenomenon of pseudorotation, the 

various groups in 1 tend to adopt orientations that de- 
pend on the arbitrary choice of conformation (see for 
example, ref. 7). 

OMe 
Precursor l l 
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Ph Ph P h 
Me2CuLi DMSO 

___+ 
e NaOMe 

65%. (8) ' Ac,O MeOH 

Me 95% 85% 

OMe OMe 
3 4 5 

Ph Ph 
( I )  NaBH, ( 1 )  Pd(OH),/C. Hz HO 
(2) Mel. NaH ' (2) TrCl 

80% 83% 

 OM^ OMe 

(I )  MeLi, quantitative 
EDAC. HCl 

k 
(2) Mel, NaH,quantitative 
(3) Fractional crystallization 

OMe OMe 

G e  I 
OMe 

 el 
OMe 

PI, R = Me. R '  = OH 1.5, W = Me: R '  = OMe 
12, R = O H , R ' = M e  16, R = OMe; R' = Me 
13. R = Me, R '  = OMe (71%) 
14, R = OMe, R' = Me 

SCHEME 1. 4, mp 111.5-112.S9C, [ale+ 118.1"; 5, mp 125.5-127"C, [XI,,+ 75.2'; 6 ,  mp 199-20lCC, 
[%I,+ 143.6'C; 7, mp 140-14l0C, [XI,+ 115.4'; 8, mp 135-137'C, [aID+79.8"C; 10, mp 137.5-139.jZC, 
[a],+ 130.lCC; 11, syrup, [ccID+53.lcC; 12, mp 133-135'C; 13, mp 155-157"C, [ccIo+72.9'; 15, syrup, 
[E]D+ 167". 

tion of these two precursors starts with D- 

glucose, and is based on the systematic and 
stereocontrolled introduction of appropriate 
functional groups as illustrated in Schemes I 
and 2.4 

Precursor I 
Detritylation of the mother liquors resulting 

from the crystallization of 13, gave a mixture of 
15 and 16, which was oxidized (10) to the 6-  
aldehyde derivatives 47 (Scheme 2). Treatment 
of 17 with aqueous calcium hydroxide afforded 
18 as a syrup (85-90%); [a],  +227", which was 
converted in high yield to 19 (syrup), [a] ,  

4New crystalline compounds gave correct micro- 
analyses. All compounds had 'Hmr and mass spectral 
features that were in accord with their structures. Yields 
are not optimized and melting points are uncorrected. 
Optical rotations were measured at  25'C in chloroform, 
at  concentrations of 0.5-1.5%. 

+ 184.5" by a known procedure (1 1). Catalytic 
hydrogenation of 19, gave, almost exclusively, 
the expected product 20, as a syrup (85-90%); 
[a] ,  + 97.3".5 Alternatively, treatment of the 
mixture of 17 with methyllithium, and oxidation 
(12) of the resulting mixture of epimeric alcohols 
to the ketones 21, followed by base-catalyzed 
elimination (NaOMe), gave 22 as a syrup (64%); 
[a] ,  + 193.6". Catalytic hydrogenation gave the 
expected product 23 (syrup), [a] ,  + 157.3" .~ ,~  

Precursor 11 
Detritylation of the crystalline isomer 13 gave 

15, which was oxidized (10) to 24 (90-95%), and 
the latter was transformed via a Wittig reaction 
into 25 (syrup), [a] ,  + 190.2". Catalytic hydro- 

5A CI conformation is indicated from 'Hmr data. 
6Treatment of 23 with base (WaOMe) effected virtually 

complete epimerization at  C-5. 
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COMMUNICATIONS 

R 
Me R 

Me0  eq +M:& - 
15, 16 ---+ Me0 

- 
Me : OMe 

OMe Me 
17, R = H 18. R = H 20, R = OMe 
21, R = M e  19, R = OMe 23. R - Me 

22, R = Me 

MeoNl:kq + .:kq ~ e o ~ l ~ ~ q  
--k Me0 - Me0 

Me Me Me 
OMe OMe OMe 

24 25 26 
SCHEME 2 

genation gave the desired product 26 as a syrup of other macrolide aglycones could be based on 
(85Y,),  [a], + 169.3". a similar approach, involving carbohydrate- 

It is pertinent to note that the easily obtainable derived precursors such as I and I1 that can be 
13, and the mother liquors resulting from its further manipulated and incorporated into the 
crystallization, are individually used in the structural framework of these complex mole- 
preparation of precursors I1 and I, respectively, cules. 
thus rendering the entire sequence highly 
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CHUNG CHIEH. Can. J. Chem. 55, 11 15 (1977). 
Reaction of mercury(I1) iodide with tetraethylthiuramdisulfide in chloroform and ethanol 

mixed solvent produced bis(iodo-N,N-diethyldithiocarbamatomercury(I1)) and diiodotetra- 
ethylthiuramdisulfidemercury(II), Hg12. TETD. The crystal of HgI, . TETD is orthorhombic 
with a = 13.101(9), b = 13.999(9), c = 22.742(15) A ;  space group Pbca. The structure was 
solved with 1960 observed reflections measured by a G.E. XRD-6 diffractometer. The final R 
factor was 0.064. The mercury atom is four-coordinated with two identical Hg-I distances of 
2.668(1) L% and two Hg-S distances of 2.670(7) and 2.737(7) A. The coordination is tetrahedral. 

CHUNG-CHIEH. Can. J. Chem. 55, 11  15 (1977). 
La reaction de l'iodure mercurique(I1) avec le tktraCthylthiuramdisulfure dans un solvant 

mixte de chloroforme et d'kthanol conduit au bis(iodo-N,N-ditthyldithiocarbamatomercure(I1)) 
et au diiodotCtraCthylthiuramdisulfure mercure(II), HgI, . TETD. Le cristal de HgI, . TETD 
est orthorhombique avec a = 13.101(9), b = 13.999(9), c = 22.742(15) A; groupe d'espace 
Pbca. On a rksolu la structure B partir des 1960 reflexions observtes par des mesures avec un 
diffractometre G.E. XRD-6. Le facteur final de R est de 0.064. L'atome de mercure est tktra- 
coordonnk avec deux distances Hg-I identiques de 2.668(1) A et deux distances Hg-S de 
2.670(7) et 2.737(7) A. La coordination est tktrakdrique. 

[Traduit par ie journal] 

Introduction 
Chelating agents furnish the basis for medical 

treatment of many kinds of heavy metal poi- 
soning. For examp!e 2,3-dimercapto-1 -propano1 
or BAL (British Anti-Lewisite) was used as an 
antidote for arsenic poisoning (I), and it was 
also found to be effective in the treatment of 
mercury poisoning. The affinity between mer- 
cury and the -SH group led to the use of uni- 
thiol, D-penicillamine, and N-acetyl-D-penicill- 
amine as therapeutic agents for mercury poi- 
soning but not without problems (2, 3). For a 
compound to be effective in removing heavy 
metals from a biological system, it or its meta- 
bolic products should form a stable complex and 
facilitate subsequent excretion. A cautious ap- 

proach must be taken in the use of chelating 
agents, for complexation may enhance the tox- 
icity of metal ions (4). Chelating agents con- 
taining -SH groups have been used in medicine, 
but no consideration has been given to com- 
pounds containing C=S groups as possible 
therapeutic agents (1). Thiourea (tu, SC(NH,),) 
forms a series of complexes with mercury(1I) 
chloride of stoichiometry HgCl,(tu)n (rz = 1-4) 
(5, 6). In view of the complicated coordination 
chemistry between mercury and sulfur, the in- 
teraction of mercurials and tetraethylthioperoxy- 
dicarbonic diamide, which is better known as 
tetraethylthiuram disulfide (TETD), was studied. 
Some of the results have been published (7, 8). 
The reaction of mercury(I1) iodide with TETD 
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in ethanol-chloroform solution (1 : 1 by volume) 
produced diiodotetraethylthiuramdisulfidemer- 
cury(I1) in addition to bis(iodo-N,N-diethyldi- 
thiocarbamatomercury(1I)) (8). 

Although the existence of a HgI,. TETD com- 
plex was mentioned by Brinkhoff et al. in their 
nmr studies (9), the formation of (Et,NCS,HgI), 
was not mentioned. Both compounds were ob- 
tained in the same reaction; however their crys- 
tals were different in shape. Crystals of (Et,- 
NCS,HgI), were hexagonal prisms or sometimes 
irregular in shape whereas HgI,. TETD crystals 
were square plates. The crystal structure of the 
latter is described in this paper. 

Experimental 
The red form of mercury(I1) iodide was purchased 

from Fisher Scientific Co. and tetraethylthiuram disulfide 
from Sigma Chemical Company, St. Louis, MO. Reagent 
grade chloroform and absolute ethanol were used. 

To 50 ml solution of TETD (0.21 g) in chloroform- 
ethanol (1 : 1 by volume), red crystalline mercury(I1) 
iodide (0.32 g) was added. At room temperature (25 + 
3°C) the reaction proceeded rather quickly. In about 10 
min, yellow square plates were seen under a 30 x micro- 
scope. Both the red mercury(I1) iodide and square plate 
crystals dissolved slowly resulting in a pale yellow solution 
in a few hours. The solution was then partially covered to 
allow slow evaporation. When the solution was reduced 
to 1 ml, both square plates and hexagonal prisms were 
obtained after filtration. Due to the fact that both crystals 
were of the same color, it was a difficult task to obtain 
enough sample for elemental analysis by separation under 
the microscope. With mixture, elemental analysis would 
have been meaningless. However, single crystals suitable 
for X-ray diffraction studies were easily chosen. ~ . 

Raman spectra of solids were obtained on a Jarrel-Ash 
25-100 spectrometer with argon ion laser excitation. 

Cell constants and space groups were determined from 
photographic measurements; however, the former were 
refined by least-squares methods based on the 20 (MoKr, 
Zr-filtered radiation) values of 17 reflections measured on 
a G.E. XRD-6 diffractometer. 

Crystal Data 
CloHzoHgIzN2S4 fw = 750.9 
Orthorhombic, a = 13.101(9), b = 13.999(9), c = 
22.742(15) A, V = 4170.9 A3; p, = 2.40(1) (by floata- 
tion), Z = 8, p, = 2.391, (25"C, Mo-Kr, h = 0.7107 A); 
mp = 136°C; ~(MoKcl) = 109.0 cm-I. Space group 
Pbca (from systematic absences Okl, k = 2n + 1, h01, 
I = 2n + 1;  hkO, h = 2n + 1). 

The crystal used for intensity measurements was ap- 
proximately a sphere of diameter 0.13 mm cut from a 
square plate. The crystal was mounted with [ I l l  1 along 
the 4 axis of the goniostat of a G.E. XRD-6 card-con- 
trolled automatic diffractometer, which was equipped 
with a scintillation counter, pulse height analyzer, and 
Hewlett-Packard Scaler-Timer (Model 5201L). Intensities 
of 6044 reflections with 20 5 60 (Zr-filtered MoKa radia- 
tion) were measured using the stationary-crystal sta- 

tionary-counter method. The scan method was not suit- 
able because of the long c-axis. Four standard reflections 
(020, 112, 200, and 220) were repeatedly measured after 
each 100 reflections and showed a fluctuation of + 3% in 
their intensities throughout the data collection period. 
An averaged background curve as a function of 20 was 
obtained from measurements with the crystal in several 
orientations. Integrated intensities were calculated by sub- 
tracting the corresponding backgrounds from the 30- 
second-counts for all reflections. Standard deviations 
o(I) were estimated according to counting statistics. A set 
of 1960 reflections for which I > 3 ~ ( 1 )  was considered 
as observed and used in the structure determination. 
Many of the high-angle (20 2 45") reflections were unob- 
served. No absorption correction was made (uR = 0.71). 
Lorentz and polarization correction were applied to de- 
rive the structure amplitudes. 

The structure was solved by heavy atom methods. The 
initial x-coordinate for Hg atom was zero, and the 
Fourier map obtained from the phase of Hg only had false 
symmetry. When the two iodine atoms were included to 
calculate the phase, the Fourier map revealed the four 
sulfur atoms. Other non-hydrogen atoms were located 
in subsequent Fourier maps. With 19 atoms of Table 1 
having isotropic thermal parameters, full-matrix least- 
squares refinerncnt led to a R = (Ci,FoI - iFc;j)/C,Foj = 
0.13. The revised program written by Doedens and Ibers 
was used. The atomic scattering factors from Cromer and 
Waber (10) were used with anomalous dispersion coeffi- 
cients for Hg and 1 atoms from Cromer (1 1). With aniso- 
tropic thermal parameters for all atoms and a weighting 
scheme of w-' = (90.0 - F, + 0.001F02), the refine- 
ments gave R = 0.064 and R, = (CW~(I~F,I - F C ) ' /  
C W ~ I F , ~ ~ ) ~ / ~  = 0.083. The weighting scheme gave uni- 
form errors, xwz(lFo - iFci)Z/(m - n), in all ranges of 
F,. In the final refinement, the maximum shift for all the 
parameters were less than 0 . 2 ~ .  The final positional and 
thermal parameters are given in Table 1.' 

Results and Discussion 
The mercury atom forms a four-coordinate 

complex in HgI,.TETD. The bond distances 
and angles are given in Fig. 1. The two Hg-I 
distances of 2.668(1) A (twice) are significantly 
longer than that (2.641(1) A) of (Et,NCS,HgI),. 
The Raman spectra of HgI,.TETD and (Et,- 
NCS,HgI), in the region 50-1500 cm-I are simi- 
lar, and v(Hg-I) are 132 and 139 cm- respec- 
tively. The Hg-S distances of 2.670(7) and 
2.737(7) A are also longer than those (2.422(4) 
and 2.644(4) A) of (Et2NCS2HgI), (8). These 
differences agree with the fact that the Hg atom 
is 4-coordinate in HgI, . TETD and is three-co- 
ordinated in (Et,NCS,HgI),. Diiodotetrame- 
thylthiuramdisulfidemercury(1I) (HgI, . TMTD), 

lThe structure factor table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 1. Final atomic parameters (e.s.d's) x lo4 + Ix,y,z; ++x ,+ -y , z ;  I,++ y ,+ - z ;  +-x,y,++zl  
T.F. = exp {-21r2(a*2hZUll + ... + 2a*b*hkUlz + ...) x lo4 for H g ,  I ,  S and x lo3  for C ,  N )  

Atom x Y z u11 u2 2 u3 3 ul z u13 UZ 3 

FIG.  1 .  Bond lengths and angles. 

is a similar complex, in which the Hg-I dis- 
tances are not significantly different (2.661(2), 
2.654(2) A); however, the difference (0.231 A) 
in the two Hg-S bond lengths (2.651(7) and 
2.882(7) A) in HgI,. TMTD, (12) is larger than 
that (0.067 A) of HgI, . TETD, Fig. 1. No simple 
ad hoc explanation can be offered at this time. In 
both compounds, the Hg-S distances are signi- 
ficantly different due to an unknown reason. 
Despite the large, I-Hg-I = 134.0(1)", and 
small, S-Hg-S = 96.3(2)", angles (see Fig. 1) 

the arrangement of the two iodine and the two 
sulfur atoms around the Hg is approximately 
tetrahedral. The plane containing HgS, is al- 
most perpendicular to the plane containing 
HgI, with an angle of 92.4. 

The bond lengths of the ligand, TETD, are es- 
sentially the same as those of the free TETD 
molecule (13) except the C=S bonds. The aver- 
age C=S distance is 1.65(2) A in the free mole- 
cule and is 1.71(3) A in the HgI,.TETD com- 
plex. The lengthening is expected as the bonding 
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FIG. 2. Stereoview of' the packing diagram. 

of Hg to the sulfur atoms weakens the double 
bond character of C=S groups. The configura- 
tion of the ligand TETD molecule is not altered 
either. The shape of each individual nlolecule 
can be seen from the packing diagram, Fig. 2. 
Except for the terminal methyl groups, the ligand 

S C 
I I 

consists of two planar S-C-P:-C groups 
which are nearly perpendicular to each other. 
The equation of the least-squares plane fol 
S2C(1)N(l)C, is -0.4059X + 0.6556 Y - 

0.63682 = 2.685 and for S,C(6)N(2)C2 is 
0.7032X + 0.6265 Y + 0.33622 = 5.727 where 
X, Y, and Z are coordinates in A in a, b, and c 
directions. The maximum deviations of atoms 
for the two planes are 0.07 and 0.03 A respec- 
tively. These deviations are similar to those of 

the free TETD molecules, and the difference in 
maximum displacements cannot be regarded as 
significant. The angle between these planes is 
95.1". The planarity and short N-C distances 
can be explained by the existence of partial 
double bond between N and C atoms (13). In di- 
iodotetramethylthiuram - disulfidemercury (111, 
the corresponding angle is 86.6" (1 T), whereas in 
the free TETD molecule, it is 96.4' (13). The 
mercury atom is approximately at equal dis- 
tances from the two planes 2.67 and 2.63 A 
respectively). The dihedral C-S-S-C angle 
for E-IgI,. TETD, PTgh,. TMTD, and free TETC 
are 88.5, 89.2, and 90.2" correspondingly. The 
rigidity of the ligand may restrict the S-Hg-S 
angle to be small. 

In both the methyl and ethyl analogues, the 
S-S distances remain the same as those of the 
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free ligands and the average value is 2.00 A, 
which is slightly shorter than the S-S distances 
of S, (rhombohedral) or S, (orthorhombic E ) ,  

2.06 1$ (14). In organic disulfides, for example 
PhCHCHCH,S-SCH,CHCI-IPh, the S-S dis- 
tance is 2.020(2) A which is a typical value for 
this type of bonding (15). 

A stereo-packing diagram is shown in Fig. 2. 
It is a molecular crystal with only van der Waals 
intermolecular attractions. The mercury atom is 
shielded rather well by the two iodine atoms and 
the TETD ligand to prevent any further secon- 
dary interactions. Atoms C(l) and C(6) are 
forced by the chelating group to be close to the 
l3g atom (3.35 and 3.28 A respectively; see Fig. 
I). No other atom is at a distance less than 3.4 A 
From the mercury atom. 

The formation of both Kgl,. TETD and 
(Et,NCS,HgI), by reaction of 13g12 and TETD 
demonstrates the complexity of mercuric ion 
coordination chemistry. It also indicates the 
Bexibility of coordination between mercuric ion 
and sulfur groups. The existance of HgI, . TETD 
provides additional evidence for the postulated 
mechanism for reducing TETD to thiocarbamate 
ions leading to the formarion of MeHg(S,- 
CNEt,) (7). The formation of IHgI,. TETD or 
(Et,NCS,HgI), seems to be dependent on ille 
solvent used. The solvent chloroform favored the 
lormation of the latter whereas in absolute or 
95% ethanol, pure HgI, . TETD can be obtained; 
however, the color of the crystals produced this 
way is only pale yellow. Recrystallization of 
HgI, . TETD from mixed chloroform-ethanol 
solvent also gave a mixture of IlgI, . TETD and 
(Et,NCS,HgH),. These phenomena were ob- 
served very recently and the solvent dependence 
of these reactions will be reported in a separate 

publication. A compound HgBr,. TETD was 
obtained from HgBr, and TETD in reaction 
conditions similar to those given for mercury(1I) 
iodide and TETD. The compound HgBr, . TETD 
is isostructural with IlgI,.TETD. Cell constants 
are a = 13.050(5), b = 13.593(7), and c = 
22.373(12) A. The structure is being refined at 
present and will be published elsewhere. These 
studies have shown that the Antabuse drug, 
TETD, may become a chelating agent for mer- 
curial~ in manly ways. 
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Crystal structure of Sb,TI, 

ROLF STOKHUYZEN, CHUNG CHIEH. AND WILLIAM B. PEARSOX 
Fnc,r~lry o f  Sc,ierlce, Urlii.er.siry of Wntrrloo, W{irerloo, 0r71.. Cnr~ritici lV2L 3GI 
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ROLF STOKHUYZEN, CHUNG CHIEH, and WILLIAM B. PEARSON. Can. J. Chem. 55. 1120 (1977). 
The single-crystal study of Sb2Tl, confirms the work of Morral and Westgren. The crystal is 

cubic with a = 11.618(6) A and space group of Zm3m. There are 54 atoms per unit cell. It is the 
only known example of this structure type which can be considered as a true superlattice of 
CsCI. The structure was determined using 106 observed reflections measured on a G.E. XRD-6 
diffractometer. The final R and R, were 0.097 and 0.060, respectively. The TI-TI distances 
range from 3.21 to 3.55 A and the mean Sb-TI distance is 3.27 A. There is no Sb-Sb contact in 
the structure. 

ROLF STOKHUYZEN, CHUNG CHIEH et WILLIAM B. PEARSON. Can. J. Chem. 55 ,  1120 (1977). 
L'Ctude d'un mono cristal de Sb,TI, confirme le travail de Morral et Westgren. Le cristal est 

cubique avec a = 11.618(6) A et le groupe d'espace est Im3m. Il y a 54 atoms par maille. C'est le 
seul exemple connu possCdant ce type de structure qui peut &re considCrC comme une surstruc- 
ture de CsC1. La structure a CtC dCterminCe en utilisant 106 reflexions observtes mesurCes sur un 
diffractiometre G.E. XRD-6. Les facteurs d'accord R et R, sont 0.097 et 0.060 respectivement. 
Les distances TI-TI varient de 3.21 a 3.55 A et la distance moyenne Sb-TI est de 3.27 A. I1 n'y 
a pas de contact Sb-Sb dans cette structure. 

[Traduit par le journal] 

Introduction 
A phase of composition Sb2Tl, was first re- 

ported by Persson and Westgren (I), and from 
powder photographs its structure was shown by 
Morral and Westgren (2)  to be a superstructure 
composed of 27 CsCl type cells: cubic, Im3m, 
a = 11.59, Z = 6. Because of our interest in the 
y-brass structure which has also been described 
as a superstructure composed of 27 CsCl type 
cells with the corner and centre atoms removed 
(the atom positions, however, are considerably 
adjusted from those of a stack of 27 CsCl type 
cells), we have re-examined the structure of 
Sb2TI, using single-crystal methods. Our results 
confirm the earlier work and Sb2T1, cannot be 
regarded as a filled up y-brass; rather it is a true 
superlattice of CsCI. It is the only known exam- 
ple of this structure type. 

Experimental 
Since thallium reacts with oxygen and moisture at 

room temperature (25"C), an argon-filled box was used to 
weigh and mix 0.9925 g of Sb and 5.8321 g of TI into a 
Pyrex tube. Both metal samples are 99.99% pure from 
A. D. Mackay Inc. The Pyrex tube was then evacuated to 
2 x torr and the mixture was left at molten state 
(300°C) for 3 h, with agitation from time to time, in the 
hope of obtaining homogeneity in the sample. The ingot 
was then annealed for 428 h a t  20OCC, followed by quench- 
ing in an ice-water bath. The alloy was cut into thin rods 
of 0.5 mm diameter using a spark cutter. The rods were 
cut into small pieces with a blade under a microscope. 

Small fragments were etched and then annealed again for 
792 h at 213°C. Some small spherical crystals suitable for 
X-ray diffraction study were obtained. Weissenberg and 
precession methods were used to determine the cell 
constant and space group. The 20 (Zr-filtered Mo-Kr) 
values of 6 reflections measured on the G.E. XRD-6 dif- 
fractometer were used in the least-squares refinement of 
a. Crystal data are as follows. 
SbZTI, fw = 1673.5 
Cubic, a = 11.618(6) A, V = 1568.1 A3, Dm = 10.67(9), 
Z = 6, D, = 10.635 g ~ m - ~ .  Systematic absence, h + 
k + 1 = 2n + 1, space group In13m. (Mo-Kcc) = 0.7107 
A, ~(Mo-Kcc) = 1131 cm-'. 

The crystal used for intensity measurement was an el- 
lipsoid with maximum and minimum radii of 0.026 and 
0.028 mm, respectively. It was mounted with [I 101 along 
the + axis. The stationary-crystal stationary-counter 
method was used because of the small size of the crystal. 
The counting time was 150 s. Four strong reflections were 
repeatedly measured after each 100 reflections to monitor 
the stability of the instrument. Fluctuations in these in- 
tensities were less than 7%. The average background 
curve as a function of 20 was obtained also by stationary 

TABLE 1. Atomic parameters for y-Sb,TI, (000, 112 112 
112) * (xxz xzz xxz xxz, zxx zxx zxx z x ,  xzx xzx 2z2 

.ex) 

Point 
Atom set x z 

Tl(ce) 2a 000 2.6(5) 
Tl(cub) 16 f xxx 0.1704(5) 2.0(1) 
Sb(oh) 12e 00z 0.3138(18) 3.2(4) 
Tl(co) 24h xx0 0.3497(4) 1.6(1) 
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STOKHUYZEN ET AL. 

TABLE 2. Comparison of coordinates with similar structures 

3 x 3 x 3 
CsCl cells 

equiv. 
Sb,TI, CuSZn8 (y-brass) coordinates Ir,Ge, 

Point 
Symmetry set x z x z x z x z 

Center 000 0 0 - - 0 0 - - 

xxx / O .  109 
Cube rr:* xxx 0.170 

xxx 1 - 0 . 1 7 2  
-0.167 

Octahedron x00 0.314 0.356 0.333 0.342 

Cubooctahedron xxz 0.350 0 0.313 0.037 0.333 0 Truncated 
octahedral mesh 

*IT and OT stand for inner and outer tetrahedral sites of y-brass. 

counting with the crystal in several orientations. A total 
of 1094 reflections were measured. Some reflections 
having intensities less than or equal to zero were dis- 
carded. The equivalent reflections were averaged. Among 
292 reflections with 20 < 60" (Mo-Ka) measured 106 had 
net intensity greater than 3c(1) and were considered ob- 
served and used throughout the structure analyses. The 
superlattice type structure resulted in many unobserved 
reflections. The spherical approximation (mean r = 
0.027 mm) was assumed for absorption correction, p, = 
3.0. Lorentz and polarization corrections were applied to 
derive the structure amplitudes. 

Although the structure was reported to be of space 
group Zm3m, refinement was carried out with the assump- 
tion of other space groups such as 143m. The refinement 
based on Zm3m gave the best results. The three positional 
parameters suggested by Morral and Westgren (2) and 
the overall temperature factor of 1.3 obtained from 
a Wilson plot were used initially in the full-matrix 
least-squares refinement. The function minimized 
was CW(~F,I - lFcl)Z with w-' = (305.0 - IF,] + 
0.00083F01Z). The atomic scattering factors from Inter- 
national Tables for X-ray Crystallography (3) were used 
with anomalous scattering corrections from the same 
source. Programs used in the structure analysis have been 
described elsewhere (4). The final R (= C(IF,I - FJ) l  
CiF,) and R, (= (Cw2(IF,I - j F c ~ ) 2 / ~ ~ Z ~ F O ~ Z ) 1 1 2 )  are 
0.097 and 0.060 respectively. The atomic parameters are 
given in Table 1.l 

Results and Discussion 
The present single-crystal study confirms the 

work of Morral and Westgren and attests to the 
accuracy of their powder diffraction determina- 
tion carried out 42 years ago. 

For convenience in describing the structure of 
Sb,TI,, the cluster concept for y-brasses is used 

'Photocopies of the structure factor table are available, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

(4). It is only an identity for easy reference and 
bears no resemblance to a molecule. Each unit 
cell contains two identical clusters centred at 000 
and 112 112 112. The atom Tl(ce) at the centre of 
the cluster is surrounded by 8 Tl(cub) atoms 
forming a cube. On each face of the cube is a 
Sb(oh) atom forming an octahedron, followed 
by a regular cubooctahedron with one Tl(co) 
atom outside each edge of the cube. The clusters 
so formed have m3m point symmetry and stack 
along the threefold axis which is the [I 111 direc- 
tion of the cubic cell. This arrangement differs 
from that of the y-brass structure which has no 
atom at 000 and 112 112 112 and has two tetra- 
hedra (IT and OT) instead of the cube of atoms. 
Table 2 shows comparative atomic coordinates 
for Sb,Tl,, a typical y-brass structure, a stack 
of 27 CsCl type cells, and the Ir,Ge7 structure (5). 
The latter also resembles the Sb2Tl, structure in 
having clusters of atoms (cube surrounded by 
octahedron centred about 000 and 112 112 112) 
and these clusters are surrounded by truncated 
octahedra of atoms which form a space filling 
mesh running throughout the structure, instead 
of by separate regular cubooctahedra as in 
Sb2T17. 

The interatomic distances are given in Table 3. 
The coordination number (CN) for most of the 
atoms is 8 except for Tl(cub) where it is 10. This 
also indicates that the relative distortion from 
stacking of 27 CsCl type cells is small. The TI-T1 
distances range from 3.21 to 3.55 A and appear 
to be normal with respect to the size (CN8) of 
thallium, 3.34A (5). In P-TI, which has a body 
centred cubic structure (262"C), the TI-TI dis- 
tance is 3.362 A (6). There is no Sb-Sb contact 
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1122 C.4N. J. CHEM. VOL. 55,  1977 

TABLE 3. Interatomic distances (standard 
deviations = 0.01 A) 

To No. Distance 
From atom atom(s) (A) 

and the mean Sb-TI distance of 3.27 A is also 
comparable with the s u n  of metallic (CN8) radii 
of Sb and T1, 3.23 A. 
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The reactions of isothiazolium salts with selected nucleophilic reagents. 
The preparation of thieno[2,3-c]isothiazolium salts 

DAVID M .  MCKINNON, MOHAMMED E. R. HASSAN, AND MOHINDER CHAUHAN 
Deptrrtrnent oj'C/~ernisir.\., U11ii.ei.siiy of',Wiir~itobn, Winnipeg. M o r ~ .  . Ctrr~odci R3T2h% 
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DAVID M. McKr? r \o~ ,  MOHAMMED E. R. HASSAN, and MOHIUDER CHAUHA\. Can. J. Chem. 
55, 1123 (1977). 

Isothiazolium salts react with a number of carbanions by attack on sulfur. Thiophene 
derivatives, formed by ring opening and recyclization, are often products but with cyclo- 
pentadiene, pseudoazulene products are obtained. 3-Amino-2-acylthiophenes, prepared by 
suitable nucleophilic attack, are synthetic precursors of thieno[2,3-c]isothiazolium salts. 

DAVID M. MCKINNON, MOHAMMED E. R. IIASSAN et MOHINDER CHAIJHA~.  Can. J. Chem. 
55. 1123 (1977). 

Les sels d'isothiazolium reagissent avec un nombre de carbanions par attaque au niveau 
du soufre. Les produits comprennent souvent des derives du thiophkne, qui sont form& 
par une ouverture de cycle et une recyclisation; avec le cyclopentadiene, ont obtient toute- 
fois des produits pseudoazulenes. Les amino-3 acyl-2 thiophenes, prepares par une attaque 
nucleophilique appropriee, sont des precurseurs de synthese des sels de thieno[2,3-clisothia- 
zolium. 

[Traduit par le journal] 

In  the isothiazolium system 1, attack by a 
carbanion on the ring sulfur atom has been 
demonstrated (I), although attack by nucleo- 
philes at other ring positions has also been postu- 
iated (2-5). To provide further information on 
the positions of attack, and to examine the syn- 
thetic utility of these salts, some of which are 
readily accessible, we have examined their re- 
action with selected carbanions. In previous 
work (1) it was found that attack at ring sulfur 
was followed by ring opening of the isothiazole, 
then recyclization by condensation of an active 
methylene group with an imine function (Scheme 
1). Thiophene derivatives were the final products. 
Using this scheme as a rationale, we have used 
other carbanions capable of similar reactions. 
lsothiazolium salts used in these reactions were 
synthesized according to previous work or pro- 
cedures (1, 6). 

2-Methyl-3-methylthio-4,5-diphenylisothiazo- 
lium iodide (la), prepared by treatment of 2- 
methyl-4,5-diphenylisothiazoline- 3- thione with 
methyl iodide, reacted with the anion of diethyl 
malonate in ethanol to form diethyl3,4-diphenyl- 
3 - metliylimino - 2 , 3  - dihydrothiophene - 2,2  - di - 
carboxylate (2) and methanethiol. This reaction 
likely follows the above scheme except that 
aromatization to a thiophene is impossible and 
an exocyclic double bond is formed. Thus, in 
this case a dihydrothiophene is the final product. 
In this case compound 2 appears to exist as two 

S-N- X- 

R 4 y R 2  

R 3 

a .  R, - M e . R 2 = S M e . R , = R , = P h . X = I  
b.  R, = R 3  = Ph.R: = R, = H. X =C10, 
c .  R , = R , = P h . R , = S M e . R z  = H . X = C I O ,  
d. K, = R, = Ph, R2 = R, = 11. X = CIOJ 
e .  K, = R , = P h , R ? = S M e . R ,  = H . X = C I O ,  
J .  K, = M e , . R 2 = R , = R , = H . X = C I 0 ,  
g.  K, = Me. Rz = SMe. R3.R, = -(CH=CH),-. 

X = CIO, 
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X is an activating group 
Y = H o r S M e  

NHR 

geometrical isomers with respect to the exocyclic 
imine function. 

We then examined the reaction of the salts 1 
with various stable ylides. 2,4-Diphenylisothiazo- 
lium perchlorate (16) was treated with the anion 
of diethyl benzylphosphonate in dimethylform- 
amide. It was expected that the reaction would 
proceed according to the scheme shown, (Scheme 
2) with the phosphonate grouping so enhancing 
the acidity of the Ph-CH-group in the inter- 
mediate sulfide as to allow cvclization to the di- 
hydrothiophene. Aromatization in this case 
would probably occur through the typical four- 
centered intermediates of Wittig reactions and 
elimination of an aminophosphorus species. The 
reaction in fact afforded 2,4-diphenylthiophene, 
although in low yield. 

It was of interest then to examine the effects of 
various sulfonium ylides on the salts 1, where 
such four-centered reactions would be unlikely 
in view of the different reactions of phosphorus 
and sulfur ylides (7). In fact, treatment of l b  and 
l c  with dimethylmethylene sulfurane afforded the 
thiophenes 5a and 5b, respectively, which con- 
tained methylthio substituents, obviously derived 
from the original sulfurane. These compounds 
are probably formed via reaction intermediates 
of type 3 by isomerism to the more stable ylide 4, 
then oxidation followed by demethylation. Al- 
though the reactions were performed under nitro- 
gen, it is not unlikely that traces of oxygen were 
present. Alternatively oxidation by unreacted 
isothiazolium salt could have occurred. Certainly 
the structurally and electronically related 1,2- 
dithiolium salts have this property (8, 9). 

When p-nitrobenzylidenedimethyl sulfurane 
was allowed to react with 16, a product was 
obtained whose analyses and properties were 
consistent with 2-p-nitrophenyl-4-phenylthiophene 

(5c). While this reaction must have an inter- 
mediate 3c like the above reactions, oxidation of 
this is unlikely and the dimethylsulfonio group 

a .  R,  = SMe. R2 = NHPh, R3 = Ph, R, = H 
b .  R ,  = R, = SMe, R2 = NHPh. R, = Ph 
c .  R ,  =p-N02C,H,.  R2 = NHPh. R, = H.  R3 = Ph 
d, R ,  = PhCO. R, = NHPh. R, = H.  R, = Ph 
e ,  R ,  = PhCS. R2 = NHPh, R, = H.  R, = Ph 
j. R ,  = PhCO. R, = NHMe. R,,R, = (CH=CH), 
g .  R ,  = PhCO. R2 = NHPh. R, = Ph, R, = H 
h .  R ,  = PhCO, R2 = NHMe. R, = R, = H 
1 .  R ,  = C H 3 C 0 ,  R2 - NHPh. R, = H,  R, = Ph 

SMe 
8 

a.  R = H  
b.  R = SMe 

a .  R ,  = R2 = R, = Ph, R3 = H X = CI04 
b.  R ,  = R ,  = R ,  = Ph, R4 = H X = C I 0 4  
c .  R ,  = Ph. R, = M e ,  R, = R, = H X = CIO, 
d .  R ,  = Me. R, = R, = Ph. R, = H X = CIO, 
e ,  R, = Ph, R, - Me. R,.R., = (CH=CH),. X = I ,  
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-. 
R-CHX \ 

CHX 
T /  

S-N 
/ / 

is lost, forming 5c. The exact mechanistic path- 
way from 3c to 5c is not known with certainty, 
but displacement by the nitrogen anion of di- 
methyl sulfide leading to a thienoaziridine, with 
rearrangement to 5c is a possibility. Alternatively 
3c may rearrange to an intermediate 6, with sub- 
sequent loss of dimethyl sulfide. 

The reaction of phenacylidenedimethylsul- 
furane with I d  afforded 2-benzoyl-3-anilino-5- 
phenylthiophene (5d), identical to a sample pre- 
pared by reaction of sodium benzoylacetate with 
2 , 5  - diphenyl- 3 - methylthioisothiazolium per - 
chlorate (le) according to known procedures (1). 
This approach, where aromatization of the di- 
hydrothiophene intermediate occurs by loss of a 
group originally on the attacking nucleophile, 
rather than the isothiazolium salt, is thus a 
method of making 2-acyl-3-aminothiophenes 
without using 3-alkylthioisothiazolium salts for 
which synthetic methods, in contrast to 3-un- 
substituted isothiazolium salts, are sometimes 
unsatisfactory. These 2-acyl-3-aminothiophenes 
have synthetic potential for the preparation of 
thieno[3,2-c]isothiazolium salts, and further pro- 
ducts of this type were made as intermediates 
(see below). 

Treatment of 2,4-diphenylisothiazolium per- 
chlorate (lb) or 5-methylthio-2,4-diphenyliso- 
thiazolium perchlorate (Ic) with the cyclopenta- 
dienyl anion in ether gave dark blue products. 
The analyses and other data for these were con- 
sistent with the pseudoazulene structures 7a and 
7b respectively, formed as above by initial nucleo- 
philic attack on sulfur, with ring opening of the 
isothiazolium salt. Related pseudoazulenes have 
been prepared by alternate syntheses (10-12). 
Two modes of reaction of the initially formed 
cyclopentadienylthioether are possible, i.e. attack 
on the imine function either by a carbanion on 

the 1-position of the cyclopentadiene ring, lead- 
ing to a cyclopentadienospirothiophene, or from 
a carbanion at position 2, leading to a pseudo- 
azulene (Scheme 3). While anion formation at 
the 1-position would be favored owihg to extra 
stabilization of the anion by the adjacent sulfur, 
it is obvious that the alternative reaction is rela- 
tively effective. Nevertheless, attack of the in- 
deny1 anion on l c  failed to give any crystalline 
product. In this case, an attacking anion (at the 
2-position of the cyclopentadiene ring) would be 
unfavored due to the presence of an o-quinonoid 
structure. The properties of the crude product 
obtained appear to correspond to the spiran 
structure 8 formed by alternate cyclization from 
an attacking anion at the 1-position of the cyclo- 
pentadiene ring. These reactions have many 
analogies with the preparation of azulenes from 
pyridinium or pyrylium salts (13). 

Since isothiazolium salts 1 may be synthesized 
from P-aminopropeneone derivatives by thiona- 
tion, then oxidation (9, 14), it was of interest to 
find if the 2-acyl-3-aminothiophenes synthesized 
above could be likewise converted to the thieno- 
[3,2-c]isothiazoliu~n system (9). Accordingly the 
compound 5d prepared as above was treated 
with phosphorus pentasulfide in benzene. The 
crude thione product 5e treated with iodine in 
ethanol afforded the 1,3,5-triphenyl[3,2-cliso- 
thiazolium cation (9a), isolated as its perchlorate. 
Likewise the 1,3,4-triphenyl system (9b), and the 
3-methyl-3-phenyl system (9c) were made from 
2,4-diphenylisothiazolium perchlorate (lb) and 
2-metl~ylisothiazolium perchloratc (If), respec- 
tively. The preparation may also be extended to 
other sulfonium ylides, and treatment of aceton- 
ylidenedimethylsulfurane with I d  followed by 
thionation and oxidation gave the 2,5-diphenyl- 
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3-methylthieno[3,2-c]isothiazolium system (9d),  
isolated as its perchlorate. 

Finally, the readily accessible 2-methyl-3- 
methylthio - 4 , 5  - benzisothiazolium perchlorate 
(lg) reacted with sodium benzoylacetate to give 
2-benzoyl-3-methylaminobenzo [b]thiophene(5f), 
which, on thionation followed by oxidation, 
afforded the benzothienoisothiazolium salt (9e) 
as its triiodide. 

Thus, in the cases described, the products iso- 
lated are compatible with initial nucleophilic at- 
tack on the sulfur atom of the isothiazolium ring. 
While attack at the carbon adjacent to nitrogen 
is favored on coulombic grounds (3), it is difficult 
to explain the formation of the products above 
by mechanisms based on such attack. 

Experimental 
The nmr spectra were obtained on a Varian model 

56/60A spectrometer in deuterochloroform using tetra- 
methylsilane as an internal standard. Mass spectra were 
obtained on a Finnegan 1015 quadrupole mass spectrom- 
eter. Chromatography (tlc) was performed on Canlag 
silica gel type D.S.F. 5 supplied by Terochem, Labora- 
tories. Elution, unless otherwise stated, was by benzene 
with increasing proportions of chloroform. Melting 
points (mp) were obtained on a precalibrated Thermopan 
apparatus. Analyses were performed by A. E. Bernhardt. 
Unless otherwise stated, solutions were dried over an- 
hydrous magnesium sulfatc. 

Preparation of 4,s-Diphenyl-2-methyl-3- 
n~etl~yltlzioisothiazoli~~~i Iodide ( la)  

The thione (1 g) (I) was dissolved in methyl iodide 
(10 ml) at room temperature and allowed to stand. After 
1 h the pale yellow product was collected by filtration 
(95%). The product was recrystallized from methyl iodide 
as pale yellow prlsms mp 13840°C. Anal. calcd. for 
Cl7Hi6NS2I: ~ 4 8 . 0 0 ,  H3.76, N 3.29, S 15.00; found: 
C48.18,H3.52,N3.33,S 15.21. 

Reaction of 4,5-Diphenyl-2-m2ethyl-3- 
meth~lthioisothiazolium Iodide ( la)  with 
Diethyl Malonate 

T o  a solution of sodium ethoxide, prepared by dis- 
solving sodium (25.3 mg, 1.2 mmol) in ethanol (5 ml), was 
added diethyl malonate (0.19 g, 1.2 mmol). To this solu- 
tion with stirring was added l a  (0.51 g, 1.2 mmol). The 
solution became red, then gradually turned yellow, with 
the evolution of methanethiol. After 10 min the solution 
was diluted with water and extracted with benzene. The 
dried extract on evaporation gave a yellow oil which on 
dissolving in toluene and standing at  P C  afforded 2 as 
yellow prisms, mp 97°C (39%). Anal. calcd. for C23H23- 
NSO,: C 67.48, H 5.62, N 3.42, S 7.82; found: C 67.47, 
H 5.44, N 3.15, S 7.84. The nmr spectrum: z 9.1-8.8 (2 
superimposed t, methyl), 6.4-6.2 (2q, methylene; 2s, 
AT-methyl), 2.91-2.62 (5H, aromatic). 

Reaction of 2,4-Diphenylisothiazolium Perchlorate (Ib) 
with Diethy1 Benzylghosphoizate 

Diethyl benzylphosphonate, prepared by refluxing 

benzyl chloride (0.316 g, 2.5 mmol) with triethylphosphite 
(0.415 g, 2.5 mmol) for 1 h was treated in dimethyl- 
formamide (5 ml) with sodium methoxide (0.011 g, 2.5 
mmol). To the mixture was added 2,4-diphenylisothiazo- 
lium perchlorate (lb) (0.84 g, 2.5 mmol) (6). The solution 
was heated at  60'C for 5 n~in ,  then poured into ice water 
and the orange precipitate collected. Chromatography 
indicated a number of products but the first yellow band 
eluted was rechromatographed using 25% benzene in 
petroleum ether as an  eluent and afforded a colorless solid 
with a blue fluorescence in ultraviolet light; mp 121°C 
(lit. (14) mp 121°C) (187,). The ms M +  calcd. : 236; 
found 236. 

Reaction of Dimethybnetl~yylenesulfurane with 2,4- 
Diphenylisothiazolirr~n Perchlorate (Ib) 

To a stirred suspension of trimethylsulfonium iodide 
(0.24 g, 1.2 mmol) in tetrahydrofuran (4 ml) at 0°C under 
nitrogen was added 1.2 ml of molar methyllithium in 
ether (Ventron). After stirring 5 min the isothiazoli~~m 
salt (0.404 g, 1.2 mmol) was added and stirring main- 
tained for 30 min at O'C, then for a further 1 h at  25°C. 
After dilution of the solution with water, the benzene 
extract was dried, evaporated, and the resulting oil 
chromatographed. The most rapidly eluting band gave an 
orange oil which crystallized on trituration with meth- 
anol. It was recrystallized from methanol as orange 
prisms, mp 204°C (30%). The nmr spectrum for 5a: 
7 7.21 (3H, s, methyl), 3.10-2.69 ( l l H ,  aromatic and 
heterocyclic), 1.83 (IH, s, amino). The ms M +  calcd.: 
297; found: 297. Anal. calcd. for Ci7HI5NS2: C 68.68, 
H 5.05,N4.72, S21.55; found: C 68.56, H 5.41, N4.67, 
S 21.76. 

Reaction of Dimethylmethylenesr~lfurane with 2,4- 
Diphenyl-5-methyltkioisotlziazolium Perchlorate (Ic) 

The reaction was performed as above. 3-Anilino-2,5- 
bismethylthiothiophene (5b) was obtained as orange 
prisms mp 198°C (287,). The nmr spectrum for 5b: 
7 7.25, 7.02 (3H, 2s, methyl), 3.05-2.63 (lOH, aromatic), 
1.85 ( lH,  s, amino). The ms M +  calcd.: 243; found: 243. 
Anal. calcd. for C,,Hi,NS,: C 63.00, H 4.95, N 4.08, 
S 27.97; found: C 62.71, H 4.81, N 3.86, S 28.25. 

Reaction ofp-Nitvober~z~~lidenedirnethyls~rlfuvane with 
2,4-Diphenj~lisothiazo1ium Perchlorate (Ib) 

p-Nitrobenzyldimethylsulfonium bromide (0.278 g), 
(16) 1.2 mmol in dry ethanol was treated with sodium 
ethoxide (1.0 mmol). A slight excess of the isothiazolium 
salt (0.404 g, 1.2 mmol) was then added, and the mixture 
stirred 15 min. Dilution with water and ether extraction 
gave an oil which was purified by chromatography. The 
main orange band on extraction and recrystallization from 
ethanol afforded 5c as yellow-orange prisms mp 158°C 
(42%). The ms M +  calcd.: 372; found: 372. Anal. calcd. 
for C ~ Z H ~ ~ N S O Z :  C 70.96, H 4.30, N 7.52, S 8.60; 
found: C70.71, H4.70, N7.52, S9.10. 

Reaction ofPhenacylidene Dimethylsulfurane with 
2,s-Diphei~ylisothiazolium Perchlorate (ld) 

Phenacyldimethylsulfonium bromide (0.25 g, 1 mmol) 
in dry ethanol (10 ml) was treated with sodium ethoxide 
(1 mmol). After stirring 5 min, the perchlorate I d  (336 g, 
1 mmol) (14) was added, and the solution stirred 15 min. 
The mixture was diluted with water (20 ml) and the ether 
extract dried and evaporated to yield a yellow oil. Purifi- 
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cation by chromatography yielded 5d as yellow needles 
m p  180°C (55%). The ms M +  calcd.: 355; found: 355. 
Anal. calcd. for C23H17NSO: C 77.74, H 4.79, N 3.95, 
S9.02,found:C77.81,H4.85,N3.62,S9.21. 

Reaction of Sodium Benzoylacetate with 2,5- Dighenyl-3- 
methylthioisothiazolium Iodide ( l e )  to Form 5d 

This reaction was performed according to  a known pro- 
cedure (1). The salt ( 1  mmol) (17) was treated with 
sodium benzoylacetate (- 1.5 mmol) in ethanol. Work-up 
afforded 5d (61%) identical t o  that above (mixture mp ,  
ms,  and ir). 

Preparation of 2-Methyl-3-mefhylthio-4,5-benzisothiazolium 
Perchlorate ( l g )  

2-Methylbenzisothiazoline-3-thione (1.81 g, 10 mmol) 
(18) was heated with dimethyl sulfate (2  ml) for 5 min at 
100'C. The mixture was diluted with ether and the ether 
phase decanted o f f  the oily product. This was converted 
t o  its perchlorate in acetic acid. Pale yellow needles, mp 
173-175°C were obtained (82%). Anal. calcd. for C ~ H I O -  
NS,CIO,: C 36.54, H 3.38, N 4.73, S 21.69, C1 12.05; 
found: C 36.62, H 3.42, N 4.61, S 21.61, C1 12.21. 

n 
4- - 

Reaction of 2-Methyl-3-methylthio-4,5-benzisothiazoliz~m 2 
Perclzlorate ( l g )  with Sodium Benzoylacetate. 
2-Benzoyl-3-methylan~i~zobenzothiophene 15f )  . - % - 

This reaction was performed according t o  standard s 
procedures (1). Work-up and crystallization from petro- 3 leum ether, bp 60-8OZC, afforded yellow prisms nip 
88-89°C (31%). The ms M i  calcd.: 267; found: 267. The 3 .- 

0 
nmr spectrum: r 6.52 (3H, s, methyl), 1.60-2.76 (9H, u . - 
aromatic), -0.2 ( l H ,  br s, NH) .  Anal. calcd. for C16' .S 
H I 3 N S O :  C 71.91, H 4.87, N 5.24, S 11.98; found: ~e 

C 71.77, H 4.80, N 5:16, S 11.65. G 
. - a 

Preparation of Thieno'2,3-c,-isothiazoli~trn Salts ( 9 )  2 
Procedure a a 
The appropriate benzoylaminothiophene 5c or 5f was f 

treated with an approximately equal weight o f  phosphorus - 
pentasulfide in benzene and the mixture refluxed 4 h .  ~ - 

w 
The solvent was filtered o f f  any solid and washed with 
sodium bicarbonate solution and dried. Evaporation gave 9 

b 
the corresponding crude thiones as red oils. These were 
dissolved in ethanol and titrated with a saturated solution 
o f  iodine in ethanol until precipitation was con~plete. The 
crude triiodide salts were separated by filtration and in 
most cases, converted to the corresponding perchlorates 
in acetic acid or recrystallized from nitromethane. The 
results are summarized in Table 1. 

Procedure b 
The starting isothiazoliurn salts were treated with the 

appropriate sulfur ylides t o  afford the appropriate acyl- 
aminothiophenes. Thus 16 and phenacylidene dimethyl- 
sulfurane afforded the benzoylanilinothiophene 5g, 2- 
methylisothiazolium perchlorate 1 f afforded 2-benzoyl-3- 
methylaminothiophene 511, and Id with acetonylidenedi- 
methylsulfurane afforded 2-acetyl-3-anilino-5-phenyl- 
thiophene 5i. None o f  these were purified but were 
thionated by the above procedure to give the isothiazolium 
salts 96, 9c, and 9d respectively. The results are sum- 
marized in Table 1. 

In some cases it was difficult to remove all iodine from 
the perchlorates. This was best achieved by prolonged 
boiling in an open flask to  allow acetic acid fumes to  
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remove iodine vapor. Care was necessary in this case to 
avoid over concentration of the perchloric acid - acetic 
acid mixture. 

Reaction ofthe Cyclopentadienyl Anion with 2,4- 
Diphenyl-5-methylthioisothiazolium Perchlorate ( l c )  

Cyclopentadiene was obtained from its dimer according 
to  the method described (19). To  a solution of methyl- 
lithium (1 mmol) in anhydrous ether was added the 
cyclopentadiene (66 mg, 1 mmol) under a nitrogen atnios- 
phere. The solution was cooled to - 70°C by means of an 
acetone - dry ice bath and after stirring 5 min, the per- 
chlorate salt 1c (383.5 mg, 1 mmol) was added. Stirring 
was maintained for 30 min and the mixture allowed to 
reach room temperature. After dilution of the mixture 
with water, the ether layer was separated, dried, and 
evaporated to give a dark oil which was examined by 
chromatography. A fast running dark blue band was re- 
moved by chloroform extraction and evaporation yielded 
7b as a crystalline product mp 278°C (61'7,). Anal. calcd. 
for CI5HlZS2: C 70.31, H 4.68, S 25.00; found: C 70.9, 
H 4.80, S 24.67. The nnir spectrum: .r 7.47 (3H, s, S- 
methyl), 2.87-2.41 (9H, aromatic). The ms M +  calcd.: 
256; found: 256. 

Reaction of the Cyclopentadienyl Anion with 
2,4-Diphenylisothiazolium Perclzlovate 

The reaction was performed as above. 7n was obtained 
as grey plates mp 250°C (55%). Anal. calcd. for C1,HIoS: 
C80.00,H4.76,S 15.23;found: C79.80,H4.97,S 14.91. 
The nmr spectrum: r 2.91-2.45 (10H). The ms M +  
calcd.: 210; found: 210. 

Reaction ofthe Indenyl Anion with 
2,4-Diphenyl-5-methylthioisothiazolium Perchlorate 

The reaction was performed as above. Chromatog- 
raphy indicated a major pink band which on elution 
and evaporation gave a dark pink oil (20%). This could 
not be crystallized and was not analyzed. The nmr spec- 
trum: r 7.65 ( lH ,  s, the single dihydrothiophene proton) 
T 7.48 (3H, s, S-methyl), 3.21-2.52 (16H, aromatic and 
amino). The ir spectrum: 3410 cm-I (the N H  str). The 
ms M +  calcd.: 399; found: 399. 

Buchannon for the preparation of spectra, and 
to the National Research Council of Canada for 
financial support. 
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The isolation and identification of makisterone A from the yew, 
Taxus cuspidata 
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BRENTON GARTH BURNS and MICHAEL WILSON GILGAN. Can. J. Chem. 55 ,  1129 (1977) 
The ecdysteroids were extracted from yew, Taxus cuspidata, needles and twigs and recovered 

from the aqueous extract by reversed phase adsorption. Purification of the ecdysteroids was 
achieved by a single solvent partition and a dry column chromatogram followed by fractiona- 
tion on an  adsorptive Porasil A (60) column. Makisterone A was a minor component identified 
by melting point, liquid chromatography, gas chromatography of the trimethylsilyl ether, 
mass spectrometry, and nuclear magnetic resonance spectrometry. A second minor component 
was isolated but not identified. 

BRENTON GARTH BURNS et MICHAEL WILSON GILGAN. Can. J. Chem. 55. 1129 (1977) 
On a extrait des ecdysttroides B partir des aiguilles et des brindilles du yew, Ta,xus cuspidata, 

et on les a recupCrtes par une extraction aqueuse par une adsorption de phase renverste. On a 
effectut la purification des ecdysttroi'des par une partition unique de solvant et une chromato- 
graphic sur colonne seche suivie par un fractionnement sur une colonne d'adsorption de 
Porasil A (60). On a pu idcntifier que la makisttrone A est un composant mincur; cette identifi- 
cation a ete effectute par point de fusion, chromatographie liquide, chromatographie en phase 
gazeuse de I'tther trimtthylsilyle, par spectrometric de masse et par spectroscopie de rtsonance 
magnttique nucltaire. On a pu isoler un deuxieme composant mineur mais il n'a pas t t t  identifit. 

[Traduit par le journal] 

Introduction 
At about the same time as a report by one of 

the authors (I), T. Takemoto et al. (2) reported 
insect molt hormone activity associated with 
extracts of yew (Taxus cuspidata, 1 ; Taxus sp. 2) 
leaves. The major components were reported to 
be an insect molt hormone, ecdysterone 2, and 
a closely related compound, ponasterone A 3 (3). 
Ecdysterone was also reported as a constituent 
of Taxus baccata (4). Except to examine the 
activity present in Taxaceans in surveys ( 5 ,  6), 
the yews have attracted little subsequent interest. 

Our purpose in isolating the ecdysteroids from 
the yew was to make them available for attempted 
forced molting in lobster (e.g., ref. 7). One of the 
most important hormones, and the first to have 
its structure completely determined (8), cc-ecdy- 
sone 1, has been isolated from fern extracts (9). 
We have found it difficult to isolate from this 
source. Examination of yew extracts, fraction- 
ated by adsorptive liquid chromatography, with 
an insect assay (lo), showed that a minor peak 
conforming approximately with the retention 
time of a-ecdysone was present in addition to 
the usual major ecdysterone and ponasterone A 
peaks. Since we wished to use a-ecdysone in our 
tests we completed the isolation of this com- 

1 a-Ecdysone 2 Ecdq sterone 

3 Ponasterone A 4 Makisterone A 

5 Lemrnasterone 6 Makisterone D 
(Makisterone C) 

pound. Unfortunately this proved to be maki- 
sterone A 4 (1 1) accompanied by what appears 
to be makisterone C (lemmasterone, 5) or D 6 
(11, 12). Nevertheless, makisterone A is of con- 
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siderable biological interest since it has been re- 
ported as a crustacean (13) and insect (14) con- 
stituent. The following is a report of the isola- 
tion and identification of makisterone A from 
the yew Taxus cuspidata. 

Experimental 
Extraction 

Chopped yew (Taxus cuspidatn, 2 kg fresh weight, 
0.8 kg dry weight, obtained locally September 1973 and 
stored at - 30°C) needles and twigs were stirred overnight 
in 8 t o f  distilled water. The solids were removed by 
filtration through cheese cloth, resuspended as above for 
4 h,  and the mixture refiltered. The combined waler 
extracts were filtered through Celite 545 (Johns Manville) 
to give a clear, dark brown solution. 

Re~~ersedPi~ase Adsorption 
Amberlite XAD-2 (EDH Chemicals, Ltd.) was slur- 

ried and packed into a glass colun~n (38 x 5 cm i d . )  and 
held in place by stainless steel screens (40 x 40 mesh, 
Newark Wire Cloth Co., Newark, N.J.) at both ends. 
The column was washed in a procedure like that o f  
Hori ( 1 5 ) .  

The combined aaueous yew extracts were ~assed slowly 
through the column (& bed volume (B.V.) per min) trap- 
ping most o f  the brown material, and the column was then 
eluted with water, 10% isopropanol - water, 70% isoprop- 
an01 -water, and ~sopropanol (Lt B.V. each). Thecolumn 
was washed with water and the aqueous yew extract pas- 
sed through the column a second time and the column 
eluted. 

Solcent Fractionation 
Water was added to the combined 70% isopropanol 

eluates, which contained the bulk o f  the ecdysteroids, to 
make the isopropanol to water proportion 2: l .  The fat 
soluble materials were then removed by hexane extraction 
(& vol.). The ecdysteroids were extracted with chloroform 
(proportions: chloroforni-isopropanol-water, 2:2:1) and 
the extraction repeated once. The combined chloroform 
extracts were washed with I\.' NaOH (& 5-01.) and then 
repeatedly with water (& vol.) until the wash was neutral. 
The alkali and water washes did not contain significant 
amounts o f  ecdysteroids as detected by thin-layer chroma- 
tography (tlc). 

Dry Colu~nn Fractionatiori 
Alumina (300g, ICN, Pharmaceuticals, Inc.) was packed 

into a 50 mni wide nylon film tube (ICN Pharmaceuticals, 
Inc., 16). A layer (1 cm) o f  Celite 545 was packed on the 
top. A sample (5.0 g )  o f  the dry residue from the combined 
chloroform extracts was dissolved in ethanol (10 ml), 
added to 5 g Celite 545, and the ethanol evaporated. The 
dry sample was then packed on the top o f  the alumina 
column and another thin layer o f  Celite 545 superim- 
posed. The column was developed with ethyl acetate - 
ethanol (95%) 35:15 (200 ml). Bands were detected with 
u.v. light (254 nm), cut from the column, and the ecdy- 
steroids eluted from each with chloroform-ethanol 1 :1 
(200 ml) by filtration. Fine alumina particles were re- 
moved by filtration through fine glass-frit funnels. 

Thin-layer C/zromafography (t lc)  
The ecdysteroid composition o f  interesting bands was 

checked by tlc (silica gel F, E .  Merck;CH2C1,-Methanol 
21 :4). After observing the uv (254 nm) absorbing zones 
the plates were sprayed with sulfuric acid - ethanol (1 :2) 
and heated (2-5 min, 120-C). Sulfuric acid treated plates 
were checked for fluorescence in uv (360 nm) light. 

High Pressure Liquid Chromatography (lc)  
Preparatice 
Selected dry column bands were chromatographed with 

a Waters ALC 100 chromatograph on a Porasil A (60) 
(Waters Associates, Inc.) column (188 cm x 7.7 m m  
diameter) with chloroform-ethanol (95%) 4: l  flowing at 
2.7 ml/min. Samples (400 mg) were dissolved in chlcro- 
form-ethanol (95%) 1:l and injected via a 0.5 ml loop. 
The column effluent stream was usually divided by pass- 
ing it through a tee equipped with a variable resistance 
on one leg provided by a micrometer valve (Nupro Co., 
Cleveland, Ohio) to provide stream splitting (ca. &). 
The minor stream was monitored at 254 nm, (Chroma- 
tronix photometer, model 200) and the main stream col- 
lected with a fraction collector. Each run required ca. 
130 min. 

Final purification o f  yew V and Va (see Fig. 1) was 
achieved by recycling the samples through a Porasil A 
column (180 m m  x 4.7 m m  diameter) in chloroform- 
isopropanol 70:30 at 2.0 mllmin. Tailing and resultant 
sample loss were minimized by adding 1% water. The 
eluted materials were monitored and collected as above. 

Analytical 
Normal Phase - Corasil I1 (Waters Associates, Inc., 

37 pm) was packed (17) into a precision bore stainless 
steel tube (92 cm x 4.7 mm diameter) with fittings 
(Swagelock) modified to minimize dead volume and con- 
taining stainless steel frits (MOTT Metallurgical Corp., 
Framington, Ma., 5 bm). The column was developed with 
chloroform-ethanol (95%) 6: l  with a solvent flow o f  
1.0 ml/min at a nominal pressure o f  500 psi. Samples were 
injected, as ethanol solutions, directly onto the head o f  
the column through a valved injection port (Pierce 
Chemical Co.). The column effluent was monitored as 
with the preparative column but without stream splitting. 

Re~.c,rsed Phase - A Bondapak pheny!/Corasil column 
(Waters Associates Inc., 37-50 pm, 50 cm x 1.0 mm 
diameter) was prepared, samples injected, and separa- 
tions monitored as above. Ecdysteroids were eluted with 
ethanol-water (1 :20). The retention times o f  unknown 
samples were directly compared with those o f  known 
standards. 

Gas-Liquid Chron~atography (glc) 
All glc separations, similar to those o f  others, (cf .  

refs. 18-20) were conducted with a Hewlett-Packard, 
model 402 equipped with a flame ionization detector. 
The silylized glass column (120 cm x 4 mm i.d.) was 
packed with 3% OV-101 on 80/100 mesh Chromosorb W 
HP (Pierce Chemical Co.). Separations were conducted 
at 320°C with a helium flow o f  40 ml/min. 

All samples (ca. 10 pg) were dried over Drierite in 
uacuo and silylized in a 1 : 1  solution o f  pyridine-TMSI 
(hT-trimethylsilylimidazole, Pierce Chemical Co.) at 50°C 
for 20 min. Retention times were compared directly with 
known standards. 
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BURNS AND GILGAN 

C H O P P E D  Y E W  N E E D L E S  A N D  T W I G S ,  

2 kg  F R E S H  W E I G H T  

E X T R A C T I O N  - H 2 0  

1 .  8 I. 18 h 
2. 8 1. 4 h 

F I L T R A T I O N  
1 .CHEESE C L O T H  
2 C E L I T E  545 

7 0 %  i P r O H  1 0 0 %  i P r O H  

+ N o O H  

i E X A N E  E X T R A C T I O N  

H E X A N E  S O L U B L E S  

1 P r 0 h  H 2 0  ( 2  2 1 )  

C H C I 3  - l P r O H  R E S I D U E ,  1 0  g 

A L U M I N A  DRY C O L U M N  

1 

B A N D S  1 2 3 4 5 [ O R I G I N )  

E L U T E D  W I T H  C t i C I 3  E t O H  ( 1  1 )  
R E S I D U E  1 3 g 

P O R A S I L  6 0 ,  C ~ C I ~  - E t O H  ( 4 .  1 )  

Y E W  

Y E W  Vo  Y E W  V 
A M O R P H O U S ,  11.6 rng C R Y S T A L S  

M A K I S T E R O N E  A ,  13 4  rng 

FIG. 1. Flow diagram for the isolation of makisterone A and ecdysterone from yew needles and twigs. 

Physical Data Results and Discussion 
Melting points were determined with an air-bath, 

melting point apparatus (Gallenkamp). Mass spectra An outline of the isolation procedure, detailed 
(ms) were determined by electron impact at a beamvoltage in the Experimental, is summarized in the flow 
of 70 eV and direct probe at 240°C with a DuPont/C.E.C., diagram (Fig. 1). The coarseness of the yew twigs 
model 21-110 spectrometer). Nuclear magnetic reso- and needles (chopped rather than ground) per- 
nance (nmr) spectra were determined with a Varian 
HA-100 in pyridine-d, with TMS as an internal reference. mitted ready of the of the debris 
Melting points and spectra were compared with authentic but necessitated the long soaking. Filtration of 
ecdysterone (SchwarzIMann). the liquor through a Celite 545 bed prevented 
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TABLE 1. Retention times of standard and yew ecdysteroids on liquid 
chromatograph columns, Porasil A, Corasil 11, and Bondapak phenyl/Corasil 

Sample 

Ponasterone A 
a-Ecdysone 
Makisterone A 
Ecdysterone 
Yew I 
Yew I1 
Yew I11 
Yew IV 
Yew V 
Yew VI 

Retention time (min) 

Bondapak 
Porasil A Corasil II phenyl/Corasil 

10.33 19.21 
16.00 13.00 
18.19 7.98 
23.92 4.31 

42 10.33 18.91 
5 6 11.23,12.47 13.59 
66 13.89 3.84,7.39,15.96 
74 15.84 4.73 
88 18.20 7.98 

110 23.94 4.31 

clogging of the XAD-2 column. The substitution 
of stainless steel screens for the usual column 
fritted disks greatly simplified and speeded the 
column operation. Removal of the dark brown 
(presumably tannins) color from the liquor by 
the XAD-2 column proved to be a useful moni- 
toring device since these pigments behave simi- 
larly to the ecdysteroids on the column. They 
also largely eluted with the ecdysteroids in 70% 
isopropanol-water but could be conveniently re- 
moved by the alkaline wash during chloroform- 
isopropanol extraction. Back-washing the water 
washes proved to be unnecessary since no ecdy- 
steroid was detected in the washes by tlc. 

The alumina dry column proved valuable since 
it irreversibly adsorbed colored materials diffi- 
cult to remove with Porasil A chromatography 
alone. The dry column technique was limited as 
we found it difficult to obtain clean se~arations. 

Liquid chromatography of the crude ecdy- 
steroids on Porasil A permitted the nearly com- 
plete separation of the major components as 
indicated by normal and reversed-phase analyti- 
cal lc (Table 1). While tlc was routinely used for 
monitoring the separations it was most useful 
for crude samples, which do not resolve well in 
the analytical Ic, and least useful for the purer 
fractions since the tlc R,'s (Table 2) are less 
stable and precise than the Ic retention times 
(Table 1). After separation on Porasil A ecdy- 
steroid fractions were also examined by glc as 
the TMS ethers (Table 3). This showed that yew 
V, which appeared to be pure by the other 
methods, contained a considerable contaminant. 
This fraction was therefore subjected to recycle 
chromatography on Porasil A k i th  a modified 

TABLE 2. Rf's of standard and yew 
ecdysteroids on silica gel F tlc 

plates 

Compound R f 

Ponasterone A 
a-Ecdysone 
Makisterone A 
Ecdysterone 
Yew I 
Yew 11 
Yew 111 
Yew IV 
Yew V 
Yew Va 
Yew VI 

TABLE 3. Retention times of TMS-ethers of 
standard and yew ecdysteroids on an OV- 

101 column 

Sample Retention time (min)" 

Makisterone A 5.23 6.02 
Ecdysterone 2.05 2.25 
Yew V 5.25 6.04 
Yew Va 4.62 5.02 
Yew VI 2.05 2.25 

OEach compound yielded a major and minor TMS- 
ether peak. 

solvent mixture which separated the two com- 
ponents after three passes through the column. 
Examination of the fractions by glc indicated 
they were essentially pure. Yew V and VI were 
subsequently crystallized from methanol-water 
and acetone-hexane, respectively. Yew Va re- 
mained amorphous. The melting points (V, 
mp 263.5-265.5"C (dec.); VI, mp 239-240°C 
(dec.)) were compared directly with that of 
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BURNS AND GILGAN 1133 

authentic ecdysterone (mp 239-240°C (dec.)). 
The melting (decomposition) point of yew V 
agrees with that published for makisterone A 
(111. 

A comparison of the nmr and ms of yew V 
with those published for makisterone A 4 indi- 
cate essential agreement for the methyl chemical 
shifts and mass fragmentation. The nmr methyl 
chemical shifts of yew V (1.23, 1.09, 1.57, 
1.3211.29, 1.05) were like those of ecdysterone 
(1.19, 1.07, 1.57, 1.35 (6H) for CIS,  C19, C,,, 
c26 ,27)  with the one extra peak at 1.05 ppm 
like the C,, methyl of makisterone A 4 (1 1). The 
characteristic ms peaks corresponded to the ex- 
tensive dehydration (allowing no parent peak at 
Mle 494) and the side chain cleavages expected 
for makisterone A (Mle 363, P - 131 (6.3%) of 
base peak at Mle 43; 345, P - 131 - 18 (14%) 
and 301, P - 175 - 18 (11%) respectively for 
cleavages at C,,-C,, and GI,-C,, with de- 
hydration) with the expected side chain frag- 
ments (cleavage at :  C,,-C,,, M/e 131 (25%); 
C,,-C,, -H,O, M/e 113 (42%) and C,,,-C2, 
-2H,O, Mle 95 (43%)) as interpreted by Imai 
et al. (1 1). The nmr of yew Va indicated that this 
compound was closely related to yew V. The ms 
shows strong peaks at M/e 145, 127, and 109 
which are 14 units heavier than the correspond- 
ing ones for yew V. These could be accounted for 
by the addition of an extra CH2-group giving a 
molecular weight of 508 equivalent to maki- 
sterone (lemmasterone, 5) C or D 6 (12). 

The method reported above is similar to that 
reported by Schooley et al. (21) derived from the 
reverse phase separation work of Hori (15). The 
high water solubility (for a steroid) of the ecdy- 
steroids allows the bulk of this material to be 
extracted with water and then concentrated on 
XAD-2 while many potential contaminants are 
not extracted or are not adsorbed by the resin. 
Some purification was also achieved by the selec- 
tive nature of the extraction with XAD-2 and 
the subsequent alkali-solvent partition. To en- 
sure complete ecdysteroid recovery, particularly 
since the XAD-2 columns tend to channel and 
the column was heavily loaded, the aqueous yew 
extract was passed through the column a second 
time and the trapped solutes eluted. After solvent 
extraction only a minimum volume of solvent 
had to be evaporated, the readily removed iso- 
propanol and chloroform. The alumina 'dry 
column' was not suitable for ecdysteroid separa- 
tion, however, as despite repeated trials the bands 

could not be sufficiently resolved. After removal 
of the 'resinous' material with the alumina 
column the lc fractionation presented no unusual 
difficulties. The final purification of yew V was 
most readily achieved by recycle chromatography. 
This mode of separation seems either to degrade 
the compound when the solvents are anhydrous 
or else produces pronounced smearing of the 
peaks not obvious from the peak uv absorption 
record because the peak intensities declined 
markedly with each recycle. We found that the 
inclusion of a small percentage of water in the 
solvent largely prevented this decline. 

We have concluded that yew V was makisterone 
A. The crystalline yew V yielded nmr, uv, and 
ms data and a melting point which agree with 
the published data (1 1, 12) for makisterone A. 
In addition yew V shows the same retention 
times as authentic makisterone A in two Ic 
systems (Table 1) and as the TMS ether by glc 
(Table 3). 

The identification of makisterone A as a con- 
stituent of both insects (14) and crustaceans (13) 
has increased its significance to endocrinologists. 
The identification of this compound as a con- 
stituent of the common decorative shrub, Ta.wus 
cuspidata, should make it more readily available 
for research. 
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A. P~ T u ~ ~ o c a .  Can. 9. Chem. 55. 1135 (1977) 
13C nmr spectra of the 16 isomeric gem-dideuterooctadecanoates were measured and second 

and third atom deuterium isotope effects calculated for most of the affected carbons of 12 of the 
isomers. The average value for the second atom effect was -0.20 ppm and for the third atom 
effect was - 0.05 ppm. From these effects and the changes in spectra caused by introduction of 
two deuterons at positions along the fatty acid chain, chemical shifts were determined for all 
carbons of methyl octadecanoate. Spectra of seven dideuterooxooctadecanoates, with both 
deuterons attached to a carbon y to the 0x0 group, were measured, and using isotope effects, 
unambiguous assignn~ents of chemical shift were made. Chemical shifts were thus assigned to 
all carbons in the 16 isomeric oxooctadecanoates and these show the effect of the carbonyl 
group at different positions in the chain. The resu!ts indicate that, in addition to large 
effects on carbons a and @ to the 0x0 group, the -1 to 13 carbons are a!: shielded with displace- 
ments: y -0.46, 6 -0.30, E -0.27, < -0.13,q -0.09, and e -0.06 ppm. The effects of the 0x0 
and ester carbonyls extend over seven methylene groups, but shielding due to ester carbonyl is a 
little smaller. Spectra of 2- to 9-0x0 esters showed that interaction between the two carbonyl 
groups causes relatively greater shielding of carbons situated between the groups. 

A. P. TULLOCH. Can. J. Chem. 55, 1135 (1977). 
On a mesure des spectres rmn du 13C de 16 gem-dideuterooctadecanoates isomeres; les effets 

isotopiques du deuterium pour les deuxieme et troisikme atomes ont pu etre calcules pour la 
plupart des carbones affect& de 12 des isomeres. La valeur moyenne de l'effet du deuxierne 
atome est de -0.20 ppm et celle du troisieme atome est de - 0.05 ppm. A partir de ces effets et 
des changements dans les spectres obtenus par l'introduction de deux atomes de deuterium a des 
positions le long de la chaine d'acides gras, on a determine les deplacements chinliques de tous 
les atomes de carbone de l'octadecanoate de mtthyle. On a mesure les spectres de sept dideutiro- 
oxooctadtcanoates avec deux deuterium attaches a un carbone y par rapport au groupe 0x0 et 
faisant appel aux effets isotopiques, des attributions nonambigues des deplacements chimiques 
ont pu @tre faites. Des deplacements chinliques ont pu Etre attribues a tous les atomes de 
carbone des 16 oxooctadCcanoates isomeres et ces deplacernents chinliques n~ontrent l'effet 
d'un gro~pement carbonyle a diverses positions de la chaine. Les resultats indiquent qu'en plus 
de large: effets sur les carbones r et par rapport au gro~~pement 0x0, les carbones y jusqu'a 8 
sont blind& avec les deplacements decroissants : y - 0.46,6 -0.30, E - 0.27, < - 0.13, q -0.09 
et 8 -0.06 ppm. Les effets des groupements carbonyles 0x0 et ester se font sentir sur sept 
groupes methylenes mais le blindage dil au groupenlent carbonyle de I'ester est un peu plus 
petit. Les spectres des esters 0x0-2 jusqu'a 9 montrent que l'interaction entre les deux groupe- 
ments carbonyles cause des blindages relativement plus grands des carbones situes entre les 
groupes. 

[Traduit par le journal] 

Introduction 
Appl~cation of second and tliird atom deu- 

terium isotope effects to the assignment of 13C 
signals in spectra of long chain inethyl esters was 
reported previously (1). Several esters, w ~ t h  a 
CD, group in the chain near the ternlinal methyl 
group, and 2-0,  hexadecanoate showed second 
atom effects of -0.12 to -0.28 ppm and third 
atom effects of about -0.04 ppm. Also, line 
widths of affected signals were increased ap- 

'NRCC No. 15765. 

proximately threefold due probably to 13C-D 
coupling. Signal broadening facilitated identifica- 
tion of affected signals even when upfield dis- 
placements were relatively small. A preliminary 
application of this method to saturated and un- 
saturated C,, esters resulted in assignment or 
signals due to C-4; C-5, C-6, and C-15 in the 
spectrum of methyl octadecanoate (2) but shifts 
of C-8 to C-14 were not assigned. 

Spectra have now been measured for all 16 
isomers with D2 groups at  positions along the 
chain from positions 2 to 17, so that isotope 
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effects could be determined for a much larger 
number of compounds. The esters examined 
earlier (1) had the CD, group near the ends of the 
molecule and, for this reason, the effects might 
have been unusual. From these spectra, chemical 
shifts have been assigned to all the carbons in 
methyl octadecanoate. 

Preliminary results have indicated the value of 
13C nmr spectra in determining structures of 
oxygenated esters (2). Spectra of seven dideutero- 
oxooctadecanoates have also been used to assign 
chemical shifts in spectra of all 16 isomeric 
oxooctadecanoates. It has thus been possible to 
determine the effect, on the I3C spectrum, of 
introducing an 0x0 group at different positions 
along the fatty acid chain. 

Results and Discussion 
To obtain chemical shifts for all carbons in 

methyl octadecanoate, signals in spectra of D, 
esters were assigned either from upfield displace- 
ment and broadening of an already visible signal 
or by the appearance of spectra after several 
overlapping signals had been removed as a 
result of deuteration. The spectral changes are 
illustrated in Fig. 1. The spectrum of octa- 
decanoate shows 5 signals due to C-4, C-5, C-15, 
C-6, and C-7 and a composite signal due to C-8 
to C-14. In the spectrum of 3-D, octadecanoate 
signals due to C-4 and C-5 are displaced and 
broadened and in the spectrum of 5-D, octa- 
decanoate signals due to C-4, C-6, and C-7 are 
d~splaced. Signals for the D, carbons were not 
seen in these spectra or in those of any of the 
other isomers; signals due to dideuterated car- 
bons are not usually observed (1, 3, 4) probably 
because of excessive signal splitting and in- 
creased relaxation times. 

In the spectrum of 8-D, octadecanoate, sig- 
nals due to C-6, C-7, and C-9 have been dis- 
placed and the signal now assigned to C-14 
appears as a single peak at 6 29.66 ppm. The 
C-14 signal was previously obscured by the C-8, 
C-9, and C-10 signals which have disappeared or 
moved upfield. C-11, C-12, and C-13 all have 
almost the same chemical shift at 6 23.71 ppm. 
The signal due to C-14 can also be seen in spectra 
of 7-D,, 9-D,, and 10-D, esters. In the same way 
signals due to C-8 and C-9 appear in spectra of 
12-D, and 13-D, esters and the C-12 and C-13 
signals in the spectrum of 9-D, ester. C-10 and 
C-11 signals were not clearly observed in any of 
the spectra. 

METHYL 8 -D2 -  1, 
OCTADECANOATE 

METHYL 5-D2-  

, . , - , , , , - 
OCTADECANOATE 1 \ 1 \ 1 \ 1 \ )  \ 

METHYL  3-D2-) 
OCTADECANOATE 

M F T H Y l  

I I I , 
3 0 0  2 9  6 29 2 2 8  8 

P P m  
FIG. 1. 28.8 to 30.0 ppm region o f  13C nmr spectra o f  

methyl octadecanoate and o f  methyl 3-D,, 5-D,, and 
8-D, octadecanoates; spectra obtained with spectral 
width 1 k H z  and horizontally expanded 10 times. 

[L n6 N~ R n4 

Average values of second and third atom 
effects of the CD, group obtained from un- 
obscured and unambiguously assignable signals, 
which are listed in Table 1, were then used to 
confirm assignments made as above. Displace- 
ments of C-3 and C-4 in the 2-D, spectrum, of 
C-2 and of C-2 and C-3 in spectra of 3-D, and 
4-D, esters, respectively, were lower than the 
rest, presumably due to their proximity to the 
ester group, and were excluded from calculation. 
Signals due to ester carbonyl carbon were 
observed in spectra of 2-D, and 3-D, esters, but 
the intensity was reduced, especially in the 2-D, 
spectrum (cf. spectra of D, steroid ketones (3)). 
Isotope effects were not, however, observed for 
the carbonyl carbons; electronegative substi- 
tuents have previously been found to reduce 
isotope effects (1, 5) but the C-2 signal in the 
spectrum of acetone-d, showed an appreciable 
positive (downfield) isotope effect (6). In spectra 
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TABLE I. Deuterium isotope effects in 13C spectra of genl-dideutero- 
octadecanoates" 

Carbons 
CD, position affected Respective isotope effectsb 

2 3,4 -0.14, -0.05 
3 2,495 -0.18, -0.20, -0.06 
4 2,3,5,6 -0.05, -0.15, -0.21, -0.06 
5 3,4,6,7 -0.04, -0.19, -0.20, -0.05 
6 4, 5, 7 -0.04, -0.19, -0.20 
7 5,6 -0.05, -0.20 
8 6 7  -0.05, -0.19 

13 15 -0.06 
14 15,16 -0.21, -0.06 
15 16,17 -0.21, -0.06 
16 15, 17, 18 -0.20, -0.21, -0.06 
17 15, 16, 18 -0.06, -0.20, -0.23 

QOnly clearly measurable effects have been 
bupfield displacements are negative. 

of amino acids with a-ND, groups and COOD 
carboxyl, the carbonyl carbon showed an upfield 
displacement of about 0.3 ppm (7). 

The 14 second atom effects in Table 1 had an 
average value of -0.20 ppm and the 12 third 
atom effects an average value of -0.05 p p n ~ .  
Thus the C-8 signal appears at  higher field in 
spectra of 7-D, and 9-D, and its approximate 
value in octadecanoate can be calculated by 
addition of 0.2 ppm. Similarly C-9 appears in the 
spectrum of 8-D, (see Fig. 1) and (partly 
obscured) in the spectrum of 10-D,, C-10 in 
spectra of 9-D, and 11-D,, C-11 in spectra of 
10-D, (partly obscured) and 12-D,, C-12 in 
spectra of 11-D, and 13-D, (both partly ob- 
scured by other signals), C-13 in spectra of 
12-D, and 14-D2 and C-14 in spectra of 13-D, 
and 15-D, esters. 

Further evidence that the C-11, C-12, and 
C-13 signals are together at the lowest field part 
of the large composite peak (see Fig. 1) was 
obtained from spectra of 1 I-D,, 12-ID,, and 
13-D, esters in which this low field portion was 
displaced to higher field. The change in the 
spectrum of 11-D, also confirms that C-14 is at 
higher field than C-11 to C-13. The spectrum of 
15-D,, in which the lower field portion of the 
con~posite peak is unchanged, also indicates the 
relatively high field position of the C-14 signal. 

In this way signals in the D, isomers were 
assigned and hence chemical shifts of the seven 
overlapping signals in the spectrum of octa- 
decanoate were calculated giving the results 
listed in Table 2. Shifts of C-7 to C-14 were not 
previously measured but those of C-4 to C-6 and 

tabulated 

of C-15 are in agreement wlth prevlous assign- 
ments (1, 2, 8). The shift of C-14 at 6 29.66 ppm, 
at  higher field than the shifts of C-11 to C-13 at 
6 29.71 ppm is of interest since the E effect due to 
methyl substitution, which appears not to have 
been previously estimated, can be calculated. 
The shifts of C-ll to C-18 of octadecanoate 
(Table 2) show that the effects of methyl sub- 
stitution are as follows: a effect + 8.61, P effect 
+9.23, y effect -2.56,6 effect +0.30 and E effect 
- 0.05 ppm. Since shifts of C-I2 and C-11 are the 
same as that of C-13, and ( and 11 effects are zero. 
T h e a  to 6 effects are similar to those of Batchelor 
et al. (8). 

The effects of the ester group were also calcu- 
lated by comparison with a C,, alkane (cf. ref. 8): 
C-1 +159.85, C-2 + 11.39, C-3 -6.95, C-4 
-0.20, C-5 -0.45, C-6 -0.20, C-7 -0.12, C-8 
- 0.07 and C-9 - 0.04. Effects for carbons 4 to 7 
are larger than those observed before (8) and 
those for C-8 and C-9 were not measured before. 
Thus, the ester group has a small sh~elding effect 
on the more distant carbons, detectable as far as 
C-9, and only C-1 1 to C-13 are completely un- 
affected by the ends of the chain. 

Spectra of Oxooctadecanoates 
There have been only a few previous investiga- 

tions of the effect of a carbonyl group on spectra 
of alkanes (9). Chemical shifts were reported for 
some C, to C,, ketones (10); comparison of 
shifts of RCOR' with RH showed the usual 
appreciable deshielding of the a carbon and 
downfield displacement of about l ppm of 
signals of the other carbons (except the y carbon) 
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up to those separated from the carbonyl by 5 
nethylene groups. However, the measurements 
were not accurale enough to decide if rhe smaller 
deshielding eRects were real (9). 

Spectra of all 16 oxoesters, 2-0x0 to 17-0x0, 
were measured. Signals due to carbons y. and fi to 
the 0x0 group could be clearly recognized in the 
spectrum but in many cases could not be un- 
ambiguously assigned to a particular cn or 
carbon. Also signals of y, 5, E, etc., carbons 
could not be easily assigned in spectra of esters 
ahere the oxo group was near the centre of the 
chain. 

Spectra of specifically dideuterated oxo esters, 
10-I9,-7-0~0, 5-D2-8-oxo, I l-D2-8-oxo, 8-ID2-1 l-  
3x0, 14-D2-1 I-0x0, 9-ID2- 02-0x0, and 15-D,-13- 
3x0 octadecanoates, were then examined. In each 
ester the CD2 group is y to the 0x0 group so that 
second and third atom isotope affects make pos- 
sible assignment of signals of the two pairs of 
carbons a and to the CD, group. Isotope 
effects were measured for signals of all affected 
carbons except for those af C-6 and C-7 of 
3-D2-11-0x0 and C-7 and C-3 of 9-D2-12-0x0 
which were obscured by sigrrals of other carbons. 
Averages were calculated separately (from six 
values in each case) for isotope effects on carbons 
between the CD2 and CO groups and on carbons 
ihe other side of the CD, group. In each case the 
average second atom effect was -3.20 and the 
average third atom effect was -3.05. Again 
affected signals were broadened approximately 
threefold. Thus, the isotope effects are the same 
as In the D, octadecanoates and are apparently 
not affected by the 0x0 group in contrast to the 
affect of the ester group on isotope displacement 
in tile 2-D,, 3-D,, and 4-D2 esters. 

Using the effects, all signals in spectra of 7-, 
3-, 1 I-, 12- and 13-0x0 esters were assigned 
cxcept for those of C-4 to C-10 In 13-0x0 ester. 
Signals of carbons near  he ends of the molecule 
could also be unambiguously assigned when the 
3x0 group gas at positions 2- to 5- and 14- to 17-. 
Average values for the effect of the 0x0 group on 
y to 8 carbons (comparing 0x0 ester to octa- 
decanoate) were calculated from chemical shlfts 
af carbons in the above esters. Chen~ical shifts 
could then be assigned to all carbons in all the 
0x0 esters giving the results in Table 3. Effects of 
the oxygen on the oxygenated carbon and on car- 
bons on the methyl ester side of the group are 
listed in Table 4 and effects on x to 8 carbons an 
the terminal methyl side are In Table 5. 
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TULLOCH 1139 

EfSecrs on Carbo~zyl Carbon 
Stothers and Lauterbur (11) examined car- 

bony1 shifts in a, a, and y 0x0 esters and ob- 
served shielding of both CO carbons particu- 
larly those in 2-0x0 ester. The results in Table 4 
for 2-, 3-, and 4-0x0 esters are quite sinlilar to 
these; however, neither CO group reaches a 
constant shift until 9-0x0 ester (in which the 
ester carbonyl s1:ift is almost the same as that for 
unsubstituted octadecanoate). I t  therefore ap- 
pears that there is a small, and diminishing, but 
definite shieidicg effect of one CO group on the 
other which extends across 7 methylene groups. 
Thus. comparing 4-0x0 with 9-oxo ester, the 
shifts of ester and ketonic carbonyl carbons of 
the former are upfield of those of the latter by 0.9 
and 2.5 ppm, respectively. 

Effects orz a arid F Crrrhor7s 
These effects, which are considerably larger 

than those on more distant carbons, are con- 
veniently considered separately. Unambiguous 
assignments obtained from spectra of D2 oxc 
esters showed that those carbons which have 
signals at higher field in octadecanoate are also a1 
higher field in the oxo esters. Thus in the spec- 
trum of 13-0x0 ester the signal due to C-14 is a: 
higher field than the signal to C-12 by 0.04 ppm, 
in agreement with the shifts of C- 14 and C- 12 in 
the spectrum of octadecanoate (see Tables 2 
and 3). 

If the effect of the CO group were exactly 
additive then the differences between chemical 
shifts of the pairs ofcc carbons, and the pairs of j3 
carbons, in the 0x0 esters should be the same as 
the differences between the corresponding pairs 
of shifts in the octadecanoate spectrum. Table 6 
shows how these differences vary wit11 position o l  
the 0x0 group. 

When the oxo group is a t  positions lo-, 1 1 - ,  
12-, or 13-, close to the center of the chain, 
agreement between observed and calculated 
values is good. This is presumably because car- 
bons .x or p to these positions are littie affected by 
the ester g r o u ~ :  as was shown above, the in- 
fluence of this grouF extends a> far as C-9 but is 
quite small for C-,S and C-9. When the oxc 
group replaces o m  of the last four methylene 
groups diKerences between observed and calcu- 
lated values appear, particulariy when the ter- 
minal methy: is an  a or P group suggesting that 
the oxo group aKects a melhyi group more than a 
methylene group. 
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TABLE 4. Effect o f  oxygen atom on 13C chemical shifts o f  carbonyl carbon and on carbons on the methyl ester side of  
the CO group in spectra o f  methyl oxoo~tadecanoates~~~ 

Affected carbons 
Ox0 

Position o f  CO group carbon (X [3 Y 6 E c 'l 0 

2 f159 .91  -12.55 
3 f177.33 f14.85 -6.32 
4 $179.49 1-12.05 -6.30 -0.98 
5 f180.58 f12.23 -6.00 -1.02 -0.79 
6 f180.87 f 1 2 . 9 2  -5.91 -0.49 -0.27 -0.47 
7 +181.04 f12.89 -5.91 -0.50 -0.31 -0.30 -0.39 
8 f181.27 +12.95 -5.86 -0.43 -0.29 -0.25 -0.16 -0.19 
9 f181.36 +13.02 -5.82 -0.40 -0.25 -0.23 -0.09 -0.07 

10 +181.35 +13.04 -5.81 -0.41 -0.27 -0.21 -0.09 -0.06 -0.03 
11 f181 .32  f 1 3 . 0 3  -5.84 -0.43 -0.29 -0.24 -0.12 -0.09 -0.07 
12 f181.20 +13.03 -5.84 -0.49 -0.34 -0.29 -0.15 -0.12 -0.07 
13 +181.32 +12.99 -5.86 -0.50 -0.32 -0.29 -0.14 -0.10 -0.04 
14 +181.38 +13.01 -5.85 -0.48 -0.32 -0.28 -0.15 -0.10 -0.09 
15 +181.59 f 1 3 . 0 8  -5.89 -0.49 -0.34 -0.28 -0.15 -0.12 -0.07 
16 +179.39 +12.98 -5.73 -0.46 -0 .31 -0.27 ? ? ? 
17 +185.84 +11.82 -5.48 -0.49 -0.34 -0.30 -0.15 -0.08 -0.07 

Average valuesc -0.46 -0.30 -0.27 -0.13 -0.09 -0.06 

'In ppm calculated by comparison with methyl octadecanoalc. Unitalicized figures were obtained from unambiguous assignments and were 
used to make the assignments which gave the italicized values. 

bEffects on the OCH, carbon were: 2-0x0, 7-1.39; 3-0x0, i 0.81; 40x0, +0.28. 
'Average of unambiguous assignments only but excluding effects on the ester carbonyl carbon. 

TABLE 5. Effect o f  0x0 group on I3C chemical shift o f  carbons on the terminal methyl side o f  the 0x0 group in spectra 
o f  methyl oxooctadecanoates" 

Position o f  CO~group c1 S Y 6 E 5 'l 0 

2 f 1 4 . 4 0  -6.14 -0.29 -0.16 -0.13 -0.08 ? ? 
3 f 1 3 . 8 2  -5.77 -0.44 -0.26 -0.24 -0 .11 ? ? 
4 f 1 3 . 5 2  -5.60 -0.38 -0.27 -0.23 ? ? ? 
5 f 1 3 . 3 7  -5.74 -0.39 -0.30 -0.24 ? ? ? 
6 f13 .23  -5.75 -0.42 -0.32 -0.26 ? ? ? 
7 +13.14 -5.83 -0.46 -0.34 -0.29 -0.14 -0.09 -0.08 
8 f13.05 -5.81 -0.47 -0.33 -0.27 -0.13 -0.10 -0.06 
9 +13.10 -5.82 -0.50 -0 .31 -0.26 -0.11 -0.08 -0.07 

10 f 1 3 . 0 7  -5.80 -0.44 -0.31 -0.25 -0.12 -0.07 -0.03 
11 $13.04 -5.83 -0.45 -0.32 -0.28 -0.12 -0.06 - 
12 +13.03 -5.82 -0.45 -0.34 -0.23 -0.10 - - 

13 f 1 3 . 0 0  -5.83 -0.49 -0.27 -0.23 - - - 
14 +13.05 -5.95 -0.35 -0.29 - - - 

15 f12.68 -5.42 -0.36 - - - - 
16 f 1 3 . 0 6  -6.26 - - - - - - 
17 +15.66 - - - - - - 

Average valuesb -0.47 -0.32 -0.26 -0.12 -0.08 -0.06 

'In ppm calculated by comparison with methy: octadecanoate. Unitalicized figures were obtained from unambiguous assignments and were 
used to make the assignments which gave the italicized values. 

hAverage calculated from values for 7-, 8-, 11-, 12-, and 13-0x0 esters. 

There is an increasing divergence between + 13.02 on the ester side and + 13.10 on the 
observed and calculated values when the 0x0 methyl side, but for 50x0 ester the corre- 
group is at positions 9- to 4-; Tables 4 and 5 sponding values are + 12.23 and + 13.37. 
show that this is mainly because a and P carbons Apparently interaction between the two GO 
on the ester side of the GO group are at higher groups results in a relative shielding of carbons 
field than corresponding carbons on the terminal between the groups and the shielding increases 
methyl side. The a displacement for 9-0x0 ester is with decrease in separation of the groups. It 
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TULLOCH 1141 

TABLE 6. Observed and calculated differences between 13C chemical shifts of pairs of a carbons and 
pairs of B carbons in spectra of methyl oxooctadecanoatesu 

Differences in a carbons Differences in [3 carbons 
-- 

Position of 0x0 group Observed Calculated Observed Calculated 

2 122.08 149.03 - - 

3 5.95 4.92 143.89 144.74 
4 5.76 4.29 3.93 4.63 
5 1.43 0.29 4.88 4.52 
6 0.64 0.33 0.64 0.48 
7 0.44 0.19 0.49 0.41 
8 0.18 0.08 0.28 0.23 
9 0.12 0.04 0.12 0.12 

10 0.07 0.04 0.08 0.07 
1 I 0.04 0.03 0.05 0.04 
12 - - - 0.02 
13 0.04 0.05 0.32 0.35 
14 0.31 0.35 2.11 2.21 
15 1.86 2.26 6.55 7.02 
16 6.59 6.67 16.11 15.58 
17 14.00 17.84 - - 

"In ppm, calculated values obtained from shifts of corresponding carbons in spectrum of methyl octadecanoate. 

also appears from spectra of 2-0x0 to 6-0x0 
esters that a carbons on the methyl side of the 
0x0 group are shielded to some extent, but, 
except for the P-carbon of 2-0x0 ester, /3 carbons 
are not affected. 

Effects on y to 0 Carbons 
The average values in Tables 4 and 5 were 

calculated from shifts of carbons on both sides of 
the 0x0 group in spectra of 7-, 8-, 11- and 12-0x0 
esters and from shifts of carbons on the methyl 
side only in 13-0x0 ester (these signals were 
assigned using the D, 0x0 esters). Then, from 
assignments made to signals in spectra of other 
0x0 esters (Table 3) effects of the 0x0 group in 
these isomers were calculated and are shown in 
Table 4 and 5 in italics. It is clear that, for most 
positions of the 0x0 group, values are quite 
close to the average. In 2-0x0 ester (Table 5) the 
0x0 group has a smaller than average shielding 
effect on y to E carbons. Table 4 also shows that, 
in the case of 4- to 7-0x0 esters, when the carbon 
under consideration is the ester carbonyl (or C-2 
of 5-0x0 ester), then the effect is appreciably 
larger than average. 

Effects on carbons on both sides of the 0x0 

0 effect. The results in Tables 4 and 5 show that 
the longer range effects of ketonic carbonyl are 
consistently slightly larger than those of ester 
carbonyl. They also show that effects previously 
reported for tridecan-7-one (9, 10) were too large 
and in the wrong direction. Since the average y to 
0 effects given in Tables 4 and 5 were calculated 
from accurately determined and unambiguously 
assigned chemical shifts they differ slightly from 
previously reported values (2). 

It was concluded by Batchelor et al. (12) that 
an electric field effect of the CO,CH, group 
could affect the signals of double bond carbons 
in the spectrum of methyl oleate and it was also 
thought that this effect could explain the long 
range influence of the ester group on saturated 
carbons (8). Whatever the explanation of long 
range effects, it is clear that the carbonyl group 
can affect chemical shifts of carbons separated by 
seven methylene groups. Also the present results 
obtained for the oxooctadecanoates enable the 
effects of the 0x0 group to be related to its posi- 
tion in a long chain molecule and so could be 
used to determine carbonyl position in long 
chain natural products. 

group have almost the same average values. They Experimental 
do not decrease regularly since there is a drop of 

A Varian XL-100-15 spectrometer in the Fourier trans- *'I6 ppm from the y to ' the ' effect is form mode at 25.2 MHz, with proton noise decoupling, 
only a little lower and there is a drop of 0.13 Ppm was used to obtain natural abundance I3C nmr spectra. 
to the [ effect followed by a gradual decline to the All deuterated compounds were examined using a data 
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length of 8192 points, sweep width was 1 kHz and 
acquisition time 4 s (0.25 Hz/point), the 28.8 to  30.0 ppm 
region was also observed after 10-fold horizontal expan- 
sion; chemical shifts so obtained were accuratc to k0.01 
ppm. A data length of only 4096 points was used with 
some of the 0x0 esters and these shifts were accurate to  
+0.03 ppm. To  determine shifts of carbonyl carbons, - 
spectral widths of 5 kHz and acquisition times of 0.8 s 
(1.25 Hz,/point) were used; 2-oxooctadecanoate and 3-D, 
octadecanoate also required pulse delays of 1 s and 2-D, 
octadecanoate required a pulse delay of 3 s. Off-resonance 
proton decoupling was used to assign the signal due to 
C-18 in the spectrum of methyl 17-oxooctadecanoate. All 
spectra were measured as 15% solutions in CDCI, and 
the solvent also provided the internal deuterium lock. 
All chemical shifts are downfield from TMS. The 0x0 
esters were synthesized previously (13) and synthesis of 
the deuterated esters is being reported elsewhere. 
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(1977). 

A 2% cross-linked divinylbenzene-styrene copolymer, incorporating trityl chloride groups, 
( I ) ,  was used in the synthesis o f  insect sex attractants o f  Lepidoptera by two independent 
routes. Polymer 1 reacted with the symmetrical diols l,6-hexanediol, 1,s-octanediol, and 1,10- 
decanediol to  give the monoblocked polymer-bound diols 5-7, respectively. Mesylation o f  
5-7 gave the polymer-bound monomesylates 8-10, which on coupling with I-lithio-1-hexyne 
or 1-lithio-1-butyne gave the polymer-bound alkyne trityl ethers 18-20. Alkynols, obtained 
by hydrolysis from polymers 18-20, were selectively reduced and acetylated to give cis-7- 
dodecen-1-01 acetate (28), cis-9-tetradecen-1-01 acetate (29), and cis-11-tetradecen-1-01 acetate 
(30), the sex attractants o f  Trichoplusia ni (Hiibner), Spodoptera fiugiperda ( J .  E.  Smith), and 
Argj~rofnenia velutiriana (Walker), respectively. Alternatively, polymer-bound 1,7-heptanediol 
(33), polymer-bound 1,9-nonanediol (34), and 7 were oxidized with the Sharpless reagent 
(CrO,Cl,/tert-butyl alcohol/pyridine) to give polymer-bound aldehydes 35-37, which on 
reaction with Wittig reagents and subsequent hydrolysis and acetylation gave 28, 29, and 
10-tetradecen-1-01 acetate (47), the sex attractant o f  Arclzips senz$er.anz~.~ (Walker). A 'reverse' 
Wittig synthesis o f  47 was achieved by the reaction o f  polymer 10 with molten triphenyl- 
phosphine followed by base and treatment with butyraldehyde. Subsequent cleavage and acetyl- 
ation gave 47 in high yield and stereoselectivity containing greater than 91% o f  the cis isomer. 

CLIFFORD C. LEZNOFF, THOMAS M .  FYLES et J .  WEATHERSTOY. Can. J .  Chem. 55, 1143 
(1 977). 

On a utilise un copolymt.re a 2% divinylbenzene-styrhe reticule, et incorporant des groupes 
chlorure de trityle (1) pour la synthese, par deux routes indipendantes, d'attirants sexuels d'in- 
sectes de Lepidoptera. Le polymBe 1 rCagit avec les diols symetriques hexanediol-l,6 octane- 
diol-1,8 et decanediol-1,lO pour conduire respectivement aux diols 5-7 possedant u n  lien covalent 
avec le polymere. La mesylation de 5-7 conduit aux monomCsylates $-PO lies au polymere; par 
couplage avec le lithio-1 hexyne-1 ou le lithio-1 butyne-1 iIs fournissent les tthers tritylts acCty- 
IBniques lies au polymere (18-20). Les alkynols obtenus par hydrolyse des polymeres 18-20 ont 
pu &tre rCduits ~Clectivement et acktyles pour conduire aux acetates des dodCc6n-7 01-1 cis (28), 
tktradecen-9 01-1 cis (29) et tetradken-1 1 01-1 cis (30) qui sont respectivement les attirants sexuels 
des Trichoplusia ni (Hiibner), Spodoptera fiugiperda ( J .  E.  Smith) et Argyrotaenia cehltirzana 
(Walker). D'une maniere alternative, l'heptanediol-1,7 et le nonanediol-1,9 lies au polymkre 
(33 et 34) et 7 ont pu Ctle oxydCs par le reactif de Sharpless (Cr0,Cl2/tert-butanollpyridine) 
pour conduire aux aldehydes lies au polymire 35-37 qui par reaction avec des rtactifs de Wittig 
suivie d'une hydrolyse ainsi qu'une acetylation fournissent 28, 29 et l'acetate du tCtradCcen-I 0 
01-1 cis (47) l'attirant sexuel de 1'Archips semiferan~is (Walker). On  a pu rtussir une synthese de 
Wittig renversee de 47 par la reaction du polymere 10 avec la triphCnylphosphine fondue, suivie 
d'une reaction avec une base et d'un traitement avec le butyraldehyde. Une coupure subs&- 
quente, suivie d'une acttylation, conduit a 47 avec un bon rendenlent et une bonne stereo- 
selectivite et contenant plus que 91% de l'isomere cis. 

[Traduit par le journal] 

Introduction syntheses involve the preparation of biopolymers 

Insoluble polymer supports are widely used by the repetition of a very few well characterized 

in the 'ynthesis of P ~ ~ Y P ~ P ~ ~ ~ ~ ~  and have 'Presented in part at the 59th Canadian Chemical 
been applied to ~o l~nuc leo t ide  (2) and P O ~ Y -  Conference o f  the Chemical Institute o f  Canada, London, 
saccharide (3) syntheses as well. All of these Ont., June 1976. 

3Author to whom correspondence should be addressed. 
'For part VII see ref. 8. "Holder o f  NRCC studentships 1974-1977. 
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chemical transformations. Although the n~mzber 
of reactions required for the synthesis of a typical 
natural product is relatively small, compared 
to the synthesis of a polypeptide, such as 
ribonuciease A (4), the variety of chemical 
reactions is large. Thus one would expect the 
synthesis of a natural product in eight dif- 
ferent steps to be considerably more difficult 
than that of a pentapeptide involving eight 
steps but only two different steps. Syntheses 
of natural products, in general, have not been 
attempted on solid phases despite the inherent 
advantages of this method (1, 2, 5), possibly 
due to the fact that each reaction in the synthetic 
scheme must be carefully examined with respect 
to its compatibility with the heterogeneous 
reaction medium, even though the given reaction 
under investigation was highly successful in 
homogeneous phase. 

Insect sex attractants (6) of Lepidoptera, 
having the general formula shown below, are 
particularly suitable molecules to prepare on 
solid phases. Not only can one exploit the 
'general' advantages of solid phase synthesis 
described by Merrifield (1)  and Letsinger et a/ .  
(5) (simplicity of reactions, ease of work-up 
conditions, adaptability to automation), but 
we and others had previously shown how in- 
soluble polymer supports can be used as mono- 
protecting groups of symmetrical dials (7, 8) 
and diols (refs. 9 and 10 and for recent reviews 
see ref. 1 I), the simple starting materials used in 
the synthesis of insect sex attractants. 

In a preliminary report of this work (12), we 
described the synthesis of insect sex attractants 
on solid phases by an alkyne coupling route. 
In this report we present the details of the solid 
phase alkyne route (12) along with several 
modifications and alternative solid phase syn- 
theses of insect sex attractants based on Wittig 
condensations. 

(3), and 1,lO-decanediol (4) for 48 h in pyridine 
at  room temperature to give monoprotected 
polymer-bound diols 5-7 respectively. It was 
not possible at  this stage to wash out liberated 
HCI and still maintain unreacted residual 
polymer-bound trityl chloride (1) for the 
determination of unreacted 1. The amounts of 
diols 2-4 attached to polymers 5-7 were 
determined by cleavage of 5-7 with dry HCI in 
dioxane, having a titration value of 0.35 M 
HCl (Table 1). 

Lithioalkynes can be readily coupled to alkyl 
halides in tetrahydrofuran - hexamethylphos- 
phoric triamide (THF-HMPT) (14) and hence 
it was desirable to convert 5-7 to polymer- 
bound halides. Treatment of 7 with SOCI, in 
pyridine or dioxane-pyridine, PBr, in pyridine 
or dioxane-pyridine, PPh,Br, in dimethyl- 
formamide (DMF), or even PPh, in CCl, (15) 
resulted in complete or partial cleavage of the 
diol from the polymer and hence these standard 
procedures for conversion of primary alcohols 
to halides had to be abandoned. Mesylation of 
5-7 with methanesulfonyl chloride in pyridine 
for 48 h at room temperature gave the polymer- 
bound symmetrical diol monomesylates 8-10 
respectively. The polymer turns brown at this 
stage and cannot be washed free of all impurities 
and hence sulfur analysis of 8-10, for example, 
would give meaningless results. Acid cleavage 
of 8-10 as before gave 1,6-hexanediol mono- 
mesylate (11), 1,8-octanediol monomesylate (12), 
and 1,lO-decanediol monomesylate (13) in 
yields of -30%, o-chloro-1-alkanols (from dis- 
placement of mesylate by C1- during cleavage) 
in yields of -30Y,, and some recovered diol 
(Table 1). Since one can never be certain of the 
purity of a polymer-bound product we base our 
yields on cleaved products and intermediates 
only.5 It should be mentioned that certain 
losses occur in the work-up of the products so 
that the summation of yields of products and 
recovered starting material usually remains 
less than 100z of the diol initially bound to the 
polymer. We feel that small losses occur due to 

Results and Discussion 
51t may also be true, as a referee suggested, that cleav- 

The Alkyne Route age is incomplete, but we feel that this viewpoint is 
A 2% crosslinked divinylbenzene-styrene unlikely as repetitive cleavages liberate no additional 

copolyn,er, incorporating trityl chloride func- products. In addition, if some diol is uncleavable, then 
some diol would be irretrievably lost only in the first 

gr0ups5 (I) 3)7 was prepared by Our cycle. If additional diol became uncleavable in subsequent 
direct lithiation method (9). Polymer 1 was cycles the capacity of the polymer would diminish with 
treated with 1,6-hexanediol (2), 1,s-octanediol each cycle, which is not the case. 
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TABLE 1. Yields of insect attractants and intermediates prepared on solid phases via the alkyne route 

Diol 
Diol monome- 

initially sylates Recovered Overall Overall 
bound to and w- Quantity diol Overall conversion yield by 
polymers chloro-1- of alkyn- mono- Recovered yield of to solution 

Insect 5-7" alkanolsb 1-01 mesylatec diolc Attractantd attractant attractante methods 
attractant (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmolig) (mmolig) (Y,) (%I (%I 

ODetermined by cleavage of samples of 5-7 kith 0.35 M HCI in dioxane. 
bDetermined by cleavage of samples of 8-10 with 0.35 M HCI in dioxane 
CRecovered from acid cleavage of 18-20. 
dObtained bv the reduction and acetviation of the alkvn-1-01s. 
T ~ l e l d  ~f recbvered dl01 and mesylatd are recycled. 
JFrom ref. 18 based on 6-chlorohexan-1-01, 
"From ref. 35 based on TsO(CH,),CH(OM~)~. 
hFrom ref. 19 based on 8-chlorooctan-1-01, 
'No yields are given in ref. 20. 

cleavage of diol and products from the polymer 
in intermediate steps in the synthesis. The com- 
bined yields of monomesylate and o-chloro-l- 
alkanol represent high conversion of 5-7 to 
8-10 (and hence 11-13) as the recovered diols 
were likely doubly bound to the polymer (9). 
As previously shown (9) it is possible to prepare 
a polymer-bound trityl chloride to which sym- 
metrical diols can be bound exclusively at  
one end only. Acetylation of the free alcohol 
end gives an almost quantitative yield of the 
symmetrical diol monoacetate upon cleavage 
from the polymer. Thus we concluded (9) that 
the acetylation reaction goes to completion. 
The acetylation reaction on polymer 1 used in 
this paper give5 us approximately 60Y, yields 
of symmetrical diol monoacetates as previously 
reported (9). We had suggested (9) that the 
remaining diol was likely doubly-bound since we 
know that the acetylation reaction is nearly 
quantitative. In this paper our combined yields 
of o-chloro-1-alkanols and symmetrical diol 
monomesylates via polymer 1 are close to 60Y, 
and we feel that these results parallel the acetyla- 
tion results previously reported (9) and lead us 
again to the conclusion that the recovered diol 
was due to double binding to the polymer. 
Polymer-bound monomesylate (10) could be 
directly converted to a polymer-bound aliphatic 
bromide (14) or iodide (15) by treatment of 10 
with NaBr or NaI, respectively, in HMPT at 
70°C for 48 h in the dark. Halide analysis of 
polymer-bound aliphatic halides 14 and 15 was 
achieved using potassium tert-butyl alcohol 
under reflux overnight to ensure complete 

liberation of halide. These analyses of polymer- 
bound aliphatic halides are useful in that they 
distinguish aliphatic halides from ionic, benzylic, 
or trityl halides. These conditions are much more 
vigorous than those used in the modified Volhard 
analysis of polymeric benzylic halides (161, 
characteristic of Merrifield's polymer (1) or 
polymer 1. Since some model preliminary experi- 
ments indicated that all attempted reactions on 
polymer-bound lnonomesylate 10 worked as 
well or better than polymer-bound bromide 14 
or iodide 15, all subsequent reactions were done 
exclusively on mesylates, thus eliminating one 
step in the reaction sequence. 

Polymer-bound monomesylates 8 and 9 were 
added to 1-lithio-1-hexyne (16) and 10 to 1- 
lithio-1-butyne (17) in THF-HMPT (1 : 1) at  
- 10°C and allowed to stir overnight at  room 
temperature to give polymer-bound alkynes 
18-20, respectively (Scheme 1). Liberation of 
the alkynes from polymers 18-20 as before gave 
recovered polymer-bound trityl alcohol (21) and 
the acetylenic alcohols, 7-dodecyn-1-01 (221, 9- 
tetradecyn-1-01 (23), and 1 1-tetradecyn-1-01 
(24), respectively. Crude 22-24 contaminated 
with some unreacted 2-4 and 11-13, were 
purified at this stage by preparative t l ~ . ~  
Hydrogenation of 22-24 with Pd-CaCO, treated 
with quinoline (17) gave 7-dodecen-1-01 (25), 
9-tetradecen-l -ol (26), and I 1-tetradecen-1-01 
(27). Acetylation of 25-27 afforded (Table 1) 

'Since the only major products recovered at  this stage 
were the single desired product and recovered diol, 
these compounds could presumably be separated by 
distillation if the reactions were done on a larger scale. 
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7-dodecen-1-01 acetate (1 8) (28), 9-tetradecen-l- 
01 acetate (19) (29), and 1 1-tetradecen-1-01 
acetate (20) (30), the cis isomers of which are 
the sex attractants of the cabbage looper, 
Tricl~oplusia ni (Hiibner), the fall army worm 
moth, Spodoptern frugiperdu (J. E. Smith), 
and the red-banded leaf roller, Argyrotaenia 
celutinana (Walker), respectively. Attractant 30 
was also prepared from 24 by acetylation, 
followed by hydrogenation, but 30, prepared 
by this reverse sequence of chemical reactions, 
was contaminated by considerable amounts of 
alkyne, alkane, and the trans isomer. 

Vapour phase chromatography (vpc) on a 
10% Silar C column of 29-30 showed significant 
amounts of their trans isomers (Table 2) as 
well as small amounts of unreacted alkyne and 
over-reduced alkane-1-01 acetates. High pressure 
liquid chromatography (hplc), using a p Bonda- 
pak C-18 reverse phase column, has recently 
been used in the separation of cis and trans 
isomers of insect sex attractants (21). Analysis 
by hplc, confirmed the vpc results entirely for 
attractants 28-30, showing that these compounds 
contained significant amounts of the trans 
isomer. It was recognized that catalytic hydro- 
genation of 23 to give 26 was not completely 
stereoselective for the cis isomer (18). 

It is known that reduction of alkynes with 
boranes (22) yields cis-alkenes exclusively and 
this procedure has been applied to the stereo- 
selective synthesis of insect sex attractants (23). 
Hence, treatment7 of 23 and 24 with 9-BBN 
in THF gave 26 and 27, which on acetylation 
gave exclusively the cis isomers of 29 and 30, 
as analyzed by hplc and infrared spectroscopy. 
The mass spectra, taken at an lonlzation po- 
tential of 16 eV, of 28-30 exhibited weak, but 
detectable parent ions and base peaks corre- 
sponding to the loss of acetic acid. 

The Wittig Route 
The synthesis of insect sex attractants by 

Wittig reactions in homogeneous phase has 
been described (25, 26) and we wished to apply 
this mode of synthesis to solid phases. Polymer 
1 reacted with 1,7-heptanediol (3P), 1,9-non- 
anediol(32), and 1,lQ-decanediol(4) as described 

'Preliminary experiments designed to effect the direct 
reduction of polymer-bound alkyne 20 to a polymer- 
bound cis-alkene using the homogeneous reducing 
agents 9-BBN in THF or diisobutylal~~minurn hydride 
(24) (DIBAH) in benzene have so far given inconsistent 
results. 

above to give the monoprotected polymer- 
bound diols 33, 34, and 7, respectively. The 
amounts of diol contained in polymers 33, 
34, and 7 were determined by acid cleavage with 
HC1 in dioxane (Table 3). Due to the acid 
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LEZNOFF ET AL 

TABLE 2. Purity of insect attractants prepared on solid phases via the 
alkyne route as determined by vpc and hplc 

cis Alkyne Alkane 
Alkene Isomer" impurityb impurityc 

Attractant (%) (%) (%) (%) 

nAs a percentage of total alkene. 
bAlkvnc unrcduccd bv catalvtrc or 9-BBN rcductlon 
~ ~ l k i n e  overreducedUto alkane. 
dprepared by catalytic reduction of the alkyn-1-01 and acetylation. 
ePrepared by 9-BBN reduction of the alkyn-1-01. 
fDetermined by hplc only. 
BPrepared by catalytic reduction of an alkyn-1-01 acetate 

sensitive trityl blocking group of the polymer, 
oxidation of 33, 34, and 7 to the corresponding 
aldehydes had to be accomplished under basic 
or neutral conditions. Furthermore, many 
oxidizing agents are used in mixtures that are 
heterogeneous at the beginning of the reaction 
or precipitate chromium salts during the course 
of the oxidation. The heterogeneous nature of 
the oxidizing agent coupled with the insoluble 
polymer substrate would make the oxidations 
unfavourable, if not impossible, and precipitated 
chromium salts would be difficult to separate 
from the polymer under non-acidic conditions. 
In addition, since the products of any reaction 
on the insoluble polymer cannot be purified at  
intermediate stages in the synthesis it is de- 
sirable that each reaction proceed in high yield 
and be free of side products. We found that 
these requirements were met using the Sharpless 
reagent (27) (CrO,Cl,, tert-butyl alcohol, pyri- 
dlne in CH2C1,). Thus oxidation of 33,34, and 7 
with the Sharpless reagent in CH,CI, at  room 
temperature overnight gave the polymer-bound 
aldehydes 35-37 respectively. These polymers 
exhibited strong infrared absorption at  1730 
cm-l indicative of an aliphatic aldehyde. 
Acid hydrolysis of 35-37 gave some 7-hydroxy- 
heptanal (28) (38), 9-hydroxynonanal (28) 
(39), and 10-hydroxydecanal (28) (40), respec- 
t~vely, on purification by preparative tic but 
considerable polymerization of 38-40 had oc- 
curred during the hydrolysis. Due to consider- 
able by-product formation upon cleavage it IS 

difficult to determine yields of 38-40 but we 
can be fairly certain that it cannot be more than 
approximately 6 0 7  of loaded diol since we had 
previously shown that these polymers contain 

-{ - 0 (CH~I .CH=CH(CH~)~,CH~ (1) HCI 
(2) ~ ~ 2 0 '  

about 4 0 7  doubly bound diol (9). The Wittig 
reactions of 35 and 36 using n-pentyltriphenyl- 
phosphonium bromide (41) with n-BuLi in 
THF at room temperature overnight have 
polymer-bound alkenes 42 and 43. Acid hydrol- 
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TABLE 3. Yields of insect attractants prepared on solid phases by the Wittig and 'reverse' Wittig routes 

Diol initially Overall Overall 
bound to Overall conversion yield by 
polymers Recovered yield of to solution 

Insect 33,34, and 7" Alken-1-olb diolb AttractantC attractantd attractant methods 
attractant (mmol/g) (mmollg) (mmollg) (mmol/g) (%I (%) (%I 

#Determined by cleavage of 33, 34, 7, and 48-50 respectively with 0.35 M HCI in dioxane. 
"ecovered on acid cleavage of 42, 43, and 45. 
CObtained by the acetylation of the alken-1-01s. 
"Yield if recovered diol is recycled. 
*From ref. 38 based on CI(CH2)6C02H. 
fFrom ref. 38 based on  CI(CH2),C02H. 
#From ref. 26 based on  oleyl alcohol. 
*No yields are given in ref. 29. 
'From 'reverse' Wittig reactions. 

ysis of 42 and 43 with HC1 in dioxanes gave 
7-dodecen-1-01 (25) and 9-tetradecen-1-01 (26), 
which on acetylation yielded on 7-dodecen-1-01 
acetate (18) (28), and 9-tetradecen-1-01 acetate 
(19) (29) (Scheme 2). Similarly, 37 reacted with 
n-butyltriphenylphosphonium bromide (44) to 
give a polymer-bound alkene (45), which after 
cleavage from the polymer gave 10-tetradecen-l- 
01 (46). Acetylation yielded 10-tetradecen-1-01 
acetate (29) (47), the cis isomer of which is the 
sex attractant of the oak leaf roller, Archips 
semiferanus Walker. It is known that the Wittig 
reaction can afford a predominance of the cis 
isomer and reaction conditions have been 
worked out giving cis products of high stereo- 
selectivity (30). Although we had not concerned 
ourselves with details of achieving high stereo- 
selectivity in these sequences the ratio of cis to 
trarzs isomers was quite high as determined by 
vpc and hplc (Table 4). 

The 'Reverse' Wittig Route 
Since we were successful in synthesizing insect 

sex attractants by condensation of Wittig 
reagents with polymer-bound aldehydes, we 
were interested to see if the Wittig reaction 
would work in the reverse sense, i.e. reaction of 
a polymer-bound Wittig reagent with aliphatic 
aldehydes. Treatment of polymer-bound bro- 
mide 84 or iodide 15, derived from polymer- 
bound 1,lO-decanediol (lo), with triphenyl- 
phosphine in refluxing xylene did not yield a 

'Treatment with AcCl in AcOH can give the attractant 
acetates directly, but the products are difficult to purify 
by this procedure. 

polymer containing ionic halide. It is possible 
that the polymer-bound halides 14 and 15 
are sufficiently sterically constrained that nucleo- 
philic attack by PPh, is very slow under normal 
conditions (31). The concentration of PPh, 
was increased 10-fold to induce salt formation, 
but no reaction occurred. We felt that replacing 
the nucleophilic halide counterion by the 
mesylate anion and increasing the concentration 
of triphenylphosphine to its limit might favour 
salt formation. Thus, treatment of 10 with molten 
triphenylphosphine at 100°C under argon over- 
night gave the desired polymer-bound phos- 
phonium salt (48) as its mesylate. Similarly, 
treatment of 14 and 15, containing 0.22 and 
0.24 mmol halide/&, gave the polymer-bound 
phosphonium salts 49 and 50 containing 0.15 
and 0.18 mmol ionic halidelg, as their bromide 
and iodide, respectively. Polymers 48-50 reacted 
with n-BuLi in dry THF  at room temperature 
overnight to give dark purple polymers, which 
were either washed free of excess reagents under 
dry argon or used directly. The addition of 
butyraldehyde to the polymers suspended in 
THF  discharged the colour after 0.5 h and the 
mixture was stirred for 8 h to give the same 
polymer 45 prepared by the 'normal' Wittig 
route (Scheme 3). As before, acid hydrolysis 
of 45 gave recovered polymer 21 and 46 which 
on acetylation yielded 47 (Table 3). Analysis 
by vpc and hplc of 47 prepared by the 'reverse' 
Wittig route showed 91.2"1,tereoselectivity for 
the cis isomer (Tabie 4). It is somewhat sur- 
prising that the 'reverse' Wittig route should 
be so highly stereoselective especially since 
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LEZNOFF ET AL. 1149 

Molten 
~ + - o ( c H 2 , 1 0 x  - 

(1) n-BuLi 
45 

(11 HCI 47 
(2) C H ~ ( C H ~ ) ~ C H O '  ( 2 )  A c 2 0  ' 

special conditions necessary to promote cis 
stereoselectivity (30) were not followed. We 
thought that at least in the case of 48 the mesylate 
counterion might be the cause of this stereo- 
selectivity and hence we repeated the preparation 
of 47 via the normal Wittig route (Scheme 1) 
but using n-butyltriphenylphosphonium mesylate 
(51) as the Wittig reagent. The stereoselectivities 
of the synthesis of 47 via 51 and 44 were very 
similar (Table 4) and hence the mesylate 
counterion does not appreciably affect the 
stereoselectivity of the Wittig reaction. Used 
polymer 21 recovered from the synthesis of the 
sex attractants by the alkyne, Wittig, or 'reverse' 
Wittig routes can be reconverted to polymer 1 
and recycled with no loss of activity (9).9 It 
appears that the acid cleavage step strips the 
polymers of most impurities acquired during 
the synthetic route and liberates 21 with no 
reduction in capacity. 

Bioassay of 28 
A behavioural bioassay (32) performed on 28, 

the sex attractant of the cabbage looper, pre- 
pared by both the alkyne and Wittig routes 
showed intense response in over 80% of the 
males in the 8-10 day age group. 

Conclusions 

The synthesis of natural products in general 
and insect sex attractants in particular on solid 

90nce used polymer often gives higher yields than 
fresh polymer and we attribute this phenomenon to the 
cleaning of the polymer, from monomer and other 
impurities, during the reaction sequence. 

TABLE 4. The amount of cis and trans 
isomers of insect attractants prepared on 
solid phases by the Wittig and 'reverse' 
Wittig routes as determined by vpc and 

hplc 

Attractant Alkene cis Isomer 
(%I (%I (%I 

OPrepared via 48. 
bprepared via 49. 
CDetermined by hplc only. 
dPrepared via 50. 

phases has been demonstrated by three in- 
dependent routes in yields at least comparable 
with solution phase methods, despite the fact 
that most solution phase methods use compara- 
tively expensive or poorly accessible starting 
materials such as a-chloro-1-alkanols or w- 
chloroalkanoic acids and our solid phase 
method uses inexpensive 1,w-alkanediols (Tables 
1 and 3). Although problems are sometimes 
encountered in the restriction that chemical 
reagents must be soluble and that certain reac- 
tions are sluggish under mild conditions, re- 
agents and reaction conditions can usually be 
found that are compatible with the heterogeneity 
of reactions on solid phases. On the other hand, 
unexpected benefits (now becoming more com- 
mon) sometimes accrue to the researcher at- 
tempting synthesis on solid phases. These 
benefits often include increased stability of 
chemical intermediates attached to solid phases 
and, as shown in this paper, enhanced stereo- 
selectivity in a Wittig reaction. 

Experimental 
A Bausch and Lomb AbbC 3L refractometer was used 

to record the refractive indices. Infrared spectra were 
recorded on a Unicam SPlOOO ir spectrophotometer as 
neat films between NaCl discs unless otherwise specified. 
Nuclear magnetic resonance spectra were recorded on a 
Varian EM360 spectrometer using deuterochloroform as 
solvent and tetraniethylsilane as internal standard. 
Mass spectra were recorded on a Perkin-Elmer-Hitachi 
RMU6E mass spectrometer. Silica gel was used for all 
thin and preparative layer chromatography. Fractions 
were extracted with ether in a Soxhlet extractor. Filtration 
was done under vacuum through sintered glass Buchner 
funnels. Filtration under an  inert atmosphere was done 
as previously described (9). Microanalyses were per- 
formed by G. Gygli of Toronto. 
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Vapoi~r phase chromatograms were run with a Perkin 
Elmer 990 instrument using a 15 ft x Q in, column of 10% 
Silar C on Gaschrom Q(60,'80) at a temperature of 170'C 
and a nitrogen flow rate of 15 mljmin. High pressure 
liquid chromatograms were run with a Waters Associates 
model 440 instrument, with an R-400 refractive index 
detector. A 30 x 0.4 cm reverse phase p Bondapak C-18 
column using 30% water in acetonitrile for C-14 acetates 
or 40% water in acetonitrile for 28 at a flow rate of 
0.8-1.0 nil!min. Spectral and analytical data are given 
for all new compounds and for known compounds where 
data are unreported. 

Preparutiori of Polyn~er-bound Diols 5-7, 33, arid 34 
The above monoprotected polymer-bound diols were 

prepared by a previously described procedure (9). The 
amounts of dio1,'g of polymer were determined by acid 
cleavage (9) and are listed in Tables 1 and 3. 

Preparation of Polyiner-bounci Diol Monoinesylates 8-10 
In a typical procedure 5 g of 7, containing 2.6 mmol of 

4, was suspended in 80 1111 of dry ppridine and 2.5 ml 
(32 mmol) of methanesulfonyl chloride and stirred for 
48 h at room temperature under anhydrous conditions 
(CaCI, drying tube). The polymer was filtered, washed 
with three 40 nil portions of dry pyridine, three 40 ml 
portions of ethanol, five 40 1111 portions of water, two 
20 ml portions of ethanol, two 30 ml portions of dioxane, 
four 30 ml portions of ether, and dried under vacuum 
overnight or by heating in benzene under reflux for 3-4 h 
in a Soxhlet extractor, containing 3A molecular sieves 
in the thimble, giving polymer-bound monomesylate 10: 
ir (KBr) 1180 (broad, w) (0-SO,) and 1360cm-' 
(broad, w) (0-SO,). 

Polymers 8 and 9, prepared in an identical manner, 
exhibited similar infrared spectra. 

Preparation of Diol Monomeg~lafes 11-13 
Acid cleavage of 1.0 g of 10 with 0.35 HC1 in 

dioxane as previously described (9) and purification of 
the filtrate on preparative tlc (eluant ether-benzene, 213) 
afforded, from the slowest moving band, 23 mg of 
recovered 1,lO-decanediol (4), from the fasiest moving 
band, 27 nig of 10-chloro-1-decanol, 1rDZ5 1.4575 (lit. (33), 
1 1 , ~ ~  1.4578), and from the middle band, 35 111g of 1,lO- 
decanediol monomesylate (13); mp 45-46-C; ir (KBr) 
1170 (0-SO,), 1360 (0-SO,) and 3400 cm-' (OH); 
nmr 6 4.1 (t, 2, J = 8 Hz, CH,0S02),  3.6 (m, 3, CH,OH), 
3.0 (s, 3, CH,SO,), and 1.8-1.2 (m, 16). Anal. calcd. 
for C,,H,,O,S: C 52.35, H 9.59, S 12.71; found: C 
52.80, H 9.43, S 12.97. 

Similarly, 8 yielded 28 mg of recovered 2, 10 nig of 
6-chloro-1-hexanol, nDZ5 1.4548 (lit. (33) 1rDZ5 1.4550), 
and 15 nig of 1,6-hexanediol monomesylate (11) as an 
oil; ir 1170 (0-SO,), 1360 (0-SO,), and 3400cm-' 
(OH); nmr 6 4.1 (t, 2, J =  6Hz,  CH,OSO,), 3.6 (m, 3, 
CH,OH), 3.0 (s, 3, CH,SO,), and 1.8-1.2 (m, 8). Anal. 
calcd, for C,H160,S : C 42.84, H 8.22, S 16.34; found : C 
42.55, H 8.07, S 16.16. 

Similarly, 9 gave 27 mg of recovered 3, 17 mg of 8- 
chloro-1-octanol, nDZ5 1.4558 (lit. (33) nD2".4563), and 
24mg of 1,s-octanediol mononiesylate (12) as an oil; 
ir 1170 (0-SO,), 1360 (0-SO,), and 3400 cm-'  (OH); 
nmr 6 4.2 (t, 2, J = 8 Hz, CHZ0S02) ,  3.6(m, 3, CH,OH), 
3.0 (s, 3, CH,SO,), and 1.8-1.2 (rn, 12). Anal. calcd. 
for C,H,,O,S: C 48.18, H 8.99, S 14.30; found: C 48.46, 
H 9.14, S 13.92. 

Preparation of Polymei-bound Bromide 14 and Iodide 15  
In a typical procedure, 1.0 g of polymer-bound mono- 

mesylate 10, containing 0.28 mniol of 13/g was suspended 
in 50 ml of HMPT, containing 1.5 g (10 mmol) of 
sodium iodide, and stirred at 7OCC for 48 h In the dark. 
The polymer was filtered, washed as described for 10, 
but omitting the pyridine wash, and dried to give polymer- 
bound iodtde 15. 

Polymer-bound 14 was prepared in a similar manner 
using sodium bromide. Treatment of 0.2 g of polymers 
14 or 15 with 0.5 g of potassium tert-butoxlde in fert- 
butyl alcohol overnight under refiux and then following 
the modified Volhard analysis (16) gave values of 0.26 
mmol halide/g of 14 and 0.24 mmol/g of 15. 

Prepararion of Polynrer-bo~md Alkyrzes 18-20 
To a solution of 10 rnniol of 1-lithio-1-butyne (17), 

a re~ared  in 40 ml of THF under argon at - 10-C from 
0 . 8 k l  of 1-butyne in 8 mi THF and 4 ml of 2.5 M n -  
butyllithii~m in 28 ml THF, was added 2.0 g of polymer 
10 containing 0.28 mmol of 131g of 10, and 30 ml HMPT. 
The mixture was stirred overnight at room temperature, 
filtered, washed wit11 four 25 nil portions of THF-water 
(1 : I), two 25 ml portions of ethanol, two 50 ml portions 
of water, two 25 ml portions of ethanol, two 25 ml 
portions of dioxane, and three 25 n ~ l  portions of ether, 
and dried as above to give polymer-bound alkyne 20. 

Polynier-bound alkynes 18 and 19 were prepared in a 
similar manner using I-litho-1-hexyne (16). 

The polymer-hound alkynes 18-20 did not exhibit 
absorptions at 2200 cm-' typical of a C-C stretch in 
infrared spectra. 

Prepnrafion of Alkyn-1-01s 22-24 and Their Acetates 
Treatment of 2.0 g of 20, with acid as described above 

and purification of the filtrate on preparative tlc (eluant 
ether-benzene 35: 65) afforded 23 mg of recovered diol 4 
(R,  0.15), 8 mg of monomesylate 1 3 ( ~ ,  0.25), and 44 mg 
of 11-tetradecyn-1-01 (34) (24) (Rf 0.50) as an oil; ~ 1 , ~ ~  

1.4661; ir 1050 (C-0) and 3400 c ~ ~ i - '  (OH); nmr 6 3.6 
(m, 3, CH,OH), 20 (m, 4, CH2C-C), 18-12 (m, 16), 
and 0.9 (t, 3, J = 7 Hz, CH,). Acetylation of 0.1 g of 
24, with 0.5 ml of acetic anhydride in 5 n ~ l  of pyridine 
under reflux for 15 niin gave 11-tetradecyn-1-01 acetate 
as an oil; 1zDZ5 1.4625; ir 1240 (C-0) and 1740 cm-' 
(ester C=O); nrnr 6 4.0 (t, 2, J = 8 Hz, CH,O), 2.0 
(s, 3, CH,C=O), 2.0 (ni, 4, CH2C=C), 1.8-1.2 (m, 16), 
and 0.9 (t, 3, J = 7.5 Hz, CH,CH,): nls (70 eV) m,'e 
(rel. intensity) 252(4) (M+),  192(6.5) ( M +  - AcOH), 
43(100). Anal. calcd. for CI6H,,OZ: C 76.14, H 11.18; 
found: C 75.98, H 11.25. 

Similarly, 18 yielded 24 mg of 2, 4 n ~ g  of 11, and 
26 mg of 7-dodecyn-1-01 (35) (22) as an oil; nDZ5 1.4641 
(lit. (35) nDZ5 1.4638); ir 1060 (C-0) and 3400 cni-I 
(OH); nmr 6 3.6(m, 3, CIi2OH),2.0(ni,4,  CH,C=C), 
1.8-1.2 (m, 12), and 0.9 (t, 3, J = 5.5 Hz, CH,). Acetyla- 
tion of 22 gave 7-dodecyn-1-01 acetate (35) as an oil: 
nDZ5 1.4496 (lit. (35) nDz5 1.4591); ir 1240 (C-0) and 
1740 cni-' (ester C-0); nmr 6 4.0 (t, 2, J = 8 Hz, 
CH20), 2.0 (s, 3, CH,C=O), 2.0 (rn, 4, CH,C-C), 
1.8-1.1 (m, 12), and 0.9 (t, 3, J = 5 Hz, CH,CH2); ms 
(70 eV) ni.'e (rel. intensity) 224(0.05) (M+), 164(5.2) 
(M+ - AcOH), 43(100). ' 

Similarly, 19 gave 22 mg of 3, 4 mg of 12 and 36 mg 
of 9-tetradecyn-1-01 (23) as an oil; nDZ5 1.4653; ir 1060 
(C-0) and 3400 c n i l  (OH); nnir 6 3.6 (ni, 3, CH,OH), 
2.0 (m, 4, CH,C--C), 1.8-1.2 (m, 16), and 0.9 (t, 3, 
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J = 5.5 Hz, CH,). Anal. calcd. for C14HZ60: C 79.94, chromate, prepared according to Sharpless and Akashi 
H 12.46; found: C 80.01, H 12.55. (27) in 25 ml of nlethylene chloride was transferred by a 

Acetylation of 23 yielded 9-tetradecyn-1-01 acetate as syringe to 2.5 g of polymer 33 in 40 1111 of methylene 
an  oil: nuz5 1.4612; ir 1240 (C-0) and 1740 cm-' chloride. The very dark mixturc was stirred overnight 
(ester C=O); nmr 6 4.1 (t, 2, J - 8 Hz, CHzO), 2.0 at  room temperature, filtered, washed with four 25 ml 
(s, 3, CH, C=O), 2.0 (m, 4, CH2 C=C), 1.8-1.2 ( n ~ ,  16), portions of methylene chloride and twice with 25 nll of 
and 0.9 (t, 3, J = 5.5 Hz, CH,); ms (70 eV) mle (rel. ether, and air dried to give the polymer-bound aldehyde 
intensity) 252(0.025) (M'), 192(0.23) (M' - AcOH), 35; ir (KBr) 1730 cm-' (aldehyde C=O). Polymers 36 
43(100). Anal. calcd. for C1,H2,02: C 76.14, H,  11.18; and 37, prepared in a similar manner, exhibited similar 
found: C 75.85, H 11.18. infrared spectra. 

prep am ti or^ of Insect Sex Attractants 28-30 l'reparation of a-Hydro.uynldehycles 38-40 
In a typical procedure (17), 44 mg (0.21 mol) of 24 Cleavage of 35-37 with HCl in dioxane as before gave 

in 5 ml of ethanol, 15 mg of Pd-CaC03, and 50 ~1 crude products. Preparative tlc (eluant ether-benzene 
quinoline were stirred at  room temperature under 1 atm 2: 3) of the crude nlixtures derived from 35-37 gave small 
of hydrogen until 1 equiv. (12.7 ml) was taken up. The amounts, at an R, value of 0.35, of 6-hydroxyhexanal 
mixture was filtered, taken up in ether, washed with (38), 8-hydroxyoctanal (39), and 10-hydroxydecanal (40), 
water, dilute hydrochloric acid, and water, dried (Mg- identical in properties to those previously described (28). 
SO,), filtered, and evaporated to give cis-1 1-tetradecen-1- Since cleavage of 35-37 resulted in considcrably by- 
01 (27) as an  unpurified oil. Acetylation of 27 in 0.5 n ~ l  product formation the abso l~~ te  loading of aldehyde on 
of acetic anhydride and 5 ml of pyridine gave an oil, the polymer could not be determined, but could obviously 
which on purification by preparative tlc (eluant ether- not be more than the polymer-bound diol, and is likely 
benzene 2:3), yielded 48 mg (0.19 mmol) of pure IS- about 60% of the loaded diol value. 
tetradecen-1-01 acetate (20,36) (30) in high yield (Table 1). 

similarly, hydrogenation and acetylation of 22 gave Poly~ner-bound Trityl Etlzer Alkenes 42, 43, and 45 
7-dodecen-1-01 acetate (18) (28); 1.4476 (lit, (18) To a mixture of 2.5 g (6 mnlol) of 11-pentyltriphenyl- 

nD25 1,4420); ir 960 CH=CH), 1240 (c-01, phosphoniun~ bromide (41) and 2.4 nll of 2.5 M n -  

and 1740 c n l - ~  (ester c=o); nlnr 6 5,3 (m, 2, CH-CH), butyllithium (in hexane) in 60 rill of T H F  under argon 

4.1 (t, 2, J = 8 Hz, CH,O), 2.0 (s, 3, CH,CO), 2.0 was added 2.0 g, containing not more than 0.9 mmol of 
(rn, 4, CH,C=C), 1.8-1.2 (m, 121, alld 0.9 (t, 3, J = aldehyde, (60% of loaded diol) of polymer 35 in 10 rill 
j H=, CH,CH,); ms (16 eV) (rel, intensity) 226(0.3) of THF. The 1nixtui-e was stirred overnight, quenched 
(M+), 166(100) ( M +  - ~ ~ 0 ~ 1 ,  151(1,1), 137(25), with THF-water 1 :  1, filtered, and washed with two 20 ml 

123(27), 109(48). portions of THF, one 20 ml portion of ethanol, four 
Sinlilarly, 23 yieldeil 9-tetradecen-1-ol acetate (19, 26) 20 ml portions of water, two 20 ml portions of ethanol, 

(29) in high yield (Table 1). two 20 ml portions of dioxane, and three 20 ml portions 

,-ompounds 28-30 were analyzed by and hplc of ether, and air dried to give polymer-bound alkene 42, 

to determine the amount of product in the sup- which did not exhibit a carbony1 absorption in its in- 

posedly pure cis cornpounds and the data are recorded in frared spectrum. 

Table 2. Similarly, the Wittig reaction of 41 with 2.0 g of 36, 
containing not more than 1.0 mmol of aldehyde, yielded 

Reduction of Alkyn-1-01s 22 and 23 with PBBN polymer-bound alkene 43. 
In a typical procedure (22, 23), 100 mg (0.48 mmol) Similarly, the Wittig reaction of n-butyltriphenyl- 

of 24 in 2 ml of T H F  was treated with 5 ml of 9-BBN phosphonium bromide (44) with 2.0 g of 37, containing 
(0.5 M, 2.5 mequiv.) and stirred at room temperature not more than 0 6 mmol of aldehyde, (60% of loaded diol) 
under argon for 4 h. Acetic acid (5 ml) was added, the yielded polymer-bound alkene 45. 
solution stirred for 2 h, diluted with ether, washed with 
base, acid, bicarbonate, and saturated sodium chloride, 'f A1kerz-l-ols 257 26$ and 46 

and dried (M~so,) and evaporated to an oil, T~ the Acid hydrolysis of 2.0 g of 42 as before yielded a mix- 

oil in 5  of^^^ was added 2 ml of 30% sodium hydrox- ture, which on preparative tic (eluant ether-benzene 

ide and 2 ml of 40% hydrogen peroxide and the mixture 35 :65) gave 110 lng (0.84 ~nmol) of recovered 31 (R,, 0.1 51, 

stirred until cool. The mixture was extracted as above to and 66 mg (0.36 mnlol) of 7-d0decen-1-01 (38) (25) as an 

give an oi l  which on preparative tic (eluant ether-benzene n ~ 2 5  (lit. (38) 1.4554); ir 960 (w, trans- 
2.3) gave ci.5-11-tetradecen-1-01 (37) (27) as an oil; CH=CH) and 3400cm-' (OH); nnlr 6 5.3 (m, 2, 
n,25 1.4598; ir 3400 C1ll-l (OH); Ilmr 6 5.3 (rn, 2, CH=CH), 3.6 (nl, 3, CHzOH), 2.0 (m, 4, CH,CH=CH), 

CH=CH), 3.6 (rn, 3, CH20H) ,  2.3-2.1 ( n ~ ,  4, CH,CH= 1.7-1.2 (m, 121, and 0.9 (t, 3, J = 5 Hz, CH,CH,). 
CHQ), 1.8-1.2 (m, 16), and 0.9 (t, 3, J = 7.5 Hz, CH3- Similarly, acid hydrolysis of 2.0 g of 43 gave 86 mg 
CH2). Anal. calcd. for C,,H,,O: C 79.18, H 13.29; (0.54 nlmol) of recovered dial 32 and 134 mg (0.64 mol) 
found: C 79.11, H 13.14. of 9-tetradecen-1-01 (38) (26) as an oil: nDZ5 1.4577 (lit. 

Similarly, reduction of 23 gave pure ci,y-26, Alken-l-ols (38) 11u2' 1.4584); ir 960 (w, trans-CH=CH) and 3400 
26 arid 27 were acetylated to pure cis-29 and cis-30, cm-' (OH); nnlr 6 5.25 (m, 2, CH-CHI, 3.6 (m, 3, 
respectively, and analyzed by hplc, showing that 29 CH2OH), 2.0 (m, 4, CHzCH=CH), 1.8-1.2 (m, 16), and 
and 30 contained not less than 98% of the pure cis 0.9 (t, 3, = Hz, CH3CH2). 
isomers. Similarly, acid hydrolysis of 2.0 g of 45 gave 56 mg 

(0.32 mmol) of recovered 4 and 76 mg (0.36 mmol) of 
Preparation of Monoprotected Polj~mer-bo~md Aldehydes 10-tetradecen-1-01 (29) (46) as an  oil ;  nDZ5 1.4589; ir 

33-37 960 (w, trans-CH==CH) and 3400cm-I (OH); nmr 6 
In  a typical procedure, 5 mequiv. of di-tert-butyl 5.25 (m, 2, CH=CH), 3.6 ( n ~ ,  3, CHzOH), 2.0 (m, 4, 
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CH,CH=CH), 1.8-1.2 (m, 16), and 0.9 (t, 3, J = 6.5 Hz, 
CH3CH2). Anal. calcd. for C,,H,,O: C 79.18, H 13.29; 
found: C 79.41, H 13.16. 

Preparation of Attractants 28, 29, arzd 47 by the Wittig 
Route 

Acetylation of 25, 26, and 46 as above yielded at- 
tractants 28 and 29, previously prepared via the alkyne 
route and a different attractant, 10-tetradecen-1-01 
acetate (29) (47) as an oil: nDZ5 1.4492; ir 960 (w, trans- 
CH=CH), 1240 (C-0), and 1740 cm-' (ester C=O); 
nmr 6 5.4(m, 2, CH=CH),4.1 (t, 2, J =  8 H z ,  CH20) ,  
2.0 (m, 4, CH,CH=CH), 1.8-1.2 (m, 16), and 0.9 (1, 3, 
J = 6 Hz, CH,CH,); ms (16 eV) nzle (rel. intensity) 
254(4) (M-), 194(100) (M+ - AcOH). Anal. calcd. 
for C16H3002:  C 75.54, H 11.80; found: C 75.34, H 11.70. 

Analysis of 28, 29, and 47 by vpc and hplc determined 
the purity and isomeric distribution of the products 
(Table 4). 

Preparatiorz of Polymer-bound Phosphonium Salts 48-50 
A mixture of 2.5 g of 10, containing 0.65 mmol of 

mesylate, and 25 g of triphenylphosphine was heated to 
100°C under argon and stirred overnight. The mixture 
was cooled to 80°C and poured into a Soxhlet thimble. 
A Soxhlet extraction for 4 h with ether removed the 
excess triphenylphosphine and gave the polymer-bound 
phosphonium mesylate (48). 

Similarly, treatment of polymer-bound bromide (14) 
and iodide (15) with molten triphenylphosphine yielded 
the polymer-bound phosphonium bromide (49) and 
iodide (SO), respectively. The infrared spectra of 48-50 
were uninformative. Analysis of 49 and 50 for ionic halide 
ion was readily accomplished by treatment of 49 and 50 
with 0.1 M sodium hydroxide in dioxane-water (1: I), 
followed by standard analysis (16), to give 0.26 mmol 
of halide/g of 49 or 50. These analysis conditions are 
specific for ionic halide as liberation of halide from 14 
or 15 required more drastic treatment (see above). ~ . 

Preparation of Polymer-bound Alkene 45 by the 'Reb3erse' 
Wittig Route 

A suspension of 2 g of polymer-bound phosphonium 
mesylate (48) in 50 ml of dry T H F  was treated with 2.5 ml 
(4 mequiv.) of 1.6 M n-butyllithium in hexane and stirred 
overnight at room temperature. The polymer was filtered 
and washed with three 10 ml portions of dry T H F  under 
inert atmosphere conditions (9), to give a dark purple 
polymer. T o  the polymer, resuspended in 50 ml of T H F  
was added 2 ml (22 mmol) of butyraldehyde. The dark 
colour of the polymer was discharged after 0.5 h but the 
mixture was stirred for an additional 7.5 h. The mixture 
was filtered, washed as before for polymer 45, and air 
dried to give polymer-bound alkene 45. 

Similarly, polymer-bound bromide (49) or iodide (SO), 
gave polymer 45. In some experiments, the polymer- 
bound ylides prepared from 48-50 were not filtered and 
washed but used directly in reactions with butyraldehyde, 
giving similar results as before. 

Acid cleavage of 45, prepared from 48-50 gave dif- 
ferent samples of alkene-1-01s 46. Acetylation of the 
different samples of 46 as before gave samples of the sex 
attractant 47, which were analyzed by vpc and hplc 
(Table 4). 
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Some thermodynamic properties of the solutions ofZrC1, and EPfCl, in CsCl melts 
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D. A. ASVESTAS, P. PINT, and S. N. FLENGAS. Can. J. Chem. 55 ,  1154 (1977). 
The binary equilibrium phase diagrams of the systems CsC1-Cs,ZrCI,, CsC1-CsZHfC16, 

and CsCl-KF were established by cryoscopy. A portion of the ternary CsC1-KF-ZrCI4 has 
also been determined. 

Equilibrium vapour pressures of the two pure compounds CszZrCIB and CszHfC16, as well 
as of mixtures of Cs2HfCI6 with CsCI, have been measured. The equilibrium reaction is given as 

where M represents Zr or Hf. 
From the results, activities of CsCl, CszHfC16, and HfC1, were calculated at 825 "C. 
The low escaping tendency of the MCI, vapour from the CsC1-CsZMC16 type melts makes 

these solutions suitable as electrolytes for the recovery of Zr and Hf metal by fused salt 
electrolysis. 

D. A. ASVESTAS, P. PINT et S. N. FLENGAS. Can. J. Chem. 55, 1154 (1977). 
On a etabli par cryoscopie les diagrammes de phase d'equilibre binaire des systbmes CsC1- 

CsZZrC1,, C s C l - C ~ ~ H f c 1 ~  et CsCl-KF. On a aussi determink une portion du diagramme 
ternaire CsCI-KF-ZrCI4. 

On a mesure les pressions de vapeur a l'equilibre des deux composCs purs CsZZrCI6 et 
Cs2HfCl6 de mCme que celles de melanges de CszHfC1, avec CsCI. On peut representer la 
reaction d'equilibre par l'equation 

ou M est &gal a Zr ou Hf. 
A partir des rksultats, on a calculk, a 825 "C, les activites de CsCI, CszHfC16 et HfCI,. 
La faible tendance que presente la vapeur de MC14 a s'echapper de CsC1-CsZMC16 fondu 

rend ces solutions approprites comme tlectrolytes pour la recuperation des metaux Zr et Hf 
par l'electrolyse des sels fondus. 

[Traduit par le journal] 

Introduction 

In previous publications from this laboratory 
(1, 2) the vapour pressures of ZrC1, in equili- 
brium with solutions of ZrC1, and alkali 
chlorides, such as LiCI, NaCI, and KCI, and of 
HfCI, in equilibrium with solutions containing 
HfCI, and LiCl, have been determined by a 
direct experimental technique involving the 
use of a molten tin isoteniscope. 

In the present investigation the technique 
has been applied to the determination of the 
vapour pressures of ZrCi, and of HfCI, in 
equilibrium with solutions of ZrC1, and of 
HfC1, in CsCl. 

In addition, part of the phase diagrams of 
the systems CsC1-ZrCl,, CsC1-HfCI,, CsC1- 
ZrC1,-KF and of the system CsCI-KF have 

'Present address: International Nickel Company, 
Research Laboratories, Sheridan Park, Ontario. 

been determined by cryoscopy. The CsCl- 
ZrC1,-KF system was investigated for the 
purpose of finding the effect of K F  on the 
solubility of Cs,ZrC1, in CsCl bearing melts. 

These systems are of interest as they may be 
considered as potential electrolytes for the 
recovery of Zr and Hf metals by fused salt 
electrolysis (3), as well as for the separation of 
Zr from Hf through the vapour transport 
process established previously in this laboratory 
(4). 

From the results of this study, various thermo- 
dynamic properties of the systems have been 
calculated. 

Experimental 
At specific partial pressures and temperatures, the 

vapours of ZrC14 and HfCI, react with solid CsCl and 
produce the stoichiometric solid complex compounds 
of the general formula Cs2MC16, where M is Zr or Hf, 
respectively. 
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The corresponding reactions may be written as: 

[I]  2CsCl (solid) + MCI, (vapour) + Cs2MC1, (solid) 
at P, T at P, T at P, T 

It  should be noted that these complex compounds 
also exist as congruently melting and appear in the phase 
diagrams of the corresponding MC1,-CsCI binary 
systems. 

The method applied for the preparation of the pure 
stoichiometric compounds was developed in this labora- 
tory earlier (1, 2) and the preparation was conducted in 
the simple apparatus shown in Fig. 1. 

In this process a known amount of CsCl is ground to 
particle size of less then 325 mesh and is reacted with 
either ZrC1, or HfCl, vapours at a pressure of I atm in 
the previously sealed two compartment reaction cell 
shown in Fig. 1. 

The temperature TI in compartment I is adjusted 
to  be the sublimation temperature of ZrC1, or HfCl,, 
respectively, and in this manner the pressure of the 
corresponding MC1, vapour in the entire system is kept 
always at I aim. The amounts of MCl, and CsCl placed 
in compartments I and I1 should be such that the mole 
ratio MC1,ICsCl should be greater than the 112 pre- 
dicted by reaction 1, and the reation then should always 
be able to proceed to completion. 

The temperature T2 in compartment 11 is the reaction 
temperature characteristic of a given system and should 
always be greater than T I .  

For the reaction to be possible thermodynamically 
the equilibrium pressure of MCl, vapour created by the 
thermal decomposition of the compound Cs2MCIG in 
compartment I1 should always be less than the applied 
pressure of the vapour MCl, which is 1 atm. 

It is also important to satisfy kinetic requirements 
and for a given system it is necessary to conduct the 
reaction at temperaturcs as high as possible provided 
that the thermodynamic requirements are not violated. 

However, when T2 is very high in compartment I1 
particle sintering is taking place and the reaction becomes 
slow. Once sintering has taken place it is necessary to 
open the cell in a dry box, grind the partially reacted 
sample, and repeat the reaction until the stoichiometry 
of the product remains unchanged. The optimum condi- 
tions for the preparation of the pure stoichiometric 
compounds Cs2ZrCIG and Cs2HfCIG were established 
after several tests. Thus, for Cs2ZrCls the temperatures 
TI and T, were 331 and 475 'C, respectively, while for 
Cs2HfC1, these were 318 and 475 "C. 

At the end of a reaction, the unreacted MCI4 vapour 
which remains in the free volume of the apparatus in 
both con~partnlents I and I1 is totally condensed in 
compartment I by a stepwise decrease of the temperatures 
in the two compartments. 

Thus, first the reaction temperature T2 in compartment 
I1 is decreased until it becomes slightly higher than TI, 
and then both TI and T2 are decreased stepwise by 
20 "C, until room temperature is attained. In this manner 
all the unreacted MC1, vapour is transferred into com- 
partment I without ever decomposing the complex 
compound Cs2MC16 present in compartment 11. The 
stoichiometry of each compound and its composition is 
determined simply by weighing the amount of material 
in compartment 11, Fig. 1, before and after reaction. 

I 

ZrC14 or  HfC14 I C s C l  R e a c t i o n  
Reservo i r  I S i t e  

FIG. 1. Reaction cell for the preparation of the com- 
pounds Cs2ZrC16 and Cs2HfCIG. The reagents are first 
transferred into their respective compartments and the 
cell is evacuated and sealed under vacuum prior to 
heating. 

When a reaction has reached completion, the excess 
weight indicates the amount of MCI, vapour reacted with 
CsC1, and the corresponding mole ratio of CsCI/MCI4 
should be 211. 

The CsCl used in this work was reaction grade which 
analyzed 99.9% CsCl after fusion and was pretreated with 
anhydrous gaseous HC1 at 800 "C, followed by evacuation 
and sublimation to remove all volatile impurities. The 
KF was of 99% purity reagent grade and was dried under 
vacuum at 750 'C. 

The ZrC1, and HfCI, salts were reactor grade and 
were obtained from the Wah Chung Corporation of 
America, Albany, NY. Those were further purified by 
repeated sublimations in vacuum through a molten tin 
plug, as reported earlier (2). 

Solutions of various compositions were prepared by 
mixing CsCl with the compound Cs2MClG. All handling of 
materials, preparation of samples, and transfers to the 
reaction cells were conducted in a dry box filled with 
argon gas. 

The apparatus for the measurement of the vapour 
pressures of ZrC1, and HfC14 in equilibrium with their 
corresponding solutions in alkali chlorides has been 
described elsewhere (2). In brief, all vapour pressures 
were measured by a static method employing a simple 
isoteniscope with molten tin. 

The apparatus is shown in Fig. 2. It consists essentially 
of a quartz glass cell, A, containing the sample the 
temperature of which is measured by means of a cali- 
brated chromel-alumel thermocouple, C, placed in the 
well at the centre. The cell is connected through a graded 
seal to a Pyrex U-tube, E, filled with molten tin. 

The temperature of the hot box containing the molten 
tin isoteniscope was monitored by two thermocouples 
to insure that the entire isoteniscope was above the 
condensation point of the tetrachlorides. 

Equilibrium pressure measurements were made during 
heating and cooling cycles and the values for each in- 
dividual cycle were in very good agreement at high 
pressures and temperatures. At temperatures below 
600 "C the reproducibility was less satisfactory, as the 
equilibrium pressures obtained during cooling were 
always slightly less than those obtained during heating. 

The apparatus for determining the phase diagrams for 
those systems has also been described elsewhere (1, 2). 
The containers for the mixtures to  be measured were 
heart-shaped quartz cells having the thermocouple well 
at the centre of the charge and were sealed under vacuum. 
Cooling rates were 314 "C to 1 "C per min. 
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/ - 3-wuy stopcock 1 

Sn monometer 

FIG. 2. Apparatus for the measurement of the equilibrium vapour pressures of ZrC14 and HfCI, 
in the CsCl solutions. 

4 6 O . O 0 C  

I I I I I I I I I I I I I I I I I  

0 01 02 0304 0 5 0 6  070809 I 0  
Cs Cl  
M o l e  Fract ion  o f  C s 2 Z r C I 6  + 

FIG. 3.  Phase diagram of the binary system CsC1-Cs,ZrCl,. 

Experimental Results 
Determination of Phase Diagrams 

The part of the phase diagrams representing 
the CsC1-Cs,ZrCl, and the CsC1-Cs2HfC1, 
subsystems are shown respectively in Figs. 3 
and 4. 

The characteristic data for these diagrams are 
given in Table 1. The phase diagram for the 
subsystem CsC1-Cs,ZrCl, is relatively simple, 

- having one eutectic composition at Xc,,,,c,, - 
0.162. 

The liquidus temperature arrests observed 
for melts rich in Cs,ZrCl, were poorly defined 
and in most cases the liquidus at any one com- 
position was repeated four times. The same 
degree of difficulty was not encountered with 
melts rich in CsCl. In most cases the eutectic 
temperature was very well defined except when 
the melt compositions were far removed from the 
eutectic composition. The CsCl solid-solid 

transformation was readily seen on the CsCI- 
rich side of the diagram and is occurring at 
460 "C. No indication of complex compounds 
other than Cs2ZrC1, was evident. 

The phase diagram determined in this work 
disagrees with the only other available measure- 
ments by Morozov arid Sun-In-Chzhu (5) .  In 
the latter the eutectic was found to be at 21.8 
mo1% of Cs,ZrCl, instead of 16.2 mol% re- 
ported in this work. Similarly the melting 
point for pure Cs2ZrC1, was given as 805 "C and 
the eutectic temperature as 572 "C, instead of 
the values of 808.7 and 588.4 "C, respectively, 
reported in the present work. 

The disagreement may be attributed to the 
presence of impurities in the Cs2ZrC1,, probably 
in the form of hydrated zirconium oxychlorides, 
used by those workers. Their method of pre- 
paring Cs,ZrCl, consisted of intimately mixing 
the stoichiometric amounts of ZrCl, and CsCl 
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CsCl  
M o l e  F rac t ion  o f  Cs,HfCI,- 

FIG. 4. Phase diagram of the binary system CsC1-CszHfC16. 

TABLE 1. Characteristics of the phase diagram of the binary systems CsCI- 
CsZZrC1,, CsC1-Cs2HfCl6, and CsCI-KF 

Eutectic T, melting point 
composition T, eutectic of Cs2MC16 

Binary system Xcscl ("c) (=c )  

and the hydrated oxychlorides which are always 
present in 'pure' zirconium tetrachloride would 
be expected to remain in the mixture. 

The phase diagram of the subsystem CsCl- 
Cs2HfC1, is shown in Fig. 4. 

The melting point of pure Cs2HfC16 given in 
Fig. 4 is higher than that reported by Morozov 
and Sun-In-Chzhu (5) by about 5°C. The 
Cs2HfC1, used by those authors was again 
obtained by mixing the stoichiometric amounts 
of HfCl, and CsCl and, hence, could contain 
the aforementioned impurities. 

As in the case of the Cs2ZrC16-CsC1 sub- 
system the Cs2HfC1,-rich side of the phase 
diagram was obtained with more difficulty than 
the CsC1-rich side. The CsCl solid-solid trans- 
formation is seen here at 459 "C. 

The Cs2HfC1,-CsC1 subsystem is character- 
ized by a single eutectic at 591 * 2 "C and at 
16.0 molx Cs2HfC1,. The congruently melting 

compound Cs2HfC1, has a melting point at 
825 "C. 

Neither phase diagram shows evidence of 
solid solubility on either side of the eutectic and 
they resemble the phase diagrams of the other 
alkali-chlorozirconate or alkali-chlorohafnate 
systems investigated previously (1, 2). 

As indicated earlier, the quartz heart-shaped 
cells used for containing these melts were 
sealed under vacuum prior to their use for the 
cryoscopic measurement. Therefore the phase 
diagrams reported herein were obtained under 
the equilibrium pressures of the ZrC1, or HfCl, 
vapours present and not at constant atmospheric 
pressure. 

The phase diagrams of the CsC1-Cs2ZrC1, 
and CsC1-Cs2HfC16 subsystems are part of 
the overall binary systems CsC1-ZrC1, and 
CsC1-HfCI,, in which the Cs2ZrC16 and Cs2- 
HfCI,, respectively, are appearing as con- 
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TABLE 2. Part of the phase diagram for the system KF-CsCl-ZrCI, 

First Second Third 
temperature temperature temperature 

Composition arrest ('C) arrest ('C) arrest (CC) 
- 

Xc.cl = 0.74 
XKF = 0.23 
XZrcl4 = 0.03 
XcScl = 0.86 
XKF = 0.09 
XZrCI4  = 0.05 
Xcscl = 0.75 
XKF = 0.20 
XZrC14 = 0.05 
XcScl = 0.66 
XKF = 0 . 3 0  
Xzrcl4 = 0.04 
XcsCl = 0.76 
XKF = 0 . 1 0  
XZrCL4 = 0.14 
XcsCl = 0.68 
XKF = 0.20 
XZICl4 = 0.12 
XcScl = 0.68 
XKF = 0.20 
xzrc1, = 0.12 
XcsCI = 0.87 
x,, = 0 . 1 0  
XZrcl,  = 0.03 

FIG. 5. Phase diagram of the binary system CsC1-KF. 

gruently melting compounds. Compositions rich 
in ZrC1, or HfCl, at X,,,, > 0.33 could not 
be investigated as the solutions exhibit very 
high decomposition pressures at temperatures 
higher than about 350 "C. 

The binary CsC1-KF system and part of the 
ternary phase diagram for the system CsCI- 
ZrC1,-KF were also investigated and the results 
are given in Figs. 5 and 6, respectively. It is 
seen that the binary system CsCl-KF is of the 
simple eutectic type. Its characteristic temper- 

atures are included in Table 1. Details of the 
characteristic temperatures in the ternary system 
are given in Table 2. The first temperature arrest 
represents the ternary liquidus. It may be seen 
that ZrC1, has a substantial solubility of about 
12-14 mol% in melts containing CsCl and KF 
at temperatures higher than 550 "C. 

Vapour Pressure Measurements 
The vapour pressures of ZrC1, and HfCl, 

in equilibrium with the pure compounds 
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= I  = I - Xcscl 

FIG. 6. Part of the phase diagram of the ternary system CsC1-KF-ZrCI, 

Gs2ZrCI6 and Cs2HfC1,, respectively, have been 
determined and are shown in Fig. 7. The results 
are plotted as log P,,,, cs. 1/T and the lines 
shown on the graphs are calculated by the 
least-squares method while the points are 
experimental. The corresponding equations for 
the various equilibria were calculated and are 
given in Table 3. Reaction 1 in Table 3 defines 
the equilibrium pressure of ZrC1, over pure 
solid Cs2ZrC1, at temperatures higher than the 
eutectic temperature shown in the phase diagram 
given in Fig. 3. 

During an actual pressure measurement, 
the ZrC1, vapour present in the pressure 
measuring apparatus is created by the thermal 
decomposition of Cs,ZrCl,, and it is inevitable 
that some small amount of CsCl shall be present. 
The CsCl thus produced reacts with Cs,ZrCl, 
to form the liquid phase predicted by the phase 
diagram. In this sense, the pressures of ZrC1, 
reported represent the saturated solutions of 
Cs,ZrCl, in CsCl. Reaction 2 in Table 3 
represents the equilibrium over pure molten 
Cs,ZrCl, at temperatures higher than its 
melting point. 

Similar considerations apply to Reactions 3 
and 4 for Cs,HfCl,, given in Table 3. It should 
be noted that the two linear portions of the 
pressure curves for Cs2ZrC1, and Cs,HfCI, in 
Fig. 7 intercept at temperatures which are in 
agreement with the melting points of the com- 
pounds Cs,ZrCl, and Cs2HfC1,, respectively. 

increasing dec reas ing  
\ 

C s  2 Z r C 1 6  tempera tu re  
c s 2  H ~ C I ~ ~ I O O O ~ ~ ~  '\a 

" 9 9 . 9 %  

\ 
D 

FIG. 7. Equilibrium vapour pressures of ZrC1, and 
HfC1, over the pure compounds Cs,ZrC16 and Csz- 
HfCI,, respectively, given as log P (torr) us. 1/T (K). 

The vapour pressures in equilibrium with 
solutions containing Cs,HfCl, and CsCl were 
also investigated and the plots of P,,,,, in torr 
us. T in "C for three compositions on the 
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fin- 

Cs2HfC16-rich side of the eutectic as well as for 
the pure compound, are given in Fig. 8. 

At temperatures T < TE all four compositions 
should yield a common vapour pressure curve. 
The equilibrium then is represented by the 
reaction 
[2] Cs2HfC1, (pure solid) + CsCl (pure solid) 

+ HfCI, (vapour) 

However, at these low temperatures the equili- 
brium pressures of HfCl, are very low and the 
accuracy of the measurement is affected by the 
presence of foreign gases which are absorbed 
by the solid powders used for those experi- 
ments, hence the observed scatter of points. 

At temperatures above the eutectic and up to 
the corresponding melting point of a given 
solution, all compositions are expected to have 
a common vapour pressure curve since the 
equilibria which determine such pressures are 
given by reaction 3 in Table 3. 

As the temperature is increased for a given 
composition the pressure curves are expected 
to branch off at the corresponding liquidus 
temperatures. This behaviour was found to be 
common with all the hexachlorozirconate and 
hexachlorohafnate systems investigated so far 
(1, 2). 

It should be noted that the accuracy of the 
measurements of the vapour pressures over the 
three phase equilibria representing the saturated 
solutions of Cs2HfC1, was rather poor, as seen 
from the scatter of points in Fig. 8. 

This is probably due to the difficulty of 
reaching exact equilibrium in a system which 
changes composition with temperature. How- 
ever, the expected trends were evident. In the 
all liquid range the equilibria are given by 
reactions 4, 5, 6, and 7 in Table 3. 

For temperatures corresponding to the homo- 
geneous liquid range, the measured equilibria 
represent only a liquid and a gas phase, both 
of which have fixed compositions, and the pres- 
sure measurements are extremely reproducible. 
An exception is the composition containing 
62.5 mol% Cs,HfC16, in which some CsCl 
vaporizes in the pressure measuring cell at the 
high temperatures of these measurements. 

The corresponding equations expressing log 
PfIfCI4 U S .  1/T for the compositions investigated 
are also given in Table 3. 

Discussion 
A. Cryoscopic Calculations 

For the dilute solutions of the complex 
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Mole  % Increasing Decreasing ! 
550 r Cs Hf  CI Temperature I 

FIG. 8. Equilibrium vapour pressures of HfCl, over solutions of Cs2HfCI6 with CsCI. 

compounds of the type Cs2MCl, in CsC1, the Although [3] cannot distinguish between these 
depression of the melting point of CsCl is dissociation schemes, it is clearly indicated that 
given by the expression ion-association does not occur in these melts as 

the latter would require a value for V less than 
unity. 

where V represents the number of foreign ions B. Calculation of Activities 

other than those present in the solvent melt. Activities of Cs2HfCl,, CsCl, and HfCl, can 

The derivation of this equation is based on the be 'ombinin& the vapour pressure 

applicability of Temkin's (6) ideal solution con- and phase diagram data. Activities of the com- 

cept to ionic fused salt systems. TF is the melting plex compound Cs2HfC1, in the CsC1-Cs2HfC16 

point of CsCl; AHF is the heat of fusion of melts may be calculated from the present results 

CsCl which is given (7 )  as 4.9 O.l  kcal,mol, following a previously established mathematical 

and Xs,l,,e is the mole fraction of the solute Cs2- treatment (9). Considering the equilibrium 

MCI,. This equation was found applicable to Cs2HfC1, (in solution) ~ t :  2CsCl (in solution) 
the CsC1-rich side of the corresponding phase + HfCl, (vapour) 
diagrams for the systems, CsC1-Cs,ZrCl, and 
CsC1-Cs2HfC16, for V = 1. the equilibrium constant is 

This is seen in Fig. 9, where the theoretical 2 
a ~ s ~ ~ ' P ~ f C 1 4  

liquidus curve calculated from [3] is compared C51 K=-- 
with experimental values for concentrations a ~ s z ~ f ~ 1 6  

up to 12 molz  Cs2MCI,. For V = 1, a number Along any isotherm in the homogeneous 
of dissociation schemes may be considered, liquid region of the phase diagram for the system 
such as : CsC1-Cs2HfC1,, T = constant, d In k = 0, and, 

[4a] CS,MCI, p ~ C S +  + M C ~ , ~ -  [6I 2 d In acscl + d In P H ~ C I ,  = d In ac,,~,cl, 
or For the overall binary system CsC1-HfCl,, the 
[4b] Cs2MCI6 + 2Cst + C1- + MC15- Gibbs-Duhem expression is written as 

[4c] CszMC16 + 2C1- + (MCl,) + 2Cs' L71 X k ~ ~ ,  In a ~ f c l ,  + X k s ~ l  d In acscl = 0 
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- Theoret ica l  L ine  is obtained from eqs. 6 and 8, and is given as, 

Exper imen ta l  Points 

M o l e  P e r c e n t  o f  Cs,MCI ,  

FIG.  9 .  Comparison o f  the theoretical liquidus line 
for V = 1 with the experimental data for the systems 
CsC1-Cs2ZrCi6 and C ~ c l - C ~ ~ H f c 1 6 .  

where primed X's represent the mole fractions 
in the overall system. 

It has been shown in a previous publication 
(8) that at compositions at which X,,,, is less 
than 0.33, the Gibbs-Duhem relationship is 
also applicable to the subsystem CsC1-Cs2HfC1, 
provided that the equation is written as 

where unprilned X's are the new mole fractions 
which define the composition in the subsystem 
CsC1-Cs2HfC1,. Since the subsystem CsCl- 
Cs2HfC1, is created by reacting all the HfCI, 
present with excess CsCl according to 

the relationship between primed and unprimed 
X's is found by a mass balance calculation 
based on the stoichiometry of reaction 9. 

These are: 

which is applicable at T = constant. This ex- 
pression may be integrated graphically for 
solutions at temperatures in the homogeneous 
liquid range. 

for X ~ ~ 2 ~ f ~ 1 6  = and f l ~ s r ~ f ~ 1 6  = 

where Q is a concentration parameter. Then 
P,,,,, is the vapour pressure of HfCI, measured 
over pure molten Cs2HfC1, at the chosen 
temperature. At Xcs2,fcl, = 0, acs2Hfc,6 = 0, and 

T, 

Hence the integral is well defined at one end. 
The standard states of the components CsCl 

and Cs,HfCl, for activities calculated by this 
method are the real states of the components 
at the temperature at which the integration is 
conducted. For the gaseous HfCl,, the standard 
state is the vapour at 1 atm pressure at all 
temperatures. 

Values of PHfc,, at 825, 875, 900, and 925 "C 
were calculated from the log pH,,,, expressions 
shown in Table 3 and are given in Fig. 10 for 
compositions from 99.9 molz  to 62.5 molx of 
Cs2HfC1,. The plot of Q cs. log PHfc14 obtained 
from the pressure data at 825 "C is shown in 
Fig. 11. The area under the curve yields the 
activities of Cs2HfC1, at the corresponding 
compositions. 

At 825.5 "C, which is the melting point of 
Cs2HfC1,, pure CsCl is molten, and solid 
Cs,HfCl, is in equilibrium with liquid. Hence 
the standard states calculated at this isotherm 
should be the pure solid or liquid Cs,HfCI, at 
the melting point and the pure liquid CsCI. 

Activities calculated at 825 "C and at composi- 
tions between 99.9 and 62.5 mo1% Cs2HfC1, are 
given in Fig. 12. 

Activities for Cs2HfC1, may also be cal- 
culated from the phase diagram using the van't 
Hoff relationship in the form; 

The final expression for the activity of Cs,HfC1, 
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.I0 .20 .30 .40 .50 .60 .70 .80 .90 1.00 
Mole Fract ion o f  Cs2HfCI,  - 

FIG. 10. Equilibrium vapour pressures of HfC1, plotted us.  the mole fraction of Cs2HfC16 at the 
temperatures of 825, 875, 900, and 925 *C. The dotted hne for 825 "C represents pressures calculated 
from the equilibrium constant K. 

FIG. 11. Plot of the concentration parameter Q = XC,,,/(1 + X C ~ , ~ ~ ~ , , )  us. In P H P C L ~  (atm). The area 
under the curve allows the calculation of activities for Cs2HfCls. 

where AH, is the heat of fusion of Cs2HfC1,. 
Although this value is not available in the 
literature, it has been assumed (9) that it should 
be similar to the heat of fusion of Cs2ZrC1, 
which has been measured calorimetrically pre- 
viously and is given as 17.53 f 0.58 kcal/mol 
(10). 

The activities for Cs2HfC16 calculated from 
the phase diagram for compositions between 

30 to 100 moly, Cs2ZrC1, are also included in 
Fig. 12. Although these activities are non- 
isothermal, they represent a temperature range of 
about 150°C, and compare well with those 
determined from pressure at 825 "C. 

The activity data for Cs2HfC1, in Fig. 12 
indicate positive deviations from ideality at the 
Cs,HfCl,-rich end, while solutions containing 
less than 50 mo1% Cs,HfCl, behave ideally. 
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TABLE 4. Calculated activities of Cs2HfC16, CsCl, and of HfCI4 at 825 "C 

acscl PHPC14 (torr) aHfc,, x 106 K x  lo3 

0.137 126 13.3 3 .2  
0.180 75 7 .9  3 .4  
0.245 39 4 .1  3 . 6  
0.318 24 2 .5  4 .2  
0.438 8 0 .9  
0.598 3 0 . 3  
0.700 2 0 .2  
0.803 1 
0.910 

*From cryoscopic data. 

FIG. 12. The activities of Cs,HfCI, and of CsCl at 
825 "C. Lower concentration scale refers to the CsCI- 
Cs,HfC16 subsystem while the upper concentration scale 
corresponds to the overall system CsCI-HfCI,. The 
extrapolated activity for CsCl at Xcr2HfC16 = 1 given as 
0.11 represents the activity of CsCl in pure liquid 
CsZHfC16. 

This idea1 behaviour indicates an increased 
stabilization of HfCl, in CsC1-rich solutions, 
and also indicates that Cs2HfC1, dissociates in 
melts containing more than 50 mol% CsCl 
into the species Csf and the HfC162-. 

Approximate activities of CsCl in the CsC1- 
Cs,HfCl, subsystem have also been calculated 
at 825 "C using the Gibbs-Duhem eq. 8, and the 
results of these calculations are given in Fig. 12 
and Table 4. 

Activities of HfCl, in the CsC1-Cs2HfC1, 
binary system have been calculated at 825 "C 
from the well known expression 

where pH,,,, is the vapour pressure in equili- 
brium with a solution of given composition and 
temperature, and P~,,,, is the pressure in 
equilibrium with pure solid HfCI, at the same 
temperature. This is given (7) by 

5197 + 11.71 [I41 log ~;,,,,(torr) = - -- 
T 

This equation is strictly valid only in the tem- 
perature range 476 to 681 K, and extrapolations 
were made when necessary. 

To calculate the activities, the values for 
PHfC,, were selected at the mole fractions 1.0, 
0.9, 0.8, 0.7, and 0.6. The results of these cal- 
culations for compositions in the investigated 
range are given in Table 4 and represent ap- 
proximate values for the a,,,,, because of the 
long extrapolations involved in the calculation 
of P~,,,, at the selected temperatures. 

For these calculations, pressures were used 
instead of fugacities since the HfCl, vapour 
has been found to be monomeric and to obey 
the ideal gas laws at high temperatures (7). 

The activities for HfCI, shown in Table 4 are 
very low and indicate the pronounced chemical 
stability of HfCl, in the CsCl-HfCl, solutions. 
Thus, at 700 "C, a solution containing 29 molZ 
of HfC1, has a decomposition pressure of 17 
torr while pure HfCl, at the same temperature 
is calculated to have an equilibrium pressure of 
2.33 x 10, torr. 

This pronounced chemical stabilization of 
HfCl, in CsCl melts should be attributed to the 
presence of the complex compound Cs,HfCl,. 
Activities of ZrC1, and of Cs2ZrC1, in the 
CsC1-Cs,ZrCl, system have not been cal- 
culated, as the pressures of ZrC1, vapour in 
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equilibrium with solution containing various Considering the effect of the size of the alkali 
amounts of CsCl have not been measured. metal cation on the thermodynamic stability of a 

From the activity values in Fig. 12 and the given A,MCl, type compound, the available 
available equilibrium pressure data, the equili- data for the zirconium colnpounds indicate that 
brium constant K for the reaction their stability increases with increasing size of 

CszHfCls (solid) + 2CsCl (liquid) + HfCl, (vapour) 

has been calculated at 825 "C from the data for 
the four compositions investigated, and the 
values are given in Table 4. It is seen that K 
is almost constant in the concentration range 
studied, and had the average value of 3.6 i 
0.6 

K may be used to calculate the equilibrium 
pressures of HfCl, at  825 "C over solutions 
containing less than 60 mol% of Cs2HfC1,. 
Those pressure values have also been included 
in Fig. 12. 

It is of interest to compare the thermodynamic 
stability for all the alkali and alkaline earth 
chlorozirconate and chlorohafnate systems in- 
vestigated so far in this laboratory. 

Table 5 contains a list of the compounds of 
ZrC1, and HfC1, with various alkali, and alkaline 
earth chlorides. T,,, describes the temperature 
at which the pressure of ZrC1, or HfCI, in 
equilibrium with a given compound reaches 
1 atm. 

If T,,, is taken as a measure of thermal 
stability, then it is apparent that the zirconium 
and hafnium compounds with CsCl are the 
most stable of the series. Comparing the zir- 
conium with the corresponding hafnium com- 
pounds, it is also seen that while Li2ZrC1, is 
less stable than Li2HfC1,, Cs2ZrC16 is more 
stable than Cs2HfC1,. 

TABLE 5.  Thermal stability of hexachlorozirconates and 
hexachlorohafnates, expressed as Td,, "C,  as a function of 
the ionic radius of the complexing alkali or alkaline 

earth metal 

Ionic radius* for alkali 
and alkaline earth metal 

Compound Tdec ('C) cation in A 

SrZrC1, 410 1.13 
BaZrC1, 455 1.35 
Li2ZrC1, 501 
Li2HfC1, 513 0.60 

Na2ZrCl6 634 0.95 
K2ZrCI, 831 1.33 
RbzZrC16 904 1.48 
CszZrClh 1040 
CszHfClC 953 1.69 

*These are the crystal radii of Pauling (11) 

the alkali metal cation. This reflects a stringthen- 
ing in the Zr-C1 bonds, and is the result of 
decreasing attraction between the alkali cations 
and the chloride species in the complex com- 
pound. It is also evident from the data in Table 5 
that the compounds with the divalent alkaline 
earth chlorides are the least stable of the series, 
as expected. 

Conclusions 

From the results it has been established that 
ZrC1, and HfCl, have extended solubility in 
melts containing CsCl or CsCl and KF, and the 
solutions are thermodynamically stable. This 
becomes evident from the low values of the 
equilibrium vapour pressures of ZrC1, and 
HfCl, over such melts. The pure compounds 
Cs2ZrC1, and Cs2HfC1, have been synthesized. 

From the measured vapour pressures of 
HfCI, in equilibrium with CsC1-Cs2HfC1, 
melts at different compositions and temperatures, 
and from the cryoscopic data, the activities of 
Cs2HfC14, CsC1, and H ~ C I ,  were calculated at 
825 "C. 

It has been found for solutions rich in Cs2- 
HfCl, the activity of Cs,HfC1, exhibits positive 
deviations from ideality, while for solutions 
containing less than 50 mol% Cs2HfC1, the 
solutions behave ideally. 

The activities for HfC1, are extremely low, 
indicating the high stability of the melts due to 
the formation of the complex compound Cs,- 
HfCI,. The equilibrium constant K for the de- 
composition of this con~pound has been cal- 
culated to be (3.6 ) 0.6) x at 825 "C. 

A comparison between available data in- 
dicates that the Cs2ZrC16 and Cs2HfCI, com- 
pounds are the most stable of the alkali and 
alkaline earth series. 

The CsC1-Cs2ZrC1,, or CsC1-Cs2HfC1, mix- 
tures with or without KF appear to be suitable 
as electrolytes for the recovery of Zr or Hf 
metals by fused 5alt electrolysis as they rep- 
resent thermodynamically stable solutions of 
the volatile vapours of ZrC1, or BfCl,. In addi- 
tion, the cryoscopic results indicate the ionic 
character of those systems. 
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Nuclear magnetic resonance study of catalyzed intermolecular fluorine exchange in 
the methyltetrafluorosilicate anion' 
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RONALD KIRK MARAT and ALEXANDER F. JANZEN. Can. J. Chem. 55, 1167 (1977). 
The effect of HF,  MeOH, H,O, F - ,  pyridine, Pr,N+MeSiF,-, and temperature on the rate 

of intermolecular fluorine exchange in the methyltetrafluorosilicate anion has been studied by 
the dynamic nuclear magnetic resonance technique. The exchange was found to be catalyzed 
by HF and, to a lesser extent, MeOH and H 2 0 ,  but inhibited by F - ,  pyridine, and Pr,N+- 
MeSiF4-. The results are analyzed in terms of the coordination model of reaction mechanisms. 

ROIVALD KIRK MARAT et ALEXANDER F. JANZEN. Can. J. Chem. 55 ,  1167 (1977). 
On a ttudie, par la technique de la resonance magnetique nucleaire dynamique, l'effet de HF, 

MeOH, H 2 0 ,  F - ,  pyridine, Pr,N7MeSiF4- et de la temperature sur les vitesses d'echange de 
fluor intermoleculaire dans l'anion mCthyltetrafluorosilicate. On a trouve que l'echange est 
catalysi par HF et a un degre moindre par MeOH et H z 0  mais est inhibe par F - ,  la pyridine 
et Pr4N+MeSiF,-. On analyse les rksultats en termes d'un modele de coordination des meca- 
nismes de reaction. 

[Traduit par le journal] 

Introduction 

Ligand exchange processes in phosphorus, 
sulfur, and silicon compounds are rapid in the 
presence of H 2 0 ,  HF,  and base catalysts (1-3) 
and we have described the results in terms of the 
coordination model of reaction mechanisms2 
which emphasizes the coordination changes of 
the elements during a chemical reaction and 
classifies such changes into intermolecular or 
intramolecular (n-center) reactions. 

As a further test of these mechanistic pro- 
posals we have studied catalyzed intermolecular 
fluorine exchange in (n-C,H,),N+CH,SiF,-, 
particularly the effect of HF,  CH,OH, H 2 0 ,  F- ,  
and pyridine on the rate of silicon-fluorine bond 
cleavage in CH,SiF,-. This compound was first 
prepared by Klanberg and Muetterties who 
found that CH,SiF,- underwent both axial- 
equatorial and intermolecular fluorine exchange 
(4). The axial-equatorial exchange is typical of 
trigonal bipyramidal molecules and the structure 
of CH,SiF,-, while not yet determined. is prob- 
ably trigonal bipyraniidal in view of the structure 
of analogous compounds such as (C,H,),SiF,- 
(4), SiF,- ( 5 ) .  and isoelectronic CH,PF, (6). 

'Presented at the 59th Canadian Chemical Conference 
of the Chemical Institute of Canada, London, Ont., June 
6-9, 1976. 

'A. F. Janzen. The coordination model of reaction 
mechanisms; manuscript submitted for publication. 

Rapid axial-equatorial exchange equilibrates the 
four fluorine substituents in CH,SiF,- and 
simplifies the calculation of the methyl resonance 
line shape for the intermolecular exchange pro- 
cess. 

Results 

Calcufation of the Exchange Broadened Spectra 
It was necessary to generate proton magnetic 

resonance line shapes for a group of three equiva- 
lent protons coupled to a group of four equlva- 
lent fluorines undergoing ~ntermolecular ex- 
change. Line shapes were calculated by a matrix 
formulation of the McConnell-Bloch equations, 
similar to that of Reeves and Shaw (7). The 
Bloch equations, although not strictly valid for 
cases of spin-spin coupling, may be used since 
all nuclear spin isochromats are independent 
except for the effects of chemical exchange. 

The F-Si-C-H coupling constant, in the ab- 
sence of intermolecular exchange, is 4.73 k 0.05 
Hz and is independent, within experimental 
error, of temperature and concentration. The 
29Si-C-H coupling constant is 9.3 k 0.2 Hz in 
the slow and fast exchange limits. Chemical 
shifts were found to be constant to within 2 Hz 
over the temperature and concentration range 
studied. Satellite peaks resulting from the 29Si 
compound (relative abundance 4.67x) were in- 
cluded in all line shape calculations. Examples 
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FIG. 1. A comparison of the calculated (right) and ex- 
perimental (left) methyl proton resonance of CH3SiF4- 
undergoing intermolecular fluorine exchange. Sample 
contained (n-C3H7)4N+CH3SiF4- (1.0 M) and CH30H 
(1.0 M) in CH2Cl2 solvent. 

of calculated3 and experimental spectra are 
shown in Fig. 1. 

EfScct of HF, MeOH, H 2 0 ,  Pr,N+MeSiF,-, 
F- ,  Pyridine, and Temperature on the Ex- 
change Rate 

The pre-exchange lifetime (7 )  may be related 
to the kinetics of the exchange reaction by [I], 

where A is the species being observed (Pr,N+- 
MeSiF,-) and B, C, ... are other species involved 
in the exchange reaction but not observed in the 
exchange broadened nmr spectrum; a, b, c, ... are 
the kinetic orders, k is the specific rate constant, 
and f is a statistical factor which relates the mag- 
netic pre-exchange lifetime (T) of A to the chem- 
ical preexchange lifetime (9). f includes a factor 
of & because four fluorines can undergo ex- 
change, and a factor of + because there is a 50% 
probability that after exchange the fluorine may 
have the same spin state. Our calculations in- 
clude the factor of + in the exchange probability 
matrix. 

The effect of any reagent on the fluorine ex- 
change process in MeSiF,- may thus be deter- 
mined by varying the concentration of the re- 
agent and observing its influence on t; a plot of 
In 117 us. In [concentration] then gives the order 

3A detailed description of the line shape calculations 
is found in ref. 8. 

in that reagent. This technique was used in the 
following experiments. 

(i) Effect of HF 
Figure 2 shows a plot of In [HF] us. In l/z at 

three temperatures. The slopes (least square) 
and orders in H F  are 2.5 F 0.2 at + 33"C, 2.9 + 
0.2 at +3"C and, 3.4 + 0.3 at -7"C, thus the 
orders increase at lower temperature. HF pro- 
duced a very rapid rate of exchange and there- 
fore studies were carried out at low H F  concen- 
tration, generally from 10-I to M .  The 
difficulty of working with such small quantities 
of H F  is assumed to be the main reason for the 
large experimental errors in Fig. 2. Reaction of 
H F  with the glass wall of the nmr tube is a minor 
cause for error because samples could be left at 
room temperature for several hours without 
appreciable change in the exchange rate. 

(ii) Effect of Methanol 
Figure 3 shows a plot of In [MeOH] us. In I/T 

at two temperatures. The orders in MeOH are 
1.95 i 0.05 at + 31.5"C and 2.5 + 0.1 at OGC, 
thus the order increases at lower temperature. A 
comparison of H F  (Fig. 2) and MeOH (Fig. 3) 
catalyzed reactions shows that about 10' to lo3 
times as much MeOH as H F  must be used to 
produce comparable rates of exchange. 

(iii) Effect of Water 
The effect of water on the exchange rate was 

I n  [HFI 
FIG. 2.  Plot of In 117 us. In [HF] at three temperatures 

and at 0.66 M : @ +33"C; 0 
+ 3 ~ ;  n -7.c. 
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e l -  7 

FIG. 3.  Plot o f  In l / r  us. In [ C H 3 0 H ]  at two tempera- 
tures and 0.66 IM (n-C3H7)4NiCH3SiF4-. 

briefly studied and found to be similar to that of 
MeOH. A comparison of the rates of HF, 
MeOH, and H,O catalyzed reactions at constant 
temperature and Pr,N+MeSiF,- concentration 
is shown in Table 1. It may be seen that HF, at 
only 5.0 x M, produces a 1/z value of 2300 
s-l, whereas 1.0 M MeOH and H 2 0  produce 1 jz 
values of 800 and 900 s-', respectively. 

(iv) Effect of Pr4N+ MeSiF4- 
Figure 4 shows a plot of In l/z us. In [Pr,- 

N f  MeSiF,-] for H F  and MeOH catalyzed re- 
actions, the latter at two temperatures. It may be 
seen that addition of Pr,NtMeSiF,- inhibits 
exchange and the orders (a - 1 in eq. 1) in this 
reagent are - 1.5 i 0.2 at +31.5"C for H F  
catalyzed exchange, and -0.5 0.2 at - 17°C 
and - 0.2 $. 0.1 at -25°C for MeOH catalyzed 
exchange. Inhibition is more pronounced for the 
H F  than for the MeOH catalyzed reaction. 

TABLE 1 .  Relative rates o f  exchange at + 31.5"C 
and 0.66 M (n-C3H,),N+CH3SiF,- 

Reagent Concentration l/r( * 10%) 

HF 5 . 0 ~  M 2300 
H2O 1.0 M 900 
CHSOH 1.OM 800 

FIG. 4.  Plot o f  In l / r  us. In [(n-C3H,),NtCH3SiF,-] 
for HF and C H 3 0 H  catalyzed exchange reactions: @ 
[HF] = 2.2 x M,  +31S°C; 0 [CH30H]  = 1.0 M ,  
- 17°C; A [CH30H]  = 1.0 M ,  - 25°C. 

(u) Effect of Fluoride Zorz urzd Pyridine 
Figure 5 shows a plot of l /r  as. fluoride ion 

(as Pr,Nf F-) or pyridine for the H F  and MeOH 
catalyzed reactions. Both F-  and pyridine in- 
hibit exchange in the H F  and MeOH catalyzed 
reactions, but the concentrations of Pr,NLF- 
and H F  are approximately lo2 to lo3 times lower 
than concentrations of pyridine and MeOH. The 
most effective inhibition is produced by addition 
of F- to H F  catalyzed reactions, e.g., it may be 
estimated from Fig. 5 that l /r  is reduced by 5097, 
after addition of about 1.3 x M F -  to a 
sample containing 3.95 x M HF. 

(ci) Effect of Te~npernture 
Figure 6 shows a plot of In I/r us. 1/T for H F  

and MeOH catalyzed exchange reactions. The 
temperature dependency of the two systems is 
very similar, but the concentration of H F  is only 
3.3 x M whereas that of MeOH is 1.0 M. 
The high temperature straight line portion of the 
plot (above - -25°C) gives an apparent acti- 
vation energy E, = 12.3 i 0.4 kcal/mol for the 
H F  catalyzed reaction and E, = 10.2 $- 0.3 
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1170 C.4N. J .  CHEM. 

FIG. 5. Inhibition of H F  and CH,OH catalyzed ex- 
change reactions by (n-C3H,),N+F- and pyridine at 
+33"C and 0.66 M (n-C3H7),N+CH3SiF4-: @ 
[CH30H] = 1.65 M F-  inhibition; @ [HF] = 3.95 x 

IW, F -  inhibition; A [HF] = 5.25 x lo-, IM, 
pyridine inhibition; A [CH30H] = 1.0 M, pyridine in- 
hibition. 

kcal/mol for the MeOH catalyzed reaction. At 
lower temperatures (below - - 25"C), the ap- 
parent activation energy is about 2 kcal/mol for 
the H F  catalyzed reaction and about 0.4 kcall 
mol for the MeOH catalyzed reaction. 

(vii) Effect of 2,6-Di-tert-butjlpyridir~e 
A sample containing 0.66 M Pr,NtMeSiF,- 

and 1.0 M MeOH showed no discernible change 
in the exchange rate upon addition of 2,6-di-terf- 
butylpyridine over a concentration range 0 to 
0.52 M. 

(viii) Effect of Hexar~zetl~yldisilazane 
Fluorine exchange in an H F  catalyzed reaction 

was immediately stopped on addition of 
[Me,Si],NH; some Me,SiF was produced and 
identified by nmr. In a separate experiment it was 
shown that [Me,Si],NM reacts very rapidly with 
a dilute solution of I-IF to produce Me,SiF. 
Fluorine exchange in a MeOH catalyzed reaction 
was also slowed down, but at a reduced rate; 
some Me,SiF was formed and it was separated 
on the vacuum line and identified by nmr and 
mass spectrometry. In a separate experiment it 
was shown that [Me,Si],NH reacts very slowly, 
over a period of several days, with MeOH. 

FIG. 6. The effect of temperature on the HF and 
CH,OH catalyzed exchange reactions at 1.0 M (n-C3- 
H7)4N+CH3SiF4-: [HF] = 3.3 x M and 
[CH3OH] = 1.0 M. 

Discussion 

Possible Mechanism of Catalyzed Intermolecular 
Fluorine Exclzange 

The experimental results discussed above, 
particularly the high orders in H F  and MeOH, 
the negative fractional order in Pr,Nf MeSiF,-, 
and the change in order with temperature, sug- 
gest that intermolecular fluorine exchange in 
MeSiF,- is a complex process and a quantita- 
tive kinetic analysis will not be attempted. Never- 
theless, it is possible to offer a qualitative but 
consistent explanation of the experimental re- 
sults. 

In the first place, the results definitely show 
that unimolecular ionization of MeSiF,-, [2], 

or bimolecular fluorine exchange of MeSiF,-, 
l3], cannot be mechanisms of exchange which 

are rapid on the nmr time scale because negli- 
gible exchange occurs unless HF, MeOH, or 
H,O are added. Since MeSiF,- is actually pre- 
pared from MeSiF, and F- ,  it must be con- 
cluded that [2] lies essentially to the left and that 
loss of F- is hindered by a high activation bar- 
rier. 

Secondly, it can be stated quite confidently 
that H F  is responsible for very rapid fluorine 
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MARAT AKD JANZEN 1171 

exchange in MeSiF,- ; Table 1 and Figs. 2 and 3 
demonstrate that much lower concentrations of 
H F  than MeOH or H 2 0  are required to bring 
about comparable rates of exchange, therefore, 
it is reasonable to conclude that MeOH or H 2 0  
reacts with MeSiF,- to generate HF, [4] and 
[5], and H F  then becomes the dominant fluorine 

[41 MeSiF,- + MeOH $ MeSiF,OMe- + H F  

transfer reagent in the exchange reaction. The 
equilibrium of [4] and [5] must lie predominantly 
to the left to explain the decrease of lo2 to lo3 
in the rate of MeOH or H,O catalyzed exchange, 
furthermore, the synthesis of MeSiF,- may be 
carried out in methanol solution without any 
apparent formation of MeSiF,OMe-, and there 
is only a small change in the chemical shift (less 
than 2 Hz) of MeSiF4- as MeOH is added. 

If H F  is responsible for rapid fluorine ex- 
change then any reduction in its equilibrium 
concentration must result in a reduced rate of 
exchange. Thus adding [Me,Si],NH to a MeOH 
or H F  catalyzed reaction removes H F  as 
Me,SiF, [6], while addition of small amounts of 

fluoride, as Pr,N'F-, inhibits exchange (Fig. 5 )  
because H F  is converted to bifluoride. [7]. There 

[71 F- + HF* F-H-F- 

are inany reports in the literature that H F  may 
be complexed as bifluoride and that fluorine ex- 
change is slowed down by this procedure. 

Pyridine may also tie up H F  as C,H,NH'F- 
or, in view of the large amount of pyridine that 
must be added to observe inhibition (Fig. 5), it is 
also possible that inhibition is due to the forma- 
tion of MeSiF,(base)-, [8]. Previous nmr and 

18 1 MeSiF,- + base $ MeSiF4(base)- 

thermochemical studies have shown that bases 
such as NM, and amines may interact strongly 
with SiF,- to give six-coordinate silicon ad- 
ducts (1, 10). That inhibition is not observed 
with bases such as 2,6-di-tert-butylpyridine sug- 
gests that this base is probably too bulky to 
coordinate to MeSiF,- and too weakly basic to 
complex out H F  (1 1). 

In order to account for some of the more com- 
plex features of the exchange process, such as the 
high ordcrs in H F  and MeOH (Figs. 2 and 31, 
negative order in Pr,N+MeSiF,- (Fig. 4), and 

temperature effects (Fig. 6), it is useful to con- 
sider the most likely coordination changes2 of all 
elements taking part in the reactions; these are 
probably4 Si 4 = 5 $6,  H 1 = 2, F 1 $ 2, and 
0 2 + 3. The coordination changes may occur 
via the fluorine exchange mechanism of [9] 
which postulates initial attack of HF, MeOH, or 
H 2 0  on MeSiF, to give a six-coordinate inter- 
mediate (i) i-2, followed by a four-center reaction 
to give i-3. X-H bond cleavage and loss of H F  
then gives i-5. 

H ' - 
F - F i 

Me, 1 +HX Me, Four-center 
[91 ,Si-.F ---A 

F 1 H X  F-H bond 
F F cleavage 

/ H  - 
F I X-H bond F 

/"_ 

I -5 
X = F. OMe. OH 

The high order in H F  could be ascribed to 
(HF), aggregates, or, it may reflect the reaction 
of H F  with Pr,NTMeSiF,- which may shift 
the equilibrium, [lo], to the right. The molecular 

weight of Pr,N+MeSiF,- in CH,Cl, solution 
was found to be 330 i: 20, as determined by 
vapour pressure measurement, i.e. about 8: 
greater than the molecular weight of the ion-pair. 
Previously, Brownstein and Bornais found that 
Bu,N ' PF, - and Bu,N ' AsF,- had apparent 

"That hydrogen and fluorine may form two-coordinate 
intermediates is reasonable in view of the many stable 
compounds of similar coordination number, e . g . ,  FHF-,  
B2Hs, (CO)5CrHCr(C0)5- (12), Et3A1FAIEt3-(13), 
polymeric SbF,, etc. Three-coordinate oxygen is found in 
H 3 0 + ,  R,O+, and dimeric (RO),Al and six-coordinate 
silicon in SF6'-, S i ( a ~ a c ) ~ +  and SiX4.2base. Corriu and 
Leard's study of racemization of chlorosilanes (14) pro- 
vides a good example of coordination changes Si 4 =$ 
5 $ 6.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1172 CAN.  J .  CHE 

molecular weights about 577, greater than the 
formula weight (1 5). 

If H F  is produced in the MeOH catalyzed 
reaction, [4], then the order in MeOH should be 
one-half5 that of the order in HF. This is in rea- 
sonable agreement with experiment since the 
orders in MeOH are 1.95 i 0.05 to 2.5 F 0.1 
(Fig. 3) while the orders in H F  are 2.5 + 0.2 to 
3.4 0.3 (Fig. 2). 

At lower temperature the order in H F  (Fig. 2) 
and MeOH (Fig. 3) increases, perhaps because 
the average number of associated H F  molecules 
in MeSiF4(HF),- increases. Increasing the con- 
centration of Pr4Nf MeSiF,- at  constant HF 
concentration may result in a decreased rate of 
fluorine exchange (Fig. 4) because more H F  is 
tied up as MeSiF4(HF),-. That inhibition by 
Pr4NfMeSiF,- is less pronounced for the 
MeOH than for the H F  catalyzed reaction (Fig. 
4) suggests that the large concentration of MeOH 
might favour the production of MeSiF,- 
(HOMe),-, rather than MeSiF4(HF),-, there- 
fore, the equilibrium concentration of H F  would 
not be reduced as effectively in a MeOH catal- 
yzed reaction. Con~plexes such as SiF,.4MeOH 
have been described previously by Guertin and 
Onyszchuk (16). 

The mechanism of [9], modified to include 
intermediates such as MeSiF,(HF),-, is assumed 
to be responsible for rapid H F  catalyzed ex- 
change and all the results discussed above ap- 
pear to be consistent with this view. The activa- 
tion energy plot (Fig. 6), however, suggests that 
there are two parallel pathways of fluorine ex- 
change, one dominant above - -25"C, with 
apparent activation energy 10.2-12.3 kcal/mol, 
which is assumed to be the HF catalyzed process 
discussed so far, the other, dominant below - 
-25"C, has an apparent activation energy of 
about 0.4 to 2 kcal/mol. Other reactions which 
might also produce fluorine exchange are [ l l ]  
and [12]. Recent studies in our laboratory have 

[ I l l  MeSiF4- + MF + MeSiF, f FHF- 

I121 MeSiF4- + MeSiF*, z+ MeSiF, + MeSiF*,F- 

shown that fluorine exchange, in the absence of 
catalysts, is very rapid in the system MeSiF4-- 
MeSiF, (17), therefore, any reaction which 

51f [HF] = [MeSiF,OMe-] and [MeSiF,-] is con- 
stant in the equilibrium constant expression for [4], then 
[HF] cc K,,1'2[MeOH]11Z. If rate rx [HF]", then rate a; 
Keq1I2 n[MeOH]1/2 ". 

liberates MeSiF,, even in small amounts, may be 
an important pathway of fluorine exchange. 

Comparison with Other Catalyzed Exchange Pro- 
cesses 

Fluorine exchange occurs in an acidified aque- 
ous solution of (NH4),SiF, (18) and SiF,- salts 
can be precipitated from fluorosilicic acid solu- 
tions (19). Presumably, H,O+ and SiF,'- give 
intermediate-6, which may undergo cleavage at 
three-coordinate oxygen and two-coordinate 
hydrogen ( 0  2 + 3, H 1 + 2). Loss of H 2 0  from 
i-6 gives an intermediate which is entirely anal- 
ogous to intermediate-2 in [9]. In the absence 
ofan acid catalyst, H,O and S~F,'- probably give 
intermediate-7, but cleavage of the F-H bond 
in i-7 (F  1 +2 ,  H 1 + 2) does not result in 
fluorine transfer. 

It may appear contradictory that exchange in 
MeSiF4- is inhibited by fluoride or pyridine, 
whereas other reactions of silicon or phosphorus 
compounds are generally catalyzed by bases, 
e.g., hydrolysis and fluorine exchange of Me3SiF 
is catalyzed by diethylamine (3), reaction of al- 
cohols with R,SiH is catalyzed by fluoride or 
alkoxide (20), and decomposition of phospho- 
nium salts is catalyzed by hydroxide (21). How- 
ever, this apparent conflict may be resolved by 
assuming that four-center reactions are accel- 
erated if the central silicon or phosphorus atom 
achieves six c~ord ina t ion .~  In that case, Me,SiF, 
R3SiH, or R,(C,H,CH,)P+ require base cata- 
lysts in order to increase the coordination around 
silicon or phosphorus. The formation of inter- 
mediates such as i-8, i-9, and i-10 may then be 

base 

i -8 

base 

i-9 

followed by rapid four-center reactions and loss 
of H F  from i-8 (Si 4 < 5 + 4, H I + 2, F 
1 + 2, 0 2 $ 3), loss of H, from i-9 (Si 4 + 
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MARAT AND JANZEN 1173 

5 $ 6 ,  H 1 $2, 0 2 3), and loss of toluene 
from i-10 (P 4 e 5 s 6 ,  H 1 $2, 0 1 += 2, C 
4 $ 5). Since MeSiF,- is already five-coordi- 
nate, any attack on silicon by a base such as 
pyridine will merely compete with reagents such 
as water, alcohol, or hydrogen fluoride and in- 
hibit further reaction. 

Experimental 
Materials 

Methyltrifluorosilane (PCR), 10% aqueous (n-C3H7)4- 
NOH (Eastman), 49% aqueous H F  (Fisher), anhydrous 
H F  (Matheson), and hexamethyldisilazane (Aldrich) 
were used without further purification. Methanol was dis- 
tilled from sodium, methylene chloride from PZ05 ,  and 
1,2-dimethoxyethane was poured through a column of 3A 
molecular sieves and distilled from lithium aluminum 
hydride; all were stored over 3A molecular sieves prior to 
use, including acetonitrile. 

Dilute solutions of H F  were prepared by bubbling 
gaseous anhydrous H F  into a 1 : 1 (v/v) mixture of aceto- 
nitrile and methylene chloride, in which H F  was readily 
soluble. These solutions were standardized acidimetrically 
and, when stored a t  O°C, showed no decomposition after 
several weeks. In a separate experiment it was shown that 
addition of acetonitrile had no effect on the exchange 
rate. Dilute solutions of water were made up in a 10% 
(v/v) mixture of acetonitrile and methylene chloride. 

Tetra-n-propylammonium methyltetrafluorosilicate was 
prepared by the method of Klanberg and Muetterties 
(4). Neutralization of (n-C,H7),NOH (75 ml of a 3% 
solution) with 1% aqueous HF was monitored with a glass 
electrode pHmeter to ensure that no excess H F  was intro- 
duced. The white, hygroscopic powder, (n-C3H7I4Nf F -  
(2.7 g) was handled in a dry box at  all times. (i-2-C3H7)*- 
N+CH3SiF4- (40-50% yield) was recrystallized from 
1,2-dimethoxyethane, washed with diethyl ether, and 
identified by its 'H and 19F nmr spectrum (4) and mp 
157-159°C (lit. (4) mp 161-164°C). 

Samples of (n-C3H7),N+CH3SiF4- with 111 values less 
than 2 or 3 s- at + 33°C were sufficiently pure for kinetic 
studies. On a number of occasions, however, only impure 
sampIes were obtained, most likely because of the intro- 
duction of H F  or H,O or perhaps because of the presence 
of CH,SiF3 or methylchlorofluorosilanes (from reaction 
of SbF3 with CH,SiCI,). Chloride contamination of 
(CH3),N+F- has been mentioned previously (4). 

Preparation of Nuclear Magnetic Resonance Samples 
The 5 mm nmr tubes, calibrated to contain exactly 

0.3 or 0.4 ml, were cleaned with CH,CI,, treated with 
hexamethyldisilazane (I), and dried at  220°C for at  least 
24 h. (n-C3H7),N'CH3SiF4- was weighed into the nmr 
tube, catalysts or other reagents were added by means of 
a microlitre syringe, and the total volume adjusted by 
adding CH,CI, up to the calibration mark. The tube was 
capped, inverted several times to ensure thorough mixing, 
and equilibrated for 20 min at  probe temperature. 

During concentration runs the volume of reagent added 
(2-10 p1) was always small compared to the total sample 
volume (300 or 400 HI) and the error of 3% was ignored. 
Volume changes with temperature were also ignored. 
Samples for the determination of activation parameters 

were sealed under vacuum and stored at  - 196'C until 
required. This was necessary to avoid the effects of sam- 
ple aging. 

Instrumental 
All proton magnetic resonance spectra were recorded 

on a Varian HA-100-D spectrometer a t  100 MHz using 
CH,CI2 as the internal lock. Frequencies were measured 
with a Hewlett-Packard 5323-A frequency counter and 
are considered accurate to 10.02 Hz. Spectra were 
recorded at  a sweep rate of 0.1 Hz/s and a sweep width 
of 2 Hz/cm with a minimum amount of filtering. The R.F. 
field strength was 0.025 mG as determined by the method 
of Harris and Worvill (22). Spectra run with a threefold 
increase in field strength showed negligible distortion due 
to saturation effects. Every point in the figures represents 
the average of at least three, sometimes up to seven, scans 
of the nmr spectrum. 

Wilmad 503-ps nmr tubes were chosen for their re- 
producible spinning characteristics and were employed 
for all nmr studies. Temperatures were determined with 
an iron-constantan thermocouple placed at  sample depth 
in a 'dummy' sample of CH,C12. 

Mass spectra were obtained on a Finnigan 1015 
quadrupole mass spectrometer. 

Calculation of Line Shapes 
All calculated spectra were produced with a modified 

version of Dr.  G .  M. Whitesides' computer program 
EXCHYS (23). The con~putations were performed with 
an IBM 370-158 computer and the Fortran-H compiler. 
The digital output was plotted on a Calcomp 750-563 or 
Versatec D1200-A plotter. 

Due to the large number of spectra that had to be com- 
pared and the high symmetry of the spectra, a numerical 
procedure was employed for comparison of the spectra. 
For spectra past the point of coalescence, the half-height 
width of the experimental spectrum was compared with a 
graph of calculated half-height widths as a function of 
117. Graphs of this type were made for a number of dif- 
ferent T2 values. T,  values were estimated from natural 
abundance 13CH,C12 and varied from 0.5 to 1.3 s. For 
slower exchange rates, graphs were prepared of 'valley- 
to-peak' ratios as a function of 1 / t  for a range of T2 
values. Spectra at  intermediate exchange rates were ana- 
lyzed by visual comparison of experimental and calcu- 
lated ~ p e c t r a . ~  The lifetime values determined by this 
method are considered accurate to f 10%. 
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An electron spin resonance and CIDNP study of the structure 
and reactivity of some excited triplet biphenyl ketones 
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HARISH M. VYAS and JEFFREY K. S. WAN. Can. J. Chem. 55, 1175 (1977) 
The correlation of structure and reactivity of some excited triplet biphenyl ketones was ap- 

proached by a combined esr and CIDNP study. The low temperature esr study confirmed the 
assignment of the triplet n,n* as the lowest triplet state in these biphenyl ketones. An analysis 
of the zero-field energies suggests that these n,n* triplets have a structure with both the biphenyl 
and the carbonyl groups being coplanar. Consequently a substantial unpaired spin density may 
result a t  the carbonyl oxygen atom which could lead to abstraction reactions. The CIDNP re- 
sults are consistent with the triplet photoreduction mechanism. The polarization is mainly due 
to the cage products and the polarization magnitude is therefore dependent upon the light in- 
tensity. 

HARISH M. VYAS et JEFFREY K. S. WAN. Can. J.  Chem. 55. 1175 (1977). 
On a examin6 une correlation de structure et de rCactivite de quelques triplets excites de 

biphCnyl cetones a l'aide d'une etude combinCe de rpe et de CIDNP. Des Ctudes de rpe a basse 
temptrature ont confirmCl'attribution de I'etat triplet n,n* comme Ctant I'ttat triplet le plus bas 
de ces biphCnyl cetones. Une analyse des Cnergies a champ zCro suggere que ces Ctats triplets 
n,n* ont une structure dans laquelle les groupes biphinyles et carbonyles sont coplanaires. En 
consequence, une densitC importante de spin non-pair6 peut se retrouver au niveau de l'atome 
d'oxygene du carbonyle ce qui pourrait conduire alors auxrkactions d'enlevement. Les rCsultats 
CINDP sont en accord avec le mkcanisme de la photorCduction triplet. La polarisation est 
principalement due aux produits formCs dans la cage et I'amplitude de la polarisation depend 
donc de I'intensitC lumineuse. 

[Traduit par le journal] 

Introduction 
The structure and reactivity of excited organic 

triplet states in photochemical reactions have re- 
ceived much theoretical and experimental atten- 
tion in the past 15 years. In liquid photochem- 
ical systems the triplet state is normally popu- 
lated via rapid intersystem crossing from the 
lowest excited singlet to the sublevels of the 
triplet state. When more than one triplet state 
are available below the first excited singlet, it is 
not easy to establish which of the triplet states is 
mainly responsible for the observed chemical 
reaction. A classical example is the photochem- 
istry of 4-benzoylbiphenyl. This system has been 
extensively studied (1). Some of the interesting 
features known are that 4-benzoylbiphenyl has 
two excited triplet states below the first excited 
singlet and the lowest triplet is characteristic of 
a n,nw state. Turro and Lee (2) have demon- 
strated that this triplet state can abstract hydro- 
gen atoms from alcohol solvent, although its 
reactivity is much less than that of the corre- 
sponding n,nw triplet reaction of benzophenone. 
Arguments have been put forward (Ib,  3) that 

the low lying n,nw triplet states have some in- 
trinsic chemical property. Direct evidence, how- 
ever, is still lacking. 

Recently we have been concerned with the 
establishment of the role of the triplet state in 
CIDEP (4) and CIDNP (5 )  systems involving 
carbonyl compounds. We wish to extend the ap- 
plication of esr and magnetic polarization studies 
to the correlation of structure and reactivity 
of the 4-benzoylbiphenyl triplet. The triplet esr 
study reveals a systematic and subtle correlation 
between biphenyl and a series of 4-phenyl sub- 
stituted aromatic and alkyi aromatic ketones. 
The meager intrinsic chemical property of these 
ketones may be related to the structures of their 
characteristic n,nw triplets. The high sensitivity 
of CIDNP technique in the present study af- 
forded the direct investigation of the minor chem- 
ical reactions of these n,nw triplets. No experi- 
mental evidence of CIDEP was observed in the 
4-benzoylbiphenyl system and this is consistent 
with our theory (4) since the chemical rate in- 
volving the n,nw triplet is too slow compared to 
its depolarization rate via spin-lattice relaxation. 
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TABLE 1. Experimental zero-field parameters (in cm-') for triplet biphenyl ketones in ethanol 
glass at  77 K 

p-Phenyl 
4-Benzoyl 4-Phenyl y-methyl Benzophenonea 

Parameter Biphenyl biphenyl acetophenone valerophenone (n,n* triplet) 

D 1096b 946 k 7 954f 7 978' - 1596 
E - 36b - 8 7 1 5  -82+6 - 74" + 174 
x 400 402 400 400 
Y 329 228 236 252 
2 - 730 - 630 - 636 - 652 
Z + Y -401 - 402 - 400 - 400 

. . 
"The D and E values for henzophenone n,n* triplet are taken from ref. 19 and are given here for comparison. 
bThe values are taken from ref. 11. 
cThe values are taken from ref. 12. 

Experimental 
Samples of the carbonyl conlpounds were repeatedly 

recrystallized before use. For the triplet esr studies, 
ethanol solutions containing approximately 0.01 144 of the 
carbonyl compound in 3 mm suprasil tubes were degassed 
under vacuum. The samples were irradiated at  77 K 
within the cavity of a Varian E-3 spectrometer. The light 
source was a 1 kW super pressure mercury lamp. The 
triplet spectra were recorded at 9.30 GHz and were cali- 
brated against the known triplet biphenyl spectrum. 
Kinetic measurements of the triplets were made at a con- 
stant field (AM = 2) using a rotating sector and an instru- 
ment computer described previously (6). 

CIDNP studies were carried out using a Bruker HX60 
nmr spectrometer and a modified probe to allow light 
irradiation via a reflecting mirror and lens assembly. The 
light source was the 1 kW mercury lamp. Sample solu- 
tions were degassed before use. Isopropanol used in the 
CIDNP experiments was purified by passing through an 
alumina column. Variation of light intensity in the 
CIDNP experiments was accomplished by using a set -of 
calibrated screen filters. 

Results and Discussion 
1. Triplet Electron Spin Resonance Studies at 

77 K 
Photolysis at  77 K of both 4-phenylaceto- 

phenone and 4-benzoylbiphenyl, respectively, 
gave readily detectable AM = 2 esr signals. Of 
the six possible high field (AM = 1 )  signals only 
four (corresponding to the x and y features) 
were observed. The z features were too weak for 
detection as they are usually the weakest of the 
high field transitions. The approximate values of 
the zero field parameters 1 Dl and lEl can, how- 
ever, be calculated from the observed x and y 
transitions, which have a doublet splitting ap- 
proximately equal to (D - 3E) and (D + 3E) ,  
respectively. These values are given in Table 1. 

The decay kinetics of the triplet 4-phenyl- 
acetophenone and 4-benzoylbiphenyl were found 

to be first-order with a half-life T of 0.23 s for the 
triplet phenylacetophenone and 0.24 s for the 
triplet benzoylbiphenyl. The long half-life values 
together with the observed zero-field parameters 
strongly suggest that the lowest triplet state of 
these two ketones is the n,n* configuration. This 
assignment is consistent with those reported in 
literature (1, 7). However, in the case of 4-ben- 
zoylbiphenyl the n,n* triplet state was assigned 
to the biphenyl moiety exclusively (la), as con- 
cluded from the evidence that the phosphores- 
cence spectrum of 4-benzoylbiphenyl is very 
similar to that of hydroxybiphenyl. An alterna- 
tive assignment to the conjugated system invol- 
ving both the biphenyl and the carbonyl groups 
was rejected by the authors ( l a )  based on the in- 
frared spectroscopic evidence that the carbonyl 
and the biphenyl groups are non-coplanar in the 
ground state molecule (8). Since the geometry of 
the triplet molecule need not be the same as that 
of the ground state, we must argue that the con- 
jugation between the carbonyl and the biphenyl 
moieties in the triplet 4-benzoylbiphenyl cannot 
be excluded by the phosphorescence study alone. 
For example, while the ground state of the mole- 
cule biphenyl is known to be nonplanar (9), 
Wagner (10) has shown that the triplet biphenyl 
is planar. 

Similar triplet esr observations were made in 
the photolysis of p-phenyl-y-methylvalerophe- 
none. Table 1 presents a correlation of the zero- 
field parameters between biphenyl and the three 
biphenyl ketones. The coordinates for the bi- 
phenyl ketones are the same as those in biphenyl 
( 1 1 ) .  Hence D = - +z and E = (y - x)/2. The 
high field lines will then appear in the order 
Hz- < H,- < H,- < H,' < H,' < H Z 1 , h e r e  
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VYAS AND WAX 1177 

the superscripts + and - refer to the higher and 
lower magnetic field. 

The correlation presented in Table 1 reveals a 
few very important points. The zero-field ener- 
gies x and (z + y)  have almost identical values 
for biphenyl and the ketones. Furthermore, the 
experimental observation showed that the posi- 
tions of the high field signals H,- and Hxi ap- 
peared at  nearly the same magnetic field for all 
these con~pounds and that the corresponding 
separations PI,+ - H,- are always equal to 
- 3 (z - x + y). On the other hand, the zero- 
field energies y and z for the ketones are signifi- 
cantly different from the values of biphenyl. 
However, the relative changes in y and z values 
for the ketones are comparable to the corre- 
sponding change in biphenyl. This implies that 
the free spin delocaliza.tion in the xz and the xy 
molecular planes of the biphenyl ketones occurs 
to the same extent, as in biphenyl. Among the 
series of the biphenyl ketones studied, the re- 
sults indicated that the zero-field energies are not 
affected by the group R bonded to the carbonyl. 

In order to understand the significance of the 
correlation between the biphenyl and the bi- 
phenyl ketones listed in Table 1, it is worthwhile 
to consider a similar relationship between the 
zero-field parameters of biphenyl and p-ter- 
phenyl. Here we take the D and E values of the 
biphenyl andp-terphenyl from a theoretical calcu- 
lation by Orloff and Brinen (13) and we work out 
the corresponding energies for x, y, z, and 
(z + x). It should be noted that the theoretical 
values of E were given a positive sign by the 
authors (13) but their coordinate systems were 
the same as used throughout this paper. Despite 
the difference in the sign of the E values, we will 
show that the trend of the zero-field energies will 
give some insight to the structure of the biphenyl 
ketone triplets. The calculated energies for bi- 

TABLE 2. Calculated zero-field param- 
eters (in cm-l)  for the triplet bi- 

phenyl and the triplet p-terphenyl 

Parameter Biphenyl p-Terphenyl 

"These values are taken from the theoretical 
calculations in ref. 13. 

phenyl and p-terphenyl are given in Table 2. I t  
can be seen that the presumed order in which the 
A M  = 1 signals appear should be the same as 
that observed in the biphenyl ketone triplets. The 
calculated values for and for (z + x'l are al- 
most identical for both biphenyl andp-terphenyl. 
Thus the high field signals H,- and Hyf for both 
biphenyl and p-terphenyl would appear at ap- 
proximately the same field and their doublet 
splittings HYf - HY- would be approximately 
equal to - 3(z + x - y). The relative changes 
in the parameters between the biphenyl and 
p-terphenyl are similar in trend and in magnitude 
as those between biphenyl and the biphenyl 
ketones. The similarity is indeed striking. In 
Table 1 the near stationary values of the signals 
Hx- and Hxf are observed. In Table 2 the pre- 
dicted stationary lines are the H,- and HY+. 
This is merely due to the different signs for the E 
values used in the two tables. 

The correlation presented in Table 2 takes 
into account the planarity of the biphenyl and 
the terphenyl triplets and the consequent as- 
sumption of a double bond character for the 
carbon-carbon bond between the phenyl rings. 
It is expected that the zero-field energies are 
sensitive to a torsion of the central bond and to 
the nature of the carbon-carbon bond between 
the rings (1 3). The lower D and E values in p-ter- 
phenyl relative to the biphenyl clearly reflect the 
free spin delocalization onto the third coplanar 
phenyl ring. By analogy, the observed lower 
values in the biphenyl ketone5 as compared to 
biphenyl suggest some delocalization of the 
free spin onto the carbonyl group, probably 
achieved in a similar manner as in p-terphenyl: 

Here the triplet biphenyl ketone represented by 
the valence bond resonance structure B requires 
that the biphenyl and the carbonyl groups be 
coplanar with substantial spin density at the 
carbonyl oxygen atom. It is thought that it is the 
contribution of this resonance structure in the 
triplet that leads to the hydrogen abstraction 
reaction. It should be noted that the resonance 
structure B may also be derived from the n,x* 
triplet state, but the extent of the contribution 
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may be entirely different in different triplet 
states. 

CPDNP Studies 
Despite the low overall chemical reactivity of 

the triplet biphenyl ketones, the extremely high 
sellsitivity of the CIDNP technique afforded a 
direct probe of the mechanism of these chemical 
reactions. During the photolysis of a 0.01 M 
solution of 4-benzoylbiphenyl in isopropanol, 
the aromatic protons of the parent ketone ex- 
hibited CIDNP in the enhanced absorption mode 
(Fig. 1). When a similar isopropanol solution of 
4-phenylacetophenone was photolyzed, only the 
methyl protons of the ketone exhibited polariza- 
tion in the emissive mode. However, when penta- 
chlorophenol was added to the solution as a 
more efficient hydrogen donor, both the methyl 
protons and the aromatic protons of the ketone 
showed polarization with the methyl protons in 
emission and the ortho protons enhanced ab- 
sorption (Fig. 2). The polarization of the methyl 
protons observed in the presence of pentachloro- 
phenol as the hydrogen donor was very much 
larger than that in isopropanol alone. Similarly, 

FIG. 1. Nuclear magnetic resonance spectra recorded 
before (A) and during (B) the photolysis of 4-benzoylbi- 
pheny! in isopropanol. 

FIG. 2. Nuclear magnetic resonance spectra recorded 
before (A) and during (B) the photoiysis of 4-phenyl- 
acetophenone and pentachlorophenol in isopropanol. 
The methyl proton spectrum at 6 2.8 was recorded at  a 
much lower sensitivity than that of the aromatic protons 
at  F 8.0. 

the addition of pentachlorophenol to the isopro- 
pan01 solution of 4-benzoylbiphenyl increased 
the polarization magnitude. 

These CIDNP observations in the biphenyl 
ketone - chlorophenyl systems can be readily 
explained by the Kaptein's rules at high field 
(14) according to the following reaction scheme: 

0 

D~ffuslon 

For the 4-benzoylbiphenyl, R is a phenyl group. 
For the 4-phenylacetophenone, R is a methyl 
group. From esr measurements it was found that 
the g-value for the pentachlorophenoxy radical 
is greater than that of the ketyl radical. By 
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VYAS AND WAN 1179 

analogy to the benzophenone (15) and isopropyl 
ketyl radicals (16), the hyperfine coupling con- 
stants are assumed to be positive for the methyl 
protons (a,,, = + 17 G) and the meta protons 
(aHmeta = +1.2 G), and negative for the ortho 
and para protons (aHorfhO = - 3.24 G, aHPara = 
- 3.7 G). With these parameters and the triplet 
ketone as the precursor, the cage product (which 
is the parent ketone) would exhibit CIDNP with 
the methyl protons strongly emissive and the 
ortho protons enhanced absorptive. 

Further evidence that the observed CIDNP 
originates from the cage reaction is provided by 
the steady-state CIDNP intensity dependence 
on the irradiating light intensity. This is shown 
in Fig. 3 for the methyl proton CIDNP intensity 
as a linear function of light intensity. 

I t  should be mentioned here that during the 
photolysis of 4-phenylacetophenone and penta- 
chlorophenol in acetone-d, or in CD,CN, no 
CIDNP from the en01 of the parent ketone was 
ever observed. 

While the presence of the ketyl and phenoxy 
radical intermediates can be inferred from the 
CIDNP experiments, the primary photochemical 
abstraction reactions of the triplet biphenyl 
ketones can be studied directly by esr. For ex- 
ample, during the photolysis of 4-benzoylbi- 

FIG. 3. The CIDNP intensity (6P /6Po)  of the methyl 
protons in the photoiysis of 4-phenylacetophenone as a 
function of light intensity ( I / Io ) .  FP is the steady-state 
emission intensity at  light intensity I ;  5P0 is the corre- 
sponding CIDNP intensity at the unattenuated light in- 
tensity I , .  

phenyl in the presence of 2,6-di-tert-butylphenol, 
the esr spectrum of the corresponding phenoxy 
radical was readily observed. However, unlike 
the benzophenone and phenol system (17), the 
counter phenoxy radical did not exhibit any 
polarization. CIDEP was not expected to be ob- 
served in the present systems, since the chemical 
reaction rate would be too slow compared to the 
triplet depolarization rate. 

The CIDNP experiments together with the 
triplet esr study clearly demonstrated that the 
biphenyl ketones with their lowest n,n* triplet 
states can undergo photoreduction, similar to 
those ketones with lowest n.n* triplet states. An 
immediate question arose. Does the chemical 
reactivity of the biphenyl ketones truly involve 
the lowest n,n* triplet? Wagner and co-workers 
(12) have discussed the various probable path- 
ways by which triplet reactivity can manifest in 
phenyl ketones with lowest triplet n,n* state. 
Analysis of the reactivity of various p-methoxy 
phenyl ketones (7) strongly suggests that the 
hydrogen abstraction reaction involves the 
upper n,n* triplet state, populated via a thermal 
equilibration with the lower n,n* triplet state. 
The thermal relaxation mechanism in these 
methoxy phenyl ketone systems is not unreason- 
able, since the separation between the upper n,nx 
and the lower n,n* triplet states is of the order 
of 3 kcal/mol (7). However, in the present bi- 
phenyl ketone systems the separation between 
the two triplet states can be as high as 9 to 14 
kcal/mol, as estimated from the phosphorescence 
data (la, 4). It would then appear unlikely that 
the photoreduction of these biphenyl ketones 
involves the upper n,n" triplets via thermal re- 
laxation from the lower n,n* triplets. 

Another mechanism which can impart triplet 
reactivity for ketones with lowest n,n* triplet 
state is the vibronic coupling between the lower 
n,n* and the upper n,n* triplet states (18). This 
mechanism is again not iikeiy to be significant 
in the biphenyl ketone systems due to the large 
separation between the two triplet states. Fur- 
thermore, the relative insensitivity of the phos- 
phorescence life-times of the biphenyl ketones 
(16, 7, 12) to the nature of the medium supports 
this conclusion. 

Finally, we are inclined to believe that in these 
biphenyl ketones the photoreduction originates 
from the lower n,n* triplet without the involve- 
rnent of the upper n,n* triplet state. The chem- 
ical reactivity of these n,n* triplets may well be 
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due to their coplanar structure which leads to a 
substantial unpaired spin density at the carbonyl 
oxygen atom. 
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PAUL G .  MEZEY and IMRE 6. CSIZMADIA. Can. J. Chem. 55,  1181 (1977). 
Uniformly balanced (6"3O)), (7"3O), and (8"4O) gaussian basis sets with identical exponent sets 

for functions describing the 2s and 2p subshells have been obtained for the first row atoms. 
The basis sets have been determined using a direct optimization technique; they are thoroughly 
balanced and satisfy a rigorous quality criterion. These uniform quality constrained basis sets 
were designed for applications in ab initio programs of the type of the GAUSSIAN 70 program 
system, that may utilize the integration-time saving constraint xzs = azp. 

PAUL 6. MEZEY et IMRE 6. CSIZMADIA. Can. J. Chem. 55, 1181 (1977). 
On a obtenu des ensembles (6qP), (7s3P) et (8'4") 8 base gaussienne balances d'une f a ~ o n  

uniforme comportant des ensembles d9exposants identiques pour les fonctions dicrivant les 
sous-couches 2s et 2p des atomes de la premiere rangee. On a dCtermine les ensembles de base 
en utilisant une technique d'optimisation directe; ils sont bien balances et satisfont un critere de 
qualit6 rigoureux. On a dBvelopp6 ces ensembles de base de qualite uniforme contrainte afin 
de les utiliser dans des programmes ab initio du type du systkme de programme "Gaussian 70" 
qui peuvent &tre utilis6s pour la contrainte a2, = a,, qui permet de sauver du temps lors de 
l'intkgration. 

[Traduit par le journal] 

Since the introduction of gaussian basis sets 
with identical radial parts for 2s and 2p type 
functions (I), the simplification thus resulted in 
the evaluation of integrals in ab initio calculations 
has brought about a dramatic increase in the 
number of ah initio MO studies undertaken. The 
fact that this constraint introduced in the basis 
sets has only a relatively minor effect on the 
accuracy of the calculated results and also the 
ready applicability of the Gaussian 70 program 
system, developed by Pople and co-workers (2)  
for the utilization of such basis sets, encouraged 
many theoretical investigations, mostly in the 
field of organic chemistry. Consequently, the 
application of constrained basis sets has proven 
to be a major breakthrough in computational 
theoretical chemistry. 

In a recent study on gaussian basis sets 
(3, 4) several uniform quality bases have been 
proposed for a series of atoms. The quality of 
these basis sets has been defined in terins of the 
"balance" of the exponents, as expressed by the 
logarithmic energy gradients (with components 
G, = aE/a log a,) in the space of the orbital 
exponents, a,. For a fully optimized basis set 
these "forces" in the exponent space are at 
"balance", i.e. the gradient vector G is zero. 
The degree of optimization, the quality or 

"balance" of any basis set may be characterized 
by these "forces", i.e. by the length of the 
corresponding gradient vector. Previous studies 
(5) indicated that a "5 x quality" (i.e. 
lgl = \GI/$ < 5 x is sufficient to en- 
sure the convergence of total energy as well as 
various one-electron properties to the limits 
inherent in the size (n) of the basis set. 

Results and Discussion 

Due to the particular importance of con- 
strained basis sets this study has been under- 
taken to apply the above quality characterization 
and the uniform quality principle to constrained 
gaussian bases. For the gaussian type functions 
describing the 2s and 2p subshells the integration- 
time saving a,, = a,, constraint has been 
applied. In the present work three series of 
uniform quality constrained basis sets are re- 
ported for the first row atoms from B to F. 
These constrained basis sets are compatible 
with previously published uniform quality basis 
sets for Li and Be (and H) where the constraint 
does not apply (3,4). The previously unpublished 
(7") Li and Be bases are reported here. 

In the direct optimization procedure for the 
open shell energy functional E(a) described 
elsewhere ( 5 )  appropriate modifications have 
been carried out to accomodate this constraint. 
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1182 CAN. J.  CHEM. VOL. 55, 1977 

Since the coiljugate gradient optimization 
technique (6) in the basis set optimization method 
is applicable to unconstrained variables o~lly, ex- 
ponents a,(,,), ~,(2p,), =,(2p,)> and a,(,pz, were re- 
garded as one single variable a,. The correspond- 
ing element of the gradient was taken as 

aE 
[I] G ,  =---- = aE + a E 

-- 

a log ai  3 log a i (~7)  a log a;(,px) 

This definition of component Gi resulis in 
appropriate weighting as compared to com- 
ponents belonging to the Is subset. 

In general, the optimum of a fully relaxed 
basis set (ui(Zs) # a,(2pj  allowed) is different 
from the optimum of a canstrained basis (ai(,,) 
= a,(,,,). At the optimum of a fully relaxed 
basis set the individual terms on the right side of 
eq. 1 are all zero. For a constrained set, however, 
only the sum of these terms is required to be 
zero. The ind~vidual energy-gradient components 
have been calculated using the same technique 
as described earlier (5). For the joint optimiza- 
tion of the linear parameters (MO coefficients) 
and nonlinear parameters (orbital exponents) 
a combination of Roothaan's open shell 
technique (7) and the method of conjugate 
gradients has been used (5). 

A computer program has been developed for 
the outlined quasi-constrained optimization 
problem of the open shell energy functional. Ail 
calculations reported In the present study have 
been carried out on the IBM 3701165 computer 
at  the University of Toronto. 

Throughout the optimizations the condition 

has been regarded as the final quality criterion. 
The optimized (6s3P), (7'3P), and (8Vp) uniform 
quality (0.Q.) constrained gaussian basis sets 
are listed in Tables 1, 2,  and 3, respectively. 
Along the orbital exponents the calculated total 
energy, orbital energies and virial coefficient are 
also included in the tables.' 

I t  is noteworthy that at  the actual optimum 
points of the various basis spaces, the additive 

'The FORTRAN subroutines that i~~corporate  the new 
basis sets and are compatible with the corresponding 
GAUSSIAN 70 routines will be submitted to QCPE 
(Indiana University, Bloomington, IN) shortly. 

terms on the right side of expression [I], i.e. 
most of the gradient components formally 
belonging to the valence shell, are rather large. A 
magnitude of the order of 2 x is character- 
istic. As gradient lengths of this order are 
characteristic of rather crude basis sets, this 
finding indicates that optima of the constrained 
sets are, indeed, far from being balanced if the 
constraints are removed. 

A close inspection of the linear coefficients of 
the calculated optimum wavefunctions revealed 
several "natural" contractior, schemes for the 
U.Q. constrained bases. These natural con- 
tractions follow the most closely the grouping 
and general pattern of uncontracted linear 
coefficients as shown by tlieir sign changes and 
ratios. The various contraction schemes and 
contraction coefficients for basis series (6'3p), 
(7s3P), and (8'4P) are presznted in Tables 4, 5, 
and 6, respectively. While "split valence shell" 
contractions (B), (C), and (D) are recommended 
for MO calculat~ons, "minimum" contraction 
(A) appears to represent the valence region 
poorly. Any different "non-natural" minimum 
contraction scheme. however, may introduce a 
significant strain on the carefully balanced 
exponent set itself and the uniform quality 
principle would no longer apply. This type of 
interrelation between optimum contractions and 
optimum exponent sets is the subject of a studj, 
now under way (8). 

In Table 7 total energies calculated with 
previously published, urzconstrai~zed uniform 
quality basis sets (3, 4) are compared with the 
present values. In general, the constraint results 
in a larger increase in energy if more electrons 
are in the valence shell. For the (6qp) basis 
series the energy difference appears to be roughly 
proportional to the calculated total energy, the 
(8Vp) series shows larger deviations from such a 
proportionality. Also, for the latter series the 
deviations are significantly larger, indicating 
that for larger basis sets the constraint repre- 
sents a more serious restriction. Though for 
17 + GO the energies calculated with constrained 
and unconstrained basis sets both converge to 
the sp limit, the above observation casts some 
d o ~ b t  on the overall effectiveness of applying 
the constraint on significantly larger bass  sets, 
as the improvement of the n -. n -I- 1 extension 
of a constrained basis relative to that of the 
unconstrai~led basis may become much too 
inferior for larger n. 
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TABLE 4. Coefficients for minimum (A), split valence shell (B), (C), and (D) contractions of uniform quality constrained (6'3" bases 
-- 

Atom 
C o n t r s c t i o n  F u n c t i o n  I ' r i m ~ t i v c  I I L i  B c  B C N 0 F 
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TABLE 6 (Concluded) 

5 0.13142994 0.006 09964 0.00643350 0.00b82633 0.006(,~1413 0.00641473 0.00629681 0.00617821 

2 
0.92112181 0.05098736 0.04906642 0.05180649 0,05050015 0.04887184 0.04802001 0.04710125 
............ 

53 
1.00000000 0.24436514 0.23806410 0.24683415 0.24241582 0.2368h214 0.23387278 0.23051609 - - - - - - - - - - - 

5 4  
1.33000000 0.77'86018 0.78517769 0.77657568 0.75139703 0.7873h063 0.79065633 0.79422669 

..................................................................................... .... 

5 
0.61224600 0.59476739 0.73277902 0.74647232 0.74093465 0.74931804 0.74809385 

6 
0.43984392 0.45618274 0. jli50352 0.30264280 0.31105838 0.30456838 0.30757027 
............................................................ ........................ .... 

S 3  '7 
1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 

............................................................ ........................ .... 

4 '8 
1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 

.................................................................... - .............................................................. 

P l  
0,06290302 0.07682543 0,08107641 0,08730420 3,08956035 

P p 2 
0.24823680 0.27687260 0.29234753 0.31626200 0.32816051 $ 

.... 1'3 
0.80573034 0.76870265 0.75250802 0.72910153 0.71857557 
............................................................ 

P2 
z 

p 4 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 u 

1 < !? 
'2 - 0.9L112181 - . - - - - - - . - 0.05098736 0.04906642 0.05180649 0.05050015 0.04887184 0.04802001 0.04710125 2 

1 3 
1.00000000 0.24436514 0.23806410 0.24683415 0.24241582 0.23686214 0.23387278 0.23051609 
. - - . - - . - - - n 

--.. 54 1.00000000 0.77886016 0.78517769 0.77657568 0.78139793 0.76736063 0,79065633 0.79422669 > 
.................................................................................... 

= 5 0.61224800 0.59476739 0.73277902 0.74647232 0.74093465 0.74931804 0.74809365 

S2 '6 0.43984392 0.45648274 0.31350352 0.30264280 0.31105838 0.30456838 0.30757027 
.... .................................................................................... 

D 
57 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00030000 

.... .................................................................................... 

S4 S8 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 
......................... ............................................................................................................ 

p 1 0.21346439 0.23109901 0.23154411 0.23135118 0.22955833 

1 --.. p2 0.84240336 0.83286207 0.83490605 0.83607634 0,84113090 
............................................................ 

P2 --.. p3 1.00000000 1.00000000 1.00000000 1.00000000 1.00000000 
............................................................ 

P3 "4 
1.00000000 1.00000000 1.00000000 1.~00000000 1.00000000 

-- 
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Cathodic luminescence sf oxide covered aluminium and tantalum electrodes 

JOUKQ J. KANKARE,' DOUGLAS E. RYAN ,Z A N D  BERNHARD J. FURST 
Trace Analysis Reseczrcl~ Centre, Chemistry Department, Dalhorrsie University, Hal(fafas, N.S. ,  Canada B3H4J1 

Received September 13, 1976 

JOLKOJ. K~NKARE,DOUGLASE.  RYAN, ~ ~ ~ B E R ~ H A R D J .  FURST. Can. J .  Chem. 55.1193 (1977) 
Cathodic luminescence of oxide covered aluminium and tantalum electrodes in various 

electrolyte solutions was measured at  low amplitude (0 to 10 V) ac excitation. Oxygen or 
hydrogen peroxide are necessary constituents of the solution for high levels of light emission. 
For the aluminium electrode in tartrate solutions, copper enhanced light emission at  con- 
centrations down to LO ppb. 

The tantalum electrode gave fairly high luminescence in solutions containing sodium per- 
chlorate, perchloric acid, and hydrogen peroxide, but copper had no influence on the lumines- 
cence output. A mechanism based on the electrogeneration of singlet oxygen and its subsequent 
radiative transition to the triplet state is suggested. 

JOUKO J. KANKARE. DOUGLAS E. RYAN et BERNHARD J. FGRSI. Can. J. Chem. 55,1193 (1977). 
On a mesure a des amplitudes basses (0 a 10 V) d'excitation ac, la luminescence cathodique 

dans diverses solutions d'Clectrolytes, d'electrodes d'aluminium et de tantale couvertes par de 
I'oxyde. La presence d'oxygene ou de peroxyde d'hydrogene est nkcessaire dans les solutions 
pour obtenir des hauts niveaux d'tmission de lumiere. Dans le cas d'electrodes d'aluminium 
dans des solutions de tartrate, le cuivre augmente l'emission de lumiere a des concentrations 
allant jusqu'a LO ppb. 

L'electrode de tantale fournit des luminescences assez elevees dans des solutions contcnant 
du perchlorate de sodium, d'acide perchlorique et du peroxyde d'hydrogene mais le cuivre 
n'a aucune influence sur le rendenlent de luminescence. On suggere un mCcanisme base sur 
une electrogtntration de l'oxygene a l'etat singulet et sa transition radiative substquente vers 
I'etat triplet. 

[Traduit par le journal] 

The electroluminescence or ga1vanolumine~- 
cence of valve metals, of which A1 and Ta are 
the most familiar, has been known for a long 
time (1). By placing two electrodes into an 
electrolyte solution, one of which is aluminium 
(and the other any conductive material), and 
applying direct current so that the aluminium 
electrode is positive, light is emitted from the 
aluminium surface at sufficiently high voltages. 
I t  was later noted that light was emitted mo- 
mentarily also when the polarity was changed. 
Aluminium could be substituted by other 
metals capable of forming insulating oxide 
coatings, although light was brightest with 
aluminium. 

Electroluminescence of valve metals has not 
been a subject of intensive research work and 
the number of articles dealing with this phenom- 
enon is relatively low. However, various theories 
have been put forth about the origin of light. 
The first hypothesis (2) was that the light was 

l 0 n  sabbatical leave from the University of Furku, 
Finland. 

due to electric discharges inside the minute gas 
bubbles formed on the surface of the electrode. 
This hypothesis was later rejected by Anderson 
(3) because the spectrum of light was found to 
be independent of the composition of the solu- 
tion. Anderson's theory was based on the com- 
bination of ionic and electronic currents with 
the radiation being due to the electron-hole 
recombination within the supposedly semi- 
conducting oxide layer. Though published in 
the early forties, the theory was surprisingly 
modern and it was subject to only minor modi- 
fications as a result of the extensive studies of 
van Gee1 and co-workers (4) in 1957. Further 
support for the solid state electroluininescence 
character of the anodic luminescence was 
provided by two rather recent articles by 
Gan!ey and co-workers (5, 6). Ganley showed 
that the spectrum of the light emitted by an 
aluminium anode depends on the impurities in 
the metal. The striking discovery was that the 
spectrum of the cathodic luminescence was 
essentially independent of the impurities. Ganley 

'To whom correspondence should be addressed. suggested that the cathodic luminescence may 
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not be electroluminescence at all but did not 
give any hypothesis on an alternative mechanism. 
A comprehensive and up-to-date review article 
on the subject is available (7). 

This study was initially undertaken in order 
to find possible analytical applications of 
electroluminescence. Later on, when certain 
interesting results emerged from the study, the 
character of the work became of a more funda- 
mental nature. 

Methods of Measurement 
Both direct and alternating currents have 

been used in studies of electroluminescence. 
The use of dc has been mostly confined to anodic 
luminescence, partly because the 'continuous 
cathodic glow' is extremely weak. The oxide 
layer is gradually damaged during the con- 
tinuous cathodic high current conditions. With 
ac, a kind of steady state (where the oxide layer 
is restored during the positive half-periods) is 
hopefully achieved. In order to render the 
capacitive effects harmless and also to be able 
to sample the dark current of the photomultiplier 
tube, it is useful to include a region with zero 
volts between the pulses. The pulse train of the 
shape shown in Fig. 1 has also been used by 
van Gee1 and co-workers (4); this allows the 
use of a lock-in amplifier, a powerful tool in 
picking up a weak signal from the background 
noise. The total period of the pulse train is 
four times the original period. 

There are two different approaches for 
measuring the light emission from the electrode. 
One is to apply a pulse train of a constant 
amplitude and record the decay of the light 
emission as a function of time. Another method 
is to scan the amplitude of the pulses and 
record the light intensity. 

Pulses to 
the lock-in a m p  

rn 
FIG. 1. Pulse trains applied to the cell and the lock-in 

amplifier. 

Experimental 
Cell 

Figure 2 shows the structure of the cell and electrodes. 
The valve metal electrode was a 20 mm diameter circle 
cut from metal foil of 0.25 mm thickness. The foil was 
cemented to a brass shaft using silver-epoxy. The brass 
shaft was embedded and cemented into a Teflona 
piece to insulate it from the solution. The materials 
used for the electrodes were aluminium of 99.999% 
purity (Alfa-Ventron) and tantalum of 99.98% purity 
(Alfa-Ventron). 

The electrodes were polished mechanically using 
y-alumina (Gamal @, Fisher, particle size 10.1 pm). 
The aluminium electrode was polished chemically in a 
mixture of 14 parts of 85% o-phosphoric acid, 5 parts of 
18 F sulfuric acid and 1 part of 12 F nitric acid at  85°C. 
The composition of the solution used for chemical 
polishing of tantalum was 5 parts of sulfuric acid, 2 
parts of nitric acid, and 2 parts of 50% hydrofluoric 
acid. 

The anodization of the aluminium electrode was 
performed in the same supporting elcctrolyte as in the 
accompanying experiments. The anodization was done 
at  a constant current (ca. 1 mA/cmZ) until a cell voltage 
of 11.5 V was attained and continued at this voltage 
until the current was below 50 MA. In the case of the 
tantalum electrode, the anodization was done in 0.1 M 
sulfuric acid until a 3 to 4 bA current was attained. 

Apparatus 
Figure 3 shows a block diagram of the apparatus 

used. The normal square wave from a function generator 
(Wavetek, Model 180) was divided by four in order to 
obtain the gate pulses for the lock-in amplifier and wave- 
form generator. The wavelength generator consists 
of an adjustable ramp generator and a power amplifier. 
The photomultiplier (PM) tube was EM1 9592 B with 
an  S 10 spectral response. The power supply for the PM 
tube was Kepco ABC 1500. The output of the PM tube 
was amplified by using a simple FET switched lock-in 
amplifier and recorded on a Fisher X-Y recorder 
(Model 100 XY). 

A Jarrell-Ash monochromator (Model 82-410), with 
both the input and output slits removed, was used to 
record the spectrum. The spectral resolution of ca. 
40nm was determined using a mercury calibration 

/ 
Work~ng electrode 

'Quartz w~ndow 

FIG. 2. The cell and electrodes. 
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generator L:. 

F ~ G .  3.  ~h~ block diagram of the electroluminescence FIG. 4. Influence of copper on the electroluminescence. 

apparatus. Curve I :  0.1 M solution of sodium tartrate at p H  6.2. 
Curve 2: 0.1 ppm Cu(i1) added to the solution. 

X - Y  XY 
recorder y 

- 

source. In  this case the output from the lock-in amplifier 
was integrated using a simple op amp integrator. 

A 
Results and Discussion 

Aluminium Electrode 

E H T  
source 

L o c k - ~ r  1 ' P M  

>. 
Measurements in tartrate solutions were L 

made at  ca. p H  6, because the influence of z L  
W copper on the light intensity had a broad + 

maximum at this pH. The length of the pulses 
applied to the cell was maintained at LO ms; 
no radical change in the light intensity or 
curve shape was found on varying the pulse 
length from 50 to 2 ms. 

In order to swamp the possible influence of 
the supporting electrolyte, its concentration was L , 
maintained at 0.1 M in all of the experiments. 3 5 V O L T S  7 10 

Figure 4 shows the influence of 0.1 ppm copper 
FIG. 5. influence of the removal of oxygen on the 

On the luminescence. The shape of the curve electroluminescence. Curve I :  0.1 ppm CU(II) In 0.1 M 
bears to the voltammetric sodium tartrate at p H  6 2 Curve 2: the same solutlon 
curves on a stationary electrode and suggests but nitrogen bubbled through for 30mln. 
a diffusion controlled process. The removal of 

amp 

oxygen by bubbling nitrogen through the solu- Some examples of copper catalyzed chemi- 
tion had a profound effect on the light intensity luminescent reactions are reported in the 
(Fig. 5). literature. Stauff and co-worker showed that 

tube 

These experimental results suggest that the 
cathodic luminescence, at voltage levels of less 
than 10V, is due to electrogenerated chemi- 
luminescence. Luminescence is, however, ob- 
served in such different kinds of solutions that 
it restricts the possible chemiluminescent re- 
actions to the electrogeneration of singlet 
oxygen, lo,, and its subsequent radiative 
transition to the triplet ground state. Search 
of previous publications shows that none of the 

copper catalyzes the auto-oxidation of sulfite 
(8) and cystein (9) reactions which produce light. 
They proposed a mechanism which is based on 
the generation and radiative transition of singlet 
oxygen dimer. The role of the copper complex 
is to form mixed ligand complexes with oxygen 
radicals HO. and HO,. thus prolonging their 
lifetime. In the present study, the possible 
copper complex may be either homogeneous 
copper tartrate in solution or a copper species 

authors has paid particular attention to remov- adsorbed on the surface of the electrode. In 
ing oxygen from their solutions. the latter case the surface would become com- 
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pletely covered at a low concentration level 
and the light intensity would Ievel off with 
increasing copper concentration. 

That this is indeed the case can be seen in 
Fig. 6. The plot of light intensity us. copper 
concentration is quite linear up to ca. M, 
has a maximum at ca. 3 x M, and then 
the intensity continuously decreases with in- 
creasing copper concentration. This decrease 
can be explained on the basis of competition of 
the surface-bound and soluble copper for HO. 
and HO,. radicals. If the phenomenon is due 
to  a sorbed copper species, there are several 
alternatives as to the structure of the species. 
The simplest possibility is copper chemisorbed 
on alumina. Aluminium oxide is known to 
form fairly stable complexes with copper(I1) 
ions (10). The presence of this species could 
be checked by studying the influence of support- 
ing electrolyte. If the catalyzing species is copper 
chemisorbed on alumina, then the better the 
complexing agent used as electrolyte the weaker 
should be the influence of copper on the light 
emission. This was tested by using a series of 
three dicarboxylic acids (tartaric, malic, and 
succinic acids); these acids were selected because 
of their similar carbon skeletons, but different 
complexing abilities. In the presence of malic 
and succinic acids (measured at p H  6.1 to 6.3 
in 0.1 M solutions) copper does not enhance the 
luminescence, although the stability constants 
of the copper malate and succinate are con- 
siderably lower than that of copper tartrate. 

An additional experiment with acetate showed 
that also in this medium, copper did not enhance 

7 6 5 4 -3 

log [cu2+1 

FIG. 6 ,  Influence of copper on the peak height of the 
electroluminescence curve. Supporting electrolyte is 
0.1 M sodium tartrate at  pH 6.2. 

the luminescence. Thus the catalyzing species 
presumably is not copper chemisorbed on 
alumina. 

The second possible structure for the copper 
species is chemisorbed copper tartrate. This 
complexation may occur in two diKerent ways: 

There are facts in support of structure 2. 
Structure 1 does not explain the special status 
of tartrate; there are no obvious reasons why 
the other ligands are ineffective in promoting 
luminescence together with copper ions. On 
the other hand, copper ions and tartrate are 
known to form polymeric complexes, and it 
is assumed that in these complexes there is an 
analogous tartrate bridge as in structure 2 (1 1). 

Malate forms also a dimeric complex with 
copper but in this complex the two copper 
atoms are linked together by an oxygen bridge. 
Thus structure 2 seems to have a capability of 
explaining the unique behaviour of tartrate. 

Tantalum Electrode 
The surface of aluminium is easilv corroded 

and during the experiments the surface must 
be frequently polished and reanodized. Tantalum 
is chemically more resistant; it forms a tough 
oxide layer and it is known to be electrolumines- 
cent. In the hope that more reproducible results 
could be obtained, further experiments were 
directed to the study of the feasibility of the 
tantalum electrode. Surprisingly, the first experi- 
ments with several electrolytes using a freshly 
anodized electrode gave nearly no luminescence. 
After several repeated scans from 0 to 10 V, 
during which the light emission continuously 
increased, the output curve of the emission 
attained a constant form. As with aluminium, 
it was also found that the intensity of the light 
emission was highly dependent on the con- 
centration of oxygen in the solution; oxygen 
could be replaced by hydrogen peroxide and its 
concentration could be more easily varied. 

Tartrate was found to ~ rov ide  a favourable 
medium for electroluminescence studies with 
the tantalum electrode. Copper, however, had 
no significant influence on the intensity of the 
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light emission (this might be attributed to the 
poor chemisorption of copper tartrate on the 
tantalum pentoxide surface). 

Studies were now directed to electrolurnines- 
cence in perchlorate solutions. This medium 
was chosen because it was felt that more 
information could be gained about the basic 
phenomenon in a simple inorganic non-complex- 
ing solution. In the first experiments the acidity 
was varied and the ionic strength was main- 
tained a t  one with sodium perchlorate; the 
concentration of hydrogen peroxide was l o d 3  M. 
Figure 7 shows the electroluminescence curves 
obtained by scanning the pulse amplitude. The 
curve at the lowest acid concentration, 0.002 M, 
is seen to be composed of one peak or two 
overlapping peaks. At higher acid concentra- 
tions, the peaks are separated so that the 
position of the peak at lower voltage is main- 
tained nearly constant whereas the peak at  
higher voltage is shifted, flattened, and eventually 
disappears. The reduction of the light intensity 
to nearly zero at higher voltages cannot be 
easily explained by solid state electrolumines- 
cence. If the origin of light is solid state electro- 
luminescence then it is probable that the light 
intensity is a monotonously increasing function 
of current. However, the Faradaic current 
(as estimated from an oscilloscopic trace) is 
ca. five times higher at  9 V than at  4 V, 
although the light intensity itself is nearly zero 
(Fig. 7). If we adopt the ad hoc hypothesis 
that the light arises from a chemiluminescent 
reaction involving oxygen radicals, there are 
several alternative explanations. 

One possibility is that the two maxima are 
due to two different reduction mechanisms 

V O L T S  

FIG. 7. Electroluminescence curves of the tantalum 
electrode at different acid concentrations. [C10-41 = 
1 M [H,O,I = M. 

which become prevalent at  different voltages. 
The last stage before the very fast light emitting 
step should be the electron transfer to the 
substrate, because no light is emitted during 
the positive pulses. The reduction step should 
be a one-electron transfer in order to lead to 
light emitting species (9). However, it is not 
easily conceivable that frotn the same reagent 
(hydrogen peroxide) we get the same product 
(singlet oxygen) via two different mechanisms. 
It is inore likely that one of the peaks is due to 
the reduction of hydrogen peroxide, the other 
due to oxygen. Schematically, without taking 
into account the possible complex formation 
with tantalum pentoxide. we can write the 
mechanisms : 

At higher potential the rate of the electro- 
chemical reduction of the oxygen radicals 
competes with the formation of singlet oxygen 
thus reducing the chemilun~inescence. 

The other alternative is that the first peak is 
due t o  the reduction of chemisorbed hydrogen 
peroxide (or oxygen) and the second peak due 
to the diffusion controlled reaction. In order 
to study this possibility, an experimental ar- 
rangement analogous to chronocoulometric 
measurement was assembled. The cell was sub- 
jected to a constant amplitude pulse train and the 
output from the lock-in amplifier was integrated 
before recording on the X-Y recorder. At low 
potential (3 V) the integral is a strictly linear 
function of time showing that diffusion is 
not the rate determining step in the reaction 
chain leading to light emission; at  higher po- 
tentials, the linear relationship does not hold. 
If the reaction is diffusion controlled, the integral 
of the light emission should be a linear function 
of the square root of time. This is not the case, 
however: and the curves seem to be composed 
of two straight lines (Fig. 8); this may be due 
to the slow rate of chemisorption. 

If the light emission is due to singlet oxygen, 
it should have a characteristic spectrum (12). 
There are two principal difficulties: however, 
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FIG. 8. Integrals of the light decay curves measured 
with the tantalum electrode in solutions which contain 
0.96 mol of NaC10, and 0.04 mol of HC10, per e and 
varying amounts of H,02.  The amplitude of the pulses is 
6 V. 

in determining this spectrum. Firstly, the in- 
tensity is very low so that a long integration 
time should be used for each spectrum point. 

Secondly, the light emission is time-dependent 
unless very low voltages are used. At 3 V, 
the light intensity given by a tantalum electrode 
is relatively constant although small. Figure 9 
shows the spectrum recorded for the electro- 
luminescence of the tantalum electrode in a 
solution containing 0.02 M H 2 0 2  and 0.04 M 

FIG. 9. The spectrum of the cathodic lumincscencc of 
the tantalum electrode in a solution which contains 
0.04 mol of HC104, 0.96 mol of NaClO,, and 0.02 mol 
of H,O, per e. 

HC10, in 1 MNaClO,. The known maxima 
of the emission spectrum of singlet oxygen are 
shown in Fig. 9 as a column diagram. The 
relative intensities of the maxima are known 
to vary depending upon the source and medium 
of singlet oxygen. Due to the poor resolution 
the spectrum does not provide the unambiguous 
answer, but it does not preclude the leading 
role of singlet oxygen. 

Conclusions 
Cathodic luminescence at low voltages can - 

be explained by the generation and radiative 
transition of singlet oxygen. The phenomena 
described are observed anly at voltages of less 
than 10 V; this may be why they have escaped 
the attention of previous workers who used 
voltages greater than 3 0 V  (for higher light 
intensity). It may be that electrogenerated 
chemiluminescence is predominant at low 
voltages and solid state luminescence at high. 

The influence of trace concentrations of comer 
A 

on the luminescence with an aluminium cathode 
in tartrate solutions is of analytical interest. 
However, the rather poor reproducibility (of 
electrode surface) and the sensitivity limit of 
0.1 pg ml-I makes its practical use questionable. 

The high sensitivity of luminescence, with the 
tantalum electrode, to oxygen and hydrogen 
peroxide may be of analytical value. 
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Nuclear magnetic resonance investigation of the conformational dynamic 
properties sf benzocycloheptenones and related compounds 

6. BODENNEC~ AND M .  ST-JACQUES~ 
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Recelved October 19, 1976 

G. BODEKNEC and M. ST-JACQUES. Can. J. Chem. 55, 1 199 (1977). 
Free energy barriers for ring inversion were determined from dnmr studies of 3,4-benzo- 

cycloheptenone (4) and for dcuterated derivatives 6 and 7 of 4,5-beniocycloheptenone (5). The 
investigation of 2,3-benzocycloheptenone (3) revealed negative results. The magnitude of AG' 
for 4 and the trend observed for 5 , 6 ,  and 7 strongly suggest that the chair conformation of these 
molecules interconverts through a wagging rllotion of the C(5) end of the benzocycloheptene 
seven-membered ring. 

G. BODEN~EC et M. ST-JACQUES. Can. J. Chem. 55. 1199 (1977) 
On a determink les barrieres d'energie libre pour l'inversion de cycles a partir d'Ctudes rrnn 

dynalnique de la benzo-3,4 cycloheptenone (4) et des derives deuterks 6 et 7 de la benzo-4,5 
cycloheptenone (5). L'etude de la ben7o-2,3 cycloheptenone (3) n'a apportee que des resultats 
nigatifs. L'amplitude de AG* pour 4 et la tendance observee poul 5 , 6  et 7 suggerent fortenlent 
que la conformation chaise de ces molCcules s'interconvertit par un mouvement de battement 
de la portion C(5) du cycle a sept chainons du benzocycloheptene. 

[Traduit par le journal] 

We have witnessed, in the last decade, a 
constant progression of our knowledge of the 
stereochemical, conformational, and dynamic 
properties of several classes of seven-membered 
cyclic molecules (1-18). The dnmr method (I), 
in particular, has been extremely useful to study 
those molecules possessing conformational av- 
eraging processes characterized by free energies 
of activation barriers greater than 5 kcal/mol. 
Among the various classes of compounds 
studied, cycloheptene (I) and benzocycloheptene 
( 2 )  have received much attention because of their , , 
limited number of possible conformations 
characterized by readily defined geometries and 
symmetry properties together with reasonably 
high interconversion activation energies. It is 
now well known that both 1 and 2 exist pre- 
ferentially in the chair conformation (11, 14) 
characterized by different inversion AG*, namely 
5.0 kcal/mol (13) for 1 and 10.9 kcal/mol (1 8) 
for 2. 

Attempts to rationalize this large AG* differ- 
ence diverge in their description of the dynamic 
behaviour of benzocycloheptene. Different con- 
formational energy calculations (7-10) agree in 
their suggestion that the cycloheptene chair 
interconverts through a wagging motion of the 
double bond. As for benzocycloheptene, Allinger 
and Sprague (7) have suggested that it also 

inverts through a wagging motion of the benzo 
double bond and that the smaller relief of 
torsional strain about the C(sp2)-C(sp3) bonds 
compared to cycloheptene accounts for the 
higher barrier of 2. In contrast, Favini and Nava 
(lo), have calculated, using the MIND012 
approximation, that the C(5) wagging motion 
is easier than the benzo wag and conclude that 
the change in inversion mechanism is responsible 
for the large AG* difference. 

Experimental data bearing on this question 
appear to be scarce A dnmr study (15) of the 
substituent effect of gem-dimethyl groups re- 
vealed parallel AG* trends for analogous deri- 
vatives in each series and this observation was 
interpreted in terms of similar inversion path- 
ways for both groups of compounds However, 
owing to the small AG* variations observed 
within each series, it seemed desirable, in light 
of recent calculations (lo), to obtain additional 
data bearing on the divergent point. 

We now wish to report the results of our dnmr 
study of the simple derivatives 3, 4, 5, 6, and 7 
of benzocycloheptene. 

'Scientist on leave (1974-1975) from the Universite 3 4 5 X = O  
de Lyon, France. 6 X =CH2 

'Author to whom correspondence should be addressed. 7 X = CClz 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1200 C A h .  J CHEM. 

Results 

Selectively deuterated derivatives of 5, 6 ,  and 
7 were prepared for easier analysis of the 'Hmr 
spectral modifications occurring at low tempera- 
tures. The key reaction involved a catalytic 
reduction of double bonds with deuterium gas; 
it is expected to place vicinal deuterium atoms 
in a predoniinalltly cis arrangement (14, 16). 
As these compounds were prepared at different 
times, the isotopic purity varied according to 
the experimental conditions. Attempts to max- 
imize isotopic purity were not always made when 
the dynamic parameters could be obtained 
reliably from samples containing several identi- 
fied isotopic species. 

Scheme 1 illustrates the preparation of 
compounds identified as 5 - 4 ,  6-d,, and 7-d,  but 
for which mass spectral analysis indicated the 
presence of appreciable quantities of d, and d,  
species and for which the 'Hmr spectral region 
of the benzylic protons showed two peaks 
separated by 2.2 Hz, thus suggesting that the 
species CH,CD, give rise to the taller lowfield 
line while the species CHDCD, give rise to the 
smaller upfield line as seen clearly in the spectrum 
at 25°C for 6-d, (Fig. 1). The separation between 
these pealts is the normal isotopic shift of the 
cc-deuterium atom (19). 

D(H)  

Changing the solvent from ethanol to anhy- 
drous tetrahydrofuran improved the isotopic 
composition of 5-d, which, however, still con- 
tained appreciable quantities of d ,  and d ,  
species (see Experimental section). The deute- 
rium content was nevertheless sufficient for our 
proposed 'Hmr investigation of 5-d,, 6-d,, and 
7-d,  (Scheme 2) as will be described later. 

It is important to point out that each of the 
compounds prepared actually contains essen- 
tially equal amounts of syn and anti isomers, but 
because the 'Hmr signals of each side of the ring 
are essentially independent (14, 16), only the anti 
isomers have been shown in the schemes. 

Spectral Analjlsi~ 
Spectral changes were observed for compounds 

4,6-d, ,  6-d,, and 7-d,, whereas the 'Hmr spectra 
of 3,5 ,5-d , ,  5-d,, and 7-d, showed no discernable 
spectral modification (down to - 170°C) re- 
sulting from the slowing down of conformational 
averaging processes. 

The 'Hmr spectral behaviour of the non- 
aromatic signals of 3,4-benzocycloheptenone (4)  
(2-benzosuberone) in CHF,Cl at low tempera- 
tures has revealed that both the lowfield singlet 
( 6  3.67) and the high field multiplet (centered at 
6 1.98) show clearcut splitting below - 162°C. 
The lowfield singlet, attributed to protons on 
C-2, has split into two broad bands separated 
by about 90 Hz at - 168°C. The low temperature 
spectrum actually consists of a broadened AB 
pattern whose lines could not all be resolved at 
such low temperatures. Nevertheless, the use of 
approximate equations (20) for two exchanging 
sites and a transmission coefficient of one give 
an estimate of 5.1 kcal/mol for AG* at - 162°C 
(Tc). 

Figure 1 shows the spectra of benzylic signal 
of 6-d, in CHF2Cl at several temperatures. The 
spectrum at 25°C indicates the presence of two 
singlets separated by 2.2 Hz; the taller line is due 
to CH2CD, species while the shorter starred 
line arises from CHDCD, species. Both lines 
split at low temperatures, the taller giving an 
AB quartet (J = - 14.3 Hz and Av = 11.7 Hz) 
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BODENNEC AND ST-JACQUES 1201 

FIG. 1. LOO MHz deuterium decoupled 'Hmr spectra 
of 6-d, (10% in GHF,Cl) at several temperatures. The 
stick diagram under the spectra at - 157°C identifies the 
doublet arising from the splitting of the starred line in the 
spectrum at 25°C. 

at - 157°C and the shorter giving a doublet 
identified by the stick diagram. Standard equa- 
tions (20) afforded a AG' value of 6.9 kcal'mol 
at  - 130°C (T,). A series of spectra for 7-d6 
down to - 170cC showed broadening greater 
than for the TMS line but no clearcut splitting 
was observed. 

The low temperature spectrum of non- 
deuterated 6 gave indications that the chemical 
shift separation is larger for the two non- 
equivalent methylene protons next to the exo 
double bond than at the benzylic positions. 
Consequently a comparative study of 6-d4 and 
7-d, was undertaken. 

Figure 2 shows several 'Wmr spectra for 6-d4 
(right side) and 7 - 4  (left side). It is readily 
apparent that the isotopic purity of these com- 
pounds is not sufficient (see Experimental 
section) to give the AX pattern at +25"C for 
CHDCHD (cis) arrangements expected for each 
compound (14, 16). Nevertheless the extent of 
deuteration is suficient to remove much of the 
strong coupling and thus enable relatively easy 
detection and overall analysis of the splitt~ng 
observed for the high field band. It is seen that 
the upfield signal of 6-d4 splits into two broad 
bands separated by about 65 Hz below - 122'C 
(T,). The use of standard equations (20) provided 
the estimate AG* = 7.1 kcal/mol. The observa- 
tion that this value is very close to the AG* 
value calculated earlier for 6-d6 (Fig. 1) suggests 
that the approach using 6 - 4  and 7-d4 should 
lead to acceptable AG* estimates. 

Solubility problems made the study of 7-d4 
slightly more difficult but a spectral change 
(Fig. 2 left side) was nevertheless observed for 
a solutio~l in a mixture of CHF,CI-CHFC1, 
(1 :1) and a direct comparison with that of 6-d4 
shows that Tc z - 155°C and Av = 60 Hz so 
that AG* = 5.5 kcal/mol can be calculated. 

A careful examination of the 'Hmr spectrum 
of 5-d4 in CCl, at  room temperature showed 
several lines attributable to isotopic impurities 
of the type GMD-CHD (cis) CHD-CHD 
(truns), CMDCH,, and CHDCD, as anticipated 
(14) and confirmed by the mass spectral analysis 
which revealed the presence of significant 
amounts of d,, d4, and d, species (namely 25, 
42, and 24% respectively). Having identified the 
peaks belonging to CHDCH, species from the 
spectrum of a sample of 3,6-dideutero-4,5-benzo- 
cyclohepterione it was possible to identify the 
more intense doublets of the AX pattern of the 
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FIG. 2. 100 MHz deuterium decoupled 'Hmr spectra of 6-d4 (10% in CHF,CI) (right side) and 
7-d4 (3% in a 1 :1 mixture of CHF,C1 and CHFCI,) (left side) at several temperatures. Both series 
of spectra were recorded on the same scale. 

CHDCHD (cis) species (14) whose splitting is 
equal to the averaged coupling constant Jcis = 
2.2 Hz, as well as the less intense doublets of 
the AX pattern of the CE-IDCND ( trai~s) species 
characterized by the averaged coupling constant 
J ,  ,,,, = 9.9 Hz. The R-value (21) R = J ,,,,, / 
Jcis = 4.5 was calculated with a reasonable 
degree of confidence based on the verification 
of this approach for a similarly deuterated 
benzocycloheptene derillative (14, 16). 

The spectra of 6-d, and 7-d, were much less 
well defined than that of 5-d, owing to a greater 
isotopic distribution so that R cannot be calcu- 
lated reliably. As seen in Fig. 2 only the lowfield 
signal of 6-d, at +25'C reveals clearly the 

doublet components of the two AX patterns in 
question. 

It is well known that benzocycloheptene exists 
in the chair conforniation (14) and it has been 
deduced from dipole moment studies (6) that 
5 exists as a mixture of chair (92%) and boat (8%) 
conformations in benzene solution. Owing to 
the inherent uncertainties associated with that 
method, the exact amount of boat conformation 
is open to question and in fact may be quite 
small. There is, however, no reason to believe 
that the chair is not the predominant conforma- 
tion. Consequently the R-value of 4.5 calculated 
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BODENNEC AND ST-JACQUES 1203 

from the 'Hmr spectrum of 5-d, suggests that 
the carbonyi group has flattened the chair 
rzlative to that of bpnzocycloheptene (14) for 
which R = 8.7. In fact, this change in R-value 
corresponds to a reduction of the in te rn~l  
torsional angle (21) ($1 from 74" in benzc- 
cycloheptene to 68" in the conformation of 5. 
This angular change is very similar to the 
flattening effect of the carbonyl group in cyclo- 
hexanone ($ = 5G0)  relative to cyclohexane 
($ = 56-58") (21). 

Although R-values could not be obtained 
confidently for 6-d, and 7-d,, an estimated value 
from the lowfield signal in the spectrum of 6-d, 
at +2S0 (Fig. 2) suggests that it is very similar 
to  that of 5-d,. Furthermore, the benzylic 
coupling of 14.3 Hz determined for 6-d, (Fig. 1) 
is very similar to the value of 14.1 Hz deter- 
mined for the chair conformation of benzo- 
cycloheptene (14). It therefore appears certain 
that 4, 5, 6, and 7 exist predominantly as chair 
conformations. 

The nature of the most stable conforn~ation 
of 3 is more uncertain. Nuclear Overhauser 
enhancement experiments (22) on two isomeric 
tetrabromo-2,3-benzocycloheptenones were in- 
terpreted in terms of a skew and a twist-boat 
conformation. The significance of these results 
with respect to the conformation of 3 is not 
obvious. The dnmr results having been negative 
for 3, we are unable to specify unambiguously the 
geometry of its most stable conformation. 

The inversion scheme for benzocj~cloheptene 
has already been described (23). It involves a 
rate-determining chair-to-boat step and a less 
energetic pseudorotation motion between boat 
and twist-boat forms. Two different pathways 
have been suggested for the rate determining 
chair-to-boat step (7, 10). Scheme 3 illustrates 

the difference clearly. It is shown that one 
possibility involves the wagging motion of the 
benzo group through conformation A which 
possesses six coplanar ring carbon atoms. The 
other possibility involves the wagging of C(5) 
through conformation B having five coplanar 
ring carbon atoms. (The numbering convention 
used in this section refers to the parent com- 
pound even when uced for its derivatives. It 
should not be associated with the nomenclat~~re 
numbering convention of the derivatives investi- 
gated.) 

It  is seen that only pathway B involves 
appreciable rotation of the C(4)-C(5) and 
C(5)-C(6) bonds in the rate determining step. 
Provided rotational energy is an important 
contributor to the activation energy, any struc- 
tural modification resulting in easier rotation 
about these bonds is expected to decrease the 
overall AG* for ring i~lversion of molecules 
favoring this path. In fact it has been shown 
(40) that torsional energy accounts for a !arge 
part of the energy difference between the chair 
and the inversion transition state of cyclo- 
hexane. The variation in AG' values of the six- 
membered cyclic compounds listed in Table 1 
was consequently rationalized convincingly in 
terms of the ease of rotation of the bonds 
adjacent to the .sp2 carbon (24, 25). 

Table 1 reveals a very similar trend for both 
the six- and seven-membered cyclic compounds 
listed, such that it is Jery tempting to suggest 
that inversion in the second series of compounds 
also proceeds t h r o ~ g h  a pathway involving 
appreciable rotation cf the bonds adjacent to 
the sp2 carbon atom and consequently that the 
chair conformation of these compounds inter- 

TABLE 1. Summary of AG* values for the ring inversion 
of some six, seven, and eight-membered compounds 

Compound Wx ox ox 
X = CH2 7.0 8.4b 8 . 1 d  
X = CCI, 5 . 5  5.4b -7.5' 

"Reference 18. 
bReference 24 and references cited therein. 
CReference 30. 
dReference 2, pp. 568 and 599. The values reported characterize the 

ring inversion process of the boat-chair conformation. The pseudo- 
rotation barrier for these compounds is significantly lower. 

'Estimate from unpublished dnmr results by G. Bodennec. 
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convert via pathway B. Supporting evidence is 
provided by the observation that the same 
chemical modifications in the eight-membered 
compounds listed in Table 1 do not lead to a 
significant variation in AG' for ring inversion, 
most probably because the rate determining 
step involves little rotation about the bonds 
adjacent to the sp2 carbon (ref. 2, p. 568). 

Furthermore, the higher AG* value deter- 
mined for 4 compared to 5 is consistent with 
a C(5) wag. Reaching B involves appreciable 
rotation about only one bond adjacent to the 
carbonyl group of 4, whereas two such bonds 
rotate in 5. 

While it appears certain that the chair con- 
formations of 4, 5, 6 ,  and 7 invert through a 
C(5) wag, it is not as clear that the extrapolation 
to 2 suggested by the data in Table 1 is a valid 
one. In fact calculations (7-10) have show11 that 
both the benzo and the C(5) wags should be 
more energetic than the double bond wag of 
cycloheptene and it is possibje that both A and 
B would require very similar energy for benzo- 
cycloheptene. Unfortunately Allinger's calcula- 
tions (7) were not sufficiently complete to prove 
otherwise while Favini's calculations (10) suggest 
that the C(5) wag is the easier process but, 
because agreement with the experimental barrier 
is very poor (6.0 kcal/mol compared to the 
10.9 kcal/mol observed for 3), it is difficult to 
be convinced. Recent calculations (26) for 
1,5-cyclooctadiene and its dibenzo analog afford 
a better estimate of the energy difference be- 
tween a double bond wag and benzo wag as 
involved for the boat-to-chair interconversion. 
The enthalpy values calculated are 5.2 and 
11.4 kcal/mol for the diene and dibenzo corn- 
pound respectively. These results together with 
the data in Table 1 suggest that both pathways 
A and B for benzocycloheptene might indeed be 
of comparable energy. 

The lack of knowledge on the geometry of 
the most stable conformation of 3, the negative 
dnmr results, and the better stabilization ex- 
pected for some conformations through reson- 
ance between the carbonyl group and the aro- 
matic ring suggest that the conformational 
dynamic properties of 3 may be different from 
those of 4 and 5. 

We therefore conclude that 1 inverts through 
pathway A while 4, 5, 6, and 7 invert through 
pathway B. As for 2, it is clear that both path- 

ways are expected to involve relatively higher 
and comparable activation energies and it ap- 
pears that the qualitative interpretation of the 
substituent effects determined in this work 
cannot tell with certainty which of the two ring 
motions is rate determining. 

Experimental 
The vpc analyses and separations were carried out 

on a Varian-aerograph A90-P3 instrument using $ in. 
silicone DC 550 (15%) columns and helium as carrier gas. 
Mass spectral analyses were performed on an Hitachi- 
Perkin-Elmer model RMU-6D instrument operating at 
70 and 12 eV. 

Routine analytical 'Hmr spectra were recorded on a 
JEOL C-60H spectrometer ope~ating at 60 MHz in the 
external lock mode. The low temperature 'Hmr spectra 
were obtained at 100 MHz using a JEOL JNM-4H-100 
spectrometer. Solutions containing a small quantity of 
TMS were degassed and sealed. Deuterium decoupling, 
when required, was effected by means of the JEOL 
Hetero Spin Decoupler model JNM-SD-HC. 

Temperatures were monitored by means of a JEOL 
temperature control unit model JES-VT-3 and determined 
accurately with a calibrated thermocouple placed inside 
a solvent-containing dummy nmr tube. 

2,3-Bei~zocycloheptenone (3) 
This compound was obtained from Aldrich Chemical 

Co. as 1-benzosuberone and used without further puri- 
f cation. 

3,4-Benzocyclolzepfenone ( 4 )  
This compound was prepared from 3 by the method of 

Huisgen et al. (27). Its 'Hmr spectrum in CDCI, at 
60 MHz is entirely consistent with that expected for 4: 
6 7.1 (4H, aromatic), 3.65 (2H, s), 2.90 (2H, m), 2.47 
(2H, t), and 1.95 (2H, m). 

4,5-Benzotropone 
This compound was prepared as previously described 

(6, 14) and found to be identical to other samples pre- 
viously prepared in this laboratory. 

Preparation of 6-d6 and 7-d6 (Sclzeme I )  
A solution of 4,s-benzotropone (2.1 g) in 120 ml of 

ethanol containing 0.60 g of paladium-on-charcoal (5%) 
catalyst was placed in a compact deuteration apparatus 
(14) for about 16 h. Deuterium gas absorption had then 
ceased and the mixture was filtered on diatomaceous 
earth. Evaporation of the solvent gave a product which 
was shown by vpc analysis to have a retention time equal 
to that of authentic 4,5-benzocycloheptenone (14). 

The above ketone was then added to a solution of 
4.0 g of potassium carbonate in 40 rnl of D 2 0 .  After 5 h 
of reflux, the product was isolated in the usual manner 
(14). This procedure was repeated once and the product 
expected to be 5-ds was isolated. The deuterium de- 
coupled 100 MHz 'Hmr spectrum in CMF2C1 showed 
two benzylic singlets (near 6 2.8) separated by 2.2 Hz 
and in the ratio 70:30 (peak heights). Thus the sample 
contained a large quantity of CH,CD2 species (more 
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intense lowfield line) and CHDCD, species (less intense 
upfield line). 

Compound 6-dG was prepared from the above sample 
of 5-d, by the reaction of methylene iodide and magnesium 
amalgam as previously described by Bertini et al. (28). 
An ether solution (20 ml) of 0.50 g (3.0 mmol) of ketone 
5-d, and 0.88 g (3.3 mmol) of methylene iodide was added 
with stirring, at room temperature under a nitrogen 
atmosphere, to previously prepared magnesium amalgam 
(0.160 g of Mg and 5 ml of Hg). After reaction work-up 
(28) and evaporation of the ether solvent, a vpc analysis 
of the crude product revealed a mixture of 6-dG (70%) 
and the starting ketone (30%). Cheinically pure 6 - 4  
was obtained by preparative vpc and its deuterium de- 
coupled 'Hmr spectrum (10% in CHF,CI) showed a 
characteristic singlet at  S 4.7 (C=CH2) aild another signal 
a t  6 2.8 (benzylic CH2CD, and CHDCD2) in the ratio 
2:2.2. The upfield signal (Fig. 1) consists of two singlets 
separated by 2.2 Hz, the more intense line belonging to 
CM2CD2 species and the other one to the CHDCD, 
species. A mass spectral analysis at  12 eV revealed the 
following isotopic distribution: d, = 5%, d4 = 42%, 
d5 = 232, ds = 21%, d7 = 7%, ds = 2%. 

Compound 7-d6 was prepared from 5-dG by a reaction 
with carbon tetrachloride and triphenylphosphine ac- 
cording to the method of Rabinowitz and Marcus (29). 
Thus, a solution of 0.48 g of 5-dG (3 mmol) and 1.6 g of 
triphenylphosphine in 30 ml of carbon tetrachloride was 
heated to 80°C for 10 h. After work-up (29), 0.35 g of 
crude product was obtained. Analysis by vpc showed 
that it possessed a retention time equal to that of authentic 
5-exodichloron~ethyIenebenzocycloheptene (3) mp 103- 
104°C. The mass spectrum showed a cluster of peaks 
near mle 232 thus confirming the identity of the com- 
pound, but we were not able to get a very meaningful 
isotopic distribution. 

Preparation of 5-d4, 6-d4, and 7-d4 (Scheme 3) 
A solution of 4,5-benzotropone (1.6 g) in 90 ml of 

tetrahydrofuran (freshly distilled over LiA1H4) con- 
taining I 0 0  mg of palladium-on-charcoal (5%) catalyst 
was reacted with deuterium gas as described earlier. 
After filtration of the catalyst and evaporation of the 
solvent, 1.5 g of ketone expected to be 5-d, was obtained. 
Analysis by vpc showed a retention time identical to 
authentic 4,5-benzocycloheptenone (14). The deuterium 
decoupled 'Hmr spectrum at 100 MHz (5% in CHF2Cl) 
showed two characteristic signals for the non-aromatic 
protons: 6 2.5 (H next to carbonyl) and 6 2.8 (benzylic H) 
of essentially equal surface. A mass spectral analysis 
revealed the following isotopic distribution: dl = 4%, 
d2 = 5%, dS = 25%, d4 = 42%, d5 = 24%. 

Compound 6-d4 was prepared from a sample of 0.6 g 
of 5-d, by a reaction with methylene iodide and magne- 
sium amalgam as described earlier. After work-up 0.45 g of 
crude product was obtained. Chemically pure 6-d4 was 
obtained by vpc purification. A 100 MHz deuterium 
decoupled 'Hmr spectrum of 6-d4 (Fig. 2) as a 10% 
solution in CHF2C1 showed the following characteristic 
signals: 6 2.3 (H next to C=CH,) 2.8 (benzylic H), and 
4.7 (=CH2). The mass spectral analysis revealed the 
following isotopic composition: dl = I%',, d2 = 9%, 
d3 = 27%, d4 = 35%, ds = 19%, dG = 7%, d, = 2%. 

Compound 7-d4 was prepared from a sample of 0.41 g 
of 5-d, by a reaction with 1.3 g of triphenylphosphine in 
30 ml of carbon tetrachloride as previously described. 
The product was identified by comparison of its vpc 
retention time with a sample of authentic 5-dichloro- 
methylenebenzocycloheptene and then purified by 
preparative vpc. The 100 MHz deuterium decoupled 
'Hmr spectrum of this compound (Fig. 2) in a mixture 
of CHF2C1 and CHFCI, (1 :I) showed two non-aromatic 
signals at  6 2.6 (protons next to C=CCI,) and 2.8 
(benzylic protons). The mass spectrum showed a cluster 
of peaks near mle 230 thus confirming the identity of the 
compound, but we were not able to get a very meaningful 
isotopic distribution. 
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JOHN H. CAREY, BARRY G. OLIVER, and COOPER H.  LANGFORD. Can. J. Chem. 55,1207 
(1977). 

The irradiation of ferric perchtorate in the presence of tert-amyl alcohol produces Fe(1I) with 
a quantum yield of 0.110 i: 0.002, 12% lower than the yield obtained when tert-butyl alcohol 
was used as scavenger. Other tertiary alcohols studied, 3-methyl-2-pentanol and 3-ethyl-3-pent- 
anol, exhibited similar lower yields. It is shown that this reduction is due to the formation of 
y-hydroxyalkyl radicals which do not reduce ferric ion to ferrous. The addition of copper causes 
these radicals to be oxidized. The Fe(I1) quantum yield for the irradiation with tertiary amyl 
alcohol as scavenger in the presence of copper is in good agreement with the tertiary butyl alco- 
hol results in the absence of copper (0.124 i 0.003). 

Quantum yields are observed which are independent of scavenger concentration indicating 
outer sphere photooxidations are not taking place. This result supports the suggestion that an 
H on the carbon bearing oxygen is necessary for direct reaction between scavenger and the ferric 
charge transfer excited state. 

JOHN H.  CAREY, BARRY G. OLIVER et COOPER H.  LANGFORD. Can. J. Chem. 55, 1207 (1977). 
L'irradiation du perchlorate ferrique en prCsence d'alcool amylique tertiaire conduit a la for- 

mation de Fe(I1) avec un rendement quantique de 0.110 rt 0.002 soit 12% de moins que le rende- 
ment obtenu quand on utilise l'alcool butylique tertiaire comme piege. Les autres alcools ter- 
tiaires etudies, soit le mCthyl-3 pentanol-2 et l'ethyl-3 pentanol-3, presentent aussi des rendements 
plus bas. On montre que cette reduction est due a la formation de radicaux y-hydroxyalkyles qui 
ne reduisent pas l'ion ferrique en ion ferreux. L'addition de cuivre cause l'oxydation de ces 
radicaux. Le rendement quantique de Fe(1I) pour l'irradiation avec l'alcool amylique tertiaire 
comme piege en presence de cuivre est en bon accord avec les resultats obtenus pour l'alcool 
butylique tertiaire en absence de cuivre (0.124 f- 0.003). 

On a observe des rendements quantiques qui sont indtpendants de la concentration de pikge; 
ces resultats indiquent qu'il n'y a pas de photooxydation qui se produit dans les couches ex- 
tkrieures. Ces rtsultats supportent l'hypothese qu'un hydrogene sur le carbone portant l'oxy- 
gene est necessaire pour la reaction directe entre le piege et l'etat excite de transfert de charge de 
l'ion ferrique. 

[Traduit par le journal] 

Introduction k2 

The ultraviolet irradiation of strongly acidic [21 .OH + Fe&? + H +  + Fe:: + H,O 

solutions of ferric perchlorate leads to the pro- In order to determine the quantum yield of the 
duction of hydroxyl radicals by a process repre- primary photochemical processes, organic mole- 
sented by reaction 1 cules may be added as hydroxyl radical scaven- 

hv gers. Adamson et al. (1) have discussed the re- 
k~ 

[I]  F~:; ---) F~;,c* - F ~ , Z ~ C  + H+ + .OH quirements for successful use of such scavengers. 
k -  I H z 0  Since the scavanger molecule invariably forms a 

new radical in the scavenging reaction, it is essen- 
In  the absence of scavengers, a back reaction tial that the chemistry of the new radical be 

reaction predominates and Ihe known so that its fate can be accurately pre- 
net iron(I1) yield is very low. dicted. Other requirements are that no new light 

'To whom correspondence should be addressed. absorbing species be introduced in the system 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1208 C 4 K .  J CHEM. 

and that the scavenger itself be photochemically 
inert in the wavelength region of interest. 

A further complication in the use of scaven- 
gers is that at the high concentrations necessary 
for colnplete scavenging, reactions may occur 
between the scavenger and excited state (2) .  
Such a reaction has now been observed in the 
ferric perchlorate/perchloric acid systeri when 
methanol, isopropanol, and formic acid were 
used as scavengers (3, 4). Of the scavengers 
studied, tert-butyl alcohol was the only one that 
was efficient enough to react with all hydroxyl 
radicals and yet not undergo reaction directly 
with the excited state. It seemed iikely that an H 
on the hydroxyl-bearing C was a requirement for 
the reaction between scavenger and excited state 
(4). The reaction path for tert-butyl alcohol can 
be represented by: 

k3 
[3] 'OH + HOC(CH3)3 * H z 0  + HOC(CH3)2CH2' 

k4 
[41 HOC(CH,)2CH2 -+ Fez: * F e y  + products 

The establishment of structure-reactivity rela- 
tionships such as this can aid in evaluating the 
importance of the photochemical process in 
complex systems such as natural waters. To ex- 
plore this relationship further, we have studied 
the irradiation of ferric perchlorate in the pres- 
ence of other alcohols lacking an a-hydrogen. 

Experimental 
Irradiatioti Procedures 

Solutions to be irradiated were 0.02 M ferric perchlo- 
rate, 2.00 MHCIO,, and various copper and alcohol con- 
centrations. Commercial ferric perchlorate (K and K, 
non-yellow) and cupric perchlorate (Alfa) were used to 
prepared stock solutions, the concentrations of which 
wer.e determined by atomic absorption techniques. Spec- 
trophotometric grade tert-butyl alcohol was used without 
further purification whereas terf-amyl a!cohol (Fisher, 
reagent), 3-methyl-3-pentanol (Eastman), and 3-ethyl-3- 
pentanol (Eastman) were fractionally distilled prior to 
use. Irradiations were performed in a cylindrical quartz 
cell with an outer jacket through which distilled water from 
a heating bath could be circulated to maintain the pho- 
tolyte temperature at 30.0 + 0.l0C. High purity nitrogen 
was passed through the solutions for 20 min prior to  ir- 
radiation. The photoreactor (Ultraviolet Products Inc., 
§an Gabriel, CA) contained four low pressure mercury 
lamps. Light intensities were determined by ferrioxalate 
actinometry (6)  with potassium ferrioxalate (K and K) 
recrystallized twice from water. 

AnalyticaL Procedures 
The iron(I1) yields were determined using o-phenan- 

throline and the neutralization dilution technique pre- 
viously described (3). When copper was present, a blue 

crystalline precipitate usually formed during the analysis. 
A check of the analytical system, using samples containing 
ferrous ammonium sulfate revealed that the precipitate 
did not contain iron(I1). A calibration plot obtained by 
measuring the absorbance of the supernatant after al- 
lowing the blue precipitate to settle gave a molar absorp- 
tivity of 1.09 x lo4 at 510 nm based on iron(1I) concen- 
tration. This is in excellent agreement with the value of 
1.10 x lo4 reported by Hatchard and Parker (5). Thus, 
the blue precipitate and the presence of copper did not 
interfere with the iron(I1) determination at 510 nm. It was 
necessary at high copper concentrations to increase the 
quantity of phenanthroline used in order to achieve com- 
plete complexation of the ferrous ion. This behaviour 
leads us to conclude that the blue precipitate was a cop- 
per-phenanthroline complex, probably precipitated as 
the perchlorate salt. 

Photolyte samples were analyzed for products by gas 
chromatography. After neutralization, the aqueous sam- 
ples were injected directly into a gas chromatograph 
equipped with either a Tenax-GC (Enka N.V., Holland) 
or Chromosorb 101 (Johns-Manville) column and flame 
ionization detectors. 

For example, a sample of the photolysis solution con- 
taining 0.10 1M tert-butyl alcohol was irradiated to 10% 
conversion based on iron. The photolyte was neutralized 
with ICOH and the precipitate (iron oxide and potassium 
perchlorate) was removed by decantation. The clear, 
colourless supernatant was injected directly onto a 1.83 m 
Tenax column operated at 170°C. Adequate separation 
of the resulting products from the much larger parent 
alcohol peak could be achieved at this temperature for 
both the tert-butyl and tert-amyl alcohol systems. Al- 
ternatively, the neutralized supernatant could be evapo- 
rated under vacuum at 35°C and the residue extracted 
several times with ether. 

To obtain the mass spectra of the products, concen- 
trated samples were injected into a Finnigan GC-MS 
system with TENAX column. Mass spectra and gas chro- 
matographic behaviour of the observed products were 
compared with those of the following diols. 

Isobutylene Glycol: Synthesized from methallyl alcohol 
(Pfaltz and Bauer) following literature procedures (6). 

2-Methyl-1,2-buranediol and 2-methyl-2,3-butanediol: 
Synthesized from 2-methyl-1-butene and 2-niethyl-2- 
butene, respectively, by akaline permanganate oxidation 
at low temperature. 

2,7-Dimet/iyl-2,7-octc1nediol (ICNPharmac~uticals) and 
3-methyl-1,3-butanediol (BASF) were used as received. 

The identity of the three synthesized glycols was con- 
firmed by periodate cleavage (7) and analysis of the re- 
sulting carbonyl products by thin layer chromatography 
of their 2,4-dinitrophenylhjidrazine derivatives on alu- 
mina with solvent cyclohexane-nitrobenzene (2: 1). 
Cleavage of isobutyiene glycol led to formaldehyde and 
acetone, while 2-methyl-1,2-butanediol gave formalde- 
hyde and methyl ethyl ketone and cleavage of 2-methyl- 
2,3-butanediol yielded acetaldehyde and acetone. 

Results and Discussion 
Previous studies on the 2537 A irradiation of 

ferric perchlorate in the presence of tert-butyl 
alcohol, performed on undegassed solutions 
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CAREY ET AL. 1209 

over a temperature range of 35-40°C, established 
a limiting quantum yield for iron(I1I) reduction 
to  be 0.130 + 0.003 (3). From this value, a 
primary quantum yield for free .OH was cal- 
culated to be 0.065. We have studied the scaven- 
ging behaviour of three other tertiary alcohols 
in this system by irradiating a deaerated pho- 
tolyte at a temperature of 30.0 i 0.lCC. For the 
purpose of comparison, tert-butyl alcohol was 
also studied under these conditions. For all ter- 
tiary a!cohcls studied, the concentration of 
iron(I1) increases linearly with irradiation time 
for conversions less than 10%. Although concen- 
trations were limited by solubility, in all cases a 
yield could be reached which was independent of 
scavenger concentration. These yields are sum- 
marized in Table 1. It can be seen that the lim- 
iting yield for iron(I1) production drops as sub- 
stitution on the alcohol increases. Such an effect 
is unexpected based on reaction scheme 1-4. 

I t  may be possible for tertiary alcohol struc- 
ture to exert some influence on the primary reac- 
tion by affecting k ,  and k -  ,. Since it was pre- 
viously demonstrated (4) that methanol, iso- 
propyl alcohol, and tert-butyl alcohol did not 
enter the primary coordination sphere of the 
iron, such an effect is unlikely. Instead, it seems 
probable that the reaction of hydroxyl radicals 
with higher tertiary alcohols produces some 
radicals, which do not react with Fe(1II) to pro- 
duce Fe(II) via reaction 4. 

Walling and co-workers (8-10) have discussed 
the types of radicals formed in the Fenton's 
reagent (ferrous ion - hydrogen peroxide) oxida- 
tion of alcohols and characterized them ac- 
cording to their reaction with Fe(II1). He has 
concluded that radicals formed by abstraction of 
an cr-hydrogen from alcohols are oxidized by 
Fe(1II) at diffusion controlled rates, while rad- 
icals which arise by abstraction of P-hydrogens 
are oxidized with more difficulty. Radicals 
formed by abstraction of hydrogens further re- 
moved from the hydroxyl group resemble alkyl 
radicals in that neither is oxidized by Fe(II1). 
These radicals can, however, be oxidized by 
Cu(I1) which will produce Fe(I1) via reactions 5 
and 6. 

[ 5 ]  R. + C u Z  + ROH + Cu& + H' 
Hz0 

The addition of copper can, however, cause 

other changes in the reaction mechanism. Bhatia 
and Schuler (11) found that the hydroxycyclo- 
hexadienyl radical could be quantitatively oxid- 
ized by ferricyanide, while lower yields and other 
complications were present when copper was 
used as oxidant. Some of these complications 
were due to the buildup of cuprous ion in the 
system. Such a buildup will not occur in the 
present system since the cuprous ion will react 
with Fe(II1). 

Walling et al. (10) have reported that the addi- 
tion of high copper concentrations can affect 
results in the Fenton's reagent system in a man- 
ner suggestive of the reaction of hydroxyl rad- 
icals with Cu(I1). 

In acid solution, Cu(II1) rapidly reverts to hy- 
droxyl radicals and Cu(I1) (12). Since the present 
studies were performed in 2 M HClO,, if any 
Cu(11I) formed, it should decompose too rapidly 
to oxidize Fe(I1) and thus affect the Fe(I1) yield. 

In order to check the effect of adding copper 
on the tert-butyl alcohol scavenging system, 
studies were performed at 30.0cC over a range of 
copper concentrations from 0.01 to 0.05 M. The 
concentrations of tert-butyl alcohol used were 
previously shown to be sufficient to scavenge all 
hydroxyl radicals (3). The quantum yield for 
iron(I1) production is 0.124 + 0.003 and is inde- 
pendent of copper concentration. 

The addition of copper to the tertiary amyl 
system caused an increase in the rate at which 
Fe(I1) was formed on irradiation. Identical re- 
sults were obtained for a copper concentration of 
0.002 and 0.005 M. The quantum yield is cal- 
culated to be 0.124 f 0.002, in good agreement 
with the value obtained for tert-butyl alcohol 
scavenging at this temperature. The quantum 
yields for the other tertiary alcohols also exhib- 
ited a similar increase. These results are sum- 
marized in Table 1. 

Attempts were made to identify the organic 
products resulting from both tert-butyl and 
tert-amyl alcohol scavenging in this system. In 
a previous paper (3), it was reasoned that iso- 
butylene glycol and Fe(I1) were the likely prod- 
ucts from the reaction of a 2-methyl-2-hydroxy- 
propyl radical with Fe(II1). Similarly, reaction 
between Fe(II1) and radicals produced by P-hy- 
drogen abstraction from tert-amyl alcohol may 
also lead to diols as expected products. 
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TABLE 1 

(a) Quantum yields for photoreduction at various scavenger concentrations 

Scavenger Copper 
concentration concentration 

Scavenger (moll f! (moll e Q F ~ ( I I )  

tert-Amy1 alcohol 

tert-Butyl alcohol 0.106 
0.536 
0.536 
0.536 
0.536 
0.536 

0.184 
0.275 
0.367 
0.643 
0.275 
0.367 
0.459 
0.184 
0.275 
0.367 
0.459 
0.643 

3-Methyl-3-pentanol 0.081 
0.162 
0.081 
0.162 

3-Ethyl-3-pentanol 0.0072 
0.0144 
0.0144 

(b) Prominent peaks in mass spectra of products for tertiary amyl alcohol scavenging - 
Intensty (%) 

Product 2-Methyl- Product 2-Methyl- Product 3-Methyl- 
AMU A" 2,3-butanediolb Ba 1 ,2-butanediol" C" 1 ,3-butanediolb 

39 17.4 13.7 28.1 13.1 20.8 13.2 
41 37,7 34.7 31.2 26.3 33.8 - 
42 18.6  7 .9  10.4 3 .2  14.5 6 . 3  
43 92.3 76.8 70.8 42.0 100.0 100.0 
45 20.9 21.1 29.2 22.1 - - 
55 - - 100.0' 48.4' 5 .3  7 . 4  
56 - - 9 .4  3.7 5.5 5.8 
57 - - 59.1 42.0 - - 

58 13.8 - - 9 .5  12.5 6 . 8  
59 100.0 100.0 - - 49.1 79.0 
71 11.1 24.2 5 . 2  10.5 13.3 14.2 
73 - - 88.5' 100.0" - - 
75 - - 35.4 36.8 - - 
89 9.5  5 .2  5 .3  8 .0  7 .4  -- 6.1 

Q[HC104] = 2.00 M, [Fe3+] = 0.02 M, [ C U ~ + ]  = 0.005 M. Spectra determined on Finnigan GCjMS System by subtraction of baseline from 
that of peak. 

bSpe~t:a of synthetic samples run by direct injection on a Hitachi-Perkin Elmer RMU6L Mass Spectrometer. 
+'eaks at nz/e 55 and 73 are related by loss of H,O from the ion. The base peak has shifted because the two instruments operate under different 

coildiiions, e . g . ,  temperature, which aTiects rate of loss of HzO. 
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CAREY ET AL.  

TABLE 1 (Concluded) 

(c) Mass spectrum of product for tert- 
butyl alcohol scavengingd 

Intensity (%) 

Isobutylene 
AMU Photo-product glycol 

dObtained by subtraction of mass spectrum 
baseline from that of peak. 

The reaction of the 3-methyl-3-hydroxybutyl radical with Cu(I1) will likewise result in diol 
formation. 

OH H  0 OH 
I 

[lo] C H I  - C H ~ C H ~  + C U ~ T - C H ~  c - C H ~ C H ?  + C U ;  + H -  

CH3 CH3 

3 

For tert-butyl alcohol, comparison of reten- can be observed at higher temperature and long 
tion times and mass spectra of the scavenging retention times. The first two observed products 
product and a synthetic sample of isobutylene have retention times and mass spectra identical 
glycol confirm that the latter is the major organic to synthetic samples of the expected glycols 
product of the photolysis. There was no notice- 2-methyl-1,2-butanediol (1) and 2-methyl-2,3- 
able difference between aerated and deaerated butanediol (2). The third product has identical 
samples, with or without copper. retention times on two different GC columns to 

In the tert-amyl alcohol case, two products are a commercial sample of 2,7-dimethyl-2,7-oc- 
easily detected by gas chromatography of a tanediol and indicates that in the absence of 
photolyte containing no copper. A third product copper, the 3-methyl-3-hydroxybutyl radical 

undergoes a radical-radical reaction 11. 

O  H  ? OH 
I 1 

[I11 2 CH3 - C - CH2CH2 CH3 - C  -- CH2CH2CH2CH2 C - CH3 
I I 

C H I  CH3 CH3 

4 
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Products 1 and 2 are also found in the photol- 
ysis of a solution containing copper. No change 
in the ratio or position of the peaks was appar- 
ent. Product 4 from the radical-radical reaction 
is not present in the photolyte containing copper 
but has been replaced by a new product of only 
slightly longer GC retention time than 2. Com- 
parison of C C  retention times and mass spectra 
of this product with a commercial sample reveals 
that this product is 3-methyl-1,3-butanediol 3. 
Since the glycol products could be susceptible to 
pinacol type rearrangements in the acid medium, 
no attempt was made to determine quantum 
yields of the organic products. The mass spectra 
obtained for the reaction products and syn- 
thesized diols are shown in Table 1 (b) and (c). 

In the irradiation of 0.01 M ferric perchlorate 
in the presence of benzoic acid, it was found that 
o-, m-, and p-hydroxybenzoic acids were formed 
corresponding to the statistical 2:  2 :  1 ratio (13). 
To  evaluate the possibility that the hydroxyl 
radical abstracts hydrogen from these tertiary 
alcohols on a statistical basis, we have calculated 
the fraction of y-hydrogens relative to the total 
number of p- and y-hydrogens in the molecule 
and from these values predicted quantum yields 
for Fe(I1) based on statistical abstraction. Thece 
yields were 0.105 for tert-amyl alcohol, 0.094 
for 3-methyl-3-pentanol. and 0.085 for 3-ethyl- 
3-pentanol. For the latter two alcohols, the ob- 
served yields in Table 1 are higher than those 
predicted, indicating some preference towards 
the abstraction of P-hydrogen rather than y. 

A recent esr study of the photolysis of ferric 
perchlorate in neat alcohol glasses revealed that 
methyl radicals were formed from tert-butyl 
alcohol (14). Methyl radicals are inert towards 
iron(II1) and would dimerize without producing 
iron(I1). However, in the presence of copper, the 
reaction of methyl radicals with copper(I1) would 
result in iron(I1) production via reaction 6. It 
can be seen in Table I that there is no effect of 
copper on the iron yield for tert-butyl alcohol 
scavenging and thus methyl radicals are not 
produced in the photolysis in aqueous solution. 
The methyl radicals observed in neat alcohol 
glasses may result from excitation of an alcohol- 
to-iron charge transfer transition. Such a transi- 
tion is unlikely in dilute aqueous solution where 

it has previously been demonstrated that tert- 
butyl alcohol does not enter the primary coordi- 
nation sphere of iron(I1I) (4). 

There is no evidence for outer-sphere reaction 
between any of the tertiary alcohols studied and 
the ferric CT excited state. This result supports 
the suggestion that an H on the carbon bearing 
oxygen is necessary for the excited state reac- 
tion (4). 

It is evident that differences in reactivity of 
radicals towards various metal oxidants may 
allow individual radicals to be observed. This 
may prove to be an important tool for mechanis- 
tic interpretation. We intend to explore this pos- 
sibility further. 
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Crystal structure of a dimeric 1-methylcytosine mercuric 
chloride complex 
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MONIQUE AUTHIER-MARTIN and A N D R ~  L. BEAUCHAMP. Can. J .  Chem. 55, 1213 (1977). 
Di-p-chloro-bis[chloro(1-methylcytosine-O,N3)mercury(II)] belongs to space group P2,lc 

with cell dimensions a = 9.932(2), b = 14.051(3), c = 9.198(2) A, and !3 = 135.41(2)'. The struc- 
ture was solved by the heavy-atom method and refined to an R factor of 0.027 for 1271 indepen- 
dent reflections. The crystal is composed of centrosymmetric dimeric molecules in which two 
mercury atoms are attached by a pair of symmetrical chlorine bridges. The 1-methylcytosine 
ligand is bidentate uia N(3) and O(2). The metal atom has a (2 + 3) coordination with a 
very distorted trigonal bipyramid geometry. A chlorine atom at 2.322(3) A and ring nitrogen 
N(3) at 2.17(1) 8, form strong axial bonds with mercury. Two bridging chlorine atoms at 
2.719(2) and 2.745(3) A, and carbonyl oxygen O(2) at 2.84(1) 8, form weaker equatorial 
bonds. The amino group is hydrogen-bonded to a bridging chlorine of the same molecule 
( N  . .C1 = 3.23(1) A) and a carbonyl oxygen of a neighboring molecule (N. . .O = 2.86(2) A). 

MONIQUE AUTHIER-MARTIN et ANDRE L. BEAUCHAMP. Can. J. Chem. 55. 1213 (1977). 
Les cristaux de di-~-chloro-bis[chloro(methyl-1-cytosine-O,N3)mercure(II)] appartiennent 

au groupe spatial P2,lc et les dimensions de la maille elementaire sont a = 9.932(2), b = 
14.051(3), c = 9.198(2) A et P = 135.41(2)". La structure a ett  resolue par la methode de 
l'atome lourd. L'affinement effectue au moyen de 1271 rtflexions indtpendantes a converge 
a un facteur R de 0.027. Le cristal est constitue de molCcules dimeres centrosymCtriques dans 
lesquelles les deux atomes de mercure sont reunis par deux ponts chlore symetriques. La 
mtthyl-1-cytosine forme un chelate par l'intermkdiaire de N(3) et O(2). Le mttal possede une 
coordination (2 + 3) correspondant a une bipyramide triangulaire tres deformee. Un atome 
de chlore a 2.322(3) 8, et l'atome N(3) du coordinat a 2.17(1) A forment des liaisons axiales 
fortes avec le mercure. Les deux atomes de chlore des ponts a 2.719(2) et 2.745(3) A, ainsi 
que l'atome O(2) du groupement carbonyle a 2.84(1) A, etablissent les liaisons tquatoriales 
plus faibles. Les deux atomes d'hydrogene du groupement amino participent a des liaisons 
hydrogbne, l'une intramoleculaire avec le chlore d'un pont (N. . .C1 = 3.23(1) A), l'autre 
intermoleculaire avec l'oxygene du groupement carbonyle (N. . .O = 2.86(2) A). 

Introduction 
As part of our research on metal complexes 

with purine and pyrimidine bases of DNA, 
mercuric chloride was found to form a 1 : 1 
addition compound with 1-methylcytosine. Other 
workers (I )  have identified ring nitrogen N(3) 
as the primary target for Hg2+ and CH,Hg+ 
ions in solutions of N(1)-substituted cytosines. 
X-Ray work on complexes with other metals 
(2-4) has also shown binding at N(3), but in 
some cases chelate formation through the 
adjacent carbonyl group takes place. The present 
crystal structure was studied in order to ascer- 
tain N(3)-coordination and to determine whether 
the carbonyl group is bonded to mercury. 

14.051(3), c = 9.198(2) A, !3 = 135.41(2)", V = 901.1 A', 
Z = 4 monomers (or 2 dimers), D, = 2.924 g cm-3, 
Do = 2.91(1) g ~ m - ~  (flotation in CHBr3-Br2CHCHBr2 
mixture), p(MoKa) = 171 cm-', h(MoK6) = 0.71068 
(graphite monochromator), t = 23'C. 

Preparation 
Mercuric chloride and 1-methylcytosine (0.4 mmol 

each) were dissolved in 40 ml of water at 80°C. Upon 
cooling at room temperature, colorless crystals of 
composition (MC)HgCl, (where MC = 1-methylcytosine) 
precipitated. Anal. calcd.: Hg 50.57, C1 17.88, C 15.14, 
N 10.60, H 1.78; found (Schwarzkopf Lab.): Hg 50.14, 
C1 17.50, C 14.96, N 10.81, H 2.04. 

The crystal chosen for data collection was a small 
plate of dimcnsions 0.37 mm x 0.04 mm x 0.15 mm 
measured perpendicular to {001), {010), and {312}. 
The last set of very small faces was not identified un- 
ambiguously, but the absorption correction is not sensi- 
tive to its eiact positioning.. 

Experimentd Crystallographic Measurenznzts 

Crystal Data Space group P2,lc and preliminary cell constants were 
CSH7N30ClpHg f.w. = 396.63 determined from precession photographs. Refined cell 
Monoclinic, space group P2,/c, a = 9.932(2), b = parameters and intensity measurements were obtained 
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1214 CAN. .I. CHEM. VOL. 5 5 ,  1977 

TABLE 1. Refined fractional coordinates ( x  lo3, Cl x lo4, Hg x LO5) and anisotropic temperature factors ( x  lo3, 
Hg x 104),t.f. = exp j-(Ulla*2h2 + UZ2b*'k2 + U33~*212 + 2U12a*b*hk + 2U13a*c*hl + 2U23b*~*kl).Extinction 

coefficient = 4.7(3) x lo3 

Atom x Y z UII UZ 2 U3 3 U12 U13 UZ 3 

with a Syntex P I  automatic diffractometer. A set of 
15 reflections (11 i 29 i 24") were automatically 
centered and indexed according to the standard pro- 
cedure. Least-squares refinement on the setting angles 
of those reflections led to the cell parameters given above 
and to the orientation matrix for data collection. Oscilla- 
tion photographs taken along each of the three axes 
showed the expected symmetry and spacing, and con- 
firmed our choice of axes. 

All hkl and hkf reflections within a sphere of 29 < 50" 
were measured. The 9/29 scan technique was used and the 
scan speed (from 1' to 24' (28)/mn) was automatically 
selected according to peak height. The 29 scan was from 
[29(Kr11) - 1.2"] to [29(Ka2) + 1.2"] (Syntex auto- 
collection program). Background counts were taken at  
each limit and the background time-to-scan time ratio 
was 0.4. Three standard reflections (002, fT1, i02) 
measured every 45 reflections showed variations < + 5% 
from their respective means. The reduced set of data 
consisted of 1589 unique reflections. A total of 1271 
reflections with net intensities I L 2.5o(I) (5) were used 
to solve the structure. The data were corrected for 
Lorentz and polarization effects. Absorption corrections 
based on the equations of the crystal faces were applied at 
a later stage. A grid of 5 x 5 x 10 was used and the 
transmission factor ranged from 0.10 to 0.49 (Program 
NRC-3, Ahmed and Singh). 

Resolution of the Structure 
The structure was solved by the heavy-atom method. 

Successive Fourier maps and structure factor calculations 
revealed the positions of all nonhydrogen atoms. The 
function minimized in least-squares calculations was 
C W ( ~ F ~ I  - Fcl)2. Full-matrix refinement with isotropic 
temperature factors and weights w = 1.0 converged to 

An absorption correction was introduced and R decreased 
to  0.086. Anisotropic refinement of all nonhydrogen 
atoms was carried out using block-diagonal least squares. 
At this stage, all hydrogen atoms were visible on a AF 
map. They were placed at their calculated positions 
(C-H and N-H = 0.95 A) with temperature factors 
B = 6.0 A2 (U = 0.076 A'). Their parameters were 

not refined, but the shifts on the coordinates of the 
corresponding carbon or nitrogen atoms were applied 
to those of hydrogen as well.' In the last cycles of re- 
finement, individual weights w = l /oF2 (5) were ap- 
plied to each reflection. Refinement of the scale factor, 
the secondary extinction coefficient (6), the coordinates, 
and anisotropic temperature factors of all nonhydrogen 
atoms converged to R = 0.027 and 

The validity of the weighting scheme was confirmed by 
the absence of systematic variations of ir.(F,: - F c  )' as 
a function of sin 9/h and F,I. The final A F  map showed 
a few peaks of 1.0 e/A3 near mercury and one peak of 
0.9 e/W3 in the neighborhood of O(2). Elsewhere, the 
background was lower than i 0.6 e/A3. 

The refined parameters are given in Table 1 and a list 
of structure factors is available upon request.' The 
scattering curves used were those of Cromer and Waber 
(7) for nonhydrogen atoms and of Stewart et al. (8) for 
hydrogen. The anomalous dispersion coefficients A f ' and 
A f" of Hg and C1 (9) were included in the calculations. 

Local versions of the following computer programs 
were used in this work: F. R. Ahmed and C. P. Huber, 
NRC-2 (Data Reduction); F. R.  Ahmed and P. Singh, 
NRC-3 (Absorption Correction); R. J. Doedens and J. A. 
Ibers, NUCLS (Least-squares refinement), with block- 
diagonal option introduced by J.  Sygusch; A. Zalkin, 
FORDAP (Fourier maps); C .  K. Johnson, ORTEP 
(Stereo drawings). 

Description of the SLrusture and Disclnssion 
The structure consists of centrosvmmetric 

chlorine-bridged dimers where 1-methylcytosine 
acts as a bidentate ligand (Fig. 1). The five 

'The structure factor table and the list of hydrogen 
coordinates are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 
os2. 
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AUTHIER-MARTIN AND BEAUCHAMP 

TABLE 2. Distances and angles around mercury 

Atoms Distance (A) Bonds Angle (deg) 

FIG. 1 .  Structure of the dimer. The left part of the 
molecule is related to the right part by a crystallographic 
inversion center shown as a black spot. Dashed lines 
represent hydrogen bonds. a = (Z, 7, 2). 

donor atoms within bonding distances do not 
define a regular polyhedron around mercury 
(Table 2). On the basis of bond strength, the 
compound is best described in terms of a 
(2 + 3) coordination with a highly distorted 
trigonal bipyramid geometry. Mercury is strongly 
bonded to Cl(1) and N(3) occupying 'axial 
positions', whereas 0(2)  and two crystallo- 
graphically equivalent Cl(2) atoms form three 
weaker bonds in the 'equatorial plane'. 

It is common to recognize two sets of bonds 
in the coordination sphere of mercury. For 
instance, a number of addition compounds 
contain C1-Hg-CI units with strong bonds 
at -180" and as manv as four weak bonds or 
contacts in the equatorial plane completing a 
(2 + 4) octahedral coordination (1 1-15). The 
Hg-Cl(1) distance observed here (2.322(3) A) 
is typical of such strong bonds. The most un- 
expected feature of the present structure is that 
the second strong bond is formed with W(3) 
instead of Cl(2). The Hg-N(3) distance (2.17(1) 
A) is normal for pyridine-type nitrogen (16). 

Shorter distances, as observed in bis(1-methyl- 
thyminato)mercury(II) (2.04 A) (17), are nor- 
mally found only when mercury reacts by sub- 
stitution of an acidic hydrogen atom. 

The two Hg-Cl(2) bonds in the equatorial 
plane are much stronger than Hg-O(2). This 
produces a displacement of the axial bonds in 
the direction that increases the Cl(2)-Hg-axial 
angles above 90" and, as a consequence, the 
axial-Hg-axial angle is reduced to 148.0(3)". 

The Hg-O(2) distance (2.84(1) A) is less, 
although not much, than the sum of the van 
der Waals radii (3.0 A) (11). Similar or slightly 
shorter distances have been reported for com- 
plexes with uracil (2.71 A) (18), dihydrouracil 
(2.88 A) (IS), and cyclohexanedione (2.79 A) 
(14). Consequently, there is a significant oxygen- 
metal interaction as found in copper-cytosine 
complexes (3). A comparison of these chelates 
with the monodentate platinum complex (4) 
reveals a striking difference between the exo- 
cyclic angles at N(3). Pt-N(3)-C(2) and 
Pt-N(3)-C(4) are 115.3 and 125. lo respec- 
tively. The difference of 10" is probably due to 
steric effect of hydrogen atoms which make the 
amino group bulkier than a carbonyl group. 
In the copper complexes, the angles differ by 
17.5" and 22.2" (3) and a still greater difference 
(24") is found here. This is probably due to 
chelate formation because such large differences 
in exocyclic angles are needed to take the car- 
bony1 oxygen close enough to the metal atom. 
The C(2)-O(2)-Hg angle of 80.6(8)" would 
also be acceptable, the direction of maximum 
basicity theoretically predicted by Bonaccorsi 
et al. (19) being at 55" from the C-0 bond. 
In the present case, unequal exocyclic angles 
also promote intramolecular hydrogen bonding 
of the amino group with a bridging chlorine 
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Clll Clll 

FIG. 2. Interatomic distances and bond angles of the 
coordinated ligand. The e.s.d.'s are 0.01-0.02A on 
bond lengths and 1.0" on bond angles. 

atom: CI(2)-N(4) = 3.23(1) A, C(4)-N(4)- 
Cl(2) = 117.0(9)". 

Most of the Hg-Cl-Hg bridges reported 
in the literature are either symmetrical, as 
observed here, with two equivalent Hg-CI 
distances of -2.8 A, or highly unsymmetrical 
with one short bond of -2.3 A and one weak 
contact > 3.0 A. The latter type, which is more 
common, is observed in HgC1, (1 I), many of 
its addition compounds (1 1-15) and the complex 
of CI,CHgCl with 1,lO-phenanthroline (20). 
Both types of bridges are present in MHgCl, 
salts (with M = univalent cation), where octa- 
hedral HgCI, units sharing edges form infinite 
chains or ribbons (1 1, 21). To our knowledge, 
this is the first example of mercury being sym- 
metrically bridged by a pair of chlorine atoms 
in a discrete molecule. 

The geometry of the coordinated ligand is 
shown in Fig. 2. Bond lengths and bond angles 

in neutral and protonated cytosine rings have 
been discussed by Sundaralingam and co- 
workers (10). The two forms exhibit dif- 
ferences in bond lengths not much greater than 
the e.s.d.'s of the present work. Our values 
do not differ significantly from those of either 
type of ring, except for C(2)-N(3) (1.39(1) A), 
which is probably greater than the distance of 
the neutral form (1.356 A) and close to that of 
the protonated form (1.389 A). In the case of 
angles, our e.s.d.'s are smaller compared with 
the differences for the most sensitive angles. 
Our results (N(1)-C(2)-N(3) = 117.6(1.0)", 
C(2)-N(3)-C(4) = 121.5(9)", N(3)-C(4)- 
C(5) = 120.2(1.0)") are more like those of the 
neutral form (1 19.1, 120.2, 121.7") than those 
of the protonated form (1 14.8, 124.8, 117.7"). 

The amino and methyl groups are in the 
plane of the six-membered ring within lo 
and their exocyclic angles are normal. The car- 
bony1 group is significantly out of that plane 
with distances of 0.026 A (30) and 0.042 A (60) 
for C(2) and O(2) respectively. The exocyclic 
angles around C(2) are affected by protonation, 
complexation at N(3), and hydrogen bonding 
(3, 22). In this case, additional effects are ex- 
pected from chelation and our results cannot be 
related In a simple manner to those various 
phenomena. 

A packing diagram (Fig. 3) shows dimers 
linked by strong intermolecular N-H. . .O 
hydrogen bonds: N-0 = 2.86(2) A, C(4)- 
N(4)-O(2) = 112.5(9)". All other contacts are 
normal. It is noteworthy that the organlc 
ligands are approximately parallel within the 
dimer and in the rest of the structure. Weverthe- 

FIG. 3. Projection of the unit cell down the c axis. The origin is at  the lower left corner, n is horizontal, 
b is vertical, and c points toward the reader. The atoms can be identified by comparison with Fig. 1. 
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AUTHIER-MARTIN AND BEAUCHAMP 1217 

less, the rings are not above each other and there 
is apparently little direct effect of base stacking 
as frequently observed with this type of ligands. 
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and ALY HAMDY KHALIL. Can. J. Chem. 55,  1218 (1977). 

Methyl Z- and E-4-bromo-3-methylbut-2-enoate 13 and 14 react with triethyl phosphite 
stereospecifically with retention of configuration to give the corresponding Z- and E-phospho- 
nate esters 8 and 9. TheZ- and E-phosphonates react with aldehydes with extensive stereomuta- 
tion of the double bond. Rapid equilibration to a mixture of one part E-phosphonate to two 
parts Z-phosphonate occurs when either geometric isomer is treated with base. Despite this, the 
E-2,E-4 ester 16 is the chief product of the reaction. Methyl E-j3-ionylideneacetate 166 is the 
major product of the reaction of either isomer with j3-cyclocitral and with cyclohexene car- 
boxaldehyde only the E-2,E-4 isomer 16c is formed. Benzaldehyde reacts with the phosphonates 
to give a mixture of the E-2,E-4 and Z-2,E-4 isomers 16a and 15a in a 4: 1 ratio. Although the 
corresponding Z- and E-phosphonium salts 6 and 7, obtained stereospecifically from the bromo 
esters, react by the same general mechanism as the phosphonates the main product with benz- 
aldehyde is the Z-2,Z-4 isomer 17a. 

RICHARD NEVILLE GEDYE, K E N ~ E T H  CHARLES WESTAWAY, PARKASH ARORA, ROBERT BISSON 
et ALY HAMDY KHALIL. Can. J. Chem. 55, 1218 (1977) 

Les Z et E bromo-4 methyl-3 butenoate-2 de methyle (13 et 14) reagissent stCreospCcifique- 
nient avec le triethyle phosphite avec retention de configuration pour conduire aux phos- 
phonates esters Z et E correspondants (8 et 9). Les phosphonates Z et E rkagissent avec les 
aldehydes avec une grande stereomutation de la double liaison. L'equilibration rapide vers un 
mClange d'une partie de phosphonate E par rapport a deux parties de phosphonate Z se produit 
chaque fois qu'un des isomeres geometriques est traite avec une base. Malgre ces rCsultats, 
I'ester E-2,E-4 est le produit principal de la reaction. Le E-j3-ionylideneacetate de methyle 166 
est le produit majeur de la reaction de chacun des isomeres avec le j3-cyclocitral; avec le cyclo- 
hexhe  carboxaldehyde, il n'y a que l'isomere E-2,E-4 (16c) qui est forme. Le benzaldehyde 
reagit avec les phosphonates pour conduire a an melange des isomeres E-2,E-4 et Z-2,E-4 
(160 et 15a) dans un rapport de 4:l .  Quoique les sels de phosphonlum Z et E correspondants 
(6 et 7), obtenus stCrCospCcifiquement partir des bromo esters, reagissent par le m&me 
mecanisme general que les phosphonates, le produit principal avec le benzaldehyde est 
l'isomkre de Z-2,Z-4 (170). 

[Traduit par le journal] 

The Wittig reaction of P-ionylideneacetalde- 
hyde with the phosphorane derived from (3-  
methoxycarbonylprop-2-eny1)triphenylphospho- 
nium bromide ( I ) ,  and the Horner modification 
of the Wittig reaction using P-ionylideneacetalde- 
hyde and triesters of 4-phosphono-3-methylbut- 
2-enoic acid (2,3) have been used in the synthesis 
of vitamin A and related com~ounds.  Until re- 
cently however, little attention has been given to 
the stereochemical aspects of these reactions. 

Of the methods available for the synthesis of 
the vitamin A precursor, P-ionylideneacetic acid, 
the Reformatsky reaction (4-9) and modified 
Wittig reactions (10, 1 I )  have received particular 
attention. These reactions are not generally 
stereospecific and tend to give a mixture of the 

Z- and E-isomers of P-ionylideneacetic acid 1 and 
2. The Z- and E-p-ionylideneacetic acids have 
recently been prepared stereospecifically in good 
yield by the reaction of the Wittig reagent 3, 
from triphenyl-P-cyclogeranylphosphonium bro- 
mide, with 4-hydroxy-3-methylbut-2-enolide 4 
and methyl E-formylcrotonate 5, respectively (9). 
Since the starting materials for these syntheses 
are not readily available and are tedious to pre- 
pare, an alternate stereospecific route is desir- 
able. 

The Wittig reactions of the pure Z- and 
E-phosphonium bromides 6 and 7 and of the 
pure Z- and E-phosphonate esters 8 and 9 in the 
Horner niodification of the Wittig reactioil with 
P-cyclocitral appeared to provide attractive 
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with benzaldehyde in the presence of base. Har- 
rison and Lythgoe (14), observed almost com- 

HO 0 , 4  
0 

plete retention of configuration during the reac- 
tion of the 2-phosphonium salt 12 with a ketone. 

-F WO2~ It should be noted, however, that the ylide from 
3 1 12 does not have a resonance stabilizing car- 

bomethoxy group. 
, I /  O&CO;M~, 5 In the present study, the 2- and the E-isomers 

(11)  H20. OH- of methyl 4-bromo-3-methylbut-2-enoate (9), 13 
and 14, were converted with complete retention 
of configuration into the corresponding phos- 
phonium bromides 6 and 7 at room temperature. 

2 BrCH2 C02Me BrCHz 

routes to a stereospecific synthesis of the 2- and 
E-P-ionylideneacetic acids, and hence to the 

h 
C02Me 

geometrical isomers of vitamin A. In the present 13 14 

study, the stereochemistry of the Wittig reactions 
of 6-9 with P-cyclocitral 18 and other aldehydes This conclusion was based on the evidence ob- 

has been investigated. tained from the nmr spectra of the bromoesters 
and the phosphonium salts (13, 15). + I 

B ~ - P I I ~ P C H ~ ) _ / C O ~ L ( ~  Br-Ph3PCH2 Attention was then focused on the stereo- 

h chemistry of the Wittig reactions of the phos- 
C O ~ M ,  phonium salts 6 and 7, in the presence of sodium 

6 7 methoxide, with benzaldehyde and P-cyclocitral. 
The reactions of the 2- and E-phosphonium 

(EtO12POCHI)_/C02Me ( E I O ) ~  POCH2 salts with benzaldehyde in the presence of so- h dium methoxide, although carried out under 
COzMe milder conditions than those conducted by Howe 

8 9 (at 20°C rather than at reflux temperatures), 

The stereospecificity of the formation of proved be non-stereos~ecific. The 
allylic wittig reagents by the reaction of tri- same mixture of isomeric products 15a-18a 
phenylphosphine with allylic halides and of the were formed and with the z-2,z-4 
subsequent condensations with carbonyl corn- isomer 17a being the principal product. 
pounds appears to be in doubt. In an attempted 
preparation of Z-allylic Wittig reagents from the ~4 &02Me 

R \ \  
allylic bromide formed by treating methyl 2-2- C02Me 
methylbut-2-enoate 11 with N-bromosuccin- 15 16 
imide, and from methyl Z-4-chlorobut-2-enoate, 
Pattenden and Weedon (12) observed complete 
inversion of configuration resulting in the forma- R x C 0 2 M e  

tion of the corresponding E-phosphonium salts. 
C02Me 

17 18 

C02Me 

10 11 12 ( I  R = C,H, b R = 

Howe (13) observed retention of configuration 
during the conversion of mixtures of 2- and In order to further investigate the observed 
E-isomers of ethyl 4-bromo-3-methylbut-2-eno- stereomutations in these Wittig reactions, the 
ate to the corresponding phosphonium salts, but ylide 19 was prepared by treating a suspension of 
found that the 2- and E-phosphonium salts gave the 2- and E-phosphonium salts 6 and 7 in ben- 
the same mixture of products when condensed zene with an equimolar amount of dilute aque- 
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ous alkali. The solid isolated from both reactions 
had identical ir, uv, and nmr spectra. Moreover 
the nmr spectrum showed only one type of 
P-methyl group, a situation which would be dif- 
ferent if it was a mixture ofZ-  and E-isomers (13, 
15). Thus it was concluded that 6 and 7 gave the 
same phosphorane. The isolated phosphorane is 
a yellow solid which is stable enough to be kept 
for long periods without decomposition. Partici- 
pation of the ester group in charge delocalization 
is evident from the shift of the carbonyl absorp- 
tion in the infrared from 1700 cm-' in the salt, 
to 1669 cm-I in the phosphorane. 

Corey and Erickson (15) isolated a phospho- 
rane of considerably lower melting point (near 
135°C) than that obtained in this investigation 
(176-180°C). Their product which was formed 
in basic aqueous acetonitrile was shown by nmr 
analysis to be a 2 :  1 mixture of the 2- and 
E-phosphoranes, for which the structures 19b 
and 19a, respectively, were assigned. 

OMe OMe 

The nmr spectrum of the crystalline ylide 
formed in the present study was similar to that 
of the 2-isomer 19b (13, 15) and no signals corre- 
sponding to those quoted for the E-isomer were 
observed. 

The formation of predominantly 2-2 isomers 
in the above Wittig reaction is consistent with 
the formation, irz situ, of mainly the 2-ylide 196 
from both the 2- and E-phosphonium salts 6 
and 7. It should be noted that the isolated ylide 
reacted with benzaldehyde in benzene solution 
to give essentially the same isomeric mixture as 
that obtained in the condensation of 6 and 7 
with benzaldehyde. 

P-cyclocitral, on the other hand, failed to react 
with the phosphoniuni salts 6 and 7 under nor- 
mal conditions, and on prolonged refluxing with 
the isolated ylide gave a complex mixture of 
products. Because of this lack of reactivity, atten- 
tion was turned to the reactions of the allylic 
phosphonate esters 8 and 9 with aldehydes since 
it has been reported (1 6) that phosphonate car- 
banions are generally more reactive than the 

conventional Wittig reagents towards carbonyl 
compounds. 

In their studies of the synthesis of compounds 
related to vitamin A using triesters of 4-phos- 
phono-3-methylbut-2-enoic acid, Machleidt and 
Wessendorf (3) have suggested that the reaction 
may be stereospecific and that the stereochem- 
istry of the product depends on the Z- to E-ratio 
of the phosphonate used. Pattenden and Weedon 
(17), however, found that in the reaction of the 
E-phosphonate 9 with certain aldehydes the ex- 
pected E-2-esters were formed whereas similar 
reactions with the 2-phosphonate 8 were accom- 
panied by extensive stereomutation and only ca. 
2 5 x  of the resulting esters possessed the 2-2 
configuration. Corey and Erickson (1 5), on the 
other hand, found that even the E-phosphonate 
9 did not give a stereochemicallj~ pure product 
since they observed that the reaction of n-hexanal 
with the E-phosphonate gave a mixture of the 
E-2,E-4 and 2-2,E-4 isomers in a 6:  1 ratio. 

The 2- and E-phosphonates were prepared by 
the Michaelis-Arbuzov reaction (18) of the 
corresponding 2- and E-isomers of methyl 
4-bromo-3-methylbut-2-enoate (9) 13 and 14 
with triethyl phosphite. In agreement with the 
work of Corey and Erickson (15), it was shown 
by glc and nmr spectroscopy that these reactions 
occurred with complete retention of configura- 
tion. It  should be noted that retention of con- 
figuration has also been reported in the reaction 
of nerol bromide with triethyl phosphite (19). 

The reactions of the Z- and E-phosphonates 8 
and 9 with benzaldehyde gave results which dif- 
fered from those of Pattenden and Weedon in 
that each isomer gave an identical mixture of 
products. The reactions were carried out in the 
presence of sodium methoxide in a mixture of 
methanol and dimethyl formamide and gave, 
in each case, a mixture of approximately 80% of 
the E-2,E-4 isomer 16a and 20% of the Z-2,E-4 
isomer 150. Similar results were obtained using 
sodium amide in tetrahydrofuran. 

The reactions of the Z- and E-phosphonates 
with 0-cyclocitral in the presence of sodium 
methoxide in methanol and dimethylformarnide 
failed to give any of the expected isomers of 
methyl-P-ionylideneacetate. When the reactions 
were carried out using the stronger base sodium 
anlide in tetrahydrofuran a rather complex mix- 
ture of products was obtained, of which methyl 
E-P-ionylideneacetate 16b was the main corn- 
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ponent. A small amount of the 2-isomer 15b 
was also detected. While the product ratio varied 
slightly in different runs, it was apparent that 
the 2- and E-phosphonates again gave essentially 
the same products. 

Both the Z- and E-phosphonates reacted with 
cyclohexene carboxaldehyde in the presence of 
sodium amide in tetrahydrofuran to give a high 
yield of methyl 5-(cyclohexen-I-y1)-3-methylpen- 
ta-E-2,E-4-dienoate 16c. No other isomers were 
detected by glc or nmr. 

It  was observed, using a glc analysis, that a 
rapid isomerization of the Z- and E-phospho- 
nates giving a mixture of about two parts of the 
Z- to one Dart of the E-isomer occurred in the 
early stages of the reaction between the phos- 
phonates and these aldehydes. Further investiga- 
tions showed that the phosphonates equilibrated 
rapidly with several different bases including 
aqueous sodium hydroxide, sodium methoxide in 
methanol, and sodium amide in tetrahydrofuran. 
In  every case a ratio of 2- to E-phosphonate of 
approximately 2 :  1 was obtained. It was noted 
also that no appreciable equilibration occurred 
in these solvents in the absence of base. Con- 
trary to previous reports (3, 17), this isomeriza- 
tion would suggest that any particular aldehyde 
should react with the equilibrium mixture of the 
Z- and E-phosphonates to give the same mixture 
of isomeric products. This is in fact, what was 
observed. 

It is generally accepted (20) that the Horner 
modification of the Wittin reaction involves the - 
formation of a phosphonate carbanion which 
then undergoes nucleophilic attack on the car- 
bony1 compound. The presence of the phospho- 
nate anions in this reaction was deinonstrated 
by deuterium exchange studies (see below) and 
by the fact that treatment of the 2 -  and E-phos- 
phonate esters with excess n-butyllithium in 
diethyl ether led to new absorptions at longer 
wavelength in the uv. The 2-phosphonate (I,,, 
226 nin, E 6500) gave a new absorption initially 
a t  280 nm while the E-phosphonate (h,,, 219 
nm, E 14 000) gave a new absorption initially at 
340 nm. The increase in the A,,, is larger for the 
E-isomer which forms a more linear carbanion 
than the 2-isomer (21). On standing, both of the 
longer wavelength absorptions were observed, 
thus confirming that the phosphonate esters 
were isomerizing under the conditions of the ex- 
periment. The stronger absorption at 280 nm is 

consistent with the 2-phosphonate ester anion 
being in higher yield at equilibrium (the E-anion 
should have the larger extinction coefficient (21)). 
The greater stability of the carbanion from the 
Z-phosphonate, which is U-shaped, than that of 
the carbanion from the E-phosphonate, which is 
W-shaped, follows observed stabilities of simple 
allylic carbanions (22). 

Since the 2- and E-phosphonate esters 8 and 9 
isomerized rapidly with sodium methoxide in 
methanol, and since the methylene protons were 
expected to be quite acidic it was thought that 
the Z- and E-carbanions would be present in 
fairly high concentrations. Three experiments 
illustrated that this was not the case. First, it was 
impossible to titrate either the 2- or the E-phos- 
phonate with sodium methoxide, i.e. no measur- 
able amount of the anions was formed. Sec- 
ondly, it was not possible to detect the uv ab- 
sorptions of either the 2 -  or the E-carbanion 
when the phosphonate esters were treated with 
an excess of sodium methoxide in methanol. 
Thirdly, when an excess of a much stronger base, 
n-butyllithium, was added to a solutio~l of the 
phosphonate esters in ether, the uv absorbance 
of the phosphonate ester was not appreciably 
reduced even though the new absorptions re- 
sulting from the carbanions were observed. Thus 
the isomerization and condensation reaction 
must occur via the carbanion intermediate which 
is present in very low concentration. It should 
also be noted that in selected cases of the Wittig- 
Horner reaction, carbanion formation does not 
occur unless the carbonyl reactant is present in 
solution (20). 

Although the isomerization of the phospho- 
nate esters could occur in two ways, it is certain 
that it must involve the delocalized carbanion 
20. The r ,p  bond in the anion 20 will only have 
partial double bond character and thus one pos- 
sibillty is that isomerization could occur by rota- 
tion about this bond. 

A second possibility is that the isomerization 
reaction occurs by way of the P,y-unsaturated 
ester 21, which would form if the carbanion 20 
was protonated at the x-carbon. 

This n~echanisn~ is possible because a deu- 
terium exchange study of both the 2- and E-phos- 
phonate esters using sodium methoxide in 
CH,OD demonstrated that the reactions shown 
in the above equation were occurring. These ex- 
change tests also illustrated that the rates of 
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exchange were different; the methylene protons 
adjacent to the phospnonate group were ex- 
changed almost instantaneously whereas the vinyl 
hydrogen was exchanged at a much lower rate. 

The relative rates of exchange and isomeriza- 
tion were determined in an attempt to distinguish 
between the two possible mechanisms. If iso- 
merization occurred by way of the P,y-unsatu- 
rated ester 21, exchange at the vinyl hydrogen 
would have to occur at least as rapidly as the 
isoinerization. It was found that exchange of the 
vinyl hydrogen was complete before the equi- 
librium of the Z- and E-phosphonates was fully 
established (Table 1). Since these results indicate 
that 21 is an intermediate in this reaction and 
since exchange occurs faster than isomerization, 
it is probable that isomerization occurs via rota- 
tion about the a,P bond in 21. 

The fact that the Z-phosphonate predominates 
in the base-catalyzed equilibration is thought to 
be due to the increased steric crowding that 
exists in the E-phosphonate. Space-filling models 
indicate that the steric hindrance between the 
CH, group (at C-3) and the -CO,CH, group 
in the E-isomer is larger than between the 

TABLE 1. Exchange and isomerization studiesa in 
the reactions of methyl Z-and E-4-phosphono-3- 
methylbut-2-enoate, 8 and 9, with CH,ONa in 

CH,OD (analysis by nmr) 

Exchange at 
Starting Z-Isomer E-Isomer vinyl CH 

ester (%I (%I (%I 

Z 8 1 19 44 
Z 78 22 60 
Z 7 1 29 100 
Z 64 36 100 
E 50 50 60 
E 62 38 100 
E 63 37 100 

T h e  equilibrium mixture contained 64% of the Z-isomer 
and 36% of the E-isomer. 

-CH,PO(OEt), group and the -CO,CH, 
group in the Z-isomer. In order to check this 
hypothesis stereomutation studies were also 
carried out on the Z- and E-phosphonates 8a 
and 9a derived from the reaction of the Z- and 
E-isomers of methyl 4-bromocrotonate with 
triethylphosphite. The previously unreported 
methyl 2-4-bromo-3-methylcrotonate was ob- 
tained in small amounts when the product of the 
reaction of methyl crotonate and N-bromosuc- 
cinimide was distilled on an annular spinning 
band column. The stereochemistry of both the 
Z-bromo ester and the Z-phosphonate 8a was 
confirmed by nmr studies which showed a con- 
siderable downfield shift in the absorption of the 
-CH,Br and the -CH,PO protons in the 
2-isomers compared with the corresponding 
E-isomers. This is due to a greater degree of de- 
shielding of the methylene protons by the car- 
boxymethyl group in the 2-isomers (21). It was 
shown, using a glc analysis, that both 8a and 9a 
isomerized rapidly in the presence of a catalytic 
amount of sodium methoxide in methanol' 
giving a mixture of ten parts of the E-isomer 9a 
to one part of the 2-isomer 80 

These results substantiate the above hypoth- 
esis' because replacement of the CH, (in 9) by 
H (in 90) would remove the steric hindrance be- 
tween the substituent at C-3 and the carbometh- 

'These isomers did not appear to be stable in the pres- 
ence of sodium methoxide, since neither isomer could be 
detected in the reaction mixture after standing for 1 h. 

ZA second possibility to explain the relative stabilities 
of the Z- and E-isomers i .e. that a six-membered ring in 
which the carbonyl oxygen is coordinated with the phos- 
phorus as in the ylide 19b, was ruled out because the fre- 
quencies of the infrared absorptions of both the C=O 
and the P=O groups were identical in both the Z- and 
E-phosphonates 8 and 9 and also because of the results 
of these stereomutation studies. 
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oxy group and would result in increased stability 
of the E-isomer. In the case of the 4-phosphono- 
crotonates steric hindrance would only be ex- 
pected to be significant in the Z-isomer, where 
the -CH,PO(OEt), and the -CO,Me group 
are on the same side of the double bond. Thus 
the Z-isomer should be much less stable than the 
E-isomer. This is illustrated by the high concen- 
tration of the E-isomer 9a in the base-catalyzed 
equilibrium mixture, and by the fact that the 
Z-isomer isomerized to give an appreciable 
amount of the E-isomer on standing at room 
temperature for a few days. 

Attention was then turned to the stereochem- 
istry of the condensation of the 2- and E-phos- 
phonate esters 8 and 9 with benzaldehyde, P-cy- 
clocitral, and cyclohexene carboxaldehyde. The 
product ratio in the base-catalyzed isomeriza- 
tion of the methyl 4-phosphono-3-methylbut-2- 
enoates might lead to the prediction that pre- 
dominantly Z-2,E-4 products would be formed 
in these modified Wittig reactions regardless of 
the stereochemistry of the initial phosphonate 
ester. However, in all the reactions investigated, 
the E-2,E-4 products predominated, suggesting 
either that a second stereomutation of the prod- 
ucts occurred or that the E-phosphonate anion 
reacts more rapidly than the 2-phosphonate 
anion with aldehydes. 

Control experiments (Table 2) showed that 
methyl 2-2,E-4-5-phenyl-2,4-pentadienoate 15a 
underwent a slow isomerization in the presence 
of sodium methoxide in methanol and dimethyl- 
formamide to give an equilibrium mixture of 35% 
of the 2-2,E-4 isonier and 65% of the E-2,E-4 
isomer B6a (by glc). 

On the other hand, the reaction of benzalde- 
hyde with either the Z-phosphonate 8 or the 
E-phosphonate 9 (Table 3 )  gave, after a few 
minutes, a small amount of a mixture of approxi- 

TABLE 2. Isomerization o f  methyl Z-2,E-4- 
5-phenyl-2,4-pentadienoate with sodium 
methoxide in methanol and D M F  at 25'C 

(analysis by glc) 

2-2,E-4 E-2,E-4 
Time (h) Isomer (%) Isomer (%) 

TABLE 3. Product ratios observed from the reaction o f  
methyl Z- and E-4-phosphono-3-methylbut-2-enoate 
with benzaldehyde in the presence of sodium methoxide 

in methanol and D M F  at 25°C (by glc) 

Ratio Ratio 
Z-2,E-4/E-2,E-4 Z-2,E-4/E-2,E-4 

Time (min) from (%) from I? (%I 

2 16/84 14/86 
30 20180 21/79 
60 25/75 25175 

mately 85% of the E-2,E-4 isomer 16a and 15% 
of the Z-2,E-4 isomer 15a. These proportions 
cannot be explained by a second stereomutation 
of 15a or 16a since the control experiment above 
showed that such a stereomutation would be 
comparatively slow. The gradual decrease of the 
proportion of the E-2,E-4 isomer with time 
(Table 3) is consistent with the results of the con- 
trol experiment. It  must be concluded, therefore, 
that the E-phosphonate anion reacts more 
rapidly with aldehydes than the Z-phosphonate 
anion. The fact that the newly formed double 
bond (at C-4) had entirely the E-configuration is 
consistent with the stereochemicai course pro- 
posed by Boutagy and Thomas (20) for the Wit- 
tig-Horner reaction (Scheme 1). 

The formation of the Z-and E-threo betaines 
20 and 21 by the addition of the 2- and E-phos- 
phonate carbanions to benzaldehyde would be 
expected to be faster than the formation of the 
2- and E-erythro betaines, which are more steri- 
cally hindered. Since the rate of decomposition 
of the threo betaines would also be expected to 
be greater than that of the erytlzro betaines (20), 
the Z-2,E-4 and E-2,E-4 15a and B6a isomers 
would be expected to be the chief products of the 
reaction. 

The fact that the E-2,E-4 isomer 16a is formed 
more rapidly than the 2-2,E-4 isomer 15a, de- 
spite the lower equilibrium concentration of the 
E-phosphonate can be explained by the greater 
steric crowding in the 2-tlzreo betaine 20 than 
in the E-threo betaine 21. Also, since the E-2,E-4 
isomer is thermodynamically more stable than 
theZ-2,E-4 isomer, it would be expected to be the 
chief product of the reaction under equilibrium 
conditions. 

In conclusion, these studies have illustrated 
the following points. 

(a)  The reactions of the 2 -  and E-phospho- 
niurn salts 6 and 7 with aldehydes proceed with 
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extensive stereomutation giving the same mix- 
ture of products from either isomer. The reaction 
involves the intermediate formation of the 
2-ylide and in the case of the reaction with benz- 
aldehyde results in products with predominantly 
the 2 - 2  configuration. 

(b) The Horner phosphonate ester modifica- 
tion of the Wittig reaction gives the same mix- 
ture of isomeric products when either the 2 -  or 
the E-phosphonate esters 8 and 9 are reacted 
with a particular aldehyde. This result is ob- 
served because the carbanion, which is present 
in a low concentration, isomerizes rapidly to 
give an equilibrium mixture of the phosphonate 
esters in the initial stages of the reaction. 

(c)  The above reactions thus do not offer an 
improved route for the synthesis of vitamin A 
or its precursors because of their lack of stereo- 
specificity. Although the E,E-isomer is the prin- 
ciple product from Horner modification of the 
Wittig reaction with P-cyclocitral, the yield is 
only fair under the conditions used in this in- 
vestigation. 

Experimental 
All boiling points and melting points are uncorrected. 

Infrared spectra were recorded with a Beckman IR-10 
double beam spectrophotometer. The nmr spectra were 
obtained with a Varian A-60 in deuterochloroform unless 
otherwise stated, with tetramethylsilane as an internal 
reference. Ultraviolet spectra were recorded with a Hita- 
chi-Perkin-Elmer model 124 double beam spectropho- 
tometer. Gas chromatography was carried out on a 
Varian Aerograph model 90-P using a 160 x 6 mm 
column of 3% SE-30 silicone gum rubber on Chromosorb 
W. Elemental analyses were carried out in the School of 
Chemistry, University of Bristol, England. 

(Z-3-Methoxycarbonj~l-2-merhylprop-2-eny) triphenylphos- 
phonium Bromide 6 

To a well stirred suspension of triphenylphosphine 
(26.6 g, 0.1 mol) in dry ether or dry benzene (150 ml) was 
added dropwise methyl Z-4-bromo-3-methylbut-2-enoate 
(9) 13 (19.3 g, 0.1 mol) in dry ether (30 ml). The mixture 
was stirred for 24 h at room temperature. The crude phos- 
phonium salt was filtered, washed with dry ether, and 
finally dried for 6 h at 403C/10 torr, giving the Z-phos- 
phonium salt 6 (38.0 g, 83%), mp 140-143°C. The analyt- 
ical sample, obtained by recrystallization from methanol - 
ethyl acetate and dried at 40°C/10 torr for 6 h, had mp 
134-136"C, A,,, (EtOH) 203, 222.5, 262, 267.5, and 275 
nm; v,,, (KBr) 1705vs, 1645s, 1585w, 1480m, 1438vs, 
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1385m, 13GOm, 1245s, 1 2 2 5 ~ s ~  1195w, 1168m, 1150vs, 
1105vs, 1030s, 990m, 895s, 850m, 745vs, 715s, 703m-s, 
682s, and 650s cm-'; nmr (F3C-C02H) 6 7.65-7.80 (m, 
aryl H), 6.07 (br d, J = 5 Hz, C:CH), 4.87 (d, J = 16 

Hz, BcH~), 3.45 (s, OMe), and 1.97 (m, MeC:C). Anal. 
calcd. for CZ4H24BrOZP: C 63.29, H 5.31, Br 17.55; 
found: C 62.96, H 5.56, Br 17.23. 

(E-3-Methoxycavbonyl-2-methylprop-2-eny) triphenyl- 
phosphonium Bromide 7 

Repetition of the above procedure using E-bromoester 
14 gave the E-phosphonium salt 7 (40.0 g, 9973, mp 178- 
18lCC. The analytical sample which was obtained by re- 
crystallization from methanol - ethyl acetate and dried 
a t  40°C/10 torr for 6 h, had mp 177-179"C, (lit. (15) bp 
183-184°C); k,,, (EtOH) 204, 224, 268, and 275 nm; 
v,,, (KBr) 1700vs, 1645s, 1545w, 1440s, 1430s, 1280vs, 
1155w, 1105vs, 1032w, 885w, 815w, 768s, 750s, 740m, 
712s, and 680 cm-'; nmr (F3C-C02H) 6 7.77-7.92 (m, 
arylH), 5.92(brd, J =  5Hz, C:CH),4,27(d, J =  16Hz, 

~cH, ) ,  3.90 (s, OMe), and 2.08 (MeC:C). Anal. found: 
C 63.27, H 5.40, Br 17.89. 

When an unseparated mixture ofZ- and E-bromoesters, 
13 and 14 was treated in the same manner as above 
a phosphonium salt of mp 162°C was obtained (lit. (24) 
mp 160°C). Nuclear magnetic resonance spectroscopy 
showed that this salt is a mixture of the phosphonium 
salts 6 and 7. 

Z-Diethyl3-Methoxycarbonyl-2-methylprap-2-enylphos- 
phonate 8 

The Z-bromoester 13 (38.6 g, 0.2 mol) was added 
slowly to triethyl phosphite (33.2 g, 0.2 rnol). The mixture 
was heated gradually to 150°C and maintained at this 
temperature for 1 h. Distillation of the residue gave only 
the Z-phosphonate ester 8 (43.5 g, 87%) bp 99-100°C/l 
torr; glc showed only one peak; nDZ4 1.4590 (lit. (12) bp 
82°C (bath/lO-z torr, nD2' 1.4591); h,,, (MeOH) 227 
nm (E 6.5 x lo3); v,,, (neat) 1714vs, 1650s, 1436s 
1249vs, 1161vs, 1051vs, 1030vs, 960s, and 780mw cm-' ; 
nmr 6 5.83 (br d, J = 5 Hz, C=CH), 4.11 (2, J = 7 Hz, 
0-CH2Me), 3.70 (s, OMe), 3.47 (d, J = 23 Hz, CH,, 
-PO < ), 2.07 (dd, J = 1.5 and ca. 4 Hz, MeC=C), 1.29 
(t, J = 7 Hz, CH3CH20-). Anal. calcd. for C10H1905: 
C 48.0, H 7.61; found: C 47.9, H 7.7. 

E-Diethyl3-Methoxycarbonyl-2-methylprop-2-enylphos- 
phonate 9 

Repetition of the preceding experiment using E-bro- 
moester 14 gave the E-phosphonate 9 ,  bp 107-108"C/1 
torr (lit. (15) bp 112"C/0.12 torr); glc showed only one 
peak of longer retention time than the Z-phosphonate 8 ;  
nDZ4 1.4617; k,,, (MeOH) 219 nnl (& 13.8 x lo3); v,,, 
(neat) 1719vs, 1650s, 1438s, 1243vs, 1216vs, 1150vs, 
1050vs, 1030vs, 960s, 8701x1, 850w, 833w, 780m cm-'; 
nmr 6 5.83 (br d, J = 5 Hz, C=CH-), 4.14 (q, J = 
7 Hz, 0-CH2Me), 3.71 (s, OMe), 2.69 (d, J = 23 Hz, 
CH2-PO<), 2.30 (dd, J = 1.5 and ca. 4 Hz, 
Me-C=C), and 1.3 1 (t, J = 7 Hz, CH3CHzO-). Anal. 
calcd. for C,,H,,O,: C 48.0, H 7.61; found: C 47.8, H 
7.65. 

(3-Metkoxycavbonyl-2-methylpvap-2-enyllidne) tvi- 
phenylphosphovane 19 

(E-3-Methoxycarbonyl-2- methylprop -2- eny1)triphenyl 

phosphonium bromide 7 (45.5 g, 0.1 mol) was suspended 
in water (200 ml) and benzene (250 ml) was added. The 
well stirred mixture was brought to the phenolphthalein 
equivalence point by the addition of aqueous sodium 
hydroxide solution (3%). The two layers were separated. 
The deep yellow coloured benzene layer was dried over 
anhydrous sodium sulphate, and concentrated to a small 
volume. Careful addition of dry petroleum ether (bp 
30-60°C) caused crystallization of the ylide 19 as shiny 
yellow needles. The ylide was filtered and dried at 25"C/10 
torr for 1 h giving 26.3 g (70%), mp 174-180°C with sin- 
tering at 166°C (lit. (15) mp near 135'C); k,,, (CH,CN) 
227 nm; v,,, (KBr) 1669vs, 1645vs, 1503vs, 1448vs, 
1390m, 1210w, 1181s, 1119vs, 1095m, 1015m, 999w, 
932m, 899m, 805w, 775w, 715s, and 690 cm-'; nmr 6 
7.33-7.93 (nl, aryl H), 4.70 (br, C=CH-), 3.62 (s, OMe), 
3.41 (only half of the -CH=P- doublet can be seen), 
and 1.63 (MeC=C). Anal, calcd. for C24H2,0,P: C 
76.99, H 6.19; found: C 76.75, H 6.23. 

When the above experiment was repeated using 
(Z-methoxycarbonyl-2-methylprop-2-enyl)triphenyIphos- 
phonium bromide 6 the same ylide 19 was obtained as 
shown by uv, ir, and nmr spectroscopy. 

The Wittig Reaction of the 2-and E-Phosphonium Salts 
6 and 7 with Benzaldehyde 

( i )  A stirred solution of (Z-3-methoxycarbonyl-2- 
methylprop-2-enyl)triphenylphosphonium bromide 6 (0.2 
g, 0.4 mmol) in 1 ml of absolute methanol was treated 
with a solution of sodium methoxide (0.4 mmol) (from 
10 mg sodium in 1 ml absolute methanol) whereupon the 
yellow colour of the ylide developed immediately. The 
yellow solution was stirred for 15-20 min at 2OCC, and 
then benzaldehyde (44 mg, 0.4 mmol) in methanol (I ml) 
was added rapidly. The reaction mixture was stirred for 
3 h, concentrated under reduced pressure, and the residue 
was taken up in ether. The ethereal solution was washed 
with water, dried over anhydrous sodium sulphate, evap- 
orated, and then extracted with hexane. Evaporation of 
the hexane gave a semi solid product of which the solid 
portion was shown to be mainly triphenylphosphine 
oxide. Gas-liquid chron~atography of the liquid portion 
showed three peaks in an approximately 6 :  1 : 1 ratio. The 
first peak was shown to be due to a mixture of the Z-2,Z-4 
ester 17a and the E-2,Z-4 isomer 18a, the second peak the 
Z-2,E-4 isomer 150, and the third peak the E-2,E-4 isomer 
16a by comparison with reference compounds (see below). 
The nmr spectrum (in CCI,) was taken and compared 
with the spectra of the reference compounds which agreed 
with the literature values (25). The analysis was performed 
by integration of the signals due to the 3-methyl groups 
which appeared at 6 1.76 (2-2,Z-4 isomer), 6 2.10 (2-2,E-4 
and E-2,Z-4 isomers), and 6 2.36 (E-2,E-4 isomer). A 
combination of the glc and nmr analyses showed that the 
product contained 48% Z-2,Z-4 170, 23% E-2,Z-4 18a 
15% Z-2,E-4 15a, and 14% E-2,E-4 16a isomers of methyl 
3-methyl-5-phenylpenta-2,4-dienoate. 

(ii) Repetition of the above procedure using the E-phos- 
phonium salt gave a product of the same composition 
(glc assay) as that obtained in the above experiment. 

The Wittig Reaction of the Ylide 19 with Benzaldehyde 
T o  the ylide 19 (14.0 g, 0.037 mol) in dry benzene (100 

ml) was added benzaldehyde (7.84 g, 0.074 mol) in ben- 
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zene (25 ml). The mixture was stirred for 1 h under nitro- 
gen at room temperature and then refluxed for 72 h. The 
excess solvent was evaporated under reduced pressure, 
the residue diluted with 100 ml of petroleum ether (bp 
30-60aC), and the precipitated triphenylphosphine oxide 
(mp 157-158°C) collected by filtration. The filtrate was 
dried over anhydrous sodium sulphate. Evaporation of 
the solvent and distillation of the residue gave a pale yel- 
low oil (3.97 g), bp 110-114"C/l torr. The product was 
shown by glc to be a mixture of 45% 2-2,Z-4 17a, 25% 
E-2,Z-4 18a, 14% Z-2,E-4 15a, and 14% E-2,E-4 16a iso- 
mers of methyl 3-methyl-5-phenylpenta-2,4-dienoate 
(yield 53%). 

The yield was slightly improved (61%) when the reac- 
tion was carried out in a sealed tube at 1703C in the pres- 
ence of benzoic acid and excess benzaldehyde (2 equiv.) 
(26). 

Reaction of the Z- and E-Phosphonate Esters 8 and 9 
~ ' i t h  Benzaldehyde 

(i) To a well stirred suspension of sodium amide (1.0 g, 
0.025 mol) in tetrahydrofuran (20 ml) was added a mix- 
ture of benzaldehyde (2.65 g, 0.025 mol) and the Z-phos- 
phonate 8 (5.48 g, 0.022 mol) in tetrahydrofuran (20 ml) 
during 15 min. The reaction mixture was stirred at 03C 
for 30 min, and then at 30-40°C for an additional 30 min. 
The mixture was cooled to O"C, and then saturated 
sodium chloride solution (50 ml) added. The product was 
taken up in petroleum ether (bp 30-6O0C), washed with 
water, dried, and evaporated. Distillation of the residue 
gave a pale yellow oil (4.5 g) bp 85-903C/0.03 torr. The 
product was shown by glc to  be a mixture of 2022-2,E-4 
15a and 80% G2,E-4 16a, isomers of methyl 3-methyl-5- 
phenylpenta-2,4-dienoate (yield 82%). 

(ii) Repetition of the preceding reaction with the 
E-phosphonate gave a colourless oil (4.2 g) bp 86-9O0C/ 
0.03 torr. The product was shown by glc to be a mixture 
of 20% Z-2,E-4 15a and 80% of the E2,E-4 16a, isomers 
of methyl 3-methyl-5-phenyl-2,4-dienoate (yield 76%): . 

(iii) To a solution of benzaldehyde (40 mg, 0.38 mmol) 
and the Z-phosphonate 8 (1 30 mg, 0.52 mmol) in dime- 
thylformamide (5 ml) was added dropwise over a period 
of 5 min a solution of sodium (0.015 g) in methanol (1 ml) 
(0.65 mmol of sodium methoxide). The mixture was 
stirred at room temperature for 1 h, aliquots being taken 
at various time intervals and analyzed by glc (Table 3). 
The product was diluted with water and extracted with 
petroleum ether (bp 60-80cC). The extracts were evapo- 
rated, washed with sodium chloride solution, dried over 
anhydrous magnesium sulfate, and evaporated giving a 
yellow oil. Gas-liquid chromatographic analysis of the 
oil showed the presence of methyl E-2,E-4-3-methyl-5- 
phenylpenta-2,4-dienoate 16a (80%) and the Z-2,E-4 
isomer 17a (20%). Nuclear magnetic resonance spectros- 
copy (by integration of the CH,-C= signal) showed 
the presence of 8 4 z  of the E-2,E-4-isomer and 16% of the 
Z-2,E-4 isomer. 

(io) Repetiiion of the above reaction using the E-phos- 
phonate 9 gave a yellow oil, shown by glc and nmr analysis 
to contain the E-2,E-4 isomer (79%) and the Z-2,E-4 
isomer (21%). 

Isomerization of Methyl Z-Z?,E-4-3-1VIct,~j~i-5-phenyl- 
penra-2,I-dienonte wit11 Sodium Methoxide 

To the diene ester (50 mg, 0.25 mmol) in dimethyl- 

formamide (5 ml) was added a solution of sodium (7 mg) 
in methanol (1 ml) (0.3 mmol of CH,ONa) over a period 
of 4 min. The mixture was stirred at room temperature 
for 24 h and aliquots taken at various time intervals. The 
percentage of the Z-2,E-4 and E-2,E-4 isomers 15a and 
16n in the aliquots were determined by glc analysis 
(Table 2). 

The Reaction ofthe Z- aizd E-phosphonates 8 and 9 
with P-cyclocitral 

(i) A mixture of /3-cyclocitral (3.8 g; 0.025 mol) and 
Z-diethyl 3-methoxycarbonyl-2-methylprop-2-enylphos- 
phonate 8 (6.5 g, 0.027 mol) in tetrahydrofuran (20 ml) 
was added during 15 min to a well stirred suspension of 
sodium amide (1.0 g, 0.025 mol) in tetrahydrofuran (20 
ml) at 0°C. The reaction mixture was stirred at O'C for 
30 min, and then at 30-40°C for an additional 30 min. 
The mixture was cooled to P C ,  and saturated sodium 
chloride solution (50 ml) was added. The product was 
taken up in petroleum ether (bp 30-6O0C), washed thor- 
oughly with water, dried, and then evaporated. Distil- 
lation of the residue gave a pale yellow oil (4.9 g), bp 
156-162'C/5 torr. The product was shown by glc to con- 
tain about 50% methyl E-P-ionylideneacetate, 10% methyl 
Z-13-ionylideneacetate and several other unidentified 
products. 

(ii) Repetition of the preceding experiment with the 
E-phosphonate 9 gave a pale yellow oil (4.5 g), bp 158- 
164"C/5 torr. The product was shown by glc to have the 
same composition as that obtained above from the 
Z-phosphonate. 

(iii) To a solution of P-cyclocitral (68 mg, 0.45 mmol) 
and the Z-phosphonate 8 (130 mg, 0.52 mmol) in dime- 
thylformamide (5 ml), was added dropwise over a period 
of 5 min a solution of sodium (15 mg) in methanol (1 ml) 
(0.65 mmol of sodium methoxide). The mixture, which 
became orange after a few minutes, was stirred for 1 h at 
rooin temperature, diluted with sodium chloride solution, 
and extracted with petroleum ether. The extracts were 
washed with water, dried over anhydrous magnesium sul- 
fate, and evaporated giving a viscous pale green oil. The 
product was shown to contain no methyl Z- or E-j3-ionyl- 
ideneacetate, although two products with much longer 
retention times were detected by glc analysis. 

(to) The above experiment was repeated using the 
E-phosphonate 9. Simllar results were obtained. 

The Reaction of Cyclolzexenecarboxaldehyde with the 
Z- and E-Phosphonates 8 and 9 

(i) A mixture of cyclohexenecarboxyldehyde (2.75 g, 
0.025 mol) and 2-diethyl 3-methoxycarbonyl-2-methyl- 
prop-2-enylphosphonate (6.5 g, 0.027 mol) in tetrahydro- 
furan (20 mi) was added during 15 min to a well stirred 
suspension of sodium amide (1.0 g, 0.025 mol) in tetra- 
hydrofuran (20 ml) at 0°C. The reaction mixture was 
stirred at 0°C for 30 min, and then at 30-4OCC for an 
additional 30 min. The mixture was cooled to O0C, and 
saturated sodium chloride solution (50 ml) was added. 
The product was taken up in petroleum ether (bp 30- 
60DC), washed thoroughly with water, dried, and then 
evaporated. Distillation of the residue gave an oil (4.8 g, 
92%), bp 116-119cC/3 torr. The product was shown by 
glc and nmr spectroscopy to be methyl 5-(cyclohexen.2- 
yl)-3-methylpenta-E-2,E-4-dienoate 16c when compared 
with a sample prepared from methyl E-formylcrotonate 
(9). 
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(ii) On repetition of the preceding experiment using the 
Z-phosphonate, only the E-2,E-4 isomer was obtained. 
No  other isomer could be detected by glc or nmr. 

Zsomerization and Exchange Studies on the Z- and 
E-Phosphonates 8 and 9 

(i) With Sodium Methoxide in Methanol 
The E-phosphonate (71 mg, 0.28 minol) in methanol 

(0.1 ml) was treated with 0.4 ml of a solution of sodium 
(15 mg) in methanol (1 ml) (0.26 mmol of CH30Na). 
Aliquots of the reaction were analyzed on glc after 1 min, 
2 min, and 10 min. In each case the mixture contained 
65% of the 2-phosphonate and 35% of the E-phosphonate 
(higher retention time). 

Repetition of the reaction using the Z-phosphonate 
gave the same proportion of isomers. The use of a cata- 
lytic amount of sodium methoxide also gave the same 
product ratio. 

(ii) With Other Bases 
A similar isomerization was observed using sodium 

amide, sodium hydride, or sodium hydroxide as the base, 
and in each case an approximately 2: 1 ratio of the Z- to 
E-isomer was detected using glc analysis. 

(iii) With Sodium Methoxide in CH30D 
In a typical procedure the Z-phosphonate (26 mg, 0.1 

mmol) was treated with sodium methoxide (3 mg, 0.05 
mmol) in CH30D (7 ml). The reaction was quenched by 
adding DCl in D 2 0  after 3 min. The mixture was ex- 
tracted with ether and the ether extracts washed with 
D,O, dried over anhydrous magnesium sulfate, and evap- 
orated giving a pale yellow oil, which was analyzed by 
nmr spectroscopy. Integration of the peaks at 6 2.07 ppm 
(CHBC=C, Z-isomer) and 6 2.30 ppm (CH3C=C, 
E-isomer) showed the presence of the Z-isomer (81%) and 
the E-isomer (19%). Integration of the peak at 6 5.83 ppm 
(C=CH, Z- and E-isomer) showed that the vinyl hydro- 
gen was 44% exchanged. The absence of the peaks at 6 
3.47 ppm (CH3P0, Z-isomer) and 2.69 ppm (CH2P0, 
E-isomer) showed that the methylene protons were com- 
pletely exchanged. For a summary of results of different 
runs, see Table 1. 

Methyl Z- and E-4-Bromocrotonate 
Methyl crotonate (28.5 g, 0.285 mol) in anhydrous 

carbon tetrachloride (100 ml) was refluxed with N-bro- 
mosuccinimide (46 g, 0.26 mol) in the presence of benzoyl 
peroxide (0.1 g) for 12 h. The succinimide was collected 
by filtration and the filtrate evaporated. Distillation gave 
a methyl 4-bromocrotonate (33.3 g, 729,) bp 82-9lCC/12 
torr. A glc analysis of the distillate indicated that the prod- 
uct was a mixture of approximately 1 part of theZ-isomer 
(lower retention time) to 20 parts of the E-isomer. 

The product was fractionated using an annular spin- 
ning band column with approximately 100 theoretical 
plates giving two main fractions: (1) 0.30 g, bp 56-57'C/ 
8.5 torr (> 90% Z-isomer, glc and nmr); (2) 12.5 g, bp 
66-67OC18.5 torr (pure E-isomer, glc and nmr) (lit. (27) 
bp 83.5-85.5"C/15 torr). Fraction I :  ir v,,, 1 7 2 6 ~ s ~  1 6 4 8 ~ ~  
1441s, 1400s, 1296m, 1200vs, 1075m, 940m, 920s, 735m 
cm-l ;  nmr 6 6.20 (br, HC= at C-3), 5.63 (d, J = 12 Hz, 
=CHC02Me), 4.40 (d, J = 7 Hz, CH2Br), 3.59 (s, 
C0,CH3). Fraction 2: ir  v,,, 1729s, 1660s, 1439s, 1320s, 
1280s, 1200s, 1135s, 1034s, 1007m, 975s, 722s cm-'; 
nmr S 6.81 (q, J = 7.6 Hz, HC= at C-3), 5.92 (d, J = 15 

Hz, =CH-C02Me), 3.97 (e, J = 7.2 Hz, BrCH,-), 
3.60 (s, C0,CH3). 

Methyl Z- and E-4-Phosphonocrotonate 
(i) A mixture of methyl 4-bromocrotonate (14.6 g, 0.08 

mol) (containing approximately 20 parts of the E- t o  1 
part of the Z-isomer) and triethylphosphite (13.7 g, 0.08 
mol) was heated gradually to 150'C during 2 h. The prod- 
uct was distilled giving methyl 4-phosphonocrotonate 
(17.7 g, 95%) bp 127-134"C/3 torr (lit. (28) 115-13OCC/0.3 
torr). Gas-liquid chromatographic analysis indicated an 
approximate ratio of 1 part of the 2- t o  20 parts of the 
E-isomer. Fractionation of the product using the annular 
spinning band column gave the following main fractions: 
(1) 0.25 g, bp 121-122"C/3 torr (glc 9 0 x  2-isomer); (2) 
0.95 g, bp 127-132"C/3 torr (glc mixture of Z-, E-, and a 
third component; (3) 8.5 g, bp 134-135'C/3 torr (glc 95% 
E-isomer); nmr 6.78 (m, 1H, CH vinyl), 5.90 (br d, 1H, 
J = 14 Hz, CH vinyl), 4.10 (q, 4H, J = 8 Hz, 0CH2Me), 
3.72 (s, 3H, C02CH3), 2.75 (dd, 2H, J = 8 HZ, CH2PO) 
and 1.33 (t, 6H, J = 6 Hz, 0CH2CH3). Fraction I, as- 
sumed to be chiefly the Z-isomer proved unstable and 
after 24 h isoinerized to give about 50% E-isomer. 

(ii) A mixture of methyl Z-4-bromocrotonate (0.76 g, 
4.2 mmol) and triethylphosphite (0.75 g, 4.5 mmol) was 
heated gradually to 120'C during 1 h. Gas-liquid chroma- 
tographic analysis showed the presence of the Z-isomer 
8a with a trace of the E-isomer 8b (higher retention time); 
nmr (neat) 5.75-6.63 (m, 2H, vinyl CH), 4.06 (q, 4H, J = 
8 Hz, OCH,Me) 3.74 (s, 3H, C02CHB), 3.32 (dd, 2H, 
J = 5 and 7 Hz, CH2PO) and 1.33 (t, 6H, J = 6 Hz, 
0CH2CH3). 

Zsomerization of Methyl Z- and E-4-P/~ospkonocrotonate 
8a and 9a with Sodiunl Methoxide 

The Z-phosphonate (10 mg, 0.042 mmol) in methanol 
(0.03 ml) was treated with 0.01 ml (0.0065 mmol) of a 
solution of sodium (15 mg) in methanol (1 ml). After 1 
min the solution was analyzed by glc, and shown to be a 
mixture of the Z-isomer (10%) and the E-isomer (90%). 
No further change in the product composition was ob- 
served after 10 min. (On standing longer the peaks due to 
both isomers gradually decreased in size, with the ap- 
pearance of new peaks in the glc. When equimolar 
amounts of phosphonatc and sodium methoxide were 
mixed, only a small amount of the isomers could be de- 
tected after a few minutes.) 

Repetition of the experiment using the E-isomer gave 
the same product composition. 

Preparation of the Reference Conipounds 
The Geometrical Isonlers of Methyl 3-Methyl-5- 
pkenylpenta-2,4-dienonfe (15a, Ida, I7a,  and 18a) 

The four isomeric acids (2-2,E-4, E-2,E-4,Z-2,Z-4, and 
E-2,Z-4 isomers) were prepared according to the method 
of Pattenden and Weedon (17) and converted into the 
corresponding methyl esters with diazomethane (9). 

Methyl Z- and E-P-Ionylideneacetate (15b and 16b) 
(i) The Z- and E-isomers 15b and 16b were prepared by 

the reaction of triphenylcyclogeranyl bromide with 4-hy- 
droxy-3-methylbut-2-enolide and methyl E-3-formylcro- 
tonate respectively (9). The Z-acid formed in the first of 
these reactions was converted into the methyl ester with 
diazomethane. 

(ii) 2-[3-Ionylideneacetic acid was prepared by the hy- 
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drolysis of the 6-lactone of 5-hydroxy-3-methyl-5-(2,6,6- 
trimethyl-1-cyclohexen-1-y1)-2-pentonoic acid (9), and 
converted to the methyl 1% using diazomethane. 
(iii) E-p-Ionylideneacetic acid was prepared by the 

method of Ishikawa (10) and converted into the methyl 
ester 16b with diazomethane. 

The 2-2,E-4 and E-2,E-4 Isomers of Methyl 3-Methyl- 
5-(cyclohexen-I-y1)pentadienoic Acid (d5a cnd 
160) 

These con~pounds were prepared according to the pro- 
cedures in (i) for methyl 2- and E-p-ionylideneacetate 
(above (9)). 
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Effect of aza-substitution on the geometry and electrseyclization of pentadienyl 
anions: an apparent exception to the Woodward-HoEmann rules? 
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D. H. HUNTER, S. K. SIM, and R. P. STEINER. Can. J. Chem. 55. 1229 (1977). 
Two geometrical isomers of 1,3,5-triphenyl-1,3-pentadiene 1 have been prepared and char- 

acterized; tvans,cis-1 and rrans,irans-1. These have been used to prepare and characterize the 
1,3,5-triphenylpentadienyl anion by quenching the lithium salt in T H F  and by following hydro- 
gen-deuterium exchange in methanol-0-d with potassium methoxide. Attempts to induce elec- 
trocyclization (130°C in T H F  or 200°C in KOtBu-HOtBu) have proven unsuccessful. A com- 
parison of the behaviour of this anion with the 2-aza and 2,4-diaza analogues has helped in 
elucidating the mechanisms for their electrocyclization and the apparent exception to the Wood- 
ward-Hoffmann rules. 

D. H.  HUNTER, S. K. SIM et R. P. STEINER. Can. J. Chem. 55. 1229 (1977) 
On a prepart et caracterise deux isomeres gComCtriques du triphknyl-1,3,5 pentadikne-1,3 (1); 

il s'agit des isomeres trans,cis 1 et tvans,trans 1. On les a utilise pour prtparer et caractCriser 
I'anion triphenyl-1,3,5 pentadiCnyle en piigeant le sel de lithium dans le T H F  et en faisant suivre 
cette reaction par un Cchange hydrogene-deutCrium dans le methanol 0 - d  avec le methylate de 
potassium. Tous les essais effectues dans le but d'induire de I'electrocyclisation (13OCC, dans 
du T H F  ou 200eC, dans le KOiBu-tBuOH) se sont soldCs par des insucces. Une comparaison 
du comportenlent de cet anion avec ses analogues aza-2 et diaza-2,4 a permis d'Clucider les 
mCcanismes de leurs Clectrocyclisations et l'exception apparente aux regles de Woodward-Hoff- 
mann. 

[Traduit par le journal] 

Introduction 
Many examples of electrocyclization reactions 

of delocalized carbanions have appeared in re- 
cent years (1) and these have provided evidence 
on the thermodynamics, the dynamics, and the 
stereochemistry of these reactions. In contrast 
to the three center system (e.g., ally1 + cyclo- 
propyl) and the seven center system (e .g . ,  hep- 
tatrienyl + cycloheptadienyl), there have been 
significantly fewer examples froin the five center 
system (e.g., pentadienyl + cyclopentenyl). Al- 
though many open-chain pentadienyl anions 
have been prepared and characterized, with but 
one exception (2), cyclization has not been ob- 
served. The cycloreversion reactions of cyclo- 
pentenyl anions have not been reported to date. 

Electrocyclization reactions involving penta- 
dienyl anions in cyclic systems have been ob- 
served in two cases; the cyclooctadienyl anion 
(3) and the cyclohexadienyl (4) anion. These 
show opposite thermodynamics, the anion in 
the eight-membered ring prefers the closed form 

but the six-membered ring prefers the open form. 
These contrasting results are presumably a con- 
sequence of the strain peculiar to these ring sizes. 
Both reactions occur in the anticipated disrota- 
tory manner (5) but this stereochernistry is also 
imposed by ring strain. In fact, there are a num- 
ber (6) of electrocyclic reactions that occur in the 
direction required by ring strain in spite of con- 
trary orbital symmetry demands. 

In contrast to the all-carbon systems, aza- 
subst~tution at  the 2 and 4 position in penta- 
dienyl anions suffices to induce electrocyclization 
(7, 8). It has also been possible to observe the 
stereochemistry of these reactions and marked 
changes have been observed in both the rate and 
stereoselectivity of the electrocyclization process. 
In an attempt to sort out the factors responsible 

'Present address: Department of Chemistry, University 
of Alberta, Edmonton, Alberta. for these changes. the all-carbon system has now 

'Present address: Department of Chemistry, Fort been prepared and studied. We wish to report 
Lewis College, Durango, CO, U.S.A. 81301. on the behaviour of the 1,3,5-triphenylpenta- 
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dienyl anion 5 to compare and contrast its be- 
haviour with the 1,3,5-triphenyl-2-azapenta- 
dienyl anion 6 and the 1,3,5-triphenyl-2,4-dia- 
zapentadienyl anion 7. 

Results 
Preparation and Clzaracterization of the 1,3,5- 

Tr@l?enj71-1 ,3-pentadiene~ 
As illustrated ~n Scheme 1 both 1,3,5-tri- 

phenyl-tra~?s,trans-1,3-pentadiene (trarzs,trans- 
1 )  and I ,3,5-tr~phenyl-trans,cir-l,3-pentadiene 
(trans,cis-1) were prepared from chalcone using 
variants of the Wlttig reaction. Reaction of the 
W~tt ig  reagent from (2-pheny1ethyl)triphenyl- 
phosphoniu~u bromide wlth an equimolar 
amount of chalcone provided an lnltial mixture 
of trarzs,trans-1 and travzs,cis-1 in a ratio of 6 :  1. 
A 30",~ield of frans,trans-1 was obtained after 
purification. In contrast, the reagent from diethyl 
2-phenylethylphosphonate with chalcone pro- 
duced a 1 : 7 mixture of trans,trans-1 to tran r,ris-1 
which provided a 167  yield of purified truns,cis- 
1.  The 'Fil nmr spectra of both dienes were con- 
sistent with a t r a ~ ~  configuration at the terminal 
double bond ( J , ,  - 17 Hz). The configuration 
at the internal double bond was asslgned from 
the relative reactivity of the two dienec with 
dienophiles with the assun~ption that trans,cis-1 
would be more reluctant than rrans,tra~ls-1 to 
adopt the conformation needed for a Diels- 
Alder reaction. 

The relative reactivity of trans,truns-l and 
trans,cis-l with dienophiles was measured by 
nmr monitoring of changes in the ratio of 
trans,trans-1 to trans,cis-l upon addition of less 
than an equimolar amount of a dienophile. As 
indicated in Table 1 three dienophiles were used 

to test the generality of the reactivity preference. 
With 2-butyne, benzoquinone, and N-phenyl- 
maleimide one of the dienes was consistently 
more reactive than the other. The more reactive 
diene was assigned the trans,trans configuration 
in accord with the expected co~lformational pref- 
erences. The apparent differences in relative re- 
activity of tmns,trans-1 and trans,cis-l upon 
changing the dienophile are probably not signifi- 
cant. These rate ratios are minimum values since 
the observed ratio of unreacted dienes will be 
sensitive to the extent of reaction. 

To clarify further the relative reactivities, the 
two dienes were reacted separately with N-phe- 
nylmaleimide. Treatment of trans,trans-1 in ben- 
zene with N-phenylmaleimide at 80°C for 42 h 
provided the Diels-Alder adduct in 74% isolated 
yield. In contrast, heating to 155'C for 74 h was 
required to result in reaction of trans,cis-1. This 
reaction yielded a mixture which seemed, by 
mass spectrometry, to contain a 1 : 1 adduct but 
no pure component could be isolated. Thus 
trans,trans-l reacts cleanly to give a Diels-Alder 
adduct while trans,cis-1 is much less reactive and 
less selective when it finally reacts. 

Geometry of the Pentadienes and Azapentadienes 
The relative stability of trans,trari.r-1 and 

trans,cis-1 was determined by equilibration at 
60°C in potassium methoxide - methanol. 
Starting with either diene the same mixture was 
obtained (73% trans,trans-1 and 2 7 z  trans,cis-1) 
as indicated by the results of runs 1-6 of Table 
2. Figure 1 suinmarizes the results obtained for 
the analogous azapentadienes and diazapenta- 
diene. In the case of 4 only one geometry has 
been observed (7) although it has been treated 
under the same conditions which equilibrated 
the geometries of 1, 2, and 3 and which resulted 
in hydrogen-deuterium exchange of 4. Attempts 
to induce geometrical isomerization in 4 by ir- 
radiation, both sensitized (triphenylene) and 
unsensjtized, also failed. Thus it is probable that 

TABLE 1. Changes in the ratio of trans,trans-l to  tuans,cis-1 
on reactiona with a dieneophile 

Dieneophile Initial Finalb Rate ratio 

N-Phenylmaleimide 7 0.25 28 
Benzoquinone 2 0 .3  7 
2-Butyne 2 0.1 20 

OReaction run in CC14 at 601C. 
bThe unreacted dienes nere ~solated as the lead band from tlc. 
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Ph 

P h f i N & v - - - c H 2  Ph 

only one geometry observed 

4 

FIG. 1. Equilibrium percentages of azapentadienes and pentadienes at  60°C in KOCH,-HOCH,. 

the one geometry observed for 4 is the thermo- 
dynamically preferred geometry but its actual 
configuration remains undetermined. 

As described previously (8), the geometries 
of 1 and also 2 were assigned using Diels-Alder 
relative reactivity. The geometries of 3 could not 
be assigned in a similar manner and thus remain 
uncertain except for the trans arrangement across 
the carbon-carbon double bond. Analogy with 
1 and 2 led to the assumption shown in brackets 
in Fig. 1. 

Geometry of the Penfadienyl and Azapentadierzyl 
Anions 

Treatment of either tmns,trauis-6 or trans,- 
cis-1 with lithiu~n 2,2,6,6-tetramethylpiperidide 
QLi'FMP) in THF led to a deep blue solution 

which was characterized by quenching experi- 
ments (acetic acid) and variable temperature 
nmr (9). As indicated in runs 7-1 1 of Table 2 
quenching of the anion from either geometry of 
1 at varying times led to the same mixture of 
truns,trans-1 (45%) and trans,cis-1 (55%). A 
material balance of run 8 resulted in a 93% re- 
covery of 6 and quenching with acetic acid-0-d 
resulted in P containing 94%-dl and 62-do by 
mass spectrometry. 

A variable temperature ' H  and 13C nmr study 
( 9 )  of 1,3,5-triphenylpentadienyllithium 5 in 
THF-d,  indicated the presence of both the S and 
W shapes with the S predomina.ting by a factor 
of about 2.3. The nmr and quenching results are 
summarized in Scheme 2. If the rate of quenching 
exceeds the rate of interconversion of S and W 
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TABLE 2. Base-catalyzed interconversion of trans,tmns-1 and trans,cis-1 

Product (%) 

Run Substrate" Baseh-solvent T ("C) Time (h) trans, trans-1 trans,cis-1 

0 0 . 1 5 M i n r u n s  1-6; -0.1Minruns7-11.  
"0.2 in runs 1-6. 
'Both ti.uns,ti.uns-1 and truns,cis-1 obtained jn 93% total yield. 
dBoth tmns,trur~s-1 and ti-aris,cij-1 obtained In 50% total yield. 

shapes (k,(S + W) - lo3 s-I at  25"C), then the 
quenching preference of the S shape can be cal- 
culated. From the anion composition and the 
proportions of 1 upon quenching, it is found that 
k - , / k _ ,  - 0.3. As with the 2-azapentadienyl 
anions (from 2 and 3) and the 2,4-diazapenta- 
dienyl anion (from 4 and hydrobenzamide 8), 
no products are observed due to protonation at 
the central carbon. This contrasts with the be- 
haviour of cyclohexadienyl anions (10) (e .g . ,  in 
Birch reductions). 

Analogous quenching results are observed for 
2-azapentadienyllithium 6 in THF (8). Since 6 
electrocyclizes near O°C, it was not studied by 
nmr and quenching with acetic acid was used to 
determine the geometries of 6. The products of 
quench (Scheme 3) clearly indicate the presence 
of more than one geometry for 6.  Although there 
are insufficient data to calculate the actual pro- 
portions of the geometries of 6 that are present, 

the S forms are present and may predominate as 
in the case of 5. 

Attempts to characterize the geometries of 
2,4-diazapentadienyllithium 7 have proven much 
less successful because of its propensity to elec- 
trocyclize (7). Attempts were made to generate 7 
from hydrobenzamide 8 and to quench before 
electrocyclization. Using organolithiurn bases in 
THF down to the freezing point of THF (- 
-llO°C), intense color was observed but 
quenching showed that anion formation was the 
slow step and, at most, only traces (< 1%) of 
quench product 4 could be obtained. In a further 
effort to characterize 7, potassium piperidide in 
a-methyltetrahydrofuran down to - 130°C has 
now been used. This is clearly a kinetically much 
more active base since no unreacted starting 
material 8 was recovered even upon quenching 
at 5 min with trifluoroacetic acid. Again, how- 
ever, in spite of intense color no 4 could be ob- 
served ( < 5 x )  accompanying the product of 
electrocyclization, amarine. 
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P h 
LiTMP 

3 -  
THF 

P h P h P 11 
6 

The results of the nmr and quenching studies 
of the three anions 5, 6, and 7 show that both 5 
and 6 exist in more than one geometry and these 
geometries are of comparable stability. One of 
these geometries is unsymmetrical, the S-shape, 

and the other symmetrical, the W- or U-shapes. 
Of the two possibilities for the symmetrical 
species, the b7 seems more probable than the U, 
first, from inspection of space-filling models and 
second, since a variety of pentadienyl anions 
have been shown to adopt the W-shape some 
with a small amount of the S-shape present (Ib). 
The geometrical preferences of 7 could not be 
observed because of its reactivity but can only 
be inferred by analogy with 5 and 6. 

pentadiene (truns,cis-I), azapentadiene (3), and 
diazapentadiene (4) have been followed in 
CH,OK-CH,OD at 60°C. A comparisoli of the 
ease of deprotonation in the three systems should 
yield a rough estimate of the relative stabilities 
of the anions 5, 6, and 7. As detailed in Table 3, 
the rate of total exchange and isomerization of 
the thermodynamically less stable trans,ci~-1 to 
trans,trans-1 was followed by a conlbination of 
nmr and mass spectrometry. Qualitatively, ex- 
change was somewhat faster than isonierization 
in agreement with the quenching experiments for 
the S-shape (k- ,/k-, - 0.3). A maximum of 
3 atoms D/molecule was observed under these 
conditions and exchange occurred exclusively 
at  the 1 and 5 positions consistent with reaction 
via 5. On the basis of the data in Table 3, a rough 
estimate of the rate constant for H-D exchange 
could be made (Fig. 2). 

The azapentadienes have also been studied 
and Fig. 2 contains the rate constant for H-D 
exchange for the 4-aza isomer (3) which is by far 
the minor component at equilibrium with the 
2-aza isomer (2). Exchange of 2 occurs more 
slowly than 3 and although not determined 
directly seems to be more co~nparable in rate to 

Kinetic Acidify of the Pentadienes 4. It should be noted that a direct comparison 
The base-catalyzed H-D exchange and isom- of truns,cis-3 with trans,cis-1 cannot be made 

erization reactions of the structurally related since the first reaction of 3 under these conditions 
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TABLE 3. Base-catalyzed exchange and isomerization of iunns,cis-1 in 
KOCH3-DOCH," at 60°C 

Isotopic analysis (%) 
Time Isomeriza- 

Run (min) ?ionb (%) do d I d2 d3 

12 60 6 41 44 12 3 
13 120 15 23 46 24 7 
14 1140 3 7 0 6 37 51 

*0.28 M in  base, 0.02 1M in trans,cis-1. 
bAs determined by nmr. 
cMass spectrum on mixture of tmns-trans-1 and tvans,cis-1. 

FIG. 2. Second-order rate constants ( x  lo4) M-' s-' 
for hydrogen-deuterium exchange in KOCH3-DOCH, 
at 60°C. 

is syn-anti equilibration and so the reported rate 
constant is for the mixture of geometries. 

The rate constant for exchange of the dia- 
zapentadiene (4) is also shown in Fig. 2 but in 
the case of 4, both electrocyclization and ex- 
change occur competitively through anion 7. 
Thus, exchange only measures about one-third 
of the acts of carbanion formation, which im- 
plies that the actual kinetic acidity is about three 
times greater (k, - 0.2 x M-' s-l) than 
indicated in Fig. 2. Again in the case of 4 it is not 
clear which geometry is adopted although in this 
case only one geometrical isomer is observed. 

However, in spite of the uncertainty as to the 
geometry of 3 and 4, it seems clear that 1 ,3,  and 
4 all deprotonate within a reactivity range of 
about 300. In as far as anion stabilities can be 
deduced from kinetic acidities, these exchange 
rates imply that the anions 5, 6, and 7 are of 
comparable stability relative to the dienes I ,  3, 
and 4. Thus aza-substitution at the 2 and 4 posi- 
tions in a penladienyl anion has modest effects 
on the stability of the anion. This is in accord 
with simple valence bond or molecular orbital 
concepts which place the negative charge at the 
1, 3, and 5 positions in a pentadienyl chain. 

Electrocyclization of 5 
Attempts to induce 5 to cyclize both thermally 

and photochemically resulted in failure. As indi- 
cated in runs 10 and I 1  of Table 2, heating of 
THF solutions of 5 to 120°C resulted in reduced 
yields of recovered 1, but no other 'mononieric' 
products could be observed. Upon heating to 
150°C for 16 h followed by quenching, no dienes 
B could be observed and at the same time no 
monomeric hydrocarbons could be isolated. 
Similarly heating of trarzs,trans-l in a degassed 
solution of 0.7 M potassium tert-butoxide in 
tert-butyl alcohol for 18 h at 200°C resulted in 
nearly complete loss of I and no product attri- 
butable to cyclization could be isolated. Reac- 
tion at lower temperature resulted in varying 
loss of 1 but no product of cyclization. 

Solutions of 5 in both THF and N,N,N',Nf- 
tetramethylethylenediamine in quartz cells were 
irradiated using a Hanovia 1000 W high pressure 
mercury lamp. Experiments were attempted both 
isolating the long wavelength absorption band 
of 5 at 585 nln and using the total wavelength 
range available. In these experiments only 1 was 
obtained on quenching. Thus all attempts to 
persuade 5 to electrocyclize were unsuccessful 
although 6 and 7 react with ease. 

Discussion 

The preparation of the trans,trrms and trans,cis 
isomers of 1 and cf the derived anion 5 has pro- 
vided the final comparison in evaluating the 
significance of 2- and 4-aza substitution of the 
reactivity of pentadienyl anions. Effects upon the 
geometry and stability of the open-chain anion 
and the dienes are not large, but dramatic effects 
have been noted for the electrocyclization reac- 
tion. There are marked changes in both the pro- 
pensity to undergo cyclization and in the stereo- 
chemistry of the product of cyclization. In dis- 
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HUNTER ET AL.  1235 

cussing the results of the study of 5, their impact 
upon the electrocyclization reactions will be 
emphasized, first by comparing and contrasting 
the diaza, monoaza, and all-carbon systems. 
Then, possible mechanistic interpretations of the 
observed reactivity pattern will be presented in 
light of these new results. 

Rates of Electrocyciizatio~z 
The lithium salts of the open-chain 1,3,5-tri- 

phenylpentadienyl anions and their aza ana- 
logues (5, 6 ,  and 7) have been prepared in THF 
from the corresponding carbon acids using 
amide bases at low temperatures. The all-carbon 
anion 5 undergoes no conversion to a cyclic 
form in the temperature range of -80 to 
+ 130°C. The 2-aza anion 6, on the other hand, 
remains in the open-chain form at temperatures 
below 0°C but in the temperature range 0 to 
25°C converts conipletely to cyclic isomers. Re- 
markably the 2,4-diaza anion 7 has only been 
observed as a fleeting intermediate on the way to 
cyclized product at temperatures as low as 
- 130°C. The evidences for the existence of 7 
are : the intense color (A,,,, = 592 nm) observed ; 
the isolation in one case (the tris p-C1 compound) 
of small amounts (- 1 z )  of the quench product, 
tri-p-CI-4, and its hydrolysis product; and, of 
course, chemical intuition as to the most likely 
proton abstraction reaction. 

Reactions in protic media provide a further 
comparison of the relative rates of cyclization 
of 6 and 7. As mentioned earlier KOMe-HOMe 
at 60°C suffices to produce 6 or 7 from the corre- 
sponding carbon acids at similar rates, but the 
rate of production of cyclized product is quite 
different. As judged from the fact that hydrogen- 
deuterium exchange and cyclization are com- 
petitive for 4, the diaza anion 7 would seem to 
cyclize and protonate at about the same rate. 
Thus cyclization of 7 must be occurring with a 
rate constant (k,) of at least lo5 s-I (I 1). In con- 
trast while KOMe-DQMe at 60°C suffices to 
effect exchange and isomerization of 3, KOtBu- 
HOtBu at 120°C must be used to generate cy- 
clized product. Since KOt Bu-HOt Bu is judged 
to be a kinetically much stronger base than 
KQMe-HOMe (12), it is possible to estimate 
that cyclization is occurring some LO6 slower 
than protonation. 

It seems likely that the large changes in rate 
upon aza substitution reflect changes in ehe 

cis t r a n ~  
9 

thermodynainic stability of the c~rclic anions 
relative to the open-chain anions. As presented 
earlier, the rate of formation of the open-chain 
anions (5, 6, and 7) by base-catalyzed deproto- 
nation with CH,OK-CH,OH covers a range of 
about 300. In contrast, the cyclization reaction 
rates for 6 and 7 differ by about 106 and 5 does 
not cyclize. On this basis it seems more reason- 
able to attribute the changes in the cyclization 
rates to changes in the stability of the cyclized 
form with the open-chain anions having com- 
parable relative stabilities. 

I t  is possible to construct a qualitative free 
energy diagram (Fig. 3) consistent with the ob- 
served results. Although none of the spacings 
are known directly, several approximate free 
energy values can be assigned by analogy. It is 
likely that the cyclopentene forms are more 
stable than the pentadiene forms since cyclo- 
pentene ( A G , ' ~ ~ ( ~ )  = 26.48 kcal/mol) is 8.36 
kcal/mol more stable than trans-1,3-pentadiene 
( L I G , ~ ~ ~ ( ~ )  = 34.84) (13). The phenyl substit- 
uents should presumably serve to narrow this 
gap. The introduction of one nitrogen should 
have similar effects upon both the open and 
closed forms while in the diaza case delocaliza- 
tion should serve to selectively stabilize the cy- 
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48 kca l  

FIG. 3. Free energy profile showing effect of aza-sub- 
stitution on the cyclization reactions. 

clized form. The extent of this stabilization is not 
certain. 

The free energy of the open-chain anions rela- 
tive to the diene3 is available through an esti- 
mate of the pK,. Ail three pentadienes have 
kinetic acidities similar to methyl acetates (14) 
which places their pK, near 26. The free energy 
of the all-carbon closed anion relative to the cy- 
clopentene is also available through a pK, esti- 
mate of propene (- 35) (15). We were unable to 
find estimates for the pK, of imines or amidines3 
but the fact that the cyclization reactions occur, 
places their energy below that of the open form. 
Undoubtedly the amidines will be more acidic 
than imines. From this kind of analysis, ad- 
mittedly approximate in nature, it is certainly 
tempting to suggest that it is the product stability 
that determines the cyclization reaction rate. 

The reluctance of the all-carbon anion to cy- 
clize is consistent with the observations for other 
pentadienyl anions. Recent gas phase measure- 
ments of proton affinities of 1,3-pentadiene (18) 
and propene (19) suggest that the open form of 
the anion would be favoured at equilibrium. The 
only example (2) of a possible cyclization in- 
volves the 1,5-diphenylpentadienyl anion which 
can be postulated as an intermediate in the high 
temperature Wolf-Kishner reduction of di- 
benzplidene acetone yielding diphenylcyclopen- 
tenes. The results with dibenzylidene acetone 
could well reflect kinetic rather than thermody- 

'Alkyl and arylamidines are reported to form salts 
with NaNHz and KNH2 (16) while N,Nf-diarylform- 
amidines are converted to their salts by OH- (17). 

namic control, if the reaction does proceed 
through anionic intermediates. 

Stereochemistry of Electrocyclization 
Concurrent with the marked change in cycli- 

zation rates, there is a marked change in cycliza- 
tion stereochemistry. The diaza anion 7 cyclizes 
to produce (7) the cis isomer 18 exclusively 
(>99.7Y,) whereas the monoaza anion 6 pro- 
duces (8) both the cis and trans isomers (cis-9 
and trans-9) in approximately equal amounts. 
In both cases, 9 and PO, the cis forin is thermo- 
dynamically less favoured than the trans form 
(K,, FZ 25). So while cyclization rates reflect 
product stability, cyclization stereochemistry 
does not. 

The cyclization stereochemistry of 7 does not 
show any observable temperature sensitivity 
since reaction at -130°C (THF) or at 60°C 
(KOMe-HOMe) produces only the cis product. 
The 1 :  1 mixture of cis- and trarzs-9 does not 
change significantly with extent of reaction, con- 
sistent with kinetic control without subsequent 
conversion of cis to trans isomers. These con- 
trols point to a real difference in the mode of 
cyclization of the diaza anion 7 and the monoaza 
anion 6, with the relative rates of production of 
the cis and trans closed forms changing by at 
least 300. 

The cyclization reactions of 6 and 7 seem best 
categorized as electrocyclization reactions and 
consequently the stereoselectivity of the reactions 
can be analyzed in terms of orbital symmetry 
control. The typical approach to the analysis of 
electrocyclization reactions involves considering 
interconversion of the all-cis open form with the 
cyclic form. With this premise both the Wood- 
ward-I-foffmann rules and orbital correlation 
using simple Huckel molecular orbitals predict 
a disrotatory mode of ring closure for the penta- 
dienyl anion 5 as well as the diaza and monoaza 
anions, 6 and 7. Clearly the dramatic change in 

reaction stereochemistry with aza-substitution 
requires a modification from this simple ap- 
proach. Two possible explanations seem appro- 
priate: more than one geometry of the open- 
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chain anions is involved or a more sophisticated 
orbital correlation analysis is needed. 

Role of Anion Geometries 
The formation of both the cis and trans forms 

of the closed anion 9 can be rationalized by as- 
suming that reaction occurs from more than one 
geometry of 6 but always in a disrotatory manner 
while in contrast, the diaza anion 7 should be 
reacting from just one geometry. Thus it seemed 
desirable to explore the effect of aza-substitution 
on the geometries adopted by the open-chain 
anions. Unfortunately, as mentioned earlier, 7 
reacts so fast that neither nmr nor quenching 
experiments could be used successfully to deter- 
mine the geometry of 7. 

The intermediate reactivity of 6 allowed 
quenching experiments to be carried out and these 
were consistent with the presence of more than 
one geometry of 6. In fact, it appeared that the 
W (or U) form and both the S forms were present 
and these were present in similar amounts. The 
lack of reactivity of 5 ruled out a study of the 
cyclization stereochemistry, but allowed a deter- 
mination of the geometry of 5 both by nmr and 
quenching. A comparison of 5 and 6 should then 
show whether aza-substitution greatly effects the 
geometry adopted by pentadienyl anions. Nu- 
clear magnetic resonance and quenching results 
on 5 were consistent with the presence of both 
the S and W (or U) forms with the S predomi- 
nating by about a factor of 2. The similarity be- 
tween the geometries adopted by both 5 and 6, 
thus, provides no support for the proposal of a 
unique geometry of 7. Nonetheless, it is worth 
considering specific mechanistic possibilities in- 
volving different geometries. 

One geometrical modification of the all-cis 
U-form involves isomerism around the terminal 
bonds which results in three possible isomers, of 
which the E-E form should be the most stable. 
A mechanism consistent with the observations 
would have anion 7 react exclusively through the 
E-E form but 6 react roughly equally through 
the E-E and E-Z forms. It  is this kind of pro- 
posal that seems inconsistent with the geo- 
metrical observation on 5 and 6. Aza-substitution 
does not greatly effect geometrical preferences. 

A second modification involves rotation 
around the inner bonds of the E-E form to pro- 
duce the W and S forms. The nmr study (9) of 
the lithium salt of 5 in THF-d, shows that the W 

(N) -':'% (iV) (~)fi (N) + A 
P h Ph Ph 

E-E Z-Z P h Ph 

and S forms are of roughly equal energy and the 
rate constants for isomerization are about 10' to 
lo3 at - 20 to - 5OC. While, in principle, the W 
and U forms could lead directly to the cis-closed 
isomer and the S could lead to the trans-closed 
isomer, again it becomes necessary to postulate 
an unsubstantiated unique geometry for the 
diaza anion 7. Direct cyclization from either the 
W or S forms also seems unlikely in terms of the 
large distance between one and five carbon atoms 
and the number of atoms that would have to 
move in such a concerted process. 

If the anion geometries are interconverting 
rapidly before cyclization occurs, an analysis 
involving the Harnmond-Leffler postulate may 
be valid (the validity of this postulate has been 
seriously questioned recently, see ref. 20). For 
the most exothermic reaction (7 -, 10) the transi- 
tion state leading to the less stable isomer is ob- 
served to be lower in energy than the transition 
state leading to the more stable (trans-PO) iso- 
mer. As the reaction becomes less exothermic 
(6 + 9) the stability of the products could be- 
come more important in determining the relative 
reaction rates. Consequently the transition state 
leading to the more stable isomer (trans-9) could 
approach that leading to the less stable isomer 
(cis-9) and result in lower stereoselectivity as 
observed. While the trend in the stereoselectivity 
is consistent with this analysis, the results seem 
unusual in two respects: first, the change in 
stereoselectivity (2300) is rather large for two 
exothermic processes and, second, the more 
exothermic process is the one that shows the 
higher stereoselectivity. 

Concurrent Disrotatory and Conrotatory 
Reactions 

If indeed both 6 and 7 adopt the same geom- 
etries for cyclization, then it becomes necessary 
to postulate a violation of the Woodward-Hoff- 
mann rules. Such a suggestion is not without 
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precedent although direct analogies are not yet 
available. The simplest approach is to assume 
that all reaction occurs through the E-E con- 
figuration of the U-form but while 7 reacts in just 
a disrotatory manner, 6 proceeds in both a con- 
rotatory and disrotatory mode. The basis for 
this proposal resides in the fact that 7 is a sym- 
metrical species (C,,) while 6 has no analogous 
symmetry. Both Schilling and Snyder (21) using 
extended Huckel or CNDOjINDO and Epiotis 
(22) using configuration interaction have con- 
cluded that asynlmetric substitution of electron- 
withdrawing or -donating groups can lead, in the 
extreme, to a reversal of the stereochemistry of 
an electrocyclic reaction. However, we are not in 
a position to estimate whether the aza-substitu- 
tion discussed here represents a sufficient per- 
turbation. 

As must be clear by now, the stereochemistry 
of electrocyclization of the symmetrical all-car- 
bon anion 5 would have provided more conclu- 
sive evidence as to the correct explanation for the 
observed changes. However, 5 refused to electro- 
cyclize. Interestingly cyclization during the high 
temperature Wolf-Kishner reduction of trans, 
trans-dibenzylidene acetone has been observed 
(2). The 1,5-diphenylpentadienyl anion has been 
postulated~ as an intermediate in this reaction 
which is run at 225°C using powdered potassium 
tert-butoxide, sodium methoxide, or potassiun~ 
hydroxide. In all cases both the cis- and trans- 

0 
NH NH APh A P h Base 

P h 
225°C 

1 

3,4-diphenyl cyclopentenes were among the re- 
action products. However, controls established 
that the products isomerize under the reaction 
conditions, leaving ambiguous the kinetic stereo- 
selectivity in this cyclization reaction. Indeed, as 
the author suggests, the reaction may be pro- 
ceeding initially through the cis anion, but at  the 
present this is merely conjectural. 

In summary, the study of the 1,3,5-triphenyl- 
pentadienyl anion has helped confirm the geo- 
metrical preferences for such open-chain delocal- 

ized anions and, indirectly, provided support for 
the hypothesis that molecular asymmetry can 
lead to a change in the stereochemical demands 
imposed by orbital symmetry. 

Experimental 
Soltients and Bases 

The methanol was distilled from magnesium and the 
methanol-0-d was prepared from dimethylcarbonate 
(23). Base solutions were prepared by reaction of the 
alcohol under argon with freshly cut potassium. Tetrahy- 
drofuran was freshly distilled from lithium aluminum 
hydride before use. THF and a-methyltetrahydrofuran 
used for bulb-to-bulb distillation were stored over sodi- 
um/potassium alloy with added benzophenone as in- 
dicator. 

Solutions of potassium piperidide in THF or a-methyl 
THF were prepared by dissolving the residue obtained 
after evaporating the solvent from an aliquot of a solution 
of potassium piperidide in piperidine (- 1 M). The potas- 
sium piperidide in piperidine was prepared by heating 
potassium hydride (washed free of oil) with piperidine 
(freshly distilled from potassium) at reflux for about 
1 h under argon. Although colored, these solutions of 
potassium piperidide in piperidine remained active for up 
to 3 weeks without sigllificantly changing their titre. 

Pveparaiion of trans,cis-1,3,5-Triphenyl-1,3-penfndiene 
(a) Diethyl2-Plzenylethy]phosl~honate 
A mixture of triethylphosphite (freshly distilled, 5.5 g, 

33 mmol) and 2-phenylethylbromide (6 g, 33 mmol) was 
heated under an argon atmosphere first at 130°C for 1 h, 
then at 170'C for 1 h, and then at 220°C for 3 h. After 
cooling the reaction mixture was distilled and the fraction 
of bp 130-134'C/0.03 torr was collected yielding 4.1 g 
(17 mmol, 51% yield) of product. 

The mass spectrum gave mie 242 for the molecular ion. 
The nmr spectrum (CCI,) showed the following: 6 1.01 
(6H, t), 1.5-3.1 (4H, m), 4.0 (4H, m) 7.03 (5H, s). The 
infrared spectrum (neat) gave major bands at 3004, 1248, 
1030, and 962 cm-'. 

( b )  tmns,cis-1,3,5-Tuiphenyl-l,3-pentadiene 
To the diethyl 2-phenylethylphosphonate (2.7 g, 11 

mmol) in 25 ml of THF (freshly distilled) at -20'C was 
added 11 mmol of n-butyllithium. After stirring at 
-20'C for 4 h the solution was warmed to ambient tem- 
perature and chalcone (2.4 g, 11 mmol) in 25 ml THF 
was added. Stirring was continued for 15 h followed by 
work-up using an ether-water extraction. The crude oil 
obtained after solvent removal was chromatographed 
(silica gel, 10% ether-pentane) and the rrans,cis-1 was 
recrystallized from pentane to yield white needles of mp 
72-75'C (1 6% yield). 

The mass spectrum gave m/e 296 for the molecular ion. 
The nmr spectrum (CCI,) showed an AX, with v, = 5.68 
ppm, vx = 3.75 ppm, and JkX = 7.0 HZ; an AB with one 
half visible with vA = 6.38 ppm and JAB = 17 Hz; and a 
16 N multiplet in the region 7.0-7.4 ppm. The infrared 
spectrum (CI-ICI,, cm-') showed major bands at 3021, 
2970, 1600, 1500, 1449, and 972. 

An analysis of the nmr spectrum of the crude reaction 
product indicated a ratio of trans,cis-1 to trans,tr.ans-1 
of 7. 
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Preparation of trans, trans-l,3,5-Triplzenyl-1,3-pentadiene 
( a )  Triphenvl-(2-phenylethyl)phosp/tonium Bromide 
After refluxing for 6 days a solution of 2-phenylethyl 

bromide (5 g, 27 mmol) and triphenylphosphine (6.9 g, 
27 mmol) in 125 ml of benzene under argon, the reaction 
mixture was allowed to crystallize by cooling for several 
hours. After filtration the filtrate yielded 0.7 g of unre- 
acted 2-phenylethyl bromide. The crystals, after washing 
with cold benzene, yielded 4.5 g (42% yield) of product 
of mp 78433°C. This hygroscopic material was used with- 
out further purification. 

The nmr spectrum (CDCI,, 6) showed the following: 
2.8-3.2 (2H, m), 3.8-4.2 (2H, m), and 6.8-8.0 ppm (20H, 
m). The infrared spectrum (CHCI,, cm-') showed major 
bands at 2910, 1440, and 1100. 

(b)  trans,trans-1,3,5-Tuiphe1zj~1-1,3-pentadiene 
To the previously prepared phosphonium salt (4.5 g, 

10 mmol) suspended in 120 ml of THF (freshly distilled 
from LiAlH4) under an argon atmosphere at - 20°C was 
added 11 mmol of n-butyllithium in hexane. At this point 
all the material had gone into solution. After stirring for 
an additional 90 min at - 20°C, the solution was warmed 
to ambient temperature and chalcone (2.1 g, 10 mmol) in 
20 ml of T H F  was added. After stirring for 15 min, water 
was added to quench the reaction mixture and the reac- 
tion was worked up using an ether-water extraction. The 
residual oil obtained after solvent removal was chroma- 
tographed (silica gel eluted with 10% ether in pentane) 
and the appropriate material was recrystallized from pen- 
tane to yield 0.84 g (30% yield) of white plates mp 75- 
77°C. 

The mass spectrum gave mle 296 for the molecular ion. 
The nmr spectrum (CCI,) showed an AX2 with v, = 5.91 
ppm, vx = 3.26 ppm, and J,, = 7.5 Hz; an AB with 
v, = 5.97 ppm, v, = 6.90 ppm, and Jab = 16.3 Hz; and 
a 15 H multiplet 6 7.0-7.4 ppm. The infrared spectrum 
(CHC13, cnl-l) showed major bands at 3090, 3070, 3040, 
3010, 1595, 1492, 1444, 972, and 695. 

An analysis of the nmr spectrum of the crude reaction 
product indicated a ratio of trans,trans-1 to trans,cis-1 of 
about 6. 

Diels-Alder Reactions of  l 
( a )  With N-Phenylnzaleimide 
( i )  trans,trans-1-A solution of 58 mg (0.34 mmol) of 

purified N-phenylmaleimide and 100 mg (0.34 mmol) 
trans,rmns-l in 4 ml of benzene was sealed in an evacu- 
ated thick-walled tube after degassing. After heating at 
80°C for 42 h, the benzene was evaporated and the residue 
recrystallized from ether to yield 93 mg. A second crop 
was obtained after tlc (silica gel, chloroform) and recrys- 
tallization to provide a total yield of 117 mg (74%) of mp 
190-192°C. 

The mass spectrum showed a molecular ion at nz/e 469 
consistent with a 1 : 1 adduct. The nmr spectrum (CCI,) 
was complex with 6 7.1-7.9 (20 H, m), 6.2-6.3 (lH, m), 
and 2.7-3.9 ppm (6H, m). The composition of the 61-1 
multiplet was clarified through the use of europium shift 
reagent ( E ~ ( f o d ) ~ )  which separated it into six distinct 
signals. These signals were assigned on the basis of de- 
coupling experiments and their multiplicity and a typical 
spectrum showed We (6.23 ppm, t), HIc (5.44 ppm, q), 
Ha (4.74 ppm, t), Hd(4.57ppm, dofd) ,  M, (3.95 ppm, m); 

and H, (3.64 ppm, d of d). No attempt was made to ob- 
tain coupling constants since the multiplets were not first 
order. The infrared spectrum (CHCl,, cm-') showed 
major bands at 2924, 1670, 1590, 1455, 1432, 1360, 1150, 
and 700 cm-'. 

( i f )  trans,cis-1-In sealed evacuated tubes, degassed 
solutions of trans,cis-1 and N-phenylmaleimide in equi- 
molar amounts in benzene were heated for 22 h at 8OCC 
and 69 h a t  125°C. Nuclear magnetic resonance analysis of 
the reaction mixture indicated little to no reaction had 
occurred. Heating for 74 h at 155'C resulted in loss of 
starting materials and production of a white crystalline 
solid which proved to be a mixture. Purification by tlc 
(silica gel, methylene chloride) and repeated recrystal- 
lization from hexane resulted in isolation of material 
with a broad melting range (82-86'C). 

The Inass spectrum of this material was consistent with 
a 1 : 1 adduct (molecular ion mle 469) and showed a frag- 
mentation pattern very similar to the 1 : 1 a d d ~ ~ c t  obtained 
from trans,tra~zs-1 and N-phenylmaleimide. However, we 
were unable to isolate any single pure material, perhaps 
because of a mixture of diastereomers or because of rear- 
rangement during purification. 

( i i i)  tra~zs,trans-1 and trans,cis-1-A mixture of the 
dienes (120 mg, 0.4 mmol, 7: 1 ratio of trans,trans-l to 
trans,cis-1) and N-phenylmaleimide (60 mg, 0.35 mmol) 
in 0.5 ml of carbon tetrachloride was refluxed for 4 h. 
After separation by tic (silica gel, 10% ether in hexane), 
the- lead band containing both dienes showed a ratio of 
1 :4.25 of tmns,rrans-1 to trans,cis-1 by nmr integration. 
The baseline band yielded material identical to the 1:  1 
adduct of trans,trcrrzs-1 and N-phenylmaleimide as shown 
by mixture mp and nip. . 

( 6 )  With Benzoquinone 
To a mixture of trans,trans-1 and trans,cis-1 in a ratio 

of 2: 1 (50 mg, 0.17 mmol) in 0.5 ml of carbon tetrachlo- 
ride in an nmr tube was added 6 mg (0.06 mrnol) of benzo- 
quinone. After heating to 60'C for 4-5 h, the progress of 
the reaction was monitored by nmr. Over a 37 h period 
30 mg of benzoquinone was added and the reaction mix- 
ture was then separated by tlc (silica gel, 10% ether in 
hexane). The lead fraction containing the dienes was 
analyzed to  be a 1 : 3 mixture of trans,trans-1 to trans,cis-1. 
No attempt was made to  isolate or characterize the ad- 
duct. 

( c )  With 2-Bufyne 
As above 50 mg of a 2: 1 mixture of trans,trans-l and 

trans,cis-1 was heated in an nmr tube with a twofold ex- 
cess of 2-butyne in 0.5 ml of carbon tetrachloride. After 
6 days at 60°C, the diene mixture was separated by tlc 
and showed a ratio of I : 10 favouring trans,cis-1. No at- 
tempt was made to  isolate and characterize the adduct. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1240 C A N .  J.  C H E M .  VOL. 5 5 ,  1977 

Isornerization and Exchange of 1 in Methanol (Tables 
2 and 3) 

To either frans,tmns-l or trans,cis-1 dissolved in -25 
1.11 of THF, was added 0.22 M potassium methoxide - 
methanol (or methanol-0-d). This solution was cooled 
to - 8OCC, twice degassed, and an argon atmosphere in- 
troduced. The solution was then warmed to  60°C for the 
reported time period. The reaction was quenched by 
pouring into ether-H20. After the ether layer was washed 
twice with H,O, once with saturated sodium chloride, 
and dried with magnesium sulfate, the solvent was evapo- 
rated. The proportions of the isomers of 1 was determined 
by nmr with careful and repeated integration. 

Material for mass spectron~etric analyses was further 
treated by tlc and a Inass spectrum was obtained on the 
mixture of isomers of 1. A combination of nmr and mass 
spectrometry allowed an estimate of the percentage of 
isomerization and of isotopic exchange. 

Isornerization and Exchar~ge of I using Lithium 2,2,6,6- 
Tetramefhylpiperidide (Table 2)  

A one-necked reaction vessel to which was attached 
either an nlur tube, a quartz cell, or a reaction tube was 
used for the reactions not run near room temperature. 
For those reactions to be run in sealed tubes or cells the 
selected isomer of 1 was placed in the tube and the solu- 
tion of lithium tetramethylpiperidide (TMP) in T H F  was 
prepared in the reaction vessel. Solutions of lithium 
TIMP in T H F  (1-2 M) were prepared by adding a 1.1- 
fold amount of n-butyllithium (Ventron) to  a cooled solu- 
tion (- - 20°C) of TMP in T H F  followed by stirring for 
1 h from -20°C LIP to ambient temperature. This base 
solution was then tipped into the tube or cell which was 
then sealed. For those reactions run at  25"C, the selected 
isomers of 1 in a small amount of T H F  was added to the 
base solution. 

The reactions were quenched by adding a slight excess 
of acetic acid or acetic acid-0-d. Work-up involved 
pouring the now colorless reaction mixture into ether- 
water. The ether layer was washed twice with water, once 
with saturated sodium chloride, dried with n~agnesiun~ 
sulfate, and the solvent evaporated. This material was 
analyzed by nlnr before and after tlc. 

Reaction of H y d r o b e r a i d  with Potassium Piperidide 
The reaction vessel consisted of two bulbs connected 

by a neck with a sintered glass frit. The reaction bulb was 
equipped with a side arm through which the hydrobenz- 
amide 8 (- 100 mg) in 1.5 ml of 2-methyltetrahydrofuran 
(MTHF) could be added. This side arm had a break seal 
and the solution of 8 had been prepared by bulb-to-bulb 
distillation of MTHF. The reaction bulb also had a side 
arm with a Teflon Rotaflo stopcock for the introduction 
of MTHF by bulb-to-bulb distillation, the evaporation 
of solvent, the introduction of argon, and the introduction 
of deuterochloroform by bulb-to-bulb distillation. The 
second bulb was equipped with an nlnr tube and a side 
arm with a Rotaflo stopcock for evacuation purposes. 

The reaction was run by cooling a solution of LiTMP 
in MTHF to - 130cC and introducing the solution of 8 by 
breaking the break seal. Color formation (purple) was 
immediate. After stirring the reaction for about 5 min an 
argon atmosphere was introduced followed by a 1.1 excess 
of dried trifluoroacetic acid. Complete loss of color 

usually took about 2-3 min. The solvent was then evapo- 
rated and dried deuterochloroform was introduced. This 
solution was then filtered into the second bulb and sealed 
in the nmr tube. 

The contents of the nmr tube were analyzed and re- 
vealed no starting material or products expected to arise 
from quenching of the open-chain anion. Instead, the sole 
product appeared to be amarine, the closed form with 
cis-phenyl rings. 
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Raman study of the structural properties sf KI"JO,QPH) 
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M. Pi. BROOKER. Can. J. Chem. 55, 1242 (1977). 
Raman spectra of oriented single crystals of KNO,(II) have been recorded at  298 and 77 K. 

At both temperatures the data are in excellent agreement with the factor group analysis based 
on the generally accepted Pmcn space group. Additional spectral features observed near 
room temperature suggest the presence of a significant number of disordered nitrate groups 
on alternate lattice sites, although the majority of nitrate groups occupy the ordered sites. As 
the temperature is lowered, the disordered groups freeze out until near the temperature of 
reported electrical anomalies (213 K) only the ordered sites are occupied. Improved resolution 
has resulted in detection of s number of new spectral features while improved depolarization 
data have resulted in reassignment of several peaks. 

M. H. BROOKER. Can. J. Chem.55, 1242 (1977). 
On a enregistrk, a 298 et a 77 K,  les spectres Raman de cristaux uniques orientes de KNO,(II). 

k u x  deux temperatures les donnies sont en excellent accord avec l'analyse de facteur de groupe 
basCe sur le groupe d'espace Pmcn gkneralement accepte. Des donnies spectrales additionnelles 
ohservies pres de la temperature de la piece suggerent la presence d'un nombre important de 
groupes nitrates dCsordonnes a des sites alternts du riseau; toutefois la majorit6 des groupes 
nitrates occupent des sites ordonnes. A mesure que la temperature est abaisste, les groupes 
disordonnes sont geles jusqu'a une temperature proche de celle rapportee pour des anomalies 
electriques (213 K) alors que les sites ordonnCs sont les seuls qui soient occup6s. Une resolution 
accrue a permis de detecter un certain nombre de caractCristiques spectrales nouvelles alors 
que des donnes de depolarisation amCliorees ont permis une rCattribution de divers pics. 

[Traduit par le journal] 

Elucidation of the mechanisms of solid-solid 
and soiid-liquid phase transformations requires 
the knowledge of all possible structural proper- 
ties of the various phases. Although considerable 
effori has been expended on the structure of 
KNO, in the room temperature phase 
(MNO,(II)) several anomalies remain. Accurate 
X-ray analysis of KNO, by Nimmo and Lucas 
(1) confirmed the Pmcn space group proposed 
by E d ~ a r d s  (2) but these authors reported that 
the nitrate group was non-planar and did not 
have its horizontal mirror plane coincident with 
the ab crystallographic plane. Fermor and 
Kjekshus (3) reported anomalous values for 
electrical resistivity and dielectric measurements 
as a function of temperature and suggested the 
existence of a phase transition in the vicinity 
of 213 K and tentatively designated the low 
temperature phase as KNO,(VIII). Limited 
X-ray data were insufficient to determine 
whether the low temperature phase belonged 
to a different space group from that of phase IT. 
The same authors (4) reported similar results 
for the other anhydrous univalent nitrates but 
subsequent calorimetric and neutron diffraction 

studies on RbNO, and CsNO, by Owen and 
Kennard (5) failed to reveal any transitions 
and the electrical anomalies of Fermor and 
Kjekshus were ascribed to thermal hysteresis. 
Recently, however, Badr et ul. (6) detected 
subtle changes in the Raman spectra for the 
region of the external lattice modes of RbNO, 
and CsNO, which occurred close to the tem- 
perature of the low-temperature anomaly of the 
electrical measurements. The same authors (7) 
have proposed that the room temperature 
forms of NaNO, and CsNO, contain a signifi- 
cant number of NO,- groups on disordered 
alternate sites which freeze out at lower tem- 
peratures. 

Previous vibrational studies of KNO,(II) 
have been primarily restricted to room tem- 
perature and above (8-15) although Karpov and 
Shultin (11, 12) have measured the infrared 
spectrum at 77 K. Raman studies of oriented 
single crystals have been performed (8-10, 15) 
but poor depolarization measurements have 
resulted in several uncertain assignmsnts and 
were of little use for assessment of the reported 
anomalies. Accurate oriented single crystal 
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Raman studies a t  298 and 77 K were undertaken 
to investigate the nature of the reported phase 
transition at 213 K and to ascertain whether 
the poor depolarization ratios measured in 
previous studies were due to crystal imper- 
fections and misalignment, or to real structural 
features of the type described by Nimmo and 
Lucas. 

Experimental 
Single crystals of KNO,(II) were grown from saturated 

aqueous solution by slow evaporation at  room temper- 
ature. Experiments were performed on a number of 
large crystals of varied dimensions. Orientations were 
determined from crystal morphology (16). Crystals 
grew with well developed 010 planes ; 1 10, 100, and 001 
planes were easily identified; however, 100 and 001 
faces of suitable size could only be obtained by polishing. 
The structure of KNO,(II) is normally reported in the 
non-standard setting Prr~cn; a = 5.414, b = 9.164, and 
c = 6.431; z = 4. In this setting 'a' has been chosen as 
the axis of highest symmetry and the crystallogra,phic 
mirror plane is in be. The horizontal plane of the NO3- 
grogp is in ab. Normally one would classify as B,,, 
normal modes which are symmetric with respect to 
the mirror plane of the D,, factor group which in this 
case is bc (17). However, it has been accepted practice 
to identify as B,, those modes which are symmetric to 
the NO3- plane, the nb plane. The full factor group 
analysis for KNO, has been given by a number of workers 
(9-1 1,  13, 15) and w-ill not be reproduced hcrc. 

Polarized Raman spectra were measured with a Coderg 
PHO Raman spectrometer after sample excitation with 
the 488.0 nm line of a Control Laser, model 553A argon 
ion laser. Plasma lines from the laser were removed 
with a narrow-band-pass interference filter. Peak posi- 
tions were calibrated against laser plasma lines and are 
probably accurate to k0.5  cm-'. Power levels at  the 
sample were approximately 600 mW. Polarization of 
the incident beam was controlled by a half-wave plate, 
and the scattered light was analyzed with a Polaroid 
film placed before the monochromator slit. Crystals 
were carefully mounted on the metal tip of a vacuum 
cryostat (18) and spectra were obtained for samples at  
room temperature, ice temperature, dry ice temperature, 
and liquid nitrogen temperature. Quoted temperature 
values are for the coolant. The actual sample temperatures 
were difficult to determine accurately but calibration 
with compounds with known melting points and phase 
transition temperatures suggested that the sample 
temperatures were within 5" of the coolant temperature. 
For high temperature studies crystals were sealed in 
glass tubing and heated with a coil of nichrome wire. 
Temperatures were monitored with a chromel-alumel 
thermocouple outside the tube. Spectra were recorded 
for light scattered at  905, i.e. x(zz)y, and for light scattered 
at  180' (back scattering, i.e. x(zz)x) to the incident beam. 
The back scattering technique had the advantage of 
permitting measurement of pairs of symmetric tensors 
vithout realignment of the crystal. The crystals were 
aligned roughly by inspection and then adjusted by 
carefully minimizing the depolarization ratios for peaks 

at  1050cm-', a,,/cc,,; 52cm-', a,,/~,,; and 1359, 
a,b/a,,. Depolarization data were extremely sensitive to 
crystal quality and orientation but excellent depolariza- 
tion ratios were obtained from a number of large 
(1 x 2 x 3 mm) clear crystals. In this regard it would 
appear that the poor depolarization ratios obtained by 
previous authors were due to crystal imperfections. 
Potassium nitrate tends to occlude water lo give a 
striated crystal with grains along the c axis and crystals 
of this type gave much poorer depolarization ratios. 
Relative intensities (peak height times half-width) for 
each setting were first normalized to the off-diagonal 
a,, component at  83 cm- ' (298 K), 91.4 cm-' (77 K). 
Within experimental error the x,, and a,, components 
of v, (A , )  were identical and both were set equal to 1000. 
For the 77 K intensity data, 1.0 cm-' slits were employed 
and 2.0 cm-' slits for the 298 K data. Half-widths were 
not corrected but if necessary relative intensities were 
corrected for the difference in grating response for the 
and 1 scattered light since a polarization scrambler was 
not employed. Resolution of components of peaks 
-90 cm-' and 715 cm-' was achieved with 0.25 cn1-' 
slits. 

Raman spectra were also obtained for samples of 
15N-enriched (-98%, IsN) KNO, at  77 K to aid the 
assignment of the lattice modes. Spectra of oriented 
single crystals of K14N03 and KI5NO3 were recorded for 
the c(bc)b orientarion (spill-over from cc,, and z,, was 
evident). Each sample was recorded twice in alternate 
fashion and peak positions calibrated to the 221.7 
argon - ion plasma line. Lower laser power was employed 
as a precaution to guard against localized heating since 
the K15N03 crystal was not of highest optical quality. 
A precision of k0.1  cm was realized. 

Results and Discussion 
Raman spectra for KNO,(II) are shown in 

Figs. 1 to 4, while peak position, intensity, and 
half-width data for 298 and 77 K are collected 
in Tables 1 and 2. Although minor but significant 
differences exist between the spectra obtained 
at 298 and 77 K both sets of data are in excellent 
agreement with the predictions of a factor 
group analysis based on the Pmcn space group. 
I t  would appear that the differences between 
the 298 and 77 K results are due to minor 
structural changes. Relative intensity data 
represent the best extinction of unwanted lines 
obtained and is an average of at least two 
independent measurements, but even at this 
the actual values are probabiy uncertain by 10%. 
Spill-over of a,, into the a,, spectra and of a,, 
into a,, was most severe but was eliminated for 
several exceptionally clear crystals. Spill-over 
was somewhat worse for samples recorded at 
77 K since most crystals fractured on cooling. 
Nevertheless, it was possible to show that the 
mode at 52 cm-I is active only in cr,, but not in 
a,, and that the 1344 cm-I mode is active only 
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FIG. 1. Raman spectra obtained from oriented single crystals of KNO,(Il) at 298 K. Relative in- 
tensities within spectral regions are comparable. Slit-widths were 1.0 cm-' for the 1050 cm-' region, 
4.0 cm-' for the 800 cm-l region, and 2.0 cm-' for other regions. 

in a,, while the 1359 cm-I mode is active in 
a,, and a,, (Figs. 1, 2; Tables 1, 2). The present 
room temperature data are in reasonable agree- 
ment with previous work although weak peaks 
at 108 cm-I (A,) and 150 cm-I (B,,) have 
not previously been reported. Raman data for 
MNO, at  77 K have not previously been re- 
ported and our spectra show peaks at 122.6 cm-' 
(B,,), 13'7.0 cm-' (B,,), 158.2 (Big) ,  and 162.5 
(B,,) which have no counterpart in the room 
temperature spectrum. A weak peak of B,, or 
B,, symmetry was occasionally detected at 
81 cm-I. The peak at  --90cm-I has been 
resolved into two components 91.8 (B,,) and 
93.4 (B,,) and two components have clearly 
been resolved in the v ,  region 713.2 (B,,) and 
414.5 (A,,), Fig. 3. With the exception of the 
2v2 region the A, modes were essentially absent 
for a,,. Two other significant observations of the 
room temperature study were the presence of a 
weak shoulder of A, symmetry on the v ,  (A,) 
peak and a broad asymmetry on the low fre- 
quency side of the lattice mode at 52 cm-I. 

Both features were absent from the spectra 
obtained at  liquid nitrogen temperature (Fig. 4).  

Raman peaks for K1'NO, were observed at 
55.3, 72.4, 91.8, 93.4, 111.2, 132.3, 713, 1051, 
1312 (B,,), 1326 (A,), 1354 (vw, B,,), 1415 (vw, 
B,,), 1428 (2v,), 1608, and 1637 cm-' (2v,). 
No special effort was made to detect the weaker 
lattice modes since the uncertainty of measure- 
ment of these weak peaks would have resulted 
in little additional information. 

Internal Modes 
v, Region 

In the v, symmetric stretching mode of the 
NO,- ion, two infrared and two Waman modes 
are predicted by the unit cell group analysis. 
Karpov and Shultin (11) have identified in- 
frared components B,,, 1051.0 cm-' and B,,, 
1049.9 cm-I. The A, mode occurs at 1050.6 
in the Raman with a,, -- a,, >> a,, but the 
B,, mode has not been detected. The values 
of a,,, Ebb, and a,, suggest that the o, plane of 
NO,- does not depart significantly from the ab 
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FIG. 2. Raman spectra o f  lattice region o f  KN03(II) 
at 77 K .  Silt-width was 1.0 cm-l from 0 to 100 cm-', 
2 cm-' from 100 to 170 cm-'.  

crystallographic plane. Previously (14) we have 
assigned the weak shoulder on the v, mode of a 
number of metal nitrates at room temperature 
to  a correlation fieid component and in particular 
for K N 0 3  a shoulder at -- 1047 cm-I was as- 
signed to the B,, component. Although the 
assignment for the cubic nitrates, CaQNO,),, 
Sr(N0,)2, and Pb(NO,),, appears valid and 
F2, symmetry has been confirmed by depolariza- 
tion measurements (19),' for the alkali metal, 
silver and thallium nitrates the shoulders have 
A, symmetry and cannot be due to correlation 
field components and these features must be 
reassigned. Badr et al. (7) have observed similar 
features in NaNO, and CsNO, crystals. These 
authors observed that the ratio of the intensity 
of the low frequency component, I ' ,  to the 
high frequency component, I3 increased with 
increased temperature but could be frozen out 
at 213 K. ""Energetically distinguishable alter- 
nate structures" were proposed with different 
types of coordination which were responsible 

'11 is possible that weak shoulders also exist for the 
cubic nitrates but they would be obscured b y  the Fz 
mode. 

for differences between the local fields and 
altered the frequency of the vibration. Clusters 
with aragonite and calcite coordination were 
proposed. James et al. (20) have assigned similar 
features to hot bands. Our studies support the 
alternate structures explanation. Limited tem- 
perature variation studies for KNO,(II) in- 
dicate that I ' l I  increases with increased tem- 
perature with values 0, 0.05,, 0.070, 0.08,, and 
0.13 at 195, 275, 300, 335, and 383 K, respec- 
tively.' A hot band of the type v, = 1 -+ v, = 2 
is unlikely since the observed intensity is over 
ten times that expected by Boltzman distribution 
although a 3 cm-I anharmonicity would not 
be too large. A hot band involving a combination 
of v, with a lattice mode 'hot band' is more 
difficult to discount. However, one would not 
expect these modes to freeze out at temperatures 
as high as 213 K since upper states of lattice 
modes are still appreciably populated at this 
temperature. The marked temperature de- 
pendence near phase transitions (7) is not con- 
sistent with a hot band origin for these peaks. 
It should be noted that although the peak 
separation is almost identical for NaNO,, 
KNO,, and CsNO,, 4, 3, and 3 cm-l, the 
intensity ratio I'lI at room temperature is not 
constant but increases with cation size, 0.05,, 
0.07,, and 0.09,. 

It is interesting to note that the temperature 
at which the low frequency shoulder freezes 
out for KNO, is approximately equal to the 
temperature of the phase transition (213 K) 
reported by Fermor and Kjekshus (3) from 
dielectric and conductivity studies. Phase transi- 
tions of a similar type for all of the alkali 
metal nitrates have been reported by Fermor 
and Kjekshus (4) but these have previously 
received Iittle credence since no evidence for a 
structural change was detected from neutron 
diffraction studies (5 ) .  Badr eb al. (6) have since 
shown that subtle change in Raman peak 
intensities of two peaks near 38 cm-I of RbNO, 
occurs between 203 and 205 K which is near 
the transition temperature of 228 K reported 
by Fermor and Kjekshus. The possibility must 
be considered that these transitions are as- 
sociated with the final 'freezing out9 of a small 
fraction of 'disordered' sites. The presence of 
such sites would be dificult to detect by con- 

21ntegrated intensities were measured from band 
areas. 
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FIG. 3. Raman spectra for a poorly oriented KN03(II) crystal a t  77 K. The orientation is primarily 
c(ba)b. The insert at about 90 cm-' has abcissa expansion of 2 x . Slits were 0.5 cm-I for the 90 and 
715 cm-' regions, 1.0 cm-' from 30 to 90 cm-', and 2 cm-' from 100 to 170 cm-'. 

- 
lJ / cm-1 

FIG. 4. Raman spectra of the 1050 and 50cm-' 
regions at selected temperatures. 

ventional diffraction or spectroscopic methods 
since both phases would have identical crystal 
structures. For instance, in the present study 
there is no indication that the space group 
of KNO,(II) is other than Pmcn at both room 
temperature and liquid nitrogen temperature 
but the shoulder on the v, mode and the asym- 
metry of the 52 cm-I lattice mode suggest the 
presence of a small fraction of alternate sites in 
KNO, at room temperature. Multiple site 
occupancy by anions in simple crystals is not 
unusual; in fact, for RbNO, and CsNO, the 
space group requires the NO,- groups to be on 
three sets of non-equivalent C ,  sites (21, 22) 
and peak multiplicity due to this multiple 
site effect has been detected by infrared (21) 
and Raman (23) spectroscopy. A two-site 
model has been proposed (24) for the disordered 
high temperature phase, KNO,(I), and Stromme 
(25) has suggested that even the ordered phase, 
KNO,(III), contains NO,- groups statistically 
distributed between two twofold disordered 
non-equivalent positions. Our Raman results3 
for KNO,(I) and KN03(III) support Stromine's 
model and further suggest that KNO,(II) 
has a small fraction of NO,- groups on dis- 
ordered positions. 

W. H. Brooker. Unpublished work. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BROOKER 1247 

TABLE 1. Raman peak position (cm-I), half-width, and relative intensity data for K N 0 ,  at 298 K 

Peak Relative intensitya 
position Half-widthh 
(cm - ' )  aa bb cc ab ac bc w l i 2  (cm-')  Assignment 

B2g Trans. 
B,, Rot. about c? 
B2, Rot. about b 
B,, Rot. about a 
B,, Trans. 
A, 
B,, Trans. 
B1, 
A, 
B1, 
A,+ B I ,  v4 

A, vz 
A, N1801602-  
A, Disordered site 

aNormalized to 1000 for vl  ( A , )  no,, abb;  parentheses indicate non-zer 
bFull-width at half-height (2.0 cm-' slit-width). 

v2 Region 
Two infrared and two Raman modes are 

predicted for the v, region of KNO,(II). 
Karpov and Shultin (11) have assigned the 
infrared modes at 829 cm-I (B,,) and 844 cm-I 
(B,,) and from dipole sum calculations (12) 
estimated the Raman modes to be at 844.6 cm-I 
(B,,) and 825 cm-' (A,) .  We have observed 
the A, mode at 825.2 cm-' for both a,, and a,, 
(a,, E 0)  but the B,,, mode could not be de- 
tected in a,,. Occasionally, in poorly aligned 
sainples we observed a weak feature -843 cm-' 
in a,, which may be B,,; however, the depolar- 
ization characteristics were never correct. We 
have been unable to confirm the presence of a 
peak at  829 cm-I which Frech and Devlin 
(15) have assigned to B,,. Often in a poorly 
aligned crystal the 825 cm-' peak was observed 
in a,, where it appeared somewhat broader 
than in a,, but we did not detect any frequency 
shift for this mode for different tensor com- 
ponents. 

The overtone region, 2v,, also suggests the 
essential correctriess of the Shultin and K a r ~ o v  
assignments since a broad envelope is observed 
with peak maxima at 1652 and 1691 cm-I at 

.o value due to spill-over. 

77 K which correspond to 2 x 826 and 2 x 
845 cm-'. Considerable intensity occurs be- 
tween the maxima but no attempt has been 
made to further resolve this envelope in the 
present study. This intensity may be due to 
combinations involving non-zone-centre modes. 
The static field value of v, appears to be ap- 
proximately 835 ci i~- '  which is close to the 
va.lue of v, for LiNO, and NaNO,. It is interest- 
ing that the high frequency component of 2v2 
shifts froill 1686 to 1691 cm-' when the crystal 
is cooled from 298 to 77 K, whereas, the 1652 
cm-' component remains constant. Shultin and 
Karpov report an analogous result for the v, 
fundamental region with the peak at 843 
shifting to 846 cm-' when the crystal was 
cooled to 77 K. 

v, Region 
Assignment of the five observed Raman 

peaks in the v, region are identical to those 
reported by Frech and Devlin (15). The B2, 
and B,, modes are associated with non-planar 
motions of the nitrate group. The extremely 
small relative intensity values of these peaks 
suggest that nitrate retains its planar character 
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TABLE 2. Raman peak position (cm-I), half-width, and relative intensity data for KNO, at 77 K 

Peak Relative intensityb 
position Half-widthc 
(cm-I). aa bb cc ab ac bc wl12 (cm-I) Assignment 

B,, Trans. 
Big Rot. about c ?  
B,, Rot. about b 
BBg Rot. about a 
BBg Trans. 
A, 
B1, 
B,, Trans. 
B3 g 

B1, 
A, 
B1, 5" v4 

'41, V z  
A, N's0'60,-  
'4, v1 
6 1 ,  

A, 
Bz, v3 

B3g 
A, 2 ~ 4  

2 ~ 4  

"Accuracy quoted is primarily for comparison within regions. 
bNormalized lo 1000 for vl  ( A  ) a,? aaa; parentheses indicate non 
CFull-width at half-height (1.0 rm- slit-width). 

in KNO,. Two infrared peaks at 1340 and 
1375 cm-' have been identified but no assign- 
ments were possible (13). The most intense 
longitudinal optional (LO) mode of v, has 
been detected at 1445 cm-I in the infrared 
spectrum (26). Since KNO,(II) is centrosym- 
metric LO peaks are not Raman allowed. A 
weak peak at 1431 cm-' with A, symmetry was 
assigned to 2vd. 

v, Region 
Only two of the four predicted Raman peaks 

have been detected in this region. At 77 K the 
assignments are 713.2 (B,,) and 714.5 (A,) 
which implies a site splitting of 1.3 cm-' which 
is larger than the 0.5 cm-I value estimated by 
Frech and Devlin (15). The intensities of the 
out-of-plane modes B,, and B,, appear to be 
identically zero. Karpov and Shultin (1 1) have 
reported infrared peaks at 715.2 (B,,) and 
714.5 (B,,). The B,, mode although theoretically 
allowed was not detected. 

External Region 
Even at  77 K only 13 of the 18 predicted 

Raman modes were observed. Improved de- 

-zero value due to spill-over 

polarization studies indichte that the 55.8 cm-I 
mode has B,, symmetry only while the band 
-90cm-I contains two components 91.8 
(B,,) and 93.4 (B,,). The 93.4 cm-I mode has 
been assigned to a rotatory mode of nitrate 
about the a axis while the 91.8 cm-' mode has 
been assigned to the rotatory mode of nitrate 
about b. It  is interesting to note that the relative 
intensities of the two coinponents are about 
equal but the higher frequency mode of the pair 
has a 20% smaller halfwidth than the lower , 

frequency component. The similarity of the 
two components is in accord with the crystal 
packing since KNO,(II) has a pseudo-hexagonal 
unit cell. The optical anisotropy in the ab plane 
is very small with refractive indices of 1.513, 
1.512, and 1.336. The rotatory motion of the 
nitrate group about the c axis should be active 
in a,, and it is possible that the weak peak at 
72.4 cm-' corresponds to this mode. A rotatory 
motion about the G, axis will have a small 
polarizability change associated with it and one 
would expect a weak, broad peak at lower energy 
than rotatory motions about a or b. The 55.8 
cm-I (B,,) mode has been assigned lo a trans- 
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latory motion of the K+ sublattice against the 
NO,- sub!attice. Most of the peaks above 
100cm-' must belong to other translatory 
modes. When I5N was substituted for 14N the 
peaks at  55.8, 11 1.4, and 132.8 were shifted by 
0.5, 0.2, and 0.5 cm-' but the peaks 72.4, 91.8, 
and 93.4 cm-I remained unshifted ( -0.1 cm- I). 
These results are consistent with the above 
assignments. Simple harmonic oscillator cal- 
culations suggest that translatory modes should 
shift by -0.8% and rotatory modes should 
remain unshifted. Rousseau et al. (27) have 
obtained similar results for lattice modes of 
NaNO, and confirmed that the rotatory mode 
of NO,- was at 185 cm-I, whereas the trans- 
latory mode was at  a lower position, 98 cm-'. 

The most significant changes that occur in 
the Raman spectrum between 298 and 77 K 
occur inz the lattice region. The halfwidths and 
relative intensities of all of the peaks decreased 
considerably with decreased temperature and 
several new components were detected. Peak 
posi t io~~s increased by about 10% when the 
temperature was lowered from 298 to 77 K 
and this effect car, probably be attributed to 
lattice contraction. It  would appear that at 
room temperature the thermal motion is quite 
considerable. Bn-the room temperature phase 
of AgNO,, X-ray studies suggest that the NO,- 
ion has a root mean square osciilation of -8" 
(28). Undoubtedly the thermal disorder con- 
tributes significantly to the marked asymmetry 
of the 52 cm-I mode a t r o o m  temperature. 
I t  is doubtful that the asymmetry can be assigned 
to  simple hot bands since calcuiations based on 
Boitzmann statistics do not reproduce the 
asymmetry even for large values of the an- 
harmonicity constant. If one assumes a sym- 
metric peak about the peak maximum, the 
excess area, It, may be used as an indication of 
asymmetry. The value of 4'/4,,,,, has a minimum, 
almost zero, value at 77 K and increases to a 
maximum value of 0.33 at 390 K;  at 401 K 
the phase transition to KNO,(I) occurs and the 
peak abruptly disappears. Values of I'lI,,,,, ob- 
tained were: 0.075 at 77 K;  0.19 at 195 K ;  
0.26 at 275 K ;  0.30 at 300 M; 0.33 at 370 K ;  
and 0.35 at  390 K." A possible explanation for 
the observed asymmetry is that it is associated 

4Values of I ' /I  may be used to estimate activation 
energies of the alternate orientations. See ref. 7. If this is 
done the present data lead to a value of approximately 
1.6 kcal mol-I at 298 K. 

with disordered sites of the lattice. Since the 
52 cm-I peak appears to be due to a lattice 
translatory mode, disordering of the K +  and 
NO,- positions could give rise to a range of 
modes in this region. Wegdam et al. (29)' have 
shown that low energy phonons in warm 
crystals have amplitudes which are an ap- 
preciable fraction of the magnitude of the lattice 
distances. As a result of the large amplitudes 
local symmetries will change continuously 
within the time interval of the phonon lifetime. 
Thus a large amp!itude and anharmonicity of 
the 52 cm-I mode could explain the asymmetry 
in this mode and also result in a range of sym- 
metries available to the NO,- groups which 
would contribute to the v, band asymmetry. 
Although the anomalous features of the 1050 
cm-I and 52 cm-I peaks are similar there is 
not a direct correspondence since the intensity 
raho changes of the two features do not match. 

The considerable decrease in halfwidth which 
occurs for all lattice modes when the temperature 
is lowered to 77 K and the corresponding in- 
tensity decrease of the 52 and 83 cm-' modes 
(Tables i and 2) suggest that in the room tem- 
perature form of KNO,(II) thermal motion is 
quite significant. There is no evidence to suggest 
that the NO,- group loses its planarity nor was 
there any evidence to suggest that the plane of 
the NO,- is not on the ab crystallographic 
plane although it must be admitted that Rainan 
spectroscopy does not measure positional prop- 
erties with accuracy. Possibly the anomalous 
features of the X-ray determination are due to 
the positional and thermal disordering noted 
above. Anharmonicities in the thermally induced 
motions of the NO,- groups could easily ac- 
count for the small departure from planarity 
of the NO,- as determined from the X-ray 
anaiysis. The observed temperature dependence 
of the out-of-plane character of the nitrogen 
atom (0.019 A at 298 K, 0.036 A at 398 K) 
as determined in the X-ray analysis (1) is con- 
sistent with the concept of thermally induced 
anharmonic motions and a moderate degree of 
disorder in the room temperature phase. The 
fact that the Raman spectra for KNO, at both 
77 and 298 K are best interpreted in terms of 
the Pmcn space-group suggests that the phase 
transition at 213 K proposed by Fermor and 
Kjekshus involves only a minor structural 

5The applicability of this reference was suggested by 
one of the referees. 
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change, quite possibly the "freezing out" of the 
disordered nitrate groups. Since X-ray measure- 
ments are time-averaged over a long time it is 
not surprising that the disorder was not de- 
tected by X-ray diffraction. 
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Nucleic acid related compounds. 24. Transformation of tubercidin 
2',3'-0-orthoacetate into halo, deoxy, epoxide, and 

unsaturated sugar nucleosides1j2 
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MORRIS J. ROBINS, ROGER A. JONES, and RUDOLF MENGEL. Can. J. Chem. 55. 1251 (1977). 
Treatment of tubercidin (4-amino-7-P-~-ribofuranosylpyrrolo[2,3-d]pyrimidine) (1) with 

methyl orthoacetate gave the 2',3'-0-orthoester, 2. Pivalic acid chloride in refluxing pyridine 
converted 2 into a mixture containing 4-N-pivalamido-7-(3-chloro-3-deoxy-2-O-acetyl-5-0- 
pivalyl-~-~-xylofuranosyl)pyrrolo[2,3-d)pyrimidine (3a) and the corresponding 2'-0-(4,4- 
dimethyl-3-pivaloxypent-2-enoyl) (DMPP) compound (3b) via acetoxonium ion intermediates. 
Treatment of 2 with sodium iodideJpivaly1 chloride/pyridine gave the iodo analog (3c) of 
DMPP derivative 3b plus the 3',4'-unsaturated nucleoside (§a). Treatment of 3a-c with metha- 
nolic sodium methoxide gave the vibo-epoxide 4, which underwent N1 + 3' intramolecular 
cyclization readily. Dehalogenation of 3 and deprotection gave 3'-deoxytubercidin (8). De- 
blocking of 5a gave 5b which was hydrogenated to give 8 plus its 4'-epimer 9. Heating of 3c or 
§a produced 4-N-pivalamido-7-(5-pivaloxymethylfuran-2-yl)pyrrolo[2,3-d]pyrimidine (10a). 
Deblocking of 10a gave 10d which was hydrogenated to give racen~ic 4-amino-7-(2,3-dideoxy- 
~-~,~-glycero-pentofuranosy~)pyrrolo[2,3-dpyrimidine (7,111. The 2',3'-unsaturated nucleo- 
side (6) was obtained and hydrogenated to produce 2',3'-dideoxytubercidin (7). Spectroscopic 
identification of products, epoxide instability, and comparison with other procedures are 
discussed. 

MORRIS J. ROBINS, ROGER A. JONES et RUDOLF MENGEL. Can. J. Chem. 55. 1251 (1977). 
La rCaction de la tubercidine (amino-4 P-D-ribofuranosyl-7 pyrrolo[2,3-dlpyrimidine (1)) 

avec I'orthoacCtate de mCthyle donne 1'0-orthoester-2',3'. Celui-ci sst transform6 en un mC- 
lange contenant la N-pivalamido-4 (chloro-3 dCoxy-3 0-acetyl-2 0-pivalyl-5 P-D-xy1ofuranosyl)- 
7 pyrrolo[2,3-dlpyrimidine (3a) et le con~post correspondant 0-(dimithyl-4,4 pivaloxy-3 
pentenoyl-2)-2' (DMPP) (3b), via I'intermCdiaire d'ions acCtoxonium, par action du chlorure 
de pivalyle dans la pyridine a reflux. L'action sur 2 du mClange iodure de sodium/chlorure de 
pivalyle/pyridine donne I'analogue iodt (3c) du dtrivC DMPP 3b plus le nuclCoside insaturC- 
3',4' (§a). Par traitement de 3a-c avec le methylate de sodium methanolique, 1'Cpoxyde vibo 4 
est obtenu, ce dernier subissant une cyclisation N' -t 3' ~~~~~~~~~~~~~~~e rapide. DthalogCna- 
tion de 3 et diprotection donne la dCoxy-3' tubercidine (8). DCblocage de 5a donne 56 qui est 
hydrogene et donne 8 avec son Cpimkre-4' (9). La N-pivalamido-4 (pivaloxymethyl-5 furanyl- 
2)-7 pyrrolo[2,3-dlpyrimidine (IOU) est produire lors du chauffage de 3c ou §a. DCblocage de 
10a donne 1Bd qui est hydrogCnC et donne le racCmique amino-4 (didCoxy-2,3 B-D,L-glyccro- 
pentofuranosy1)-7 pyrrolo[2,3-dlpyrimidine (7,11). Le nuclCoside insaturC-2',3' (6) est obtenu 
et, hydrogCnC, donne la didCoxy-2',3' tubercidine (7). L'identification spectroscopique des 
produits, I'instabilite de 1'Cpoxyde et la comparaison avec d'autres procedis sont discutCes. 

The nucleoside antibiotic tubercidin (7-deaza- 
adenosine; 4-amino-7-P-D-ribofuranosylpyrrolo- 
[2,3-dlpyrimidine) (1) has been studied exten- 
sively both chemically and from a biochemical- 
medical viewpoint. An excelle~lt comprehensive 
review covers both aspects (I). Tubercidin is 

'Abstracted in part from the Ph.D. dissertation of 
R.  A. Jones, The University of Alberta, Edmonton, 
Alta., Spring, 1974. 

'For the previous paper in this series see ref. 12. 
3Postdoctoral Fellow, 1969-1971. Present address: 

Fachbereich Chemie, Universitat Konstanz, 7750 
Konstanz, West Germany. 

closely related to adenosine structurally and 
chemically, and is a substrate for many enzymes 
concerned with biosynthetic processes involving 
adenosine and phosphorylated metabolites. Two 
notable exceptions are its complete resistance to 
adenosine deaminase and the absence of enzymic 
phosphorolysis of the glycosyl bond (I). The 
latter two pathways represent major catabolic 
degradation (inactivation) modes for adenosine 
and biologically active analogs. Modification of 
the heterocyclic base of tubercidin has been 
studied systematically (2), and coupling syn- 
theses of the pyrrolo[2,3-dlpyrimidine anti- 
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biotics have been achieved (2c). However, little 
work has been reported concerning the sugar 
moiety of tubercidin (3-6). Although the well 
established sugar-base coupling methods have 
been used extensively in the synthesis of modified 
sugar analogs of adenosine (7), no such parallel 
studies have appeared with related tubercidin 
compounds. The lack of coupling stereoselec- 
tivity with certain sugars, the instability of un- 
saturated carbohydrate derivatives, and the ex- 
tensive heterocyclic transformations involved 
before and after coupling in the total synthesis 
routes make this approach rather uninviting for 
the study of a variety of modified-sugar nucleo- 
side antibiotics. 

We have been interested in developing pro- 
cedures and reactions for the transformation of 
the sugar moiety of intact nucleosides into 
stereochemically inverted, unsaturated, and 
deoxy derivatives. This allows the retention of 
pre-existing stereochemistry at non-functional- 
ized sites and the use of starting materials which 
are accessible on a practical scale via fermenta- 
tion. We now wish to describe details of the 
successful application of the ortho ester - acyl 
halide (acyloxonium ion) approach to the sugar 
modification of tubercidin (for a preliminary 
account see ref. 8). 

Treatment of tubercidin (I) with trimethyl 
orthoacetate under acid catalysis gave 2',3'-0- 
methoxyethylidenetubercidin (2) quantitatively 
as a mixture of orthoester diastereomers. (See 
Scheme 1.) This product mixture was treated 
with pivalic acid chloride in refluxing pyridine 
(9) to give 4-N-pivalamido-7-(3-chloro-3-deoxy- 
2 - 0- acetyl- 5 - 0-pivalyl- P-D-xylofuranosyl) - 
pyrrolo[2,3-dlpyrimidine (3a) and the corre- 
sponding 2'-0-(4,4-dimethyl-3-pivaloxypent-2- 
enoyl) (DMPP) derivative 3b in 89% combined 
yield and in a ratio of - 16: 1, respectively. In 
contrast to the corresponding reaction of the 
adenosine orthoester (9), no 2'-chloro isomers 
were detected. The absence of nucleophilic 
attack at the 2'-position of tubercidin has been 
noted previously in acetoxonium ion mediated 
reactions (5,6). The use of free radical dechlorin- 
ation conditions (10) (tri-12-butyltin hydride plus 
a,al-azobisisobutyronitrile as initiator) with 3a 
followed by deblocking gave 3'-deoxytubercidin 
(8) (5, 6) in 517, yield. This allows use of the 
blocked chloro nucleosides for syntheses of 
specific deoxy derivatives whereas catalytic 
hydrogenolysis of chloro compounds has been 

generally unsuccessful (6, 11). Treatment of the 
unpurified mixture of 3a,3b with methanolic 
sodium methoxide gave the ribo-epoxide (2',3'- 
anhydrotubercidin) (4) (6, 8) in 72% overall 
yield from 1. This verified the trans orientation 
of the 3'-chloro and 2'-acyloxy groups and pro- 
vided alternative access to the useful interme- 
diate 4. 

Reaction of 2 with excess sodium iodide and 
pivalyl chloride in refluxing pyridine gave 4-N- 
pivalamido - 7 - (3 - iodo - 3 - deoxy- 2 - 0- [4,4 - di - 
methyl-3-pivaloxypent-2-enoyll-5- 0-pivalyl- P -  
D - xylofuranosyl)pyrrolo[2,3 - dlpyrimidine (3c) 
plus a small quantity of the 3',4'-unsaturated 
product 5a formed by loss of hydrogen iodide 
from 3c. As in the corresponding adenosine 
series (91, no 2'-0-acetyl product was formed 
using pivalyl iodide (generated in situ). In con- 
trast, detectable 2'-iodo substitution did not 
occur. Treatment of 3c with methanolic sodium 
methoxide gave a product which was identical to 
4 by thin layer chromatography (tlc) and mass 
spectroscopy. Hydrogenolysis of 3c followed by 
deblocking gave 8 in 79% yield. Treatment of 
3c in refluxing pyridine or with 1,5-diazabicyclo- 
[4.3.0]non-5-ene (DBN) in pyridine at  ambient 
temperature gave a mixture of 5a and the furan 
derivative 1Oa. Selective elimination of hydrogen 
iodide from 3c was effected smoothly using silver 
acetate (12) to give 5a quantitatively. Deblocking 
of 5a gave crystalline 4-amino-7-(3-deoxy-b- 
glycero - pent - 3 - enofuranosyl)pyrrolo[2,3, - dl - 
pyrimidine (5b). Hydrogenation of 5b gave 8 
plus its 4'-epimer (9) in a ratio of 1 : 1.4 and in 
91% combined yield. These epimers were 
separated cleanly and conveniently on the 
Dekker anion exchange column (13). 

Extended heating of 3c in pyridine or neat 
fusion of 5a at 180°C gave 10a. Hydrogenolysis 
of the pivaloxy-methyl bond of IOa occurred 
very readily to give 106 which was deblocked to 
give 4-amino-7-(5-methylfuran-2-yl)pyrrolo[2,3- 
dlpyrimidine (10c). Prior deblocking of 100 gave 
the hydroxymethylfuran derivative ( IOd) which 
underwent hydrogenation of the furan ring to 
give racemic 4-amino-7-(2.3-dideoxy-P-D~L- 
glycero-pentofura~osyl)pyrrolo[2,3-dlpyrimidine 
(9,111. The cis orientation of the base (1') and 
hydroxymethyl (4') substituents of 7,Bl was veri- 
fied by 5'-0-tosylation followed by quantitative 
~yclization (tlc, uv) to the PT1+5'-~~clonucleo- 
sides (3, 9, 14). Selective deblocking of the 
2'-hydroxyl of 3c was effected by oxidative 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ROBINS ET AL.: I 

N H 2  
I y 2  NHPiv 

-0Me 

I 1 Pyridine I 
1 

(NaI) 
(i R = Ac. X = C1 

OH OH 0, ,o OR h R = DMPP, X = C1 
3 - d  c R = DMPP, X = I  

1 I/ lMScl d R = H , X = I  

I NaI/-OH 

Y H 2  NHR 
I r y 2  y 2  

HO 

OR' 

4 50 R = P I \ ,  R' = DMPP 6 7 
h R = R ' = H  

DMPP = -COCH=CC(CH,),, Piv = -COC(CH,), 
1 

100 R = OPiv. R' = Piv 
h R = H. R '  = Piv 

removal of the DMPP group using potassium 
permanganate in cold aqueous pyridine (12). 
The resulting trans iodohydrin (3d) was mesyl- 
ated and then treated with sodium iodide in cold 
aqueous base. Elimination of iodo and mesylate 
with concomitant deblocking occurred (12) to 
give 4-amino-7-(2,3-dideoxy-P-D-gl~~cero-pent-2- 
enofuranosyl)pyrrolo[2,3-dlpyrimidine (6) in 55z 

yield. Hydrogenation of 6 gave amorphous 
2',3'-dideoxytubercidin (7, which was previously 
reported (also in a non-crystalline state) as a by- 
product of the hydrogenolysis of a blocked 
3'-bromo-2'-0-acetyl xylo derivative (6). 

Although not mentioned by Moffatt and co- 
workers (61, 2',3'-anhydrotubercidin (4) is an 
extremely sensitive compound which readily 
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undergoes intramolecular degradation especially 
in hydroxylic solvents. By analogy with the 
adenosine ribo-epoxide (15), it is assumed that 
nucleophilic attack by N-1 at C-3' of the epoxide 
gives transitory N1-+3'-cyclonucleoside forma- 
tion. Attack of water at C-2 of the positively 
charged pyrimidine ring followed by ring opening 
would be expected to lead to an amino car- 
boxamidine substituted pyrrole. However, the 
expected product of this degradation apparently 
undergoes further reactions and a red-purple 
coloration slowly develops in crystalline samples 
of 4, and rapidly in amorphous products or 
solutions. As seen in Fig. 1, the kinetic degrada- 
tion of 4 (uv A,,,, -270 nm) to product(s) 
(uv A,,, > 300 nm) in aqueous solution quali- 
tatively parallels that of the analogous adenosine 
ribo-epoxide (15). However, the reaction pro- 
ceeds much more readily and attempts to isolate 
and purify the product were unsuccessful. The 
absence of a sharp isosbestic point at -290 nm 
suggests the possible formation of more than one 
ring-opened species. Evaporation of a warmed 
solution of 4 in methanol followed by drying the 
residue irz vacua gave a solid whose mass spec- 
trum contained peaks at mle 238.1069 (calcd. for 
C,,H,,N,O, : 238.1066) and m/e 221.0813 
(calcd. for C,,H,,N,O,: 221.0800). By analogy 

FIG. 1. Ultraviolet absorption cs. wavelength of an 
aqueous solution (1.9 mg/100 ml) of 4 at  room tempera- 
ture measured at  various times. At 80°C the change in 
spectra (from 0 - corresponding to 6 days) was complete 
in 1 h. 

with the adenosine series, these formulas could 
correspond to structures i and ii, respectively. It 

is noteworthy that the peaks at mle 221 and 238 
do not appear in the mass spectrum of a care- 
fully purified sample of 4. However, the presence 
of the mle 221 ion was noted in the previously 
reported inass spectrum of 4 and attributed to 
the loss of HCN from the parent ion (6). It  
appears unlikely that this postulated fragmenta- 
tion would occur with 4 since in an extensive 
mass spectral investigation of adenosine deriva- 
tives and analogs the loss of HCN was shown to 
arise later from the B + H  ion (16). An alterna- 
tive explanation for the presence of the inle 221 
peak in the reported (6) spectrum of 4 is partial 
prior decomposition of 4 to i which in turn 
could give rise to i i  (mle 221). Nucleophilic 
substitution reactions of 4 at C-3' could not be 
effected directly in practical yields owing to the 
rapid rate of decomposition, whereas several 
such reactions were successful with the corre- 
sponding adenosine epoxide (1 5). 

Mass and lH  nmr spectra of all tubercidin 
compounds described in this study are closely 
analogous to their adenosine counterparts (9, 
12). The mass spectra can generally be inferred 
from those of the adenosine analogs with all 
heterocyclic base-containing fragments occurring 
at one atomic mass unit lower in this series 
(14N Z'S. 12C1H at the 7-position, adenosine 
numbering). The mechanisms of the ortho- 
ester - pivalyl halide reactions involving acyl- 
oxonium ion and ketene acetal intermediates and 
proofs of structures of the products are discussed 
in detail in ref. 9. The pertinent literature and new 
procedures for deoxy and unsaturated com- 
pounds are described in ref. 12. 

The present study demonstrates that carbo- 
hydrate transfornlations of naturally occurring 
nucleoside antibiotics into halo, deoxy, epoxy, 
and unsaturated sugar products can be effected 
directly on a practically convenient scale using 
chloro and iodo intermediates generated from 
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the methyl-2',3'-0-orthoacetate and pivalyl 
halides. Thus, a viable semisynthetic alternative 
to  sugar-base coupling has been realized with 
this fermentation derived biomolecule. 

Experimental 
Melting points were determined on a Reichert micro- 

stage apparatus and are uncorrected. 'H nmr spectra 
were recorded on Varian A-60 and HA-100 instruments 
with TMS as internal rcference. Furan protons are given 
primed numbers corresponding to nucleoside sugar 
numbering in nmr data. Ultraviolet (uv) spectra were 
recorded on Cary 14 or 15 spectrophotometers. Accu- 
rately weighed uv spectral samples were dissolved in a 
minimum volume of MeOH and then diluted with at 
least 9 volumes of the designated solvent or solution. 
Optical rotations were measured on a Perkin-Elmer 
model 141 polarimeter using a 10 cm, 1 ml microcell. 
Mass spectra were obtained by the mass spectroscopy 
laboratory of this department on AEI MS-2, &IS-9, or 
MS-12 instruments via direct probe sample introduction 
a t  70 eV and 150 to 230cC. Elemental analyses were 
determined by the microanalytical laboratory of this de- 
partment or by Schwarzkopf Microanalytical Laboratory, 
Woodside, NY. Thin layer chromatography (tlc) was 
performed on Eastman Chromatogram sheets (silica gel 
No. 13181, indicator No. 6060). Developed chrornato- 
grams were evaluated under uv (2537 !I) light. Evapora- 
tions were carried out using a Biichler rotating evaporator 
with a dry ice cooled Dewar condenser under aspirator 
or oil pump vacuum, at 40°C or less. Hydrogenations 
were effected using a Parr shaking apparatus at room 
temperature, under the specified hydrogen pressure with 
Matheson, Coleman and Bell 5 or 10% palladium-on- 
carbon as catalyst. Silica column chromatography was 
performed on Mallinckrodt SilicAR CC-7 or Woelm 
(0.063-0.1 mm) silica gel. Unless specified, 'silica' refers 
to the Mallinckrodt CC-7 adsorbent. Carbon chroma- 
tography was effected on Barnebey-Cheney AU-4 carbon 
which was refluxed with 1 W HCI for several hours, 
washed with water, and refluxed with 1 N NaOH. The 
carbon was then washed with water until the filtrate 
was neutral, followed by methanol, chloroform, and meth- 
ylene chloride, and allowed to air dry. 'Ether' refers to 
Mallinckrodt diethyl ether in all cases. Pyridine was re- 
fluxed over and then distilled from calcium hydride and 
stored over linde 4A molecular sieves (dried at 200'C). 
Sodium iodide was dried in the presence of phosphorous 
pentoxide at room temperature under high vacuum for at 
least 24 h. Pivalyl chloride was distilled before use. 
Tubercidin was purchased from the Upjohn Company, 
Kalamazoo, Michigan. 

'Diffusion crystallization' (9, 17) was effected using 
methanol-ether. A concentrated solution of the nucleo- 
side (warming was sometimes necessary) in nlethanol 
contained in a beaker or small wide 1110~1th Erlenmeyer 
flask was allowed to stand in a closed desiccator con- 
taining a large volume of ether. Crystallization was 
allowed to proceed at room temperature for 2-5 days and 
the crystals were then collected, without cooling. In no 
case was it necessary to collect more than two crops, with 
the iirst crop generally giving -90% of the material 
obtained. 

2',3'-0-Merhoxyefhylideizetuber.cidir~ ( 2 )  
To a suspension of 2.6 g (0.0098 mol) of 1 in 50 ml of 

dry dioxane was added 4.75 g (0.040 mol) of trimethyl 
orthoacetate and 4.5 g (0.028 mol) of trichloracetic acid. 
The mixture was heated at 50°C for 15 min and the 
resulting clear solution was cooled and neutralized with 
30 ml of 10% aqueous NaHCO, plus 5 drops of 25x  
aqueous NH,. Most of the dioxane was evaporated and 
the aqueous solution was extracted with 5 x 40 rnl of 
CHCI,. The combined organic phase was dried over 
Na2S04, filtered, and evaporated to give a colorless solid 
foam (quantitative). This crude material could be used 
without further purification in subsequent reactions. 
Purification of this product was effected by chromatog- 
raphy on a column (2.3 x 15 cm, 24 g) of Woelni silica 
gel packed in CHCI, containing 1.5% of saturated 
MeOH-NH, and developed with the same solvent 
mixture. Fractions (50 ml) 6-14 gave (after evaporation 
and drying at 0.1 torr) 2.09 g (66%) of 2 as a colorless 
solid foam. A sample of this material was dissolved in 
H 2 0  (adjusted to and maintained at p H  8 with NH,OH) 
and the solution was frozen. On melting, colorless 
crystals of 2 were obtained, mp 97-98'C; uv (MeOH)- 
h,,,, 268 nm (E 12 100); nmr (DMSO-d6) 6 1.51, 1.63 
(exo, endo, s, s, 3, C-CH,), 3.34, 3.16 (exo, endo, s, s, 3, 
OCH,), 3.56 (m, 2, H-5', H-5"), 4.10 (m, 1 ,  H-4'), 
4.84-5.38 (m, 3, H-2', H-3', 5'-OH), 6.34, 6.16 (e.uo, 
e n d ~ , d , d , J ~ . - ~ ,  = 4Hz,  l ,H-l ') ,6.60(d,J5-6 = 4 H z ,  
1, H-5). 7.35 (d, J6-, = 4 HZ, 1, H-6), 7.04 (s, 2, 4-NH,), 
8.04 (s, 1, H-2); ratio of exo: endo diastereomers 1 : 2. 
Anal. calcd. for Cl4Hl8N4O5: C 52.17, H 5.63, N 17.38; 
found: C 51.58, H 5.38, N 17.07. 

4-N-Pivalamido-7-(3-chloro-3-deoxy-2-O-acet~~l-5-0- 
pizialyl- (3- ~-xy/ofuranosyl)p~~rrolo~~2,3-d~~p~~rimidine 
(3a) and4-N-Pi~alarnido-7-(3-chloro-3-deoxy-5-0- 
pivulyl-2-0-[4,4-dime~/~yl-3-pit.alo.uyper~t-2-moyl.'-(3- 
D-xylofuranosyl)p~~wolo[2,3-d2-pyrimidine (36) 

To a solution of 1 g (0.003 mol) of crude 2 in 100 ml of 
pyridine was added 5.5 ml (0.045 mol) of pivalyl chloride 
with stirring and cooling. The mixture was heated at 
80°C for 5 min and the solution was then refluxed for 1 h. 
After cooling in an ice bath, 10 n ~ l  of MeOH w-as added 
slowly and the mixture was stirred at room temperature 
for 10 min. The solution was evaporated until precipita- 
tion of solid began and then 150 ml of E t 2 0  was added. 
The mixture was filtered and the filtrate was washed with 
100 ml of 10% aqueous NaHC03 solution. The aqueous 
phase was separated and extracted with Et20.  The com- 
bined organic phase was dried over Na2S04, filtered, and 
evaporated to give a pale yellow solid foam composed 
primarily of 3a and 30. This foam was applied to a silica 
gel column (2.4 x 42 cm, 60 g) packed in Et,O - petro- 
leum ether l : l .  The column was developed successively 
with 300 ml portions of this solvent mixture, E t 2 0  - 
petroleum ether 3: 1, and then Et,O. Fractions (25 n ~ l )  
13-16 contained 3b, 17-27 a mixture of several com- 
ponents (tlc) which were not identified, and 28-40 con- 
tained 3a. 

Evaporation of the first combined fractions and drying 
the residue at 0.1 torr gave 103 mg (5.2%) of 3b. This 
material melted at - 82'C (dec.); uv (MeOH)?.,,,, 285; 
219 (E 8820; 45 400), shoulder 229 nm ( E  28 200); nmr 
(CDCI,) 6 1.12 (s, 9, C=C-tert-Bu) 1.20 and 1.23 (s and 
s, 9 and 9, 5'-OPiv and C=COPiv), 1.36 (s, 9, 4-NPiv), 
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4.32-4.66 (m, 4, H-3'-H-5"), 5.46 (m, 1, H-27, 5.75 (s, 
1, CH=C), 6.59 (d, J1 , -2 ,  - 3 HZ, 1, H-l'), 7.08 (d, 
J5-6 = 4 HZ, 1, H-5), 7.52 (d, J6-5 = 4 HZ, 1, H-6), 
8.16 (s, 1, H-2), 8.46 (s, 1, 4-NH); ms calcd. for M +  : 
662.3083 ; found (mle) : 662.3062 (35C1). Anal. calcd. for 
C3,H4,CIN40s : C 59.76, H 7.15, N 8.45; found: C 60.00, 
H 7.15, N 8.39. 

Analogous treatment of the third combined fractions 
gave 1.25 g (84%) of 3a which melted at -75°C; uv 
(MeOH) A,,, 285; 218 (E 8400; 32 700) shoulder 229 nm 
(E 14 500); nmr (CDC1,) 6 1.23 (s, 9, 5'-OPiv), 1.39 (s, 9, 
4-NPiv), 2.16 (s, 3, 2'-OAc), 4.38-4.62 (m, 4, H-3'- 
H-5"), 5.54 (m, 1, H-2'), 6.58 (d, J1,-2, - 4 HZ, 1, H-1')) 
7.13(d,JSp6 = ~ H z ,  1,H-5), 7.53 (d, .J6-5 = ~ H z ,  1, 
H-6), 8.18 (br s, 1, 4-NH), 8.50 (s, 1, H-2); ms calcd. for 
M + :  494.1933; found (mle): 494.1925. Anal. calcd. for 
CZ3HJ1ClN4O6: C 55.81, H 6.31, Pd 11.32; found: 
C 55.78, H 6.37, N 11.32. 

4-Amino-7- (2,3-anhya'ro-P- D-ribofuratzosyl)p~rrolo- 
[2,3-d-:pyrimidine ( 4 )  

A 1.2 g (0.0045 mol) sample of B was converted to 2 
and then to 3a t 3b as described above without purifica- 
tion of intermediates. The solid glass (Sa,b) was dissolved 
in 100 ml of MeOH and a solution of 3 g of NaOMe in 
50 ml of MeOH was added. The solution was allowed to 
stand for 20 h a t  room temperature and then was neutra- 
lized with HOAc and evaporated to dryness. The residue 
was partitioned between HZO and Et20.  The aqueous layer 
was evaporated to dryness and the residue was stirred 
with 2 x 125 in1 of boiling EtOAc (dry). Insoluble salts 
were filtered and the filtrate was cooled to Q C .  A brown 
precipitate which separated upon standing was filtered 
and discarded. The filtrate was dried over MgSO, and 
NaZS04, filtered, and evaporated to give 0.80 g (72% 
overall from 1) of crude 4 as an off'-white solid. This 
chromatographically homogeneous (tlc) material was 
dissolved in dry EtOAc, filtered through Na2S04, and the 
filtrate was partially evaporated. Crystallization of 4 
occurred to give product, mp 167-170°C (dec.); [ajD2~, 
-71.8" jc 1, H,O) during first --20 min, rising to + 1.3' 
after 3 days; tlc and spectroscopic properties identical to 
those of a sample prepared by a different procedure (18). 
Anal. calcd. for C11H12N403: C 53.22, H 4.86, N 22.57; 
found: C 53.50. H 4.82. N 22.87. 

4-M-Piualanzido-7- (3-iodo-3-deoxy-5-0-pi!-aiyi-2-0- 
~4,4-dimetkyl-3-pi~aioxypent-2-enoyl,~-~- D-xylo- 
furanosyl)pj~rrolor2,3-d /pyrimidine (3c) 

To a solution of 644 mg (0.002 mol) of 2 in 40 nil of 
pyridine was added 6 g (0.04 niol) of NaI and the vigor- 
ously stirred solution was heated to reflux. Pivalyl 
chloride (2.4 ml, 0.02 mol) was added and the mixture was 
heated at reflux for 4 min, allowed to cool for 20 min, 
and 10 ml of MeOH was added. The red solution was 
stirred for -3 h and poured into 100 ml of H 2 0  con- 
taining 5 g of NaHCO, and 0.5 g of NazS20,. The 
resulting vellow solution was extracted with 100 ml of 

CHC1,-EtOAc (1 : 1). Fractions comprising 100 to 500 
mI contained 987 mg (65%) of 3c as a white solid foam 
containing only a trace amount of 5a (tlc, silica, 20% 
pentane - Et20).  An analytically pure sample of 3c was 
obtained by chromatography of 500 mg of this material 
on a silica column (2.2 x 31 cm, 52 g) packed in Et20-  
pentane (1: 1) and eluted with 275 ml of this mixture 
followed by 225 ml of 25% pentane - Et20.  Evaporation 
of fractions from 350 to 500 mI gave 380 mg of pure 3c as 
a white solid foam, uv (MeOH)?L,,, 287; 219 (E 8700; 
45 600) shoulder 229 (E 29 800)hmi, 256 (E 56001, (0.1 N 
HCl)X,,, 291; 222 (E 11 700; 40 300)?,,,, 263 (E 9900), 
(0.1 N NaOH)?,,,, 285-305; 243 (E 10600; 29 900) 
shoulder 232 (E 27 300)h,,, 268 nm (E 10000); nmr 
(CDCl,) 8 1.11 (s, 9, C=C-fert-Bu), 1.21 and 1.23 (s and 
s, 9 and 9, 5'-OPiv and C=COPiv), 1.35 (s, 9, 4-NPiv), 
3.88 (m, 1, M-4'), 4.32 (m, 3, H-3'-H-5"), 5.69 (d of d, 
J2,-,, 3.5 HZ, J2 - 3 ,  = 2 HZ, 1, El-%.'), 5.74 (s, 1, 
CH=C), 6.53 (d, J,,-,, = 3.5 HZ, 1, H-1'), 7.10 (d, 
95-6 = 4 HZ, 1, Pi-5), 7.64 (d, j6-5 = 4 HZ, 1, PI-6), 8.23 
(s, 1,4-NM), 8.50 (s, 1, N-2); ms calcd. for M t  : 7'54.2339; 
found (nrle): 754.2376. Anal. calcd. for C33He71N,0s: 
C 52.52, H 6.28, H 16.82, N 7.43; found: C 52.45, H 6.40, 
1 16.98, N 7.37. 

A 6 g (0.023 mol) sample of 1 was subjected to the 
above conditions ( 1  + 2 + 3c) without purification of 2. 
A 62.5% overall yield of pure 3c (after shromatography on 
silica gel) was obtained. 

4-N-Piualarnido-7-(3-deoxy-5-O-pivaly/- 
dimethyl-3-pivaloxypent-li-enoyi.~-P-D-giycero-pent- 
3-enofitranosy1)pyrrol0[2,3-d*jpyrimidine (Sa) 

A 2.51 g (0.002 mol) portion of 3c and 1.67 g (0.01 mol) 
of silver acetate were dissolved in 60 mi of pyridine and 
stirred in a water bath at 16°C for -- 19 h. The resulting 
dark solution was poured into 120 m! of 5% aqueous 
NaHC0,. The mixture, containing precipitated silver 
salts, was extracted with EtzO and the organic layer was 
washed with KzO. The combined organic phase was 
evaporated and coevaporated using toluene and then 
98% EtOH. The residue was dissolved in CKCI,, filtered 
through Celite, and evaporated to give 1.3 g of a brown 
solid foam. This material was dissolved in 25% ppetane - 
EtZO and applied to a silica gel column (2.2 x 46 cm, 
75 E) aacked in and eluted with the same solvent mixture. 
~ rac t ions  comprising 150 to 270 ml were evaporated to 
give 1.26 g (quantitative) of 50 as a white solid foam, uv 
(MeOH)h,,, 287; 218 (E 9000; 50 500) shoulder 230 
(E 32 000)hmi,254 nm (E 5200); nmr (CDCI,) 6 1.15 (s, 9, 
C=C-tert-Bu), 1.22 and 1.28 (s and s, 9 and 9, 5'-OPiv 
and C=COPiv), 1.39 (s, 9, 4-NPiv), 4.70 (s, 2, H-5', 
H-5"), 5.38 (m, 1, H-3'), 5.74 (s, 1, CH=C), 5.94 (m, 
1, H-2'), 6.94 (d, J l r - 2 .  = 2.0 HZ, 1, H-l'), 7.02 (d, 
J5-6 = 4 . 0 H ~ ,  l3H-5),7.l2(d,J6-5 = 4 . 0 H ~ ,  1,H-6), 
8.57 (s, 1, 4-NH), 8.89 (s, 1, H-2). Anui. calcd. for C3,- 
H46N408: C 63.24, H 7.40, N 8.94; found: C 63.26, 
H 7.60, N 8.84. 

E t20 .  f h e  ether phase was washed with H 2 0  and back 4-Amino-7-(3-deoxy-~-D-gIycer0~pent-3-enofu~anosyl)- 
extracted as indicated by tlc. The combined organic pyrrolo[2,3-dlpyrimidine (56) 
phase was evaporated and the resulting gum was co- To 1.26 g (0.002 mol) of 5a dissolved in 20 ml of 
evaporated using toluene and then 98% EtOH to give MeOH was added 0.5 g of NaOMe. The reaction was 
1.38 g of a yellow solid foam. This material was dissolved stirred overnight at room temperature and evaporated to 
in EtOAc and applied to a column (2.2 x 28 cm, 40 g) of dryness. The residue was dissolved in HzO, applied to a 
activated carbon packed in EtOAc and eluted with column (1.3 x 16 cm) of Dowex 1-X2(OH-) resin, and 
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eluted with 650 ml of H,O followed by 300 ml of 30% 
MeOH-H20. Evaporation of fractions comprising 300 to 
950 ml gave 376 mg (75%) of 56. Crystallization of this 
material from MeOH (with diffusion of Et20)  gave 257 
mg, mp 196-198°C; [aIoz6 -413" (c 0.12, H20), -457" 
jc 0.98, DMF); uv (MeOH or H20)h,,, 268 (E 13 900)- 
h,,, 238 (E 3100), (0.1 N HCl)h,,, 270; 226 (E 12 700; 
27 900)hmi, 246 (E 5400), (0.1 MNaOH)?b,,, 268 (E 13 400) 
A,,, 240 nm (E 3700); nmr (DMSO-d6)6 3.99 (d, J~,,~,,-oI-I 
= 5.5 Hz, 2, H-5', H-5"), 5.03 (m, I, H-27, 5.20 (m, 2, 
H-3', 5'-OH), 5.64 (d, JOH-2 ,  = 6 HZ, I., 2'-OH), 6.45 
(d, .Tl,-2f = 2.5 HZ, 1, W-l'), 6.64 (d, J5-6 = 3.5 Hz, 
K-5), 7.04 (m, 3, 4-NH,, H-6), 8.07 (s, 1, H-2). Anal. 
salcd. for CllH12N403: C 53.22, M 4.87, N 22.57; 
found: C 53.43, H 5.05, N 22.46. 

3'-Deoxytubercidin ( 8 )  and4-amino-7-(3-deoxy-~x-~- 
threo-pentofuranosy[/pyrroio[2,3-d,-pyrimidine (9) 

A 248 mg (0.001 mol) sample of 50, 250 mg of 10% 
Pd/C, and 50 mi of H20-EtOH (1 : 1) were hydrogenated 
at 10 psi for 2 h. The mixture was filtered through Celi'te, 
the catalyst was washed with 50 ml of H20-EtOM (I :I), 
and the filtrate was evaporated. The residue was dis- 
soived in 30% MeOH-H20 and applied to a coluinn 
(2.4 x 95 cm) of Dowex I-X2(OH-) resin packed in and 
eluted with the same solvent mixture. Evaporation of 
fractions from 2100 to 2900 ml gave 94 mg (38%) of solid. 
Crystallization of this product from MeOH (with 
diffusion of Et20) gave 80 mg of 8, mp 182--183°C; 

-73.4" (c 0.93, 95% EtOH); uv (MeOH or 0.1 N 
NaOH)?:,,, 269 (E 11 400) kmi, 239 (E 2700j, (0.1 N 
HCl)lbm,, 272; 227 (c 10 700; 24 000) hmi, 246 am ( E  

4300); nmr (DikfSO-d6) 6 1.89 (d of q, 33,,-3, = 13 Hz3 
J 6 3 , , _ Z r  = 6.5 Hz, J3z,F4, = 4 HZ., I ,  H-3") 219 ( '~eptet '~ 
53,-3,, = 13 HZ, J3. -gz  = 8 HZ, J3,-$2 = 6 HZ> l 2  H-3'1, 
3.56 (m, 2, H-5', H-5"), 4.33 (m, 2, M-2', R-4'1, 5.05 
(t9 So~-5,,5,, = 5.5 HZ, 1, 5'-OK), 5.50 (d, J o H - , s  = 5.5 
Hz, 1, 2'-OH), 6.01 (d, J1t-2* = 3 HZ, I ?  H-1'): 6.57 (d, 

= 4 HZ, 1, H-51, 6.98 (s, 2, 4-NHz), 7.32 (d, J6-, = 

4 Hz, I ,  H-61, 8.09 (s, 1, W-21, (lit. (5) mp 180-i8IiC; 
[ctjDZ' -75.1" (c I ,  EtOH)). Anal. calcd. for CIlHi4W,O3 : 
@52.79,H5.64,N22.33;found: C52.48,M5.66 W22.12. 

Evaporation of fractions frorn 4800 to 6305 ml gave 
133 nlg (58%) of solid. Crystallization of this material 
from MeOH (with diffusion of Et20) gave 102 mg of 3, 
mp 191-193°C; [xjoZ6 -80.0' (c 0.73, 95% EtOM); uv 
(MeOH or 0.1 N NaOH) h,,, 269 (E 11 200) hmi, 239 
(E 26001, (0.1 N HCl) A,,, 271; 227 ( E  10 300; 23 500) 
h,,, 246 nm ( E  4200); nmr (DMSO-d,) 6 1.82 ('quintet', 
J3,,-3, = 13 W Z ~ J ~ ~ , - ~ ,  = 7H~,J3,,-2, = 5 HZ> 1, H-3'9, 
2.34 (m, J3f-4, = J 3 ' - Z f  = 6 HZ, 1, H-3'), 3.51 ('t', 
J, ,,,,,, , = 5 Hz, 2, H-5', H-S"), 4.39 (m, 1, H-4'), 
4.66(m, 1,H-2'),4.92(t,JOH-58,5,r = 5.5Hz, 1, 5'-OH), 
5.52 (d, JoH-~ '  = 5.5 HZ, 1, 2'-OH), 6.05 (d, Jl,-2, = 
4 HZ, 1, H-If), 6.60 (d, J5-6 = 4 HZ, 1,  H-5), 6.97 (s, 2, 
4-NH,), 7.14 (d, J6-, = 4 HZ, 1, H-6), 8.90 (s, 1, W-2). 
Anal. calcd. for CllHi4N403: C 52.79, H 5.64, N 22.39; 
found: C 52.78, H 5.37, N 22.09. 

3'-Deoxytubercidin ( 8 )  
Method A 
To  0.47 g (0.00095 mol) of 3a dissolved in 25 ml of 

benzene was added 30 mg of a-a'-azobisisobutyronitrile 
and 1.5 ml of tri-n-butyltin hydride. The mixture was 
heated for 1.5 h at reflux, evaporated, and the residue was 

triturated with 2 x 15 ml of pentane. The pentane washes 
were discarded and 40 ml of 2.5% NaOMe-MeOH solu- 
tion was added to the residue. The mixture was stirred for 
20 h at room temperature, evaporated, and the residue 
was dissolved in M 2 0  and applied to a column (2.3 x 43 
cm) of Dowex 1-X2(OH-) resin packed in HzO. The 
column was developed with 400 mi of H 2 0  followed by 
15% MeOH-HzO. The appropriate fractions (15% 
MeOH-HzO) were evaporated and the residue was 
crystallized from EtOAc to give 0.12 g (51%) of 8, mp 
176-199°C. This product was identical to that prepared 
above (50 -, 8 + 9) by tlc, uv, nmr, and ms. Anal. calcd. 
for C11H14N403: C 52.79, H 5.64, N 22.39; found: 
C 52.64, H 5.58, N 22.40. 

Method B 
A mixture of 2.8 g (0.0037 mol) of 3c, 3 g (0.036 mol) 

of NaHCO,, 3 g of 5% Pd/C, and 130 ml of EtOW-H20 
(10:3) was hydrogenated at 55 psi untii hydrogen uptake 
ceased. The mixture was filtered and the catalyst was 
washed with EtOH. The combined filtrate was evaporated, 
H 2 0  and E t 2 0  were added, and the mixture was stirred 
until all solids dissolved. The ether layer was separated, 
dried over Na2S04, filtered, and the filtrate was evapora- 
ted to give 2.03 g (87%) of 4-1V-pi.valamido-7-(3-deoxy-5- 
8-pivalyl-2-0-[4,4-dimetiiyl-3-pr'vaIoxypent-2-enoyl~ - p- 
u - eryrhro - pentofuranosyl)pyrroio[2,3 -d]pyrimidine as a 
colorless solid foam, ua7 (MeOH) k,,,, 289 ( E  7100) 
shoulder 235 n n  ( E  24 000); nmr (GDCI,) 6 1.12 (s, 9, 
C=C-tert-Bu), 1.21 and 1.26 (s ana s, 9 and 9, 5'-OPiv 
and C-COPiv), 1.36 (s, 9, A-NPiv), 2.28 (br rn, 2, IT-3', 
M-3"), 4.28 (m, 2, H-5', H-5"), 4.54 (m, 1, M-4'), 5.50 
(sextet, I ,  M-2'), 5.73 (s, 1, CH=C), 6.37 (d, dl,-,. = 2.2 
Hzhz, 1, El-If), 7.16 (d of d,i5-6 4 2, H-5, H-6), 8.26 
(s, 1, 4-NH), 8.51 (s, 1, H-2); ms (M+ = 628) analogous 
to that of the adenosine ana!og (9) (with B-containing 
(rrz/e 133) peaks at 1-amu iower than with B = adeninyi 
(mie 134)). 

The above solid glass and 2 g of NaBMe were dissolved 
in 200 ml of MeOH, stirred for 12 h at room temperature, 
and evaporated to dryness. The residue was treated with 
120 ml of H20 ,  neutralized with IRC-50(Hi) resin, and 
extracted with Et,O. The aqueous layer was evaporated 
and the residue was refluxed with 2 x 200 mi of dry 
EtOAc. The insoluble residue was filtered and the com- 
bined filtrate was evaporated to yield 8 as a tan so!id. 
This material was recrystaiiized frorn EtBAc to give 0.73 g 
(79% overall from Jc) of 8; mp 198-180'6; [%IDz4 -79.5" 
(c 1, H,O); spectral and tic properties were identical to 
those of the samp!e preparedby method A. Anal. found: 
C 52.93, H 5.50, N 22.09. 

4-N-Pi~~alamido-7- (3-iodo-3-deoxy-5-Q-pi11alyl-~-~- 
xyiofuranosyl)pyrrolo[2,3-d!p) rimidine (3d) 

To a cooled (- 5'C), stirred solution of 4.03 g (0.0053 
mol) of 3c in 140 ml of pyridine-H20 (5 : 2) was added 4 g 
(0.025 mol) of KMnO,. After 90 min the reaction mixture 
was allowed to warm to O0C, and 40 mi of 95% EtOH was 
added. After stirring overnight, the MnOz was filtered 
using a Celite pad and the filter cake was washed with 
EtOH. The combined filtrate was evaporated to give a 
brown residue which was stirred with EtzO and H 2 0 .  
The organic layer was separated and washed with H 2 0 .  
The combined aqueous layers were extracted with Et20.  
The combined organic phase was evaporated and the 
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residue was dissolved in Et,O and applied to a silica 
column (2.2 x 44 cm, 50 g) packed in and eluted with 
Et,O. Fractions (50 nil) 3-8 were evaporated and the 
resulting colorless solid foam was dried at 0.1 torr to give 
2.08 g (72%) of 3d. A 100 mg sample of this material was 
dissolved in 1 ml of Et,O and 0.8 rnl of pentane was 
added. The supernatant was decanted from the oily 
product which was washed with 2 ml of pentane and then 
dried over Paraffin to give a colorless solid foam; uv 
(MeOH) h,,, 285; 218 (E 8500; 33 600) shoulder 230 
(E 19 600) hmi, 253 nm (E 4400); nmr (CDCI,) 6 1.08 (s, 
9, 5'-OPiv), 1.36 (s, 9, 4-NPiv), 4.42 (m, 4, H-3'-H-5"), 
4.88 (m, 1, H-2'), 6.00 (d, J,,-,, - 5 Hz, I ,  H-1'), 7.04 
(d, J5-, - 4 Hz, I ,  H-5), 7.42 (d, J6-5 - 4 HZ, 1, H-6), 
8.18 (br, 1, 4-NH), 8.24 (s, I ,  H-2) ; rns calcd. for M + : 
544.1283; found (m,'e): 544.1255. Anal. calcd. for 
C21H29TN405: C 46.37, H 5.37, N 10.30; found: C 46.56, 
H 5.28, N 10.20. 

4-Amino-7- (2,3-dideoxy-~-D-gIycer.o-pent-2-er1ofuranosyl) 
pyrrol0.~2,3-d~7pyriniidine (6) 

To an ice-cold solution of 1.09 g (0.002 mol) of 3d in 
5 ml of pyridine was added 1 ml (0.013 mol) of mesyl 
chloride and the solution was stirred for 1 h at O'C. 
A solution of 1.8 g (0.0045 mol) of WaOH and 1.5 g 
(0.01 mol) of NaI in 25 ml of ice-cold water was added 
and stirring was continued for 1 h at 0°C and then at 
room temperature for 16 h. The red-brown mixture was 
evaporated and the residue (in -30 ml of H 2 0 )  was 
applied to a column (3 x 83 cm) of Dowex 1-X8(OH-) 
packed in H 2 0 .  The column was developed with 1400 ml 
of H,O, 100 ml of 5%, 1250 ml of lo%, 320 ml of 2075, 
3 ! of 302, and 700 ml of 40% MeOH-H20. Evaporation 
of the appropriate fractions (30z MeOH) gave 257 mg 
(55%) of a colorless product, mp 202-203°C. Recrystalli- 
zation of a sample of this solid from MeOH-EtZO 
followed by drying at 6OCC/0.1 torr gave colorless needles 
of 6 ,  mp 206-208'C; [rxIoz3 -27.3" (c 0.8, MeOH); uv 
( p H  1 ) ivm,, 271 ; 226 (E 11 400; 24 600) I,,, 243 (E 3400), 
(pH 7) i,,,, 269 (E 11 400) h,,, 238 nm (c 3000); nmr 
(DMSO-d6) 6 3.54 (m, 2, H-5', H-5"),4.79 (m, 1, H-47, 
4.95 ('t', Jo,-,,,,,, = 5.5 HZ, 1, 5'-OH), 6.01 (d of d of d, 
J3'-2' - 6 Hz, J3.-?, 2 HZ, J3,-1, - 1.5 Hz, 1, H-3'), 
6.44 (d of d of d, J,,-,* - 6 HZ, J2,_l, - 2 HZ, J2,-4, - 1.5 HZ, 1, H-2'), 6.56 (d, J5-, = 4 Hz, 1, H-5), 6.96 
(s, 2, 4-NH,), 7.10 (m, overlapped with H-6, decoupl- 
ing shows J1,-,, - 2Hz, J1,-,, 1.5Hz,l ,H-11),7.17 
(d, J6-, = 4 Hz, 1, H-6), 8.06 (s, 1, H-2); nis calcd. for 
M +  : 232.0960; found (mle): 232.0967. Annl. calcd. for 
Cl lH12N402:  C 56.89, H 5.21, N 24.13; found: C 
56.76, H 5.21, N 23.87. 

4-N-Pivainmido-7- (5-pivaIoxytne~l1ylfuran-2-yl)p~~~rolo- 
/2,3-d-pyr.in7idine (100) 

A 626 mg (0.001 mol) sample of 50 was heated in an oil 
bath at 180'C for 2 min. The residue was cooled, dis- 
solved in CHCI,, and evaporated to a yellow powder. 
Ether (15 ml) was added and the mixture was filtered to 
give a first crop of 130 mg of 100. Concentration of the 
mother liquors gave an additional 150 mg (in three crops) 
for a total yield of 280 mg (71%) of small white crystals of 
Ion, n ~ p  159-160'C; uv (MeOH i,,,,, 262; 218 (c 28 600; 
24 300) shoulder 290 (E 8400) 233 (E 12 700), (0.1 N 
NaON) shoulders 280; 248 (c 15 400; 20 000), (0.1 N 
HCI) A,,, 286: 235 (c 24 900; 17 500) shoulder 265 

(E 21 300), i,,,, 245; 220 nm (E 15 400; 15 400); nmr 
(CDC!,) 6 1.16 (s, 9, 5'-OPiv), 1.33 (s, 9, 4-NPiv), 5.03 
(s, 2, H-5', H-5"), 6.49 (d, J 3 C - Z '  = 3 HZ, 1, PI-3'), 
6.68 (d, Jza-3, = 3 HZ, 1, H-2'), 7.14 (d, J5-, = 4 HZ, 1, 
H-5), 7.50 (d, J6-, = 4 HZ, 1, H-6), 8.20 (br, 1, 4-NH), 
8.56 (s, 1, H-2). Anal. calcd. for CI2HZ6N4o4:  C 63.30, 
H 6.58, N 14.06; found: C 63.37, H 6.87, N 13.92. 

4-N-Pi~.alamido-7- (5-methylfuran-2-yl)pyrrolo[2,3-d;- 
pyrimidine (lob) 

A 100 mg (0.00025 mol) sample of IOU, 84 mg (0.001 
mol) of NaHCO,, 100 mg of 5% Pd/C, and 50 ml of 
H20-EtOH (1 :4) were hydrogenated at 3 psi for 3 min. 
The mixture was filtered through Celite and the catalyst 
was washed with MeOH and then CHCI,. Afterevapora- 
tion of the combined filtrate, the residue was partitioned 
between H,O and CHCI,. The water layer was extracted 
with CHCI, and the combined organic phase was evap- 
orated to give 81 mg of a yellow gum. This gum was 
dissolved in Et,O and applied to a silica column (1.3 x 20 
cm, 10 g), packed in, and eluted with Et,O. Upon 
evaporation of the fractions comprising 20 to 50 ml, 61 
mg (82%) of 10b crystallizcd, mp 127-128°C; uv (MeOH) 
h,,, 262; 217 (c 22 800; 28 100) shoulder 295 (E 7400) 
h,,, 238 nm (E 13 200); nmr (CDCI,) 6 1.38 (s, 9, 4- 
NPiv), 2.33 (d, JCH3-3s  = 1 HZ, 3, 5'-CH,), 6.07 (d of q, 
J 3 f - c ~ ~  = I HZ, J 3 S p 2 ,  = 3 HZ; 1, H-3'), 6.49 (d, J23-3,  = 
3 HZ, I ,  H-2'), 7.11 (d, JSp6 = 4 HZ, 1, H-5), 7.41 (d, 
J6...5 = 4 HZ, 1, H-6), 8.30 (br, 1, 4-NH), 8.56 (s, 1, H-2). 
Ancrl. calcd. for Cl6H18N402: C 64.41, H 6.08, N 18.78; 
found: C 64.66, H 6.21, N 18.82. 

4-Amino-7- (5-rnethylfuran-2-yl)pyrroIo/2,3-d~~pyriniidit1e 
( 1 0 ~ )  

A 150 mg (0.0005 mol) sample of 1Ob was dissolved in 
100 ml of MeOH-Et,N-H,O (45:10:45) and stirred at 
room temperature for 2 days. The solution was evapor- 
ated to dryness and the residue crystallized from 5 ml of 
MeOH (with diffusion of Et,O) to give a first crop of 
66 mg of 10c. The mother liquors were evaporated to 
dryness and the residue dissolved in 3% MeOH-CHCI, 
and applied to a column of silica gel (0.8 x 16 cm, 3 g) 
packed in and eluted with the same solvent mixture. 
Upon evaporation of the fractions comprising 10 to 30 ml, 
36 mg of 10c crystallized, for a total yield of 102 mg 
(9479, mp 127-130'C; uv (MeOH) ?,,,,, 248 (E 25 000) 
shoulder 285 (E 9400) Amin 223 (E 16 200), (0.1 N HCI) 
A,,, 253; 221 (c 23 000; 15 100) ?,,in 232 (E 13 300), 
(0.1 N NaOH) h,,, 246 (E 20 900) shoulders 232; 280 nm 
(E 16 800; 10 300); nmr (DMSO-dG) 6 2.26 (d, JCH3-3, = 
I HZ, 3, 5'-CH,), 6.18 (d of q, J3,-C113 = 1 HZ, J3.-;, = 3 
HZ, 1,  H-3'), 6.43 (d, J2 , -3 ,  = 3 HZ, I ,  H-2'), 6.73 (d, 
J5-, = 4 HZ, 1, H-5), 7.17 (br, 2,4-NH,), 7.54 (d, J6-, = 
4 HZ, 1, H-6), 8.11 (s, 1, H-2), 1.07 (t, J =  7 HZ, 0.75, 
OCH,CH,), 2.94 (q, J = 7 Hz, 0.5, 0CH2CH,). Anal. 
calcd. for C, ,Hl ,N40~+Et ,0:  C 61.92, H 5.41, N 24.07; 
found: C 61.80, H 5.44, N 24.12. 

4-Amino-7-(5-l~ydr.os~~methylf11~an-2-yl)p~.r.rolo, 2,3-~1~'- 
pyrimidine (10dJ 

To 796 mg (0.002 rnol) of lOa dissolved in 20 ml of 
MeOH was added 250 mg of NaOMe. The mixture was 
stirred at room temperature for 18 h and evaporated to 
dryness. The residue was stirred with 15 rnl of H 2 0  and 
filtered. The filter cake was washed with H,O until the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ET AL.: I 1259 

filtrate was neutral (- 15 ml) and then was crystallized 
from MeOH and E t 2 0  to give 426 mg (93%) of 10d in two 
crops, mp 178-180°C; uv (MeOH) h,,, 249 (E 28 500) 
shoulder 285 (E 10 300) h,,,, 223 nm (E 15 700); nmr 
(DMSO-d6) 8 4.40 (s, 2, H-5', H-5"), 5.25 (br, 1, 5'-OH), 
6.42 (d, J3,-2, = 3.5 HZ, 1, H-37, 6.54 (d, J2Z-3, = 3.5 
HZ, 1, H-2'), 6.77 (d, J5-6 = 4 HZ, 1, H-5), 7.17 (s, 2, 
4-NH2), 7.40 (d, J6-5 = 4 HZ, 1, H-6), 8.16 (s, 1, H-2). 
Anal. calcd. for C11H1,N402: C 57.38, H 4.38, N 24.34; 
found: C 57.1 1, H 4.26, N 24.28. 

4-Amino-7-(2,3-dideoxy-~-D,L-glycero-pentofurai~osyl) - 
pyrrolo/2,3-d.ipyrimidine (7,11) 

A mixture of 230 mg (0.001 mol) of 10d, 250 mg (0.003 
mol) of NaHCO,, 460 mg of 10% Pd/C, and 50 ml of 
H20-MeOH (1 : 4) was hydrogenated at  60 psi for 16 h. 
The mixture was filtered through Celite and the catalyst 
was washed with MeOH. The filtrate was evaporated to  
dryness, dissolved in HzO, and applied to  a column 
(1.3 x 43 cm) of Dowex 1-X2(OH-) resin packed in 
H z O  and eluted with 60 ml of H 2 0  followed by 90 ml of 
30% MeOH-H20. Evaporation of fractions from 40 to 
140 ml gave 181 mg (77%) of 7,11. Crystallization of this 
racemate from MeOH (with diffusion of EtZO) gave 90 
mg of fine crystals, m p  70-73°C; uv (MeOH or 0.1 N 
NaOH) h,,, 270 (E 1 1 400) h,,, 240 (E 2700), (0.1 N HCl) 
A,,, 272; 227 (E 10 600; 24 000) A,,, 246 nm (E 4100); 
nmr (DMSO-d6) 6 2.03 (m, 2, H-3', H-3"), 2.26 (m, 2, 
H-2', H-2"), 3.52 (m, 2, H-5', H-5"), 4.04 (m, 1, H-4'), 
4.96 (m, 1, 5'-OH), 6.33 ('t', J ,,,,,,,, = 6 Hz, 1, H-1'), 
6.56 (d, J5-6 = 3.5 HZ, 1, H-5), 6.95 (s, 2, 4-NH2), 7.32 
(d, J6-5 = 3.5 Hz, 1, H-6), 8.05 (s, 1, H-2). Anal. calcd. for 
C1 1H14N402: C 56.40, H 6.02, N 23.92; found: C 56.22, 
H 6.10, N 23.71. 

The nmr spectrum reported (6) for 7 is in agreement 
with that of this racemate. Treatment of a small sample 
of this racemate with tosyl chloride in pyridine followed 
by heating the isolated tosylate in acetone to  effect 
cyclonucleoside formation (14) proceeded quantitatively 
(tlc) and gave a product having uv ( H 2 0 )  h,,,, 293, 
shoulder 273 nm (3). 

2',3'-Dideoxytubercidi (7) 
T o  a solution of 165 mg (0.71 mmol) of 6 and 180 mg 

of NaHC03  in 30 ml of EtOH-H20 (1 : 1) was added 400 
mg of 5% Pd/C and the mixture was hydrogenated at 40 
psi for 24 h. The mixture was filtered using a Celite pad 
and the filter cake was washed with EtOH. The filtrate 
was evaporated and the residue was dissolved in H,O and 
applied to a column (2.3 x 15 cm) of Dowex 1-X2(OH-) 
resin packed in H 2 0 .  The column was eluted with 300 ml 
of H 2 0  followed by 15% MeOH-H20. The appropriate 
fractions (15% MeOH) were pooled and evaporated. The 
residue resisted crystallization and was dissolved in H,O 
and freeze-dried. The amorphous solid was dried over 
P205 at room temperature/O.l torr for 2 days to give 
115 mg (69%) of 7, [aIDz3 - 35.6" (c  0.28, MeOH); uv 
and '13 nmr spectral properties were the same as for the 

above 7,11 racemate. Anal. calcd. for C,  ,H,,N,O,: 
C 56.40, H 6.02, N 23.92; found: C 56.11, H 6.01, N 
23.94. 
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Nucleic acid related compounds. 25. Syntheses of arabino, xylo, and 
Byxo-anhydro sugar nucleosides from tubercidin sibs-epo~ide'~~ 

MORRIS J. ROBINS, YVES FOURON, A N D  WOLFGANG H. M U H S ~  
Department of Chemistt-v, The Unii.ersity ofAlberta, Edmonton, Alra., Canada T662C2 
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MORRIS J. ROBINS, YVES FOURON, and WOLFGANG H. MUHS. Can J. Chem. 55, 1260 (1977). 
Treatment of the trans iodohydrin acetate, 4-arnino-7-(3-iodo-3-deoxy-2-O-acetyl-5-0-[2,5,5- 

trimethyl-1,3-dioxolan-4-on-2-yl]-~-~-xylofuranosyl)pyrrolo[2,3-d]pyrimidine (2) with metha- 
nolic ammonia gave 2',3'-anhydrotubercidin (3) in 96% yield. N4,N4,05'-Tribenzoylation of 3 
gave 4, which is stabilized against intramolecular cyclization. Treatment of 4 with boron tri- 
fluoride etherate (3',5'-benzoxonium ion formation) followed by deblocking gave 4-amino-7- 
B-D-xylofuranosylpyrrolo[2,3-dlpyrimidine (5 )  in 91% overall yield from tubercidin (1). The 
3',5'-0-isopropylidene derivative (6a) of 5 was mesylated to give 6b which was deprotected in 
acid and the resulting trans hydroxy mesylate was treated with base to give 4-amino-7-(2,3- 
anhydro-P-D-lyxofuranosyl)pyrrolo[2,3-d]rmdne (7). This lyxo epoxide was treated with 
sodium benzoate in D M F  to give 4-amino-7-~-~-arabinofuranosylpyrrolo[2,3-d]pyrimidine (8). 
Biochemical, spectroscopic, and chemical properties of these semisynthetic antibiotic analogues 
of biologically active adenine nucleosides are discussed. 

MORRIS J. ROBINS, YVES FOURON et WOLFGANG H. MUHS. Can. J. Chem. 55, 1260 (1977). 
Par traitement de I'acttate de trans iodohydrine, amino-4 (iodo-3 deoxy-3 0-acttyl-2-0 

[trimethyl-2,5,5 dioxolan-1,3 on-4 yl-21-5 P-D-xylofuranosy1)-7 pyrrolo[2,3-dlpyrimidine (2) 
avec de l'ammoniac mtthanolique on obtient, avec un rendement de 96%, l'anhydro-2',3' 
tubercidine (3). Par tribenzoylation en N4,N4,05', 3 conduit a 4 qui est ainsi stabilist contre une 
cyclisation intramoltculaire. Par traitement de 4 avec l'tthtrate de trifluorure de bore (forma- 
tion de l'ion benzoxonium-3',5'), suivit du deblocage, on obtient l'amino-4 8-D-xylofuranosyl-7 
pyrrolo[2,3-dlpyrimidine (5) avec un rendement global, a partir de la tubercidine (I), de 91%. Le 
dtrive 0-isopropylidtne-3',5' (6a) de 5 est mesylt et donne 6b qui est dkprotege en milieu acide. 
Le trans hydroxy mesylate rksultant, par traitement basique, donne l'amino-4 (anhydro-2,3 
a-D-lyxofuranosy1)-7 pyrrolo[2,3-dlpyrimidine (7). Cet tpoxyde lyxo fournit l'amino-4 P-D- 
arabinofuranosyl-7 pyrrolo[2,3-dlpyrimidine (8) sous l'action du benzoate de sodium dans la 
DMF.  Les proprietes biochimiques, spectroscopiques, et chimiques de ces analogues semi- 
synthetiques de nucltosides a activitt biologique de l'adknine sont discuttes. 

Tubercidin (4-amino-7-P-D-ribofuranosylpyr- 
rolo[2,3-dlpyrimidine) (I), the 7-deaza analog of 
adenosine, is closely related to adenosine 
chenlically as well as structurally. This anti- 
biotic is also found to act as a substrate for many 
enzymes involved with biosynthetic reactions of 
adenosine and phosphorylated adenosine bio- 
molecules. Two significant exceptions are the 
complete resistance of B to deamination by 
adenosine deaminase, and to phosphorolytic 
cleavage of the glycosyl bond. An excellent 
review covers both chemical and biological 
aspects (1). Since deamination and phosphoro- 
lysis of the sugar-base bond represent major 
catabolic degradation (inactivation) modes for 
adenosine and most b~ologically active deriva- 

'Abstracted in part from the Ph.D. d~ssertation of U. 
Fouron, The University of Alberta, sprlng, 1975. 

ZFor the previous paper in thls series see ref. 5g. 
3Postdoctoral Fellow, 1975-present. 

tives, the corresponding tubercidin products 
represent significant "rational drug design' tar- 
gets. The well established sugar-base coupling 
methods have been used extensively in syntheses 
of modified sugar analogs of adenosine (21, and 
this approach was successfully employed using 
ribose in syntheses of the naturally occurring 
pyrrolo[2,3-dlpyrimidine antibiotics (3). How- 
ever, the lack of 'correct' stereospecificity in 
coupling reactions with certain diastereomeric 
sugar derivatives (see, for example, ref. 4) and 
the extensive heterocyclic transformations in- 
volved before and after coupling in the total 
synthesis routes (3) make this approach rather 
uninviting for preparation of arabinosyl and 
xylosyl sugar analogs; which probably accounts 
for the previous absence of their synthesis and 
biological evaluation. We now wish to describe 
their syntheses using acyloxonium ion mediated 
transformations of preformed nucleosides (5, 6). 
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MeCN IVI 

OH OH AcO '0' 

- 0 M e  NaOBz 
S f 8  - t--- 

DMF 

BzO 

OH 

4 5 

Although treatment of the crude mixture of 4- 
N-pivalarnido-7-(3-cl~loro-3-deoxy-2-O-acetyl- 
5- 8-pivalyl- P-D-xylofuranosyl)pyrrolo[2,3 -d l -  
pyrimidine and its 2'-0-(4,4-dimethyl-3-piva- 
loxypent-2-enoyl) derivative (5g) with inethanolic 
sodium lnethoxide gave 2',3'-anhydrotubercidin 
(31; yields (maximum 72x7,) were variable and 
significant degradation via N-I+C-3' inlra- 
molecular cyclization (5d,g) frequently occurred. 
Bt was found to be more experimentally con- 
venient and economical to use the iodo product 
2, obtained by treatment of tubercidin (I) with 
a-acetoxyisobutyryi chloride and excess sodium 
iodide (5b). This is in contrast with reactions 
involving ader~osine in which the orthoester] 
pivalyl chloride route proceeds sn-~oothly (5d) 

and avoids problems of incomplete reaction, 
multiple acylation, and significant glycosyl bond 
cleavage noted with the Mattocks-Moffatt 
procedure (6, 7). 

6 2  situ generation of cx-acetoxyisobutyryl 
iodide in acetonitrile provided smooth reaction 
with I at room temperature to give 4-amino-7- 
(3 -iodo - 3 - deoxy - 2 - 0 - acetyl- 5 - 0 - [2,5,5 - tri- 
methyidioxolan-4- on-2-yl] - p-D-xyiofuranosy1)- 
pyrrolo[2,3-dlpyrimidine (2) in quantitative yieid 
(56) (see Scheme 1). Treatment of the amorphous 
product (2) with methanolic ammollia at room 
temperature gave the ribo-epoxide (3) in 96Z 
yield after column chromatographic purification. 
Deblocking of 2 occurred in methanolic am- 
monia at -20cC to give crystalline 4-amino-7- 
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(3 - iodo - 3 - deoxy - P - D - xylofuranosy1)pyrrolo - 
[2,3-dlpyrimidine (6673. 

Benzoylation of 3 produced the stable (5d) and 
readily crystallized tribenzoyl derivative (pre- 
sumably (8) dibenzimide 4) quantitatively (89z 
crystalline). Treatment of 4 with sodium ben- 
zoate in hot moist N,N-dimethylformamide 
(DMF) (9) followed by deblocking gave 4- 
amino-7 - p-D-xylofuranosylpyrrolo[2,3 -d]pyri - 
midine (xyloTb) (5) in 6 8 z  crystalline yield after 
purification on the Dekker anion exchange 
column (10). Unexpectedly, elution of the 
column with 7041, methanol-water gave 6.8% of 
the arabino isomer, 8. Although a minor amount 
of 9-P-D-arabinofuranosyladenine is produced in 
the parallel reaction with 2',3'-anhydroadenosine 
(1 I), no nucleophilic reactions at C-2' of tuber- 
cidin have been observed previously (5a,b,g, 12), 
and only very recently has an intramolecular 
participation route provided access to the elusive 
2'-deoxytubercidin (13). Treatment of 4 with 
boron trifluoride etherate in acetonitrile gave a 
benzoate ester, presumably via the 3',5'-benzox- 

onium ion species (i) (14), which was deblocked 
with methanolic sodium methoxide to give 5, ex- 
clusively, in 95z  yield (91x overall from 1). 

It had been reported (15) that the arabino and 
xylo diastereomers of adenosine were incom- 
pletely resolved on the Dekker column. Two 
mixtures of araA and xyloA with ratios of 1 : 1 1  
and 11 : 1 were prepared and subjected to the ion 
exchange conditions used to separate 5 and 8. 
In both cases, the isomers were resolved cleanly 
and completely as indicated by the uv absorp- 
tion profiles and quantitative recovery of electro- 
phoretically hon~ogeneous (vide itzJra) products 
upon evaporation of appropriately pooled frac- 
tions (11). Acid-cataljjzed hydrolysis of these 
separated nucleosides and paper chromato- 
graphic analysis (16) of the aldopentose sugars 
released, corroborated the complete separation 
efficiency (1 1). 

Blocking of 5 with acetone and 2,2-dimethoxy- 
propane gave 6a quantitatively and this crystal- 
line 3',5'-0-isopropylidene derivative was mesyl- 

ated to give amorphous 6b. Deketalization of 6b 
proceeded smoothly in 90% trifluoroacetic acid - 
water (17) and the resulting trans hydroxy mesyl- 
ate was cyclized in methanolic sodium methoxide 
to give 4-amino-7-(2,3-anhydro-P-D-lyxofuran- 
osyl)pyrrolo[2,3-dlpyrimidine (7) in 82% yield. 
Treatment of the lyxo-epoxide (7) with sodium 
benzoate - DMF followed by deblocking gave 
crystalline 4 - amino - 7 - P - D - arabinofuranosyl- 
pyrrolo[2,3-dlpyrimidine (araTb) (8) in 73% 
yield plus 4.5% of xyloTb (5). It is interesting to 
note that comparable yields of the minor 
products are formed presumably by nucleophilic 
attack of benzoate at C-2' of the rib0 (4-+8) and 
lyxo (745)  epoxides. The base at C-1' of 4 is 
cis to the incoming benzoate nucleophile whereas 
trans (base to benzoate) attack occurs with 7. In 
contrast, presumed nucleophilic attack on a lyxo 
2',3'-thiiranium ion species (episulfonium ion) 
gave a ratio of - 3 : 2 for C-3' to C-2' substitution 
by benzoate (13). A complex balance of steric 
(short C-1'-N-7 glycosyl bond) (see ref. 18a 
and, for a comparison of glycosyl bond lengths, 
ref. 18b), electronic (including extent of bond 
formation us. breaking) (19) and hydrophobic 
factors apparently control the normally prohib- 
ited nucleophilic attack at C-2' of tubercidin 
derivatives (5a,b,g, 12). 

The structures indicated in these transforma- 
tions are compatible with uv, nmr, and mass 
spectral data as well as elemental analyses. As 
noted previously (5d, 6, 12), there is no observed 
coupling of H-I' and H-2' in the ribo-epoxides 
of adenosine or tubercidin. However, it is note- 
worthy to point out that there is also no observed 
coupling of H-I '  and H-2' in the lyxo-epoxides 
of adenosine (5d) or tubercidin (see Experi- 
mental section). It has been generally assumed 
that a coupling constant of less than 1 Hz was 
diagnostic for a trans orientation of H-1' and 
H-2' in a furanosyl nucleoside (20). Co~npound 
7 and the analogous adenosine series product 
(5d) clearly violate this empirical expectation. 
An X-ray crystallographic study of these dias- 
tereomeric epoxide products would be of 
interest. 

The nmr and mass spectroscopic patterns of 5 
and 8 (see Experimental section) are closely 
analogous to those of the corresponding 9-P-D- 
xylofuranosyl- and arabinofuranosyladenine nu- 
cleosides (21-23) and are individually unique 
from those of the ribofuranosyl products. As 
well, 5 and 8 do not react detectably in 5 h with 
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sodium periodate solution (24) (whereas the cis 
diol 1 cleaves completely within 20 min under 
identical conditions). Paper electrophoresis of 5 
in a borate buKer at p H  9 shows migration 
toward the anode comparable to that of 1, 
whereas borate addition has a much smaller 
effect on the migration of 8 (i.e. formation of a 
3',5'-0-borate complex with 5 is con~parable to 
that of the 2',3'-0-borate complex of 1). Paper 
chromatographic (25) mobilities of the adeno- 
sine and tubercidin compounds are also parallel 
(see Table 1). 

The synthesis (9, 26) and biological inhibitory 
activity (27, 28) of 9-P-D-arabinofuranosyi- 
adenine (araA) were reported several years 
before its isolation from microbiological culture 
fermentation (29) and evaluation as a promising 
antiviral drug (30). Synthetic 9-P-D-xylofurano- 
syladenine (xyloA) (46, 31) was also shown to 
exhibit inhibitory activity against neoplastic 
cells (32). However, both araA and xyloA are 
rapidly converted to the corresponding 6-0x0 
(hypoxanthine) analogs by adenosine deaminase 
(33-35), an enzyme with high activity in both 
mammalian blood and intestinal loci. The in- 
corporation of radioactivity into inosine mono- 
phosphate (IMP) and ribonucleic acid (RNA) 
after treatment with purine-labeled araA has 
subsequently been shown to result from enzy- 
matic deamination, glycosyl bond cleavage 
(presumably phosphorolysis), and effective re- 
utilization of the purine moiety as 'salvaged' 
ribonucleotides (34, 35). The absence of sub- 
strate activity of tubercidin with adenosine 

TABLE 1. Paper chromatography and electrophoresis of 
isomeric nucleosides 

Electrophoretic 
mobility' 

Distance (mm) 
Paper chromatography" migrated 

Compound (Ram, or RardTb)b toward anode 

riboA 0.86 
araA 1 .O 
xyloA 0.86 
riboTb (1) 0.67 
araTb (8) 1 . O  
xyloTb (5) 0.90 

"Descending on the same sheet of Whatman No. 1 paper using 60 ml 
of (1 MTiH40Ac contaming 0.01 j21 EDTA disodium salt adjusted to 
p H  9 with iYH,OH and saturated irirh sodlum tetraborate) mixed 
with 140 ml of 9 0 7  EtOH. The mivtilre rras allowed to stand for 1 h 
and was then filterkd before use (25) .  

bRor8b8n,v -- R ~ ( c ~ ~ ~ ~ ~ u ~ d ~ / R ~ ( ~ ~ ~ h ~ n n )  
<Performed on a Savant flatplate apparatus (HV-3000A) using 

Whatman No. 1 paper and 0.1 11.1 sodion1 borate at p H  9 at 1.5 1<V 
(27 Vicm) 30-35 mA, 90 min. 

deaminase and glycosyl phosphorolysis enzymes 
(1) renders the presumably degradation resistant 
araTb (8) and xyloTb (5) compounds of height- 
ened biochemical and biological interest. As 
anticipated, even high levels of adenosine 
deaminase had no effect on 5 or 8 as indicated by 
uv spectroscopy. 

The present study demonstrates that trans- 
formations of naturally occurring nucleoside 
antibiotics into epoxide sugar products can be 
effected in high yields on a practically con- 
venient scale. Application of benzoate nucleo- 
philic displacement or boron trifluoride induced 
acyloxonium participation on 2',3'-anhydro 
(epoxide) nucleosides provides configurationally 
inverted antibiotic structures. Such arabino and 
xylo diastereomers, even in the purine series, 
were available prior to our work (5d)  only 
through base-sugar coupli~lg sequences (4b,c, 
9, 23, 26, 31, 36). Successful application of these 
acyloxonium ion - nucleophilic displacement pro- 
cedures to other commonly occurring nucieo- 
sides4 (14b, 37) and results of biological and 
biochemical investigations will be reported 
separately. 

Experimental 
General methods are described in detail in ref. 5g. 

J. T. Baker 3405 silica gel was used for column chroma- 
tography. All nmr spectra were determined in Me,SO- 
d6 with Me'Si internal standard. See refs. 5e,g, and 38 for 
descriptions of 'diffusion crystallization'. Tubercidin was 
purchased from the Upjohn Company, Kalamazoo, 
Michigan. Adenosine dearninase (Grade 11) was pur- 
chased from Sigma Chemical Company, St. Louis, MO. 

4-An1it1o-7-(3-io(~o-3-deox~~-~-~-xy/ofur~nosy/)pyr- 
rolo:2,3-djpyrit~1idit1e 

A 0.54 g (0.001 mol) sample of 2 (5b) was dissolved in 
100 1111 of MeOH presaturated with NH, at - 20°C and 
allowed to stand at that temperature for 3 h. Ammonia 
was evaporated in cacuo at -20'C and 2 g of silica gel 
was added to the solution. The mixture was evaporated to 
dryness and the impregnated powder was added to a 
column (2 x 26 cm, 40 g) of silica. The column was 
washed with CHCI, and the wash discarded. The product 
was eluted using CHC1,-MeOH (98 : 2). Evaporation of 
appropriate fractions gave 0.25 g (66%) of the title com- 
pound as a white powder. A sample for analysis was re- 
crystallized from 9 5 z  EtOH (with diffusion of Et20)  and 
had mp 175-176°C; [rIDZ4 -5' (c 0.6, DMF); uv (0.1 N 
HCl) A,,, 265; 225 (E 11 300; 22 200) h,,,, 245 ( E  5250), 
(H20)  L,,,,, 268 (E 12 300) ),,,in 238 ( E  3200), (0.1 1V 
NaO1-I) ?v,,, 268 (E 11 700) h,,, 242 nm (E 6000); nrnr 6 
3.70 (br, s, 2, H-5', H-5"), 3.90 (m, I ,  H-4'), 4.46 ('t', 
J3r-2s= J38-4 .  =5 .5Hz ,  I ,  H-37,433 (m, 1,H-2'),5.40 
('t', JoH-~' ,~" = 5.5 HZ, 1,  5'-OH), 5.91 (d, J 1 , - 2 G  = 5 HZ, 

'R. Mengel et al., nork to be published 
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1, H-If),6.!4 (d, Jo,-z, - 3 HZ, 1,2'-OH), 6.65(d, J5-6 = 
4 HZ, 1, H-5), 7.10 (br S, 2, 4-NH2), 7.40 (d, J6-5 = 4 HZ, 
1, H-6), 8.10 (s, 1, H-2); ms (180'C) m/e (relative inten- 
sity, ion) 376(8, M), 248(8, IM-128), 230(4, M-(128 
+ i8)), 219(12, M-(127+30)), 189(2), 164(44, BHCEIO- 
(l')), 147(4, BCHZ), 135(28, B+2H), 134(100, B +  EI). 
Anal. calcd. for Ci1H,31N403: C 35.12, K 3.48, 1 33.74, 
N 14.89; found: C 35.12, H 3.84,133.87, M 14.61. 

4-Anzino-7- (2,3-anhydro-P-D-ribojirranosyi/ uyr.rolo:2,3-d-' 
pyrinzidine (3  j 

To 100 mI of absolute MeOH saturated with NH? (at 
-5°C) was added 1.64 g (0.003 mol) of 2 (56). The Aask 
was securely stoppered and allowed to stand at room 
temperature for 6 h. Completion of the reaction was veri- 
fied by tlc (silica gel, 5 z  MeOl-1-CHCi,). Tire solution 
was evaporated [water aspirator) to --20 nil and 4 g of 
silica gel was added. The mixture was evaporated to dry- 
ness at room temperature and the impregnated powder 
was added to a column (4 x 20 cm, 60 g) of silica gel. 
The column was washed with 2000 nil of CH2G125 and 
the wash was discarded. The product was eluted using 
CH,S31,-MeOM (20: 1) and 100 mi fractions were collec- 
ted. Evaporation (at room temperature) of fractions 9-14 
gave a white powder which was dried in crrcuo for 12 h at 
room temperature to  give 0.765 g (96%) of 3,mono- 
hydrate ('H nmr). A sample for analysis was rup idy  
(5d,g) recrystallized from 9 5 z  EtOM (wi.th diffusion of 
EtzO) to give 3 as white needies, rnp 170-173'C; [aJozl 
-46' ( c  0.22, MeOBi); uv (MeOH) t.,,; 271 (E 11 500) 
h,,,;, 224 nm (E 2410); nrnr 6 3.56 (m, 2, H-5', M-5"), 4.12 
jt, J4,-5z,5,r 5 HZ, I 5  H-4')? 4.20 (d, J.3-2, = 2.5 HZ, 
1, H-3'). 4.28 (d, jT,.-,. N 2.5 Hz, i. H-2'1, 5.04 (br s, j ,  
5'-OH), 6.28 (s, 1: M - l ' ) ,  5.60 (d: I ,  H-5), 7.05 6, 2, 
4-NH2), 7.35 (d, 1, H-6), 8.08 (s, 1, H-2); ms (190SC) 
in/e jz reiative intensity, ion) 248(i1.5, M), 218(2, 
M-CMO(S')), 2I7(?, M-31); 201(0.5, iC1-CH0-17)" 
E89(3), L63(50, BHCHO(l')), 147(6.5, BCWZ), 135(21, 
S t Z H ; ,  134(100, B+H) ;  (lit. (12) mp 14.5-176'C; 
[aIDz3 -42.6' (c 0.2, MeOH)). Anal. calcd. for (31iHLz- 
N.$03; C53.22, kI4.86,N22.57;found: C53.17, H4.62, 
N 22.34. 

4-A<N-D!benzimia70-7- (S-O-berzzoyi-2,3-anhyd1.0-~- 
riboj~iaizosyljpyi'r0!0~2,3-~'~~yrimidine (4 )  

To a suspension of I g (0.004 moi) of crude 3 in 30 mi 
of dry pyridine was added 3 ml (0.026 mol) of freshiy 
distilled benzoyl chloride and the resulting clear solution 
was stirred for 8 h at rooin temperature. Ice chips were 
added and the solution was poured slowly into 2000 ml of 
ice and H 2 0  with vigorous stirring. The resulting white 
precipitate was filtered, washed with 1000 ml of cold 
H 2 0 ,  and dried (finally in vacuo at 50°C) to give 2 g 
(89%) of 4. Recrystallization of 65 mg of this product from 
5 ml of EtOH-CHC13 gave 60 mg of pure 4, mp 201- 
202°C; uv (MeOEI) shoulder 270 (E 17 500), lL,,, 215 nm 
(E 59 500); nmr 6 4.2-4.6 (m, 5, H-2'-H-5'0, 6.38 (d, 
J5-6 = 4 HZ, 1, PI-51, 6.48 (s, 1, H-l'), 7.3-7.95 (m, 16, 
benzoate, H-6), 8.56 (s, 1, H-2); ms (200°C) m/e  (relative 
intensity, ion) 560(68, M), 455(100, h4-COC6Hs), 
439(23, M-0COC6H5), 218(40, sugar fragment). Anal. 

5The use of nlethylene chloride appears to be essential. 
Substitution of chloroform resulted in lower yields of less 
pure epoxide. 

calcd. for C32H24N406: C 68.56, H 4.31, N 9.99; found: 
C 68.43, H 4.54, N 10.27. 

4-Anzino-~-~-~-xy~ofumnosy/py1'ro/o/2-d pyrimidine 
(5 )  ( X Y ~ O T ~ )  

 weth hod A 
To a solution of 0.56 g (0.001 mol) of 4 in 50 ml of 

DMF containing 1 mi of H,O was added 0.35 g (0.002 
mol) of sodium benzoate. This mixture was heated with 
stirring at 100'C for 34 h and was then evaporated in 
vacua. The resulting gum was dissolved in 240 mi of 
ible8H and 0.6 g (0.025 g at.) of sodium was added. The 
so!ution was stirred for 21 h at room temperature, 
neutralized with HOAc, and evaporated. The residue was 
partitioned between H 2 8  and E t 2 0  and the aqueous 
phase was applied to a colun~n (2.5 x 22 cm) of Dowex 
1-X2(OH-) resin packed in H,O. The coiumn was washed 
with H,O (2 e)  and then with 10% MeOH-H20. The 
amount of MeOK in H,0 was gradually increased to 
60'7, which eluted the product. Evaporation of the 
appropriate fractions gave 0.14 g (71%) of 5 which was 
crystaliized from MeOH (with difiusion of Et28) to give 
0.18 g (68%) of 5, nip 223-224°C; [r]02" 135'C f c  0.5, 
DMF); uv (0.1 1%' HC1) 2.,,,,, 270; 227 (E 10 600; 22 400) 
",,, :, 245 (E 3950), (H2O) 1 .,,,, 270 ( C  11 500) 7, ,,,, 237 

(E 1950), (0.1 AT NaOM) j ,,,,,, 270 ( E  I! 400) 240 nm 
(c 3550); nmr 6 3.6-3.4 (m, 2, R-5', H-i"), 3.95-4.10 (n?, 
2, 61-3', H-4'1, 4.22 (b; S, I ,  H-2'1, 5.15 ('ti', Jot1-5,,5,, 

-5 Hz, i ;  §'-OH), 5.7 id, 1, 2'-OH), 5.88 (s, 1, 3'-OH), 
5 .94(d , J1 ,~2 ,  = 213.7, I ,H-j ' ) ,6 .55(d,J5-6 = 4 H z s  i 3  
K-51, 7.0 (br s, 2, 4-NH,). 7.38 (d, I ,  J6-5 = 4 HZ, IH-6;, 
8.08 js, 2 ,  K-2); ms (170'C) nzi'e (reiative irrtensily, ion) 
266(3, M), i77(45, BHCH2CHO), 163(66, BHCWO(I ')), 
i47(19.5, BCH,), 13512, & + 2Hj, 1341100, B + HI. Ancii. 
calcd. for CI,Mi,N,O,: G 49.62, !d 5.30, N 21.04; 
found: C 43.42, 43 5.32, N 20.75. 

Further eiurion with 70% hMeOH-IH,O gave 0.018 g 
(6.873 of the arahino isomer 8. This product had identical 
mobility to a sample of 8 (prepared below) by tlr, paper 
chromatography, and elecl.rophoresis. The niass spec- 
trum was identical to that of 8 and the nmr spectrum of 
the product obtained from similar experimental runs was 
identical to  t!iat of 8 (1-3-1' at 6 6.42, J1.-28 = 4 Hz), 

1kfethod B 
To a solution of 280 mg (0.5 mmo!! of 4 in 10 mi of 

dry MeCN (distilled from P20 ,  and stored over 3 8  
niolecu!ar sieves) was added I mi of freshly distilled 
BF,,OEt, and the mixture was stirred for 10 min at room 
temperature. Absolute MeOH (5 ml) was added and 
stirring was continued for 1 h. The mixture was poured 
into 100 ml of saturated aqueous NaHCO, solution and 
the milky suspension was extracted with 3 x 50 ml of 
CH2C12. The combined organic phase was washed with 
50 ml of H 2 0 ,  dried over I\ba,S04, and evaporated to 
dryness, The resulting yellow g!ass (homogeneous on tic, 
cyclohexane-Me2C0 1 : 1) (300 mg) was stirred for 15 h 
at room temperature with 0.2 N NaOPJIe - MeOH. This 
solution was neutralized with 600 mg of HOAc and 
evaporated to a heavy oil. This residue was partitioned 
between H,O and EtzO, and the organic phase was ex- 
tracted with an additional 30 ml of H 2 0 .  The combined 
aqueous phase was evaporated to -- 10 ml and applied to 
a column (2 x 25 cm) of Dowex 1-X2(OH-). Elution was 
effected using 1 t' of H 2 0 ,  300 ml each of lo%, 20%, and 
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30%, 1.5 C of 40%, 1 C of 50%, and 2 ! of 70% MeOH- stirred at room temperature for 20 min and was then 
H 2 0 .  Fractions (20 ml) 113-160 were pooled and evap- evaporated. After removal of traces of H 2 0  and acid by 
orated to give 126 mg (95%) of 5 after drying in vacua. coevaporation of the residue with benzene, 0.42 g (87%) of 
This solid product had identical spectral, chromato- the title compound was obtained as a white solid foam, 
graphic, and electrophoretic properties to that of method mp 179-180°C; uv (MeOH) h,,,, 270 (E 11 200) h,,, 230 
A and could be used without further purification. nm (E 3670); nmr 6 3.22 (s, 3, OMS), 3.71 (m, 2, H-5', 

No araTb (8) was detected in the 70% MeOH-H20 or H-5'7, 4.09 (m, 1, H-4'), 4.42 (m, 1, H-3'), 4.91 ('t', 
earlier eluates. 

4-Amino-7- (3,5-0-isopropy/idene-(3-D-xylofuranosy/)pyi'- 
ro.oio[2,3-d.7pyrimidine (6a) 

l o  a stirred solution of 6 ml of freshly distilled acetone 
containing 0.84 g of p-toluenesulfonic acid and 1.5 nil 
(0.014 mol) of 2,2-dimethoxypropane was added 0.3 g 
(0.001 1 mol) of 5. The flask was stoppered and stirred for 
20 h. The red solution was poured into a stirred solution 
(30 ml) of saturated aqueous NaHCO;. This solution was 
extracted with 7 x 30 n11 of CHCI,. White crystals 
separated upon concentration of the combined organic 
phase. These were filtered to yield 0.34 g (100%) of 6cr, 
mp 251-252°C; [aIoz4 -81.5" (c 0.5, DMF); uv (0.1 N 
HCl) A,,, 266; 225 (E 10 300; 21 400) hmi, 242 (E 4000); 
(H20)  h,,,, 270 ( E  11 100) h,,, 237 (E 280), (0.1 N NaOH) 
?,,,, 267 (E 10 800) I.,,, 240 nm (E 4000) ; nmr 6 1.34, 1.44 
(s, s;  3, 3; CMe,), 3.8-4.3 (m, 5, H-2'-H5"), 5.90 (br s, 
1, 2'-OH), 6.16 ( s ,  1, H-l'), 6.52 (d, J5-6 = 4 HZ, 1, H-5), 
6.96 (br s, 2, 4-NH,), 7.42 (d, J6-, = 4 Hz, 1, H-6), 8.08 
(s, 1, H-2); ms (185°C) mle (% relative intensity, ion) 
306(8.5, M), 291(4, M-15), 219(1), 193(2), 177(5.5, 
BHCH2CHO), 163(70, BHCHO(I')), 147(3, BCHZ), 
135(32, B+2H), 134(100, B+H). Anal. calcd. for 
CI4Hl8N4O4: C 54.89, H 5.92, N 18.29; found: C 55.09, 
H 6.13, N 18.02. 

4-Amino-7- (3,5-0-isopropylidene-2-0-metlzanesu/fony/- 
13-D-xyloJitranosyl)pyvvolo/2,3-d]pyrimdi (6b) 

T o  a stirred solution of 0.6 g (0.0019 mol) of 6a in 10 
ml of dry freshly distilled pyridine was added 0.6 ml 
(0.007 mol) of mesyl chloride. The flask was stoppered 
and stirred for 3 h. The solution was poured into 150 ml 
of ice and H 2 0  and this mixture was extracted with 4 x 
50 ml of CHCI,. The combined organic phase was washed 
with saturated aqueous NaHCO,, H,O, dried over 
Na2S04, filtered, and evaporated in cacno to give a white 
powder. This powder was dissolved in 5 ml of CHCI, and 
applied to  a column of silica (2.3 x 50 cm, 100 g). The 
column was washed with 200 ml of CHCI, and the 
compound was then eluted with MeOH-CHC1, (3:97). 
The appropriate fractions were evaporated to give 0.58 g 
(79%) of 6b as a white powder, mp 80-83'C; uv (MeOH) 
h,,, 270 (E 11 200) h,,, 230 nm (E 3670); nmr 6 1.32, 1.50 
(s, S; 3, 3;  CMez), 3.48 (s, 3, OMS), 3.9-4.3 (m, 3, H-4'- 
M-5'0, 4.65 (d, J3,-4, = 2 HZ, 1, H-3'), 5.05 (s, 1 ,  H-2'1, 
6.40 (s, 1, N-l'), 6.60 (d, J5-6 3.8 Hz, 1, 1-1-5), 7.1 (br 
s, 2, 4-NH,), 7.40 (d, J6-, 3.8 HZ, I ,  H-6), 8.08 (s, 1, 
H-2); ms (18OZC) calcd. for M +  (C15H,,N406S): 
384.1103; found (wile): 384.1111; m!e (' relative in- 
tensity, ion) 384(5.5, M), 369(3.5, M-15), 247(5.5), 
231(7), 217(2), 201(1 I), 163(95, BHCHO(1 ')), 147(9, 
BCH,), 135(32, B+ 2H), 134(100, B + H). 

4-Amino-7- (2-~-nzethanes~~~fony~-(3-~-xy/of~ranosy/)pyr- 
rolo/2,3-d--pyrimidine 

A 0.55 g (0.0014 mol) sample of 6b was dissolved in 50 
ml of 9 0 z  trifluoroacetic acid - H 2 0 .  The solution was 

JOH-5',5" = 5 HZ, I ,  5'-OH), 5.21 ('t', J2'-,' = J 2 ' - l '  = 
2.5 HZ, 1,H-2'),6.25 (d,J1*-23 = 2.5 HZ, 1, H-1'), 6.35 (d, 
JOH-Z, = 5.5 HZ, 1, 2'-OH), 6.60 (d, J5-6 = 4 HZ, 1, 
H-5), 7.12 (br s, 2, 4-NH2), '7.36 (d, J6-, = 4 Hz, 1, H-6), 
8.08 (s, 1, H-2); ms (20OZC) calcd. for M +  : 344.0791; 
found (mie): 344.0798; mie (% relative intensity, ion) 
344(2.5, M), 248(27, M-(OMS and OH)), 217(7, 248-31), 
201(6), 189(9), 163(93, BHCHO(l')), 147(18, BCH,), 
135(50, I3 + 2H), 134(100, B + H). Anal. calcd. for 
C1~P1[1rjN406S: C 41.85, H 4.68, N 16.27, S 9.31; found: 
C41.67, H4 .47 ,N 16.00, S9.28. 

pyrimidine (7) 
To a solution of 0.237 r f0.0007 mol) of the above 

mesylate product in 80 ml-of MeOH was added 0.2 g 
(0.009 g at.) of sodium. The solution was stirred at room 
temperature for 12 h, neutralized with HOAc, and 
evaporated to dryness. The residue was dissolved in 25 ml 
of H,O and the solution was applied to a column (2 
x 60 cm) of Dowex 1-X2(OH-) resin. Elution with H 2 0  
and evaporation of appropriately pooled fractions gave 
0.14 g (82%) of 7. Recrystallization of this material from 
95% EtOH gave crystals of 7, mp 110-112'C (dec.); 
[a],'" -50.5" (c 0.4, DMF); uv (0.1 N HCI) i.,,, 270; 
225 (E 11 100; 23 000) ?+,,in 245 (E 4250), (HZO) I,, ,  
270 (E 12 500) ?,,,,, 247 (E 7500), (0.1 N NaOH) i,,,, 270 
(E 12 000) i.,,, 238 nm (E 4100); nmr 6 3.58 (d, 2, H-5', 
H-5"), 3.95-4.2 (m, 3, H-2'-H-4'), 5.00 (br s, 1, 5'-OH), 
6.40 (s, 1, H-1'), 6.65 (d, J,-, = 4 Hz, 1, H-5), 7.08 (br s, 
2, 4-NH2), 7.30 (d, J6-, = 4 HZ, 1, H-6), 8.12 (s, 1, 
El-2); ms (140°C) calcd. for M +  : 248.0909; found (nile): 
248.0905; mle (Y, relative intensity, ion) 248 (12, M), 
231(1.5, M - 17), 218(5.5, MH - CH0(5')), 217(8.5, 
IM - 31), 201(5.5, MH - CHO - 17), 189(8.5), 163(97, 
BHCHO(l')), 147(23, BCH,), 135(49, B + 2H), i34(100, 
B + H). Anal. calcd. for Cl lHI2N4O3:  C 53.22, H 4.86, 
N 22.57; found: C 53.04, H 5.09, N 22.81. 

4-Amino-7-~-~-arabinofirmnosyIr,yrro/o[2,3-d.~p}~rin1idine 
( 8 )  (araTb) 

To a solution of 0.13 g (0.0005 mol) of 7 in 25 ml of 
D M F  containing 1 ml of H 2 0  was added 0.15 g (0.001 
mol) of sodium benzoate. This mixture was heated at 
100cC for 12 h with stirring and was then evaporated in 
uacuo. The residue was dissolved in 40 ml of MeOEI and 
0.07 g (0.003 gat.)  of sodium was added. The solution was 
stirred for 1 h at room temperature, neutralized with 
NOAc, and evaporated. The residue was dissolved in 
25 ml of H,O and the solution was applied to a column 
(2 x 32 cm) of Dowex 1-X2(OH-) resin. The column was 
washed with H 2 0  (2 !)and then with 10% MeOM-H,O. 
The concentration of MeOH in H 2 0  was gradually in- 
creased. A small quantity, 0.006 g (4.5%) of material 
identical to 5 by tic, paper chromatography, electro- 
phoresis, mass spectrometry, and nmr was eluted with 
60% MeOH-H20. Further elution gave 0.102 g (77%) of 
8. Recrystallization of 0.1 g of this material from MeOH 
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(with diffusion of E t 2 0 )  gave 0.095 g of crystalline 8, m p  
125-126°C; [xIDz4 6.9' (c  0.5, DMF); uv (0.1 N HCI) 
?,,,, 268; 225 (E 11 100; 23 800) h,,, 245 (E 4150), (H,O) 
? -,,, 268 (E 11 900) kmi, 240 (E 4500), (0.1 N NaOH) 
h ,,,, 270 (E 11 200) Ami, 240 nm (E 4150) ; nmr 6 3.55-3.80 
(m, 3, H-3', H-5', H-5"), 3.95-4.20 (m, 2, H-2', H-4'), 5.01 
(t, 1,5'-OH), 5.41 (d, 2,2'-OH, 3'-OH), 6.42 (d,Jl,-lf = 4 
Hz, 1, H-l'), 6.52 (d; J5-6 = 4 HZ, 1, H-5), 6.90 (br s, 2, 
4-NH,), 7.29 (d, J6-5 = 4 HZ, 1, H-6), 8.05 (s, 1, H-2), 
ms (200°C) mle (% relative intensity, ion) 266(7, M), 
236(1, MH - CH0(5')), 193(1), 190(0.5), 177(11, BHCHZ- 
CHO), 163(60, BHCHO(l')), 147(8, BCH2), 135(32, 
B + 2H), 134(100, B 3. H). Anal. calcd. for C1 IH14N404 : 
C 49.62, H 5.30, N 21.04; found: C 49.92, H 5.40, 
N 20.86. 

Eeatment of 1, 5, and 8 ~.ithperiodaie 
Solutions of 1, 5, and 8 in H 2 0  viere placed (sequen- 

tially) in a cuvette and an aqueous solution of NaIO, was 
added. The solutions were mixed rapidly and the cuvette 
was placed in a uv spectrometer. The change in optical 
density at  227 nm was observed as a f~~nc t ion  of time as 
described (24). 

Tubercidin (1) was oxidized completely in -20 mln, 
whereas 5 and 8 caused no change in the uv absorption of 
the periodate ion over an extended period of time. 

Treatment of I, 5, and 8 with Adenosine Dearninase 
Solutions of 1, 5, and 8 in 0.05 M K H 2 P 0 4  buffer ( p H  

7.0) were treated with a solution of adenosine deaminase6 
in 0.05 M Tris-HC1 buffer (pH 8). After standing at room 
temperature for 30 h, aliquots were diluted, and uv spectra 
were determined. These spectra were superimposable with 
those of control solutions of 1, 5, and 8. Under these 
conditions, adenosine was rapidly and completely con- 
verted to inosine ", N -8600). 
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Formation of ketenes from carboxylic acids in strong acids. Intermediacy of ketenes 
in the acid-catalyzed a-chlorination of carboxylic acids1 

YOSHIRO QGATA, TAIRA H A R A D A ,  A N D  TOSHIYUKI SUGIMOTO 
Deprlriment ofApplied Chemrsfr3, Faculty ofEngineering, Nagoycz Uni~jersity, Chikusa-km, Nagoya, Japan 

Received August 3 1, 1976 

YOSHIRO OGATA, TAIRA HARADA, and TOSHIYUKI SUGIMOTO. Can. J. Chem. 55, 1268 (1977). 
Evidence (chemical trapping by aniline, and nmr and laser-Raman spectroscopy) is presented 

for the presence of ketenes in heated solutions of carboxylic acids in fuming H,S04. The inter- 
mediacy of ketenes in cw-chlorination catalyzed by strong acids is suggested. 

YOSHIRO OGATA, TAIRA HARADA et TOSHIYUKI SUGIMOTO. Can. J. Chem. 55, 1268 (1977). 
On prisente qnelques rtsultats (pikgeage chimique par l'aniline et spectres Raman-laser et 

rmn) indiquant la prtsence de cktenes dans des solutions d'acides carboxyliques chauffks en 
prksence d'acide sulhrique fumant. On suggere que des cttknes sont presents sous forme 
d'intermtidiaire lors de la chloration-a catalyske par des acides forts. 

[Traduit par le journal] 

The a-halogenation of ketones and aldehydes, 
and probably acid halides, is said to proceed 
through the corresponding enols. The present 
authors recently reported a novel method for 
or-chlorination of aliphatic acids in the presence 
of molecular oxygen, chlorosulfonic acid, and 
chloranil which may also proceed via enolized 
acids (1, 2). The enols of acids W@M=C(OH), 
when dehycbrated, may produce ketenes which 
may then participate in this halogenation (3, 4). 
Little et a/. (3) suggested two mechanisms for the 
PC1,-catalyzed or-chlorination of syclohexane- 
carboxylic acid, one involving enolization of the 
acid chloride followed by rae-determining addi- 
tion of chlorine and the other involving ketenes, 
but no evidence for either suggestion has been 
presented, 

The present authors have studied the behavior 
of fatty acids in fuming H,SO, and wish to re- 
port evidence that ketenes may be involved in 
the acid-catalyzed chlorination. The behavior 
of carboxylic acids in these strong acids has been 
studied earlier (5-9); in particular, Deno ef a!. 
used nmr spectroscopy to observe protonated 
carboxylic acids and acyl cations, the latter being 
predominant in solutions containing more than 
20% SO, in H2S04 @a). They also predicted an 
equilibrium formation of ketenes from acyl 

IContribution No. 226 from the Department of Applied 
Chemistry, Facuity of Engineering, Nagoya University. 

cations. Recently, Deno and Friedman2 found 
evidence in favor of the presence of ketenes: (a) 
a decrease of the nrnr band (3.29 61, characteristic 
of CH,CO+, on the addition of D2S0,, which 
suggests the conversion: 

(b) similar nmr observation of H-D exchange at 
the or-CH, of CH,CH2CO+ but no exchange at 
the p-CH,, (c) H-D exchange at the C-4 methyl, 
but no exchange at C-2 and C-3 of the crotonyl 
cation, suggesting 4-proton elimination : 

(d) the same nmr spectrum was obtained for both 
cis- and trans-crotonic acid dissolved in fuming 
K,SO,, suggesting the presence of CM2=CH- 
CH=C=O. 

Discussion sf Results 

The present authors wished to confirm the 
presence of ketenes from carboxylic acids in 
strong acid media by way of ( i )  the trap of a 
ketene by aniline, (ii) nmr spectroscopy, and (iii) 
laser-Raman spectroscopy. 

(i) A mixture of fuming FH,SO, and acetic acid 
was heated at 80°C and the vapor was introduced 
into aniline with W, ~lnder reduced pressure as a 

'N. C. Deno and N. Friedman, personal communi- 
cation. 
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OGATA ET AL. 1269 

carrier. Product analysis by glc indicated the 
presence of acetanilide, whereas a mixture of 
acetic acid and aniline gave no acetanilide in 
these conditions even in the presence of a cataly- 
tic amount of fuming H,S04. This confirms the 
formation of ketene which acetylates aniline (10). 
The possibility of participation of acetic anhy- 
dride in this acetylation (1 1) was also ruled out 
by the following results. (a) The nmr spectrurn 
of a mixture of acetic acid and fuming W2S04 
after heating at 80°C showed no peaks due to the 
acetic anhydride or protonated acetic anhydride, 
but only a singlet at 3.93 6 due to the acyl cation, 

4- 
CH,-C=O (8), in agreement with the reported 
chemical shift. (b) Vapors from a heated mixture 
of acetic anhydride and fuming H2S04 were 
passed, using N,, into aniline, but no acetanilide 
was detected. The observed low yield of acetan- 
ilide could be ascribed to the unfavorable equi- 
librium for formation of ketene (reaction 2) in 
this system and presumably to side reactions of 
the ketene produced in hot fuming W2S04. 
Ketene has been reported to react with sulfuric 
acid to give acetylsulfoacetic acid as a red viscous 
oil (12). 

HzS04 + 2CH2=C=O * CH3C02S02CHzC02H 

Indeed, the nmr spectrum of the red viscous oil 
which was obtained as a residue after heating 
acetic acid in fuming H2S8, showed only two 
singlets at 4.41 (2H) and 2.63 6 (3H); this implies 
the formation of acetylsulfoacetic acid as a side 
product. Attempts to collect ketene vapor in a 
cold trap were unsuccessful. probably because 
ketene itself has a very low boiling point 
(- 56"C), so that most wouid be expelled by car- 
rier N,, even with cooling. The authors also 
attempted to trap dimethylketene, assuming its 
formation from isobutyric acid in fuming R2S04 
by an analogous method, but the isolation of 
acetylated product, PhNH-CO-CR(CH,),, 
was unsuccessful, probably because of the higher 
boiling point (44°C) and the higher solubility 
s f  dimethylketene in fuming H,S04 compared 
with that of ketene itself. 

(ii) The details of the nmr spectrum of a mix- 
ture of isobutyric acid and fuming R2S04 (50% 
SO,) are as follows: 6 1.92 (d, J = 7.1 Hz, 4H), 
4.20 (septet, J = 7.1 Hz, 1 H), 1.67 (s, -- 1 H), 
1.80 (s, -1H), and 3.90 (s, -IHj. The septet 
centered at 4.20 6 and the doublet centered at 
1.92 6 were asslgned to a-H and P-H of the acyl 
cation I, respectively. Deno reported that iso- 

butyric acid was completely converted to the 
corresponding acyl cation 1 in 50% SO, in 
H2S04 and that chemical shifts of a-H and P-H 
for the acyl cation are 4.23 (septet, 1 = 7.0 Hz) 
and 1.90 6 (d, J = 7.1 Hz), respectively (8), 
which agrees with our results. 

It is known that ketoketenes R2C=C=0 
dimerize to cyclobutane-type dimers (13). The 
observed two weak singlets at 1.67 and 1.80 6 
suggest the presence of a dimer of the type 
2,2,4,4-tetramethyl-1,3-butanedione (2). The nmr 
shift of 2 in CDCl, was reported to be 1.29 6 be- 
cause of the oscillation of the flexible four-mem- 
bered ring between 2a and 2b (15). The dimer, 

prepared in our hands (14), gave the same peaks 
at 1.83 and 1.68 6 in fuming H2S04, but gave 
only one peak at 1.80 6 in 95% H2S04 as shown 
in Table I .  This value <1.83 6), which is larger 
than 1.30, implies 0-protonation in strong acid, 
because a similar phenomenon was observed in 
simple ketones; e.g., the peak du? to the methyl 
protons of acetone in SbF,/HSO,F appears at 
3.25 6 which is considerably deshielded (ca. 1.2 
6) compared with that in ordinary organlc sol- 
vents (16). The peak at 4.68 6 may be caused by 
an unlinown product derived from the dimer 2. 

The nmr peak at 3.90 6 is ascribed to the di- 
methylketene monomer or its derivative on the 
basis of the foIIowing. On introduction of dl- 
methylketene, prepared by an alternative method 
417>9 to fuming R2S04 at room tenmperature the 
nmr spectrum of the resulting solution exhibited 
the 3.90 6 peak : 6 3.90 (sharp s), 4.00 (br s), and 
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TABLE 1. The nmr spectrum of a solution of 2,2,4,4-tetramethyl-1,3-butanedione (2) 
in 95% H2S04 or fuming H,SO, 

Solvent system 

Spectral data 

30 70 1.83(s), 1 .68(s)* 
15 8 5 1 .83(s), 1 .67(s) 
10 90 1 .82(s), 1.65(s) 
7 93 1.78(s), 3.26(septet, J= 7 Hz, lH), 1.30(d, J= 7 Hz, 6H) 
- 45.1 1 .80(s), 3.36(septet, J= 7 Hz, 1H), 1 .31(d, J= 7 Hz, 6H) 

*The peak at 1.68 6 increased in size when the solution was heated at 1 10°C for 10 min, and other 
aeak  peaks appeared at 5.47, 4.81, and 4.00 6. 

75% HzO. 

5.10 (br s). The dimer 2 can decompose on 
heating to its monomer, (CH,),C--C=O (18). 
The solution of isobutyric acid in fuming H,S04 
was heated to 50°C for 30 min as in the chlorina- 
tion system (2), and the observed nmr shifts are 
as follows: 6 1.62 (weak s), 1.74 (weak s), 3.90 
(sharp s, 1.5H), 4.00 (br s, 2H), 4.85 (br s, 3H), 
5.45 (br s, 2H). This shows that the peaks due 
to the acyl cation 1 have disappeared, while the 
two weak singlets at 1.62 and 1.74 6 still remained, 
suggesting the presence of dimer 2. The peaks at 

L 

5.45.4.85. and 4.00 6 for isobutvric acid in heated 

other major bands (Fig. 1) were due to fuming 
H,SO, by direct comparison with an authentic 
sample. The sample which gave the Raman band 
at 2160 cm-I gave no nmr peaks corresponding 
to acyl cation 1, but only the peaks correspond- 
ing to ketene monomer and its dimer and the 
above-mentioned peaks at 5.45,4.85, and 4.00 6. 
Hence this band cannot be assigned to the acyl 
cation. 

It  is concluded from these results that ketene 
may be formed according to reactions 1 and 2 in 
our reaction conditions. The authors have prev- 
iously reported that fuming H,S04-catalyzed 
chlorination of isovaleric acid by molecular chlo- 
rine gave the corresponding a-chlorination (20). 
Therefore, the authors suggest that a-chlorina- 
tion of a carboxylic acid may proceed via the 
corresponding ketenes, since the enol, i.e. ketene 
hydrated at C=O, seems to be more unstable in 
fuming H,S04 and hence is present, if at all, at 
a lower concentration. Indeed, reaction of ketene 
with molecular chlorine has been reported to 
give %-chlorinated acetyl chloride (21). 

Experimental 
General 

fuming be but sug- Glacial acetic acid (bp 47"C/48 tori-), isobutyric acid 
the Presence of unknown products from (bp 70-72"C/29 torr), acetic anhydride (bp 138-139^C), 

dimer 2 in fuming H,S04, since similar peaks of and aniline (bp 86-87-C/20 torr) were commercial re- 
5.47, 4.81, and 4.00 6 were also observed in a agents and were distilled before use. 2,2,4,4-Tetramethyl- 

1,3-butanedione (2) was prepared according to the litera- heated of dimer ' in fuming H2S04. ture (151, mp 114-116-C (lit. (15) mp 115-11(joC), Corn- 
(iii) The laserPRaman spectrum isObutyric mercially available (1st grade) fuming sulfuric acid (50z 

acid in fuming H,S04 (molar ratio 1 : 5.7) which SO,) was used without further purification. 
had been heated at jO°C for 10 min had a sharp Nuclear magnetic resonance spectra were measured on 
an$ strong band at 21 60 cn- 1 and this band was a 60 MHz JEOL C 60 HL nmr spectrometer at 25°C using 

capillary benzene as an external standard and a 60 MHz 
assigned the C=C=Q stretch, Hitachi R-24B nmr spectrometer at 35°C using TMS in 
since liquid samples of kelenes have generally a CHCl, as an external standard. Chemical shifts ( 6 )  are 
band at 2116 cm-I (19). It was confirmed that expressed in ppm. 
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Studies on thermodynamics of solution by gas chromatography: solubility 
measurements of hydrocarbons in cycloalkanols 

RAKESH K.  KUCHHAL, KANAI L. MALLIK, '  AND PYARE L. G U P T A ~  
I11di(i11 117 \iifiite ojPetr olerrrn, Dell/ (idlrrl-248005, Iirtll~ 

Rece~ved July 6 ,  1976 

RAKESH K.  KUCHHAL, KAKAI L. MALLIK, and PYARE L. GUPTA. Can. J. Chem. 55, 1273 
(1977). 

Activity coefficients at  infinite dilution have been determined by gas-liquid chromatog- 
raphy for nine hydrocarbons solutes in cyclopentanol, cyclohexanol, cycloheptanol, benzyl 
alcohol, and n-heptanol at  25 "C. Experimental results for cyclopentane and cyclohexane in 
cycloalkanols compare favourably with the values obtained by extrapolation to infinite dilution 
of activity coefficient data calculated from Benson et al.'s static (vapour-liquid equilibrium) 
measurements. Some characteristics of the solute-solvent interaction in the systems are dis- 
cussed in light of statistical approaches (thermal and athermal contributions). 

RAKESH K. KUCHHAL, KANAI L. MALLIK et PYARE L. GUPTA. Can. J. Chem. 55, 1273 (1977). 
011 a determine les cocfficicnts d'activite a dilution infinie en faisant appel a la chromatographie 

gaz-liquide; ces mesures ont CtC faites pour neuf hydrocarbures en solution dans le cyclo- 
pentanol, le cyclohexanol, le cycloheptanol, I'alcool benzylique et le n-heptanol 25 "C. Les 
rksultats experimentaux obtenus pour le cyclopzntane et le cyclohexane dans les cycloalkanols 
se comparent avantageusement avec les valeurs obtenues par extrapolation a dilution infinie de 
coefficients d'activite calculCs a partir des mesures statiques (equilibre liquide-vapeur) ef- 
fectuCes par Benson et ses collaborateurs. On discute, a la lumitre d'approches statistiques 
(contributions thermiques et athermiques), de quelques caractiristiques de I'interaction 
solute-solvant dans les systemes. 

[Traduit par le journal] 

Introduction 
Studies on thermodynamics of solution com- 

prising alcohol-hydrocarbon systems have been 
undertaken by several investigators during the 
last twenty-five years (1-7). Most of the studies 
in this field were devoted to aliphatic/aromatic 
alcohol-hydrocarbon mixtures, and little in- 
formation is available for cycloalkanol-hydro- 
carbon systems (8) and there remains a paucity 
of thermodynamic data in this area. Such ther- 
modynamic data are of considerable importance 
as they can indicate the potential use of the 
certain solvellts as extraction agents. It is 
worth mentioning that use of cyclohexanol 
has already been reported as an extraction sol- 
vent for the recovery of cyclohexane from ben- 
zene-rich petroleuln fractions (9). 

The gas chromatographic (GC) technique 
has been well established as an advantageous 
method for determination of the thermodynamic 
properties at infinite dilution for binary non- 

'Present Address: Research and Development Centre, 
Indian Oil Corporation, Sector-13, Faridabad-121002, 
Haryana. 

ZTo whom correspondence should be addressed. 

electrolyte solutions (10-13). Such thermo- 
dynamic data may be conveniently determined 
by using a conventional GC equipment, employ- 
ing cycloalkanols or other alcohols as the 
stationary phase. In the present paper, at- 
tempts have been made to study activity coeffi- 
cients at infinite dilution for nine hydrocarbons 
in three cycloalkanols (cyclopentanol, cyclo- 
hexanol, and cycloheptanol) and two other 
aliphatic and aromatic alcohols, namely, n- 
heptyl and benzyl alcohols at 25 "C. 

Experimental Section 
The gas chromatographic apparatus and experimental 

procedure used for determining solute specific retention 
volunles have been reported in an earlier communication 
(11). Stationary phases (solvent components) (five 
solvents) obtained either from Fluka (Germany) or 
BDH (England): cyclopentanol, cyclohexanol, cyclo- 
heptanol, n-heptyl alcohol, and benzyl alcohol were 
used without any further treatment. The physical prop- 
erties of the solvents (mostly literature values) are shown 
in Tablc 1. Approximately 25-30z coating on Chromo- 
sorb P (60-80 mesh size) were used for the present 
studies. To eliminate the problem of solvent depletion, 
caution was taken to connect a precolumn (about 20 cm 
in length and 3 mm in diameter) packed with about 35% 
of the desired solvent-coated support material with the 
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TABLE 1. Selected physical properties of solvents studied 

Boiling Vapour 
point at  Density pressure 

Molecular 760 mm Refractive d4' a t  25 "C 
Compound weight ("c) index nD20 (ml!g) in mm 

Cyclopentanol 86.14 140.83 1.4530 0.9430 2.20 
Cyclohexanol 100.16 161.1 1.4641 0.9454 < 1 
Cycloheptanol 114.19 185.0 1.4705 0.9589 < 1 
n-Heptanol 116.20 176.0 1 .4225 0.8186 i l 
Benzyl alcohol 108.13 205.10 1 ,5404 1.0416 < 1 

main column. The carrier gas (Hz) was thus saturated puted from the modified corresponding states 
with solvent prior to the point of injection. As in earlier equation of McGlashan and co-workers (17, 18). 
cases (11, 12), satisfactory functioning of the pre- 
saturator column was observed in the present studies. 

P22  The temperature of the column oven was maintained [3] ---- = 0.430 - 0.886 
at 25 "C with variation of 0.1 "C as checked with an v~ 
ASTM thermometer periodically. 

- 0.0375(n - 1) 
Rest~Pts 

Solute activity coefficients at infinite dilution wilere Vc and Tc are the critical volume and 
in the liquid phase (Y,.,") were determined from critical temperature of solute, n the effective 
the expression (14), carbon number of the solute. V, and T, data are 

Ell 
1.704 x 107 = - -  obtained from Dreishbach's compilation (15). 

Y2,p  - MPO vgO 
Discussion 

where Y2,p = activity coefficient for When used as stationary all the five 
M = solvent molecular weight, yo = vapour solvents could resolve the lower hydrocarbon 
Pressure of the Pure saturated solute VaPo'r in mixture in a relatively short time. ~h~ chromato- 
torr, and V," specific retention volume of gram of all these compounds showed sym- 
solute in ml, of carrier gas per gram liquid in metrical peaks useful for analytical purposes. 
ml. This equation was discussed in detail else- 

- The of any data under the equilibrium 
where ("1' The vapour pressures were conditions can be Substantiated by comparison 
from the Antoine equation using the constants as with existing results in the literature but no 
reported in Dreisbach compilation (15). direct data for comparison from GC or from 

Activity coefficients corrected lor vapour conventional classical techniques, are available 
phase nonideality (y,,,"), is given by (16) for these solvents. However, it was considered 

where y,,, = activity coefficient corrected for 
vapour phase imperfection, superscript m de- 
notes infinite dilution, V2 = molar volume of 
solute in ml, p,, = second virial coefficient 
for pure solute, 2, at temperature T in cm3 
mol-l, yo = vapour pressure of pure solute in 
torr, p ,  = vapour pressure of pure solvent, 
in torr (negligible at operating temperature 
(Table 1)). Furthermore the last term of eq. 2 
can be ignored as p,,, makes an insignificant 
contribution. The virial coefficients were com- 

worthwhile to compare our results with the 
extrapolated values of activity coefficients ob- 
tained from the vapour liquid equilibrium data 
reported by Benson et al. (8, 19). Activity 
coefficients at finite concentrations were cal- 
culated from vapour-liquid equilibrium data, 
using the well known expression 

where y, = mole fraction of solute in vapour 
phase, x, = mole fraction of solute in liquid 
phase, P = total vapour pressure in torr. The 
y,,," values thus obtained were found to be in 
fair agreement as is evident from Table 2. 
Chevalley (20) also reported activity coeffi- 
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KUCHHAL ET AL. 

TABLE 2. Colnparison of activity coefficients data at  25 "C 

G C  value 

Calculated from data 
of Benson et (11. 

Solute Solvent Present work data (8, 19) 

Cyclohexane Cyclopentanol 4.15 
Cyclohexane Cyclohexanol 3.51 
Cyclopentane Cyclopentanol 4.00 
Cyclopentane Cyclohexanol 3.30 

TABLE 3. Activity coefficients at infinite dilution for hydrocarbons at  25 "C 

Cyclopentanol Cyclohexanol Cycloheptanol n-Heptanol Benzyl alcohol 
- - - - - 

Solute ~ 2 , ~ ~  y 2 , r m  ~ 2 , ~ "  y2 ,c rn  Y ~ , ~ ' O  ~ 2 . c ~  ~ 2 , ~ "  y 2 , f T  "f2,pm Y Z , ~ ~  

Propane 4.20 4.66 4.10 4.56 3.70 4.12 2.25 2.50 
Isobutane 5.05 5.44 4.81 5.20 4.53 4.89 2 .7i  2.93 
n-Butane 5.00 5.30 4.55 4.83 4.31 4.57 2.51 2.67 
n-Pentane 5.78 5.95 5.29 5.45 4.77 4.91 2.82 2.90 
n-Hexane 6.50 6.58 6.14 6.22 5.13 5.20 3.06 3.10 
Cyclopentane 4.00 4.08 3.30 3.37 2.87 2.93 2.18 2.22 
Methylcyclopentane 4.40 4.45 3.80 3.85 3.33 3.37 2.54 2.57 
Cyclohexane 4.15 4.19 3.51 3.55 3.12 3.15 2.47 2.50 
Benzene 2.96 2.99 2.78 2.80 2.56 2.58 2.10 2.12 

cients a t  finite concentration for the cyclohexane- 
cyclohexanol system in the temperature range 
of 35-55 "C. By extrapolating their values to 
25 "C, the y,,," value comes out to be 3.7, 
which compares favourably to our experi- 
mental data of 3.51. Similarly, our GC data 
on benzene-n-heptyl alcohol system also show 
the same consistent trend in y,,," values when 
compared with the extrapolated data of Wehe 
and Goates (21) for the benzene-11-alcohol 
systems at their boiling points. Thus, the 
activity coefficient of benzene in methanol 
system was found to be 13.26, benzene-ethanol 
10.48, and benzene-n-butanol 3.84 as compared 
to our datum, 2.12 in benzene-n-heptanol. 

Table 3 lists the activity coefficients at in- 
finite dilution for nine hydrocarbons at 25 "C.  
Data reported here are the mean of at least 
three experimental runs. The reproducibility 
of y,,," was found to be within 2-3%. The 
data indicate that all the compounds studied 
exhibit a marked positive deviation from 
Raoult's law. Interestingly, y,,," values of 
saturated hydrocarbons in cycloalkanols lie in 
between those of benzyl aIcohol and rz-heptanol. 
The activity coefficient is related to the excess 
partial molar free energy A g e m  by the well 

known relation 

[5 I Agem = RTln y,,," 

As A g e m  is exponentially related to the activity 
coefficient, the trends observed in Table 3 are 
somewhat normalized in Fig. 1 showing an 
incremental relationship between free energy 
and molecular structure for hydrocarbon solutes 
at 25 "C. lit is evident from Table 3 that y,,," 
values in all the cycloalkanols are larger for the 
n-alkanes than for the aromatic hydrocarbon 
solute which can be best explained on the basis 
of their respective cohesive energy densities 
(22, 23). Another interesting aspect of the data 
is that the activity coefficients at infinite dilution 
of all the solutes are decreasing numerically 
from cyclopentanol to cycloheptanol (and as a 
matter of fact in n-heptanol also), indicating 
the decrease in polarity of the solvent. Com- 
paring the y,,," data for cyclohexane and ben- 
zene in any one of the alcohols, it is evident 
that nonideality is iess in the case of benzene 
solution. Depending upon environments, hy- 
droxyl group can act both as proton donor or 
acceptor. It is usually observed that the proton 
accepting ability of hydroxyl group is very 
strong (241, but in the vicinity of benzene 
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CYCLO PENTANOL 

CYCLO HEXANOL 

CYCLO HEPTANOL 

0.51 I 

3 4 5 6 

CARBON NUMBER - 
FIG. 1. Incremental relation between excess free energy 

and molecular structure for n-paraffins in monohydroxy 
solvents. 

molecule it acts as a proton donor as benzene 
may act here as proton acceptor (25), causing 
C-OH- - -n interaction. Interestingly, y,,," for 
benzene in benzyl alcohol is found to be lower 
than that in cycloalkanols, whereas for other 
hydrocarbon solutes it is always higher in 
benzyl alcohol. This observation is in accordance 
with the theoretical consideration for n-bond 
interactions. 

Experimental determination of thermody- 
namic parameters serves as an important check 
on the various theories. The GG technique, 
which provides a rapid and convenient means 
to determine thermodynamic parameter, has 
also now been widely used (26) in testing the 
solution theories, particularly in very low con- 
centration region where other methods like 
vapour pressure measurements (27, 28) or 
sensitive microbalance techniques (16) are 
least accurate. A number of theories have been 
put forward to predict the solution behaviour. 
Some of them are quite elaborate and require 
detailed information about the physical prop- 
erties of solute and solvent molecules. Based on 
quasi-lattice theory, Everett and co-workers 
(29, 30) have explained the deviation from 
Raoult's law as due to combination of two 
completely independent factors, namely dis- 
parity in molecular size of solute and solvent 
(combinatorial or configurational term or the 
athernlal part) and secondly, due to difference 
in intermolecular forces (the thermal part). 

The configurational term can be calculated from 
the Flory-Huggins equation (derived from a 
lattice model) 

where r is taken as the ratio of the molar volume 
of the solvent to that of the solute V,/V2. 
Values for In y2",c0nfig calculated to 25 "C are 
tabulated in Table 4. 

According to the Flory-Huggins theory, the 
thermal term, In y2",'""'" 1s ' directly related to 
the interaction parameter which is strictly a 
free energy term (30, 31) 

[Sl y2m, the'" - 
- x h 2  

where x = interaction parameter; at infinite 
dilution, 4, = 3 ,  where +, represents volume 
fraction of solvent. 

By subtracting the thermal contribution, 
ln y2~,co~f ig , given in Table 4 from the logarithm 

of the experimental activity coeficient, the 
interaction parameters at 25 "C can be deter- 
mined and are also presented in Table 4. The 
combinatorial part, as expected, indicates nega- 
tive contribution to solution non-ideality. The 
data further show that the interaction parameter 
is positive for all the systems studied indicating 
that overall interchange free energies are posi- 
tive. Two features of the interaction parameter 
data are worth mentioning. x is increasing 
uniformly for n-paraffins in a particular solvent 
which means that as the number of contact 
sites or segments increase in a system the inter- 
action parameter also increases thus providing 
that either the contact point lattice model (32) 
or the Barkers' model (33) can explain the 
phenomenon. The other interesting point to 
note is that for a particular solute the interaction 
parameter decreases with increase in molecular 
weight of the cycloalkanol solvent, which is a 
little difficult to explain with the experimental 
data available at the moment. lit is likely that 
with increase in the molecular weight, some of 
the contact points may not be fully accessible 
for interaction. 

Based on an earlier statistical approach of 
Eonguet-Higgins (34), Martire et al. (35) have 
proposed that the interaction parameter x can 
be obtained from the perturbation treatment, 
where the difference in intermolecular attrac- 
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KUCHHAL E T A L  

tions between two solutes, a reference and a 
perturbed oile in a solvent at infinite dilution, is 
given by the expression 

where V = molar volume in ml, E = molar 
intermolecular cohesive energy, R = gas con- 
stant, subscripts 1 and 2 refer to solvent and 
solute, respectively, and primed and unprimed 
terms represent the reference and perturbed 
state, respectively. This model was suggested on 
the assumption that the two solute states, the 
reference and the perturbed ones, differ only in 
intermolecular attractions between primed 
solute-solvent and unprimed solute-solvent 
molecules. It is evident that the interaction 
parameter for a series of solutes in a given 
solvent at a particular temperature should show 
a linear relationship with the solute critical 
temperature, T,,, or with potential well depth 
for the bigger molecules. Figure 2 demonstrates 
the linearity between x values for our systems 
us. the critical temperature of the solutes 
studied indicating that this model can also 
work for such systems. 

Another simpler approach, Regular solution 
model, based on the cohesive energy density 

/5 
N Z I L  ALCOHOL 

0 5 

CRlTiCAL TEMPERATURE 1 TC 6 1 - 
FIG. 2. T~lteraction parameters us. critical temperature 

of solutes: I, propane; 2, isobutane; 3, n-butane; 4, n- 
pentane; 5, iz-hexane. 

N O - O \ ~ N * ~ N  

3 8 8 S 8 6 8 6 8  
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concept initially proposed by Hildebrand and 
Scott (36), which was later extended by Weimer 
and Prausnitz (37), was also tested on the cyclo- 
hexanol and benzyl alcohol systems (for other 
alcohols, accurate solubility parameter data were 
not available in the literature). In the case of 
the nonpolar-polar mixture, the interaction 
parameter x can be expressed as 

where h and r represent the nonpolar and polar 
solubility parameters, and $,, is an adjustable 
parameter. Except the Q,, term, other terms on 
the right hand side of the equation are known. 
The data for I//,, were taken from the pubiished 
literature (37-39). Appreciable differences be- 
tween the experimental and calculated x values 
were observed. However, with a limited ob- 
jective, this model provides a good approach for 
the qualitative picture of a solute-solvent 
system. The limited usefulness of the solubility 
parameter theory has also been observed by 
Scott (40). 
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BARRY C. TRUDELL and S. JAMES W. PRICE. Can. J. Chem. 55. 1279 (1977). 
The gas phase X-ray photoelectron spectra, XPS, were observed for the series C6FsX (X = 

F, C1, I, Br, H). Binding energies were determined from the spectra using the ESCAPLOT 
Program. Charge calculations were carried out using Equalization of Electronegativity, 
CND0/2, and ACHARGE approaches on each molecule. The more sophisticated analysis 
leads to the following equation correlating the (C 1s) binding energies and the atomic charges q i  

BARRY C. TRUDELL et S. JAMES W. PRICE. Can. J. Chem. 55. 1279 (1977) 
On a observe les spectres photoelectroniques de rayons-X en phase gareuse (XPS) pour une 

sCrie de C6FsX (X = F, CI, I, Br, H). On a determine les energies de liaison a partir des spectres 
et faisant appel au programme ESCAPLOT. On a effectuC des calculs de charge, pour chaque 
molecule, a l'aide des approaches d'egalisation d'electronegativC, CNDOU et ACHARGE. 
Les analyses les plus sophistiquCes conduisent a 1'Cquation suivante qui perniet de relier les 
energies de liaison (C I s )  et les charges atorniques y i  

[Traduit par le journal] 

Ilitroduction 
One of the nlost sought after characteristics of 

a molecule is its charge distribution and the 
changes of this distribution with substitution of 
different groups. Until the developnlent of XPS, 
the charge distributions were usually derived 
theoretically, but  now since it has been well 
established that 'chemical shifts' in XPS are 
definitely and precisely related to the charge 
distributions in molecules, we can calculate the 
charges on atoms in a n~olecule using experi- 
mental data. 

Several investigations of this nature have been 
carried out on benzene derivatives. Clark et al. 

'To whom correspondence should be addressed. 

(1, 2) have studied both the fluoro and chloro- 
benzenes in the frozen solid state and correlated 
the CND012 charge distribution with observed 
binding energies. However such solid studies are 
affected by 'solid state effects', so that there is 
always some doubt in the analyses of the data. 
Thomas (3) and Davis er al. (4) have all studied 
the fluorobenzenes and Ohta and co-workers 
( 5 )  have studied the monosubstituted benzenes in 
the gaseous state. All have studied the charge 
distributio~l in the molecules by means of XPS. 

In this paper we report the XPS data for a 
series of monosubstituted perfluorobenzenes and 
will discuss the result in terms of the electro- 
static potential model, equalization of electro- 
negativity calculation, and C N D 0 / 2  results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. .I. CHEM. VOL. 55. 1977 

Experimental 
All of the perfluorobenzenes were obtained from the 

Imperial Smelting Corporation. The chemicals were dis- 
tilled twice, with only middle fractions taken to ensure 
purity. Boiling points agreed with literature values (6). 

Spectra were measured using a McPherson Esca 36 
spectrometer2 employing MgK, radiation (1253.6 eV). 
The sample was out-gassed by freezing and pumping, and 
introduced into the spectrometer by means of a needle 
valve. The sample pressure in the vacuum chamber was 
always 5 x torr. An additional 2 x torr of 
argon was added as a standard (7) (argon 2p3,, = 
248.62 eV). The actual pressure in the collision region 
near the inlet nozzle was probably around two orders of 
magnitude greater; however we were not able to measure 
the pressure at that point and we assume that the pressure 
in the vacuum chamber reflects that of the nozzle region, 
i .e. they are proportional. The spectra for each level were 
1.eproducible to within + 0.1 eV. 

Raw data from the spectrometer were converted from 
"odd bit" to "even bit" using a PDPl l  con~puter and 
then were fed into an IBM 360,'65 computer along with 
the ESCAPLOT program3 This program deconvolutes 
and returns data on each individual peak as well as 
plotting out the spectra on a Calcornp 65 plotter. All of 
the spectra Lvere also plotted out by the spectrometer. 
The data returned by the program includes XMAX (peak 
position in eV), YMAX (height of peak in number of 
counts), FWHM (line width at half height), GFAG 
(gaussian fraction; the program assumes the peak to be 
a Gauss-Lorentz combination band), and AREA (area 
of the peak). 

Results and Disct~ssion 
The result of taking benzene spectra at various 

pressures is presented in Table 1. No significant 
pressure effects as reported by Siegbahn et 01. (8) 
could be detected in the range presented in 
agreement with the results of Davis et 01. (4).The 
binding energies of the C,F,X series are re- 
ported in Table 2. A calibration of the spectrom- 
eter with C,H,, Ar, and CF, ensured the linearity 
of the energy scale. The linearity of the spec- 
trometer shoived a deviation not greater than 
j 0 . 1  eV over the range 248-700 eV. Although 
we have reported some energy levels lower than 
248.0 eV we see no reason to doubt the validity 
of these numbers. 

Figure 1 shows (a) spectra plotted by the 
spectrolneter and (b) the deconvoluted spectra 

'Located at  the University of Western Ontario, 
London, Ontario. 

3The ESCAPLOT program accepts the modified spec- 
trometer data ( i .e .  binding energy cs. number of counts) 
and giken initlal estimates of XMAX, YMAX, GFAC, 
and FWHM for each peak then iterates until values for 
XMAX, YMAX, GFAC, FWHM, and AREA are re- 
turned uith a convergence criteria of 0.00001. A number 
of baseline types may also be chosen. 

TABLE 1. C 1 s binding energies for 
benzene vapor relative to Ar 2p3,, 
= 284.62 eV at various pressures 

Binding energies" Pressureb 
(ev) (torr) 

290.4 1 x 
290.4 5 x 
290.3 3 x 
290.3 1 x 10-5  

290.3 8 . 5 ~  
290.3 5 x 

aCorrected to Ar 2P3,, = 248.62 eV. 
DPlus 2 x torr argon. Pressures 

given are vacuum chamber pressures. 
Pressure in the region of the inlet nozzle 
is probably about two orders of magni- 
tudc greater. 

FIG. 1. (a) Mactine spectra of the C Is peaks in 
C6F,I. (b) Spectra of the C I s  peaks in C,F,I calculated 
by the ESCAPLOT program. 
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TRUDELL AND PRICE 

TABLE 2. Binding energies in colnpounds of the type C6F5X at 5 x torr 

Compound Level B.E." p b  YMAX GFAC FWHM AREA" 

Values in parentheses are the uncertainties calculated by the ESCAPLOT program 
bAll binding energies relative to argon Zp; , ,  = 248.62 eV. 

produced by the ESCAPLOT program for the 
C 1s levels of C,F,I. The straight iines in the 
computer spectra are error bars. In addition to 
error calculatiolis the program refines the binding 
energy values and permits comparison of peak 
area ratios with the theoretical values. 

The values of C 1s (C,H,) and F Is (C,F,) 
binding energies agree with those of Davis et ul. 
(4). The C 1s peaks in C6F,X (X = PI, I, Br, C1) 
were assigned on the basis of peak areas which 
were in reasonable agreement with the theore- 
tical value of 5 : 1 within the error limits. 

Differences in the F 1s binding energies in the 
ortho, meta, and para positions of the molecules 
were too sn~all  to be detected as separate peaks. 
The resulting single peaks are however sonie- 
what broader in the case of C,F,Cl, C,F,Br, 
and C,F,B. 

The pattern of the chemical shifts relative to 
benzene for the C 1s levels of the carbon to 
which X is attached (C,) is what one would 
expect, i.e. the shifts are in the order F > C1 
> B r > T >  H, 

In all cases the C, 1s binding energies are 

h~gher than in the equ~valent C,H,X compound. 
This is presuniably a result of the general en- 
virollment created by the fluorme atoms and of 
their electron withdrawing power inoderated by 
back donation of electron density by a + M  
(mesorneric) effect. When charge distribut~ons 
calculated by CND0/2  for C6F,H, C6F,C1, and 
G,F, are compared with those for C,H,, 
C,H,Cl, and C6H,F respectively an almost con- 
stant difference (0.08-0.09) is obtained for the C, 
carbons. This would seem to imply a fairly 
constant + M effect in the C,F,X compounds. 

Equnlization of Electrot?egaticity Calculations 
The method of Huheey (9) can be used to 

calculate partial atonlic charges in moiecules. In 
order to calculate the charge on the carbon atom 
bonded to X in the series C,F,X (X = F, C1, Br, 
I, H) it is convenient io assume that the C,F, 
part of the inolecule is identical in each case. 
Loolting at  the C I r  and F Is binding energy 
levels one can see little variation of the values 
from molecule to molecule which perhaps 
supports this concept. 
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In Huheey's inetl~od, the orbital electro- 
negativity is defined as : 

where a and b are known parameters and 6 is the 
partial charge of the atom in question. For 
example, for the C-C1 bond in C,F,Cl we have: 

X, = 8.79 + 13.676, 

xcl = 9.38 + 1 1 .  306cl 
and 

6, + 6,, = 0 (neutral molecule) 

8.79 + 13.676, = 9.38 - 11.306, 

6, = 1-0.024 

The results for such a calculation for each 
n~olecule are shown in Table 3. These oartial 
charges are not absolute values as those calcu- 
lated by CNDO/2 or the electrostatic potential BINDING ENERGY ( e ~ )  

model given later, but do provide a simple good FIG. 2. Partial atomic charge on the carbon attached to 
correlation with the binding energy data as X in C6F5X as a function of the C 1s binding energy of 

shown in Fig. 2. The line of best fit for the data this carbon atom. Partial charge was calculated assuming 
a constant contribution from C5F5 and is expressed 

given, gives the following equation relative to the corresponding C I s  value in C6F,H. 

[ l ]  Partial charge = 0.0588 (Binding energy) 
- 17.146 

CNDOI2 Ccilculation r crtzd Clzen~ical Sllifrs 
According to the electrostatic potential model, 

the binding energy of a core electron E,, is givcn 
by the following equation 

when E, and k,  are constants dependent on the 
kind of atom and R,, is the internuclear distance 
and q, the charge. The values of these two con- 
stants have been established by Ohta ( 5 )  for 
monosubstituted benzenes to be 22.67 for k, and 
290.2 eV for E, for the carbon atoms. 

TABLE 3. Relative partial charges 
in the carbon atom attached to X 
in C,F,X (X = H, I, Br, C1, F) 

X 6c 6,' " 

H -0.060 0.0 
I -0.035 0.025 
Br -0.017 0.043 
C1 0.024 0.084 
F 0.109 0.169 

"Value of 6 c  C6F,H set equal to 0.0. 

Equation 2 inay be rewritten in the form 

Thus a plot of the term on the left L A .  q ,  should 
yield a straight line with slope k ,  and intercept 
Eo. To do this one needs q and R,, values. 

We have obtained the charge densities of the 
atoms in the series C,F,X (X = H, I, Br, C1, F) 
using the CNDO/2 calculation. The calculat~on 
was carried out using QCPE No. 2904 whlch 
vanes the geometry of the molecule to obtaln a 
minimuin of energy. The basis set for the cal- 
culat~on invol\es ls for H;  2s. 2p for C. F; 3 ~ .  
2p, 3d for C1: 4s, 411, and 3d for Br: and 55, 5p, 
and 4d for I. We believe this to be the first cal- 
culation of this type on Br and I used in con- 
junction with XPS. The CNDO/2 charges are 
reported in Table 4. 

Substituting the values for q i  calculated by 
CNDO/2 and the necessary Rij one obtains the 
plot in Fig. 3. As can be seen the values for 
C,F,Br are far off the line. Deviations siinilar to 
this have been noted by Ohta ( 5 )  for C I,r cal- 

4Developed by Dr.  D .  Rinaldi, UniversitC de Nancy. 
Available through Quantum Chemistry Program Ex- 
change, University of Indiana. 
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TRUDELL AND PRICE 1283 

TABLE 4. Charge densities of & as deterlined by 

Charge Charge 
Compound Atom density Atom density 

culations when the group attached to the carbon 
atom is C1, NO,, or CN. Inadequate parameters 
for these groups in the C N D 0 / 2  programmes 
were held respons~ble. Omitting the points for 
C,F,Br, least squares analysis of the data gives 

which is in excellent agreement with Ohta's 
results of 

FIG. 3. Binding energies of C 1s  electrons in C6F,X 
(X = F, C1, Br , 1, H) corrected for interatomic potentials 
cs. the charge on the respective carbon atom. 3 C6F6, 
0 C6F5CI, e C6F5Br, 0 C6F51, 0 C5F6H. All preceding 
points are based on q i  values from CNDO/2 calculations. 
(D C6F5Br from ACHARGE. 

for E,, and k ,  for F Is levels has been used. We 
have decided to use Slegbahn's value (8) of 
k ,  = 35.1 eV/e and have calculated E, for F Is 
to be 697.4 eV in a method sinlilar to that in the 
paper of Davis et al. (4). There is no need to 
know the E, and k ,  values for the 'X' sub- 
stituent, if Me assume that 

[6l c C l j = 0  
J 

[ 5 ]  Ei(C 1s) = 290.2 + 22.67qi + qj /Ri j  i.e. neutrality of the molecule. We may also 
i +  i reduce the problem from a 12 x 12 matrix to a 

8 x 8 matrix by symmetry. 
for C 1 Y binding energies in benzene t) pe systeiils. The charge densities calculated by the anal- 

Because of the discrepancies with the charge yses of the C I r and F Is levels of the C,F,X 
distribution in C,F,Br \ve decided to calculate series are shown in Table 5. In all of the 
the charge distribution using the electrostatic pounds, except C,F,Br, is satishctory 
potential model. agreement between the ACHARGE and CNDO/ 
Atonzic Clzarge Analysis 

Using chemical shift data and a knowledge of 
molecular geometry atomic charges may also be 
calculated by ACHARGE analysis (1-5). In the 
present cases A E  is required for C 1s and F Is 
levels. 

In the preceding section \$e calculated the E, 
and k ,  values for C 1s only. A variety of values 

2 results. 
I11 both the ACHARGE and C N D 0 / 2  charge 

calculations, the carbon atom joined to X in 
C,F,X (X = H, I, Br, C1) is the least positive 
carbons in the structures in agreement with the 
+ M effects of the fluorines. Also in the C N D 0 / 2  
charges the o, p carbons are more positive than 
the meta carbon consistent with this idea. The 
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TABLE 5. Charge densities of b5 as detern~ined by ' '  6 

ACHARGE 
- - 

Charge Charge 
Molecule Atom density Atom density 

ACHARCE analysis does not show these trends 
as clearly. 

In order to clarify the results of the charge 
calculation of C,F,Br, it was decided to put the 
ACHARGE charge densities for this molecule 
to an analysis identical to the CND0/2 charges. 
It was found that the points caIculated hith the 
ACHARCE values fit very well on the graph on 
Fig. 3. 

Because of the agreement between the CNDO/ 
2 and ACHAKGE calculations for every mole- 
cule except C,F,Br, we offer this as evidence 
that the CNDOI2 calculation for this molecule 
may be in error. It is recognized that if there are 
any excited state contributions to the experi- 
mental C 1s bonding energies this will be re- 
flected in the ACHARGE calculation and would 

lead to disagreement with CND0/2 results. 
However, it seems unlikely that in the series of 
C,F,X cornpounds studied excited state con- 
tributions in C,F,Br should be of such a unique 
character. The equation for the line derived by a 
least squares calculation including the points for 
C,F,Br derived from ACHARGE calculations 
yields the following equation 

which is still in excellent agreement with pre- 
vious published work on aromatic systems and 
quite similar to eq. 4. Wc regard eq. 7 as tlle 
general equation for perfluorobenzene systems. 

In concIusion, it would seem that the Equali- 
zation of Electronegativity calculations, al- 
though easily carried out with good correlations 
with the present XPS data, provide little realistic 
infornlation about the n~olecule. On the other 
hand, XPS data are used to calculate charge 
distributions on molecules in the ACHARGE 
approach and these are usually comparable to 
CNDO/2 calculations. 
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Toward an understanding of rates of crystal nucleation from solution with a 
variable driving force 

Depnrtmerzt of Chemi~tr?;, McMasrer Uni~ber-siiy. Hamilton, On?., Cnnuda L8S 4M1 

Received July 7, 197.5' 

RONALD E. MASSEY and 0. E. HILEMAN, JR.  Can. J. Chem. 55 ,  1285 (1977). 
'Number-time' data obtained during studies on the nucleation from aqueous solution of 

CaS04,2HZ0 (gypsum) using the droplet technique and a variable driving force are reported. 
Sulfate ion was generated, in situ, by the reaction between S20s2-  and S 2 0 3 Z -  in the presence 
of Ca2+.  The rate of the reaction was determined from polarographic data. The stoichiometry 
and solubility of the precipitate in the aqueous matrix were determined. 

Problems which arise during analysis of 'number-time' data obtained fro111 droplet experi- 
ments with a large spread in individual droplet volumes and a variable driving force using 
techniques suggested in the literature are commented upon. A new technique was developed 
and applied to the analysis of our data. The effects of a non-steady state rate of nucleation, 
variable lag times and a decreasing cation:anion ratio on the derived results are discussed. 

ROXALD E. MASSEY et 0 .  E. HILEMAN, JR. Can. J. Chern. 55, 1285 (1977). 
On rapporte des donnees de "nombre-temps" obtenues durant des etudes sur la nucleation 

a partir de solution aqueuse de CaSO4,2H2O (gypsum) ~ltilisant la technique des gouttelettes 
et une force rnotrice variable. On a genert I'ion sulfate in siru par la rCaction entre S20BZ-  et 
S20,'- en presence de CaZ +. On a determine la vitesse de la reaction B partir de donnees polaro- 
graphiques. On a determint la stoechiometrie et la solubilitC du precipite dans la nlatrice 
aqueuse. 

On fait des commentaires sur les problimcs qui se developpent au cours de l'analyse des 
donnees de "nombre-temps" obtenues a partir d'expkriences avec des gouttelettes impliquant 
un large eventail dans le volunle des gouttelcttes individuelles et une force matrice variable 
et utilisant les techniques suggtries dans la littkrature. On a developpe une nouvelle technique 
et on l'a appliquie a I'analyse de nos donnees. On discute des effets d'un etat de non-equilibre 
de vitesse de nucleation, de temps de retard variables et d'un dicroissement du rapport cation; 
anion sur les resultats qui en decoulent. 

[Traduit par le journal] 

Intoduction 
Data obtained during nucleation studies 

employing n~jniaturization techniques are usually 
collected as increasing number of detected 
events occurring in the droplet population as a 
function of increasing experimental time. In- 
terpretation of such "number-time" data has 
been the subject of several publications (1-5). 
Generally, the problem is considered from a 
probabilistic point of view and the results are 
summarized by expressions similar to [I].  

where J is a theoretical rate of nucleation de- 
pendent on supersaturation and temperature 
but independent of matrix effects, t ,  is time lapse 
from the initiation of the nucleation experiment, 

'Revision received September 17, 1976. 

u is droplet volume, N is the total number of 
droplets of the same volume in a population, 
and n,,, is the total number of droplets in a 
population with a certain volume which contain 
crystals at a given time. 

Variations with time of one or both of the 
driving force and the nucleation rate as well as a 
supersat~lration dependent 'time-lag' limit the 
applicability of this type of approach. Time- 
dependent supersaturation levels and the "time- 
lag" have been considered by several authors 
(3, 6-8). Carte (3 ) ,  for example, suggested that 
eq. ! be modified into the form shown as eq. 2 
for data analysis in systems with a timc-de- 
pendent supersaturation. 

1 I an, , ,  as 
[2j J(S, t , )  = - -- 

v AT - n,,, a§ are 

where S is supersaturation level = [(I.P.) x 
(K,,- ')]~I~(I.P. = ion product = [Ca2+][~0,'-I). 
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TABLE 1. Summary of experimental conditions for nucleation experiments 

Concentration (mol,'!) 

Experiment" CaZ' Sz082-  Sz032-  K T  Na + NO3- P" 

.Experiments performed at 295 ? 1 K. 
b &  - ionic strength of the solution from which tbe crystals formed 

Thermostatted water was passed through this compart- 
ment via nozzles placed directly opposite each other. 
The base of the cell holder was formed from an aluminum 
plate, with a 25 mm diameter window into which a 
thin quartz circular cover glass was affixed. 

The camera, an Autowind 35 mm (Vickers Instru- 
ments), was controlled by an autoexposure unit J-35 
(Vickers Instruments). Ansochrolne D-500 and D-200 
colour reversal film (G.A.F.) was used. 

The photo~nicrographs were projected onto a pinboard 
(60 x 90 cm) using a Pradovit projector (Lietz), equipped 
with either a 150 mm or a 50 mm lens, and a Anso- 
chrome 940 projector (G.A.F.), equipped with a 150 mm 
lens. 

Solubiliry of CaS0,.2H20 
A synthetic matrix was prepared which contained 

0 .2MNa2S40 ,  and 0.05 AdNa2S,03. An excess of 
freshly prepared CaS0,.2Hz0 was added, the solution 
was stirred for 24 h, then pressure filtered. Aliquots of the 
resulting filtrate were titrated with 0.0100 124 EDTA to  
an  EBT end point. 

Detern~ination ofS~iper.saiuratiorz Duicz 
The rate of change in the thiosulfate concentration ia 

solution was determined polarographically using the 
free dissolution wave of Hg  (El,, = -0.2 V cs. SCE) as 
the indicator. The sulfate ion concentration was cal- 
culated from the resulting data. 

Calibrafiorz 
A thiosulfate solution was prepared and standardized 

against K2Cr20,.  Exactly 0, 5, 10, 20 and 25 ml portions 
of this sol~rtion were pipetted into separate 250 ml 
volumetric flasks containing approximately 200 m1 of 
KNO3 solution, enough S208'- to  duplicate the initial 
conditions of each experiment, and Triton-X100. After 
dilution to  volunle the polarograms were determined 
over a range of f 0 . 1  to  -0.5 V cs. SCE. 

Procedure 
Solutions A and B, previou~ly described, were mixed 

and at certain time intervals 3.0 ml of the solution were 
transferred into separate 250 ml volun~etric flasks con- 
taining 200 ml of water t o  quench the reaction. After 
addition of KNO, and Triton-XI00 and upon dilution 
t o  volume, the polarogranis of these solutions were 
recorded. The diRusion current of each solution was 
measured at  the same potential as the calibration stan- 
dards. The diffusion current of the first aliquot was 
observed initially and was subsequently recorded over a 
period of 2 h.  

Droplet Experitnents 
The following procedure was used t o  prepare a large 

population of non-communicating droplets. The popula- 
tion must exhibit a narrow volurne range and, t o  aid in 
microscopic observation of events taking place within 
it, the population should be situated on an optically 
flat surface. The experimental conditions used are 
summarized in Table 1. 

Procedzrre 
Both solution A, containing calcium and peroxy- 

disulfate, and solution B, containing thiosulfate, were 
pressure filtered through a 0.3 p PVC filter. Equal aliquots 
of each were withdrawn, combined together and 
thoroughly mixed. This solution was drawn into a 
dropping pipette and 2 drops of it were placed in a 
6 1111 holnogenizing flask containing 5 1711 of light mineral 
oil. The solution was dispersed by means of a micro- 
homogenizer rotating at approximately 40 000 rpm for 
10 s. The contents of the homogenizing flask were then 
poured into a 15 nil centrifuge tube containing 11 ml of 
heavy n~ineral oil. This mixture was rotated at 4000 rpIn 
in a centrifuge for 2-5 min. An eye dropper was used t o  
transfer 3-4 ml of the mixture to  the hottorn of a Nessler 
cup which contained 1 ml of the heavier oil. The cup and 
contents aere  rotated at  4000 rpm for 3-4 luin and then 
the oil was decanted off until a depth of 3 mm remained. 

The observation cup was placed in a cell holder on the 
rnicroscope stage and fields of vie\+) were selected for 
observation. Micrometer dial settings for each field of 
view were noted so that accurate readjustment for 
observation of multiple fields of view was possible. 

Each field of view was photographed and the time, 
relative t o  expsrimental time zero, was recorded. Data 
recording was terminated when most of the droplets 
contained crystals or at  the lapse of a predetermined time 
interval. Finally, a photograph was taken of a millimeter 
slide using the same magnification factor. 

Data Collection 
The 35 mm slides were sorted into fields of view. ar- 

ranged into correct time sequence, labelled, and mounted 
in trays. The ahsolute droplet sizes here measured by 
comparing observed diameters with the distance mea- 
sured between rulings on the projected millimeter slide. 

A slide showing all the droplets from one field of 
view was projected on the screen and the droplet popula- 
tion was divided into volume ranges. The droplets in 
each range bvere identified with pins of a specific colour. 
All the slides taken of the one field of view were then 
projected in correct time sequence. As each slide was 
displayed, a search was made for those droplets which 
contained a crystal not visible in the previous slide. 
If such a droplet were found, the pin associated with it 
was renloved and placed in a container holding all those 
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1288 CAN. J. CHEM. VOL. 5 5 ,  1977 

removed for that particular slide. This procedure h a s  
repeated for all slides in all fields of view. 

The data observed from corresponding volumes and 
times from ail fields of view were combined. These data 
were then summed over time t o  give lzt,,, the total number 
of droplets of volume 'v' containing crystals at time 't,'. 

Results 
Preliminary experiments established Ca- 

S0,.2H20 to be the sparingly soluble product 
of reaction between S,0,'- and ~ ~ 0 , ' -  in the 
presence of Ca2+. The measured K,, value for 
CaS0,.2H20 at 295 f 1 K was found to be 
invariant, within experimental error, as the 
ionic strength of the aqueous matrix changed 
from 1.80 to 3.20. Thus, an average value of 
8.47 x was used in the calculation of the 
supersaturation levels reported in this study. 

Supersaturation cs. time data calculated from 
results of the polarographic determination of 
S,O," concentration levels in bulk reaction 
mixtures are shown in Fig. 2. The maximum 
supersaturation attained for experiments El 
and E, was found to be 7.7 and 13, respectively. 

FIG. 2. Plots of the supersaturation as. time for experi- 
mcnts El  and E,: @ = El ,  6 = Ez. 

These supersaturation values were obtained at an 
ionic strength of 1.80 (El) and 3.20 (E,). 

Typical results selected from droplet experi- 
ments performed under each set of experi- 
mental conditions listed in Table 1 are shown as 
rz,.,./N cs. time curves in Figs. 3 and 4. The data 
f& each curve are taken from one experi- 
mental run with the total population divided 
into several volume ranges. For statistical 
reasons, the minimum population for each 
volume range required for subsequent data 
analysis was 100 droplets; data arising from 
volume ranges with fewer than 100 droplets 
were disregarded. 

Discussion 
Bigg (2) suggests that n,,, rs. time data col- 

lected by observation of nucleation events in a 
droplet population comprised of a multiplicity of 
individual droplet volumes may be combined if 
the mean crystallization time in each volume 
range is reduced to that of a droplet of standard 
size. Froin the following argument, in contrast, 
we conclude that rate calculations must be 
performed within each individual volun~e range. 

FIG. 3. Plots of n,,,/N as. time measured for three 
volun~e ranges in experiment E l .  Legend: @, v = 2.57 x 
lou9  cm3; D, = 4.85 x 10-'cm3; A, v = 8.18 x 
cm3. 
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I 
15 20 2 5  

TIHE(rnln) 

FIG. 4. Plots of n,,,~h' es. time measured for three 
volume ranges in experiment E,. Legend: @, v = 5.24 x 
~ o - ~ o c ~ ~ ;  m, = 4.19 x cm? A, 0 = 1.41 x 

cm3. 

If the supersaturation is constant during the 
nucleation experiment, eq. 1 may be integrated 
over time to give eq. 3. 

[3 1 M,,, = N[1 - exp ( - J L ~ , ) ]  

By setting J = lo6 cm-3 s- l ,  selecting various 
values of r and using [3], hypothetical 'number- 
time' data for each droplet volume range can 
be generated. Sample data for v ,  = 1 x lo-'' 
cm3 and c, = 5 x lo-'' cm3 are shown in 
Fig. 5a. The mean crystallization time, defined 
as that point in experiineiltal time when n,,,/N = 

0.5, for these data is 6930 s for z., and 1380 s 
for r,. The curve labelled z3, in Fig. 5 was shifted 
along the time axis using the procedure suggested 
by Bigg (2): 5550 s were subtracted from all t, 
values. The result is shown as Fig. 5b. Summa- 
tion of the two curves in this figure produces a 
distorted, S-shaped curve with an apparent 
initial non-steady state rate of nucleation even 
though the data were generated assuming a 
steady-state rate. Such manipulations, there- 
fore, do not seem to be useful as the basis of a 
scheme for the analysis and interpretation of 
number-time data obtained from experiments 
with droplet populations made up of diverse 

FIG.  5. ( a )  The n,,,/N us. time plots of two droplet 
populations c l  and c,. (b) The mean crystallization 
time of cl  reduced to that of c,. Legend: 9, e l  = 1.0 x 
10- lo  cm3; B, v ,  = 5.0 x cm3. 

individual volumes. In this study, the data 
observed for the individual volume ranges were 
not combined together for subsequent data 
analysis and parameter estimation. 

More serious problems arise in the inter- 
pretation of number-time data if the super- 
saturation level being experienced by the system 
significantly changes with time during the 
nucleation experiment. A suggested scheme for 
the analysis of data gathered under this condi- 
tion follows. 

Figure 6 depicts, in three dimensions, the 
inter-relationships between the laboratory ob- 
servable~ n,,,, S,  and t ,  during a hypothetical 
nucleation experiment that has such a variable 
driving force. A dummy variable, z, is introduced 
for ease of algebraic manipulation. The vector 
components of dn,, the tangential vector, are 
dn,,,, dS, and dt,. The orthogonal projection 
of dn, onto the S,t, plane is dz. If the angle 
between dz and dt, is 0, the following trigono- 
metric relations will then hold: 
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FIG. 6. The ~nter-relationships between r ? , , , ,  r ,  and S 
in an experiment that has a variable driving force. 

d S -- - sin 0 
dz 

d S  
- - = tan 0 
d t e  

A diinensio~lal analysis of the above relations 
suggests that dt,, dS, and dz must be dimension- 
less. Thus a dimellsionless quantity ' t '  is in- 
troduced such that 

where to  1s the t ~ m e  (t,) at M hich the curve I v e n  
by eq. 3 fitted to the steady state portion of the 
17 ,  ,IN I S .  te curve intersects the t, axls, and to 
1s the time (t,) at wh~ch n,  ,,N attallled a value 
of 0.5. Then, 

To an observer in the S,I plane the rate of 
nucleation would appear to obey eq. 6. 

where J' = an exper~mental rate of nucleat~on 
calculated fio111 each datum polnt on the 
n,,, N 1s. time curve wl-i~ch ~eflects the effects 
of varlable non-cteady state rates, ca t~on  anloll 
rat~os.  lag times, and other nlatrlx effects. 

Subst~tution, in turn, of eqs. 4 and 5 Into 
eq 6 ylelds, ~espectlvely, 

and 

1 1 an,,, [s] J f ( S . t )  = - p- - -- 
L- h - ? I , , ,  2s 

At very low d S  dt, that is, as [(dS dt)' + I ] - '  ' 
approaches one, and as [(dS1dt)-' + I ] - '  ' ap- 
proaches dSldt. eqs. 7 and 8 reduce to eqs. 9 
and 10 respectively. 

At  very high dSldt, that is as [ ( d S ~ d t ) ~  + I ] - '  
approaches (dt/dS). and as [(dSidf)-' + 1]-11' 
approaches one. eqs. 7 and 8 reduce to eqs. I I 
and 12 respectively. 

C121 
1 I an,,,  

J 1 ( S )  = -- -- -- 
0 N - n t , ,  as 

Equation 2, therefore, is a special case of a tnore 
general expression for the rate of nucleation with 

and a variable driving force. And, compared with 
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TABLE 2. Selected data for experiments El and E, 

Value 

El EZ 
--------------A- 

Parameter 01 DZ u3 C 1 02 L'3 

V (cm3) 2 . 5 7 ~ 1 0 - '  4 . 8 5 ~ 1 0 - ~  8 . 1 8 ~ 1 0 - ~  5 . 2 4 ~ 1 0 - l o  4 . 1 9 ~ 1 0 - ~  1 .41x10 - *  

to (s) 6540 7380 7380 987 732 834 

to. s (s) 8820 8700 8700 1176 1047 1080 

OThese values taken at the i, tirne for  mch  \olume range. 
>J,' is a n  experimental rate of nucleation calciilated by fittirig eq. 3 to  the 'number-time' data nhicli reflects the effect o f  variable non-steady 

state rates, cation:anion ratios, lag times, and  other matrix effscts. 

eq. 9, it is less appropriate for use in data analysis 
because of the errors introduced by multiplying 
together a large number ari,,,/aS and a small 
number dS/dt. 

Shown in Table 2 are the data required for 
the calculation of a dimensionless time scale 
and the selection of an appropriate model to be 
used in the calculation of J' for three typical 
volume ranges in each of experiments El  and E,. 
Best values of J,'r estimated by fitting [3] to the 
data are also included in Table 2. 

Experiment E, was perfornled under condi- 
tions of low dS/dt (Table 2); hence eq. 9 was 
used to calculate values of J'. These values 
coupled with S rs. time data were used to 
prepare the El plots in Figs. 7 and 8. Experiment 
E, was performed under conditions of moderate 
dSldt (Table 2); hence neither set of approxi- 
mate relations, eqs. 9 and 10 nor eqs. 11 and 12, 
would appear appropriate for the calculation 
of J' values. But, owing to the scatter in the 
'nunlber-time' data, the slope and intercept 
values of the In J' CS. (In S)V2 and 1n J' LT. In S 

\ ,  

plots prepared using J' values calculated with 
eq. 7 did not exhibit statistically significant 
differences from these parameters of the same 
plots prepared using J' values calculated with 
eq. 9. Consequently the E, plots in Figs. 7 and 8 
were prepared from J' values calculated using 
eq. 9. 

The apparent discrepancy within the param- 

FIG. 7 .  Plots of In J' cs. In S for expe~iments El  and E,: 
e = El, = E2. 

eters listed in Table 3, derived from the n,,,/N 
cs. time data collected under conditions of low 
dS/dt (El) and moderate dS/dt (E,) must arise 
from additional factorc not included in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1292 C 4 N .  J .  CHEM. VOL. 55.  1977 

TABLE 3. Values of various macroscopic parameters calculated from the data shown in Figs. 7  and 8" 

o (ergs ~ r n - ~ )  ,." AG* (ergs) 
Experimentb S * (sb*) x lo9 IZ* (nnl) x 10l2 In A 

E 1 7 . 0 2 1 0 . 3 5  ( 7 . 2 0 i 0 . 2 0 )  5 6 . 8 i 1 . 7  186k37 1 . 7 6 1 0 . 1 4  7 . 3 9 i 0 . 8  7 8 . 9 k 4 . 8  

Ez 5 . 5 7 t 0 . 3 3  (6 .13 i0 .11 )  3 4 . 4 i 1 . 0  4 5 k 9  1 .10?0.09  1 . 7 4 i 0 . 2  4 2 . 7 k 2 . 6  

S,*: ;r critical supersaturatioi~, r l *  is c~itical number of monomers in an embryo, i.* is critical radius of an embryo, + values are the 95% 
confidence level. 

OFigure 6 shows the nature of ihs ~ar ia t ion  with time and the extent of the supersaturation for each experimei~t. 

FIG. 8. Plots of In J' cs. (In S ) - 2  for experiments El  
a n d E 2 :  @ = El,  = E,. 

model. Some of these factors may be: changing 
Ca2+ :SO,' - ratios during an experiment, non- 
steady state rates of nucleation, and changing 
lag times. 

Calcium ion was in excess from the beginning 
of each experiment but the Ca2+:S04'-  ratio 
approached one as the experiments proceeded. 
In a subsequent report, it will be show11 that 
the nucleation rate at any one ion product varies 
with the Ca2+ : ratio. Measuremeilt of 
the rate of nucleation as the cation:anion ratio 
was decreasing had the effect of increasing the 
slope of the In J' cs. (In S)-2  plot. The curve 
would also be shifted upwards if the critical 
supersaturation were reached simultaneously 

with that Ca2+ ratio which gives a 
maximum rate. 

Non-steady state rates of nucleation of 
CaS0,.2H20 generally occurred at very low 
supersaturations and high values of the 
Ca2+ : ratio. This effectively lengthened 
the lag time. 

Large, but rapidly decreasing, lag times 
resulting from low, but increasing, super- 
saturations that exist early in variable driving 
force experiments are a major source of un- 
certainty in the analysis of 'number-time' data. 
Frisch and Carlier (8) have shown that the lag 
time is a complex function of (In S)-'; thus, 
our calculated nucleation rates correspond to S 
measurements of a prior time and this gap 
increases at lower supersaturation levels. The 
gap narrows as S increases and  eventual!^ 
becomes negligible. 

'Number-time' data will exhibit the influence 
of a changing lag time during their col!ection 
through deviations in both the shape of the 
n,,,/N 6s. time curve and the apparent lag time 
from those expected when S is not changing. 
These deviations lead to an ever decreasing 
underestimation of J at increasing values of S :  
this results in non-linear In J' cs. (In S)-2 curves 
and overestimation of o, AG*, S*, and A 
(o = a surface energy, AG* = critical free 
energy of an embryo, S:" a critical super- 
saturation, and A = pre-exponential factor). 
The data of Table 3 tend to confirm this. 

The design of successful nucleation from 
solution experiments employing a variable driv- 
ing force depends upon a comparison between 
the effects of supersaturation and the rate of 
change of supersaturation on the laboratory 
observables. The former effects become signifi- 
cant as supersaturation increases whereas the 
latter are major at lower supersaturations. in  
most cases, then, it is necessary to achieve some 
optimum balance between the two. Con- 
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MASSEY AND HILEMAN 1293 

sequently for our studies on calciun~ sulfate 
nucleation from solution using a variable driving 
force, it seems necessary to generate high final 
supersaturation levels rapidly thereby causing 
negligible lag times and non-steady state rate 
effects. 
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Polymorphism in phenol under pressure: dielectric properties and molar 
polarizations of polycrystalline phenol I and II 

JOHN E. BERTIE A N D  PETER R. TREMAINE' 
Depurtrnrrit o f C I ~ r n ~ i ~ t t ? ,  Ur~ibeels~O ofAlberta, Edmonton, Alta., Curradli T6G2G2 

Recelved November 12. 1976 

J ~ H V  E. BERTIF and PETER R .  TRFMAIVE. Can.  J .  Chem. 55. 1294(1977). 
The dielectric properties of phenol I have been measured as isothermal functions of pressure 

betmeen 140 and 1520 bar and betneen 4- 35 and - 10-C. N o  dielectric relaxation \\as observed. 
The static (50 kHz) permittivity at  1 0 C  is given with a precision of 0.3"; by 

E"' = 2,882  t 4 . 4  x 10-'P - 3 x 10-'P' 

where P is in bar. The extrapolated value at  1 bar is 2.882 i 0.009 nhich compares nit11 
literatiire \ a l i ~ e s  between 2.71 and 2.84. The 50 kHz molar polarization, P ,  at  10cC is given by 

P c m 3  = 20.30  + 11.75 V Vo 

\\here !'and L', are the molar volirmes at pressures P and 1 bar, respecti\-ely. At 1 0 ~ C  arid 1 bar, 
the electronic and a t o n ~ i c  polarizationi arc estimated to  be 26.9 ' 0.3 cii13 and 5.1 i 0.4 cm3, 
respecti\cl>-. Expressions for the isobaric temperature dependence of so' arc reported for 
several 1,resbiires. Belo\\ 1500 bar, (CE,' ? T ) ,  is negative, as expected froin the density change 
but in contrast \\ ith p r e ~ i o u s  results and mith results obtained \\1iile Larying the temperature 
~ i n d e r  a constant applicd pressure of 1 kbar. The accuracy of the te:i?peratiir: dependence at 
I bar is not high; jiidging from the thermal eupansi\ity ca lc~~la ted  from it. 

E,' of phenol 11 at 10 C and a n  estimated pressure of 2000 bar is 3.10 + 0.06, u i t h  the 
corresponding molar polarization 30.75 5 0.5 cm3. N o  intrinsic dielectric relauation \\as 
obser\ed in phenol I1 and the iuolar polarization shoixs no  ~narked  discontiiiuity at  the transi- 
tion. Phenol 1 I  is, therefore, like phenol I, a hydrogen-bonded solid in L~hich the hydrouyi 
hydrogcn atoms are ordered, either fully or in chains. Thc  dielectric parameters and Arrhenius 
acti\ation energies of t \ \o  transient dispersions which appeared \$henever phenol TI formed 
are discussed. 

J o ~ n  E.  BERTIE et PETER R. T R E ~ I A I N E .  Can.  J .  Chem, 55, 1294(1977). 
011 a mesure les proprietes dielectriques du phenol I comine une fonction isotherme de la 

pression entre 140 et 1520 bar et entre I 3 5  ct - 10 C. O n  n'a observe aucunc relauation iiidlec- 
trique. On rapporte la permit i~i te  statique (50 kHz) a 10-C avec une pr2cision cle 0.3"; par 
I'kquation 

co' = 2.882 f 4 . 4  x 1 0 - V  - 3 x 10-'P2 

oii P est expri~ne en bar. La Laleur eatrapolte 5 I bar est de 2.882 i 0.009 qui se conlpare avec 
lcs valeurs de 2.71 a 2.81 i ro i~vies  dans la litterature. La polarisation molaire 50 kHz, P,  a 10 C 
est representee par !'equation 

P , c m 3  = 20 30 + 11.75 1/ 1.6 
oil Vet  16 representent les v o i ~ ~ m e s  molaires respectivement a u s  pressions P et 1 bar. A 10-C 
et unc bar, on estiii~e que les polarisations Clectroniques et atomiq~les sont resp-cti\ement de 
26.9 ? 0.3 ~ 1 1 1 ~  et 5.1 = 0.1  ~ 1 1 - 1 ~ .  On rapporte pour plilsieurs pressions des expressions pour 
la relation isobariqiie entre la t e n p i r a t ~ ~ r e  et E ~ ' .  Tel que pre\u i partir des cliangeiiients de 
densite mais en opposition a \ c c  les resultats antirieurs et les resiiltats obtenus lorsque I'on fait 
\arier la temperature h pression appliquee constante de 1 kbar. la valeur dc ( c ? ~ , '  8T)] ,  est 
negative cn dessous de 1500 bar. La precision dc la dependance sur la temperature a 1 bar n'est 
pas elevie si l'on eii jilge pariir de I'espansivite thermique que l'on peut calculer partir de 
cette valeur. 

c,' du phenol I i  i 10-C ct une pression estimee de 2000 bar est de 3.10 i 0.06 avec une 
polarisation molaire correspondante de 30.75 z 0.5 c:n3. O n  n'a observe aucune relaxation 
tiiClectrique intrinseque ciani le phenol I1 et la polarisation molaire ne niontre aucune discon- 
tinuite importante a u  nibeau de la transition. Le phenol 11 est donc, conirl-Ie le phenol I, un 

'Present address : Research Chemistry Branch, Atomic Energy of Canada Limited, Whiteshell Nuclear Research 
Establishment, Pinawa, Man. ,  Canada ROE 1LO. 
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BERTIE AND TREMAINE 

solide lib par des pants hydrogkne dans lesquels les atonles d- l'hydrogene de I'h>droxyle sont 
ordonnes soit comp!etement soit en chaines. On discute des paran16tres diC!cctric1ues et dec 
Cnergies d'activation d'Arrhenius des deux dispersions transitoires qui apparaisseiit chaque fois 
que la phdnol I1 est formd. 

[Traduit par le journal] 

Introduction 
The literature concerning the physico-chemical 

properties and polymorphs of phenol under 
pressure has been summarized in previous papers 
(1, 2) which presented results from this study 
(3).' This paper reports the dielectric properties 
a t  frequencies below 100 kHz of polycrystalline 
phenol I and its high pressure poly~norph 
phenol 11. Specifically, the static (50 kHz) 
dielectric permittivity is reported for phenol I a t  
temperatures between - 10 and 135°C and 
pressures up to 1.5 kbar, and for phenol I1 a t  
10°C and 2 kbar. T11e corresponding molar 
polarizations, or  Clausius-Mossotti functions, 
are reported for each phase a t  10°C. Also re- 
ported are the parameters of tlvo transient dis- 
persions which appeared after the phenol I to  II 
transition had occurred. 

The dielectric properties of phenol under 
pressure have not been studied previously. The 
dielectric constant of pl~enol I at  atmospheric 
pressure has been reported to increase slightly 
with decreasing frequency between 60 and 0.2 
kHz  (4-6): undo~~bted ly  due to space charge 
polarization effects (7-9), and to decrease (4, 5), 
o r  to remain essentially constant (6), with 
decreasing temperature from a value of 2.79 
f 0.05 a t  + lOLG and 50 to 60 kHz (4, 5). 
Although exceptions are known (10-12) the 
dielectric constant of a solid is expected to  
increase as the density increases with decreasing 
temperature (13), but the temperature depen- 
dence reported (4-6) for phenol is commonly 
observed when the solid is a t  atmospheric 
pressure because of the formation of cracks in 
the sample (13-15). The correct temperature 
dependence can be obtained if the solid is above 
atn~ospheric pressure (14, 15). 

Experimental 
Analar analytical reagent grade phenol was purified in 

evacuated glass tubes, by directional freezing followed by 
zone refining in the dark (3). l i k e  Ti~nn~ermans and 
Hennaut-Roland (16) we found the melting point to be an 

ZAvallable from CISTI, the Nat~onal Research Counc~l 
of Canada, Ottawa, Canada K I A  0S2 Accession 
number 21 126. 

unreliable criterion of purity. The purified samples con- 
tained less than 0.02 weight percent of water (Karl Fischer 
titraiion). The sodium-D line refractive index of the puri- 
fied samples was 1.5401 at 45.6-C compared with 1.5404 
for the commercial product, hoth measured in a dry 
atmosphere to an estimated accuracy of 10.0001. 
Tirnmermans' (1 6) value is 1.5400. The specific conductiv- 
ity at 10 kHz decreased from 3.5 x 10- j  pmho cm-' for 
the con~mercial product to less than 1.5 x 10-' pmho 
cm-' after purification. Mallinckrodt analytical reagent 
grade phenol was found to be distinctly less pure than 
the Analar phenol by the above criteria but the samples 
purified from the two conlmercial products Lvere identical. 

Two piston and cylinder, three terminal, high-pressure 
dielectric cells were used in conjunction with the 20 ton 
press which, with the pressure calibration, has been 
described (I). The coaxial dielectric cell was similar to 
that described by Whalley et nl. (17), and is shonn in 
Fig. 1. The cylinder and all steel parts mere of Vascomax 
350, 1 8 z  Ni maraging steel, heat treated to 54 Rock\\e!l 
C. The taper 011 electrode a reduced the considerable 
nonuniformity of the pressure in the cell. Electrode a 
was joined to its support b bq epoxy resin about a mica 
insulator, which formed an 'unsupported area' pressure 
seal (18). The two brass backing rings betmeen parts g 
and h were 0.030 in. apart in the middle of the annulus. 
The nonconducting coolant which filled the thermostat 
jacket j was kerosene, either pure or inixed with Skelly C 
petroleum ether for temperatures below -2O'C. The 
temperature was measured by a calibrated ( I )  (to 
i 0 . l Z C )  thermocouple set in a copper block clampcd 
around the cylinder The parallel-plate cell was that 
described previously (I), slightly modified to reduce the 
'dead space', i . e .  the cell volume when the electrodes 
touch, and to reduce intrusion of the sample between the 
electrodes and the pistons. This cell was thermostatted 
and its ternperatme was measured in the way described 
for the coaxial cell. Temperature gradients were found to 
occur across both cells and, consequently, the tempera- 
tures are only accurate to i 0 . 5 - C  at -4OCC and 20.1"C 
at + 1OcC. 

Capacitance and conductance were measured by a 
General Radio 1615A capacitance bridge in conjunction 
with a General Radio 1310% oscillator, a Rhode and 
Schwartz UBM tunable indicating amplifier, and a 
Hewlett-Packard 5321B frequency counter. All connec- 
tions were coaxial cable whose shields were joined to the 
common ground of the capacitance bridge through 
General Radio 847 connectors. The bridge was calibrated 
against a General Radio 1404%, 100 pF  reference standard 
capacitor, and reproduced the capacitances of a factory- 
calibrated General Radio 1422CD precision variable 
capacitor to within 0.003 pF  in the 1 to 20 pF  capacitance 
range used in this work. The factory calibration of the 
dissipation factor, D, and conductance, G, controls was 
used; values of the dielectric loss calculated from I) 
agreed with those calculated from G to within 1 x .  
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FIG. 1 .  The coaxial, three terminal, high-pressure dielectric cell. The letters indicate: H, L, G, high, 
low, and ground potentials; a, steel elcctrode; b, steel support and guard electrode; c, tellon-insulated 
low potential lead; d, high potential lead; e, steel piston; f, brass backing ring; g, teflon support; h, 
bakelite support; i, teflon cylinder; j, stainless steel thermostat jacket; k, bakelite discs; I, steel support 
disc; m, teflon plug; p, applied pressure. The open circles are Buna-N O-rings. 

Cell Constants 
Calibration of the coaxial cell with Baker, and Eastman, 

spectrograde carbon tetrachloride and cyclohexane as 
dielectric constant standards (19) showed the lead 
capacitance to be negiigible. Therefore the cell constant 
at atmospheric pressure, about 1 pF, was measured with 
the cell containing air. This was done at  each frequency, 
because the bridge calibration changed by about 0.8% 
from 20 to 100 kHz. The cell constant was independent of 
temperature to within 0.05z  betiveen 10 and 35°C and 
was assumed to remain so to - 19'C. The cell constant 
was also constant provided the top piston was at least 
0.5 in. a\vay from the top of the central electrode, a in 
Fig. I .  The piston was therefore kept 0.75 in. away from 
the ccntral electrode and the 0.5 in. long teflon plug, m, 
was used to minimize friction. 

The pressure dependence of the coaxial cell constant 
was calculated from the values 29.1 x 10' p.s.i., 0.26, and 
7.17 x lo-' bar-' for Youngs modulus (20), Poisson's 
ratio (20), and the compressibility (21), respectively, of 
the maraging steel. The forniula (22) 

C L log (a,ir,) - -- - - 
C ,  L, log (air)  

was used, where C ,  L, r., and a denote the cell constant, 
length and radius of the inner electrode (a in Fig. I ) ,  and 
the radius of the bore of the pressure vessel, respectively, 
at  pressure P, and the subscripted entries denote the 
corresponding atmospheric pressure values. The pressure 
expansion of the bore of the pressure vessel, a - a,, was 
taken as 0.75 of the ideal elastic expansion which was 
calculated as described previously (2). The factor 0.75 
was selected because the sample's length-to-radius ratio 
was 2.8 in the coaxial cell compared with 0.5 in the com- 

pression cell for which the factor mas, experimentally (2), 
0.38. An error of i 0 .25  in this factor causes errors of 
0.03% and 0.08% in the cell constants at 1000 and 3000 
bar, respectively. The length and radius of the inner 
electrode at  pressure P were calculated by multiplying the 
atmospheric pressure values by ( 1  - pP/3), where is the 
compressibility. The radius of the inner electrode varied 
uniformly from 0.146 in. to 0.115 in. over its length; this 
electrode was regarded as n cylindrical electrodes in 
parallel, and n = 10 gave sufficient precision. C,;C 
varied essentially linearly with pressure and was 1.00288 
at 2000 bar. 

The cell constant of the parallel-plate cell was only 
required for + 10IC. The capacitance of this cell contain- 
ing a sample of dielectric constant E is (23) 

The area of the guarded electrode, A (cm2), was deter- 
mined from the cell dimensions and was assumed to be 
independent of pressure. The distance between the elec- 
trodes. S fcmi. was determined at  750 bar from the , \ ,, 

measured capacitance and the dielectric constant of 
phenol at  750 bar and 10-C which was determined using 
the coaxial cell. The volume of phenol present at 750 bar 
was calculated from the equation 

where a,5o is the radius of the bore of the pressure vessel 
at 750 bar and k is the dead space. k was calculated from 
the cell dimensions to be 0.1 1068 1 0.00010 cnl3 and was 
assumed to be independent of pressure. The radius, a,,,, 
was calculated from the atmospheric pressure value as 
described previously (2 ) ,  using 0.38 of ideal elastic 
expansion because the length-to-radius ratio of the dielec- 
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TABLE 1. The dielectric constant of phenol I at 50 kHz as a function of pressure for various temperatures 

Hlghest and 
lonest 

pressures h-0, of 
Sample T ( " C )  Dielectric constant (E ' ) "  (ball points 

- - 

Sampie 1  6 5 
24 5 
35 0  
10 Ob 

Sample 2  34 .9  
25.0 
10.0 

-0 .3  

Sample 3  20.2 
10. I 

-0 .7  
-10.2  

OP is the pressure in  bar. 
bTlir data \\ere taken arier phcnol IT liad been foimcd and tranhrorrncd back to pileno1 I, and &\%as  s~niiller thdn at  6.5 and 

24.5'C indicaung that the cell constant had changed in the transitions. The data \%ere corrected by rnuitipl) iiig by 1.00183, o n  
the assiirnption that E a t  750 bar valies linearly \\ith temperature betueen 6.5 and 24.5-C. 

tric sampie mas c!ose to that of the cosnpresslon sample pressure on large graphs, slnooth curves were 
(2) At other pressures, P,  the volume of the salnple was drawn through the points, the approxi- 
calculated froin the compression results ( 2 )  so the 
dieiectr~c constant was calculated from the equatlor, mately 500 bar hysteres~s in the apparent 

pressure for a given value of E,' was removed by 
E p  = ~ 7 5 0 ( G ' ~ 7 5 0 ) [ ( ~ ~  - k ) / ( V 7 5 0  - k ) l ( ~ 7 5 0 ~ / a ~ ~ )  averaging the two apparent pressures. The 

where Cp and C750 are the capac~tances of the cell at  P dielectric constants and the averaged pressures 
and 750 bar, respectively. were corrected for the deformation of the cell 

Results and Discussion 
Phenol I :  General 

The coaxial cell was assembled under dry 
nitrogen, using about 2 g of polycrystalline 
phenol. Each sample was annealed overnight at 
+ 3 j C C  and an apparent pressure of 1500 bar. 
The dielectric constant and loss of phenol I 
between 100 Hz and 100 kHz were then deter- 
mined lsother~nally as functions of increasing 
pressure and decreasing pressure, neglecting the 
pressure dependence of the cell constant. The 
apparent pressure bas  changed by 125 bar every 
half hour, and the measurements were made 25 
min after the pressure change. When phenol I 
had been studied a t  each required temperature, 
phenol 11 was formed at +35"C and 2000 bar 
and was studied as described later. 

No dielectric relaxation between 10' and loi  
Hz was found in phenol I between -70 and 
+4OCC. The dielectric constants a t  50 kHz were 
not affected by space charge polarization, except 
at the lowest pressures when the temperature 
was above 30'C, so they are used as the static 
dielectric constants, E,'.  For each sample at each 
temperature, E,' was plotted against apparent 

under pressure, and E,' was fitted to quadratic 
equations in pressure by the least-squares 
method. In all cases the standard and maxirnuni 
deviations of the observed and calculated 
dielectric constants were less than 0.00012 and 
0.00018 respectively, and the individual devia- 
tions were random. The resulting equations are 
given in Table 1, with the highest and lowest 
average pressures of the data, and the number of 
points used to derive each equation. The original 
dielectric constants and further details are given 
elsewhere (3). 

Pheizol 1 at 10SC 
The three equations for 10.0 ) O.l0C (Table 1) 

were averaged to give 

where P is in bar, for the static (50 kHz) dielec- 
tric constant of phenol I. Averaged values of 
E,' and ( ~ E , ' / ~ P ) , , ~ ,  are glven in Table 2, with 
the maximum deviations from the average; the 
average data have precisions of about 0.3% and 
8% which are satisfyingly close, although in- 
ferior, to those obtained for alkali halides (1 1 ,  
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TABLE 2. Dielectric collstants and molar polarizations of phenol I at  IO'C and 50 kHz 

Dielectric constant (c?&,','PP),,~, x 10"bar-' Molar polarization/cm3 

Maximum Maximum Maximum 
P'bar I:'Voa Mean deviation Mean deviation Mean deviation 

0 1.000 2.882 0.008 4 .4  0 . 4  32.05 0.08 
250 0.9942 2.893 0.008 4 .3  0 . 3  31.98 0.09 
500 0.9888 2.904 0.009 4 .1  0 . 3  31.92 0 .10 
750 0.9838 2.914 0.009 4 . 0  0 . 2  31.86 0.10 

1000 0.9791 2.923 0.010 3 .8  0 .3  31.80 0 .  10 
1250 3.9747 2.933 0.010 3 .7  0 . 3  31.75 0.10 
1500 0.9707 2.942 0.010 3 .5  0 . 3  31.71 0.10 

nFrom ref. 2 .  

12, 24) by the superior (25) techniques that can 
be used for those solids. 

Estimates of (~eO'laP),oc,  were also obtained 
using the parallel-plate cell. The 50 kHz capaci- 
tance of about 5 g of phenol at  10cC was deter- 
mined as a function of average pressure (the 
hysteresis was -350 bar), and was converted to 
dielectric constant as described earlier, assuming 
that  E '  = 2.914 (eq. 1 and Table 2) at  750 bar. 
The results are compared in Fig. 2 with the line 
given by eq. I. The values of ( a ~ ~ ' / a P ) , ~ ~ ,  
measured using the two cells disagree by more 
than the estinlated errors: particularly below 750 
bar, suggesting that the accuracy of the values 
listed in Table 2 may be co~~siderablp  poorer 
than the precision. This disagreement pre- 
sumably arises from the defects of both types of 
cell (25) for such measurements. 

The molar polarization, P, of phenol I at  10°C 
was calculated from E,' (Table 2) through the 
Clausius-Mossotti equation. The molar volumes 
a t  pressures P and atmospheric, V and V,, were 
calculated from the volurne con~pressions (2) 
and the value, 1.132 g c m 3  (26). of the density 
a t  atnlospheric pressure and 25"C, assuming this 
to be unchanged a t  10°C. The molar polarizations 
in cm3 are described by the equation 

are tabulated in Table 2 and show11 In Fig. 3. 
N o  dielectric relaxation u a s  detected between 
+40 and -70'C below 100 kHz In either cell. 
so the polar~zatlon is undoubtedly the sum of 
electron~c and a t o m ~ c  polarrzat~oils only. The 
~ e d u c t ~ o n  In the polanration ~1 t1z  lncreaslng 
pressule 1s the dependence usually obserbed 
(1 1, 12. 24. 25, 27), and it inay lnd~cate a reduc- 
tion 111 the elect~onic and d t o m ~ c  po la~ lza t~ons  or  
refiect the ~nadequacj  of the k o ~ e n t z  local field 

5 I 1 
0 250 500 750 1000 

Pressure (bar)  

FIG. 2. The 50 kHz dielectric constant of phenol I at  
10'C measured using the coaxial cell (line and circles) and 
the parallel-plate cell (squares and tliangles). The values 
from the t ~ v o  cells were forced to agree at 750 bar. 

for the n~onocllnlc (pseudo-orthorhombic) (2 and 
iefeiences c ~ t e d  thereln) phenol I At atmospheric 
pressure. P 1s 32 05 + 0 I cm3, the electronic 
polarization was estlnlated to be 26 9 5 0 3 cm3 
as descr~bed In the next palagraph, so the atolnlc 
p o l a r ~ z a t ~ o ~ ~  1s 5 1 f 0 4 cm3 

The iefi 'ict~se lnd~ces ale known as a funct~on 
of wa\elength for l~qu id  phenol at  45'C and 
atmospheric pressure ( 1  6, 28) and mere fitted to 
ulthln 0 0002 bq the Sellme~er equatlon (29) 

ifhere n and n ,  are tlie refractise i~idlces at  
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dielectric constant a t  10°C and 750 bar for each 
sample. The justification for this is that about 
half of the difference between different samples 
appeared to be due to errors in the cell constant. 
The result~ng expressions gale the data shown in 
Fig. 4. The 50 kHz d~electric constants above 
30°C mere influenced by electrode polarization, 
and the same was probably true of the values for 
sample 2 at 25.OCC. These points &ere omitted 
from least-squares fits of the data which gave the 
expressions shown in Table 3 and the lines 4 dkiwn in Fig. 4. 

The positive value of (ssot/aT), ,,, ,,, (Table 3, 
Fig. 4, line A)  is clearly unreliable, because the 
standard deviation of the fit is of the order of the 
total change in the dielectric constant. At the 

I 1 1  
- 

33 o 33 5 310 31 5 32 o I lower pressures (a&,'/aT), is negative as expected, 
Molar PoIorzoton / c m 3  confirming that the opposite temperature de- 

FIG. 3. The 50 kHz molar polarization of phenol I at  
1OCC plotted against the fractional molar volumes at the 
pressures (bar) shown to the left of the points. The error 
bars show the standard deviations. The line represents 
eq. 2. The 2000 bar point is for phenol 11. 

wavelengths h and infinity, B = 2.4132 x 10" 
nm2, Lo = 184.43 nm, and ; I ,  = 1.5151. This 
value of 11,  and the density of liquid phenol a t  
45"C, 1.05446 g . c ~ n - ~  (16, 28), yield 26.91 
f 0.02 em3 for the electronic polarization of 
liquid phenol a t  4YC, through the Lorentz- 
Lorentz equation (30). The only refractive index 
of phenol I that is known is 1.5930 at  the 
melting point, where that of the liquid is 1.5400; 
these values lvere reported (31) for 41°C and 
unspecified, but probably sodium-D, radiation 
and, from a coinparison with Tirnmermans' 
values (16.28), are probably accurate to +0.0025. 
If the density of phenol I a t  41'C is assumed to be 
the same as at 25"C, 1.132 g c m  (26), the niolar 
polarization of phenol I a t  41'C for sodium-D 
radiation is 28.2 i 0.1 cm3, within 1% of that of 
liquid phenol a t  41°C which is, froin Timmer- 
mans' data (16, 28), 28.0 & 0.2 cm3. We there- 
fore assume that the electro~lic polarization of 
phenol I a t  10°C is within 1z of that of liquid 
phenol a t  45"C, and is 26.9 + 0.3 cm3. 

pendences previously reported (Introduction) are 
incorrect. Further, the dielectric constant at 10°C 
and atmospheric pressure found in this work, 

FIG. 4. The 50 kHz dielectric constants of phenol I at 
A ,  1500 bar; B, 1000 bar; C, 500 bar; and D, 1 bar, 
corrected for errors In the cell constants. Symbols 
0, A, 0, and @ indicate data from samples 1, 2, and 3, 
respecticely, and the calue common to all samples. The 
solid lines represent the expressions given in Table 3. 

TABLE 3. Expressions for the isobaric temperature 
dependence of the 50 kHz dielectric constant of 

phenol I 

Pressure Standard 
Phenol I :  Temperature Depelzde~zce (bar) Dielectric constant (E')" deviation 

The isobaric temperature dependence of E,' 

was calculated from the expressions in Table 1.  1 2 . 8 8 7 0 - 4 . 6 6 ~  lo-" T 0.0018 
The expressions for each temperature were multi- 500 2 , 9 0 6 3 - 2 . 6 3 ~  lo-" T 0.00:O 
plied by 1.00196, 1.00127, and 0.99682 for 

1000 2 . 9 2 4 8 - 9 . 6 9 ~  T 0.0014 
1500 2 . 9 4 2 4 + 3 . 8 1 ~ 1 0 - 5 T  0.0026 

' 2' and 37 the factors 
QCalculated from all of the data below 24,goC, Tis the tern- 

being those required to yield 2.914 for the ~erature( 'C).  
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2.882, is higher than that reported previously, 
2.79 5 0.5 (4. 5), which suggests (13-15) that the 

"II previous errors were due to cracks in the samples. 
Following Chan and Chew (14: 15) E,' of 

phenol I was also measured as a function of i 
temperature under a constant apparent pressure ?'" - 
of 1000 bar in the coaxial cell. The results 
obtained are shown in Fig. 5 as the curves XY I 
(cooling curve) and YZX (warming curve) 
together with Smyth and Hitchcock's data (4) 1 
as curve A ,  and the I000 bar and 1 bar isobars 1 
from Fig. 4 and Table 3 as lines B and D. I t  is ,,,I 
clear that cracks formed in the sample even 1 A ;  , , 

under a constant apparent pressure of 1 kbar. -SC -63 4 ~ :  2 3  c zc 40 
T("C1 

Thus, although the correct temperature de- 
pendence of the dielectric constant of plastic FIG. 5. The dielectric constant of phenol 1 as a function 

crystals can be determined by a small of temperature. Curve A is from ref. 4. Lines Band Dare  
the 1000 and 1 bar isobars from Fig. 4 and Table 3. XY is ( - - I0  bar) constant pressure to the (14), the cooling and YZXthe warming curve for phcnol under 

far Insre care is required for the more common, a constant applied pressure of 1 kbar in the coaxial cell. 
harder molecular crystals like phenol and the 
low-temperature phases of conlpounds that form from X-ray data (2). The thermal expansivity 
plastic crystals (15). increases with increasing temperature, so its 

The accuracies of the isobaric temperature value at + 10°C must be considerably greater 
dependences of E,' below 1500 bar (Table 3, than 2.6 x (K)-I. We mu,st conclude that 
Fig. 4) cannot be high and are difficult to  assess. either the magnitude of (aeO1/aT), given in 
A rough evaluation was made for (a~,'aT), by Table 3 is too small; or the assumptions used to 
using it, through the Clausius-Mossotti equa- relate it to the thermal expansivity are poor. 
tion, to calculate the isobaric thermal expansi- 
vity at atmospheric pressure, cc = I I V0(a VIaT),, Pherlol II  crt 10°C 

where V, is the molar volume at atmospheric Phenol I was converted to phenol I1 at + 38°C 

pressure. The molar polarization, P? was first over several hours. These conditions minimized 

assulned to be independent of temperature, and the amplitude of a transient dispersion which 

this yielded (14) x = 1.5 x (K)-' a t  always accompanied the formation of phenol 11 

+ 10°C. Second, P was assumed to depend only and which is discussed later. Phenol I1 was then 

on density, so that (BP/i3V), = (i3P/aV),= left a t  +38"C and 2000 bar for the several days 

(liVo)(i3~/i3(V,: V,)), and the following equation required for the dispersion to decrease suffi- 

was obtained. ciently not to influence the measured dielectric 
constants. The capacitance and conductance were 
measured at + 10°C as functiorls of fi-equency, 
for increasing and decreasing apparent pressures 

u = between 1250 and 6000 bar in the coaxial cell and 
between 1250 and 2500 bar in the parallel-plate 
cell. The apparent pressure was changed by 300 

where V. E, and P are the molar volume, dielec- bar for the coaxial cell: and 125 bar for the 
tric constant. and molar polarization at pressure parallel-plate cell, every 30 nlin and the measure- 
P. For atnlospheric pressure V/ 'J ,  is unity, ~nents  ryere made 25 illin later. 
(i3P!a(V/V0)),,~, is 11.75 + 0.01 cm3 for all No intrinsic (permanent) die!ectric relaxation 
pressures jeq. 2), and the remaining data given hvas detecied in phenol 11 at 10'C between 0.1 
in Tables 2 and 3 yield v. = 2.4 x (MI-'  and 100 ItHz. The apparent pressure ranges used 
a t  10cG. The only known value of the thermal \yere the maximum available but the 50 kHz 
expansivity of phenol is the mean expansivity capacitallce showed little pressure dependence 
between - 190°C and +20°C at atmospheric and no pressure-hysteresis in either cell. The 
pressure, which is (2.6 5 0.8) x pressure dependence of the dielectric constant 
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of phenol I1 could not, therefore, be determined. 
Ht was argued that the essentially constant 
nleasured capacitance was appropriate to a 
pressure close to the transition pressure, since 
the pressure uniformity in the cell should be 
greatest during the transition, and the measured 
capacitance at an apparent pressure of 2000 bar 
was assumed to correspond to a true pressure of 
2000 bar. The average of three rneasuremcnts in 
the coaxial cell and two in the parallel-plate cell 
gave the 50 kHz dielectric constant of phenol I I  
a t  + 10°C and approximately 2000 bar as 3.10 
with a standard deviation of 0.06. From this 
value, the molar polarization is 30.75 + 0.5 cm3 
since, from the data used earlier, the density of 
phenol I1 at + 10°C and 2000 bar is 1.260 g 
~ m - ~ .  This value is included in Fig. 3, and the 
polarization clearly does not change its volume 
dependence greatly at the phase transition. This, 
plus the absence of intrinsic dielectric relaxation 
in either phase, suggests that phenol IT is like 
phenol I ,  a hydrogen-bonded solid in which the 
hydroxyl hydrogen atoms are ordered, either 
fully or in chains (2 and references cited therein), 
and are not free to change positions readily. Our 
failure to observe any pressure dependence of the 
capacitance of the cells containing phenol I1 
indicates that phenol II is much harder than 
phenol I. 

Plzerzol N :  Trnnsietlt Dielectric Di~persiot~ 
The transient dielectric ioss which accom- 

panied the formation of phenol III showed two 
maxima, at  9 kHz and above 100 kHz at 10°C, 
and yielded two incompletely resolved Cole- 
Cole arcs. Its decay mith time varied from sample 
to sample, and in some samples it did not d ~ s -  
appear completely. The lower frequency of 
ma.ximum loss, a: a given temperature and pres- 
sure, did not change as the loss decayed. The 
magnitude of the loss was smallest when phenol 
I1 was made at  high temperature, and the rate of' 
decay was fastest when it occurred at high 
temperature and low pressure. To dctermine the 
Arrhenius act~vation energies, the real, C', and 
imaginary, C", capacitances were measured as 
functions of temperature for two samples in the 
parallel-plate cell at a constant apparent pressure 
of 2000 bar. The data were inadequate to permit 
an analytical resolution (32) of the two dis- 
persions, so the high- or low-frequency points on 
the Cole-Cole plots were fitted to a circular arc 
by bisecting chords drawn between data points. 

The data from one sample and the fitted arcs are 
shown in Fig. 6. The relaxation times were cal- 
culated from the parameters which defined the 
circular arcs by the method of Cole and Cole 
(33, 34), and their logarithms are plotted against 
reciprocal lemperature in Fig. 7. The lines 
drawn were fitted by the method of least-squares 
and correspond to the equations 

[3] log T, = 2.730 x 1 0 ~ 1 ~  - 14.278 

and 

[4] log T, = 1.094 x 103/T - 10.213 

for the low and high frequency dispersions, with 
standard deviations 0.086 and 0.076 and cor- 
responding Arrhenius activation energies 12.5 
f 0.6 and 5.0 f 0.5 kcal/mol, respectively. 

FIG. 6. Cole-Cole plots of the transient dielectric dis- 
persion in phenol 11 at a constant apparent pressure of 
2000 bar in the parallel-plate cell. The numbers beside 
the points give the frequencies in kHz. The circular arcs 
fitted to the data are shown. 

FIG. 7. Tne temperature dependence of the relaxation 
times of the two transient dispersions in phenol IT at an 
apparent pressure of 2000 bar. The squares and circles 
indicate data from different samples. Lines A and B 
correspond to eqs. 3 and 4. 
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These transient dispersions may be due to 
Maxwell-Wagner effects caused by the precipi- 
tation of impurities during the transition ( I ) ,  
and/or to dipolar reorientation at  either the 
phenol I1 -.impurity interface or the phenol 
I1 - phenol I1 interface. Since there were two 
distinct dispersions, neither of which appeared 
alone, both mechanisms were likely present. The 
decay of the Maxwell-Wagner dispersion would 
result from the slow (1) redissolution of the 
impurities or from their coalescence from parallel 
sheets along the particle boundaries into spheres 
(35). The decay of the interfacial relaxation 
would result from the decrease in the impurity - 
phenol 11 contact area accompanying the above 
processes, or from an increase in the phenol I1 
particle size by self-annealing which is un- 
doubtedly slow since phenol 11 is very hard (see 
above). The well-resolved non-spotty X-ray 
diffraction lines which we obtained from un- 
ground samples of quenched phenol 11 (2. 3) 
indicate that phenol I1 formed w-ith a particle 
size of 10 to 0.1 pnl (36). The room temperature 
value for z, is typical of Maxwell-Wagner 
dispersions (35). The 5.0 kcal mol-I activation 
energy of the high frequency dispersion is con- 
sistent with an activation step involving breaking 
one hydrogen bond to permit hydroxyl rotation 
at  the phenol 11 interface. 
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Nuclear magnetic resonance relaxation and anisotropic reorientation 
in liquid dimethylmercury 

CLAUDE R.  LASSIGNE AND E. J. WELLS 
Cl?ernistry Depar.tnze~zt, Sirnor1 Frciser University, Blrrrznhy 2 ,  B.C.,  Cclnada V5A IS6 
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CLAUDE R. LASSIGYE and E. J. WELLS. Can. J. Chem. 55. 1303 (1977) 
Spin-lattice relaxation times of 'H, D, and '9gHg have been measured between 234 and 333 K 

in liquid dimethylmercury and its isotopic modifications. These measurenlents have allowed 
the relaxation mechanisms to be separated. It was found that the spin-rotation interaction is 
the dominating mechanism for the lg9Hg relaxation at  14.1 kG even at low temperatures. We 
have estimated the spin-rotation constants, C = - 120 i- 60 kHz and Cl = -23 i- 3 kHz 
along with the chemical shift anisotropy Ao = o - ol = $- 4600 k 1000 ppm. It is concluded 
that reorientation about the symmetry axis is not well described by niolecular diffusion. 
Reorientaiion of the methyl group about its symmetry axis is found to be approximately forty 
times faster than the reorientation about the perpendicular axis. 

CLACDE R. LASSIGNE et E. J. WELLS. Can. J. Chem. 55. 1303 (1977). 
On a mesure, entre 234 et 333 K, les temps de relaxation spin-reseau de 'H, D et dans 

le dimCthylrnercure liquide et dans ses modifications isotopiques. Ces mesures ont permis de 
separer les mecanisnles de relaxation. On a trouvk que l'interaction spin-rotation est le n~eca- 
nisme dominant pour la relaxation du '"Hg i 14.1 kG mCme a basse temperature. On a estinie 
les valeurs des constantes spin-rotation C = - 120 + 60 kHz et C ,  = - 23 t 3 kHz ainsi que 
I'anisotropic du ddplacenlent chimique A o  = o - oL = +4600 i 1000 ppm. On cn conclut 
que la reorientation autour de I'axe de symetrie n'est pas bien decrite par la diffusion molecu- 
laire. La reorientation du groupe methyle autour de I'axe de syrnetrie est approximativement 
40 fois plus rapide que la reorientation autour de l'axe perpendiculaire. 

[Traduit par le journal] 

Introduction 
Nuclear magnetic resonance is a convenieiit 

probe for the study of the rotation of molecules 
in liquids (I) becaure the nuclear spin-I-elaxation 
time depends on the molecular lnotion altlioi~gh 
there 1s still some question as to the validity of 
the ial.iour proposed models. In a molecule In 
the liquid phase, the more nuclei \+hose relaxa- 
tion titlie can be measured, tlie more information 
one can obtain about the motion3 of that par- 
t~cular  molecule (2, 3). For nuclei of spin 
I 2 1 the quadrupolar relaxation is generally the 
dominant mechanism in the spin-lattice relaxa- 
tion time. However, for nuclei of spin 1 /2  the 
probleiil is more complicated because of tlie 
various possible mechanisms which may con- 
tribute to the total relaxation rate. 

In  a number of studies involving nuclei of spin 
112, 13C (4-7), "F (a), 3 t P  (9), I5N (lo), 119S11 
(11, 121, and *07pb (13), it has been shown that 
the spin-rotation contribution to the spin- 
lattice relaxation rate is the dominant mecha- 
nism. There appears to be a trend showing that 
the spin-rotation iiiteraction (I.C,.J) becomes 

more iinportant for the higher Z n~lclei of spin 
112, however, studies involving these higher Z 
nuclei have rarely been reported in the literature. 
If indeed this interaction is large it should be 
reflected in the value for the spin-rotati011 
constant C, for the '"Hg nucleus in Hg(CH,),. 

Along with the study of the relaxation of the 
'"Hg nucleus we have also studied the 'H  and 
D temperature dependence of the spin-lattice 
relaxation tislies and thus derived the aniso- 
tropic reorientational motion of the dimethyl- 
niercury molec~~le  

Experimental 
Al/feusiireti~ent of Relaxation Tiiries 

The proton spin-lattice relaxation times TI \yere 
measured by the saturation recovery method (14) and 
rapid adiabatic passage ~vith sampling (15) on a Varian 
A56 60 high resolution nmr spectrometer operating at  
60 MHz. The D spill-lattice relaxation times were 
measured at 15.4 MHz by rapid adiabatic passage nith 
sampling on a Varian XL-100 nrnr spectrometer. 

The lg9Hg (16.84%, I = 112) relaxation times \yere 
measured indirectly by the rnodified rotary echo method 
of Wells and Abramson (160) and Chan (lhb) on the 
proton multiplet components. R2,(= T2,-') for protons 
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1304 CAN. J.  CHEM. VOL. 55. 1977 

was obtained at 60 MHz (14.1 k c ) .  The relaxation rate is 
given in the rotating frame by 

Therefore by performing a selective rotary echo 
experiment on the central proton signal due to the 
dimethylmercury n~olecules containing non-magnetic Hg 
(I = 0) \!e obtain, 

For this case the value of RZr(H) was found to be the same 
as R1(H) which means that RIA = R2;. 

Also performing a selective rotary echo experiment on 
either member of the proton doublet due to '99Hg(CH3)Z 
molecules (see Fig. 1) \ne obtain 

Here R,; = RIA since both dipole and scalar TI  contri- 
butions from '99Hg to 'H are negiigible, and R,; = R,; + 
R1(19'Hg); where Rl('99Hg) is the mercury-199 scalar 
contribution to the proton R,!! in the slow relaxation 
limit (R,("'Hg) << 27cJi,,-1~~,~,) which is hell satisfied 
here. 

The Z"Hg isotope (13.22z7,, 1 = 3/2) is scalar cocpled 
to 'H but collapsed in the spectrum, and affords a scalar 
R2 rnechanisn, to the 'M which is included with the 
rotary echo ineasurenient on Hg ( I  = 0) resonance. 
Assuming the reasonable value of 500 MHz for the 
quadrupole coupling constant o f Z O ' H g  in Hg(CH,),, \ve 
estimate Tl(ZO'Hg) % 10-'s and since J z o ~ , l , - , ,  is z 38 
Hz, it can beshown that the effect of the collapsed ZO'Hg 
multiplet on the central 'H component is to modify the 
observed RZ by only a negligible 2%. 

Therefore using these tno  selective rotary echo experi- 
ments we can indirectly obtain values of Rl('99Hg). 

For the mixtures of Hg(CH,), and Hg(CD,), there was 
no evidence of any of the mixed species such as CH,- 
Hg-CH,D etc. or CH,-Hg-CD, so that in the separa- 
tion of the various nlechanisn~s possible H-D or CH3- 
CD, exchange could be neglected. 

FIG. 1. 'H spectrum of neat liquid Hg(CH,), at 60 
MHz. 

Temperature control was accomplished using the 
Varian V-6040 temperature nmr probe accessory. Tern- 
peratures Rere measured using a copper constantan 
thermocouple and temperature readings were stable to 
i 1°C. 

Sytithesis of Hg(CD3)  , 
The diniethylmercury-d6 was prepared according to 

Gilman and Brown's Grignard method (17) with minor 
n~odifications. In a dry 100 cc flask fitted with "Drierite" 
was added 2.0 g of Mg turnings. To this was added 10 cc 
of dry (absolute) ether and 2.0 g of dry methyl iodide-d, 
(Merck, Sharp and Dohrne of Canada). As soon as the 
reaction had started, a solution of 8.0 g of CD31 in 40 cc 
of dry (absolute) ether was slowly added. An ice bath was 
used to cool the reaction flask when the reaction pro- 
ceeded too vigorously. When spontaneous refluxing had 
ceased, the mixture was further refluxed for 30 min to 
drive the reaction to completion. 

The Grignard reagent was carefully decanted froin the 
excess Mg into a 500 cc flask fitted ~ i t h  a condenser and 
heated until refluxing had begun. To this was attached a 
Soxhlet extractor containing 7.15 g of HgCI,; 75 cc of 
dry (absolute) ether was added to the flask. This was 
allowed to reflux for 3 days to improve the yield of the 
dimethylmercury-d6. 

After 3 days of refluxing the so!ution was cooled in ice 
and the excess Grignard reagent was destroyed by the 
addition of about 25 cc of water through the condenser. 
The water had to be carefully added to keep the reaction 
from becoming too vigorous. Next the ether layer was 
separated and the aqueous layer extracted with 20 cc of 
dry (absolute) ether. The combined ether extract was 
washed with 25 cc of water, separated, and dried over 
CaCI,. The ether was carefully distilled off using a 'spiral' 
colunln. The remaining traces of ether were separated out 
using preparative vapor phase chromatography. The yield 
was 3.92 g of Hg(CD,), (57% yield); bp 88-89'C (un- 
corrected). 

The 1-lg(CH3), was obtained from Alfa Inorganics. 
The samples were degassed in 5 rnm tubes by the usual 
freeze-pump-thaw cycles under vacuum. The viscosity 
and density \%ere measured by standard methods. 

Spin-Spin Coalpiing Constants and Chemical 
Shifts in Hg(CH3)z and Wg(CD3)z 

We have measured the various nuclear spin- 
spin coupling constants for Hp(CH,), and 
Hg(CD,), uslng 'H and I3C nmr. These values 
are tabulated in Table 1. 

The first four coupliilg constants are in excel- 
lent agreement nith the results of Dean and 
McFarlaile (18). The last t n o  coupl~ng constants 
have not been previously reported. The value of 
H I D  = 1.9 0 Hz indicates that the 
LH-C-D is very close to 109.5" smce the 
gem~nal coupling constant 1s very sensitive to 
small changes in the I H - C  H angle (19). 

The rat i~J,- , , /J ,-~ is always close to the value 
predicted by the gyro~nagnet~c  ratlos y,lyD = 
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LASSIGNE 

TABLE 1. Nuclear spill-spin coup!ing constants in 
Hg(CH3I2 and Hg(CDd2" 

Parameter Value (Hz) Source 

J 1  129.5 i 0 . 2  'H spectrum 
Z J 1 H - 1 9 y l l ,  101 ~5 k 0 . 2  'M spectrum 
1J13C-1991-1g  684.6 1 0 . 3  I3C-{lH) decoupled 
' J I H -  l H  0.43 + 0.03 'H spectrum 
1 J 1 H _ 2 D  1.9 ~ 0 . 1  'Hspectrum 
1 J i 3 C - ~ D  19.8 1 0 . 6  13C undecoupled spectrilni 

*'H spectrum obtained on Varian A56;60 at 60 MHz and "C 
spectrum obtained oil XL-100 operating at 25.1 MHz in FT mode. 

6.5144 (20). We find the value of JC-, - 6.5144 
x *T,-, as $0.6 f 4.0 Hz. Thus it appears that 
there is no significant isotope effect on the 
coupl~ng constants. These results are in agree- 
ment mith those observed for a variety of 
deuterated organic con~pounds (21). 

We have also ineasured the deuterium isotope 
shift on both 13C and 'H resonances of Hg(CI-I,), 
and modified species. The values obtained are 
6,,,t(L3C) = 0.95 f 0.07 ppm (upfield on deu- 
teration) and 6,,,,(lH) (CH,+CHD2) = 0.040 
+ 0.003 ppm (also upfield). The isotope chifts 

in the lliI and 13C spectra are representative of 
the drfferellces of ranges in chemical shifts 
(13C z 600 ppm and 'H z 20 ppm). 

Results and Analg sis 
For most nuclei of spin 1 I2 the relaxatioll is 

caused by a colnbination of mechanisms: inter- 
molecular and intramolecular dipolar coupl~ng, 
spin-rotation interaction, and possibly chemical 
shift anisotropy. The proto~l relaxatioll data in 
Table 2 and Fig. 2 indicate the presence of at  
least two rnechanisrns in the relaxation rate. 

The form of the chemical shift anisotropy 
contribution is 

since T~ = 10-I, s and (o - o,) .-- 1-5 ppln for 
protons usually, RICSA z s-'  for protons 
is negligible. For 1 S 9 H ~  the chemical shift 
anisotropy (o,, - o,) may be as large as 5000 
ppm. This value gives RICS" = 0.1 sC1 which is 
small but rnay not be negligible. 

Extrapolation from data by standard type of 
dilution studies (22) of Hg(CH,), in Hg(CD3), 
allows the separation of intermolecular dipole- 
dipole effects from i~ltrarnolecular mechanisms 
for protons. 111 the ' 9 9 ~ g  relaxation in dimethyl- 
mercury it is safe to assume that the inter- 

AND WELLS 1305 

TABLE 2. R1 relaxation data for liquid Hg(CH3),- 
Hg(CD3), mixtures* 

- 

R1 (s-'), 'H of 

*In Hg(CD3I2. Error in measured relaxation rates is i- 5:T. 

D in Hg(CD3), lg9Hg in Hg(CH3), 
-- 

T(K) RI  (s-') T ( K )  RI (s-l) 

333 0.410 333 1.150 
311 0.422 315 0.970 
298 0.459 296 0.850 
267 0.557 282 0.780 
263 0.570 270 0.774 
245 0.641 258 0.670 
240 0.684 250 0.600 
234 0.743 234 0.571 
219 0.828 

molecular 1H-199Hg dipole-dipole relaxation is 
insignificant as in the 13C relaxation (23) be- 
cause of the much increased intermolecular 
nuclear separation. Thus v,e are left with the 
separation of the intramo!ecular contributiolls to 
both the 'M and 199Hg relaxation rates. 

Proton Relaxatioi~ 
The temperature-dependent proton relaxation 

times are shown in Fig. 2 for pure Hg(CH,), and 
mixtures containing 27 and 6041, mole fraction 
Hg(CH,), in Hg(CD3j2 respectively. The inter- 
molecular relaxation rate for the mixtures is 
given as, 

H-H 1 ~ - 1 9 Y ~ ~  
C5I RlYnter R~inter + RlYZr + Rlinter 

Since yH2 = 42.5y02 and the spin values are 
different, the deuterium in dimethylmercury-d, 
will contribute 1/24 as much to the ~ntermolecu- 
lar relaxation as the hydrogens in dimethyl- 
mercury-h,. The total proton relaxation is the11 
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1306 C 4 N  J CHEM. VOL 5 5 .  1977 

FIG. 2. Experimental relaxation rates for 'H in di- FIG. 3. Separation of RIPn;: from RY:,',', for the 'H 
nlethylmercury; (A) neat Hg(CH,),; ( B )  60% Hg(CH,), relaxation rate in Hg(CH3)2. 
in Hg(CD,),; (C) 2 7 z  Hg(CH,), i n  Hg(CD3)2. 

The data indicate the intermolecular dipole- 
\there C: is the inole fraction of dimethyl- dipole mechanism to be predominant at  the 
mercury-h,. A plot of RIH CS. 2 3 0 2 4  yields higher temperatures. 

1171 Slope = K,Yn;,T,H, 

[ 8 ]  Intercept = R,:;,", + ~ , : ; : , l r 9 ~ ~ ~  
+ R,::~~, + R~~~ 

We may eliminate R,',f;,'ZH' if i$e assume that 
rl;,_,, equals d ip ,  (in fact di-,, will actually be 
greater than di-,,), u e  must also keep in mind 
that 199Hg is only 16.860; natural abundance, 
whence 

We are then left u i th  separating ~ , ? , d , , ,  from 
R , ~ ~ .  The plots of Fig. 2 show no curvature, 
which would normally be present if we had a 
mixture of intramolecular dipole-dipole and 
spin-rotation interactions since these two mech- 
anisms have opposite temperature dependence. 
I t  appears safe to assume that a t  least over the 
temperature range studied the spin-rotation 
contribution is negligible for protons and 
that the only relaxation mechanisms present 
are those due to inter- and intramolecular 
dipole-dipole interactions. The separation of 
these two mechanisms is shown in Fig. 3. For the 
intern~olecular interaction the energy of activa- 
tion is 2.3 0.3 kcal/mol and for the intramo- 
lecular dipole-dipole it is 0.9 f 0.1 kcal/mol. 

Anisotropic Rotational Dlffzaion Tensor Jor 
H ~ ( c D , ~ ,  

The usual method of obtaining the aniso- 
tropic rotational diffusion tensor of a symmetric 
top molecule involves the measurement of the 
relaxation time of two quadrupolar nuclei which 
have different bond angles with respect to the 
symmetry axis of the molecule (24-27). Thus in 
our molecule we could determine the aniso- 
tropic l-otational diffusioil tensor for dimethyl- 
mercury-d, from quadrupolar 1-elaxation of both 
D and 201Hg. The equations that relate the 
measured relaxation rate of a ~lucleus to the 
diffusion tensor con~pone~l ts  and the rclativc 
orientation to the electric field gradient are, ill 
the rotational diffusion limit (28): 

+(3 cos2 0 - 1)' 3 sin2 0 cos2 0 
[11] z, = 

6 0 ,  + 5D,  + D 

The problem is that the 'OIHg resonance is not 
observable either directly or i~ldirectly because 
of its very short relaxation time due to its pre- 
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LASSIGhE AND WELLS 1307 

sumably large quadrupole coupling constant. 
We must therefore find a d~fferent method of 
obtainl~lg DL and D First \?e use the D relaxa- 
tion tlmes of Flg. 4, the approxsmate D quadru- 
pole coupling constant for molecules containing 
methyl groups (165 kHz) and eq. 10 to obtain 

It has been shomn experimentally (29) that Dl  
1s lnvar~ant to deuteratlon 111 aceton~tr~le and me 
assume the same to be true here. Homevel, t h ~ s  
does not matter much since .r,(H-H) and r,(D) 
are quite ~nsensltlve to changes In Dl  because In 
the calculation of t,(H-H) and r,(D) using eq. 11 - 90",nd - 70; respectively come fiom the first 
term mhlch 1s solely dependent on D- The term 
DL has been found to be about 7 7  d~ffelent In 
going f r o n ~  CH3CN to CD,CN (29) and for our 
Hg(CH,), case \\e calculate the d~ffeience in 
Dl's to be - 1 2 7  ~ h ~ c h  me \\ill assume is neg- 
ligible With these po~nts  In nxnd we w~l l  proceed 
uith our analysis for Dl  and DL. 

We use Poules' expl essioll (30), 

(uhich assumes independent pairmise interac- 
tions and neglects symmetry eKects) to obtain 
r,(H-H). This is the effective correlation tiine for 

FIG. 4. D spin-lattice relaxation rate in Hg(CD,),. 

reorientation of the proton internuclear vector. 
For this correlation time 0 = 90' in eq. 11 
because the pertinent proton relaxation interac- 
tion occurs in the plane of the methyl hydro- 
gens. This plane is norinal to the major axis. 
Using the appropriate values for the constants 
and I.,-, (from Table 3) in eq. 12 we obtain 

Using eq. 11, the experimental values for 
t,(H-H), t,(D), 0 = 90' for r,(H-H) and 0 = 

109" 28' for t,(D) we can solve for the tempera- 
ture dependence of both DL and D l .  These are 
given in Fig. 5.  We find Ed for Dl is 0.85 ) 0.15 
kcal/n~ol and for D , Ea = 1.30 + 0.60 kcall 
mol. Also the reorientation abo~ct the figure axis 
is about forty tiines faster than reorientation of 
the figure axis. The val~les for D l  have a great 
uncertainty because T,(D) and r,(H-H) are 
largely dependent on the value of DL: hence 
large changes in D I I  have very little effect on 
either r,(D) or r,(H-H). The value of E<, (D) ,  = 

1.30 & 0.60 kcal/mol nould appear a bit high 
since in most cases involving methyl group re- 
orientation E,(Dtl) = -0.8 kca1,'mol (2, 4, 7, 
24, 25), however a value of 0.8 kcal/mol is 
~t,ithiiz the uncertainty of our analysis. 

The error limits given for the D l  and DL 
activation energies are derived froin the assump- 
tions that the correlation times r,(H-H) and 
t,(D) have a + 5 7  error and thus in the solution 
of the trvo simultaneous equations one obtains 
a range of Dl's and Dl 's and thus error limits in 
the E,'s. 

Although our E,'s for Dl and DL appear quite 
different from that found for CH,CN and 
CH,I (2,4) there are reasonable explanations. In 
CH3CN and CH,I (2,4) the energy of activation 
for DL was found to be - 1.7 kcall'mol while in 

TABLE 3. Geometric parameters and moments 
of inertia for Hg(CH,), 

Parameter Value 

rC-H* 1.096 a 
I."-,,* 1.81 A 
rHp - c'i 2.094 A 
YHB - H 2.62 A (calculated) 
L H-C-H" 109.5' 
i C-Hg-Ct 180" 
11 1 1 . 0 ~ 1 0 - ~ 0  g c m 2  
1;f 240.8 x g cm2 

*Typical values of aberage -CH3 group 
tReference 48. 
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FIG. 5. Rotational rate constants ( D l ,  Dl) for Hg- 
(CD3)2. 

dimethyln~ercury we found E,(DL) to be only 
0.9 kcal/mol. A possible reason for this low 
value may have been that at  the higher tempera- 
tures a small amount of spin-rotation may have 
been present in the proton relaxation rate. Sub- 
traction of this RISR contribution from R,:,,, 
would giveus a smaller R,t:,r, and thus a smaller 
value for the correlation time tc(H-H) which 
would mean E,(D,) would then be greater than 
the n~easured 0.9 kcalimol. 

In  the past the nmr rotational correlation time, 
t o ,  for the isotropic rotation of a spherical mole- 
cule was given in terms of the viscosity q ,  

However, it has been found that the activation 
energies (31, 32) of to and ~ l l T  do not always 
agree, as is the case here, E,(qlT) r 2 kcal/niol 
while EJ(zo) 0.9 kcal/mol. This is not sur- 
prising since z, is a measure of the rotatioilal 
n~ot ion and rl is a measure of the translational 
niotion. The inadequacy of eq. 14 has recently 
been observed in the pressure dependence of ro  
and q (33--36). The collelusions were that agree- 
ment between the temperature and pressure 
dependences of il/T and r, will only occur if the 
rotational and translational motions are highly 
coupled. Their results on monosubstituted ben- 
zenes (35) and toluene-d, (36) indicate that 
molecular shape is the decisive factor in deter- 
mining the degree of coupling between the 
rotational and translational motions in liquids. 

X-Test 
Since eqs. 10 and 11 are derived from the 

assumption of rotational diffusion, we can test 
the results by the so-called X-test (27) to check 
that this method is a good approximation of the 
reorientations. The X-test consists of calculating 
the ratio of the reorientational correlation time 
about a particular axis to the theoretical free gas 
reorientatioilal time about the same axis 
assuming rotational equipartition. If x is large 
compared to 1, the rotational diffusion limit 
applies. For  dimethylmercury application of the 
X-test to the perpelldicular motion gives values 
ranging from 15-22 indicating rotational diffu- 
sion for this motion. However for the parallel 
motion the range of X ,  is only 1.4-3.0 indicating 
possible inertial effects due to the iiiuch smaller 
moment of inertia about this axis. 

lg9Hg Spin-Lattice Relaxatio~z 
For the '"9Hg relaxatioli it is safe to assume 

that the i~lterniolecular dipole-dipole relaxation 
is insignificant as previously mentioned. There- 
fore the T,'s of lg9EIg in dimethylmercury (Fig. 
6) come only from intramolecular interactions. 
The dipolar contribution can be writtell as, 

Using the appropriate values for the constants 
and intermolecular distances (Table 3) we 
obtain 

where rc(Hg-H) can be calculated using eq. 11 

FIG. 6. lgY9Hg spin-lattice relaxation rate in ly99Hg- 
(CH312. 
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LASSIGNE AND WELLS 1309 

along miith DL, D l ,  and 0 = 23.5". The calcu- 
lated contribution at  313 K is R,::,,, = 0.0014 
sC1 which is negligible, due to the large Hg-H 
separation. The temperature dependence in Fig. 
6 indicates that the major operative spin-lattice 
relaxation mechanism is that due to the spin- 
rotation interaction. I t  shows an Arrhenius 
behaviour with an energy of activation of 
- 1.1 f 0.2 I<cal:mol. There is a slight contribu- 
tion due to the chemical shift allisotropy 
mechanism lvhich will be discussed in a later 
section. 

Discussion 
Proton-Proton Intermolecular Dipole Relaxation 

An approximate isotropic theory of transla- 
tional diffusion of a spherical molecule through 
a viscous medium leads (37) to the foilo~ling 
expression for the internlolecular dipole relaxa- 
tion, 

Here q is the viscosity and N is the number 
density of molecules. Our ~neasured values of 
the temperature dependence of the density and 
viscosity are given in Table 4. These values in 
eq. 17 yield the calculated values of inter- 
molecular dipole relaxation tisnes that are com- 
pared in Table 5 with the measured values from 
the dilution extrapolation. The agreement is 
surprisingly good, and perhaps fortuitous in view 
of the simplified   nod el. The calculated activa- 
tion energy for the interaction is 2.2 kcal/mol 
and the experimental value is 2.3 f 0.3 kcal/~nol. 

99Hg Spirz-Rotation Consfarlts 
Since we have established that the relaxation 

of the I g 9 ~ g  nucleus in dimethylmercury is 
governed mainly by the spin-rotation interaction 
we should be able to obtain the spin-rotation 
tensor. 

Bender and Zeidler (38) have derived an  
equation relating the spin-rotation relaxation of 
a nucleus in symmetric top molecules to the 
rotational diffiision constants of the molecule. 
Their result is 

where all symbols have their usual meaning. 
The derivation of this equation is based on the 
assumption that both diffusion constants are in 
the rotational diffusion limit, which is reasonable 

TABLE 4. Density and viscosity for 
liquid Hg(CH,)2 

T (K) P (glml) ri (cP) 

TABLE 5. Theoretical and experimental 
values for T , ~ ~ ; ~ ~  

Value (s) 

7 (K) Theory Experimental 

for DL but possibly not for Dl because of pos- 
sible inertial effects for this motion. Houever, 
with this in mind we will proceed with this 
treatment. 

If the temperature dependent data for D l ,  
DL, and R J S R  are known, one can obtain the 
values for C  and C, uslng eq. 18. From eq. 18 
and the necessary values for RISR, Dl, and DL me 
obtain, 

The values for C,, and C, are obtained from the 
intersection of the temperature dependent ellip- 
ses plotted in Fig. 7. The values obtained are: 

IC 1 = 120 60 kHz 
and 

ICLI = 26 f 3 kHz 

We emphasize that although DL is in the rota- 
tional diffusion limit, D l  probably is not and one 
must be cautious with the value obtained for Cll  
in view of the large error associated ui th  the 
solution for D l  through zc(H-H) and zc(D) in 
eq. 11. 

Absolute Shielding Scale of 1 9 9 ~ g  

The magnetic shielding constant has been 
related to the spin-rotation constant through 
the second order paramagnetic term of Ram- 
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CL, kHz 

t , G O  

FIG. 7. Temperature dependent ellipses (----313 K and -238 K )  of C and CI for '"Hg in Hg(CH,)2. 

sey's shielding expression (39-41). Deverell (42) 
has rewritten this expression for symmetric top 
moiecules, 

using Deverell's notation. This relation has been 
used to obtain the absolute chemical shift scale 
for 3 1 ~  (42, 43); 19F (42); '19Sn (11); and 
207Pb (44). The above expression suggests that 
the o,' is the only portion of the shielding con- 
stant that is sensitive to the chemical environ- 
ment changes and thus changes in the spin- 
rotation constant (C). 

Using the seco~ld term of eq. 20 along nith the 
appropriate val~les for the constants, C and C,, 
we obtain o,,' for 1 9 9 ~ g  in Hg(CH,),. We 
assume o,' to be negative in order to have a net 
deshielding effect and thus there are two solu- 
tions for opt : 
If 

C 1  = -120 kHz 

C, = -26 kHz 
Then 

opt = - 5050 ppm 
If 

C I  = + 120 kHz 

C, = -26 kHz 
Then 

o,' = -4100 ppm 

The average total shielding constant can be 
calculated from Deverell's formula along uith 

the value of o,' for the free atom tabulated by 
Ranisey (40). Ramsey gives o,' = 9650 ppm for 
Hg and therefore o,,, = 4600 or 5550 ppm. The 
shieldiiig scale obtained is shown in Fig. 8 and 
shows that the resonances of the non-metallic 
mercury compo~lnds are found between the 
resonances of the bare ~lucleus and the free 
mercury atom. 

Chemical Shifr A~zisotropy 
If we use the paramagnetic term of eq. 20 

along with the relationship, 

we obtain for the "9Hg nucleus, 

and therefore 

122~1 o, = 1.10 x 1 0 ~ ~ 1 , ~ ~  

[22b] o! = 1.10 x 1031111CIl 

Making use of eqs. [22a, b] along with the 
moments of inertia and spill-rotation constants 
we can calculate the che~nical shift anisotropy 
(Ao = o - 0,). If \+e use C = - 120 kHz and 
C, = -26 kHz a e  obtain Ao = +5415 + 1515 
ppm, while the second set of solutions C = 

+I20 kHz and C', = -26 kHz yields Ao = 
+ 8300 + 1515 ppm. From these estimates of 
Ao for the lg9Hg nucleus Me can estimate the 
chemical shift aniaotropy coiltribulion to the 
"'Hg spin-lattice relaxation rate. These various 
contributions are shown in Table 6. 

As is sho~l.11 i11 Fig. 6 there is no sign of any 
curvature in the temperature dependence of 
~ , ( l ~ ' H g )  which indicates that almost all re- 
laxation is due to Lhe spin-rotation interaction 
and there appears to be very little chemical shift 
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LASSIGhE AND WELLS 

THEORETICAL 
D d  

Hg (nucleus) Dp' C H ~ ( C H ~ ) ~ I  H g ( g )  

C 1 1 = + 1 2 0  k H z ]  ,,,Gt1=-120 kH2 C 1 = + 1 2 0  kHz , I/ C ~ I :  - 2 0  k H z  

CL= -26  k H z  GI=-26 k H z  CI = - 2 6  k H z  

EXPERIMENTAL 

PARTS 
10-3 

FIG. 8. 199Hg shielding scales. Experimental scale values obtained from ref. 42. Theoretical scale 
derived from experimental values for C and Cl along with eq. 19. 

TABLE 6. Chemical shift anisotropy contributions 
to the relaxation rate of the '99Hg nucleus at 

14.1 kG* 

7, T AO 
( ~ 1 0 ~ ~ s )  (K) ( P P ~ ~ I  

6 .7  300 + 3900 
6 . 7  300 + 5400 
6 . 7  300 + 6900 
6.7  300 + 8300 

10.2  234 + 3900 
10.2 234 + 5400 
10.2 234 + 6900 
10.2  234 + 8300 

*T, = (6Di) - '  for Hg atom since it lies on the main sym- 
metry axls and 0 - 0'. 

anisotropy contribution. This would then cer- 
tainly eliminate Ao = +5300 ppm since this 
would contribute significantly to the Ig9Hg re- 
laxation a t  low temperatures. 

In Table 7 are shown the chemical shift 
anisotropy (CSA) and spin-rotation (SR) con- 
tributions to the lg9Hg relaxation rate for the 
most reasonable values of CII ,  C,, and Ao. 
Comparison of these calculated values of 
Rlt0ta'('99Hg) hvith the experimental R , ( " ~ H ~ )  
values a t  both temperatures indicates that the 
most reasonable choice is that of Ao = +4640 
ppm and C = - 120 kHz and C, = -23 kHz. 
For  this value of Ao at  300 K the CSA mecha- 
nism would contribute only 1 0 7  to the total 

relaxation rate and at 234 K it would be 20%. 
Our final value of AD = +4600 ppm appears 
quite reasonable by comparison with the only 
other measurement of Ao(lg9Hg) = + 5345 
i 25 ppm by Kennedy and McFarlane (45) in 
CH,HgBr. Thus our best estimates for the spin- 
rotation tensor are: Cl. = - 120 & 60 kHz and 
C1 = -23 i 3 kHz. Use of these values along 
With D ,  and Dl in eq. 18 shows that about 5 0 x  
of the '"Hg spin-rotation interaction comes 
from the methyl group reorientation and 50% 
from the overall tumbling motion of the di- 
methylinercury molecule. 

It has been pointed out (46) that the (IC) 
tensor for 13C spins in many non-linear mole- 
cules is near isotropic i .e.  (IC), = I I ,C i  = IIC,. 
This is true only for the cases where Ao is small 
compared to o,'. We emphasize that such is not 
the case for l9'Hg in dimethylmercury since 
Ao = +4600 p p n ~  and o,' = - 4500 ppm. In 
fact for our case (IC)i is about four times (IC), . 

Using our values of Ao, CI:, and C, we can 
estimate the point at which RISR = R~~~~ at  
23.5 kG (i.e. the point a t  which R , ( ' ~ ~ H ~ )  
reaches a maximum). This should occur a t  about 
-45°C calculated from our values of Ao and 
spin-rotation constants. Thus R1("'Hg) be- 
haviour a t  higher fields should display observ- 
able effects due to the large chemical shift 
anisotropy in Hg(CH,),. 
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TABLE 7.Chemical shift anisotropy and spin-rotation contributions to the 
relaxation rate of the I9'Hg nucleus (at 14.1 kG) for various values of C,, 

and CLS: 

(a) At 300 K 

C (kHz) Cl( kHz) A o  (pprn) RISR (s-I) RICSA (s-I) Rltofa '  (SKI) 

(b) At 234 K 

C (kHz) Ci (kHz) A o  (ppm) RISR (SKI) RICSA ( s - I  ) Rlfofd'  (s-l) 

"RISR calculated using eq. 17. 

A recent nmr study of 199Hg (47) has yielded 
an atonlic reference scale for all measured nmr 
line shifts of mercury. The resulting shielding 
constant is opt = -4686 pprn for 199Hg(CH,), 
rs. 199Hg atom. Using our best fit values for C, 
and C (CII = - 120 kHz and C, = -23 kHz) 
along vi th  eq. 21 and the relationship 0,' = 
3(2o, + o ) we obtain o,' = -4550 ppm, in 
excelle~lt agreement w ~ t h  the reported value of 
-4686 ppm. 
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The hydrolysis of 1- and Zadamantyl nitrate in water: limiting values of AC~' for 
displacement of the nitrate ion in water 
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KALAVELIL MATTHEW KOSHY, RAJAKC KANTA MOHANTY, and Ross ELMORE ROBERTSON. 
Can. J. Chem. 55. 1314 (1977). 

Values of AC,* have been obtained for the hydrolysis of 1- and 2-adamantyl nitrate in water 
and of 1-adamantyl nitrate in 0.2 111~1 fraction ethanol-water and acetonitrile-hater. The 
limiting value of AC,= for displacement of the NO,- ions in water is more negative than - 130 
cal mol-' deg-'. Much less negative values in mixed solvents show that the large negative 
values obtained for hydrolysis in water derive in some manner from the structural properties 
of water. The mechanistic in~plications of these facts are discussed. 

KALA~ELIL  MATTHEW KOSHY, RAJANI KANTA MOHANTY et Ross ELMORE ROBERTSON. Can. 
J. Chem. 55, 1314 (1977). 

On a obtenu des valeurs de AC,' pour l'hydrolyse des nitrates d'adarnantyle-1 et -2 dans 
I'eau et du nitrate d'adamantyle-1 dans des melanges Cthanol-eau et acitonitrile-eau de 0.2 
fraction n~olaire. La valeur lirnite de AC,, = pour le dCp1acement des ions NO3- dans l'eau est 
plus negative que - 130 cal n~o l - '  deg-'. Des valeurs beallcoup plus negatives dans les solvants 
mixtes nlontrent que les valeurs tres negatives obtenues pour l'hydrolyse dans l'eau proviennent 
d'une maniere q~ielconque des proprietks structurales de I'eau. On discute des il~lplications 
n~Ccanistiques de ces faits. 

[Traduit par le jour~lal] 

In  this paper we examine the mechanistic structure of the reactant, the group being dis- 
implications of the values of AC,= derived from placed, and the nucieophilic and ionizing 
the hydrolysis of the I -  and 2-adarnantyl properties of the solvent. The latter considera- 
nitrates in water and in mixed solvents. In  tion, though long recognized (9); is not always 
solvolytic displacement reactions, the adamantyl observed. Water is a unique solvent in this 
structure ensures the absence of rear-side respect. Because of the tendency to form 
nucleophilic interaction ( I )  and since participa- 
tion by H or Me is unllkely (2),  displacement 
from the adamantyl structure makes certain that 
the niechanis~n is SN1 (3-5), Lim ( 6 ) ,  or kc (7), 
as one chooses. Because the 2-adamantyl 
structure thus eliminates the possibility of 
'border-line mechanism' and mixed kinetics 
(ref. 5, pp. 320-321) mhich had been recognized 
in earl~er discussions of displacement from 
secondary carbons, the 2-adamantyl structure 
was proposed by Schleyer et 01. as a limiting 

transient structures about weakly polar solutes 
(10) and the f i~rther characteristic that these 
structures are sensitive to temperature and to 
the develop~nent of charge on the anion, me are 
provided, through AC,* values. with a 'handle' 
for evaluating the degree of charge development 
at  the transition state (1 1). 

Very early 111 studying their proposed SY1/S,2 
mechanistic classification of ~lucleophilic dis- 
placement reactions, Hughes and lngold recog- 
nized the need for a range of charge development 

standard for evaluating the mechanism for at  the transition state and for the possibility of 
displacen~ent from secondary carbons (2). 'shielding' and mixed kinetics (5). This logical 

The mechanism of such solvolytic SN dis- extension of the simplistic SN1/SN2 mechanistic 
placements is recognized to depend on the classification was provided with a for~nalism and 

a firmer experimental justification by Winstein 
]Present address: Scarborough College, University of and co-workers in the course of an extensive 

Toronto, West Hill, Toronto, Ont. investigation, largely in the solvent acetic acid 
'Research Assistant, University of Calgary, Calgary, 

Alta. 1974-1976. On leave of absence from Ravenshaw (12, 13). The possible existence of parallel 
College, Cuttack, Orissa, India. pathways (k,, k,, kc, in Winstein's nomencla- 

3Author to whom correspondence should be addressed. t ~ l r e  (7)) for hydrolytic displacement from secon- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1. Einplrlcal coilstants for the equation log X = A ,  + A, IT + A, log T F  

Substratc Solvent A L  - A z  -A3  

I-Adamantyl Pure water 
nitrate 

0 . 2  niol fraction EtOH 
0 .  S mo! fraction water 

0 . 2  mol fraction MeCN 
0 .8  niol fraction M ater 

2-Adamantyl Pure water 
nitrate 

4-Methqlbenzyl 0 .  l mol fraction 
nitrate.) acetonitri!e in water 

" T i n  Kelvins. 
tAC,* in water = 101 cal mol-1 deg-'. 

dary substrates in water would be expected to 
alter values of ACPq to less negative values 
(14). Hence the proposal that 2-adaniantyl-X 
provided a 'standard' for evaluating the dis- 
placement of other secondaries was intriguing 
and encouraged us to determine the AC,' for the 
hydrolysis of 2-adamantyl nitrate in water. 
Whilein one sense the results obtained were not 
too  surprising since we already knew the value 
of AC,' for the hydrolysis of I-adamantyl 
nitrate, we believe these results raise important 
questions with regard to the interpretation of 
AC,' not only with reference to those reported 
here but with respect to the significance of this 
coefficient as a mechanistic probe in general (1 1). 

The rate data were determined as previously 
(15) and the rate-temperature relationships were 
obtained by fitting these data to the empirical 
equation 

[ I ]  log k ,  = A ,  + A2/T + A, log T 

The Lalues of the constants are given in Table 
1 .  Derived values (1 1) of A H = ,  AS*,  and AC,' 
are given In Table 2. The value of AC,* for 
1-adaniantyl  litr rate IS at  once seen to be the most 
negative \ alue of this coefficient reported to date. 
The value of ACp* found for the 2-adamantyl 
nitrate is about the same as was found for the 
2 ,6-d~~~~ethylbenzyl  nitrate (16) and possibly a 
I~tt le less negative than that of the 1-adamantyl 
nitrate. Such a small difference mould be con- 
sistent with the smaller 'm' value and k,,,,/ 
k,,,,, ratio reported in Schleyer's paper (2). 

111 accord with our earlier assulnpt~on that 
large negative values of ACpT reflected a cor- 
respondingly large reorganization of the water 

structure adjacent to the developing nitrate ion 
in the activation process ( l l ) ,  and following 
earlier experience with tert-BuC1 (17) AC,' 
values were determined for the hydrolysis of the 
1-adamantyl nitrate and 4-Me-benzyl nitrate in 
0.2 mol fraction acetonitrile in water and in 0.2 
11101 fraction ethanol in water. The values of 
AC,' obtained in these mixed solvents may be 
compared with those found for tnf-butyl 
chloride hydrolyzing in the same media (Table 
3). For reasons which will be apparent, it was 
not considered necessary to repeat this work 
kvith the 2-adainantyl nitrate, since there is no  
cause to believe that the results would be 
significantly different. 

.The values of AC,= found for the solvolysis of 
1- and 2-ada~nantyl nitrate hydrolyzing in water 
are far more negative than what was previously 
regarded as limiting (18). That such large 
negative values could be attributed to the 
breakdown of the total hydrophobic solvent 
shell is unacceptable, even though Ahlywalia 
and co-workers have shown (19, 20) that 
ACO,,, for the solvation of tetra-n-butyl amnio- 
n i u ~ n  chloride changes on the addition of to-  
solvent in the same manner as AC,' reported 
here (Table 2). The large values of ACO,,, for the 
solvation of the a ~ n ~ n o n i u ~ n  salts in water relate 
to the temperature sensitivity of the hydrophobic 
shell about the cation while in the kinetic study, 
the larger the cation the more likely the initial 
state solvation will be shielded from the effects 
of charge development in the activation process 
and hence remain unchanged. 

In Table (4) the values of ACO,,, are given for 
a number of alkali nitrates. If -1-30 cal mol-I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1316 C A N .  J .  CHERI. VOL. 5 5 .  1977 

- , m  . PJ , y  - m  F,-t- m e -  m -  . .  . . .  . . .  
c o -  0 a 0  o o 0  i 6 o  o a  
+! +I +i +i f l  t i  +I +I +I 4-1 TI 
o ? q  m - a  m v j w  q - m  a m  . . .  . . , .  . .  
o t - m  d N -  m t - " r  m n ? -  m -  
P4 - I P< - 

2 m e  t-G2 EES G a  N r - 0  
m - m -  m -  F d N  0 - N  - N  

-I +' t i  t i  $I t i  +I t i  +i +I r i  t i  +I TI 
0 - a  m  d e  a 's-  m C P I  O C  
m t - m  m nlri m a d  0 e 6  m n  
m r l m  m  -a - ? - -  m U ' s  Nt -  
a m -  n ci- m b v  d - m  e m  
C\I PI PI C\I N N -1 N N r. m N rl PI 

deg-' is taken as a reasonable estinlate for the 
values AC,.: associated with hydrophobic 
solvation of the neutral NO, group: the balues 
of AC,' reported in Table 2 for the hydrolysis 
of adamantyl nitrates are seen to be far more 
negative that can be accounted for by the 
separation of a fully charged nitrate ion.' It seems 
reasonable that experimental values of AC,= in 
the ranne - 130 -t - 150 must contain factors - 
derived from kinetic complexities and the nature 
of the limiting mechanism in water. 

Several authors have recognized that if 
solvolytic reactions partition between two path- 
ways having different critical energies, there \\ill 
be a posilive contribution to AC,* (14, 22. 23) 
but only for the case of ion-pair return is a nega- 
tive 'spurious' contribution anticipated (24).6 

While Albery and Robinson (24) neglected 
the possibility of a coiltribution to AC,' from 
solvent reorganization. they noted that where 
there was an equilibrium in\~olvi~ig ion-pair 
return, such as proposed by Winstein and co- 
workers, a negative temperature coefficient 
would be found. This suggestion provides a 
ready explanation for that part of AC,= to be 
attributed to kinetic complexity. But there are 
difficulties with this hypothesis, the most 
obvious being to account for the large reduction 
in AC,* on the addition of a co-solvent (Table 2, 
and refs. 17 and 18). Winstein and his co- 
workers sho~ved that ion-pair return depends 
markedly on the solvent employed (13, 25) and 
that this pheiloniellon was favoured by solvents 
of low solvatillg power and \veal< n~~cleophilicity. 
Water fits neither category. Our results show 
that on changing to a more f a~orah le  en\iron- 
ment for ion-pair return, the effect in question 
largely disappears. Nor is it clear that water in 
a solvent-separated ion-pair will not be a 
stronger nucleophile rather than otherwise. 
Such enhanced nucleophilicity predicates no 
ion-pair return after initial fi-ont-side displace- 
ment. Here our evidence involves product forma- 

41t is assumed that this +30 cal mol-' deg-* would 
contribute -30 cal mol-I deg-' to AC,= in the activa- 
tion process (1 1). 
5A probable value might be 80 cal mol-' deg-' based 

on - 30 as a base value unrelated to water structure, - 30 
from hydrophobic bonding about neutral NO3, and -20 
from Table 4. 

discussion of various possible contributions to 
AC,= from such ltirletic complexities is given in a 
previous paper (23). 
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KOSHY ET AL. 1317 

TABLE 3. AC,,' values for solvolysis of feit-butyl chloride 

Temp. A H +  A S =  -AC; 
Substrate Solvent ( C) (cal 11101V1) (cal mol- ' deg-') (cal mol-I deg-') 

teit-BuC1 Water* 10 23 830 14.4 83 1 4 . 5  

0 . 2  mol fraction EtO1-I" 
0 .8  mol fraction water'" 10 19 430 - 3 . 1  

0 . 2  niol fraction 
acetonitrile 10 21 366 -1 .2  k 0 . 1  39 + 2 

0 . 8  mol fraction water 

TABLE 4. Estimated values of heat better understanding, the significance of this 
capacity for solution of alkali nitrates empirical term (ACp*) can still serve as a useful 

(21) mechanistic probe giving an indication of the 
degree of charge development where the mech- 

$ C = 0  
Nitrate (cal niol-I deg-') anism involkes solne degree of i~ucleophilic 

interactioil and signalli~ig front-side displace- 
NaNO, -9 .6  ment where structural features ~ e r m i t  or reauire 

this alternative. 

CSNO; -18.8 Experimental 

I-Adan?antjl .Vifinte 
tion with the activated methyl rather than the This C O I I I ~ O U I I ~  was prepared from 1-adamant>[ 
adamalltyl group. the reaction of Inethyl bromide (Aldrich Cheniical Co. Inc.). I-Adamantyl 

bromide 18 g, 0.041 mol) dissolved in 50 nil of dry ether iodide catalyzed by Ag- ion, the rate of reaction was stirred \vith (0,0j9 nlol) of powdered silver 
was fo~ lnd  to be accelerated by excess llitrate nitrate for 12 h at room temperature. After reniovaI of 
ion. Hainmond and co-workers (26) and the precipitated silver bromide the product was re- 
Coicleugh and Moel~vyn-Hughes (27) postulated 
the forination of an intermediate of the form 
(NO,-)Mel(Ag+). Since methanol was the only 
organic product, an  alternati\,e hypothesis 
would postulate NO,-. . .H20.  . .Me. . .I. . . 
Ag', the Ag+ being partially desolvated but the 
nucleophilic water molecule f o r ~ n i n  part of 
the NO,- solvatio~l shell. This water inolecule 
is then rendered more active by the presence of 
the NO,- group. Such a possibility is not 
inconsistent with the specific salt effects reported 
by Bunton and co-workers (28, 29) and provides 
a guide to the probable reason that evidence for 
ion-pair return from the solvent-separated ion- 
pair is not observed in solvents of fair nucleo- 
philicity. Both of the foregoing arguments 
weigh against the ion-pair return hypothesis as 
a logical possibility to account for the large 
negative values of ACpS reported here but 
provide no clear alternative. 

These arguments do not exclude the existence 
of contributions to AC,* from kinetic com- 
plexities associated with front-side displacement 
and water structure. Hence, in the absence of a 

covered by evaporation of the ether. Recrystallization 
from cyclohexane gave 5 g of I-adamantyl nitrate. It was 
further purified by vacuum s~~blimation (65 C 0.1 torr), 
mp 103-104'C, nmr,,,, (CCI,) 8 2.4-2.95 (ni, 9, CH,, 
CH), 2.05 (ni, 6, CHZ). Annl. calcd. for C,,H,,NO,: C 
60.91, H 7.61, N 7.11; found: C 60.93, H 7.82, N 7.12. 

2-Adurtianfjl 1 2" rti'ute 
A 2-adanlantanol (Aldrich Cheni. Co. Inc.) solution 

was refluxed with 4 8 2  HBr in the presence of con- 
centrated H,SO,, for 24 h. The bromide thus obtained 
(95% yield) was extracted with ether. The nitrate was 
prepared froni the bromide following the same proced~~re  
as in the case of I-adamatityl nitrate, except for the fact 
that the stirring uith silver nitrate was done for 24 h. 
The conversion was found to be 100yT, (no C-Br peak 
in the ir). The nitrate was crystallized from ether by 
removing part of the ether under vacuum. Further 
purification was done by vacuum sublimation; 111p 30 C. 
AncrI. calcd.: C 60.91, H 7.61, N 7.1 1;  found: C 60.86, 
H 7.63, N 7.12. 

pc1i.n-Methylbenzyi nitrate was prepared and purified as 
before (8). 

Solrent 114i.w t u i e ~  
All solvent mixtures were prepared by mixing the two 

components, the volumes of which were calculated on the 
basis of their densities at  the temperature of mixing 
(2OZC). Ethanol mas obtained from Standard Chemicals 
(absolute alcohol, 99.9%) and was used as such. Acetoni- 
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An examination of two solvation parameters: A C ~  and 'rn' 
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RAJANI K A ~ T A  MOHA\ITY and Ross ELMORE ROBERT SO^. Can. J. Chem. 55, 1319 (1977). 
The empirical 'm' values from the Grunwald-Winstein solvent correlation equation for SN 

displacement reactons sho~v a fair correlation with corresponding AC,* values obtained froin 
hydrolysis in water. The correlation plots separate according to the nature of the displaced 
groups, a consequence of different relative effects of anions on lvater structure. The mechanistic 
significance of the correlation is examined. 

RAJAV KANTA MOHAUTY et Ross ELMORE ROBERTSON. Can. J. Chem. 55, 1319(1977). 
Les valeurs ' n 1 '  empiriques obtenues i partir de ]'equation de correlation de solvant de 

Grunwald-Winstein pour des reactions de deplacements S, montrent une bonne relation avec 
les valeurs correspondants de AC,' obtenues a partir de I'hydrolyse dans I'eau. Les courbes de 
correlation se separent, suivant la nature des groupes d6placts; ce resultat est une consiquence 
des differents effets relatifs des anions sur la structure de I'eau. On examine la signification 
mkcanistique de cette correlation. 

[Traduit par le journal] 

A qualitative relationship between the ionizing 
properties of solvolyzing media and the rate of 
S, displacen~ent reactions was published over 
40 years ago by Hughes and Jngold (1). During 
the intervening years various attempts have been 
made to formulate a more quantitative correla- 
tion (2-7). Anlong these, the linear free energy 
solvent correlation 

[1 I (log k = log k, + m Y )  

of Grunwald and Willstein has attracted the 
most lasting attention, possibly because of its 
apparent simplicity. The authors, themselves, 
recognized that this correlation was not entirely 
satisfactory (4,8), a fact they illustrated by show- 
ing that various solvent mixtures produced a 
dispersion of plots (see also refs. 9-1 1). Equation 
1 illustrates the inherent difficulty in attempti~lg 
to reduce a number of interacting complexities 
to a simple expression. In such a sin~plification 
fine structure tends to be neglected. 

While these more general attempts were being 
made to compass solvent effects on S, reactioils, 
we have examined the solvent effects on ion- 
ogenic S, reactions hydrolyzing, mainly in water, 
using the semi-empirical parameter, AC,', as a 
measure of charge development a t  the transition 
state (12). Originally we thought that this coef- 
ficient (dAH'ldT = AC,') was deter~nined 

'Research Associate on leave from Ravenshaw College, 
Cuttack, India. 

'Author to uhom correspondence should be addressed. 

wholly by the difference in heat capacity between 
the initial and transition states of the surround- 
ing aqueous solvent shell (AC,* = ( C ,  .,,, - 
TI, ,,,,) induced by the external effects of charge 
development on the activated quasi-ion pair. 
This is an over-simplification. The temperature 
coefficient of AH* is necessarily complex and 
empirical in spite of the apparent certitude en- 
gendered by transition state tern~inology. The 
latterfact may limit but does not cancel the value 
of ACp* as a useful indicator of the detailed 
mechanism of hydrolysis in water. Among the 
modifications to the initial hypothesis (13) was 
the recognition that a base value of about -30 
cal mol-I deg-I was present apparently unre- 
lated to solvent structure in water and that 
ACpT S f r  = (ACpi - 30) was determined largely 
(if not entirely) by charge development on the 
quasi anion (14). The latter modification was 
based in part on the observation that those re- 
actants, RX, in which R possessed the greatest 
capacity to distribute positive charge and hinder 
nucleophilic attack (e.g.,  1-adamantyl nitrate 
(15, 16)) were just those which yielded the most 
negative values of AC,' yet were also just those 
cases where the positive charge was least likely 
to break down water structure. One of the more 
illuminating studies correlating AC," with the 
probable charge on the quasi anion a t  the transi- 
tion state and with corresponding changes on the 
central carbon atom at  the transition state was 
published in two papers by Koshy and Robert- 
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son (13, 17). From these, and related da.ia it was 
concluded that for such displacements the transi- 
tion state corresponded to some critical level 
of positive charge becoming available3 on the 
central carbon. This simple operative condition 
provides an  external mechanism (S,2) for a re- 
duction of internal electrostatic interaction and 
a transfer of electrons permitting the eventual 
front-side displacement of X. The kinetic solvent 
isotope effect (19) and the above noted correla- 
tion (17) both support the conclusion that the 
transition state coincides with the initial estab- 
lishment of nucleophilic interaction and if nu- 
cleophilic interaction is possible it will be estab- 
lished."he alternative to that seeming tautology 
will be the limiting mechanism where front-side 
displacement precedes nucleophilic interaction. 
We shall return to this point in connection with 
the hydrolysis of tert-butyl chloride. I t  follows 
that the more efficient the charge dispersal in 
R" of the activated RX, the greater the reduc- 
tion in internal electrostatic interaction between 
R" and X". Such dispersal will have two im- 
portant mechanistic consequences. (i) There will 
be a corresponding enhancement of external ef- 
fects of X" on the adjacent solvent shell (the 
ionizing properties of the solvent will become 
increasingly important) and (ii) there will be a 
delay in establishing nucleophilic interaction 
relative to the reaction coordinate. This simple 
analysis was sufficient to account for the ACp* 
us. k,/k, correlation (17) noted above for the 
hydrolysis of a series of benzyl nitrates in water 
and we would assume will apply also to  solvol- 
ysis in organo-aqueous mixtures. Solvolysis in 
acetic acid and similar media tends to enhance 
the possibility of ion-pair complications (20, 
21) which are not important in water and hence 
are neglected here. The above hypothesis a t  once 
provides a basis for understanding why the 
transition state is reached a t  a later stage for 
displacement through the series prim < sec < 
tert and why there is a corresponding shift to 
more negative values of ACp* and leads to the 
structural condition predicating a limiting me- 
chanism. These general conclusions reached 

31n the general case, 'available' will include allowance 
for steric factors which in the noted benzyl series were 
low with exception of the 2,h-dimethyl substituent (15, 
18). 

4 N ~ ~ ~  ADDED IN PROOF: J. L. Kurn reaches a similar 
conclusion from a different premise (Acc. Chenl. Res. 5, 
1 (1972)). 

from a consideration of ACp* values provide a 
basis for examining the 'm' values of the Grun- 
wald-Winstein correlation [l]. 

Granted the above analysis for hydrolytic S, 
displacements in water approximates solvolytic 
displacements in general, then 'rn' is necessarily 
complex. This term reflects the ability of the R 
groups to disperse electron deficiency, steric 
factors which influence the initiation of nucleo- 
philic interaction, and some portion of inherent 
nucleophilic activity of the solvent not included 
in Y. 

Originally (2, 3) the Y-values were expected to  
characterize the ionizing properties of the sol- 
vent. Howe\ler, since it is doubtful if tert-butyl 
chloride hydrolyzes by a limiting mechanism in 
water (see below) it is less likely to do so in 80120 
v/v ethanol-water, the original standard solvent. 
Hence Y will contain some varying specific 
nucleophilic contribution and the dispersion 
noted by Grunwald and co-workers is not sur- 
prising. What was much less obvious at  first 
sight was that '171' values determined using the 
displacement of a halide or a tosylate were about 
the same (16) when we knew that the interaction 
of these displaced groups on hydrolysis in water 
was quite different (1, 5).  I t  was this seeming 
contradiction which led to the present compari- 
son between ACp* and ' H I '  values for hydrolysis. 

Results and Discussion 

The ACp* values were known for a series of 
substituted benzyl nitrates in water (13) and 
since these provided a basis for the mechanistic 
conclusions outlined above, corresponding 'm' 
values were determined from solvolytic rate data 
obtained in various (two or three) ethanol-water 
mixtures by a conductance method (22). This 
limited series together with the water data was 
judged sufficient for an  approximate value of 
'172' in view of the inherent uncertainties in the 
latter term (8). With the exception of the 2,6- 
diinethyl substituent the benzyl series had the 
advantage of low, and similar steric require- 
ments. Rate data and corresponding 'm' values 
are given in Table 1. A plot of the latter zls. AC,' 
for hydrolysis in water is given in Fig. 1. On the 
same figure are included plots for corresponding 
data for a number of halides and sulfonates. I t  is 
a t  once evident that a fair correlation exists, 
divided according to the nature of the displaced 
groups. This division is the natural consequence 
of the fact that AC,* reflects the specific exter- 
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MOHAhTY AND ROBERTSON 1321 

TABLE 1. Rate data and corresponding 'm' values 

Temp. 
Substrate (nitrate) ("C) 

1-Adamantyl 48.10 

2,6-Dimethyl benzyl 48.10 

4-Methyl benzyl 48.10 

2-Methyl benzyl 48.10 

Benzyl 48.10 

3-Trifluoro methylbenzyl 73.45 

3-Methyl benzyl 48.10 

4-Nitrobenzyl 73.44 

2,4-Dimethyl benzyl 43.63 

2-Butyl 69.97 

ACp* ~ H I ~ D  
(cal mol-I (per two D 

'nz3* deg-') atoms) k x lo5 ( S K I ) ?  

Reference for 
AC,,* 

53 090 (water) 
354.8 (44 7% E) 

3.548 (80% E) 

3 ,162 (water) 
1.589 (5% E) 
1.381 (10% E) 

1 ,394 5888 (water) 
244.4 (40% E) 

39.8 1 (60% E) 

1.384 1096 (water) 
53 .47 (40% E) 

1.496 (80% E) 

1.324 234.4 (water) 
76.04 (20% E) 
14.76 (40% E) 

1 ,240 12.59 (water) 
1 ,622 (40% E) 
0.2818 (60% E) 

0.976 7.079 (water) 
5.623 (10% E) 
3 .79 1 (20% E) 

29.85 (water) 
12.75 (20% E) 
2.666 (40% E) 

1 ,905 (water) 
I .413 (20% E) 
0.641 1 (40% E) 

522.4 (40% E) 
199.5 (50% E) 
71 .66 (60% E) 

2.831 (20% E) 
0.7044 (40z E) 

*Reference, this work. 
TE is ethanol. 

nal effects of a given charge on the particular 
group being displaced while 'm' reflects the relu- 
t i re  effect of particular displacement to that 
corresponding to an  assumed limiting case for 
the same anion. 

The correlation of AC,= and '172' for the benzyl 
nitrate series is seen to  be quite satisfactory while 
that for the sulfonates shows a lack of sensitivity 
presumably because the internal charge dispersal 
in the sulfonate group reduces internal interac- 
tion and at  the same time minimizes external 
effects (12, 19, 23). The 'm' values reflect the 
degree of overall charge on the R group when 
the critical charge on the central carbon corre- 
sponds to  that necessary to initiate nucleophilic 

i n t e ~ a c t i o n . ~  The examples on the halide plot 
show a greater degree of scatter. This was ex- 
pected since there is considerable variation in the 
steric contribution to 'm' through this series. A 
notable example is tert-butyl chloride which is 
more widely displaced than might be expected. 
We attribute this to the fact that tert-butyl chlo- 
ride in water does not give a limiting value of 
ACPe for displacement of a halide (24), a fact 
which suggests that the mechanism of hydrolysis 
for this compound in water is not limiting; i.e. 
in the absence of obtrusive steric factors nucleo- 

5The kinetic solvent isotope effects (kHZO/kDZO) for 
displacement of the sulfonic group are about 1.1 in all 
cases examined (19). 
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1322 CAN. J. CHEM. VOL 55.  1977 

FIG. 1. A correlation of AC,' and '171' for the solvolytic displacement of a series of nitrates, halides, 
and sulfonates: (I) I-adamantyl nitrate (this work, Table 1); (2) 2-adamantyl nitrate (this work, Table 
1);  (3) 2,6-dimethylbenzyl nitrate (this work, Table 1); (4) 4-methylbenzyl nitrate (this work, Table 1); 
(5) 2-methylbenzyl nitrate (this work, Table 1); (6) benzyl nitrate (this work, Table 1); (7) trifluoro- 
methylbenzyl nitrate (this work, Table 1): (8) 3-methylbenzyl nitrate (this work, Table 1): (9) 4-nitro- 
benzyl nitrate (this work, Table 1); (10) methyl tosylate (12, 27); (11) ethyl tosylate (12, 27); (12) ethyl 
benzenesulfonate (12,28); (13) n-butyl brosylate (12,28); (14) benzyl tosylate (ACPi assumed) (12,28): 
(15) 2-propyl brosylate (12, 28): (16) 2-propyl rosylate (12, 27); (17) cyclohexyl tosylate (AC,' as- 
sumed) (27); (18) cyclopropyl tosylate (AC,' assumed) (29); (19) 3,3-dimethyl-2-butyl brosylate (AC,* 
assumed) (30); (20) methyl bromide (12, 16); (21) rz-propyl bromide (12, 28); (22) benzyl chloride (28, 
32); (23) ethyl bromide (12, 16); (24) p-methylallyl chloride (28, 31); (25) ally1 chloride (28, 31); (26) 
2-propyl bromide (12, 16); (27) 4-rnethylbenzyl chloride (28, 32); (28) tert-butyl chloride (2, 12); (29) 
r-methylallyl chloride (28, 31); (30) /err-arnyl bromide (AC,,' assumed) (12, 28); (31) 2-adamantyl 
bromide (ACn7 estimated) (16): (32) I-adamantyl bromide (AC,,' estimated) (16). 

The values of AC,' for all sulfonates examined are in the range 35 + 6 cal mol-' deg-'. AC,' for 
4-methylbenzyl chloride was 20 cal mol-' deg-I less negative than the value for the corresponding 
nitrate. This fact provided the basis for the estimated values of the adamantyl bromides, which regret- 
tably were too insoluble in water to  study. 

philic interaction is established (and tranqition 
state reached) prior to full charge development 
on the C1- ion. We do not have a ACp* value 
for 1-adamantyl bromide (which would certainly 
react by a limiting mechanism) but judging from 
the difference in AC,* for p-methylbenzyl nitrate 
and chloride ( I  3) the point for this limiting com- 
pound would lie very close to the curve shown 
for the halides. Where the same difference in 
ACp* is allowed between 2-adamantyl nitrate 
and bromide as between 4-methyl benzyl nitrate 

and chloride, the point for 2-adamantyl bromide 
falls on the halide plot. A direct determination of 
AC,* for 2-adamantyl bromide failed because 
of solubility problems. 

That ' ~ 1 '  and AC,' are found to show a fair 
correlation dependent on the displaced group 
provides a method for estimating the probable 
value of AC,* for hydrolysis in water without 
the necessity of a rather demanding kinetic 
study, or for cases where such a study is imprac- 
tical. In  our view, the much greater value of this 
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studv comes from the insight which the com- 8. T. w. BENTLEY. F. L. SCHADT. and P. v. R. 
parison provides with regard to the critical con- SCHLEYER. J. Am. Chem. Soc. 94,992 (1972). 

djtion necessary for sN displacement reactions 9. S.  WINSTEIN, A. H.  F A I ~ B E R G ,  and E. GRC'IUWALD. J .  
Am. Chem. Soc. 79,4146 (1957). 

and for the significance of 'm'. 10. F.  SPIETH, W. C. RUEBSAMEIU. and A. R. OLSON. J. 

Experimental 
Water 

Ordinary distilled water was passed through an ion 
exchange resin (Fisher Research Grade Rexyn 1-300) and 
subseque~ltly redistilled. 

Ethanol 
Absolute ethanol supplied by Standard Chemicals, 

99.973 pure, was used as such. 

Nitrate Esters 
All nitrate esters were prepared by either the heterogen- 

eous or homogeneous method (17) starting from the chlo- 
ride or the bromide, except for ortl~o, meta, and para and 
2,4-dimethyl benzyl nitrates which were available. They 
were purified before use either by distillation under re- 
duced pressure (25) or by crystallization from a suitable 
solvent depending OII whether the nitrate was a liquid or 
solid. Details have been reported (26). The different 
solvent mixtures were prepared by mixing the two com- 
ponents (v/v) at room temperature. The first-order rate 
constants were determined by using Queen type cells 
either at  one common temperature (48'C) or through ex- 
trapolation from other tcmperaturcs. Extrapolation was 
not attempted in cases uhere the rate was either too slow 
or too fast because of the high error involved. The rate 
data were obtained by a conductance method. The error 
involved in the rates was much less than i 0 . 5 %  except 
in case ofp-NO,-benzyl nitrate and 2-butyl nitrate where 
an  error of f 0.7 to i 0.8% was encountered in some of 
the rates. 

The Y values for different solvent mixtures were ob- 
tained from the literature (4). The 'm' values were ob- 
tained from the plots of log k in water and at least two 
aqueous ethanol solvents us. Y (slope = On'). A good 
straight line was obtained in most cases except for 
p-methylbenzyl nitrate where the best possible straight 
line was used. 
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C-Alkylation of 1,3-dihydroxyanthraquinones. Total syntheses of 
( f )-avesufin and ( f )-bipolarin 
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A N D R ~  CASTO~GUAY and PAUL BRASSARD. Can. J. Chem. 55. 1324 (1977) 
Various methods of substituting 1,3-dihydroxyanthraquinones in the 2-position were investi- 

gated. It was eventually found that direct hydroxyalkylation in the presence of definite amounts 
of sodium bicarbonate could be carried out. The reaction of 1,3,6,8-tetrahydroxyanthraquinone 
with 5-oxohexanal or 4-hydroxybutanal gave, respectively, among other products, (+)-averufin 
and (*)-bipolarin. 

A N D K ~  CASTOYGUAY et PAUL BRASSARD. Can. J. Cheni. 55, 1324 (1977) 
Diverses f a ~ o n s  de substituer les dihydroxy-1,3 anthraquinones en position 2 ont CtC etudiees. 

Eventuellen~ent, l'hydroxyalkylation directe s'est avkree realisable en presence de q ~ ~ a n t i t i s  
definies de bicarbonate de sodium dans l'eau. Ainsi les reactiol~s de la titrahydroxy-1,3,6,8 an- 
thraquinone avec 1'0x0-5 hexanal ou l'hydroxy-4 butanal donnent respectivement, entre autres 
produits, I,(?)-avCrufine et la (k)-bipolarine. 

A number of naturally occurring antllraqui- 
nones such as averantin (I) ,  bipolarin (2), aver- 
mutin ( I ) ,  versicorufin (3), and averufin (1) and 
its derivatives (2, 3) can be considered formally as 
hydroxyalkylation products of I ,3,6,8-tetral-iy- 
droxyanthraquinone (25). Averantin has pre- 
viously been prepared by the reduction of sol- 
orinic acid (4), hoxever none of the other pro- 
posed structures have been obtained or  con- 
firmed by synthesis. Hydroxymethylation of 
xanthopurpurin or  its derivatives has been suc- 
cessfiil(5) but no  reaction usi~lg higher homologs 
of formaldehyde appears to have been described. 

Even though 1,3,6.8-tetrahydroxyanthaqui- 
none has recently become quite readily available 
(6), most ~ o r k  of an  exploratory nature was 
carried out with the more common xanthopur- 
purin (11). Several methods of preparing this 
compound exist, but in our hands o11ly one, very 
succinct, was found to be satisfactory (7). This 
procedure involving the hydrosulfite reductio~l 
of the comnlercial dye purpurin was found to be 
simple and to give a high yield (85%) of the de- 
sired product. 

The first attempts to d o  substitution on the 
system centered on the alkylation, with 1-cl~loro- 
I-methoxybutane, or  the acylation of 1,3,9,10- 
tetraacetoxyallthracene (2). Various modifica- 
tions of FriedelLCrafts conditions vroduced no 
useful result; however, a Fries rearrangement of 
the substrate did give the 2-acetyl derivative (3) 
in low yield (15':) which could not be improved. 

1 R' = R 2 = R 3 = H  
3 R' = R3 = H, R2 = COCH, 
4 R' = R2 = H, R3 = CH20CH3 
5 R' = R3 = CH20CH3, R2 = H 

10 R' = R3 = H. R2 = CH,OH 
11 R' = R3 = CH,, R2 = CH2OH 
12 R1 = R3 = CH3. R2 = CHO 
13 R1 = CH,, R2 = CH=CH(CH2)3CH3. R3 = C4H9 
14 R' = R3 = CH3, R2 = CH=CH(CH2)3CH3 
15 R' = R3 = H, R2 = CHO 
16 R' = CH2CH=CH2. R2 = H, R3 = CH3 

18 R' = R2 = H, R3 = CH2CH=CH2 
19 R1 = H, R2 = CHZCH=CHZ. R3 = CH3 
20 R' = R3 = H, R2 = CH2CH=CHZ 
21 R' = R3 = H, R2 = CH=CH-CH3 
22 R1 = R3 = H. RZ = CHOHCHOHCH, 

27 R' = R3 = H, R2 = 

Attempts to carry out the process photochem- 
ically did not give the expected product. 

Alkylatioll of the anthracene nucleus at  the 
required position was next envisaged by first 
lithiating the 1,3,9,10-tetramethoxy derivative 
(7). I t  is well known that di-0-methylresorcinol 
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CASTOKGUAY AND BRASSARD 

is metallated in position 2 (8) and although 
anthracene itself gives rise to a 9,lO-addition of 
ethyllithium (9), it was expected that the meth- 
oxyl groups would decrease the affinity of these 
positions sufficiently to permit the desired metal- 
lation. The reactions of 1,3,9,10-tetraniethoxy- 
anthracene with either butyl- or phenyllithium 
gave products unsubstituted in positio~l 2 and 
which obviously were produced by 9,lO-addition 
of the reagents followed by elimination of lithium 
methoxide. Electronic effects allowed the predic- 
tion that the alkyl or aryl group would occupy 
the 9-position. This was confirmed at  least in the 
case of the phenyl derivative since the nmr 
spectrum shows a strong upfield shift for the 
1-methoxyl group (6 3.37). 

In  was then sought to modify the anthra- 
quinoid structure by converting it to the diketal. 
This could conveniently be carried out by elec- 
trocheillical oxidation of the corresponding 
hydroquinone diether. Modification of earlier 
work (10) improved the yield of anthraquinone 
tetramethyl diketal ( 7 8 7 ,  however, some of the 
~nonoketal  was also isolated ( I  5";). An attempt 
to extend the reaction to 1,3,9,IO-tetramethoxy- 
anthracene proved to be impractical since a large 
number of products were detected. 

Use of the Wittig reaction in the course of the 
alkylation of xanthopurpurin was also investi- 
gated since lucidin (10) and its analogs can 
readily be prepared ( 5 ) .  Methylation of the hy- 
droxymethylated compound 10 and oxidation 
gave the aldehyde 12 which reacted with n-pen- 
tylenetriphenylphosphorane. Under the condi- 
tions used, a 70'z yield of the expected di-0- 
methyl-bis-deoxyaverythrin (14) was obtained 
along with 12'7 of 3-butoxy 2-(trans-hex-1-eny1)- 
I-metl~oxyanthraquinone (13), the product of an  
unusual type of transetherification (the identity 
of the latter is derived mainly from its mass and 
the nmr spectrum which shows in particular the 
disappearance of the 3-methoxyl group and the 
presence of a triplet a t  6 3.92 attributed to the 
oxymethylene part of the butoxy substituent). 
A n  extended use of this method depended on the 
possibility of protecting the phenolic groups re- 
versibly during the condensation and all attempts 
a t  n~ethoxyn~ethylation of both lucidin (10) and 
nordamnacanthal (15) succeeded only in O-al- 
kylating the 3-hydroxyl functions. 

The Claisen rearrangement provides another 
versatile method for alkylating anthraquinones 
and its use has been illustrated in a recent syn- 

* 0 R' 

R3 

2 RL = COCH,, R2 = R3 = 0COCH3 
6 R L  = CH20CH3,  R2 = R3 = 0CH3 
7 RL = CH,. R2 = R3 = OCH, 
8 R' = CH,, R2 = ChHS, R3 = 0CH3 
9 R' = CH3, R2 = C4H,, R3 = OCH, 

thesis of islandicin (I I). More hindered systems 
such as l-allyloxy-3-iiietl1oxya1lthraqui1loile (16) 
and I -allyloxy-3-(tetrahydropyran-2- y1oxy)aii- 
thraquinone (17) have now been found to rear- 
range smoothly to the expected products 19 and 
20 in boiling 1,2-dichlorobenzene (in the lat- 
ter case with loss of the protecting group). 
Moreover xanthopurpurin can be selectively 
0-allylated in position 3 and then converted al- 
though slowly upon heating to the 2-ally1 deriva- 
tive (20). Isomerization of the double bond in 
this compound into conjugation with the aro- 
matic ring proved to be surprisingly difficult but 
was eventually carried out ~v i th  the use of rho- 
dium trichloride (12). The resulting 2-(tra~is- 
prop-1-enyl) derivative (21) when treated with os- 
mium tetroxide gave a flweo-diol (22) having one 
of the partial arrangen~ents analogous to those 
required in a n  eventual synthesis of nidurufin. 
One attenipt to introduce a longer side-chain by 
0-alkylating xanthopurpurin with 3-chlorohex- 
I-ene was unsuccessful and only the rearranged 
hex-2-enyl diether could be isolated. 

Attention was then turned to the hydroxy- 
alkylation of 1.3-dihydroxyaiitl~raquinones by 
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aldehydes in basic media. The method had pre- 
viously been successful in the case of formalde- 
hyde, but at te~npts to apply it to other aldehydes 
under a variety of conditions did not provide a 
trace of the expected product. A nunlber of 
hypotheses were then made which eventually led 
to successful hydroxyalkylations: (a )  the prod- 
ucts of C-hydroxyalkylation were assumed to be 
highly hindered and particularly prone to frag- 
mentation, (0 )  strong or  excess base was ex- 
pected to promote the reverse reaction, (c) the 
presence of another function capable of trapping 
the secondary alcol~ol or the corresponding car- 
bonium ion was thought to favor the reaction, 
and finally (d) it was anticipated that the use of 
a polar protic solvent would facilitate C-alkyla- 
tion by strongly solvating the aryl oxide oxygen. 

These prerequisites \$.ere taken into account 
in an  experiment involving xanthopurpurin, 1 
equiv, of sodium bicarbonate, and an excess of 
5-oxohexanal in water at  about 95'C. It was ex- 
pected that if hydroxyalkylation occurred the 
secondary alcohol would combine u i th  the 
ketone and form a fairly stable cyclic hemiketal 
(Scheme 1) .  Chromatography of the crude reac- 
tion product provided three compounds, one of 
which revealed that the reaction had indeed gone 
one step fi~rther than anticipated and had given 
an  11T yield of the analog of averufin, bis-deoxy- 
averufin (23). The nmr spectrum of this sub- 
stance is in good agreement in part with that of 
averufin while its mass spectrum is almost super- 
imposable on that of the latter when shifted by 
32 Illass units. From the top of the colunln a very 
polar and highly insoluble compound (31'z) was 
isolated and converted to the tetramethyl ether. 
This derivative was identified as the 6,6-di(1,3- 
dimethoxyanthraquinon-2- y1)hexan-2-one (24) 
by its molecular mass (632) and its nmr spectrum 
which shows an acetyl group (6 2.11), a single 
benzylic proton as a triplet (6 5.13), and the ab- 
sence of the characteristic signal for 2-H in xan- 
thopurpurin. Forty percent of the starting mate- 
rial was also recovered from a median fraction. 

The synthesis of (+)-averufin (26) required 
1,3,6,8-tetrahydroxyanthraquinone (25) which 
was obtained in a 9 2 x  yield from the tetramethyl 
ether (6) by a brief treatment with a molten mix- 
ture of sodium and aluminum chlorides. The 
hydroxyalkylation of this quinone with 5-0x0- 
hexanal was found to require 2 equiv. of bicar- 
bonate, a much longer reaction time (1 1 h) and 
a lower temperature (- 85°C). Under these con- 

Products 

ditions a 6 . 5 7  yield of the desired product was 
isolated along with a large amount of unreacted 
starting material (487) .  Some of the corre- 
sponding dianthraquinonylhexanone was also 
undoubtedly formed but was not isolated. Race- 
mic averufin was indistinguishable from the 
natural product (tlc in four solvent systems and 
comparison of the is and mass spectra). 

The ketoaldehyde used in the preceding syn- 
theses was then replaced by the readily accessible 
5-hydroxypentanal in order to determine whether 
2-(tetrahydropyran-2-yl) derivatives of 1,3-dihy- 
droxyanthraquinone of the type of avermutin 
could be obtained by this modification of the 
method. Dry column chronlatography of the 
crude products gave a fast moving zone which, 
when rechromatographed, gave a substance 
(207)  identified as bis-deoxynoravern~utin (27). 
The nature of the substance was confirmed bv its 
mass spectrum which shows a fragmentation pat- 
tern almost identical to that of avermutin but 
shifted by 46 nlass units. In  the nmr spectrum, 
the absence of a signal corresponding to the 
proton in position 2 and the presence of a broad 
doublet a t  6 5.05 (J,, = 8 Hz), a multiplet at  6 
3.64 collapsing to a broad doublet (J,,,, = 11 
Hz) by irradiation of the other axial hydrogens, 
and a broad doublet a t  6 4.24 corresponding re- 
spectively to the 2' axial, 6' axial, and 6 '  equa- 
torial protons corroborate the assigned structure. 
The data also suggest that the tetrahydropyranyl 
ring is essentially rigid and attached to the an- 
thraquinone in the equatorial position. 

From the second column, 2 6 z  of the starting 
material was also recovered along with a small 
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CASTONGUAY A h D  BRASSARD 1327 

amount (5%) of a dehydration product, 2-(5- 
hydroxy-trans-pent-1-eny1)-l,3-dihydroxyanthra- 
quinone (28) which was identified straightfor- 
wardly from the spectra of the corresponding 
dimethyl ether. Finally a fourth product, the 
dianthraquinonylpentanol(29) was isolated from 
the top of the first column. 

The foregoing results suggested that the race- 
mic modification of another natural product, 
bipolarin (30), could now be prepared very easily 
by this method. The required 4-hgdroxybutanal 
was obtained in a crude form by reducing y-buty- 
rolactone with diisobutylaluminun~ hydride (13) 
and  reacted with 1,3,6,8-tetrahydroxyanthra- 
quinone under conditions sinlilar to those used 
for the synthesis of (+)-averufin. Preparative 
thin layer chromatography of the crude prod- 
ucts gave a fast moving zone which consisted of 
(f )-bipolarin (30) ( 2 2 7 ) .  Some starting material 
(8%) was recovered from a second band but other 
fractions were not examined. An authentic sam- 
ple of bipolarin was unavailable but the physical 
and spectral properties of the synthetic sub- 
stance are in excellent agreement with those of 
the natural product (with the exception of one 
is band obtained by a different method). 

Under the described conditions, aldehydes 
incapable of forming cyclic derivatives were 
nonetheless found to react with xanthopurpurin. 
With ~ ~ h e x a n a l  the process was very slow but 
afforded a 23; yield of bis-deoxyaverythrin 
(2- (trans- hex- 1 - eny1)- 1,3 - dihydroxyanthraq~~i- 
none (31)) which after nlethylation was found to 
be identical to a product prepared earlier by a 
Wittig reaction. Other experiments carried out 
in media containing substances capable of inter- 
cepting the intermediate ben~ylic alcohol mere 
u~lsuccessful. I11 aqueous acetone the reaction 
proceeded more rapidly than in water. The same 
product (26:) was obtained as before but un- 
contaminated ~vi th  starting material. A 4 2 i e l d  
of a second unidentified product was also ob- 
tained which according to the Inass spectrunl is 
dimeric. In a 1 : 1 nlixture of methanol and water 
a very little (4.57) of the usual product was en- 
countered along with the dianthraquinonyl- 
hexane (32) and much starting material. All at- 
tempts to substitute 1,3,6,8-tetral~ydroxyanthra- 
quinone by analogous meails failed. 

Experimental 
Melting points \\ere taken for samples in capillary 

tubes ni th a Thoinas-Hoober apparatus (calibrated 

thermometer). The ir and uv spectra \\ere determined 
with Beckinan IR-12 and D K - I A  spectrophotonieters 
respectively. The nnir spectra were recorded ~ i t h  Varian 
A-60 and Bruker HX-90 spectrometers (tetrarnetliylsilane 
as internal standard). The mass spectra mere obtained 
mith a Varian M-66 spectronieter. Dahison silica gel No.  
923 was used for column chroniatography, Bakzr-7C 
silica gel for preparative tic, and Woclm silica gcl, activity 
111, for dry column chromatography. 

Xniztl~opu~prrrin / I )  
T o  a s o l ~ ~ t i o n  of purpurin (50.0 g, 0.195 moll in lvater 

(2 e )  and concentrated ammonia (100 nil) at  0-5'C was 
added sodium hydrosulfite (100 g) over a period of 1 h.  
The mixture was stirrzd at  this teiiiperature for 4.5 h,  
allo\\ed to stand overnight, aerated for 12 h ,  acidified 
mith hydrochloric acid, and filtered. The \\ashetl and 
dried residue can be recrystallized in portions froin a large 
\.olume of I ,2-dichloroethane and consists of xanthopur- 
purin (40 g, 8571, m p  270-271-C (lit. (14) mp 262-263-C; 
lit. (15) nip 268-270-C); 6 (90 MHz, C5D5i%) 6.93 ( l H ,  
d,  J = 2.5 Hz, ?-HI, 7.39-7.78 (2H, m, 6,7-H), 7.62 ( l H ,  
d, J = 2.5 Hz,  4-H), and 8.00-8.42 (2H, m, 5,8-H); 117 e 
240 (M-),  212, 184. 

I,3,9,lO-Tct1~rrucero.~~~c11~t/11~ncerze ( 2 )  
A ~iiixture of 1,3-diacetoxyanthraq~iinone (3.72 g, 

11.5 n ~ i ~ ~ o l ) ,  anhydrous sodiunl acetate (220 mg, 2.68 
nimol), activated zinc (I1 g), and acetic anhydride (I00 
1111) was refluxcd for 35 niin, filtered, poured into na te r ,  
and neutralized \\it11 sodium bicarbonate. Extraction of 
the aqueous suspension \\ith benzene gave the tetraacetate 
2 (4.0 g, 85%), m p  191-193-C (toluene): j.,,,, (CHCI,) 
252, 258, 360, 375, 395 nm (log s 4.97, 5.25, 3.73, 3.83, 
3.82); v,,,, (KBr) 1760 (acetate) and 1635 (aromatic 
C-C) c m - ' ;  6 (60 ,MHz, CDCI,) 2.32, 2.42, 2.50, and 
2.57 (4 x 3H, 45, 1,3,9,10-OAc), 7.02 ( l H ,  d,  J =  2.5 
HZ, 2-H), 7.40 ( I H ,  d ,  J = 2.5 HZ, 4-HI, 7.48-7.66 (2H, 
111, 6,7-H), and 7.72-7.95 (2H, m, 5,s-H): 177'e 410 (M-) ,  
368, 326, 284. Ancrl. calcd. for C ~ ~ H 1 8 0 8 :  C 64.39, H 
4.42; found: C 64.58, H 4.32. 

2-Aceiyl-I,3-i/iI7yi~roxycrrltliraq~1inonc f 3)  
1,3,9,10-Tctraacetoxyanthracene ( 2 )  (410mg, 1.00 

nimol) \vas added to anhydrous aluminum chloride (665 
mg, 5.00 nimol) in nitrobcnzcnc (2 g) at  0-5 C.  The mix- 
ture was stirred at room temperature for 15 h and poured 
into water (100 ml). After elimination of the nitrobenzene 
by \lashing \\ith petroleum ether (bp 30-60 C), the aque- 
ous phase \ \as  extracted with ethyl acetate (3 x 103 nil). 
The residue obtained after evaporation of the solvent was 
chroniatographed on  silica gel (dry column, chloroforni - 
ethyl acetate 4 :  1) and gave the rearranged quinone (3) 
(41 mg, l5%), m p  188-189'6 (1,'-dichloroethane); I.,,,, 
(chloroform) 258, 298, 430 nm (log s 4.50, 4.27, 3.77); 
v,,,, (KBr) 1670 (quinone C=O) and 1620 (chelated 
C-0) c m l ;  6 (90 MHz, CDCI,) 2.82 (3H, s, COCH,), 
7.31 ( l H ,  s, 4-H), 7.72-7.91 12H, ni, 6,7-H), and 8.19- 
8.38 (2H, in, 5,8-H): nl e 282 ( M + ) ,  267. Diacetate 
( A c 2 0  : H,SO,), m p  185-1 86'C (ethanol-water). Atzal. 
calcd. for C,,H,,O,: C 65.57, H 3.85: found:  C 65.35, 
H 3.73. 

I-H,vdro.~~~-3-i~?1rthosj~ti1efho.u).innilrrnyuit1one ( 4 )  
The silver salt of xanthopurpurin \%as first prepared 

from a solution of the quinone (240 mg, 1.00 nimol) in 
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1328 CAN. J .  CHE? 

aqueous 0.2 IY- sodiuni hydroxide by addition of silver 
nitrate (170 mg, l .OO mmol) in water (3 ml). A suspension 
of the \cell dried silver salt in a mixture of chloromethoxy- 
methane (240 mg, 3 nimol) and anhydrous benzene (10 
ml) was stirred at room temperature for 2 days and then 
poured into water. The residue of the ether extract was 
chromatographed on silica gel (dry column, benzene) 
and gave the 3-niethoxymethyl ether (4) (228 mg, 80%), 
mp 135-136 C (toluene); v,,,,, (KBr) 1670 (quinone C=O) 
and 1630 (chelated C=O) cm- ; 6 (60 MHz, CDCI,) 
3.48 (3H, s, OCH,), 5.23 (2H, s, -OCH,O-), 6.80 (IH, 
d ,  J = 2.5 Hz, 2-Hj, 7.38 ( IH,  d ,  J = 2.5 HZ, 4-H), 7.50- 
7.80 (2H, m, 6,7-H), and 8.05-8.33 (2H, m, 5,8-H); i ~ l / e  
284 ( M A ) .  Ancrl. calcd. for C16H1 ,05 : C 67.50, H 4.26; 
found: C 67.46, H 4.22. 

I,3-Dilii7efho~-~~i,1crho,~j~)anthmq1rii1one 15) 
The d i sod i~~m salt of xanthopurpurin \vas obtained by 

evaporating to dryness a solution of the quinone (240 mg, 
1.00 niniol) and sodiuni hydroxide (80 nig, 2.00 mmol) 
in aqueous methanol. To a stirred suspension of the dried 
salt in chloromethoxymethane ( I  60 mg, 2.00 mmol) and 
anhydrous I,2-dimethoxyethane (10 nil) were added al- 
ternately small portions of sodiuni and chloromethoxy- 
methane until the yello\\ colour of the niixture was no 
longer altered by addition of the riietal (24 h). Dilution 
of the reaction mixture with chloroform, extraction with 
1 z  aqueous sodiuni hydroxide, and evaporation of the 
osganlc solLents gave the mixed diacetal5 (297 mg, 90%), 
mp 158-159'C (ether - petroleum ether, hp 30-6O'C); 
v,,,,, (KBr) 1655 (quinone CEO) cm-' ;  6 (60 MHz, 
CDCI,) 3.48 and 3.55 (2 x 3H, 2s, OCH,), 5.27 and 
5.33 (2 x 2H, ZS, -OCH,O-), 7.13 ( lH ,  d, J =  3.0 
HZ, 2-H), 7.60 ( IH,  d, J = 3.0 HZ, 4-H), 7.55-7.87 (2H, 
m, 6,7-H), and 8.05-8.38 (2H, ni, 5,8-H); m , e  328 (Mt), 
313. A i ~ r l .  calcd. for C15H1606 : C 65.85, H 4.91 ; found: 
C 65.63, H 4.97. 

9,IO-Dii1~er/1os~~-l,3-cli(inerhosqn~erI~o.~~~)rit1rhi.crcene (6) 
To a mixture of 1,3-di(methoxyniethoxy)anthraquinone 

(264 mg, 0.80 mmol), absolute ethanol (0.5 ml), 2 0 x  
aqueous sodium hydroxide (2 1111), and activated zinc 
(80mg), stirred under nitrogen and kept at 86'C, was 
added niethyl p-toluenesulfonate (1.45 g) in portions over 
a period of 3 h.  After one more hour the reaction mixture 
was extracted several times with benzene and the latter 
evaporated. The residue was chromatographed on basic 
alumilla (Brocknian, activity I) and gave the anthracene 6 
as an unstable oil (125 mg, 4301,); 6 (60 MHz, CDCI,) 
3.47 and 3.55 (2 x 3H, 2s, -CH,OCH,), 3.95 and 3.97 
(2 x 3H, 2 s ,  9,10-OCH,), 5.25 and 5.32 (2 x 2H, 2s, 
-0CH2O-), 6.82 (1H, d, J = 2.5 HZ, 2-H), 7.18-7.47 
(2H, m, 6,7-H), 7.40 ( IH ,  d, J = 2.5 Hz, 4-H), and 7.90- 
8.38 (ZH, m, 5,8-H). 

1,3,9,10-Tetr-ainetho,~~1:antI11'acene 17) 
To  a mixture of 1,3-dimethoxyanthraquinone (1.13 g, 

4.22 mmol), ethanol (2.5 ml), 20% aqueous sodium hy- 
droxide (10ml), and activated zinc (415 mg), heated to 
refluxing under nitrogen for 4 h was added methyl 
p-toluenesulfonate (8.05 g) in portions over a period of 
3 h. The residue obtained by evaporation of a chloroform 
extract of the reaction mixture was chromatographed on 
neutral alumina (50 g) (Woelm, activity I)  (benzene-ether 
1 : 1) and gave the tetramethyl ether 7 (683 n ~ g ,  5473, 
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mp 120-121'C (ether); 6 (60 MHz, CDC13-C6D, 4 : l )  
3.82, 3.85, 3.90, and 3.93 (4 x 3H, 4s, 1,3,9,10-OCH,), 
6.42 (IH, d, J = 2.5 HZ, 2-H), 7.07 ( lH ,  d, J = 2.5 Hz, 
4-H), 7.02-7.47 (2H, m ,  6,7-H), and 8.03-8.43 (2H, m, 
5,8-H); i71,'e 298 (M'), 283. Anal. calcd. for Cl8Hl8O4:  
C 72.46, H 6.08; found: C 72.53, H 5.93. 

1~3,1O-Trir11ethoxy-9-phe11ylu11rhracerlp ( 8 )  
To  a \\.ell stirred solution of 1,3,9,10-tetramethoxyan- 

thracene (149 nig, 0.50 nimol) in anhydrous ether (2 ml) 
was added under nitrogen an ether solution of phenyl- 
lithium (0.5 mmol). The reaction niixture was allowed to 
stand for several hours and poured into water (50 nil). 
The crude solid was chromatographed on neutral alu- 
mina (20g, Woelm, activity 1) (benzene-chloroforni) 
and gave the phenylanthracene 8 (130 mg, 76z) ,  nip 190- 
192°C (ether): 6 (60 MHz, CDCI,) 3.37 (3H, s, I-OCH,), 
3.97and4.12(2 x 3H,2s, 3,10-OCH,), 6.37(1H,d,  J =  
2.5Hz, 2-H) ,7 .20(1H,d,  J =  2.5Hz,4-H), 7.33 (5H, S, 
9-C6H,), 7.27-7.50 (2H, m, 6,7-H), and 8.17-8.40 (2H, 
ni, 5,8-H); mie 344 (M-), 329, 314. Anal. calcd. for 
C Z 3 H Z 0 0 3 :  C 80.21, H 5.85; found: C 80.47, H 5.86. 

9-Buryl-1,3,10-tri111erI10,~~0nthi.i / 9 )  
An analogous preparation (1 .OO 1nn1ol of 1,3,9,10- 

tetramethoxyanthracene and 1.00 mmol of butyllithiurn) 
gave the b~~tylanthraccnc 9 (322 mg, 9973; 6 (60 MHz, 
CDCI,) 1.03 (3H, t, J = 7.0 Hz, 4'-H3), 1.30 and 1.66 
(6H, 2m, 1',2',3'-HZ), 3.80, 3.87, and 3.97 (3 x 3H, 3s, 
1,3,10-OCH3), 6.40 ( lH,  d,  J  = 3.0 HZ, 2-H), 7.10 ( IH,  
d ,  J  = 3.0 Hz, 4-H), 7.25-7.48 (2H, 111, 6,7-H), and 8.07- 
8.33 (ZH, m, 5,8-H); rnle 324 (MT).  A I I N ~ .  calcd. for 
C21H2403: C 77.75, H 7.46; found: C 77.83, H 7.60. 

2 - H y r l i ~ a , ~ y i ? l e t ~ o r 7 e  ( 1  1 )  
Methylation of lucidin (5) (10) (270 mg, 1.00 mmol) 

by a standard procedure (anhydrous potassiuni carbonate 
(6.0 g), dimethyl sulfate (0.5 ml), and boiling acetone 
(200 mi) (24 h)) gave the diniethyl ether 11 (212 mg, 71z) ,  
after chromatography of the crude product on silica gel 
(benzene-ethyl acetate 1 :  I), nip 173.5-174.0'C (lit. (16) 
mp 175-C) (ether - petroleum ether, bp 30 60'C); h,,,, 
(CHCI,) 247, 274, 390 nm (log E 4.24, 4.42, 3.56): v ,,, 
(KBr) 3440 (hydroxyl) and 1670 (quinone C-=O) cni-'; 6 
(60 IMHz, CDCI,) 3.98 and 4.02 (2 x 3H, 2s, 1,3-OCH,), 
4.84 (2H, s, 2-CH,), 7.65 ( lH,  s, 4-H), 7.60-7.85 (2H, n~ 
6,7-H) and 8.07-8.42 (2H, ni, 5,8-H); m,'e 298 (MT). 

2-Forii1ql-I ,3-diir~e~I10.~yni~tI1raq~ii101e 11 2) 
A mixture of lucidin 1,3-dimethyl ether (11) (298 mg, 

1 .OO mmol), activated manganese dioxide (1 7) (1.2 g), 
and anhqdrous benzene (50 ml) when refluxed for 16 h, 
filtered, and evaporated, gave the aldehyde 12 (264 mg, 
89%), nip 184.5-185.5-C (ethanol); i;,,,, (CHCI,) 280, 
335, 370, 490 nm (log E 4.45, 3.65, 3.53, 3.20); v ,,,, (KBr) 
1695 (aldehyde) and 1670 (quinone C=O) a n - ' ;  6 (90 
MHz, CDCI,) 4.05 and 4.09 (2 x 3H, 2s, 1,3-OCH,), 
7.71 ( lH ,  s, 4-H), 7.63-7.85 (2H, m, 6,7-H), 8.17-8.37 
(2H, m, 5,s-H), and 10.52 (1H, s, CHO); mle 296 (M+).  
Arml. calcd. for C,,H120,:  C 68.91, H 4.08; found: C 
68.78, H 4.06. 

2-jtrans-Hex-l-ei~~l)-1,3-diinetho.u).antI11'(1q1ii~~oi1e 114) 
To  a stirred suspension of n-pentyltriphenylphospho- 

nium bromide (413 mg, 1.00 rnmol) in anhydrous tetra- 
hydrofuran (20 ml) under nitrogen was added an ether 
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CASTONGUAY AND BRASSARD 1329 

solution of butyl!ithium (1.25 mmol) followed at O'C by 
2-forn1yl-1,3-di1nethoxyanthraq~1inone (12) (296 mg, 1.00 
mmol). The reaction mixture \\,as stirred for 20 min, 
poured into \later, and extracted with ether. The crude 
products were separated by preparative thin-layer chro- 
matography (silica gel - benzene). A fast-moving band 
consisted of 3-butoxy-2-(hex-1-enyl)-1-methoxyanthra- 
quinone (13) (47 mg, 12Y,), mp 121-122'C (ethanol- 
water); A,,,, (CHCI,) 290, 299 sh, 380 nm (log & 4.46, 
4.27, 3.77); v,,, (KBr) 1665 (quinone CEO) cm- ' ;  6 
(90 MHz, CDCI,) 1.01 (6H, t ,  J = - 6.5 HZ, 4',h1'-H,), 
1.33-2.04 (8H, m, 2',3',4",5"-HZ), 2.14-2.38 (2H, m, 
3"-H,), 3.92 (2H, t, J = 7.0 HZ, 1'-Hz), 4.02 (3H, 8, 
3-OCH,), 6.69 [2H, AB part of an ABX, system, JAB = 
16.0 Hz (Av = 17.9 Hz), JB, = 6.0 Hz, 1"-H (6.49) and 
2"-H (6.89)], 7.62 ( IH,  s, 4-H), 7.58-7.78 (2H, m, 6,7-H), 
and 8.12-8.32 (2H, ni, 5,8-H); 111,'e 392 (MA),  335, 279. 
Annl. calcd. for C,,H,,O,: C 76.50, H 7.19; found: C 
76.38, H 7.21. 

A second zone contained the expected hexenylanthra- 
quinone 14 (244 mg, 70%), mp 112-113-C (ethanol- 
water); h ,,,, (CHCI,) 291, 300, 390 nm (log F. 4.59, 4.58, 
3.68); v,,,,, (KBr) 1665 (quinone C=O) c m - ' ;  6 (90 
MHz, CDCI,) 0.93 (3H, t, J = -7.0 HZ, 6'-H3), 1.20- 
1.70 (4H, m, 4',5'-HZ), 2.14-2.42 (2H, m, 3'-HZ), 3.85 
(3H, s, 3-OCH,), 4.02 (3H, s, I-OCH,), 6.72 [2H, AD 
part of an ABX, system, J,, = 16.5 Hz (Av = 20.7 Hz), 
J,, = 6.0 Hz, 1'-H (6.49) and 2'-H (6.95)], 7.63 ( lH ,  s, 
4-H), 7.63-7.85 (2H, m, 6,7-H), and 8.12-8.33 (2H, m, 
5,s-H); r71,'e 350 (M"), 335. Anal. calcd. for C,,H,204: C 
75.41, H 6.33; found: C 75.53, H 6.45. 

I-AIlylo.~y-3-metho,~~nrzthra~~uinor1e 116) 
The crude 3-methyl ether obtained from xanthopur- 

purin (960 mg, 4.00 mmol), dimethyl sulfate (1 g, 8 
mmol), anhydrous potassium carbonate (1.38 mg, 1.00 
mmol), and 1,2-dimethoxyethane (40 ml) at 50'C (8 h) 
was heated to reflux for 10 h with ally1 bromide (1.74 g, 
14.4 mrnol), potassium iodide (2.0 g, 12.0 mmol), and 
anhydrous potassium carbonate (I .6 g, I 1.6 mmol) in 
I,2-dimethoxyethane (25 mi). The crude product was 
chromatographed on silica gel (dry column, benzene - 
ethyl acetate 4 :  1) and gave'the ally1 ether. 16 (782 mg, 
66%), mp 146-147'C (methanol) ; h,,,, (ethanol) 230 sh, 
238, 247 sh, 277, 330, 390 nm (log E 4.25, 4.27, 4.22, 4.80, 
3.50, 3.67): v,,, (KBr) 1665 (quinone C-0) cnl- ' ;  6 
(90 MHz, CDCI,) 3.92 (3H, s, 3-OCH,), 4.62-4.78 (2H, 
m, 1'-H,), 5.27-5.80 (2H, m, 3'-H,), 6.22 (IH, m, 2'-H), 
6.76 (IH, d, J = 3.0 Hz, 2-H), 7.43 ( lH,  d, J = 3.0 Hz, 
4-H), 7.61-7.78 (2H, m, 6,7-H) and 8.11-8.31 (2H, m, 
5,8-H); n ~ / e  294(M'). Ancrl. calcd. for C,,H,,O,: C 73.46, 
H 4.80; found: C 73.29, H 5.01. 

I-Hydroxy-3-1fetrakydropyrnr1-2-ylo.x~~)antl1myuir1one 
A mixture of xanthopurpurin (240 mg, I .OO mmol), 

dihydropyran (2 ml), a tracc of p-toluencsulfonic acid, 
and chloroforn~ (1 ml), was stirred at  room temperature 
for 2 h, washed with water, evaporated, and gave the 
3-(tetrahydropyran-2-yl) ether (293 mg, YO%), mp 151- 
152-C (ethanol-water), h,,, (ethanol) 230, 240, 245, 264, 
277, 331, 400 nm (log c 4.24, 4.37, 4.36, 4.30, 4.29, 3.28, 
3.75); v,,, (KBr) 1670 (quinone C=O) and 1630 (chel- 
ated C=O) cm- ' ; 6 (60 MHz, CDCI,) 1.47-2.03 (6H, m, 
3',4',5'-H,), 3.57-3.90 (2H, m, 6'-HZ), 5.43-5.66 ( lH,  
m, 2'-H), 6.85 ( l H ,  d, J = 2.5 Hz, 2-H), 7.40 (1H, d ,  J = 

2.5 Hz, 4-H), 7.57-7.87 (2H, m, 6,7-H), 8 03-8.40 (2H, 
m, 5,8-H), and 12.75 ( IH,  s, 1-OH): n l le  324 (MT) .  Ar7crl. 
calcd. for C,,H,,O, : C 70.36, H 4.98; found: C 70.46, 
EI 5.02. 

In a preparation analogous to that of the ally1 ether 16, 
the foregoing quinone (1.0 g, 3.1 ni~nol), ally1 bromide 
(1.45 g, 12.0 nirnol), potassium iodide (1.98 g, 11 .Y 
mmol), anhydrous potassium carbonate (4.14 g, 30.0 
mniol), and 1,2-dimethoxyethane (25 ml) at reflux tem- 
perature (8 h) gave the ally1 ether 17 (933 mg, 83%), mp 
121.5-122.5'C (methanol); A,,,, (ethanol) 230, 238, 245 
sh, 276, 327, 395 nm (log c 4.34, 4.36, 4.32, 4.41, 3.57, 
3.73): v,,,, (KBr) 1660 (quinone C=O) cm-' :  6 (90 
MHz, CDC1,) 1.48-2.00 (6H, m, 3",4",5"-HZ), 3.47- 
3.91 (2H, In, 6"-H,), 4.73 (2H, dt, J = 4.5, 1.5 Hz, 
1'-H,), 5.28-5.82 (2H, m, 3'-HZ), 5.61 (11-1, n ~ ,  2"-H), 
6.12 ( lH,  n ~ ,  2'-H), 6.95 (LH, d ,  J = 2.5 HZ, 2-H), 7.59 
( lH ,  d, J = 2.5 Hz, 4-H), 7.57-7.78 (2H, m, 6,7-H), and 
8.13-8.33 (2H, m, 5,8-H); n / e  364 (M+) ,  280. Anul. calcd. 
for C 2 2 H 2 0 0 5 :  C 72.51, H 5.53; found: C 72.48, H 5.58. 

3-Allyloxj~-l-hl;ii1'o~yant/zi'nqr1ir1oe ( 1 8 )  
The dir-,c~ 0-allylation of xanthopurp~~rin hy the fore- 

going method gave the 3-ally1 ether, 111p 155-156°C 
(ether - petroleun~ ether, bp 30-60-C); ?.,,,,, (ethanol) 231, 
241, 245, 266, 280, 324, 405 nm (log c 4.32, 4.38, 4.42, 
4.31, 4.36, 3.46, 3.84); v ,,,, (KBr) 1670 (quinone C=O) 
and 1635 (chelated C=O) cm- ' ;  6 (90 MHz, CDCI,) 
4.65 (2H, dt, J = 5.5, 1.0 Hz, 1'-HZ), 5.25-5.59 (2H, m, 
3'-Hz), 6.28 ( IH,  m, 2'-H), 6.69 ( lH ,  d, J =  2.5 HZ, 
2-H), 7.35 ( IH,  d. J = 2.5 HZ, 4-H), 7.68-7.89 (2H, 111, 
6,7-H), and 8.17-8.39 (2H, m, 5,8-H); tiz'e 280 (M-).  
Arzal. calcd. for C,,Hl,O,: C 72.85, H 4.32; found: C 
72.56, H 4.41. 

2 - A I I j ~ l - l - l 1 y m ' r o . ~ j ~ - 3 - n 1 e t l z o x ~  (19)  
A solution of 1-allyloxy-3-~iietl~oxyai~thraquinone (16) 

(100 mg, 0.340 rnmol) in o-dichlorobeilzene (25 nil) was 
refluxed for 16 h and evaporated ~111der vacuum (0.5 torr). 
Chromatography of the residi~e on silica gel (dry column, 
benzene) ga\e the rearranged product 19 (76 nig, 76";), 
mp 140-141'C (ether - petroleun~ ether, bp 30-60-C); 
7- ,",, (ethanol) 241 sh, 246, 274, 335, 410 (log E 4.32, 4.34, 
4.49, 3.45, 3.82); v ,,,,, (KBr) 1660 (quinone C=O), and 
1630 (chelated C-0) cnl- ' ;  6 (90 MHz, CDCI,) 3.47 
(2H, dt, J = 6.0, 1.5 HZ, 1'-H,), 3.97 (3H, 8, 3-OCH,), 
4.90-5.21 (2H, 111, 3'-HZ), 5.93 ( lH,  ni, 2'-H), 7.36 (IH, 
s, 4-H), 7.66-7.83 (2H, m, 6,7-H), 8.11-8.33 (2H, m, 
5,8-H), and 12.87 ( lH ,  s, 1-OH); nl,'e 294 (M+). Ancrl. 
calcd. for C,,H,,O,: C 73.46, H 4.80; found: C 73.45, 
H 4.87. 

2 - A I / ~ l - 1 , 3 - d i ~ ~ ~ d ~ 0 0 ~ ~ ~ ~ r ~ ~ t ~ ~ r ~ q ~ ~ o z e  ( 2 0 )  
An analogous reaction with the ally1 ether 17 (20.3 g, 

55.8 mrnol) and o-dichlorobenzene (900 ml) (15 h) gave 
the crude 2-allylanthraquil1011e 20 which was recrystal- 
lized fro111 a mixture of I,?-dichloroethane and ethyl 
acetate (1 2.6 g, 8 I >T), mp 256-257'6 (1,2-dichloroethane); 
A,,, (chloroform) 249. 281, 420 nm (log & 4.38, 4.44, 
3.80); v,,, (KBr) 3395 (hydroxyl), 1660 (quinone C=O), 
and 1635 (chelated C=O) cm-'  ; 6 (90 MHz, C,D ,N) 
3.85 (2H, dt, J = 6.0, 1.0 Hz, 1'-Hz), 5.04-5.80 (2H, m, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1330 CAK. J. CHEhl.  T'OI-. 5 5 .  1977 

3'-HZ), 6.23 ( l H ,  In, 2'-H), 7.63 ( I H ,  s, 4-H), 7.50-7.77 Hj~drox-,.nlkylclfioiz of Xcl/zthopurprtriii wiflz 5-Osoliexrmcll 
(2H, n1, 6,7-H), and 8.12-8.37 (2H, m, 5,s-H);  i71'e 280 A mixture of xanthopurpurin (480 mg, 2.00 mmol), 
(M+).  Ails!. calcd. for C l , H 1 2 0 , :  C 72.85, H 4.32: sodium bicarbonate (178 mg, 2.12 mmol), 5-oxohexanal 
found:  C 72.61, H 4.55. (18) (456 mg, 4.00 rnmol), and water (4 ml) was stirred 

The same product and yield v%ere obtained from xan- ~ l n d e r  nitrogen and kept at  a n  external temperature of 
thopurpiirin 3-ally1 ether 18 (900 mg) after refluxing for 100 C for 2.5 h. T\vo more portion (480 mg each) of the 
46 h in the same s o l ~ e n t  (50 ~ n l )  and purifying the crude aldehyde Mere added after 1 h and 1.5 h. The reaction 
product by chromatography on silica gel (dry column, mixture was then poured into water and acidified with 
benzene - chloroform -ethyl acetate 5 :  3: 2). dilute hydrochloric acid. Cyclohexenone (528 nig) can 

be isolated from the filtrate after saturating with salt and 
2-A/! j~/-I ,3-r/ i i iz~~t/ro.~~~~1t11/1rf l~~1~ii1one extracting repeatedly ~ i t h  ether. The crude products were 

The dimethyl ether kvas obtained in the ~lstial way fro111 chromatographed on silica gel (dry benzene) 
the 2-allyl compoiind 20 (679 Ill&, 2.43 minol) d i l n e t h ~ l  and gave a fast moving band consisting of 5-hydroxy-2- 
sulfate (1.2 rill), a n h r d r o ~ l s  rodiurll carbonate (3.0 g), methyl.2,4-propallo-6, 1 1-dihydro-4H-anthra[2,3-dIm-di- 
and refluxing acetone (100 n11, 7.5 h)  after chromatog- oxine-6,1 l-dione (his-deoxyavcrufin) (23) (73 mg, 1 1 ~ 1 ,  
raphq on  silica gel (drq co lu~nn,  benzene -ethyl acetate mp 179.0-179.5 c (ether - petroleum ether, lIp 30-60:C); 
4 :  1) (668 lng, 89x1, 111~ 132.5-133.5-C (methanol): j.,,,,, j,,,,, (CHCI,) 247, 281, 400 nm (log 4 59, 4.57, 3.94); 
(ethanol 239, 245, 275; 350 nm (log c 4.13, 4.09, 4.58, v,,,, ( K B ~ )  1665 (qLlinone C=O) and 1625 (chelated 
3.63); V,,,,, (KBr) 1670 (quinone C-0) and 1640 (kinyl) C=O) cm-l ; 6 (90 MHz, CDCI,) 1.58 (3H, s, 2-CH3), 
c1l-i ' ; 6 (60 CDC13) 3.53 (2H, d t ,  J = 6.0, l .0  Hz, 1 ,  55-2.17 (6H, m, 2,4-propano), 5.36 (1H, in, 4-H), 7.23 
1 '-Hz),  3.92 and 3.98 (2 x 3H, 2s, 1,3-OCH3), 4.83-5.27 ( l H ,  s, 12-H), 7.68-7.82 (2H, nl, 8,9-H), 8.17-8.31 (2H, 
(2H, 3'-H2), 5.99 ( I H ,  nl, 2'-H). 7.60 ( I H ,  s, 4-H), m ,  7,10-H), alld 13.00 (LH, s, 5-OH); e 336 (M'), 318, 
7.60-7.83 (ZH; m, 6,7-H), and 8.03-8.35 (2H, m, 5,S-H); 293, 279, 278, 265, 254, 253, A ~ ~ ~ / ,  calcd, for c ~ ~ H ~ ~ ~ ~ :  
i l l  e 308 ( M - ) .  AifO/. calcd. for  C 1 9 ~ 1 6 0 1 :  C 74.01, H C 71.42, H 4 80; found:  C 71.45, H 4.73. XanthopLlrpurin 
5.23; found:  C 73.87, H 5.31. (1 87 mg, 39%) can be recovered from a median zone. 

/,3-Di/l~~~i.o~u~~.~.(~~~~l~-p~~~p-]-e~~~~/jnilr/ll~oclu~~7oile ( 2 1 )  the top of Ihe colunlil was extracted 6,6-bis-(1,3- 
A of 2-al~y1.1,3.di~1ydroxYanthraqLiinoI~~ (20) d i h y d r o x y a l ~ t h r a q u i ~ e - 2 - ~ l ) h e x a 1 1 - 2 -  (24) (178 mg, 

(so0 1,79 mmol), rhodium trichloride trillydrate 3 1 7 )  ~ h i c h  was converted in the usual \bay (dimethyl sul- 

(25 mg), and absolute ethanol (25 1111) stirred at  75-C for fate, anhydrous potassiuln and to 

2 h, diluted \\.ith boiling \\ater, cooled, and filtered g a \ e  the tetramethyl ether, m!J 210-212 C (ai l~leo~ls ethanol); 

the isomerized quinone 21 (363 mg, 73x1 ,  m p  237-238 c j-n,ah  (ethanol) 281, 360 nm (log c 5.04, 4.21); v,,,,, ( K B ~ )  
(1 ,2-dichioroethane); j,,,,,, (chlorofornl) 2 53, 299, 430 171 0 (aliphatic C=Oi and 1670 (winone  C=O) c ~ n - '  : 

nm (log s 4.64, 4.74, 4.20); y,,,, (KBr) 3340 (hydl.oxyl), MHz. CDC13) 50-1.83 (4H, nl, 435-H2), 2.11 (3H, 

1665 (qLlinone C=O); and 1645 (&elated CEO) c m - ' :  s, 1-H3), 2.51 ( l H ,  t,  J = 7.5 Hz,  3-H2), 3.63 (6H, s, 

6 (90 MHz, C,D,N) 0.95 (3H, d ,  J = 6.0 HZ, 3'-H3), 3"3"-0CH3i. 4.03 (6H, s, l ' , l"-0CH3),  5.13 (1H, t, 

6.94-7.35 (2H, m, 1 ,2 ' -H) ,  7. 51-7.77 (2H, m, 6 , 7 - ~ ) ;  J = 7.5 HZ,  6-H), 7.61-7.75 (4H, m, 6',6", 7',7"-H), 7.66 
7.70 ( I H ,  s, 4-H), and 8.17-8.41 (2H, m, j ,8-H).  ~ n a / .  (2H> s, 4',4"-H), and 8.28 (4H, nl, 5',5",8',8"-H): t71'e 
calcd. for C I - H 1 2 0 4 :  C 72.85. H 4.32; folind: C 72.75, H 632 (M'), 546, 281. Atla/. calcd. for C, ,H3,o9:  C 72.14, 
4.53. H 5.10; found:  C 71.84, H 5.24. 

1.3- Dil1~~di~o.uj~-2-l1/11.eo-l,Z-dil1~~d~oxj~1ro~1~~!) ai~tlrrri- I ,3,6,8-Tetrrrhy~/1o,~~~~ntIirnq11iiioi1~~ ( 2 5  j 

cllriiroi7e ( 2 2 )  1.3,6,8-Tetramethoxyanthraquinone (2.82 g, 8.60 
A m i x t u r e  of 1,3-dihydroxy-2-(Ilo,7s.prop.l.enyl)an- mnlo1) mas added to a melt of a n h y d r o ~ ~ s  aluminum chlo- 

thraqLlinone (21 j (28 1 nly, 1.00 mlllolj and ride (282 g)  and sodiulll chloride (56 g)  at 140 C.  The tem- 

tetroxide (256 lllg, 1.01 Illmol) i n  pyridinc (4 ,,,I) w,as PeratLKe \\as then raised to 180-C for  30 s. 'l'he residue 

stirred a t  temperature for 30 ,,,in, ~h~ reaction mix- obtained from a n  ethyl acetate extract of the crude prod- 

ture, after addition of pyridine (4.8 m[) and an aqueous uct ""S chro"atographed on  silica gel (100 8, benzene - 
solution (8 ml) of sodium bisulfite (460 mg, 4.42 mmol), ethyl acetate 4 :  1) and gave the tetrahydroxy compound 

was al[o\\ed to  stand for  5 min then diluted with water 25 (2.13 g, 91%), >340 C (lit. (19, 20) nip >360-C; 
(100 ml) and extracted n i th  ethyl acetate. The residue lit.  (21) dec. 353 C ) ;  )-,nay (ethanol) 220, 251, 262, 294, 

obtained by evaporation of the organic solvent was chl.0- 318,  450 Iln1 (log 4.48, 3.89, 3.85, 4.34, 3.85, 3.81): v , n . , ~  

matographzd gel (50 g)  (ethyl acetate) and gave (KBr) 3350 ( h ~ d r o x ~ l ) ,  1670 (quinone C=O), and 1620 
the diol 22 (252 I I I ~ ,  QO".;), m p  260-261 C (I,?-dichloro- (chelated C-0) c m - ' ;  6 (90 MHz, CsDsN)  6.93 i2H, 

ethane); j.,,,,, (ethanol) 246, 28 1, 405 nm (lo E 4.85, 4.47, = Hz, 2,7-H) and 7.60 (2H, d,  = 2.5 Hz, 

3.89);  v,,,, (KBr) 3500, 3200 (hydrosqls), 1680 (quinonc 4,5-H). 

C-0). and 1625 (chelated C-0) c m ' ;  6 (90 MHz, /=)-Aceirrfir~ 126) 
(CD,),SO) 1.11 (3H, d ,  J = 6.5 Hz,  3'-H,) 4.05 ( I H ,  A solution of 1,3,6,8-tetrahydroxyanthraquinone (25) 
dq ,  J = 5.5, 6.5 Hz,  2'-H: collapses to a doublet ( J  = 5.5 (400 mg, I .47 mmol), sodii l~n bicarboilate (248 mg, 2.95 
Hz) by irradiation at 6 1 . I  l and to a quartet (J = 6.5 Hz) m~nol ) ,  and 5-oxohexanal (1 8) (336 mg, 2.95 mmol) kvas 
by irradiation at 6 4.95). 4.95 ( I H ,  d ,  J = 5.5 Hz, I '-HI, stirred under nitrogen at  a n  external temperature of  90 C 
7.78-7.95 (2H, m, 6,7-H), and 8.00-8.31 (2H, m, 5,8-H): for 14 h.  Seven similar portions of aldehyde were added at  
i?l:e 314 (Mi). Anal. calcd. for C1,Hl2O6:  C 64.96, H regular intervals. The reaction mixture was then poured 
4.49; found:  C 64.80, H 4 49. into water and extracted mith ethyl acetate. The crude 
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AKD BRASSARD 1331 

products were chromatographed on silica gel (dry column, 
benzene - ethyl acetate 1 :  1). A fast moving zone con- 
tained a snial! amount of an unidentified pello\& product. 
The niedian zone vras purified by preparative tlc on 
silica gel (benzene e t h y l  acetate 50: 1, 4 migrations) and 
gave (k )-averufin (35 mg, 6.5%) (acetone-benzene) which 
decomposes >280-C (lit. (22) mp dec. 280-282 C:  lit. 
(2) rnp 280AC, lit. (23) dec. 283-289'C); A,,,, (ethanol) 
223, 255, 265, 294, 320, 451 nm (log E 4.46, 4.15, 4.20, 
4.43, 4.14, 3.94); v,,,, (KBr) 3360 (hydroxyl), 1670 (qui- 
none C=O) and 1625 (chelated CEO) cm-'  : 6 (90 MHz, 
(CD3)zSO) 1.52 (3H, s, 2-CH,), 1.44-2.17 (6H, m, 2;4- 
propano-), 5.11-5.28 ( IH,  m, 4-H), 6.50 (IH, d,  J = 2.5 
Hz, 8-H), 6.89 ( IH,  s, 12-H), and 7.00 (I H, d,  J = 2.5 
Hz, 10-H); 17r'e 368 (M+) ,  350, 325, 31 1, 310, 297, 286, 
285. Arinl, calcd. for CZOH1607 :  C 65.21, H 4.38; found: 
C 65.13, H 4.60. From the top of the original colunin a 
large part of tetrahydroxyanthraq~~inone (191 mg, 48%) 
could be recovered by extraction (benzene - ethyl acetate 
5 :  1). 

Hj~ci,os~~a!kq./ntion o f  Xnnthoprrrpurin with 5-Hq'iirosy- 
per~tunal 

A mixture of xanthopurpurin (480 mg, 2.00 rnmol), 
sodiunl bicarbonate (178 mg, 2.12 ~nmol), and 5-hydroxy- 
pentanal (24) (408 mg, 4.00 rnrnol) in \\ater (4 ml) a a s  
stirred under nitrogen at an external teiilperature of 
100cC for 7 h. Two more portions of aldehyde (400 nig 
each) \{ere added after the first and second hours. The 
reaction mixture \\.as then poured into water, acidified. 
and extracted with ethyl acetate. The crude products were 
chromatographed on silica gel (dry column, benzene - 
ethyl acetate 9 :  1). A fast moving band was rechrornato- 
graphed by the same procedure and ailowed the separa- 
tion of three products. The substance with the highest R, 
was identified as 1,3-dihydroxy-2-(tetrahdropyran-2- 
y1)anthraquinone (bis-deoxynoravermutin) (27) (130 mg, 
2073, mp 190.5-191.5'C (ether); h,,, (CHC13) 280, 410 
nm (log s 4.47, 3.89); v,,,,, (KBr) 3210 (hydroxyl), 1680 
(quinone C=O) and 1620 (chelated C==O) cni- ' ; 6 (90 
MHz, CDCI,) 1.51-2.17 (6H, 2m, 3',4',5'-Hz), 3.46-3.82 
( l H ,  ni, 6'-H axial; collapses to a broad doublet by 
irradiation at 6 1.69, J ,,,,, = 11.0 Hz), 4.24 ( IH,  br d.  
6'-H equatorial: gives a doublet by irradiation at  6 
1.69, J ,,,,, =lI .OHz) ,  5.05 ( IH,  br d ,  J = 8 . 0  Hz, 
2'-H axial), 7.21 ( IH ,  s. 4-H), 7.61-7.8 1 (2H, m, 6,7-H), 
8.11-8.31 (2H, m, 5,s-H), 9.72 (IH, s, 3-OH), and 
13.23 (IH, s, [-OH); n7 e 324 ( M + ) ,  306, 279, 278, 267, 
265, 254, 253, 241, 240. Ar~crl. calcd. for C , s H 1 6 0 5 :  C 
70.36, H 4.98; found: C 70.39, H 4.89. A second band 
consisted of xanthopurpurin (124 mg, 26%). Extraction 
of the top of this second column with ethyl acetate gave 
1,3-dihydroxy-2-(5-hydroxy-ti'nn.r-pent- I -enyl)anthraqu- 
inone (28) (31 mg, 4.8%), mp 212-213C (ethyl acetate - 
benzene); h ,,,,, (CHCI,) 250, 291, 420 nm (log E 4.30, 
4.34, 3.75); v,,, (KBr) 3500 (hydroxyl), 1650 (quinone 
C=O) and 1620 (chelated C=O) cm-I. Methylation of 
this product (dimethyl sulfate, anhydrous sodium car- 
bonate and acetone) gave the corresponding 1,3-dirnethyl 
ether, mp 140.0-141.5'C (ether - petroleum ether, bp 
30-6OPC), P.,,, (chloroforn~) 29 1, 300, 390 nm (log 6 4.59, 
4.58, 3.68); 6 (90 MHz, CDCI,) 1.63-1.98 (2H, m, 4'-HZ), 
2.29-2.55 (2H, m, 3'-H,), 3.74 (2H, 1, J = 6.5 Hz, 5'-Hz), 

3.81 (3H, s, 3-OCH,), 4.03 (3H, s, I-OCH,), 6.77 [2H, 
AB part of an ABX2 system, JAB = 17.0 Hz (hv  = 16.9 
Hz), J,, = 5.5 Hz, 1'-H (6.63) and 2'-H (6.9011, 7.63- 
7.89 (ZH, In, 6,7-H), 7.66 (IH, s, 4-H), and 8.16-8.33 
(2H, m, 5,s-H). Anal. calcd. for C2,HzzO6.H2O:  C 68.09, 
H 5.99; found: C 68.36, H 5.54. 

From the top of the first column a red oil was obtained 
by extraction with absolute ethanol, ~bhich \\as methyl- 
ated in the usual way and gave, after chromatography 
on silica gel (dry colunin, benzene - ethyl acetate 2:  I), 
a triniethyl ether of 5,5-his-(] ,3-dihydroxyanthraquinon- 
2-yl) pentanol-I (29), mp 144-145'C (ethanol): j,,,,,, 
(chloroform) 285, 395 nni (log E 4.96, 4.08); v,,,, (KBr) 
1670 (quinone C=zO) and 1630 (chelated C-0) cm- ' :  
6 (90MHz, CDCI,) 1.41-1.91 (6H, ni, 2,3,4-H,), 3.66 
(2H, t, J =  6.0Hz, 1-H), 3.80 and 3.92 (2 x 3H, 
2s, 3',3"-OCH,), 3.97 (3H, s, 1"-OCH,), 5.1G ( lH,  
t, J = 7.5 HZ, 5-H), 7.37 ( IH,  S, 4'-H), 7.61 ( IH,  S, 
4"-H), 7.60-7.83 (4H, m, 6',6",7',7"-H), 8.11-8.33 (4f-I, 
m, 5',5",8',8"-H), and 13.32 ( lH ,  s, 1 '-OH). Ann!. calcd. 
for C3,H3,O9: C 71.28, H 4.99: found: C 71.26, H 4.95. 

4-Hydrosybutcmal 
To a well stirred solution of y-butyrolactone (8.6 g, 0. I 

mol) in pentane at -63'C and under dry nitrogen \\as 
added over a period of 1 h a 20% solution of diisobutyl- 
aluminum hydride in hexane (21.3 g, 0.15 mol). After 2 h, 
the reaction mixture vvas allowed to come to room tem- 
perature, diluted with 2-propanol (5 ml) and water (5 mi), 
filtered, and evaporated. The residue was constituted es- 
sentially of 4-hydroxybutanal (2.85 g, 32%); v,,,, (film) 
3390 (hydroxyl) cm-'  ; 6 (60 MHz, CDCI,) 1.55-1.97 
(4H, m, 2,3-Hz), 3.47-4.12 (2H, rn, 4-Hz), and 5.18-5.60 
(2H, 2n1, 1-H and 1-OH). The substance is known to be 
unstable and could not be further purified (25). 

( l )-Bipolarin f 30)  
A solution of 1,3,6,8-tetrahydrouyanthraquinone (25) 

(300 mg, 1.10 nirnol), 4-hydroxyb~~tanal (540 mg, 6.14 
nimol), and sodium bicarbonate (186 nig, 2.21 mmol) in 
water (3 mi) was stirred under nitrogen for 16 h at an 
external temperat~lre of 90-C. Supplemental portions of 
hydroxybutanal (540 mg each) were added after 0.5, I ,  2, 
4, and 8 h.  The crude products obtained after dilution of 
the reaction mixture with water (I00 rnl) and acidification 
were separated by preparative tlc (silica gel, benzene - 
ethyl acetate 20:1, 3 migrations). The band with the 
highest R, consisted of (+)-bipolarin (30), (95 rng, 25%), 
mp 261-262'C (acetone) (lit. (2) mp 261'C); I.,,,,, (ethanol) 
223, 254, 265, 293, 320, 450 nm (log E 4.45, 4.12, 4.18, 
4.42, 4.02, 3.90); v,,, (KBr) 3400 (hydroxyl), 1665 
(quinone C-0) and 1625 (chelated C=O) cm-': 6 (90 
MHz, (CD3)zSO) 1.81-2.26 (4H, m, 3',4'-H2), 3.62-4.20 
(2H, 2m, 5'-H,), 5.17-5.41 ( IH,  m, 2'-H), 6.52 ( lH ,  d,  
J = 2.0 Hz, 7-H), 7.05 (IH, d, J = 2.0 Hz, 5-H), and 
7.13 ( lH,  s, 4-H); rn/r 342 (M-) ,  314, 311, 299, 297, 286, 
285, 272. Ancrl. calcd. for Cl,H1,O,: C 63.16, H 4.12; 
found: C 63.27, H 4.43. A small amount of 1,3,6,8-tetra- 
hydroxyanthraquinone (25 mg, 8%) can also be recovered. 

Alkylation of Xrnzthopuryurin wit17 n-Hc~xnr~nl 
~MEtlzod A 
A solution of xanthopurpurin (120 mg, 0.50 mmol), 

n-hexanal (100 mg, I .OO mmol), and sodium bicarbonate 
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(42 mg, 0.50 mnlol) in water (1 nil) was stirred at 100 C scholarships to one of us (A.C.) are acknowl- 
(external) for 95 h. Further portions of aldehyde (2 x edged. 
100 mg and 2 x 200 mg) nere added after 2, 5, 26, and 
48 h.  The crude product was chro~llatographed on silica 1, R ,  H ,  T H ~ ~ ~ ~ ~ .  ~ ~ t ~ ~ ~ l l ~  occurl-ing quinones, lnd 
gel (dry column, benzene - ethyl acetate 25 : 1 ). Separa- ed. Academic Pres5. London and Kew York. 1971. pp. 
tion of a fast moving zone by preparative tlc (silica gel, 482-487. 
benzene -ethyl acetate 50: 1, 2 migrations) gave 2-(rrans- 2, p ,  J .  A ~ ; ~ ~ ~ ~ ~  and C,  W,  H ~ ~ ~ ~ ~ ~ ~ ~ ,  J ,  S, ~ f , . ,  them, 
hex-1-eny1)-1,3-dihydroxyanthraquinone (31) (38 n ~ g ,  Inst. 23. 40 (1970). 
24%, 111p 210.0-211.5-C (ether- petroleum ether bp 3 ,  J ,  GRANDJEAN, J. JADOT, and J. R A M A U ~ .  Bull. SOC. 
30-60-C); h,,,,, (chloroform) 252, 295, 430 nni (log c 4.35, Chim. Belg. 81, 521 (1972); Y. BERGER. J .  JADOT. and 
4.40, 3.74); v,,,,, (KBr) 3380 (hydroxgl), 1660 (quinone J. R ~ ~ L I A U T .  Bull. Soc. Chim. Belg. 85. 161 (1976). 
C=O) and 1640 (chelated C=O) c n l - ' ;  6 (90 MHz, 4, M. V. SARGENT, D. O'N. SMITH. J .  A. ELIX. and P. 
(CD3)2SO) 1.90 (3H, t, J = 6.0 Hz, 6'-H3), 1.16-1.50 ROFFEY. J. Chem. Soc. C. 2763 (1969). 
(4H, n?, 4',5'-Hz), 2.04-2.37 (2H, n1, 3'-H2), 6.77 [2H, 5. German Patent No. 184,786: Frdl.. 1X. 694: N. R. 
AB part of an ABXz system, JAB = 17.0 Hz (Av = 25.9 AYYANGAR and K.  VENKATARAAIRN. J .  Sci. Ind. 
Hz) J,, = 6.5 Hz, 1'-H (6.63) and 2'-H (6.81)], 7.29 ( IH,  Res. India, 15B. 359 (1956): N. R. AYYANGAR, B. S.  
s, 4-H), 7.81-8.00 (2H, m, 6,7-H), and 8.00-8.24 (2H, m, J o s ~ l .  and K .  VENKAT~RAMAN. Tetrahedron. 6. 331 
5,8-H); n ~ , r  322 (M- ) ,  293, 279, 265, 253. Anal. calcd. for (1959). 
C 2 ~ H 1 8 0 . & :  C 74.52, H 5.63; found: C 74.27, H 5.52. 6, A, CASTONGUAY and P. BRASSARD. Synth. Commun. 
Methylation of this product gave a substance identical 5.377 (1975). 
to that prepared earlier. 7. E. DEB. BARNETT and J. W. COOK. J .  Chem. Soc. 

iMerl~ocl B 1376 (1922). 
Llihen the foregoing reaction between xanthopurpurin 8. G. WITTIC, L'. POCKELS, and H. DROECE. Chem. Ber. 

(2.00 rnmol), iz-hexanal (12 mmol), and sodium bicar- 71, 1903 (1938): H.  GILMAN, H.  B. WILLIS, T. H.  
bonate (2.00 mmol) was conducted in water (3 1111) and COOK, F. J .  WEBB, and R. N.  MEALS. J .  ,4m. Chem. 
acetone ( i  mi) under pressure (sealed t i~be)  for 112 h at Soc. 62,667 (1940). 
100 C, the principal product, obtained by chromatog- 9. R. G. HARVEY and C .  C. DAVIS. J .  Org.  hem. 34. 
raphy (silica gel, benzene - ethyl acetate 50: I) ,  was the 3607 (1969). 
sanie hexenyl compound 31 (170 mg, 26%). Elution with 10. N. L. WE~NBERC and B. BELLEAU. Tetrahedron. 29. 
benzene - ethyl acetate 25 : 1 gave an  unidentified red 279 (1973). 
solid purified by preparative tic (silica gc], benzene- 11. A. S.  KENDE. J .  L .  BELLETIRE. and E. L. HUME. 
ethyl acetate 100: l) ,  mp 178-179'C (26 mg); (chloro- Tetrahedron Lett. 31, 2935 (1973). 

form) 274; 278, 420 n ~ n  (log E 4.74, 4.86, 4.22); v,,,,, (KBr) 12. E. BERTELE and P. SCHCDEI.. Helv. Chim. Acts. 50, 

3380, 1665, 1625, 1590, 1475 c~ l l - ' :  m,e  644, 573, 391, 2445 (1967). 

323, 293, 279, 265, 253. 13. G.  SAUCY and R. BORER. Helv. Chim. Acta. 54. 2121 

:Vfethod C 
(1971). 

14. H. PLATH. Chem. Ber. 9. 1204(1876). 
The preceding experinlent was conducted (24 h) in a A,  G ,  PERKlrV and C,  W,  H ,  STORY, J ,  Chem. Sot, 

niixture of methanol (2 ml) and Lvater (2 mi) and the 1399(1929,, 
crude products Lvere chromatographed on silica gel (dry 16. B. S.  JOSHI. N.  PARKASH. and K.  VENKATARAMAN. J. 
column, benzene - eth41 acetate 9 :  1). Separation of a fast Sci. Ind. Res. India. l4B.87 (1955). 
moving zone b>- preparative tlc ga\e xanthopurpurin 17, S, B-\LL. T, W,  GOODWIN. and R,  A. MoK1ox, 
(259 nlg, 547 )  and 2-(rrrrns-hex-1 -enyl)-l,3-dihydroxy- Biochem. J .  42.516 (1948). 
anthraquinone (31), (29 mg, 4.5%. The top of the origil?al R, I ,  LOxGLEY, J R ,  and W,  S ,  J ,  Am, 
colunln contained 1,l-bis(l,3-dihydroxyanthraquinon 2- Chem, Sot, 72, 3079 (1950); B. G ,  v.4L Ev, N ,  P, 
yl)hexane (32). Methylation of this n~aterial by the usual D O R M ~ D O ~ T O Y ~ .  E .  hf. AL'TMARK. and A. A.  SHAM- 
means (dimethyl sulfate, anhydrous sodium carbonate, SHURIN. Probl. Poluch. Poluprod. Prom. Org. Sin. 
and acetone) gave the corresponding tetrainethyl ether, Akad. Nauk SSSR, Otd. Obshch. Tekh. Khim. 53 
11113 214.5-215.0 C (ether - petroleum ether, bp 30-60-C); (1967): Chem. Abstr. 68, 113993y (1968). 
Lax (chloroform) 274, 281, 360 nm (log r: 4.96, 4.97, 19, E, BULLOCK, D, KIRKALDY. J ,  C,  and J ,  G,  
4.15): v,,,, (KBr) 1670 (quinone C=O) cm-' ; 6 (90 UNDERWOOD. J.  Chem. Soc. 829 (1963). 
MHz, CDCI3) 0.88 (3H, t, J = 6.0 Hz, 6-H3), 1.22-1.48 20, M ,  D, s U T H E R L A N D  and J ,  W, wELLS, them, ~ ~ d ,  291 
(8H, m, 2,3,4,5-HI), 3.66 (OH, s, 3',3"-OCI-I,), 4.05 (6H, (1959). 
s, I',1"-0CH3), 5.17 ( l H ,  t ,  J = 7.5 Hz, l-H), 7.58-7.73 21, S, SHIBATA, J ,  Pharm, Sot, Jpn, 61. 320(1941):Chem, 
(4H, ni, 6',6",7',7"-H), 7.66 (2H. s,  4',4"-H). and 8.09- Abstr. 44, 93968 (1950). 
8.26 (4H, in, 5',5",8',8"-H). Atzal. calcd. for C38H3408: 22, D, F, G,  pusErand J ,  C, R ~ ~ ~ ~ ~ ~ ,  J ,  them, so,-, 3542 
C 73.77, H 5.54; found: C 73.72, H 5.58. (1963). 
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The reflection method in predissociation 

A N D R ~  D. BANDRAUK A N D  JEAN-PIERRE LAPLANTE~ 
DPpnr.ternrnt de chimie, U n i ~  ertitg de Sherbrooke, Shrrbroohe (Qug.) ,  Cnritrdu J I K  2Rl 
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AIDRE D. BAXDKAUK and JEAA-PIEKKE LAPLANTE. Can. J .  Chem. 55. 1333 (1977). 
'The reflection method is ~ ~ s e d  to calc~llate energy shifts and linewidths in predissociation by 

a linear continuunl. The analytic results of this 11tethod are compared to the exact analytic 
calculations. It is f o ~ ~ n d  that, as in semiclassical calc~ilations, energy shifts and linewidths 
usually vanish at the same energies. 'The spectroscopic implications of this finding a:e pointed 
OLLt. 

A\L)KL D. B A ~ U R A U K  et Jk4iu-PlkK~~ LAPLANTE. Can. J. Chem. 55. 1333 (1977) 
La mtthode de reflexion est applicluee aux calculs de deplacement d'energie et de largeur des 

raies pour des systemes prCdissocies par un continuum linkaire. Les resultats analytiques de 
cette methode sont co~npares aux resultats exacts. En gkneral, les deplacements d'inergie et les 
largeurs sont nu1 aux m@mcs tnergies. Les implications de ce resultat sont soulig~les pour la 
spectroscopie de predissociatiori. 

Introduction 
Predissociation is now a well established phenoruenon in the electronic spectroscopy of lnolecules 

(1 ,  2). It is an example of a bound state embedded in a continuun~. The influence of the continuum 
on  such a discrete level is observed in the absorptio~l spectra by the broadening and the shift of the 
level. Recent analytical expressions have been obtained for the linewidth P, responsible for the 
broadening, and the energy shift AE of such levels (3). It was found that these results compare well 
t o  a previous semiclassical treatment of this phenomenon (4). 

In as much as one is dealing ~vitli transitions from a bound state to a continuulu in a process such 
as predissociatio~~, such transitions involve calculations of overlap integrals between bound state 
wave fu~ic t io~ls  and rapidly oscillating co~ltinu~!ni functio~is. One popular approximation, called 
the reflection method, corresponds to replacing the continuum function by a delta function. This 
method was analyzed by llumerical calculations originalty by Coolidge et a/ .  (5) in a study of the 
Franck-Coildo11 principle. These authors pointed out that this method appears to be very satis- 
factory, despite tlie difficulty of setting up a formal justificatioll for it. Since then this method has 
been used 111a1iy times in  Franck-Condon factor calculations (6-8). in resonant Raman scattering 
by a continuum (9, lo), as \+ell as in photodissociation ( I  I ) .  In a recent co~nmunication (12) we 
have sho\vii the approximations inherent in such an  approach by using a model depicted in Fig. 1. 
Thus in this ~ilodel one has a bound state function + , ( X )  interacting with a continuum function 
+,(X). As the continuum is assu~ned to be linear around the interaction or crossing point X, ,  the 
fullctions bc (X )  are the well-known Airy functions (13, 14). In this way we were able to show that 
the reflection method corresponds to neglecting tlie kinetic energy of the nuclei in the co~ltinuulil 
state. This is therefore a ii,qoorolr j~lstification for the classical ideas of Condo11 (5). This inodel also 
enabled us to derive the appropriate corrections to the reflection method in the linear potential 
approximation. 

In this work we wish to apply this method to predissociation in a diatomic molecule as shown in 
Fig. 1 .  Previous studies of this phenomenon were dolie assuming that both the bound state potential 
V , ( X )  and the continuum potential V , ( X )  were linear around the crossing point X,, ( 3 ,  4, 15). This 
is therefore inaccurate for low lying vibrational levels, in particular for the ground vibrational state 
r .  = 0. We shall therefore first apply the reflection method to the linear model of the bound state 
and compare it to the rigorous analytic results obtained in ref. 3. Finally we shall calculate by the 
reflection niethod the predissociation linewidth r and the energy shift A E  for a harmonic oscillator 
as a function of vibrational quantum number. 

'Present address: Service de Chirnie Physique 11. Universite Libre, Bri~xelles, Belgium. 
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CAh'. .I. CHEM. VOL. 5 5 .  1977 

FIG. 1. Potentials and functions in X-space. 

Linear Potentials and the Reflection Method 
We consider the potential system illustrated in Fig. 1 ,  where we have a potential V , ( X ) ,  supporting 

bound states with functions cb,(X). intersected by a linear continuum potential V , ( X )  with functions 
+, (X) .  X  is the internuclear coordinate for a particular vibratioii in a molecule. 

The continuum eigenfunctions 4 , ( X )  are the eigensolutioils for the linear potential defined by 

1 V , ( X )  = E, - F,(X - X, )  

where t ,  1s the ciobslng poi~i t  energy ~ ~ t h  iespect to the nilillinurn of the bound state potential, 
X ,  is the ctossing point, and F, rs the absolute value of the slope of V J X )  The Schroedinger equation 
in moiiientum \pace becomes f o ~  this potential (\be set h = 1 )  

where +,(E,,p) 1s the Four lei moiiientuin transfoi m of 4 , ( E c , X )  and p 1s the reduced mass. We thus 
obtain, 

[ 3  1 O, iE , ,X )  = 2n '  2 A . A , ( - ( ~ , )  

A , ( - y )  1s the Alry function defined In ref. 14 by. 

The contlnuuln fi1nction5 'Ire normalized to the energy delta function. i .e. 

[61 < + ' ( E C ' > X ~ l + , i E C > X ) )  = d(Ec - E L ' )  
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It is to be noted that the factor p 3 i 3  in the exponential of [ 5 ]  comes from integrating the kinetic 
energy term 172/2p, in [ 2 ] .  Hence, setting this kinetic term equal to zero, or correspondingly p3 - 0, 
one obtains 

[7 I , = F ' 2 6 ( ~  - A',) 

X ,  is the classical turning point, i . ~ .  where c/, = 0, so that from [ 4 ]  we have, 

This simple model shows us that the reflection method comes from neglecting the ~luclear kinetic 
energy of the continuuln state. 

Having defined the linear potential eigenfunctions, we will no\v use these to calculate the relevant 
parameters in predissociation, i . r .  the linewidth r and the energy shift AE. These are obtainable in 
second order perturbation theory from the integral (2)  

where cr,, is the nonadiabatic electronic matrix element assumed to be independent of iluclear 
distance: and the liinit is taken after the integration is performed in order to avoid the singularity 
in the denominator. The expressions for the energy shift AE and linewidth r follow directly from the 
integral G ( E )  in eq. 9. 

where Re and In: stand for real and imaginary parts, and finally PP is the principal part integral. 
We will now assume that the potential V , ( X )  is linear around the bound state energy E:. This 

should be acceptable for high vibrational quantum levels. t n  particular. this model leads to Landau- 
Zener predissociation when treated by se~niclassical scattering theory (4). Thus, from Fig. 1, we 
define 

[I 1 1  V , i X )  = Eo + F,(X - X,,) 

The slope Fr 1s now positive ns compared to the potentlal V , ( X )  111 [I]. The elpenfunctions of V, (X)  
now become also Airy funct~oni,  

[I21 S I - ( ~ ? . x )  = 2rc' ' N rA , ( - I / , )  

where 
ErO - ( E ,  - F,X,) 

q ,  = ur (x - 
F ,  

and or is the frequency of the bound state at E:. 
The normalization of these functions is such that ( 1 3 )  

Introducing the f~~nc t ions  [ 3 ]  and [12]  into the integral [9], one obtains (Appendix I), 
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( sox enp ( - i b i 3  + irt) dt  G(E)  = -(I + i) ---- -- 

where 

The singular integral in [I51 can be recogli~zed as the linear potential Green's function studied by 
Aspnes (16). Using his results one obtains (3) 

where 

The Sunctions A i  and Bi are the regular and irregular Airy Sitnctions defined in ref. 14. This gives 
for AE and r, follo\ving the definitions in [lo], 

u here 

Let us now do thls calculat~on In the reflection method, i.e. we set in the integral [9] for the 
continuum fiinctions 4 , (EL ,X ) ,  

1201 exp (/p3'6p-F,) = I 

As  shown I I I  Append~x 1. t h ~ s  has the effect of converting the factor 11 as defined ~n [I61 to 

P I  1 (1 = ( i r '  = (+pFr) 

I t  is to be observed that one could have obtained this result by setting FC + -t in the definition of 
cr, i.e. the reflection method becomes ex-crct for steep potentials. This result had been anticipated by 
Coolidge ef 01. (5) in their numerical calculations. Our derivation gives therefore a formal justification 
for this conclusion. 

The final result for G, obtained by the reflection method is therefore (Appendix I ) ,  

where 

11 = (2~1)' (F. + F'I ( ~ ~ 0  - E o )  
F,F,' 

From our definitions of the linewidth and energy shifts in  [ lo] b e  obtain, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BAKDRAUK AND LAPL.43 TE 

FIG. 2. AE,(E)for E,O = 75000cm-', E, = 74800cm-', w, = 10OOcm-', 1 = 7.5, a, = 300 cm- ' ,  
F, = 28 000 cnlr l /A;  exact calculations (-), reflection method (-----). 

A comparison of the two expressions shows that in the limit F, >> F,. the exact result in [19] goes 
over into tlie reflection results in [24]. 

In Fig. 2, a numerical comparison of the two methods is illustrated for AE. The curves for the 
steep continuum, Fig. 213. corroborate tlie conclusion that in this case the reflection method is 
excellent. In the intermediate slope case, Fig. 20, the reflection method tends to overestimate the 
integrals. In other words, this method neglects the oscillatory tail of the continuum formations which 
diii~iiiish the integrals. The numerical calculations of Coolidge et ul. ( 5 )  on reflection absorption 
intensities indicate that this method always o\erestimates absorption intensities. Our calculations 
show therefore that this is a general feature of this nietliod. Nevertheless, what is rernarkahle, is 
that the reflection method follows faithfully the oscillatory pattern of AE and r obtained exactly. 
This can be seen readily in the mathematical expressions [I91 and [24] for these parameters. The 
argument of the Airy functions changes only in magnitude but not in phase. The immediate con- 
clusion from this is that AE and r will have identical zeroes occurring at  the zeroes of A i ( - k ) .  

Another possibility is to apply a total reflection method, i.e. to both functions +, and +,. This 
could happen for instance in the case of heavy molecules. Since tlie singular integrand in the integral 
[ IS ]  is very large at  small I ,  then an expansion of exp ( - i h t 3 )  in powers of h should converge for 
large p since /I x p '  (eq. 16). We therefore write 

" (-  i0)" t,,, 
cxp ( -  ibt 3 ,  = 1 -- 

,, = 0 17 ! 
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and using the definition of the g a n ~ m a  function (14) 

C261 
t " - l  e-'" d t  

one arrives at the follocv~ng result for G(E), eq. 15. 

K has been defriled in eq 16 
T a k ~ n g  the first term, 17 = 0. of t h ~ s  serles corresponds to uslng the total reflection method. The 

other terms ale therefore the corrections arislng from the nuclear k ~ n e t ~ c  energy. Thus, In the total 
reflection method, one obtalns from the 17 = 0 term In [27]. 

This result is only valid provided E: < E,, i.e. for energies below the crossing point. In fact the 
expression [27] is d i ~ c ~ n t i ~ ~ ~ i o u s ,  going from real values for K < 0 to purely imaginary values for 
K > 0. Therefore it canno: be used for E: > E, as the series then becomes incorrect. 

The result (eq. 28) is interesting in that it was first derived by Ben-Aryeh (IS) for the predissocia- 
tiori i n  the NO inolecule by using asymptotic expressions for the Airy functions at  large negative 
parameters in [lo]. One therefore sees that this expression is only valid for large mass systems as it 
is an expansion in powers of p ' .  I n  particular this approxiination at the resonance energy E: gives 

In as much as or x 11- ' '. one sees that this approxlmatlon glves very l~tt le  soto ope dependence in 
the energy sh~fts 

1 he Harnloiiic Oscillator 
We \ \ i l l  no\+ d l s ~ u s i  p red~ssoc~a t~on  of the harmon~c osc~llatoi 111 the ieflectlon method Our 

startlng point ~ l l l  be the definition in [7] of the cont~nuurn function +,(E,,X) In the delta function 
approv~mat~on  Hence any overlap ~ntegial  w ~ t h  the i th  e~genfunct~on of the osc~ l l a to~  w~l l  be 

where 
7 p = \ ~ l / \  

are the usual parameters for a harmonic oscillator of force constant /<, and H ,  is the Hermite poly- 
nomial for the level r.. X ,  corresponds to the classical turning point of the linear potential at  energy 
E, and has been defined in [a]. 

I n  this model, the integral G ( E )  of [9] can be shown to reduce to (Appendix I I ) ,  

It should be nient~oned 111 pawng  that t h ~ s  ~ntegral can also be used to calculate resonant Ranian 
scattering cross sect~ons by a continuum since the integrals are formally the same (9, 17). U s ~ n g  the 
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BANDRAUK AND LAPLANTE 

integral representation for the denominator, 

one obtains the following results from Appendix 11. 

Defining E' = -x,,@ where E' is given in [ 3 2 ] ,  one has finally, from the definitions in [35] ,  

Comparing these results to the exact results for the linear potential models, eq. 19, one notices 
the formal similarity between the two. In  other words, both AE and r have a common energy 
dependence in the functions A ,  or  H,. The implications of this result is that these parameters will 
have slrnilar o~cillatory behavior with common zeroes. Subsidiary zeroes may appear for AE, i.e. 
the energy shift is a more rapidly varying parameter than the linewidth r as reflected in [36] .  Our 
results for the predissociation of the harmonic oscillator therefore corroborate the nu~llerical 
findlngs of Julienne and Krauss (18) for 0, that l- and AE are oscillatory functions even for low 
vibrational levels. 

Conclusions 
We have derived analytic expressions in the reflection method for linewidths P and energy shifts 

AE for two different models: a linear potential model valid for high vibrational quanta and the 
harmonic oscillator potential valid for low vibrationalquanta. The mathelllatical structure illustrated 
in [19] and [30] shows that in all cases and AE have common zeroes. In  addition AE has additional 
zeroes which imply that this parameter is a more sensitive function of energy than the linewidth T. 
As shown previously for the linear potential model, this can introduce important asymn~etries in 
lineshapes (3). 

We have furthermore shown that the reflection method should be an excellent approxinlation for 
steep repulsive potentials. The method tends to overestimate the Franck-Condon factors and there- 
fore the parameters AE and r for intermediate slopes. On the other hand, the reflection method 
seems to preserve the phase oscillations of these parameters when compared to the exact results. 
Furthermore a total reflection method, i.e. applied to both bound states and continuum states, 
results in discontiiluous and therefore erroneous results for AE. 

As a final conclusioi~ we wish to reiterate an  important finding. We have seen that r and A E  
have common zeroes, i.e. they vanish a t  identical energies. From an experimental viewpoint, this 
means that sharp levels in a predissociated spectrum undergo no energy shifts. Hence one should be 
able to reconstruct the 'unperturbed' potential curve by just analysing the positions of sharp levels. 
Froiu thereon, one should be able to calculate from the spectrum the energy shifts of the broadened 
levels \\/it11 respect to the unperturbed potential levels and thus calculate the perturbation parameters 
via our formulae. 
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Appendix 11 
We ~ i s h  to evaluate the integral G(E) ,  eq. 9, which becomes, after introducing the appropriate 

functions and the integral representation, eq. 33, 

- i o r  
[ I .  I] G(E) = ----- lim h' J-: J-: dt dp  dp f  exp (Iit(E + ia)] 

2 ~ F r F c  ,+o 

x exp [ f a  ($ + $1 + i (p  - p l )  - h)] S-: exp iEc (g - i - g) dE, 
Fc F r 

where 
1 

a = - ( l jF ,  + ]IFr)  = a,' + a,' 
2~ 

Since the coefficient a mult~plies the p3 terms in the exponential, then setting iF;, = cc, i.e. a = a,', 
corresponds to neglecting the p3 terms and hence the kinet~c energy in the continuum functions 
+,(E,. 1 2 ) .  This is therefore the reflection method for the continuum. 

The last integral in  G(E) reduces to a delta function. The ensuing calculat~on glves 

[1.2] G(E)  = - - jU' lim La d t  exp [i t(E + is)] exp [- ia Fz + iFci J E ;  - E" - 
2Fr Z + O  3 F r Fc 

x J-:J dp  exp [ - i a f c rp2  + i a ~ ~ ~ t  

Furthermore. setting i. = F,t, the last integral gives 

J: exp [- ii.ap2 + dp = W" ( I  - ij exp ($1 
With this result, G(E) finally becomes 

where 
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BANDRAUK AND I APLANTE 

Appendix I1 
We wish to evaluate the integral 

[II. I] 

By introducing the integral representation [33] for the denominator, I (E)  now becomes the double 
integral, 

cI1.21 I(E) = - i lim e-" df S-: [HU(X)I2 exp (-Xi - iXi) dX 
8'0 

Froin tables of integral transforms (19), we rapidly evaluate the Fourier transform in the integral to 
give, 

CII.31 I (E)  = - i2"n1"c! dt L,(t2/2) exp (iEt - ~ t  - t 2/4) 

where L, is the generalized Laguerre polynomial (14) 

The integral [h1.3] is tabulated in Erdelyi (19) in terms of sine and cosine Fourier transforms. Using 
these results one obtains finally 

The case z. = 0 requires a more careful calculation since one cannot use recurrence formulae for 
Lo(t).  We start with eq. 11.3, 

I , (E)  = lim Lx t 'exp (-i2/4 - cf) cos Ef df = nl" ~-"H,(E) 
E'O 

t " exp (- t '14 - ~ t )  sin Et  dt 

where ,Fl(a:b;z) is the confluent liypergeometric function defined in (14). Evaluating this function, 
one obtains for 1. = 0, 

Collecting the results [11.6] and [II.7] one obtains for L. = 0, C
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Kinetics and mechanism sf decarboxylation of some pyridinecarboxylic acids in 
aqueous solution. II 
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GERALD E. DUNN and HARALD F. THIMM. Can. J. Chem. 55, 1342 (1977) 
Six 3-substituted picolinic acids were synthesized and decarboxylated in buffered aqueous 

solutions of ionic strength 1.0 at 150 and/or 95°C. 3-Amino- and 3-hydroxypicolinic acids ap- 
pear to decarboxylate by initial protonation, but the others fit the requirements of the Hammick 
mechanism for picolinic acid decarboxylation. Both electron-withdrawing and electron-re- 
leasing 3-substituents accelerate decarboxylation in picolinic acids but inhibit decarboxylation 
in their anions. Acceleration in the acids is considered to be the result of interference by 3-sub- 
stituents with coplanarity of the carboxyl group and the aromatic nucleus. This reduces the 
order of the bond between the carboxyl group and the ring, thus facilitating bond breaking. In 
decarboxylation of the anions water appears to play a critical role, since picolinate ions have not 
been observed to decarboxylate in any other solvent, including ethylene glycol. It is proposed 
that water forms a hydrogen-bonded bridge between carboxylate oxygen and aromatic nitro- 
gen, so that as the carbon-carbon bond breaks a nitrogen-hydrogen bond is formed. This may 
provide a lower energy path through an ylide intermediate than would be required if the pico- 
linate ion were to decarboxylate to a 2-pyridyl carbanion. 

GERALD E. Dur\r\ et HARALD F. THIMM. Can. J .  Chem. 55, 1342 (1977). 
On a synthetise six acides picoliniques substitues en position 3 et on les a dCcarboxyles dans 

des solutions aqueuses tamponnes de force ionique 1 .O, a 150 et/ou 95'C. I1 semble que les acides 
amino-3 et hydroxy-3 picoliniques se decarboxylent par une protonation initiale; toutefois les 
autres presentent les caracteristiques necessaires pour le mecanisme propose par Hammick 
pour la dCcarboxylation de I'acide picolinique. Les substituants en position 3 qui attirent les 
electrons ainsi que ceux qui repoussent les electrons accelerent la decarboxylation des acides 
picoliniques mais inhibent la decarboxylation de leurs anions. On considere que I'accelCration 
dans les acides provient d'une interference, par les substituants en position 3, sur la coplanarite 
du groupe carboxyle et du noyau aromatique. Cet effet reduit l'ordre de la liaison entre le 
groupement carboxyle et le cycle et facilite ainsi le bris du lien. Dans le cas de la decarboxylation 
des anions, il sernble que l'eau joue un r6le critique puisque l'on n'a jarnais observe la decar- 
boxylation des ions picolinates dans d'autres solvants, m&me i'ethylene glycol. On suggere que 
l'eau forme des ponts hydrogene entre I'oxygkne du carboxylate et I'azote du cycle arornatique 
provoquant la formation d'un lien azote-hydrogene au moment oh le lien carbone-carbone se 
brise. Ce processus pourrait fournir une voie requtrant une energie plus basse, via un ylide 
intermediaire, que celle qui serait requise si l'ion picolinate se decarboxylait par I'intermidiaire 
d'un carbanion pyridyle-2. 

[Traduit par le journal] 

Introduction 
The mechanism first proposed by Hamniick a,& N 

for the decarboxylation of picolinic and quinal- &LA 
dinic acids in organic solvents, is that shown in 
reaction 1 ,  with Hammick's preference being for [ I ]  11 9 * H I 2  + [&- 0 
path 2 (1). Others have favored path 1 (2, 3). I 

A previous paper from this laboratory re- H 

ported a study of the reaction in aqueous solu- oC40 
tion (4). The rate cs. p H  curve goes through a I I 
maximum at  the isoelectric pH, and there is a H 0- 

13C kinetic isotope effect at pH's both above and positively charged nitrogen for stabilization of 
below the isoelectric point. These observations the transition state leading to the ylide, it was 
are predicted by the Hammick mechanism, but surprising to find that the picolinate anion, for 
others are not so readily interpreted. For exam- which no such stabilizat~on is apparent, decar- 
ple, since the Hammick mechanism depends on boxylates almost half as fast as the a c ~ d  itself. 
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D U h N  AND THIMM 1343 

On the other hand, homarine, the methylbetaine 
of picolinic acid, where positive charge on nitro- 
gen is assured, was found to decarboxylate about 
a hundred times faster than picolinic acid. Thus, 
in its decarboxylation picolinic acid appears to 
1-esemble its anion more than its betaine. This 
was at first thought to mean that at the reaction 
temperature (150°C) picolinic acid is mainly in 
the non-zwitterionic form, but ultraviolet spectra 
a t  that temperature did not support this hy- 
pothesis. 

Even the 100-fold increase in rate produced 
by N-methylation appeared surprisingly small 
when it was found that quinolinic acid under the 
same conditions decarboxylates at least a thou- 
sand times faster than picolinic acid. (4) Thus a 
3-carboxyl group has a tenfold larger effect on 
the rate of decarboxylation than does quaterni- 
zation of the 1-nitrogen atom. On the other hand, 
4-, 5-, and 6-carboxyl, 5-nitro, and 6-methyl 
groups have very small. effects (factor of two) on 
the rate of decarboxylation of picolinic acid. The 
present work was undertaken in an attempt to 
sort out the factors involved in substituent effects 
on the decarboxylation of picolinic acids. 

Results 
In previous work a 3-carboxyl substituent had 

produced what appeared to be an anomalously 
large rate increase (41, so attention was concen- 
trated on 3-substituents. Six 3-substituted pico- 
linic acids were synthesized: amino, benzoyl, 
bromo, hydroxy, methyl, and nitro. These were 
decarboxylated in buffered aqueous solutions of 
ionic strength 1.0 at 150 and/or 95°C. The 
3-amino- and 3-hydroxypicolinic acids gave pH- 
rate profiles very different from those of picolinic 
and the other subst~tuted picolinic acids. It is 
thought that they decarboxylate by a different 
mechanism from the rest, probably a ring-proto- 
nation mechanism like those of the amino- and 
hydroxybenzoic acids, and they will not be dis- 
cussed further here. 

3-Metlzylpicolinic Acid 
The pH-rate profile for 3-methylpicolinic acid 

at  150°C is given in Fig. 1. It shows the same rate 
maximum at intermediate p H  as that shown by 
picolinic acid (4) but, unlike the curve for pico- 
linic acid, this one does not level off at high pH. 
Apparently the 3-methylpicolinate anion does 
not decarboxylate. To confirm this difference 
between picolinic and 3-methylpicolinic acids, 
both were run at  p H  9.2. For picolinic acid the 

FIG. 1. First-order rate constants for the decarboxyla- 
tion of 3-methylpicolinic acid at 150-C, y = 1.0. Circles 
represent experimental points and the solid line is cal- 
culated from [6] .  

rate constant was 5 x s- ' ;  for 3-methyl- 
picolinic no reaction was detected after 330 h 
(k < 1 x lo-' sC1). 

To derive the p H  dependence of rate constant 
for the Hammick mechanism, let H,A+ repre- 
sent protonated amino acid, HA represent iso- 
electric species (neutral acid plus zwitterion), 
and A -  represent amino acid anion. k,, is the 
rate constant for decarboxylation of the isoelec- 
tric species and k, that for the anion. Then [2] 
and [3] define the amino acid ionization con- 
stants and [4] gives the stoichiometric concentra- 
tion of amino acid [C]. 

[3 I 
K2 

HA--'H+ + A -  

[4] [H,A+] + [HA] + [A-] = [C] 

If only the isoelectric species decarboxylates, 
the rate may be expressed in terms of either [C] 
or [HA], as in 1.51. 

PI d[CO,]/dt = k[C] = /(,,[HA] 

Combination of [2]-[5] gives [6], the dependence 
of the stoichiometric rate constant, k, on hydro- 
gen-ion concentration : 

At low pH, where [H+] >> K,, [6] reduces to [7] 
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and at high pH, where [H'] << K, ,  [6] reduces 
to [81 

The data for 3-methylpicolinic acid give 
straight-line plots for [7] and [8] in the p H  re- 
gions 0-2.1 and 2.8-5.5. respectively. The values 
found for k,, are 4.08 x s-I from [7] and 
4.00 x s- '  from [8]. The same plots give 
pK, = 0.99 and pK, = 4.68. Use of these three 
numbers in [6] generates the solid line in Fig. I .  

Other 3-Substituted Picolinic Acids 
Decarboxylation of 3-bromopicolinic acid 

was studied by the method used for the 3-methyl 
derivative, but the reaction is much faster, so the 
reaction temperature was lowered to 95°C to get 
convenient rates. 3-Bromopicolinic acid is light 
sensitive, so the uncertainty in rate constants is 
estimated to be about ) 7% instead of the usual 
*2%. 

A complete rate profile was not done for 
3-benzoylpicolinic acid. Rate constants at 150°C 
and p = 1.0 were 2.0 x lo", 4.5 x and 
3.0 x s-I at pH's of 0.37, 1.22, and 2.19, 
respectively, from which it is evident that k,,, 2 
4.5 x 10-4 S - j .  

3-Nitropicolinic acid decarboxylated so rap- 
idly, even a t  9S°C, that accurate measurements 
were not possible. At p H  0.3 decarboxylation 
was complete in 2 h, so that k > 1 x s- '  
and, of course, kHA 2 lc. Both the 3-nitro and 
5-nitro anions underwent some reaction other 
than decarboxylation a t  p H  9.2. 

None of the 3-substituted picolinate anions 
examined in this work decarboxylated deteciably 
a t  150°C and pH 9.2 during a period equal to ten 
or more half-lives of the isoelectric species. These 
results, together with some previously reported 
(41, are collected in Table 1 .  

Discussion 

It had been noted in previous work (4) that a 
carboxyl substituent anywhere on the ring in- 
creases the rate of decarboxylation of picolinic 
acid, but the effect is a thousand times greater in 
the 3-position than elsewhere. This could be an 
electronic, steric, or neighboring-group effect. 
The data on Table 1 show that other electron- 
withdrawing 3-substituents cause similar or 
larger rate increases although their structures 
are very different. This makes it very unlikely 

TABLE 1. First-order rate constants for decarboxylarion 
of substituted picolinic acids at ionic strength 1.0 

Tem- 
perature Acid Anion 

Substituent ("C)  HA (s-') k~ (s-l) 

None 
1-Methyl 
3-Methyl 
5-Methyl 
6-Methyl 
3-Benzoyl 
4-Carboxyl 
5-Carboxyl 
5-Nitro 
6-Carboxyl 
3-Carboxyl 

3-Bromo 
3-Nitro 

5 . 0 ~  to-' 

Very smal!* 
3 x 

3 . 7 ~  lo-' 
Very small* 

<3 .8x10- '  

1 . o x  10-6 
Very small* 
Very small* 

*Very small means k ,  5 kHh x 10-3, 

that the acceleration is a neighboring-group 
effect. 

The data for 6-methyl, 5-nitro, and 4-, 5-, and 
6-carboxyl substituents show that the usual elec- 
tronic effects found in aromatic systems (Ham- 
mett's o) are present, but small. Electron-with- 
drawing substituents accelerate, and electron- 
releasing substituents retard, as might be 
expected from the Hammick mechanism in which 
there is an increase of negative charge at the 
2-position of the transition state. 

The effect of substituents at the 3-position is 
quite different, however. Electron-attracting 
substituents (3-benzoyl, 3-carboxyl, 3-bromo, 
3-nitro) produce rate increases of several orders 
of magnitude. This effect is at least partly steric, 
since a methyl substituent switches from retarding 
in the 5- and 6-positions to accelerating in the 
3-position. I-Iowever, it is also largely electronic, 
as is shown by the much larger rate increase pro- 
duced by 3-bromo than by 3-methyl, although 
they are con~parable in size. Furthermore, the 
electronic effect must be colnposed Inore of elec- 
trostatic (inductive and/or field) effects than 
delocalization (resonance) effects, since nitro 
and carboxyl substituents have such enormously 
larger effects in the 3- than in the 5-position. 
These observa.tions are consistent with the Ham- 
mick mechanism, in which negative charge at 
the 2-position of an ylide-like transition state 
can be stabilized electrostatically by positive 
charge at the 1- or 3-positions, but cannot be de- 
localized by the usual resonance structures on to 
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substituents a t  the 3- or 5-positions except by 
making the 2-position a carbene. 

The steric accelerating effect of a 3-methyl 
group shows that the more pronounced accel- 
erating effect of a 1-methyl group is not entirely 
due to the positive charge introduced on nitrogen 
by quaternization. In  previous work (4) it was 
thought surprising that the 1-methylpicolinate 
betaine (homarine) decarboxylates inorc than a 
hundred times faster than the picolinic acid 
zwitterion, although both have a unit positive 
charge 011 nitrogen. I t  is now evident that a fairer 
compar~son would be between the betaine and 
3-methylpicolinic acid, where the ratio is only 
33. It has been estimated (4) that thc fraction of 
picolinic acid present as zwitterion at  150°C and 
p = 1.0 may be as low as 40%. A similar per- 
centage for the 3-methyl a c ~ d  would lcave a ratio 
of only 10-15 to be explained by solvation or 
other effects. 

The most significant feature of the data in 
Table 1 is found in the column for picolinate 
anion decarboxylation. The anions of picolinic 
acid and its 6-metl~yl, 3-carboxy, 5-methyl, and 
5-nitro derivatives decarboxylate slower than 
the corresponding acids by factors of about two 
to  ten, but none of the other 3-substituted acids 
decarboxylate detectably at  all. S ~ n c e  the 3-car- 
boxy mono-anion is probably a zwitterion as in- 
dicated in reaction 9, it is safe to say that no  

3-substituted picolinic acid decarboxylates as 
anion (neither nitrogen or carboxyl protonated). 
The contrast between the behavior of the acids, 
where ali 3-substituents accelerate, and their 
anions, where all 3-substituents inhibit, is very 
striking. 

Since both the acceleration for acids and in- 
hibition for anions occur with either electron- 
releasing or electron-attracting substituents, both 
effects would appear to be at  least partly steric. 
The obvious steric effect of a 3-substituent is to 
prevent coplanarity between the 2-carboxyl 
group and the asonlatic nucleus, thus reducing 
the order of the bond between czi-boxyl group 
and ring. It could also interfere with hydrogen 
bonding between carboxyl group and aromatic 
nitrogen. The reduced bond order would contri- 

bute to the acceierating effect of a 3-substituent 
on the acid by any mechanism but, according to 
the Hammick mechanism, [ I ] ,  a decrease of hy- 
drogen bonding should have a retarding effect 
on path 1 by interfering with the cyclic intramo- 
lecular electron shift. Evidently intramolecular 
hydrogen bonding is not a n  important feature of 
picolinic acid decarboxylation in water. 

Clearly, neither decreased bond order nor de- 
creased intramolecular hydrogen bonding can 
account for the inhibitory effect of a 3-substitu- 
ent on decarboxylation of picolinate anions. 
There remains the possibility that a 3-substituent 
interferes with the approach of solvent niolecules 
to the carboxylate group. It is noteworthy, in 
this respect, that in the nlany studies of picolinic 
acid decarboxylation in organic solvents no 
mention has been luade of decarboxylatioii of 
picolinate anion. In fact, Brown and Hammick 
have reported that quinaldinate ion does not 
decarboxylate a t  184.4'C in ethylene glycol, al- 
though the acid readily does so. (5) Attempts to 
determine whether or not quinaldinic acid de- 
carboxylates in aqueous base at  150°C failed be- 
cause both the acid and quinoline undergo some 
other reaction under these conditions. As an al- 
ternative, the behavior of picolinate ion in ethyl- 
ene glycol was investigated. A 2 x M solu- 
tion of sodiuin picolinate in glycol showed n o  
decarboxylation after 48 11. a period in which the 
acid would be 75% decarboxylared (6). In other 
~ o r d s ,  if k ,  is the rate constant for decarboxyla- 
tion of the anion, k ,  < 0.015 k,,. Apparently 
aqueous solvent is essential to the decarboxyla- 
tion of picolinate anion, and a 3-substituent 
interferes with the action of the solvent. 

The role of water in the decarboxylation is 
difficult to determine. Several possibilities come 
to mind. Water or hydroxide ion could add to 
the carboxylate group, leading to  loss of bicar- 
bonate as in reaction 10. A 3-substituent could 
interfere with formation of the tetrahedral iiiter- 
mediate. Clark has long maintained that decar- 
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boxylation of picolinic and other acids in the 
isoelectric form involves nucleophilic attack by 
solvent on the carboxyl carbon (2) ,  but the nu- 
cleophilic solvent is not limited to water and it is 
difficult to see why glycol could not play this role. 

Another possibility is that water forms a hy- 
drogen-bonded bridge between the carboxylate 
oxygen and ring nitrogen as in reaction 11. A 

3-substituent, by pushing the carboxylate group 
out of coplanarity with the ring, could interfere 
with the formation of the hydrogen-bonded 
complex. Both mechanisms have the advantage 
that the intermediate formed on loss of carbon 
dioxide is an ylide rather than an aryl carbanion. 
The mechanism of [ l l ]  has the additional ad- 
vantage that the geometry of the complex could 
be such as to make water a unique solvent for the 
decarboxylation of picolinate anions. 

In the preceding paper on picolinic acid de- 
carboxylation (4) concern was expressed over an 
apparent discrepancy between the relative ease 
of formation of 2- and 6-pyridyl carbanions by 
decarboxylation ( 2  >> 4) and by deprotonatiori 
(4 > 2)  as evidenced by base-catalyzed deu- 
terium exchange. (7) I t  is now noteworthy that, 
if either of the above mechanisms for picolinate 
anion decarboxylation is correct, the discrepancy 
disappears. This is because these mechanisms 
make ylide rather than carbanion the immediate 
product of decarboxylation of the picolinate 
anion as well as of picolinic acid, and the rela- 
tive ease of formation of the ylides is 2 >> 4 by 
either decarboxylation or deprotonation (7). 

In conclusion, then, the opposite effects of 
3-substitution on the rates of decarboxylation 
of picolinic acid and its anion may be accounted 
for by mechanisms ~ u c h  as those represented by 
[lo] and [l  11, with [l 11 having some advantages 
over [lo]. On the other hand, the unique ability 
of water to facilitate decarboxylation of the 
picolinate anion may reside in its polarity and 
geometry which in some way make it especia.lly 
suitable for solvation of a transition state with 
developing negative charge at position 2,  or for 

providing proton at  position 2. The mechanism 
represented by [ l l ]  is attractive, but by no means 
compelling. 

Experimental 
Matevials 

The acids listed below were synthesized as described; 
others were commercial products. 

3-Methylpicolinic Acid 
2-Amino-3-picoline was diazotized and converted to 

2-bromo-3-picoline by the method o f  Craig ( 8 )  in 57% 
yield. This, in turn, was converted to 2-cyano-3-picoline 
by the procedure o f  Friedman and Shechter, method C, 
(9) in 9 5 z  yield. The 2-cyano-3-picoline was hydrolyzed 
by refluxing in 13 114 HC1 for 4 h. Removal o f  the solvent 
under reduced pressure left light tan crystals (86%). These 
were purified by sublimation at 20 torr, followed by two 
recrystallizations from 95% ethanol, to give fine white 
crystals, mp 117-118'C (lit. (10) mp 111°C). Aizal. calcd. 
for C,H,N02.H20: C 54.2, H 5.81, N 9.04, neut. equiv. 
155.1; found: C 54.2, H 5.85, N 9.18, neut. equiv. 155.4. 

3-Aminopicolirzic Acid 
3-Aminopicolinic acid, rnp 211-212°C (lit. ( 1 1 )  mp 

210°C) was prepared from quinolinic anhydride by the 
method o f  Sucharda ( 1  1 ) .  

3-Bromopicolinic Acid 
3-Aminopicolinic acid (10 g )  was diazotized in 48% 

HBr (30 ml) containing ice by dropwise addition o f  so- 
dium nitrite (6 g in 40 ml H,O) at 0-1°C. The resulting 
solution was poured into a solution o f  cuprous bromide 
(8.8 g) in 48% HBr (20 ml) containing ice (100 g) .  When 
reaction was complete a silvery blue precipitate was fil- 
tered o f f  and washed with cold water. An aqueous sus- 
pension o f  this solid was decon~posed with H,S, the cupric 
sulfide filtered o f f ,  and the filtrate reduced to low volume 
on a rotary evaporator. Its pH was adjusted to 2-3 and, 
on standing, brown crystals were collected, recrystallized 
from water, and sublimed at 0.2 torr to yield a white pow- 
der (0.7 g, lo%), mp 130-131'C (dec.). Anal. calcd. for 
C6H,N0,Br: C 35.6, H 1.98, N 6.94, Br 39.6; found: C 
35.9, H 2.01, N 6.77, Br 39.6. 

3-Benzoylpicolinic Acid 
This acid was synthesized from quinolinic anhydride 

by the method o f  Jeiteles (12), mp 148.5-149.5"C (lit. 
(12) mp 147'C). 

3-Nitropicolinic Acid 
This compound was obtained by oxidation o f  3-nitro- 

picoline prepared from 2-chloro-3-nitropyridine by treat- 
ment with sodium diethylmalonate. 

Sodium metal (3.5 g) was added to diethylmalonate 
(75 g) at 60°C. 2-Chloro-3-nitropyridine (25 g j  was added 
with cooling to  keep the temperature below 9ScC. The 
mixture was kept at 60'C for 2 h, then allowed to stand 
at room temperature for 24 h. Excess starting materials 
were removed by fractionation at 1 torr (38-52'C), leaving 
a red-brown oil and sodium chloride. The oil gave the 
right mass and nmr spectra for 2-(3-nitropyridy1)diethyl- 
malonate, and was hydrolyzed without further purifica- 
tion by heating 5 h on a steam bath with water (32 ml) 
and sulfuric acid (18 ml). After standing overnight, the 
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mixture was made alkaline with solid sodium carbonate 
and steam distilled. The steam distillate was extracted 
with ether and the extract dried and evaporated to  leave 
a yellow oil with the right mass and nmr spectra for 
3-nitro-2-picoline (70%). The crude 3-nitro-2-picoline 
was oxidized to  3-nitropicolinic acid with potassium 
permangallate as described by Brown (13). Yield 8%, 
m p  120-121°C (lit. (14) mp 105'C). Because of the dis- 
crepancy with the literature melting point, the product 
was analyzed. Annl. calcd. for C6H4N204:  C 42.9, H 
2.40, N 16.7; found: C 43.0, H 2.51, N 16.5. Mass spec- 
trum, nlje (relative intensity): 168(1), 151(1.5), 124(50), 
94(17), 78(100). 

5-Methylpicolinic Acid 
2,5-Lutidine (7.7 g) was refluxed with selenium dioxide 

(14.3 g) and pyridine (40 ml) for 2 h, then filtered and 
steam distilled. The residue was acidified with glacial 
acetic acid (10 ml) and concentrated t o  15 ml under re- 
duced pressure. This was filtered into a suspension of 
cupric acetate (20 g) in water (100 ml). After standing a 
day, the precipitate was filtered off, washed with water, 
and treated in aqueous suspension with H,S. CuS was 
filtered off and washed with water. Combined filtrate and 
washings were taken t o  low volume under reduced pres- 
sure, fi!tered, and evaporated to  dryness. The residue was 
recrystallized from benzene to  give white crystals (973, 
m p  166-168°C (lit. (14) mp 163-164'C), ms, lnje (relative 
intensity): 137(5), 93(100), 92(30), 66(52), 65(55). 

Rate Measurements 
Rates were followed spectrophotometrically as pre- 

viously described (4) in solutions buffered with HCI, 
WaH2P04, Na,HPO,; and adjusted to  constant ionic 

strength with KCI. Good first-order plots were obtained 
up to  at  least 3 half-lives, and the ultraviolet spectrum of 
the product coincided uith that of the appropriate sub- 
stituted pyridine in each case. 
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The preparation of some potential intermediates for syntheses sf 
aminopolydeoxy sugars related to antibiotics1 
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HAM H. BACR and FAWZY F. 2. GEORGES. Can. J. Chen~.  55, 1348 (1977) 
Starting from methyl 3,6-dideoxy-3-nitro-r-D-glucopyranoside (I)  and proceeding through 

its 4-n~esylate (2) and 2,4-dimesylate (3), respectively, methyl 3,4,6-trideoxy-3-nitro-cr-~-xj~lo- 
hexopyranoside (4) and methyl 2-O-acetyl-3,4,6-trideoxy-3-nitro-a-~-tl?ve0-hex-3-enopyrano- 
side (5) were prepared. The 4,6-0-benzylidene derivatives (6,8,  and 10) of methyl 2-0-acetyl-3- 
deoxy-3-nitro-a-D-glucopyranoside, methyl 3-deoxy-3-nitro-cc-D-glucopyranoside, and methyl 
2,3-dideoxy-3-nitro-r-D-mbino-hexopyranoside were found to undergo without difficulty the 
Hanessian-Hullar reaction with hr-bromosuccinimide, t o  give good yields of the corresponding 
6-bromo-4-benzoates (7, 9, and 11). Partial anomerization giving the b-anomer I f  of 11 was ob- 
served under certain circun~stances. 

HAAS H. BAEK et F A ~ Z Y  F. 2. GEORGES. Can. J. Chem. 55, 1348 (1977). 
En partant du methyle 3,6-didesoxy-3-nitro-cc-D-glucopyranoside (1) et en passant par le 

4-mCsylate (2) et le 2,4-dimesylate (3), respectivement, on a prepare le methyle 3,4,6-tridesoxy- 
3-nitro-r-D-.YJJ/O-hexopyranoside (4) et le methyle 2-0-acetyl-3,4,6-t1~id~soxy-3-nitro-r-~-tIz1~Po- 
hex-3-enopyranoside (5). On a trouve que les derives 4,6-0-benzylidenes (6,8, et 10) du methyle 
2-O-acetyl-3-desoxy-3-nitro-~-~-glucopyranosde du methyle 3-desoxy-3-nitro-cc-n-glucopy- 
ranoside, et du mkthyle 2,3-didesoxy-3-nitro-r*-~-ui.abir~o-hexopyranoside reagissaient sans 
difficultCs avec la h-bromosuccinimide par la reaction de Hanessian-Hullar et donnaient en 
bons rendements les 6-brorno-4-benzoates correspondants. Dans certains cas on a observe 
anon~erisation partielle donnant I'anomere 12 du composC 11. 

Previous work in this laboratory has dealt 
with the utilization of nitro sugars as readily ac- 
cessible points of departure for syntheses of 
aminopolydeoxy sugars that represent building 
stones of antibiotics or are structurally related 
to such natural products. We obtained by this 
approach the following sugars, as free amines, 
hydrochlorides, or N-acetyl derivatives: 3- 
ami110-2,3,6-trideoxy-~-l~~xo-hexose (D-dauno- 
samine) ( I )  and its D-u~rrhino isonler (D-acos- 
amine) (1 ,  2), 2,3,6-trideoxy-3-din1ethy1amino- 
D-arcrbirzo-hexose (D-angolosamine) (2), 3,4,6- 
trideoxy-3-dimethyla1ni1lo-~-xylo-hexose (L-de- 
sosanii!le) (3), and methyl 3-amino-3,4:6- 
trideoxy-2-0-methyl-r-L-xylo-hexopyranoide (4) 
which is a positional isomer of methyl ac- 
tinosaminide, the corresponding 2,3,6-trideoxy- 
4-0-methyl-L-aruhino derivative ( 5 ) .  Facile syn- 
thetic access to carbohydrate moieties of this 
kind should aid in research directed toward the 
modification of biological properties in anti- 
biotics by partial syntheses ~asing modified com- 
ponents, as has been done successfuliy for in- 

'Part 38 in a series on reactions of nitro sugars. For 
part 37 see ref. 8. 

stance in studies on daunorubicin and adriamy- 
cin (6). 

We now report the preparation of some further 
n ~ t r o  sugar derlvat~ves w h ~ c h  should be con- 
vertlble w~thou t  drfficulty Into ammo sugars by 
procedure\ already well establ~shed For a syn- 
t h e m  of the natural D-enantiomer of desosa~nine 
analogous to the recently descr~bed (3) synthes~s 
of the L-enant~orner, methyl 3,4,6-tndeoxy-3- 
n~tro-a-D-xjlo-hexopyranoslde (4) would be the 
required precursor. The L-enantiomer of 4 had 
been prepared (3) by a nearly quantitative reduc- 
tion, with sodium borohydride, of the corre- 
sponding 3,4-unsaturated glpcoside but, unfortu- 
nately, the latter was obtained (7) in only about 
10% over-all yleld from a primary starting com- 
pound, methyl 3,6-dideoxy-3-nitro-E-L-glucopy- 
r a n ~ s i d e . ~  Performance ill the D-series called for 
a more economical utilization of the costlier 
methyl 3,6-dideoxy-3-nitr0-~1-~-glucopyranoside 
(I) whose practical preparation (2) is somewhat 

'The ultimate source of this readily prepared starting 
compound is reasonably priced, commercial L-rhamnose. 
This factor, and the nearly complete recovery, for possible 
recycling, of ~~rlreacted nitro glycoside in the olefination 
step mitigated the disadvantage of the low yield. 
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BAER AND GEOKGES 1349 

more involved. A superior way of generating the 
desired 4-deoxy function has now emanated 
from our studies on nitro sugar methanesul- 
fonates (8) in the course of which the 2,4-di-0- 
methy!sulfonyl derivative 3 of 1 had been ob- 
tained. The rate of mesylation in 1 has now been 
found to be considerably greater at  position 4 
than at  position 2, so that upon interruption of 
the reaction after an  appropriate period of time 
the 4-mono-0-mesyl derivative 2 could be iso- 
lated in 36% yield, with 60% of unchanged 1 
being recoverable for re-use. The site of preferen- 
tial mesylatio~i followed from non-identity of 
the product (nip 93-94.5"C, [mlD + 96.6') with 
the known (8) 2-0-mesyl isomer (mp 106-107"C, 
[cc], + 148"). Reductive dehydromethylsulfonyl- 
oxylation (2) of 2 with sodium borohydride then 
afforded a 6 0 z  yield of crystalline 4, identified 
by comparison with the known L-enantiomer. 
Con~pound  4 should be convertible into the 
dimethylamino sugar, D-desosamine, as elab- 
orated (3) in the L-series. 

The preparative usefulness of nitro sugar 
~iiesylates (2, 8, 9) was underscored by another 
interesting, and surprisingly facile, transforma- 
tion. When the dirnesylate 3 was heated for 10 
rnin in acetone containing acetic acid and sodium 
acetate, methyl 2-0-acetyl-3,4,6-trideoxy-3-ni- 
tro-ci-D-flzreo-hex-3-enopyranoside (5) was pro- 
duced in 75% yield. Evidently, configurational 
inversion at  C-2 accompanied the constitutional 
change. This was not unexpected in view of 
earlier observatio~ls. Thus. the L-enantiomer of 5 
had been produced <7) in modest yield (21%) 
from the corresponding 2,4-diacetate having the 
cc-D-gluco configuratio~~, by prolonged treatment 

with sodium bicarbonate in refluxing benzene 
(40 h), and the re~ilarkable inversion at  C-2 was 
considered to be a manifestation of the A(',') 
effect (10) that renders a pseudoaxial substituent 
vicinal to an  endocyclic nitroalkene grouping 
more favorable than a pseudoequatorial one. A 
mechanism for the formation of the Q-L-threo 
prod~lct  in that reaction has been proposed (1 l),  
and it rimy be applied r?lufntis n~ufarzc/is to the 
present case (Scheme 1). The product 5 doubtless 
arises by a first elimi~lation of a molecule of 
methanesulfonic acid to give u~lsaturated niono- 
niesylate, either A or B, or both, and subsequent 
addition of acetate ion with concomitant elimi- 
nation of the second mesylate function, to give 5 
and (or) its isomer C. The latter, if formed, would 
isomerize to 5 by acetaLe eli~iiination-addition. 
It is an open question whether the reaction takes 
both of the pathways shown or favors one. (111 
the aforen~entioned dehydroacetoxylation, which 
gave ~iiainly L-5, the 2-acetate corresponding to 
B was isolated as a minor product in 4O4 yield.) 
Both of the pri~ilary structures A and B are 
encumbered by A(',') strain which should provide 
part of the driving force for their transformation 
into 5 and C,  respectively. Isomerization of C to 
5 is thought to be favored electronically; the 
inductive effect of the anomeric center will en- 
hance electron deficiency at  C-2, promoting 
nucleophilic attack a t  that site and rendering 5 
more stable than C. The rearrangement could be 
induced by an intermolecular attack of acetate 
ion as depicted or, alternatively, could i~lvolve 
intramolecular acetoxy group migration through 
a six-membered, cyclic transition state. Com- 
pound 5 should be a potential preparative pre- 
cursor for the u-lyxo isomer of D-desosamine. 

In order to explore possibilities of entry i:~to 
the series of nitrogenous 6-deoxy-D-hexose deriv- 
atives through key intermediates other than 1 it 
was envisaged to depart from readily available 
4,6-0-benzglidenated 3-deoxy-3-nitro-D-hexopy- 
ranosides (12) and examine whether the elegant 
method (1 3) of converting such acetals by N-bro- 
mosuccinimide into 6-bromo-6-deoxy-4-benzo- 
ates is applicabie in this particular case. Methyl 
2-0-acetyl-4,6-0-bel1zylidene-3-deoxy-3-nitro-~- 
D-glucopyranoside (6), methyl 4.6-0-benzyl- 
idene-3-deoxy-3-nitro-r-~-plucopyranoside (8), 
and methyl 4,6-O-benzylidene-2,3-dideoxy-3-ni- 
tro-R-D-a~abino-hexopyranoside (10) were se- 
lected as objects of study. The question as to 
whether nitro sugars such as these would without 
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3 

Base -MsOH 

C 

and (or) 

Me 
.2 i  strain 

+AcO- 
4 

-AcO- 
(or 4 4  2 shift) o-?~ Me 

Me -1 
'0 

con~plications be compatible with the planned 
operation was not a trivial one in view of pos- 
sible competing bromination at  the nitromethine 
carbon atom (14). Compound 6 and numerous 
similar compounds had proved to undergo bro- 
mination a t  C-3 by the action of N-bromoaceta- 
nlide (and in the one case examined also by N- 
bromosuccinimide) to give gem-bromonitro de- 

0-CHp CH2Br 

pll\oqMe 4 PhCOO Q"e 

OAc OAc 

6 7 

ER1 
PhCOO 

10 11 R ,  = OMe, R, = H 
12 R,  = H ,  R, = OMe 

rivatives while the benzylidene acetal structure 
remained ~ n a f f e c t e d . ~  However, the conditions 
under which the geminal halogenations were per- 
formed differed from those of the Hanessian 
reaction in that they promoted an ionic process 
(protic solvent and catalysis by sodium acelate). 
It has now been found that 6, 8, and 10 do react 
with NBS in refluxing carbon tetrachloride in 
the presence of barium carbonate, affording the 
desired 6-bromo-6-deoxy-4-0-benzoyl deriva- 
tives in yields of 56-80%. Whereas single prod- 
ucts (7 and 9) were obtained from 6 and 8, re- 
spectively, the 2-deoxy sugar 10 in first experi- 
ments gave the expected 3-glycoside 11 (64;) 
but also a second product which was revealed to 
be the P-glycoside 12 (16z).  Evidently, traces of 
acid engendered in the medium and not effica- 
ciously neutralized by solid barium carbonate 
were responsible for partial anomerization. 
2-Deoxyglycosides are generally more prone to 
acid-catalyzed anomerization than ordinary 
glycosides; a similar observation had been made 
( I )  in a reductive debsomillation of a 6-bromo- 
2,6-dideoxy glycoside. The formation of 12 was 
suppressed by an increased amount of acid 
scavenger. Configurational correlation of 11 
and 12 was made on the basis of specific ro- 

3The a-D-gl~~coside 8 resisted this type of bromination. 
The 2-deoxy derivative 10 was not examined but its 
p-a~lomer as well as a -  and p-~-ty.uo isomers reacted 
readily. 
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tations (+ 7 1.5" and + 26.5^, respectively), and 
by nnir spectra which showed for the anomeric 
proton in 11 a narrow lnultiplet (J,,,, and J ,  ,,, 
both small) and in 12, a quartet (J ,,,, = 10, 
J ,  ,,, = 2 Hz) indicating equatorial and axial 
orientations, respectively, for H-I. In accord 
with this, the signals of the anomeric ~nethoxyl 
protons (.r 6.56 in 11,6.41 in 12; in chloroform-d) 
were in the relative positions normally found in 
a- and P-plycosides of this type (14). 

Incidentally the glycoside 10, which had pre- 
viously been synthesized from 8 by the sequence 
of 0-acetylation followed by dehydroacetoxyla- 
tion and reduction, can now be prepared more 
conveniently thanks to the new, smooth olefina- 
tion (8, 9) \ ~ i t h  methanesulfo~lyl chloride fol- 
lowed by borohydride reduction. We record here 
its preparation from 8, achieved in 91: yield 
without isolation of intermediates. 

Experimental 
All reactions were monitored by tlc on 7.5-cm plates 

coated with silica gel G and irrigated, unless otherwise 
specified, with (v,v) 1 :4  ethyl acetate -carbon tetrachlo- 
ride (solvent A), 1 : 20 methanol-chloroform (solvent B), 
or 1 :2 ethyl acetate - petroleum ether (solvent C). The 
spots were made visible by use of a spray of 1% ceric sul- 
fate in 10% sulfuric acid, and heating the plates. Infrared 
data refer to spectra-of Nujol mulls. Optical rotations 
were recorded at room temperature from chloroform 
solutions, c 0.4-1.3. The nmr data refer to 100 MHz spec- 
tra of CDCI, solutions containing tetramethylsilane as 
internal standard. 

Metlq I 3 , 6 - D i d e o . x y - 4 - 0 - 1 ~ t e t l ~ y I s ~ ~ ~ l - 3 - n i t o - ~ - D -  
glucopyvnr~oside (2) 

The glycoside 1 (2) (2.0 g) and methylsulfonyl chloride 
(0.75 ml, 1 niol equiv.) were stilred together in dichlo- 
romethane (60 ml), with external cooling to 10-15"C, and 
triethylamine (1.3 ml) was added after 5 min. As no sign 
of ~eaction was detected by tlc (solvellt B) after another 
5 min, cooling was discontinued and three additional 
0.7-ml poltions of niesvl chloride along with eauivalent 
amounts of triethylamine were introduced in I$-min in- 
tervals. Gradually during this operation a faster spot 
representing2appeared in tlc, and the intensity of the spot 
due to 1 diminished. Eventually a faint spot (still faster) 
corresponding to known (8) dimesylate 3 began to show. 
At this stage the reaction was quenched by the addition 
of methanol (5 ml), and after I h the mixture was evapo- 
rated. Several portions of I-propanol were successively 
added to and evaporated from the syrupy residue which 
was finally dissolved in chloroform (3 ml) and chroma- 
tographed on silica gel (85 g) by means of chloroform as 
eluent. Fractions containing the fast-moving, minor prod- 
~ ~ c t  3 were discarded. The subseyuent fractions that con- 
tained only 2 were combined and evaporated to give a 
syrup which crystallized overnight upon trituration with 
hexane (10 ml). The material (1.00 g, 369z) was recrys- 
tallized from ethyl acetate - petrole~~m ether giving sharp 

needles, mp 93-93.5'C; +96.6': v,,,, 3300 (OH), 
1550 (NOz), and 1170 cm- '  (OMS). The nmr data: 6 
4.75-5.00 (m, 3H, ill resolved, H-I, H-3, H-4), 4.2 (br m, 
H-2), 3.85 (br m, H-5), 3.49 (s, 3H, OMe), 2.96 (s, 3H, 
OMS), 2.48 (d, J = 1 1  Hz, removable with D 2 0 ,  OH), 
1.43 (d, 3H, J = 6 Hz, C-Me). A~znl. calcd. for 
C8H15N08S (285.2): C 33.68, H 5.30, S 11.24; found: C 
33.74, H 5.30, 11.15. Continued elution of the colurnn 
with ether furnished 1.20 g (60%) of unchanged 1. 

 methyl 3,4,6-Tvideo.xy-3-niti'o-a-D-,~~~Io-I1e~~opyvn1~o~ide 
i 4 /  

To a magnetically stirred, ice cooled solution of the 
niesylate 2 (800 mg) in ethanol (20 ml) was added sodium 
borohydride (0.14 g) in small portions. The reaction was 
then allowed to continue for 30 min at 25'C. Examination 
by tlc (solvent C) revealed total consumption of 2 and 
formation of a fast-moving product (4) accompanied by 
traces of faster and slower impurities. The solution was 
deionized with 5 ml of Amberlite IR-120(Ht) whereby it 
became acidic. It was neutralized carefully with triethyl- 
aniine and evaporated. Numerous portions of methanol 
were then evaporated from the residue for removal of 
boric acid, after which the material was chroniatographed 
on a column of silica gel (17 g) by use of chloroform as 
eluent. Early fractions containing the high-mobility con- 
taminants were discarded, and the fractions containing 
the main product were evaporated to give 320 mg (60%) 
of a colorless syrup of 4. It crystallized from ether - 
petroleum ether as long needles, mp 55-56cC, [a], 
+ 197'. Reported (3) for L-4, mp 56-57'C and [Y], - 198'. 
Spectral data of 4 accorded with those of the enantiomer. 

1~eflt~~l2-0-Acetyl-3,4,6-tvideo.~~~-3-niIro-r-D-threo-hex- 
3-enop)'t.nno~ide ( 5 )  

A n~ixture of the 2,4-di-0-mesyl glycoside 3 (8) (200 
mg), sodium acetate (50 mg), and glacial acetic acid (10 
small drops) in acetone (5 ml) was heated at reflux for 
10 min. Complete conversion of 3 into a new product was 
revealed by tlc (chloroform). The reaction mixture was 
evaporated and the residue extracted with ether. The fil- 
tered extract was coevaporated with several portions of 
ethanol to give a syrup which was taken up in ethanol 
(0.5 ml) and kept overnight at  O'C. Compound 5 (95 mg, 
75%) was deposited in crystalline form and recrystallized 
from ethyl acetate - petroleum ether; mp 81-82'C, [a], 
+ 163". Reported (7) for L-5: mp 81-81.5'C, [Y], - 165". 

Methyl 2-O-AcetyI-4-O-benzoyl-6-bro1no-3,6-dideoq-3- 
nitro-a-D-glucopyr.nnoside 17) 

A suspension of benzylidene acetal 6 (12) ( I  .OO g) and 
barium carbonate (0.50 g) in carbon tetrachloride (25 ml) 
containing A'-hromosuccinimide (0.70 g) was refluxed 
with magnetic stirring for 2 h. The hot reaction mixture 
was filtered and the solid residue washed with hot carbon 
tetrachloride (2 x 15 ml). The combined filtrate was 
evaporated to dryness and a so l~~ t ion  of the resultant 
syrup in ether (25 ml) was washed with water (I5 ml) and 
dried (CaCI,). Partial evaporation of solvent then fur- 
nished several crops of crystalline 7. The concentrated 
mother liquor was treated with some pentane which pro- 
duced a yellowish oil that was decanted and triturated 
with fresh pentane; this gave an additional crop of crys- 
tals, the total yield being 0.67 g (56%). Recrystallized 
from chloroform pe t ro l eum ether the product showed 
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mp 181-182'C, [r], -45.7', v,,, 1715 (CO) and 1565 
cm- '  (NO,). The nmr data: 6 7.95 and 7.47 (m, 2 + 3H, 
PhCO), 5.65 (t, J 3 . 1  = J4,5 = 10 HZ, H-4), 5.48 (9, 
J,,, = 8, J2,, = 10Hz, H-2),4.98 (t, J =  lOHz, H-31, 
4.56 (d, J i , 2  = 8 Hz, H-l), 3.90 (in, H-5), 3.59 (s, 3H, 
OMe), 3.54-3.46 (ni, 2H, H-6, H-6'), 2.10 (s, 3H, OAc). 
Annl. calcd. for ClGH18BrN08 (432.2): C 44.46, H 4.19, 
Br 18.49; found: C 44.28, H 4.07, Br 18.38. 

1Methyl4-0-Berrzo~~I-6-brotno-3,6-dideo.~y-3-i-D- 
yllrcop,vrnnoside ( 9 )  

The benzylidene acetal 8 (15) (2.00g), N-bromosuc- 
cinirnide (1.50 g), and barium carbonate (1.0 g) were re- 
fluxed with magnetic stirring in carbon tetrachloride 
(100 n-11) for 3 h. The hot solution was filtered, the in- 
organic residue washed with hot carbon tetrachloride 
(2 x 20 nil), and the filtrate evaporated. The syrupy 
product was purified by passage through a column of 
silica gel (50 g) with solvent A and was thereafter crys- 
tallized from carbon tetrachloride at  O'C. The prisms 
(1.50 g, 60%) had nlp 126-C, [r], + 84"; v,,, 3470 (OH), 
1720 (CO), and 1560 cni-I (NO,). The nmr data: 6 7.95 
and 7.45 (n?, 2 + 3H, PhCO), 5.56 (t, J3,, = J4., = 10 
HZ, H-4), 4.97 (t, J2,3 = J3., = IOHZ, H-3), 4.95 (d, 
J , , ,  = 4 H z ,  H-I),  4.30 (octet, J1,, = 4, J2.3 = 10, 
J,,,,, = 11 Hz, collapsing to q on D,O exchange-H-2)+ 
4.10 (septet, H-5), 3.60 (s, 3H, OMe), 3.51-3.44 (m, 2H, 
H-6, H-67, 2.46 (d, J = 11 Hz, removed on D,O ex- 
change, 0-H) .  Annl, calcd. for Cl4Hl6BrNO7 (390.2): 
C 43.09, H 4.13, Br 20.48: found: C 43.05, H 4.04, Br 
20.72. 

Methyl 4,6-O-Benz~~liclme-2,3-~/ideoxy-3-~~itro-a- D- 
arabit~o-hexopyi-anoside (10)  

A solution of 8 (15) ( 1 . 8 0 ~ )  in anhydrous ether (501111) 
containing triethylamine (2.7 ml) was cooled to 10-15"C, 
and methylsulfonyl chloride (1.3 nil) was added dropwise 
with stirring d ~ ~ r i n g  30 min. Thin layer chromatography 
(solvent C) then indicated complete conversion of 8 into 
the faster-moving product of dehydration (see ref. 8). 
The reaction mix t~~re  was filtered and the filtrate evapo- 
rated to give a yellowish oil which was dissolved in di- 
chloromethane (10 ml). Careful addition of triethylamine 
(2 ml) at 10-15'C, followed by anhydrous ether (25 ml) 
gave a precipitate of salts. This was filtered off and the 
filtrate set aside. The precipitate was washed with water 
in which it largely dissolved (to be discarded), and the 
water-insoluble par: was dissolved in ether (3 ml) and, 
after drying over CaC12, combined with the main solution 
containing the product. Solvent evaporation gave a solid 
which was ilnmediately dissolved in absolute ethanol (50 

tion, washing of the residue with hot chloroform (10 ml), 
and evaporation of the combined filtrate gave a yellow 
syrup. This was disso!ved in ether (20 ml) which was then 
washed with water (2 x 5 ml), dried (Na2S04), and 
evaporated again. The pale yellow residue was taken up 
in methanol (5 n ~ l )  from which 11 crystallized as needles 
after several hours at  0-C. The air-dried product (I .57 g, 
8007,) had mp 93 93.5'C, [a], t 70.5'. 

In an earlier experiment, 2.00 g of 10 and 1.50 g of 
A\r-bromosucci~~imide but only 1.0 g of barium carbonate 
were used under conditions otherwise identical with those 
just described. Thin layer chromatography (solvent A)  
indicated the presence of a more slowly moving by-prod- 
uct (12) besides 11. The syrup obtained upon solvent 
evaporation was therefore chromatographed on a column 
of silica gel (50 g) using solvent A as irrigant. The frac- 
tions containing the (faster moving) main product fur- 
nished 11, which crystallized from methanol as above, in 
a yield of 1.63 g (64%): mp 93'C, [a], t 7 1 . 5 ;  v,,,, 1732 
(CO) and 1550 cm-'  (NO,). The nmr data: 6 8.0 and 7.5 
( m , 2  + 3H, PhCO), 5.58 (t, J,,, = J4,5 = IOHz, H-4), 
5.2 (m, J3 ,4= 10, J2a,3 = 6, J,e,3 = 4Hz .  H-3), 5.00 
(narrow m, H-1), 4.1 (in, J4,, = 10 HL, H-5), 3.5 region 
(overlapping signals, 5H, H-6, H-6' and, at  6 3.44, OMe), 
2.6-2.2 (m, ill resolved, 2H, H-2, H-2'). Annl. calcd. for 
C14H16BrN0G (374.2): C 44.93, H 4.31, Br 21.36; found: 
C 45.06, H 4.19, Br 21.61. 

,'Methyl 4-O-B~rrzoSl-6-br.o,no-2,3,6-tricIeo.~y-3-f~itro-~- 
D-~rabi t~o- / i~~opyrano~i i /e  (12) 

Cont in~~ed elution of the column mentioned in the 
second experiment of the preceding section yielded the 
p-anomer 12 which crystallized upon solvent evaporation 
and was recrystallized from ethyi acetate - petroleum 
ether. The yield was 400 nig (16%), mp 182-183'C, [r], 
+26.5-, v,,,, 171 5 (CO) and 1560 cm- '  (NO,). The nmr 
data:  6 8.00 and 7.55 (n?, 2 t 3H, PhCO), 5.57 (t, .13,, = 
J,,, = 10Hz, H-4), 4.87 (octet, J,,, = 10, J ~ a . 3  = 8, 
Jzc ,3  = 5 HZ, H-3), 4.60 ((1, Jl,za = 10, J1,?, = 2 HZ, 
H-I), 3.79 (m, J4.5 = IOHz, H-51, 3.59 (s, 3H, OMe), 
3.53 (nl, ZH, overlapping the OMe signal, H-6, H-6'), 
2.5 region (br m, 2H, H-2, H-2'). Ancrl. calcd. for 
C14Hl,BrN0, (374.2): C 44.93, H 4.31, N 3.74; found: 
C 44.59, 1-1 4.43, N 3.82. 
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Excess enthalpies and volumes of water + tetrahydrofuran 
mixtures at 298.15 M1 
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Osa~~ru  K I Y ~ H A R A  and GEORGE C. BEN SO^. Can. J. Chem. 55, 1354 (1977). 
Excess enthalpies and volumes of water + tetrahydrofuran mixtures were measured at  

298.15 K ,  using an LKB flow niicrocalorirneter and a successive dilution dilatometer. The 
effect of flow rate on the enthalpy results was investigated. Partial molar excess enthalpies and 
volumes were derived from the results, and their significance is discussed with reference to 
the molecular interactions in the mixture. 

O s ~ x i u  KIVOHARA et GEORGE C. B E ~ s o ~ .  Can. J Chem. 55. 1354 (1977) 
On a mesure, B 298.15 K, les enthalpies et les volumes d'exces de melange eau + tetra- 

hydrofitranne en utilisant un microcalorimetre continue LKB et un dilatornetre a dilutions 
successives. On a e t ~ ~ d i e  l'effet de la vitesse d'Ccoulement sur les rtsultats d'enthalpie. On a 
derive des enthalpies et des volunies d'exces nlolaires partiels a partir des resultats et on discute 
de le~lr signification par rapport aux interactions moleculaires dans le melange. 

[Traduit par le journal] 

A nulnber of investigations of the interactions 
between nonelectrolytes and water have ex- 
amined the thermodynamic properties of aque- 
ous tetrahydrofuran (THF) illixtures (1-6). At 
298.15 K the excess enthalpy curve is S-shaped 
with a zero value near 0.4 mole fraction of H,O 
(1-3). The excess Gibbs free energy is positive 
(5) and the excess entropy and volume are 
negative (4-6) over the whole mole fraction 
range. 

The thermal behavior of the system H,O + 
T H F  is of special interest because its determina- 
tion has been suggested as a test of mixing 
calorimeters (7). There are, however, fairly 
large discrepancies between the published excess 
enthalpy results (1-3), and it is evident that 
further independent studies are needed before 
this system can be established as a calorimetric 
standard. 

Our laboratory is currently investigating the 
thermodynamic properties of H,O + THF mix- 
tures. The present paper reports the results of 
careful determinations of excess enthalpy and 
excess volume, both at 298.15 K. 

Experimental 
,Wc/fer zals 

Tetrahydrofuran (Flsher Sc~ent~fic Co., certified le- 

'NRCC No. 15597. T h ~ s  work was presented in part 
at the 31st Annual Calorimetry Conference, Argonne 
Natlonal Laboratory, Argonne, Ill~nois, U.S A , Septem- 
ber 29 - October 2, 1976. 

'NRCC Research Associate from 1975. 

agent) was further purified by glc using a c o l ~ ~ m n  con- 
taining 2 0 z  silicone oil DC200 on Chrornosorb P. It 
was stored over a molecular sieve (BDH Type 4A, 8-12 
rnesh beads) and under dry nitrogen gas. The final 
product had a very slight yellow tinge, but at 298.15 K 
its density, ci = 881.95 kg m-3, and refractive index, 
11, = 1.40474, were in reasonable agreement with 
literature data ((/;kg n1r3: 882.2 (4), 882.1 (5), 882.3 (8), 
881.94 (9); 11,: 1.4051 (4), 1.4048 (5), 1.4041 (S), 1.4045 
(9)). 

Mixt~~res  were made with deionized distilled water. 
Both components were partially degassed by agitation 
under reduced pressure prior to their use. 

Ci~loi.i~~~eti.ic ,Wensurernc~nts 
Excess enthalpies, HE,  were determined in an LKB 

flow microcalorirneter (Model 10700-1). Details of the 
equipment and operating proced~~re  have been described 
previously (10). The el-ror of the determination of HE/J  
mol-' is estimated to be less than 0.1 + 0.005HE/J 
mol- '~ .  

For the present systeni it was not appropriate to assume 
that the calibration constant for a mixture was a volume 
fraction average of the constants determined for the 
pure components at the same flow rate. Instead, it was 
necessary to determine calibration constants with several 
mixtures of known composition flowing through the 
calorimeter at  various flow rates. These results were 
smoothed so that appropriate calibration constants 
for other mixtures could be interpolated. Despite this 
precaution, we found that the values of HE depended 
on the total flow rate used in their determination, 
particularly in the water-rich region. This variation 
appeared to be due to incomplete mixing. Although a 
total flow rate f = 5.0 mm3 s - I  (stated in terms of the 
unmixed components) had been satisfactory in most of 
our previous work, it was necessary to operate at  lower 
rates for H,O $- THF and ~neasurernents were made 
with f = 2.0, 1.5, and 1.0 n1n13 s- ' .  For x, (the mole 
fraction of H 2 0 )  5 0.6, the values of H E  measured at the 
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A N D  BENSON 1355 

three flow rates agreed within their estimated experi- 
mental error; but for x1 > 0.6, significant systematic 
differences appeared, with the absol~lte values of HE 
increasing with decreasing flow rate. Empirically it was 
found that the results for H E  at these low flow rates 
varied approximately linearly with the square of the 
flow rate, and this fact was used to extrapolate the results 
to zero flow. The differences of the extrapolated values 
from the res~llts at the lowest flow rate are in most cases 
less than their estimated experimental error, but we 
believe that the observed systematic variation justifies the 
exlrapolation. 

Dilnfornetric Mensurernents 
Excess volumes, YE, were determined at  constant 

pressure by a successive dilution method using a microm- 
eter syringe dilatometer. The apparatus and operating 
technique have been described by Tanaka et nl. (11). 
For the present system, the error of the determination 
of VEcm3 mol-' is estimated to be less than 0.0003 + 
0.001: VE:crn3 m o l  ' 1 .  

Results 
Excess Erlthulpies 

Values of H' for H 2 0  ( 1 )  + T H F  (2) mixtures 
a t  298.15 K are listed in Table 1 ,  where x ,  
indicates the mole fraction of H20 .  All the 
results given for mixtures with x ,  1 0.6 were 
determined at  the same total flow rate f = 2.0 
mm3 s - l ,  since as pointed out above, the results 
of exploratory nleasurements at  lower flow 
rates were not significantly different in this 
mole fraction range. For x,  > 0.6, measure- 
ments were made with flow rates of 2.0, 1.5, 
and 1.0 mm3 s - l ,  but only the results a t  the 
lowest flow rate are reported in detail. 

The empirical equation 

[ I ]  H ~ I J  nloi- l = 
11 

x,(l - x,)  1 uj( l  - 2.x1)j-' 
J =  I 

was fitted to the results for x ,  5 0.6 combined 
with each set for x ,  > 0.6. Values of the 
coefficients were determined by the method of 
least-squares with all points weighted equally. 
The three sets of coefficients a, ,  each labelled 
with the relevant flow rate, are given in Table 2, 
along with the standard error 

where n? is the number of results and n is the 
number of coefficients in the representation by 
[ I  I .  

The results for f = 1.0 mm3 s f '  were extra- 
polated to zero flow rate as described in the 
preceding section. The corrections applied in 
this extrapolation are given in parentheses in 

TABLE 1. Molar excess enthalpies of HZO (1) + T H F  (2)  
mixtures at  298.15 K* 

xl  HE/J nloi-' X 1 HE, J n ~ o l - '  

- - 

XRes~ilis f h r  x,  S 0 . 6  determined at  f = 2 . 0  rnm3 S T ' .  Resiilts for 
I, , 0 . 6  determined at f = 1 0 iiin?%-I: add values In parentheses 
t o  correct to zero flow. 

Table 1. Coefficients for the representation of 
the extrapolated values by [ l ]  are included in 
Table 2. The extrema of the H~ curve (for f = 0)  
are 31 1.8 J mol-'  a t  x ,  = 0.150 and - 743.1 J 
mo1-I at  x ,  = 0.858; HE vanishes near x, = 

0.392. 
Deviations of the results given in Table 1 

from the smoothing function for zero flow rate 
are plotted in Fig. 1. The solid curves in this 
figure show deviations of the smoothed results 
at  f = 2.0, 1.5, and 1.0 min3 s-'. For the highest 
flow rate, discrepancies of more than 197, occur. 

There have been several previous investiga- 
tions of the excess enthalpy of H 2 0  + T H F  
mixtures at  298.15 K (1-3). These results, apart 
from those of Erva ( 1 )  which are only reported 
graphically, are included in Fig. 1 for com- 
parison. The results of Glew and Watts (3) are 
within 1'x of ours over most of the mole fraction 
range. Deviations of the results reported by 
Nakayama and Shinoda (2) are mainly negative 
and relatively large. 

Excess Volumes 
The experimental values of VE are summarized 

in Table 3. Some difficulty was experienced in 
finding a suitable smoothing equation for these 
results. Representation by a form analogous 
to  [ l ]  required the use of a large number of 
coefficients. Replacing mole fractions by volume 
or mass fractions led to better representations 
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TABLE 2. Coefficients and standard errors for least-squares representations of H E  and VE 

HE/J mol-I (eq. 1) 
VE/cm3 mol-I 

f = 2 .0  f = 1 . 5  f = 1.0 f = 0  (eq 3) 

FIG. I .  Comparison of experin~ental results for the molar excess enthalpy of H,O ( 1 )  + T H F  (2) 
n1ixtul.e~ at 298.15 K.  Points and curves represent deviations from eq. 1 with coefficients for f = 0. 
Points: 3, present work; +, Glew and Watts (3); x , Nakayarna and Shinoda (2). Curves are smoothed 
results: -, present work (at flow rates 2.0, 1.5, and 1.0 n1m3 s - I ) :  ---, ref. 3: -.-, ref. 2. The dotted 
curves correspond to deviatio~ls of _+ 1%. 

\lith fewer coefficients. However, the best give large negative deviations which fall below 
representation was obtained with the form the loher limit of the plot, but the other sets of 

Values of the coefficieilts and standard error for 
this representetation are given in the last column 
of Table 2. 

Figure 2 shows that the deviations of our 
results from their representation by [3] are, for 
the   no st part, less than 17; however, they 
appear to vary systematically with mole fraction 
and are larger on a percentage basis at  both 
ends of the range. Deviations of VE results 
from the literature (4-6) are also plotted in 
Fig. 2. Most of the results of Singer et ul. (5) 

data (4, 6) are in fair agreement with our 
results. 

Dissussion 
In discussing the present results it is con- 

venient to refer to the partial molar excess 
enthalpies H ~ ( x , )  and volurnes ~ f ( x , ) .  Plots of 
these derived quantities are give11 in Figs. 3 and 
4. Although the representations of H E  and VE 
by [ l ]  and [3] are adequate for most purposes, 
they are not very suitable for evaluating the 
slopes of these functions (particularly of VE) 
near the ends of the mole fraction range. 'The 
curves for the partial molar excess enthalpies and 
volun~es were therefore obtained froin least- 
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KIYOHARA AKD BENSON 

TABLE 3. Molar excess volun~es of H 2 0  (1) + T H F  (2) mixtures at 298.15 K 
- 

xl VE,cm3mol-1 s I VE,'cm3 mol-' s , VE/'cm3 mol- ' 

FIG. 2. Comparison of experimental results for the molar excess volume of H,O (I)  + THF (2) 
mixtures at  298.15 K .  Points represent deviations from eq. 3 :  0, present work; +, Morcom and 
Smith (6); x , Singer ef ol. ( 5 ) :  A, MatouS et nl. (4). The dotted curves correspond to deviations of 
1141,. 

squares analyses in which the experimental re- 
sults were fitted with a set of cubic spliiles (12). 

At infinite dilutio11, our value of HF(1) = 

- 15.3 kJ mol-I is about 0.4 k9 n ~ o l - ~  lower 
than the value ( -  14.93 i 0.17) kJ mol-I deter- 
mined by Franks et 01. (13). The insert to Fig. 4 
shows the behavior of V f ( x , )  for dilute THF 
mixtures. The intercept v;(lj = -4.8 cm3 
mol-'  is in good agreement with the resuits 

of magnetic float densitometer studies (-4.68 
cm3 mol-'  (13) and -4.9 cin3 mol-' (14)). A 
sharp mininiuln of V:(xl) occurs near .xl = 

0.975 and a broad minimum of v:(x,) at  low 
mole fractions of water. The latter behavior is 
similar to that observed for several other 
~vater + nonelectrolyte mixtures ( 1  5 ,  16). 

A qualitative interpretation of our results can 
be given in terms of the so-called "flickering 
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1358 C A h  J CHEM 

FIG. 3. Part~al molar excess ellthalpics of water and 
T H F  in H,O ( I )  r T H F  (2) mixtures at 298.15 K .  
Curves calculated from least-squares splines. 

FIG. 4. Part~al molar excess volun~es of watel and T H F  
in H,O (1) + THF (2) mixtures at  298.15 K .  Curves 
calculated from least-squares splrnes. 

cluster" model of liquid water (17). According 
to this model, water is con~posed of microscopic 
clusters of hydrogen-bonded molecules in dy- 
namic equilibrium with more weakly bonded 
water molecules occupying cavities within the 
clusters and interstitial positions between them. 
Although the structural details of the model are 
still controversial, its general features are in 
accord with a variety of experimental results. 

When ~ a t e r  is the solvent for a nonelectrolyte, 
deviations of the properties of the solution from 
ideality in the water-rich region reflect the 
influence of the added species on the cluster 
equilibrium. The addition of an apolar or 
mixed type of nonelectrolyte (18) may initially 
proil-rote or stabilize cluster formation in a 
coo~era t ive  manner since the solute tends to 
occupy the cavities and to displace the weakly 
bonded water ~llolecules which can for111 more 
hydrogen-bonded clusters. In  the present system 
the large negative values of H;(X , )  for water- 
rich mixtures are a consequence of enhanced 
hydrogen bonding. I t  has been suggested that 
the ~nininium in the V t ( x , )  curve occurs when 
there are no more cavities to support the full 
structuring ability of the solute niolecules (18). 
Further solute addition then has a d is ru~t ive  
influence on the water structure. 

Figure 3 shows that over a broad central 
mole fraction range, H f ( x , )  and H;(x,)  become 
nearly constant. A similar region has been 
observed for H,O + ethanol mixtures, and 
Larkin has described it as a pseudo two-phase 
system (19). In the present case, the pseudo 
phases consist of the stabilized water clusters in 
equilibrium with a random mixture of H,O + 
THF.  The molecular environment experienced 
by added quantities of H,O or T H F  remains 
essentially constant since only the relative 
amounts of the phases are changed. When water 
is added to pure THF, water-water hydrogen 
bonds are broken and water-THF hydrogen 
bonds are formed. The aositive values of 
~ : ( x , )  observed a t  low x ,  suggest that the 
mixed bonding is weaker (or less extensive) 
than the bonding in pure water. 

Finally, we wish to express some reservations 
about the suitability of using H,O + T H F  to 
test mixing calorimeters. Apart from the 
problem of obtaining and storing T H F  in a 
suitably pure state, our work indicates that it 
is inherently difficult to form homogeneous 
H,O + T H F  mixtures with x, > 0.6. It is 
known that this system has regions of limited 
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solubility above 345 K (4) and below 286 K 
(20), and it seems likely that an incipient phase 
separation (demixing) occurs even a t  298.15 K. 
It appears that the time needed to establish 
equilibrium on a microscopic level can lead to 
erroneous HE results, particularly in flow type 
mixing calorimeters. It is very desirable to have 
a variety of test iuixtures, but it is important to 
snake clear the nature of the test which each 
provides. The thermal behavior of the mixture 
selected to test a calorimeter should be reason- 
ably similar to that of the mixture which it is 
proposed to  measure. From this point of view 
we believe that, in many cases, H,O + THF 
]nay present an unnecessary challenge. 
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CLAUDE JAMBON and CESEVIEVE DELMAS. Can. J. Chem. 55, 1360 (i977). 
Solution viscosities have been measured at 25 'C on seven 1 systems of SnR, compounds: 

SnBut, with SnMe,, SnEt,, SnPr,, SnOct,, SnLaur, and SnLaur, with SnEt, and SnPr,. The 
efTect of shape difference on excess solution viscosities was investigated. The experimental value 
A In q,,, = In q, - xl  In q l  - x, In q 2  was compared to A 11: l l t h  A In lit, was obtained 
using AGz,(niixing) in place of GM'(activation) and free volume theories. Experimental heats 
of mixing have been measured and are used in A In q t h  It was found that with the Van der 
Waals model for the energy, the difference A In qc,, - A In qth,  indicative of the agreement 
between the predicted and experimental value, is relatively small for mixtures of molecules not 
having a large size difference. However, for systems different in size, A In q,,, - A In q th  is 
positive and large and is shown to be an increasing function of the size difference. A In q,, 
could be adjusted to A In q... by adding a term 111 I ~ ~ , T .  = C(V,*"~ - V2*112)2 where V* is the 
core volume. To confirm the validity of In q,,,, the seven I1 systems chosen in order to present 
a large range (Vl*'lZ - V2*liZj were measured: SnBut, + squalane, Si(OEt), + Si(OOct),, 
n-Clo + Si(OOct)a, Si(OEt), + squalane, n-C12 + SnOct,, Si(OMe), + Si(OOct),, n-C16 i- 
benzene. A c value of 5.3 x cm3 appears to be adequate for all the systems studied in this 
work. The 'condensation effect' of SnEt, and SnPr, observed by calorimetry is possibly seen 
here in the series SnLaur, with SnEt4, SnPr,, SnBut,. 

CLAUDE JAMBON er GENEVIEVE DELMAS. Can. J. Chem. 55, 1360 (1977). 
Des mesures de viscosites ont ete faites sur les composes SnR, et leurs melanges. Sept systemes 

I SnBut, avec SnMe,, SnEt,, SnPr,, SnOct,, SnLaur, ainsi que SnLaur, avec SnEt4 et SnPrj 
ont ete etudits. Nous nous interessions a I'effet de la forme des n~olecules sur la viscosite 
d'exces. La valeur exptrimentale A In ii,,, = In q, - xl In q1  - x, in q 2  est comparee a 
A In Pour obtenir A In lit,, on se sert de theories de volume libre et de AGM(energie libre de 
melange) au lieu de GM* d'activation. Les chaleurs de melanges utilisees dans A In I!,, ont ete 
mesurees. On trouve qu'avec le niodele de Van der Waals pour l'energie, la diffkrence 
A In q e x p  - A In I),,, caracteristique du bon accord entre les valeurs experimentales et thkoriques, 
est petite pour les melanges de molecules qui ont des tailles assez voisines. Au contraire pour 
des mClanges de molCcules de tailles differentes, la valeur de A In q,,, - A In TI,, est grande et 
positive; elle est aussi une fonction croissante de la difference de taille. A In q,, peut Etre ajuste 
a A In q,,, en ajoutant un terme In qlv* = c(Vl*'12 - V2*11Z) ou V* est le volume a 0 K. 
Pour confirmer l'expression pour In qlv*, sept autres systemes I1 ont CtC etudits. Les systemes 
(11) ont etC choisis de faqon a avoir une grande difference de V*. Ce sont : SnBut, + squalane, 
Si(OEt), + Si(OOct),, n-C, + Si(OOct),, Si(OEt), + squalane, n-Clz + SnOct,, Si(OMe), + 
Si(OOct),, n-C16 + benzene. Une valeur de c de 5.3 x cm3 semble convenir approxima- 
tivement pour les systems prksentes ici. L'effet de condensation de SnEt, et SnPr,, observe par 
calorimetric, peut sans doute se voir sur la sCrie, SnLaur, avec SnEt,, SnPr,, SnBut,. 

Introduction 
Recent theories of solutions (1-4) have em- 

phasized the impcrtance of the free volume dif- 
ference between the two components of the 
mixture. The diverse contributions arising from 
the free volume difference can be understood 
qualitatively in the following way. The more 
volatile compound is 'condensed' in the presence 

'Present address: Laboratoire de Chimie Analytique 
I, Departement de chimie et biochinlie de L'Universite 
Claude-Bernard de Lyon I, 43, boulevard du 11- 
novembre 1918, 69621 Villeurbanne. 

of the denser one or its free volume is diminished. 
As a result, there is a negative contribution to 
the excess volumes and a negative or exothermic 
contribution to the heats of mixing and to the 
entropies of mixing. The contribution to the 
heats or to the volumes of mixing derived from 
the difference in cohesive energy of the two com- 
ponents cannot yet be calculated adequately. 
However, a test of the free volume theories can 
be made by using the experimental heats of 
mixing. In this case, the predicted excess 
volumes, for instance, are in good agreement 
with the experimental ones. 
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It would be interesting to investigate if mea- 
surements of viscosities of binary mixtures com- 
bined with free volume theories could give some 
information on the i~iiportance of free volume 
terms in viscosities of niixtures. Bloomfield and 
Dewan ( 5 )  have used the calculated free energy 
of mixing as an approximatio~l to the free energy 
of activation. They have shown, on systems with 
relatively small differences in free volume, that 
there is a good agreement between the calculated 
and experiinentai excess viscosities. Recently 
(6), it has been shown that the free volume theory 
using a Van der Waals model gives quite good 
excess viscosity predictions even for systems with 
large free volume differences. This later work 
seemed to show that excess viscosities were sens- 
itive to the shape of the molecules. 

It has seemed worthwhile to us to ctudy the 
viscosities of mixtures of non-polar giobular 
molecules such as the SnR, compounds. Heats 
of mixing (7) of SnR, (with R = CH,, C,H,, 
C,H,) with the alkanes have shown that these 
compounds have properties similar to those of 
the alkanes. Furthermore, the shape of the mole- 
cules of the SnR, compounds is changed grad- 
ually from globular to elongated when the chain- 
length of the R group is increased. This work 
presents the resdts of excess viscosity measure- 
ments of seven SnR, niixtures (I). Since the 
difference between experimental and calculated 
excess viscosities shows a correlation with the 
difference of size of the two components, six 
other systems have been studied to confirm this 
correlation. These systems ( I f )  were chosen 
ma~nly  because of size differences. The seven 1 
systemx are SnBut, with SnMe,, SnEt,. SnPr,, 
SnOct,, SnLaur, and SnLaur, with SnEt, and 
SnPr,, the six 11 systems are SnBut, + squalane 
(C,,H,,), Si(OMe), + Si(OOct),, Si(OEt), + 
Si(OOct),, Sl(OEt), + squalane, Si(OOct), + 
n-ClO, SnOct, + n-C,,. The seventh HI system 
n-C,, benzene was In the literature. 

Experimental 
Appnratlis 

The viscosimeters were of the Ubbelholde type from the 
Cannon Instrument Co. (State College, PA). The f!ow 
times were not lower than 80 s. Calibration of the vis- 
cosimeters was made as in previous work (6). For highly 
viscous liquids, the calibration constants were checked by 
measurements of viscosities of viscous liquids reported 
in the literature, such as oleic acid. Special care was taken 
with liquids of high viscosities to assure a good mixing of 
the solutions. The calorin~eter used for heats of mixing 
measurements and the densitometer used for density and 

expansion coefficient measurements have been described 
previously (7). 

Solverz ts 
The methyl, ethyl, propyl derivatives were obtained 

frorn the K and K Co. (9973. Tetrabutyl tin was either 
from the Aldrich or K and K Companies. The octyl and 
lauryl derivatives wcre obtained at the Chemical Procure- 
ment Laboratories (College Point, N.Y.). The alkanes 
Mere purchased frorn the Aldrich Co.; the squalane and 
the %(OR), from the K and K Co. Densit is  of the com- 
pounds were measured as a test of their purity. 

Table 1 gives some physicochemical data and param- 
eters about the pure components: density, expansion 
coefficient, viscosity, pressure reduction parameter P*, 
volume reduction parameter V*. The calculations to ob- 
tain V Q  and P" are described later. The density of SnOct, 
has been omitted because it was outside the range of 
literature values. However, the t ~ v o  systems with SnOct4 
have been kept since they seemed to follow the general 
trend on Fig. 1. 

Theory 
Theories relate the viscosities of liquids either 

to the activation energy required for the mole- 
cule to overcome the attractive forces of its 
neighbours and flow to a new position (absolute 
reaction rate theory) or the probability that an 
empty site exists near a molecule (free volume 
theory). In a recent theory, Macedo and Litovitz 
(8) have made the hypothesis that the two effects 
are combined so that the probability for viscous 
flow is taken as the product of probabilities for 
acquiring sufficient activation energy and of the 
occuirence of an empty site. Similar assuniptions 
are made for the solutions. Furthermore, a 
bridge can be made to the therlnodynarnic futic- 
tions of mixing by assuming a simple relation 
between the solutio~l activation eliergy AG,* the 
pure liquid activation energies AG, *, AG,', and 
the excess free energy of mixing AGkIK. 

For the pure components and the solution the 
viscosities q ; are defined as : 

[2]  q l  = A exp [AG,'/R/ + ( P ,  - I)-'] 

where P i  is the reduced volume. 

Equation 3 can be applied to  the solution and the 
pure components to obtain: 

If eqs. 1 and 2 are used in eq. 4, the activation 
energies are eliminated and A In q is related to 
the free energy of mixing by: 
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FIG. 1. A In q,,, - A In qtl, from eqs. 4 and 5 as. the difference in core volume of the two corn- 
ponents (V,*'lZ - V * l t 2  ) , @ SnR, systems (points 1 to 7), A, other systems (polnts 8 to 14). The 
systems corresponding to the numbers can be found in Table 2. 

C is the reduced volume of the solution. One can 
say here that if the reduced volumes of the two 
componeilts are not the same, the solution is not 
ideal from the viscosity point of view (A In 
q  # 0) even if = 0. Coinparisoi~ between 
experiment and theory will be made between 
eq. 5 and the experimental quantity A In qexD = 

In qEOl - X 1  In q ,  - X?. In  '12 where qSO,> '1 1, 

and q 2  are the ineasured values. 
For  AGhTR in eq. 5. the experimental AH,, will 

be used and AS, calculated. Different models 
(4) have been proposed for the energy-volume 
relationship but the Val1 der Waals relation 
U = - 11 V,  widely used by Flory (3). gives good 
results with relatively simple calculations. The i 
of the solution depends not only on the dif- 
ference in the reduced volulne of the pure com- 
ponents E, and 6, but also on the heats of mixing 
of the solution through the X , ,  parameter (eq. 
38 of ref. 3b). In this work, i: is obtained by a 
simpler approximation detailed in refs. 4 and 9. 
The expression for AS,,R, the excess entropy of 
mixing is (3): 

p::: V:: and T::: , , are respectively the pressure, 
volume, temperature reduction parameters. They 
are obtained for the pure component as described 
below. To  simplify, the following nomenclature 
is used: 

A'fM AS$+ /(i) [7] Aln  q,, = --- 
RT + --- R 

= In qH + In qs  + 111 q v  
where 

In q,, = -AH,/RT 

In lls = ASMR/R 
and 

Parameters for f l ~ e  Pure Con~porzents 
The expansioil coefficient and the density are 

necessary to obtain (3) E and V-,' through the 
equations 

6113 = (,aT 4 + l ) /(aT + 1) 
and v ::: = V] 

is obtained by 4 = c- '(1 - C -  and T" = 

TIT. P':' is derived by the thermal pressure coef- 
ficient y and P"' = yfi2T. For systems with little 
free voluine diff'erences, t' is near 6, and i:, which 
makes small the contribution of the term contain- 
ing P':', In 11,: in eq 7. Table 1 gives the parameters 
used in the calculations. The T ' 9 a v e  not been 
tabulated because they can be obtained easily 
from the above equations. 
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TABLE 1. Physico-chemical parameters for the pure components at 25 "C 

This laboratory 

d C( 11 P* V* 
Compound (g ~ m - ~ )  (lo3 K-') (cP) (J ~ r n - ~ )  (cm3) 

SnMe, 
SnEt, 
SnPr, 
Snbut, 
SnOct, 
SnLaur, 
Squalane 
Si(OMe), 
Si(OEt), 
Si(OOct), 
n-Cl o 
12-C11 

OFrom y measured in this laboratory by R. 
bFrom ref. 15. 
cFrom ref. 3. 

Results and Discussion 
Pure Viscosities 

Viscosities of the pure components are given 
in Table 1. Viscosities of the rz-alkanes agree 
with published literature values (10). I t  is inter- 
esting to note that the viscosities depend so much 
on  molecular shape and flexibility of the atomic 
bonds. The comparison of the viscosities (in cP) 
of four molecules having not too different molec- 
ular weights such as squalane (q = 28.9), 
SnOct, (q = 15.2), Si(OOct), (q = 9.51), and 
9n-octylheptadecane (q = 10.0) (11) illustrates 
this point. Low viscosities seem to be a charac- 
teristic of molecules with a central atom tetra- 
substituted with identical groups. 

Solution Viscosities 
Table 2 shows the overall results for the sys- 

tems. The different colunlns of Table 2 give 
respectively the maximum of A In vex,, the con- 
centration at  which the maximum occurs, the 
coefficients A,, A,, A,, of the experimental con- 
centratioil dependance of A In qexp:  

A In q r h  and the different contributions in eq. 7, 
In ilH, In qs, In q,, are tabulated in the other 
columns. The contact energy parameter X,, has 
been calculated (12) and is given in the next 
column divided by s , ,  the surface-to-volume 
ratio of component 1. The last three columns 
give A In qexp - A In ilth, (V, :::'I2 - V2 P112)2 a 
function of the difference in core volume of 1 and 
2 and the number corresponding to each system 
on the graph. The experimental heats of mixing, 

Philippe. 

used to  obtain values of In qH,  are published 
separately (12) or will be published later (for 
the 11 systems). 

The maximum of the heats has been used and 
n o  correction has been made for the fact that 
the maxitnum of A In q is not exactly a t  the same 
concentration as the nlaximum of the heats. 

Churacteristics of the SnR, Mixtures (Secetz 
Systetns) 

(I) For the first system, SnBut, + SnMe,, 
where there is a relatively large free volume dif- 
ference, A In q is positive and large. due to the 
free volume contribution. This result had been 
found in the previous work (6). (2) For the 
next three systems for which the heats of mixing 
and free volume differences are small, A In q is 
predicted to be very small while the experimental 
values are larger and positive (for two systems). 
(3) For  the last three systems of class 1, the 
negative contribution coming from the large 
heats of mixing is almost balanced by the positive 
one due to the difference in free volume, so that 
A In q t h  is predicted to be quite small. It is then 
surprising to obtain experimentally very large 
positive values of A In q .  This result had not 
been seen or was not so apparent in mixtures 
of SnBut, and long alkanes (6) for which a large 
heat of mixing was accompanied by a negative 
value of A In q .  Inspection of Table 2 indicates 
that the value of the difference A ln q,,, - 
A In q t h  is an increasing function of the difference 
of volu~nes between the two components. 

I t  has been shown that long chain alkanes (7),  
long chain alcohols (14), and long chain tin com- 
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pounds (13) exhibit an order between the chains. 
A branched alkane, on the other hand, and pre- 
sumably a tin derivative with a branched alkyl 
substituent, does not show this order due to its 
more isotropic character. It does not seem pos- 
sible, as in ref. 6, to explain from these results 
the specific effect of the shape difference between 
the globular shorter tin derivatives and the 
ordered SnLaur, on A In qc,, - A In q,, The 
reason for this must be that, in the I systems, 
the molecules with shape differences have, in 
addition, very large size differences. The size 
effect must mask the shape effect. Comparison 
of A In q,,, - A In qth  for two co~npounds hav- 
ing the same size but different shapes such as 
SnLaur, and one of its branched isomers would 
be i~lformative but is not possible due to the nsn- 
availability of one of these isomers. 

Effect of the Size Difc2c.rence or? Excess Viscosities 
To obtain a more quantitative correlation 

between the size difference and the 'error' in the 
theory, A In q,,, - A In q ih  was plotted in Fig. 1 
against the values (Vl:"i2 - V,'s1.'2)2. For the 
seven I systems, there is a reasonably linear rela- 
tionship. The extrapolation to 0 of A 111 qexp - 
A In q th  when V,':' = V2': shows that the value 
of In q th ,  as calculated by eq. 7, describes the 
experimental results well, except for large size 
differences. T o  correct for this, one should add 
the term In qav* to the calculated value so that 

This expression was tried by analogy with the 
cohesive energy difference in solution. 

Coi~firmution lt'ir11 Other Systenls of i l ~ e  Vhlic/itj~ 
of the Em,i~irical Tertz It? qavA Added in Eq. 9 

The next six systems have been chosen so that 
tlleir (v1 :::1;2 - V '::1,'2)2 values would be spread 

2 

between 50 and 200 cin3. Heats of mixing, excess 
viscosities, and excess volumes have been mea- 
sured and A In q th  obtained. One can see in Fig. l 
that these points fall reasonably well on the line 
obtained with the SnR, compounds. I t  is inter- 
esting to note that the A In lie,, - A In q,, values 
agree with the curve of Fig. 1 regardless of the 
sizes of the other contributions. For two systems, 
the free volume contributions are large and for 
three other systems A In qkI is important. The 
mixture, n-C, ,  + benzene, ivas added in Table 
2, the agreement with eq. 9 being quite good even 
for this moderately polar system. 

The scatter of the points on Fig. 1 around the 
straight line reflects undoubtedly the too great a 
simplicity of the expression for In q A v .  One 
would have liked to have several slopes in Fig. 1 
related to the shape of the mixed molecules but 
more experiments seem necessary to test this 
possibility. On the theoretical side, it would be 
interesting to understand the origin of In q a v .  
It is possib!e that the solution viscosity is in- 
creased when the molecules have large size dif- 
ferences because the probability of a suitable 
empty site near a molecule diminishes. On the 
other hand, excess volume measurements2 show 
that a negative contribution occurs for the same 
systems for which In q a r .  is important. In this 
case: it is likely that a good fitting of the small 
lnolecules in between the spaces left by the large 
ones is the source of the increased viscosity and 
decreased volume. 

Conr/et~satiot~ Eflect \i.ith Sn Et, a t~d Sti Pr, 
Heats of mixing of the first four homologs of 

the SnR, series ~vith the ordered chain com- 
pound SnLaur, have shobvn that there is a mini- 
mum of the heats per mole with SnEt, and 
SnPr,. The same result is found if another 
ordered liquid like hexadecane is mixed with the 
same series. This is interpreted as the presence of 
an exothermic contribution to the heats which 
is larger for SnEt, and SnPr, than for the other 
members. Due to the presence of four alkyl 
groups on the Sn atom, SnEt, and SnPr, are 
sterically hindered and have low mobilities and 
large cohesive energies. The higher values of P'k 
for SnEt, (455) and SnPr, (481) J cm-3 com- 
pared to the values for the two nearest members 
of the same series SnMe, (415) and SnBut, 
(439) are macroscopic evidences of this dis- 
tinctive character of SnEt, and SnPr,. When 
they are mixed with a chain rnolecule as n-C,, 
or even a shorter alkane, they have the ability to 
diminish the mobility or 'condense' the other 
molecule. This characteristic has been found 
recently (16) on other sterically hindered mole- 
cules such as the allcanes substitcited on the 
same carbon atom or ncighbouring carbon 
atoms. The condensation effect gives a definite 
contribution to the excess volume: the diniinu- 
tion of the mobility is accompanied by a con- 
traction which decreases the total ~ o l u m e . ~  It  
would be interesting to see if the excess viscos- 
ities would show a special contribution due to 

Jambon, G. Delmas, and Nguyen Eong Phuong. 
To be published. 
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the condellsation effect. One would have liked in the change of the reduced volume (In 11,) and 
to see a special co~ltribution for the systems in- of the free energy (In q H  + A In qs) with the 
volving the SnEt, and SnPr, compared to the mixing. 
SIIBU~, and SnMe, ones. The system SnLaur, + Acknowledgments 
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different contributions A In q,,, In il,, In il,, 
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Anatoxin-a, a toxic alkaloid from AnabaenaJEos-aquae NRC-44h1 

J. P. DEVLIN,~  0. E. ED WARDS,^ P. R. G O R H A M , ~  
N. R.  HUNTER,^ R. K.  PIKE,^ AND B.  STAVRIC~ 

Dit,i~ion of Biologitnl Scirf~cc.;,, Nntioizcil Research Cortncil qf Cnncida, Ottawa, Ont., Cancidn KIA OR6 

Received September 9. 1976 

J. P. DEVLTN, 0. E. EDWARDS, P. R. GORHAM, N.  R. HUNTER, R. K. PIKE, and B. STAVRIC. 
Can. J .  Chem. 55 .  1367 (1977). 

A toxic alkaloid, anatoxin-u, has been isolated from mass cultures of a unialgal clone, 
NRC-44h, of the freshwater blue-green algae Anabaenrr flos-aquae (Lyngb.) de BrCb., and its 
structure determined. 

J. P. D E V L I ~ ,  0. E. EDWARDS, P. R. GORHAM, N. R. HUNTER, R. K. PIKE et B. STAVRIC. 
Can. J. Chem. 55. 1367 (1977). 

On a isole et determine la structure d'un alcaloide toxlque, l'anatoxine a,  extrait de cultures 
massives d'un clone a une algue, NRC-44h, de l'algue bleue-verte d'eau potable Allabnenaflos- 
nquue (Lyngb.) de Breb. 

[Traduit par le journal] 

Ingestion of blooms of toxic freshwater algae 
are periodically responsible for the death of 
livestock, waterfowl, fish, and other wildlife 
(1-4). The chemical nature of the toxins from a t  
least six species of freshwater algae have been 
studied to date (4-1 1). 

Toxic strains o f  the fila~ilentous blue-green 
alga, Anabae~zu jos-aquae (Lyngb.) de Breb., 
have been obtained froni a bloom that had 
poisoned cattle (1 2). They produced a toxin that 
killed mice in 2 to 5 min, preceded by gasps and 
tremors. I t  was called, therefore, Very Fast 
Death Factor (VFDF), and was shown by 
comparative tests to be indistinguishable in its 
effects from other toxic blooms that had killed 
livestock, waterfowl, and other species of wild- 
life (13). Using the medium and techniques 
worked out for the mass culture and bio-assay 
of the toxicity of these toxic strains, the following 
study was carried out to determine the structure 
of anatoxin-u (VFDF) produced by a unialgal 
clone NRG-44h that was obtained by a single- 
filament isolation from toxic strain NRC-44. 
Assay by intraperitoneal (ip) injection of mice 

'Issued as NRCC No. 15801. 
2NRCC postdoctoral fellows. 
3T0 whom enquiries about chemistry s h o ~ ~ l d  be 

addressed. 
4Present address, Department of Botany, the University 

of Alberta, Edmonton, Alta. T6G 2E9. T o  whom 
enquiries about phycology and toxinology should be 
addressed. 

was used to monitor toxin production and to 
follow the early stages of isolation. 

In a preliminary study (14) Stavric and 
Gorliani showed that the toxin was a low 
molecular weight amine probably containing an  
enone system (i.,,,, 227 nm). In subsequent work 
this absorption and a characteristic infrared band 
at  1670 cmpl  were used to monitor the final 
stages of purification of the toxin. The highest 
toxicity observed was LD,,,,, (ip, mouse) of 
0.25 mg/kg. 
~. A variety of techniques were explored for the 
isolation and enrichment of the toxin. Because 
significant amounts of toxin were produced only 
as cultures matured (14 days) and 20 to 90% 
might be found in the medium at  that tirue (14) 
it was decided to lyse the alga and isolate the 
toxin from the resulting aqueous suspension by 
ion-exchange chromatography. The simplest 
lysing technique proved to be the addition of 
Triton-X to the aqueous suspension. The toxin 
was absorbed from the lysed suspension onto 
the acid form of the carboxylic acid ion-exchange 
resin, Duolite. I t  was then eluted from the resin 
using alcoholic hydrogen chloride. Gentle con- 
centration of the eluate in cucuo gave a syrup. 
A cold, aqueous solutioi~ of this syrup was 
adjusted to p H  8.5-9, the base rapidly extracted 
into methylene chloride, then at  once reextracted 
into dilute hydrochloric acid. Evaporation of the 
acid solution left a glass rich in toxin hydro- 
chloride (30% recovery of toxic material). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1368 CAN. J .  CHEM. VOL. 5 5 .  1977 

Alternatively, the first syrup was triturated with 
be~izene to remove neutral components, then 
triturated repeatedly with $z etliallol in chloro- 
f o r ~ n .  The latter relnoved much of the toxin 
hydrochloride. 

However, the most efficient and reliable 
isolation procedure was to adjust the pH of the 
suspe~isio~i of the mature algae to 5, conceiitrate 
this, the11 finally freeze-dry. The resulting green 
powder was extracted with dilute hydrogen 
chloride in nlethanol. Gentle evaporation of the 
extract left a syrup which was treated by the 
benzene-cliloroform trituration described above. 
By this procedure a 7 3 7  recovery of toxin as 
hydrochloride was realized, as estimated by the 
LD,,,,, for mice. Final purification was achieved 
by preparative thin-layer chromatography on 
silica gel using 20'7> methariol in chloroform fos 
development. 

Properties and Structure 
The toxin hydrochloride was a nearly colorless 

glass with strong R,NH,' absorption below 
3000 cni-' and peaks at  1665 (str), 1638 (wk), 
and 1580 (med) cnl-I for a chloroform solution. 
Tliis and its uv absorption O,,,,, 227nm, E 

approxiinately 10 000) suggested the presence of 
a disubstituted x,P-unsaturated ketone. Since the 
toxin gave AT-benzoyl and AT-acetyl derivatives 
which had no N H  group (is) it was a secondary 
base. It absorbed only I 11101 of hydrogen over 
platinum, and its 13C nmr spectrum showed the 
presence of only one C-C double bond. Mass 
spectra5 and analyses showed its e~npirical 
foriuula to be C l ,Hl jN ,  hence it was a bicyclic 
compound. 

Structure 1 was deduced for anatoxin-a on the 
basis of the above evidence and a.na!psis of its 
'H nnlr spectrum (see below). This was so011 
confirmed by X-ray crystallographic analysis of 
the AT-acetyl derivative and absolute stereo- 
chemistry assigned (15). Because of this the 
arguments leading to structure I will be omitted, 
and only com;iien~.s on the spectra given. 

The vital evideiice from chemical sliifts and 
couplillg obtained from 100 MHz6 and 220 
hIHz 'H nilis spectra of the AT-acetyl derivative 
is illustrated on structure 2, in which the double- 

'We are grateful to Dr.  W. D .  Jamieson, Atlantic 
Regional Laboratory, Xational Research Council of 
Canada for the high resolution mass spectra. 

'We thank Dr.  R. R. Fraser, Department of Chemistry, 
Unikersity of Ottawa for these decoupling experiments. 

TABLE I .  The major fra,oment ions with high 
111,'e of anatoxin-u 

Mass 

Formula Calculated Found 

ended arrows indicate demonstrated large 
coupling constants between tlie hydrogens. 
Attempts to demonstrate the vicinal nature of 
the methylenes resoilating near 1.7 and 2.5 Hz 
failed. The I3C nmr was not definitive for 
structure proof (see Experimental). 

The major fragment ions with high n2,'e in 
tlie electron-impact mass spectru~li' of anatoxin- 
a are given in Table 1. These were misleading in 
that they seemed likely to be pyridiile derivatives. 
However, 011 the basis of 1 we forriiulate them 
as 3: 4, and 5. Fragillellt ions fi-om the N-acetyl 
derivatives are given in Table 2. These probably 
have structures 6 (C,,H,,O-), 4 (C,Hl,NOt), 
7 (CsHl,NL), 8 (C,I-I,:), 9 C,H,N), and BO 
( ~ 5 W v .  

A synthesis of anatoxin-a from cocaine has 
now been achieved, colifirmillg both the structure 
and absolute stereochernistry (16). The activity 
of the toxin as a post-synaptic depolarizing 
ileurornuscular biocking agent has beell reported 
(17). 

A systematic name for  ailatoxin-n is 2-acetyl- 
9-azabicyclo[4.2.1 .Inon-2-em. 
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H H COCH3 anatoxin-n (90 t o  120 MU/  f )  when mass-cultured for 14 
days in ASM-I medium. Therefore, it was selected for 
further study. 

u C O C H 3  ~ C O C H ,  L=/ ~Ziloss cultui? of Arlnbac~i?~~ jos-nqune NRC-4411 

3 4 5 Mass cultures were groun in 9-f Pyrex bottles fitted 
with glass aerators inserted through a hole in the large 

H H rubber stopper that plugged the mouth. Eight litres of 
ASM-1 medium (12), p H  7.8, was a~~toclaved for 1 h in a -."; the bottle, cooled, and 100 n11 of mature i n o c ~ ~ l u n ~ ,  that 

- - - - had been grown in shake flasks under similar conditions, 
COCH3 was added aseptically. Batch cultures consisting of many 

6 7 8 9 bottles were grown in a temperature-controlled room at 
21 i 1'C with continuous illunlination from three rows 

TABLE 2. Fragment ions from the IV-acetyl of 40-W cool white fluorescent lamps that \yere situated 

derivative behind or between the bottles (Fig. 2 of ref. 18). The 
cultures were contin~~ously aerated and stirred by 
sparging with filtered compressed air at 5 psi (0.35 kg 

Mass cm2) su~vl ied  from distribution manifolds at 1.0 to  1.5 

For~liula Calculated Found 

Experimental 
Bio-assny of Toxin 

The regular method was similar to  that described 
previcusly (7). Duplicate 20-g male mice, Connaught 
Laboratories or Alberta Laboratory Animal Services 
strains, were given graded dosages of algal suspensions or 
extracts by intraperitoneal injection. Thcy were observed 
for toxinological signs and survival times for periods of 
30 min or longer. Since the toxin has virtually an  all-or- 
none effect. mini~llurn lethal dose LD.,:.. or  LDino ..,... ~ A"", 

rather than 50% lethal dose, LD,,, was used to  express 
toxicity. Mouse units (MU) used to  determine recoveries 
were calculated on the basis of minimal dosage to  kill a 
25-g mouse. A few extracts were assayed using five 
replicates per dose to  establish the LD,,,,,'s a bit more 
~ ~ P P ~ Q P I T I  

- , . & . . . - . 
Cultures were inoculated and harvested singly or in 

groups, as required, at  about the peak of algal growth 
and toxin prod~~ct ion,  which was 14 days. If not lysed and 
treated with ion-exchange resin, mass cultures were 
acidified with HC1 to  p H  5 or 6, concentrated by vacuum 
distillation at 3 jcC with a Majonnier evaporator or. a 
small cyclic still, and then freeze-dried from a starting 
temperature of -40°C or lower in a large cornniercial or 
a small laboratory apparatus. Frozen concentrates \+ere 
sometimes stored at -40'C for several days or weeks 
prior to  freeze-drying without loss of potency. Freeze- 
dried cultures were ground in a mortar to remove lumps, 
and stored in dark bottles at  5'C until used. There was a 
measurable loss of potency if stored for many months 
under these conditions, however. Different batches of 
freeze-dried NRC-44h had initial LD,,,,'s that varied 
from 80 to  160 mg/kg or cvcn higher. The cause of this 
variability was subsequently shown to be the bacterial 
contaminants (19). 

Isolotior~ o j  tllc Toxi17 
(AI) T o  each 8 f bottle of culture was added I ml of 

Triton-X followed by 25-30 g of the carboxylic acid ion- 
exchange resin Duolite C-100 (40-100 mesh, previously 
washed successi\ely with sodium hydroxide solution, 
water, 3 !V hqdrochloric acid, ethanol, then water). The 

p'u".UY'J. 

susvension was stirred foi. 17 h. then the solids se~ara ted  
Anabaetia fios-aqr~ne i ' ~ ~ - 4 4 / r  

The toxic unialgal (bacterized) clone, Anabaerzn j70.y- 
aquae NRC-44 ,  was obtained by single-filament isola- 
tion in ASM-I medium from the toxic colony isolate 
NRC-44 (14). Anabaer~a j7os-aquae NRC-44 was one of 
eight toxic strains out of 12 that grew in shake flasks in 
ASM medium, 22'C, 1750 lux continuous, cool white 
fluorescent lamps, from a sample of a poisonous bloom 
collected from Burton Lake, Saskatchewan, June 20, 
1961 (14). The bloom had an LD,,,, (ip) mouse = 80 
mglkg and an LD,,,, (oral) mouse = 800 mg;kg. Survival 
times were 5 to 6 min (ip or oral) preceded by a few 
gasps or tremors without violent convulsions. There were 
n o  detectable changes upon autopsy. Strain NRC-44 had 
an  LD,,,, (ip) mouse = 640 mglkg (12). It produced the 
same signs and survival times as the parent bloom. 
NRC-44h was the one clone out of 18, all toxic to  
varying degrees, which produced the greatest amount of 

by 'filtration through a sand 'bed in a glass cilroma- 
tographic column. The bed of solids was washed with 
one colunln volume of water, then the toxin was eluted 
uith 200 ml of 1.5 b hydrochloric acid in 50% ethanol- 
water. The eluate was evaporated in a Craig rotating 
evaporator in a 35 C bath. The residual syrup now 
contained an average of 5 2 z  of the original toxic com- 
pound (mouse assay). The cold aqueous solution of the 
syrup was quickly adjusted to  p H  9, the toxin extracted 
rapidly into methylene chloride, then immediately back 
into 1 ,'\i hydrochloric acid. The acicl solution was 
evaporated on a rotating evaporator (35'C bath), leaving 
a thick brown sqrup, \vl~ich nov; contained an average 
of 2 9 z  of the original toxicity. The final enrichment was 
by preparative thin layer chromatography on methanol- 
washed, reactivated fluorescent Chromar sheets using 1 : 8 
methanol in methylene chloride (Rf 0.45) or on fluorescent 
(6254) silica gel plates using 1 :4  methanol-chloroform 
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for elution (Rf 0.3). The toxin rich zone was replated high resolution mass spectrum (direct inlet. -5'C) gave 
once for further enrichment. peaks at  165.1138 (CloH,,NO), 150.0917 (CgH12NO), 

An alternate procedure was devised to avoid the 136.0758 (C8HloNO), and 122.0601 (C7HgNO). 
handling of the free base. 

(A2) The syrup recovered froni the ion-exchange resin 
(see A l )  was triturated with benzene, which renioved less 
polar non-toxic components. The insoluble part was 
dissolved in a minirnum amount of ethanol, then chloro- 
form added until precipitation stopped. The bulk of the 
toxin remained in the chloroform. After filtration, the 
filtrate was evaporated. The residue was resuspended in 
chloroform ($2 ethanol) and the so l~~ t ion  filtered through 
sodium sulfate, then evaporated. The resulting gum was 
suspended in water containing a trace of hydrochloric 
acid, then filtered. The markedly enriched extract (LD,,,,, 
= 25 mgikg) recovered by evaporation of the filtrate on 
a rotating evaporator, was further enriched by preparative 
thin layer chromatography as described in A l .  

(B) An 8 e culture of algae was freeze-dried and 
ground (see above) leaving a free-flowing green powder 
(13.8 g, LD,,,,, = 160 mg;'kg, 3450 MU). This was shaken 
for 0.5 h with 200 ml of $% ethanol in chloroform. The 
suspension was filtered, then the extraction repeated 
twice. Evaporation of the reddish green chloroform 
solution in a bath at room temperature left a gum. This 
was taken up in 100 inl of methanol and the p H  adjusted 
to 2 using 3 1V hydrochloric acid in methanol. The 
suspension was filtered and the filtrate evaporated under 
reduced pressure. The residue was distributed between 
150 nil of water and 50 ml of chlorofor~n, then the 
chlorofor~n washed with 150 ml of water. The combined 
aqueous layers were washed with 25 ml of chloroform. 
The aqueous solution was evaporated to  dryness, then 
the bulk of the toxin extracted from the residue by two 
triturations with 2% ethanol in chloroform giving 28 mg 
of chloroform-soluble material. This \\,as again extracted 
with chloroform follolved by filtration through sodium 
sulfate to give 22 mg (LD,,,, = 0.3 mg;kg) with i,,,, at 
225 nm (F, 6000) (2900 MU). Preparative tlc purification 
of this gave 13 mg containing 2600 M U  (near 100% 
purity, recovery 70% of original toxic component). If the 
p H  of the culture was not reduced to below 7 before the 
removal of the water, much loss of toxin resulted. 

Properties of Anatoxin-a Hydrochloride 
The purest material from preparative tlc had ED,,i, 

(intraperitoneal mouse assay) of 0.25 mglkg; ?,,,,, 
(CI-ICl3) 2300-2800 (NH,+), 1670 (str), 1645 (wk), and 
1588 (med) cm-'; j.,,,, (95% ethanol) 227 nm, E near 
10 000. Its 60 MHz proton nrnr spectrum in deuterium 
oxide had 1H signals a t  6 7.1 (t, J = 6 Hz), 4.7 (d, J = 
6 Hz) and 3.9 (brj relative to a 3H singlet arbitrarily set 
a t  6 2.0 (COCH3). The Inass spectrum of the hydro- 
chloride (direct inlet, 98'C) had peaks at  mle (relative 
intensity) : 166(22), 165(100), 164(9), 151 (6), 150(28), 
137(22), 136(38), 123(10), 122(54), 108(12), 94(26), 93(7), 
83(8), 82(31), 81(8), 69(31), 68(28), 67(10). Its I3C nmr 
spectrum in D,O had signals at  24.5, 25.9, 28.0, 28.5, 
31.0, 53.9, 60.7, 143.9, 152.0, 207.5 ppm from TMS. 

Dihyd~oar~nfoxin-a Hyd~ochloride 
Anatoxin-n hydrochloride (10 mg) was added to 3 ml 

of acetic acid containing platinurn froni 10 mg of Adam's 
platinum oxide under a hydrogen atmosphere. After 
1.5 h stirring at room temperature 1.0 mol equiv. of 
hydrogen had been absorbed. The catalyst was removed 
by filtration then the solvent removed in cacuo. The 
amorphous product had v,,, (CH2C12) 1717 cm-'. 

IV-Benzoyl Anatoxitz-n 
Benzoyl chloride (300 nig) was added to a solution of 

33 mg of anatoxin-n hydrochloride in 2 ml of pyridine 
at OcC. The temperature was raised gradually to 50°C 
and maintained there for 4 h. After cooling, then the 
addition of 3 ml of water, the solution was stirred for 5 h. 
The product was extracted into methylene chloride, and 
the organic layers washed with 1 1V sulfuric acid (3 x 4 
ml), water (4 ml), and 5% sodium carbonate (2 x 4 ml). 
The dried methylene chloride solution yielded 25 mg 
of viscous oil, which was distilled over a short path at  
120cCj1 x torr. It had v,,, (methylene chloride) 
1667 and 1625 cm-'. Its high resolution mass spectrum5 
had peaks at 269.1411 (CI7HlgNO2), 166.1237 
(CloH1,NO), and 164.1086 (C,,H,,NO). 

IV-Acetyl Anatoxifz-n 
T o  0.5 nil of acetic anhydride containing 100 nig of 

anhydrous sodium acetate was added 18 rng of anatoxin-a 
hydrochloride. The mixture was maintained at 60°C for 
3 h, then left overnight at  room tcmperature. The bulk of 
the acetic anhydride was removed under reduced pressure. 
One millilitre of methanol was added. After 0.5 h the 
methanol nas  re~noved under reduced pressure then the 
residue taken up in 0.5 ml of water. The solution was 
made basic using solid sodium carbonate, then the 
product extracted into methylene chloride. The 22 mg 
of pale brown gum crystallized spontaneously. This was 
distilled over a short path at  8jcC/5 x torr giving 
a mixture of crystals and oil. A small amount of dry ether 
removed 3 mg of oil leaving 12 mg of colorless crystals. 
After two recrystallizations from acetone-hexane the 
IV-acetyl derivative melted at  117-118°C and had 
- 127" (c, 4.8 in ethanol). It had v,,, (CHC1,) 1664 (med) 
and 1624 (str) cni-', and ?.,,,, 226 nnl, E 10 500. Tts 60 
MHz ' H  nmr spectrum had signals at 6 7.05 (1H, t, 
J =  ~ H z ) ,  5 . 2 8 ( 1 H , d , J =  SHz) ,4 .&3 (1H, Wli2 = 12 
Hz), 2.35 (3H, s), and 1.98 (3H, s). Chemical shift 
assignments and coupling constants derived from its 
220 MHz 'H nmr spectrum with spin decoupling studies 
are displayed on formula 2.  Its mass spectrum (direct 
inlet) had peaks at  rw/e (relative intensity): 207(100), 
165(89), 164(62), 150(56), 149(64). The accurate mass5 
of other important ions in the electron impact mass 
spectrum of hr-acetyl anatoxin-a are given in Table 2. 
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Synthesis of nor-anatoxin- a and anatoxin-a 
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H E ~ R Y  F. CAMPBELL, OLIVER E. EDWARDS, and RALPH KOLT. Can. J. Chem. 55, 1372 (1977). 
The neuro-muscular post-synaptic depolarizing agent anatoxin-a from Anabaena flos-aquae 

(Lyngb.) de Breb. has been synthesized from cocaine. 

HEYRY F. CAMPBELL, OLIVFR E. EDWARDS el R A ~ P H  KOLT. Can. J. Chem. 55. 1372 (1977). 
On a synthC:ise, a partir de la cocaine, l'agent depolarisant post-synaptique neuro-musculaire, 

anatoxine-a, obtenu a partir de 1'Anabaena flos-aquae (Lyngb.) de Breb. 
[Traduit par le journal] 

Some strains of the fresh-water blue-green 
algae Anabaena Jios-aquar (Lyngb.) de BrCb. 
produce a toxin which has been named anatoxin- 
a.  This proved to be a homotropane derivative 1 
(1, 2). Anatoxin is of considerable pharmaco- 
logical interest because of its activity as a post- 
synaptic depolarizing agent (3). We now report 
a synthesis of optically active anatoxin-ci froin 
cocaine (2). Since the absolute configuratioil of 
the toxin had been determined by X-ray analysis 
( 2 ) ,  tlie synthesis confirms the absolute stereo- 
chemistry which had been assigned to cocaine (4). 

Cocaine was converted by known procedures 
(5) into the a,P-unsaturated acid 3. Reaction of 
tlie litliium salt of 3 with methyllithiurn (6) 
produced the methyl ketone 4 in 7 6 x  yield. 
When this ketone was treated with sodium 
dimethyloxosulfonlum metliylide in dimethyl 
sulfoxide (7) it gave a 6 5 z  yield of the evrdo 
cyclopropane derivative 5 and 35'7 of the exo 
isomer 6. Occasionally small amounts of a 
product with properties corresponding to those 
expected for the epoxide 7 were produced. 

The structures of the two cyclopropanes were 
assigned on the basis of the 'HI nmr shifts shown 
on the figures. The greater proximity of the 
acetyl group to the N-methyl group and one 
bridgehead hydrogen, resulting in downfield 
shifts, identifies the condo isomer. The course of 
the photolysis of the two isomers (see below) 
made the assignments certain. 

Attempts to remove the 1V-methyl group of 5 
using 2,2.2-trichloroethyl ch!oroformate or phos- 
gene led to complications apparently due to 

'Issued as NRGG No. 15802. 
2NRCC Postdoctoral Fellow. Present address: William 

H. Rorer Inc., 500 Vlrginia Drive, Fort Washington, PA, 
U.S.A. 

attack on the cyclopropane ring. The exo isomer 
6 proved inert to 2,2,2-trichloroethyl chloro- 
formate at  room temperature. Hence the 
demethylation was deferred to a later stage. 

Two methods were successful in opening of 
the cyclopropane ring of 5, reductive fission 
using lithium in liquid ammonia or photolytic 
cleavage. There was reason to expect that the 
reductive opening of 5 would result in the ring 
expanded product (see Discussion). Indeed, the 
action of lithium in ammonia did convert 5 into 
the enolate anions of the saturated ketone 8. 
These were directly converted by acetic an- 
hydride into mixtures of the two enoi acetates 9 
and 18. Alternatively, the ketone 8 was isolated, 
then converted into the en01 acetates by acetic 
anhydride in the presence of hydrogen bromide. 
Addition of bromine to the en01 acetates, 
followed by aqueous work-up gave the bromo 
ketone 11. Elimination of hydrogen bromide 
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from BP was achieved by the action of lithium 
bromide and lithium carbonate in dimethyl 
formamide, giving N-methyl anatoxin-a (12). 

I n  contrast to the behavior of the etdo  
isomer, the action of lithium in ammonia on the 
exo isomer 6 only resulted in reduction of the 
carbonyl group. 

There was literature precedent for the photo- 
Iytic opening of cyclopropyl ketones to the a,P- 
unsaturated ketone3 (8-10). When an aqueous 
solution of the hydrochloride of the endo isomer 
5 was irradiated using light with maximum 
intensity at  300 nm, a 7 5 z  yield of the ring 
expanded N-methyl anatoxin-a (1%) resulted. 

The exo isomer 6 photolyzed much more slowly 
than 5 under comparable conditions, and the 
reaction took a different course (see below). 

De-  N-methylation of N-methyl anatoxin 
using 2,2,2-trichloroethoxycarbonyl chloride ( 11) 
proved to be erratic, and the zinc deblocking of 
the nitrogen was not clean, so this method was 
not pursued further. 

De-N-methylation using phosgene has been 
reported (13). Preliminary experiments with the 
methyl ketone 4 (N-methyl nor-anatoxin-a) 
showed that phosgene in benzene at  room 
temperature gave extensive demethylation in 
0.5 h. The major product, nor-anatoxin-a (14) 
was characterized as its hydrochloride after 
work-up. However, con~parable treatment of 
N-methyl anatoxin-a gave messy mixtures of 
products which have not been characterized. 

The successful preparation of anatoxin-a 
resulted from the action of diethyl azodicarboxy- 
late (diethyl azodiformate) on the AT-methyl 
derivative (14). A benzene solution of 12 and 
the azo compound was refluxed for 2.5 h, the in- 
termediate (presumably 15) was hydrolyzed by hy- 
drogen chloride in aqueous ethanol and the prod- 
ucts separated by preparative tlc. A 3 0 x  yield 
of anatoxin-a hydrochloride was obtained. Its in- 
frared, ultraviolet, and nmr spectra and its tox- 
icity4 coincided with those of natural anatoxin-u 
hydrochloride. The base was converted to its crys- 
talline N-acetyl derivative, which had a melting 

3We are gratefil! to Dr.  P. Mi. Jeffs for drawing our 
attention to this possibility. 

4PersonaP communication from Professor P. R . 
Gorham. 
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point, spectra, and rotation identical to those of 
the N-acetyl derivative of natural anatoxin-a (1). 

The photolysis of the exo-cyclopropylketone 
6 gave no significant amount of enone. Instead 
two alcohols isomeric with the parent ketone 
were produced. The 'H and 13C nmr spectra 
gave convincing evidence that the structures of 
these were the epimeric alcohols 16 and 17. 

Discussion 
In reaction 1 we outline the possible routes for 

lithium-ammonia reduction of a cyclopropyl 
ketone. An equilibrium has been written for path 
( c )  since this would only approach delocalization 
(resonance) if the geometry was ideal for over- 
lap. Path a is written as irreversible since the 
charge repulsion would make the charge- 
separated ring-opened structure of considerably 
lower energy. 

The accumulated evidence (15, 16) seems only 
consistent with rapid reduction to the dianion 
(path a). If the geometry is ideal for overlap of 
the unshared pair on carbon with one bond of 
the cyclopropane ring, the ring opening may be 

synchronous with the addition of the second 
electron. 

We are surprised that the reversible process c  
is not more important. Indeed for a number of 
cases, including that of the endo isomer 5, one 
could argue that it is the more stable ring-open 
radical anion which is being preferentially 
formed. However the observation of Dauben 
and Wolff (16) that trans I-acetyl-2-methyl- 
cyclopropane gave 9475 of tert-butyl acetone is 
incompatible with this possibility. 

The simple reduction of the carbonyl in the 
case of the exo isomer 6 appears to result from 
poor overlap of the carbanion with the bonds of 
the cyclopropane ring. It is hence protonated on 
the carbonyl carbon as in path 6. 

The generaily accepted picture of the photo- 
reaction of conjugated cyclopropyl ketones in- 
volves excitation to an n - ~ "  singlet followed by 
transformation into a triplet diradical [2] (17). 
The question of which of the two possible 
cyclopropane bonds is c!eaved depends on their 
ability to overlap with the 7c orbitais of the 
carbonyl, and the sensing in the transition state 
of the relative stability of the two possible 
diradicals (18, 19). Our observations can be 
explained using these factors and a third, the 
proximity to the oxygen of an abstractable 
hydrogen. 

The overiap in the favored rotamer 18 and the 
higher stability of the secondary rather than 
primary radical combine to cause predominant 
formation of the ring-expanded product 12 from 
the endo isomer 5. The formation of an cr,P 
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unsaturated ketone from a diradical is most 
attractively explained [2] by a 1,3-electron jump 
to  give the zwitterion 19. The zwitterion 19 
derived from 18 then undergoes a 1,2-hydride 
shift to give the observed product. The postulated 
1,3-electron jump corresponds to the 'electron 

demotion' concept of Zimmerman and co- 
workers (12). Winter and Eindauer have pro- 
duced evidence that the conjugated enones are 
formed by 1,2 hydrogen shifts (9). 

The fate of the exo isomer 6 seems to be the 
resultant of the fact that the most favorable 
rotamers 20 and 21 would lead to a higher- 
energy primary radical on ring fission, and that 
the endo hydrogen on C-8 can be brought into 

close proximity to the carbonyi oxygen. Con- 
sequently hydrogen abstraction followed by 
cyclization was the dominant reaction [3]. This 
striking difference in photochemical behavior is 
so clearly associated with the different geometry 
of the two isomers, that no ambiguity is left as 
to which is which. 

/CH3 /CH3 
N N 

Experimental 
Infrared spectra were of chloroform solutions, ultra- 

violet spectra of solutions in 95% ethanol, and unless 
otherwise stated 'H  nmr and 13C Emr spectra were of 
deuterochloroform solutions with TMS as Internal 
reference. Thin layer and preparative layer chromatog- 
raphy were done using silica gel containing a fluorescent 
indicator (G2,,). Gas-liquid chromatography (glc) was on 
6 ft x 4 in. column of 10% silicone rubber on silanized 
Chromosorb W (SE30). 

Anhydroecgonine (3) 
This was prepared by hydrolysis of cocaine (2) in 

refluxing concentrated hydrochloric acid (5). It was 
converted t o  its methyl ester using dry methanol saturated 
with anhydrous hydrogen chloride at O°C. This distilled 
at  55"C/0.5 torr, and had v,,, 1710 and 1640cm-', 
X,,,218 nm (E 10 850), [%ID -43" (c 1.5, methanol), and 
gave 'H  nmr signals at 6 2.38 (s, 3H), 3.75 (s, 3X), and 
6.85 (1H). 

Lithiunz Salt of Anhydroecgonine 
T o  a solution of 3.62 g (20 mmol) of redistilled methyl 

ester of anhydroecgonine in lOml of 5% water in 
methanol was added 880mg of lithium hydroxide 
monohydrate (20.1 mmol). After 2 h refluxing the solvent 
was removed and the solid dried in vacuo. After two 
triturations with ether it was redried at 8OSC/0.1 torr for 
4 h giving 3.46 g (100%). 

Alternatively, an aqueous solution of the hydro- 
chloride of anhydroecgonine was treated with 2 mol 
equiv. of lithium hydroxide, the water removed under 
reduced pressure, and the mixture of salts dried at  100°C 
under 0.1 torr pressure. 

Methyl Ketone 4 
T o  a stirred suspension of 2.9 g (16.8 mmol) of the 

lithium salt of anhydroecgonine in 50ml  of pure dry 
1,2-dimethoxyethane under nitrogen at  5<C was added 
13.5 ml of niethyllith~um solution (1.8 M in ether). The 
mixture was stirred for 5 h at room temperature then 
taken t o  near dryness under reduced pressure. The 
products were distributed between ice-cold 2 N hydro- 
chloric acid and ether. The aqueous layers were made 
basic and the product extracted into methylene chloride, 
giving 2.1 g of nearly pure methyl ketone (79%). 

This was converted to  its hydrochloride, which after 
recry~tallization from ethanol - ethyl acetate mixture had 
mp 161-163°C and [Q], -70°C ( c  1, methanol). It had 
i,,,, 224 nm (E 12 000). Anal. calcd. for CloH,,CINO: 
C 59.54,H 8.00, N 6.95,Cl 17.58; found: C59.36, H8.08, 
N 7.01, C1 17.34. The free base recovered from the 
hydrochloride had v,,, (CHCI,) 1665 and 1630cm-' 
and 'H nmr signals at 6 2.32 (3H), 2.38 (3H), 3.35 (m, 
lH),  4.0 (br d, lH), 6.93 (t, 1H). 

Cyclopropyl Ketone Forrnation 
A mineral oil dispersion of sodium hydride (1.01 g, 

50%, 21 nimol) was washed three times with pentane. T o  
this was added 4.62 g of trimethyloxosulfonium iodide 
(21 mmol) then the flask flushed thoroughly with nitrogen. 
Dry dimethyl sulfoxide (25 ml) was added slowly through 
a septum using a syringe, while the mixture was stirred 
magnetically. After 20 min stirring at  room temperature, 
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vigorous hydrogen evolution had ceased. A solution of 
3.30 g (20 nimol) of the r,p-unsaturated ketone 4 in 5 ml 
of dioxane was added through the septum. The reaction 
mixture was stirred under nitrogen for 2 h at  room 
temperature then 1 h at 50'C. It was poured into 80 ml 
of cold water then extracted five times with ether. The oil 
remaining after removal of the cthcr was distilled. The 
main fraction, collected between 55 and 80'C under 0.05 
torr weighed 2.82 g. Gas-liquid chro~natography on SE- 
30 at  170°C showed this to consist of starting material 
(9% recovery) and a mixture of the endo cyclopropyl 
ketone 5 (43% yield) and the exo isomer 6 (27% yield). 

The mixture of products could be partially separated by 
chromatography on a 65-fold ratio of tlc silica gel using 
a 10: 1 mixture of chloroform and methanol. The order of 
elution was exo isomer, starting material, then enclo 
isomer. A slightly better resolution was achieved using a 
35-fold ratio of neutral alumina (activity 11) and pentane- 
ether mixtures for elution. The same elution order was 
observed. In one run a sizeable by-product was observed. 
I t  was isolated by chromatography of the base hydro- 
chlorides on silica gel using 3 : 1 ~nethanol - acetic acid for 
elution. It was tentatively assigned the epoxide structure 
7. 

Eponide 7 
The free base had no calbonyl absorption in its 

infrared spectrum. Its 'H  nmr spectrum had peaks at 6 
1.31 (3H), 2.35 (3H), and 5.55 (1H, t, J =  4Hz) .  

Endo Cycloyrop),l Ketone 5 
This was distilled over a short path at 80"CiO.l torr. 

It had v,,,, 1680 cm-' and gave 'H nmr signals at 6 2.03 
(s, 3H) and 2.33 (s, 3H) and broad 1 H  signals at 6 3.15 
and 4.4. Its hydrochloride after recrystallization from 
methanol - ethyl acetate had mp 188-193'C, [r], f99"  
( c  1, methanol) and ib,,, 271 nm ( E  20 with E,,, 710). It 
gave 'H nmr signals (in D,O, HOD set at  6 4.70) at  2.0 
and 2.7 (3H, s's) and 3.8 and 5.0 (IH, m's). 

E . Y ~  Cycloprop.vl Ketone 6 
The early eluates from the chromatograms were nearly 

pure eso isomer. This was distilled over a short path at  
80°C/1 torr pressure. It had v,,,,, 1680 cm-' and gave ' H  
nmr signals at  6 2.01 (s, 3H), 2.17 (s, 3H) and broad 1 H  
signals at 2.9 and 3.6. 

It gave a hydrochloride which after recrystallization 
from methanol - ethyl acetate had mp 192-194'C, [rIDz0 
-76" (c 1, methanol) and i,,,,, 275 nm (s 25, with s,,, 
1220). It gave 'H  nrnr signals (in D,O, HOD set at 6 
4.70) at 2.01 and 2.75 (3H, s's) and 3.8 and 4.4 (IH, m's). 
Annl. calcd. for C,,H,,ClNO: C 61.25, H 8.41, N 6.50; 
found: C 61.38, H 8.38, N 6.30. 

Renctiolzs of the Endo Isomer 5 
Lilhi~rr~r-Ar?tn~onia Red~rction 
Approximately 500 n ~ l  of liquid ammonia, distilled 

from sodium, was collected in a double-walled 2 ! flask 
under a dry ice condensor. The flask was flushed with dry 
nitrogen, then 4.16 g (60 n11nol) of clean lithium metal was 
added. The mixture was stirred briefly, then a solution of 
6.0 g of the endo isomer in 150 ml of ether was added 
slowly with stirring. The mixture was stirred for 3 h, then 
67 g of a~nmonium chloride added. The am~nonia  was 
evaporated overnight in a slow stream of nitrogen. The 
residue was taken up in 900 ml of efher and 900 ml of 

saturated aqueous sodium chloride solution. The aqueous 
phase was extracted four times with ether. The dried 
ether layers gave 5.6 g of crude product (93%). This was 
placed on top of a colunln of 500 g of tlc silica gel, then 
eluted with a 10: 1 benzene-diethylan~ine mixture. The 
composition of the fractions was monitored using glc 
(SE-30 at 170iC). After somewhat impure fractions 
(439n1g) the main product (3.5 g, 58%) was eluted, 
followed by fractions contaminated with alcohols. 

De-AT-t?zethylation of Endo Cyclopropyl Ketone 5 
A solution of 99 my of erido cyclopropyl ketone 5 and 

125 mg of diethylazodicarboxylate (DAD) in 7.5 ml of 
dry benzene was refluxed for 11 h.  At this point only a 
small amount of starting niaterial remained (tlc in 4 :  1 
benzene-methanol). An extra 30 mg of DAD was added, 
the solution refluxed for 15 min, then left at room tem- 
perature for 10 h.  The benzene was removed in cacuo. 
then a solution of the residue in a mixture of 2.5 I T I ~  of 
2 ~Vhydrochloric acid and 2.5 nil of 95% ethanol refluxed 
for 2.5 h. The resulting solution was taken to a syrup on 
a rotating evaporator in cncuo. The residue was chro- 
matographed on two 20 x 20 cm 500 w r n  plates using 
methanol for development. A zone with R,  0.2-0.5 was 
extracted with hot 3 : 2  methanol - acetic acid mixture. 
Removal of the solvent gave 62 mg of the hydrochloride 
of the desired de-n'-methylated base. It had a sharp 'H 
nmr signal at  6 1.90 relative t o  the HOD signal (set at 
6 4.7). 

The corresponding base had v,,,, 1675 cm-' and gave 
' H  nmr signals at 2.10 (3H, s) and 0.85, 3.5, and 4.7 ( IH,  
m's). 

Ring Expundecl Ketone 8 
The major product from the lithium-alnmonia reduc- 

tion had v,,, 1705 cn1-' and gave ' H  nnir signals at 6 
2.09 and 2.12 (s's, ratio 1 : 2), 2.38 and 2.48 (s's, ratio 1 : 2) 
corresponding to two cpirncric ketones. The bases were 
converted to hydrochlorides using hydrogen chloride in 
methanol. The lnaior comoonent gave a salt with mu 
152-155 C ,  [r], - i 1 (c 1,'rnethanol). The salt gave 'H 
nmr signals In heavl water w ~ t h  6 2.22 (s, 3H) and 2 91 
(s, 3H) relatlve to DSS. 

Enol Acetntes 9 and 10 
( ( I )  The lithiurn in ammonia reduction of the endo 

cyclopropyl ketone 5 (895 mg, 5.0 mmol) was conducted 
as described above, but the ammonium chloride addition 
was done carefully until the blue color was just destroyed. 
The ammonia was then evaporated over 4.5 h in a stream 
of dry nitrogen. The r e s id~~e  was suspended in 50 ml of 
pure 1,2-dimethoxyethane, the solution cooled in an .ice 
bath, then added to 5 ml of acetic anhydride. The mixture 
was stirred for 3 h a t  room temperature, then poured into 
a cold mixture of saturated sodiu~li bicarbonate solution 
and ether. This mixture was stirred for 0.5 h.  The ether 
layer was separated and the aqueous layer extracted 
twice with fresh ether. The dried ether layers yielded 1.0 g 
of yellow liquid. 

Gas-liquid chromatography (SE-30,175-C)sho~ed the 
absence of cyclopropyl ketone and the presence of only 
a few percent of ring-expanded ketone. Two enol acetates 
were present in the ratio of 1 :3  (identities unknown). 
A sample distilled over a short path at 100-125'C/0.02 
torr had v,,,,, 1740, 1670 cnl-'. The bulk of residual acetic 
anhydride was removed under 0.05 torr during 6 h. The 
resulting oil gave 'H nnir singlets at 6 2.51 (N-CH,), 
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2.13 (CH,COO), and 2.00 (CH,-C=C). Signals at 6 
2.18 and 1.90 appear t o  arise from the minor isomer. 

(b)  Ketone 8 hydrochloride (365 nig) was dissolved in 
iO nil of acetic anhydride. Hydrogen bromide was 
bubbled through the solution for 1 min (en. 1  bubble,'^). 
The solution was then heated at 80'C for 24 h.  It was 
evaporated under reduced pressure giving 487 mg of the 
desired en01 acetates as hydrobroniides. The mixture had 
v,,, 1755 and 1670 cm-' and gave ' H  nnir signals at  6 
1.91 (vinyl methyl), 2.22 (acetate), and a pair of doublets 
(J = 5 Hz) centered at 6 2.25 and 6 3.0 attributable to  
the N-CH, in the isomers. 

Bron~o Ketone 11 
A 0.174 M solution of bromine in chloroform was 

prepared. Ten inillilitres of this at O'C was added to  
461 mg of the enol acetate hydrobromides (9 t 10) 
during the course of 15 niin. After 2 h at  room tempera- 
ture the 'H  nmr spectrum showed complete bromination. 
Water was added and the niixture stirred for 1 h, then 
the solve~lts evaporated under reduced pressure. The 
569mg of crude bromo ketone hydrobromide was a 
mixture of two isomers as shown by 'H nmr signals at 6 
1.68 and 1.74 and at  6 2.15 and 2.22 (relative to  HOD 
set at  4.70). One component (the isomer giving the 
lower-field N-CH, and CH,CO signals) crystallized fro111 
acetone giving 224 rng (4973, nip 138-141'C. It gave 'H 
nmr signals at 6 2.57 (3H), 2.97 (3H), 5.0 (br s, 1H) and 
5.5 (br s, 1H). Anal, calcd. for Cl,Hl9Br3NO: C 38.74, 
H 5.61, N 4.11, Br 46.85; found: C 38.59, H 5.72, N 
4.19, Br 46.69. 

Deh~~di.obr~owzir~crtioi~ of11 (hr-ATfet/~yl Anatoxin-crj 
Bromo ketone hydrobromide (569 mg, 1.67 mmoi) and 

610 nlg (7 nimol) of-  dry lithium broliiide was dried 
briefly at 100'C, 1 x lo- '  torr, then 16 ml of dry dimethyl 
formamideadded. Theniixture was heated at 60cC for 17 h, 
and at 130iC for 1 h. The bulk of the dimethyl fornianiide 
was removed at 7OCC/0.5 torr pressure. The residue was 
dissolved in 5 ml of water, made basic nith solid sodium 
carbonate, then strongly alkaline with ice-cold 40% 
sodium hydroxide solution. The product was quickly 
extracted into ether (4-10 nil portions). After drying and 
distillation of the ether, the product was converted to its 
hydrobromide in ~iiethanol. This was purified on four 
1000 11171 plates using 2 :  1 chloroform-methanol. The 
most visible band under uv light !\as collected. This gave 
173 nig rich in r / ; P  unsaturated ketone (12). This had 
v,,,, 1670 cm-' and gave 'H nrnr signals (D,O) at 6 2.35 
(s, 3H), 2.75 (s, 3H), and 7.50 (t, J = 7 Hz, 1H). Re- 
peated purification attempts using silica gel plates failed 
to remove saturated ketone (v,,,, 1705 ctli-') and other 
impurities conipletely. 

Plzotol~~sis of'Etic/o Hj~droclrloi-ide 5 ( IV-~~/ILL~~J, I  
Anaroxin-a) 

The endo cycclopropyl ketone 5 (105 nig) was converted 
t o  its hydrochloride. This was dissolved in 10 ml of water 
and irradiated in a Vycor flask at 20-C using a Kayonet 
apparatus with lanips giving pcak emission at  300 nm. 
Reaction was complete in 24 h. The water was removed irz 
cncuo, then the product purified using two 20 cni2, I mni 
thick plates using 4 :  1 chloroform-methanol as eluate 
~lnder  argon. The broad uv active zone with R, 0.2 
yielded 48 mg 146z) rich in X-methyl anatoxin-a. This 
was dissolved in 10: 1 chloroform-methanol, filtered, 
then evaporated and dried in cucuo. The glassy solid had 

[.J], f42"  (c 1, methanol); v,,, 1670 cni-'; i .,,,,, 228 nm 
(E 6200); ' H  nmr signals at 2.38 (s, 3H), 2.60 (s, 3H), 
3.9 (111, lH) ,  4.9 (br d,  lH),  and 7.3 (t, J = 6 Hz, 1H). 

Dc-IV-r?~ethylrrtion of 12 (Anatoxin-n) 
h'-Methyl anatoxin-a (12) hydrochloride (155 mg) 

was dissolved in 5 nil of water, the solution made 
strongly alkaline with cold sodium hydroxide solution, 
then the base extracted rapidly into methylene chloride. 
After drying and removal of the solvent, the base was 
dissolved in 10 ml of dry benzene. After addition of 190 
mg of diethylazodicarboxylate the solution was refluxed 
for 2.5 h. The benzene was reiiioved under reduced 
pressure and the residue taken up in a mixture of 4 ml 
of 95% ethanol and 4 tnl of 2 :V hydrochloric acid. This 
was refluxed for 3 h, then evaporated to  dryness on a 
rotating evaporator. The products were separated on 
three 20 cm x 20 cni plates (thickness 1 nim) using 4 :  1 
chloroform-methanol under argon. The desired product 
had R, approximately 0.2. This zone (65 mg) was replated 
on one 20 cm x 20 cm x 1 nlm plate under the same 
conditions giving 42 mg (29z)  of quite pure anatoxin-n 
hydrochloride (1). This had [XI, + 36' (c 0.85, ethanol); 
2 .,,,, 226 nm (E 8500); v ,,,,, 1670, 1642, and 1588 cm-' .  
Its ' H  nnir spectrum had signals at 6 2.40 (s, 3H), 4.4 
(m, IH), 5.3 (m, l H ) ,  7.3 (t; J = 5 Hz, IH), and a broad 
2H signal between 6 8.3 and 9.0 (2H). These spectra 
corresponded well to  those of natural anatoxin-cr (1 ) .  

I\--Acetjl Dei,icatice o f 1  (h'-..lcetyl A~~otosin-a) 
The above hydrochloride (42 nig) was dissolved in 

1 ml of acetic anhydride containing 200 mg of sodium 
acetate. This was heated 1 h at 60-C then left for 60 h at  
room temperature. The excess anhydride was removed 
under reduced pressure, the residue warmed with 
methanol, and the evaporation repeated. The residue 
was distributed between 5 s  sodium carbonate and 
methylene chloride. The organic phase gave 35 mg of 
product- This crystallized in part from acetone-hexane. 
The crystals Mere sublimed over a short path at  95'C:'l x 
10~-.4 torr. The crqstalline sublimate was ~vashed once 
with ether, leaving I0 rng of crystals. These were re- 
crystallized once f'rorn acetone-hexane. The K-acetyl 
derivative had rnp 113-114'C, [TI, - 125 (c 0.6, ethanol), 
v ,,,, 1622 and 1663 cm-' and 2 .,,,, 226 ntii (E 10 800). Its 
'H nmr spcctrum had signals at 6 2.0 (s, 3H), 2.37 (s, 
3H), 4.81 (br m, IH), 5.29 (d, J = 8 Hz, IH), and 7.02 
(t, 3 = 6 Hz, 1H). Its spectra were identical to those of 
]I!-acetyl anatoxin-rr (1) and a mixture rnp showed no 
depression. Anul. calcd. for C i2HI7O2N:  C 69.54, H 
8.27, N 6.75; found: C 69.71, H 8.39, 1\; 6.58. 

,\Tor-atzatoxirz-n (14) 
(a) The h-methyl ketone 4 (98 mg, 9.59 mmol) in 1 1111 

of dry benzene and 0.2 n ~ l  of a benzene solution of 
phosgene (1 mniol) were mixed in an nrnr tube in an ice 
bath, a small precipitate formed. After 30 min at 20iC 
the .I,-methyl signal had disappeared and a new methyl 
signal at lower field had appeared (CH,CI). After a 
further 30 min at 20.C the solvent was removed under 
reduced pressure. The residue \%>as dissolved in water, and 
the solution left overnight at roo111 temperature. After 
removal of the water, the product was sublimed at 100'Ci 
I x torr. The partially crystalline subliniate was 
recrystallized from methanol - ethyl acetate mixture 
giving 15 mg, mp 232-235'C and 40 mg of less pure 
product. 
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The crystals had [ r ] ,  -80' (c  1.62, methanol) and 
?.,,, 225 nm (E  10 600). Their 'H nmr spectrum in D,O 
had a 3H singlet 2.3 ppm upfield from the HOD signal 
(apploxiniatcly 6 4.70) and a 1H triplet 2.45 ppm donn- 
field from this reference signal. Anal. calcd. for 
CoH,,CINO: C 57.60, H 7.52, N 7.46; found: C 57.42, 
H 7.50, N 7.92. 

The 'H  nmr spectrum of the free base 14 had signals 
at 6 2.27 (3H, sj, 3.70 ( lH,  m), 4.27 ( lH,  m), and-6.68 
( lH ,  t, J = 4 Hz). 

(b) A solution of 207 mg of the N-methyl ketone 4 
and 366 mg of diethylazodicarboxylate in 10 ml of dry 
benzene was refluxed for 18 h. After removal of the 
benzene in cncuo the residue was dissolved in a mixture of 
6 ml of 2 N hydrochloric acid and 6 ml of 95% ethanol. 
The solution was refluxed for 4.5 h, then concentrated in 
vacuo, dilute sodium hydroxide added, and the base 
extracted into benzene. It was quickly reconverted to  the 
hydrochloride. Only part was soluble in water, hence the 
solution was filtered. The filtrate was taken to  dryness in 
vaclro then the residue crystallized from methanol - ethyl 
acetate giving 81 mg of nor-anatoxin-n hydrochloride 
mp 229-231°C. It proved identical to  the product from (a).  

Reactions of Exo Cj~clopropyl Ketone 6 
Photolysis of Exo C~~clopropj~l Ketone 6 
A solution of 373 mg of the hydrochloride of 6 in 

12 ml of methanol was irradiated in a Vycor flask with 
lamps peaked at 300 nm in a Rayonet apparatus for 28 h. 
At the end of this time tlc showed absence of starting 
material and the presence of two more polar compounds 
as major products. The solvent was removed under 
reduced pressure, aqueous sodium hydroxide added, and 
the base extracted into methylene chloride. I t  was 
purified using six 0.5 mm x 20 cm x 20 cm plates with 
chloroform, acetone, methanol, and diethylamine 
(15 : 10: 5 : 1) as developing solvent. The two major 
products had R, 0.7 (84 mg) and 0.5 (1 14 mg). On some 
silica gel plates (more acidic?) the fast moving product 
appeared to  be destroyed giving a more polar unsaturited 
alcohol which has not been fully characterized. Photol- 
ysis in water gave essentially the same products as above. 

Tetracyclic Alcohol 17 
The conipound with high R f  was sublimed at  100°C 

0.1 torr; mp 131°C [a], -54" (c 1.71, methanol), v,,, 
3595 cm-'. Its 'H nmr spectrum had signals at 6 3.27 
(d, J = 4 Hz, HA), 3.17 (br m, WSl2 12 HZ, HB), 2.87 
jbrm, W,,, 16 IIz, IT,), 2.28 ( lH,  s, OH), 2.10(s, NCH3), 
1.50 (s, 3H), and signals for 2.7 hydrogens between 6 0.5 
and 1.1. Tentative I3C nmr chemical shift assignments 
based in part on multiplicities determined using off- 
resonance decoupling are indicated on the structure 17. 
Anal. calcd. for CIIH,,NO: C 73.70, H 9.56, N 7.81; 
found: C 73.58, H 9.70, N 7.69. Yield 22%. 

Tetracyclic Alcohol 16 
The compound with lower R, from the photolysis of 

6 was distilled over a short path at 100'CiO.l torr. The 
distillate crystallized in part. It had [z], -43" (c 0.97 
methanol) and v,,, 3595 cm-'. Its 'H nmr spectrum had 
signals at  3.94 (d, J = 4 Hz, H,), 3.1 (br m, WlIz = 
14 Hz, H,), 2.8 (br ni, Wlj2 = 17 Hz, Hc), 2.46 (s, OH), 
2.10 (s, N-CH3), 1.13 (s, CH,) and signals for 3.3H 
between 6 0.3 and 1.05. Tentative assignments of its I3C 
nrnr spectrum based on multiplicities from an off- 

resonance decoupled spectrum are indicated on the 
structure 16. Anul. calcd. for CSIHl9NO: C 73.70, H 
9.55, N 7.81; found: C 73.56, H 9.76, N 7.66. Yield 31%. 

Lithium in Ammonia on Exo-cyclopropj~l Ketone 6 
A solution of 1.2 g of lithium in 250 ml of liquid am- 

monia (distilled over sodium) was prepared in a double- 
walled flask. T o  this was slowly added 1.57 g of the exo 
isomer 6 (>90% purity) in 50 ml of ether. The mixture 
was stirred for 3.5 h after completion of the addition, 
then 20 g of ammonium chloride added cautiously. After 
disappearance of the blue color the ammonia was 
evaporated in a stream of nitrogen. Water (100 ml) was 
cautiously added to  the residue. This was saturated with 
sodium chloride, then extracted with five 100 ml portions 
of ether. The ether layers yielded 1.2 g (76%) of product 
consisting mainly of alcohols (v,,, 3600 cm-') but con- 
taining some unchanged cyclopropyl ketones (v,,, 
1680 cm-'). Its 'H  nnir spectrum had signals at  6 1.02 
(d, J = 6 Hz) and 1.2 (d, J = 6 Hz) of almost equal 
intensity, total 3H;  2.14 (s, 3H) and a 6-line niultiplet 
(probably a pair of partially superimposed quartets) at  
6 3.9. There were signals for approxin~ately two hydrogens 
between 6 0.25 and 1 .O (cyclopropane hydrogens). 

The structure of these alcohols as simple products of 
reduction of the carbonyl was confirmed by oxidation. A 
solution of 113 rng of the alcohol mixture and 53 mg of 
chromium trioxide in 2 ml of acetic acid and 0.2 ml of 
water was heated at  45'C for 15 min, then stirred for 1 h 
at  room temperature. The excess reagent was destroyed 
with methanol then the bulk of the solvents removed 
under reduced pressure. The residue was made strongly 
basic with 15% sodium hydroxide solution, then extracted 
with ether. The 78 mg of product had M +  179, and 'H 
nmr and ir spectra nearly identical to those of exo- 
cyclopropyl ketone 6. 

Sodium in ethanol reduction of the exo-cyclopropyl 
ketone also gave a 1 : 1 mixture of the two alcohols. 
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The photcedissociation of ammonia in the 2 + 2 absorption system, 
Part I. Deuterium isotope effects in the photsdissociation' 
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S. KODA and R. A. BACK. Can. J. Chem. 55. 1380 (1977). 
The photolyses of mixtures of NH3, NH2D,  NHD,, and MD, have been studied at wave- 

lengths of 2144,2139,2062, and 1850 A in the presence of C3H8 as a hydrogen atom scavenger. 
Quantum yields of dissociation have the same values for all four species, presumably unity. 
Analysis of the H, and H D  produced permitted evaluation of intramolecular deuterium isotope 
effects in the photodissociation of NH,D and ND,H. At the two shortest wavelengths dissocia- 
tion of H was favored by a factor of 2 or 3, while at  2144 and 2139 A the isotope effect was 
much larger. implications for the mechanism of the predissociation of the A-state of ammonia 
are discussed briefly. The system does not appear to be useful for the photochemical separation 
of deuterium. 

S. KODA et R. A. BACK. Can. J. Chem. 55. 1380(1977) 
On a ttudiC la photolyse de melanges de NH3, N b D ,  NHD, et ND, h des longueurs d'onde 

de 2144, 2139, 2062 et 1850 A en presence de C3H8 servant de piege pour les atomes d'hydro- 
gene. Les rendements quantiques de dissociation ont les memes valeurs pour les quatre especes 
et sont probablement Cgales a I'unitC. L'analyse de H, et de H D  permet d'evaluer les effets 
isotopiques intramolCculaires du deuterium dans la photodissociation de NH,D et ND,K. 
Aux deux longueurs d'onde les plus courtes, la dissociation de PI est favorisfie par un facteur 
de 2 ou 3 alors qu'a 2144 et 2139 a I'effet isotopique est beaucoup plus grand. On discute 
brievement des implications pour le mkcanisme de la prkdissociation de 1'Ctat A de l'arnn~oniac. 
Ce systeme ne semble pas utile pour la separation photochin~ique du deuterium. 

[Traduit par le journal] 

Introduction 

The photolysis of ammonia in its first absorp- 
tion region (A +- x, - 2200-1700 A) has been 
extensively studied, and the general features of 
the primary photodissociation are well estab- 
lished (1-3). The dissociation products are 
almost exclusively (>99"; H + f NH,, and the 
quantum yield is close to unity and independent 
of pressure. The absorption spectrum shows 
well-resolved vibrational bands in a long pro- 
gression arising from excitation of the sym- 
metric out-of-plane bending mode (v,') of the 
planar state (4, 5). Hn the case of NH, these 
bands are almost completely diffuse, showing 
no rotational fine structure; with ND3? however, 
rotational lines are well resolved in the bands 
corresponding to c,' = 0 or 1 (all higher 
members of the progression are diffuse) (5). I t  
is apparent that the upper state is strongly 
predissociated, even in ND,, as the rotational 

'NRCC No. 15813. 
2NRCC Postdoctoral Fellow, 1972-1934; present 

address: Division of Reaction Chemistry, Faculty of 
Engineering, University of Tokyo, Tokyo, Japan. 

lines are considerably broadened, and the 
quanturn yield of dissociation of unity, inde- 
pendent of pressure, confirms that the excited 
state must be very short-lived. 

While it is agreed that the photolysis of 
arnnlonia proceeds through a predissociation, 
there is some uncertainty about the repujsive 
state involved, 2nd the precise details of the 
predissociation are not clear (4-6). The striking 
difference in the spectra of NH, and ND, 
suggests that ihere could be a large deuterium 
isotope effect in the photodissociation, and the 
present work was undertaken to explore this 
possibility, and to gain a better understandirig 
of the predissociation process. A further purpose 
was to explore the poteritial of the ammonia 
photolysis for photochemical isotope separation. 

Experimental and Results 

Apparurus 
Ammonia was photolyzed In several cyll~ldi-I- 

cal quartz reactlon vessels, 5 cm In diameter, 
with plane Suprasll wirldows. and varylng from 
1 to 20 cm ln length These Rere sometimes used 
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in simple static systems, and in other experi- 
ments were incorporated into a closed circula- 
tion loop with a ballast volume. Conditions were 
cl~osen, contingent upon the wavelength of the 
exciting light, the extinction coeficients, the light 
intensity, and the ammonia pressure, to ensure 

ueileous low conversioll and moderately homo, 
absorption of light. 

Light Sources 
Four light sources were employed : 
(i) A flat-spiral cadniiu~n resonance lamp 

operated at 280'C. A 1 c111 filter cel! containing 
cadmium vapor at  500'C removed the 2288 A 
resonance line, so that the effective light was 
almost entirely at  2144 A. 

(ii) A Philips Spectral zinc iamp, used with 
a 1 c n ~  filter cell filled with about 75 torr each 
of NH, and ND,. The filter removed the 2026 A 
line cornpletely and reduced the 2062 A line to 
less than 0.42 of tlie 2139 A radiation; the 
effective light was essentially pure 2139 # 
radiation. 

(iii) An iodine-argon microwave discharge 
lamp with a liquid water filter, which gave 
virtually monochromatic 2062 radiation (7). 

(ic) A low-pressure flat-spiral mercury-res- 
onance lamp, used as a source of 1850 A radia- 
tion. The light path was flushed with N, to 
prevent absorption by 0,. 0 , ,  and water vapor, 
and the system was mercury-free to avoid 
photosensitization by 1850 or 2537 A light. 
Ammonia is transparent to the latter, so that the 
effective light was almost pure 1851) A radiation. 

The spectral purity of the light sources was 
determined with a 0.5 m grating monochrornator 
and a photomultiplier, which were also used to 
monitor light intensity and absorptio~l during 
the photolyses. A platinum-cathode phototube 
was sometimes used for the latter purpose with 
the iodine lamp (8). 

Anal) sis 
After irradiation, N, and H, were removed 

through a trap at - 196'C and measured in a 
gas burette. The composition of the gas was 
determined by separating H, through a hot 
palladium thimble. When necessary, the iso- 
topic composition of the hydrogen was measured 
by gas chromatography, using an alumina 
column, treated with MnCl,, at  - 196°C (9). 
Isotopic composition of deuteriated ammonia 
was determined by deconiposing the gas by a 
Tesla discharge, at  the same time removing 

hydrogen through a hot palladium thimble, 
u n t ~ l  the deconlposition was complete, and finally 
measuring the isotopic colnpositioll of the hy- 
drogen by gas chromatography as before. 

Afot crials 
Ammonia was obtained fro111 Matheson, and 

ammonia-u', (99 atom'#", D) from Merck, Sharp 
and Dohme of Canada Ltd. Both were used 
after rigorous degassing and trap-to-trap dis- 
tillation. The partially deuteriated ammonias, 
NH,D and NHD,, cannot be isolated, as H-D 
equilibration occurs within secoiids of mixing 
the gases. To study these species, NH, and 
ND, kvere mixed in a known ratio, and equili- 
brium concentrations were calculated from 
equations based 011 the data of Pyper et a/. (10). 
All the spectroscopic and photochemical ex- 
periments with NH,D and NHD, were done 
with the four amnlo~lias present at  eq~~ilibriuin; 
by suitable variation of the initial proportions 
of NH, and ND, and thence of the two mixed 
species, the properties of each of the latter could 
be determined, essentially in each case by solving 
two equations in two unknowns. 

Propane was Research-grade, obtained from 
Matheson, and used without further purifica- 
tion. Gas chromatography co~lfirmed that olefin 
content was negligible. 

Ultmciolet Absorption S/lecfra 
While the photographic spectra of both NH, 

and ND, are well known, quantitative extinction 
coefficients have apparently been reported only 
for NH, (11). The only information about the 
spectra of NH,D and ND,H comes from the 
work of Walsh and Warsop !4), who measured 
the wavelength of a few band heads from a plate 
in which the spectra of the four isotopic am- 
m o n i a ~  were badly overlapped. Since the present 
study required quantitative absorption spectra 
for the four species, low resolution spectra 
were measured on a Cary spectrophotometer, 
and are shown in Figs. 1 and 2. Each of the two 
isotopically mixed ammonias required a special 
technique to separate its spectrunl from those 
of the other three components always present. 
Thus to measure the spectrum of NH,D, NH, 
and ND, were mixed in a ratio of - 41 1, giving 
an NH,/NH,D/NHD,/ND, ratio of about 
50/39/10/1 in tlie sample cell. The reference cell 
of the double-beam instrument was then fiiled 
with NH, at a pressure calculated to balance 
exactly the partial pressure of NH, in the 
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I 
20W 2050 2lW ZiSO ------K) 2200 

xiBi 
FIG. 1. Low resolution absorption spectra of NH, 

and ND,. Values of c2' and c," are shown in parentheses 
for each band. 

FIG. 2. Low resolution absorption spectra of NH2D 
and NHD,. Values of t.,' and v," are shown in paren- 
theses for each band. 

sample, so that the measured difference spec- 
trum was that of NH,D with a small (20%) 
NHD, component and an almost negligible 
(273 amount of ND,. The spectrum of NHD, 
was obtained in a similar way with ND, in the 
reference cell. The spectra of the mixed am- 
monia~  in Fig. 2 have not been corrected for the 
minor component, and the ND, spectrum in 
Fig. I has not been corrected for the presence 
of a 12% ND,H impurity. 

The photolysis experiments required accurate 
values of the extinction coefficients for each 
of the isotopic ammonias at each of the four 
wavelengths employed. These were measured 
in the photolysis cells, using the photolytic light 

TABLZ 1. Molar decadic extinction coefficients of isotopic 
ammonias 

E 
Wavelength --- 

( NI33 NHzD NHD, ND3 

sources and a 0.5 m monochromator and photo- 
multiplier to measure transmitted light intensity. 
Accurately linear Beer's Law behaviour was 
observed over a wide range of pressure and for 
each of a number of isotopic compositions. 
Values of E for NH3 were obtained directly, 
and those for ND, almost directly with only a 
small correction for the 347, of NDH, impurity. 
For the mixed ammonias, NH, and ND, were 
mixed in known proportions, and equilibrium 
compositions calculated. From Beer's Law plots 
at several compositions, making corrections for 
absorption by NH, and ND,, extinction coeffi- 
cients for NH,D and NHD, were obtained by 
solving pairs of equations in two unknowns. 
Values of the molar decadic extinction coeffi- 
cients for the four ammonias at the four photo- 
lysis wavelengths are shown in Table 1. 

While it is known that in the spectrum of 
ND,, bands arising from v,' = 0 or 1 show 
well-resolved rotational fine structure, and that 
with NH, all bands are almost coillpletely 
diffuse,, the behaviour of NH,D and NHD, 
had not been established, although it seemed 
probable that their spectra would be diffuse. 
Spectra of NH,-ND, mixtures were therefore 
photographed at high dispersion, using the first 
order of a 10 m grating spectrograph.4 From 
Fig. 2 it was possible to identify the bands due 
to the mixed ammonias, and it was clear that 
neither NH,D nor NHD, shows any rotational 
fine structure. This was seen most clearly for 
the 0,l band of ND,H, which is almost free of 
overlap by the same band of ND,. Other bands 
are more badly overlapped, but in no instance 
were sharp rotational features observed which 

3Dixon (12) observed extremely faint rotational struc- 
ture in the spectrum of NH,. All four isotopic ammonias 
show broad rotational features at  low resolution (Figs. 1 
and 2) the double-headed band contours for all bands 
with v2' 5 2 arising from the P and R branch structure. 

4We are grateful to Mr. F. Alberti of the Herzberg 
Institute for photographing these spectra. 
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1 BACK 1383 

could not be assigned to ND,. Thus it appears 
that substitution of a single atom of D by H in 
ND, increases the rate of predissociation enough 
to conlpletely obscure the rotational fine struc- 
ture through the line broadening associated with 
the reduced lifetime of the excited state. 

Photochet?zical Measurements 
In order to measure the rate of the primary 

dissociation, 

the reaction with propane 

was used, and the hydrogen produced was 
easily separated and measured. This system has 
been thoroughly studied by Schindler and co- 
workers (2, 3) and our results are in good 
accord with theirs. In order to make reaction 2 
quantitative and therefore the H, a true measure 
of reaction 1, conditions must be carefully 
controlled. Propane pressure must be high 
enough, and the light intensity low enough, that 
loss of H by reaction with C,H, or NH, is 
negligible. Conversion must also be kept low 
enough to avoid build-up of propylene from the 
disproportionation of C3H7 to concentrations 
a t  which loss of H by addition to the olefin 
becomes significant, and also to avoid secondary 
photolysis of hydrazine or propylarnine. Figure 3 
shows typical plots of K, + H D  and N, rs. 

PROPANE PRESSURE (TORR) 

FIG. 3. Dependence of product yields on propane 
pressure, for photolysis of equimolar NH3-ND, at 
20 torr pressure, irradiated at 2139 A. 

propane pressure from the photolysis of an 
equiinolar NH,-ND, mixture, and it is seen 
that the yield of H, + H D  becornes constant 
above about 200 torr. It was also observed that 
under these conditions production of H, + H D  
was a linear function of time and of light in- 
tensity, showing that the secondary reactions of 
products (which would be time-dependent) and 
reactions of H with C3H7 or NH, (which would 
be intensity dependent) were not important. It 
appears from these observations that essentially 
all of the H atoms formed in reaction 1 were 
reacting to form H,. 

Before the yield of H, can be equated to the 
rate of reaction 1, the possibility of direct 
formation of H, as a primary photolysis product 
must be considered. It  is well established that 
reaction 1 is the main process, and the present 
study confirms this. However, very careful 
measurements of the yield of D, from the photo- 
lysis of ND, in the presence of excess propane 
or ethylene (13) indicate the occurrence of a 
molecular process with a quantum yield ranging 
from 50.003 at 2139 A to 50.009 at 1849 A. 
Very small corrections for this process have been 
applied to the present results, assuming that these 
quantum yields are the same in the four isotopic 
ammonias. 

Finally, in the experiments with the isotopic- 
ally mixed amnionias, it is essential that H or D 
atoms produced in the primary photodissocia- 
tion do not undergo exchange with either pro- 
pane or ammonia before reacting with propane, 
so that the yields of H D  and H, accurately 
reflect the primary yields of D and H respectively. 
Absence of exchange with propane is shown by 
the low yields of H, in the photolysis of ND, 
in the presence of propane which corresponded 
closely to that expected from the isotopic H 
impurity in the ND,. Absence of exchange with 
ammonia is less easily demonstrated, but the 
self-consistent behaviour of the isotopically 
mixed systems over a wide range of conditions 
and the agreement with calculations that pre- 
sume no such exchange are probably the best 
proof. Another possible source of error in the 
isotopic experiments is the reaction of H or D 
with hydrazine; the very low yields of D, from 
the photolysis of ND, in the presence of pro- 
pane, in which hydrazine would be largely 
N,D,, show that this did not occur. Hydrazine 
concentration was low in the present system 
because of the low light intensity and high 
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ISOTOPIC COMPOSITION OF AMMONIA l%Hl ISOTOPIC COMPOSITION OF AMMONIA (%HI 

FIGS. 4, 5, 6 ,  and 7. Isotopic composition of hydrogen from the photolysis of NH,, NH,D, NHD,, 
and ND, in the presence of C,H,. Points are experimental, curves are calculated (see text). 

propane pressure, which favor reaction of NH, 
radicals with propane rather than combination 
to form hydrazine (2): destruction of hydrazine 
by reaction with propyl radicals, leading 
eventually to N,, is also a factor. The low yield 
of N, observed (Fig. 3) reflects the low con- 
centration of hydrazine in the system. 

Primary photodissociation yields of H and D 
atoms, based on the production of H, and H D  
by reaction with propane, were measured for 
mixtures of the isotopic ammonias ranging from 
pure NH, to 9 7 7  ND,. The results are shown 
in Figs. 4, 5, 6, and 7 for photolysis at 2144, 

2139, 2062, and 1850 A respectively. I11 each 
figure are shown plots of the ratio H,/(H, + 
HD) against the atom% H in the ammonia 
mixture. The quantuin yields of H, and H D  
were measured relative to that of H, from NH,, 
taking this to be unity: no absolute quantum 
yields were measured. The quantum yield of 
total hydrogen (Hz + HD) was independent of 
isotopic composition, showing that the quantum 
yield of dissociation has the same value in each 
of the four isotopic species (presumably unity) 
and therefore no intermolecular Isotope effect 
can be observed. 
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Discussion 

The photodissociation processes occurring in 
the n~ixtures of isotopic ammonias are the 
following : 

k6 (+ C3H8) 
[61 NDZ + H -Hz 

(+C3H8) 
[7] NHD + D ---------tHD 

The variatioil of H,/(H, + FID) with isotopic 
composition at  each wavelength depends on the 
extinction coefficients for each of the four 
ammonias. and on the intramolecular isotope 
effect in the photodissociation of NH,D and 
NHD,. The data points in Figs. 4 to 7 are ex- 
perimental values; the snlooth curves through 
them are calculated, in the following way. For 
a given atom'% D in the ammonia mixture, 
relative concentrations of NH,, NH,D, NHD,, 
and ND, were calculated from the equilibrium 
constants. Relative absorption of light by each 
species at each wavelength was then calculated, 
using the measured extinction coefficients (Table 
I): then, assuming a quantum yield of unity, 
the relative amount of each species dissociated 
was obtained. Dissociation of NH, and ND, 
lead unambiguously to H, and HD respectively 
in amounts that are thus simply calculated. The 
remainder of the H, and H D  must then arise 
from dissociation of the two mixed ammonias. 
reactions 4 to 7. The primary intramolecular 
isotope effect, I, in the photodissociation may 
be defined as I,,,, = k4/2k, for NH,D, and 
I,,,, = 2k,/k, for NHD,. For any two data 
points shown in Figs. 4 to 7, values of 
and I,,,,2 can be obtained by solving two equa- 
tions in two unknowns. In practice, the values 
of I for the two species were varied until the 
best least-squares fit to all the experimental 
po~nts  was achieved at each wavelength. The 
calculated curves shown in Figs. 4 to 7 corre- 
spond to these values, which are summarized 
in Table 2;  also llsted in parentheses are esti- 
mated limits of uncertainty 

TABLF 2. Intrarnolec~ilar isotope effect, I, in the photolysis 
of NH2D and NHD, 

iL (A) c2 ' I ~ H , D  IYHD, 

2144 0, 1 Large 8.05 
(6.3-10.7) 

2139 0, 1 10.9 2.64 
(2.1-large) (1.5-19.3) 

2062 3 1.90 2.32 
(1.55-2.16) (2.06-2.68) 

1850 9, 10 1.95 3.15 
(1.62-2.41) (2.63-3.81) 

Values of IN,,, are listed as 'large' when the 
yield of H D  was entirely accounted for by the 
estimated production of D atoms from the other 
isotopic ammonias, leaving a yield of zero, within 
experimental accuracy, from the photolysis of 
NH,D. The values of I in Table 2 show a 
significant dependence on the exciting wave- 
length. For the two shortest wavelengths the 
best estimates are within the range 1.9-3.2, 
which can be regarded as a fairly normal 
primary kinetic deuterium isotope effect. There 
is also probably a significant difference between 
NH,D and NHD, at these wavelengths, which 
can be interpreted as a preference for the 
dissociation of the lone hydrogen icotope from 
each species, i.e., D from NH,D and H from 
NHD,, superiinposed on the primary isotope 
effect. Values of 1 at 21 39 A are rather uncertain 
because of the small fraction of light absorbed 
by the mixed species (Table 1) and consequent 
large correction for H and D produced by 
dissociation of NH, and ND,. The data are not 
incompatible, however, with fairly large values 
of I. At 2144 A, I is uninistakably much larger 
than at  the two shorter wavelengths. 

The present experiments thus show a sizeable 
intramolecular deuterium isotope effect in the 
photodecomposition of NH,D and NHD,, com- 
plementing the earller spectroscopic observation 
of a large intern~olecular isotope effect between 
NH, and ND,. It  is interesting that the ab- 
normally large effects at 2139 and 2144A 
correspond to dissociation from the c,' = 0 and 
t,' = 1 levels of the state, the same levels 
which in ND, show resolved rotational structure 
indicative of a long lifetime. The large isotope 
effect suggests a tunnelling process, either 
through a barrier or between potential energy 
surfaces, while the lower, more normal values 
of I at 2062 and 1850 A are more characteristic 
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of passage over a potential barrier. The detailed 
mechanism of the predissociation will be dis- 
cussed in a subsequent paper (13). 

Finally, the possibility of using the photolysis 
of ammonia for hydrogen-deuterium separation 
may be assessed. It is clear that separation of 
deuterium by selective photolysis of the -0.03z 
of NH,D present in natural ammonia is not 
pronlising. Overlap of the spectra of NH, and 
NM,D (Figs. 1 and 2) would probably limit 
selectivity in the absorption of light in an  equi- 
molar mixture to no better than a factor of 10; 
it has been seen that dissociation of H rather 
than D from NH,D is strongly favored, and it is 
not apparent how to trap the N H D  fragment in 
a form which will not readily exchange its 
hydrogen with ammonia, the starting material. 
On the other hand, photochemical removal of 
quite small fractions of NHD, from ND, 
appears much more favorable; the discrete 
nature of the ND,  spectrum would permit 
highly selective photolysis of NHD, at  appro- 
priate wavele~lgths, and the H atoms preferen- 
tially dissociated in the photolysis could be 
easily trapped by a hydrocarbon scavenger, or, 

with some loss of efficiency, simply by reactioil 
with the hydrazine formed ill the photolysis. 
There would seem to be little practical value in 
such a separation, however, unless for some 
reason ND,  of very high isotopic purity were 
required. 
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The photodissociation of ammonia in the t 2 absorption system. Part 11. 
Translational excitation sf  the hydrogen atoms produced, 

and the mechanism sf  the predissociationl 

Division ofChemistry, National Re~earclr Council of Cnnczda, Ottawa, Ont., Canada KIA  OR6 
Received August 9, 1976 

R. A. BACK and S. KODA. Can. J. Chem. 55, 1387 (1977). 
The photolyses of NH, and ND, have been studied at 2139,2062, and 1850 A in the presence 

of propane and ethylene. Upper limits (none was actually observed) were established for the 
quantum yields of molecular dissociation of D 2  from ND3 of 0.003 and 0.004 at  2139 and 
2062 A, while at  1850 a definite yield of 0.009 was obtained. Similar results were observed 
with NH,. From the dependence of hydrogen yields on the ratio of ethylene to propane, it was 
concluded that H and D atoms were produced in the photolysis with excess translational energy. 
Values of the integrated reaction probability (IRP) of hot H atoms with propane were estimated 
to be 0.078,0.070, and 0.045 at  2139,2062, and 1850 respectively, while corresponding values 
for hot D atoms from ND, were 0.083, 0.062, and 0.029. Implications of the decrease in IRP 
with increasing photon energy are discussed, and it is concluded that at  the shorter wavelengths 
a second dissociation channel leading to NH,('A,) becomes important. A mechanism for the 
predissociation of the 2-state of ammonia is presented which accounts for this behaviour and 
for the deuterium isotope effects observed previously. It is suggested that the dissociation does 
not follow the state correlation rules for dissocjation in the plane of the molecule, at  least when 
the v2 out-of-plane bending vibration in the A-state is excited to levels of ti, = 2 or higher. 

R. A. BACK et S. KODA. Can. J. Chem. 55. 1387 (1977). 
On a CtudiC la photolyse de NH, et ND, a 2139, 2062 et 1850 A en presence du propane et 

d'ethylene. On a etabli que les limites supirieures (en fait aucun n'a ete observe) pour les 
rendements quantiques de la dissociation molCculaire de D, a partir de ND, sont egales a 0.003 
et 0.004 a 2139 et 2062 A alors qu'a 1850 A un rendement bien defini de 0.009 peut Ctre obtenu. 
On a pu observe des risultats semblables avec NH,. A partir de la dependance des rendements 
d'hydrogene sur les rapports d'ethylene sur propane, on peut conclure que les atomes de H et 
de D peuvent Ctre produits lors de la photolyse avec une energie de translation en exces. On a 
estime que les valeurs des probabilites de rtaction inttgrte (PRI) des atomes d'hydrogene 
chauds avec le propane sont respectivement de 0.078,0.070 et 0.045 a 2139,2062 et 1850 A alors 
que les valeurs correspondantes pour les atomes de deuterium chauds a partir de ND, sont 
0.083, 0.062 et 0.029. On discute des implications de la diminution des PRI avec une augmenta- 
tion de l'tnergie photonique et on en conclut qu'aux longueurs d'ondes les plus courtes, un 
second chemin de dissociation conduisant a NH,('A,) devient important. On presente un 
mecanisme pour la predissociation de l'etat A de l'ammoniac qui tient compte de ce com- 
portenient ainsi que des effets isotopiques du deuterium observes anterieurement. On suggere 
que la dissociation ne suit pas les regles de correlation d'etat pour la dissociation dans le plan 
d_e la n~olecule, au moins lorsque la vibration de deformation angulaire hors-plan, v,, de l'etat 
A est excite a des niveaux de zj, = 2 oti plus eleve. 

[Traduit par le journal] 

Introduction 
The present papers are concerned with the 

mechanism of the photodissociation of ammonia 
in its first absorption band, the A" + 2 transi- 
tion. Part I described the measurement of 
deuterium isotope effects in the photodissocia- 
tion (1). I t  is well established that much of the 

'NRCC No. 15814. 
'NRCC Postdoctoral Fellow, 1972-1974. Present 

address: Division of Reaction Chemistry, Faculty of 
Engineering, University of Tokyo, Tokyo, Japan. 

excess energy released in the photolysis of 
simple hydrides such as HBr, HI, or H,S appears 
as translational energy of the hydrogen atoms 
produced (2-13). With increasing molecular 
complexity, more of the excess energy may be 
distributed among the vibrational and rotational 
modes of the fragments, and knowledge of the 
translational energy of the hydrogen atoms 
should yield valuable information about this 
distribution and about the way in which the 
molecule dissociates. The present paper de- 
scribes an experimental estimation of the 
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translational energy of the hydrogen atoms 
formed in the photodissociation of ammonia. 

Experimental 
Light sources, reaction vessels, and experimental 

procedures were essentially as previously described (I) .  
U'avelcngths employed were 2139,2062, and 1850 A, and 
all experiments were at 295 K. Ammonia pressures were 
low (5 to 20 torr) and in most experiments a high pressure, 
~~sua l ly  300 torr, of propane was present; light intensities 
and conversions were such that in the absence of ethylene, 
essentially all the hydrogen atoms produced reacted with 
propane to form H z  (1). The translational energy of the 
hydrogen atoms was estimated by adding ethylene to the 
system and studying the competition between their 
reactions with ethylene and propane. Other experiments 
were done with ammonia-ethylene mixtures, without 
propane, to assess the yield of molecular H, in the 
photodissociation, and appropriate blank experiments 
were done to permit corrections to be made for H or H, 
arising from the photolysis of propane or ethylene. 
Quantum yields were measured relative to the yield of 
H Z  from photolysis of NH, in the presence of 300 torr of 
propane, which was assunled to be unity (1). 

Res~~lts and Discussion 
Moli.cular fij,drogen Formation 

Because rorination of n~olecular hydrogen in 
the photodissociatioll can lead to experimental 
observations in the ammonia-propane-ethylene 
system very similar to those expected for 
translationally hot hydrogen atoms, this will be 
dealt with first. Ethylene is known to react 
rapidly with thermal llydrogen atoms to  form 
ethyl rad~cals which disappear in secondary 
reactions yielding no H,. In the photolysis of 
ammonia-ethylene nlixtures, limiting yields of 
H, a t  high pressures of ethylene can arise from 
(a)  photodissociation of ammonia to yield H,, 
(b)  photod~ssociation of ethylene to yield Hz, 
(c) abstraction of H from ethylene by hot H 
atoms, and ( d )  abstraction of H from ammonia 
by hot H atoms. Process (b) can be corrected for 
by blank photolyses of ethylene alone, and the 
best estimates of (a)  come from experiments with 
ND,-C,H, mixtures, in whlch the yield of D, 
should be an  unambiguous measure of the 
molecular dissociation if (d) can be neglected. 
Results are shown in Table 1 .  At the two longest 
wavelengths, total nolicondensible gas was 
barely measurable and could not be analyzed for 
D, content: only upper limits for the yield of 
D, are shown, and there is no  positive evidence 
that molecular elimination of D, occurs at  all. 
At 1850 A, however, there is definite evidence 
for molecular elimination with a quantum yield 

of about 0.009. The low yields of D, a t  2139 and 
2062 A put upper limits on (d), the abstraction 
of D from ND, by translatioilally hot D atoms. 
I t  will be seen that this is probably even less 
likely at  1850A, as the D atoms have less 
translational energy, and there is 110 evidence 
that it occurs at  all. 

Values of the quantum yield of D, in Table 1 
should at  least be firm upper limits for the 
molecular dissociation of D, from IVD,. Experi- 
ments with PJH, were in substantial agreement, 
although less accurate, and there seems to be no 
large isotope effect in this process. The upper 
limit of 0.003 at  2062 A is in good agreement with 
similar limits of 0.003 and 0.005 for ND,  and 
NH, respectively reported by Schindler and 
co-workers (14) and confirin that 111olecular 
elimination is virtually negligible a t  this wave- 
length. Our value of 0.009 at 1850 I% is sig- 
nificantly lower than the value < 4 2  reported by 
McNesby et al. (15) for N H , .  The latter value. 
however, was based on a y~eld  of H, from a 
NH,-C,D, mlxtuie, w h ~ c h  was about 3.5'7 of 
that from pure NH,, the quantum yleld of H, 
from pule NH, is certdinly less than unity (14), 
and could be as low as 0 3 at the relatively high 
11ght intensltles employed, which would lead to 
an absolute quantum y~eld for molecular H, 
production of about I",, in good agreement with 
our value. 

Esfirnation of Translational Energy of Hydr~ogen 
A toins 

Figure 1 sho\vs @,,j@, in the NH,-C,H,- 
C2H4 system, plotted^against the C,H,/C,H, 
ratio, for photolysis at  2139, 2062, and 1850 A. 
Valucs of @, are based on the hydrogen yield 
from the system in the absence of ethylene, 
under conditions where H atoms are quantita- 
tively converted to H, (1). Both a, and QH2 at  
2062 and 1850 A are corrected for maximum 
molecular hydrogen formed directly from the 
photolysis of NH,, C,H,, and C,H,, evaluated 
in suitable blank experiments as discussed above. 
The vertical bars indicate the uncertainty 
associated with this correction, which becomes 
appreciable a t  1850 as the photolysis of ethylene 
becomes more important. Corrections at  2139 
were well within the accuracy of thc measure- 
ment and none were made. 

If the reduction in shown in Fig. 1 
arose from a simple competition between ethy- 
lene and propane for thermally equilibrated H 
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TABLE 1. Hydrogen yields from pliotolysis of ND3-C2H,  lnixt~lres 

Yield (x) 
PND~ Pc21t4 Dz (i) (torr) (torr) H2 HD D, (quantum yield) 

2139 11 .2  53 .2  (Not measurable) < 0.0030 
10 .9  126.6 (Not measurable) < 0.0026 

2062 10 .9  142.4 (Not measurable) < 0.0036 
11 .1  50.6 (Not measurable) < 0.0044 

1850 10 .2  53 .3  93.8 - 6 . 2  <0 .0085 
10 .1  142.4 97 .1  - 2 . 9  1 0 . 0 0 9 9  

FIG. 1 .  Dependence of H2 yield fro111 the photolysis of 
N H ,  on the ethylenclpropane ratio. Propane pressure = 
200-500 toir, NH, pressure = 5-20 tor1 . 0 = 21 39 A, 
a = 2062 A, = 1850 A. 
atoms: a steady reduction ~vi th  increasing 
C,H,/C,H, ratio would be expected, tending in 
the lirnit towards zero. I t  can easily be shown 
also that a reciprocal plot of the same data 
should be linear with an  intercept of unity; Fig. 
2 shoivs such a plot. I t  is clear f r o n ~  Figs. 1 and 
2 that the behaviour observed is not character- 
istic of thermal H atoms; in simple terms, the 
H atoms become progressively more difficult to 
scavenge with ethylene as more and more 
ethylene is added. It has been seen that forn~a.tion 
of molecular hydrogen, which might account for 
these observations, is snlall and has been cor- 
rected for, and it appears that the presence of 
translationally excited H atoms offers the only 
reasonable explanation. The following reactions 
nlust then be considered in the NH,-C,H,- 
C , H ,  system: 

i3 1 I H T C3E8 

[41 H* t C2H, + C2H5 

[ j l  + H T CZHj 

[61 H + C , H ,  + Hz - C3H, 

171 H - C,H, -p C,H, 

where H represents a translat~onally hot 
hydrogen atom. It can be seen that 

C8l = 

k,P + [k,P(h,P + /c,E) (k,P + k , E ) ]  
( k ,  + k 3 ) P  + ( k 4  + k 5 ) E  

where P and E are pressures of propane and 

0 

I 
I 2 3 4 

C,H,/C,H,X 100 

FIG. 2. Reciprocal plot of the data froin kig. 1 ; this 
should be linear for H-atoms with thermal energies. 
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ethylene, from which one obtains 71 

(kz + k3)k6pz -- + -- (k2k7 + k5k6)PE 
(k4k6 + k3k7)PE + (k ,  + k,)k,ET 

If k,, k,. and k, are all about the same order of 
magnitude. as seems probable, and P >> E as in 
the present experiments, the second term in the 
denominator can to a good approximatio~l be 
neglected. Then 

where 

(as it will be seen that k2k, >> k,k6 and k3k, >> 
k,k,) and 

(since k, >> k,). Figure 3 shows plots of +/(I - 
$) t.s. PIE for both NH, and ND, for the 
photolysis a t  2139 A;  these are linear within the 
accuracy of the data. Figure 4 shows similar 
d o t s  for the less accurate and less extensive data 
a t  the two shorter wavelengths together with the 
straight lines taken from Fig. 3 for comparison. 
Table 2 shows values of a and P, and approximate 
values of k2/k3 and kJk, derived from the plots 
in Figs. 3 and 4 via eq. 10. Values of the 
integrated reaction probability (IRP) for reaction 
with propane, given in our system by k,/(k, + 
k,) are also shown, and in Table 3 values of 
IRP  are shown which were obtained with some 
diatomic ahotolvtic sources of hot H or D 
atoms in which the translational energy was 
well defined. 

The foregoing treatment of the experimental 
data is an approximate one, but sufficiently 
accurate for present purposes. It should be 
noted that k,, k,, k,, and k, are not simple rate 
constants but are effective mean values appro- 
priate to the actual distribution of translational 
energies of atoms in the system. The latter is a 
complex function of the original distribution 
formed in the photolysis, the energy-loss pro- 
cesses (reactions 3 and 5 )  which reduce the 
translational energy towards its thermal equil- 
ibrium value, and the reactions, 2 and 4, which 
remove atoms from the system. The IRP is the 
average probability that an atom will react with 

100 200 300  

C3H,'C,H'3 

FIG. 3. Plot of eq. 9 for the photolysis of NH, and ND3 
at 2139 A :  0 = 5 torr NH3 + 200-500 torr C3Hs, = 
10 torr NH3 + 300 torr C3H8, A = 5 torr ND, + 300 
torr C3Hs, @ = 10 torr ND3 + 300 torr C,H,. 

FIG. 4. Plot of eq. 9 for the photolysis of NH3 and ND, 
at 2139, 2062, and 1850 A. 

propane to form H, between the time of its 
formation in the photolysis and the time a t  
which its energy has been reduced to the thermal 
equilibrium value (6). The values of k,/k, 
obtained (Table 2) are in fair agreement, con- 
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BACK A .ND KODA 1391 

TABLE 2. Slopes and intercepts from Fig. 4 and derived 
rate parameters 

A a B k6lk.l 
System (A) (= k z / k 3 )  x lo3 x 103 IRP 

TABLE 3. Some comparable values of IRP from the 
literature 

Excess translational 
energy of atoms 

System (kcal/mol) IRP Reference 

D I + C Z H ,  41 .5and20 .8  0.188% 2 
D I  + C5HlZ 41.5 and 20.8 0.172% 2 

DBr + C4H10 24.4 0.296 8 
DBr + C4H10 36.4 0.364 8 
DBr + C4HI0 65.3 0.441 8 
HBr + C4Dl0 19.6 ~ 0 . 0 9 t  13 
HBr + C4D10 46 -0.1657 13 

*Estimated from values of intercept 
7Estimated from published figure. 

sidering the errors and approximations in- 
volved, with a value of about 0.6 x 10 , for H 
atoms which may be extrapolated from Yang's 
measurements (16). I t  is interesting to note the 
inverse isotope effect of about 2.7 in the k,/k,  
ratio. Since one expects a normal isotope effect 
in both reactions, the inverse effect in the ratio 
must arise from a difference between the two, 
which probably implies a quite large normal 
isotope effect in the addition reaction. 

The present results provide strong evidence 
for the formation of translationally hot hydrogen 
atoms in the photolysis of ammonia. The values 
of the IRP  obtained are lower than those re- 
ported for other hot-atom systeins (Table 3), so 
that the latter cannot provide an  accurate 
calibration for the present system. A comparison 
of the data, however, suggest that the highest 
values of the IRP  observed (at 2139 A) must 
correspond to translational energies of no more 
than 20 kcal/mol and probably rather less; this 
may be compared with a theoretical rnaximum 
value of about 26 kcal/mol. The most striking 
feature of the data in Table 2 is the decrease in 
IKP, and thence presumably in the translational 
energy of H or D, with decreasing wavelength. 
This result was unexpected and difficult t o  

explain, and will be seen to lead to important 
conclusions about the mechailism of the pre- 
dissociation. I t  is not an artifact of our treatment 
of the data; it is evident from the simple ex- 
perimental results in Fig. 1 that hydrogen atoms 
are more easily scavenged by ethylene a t  the 
shorter wavelengths. While the uncertainty in 
the data at  2062 and 1850 is considerable, the 
downward trend in the IRP  seems well beyond 
the limits of experimental error. 

The values of the IRP  are closely similar in the 
NH, and ND, systems, with those in the latter 
perhaps falling off significantly faster with de- 
creasing wavelength. The maximum energy 
theoretically available for translational excita- 
tion of H and D is almost the same, so that the 
similar IRP values imply small isotope effects in 
the k 2 / k 3  ratio. Since both reactions 2 and 3 
might be expected to show sizeable isotope 
effects, these must approximately cancel in the 
ratio. 

The Mechanisnz of the Pretlissociation 
There has been some uncertainty about the 

electronic structure of the first excited singlet 
state, A", of ammonia and the mechanism of its 
predissociation (17-20). It has been shown that 
the A"-state is planar (D,,) with electronic 
symmetry A,". It is agreed that it is formed by 
excitation of a lone-pair electron to an orbital of 
a,' symmetry and thus has an  electron con- 
figuration . . . (2a11),o ,-,. (leO4o ,-,. (1 a2")lz. 
(3a,7.  The uncertainty has concerned the 
identity and nature of the 3a,' orbital. As 
Walsh and Warsop pointed out (17), there will 
be two valence-shell orbitals (i.e., derived from 
the2p orbitals of N), essentially antibonding (o*:), 
complimentary to the bonding 2a1' and le' 
orbitals, and the lowest of these will be of a a,' 
symmetry. There will also be a Rydberg orbital, 
again of a,' symmetry, derived from and closely 
resembling the 3s orbital of the N atom. Walsh 
suggested that the A"-state was tlie Rydberg 
state formed by excitation of a lone-pair electron 
to this orbital and that it was predissociated by 
interaction with the o'% state forined by excita- 
tion to the o" orbital. Others (18, 19) have 
argued that there is only one orbital of a,' 
symmetry expected at  this energy level, and 
therefore only a single excited state. Robin (20), 
however, has discussed such "conjugate pairs" 
of Rydberg and valence-shell orbitals in some 
detail, and it seems clear that there should indeed 
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be two distinct orbitals, both with a,' symmetry 
and having very similar nodal structure; the 
bonding properties however will be quite 
different. with the Rydberg orbital almost non- 
bonding and the oq orbital strongly anti- 
bonding. 

While the existence of two distinct orbitals, 
Rydberg and o*, seems clear, they are probably 
very strongly mixed in the A"-state (20). Calcula- 
tions by Horsley and Flouquet (21) for example 
indicated a state largely Rydberg in character at  
small H-NH, displacements and mostly o" 
as the H-NH, bond is stretched. Thus the two 
states interact so strongly that the crossing will 
be totally avoided, and the predissociation 
cannot be described as that of one state by 
another, but rather as the homogeneous vibra- 
tional predissociation of a single state (Herz- 
berg's Case IT predissociation (19)). This de- 
scription of the A"-state is in accord with the 
fact that it is strongly bound with respect to 
symmetric bending; vibrational structure arising 
from excitation of v,' remains well defined 
throughout the absorption band, showing in 
fact slight negative anharmonicity (17) and a 
value of v,' not greatly reduced from that in the 
ground state. The symmetric stretching vibration 
is also probably excited in the transition (22, 23). 
Yet the molecule is strongly predissociated even 
from the (0000) level. The description is also in 
accord with the observation that the A"-state is- 
much less subject to pressure broadening than 
would be expected for a pure Rydberg state 
although showing typical Rydberg behaviour in 
some other respects (20). 

Any model for the predissociation of the 
A"-state must take into account the following 
observations : 

(I) Decomposition into NH,  + H occurs 
with a quantum yield of one from all levels of the 
A"-state. Lifetimes of 2 and 7 ps can be estimated 
from linewidths (1 8, 23) for the (0000) and (0100) 
vibrational levels of ND,, i . r . ,  the (0000) level 
decomposes faster than the vibrationally excited 
(0100) level. Higher levels of ND,  are all much 
shorter lived, while the longest lifetime of ally 
excited level of NH, must be less than about 
0.5 ps. The lifetimes of ND, in its two lowest 
levels are short but nevertheless correspond to 
many vibrations of the molecule; there must 
therefore be a potential well of appreciable 
depth in the D-ND, co-ordinate. 

(2) There is a very large intramolecular isotope 
effect in the decomposition of NH,D and 
NHD, from v,' = 0 and I ,  favouring the 
dissociation of M; from higher vibrational levels 
a more normal value of 2 or 3 is found (1). There 
is also a very large intermolecular isotope effect 
between NH,  and ND,, again evident only in 
the lowest vibrational levels. 

(3) The present study has shown that the 
translational energy of the H or D atom pro- 
duced in the photolysis decreases with increasing 
photon energy, from 2139 to 2062 to 1850 A. 

The simplest model that might be considered 
for the predissociation is shown in Fig. 5 for 
ND,; this is very similar to that suggested by 
Douglas (18). If the potential barrier in the 
A"-state lies between 0, = 1 and v, = 2, then 
dissociation from c, > 2 would involve simple 
passage over the barrier, accounting for the 
short lifetime and the small isotope effect. 
Dissociation from 0, = 0 or  1 would have to 
occur by "tunnelling" through the barrier, a 
slower process typically associated with a large 
deuterium isotope effect, as observed. The 
observation that decomposition from the v, = 0 
level is about 3 times faster than from u, = 1 is 

FIG. 5. Model for the predissociation of the A-state of 
ND,. Correlation with products is for dissociation in the 
plane of the molecule. Energy levels are accurate, based 
on AHfo(ND,) = 46.2 kcal/mol at 0 K, and spectro- 
scopic data for the 2-?-state (18) and ND, (27). Potential 
curves are qualitative. Dotted lines represent hypothetical 
unperturbed Rydberg and o* states. 
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BACK AND KODA 1393 

most plausibly explained by the fact, first 
pointed out by Longuet-Higgins (as quoted by 
Herzberg (ref. 19, p. 466)), that dissociation into 
hTD2 and D in their ground states is vibronically 
forbidden for odd values of c,. 

While the model shown in Fig. 5 can thus 
account for most of the features of the pre- 
dissociation, it appears incapable of explaining 
the decrease in translational energy of the D or 
H atoms with increasing photon energy. It  can 
be argued that the excess energy is initially in 
the v, out-of-plane bending vibration, and on 
dissociation will tend to go into rotational and 
vibrational excitation of the ND, or NH, 
radical rather than appearing as translational 
energy of the dissociating fragments. While this 
could lead to a hydrogen atom energy almost 
independent of photon energy, it is difficult to see 
how it could yield the observed inverse de- 
pendence. The most probable explanation of the 
latter would appear to be decomposition of the 
A"-state by two channels, forming not only the 
ground-state products as shown in Fig. 5, but 
also ND,(2A,) + D. At 2139 A only the 
ground-state channel is energetically possible, 
but at 2062 and 1850 A, ND, or NH, could be 
excited to the 2 A ,  state. In the latter process 
much less translational energy could be im- 
parted to the fragments, and if this channel 
became progressively more important at  2062 
and 1850 A, the observed dependence of transla- 
tional energy on wavelength could be accounted 
for. Formation of excited ND, radicals by 
dissociation of the x-state is of course not 
allowed by the symmetry correlations shown in 
Fig. 5. These correlations however are based on 
dissociation in the plane of the molecule (18), 
and it may be questioned how strictly they 
apply if dissociation occurs out of the molecular 
plane, as appears not unlikely at  2062 and 1850 A 
when the out-of-plane vibration is highly excited 
(c, = 3 and 9 respectively). There is some quite 
independent evidence that the planar state- 
correlations are not in fact obeyed in the 
ammonia system. From Fig. 5 it is clear that 
in-plane interaction of H with NH, in their 
ground states would not correlate with the 
ground state of NH,, and one would expect the 
combination reaction to be slow, involving an 
intersystem crossing and probabiy a potential 
barrier. There is good experimental evidence 
that this and other combination reactions of NH, 

which would encounter the same difficulty are 
in fact very fast, occurring almost at  the collision 
rate. Evleth has very recently considered this 
problem (25) and has shown by potential surface 
calculations that if the interaction is not con- 
strained to planar geometry, NH, and H in their 
ground states interact on a smooth attractive 
surface to form the ground state of NH,; i . e . ,  
the A"-state and the ground state interact strongly 
near their dissociation limits and the crossing 
shown in Fig. 5 is totally avoided. A corollary of 
course is that the 2-state when not restricted to 
dissociation in the molecular plane can correlate 
with NH,(,A,) + H. This leads to a model for 
the predissociation of the x-state, shown in Fig. 
6 for ND,. which appears to offer a much more 
satisfactory explanation of the experimental 
facts. The potential curve for the A"-state is now 
determined bv the interaction of 3 electronic 
states; the  idb berg and the valence-shell states 
strongly mixed as before, and what is formally 
the ground state in planar geometry interacting 
strongly as the dissociation limit is approached, 
leading to dissociation into ND,(,A,) + D. 
The rapid predissociation of all levels of the 
A"-state with t., > 1 now has a simple explana- 
tion; if AHf0(ND2) at 0 K = 46.2 kcallmol, a 
value which can be roughly estimated from 
AHfO(NH,) at  298 K = 45.0 (26), then the dis- 
sociation limit of the 2-state lies between c, = 1 

FIG. 6. Model for the predissociation of the 2-state of 
ND,, as in Fig. 5 but with product correlations for non- 
planar dissociation. 
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and c, = 2, so that above u, = 1 the molecule 
can dissociate rapidly by a vibrational pre- 
dissociation, i.c. a simple unimolecular de- 
composition. For the v, = 0 and I levels this is 
energetically in~possible and the predissociation 
must proceed by crossing to the ground state; 
this will be slower and should show a strong 
deuterium isotope effect, as observed, as the H 
or D atom tunnels between the potential sur- 
faces. Dissociation to ground-state products 
from these levels may also be favoured because 
the out-of-plane vibration is not highly excited 
and the dissociation will therefore tend to occur 
not far out of the ~nolecular plane and to follow 
the channel predicted by the planar symmetry 
correlations. The slower dissociation from the 
t., = 1 level can probably be explained as before 
by the influence of vibronic selection rules. 

The predissociation mechanism shown in Fig. 
6 provides a reasoilable explanation of the 
translational excitation of the D or H atoins 
produced. At 2139 A the &state is excited to the 
c, = 0 level in ND, and the c ,  = 0 or 1 levels 
in NH,, in which absorption in the (0100) + 
(01'00) hot band is appreciable. Energy of 
about 28 to 30 kcal/mol is released on dissocia- 
tion to ground-state NH, + H or ND, + D, 
and from conservation of momentum a maxi- 
mum of between 25 and 28 kcal/mol could be 
converted to translational energy of the H or D 
atom. As noted earlier the present experiments 
did not permit a precise measurement of transla- 
tional energies, but it was probably something 
less than 20 kcal/moi at 2139 A. The remainder 
of the energy released may be assumed to go 
into vibrational and rotational excitation of the 
amino radical in what appears a reasonable 
partition of energy. Dissociation at  2062 
(c, = 3) to give amino radicals in the 'A, state 
can release very little translational energy, no 
more than 3 kcal/mol, and the observed reduc- 
tion in the translational energy of the H and D 
atoms can be attributed to the onset of this 
process. The fact that there is still evidently 
considerable hot-atom reaction at  2062 A indi- 
cates that some of the dissociation is still pro- 
ceeding by the lower channel. The further de- 
crease in translational energy at  1850 A suggests 
that predissociation by the lower channel corn- 
petes less and less effectively with the unimolec- 
ular decomposition as the latter becomes faster 
with increasing vibrational excitation of the 
A"-state. Little of the energy of excitation of v, 

will be converted to translational energy of the 
fragments in the latter process because in a 
unimolecular decornposition of this sort the 
molecule will tend to dissociate with minimal 
energy in the reaction co-ordinate, only slightly 
in excess of the dissociation energy. The sug- 
gested conipetition between the two dissociation 
channels call also account for the sharper fall-off 
in translation energy of I3 from ND, evident in 
Table 2;  the predissociation of ND, is slower 
than that of NH,, so that predissociation to 
ground-state products will compete less effec- 
tively with the higher-energy channel as the 
latter should show a smaller isotope effect. 

The mechanism that thus emerges for the pre- 
dissociatio~i of the A"-state may be summarized. 
Excitation to levels of v, = 0 or 1 leads to 
relatively slow predissociation essentially by an 
intersystem crossing to the ground state, yielding 
H + NH,(, B,). At levels above z;, = 1, the higher- 
energy channel leading to H + NH,('A,) becomes 
accessible, and the A"-state begins to dissociate by 
a simple unimolecular decolnposition in compe- 
tition with the lower-energy channel. With in- 
creasing photo11 energy, v, and probably v, are 
excited to higher levels, the unimolecular de- 
composition becomes faster, and the low-energy 
channel competes less and less effectively. This 
mechanism appears to offer the most plausible 
explanation of the experimental facts. It is of 
course an oversimplification of a coniplex 
system; in particular, no single potential energy 
curve such as those of Figs. 5 and 6 can predict 
the dynamics of the predissociation as the out-of- 
plane angle of the dissociation co-ordinate is 
varied widely. The latter angle may be closely 
coupled to the level of excitation of v,, and it is 
possible that the predissociation from low levels 
ofv, may approxi~nate more closely to the model 
in Fig. 5 ,  while with increasing excitation of v, 
the system will tend to follow the model in Fig. 6. 
A dynamic calculation based on potential energy 
surfaces for each level of excitation of v, and for a 
range of out-of-plane dissociation angles would 
be required to settle this question. The proposed 
mechanism predicts that emission from the ( 'A , )  
state of the amino radical should be observed at  
all excitatio~i wavelengths below about 2100 A. 
Okabe and Lenzi (24) failed to observe such 
emission, but their detection systeln was only 
sensitive to about 6000 A. For excitation at  2062 
and 1850 A, the miniluum possible wavelengths 
for NH, elnission are about 9400 and 6000 A 
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RACK AND KODA 1395 

respectively, and the Franck-Condon factors in 
the transition will shift the emission maximum 
far to the red. Observation of emission at these 
wavelengths could be difficult experimentally but 
would lend strong support to the proposed 
mechanism. Quantitative measurements of the 
emission could yield detailed information about 
the predissociation, and it is hoped to attempt 
such measurements in the near future. 
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S. I(. VIDYARTHI, C. WILLIS, and R. A. BACK. Can. J .  Chem. 55 .  1396 (1977) 
The vapor phase absorption spectra of CH,N=NH and CH,N=ND have been nleasured 

from 160-450 nm. There are three prominent features centered at  360 nm (E = 6 Ad-' cm-I), 
208 nm ( E  = 710 AI-' cn1-I), and 170 nm ( E  = 2080 M-' cm-I). The weak near-uv band is 
assigned to the \alence shell transition n* +- 11- while the tho  far-uv bands are attributed to the 
3s t n +  and 3p t n, Rydberg transitions. The band at 208 nm has resolved vibrational 
structure on the long \ravelength tail and a vibrational analysis shows the main progression 
exclted is the v,,' CNN deformation mode. 

S. K. Vruk ~ R T H I .  C. WILLIS et R. A. BACK. Can. J. Chem. 55 .  1396 (1977) 
On a mesurC, de 160-450 nn?, le spectre d'absorption en phase vapeur de CH,N=NH el 

CFI,N=ND. 11 y a trois caracttristiques principales qui sont centrees a 360 nnl ( E  = 6 h - '  
cm-I), 208 nm (E = 710 .if-' c n l ' )  et 170 nrn ( E  = 2080 L 1  ' c m  I). On a attribuC la bande 
faible dans le proche ultra-violet B Line transition de couche de \~aler,ce n* + n i  alors que les 
deuv bandes d'ultra-violet lointain sont attribuies a des trailsitions 3s +- n +  et 3p + n, de 
Rydberg. La bande a 208 nm a une structure vibrationnelle resolue sur la queue a grande 
longueur d'onde et une analyse vibrationnelle montre que la progression principale qui est 
excitie est le mode de dCformation CNN v,,'. 

[Traduit par le j o~~rna l ]  

There has been sustained interest in the ultra- 
violet spectroscopy of azo cornpounds including 
the prototype ~nolecule diimide, N2H2. Methyl- 
diirnide, CH,N=NH, is the first member of a 
series of unstable n?o~loalkyl diimides which 
have been prepared by Ackermann and co- 
workers ( I ) ,  Kosower (2),  and others. These 
con~pounds  show typical beak azo absorption 
in the near ultraviolet but their far-uv absorption 
spectra have not been reported. Methyidii~~iide 
is of particular interest as a coinpou~ld intermedi- 
ate between diilnide and azomethane whose 
far-uv spectra have both been studied in some 
detail (3-5) and the photoelectron spectrum of 
all three have recently been reported (6). 

Experimental 
Sanlples of CH,N=NH and CH,N=ND \%ere pre- 

pared as described elsewhere (7). Traces of ammonia 
mere removed by treatment with P20, .  Methyldiinlide 
decays both thermally and photochen~ically to for111 N, 
and CH,, both transparent above 160 nm so that a useful 
criterion of purity was the absence of residual absorption 
after con~plete decomposition of the sample. Absolute 
extinction coefficients were based on n~easurement of 

'NRCC No. 15799. 
ZNRCC Postdoctoral Fellow 1973-1975. Present 

address: Dolntar Research, Sennevllle, P.Q. 

final pressures of N, and CHJ;  because of the thermal 
instability of methyldiirnide and its great sensitivity to 
light, there is an uncertainty of 5 10% in these absolute 
\,slues. 

Absorption spectra above 200 nIn bvere measured in a 
Cary-15 spectrophoto~neter, and below 200 nm with a 
helium-f ushcd McPherson 0.5 n~ grating monochron~ator 
systenl using absorption cells with sapphire ~vindo~\s .  
Spectra above 200 nm were also photographed with a 
medium Hilger quartz-prism spectrograph. 

Results 
The near-uv spectrum of CH,N--NH, mea- 

sured a t  room telnperature and about 50 torr 
pressure is shown in Fig. 1 .  The molar decadic 
extinction coefficient at  the maximum at  360 nm 
was 6 5 2 M - I  cm--'.  Essentially the same 
spectrum was observed with CH,N=ND. N o  
fine structure was discernible in the spectrum of 
either compound, either in the spectrophotom- 
eter traces or in the photographic spectra o f the  
same region. The spectrum is apparently com- 
pletely diffuse,, like that of azomethane, showing 
none of the sharp vibrational structure evident 
with N2H2. 

3 A c k e r ~ ~ ~ a n n  and co-~vorkers reported faint structure 
in the near-uv band of CH,N=KH; it seems possible 
that this was due to the presence of a snlall NZH, 
impurity, as there is some evidence that this can be formed 
in the synthesis of CH,N=NH by the method employed 
(8). 
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WAVELENGTH ( n m l  

FIG. 1. Near-L!V absorption spectrum of ~nethyldiimide. 

FIG. 2. Far-LIV absorption spectrum of methyldii~nide. 

Tkvo much stronger broad absorpt~on bands 
were observed 111 the far-uv spectrum (Fig 2) 
with lnaxlma dt 208 and 172 nln, and ialuer of 
F,,,, of about 720 and 2080 M L  cm-'  respec- 
tively The band a t  208 nm shous v~bratlouai 
structure on the long-wavelength side, u h ~ l e  the 
band at  172 nni 1s completely diffuse The 208 
nm band 1s s h o ~ l n  at  h~gher  resolution In F1g ? 
for both CH,:aT--NH and CR,N=ND, exhibit- 
lng a blue s h f t  of about 2 nni on deuteriation 
The frequencies of the vrbrat~olial band maxIlna 
were ~neasured f ~ o m  photographic plates, callb- 
rated wlth a standard Iron arc. and are llsted :n 
Tables 1 and 2 for CH,N=NH and GH,N--ND. 

Discussion 
C/ibi.atioi~ai idnulj~~is of the 208 niz Bntxl 

The vibrational structure In the 208 a m  band 

WAVE;ENGTrl :rrr) 

FIG. 3. The 208 nrn band of methyldiimide and methyl- 
diimide-rl,; solid line, CH,N=XH; dotted line, 
CHJPd=ND. 

of CH,N=NH consists largely of a single long 
strong progressioii \\hich is eilident in Fig. 3. 
Blpo~i closer inspection of the photographic 
spectrum, however, it could be seen that this was 
overla-pped by two other weaker. progre\sians 
having the same band interval. Band frequencies 
and intervals for the three progressions are listed 
in Table 1. The first, strong progression is in 
co!umn 1 : the second, in column 2, u.as i i~uch 
weaker; while the third (colurnn 3) was weaker 
still with fewer members detectable. The average 
band interval from all three progressions is 
324 cm- l .  The spectrum of CH,N--ND foliows 
an entirely analogous pattern (Table 2) with a 
band interval of 326 ~ T I I - ~ .  Tlie considerable 
scatter in the valrLes for the intervals between 
bands for both ~l~olecules reflects the inaccuracy 
in estimating the positions of the band maxima 
for bands which were largely overlapped, often 
weak: and distorted by the sharp increase in the 
absorption with decreasing wavelength. 

The only reasonable interpretation of the 
long progressions in Tables 1 and 2 is that they 
arise from excitation of the v,, '  C N N  defornia- 
tion (bending) vibration of the upper state. In 
the ground state this has a frequency of 557 cm-I 
( I ) ,  and the observed value of 325 cn1-' repre- 
sents a very considerable reduction. Excitation 
of the equivaleilt CNN bending vibration has 
been suggested recently in the analogous transi- 
tion in azo~nethane (4), with frequencies of 470 
and 590 crnp' in tile upper and ground states 
respectively. while in both the near- (9) and far- 
(3) uv tral~sitions of N,H2: the symmetric HNN 
bending vibration is strongly excited. 

The two weaker progressions (columns 2 and 
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1398 CAN.  J.  CHEM. VOL. 55. 1977 

TABLE 1. Frequencies of vibrational band maxima for the 208 nln band of CH,N=NH, 
with intervals beta>eea bands in parentheses* 

Frequency for c15" = 

, . 
(308) 

10 46882 

Average (321) (325) (3 30) 
intervals (193) (24 1) 

*Average vl, '  = 324 cm-'; a\erage v l ; '  = 209 cm-'. 

3) are most probably hot bands arising from 
thermal excitation of v, ,", the methyl torsional 
vibration, in the ground state, which has been 
tentatively identified by Ackermann and co- 
workers (1) from comb~nation bands in the ir 
spectrum. Its frequellcy of about 170 cnl-I is 
reasonably close, within the accuracy of the two 
measurements, to the average separation of 
204 cnl-' between the progressiolls in Tables 1 
and 2, and the Boltzmann factors of -0.4 and 
-0.2 at 25°C for v,," = 1 and 2 are in approxi- 
mate accord with the relative i~ltensities of the 
three progressions. Spectra measured at 85°C 
showed no marked change from room tempera- 
ture, which is not incompatible with the presence 
of v,," hot bands, since the expected increases 
of about I0 and 30% in these weak, overlapped 
bands 111 the secoild and third progressions would 
have been difficult to detect. This probably does 
rule out the alternative posslbil~tp that the weak 
progressions arise fro111 thermal excitation of 
v,," in the ground state; the average interval 
between the progressions could be 204 + 325 = 
529 cm-l,  not far from the infrared value of 557 

for v,,", but raising the temperature to 85°C 
should have increased the intensity of the 
v,," = 1 hot bands by 5047, and increased that 
for c,," = 2 by a factor of 2.5, which should 
have been detected. It also does not appear 
reasoilable to assign the weak progressions to 
excitation of a second vibration, the N-N 
stretch for example, in the excited state, as this 
would require displacement of the progressions 
relative to one another in an impossible manner. 

Values of c,,' in Tables 1 and 2 have been 
assigned on the assumptioll that the first bands 
111 the first two progressioils in each case corre- 
spond to c,,' = 0 corresponding to band origins 
of 43 675 and 43 668 cin-' for CH,N--NH and 
CH,N=ND respectively. This is probably cor- 
rect, as no other bands could be detected at 
longer wavelengths, but must be regarded as still 
solnewhat tentative. 

Assignnlent of the Electronic Transitions 
By analogy with the equivalent absorptions in 

trat~s-N,H, (h,,,, = 365 nrn (9)) and ill frans- 
azomethane (A,,,, = 340 nm (lo)), the weak 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



VIDYARTHI ET AL. 1399 

TABLE 2. Frequencies of vibrational band maxin~a for the 206 nm band of CH,N==ND, 
with intervals betmeen bands in parentheses- 

Frequency for zs,," = 

0 43668 (203) 43465 
(343) (319) 

1 4401 1 (227) 43784 
(330) (344) 

2 44341 (21 3) 44128 
(3 10) (339) 

3 4465 1 (1 84) 44467 
(338) (317) 

4 44989 (205) 44784 
(310) (321) 

5 45299 (194) 45105 
(3 19) (348) 

6 45618 (1 65) 45453 
(316) (304) 

7 45934 (177) 45757 
(305) (335) 

8 46238 (146) 46092 
(361) (308) 

9 46599 (199) 46400 
(332) (334) 

10 46931 (197) 46734 
(301) 

11 47232 

Average (324) (327) 
intervals (192) 

*Average v,,' = 326 cm-I ;  a\erage v15 = 209 cm-I. 

TABLE 3. Rydberg term values and quantum deficiencies (6) in CH3N=NH and CH,N=NCH3 

Compound 

Absorption Term Quantum Extinction 
maximum valuea deficiency coefficient 

(nm) Assignment (cm - l) (6) ( M - I  cm-l) 

"Derived from E;;:; - 15:;~~ -- R/(n  -- 6)2 where Ef,'f; is the vertical IP taken from photoelectron spectrum (6) and E::,, is maximum of uv 
absorption. 

These  assignments are taken from Robin ( 5 ) .  
"See ref. 12. 

structureless band in methyldiimide with h,,, = 

360 nm can comfortably be assigned to the 
n* + n +  transition. 

The two far-uv absorption bands can probably 
be assigned respectively to 3s c n +  and 3p c n + 

Rydberg transitions. The term values and quan- 
tum defects, given in Table 3, are what would be 
expected and agree closely with those derived 
from the absorption spectra of azornethane for 
which Robin (5) convincingly argues that the 

first two short wavelength absorptions (weak 
shoulder with En,,, = 44 100 c m p l  and strong 
band with Em,, = 54 000 cm-l)  are Rydberg in 
nature. The very different relative intensities for 
the absorption due to the 3s + n +  transition in 
azornethane and methyldiimide is as expected. 
The transition is g + g parity forbidden for 
C,, symmetry (azomethane) but fully allowed 
for CS symmetry (methyldiimide). Although the 
second short wavelength band in methyldiimide 
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1400 CAN J CHEM VOL 55 1977 

centered around 170 nm fits very well with the 
assigninent to the 3p + ilr transition, involve- 
ment of the valence shell transition n* + 11- 

cannot be ruled out. T1:e observed band maxi- 
mum is Em,, = 58 000 cm-'  which is very close 
to  that predicted for the ' (nv  t n-)  transition 
in diimide (11). It has been recently suggested 
(6) that the 170 nni band in N,H, can be assigned 
to the 3p + n +  Rydberg transition. 
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Solvent eBect correlatiorls and the mechanism of sslvoIysis 
of alkyl chlososullfates' 

ERWIN BUNCEL, J .  PETER MILLINGTON, A N D  JAMES F.  WILTSHIRE 
Depur trnent of Clzernl~tr-), Queen' r Urrrl er Arty, Klt~gaton, Otlt , Cnnndu K71 3N6 

Recelved September 15, 1976 

ERWIN BUXCEL, J. PETER MILLINGTOK, and JAMES F. WILTSHIRE. Can. J. Chem. 55. 1401 
(1977). 

The rate of hydrolysis of the series of alkyl chlorosulfates ROS0,Cl (R = ethyl, n-propyl, 
isobutyl, neopentyl) has been measured as a function of solvent conlposition in dioxane-mater 
media. The solvent effect is examined from the viewpoint of dielectric constant, so l~at ion 
number, and solvent ionizing power. The results point to a contirluous variation of solvolytic 
mechanisms (from S,2, through borderline, to S,1) along the series. The correlations are also 
considered with respect to the 'entropy criterion' for multiple bond scission previously advanced 
for solvolysis of the alkyl chlorosulfates. Solute-solvent interactions are identified as a possible 
alternative origin of the abnormally large AS"  values observed in chlorosulfate solvolysis. 

ERWIN BUNCEL, J. PETER MILLINGTOS et J ~ h i t s  F. WILTSHIRE. Can. J. Cheru. 55. 1401 (1977). 
On a rnesure les vitesses d'hydrolyse d'une serie de chlorosulfates d'alkyles ROSC0,CI (R - 

Cthyle, rz-propyle, isobutyle, neopentyle) en fonction de la composition du solvant dans un  
milieu dioxanne-eau. On a examine I'effet du solvant a partir du point de vue de la constante 
diklectrique, du nombre de solvatation et du pouvoir ionisant du solvant, Les resuitats indiquent 
qu'il y a une variation continue des rnecanismes de solvolyse (a partir de SN2 et passant par des 
cas intermediaires jusqu'a S,1) tout le long de la serie. On considere aussi des correlations par 
rapport avec le 'critere d'entropic' pour les scissions dc liens multiples qui ont et6 proposC 
anrerieurement pour la solvolyse des chlorosulfates d'alkyles. On a identifii les interactions 
solutC-solvant comme une origine alternative possible pour les valeurs de AS' qui sont 
anormaleeent grandes et qui ont CtC observees pour la solvolyse des chlorosulfates. 

[Traduit par le journal] 

Although many discussions of solvent effects 
on  reaction rates of nucleophilic substitution 
processes have been reported, systematic in- 
vestigations of reaction series are relatively few 
in number (1-5). Previously we reported on the 
mechanism of solvolysis of a series of primary 
alkyl chlorosulfates, ROS02Cl,  in aqueous 
dioxane (6-8). A normal mode of solvolysis, that 
is bimolecular or  unilnolecular displacement on  
carbon with -OS02Cl  as the leaving group, was 
indicated by (i) the effect of nucleophiles on the 
rate of hydrolysis of rz-propyl chlorosulfate; (ii) 
the observation of a large lyate ion effect 
(ko,-lk,,, = 380) for n-propyl chlorosulfate 
but an absence of a lyate ion effect (ko,-lk,,, = 
1) for neopentyl chlorosulfate; (iii) the occur- 
rence of rearrangement in the hydrolysis of neo- 
pentyl chlorosulfate; (iv) the relative reactivities 
of the series of primary alkyl chlorosulfates 
(methyl > ethyl > n-propyl > isobutyl > neo- 
penryl). These observations were in accord with 
the solvolytic transition states 1 and 2 (uni- and 

'Bond scission in sulfur compounds. Part XI. For 
part X see ref. 42. 

bimolecular mechanisms, respectively, with N u  
as the nucleophilic species). However, the ob- 
servation of 'abnormally' large entropies of 
activation suggested that ternary fission (frag- 
mentation (9)) -as occurring, i.e. transition 
states 3 and 4 with both carbon-oxygen and 
sulfur-chlorine bond weakenings. 

Further work has been undertaken in order lo 
obtain additional information on the nature of 
the solvolytic mechanism of alkyl chlorosulfates, 
and to  shed light on the validity of the entropy 
criterion of fragmentation. The present paper 
describes the results of the application of solvent 
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TABLE 1. Rates of hydrolysis of alkyl chlorosulfates at  25'C as function of water molarity, dielectric 
constant, and solvent ionizing power 

[Hz01 k x lo4 AH" AS' (25'C) A F *  (25'C) 
ROSOzCl (h i / l )  cQ Y b  s s l  (kcal) (eu) (kcal) 

Ethyl 10.00' 8 . 7  - 1.04 
14.97 15.0 -0.23 
19.95 22.3 0.40 
29.93 38.0 1 .55 
34.91 46.0 1.91 

Isobutyl 10.00' 8 . 7  -1.04 
19.90 22.2 0.40 
29.83 38.0 1.54 
42.00 55.5 2.27 

Neopentyl 9.93' 8 . 6  - 1.04 
19.85 22.2 0.40 
29.99 38.0 1.55 
43.00 57.7 2.31 

OData from ref. 43. 
bFroln ref. 33a. 
=From ref. 7. 

effect correlations to the problem. Related 
mechanistic studies of chlorosulfates have been 
reported from this as well as other laboratories 
(10-12). Solvolytic studies of sulfonyl chlorides 
(1 3-16) also have a bearing on this work. 

Results and Discussion 
In Table 1 are presented the data for the con- 

ductimetrically determined rates of hydrolysis of 
ethyl, n-propyl, isobutyl, and neopentyl chloro- 
sulfate in various dioxane-water media at 25°C. 
In the ensuing discussion, the influence of solvent 
composition on velocity of reaction will be con- 
sidered from the following viewpoints: (I) 
electrostatic theory; (2) solvation numbers; (3) 
solvent ionizing power. The information derived 
from these treatments will then be considered 
with respect to the abnormal AS* values which 
have been observed for this reaction series. 
Finally, we will consider the application of the 
AS* criterion in other systems. The availability 
of comparable data in the literature on the 
response of reaction rates to medium changes 
serves as a useful reference point in interpreta- 
tion of the present results. 

Cowelations with Dielectric Constant 
According to electrostatic theory of reaction 

kinetics, the velocity of a solvolytic reaction 

should increase with increasing dielectric con- 
stant of the medium (17-20). For an S,1 reaction 
occurring in a medium of dielectric constant E 

the electrostatic component of the free energy of 
activation, AG,,*, is given by (20) [112 in which 
o is the separation of charges z,e and z,e in the 
quasi-ionic activated complex, which is assumed 
to be in the form of a double sphere with radii 
r, and r,: 

For the simplified case that r, = r, = r, o = 
2r and z, = 1, z, = - 1, this expression reduces 
to 

Equation 2 predicts that a linear plot will result 
between the logarithm of the rate constant and 
the reciprocal of the dielectric constant, with 
slope e2/2r. In practice such plots are somewhat 

'Equation 1 corresponds to  the 'double sphere' model 
of ref. 20, which is deemed to be more applicable to the 
present problem than the 'single sphere' model (20). The 
final expressions for the two models, however, only 
differ by a sn~all numerical factor. The derivations are 
based on the assumption of a continuous dielectric 
medium (cf. ref. 21). 
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B U N C E L  ET AL. 1403 

FIG. 1.  Correlation between the logarithm of the rate 
constant arrd the inverse of the dielectric constant for the 
hydrolysis of alkyl chlorosulfates in dioxane-water 
mixtures. 

curved, the slope decreasing in the region of low E 

values, and it may be suggested that this is 
caused by the intrusion of S,2 character in 
media of low polarity. 

The log k us. 1 / ~  plots for solvolysis of the 
alkyl chlorosulfates are presented in Fig. 1. The 
plots reveal a family of curves with increasing 
dependence of rate on dielectric constant, the 
dependence being least for ethyl chlorosulfate 
and greatest for neopentyl chlorosulfate. This 
behaviour can be rationalized by the designa- 
tion of a bimolecular (S,2) and a unimolecular 
(S,l) mechanism to the two extreme types of 
behaviour, with a borderline o r  intermediate 
(S,1/2) mechanism in between. Specifically, the 
increments in the magnitudes of the initial slope 
values along the series (Table 2) are indicative of 
the following operative mechanisms : bimolecular 
for ethyl and n-propyl chlorosulfate, uni- 
molecular for neopentyl, and intermediate for 
the isobutyl compound. 

Table 2 presents, in addition to data for the 
chlorosulfate series, the slopes of log k us. 116 
plots and the derived r ,  values (20) for solvolysis 
of some alkyl haiides, based on measurements 

TABLE 2. Dielectric constant correlations: com- 
parison of slopes and r - ,  valuesa 

d(1og kjld (1/&j r i  (A) 

EtOS02C1 -11 .8  9.74 
n-PrOS02C1 -14 .0  8.21 
i-BuOS02C1 -29.5 3.90 
neoPeOS0,Cl -40.5 2.84 
EtBr - 122.1 1 .OO 
tcrt-BuC1 -- 423.5 0 .29  
tert-BuBr -238.4 0 . 5 1  

"Calculations according to ref. 20; the data for EtBr, 
ter-t-BuC1 and tert-BuBr are taken from refs. 20 and 22c. 

in the high dielectric constant region of aceto~le- 
water mixtures (22c). The larger r, value for 
ethyl bromide compared with the tert-butyl 
halides is in accord with the bimolecular 
mechanism of solvolysis. Comparison of the 
data for the chlorosulfates with those for the 
allcvl halides shows that for the former the 
slopes are much smaller and the r, values are 
much greater. 

The large r, values for the chlorosulfate series 
are consistent with the proposal of multiple bond 
scission in the transition state. The ion pair 
formed by ternary scission, [Rf SO, CI-1, would 
have the ionic species separated by a greater 
distance than in the case of a simple ion pair 
such as [R'Cl-1; this would lead to a greater 
effective radius of the activated complex and 
hence a larger apparent r, value for chlorosulfate 
solvolysis. Hence, according to  this treatment the 
reason for the smaller slope in the log k W. 116 
plot for neopentyl chlorosulfate as compared to 
the tert-butyl chloride or  bromide case is a 
greater effective r, value due to multiple bond 
scission. For ethyl and n-propyl chlorosulfate 
the r, values appear to be unreasonably large, 
but this is probably an  artifact of the model used, 
as it is noted that [ I ]  is not strictly applicable to 
the bimolecular mechanism of solvolysis. 

A weakness of the electrostatic model is that 
it treats the medium as a continuous dielectric 
and thus ignores the operation of specific solute- 
solvent interactions. Alternative approaches 
employ empirical solvent parameters, and since 
these are based on selected model processes 
(e.g., the solvolysis of tert-butyl chloride), they 
can serve as  robes of solute-solvent interactions. 
An investigation, using these alternative ap- 
proaches, of the solute-solvent interactions in 
the hydrolysis of alkyl chlorosulfates is given 
below. 
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TABLE 3. Compariso~~ o f  solvation llumbers and AS* values for chlorosulfates and other alkyl 
derivatives in aqueous dioxane or aqueous acetone" 

- 
AS * Temperature 

n (eu) Medium ('G) Reference 

Ethyl chlorosulfate 1 . O l  -26.0 aq. dioxane 25 This work 
n-Propyl chlorosulfate 1.10 -24.0 aq. dioxane 25 This work 
Ethyl bromide 2.3 - 37 aq. acetone 25 220 
Methanesulfonyi chloride 2 .4  - 30 aq. dioxane 25 14b 
Ethanesulfonyl chloride 2 . 6  - 37 aq, dioxane 25 14b 
Ethyl benzenesulfonate 3.3 - 20 aq. dioxane 25 22b 

i-Butyl chlorosulfate 1.81 -15.5 aq, dioxane 25 This work 
i-Propyl benzenesulfonate 4 .3  - 14 aq. dioxane 25 22b 

Neopentyl chlorosulfate 2.86 0 .1  aq. dioxane 25 This work 
a-Pheaylethyl chloride 4 .7  - 16 aq. dioxane 50 33b 
feit-Butyl bromide 5.7 - 14 aq. acetone 25 22c 
Benzhydryl chloride 6 . 3  - 15 aq. acetone 50 33cl 
tert-Butyl chloride 6 .7  - 12 aq. dioxane 50 330 

"Solintion nilnibers ( 1 1 )  are deri\ed f?om kinetic data  (via 131) o\er  a range of sohen t  compositions, \%bile AS* 
\ 'aii~es r e k r  t o  media n i th  a 10 M water conteiir. 

Solcation Ar~imbei.s 
Solvation numbers, n: derived from [3] in 

which k ,  is the nleasured pseudo first-order rate 
constant. habe been obtained for many hydrolytic 
reactions in dioxane-water or acetone-water 
r n i x t u r e ~ . ~  Although for a number of reasons 
i? cannot be directly equated with molecularity 
with respect to water (e.g., use of activities rather 

[3] log k ,  = log k '  + 12 log [H,O] 

than concentrations leads to much steeper 
curves), nevertheless values of 17 provide a useful 
empirical criterion of mechanism (22-26). Thus 
uniinolecular solvolysis is associated with larger 
solvation numbers than bimolecular solvolysis. 
The data in Table 3 show that for comlnon alkyl 
derivatives tz is typically 5-7 in unimolecular 
solvolysis and 2-3 in bimolecular s o l ~ o l ~ s i s . ~  
These results may be attributed to a specific 
solvation of the transition state by the water 
molecules, bearing in mind that in the uni- 
lnolecular meclianism the carbonium ion is 
forrned within a solvation shell of water. The 
critical number of water i~~olecules required in 
the unimolecular mechanism will be greater than 
in the bimolecular mechanism, since in the latter 
case the role of water molecules is limited to 

The log k cs, log [H,O] plots for the alkyl 
chlorosulfates (Fig. 2) are linear; the derived I? 

values are given in Table 3. The striking aspect 
about the data of Table 3 are the low n values 
for the alkyl chlorosulfates. I t  appears that in 
the chlorosulfate series the bimolecular mechan- 
isin is associated with n = 1 and the unimolec- 
ular mechanism with M = 3. It has been noted 
previously (24, 27) that substrates which are 
highly solvated due to hydrogen bonding require 
fewer additional water molecules in solvation of 
the transition state: so that a lesser degree of 
solvent reorganization is entailed. This could 
provide a possible explanation for the low 
solvation numbers with the alkyl chlorosrilfates 
since the polar OSO,CI group is expected to be 
extensively solvated.' For  ethyl or  12-propyl 
chlorosu!fate the inolecules of water which would 
solvate the departing afiion are already present 
in the initial state and only one additional water 
molecrrle is needed to act as the nucleophile in 
the displacement process. Similarly, the uni- 
molecularly reacting neopentyl chlorosulfate 
would require the reorganization of fewer water 
molecules in comparison with iert-butyl chloride, 
for example, which should be reflected in a 
smaller 11 value, as is observed. 

solvation of the incipient anion and to nucleo- 
117- Y Correlations 

philic participation. A plot of log k c ~ .  Y, the solvent ionizing 

3Aiternative derivations o f  solvation numbers are 
given by Moelwyn-Hughes (23) and by Kohnstam (24). 5A dissection o f  the initial state and the transition state 

"In Table 3 reactions which can be supposed to  proceed solvation terms is possible through measurement o f  
by the SN2, an intermediate (S,iiZ), and the SN1 rnech- thermodynamic transfer functions (29-32). 
anism have been grouped together. 
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BUNCEL ET AL. 1405 

Frc. 2. Correlation between the logarithm of the rate 
constant and the logarithm of the water molarity for the 
hydrolysis of alkyl clilorosulfates in aqueous dioxane. 

powel (33a), for the serles of alkyl chlorosulfates 
1s shown 111 Flg. 3. The slln~larity with the log k 
zv. log [H,O] plot (Fig 2) 1s str~klng However, 
the s ~ ~ n ~ l a r l t y  IS a consequence of the fact that, 
for  the solvent ra11ge under conslderatlon. Y 1s 
linearly related to  log [H,O]. The derlved \slues 
of 11.2, the substrate constant, are shown In Table 
4 together wlth corresponding values for other 
alkyl derivatives, which were taken dlrectly from 
the sources quoted or calculated from data 
thereln 

The rn values for the chlorosulfates are seen to 
be generally lower than for other alkyl deriva- 
tives solvolyzing by a particular mechanism. For 
S,2 solvolysis in the chlorosulfate series nz - 
0.2, compared with 0.3-0.4 for the arenesulfon- 
ates and halides. For S,1 solvolysis m - 0.5 for 
the chlorosulfates, 0.5-0.7 for the arene- 
sulfonates, and 0.9-1.1 for the halides. The 
obvious deduction is that tile chlorosulfates 
are less dependent on the inonizinp power of 
the mediu~n than are other alkyl derivatives. 
This could be interpreted to mean that the 
chlorosulfates fit into the part of the mechanistic 
spectrum between S,2 and the borderline re- 

FIG. 3. Correlatlo~l between the logarithm of the rate 
constant and the medium ~ o n i z ~ n g  poner Y for hydrolysis 
of alkyl chlorosulfates in aqueous dioxane. 

gion. However, such an  interpretation is con- 
trary to previous conclusions (6-8). 4 more 
plausible explanation is cot~iiected with the 
1o.w solvation number values. Since Y and log 
[H,O] vary correspo~ldingly over the range of 
solvent composition studied. the relative in- 
sensitivity of solvolysis rates of the alkyl chloro- 
sulfates to the ionizing power of the medium 
appears to be due to the more extensive solvation 
of the initial state.6 The relevance of this 
solvation factor to AS*  in chlorosulFate sol- 
volysis is considered in the next section. 

AS* itz Clzlorontljde S o l ~ o l y s i ~  : Multiple Bo17d 
Scission c ~ .  Itzitiul State Sol~ation 

In our first investigation of the solvolys~s of 
the alkyl chlorosulfates, the discovery of 
ab~lorrnally large AST values led to the proposal 
of multiple bond scission (7, 8). It appeared 
plausible that AS' could provide a criterion of 
the concerted fragmentation path\+ay, due to the 

6Similarly, the lower t17 values observed for alkyl 
arenesulfonates in comparison with alkyl halides are in 
accord with a greater solvation of the initial state in the 
former series (27); see, however, ref. 28 for the possible 
effect of neighbouring group participation on nz values. 
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TABLE 4. Comparison of m values for solvolysis of chlorosulfates and other alkyl 
derivatives in aqueous dioxane and aqueous acetone 

nz T ("C) Medium Reference 

Ethyl chlorosulfate 0.178 25 aq, dioxane This work 
n-Propyl chlorosulfate 0.209 25 This work 
i-Butyl chlorosulfate 0.345 25 This work 
Neopentyl chlorosulfate 0.523 25 This work 
Methanesulfonyl chloride 0.332 25 14b 
Ethanesulfonyl chloride 0.372 25 14b 
Ethyl bromide 0.339 25 aq, acetone 22c 
Ethyl benzenesulfonate 0.440 25 aq. dioxane 228 
i-Propyl benzenesulfonate 0.707 50 228 
p-Methoayneophyl tosylate 0.560 25 33e 
[err-Butyl chloride 1 ,007 50 330 
r/.-Phenylethyl chloride 1.136 25 330 
Neophyl chloride 0.961 50 33c 
Neophyl bromide 0.925 50 aq. acetone 33c 

increase in the degrees of freedom expected in 
the transition state of a process involving the 
formation of several particles. In the pre5ent 
study support has been obtained for the above 
proposal by application of an electrostatic 
treatment to the effect of solvent composition 
on the rate of reaction. The treatment shows in 
effect that chlorosulfate solvolysis is character- 
ized by the large r+ values ~ h i c h  would be 
expected if lnult~ple bond scission were operatile 

It now becomes p e ~ t ~ n e n t  to  consider the 
alternate possibility that the large ~ n ~ t i a l  state 
solvation of the alkvl chlorosulfates. which is 
reflected ill low substrate \ d u e s  (n?) and 111 srnall 
solvatlon nun~bers ( 1 1 ) .  i n~gh t  be lespons~ble for 
the abnornlally lalge entrop~es of a c t ~ ~ a t l o n  
characteristic of chlorosulfate solvolysis Solva- 
tlon numbel s reflect the degree of reorgan~zation 
of solkent molecules necessary in the formation 
of the transition state: the greater the solvent - 
reorganizat~on, the more negative mrght AS* be 
expected to be (27, 34). Hence the abnormally 
aositive AS= \ d u e s  for chlorosulfate solvolvsis 
might be considered to be due to the relatively 
small solvation numbers. The literature data for 
a number of alkyl derilatives g i ~ e n  in Table 3 
can be interpreted on that basis. It is seen that 
w~th in  each of the S,2 and S,1 loupir lgs  the 
abnormally posltlve (or less negative) AS= values 
for the chlorosulfate derivatives are indeed 
paralleled by relati\-ely small n values. This 
parallelism between AS* and n values supports 
the contention that the abnormal values ex- 
hibited by the chlorosulfate derivatives inay 
arise from the same factor, i.e. extensive initial 

state solvation. I t  is noted that this correlation 
is not obscured by the different ranges of AS* 
values which are characteristic of the S,I/S,2 
pathways. Thus it is found that initial state 
solvation is in fact a reasonable alternative origin 
of the abnormal AS* values in chlorosulfate 
solvolysis. 

At present a choice between the alternatives of 
multiple bond scission or initial state solvation 
(or the further possibility that both are operative 
factors) cannot readily be made. The major 
drawback is that there is no  independent 
criterion for fragmentation in the solvolysis of 
chlorosulfates, such as could be provided by the 
measurement of kinetic isotope effects or A V *  
values (tide itlfi.0). Furthermore, the differing 
viewpoints held by different workers (1-5) on 
solvation effects in solvolytic processes attest to 
the intrinsic difficulty in correlating inore 
quantitatively AS* and 12 values in solvolytic 
processes. 

The Application o f  the AS* Frugt?let~tation 
Criterion it? Orher Sj.sterns 

Since the entropy of activation criterion was 
first proposed as a result of our investigation of 
chlorosulfate sol~~olysis (7, 8) several studies 
have appeared in the literature (35-39) relating 
to application of this mechanistic criterion to 
other systems. Of closest analogy are the studies 
with the structul.ally related chloroforrnates (36) 
and chlorosulfites (37). The entropy of activation 
for the solvolysis-decomposition of I-adamantyl 
chloroformate in 80:% aqueous ethanol has been 
found to be 16-20 eu more positive than cor- 
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responding values for solvolysis of 1 -adarnantyl 
halides in this solvent (36), in accord with an  
ionization-fragmentation process : 

- C 0 2  
R' C02 CI- -------t Product, 

The cleavage reaction of cyclic ethers by alkyl 
chlorosulfites in benzene proceeds with a more 
positive AS* (10-20 eu) compared with ana- 
logous S,2 displacements and this has been 
interpreted on the basis of the fragmentation 
mechanism in [5] which entails simultaneous 

fission of C-0 and S-CI bonds (37). Forma- 
tion of incipient SO, in the transition state is 
considered to provide substantial driving force 
for the reaction. In  view of the results obtained 
in the present study, an  investigation of the 
importance of solvent effects in the systems [4] 
and [5]  would be in order to ascertain whether 
solute-solvent interactions could provide a valid 
alternative explanation of the abnormally large 
AS* values. 

The point was made previously by us that in 
certain structural situations the parallelism 
between fragmentation and abnormal AS* 
values is not expected to hold.7 It has also been 
noted that  the nature of the leaving group can 
have a marked effect on entropies of activation 
and hence on the interpretation of abnormally 
large AS* values (40) .~  Especially important in 

71t was noted (39) that it is conceivable that multiple 
bond fission may create steric restrictions in the transition 
state, as in the case of a departing phenyl group which 
stabilizes the transition state by charge delocalization and 
is consequently restricted to a given spatial orientation 
(38). In such cases unusually high entropies of activation 
would, of course, not be expected; in fact AS' values 
sn~aller than the normal size may result from the reduction 
in internal degrees of freedom in the transition state. 

sD. W. Kevill, K .  C. Kolwych, D. M. Shold, and 
C.-B. Kim, unpublished results quoted in ref. 40, 
footnote 218. 

this regard is the study of le Noble et al. (41), 
which relates to the colume of actitation (Av*) 
as a criterion of fragmentation. In this study it 
was stressed that beyond the intuitive nature of 
the AV' criterion, a number of relevant factors 
must be explicitly considered in the evaluation 
of any given reaction system. It is clear that such 
an  approach should also be taken when using 
the AS* criterion. 

Conclusions 
Examination of the solvolysis of alkyl chloro- 

sulfates from different viewpoints has provided 
alternative interpretations of the solvolytic 
mechanism. Application of electrostatic theory 
to the rate variation as a function of solvent 
composition in aqueous dioxane mixtures leads 
to the designation of bimolecular, unimolecular. 
and intermediate mechanistic types along the 
reaction series. Furthermore, comparison of the 
data for the chlorosulfates with those for alkyl 
halides via [ l ]  and [2] points to the operation of 
a fragmentation mechanism for the chloro- 
sulfate series, previously advanced on the basis 
of the abnormally large entropies of activation 
(6-8). However, the solvation numbers (n) 
derived via [3] are smaller than for other alkyl 
derivatives, and application of W~nstein's m- Y 
correlation also yields lower ni values for the 
alkyl chlorosulfates. It is proposed that the 
relatively small n and m values arise as a result 
of extensive initial state solvation and that the 
abnormally large AS* values in chlorosulfate 
solvolysis may also have t h ~ s  factor as origin. 
Since independent criteria of multiple bond 
fission in these and in related solvolytic processes 
are lacking, it is suggested that caution be 
exercised in appl~cation of AS' values as an 
ind~cation of the fragmentation mechanism, 
e.g.,  in reactions of chloroformates (36) or 
chlorosulfites (37). Slmilar caution has recently 
been advocated in application of volumes of 
activation as indications of fragmentation in 
solvolytic processes (41) 

Experimental 
The alkyl chlorosulfates were prepared from the 

respective alcohols and sulfi~ryl chloride as described 
previously (6) and were stored at 0-5'C. Dioxane was 
purified by refluxing over sodium and fractional distilla- 
tion. The water used was distilled and deionized using a 
mixed bed ion exchange resin. 

The kinetic data were determined conductimetrically. 
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A Phillips P.R. 9501 direct reading conductivity bridge 
was used and was coupled to a chart recorder for measure- 
ment of relatively fast reaction rates. A dip-type con- 
ductivity cell was employed. The concentration of 
chlorosulfate used was ca. 0.01 M. Reaction solutions 
were thermostatted to 10 .0 lCC.  The rate data were 
calculated as previously described (6, 7). 
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Transition metal complexes of  deprotonated 2mescaptobenaoxazole. Study of  
the thiol-thioketo form equilibrium 
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CARLO PRETI and GIUSEPPE TOSI. Can. J. Chem. 55. 1409 (1977). 
Complexes of 2-mercaptobenzoxazole (mbo) with Zn(II), Cd(II), Hg(II), Cu(I), Ag(I), Au(I), 

Ni(II), Pd(II), Pt(II), Co(II), Rh(III), and Ir(II1) were prepared and characterized. Their struc- 
tures have been assigned on the basis of chemical analysis, ir and far ir spectroscopy, electronic 
spectra, and magnetic susceptibility measurements. The ligand always bonds through both the 
sulphur and the nltrogen heteroatoms. The ligand field parameters have been evaluated and 
are in keeping with the proposed structures confirming the presence of MS2N2 and MS3N3 
chromophores. 

CARLO PRETI et GIUSEPPE TOSI. Can. J. Chem. 55, 1409 (1977). 
On a prepare et caracterise les complexes du mercapto-2 benzoxazole (mbo) avec Zn(II), 

Cd(II), Hg(II), Cu(I), Ag(I), Au(I), Ni(II), Pd(II), Pt(II), Co(II), Rh(II1) et Jr(II1). On leur a 
attribue des structures en se basant sur l'analyse chimique, la spectroscopie ir et ir lointain, les 
spectres electroniques et des mesures de susceptibilite magnetique. Le ligand est toujours 
attache par I'intermediaire des hCtCroatomes du soufre et d'azote. On a evalue les parametres de 
champ de ligands et ils son1 en accord avec les structures proposees confirmant aisni la prisence 
de chromophores MS2N, et MS,N,. 

[Traduit par le journal] 

Introduction atonls could act as bonding sites, i.e. the sulphur 
In view of the importance of the oxazole exocyclic atom and the cyclic nitrogen atom. 

group in biological systems, in industry, and in Since the lone pairs on the oxygen atom present 

medicine and as an analytical reagent (1-5) we in the skeleton of the ring are involved in the 
are interested in the study of the coordination resonating structures of the molecule, it is 
behaviour of 2-mercaptobenzoxazole (mbo). expected that it should have very weak co- 

The complexing properties of the HNCS ordinating (10). 
group with metal ions have been studied in our We present in this work the investigation of 
laboratory and we have obtained a variety of the structural aspects of the complexes of de- 
interesting complexes with the ligand acting as protonated 2-merca~tobenzoxazole with. the 
N-bonding (6, 7). The ligand exists as two Zn(lI), Cd(II), HE(II), Cu(I), AE(I), 
tautoineric conformations exhibiting thiol-thione *u(I), Ni(IJ), Pd(II), Pt(II), Co(II), Rh(III), and 
isomerism involving -N=C-SH and -NH- Ir(II1). Their structures have been tentatively 
C=S groups in a thione-thiol equilibrium: assigned on the basis of chemical analysis, ir 

and far ir spectroscopy, electronic spectra, and 
magnetic susceptibility data. 

c 

The examination of the colnplexing properties 
of the mbo ligand with metal ions is the aim of 
the present paper in order to further our present 
knowledge in the field of ligands which exhibit 
the thiol-thione equilibrium reported above 
(8, 9). 

It is possible that in this molecule only two 

Results and Discussion 
The complexes, their analytical data, room 

temperature magnetic moments, and other 
physical properties are reported in Table 1. The 
solid state electronic spectra are listed in Table 2, 
while the most important ir bands in the range 
4000-50 cm-' are listed in Table 3. The com- 
plexes are powdery and insoluble in the most 
common organic solvents. This insolubility 
suggests that these derivatives could be polymeric 
with more than one ligand molecule coordinated 
to the metal ion. Because of the general in- 
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TABLE 1. Analytical data and other physical properties 

Calculated (%) 
- 

Found (%) 
Dec. point 

Compound Colour C H X" C H Xa ("J PB 

Zn(mbo), 
C d ( n ~ b o ) ~  . H 2 0  
Hg(mbo), . 2 H 2 0  
Cumbo 
Agmbo 
Aumbo .H20  
N i ( m b ~ ) ~  . H 2 0  
P d ( m b ~ ) ~ .  H,O 
P t ( m b ~ ) ~  
C o ( m b ~ ) ~  . 2 H 2 0  
R h ( m b ~ ) ~  . 2 H 2 0  
Ir(mbo), . 5 H 2 0  

pink-white 46.0 2 . 2  
pink-white 39.0 2 .3  
white 31.3 2 . 2  
ivory 39.3 1 .9  
white 32.6 1 . 6  
white 23 .0  1 .6  
dark green 44.6  2 . 7  
hazel-brown 39.6 2 .4  
yellow 33.9 1 . 6  
turquoise 42.5 3 . 1  
orange-brown 42.8 2 . 7  
yellow 34.4 3 .0  

dia. 
dia. 
dia. 
dia. 
dia. 
dia. 
dia. 
dia. 
dia. 
4 . 4  
dia. 
dia. 

OX = metal for zinc, cadmium, and mercury derivatives; X = nitr 

solubility of the complexes, studies by such 
means as nmr, molecular weight, and molar 
conductivity measurements have not been 
carried out. 

Electronic Specfra and Magnetic Susceptibilifj~ 
Studies 

The spectral and magnetic properties of the 
complexes were studied in order to understand 
the spatial arrangement of the ligands around 
the metal ions. The derivatives of zinc(II), 
cadmium(II), mercury(II), copper(I), sllver(I), 
and gold(]) were found to be diamagnetic which 
is expected as these metal ions belong to a d l 0  
system. These metals do not show d--d transi- 
tions and therefore the stereochemistry of their 
complexes cannot be derived from diffuse re- 
flectance spectra. 

The nickel complex Ni(mbo),.H,O is dia- 
magnetic; this fact could be indicative of a 
spat~al arrangement of the mbo around the 
nickel ion in a square planar or five-coordinated 
geometry. The five-coordination should be 
possible only w ~ t h  water coordinated to the 
metal, but this fact can be excluded, because, 
from a detailed analysis of the infrared spectra, 
see below, the water observed is clearly un- 
coordinated lattice water. Furthermore, this 
water is lost at 100°C while, if coordinated, 
should be lost near 150°C ( I  I). 

The absence of electronic transitions below 
10 000 cm-' indicates very strongly that the 
spatial arrangement of the mbo around the 
nickel ion is square planar. The assignment of 
the bands in the electronic spectrum, Table 2, 
is made by assuming the convention that the 

-ogen for all the remaining derivatives 

metal x- and y-axes lie between the metal-ligand 
bonds (12). The band at 25 000 cm-' is charge 
transfer in character and not a d-d transition 
because of its high intensity. 

The calculated orbital parameter A, (13) 
from the x2 - y 2  + XJ) in-plane transition is in 
the 19 000-20 000 cm-I range, assuming reason- 
able values for the correction factor, thus placing 
the ligand in the expected sulphur and nitrogen 
donor range (14, 15). 

The magnetic moment of the inner cobalt 
derivative, 4.4 p,, lies well within the range of 
tetrahedral conlplexes (1 6) ; the turquoise colour 
of the complex also indicates the tetrahedral 
geometry of this derivative. The reflectance 
spectrum shows two bands at 7635 (v,) and 
16 890 cm-I (v,) typical of a tetrahedral con- 
figuration. It is reasonable to suppose its struc- 
ture to be that of an infinite polymer with the 
ligand forming bridges between cobalt ions. 
A similar structure has been suggested for inner 
complexes of cobalt(I1) with imidazole and 
benzimidazole (17, 18). Using the values of v, 
and v,, the ligand field parameters Dq and B' 
have been evaluated (Table 2). 

By comparison of Dq values reported for 
COL, groups, we can see that for COS, chromo- 
phores Dq lies in the range 316-425 cm-', 
while the corresponding range for CON, chromo- 
phores is 467-538 cm-I;  the complex Co(mbo), . 
H 2 0  shows a Dq value that is, using the 'law of 
the average environment', typical of a CoS,N, 
chromophore (14, 19). 

The Pd(l1) and Pt(l1) ions, with d 8  configura- 
tion, have square planar arrangements of ligand 
molecules around them in a large number of their 
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PRETI AND TOSI 

TABLE 2. Ultraviolet-visible spectra and ligand field parameters (cm-') 

Ligand fieldb 

Compound d-d Transitions Wavenumbers Parameter Value 

C o ( r n b ~ ) ~  . H 2 0  4A2(F) + 4T~(P)  
4Az(F) -+ "T1(F) 
4A2(F) + 4T2(F) 

N i ( m b ~ ) ~ .  H,O Charge transfer 
lAp -t lBlg 

P d ( m b ~ ) ~  .HZO lAp -t lBlp 

R h ( m b ~ ) ~  . 2 H Z 0  lAlg + lTzg 
l A l g  + lTlg 

QCaiculated value. 
hB is taken to be 967, 720, and 660 cm-' for the Co2 

complexes. In the electronic spectrum of the 
palladium(I1) derivative, recorded in the solid 
state as a Nujol mull, only the band at  
23 255 cm-'  can be considered a d-d transition 
of the type ' A ,  + 'B,, (x2 - J,2 + zc).). The 
value of A,, by the standard treatment, is 
26 355 cm-I  (20). Assignments have not been 
possible in the case of the platinum(l1) deriva- 
tive. 

The derivatives Rh(mbo), .2H20 and Ir- 
(mbo), . 5 H 2 0  are low-spin type (t,,6). Solid 
state electronic spectra confirm an octahedral 
symmetry of the central atom. The two observed 
absorption bands are in the ranges expected for 
the two spin-allowed transitions from the ground 
state 'A,,; the ratio v,/vl 1s 1.16 both for 
rhodium and iridium complexes. By means of 
the equations (21): 

v, = A - 4B' + 86(B')2/A 
and 

v, = A + 12B' + 2(B1),/A 

the ligand field parameters A, B', and P have 
been evaluated and have been reported in 
Table 2. The value of A is higher than those 
found for the rhodium and iridium complexes 
with sulphur containing ligands (22) and could 
be indicative of an  octahedral symmetry with 
metal-nitrogen and metal-sulphur bonds in 
polymeric ~naterials. The B' values of the order 
of 39 and 45-f the free ion value in rhodium 
and iridium derivatives, respectively, suggest a 
strong covalency in the metal-ligand o bond. 

-, Rh3', and I r3 -  free ions respecti\.ely. 

It is known that decreasi~lg values of P are 
associated with a reduction in the effective 
positive charge of the metal ion and with an 
increasing tendency to be reduced to the next 
lower oxidation state. For the second-row 
transition metals the variation of the Racah 
interelectronic repulsion parameter with cation 
charge Z* and the number q of electrons in the 
partly filled d shell, is expressed by the relation 
(21): 

This gave the effective ionic charge in the 
rhodium derivative as 0.20, considerably below 
the formal + 3 oxidation state of the metal. 

Infrared Spectra 
The infrared spectra of the complexes do not 

display the bands due to v(NH) and 6(NH), 
clearly indicating the absence of imino-hydrogen 
in these derivatives. Furthermore it is worth- 
while examining the fact that the mode of 
coordination of the ligand could be distill- 
guished by the analysis of the positions and 
intensities of the thioamide bands (23-26) and 
of the bands at  1095 cm-' and 820 cm-' 
attributed to the prevailing contribution of 
v(COC) asym~netric and symmetric, Table 3. 
The directions of the shifts of all the bands 
in the spectra of the complexes are the same 
and this fact clearly indicates that the bonding 
pattern must be the same in all the complexes. 
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D C - 0  M 3  tn5Y~-0&2, 
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Thioamide I band has a predominant con- 
tribution from v(C=N) + 6(CH), band I1 has 
a predominant contribution from v(C-N) + 
6(CH) + v(C--S), band I11 has a contribution 
from v(C--N) + v(C-.S), while thioamide IV 
has a major contribution from v(C--S). The 
major changes in the spectra of the complexes 
as compared to that of the ligand are a red shift 
of the thioamide Y band of about 20 cm-' and 
a blue shift of band 11, The thioamide I11 band 
appears unchanged at the same wavenumbers, 
while the thioamide IV band undergoes a red 
shift. 

The bands at 1095 and 820 cm- '  attributed 
to the prevailing contribution of v(C0C) 
asymnietric and symmetric are at  the same wave- 
numbers or show small positive shifts, thus 
excluding the possibility of coordination through 
the oxygen atom of the oxazole ring. 

According to literature data (8, 27-30) the 
shifts reported above clearly allow us to suggest 
both N- and S-coordination. A chelate form is 
difficult to envisage because of the high strain 
that appears from the molecular model of a 

/ \ 
four-membered ring of the type M c ,  

\ / 
N 

taking into account that the carbon and nitrogen 
atoms already belong to a five-membered ring. 

We propose, for all the complexes, a bridged 
configuration with the ligands linked to two 
different metal atoms. 

The low frequency spectral data give further 
confirmation of N- and S-bonding to the metals. 

m In the spectra of N-bonded and S-bonded com- 
2 plexes, absorptions due to v(M-N) and 
* v(M-S) are usually present in the range 350- 
Y 
h - 150 cm-'. In our spectra new bands are present 
z A in the low frequency region, Table 3, that are 

assigned to v(M-N) and v(M-S) according to 
v 

..- 
literature data for similar complexes (8, 31-41). 

0 - In all the water containing complexes, bands 
due to v(0H) and 6(HOH) are present a t  v 

* 
.C 

3500 cm-' (broad) and at  1600 cm-I (broad) 
? clearly indicating the presence of lattice water. 
5 Twisting, wagging, and rocking, vibrational - 

modes of the coordinated water are not present 
5 in the expected ranges (I  I). 
C: - 
z Conclusions 0 

It appears that in acid medium this ligand 
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PRETI A 

coordinates in the form a through the nitrogen 
heteroatom only (6, 7); when operating in basic 
medium the anionic ligand c obtained from the 
form b bonds via both sulphur and nitrogen. 
This behaviour could be explained by an attack 
of the sulphur anion, followed by the coordina- 
tion of the cyclic nitrogen. 

We can propose for the diamagnetic deriva- 
tives Zn(mbo),, Cd(mbo), . H,O, and Hg(mbo), . 
2H,O a tetrahedral arrangement of the ligand 
molecules in polymeric structures. On the basis 
of ir studies the structure of the copper(1) 
complex may be represented in the form of a 
polymeric structure through ligand bridging, 
sulphur and nitrogen bonded, in which Cu(1) 
tends to achieve its maximum coordination 
number. The formation of the chelate with a 
four-membered ring structure is not very prob- 
able because of its high strain. Silver(1) and 
gold(1) complexes have a linear structure of the 
type: 

The derivatives of nickel(II), palladium(II), 
and platinum(11) are square planar, while the 
cobalt(I1) complex is tetrahedral; rhodium(II1) 
and iridiurn(II1) complexes are of low-spin type 
in an octahedral symmetry. Rhodium(II1) salts 
afford with mbo only substitutioll reactions, 
although the presence of thiol, a classical re- 
ducing agent, can also lead to reduction of the 
metal. This fact could be explained by ad- 
mitting that the octahedral environment of the 
co~nplex Rh(mbo),.2H20 stabilizes the d6  
electronic configuration. 

The insolubility of these derivatives in water 
and even in organic solvents provides further 
confirmation of a polymeric intermolecular 
linkage of the ligand. 

In general the structures suggested seem the 
most reasonable ones ; however, these suggestions 
are only tentative as the evidence supporting, 
for example, bridging ligands is at the moment 
not sufficient to be definitive. 

Experimental 
Purification of the Ligand 

2-Mercaptobenzoxazole (mbo), supplied by Fluka, 
was purified by recrystallization from ethanol; mp 
192-194'C (lit. (42) mp 193°C). 

Preparation of the Cori~plexes 
~Wetlzod A 
An aqueous solution of the metal chloride or nitrate 

or acetate, maintained at  a p H  value lower than that 
of precipitation of the corresponding hydroxide, was 
treated with an aqueous ethanol solution of the ligand 
with the metal:ligand stoichiornetric ratio of 1 :1, 1 :2, 
and 1 :3 depending on the oxidation number of the starting 
metal. The p H  value was checked by a pHmeter Poly- 
metron 42B during the preparation. The chloride, 
nitrate, or acetate ions were never present in the re- 
sulting complexes. 

Method B 
The metal salts were dissolved in ethanol and added 

dropwise to a stirred solution of rnbo in a mixture of 
ethanol and dimethyl sulfoxidc in the ratio 20:3. 

The complexes obtained were purified by means of 
repeated washing with ethanol and dried over P,O,,. 

Inflared Measurements 
The ir spectra were recorded in the range 4000-50 cm-' 

with Perkin-Elmer 457 and 225 and Hitachi-Perkin- 
Elmer FIS3 spectrophotometers. The spectra in the range 
4000-400 cm-'  were measured as KBr discs or a CHCI, 
solution. Far ir spectra were measured as Nujol mulls 
supported between polyethylene sheets. Atnlospheric 
water was removed from the spectrophotometer housing 
by flushing with dry nitrogen. 

Ultrauiolet-Visible Spectra 
The electronic spectra were recorded with a Shimadzu 

MPS-SOL spectrophotometer in the solid state in the 
range 4000-35000 cm-'. 

iwa~netic Susceptibilitj~ Meas~rremerzts 
These were carried out by Gouy's method at room 

temperature. Molecular susceptibilities were corrected 
for diamagnetism of the con~ponent atoms by use of 
Pascal's constanis (43). This correction was not used for 
the temperature independent paramagnetism because 
it does not influence the assignment of the configurations, 
and, in any event, is not very accurate. 
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A Iaser interferometric study of the diffusion of 02, N2, and Ar into water 
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ROBERT NEVILLE O'BRIEN and WILLIAM FRANK HYSLOP. Can. J. Chem. 55 ,  1415 (1977). 
The diffusion constants of O,, N,, H,, and Ar at 24'C in H,O are calculated from interfero- 

metric data. The question of surface resistance to  diffusion of O2 into water is discussed. There 
appears to be no such resistance. 

ROBERT NEVILLE O'BRIEN et WILLIAM FRANK HYSLOP. Can. J. Chem. 55, 1415 (1977) 
Utilisant des donnees interferoinetriques, on a calculC, a 2 4 T ,  les constantes de diffusion de 

02,  N,, H, et Ar dans H20. On discute de la question de la resistance de surface a la diffusion 
de I'oxyg6ne dans l'eau. I1 sernble qu'une telle resistance n'existe pas. 

[Traduit par le journal] 

The diffusion of gases into liquids has been 
studied for a very long time, but u n t ~ l  recently 
gas analysis has been laborious and often 
inaccurate. This has resulted in a wide scatter in 
publ~shed results. The diffusion coefficients of 
gases in liquids and the scatter of the data has 
been recorded by Himmeblau (1) in 1964 and 
more recently by Tham, Walker, and Gubbins 
(2) in 1970. Further i~ldlcations of the uncer- 
tainties are given by Danckwerts (3) and by the 
recent (1972) publication (4) of data for the 
0,-H20 system differing by seventy percent 
from the "generally accepted value". 

The interest in good diffusion data arises from 
inany sources of which the following are topical. 
The fuel cell which IS currently most used is the 
hydrogen-oxygen cell and diffusion rates of 
dissolved gases are necessary data for design 
calculations. The rate of ingress of 0, in natural 
waters limits the safe man-induced biological or 
chemical oxygen demand that can be tolerated. 
The rate of diffusional relaxation of super- 
saturation downstream from dams on natural 
waterways influences the incidence of fish bubble 
disease in the fish in these waters, and the rate of 
aerobic oxidation of sewage in sewage oxidation 
systems is dependent finally on oxygen diffusion 
rates in water. 

All of the methods of measuring gas diffusion 
in water to date have depended on measuring the 
bulk concentration after a predetermined and 
rather long time. The extended times produce 
problems such as securing homogeneity in the 
solution, maintaining constant pressure and tem- 
perature, and general isolation of the system 
from the surroundings. 

Multiple beam Interferometry runs are of the 
order of minutes rather than hours and transient 
systems can be followed for very long relative 
times because the method requires no destructive 
sampling and determinations are made at  motion 
picture camera speed, i.e. 16 frames per second. 
Zero time is easily found and, since a concentra- 
tion gradient results, various regions of the 
liquid layer call be investigated including posi- 
tions very near the surface. The literature has 
several references to an  apparent surface resis- 
tance (3, 5 ,  6) which interferometry is u~liquely 
capable of investigating. 

Theory 
The diffusion constant D (cm2 s-') of a species 

is determined by the nature of the medium as 
embodied in the viscosity, q (g cm-'  sP1), the 
size of the diffusing species, r. (cm), and the 
temperature, T (K). Usually the first two are 
fixed, but viscosity of course varies with tem- 
perature. Fick's Second Law expression which 
arises from closer consideration of the rate of 
change of concentration by diffusion 

where C is the concentration (mol t is the 
time (s), and x is the distance perpendicular to 
the gas-liquid interface (cm) must be solved for 
the initial conditions 

I t  is assumed as a boundary condition that the 
surface layer of liquid is immediately saturated 
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with gas or C = C, at  a sudden pressure in- 
crease. I t  is also assumed that before a sudden 
increase in pressure the concentration of gas is 
unifornl throughout the mass of solution 
(C=C,) and that at  a great distance (x = m) 
from the interface the concentration is still C, 
for the time the experiment lasts or the boundary 
conditions for semi-infinite or unrestricted 
diffusion are 

The solution of eq. 1 by Laplace transforms 
for these boundary conditions is 

n- 
[ 2 ]  C - Co = (C, - C,) erfc --- 

2 p t  

Here erfc is the complement of the error function 
whose values are tabulated in a number of pub- 
lications (3, 6). If Henry's Law is assumed (a 
good approximation for sparingly soluble gases) 
then 

PI m = kp 

where n? is the mass of gas dissolved by a unit 
volume of solution (mol C - I ) ,  k is the Henry's 
Law constant (mol L - '  atnl-I), and p is the 
pressure (atm). There are plenty of data in the 
literature (3) and handbooks to provide C, and 
C,. Concentration cs. refractive index plots are 
available (8). The mathematical manipulations 
leading to the solution of eq. 1 are also available 
(8). 

A further assumption is made that no  natural 
convection occurs. Since the liquid is heavier than 
the gas as in the case of 0, dissolving in water, 
it is assumed that the oxygen solution is lighter 
than the pure water resulting in stable, density- 
layering down froin thc interface. This has been 
proven to be true. The refractive index of un- 
reactive gas-water solutions is less than water 
(8) and from the korentz-Lorenz Law 

where R is the molar refraction (cm3), M the 
molecular weight (g), p the density (g c1K3), and 
n is the refractive index of the pure water or 
solution; it is clear that it should be so. Indeed 
densities have been calculated from refractive 
index data (9). 

Experimental 
The apparatus used, a specially designed Fabry-Perot 

interferometer enclosed in a pressure jacket and partially 
filled with water, has been described previously (7). 
Briefly the coated glass flats were 5 cm apart and each had 
a 90% reflecting dichroic coating on the inner surfaces 
and anti-reflection coatings on the outer surfaces. The 
interferometer body was of stainless steel, the pressure 
compensating jacket was of mild steel. A special gas 
diffusing inlet allo\ved pressure to be applied rapidly by 
the quick opening valve with only moderate agitation of 
the water. The pressure system was arranged so that a 
high quality gas from a cylinder could be held in a large 
enough separate reservoir at the desired pressure so that 
on opening the fast opening valve, the pressure drop was 
undetectable. 

Fringes were obtained vertically oriented to the 
meniscus and convenieiitly spaced at about 3 fringes per 
mm. The interferograms were recorded with a Bolex 
Paillard 16 nim camera at 16 frames per s for an initial 

FIG. 1. Interferograms recorded at 0.0 s, 120 s, and 
300 s after application of 8.27 x lo5 N m-', 0, pressure 
to a 0.5 M solution of Me4NBr. 
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PERCENT SATURATION 
o O  10 20 30 40 SO 60 70 80 90 100 

0.2 

0 4 - 
E 0.6 
E - 
10.8 X U ) ~  
t- O S O P S ( G  
a 0 BO Psm g 1.0 0 a0 pwo 

1.2 

1.4 

FIG. 2. Percent saturation of a solution of 0, In H 2 0  us. depth of H,O at 60 s. The pressures used 
were 2.07 x lo5  N m-2  (x ) ,  4.14 x lo5 N m-2 (A), 6.21 x lo5 N rn- '(n),  8.27 x 105 N m r 2 ( O ) .  
The solid line was computer generated using D = 2.0 x cm2 s-'. 

15 s burst, then in 10 s bursts around the time at which it 
was desired to analyse a frame. 

On application of the pressure jump, the gas tempera- 
ture as measured by a miniature thermistor rose as much 
as 5°C. In the liquid the temperature rose 0.03'C, calcula- 
ted from the refractive index change, and relaxed in about 
1 to 1.5 s. The agreement of the known thermal conducti- 
vity (10) of water with the relaxation times permitted a 
rough calculation of the work of compression on the gas 
above the liquid. With allowance made for thermal 
capacity and conductivity of the metal walls reasonable 
agreement was found. 

In  a typical run, no thermal isolation was attempted. 
The room was thermostaited at  22 + 0.5-C but no varia- 
tion in the temperature of the solution was detected either 
by thermistor or optically over the 10-30 min of a run. 

After a 100 ft roll of film had been developed, frames at  
selected times were analysed by projecting the frames onto 
a plotting table. The fringes were hand drawn at magnifi- 
cations of x 50 or x 100 on large size mm graph paper 
and fringe shifts converted to concentration using refrac- 
tive index us. concentration data (7) and a modified Bragg 
expression 

I51 217d cos 8 = N h  

where n is the refractive index, d the thickness (cm), cos 9 
is almost exactly one since the angle of incidence must not 
deviate appreciably from 90" for good fringes, and N is 
the order of interference or twice the number of wave- 
lengths ?- (cm) in the thickness t .  

At the pressure jump, the solution was con~pressed as 
well as heated. The con~pressibility of water at these Ion 
pressures (0-10 atm applied pressure) \\as obtained and 
has been published (9). The cor~lpressibility of solutions 
of O2 \\as also obtained and is shown in Table 1. It is to 
be compared to Kt x 101° = 3.97 Pa for pure water (7) 
or for higher pressures Bridgman's value (1 1) of Kt x 10" 
= 4.42 or Kell's 4.39 (12). The average values for 0, 

TABLE 1, Isothermal con~pressibility of water satu- 
rated with oxygen at 4.14 x 10' Pa-' 

Applied pressure in Ap/N m-2  10" Kc 
psig Pa-' F ( X  10') (Pa-') 

14 0.965 2.25 4.035 4.046 
15 1.034 2 .35  2.390 3.941 
29 1.909 4 .55  3.937 3.948 
30 2.069 4 .80  4.016 4.027 
44 3.033 7.00 3.992 4.003 
46 3.171 7 .20  3.928 3.939 
60 4.137 9.50 3.974 3.985 

-78 5.377 12.50 4.022 4.033 
81 5.583 13 .0  4.027 4.038 

saturated solutions at 22°C mere: at 1.03 x lo5 Pa, 4.01; 
at 2.07 x lo5  Pa, 3.91; and at  4.14 x 10' Pa, 3.99. It 
seems likely that the effect of 0, in the solution is small. 

Results and Discussion 

Figure 1 is a series of interferograms at 
8.3 x 10' Pa 0, pressure in 0.5 M tetramethyl 
ammonium brornlde solution at 22°C. They 
were photographed a t  0 s, 120 s, and 300 s. They 
are presented as typical of the interferograms 
obtained during this study. The field of view was 
approximately 8 x 5 mm: the major change in 
fringe direction in the second frame is at about 
1 mm depth. 

Figures 2 and 3 give a measure of the precision 
of measurement. Figure 2 is percent saturation of 
water with 0, rs. depth a t  22°C and 2.07, 4.1 3, 
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FIG. 3. Complete averaging at various times (60 s ( x  ), 120 s (A) ,  180 s (a), 240 s (0)) cs. depth of 
all runs at all four pressures used, 2.07, 4.14, 6.21, and 8.27 x lo5 N m-2. The solid line was computer 
generated using D = 2.0 x cm2 s- ' .  

PERCENT SATURATION 

FIG. 4. Average percent saturation of N2 in H 2 0  cs. depth for several runs at four pressures (2.07, 
4.14, 6.21, 8.27 x lo5 N m-2) at 60 s ( x ) ,  120 s (A), 180 s (a), 240 s (O), and 300 s (0). The solid 
line was computer generated using D = 2.0 x cm2 s- l .  

6.20 and 8.27 x lo5 Pa pressure and 60 s. 
Figure 3 shows the same systems (except for 
6.20 x lo5 Pa) at 120 s, but completely averaged 
for all times and all pressures. The solid line in 
both cases is computer-generated from eq. 2. If 
averages are now taken and longer times con- 
sidered, serious deviation begins at 240 s. This is 
believed to be due to having so short an extent of 
straight fringe in the frame that it is difficult to 
decide what represents zero change in refractive 
index or this is a systematic mechanical measure- 
ment error. A test of reproducibility of data was 

arranged by re-evaluating several runs after six 
months had elapsed. The reproducibility for 
short times was about k 0 . 6 z .  

The plot for N ,  average percent saturations in 
H,O at 22°C at various depths for 8.27 x lo5 
Pa (120 psig) shows (Fig. 4) the same inaccura- 
cies at  longer times. Argon (Fig. 5 )  shows de- 
viation from the theoretical at shorter times and 
hydrogen (Fig. 6) has only one time, 60 s, when 
good agreement is obtained. 

This is the expected trend for more rapid 
diffusion rates which result in shorter straight 
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O'BRIEN AND HYSLOP 

PERCENT SATURATION 

FIG. 5. Average percent saturation of Ar in H20 us. depth for several runs at  various pressures (2.07, 
4.14, and 6.21 x lo5 N m-') at 60 s ( x ) ,  120 s (A), 180 s ( n ) ,  300 s (0). The solid line was com- 
puter generated using 2.5 x cm2 s-I. 

PERCENT SATURATION 

FIG. 6. Average percent saturation of H, in H20 us. depth for several runs at various pressures (2.07, 
4.14, and 6.21 x lo5 N m-2) at 60 s (01, 180 s ( n ) ,  and 300 s (El). The solid line was computer 
generated using D = 3.0 x lo- '  cm2 s - ' .  

portions of fringe in the field of view. It is also 
the natural result of a careful hand-measuring 
by a conscientious person attempting to  fail safe. 
New machine measuring techniques preseiltly 
being tested reduce the reproducibility range 
markedly and also are expected to effectively 
eliminate this problem. Figure 7 shows percent 
saturation of 0, in H,O at  1 mm and 1.5 mm 
depths at long times, up to 5400 s. The experi- 
ment was an attempt to link the present transient 
experiments with equilibrium type experiments. 
The fringes at 1.5 mm passed behind a fiduciary 

point placed in the optical system soon after 
600 s. Only about 1.5% deviation from the 
theoretical line was found at  90 h (nearly 4 days), 
and 80% saturation, or there is reason to believe 
that values obtained by this transient method 
would be acceptably near equilibrium values 
found by other, bulk value methods. 

Table 2 presents the values of diffusion con- 
stants found. The method of arriving at these 
values was to pick reasonable values of D the 
diffusion constant for the various systems, 
calculate the concentration expected a t  a given 
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TABLE 2. Diffusion coefficients of gases in liquids 

Gas Solvent Temperature ('C) D (cn12 s-') 

Oxygen Water 22 2 . 0 ~  lo -5  
Nitrogen Water 22 1 . 8 ~  lo-5  
Argon Water 22 2 . 5 ~  lo-' 
Hydrogen Water 22 3 . 0 ~  lo-' 

fits the data best and the scatter suggests the data 
d o  not merit refinement to 2.05 or 1.95. A least- 
squares approximation of data showed minimum 
deviation a t  2.0 with the deviations close to 
symmetrical about that value. All other systems 
were evaluated in the same way. The values in 
Table 2 agree well with the best literature values 
except our hydrogen-water value is slightly low. 
The optical anomalies investigated by Mc- 
Larnon, Muller, and Tobias (13) which suggest 
that in cells of thickness of several centilnetres 
significant errors could occur for refractive 
index gradients of 1 x lo-'  cm- '  d o  not apply 
since our gradient - 2.3 x cm-l .  

TIME ( s )  

FIG. 7. Percent saturation of O z  in H,O at long times 
at  two depths, 1.0 nlm (0) and 1.5 mm (0). The solid 
lines were computer generated using D = 2.0 x lo-' 
cm2 s s l .  

depth and time using eq. 2, and subtract these 
from the experimentally determined value. 
Figure 8 shows such a plot for 0, in H,0 at  
22"C, 60 psig for various depths and various 
values of D. D = 2.0 x l o p 5  cm2 s- I  obviously 

Conclusions 
N o  significant deviation from theoretically 

calculated values at  short distances below the 
surface were found. Nor were there chort time 
anomalies. I t  is therefore concluded that no  
surface resistance exists a t  clean surfaces, though 
it has been shown that a monolayer of surfactant 
does create an  appreciable barrier (14). Because 
of the good agreement with literature values 
found by other methods it is concluded that 
transient experiments by interferometry are as 
accurate as and more convenient than equili- 

DEPTH ( m m )  

FIG. 8. The difference between experimental (P.S.,,,) and calculated (P.S.th) percent saturation for 
0, in H 2 0  cs. depth at 60 s for various calculated kalues using D = 1.9 x crn s ~ '  ( x ) ,  D = 

2.0 x lo-' cm2 s-I. and D = 2.1 x 10-%m2 s-'. 
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brium values. Recently experiments have been 
recorded on video tape and an automatic system 
of evaluation of interferograms seems possible 
which should make the system more accurate 
and also much faster. Future experiments will 
explore other systems at other temperatures 
including solutions such as those in Fig. 1 and gas 
clathrates. 
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Photochemistry of 1,Qdiphenyl-1,4-epoxy-1,4dihydronaphthalene 
2-carboxylate and 2,3- dicarboxylate esters132 
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R. A. F. MATHESON, A. W. MCCULLOCH, A. G. MCINIES, and D .  G. SMITH. Can. J. Chem. 
55, 1422 (1977). 

Direct irradiation (2537 A) of nlethyl 1,4-diphenyl-l,4-epoxy-1,4-dihydronaphthalene-2- 
carboxylate (130) affords methyl 2,4-diphenyl-3-benzoxepine-1-carboxylaie (17b) and methyl 
1-benzoyl-3-phenylindene-2-carboxylate (19b), while acetone-sensitized irradiation yields 
chiefly 190. The latter can be converted to methyl 3-phenylindene-2-carboxylate (210). 

Direct irradiation of dirnethyl 1,4-diphenyl-l,4-epoxy-l,4-dihydronaphthalene-2,3-dicar- 
boxylate (1311) afYords a mixture of dimethyl 2,4-diphenyl-3-benzoxepine-l,5-dicarboxylate 
(17a), dimethyl 1-benzoyl-3-phenylindeI~e-1,2-dicarboxylate (19cr), and dimethyl 1-benzoyl-2- 
phenylindene-1,3-dicarboxplate (18). The latter two products cleave readily to give dimethyl 
3-phenylindene-l,2-dicarboxylate (210) and dimethyl 2-phenylindene-l,3-dicarboxylate (20) 
respectively. Sensitized irradiation yields mainly 190. The formation of 19a and 19b as major 
products of photorearrangement of 130 and 130 is consistent uith a di-n-methane pathway 
producing methyl 4,6-diphenyl-5-oxatetracyclo[5.44OOOO2~4O36]~indeca-(7),8,1O-triene 2-car- 
boxylate and 2,3-dicarboxylate (25n,b), intermediates similar to those previously observed by 
other ~vorkers for benzonorbornadienes and 7-azabenzonorbornadienes. Con~pound 18 is 
derived by photo-induced rearrangement of the benzoxepine 170. 

The AIC1,-catalyzed rearrangement of 130 yields a mixture of dimethyl 2,4-diphenyl-l(2H)- 
naphthalenone-2,3-dicarboxylate (15) and methyl 1,3-diphenyl-4-hpdroxynaphthalene-2-car- 
boxylate (16), while that of 13b affords only 16. 

R. A. F. MATHESON, A. W. MCCGLLOCH, A. G. M C I N ~ E S  et D .  G. SVITH. Can. J. Chem. 
55. 1422 (1977). 

L'irradiation directe (2537 A) du diphenyl-1,4 epoxy-1,4 dihydro-1,4 naphtalenecarboxy- 
late-2 de methyle (130) conduit au diphenyl-2,4 benzoxepine-3 carboxylate-1 de methyle (170) 
et au benzoyl-1 phenyl-3 indenecarboxylate-2 de methyle (190) alors que I'irradiation sensibi- 
lisee par I'acCtone fournit principalement 196. On peut convertir ce dernier en phenyl-3 indene- 
carboxylate-2 de methyle (216). 

L'irradiation directe du diphenyl-1,4 Cpcxy-1,4 dihydro-1,4 naphtalenedicarboxylate-2,3 de 
methyle (130) conduit un melange de diphenyl-2,4 benzoxepine-3 dicarboxylate-l,5 de rnethyle 
(17a), du benzoyl-1 phenyl-3 indenedicarboxylate-1,2 de methyle (190) et du benzoyl-1 phenyl-2 
indenedicarboxylate-1,3 de mkthyle (18). Ces deux derniers produits se coupent rapidenlent 
pour conduire respectivement au  phenyl-3 indenedicarboxylate-1,2 de rnethyle (210) et au 
phenyl-2 indenedicarboxylate-1,3 de methyle (20). L'irradiation sensibilisCe conduit principale- 
ment a 190. La forn~ation de 19a et de 19b comme produits majeurs des photorearrangesnents de 
130 et de 130 est en accord avec un chemin di-n-methane produisant les diphenyl-4,6 oxa-5 
t~tracyclo[5.4.0.0.2~403~6]~~nde~atrie~~e-l(7),8,10 carboxylate-2 et dicarboxylate-2,3 de methyle 
(250,0), des internlediaires semblables a ceux observis anterieurement par d'autres chercheurs 
pour des benzonorbornadienes et des aza-7 benzonorbornadienes, Le compose 18 derive d'un 
rearrangement photoinduit de la benzoxepine 17a. 

Le rearrangement catalysi par AICI, de 13a conduit a un melange de diphenyl-2,4 l(2H) 
napthtalenonedicarboxylate-2,3 de lnethyle (15) et de diphenyl-1,3 hydroxy-4 naphtalene- 
carboxplate-2 de methyle (16) alors que celle de 13b conduit uniquement a 16. 

[Traduit par le journal] 

Introduction nadiene system (1-8). Sensitized irradiation of 
There has been considerable interest In recent benzonorbornadiene l a  (1)  and some substituted 

years in the photochemistry of the benzonorbor- derivatives 16-e ( 2 )  has been sho\?.n to afford 
good yields of the corresponding tetracyclic 
compounds 2a-e. 

'NRCC No. 1581 1. 
'Taken in part from the Ph.D. thesis of R.A.F.M. Prinzbach and his co-workers have studied the 

(supervisor A.G.M.), Dalhousie University, Halifax, ~ ~ o ~ ~ c h e m i c a l  behavior of the three 7-azabenzo- 
N.S., 1973. norbornadiene derivatives 30-c. Direct irradia- 
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MATHESON ET 4 L .  1423 

tion of 3a,b gave chiefly the anticipated benza- 
zepine 4a,b, wkile irradiation of 3c afforded a 
mixture of 4c ( 9 9  and the benzofulvene 5c 
(40'5). Acetone-sensitized irradiation of 30 gave 
a mixture of the isomeric fulvenes 50 and 6a (3). 
Recent work by Swenton and his co-~vorkers on 
the direct and sensitized photochemistry of the 
7-aza derivative 3d has clarified the behavior of 
the above conipounds (5, 6). While direct irra- 
diation of 3d gave the benzazepine 4d, the 
acetone-sensitized reaction under carefully con- 
trolled conditions led to isolation of the tetra- 
cyclic azetidine 7rl  (94",), which underwellt 
facile (acid-catalyzed) isornerizatioii to the benzo- 
fulvene 5d. All attenlpts to isolate compounds of 
type 7 from the reactions of 3a or the 1,4- 
dimethyl derivative of 3d were unsuccessful, and 
it was suggested that this was pro~bably due to 
their instability (6). 

The photochemical behavior of simple 7-oxa- 
benzonorbornadienes has received relatively 

little a t t e n t i ~ n . ~  Ziegler and Hammond found 
that direct irradiation of 7-oxabenzonorborsia- 
diene 9 afforded the corresponding benzoxepine 
10 (4-6",), while the sensitized reaction gave a 
dimes ( 8 3  resulting from ir~termolecular 2 + 2 
cycloaddition of 9, together with a large amount 
of intractable material (7. 8).  Edman has sug- 
gested that formation of polymer in the latter 
reaction may be due to formation of the reactive 
tetracyclic ether 11 (1).  

In the course of an investigation of the 
influence of AICI, on the Diels-Alder reactions 
of a nu~ilber of heterocyclic dienes, we have 
studied the reactions of 1 -3-diphenylisobenzo- 
furan 12 with dimethyl acetylenedicarboxylate 
(DMAD) and methyl propiolate (MP) .  We have 
also carried out a study of the photochemical 
behavior of the 1,4-diphenyl-1.4-epoxy-l,4-di- 
hydronaphthalene adducts 130 and B3h. These 
7-oxabenzonorbornadienes are of particular in- 
terest since it was anticipated that the presence 
of the bridgehead aryl substituents might en- 
hance the stability of certain radical inter- 
mediates, and would certainly preclude forma- 
tion of a benzof~~lvene. Our results are given 
below, together with some discussion of the 
AIC1,-catalyzed rearrangements of these com- 
pounds. 

15 
( I .  R = C02CH,  R,  = H 

16 

b . R  = To5 R ,  = H  
c . R = CO,CH, R,  = CO,CH, 3Prinzbach et 01. have studied the photochemistry of 
d , R = C O Z I B u  R , = H  the annellated oxanorbor~ladiene 8 (9). 
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Resulits and Discussion 
Prepurcrtioti of' tlw 7-O.uabenzonorbor!icicIieties 

13cr:b 
Diene 12 reacted readily with D M A D  or MP 

to give the expected Diels-Alder adducts 13n 
and 136. It was difficult to stop the reaction at  
this stage in the case of 83b due to the enhanced 
dienophilicity of the oxanorbornadiene-2-car- 
boxylate system (c;$ ref. 10). Formation of 113b 
was favored at low temperatures and high dieno- 
phile concentration: at  higher reaction temper- 
atures and lower concentrations of MP the 
diadduct 14 was favored. A diacid analogous to 
14, resulting from the reaction of 12 with 
acetylenedicarboxylic acid, has been previously 
reported by Berson (1 I). 

As expected AIC1, caused a significant en- 
hancement in the rate of Diels-Alder addition 
of 12 to both dienophiles. Reactions of 12 with 
D M A D  in the presence of AICI, gave, depending 
on the reaction parameters (see Table I) ,  the 
adduct 130, the naphthalenone 15, and the 
naphthol 16. Similar reactions of 12 with MP 
gave 13b, 14, and 16. Additional experinleilts 
established that 15 and 16 could be obtained in 
good yield on treatment of 13a and 136, respec- 
tively. with Lewis acids. Mechanisms for this 
type of rearrangement have been discussed 
previously (12-15). 

The isolation of 16 from reaction of 12 with 
D M A D  is, however, unexpected. This product 
must arise via decarboxylation of the P-keto 
ester 15, and indeed we have shown that trcat- 
ment of 15 with AICI, gives 16. 

Photochemistry of the 7-O.xnbenzonorbor~1cidie!ie~ 
13c1,b 

Obsercutior~s 
Direct irradiation (2537 A ;  E t20)  of 136 gave 

as major product (40:z) the indene 196 together 

TABLE 1. Reaction of 1,3-diphenylisobenzofuran 
(12) mith DMAD in the presence of AICI, 

(molar ratio of reactants 1 : 1 : 2)" 

Product yields (z)b 
Time T - - 

(rnin) ('c) 13a 15 16 

with the benzoxepine 176 (20%); the yield of 196 
increased (55'7) in the acetone-sensitized re- 
action. 

Direct irradiation (Et,O or CH2CI,) of 13ci 
gave the beilzoxepine 170 as a niinor product 
(15-20",ield, based on the amount of starting 
material c o n ~ u m e d ) . ~  The major component of 
the crude reaction product, the indene 190, was 
readily converted to 21cr during work-up. A 
third product. indene 18, was similarly converted 
to 20 (see Experimental). Because of their 
reactivity we were unable to obtain 18 and 89u 
in pure state. The conversions of 18 and 190 to 
20 and 28ci took place slowly on standing and 
\\,ere catalyzed by acid or base.' Benzoic acid 
was identified as a by-product in each case. The 
facility of the rearrangements of 18 and 19n is 
consistent with their 0-keto ester structures. In  
contrast, compound 196, which does not possess 
a p-keto ester moiety, proved to be relatively 
stable to acid, base, and moisture; it was, 
however, converted in part to 216 during thin- 
layer chromatography on alumina plates. 

Acetone-sensitized irradiation of 13u gave as 
predominant product the indene 190 and only a 
small amount of 17a. The percentage of light 
capture by the sensitizer during both this irra- 
diation and the acetone-sensitized irradiation of 
13b above was calculated to be 90-95%. 

For comparison purposes we investigated the 
acetone-sensitized irradiation of the diaryl- 
substituted oxanorbornadiene 22. We had pre- 
viously shown that this compound was con- 
verted on direct irradiation chiefly to the oxepine 
23a, with a small amount of the 6-hydroxy- 
fulvene 24 as by-product (16). Use of acetone as 
a sensitizer caused reversal of the product ratio, 
the product now being almost exclusively 24, 
with only a very low yield of 23a. 

The light-catalyzed reaction of 22 in the 
presence of iodine is known to proceed readily 
to give a high yield of 24 (16). The benzo 
derivative 130 was, however, surprisingly inert 
under similar experimental conditions. 

Mechanisms 
Triplet-sensitized irradiations of benzonor- 

10 - 20 81 9 - 4Prinzbach et a/. have rcported that direct irradiation 
30 0 18 75 - of 13n produces a 40-50% conversion to 170, although no 
30 25 7 69 15 details were given (footnote in ref. 3). 
300 25 - 48 34 'Although the base-catalyzed reactions proceeded 
240 40 - 5 75 rapidly the products were base-sensitive. In the case of 

nCoiicentration of 12 0.061 M in C H ~ C I ~ .  210, the 1-hydroxyindene 29 was identified as an oxidative 
bYields based on  12. breakdown product (see Experimental). 
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11v (direct) 

SCHEME 1 

bornadienes 1 (1, 2) and of the 7-aza analog 3d a carbene intermediate and migration to give 27 
(6) afford the tetracyclic products 2 and 7d,  (Scheme 1, pathway C). Hydrolytic cleavage of 
respectively. The observed subsequent rearrange- 27 could afford 21a via its tautonler. 
ment of 7d to the benzofulvene 5d must proceed None of the pathways shown in Scheme 1 
by way of a tautonleric indene intermediate (6). account for the formation of indene 18. We have 
If the sensitized photorearrangements of 130 found that this compou~ld arises through photo- 
and 13b are to parallel those above we would rearrangement of the benzoxepille 170. A ring- 
expect (i) formation of the tetracyclic oxetanes contraction mechanisnl, involving transannular 
250 and 25b via the di-n-methane intermediates 1,4-bond formation similar to that observed 
26a and 26b (Scheme 1, pathway B), and (ii) during photo-induced rearrangement of simple 
their subsequent rearrangement to the keto in- oxepines and azepines (19) and of 1-benzo- 
denes 19a and 19b. thiepine (20), is shown in Scheme 2. 

Alternative less likely mechanisms of indene 
formation from 13 via intermediate 26 (cf. refs. Str.urtzrr.e.s of Proc/ucf,s 
6, 16-18) are 1,4-radical cleavage leading directly The structures of all products were based 
to 69 (Scheme 1, pathway A )  and I,?-cleavage to mainly on spectroscopic evidence (see Experi- 
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TABLE 2. 'H nmr (60 MHz) data (CDCl;) 

Chemical shifts 6 (integrated intensity, multipli~ity)~ 

Compound -C02CH, Aromatic H Ring H OH 

"b = broad, s = singlet, m = multiplet. 

20 18 
R = CH, 

mental). 'H nmr data are detailed in Table 2 
and relevant 13C nmr data have been included 
in the experimental section. Detailed tabulated 
13C data (in CDC1,) for compounds 15, 16, 170, 
176, 196, 20, 210, 216, and 29, as well as for 
indene itself, have been deposited in the De- 
pository of Unpublished Data6  

(a )  Adducts 13a, 13b, und 14 
These compounds are all formed via well- 

recognized pathways. Their mass spectra show 
weak molecular ions and as expected are also 
characterized by strong ions at m / e  270 derived 
by Diels-Alder retrogression to 12. In addition 

6The tabular data are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
K I A  0S2. 

5.73(1H,s) 
4.94(1H, bs) 
4.87(1H,bs) 
3.88(2H,s) 

4.30(1 H,s) 

these compounds show the anticipated 'H nmr 
signals for aromatic, carbomethoxyl, olefinic 
(13b), and ring-junction (14) hydrogens. No 
attempt was made to unequivocally establish the 
stereochemistry of the central ring-junction in 
14, although by analogy with our previous work 
on the Diels-Alder additions of furans to oxo- 
norbornadienes (10, 21), we have tentatively 
assigned the endo-exo stereochemistry shown. 

(6) Naphtl~alei~one 15 and Naphtllol 16 
The acid-catalyzed rearrangement of fully 

substituted oxanorbornadienes to cyclohexadi- 
enones is known (12), as is the corresponding 
rearrangement of lesser substituted oxanorbor- 
nadienes to substituted phenols (12-1 5). Anal- 
ogous rearrangements of 13a and 136 would be 
expected to yield 15 and 16, respectively. The 
spectroscopic evidence given below established 
that these products were in fact obtained. 

In the case of 16 the presence of a phenolic 
hydroxyl group is indicated by its ir (3540 cmpl)  
and 'H nmr (6 5.68, exchangeable by D,O) 
spectra. This hydroxyl is not hydrogen bonded 
to the conjugated ester group (1724 cm-I), 
establishing that these two substituents are not 
in an ortho relationship. Strong evidence that 
the hydroxyl group is located at C-1 is derived 
from the low-field shift (6 8.33) of one aromatic 
proton (H-5). a characteristic of 1-naphthol (22). 
Finally, the exceptionally high-field shift (6 3.19) 
of the protons of the carbomethoxyl group is 
consistent with shielding by two vicinal aryl 
substituents (cf. ref. 14). 

In the case of the naphthalenone 15 the ir 
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spectrurn shows absorptions for conjugated ester 
(1698 cm-'), non-conjugated ester (1734 cm-I), 
and ketone (1668 cmC1) carbonyl groups. The 
' H  nnlr spectrurn shows two methoxyl res- 
onances, at  6 3.78 and 3.35. The high-field shift 
of the latter is again due to its shielding by the 
ortho phenyl substituent. The conversion of 15 
t o  16 on treatment with Lewis acids suggests 
that the ketone carbonyl must be at  C-1 of the 
naphthalene ring, and the ease of this decar- 
boxylative conversion strongly indicates the 
presence of a P-keto ester system in 15. 

Although it is impossible to assign most of the 
individual carbon resonances of 15 and 16, due 
to  extensive signal overlap in their high-resolu- 
tion 13C nmr spectra, some significant observa- 
tions can be made which serve to confirm these 
structures. In the case of 16 the signal for the 
hydroxyl-substituted C-1 appears as expected at  
low field (147.9 pprn). This chemical shift is 
similar to that of C-I in 1-naphthol (23). The 
signal for C-2 of 16 is at  118.3 ppm, due to a 
combination of shielding by the I~ydroxyl group 
a t  C-I (cf. C-2 of 1-naphthol (23)) and deshield- 
ing by the attached aryl substituent. The main 
features of the spectrum of 15 are the three 
carbonyl resonances at  167.0 and 169.5 (both 
ester), and 193.9 (ring ketone) ppm, and the 
saturated carboll resonance (C-2) at  68.0 ppm. 

(c) Benzoxepit~es 17a and 17b 
The spectral properties of these compounds 

are similar to those of the related oxepines 
23n,6 (16). The mass spectra s l~ow the expected 
molecular ions, with base peaks at  m / e  105, due 
to  the tendency of these molecules to readily lose 
a benzoyl fragment. The ir spectra show ab- 
sorptions for co~ljugated ester carbonyl groups 
and the ' H  nmr spectra are characterized in each 
case by an aromatic envelope (14H) and by the 
appropriate signals for methoxyl (6H singlet for 
170) and oxepine ring (176) hydrogens. The 13C 
nmr spectra especially that of 176, are compli- 
cated by overlapping signals for the many 
aromatic resonances. The carbons directly at- 
tached to the ring oxygen and also substituted by 
aryl groups (C-2 and C-4) appear as expected 
well downfield at  157-159 ppm. In the case of 
176 the unsubstituted ring carbon (C-5) resonates 
a t  114.1 ppm ( ' J  = 156.8 Hz) consistent with its 
position B to the ring oxygen. 

fndenes 18, 190, 190, 20, 21a, 21b, at1cl29 
The structure of 210 was unequivocally estab- 

lished by X-ray analysis. full details of which will 

be published else\vhere 128). Prior spectroscopic 
evidence strongly indicative of this structure 
included: (a)  a molecular ion in the mass 
spectrum corresponding to the molecular for- 
mula C,,H,,O,: ( b )  ir absorptions for x,p- 
unsaturated (1721 cmC I) and non-conjugated 
(1735 cnl-l) ester carbonyl groups: (c) strong 
ultraviolet absorpt~on maxi~na at  cu. 235 and 
290 nIn, consistent with its substituted indene 
chromophore; (d)  ' H  nmr s~gnals for nine 
aromatic hydrogens (envelope), t\+o methoxyl 
groups, and a single methine proton (6 4.87); 
and (e) it\ I3C nlnr spectrunl which is consistent 
uith the type\ of carbon? present (indeiie, 
phenyl, and carbomethoxyl) and is siinilar in 
many respects to the spectrum of indene itself. 

Althougli it is not possible to malte unam- 
b~guous assignments of all the carbons of the 
rndene skeleton of 21u, due to signal o\ei lap In 
the h~gh-~eso lu t~on  spectruln, such ajsignments 
can be read~ly made in the cnue of C-I. C-2, and 
C-3. The methlne carbon (C-1) appears dt 55 7 
ppm, reflecting the desh~eld~ng effect of the 
carbomethoxvl subst~tuent. The resonance for 
C-2 can be assigned on the basis of its chemical 
shift (129.6 ppm: deshielded by the attached 
ester group, but shielded by the 0-phenyl 
substituent). This carbon is geminally co~lpled 
( 2 ~  = 6.1 Hz) to H-1.' As expected the phenyl- 
substituted carbon, C-3, appears well downfield 
( 155.2 ppm ; deshielded by both the phenyl group 
and the ester substituent at  C-2) as a multiplet 
(possible coupling with the ortho hydrogens of 
the aryl substituent as well as to H-1 and H-4). 

The ester carbonyl carbon bonded to C-1 can 
also be differentiated on the basis of its ge~ninal 
coupling ( 2 J  = 1 1.0 Hz) with H-I.  

Cornpound 21ri has been suggested p~e\iously 
as a product of pl~otolysls of 28 (27) The 
s lm~la r~ ty  between the recorded properties and 
those of our product confirms this asuignment. 

The structures of the four indene derivatives 
19b, 20, 21b. and 29, have been deduced mainly 
through comparison of their 13C nmr spectra 
with that of 210 (see below). Supporting evidence 
for each structure is alto obtained (see Experi- 
mental) from: (a) their mass spectra. each of 
which exhibits a ~nolecular ion corresponding to 
the expected inolecular formula: ( b )  their ir 

'The observation of similar spacing (5.8 Hz) in the 
resonance at 133.9 ppm in the spectrum of indene con- 
firms its assignment to C-2. This resonance has previously 
been assigned to C-2 (24, 25) or C-3 (26). 
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spectra which shou absorptio~is for u.D-un- 
saturated ester (all four compounds), non-con- 
jugated ester (20) ,  and ketonic (196) carbonyl 
groups: ( c )  their uv absorption spectra all of 
ivhich have conipal-able maxima at  clr. 235 and 
290 nm: and ((/) their ' H  nnir spectra (Table 2) 
which are characterized by the expected signals 
for aromatic, methoxyl, and methine (or nieth- 
ylene) hydrogens. 

As stated above tlie structures of 196, 20, 
216, and 29 \+ere elucidated largely on the basis 
of their 13C liilir spectra and comparison with the 
data obtained for tlie established structure 2 1 ~ .  
In the case of the str~icturally-relaied 21b most 
of the carbon resonances can be readily com- 
pared to those of the corresponding carbons of 
2111. The most significant features of 216 are: 
( i )  the chemical shift and niultiplicity of C-I, 
confirming the methylene nature of this carbon, 
and (ii) tlie characteristic geminal coupling 
betneen C-2 (130.6 ppm, triplet, ' J  = 6.9 Hz) 
and the t\vo hydrogens at  C-1. The chemical 
shift and the absence of any other observable 
long-range coupliiig involvin  C-2 proves that 
the ester grouping must be at this carboii. 

The structure of the I-benzoyl indene 19b, 
which is a direct precursor of 216 aiid must there- 
fore have the same relative orientation of the 
ester and pheiiyl substituents as the latter, 
follows again froill coniparisoli of its 13C nmr 
spectrum wit11 that of 210. In this case it was 
not possible to determine the coupling between 
C-2 and H-1 (due to signal overlap), but the 
geniinal coupling between H-l aiid the ketone 

carbonyl carbon at  C-1 ('J = 8.1 HZ) could be 
readily observed. 

In the case of the I-hydroxy derivative 29 
tlie only major I3C nrnr spectral differences are 
(i) the chemical shift of C-I, now moved down- 
field (to 83.9 ppm) in accord with deshielding 
by the hydroxyl substituent, and (ii) the absence 
of gemilial coupling in the ester carbonyl carbon 
which is bonded to C-I,  which shows that the 
hydroxyl is located at  C-1. The presence of the 
hydroxyl group is confirnied by is absorptioli at 
3480 cm- l ,  and a ' H  nmr signal at  6 4.30, 
replaceable by D,O. 

The isoilieric nature of 20 and 21a is clearly 
evidenced by their ir, uv, 'H nnir, and I3C niiir 
spectra. Since the geminal couplilig in the ester 
carbonyl carbon and the chemical shift of C-1 
are essentially the same in both compounds the 
difference can only be in the position of the 
ester and pheiiyl substituents. Thus 20 must 
have the ester grouping at  C-3, and in accord 
with this both C-2 and C-3 now appear as 
multiplets since both of these carbons will now 
be long-range coupled to at  least two hydrogens. 

As mentioned previously conlpounds 18 and 
190 could not be isolated in a pure state due to 
their ease of rearrangement to 20 and 21u. 
However, by analogy with the closely related 
conversion of 19b to 216, we can assigti pre- 
cursors 18 and 190 the structures shown. Sup- 
porting ev~dence \vas obta~ned fioni studies of 
samples r ~ c h  In these compou~ids The 'H nmr 
vpectra both shou aromatic eii\elopes and 
singlets for the hydrogens of t u o  iiiethoxyl 
groups; the mass spectra s h o ~  strong ions at 
nz/e 105 (base peak), reflect~ng the very facile 
cleavage of the benzoyl grouping. 

Experimental 
The 'H ninr spectra were obtained on a Varian A-60A 

spectrometer, using CDCI, as solvent and tetramethyl- 
silane as internal standard. ' 3C nrnr spectra at 25.16 M H z  
were recorded in CDCI, on a Varian XL-100-15 spec- 
trometer equipped with a VFT-100 data sqsteni. The 
deuteriuin resonance froin the solvent has  used for field- 
frequency lock. Spectral width was 5120 13z with an 
acquisition time of 0.8 s, and an 8K transform Lvas used. 
In addition to proton noise decoupled spectra, high- 
resolution spectra enhanced by gated noise decoupling 
were used to obtain coupling constants ( J 1 3 ~ - 1 ~ ) .  

Infrared absorptions (in CHCI, solutioi~, unless other- 
wise stated) were measured on a Perkin-Elmer 521 
spectrometer. Ultraviolet spectra mere recorded in 957; 
EtOH on a Unicam SP 8000 spectrophotomete~ The 
high-resolution inass spectral measurements \+ere inade 
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MATHESON \'T TL 1429 

using a Dupont-C.E.C. 21-ll0B double focussing mass 
spectrometer. 

All column chromatography \\as carried out using 
Mallinckrodt silicic acid (1001nesh) with CHCI, as 
eluant unless stated otherwise. Preparative thin-layer 
chromatography (plc) was performed on Merck silica gel 
F-254 precoated plates using 2 mm layers. 

Irradiation experiments were conducted in a Rayonet 
photochen~ical reactor, using quartz reaction vessels, a 
2537 A light source, and an operating temperature of 
30°C. Fisher spectral grade acetone (c at 254 nm = 1 1 )  
was employed in the sensitized irradiations. 

Reactiori of  1,3-D~~lzenyli~obrnzofirr~rii ic.iil7 Di t~~r th j , /  
Ace t~~le t~edirar l~os~~la te  ( D M A  D )  

( a )  Tlzermnl Reaction 
A mixture of 62 (3.25 g, 0.012 n ~ o l )  and DMAD 

(1.88 g, 0.013 rnol) was refluxed in benzene (125 nil) for 
4 h. Removal of the solvent and recrystallization of the 
crude product from ethyl acetate -- pentane gave the 
7-oxabenzonorbornadiene 13n as cream-colored prisms 
(4.30 g, 87%), 111p 158-160-C. Molecular ion (< 1%) at 
nz;e 412.13 10 (C,,H,,O, requires 412.13 108): base peak 
a t  t71/e 105 (C,H,CO'); significant ions at ni'e ( z )  
380(5), 336(5), 270(36), 241(6), 239(4j, 189(7), 165(5), 
135(4), and 77(19). v ,,,, 1718, 1626 cm-' .  i .,,, (E) 207 
(36 900), 218 (30 400) nm; E at 254 nm, 2900. 

( b )  AlC13-Promote~i Recrction 
The Lewis acid promoted reaction was conducted 

using a variety of reaction parameters: a suniliiarp of the 
experimental conditions and product compositions is 
given in Table 1. A-typical procedure follows. 

A solution of 12 (2.07 g, 0.0077 mol) in CH,CI, 
(25 ml) was added to a stirred mixture of DMAD (1.16 g, 
0.0082 mol) and AICI, (2.22 g, 0.0167 mol) in CH,CI, 
(100 ml) at  25'C. Reaction was allowed to continue for 
30 min, and was terminated by pouring into ice-water. 
The organic layer was separated, dried (Na2S0,), and 
the solvent removed under reduced pressure. The oily 
residue (3.08 g) was chrornatographed. Froni the column. 
in order of elution, were obtained: (i) unreacted DMAD 
(0.12 g); (ii) a d d ~ ~ c t  130 (0.22 g, 7%): (iii) the naphtha- 
lenone 15, isolated as a colorless solid (2.18 g, 69%), mp 
206-207'C. Molecular ion (29%) at riz 'e 4 12.1302 
(C26H,o05 requires 412.13108); base peak at 171rle 293 : 
significant ions at tide (z) 380(31), 352(68), 321(73), 
265(57), 263(30), and 105(22). v,,,, 1734, 1698, 1668 cm- ' .  
6 ,  (ppm) 68.0 (br t, 3.0, C-2), 167.0 (q, 4.0, ester C-O), 
169.5 (q, 4.1, ester C-0), 193.9 (dd, 3.6, 1.6, C-I): (ic) a 
fraction which was further purified by plc (25% acetone - 
petroleum ether) to give the naphthol 16 a i  a colorlesb 
solid (0.41 g, 15%), mp 92-94-C. Molecular ion (100z) 
at  t11'e 354.1254 (CZ,H,,O, requires 354.12560); signi- 
ficant ions at  tilie (z) 323(14), 321(12), 265(13), 209(12), 
161(9), 147(20), 85(8), 83(11j, and 59(8). v ,,, 3540, 1724, 
1589, 1570cm-'. 6, (ppm) 118.3 (s, C-2), 147.9 (br s, 
c -  I). 

Reaction of 1,3-Diphen~'li.cobenzofr~rc1n with ,Wethy/ Pro- 
piolate ( M P )  

( a )  Thern~al Reaction 
To  a stirred solution of MP (2.61 g, 0.031 1 mol) in 

CH,CI, (10 nil) at O'C was added dropwise over a period 
of 30 min a solution of 12 (1.06 g, 0.0039 mol) in CH,CI, 

(25 ml). The niixture was stirred for a further I h at O'C 
and the solvent then removed at  low temperature under 
reduced pressure. Culunin chromatography of the yello\+ 
oily residue afforded the follo\\ing, in order of elution. 

(i) A colorless solid (823 mg), crystallization of i$hich 
from ethyl acetate - petroleum ether gave the 2:  I adduct 
14 as colorless prisms (732 mg, 597,), rnp 220-222'C 
(dependent on rate of heating). Molecular ion (<< I",) at 
in/e 624 (C4,H,,0J requires 624); base peak at 117 e 270 
(1,3-diphenylisobenzofurarl+); significant ions at rli e ( T j  
241(21), 239(17), 218(5), 189(10), 165(13), 135(1 I ) ,  305(69). 
and 77(14). v ,,,,, 1721, 1600 cni - ' . 

(ii) A colorless oil (448 nig), crystallization of uhich 
from ethyl acetate- petroleum ether gave the mono- 
adduct 130 as cream-colored prisms (357 mg, 26%j, 
double mp, with partial liquefaction at 121-125°C and 
melting at 142-146'C. Molecular ion (3%) at n1,e 354.1247 
(C24H,803 req~~ires  354.12560); base peak at i?l:e 105 
(C6H,CO'); significant ions at nI1e (2) 322(4), 294(4), 
270(29), 241(4), 239(4), 218(5), 189(10), 165(5), 135(3), 
and 77(15). v,,, 1720, 1604, 1584 cm-'. i .,,, (E) 208 
(35 400), 218 (33 300) nm; E at 254 nm, 2300. 

Reaction of equimolar an~ounts of 12 and MP at 40-C 
for 90 rnin gave a 77% yield of 14 and negligible 13b. 

ih !  AIC1,-Promoted Reaction 
Compound 12 (1.05 g, 0.0039 mol) in CW,CI, (30 ml) 

was cooled to - 30'C and added dropwise over 2 niin to 
a similarly cooled, vigorously stirred niixture of MP 
(0.33 g, 0.0039 mol) and AICI, (1.04g, 0.0078 mol) in 
CH,CI, (50 ml). The reaction mixture was stirred at 
-30°C for a further 8 min, and then treated with ice 
water (20n11). The organic layer was separated, dried 
(Na,SOJ), and the solvent evaporated under reduced 
pressure. The dark oily residue was chrornatographed 
and fractions recovered as follows: (i) unreacted MP 
(0.13 g); (ii) a m i x t ~ ~ r e  of 130 and 14. Preparative thin- 
layer chromatography ( 2 5 z  acetone - petroleum ether) 
gave 13b (0.12 g, 9%) and 14 (0.63 g, 52%); (iii) the 
naphthol 16 (0.11 g, 8%). 

Reaction of 13b \c.ith 1,3- Diphenylisobenzof~ircrn 
Adduct 13b (0.36 g, 0.001 mol) and 12 (0.27 g, 0.001 

mol) were heated at  40'C in CH,CI, (15 ml) for 2 h. 
Evaporation of the solvent and crystalli~ation of the 
residue from petroleum ether gave 14 (0.48 g. 77%). 

Recrrrangrtnent o f ' l3a  to 15 
(a)  The benzonorbornadiene 13u (0.73 g, 0.0018 mol) 

and AICI, (0.49 g, 0.0037 mol) in CH,CI, (30 ml) were 
stirred at 25°C for 90 min. Ice water (15 ml) was added 
to  destroy the AICl, and the organic layer then separated, 
dried (Na,SO,), and evaporated. The crude product was 
chromatographed. Collected from the column, in order 
of elution, were unreacted 13~r (0.08 g), 15 (0.48 g, 66x1, 
and 16 (0.11 g, 17%). 

(6)  Gaseous BF, was bubbled through a solution of 
130 (0.73 g) in CH,C12 (30 ml) for 10 min. Work-up and 
chromatography as above afforded starting material 
(0.15 g) and 15 (0.51 g, 70%). 

Retrrrrmgen~ent of 13b ro 16 
AlCI, (0.49 g, 0.0037 mol) has  added to a solution of 

13b (0.41 g, 0.0012 mol) in CH2CI, (30 ml), and the 
stirred mixture heated at  40°C for 30 min. After hydrolysis 
with ice water, the organic layer was separated, dried 
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(Na,SO,), and the solvent removed under reduced 
pressure. Chronlatography afforded 16 (0.23 g, 56%). 

R~ni~oi7g~111eni of 15 to 1 6  
Naphihalenone 15 (0.54 g, 0.0013 rnol) and AICI, 

(0.57 g, 0.0043 rnol) in CHLClz (25 ml) \\.ere stirred at 
40'C for 3 h. After renioval of the Lemis acid by ice 
water, the organic layer Mas separated, dried (Na,SO,), 
and evaporated. Coliin~n chromatography afforded un- 
reacted 15 10.19 g) and the naphthol 16 (0.22 g, 48%). 

Direct Ii.i.nrlicrtic?n of O.uabenzoi~oiborr~ndi~~~~e 136 
A solutior; of 136 (150 nig, 0.00042 mol) in ether 

1150 nil) \bras irradiated for 6 h. The residue obtained on 
ren~ocal of the solvent Lvas chromatographed. Fractions 
eluted as follom's. 

(i) Benzoxepine 170 (30 nig, 2073, obtained as a 
colorless solid, mp 117-119-C. Molecular ion (7%) at  
1 7 2 , ' ~  354 (C2,HI8O3 requires 354); base peak at 1)71e 105 
1C,H,CO+); r17,e 77(27%); all other ions 1 4 % .  v,,,, 
1719cii1r'. i .,,,,,, (E) 205 (32500), 273 (343001, 315sh 
(7500)nm. 6, (ppm) 113.1 (b rd ,  156.8, C-5), 157.5 (q, 
4.4. C-41, 158.2 (m, C-2). 

(ii) A 1 : l mixtiire (26 mg) of 178 and 13b. 
(iii) Slightly impure 190 (61 mg) (see below). 

Srnsitized Iri.ririicirion c ~ f  130 
Compound 130 (500nig, 0.00141 mol) in acetone 

(300 nil) Mas irradiated for 3 h .  The yellow oil obtained 
on evaporation uas  submitted to plc (CHCI,). This 
afforded the following. 

(i) A mixture (41 mg) of 13b and 17b. 
(ii) Slightly impure 19b (3 I6 mg). Repeated plc as above 

gave 19h as a~yello\v oil (276 mg, 555)  ivhich could not 
he induced to crystallize, but \%,as obtained as a glassy 
solid, liquefying 155-C .  bfolecular ion (27 )  at ~n,'e 
354.1251 (C2,Hl8O3 req~~ires  354.12560); base peak at 
117,'~ 105 (C6H,CO+): significant ions at  117,:e (z) 322(7), 
28612), 265(3), 233(8), 218(8), 189(10), and 77(23). v,,,, 
1717, 1686 cm-I.  1 .,,,,, ( E )  205 (34 600), 241 (19 3001, 287 
(9800) nm. 6, (ppm) 59.5 (br d,  133.7, C-I), 132.0 (m not 
observable, C-?), 155.5 (m, C-31, 164.2 (q, 3.7, ester 
C-0 at C-2), 195.9 (dt, 8.1, 3.9, ketone C=O at C-I). 

Direct lrra(iintion of' 7-0.rr/benzor1oibor11c1diem 13a 
(0) A solution of 13tr (3.00g, 0.0073 rnol) in ether 

(325 nil) \\as irradiated for 34 h. Removal of the solvent 
gave a yellow oil. Con~pounds 18 and 190 were indicated 
as major products (ratio ca. 1 : 5)  by 'H  ninr signals for 
their methoxyl protons, while the absence of 20 and 210 
was confirmed by the lack of signals bet~veen 4.0 and 
6.0 6. Treatment of the crude product with cyclohexane 
gave a colorless solid (212 ~ng) :  recrystallization from 
ethyl acetate- pentane gave the benzoxepine 17a as 
colorless prisms (166 mg, 6 3 ,  mp 174-176 C. Molecular 
ion (1%) at ril:e 412.1298 (C,,H,,O, requires 412.13108); 
base peak at r17,e 105 (C,H,CO+): m'e 77 (16%), all 
other ions i 3%. v ,,,, 1724 cm- I. X ,,,, (E) 205 (35 900), 
271 (42 400), 312 sh (9200) nm. 6 ,  (ppm) 123.1 (d, 4.4, 
C-1/C-5), 159.0 (t, 4.0, C-2jC-4). 

The remainder of the product \+as chromatographed 
(successive elutions with 2%, 10%, and 204; CHC1,- 
benzene). Significant fractions obtained from the column 
were as follows. 

Fraction i. Crystallization from petroleum ether gave 
u~lreacted. 130 (696 mg). 

Fraction ii. Initial treatment with cyclohexane, followed 

by recrystallization (ethyl acetate - pentane) gave further 
170 (103 m_g, 3.4%); treatment of thc residue from the 
mother liquors with petroleun~ ether afforded 130 
(100 mg). 

Fraction iii. Initial treatment and crystallization as in 
ii above gave 190 (82 mg, 2.7%). The pentane-insoluble 
portion (45 mg) of the remainder of this fraction was 
characterized by strong methoxyl signals at 3.67 and 
3.71 6; during purification these signals decreased in 
intensity and were replaced by signals for 20. Repeated 
plc (30z  acetonc- petroleum ether) gave 20, slightly 
contaminated by 18, as a colorless solid (22 nig), and a 
fraction (12 mg) of lower R,, consisting mainly of 18. 
(Molecular ion at w~,'e 412 (< I%), base peak at rn:e 105 
(C,H,CO+), i17,'e 77 (2173, all other ions i 5 % . )  Final 
purification by plc (30% acetone - petroleum ether; 
0.25 mm layer) afl'orded pure 20 as colorless prisms 
(9 mg), mp 135-137 C. Molecular ion (100%) at m : ~  
308.1039 (CL9HI6O4 requires 308.10486); significant ions 
at in'e (z) 276(81), 249(87), 218(43), 205(30), and 189(71). 
v,,,, (CHCI,) 1735 cm-'  (broad); (KBr) 1732, 1 7 1 4 c m 1 .  
1 ,,,,, ( c )  205 (24 GOO), 235 (14 400), 303 110 500) nm. 6 ,  
(ppm) 59.1 (dd, 133.5, 2.4, C-I), 132.5 (111, C-31, 151.0 
(m. C-21, 165.3 fq ,  3.9, ester at C-3), 169.7 (dq, 
10.8, 4.1, ester C=O at C-1). 

Fraction ic'. 168 mg, consisting mainly of the indene 18. 
Fraction 1.. 5 11 mg, consisting mainly of the indene 21o. 
Fraction ri. 490 nig, being predominantly a mixture of 

210 and benzoic acid. Removal of the acid hy washing 
Lvith NaHC03  gave 210 (307 mg). Crystallization from 
ethyl acetate - p e t r o l e ~ ~ ~ n  ether gave colorless prisms, mp 
88-90-C (lit. (27) rilp 93-94 C). Molecular ion (77x) at 
I I I / ~  308.1048 (C, ,H, 601 req~~ires  305.10485); base peak 
at 177 'e 249.091 9 (C17H, ,02 requires 249.091 56); signi- 
ficant ions at in e (z) 276(27), 250(23), 232(16), 221(25), 
219(36), 218(28), 205(45), 189(70), and 94.5(20). v,,,, 
(CHCI3) 1735, 1721 cm- ' ;  (KBr) 1740, 1710 cm-'. 1",,,,, 
(E) 206 (24 400), 234 (15 900), 293 (12 900) nm. 6 ,  (ppm) 
55.7(hrd ,  135.6, C-I) ,  129.6(d, 6.1,C-2), 155.2(m,C-3), 
164.4 (q, 3.8, ester C-0 at C-2), 170.2 (dq, 11.0, 4.0, 
ester C=O at C-I). 

The benzoic acid was recovered after reacidification of 
the bicarbonate washings and ether extraction, as a 
colorless solid, identified by mp, mixture mp (121-123^C), 
and 'H nmr. 

In a separate experinie~~t plc (30% acetone - petroleum 
ether) afforded a fraction (24 mg) rich in compound 190. 
(Molecular ion at 117,'r 412, very intense base peak at m,'e 
105, with strong peak at in/e 77. Ease of conversion to 21a 
results in appearance of m!e 308 and other peaks due to  
210.) 

(b) Adduct 13rr (310 mg, 0.00075 mol) in CH2CI, 
(200ml) was irradiated for 5 h. Evaporation gave a 
viscous yellow oil. This was dissolved in methanol 
(20 ml) and water (1 ml) and concentrated HCI (6 drops) 
added. The m i x t ~ ~ r e  was allowed to stand at room 
temperature for 72 h. Concentration and extraction with 
CH,CI2 afforded a yellow oil. Trituration with ethyl 
acetate - petroleum ether gave 17a as a colorless solid 
(57 mg, 18x) .  The soluble fraction on repeated plc 
(CHC13; 2 z  MeOH-CHCI,) gave the indenes 21a 
(1 15 mg, 50%) and 20 (28 mg, 12%). 

Serzsitized Irrndintiorz oJ 130 
Compound 13a (500 mg, 0.0012 mol) in acetone 

(400 ml) was irradiated for 5 h. The crude product, a 
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yellow oil, appeared from 'H nn-ir to consist of 130, 170, 
and 190 In a ratio of 19.14:67. This w7as taken up ln 

methanol (20 ml) and w t e r  (I ml) and concentrated 
HCI (10 drops) added. The mixture was then allo\+ed to 
stand for 72 h. The benzoxeplne 17n (27 mg, 5%) crys- 
tallized from solution. Evaporation gave a yellow gum, 
repeated plc (CHCI,) of which afforded 21a (332 mg, 
66%). 

Attenzpted Rearrarigmlmr of 13n in rke Presence of Ioriine 
Compound 13a (200 mg, 0.00049 mol) and iodine 

(43 mg, 0.00017 mol) in ether (40 ml) were allowed to 
stand in daylight for 30 rnin. The mixture was washed 
with sodium bisulfite, then water, and dried (Na2S0,). 
Evaporation of solvent gave a colorless solid (194 nig), 
shown by 'H nrnr to be unreacted 13u. 

Reactions for 4 days at room temperature, or for 10 h 
in refluxing cyclohexane, were also ~msuccessful. 

Sensitized Irradiation oJ'Dir11erhyIl,4-D@hen~~l-7-O.~~i17or- 
bornudie~ze-2,3-diciirboxy/a~e 22 

The oxanorbornadiene 22 (100 mg, 0.00028 mol) in 
acetone (100 ml) uas  irradiated for 3 h. Removal of the 
solvent and s~~ccessive plc (1% MeOH-CHCI,; 30% 
acetone-benzene) gave dimethyl 3,6-diphenyl-6-hydroxy- 
fillvene 1,'-dicarboxylate 24 as a bright orange solid 
(70mg, 70%) mp 141-142'C, and only a very small 
quantity of dimethyl 2,7-diphenyloxepine-4,Sdicarhox- 
ylate 23a (cf .  ref. 16). 

Irr rrrhcrrron of rhe Ber~zoxepme 17rr 
A solutlon of 170 (100 mg, 0 00024 rnol) In CH,CI, 

(300 ml) was llradlated for 3 s  h Evaporation gabe a 
yellow 011, shown by ' H  nmr to be malnly 18 Thls 
product was dissolved In methanol (10 ml) and Ibater 
( I  ml) and concentrated HCI (6 drops) added The 
mlxture was a l l o ~ e d  to stand for 72 h After evaporation 
and extraction wlth CH2Cl2 the product waq subniltted 
t o  repeated plc (2% MeOH-CHCl,), this affo~ded 20 
(30 mg, 40%) 

Cot~~:ersion of 21a to 29 
A solution of 210 (1 15 nig, 0.00037 mol) in methanol 

(10 mi) was treated with 2 h- NaOH (10 drops). The now 
deep yellow solution was allowed to stand at room 
temperature for 2 h. The solution was concentrated and 
the residue taken up in ether. Drying (Na,SO,) and 
evaporation gave a yellow oily residue, plc (2% MeOH- 
CHCI,) of which gave (i) unreacted 210 (43 mg), and ( i i)  
29 as an almost colorless oil (46 mg, 38%) which slowly 
crystallized. Recrystallization from ethyl acetate - petro- 
leum ether gave colorless cubes, mp 157-158?C. Molecular 
ion (1%) at t i~le 324.0998 (C19Hl,0, requires 324.09978); 
base peak at  ~ n / e  233; significant ions at rlz,'e (7;) 308(1), 
276(1), 265(15), 249(2), 176(15), and 15 l(6). v,,, (KBr): 
3480, 1723, 1693 cnl-I. 6, (ppm) 83.9 (br s, C-I), 132.6 or 
133.2 (m not observable, C-2), 155.8 (m, C-3), 164.0 (q, 
3.9, ester C=O at C-2), 173.3 (quint., 3.9, ester C=O at 
C-1). 

The above reaction \\.as repeated undkr'a N2 atmo- 
sphere for 4 h. In this case 210 was recovered quanti- 
tatively. 

Reavrnngetnents of  18 ro 20 and o j  19u to 2da 
These con.rerslons occ~~rred  slowly on stdndlng dt room 

temperatu~e They were most effic~ently carrled out by 
treatment wlth aqueous methanol~c HCI (see above) 
Both rearrangements occurred rapldly on treatment of a 

methanollc solution with a few drops of NaOH, but the 
products, especially 51a, mere base-sensltlve (see ab0L.e). 

Atfernpled Renirnngeiniv~t of 190 to 21h 
(a)  A solution of 190 (150 nig) in MeOH (5 mi) was 

treated with 2 ,V NaOH (8 drops). The now bright orange 
solution was alloned to stand at room temperature for 
4 h. Acidification, evaporation, and extraction ~zi th  
CH,CI, gave an almost quantitative recovery of P9b. 

(b) A solution of 190 (150 mg) in MeOH (8 ml) and 
H 2 0  (1 ml) was treated with concentrated HCI (6 drops). 
The yellow solution mas allo\ied to stand at room 
temperature for 96 h. Evaporation and extraction \+ith 
CH2C12 afforded only unreacted 19h in near quantitative 
yield. 

Rearrang~~nlenf of 190 ro 21b 
Attempted purification of 19h (300 mg, 0.00085 mol) 

on alumina plates (Merck alurninurn oxide G F  254 Type 
E, 1.25 mm: 30% acetolle- petroleum ether) gave a 
main band (169 nig). Further plc (SiO,; CHCI,) atiorded 
2Pb (30 mg, 14%) which was crystallized from ethyl 
acetate - petroleum ether as cream-colored needles, mp 
113.5-1 15-C. Molecular ion (64%) at rwe 250.0987 
(C17H1402 requires 250.09938); base peak at  nl e 191 
(IM - CO,CH,)+; significant ions at tt1.c (%) 235(4), 
219(12), 218(1 I), 189(32), and 165(11). v,,,, 1704 cm- ' .  
i ,,,,, (E) 206 (23 7001, 233 (12 700), 293 (14 200) nni. 6, 
(ppm) 39.5 (td, 130.9, 2.5, C-I), 130.6 (t, 6.9, C-I) ,  153.6 
(m, C-3), 165.3 (q, 3.9, ester C-0). 
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N-Ethylamino acid synthesis and N-acylamimao acid cleavage 
using Meerwein9s reagent' 

FRANCIS M.F. CHEN AND N. LEO BENOITON 
Deportment qfBiochemistry, Unii.er.siry of Ot t t rn .~ ,  Otrubru, Qnt.,  Cancida KIAr 9A9 

Received July 8, 19762 

FRAUCIS M.  F. CHEN and N. LEO B E ~ O I T O ~ .  Can. J. Chern. 55, 1433 (1977). 
N-Ethylamino acids have been prepared by reaction of N-acetylamino acids with trimethyl- 

oxonium tetrafluoroborate (Meerwein's reagent) giving iniino ether fluoroborates, followed 
by reduction with sodium borohydride. The use of Meerwein's reagent for the deacylation of 
AT-acylaniino and hr-acyl,N-methylarnino acid derivatives has been investigated. 

FRANCIS M. F. C H E ~  et N. LEO BENOITON. Can. J. Chem. 55. 1433 (1977) 
On a prepare des acides N-Cthylamines par reaction des acides A'-acetylarnints avec le tetra- 

fluoroborate de trimi.thyloxonium (reactif de Meerwein) conduisant aux fluoroborates imino- 
Cthers qui sont ensuite reduits par le borohydrure de sodium. On a etudit l'utilisation du 
reactif de Meerwein pour la deacyiation des derives acides N-acylaminis et ,V-acy1,Y-rnethyla- 
minks. 

[Traduit par le journal] 

The alkylating power of trialkyloxoniuin 
tetrafluoroborate (Meerwein's reagent) is well 
known (1, 2). Amongst other things, it reacts 
with an  amide to give an imino ether Auoro- 
borate, thus converting the rather intractable 
amide into a highly reactive and versatile 
intermediate for fi~rther synthetic manoeuvers. 
In  this paper, we describe studies on two ap- 
plications of this in the amino acid field, 
namely, the conversion of N-acetylamino acids 
into N-ethylamino acids, and the use of Meer- 

N-Ethylamino aclds have been obtained here in 
moderate y~elds by reactlon of N-acetylam~no 
acids wlth tnmethyloxonium tetrafluoroboiate 
followed by reduction of the result~ng imlno 
ether Buoroborate with sodlum borohydrlde 
The lesults are given In Table 1 .  Each product 

Me30BF, 
CH3-CO-NH-CHR-COOH -A 

NaBH, 
CH3-C(OMe)=NH-CHR-COOH BF, ------i 

CH3-CH2-NH-CHR-COOH 
wein's reagent for the deacylation of amino and 0 , ~ 0 , 8 ~  of unalky,ated amino acid 
N-methylamino acid derivatives. as contaminant. The small amount (10-15;;) of 

Direct ethylation of a lree amino acid is ester fosllled during the alkylatioll (1)  was 
like1\. to give mixed products of Inon'- and during the work-up, TIle chirality of 
diethylation (3)333"  of an N- the maferial was durillg the 
protected amino acid is con~plicated by the side reaction N-ethylleucine but not for N- 
reaction of [3-elimination of the ethylating agent.' ethvlahenvlalanine. A samDle of L-valine ob- 

tailled b; hydrolysis of 'the corresponding 
'Supported by a grant from the Medical Research 

Council of Canada. N.L.B. is an Associate of the imino ether intermediate was shown (9) to have 
MRCC. an  optical purity of --96% (2% n-lsomer). 

2Revision received January 20, 1977. Borch has converted amides to anlines in good 
3Reductive methylation of amines leads to dimethyla- yield in this manner (10). Mollteiro applied this 

tion (3, 4). 
"Kanao ( 5 )  synthesized several AT-ethyl- and N,N- 

to a synthesis of L-proline from L-pyroglutamic 

diethylamino acids by reductive alkylation using hydro- acid '1. We have the latter 
ren and a nlatinum oxide catalyst giving verv few details. with similar results. We have also observed in a - - 
Bowman i 6 )  obtained monoethyiation for valine and control experirne~~t that N-acetylleucille was 
diethylation for alanine by the same reaction under non- into ~ - ~ t h ~ l l ~ ~ ~ i ~ ~  in 47; yield by 
forcing condition. 

'Complete 1bT-msthylation of an N-benzyloxycar- sodium borohpdride even in the absence of 
bonylamino acid is easily achieved using methyl iodide Meerwein's 
and sodium hvdride (7). but N-ethylation is far from The free amino acid side product from each ~. ~. 
complete. reaction is probably the result of hydrolysis of 
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TABLE 1.  Properties of I\-ethylamino acids 
- 

Analysis (x)  
Chromatographic datac 

Yield (z) Calculated Found 
Color Elution 

Compound A" Bh C H N C H N constant time (min) 

D L - E ~ A ~ ~  56 41 51 .3  9 . 5  11 .6  51 .7  9 . 8  11.8 0 . 7  65 
D L - E ~ V ~ ~  71 50 57.9 10 .4  9 . 6  57.7 10.7 9 . 6  0 . 2  69 
~r--EtLeu 75 55 60 .3  10.8 8 . 5  60.2 11 .0  8 . 6  1 . 0  74 
L-EtLeu 46d 
~1.-EtPhe' 53 68 .4  7 .8  7 .3  68.5 7 .9  7 . 1  0 . 7  96 
MeLeu 13.4 75 

the imino ether fluoroborate by moisture. I t  is 
known that iniino ether fluoroborates are 
readily hydrolyzed to free a ~ n i n o  groups in 
aqueous acid or base (12, 13). This in fact led 
to our interest in the second applicatioii of these 
intermediates. We were interested in finding 
some means for removing acetyl and/or benzoyl 
groups from amino and N-methylamino acids, 
with the hope of achieving selectivity if possible. 
Muxfeldt et al. have cleaved a benzalnide (12) 
and Hanessian, N-acetamino sugars (13) in 
good yield by this method. The high sensitivity 
to hydrolysis of imilio ether fluoroborates of 
tertiary amides has been pointed out (10). 

H 2 0  - R'-COOMe + R"NH-CHR-COOMe 
H-  or OH- 

Experiments were monitored by nmr6 spectros- 
copy, and carried out on the acylamino acid 
methyl esters to simplify quantitation. The 
results appear in Table 2. The conversion to 
imino ether intermediate was never complete, 
under the conditio~is employed, even in the 
presence of excess reagent. On hydrolysis, most 
of the intermediate gave rise to deacylated 
product, but  a small portion (5-15';) was con- 
verted back into starting material. The amount 
of starting material recovered was 25-35", for 
the acetyl derivatives, whether methylated or  
unmethylated (R' = Me;  R" = H or  Me), less 

6Proton nuclear nlagnetic resonance (60 MHz) 

for the N-benzoy1,N-methyl derivatives (R' = 

Phi R" = Me), and twice as much for the un- 
methylated benzoyl derivatives (R'  = Ph:  R" = 

H). N o  clear selectivity between amino and N- 
merhylamino acid derivatives was obtained; 
only a large difference in reactivity between the 
benzoyl derivatives. The relative susceptibility to 
cleavage is therefore Bz-MeX-OR r Ac-MeX- 
O R  = Ac-X-OR > Bz-X-OR where X = an 
amino acid residue. I t  is seen in Table 2 that, 
except for undergoing partial esterification, an  
unesterified derivative gave the same result. 
Because of the incomplete reaction, this ap- 
proach for cleavage of acylamino acid deriva- 
tives leaves much to be desired, but it might 
find use when other methods are inapplicable. 

The results are in general agreement with 
those of Pilotti et al. (14) who succeeded with the 
deacetylation but failed with the debenzoylatioil 
of acylamines, and Hanessian (13) who cleaved 
acetamino sugars by this method. They are 
also in agreement with the synthetic work of 
Borch (10). But one difference or  discrepancy 
exists in that both Borch (10) and Muxfeldt 
et a/. (12) reported a high reactivity for a secon- 
dary benzoylarnide. 

Experimental 
The A'-acylarnino acid esters were obtained from the 

acids using methanolic HCI; the h'-methylamino acid 
derivatives, from the same acids  sing methyl iodide and 
sodium hydride (15). 

Acylr~n~it~o Acid Ester Cletrrage 
A suspension of substrate ( I  mmol) and trimethyl- 

oxonium tetrafluoroborate ( I .  1  rnll~ol) (2) in 20 rnl of 
dichloromethane (dried over CaCI,, and distilled) was 
stirred at room temperature ~lnder nitrogen for 23 11. 
The solvent was removed ~ ~ n d e r  reduced pressure, and 
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CHEN .4hD BENOITOh 

TABLE 2. Cleavage of acylarnines via imino ether fluoroborates 

After alkylation" After hydrolysis" 

A B C D 
Imino ether Starting Deacylated Starting 

Compound intermediate material product material 

"Percent, determined by ntnr, assuming A - B = 100; C + D = 100. D corresponds to 
B i- ( A  - C). Hydrolqsis \\it11 3 ' 7  aqueous acetic acid 

b1 00Z excess reagent. 
'13z of ester formed. 

a n  nnir spectrum was recorded to  determine the ratio 
between the amount of imino ether product and the 
amount of starting material. The mixture was then 
stirred in 20 ml of 3% aqueous acetic acid for 3 h. A 
second nmr  spectrum recorded after removal of the sol- 
vents gave the ratio between the amount of deacylated 
product and the amount of starting material. There was 
n o  evidence for side-reactions other than those dis- 
cussed. 

Syt~tl~esis of N-Ethylrrmino Acids 
A solution of IV-acetylamino acid (0.01 mol) and 

trimethyloxonium tetrafluorohorate (0.011 mol) in 20 ml 
of dichlorornethane was stirred under nitrogen at  23'C 
for 16 h. The solvent was removed under reduced pres- 
sure, the residue was dissolved in 25 ml of ethanol, the 
solution was cooled in a n  ice-bath, and 1 g of pondered 
sodium borohydride was added in small portions to  the 
stirred solution. After stirring an additional 30 rnin in 
the cold and 30 lnin a t  23cC, the niixt~rre was acidified 
t o  Congo red with ethanolic HC1. The precipitate was 
filtered off and the filtrate was evaporated to  dryness. 
The  residue was analyzed for amino acid at  this stage 
(8) or  the product was isolated from a n  aqueous solution 
by absorption on  to  a resin (Dowex 50, 20-50 mesh; 
50 ml) followed by elution with 50 n ~ l  of 5 N N H , O H .  
The  N-ethylamino acid was obtained by crystallization 
from ethanol after evaporation of the eluate. All products 
had nmr spectra (D,O) consistent with their assigned 
structures. 
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iErratum: Thermodynami@s of basic ionization of some aminselhers in water 
\/ 

SHEILA TERESA LOBO A N D  ROSS ELMORE ROBERTSON 
Depiirtmetzt qf Chemistq,  Ut~i l ' er~i ty  q f 'Cnlgun,  Culgarj, Altrr., Cnrzudrr T2N IN4 

Received February 7 .  1977 

(Ref.: Can. J .  Chem. 54. 3600 (1976)) 

Aside from the units, the heading for the last column of Table 1 should be IA,(BH+OH-). 

i Erratum: Thermodynamic parameters for the basic ionization of some cyclic 

ki amines in water 

SHEILA TERESA LOBO, TAIVIKELLA S. S. R. MURTY, A ~ D  ROSS ELMORE RORFRTSON 
Depnt ttneni of  Clzetn~rtrv, Lrnri ersltx o f  Culgur), Cnlgtrry, Aliu , Cur~aciu E N  1N4 

Recelved Februal y 7, 1977 

(Ref Can J Chem 54, 3607 (1976)) 

The sentence beginning on line 7 following eq. 3,  p. 3609, erroneously refers to "amine 
hydrochlorides"; it should refer to "amine hydroxides". 

Aside from the units, the heading for the last column of Table 1 should be /l,(BHLOH-). 
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Sign reversal of geminal 13CH3-C-15~ coupling in configurationally 
isomeric fragments1 

Department of Cherni~tr?,, Ccrrlrton Univer-~iiy, Ottir~.ci, Ont., Canada K lS5B6  
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GERALD W. BUCHANAN and BRIAN A. DAU~SON. Can. J. Chem. 55, 1437 (1977). 
The signs of geminal 15N-C-13CH3 couplings in configurationally isomeric acetophenone 

oximes have been determined relative to those of the vicinal 15N-C-C-H interactions using an 
off resonance proton decoupling technique. In the Z-isomer where the nitrogen lone pair is cis 
to the coupled carbon, the coupling is large and negative, whereas in the E-isomer, the gem- 
inal 15N-C-13CH3 coupling is small and positive in sign. 

GERALD W. BUCHANAN et BRIAN A. DAWSON. Can. J. Chem. 55, 1437 (1977). 
O n  a determine lcs signes des couplages 15N-C-'3CH3 gCmines dans des oximes de I'acCto- 

phCnone qui sont isomeres au point de vue configurationncl; ces ddterminations ont CtC 
effectutes par rapport a celles des interactions I5N-C-C-H vicinales en faisant appel a la 
technique "off resonance" de decouplage du proton. Dans l'isomere Z, ou la paire libre de 
I'azote est cis par rapport au carbone qui est coupli, le couplage est grand et negatif alors que 
dans l'isomere E le couplage gemink '5N-C-13CH3 est petit et de signe positif. 

[Traduit par le journal] 

Introd~lction Hv2.7, ,,/OH 

There has been a good deal of recent interest C=N 
/ $ T ' Q  

in the magnitudes and signs of geminal coupling H /x3 

constants illvolving "N and other nlagneiic Lichter et al. (6) have demonstrated the sensi- 
nuclei. The influence of the nitrogen lone pair is tivity of this parameter to N lo~le pair geometry 
clearly pronounced ( I ) .  For both saturated and in the Z- and E-2-cyclohexenone oxirnes shown 
unsaturated compounds, 'JL5,-,, is calculated to below. 
be large and negative when the nitrogen lone pair 
is cis to the coupled proton, whereas this 
coupling is small and can be of either sign when a+,OH 11.0 
the lone pair is tmr~s  to the coupled proton (2). In (J 
the case of formaldoxime. ' f15 ,~  is - 13.8 HZ In an earlier Bundgaard and Jakobsen 
for the former coupling and +2.7 Hz for the (7) determined the sign of ' J I ~ , ~ , ,  relative to 
latter (3). A similar trend has been observed for 

3 fl,,,, ill ~ j ~ - ~ ~ ~ i ~ l ~ ~ d  pyridine and some deriv- 
isomeric acetaldoxlmes (4, 5). atives. These authors predicted, that in cases 

With regard to geminal 13C-ITN interactions, where a geometricallv CCN fragment was - . - - 
'Presented in part at  the 59th Canadian Chemical present, a sign change in the geminal I3C-'jN 

Conference of the Chemical Instltute of Canada. London. coupling would be observed between members of . - 

Ontario, June 1976, an isonieric pair. We wish to report the first 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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experinlelital verification of this prediction using 
Z- and E-acetophenone aximes as model com- 
pounds. This work represents ail extension of our 
earlier study (8) which involved exclusively 
E-isomers. 

Results 2nd Discllssion 
(a )  Cilemicnl Sh fts 

Belo\v are compared the 13C chemical shifts 
(6, froin TMS k0.1) for the Z- and E-isomers. 
Most notable IS the increased shielding of the 
CH, resonance of 9 ppm in the E-isomer relative 
to the Z case, which reflects its syn relationship 
to the OH function in the former compound. 
Similar findings have been reported by Roberts 
and co-workers (9) for other configurationally 
isonleric oxi:l~es. In the Z-isomer the quaternary 
aromatic carbon is shielded by 2.5 ppm relative 
to the E case, agalrn a consequence of the sjliz- 
OH moiety. 

a 8 . 5  126.0 N-OH 

129.1 +- 155.9 - \ 
CH3 

jb) Coupling Coi?strrnfs 
The absolute values of the 13C-lSW J.s are 

presented below. For the Z-isomer it was not 
possible to measure the vicinal couplii~g to the 
ortho carbons due to peak overlap with the rnefci 
resonance. Clearly there is a dramatic effect of 
N lone pair geometry on the magnitude of tile 
geminal interactions. When the lone pair is cis 
to the coupled carbon, as in the quaternary 
carbon of the E-isomer and the CH, of the Z, 
the absolute values of 2J are much greater than 
in the cases where the lone pair is tmns.  

In this work we have used the off resonance 
proton decoupli~lg procedure described by 
Jakobsen el ul. (7, 10, 11) to determine the signs 
of the geminal "N-C-I 3CH3 couplings relative 

to those for the vicina.1 "N-C-C-H interactions. 
The latter are known to be negative (3) in iso- 
meric acetaldoximes and are assi~med negative 
for tlie present acetop21erione oximes due to the 
close agreenient in experimental findings for the 
isomeric pairs illustrated. Additional support for 

this assumption comes fro111 the results of TNDO 
MO calculations (2) which indicate negative 
vicinal I5N-H J ' s  in fragments such as these. 

The Jakobsen technique (10) is applicable for 
determining the relative sign of "JCx and the 
corresponding ""J,, spin couplings, where X 
is a spin 4 nucleus (i.e. I5N).  Use is inade of the 
dlference observed for the reduced splittings, Jr,sidL,nl = 2nAv.JCI1/yH2 in the 13C spectrum 
of the J I ~ ~ - ,  doublet. I11 the case of the Z- 
isomer, off resonance ' H  decoupling on the high 
field side (Av = 65 Hz, ;lH2 = 1600) caused a 
reduction in the residual coupling for the high 
field lines indicating the same sign for 3JNJ,,, and 
'J,, ( i . ~ .  negative). As a check, off resonance 
decoupling on the low field side did indeed cause 
a reduction of the residual J,,, for the lo\hr field 
lines. 

Collversely for the E-isomer, off resoniince 
decoupling on the high field side (Av z 50, 
yH,  2000) reduced J,,, preferentially on the 
low field side, whereas low field irradiation 
reduced JcI1 on the high field side. Therefore in 
the E-isomer, 'J,., i11ust be positive. h typical 
spectrum is show11 in Fig. 1, illustrating the 
result of high field H irradiation. Since 'J,, will 
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FIG. 1. Methyl region of the 'T spectrum for lSN 
enriched Eacetophenone oxirne. Spectrum recorded with 
off resonance 'H decoupling, y H r  a 2000 and Av a 50 
Hz to the high field side of the 'H resonance of the CIS, 
group. 

riot be affected by ' H  decoupl~ng, the reduced 
s p i ~ t t ~ n g  on tile low field s ~ d e  must be due to a 
preferential reduct~on of 'J,,. 

The present results for 2JcN ln oxlmes parallel 
those for 2JN,. S~eclfically, geni~nal J ' s  are large 
and negative when the N lone p a r  IS cw to the 
coupled cal boll, and small and poslttve when the 
lone pals IS frurls to the 13CH,. 

Recently Schulmall and Venanz~ (131, hake 
demonstrated that 2JcN arid 3Jc, are dom~nated 
by the Perm1 contact terrn in contrast to 'J,, 
for a varlety of compounds, although the only 
oxilne considered has been that derived from 

.4ND DAWSON 1439 

formaldehyde. 4t present, we are carrylng out 
INDO M 0  ca!culations to evaluate the Fermi 
contact con t r~bu i~ons  to the observed couplings 
In aromatic oxlmes and related mateslals. 
Results \v111 be commun~cated 111 the near future. 

Experimental 
,%fotei.iiri.c 

Preparation of the E-isoilier was reported in our 
previous study (8). The Z isoiner was prepared according 
to  the procedure of Sriiith and Kaiser (14), using 95:< 
l 5 N  enriched h>.droxylaniine hyd~.ochloride obtained from 
hferck, Sharpe, and Dohme (Canada). 

spec ti.^^ 
Spectra nerc recorded using a Variari XL-100-12 ninr 

spectror~leter equipped uith the Nicolet TT-100 Fourier 
transform data rystern. Sarnples were exainined as 0.1 ,1f 
solutions in  CDC1, solution in 5 mm sarnple tubes. 
Spectral widths Mere comn~only 2000 1-lr arid a niiinimuni 
of 8K data points were used. For the off resonance 
experiments the iioise modulation was removed arid the 
decoupler high power level reduced to 50% mhici-, ga1.e a 
yH2 value of cfr. 1600. 

1. R. W.ASYLJSHEN. In  Nuclear magnetic resonance 
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On the molecular conformation of the bis- 1,3-dioxolyli molecule 
in decahydronaphthalene and benzene solutions 
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ERNST BOCK, G A R ~ E T T E  SUTHERLAND, DAVID M c K I ~ N o ~ ,  and EDWARD TOMCHUK. Can.  J. 
Chem. 55, 1440 (1977) 

The electric dipole moments of the bis-1,3-dioxolyl moleci~le were determined in d i l ~ ~ t e  
decahydronaphthalene solution at  25 and 100 C and in dilute benzene solution at  25'C. From 
the temperature dependence of the dipole moment it is concluded that the frc1n.r. rotamer of the 
molecule is more stable in both solvents than the pu~rcke rotarner by -4.5 kJ mol-I. The 
conformational behavior of the rnoleci~le is disc~lssed in terms of a recently proposed solvation 
theory. 

ERNST BOCK, G A R ~ E T T E  SLTHERLAND, DAVID MCKIUNON et EIIM'ARD TOMCFIUK. Can. J. 
Chem. 55. 1440 (1977). 

O n  a determine, en solution diluee de decahydronaphtalene, a 25 et a IOO'C, et dans des 
solutions diluees de benzene, a 25-C, les ~noments  electriques dipolaires de la niolCcule bis- 
dioxolyl-1,3. En se basant sur la dependance du moment dipolaire sur la temperature, on en 
conclut que le rotamere trans de la n~ol tcu le  est plus stable. dans les deux solvants, que le 
rotamere grrriche: la difference est -4.5 kJ  niol-I. On disci~te du comportenient conforma- 
tionnel de la molecule en ternies d'une theorie de solvatatio~l qui a ete proposee rtcemment. 

[Traduit par le journal] 

Introduction 
In a recent paper published in this journal ( I )  

it was suggested that in acetone solution the 
trans rotamer of bis-1.3-dioxolvl is more stable 
than the gauche rotamer and t i a t  the difference 
in enthalpy between the two rotamers in acetone 
was approximately 700-1300 J n i o l l .  The above 
authors based their conclusions on the tempera- 
ture dependence of certain proton nmr coupling 
constants. But because it proved impossible to 
measure independently the coupling constants 
for the two rotamers the authors could obtain an 
approximate value only for the confornlational 
energy difference. However, the marked increase 
in the value of 3 J ( H , H )  with decrease in temper- 
ature suggested strongly that the trans conformer 
was the energetically more favoured one, at least 
in acetone solution. 

Another technique which may be used to 
determine relative stabilities of rotamers makes 
use of molecular electric dinole moments. 
Although this technique suffers from a number 
of disadvantages compared to the nmr tech- 

'Revision received January 24, 1977. 

nique, L ~ z . ,  solutioll d~pole  moments can rarely 
be determined with an accuracy of better than 
3.33 x C 111 (0.01 D), both conformers 
may have dipole moments of comparable 
magnitude, etc., it 1s nevertheless particularly 
suitable in this case because the trans rotamer 
has no dipole inoinent whereas the gauche 
rotamer can be expected to have a dipole 
moment of 5.0 x - 6.7 x G m (1.5 
- 2.0 ID) as calculated by the INDO-MO theory 
( 1 )  and estimated from bond-moment vector- 
model calculations. (See Fig. 1.) Details of the 
INDO-MO calculat~ons are given in ref. 1 and 
need no: be repeated here. The vector-model 
dipole moment was estimated uGng the follow- 
ing bond moments: C-0 0.7 D, C--H+ 
0.4 D, C=C--H+ 0.7 D (2) ,  and the mol- 
ecu!ar coordinates for the g a ~ ~ c h r  rotamer of 
Schaefer et a/. ( 1 ) .  Thus if the energy barrier 
separating the two rotamers is not too large, i.e., 
if a significant change in the population of the 
two forms can be realised in a reasonable tem- 
perature interval, then it is possible to obtain the 
energy difference between tlie two forms from 
the observed temperature dependence of the 
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trans rotamer aauche rotamer 

FIG. 1. The frorl., and gnuchr rotamers of bis-1,3- 
dioxolyl. 

molecular dipole moment. The relationship 
between the dipole moments and the energy 
difference, AE = E, - E,, of the gaucl~c and truns 
ro tame~s  respectively, the measured dipole 
moment. 111, at  a temperature, T, is given by 13): 

Here o is the ratio of the partition functions of 
the gauclle to trans rotarners. In  the absence of 
microwave and infrared data w luay be approx- 
imated to the ~ r o d u c t  of the ratio of the statis- 
t ~ c a l  weights of the t u o  rotamess and the square 
root of the ratlo of the products of the principal 
moments of ~ n e r t ~ a  of the t u o  rotamess: i.e., we 
assume here that the vibratiotlal contributions to 
the partilion [unctions are the same for both 
i-otamers. The statistical weight of the ga~rclle 
rotamer is 2 since there are two non-su~er -  
ilnposable forms of this rotarner. And the 
statistical weight of the truns rotanier is 1. Using 
the coordinates of Schaefer et a/. ( 1 )  for the two 
rotamers the product of the principal moments 
of inertia, I,I,I,, of the g u ~ ( c h ~  and trans rotamer 
results as 2.94 x kg m2 and 1.82 x 
kg in2. respectively. Combination of these values 
then yield a value for o = 2.54. With this 
approximation and setting p, equal to zero [ l ]  
becomes : 

Equation 2 contains two unknown quantities: 
A E  and y,. Both can be determined by measur- 
ing the dipole moment, n1, at  two different and 
preferably nlidely separated temperatures. It is 
this method which we chose for the determina- 
tion of AE. 

Experimental 
The experimental technique used in the determination 

of the solution dlpole moillent has been described else- 
where (4). The bis-l,3-dioxolyl was prepared after the 

method of Fuchs and H a u p t n ~ a n n  (5). T o  ensure as wide 
a temperature interval as  possible decah>-dronaphthalene 
was chosen as solvent. The choice of solvent was dictated 
by its low volatility, nonpolarity, and ready availability 
in highly purified state. I t  was obtained froin Fisher 
Scientific Co., under their label 'Spectroq~~ality',  and was 
used without further purification. The uncertainty in the 
experimental dipole moment is estinlated to be 3.3 x 

C 111 (0.01 D). The estimate of the uncertainty is 
based o n  the sum of the lueas~lred standard deviations in 
the Smith (6) polarization parameters Y and v. The error 
in  the temperature was less than 0.01 C and the error in 
the weight fraction was negligibly small. 

Results and Discussisn 
The experimental results are shown in Table 1 

and the derived quantities based on these results 
are summarized in Table 2. INDO-MO cal- 
culations predict the guucl7e form to be more 
stable in the vapor phase but experimental 
measurements in solution show that the trarls 
form is more stable. The experimental observa- 
tions are in qualitative agreement with the nmr 
studies referred to above ( I ) .  

It is interesting to speculate on the reasons for 

TABLE 1. Weight fraction, M< dielectric constant, 8,  

refractive index, 1 1 ,  and Smith's polarization parameters 
r and v fur solutions of bis-1,3-bioxolyl in decahydro- 

naphthalene a t  25 and 100 C and benzene a t  25.C 

In  decahydronaphthalene solution at  25 C 
9.839 2.1586 1.4710 0.739 -0 ,111  
1 .993  2.1595 1.4710 
3.838 2.1609 1.4709 
5 .86  2.1624 1.4709 
7.788 2.1637 1.4708 

11 "972 - 1 .4705 
25.212 - 1 ,4701 

In decahydronaphthalene a t  100-C 
0.976 2.0748 1.4390 0.671 -0.100 
1.775 2.0752 1.4388 
3.742 2.0766 1.4387 
6.441 2.0785 1.4386 
7.826 2.0792 1.4385 

29.976 -- 1 ,4379 
48.795 - 1 ,4372 

In  benzene solution at  25-C 
1.175 2.2747 1.4980 0.638 -0.083 
2.541 2.2756 1 ,4980 
4.068 2.2766 1 ,4980 
5.579 2.2776 1.4980 
7.535 2.2788 1 .4978 

10.226 - 1.4975 
21.262 - 1 ,4972 
44.392 - 1 ,4968 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C.4N. J .  CHEM. VOL. 55. 1977 

TABLE 2. Sumniary of observed and calc~~lated data 

Solvent 25 c 100 c y ,,,,,,,, (C m x lo3') A E ( k J  mo1-I) 

the observed co~lformational preference in 
solution. 

According to a recently proposed solvation 
theory (7), which regards the solvent as a dielec- 
tric continuum and the solvent molecule as a 
collection of electric charges, the solute-solvent 
interaction energy may be written as a sum of 
three interaction terms, riz., a polar term, a 
dipolar term, and a quadrupolar term. The polar 
term is usually small and for nonpolar solvents 
may be set equal to zero. The dipolar term is 
proportional to the square of the dipole moment 
of the solute n~olecule: this term therefore, in 
the present case, mill favour the gauche form 
because the trans form has a zero dipole 
niornent. Finally, the quadrupolar term is pro- 
portional to the square of the mo!ecular quad- 
rupole moment and will stabilize the rotanier 
with the largest rnolecular quadrupole moment. 
It is relatively easy to cornpute the dipolar terin. 
The conlputatio~l of the quadrupolar term is 
much more complicated. However, from an 
examination of molecular models and from a 
comparison of calculated molecular quadrupole 
inoments of SJW tetrasubstituted ethanes (71, 
molecules the structures of which are similar to 
the structure of bis-1,3-dioxolyl, it is clear that 
i n  the present case the quadrupolar term must be 
considerably larger for the trans conformer com- 
pared to the gm~che  conformer. Thus the 
stabilization of the trutis conformer in solution 
must be due entirely to the quadrupolar inter- 
action. The energy of this interaction may be 
estimated as follows. Using the dipole moment 
of the gaucl~e form as calculated by [2Ir and a 
rnolecular radius of 3.2 x 10-lo m: as estimated 
from tnolecular niodels and standard bond 
lengths, and published bond polarizabilitji data 
(8) one obtains the following values for the k 
and I parameters of Abraham (7): k = 8.0 kJ 
mol- l ,  I = 0.75. Using these values and setting 
x = 0.218 the dipolar interaction results as 2.1 
kJ  mol- ' .  If this value is subtracted from the 

difference of the conformational energy differ- 
ence in the vapour and s o l ~ ~ t i o n  phase, respec- 
tively, one obtains an estimate for the quad- 
rupolar interaction term, i.e., 

AEv - AE" dipolar term = quadrupolar term 

Here AE' and A E h r e  the energy differences 
between the gauche and tratzs confcrrnations in 
the vapor and solution phase, respectively. In 
the absence of experimental data for A E '  Lye set 
this term equal to the INDO calculated value, 
i.e. AE" = -4.2 kJ mol- ' .  F r o ~ n  Table 2 AEYn 
decahydronaphthalene is 4.5 kJ m o l l .  'Thus the 
quadrupolar term in this solvent results as 
- 10.8 kJ mol-l .  This seems a rather large value 
for this interaction: it implies an unreasonably 
large quadrupole parameter, / I ,  of sonie 75 k3 
niol- ' . However: it should be kept in niicd that 
this estimate is critically dependent on the 
correct estimate of LEV. Now it is well known 
that INDO-MO predicted co~lformational 
energy differences are not always reliable since 
they are derived ,rrom the difference of two very 
large numbers (the total lnolecular energies of 
each conformer) of almost equal magnitude (9). 
For instance, in the present case: the total 
energy, i.e., the energy of the molecule relative 
to the free nuclei and electrons, is - 3.0479735 x 
10' k J  niolF1 and - 3.0479317 x 10' kJ n1olFs 
for the ynuche and trans conlbrmer, respectively, 
which gives 

Thus a smail error in one or both total energy 
estimates may result in quite a large error in AE. 
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The resonance Raman spectra and excitation profiles of some 
4- sulfamylazo benzenes1 

KAMAL KUMAR AND P. R.  C A R E Y ~  
Di~'ision ofBiologicn1 Sciences, Nationul Research Council of Canada, Ottaw,a, Ont. ,  Canada KIA OR6 

Received November 17, 1976 

KAMAL KUMAR and P. R.  CAREY. Can. J. Chem. 55. 1444 (1977). 
The resonance Raman spectra of three pharmacologically important sulfonamides, 4-sul- 

famyl-4'-dimethylaminoazobenzene (I), 4-sulfamyl-4'-hydroxyazobenzene (2) ,  and 4-sulfamyl- 
4'-aminoazobenzene (3) ,  are compared with those of analogues lacking the sulfonan~ide group. 
The -S02NH2 moiety does not directly contribute intense or moderately intense bands to the 
resonance Raman spectra of 1, 2,  and 3 .  However, -SOZNH, ionization is reflected by fre- 
quency changes in a band near 1140 cm-' and intensity changes in the 1420 cm-l region. The 
normal Raman spectrum of 2 confirms that the intensity changes reflect -SO,NH, ionization 
rather than unrelated changes in vibronic coupling. The effect of O H  ionization on the 
resonance Raman spectrum of 2 emphasizes that caution must be exercised when relating 
spectral perturbations to changes in contributions from valence bond type structures. Reso- 
nance Raman excitation profiles for the 1138, 1387, and 1416 cm-'  bands of 2 show that these 
bands gain intensity by coupling with the electronic transitions in the 240 to 450 nm region and 
that. more than 1000 cm-I to the red of j.,,,,, the wavelength dependence can be closely repro- 
duced by the F, type terms of Albrecht and Hutley. The excitation profile for each band shows 
evidence for structure in the 470 nnl region, although lack of sufficient excitation wavelengths 
prevents accurate estimation of the spacing. under conditions of rigorous resonance the intense 
Raman lines all occur in the 1400 cm-* region, i.e. they are 'bunched' in the region known to 
contain the -N=N- stretching vibration. 

KAMAL KUMAR et P. R .  CAREY. Can. J. Chem. 55. 1444(1977). 
On compare les spectres de resonance Raman de trois sulfonamides pharn~acologiquement 

importantes, sulfamyl-4 dimethylamino-4' azobenzene (I), sulfavnyl-4 hydroxy-4' azobenzene 
(2) et sulfarnyl-4 amino-4' azobenzene (3)  avec ceux d'analogues ne contenant pas le groupe 
sulfonamide. La portion -SO,NH, ne contribue pas directement de bandes intenses ou 
n~oderCment intenses au spectre de resonance Raman de 1, 2 et 3. Toutefois I'ionization de 
-SO,NH, se reflete par des changements de friquence dans la bande pris de 1140 cm-' et par 
des changements d'intensite dans la region de 1420 cm- ' .  Le spectre Raman normal de 2 
confirme que les changements d'intensite sorit un reflet de I'ionization du -SO,NH, plut6t 
que des changements du couplage vibronique qui ne sont pas relies B l'ionisation. L'effet de 
I'ionization du -OH sur le spectre de resonance Raman de 2 met en relief les precautions qui 
doivent Ctre prises lorsqu'on essaie de relier des perturbations de spectre avec des change- 
ments dans la contributioll provenant de structures de type de lien de valence. Les profils 
d'excitation de la resonance Raman pour les bandes a 1138, 1387 et 1416 cm-' de 2 montrent 
que ces bandes gagnent de I'intensite par couplage avec les transitions electroniques dans la 
region de 240 a 450 nm et que plus de 1000 cm-' vers le rouge du i,,,,,, la relation avec la 
longueur d'onde peut Ctre tres bien reproduite par des tern~es du type F, de Albrecht et Hutley. 
Le profil d'excitation de chaque bande montre des indications pour la structure dans la region 
de 470 nm quoique un manque de suffisantes longueurs d'onde pour l'excitation empcche un 
estime precis de l'espacement. Dans des conditions de resonance rigoureuse, les lignes Raman 
intenses se produisent toutes dans la region de 1400 cm-' c'est-a-dire qu'elles sont toutcs con- 
centrees dans la region qui est connue pour contenir les vibrations de frequence -N=N-. 

[Traduit par le journal] 

hatroducfion specific interaction with the active site they have 
certain arolnatic sulfonamides are very proved extremely useful in work on the physico- 

powerful and selective inhibitors of the enzyme chemistry and mechanism of action of carbonic 

carbonic anllydrase (1). Because of their highly anhydrase (2). Comparison of the resollance 
Raman spectra of free aqueous arornatic sul- 

'NRCC No. 15825. fonamides with those of the drugs bound to the 
2To whom correspondence should be addressed. enzyme reveals several differences in band posi- 
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tions and intensities (3, 4). These spectral 
differences may be used to delineate the chemical 
changes occurring in the sulfonainide molecule 
upon binding. The aim of the present paper is to 
establish several points relating the chemistry of 
1, 2, and 3 (Fig. 1) to their resonance Raman 
spectra which were omitted or only touched 
upon in the earlier biochemically oriented work 
(3, 4). Furthermore, the variation of Raman 
intensities with excitatioil wavelength. the excita- 
tion profiles, have been measured for 2 to pro- 
vide a quantitative estimate of R a n ~ a n  intensity 
enhancement for comparison ~ i t h  existing 
theories. 

Materials and LMethods 
The azobenze~le sulfonamides studied in this work are 

shown in Fig. I .  Compounds 1 ,2 ,  and 3 were synthesized 
and generously donated by Dr. R. W. King; 4 and 5 were 
purchased from Eastman Kodak Co., Rochester, NY;  
6 was purchased from K and K, Plainview, NY, and '7 
and 8 were purchased from Pfaltz and Bauer, Flushing, 
NY; p-carboxybenzenesulfo~~a~~~ide was purchased from 
Aldrich, Milwaukee, WI. 

Raman spectra were obtained with a Jarrell-Ash 25-400 
spectrophotometer using a RCA 310304A-02 photo- 
multiplier tube and photon counting detection. The 
excitation sources were Spectra-Physics Model 185 
He-Cd ion and Model 164 Ar- and K r r  lasers. Peak 
frequencies were calibrated using emissioll lines from Ar, 
Xe, and Ne lamps and are believed to be accurate to 
+ 2 cm-' for we!l resolved bands. In the 1100 cm-' - 
region the accuracy is i 1 cm-'. Band intensities were 
measured by band heights and intensities reported for the 
excitation profiles are the average of at least three runs. 
Solutions for the excitation profile measurements con- 
tained N/lO KOH and 25% MeOH. The MeOH band at 
1017 cm-' was taken as an internal reference. Since the 
internal standard was close to the lines measured and 
solutions were of low optical density (-0.6 at 457.9 nm) 
neither a ).4 correction nor a self-absorption correction 
was necessary. 

The Raman spectra showed excellent reproducibility 
and neither photodecolnposition nor photoisomerisation 
were detected. Absorption spectra were recorded on 
Cary 14 and 15 spectrophotorneters and infrared spectra 

FIG. 1. The structures of the compounds studied. 

were recorded on a Perkin Elmer 521 grating spectro- 
photometer, The IR band positions are accurate to 
2 2 cm-I. 

Results and Discussion 
Tlze Absorptior~ Specfra 

Above 300 nm the compounds 1 -t 8 have 
similar absorption spectra with two features 
between 300 and 500 nm (Fig. 2, refs. 3 and 4). 
For 3 + 8 the spectra are characterized by a 
A,,,, near 380 nm with a shoulder near 430 nm. 
1 has a I,,,, near 470 nm and a shoulder close to 
440 nm while for 2 1,,,,,, is near 450 nm with a 
shoulder near 425 nm. It is probable that mixing 
of the electronic transitions occurs and each of 
the above bands contains contributions from 
more than one transition, thus definitive assign- 
ments are not possible at  present. However, the 
following comments may be made. The high 
energy band near 400 nm is probably related to 
the transition found in azobenzene near 320 nm 
(5) while the band near 450 nm may be identified 
with the 440 nm n + TC* transition of azobenzene 
(5) which in the present compounds gains 
intensity by mixing with the available TL -t nX 
transitions. The appearance in the resonance 
Raman spectra (ride irzfi.0) of intense features 
from the benzene and aro moieties suggests that 
both chromophores make important contribu- 
tions to the absorption spectra in the 450 nm 
region. 

Evidence that I17tc17se Fecrtrire~ Ji.or?z -SO,NH, 
do not Appear ir? the Resor7unce Rarnarz 
Spectra of 1, 2 ,  arzd 3 

This evidence is obtained from analogues in 
which the -S02NH, is absent, from the com- 
parison of ir and Raman data and from the 
Raman spectrum of 2 when O H  + -0 - .  The 
resonance Raman spectra of 6, 7, and 8 (Fig. 3), 
where the S 0 2 N H 2  of 3 is replaced by 
-CO,-. -SO,-. and As0,'- respectively are 
very similar and exhibit all the features seen in 
the spectrum of the S 0 2 N H ,  compound; thus 
there are no extra features in the latter spectrum 
to assign to contributions from the sulfonamide 
group. The band at 1 1  30 (6), 1122 (7), and 1096 
cm-' ($) is probably a variable CH in plane 
beildiilg mode (vide infia) and is present, as a 
neak feature, in 1, 2, and 3 (Fig. 4 and refs. 3 
and 4). Comparison of the resonance Raman 
spectrum of 3 with that of 4 where H replaces 
--S02NH2 (Fig. 4) shows that the only addi- 
tional feature in the sulfonainide spectrum is at 
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I .__- 

2 -- 

00- 
L ~ 

~ 

2% 250 3 C0 350 CCC 45C 5C3 550 6'6 

h q n .  

FIG. 7, Absorption spectra of (1) 7, 3.7 x jVf, tris-HC1 buffer, p H  8.3; (2) 4, 1.5 x lo-" :VI, 
FiZO; (3) 8, 3.4 x itf, ,Ai~10 K O H ;  (4) 2, 1.9 x 144 in 7 5 z  N,I 10 KOH, 25% methanol; (5) 
6, 3.5 x t o - '  M, tris-HCI, pH 8.2. 

1398 cm-', this is almost certainly a ring mode 
c~iaracteristic of a y-p' substituted a~obenzene 
(Fig. 3, ref. 6) and does not contain a significant 
contribution from -SO,NH,. Comparison of 
I and 5 (not shown) yields an identical result; 
there are no additional features in the spectrum 
of 1 attributable to -SO,NH,. 

In the infrared the -SO2- symmetric stretch 
of -S02NH, has been assigned by a number of 
workers (7) to the range 1 152-1 169 cm-l. The 
infrared spectra of 1,2, and 3 (Fig. 5) all show an 
intense peak in this region and on the basis of 
the literature values (see. e .g . ,  ref. 7) these are 
assigned to the -SO,- symmetric stretch with 
the added possibility that a CH in plane bend (8) 
may make a minor contribution to the main 
--SO,- peak. The intense ir peak near 1140 
cm-' for 1, 2, arid 3 (Fig. 5) coincides, within 
experimental error, with the Raman band 
assigned to Ph-N stretch (3, 4). Because 1 and 
3 had high luminescent backgrounds only 2 gave 
a satisfactory Raman spectrum in the solid 
phase for comparison with the infrared data. For 
solid 2, neither the normal (4) nor the resonance 
(Fig. 6 and ref. 4) Raman spectra have an intense 
peak near 1 165 cm- l. The very ueak peak near 
1165 cm-I (Fig. 6) could possibly be -SO,- 
stretch but, on the basis of comparison of 
the three forms of 2 -OH,-S02NH,; 
-0-.-SO,NH,; and 0-,-S02NHT, it is 
more likely to be a CH in plane bending mode 
(see next section). Additional evidence for the 
absence of the -SO,- mode comes from the 
normal Rainan spectrum of -0,C--Ph- 
S02NH, (Fig. 7); no band is detected near 1160 
cm-' where the -SO,- stretch, insensitive to 
substituent effects (7 ) ,  is expected. 

In summary it appears certain that the 
--SO,NH, does not contribute an intense oc 
even a moderately intense mode to the resonance 
Raman spectra of 1, 2, or 3. However, if distor- 
tion takes place in the -SO,NH, group, in- 
creased conjugation between the sulfonamide 
and the ring could produce ail intensity enhanced 
sulfonamide or Ph-S  node and this has been 
proposed as the mechanism for the appearance 
of a new resonance Raman band near 1125 
cm-' when 1, 2, and 3 separately bind to the 
enzyme carbonic anhydrase (4). 

EfSect of -OH and -SO,NH, Ionization orz the 
Resonunce Rcrmun Spectrunz of 2 

The high quality resonance Raman spectra 
of 2 in its HO-Fh-N=N-Ph-SO,NN,, 
0--Ph-N=N-Ph-SO,NH,. and 0--- 
Ph-N=N-Ph-S0,NH- foln~s (Fig. 6) per- 
mit an assessment of the effect of group ioniza- 
tion on the spectra. In particular the validity of 
correlating spectral changes with the relative 
importance of valence bond structures such as 
quinonoid (9) may be tested. 

Ionization of -ON 
There is a substantial body of evidence indi- 

cating that the Raman and resonance Raman 
spectra of p-y' dis~~bstituted azobenrenes con- 
tain a feature with a higli degree of -N=N- 
stretch near 1430 cm-I and a :node with a high 
degree of Ph-N stretch occurs near 1 I40 cm-' 
(3, 4, 10, 11, and references therein). For 
HO-Ph-N=-N-Ph-SO,NI-I, these modes 
are ascribed to the 1438 and 1139 cm-' features 
respectively (Fig. 6). The marked change in the 
absorption spectrum of 2 when -OH -. -0- 
(h,,, goes from -360 to ~ 4 5 0  nm) is accom- 
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KUMAR AND CAREY 

FIG. 3. Resonance Raman spectra (441.6 nm excita- 
tlon) of (A) 6, 3 3 x M in AT/10 KOH; ( B )  7, 
6.9 x lo-' 2/1 in tris buffer p H  7.4; (C) 8, 2 x M 
In ,\/lo KOli. Laser power -- 60 mW, spectral slit width 
-9 cm-', scan speed 0.5 cm-'/s. 

panied by striking changes in the relative inten- 
sities of the resonance Raman bands (Fig. 6). 
Two classes of frequency changes are detected 
in the resonance Raman spectrum upon ioniza- 
tion. The three bands in the N - - N  stretching 
region, 1400-1465 cm-I, move approximately 
20 cin-I to low frequency while shifts to low 
frequency of 0-8 cm-I are observed for the main 
Ph-N mode at 1139 cm-' and its satellites at 

I 1 -- 
1600 1400 1200 I000 800 600 400 

?AMAN SHIFT (cm-I) 

FIG. 4. Resonance Raman spectra (441.5 nm exc~tat~on) 
of (A) saturated solut~on of 4, pH 13.0; ( B ) 3 , 4  x lo-' 
M,  p H  7.0, tris buffer 75%, methanol 25% (v/v). 40 mW 
laser power, spectral slit width 9 cm-', scan speed 0.5 
cm-'Is. 

- 1165 and 1098 cm-'. The observed shifts for 
the N=N is compatible wirh the simple idea of a 
decrease in -N=N- bond order caused by 
increased importance of quinonoid forms of the 
type 

0- 

o+-N+l-rw2 

0 

However, for Ph-N the observed shift is clearly 
incompatible with the increased bond order 
expected on the basis of the quinonoid argu- 
ments. This emphasises that considerable care 
needs to be exercised when interpreting spectral 
changes in terms of contributions from valence 
bond structures. The bands flanking the N=N 
mode, at 1465, 1400 cm-I in -OH and 1446, 
1384 cm-' in -0-,  are assigned to benzene 
ring modes, each ring contributing one band. 
Upon -OH -+ 0- the marked intensity gain of 
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FIG. 5. Infrared spectra of compounds 1, 2, and 3 in 
KBr matrices. 

these bands is evidence that they are coupled to 
the chromophore or chromophores responsible 
for intensity enhancement in the -0- form, 
while their frequency shifts similar to N=N in- 
dicate that they are vibrationally coupled to the 
N=N. This vibrational coupling may prolide a 
mechanism for intensity enhancement of the ring 
modes. The 1165 and 1098 cm-' bands flanking 
the intense 1 139 cm- ' Ph-N feature in the -OH 
(Fig. 6) are ascribed to CH in plane bending 
modes 9a and 1 8b (or 15 see ref. 8) for p-1)' disub- 
stituted benzenes. The intensity increase for the 
1190cm-I, inaddition to the 1165 and 1098 cm-' 
bands. upon OH 0 - ,  suggests that all three 
features share a common origin and niay be CH 
in plane bends which are intensity-enhanced by 
coupling to the Ph-N stretching vibration. 
Further e~idence for a coupling of this nature is 
found in the Raman spectral changes seen upon 
-S0,NH2 ionization. 

1600 1400 1200 1000 800 600 400 

RAMAN SHIFT (cm-'1 

FIG. 6. Resonance Raman (441.6 nm excitation) spectra 
of compound 2 (A) solid (-OH, SO,NH, form), (B) 
1.1 x IM in tris-sulfate buffer p H  8.2 (-0-, 
-S02NH2 form), (C) 7.7 x 10-' .b1, 1\-)'10 KOH 
(-0-, -SO,NH- form). Laser power -40 mW. 
Spectral slit width (A) - 4  cnirl ,  (B) -5  cm-', (C) 
-9 cm-', scan speed 0.5 cm-';s. 

Ioniza fion of -S0,nlnlH2 
The changes in the resonance Raman spec- 

trum of 2 upon sulfonarnide ionization have been 
dealt with at  some length (3, 4) and only the 
1150 cm-I region will be mentioned here. The 
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KUMAR A N D  CAREY 

TABLE 1. Tentative assignments (800-1600 cm-' region) for com- 
pounds 1, 2,  and 3. Band positions are in cn1-' and are for aqueous 

solution at  p H  % 9.0. Wilson's mode numbering is follou~ed 

Frequency 

Assignment Sulfonamide 1 Sulfonamide 2 Sulfonamide 3 

19b* 

Coupled 

Ph-NMe, 
14 

3 
Ph-0 ? 

X sens 7a 
9n { PhTE 

5 
1 ou 
I I 

*Possibly both benzene rings contribute 

FIG. 7. Normal Raman spectra (441.6 nm excitation) 
of 02-C-Ph-SO,NH-, aqueous solution p H  12.6. 
Laser power 60 mW, spectral slit ~ i d t h  -9 cm-', scan 
speed 0.5 cm-'/s. 

main Ph-N band at 1134 cm-I (Fig. 6) moves 
to 1138 cm-I in -S02NH-;  this small shift is 
real and is reproduced in the 20 spectra obtained 
at various times with differing laser excitation 
wavelengths. Additionally the weak bands at 
1157, 1098, and 1195 cm-' assigned to CH in 
plane bending modes move to a higher fre- 
quency by approximately 7 cm-I in the 
-S02NH- probiding further evidence for 
coupling to thc Ph-N stretch. 

It is interesting that for both -OH and 
-S02NH, ionization the lines grouped around 

a 196 feature. 

the main -N=N- and Ph-N modes appear 
to act in concert. 

Possible assignments for 1, 2, and 3, based on 
Raman, ir, and literature data are summarized 
in Table 1, using Wilson's mode numbering 
(given in ref. 12, p. 341). It must be stressed that 
the assignments are tentative and that the bands 
in the 1400 and 1150 cm-I regions are probably 
highly mixed. It is suggested that the great 
majority of the ring modes seen come from the 
ring containing the -0- ,  -NH,, or -N(CH,), 
chrornophore. The other benzene ring is thought 
to make a major contribution only in the 1400 
cm-I region of the resonance Raman spectrum. 
The band at 1370 cm-I in 1 is ascribed to the 
Ph-N(CH,), group and may arise as a result 
of the very strong conjugation between the 
dimethylamino and phenyl systems. The assign- 
ments suggested here are in substantive agree- 
ment with those tentatively proposed by Dupaix 
et al. (13). 

Evidence t11at Intensity Changes in the Resonarzce 
Raman Spectra of 1, 2, and 3 may be used to 
Follo~i, Sulforzunzide Ionizafiorz Intlepetz- 
de~ztly of Vibronic Effects 

For compounds 1, 2, and 3 upon -S02NH2 
becoming -S02NHd the ratio of the resonance 
Raman band intensities for the features near 
1420 and 1390 cm-I increases (4). This resonance 
Raman intensity change may be used to follow 
ionization of the sulfonamide group upon 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1450 CAN. J .  CHEM. VOL. 5 5 .  1977 

binding to the enzyme carbonic aahydrase. It is 
thus Important to find out if it is a reliable 
monitor of the change in chemistry or whether it 
simply reflects an unrelated change in vibronic 
coupling ensuing from the different absorption 
spectrum of the -SO,NH- form (3, 4). The 
normal Raman spectra of 2 with 647.1 nm exci- 
tation (Fig. 8), which are not expected to be 
subject to subtle changes in vibronic interac- 
tions, indicate the increase of Int-1420,' 
Int- 1390 can be taken as a reliable monitor of 
sulfonamide ionization. Figure 8 shows that 
Int- 14201- 1390 goes froin 0.72 to 0.94, upon 
ionization, compared to 0.97 and 1.16 in the 
respective resonance (441.6 nm excitation) cases 
(4). Band positions in the normal and resonance 
Raman spectra are the same to within the limits 
of experimental error. 

Excitation Profiles 
The variation of R a ~ n a n  intensities with excita- 

tion wavelength, the excitation profile, is 
capable of providing information on vibronic 
structure which lies unresolved in an absorption 
spectrum. Excitation profiles can indicate the 
identity of an absorption band responsible for 
the intensity enhancement of Rainan bands, the 
position of-the vibronic component (e .g . ,  0-0) 
responsible for maximum enhancement (14) 
and, in favorable cases, the 0-0 to 0-1 to 0-2 
etc. spacing (15). It is also of considerable 
current interest to compare experimental Rainan 
intensity enhancements with those predicted by 
theory. 

The frequency dependence of the Raman lines 
in the preresonance region can be computed 
from the form of the scattering tensor derived by 
Albrecht and co-worker (16). Albrecht and 
Hutley derived two frequency dependent factors 
FA and FB which involve one and two excited 
electronic states respectively: 

where v, is the excitation frequency, v, is the 
frequency of the major active virtual electronic 
state (made equal to the frequency of the 
coupled lowest energy electronic transition), and 
v, is the frequency of another virtual state 

FIG. 8. Normal Raman spectra (647.1 nni excitation) 
of ( A )  -2.5 x lo-' M 0--Ph-N=N-PhSO2NH2 in 
tris-sulfate buffer p H  9.1, (B) - 7  x lo-' ,M -0-Ph- 
N=N-PhSOZNH- in NIlO KOH. Laser pomer -80 
mW, spectral slit 5 cm-'. 

(derived from the higher energy absorption 
spectrum). 

The frequency dependence of the intensity of 
a transition, I,, is given by 

I,,,, CC Ft: 01- I,,, F g 2  

Albrecht and Hutley's fornlulisrn requires that 
only one diagonal component of the polariz- 
ability tensor be active. This criterion may be 
tested by ~neasuring depolarization ratios. Under 
resonance conditions if only one component of 
the tensor is responsible for scattering the 
depolari~ation ratio is 0.33 (17). The average of 
two sets of measurements for 2 (at p H  8.0, with 
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FIG. 9. Absorption spectrum and excitation profiles (for 1416, 1387, and 1138 cm-' lines) of com- 
pound 2 p H  13.0; - 2  x 10-\bl, 

441.6 nm excitation) gave p ,,,, = 0.32 2 0.03, 
p L J S 4  = 0.34 f 0.03, p1317 = 0.33 & 0.03. 
Thus it is very likely that only one component of 
the polarizability tensor is dominant under 
resonance conditions. 

Table 2 shows the calculated and measured 
intensities of the 1138, 1387, and 1416 cm-I  
bands of 2. Each band gains intensity with de- 
crease in excitation wavelength with the 1387 
and 1416 cm-'  features showing the greater 
increase. The results show that the intensity 
variations are better determined by FB rather 
than FA term. The point at  which the pre- 
resonance Raman region moves into the rigorous 
resonance Rarnan case has not been well defined. 
For  the rigorous resonance Ranian case damping 
constants, obtainable froin structured absorp- 
tion spectra or overtones in the Raman spectra. 
must be used to calculate relative intensity en- 
hancement. The unavailability of this experi- 
mental data prevented the use of damping 
constants in the present work and without this it 
is apparerlt that the agreement between theo- 
retical FB2 terms and experimental intensities 
breaks down at  about 1000 cm- '  from A,,,,, or 
when 1 .,,, is loiver than 488.0 nm. This point 
may, of course, be taken as the simple empirical 
definition of the boundary between pre- and 
~.igorous-resoiia~~ce. 

The developnient of structure in the excitation 
profile is evident in Table 2 and Fig. 9: all three 
of the lines measured shom a nlini~num at  472.6 

nm excitation. Measurements at  additional ~ a v e -  
lengths, unobtainable wlth our existing equip- 
ment. are needed to quantify the spacing in the 
structure. However siuall spacing evident from 
the present data does indicate that v~brational 
spacing, rather than two electronic transitions, is 
being resolved. 

Finally it is noted, as a n  experimental observa- 
tion, that under rigorous resonance Raman 
conditions, most of the Raman intensity 1s seen 
in the 1400 cm- '  region, where the stretching 
Libration of the N=N group occurs. 
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STEVEN J. RETTIG and JAMES TROTTFK. Can. . I .  Cheni. 55,  1454 (1977), 
Crystals of the 3 ' 3  isomer of the title compound are orthorhonibic, a - 23.004(5), 

O = 11.103(1), c = 7.616(3) A, I = 4, space gioup P2,2 ,2 , .  Crystals of the 3'-R isomer are 
orthorhombic, o = 24.898(1), b = 10.4122(43, c = 7.6467(6) A, Z = 4, space group P2.,2,2,. 
The structures were solved by direct methods and were refi11t.d by full.-matrix least scjuarei 
proceiiures to  final R v a l ~ ~ e s  of 0.033 for 1466 and I996 refle~tions wit*? 1 2  30(1) for the 3'-S 
and 3'-R isonlers iespectively. 80th crystal structures consist of discrete rnqlecules !inhed by 
systems of iritermolecular N-H. . .O hldrogen bonds rind possible \veak C--H.. . O  inter- 
actions. 

~ - 

§ . ~ E V E ~  J .  RITTIG et .JAMES TROTTER. Can. J .  Chern. 55 ,  1454 (1977). 
Les cristaux dc l'isomere 3'-S ~ L I  cotnpost. inentionce dans le titre sont orthorhonibiqi~es, 

o = 23.004(5), h = 11.103(1), c = 7.616(3) A, % = 4, groupe d'cspace P2,2,2, .  Les cristai~x de 
l'isoinere 3'-R sont or-thorhombicjues, (i = 24.898(1), b = 10.4122(4), c = 7.6467(6) A, Z = 4. 
grouge d'espace P2,2,2,. On a resolu les structures par des inCthodes directes et on les 2 affinies 
par la methode dei inoindres carres (matrice con~plete) jusqi1'8 des valcurs finales de R respec- 
tives de 0.038 pour 1466 et 1996 i.eflexions avrc I 2 3a(I )  pour les isomeres 3 '-S et 3'-R. Les 
deux struct~~res cristallines comprenneni dei !nol6cules dist~nctes lides pal. des syste~nes de 
ponts hydrogenc N H .  . .O intermoleculaires et possible~nent des interactions C-H. . .O qui 
sont faibles. 

[Traduit par le journalj 

Introduction 
The reaction of (Z)-3-deoxy-3-C-methory- Y:~,O i. CHIN2 

carbonylmethylene-l,2 : 5,6-di-0-isopropylidene- 
a,-D-iibo-hexafuranose, 1, with diazomethane 99 
follo\ved by hydrogenation was found to yield H'C b$ 
four diastereorneric pyrrolidones 2,4,6,  and 8 (1). \ I 

CQ2Me Co~lversion of these four colnpounds to the N- 
acetyl derivatives afforded the crystalline prod- i 

ucts 3, 5, 7, and 9. Because of uncertainties in 
structural assig~zrnents by conventional methods 
the X-ra.y crystallographic analysis of two of 
these products, namely 7 and 9, has been under- 
taken. 

3 ' 4  Isomer ( 9 )  
The crystal chosen for study was mounted .with c 

parallel to the goniostat axis and had dimensions of 
ca. 0.4 x 0.4 x 0.6 mm. Unit-cell and space group data 
were obtained from film and diffractometer measure- 
ments. The unit-cell parameters were refined by a least 
squares treatment of sin2 8 values for 12 reflections 
measured on a diffractometer with Cu K, radiation. 
Crystal data are: 

C I ~ H Z ~ N ~ O ~  fw = 370.4 
Orthorhombic, a = 23.004(5), h = 11.103(1), c = 7.616(3) 
A, V = 1945.2(9) A3, Z = 4, p, = 1.265(1) g cmW3, 
F(000) = 792 (22"C, Cu K,, 7. = 1.5418 A, p = 8.4 
cm-I), nip 284-286"G, [%IF +98.3". Absent reflections: 
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RETTIG AND TROTTER 1455 

hO0, h # 217, OkO, ic # 211, and 001, I f 2n define uniquely TABLE 1 (Co~~cluded) 
the space group P212121 (D:, No. 19). -- 

Intensities Q,ere measured with nickel-filtered Cu K, *ton., X jJ 
radiation on a Datex-autoatated General Electric XRD-6 

z 
- 

diffactorneter. A 0-28 scan at 2' niin-' over a range of 3 '-R isomer 

TABLE 1. Final positional parameters (fractional x lo", 
N x ! ! I 5 )  with estimated standard deviations in paren- 

theses 

A. toni 'C Y z 

S isomer 
3024( 3; 
- 502( 3) 

85( 2) 
4364( 3) 
3607( 2) 
1021( 3) 
1912( 2) 
115?( 3) 
2353( 3) 
4109( 4) 
3908( 3) 
2801( 31 
2097( 3) 
1101( 4) 
613( 5) 

- 965( 4) 
4214( 3) 
2142( 3) 
1750( 3) 
3178( 4) 
1090( 3) 
-69( 5) 

- 1635( 6) 
- 1708( 6) 

3404( 5) 
5424( 4) 

53( 3) 
216( 5) 
479( 4) 
461( 3) 
175( 3) 
133( 4) 
47( 5) 

110( 4) 
266( 3) 
400( 4) 
315( 4) 

5( 6) 
- 54( 5) 
-46( 6) 
- 227( 5) 
- 109( 7) 
- 180( 4) 
- 206( 5) 
- 237( 6) 
-113( 7) 

272( 5) 
328( 5) 
377( 4) 
5S6( 4) 
582( 4) 
536( 6) 

O/1) 
O(2) 
Q(3) 
o(4) 
~ ( 5 )  
O(6) 
0 0 )  
K(2) 
N(1') 
C(1) 
C i a  
C(3) 
C(4) 
c i s )  
C(6) 
C(7) 
C(8) 
C(3 '1 
a ' )  
(75') 
(212) 
(313) 
C(14) 
C(15) 
C(16) 
C(17) 
H(N2) 
H(NI ') 
H(1) 
H(2) 
H(4) 
H(5) 
H(6a) 
H(6b) 
H(3 '1 
H(5 'a) 
H(5'b) 
H(13a) 
H(13 b) 
H(13c) 
H(14a) 
H(14b) 
H(14c) 
H(15a) 
H(15b) 
Irl(1 5c) 
H(16d) 
H(16b) 
H(16c) 
H(17a) 
H(17b) 
H(17c) 

(1.80 -f 0.86 tan 8) degrees in 28 was employed. Back- 
ground counts of 20 s were measured at each end of the 
scan. Data mere measured to 20 = 145" (mininium inter- 
planar spacing 0.81 A). The intensity of the check reflec- 
tion, measured every 40 reflections throughout the data 
collection, remained constant to ~vithin k 2%. Lorentz 
and polarization corrections and check reflection scaling 
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CAI\;. J .  CHEM. VOL. 5 5 .  1977 

TABLE 2. Final thermal parameters and their estimated standard deviations 

(a) Anisotropic therniai parameters (Uij  x i 03  A2) 

Atom UII &2 u3 3 u12 U13 u2 3 

3 '-S isomer 

go( 2) 
109( 3) 
93( 2) 
6% 2) 

3'-R isomer 
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RETTIG A h D  TROTTER 

(b) Isotropic thermal parameters 

Atom u (A2) Atom U (A2) 

H(N2) 
H(N1') 
H(1) 
H(2) 
H(4) 
H(5) 
H(6a) 
H(6b) 
H(3 '1 
H(5 'a) 
H(5 'b) 
H(13a) 
H(13 b) 

H(N2) 
H(N1') 
H(1) 
H(2) 
H(4) 
H(5) 
H(6a) 
H(6b) 
W3') 
H(5 'a) 
H(5'b) 
H(13a) 
H(13 b) 

3 ' 4  isomer (L' x 10') 

6( 1) H(13c) 
11( 2) H(14a) 
9( 1) H(14b) 
6( 1) H(14c) 
5( 1) H(15a) 
7( 1) H(15b) 

14( 2) H(15c) 
8( 1) H(16a) 
3( 1) H(16b) 
6( 1) H(16c) 
9( 2) H(17a) 

14( 2) H(17b) 
11( 2) H(17c) 

3'-R isomer (U x lo3) 

62( 8) H(13c) 
72( 9) H(14a) 
75(10) H(14b) 
49( 7) H(14c) 
51( 8) H(15a) 
54( 8) H(15b) 

125(17) H(15c) 
71(10) H(16a) 
45( 6) H(16b) 
44( 6) H(16c) 
31( 5) H(17a) 

116(16) H(17b) 
1 OO(12) H(17c) 

mere applied, and the structure ampl~tudes were der~ved 
N o  dbsorptlon correction was made in vleu of the lo\% 
value of Of the 2229 ~ndependent reflect~ons measured, 
1478 had lntenslt~es g~eater than 3o(I) above background 
where 02(I) = S B + (0 06S)2 w ~ t h  S = scan count and 
B = tlme averaged background count These reflect~ons 
\\ere used in the solution and refinement of the structure 

The structure nas  solved by direct methods uslng 
tangent formula refinement (2-4) Thnty-t\%o zetz of 
phases for 322 reflections uith E 2 1 425 &ere detcr- 
ni~ned One set of phases uas  outstand~ng 111 that ~t hdd 
the louest value of Rh (0 25) and the greatest number of 
phases determined (296) An E-map calculated from this 
set of phases clear11 gave the poslt~ona of the 26 non- 
hydrogen atoms among the 29 h~ghest peaks Two cycles 
of full-matrix least-squares refinement of the pos~t~onal  
and lsotroplc thermal parameters of the non-hydiogen 
atoms gave R = 0 130 Three cycles of anlsotrop~c 
refinement reduced R to 0 080 The coold~nates of the 26 
hydrogen atoms mere revealed on a d~fference Inap 
calci~lated at  this polnt The entire structure (H atoms 
u ~ t h  Isotrop~c temperature factors) \\as ~efined for 6 
cycles gl\lng a final R of 0 038 and R, of 0 048 for 1466 
lcflcctions m ~ t h  7 r 3o(I) (1 unobserved and 12 obserked 
reflect~ons u h ~ c h  had ,F, - IF, > 3o(F) %ere reino~ed 

'Also from M. 6.  B. Drew, private comn~unication. 

from the data set in the final stages of refinement; for all 
2229 reilections R = 0.070 and R, = 0.060). 

The least squares refinement was based on the minimi- 
zation of Z1t,[F0 - Fc,!(l t g I ) I 2  where g is the estinc- 
tion parameter and I the uncorrected intensity. The final 
value of g \\as 2.4(1) x lo-'. The scattering factors of 
ref. 5 Lvere used for the non-hydrogen atoms and those of 
ref. 6 for the hydrogen atoms. Anomalous scattering 
factors from ref. 7 were used for the non-hydrogen atoms. 
The anisotropic thermal parameters employed in the 
refinement are Gj in the expression: 

where fo is the tabulated scattering factor and f is that 
corrected for thermal motion (for H atonls f = f exp 
[- 87t2 U sin2 6; ??I). The meighting scheme: M, = 1, 02(F) 
uhere 02(F) is derived from the previously defined 02(I) 
gave uniform average values of w(lFu, - :Fcl)2 o\er 
ranges of IF,, and was employed in the final stages of 
refinement. The absolute configuration of the nlolecule 
\$as determined from that known for the D-ribo-hexa- 
furanose moiety. 

On the final cycle of refinement the mean parameter 
shift \vas 0.100 with no shifts greater than 0.430. The 
mean error in an observation of unit weight was 1.095. A 
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1458 CAN. J .  C H E  

final diiTerence map showed maximum fluctuations of 
2 0.2 e k3. 
3 ' -R  Isorner ( 7 )  

Experimental detaiis are the same as for the 3 ' 3  isomer 
except where noted. The crystal used for data collection 
was mounted with c parallel to the goniostat axis and had 
dimensions of ca. 0.4 x 0.5 x 0.8 111111. Twenty-one reflec- 
tions aere used in the refinement of the unit-cell param- 
eters. Crystal data are: 

Orthorhombic, a = 24.898(1), b = 10.4122(4), c = 
7.6467(6) A, V = 1982.3(2) A 3 , z  = 4,  p, = 1.2411(3)g 
cn1r3, y = 8.2 cm-I, space group P2,2,2,, inp 261- 
263'C, [r]g5 + 108.5'. 

The intensity of the check reflection remained constant 
to within i 2.5% during the data collection. O f  2268 
independent reflections n~easured, 201 1 had intensities 
greater than 3o(I )  abohe background. 

The structure was sol\'ed by direct methods. Four sets 
of phases for 328 reflections with E L 1.40 were deter- 
mined. One set was outstanding in that it had the lowest 
1-alue of R,  (0.20) and the greatest number of phases 
determined (316). An E-map calculated from this set of 
phases gave the positious of the 26 non-hydrogen atoms 
among the 36 highest peaks. Three cycles of isotropic 
refinement of the C ,  N ,  and 0 atoms gave R = 0.149. 
T a o  cycles of anisotropic refinement reduced R to 0.070 
and a difference map revealed the positions of 23 of the 26 
hydrogen atoms. The remaining hydrogen coordinates 
(all associated with C ( l 5 ) )  nere placed in staggered 
positions. The entire slructure was refined for 8 cycles 
giving a final R of 0.038 and R,, of 0.048 for 1996 reflec- 
tions a i th  I >  3 o ( I )  (15 observed and 3 unobserved 
reflections i hich had (1 Fo - FC1)  > 3 o ( F )  were removed 
from the data set in the final stages of refinement; for all 
2268 reflections R = 0.050 and I?, = 0.053). The final 
value of the extinction parameter ,o was 4.07(15) x 
and the mean error in an observation of unit \\.eight was 
1.270. The final positional parameters for both corn- 
pounds are given in Table 1 and the thermal parameters in 
Table 2. Measured and calculated structure factors have 
been placed in the Depository of Unpublished Data.' 

The thermal motions of both compounds have been 
analysed in terms of rigid-body modes of translation, 
libration, and screu motion (8)  using the computer 
program MGTLS. Rigid-body analyses were successful 
for the 15 atom group 0 ( 1 ) ,  0 ( 4 ) ,  0 ( 5 ) ,  N ( l 1 ) ,  N(2) ,  
C(1)-C(5), C(8),  C(2') ,  C(3') ,  C ( j ' ) ,  and C(12) (rms 
oUi ,  = 0.0024 and 0.0023 A2, rms AUi j  - 0.0046 and 
0.0062 A2 respectively for the 3 ' 4  and 3'-R isomers). 
There is considerable thermal motion in the 'free' iso- 
propylide~le group of the 3'-R isomer. The C(7) coordina- 
tion group (C(7),  0 ( 2 ) ,  0 ( 3 ) ,  C(14), and C(15)) behaves as 
a rigid-body in the 3'-R isomer (rms AUi i  = 0.0042 A'), 
but not in the 3 ' 4  isomer where the libration tensor is not 
positive-definite. Bond distances have been corrected for 
libration (9. 10) and indeoendent motion based on the ~, , 

A U i j  (11, 12) and appear along with ullcorrected values in 
Table 3. 

'The structure factor table is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
CIST1, National Research Council of Canada, Ottawa, 
Canada K I A  OS2. 

VOL. 55.  1975 

TABLE 3. Bond lengths ( A )  with estimated standard 
deviations in parenthesesh 

(a)  Non-hydrogen atoms 

3'-R isomer 
3'-S isomer -- 

Bond Uncorr:[ U1lcorr.T Corr. 
p~ 

0(1)-C(1) 1.419(5) 1.412(4) 
O(1 )-C(4) 1.435(4) 1 .442(3) 
0(2) -c (6)  1 .408(7) 1.415(5) [1 ,4421 
0 ( 2 ) - ~ ( 7 )  1.412(5) 1.416(4) [1.436] 
0(3) -C( j )  1 .437(5) 1 .424(3) [ l  ,441 I 
O(3)-C(7) 1 .446(5) 1 .422(3) [1.451] 
0(4)-C(1) 1 .405(5) 1 .399(4) 
0(4)-C(8) 1.436(5) 1 .428(3) 
O(5)-C(2) 1 .436(5) 1 .429(3) 
0 ( 5 ) - ~ ( 8 )  1.435(4) 1 .428(3) 
O(6)-C(2') 1.211(4) 1.233(3) 
O(7)-C(12) 1 .220(4) 1 .225(3) 
N(2)-C(3 ') 1.438(5) 1 .460(3) 
N(2)-C(12) 1.354(5) 1.338(3) 
1 ( 2 '  1 .350(6) 1.321(3) 
1 ' 1 - ( 5 ' )  1 .446(5) 1 .455(3) 
C(l)-C(2) 1.518(6) 1 .522(4) 
C(2)-C(3) 1.531(5) 1 .526(3) 
C(3)-c(4) 1.553(5) 1.545(3) 
C(3)-C(3 ') 1 .542(5) 1.536(3) 
C(3)-C(5') 1 .549(6) 1 .547(3) 
C(4)-C(5) 1.514(6) 1.517(4) 
C(5)-C(6) 1 .530(7) 1 .526(4) 
C(7)-C(14) 1.510(8) 1.487(8) [ I .  5141 
C(7)-C(15) 1 .505(8) 1.539(10) [ l  ,5731 
C(8)-C(16) 1 .509(6) 1 .507(4) 
C(8)-C(17) 1 .506(6) 1 .510(4) 
C(3')-C(2') 1.530(6) 1 .532(3) 
C(12)-C(13) 1 .508(6) 1.503(4) 

*Table 3(b) (Bonds invol\ing hydrogen atoms) is lodged n i th  the 
Depository of Unpublished Data.  See footnote 2 in text for getting 
a copy. 

t T h e r ~ n a l  libration correction increases the distances by a maximum 
of 0.004 A, except for  the values shoxn  in square bi-ackets. 

(c) Summary of bond lengths involving 
hydrogen 

Distance Mean 
Bond (A) (A) 
N-H 0.92-0.94(3-7) 0.93 
C-H 0.84-1.38(2-10) 0 .98  

Results and Discussion 
Figures 1 and 2 show general views of the 3'-S 

and 3'-R isomers respectivelj and the packing 
arrangements viewed in the b direction are shown 
in Figs. 3 and 4. Bond angles are given in Table 4 
and intraannular torsion angles in Table 5. 
Table 6 gives details of the hydrogen-bonding 
schemes and selected nonbonded distances. Indi- 
vidual bond lengths (Table 3b) and angles 
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RETTIG AND TROTTER 

FIG. 1. A stereo view of the 3 ' 4  isomer. 50% ellipsoids are shown for the non-hydrogen atoms. 

FIG. 2. A stereo view of the 3'-R isomer. 50% eliipsoids are shown for the non-hydrogen atoms. 

FIG. 3. The crystal structure of the 3'-S isomer viewed in the b direction. Broken lines represei~t 
hydlozen bonds. 
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1460 CAN J CHEhl VOL. 5 5 .  1977 

FIG. 4. The crystal structure of the 3'-R isonler 
hydrogen bonds. 

(Table 4b) ii~volving hydrogen atonls and equa- 
tions of weighted least-squares mean planes 
(Table 7) have been deposited along with the 
structure factors (see footllote 2). 

The structural identification of cornpounds 7 
and 9 has enabled the structural assignmeilts to 
be made by-chemical tests for the two remaining 
pyrrolidones 3 and 5 which have S rather tlian R 
chirality at the spiro jullction (C(3)) (1). 

Both crystal structures consist of discrete 
molecules linked by a network of N-H. . . O  
hydrogen bonds, with some possible weak 
C-M. . . O  interactions. There is remarkable 
similarity between the packing arraagements for 
the two isomers (see Figs. 3 and 4). Both isomers 
feature inter~nolecular N(l '1-H(N 1 ') . . . O(7) 
hydrogen bo1.1ds ( N . .  . O  = 2.849(5) A for the 
3'-S isomer and 2.822(3) A for the 3'-R isomer) 
and possible weak intermolecular C-H . . . O  
interactions, C(2)-H(2). . . Q(6) and C(5')- 
H(5'). . .O(6) (C . . . O  = 3.219(5) and 3.292(5) f! 
for the 3 ' 4  isomer and 3.256(3) and 3.425(3) A 
for the 3'-R isomer), as well as two intramolec- 
ular C-H. . . Q interactions, C(6)-K(6). . . O(1) 
and G(3')-H(3') . . . O(7). The major difference 
is that H(N2) is involved in an intrarilolecular 
N-H.. .O hydrogen bond with 0(3) in the 
3'-S isomer ( N .  . . O  - 2.998(4) A) and an 
intermolecular hydrogen bond with O(6) in the 
3'-42. isomer ( N . .  . O  = 2.972(2) A). The 3'-S 
isomer has a third possible C-H. . .0 inter- 

viewed in the b direction. Broken lines represent 

action C(6)-H(6a). . . O(2) (C .  , . O  = 3.520(6) 
,!I) which is not present in the 3'-R isomer. The 
large therrnal motion of the C(7) coordination 
group, apparent in the 3'-R isomer, is consider- 
ably subdued by the intramolecular N-H. . . O  
hydrogen bond (and possibly by the inter- 
inolecular C(6)-H(6a). . . Q(2) interaction) in the 
3'-S isomer. 

The furanose rings i l l  the two jsomeric 
molecules have similar, but significantly ditrerent, 
conformations (see Table 5). The bond lengths 
and angles in the furanose rings of the two mole- 
cules are equal within experimental error, while 
some of the exocyclic angles at  ring junction 
atoms C(l), C(2), and C(3) differ significantly. In 
both rings the C(i)-Q(1) build is significantly 
shorter than the C(4)-O(1) bond. The C(3)-- 
C(4) bonds (1.557(5) and 1.549(3) A for the 
3'-S and 3'-R isomers respectively) are longer, 
and the C(4)-C(5) bonds (1.516(6) and 1.519(4) 
A) are shorter than usual. These differences 
probably arise from a combination of steric and 
o-hybridization effects (13). 

Bond lengths and angles in both fused and free 
isopropylidene rings of the two structures are in 
good agreenlent with the mean va!ues tabulated 
for isopropylidene groups fused to sugar mole- 
cules (14). The weighted mean C-C, C-0, znd 
C--CH, distances (standard deviation of the 
mean in parentheses) are: 1.526(2), 1.432(3), and 
1.513(7) in the present structures compared to 
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RETTIG AND TROTTER 1461 

TABLE 4. Bond angles (deg) with estimated standard devia- 
tions in parentheses* 

(0) Non-hydrogen atoms 

Angle (deg) 

Bonds 3'4' isomer 3'-R isomer 

C(1)-O(1)-C(4) 108,9(3) 108.8(2) 
C(6)-O(2)-C(7) 107.6(4) 106.6(3) 
C(5)-O(3)-C(7) 108.2(3) 109.4(2) 
C(1)-O(4)-C(8) 110.0(3) 110.3(2) 
C(2)-O(5)-C(8) 107. 5(3) 108.7(2) 
C(3')-N(2)-C(12) 122.3(3) 122.2(2) 
C(2')-N(lf)-C(5') 113.8(4) 114.6(2) 
O(1)-C(1)-0(4) 1 12.0(4) 113.7(2) 
O(1)-C(1)-C(2) 106.9(3) 107.2(2) 
O(4)-C(1)-C(2) 105.7(3) 105.4(2) 
O(5)-C(2)-C(l) 102.9(3) 102.5(2) 
O(5)-C(2)-C(3) 110.3(3) 108.6(2) 
C(1)-C(2)-C(3) 103.6(3) 103.9(2) 
C(2)-C(3)-C(4) 98.9(3) 99.7(2) 
C(2)-C(3)-C(3') 115.9(3) 116.2(2) 
C(2)-C(3)-C(5') 110.0(3) 112.1(2) 
C(4)-C(3)-C(3 ') 117.6(3) 114.3(2j 
C(4)-C(3)-C(5 ') 111.8(3) 112.8(2) 
C(3')-C(3)-C(5 ') 102.9(3) 102.3(2) 
O(1)-C(4)-C(3) 102.7(3) 103. l(2) 
O(1)-C(4)-C(5) 107.3(3) 107.1(2) 
C(3)-C(4)-C(5) 119.8(3) 119.6(2) 
O(3)-C(5)-C(4) 108.3(3) 109.2(2) 
O(3)-C(5)-C(6) 104.3(4) 103.5(2) 
c(4)-C(5)-c(6) - 113.6(4) 111.8(3) 
O(2)-C(6)-C(5) 104.6(4) 103 . O(3) 
O(2)-C(7)-O(3) 104.7(3) 106.0(2) 
O(2)-C(7)-C(14) 110.9(5) 113.5(4) 
O(2)-C(7)-C(15) 108. 5(4) 108.6(5) 
O(3)-C(7)-C(14) 109.8(4) 109.4(4) 
O(3)-C(7)-C(15) 108.3(4) 105.9(5) 
C(14)-C(7)-C(15) 114.1(5) 113.0(7) 
O(4)-C(8)-O(5) 105.1(3) 105.5(2) 
O(4)-C(8)-C(16) 109.0(4) 110.4(2) 
O(4)-C(8 )-C(17) J10.1(4) 109.7(3) 
O(5)-C(8)-C(16) 108.6(3) 108.9(2) 
O(5)-C(8)-C(17) 111.0(3) 110.6(2) 
C(16)-C(8)-C(17) 112.7(5) 111.5(3) 
N(2)-C(3 '1-C(3) 117.9(3) 112.1(2) 
N(2)-C(3 ')-C(2') 111.7(3) 109.2(2) 
C(3)-C(3')-C(2') 104.5(3) 103.1(2) 
O(6)-C(2')-N(1') 126.6(4) 127.2(2) 
O(6)-C(2')-C(3 ') 125.1(4) 124.9(2) 
N(1')-C(2')-C(3 ') 108.3(3) 107.8(2) 
N(1 ')-C(5')-C(3) 104.8(3) 102.8(2) 
O(7)-C(12)-N(2) 122.1(3) 122.5(2) 
O(7)-C(12)-C(13) 122.4(4) 122.1(2) 
N(2)-C(12)-C(L 3) 115.5(4) 115.5(2) 

T a b l e  4(b)  (Angles in\ol\ing hydrogen atoms) is lodged ~ l t h  rhe 
Depository of knpubl~shed Data. See footnote 2 in text for getting 
a copy. 

mean values of 1.533(8), 1.425(12), and 1.509(13) 
from ref. 14. The corresponding isopropyli- 

dene ring conformations differ sigrlificantly in the 

TABLE 5. Intra-annular torsion angles (deg). Five- 
membered rings 

Angle (deg) 
- -  

Bond 3 ' 4  isomer 3'-R isomer 

two isomers as shown by the torsion angles in 
Table 5. 

The pyrrolidone rings in the two molecules 
both have envelope conformation with C(3) out 
of the plane of the other four atoms. The four 
atom group C(5'), N(lf) ,  C(2'), and C(3') is 
planar within experin~ental error in the 3'-S 
isomer and is slightly, but significantly, non- 
planar in the 3'-R isomer. The difference in 
chirality a t  C(3') and the resultant changes in the 
hydrogen bonding schenles appear to be respon- 
sible for significant diflerences between corre- 
sponding bond lengths in the pyrrolidone rings 
and N-acetyl side chains. The strong Y(2)- 
H(N2). . . O(6) intermolecular hydrogen bond 
which exists in the 3'-R isonier is believed to be 
responsible for a significant lengthening of the 
C(3')-N(2) and C(2'j-O(6) bonds (1.462(3) and 
1.233(3) A) and a shortening of the C(2')-N(1') 
and N(2)-C(12) bonds (1.322(3) and 1.339(3) A) 
relative to the distances of 1.441(5), 1.213(4), 
1.352(6), and 1.355(5) A respectively in the 3'-S 
isomer. The geometry of the amide groups is 
normal. The coordination groups of the four sp2 
atoms (N(1'): N(2), C(2'), and C(12)) are planar 
within experimental error in the 3'-S isomer 
while only the C(12) group is rigorously planar 
in the 3'-R isomer. 
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1 ABLE 6 

(a) Selected intra- and ~ntermolecuiar contacts 

3 ' 4  isomer 3'-R isomer 
Atoms distance distance 

Intramolecular 
O(5). . C(4) 2.854(5) 2.844(3) 
G(5). . . C(3') 2.965(4) 2.888(3) 
?.I(?). . . C(4) 2.985(5) 
C(6). . . C(14) 3.013(!0) 3 .092(8) 
H(5). . . H(5 'b) 2.22(7) 2.21(4) 
H(6a). . . H(14b) 2.39(9) 1 .90(7) 

(6) Hydrogen-bond data and possible C-H. . . O interactions* 
(distances in A and angles in deg) 

Distance 

D-H.. . A  K . .  . A  D . .  . A  i DHA i XAH 

3 ' 4  isomer 
? 849(5) 
2.998(4) 

2 863(6) 
3.520(6) 
3.219(5) 
3 .292(5) 
2.779(5) 

3'-R isomer 
2 822(3) 
2.972(2) 

3.256(3) 
3.425(3) 
2 890i4) 
2 786(3) 

*Sgperscripts refer to atoms at positions: '1\2 x ,  - J ,  1.2;:; 2x, y ,  2-1;  3x, y ,  I - -2 :  a--x,  .I- 112, 312 - 2 .  
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'krbe autoxidation of opticahly active l-broma~-2-metka~lbntane' 
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J. A. HOWARD, J. H. B. CHEKIER, and D. A. I ~ O L D E ~ .  Can. J .  Chern. 5 5 .  1463 (1977). 
(+)-1-Dromo-2-methylbutane undergoes autoxidation at 1 atm of oxygen and 30'C to give, 

after reduction with triphenylphosphine, I-bru~no-2-methyl-2-hutanol with a (T )  to (-) 
enai~tiomer ratio of 1.9 5 0.2. The optically active I-bromo-2-meihyl-2-but>l radical is, there- 
fore, partially trapped by oxygen at this pressure before it has tinie to completely raceniizc. 
The half-life for racernization of the preferrcd conformatioll is approximately 2 x s-I 
at  30'C. At 100 atnl of oxygen the yield of (+)-CH3CH2COH(CH3)CH,Br is > 90:% and the 
reaction appears to proceed with retention of configuration. A s~nall percentage of (-)-I- 
brolno-2-methyl-2-butanol is, bowe~er,  still produced, presumably by inversion of configur- 
ation. 

J .  A. HOWARD, J. H. R. CHEYIER et D. A.  Her-om. Can. J .  Cl~em. 55. 1461 (1977). 

Le (+) bromo-1 mCthy1-2 b ~ ~ t a n e  subit une autorydation a 1 atm d'oxygene et a 30'C pour 
conduire aprks reduction avec la triphenylphosphine au broruo-1 methyl-2 butanol-2 avec un 
rapport d'knantiomeres (2.) a (-)  de i .9  i 0.2. On peut doqc en conclure que le radical 
optiqxment actif brorno-1 methyl-2 butyle-2 est partiellement piege par I'oxpgene a cette 
pression avant d'avoir le temps de sc racemiser iompletenicnt. La demi-vie pour la racimisa- 
tion de la conformation privilegiee est appro~ili~ativenlent 2 x lo- '  s - '  a 30-C. A 100 atm 
d'oxygene, le rendemelrt de (+)-CH,CH,COH(CH,)CH,Br est > 907  et il semhle que la 
riaction s.r: produit avec rCtention de configuration. Toutefois un petit pourcentage de (-)- 
bromo-1 meth>-1-2 butariol-2 se produit, probableme~it par Line inversion de configuration. 

[Traduit par le journal] 

Introduction 
Free-radical metathesis reactions are gener- 

ally nonstereospecific because the intermediate 
radical either has a planar arrangement of atonis 
attached to the radical centre or besause it has a 
very low energy barrie: to inversion (1-3). 
Autoxidatio~ls are consistent with this generaliza- 
tion since optically active organic (4) and 
orgairometallic ( 5 ,  6) conlpounds produce 
optica!ly inactive products although Bartlett and 
co-workers (7) have shown that the cis-decalyl 
radical can be trapped by high pressures of 
oxygen during tllerrnolysis of cis-9-carbo-tert- 
butylperoxydecalin. 

The majority of exceptions to this rule have 
been observed in free-radical brominations 
(8, 9). Thus Skell and Shea found that brom- 
ination of (i-)-CH3CH2CH(CH3)CH2Br and 
(+-)-CH,CH2CIH(CH,)CH2C1 occurs with a 
high degree of stereochemical control. Retention 
of optical activity in these reactions has beec 
attributed to the intermediacy of unsymmetric- 
ally 'bridged' P-haloalkyl radicals (8, 9). 

If 'bridged' b-haloa!kyl radicals are a general 

'Issued as NRCG No. 15835. 

phenon~enon in free-.radical chemistry, autoxida- 
tion of optically active aikyl halides such as 
(+)-CIH,CH2CI-lI(CH3)CH2Br a t  the asym- 
metric centre shouid give an optically active 
liydroperoxide, provided reaction of the radical 
with oxygen is faster tlian racemiza:ion. 

We report here a product study of the autox- 
idation of ($)-1-bromo-2-methylbutane i~hic l l  
confirms this predic:ion and ~vhich also confirnis 
the half-life for racemiration of optically active 
1-bronio-2-r-iiethyl-2-butyl that mas estilnated 
from the brornination studies (9). 

Results 
(+)-1-Bromo-2-methylbutane (8.08 Mj con- 

taining %,%'-azobisisobutyronitrile (0.18 M )  ab- 
sorbed oxygcn at  atmospheric pressure and 30°C 
with an initial rate cf  6.12 x lo-' M s- l ,  
implying a kinetic chain length of about three. 
After 59 days 0.31 M of oxygen had been 
absorbed. The final reaction mixture gaiie an  
iodonietric titration for active oxygen of 0.24 ,I[, 
indicating that hydropel-oxide ivas formed in 
-807, yield based on the oxygen absorbed. 
Reduction of the hydroperoxide \vith a slight 
excess of triphenylphosphine gave I-brolno-2- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1464 CAN. J .  CHEM. 

methyl-2-butanol (0.25 M). We can, therefore, 
conclude that (+)-CH,CH,CH(CH,)CH,Br 
undergoes autoxidation almost exclusively at  the 
carbon p to the bromine substituent. 

CH,CH,CH(CH,)CH2Br 0, CH,CH2C(CH,)CH2Br 
I 

OOH 

1-Bromo-2-methyl-2-butanol was isolated 9 9 3  
pure by preparative gas-liquid chromatography. 
Specific rotations of carbon tetrachloride solu- 
tions of the starting and recovered alkyl bromide 
and the bromohydrin were determined and are 
given in Table 1. The bromohydrin was quite 
clearly dextrorotatory and some optical activity 
was. therefore, retained upon autoxidation at  
the asymmetric centre. 

The nmr spectrum of the recovered bronio- 
hydr~n \\as recorded in the absence and presence 
of the opt~cally active lanthanlde sh~f t  reagent 
tr1s[3 - heptafluoropropyll~ydroxymethylene - d - 
camphorato]europium. Eu(HFC),. The spectrum 
of the bromohydr~n 111 the presence of Eu(HFC), 
was sh~fted do\+nfield relative to the unco- 
ordlnated compound. Moreover, some of the 
transitions, especially the triplet from the 
primary protons of the ethyl group, were split 
into contributions from (+) and (-) forms of 
CH,CH,COH(CH,)CH,Br. The nnlr transi- 
tions from these protons for the racemic alcahol 
and the alcohol prepared at 1 atm of 0, are 
s h o ~ n  in Figs. 1 A and 1 B. It is obvious from a 
comparison of these two spectra that the 
bromohydrin prepared by autoxidation of the 

TABLE 1. Specific rotations of the l-bronio-2-methyl-2- 
b~ltanol produced by autoxidation of (+)-1-bronio-2- 

nlethylbutane at  difierent oxygen pressuresa 
-- 

[XI (deg.1 

I-Bromo- 
0, pressure X Starting Recovered 2-methyl- 

(atm) (nrn) niaterial bromide 2-butanol 

"Specific rotation at 30'C in carbon tetrachloride. 

FIG. 1. Part of the 'H limr spectlu~ii of 1-blomo-2- 
methyl-2-butanol (-0.5 M, CCI,) In the presence of 
Eu(HFC), (-0 07 ,W): racemlc alcohol (A); prepared by 
autoxidation of (+)-CH,CH,CH(CH,)CH,B1 at 1 aim 
of O2 (B); at  10 atm of 0, (C), and at 100 atni of 0, (D). 

alkyl bromide is richer in one of the enantiomers. 
Since the recovered bromohydrin was dextro- 
rotatory this must be (+)-CH,CH,COH(CH,)- 
CH,Br. The ratlo of (+) to (-) enantiomers 
prepared by autoxidation was estimated from an 
expanded form of the nmr spectrum and found 
to be 1.9 + 0.2. 

This result proves conclusively that the 
optically active 1-bromo-2-methyl-2-butyl radical 
formed during autoxidation of (+)-CH,CH,- 
CH(CH,)CH,Br can be trapped stereospecific- 
ally by oxygen before it u~ldergoes con~plete 
racemization. Since there will be a competition 
between these two processes, increasing the 
oxygen concentration should favour the bimo- 
lecular reaction. Autoxidations were performed 
at 10 and 100 atm of oxygen and the optical 
activity of the recovered bromohydrin and ratio 
of (+)- to ( - ) -CH,CH,COH(CH,)CW were 
measured and they were both found to increase 
as expected (Tables 1 and 2). 

Discussion 
We believe that autoxidatioll of (+)-CH,- 

CH,CH(CH,)CH,Br to an optically active 
hydroperoxide is the first example of stereo- 
chemical control for this reaction. This result is, 
however, not unexpected in view of Skell's work 
on the photobromination of this compound. 
Thus if optically active l-bromo-2-n1ethyl-2-butyl 
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TABLE 2. Productsa of autoxidation of (+)-CH,CY2CH- 
(CH,lCH,Br at different oxygen pressures at 30 C 

O2 CH3CH2COH(CH3)CH2Br (1M) 
pressure 

( a t 4  ( + I  (-1 [ + I  [ - I  
-- 

1 0.162 0.087 1 . 9 F 0 . 2 b  
10 0.176 0.034 5 . 2 k 0 . 5  

100 0.186 0.014 1 3 . 3 F 1 . 0  

OAffer tripheliyiphosphine reduction. 
b r h e  error is based 011 the accuracy o f  the cur\,e iittilig procedure 

used to estimate relative yields. 

radicals live long enough to abstract a brom~ne 
atom from bromine they should live long enough 
to react stereospec~fically w ~ t h  oxygen The 
present M ork IS, however, of lntrinslc iniportance 
because ~t does confi~m Skell's postulat~on that 
t h ~ s  P-bromoalkyl radlcal is formed In a pre- 
ferred conformation for a ieactlosi that is 
mechanistically less ambiguous than photo- 
bromlnatlon. 

Skell (9) found that photobrosniiiatson of 
(+)-CW3CH2CH(CH,)CH,B1 gave (-)-CH3- 
CH2CBr(CH3)CH2Br and iiitoked Blewstei's 
rules (10) to conclude that the ieaction pro- 
ceeded wlth retentloll of configuration. By ana- 
logy autoxldation of (+)-CH,CH,CH(CH,)- 
CH,Br should also occur with retention of con- 
figuration This would appear to be the case 
since (+)-CH,CH,COH(CH,)CH,Br 1s the 
major reaction product and according to 
Brevster's rules, replaceniesit of H by OH in 
(+)-CH3CH2CI-I(CH3)CH2Br w~thout chang- 
Ing the configuration should glve a brornohgrdlln 
w ~ t h  rctcntion of sign and a slightly smaller 
specific rotatior,. 

The optically actste I-biomo-2-inetli~lbutane 
used 111 our study Mas piepared from (-)-2- 
methyl-1-butanol ~ h i c h  has been shoun to have 
an S configuration (1 1) The configu~ation of 
(+)-CH,CFI,CH(CH,)CH,Br should also be S 
and may be represented by confoima:ions i, ii ,  
and iii 

I ii iii 

Although co~iformer stability increases in the 
order ii < iii < i the chain propagating radical 

2We thank Professor A. 6. Dacies for bringing this to 
our attention. Some of the stereochelnical arguments 
presented in this paper are based on suggestions by 
Professor 1 9 a ~  ies. 

must react prefercntiaily with ii because of the 
influence of the P-bromine substituent on the 
rate of reaction with peroxy radicals. Thus the 
relative rate consta.nts for abstraction of the 
tertiary hydrogen from CH3CH,CH(CN3)CH,- 
Br and CH3CH,CH(CH3)CH,CH3 by the 
tert-butylperoxy radical are 2.5: 1 ., There must, 
therefore, be a specific interaction betlveen the 
bromine substituent and the semioccupied 
orbital which stabilizes the incipient radical. 
Furthermore, reaction ai th  i and iii tvould lead 
to a product ttith inversion of configuration 
while the principal product appears to have 
retained the configuration of the reactant (ridc 
supra). 

The I-bromo-2-iiiethyi-2-butyl radical pro- 
duced from ii in the rate controlliiig propagation 
reaction can be represented by iv and it will 

Racrrnic 
prodi~ct\ 

Opticall> 
a c t i ~ e  
product 

either react stercospeclfically with oxlgen by 
backside attack to give an optically actwe 
product v\ it11 retention of configurat~on or race- 
mile to glte a racenlic mixture of products. The 
ratio of ( +)- to (-)-esiaiit~omeric products 
should, therefore, be gn en by 

37he absol~~te  rate constants fol absriactlon of the 
tertlary hydlogen frorn CH3CH2CH(CH,)C1-I,Br and 
CH3CH2CH(CH3)CH,CH3 by (CH,),COO. at 30 C 
are 0 018 M - '  s-' and 0 0064 M-' s-', respectl\el> 
(J. A. Ho~bard, J H B Chen~el, and D A Holden, 
ucpubl~shed results) 
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This equation must, however, give an  over- 
simplified descriptio:i of the relative product 
ratio because if [(+)];[(-)I = 1.9 at  1 atm of 0, 
it should be - 190 a t  100 atni whereas it is - 13 
(Table 2). We originally believed this discrepancy 
was due to Ievorotatory impurity in the startilig 
material. However, the alcohol fro111 which thc 
bromide was prepared had a specific rotation, 
( ~ r ) , ~ ~  = - 5.8' (lit. (12) [%ID2' = -5.9') and 
was, therefore, optically pure. Since thcrc is no  
reason to believe that any optical activity was 
lost in the preparation of (+)-CH,CH,CH- 
(CH,)CH,Br we can assunle that this compound 
was optically pure. 

There are tkvo pjausible explarbtions for the 
-7% yield of (--1-CH,CH,COH(CH,)CH,Br 
at  100 atm of 0 , .  First, there could be sonle 
reaction with conforniers i and iii to give this 
product. Secondly, although cxygen probably 
reacts ~ + i t h  ir by backside attack a sruall amount 
of (--)-CH,CH,COH(CW,)CH,Br could be 
produced by frontside attack, since reaction of 
most alkyl radicals ~ i t l i  oxygen occurs on e\-ery 
encounter (13). At the present rime we cannot 
distinguish betwccn these iua  possibilities b u ~  
the least favoured process appears to account 
for cu. 4% of the product. 

If the ratio of (+)-CH,CH,GOIi(CH,)CH,- 
Br to (-)-CH,CH,COH(CH3)CH2Br produced 
a t  -, 1 atm of 43, is corrected for (-1 eliantionler 
formed in a stereospecific reaction, [ I ]  can be 
used to calculate a value of k ,  (the rate constant 
for raceinization) = 3.7 x 10' s- ' ,  taking k ,  - 
I O ? . ~  $ , - I  s - ~  (13) and [O,] - 10-' x the 

pressure of oxygen in torr (13). The half-life for 
racemizatio~l of optically active l-bromo-2- 
methyl-2-butyl is, therefore, approximately 
2 x s at 30'C ivhich is in excellent agree- 
ment with the value of' i0-8 s calculated by 
Skell fro111 his bromination studies (9). If we 
make the same correction to the ratio of enan- 
tioniers prodraced at  10 atm of 0, a value of 
k, = 5.8 x 10' :M-' s-I  can be calculated 
which is in reasonabie agreement with the lower 
pressure value. 

ExpesimealtaB 
ilfflterinls 

(-)-2-2Mefhyl-1-Dufurzoi (Aldrich) [rllEz3 (obsvd.) = 
- 5.Sc (undiluted) (lit. (12) [rIDZ0 = - 5.90') \<#as used after 
drying over barium oxide. (+)-I-Bromo-L-n~er/iyib~ifu~ze 
\?as prepared from j-)-2-methylbutanol aac! PBr, by the 
method of Crornbie and Harper (15) and was purified 
by glpc. The specific rotations of chis compound are given 

in Table 1. It is difficult to ascertain the optical purity of 
this cornpound because of the discrepancy in published 
specific rotations (2, 12, 16, 17). I t  does, however, seem 
reasonable to assume that it has the same optical purity 
as the starting alcohol, ciz., 100%. I-Biorrio-Z-t7ietlz)'1-2- 
butanol was synthesized from isopentene by the lnethod 
of Suter and Zook (18). 

Products 
(+)-1-Bromo-2-methylbutane (5.0 ml) and r,r'-azobis- 

isobutpronitrile (0.15 g) were allowed to react at 30'C 
with 1, 10, and lO0atm of oxygen above the liquid. 
Reactions at 1 atm were conducted in our automatic 
recording oxygen absorption apparatus (19), while high 
pressure experiments were performed in glass-lined 
stainless steel vessels. 'The reactions were allowed to 
proceed for 40-60 days after ~vhich time the hydro- 
peroxide concentration a,as determined by iodometric 
titration. The hydroperoxide was reduced with a slight 
excess of freshly sublirnecl triphenylphosphine (20). The 
reaction mixture was then pumped into a trap maintained 
at the temperature of iiquid nitrogen. Ttie yield of 
alcohol was determined by gas-liquid chromatography 
(Varian 2800) relative to standard solutions of authentic 
1-bromo-2-methyl-2-butanol. The alcohol was separated 
from the reaction niixture by preparative glc and was 
>99% by analytical gic. The optical activity u,as 
measured on a Perkin Elnler digital polarilneter at 30'C 
and i, 589 nm and 365 nm. The nnlr signals of the (+) 
and (-) enantion-,ers resolved lvith the aid of the 
optically active lanthanide shift reagent tris[3-hcpta- 
fl~~oropropylhydroxymethylene)-ci-cariiphorato]e~~ropi~~~n 
(Stohier Isotope Chemicals) (21, 22). Relative concentra- 
tions \\ere estimated from expanded spectra using a line 
shape si~lulation programnie (23). 
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C. A. FYFE, A. MOLL, S. W. H. DAMJI, C. D .  MALKIEWICH, and P. A. FORTE. Can. J. Chem. 
55, 1468 (1977). 

The use of high resolution flow nmr has made possible the detection and characterization 
by nmr of the transient intermediate o-complex on the actual substitution pathway in the 
nucleophilic aromatic substitution reaction of 1-ethoxy-2,4-dinitronaphlhalene (3) with n- 
butylamine, and the assignment of its uv-visible spectrum. The intermediate is unambiguously 
identified as the o-complex (4) and the reaction is one where the two-step mechanism is clearly 
applicable. 

C. A. FYFE, A. KOLL, S. W. H. DAMJI, C. D. MALKIEWICH et P. A. FORTE. Can. J. Chem. 
55. 1468 (1977). 

L'utilisation de la rmn continue a haute rCsolution a rendu possible la detection et la carac- 
tkrisation par rmn de complexes o intermediaires de transition sur le chemin de substitution 
reel lors de la reaction de substitution aromatique nucleophile de l'ethoxy-1 dinitro-2,4 naph- 
talene (3) par la n-butylamine et I'attribution de son spectre uv-visible. On a identifie d'une 
f a ~ o n  non-ambigue l'intermediaire comme Ctant un complexe o (4) et la reaction en est une ou 
le mecanisme en deux etapes peut tres bien &tre applique. 

[Traduit par le journal] 

Introduction 
There has been interest for several years in 

the mechanism of nucleophilic aromatic sub- 
stitution reactions (I), particularly in the cor- 
rectness of the 'two-step' mechanism for the 
reaction proposed by Bunnett and Zahler (2). 
Considerable effort has been made in the in- 
vestigation and characterization of Meisen- 
heimer complexes (3) which are formally 
analogous to the rs-complex postulated in the 
two-step mechanism, but where further reaction 
is unfavourable. It has been found generally 
that uv-visible spectroscopy and nuclear mag- 
netic resonance spectroscopy are the best 
techniques for the detection and characterization 
of these species. 

More recently, there have been claims of the 
successful detection of these species during 
actual substitution reactions. Thus, in an in- 
vestigation using optical spectroscopy it has 
been claimed (5) that the complex h had been 
detected during the reaction of picrylchloride 
with methoxide ion because a two-banded 
spectrum characteristic of a trinitro-substituted 
Meisenheimer complex was observed. However, 
it was subsequently shown by Crampton et 01. 
(4) using nlnr spectroscopy tha.t the o-complex 

formed was in fact probably the 1,3-complex 2, 
although the conditions of the two experi- 
ments were somewhat different. This example 
illustrates the difficulties involved with structural 
assignments based on uv-visible spectroscopy. 

More recently, Orvik and Bunnett (6) have 
reported the detection, using uv-visible spectros- 
copy, of an intermediate species in the reaction 
of 1-ethoxy-2,4-dinitsonaphthalene (3) with 12- 

butylamine in dimethyl sulphoxide (DMSO) 
solution and examined the kinetics of its de- 
composition. On the basis of its uv-visible 
spectrum, they proposed structure 4 for this 
species. 

C H 3 C H 2 0  NHBu 
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Sekiguchi and co-workers have examined the 
interaction of the same substrate with secondary 
amines (7, 8) and have concluded that complexes 
analogous to 4 are formed and that they are 
quite stable when secondary amines are used. 

We have developed and used the technique of 
flow nmr spectroscopy which allows good high 
resolution nmr spectra of reliable intensities to 
be measured in rapidly flowing, chemically 
reacting mixtures (9, 10). We have used this 
technique in the past to detect and to character- 
ize transient species (1 1-15) in several different 
organic reactions. Nuclear magnetic resonance 
is in general a much superior technique to uv- 
visible spectroscopy for the characterization of 
chemical compounds and the development of 
flow nmr techniques transfers this advantage 
to the characterization of very short-lived 
species. 

The purpose of the present work was to use 
these techniques to try and detect the transient 
species reported by Bunnett and to determine 
unambiguously its structure by high resolution 
nmr. 

Experimental 
Nuclear magnetic resonance spectra were recorded 

on a Varian HA100 spectrometer and uv-visible spectra 
on a Unicam SP800 spectrometer. With the exception 
of 1-ethoxy-2,4-dinitronaphthalene, all materials were 
from commercial sources or were prepared by literature 
techniques and had mp's and nmr spectra consistent 
with their proposed structures. 

Flow nmr and uv spectra were obtained using the 
techniq~~es and equipment previously described (9, 10). 
In the flow nmr technique, the flow nmr tube is not 
spun, giving somewhat broader lines than usual. There is 
additional line-broadening from the flow, but the spectra 
are quite adequate for structural assignments. In partic- 
ular, since the reactants are preeqiiilibrated in the 
magnetic field, the relative intensities of the lines are 
reasonably reliable and will be proportional to the 
concentrations of the appropriatc spccies. 

Preparation of I-Etho.uy-2,4-dinitronaplzthalene (3) 
Difficulties were encountered in the preparation of 

this compound by literature procedures from l-chloro- 
2,4-dinitronaphthalene and the following alternative 
procedure was developed. 

2,4-Dinitronaphthol (100 g, 0.427 mol) was added to 
300 ml N,N-diethylaniline in a 1 e round bottomed 
flask fitted with a reflux condenser. The temperature of 
the solution was raised to 803C with constant stirring 
and 95 g toluenesulphonyl chloride (0.5 mol) added. 
The solution was then continuously stirred at  80°C 
for 8 h. The reaction mixture was poured onto 500 ml 
of ice - aqueous acid yielding a brownish precipitate. 
This was collected by filtration, washed with ice-cold 
aqueous acid, twice with cold water, and then dried 

overnight in a vacuum desiccator. This crude material 
consists of mainly 2,4-dinitronaphthyl tosylate with some 
1 -chloro-2,4-dinitronaphthalene. 

This material was dissolved in the minimum quantity 
of DMSO and an equivalent amount of freshly prepared 
2 M sodium ethoxide in ethanol was added. After stirring 
for 1 h, the mixture was poured into aqueous acid. A 
solid and some oily material precipitated and the oil 
later solidified. After filtration and washing with ice-cold 
water, the crude product was dissolved in benzene and 
shaken with 10% aqueous NaHC03 in a separatory 
funnel. An orange precipitate resulted which was the 
sodium salt of 2,4-dinitronaphthol from unreacted 
starting material. After removal of this precipitate the 
benzene solution was washed twice with water in the 
separating funnel and dried over anhydrous Na2S0,. 
The volume of the solution was reduced by evaporation 
and light petroleum ether added until an  oily solid 
precipitated. The solid was filtered and then recrystallized 
from 95% ethanol yielding 70.6 g of 1-ethoxy-2,4- 
dinitronaphthalene (60% overall yield) mp 90-C. 

Results and Discussion 
( A )  Flow N~lclear Magnetic Resonaizce Measure- 

merits 
These were made at 20°C using DMSO as 

solvent and at 0°C in a solvent mixture of 75% 
DMSO and 25% methanol. The latter system 
was chosen to obtain lower temperatures and 
also to see if the reaction mechanism would be 
altered by the presence of a substantial propor- 
tion of alcoholic solvent. Essentiallv the same 
results were obtained in both cases. Figure 1 
shows representative spectra obtained in the 
mixed solvent system at OCC, using a 4:  1 ratio 
of amine-substrate. 

The top spectrum in Fig. 1 shows the ring 
proton absorptions of I-ethoxy-2,4-dinitronaph- 
thalene obtained under static conditions. The 
proton H, between the two nitro groups is at 
6 8.8 and is easily identified by its lowfield shift 
and lack of large couplings to any other nuclei. 
The middle spectra were obtained under flowing 
conditions at the indicated time intervals after 
mixing and all three show signals due to three 
species, one of which is the reactant. This may 
be deduced from the presence at low field of 
three single absorptions at 6 8.8, 8.9, and 9.1 
which must be due to the hydrogen H, between 
the two nitro groups in three different species as 
only H, shows no large couplings to other 
nuclei. 

On stopping the flow, there is the immediate 
appearance of the bottom spectrum, which is 
that of the aroduct mixture from the reaction 
and the species responsible for the absorption 
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R 

N o 2  

STATIC 

FIG. 1. 100 MHz proton nmr spectra of the aromatic 
region during the reaction of O.2OM 1-ethoxy-2,4- 
dinitronaphthalene (in 75% DMSO - 2 5 2  MeOH) with 
11-butylamine (0.8 M in 75% DMSO - 25% MeOH) at 
O'C: (A) 1-ethoxy-2,4-dinitronaphthalene. Static spec- 
trum before mixing; (B) flow nnir spectrum, 0.5 s after 
mixing; (C) flow nnir spectrum, 1.0 s after mixing; 
(D) flow nmr spectrum, 1.2 s after mixing; (E) static 
spectrum immediately on stopping the flow. The small 
peak at  6 7.3(b) is due to a benzene reference. 

a t  6 8.9 in the flowing spectrum. By comparison 
of the three spectra, the signals due to the 
transient intermediate in the flowing spectrum 
may be identified. This species shows signals a t  
6 9.09 (s, H,), 8.62 (d, H,), 7.83 (d, H,), and 
7.14 (m, H,,H,). Compared to the reactant 

molecule, there has been a downfield shift of 
H, which is characteristic of the formation of a 
Meiseilheimer complex based on the spectra 
of known Meisenheinler complexes in these 
systems (3). The other signals are shifted to 
higher fields, adgain characteristic of such com- 
plexes. The results are in agreement with the 
intermediate species having structure 4. In 
particular, the presence of the 13, resonance at  
low fields rules out the possibility that a cr- 
complex might have been formed from attack 
at  C, as in the case of picryl chloride, as this 
species would have given a spectrum with a 
single sharp resonance due to H, at  high 
field. 

In  some chemical systems the iilterinediates 
are long enough lived that their decay can be 
illeasured by stopping the flow and quiclcly and 
repeatedly scanning a small spectral region con- 
taining one signal due to the intermediate and 
one due to the product. In the present case, 
however, the intermediate is very short-lived 
and its decay must be measured in a con- 
tinuously flowing system. The time between 
mixing and observation can be altered both by 
changing the flow-rate and also by increasing 
the distance (and thus the volume of solution) 
between the mixing chamber and detection coils 
by the use of spacers (12). The permutation of 
these two variabjes should yicld a self consistent 
set of data, and the complete time-evolu.tion of 
the system may be determined (Fig. 2). Figure 2 
shows the complete time dependence of the 
relative co~lcentrations of the reactant, inter- 
mediate, and product species, and thus il- 
lustrates an additional advantage of using nmr 
fbr investigatiol~s of reaction mechanisnis, which 
is that the concentrations of several species may 
be monitored independently and simultaneously. 
The general profiles for the reactant, inter- 
mediate, and product cor~centrations are in 
agreement with the proposed reaction scheme 
[I]  although it must be emphasized that this 
detection of an  intermediate species in a reaction 
mixture does not prove that it is involved in the 
reaction pathway yielding the products, as a 
scheme with a side equilibrium involving this 
species would give exactly the same kinetic 
behaviour. The concentration of the inter- 
mediate reaches a inaxi~nurn after only I s and 
then very quickly decays. Thus, characterization 
of this species by nmr spectroscopy can only be 
made using the present techniques. 
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OEt 

INTERMEDIATE 

2 3 4 5 6 

TIME ( s ) 

Frc. 2. Percentage compositior~ of the reaction mixture 
during the reaction of 0.20 Ad 1-ethoxy-2,4-dinitronaph- 
ihalene (7591, DMSO - 25% FMe0T-I) with 12-butylamine 
( 0 . 4 M  in 75% DMSO - 25% MeOK) at  O'C, from 
ineasureii~ent of the relative intensities of the singlet 
low field absorptions assigned to the H, protons of the 
reactant, intermediate, and product species. 

( B )  Flow Ultrcrciolet-Visible Meus~~t~en~erzts 
The extinction coefficient of the intermediate 

species is so large that it was not possible to 
use solutions of exactly the same concentration 
as used in the ninr experiments even using the 
very short pathlength flow uv cell previously 
described. The maxlmum possible concentration 
that could be used was 0.01 M in substrate. I t  
was checked that there were no substantial 
changes in the general sequence of spectral 
changes observed during the reaction over a 
hundred fold change in coccentration up to 
0.01 M and it was assumed that there would be 
no change up to the nmr concentration. The 
resuits of the flow uv-v~sible investigation are 
shown in Fig. 3. Curve A shows the spectrum 
recorded during the reaction of 0.01 M 1- 
ethoxy-2,4-dinitronaphthalene with a tenfold 
excess of n-butylamine at  0°C in 7 5 7  DDMSO - 
25% MeOlM. The spectrux was recorded under 
flowing conditions at a flow rate of 60 nil/min 
(approximately 0.3 s after mixing). Curve E 
shows the spectrum of this solution static after 
reaction and represents the limiting spectrum 
for the system at equilibrium. The general 
spectral profiles and changes obserked are very 
similar to those reported by Orvik and Bunnett. 
There is the immediate appzarance of a large 
single absorption (A,,, 520 nrn) and a smaller 
broad absorptio~l (/,,,,, 350 nm) (Curve A). The 

FiG. 3. Ultraviolet-visible spectral changes during 
the reaction of 1-ethoxy-2,4-dii~itronaplithalene (0.01 IW 
in 75% DMSO - 25% MeOH) with n-butylainine (0.1 ,M 
ia 75% DMSO - 25% MeOH) at  0 C: (A) flow uv- 
visible spectrum recorded approximately 0.3 s after 
mixing; (B) static spectrum of the equilibriun~ product 
mixture recorded 3 rnin after reaction. 

equilibriuiu spectrum shows a large single 
absorption (I,,,,, 514 nm) and a smaller single 
absorption (A,,, 390 nm). Curve A is thought 
to be due mainly to the intermediate o-complex 
although there 1nay be a sinall amount of 
reactant present as it shows a weak absorption 
at 350 nm. It is unlikely that there is any product 
species present as there is no absorption evident 
at  390 nm. Curve B is due to the equilibrium 
product nlixture in which it is known both 5 
and 6 are present. The use of 4 :  1 and 2 :  1 
excesses of anline gives the same two absorptions 
in the spectra of the equilibrium mixtures, but 
the peak at  390 nm illcreases in intensity relative 
to that at  514nm and shows evidence of a 
shoulder developing on the high wavelength 
side. Thus, the neutral product must contribute 
to the 390 nm absorption in curve B. It was not 
possible to increase the amine co~lcentration to a 
large enough excess to convert all of the product 
to the anion species as in the previous uv- 
visible investigation. Taking into account the 
changes which will be caused by the difference 
in concentration from that used in previous 
work, it is thought that the uv-visible spectral 
changes observed here are similar to those 
reported previously for dilute solutions and that 
this, together with the flow nmr data, indicates 
that the colour producing species are mainly 4 
and 6. 

(C)  Quenclzing Ex~)eri~~zerzts: Proclltct Ide~it$ca- 
tiof? 

Quenching the product rnixture by addition 
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of water or aqueous acid yielded 1-(N-butyl- 
amino)-2,4-dinitronaphthalene (5) identified by 
its mp and nmr spectrum. The nmr spectrum of 5 
is, however, different from that of the final 
product mixture shown in Fig. 1. In the reaction 
excess amine is present, and 5 will be in equili- 
brium with its conjugate base 6 as discussed by 
Bunnett (6). The spectrunl of isolated 5 re- 
dissolved in the solvent mixture (0.2 M in 7 5 7  
DMS; 25% MeOH) with 1 equiv. of n-butyl- 
amine added is identical to that from the product 
mixture shown in Fig. 1, confirming this assign- 
ment. 

( D) Co~zcl~lsions 
The results obtained are all compatible with 

reaction [ l ]  originally proposed by Orvik and 
Bunnett (6). In particular, the flow nmr data 
are quite diagnostic of the structure of the inter- 
mediate 4 and it is felt that this system is one 
where the 'two-step' mechanism is clearly ap- 
ulicable for the substitution which occurs. The 
nmr spectra of the intermediate could only be 
obtained by the flow nmr technique. 

The complexity of the nmr spectra in this 
type of system makes it relatively difficult to 
use nmr techniques and we have investigated the 
reaction of 2,4,6-trinitroanisole by the flow 
nmr technique under similar conditions to try to 
obtain data of this type on other systems where 
the nmr spectra obtained will be much simpler.' 

T. A. Fyfe, A. Koll, and S. W. EI. Damji, work to be 
published. 
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Cryoscspic and nuclear magnetic resonance studies 06 interaction between 
acetylacetone and water in benzene 

Department qf Chemistry, FaculQ oJ'Science, Tolzoku Unir,ersit)., Sendni, 980 Jr~pan 
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MASAVAO KATO, HITOSHI WATARAI, and Nosuo SUZUKI. Can. J. Chenl. 55, 1473 (1977) 
The interaction between acetylacetone and water in benzene solution has been exanlined 

by freezing point depression and nuclear magnetic resonance spectroscopy. The experimental 
results suggest that a 1 :1 associated complex between acetylacetone and water is formed in 
beil~elle solution saturated with water, and the association constant is estimated to bc 2.4 i 0.1 
(kg solvent'n~ol). By comparison with the results of methylacetylacetone and din~ethylacetyl- 
acetone, it is suggested that the en01 tautomer of acetylacetone preferentially associates with 
water. 

MASANAO K.4~0,  F-TITOSHI WATARAI et Nosuo S u z c ~ r .  Can. J. Chem. 55. 1473 (1977). 
On a etudit l'interaction entre l'acetylacetone et l'eau dans des solutions benzeniques par la 

mithode cryoscopique et par spectrometric rmn. Les rtsultats experimentaux suggerent qu'il 
y a formation d'un complexe d'association 1 :1 entre l'acetylacetone et l'eau dans des solutions 
benzeniques saturees par de l'eau et que l'on peut estimer la constante d'association a 2.4 1 0.1 
(kg solvent,'mol). Par cornparaison de ces resultats avec ceux obtenus avec la methylacttyl- 
acetone et la dilllCthylacetylacCtone, on croit que le tautomel-e enolique de I'acetylacCtone 
s'associe d'une f a ~ o n  priferentielle avec l'eau. 

[Traduit par le journal] 

Introduction 
Many research works on the liquid-liquid 

ex t rac t io~~  systen~s involving 0-diketones has 
been made. In most studies, however. the liquid- 
liquid distribution of acetylacetolie between 
aqueous and organic phases has been represented 
by the following siniple scheme 

[1 1 HAA org. 
11 

HAA + AA- - H+ aq. 

where HAA denotes acetylacetone and org. and 
aq. indicate organic and aqueous phases, res- 
pectively. The partition coefficient of acetyl- 
acetone is ordinarily defined as concentration 
ratto of undissociated form in two phases. But 
it is necessary to consider that acetylacetone 
exists as a mixture of keto and en01 tautomers. 
Furthermore, in order to clarify the mechanism 
of distribution of acetylacetone, an  interaction 
between acetylacetone and vater  n u s t  be con- 
sidered. 

Ein et a/ .  (1) have suggested the existence of 
the associated coniplexes between acetylacetone 
and water 111 carbon tetrachloride solutlon by 

l~quld-11qu1d pal t~ t lon  nietllod However. they 
d ~ d  not pay any attention to the keto-en01 
tautomerisln of acetylacetone It has been sug- 
gested from nnir spectloscoplc measurements 
that acetylacetone associates ~ l t h  some protlc 
solvents (2-4). but an  interactJon between acetyl- 
acetone and water has not yet been studled In 
detdll. 

111 this study Lve estl~nated the assoclatlon 
constant between acetylacetone and water by 
freezing point depressjon method in benzenk 
solution, and examined the structure or the 
associated conlplex by nmr spectroscopy. The 
freezing point depression method has been 
adopted because an  activity of solvent can be 
precisely measured by a simple apparatus. Benzene 
is employed as non-aqueous solvent because it is 
widely used in liquid-liquid partition experiments 
and dissolves a proper amount of water in 
present investigation. In  order to examine the 
preferential interaction of one of two tautomers 
of acetylacetoiie \\'it11 water, methylacetylacetone 
(MAA ; 3-methyl-2,4-pentanedione) and di- 
11lethylacetylaceto1ie (DMAA; 3,3-dimethyl-2,4- 
pentanedione) were synthesized and erriployed 

'To whom correspondellce should be addressed. for lneasurement of nrnr spectra and freezing 
'Revision received January 3, 1977. point depression of benzene solution. 
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Experimental 
,?/lateriuls 

Acetylacetone (Wako Junyaku GR) was washed by 
diluted aqueous am~nonia and water, dried with an- 
hydrous Na2S0, or CaSO, (Drierite), and then fraction- 
ally distilled under dried nitrogen atmosphere prior to 
use (d425 = 0.9678). 

Redistilled water was used. 
Benzene (Wako Junyaku GR) was fractionally crys- 

tallized and dried with metal sodium, and then fractionally 
distilled prior to use. 

Impurity did not appear on gas chromatography in all 
substances. 

MAA and DMAA were synthesized by Bloomfield's 
stepwise reaction (5). MAA was purified twice by frac- 
tional distillation under reduced pressure. DMAA was 
purified by recrystallization and fractional distillation 
under reduced pressure. The products mere identified by 
Iinir spectra and no impurity was observed by gas chro- 
matography. 

/ f~st i .~l l~le~?ts 
Freezing point depressions have been nieas~~red by a 

Beckman thermometer attached to Teflon capped freezing 
t~ lbe  in a therniostated room at 25 i 1'C. The contents 
in the inner tube were agitated by an externally driven 
Teflon coated magnetic stirrer. Although the freezing 
point depression was not measured under dry atmosphere, 
the water content change in test solutions through the 
measurement tiid not exceed 0.0008 rno1:kg solvent. The 
observed values are the average of two independent 
measurements. The reproducibility of experimental 
values were + 0.004'C for binary systeins and i 0.006'C 
for ternary systems. 

All solutions were prepared by weight. 
The concentration of water was determined by Karl 

Fischer titration. Since the keto tautomcr of acctylacetone 
does not exert an appreciable interference to the end point 
in this titration, an ordinary Karl Fischer reagent was 

I w a t e r  1 ( n o 1  I kg solv 

FIG. 1. Freezing point depressions of benzene by 
water. 

used for san~ples containing acetylacetone (Mitsubishi 
Chem. Ind., Karl Fischer reagent SS and unhydrated 
methanol). For samples containing MAA or DMAA a 
modified Karl Fischer reagent (Mitsubishi Chem. Ind., 
unhydrated solvent PE) was used to avoid the fading of 
the end point. 

Nuclear magnetic resonance spectra were obtained on 
Varian A-60 spectrometer. The measurement of benzene 
solution was performed at  5.5'C and the main peak of 
benzene protons was employed as internal standard. 
The chemical shifts are reported in cps units within c 1 
cps. Equilibrium constants of tautomerisn~ have been 
obtained from intensity ratio of resonance peaks of 
methyl protons of both tautomers. For the system com- 
posed of acetylacetone and water, the chemical shifts and 
equilibrium constants of keto-en01 tautomerism have 
been measured at  39 -t I'C. Methyl groups of en01 
tautorner were used as the internal standard without 
employing an auxiliary standard like tetraniethylsilane, 
after having verified that the methyl signal was not 
affected by water concentration. 

Results and Discussion3 
Freezing Poitit Depression A4eusurenzents 

The observed freezing point depressions of 
benzene solutions of water are shonn in Fig. 1. 
The slope of 5.130 (deg,~iiollkg solvent) agrees 
with the molar freeling point depression constant 
of benzene (K, = 5.128) (6). This proves that 
the dissolved water in benzene behaves as mono- 
mer in the coiicei~tration range up to 0.02 rnol/lcg 
solvent (7). 

In Table 1 and Fig. 2, the observed freezing 
point depressions of benzene solutions of acetyl- 
acetone are demonstrated in the concentration 
range up  to nearly 1 ~iiol/kg solvent. The plots 
show a curved line departing from the stralght 
line of s!ope 5.128. 

Generally, the freezing point depression of 
solution is re~resented in terms of solvent 
activity coeff~cient, y,. 

where q"', Hsm, and X ,  indicate the freezing 
point of solvent, the latent heat of fusion of 
solvent, and the inole fraction of solvent, res- 
pectively; and O and T denote the freezing 
point depression and the freezing point of solu- 

3The original freezing point data of the binary and 
ternary systems, a detailed calculation of the estimation 
of the formation constants for the parallel reactions be- 
tween acetylacetone and water, chemical shifts of P- 
diketones and water concentration of the binary and 
ternary systems are available, at  a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada K I A  OS2. 
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K.4TO ET AL. 1475 

TABLE 1. Freezing point depressions 
of acetplacetone-benzene sqsterns 

Acetylaceton 
concentration 8 

(mol: kg solvent) ("c) 

[ acetyl acetone) (mol I k g s o l v )  

FIG. 2. Freezing point depressions of benzene by acetyl- 
acetone. 

tion. Sincc the logarithmic term of eq. 2 can be 
expanded in powers of solute mole fraction, 
X i  = 1 - X,,  as follows 

[3] in X,y,  = - X i  - $ X i 2  - 4 - ~ , ~  - ... 

the next approximated equation is obtained by 
neglecting the higher terms, 

data for the benzene-acetylacetone system are 
plotted in Fig. 3 on the basis of eq. 4. A linear 
relation obtained in dilute region shows that 
eq. 4 is a good approximation up to X i  -- 0.03. 
From the slope, a is obtained as 920 cal/mol. 
In this study we are concerned with the activity 
coefficient of benzene in relatively concentrated 
solution and disregard to a polymerization 
of acetylacetone uhich was suggested by Lin 
et al. (1) based on the postulatioll of solution 
ideality. 

The observed freezing point depressions of the 
acetylacetone-water-benzene ternary systeru are 
shown in Fig. 4 and Table 2. The acetylacetone 
concentration varied up to 0.14 mollkg solvent 
but the water concentration ill benzene was held 
constant at  0.0188 0.0002 mol/l<g solvellt 
which is below the saturation concentration of 
\+ater. The line 0 in Fig. 4 indicates the ideal 
case in which no association between the com- 
ponents occurs and the activity coefficient of 
benzene is equal to unity. The line I indicates 
a hypothetical case that acetylacetone ruolecules 
completely associate with water. The observed 
freezing point depressions are less than the 
predicted values from the next equation derived 
by assuming no interaction between water (X,) 
and acetylacetone (X,). 

[ 5 ]  G = -- T 2 R  {x, + X ,  + & ( X ,  + X,)' 
AN," 

So it is suggested that acetylacetone associates 
with water in benzene. Figure 4 seerns to suggest 
that an associated complex predomillantly con- 
sists of one molecule of acetylacetone and one 
molecule of water in accorda~lce with the analysis 
of Kaufman and Singleterry (8). 

Estimation of the Association Constant 
The freezing point depressions of non-associ- 
0 24 1 

0 2 l l  

in which T m  IS assumed to be identical to T. 0 3 025  0 05 0 075 

The parameter c/. re~resents the extent of the X A 

interaction including solute-~~lute  and solute- 3, Relation between acetylacetone mole fraction, 
solvent interaction. The observed freezing point x,,, and the term of 8'TXc,. 
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[ d i k e t o n e )  ( m o l  / k g s o l v  ) 

FIG. 4. Freezing point depressions of acetylacetone- 
water-benzene ( O ) ,  MAA-water-benzene (C), and 
DMAA-water-benzene (@) systems. Water concentration 
is 0.0188 mol/kg solvent. 

TABLE 2. Freezing point depressions of water-acetyl- 
. acetone-benzene systerns 

Acetylacetone Water 
concentration concentration 0 

(mo1,'kg solvent) (mol/kg solvent) ("c) 

ated solutions are given by eq. 5. Similarly, the 
observed freezing point depressioils, 0,,,. of the 
associated solutions are represented by 

to be equal to that In non-assoc~ated solut~on. 
The difference between 0 and O,,, 1s related to 
the ratio of X ,  IX , ' ,  

The mole fraction X ,  is given by 

where /is, n:, and 1iW0 are the ilumber of moles of 
benzene, acetylacetone, and water, respectively. 
On the other hand, X,' is represented by eq. 9 
considering the following equilibria, 

HAA + H,O (HAA)(H,O) 

2HAA + H 2 0  2 (HAA),(H,O) 

where n,, n ,  are the tiillnber of n~oles of free 
acetylacetone and free water respecti~ely and 
n,, is that of the associated complex (HAA),- 
(H,O),. From above relations the next equation 
is derived, 

where X,, is the mole fraction of the associated 
complex. By substituting the eq. 10 into eq. 7 
and expanding the logarithmic term, we get the 
next equation, 

or on a molality scale, nz, 

where X,' is the mole fraction of benzene in the where K ,  is the molar freezing point depression 
associated solution. In eq. 6, the activity coefficl- constant. Here we can represent the association 
ent of benzene in associated solution is assumed constant, K,, = ni,,/malnl,", by 
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KATO E.?' A L .  1477 

TABLE 3. Estimation of association constants from the observed freezing point depressions" 

Acetylacetone 0 - O,bsb 
concentration Ki KII '  Kz 1' Klzc n ~ ~ ~ ~ , ~  

(molikg solvent) (nio1;kg solvent) (kg ~olvent, 'niol)~ (kg ~ o l v e n t ~ m o l ) ~  (kg sol~ent j rnol)~  (K, = 2.4) 

%'ater concentration 1s 0,0188 rnol'kg sol ient .  
bTotal concentration of' associated complexes obtained from eq. 12. 
<Estimated association constant from assumption o f  on15 one associated cornpler. 
T h e  best valiles of calculated complex concentration at  K, ,  = 2.4 -i 0.1 and  G = 0.006 

The calculated association constant for each 
process of K ,  , . K2, , K , ,  are summarized in 
Table 3. We tried also to estlnlate the association 
constant for a higher associated complex which 
might also be present, but the calculation gives 
negatixe assoclatlon constants. From Table 3, 
the associaticn between two molecules of acetyl- 
acetone and one molec~lle of water is unlikely 
because the calculated association constants. 
M2, ,  d o  not gi\e a constant value at  different 

concentrations, and also the association of one 
ruolecule of acetylacetone and two molec~lles 
of water is impossible since the data lor K, ,  
are too large and show fairly large scatter. So it 
is most reasonable to assume that the association 
of one molecule of acetjflacetone and one mole- 
cule of water occurs in this system. 

The best fit calculatioli of the K,, u as carried 
out as I-ollows. In  this case, the conce~ltrations 
of associated complex, nzllC, are represented 
from eq. 13 as follo\vs. 

Hence, the difference between calculated and 
observed freezing point depression, dB, is defined 
as a function ofK,  ,. So, tlie fittest value of K , ,  
is deterinined by minimizing tlie deviation of 
the calculated freezing point depression, 0 - 
K,7nIlc,  froill the obserted one. The deviation, 
5. is defined as - 
where A' is the number of observed points. The 
obtained best value is 2.4 0.1 (kg sol\ent/rnol), 
as shown in Table 3. The smooth line in Fig. 4 
is a calculated one for K,  , = 2.4. 

CO~IZ~UTISOM ~t it11 AJAA c171d D M A  A 
The observed freezing point depressions of 

ben7ene by MAA and DMAA are plotted in 
Fig. 5 together with that for naphthalene. The 
straight line with slope of 5.130 means that these 
P-diketones cause no change of b e n ~ e n e  activlty 
up  to nearly 0.15 11101 'kg solvent. 

In F1g. 4, the observed freezing point depres- 
sions of MAA-water-benzene and DMAA- 

1% ater-benzene ternary systems are shown. Since 
all the observed values are on line 0, it is found 
that MAA and DMAA d o  not associate with 
water. Taking into account that these P-di- 
ketones are nearly composed of keto tautoiner, 
we can expect that the keto tautomer of acetyl- 
acetone does not participate in the association of 

Fro. 5. Freezing point depressions of benzene by 
MAA (@), DMAA (3), and naphthalene (C). 
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TABLE 4. Water concentration dependence of chemical shift and band width of hydroxyl proton 
of en01 ta~ltomer of acetylacetone and methylacetylacetone in benzene solution at  5.5 C 

Acetylacetone 
( X A A  = 0.0154 t 0.0002) 

Methylacetylacetone 
( X M A ~  = 0.00837 0.00005) 

& v  (Hz)" Av (Hz)  Xu v  (Hz)  Av (Hz) 

0.00054 5501 1 8i -0 .3  0.00074 611 t 1 3 i 0 . 3  
0.00082 550 18 0.00093 612 3 
0.00101 550 42 0.00118 61 1 3 
0.00115 550 0.00139 612 3 h 

0.00143 550 h - 

aThe maln peak of benzene, \ $ h l ~ h  IS o b s e r ~ e d  at  409 Hz louer  than TLMS s~gna l ,  is chosen as a n  ~nterna!  standard 
bThe slgnal can not  be anaiized because of 11s ambiguous S I N  ratlo 

TABLE 5. Water concentration dependence of chemical shift and band width of hydroxyl 
proton of en01 tautomer in acetylacetone-water system" 

Kaho of 
Band uidth at peak area 

Mole fraction Chem~cal shift ( v ) ~  half intensity (Av) A(-OH) 
of water (X,) (Hz)  (HZ)  A(-CHI) 

0 0 8 1 3 i l  2 . 0 i 0 . 5  1.000 
0.0314 777 12.5 1.008 
0.0457 747 15.0 1 ,024 
0.0669 709 20.0 1.111 
0.0889 676 26.0 1.133 
0.1191 633 28.0 1.235 
0.1339 613 30.0 1.276 

- 

O4t 39 : 1'C 
bChem~cal s h ~ f t s  are  relative t o  the methyl protons of 

acetylacetone with water. Accordingly, it is 
presumed that the 1 : I  associated complex 
between acetylacetone and water may consist of 
en01 tautomer and water. 

This argunient is supported by the nmr study 
of the water co~icentration dependence of the 
chemical shifts of en01 tautomer. 

Nuclear iTfagnefic Resonance Meusurements 
In order to invest~gate the structure of the 

assoc~ated complex, the water concentration 
dependence of the chemical sh~fts of acetyl- 
acetone and MAA in benzene at 5.5"C wzre 
examined. The results are shown in Table 4. 
I t  is found that the chemical shifts of acetyl- 
acetone and MAA are independent of water 
concentrat~on. In preliminary experiment, a 
distinct high-field shift of the hydroxyl proton 
of en01 tautomer of acetylacetone in carbon- 
tetrachloride rvas observed m ith increasing 
water concentration. Thus it seems that the 
chemical shift of the hydroxyl proton in benzene 
solution is affected by the paramagnetic effect 
of benzene ring as proposed by Rogers and 

en01 form 

Burdett (9). The ello1 content of acetylacetone is 
93.1% and that of MAA is 20.17 under the 
colidition described in Table 4. But the signal - 
width at half intensity of hydroxyl proton of 
acetylacetone is broadening with increasing 
water concentration. Signals of the other protons 
of acetylacetone and MAA, however, remain 
constant and the signal of water proton is not 
observed. These results suggest a hydrogen 
bonding interaction between water and the enol 
tautomer of acetylacetone. 

Since the nmr spectra of acetylacetone- 
benzene-water ternary system did not give clear 
lnformat~on about the Interactlop between 
acetylacetone and uater because of a poor S,N 
ratlo, we ~nvest~gated the acetylacetone-water 
blnary system. The water concelitratlon depend- 
ence of the nmr spectra of acetylacetone was 
exam~ned and the results are shown in Table 5 
and Flg. 6. The s~gnal of the hydroxyl proton of 
en01 tautonier shifts to high magnetic field and 
broadens wlth an increase of water concentra- 
tlon. The peak area of ~ t s  signal albo Increases 
with an Increase of water concentratlan Chemi- 
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KATO E:T AI.. 1479 

keto - C H 3  ,b= - , =  - - & * C C  5 0  

0 0 05 0 10 0 15 

Mo le  f r a c t ~ c n  o f  w o  I e r  

FIG. 6. The water concentration dependence of the 
chemical shifts of acetylacetone at  39 C. Chemical shifts 
are relative to the methyl protons of en01 form. 

cal shift3 of other protons. however, remain 
constant and the signal of water protons is not 
observed ind~vidually because of the probable 

exchange with the hydroxyl proton of en01 
tautomer as showii in Table 5.  Enol content in 
acetylacetone-water system also remains con- 
stant a t  78 .8x in the concentration range of water 
up  to X ,  = 0.1339. These results emphasize the 
interaction between water and en01 tautorner as 
described above. The evidence on the interaction 
between water and keto tautomer was not ob- 
tained since the cl~emical shifts of keto tautomer 
remained constant as concentration of water was 
varied. 

Interpretation from the nmr spectra agrees 
with the results of the other systems (2, 4). I n  
the acetylacetone-dimethylami~le system ( 2 ) ,  it 
has been reported that the signal of the en01 
hydroxyl proton shifts to high magnetic field 
with increasing concentration of dimethylamine. 
This result and the fact that acetylacetone forms 
no associated complex with triethylam~ile (4), 
which is a strong aprotic base, support the pres- 
ent conclusion that protons of water rnolecule 
play an essential role in interaction betueen en01 
tautomer and water. 

Partition of Acetjkrcetor~e 
Now the apparent partition coefficient, P, of 

undissociated forms of acetylacetone is expressed 
as follows 

- - - [keto],,, + - [enol],,, + [enol - H201,,, 
[keto],, + [enol - H~o],, 

The fraction of unhvdrated en01 tautorner in 3. H. J O H A N S S O ~  and J .  RYDBERG. Acta Chem. Scand. 
aqueous phase may be negligible in a diluted 
solution of acetylacetone. When a benzene 
solution of acetylacetone, for example 0.001 
mo1,kg solvent, was equilibrated with water, 
about 10% of acetylacetone in benzene phase 
may occur as the 1 : 1 associated cornplex with 
water. As a conclusion, the formation of the 
associated complex in benzene phase should not 
be overlooked in exact utlclel-standing of the 
partition equilibrium involving acetylacetone. 
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Straining strained molecules. 11.' The syntheses and spectral properties 
of some ace-bridged naphthalenes2 

REGINALD H. MITCHELL,~  THOMAS FYLES, A N D  LEONARD M. RALPH 
Department of Chemistry, Uni1.er.sity of Victoria, Victoria, B.C., Catlclcicl V8W2Y2 
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REGINALD H. MITCHELL, THOMAS FYLES, and LEONARD M. RALPH. Can. J.  Chem. 55. 1480 
(1977). 

Reaction of both peri-dilithionaphthalene and peri-dilithioacenaphthalene with acenaph- 
thenequinone and pyracenequinone yielded the dihydroxy derivatives of acenaphth[l,'-a]- 
acenaphthylene l l a ,  I l b ,  l l c  with no, one, and two ace-bridges respectively. These could be 
converted either by the Corey thionocarbonate method or with anhydrous liquid hydrogen 
fluoride to the three alkenes 12a,b,c and with Pb(OAc), to the three diketones 13a,b,c. The 
latter on Wolff-Kishner reduction yielded alkenes 120,b and mono ketones 15b,c. The uv, ir, 
'Hmr spectra and electrode reduction potentials for the four series of cornpounds in ~vhich the 
ace-bridges add increments of strain were examined and possible effects nhich might be due to 
strain were noted. Several areas in which theoretical calculations are lacking were noted. 

REGINALD H. MITCHELL, THOMAS FYLFS et LEONARD M. RALPH. Can. J. Chem. 55, 1480 
(1977). 

La reaction des pPri-dilithionaphtal6nes et pe'ri-dilithioacCnaphtalenes avec I'acinaphtene- 
quinone et pyracknequinone conduit aux derives dihydroxyles I ln ,  110 et l l c  de l'acenaph- 
tene[l,2-a]acCnaphthylt.ne qui coniportent respectivement aucun, un et deux ponts ace. Ces 
composes peuvent conduire, soit par la rnethode des thionocarbonates de Corey soit avec 
I'aide de I'acide fluorhydrique liquide anhydre, aux trois alcenes 12a,b,c, et, avec Pb(OAc),, 
trois dicetones 13a,b,c. La reduction de Wolff-Kishner de ces dernikres conduit aux alcknes 
12a,b et aux mono-cetones 156 ,~ .  On a examine les spectres uv, ir, et rmlH et les potentiels de 
reduction d'electrode des quatre series de composes dans lesquelles les ponts ace ajoutent des 
elements de contraintes et on a note les effets qui peuvent ressortir de ces contraintes. On note 
plusieurs champs dans lesquels il manque des calculs theoriques. 

[Traduit par le journal] 

l[ntroduction 
One of the more interesting aspects of naph- 

thalene chemistry is the so-called peri-interac- 
tion which occurs between 1,s-disubstituted 
naphthalenes due to the restricted geometry 
imposed by the naphthalene nucleus (for an 
extensive review see ref. 1). The effects are sum- 
marized as shown in Table 1. 

In naphthalene itself the distance between the 
1,8(peri) hydrogens is 244 pm. Substitution of 
these hydrogens by methyls increases this 
distance to 293 pm, and distorts the naphthalene 
framework, the angles a and P opening some 
4-5" while the opposite angles 6 and y close by 
several degrees. Correspondingly when the X-X 
distance is shortened to 154 pm as in acenaph- 
thene, angles cc and P close considerably while 
6 opens. It can be seen that the strain introduced 

'For part I see ref. 84. 
2Presented in preliminary form at the 30th Northwest 

Regional Meeting of the American Chemical Society, 
University of Hawaii, June 13, 1975. 

3Author to whom correspondence should be addressed. 

in the molecule is accoinmodated by this scissor 
movement of the central naphthalene carbons. 
Addition of the second bridge in pyracene 
clearly this relief of strain and mhile the 
X-X distance now lengthens a little beyond the 
normal C-C bond length to 159 p n ~ ,  the angles 
a and P remain severely distorted from the 
llormal 120' values. Pyracene P is thus strained, 
and indeed up until 1952 when Anderson and 
Wade (2) synthesized it, it was thought that this 
geometrical scissoring would be sufficiently 
exacting to prevent closure of the second five- 
membered ring. Whilst no strain energy calcula- 
tions appear to have been made on I, Dauben (3) 
has calculated the strain energy of pyracylene 3 
to be ca. 50 kcallmol. Using Dauben's potential 
function (3, 4) we calculate the strain in  pyracene 
due to the bond angle deformations to be about 
36 kcal/moI. This seems reasonable in that 
introduction of unsaturation Into the peri- 
bridges would be expected to shorten the X-X 
distance to ca. 135 pin (5) and hence introduce 
more angle strain. Indeed, although Anderson 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MITCHELL ET AL. 1481 

(6) was able to synthesize 1,2-dihydropyracylene 
2 in 1957, it was a further 10 years before Trost 
and co-workers (7, 8) reported the synthesis of 
pyracylene 3 itself. Whereas pyracene 1 is quite 
stable, 2 decomposes slowly at room temperature 
in the solid state, and pyracylene 3 could only be 
isolated in solution, nicely reflecting the in- 
creasing strain in the series 1-3. 

A further potentially interesting series in which 
to study the effects of strain is derived from the 
interesting hydrocarbon acenaphth[l,2-allace- 
naphthylene 4 first reported by Letsinger and 
Gilpin (9) in 1964. Addition of bridges across the 
peri-positions of 4 leads to the series of com- 

pounds 5-8 which should have progressively 
increased strains. Compound 8 is of further 
special interest since it consists of two pyra- 
cylene molecules ('4n' compounds) fused along 
one edge and thus should (10) be an aromatic 
'4n + 2' compound. Examples of fused ('4n 
+ 417') compounds are rare in the literature 
(see, for example, ref. 11) and on the whole have 
proved disappointingly olefinic as Wilcox et al. 
(12) point out. However such examples do not 
contain benzenoid rings which, at least as far as 
4n and 4iz + 2 systems are concerned, seem to 
exert a stabilizing effect (for example see refs. 4 
and 8). Compounds containing a pentalene 

nucleus are non-alternate hydrocarbons and 
ones with a potential (4n + 2) n periphery such 
as 8 are indeed rare, Vogel's (13) dicyclohepta- 
[cd,gh]pentalene being the only example known 
to us. In fact, despite the myriad (see, for exam- 
ple, ref. 14) of calculations on similar systems 
both known and hypothetical, 8 seems to have 
been neglected. 

This paper reports the synthesis of 5 and 6 and 
another synthesis of 4 and our interpretation of 
their spectral properties in terms of strain, as 
well as our (as yet unsuccessful) attempts to 
convert 6 to the fully unsaturated hydrocarbon 8.  

Nomenclature 
Since all of the following derivatives of 4 have 

unwieldy names and as comparisons will be 
made between the three series of compounds 
corresponding to 4, 5, and 4 we will refer to 4 as 
an unbridged-alkene and its derivatives will all 
have a numbers, 5 as a monobridged-alkene, the 
b series and 6 as a bisbridged-alkene, the c 
series. In this way for example the diols all have 
the number 11, and l l a  is unbridged-diol, l l b  
is monobridged-diol, and so on. For each com- 
pound a probable Chemical Abstract name is 
given in the experimental section. 

Results 
I. Syntheses 

Unbridged-alkene 4 has been synthesized (9, 
15) by two routes from the unbridged-diol l l a ,  
derived from condensation of 1,s-dilithio- 
naphthalene 9a (16) with acenaphthenequinone 
100. Since the second route (15) involves a 
transannular intramolecular ring closure across 
the peri-positions of 130, we expected that it 
might be sensitive to the distance between the 
carbonyl groups of 13 and bring about a syn- 
thetic verification of our predictions derived 
from Table 1. 

We found that 1,s-dilithionaphthalene 9a was 
more conveniently prepared from 1,s-diiodo- 
naphthalene (17) and then, using essentially 
Letsinger's conditions, we obtained unbridged- 
diol I l a  from 9a and 10a in 12-14Y, yield, 
monobridged-diol 116 from 5,6-dilithioace- 
naphthene 9c4 and 10a in 10-202 yield, and 
bisbridged-diol I l c  from 9c and pyracene- 

"Lets~nger (16) also attempted to prepare 5,6-dilithio- 
acenaphthene, but was using 3,5-dibromoacenaphthene 
(mp 138-140°C) (18) and not authentic 5,6-dlbromo- 
acenaphthene (19, 20) best prepared from 5-bromo- 
acenaphthene (21). 
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TABLE 1. Bond lengths and angles in peri-substituted naphthalenes 
X X 

X-X a a 6 Y 
(pm) (deg.) (deg.) (deg.) (deg.1 Ref. 

*Not explicitly stated, but probably close to 120'. 

X-x 

, , 
Y-Y 

(0 anhydrous H F  f 

(11) H 2 0  

~, 
Y-Y 

10 
P~(oAc),/ 

l l f l , h , t  

/ 

@ N2H210H- 

CO CO CH2 CO +12~1.6 ++ Y-Y @# Y-Y 

8 Y-Y 

CF2 CO 

@ Y-Y 

, ~ 

Y-Y 

Unbridged Series (I: X-X = Y-Y = H,H 
Monobridged Series h :  X-X = CH,-CH,: Y-Y = H.H 
Bisbridged Series c . :  X-X = Y-Y = CH,-CH, 

SCHL\ IF  1 
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quinone 1Oc (22) in 13-26z yield. All three diols 
show a n  absence of carbonyl absorption, strong 
-OH stretch bands a t  ca. 3350 cm-' in their 
infrared spectra and strong M' molecular ions 
in their mass spectra. Their uv spectra, which are 
similar, will be discussed below.' 

Preparatiori of tlie Alkenes Tl~rough the Wolf- 
Kishner R o ~ i f e  

Unlike (9) unbridged-diol I l a ,  lead tetra- 
acetate cleavage of nionobridged-diol 11b to 
monobridged-diketone 13b was both sluggish 
and low yielding and moreover almost no 13c 
was formed from the bisbridged-diol 11c. 
Addition of trichloroacetic acid (23), however, 
completed all three reactions in cu. 30 mill in 71- 
76% yields. The structures of the diketones 13 
were readily confirmed by the absence of -OH 
bands and presence of strong C=O absorption 
ca. 1690 cm-'  in their ir spectra, base peak mole- 
cular ions in their mass spectra, and similarities 
in their uv spectra. 

Reaction of unbridged-diketone 130 with 
hydrazine as described by Agosta ( l j ) ,  but  using 
a longer reaction time, improved the yield of 
12a to 83%. The uv spectrum of purple 12a 
agrees with the maxima that are reported (9, 15), 
except that both papers omitted to report a 
number of maxima (log E 2-3) in the 500-620 
nm region. 

Agreeing with Agosta's (15) observation we 
usually obtained a small amount (-4%) of 
unbridged-alkane 14a as a by-product. We could 
not isolate any unbridged-monoketone 15u in 
this reaction (cf. below). 

When monobridged-diketone 13b was sub- 
jected to these reaction conditions the purple 
monobridged-alkene 12b (-5), mp 274-276°C 
was obtained in 22% yield. Its structure was 
proved by its uv (very similar to that of 12a, see 
below), by its 'Hmr spectrun~ (essentially first 
order), and its correct lnolecular ion at  nzle 302 
in its mass spectrum. There was also obtained 
the yellow monobridged-monoketone 15b, mp 
233-234°C in 3 3 7  yield. Its structure was 
assigned on the basis of the n~olecular ion at  nile 
320 in the mass spectrum, with peaks corre- 
sponding to loss of C O  and CHO, the strong ir 

50nly spectral information relative to the structure will 
be given here. More detailed comparisons between series 
will be made in the sections to follow. Unless otherwise 
stated all new compounds gave satisfactory analyses (see 
Experimental), and correct molecular ions in their mass 
spectra. 

band 1665 cm-', and the 'Hmr spectrum in 
which two non-equivalent methylene protons 
can be seen as doublets, J = 14 Hz at  6 4.96 
and 4.38. Consideration of the geometry of 15b 
clearly indicates that the two hydrogens a t  C-14 
should be different, H,,,,, being in the shielding 

15h 

cone (24) of the C-7 carbonyl group. These 
results are in excellent agreement with the 
spectra obtained for the known (25a) 6-methyl 
derivative of 15a and are consistent with the 
spectra obtained for the corresponding thiocin 
derivative (C=O replaced by S=O) reported by 
Johnson and Vegh (2.56) and the 7,12-dihydro- 
pleidenes (2%) where similar geometries exist. 
Extending the initial heating period of 13b with 
hydrazine increased the yield of 12b to 27%, 
when only little ketone 156 was detected. Finally, 
reaction of the bisbridged-diketone 13c gave no 
purple products, even after long reflux times, the 
only product isolated being the yellow bis- 
bridged-monoketone l5c,  :TIP 284-287'C (dec.) 
in 29% yield. The structure was again assigned 
on the basis of the molecular ion at  nz/e 346 in 
the mass spectrum, with peaks corresponding to 
loss of CO and CHO, the strong ir band at  1660 
cnl-' (C=O), and the 'Hmr spectrum which 
showed the 14-protons a: an  AB double doublet 
a t  6 4.85 and 4.35, with H ,,,, being shielded. 

These results are interesting in view of Agosta's 
(15) mechanism for the transformation of 13a 
into 12a in which he proposes tlie monohydra- 
zone 16a to be an intermediate, which undergoes 
transannular attack on the carbonyl group to 
give l'ia which after loss of N, gives alcohol 18a 
(isolable) and hence the alkene 120. He could not 
(and neither could we) isolate any unbridged- 
monoketone 150. Addition of the extra peri- 
bridges must, as we suggest, widen the distance 
across the bridge, making the transannular attack 
inore difficult for l6b,  consistent with the longer 
reflux time necessary for the reaction. In the case 
of 16c, transannular reaction seems not to occur 
a t  all. There could, however, be a more interes- 
ting alternative explanation : alcohol 18 could be 
regarded as the 'homoenol' of ketone 15, and as 
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such could ketonize to 15 breaking the trans- 
annular bond, thus relieving rtrain rather than 
dehydrating to alkene 12. In the c series the 
strain should be greatest and hence we are more 
likely to observe ketone 15c as the product 
rather than alkene 12c: the intermediate mono- 
bridged b series giving both 156 and 12b. Though 
we could not isolate any alcohol 18b or 18c to 
support this argument (Agosta did isolate 18a 
and showed it gave 12a under the reaction con- 
ditions and not 15a), it does not prevent this 
mechanism from being the operative one. We 
were unable to conclusively isolate any fully 
reduced products i.e. 19b or e, which might be 
cxpectcd to form by further reaction of themono- 
hydrazone 16b,c to bishydrazones and hence on 
to product 19. We could in fact see a short lived 

product in the 'Hmr spectrum of the crude 
reaction mixture leading to 15c, which showed 
AB doublets at 6 5.87 and 4.12 (J = 15 Hz) as 
well as the aromatic and peri-bridged protons. 
Unfortunately we could not isolate this product 
after chromatography. The 'Hmr spectrum is 
consistent with the structure of 19c and agrees 
very well with that reported (25ci) for the 6-  
methyl derivative of 19a. 

Preparation of the Alkenes Througl? Halide and 
Other Internzedjates 

With the failure of the Wolff-Kishner condi- 
tions to yield bisbridged-alkene 1 2 ,  we decided 
that a more likely route would probably stem 

directly from the diols 11 themselves, since the 
6b-126 bridge is aIready in place, and hence a 
part of the strain present in 12 is already over- 
come. A likely approach seemed conversion of 
diols 11 into d~halides and subsequent dehalo- 
genation to alkenes 12. In fact Kuhn and Winter- 
stein (26) had introduced P,I, as a reagent to 
effect this very transformation in one step in 
1928. Indeed for unbridged and monobridged- 
diols l l a ,b  the reaction succeeded and gave the 
previously obtained alkenes 12a,b in yields that 
ranged from 16-962 for no apparent reason. An 
average yield over ten experiments was ca. 50x. 
Consistently, however, we could not generate any 
bisbridged-alkene 12c. 

Surprisingly, neither thionyl chloride nor 
anhydrous HCI in chloroform gave isolable 
dichloride from 11a.b and no alkene 12a,b 
could be detected when the product was treated 
mith Nal in acetone (27, 28), a procedure that 
was successful for the preparation of 1,2- 
diphenylacenaphthylene from 1,2-diphenylace- 
naphthene-1,2-diol (28). Similarly, no dihalide 
was obtained when l l a  was treated with dime- 
thylsulpl~ide and N-chlorosuccinimide (Corey et 
a/. (29)) or triphenylpliosphine dibromide in 
dimethylformamide (Wiley et al. (30)) or phos- 
phorous tribromide. Further, the products of 
these reactions did not give alkene 12a on treat- 
ment with Cr(I1) (31). It appears that neither an 
S,2 displacement in which attack from the back 
would have to be between the V of the aromatic 
rings, nor an S,1 process, which by considera- 
tion of molecular models indicates that the 
monocation derived from l l a  is more strained 
than I l a  itself, are favoured. 

Application of Corey's (32) thionocarbonate 
procedure (in which a cis-1,2-diol 20 is refluxed 
in xylene with N,N'-thiocarbonyldiimidazole to 
yield the cyclic thionocarbonate 21 and then 
subsequently refluxed with trimethylphosphite 
to yield the alkene), on the three cis-diols lila,b,c 

S=C N- 
OH OH 

/"\ 

1 I /  ~ y ~ e n e  >c-c, 
I I 

>c-c< 
Reflux 
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successfully gave the three alkenes 12a,b,c in 
yields from 12-20%. We found that use of the 
more reactive (33) tris(diet11ylamino)phosphine 
in place of trimethyl phosphite in the second step 
increased the yields of 12 to about 30% for each 
alkene. We did not find prior isolation of the 
N,Nt-thiocarbonyldiiniidazole 22 very easy nor 
necessary, since the compound seems to de- 
compose even on standing in the freezer. How- 
ever, we confirmed Pullukat and Urry's report 
(34) that it is easier to isolate 22 from the reac- 
tion of trimethylsilylimidazole and thiophosgene 
than from imidazole and thiophosgene itself (35). 

In our procedure we prepared 22 it? sifu from 
imidazole and thiophosgene and used it in xylene 
without prior isolation with diols 11 with no 
decrease in yield. Alternative methods of de- 
composing the intermediate thionocarbonates 
(21) have been described more recently, however, 
we found that use of iron pentacarbonyl in place 
of phosphine as described by Daub et al. (36) 
gave reduced yield of alkenes 92 (12-207;) 
whereas use of isopropyl iodide -zinc as 
described by Vedejs and Wu (37) gave no 
alkenes. 

The structure of the now obtained bisbridged- 
alkene 12c, obtained as purple crystals, m p  
> 350dC, followed from ~ t s  'Hmr spectrum 
which showed a n  aromatic AB quartet at  6 8.00 
and 7.45 with the methylene protons a t  6 3.52, 
the mass spectrum with parent molecular ion at  
nz/e 328 as base peak, and the uv spectrum very 
similar to  that of alkenes 12a.b. 

Attempted use of the low valent titanium 
species described by McMurrey and Fleming 
(38) to reduce ketones and tic-diols to alkenes 
gave 15"; yield of the n~onobridged-alkane l4b,  
identical to that obtained on hydrogenating 
alkene 12b. However, we were later (39) to learn 
that this reagent has proved highly variable 
depend~ng on the bottle of TIC], used, and a 
better reagent, probably Ti(0) from the action of 
potassium on TiCI, gives more reliable results. 
We also tried a number of other methods of 
converting 1,2-diols into olefins (40) but in our 
hands these were not successful. 

Reaction of Diols I d  uvit/l Anhjsdrous Hj3drogen 
Nuoride : Siniplest Pr~2paratiorz of Alkenes 12 

Le singer (9) reported that diol I l n  gave a 
2 9 2  yield of alkene 120 on treatment with 
liquid hydrogen fluoride in a copper vessel at  
0°C for 45 min followed by ice water quench. We 

have found that this yield can be increased to 
68% by allowing the diol 11a to stand in liquid 
hydrogen fluoride in a polyethylene flask over- 
night such that all of the HF has evaporated 
before water is added. A dark precipitate is 
obtained which slowly dissolves in CH,C1,- 
aq-Na,CO, solution on shaking to give a deep 
red organic layer containing the alkene 12. Very 
few (41) reactions have been described in ~x'hich 
a 1,2-diol is converted to an  alkene under such 
conditions, more commonly halide intermediates 
(see above) are utilized, and it is thus interesting 
to speculate on  the nature of the intermediate. 
One possibility is a dication 23. It has been 

claimed (42) that dication 24 forms alkene 25 
under similar conditions, though we h a ~ e  not 
yet been able to repeat this to our satisfaction 
(43).6 Forsyth and Olah (44) have shown that 
aromatic dications can readily for111 in strongly 
acidic media, and in the case of 23 such a dica- 
tioil could be planar and hence stabilized. In a 
future paper we hope to describe the generation 
of the dications of 12 i i . ~ .  23) as ~vell as the radi- 
cal cations and anions to coinpare with this 
reaction intern~ediate in the hope that we can 
elucidate the mechanism of thi . reaction. 

Also obtained from the reaction of bisbridged- 
diol I l c  with liquid H F  as described above was 
2; of a g'ellolv compound 111p > 350'C, which 
shoived a molecular ion in its mass spectrum at  
nz,'e 382 with peaks corresponding to loss of 
PI, 0, F, and CO from M-.  Its uv spectrum ivas 
very similar to the bisbridged-monoketone 15c, 
and together ~v i th  the presence of a strong 
carbonyl absorptio~l a t  1680 c m l  in its ir spec- 
trum led us to assign the structure of the difluoro 
ketone 26c to this compound. This was supported 
by its 'Hmr spectrum in which the lowfield 
absorption at  6 7.83 corresponds to H-1 and 13 
with coupli~lg to the ortho H-2 (7.5 Hz) as well 
as the F-14 (1.5 Hz), a doublet a t  6 7.64 corre- 

61Manuscript in preparation. 
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sponds to 1-1-6 and 8. deshielded by the adjacent 
carbonyl and coupled to the ortho H-5 or -9 (7.2 
Hz), coincidental doublets at  6 7.27 (J = 7- 
7.5 Hz) corresponding to H-2. 5, 9, and 12, and 

2 6 ~  

a s~nglet at 6 3 30 for H-3, 4, 10, 12 The malt1 
difference bet\\een the 11 specrla of 15r and 26r 
1s a strong band a t  1043 cnl this 1s consistent 
with a C-E stretch (45) 

'Magic-acid', FSO,H, gave only a 15'5 y~eld  
of l 2 a  from I l a .  

HJ drogenut~otz of the Alkenes 12 
Hydrogenation In ben~ene  using PtO, (not 

pre-red~~ced) %a>  most conben~ent and essen- 
tially gave quailtltat~\e reduct~on In less than 2 h. 
The three alkenes 14 uerc lcadily ldentlfied by 
the appearance of the 6b. l2b-meth~ne protons 
close to 6 6 111 theit ' H ~ n i  spectra, and the correct 
n~olecular 1011s 111 their Inass spectra. Thcy gave 
s~mllar uv spectla, and that of 14a agreed ki th  
that reported (15). 

~ t t e m ~ t e d  Delz~~1-1rogenafior~ of Bisbriclged-alkene 
6 ( 1 2 ~ )  to Pj~race[l,2-a]/~j~racyle~~e(8) 

Harvey and Cho (46) have shown that a 
variety of dihydroaromatic compounds (e.g., 
acenaphthene, 9,10-dihydrophenanthrene, 4,5,- 
9,lO-tetrahydropyrene) readily form dianions in 
the presence of alkyllithium-TMEDA complex, 
and that on addition of oxidant (e.g., Cu(II)), 
the corresponding aromatic compounds (i.e. 
acenaphthylene, phenanthrene, and pyrene, 
respectively) are formed in good yields. Trost et 
al. (47) have also shown that with 12-butyllithium 
(with or  without TMEDA) 1,2-dihydropyra- 
cylene 2 forms pyracylene dianion (green in 
solution) which on protonation reforms 2. 
However, the report does not indicate whether 
3 could be obtained by addition of oxidant to the 
green solution of 32- .  

In  the event, when we added n-BuLilTMEDA 
to a cyclohexane solution of 6 a deep blue colour 
formed immediately and this, after standing a t  
room temperature for ca. 12 I1 or  after reflux for 
1 h, turned deep red in colour. Quenching 
experiments with water did not return any of 6; 
mainly a tar was formed. O n  such addition of 
Cu(I1) the colour turns dark green and sub- 

sequently black. After protonation yellowish-red 
products which rapidly tarred were obtained, 
none of which could be identified. 

Trost et al. (8) were able to convert pyracene 1 
into pyracylene 3 by a bromination--debromina- 
tion sequence. 

Reaction of bisbridged-alkene 6 with 5 mol 
equiv. of bromine in CCI, under irradiation with 
a tungsten lamp gave a yellow solid which in 
its 'Hrnr spectrum showed an AB double 
doublet at  6 7.88 and 7.57 (8H, J = 7 Hz, 
aromatic protons) and two singlets at  6 
5.85 and 5.81 (-2H each, -CHBr) which is 
consistent with the structure of the hexabromide 
27 as a cislirans mixture. For  comparison, the 
methine protons of 1,2-dibromoacenaphthene 
28 occur a t  6 5.98. Flowever, we were not able to 

obtain a satisfactory mass spectrum for 27. 
Reaction of 27 with NaI  and Na2S20,  in ace- 
tone as described by Trost (8) or in D M F  or by 
the use of Zn dust or Cr(1I) in DMF has not yet 
yielded product that can be assigned structure 
8. However, we intend to pursue our efforts to 
obtain this compound, as well as 7 from 5, which 
were llkcwise unsuccessful. 

11. Discussion of Spectrct irz Terms of Strain 
Unfortunately X-ray crystallographic struc- 

tures of 1,2-dihydropyracylene 2 and unbridged- 
alkene 4 have not yet been reported, and 
further acenaphthylene forms a disordered 
crystal (48), so calculations of the strain energy 
of 4-6 would at  best be guesses. Indeed even 
with such data they are hazardous, for example 
using the X-ray crystal data (49) for acenaph- 
thene and Dauben's potential function men- 
tioned earlier we calculate the strain energy of 
acenaphthene to be about 15 kcal/mol, whereas 
heat of formation measurements (50) suggest 
that it is In the order of 9 kcal/mol. However, 
such calculations rely on the accuracy of the 
X-ray data and that for acenaphthene has 
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MITCHE12L ET AL. 

TABLE 2. p-Rand shifts in the uv spectra 
-- 

p-Band Shift 
Compound (nm) bv (cm- ') Ref. 

- ---- 

Naphthalene 275 
Acenaphihene } 1762 

289 
87* 

Pyracene 295 ? 704 877 

Naphthalene 275 1276 87" I 1,8-Dimethylnaphthalene 285 
1304 

1 
1,4,5,8-Tetramethylnaphthalene 296 1 

Acenaphthylene 83$ 
1,2-Dihydropyracylene 2 

changed markedly over the years (49). Using the 
data for 1,s-din~ethplnaphthalene (Table 1) 
which were obtained in 1973, much better 
agreement between calculated (6 kcal/mol) and 
actual (7 kcal/mol (50)) strain energy is obtained. 
Since the X-ray structure of pyracene was per- 
formed back in 1960, the calculated strain 
energy may also be over-estimated as in the case 
for acenaphthene. However, there can be no 
doubt that addition of the second peri-bridge to 
acenaphthene substantially increases the strain 
energy, and hence can be expected to do the same 
for compound 4. 

The relnainder of this paper will be spent dis- 
cussing the changes in properties that occur on 
peri-bridging 4 and assessing any likelihood that 
they are related to strain. 

Ulfraciolet cirzd Visible Spectra 
I t  has been well documented (51) that intro- 

duction of a methyl group into an alternate 
hydrocarboll results in a bathochromic shift of 
the pr~ra-band7 (52) in the ultraviolet spectrum, 
and this can be quite well accounted for theore- 
tically (53). In a non-alternate hydrocarbon, 
however, the shift can be either bathochromic or 
hypsochromic depending on the position of 
substitution (54). If introduction of the sub- 
stituent strains the molecule, further complica- 
tions arise; both hypsochromic (55) and batho- 
chromic (53) shifts have been observed and either 
a loss (56) or gain (57) in fine structure can 
occur. The latter are more clearly defined than 

7Clar's (52) p-bands are the intense (log E 3-4) long 
wavelength bands associated with the HOMO-LUMO 
transition. 

the former. When substituents are present which 
prevent the nlolecule from becoming planar, i.e. 
reduce the n-orbital overlap, a loss of fine struc- 
ture is usually observed together with a batho- 
chromic shift e.g., in certain methyl phenan- 
threnes, benzophenanthrenes, and chrysenes (53, 
56) as well as in many of the cyclophanes (58). 

However, when substituents are present such 
as methylene or dimethylene (ace) bridges which 
do not deform the molecule from planarity, but 
introduce strain, then usually an increase in fine 
structure results (57). Lewis and Calvin (59) 
explain this effect in terms of 'loose bolts', i.e. 
when a system has saturated substituents the 
dissipation of the energy of the electronically 
activated system is facilitated by the many pos- 
sible vibrationally active states. Introduction of 
a strained bridge hinders this dissipation of 
energy resulting in the appearance of the fine 
structure, and usually a bathochromic shift 
son?-ewhat greater than the effect of the corre- 
sponding dimethyl derivative (51). 

For acenaphthene, addition of a second bridge 
to form pyracene causes a considerably smaller 
bathochromic shift (ca. 700 c~n- ' )  (see Tabie 2) 
in the p-band than the ca. 1800 cm-' shift of 
adding the first bridge to naphthalene, whereas 
addition of two and then a further two methyl 
groups to naphthalene gives nearly equal shifts 
of ca. 1300 cmp' each; the total shift for two 
ace-bridges or 4-methyl groups being about the 
same. It  would be interesting to know whether 
this is caused by the change in bond angles of 
the naphthalene ring or whether it is due to the 
reIative abilities of the methyl group and the 
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ace-bridge to hyperconjugate with the ring. The 
behaviour of the three alkenes, 12, is quite 
different, producing nearly equal shifts for each 
bridge addition; the shifts comparing quite well 
with those for ace-bridging acenaphthylene to 
give 1,2-dihydropyracylene. This may be a result 
of the lower flexibility of the alkene bridge 
present in these systems, indicating an increase 
in strain. 

The spectra (see Fig. I )  also reveal a consider- 
able increase in fine structure on adding ace- 
bridges to 12a consistent with the n~olecule 
remaining nearly planar but being held more 
rigidly as discussed above. Although calcuia- 
tions (60, 62) have been carrled out on 12a, tlie 
'purple band' (probably a combination differ- 
ence band (61) and not the HOMO-LUMO 
transltlon as suggested (60)) 1s not well accounted 
f o ~  arid no attention has bee11 p a ~ d  to the actual 
geometly of the system. S ~ n c e  there now ex~s t  a 
~iurnber of papers (63) w h ~ c h  can compute the 
best geometr~es with mlnln1um straln. ~t would 
be Interesting to recalculate the spectra uslng 
such data, though a t  present t h ~ s  is beyond our 
capablirt~es here. 

All of the other conlpounds to be discussed 
are belit and belong to the two classes of com- 
pounds of type A and B. The dlols 11 (X = OH) 
and alkanes 14 (X = H )  are of type A. Agosta 
( 1  5) has reproduced the spectra of both PPa and 
140 and compared them to acenaphtliene. In  fact 
the spectra are qulte different from the latter, 
the posltion of the Illaln maxlma being both 
bathochrom~cally sh~f ted  some 15-30 nm and 

FIG. 1. Ultraviolet absorption spectra in cl-clohexane 
solution for 12c-(log E displaced ' 0 . 5 ) :  126 --- : 120 . . . 
(log E displaced - 0.5). 

tmice as intense. This is consistent with extensive 
interactions between the TC systems of the two 
naphthalene rings as is seen in the naphthalene 
derivative 29 (64) and resembles that seen in the 
cyclophanes (58, 65) except that since the 
aromatic rings are not expected to be bent in A 
no loss of intensity is seen. 

For both the diol I l a  and alkane 140 addition 
of tlie first acebridge to give 116 and 140, 
respectively, produces only a srnall 4-7 nm 
(535-780 cm-I) bathochromic shift in each p- 
band absorpt~on, sirn~lar to that discussed above 
for pyracene. Addition of the second ace-bridge 
to give PPc and P4c respectively produces an even 
smaller shift of 1-5 nil1 (108-601 cmpl) ,  in 
contrast to the case for the alkenes. This would 
appear to suggest that the saturated central 
b r~dge  does accornmodate the strain better than 
an unsaturated bridge, especially in light of the 
fact that the overall shape (i.e. number of 
maxima and relative intensities) of the spectra of 
I I and 14 hardly change on bridging. This would 
seem to indicate that both the interactions be- 
tween the rings are not affected. i.e. presumably 
the inter-ring angle 0 does not change by much, 
and the molecule is not 'tightened up' much. This 
is interesting considering the bond angle changes 
that have to occur in the naphthalene nucleus. 
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TABLE 3. Selected infrared bands 

C=C C=O 
band band 

Compound (cm-') Compound (cm-I). Ref. 

Tetraphenylethylene 1600 13a 1689 
1,2-Diphenylacenaphthylene 1602 136 1688 

12a 1604 13c 1690 
12b 1610 6-Me-15a 1655 256 
12c 1615 156 1660 

15c . 1660 
26c 1675 

1,8-Dibenzoylnaphthalene 1664 9 
Di-1-naphthylketone 1653 66 

Benzophenone 1645 66 

The diketones (B, Y = Z = 0) also show this equal, one ~vould expect this to move to higher 
same effect where in the absence of a central frequency as the stiffness in each C=C bond in- 
bridge, the molecule should be able to twist. This creased. Indeed for the alkenes 12 this is exactly 
twisting seems more severe in the monoketones what happens (Table 3). Addition of each bridge 
15b,c in which H,,,,, projects towards the to 12a produces a small (5-6 cm-') shift to 
carbonyl group, when an additional intense higher frequency, consistent with the idea that 
( E  - lo4) maxiinurn at ca. 360 nni appears (also each bond tightens up to absorb the strain on 
in difluoroketone 26c) (probably an electron introducillg the bridge indicated in the uv spectra 
transfer band). This twisting is further supported above. Whilst in general the 1600 cm-I band can 
by the ir data. appear between 1625-1575 cm-'  far most 

11.1Ji.ared Spectra aromatics (ref. 45, p. 71), it would seem that on 
F~~ the planar a]kenes 12 the 1600 cm-l comparison to the two model compounds 

'aromatic' (ref. 45; p. 69) band is intense and well t e t r a ~ h e n ~ l e t h ~ l e n e  and 1~2-d i~ l l e l l~ lace l l a~ l l -  

defined, ~ ~ ~ l i ~ ~ ~ i ~ ~ l ~ ,  all things being thylene there is a definite shift. Whilst it is 
doubtful that much can be drawn from the ir 
spectra of the bent alkanes 14n,b,c, it is interest- 
ing that they show bands at  1596, 1584, and 
1585 cm-', respectively, consistent with Cram's 
idea (66) that an out of plane distortion of the 
aromatic ring as in [2.2]paracyclophane, shifts 
the band to lower frequencies. 

The absorptions due to the carbonyl bands in 
compounds 13, 15, and 26c are interesting 
(Table 3). Aryl coiljugation to the carbonyl 
group reduces the frequency provided the groups 
can become co-planar (ref. 45, p. 137). Letsinger 
(9) pointed out that diketone 13a absorbed at 
25 cm-I higher than in 1,8-dibenzoylnaphtha- 
lene, which in fact itself absorbs considerably 
higher than benzophenone (67). Addition of the 
bridges to 13ct to give 1 3 6 , ~  does not affect the 
carbonyl absorption, supporting the uv data that 
0 of B does not change very much. Of con- 
siderable significance, however, is the fact that 

Z O O  300 400 nm \ 
the C--0 band for the nionoketones 15 is 

FIG. 2. Ultraviolet absorption spectra in cyclohexane / 
solution for ISc - (log E displaced + I ) ;  150 --- (log close to 1660 cnl-l, cornparable to that in 1,s- 
displaced +0.5); 26c . . . ; 1% (log e displaced dibenzoylnaphthalene. This supports the uv 
-0.5). data and clearly indicates that the carboi~yl 
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( r e f .  69) ( r e f .  68) 

CHART I .  Proton chemical shifts. 

group is conjugating with tlie ring. The change of 
one carbonyl group of 13 to the metliylene group 
of 15 must tw~st  the rings more than simple 
(Dreiding) n~olecular n~odels would suggest. The 

\ 
\ higher frequency C=O of 26c (1675 cm-l) is 
/ 

consistent with the shorter wavelength h,,, in 
the uv spectrum, indicating a partial twist in this 
compound. 

A7crclear Magt~e t ic  Resonance Specfrci 
The assignment of 'Hmr spectra was made on 

the basis of known coupling constants and 
chemical shifts for the parent systerns and for 
compound 2 and are shown in Chart 1 .  

Whilst evidence has been found (69, 70) for a 
steric effect on proton 3J coupling constants, the 
values obtained in the series studied do not seem 
to be exceptional, however, some of the observed 
cheii~ical shifts are of note. In 1.2-dihydro- 
pyracylene 2 and 5,6-dihydro- l,2-diphenylpyra- 
cyleiie 38 the chemical shifts of the naphthalene 
protons correspond within ca. 0.04 pprn, and are 
deshielded son~ewhat froiii those of acenaph- 
thylene. The protons of 12, however, are all 
considerably desliielded beyond those of 30. 
In particular the protons next to the pentalene 
rings (H-1, 6, 7, 12) appear at 6 8.02-7.98, de- 
shielded by 0.6-0.8 ppm from typical P-naph- 
thene protons. Whilst the other ring protons are 
also deshielded, the effect is not so marked. 
Such large deshielding effects are most com- 
monly seen (71) where protons suffer steric com- 
pression as in the 4,5-protons of phenantlirene 
31, 6 8.42, (69) and the 3,4-protons of perylene 

2 
( r e f .  68) ( r e f .  8) 

6. and coupling constants (Hz).  

30 
( r e f .  8) 

32, 6 8.03, (69). An alternative explanation is of 
course that the deshielding observed is due to the 

sum of all the ring currents involved and is 
larger for 12 than 2 because of the increase in 
rings. Some comment is then required for 31): 
if steric effects prevent coplanarity of the 
benzene rings with the acenaphthylene system 
then clearly the protons would not feel the de- 
shielding effects of the substituent rings, whereas 
in conipounds 12 they are planar and thus the 
full effect could be felt. Whilst calculations to 
substantiate this idea are well advanced for 
benzenoid systems (see, for example, ref. 72) 
application to other systems is inore recent and 
not easy (see, for example, ref. 73). Analyses of 
the 13Cmr spectra of aromatic conipounds have 
appeared (74) and both chemical shifts and 
coupling constants appear useful in elucidating 
steric effects. The 13Cmr spectra for the alkenes 
12 are shown in Chart 2 together with the - 
calculated spectra (in parentheses) using Trost 
and Herdle's (75) additivity relationships. 
Clearly, excellent agreement is obtained. The 
values for tlie quaternary carbon atoms which 
might be expected to show tlie greatest strain 
effect have not yet been determined because of 
low solubility and long relaxation times, 
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MITCHELL ET AL.  

'7 * 

(ref. 75) (ref. 7 5 )  (ref .  75) 

CHART 2. ')C chemical shifts of proton decoupled spectra. All chemical shifts 
are given In ppm downfield from TMS. recorded in CDCI, on a K~cole t  7 T- 14 60 
,MHz ft-spectrometer. Values in parentheses are calculated using additivity 
relationships (75). 

although we have not given up hope of obtaining 
this data. 

Apart from conlpounds 12, the other fused 
na~hthalenes  are all bent as in structures A and 
B. A normal consequence of bringing aromatic 
rings face to face is to see a shielding of the 
aromatic protons (58, 64, 76, 77). By contrast 
the chemical shifts of the aromatic protons of 
compounds E l .  13, 14, and 15 seem unexcep- 
tional. I t  is possible that the deshielding observed 
in c o m ~ o u n d s  12 is aresent also in these com- 
pounds and counteracts the above shielding. A n  
alternative is that overlap of benzenoid rings 
must be extensive before any eRect is observed. 

Elecirode Redurt~on Potentials 
Tile three alkenes %2n,b,c can be reduced at  

the d ropp~ng  rnelcul y electrode and give repro- 
duc~ble ( - to  003 V) hd l f -~dve  potentials. Each 
alkene gives t u o  reduct~on uaves correspond~rig 
to addltion of one and two electrons to the com- 
pound The measurements \\ere made 111 100% 
dimethylformani~de to overcome solubil~ty prob- 
lems, but G ~ v e n  (78) has shown that such values 
only dl!Ier by il few h u n d i e d t ; ~ ~  of a volt from 
other sol\ents such as aqueous dioxane The 
results are shown in Table 4 and are consistent 
wllh values for reldted systems (ief. 61, p 178). 

Macoll(79) was one of the earliest to polnt out 
that polarographic half \nave reduct~on poten- 
e~als ( E ~  2 )  are linearly corlelnted w ~ t h  the HMO 
energy of the lowest unoccupied MO (LUlMO) 

Arising from this, it has been shown (80; also 
ref. 61, p. 176) that for a large number of aro- 
matic hydrocarbons, eve11 including some non- 
alternate ones that the values so obtained (in 
aqueous dioxane) are related to the energy of the 
LUMO, &,,+, = x + ni,,, , P, by the equation 

where the effecthe value of 0 1s about -55 
hcai~mol.  Since Watson and hlatsen (81) have 
also shown that there I S  an excellent linear 
correlation betneen the frequency of the p-band 
In the uv spectrunl and the E, values for aro- 
matic h)drocarbons, and that a plot of the fre- 
quency of the y-band against the HMO energy 
d~fference between the highest occupied orbital 
(HOMO) and the LUMO shows an excellent 
I~near  correlation given by equation 2 (ref. 61, 
p. 217) 

where 
E,,, = X + I ? Z , , ~  

and 

(again p has value ca. - 55 kcal~mol), we can use 
a combination of these equations to determine 
experimentally the energy of the HOMO, 
F,,, = + nl,,P. 

I t  can be seen from Table 4 that the results give 
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TABLE 4. Half-wave electrode reduction potentials and molecular orbital energies 

- E l 1 2  v p-band 
Compound cs. SCE (V) -nz,+,* (cm-I) Am* t71,* 

12a 1.33 (2.14)1 0.171 23,041 0.747 0.576 
126 1.40 (2.18)f 0.201 23,529 0.684 0.483 
12c 1.45 (2.21)t 0.222 24,722 0.658 0.436 

'See text, calculated from [l] (-nt , , ,+l) ,  121 (Am) ,  and [31 ( n ~ , , , ) .  
?Second \tave. 

for 120 a value of MI,,, = 0.58 \vl~icli coinpares 
reasonably \yell with the calculated value (60) of 
0.50 when the approximations involved8 are 
considered. 

I t  can be seen that the values obtained for n~,, 
and M,,,+ are not just opposite in sign but of 
greatly different magnitude. This is correct for 
non-alterilate hydrocarbons (ref. 61, p. 46). 

We can see from Table 4 that addition of the 
ace-bridges makes reduction more difficult. This 
is consistent \vith previous data (ref. 61. p. 178) 
where the difference between naphthalene and 
acenaphthene, - A E , , ,  = 0.17 V. Addition of 
a methyl group to acenaphtliene gives - A & ,  , = 
0.11 V. The -A&,;,  values for ace-bridgingB2n are 
0.05 to 0.07 V, sonlewhat smaller than expected 
from above. This might be indicative of strain in 
the sy-stein changing the o-bonding which in turn 
will affect the x-bonding and hence the orbital 
energies or alternatively it suggests that the 
incoming electron goes into an  orbital in this 
system in lvhich the coefficients of the atoms to 
which the bridges are attached are small. 

That however is not consistent with the pub- 
lished (82) LUMO and HOMO shown schemat- 
ically. Consider the lowest antibonding orbital 

LUMO HOMO 
h d  4 b 

'The equations 1 and 2 apply strictly to alternate 
hydrocarbons, though they work well for some non- 
alternates such as fluoranthenes (ref. 61, pp. 181, 217). 
Comparison of orbital energies when in one case an  
electron is pr,omoted froin a lower to a higher orbital and 
in a second an extra electron is added is perhaps danger- 
ous, anyway. 

($,). Electron density in the radical anion of 92cr 
will be high at  the yeri-positions despite the 
destabilizing effects of the alkyl groups. The 
small increase in , values observed relative to 
other systems nlay be because there is a node 
between the 6b- 12 b carbons. Bridging the peri- 
positions tends to stretch the 6b-12b bond and 
thus perhaps lowers the energy of ji, relative to 
$, where it is strongly bonded. This effect may 
counteract the normal destabilizing effect of the - 
alkyl groups on $, relative to jib and hence 
reduce s, ,,. The proposed 'strain effect' of 
the ace-bridges is thus opposite in effect to the 
inore normally observed 'inductivejhypercon- 
jugative effect' of alkyl groups, and thus may 
support the unusual uv data in which addition of 
bridges to alkenes 12 produces approximately 
equal bathochroniic shifts, whereas in all the 
other systems discussed which have no central 
x-bridge, the bathochromic shift for the second 
bridge is much snlaller than that for the first. 

Conclusions 
We have prepared four series of strained com- 

pounds in hvhicli the differences amount to 
adding first one and then a second ace-bridge in 
the peri-positions such that further increments 
of strain are added and have documented 
clianges in uv, ir, and 'Hmr spectra and c l I ,  
values that we observe. We have then atteiilpted 
to explain these changes in prcperties by relation 
to structurally siniilar molecules and hence 
suggest effects which might be strain related. 
The results so obtained have pointed out several 
areas in  which good calculations are lacking and 
shouid receive attention by competent theoreti- 
cians. 

Experimental 
All melting points were determined on a Kofler hot 

stage and are uncorrected. The 'Hmr spectra were de- 
termined in CDC!, (unless othernise stated) on a Perkin- 
Elmer R12A (60 MHz) or' R32 (90 MHz) spectrometer 
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MITCHELL ET AL. 1493 

and reported in ppIn downfield from tetramethylsilane as 
internal standard. Mass spectra9 were determined on a 
Hitachi-Perkin-Elmer RMCr-7 or Finnigan 3300 mass 
spectrometer at 70 eV. The ir9 spectra were recorded on 
a ?ye-Unicam SPlOOO spectrophotometer and the uv 
spectra on a Cary 17 spectrophotometer. The ir bands 
quoted in Table 2 were measured on a Beckman IR-4 as 
an average of ten values calibrated with polystyrene. 
Microanalyses were performed by this department. All 
evaporations were carried out under reduced pressure on 
a rotary evaporator at  en. 40cC. Extracts were dried with 
anhydrous sodium sulfate. 

5-Bromoacennphihene 
This was prepared in 84% yield by the method of Ross 

et nl. (21) from acenaphthene and '\-broniosuccinirnide 
in dimethylformaniide, as white crystals from ethanol, 
m p  53.5-55"C (lit. (21) mp 51-52'C); 'Hmr 6 (60 MHz), 
7.8-6.9 (5H, m, ArH), and 3.25 (4H, s, -CFl,-). 

5,6-Dibron1oacer1nphthene 
This was obtained in 30-60% crude yield by the method 

of Constantine et 01. (20) using 5-bromoacenaphthene, 
bromine, and Ag2S04 in dioxane - perchloric acid 
solvent. Extensive chromatography on silica gel \+as 
required to remove all traces of the major impurity, 
orange acenaphthylenes. The pure product so obtained 
(25-407 yield) as very pale yellow crystals from benzene 
had mp 173-175'C (lit. (20) mp 165-168'C; (19) mp 
173-174'C); 'Hmr 6 (60 MHz) 7.78 (2H, d, J = 8 Hz, 
o-Br-ArH), 7.04 (2H, d, J = 8Hz, o-CH2-ArH), and 3.24 
(4H, s, -CH,-). 

Unbiidged-diol I l a ,  cis-6b,12b-Dilzyili'oxy-6b,l2b-dilzy- 
droacen~pkili.~I,Z-n~~ncennphtliylene 

This was prepared essentially by the method of Let- 
singer and Gilpin (9) with modifications to make it more 
convenient. n-BuLi (46 rnmol in 25 ml hexane) bvas in- 
jected into a solution of 1,8-diiodonaphthalene (17) (8.62 
g, 22.7 mmol) in anhydrous ether (400 mi) and stirred 
under N, for 15-30 mi11 to generate 1,8-dilithionaph- 
thalene 90. Acenaphthenequinone 10a (Aldrich, 4.14 g, 
22.7 mmol) was then added and the reaction mixture 
stirred at room temperature for 14 h and, or refluxed for 
6 h. After addition of saturated NH,CI solution the 
organic layer was separated, dried and evaporated. Any 
residue remaining in the aqueous layer was extracted with 
CH,Cl2. The combined residues fro111 the organic layers 
were extracted with hot CHCl, and cooled, when nearly 
colourless product deposited in 12-14% yield, mp 300- 
305"C, almost free of carbonyl absorption in its ir 
spectrum. A further recrystallization from CHCI, gave 
pure product, mp > 310°C (lit. (9) mp 319-321'C); 
'Hmr 6 (90 MHz) 8.0-7.5 (aromatic protons; -OH 
protons could not be clearly seen, sample only slightly 
soluble); uv (cyclohexane) h,,, (log E,,,,) 323 nn1 (4.10), 
320 sh (4.08), 308 (4.09), 281 (3.87), 270 (3.76), 260 
(3.52), 250 sh (3.39), and 226 sh (4.67). 

'Infrared bands and mass spectral data are available, 
at  a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada K I A  OS2. 

Monobridged-diol 110, cis-6b,12b-Di/zydt~oxy-3,4,6b,12b- 
t e t i a l ~ y r / i o q ~ c l o p c n i ~ ~ ~ g ~ ~ a c e n n p l i ~  acennph- 
tlzyler~e 

From TI-BuLi (65 mmol in 35 ml hexane), 5,6-dibromo- 
acenaphthene (10.0 g, 32.1 mmol), anhydrous ether (900 
ml) and acenaphthenequinone (Aldrich, 5.85 g, 32.1 
nimol) product 110 could be isolated in 10-20'z yield as 
described above for I l a ,  as or-white crystals rnp 290- 
295-C. Recrystallization from acetone or chloroform gave 
I l b  as a ahite powder mp 304-308°C (dec.); 'Hmr 6 (60 
MHz) 7.9-7.2(m, aromatic protons) and 3.38 (s, -CH,-) 
the -OH protons could not be clearly discerned, the 
sample being only slightly soluble; uv (cyclohexane) 
?.,,,ax (log E , , , ~ ~ )  329 11111 (4.12), 315 (4.08), 286 (3.84), 274 
(3.72), 264 (3.51), 254 sh (3.32), and 227 sh (4.19); Annl. 
calcd. for C2,H,,02: C 85.69, H 4.79; found: C 85.46, 
H 5.01. 

Bisbridged-diol l l e ,  cis-60,12b-Dil1y~Iro~-y-3,4,6b,9,10,12b- 
lzexc~l~y&orlicycIo~~er~t~~f;g:  f ' , g '  ncenoiphtl~ 1,2-a - 
acenaphtl~yler~e 

This \vas carried out exactly as described abohe for 
110 except that pyracenequinone 10c (22) (6.68 g, 32.1 
n ~ n ~ o l )  replaced the acenaphthencquinone. The product 
I l c  was obtained in 13-26z yield as a cream powder mp 
295-305'C. Recrystallization from CHCI, gave uhite 
powdery crystals, nip 316-320-C (dec.); 'Hmr 6 (90 
MHz, DMSO-d,) 7.96 (3H, d, J = 7 Hz, 1-ArH), 7.58 
(4H, d, J = 7 Hz, 2-ArH), 6.34 (2H, s, -OH), and 3.60 
(8H, s, -CH2-): uv (cyclohexane) ? .,,, (log E ,,,,) 333 nni 
(3.83), 319 (3.78), 291 (3.55). 279 (3.36), 268 (3.10), 259 
sh (2.86). and 228 (4.36). A~io l .  calcd. for C96HlnOz: -. .. - 
C 86.17, H 5.01; found: C 85.98, C 4.97. 

Unbridged-dikeione 130, I,8-(l',8')-hrnphrhalylnqhrhn- 
lene 

This was prepared essentially as described by Letsinger 
(9) except that the reaction was carried out at room 
temperature for 4 h. Crystallization of the product from 
benzene yielded 75% of 13a, nip 334-334.5-C (lit. (9) 
mp 333-334'C); 'Hnir 6 (90 MHz) 8.00-7.75 (4H, m, 
r*-Ar-H) and 7.65-7.30 (8H, m, [3-ArH); uv (cyclohexane) 
7 (log E,,,) 318 nm sh (4.10), 31 1 (4.11), 282 sh (3.84), 
268 sh (3.78) 224 (4.80), and 210 (4.98). 

Monobridged-diketone 130, 5,6-(1',8')-1l~~1phf/zal)~~- 
acerznphihene 

This could be prepared as described for 13a above in 
30-60% yield. The following procedure \\as found to be 
more efficient. Lead tetraacetate (5 g, 11 mmol) was 
added to a stirred suspension of diol I l b  (1.75 g, 5.22 
mmol) and trichloracetic acid (20 mg) in dry (Na) 
benzene (250 ml) at room temperature. After 30 min 
CH2C12 and dilute HCI were added. The organic layer 
was washed (aqueous HCI, aqueous NaOH, H20) ,  dried, 
and evaporated. The residue was recrystallized from 
benzene to yield 1.32 g (76x) of product 13b as pale 
yellow crystals, mp 330-334'C (dec.); 'Hnir 6 (60 MHz) 
8.0-7.6 (2H, m, r-ArH), 7.6-7.2 (8H, ni, B-ArH), and 3.39 
(4H, s, -CH2-); uv (cyclohexane) 1,,,, (log E ,,,,,) 331 nm 
(4.07), 324 sh (4.05) 282 sh (3.81) 276 sh (3.72) 226 sh 
(4.66), and 213 (4.82); Ar~al. calcd. for C2,H1,02: 
C 86.21, H4.22; found: C 85.88, H4.27. 
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Bisb~.idged-diketone 1 Sc, 5,6-l5',6') -Acrnaphthal~./- 
acenupirthrne 

This was carried out using CC13COCH as catalyst 
exactly as described above for 130, and gave a 71% yield 
of product 13c as yellow crystals frorn benzene-chloro- 
form, mp > 330-C (dec.); 'Hmr 6 (90 MHz, CD,CI,) 
7.45 (4H, d, J = 7 Hz, o-CO-ArH), 7.30 (4H, d, J - 7 
Hz, U-CH2-ArH), and 3.34 (SH, s, -CF12-); LIV (cyclo- 
hexane) iL ,,,, (log E,,,) 336 nm (4.12), 301 sh (3.86), 232 
(4.70), arid 215 (4.78); Anal. calcd. for C2,FT2,O,: 
C 86.65, H 4.47; f o ~ ~ n d :  C 86.80, H 4.76. 

W o l f - K i s h e  Redlrcfion of 13cr: Pr~ya~crtiolz of UII- 
bridged-alker~e 120, Acenaphth~~I,2-n~~ucena~1ktli~lerre 

This was carried out essentially as described by Agosta 
(15). After chro~ilatography on silica gel, recrystalliza- 
tioli of the prodoct from xyiene yielded 83% of P3u, mp 
287-288'C (lit. (15) mp 284-286 C ;  (9) mp 285-286.5 C);  
'Hmr (90 MHz, CD,CI,), see Chart 1 ; L I ~  (cyclohexane) 
i ,,,, (log E ,,,,) 616 11111 (2.62), 605 (2.591, 597 (2.61), 568 
(2.92), 560 (2.92), 551 (2.92), 528 (3.00), 500 sh (2.93), 
404.5 (4.21), 384.5 (4.21), 367 (4.02), 342 (4.12), 336.5 
(4.09), 330 (3.971, 325 sh (3.96), 322 sh (3.92), 300 sh 
(4.10), 294 (4.14), 263 (3.97), 255 (4.15), 250 (4.30). 245 
(4.37), 240 sh (4.38), 232.5 (4.43), 225 (4.78), 220 sh (4.79, 
and 212.5 (4.76); Anal. calcd. for C22H12 :  C 95.62, 
H 4.38; found: C 95.75, H 4.28. 

The mother liquors from the above recrystallization 
usually contained a little of the dihydrocompound B4a 
as noted by Agosta (15). 

Wol&Kis/irrer Red~ictior~ of 13b: Pic.ycirrtticn of Mono- 
Driilgea7-nlkene 1.20, P~~~trcer1o.~l,2-a~~ncc1zap/rlhylenr, 
(3,4- Dil~dioc~~clope1r~.~f,g~~a~enapIitIi~~I,2-a~'rtcer1cryh- 
l / i~~~ei~e)a~~dMoriobric/~~ed-rl ioi~oketo~ie 15b, 3,4-Dihy- 
c(locyclopenr[il,e~~nn11Ii1ho.~2,3,4-i, j--trap/1t/70.?6,7,8-d', 
e',~eyclooctnrr-7-one 

l a )  Sl~orr Reflirs: Less Alkene i 2b ,  !Wore Ketone B5b 
Monobridged-diketone P3b (109 mg, 0.33 mmol), KOH 

(0.25 g), 9 7 z  hydrazine hydrate (I nil, 20 mniol), ethylene 
glycol (5 ml), and water (2.5 ml) were heated to ca. l l0'C 
for 1 h under N2. The water was then distilled out in a N, 
stream, the temperature rising to about 180-C when it 
was purple. After 2 h at 180-C, the reaction has  cooled 
and diluted with u.ater.. The products mere extracted into 
CH2CI, and the organic layer mas washed, dried, and 
evaporated. The residue v;as chroniatographed on silica 
gel using benzene as eluant. 

Eluted first was the mono-bridged alkene 120, nhich, 
after removal of solvent, yielded 22 mg (22%) of purple 
crystals. Recrystallization fro111 xylene yielded 10 mg 
(10%) of dark purple crystals, nip 274-276-C; 'Hmr (90 
MHz, CD2C12), see Chart 1;  uv (cyclohexane) ?w,,, 

(log E , ~ , , ~ )  615 nm (2.54), 605 (2.54), 595 (2.58), 566 (2.94), 
558 (2.941, 550 (2.95), 540 sh (2.99), 533 sh (3.04), 526 
(3.05), 520 sh (3.041, 512 (3.03), 505 (3.02), 499 sh (3.01), 
425 (4.39, 4 i6  (4.13), 401 (4.28), 393 sh (4.10), 380 (3.99), 
380 (3.82), 373 sli (3.82), 361 sh (3.63), 343 (3.94), 336 
(3.83), 327 (3.80), 320 sh (3.491, 297 (39.8), 271 (3.90), 
250 sh (4.36), 246 (4.36), 236 (4.60), 229 (4.67), and 213 
(4.82); Anrrl. calcd. for C,,H14: C 95.33, H 4.67; found: 
C 95.21, H 4.41. 

Eluted next was a ycllou; band which on concentration 
and cr~staliization from CHC1,-acetone gave bright 
yellow crystals of monobridged-n~onolieto~le 150 (34 mg, 

33"5), mp 233-234 C ;  'Hmr 6 (90 MFIz) 7.8-7.1 (10H, m, 
ArH),  4.96 ( lH,  d, J = 14 Hz, exo-14-El), 4.38 ( lH,  d, 
J = 14 Hz, endo-14-H), and 3 24 (47-1, s, -CH,-); uv 
(cyclohexane) 1 .,,,, (log E ,,,) 356 nni (3.91), 332 (3.96), 
325 sh (3 91), 317 sh (3 89), 295 (3.831, 241 sh (4.49), and 
216 (4.97); Ann/. calcd. for C24H160 .  C 89.97, H 5.03: 
found: C 90.28, H 5.09. 

( 6 )  L o n , ~  Refllr:s: :Wore Alkene 126, Less Ketone 150 
Monobridged-diketone 136 (1.25 g, 3.74 mmol), KO13 

(18 g), 970/;, hydrazine hydrate (35 1111, 0.7 n~ol),  ethylene 
glycol (190 rnl), and water (45 ~ n l )  \\ere heated at 110- 
120'C for 8 h under N,. The reaction was continued as 
described in (u) abo\e,  heating at  180-210-C for 3 h. 
After L\ ork-up and chromatography the red band yielded 
on cryhtallization from benzene 325 nig (27%) of dark 
purple crystals of 12b. Rechro~iiatograpliy over silica gel 
of the mother liquors from this crystallization using 
pentane as eluant gave first a yellow band, which on 
crystallization yielded 47 mg (4%) of pale yellow needles, 
mp 223-226^C, found to be identical to the n~onobridged- 
alkane 146, obtained by hycirogenation of 120 described 
below. Next, more (5-10:;) of the purple alkene 120 was 
eluted. 

Wolf-Kishrier Rechrctioii of 13c: Piepaintion of Bis- 
bri&ehi~~o,ioIcetoi~e 15c, j3,4,I 0,1 I-Te/rah~.drodic.~- 
cloperzr-d,e : cl',e'~~r/i~rc:p/~t/~oc~~clooct~ii~- 7-one) 

Bisbridged-diketone B3c (250 mg, 0.69 mmol), KOH 
(8 g), 97% hydrazine hydrate (I5 nil, 0.3 mol), ethylene 
glycol (50 ml), and water (20 ml) \yere heated at err. 120 C 
for 6 h under N,. Thc nater Lvas then distilled out in a N2  
stream, the temperature rising to 180-C over 90 min. The 
reaction was heated at crt. 18OCC for 12 h, during uhich 
time a bright yeliow precipitate formed but no purple 
coiour. After cooling H z O  and CN,CI, mere added. The 
organic layer has  washed, dried, and evaporated. Crystal- 
lization of the yellow residue from acetone-tetrahydro- 

f u r a n  (I : 3) gave product PSc as bright yello\v crystals 70 
mg (29%) nip 284-287-C (dec.); l H ~ ~ i r  6 (90 MHz1 7.6- 
7.1 (8H, ni, ArH), 4.85 (IH, d, J = 14 Hz, exo-7-H), 
4.35 i lN ,  d, J = 14 Hz, eriilo-7-N), and 3.27 (8H, s, 
-CH,-); uv (cyclohcxane) i .,,,, (log e ,,,,,) 364 nm (3.92), 
334 (3.98), 320 (3.95), 305 sh (3.871, 282 sh (3.61), 239 sh 
(4.54), 230 sh (4.631, and 219 (4.86): Anal. calcd. for 
CZ6H,,O: C 90.14, H 5.24; found: C 90.28, H 5.08. 

Reaction of Diols I l a ,  I I b ,  1dc it.it!r hrF 
Gerreial Pi.ocerlrrre 
Liquid a~lhydrous H,F, (Matheson, 50 nil) was added 

directly from a cylinder to the diol in a polyethylene flask 
under N2 cooled to -70-C. The reaction mixture, \vhich 
went dark instantly, was alloued to viarm to room 
temperature overnight in a W, stream such that all the 
H 2 F 2  evaporated. The dark residue \\as then taken up in 
CH,C12 and aqueous Na,CO, solution added, The 
organic layer becarne redder over a period of hours 
(0.5-6 h), after mhich it mas \lashed, dried, and evapor- 
ated. Each residue was treated as described below. 

( u )  Diol I l n :  Pie11ai.ntion of Crn0ridgerl-nlkene 120- 
From diol I l a  (50 mg, 0.16 mniol) after filtration through 
a silica gel column in benzene there Mas obtained 31 n ~ g  
(68z)  of alltcne P2r:, identical to ;he sample previously 
obtained. 

i b )  Diol BIb: ?ripamtion of~Monob~~irlged-n!kene 126- 
krom diol Plb (600 nig, 1.8 mmol) after chromatography 
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A theoretical study of the Curtius rearrangement. The electronic structures 
and interconversions of the CHNO species 
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AKVI R ~ U K  and PALL F. ALEWOOD. Can. J. Cheni. 55 .  1498 (1977). 
The thermal and photochemical decomposition of forniyl azide in the Curtius rearrangement 

has been studied by mcans of RHF-LCAO-MO-SCF calculations augmented by CI. The 
lower electronic states of carbon11 azides, carbonyl nitrenes, isocyanates, cyanates, oxazirenes, 
nitrile oxides (fulminates), and isofulrninates are discussect on the basis of the results for formyl 
azide and the corresponding isomers of formula CHKO. The discovery of two nearly de- 
generate states of A" symmetry for formyl azide which may channel decolnposition products 
directly to both isocyanates and carbon11 nitrenes explains sollie puzzling feat~~res  of the 
photolytic Curtius rearranzement. The intercon~ertibility of the CHNO isomers (and the 
RCNO isomers) is di~cussed in terms of the energetics arid intended correlations of the ac- 
cessible electronic states of these species. 

ARVI RACK et PALL F. ALEWOOD. Can. J .  Chem. 55. 1498 (1977). 
Faisant appel a des calculs RHF-LCAO-MO-SCF completes par CI, on a etudie les decom- 

positions thermiques et photochirniques de I'azoture de form>le au cours du rearrangement de 
Curtius. On d i sc~~ te  des etats electroniques les plus bas des azotures de carbonyle, des nitrenes 
dc carbonyle, des isocyanates, des cyanates, des oxazirknes des oxydes de nitrile (fulminates) et 
des isofulminates sur la base des resultats obtenus avec l'azoture de formyle et des isomeres 
correspondants de formule CHNO. La decou~erte de dei~x ttats presque degCnCrCs de sy~uetrie 
A" pour l'azoture de formyle, qui peuvent servir directenlent de canaux pour les produits de 
decompositions tant pour les isocyanates q ~ l e  les ilitrenes de carbonyle, expliquc quelques 
caract6ristiques embarrassantes du rcarrangemeilt de Curtius photochimiqi~e. On discute de 
I'interconvertibilitC dcs isonieres CHNO (et des isomeres RCNO) en termes des correlations 
energetiques et perspectives des etats electroniques accessibles de ces espices. 

[Traduit par le journal] 

Introduction 
Electron deficient substances are rarely stable 

and rarely amenable to direct study. Their 
interil~ediacy is often postulated in reactions 
which frequently involve intricate rearrange- 
ments of the molecular skeieton. The proof of 
their intermediacy is far inore than just an  
academic exercise but lends valuable and difi- 
cult-to-obtain evidence regarding their chemical 
and physical properties. 

In  Scheme 1 are sunx~iarized ihe syllthetically 
importailt Curtius, Hofniann, arid Lossen re- 
arrange~ne~lts  (1). For each of these reactions, a 
mechanism can be written wlrich involves an  
intermediate carbonyl nitrene that subsequently 
rearranges to an  isocyaaate. Evidence, in the 
form of insertion and abstractioil products, for 
the intermediacy o r  carbonyl nitrenes in the 
photolytic Curtius rearrangement is well docu- 
mented. Likewise, thermal decomposition of 

'Revision received January 3, 1977. 

'rigid' azides such as azidofornlates leads to the 
foriliation cf rlitrene trapping products. IHow- 
ever, thermolysis of other acyl azides leads 
initially only to isocyanates (2, 3). The scope of 
the Curtius reaction is summarized in Scheme 2. 

Failure to observe nitrelie trapping products 
has led to the current thinking that migration of 
the aikyi or acyl group is concurrent with loss 
of halide in the Hofi~lanii rearraiigeillent and 
with loss of hydroxide (or carboxylate) in the 
case of the Lossell rearrangement. Because of 
the siniilarity of the three reactioiis (Scheme 1) 
the question arises as to whether, in tlie case of 
the Curtius reaction, the nitrenes are being 
geiierated by an  alterilative and competing 
decomposition of the acyl azide, with rearrange- 
ment to isocyanate being simultaileous with loss 
of nitrogen, in a manner completely analogous 
to the mechanism proposed for the Hofmann 
and Lossell reactions. Certainly, the migrating 
group is never ltinetically free (4-6). An elegant 
study of isotope effects in the decoinposition 
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RAUK AND ALEWOOD 

Curtius 0 
/I - + !I 

R-C-N-N=N --+ R-C-N --+ O=C=N-R 
'4- u 

Hofmann 0 0 
II Br2 /I II - 

R-C-NH2 5 R-C-NHBr -+ R-C-N-Br 
OH 

0 
1 II 
R-C-N ---+ O=C=N-R 

Los\en 
u 

0 0 
I 1 base 1 1  - 11 

R-C-NHOH R-C-N-OH --t R-C-N --+ O=C=N-R 

SCHEME 1 
k J  

\ R-NCO + lnsertlon products 

R = alkyl, acyl. alkqlam~no. thlo 

0 0 0 
I1 A !I 

R-0-C-N3 --------t R-0-C-N 
I I 

R'H * R-0-C-NHR' 
01 /I\' 

/c=c 

and rearrangement of benzoyl azide provides 
compelling evidence for the view that rearrange- 
ment and expulsion of nitrogen occur con- 
currently (7) .  That nitrenes may be generated 
by a different route is also supported by a study 
of the photolysis of pivaloyl azide in a variety 
of solvents (3). In this case the yields of iso- 
cyanate were essentially constant under all 
conditions while the yield of nitrene trapping 
products varied appreciably. Similar results 
have been obtained during the photolysis of 
benzoyl azide (8). 

However, earlier evidence which suggested a 
lion-concerted mechanism for the rearrange- 
ment-decomposition cannot easily be reinter- 
preted. Kinetic measurenlents of the thermally 
induced decol:lposition-rearrangement of nz- and 
11-substituted benzoyl azides revealed no Wam- 
mett correlation (9). The substituents influenced 
the rate of nitrogen evolutiol~ in an  unpredictable 
fashion (9). The results are contrary to the re- 
sults obtained for the Hofmann and Lossen 

rearrangements (10, 1 I), and can be interpreted 
as evidence for a lack of aryl migration in the 
transition state. In the same vein, a small 
positive value in the volume change of activation 
in the thermal Curtius rearrangement of benzoyl 
azide has been cited as evidence that the reaction 
has a non-polar transition state in which ex- 
tensive bond breaking (i.e. leading to nitrene) 
has taken place (12). Theoretical (13, 14) and 
experimental (15) investigations into the mech- 
anism of the entirely analogous Wolff rearrange- 
ment (Scheme 3) has led to the general con- 
clusion that the rearrangement is not concerted. 
From computed MO and state energies to- 
gether with symmetry correlation it was con- 
cluded that the Wolff rearrangement does in- 
volve a ketocarbene, but when performed 
photolytically an oxirene intermediate is also 
involved. An oxirene intermediate is not formed 
in the thermal deconlposition as the initially 
formed ketocarbene lacks sufficient vibrational 
energy to achieve cyclization. 
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Just and Zehetner (16, 17) have demon- 
strated the formation of acyl nitrenes as wel! 
as isocyaliaees upon irradiation of O-methyl- 
podo-carponitrile oxide and mesitonitrile oxides. 
They suggested the mechanistic pathway shown 
in Scheme 4 and showed that isocyanate was 

Wolff rearrangement 

0 0 H 
11 A / / 1 

R-C-CHN2 ---+ R-C-CH + R-C=C=O 

0 * 0 * 
/ I  I I  P\ 

R-C-C-H -+ R-C-C-H + R-C=C-H 

(excited (vibrationally 
singlet) excited ground 

state singlet) 
SCHEME 3 

not appreciably converted to acylnitrene under 
the reaction conditions. The thermal isomeriza- 
ti011 of nitrile oxides (17) to isocyanates has 
been known for more than sixty years and has 
been recently reinvestigated by Grundmann and 
Dean (1 8) who achieved the clean rearrangement 
of substituted aryl nitrile oxides by refluxing 
them in a high boiling solvent. It was demon- 
strated that the mechanism involves an intra- 
molecular rearrangement in whlch bond break- 
ing and bond maklng are apparently sy~lchronous 
(19). Grundmann suggested the following mech- 
anism for the rearrangement : 

Alkyl isocyanates R-NCO are also readily 
produced from aikyl cyanates (20), ROCN, by 
an exothermic rearrangement (2 1). The tendency 
toward isomerization can be minimized if the 
alkyl carbonium ion R +  is primary or bridge- 
head (21). Aryl cyanates do not rearrange 
thermally to aryl isocyanates. By analogy to the 
well studied thiocyanate to isothiocyanate re- 

arrangement, the mechanism probably involves 
heterolytic bond cleavage, as below: 

R-OCN -+ R f  CCN + R-NCO 

The electronic structures of carbony1 ~litresies 
have been studied by means of non-empirical 
M O  computations (22, 23) and the mechanism 
of insertion and abstraction reactions discussed 
(22). We here present a study of the thermal 
and pliotolytic decomposition of formyl azide 
and the electronic structures and energetics of 
compounds isolner~c to isocyanic acid, and dis- 
cuss the possible pathways of interconversioi~. 

Method 
Restricted Hartree-Fock-Roothaan LCAO- 

MO-SCF (24) calculations were performed 011 

the following compounds whose structures are 
shown in Fig. 1 : formyl azide 1, formyl nitrene 2,  
isocyanic acid 3, cyanic acid 4, oxazirene 5, 
fulrninic acld 6, and icofulmin~c acid 7 .  Cal- 
culat~ons on forlnyl nitrene 2 have previously 

FIG. 1. Structures of the coinpounds 1-7 used in the 
study: bond lengths in Angstroms; angles in degrees. 
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been reported (22, 23). The geometry of 2 has 
been optimized by Harrison and Shalhoub (23). 
Further geometry variations were performed on 
2 in order to establish which deformations of this 
molecule are relatively unhindered. Although 
the geometry of 3 has been reported (25), some 
geometry variation was performed on this 
system as a collsequence of recent experimental 
(on ClNCO) (26) and theoretical (27, 28) in- 
dications that the NCO fragment may be ap- 
preciably non-linear. Limited geometry searches 
were performed on compounds 4 and 5 for which 
specific experimental data on geometries are 
lacking. The experimental geometry for 6 (29) 
and an 'idealized' geoinetry for 7 were adopted. 
For  1, bond lengths were taken from formamide 
(30) and methyl azide (30) and idealized angles 
of 120" were used. Some geometry variation, 
t o  be discussed later, was performed. The geo- 
metries of the compou~lds for which results 
are reported in the text and in other figures are 
shown in Fig. 1.  

In  the present nb itritio method, all one- and 
two-centre integrals are computed over a 
rnininlal basis set of exponential-type functioils 
(STO]. All three- and four-centre integrals are 
computed using Pople's (31) STO-3G Gaussian 
expansion of thC STO's2. Slater exponents were 
employed for all atoms except hydrogen where 
a n  exponent of 1.2 was chosen. For  reasons 
which are discussed below, ca1c~:lations were 
also performed on compounds 2 and 3 using a n  
extended basis set (9s5p,'4s contracted to 4s2pj2s 
(32)). 

Since recent reports on electron deficient 
cationic systems (33, 34) have suggested that 
correlation energy may not adequately cancel 
when comparing calculated RHF energies of 
constitutional isomers, we decided to include 
correlation energies for the ground states of 
various species by perturbation theory. The 
correlation energy is taken as the second order 
correction to the R H F  energy, which implies 
inciusion of all double excited configurations. 
The relative advantages and disadvantages of 
Rayleigh-Schrodinger (RS) and Brillouin-Wig- 
ner (BW) expansions and of Moller-Plesset (MP) 
and Epstein-Nesbet (EN) partitions of the Hamil- 
eonian have recently been discussed by Ostlund 

'It was earlier determined (22) by using the STO-4C 
expansion that approximation of the slnailer three- and 
four-centre integrals in  this way does not lead to anorn- 
alous results in the electronic structure or relative energies. 

and Bowen (34) and will not be repeated here. 
Suffice it to say that the BW-EN combination 
gives better convergence and includes higher 
order terms in a many-body sense than other 
combinations and is equivalent to the exact 
diagonalization of the double excited CI  
matrix if one neglects non-zero elements between 
double excited configurations. Use of the BW- 
EN procedure allows one to incorporate most 
of the correlation energy, for a given basis. 
This is the procedure we have adopted. All 
single determinantal double excited configura- 
tions except those involving core orbitals are 
included. 

In  the calculation of the energies of the ex- 
cited states, all single excitations, excluding those 
involving core orbitals, are included. In many 
cases, heavy mixing between different single 
excited configurations occurs. I t  was necessary 
to include those configurations in the zero order 
description of the excited state and perform the 
exact diagonalizatio~l of the zero-order block 
of the CI matrix. The contributions of those 
configurations which mix only weakly were in- 
corporated through Rayleigh-Schrodinger per- 
turbation theory as second order corrections to 
the energy. 

Excitation energies were calculated as the 
difference between the all-single-excitations CI 
energy for the excited state and the ground 
state-RHF-SCF energy, rather than the energy 
which includes the correlation correction. This 
procedure is justified theoretically because terms 
coming from triply-excited configuration con- 
tributions to the excited state largely cancel 
those from doubly-excited configuration con- 
tributions to the ground state (35). As seen 
beiow, where comparisons can be made, good 
agreement with experimentally obtained excita- 
tion energies is obtained. 

Results and Discussion 
The results of Mulliken population analyses 

on the SCF configurations of compounds 1-7 
are shown in Fig. 2. The valence molecular 
orbitals of compounds 3-6, displayed as linear 
combinations of hybridized atomic orbitals, 
are shown in Figs. 3-6, respeciively, as are 
the energies of the individual molecular orbitals. 
The orbitals have been classified as belonging 
to one or the other of the irreducible representa- 
tions (a' or  o, a" or  K) of the point group Cs. 
Special features of the seven structures are dis- 
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FIG. 2. Mulliken population analyses for compou~lds 
1-7. Net charges are indicated at the atomic positions 
and bond overlap populations on the bonds. 

cussed separately in the sections immediately 
following. This is followed by a general dis- 
cussion of the possible roles of these substances 
in the thermal and photolytic Curtius reactions. 

Fornlj31 Azide 1 
The results of a Mulliken population analysis 

(Fig. 2) illd~cate that, of the various resonance 
forms for I,  the 

0 0 - 
I /  - + I + 

H-C-N-NSN c-+ H-C=N-NzN 
0 

I I + -  
w H-C-N=N=N 

last shown is the least important. The ground 
state configuration of the molecule is ...( 140)~-  
(150)~(3n)~.  The highest occupied n~olecular 
orbital in the ground state configuration (3x) is a 
.rr MO localized largely to the N,-N,-N, 
fragment with a node close to N,. The second 
highest occupied MO (150. Fig. 7) is also n-like 
in the N,-N,-N, fragment, with a node near 

FIG. 3. The valence molecular. orbitals of isocyanic 
acid 3 are displayed as linear combinations of hybridized 
atomic orbitals. The magnitude of each atomic orbital 
is directly proportional to the mag:iitudc of its cocfli- 
cient in the LCAO expansion of the MO. Only the top 
lobes of each PI (a") orbital are shown. The blO energy 
is in hartree units (1 hartree = 627.71 !ica!/mol = 
27.21 eV). 

N,, but has a co~ltribution from an in-plane 17 
orbital on oxygen. 

Calculations allo~\ing i~lteraction among all 
singly excited configurations (except those in- 
volving excitations from the five core orbitals) 
yield four excited singlet states that lie less than 
7 eV abo\e the ground state. These ale: 'A," 
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R A C K  AhD ALEWOOD 

FIG. 4. The valence molecular orbitals of cyanic acid 
4 are dispIayed as linear combinations of hybridized 
atomic orbitals. The magnitude of each atomic orbital 
is directly proportional to the magnitude of its coefficient 
in the LCAO expansion of the MO. Only the top lobes 
of each PI (0")  orbital are shown. The M O  energy is in 
hartree units ( I  hartree = 627.71 kcal, mol = 27.21 eV). 

FIG. 5. The valence molecular orbitals of oxazirene 5 
are displayed as linear combinations of hybridized 
atomic orbitals. The nlagnitude of each atomic orbital 
is directly proportional to the niagllitude of its coefficient 
in the LCAO expansion of the $10. Only the top lobes 
of each PI (0") orbital are shown. The MO energy is in 
hartree units (I hartree - 627.71 kcal,'mol = 27.21 eV). 

4.44 eV: 'A," 4.60 eV: 'A,' 5.96 eV; 'A , ' '  the near-uv region, a weak band (E - 25) at  
6.69 eV. In spite of the exteiisive photochemical 4.3 eV and a stronger band (e - 500) at 5.7 eV 
studies of acyl azides that have been reported, (37). Both trailsitions are assigilcd to n, -t nY*- 
we call find no reports of t!le uv spectra of these type transitions (A" symmetry) of the azide 
compounds. Methyl azidofonnate, CH,OC- group, which correlate with orbital symmetry 
(O)N,. has a weak band ( E  - 40) at  4.8 eV (36). forbidden transitions of the azide anion. Our 
Alkyl azides exhibit t\470 absol-ption bands in calculations indicate that the origin of the two 
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M O  9 " 
S I GMR 
-0 .G352 1 

M O  8 , N O  13 , 
S I GMR PI 
-0.6356 / /7 0.2718 / 

FIG. 6. The valence nlolecular orbitals of fulminic acid 
6 are displayed as linear coinbinations of hybridized 
atomic orbitals. The magnitude of each atomic orbital 
is directly proportional to the magnitude of its coefficient 
in the LCAO expansion of the MO. Only the top lobes 
of each PI (a") orbital are shown. The MO energy is in  
hartree units (1 hartree = 627.71 kcal/mol = 27.21 eV). 

FIG. 7. The two highest occupied and two lowest un- 
occupied MO's of formyl azide 1. The excitations which 
make major contributions to the first three excited states 
of 1 are indicated by the arrows. 

the two configuratioli~ arising from the two 
n -+ n4'-llke transitions shown in Fig. 7. 

The thermal and photolytic decon~position 
of the azide is discussed in the second to last 
section. 

Fort~~jl l  Nitrene 2 
Although formy! ~ii trene has beell discussed in 

detail previously (22, 23) sollie of the salient 
features bear iepeating in ?lie present coctext. 
The results of a Mullil<er; population analysis 
(Fig. 2) indicate that the nitrogen atom, though 
electron-deficient, does not compete effectively 
with oxygen for electrons. The contribiltion of 
the resonance structure 

- /"+ 

N=C ' H 
lowest nearly degenerate A" tralls~eions of to the electroliic structure of 2 is unimportant, 
formyl azide 1 is the same except that consider- Examination of Fig, of ref. 22 reveals that 
able mixing of other conf i~r ' t ions  of 'he same the are missing from a non-bonded 
symmetry occurs. The transitions which give orbital (MO 12) highly locaiized to the nitrogen.3 
rise to the arinciaal configurations for the t h o  
states "1'' and 1 A 2 ' ' 3  

- 
the lA2 '  'Electron spin resonance evidence (38) confirms that 

state, are shown schematically in Fig. 7.  the extra electron in acetyl nitrene radical anion is in a 
'A,' state has allnost equal co~ltributioas from nitrogen p orbital in the carbonyl plane. 
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There are four electrons in the n systeilr of 2 
(MO's 8 and 11). A resonance structure such 
as  that above would o~l ly  be important if either 
of MO 10 (oxygen non-bonded electron pair) 
o r  MO 11 (nitrogen non-bonded electron pair) 
were unoccupied. 

One expects that the doubly-excited electronic 
configuration ...( 1~~)~(8~)~(90)~(2n)~(100)~ would 
contribute strongly to the electronic structure 
of the 'A,' state of 2, thereby reducing the 
anisotropy in the electron distribution about 
nitrogen. Recent natural orbital calculations by 
Harrison and Shalhoub (23) suggest an oc- 
cupancy of 0.74 electrons for the natural 
orbital corresponding to M O  12 of the SCF 
calculation. Indeed, Harrisoil and Shalhoub 
find that the electronic state whose dominant 
configuration is that shonn above is only 
1.52 eV above the lowest singlet state of 2. 
Si~ice straightforward interaction of the SCF 
configuratioil with the . . . (90)~(100)~ configura- 
tion, when the latter is constructed from the 
orbitals of the former, yields the result that the 
states so generated are separated by 6.91 eV 
(6.83 eV w ~ t h  the larger basis set), it was neces- 
sary to perform an MCSCF (39) calculation 
involving the two configurations. Using the 
larger basis set, tile energy of the lower closed 
shell singlet state is reduced relative to the SCF 
value by a small amount, 0.0166 hartree, 
yielding the MSCF energy - 167.5613 hartree. 
However, the energy of the upper closed shell 
singlet is lowered .to - 167.4901 hartree. Thus 
the energy separation calculated by the MCSCF 
procedure is 1.83 eV, in satisfactory agreement 
with that found by Harrison and Shalhoub (23). 
Likewise, the composition of the lower state, 
'A,', corresponds to 73'7, of the . . . ( 9 0 ) ~ ( 2 ? ~ ) ~  
configuration and 27% of the . . . (90)~(100)~ 
configuration. The upper closed shell state, 
'A,', has the composition, 29% . . . ( 9 ~ ) ~ ( 2 ? ~ ) ~ ,  
7 1 z  . . . ( 9 ~ ) ~ ( 1 0 0 ) ~ .  The 'A," state of 2 is 
calculated to be 0.09 eV above the 'A,' state if 
one includes the lowering of the latter due to 
the MCSCF calculation. The dominant con- 
figuration of the 'A," state is . . . (90)~(2?~) '(100)~. 
The fourth singlet state, 'A,', is 3.16 eV above 
the ' A , '  state and corresponds mainly to the 
configuratioll ...( 90)'(2n)~(lOo)'. The fifth state, 
'A,", is 5.74 eV above the first singlet state 
and arises from the configuration ...( 90)'(2n)'- 
( 3 ~ ) ' .  Except for the position of the 'A,' state, 
as explained above, similar results are obtained 

using the sinaller S T 0  basis, without MCSCF. 
The energies (in eV) obtained with the S T 0  basis, 
relative to the ' A , '  state are: ' A ,  " -0.82; 'A, '  
3.32: 'A," 4.21. 

The possible intermediacy of carbonyl ni- 
trenes, such as 2 in the thermal and photolytic 
Curtius reaction. is discussed later. 

Isoeganic Acid 3 
Isocyanic acid is calculated to be the most 

stable isomer of formula HIVCO, 91 kcal/mol 
more stable than forinyl llitrene 2. Separate 
calculations using various values for the CNO 
angle verified previous reports (26-28) that this 
angle in isocyanates is appreciably non-linear. 
Although one would not expect linearity of the 
heavy atom skeleton in any of the systems I, 
3-7, except 6, since the NCO units (N, for 1) 
do  not reside in an axially syrnrnetric potential, 
it was of interest to determine the extent of 
non-linearity and lool< for the cause of the 
unusually large deviation. The equilibriun~ value 
of the NCO angle of 3 (Fig. 1) is found to be 
168'. The ground state electron distl-ibution 
(Fig. 2) shows that the central carbon aton1 is 
much more electron deficient than in any of the 
other species considered. This is due to the 
fact that the two highest occupied ~nolecular 
orbitals (MO's 10 and 11) are n-like orbitals 
with a node very near the carbon atom, and has 
the consequence that the NCO fragment has a 
very low bending force constant (40). 

The calculated dipole moment is 1.70 D, in 
reasonable agreeinent n i th  the experimental 
valile of 2.1 D (41). 

The near ultraviolet absorption spectrum of 
isocyanic acid 3 (as well as alkyl and inorganic 
isocyanates) has been previously analyzed 
(42, 43). Although 011ly the first transition in 
isocyanic acid is observable (at 5.90 eV), many 
more states of the closely related alkyl iso- 
cyanates are seen. Excitation energies (in eV), 
conlputed with the large basis, are as follo\vs 
(experimental values (42) for ethyl isocyanate 
are in parentheses): 'A," 5.89 (5.95); 'A,' 
7.38 (6.82); 'A," 8.53 (7.13). The values ob- 
tained using the S T 0  basis are: 'A," 5.06; 
'A,' 0.88; 'A," 7.95. 

The states 'A," and 'A," originate almost 
entirely froin the transitions  TI -+ 100 (MO I1 
to M O  12, Fig. 3) and 90  + 3~ (MO 10 to 
M O  13, Fig. 3) ,  respectively. The same four 
orbitals are involved in the description of the 
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state, 'A,', whose major configuration is that 
from 90 + 100 but which has 42",01ltribution 
from the 2n -t 3n configuration. 

Cyarzic Acid 4 
Cyanic acid is coruputed to be 1 kca1,'mol less 

stable than isocyanic acid. The results of 
population analysis of cyanic acid, shown in 
Fig. 2, and the molecular orbitals, sho~vn in 
Fig. 4, support the usual valence bond descrip- 
tion, C-0 single bond, C-N triple bond. 

The energies in eV, relative to the ground 
state, of the three lowest singlet states of cyanic 
acid are: A" 6.78; A '  7.84; A" 8.14. There are 
no published experimental uv spectroscopic data 
on 4 or alkyl cyanates. 

The dipole moment of 4 is computed to be 
2.96 D. 

Oxazirene 5 
The anti-aromatic character expected for a 

conjugated three membered ring with 4n 
electrons is evident upon inspection of the 
results of population analysis of oxazirene 
(Fig. 2). The second occupied n orbital has a 
node which bisects the C-0 and N-0 bonds 
and leads to very small bond overlap popula- 
tions for these two bonds. The total electronic 
energy of oxazirene is computed to be ~vithin 
1 kcallmol of the closed shell 'A , '  state of 
formyl nitrene. The computations reveal that 
there are no singlet electronic states of oxazirene 
that are less than 7 eV above its ground state. 

L 

There are no experimental data on this com- 
pound. 

The dipole mornent of 5 is computed to be 

The gas phase uv spectrum of 6 shows a 
band progression between 4.4 and 5.1 eV (44). 
The two lowest excited singlet states, A, and E,, 
are 4.95 and 5.52 eV, respectively, above the 
ground state. Both states are primarily linear 
combinations of configurations derived from 
the rc + n" transitions from the two highest 
occupied MO's of 6 to the two lowest unoc- 
cupied MO's (Fig. 6). 

Isofulmirzic Acid 7 
Isofulminic acid is included for the sake of 

completeness. I t  is computed to be 13 kcal/mol 
more stable than fulminic acid and 47 kcal/mol 
less stable than isocya~iic acid.4 The population 
analysis (Fig. 2) indicates the electronic structure 
of the ground state as best described by the 
first resonance structure below with little con- 
tribution from the second. 

+ - 
H-0-N=C H H-0-NEC 

The lowest unoccupied molecular orbital is a 
n"-like orbital of the N-C fragment in the 
plane of the molecule. The largest single con- 
tribution to thc LUMO is a y orbital of the 
carbon suggesting that the compound should be 
highly susceptible to ~lucleophilic attack at 
that site. Although alkyl isofulminates are not 
known, typical reactions of alkyl isonitriles, 
RNC do involve addition of nucleophiles to the 
carbon atom. 

The computed dipole moment is 3.09 D. 
The energies in eV, of the three lowest lying 

singlet excited statcs, rclative to the ground 
state are: 'A," 6.29; '4,' 7.24; ' A2 ' '  7.46. 

Fubnit~ic Acid 6 The Cartills Reactiol~ 
Fulnli~lic acid, a model for alkyl nitrile 

oxides is calculated to be 60 kcal/mol less 
stable than isocyanic acid." The population 
analysis shown in Fig. 2 supports the usual 
valence bond description: C--N triple bond, 
N-0 single bond. However, the charge separa- 
tion in the N-0 bond is not nearly as great 
as might have been expected of a formal datihe 
bond. Molecular orbitals of 6 are shown in 
Fig. 6. 

The computed dipole inolnent is 3.65 D 
(experimental 3.06 D (29a)). 

4Not much significance should be attached to the 
absolute and relative energies of 3, 6, and 7 since no 
geometry optimizatio~l was performed on either 6 or 7. 

In Fig. 8 is shown the nlolecular orbital 
energy level diagram for for111yl azide 1, N,, 
formylni~rene 2, and isocyanic acid 3. The 
correlations are based on inspection of the phase 
properties of the ~liolecular orbitals. There is no 
indication from the diagram in Fig. 8 that 1 
should not decompose thermally to yield 
formyl nitrene or isocyanic acid directly in 
their ground states. The state correlation di- 
agram for the decomposition of I to formyl 
nitrene + N, and isocya~lic acid is shown in 
Fig. 9. The decomposition of 1 is simulated by 
stretching the N,-N, bond (Fig. 1) by 0.26 A, 
0.53 A, and 1.94 A (points b, c, and d, respec- 
tively, in Fig. 9) beyond the equilibrium value 
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H H - 
, ~ -111 H\N-c.o L C ,  

I I 
N -N  

(L 
a \ 
I - - - 0 2  

2 - N I 
\ - i 

FIG. 8. The molecular orbital correlation diagram for 
the decomposition of formyl azide 1. 

(point a in Fig. 9).5 Besides the N2-N, bond, 
the geometry of the rest of the system is that of 1 
for points b and c. It was not fea5ible to optimize 
the geometry at  points b and c. As a result, 
the energies of the ground and excited states 
a t  the initial stages of decon~position are 
probably higher than they should be, relative to 
the energy of 1 At  the last p o ~ n t ,  d,  decompos~- 
tlon 1s essent~ally con~plete. The geometry of the 
nltrene fragment is the same as 2 (Fig. 1) and 
the exper~nieiital bond length (30) of N2 
( 1  098 A) 1s used. The total SCF energy a t  
point (/IS 2 5 kcalll~iol hlgher than the sum of the 
SCF energles from separate calculat~ons on 
2 and N2 The e~lergy of the ' A ,  ' state of  so- 
cyallic a c ~ d  3 was positioned In Fig. 9 by com- 
paring the relat~ve BW-EN corrected ' A , '  state 
eilergles of 2 ;rnd 3 111 the same (STO) b a s ~ s  
The pos~tlons of the other electron~c states of 
2 and 3 plotted in Fig. 9 were obta~ned from the 
larger basis set results, although the conclus~ons 
are not altered if one uses the sinaller basis set 
data. 

The first excited state of N2  is calculated to be 
a t  9.0 eV (experimental value 9.3 eV (45)) and 

5Calculations were also perfortncd on thc ti.atzs 
geometry of 1. The ordering and positions of the excited 
states of the ti.~ms isomer Lvere essentially the same as for 
the cis isomer at  all stages of the simulated decomposition. 
Accordingly, only the data for the slightly more stable 
cis form are illustrated in Fig. 9 and discussed in the text. 

FIG. 9. The state correlation diagram for the de- 
composition of formyl azide 1:  point a,  structure shown 
in Fig. 1;  point b, same structure as at point a except 
that N2-N3 is stretched by 0.26 A; point c, same struc- 
ture as at point a except that Nz-N, is stretched by 0.53 
A: point d, N2 and N, are 3.18 a apart, the structure 
of 2 is as given in Fig. 1, and NI-NZ is the experimental 
value for elemental nitrogen. 

is not shown. Pyrolysis of the azide to nitrene 
is calculated to be essentially isoenergetic with a 
low activation energy. Since the usual light 
sources for photolysis (e.g.,  Rayonet reactor 
or Hanover lamps) provide energy in Lhe vicinity 
of 4.5 eV and virtually nothing above 6.5 eV, 
the decomposition, whether thermal or  photo- 
lytic, inust eject the N, in its ground state. 

The ground state of the azide ' A , '  correlates 
directly with the ' A , '  state of formyl nitrene. 
The rlitrene in this state is calculated to have an  
anisotropic charge distribution about the nitro- 
gen atom. The [1,2]-sigmatropic shift of hydride 
(or alkyl) group in this state is an  orbital sym- 
metry allowed process and computatiolls on an  
intermediate structure (Fig. 8) suggest that, as 
in carbo cationic systems, there is little or  no 
activation energy for the process. As the nitrene 
would probably be reached in a vibrationally 
excited state in the therrnal Curtius reaction, 
it is likely that the highly exothermic rearrange- 
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ment to isocyanate takes place spontaneously or  
perhaps more likely still, is concerted with ex- 
pulsion of N,. This would explain the universal 
lack of evidence for nitrene intermediates in the 
therrnolysis of acyl azides. 

The two lowest excited states of the acyl azide 
1 are nearly degenerate, a t  about 4.5 eV above 
the ground state. As stated earlier, both can be 
identified with transitions of the azide group 
which are electric dipole forbidden in the azide 
anion. Although the basis set is too crude to 
yield reliable values for electric dipole oscillator 
strengths, the calculations do indicate that the 
oscillator strengths for those two states, as well 
as the ' A z '  state at  6.0 eV, are about,f cx 0.001, 
corresponding to weakly allowed transitions. 
Since the radiation typically used in photolysis 
has energy of 4.9 eV (Hg 253.7 nm line), it is 
probable that the photolytic Curtius reaction 
proceeds entirely by excitation to the 'A," and 
'A?' '  states. 

The behavior of the 'A ,"  and iA, ' i  states 
during the decomposition is of special signifi- 
cance. The near degeneracy suggests that the 
two states should both be pop~alated upon 
photolysis, or by equilibration after photolysis. 
The two states remain nearly degenerate in the 
early part of the decomposition (in fact there is 
a weakly avoided crossing) and then diverge 
rapidly. One correlates with the ' A , "  state of 2 
whose dominant configuration is ...( 9o)'(2n)'- 
(loo)' in a highly exothermic process. The other 
correlates with the 'A," state whose dominant 
configuration is ...( 90)'(2n)'(3n)1 which corre- 
sponds to the n + n" transition of the car- 
bonyl moiety. 

The descending ' A , "  state of the decomposing 
azide yields the 'A ,"  state of the nitrene. 
Rearrangement to the 'A ,"  state of isocyanic 
acid is an endothermic process and should be 
hindered if collisional deactivation is rapid. 
The h t e  of the reactive nitrene intermediate will 
depend on the nature of the solvent and the 
presence of nitrene traps. 

On the other hand, the 'A," state of the acyl 
azide correlates with the 'A," state of the car- 
bonyl nitrene. The nitrene can rearrange to the 
isocyanate in a substantially exothermic process. 
I t  was not possible to do geometry optimization 
(energy minimization) along the reaction co- 
ordinate so it is probable that the calculated 
activation energies for the decomposition of the 
acyl azide states 'A ,"  and 'A," are not as high 

as calculated. I t  is intriguing that if decomposi- 
tion along the two pathways were competitive, 
the 'A," path would lead directly to isocyanate 
and the yield of isocyanate would depend only 
oil the internal partitioning of the photolyzed 
azide between the two states. rather than on 
external effects. It was found in photolyses of 
pivaloyl azide (3) and benzoyl azide (8) that 
yields of isocyanate were essentially constant 
under a variety of conditions but that yields of 
nitrene trapping products were sensitive to 
reaction conditions. 

Inaterconversioass Between the HCNO Isomers 

Compounds 2-7 represent the only isomers 
of HGNO for which reasonable valence bond 
structures can be written. At least some alkyi 
or aryl derivatives of all except 5 and 7 are 
known. As discussed in the Introduction, clean 
rearrangements can be efiected between all 
known lsonler~c forms. However. w~thout  
quantitative calculations of the complete HCNO 
hypersurface for each of the electron~c states of 
the genetallzed H C N O  structure, ~t IS not pos- 
slble to make more than some general remarks 
about the ~nterconvers~ons of the lsomerlc 
species. 

The calculated energles of ground and exc~ted 
states of 2-7, rearranged for the sake of the 
dlscuss~on ~ h l c h  follows, are shown plotted 
on the same energy scale 111 Fig 10. Intended 
correlat~ons between states of specles wh~cli  ale 
close together on  the potential hypelsulface can 
111 some cases be deduced by connecting states of 
l ~ k e  symmetry and by taking Into accouct the 
nodal and cymmetry propert~es of the molecular 
orbitals from whlch the prlnc~pal coi~i r~butrng 
configurations are derived. The latter distinction 
is difficult to make if, as happens often in the 
present system, the CI calculatioi~s indicate that 
two or  more configurations contribute strongly 
to the description of the state wave function. 

We enumerate here, without detailed rational- 
ization, those intercollversions which can be 
expected with reasonabje confidence on the basls 
of the calculations performed in the p~esent  
study. These remarks should also apply ro the 
alkyl derivatives of the parent HCNO structures. 

( I )  2 F? 3. Garbonyl nitrenes 2 w~l l  rearrange 
to ~socyanates 3 vla their ' A , '  states w ~ t h  l~t t le  
or no actlvatlon energy. Isocyanates should be 
convert~ble to nitrenes via their 'A ,"  states. 

(2 )  3 F? 4. The ground states, ' A , ' ,  of cyanates 
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A', 
0 - A', - 
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FIG. 10. The calculated state energies of compounds 
2-7 shown on the same scale. 
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and isocyanates do not correlate with each 
other. Our results support the conclusion, 
stated previously, that the observed rearrange- 
ment of alkyl cyanates to isocyanates (20) 
probably occurs by a dissociative mechailism 
involving carbonium ions. The equilibrium 
favours the isocyanate, apparently by more 
than the calculated amount of 1 kcal/mol. 
There appears to be no direct photochemical 
route for illterconversion either, since the ' A ,  " 
states d o  not correlate with each other (46). 

(3) 3 + 6. Fulnlinic acid and isocyanic acid 
are not close to each other on the potential 
hypersurface but, as reviewed in the Introduc- 
tion, nitrile oxides have been reported to re- 
arrange to isocyanates both thermally (17-19) 
and photochemically (16, 17). In  the thermal 
rearrangement, a transition state in which both 
oxygen and alkyl group migratioll occur 
simultaneously has been implicated by studies 
of isotope effects (19). To  explore the possibility 
of such a low energy pathway would require an  
extensive search of the nuclear configuration 
space and is beyond the scope of the present 
study. The stepwise rearrangement 6 -, 5 -t 
2 -t 3 does not appear to be feasible on energetic 
and electronic grounds. 

Any rearrangement which involves 5 must 
proceed by way of the grou~ld  state of this 
species. Since the ' A ,  state of 6 does correlate 
directly with the ' A , '  state of 5 we expect nitrile 
oxides to be converted to oxazirenes upon 
photolysis. The oxazirenes should be metastable 
since the ' A , '  state of 5 would tend to correlate 
e i t h  a higher ' A '  state of 2.  An avoided crossing 
ultimately connects the ' A , '  states of 5 and 2 
and allows real-rangeluent to the more stable 
isocyanate 3. The observation of nitrene trapping 
products in the photochemical collversion of 
nitrile oxides to isocyailates supports this route 
(16). 
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The crystal structure and polasised Raman spectrum of Rb,AgI, 
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IAN DAVID BROWN, HELEN ELAINE HOWARD-LOCK, and MAIIADEVAX NATARAJAN. Can. J. 
Chern. 55.  151 1 (1977). 

The crystal structure of RblAgI,, space group Pnma, a = 10.258(2), b = 4.886(4), c = 
20.063(10) A: has been refined. It is isostructural with K2Ag13 with chains of corner linked AgI, 
tetrahedra (Ag-I(bridge) = 2.881 A., Ag-I(termina1) = 2.834 A) running along b. The 
average bonding distance around the two seven coordinate R b  atonis is 3.722 a. The polarised 
Rarnan spectrum shows the expected 36 modes which are assigned to four different symmetry 
species. All modes occur with frequencies less than 112 cm-'. 

IAN D.~VID BROWN, HELEN ELAIXE HOWARD-LOCK et MAHADEVAN NATAXAJAN. Can. J. 
Cbem. 55. 151 1 (1977). 

On a affink la structure cristalline de Rb,Ag13, groupe d'espnce Pnnza, a = 10.258(2), b = 
4.886(4), c -: 20.063(10) A. Elle est isostruct~irale avec celle du K2Ag13 et coniporte des chaines 
de AgI, tetraddriques relikes par les coils (Ag-I(pont) = 2.881 A, Ag-I(bout de chaine) - 
2.834 A) le long de l'axe b. La distance de liaison nioyenne autour des deux atomes de R b  
heptacoordonnes est de 3.722 A. Le spectre Rarnan polarisk prisente les 36 modes attendus qui 
sorlt attribues aux quatre especcs dc symktrie differcnte. Tous les modes se produisent avec des 
frequences de moins de 112 cm-'. 

[Traduit par le journai] 

In 1952 Brink and Stenfert Kroese (1) re- 
ported that Rb2AgI, was isoslructural with 
K2AgI,. We have undertaken the refinement of 
this structure because of the paucity of accurate 
measurenlents of Rb-I distances. The spectral 
work reported in this paper is part of a study 
on the lattice vibrations of moderately complex 
inorganic solids. 

Procedures and Discussion 

X-Ray Procedure 
Following the method of Brink and Stenfert 

Kroese ( I ) ,  crystals of Rb,Ag13 were grown from 
a warn1 saturated aqueous solution of RbI with 
AgI. The resulting colourless needles of Rb2AgI, 
elongated along b were used for the structure 
refinement. Precession photographs showed 
orthorhombic symmetry and systematic absences 
hkO, h = 2n + 1 ; Okl, k + I = 2n + 1, indica- 
ting space groups Pnina or Pn2,a. The former 
space group was assumed following Brink and 
Stenfert Kroese ( 1 )  and was found to give a 
satisfactory refinement. Accurate lattice para- 
meters (Table 1) were obtained by a least- 
squares fit to the angular settings of 15 re- 
flections (20" < 20 < 30") measured on a syntex 
P i  diffractometer with graphite crystal mono- 

TABLE 1. Crystal data for Rb,AgI, 
(CAS Registry Number 1721 8-08-5)* 

Parameter Value 

- 

*Orthorhomblc, space group P n n ~ a  (DZh16 
No. 62). 

tMeasured by displacement In methylene 
~odlde 

chromated MoKx radiation (A = 0.71069 A). 
X-ray intensities of 2499 reflections in a single 
quadrant (Ilk1 and hkl)  were measured on the 
same instrument from a crystal ground to a 
sphere of radius 0.05 mm. The intensities were 
corrected for absorption ( p R  = 1.06), Lorenrz 
and polarization effects, and symmetry related 
reflections were averaged to give 1321 non- 
equivalent intensities. 

The atomic parameters taken from K2Ag13 
(1) were then refined by the locally written full- 
matrix least-squares program CUDLS (CDC 
6400) to yield final agreement indices R ,  (= C- 
llFol - lFcIIICIFoI) = 0.089 and R2 (= C W 0  
- Fc)2/CoF,2)1/2 = 0.069. In the final round 
o = (0: + (0.2Fo)')-' where o, is the standard 
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TABLE 2. Atomic positional and thermal coordinates* for RbzAg13 
- 

Atom x Y z u(1,1) U(2,2) U(3,3) U(1,3) 

Rb(l) 0.4217(3) 0.75 0.71 13(1) 0.029(2) 0.028(2) 0.041(2) 0 .  OOO(1) 
Rb(2) 0.2522(3) 0.25 0.4570(1) 0.034(2) 0.035(2) 0.028(2) 0.009(1) 
Ag 0.1362(3) 0.25 0.1360(1) 0.032(1) 0.044(2) 0.039(1) O.OOO(1) 
I(1) 0.1879(2) 0 .25 0.2753(1) 0.028(1) 0.035(1) 0.023(1) 0 .OOO(l) 
I(2) 0.3803(2) 0.25 0.0710(1) 0.026(1) 0.038(1) 0.026(1) 0.002(1) 
I(3) 0.0033(2) 0.75 0.1018(1) 0.030(1) 0.024(1) 0.035(1) -0.001(1) 

*The temperature factor is given by T = exp (-2n2 Z, ZjU,,H,H,a,*a,*), khere U,, are the thermal coordinates. 

deviation arising from the counting statistics. The 
final atom parameters are given in Table 2, those 
not fixed by symmetry were refined together with 
a scale factor and the parameter used in the 
extinction correction F" = F(1 i- 1.3 x x 
P ( 2 o ) ~ ~ ) ~ "  (2). The scattering curves for R b t ,  
Agt ,  and I -  ions corrected for anomalous 
dispersion were taken from International Tables 
for X-ray Crystallography (3). The observed and 
final calculated structure factors have been 
placed in the Depository of Unpublished Data.' 

Discussion of the Structure 
Bond lengths and angles are presented in 

Table 3. Rb2AgI, is isostructural with K,Ag13 
which has been well described by Shoemaker (4). 
The temperature factors indicate no large 
anisotropic motion, the rms deviation of all 
atoms from their mean position lying between 
0.15 and 0.21 A. The temperature factor for Ag 
is slightly, but significantly larger than that of 
the other atoms, a result also found in K2Ag13 
( 5 ) .  A bond valence analysis (Table 4) gives 
valence sums around each atom that show a 
standard deviation of 0.07 valence units from 
the atomic valence. As in K,AgI,, the angles at  
the silver atom deviate significantly from tetra- 
hedral but in a sense opposite to that usually 
found (6). The large I(bridging)-Ag-I(bridg- 
ing) angle (116") is determined by the b axis 
length while the smaller I(termina1)-Ag-I(ter- 
minal) angle (107') is opposite the only edge of 
the tetrahedron that is shared with two other 
coordination polyhedra. Figure 1 shows a 
projection of the unit cell of Rb,AgI, in the ac 
plane. 

Polarised Raman Spectrum of Rb,AgI, 
The factor group of crystalline Rb,AgI, is 

TABLE 3. Bond lengths (A) and angles (deg) 

Bond Length (A) 

Ag-I(l) 2.845(3) 
Ag-I(2) 2.823(3) 
Ag-1(3) 2.881(2) ( ~ 2 )  

Rb(1)-I(1) 3.656(3) ( ~ 2 )  
Rb(1)-I(1)' 3.674(3) (X2) 
Rb(1)-I(2) 3.751(3) ( X 2) 
Rb(1)-I(3) 3.842(3) 

Rb(2)-I(I) 3.705(3) 
Rb(2)-I(2) 3.612(2) ( X 2) 
R b(2)-1(2) ' 3.856(4) 
Rb(2)-I(3) 3.741 (3) ( x 2) 
Rb(2)-I(3)' 3.838(3) 

Bonds Angle (deg) 

D,,, for which the Raman active modes all have 
g symmetry and the infrared modes u symmetry. 
Since the AgI, moiety of the structure exists in 
the form of chains of corner shared AgI, 
tetrahedra it is inappropriate to divide the modes 
into internal and lattice modes. The number of 
Raman active modes and their symmetries are 
shown by factor group analysis to be 

Following the procedure outlined by Adams and 
Newton (9) the translatory lattice modes are 
found to be 

'Photocopies may be obtained upon request, a t  a 
nominal charge, from the Depository of Unpublished 

of which B,, + B,,, + B,, are the three 
Data, CISTI, National Research Council of Canada, acoustic modes. All 36 g XIodes are active and 
Ottawa, Canada KIA OS2. symmetry-allowed in the Raman spectrum. 
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BROWN ET AL. 

TABLE 4. Bond valence* 

p~ 

*The valences (S)  were calculated from the distances (R) by means of the expres- 
sion S = (RIR,)-' (7) where R, = 2.843. = 7 for Rb-I(8) and R, = 2.362, 
JV = 7.5 for Ag-I. 

FIG. 1. Rb2AgI, projected down the b axis. The double 
circles are I, large circles Rb, small circles Ag. Atoms at 
y = 3/4 are shaded; those at y = 114 are unshaded. 

Raman Procedure 
Single crystals of Rb2AgI, approximately 

3 mm on an edge were polished on the faces 
perpendicular to the crystallographic axes and 
mounted on an X-ray goniometer. All spectra 

were measured at room temperature. An argon 
ion laser provided plane polarised radiation of 
100 KLW at 5145 A. The laser beam was focused 
onto the ~rys ta l  which had been mounted with 
one of the crystallographic axes parallel to the 
incoming beam. A Babinet compensator before 
the sample and a polariser in the scattered beam 
permitted the selection of various components 
of the Raman tensor. The spectrum of the 
scattered light was analysed with a SPEX 1400 
double monochromator, the total instrumental 
width (laser and spectrometer) being 1.5 cm-I 
for a slit width of 200 pm. 

Disc~lssion of Rcrrna~ spectrum 
The scattering geometry can be described by 

the symbol x(uc)y where x is the crystal axis 
parailel to the direction of the incident beam, j3 

that ~ara l l e l  to the scattered beam. and u and z> 
are the crystallographic axes parallel to the 
direction of polarisation of the incident and 
scattered beam respectively. 

The spectra are shown in Fig. 2. The scattering 
geometry u(bbjc (Fig. 2a) should give the 12A, 
modes. The spectrum shows 12 or 13 lines some 
of which may be overtone modes. The geometry 
a(ba)b (Fig. 2F) should show the 6B1, modes 
and six lines can be seen. Similarly cr(ca)c 
(Fig. 2c) shows the expected 12 lines of the B2, 
spectrum and u(cb)c (Fig. 2d)  shows the expected 
6 lines of the B,, spectrum. 

Two features of the spectra are noteworthy; 
namely, the absence of any lines at frequencies 
above 112 cm-I (none of the spectra show any 
features between 112 cm-' and 1800 cm-I), and 
the broadening of the higher frequency peaks. 

The absence of high frequency rnodes is 
expected for a crystal with weak bonds. Table 5 
lists a series of stretching force constants deter- 
mined spectroscopically for a number of bonds 
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5175 5165 
Wove length 1" A 5155 

FIG. 2. Polarized Raman spectrum of Rb,AgI,. The 
scattering geometry and  the corresponding symmetry 
species are indicated in the figure. The observed line 
positions a re  also marked in wave numbers, cm-I.  

with relatively small bond valence. There is a 
correlation between bond valence and force 
constant which allows one to estimate stretching 
force constants of around 0.30 mdyn (30 
N m - l )  for Ag-I and 0.121udyn k1 ( I 2 N  
m-') for Rb-I. For such force constants the 
Ag-I stretching vibration would be around 

TABLE 5. Stretching force constants and valences 
observed for weak bonds 

Bond Valence k (mdyniA) 

93 cm-I and the Rb-I stretching vibration 
around 63 cm-l.  Since the stretching vibrations 
generally have the highest frequency we do not 
expect to find lines much above 100 cm-l.  The 
Ag-I(termina1) stretching vibration will lie 
entirely in the mirror plane and, therefore, will 
appear in A,  or B,,. The band at I l l  cm-I 
appears in both and probably represents factor 
group splitting of the Ag-I synirnetric stretching 
vibration. Because there are many possibilities 
for two phonon and overtone bands, i t  is not 
possible to definitely assign such bands with any 
certainty. 
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Resonance quadripolaire nucleaire du brome dans des composCs organomagnesiens 

JACKY KRESS' 
Lahorcltoire de Spectroclzirrlie In,fiaro~rge rt  Rar~zan dir C.IV.R.S., 2 ,  rire Henri Dlrrlcint, F-94320 Tl~iais ,  Frcince 

LUCIEN G U I B E ~  
Luhorutoire d'Elcctroniqiie For1dumet7tnle iussoci& air C.N.R.S.), Bdtiment 220, L'nil.ersitP P n r i ~  XI,  F-91405 Orsiij 

CPdes, Frcitzce 

R e ~ u  le 17 novembre 1976 

JACKY KRESS et LUCIEN GUIBE. Can. J. Chem. 55, 1515 (1977). 
Des signaux de rtsonance quadripolaire nucleaire du brome (isotopes 79 et 81) ont CtC ob- 

servts, B 77 K, dans quelques composes organomagntsiens cristallises du type RMgBr,riR',O, 
et dans MgBr2,nEt20. Les frtquences correspondantes, relativement basses (de l'ordre de 

\ 
33 MHz pour le8'Br, a comparer avec 220 MHz pour une liaison -C-Br) niontrent le caractere 

fortement ionique dc la liaison -Mg-Br, tandis que leur regroupernent dans un intcrvalle re- 
streint (30-42 MHz) suggere que la liaison Mg-Br est peu affectee par les changernents des 
radicaux R ou R' dans la serie etudiee. Cependant 1'evolution de la frdquence de resonance dans 
cet intervalle peut s'interpreter en fonction de la nature des groupes R et R'. 

JACKY KRESS and LUCIFV G U I B ~ .  Can. J. Chem. 55. 1515 (1977) 
Bromine nuclear quadrupole resonance signals corresponding to both isotopes "Br and "Br 

have been observed, at 77 K, in some crystallized organon~agnesium brom~des of formula 
RMgBr.nRfzO, and in MgBr,,nEt,O. The low value of the resonance frequencies, of about 

\ 
33 MHz-to be compared to 220 MHz for a typical -C-Br bond, shows the ionic character of the 

/ 
Mg-Br bond. The fact that the resonance frequencies are found within a restricted frequency 
range, between 30 and 42 MHz, shows that the Mg-Br bond is only slightly affected by the 
nature of the radicals R and R '  through the series studied. However the variation of the bromine 
resonance frequency in this series may be interpreted in terms of the nature of R and R'. 

~. 

Introduction solides. obtenus B partir des solutions dans les 
L~ grand nonlbre d9ktudes physicochinliques Cthers, et de nlontrer que ce sont des complexes 

d ~ j a  collsacr~es aux colllposes orgallomagn~siens mo1Cculaires contenant une ou plusieurs molC- 
s'explique par l'ilnportance de ces compos~s  en c~iles de solvant coordonnCes au  magnCsiuin; 

syntllese organique et par la complexit& des c'est notamment le cas du diethirate de bronlure 

probl&l:les que soul$ve leur constitution; la d'CthylmagnCsiun1, EtMgBr'2Et20 (1). Les spec- 
connaissance de cette dernikre est  id^^^^^^^^ tromitries infra-rouge et R a n ~ a n  ont rCcelnineilt 
d -un  il1ttrgt folldamental 1-&tude des permis de nlontrer que ces m h e s  complexes 
tions chimiques. ces etudes pllysicoc~lilniques constituent gCnCralement l'espPce dorninante 

 port^ non seulement sur les solutions dans les solutions et que les rCsultats obtenus sur 
organon~agnisiennes, lnais aussi sur ]es cristaux les 0rgallomaPCsiens cristallisCs (1) Peuvent 
isolables k de ces solutions et elles fait souvent &tre Ctendus aux composes en solution 
appel B des techniques les plus diverses. La  ( 2 ) .  
diffraction des rayons X, en particulier, a permis 11 "OUS a se11lblC souhaitable de conl~lCter 
d.etablir la structure des colnpos~s difillis 1'Ctude de ces complexes en faisant appel a une 

autre technique d'Ctude de I'ktat cristallisi., la 
'Adresse actuelle: Labol-atoire de Chimie hfoleculaire rtsonance quadripolaire nucleaire (rqn), qui 

Inorganiq~ie et de Catalyse, Institut de Chimie, Universite constitue une nl~tllode de recllerche particuliere- 
Louis Pasleur, 4, rue Blaise Pascal, Boite Postale 296,'R8, lnent adaptCe lSCtude des liaisons chimiques et F-67008 Strasbourg Cedcx, Francc. 

Z A u t e u r  auqLiel doit etre adressCe la correspondance des distributions de charges Clectriques autour 
concernant cet article. des noyaux ~Csonnants. Elle ne selnble pas encore 
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avoir CtC utilisie pour 1'Ctude de dtrivts 1nagnC- 
siens, bien que les noyaux d'halogenes prCsents 
dans les kalogdnures de niagnCsirlrn et les organo- 
magnisiel~s rnixtes possedent un rnonient quadri- 
polaire favorable et aient Ctt largernent ttudiis 
dans des nombreux composds organiques et 
mineraux. 

Nous presentons ici les premiers rCsultats 
obternus sur des complexes b r o ~ n t s  afin de tenter 
(i) de les caracttriser et d'analyser leur structure, 
(fi) de pricker l'ionicifk de la liaison magntsiuin- 
haloghe et d'apporter ainsi un support exptri- 
mental aux conclusions des calculs de chimie 
quantique (3), (iii) d'examiner l'influence de la 
nature du ligand organique et d u  solvant sur la 
ripartition des electrons dam ces compiexes. 

A .  PrPpnrniion des cor?iposPs 
Les composes etudies Ctant tres sensibles a 190xygene et 

a l'hun~idite de l'air, toutes les n~anipulations ont 6te 
eRectuCes sous atmosphere inerte. Les solvants et Ies 
halogCnures organiques de depart ont ete distillks sous 
azote juste avant leur utilisation. 

Les solutions des organon~agnesiens mixtes MeMgBr, 
EtMgBr, tert-BuMgBr, PhMgBr, MeMgl et EtMgI dans 
l'ether ethylique, PhMgBr dans le tetrahydrofuranne ei 
EtMgBr dans 1'ether isopropylique ont ete obtenues par 
la methode classique (4) d'addition des halogen~~res MeBr, 
EtBr, trrt-BuBr, PhBr, Me1 et EtI sur le magnesium dans 
le solvant approprie: les solutions de MgBr, et de Mgl, 
dans l'ether ethylique l'ont CtC par addition de dibromo- 
ethane et d'iode, respectivement (5). 

Les composes definis MeMgBr.2Et20 ( G ) ,  EtMgBr. 
2E t20  ( I ) ,  MeMgI,2Et20 (6), EtMgl.ZEt,O (21, PhMgBr 
2Et,O (7); PhMgBr.2THF (81, [EtMgBr.(iso-Pr),O], (Y), 
MgBr, (10) et Mg12.2Et20 (5) ont ete isoles a i'etat cris- 
tallise a partir de ces solutions selon les procedis deerits 
dans les references citees. Les cinq premiers sont liquides 
a la temperature ambiante (2, 6, 7). Lcs cornplcxes 
MgBr,.Me,O et MgBr,.2Me,O ont Cte obtenus par 
piegeage d'ether mCthylique sur le bromure de magnesium 
non solvate (10). 

'4 partir des solutions de bromurc de magnesium dans 
1'Cther ethylique on peut obtenir, selon les conditions 
expkrirnentales, trois cornpiexes de stoechiomitrie 1-1, 
1-2 et 1-3 (1 1). Notre etude a porte sur trois echantillons 
differents: les cristaux obtenus par refroidissement d'une 
solution concentree et maintenus au contact du solvant 
(I), ceux obtenus par une evaporation limitee de I'etfier a 
la rampe a vide et conserves en atmosphere d'ither (11) et 
ceux obtenus par un pompage plus poussC de l'ether 
temperature ambiante (111) pour lesquels la microanalyse 
a n~ontre qu'il s'agit du monoethtrate MgBr2.Et,0. 

Dans le cas du bromure de tertiobutylmag~lCsim, le 
~nagnesien n'a jamais ete isole de sa solution dans l'ether 
ethyiique. Nous avons d'une part etudie les cristaux 
obtenus par refroidissernent d'une solution concentree et 
maintenus au contact du solilant (1) et, d'autre part, le 
solide obtenu par evaporation poussee de 1'Cther a la 
rampe a vide a 25°C (11). 

B. Obientioz des .spectres de leqn 
Les signz.1~ de resonance ont ete recherchis a l'aide 

d'un spectrometre i superreaction de type classique avec 
stabilisatioll du niveau de bruit, n~odulation Zeeman 
aniisymetrique, amplification selective, detection de phase 
et enregistrernent. Tous les composes prepares, contenus 
dans des ampoules de verre Pyrex scellees, onl etC CtudiCs 
a 77 K. 

Les echalltillons liquides a la temperature ambiante ont 
ete refroidis avec precaution pour eviter la formation d'un 
verre; en particulier, pour les echantillons MgBr2.!~Et,0(I) 
et te r t -B~~MgBr~~iEt~O(I) ,  les raies non trouvees au colirs 
d'une premiere recherche, n'ont pu &tre observees qu'a la 
suite d'une recristallisation par rechauffage modere 
(debut de fusion) el refroidissernent lent de ces echan- 
tillons. 

Les premiers essais, effectues sur MgBr, et MgBr,, 
nEt,O(II), ont couvert une ganime de frequence etendue, 
car l'ordre de grandeur des frequences de resonance du 
brome dans ce type de coinpose etait difficile a evaluer a 
priori. Les autres Cchantillons ont etC ttudies eatre 30 et 
50 MHz environ. 

Les friq~iences des signaux ont etC mesurees a l'aide 
d '~ in  ~Cnerateur haute friquence relie a Lin friquence- 
ruetre compteur a quartz. Malgre la grande precision de 
cet instrument, la precision des determinatioils de fie- 
quences de resonailce n~excede pas i 30 kHz, en raison de 
la largeur des raies, de leur faible rapport signallbruit 
compris le plus souvent entre 4 et 10 et de la difficult6 de 
reperer la position exacte de la composante centrale dans 
le spectre de superreaction. L'exactitude des pointes a pu 
itre contrBlee par l'observation independante des signaux 
des deux isotopes 79Br et 81Br du brome dont les fre- 
cluences de resonance sont dans le rapport, 1.197, des 
moments quadripolaires, 

WCsultats et discussion 
Des signaux ont CtC observks dans 9 Cchantil- 

lons parmi les 16 prCparCs et 6tudiCs: les raies 
dues aux deux isotopes 79Br et "Br ont &ti  
observies dans la majorit6 des cas. kes tabieaux I 
et 2 donnent les frCquences de tous les sigi~aux 
observis; cependant. seules celies de l'isotope 
"Br seront considirtes au cours de la discussion. 
Les cornposCs dans lesquels aucune resonance 
n'a CtC dCtectie sont les suivanfs: MgBr, (4.7-55), 
L4/lgBr,.2Me,0 (20-50), MgBr,.Me,O (25.8- 
59.6), MeMgBr.2Et20 (24.3-59.4), MgI,.2Et,O 
(13.6-47.8), MeMgI.2Et,O (30.6-50.1), EtMgI 
2Et,0 (31.9-42); les i~ombres entre parentheses 
indiquent les limites, en MHz, de la gamine de 
frequence explorCe pour chaque compost. 

A. Remarql.les gkt~b.ales 
(1)  L90bservation d'un signal unique, pour 

ckacun des isotopes du brcme, dans les quatre 
premiers composes du tableau 1 qui ont fait par 
ailleurs l'objet d'itudes radiocr;sta!lographiques 
est compatible avec les structures cristallines 
d6terrrlinCes (1, 7-9) et montre que tous les 
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TABLEAU 1. Frgquences (MHz) des rqn de 79Br et "Br 
dans des cornposes organomag~lCsiens a 77 K 

Composes* "Br 79Br 

EtMgBr.2E120 30.55 
PhMgBr.2Et20 33.53 
PhMgBr2THF 31.14 
E t M g B r [ ( i ~ o - P r ) ~ O ] ~  30.23 
MgBrz,nEtzO'l 35.57 
tert-BuMgBr.nEt,O (I) 33.72 

(11) 31.75: 
32.66 

*Et = ethyl-: P h  - phenyl-; THF  = rPtra11ydrofuranne; iso-PI - 
isopropyl-; ferf-Bu = tertiobutyi-. 

+Pour MgBr . nEtlO seule une valeur moyenne de la freq~lence de 
resonance de chaque isotope est donnee ici. Les kaleurs de chacune 
des resonances observees aont dpnnees dans le tableau 2. 

:Signal tres faible, la raie de ,'Br n'a pas ete recherchee 

atomes de brome sont Cquivalents dans chacun 
de ces complexes. 

Par contre, I'observation de deux rksonances 
distantes d'environ 8 MHz dans le complexe 
MgBr2.2Et20 (cf. B-3, plus loin) indique l'exis- 
tence de deux liaisons Mg-Br diKCrentes et 
sernble en contradiction avec 1'Ctude radio- 
cristallographique (12) qui montre quatre dis- 
tances Mg-Br nette~nent diTerentes dans la 
maille cristalline. 

(2) La frtquence inoyenne de rCsonance dans 
les diffkrents composCs est d'environ 33 MHz et 
peut etre comparCe aux friquences du brome 
dans des composCs organiques B liaison essea- 
tiellement covalente, de l'ordre de 200 B 300 MHz 
(13), dans des complexes d'un autre mCtal tel que 
I'aluminium, 83.5 MHz pour AlBr,:Et,O (14), et 
dans des sels ioniques comme BaBr,,nFi[,O 
(17 = 0, 1, 2): 3.8 <,f < 22 MHz (15). 

Cette comparaison permet d'apprCcier le 
caractere ionique de la liaison Mg-Br dans les 
composCs organolnagnisiens CtudiCs. Les frC- 
quences de rqn du bronie y sont particulii.rernent 
basses. apportant la preuve exptri~llentale directe 
d'une ionicitC importante. Cette observation est 
en accord avec la faible electrontgativite du 
magnCsium et avec les resultats des Ctudes 
thioriques effectukes sur des rnolCcules mod2les 
liniaires (3). 

11 est possible d'obtenir une valeur de l'ionicitk 
par application de la thCorie de Townes et 
Dailey (16: 17) prise sous sa fornle sirnplifiie 

s2 mesurant le taux d'hybridation "A" de la 
liaison Mg-Br sur le brome, est psis Cgal B 0.25 
par analogie avec le cas du chlore (17); e2 Qq,, est 

le couplage atomique du "Br ir - 643 MHz (16) 
et e2Qq est le couplage du compost$ CtudiC valant 
deux fois la frtquence de resonance mesurte 
quand on neglige 17asymCtrie q du couplage 
quadripolaire, soit ~ 6 6  MHz. 11 vient alors 
I = 0.86. Cette valeur doit etre considCree avec 
psicaution ttant donnC les nombreuses approxi- 
mations faites dans le calcul. Elle est toutefois 
tr2s voisine de celle obtenue B partir de la 
diffirence d7ClectronCgativitd suivant la relation 
(16) I = (x, - xB)/2 = 0.80 avec s,, = 2.8 et 
x,, = 1.2, bien que cette derniere nCglige en 
particulier l'effet des molCcules d'Cther co- 
ordonnies au magnisium. 

(3) Les frtquences des diRerentes raies se 
situent toutes entre 30 et 42 MHz (cf. tableau 1) 
et restent ainsi bien grouptes, suggerant que, 
malgrC la faible valeur du gradient de champ 
Clectrique A l'emplacement des noyaux de brome, 
ce sont les Clectrons de la liaison Mg-Br qui y 
apportent la principale contribution bien plus 
que le champ cristallin. La liaison Mg-Br 
prCsente ainsi, dans la skrie CtudiCe, une structure 
bien definie, caractCrisCe par la frCquence de 
rCsonance quadripolaire du "Br \.oisine de 
35 MHz et peu modifiCe quand les radicaux R et 
R' sont changCs. 

B. Etude particuli2re des d~fle'rer~ts cor~zl~ose's 
( I )  Les trois composCs EtMgBr.2Et20, 

PhMgBr.2Et20 et PhMgBr.2THF possedent une 
structure ~llolCculaire analogue comportant des 
~notifs monomires dans lesquels les quatre 
ligands forment un arrangement tttratdrique 
autour du magnisium (1, 7, 8). Les friquences de 
resonance du brome doivent donc refliter essen- 
tiellement les effets inductifs dus aux trois autres 
ligands portCs par le magnesium et doivent 
permettre d'analyser directement l'influence de la 
nature du groupe organique et du solvant sur la 
distribution des Clectrons dans les complexes. 

Effectivement, les variations de friquence ob- 
servCes a la suite de la substitution de l'un des 
ligands s'interpretent bien en termes d'effets 
inductifs. D'une part le remplacement d'un 
groupe Cthyle par un groupe phknyle. plus 
ClectronCgatif, entraine une ClCvation de frC- 
quence de 3 MI-Iz (tableau 1) rtsultant d'un 
diplacement des klectrons du brome vers le 
rnagnksium et le groupe phknyle. kill effet ana- 
logue est observe pour la frCquence de rtsonance 
du chlore lors du passage de EtCH2C1 (32.968 
MHz) A PhCH2Cl (33.627 MHz) ou de EtCl 
(32.704 MHz) B PhGl (34.622 MHz) (13). 
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D'autre part, le remplacement des mol6cules 
d'ither ethylique par celles de titrahydrofuranne, 
ineilleur donneus dqClectrons. entraine un abaisse- 
ment de frCquence de 2.3 MHz (tableau 1) 
indiquant que ies eiectrons se deplacent, cette 
fois, \ers le brome. Utle telle variation est com- 
patible a\ec la difference observee entre les frC- 
quences moyennes des bro~nes  terminaux du 
dimire A12Br, (95.740 MHz) (13) et celles du 
complexe A1Br,.Et20 (83.5 MHz) (14); l'abaisse- 
ment de la frtquence est dans ce cas dii au  
diplacen~ent d'klectrons vers le brome a la suite 
de la fixation d une molecule d'ether ethyllque 
sur l'aluminiuin. 

Ces observations sont en boil accord akec les 
conclusions du paragraphe A-3 ci-dessus. Elles 
!nontrenc en effet aue ce soilt bien les electrons de 
liaison qui sont principaleinent responsables du 
gradient de chainp Clectrique vu par le noyau de 
broine; elles indiquent en outre que le magnisium 
transmet jusqu'au bronie les effets cles deplace- 
ments de charge induits par le renlplacement du 
groupement organique R ou des molecules de 
solvant likes au  inagnCsiunl et ceci inalgrt le 
caractkre peu covalent des liaisons dans ces 
coinposi.~ organomagnesiens. 

(2) Le coinposC [EtMgBr,(iso-Pr),O], est con- 
stitue de diinires formes Dar I'intermCdiaire de 
deux poilts brome entre deux atomes de magnC- 
sium. Chaque magnisium est tktracoordonne et 
lie 2 un groupe Cthyle, une molicule d'tther iso- 
propylique, et deux atomes de brome (9). La 
frequence de resonance des atomes de brorne en 
pont entre deux autres atomes etant, en principe, 
inferieure a celle des bronies terminaux (17), 
comme cela a CtC observe pour le diinkre AI,Br, 
dont les bromes en pont rksonnent a 8 1.815 MHz 
et les bromes terminaux a 96.426 et 95.055 MHz 
(13, 17), la frtquence du  brome de l'organo- 
magnksien est de ce point de vue attendue a une 
valeur inferieure a celle du complexe EtMgBr. 
2E t20 .  Par contre, le remplacement dans la 
sphkre de coordination du  magnesium des deux 
molecules d'ether ethylique par un atome de 
brome et une rnolCcule d7Cther isopropylique, 
tous les deux alus faibles donneurs cl'Clectrons 
que 1'Cther Cthylique, laisse prevo~r  par effet 
inductif une frtquence de rCsonance superleure a 
celle de EtMgBr.2Et20. La frkquence obtenue, 
30 23 MHz, est en fait \olslne de celle du com- 
pose EtMgBr.2Et20. ce qu! est conipatlble avec 
l'existence des deux effets pricedents qui 

(3) Les trois Ccliantillons I, I1 et 111 de com- 
plexes MgBr,.rzEt,O donnent lieu a des spectres 
diffkrents, bien que ies frtquences de certains 
signaux seinblent tres voisines. Ainsi, les signaux 
2 33.71 et 41.94 MHz dans I sont tres voisins des 
signaux a 33.72 et 42.13 MHz dans 11; de m&me 
les signaux a 31.79 et 32.66 MHz dans I1 sont 
voisins des signaux a 31.84 et 32.67 MHz dans 
111 (MgBr2,Et20).  Ces ressemblances entre les 
spectres apparaissent de matliire plus nette sus 1e 
diagratnme de la fig. I ,  ou les diffirents groupes 
de raies oilt ete reperis par les lettres minuscules 
u, b; c et d; elles sont vraisemblableme~lt dues h 
la presence de melanges des trois complexes ( 1  1 )  
dkji signales a propos de la preparation des com- 
posts et les petits ecarts de frkquence constatks 
sont dans les li~nites de prkcision de la determina- 
tion des frequences, rendue difficile par la largeur 
( ~ 2 0  kHz) des raies enregistrees. Compte tenu 
des conditions de preparation des trois Cckantil- 
lons, l'echantil!on I contiendrait les composks les 
plus solvates MgBr2.2Et,0 et MgBr2.3Et,0, ce 
dernier donnant lieu a la raie a 38.12 MHz, et 
l'echantillon 11 les composks MgBr2,Et20 et 
MgEr2.2Et20, tandis que 1'6chantillon I I I  es! du 
monoithCrate. Les raies a Ctant dues au mono- 
Cthirate, les raies b correspondent donc au di- 
etherate et les raies c au trietherate; les raies d, 
apparues dans 1'Cchantillon 1 apres que celui-ci 
ait CtC recristallisi. (I1),  sont de frequences proches 
de celles des raies a du  monoethkrate, mais 
neanmoins suffisamment eloignies, par rapport a 
la marge d'erreur dans la determination des frC- 

TABLEAU 2. FrCquences (MHz) des rqn de '9Br et "Br 
dans les composes MgBr2,nEt20 a 77 K 

Composes "Br '9Br FrCquence* 

MgBr2,nEt20 (I) 33.71 
38.12 

*Les frequences a, b et c correspondent respecrivement au mono-, 
di-et tribtherate de MgBr,. Les frequences il ~eraient  dues a une variete 
cristalline du monokthbrate. semblent se compenser. 
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FIG. 1. Colnparaison des spectres des diffbrents tchantillons I, If ,  I1 et 111 de MgBr2.nEt,0 Ctudiis. 
Les raies correspondant aux deux isotopes 79Br et "Br sont reliees par une ligne pointillee. La raie en 
pointill6 dans le spectre I n'a pas ete observie par suite de la presence, a cet endroit, d'une raie parasite 
intense. 

quences, pour que les deux groupes de raies ne 
puissent &tre confondus. Elles correspondent, 
tr is  vraisernblablement a une autre variete 
cristalline du 111onoCthtrate. 

La frCquence moyeilne des resonances dans 
ces complexes de MgBr,, environ 35 MHz, est 
suptrieure a celle des coi~lposts prictdents 
colnme le laisse privoir 1'ClectronCgativitC du 
bron~e supirieure a celle des groupes Cthyle et 
phCnyle. Des diffkrences analogues ont CtC 
observkes par ailleurs pour la frkquence de 79Br 
dans Me,InBr (68.75 MHz) et dans MeInBr, 
(102.92 MHz) (IS), ainsi que pour la frequence de 
35CI dans EtCM,Cl (32.968 MHz) et BrCH,Cl 
(36.14 MHz) (13). 

(4) Ees deux Cchantillons de tert-BuMgBr. 
nEt,O donnent aussi lieu B des signaux de fre- 
quences diffkrentes, indiquant une composition 
ou une structure diffkrente. Remarquons que leurs 
friquences sont suptrieures celles des com- 
plexes EtMgBr.2Et20 et [EtMgBr.(iso-Pr),O],. 
Or, un groupe tertiobutyle Ctant considCrC 
comme moins ClectronCgatif qu'un groupe Cthyle, 
le remplacement du second par le premier devrait 
entrainer un abaissement de frequence comme 
celui observt pour 1e chlore dans tert-BuCl 
(3 1.065 MHz) cornpark B EtCl (32.704 MHz) 
(13). Les FrCquences des deux 6chantillons de 
tert-BuMgBr.nEt,O ne seinblent donc pas com- 
patibles avec l'existence ni d'un diCthCrate mono- 
mere tert-BuMgBr.2Et2O semblable a EtMgBr 
2Et20,  ni d'un nlonoCthCrate dimere [tert- 
BuMgBr.Et,O], senlblable B [EtMgBr.(iso- 
Pr),O],; d'autant plus que dans ce dernier cas, le 

remplacement des molicules   so-Pr),O par des 
molCcules Et,O, rneilleurs donneurs d'Clectrons, 
seralt un facteur supplimentaire d'aba~ssement 
de la frequeilce de risoilance du brome. 

Par contre les frCquences de 33.72 M K r  pour 
I'echant~llon 1, de 31.75 et 32.66 MHz pour 
l'echantillon 11. sent tris \oisines des frequences 
des signaux correspoildants 2 MgBr,.2Ft20 et 
IvIgBr,.Et,O respectivement. Cette double coin- 
cidence n'est certalnemeilt pas fortuite mals 
sugg6re que le magntsien mixte s'est d~smutC en 
bromure de inagnes~uin et d~tertiobutylmag- 
nCsium selon un processus analogue a celu~ 
observC pour les halogknures de mtthylmagnC- 
sium (6). Le bromure de magnesium ainsi 
obtenu serait disolvatC dans I'Cchantillon I et 
lnonosolvatC dans 1'Cchantillon 11 pour lequel 
l'ether Cthylique en exces a CtC CvacuC par pom- 
page sur la rampe B vide. Cette description nous 
parait tres vraisemblable quoique tous les signaux 
de rqn des deux coinplexes de MgBr, (a une et 
deux molecules d7Cther) n'aient pas CtC observCs (le 
rapport signal sur bruit des signaux citCs dans le 
tableau est faible), et elle semble confirmCe par 
une Ctude parallele (non publite) des spectres 
Raman. 

Conclusion 
Cette premiere Ctude d70rganomagnCsien par 

rqn met en Cvidence les possibilitCs de cette 
technique pour 1'Ctude de leur structure ilec- 
tronique et molCculaire, ainsi que pour l'identifi- 
cation des complexes prCsents dans un Cchantillon 
solide com~ne  dans le cas des complexes de 
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MgBr, avec 1'Cther Cthylique. A la suite de cette 
premi6re ttude, la poursuite de recherches sur 
ces composCs apparait souhaitable pour que la 
discussion des rtsultats obtenus repose sur une 
base expirimentale tlargie. 
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Coefficients B de viscositk dans %es systkmes ternaires aqueux. I. NaCB - aEcool 
&ere-butylique - eau et Bu,NBr - alleool terk-butyllique - eau h 25°C 

MARC PALMA ET JEAN-PIERRE MOREL 
Lnboratoire 11 'Er~iddes  1ntej.iirtion~ Solutb>-Sol~nnts, Grolrpp de Chimie Physiqiie, Utzit'eisit4 de Cleirnorrr, 

Les CBzeaux, B.P. 45, 63170 AlihiPre, Fratzce 

Regu le 27 septembre 1976 

MARC PALMA et JEAU-PIERRE MOREL. Can. J. Chem. 55. 152 1 (1977). 
Nous avons niesur& le coefficient B de viscositC des Clectrolytes NaCl et Bu,NBr dans les 

milanges hydroorganiques contenant j~lsqu'a 40z en poids d'alcool ie1.t-butylique (TBA), ainsi 
que celui du non-Clectrolyte TBA dans les solutions aqueuses salines de NaCl et de Bu,NBr. 
Les variations de B sont comparies il celles des grandeurs therrnodyr~amiques de transfert AZfte 
et AS,O des solutCs CtudiCs dans ces diffirents milieux. La contribution du solutC a l'enthalpie 
libre d'activation de \riscosite est egalenlent calculPe. 

MARC PALMA and JEAN-PIERRE MOREL. Can. J. Chem. 55, 1521 (1977). 
We have nieasured the viscosity coefficient B of the electrolytes NaC1 and BulNBr in aqueous- 

organic lnistures containing up to 407, by weight of teit-butyl alcohol (TBA), as well as that of 
the non-electrolyte TBA in aqueous solutions of the salts NaCl and Bu,NBr. The variations of B 
were compared a i th  those of the theimodyrlarnic quantities AKo and ASr%of the solutes studied 
in these different mcdia. The contribution of the solate to the free enthalpy of activation of 
viscosity has also been calculatcd. 

[Journal translation] 

Introduction cernant tant les Clectrolytes que les non-Clec- 
Ee coefficient B de viscosite des ~ l ~ ~ t ~ ~ l ~ t ~ ~  en trolytes sont d'ai!leurs fort nombreuses (5-10). 

rnClange hydroorganique n'a pas fait l'objet de NOUS aVOnS mis aU point Un dispositif auto- 
nombreuses etudes systCmatiques, La p]upart des matiqLIe de mesure de la visc0~itC des Solutions 
auteurs qui ant abordC ce sujet sent citCs dans la qui devrait nOuS permettre d'acquerir un assez 
revue de Padoka ( I )  qui traite de la solvatation en grand nombre de donnCes suffisamment prkcises 
nliiieux Ron aqueux et rnixtes, Le travail le plus dans le domaine des melanges hydroorganiques. 
cornplet dans le  domajlle a publie rCcemment NOUS abordons ce projet avec 1'Ctude des 
par Feakins ct 02. (2) qui ont CtudiC les chlorures Bfectro1ytes NaC1 Bu4NBr dans les 
alcalins en milieu eau-methanol. mklanges aqueux contenant jusqu'a 40% en poids 

La grandeur B peut se dCfinir comrne la limite d ' a ~ ~ o o l  ml-butylique (TBA). Les propriCtCs 
Iorsque ja concelltration lllolaire rend vers Q thermodynamiques de nombreux solutCs, et en 
de : particulier des halogenures alcalins, dans ces 

r q/q0  - 1 - A y ) c  solvants, ont fait l'objet de travaux au labora- 

C 
toire (1. I ,  12); il nous sera ainsi possible de con- 
fronter ces grandeurs h la propriCtC de transport 

oh  q el q, sont les viscositCs de la solution et du B. Afin de pouvoir examiner ces syst6mes sous 
solvant, il le coefficient de la loi lirnite de l'angle des interactions solutC-cosolvant oil ies 
Falkenhagen (3) qui rend comptc des interactions deux especes jouent un r6!e symktrique, nous 
ioniyues pour ce phinomine. (Pour les non avons Cgalement mesure le coefficient B du  TBA 
Clectrolytes: A = 0.) dans les solutions salines de NaCl et de Bu,NBr; 

Ainsi, en solution diluee, la viscositC relative cette approche a Cgalement fait l'objet de recents 
obeit-elle en gCnCral la loi de Jones-Dole (4): travaux dans le domaine des propriCtCs thermo- 

[ [ I  q r  = q/qo = 1 + A .G + Bc 
dynamiques (1 3). 

B, caractiristique des interactions solutbsolvant Par$ie experimentale 
Dispositif "mme 1' mon're son additivit'7 Peut donher des 

Notre dispositif permet de mesurer simultanemenl la 
informations prdcicuses sur la solvatation. En viscosil~ et la masse volumique d%un liquide une 
solution aqueuse, les diterminations de B con- pirature donnke. Sa description dCtaillCe a dCjB CtC faite 
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dans une pricedente publication (14). I1 est constitue 
essentiellement (i) d'un viscosimetre a capillaire type 
Ubbelohde (diametre interieur du capillaire: 0.5 mm), 
(ii) d'un densinletre digital Anton Paar, (iii) d'une burette 
a dilution. 

I1 suffit d'introduire une masse determinee de solvant 
dans le reservoir du viscosimetre et de remplir la burette 
d'une solution de concentration connue. La suite de la 
manipulation (mesure des temps d'ecoulement, de la 
ptriode du densimktre, neuf repetitions, six dilutions et 
impressions) se fait de facon entierement automatique 
selon un programme predetermine. Afin que la composi- 
tion du melange reste constante pendant la duree des 
mesures, des saturateurs contenant un solvant identique a 
celui etudii isolent l'interieur du dispositif de l'air 
atmospherique. Le circuit de regulation thermique du 
densinletre et du viscosimetre donne sur une longue 
piriode une stabilite de i 2  x K. 

Rkncrifs 
L'alcool teit-butplique a etC purifie au laboratoire selon 

la n~kthode habituelle (15). Le chlorure de sodium est un 
produit pilr pour analyses 'Prolabo' et le broniure de 
tetrabutyl-arnmoniu111 a ete recristallise dans l'acetate 
d'ethyle. L'eau est tridistillee dans un appareil en quartz. 
Toutes les solutions ont ete filtrkes sur un verre SrittC de 
porosite n' 4. 

Viscositks 
La \iscosite relative 11, se determine par 

masses volullliques et temps d'ecoulernent relatifs respec- 
tiven~ent a lasolution et au solvant. Le volume de la boule 
de mesure du viscosiliietre Ctant faible, la correction 
d'energie cinetique d'Hagenbach (i6) est nigligeable. 
Nous avons deja expose ailleurs (14) de faqon detaillee 
notre methode d'exploitation des donnkes nunieriques et 
en particulier la facon de determiner le coeficient B. Nous - 
traqons systernatiquement les graphes (11~ - I ) ' ,  c = 
f ( ,  7) ct (qr - 1 - A, 7 ) ' c  = f ( c ) .  Les coefficients A de la 
loi de Jones-Dole pour les differents melanges ollt @te 
calcules a I'aide de la formule de Falkenhagen (3) et des 
donnees de la litteraturc (17). Le track des graphes 
(qr - I):,c = f(,'c) nous a permis de constater un 
accord satisfaisant entre les valeurs cxperimentales et 
ca1culCes du coefficient A. Les coefficients B c!e TRA dans 
eau-hTaC1 et eau-Bu,&Br ont ete obtenus h I'aide d'une 
mesure effectuee sur le solvant pur et six imesures B des 
concentrations variant de 0.01 i 0.1 ,Vf environ. Lei 
graphes (q, - 1 - A,?)'c = B - Dc montrcnt tin co- 
efficient D (14) nu1 a la precision des mesures. Quant B 
Bu,NBr dans eau-TBA, la d6termination a ete efiectuee 
dans u n  domaine de concentration LIII pcu plus eleke: 
0.025 0.25 .M environ. En en'et, dans un intervalle lie 
concentration compris en nioyenne cntre 0 et 0.06 .M, la 
loi de Jones-Dole n'est pas verifibe. 

Ce phenomene a deja Ctk signal6 par Kay (18) et 
Desnoyers (7). Enfin, NaCl dans eau-TBA montre un 
coefficient D non negligeable pain. certains melanges. 

Les incertitudes relati~es moyennes sur les mesures sont 
infkrieures aux valeurs sui\antes: (i) molaritk c (de 0.01 a 
0.25 M ) :  & 5 x (ii) temps d'ecoulemeni (de 100 
500 s): & 5 x l o 5 ,  (iii) masses volumiques p (de I'ordre 
de 1 g cn1-j): k 2  x 

Vol i i~~~es  molnires 
A partir des masses voluniiques utilisees pour le calcul 

des viscosites, 11011s ~ O U V O I I S  determiner les volumes 
molaires apparents par la methode classique (19). En ce 
qui concerne NaCl et Bu,NBr dans eau-TBA, l'accord 
avec la litterature est satisfaisant (20); de m&me pour TBA 
dans les solutions salines (13). 

R6sultats et discussion 
Pour les rtsultats voir les tableaux 1 et 2. Les 

variations du coefficient B des divers solutts a ~ - e c  
la concentration en cosolvant, exprimke par sa 
lnolalitt dans l'eau, sont reprtsentkes sur les 
figs 1 et 2. Pour les deux electrolytes. dans les 
melanges eau-TBA, on obser\e des courbes 
dtcroissantes point d'inflexion plus ou  noi ins 
rnarqut vers ? 7 1 ~ , ~  = 2.5 soit environ 16% en 
poids d'alcooi dans le solvant; pour NaC1, B 
passe par un rniiiiruurn vers i77TB,4 = 4 soit 23r6. 
Pour TBA. le coefficient B dkcroit de faqon 
sensiblement l inkire a\ec I I I ~ . , ~ ~ ;  avec m,,,,,,, 
les \-ariations sont qualitativenlent et quantita- 
tivement cornparables 2 celles de B (Bu,NBr) 
dans eau-TBA. 

Deux constatations s'imposent: ( i )  Bu,NBr et 
TBA jouent des r6les syniCtriques et les varia- 
t~olis  de B. qul sont importantes, sont sans doute 
gou\ernkes par les riiteractlons hydrophobes des 
chaines hqdrocarbonCes des deux espkces; ( 1 1 )  

Pour NaCl et TBA, on obserke que les \at  latlons 
de B ("6B)  sont analogues dans leu15 formes a 
celles des enthalp~es de transfert . AH8,,,+, + T n  

de NaC1 et AH0 ,,,,, -,,,,, de TBA (13), ceci au 
signe pres 

SI aucune thkor~e satlsfalsante du coefic~ent B 
n'a e t t  pr oposke. on peut d ~ r e ,  en rtsume. que sn 
~ a l e u r  est dtterlninte par deux contrlbutlons 
celle due aux interactions solutbsolvant qui 
TABLEAK 1. Coefficients A et B des Clectrolytes NaCi et 

Bu4NBr dans eau - alcool teit-butylique 

NaCl Bu,NBr 
-- -- 

A B A B 
x* mt calculC fmol- '  calcule emol- '  

0 0 0.0060 0.079 0.0091 1 .20 
5 0.71 0.0059 0.075 0.0090 1.11 

10 1.50 0.0056 0.060 0.0089 1.01 
15 2.38 0.00545 0.036 0.0088 0.870 
20 3.37 0.00535 0.009 0.00885 0.720 
25 4.50 0.00535 0.002 0.0089 
30 5.78 0.0055 0.0245 0.00905 0.545 
35 7.26 0.0056 0.040 0.0093 
40 8.99 0.0062 0.051 0.0097 0.450 

* x :  pourcentage en poids de TBA. 
inl:  molalite en TBA. 
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PALM.4 ET  MOREL 

FIG. 1. Variations du coefficient B de NaCl et TBA 
respecti\ement avec les molalites en TBA et NaCl dans 
I'eau. 

~nodifient la structure du milieu et par suite sa 
viscositk; celle due au vol~lme propre de l'espice 
soluti dont le modile macroscopique d'Einstein 
peut rendre compte, La premi6re est prtpon- 
dtrante pour les petits ions mintraux; ia 
d e u x i h e ,  positive, prend de l'importance 
lorsque la molicule de solutt devient plus grosse 
que la moltcule de solvant. Dans le premier cas, 
qui s'applique a NaCI, une corrClation inttres- 
sante a kt6 proposte par Nightingaie (21): dans 
i'eau, B varie linkairement avec l'entropie 
d'hydratation des ions. Quel que soit I'ion, ou 
l'electrolyte, on peut Ccrire: 

011 a obsazvt que pour NaCl dans eau-TBA, 
' 6 B  ;ane comme AH,', c'est-8-d~re tgalement 
comme AS,' (12). aussl, comme nous !e con- 
statons sur la fig 3, on observe une bonne corri- 
latlon llnkalre en portant '6B en fonct~on de AS,' 
La relation de Nlghtingale peut fournir une 
exphcation, sl elie reste valable dans les solkants 
concernts avec les m h e s  valeurs de u el A ; on 
auralt aiors ~ r n m i d ~ a t e m e ~ l t  

Malheureusernent, la pente de la droite obtenue 

FIG. 2. Variations du coefficient B de Bu,NBr et de 
TBA respectivelne~lt avec les n~olalites en TBA et 
Bu,NBr dans I'eau. 

fig 3 ( 5  3 x f J ' K) n'est pas ~dentlque a 
celle de la corrtlatlon de Nlghtlngale ( 1 8 x 10- 
C 3-I K) L'explicatlon n'est done pac aussi 
s~mple.  

Avec pour modele du processus de transport 
celul diveloppt par Eyr~ng  (22). le coefic~ent B 
peimet de calculer une g~andeur  d'actikatlon 
l'enthalple llbie d ' a c t i ~ a t ~ o n  de I'i.coulen~ent 
vlsqueux d'une solutio~i de cor?centration donnie 
Cette t l ~ t o r ~ e  a Ctk appliquee par Nlghtingale et 
Benck (23) aux tlectrolytes dans I'eau et. rkcem- 
ment, par Feaklns (2) aux solutions dans les 
nitlanges eau-mithanoi. Sans reprendre en 
dttail un d e ~ e l o p p e m e ~ ~ t  analogue a celul condult 
par cet auteur, nous allons Ctablir une explesslon 
qu! conserle la forme logar~thn~ique de ( 1  t B)  
et reste satlsfalsante lorsque 5 11 est pas petl: 
devant 1 

La d~fftience d'enthalp~e l ~ b r e  d ' ac t~va t~on  
entre 1 mol de solut~on de mola r~ t t  c ,  et 1 mol tie 
solvant est : 

oil le volume molaire de la solution s'icrit en 
fonction de celui V 0  du solvant: 
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TABLEAU 2. GoeEcients B de l'alcool teuf- 
butylique dans les solutions salines 

111' Eau-NaC1 Eau-Bu4NEr 

0 0.387 0.387 
0 . 5  0.3825 0.355 
1 0.381 0.300 
1 . 5  0.378 0.240 
2 0.378 0.180 
3 0 375 
4 0.371 0.024 
5 0.367 

',,I: moial~te des sels respect~fs dans i'eau. 

FIG. 3. Variations du coefficient B en fonction de 
I'entropie molaire de transfert pour NaCl dans les 
milieux eau-TBA: % en poids de TBA: A 5, 10, 15, 20, 
25; @ 30, 35, 40. 

x i  est la fraction lnolaire en solutC de volume 
molaire partiel Vi. 

La diffirence ci-dessus est due au remplace- 
ment de xi mole de solvant par .ui de soluti; elle 
est donc dgalc 2 xi(Api* - Ap,') oit les Ap* 
reprksentent respectivernent les contributions 
molaires du solutC et du solvant 51 l'enthalpie 
libre d'activation d'une solution. Dans la 

r 

formule [ 5 ]  n'intervient pas le terme A ,  c 
puisque l'on s'intiresse uniquernent a.ux interac- 
tions soluti-solvant, c'est-a-dire qu'on choisit 
comme Ctat de r6fCrence la solution infiniment 
diluie; en completant la difinition de cet t tat  de 

reference par la convention (- = I on a alors: 

Pi = 7; volume molaire a 
dilution infinie 

x i  = ci Po en solution diluCe 
(a-vec V0 en C mol-l) 

et par suite: 

Cette expression donne donc la variation 
d'enthalpie libre d'actlvation quand on remplace 
1 1no1 de solvant par 1 nlol de solutC pour 
obtenir une solution idCaie de molarit6 unitC. En 
faisant les approxinlations In (1 + E) = E ,  on 
obtient 19expression proposie par Feakins: 

Dans cette expression, on peut considCrer que 
le premier meinbre constitue la contribution a B 
d'interactions soluti-solvant; A vest  une contri- 
bution de volume telle que si A V > 0 (volume 
molaii-e partiel du solutC supirieur k celui ~ L I  

solvant) la \-aleus de B est diminute d'autant. On 
voit donc que cette derniere contribution ne 
s'apparente en rien l'effet de volume tel que le 
pr6voit la relation d'Einstein dans laquelle B 
croEt avec le volume du. soluti. 

Dans 19eau, (i) pour NaCl: B = 79 x et 
A V  = - 1.45 x (ii) pour Bu,NBr: B = 

1200 x et AV = 282 x Pour ce der- 
nier sel, la contribution de volume n'est donc pas 
nigligeable; de meme pour le non-ilectrolyte 
TBA: B = 387 x l o p 3  et A T =  69 x L'im- 
portance relative des deux contributions a CtC 
analysie par Feakins (2). 

IntCressons-nous ~~lainteiiant B l'effet d9un 
changement de solvant. Conline I'a souiign6 
l'auteur prickdent, dans la mesure oit l'on 
s'intiresse a l'interaction soluti-solvant, ce sont 
les variations de Api*  qui sont intCressantes. R 
varie d'un solvant a l'autre du fait des variations 
de ApiT mais aussi des caractCristiques propres 
du soivaat: V0 et Ape*; il dipend aussi des 
variations de A i? Par exemple, dans le rnilange 
contenant 20% en poids de TBA on a :  

AP(NaC1) = -1.86 x 
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PALMA ET MOREL 

m 
b- rn 

"a 

1 2 3 4 5 6 7  
FIG. 4. Variations de la contribution molaire cles 

solutes a l'entha!pie libre d'activation des solutions FIG. 5. Variations de la contribution molaire des 
molaires de NaCl et TBA dans les melanges de molalite I ? :  soiutis a i'enthalpie libre d'activation des solutions 
respectivement en TBA et NaCI. molaires de Bu4NBr et TBA dans les nltlanges de 

molalitk In respectivement en TBA et Bu4NBr, 
En con~parant avec les valeurs dans l'eau 

donnCes ci-dessus, on voit que dans les deux cas 
!es variations de A avec le solvant sont nCgli- 
geables devant ceiies de B. 

Sur les figs 4 et 5 nous avons trace ies varia- 
tions des APi'(3Apii) avec la conlposition du 
solvant; on voit que ces variations, quant a leurs 
formes et amplitudes relatives, sont ires sem- 
blabies B celles des coefficients B correspondants. 

Dans le cas du systime Bu,NBr-TBA: on con- 
slate que, jusqu'h in = 1.5 les variations relatives 
B I'tIectrolyte en prCseace de non-Clectrolyte et, 
rkciproquement, celie du nonClectrolyte en prC- 
sence de I'Clectroiyte, coi'ncident; ceci contraire- 
ment aux variations '8B correspondantes. On 
peut rapprocher ce comportenent de la grandeur 
d'activation Apii de celui constate pour les 
grandeurs thermodynamiques (13). Ainsi, sur la 
base du modkle d'Eyring, dans 1es solvants 
CtudiCs, les variations de B rendent essentielle- 
ment compte des variations de l'enthalpie libre 
molaire partielle d'activation du solutC. Donc, 
dans ces mi!ieux, cette quantiti varie proportion- 
nellernent h 19entropie du solute dans 1'Ctat 
fondamental comme le montre la relation [4]. 

En conclusion, on voit que des relations in- 

tiressantes existent entre les proprietes thermo- 
dynamiques du solutC dans 1'Ctat fondacnentai et 
la propriCtC de transport B, ou la grandeur 
d'activation qui en decoule a travers le modile 
d3Eyring. Ces relations ne sont pas immediate- 
ment prCvisibles B partir des propriCtCs connues. 

Des donnCes expirimentales supplCinentaires 
sont au moins nicessaires pour espkrer une 
meilleure comprChension. 
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Coordination compounds of indium. Part XXXIII. X-Ray photoelectron 
spectroscopy of neutral and anionic indium halide species 
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BRIAK H. FREELAND, JACOB J. HABEEB, and DESAIS G. TUCK. Can, J. Chem. 55 .  1527 (1977). 
The X-ray photoelectron spectra (metal and halogen energy levels) have been recorded for 

binary halides of indium in the +I; +II, and t I11 states, and for anionic halide corilplexes of 
indium(1) and (111). The results are internally consistent in terms of the relation between 
metal and ligand levels. but lattice effects prevent any detailed interpretation of indium levels 
in terms of oxidation state, ligand electronegativity, andjor coordination number. 

B R I A ~  H. FREELAND, JACOB J. HABEEB et DEN?IS G .  TUCK. Can. J. Chem. 55, 1527 (1977). 
On a enregistre les spectres photoelectroniques de rayons-X (les niveaux d'energie du metal 

et des halogenes) d'halogtnures binaires d'indium dans les etats $1, +I1 et +I11 et pour les 
halogenures complexes anioniques de l'indiurn(1) et (111). Les rksultats sont en accord interne 
en termes de la relation entre les niveaux du metal et du ligand, mais des effets de rCseaus 
emptchent toutes interpretations plus detaillees des niveaux de I'indium en terrnes d'etats 
d'oxydation, d'electrontgativite du ligand e t  ou du nombre de coordination. 

[Traduit par le jou~.nnl] 

Introduction 
The literature now contains a number of papers 

on the use of X-ray photoelectron spectroscopy 
(ESCA) in studies of the structure and bonding 
in inorganic molecules. As part of a programme 
of studies of main group metallic elements, we 
have recently carried out a series of measure- 
ments of electron binding energies in compounds 
of indium with chlorine, bromine, and iodine. 
The species studied included the neutral halides 
of indium in the + 111, + 11, and + I  states, and 
the anionic complexes of indium(1) and (111). 

There has been little previous work on the 
electron spectroscopy of indium complexes. 
McGuire, Schweitzer, and Carlson (1) have 
measured the 3dSl, and 3p,/, levels in indium 
metal and a number of binary compounds, and 
have compared the results with those for the 
analogous compounds of other Group IT1 metals. 
In general our results are in agreement with those 
reported by these authors. 

Experimental 
Preparatice 

The neutral indium(II1) and indium(1) halides were 
prepared by methods reported previously (2, 3). Indium- 
(11) halides were obtained from the reduction of InX3 

'Present address: Department of Chemirtry, University 
of Western Ontario, London, Ont , Canada. 

by indium metal in xylene (4). The preparation of the 
anionic halide complexes followed previously described 
procedures (5-7). The identity of the compounds was 
confirmed where necessary by elemental analysis. 

Spectroscopy 
Electron binding energies were measured on a 

McPherson ESCA-36 photoelectron spectrometer oper- 
ated jointly by the Universities of Toronto, Western 
Ontario; and Windsor. Magnesium K, X-radiation 
(1253.6 eV) was the exciting radiation. 

Samples were inserted into a vacuum-locked target 
chamber as thin smears on platinum discs, and were in 
some cases covered with vacuum-depo~ited thin films of 
gold for calibration purposes. The preparation of these 
discs, and all other handling of samples, was carried out 
in a dry nitrogen atmosphere in order to prevent hydroly- 
sis or oxidation of the indium con~pounds. 

Electron energy measurements were recorded on tape, 
and were also obtained in graphical form after appro- 
priate accumulation of results. In view of the accuracy of 
the binding energies (see below), it was not considered 
worthwhile to analyse the data by any computing pro- 
cedure, and the results quoted below werc obtained by 
measuring the peak height energy manually from the 
printed spectra. As a measure of the reliability of this 
procedure, five results for the 3d5,, level in InC13 gave 
446.1, 445.6, 446.1, 446.2, and 445.9 eV; the mean of 
these five values is 446.0 i 0.1, (0). For each spectrum 
we routinely measured the 3d5,, and 3d3,2 levels of 
indium, the half-widths of each of these lines, the energies 
of Pt 4f7,, or Au 4f,,, as appropriate, and the most easily 
characterized ling of the halide present (C1 2 ~ 3 ~ 2 ;  Br 
3p,,,; I 3 ~ 4 , ~ ) .  The separation between 3d3,2 and 3d5,, 
of indium was essentially constant in all the compounds 
studied, at  7.5 ? 0.2 eV. All experimental values quoted 
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are taken to be subject to a probable error of f 0 .1  eV TABLE 1. Indium and halogen energy levels (in eV) in 
unless otherwise noted. In view of the other uncertainties neutral indium halides (relative to Pt 4 f 7 / ,  = 71 .2  eV) 
associated with the interpretation of these results, this is 
not an unduly large problem. 

In  

Results and Discussion 
The original aim of the present work was to 

establish the effects of parameters such as oxida- 
tion state, coordination number, and ligand 
electronegativity upon the electron energy levels 
of indium in its complexes. As the results de- 
scribed show, this aim has not been realized, and 
some of the reasons for this are not hard to 
identify. One major problem of ESCA studies 
on solids is the appreciable line widths involved, 
with the resultant decrease in the accuracy of 
measurements of the binding energy, and this is 
certainly a significant factor in the present work 
(see below). Equally important is the nature of 
the energy relationships involved. The general 
treatment (8) shows that the incident energy hv 
is distributed amongst electron binding (Eb), 
kinetic (Ek), and lattice or (Madelung) energy 
terms, i.e. 

Clearly then in discussing atomic energy levels 
(Eb) derived from ESCA studies of solids, the 
effect of the Madelung terms cannot safely be 
ignored. A comparison of the results for (say) 
indium in different solids may therefore not be 
meaningful unless the lattices concerned are 
sufficiently similar for the assumption of a con- 
stant value for E ,,,, ,,, to be valid. 

The results obtained are listed in Tables 1-4. 
The values for In 3d5,, are in general similar to 
those reported by McGuire el al. (I), although 
there are some detailed differences which we 
note below. In order to examine the implications 
of these results in terms of ifidiuna-halogen 
bonding, we have plotted the indium 3d5,, level 
w. the appropriate halogen level for the neutral 
halides, and for those indium(1) and (111) com- 
plexes for which results are available. Figure 1 
shows that within experimental error there is a 
monotonic increase in the levels of both metal 
and halogen, for each halogen, irrespective of 
oxidation state and/or coordination number of 
the indium. Comparison of the halogen levels 
with published results indicates that the bonding 
is strongly ionic. Thus for chlorine the range of 
198.5-199.5 eV is substantially lower than in 

Compound 
-- 3d5,2 3d312 

1 InCl 4 4 5 . 2  4 5 2 . 8  
2 InBr 4 4 5 . 2  4 5 2 . 9  
3 InI 4 4 4 . 0  4 5 1 . 9  
4 InC1, 4 4 5 . 5  4 5 3 . 2  
5 InBr2 4 4 5 . 9  4 5 3 . 4  
6 InI, 4 4 5 . 1  4 5 2 . 7  
7 InC13 4 4 6 . 0  4 5 3 . 5  
8 InBr, 4 4 5 . 8  4 5 3 . 4  
9 In13* 4 4 5 . 1  4 5 2 . 8  

UChlorine 2 p 3 , > ;  bromine 
*'Yellow' allotrope. 

iodine 3dij2. 

TABLE 2 .  Indium and halogenenergy levels (ineV) in anionic 
indium(II1) complexes (relative to Au 4 f 7 , ,  = 84.0  eV) 

Complex d,,, d,,, Halogen" 

#Chlorine 2 p , , , ;  bromine 3p3, , .  

TABLE 3. Indium, carbon, andhalogen energy levels (in eV) 
in ~~-Pr.+nT[lnX,l complexes (X = CI, Br, I) (relative to Pt 

4fiI2 = 71.2 eV) 

Ill 

Anion 1 d ,  , C(ls) Halogen" 

18 InCI,- 446.2 453.8 285.2 1 9 9 . 4  
19 InBr,- 446.2 453.8 285.1 183.1 
20 InT.+- 445.9 453.6 285 .3  620.1 

UChloi.ine 211,,,; bromine 3p3 2 ;  iodine 3d5 2 .  

the neutral covalent silicon or germanium 
chlorides and organochlorides (9) (205-207 eV), 
but higher than in the alkali metal halides (8) 
(193-195 eV). The conclusion that the bonding 
in indium(1) and (111) halides is of the order of 
50% ionic is in keeping with earlier discussions 
of the bonding based on force constant calcula- 
tions (10) (and with nqr studies of tin(1V) 
species (11), in which the metal is formally 
isoelectronic with indium(II1)). 
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FREELAND ET 4 L  

TABLE 4. Indium, carbon, and halogen energy levels (in eV) in indiuin(1) anionic 
con~plexes (relative to Pt 4f&, = 71.2 eV) 

In 

Compound 3d5,z 3d312 C(1s) Halogenh 

21 Et4N[InC12] 445.7 453.4 285.3 199.2 
22 Et4N[InBr,] 446.6 454.8 285.7 183.1 
23 Et,N[Inr,] 446.5 453.8 620.9 
24 (Me,diphos)[InI,]" 445.3 452.9 284.9 619.9 

QMe2aiphos = bis(d1phenyimethyI)-1,2-phosphonio-ethane cation. 
Chlorine 2 ~ ) ~ ) ~ ;  bromine 3n3 ? :  iodine 3d5 2 .  
ch-ot recoroed. 

FIG. 1. Relationship between indium 3d,,2 and haiogen energy levels (in eV) in indium halide 
compounds. Numbers identify compounds in Tables 1-4. 

Given this model of bonding, it is not surpris- results for the InC1,- anion, in salts with 
ing that in each series of halogen compounds the Et,Nt and n-Pr4NS cations. These two sets of 
monohalide involves the weakest interaction. values are not identical (see Tables 2 and 31, 
There is no general ordering of the levels by but both lie reasonably on the plotted line in 
oxidation state beyond the monohalides, no Fig. 1, establishing that both indium and chlorine 
doubt because of perturbations imposed on any levels are affected by the different E!,,,,,, terms 
such order by lattice effects. As an example of for the two sa!ts, but that the In-C1 interaction 
such effects, we note that there are two sets of is the same in both cases. The emphasis which 
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this approach places on relationships between 
two atoms within a single molecule, rather than 
the levels for a given atom in a series of mole- 
cules, seems entirely appropriate in studying 
ionic solids. Some of the correlations of atomic 
levels claimed in the earlier literature may well 
flounder on the incorrect assumption that the 
lattice terms can be safely ignored. 

Effect of Oxidation State, etc., on Indium Levels 
One of the disappointing conclusions to be 

drawn from the above discussion is that one 
cannot use the energy levels measured in solid 
state ESCA experiments in order to determine 
the oxidat~on state of indium in a given com- 
pound. However, it is interesting to examine the 
overall effect of the oxidation state on these levels 
in a series of simple compounds, namely the 
binary halides. The results for these compounds 
are glven 111 Table 1.  Our value for InCl is close 
to that reported by McGuire et al. (1) (445.1 i 
0.3 eV), but their results for the trihalides are 
consistently higher than ours by approximately 
1. I eV. The reasons for this are not immediately 
apparent. 

A number of authors have presented refined 
treatments of ESCA data (and inore particularly 
of photoelectron spectra) whereby the levels are 
related to calcrllated atomic charges in molecules 
(8, 9, 12, 13). In view of the small range of ex- 
perimental values and the relatively low accuracy 
achievedwithcrystalline samples, it does not seem 
worthwhile to pursue such arguments in the pre- 
sent case. Rather we have followed the simpler 
procedure of plotting E, for indium against the 
$urn ofthe atomic electronegatives of the ligand(s) 
concerned: the electronegativities are those quot- 
ed by Allred (141, namely Cl 3.16, Br 2.96,12.66. 
Figure 2 shows that five of the nine points lie 
on a straight line, which also extends to indium 
metal (E, 3dj ,, 448. I eV, from ref. 1). 

Of those compounds studied, indium tri- 
chloride and tribromide involve six-coordination 
of indium by halide ions in a chromium tri- 
chlorrde structure (ref. 15, p. 235). Indium 
monochloride has a distorted sodium chloride 
structure while the monobromide and mono- 
iodide have the thallium iodide structure, in 
which five halide nearest neighbours are at  the 
vertices of an octahedron centred on the metal 
(ref. 15, p. 349). Indium triiodide exists as the 
iodide-bridged dimer I[n,I, in the solid state (16), 

FIG. 2. Dependence of indium 3 4  , energy levels (E,, 
in eV) in indium halide compounds on ligand electro- 
negativity (a). Numbers identify compounds in Table 1. 

with four-coordinate indium(1II). Indium(I1) 
bromide and iodide have been formulated as 
In[InX,] (X = Br, I) on the basis of the Raman 
spectra of the solids (3); indium dichloride has 
been assigned varlous structures, involving 
[InCl,] -, [InCl,I3 -, or [In2C1,I3 - units with the 
appropriate number of indium(1) cations. Such 
ionic formulations are inevitably over-simplifica- 
tions but for the present the more important 
point is that InClz is structurally different from 
the related pair InBr, and InI,. 

The overall conclusion from an examination of 
Fig. 2 must be that indium 3d5,, binding ene~gies 
do indeed increase with the increasing (inte- 
grated) electronegativity of the environment, 
and hence with the presumed positive charge on 
the metal, within the lirnits discussed. There is 
no basis for predicting that a linear relationship 
would apply, but a monotonic dependence of 
energy level on ligand properties seems entirely 
reasonable. The compounds which lie on, or 
close to, the line drawn are those in which indium 
is in an ionic octahedral environment. The 
compounds InBr,, TnI,, and InI, do not fit 
into this category, and here again lattice effects 
are presumably the source of the difficulties. 
The most serious remaining problem is then with 
InI, for which no explanation is forthcoming. 

The results in Tables 3 and 4 show that with 
the two series n-Pr,N[lnX,] and Et4N[InX2] the 
overall effect of increasing ligand electro- 
negativity is to raise the indium energy level 
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TABLE 5. Widths at half-height (in eV) for 
indium levels in binary indium halides 

Compound 3d;iz 3d3,z 

InCl 
InBr 
In1 
InC12 
InBrz 
InI, 
InCI3 
PnRr, 
HnI, 

slightly. The salt Et4N[InC1,] is a notable 
exception to this rule, even though the results for 
this compound apparently show a good correla- 
tion with other indium chloride species in Fig. 1. 
In  view of the difficulties noted above for the 
neutral halides, we do not feel. justified in ex- 
tending the argument to a discussion of the 
results for the anionic halide complexes of 
indium(1) and (111). It is afortiori impossible to 
discuss the effect of coordination number in such 
complexes, since changes 111 coordination number 
are necessarily accompanied by, and indeed are 
in part the result of, changes in cation and hence 
of lattice. 

Suc11 qualifications as expressed above clearly 
reduce, or remove completely, the value of ESCA 
studies of indium halides as a tool for structural 
investigation, due in the main to uncertainties 
as to the significance of lattice energy terms in 
any given situation 

IncSkum(1IFaj Compo~.:nCkS 
AE noted earlier, the compounds InX, 

present an interesting structural problem, since 
they uo not cofitain In2& icns, being generally 
formulated as ionic dimers involving two indium 
species in the oxidation states 1 and 111 in the 
lettice. (See refs. 3 and 17 for a review of the 
evidence on this point.) We therefore examined 
the spectra of these compounds wit5 partixlar 
interest in the hope of identifying two distinct 
binding energies. In fact, ~n none of the com- 
pounds InCl,, InBr,, or Hal, did we detect more 
than a single indium level. The line shapes did 
not diser significantly from those for the other 
binary halides, and the half-widths were no larger 
than in other halides (Table 5). Given that the 
indium 3d,,, levels in HaCl and InCI, are 445.2 

and 446.0 eV (Table I), one could reasonably 
expect some indication of the presence of two 
oxidation states in InCi,, and similar arguments 
can be advanced for lnBr2 and 1111,. The results 
clearly underline the statement made elsewhere 
(3, 17), that the ionic formulations noted earlier 
represent gross over-simplification of the struc- 
tures in:lolved, despite spectral evidence as to 
the nature of the indium(II1) anionic complexes 
present. 

We may note in the context of line-width 
measurements that the iodine resu!ts for indium- 
(111) iodide, I,InI,InI,, show no evidence for the 
existence of terminal and bridging iodide as 
required by the crystal structure (17). The line 
widths for 3d3,, and 3d,,, are 1.4 and 1.5 eV, 
with a separation of 11.5 eV; for the compound 
n-Pr,N.InI, the comparable valaes are 1.5, 1.5, 
and 11.4 eV. Other iodine species show similar 
values. These results serve to emphasize the very 
considerabie limits which must be conceded in 
X-ray photoelectron spectroscopy studies of 
crystalline solids. 
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M. PERIC, R. J. B U E ~ K E R ,  and S. D. PLYERIMHOFF. Can. J. Cheni. 55, 1533 (1977). 
AD initio CI potential curves are reported for the ground and '(n,n4:) excited states of diimide 

for each of tlie six possible internal coordinates. These results are then used to obtain vibra- 
tional \\avefi~nctions and frequencies for both states, \\hich in turn are combined nith electronic 
transition moment data to allow a Franclc-Condon analysis of the hand structure of the 
(dipo!e-forbidden) n-rt" absorption system. This procedure allows one to reproduce the main 
featules of the observed spectra of P.J2H2 and X2D2 and indicates that the majority of the 
vibratio:lal transitions seen are vibronically induced via the antisymmetric NH stretching 
mode v,. The calculations are in essential agreement uith the earlier experilnental i~lterpretation 
of the vibrational structure of this transition in terms of progressions in the symmetric bending 
(v,) and N N  stretching (v,) frequencies, except that they indicate that the pre~ious  p,' number- 
ing should be altered by three units. According to this interpretation the isotope shift for the 
vibronic origin is 672 cm-' compared with the corresponding calculated value of 666 cnl-'. 
It is argued that several other ~ e a k e r  transitions seen experimentally arise via a different 
inducercent mechanism, namely the torsion (v,) mode, and as such are only observed in energy 
regions nhere \I,-induced transitions cannot occur. 

M. PERIC, R .  J. BUENKER et S. D PEYERIMHO~~. .  Can. J Chem. 55, 1533 (1977) 
On rapporte des courbes de potentiel 1C rib ihirio pour les etats fondanlentaux et excites 

'(11,n"j de la diimide pour chacune des six coordonnies internes possibles. On utilise alors ces 
rktultatx pour obtenir des fonctions d'ondes hibrationnelles et des frkquences pour les deux 
etats qui i leur tour sont cornbinees avec des donnees de moment de transition electronique 
pour permettre une analyse de Franck-Condon de la s t ruc t~~re  de hande ~ L I  systeme d'absorp- 
tion n-nZL (dipole-interdite). Ce procede permet de reproduire les caractCristiq~~es principales des 
spectres observes pour N 2 H 2  et N,D, et indique que la majorit6 des transitions vibrationnellcs 
qui soni dktectees sorit induites par un processus vibronique par l'intermediaire d'un mode de 
vibration antisymetriqne de valence du NH (v5). Ces calculs sont en accord geniral avec 
i'interpritation experimel~tale anterieure de la structure vibrationnelle de cette transition en 
terrnes de progression dans les frtquences de deformation angulaire symetrique (v,) et de 
vibration de valence (v3): toutefois ils indiquent que la ilulnCrotation anterieure c,' devrait 
&tre modifiee par trois ~~ni tks .  D'apres cette interpretation, le dkplace~nent isotopique pour 
I'origine vibronique est 672 cm-' compare avec la valeur calculke correspondante de 666 cm-l.  
On prisente piusieurs arguinents indiquant que plusieurs autres transitions faibles qui sorlt. 
detectees expcrinientalement dkrivent d'un nikcanisnie d'induction different soit le mode de 
torsion (v,) et que comme telles elles sont observees uniquenient dans des regions d'energie ou 
des transitions indi~ites v, ne peuvent pas se produire. 

[Traduit par le journal] 

Introduction 
The absorption spectra of N2H2 and N,D, 

(diimide) in the 3000-4300 A region generally 
believed to correspond to the ' (n ,~ ' "  'B ,  + ' A ,  
transition have recently been reported by Rack, 
Willis, and Ramsay (i). At roughly the same 
time ah i ~ i t i o  SCF ar,d GI calculations at  the 
approximate (truizs) ground state equilibrium 
geometry of this system were carried out by 
Vasudevan et a[. (2) for a large 11u:nber of 

electronic states for this molecule. In comparing 
these experlinental and theoretical results for 
the '(n,n',) transition it was noted, however, 
that the calculated vertical electronic energy 
difference for this species vvas some 0.6 eV 
svialler than the observed location of the absolute 
intensley maxima in the corresponding absorp- 
tion systems (2). Because of the Franck- 
Condon Principle one normally expects the 
vertical electronic energy d~fference to very 
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nearly coincide with the energy of maximum 
transition probability and hence this result 
might be taken to indicate that the calculations 
were simply in error in this respect by roughly the 
entire 0.6 eV margin. On the other hand ex- 
perience with this type of CI treatment for other 
systems such as formaldellyde (3 ) ,  ethylene (41, 
and water (51, for example, indicates that the 
error lin~its for such calculated transition energy 
results should not exceed the 0.2-0.3 eV range. 
It was thereupon argiled by Vasudevan et a/. 
(2) that there is a strong likelihood that the I P E I P  

vertical electronic transition actually occurs 
well beloll! the observed location of the absorp- 
tion rnaxin~uln in this case, especially since the 
'(n,rr") system is electronically dipole-forbidden 
for the ground state equilibrium nuclear con- 
formation (C,,; point group). 

In order to investigate this hypothesis in more 
detail froni the theoretical side it is necessary to 
calculate potential surfaces for both ground and 
](n,n':) excited states of N,M2 so as to ailow for 
a vibrational analvsis of this electronic transi- 
tion. Clearly one of the key objectives in such a 
study is to deierniine the mechanism by which 
this formally dipole-forbidden transition gains 
sufficient intensity to be observed a t  all. In 
addition it i s  hoped that through this type of 
analysis a good correlation between calculated 
and experimental results for the band structure 
of the ' (n ,~ ; ' )  system will be obtained which 
allows for a definite assignment of the vibrational 
progressions observed in this spectral region (1). 
The present paper reports the results of such an 
ub initio CI treatment of the '(n,n::) transition 
of diirnide, in which all six possible vibrational 
modes are given explicit consideration. 

Description of the Theoretical Treatmerat 
Details of the A 0  basis (double-zeta plus 

Rydberg) and C1 treatment employed in the 
present calculations have already been given in 
earlier work (2). One change has been made, 
however, namely in that approximate natural 
orbitals (No 's)  are used (6, 7 )  for each of the CT 
states rather than simp!y the corresponding 
SCF MO's employed previously. This improve- 
ment in the CX treatment leads to an increase in 
the vertical transition energy of about 0.1 eV, 
but still not by a great enough amount to change 
any of the qualitative conclusions referred to in 
the Introduction. The sizes of the configuration 

spaces treated, for which secular equation eigen- 
values have been obtained to an estimated 
accuracy of 0.01 eV (S), range from 15 000 to  
25 000 in the present study. 

The method employed for the vibrational 
analysis is similar to that used for ethylene and 
0, in previous work (9, 10) 2nd is sunimarized 
below. In accordance with the Born-Oppen- 
heillaer (and Franck-Condon) Approximation 
the total wzvefunction \l' is first assumed to be 
separable into an electronic ($,) and a vibrational 
($,) part. A further simpl~ficatlon is introduced 
by assuming that the six vibrational nodes  of 
diimide are independent of one another, that is 

where R,  .s a (symmetrized) Internal c00rd~nate.l 
Under these condit~ons the transition moment 
for a glven vlbrat~onal specles can be written as: 

where Re,,,, = l$,,r+,., d ~ ,  is the electronic 
transition moment (with [he usual primed 
notation being employed to distinguish between 
ground and excited species in each instance). 

In principle the electronic transition moment 
should be a function of all six vibrational co- 
ordinates but in this work it is assilmed that this 
quantity is independent of ail such species 
except the inducing mode in each case, i.e. that 
vibrational excitation which nukes  the overall 
transition vibroni~aily allowed under the dipole 
selection rules.2 Whereupon one obtains the 
result: 

[33 (I.),.,.,..,.~ = SS,.,..(ji 
j # l  . J + , . ( i ) ~ e . e ( ~ I ) ~ , . . i u  d ~ ,  

in which the subscript I delictes the inducing 

'Note that the species used correspoild to pure NN or 
NH stretch O i  analogous bending lnotions a i ~ d  tnerefore 
do not strictly satisfy the Eckart conditions, i.e. they are 
not conlpletely orthogonal to the various tianslational 
and rotational modes. 

2Note tbat the usual subsidiary assumption empioyed 
in deriving the Franck-Condon Principie for srilo~teri 
transifions states that W e , ,  is independent of nli vlbra- 
tional species. 
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mode, and the quantities S,,,,,(j) are the vibra- 
t io~la l  overlaps for the various noninducing 
modes in a given vibrational transition. The cor- 
responding f value or transition probability is 
then given in the usual way as 

where AE is the transitio~l energy. 
The necessary vibrational wavefunctions and 

energies are obtained (in the framework of the 
Born-Oppenheirner approximation) by solving 
the Schrodinger equation in which a given 
electronic energy curve serves as the potential for 
the nuclear motion. Since the present approach 
assumes that the various vibrational modes are 
independent of one another it is consistent to 
simply calculate appropriate sets of one- 
dimensional potential curves (with all other co- 
ordinates held fixed in a given case), and sub- 
stitute these data in the correspoiiding Schrod- 
inger equations for each type of nuclear motion. 
'The requirement of choosing a set of fixed values 
for the (five) complementary coordinates in each 
case introduces a certain amount of ambiguity 
into the procedure since in practice there is some 
coupling observed between the varioas vibra- 
tional modes, but  since the geometry changes 
encountered in gding from ground to the '(11,~ ':') 
excited states in diimide are relatively small this 
problem is not expected to be very critical in the 
present study.3 Finally, to complete the vibra- 
tional analysis it is necessary to calculate the 
electronic transition moment Re., . ,  as a function 
of each of the three antisymmetrical internal 
coordinates in trans-diimide. 

Vibrational Frequencies and Re,, ,  , Values 
The CI potential curves calculated for the six 

vibrational coordinates in the ground and 
'(n,n*) states of diimide are shown in Fig. 
1 a. 6 ;  corresponding vibrational energy levels 
are also indicated in each case. The first three 
modes v, to v, are of a, symmetry, corresponding 
respectively to (symmetric) N H  stretch, HNN 
bending, and NN stretch. The torsional vibration 
v, belongs to a ,  while v, (antisyinmetric NH 

31n general (but not always) the values of the ground 
state equlllbrlum conforniation are employed for these 
fixed parameters because of the emphasis whlch the 
Franck-Condon Principle places on the nuclear arrange- 
ment of the lower state 

stretch) and v, (antisymmetric I-INN bending) 
are of b, symmetry. 

The calculated equilibrium values for each of 
the internal coordinates of ground and excited 
state are collected in Table 1. Significant distinc- 
tions are noted in the N N  bond lengths and H N N  
angles of the two states as well as in the shapes 
of their respective torsional potential curves. 
The calculated increase in R,, of 0.09 bohr 
(-8.05 A) upon excitation4 is in very good 
agreement with the experimental estimate for 
this quantity (0.05 A) given by Back et 01. ( I ) ,  
but the change in bond angle predicted by the 
calculations (1 3" toward a less bent geometry) is 
only about half that cited by the latter authors 
based on their assignment of the observed 
'(n,n4') vibrational structure. 7116 present result, 
however, is in very good agreement with the 
value of Acp = 12' obtained by Baird and 
Swenson (I I) in an  earlier theoretical treatn-ient. 
Each state is calculated to possess equal NH 
bond lengths and I-IINN bond angles, with RNH 
for the upper species being only 0.024 hohr 
smaller than the corresponding ground state 
value. Finally the CH energy of the ground state 
for its global poteritial n:inimum is found to be 
- 110.166 iiartree, which is 2.554 eV below the 
excited state nlinimuln energy (all results based 
on curve fitting procedures). 

The calculated vibrational freqllencies for 
the various ground and excited state species are 
given in Table 2 and are compared with the cor- 
responding observed values wherever possible 
(12,l); data for N,D, have also been calculated 
and are likewise contained in the table. Two 
theoretical values are given in each case, one 
equal to the 0-1 frequency and the other ob- 
tained by doubling the calculated zero-point 
energy; the discrepancies between these results 
are a measure of the degree of anharmonicity 
present in the associated potential curves. 

In general it appears that the calculations can 
reproduce the experimenial frequencies to within 

4The absolute value calculated for RxN in the NzHz 
ground state is somewhat too large (2.366 bohr experi- 
mentally) because NN bond functions (or equivalent 
polarization functions) are not iiicluded in the A 0  basis 
set. Nevertheless this omission should have essentially 
the same effect on ground and excited state, and hence 
the calculations are expected to give a good estimate of 
the chnnge in this geometrical coordinate which occurs 
during the ' (n ,~" )  transition. 
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Elhar t ree)  

4 

T ' I  ! I  7 1  

1.8 2.0 2.2 40 6 0  80 2.2 2.4 2.6 2.8 
N-H distance(bohr1 q S [ o )  N-Ndistance(bohr1 

VI v2 v3 

+ ' - I I ' I , I r  . I t ! . ,  

- 4 0  -20  0 20  4 0  60  8 0  1.8 2.0 2 2  40  60  8 0  
q T \ O )  N-H d ~ s t a n c e l b o h r )  

v, v5 "6 

FIG. 1. CI potential curves ca!culated for the six vibrational coordinates in ground and l(n,x'+) 
excited state of diimide; vibrational energy levels are also indicated. 

TABLL I .  Calculated equiiibriurn values for each of 
the internal coordinates of N,H2 obtained from a 
polynomial fit to the 61 data displayed in Fig. 1 

- 

Parameter Ground state '(n,ne) state 

NH (bohr)" 1.932 1.908 
Bending angle NNH 110" 123" 
NN (bohr) 2.443 2.533 
Torsional angle 0" 28' 
Relationship betueen 

NH bond lengths Equai Equal 
Relationship betileen 

HNN bond angles Equai Equal 

0 1  bohr = 0.52917 A. 

an error of 50-250 cm-'  in all cases; the largest 
discrepancies occur for v, and v,. Considering 
the underlying assumptions in the theoretical 
procedure used, especially the failure to consider 
coupling between the various modes, such agree- 

ment between calculation and exoeriment for 
both ground and excited state frequencies 
appears to be quite reasonable; in particular. the 
results would seem to be of sufficient accuracy 
to allow for an unambiguous assignment of the 
band structure observed for this electronic 
transition (1). 

Finally, the calculated ' ( n , ~ ' ~ )  transition 
moment results are given in Table 3 as a function 
of each of the three antisymmetric vibrational 
coordinates of diimide. For  small excursions 
away from the symmetric (C,,) nuclear con- 
formation it is found that this quantity is largest 
in absolute value for the NH stretch species v, 
and smallest for the corresponding antisymmetric 
bending mode v,, The transition moment 
ultimately becomes much larger upon torsion as 
the system approaclies the cis limit (9 ,  = 903, 
C,, symmetry), in vyhich case the transition in 
question becomes dipole allowed ( 'B ,  +- 'A,). 
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TABLE 2. Calculated vibrational frequencies (in cm-') for the various modes in N2H2 and N2DL and coinparison with 
experiment 

NzHz NzDz 
Vibrational -- --- 

modes Calcd." ExptLb Calcd." ExptLb 

Ground state 
V I  (NH sym) 
v2 (Q sym) 
v3 (NN) 
v4 (torsion) 
v5 (NH antisym) 
v6 (p antisym) 

'(n,n*) state 
v1 

v2 

v3 

v4 

v 5  

vfi 

T h e  first column gives twice the calculated zero-point energy, nhi le  the second contains the calculated 0-1 transition energy. 
bExperimenta1 ground state data are from ref. 12; corresponding '(il,n*) values are from ref. 1 .  The  ranges given in pirentheses for t f ~ e  upper 

state v2' and  v3 '  frequencies are average differences observed within several progressions (I). 
'Estimated value, ref. 12. 
"ornewhat uncertain, ref. 1. 
=Two indirect references given in refs. 12 and 13 t o  unpublished work by Tromhetti indicate that v~ lies in the region 1250-1350 c i - 1 ;  the 

assignment seems far from certain, however (14). 

TABLE 3. Calculated electronic transi- 
tion moment Re,,,, as a fc~nction of the 
antisymmetric vibrational modes in 

&Hz 
(a) NH stretch, v5 

(b) NH bending, v6 

Acp, (deg) R:.,,, 

0 0 . 0  
+ 5 0.0076 
1.10 0.0110 
+ 25 - 0.0012 

jc) Torsion, v4 

AQ, (deg) R:,,., R~,,,, - 
0 0 . 0  0 . 0  

+ 10 0.0357 0.0260 
+ 20 0.0511 0.0446 
1- 30 0.0459 0.0565 
1 4 5  0.0055 -0.0167 
+ 60 0.1999 - 0.0600 
i: 75 0.3066 -0.0369 
+ 90 0.3534. 0 . 0  

N o  experimental results for Re, , , ,  in diin~ide 
have yet been reported. 

Vibrational Overlap and Tra~isitioll 
Probability Integrals 

In order to calculate an  intensity distributioll 
for the l(n,n':') trailsition it is necessary to 
combine the vibrational wavefunctions obtained 
in- the last section with the electroliic transition 
moment data so as to evaluate the various inte- 
grals required on the right-hand side of eq. 3. 
The results of these conlputations are given in 
Table 4 for N2H2 and N2D2 respectively. The 
magnitudes of the dipole moment matrix ele- 
ments in Table 4 are of special interest in the 
present study since these quantities ultimately 
determine the overall strength of transitions 
induced via a vibronic mechanism. The data for 
the NIB stretching and bending antisyin~netric 
modes v5 and v, indicate quite strongly in each 
instance that only the I + 0 (v' +- 1;") vibra- 
tional transitions are of sufficient magnitude to 
be of experimental significance. 'Tlie fact that all 
other vibrational species (11 +- 0) are nluch less 
probable is of course tied up  with the result that 
for both modes t!le ground and excited state 
potential curves show minima at  the same value 
of the internal coordinate (namely zero, i.c. for 
a syni~netric equilibrium geometry). Tlie finding 
that only the I + 0 v, transition should be 
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TABLE 4. Vibrational overlaps and < I ~ , . R , . , , , I ~ , , , )  values for the various vibrational modes of N2H2 and N2D2 
(notation 0.n-a signifies 0.12 x lo- ')  

Overlap for upper vibrational quantum number = 
--- 

Mode Integral Isomer 0 1 2 3 4 5 6 7 

observable in the entire '(n,n'") ~nallifold clearly 
puts to rest the speculation by Vasudevan et a!. 
(2) to the effect that this species is actually re- 
sponsible Tor the three long 1100 c i ~ l - ~  gro- 
gressions found by Back ef 01. (1) for this 
spectrum. 

The situation for the third ai~tisvmmetric 
variable (v,, torsion) is less clear, however; 
primarily because of the extremely flat potential 
curve which characterizes the l(n,n::) upper 
state upori vibrating in this mode (see Flg. la  
and also the work of Baird and Swenson (11)). 
The Insin difficulty therein I S  that the vibrational 
overlap integrals for higher upper state quantum 
numbers are quite sensitive to the shape of the 
torsional potential curve a t  relatively large 
angles, particularly in the region of the energy 
maximum for the cis confo rn~a t ion .~  Since the 
electronic transition mornenl increases by an  
order of magnitude as the angle of torsion varies 
from 10' to 90" (cis) the magnitude of the 
dipole matrix elements for large v,' is critically 
dependent on the manner in which these overlap 
integrals decrease over the same region. The 
present calculations d o  not rule out the pos- 

'Note that the structural parameters of the trans 
conformer are employed exclusively in calculating this 
potential curve. 

sibility that the dipole integrals increase for the 
higher torsiona! levels (beyond v,' = 4). On the 
other hand, if such behavior were observed 
experimentally progressions in 2 ~ , '  (200-500 
cm- l ,  see Table 2) would be detected; since 

activity does not appear in the experimental 
diimide absorption spectrum it therefore seems 
unlikely that such co~isiderations play a decisive 
role in arriving at  a satisfactory assignment of 
the band systems contained therein. 

In  any event i t  seems clear from the ca lc~~ la -  
tions that the most probable inducing niode for 
the l (npg:)  transition in trans-diimide is the 
(1 + 0)  N1-J antisyrninetric stretching mode v,. 
The f value for this species (see eq. 4) is 1.0 x 

some three times larger thaia the cor- 
responding result for the most probable (1 +- 0) 
torsion-induced system and 40 times greater 
than the analogous v, quantity (Table 5).  
Moreover, the calculated intensity for the v,- 
induced complex seems to be at  lease qualitativeiy 
consistent with the overall strength of the ob- 
served transition. The corresponding f value for 
the (dipole-allowed) '(n:zl:) transition in cis- 
diimide Is 9 x !F3 for example, only 90 times 
greater than the v, vibronically-induced oscillator 
strength for the rruns isomer. Given the well- 
known weakrless of both quadrupole and mag- 
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TABLE 5. Calculated oscillator strengths for key be distributed over a fairly large wavelength 
vibronic transitions in the N2H2 '(n,n") system region. Significantly large NN stretching (v,) 

(see eq. 4)" overlap integrals are calculated from u' = 0 up 
to  at least c' = 2 (Table 4), with sin~ilarly large 

Inducing mode 
(0' +- 2."') Ratio values for the symmetric bending v, mode 

fe 'L'e"b" 
occurring from u' = 0 up to as high as u' = 7 

'The corresponding f value for the (allowed) ' (n ,7 ix)  
transition in the c is  conformer (torsion 90') is 0.9 x 
i .e.  90 times stronger than the 1 c 0, v 5  (reference) value 
for trans-diimide. 

netic dipole-allowed transitions, and also the 
fact that diimide apparently exists almost ex- 
clusively in the traris form (13), it is thus the 
clear indication of the present calculations that 
a t  least the major features of the observed di- 
imide spectrum in the 3000-4300 A region are 
vibronically induced through the (1 + 0) N H  
antisymmetric stretching species. 

The vibrational overlap integrals of Table 4 
for the six possible N,H, modes indicate further 
that the intensity distribution for the symmetric 
N H  stretching species v, should be localized in a 
single transition while the data for the v, and v, 
vibratioilal modes (of relatively high frequency, 
see Table 2) pred~ict that in these instances the 
intensity of the corresponding transitions should 

and 8 fo; N,H, and N,D, respectiCely. 

Intensity Distribution for the '(n,n*) 
v5-induced Portion of the Spectrum 

The band structure observed for the 3000- 
4300 A region of the diimide spectrum has been 
assigned (1) in terms of progress~ons in the upper 
state v, (symmetric bending) and v, (NN 
stretching) frequencies. The present calculations 
are seen to be In general agreement with this 
interpretation, complete with the finding that the 
short progression in the spectrum should be 
assigned to v, and the long to v, (see Table 4). 
They indicate further that the transitions are 
most likely vibronically induced via the NH 
stretching mode v j  (1 t 0). To  obtain a more 
detailed correlation between calculation and 
experiment in this regard the results of Table 
4 can be substituted into eqs. 3 and 4 in order to 
calculate an intensity d~stributioil for this 
electronic trailsition in both N,H, and N,D,. 
The most important feature of this analysis can 
then be given rather concisely in terms of a table 

TABLE 6. Products of Franck-Condon overlap integrals ( tyo . f I~L , . )  
(yo. ~ v I , , , )  for the L '  c t" = 0 transitions for the symmetric bending 
(v2) and the NN stretching (v3) vibrational modes for the '(n,.x*) system 

in N2H2 (part a) and N2D2 (part 6) 

Overlap integral for c,' = 

System c2' 0 1 2 3 
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TABLE 7. Calculated vibrational transition energies (cm-') for various ( u ~ ' , u ~ ' )  
combinations for the 1 + 0 v5-induced ' (n ,~" )  system in N 2 H ,  (part a)  and 
N,D, (part b). The energy differences between successive transitions are always 

given in parenthesesa 

Vibrational transition energy for c,' = 

System L'~' 0 1 2 

'Note that while the discrepancies between calculated and experimental (1) energy values in  
the present assignment are only roughly 1000 cm-' for the (0,O) species in K2H2 and N2Dz, 
they become progressively larger touard higher quantum numbers because the calculated v~bra- 
tional frequencies are underestimated by 100-200 cm-' (Table 2). 

bThis level corresponds to the strongest band observed experimentally (1) in a given progres- 
sion. 

of products of Franck-Condon overlaps for the 
two vibrational modes v, and v, which appear 
to be involved in the observed progressions 
(Table 6). The corresponding energies for the 
(1 +- 0) v,-induced vibronic transitions (assum- 
ing that only the lowest transitions in the other 
three modes are observed6) are then listed in 
Table 7. For all practical purposes the oscillator 
strength for each (c,',~,') + (0,O) transition in 

'The 2 + 0 v4 transition would have perhaps been a 
more logical choice (Table 4) but since the corresponding 
0 + 0 species lies only 320 cm-I lower in N,H, and 
225 cm-' lower in N,D2 very little of quantitative sig- 
nificance would be changed in Table 7 as a result of this 
alteration. 

this ( I  +- 0) v,-induced series (complex) can be 
obtained by multiplying the square of the cor- 
responding product of Franck-Condon overlaps 
of Table 6 by the total calculated f value of 
1 x licted in Table 5. 

The (0,O) transitlons7 in this complex are thus 
calculated to occur at  22 833 cm-I and 22 167 
cin-' for N2H, and W,D2 respectively. Accord- 
ing to the interpretation of Back et al. (1) the 
corresponding (0,0) experimental l~nes  are not 

'Hereafter the notation ( L , ' , c ~ ' )  is used to indicate the 
vibronically-induced transition from v," = 0 to 0,' and 
from r," = 0 to 0,';  for the v5-induced series a transition 
from L.~"  = 0 to r,' = 1 is always assumed. 
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observed but can be expected a t  roughly 20 330 
cni-I and 20 530 c ~ n - I  respectively based on 
extrapolations in the v,' frequencies of N,H, 
(1 170 cm-') and N,D, (880 em-'). 

In the experimental assignment (1) transitions 
from v," = 0 to c,' = 0 and 1 are found to be 
about equally strong while a third progression 
iinvolving the upper v,' = 2 state is said to be 
rather weak. The calculated results of Tables 
4 and 6 are in reasonably good agreement with 
this assignment, except that the c,' = 1 Franck- 
Condon factor is found to be sn~aller than ?hat 
for c,' = 0. The calculated v,' frequency fits in 
well with the experimental values in both N,H, 
and N,D, (Table 2). 

The situation for tlie symmetric bending (long) 
progression is less obvious, however. In this 
case the interpretation of Back el al. (1) associ- 
ates the most probable transition with the upper 
quantum number c,' = 6 in N,H,  and v,' = 8 
in N,D,, thereby putting the energy difference 
between absorption maximum and 0-0 transition 
in this progression at roughly 7100 cm-' in both 
systems. Accord i~~g  to the Franck-Condon 
Principle this energy difference should cor- 
respond roughly to  the relaxation energy of the 
'(n,n") state reached exclusively through the 
bending vibration following vertical excitation 
from the ground state equilibrium conforma- 
tion. Since ab initio calculations at both the SCF 
and CI levels predict that the actual symmetric 
bending relaxation energy is less than half this 
amount, Vasudevan et al. (2) called into question 
this aspect of the experimental interpretation. In 
a t  least qualitative support of this argument the 
present vibrational treatment indicates that the 
most probable transition occurs for v,' = 2 for 
N,H, and v,' = 3 for N,D, (Table 4) rather 
than for quantum numbers 6 and 8. 

Considering both the theoretical and experi- 
mental evidence available (including some doubts 
expressed about the exact numbering for the v,' 
species in ref. I)  it seems advisable to reassign 
tlie me~iibers of each observed long progression 
in the following manner. In the (c,',O) species 
the longest-wavelength transition reported to be 
certain for N,H, (occurring a t  23 840 em-') is 
assigned in the notation of Back e f  01. as 21,' = 3;  
the situation is equivalent in N,L),. Since the 
calculations indicate that these progressions 
should be shorter by a t  least three t.,' levels it 
seems reasonable to assign these species instead 

as v,' = 0 (in both isotopes). This procedure 
would result in an assignment of the most 
intense line observed in the c,' = 0 progressions 
as I),' = 3 and 5 for N,H2 and N2D,,* re- 
spectively, compared with the corresponding 
calculated results of c,' = 2 and 3. Given the 
error linlits in both the ab initio calculations and 
in the experimental intensity nieasurements such 
discrepancies seem well within reason. According 
to this assignment the measured isotope shift for 
the (0,O) transition in this system is thus indicated 
to be 672 em-' (Fig. 2), with the N,H, species 
occurring at tlie higher frequency, which result 
in turn compares rather well with the cor- 
responding calculated quantity of 666 em-'  
(Table 7) in both magnitude and sign. 

According to this interpretation the absolute 
error in the calculated v5-induced (0,O) transition 
energies is 1007 em-'  for N,H, and 1001 cm-I 
for N2D2,  an underestimation of some 0.12 eV 
in both cases. This finding is consistent with the 
position taken earlier (2) in which error limits 
in the calculations are claiii~ed to be considerably 
smaller than the roughly 0.6 eV value indicated 
by a direct coiilparison of the calculated vertical 
electronic energy difference with the location of 
the measured absorption maximum. A small 
portion of the decrease in this quantity (roughly 
0.1 eV) comes about because of the use of 
natural orbitals in the present CI study in con- 
trast to the earlier theoretical treatment, but the 
rest of the improvement is traced to more 
fundamental considerations. Although the energy 
of the sfrictly cerfical v, excitation agrees quite 
closely with that of the corresponding 0 c 0 
transition, the ulost probable obserced vibra- 
tional \I ,  species is 1 +- 0, occurring a t  one v,' 
quantum (3120 c n - '  or 0.4 eV; Table 2, N,H,) 
higher in energy; thus it is clear that use of the 
vertical energy difference between the two states 
to predict the location of the absorption maxi- 
mum for this formally forbidden band is not a 
good approximation in this illstance. In summary 
then. although the present calculations quite 
definitely rule out the occurrence of a progression 
in tlie antisymmetric bending frequency v,, as 
speculated earlier (2), they do  support the two 
basic conclusions of the earlier theoretical work 

sNote also that in the c,' = 1 progression of N,D, 
the reported niaximum occurs for one c2'  quantum 
lower than in the c,' = 0 series, thus corning illto even 
better agreement with the present calculations. 
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FIG. 2. Extrapolation of the first observed c2' progression in N2W, and N,D, using the numbering 
of the present assignment. (The strongest bands are denoted by an asterisk.) The isotope shift for the 
respective 0-0 bands is 672 cm-'. 

TABLE 8. Experimerital lines (1) which do nor fit into the three v5-induced progressions given in Table 7 
-- -- 

Observed band center 
Observed" band Assignmentb Present assignmenth Eb (cm-l) of associated 

System center E, (cm-') according to ref. 1 as v4-induced v5-inducedc transition E, - E, (cm-I) 

'Values in square brackets are reuorted to be less certain (1) 
bGiven are the ( r , ' ,c ; )  assignments. 
CAccordir~g to the present assignment this transition differs from the corresponding species in the first column only in  the mode of inducement 

(the lower-energy (E,) transition is induced through v4, the higher (E,) through vS).  

(2) to  the effect that: (a)  error llrnits for the CI 
transitio~i energy results seem to fall uniformally 
in the 0.2 eV range; and (0) the width of the 0,' 

synlnlelr~c bending progress~ons does not exceed 
0.4 eV from the position of the absorption 
maximum to the corresponding 0-0 member. 

Possible v4-induced Vibronic Transitions 
The analysis of the preceding section alone is 

not capable of accountillg for all the known 
vibrational tralisitions observed in the region of 
the diimide spectrum. in particular those which 
have been assigned by Back et al. (1) with 0,' < 

3; the wavenu~ilbers of the band centers falling 
in this category are given in Table 8. If one 
accepts the premise that the v,' progressions are 
not as long as claimed earlier (I) it is llecessary 
to find another explanation for the occurrence 
of these vibrational transitions. Since the band 
systems in question appear to fit in reasona.bly 
well with the satne type of two-dimensional 
frequency analysis as has been discussed pre- 
viously it seems fairly unlikely that the lower 
electro~lic state is different than in the other 
cases, that is, that the cis isomer could somehow 
be involved. Instead it seems considerably more 
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plausible that the levels in question simply arise 
through a different vibronic mechanism, where- 
upon the ca1cula:ions suggest that the most likely 
candidate for such a secondary inducing mode is 
the 1 +- O torsion (v,) species (see 5). 

If this hypothesis is correct the intensity 
distribution for such torsional-induced tran- 
sitions should resemble quite closely that of their 
counterparts with c j l  = 1 treated in the preced- 
ing section. Ideally one would expect that the 
corresponding trailsitions of the two types pos- 
sessing the same (c,':~,') set of quantum numbers 
would differ in energy by an  amount roughly 
equal to  the diKerence in their inducing mode 
frequencies (v,' - v,'). In  addition the intensity 
raiio for each such pair of transitions should 
always have essentially the same value, with the 
ca!culaiions indicating that the v,-induced 
species should generally be about rhree times 
weaker than the corresponding v, species (see 
Table 5). 

According to Table 2 the difTesence between 
vj '  a ~ d  v,' is (3120 - 40) = 3080 cm-I  for 
N2H2 and (2212 - 9) = 2203 cm- '  for N,D2.9 
Hf one adds the appropriate value of (v,' - 
v,') to the frequencies of the transitions listed 
in Table 3 the new energy result does in fact in 
all but a single case (the very weak 22 794 cm-' 
species) agree quite well with that of another 
observed transition within the v,-induced com- 
plex discussed earlier. Furthermore, the fact that 
nli the observed transitions can be arranged in a 
single two-dimensional (u,,v,) frequency table 
points out the near equality between the quantity 
(v,' - v,') and an  integral combination of the 
key progression frequencies v,' and v,' in 
both N,H, and N2D,: namely v,' - v,' F 
411,' - v,' in each case.'' I11 other words, each 
v,-induced transition with c3 '  > 0 has a (weaker) 
\I,-induced counterpart at  nearly the same 

'In this -omputation the 1 +- 0 frequencies of Table 2 
are used since the energy difference sought actually 
involves v, and v, transitions between these levels; other 
values for this clifTerence would emerge if one uses the 
so-cal!ed zero-point frequencies for this computation, a 
practice which does not fi~lly conform to the physical 
situation ~ ~ n d e r  discussion. 

'"n N2H, the actual measured energy differences for 
such pairs of transitions vary froru 2900cm-' to 3200 
cm-' and similar consistency is noted in N,D, (Table 8).  
Furthermore in each case the higher-energy transition in 
the correspondence turns out to be one of the most intense 
species found in the spectrum. 

frequency with a c,' value four units higher and 
v,' one unit smaller. 

There is in fact some doubling observed in rhe 
u,' = 2 progression of N,D, (I) but if this 
phenomenon were caused by such multiply- 
induced transitions, the 30 368 and 30 478 cm-' 
pair, for example, would have to be assigned as 
the (5,2) v,-induced and (9,l) v,-induced species 
on this basis; the observation of the latter 
transition would be unexpected, however, since 
the corresponding (9,1) v,-induced line has not 
been seen experimentally ((12,l) in the notation 
of Back et 01.). On the other hand the earlier 
suggestion (1) that such doubling arises in N,D, 
because there v,' = \I,' + v,' seems very un- 
likely on the basis of the present calculations 
since this hypothesis seemingly requires that 
transitioes with v,' # 0 be observed even though 
one estimates from Table 4b that the largest 
Franck-Condon factor of this type is roughly 
300 times smaller than that for v,' = 0. A third 
possibility which is probably more realistic than 
either of the foregoing is that a progression in 
the very small torsional frequency is involved 
(according to this view the respective transitions 
would be v,-induced). In any event it seems very 
difficult t o  explain such phenomena with any high 
degree of certainty based on the evidence 
presently available. 

The hypothesis of neariy coinc-ident transitions 
induced by two different asymmetric modes does 
appear to receive some additional support from 
the experiments in another context, however. 
In the earlier view ( I )  the lines reported at 
25 973 and 26 985 cnl-' in the N,H, spectrum 
(for c,' = 2 and 3) should differ by a single 0,' 

quantum; the actual energy diference of 1012 
cm-' on the other hand does not agree very 
well with the other values in the same pro- 
gression, particularly with the succeeding case 
in which v,' = 1208 cnl-l. By contrast in the 
present hypothesis there is a more coinplicated 
relationship between the above two transitions, 
since it is a t  this point that the v,-induced series 
(responsible for the 26 985 cm-I line, with 
72,' = 2) should end and the v,-induced pro- 
gression of different I:,' quantum numbers should 
begin. Clearly such observatiol~s neither prove 
nor disprove either of the interpretations dis- 
cussed, but it seems somewhat more than coinci- 
dence that the long progressions found by Back 
et al. should show their greatest deviation from 
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the harmonic condition precisely a t  the point 
where the calculations predict a break in the 
normal pattern to be most probable." 

The last woint which still would seem to 
require discussion is the assignment of the feature 
observed a t  22 794 cm-'  in the N,H, spectrum; 
it is the shortest-wavelength line reported (1) 
and is said to be very \beak. As such it might be 
best explained as a totally extraneous feature, 
but if one proceeds under the assumption that 
it is a bonafide diimide transition it is clear that 
it does not fit in &,ell with either of the v,- and 
v,-induced series previously discussed; in the 
first case its assignment would require c,' = - 1, 
whereas in the torsion-induced series it would 
correspond to c,' = - 1. This result would seem 
to narrow the possibilities for a vibrationally- 
induced transition down to a single choice: 
namely via the 1 6 0 v, mode. Using the same 
type of arguments as before such an assignment 
would require that the frequency of the band 
center in question to  differ from that of an  
observed v,-induced species by an  amount equal 
to roughly v,' - v,' or 2235 cm-I according 
to the present calculations (Table 2). Adding 
this amount to  the value of 22 794 cm-'  yields 
a frequency which in fact differs by only 44 CIII-' 

from that of the band center of Back et al.'s 
(4,O) transition (the (1,O) \!,-induced species 
according to  the present interpretation). Agsin 
the occurrence of such a possible coincidence is 
seen to be tied up with the fact that the differ- 
ence in the pertinent inducing frequencies is close 
to being an  integral combination of the experi- 
mental progression frequencies, in this case 
approximately 2v,'. Since the calculatioi~s 
indicate that such v,-induced transitions should 
be much weaker (by a factor of about 40) than 
the corresponding v,-induced lines it is certainly 
plausible that they could be observed only under 
extremely favorable conditions, in particular in 
an  area of the spectrum where no other strollg 
transition is found. As with the discussion of the 
doubling phenomena in N,D,, however, it seems 
extremely difficult to devise a n  experimental test 
which could provide a definitive basis on which 

"In the r>,' = 1 progression of N2H2 no  such obvious 
break is observed, but in the c,' = 0 series v2' is re- 
ported to change from 1233 cm-' to only 1046 cm-' 
across the analogous border (1). In N,D, a change from 
976 cm-' to 891 cm-' is reported at  an  equivalent point 
in the c,' = 1 progression. 

to determine whether such an assignment for the 
22 794 cm-'  feature is actually justified. 

Conclusion 

In summary the present calculations indicate 
that the major portion of the 3000-4300A 
spectrum of diimide arises through vibronic 
inducement via the 1 c 0 transition in the NH 
antisymmetric stretching mode. Within this 
frameuork the individual vibrational transit' lons 
can be assigned in a very straightforward manner 
on the basis of progressions in c,' and t.,', much 
as Back, Willis, and Ramsay have argued In 
their original paper; the only difference in the 
present interpretation is that its c,' assignments 
are always three units lower than those given 
earlier (I).  The calculations indicate further 
that 1 c 0 torsion (v,)-induced transitions 
overlap quite closely with v,-induced species in 
the c,' = 1 and 2 progressions, and in fact occur 
as separate transitions in spectral regions lying 
outside the range in which such G,' = 1 species 
can occur. According to this interpretation the 
calculated 0-0 vibrational transition energies 
obtained in the present CI treatment are found 
to lie about 1000 cnl-I below their measured 
values. 
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such as cystine in tlie aqueous phase. In order to 
further the understanding of the formation and 
the reactions of the thiyl radical in a variety of 
surroundings, we have undertaken to study the 
photolysis of simple alkyl sulfides and disulfides 
in dilute rigid glasses. The solid state is chosen so 
that the transient species may be readily trapped 
and studied by conventional techniques. Tlie 
matrices are dilute so as to niinimize solute-solute 
interactions. 

In an earlier publication (3), it was found that 
alkyl nlercaptans undergo a number of interesting 
cage reactions when photolysed as solutes in di- 
lute (0.01 mol d l i ~ - ~ )  glass solutions of 3- 
methylpentane (3MP) a t  77 K .  Tlie thiyl radical 
produced by 253.7 iinl radiation results fro111 
S-~H cleavage; it is 'hot' in the sense that it is 
very reactive and immediately abstracts a 
hydrogen atom from a nearby solvelit molecule: 
regenerating the thiol molecule. 

The hydrogen atoms may also be kinetically 
hot, and abstract from the nearby solvent to 
produce a second soli.ent radical, or may be 
thermalized, diffusing away to eventually yield 
molecular hydrogen or to interact with a distant 
photodamaged centre in tlie matrix. Each 
photolysed niercaptan (RSH) is therefore associ- 
ated uith a solvent cage containing either one 
or two solvent radicals. As a result, the epr 
spectrum a t  77 K is mainly due to solvent 
radicals (M.); thiyl radicals (RS.) result only 
when the matrix is relaxed by warming so as to 
allow the 'repair' reaction 1 to occur 

[ I ]  RSH M.  -t RS. - MH 

within the st111 rigid solvent cage. When a second 
M. radlcal is present in tlie Tame cage, one gets 
recoilibination to the th~oether RSM 

121 RS. + M. + RSM 

The thiyl radical itself is characterized by a 
yellow color (3, 4) with k,,,,, - 400 nm: single 
crystal studies (5) have established that this 
radical has an axial g-tensor ( g  - 2.2, gi 2: 2.0) 
and an isotropic p-hydrogen coupling constant 
with a,,,, 48 6.  The epr of rigid randon~ly 
oriented RS. is accordingly very broad and at  
low concentrations would be expected to give 
only a weak asymnietric resonance near g 2.00 
due to those molecules situated with C-S bonds 
perpendicular to the maglietic field (i.e. gobs 2: g J. 

In more concentrated mercaptan glasses (O.i 
niol d m 3 )  a second species is also observed. It is 
thought to be tlie non-linear perthiyl radical 

RS,. and is characterized by an anisotropic 
g-tensor with principal values near 2.06, 2.025, 
and 2.00, and for those radicals with an 3- 

nlethyleiie group, a 6-10 G doublet protoii 
hyperfine coupling. These parameters match 
those observed for photolysed (6) or y-radio!ysed 
cpstine single crystzls (7, 8) and were unam- 
biguously assigned by Gordy and co-worker (9) 
to CySy by virtue of their 33S and proton hyper- 
fine structures. A second resonance (%) was also 
assigned by Gordy to CyS., but this may be in 
error since the characteristic g-values (g - 2.06, 
g, - 2.00) do not correspond to those given 
above and a con~parison of the photol~.tic 
behaviour of this species in ref. 8 sho~vs it to be 
different fro111 that exhibited by C q S  in ref. 5 or 
from the thiyl radicals studied in the present 
research. 

Fro111 liquid (10) or gas phase (11) st~kdies it is 
kilo~vn that sulfides undergo the primary photo- 
lytic process 

hv 
131 RSR + R. + RS 

while for disulfides 
!l v 

141 RSSR -t 2RS. 

with a minor contribution from C--S cleavage 

12 v 
[51 RSSR + R. + RS2 

If such processes can be made to occu~  in dilute 
glassy matrices of RSR or RSSR In 3MP, then 
large concentrat~ons of elther tli1>1 and'or 
perthiyl radicals may be built up for further 
characterization and study. The object of the 
present investigation is to produce by pl~otolytic 
xction damage centres containing either a one- 
sulphur species (from a sulfide) or a two-sulfur 
atoll? intermediate (from a disulfide) isolated in a 
rigid solvent cage. In this way it was hoped to 
avoid the association effects observed for mercap- 
tans in either the loit! temperat~~re  hydrocarbon- 
thiol glasses. or in the undiluted crqstalli~le state 
where both monomer (one-sulfur) and dirner 
(two-sulfur) cages may be formed a t  the sanie 
time. Since neither sulfides nor disulfides are 
expected to dirnerize in dilute solution, a satis- 
factory correlation with the concentration effects 
observed in the thiol s t ~ ~ d i e r  of ref. 3 would r-ein- 
force the conclusions reached there. 

Experime11h1 
The proiedures and apparatus used mere essentially the 

same as those described in ref. 3. The symmetrical methyl, 
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ethyl, i-propyl, n-butyl, i-butyl, and r-butyl disulfides .were 
distilled before use, as \verc the ethll, n-propyl, i-propyl; 
and i-butyl sulfides studied. Both Ion temperarure epr and 
optical spectra were obtained using samples prepared and 
sealed off from 2 high vacuur-c line. Ethyl and i-propll 
sulfide and disulfide glasses (0.1 mcjl in 3MP) \+ere 
photolj.sed for 90min at 57 K using the 253.7 nm 
mercury resonance line, and mere subsequently melted, 
warmed to room temperature,   in sea led, and analysed by 
glc, using 3'7, squalane or 3z SSE30 on Chromosorb W for 
the heavy fractions (lo~lge: retention times than the 
sol\ent) and Poropak Q for the lighter hydrocarbon ends. 
Hydrogen gas analyses \rere carried out as in ref. 3. 

An attempt has been made io keep photolytic conver- 
sion to a minimum. Even so, the quantum efficiency for 
the forri?ation of trapped paramagnefic species is lower 
for both suifides and disulfides than it mas for thiols. This 
means that some~vhat long photolysis times and higher 
concentrations (0.i mol d171r3) niuqt be used to obtain 
satisfactory epr, optical, and product analyses. 

On the basis of eqs. 3-5 one would expect the 
initial epr spectrum of photolysed sulfides to 
contain the alkyl fragrnent K. and the thibl 
radical IPS.. In the case of disulfides RS,. would 
be produced as we!l. In no case were the spectra 
of the colnbinatjon of radicals predicted by these 
equations obtained simultaneously. Upon cofil- 
pletion of the 253.7 ilm photolysis, there were no 
intense optical absorptions near 400 nm, and the 
epr spectra of the isomeric propyl and butyl 
derivatives give hyperfine structure characteristic 
of the solvent radical M. rather than that of the 
alkyl radical R. expected. While most of the alkyl 
radicals have even-line spectra, and niay -be 
difficult to detect in the psscncc of the six line 
hyperfine pattern of M. (12), the isobutyl radical 
is known to have an  odd line hyperfine spectrum 
in a rigid medium (13) and should therefore be 
readily detectable in this system. In fact the 
initial epr spectra of the propy.1 and butyl 
sulfides and the high field portion of the disulfide 
spectra are to all intents and purposes identical. 
The ethyl and methyl derivatives behave slightly 
differently and -will be considered separately. 

In no case were epr signals due to trapped 
hydrogen atoms obtained, nor half-field reso- 
nances due to trapped radical pairs ( A M  = i-2) 
observed in normal operation of the spectrom- 
eter (14). None of the processes to be descr~bed 1s 
thermally reversible. 

The experiments are divided up according to 
the following scheme: 

Phase J :  Photolysis of glass a t  77 K wlth 253.7 
nln light. 

Phase 11: Warinlng the glas. to allow cage 
reactions (2-80 K) and dlffuslon of snialler 
specles such as E t  etc 

Phase 111 Walrnlng toward softening polnt of 
glass (85-90 K) T h ~ s  allo\vs the dlffuslon of 
larger specres, and e ~ e n t u a l  ann~h~la t ion  of all 
pararnagnetlc compounds 

Phase I V .  A (fresh) Pliase il P glass 1s recooled to 
77 K and s~lbjeckd to photo~leachlilg expen- 
nienis or! thc 3pecles produced In the first 
warnllcg 

Pilase V .  A Phase IV glass 1s ualrnecl sl~ghtly 
tc, dllo~i the cage redctlons of photobleached 
specles (r 80 M) Ful ther warming leads to 
annll~llatlon as in Phase III 

A. All< j.1 S L / ~ J ~ C / ~ S  
As noted above each of the higher alkyl 

sulfides in 3MP give (Phase 1) epr spectra which 
are very sil-nilar: that of n-Pr2S-3MP is given in 
Fig. 1, curve (7. It is virtually identical to the six 
line proton hyperfine spectrum obtained by 
photolysis of any of the dilute (0.01 mol dm-3) 
alkyl thiol-3MP or H,S-3MP glasses studied in 
ref. 3, and is accordingly assigned to the solvent 
radical M.. In  this particular instance n-Pr  would 
have been expected (13) to give rise to a 
1 :3 :4 :4 :3 :1  sextet, compared to the 1:9:19.5: 
19.7: 11.5: 1.75 sextet obtained here. The g 
values (2.002) aiid splittings (-23 G) are similar 
for each. Apart from the fact that the main 
constituent of the epr spectrum appears to be M. 
and not R., it is important to note there is the epr 
absorption a t  g = 2.06 and there is no gross 
asymmetry in the spectrum near g = 2.00. The 
same applies to the Et2S-3MP glass which gives 
an  absorption as in curve a of Fig. 2. Although 
Fig. 2a is still basically a six line hyperfine pattern, 
it has considerably more detail, most of which 
can be ascribed to the ethyl radical. The splittings 
( a ( 3 H )  = 28.8 G, a(2H) = 22.3 C )  are similar to 
those obtained by ;/-radiolysis of ethyl halides at  
77 K (13). Generally speaking the Phase I epr 
spectra contain only hydrocarbon radicals such 
as Tvl or Et.. The optical spectra of Phase I 
sulfide glasses typically contain two weak ab- 
sorptions, one at  400 nm, the other a t  520 nm, 
and a representatke spectrum is shoun in Fig. 3, 
cur\.e a.  The 520 nm peak is ascribed to the n-n* 
transition of a thiocarbonyl, expected to absorb 
in this region (15, 16). while the 400 nm peak 
will be considered below. 

Warming the photolysed glasses slightly (79-- 
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F~G.  I .  (a) Initia! (Phase 1) epr spectrulil of 0.1 mol dm-%-Pr2S in 3MP photolysed at  253.7 nm 
for 180 min, showing solvent radical >A,.  (b)  Phase I 1  spectrum obtained by \\arming sample ( a )  
slightly, showing spectrum of RS. and sonne residiial M.. 

FIG. 2. fn) Initial (Phasc I)  epr  spectrum of 0.1 11701 d n r 3  EtZS in 3 M P  photolysed for 180 iiiin at 
77 K showing h~per f ine  structiire of Et.. ( b )  Phaie I1 spectrum of sa~ilple in ((1) after slight \\arming, 
demonstrating five line hyperfine pattern of CI-1,CHSX and asymmetry due to  EtS.. 

80 K) gives Phase 11; the glasses become inteilsely 
yellow as typified in curve 0 of Fig. 3, and the 
hydrocarbon radicals hl. or Et. initially present. 
decay, to be I-eplaced by a broad asymmetric 
l-esonance depicted in Fig. 10. This resonance is 
assigned to the KS. radicals formed by the reac- 
tion 1 .  In the case of Et,S a similar spectruln to 
Fig. l b  results upon decay of the Et. radicals, 
presumably by an analogous process. When 
Et,S has undergone a longer Phase d photolysis 
(-1.5 h) an additio~lal five line hyperfine 

spectrum as in Fig 2b is obserled. It I S  sl~llllar to 
I adical C of ref 3 (g,,, 1. 2 004, rr(4H) = 19 7 G, 
AHp, = 6 C)  which was assigned to a specles of 
the s o ~ t  CFI,CHSX, w ~ t h  X bemg H, R,  or M. 
The basls of this assignment is that it is not 
obserked \?it11 other alkyl sulfides and the hyper- 
fine spllttlngc are close to the cbelghted means of 
those obseried for such coinponellts 111 the llquld 
phase (n(1FI) = 15.8 6, rr(3H) = 19 8 G) (17) or 
111 -1-irrad~ated urea clathrates of Et,S (18) with 
q l H )  = 2 4 6  G , a ( l H ) _  = 1 2 8  G ,  a(3H) = 
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300 5 00 700 

WAVELENGTH ( n m )  

FIG. 3. (a) Initial (Phase I) optical spectrum of 0.1 nlol 
d m - 3  i-PrzS in 3MP photolysed for 60 mill a,t 253.6 nm. 
Absorptions due to  (CH,),C=S (520 nni) and i-PrSy 
(405 nm). (b) Phase I1 spectrum of sample in (a)  warmed 
slightly. Absorption a t  410 n m  due to i-PrS.. (c) Phase TV 
spectrum of sarnple in  (b)  obtained by recooling t o  77 K 
and 30 mi11 253.7 nn.1 photolysis. Absorption due to 
i-Pi-S,. at  405 nm and (CH3),C=S at  520 nm. 

21.8 6: a(3H), = 19.4 G. The asymmetry of the 
five line spectrum in Fig. 26, and the intense 
yellow of the glass can be ascribed to EtS. which 
is also present. As with all other sulfide-3MP 
glasses, there is little epr absorption near 
g = 2.06 for the Phase TI glass of Fig. 2h. 

Phase IIJ is obtained by warming the glass 
toward the softening point of the matrix. It is 
characterized by the gradual loss in intensity of 
all of the absorptions represented by Figs. Ib, 2b, 
or 3b with little change in the line shapes. No 
new epr absorptions appear in the region near 
g = 2.06. 

The photolytic behaviour of RS. can be studied 
by resort to Phase IV conditions. Such photolysis 
is distinct from either Phase I or 11. The intensity 
of the yellow color is diminished and shifts to the 
blue to give a new absorption maximum, as seen 
in Fig. 3, curve c. This new rnaxiniurn corre- 
sponds in wavelength to the weak absorption 
originally observed in curve cr of Phase I. Mean- 

while in epr samples, the resonance of Fig. 16 is 
replaced by a complex hyperfine pattern appa- 
rently characteristic of the so1u:e (since it is quite 
diff'erent from that obtained i n  Phase I) and, in 
addition, signals appear to the low field end of 
the spec t r i~~n  near g = 2.05. Apart froln this last 
feature, the spectrum obtained from EtS. is 
similar to that in Fig. 2a and can again be 
assigned to the ethyl radical. This Phase IV 
pllotolysis is also quite different from that in 
Phase I, however. Besides generating tile low 
field EtSy hyperfine doublet at  g = 2.0596, a 
5-10 mill Phase 1V photolysis will produce about 
the same amount of ethyl radical as was obtained 
in a 30 lnin Phase I photolysis. It is apparent from 
the visual bleaching that the EtS. species is being 
phctolysed by 253.7 nm radiation during this 
step to yield Et. and 3P sulfur atoms, as was 
suggested in ref. 3. It is though: that these sulfur 
atoms are able to diffuse in 3MP giasses at  77 K 
sad react according to the scheme, 

n S :  -t .S,; 

That the first of these reactions is thermally 
reversible is easily demonstrated by warming a 
Phase IV glass. This is Phase V and is typified by 
loss of all alkyi radical signal, slight intensifica- 
tion or" the RS, absorption, and a partial re- 
covery of the spectral characteristics attributed to 
RS.. The various systems can be recycled between 
Phases IV and V several times, the only apparent 
differences between successive spectra being that 
RSy signais continue to grow, while the overall 
intensities of the remaining absorptions diminish 
and the glasses assilrne a niore diitinct and per- 
manent ye!iow colouration. The p>otolysis of 
WS. has been observed in analogous single 
crystal studies; CyS was phorolysed TO give z 
carbon centred radical with an isotopic g val~le 
near g = 2.004 ( 5 ,  ! 9) and CyS. was reformed on 
warming. 

I t  is apparent fro111 the optical spectra that 
both RS. and PIS2 absorb near 400 nm, although 
the actual maxirna are slightly different for each 
alkyl function. For the various su!fides in 3MP, 
the RS. and R.S2. rnaxilna are given, respectively, 
by Et,S (405, 398 nm), i-Pr,S (410,405), 11-Pr2S 
(405, 395), and i-5u2S (415, 410 n n ) .  The weak 
peak occurring near 400 nrn in Fig. 3a must also 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A D A M  A N D  ELLIOT 

FIG. 4. (0)  Initial (Phase 1) epr spectrum of 0.1 mol dm-3 n-BuzS2 in 3?4P, 180 niin 253.7 n m  
photolysis at  77 K showirrg absorptiolls due to n - B u s ~  and M .  superiruposed. (0) Phase II ep; spec- 
t rum obtained from 0.1 mol dm-3 t-Bu2S2 in 3MP, 180 min 253.7 nm photolysis at 77 K and warmed 
slightly. The absorption is due t o  f-BUS,,. 

be attributed to n-PrSy being formed during 
Phase I. This possibly results from photolysis of 
rz-PrS obtained from localized Phase 11 type 
warming in the large optical samples, a condition 
which is not replicated in the smaller epr san~ples 
which are in better thermal contact with the 
refrigerant. 

The photobleaching of the C H , ~ H S E ~  spectra 
found in Et,S-3MP glasses has also been studied. 
Following a longer 3 h Phase I photolysis (to 
enhance the yield relative to the other photo- 
products discussed above), it was found that 
photobleaching with 253.7 nm light in Phase IV 
reduced the intensity of the five line absorption. 
Ethyl radicals were still the major product of this 
photobieach. The five line spectrum is regenerated 
upon warming the matrix in Phase V, suggesting 
the following equilibrium 

B. Alkj.1 DisulJides 
When the higher dialkyl disulfides are pho- 

tolysed in 3MP glasses at  77 K, tlie initial Phase Y 
epr spectrum indicates that both RS,. and M. are 
produced. These disulfides, including i-Bu,S,, a!l 
give similar spectra of which that for n-Bu,S, is a 
representative example and is shown in Fig. 4a. 
I t  should be coliipared to the spectrum of a 
corresponding sulfide in Fig. la ,  especially near 
g = 2.06. The M. hyperfine spectrum is of much 

lower intensity compared to the photolysed 
sulfides. With Et,S,-3MP glasses, a strong hyper- 
fine quintet is obtained, which has, within the 
experiments! limits of these measurements, the 
same splitting and g value as observed in Fig. 26. 
Because it arises froin a substrate with two sulfur 
atoms, it is assigned to the species CH,CHSSX, 
the justification being that an  analogous species 
observed in liquid solution has virtually the same 
splitting as does its C H , ~ H S X  counterpart (17). 
Ta/Ie,S, gives a hyperfine triplet with a similar 
splitting, and both demonstrate epr absorptions 
in the g = 2.06 region. 

The optical spectra of all disulfides are similar 
to curve a of Fig. 3 in that two absorptions are 
obtained a t  400 and 520 nm. In the case of I- 
Bu,S,, rhe latter is very weak; the former peak is 
probably stronger than in the case of the sulfides, 
but analysis is rnade difficult due to the onset of 
absorptioi~ by tlie substrate in this spectral region. 

In  contrast to the sulfide and thiol glasses, 
warming of disulfide glasses in Phase IT produces 
neither the spectacular growth of yellow coloura- 
lion, nor does the asymmetry in the epr spectrum 
a t  g = 2.00 increase. In  the epr spectrum of 
t-Bu,S, the solvent radicals decay to reveal the 
complete perthiyl spectrum of Fig. 4b. In this 
case the absorption at  380 nm is essentially un- 
changed during warmup as is the intensity of the 
RS,. resonance in the epr spectrum. The g = 2.06 
peak shows a 5-10 6 doublet splitting for only 
those perthiyl radicals with an  x-methylene 
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group. The epr signals fade as the matrix is 
warmed to its melting point in Phase 111. 

If a freshly photol~sed Et,S, glass is warmed 
slightly, recooled, and then subjected to a second 
Phase IV 253.7 nm photolysis, one can detect 
growth of weak hyperfine lines corresponding to 
E t  with little other change in the epr spectrum. 
This implies that EtS. is also formed in the 
disulfide photolysis, but that there is very little of 
it, correlating with the above observation in that 
there is no  intensificatio~i of the yellow colour on 
warming, and that any asynilnetry in the epr 
spectra that may be observed at g = 2.00 is due 
to RS2. and not RS.. The five line hyperfine 
spectrum is unaKected by this second photolysis, 
a feature which is in contrast to that observed 
with the sulfides, and which supports the assign- 
liient made above. 

G. Product Anal j~~is  
A somewhat greater ~ a r i e t y  of products were 

obtained by the gic than might have been expected 
from the simple photolytlc process indicated in 
the Introduction, and the situation is clearly 
much more coniplex than had been hoped. The 
amounts of these products \as) according to the 
substrate, concentration, photolysis time. and 
sample size,-but the values in Table I are represen- 
tative. The results for the 30 min photolysis of a 
0.01 mol dm-3  i-PrSH glass have been included 
for comparison. The sulfide and disulfide results 
are for 0.1 11101 dm-3  glasses and 90 min pho- 
tolysis. All concentrations in Table 1 are in 
mmol dm-3,  referred to soo111 temperature. 
Many other peaks are obtained in the glc 
chromatogram which had \,cry much lower peak 
height than those reported. 111 sollie instances 
these peaks can be assigned to species such as 

TABLE 1 .  P r o d ~ ~ c t  yields for 90 m i n  photolysis of 0.1 11f 
sulfide and disulfide glasses, and for 30 rnin photolysis of a 

0.01 A211 mercaptaii glass at 77 K i~sing 253.7 nm light 

Yield (mmol ! -') for substrate = 
---- 

Product Et,S i-Pr,S i-Pr2S2 i-PrSH 

H 2 

CH4 
C Z H ~  
CzHb 
C3H6 
C3138 
RSSR 
R S ?\)I 
C=S 

CH,SR, MSH, etc., but they individually form 
only a small part of the total. A mass balance is 
not possible since products (such as RSH) with 
similar retention times to the solvent could not be 
assayed. The fate of the thiocarbonyls formed is 
not known but is presumed to be high ~liolecular 
weight polymers (1 6) or disulfides resulting 
from reaction with the alkgl mercaptans also 
produced in the photolysis. Autlientic samples of 
RSM were not ava-ilable so the total area of the 
three peaks was related to concentration using 
the corresponding RSSR conversion factors 
niultiplied by the inverse ratio of the number of 
carbon atoms. 

Thiocarbonyl concentrations were estimated 
using the known extinction coefficients of stable 
thioketones (15). 

The amount of C-S bond rupture in i-Pr2S 
can be estimated froni the aikene (R") and 
alkane (RH) yields. For the conditions given in 
Table 1 it is about 1-3",f the total sulfide. The 
amount of C-S bond rupture in disulfides is 
significantly less, being 0.1 to 0 . 2 : D f  the total 
disulfide. From the hydrogen yield, the con- 
version of thiol to damage centres is 10-15%. 

In the glc there is no material change in the 
substrate heights caused by pliotolysis of either 
i-Pr2S or i-Pr,S, glasses so that the o\.erall 
conversion of these substances is within the 
experi~iiental accuracy of the method ( -  10%). 

'Discussion 
There are a number of points of difficulty 

which must be considered before proceeding to 
a n  analysis of the experi~nental results. These are 
as follows: (a) the radical pairs predicted from 
the liquid and gas phase work in eqs. 3-5 are not 
those radicals inlmobilized in the glassy niatrix at  
77 K following photolysis. (b)  While the primary 
radicals are produced in pairs, not all decay by 
cage reco~nbinations although in many instances 
the two radicals would be much too large to be 
able to diffuse out of their original cage and into 
the 3MP niatrix at  temperatures below 84 K.  
(c) There are products obtained in Table 1 which 
are unexpected on the basis of eqs. 3-5. 

The observation that very little thiyl radical is 
present following pliotolysis is consistent with the 
suggestion made in ref. 3 which supposes that 
RS. can carry off a larger-than-normal share of 
the photon energy because of the availability of 
an energetically low lying electronic state. Since 
the photons have energies of 469 kJ mol-I and 
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/.DAM ,4ND ELLIOT 1553 

TABLE 2. Cage 
C, disulfide S- 

reactions of divalent sulfur compounds in a rigid hydrocarbon (MH) medium; A,  thiols; 9. sulfides; 
-S cleavage.; D, disulfide C-S cleavage. Asterisks denote kinetically hot species R" is an alkene and 

R'CH = a subsidiary radical formed from the (normal) alkyl group R 

Cage reaction 
-- -- 

Medium [6] X* + Y* [7] Y*  + X* [8] Y* + MH + X 191 X* + MH 4- Y [lo] X" YY:" + 2MH 

A, Thiols 
Y = H. 
X = RS. H, + S-CHR' H, + RSM RSH + M. + H,,. RSH + Hz + 2M. 

B, Sulfides 
Y = R. 
X = RS. RSH + R" RH + S=CHRf RH + RSM RSH + RM" RSH + RH + 2M 

C,  Disulfides 
Y = RS. 
X = RS. RSH i- S=CHR' KSH + RSM 2RSH + 2M. 

D, Uisuifides 
Y = R. 
X = RSy RS2H + R" RSSR* M. f RS,. + R H  RSzW + RM:': RSzH f RH - 2M. 

the C-S and S-S bonds have energies of only 
about 293 kJ mol-'  (1) then the excess energy 
available to the separated fragments far exceeds 
4 kJ mol-' required to effect H-atom abstraction 
from the geminal radical or from a neighbouring 
solvent molecule (20). Photolytic scission of the 
C-S bond may also produce a kinetically 'hot' 
alkyl radical in a fashion analogous to  the 
photolysis of alkyl halides in 3MP (21) which 
give at  77 K solvent radicals M. as the trapped 
metastable species rather than the appropriate 
alkyl radical R..  In keeping with the idea that 
either one or both of the photolytic fragments 
may be born with energies in excess of thermal, 
Table 2 has been drawn up to give in general 
terms the cage reactions most likely to occur in a 
rigid medium following the photolytic rupture in 
Phase I ,  

Included are bond dissociations for S-H ( i .e .  
mercaptans in row A), C-S (for sulfides, B, and 
disulfides, D) and for S--S rupture (disulfides in 
row C). Reactions 6 and 7 (columns 2 and 3) 
represent u-hydrogen abstractions for primary 
alkyl groups, and \vould not be expected to be 
important for the tertiary alkyl function. Reac- 
tion 8B is taken to mean that hot R. (Y") attacks 
the solvent M H  in the presence of thermalized 
R S  (X) and so on. The entries are chosen to 
correspond to the usual situation where relatively 
little R or R S  is observed a t  the cessation of 
photolysis, while M. and RS,. are detected 

experjmentally. The occurrence of the appro- 
priate thiocarbonyl, alkane RH, alkene R", and 
thioether RSM are seen to result in an obvious 
way from cage processes. 

This brings up  the second difficulty. With the 
exception of cage type [9A], warming the matrix 
should result in loss of all paranlagnetic species 
because the residual radicals are all large 
molecules, occur as proximal pairs in cages such 
as given by [lo],  and should decay by "composite 
first order" kinetics (22). The fact that epr 
signals and radical coiiversions are observed 
right up to the melting point of the matrix 
clearly contradicts this supposition, and some 
nlechanism   nu st be found which will allow for 
the formation of stable populations of isolated 
radicals a t  77 K.  The most plausible explanations 
involve secondary photolysis of the caged 
products. While we have not been able to produce 
paramagnetic species by the photolysis of a 
stable thioketone in 3MPat  77 K, products which 
are known to be photochemically active to 
253.7 nm radiation are butyl radicals (23) ,  M. 
(24), RS. (3 ) ,  RSH (3), and probably RSSH. The 
solvent radicals have been reported to rupture 
giving CH,. (240) or C,H,. (246) leaving an  
alkene trapped in the matrix. 

This rearrangement would effectively remove one 
radical from a cage such as reaction 10B with the 
result that annealing the residual cage would give 
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1554 C4.U J CHFM 

RS. rather than the RSM which would result 
from the unmodified cage. The liberated Et. 
could then produce a secoiid thiyl radical by a 
diffusion encounter with RSH in an inactive cage 
during the annealing. Secondary photolysis of 
RSH is another possibility, It would create a type 
[9A] cage from one such as [9B],  liberating a 
thermal hydrogen atom, which is mobile in 3MP 
at 77 K (25),  and which could perform a function 
similar to the niobile ethyl radical mentioned 
above, but at  a lower temperature. The mobile 
species could also react with other radicals, thio- 
carbonyls. or with distant solvent inolecules (20). 

With regard to the ~nexpectedl )~  diverse 
variety of the prod~lcts formed, there appear to 
be hydrocarbon fragments resulting from both 
the solute and solvent molecules. A great number 
of modes exist for their forniation, for instance 
by decon~position of excited inolecules produced 
as a result of radical recombinations ( e .5  M*, 
Rh4*: or M,+esulting from cage reactions in 
Table 2): or fro111 photolysis of M. .  The situation 
is clearly too comp!ex to be sorted out on the 
basis of the present evidence. As will be seen 
below: we have tried to relate all these secondary 
products in isopropyl sulfide and disulfide 
photolyses back to those occurring in the 
primary photolysis of i-PrSH, not because this is 
felt to be tlie only operative mechanis~n but 
because many of the accompanying processes, 
such as photolysis of M., would be expected to 
give very similar product distributions in these 
very diverse systems. 

A .  Su(Jide Photo1j~si.s 
The primary reactions cited in Table 2 can be 

justified bq- tlie results which appear in Table 1 ,  
except that it is necessary to sort out which of the 
products are due to tlie primary process and 
which are due to secondary photolytic processes. 
Colun~ns 1 and 4 of Table 1 show relatively 
small amounts of propane and propene result 
froin Et,S and i-PrSH photoipsis, or from solvent 
fragmentation. These are, however, the main 
products in the photolysis of i-Pr,S (column 2)  
and justify the primary products of [6B] and [7B].  
For reasons given in the previous section the 
remaining products are considered to be equiv- 
alent to mercaptan photolysis. A rough estimate 
of the inagnitude of this effect can be obtained by 
scaling d o u n  the results in colunln 4 of Table 1 to 
correspond to the situation actually met in tlie 
sulfide photolysis. The total sulfide decomposi- 

tion must exceed the a~noun t  of propane and 
propene recovered (2.2 mmol dm-3) whereas the 
analysed sulfur amounts to 1.02 mmol dmp3 .  If 
the remaining sulfur appears as i-PrSH as Table 2 
would suggest, then the total i-PrSH yield must 
exceed 1.18 inmol dm-3,  or a mean mercaptan 
concentration of 0.6 m ~ n o l  dmp3 .  Thus a 90 ~ n i n  
i-Pr2S photolysis should produce sufficient 
mercaptan to be equivalent to a 30 ~ n i n  photo- 
lysis of 10 inmol d m p 3  i-PrSH, scaled down by a 
factor somewhat greater than 0.18. Since in both 
systems, disulfide can result only from tliiyl 
recombination, and this has been assumed to 
result only from mercaptan photolysis, a coin- 
parison of disulfide yields should give a more 
reliable scaling factor. One obtains 0.27 as the 
proportion of secondary process in sulfides to 
primary process in mercaptan. By inultiplying 
column 4 of Table I by this factor and subtracting 
it from column 2, one obtains a relatively good 
agreement for all products except H 2  which is too 
low (by 0.2 m ~ n o l  dm-3)  and R H  which is also 
too low to explain the tliio~ie yield by process 
[7B].  If in addition a ~nolecular reaction is 
included, 

hv 
[ I l l  RSR + R" + RrCH=S I- H2 

then all y~elds are brought into correspondence. 
The aiialys~s suggests that z-Pr,S photolys~s 
proceeds 60% by [6B],  22: by [7B],  8 5 7  by [ l l ] ,  
6% by [9B].  and 3 5% by [IOB] and Iepresents 
reaction of 2 . 3 5  of the sulfide init~ally present. 
Of the total inercaptan produced by these pro- 
cesses, about 20'; is subject to secondary 
photolysis F ~ o m  the M.  slgnal 111 the epr 
spectrum. an estimate of -0  5 i ~ i ~ i ~ o '  can 
be made for this pal amagnetlc transient (23b), 111 

reasonable agreement with the amount required 
to produce the obselved RSSR and RSM (0 38 
mmol dmp3) .  V~ewed from ano the~  p o ~ n t ,  over 
90% of the sulf de decomposit~on gires d ~ a n ~ a g -  
n e t ~ c  products directly, the reiiiainder involving 
detectable paramagnetic intermed~ates Of these, 
roughly a third undergo a sepals reactloll such 
a<  [ l l  

The five line hyperfine spectrum observed 
fo l lowln decal of the Et. and M. radicals 111 the 
Et2S photolysis can be attributed to radicals 
iesulting from attack of the thloaldehj de present 
as a result of reactions 7 B  or 1 1  D u i ~ n g  the 
prlniary photolys~s a t  77 K ,  
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4DAM A N D  ELLIOT 1555 

while during warmup, 

The formation of the first will be obscured by the 
presence of M or Et. but might be expected to 
give rise to a similar five line hyperfine spectrum 
as the other CH,CHSX species, and since their 
appearance depends upon the buildup of a 
secondary species, their observation will be 
favoured by longer photolysis "rimes. Radicals of 
this size remain inirnobilized in the matrix until 
it softens, and can subsequently be repaired by 
photolytically produced tl~iol at  higher tem- 
peratures. As a result, the ethyl disulfide yield 
eventually obtained at  room teiilperature is 
probably undisi~inished by i:he formation of this 
type of radical. 

B. A/!cjsl Disw1lfidc~- 
The disuifide-3MP photolysis is somewhat 

more con~plicated sii~ce there is a grea'ier nun.lber 
of priillai-y processes possible, as can be seen 
from Table 2. Wl~i!e the diversity of products is 
a t  least as great with the sulfides and thiols, their 
yields are only slightly lower, and the productiofi 
of RS is substantiallq. reduced in the case of the 
disulfides. Since there is a strong possibility that 
each of the primary products RSH and RSSH 
will undergo secondary photolysis. and hence act 
as source of thernla! hydrogen atoms, the11 an 
analysis sintiiar to that of the last section can be 
carried out, at  least as far as the fragmentation 
produc~s  are concerned. By using a scaling factor 
of 0.2 to relate columr, 4 to column 3 of Table i, 
arid assuming a molecular process similar to 11 1 ] 
namely: 

one finds a reasonable f i ~  for the isopropyl 
disulfide data, Of the assayed producis, about 
25-f the primary S---S cleavage occurs by [I21 
and about 7 5 w y  i6C], [?C]. Of the decorn- 
posed disulfide assayed. 127" gives RS,. and 
WSSW by C-S bond rupture. N o  estimates of the 
processes [IOC] or [9D] can be made. This 
particular anaiysis suggests that the contribution 
from reaction [8C], [9C] is very small so that 
most of the thioi produced by S-S cleavage is 
present in a cage as a gen~inal thiol pair [lOCj or 
is combined with a thiocarbonyl conipound as in 

[6C], [7C], On absorption of a second photon. 
these cages ivould appear to regenerate the 
parent disulfide or to give rise to a diffusible 
hydrogen atom and intermediates siniilar to 
those found in the photolysed thiol systems (3). 
For [lOC] 

hv? 
RSS(H)R -t RS,. + RH 

+ RSSR + HI,. 

These reactions have already been cons~dered 
In [3] and occur in concentrated t h ~ o l  glasses 
which contam dirliers of tlie mercaptan. For 
cages tlpefied by [6C] one ob ta~ns  

ilV 
RSM + S=CNR' + KSSCHR' - Kt,, 

This last reaction would give rise in the case of 
ethyl ar,d ineihyl disulfide, a hgperfine quintet 
and triplet, respecti\.elq, as obser1,ed in the 
Phase 1 epr spectra of these compounds photo- 
iysed a t  77 K. 

A i l h o ~ g h  CH,CH,SSCHCH, gives an epr 
spectrum essentiall! identical to that of the 
n~olecules C P I , ~ H S H  and C H , ~ H S C , H ,  pro- 
duced in the sulfide or nIercaptan photoiysis, it is 
generated under circumstances which would 
photolyse the latter compounds. Sucli radicals 
are neither expected nor found in t-Bu2S2 
photolysis. 

Condnsions and Summary 
One of the reasons for which the present re- 

search was undertaken was to provide a positive 
identification and de~ermine the reaction charac- 
teristics of tlie neutral intermediate species wl~ich 
may be involved in the y-radiolysis of divalent 
co~npounds in the solid state. Both the thiyl and 
perthiyi radicals are implicated in the radiolysis 
of cysteim~e, for instance, which forms cystine 
even in the crl-staliine state (26) arid which also 
gives stable per~hiyl  radicals at  room tempera- 
ture (5). 

Although the divalent sulfur compounds 
undergo a very complex set of reactions when 
photolysed in dilute ~natrices, the following facts 
now appear verificd : 

(a )  Thi!;l radicals are preferentially forlned 
from photolysed sulfides and rnonorneric thiols 
(3) which contain a singie S atom in the reactive 
cage. As produced photolytically RS. is kinetic- 
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IQS, along with an eight line hyperfine pattern 12. ( ( 1 )  S. A D ~ C Y A  and .I. E. WILL'ARD. J. Am. Chem. Sot. 

due to an alky! radical.  hi^ would be 88 ,  229 (1966). (6) K .  F U E K I  and Z .  KURI.  3 .  Am. 
Chem. Soc. 87.923 (1965). 

ariticipated if the stronger binding of the sulfide 13,  (a) R,  F, C, CLARIDGE and J ,  E, WILL-\RD, J ,  Am, 
in the crvstalline lattice led to formation of a Chem. Soc. 87. 4992 (1965). (0) P. B .  AYSCOUGH and 
higher p;opcrtion of thermalired alkyl thiyl C. THOMSEN. Trans. Far.aday Soc. 58, 1471 (1962). 

radicals which are then subsequently pllotolysed i4. D. P.  LIS and J. E. W I ~  LARD. J. Phys. Chem. 78.2233 
( 1974). t o  liberate free sulfur atoms nluch as in our 15, J ,  w, GREIDAKUS, Can, J ,  Chem, 48. 3530 (1970), 

Phase 1'4 experiments. 16. K.  ROSINGREN. Acta Chem. Scand. 16, 1401 (1962). 
Reference has alreadv been made to the corre- 17, J .  0. ADAMS. J. Am. Chem. Soc. 92.4535 11970). 

spondence between air results and those for 18. 0. ?I. GRIFFITH and M.  13. MALLON. J .  Chem. Phqs. 

photolysed or -/-irradiated cysteine ancl cysteine 47,837 (1967). 
19. 11. C. Box,  H. G.  FREUND.  and E. E. B L D Z I ~ S K I .  J .  

single crystals. Chem. Phys. 45.809 (1965). 
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Determination of motional asymmetry of methyl rotators f i o n ~  I3C spin dynamics 

LAWRENCE G. WERBELOW A N D  DAVID M .  GRANT 
Depnrtmrn? ofChemistiy, Utzi~,er.sih qf'U?trh, Salt Lrtkr City. U T ,  U.S.A.  84112 

Received December 11, !976 

LAWRENCE G. WER~ELOW and DAVID M. G R A ~ T .  Can. J. Chem. 55, 1558 (1977) 
Recent advances in the theory of dipolar relaxation in multispin systems are applied to studies 

of methyl rotators in isotropic fluids. A simple methodology is outlined which is very attractive 
for the investigatior, of anisotropic methyl group reorientation. It is demonstrated that this 
approach does not suffer from many of the inherent limitations of conventional applications of 
dipolar relaxation to such studies. Analogous extensions of the propounded method become 
temptingly obvious. 

LA\\ 'RI-~cE G. WERBELOW el DAVID M. GRANT. Can. J. Chem. 55, 1558 (1977) 
On a appliquk des connaissances acquises recemr~lent dans le dornaine de la thCorie de la 

relaxation dipolaire de systernes multispin pour ktudier des rotors methyles dans des fluides 
iso~ropes. On dtcrit une mCthodologie simple qui est ires attrayante pour i'Ctude de la rkorien- 
tation anisotrope du groupe inkthyle. On demontre que plusieuss des limitations inhkrentes des 
applications conventionrlelles de la relaxation dipolaire a de telles etudes ne se retrouvent pas 
dans cette apprcche. Des extensions analogues de la methode proposee rleviennent rapidement 
evidentes. 

[Traduit par le journal] 

Introduction 
'The investigation of the dyi~amical features of 

methyl rotators in liquid media has provided the 
central theme for numerous recent experimerrtal 
applications of transient effects in magnetic 
resonance studies (1) .  Houever, recent advances 
in the theory of dipolar relaxation in  nui it is pin 
systems (2, 3) have yet to be routir-iely applied in 
such seemingly inviting experimental investiga- 
tions ol:re!ated topics. It is the intent of this work 
to emphasize how differential recovery rates of 
individual components in a fully coupled 13CH3 
subspectrum can yield detailed infornation or? 
the motional asymmetry of methyl rotators. 

In  proton decoupled I3CFI, spin systems, the 
apparently exponential (4)' recovery rate of the 
inverted collapsed quartet is related to lnolecular 
parameters by the following expression 

The dipolar spectral density, J,,, can be written 
in the specialized form, 

tion rate are approxirriated as random field 
interactions, The contribution of such inter- 
actions to the longitudinal relaxation rate of spin 
' i '  is conveniently represeilted by the term ~ , ' ( i ) .  
The unitless interaction ratio appearing in [ I ]  can 
be relaied to this quantity by the expression 

The parameters 9, X, and & appearing in [2a] are 
defined by the following relationships 

knceri~uclear distances and ~nagnetogyric ratios 
are conventionally defined. 

For simplicity, it is assumed that the methyl 
rotator is affixed to a framework completely 
descl- bed by the isotropic rotational diffiision 
constant Do. Superimposed upon this three 
dimensional isotropic motion is a one dimen- 
siona! internal diffusional rotation of the proton 

Uondipolar contributions to the carbon relaxa- triad about the threefold sl!mmc;ry axis, Tllis 
I The cautionary remarks expressed in ref. 4 relati& to secondary motion, qualltified by the rotational 

the general validity of [ I ]  should be carefillly noted. diffusion constant Din,, is assumed not to coupie 
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with the overall motion.' I t  is also important to 
note that expressions I and 2 imply the assump- 
tion of a featureless power density in which all 
frequency depeildence of the power deilsity has 
been suppressed. 

The measurable kinetic equation [ l ]  contains 
three unknown parameters, LC, x, and 6 .  The 
conventional transcriptio~z ( I )  of this problem 
nor~nally deduces from the dipolar recovery 
rate of an independent C--H dipolar interaction 
a-hich is reflective of only the motions of the 
molecular framework. Once x has been deter- 
mined, (, and 5 in princip!e can be determined 
from the simple linear forrn expressed in [ I ] .  

Although this conventional approach is very 
co~lvenient and straightforward, it does suifer 
from the limitation that there may be instances 
when suc!~ an approach will yield misleading in- 
formation (4).' Furthermore, unless Do and Dint  
are of comparable order of magnitude, it is not 
feasible to quailtitati~rely determine the motio~ial 
asymmetry of the methyl rotator. Equation 2a 
clearly indicates that if 5 >> 1 ,  then J,,, is inde- 
pendent of this parameter. Iil such instances, 
dynamic information may be limited to motions 
perpendicular to the rotator's principal axis. 
These lnotions are characterized by the parameter 
X. One possible alternative approach which does 
not  suffer from this latter limitation is the analysis 
of the spin rotalion contribution to the relaxation 
rate of the carbon nucleus ( 5 ) .  Unfortunately, the 
dynamical information associated with spin 
rotation iil'leractions are not as well understood 
a t  the present time as those arising from the intra- 
molecular dipolar interaction. 

Theory 
There is a wealth of motional and structural 

information encoded in the time evolu.tion equa- 
tions of methyl groups which is generally ignored 
in the transient magnetic resonance experiment. 
When the kinetic analysis is done correctly, it 
can be shown that the time evolution of the fid1.y 

'When comparing the dynamical features of rigid, sym- 
metric top rotators and internal rotators affixed to an 
otherwise isotropically rotatiag framework, it proves 
convenient to make the conventional identifications, 
Do - D, and Dint - D !  - D L  (for example, see ref. 9). 
However, the nctations (Dint ,  Do) and ( D I I ,  DJJ  ir,zsnly 
different physical models and hence the redundaricp in 
variables is justifiable. It should be noted that D / D L  = 
1 + Dint/Do. The notation introduced by [3] is chosen to 
render the definition of 5 compatible with previous and 
relatively standardized notation (e.g., sse ref. 4). 

coupled carbon quartet is of the general form (6) 

The various auto and cross correlated dipo!ar 
spectral densities are defined in the notation of 
refs. 2 and 6. Assuming. for convenience, a 
tetrahedral geometry (I . , ,  = (, /8/ ,3)r,,) and 
y,:y, = 4. these spectral terms can be written in 
the following abbreviated forms 

Figure 1 plots :he amplitude of the six unique 
spectral densities defined by the previous equa- 
tions us. the motional asymmetry parameter, 5. 
I t  is interesting to comment that conlentional 
ap~l ica t ions  of magnetic re!axation phenomena 
to the- problem of methyl rotator dynamics 
employ either the HI3 or CH autocorrelation 
p o ~ , e r  densities (the uppermost two curves in 
Fig. 1). A comparison of these two approaches 
indicates that it is advantageous to exploit CH 
interactions rather than HH interactions because 
of a twofo!d enhancsment in motional sensitivity 
of the locked 1,s. freely rotating methyl spectral 
dens~ties. Furthermore, the .i,, cur\e becoil~es 
experiillentally 1nsens!tl7Je to d~iferences In 5 for 
va!uc=s of tins parameter large1 than a fartor of 
five or ten. A realistic upper limit for the useful- 
ness of CH interaciions is tm'o or three tiiiies this 
~ a l u e :  and thus, relative values of Dilit to DO may 
be studied up to a ratio of 10 to 20. 

Also note that cross correlation spectral 
densities need not be intrinsically positive. 
Theories of rotational diffusion yield spectral 
representations of lattice correlations which are 
described as a superposition ofpositire amplitude 
Lorentrians. For autocorrelation densities, all 
weighting factors are non-negatib-e geonletrical 
constants. However, for the interference or cross 
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correlation spectral densities, no  such restriction 
is imposed 01.1 the various weighting coefficients. 
~ l t h o u g h  puzzling to :he uninitiated, this fact 
presents no anoillalies of definition or in associ- 
ated physical meaning (2). The interlevel transi- 
tion rates are positive constraining the systems 
response to  an arbitrary perturbat1011 as a super- 
posit~on of d a m p ~ n g  rather than oscillatory 
factors 

Colnparison of [ I ]  and [4j clearly ~ndlcates 
that cons~derab l~  more ~ n f o r m a t ~ o n  may be 
hanested from the fully coupled experiment 
(eq 4) ln contrast to the c o n ~ e n t ~ o n a l  approach 
(eq 1) Under the geornet~ ical and motional con- 
s t ra~nts  ~rxposed by the Jalious assuinpt~ons, one 
may not presume that all of the spectral densltles 
are independent, e.g.. 

and 

If  the model assunled for the internal motion is 
one of time modulated 120" random jumps, there 
would be only two independent power densities. 
Regardless of this linear dependence, there is no  
corresponding reduction in the complexity of [4j. 

I t  has beeii shown ( 4 )  that these additional 
power densities cause differential recovery rates 
of syinmetr~cally pos~tloned components In the 
carbon ina l l~ fo ld .~  Such efTects are easily in- 
corporated ~ n t o  the evolut~ori equdtlons by 
introducing a 'rnulliplet asqmmetry n~agnetiza- 
tion' defined by the expression, 

where P I H , I z ~ ~ , I Z ~  is the population of the sym- 
metrized eigenstate characterized by a coupled 
proton spin I n ,  a projection of I,", and a carbon 
projection, 1,'. I\lo kinetic distinct~on between 
the symmetric and alltisymmetric proton doublet 
states is necessary. Equality 6b identifies LA as 
three times the sum of the outer components 
minus the intensity of the c e ~ ~ t r a l  components io 
the carbon quartet. Note for (ZzA), the thermal 
equilibrium value van~slles identically. 

As demonstrated in the follow~ng s~c t ion ,  the 

3These differential effects are in no way related to the 
effects discussed by Schaublin er 01. (10). 

FIG. 1. Plot of the six ~ l n i q ~ ~ e  dipolar spectral densities 
which characterize the spin kinctics of the I3CH3 spin 
grouping cs. the motional asymmetry parameter, 
k ( -  I + Di,,!Do). The power densities are nieas~lred in 
units of (y,yHh;i~CH3)Z(1~30DO) = x'. In the iimit as 
5 -t Y-, it is explicitly noted that.lcH = J,icrr, J I I I I  = JHHH, 
and .lCHEr = Jo,,. The various J ' s  are defined in [Zn] and 
[5]  in the text. 

experimental determinat~on of the time evolution 
of the inult~plet asymmetry prov~des an entic~ng 
nieans to probe the dynamlcal features of ~noblle 
spin groupings 

Resanlts and Discussion 
Since the response of the nlultiplet asymmetry 

magnetization to an  arbitrary hoinogenous 
perturbation is correctly described as a weighted 
sum of six exponential ternls whose time con- 
stants may be deter~nined by the solution of a 
sextic equation, it might be surmised that any 
approach utilizing this parameter does not 
warrant the increased numerical complic-+' a~lOnS 
el  en though an expanded description is obtained. 
Figures 2: 3, and 4 illustrate that such pessimism 
is not justified. These figures are expanded ver- 
sions of similar plots given in ref. 6 and depict 
the trarisienl behaviour of the lnultiplet asym- 
metry maglletization subsequent to con~plete 
inversion of the proton spectral doublet for 
various anisotropy factors, 6. Figure 2 assumes 
both the proton and ca,rbon spins are relaxed 
solely by the intra~nolecular dipolar interaction. 
Conversely, Figs. 3 and 4 assume a fully correlated 
random field-type interaction (e.g. spin rotation, 
dilute paramagnetics, etc.) conipetes favourably 
with dipolar interactions in providing effective 
relaxation pathways for the carbon or hydrogen 
ncclei respectively. For  clarity, the dynamics of 
I,' have bee11 reproduced only from the point in 
time of maximum deviation onwards. The initial 
spin evolution can be deduced by noting that the 
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A N D  G R A Y 7  

FIG. 2, Plot of the rnultiplet ?symmetry magaetization 
as a function of time subsequent to complete inversion of 
t!le proton spectral doublet. Both the dependent and inde- 
pendent variables are measured in the natural units of the 
system which are (Izc(eqj) and loba,-', respectively. 
Curves a, 4, r, d, and e corl.espond to a motional asym- 
metry (c) equal to 1, 4, 8, 16, and 100, respectively. 
Motional and geometrical assumptions are noted in the 
text. Fo~clarity,  the initial growth of I," is not reprcdticed 
in the individual curves. Time dependent spin interactions 
other than the intramolecular dipolar coupling are 
assumed negligible. 

FIG. 3. Notation is identical to that described for 
Fig. 2. It is assumed that the carbon spin is relaxed by 
dipolar and rand0111 field interactions of equal magnitude. 
The protons are relaxed solely by intramolecular dipolar 
coupiings. 

in~t ia l  values for the asymmetry magnetization 
must be zero M henever the perturbing ~nfluelice 
I S  homogenous across each rnult~plet 

There are numerous reasons for preferring a 
sprn preparat~on gene~ated by a hard rc-pulse on 
the proton spectral doublet It can be shown (6) 
that  Iz ' is coupled to IzH by the three spin power 
denslty, JcHc4 For the methyl rotatot geometi y, 
this spect~al  parameter IS always characterized by 
an  appreciable magmtude over the efTective 
rar7ge of 5 In  contrast, Fig 1 reseals that the 

Rc. 4. Notation is icle~~tical to that described for 
Fig. 2. It is assumed that tile protons are relaxed by 
dipolar and random fieid interactions of ~~~agn i tudes  
10(J,,, t +Jo) and 13JHH, respectively. The 13C spin is 
relaxed exclusively by the dipolar mechanism. 

ot!ler niultispin power deilsities such as JcHH, 
J,,,,,, acd J,,,!, become vanishingly small over 
certain motional ranges. For instance, I,' is 
directly coupled to 1,' by the three spin power 
density, J,,,,. Hence, inversion of lhe carbon 
quartet results in a I-el-y weak transfer of 
magnetization into I~' over a considersbie range 
of 5. Indeed, for z 9: this couplirlg x,anishes, 
and stimulation of Izc only perturbs in- 
efficiently by second-order indirect couplings to 
other normal modes of 1nagnetizat.ion. 

Another benefit of inverting the proton magne- 
tization is sensitivity. By stimulating the total 
proton magnetizarion a transient Overhauser eii- 
hancelnent is generated in the carbon and multi- 
plet asymmetry magnetization reservoirs. For 
times niucll less that the intrinsic relaxatioll 
rates' ( 2 )  of the protoil or carbon spins. the 
growth of IZ1' follo\\ing a proton n-pulse is 
approximated as5 

4The intrinsic relaxation rate for the protons and carbon 
spins are IOJ,,, + '$JllcFi + XLu(H) and 10J,,,, i RlO(C) 
respectively. Continued usage of the implicative notation 
of Ti,- h n d  T ,  c - '  for these respective parameters is 
undoubtedly misleading and probably should be dis- 
couraged. 

5Note the obvious but inconsequential on~ission of 
signs in eqs. 40-45 in ref. 6. 
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whereas following a honiogenous carbon rc- 
pulse 

Noting that the absolute magnitude of J,,,,, is 
always larger than J,,,,. it is rat~onalized that 
proton In: ersions are often o~ ders of magn~tude 
more stlmulatlilg than carbon inversions 

Flgures 2, 3, and 4 den~onstrate some iery 
interesting and useful e\ olcltlon cha~acterlstlcs of 
IzA subsequent to a hard rc-pulse on the protons 
i t  should be noted that if the palameter JHCIl is 
negatlie j\ 2 9), then the nolrnal~zed lntenslty 
of the oiltermost lines is invariably greater than 
the norn~alized intensity of the innermost lines. 
Froin the assumed spin preparation and pre- 
viaus discussion. it is apparent that the outer 
lines are always characterized by an inirial tran- 
sient rate nhicll is greater in magnitude than the 
central components. Hcv~ever. if JHo is posiiive, 
then the normalized intensity of the central iines 
will invariably overcompei2saLe for this initial 
inequity. and in fact, escede the normaiized 
intensity of the outer lines. The existence of 
possible random field interactions does not 
significantly alter this generalizatior,. 

The effecrs of randorn fieid interaction.: are 
reflected in Pigs. 3 and 4. Although not explicitly 
denionstrated by the various plots due to the 
suppression of the short tin?e behaviour, the 
initial growth of PZ3(t) is invariant with respect to 
random field interactions (~cJ eq. 70) .  Since the 
coupling coefficient between iZH and IzA is inde- 
pendent of both proton ail6 random field Inter- 
actions. 11 can be inferred to a good approxlma- 
t1on that the amount of magnetization filnlleled 
into the ~nuitiplet asymmetry rnode is limited by 
the intrinsic rate of the deviation decay of fZEi and 
hence is reflectiie of variolas factol-s ~vliicli 
determine this rate. This is clearly indicated by 
contrasting Figs. 2 and 4. Note that in the latter 
figitre, tile magnitcde of nlagnetizaticn trans- 
ferred is about one-half of that transferred For the 
assumed intrinsic proton relaxation rate depicted 
in the former figure which is roughly one-half as 
efficient. 

As a first approximation, a moderate random 
fieid contribution to the carbon spin dynamics 
does not influence significantly the amplitude of 
I,'. The primary effect of such interactions 
causes a contraction in the time donlain since 
R,O(C) contributes directly to the intrinsic 

relaxation rate of I,". This behaviour is noted by 
contrasting Figs. 2 and 3. 

If RI0(H) dolninates the spin kinetics, then 1;" 
is relaxed so efficiently that very little magnetiza- 
tion is allowed to escape from this reservoir into 
IzA before the reestablishment of thermal equi- 
librium. On the other hand, if RI0(G) dominates 
the spin kinetics, then I," is relaxed so efficiently 
that very little magnetization is allowed to 
accunlulate in this reservoir before being dissi- 
pated. In either of these instances utilization of 
the rnultiplet asy~nlnetry magnetization will 
prove to be ineffective. Of course these generali- 
zations presume a spin system prepared by a 
proton inversion. If one can tolerate the afore- 
mentioned limitations of carbon inversion, then 
it  is also possible to observe useful cross correla- 
tion effects under different restrictions (4). 

For large motional anisotropies, the thermal 
deviation of PzH deca-ys at  a rate which is roughly 
four times slower than for small anisotropies. 
Likewise, the coupling coefficient, 4J,,,, is 
reduced by a factor of three. These counter- 
balancing effects result in a startling consistency 
in the observed niaxin~ui:~ intensity of lz' for a 
given randorn field contribution. 

Also note that there is much more variability 
in the relaxation kinetics for large 5. This is a 
consequence of large magnetizations being 
generated in all six coupled normal mode 
reservoirs including the niodes conlposed of 
degenerate proton transitions which are con- 
nected to IZH via J,,,, cross terms. Whereas 
autocorrelation spectral densities must decrease 
in amplitude with increasing internal degrees of 
freedom thus spreading a given area over a 
broader range of frequencies, cross correlation 
spectral densities are not bound to such limita- 
tions and may iilcrezse or  decrease in nlagnitude 
depending u p n  the relative orientation of the 
internuclear vectors with respect to the principal 
axes of diffusion. 

The true time behavior is soniewhat mis- 
represented by these plots because the normaliza- 
tion factor, 10JcH. Hn the limit where j becomes 
quite large. the abscissa is in reality contracted by 
a. factor of 9 relative to the limit characterized by 
5 equal lo  unity. This is simply a quantitative 
restatentent of the fact that the longitudinal 
relaxation is sensitive to those ~nolecular fre- 
quencies ciosest to the natural Larmor frequency 
of the systein. 

As mentioned earlier, the spectral density, 
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JcHH, is always positive for any assumed j. 
Hence, it is rationalized that at times small com- 
pared to (lOJcH + RI0(H))-I, the outer lines 
always grow relative to the central components 
due to a transient Overhauser effect. Likewise, the 
total carbon magnetization initially increases by 
the same reasoning. Comparison of the initial 
growth rates of the multiplet asymmetry magne- 
tization and the total carbon magnetization 
would provide a useful experimental feature 
which can arovide an initial estimate of the im- 
portance of cross correlation effects. The ratio of 
rates is given by the following equation 

This valuable ratio is independent of x and 
RI0(C, H) and yields j directly. Figure 5 plots 
this ratio as a function of j. It is noted that this 
experiment provides an excellent means to deter- 
mine the magnitude of large motional aniso- 
tropies. 

Using the simultaneous coupled differential 
equations presented in ref. 6, (-d,'dt)v(t) = 
Tv(t), a solution may be obtained of the form 
v(t) = B exp (-B-'TB)B-'~(0) where B is a 
unitary matrix composed of the eigenvectors of r 
and the matrix B-lTB is the diagonalized eigen- 
value matrix of r. It becomes a straightforward 
task to generate conlparative evolution plots of 
IzA from these solutions. With a suitable mani- 
fold of simulated evolution rates for I,' and 
some experience with the solutions, the experi- 
mentalist may deduce a fairly detailed view of the 
spin dynamics in the methyl rotator. Such simple 
comparative methods may provide sufficient 
information to the investigator and thereby 

FIG. 5. The initial rate ratio 

following complete inversion of the proton spectral dou- 
blet is plotted as a function of the motional asymmetry 
parameter, %. 

obviate resorting to more exact but conlplex non- 
linear least squares techniques (7). Applications 
of analogous graphical methods for inore general 
dynainical inrestigat~ons of three and four spin 
one-haif systems are apparent e\en though the 
complexity of such treatments inay be a serious 
deterrent. 

Conclusions 
It is hoped that the suggested graphical ap- 

proach and related discussion provide a mean- 
ingful approach to a study of rotatio~lally aniso- 
tropic methyl groups and in general, by extrapola- 
tion, to the nature and practical consequences of 
1nu:tispin correlations in polyspin systems. An 
exhaustive discussion or exposition of the various 
ideas developed in the previous sections was 
neither attempted nor achieved; the primary 
motivation of this presentation was to merely 
introduce some basic lines of reasoning. The 
rather restrictive conditions hypothetically as- 
sumed for the methyl spin dynamics need not 
limit the approach as extensions to methyl 
groups attached to symmetric or asymmetric top 
rotators is straightforward (8) though less con- 
venient in their application. 
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R. N. BCTL~R,  T.  M. MCEVOY, F. L. SCOTT, and J. C. T O B I ~ .  Can. J. Chem. 55. 1564 (1977). 
13C nrnr alkyl shifts of AT-alkyl tetrazoles and azoles follow the pattern of proton shifts. The 

shielding of the A'-alkyl group increases for the structural units 

The carbon spectra are more reliable for structural assignment. Synthesis of a number of mono- 
and dibenz) 1 derivatives of benzaldehyde tetrazol-5-ylhydrazone are reported. 

R. N. BLTLER, T. M. MCEVOY, F. L. SCOTT et J. C. TOBIN. Can. J. Chem. 55, 1564 (1977). 
Les deplacements alkyles, en rmn du 13C, des groupes des AT-alkyltCtrazoles et -azoles corres- 

pondent a ceux observes pour les deplacements du proton. Le blindage des groupes IV-alkyles 
augmente pour les unites de structure 

Les spectres du carbone sont plus fiables pour I'attribution des structures. On rapporte la syn- 
these d'un certain nombre de derives mono- et dibenzyles de la tetrazolylhydrazone-5 dc la 
benzaldehyde. 

[Traduit par le journal] 

Proton nlnr alkyl shifts have proved useful for compounds 9-12) we have now found that the 
distinguishing between N-alkyl isomers in the correlation previously noted (1) is reversed due 
azole series due to increased shielding of the to the anisotropic effects of the 5-hydrazono 
alkyl group in the structural units (1) substituent a t  the 1-N-alkyl site. As far as we are 

However, these trends may break down when 
substituents containing special anisotropic effects 
are present. For  example, in the tetrazole series, 
for 5-substituents such as N H - N = C H A r  
and -NHCOMe, a 1-N-alkyl group (1) may be 
deshielded to the same region as the correspond- 
ing 2-N-alkyl isomer (11) and a distinction by 
proton nmr is not almays possible (2, 3). 

With a number of benzyl derivatives of 
benzaldehyde tetrazol-5-ylhydrazone (Table 1, 

'Author to ~ h o n i  correspondence should be addressed. 
'Revision received January 25. 1977. 

aware, these are the only reported exan~ples 
where a 2-N-alkyl tetrazole isomer is more 
shielded than the corresponding 1-N-a!kyl com- 
pound. 13C nmr alkyl shifts have, however, 
proved more useful for structural assignments 
with these isomeric systems. The data in Table 1 
clearly suggest that the same structural - chemi- 
cal shift trends, which we noted (1) in proton 
spectra of N-alkyl azoles, also apply in the 
carbon spectra. There is consistently higher 
shielding of the C-1 atom of N-alkyl groups for 
the structural moieties ,4 > B > C in diazoles, 
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BUTLER ET AL 

TABLE 1. I3C and 'H shifts of Walkyl tetrazoles 

Tetrazole N-alkyl shift (structural unit) 

Conlpound R ' RZ Type I3C (ppm from TMS) l H  (7) 

1" NHz Me I 
2" NHz Me I1 
3" NHz Bz I 
4" NHZ BZ I1 
5 H Me I 
6b H Me I1 
7c.d Ph Me I 
gc,d Ph Me I1 
9d NH.N:CHPh Bz I 

10" NH.N:CHPh Bz I1 
l ld N(Bz). N=CHPh Bz I 
12d N(Bz). N=CHPh Bz I1 
13" N(Bz). N=CHPh H - 

Triazoles and Diazoles 
14b 4-Methyl-1,2,4 triazole 
lSh 1-Methyl-l,2,4-triazole 
16" 2-Methyl-1,2,3-triazole 
17h 1-Methyl-l,2,3-triazole 
lgb 1-Methylimidazole 
1gh." 1-Methylpyrazole 

@Solvent DhISO. 
hFrom ief. 10, solbent dioxane. 
'From ref. 11. 
%ol>ent CDCI,. 
'See ref. 12. 
fSolvent merlap.  
QSee ref. 1. 
"exo CHI,  51.5 ppm and  4.627. 
'cxo CH,, 51.1 ppm and 4.627. 

31.4 (B) 
39-41 (C)f 
48.0 (B) 
55.5 (C) 
33.7 (B) 
38.8 (C) 
35.0 (B) 
39.4 (C) 
51.7 (B) 
56.9 (C) 
52.6 (B)* 
56.9 (C)' 
- 

30.7 (A) 
36.0 (B) 
41.5 (C) 
35.7 (B) 
32.6 (A) 
38.1 (B) 

6.18 (B) 
5.84 (C) 
4.66 (B) 
4.46 (C) 
5.73 (B) 
5.54 (C) 
5.84 (B) 
5.75 (C) 
4.08 (B) 
4.36 (C) 
4.08 (B)* 
4.34 (C)' 
4.64 (exo) 

triazoles, and tetrazoles. Furthermore, for tetra- 
zoles with 5-substituents, which caused reversal 
of the shielding order for 1-N-alkyl protons 
(compounds 9-12, Table I), the deshielding 
anisotropic influence of the 5-substituent did not 
reach the I-alkyl carbon atom and the normal 
shift pattern was retained. These results suggest 
that proton N-alkyl shifts need to be viewed with 
some caution for assig~ling ison~eric N-alkyl 
tetrazoles, particularly when the 5-substituent 
contains >C=N or >C=O groups, and that 
13C nnir shifts are more reliable. 

Be~zy/ations 
The new tetrazole benzyl isomers were ob- 

tained bv direct benzvlation reactions. Benzvla- 

of the anion of 6-monobenzyl derivative 13 was 
also endocyclic and occurred at  both the 1- and 
2-tetrazole positions in the ratio of ca. 2.5: 1, 
respectively. The structures of the moilo- 
benzylated isomers, 9,10, and 13 were established 
by unequivocal preparations. The structures of 
the dibenzyl isomers 11 and 12 were proved from 
independent preparations by further benzylation 
of each of the possible nlonobenryl precursors. 
The benzylation patterns observed were, in 
general, similar to those previously reported 
(3-6) for alkylations of other 5-aminotetrazole 
systems. 

Experimental 

tion of ;he ambideit anion of benzaldeh;de Infrared spectra were measured for KBr discs or mulls 
tetrazol-5-ylhydrazone with benzyl was with Perkin-Elmer 377 and 457 s~ectro~hotometers.  

Nuclear magnetic resonance spectra were measured with 
endocyclic and occurred a t  the 1- and 2-tetrazo'le JEOL JNM-MH-lOO and FX 60 FT spectrometers, 
positions in the ratio of ca. 3:  1, respectively, Benzaldehyde tetrazol-5-ylhydrazone (7) and the other 
giving compounds 9 and 10 (Table 1). Benzyla- tetrazoles 1-4 (8) were prepared by the literature pro- 

tions of the anions of these ] -  and 2-monobenzyl cedure. The compound 13 (mp 2 3 9 " ~ )  was obtained by 
stirring 5-benzylnitrosoaminotetrazole (9) with zinc dust derivatives of the hydrazone were in glacial acetic acid followed by addition of benza]&- 

exocyclic, occurring a t  the 6-N-position giving hyde in ethanol. Anal. calcd. for C,,H,,N,: C 64.75, 
compounds 11 and 12, respectively. Benzylation H 5.05, N 30.2; found: C 64.85, H 5.1, N 30.1. 
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Benz~~lrrtiorz Keocrrbns 
Benzj~lutio~i of Benzaldekj~de Tetrazol-5-ylhj~rlr.azone 
A solution of the hydrazone (18.8 g) in a mixture of 

IOZ sodiunl hydroxide (40 ml), absolute alcohol (80 ml), 
and water (40 ml) was treated with benzyl chloride (1 2 ~ n l )  
and heated under reflux for 6 h after which the alcohol 
was distilled off. The remaining aqueous solution con- 
taining a white solid mass was cooled overnight and the 
solid was removed, washed with water, and stirred for 1 h 
in 10% sodium hydroxide (40 ml). The alkali insoluble 
material (solid A) was removed and after acidification of 
thc alkaline filtraic, starting hydrazone (7.8 g, 42%, mp 
238'C) separated. The solid A was washed with water 
and stirred in cold chloroform (100 ml) when com- 
pound 9 (6.65 g, rnp 2044206'C) remained undissolved. 
The chloroform filtrate was evaporated under reduced 
pressure and the semi-solid residue treated with acetone 
and chilled lo  -40'C to initiate precipitation. After 
equilibrating for 1 h at ambient temperatures, a further 
crop (025 gj of co~npound 9 separated (total yield, 6.9 g, 
2 5 z )  mp 208'C (from glacial acetic acid). Anal. calcd. for 
C15H:4N6: C 64.75, H 5.05, N 30.2; found: C 64.65, 
H 5.05, N 30.2. 

Evaporation of the acetone filtrate gave a gum uhich, 
when treated with absolute alcohol (100 n ~ l )  followed by 
cooling to -40 C, yielded the dibenzyl derivative I1 
(6.4 g, i7.5%, mp 127'C after repeated recrystallizations 
from absolute alcohol). Anal. calcd. for C,ZH,oN,: 
C 71.7, H 5.45, N 22.8; found: C 71.75, H 5.5, N 23.15. 
The alcoholic filtrate after evaporation yielded the 
2-benzylhpdrazone 10 (2.08 g, 7.5%) which was washed 
with ether and after recrystallization from alcohol had 
Inp 145-C. Annl. calcd. for C,,H,,N,: C 64.75, H 5.05, 
N 30.2; found: C 65.05, H 5.15, N 30.6. 

Be.nzy!nrion of Bet~znldehj~c/e i- and 2-Benzyltefi.azol-5- 
y l l~~~d i~ i zunes  

A suspension of the hydrazone 9 (1.4 g) in a mixture of 
10% sodiun~ hydroxide (2 rnl), absolute alcohol (4 III~), 
and water (2 ml) was treated with benzyl chloride (0.6 1n1)~ 
heated under reflux for 4 h, and poured into ice cold 
water (100 ml). Compound 11 (1.56 g, 8 5 x )  separated. 
The mp was raised to 130'C by repeated recrystallizations 
from absolute alcohol and the compound was identical 
(mixture n ~ p  and ir spectra) with that obtained from the 
benzylation of benzaldehyde tetrazol-5-ylhydrazone 
above. Arztrl. calcd. as above; found: C 71.75, H 5.45, 
N 22.85. 

A similar treatment of the 2-benzylhydrazone 10 gave 
compound 12 (58z),  mp 150-1st-C (from absolute 
alcohol). Alznl. calcd. for C22H20N6: C 71.7, H 5.45, 
N 22.8; found: C 71.5, H 5.5, N 23.05. 

Benzylation of the benzaldehyde 6-benzyltetraml-5- 
ylhydrazone, 13, in the manner described gave com- 
p o ~ ~ n d  12 (16%) and compoi~nd 1 8 ,  (41%) along uith a 
30% recovery of compound 13. 

All of the compounds 9-13 showed two > C-N ir 
stretch bands at 1600 and 1640 cm- ' .  The compounds 9 
and 10 showed N-H stretch bands at 3260-3280 cm-' 
which were absent in compounds 11 and 12. The follow- 
ing ' H  and 13C nrnr signals (in CDCI,) were also ob- 
served: 9, 1 . 9 3 ~ ,  145.4 pprn (CH=N); 80, 2.047, 143.5 
ppln (CH=N) and 155.8 ppm (tetrazole 5-C); 11, 2.537, 
140.0 ppni (CH=N) and 156.1 ppm (tetrazole 5-C); 12, 
2.307, 138.3 ppm (CH=N) and 168.6 ppm (tetrazole 5-C). 
Conlpounds 9, 10, and 13 here also prepared by un- 
equivocal routes which wc have developed previously 
(3, 9) for methyl isomers. 
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Ab initio calculations on 4-substituted benzoic acids; a further 
theoretical investigation into the nature of substituent effects 

in aromatic derivatives 

PAUL G.  MEZEY A N D  WILLIAM F. REYNOI-DS 
Depui.tment oj'Chernistty, Utliversity of Toronto, Toronto, Ont., Crrnuda M5S 1Al 
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PALL G .  MEZEY and WILLIAM F. REYXOLDS. Can. J. Chem. 55, 1567 (1977). 
Ab initio (STO-3G) molecular orbital calculations for 4-substituted benzoic acids and XCH,- 

H C 0 2 H  pairs are used to derive a theoretical field, T F ,  and resonance, T,,,,,, substituent scale. 
Comparison with previous calculations for 4-substituted styrenes shows that a common field 
scale can be used for different systems but that different resonance scales are necessary, de- 
pending upon the electronic nature of the probe group. The field effect primarily reflects the 
direct electrostatic interaction between the substituent and the carboxylic acid. However, there 
are also significant contributions due to field-induced polarization of the intervening phenyl n 
electron system. By contrast, the rr polarization effect seems to be the dominant field effect in the 
case of non-interacting probes (such as carbon atomic charges or chemical shifts). A very close 
parallel is noted between substituent effects upon atomic charges and acid dissociation energies. 

PAUL 6. MEZEY et WILLIAM F. REYNOLDS. Can. J. Chem. 55. 1567 (1977). 
Des calculs ab itzitio d'orbitales rnoleculaires (STO-3G) sur des acidcs bcnzoi'qucs substituCs 

en position 4 et sur des paires XCH,-HC0,H sont utilisis pour etablir une echelle theorique 
pour les substituants impliquants deux parametres soit T, et T,(,,,. Une comparaison avec des 
calculs antkrieurs, sur des styrenes substituis en position 4, montre qu'une echelle de champ com- 
mune peut Ctre utilisee pour differents systemes mais que differentes echelles de resonance sont 
necessaires suivant la nature electronique du groupe examine. L'effet de champ est premiere- 
ment un reflet de l'interaction electrostatique directe entre le substituant et l'acide carboxylique. 
Toutefois il y a aussi des contributions importantes qui sont dues a la polarisation induite par le 
champ du systeme d'electrons n du groupement phenyle implique. Par opposition, l'effet de 
polarisation n semble etre l'effet de champ le plus important dans le cas de groupements qui 
n'interagissent pas (telles que les charges atomiques du carbone ou les deplacements chimiques). 
On note un parallelisme tres important entre les effets des substituants sur les charges atomiques 
et les energies de dissociation des acides. 

~. [Traduit par le journal] 

Intrapduction (3) were based upon energy changes. While the 
In a previous paper (I),  we have shown that ab o,,oRO scale is based partially on I9F chemical 

irzitio (STO-36 minimal basis set) calculations of shifts (2) and while numerous correlations of 'H, 
atomic charges in 4-substituted styrenes can be I3C, and 19F chemical shifts (5-7) and atomic 
used to derive a theoretical dual (field and charges (7) with substituent parameters have 
resonance) substituent parameter scale, T,  and been reported, there is not always a direct 
TRO, which closely parallels the o,,oRO scale of parallel between energy changes and changes in 
Taft and co-workers (2) and the F,R scale of atomic charges (8). Consequently, it was 
Swain and Lupton (3). While both F and o, are decided to carry out a theoretical investigation of 
claimed to be applicable to all aromatic deriva- substituent effects on energy changes in aromatic 
tives, there is a significant difference between the compounds, both to check the universality of 
two resonance scales. While the R parameter field and resonance substituent scales and to 
scale is claimed to also be applicable to all check the relationship between substituent 
aromatic systems (3), Taft has concluded that effects upon energies and upon atomic charges. 
different resonance scales are necessary, de- In addition, it was hoped that the calculations 
pending upon the electronic nature of the probe would provide furthcr-insight into the mecha- 
group (2). In addition, the relationship between nisms of transmission of polar substituent effects. 
substituent effects upon atomic charges and upon The system chosen was a series of 4-substituted 
energy effects is not entirely clear. Both the benzoic acids. Energy changes were calculated 
original Hammett o scale (4) and the F,R scale for the isodesmic (9) reaction [I ] .  Defined in this 
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manner, the energy change, AEBAO, for [l]  
measures the effect of the substituent upon the 
acid dissociation energy. This system was 
chosen because it is the original system chosen to 
define the Hammett equation (4) and because 
experimental energies are available for [I] in the 
gas phase (lo), allowing a check of the accuracy 
of the calculations. 

Results and Discussion 
Energy changes associated with [l]  are tabu- 

lated in Table 1. Calculations were performed for 
planar and pyramidal NH, groups, OH, CHO, 
CH,, F, CF,, CN, and NO,. These correspond 
to the minimal substituent set of Taft (2) with 
planar NH,, OH, and CHO substituting for 
N(CH,),, OCH,, and COCH, for reasons of 
computational economy. Calculated energies for 
several substituents are compared with experi- 
mental energies for [I] in the gas phase (1) in 
Table 1. There is a close parallel between experi- 
mental (10) and calculated energies for [I]. 
Although the two sets of energies are not strictly 
comparable (since the calculations correspond 
to the hypothetical vibrationless state at 0 K), the 
close parallel lends confidence to the accuracy 
of the calculations. 

By contrast with styrene (11, there is no obvious 
way to separate and isolate field and resonance 
effects upon the ionization energies of benzoic 
acid derivatives. Experimentally, field effects on 
acid dissociation constants have been estimated 

TABLE 1. Comparison of experimental and calculated 
energies, AEsa for [ I ]  (in kcal/mol) 

Substituent Calculated energy Experimental energya 

NH2(p1ld f5 .14" - 

NHz(PY)' +3.10 + 2.3 
OH +0.60 +0.75" 
CH 3 +1.10 f 1 . 0 5  
F -1.51 -2 .9  
CHO -4.53 - 

CF3 -5.26 - 

CN -9.87 -10.3 
NO2 -13.55 -11.1 

A . -. . . . -. . A - . 
bPositive sign ~ndicates  neaker  acidity. 
CExperirnental value for OCH; derivative (10). In OH derivatives 

the proton transfer [ I ]  involves phenolic hydrogen. 
dPlanar h H ,  group. 
ePyramida1 r\H, group. 

for 4-substituted bicyclo[2.2.2]octane- 1 -carbox- 
ylic acids (3, 11, 12). While these compounds 
could also be investigated theoretically, basically 
the same information can be obtained at much 
lower computational cost by carrying out calcula- 
tions for ionization energies of CH,X-HC02H 
pairs with the C-X bond and the C 0 2 H  group 
in the same relative orientation as in benzoic acid 
(Fig. 1). These calculations should estimate the 
through-space field effect of the substituent 
while eliminating resonance effects and other 
through-bond effects. 

The calculated energies, AE,,' (where IM 
refers to isolated molecules, i.e. CH,X-HC0,H 
pairs) are summarized in Table 2. These calcu- 
lated energies are directly proportional to the 
theoretical field substituent parameter scale, 
T,(q) derived from the differences in P hydrogen 
atomic charges in 4-substituted styrenes ( I ) :  

The slope from [2] can be used to convert AE,$ 
to a field substituent parameter scale based upon 
energies, T,(E) (see Table 2). 

It is seen that there is nearly perfect agreement 
between the theoretical field effect parameters, 
T,, estimated from the ionization energies for 
CH,X-HC0,H pairs and from atomic charges 
from 4-substituted styrenes. There is also good 
agreement with o, although field effects are over- 
estimated for CN and NO, (possible reasons for 
these deviations have been discussed previously 
(I)).' Two important conclusions follow froin 
these observations. Firstly, the data for these two 
systems indicate that field substituent parameters 
are essentially identical for different systems, in 
agreement with the assumptions of both Taft and 
co-workers (2) and Swain and Lupton (3). 
Secondly, the results indicate that, at least in 
these systems, the same field substituent param- 
eter call be used to investigate substituent effects 
upon charge densities and upon dissociation 
energies. 

Unfortunately, the field contributions to ioni- 
zation energies of CH,X-HCO,H pairs cannot 
be directly subtracted from the ionization 
energies for the corresponding benzoic acids to 
obtain resonance contributions to the latter 

'Taft and co-workers have calculated proton affinities 
for a-substituted ethylamines (13). The proton affinities 
correlate reasonably well with o, but the effect of CN and 
particularly NO2 also appear overestimated in this 
system. 
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MEZEY AND REYhOLDS 1569 

FIG. 1.  Geometries for 4-substituted benzoic acids and 
XCH,-HC0,H pairs. 

TABLE 2. Substituent effect upon acid dissociation energy 
for XCH,-HC02H pairs, AE,,, and theoretical param- 
eters based upon A E , , ,  and atomic charges for 4-substi- 

t ~ ~ t e d  styrenes 

AE,,,O 
Substituent (kca1,'mol) 

N H ~ ( P J )  +0.16 
NHLPY) - 0.40 
OH 1 . 7 2  
CH3 + 0.08 
F -2.52 
CHO -2.04 
CF3 -2.82 

O 7 ,  valiies deribed by multiplying AE, ,O by 0 . 1 3 9 ,  the slope from 
the correlat~on of 7 d q )  &it11 AE,,,O (see [21). 

b7F values based o n  atomic charges (1). Val~ies derived by scaling B 
hydrogen atomic charge difference for 4-hydroxystyrene to 0.27, the 
experimental a, \slue for OH (2). Valiies differ slightly from those in 
ref. 1 due to C-0 bond length oot~rnirat ion for  the OH derivative 
(see Experimentai). 

<From ref. 2. 

ionization energies. The reason that this cannot 
be done is the dependence of the magnitude of 
the field effect upon the effective dielectric con- 
stant of the intervening medium (14, 15). Pre- 
vious theoretical investigations for similar 
molecules in the gas phase suggest that the field 
effect should be enhanced due to transmission 
through the phenyl group (1, 15, 16). 

Since it is difficult to predict the magnitude of 
the field enhancement factor, an alternative 
approach to separating field and resonance con- 
tributions was attempted. Since there is a direct 
relationship between TF values based upon atomic 
charges and acid dissociation energies, it was felt 
that a similar relationship might exist for 
resonance effects. It has previously been shown 
that there is a good linear relationship between 
oRO and xq,n (the substituent induced change in 
carbon n electron density) for substituted 
benzenes (7, 17) and styrenes (1, 18). In the case 
of benzoic acid derivatives, there is a different 
substituent-induced change in n electron density 
for the neutral compound, xq,iz, and the ben- 

zoate anion, xq,-  (see Table 3). Previous 
experimental data for benzoic acid dissociation 
constants in solution indicate that the resonance 
effect of a substituent upon acidity is mainly 
determined by resonance interactions in the 
neutral molecule (19). Consequently, it was an- 
ticipated that xq,n would provide the appropriate 
measure of the resonance effect on the ionization 
energy. However, to check this point, dual 
substituent parameter correlations were per- 
formed for A E , , ~  m. AE,$ plus xq,n and 
AE,,' cs. AE,; + x q n - ,  to see which param- 
eter gave the better fit (this is the technique 
recommended by Taft and co-workers to deter- 
mine which o, scale is best suited to a particular 
experimental system (2)). 

The correlations were: 

While both correlations are very good, there is a 
clear discrimination in favour of the correlation 
with xq,n, as anticipated (the discrimination is 
particularly apparent in the standard deviations). 

Several conclusions can be drawn from these 
correlations. First, the existence of a precise 
correlation such as [3] provides strong support 
for the basic concept of separating substituent 
effects into field and resonance components. 
Second, [3] indicates that there is a very sub- 
stantial enhancement of the polar effect of the 
substituent (71%) in benzoic acid, relative to the 
CH,X-HC0,H pairs. The significance of this 
large enhancement factor is discussed below. 
Equation 3 also indicates a very close relation- 
ship between resonance effects upon acid dissoci- 
ation energies and upon atomic charges (since a 
resonance parameter based upon n electron 
density changes quantitatively predicts acid 
dissociation energies). L4ssuming that the very 
minor deviations in the correlation arise because 
this relationship is not perfect, this equation can 
be recast to estimate resonance contributions to 
acid dissociation energies, AE,,: : 

These values are also given in Table 3. 
In the case of 4-substituted styrenes, Cq,  was 

used to derive a theoretical resonance parameter, 
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1570 CAN.  J .  CHEM. VOL. 55, 1977 

TABLE 3. Substituent-induced changes in total n electron density for neutral and anionic benzoic acid and comparison 
o f  theoretical resonance (n charge transfer) substituent constants for styrene and benzoic acid 

Substituent Zq,nQ Zq,- V E r , , O c  TR(,.$)qd TR(BAIEe  o R C B g )  Zq,cg TRO * oRO " 
NH2(pl) -1269 -962 $4.87 -0.80 -0.84 -0.83 -1202 -0.58 -0.52 
N H ~ P Y )  -982 -734 +3.79 -0.62 -0.65 -0.82 -930 -0.46 -0.48 
OH -966 -764 +3.55 -0.61 -0.61 -0.61 -922 -0.45 -0.45 
F -823 -682 $2.81 -0.52 -0.48 -0.45 -787 -0.38 -0.34 
CH 3 - 97 -30 1-0.96 -0.06 -0.16 -0.11 -82 -0.04 -0.11 
CHO +268 +556 -1.04 f 0 . 1 7  f 0 . 1 8  +0.16 +331 +0.16 +0.16 
CF3 $102 $178 -0.42 $0.06 +0.07 +0.08 +I20 $0.06 $0.08 
CN +201 +446 -0.67 +0.13 +0.12 +0.13 1-257 +0.13 +0.13 
NO, +I90 +387 -0.64 i 0 . 1 2  $0.11 +0.15 t 2 3 4  +0.12 +0.15 

OSubstituent induced change in total s electron density for entire s electron system of neutral benzolc acid ( x  10"). Negative sign indicates 
increased electron density. 

bChange in total s electron density for benzoate anion (r lo4). 
'Resonance contribution to substituent-induced change in acid dissociation energy as given by 151 (in kcal,'moi). 
* T ~ ( , k , q  scale based upon Zq,n mith TR(RA)  for OH taken as -0.61 (see text). 
'TR(BI)E scale based upon AEreS0 with T,,,,, for OH taken as -0.61 (see text). 
fFrom ref, 2. 
gSubstituent-induced change in total n electron densit5 for styrene ( x  10") (1). First three entries are different than those in ref. 1 due to C-X 

bond length optimization (see Experimental). 
" T R ~  scale based upon Zq,c %ith Zq,c for the OH derivative scaled to -0.45 the oRO value for OCHJ (2). Values differ slightly from ref. 1 due to 

change in Zq,c for OH derivative (see footnote g ) .  

TRO, which is analogous to the experimental oRO 
scale for aromatic molecules containing neutral 
probe groups (2). This was done by scaiing xq, 
for O H  (-922 x lo4), to oRO for OCH, 
(-0.45). A similar theoretical resonance scale, 
TR(,,), for benzoic acid can be derived by 
scaling either zq,~ or  AE,,: for the OH group 
to -0.61,  the experimental o,(,,, value for 
OCH, (2). These TR(,,) scales can then be com- 
pared with oRcBA,, (2). 

These comparisons are presented in Table 3, 
along with oRO and T: scales. A comparison of 
TR(,,, and TRO scales indicates that the former 
sca!e predicts enhanced effects of n donor 
groups (e .g .  NH,), relative to x acceptor groups, 
in agreement with oR(,,, relative to oRO (2). Thus 
our results indicate that resonance parameters 
depend upon the nature of the probe groups 
while field parameters d o  not. This supports the 
fundamental model of dual substituent param- 
eters proposed by Taft and co-workers (2) but is 
contradictory to the assumption of Swain and 
Lupton that there is a universal resonance 
parameter (3). In general there is a close parallel 
between oRO and TRo and between o,(,,, and 
TR(,,). The major deviation is for pyramidal NH,  
in the TR(,,, scale. This deviation may be in part 
due to the use of fixed substituent geometries. 
Other calculations indicate that the amino group 

'The value o f  Cq, for OH is different than that pre- 
viously reported (I), due to optimization o f  the C-0 bond 
length in the styrene derivative (see Experimental). This 
results in a change in the TRO scale from that previously 
reported ( 1 ) .  

becomes more nearly planar when electron- 
withdrawing groups are substituted in the para 
position of aniline (20); this would increase the 
magnitude of TR(,,) for this group to a value 
closer to that for planar NH,. 

The most striking feature of the results in both 
Tables 2 and 3 is the very close parallel between 
substituent parameters based upon energies and 
upon atomic charges. This provides further justi- 
fication for the use of chemical shifts in substit- 
uent parameter correlations (in cases where sub- 
stituent-induced chemical shift changes parallel 
changes in ground state atomic charges),, even 
though o constants were originally defined from 
energy changes (4). However, one cautionary 
note is necessary. Although [3] indicates a quite 
precise relationship between energy changes and 
x electron density changes, preliminary results of 
calculations to estimate the relative ability of 
substituents to stabilize benzoic acid and benzo- 
ate anions suggest that the origins of this appa- 
rently simple relationship may be quite c ~ m p l e x . ~  

The calculations also provide further insights 
into the nature of transmission of polar substit- 
uent effects. The G,(,,~, scale is defined so that 

3For a detailed discussion o f  the origins and limitations 
o f  chemical shift - charge density correlations in aromatic 
derivatives, see ref. 21. W e  have previously suggested that 
substituent-induced 13C and 'H chemical shifts can be 
used to monitor changes in ground state atomic charges in 
aromatic derivatives provided that a large number o f  
substituents are included and provided that the substi- 
tuent is at least three bonds removed from the probe 
nucleus (22-24). 

4W. F. Reynolds and P. 6. Mezey, work in progress. 
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MEZEY A N D  

polar and resonance contributions to acid 
dissociation energies are equal for benzoic acid 
derivatives in H,O (2): 

[6] AGBAO = - 1.360, - 1.360,(,,, 

(PR/PI = 

When [2] is redefined in terms of T, and TR(,,j it 
is seen that while both field and resonance effects 
are enhanced in the gas phase relative to aqueous 
solutions. the enhancement is greater for field 
effects : 

A similar result is obtained when gas phase ioni- 
zation energies (10) are correlated u i th  o, and 
OR(B4).' 

There are several previous 'eports of solvation 
decreasing substituent effects by up to a factor 
of tell (10, 25, 26). The relatively greater decrease 
for polar effects on going from the gas phase to 
solution inay partly reflect specific solvation of 
the polar substituents. Solvation of the C0,- 
group should also decrease the field effect since 
this effect is mainly due to electrostatic inter- 
actions of the substituent with C O ,  (see below). 
However, another factor may be involved. The 
calculations of Hermann show that the field 
effect of a substituent is enhanced when trans- 
mitted through a dielectric sphere surrounded by 
a vacuum ( 15) (as confirmed by [2]). However, ac- 
cording to the Kirkwood-Westheirner model ( l4),  
the field effect is decreased when the surrounding 
medium is of higher dielectric constant than the 
sphere. The gas phase measurements and mea- 
surements in H,O should respectively correspond 
to  the former and latter cases. Thus there should 
be a less effective transmission of field effects in 
solution than in the gas phase. Finally, the 
smaller decrease in resonance effects may partly 

5The experimental measurements are based upon equi- 
librium constants and therefore represent free energy 
changes while the calculations reflect internal energy 
changes. However, the gas phase results should be com- 
parable since entropy changes are generally very small for 
gas phase proton transfer reactions (10). The solution 
values are also comparable if one makes the usual 
assumption of a linear free energy relationship (4). The 
negative signs in [6]-[8]  result because the equations are 
expressed in energy changes rather tha,n in terms of log K. 

be due to s o l ~ e n t  enhailcement of donor- 
acceptor ~nteract~ons  as In 1 Thls type of ~nter-  
actlon should be favoured in polai solvents slnce 
it involves an  Increase 111 d~po le  moment It has 
pre\~ously been suggested that thls IS an im- 
portant lnteiactloil in solut~on (19. 27) but 
probably not In the gas phase (10) 

I t  I S  also lnstruct~ve to consider the relative 
linpoltance of field effects on benzolc acid den- 
vatibes and upon charge densit~es In aromatic 
derlvatlves There are structural s~milarities 
bet-een benzo~c acid and styrene den\ a t n  es 

The correlation of q,,e,x, the p carbon charge 
density of styrene (1 )  with T ,  and TRO reveals 

A similar result is obtalned if the 13C chemical 
sh~f ts  for C(P) of styrene der~rratives (measured in 
an Inert solvellt (18)) are correlated with o, and 
oRO : 

[lo] 6,(p) = 5.090, + 8.330,' (pRlp, = 1.64) 

1t is seen that, in relative terms, there is a much 
greater field dependence on the dissociation 
energy for benzoic acid in the gas phase than on 
the C(p) n electron density (and chemical shift) 
for styrene (comparing [7] and [8] with [9] and 
[lo]). This reflects a funda~nental difference in the 
trallsmissio~l of field effects in the two systems. In 
beilzoic acid, the energy change is primarily a 
result of a direct electrostatic interaction between 
the polar substituent and a changing probe 
group (28). In styrene (and other aromatic 
systems) one is dealing with a non-interacting 
probe (carbon atornic charges or chemical shift). 
I n  these systems, the main mechanism of trans- 
mission of polar substituent effects is believed to 
be a charge redistribution of the x electron 
system (without .rr charge transfer to or from the 
substituent), i.e. a TC inductive effect (29, 30).6 A 

=Similar observations concerning the different mech- 
anisms of transmission of polar effects in these two cases 
have been made by Fukunaga and Taft (31). 
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particularly important mechanism is polarization 
of the x electron systern due to the electric field 
of the substituent (22, 24, 32-34). Until recently, 
this was regarded as a relatively unimportant 
mechanism of transmission of polar substituent 
effects in aronlatic derivatives (29). The main 
reason was that most earlier investigations in- 
volved acid dissociation constants (where direct 
electrostatic interactions dominate (14, 15, 28)) 
or infrared measurements (where resonance 
effects dominate (35)). I t  was only with the advent 
of 13C nmr spectroscopy, where (in appropriate 
cases) the chemical shifts can be used to inonitor 
charge density changes a t  each carbon, that 
evidence for significant ~c polarization effects in 
aromatic derivatives was obtained ( I  5). 

Although direct electrostatic effects un- 
doubtedly dominate, .rr inductive effects should 
also contribute to the field dependence of benzoic 
acid dissociation energies. The latter effect should 
contribute in the same way as resonance effects. 
In particular, .rr polarization of the intervening 
phenyl groups may account for part of the 
calculated enhanced field dependence for benzoic 
acid relative to XCH,-HC0,H. Since the direct 
field effect depends upon the distance of the 
ionizable proton from the substituent (28), the 
difference in dissociation energies (AAE,$) for 
syn and anti conformations of formic acid (see 
Fig. 2) should also be directly proportional to the 
field effect. Similarly AAEBAO for benzoic acid 
should also be directly proportional to the 
direct field effect in this systern since through- 
bond effects should affect both conforillations 
equally. (This is precisely analogous to the esti- 
mation of direct field effects in styrenes from the 

vinyl proton charge density difference (I)). 
Values for AAE,,,," are given in Table 4. Correla- 
tion of AAEIh: c.r. A E , ~  for the anti conforma- 
tion of the proton shows the expected parallel: 

H 
\ 

,H 

X-C,4H H-C 
/ O  

'H \\o 
spn 

,H /"-H 
X-C \dH H-C 

'H \o 
anti 

FIG. 2. The syn and anti conformations for formic acid. 

In  the case of benzoic acid: calculations were only 
performed for the highly polar CN and NO, 
derivatives due to cost limitations. Comparing 
AAE,,' and AAE,,: for these two derivatives 
indicates an  average 47% enhancement of the 
direct field effect in the former system (a very 
similar direct field enhancement factor was 
estimated in the case of styrene (I)) .  Since the 
total enhancement is 71%, (see [3]), approxi- 
mately one third of this enhancement must be 
due to polarization of the phenyl group, sug- 
gesting a small but significant ~c polarization 
effect on benzoic acid dissociation energies. 

One surprising feature is the very small 
magnitude of AAEI$. As first pointed out by 
Bjerrum (28)), the substituent effect upon an acid 
dissociation energy can be estimated from the 
energy required to remove the proton from the 
vicinity of a dipolar substituent: 

where the parameters are as shown below: 

(The Kirkwood-Westheirner modification of [ I  11 
includes a term on the bottom for the effective 
dielectric constant: D,, of the cavity (14). How- 
ever, this term should be unnecessary for 
CH,X-HC0,H pairs. 

This equation predicts larger AEIh: values for 
the S ~ M  conformation than for the ariti conforma- 
tion of the O H  bond, due to the closer proxin~ity 
of the syn hydrogen. However, the values for 
AAE, ,  from [l I ]  are much larger than those from 
the STO-3G calculations while the individual 
values are smaller. (Table 5 shows typical values 
for the cyano derivative.) It appears that these 
discrepancies occur because the Bjerru~n model 
is a gross oversimplification. The protonation of 
the acid function induces considerable charge 
redistribution within this group. In fact, far 
better agreement is obtained with the results of 
the STO-36 calculations if one calculates the 
energy of interaction of the CN dipole with the 
entire atomic charge distribution for neutral 
formic acid and for the formate anion (Table 5). 
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TABLE 4. Comparison of substituent-induced changes in acid dissociation energies for syn and anti OH 
conformations in XCH,-HC02H pairs and for two derivatives of benzoic acid 

Substituent AEIMO(SY~)  AEIhfo(anti) AAEIh.iO AAEBAO AAEBAO/AAEI~O 

NH,(pl) +0.17" 
N H ~ P Y )  -0.42 
O H  - 1.80 
CH3 f 0 . 0 9  
F -2.65 
CHO -2.14 
CF3 - 2.99 
CN -5.66 
NO2 -7.94 

OIn kca1,'mol. Positive sign indicates weaker acid. 
bAAEo = AE0(sj~i)  - AEo(anti). 

TABLE 5. Con~parison of substituent-induced changes in 
acid dissociation energies for syrz and anti OH conforma- 
tions of CH,CN-HC0,H pairs as estimated by STO-3G 

calculations and from the Bjerrum equation (26) 

Calculation AE,,,(syn) AE,,,(nnri) AAE,,h 

STO-3G -5.6b" -5.36 -0.30 
1121' -4.42 -3.29 -1.15 
[12] using complete - 5.06 -4 .88  -0.18 

formic acid charge 
distributiond 
-- 

oln kcal,mol (negative sign indicates stronger acid) 

located a t  the mld-paint of tl 
charge was located respecti\'ely at  the I 
protons. 

"nergy of interaction of  CGN dipole with atomic charge distribu- 
tion for formate anion minus energy of interaction x i th  atomic charge 
d~str ibut ion of formic acld. Atomic charge dis tr ibut~ons taken from 
STO-3G calculations for  CH,CT\-HC0,H pairs. 

The calculations also suggest that the major 
interaction of the substituent dipole is with the 
anion; the CN group stabilizes the anion 
( - 4.50 kca1,lmol) while slightly destabilizing 
neutral formic acid (respectively, +0.38 kcal/mol 
and +0.56 kcal/mol for ant i  and S J M  conforma- 
tions). 

The dipolar field effect of the substituent also 
alters the electron distribution within the probe 
group (1). However, it appears that this makes a 
negligible contribution to the acid dissociation 
energy of CH,X-HC0,H pairs. For example, if 
one performs the same calculation as in line 3 of 
Table 5 but uses the atomic charges calculated 
for isolated HCO,H and HC0,-  rather than 
those obtained from CH3CN-HC0,H and 
CH3CN-HC0,-, the calculated acid dissocia- 
tion energies are changed by only 0.03 kcal/mol. 
Thus, although there is a very close parallel 
between field effects upon atomic charges and 
upon acid dissociation energies (Table 2), this 
does not appear to be a cause-effect relationship. 

Rather the parallel changes in the two param- 
eters occur because field effects upon both atomic 
charges (36, 37) and acid dissociation energies 
(28) both depend directly upon the substituent 
dipole moment. Davis and Shirley have recently 
concluded that substituent-induced changes in 
atomic charges play an important role in deter- 
mining the proton affinities of methanol deriva- 
tives (38). However, the latter involve close range 
interactions where inductive effects may domi- 
nate over field effects (1).  Thus their conclusions 
and ours are probably not contradictory. 

In summary, calculated acid dissociation 
energies for 4-substituted benzoic acids and for 
XCH3-HC0,H pairs have been used to derive a 
theoretical dual substituent parameter scale 
which is in good agreement with the o I ,o R ( B A )  

scale of Taft. The results of this and a previous 
investigation show that the same field substit- 
uent parameter scale can be used for different 
systems, but different resonance parameters are 
necessary for different systems, in agreement with 
the proposals of Taft (2). The results also con- 
firm that identical substituent parameter scales 
can be used for acid dissociation energies and 
atomic charges (or chemical shifts where these 
parallel atomic charges). The field effect of a 
substituent upon the acid dissociation energy of 
an aromatic acid primarily reflects electrostatic 
interactions between the substituent and the 
C0 , -  group, but field induced polarization ofthe 
intervening .rr electron system also contributes. 
Finally, the results support the basic concept of 
the separability of field and resonance substi- 
tuent effects in aromatic derivatives. 

Details of Calculations 
Throughout this study an STO-36 basis set as 

contracted to a minimal basis (39) was used in 
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calculations. A11 ab initio SCF MO calculations 
were carried out on an IBM370/165 computer 
using a version of the Gaussian 70 program (40). 

Standard bond lengths were assumed for ben- 
zoic acid and the benzoate anion (41) wit11 all 
bond angles of 120'. Fixed substituent geometries 
were assumed for most substituents (42). In the 
case of strongly conjugating groups (planar and 
pyramidal NH, and OH), energy rniniinization 
ca!culations were ~er fo rmed  for 4-substituted 
styrene derivatives, optimizing tlie C-X bond 
length only. Optimum bond lengths were 1.406 A 
for planar NH,, 1.428 A for pyramidal NH,, and 
1.389 A for OH. compared to values of 1.40 A, 
1.43 A. and 1.36 A used prekiously (1). Energy 
optimization calculations for the OH derivative 
of benzoic acid gave a C-0 bond length change 
of less than 0.003 from the corresponding 
styrene derivatives. Consequently the optimized 
styrene substituent bond lengths were used for the 
benzoic acid calculations. 
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Chemical constituents of the physodes of brown algae. Characterization by 'H and 
13C nuclear magnetic resonance spectroscopy of oligomers of phloroglucinol from 

Fucus vesiculosus (L.)' 
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JAMES S. CRAIGIE, A. GAVIY MCINNES, MARK A. RAGAN, and JOHN A. WALTER. Can. J. 
Chem. 55, 1575 (1977). 

Alcoholic extracts of F~rcus t~esic~~1osrr.i contain small quantities of low molecular weight 
polyphenols derived from phloroglucinol and 2,2',4,4',6,6'-hexahydroxybiphenyl. 'H and 13C 
nnlr were used to identify two of these as 4-(2",4",6"-trihydroxyphenoxy)-2,2',4',6,6'-penta- 
hydroxybiphenyl and 4-(2"-(2"',4"',6'"-trihydro~yphenoxy~-4",6"-dil~ydroxyphe1~oxy)-2,2',4', 
6,6'-pentahydroxybiphenyl. 

JAMES S. CKAIGIE, A. GAVIN MCINNES, MARK A. RAGAN et JOHN A. WALTER. Can. J. Chem. 
55, 1575 (1977). 

Les produits obtenus par extractions alcooliques du Fucus cesiculosus contiennent des 
petites quantites de polyphenols de bas poids molCculaires derives du phloroglucinol et de 
I'hexahydroxy-2,2',4,4',6,6' biphknyle. On a utilisi la rnlu 'H et pour en identifier deux qui 
sont le (trihydroxy-2",4",6" ph6noxy)-4 pentahydroxp-2,2',4',6,6' biphtnyle et le [(trihpdroxy- 
2"',4"',6"' phenoxy)-2" dihydroxy-4",6" ph6noxyl-4 pentahydroxy-2,2',4',6,6' biphenyle. 

[Traduit par le journal] 

Introduction 
In  1892 it was demonstrated (1) that brown 

algal s~tbcellular bodies, called physodes, gave a 
fiery red colour with the Lindt reagent (vanillin- 
HCI). This distinctive reaction led to the gen- 
erally accepted belief that brown algae contained 
phloroglucinol l a  or related coinpounds (2).3 
Chemical evidence that brown algal cells produce 
la ,  however, was lacking until quite recently 
when it was demonstrated in hydrolysates of the 
tannins of Savgassur?~ vinggoldiat?um (3), exudates 
of F~icu.r z~esiculosus (4), and in the direct extracts 
of seventeen algal species ( 5 ) .  In a previous 
communication (6) we showed that extracts of 
Nova Scotian F. uesiculosus contained l a  and 

'NRCC No. 15848. 
'Institute of Marine Biochemistry, University of 

Trondheim, N-7034, Trondheim, Norway. 
31n the structures illustrated the superscripts a-f refer 

to the following: a, numbers in parentheses are 6 (TMS) 
(pprn); numbers not in parentheses are 6, (TMS or TSP) 
(ppm); underlined numbers refer to R = CH,CO; 
numbers not underlined to R = H; b, resonances for 
' 3C nuclei in CH3CO- groups have not been individually 
assigned; c, data from ref. 13;  (1, data from ref. 8;  e ,  data 
from ref. 19; 13C resonances were reassigned by com- 
parison with 5b, using the substituent effect of a CH,CO, 
group at  C-4' (from 9 and 10, see text); f ,  data from 
ref. 17. 

2,2',4,4',6,6'-hexahydroxyb~phenyl 2a ('di~ner'), 
other oligomers, and high molecular weight 
polymers composed of l a  and 20. Glombltza et 
al. (7) have independently identified the per- 
acetylated der~vatives of l a  and 2a in acetylated 

20 R = H a  
2 b  R =  COCH;'~ 

extracts of F. cesiculos~is, and also claimed the 
presence of a terphenyl and two quaterphenyls 
presuinably derived from residues of l a .  How- 
ever, on the basis of thelr published data it is 
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difficult to assess the validity of the latter 
structures. Structure 3b has also been proposed 
(8) and ether linked derivatives of l a  have been 
identified In the extracts of the brown seaweeds 
Bifttrcaria hifcrvcata (9, 10) and Ha1idrj.s siliquosa 
(11). We now report 'H and 13C nuclear mag- 
netlc resonance (nmr) evidence for the structures 
of two compounds, isolated from the extracts of 
F. ~esiculosus, contaming l a  and 2a linked 
through oxygen in the ratio of 1 : 1 (30) and 2:  1 
(40). 

OH (6 6 0 )  

Experimental 
' H  nnlr spectra were recorded at 100 MHz with a 

Varian HA-100 continuous-uave spectrometer, and I3C 
nmr spectra with a Varian XL-100'15 pulse Fourier- 
transform instrument (25.16 MHz, spectral width 5120 
Hz, acquisition time 0.8 to 1.6 s, flip angle 40', 'H- 
decoupling field strength yHy2n = 3800 Hz, internal 
'H pulse lock). Broadband 'H-decoupling from 13C was 
accomplished by phase modulation of the decoupling 
field from 0 to 180 at 150 Hz (12). High-resolution (h.r.) 
13C spectra were recorded with retained nuclear Over; 
hauser enhancement by applying the decoupling field for 
1.6 s between data acquisition periods (1 3). 

Mass spectra here obtained from a Consolidated 
Electrodynamics Corporation 21-1 10B spectrometer, and 
precise Inasses were measured by the peak matching 
method using an ion in the spectrum of perfluorokerosene 
as a standard. 

Fuilru~ cesiculosus (L.) was collected near Morris Point, 
Halifax Co., Nova Scotia and its alcoholic extracts were 
fractionated on Avicel columns as described in our 
earlier report (6). Compounds in the acetone eluate were 
purified by repeated preparative chromatography on 
layers of SilicAR TLC-7GF (Mallinckrodi) until chro- 
nlatographically homogenous on silica gel or polyamide 
tlc plates (6). Bands were detected by ultraviolet absorp- 
tion (254 nm) or by spraying guide strips with vanillin- 
HCI. Final purification was acco~nplished on columns 
(1.5 x 15 cm) of Woelm polyamide developed with 
methanol-water (3: 1 v/v). Typically 70 mg of 3a and 
40 mg of 4a could be recovered in this manner from 8 kg 
of fresh alga. Acetates were prepared routinely (6), and 
the tri~nethylsilyl ethers used for mass spectrometry were 
formed using Tri-Sil (Pierce Chemical Co.). Compounds 
2a, 2b (6), and 56 (14) were synthesized. 

Proton chemical shifts, 6 (ppm) referenced to tetra- 

methylsilane (TMS) contained in a concentric tube in the 
case of the hydroxy con~pounds (solvent HZO), or to 
internal TMS (acetylated derivatives in acetone-d,), are 
enclosed in parentheses. 13C chemical shifts (6,) of the 
hydroxy co~npounds were referenced to internal sodium 
3-trimethylsilylpropionate 2,2,3,3-d, (TSP) (solvent H,O 
containing a small amount of HOD); the shifts of the 
acetylated colupounds (solvent acetone-&) to internal 
TMS. 

Results and Discussion 
Precise mass measurements of the molecular 

ions observed as intense peaks in the mass 
spectra of the trimethylsilyl derivatives (3c, 4c) 
of the unknowns 3a and 4a established the 
molecular formula C,,H,,O,Si, (m,'e 950.3788 
+ 0.0029; calcd.: 950.37996) for 3c and C,,- 
H,,O,,Si,, (tn,'e 1218.471 & 0.004: calcd.: 
1218.475) for 4c. Thus 3a possesses eight 
hydroxy groups and the molecular formula 
C, ,H,,O,, while 4u contains ten hydroxy groups 
and has a molecular formula of C,,H,,O,, ( 1  5). 
The molecular ions in the mass spectra of 3u, 30, 
4u, and 46 were of low intensity. 

'H and 13C chelnical shift data from our 
experiments and other sources as indicated are 
shown on the structural diagrams, with the data 
for acetylated derivatives being underlined. Spin- 
spin coupling constants J13C11, measured from 
high-resolution 13C spectra are listed in Table 1 .  

A comparison of the 'H nmr spectra data for 
3b with those for the rnodelcon~pounds 26, 56, 
and 76 showed that three resonances (6 2.03- 
2.06, 6H, CH3C0,;  6 2.25-2.27, 3H, CH3C0,;  
6 7.02-7.04, 2H, aromatic H), were common to 
the spectra of 36, 56, and 7b. The signals 
originated from hydrogens associated with a 
2,4,6-triacetoxyphenoxy residue in the case of 
both 56 and 7h,  thus the presence of this struc- 
tural unit may be inferred for 36. The five 
resonances remaining for 36 were consistent 
with the presence of a biphenyl ring system 
substituted as in 26, but possessing a 2,4,6- 
triacetoxyphenoxy substituent at  C-4. Three of 
the signals (6 1.93, 6H, CH,CO, at C-2',C-6'; 
6 2.28, 3H, CH,CO, at C-4'; 6 7.07, 2H, 
H-3',H-5') were essentially identical to those 
obtained for 26 (6 1.98, 6 2.30, and 6 7.05). thus 
confirming the presence, and substitution pat- 
tern, of one of the biphenyl rings. The shift of 
the signal for the remaining two chemically 
equivalent aromatic hydrogens of 36 (6 6.76) 
closely resembled that for H-2',H-6' of 7b 
(6 6.72), which would be almost unaKected if 
the acetoxy group attached to C-4' was replaced 
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by a phenyl substituent (16). Each of the 3b 
hydrogens (H-3, H-5)  would, therefore, lie be- 
tween a phenoxy and an  acetoxy (6 2.13, 3H) 
substituent, like H-2' and H-6' of 76. The 
presence of only two signals with chemical shifts 
6 2 2.20 from acetoxy methyl groups in 3b 
excluded the possibility of a 3,4,5-triacetoxy- 
phenoxy substituent as in 7b, the spectrum of 
which contains three such signals. In both 5b and 
76, a phenoxy substituent shields the protons of 
adjacent acetoxy groups. This eliminates 6a and 
6b as possible structures. The combined 'H nmr 
results favour structure 3a for the unknown and 
36 for its acetate derivative. 

The structures of 3a and 36 were finally 
established by comparing their 13C spectra with 
those for the model compounds la ,  16, 2a, 26, 

§a, and 5b. All of the model compounds pos- 
sessed symmetry elements which resulted in a 
reduction in the number of signals observed for 
the aromatic carbons. Thus the 13C spectra of 
l a  and l b  contained only two resonances for 
such carbons, the one arising from those bearing 
hydrogen being easily recognized because it was 
split by one-bond 13C-H spin-spin coupling 
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TABLF 1. I3C-'H spin-spin coupltngs ( 2 0 . 4  FIT) for 3n, 30, 4a, 4h and model  cornpouncl~ l a ,  16, 20, 2h, 5a, 5b* 

C-I' C-2',6' C-3',5' C-4' C-J C-2,6 C-3,5 c.4 1 ' '  c.2",6" c -  7",5" c-4" 
'JIhO Id 'J161 4d ' J l h l  Id 

3u ' J 5  Ot m a  3J5 Od 2J3  7 t  ' J 5  Ot m a  3J4 Od ' J 3  St ' J 7  3t m a  ' J 5  Id ' J 3  8t 

' J l h 8  7d ' J166  2d ' J168  Id 
3J5 Ot mb ' J 5  Od ' J 5  Ot ' J 5  Ot nib 3J5 Od '54 7 t  3J7 3t mb 3JS hd ' J 5  3t 

' J 1 7 0 k 2 d  ' J168 .3d  
4h "J7 .2 t  m " 5 . 5 ~ 1  ' J 5 . 2 t  9 5 . 0 c i  m 

* t o r  the c;rrbons of acetate groups, spln spin c o u p l i n ~  constants (11,) were: ' ' C H , ,  '.I,,, 110.4q; " C - 0 ,  ?.I 6.911. ma:  charncter~alic ln~~ l t ip lc t  (doublet ol'doubleta) due to coup111rg to one ortllo 
and one para pr.oton in 1i.rr. spectra o f  hydroxy compounds; mh:  similar multiplct for. acetylated compounds; m: mt~ltlplet; d :  do i~h lc t ;  1:  tl-~plet; q:quat tct ;  w , , *  line wrdth ;rt hall' height. 

TPoor SIN drle to iris~iliicie~il mater~nl  Ihr l1.r. spectrum. 
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('J,,,) in the h.r. spectra, and occurred a t  higher 
field than the signal due to the ring carbons 
bonded to oxygen, in accord with knowii 13C 
substituent effects (17). Similarly, four reso- 
nances were observed for the biphenyl ring 
carbons of 2a and 20, the two at  highest field 
arising from quaternary carbons (C-I, C-1') and 
carbons carrying hydrogens (C-3, C-3', C-5, 
C-5' ;  lJ,,,). The remaining resonances due to the 
two types of carbon bonded to oxygen occurred 
a t  !ow field as expected, and could be assigned 
because the signal for C-2, C-2', C-6, and C-6' 
was about twice the intensity of the one arising 
from C-4 and C-4', the relative intensit~es of the 
two sets of resonances being independent of the 
conditions used to record the spectra. 

Compound 50 was synthesized in 5 3 i e l d  
following Glombitza et al. (14). Its 13C spectrum 
coi~tained three signals arising from aromatic 
carbons bearing hydrogen. Two which appeared 
as doublets ('J,,,) of triplets (3JcH to two 
hydrogens) could be assigned to C-4' (6, 110.5) 
and C-2',C-6' (6, 107.6), the relative intensity of 
the former resonance being approximately half 
that of the latter: a result independent of experi- 
mental conditions. The signal for C-3,C-5 was a 
doublet ('J,,) of doublets (3J,, to one hydrogen) 
as expected. Resonances at  6, 167.9 to 6, 168.5 
were readily ascribed to the acetoxyl carbonyl 
carbons, and one at  6, 158.1 clearly belonged to 
C-I '  (the corresponding carbon in diphenyl 
ether resonates a t  6, 157.9 (17)). A low-intensity 
signal at  6, 136.5 could be ascribed to the 
poorly-relaxed carbon C- 1, which is shielded by 
a para and two ortho acetoxy substituents. The 
resonance at 6, 151.6 could be assigned to C-3', 
C-5' as their chemical shift should not differ 
significantly from that of C-1 ,C-3,C-5 (6, 151.2) 
in 16, the nzeta substituent effects of acetoxy and 
phenoxy groups being small (17). The remaining 

two resonances a t  6, 146.8 and 6, 143.7 were 
assigned to C-4 and C-2,C-6, respectively. the 
relative intensity of the former signal being 
approximately half that of the latter under a 
variety of experimental conditions. Additional 

support for this assignment is provided by the 
spectrum of diphenyl ether (17). where C-2,C-6 
(6, 119.3) is shielded to a greater extent than C-4 
(6, 123.6). I t  is reasonable to assume that the 
corresponding carbons in 56 would show coin- 
parable differences in chemical shift. A similar 
analysis assigned the resonances in the 13C 
spectrum of 5a, although there was insufficient 
sample for a h.r. spectrum of the carbons not 
bonded to hydrogen. 

The 18 carbons of 3a gave rise to 12 resonances 
in the arolnatic region of the 'H broadband- 
decoupled 13C spectrum. This is consistent with 
the 'H nmr results discussed above which showed 
that 3a was symmetrical, and indircctly but 
unequivocally established the presence of a t  
least six pairs of chemically equivalent aromatic 
carbons. Twelve resonances for the aromatic 
carbons were also observed in the high resolution 
13C spectruili of 3b, but the 'H broadband- 
decoupled 13C spectrum contained only ten 
resonances due to superposition of signals (C-1 
hidden by C-3',C-5' and C-1' by C-3",C-5"). 

It was apparent from the 13C chemical shift 
and spin-spin coupling data (Table 1) that 3a 
(3b) possessed three sets of aromatic carbons. 
Each set contained two chemically non-equiv- 
alent, plus two pairs of chemically equivalent, 
carbons and gave rise to four resonances. The 
I3C data for one set of carbons (3a, 3b; C-1' 
through C-6') was virtually identical to that for 
2 a  (2b), and that of another set (3u, 36; C-1 
through C-6) differed only slightly, and pre- 
dictably (see comments on chemical shift calcu- 
lations below). Similarly the '" data for the 
carbons in the remaining set (3a, 3b; C-1" 
through C-6") were almost indistinguishable 
from those obtained for C-1 through C-6 of 5a 
(5b). 

The 13C chemical shifts expected for C-1 
through C-6 of 3n and 3b were calculated from 
the known chemical shifts for l a ,  16, 20, 26, 5a, 
and 5b as follows. Comparison of l a , l b  and 
5a,5b yields the changes in chemical shift at all 
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the carbons of l a , l b  due to replacement of one 
hydroxy (or acetoxy) substituent by a 2,4,6- 
trihydroxy (or triacetoxy) phenoxy group: a t  thc 
directly bonded carbon +2.2(+6.9) ppnl; ortho 
- 1.0(- 5.2) ppm; meta O.O(f0.4) ppm; para 
+ 1.6(-2.3) ppm. These chemical shift changes 
applied to 2a,2b for the same change of substitu- 
tion at C-4 predict the following chemical shifts 
for C-1 through C-6 of 3a,3b. The close corre- 
spondence of measured and predicted (in paren- 
theses) shifts provides further support for the 
13C resonance assignments and the structures: 
3a C-1 104.2 (104.2), C-2,C-6 159.4 (159.2), 
C-3,C-5 97.4 (97.2), C-4 162.5 (162.3); 3b C-1 
113.9 (1 13.5), C-2,C-6 150.0 (149.8), C-3,C-5 
108.8 (108.6), C-4 157.7 (157.5). 

In addition, hydrogen to deuterium exchange 
in D 2 0  eliminated 13C-'H spin-spin coupling 
from all resonances except those assigned to C-1 
through C-6 of 30, which partially retained 
coupling. This confirrns that the latter carbons 
belonged to the same ring. The centre ring of 3a 
would be expected to exchange hydrogen less 
rapidly, as it provides less opportunity for 
keto-en01 tautomerism. The combined evidence 
therefore establishes that 3a is 4-(2",4",6"-tri- 
hydroxyphenoxy)-2,2',4', 6,6', -pentahydroxybi- 
phenyl. 

The 'H nmr spectrum for 4a (solvent acetone- 
d,) contained three singlet resonances at 6 6.01, 
6.03, and 6.14 due to three pairs of chemically 
equivalent aromatic hydrogens. Two of these 
(6 6.01, 6.03) corresponded closely to the signals 
for hydrogens a t  C-3, C-3', C-5. C-5' of 2a and 
C-3, C-3', C-5, C-5', C-3", C-5" of 30, while the 
third (6 6.14) was similar apart from a small 
downfield shift. The spectrum also contained an 
AB multiplet for two meta-coupled aromatic 
hydrogens (centroid 6 6.01, Av 32.7 Hz, 3JH, 
2.8 Hz) and a broad OH signal (6 6.88) integrat- 
ing for 10 protons. 

The 13C spectrum of 4a contained 18 reso- 
nances, 12 of which corresponded almost exactly 
in chemical shift, relative intensity (recorded 
under widely varying conditions), and 13C-H 
coupling (Table 1) with the resonances for 30. 
This information combined with the known 
molecular formula established that 4a contained 
2,2',4',6,6'-pentahydroxybiphenoxy and 2,4,6- 
trihydroxyphenoxy residues, which were asym- 
metrically substituted on another aromatic ring 
containing C,H,O,. Similarly the 13C spectrum 
of 46 supported these conclusioi~s. 

The presence of two meta-coupled hydrogens 
limits the choice of structure of the acetylated 
material to five possibilitics, 4b, and 4d to 4g. 
The choice of 46 as the correct structure was 
based on a comparison of the measured 13C 
chemical shifts for the carbons of the asym- 
metrically substituted aromatic ring (C-I" to 
C-6") with predicted shifts derived fro$ niea- 
surements of acetylated model compounds, as 
follows. Firstly, three independent predictions 
were made of the 13C shifts for 411. 

(a) The average effect of replacement of an 
acetoxy substituent on a ring by a 2,4,6-tri- 
acetoxyphenoxy group was estimated by com- 
paring the measured 6, values for lb ,  56: Zb, 3b; 
lb ,  8 (18); 5b, 8 (18): a t  substituent +6.9 f 
0.2 ppm; ortho - 5.4 + 0.4 p p n ~ ;  n7eta + 0.4 1. 
0.2 ppm; para -2.6 & 0.7 ppm. This informa- 
tion was then used to predict the 13C chemical 
shifts for 417 by applying the substituent effects 
above, in reverse, to allow for substitution of an 
acetoxy group at C-1' of 76. 

(b) The measured shifts of 5b and 7b were 
compared to estimate the substituent effects of 
acetoxy-substitution at C-4' of 56 and these were 
applied to predict the result of substitution of an 
acetoxy group at C-2 of lb .  

(c) l b  and 9 were compared to obtain the 
effects of acetoxy substitution at C-5 of 9, and 
these were used to predict the effect of acetoxy 
substitution at C-5 of 10. The averages of these 
predictions (a,b,c) of the 6, values for 411 were: 
C-1" 132.2 + 0.9; C-2",6" 143.3 + 0.6; C-3",5" 
114.4 1. 0.5; C-4" 147.5 + 0.6 ppm. When these 
values were compared with the measured 6, 
\lalues for C-I" to C-6" of 36. the effect of 
replacing an acetoxy substituent by a (2,2',4',6,6')- 
pentaacetoxy biphenoxy group was obtainable: 
a t  substituent + 4.4(& 0.9); ortho + 0.5(+ 0.6); 
meta +0.8(+0.5): para -0.6(+0.6) ppm. The 
predicted 6, for 411 and the substituent effects 
above were used to predict the chemical shifts 
for the five alternative structures 46, 4d to 4g. 
For example, 6, for C-1" of 4b is given by 6, for 
C-1 " of 4h (1 32.2 pprn), plus the effect of replac- 
ing the acetoxy substituent at C-I" with a 
2,2',4',6,6'-pentaacetoxy biphenoxy group (+ 4.4 
ppm) and the effect of replacing the ortho- 
acetoxy at C-2" by a 2,4,6-triacetoxyphenoxy 
substituent (- 5.4 ppmj. The total, 131.2 ppm, 
is the predicted 6,. The nearest experimental 6, 
values for this ring are compared with pre- 
dictions in Table 2, which also shows the sum of 
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CRAlGlE ET AL. 1581 

TABLE 2. Comparison of experimental 6 ,  (ppm) for C-I" through C-6" of 4b,4d-g with nearest predicted values 

Nearest predicted 6 ,  for alternative structures (ppm) 
Experimental - 

6 ,  ( P P ~ )  4b 4d 4e 4 f  4g 

TABLE 3. Predicted 6 ,  for C-I" to C-6" of 4a and 4b (ppm) 

4u Predicted 125.7 155.2 98 .0  156.9 100.5 153.0 
Measured 126.7 154.9 96 .7  156.7 100.5 153.3 

40 Predicted 131.2 150.7 109.8 147.3 112.6 144.2 
Measured 133.4 150.7 112.2 147.3 113.8 144.1 

the absolute ~nagnitudes of the differences be- 
tween predicted and experimental values. Thus: 
structure 46 is clearly favoured. The predicted 
shifts for 46 (or 40) may also be calculated from 
the experimental shifts for 36 (30) and the 
substituent effects under (a) above (or the corre- 
sponding substituent effect for replacement of 
OH by a 2,4.6-trihydroxyphelloxy substituent, 
estinlated fro111 experimental data for lu,§a; 
2u,3u), again giving close agreement (Table 3) 
with the other predicted shifts (Table 2, struc- 
ture 46) and with the experinlentally measured 
values. 

F. z~e,s.iculosus from Nova Scotia has been 
shown to contain 4-(2",4",6"-trihydroxyphen- 
oxy)-2,2',4',6,6'-pentahydroxybiphenyl 3a and 

4 - (2" - (2"',4"',6"' - trihydroxpphenoxy) -4",6" - 
dihydroxyphenoxy)-2,2',4',6,6'-pentahydroxybi- 
phenyl 4a in addition to coinpounds l a  and 2a 
(6). If a terphenyl or quaterphenyls (7) were 
present in our extracts. their trimethylsilyl ethers 
should appcar at  n?,"e 1022 and 1362, respectively. 
In fact, o111>, a trace of an otherwise unidentified 
compound appeared at  171,'e 1022. and no ~ d e  
1362 ion was observed following gc,'ms (Ragan 
and Craigie, unpublished) and high resolution 
ms with photoplate ion bean1 integration. Simi- 
larly, the ether linked C12 and C , ,  pol?- 
phloroglucil~ols reported from Bifilrcaria bly~ir- 
cata (9, lo), Cj~stoseiia trin~ariscifolia (14). Huli- 
drys siliq~tosa (1 1): and La171inar.i~ oc~hiole~~ca (1 8) 
nlust occur only in minute quantities, if at  all, in 
our F. ce.riculosus. 
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Synthesis and structure of dichlorobis(thiosemicarbazide)mercury(II) 
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CHUNG CHIEH. Can. J. Chem. 55. 1583 (1977) 
The reaction between mercury(I1) chloride and thiosemicarbazide (1 :2  molar ratio) in 

ethanol-water (1 : 1 by volume) gave, almost quantitatively, dichlorobis(thiosemicarbazide)- 
mercury(II), HgCl,(tsc),. There was a trace of unidentified black material as a side product. 
The crystals of HgCl , ( t~c)~ are orthorhombic with a = 8.675(7), b = 8.123(6), c = 15.786(11) 
A, Z = 4, and space group Pbcn. The HgCl , ( t~c)~ molecule in the crystal has a twofold axis 
and the mercury atom is bonded to two chlorine atoms at 2.841(3) A, and two sulfur atoms 
at  2.417(3) A, in a highly distorted tetrahedron. The bond angles are: S-Hg-S = 160.7(1)"; 
Cl-Hg-C1 = 96.6(1)=; S-Hg-C1 = 89.5(1)' (twice) and 103.4(1)" (twice). However, if the 
close contacts, H g  . .C1 = 3.250(3) A, were counted, the coordination around the Hg atom 
would be an approximate octahedron. 

CHUNG CHIEH. Can. J. Chem. 55. 1583 (1977). 
La reaction du chlorure mercurique(I1) avec la thiosemicarbazide (rapport molaire 1 : 2) dans 

un melange ethanol-eau (1 : 1 par volurne) donne, presque quantitativement, le dichloro 
bis(thi0semicarbazide) mercurique(II), HgC12(tsc),. On a retrouve comme sous-produit une 
trace d'un compose noir non-identifie. Les cristaux de HgCl,(tsc), sont orthorhombiques avec 
a = 8.675(7), b = 8.123(6), c = 15.786(11) A, Z = 4 et groupe d'espace Pbcn. La molecule de 
HgCl,(tsc), dans le cristal possede un axe binaire et l'atome de mercure est lie auu deux atomes 
de chlore distant de 2.841(3) A, et a deux atomes de soufre qui se trouvent a 2.417(3) A a I'inte- 
rieur d'un tetraedre fortement deforme. Les angles de liaison sont: S-Hg-S = 160.7(1)'; 
C1-Hg-CI = 96.6(1)c; S-Hg-Cl = 89.5 1)' (deux fois) et 103.4(1)' (deux fois), Toutefois si 
les conta-cts imrnediats Hg.  . .C1 = 3.250(3) 1 sont comptes, la coordination autour de l'atome 
de Hg serait approximativement octatdrique. 

[Traduit par le journal] 

Introduction in that i t  can also be a bidentate ligand which 
Like thiourea (tu), thiosemicarbazide (tsc) f o r ~ n s  a five-membered chelating ring in many ', nickel complexes (5, 6). Although the cis- 

contains a C=S group which can coordinate and trai~s-ditliiose~nicarbazidenickel(TI) dinitrate 
/ exist in different crystal forms (7 ) ,  both cis- and 

to  mercury. Thiourea forms a series of com- trans-dithiosemicarbazidenickel(I1) sulfate are 
pounds with formula HgX,(tu), where 12 = 1, 2, 3: present in one crystal ( 5 ) .  When tsc is a chelating 
or  4;  and X = C1, Br, or 1. The inercury atom agent. the configuratio~i is different from that of 
is coordinated in an unusual, approximately the free molecule (8). However, in the structure 
tngonal planar, arrangement by two equivalent 
thiourea sulfur atonis and one chlor~ne atoin In 
HgCl,(tu), (1). However, in HgI,(tu),, the 
mercury atom 1s coordinated to two sulfur and 
two ~ o d ~ n e  atoms In a d~storted tetrahedron (2). 
In HgCl,(tu), (3) and HgCl,(tu), (4), the 
mercury atom 1s coordinated to three and four 
sulfur atoms respect~vely These structural 
stud~es revealed the coniplexlty of the interaction 

between the C=S group and the mercury(I1) 

ions. 
Thiosemicarbazide is different from thiourea 

of thioseniicarbazidesiIver(l! chloride, the ligand 
is lnonodentate with only Ag-S bond (9). The 
configuration of tsc is the same as that of the 
free molecule. The energy difference between 
the two configurations has been estimated to be 
small (9). Our previous study indicated that there 
is a tendency for organo-mercury to bond to the 
amino-group of penicillamine (10). It is interest- 
ing to see how the NH, groups in tsc interact 
with the ii~ercury(Il) ion. Recently, nickel was 
found to form a 4-coordinated complex with 
hr,N-diethylphenylazothiofor~~iainide, a deriva- 
tive of thiosernicarbazide. The ligand was 
bidentate with S and N bonded to the nickel 
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ion despite the presence of a bulky phenyl 
group on the nitrogen (11). The configuration 
of tsc in a complex is therefore very delicately 
determined by the energy of bonding beheen  
the metal and the nitrogen atoms. It is in search 
of an  understanding of the chemical interaction 
b e t ~ e e n  mercury and tsc that these studies are 
carried out. Whether compounds of formula 
HgX,(tsc),, ui th 11 = 1, 2, 3, and 4 can be 
synthesized is still to be established. This paper 
reports the synthesis and crystal structure of 
HgCl,(tsc),. 

Experimental 
Pic.yarariun of' HgC'I, ( f s c j  , 

Comn~ercial thiosernicarbazide (Fluka) and mercury(I1) 
chloride (Baker) of reagent grade were used and the 
mixed solvents \\ere made up from equal volumes of 
absolute ethanol and deionized water. The mixed solvent 
was chosen because a similiar system was used in the 
preparation of KJV'-diethylthiourea (dietu) con~plexes of 
the type MX,(dietu), (M = Zn, Cd, Hg;  X = Cl, Br, I) 
(12). The solubility of tsc in ethanol is sn~all but tsc is 
very soluble in the rnixed solvent. Ethanol is a good 
carrying solvent for HgC1, in other types of reactions 
(13). To 40 ml solution containing 0.3646 g (4 m,V) of 
tsc, 0.5431 g (2n1M) HgCI, crystal \\as added. No 
stirring was applied to this natural heterogenous mixture. 
The reaction was left to proceed slowly at room tem- 
perature, 25 i 3 . Some long, fine needles, observed 
under a 40 x n~icroscope, formed very quickly around 
the crystals of HgCI,. The reaction vessel was then 
covered. On the next day, crystals of HgCl, had dis- 
appeared and the long needles were no longer there. 
In their place were colorless prismatic crystals. There 
was also a trace of black particles possibly resulted from 
the formation of HgS or mercury metal. These prisnls 
were separated by filtration, but the bulk sample so 
obtained \\.as tinged with a brown color because of the 
presence of the black material. The filtrate was allowed 
to evaporate in a partially-covered beaker at room 
temperature and rnore colorless prismatic crystals were 
obtained. When the filtrate evaporated totally, there was 
a trace of tsc crystal left in the beaker, together with some 
prisms. 

Crystaliogiophic 1Wc~nsurettlewt 
Rotation, Weissenberg and precession photographs 

were used to determined the cell constants and space 
group mhich was unique, from the systematic absences. 
Photographic data also confirmed that crystals obtained 
in the first batch are the same as those obtained from the 
filtrate. Crystals are usually prisms with (i 100) and 
(00 1) planes developed. The { I l l }  type planes are 
developed on the ends of slightly elongated crystals. 
The cell constants were refined by least-squares methods 
from the 20 values of 17 reflections measured on the 
diffractometer. Crystal data are as follows: 

Orthorhombic, n = 8.675(7), b = 8.123(6), c = 
15.786(11) A. V = 11 12.4 A3, Do = 2.70 (by flotation), 

Z = 4, DL = 2.709 g ~ m - ~ .  Systematic absences: Okl: 
k = 2 r r + l :  h01: 1 = 2 t 1 +  1 :  l1k0: h + k = 2 n +  1:  
space group Pbcn. p(MoKz) = 149.3 cm-' ; ?,(MoKa) = 
0.7107 A. 

The crystal used for intensity measurements had dimen- 
sions of 0.10 x 0.15 x 0.1 2 mm along n, b, and c direc- 
tions. It was mounted with b-axis along the the +axis of 
the G.E. XRD-6 automatic diffractometcr, which was 
equipped with a pulse height analyser, a scintillation 
counter, and a Hewlett Packard Scaler Timer (Model 
5201L). A total of 975 reflections with 20(MoKr*) 5 50' 
were measured using 8-28 scan technique at a constant 
speed of 2' per rnin. The scan range was i (0 .95 + 0.43 
tan 0) with respect to the calc~~lated 20. Backgrounds 
were counted for 20 s on each side of the scanning range. 
During data collection, four standard reflections (400, 
021, 110, and 027) were measured repeatedly between 
each 100 reflections. The negative indices used for the 
standard reflections gave four values evenly spread on 
the q!~ circle. The variation of intensities for the standard 
reflections was less than 3 2 .  There were 720 reflections 
(74%) with integrated intensities (I = count - back- 
ground) greater than 2o(l), and they were considered as 
observed reflections. The standard deviations o(I) were 
calculated from counting statistics. No absorption cor- 
rection was made (pR = 1.05). Lorentz and polarization 
factors were applied to derive the structure amplitudes. 

From the Patterson synthesis, the mercury atom was 
found to be located at the special positions, 4c, of space 
group Pbcn. It was very difficult to differentiate the 
corresponding Hg-S from Hg-CI vector peaks in the 
Patterson map and two C1 atoms rvere put in both posi- 
tions to begin with. The Fourier map revealed all the 
non-hydrogen atoms. With isotropic temperature factors 
for all the atoms, the R factor (= XI( F, - ' F , ~ ) , / Z F o t )  
was reduced to 0.10. When anisotropic thermal param- 
eters were introduced, the R factor became 0.048. A 

difference Fourier map calculated at this stage gave two 
peaks of electron density 2.0 e/'A3, one at (0.0 0.39 0.25) 
and another one in the vicinity of the Hg atom. It was not 
possible to have a water molecule at the point (0.0 0.39 
0.25) because this position is only 2.1 A from two neigh- 
boring N(1) and 2.3 A from two N(2) atoms. In fact, 
this point would be the position for Hg had the alterna- 
tive origin been chosen. All other peaks were less than 
0.8 e/A3 and only two of them were located clearly at 
possible positions for hydrogen atoms, which were in- 
cluded in the full-matrix least-squares refinements. The 
revised program written by Doedens and Ibers was used. 
The atomic scattering factors from Cron~er and Waber 
(14) were used with anomalous dispersion coefficients 
for Hg from Cromer (15). At the final stage, a weighting 
function w- '  = (70.0 - !F,( + 0.01FU2) was introduced 
and the final R and R, (= [Zw2(F0 - IFcl)'/ ~ W ~ F , ~ ] ' ~ ~ )  
were 0.046 and 0.057 respectively. The weighting scheme 
gave uniform errors, Xi$(~F, - :FC'j2,'(n7 - n), in all 
ranges o f f ;  and the final atomic coordinates are given in 
Table 1. The table of structure factors and anisotropic 
temperature factors is available from the Depository 
of Unpublished Data.' 

'Photocopies may be obtained, upon request, at a 
nominal charge from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 
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Results and Discussion 

The long fine needles observed at the beginning 
when mercury(l1j chloride was added to the 
solution of tsc were probably a compound of 
composition HgCl,(tsc). Presently, we are using 
other mole ratios for the synthesis of other 
compounds HgCl,(tsc),,, 11 = 1, 3, and 4, in the 
hope of obtaining a series similiar to that ob- 
served in reactions between HgC1, and thiourea. 
Spectroscopic evidence has shown that the 
needles are not the same as the prisms. 

The crystals are composed of individual 
lnolecules of HgCl,(tsc),. The bond lengths 
and angles are given in Fig. 1, which also shows 
the thermal anisotropy of the atoms. The 
molecule is located at a special position, 4c, of the 
space group Pbctz (No. 60, International Tables 
for X-ray Crystallography (16)), and therefore 
has a twofold rotation axis. The mercury is 
bonded to two sulfur, Hg-S = 2.417(3), and 
two chlorine, Hg-Cl = 2.821(3) A, atoms in a 
very distorted tetrahedron. The bond angles 
are: S-Hg-S = 160.7(1)", CI-Hg-C1 = 

96.6(1)", S-Hg-C1 = 89.5(1)" (twice) and 
103.4(1)' (twice). However, the chlorine is also 
very close to the mercury atom of a neighboring 
molecule with H g  . .C1 = 3.250(3) A. This rela- 
tion can be seen from the stereo-packing' di- 
agram, Fig. 2. If these weak interactions are 
counted, the coordination of the mercury can be 
described as very distorted octahedral. 

The free tsc molecule is planar with a max- 
imurn deviation from the least-squares plane of 
0.03 A.  The bonded tsc in HgCl,(tsc), is also 
planar with a displacement of only 0.01 A. 
The mercury atom is 1.5 A from the plane of the 
tsc. The bond lengths in the ligand are similiar 
to  those of tsc; but C=:S is lengthened because 
of coordination. The bond lengths are 1.74(1) 

TABLE 1. Final fractional coordinates ( x  lo4) 
_+(x.yz, + - x  +-y + + z ,  ++x +-y 2, 2 y t - 2 )  

Atom x Y z 

*For H atomic coordinates, the multiplier is 103 

FIG. 1.  Bond distances and angles for HgCl,(tsc), 
with anisotropic thermal ellipsoids. The important 
standard deviations are given in parentheses and the 
remainder are: o(C-N, N-N) = 0.02 A ;  ~(angles  
around Hg) = 0.02'; o(HgSC) = 0.3';  other angles) = 
0.5'. 

and 1701(5) A for the bonded and free tsc 
~espect~vely The d~hedral  angles ale 1 1 for 
N N C N  and 2.1' for NNCS. 

The comparison of Hg-S and Hg-Cl 
d~stances of tsc and th~ourea con~plexes are set 
out in Table 2. In general, the Hg-S d~stance 
Increases w ~ t h  coord~nation number (CN) 
When there are three or more Hg-S bonds 
around the Hg atom, the Hg-S distances vary. 
A s ~ ~ n i l a r ~ t y  was observed in a serles of com- 
pounds that contaln Hg(SCN),,("-')- as part 
of the molecule (18-20) The four Hg-S d ~ s -  
tances for (Ph,P),.Hg(SCN), are included 111 

Table 2. A notable s im~lar~ty  in the Hg-S 
distances between Hg(SCN),2- (2 531(40) A) 
and H g ( t ~ ) , ~ +  (2 549(48) A) exlsts regardless 
of the difference in charge for the two species 
The values In parentheses are the standard 
devlat~ons of the mean, S, calculated by , = 

((Cx2 - ( ( C ~ ) ~ / 3 ) 1 3 ) ' / ~ ,  where the x's represent 
the bond lengths used to calculate the mean. 
The angles Hg-S-C for the two serles of 
compounds are different 

The Hg-CI d~s ta~ lce  for HgCl,(tsc), 1s the 
largest among the compounds l~sted In Table 2. 
F h ~ s  may due to the fact that the chlor~ne atom 
is unsymmetr~cally br~dged to two mercury(l1) 
ions. 

Stlong intramolecular hydrogen bonds 
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CAN.  J CHEM VOL 5 5 .  1977 

FIG. 2. Stereo-pair of the packing diagram viemed from the twofold axis of the molecules or the 
b-axis of the unit cell. 

TABLE 2. Comparison of Hg-S, Hg-CI distances and LH~-S-C angles 

Compound Hg-S 

HgCl, ( t~c)~ 2 417(3) 
HgCI~itu)2 2 417(3) 
HgCl(tu)CI +HgCI, 2 40(2) 
HgClz(tu), 2 37(3) 

2 61(3) 
3 lO(3) 

HgCl,(tu), 2 506(8) 
2 527(8) 
2 544(8) 

Coordination 
geometry Reference 

Tetrahedral* 
Trigonal planar 1 
Trigonal planar 17 
Trigonal 
Bipyramidal 3 

Tetrahedral 
3 

Tetrahedral 20 

'Vers d~storted 
-Values calculated from the coord~nates of ref 3 

may exist between the terminal nitrogens, 
N(1). . .N(3) = 2.72(2) A, H(3)-N(3) = 0.89 A, 
and N(1) . .H(3) = 2.3(2) A. A similar 
N(1). . .N(3) distailce of 2.69(12) is found in the 
free tsc molecule (8). Despite the unfavorable 
angle, N(2)-N(3). . .N(1) = 31" and N(3)- 
H(3). . .N(1) = 105', the hydrogen bond exists 
because it forms a six-membered ring. The 
hydrogen H(2) is bonded to N(2). N(2)- 
H(2) = 0.83 A. 

The structure consists of layers of HgCl,(tsc), 

molecules. Each layer, which is perpendicular 
to the c-axis, is composed of three sublayers in 
the form of a sa~ldwicli. The centre layers are 
two-dimensional Hg-C1. . .Hg- liilkage net- 
works which hold the tsc layers through strong 
Hg-S bonds. Intermolecular hydrogen boilds 
are very weak. The shortest intermolecular 
distances are: N(1) . .N(3) (x, 1 - J., 1 - z )  = 

3.14(2) A, and N(1). . .C1 (-0.5 + x, 0.5 + y, 
0.5 - z) = 3.37 A. A packing diagram viewed 
from the 6-axis or the twofold axis of the 
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CHIEH 1587 

molecule is given in Fig. 2. Both N(1) and N(3) 
are oriented toward the S atoms in the structure. 
This is the same as the packing of the free tsc, 
in which the hydrogen atoms are pointing to- 
ward the S atoms due to electrostatic attraction 
(8). 
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Entropy production in bulk isothermal relaxation 
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ANDREW W. YAU and Huw 0 .  PRITCHARD. Can. J .  Chem. 55, 1588(1977). 
Four theorems relating to complete monotonicity of entropy production in isothermal bulk 

relaxation have been proved, and in another two cases, it is shown by numerical experiment 
that the entropy production is probably rnonotonic also. The total entropy and the total 
energy do not in general relax with the same rate constant, and under many conditions the 
time constant for entropy relaxation approaches twice the time constant for energy relaxation. 
We speculate that the maximum entropy principle used in the information-theoretic approach 
to bulk relaxation may be synonymous with the principle of complete monotonicity of 
entropy production. 

ANDREW W. YAU el Huw 0 .  PRITCHAKU. Can. J. Chem. 55. 1588 (1977). 
On a prouve quatre thioremes reliant la monotonicite complete de la production d'entropie 

lors de la relaxation globale isotherme et, dans deux autres cas, on montre par des experiences 
nurneriques que la production d'entropie est aussi probablement monotone. L'entropie totale 
et l'energie totale ne se detentent pas d'une f a ~ o n  generale avec la mCme constante de vitesse 
et dans plusieurs conditions la constante de temps pour la detente de l'entropie approche une 
valeur a peu pres deux fois plus grande que la constante de temps pour la relaxation de I'energie. 
On croit que le principe d'entropie maximum utilisc dans une approche information-thtorique 
a la detente globale peut Ctre synonyme du principe de monotonicite complete de la pro- 
duction d'entropie. 

[Traduit par le journal] 

Introduction cases are presented under two headings, those 
Following from a conjecture by McKean in which can be proved algebraically in the normal 

1966 (1) we have investigated the time-depend- fashion, and those which we have only been able 

ence of the total entropy in a number of model to denlonstrate as plausibly correct (3) by 
relaxations (2, 3) and found that often they seem numerical experiment; the details of these proofs 
to be in conformity with McKeanls supposition, . will be made available in thesis form sub- 
i .e. sequently (6). 

Following our existing notation' (7),  the 
[ I ]  (- l)"dnS, 'dt"<O n = l , 2 , 3 ,  ... evolution of population distribution in an 

where S is the total entropy and t is the time; an is given by 

extensive list of references to other work of a 
similar nature, particularly by Harris and by 121 ni(t) = G i l l 2  1 Sij  ehjt  C S k j ~ k - s , 2 n k ( 0 )  

i h 
Sinions: can be found in ref. 2. However, eq. 1 is by 
n o  mealls a universal rule. and there are frequent We then Bernsteill and Levine 

exceptions, For example, the exception of (8), an for the elltropy as 
(isothermal) autocatalytic processes (and con- 
sequently also of oscillatory processes) is readily c31 s(') = - k  ? ' ~ ( ~ 1  ln ['7i(t)IGiI 
demonstrated; also, Lissi (4) has recently 11o:ed 
another class of exceptions, that of highly whence 

d ' i - 1 s  
exothermic processes taking place adiabatically, ~ 4 3  ~ ( " 1 )  = ---- 
a point we also confirmed by numerical inte- d t 1 + l  
gration for the explosive thermal decomposition 
of methyl isocyanide (5). 

A process conforming to [ I ]  is said to be 
"completely monotonic". In this paper, we 
present a summary of cases of complete mono- 
tonicity proved for an assembly of molecules 'Rriefly, is the population at time t ,  is the 
undergoillg bulk rotational and/or vibrational equilibrium population, and iUj and S, j  are respectively 
relaxation under isothermal conditions: the the eigenvalues and eigenvectors of the relaxation matrix. 
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YAU A N D  PRITCHARD 1589 

A. Cases Proled Analytically 

A I .  C a ~ ~ o n i c a l l ~ ~  Incaria~lt Relasutior~ 
The properties of a canonically illvariant 

relaxing system have been established by 
Andersen. Oppenheinl, Shuler, and Weiss (9). 
For  such a system, the mean energy ( E ( t ) )  
relaxes as exp ( -  pt) where 

( a  being related to state degeneracy factors) and 
the population evolution is characterised by the 
time-dependent inverse temperature P(t) = 

[ k T ( t ) ]  - I. uiz., 

where Q ( t )  is the partition function. Hence 

where ( E 2 ( t ) )  is the mean square energy a t  
time t .  Since 

and 

ea .  7 becomes 

Differentiating further 
I -  1 ( 1  1 )  

(191 S"' = - k -- 

111 = 0 
d t  ,-,n ( E ( t ) )  

and since the inverse temperature P(t) has 
already been derived by Andersen et a/. (9)  and 
is monotonic, then [9]  itself can be shown (6)  to 
be conlpletelj~ monotonic. 

A2. Ca~~onical l j~  Irzcariant Relaxation 
In our previous numerical examination of 

bulk relaxation (lo), it was found (1 1) that there 
often did not appear to be any simple connection 
between the relaxation rates for entropy and 
energy. Consequently, we examined this relation- 
ship and can show (6) ,  using eq. 7a,  that whereas 
in a canonically invariant process the total 
energy decays as exp ( -  pt), the total entropy de- 
cays as exp (- 2p t )  in the l in~it  U S  t + w. This 
suggests that it may be possible to introduce the 

concept of a relaxation time for the total entropy: 
certainly, almost pure exponential behaviour of 
the total entropy at  long time has been observed 
previously (2) ,  but any simple relationship of the 
rate with the rate of energy relaxation escaped 
notice. 

A3. ( N  - 1)-fold Degenerate System 
In our previous paper (7) ,  we showed that if 

the relaxation matrix had (N - 1)  degenerate 
eigenvalues of magnitude p, eq. 2 becomes 

Writing 
y, = n,(t)lfi ,  

and 
A,  = (n,(O) - ,?,)/,?, 

we can put 

I t  is a simple matter to show that successive 
derivatives of [ I  21 alternate in sign and therefore 
that S itself is completely rnonotorzic; the mono- 
tonicity of the individual S,-terms probably 
stems from the absence of overshoot or fluctua- 
tion in the degenerate system. Notice, as in A2,  
the long-time behaviour of the entropy is 
exp (- 2pt) .  

A4. General Relaxi~lg Sj.stem at Long Tinze 
As t -, E ,  the population vector [2]  can be 

kritten as 

If (bi(t) is sufficiently sn~al l  that we can assume 

then 
~Y - 2 

[15] lim S = -4k e2'.jt 
t+cc j = 0  

r -i 2 

Since [I 51 is in normal-mode form, r iz .  

ZNote that the subscript i here denotes an index for 
each level in the system (not the internal entropy). 
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and all the a ,  are positive, then by Descartes' 
rule of sign for a sequence of exponentials [ I  51 is 
con~~~le t e l j .  n?onotonic. Notice again, as in A2, the 
appearance of Zh, in the expression for the 
relaxation time for the total entropy. 

B. Cases Established Numerically 
The four cases noted above represent the limit 

of the new theorems of entropy production 
which we have been able to establish by con- 
ventional means: unfortunately, three of them 
( A l ,  A2: and A_?) refer to rather idealised 
systems, but the correspondence between A2 and 
A4 is suggestive enough that we should examine 
numerically some more realistic cases. Following 
our previous approach (3), we colistructed 
analytical formulae for the first six derivatives of 
the total entropy and examined their behaviour 
for a series of practical relaxations: in this way, 
the follo\ving 'rules' were established. 

BI .  Transitioti Probabilities 0bej.irzg tlze SUMZ Rule 
We examined both vibrational and rotational 

relaxations, using a hide variety of starting dis- 
tributions inciuding delta-distributions and bi- 
inodal delta-distributions. In many cases, 
populations of levels overshot, often in succes- 
sion. but of course the energy does not overshoot 
since the sum rule guarantees exponential decay 
of the energy. In  all cases eq. I held up to n = 6 .  

B2. Trar~sition Probabilities of Linear Sur~~risal  
Fortn \z,ith M i n i n ~ u n ~  Eigericalue Spread 

As discussed previously (7), this form of the 
transition-probability matrix often yields energy 
relaxation which is close to exponential : only 
rotational relaxation was examined. 

(a)  In  simple heating or cooling processes eq. I 
holds zp to 11 = 6 ;  inspection of the population 
vectors during the relaxation shows that the 
systems are not car7or1icalIj~ incariar~t, although 
there are no overshoots in either population or  
energy. 

(b)  In relaxatio~ls from delta- or bimodal 
delta-distributions, eq. I fails rar7donzly at some 
calue of 3 I M I 6: the greater the number of 
levels overshooting or  the greater the magnitude 
of the energy overshoot, the lower the value of n 
at which [ I ]  appears to fail; nevertheless, the 
failure is ollly temporary. and the system soon 
gets back on a nionotonic path. 

B3. Mixed Rotation-Vibration Relaxation with 
our Staudard Set (10) of Transition Probabil- 
ities 

The results are essentially as in B2(a) and 

B2(b) although, because of the much greater 
range of eigenvalues (71, the decay departs more 
seriously from a pure exponential and the over- 
shoots are more frequent and'or severe. 

B4. The Time Scale for Eritrol~,y Rela.xation 
Theorenis A2, A3, and A4 above suggest that 

the total entropy relaxes exponentially in the 
limit: and with a characteristic time which is half 
of that for the energy relaxation. Numerical 
examination shows that this factor of two relat- 
ing the relaxation times for the total energy and 
the total entropy is a persistent feature. Figure 1 
coinpares the energy relaxation and the entropy 
relaxation for two sum-rule cases: (a)  a simple 
temperature change in which the total-entropy 
relaxation (open circles) is almost indistinguish- 
able from a pure exponential having twice the 
time constant of that associated with the energy 
relaxation: (6) one in which the initial distri- 
bution is a delta function, where it is seen that 

Frc;. 1 .  Comparison of energy and entropy production 
rates in rotational relaxation, with transition probabilities 
obeying the sum rule. -, total energy; ---, line having 
exactly twice the slope of the solid line; 0, total entropy 
for a simple temperature change; 9, total entropy for a 
delta-function as the initial population distribution. 
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beyond t = 3s,,,,,, the total entropy (dots) 
approaches very closely to that in case (a). Other 
cases of s i m ~ l e  temperature relaxation, either 
assuming canonical invariance, assuming (N - 
1)-fold degeneracy, or  assuming probabilities 
with a small eigenvalue range, would be indis- 
tinguishable from curve (a) and are not repro- 
duced here. However, using our standard set of 
transition probabilities (10) having a very wide 
range of eigenvalues (7),  the limiting behaviour 
shown in Fig. I is not reached before all numeri- 
cal accuracy is lost, and all we can see in these 
cases is that the itlterrzal entropy, in the limit, 
relaxes with the same time constant as does the 
total energy (which can also be shown analyti- 
cally as a step in establishing A4. cf. also A2). 

Speculation 
Clearly the nionotonicity principle does not 

hold for all isothermal relaxing systems, but it does 
appear to hold for many systems for most of the 
time. In the cases we examined, it seems that such 
departures as exist are only 'weak' in the sense 
that they are temporary, and they appear to be 
self-correcting. One is re~ninded here of other 
examples of relaxations which seem to get on to 
the same track in their approach to equilibrium, 
regardless of the starting distribution (1 2). 

Furthermore, the results depicted in Fig. 1 
suggest that there does appear to be such a 
concept of a maximum rate of entropy produc- 
tion. having a limiting value of the time constant 
exactly twice that of the time constant for the 
decay of the energy. In no case that we examined 
did the time coastant for the relaxation of the 
entropy exceed twice that for the relaxation of 
the energy. Noting that under the conditions 
when the entropy relaxation rate most nearly 
approaches the limit of twice the energy relaxa- 
tion rate the monotonicity principle appears to 
be most strongly obeyed, we suppose that maxi- 
mum entropy production and monotonicity are 
intimately related. Moreover, because of the 
non-negativeness of the a i  in [15] and [ I  6 j, there 
would be no 'negative' contributions to the 
entropy production rate, and we ivould fulfill, a t  

least intuitively, the requirement for a nlaximum 
rate of production. Again. one is reminded of the 
information-theoretic descri~tion of bulk relaxa- 
tion in which the entropy is maxiniised against 
some assumed dynamical constraints, such as 
the pure-exponential relaxation of the energy 
(13). Since in fact these dynamical constraints 
are all embodied in the master equation and in 
the may in which it operates on the initial dis- 
tribution, perhaps the monotonicity of entropy 
production is synonynzous with that maxinlum 
entropy princ~ple, but without any explicit refer- 
ence to the constraints. Moreover. it is relevant 
to note in further consideration of the results of 
Fig. I that. as conjectured by Andersen et 01. (9) 
and proved by Cukier and Deutch (14), a 
canonical distribution minim~ses s(') at  a fived 
value of S( t )  against all other distributions ~ , ( t ) .  

This work was supported by the National 
Research Council of Canada. 
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/ Erratum: The trifluoroacetic acid solvent system. Part V. 
?, / Cryoscopic measurements 

MICHAEL G .  HARRISS AND JOHN B.  MILNE 
Depur.tn!crzt qf 'Cl~rmistry,  Uni~.er:c.ity qf'Otmrt,n, O t t ~ i ~ v a ,  Carzadf~ KIN  6Ar5 

Received February 8. 1977 
(Ref.: Can. J .  Chem. 54. 3031 (1976)) 

Equation 4 (p. 3034) should read Equation I0  on p. 3035 should read 

[MX] + 2 [ M i - ]  v = l -  
C~~ 

Equation 7 (p. 3034) should read 

[MX] + 2[Mt] + 2[M,XL] 
In eq. 6, p. 3034, W, is the molecular weight of 

v = - the solute. 
c,, 
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COMMUNICATIONS 

The perturbation by anesthetics of hydrogen bonds involving water 

A .  NAGYREVI A N D  c. SANDORFY 
DPparfrment de Clzitnie, Uniniversite' de MontrPtrl, Mot~trPal(QrrP.), Crrnt~dcr H3C3V1 

Received February 17. 1977 

A. N A G Y R ~ ~ I  and C. SAYDORFY. Can. J. Chem. 55 .  1593 (1977). 
It is shown through the measurement of Infrared spectra at  low temperatures, on the examples 

of two fluorocarbon anesthetics and a protein denaturing agent, that such con~pounds shift the 
association equilibrium in hydrogen bonds involving water in favor of free or less hydrogen 
bonded species. 

A. NAGYREVI et C. SA~DORFY. Can. J. Chem. 55, 1593 (1977) 
On montre par des spectres infrarouges mesures en solution a basse temperature que des 

anesthesiques conime le chloroforme ou l'halothane aussi bien que la tetramethyluree deplacent 
vers les especes libre ou plus faiblement assocites l'equilibre d'association dans des liaisons 
hydrogene que forment les molCcules d'eau. 

In previous publications from this laboratory 
attention has been drawn to the fact that halo- 
fluorocarbon anesthetics "break" hydrogen 
bonds (HB) of the N-13---N, 0-H---0 or 
N-H---0--C type in solution ( 1 ,  2). In  other 
words these halofluorocarbons shift the equili- 
brium of association in favor of the "free" or 
less associated species. It has been suggested 
that  this observation could be relevant for the 
elucidation of the mechanism of inhalation 
anesthesia. It is then natural to inquire whether 
similar observations can be made on hydrogen 
bonds involving water. 

The means of doing this has been, as before, 
measuring infrared spectra and using low tem- 
perature measurements in order to magnify 
the effects. For this we needed a solvent in which 
polar molecules dissolve Inore easily than in the 
solvents which we used previously. Thus we 
were led to use 2-methyltetrahydrofuran (MTF) 
which can be cooled down to liquid nitrogen 
temperature where it is a glass. Even after 
thorough dehydration MTF contains a small 
amount of water, estimated to be 0.004 M. In 
our  experin~ents some more water has been 
added to have a H,O concentratio~l about ten 
times higher. The HB breakers were chloroform, 
halothane (CF,-CHCIBr), and tetramethylurea. 
The two former are well known anesthetics. 
Urea is known as a protein denaturing agent; we 
had to use its tetramethylderivative which is 
soluble in MTF. 

Figure I shows the infrared spectrum of 0.04 M 
water in MTF at 22cC and at  - 190°C. At 22°C 
the maill peaks are at  about 3575 and 3490 cnl-' .  
The band a t  higher frequency is probably due 
to the weak HB in which the oxygen in the 
M T F  n~olecule is the proton acceptor while the 
band at  lower frequency is likely to involve 
water-water bonding as well. Upon lowering 
the temperature more highly associated species 
become preponderant as shown by thc spectac- 
ular changes in the spectrum. 

-The changes that occur upon addition of 
0.5-1 /I4 chloroform or  halothane, or tetra- 
methylurea a t  room temperature are slight. 
Upon lowering the temperature, however, con- 

Absorbance 

I 

3600 3400 3200 
cm-1 

FIG. 1.  The infrared spectrum of a 0.04 M solution of 
water in 2-methyltetrahydrofuran: --- at 22°C; - at 
- 190C.  
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Absorbance 
t 

0.5 1 
A 

FIG. 2. The infrared spectrum of (0) 0.03 144 water + 
1.02:M chloroform in 2-niethyltetrahydrof~~ran at  
- 190 C. ( b )  0.04 M water + 0.87 M halothane in 2- 
methqltetrahydrofuran at  - 190'C. (c) 0.04 M water + 
0.60 '2.1 tetramethylurea in 7-methyltetrahydrofuran at  
- 190-C. 

spicuous changes occur (Fig. 2). They are dif- 
ferent with the three hydrogen bond breakers 
but the change invariabl) favors the less as- 
sociated species. (Corupare the spectra in Fig. 2 
with the low temperature spectrum in Fig. 1 .) 

We are making no atteinpt to assign the 
numerous bands present in these spectra. The 
only point we wish to make is that HB's in- 
volving water are just as sensit~ve to perturbation 
bq halogenated anesthetics and other "HB 
breakers" as the other types of hydrogen bonds 
mentioned aboke The changes occur gradually 
with decreasing temperature. They only become 
spectacular at  very low temperatures: it is our 
belief, however, that the lesser changes occurring 
at  normal temperature might be sufficient for 
biological action. The reason why HB's are 
broken might be the formation of other MB's or 

other types of aggregates but discussion on this 
will also be reserved for a later publication. 

Experimental 
2-Methyltetrahydrofuran was p ~ ~ r c h a s e d  from the 

Eastman-Kodalc Company and was purified according to  
a prescription given by Fkser  and Fieser (3). Its purity 
was checked by taking the boiling point (78'C) and by its 
known infrared spectrum (4). The samples were prepared 
and stored ~ ~ n d e r  dry nitrogen atmosphere and were kept 
on  P,05. Chloroform was washed with water, dried and 
distilled. Halothane and tetramethylurea were high 
p ~ ~ r i t y  con~nlercial products and were not purified further. 
The spectra were measured on  a Perkin-Elmer niodel 621 
infrared spectrometer. The low temperat~lre techniques 
have been described before (5). 
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The unimolecular isomerisation of monofluorocyclopropane: a reaction with 
multiple fall-off characteristics? 
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MOHAMMAD H. BAGHAL-VAYJOOEE, ANDREW W. YAU, and H u w  0. PRITCHARD. Can. J. 
Chem. 55, 1595 ( 1977). 

Monofluorocyclopropane isomerises at  475°C to give four products, cis-1-fluoropropene, 
trans-1-fluoropropene, 2-fluoropropene, and 3-fluoropropene; the ratios of product formation 
are not independent of pressure and it is shown that, using the Kassel representation, the 
individual fall-off curves correspond to values of the parameter s = 9, 6, 4, and 4 respectively. 
It is shown that although conventional RRKM theory can account satisfactorily for the 
difference in fall-off behaviour between the cis- and trans-1-propene yields, it cannot account for 
the pressure dependence of the formation of 2- and 3-fluoropropene; the latter behaviour is, 
however, easily understood in terms of the master-equation approach. 

MOHAMMAD H. BAGHAL-VAYJOOEE, ANDREW W. YAU et H u w  0. PRITCHARD. Can. J. Chem. 
55, 1595 (1977). 

Le fluorocyclopropane s'isomtrise h 475'C pour conduire a quatre produits: le fluoro-1 pro- 
pene cis, le fluoro-1 propene trans, le fluoro-2 propine et le fluoro-3 p rophe ;  les rapports des 
produits form& ne sont pas indtpendants de la pression et on montre qu'a I'aide d'une reprt- 
sentation de Kassel les courbes individuelles de dtcroissance correspondent respectivement aux 
valeurs des parametres s = 9, 6, 4 et 4. Quoique la thtorie RRKM conventionnelle peut tenir 
compte d'une f a ~ o n  satisfaisante des difftrences dans les comportements de dtcroissance entre 
les rendements des propenes-1 cis et trans, on peut montrer qu9elle ne peut tenir compte de la 
dependance qui existe eiltre la pression et la formation des fluoro-2 (et -3) propenes. Toutefois 
ce dernier comportement peut &tre facilement compris en termes d'une approche d'une Cqua- 
tion maitresse. 

[Traduit par le journal] 

Many unimolecular reactions yield more than 
one product ( 1 ,  2), but despite the intrinsic 
interest in studying comparative fall-off be- 
haviour for the decomposition of a single 
molecule to several products (3), there exists 
very little information of this kind. A question of 
interest is whether the same molecule could 
exhibit markedly different fall-of behaviour in 
respect of its alternative reaction paths? 

The thermal isomerisation of monofluoro- 
cyclopropane to four distinct isomeric products 
was studied at 475°C by Casas, Kerr, and Trot- 
man-Dickenson (4 )  over a pressure range from 

464 to 0.167 Torr, and the individual rates of 
production of the four products are shown in 
Fig. 1. The solid lines drawn through these 
points are the best Kassel curves (5)  which wiii 
fit the data, having values of s = 9, 6 ,  4 ,  and 
4 for cis-?-, trans-1-, 2-, and 3-Auoropropene re- 
spectively. In presenting their experimental re- 
sults, Casas, Kerr, and Trotman-Dickenson 
presumed that the much sharper fall-off behaviour 
of the 2- and 3-fluoropropene production rates 
was clue to some loss (by polymerisation) of 
these two products at low pressures, although 
apparently there was no firm evidence to indicate 
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1596 CAN.  .I. CHEM. VOL. 5 5 .  1977 

TABLE 1. Unim~lecular behaviour in the thermal isomerisation of monofluorocyclopropane 

Reaction Kassel p112 Reaction order 
designation Product s (Torr) at 0.2 Torr 

that each channel exhibits genuinely different 
fall-off behaviour. 

A further consistency test can be applied to 
reactions [lc] and [It]. If we assume that the 
rate constant for the ith unimolecular reaction 
channel obeys strict Arrhenius form 

[41 k z s i  = A ,  exp (- Ea,,/RT) 

then the specific rate constant is given by (6, 7) 

where N(E - E,,,) is the density of states of the 
molecule at (E - Ed,,). We will show later (8) 
using the master-equation formulation (9) that 
it is possible to relate the half-pressure P,:, to 
the function k,(E), whence if we assume that 
reactions [lc] and [ I t ]  have the same critical 
energy E, 

I I 
-1.0 0 1 0  2 0 30 

l o g  lpressure/Torrl 
l o  

P1,2Cltl _ klt(E) = ACltl 
c61 P,,2[lc] kIc(E) - A[lc] 

FIG. 1. Experimental rates, taken from the work of 
Casas, Kerr, and Trotman-Dickenson, for the formation - kx[ltl  - k 4 6 4 ~ o r r ( T 1 t l  

of cis-1-fluoropropene (A), trans-1-fluoropropene (o), k,[lcl - k, , .+~,~~[lc l  
2-fluoropropene (a), and 3-fluoropropene (0) from 
monofluorocyclopropane as a function of total pressure, - - -2- 54 8 = 3.1 
at 475-C. The solid lines are Kassel curves having 17.6 
s = 9, 6,4, and 4 respectively (a slight shift in the pressure 
axis being apparent between the latter two cases). 

that these two molecules were lost preferentially 
by polymerisation. We will argue that an equally 
plausible assumption is that Fig. 1 represents a 
case of a molecule showing distinctly different 
fall-off behaviour for different reaction channels, 
and in support of this hypothesis, we present a 
set of consistency tests, summarised in Table 1.  
The four products certainly exhibit the normal 
expected patterns in respect of the number of 
effective oscillators and the half-pressure (PI,?), 
or the reaction order a t  some fixed pressure in 
the fall-off region and, despite the difficulties 
inherent in this particular experiment, Table 1 
presents at least aprima facie case for considering 

The ratio of the half-pressures shown in Table 1 
and Fig. 1 is 3 :  thus. the discrimination in the 
fall-off behaviour between the products cis- and 
trans-1-fluoropropene (which Casas, Kerr, and 
Trotman-Dickenson (4) state is a kinetic effect, 
and not due to any subsequent cis-trans isomer- 
isation after the initial formation) is clearly 
consistent with current ideas of unimolecular 
reaction behaviour. 

The question then is: can RRKM theory 
account for the much more severe fall-off in the 
formation of 2- and 3-fluoropropene? The simple 
answer, using contler~tional R R K M  theory ( 1 )  
is no, as is shown by the following set of calcu- 
lations. The forins of the normal modes of 
vibration for a cyclopropyl halide inolecule are 
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BAGHAL-VA YJOOEE ET AL. 1597 

known (10) and normal-mode vibrational analy- 
ses have been made for cyclopropyl chloride, 
bromide, and iodide (I 1) and of course for 
cyclopropane itself (12). From this information, 
we have estimated by conventional comparative 
techniques (13) the frequencies of the 21 normal 
vibrational modes for monofluorocyclopropane, 
and carried out a series of R R K M  calculations. 
Modern efficient methods for calculating the sum 
of states (14, 15) are about two orders of magni- 
tude faster than the conventional method, as 
programmed by Robinson and Holbrook (1) for 
21 oscillators, and it is not necessary to perform 
any grouping of the frequencies as is normally 
the case with such complicated molecules. 

Figure 2 shows the theoretical fall-off curves 
for the four products, compared with the experi- 
mental curves (now plotted in conventional k lk ,  
form), calculated using the "ring breathing" 
frequency (1 6) of 1200 cm- ' as the one removed 
to  define the activated complex. I t  can be seen 
that this calculation represents the fall-off 
behaviour for the cis- and trans- 1 -fluoropropene 
channels excellently, as would of course be 
expected because of the earlier agreement in 
eq. 6. However, the fall-off curves for the other 
two channels are much too shallow, shallower 
in fact that the I-fluoropropene curves when in 
fact they should be much steeper. Isolation of 
either of two other frequencies, the "C-F 
deformation" near 300 cm- ' or  the "asymmetric 
C-F stretch" near 3000 cm-' leads to calculated 
fall-off curves for the formation of 2- and 3-fluo- 
ropropene very similar to those shown in Fig. 2. 
Such gross insensitivity of the calculated fall- 
off has already been noted in less extreme form 
by others (16-18) and in this particular reaction, 
in order to reproduce the fall-off behaviour for 
the production rates of 2- and 3-fluoropropene 
given the values of k,, one would have to choose 
critical energies in the region of 75 kcal/mol for 
both channels; t h ~ s  is clearly at  variance with the 
experimental observations (4) which place the 
critical energies at  about 4 kcal and 1 kcal 
respectively above the 1-fluoropropene threshold. 

The difficulty here, as is well recognised in 
chemical activation studies (19), is that one can- 
not apply conventional R R K M  theory to a 
second reaction channel placed above the first 
because the decay via the first channel distorts 
the population distribution below the second 
threshold, and the normal R R K M  assumptions 
become invalid for this second channel. King, 

rotes 

FIG. 2. Comparison of experimental data from Fig. 1 
with the results of RRKM calculations. In these calcu- 
lations the following parameters were used: collision 
efficiency h = 0.2; critical energy (all reactions) = 61 
kcal/mol; log (Axis-') = 13.85, 14.37. 13.54, and 13.64 
for cis-I-, trans-1-, 2-, and 3-fluoropropene respectively; 
vibration frequencies (cni-I); v, = 3100; v, = 3020; 
~3 = 2980; v4 = 1450; ~5 = 1305; v6 = 1200; v, = 
1090; va = 1025; vP = 885; vl0 = 770; v l l  = 865; 
v12 = 325; ~ 1 3  = 3095; vl4 = 3065; v l s  = 1415; v16 = 
1275; vl7 = 1165; vl8 = 1045; vie = 935; v2, = 810; 
v21 = 355; (the numbering of the modes is as in ref. 10). 
Frequency isolated in this calculation, v6; frequencies 
isolated in other calculations were v3 and v,,. 

Golden, Spokes, and Benson (20) have discussed 
a generalisation of the Kassel fornlulation in the 
competitive pyrolysis of the two propyl iodides, 
and an  analogous generalisation of the R R K M  
formulation would be straightforward. How- 
ever, neither generalisation could take into 
account properly the mutual perturbation of one 
channel by the other, whereas it is automatically 
included in our master-equation formulation (9). 
Using a very simple extension (8) of the penta- 
diagonal master-equation model (i.e. non- 
nearest-neighbour transitions included) depicted 
in Fig. l b  of ref. 9, the results of a numerical, 
simulation are as shown in Fig. 3. The curve 
labelled "channel I" shows the fall-off behaviour 
for a single decay channel placed a t  E = 60 
kcal/mol (with channel I1 closed): the curve 
marked "channel IT" shows the fall-off behaviour 
for a single channel placed at  E = 62 kcal/mol 
vvith channel I closed; the properties of the 
probability matrices were chosen so that these 
fall-off curves would be disposed with respect 
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FIG. 3. Results of a master-equation calculation show- 
ing the strong perturbation of the fall-off curve for 
channel I1 depending upon whether channel I, slightly 
below it in energy, is open or closed. 

to each other rather like those calculated by 
RRKM theory in Fig. 2, say for 1- and 2-fluoro- 
propene respectively. When the calculation is 
repeated with both channels open, the fall-off 
behaviour of channel I remains virtually un- 
changed, but that of channel TI moves markedly 
to  the position denoted by "channel 11 per- 
turbed", which is in fact in a position very like 
that observed for 2- and 3-fluoropropene in its 
relationship to the I-fluoropropene channel(s). 
We conclude, therefore, that a plausible inter- 
pretation of the thermal isomerisation data for 
monofluorocyclopropane is that of the four 
channels available two, leading to cis- and truns- 
1-fluoropropene, have the same critical energy 
and their fall-off behaviour is well represented 
by RRKM methods; the two other channels, 
leading to 2- and 3-fluoropropene, have slightly 
higher critical energies, and their fall-off curves 
are severely perturbed by the existence of the 
lower channel(s), giving them a much sharper 
curvature than would be normal in a molecule 

of this complexity, for the given values of the 
critical energy. 
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ROGER A. CRAIG and Huw 0. PRITCHARD. Can. J. Chem. 55. 1599 (1977). 

Modifications are reported to a conventional gas-kinetics computer program which allow for 
the continuous addition of chemical species to the flowing gas. This is necessary in modelling 
the gas flows in a jet engine where air is continuously entrained with the burnt or burning gases, 
and it also facilitates the investigation of introducing chemical additives into a flowing reaction 
mixture. 

The program is used to compare, under the same one-dimerrsionnl modelling approximations, 
the nitric-oxide en~issions from a conventional jet engine and from a proposed lean-burning 
modification, and it is concluded that the lean-burning model has potential for reducing nitric- 
oxide emission by more than two orders of magnitude. 

ROGER A. CRAIG et Huw 0. PRITCHARD. Can. J .  Chem. 55, 1599(1977) 
On rapporte des modifications a un programme conventionnel d'ordinateur pour la cinetique 

en phase gazeus qui perrnettent de tenir compte de ['addition continue d'especes chimiques a 
un gaz en mouvement; ces modifications sont necessaires si I'on veut developper un modele 
pour des gaz qui se deplacent dans un reacteur ou I'air est entraine d'une fayon continue aur  
cGtes des gaz qui ont deja brtile et de ceuv qui sont en train de brhles; cette modification 
facilite aussi 1'Ctude de I'effet produit par l'introduction d'additifs chimiques dans un melange 
reactionnel en dkplacement. 

On utilise ce programme pour comparer, dans les menies approximations d'un modele unidi- 
mentionnel, les C~nissions d'oxyde nitrique provenant d'un reacteur conventionnel avec celles 
d'un systeme de combustion a melange pauvre qui est propose; on en conclut que le systeme de 
combustion a melange pauvre pourrait permettre de rtduire les einissions d'oxyde nitrique par 
au moins deux ordres de grandeur. 

[Traduit par le journal] 

Introduction using much leaner combustion mixtures. First, 
The importance of minimising nitric-oxide and most important, the flame becomes un- 

emissions from both aircraft and automobile stable, and may blow out:  second, the com- 
engines needs no amplification (1,  2). The basic bustion becomes slower, and it may be d~fficult 
problem is that whilst most engine pollutants to achieve complete combustio~l either within 
are the result of incomplete conlbustion, and can the length of a normal combustion chamber, or 
(in principle) be suppressed by improving even at  all (6, 7). 
combustion efficiency. nitric oxide is synthesised There have been at  least three different pro- 
from air itself when it is exposed to the high posals for achieving complete and stable corn- 
temperatures normally accompanying the com- bustion at  low equivalence r a t ~ o s  (ct, = molar 
bustion. I t  is well known (3,4), again in principle, ratio of fuel to air, with the stoichiometric ratio 
that the formation of nitric oxide can be lessened being 4 = 1). Roffe and Ferri (6) have experi- 
by carrying out the combustion at  much lower mented with a preheat systeni in which the air 
temperatures, which would mean using much used in the conlbustion is heated to a higher 
leaner co inbus t io~~  mixtures than are normally temperature than is typical in a normal jet engine 
feasible (5). if we now confine our attention to (1 100-1200 K as opposed to, say, 700 K). 
the (axially symmetric) turbine aircraft engine, Oppenheim and co-workers (8) have exarnined 
which is a considerably less difficult modelling the feasibility of stabilising the cornbustion by 
problem than is the reciprocating automobile heat recirculation from the later stages of the 
engine, there are two difficulties associated with combustion. A third suggestion is that stabilisa- 
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tion can be achieved by using a small pilot flame 
burning under conditions that produce large 
numbers of free radicals which will support a 
lean combustion when it would otherwise die 
(9). This paper presents a brief summary of this 
proposal, together with the modification of the 
usual gas-dynamic equations which are necessary 
for such a study. We emphasise that this analysis 
uses a highly simplified description of the flow 
processes in a turbine engine (as discussed more 
fully below) but the calculated reduction in the 
nitric-oxide formation is so dramatic that we 
believe it could persist even when proper account 
is taken of the neglected con~plexities. 

I t  should be noted that combustion at  low 
equivalence ratio is not the only possible attack 
on the problem of reducing nitric-oxide emis- 
sions. Staged combustion, in which a slightly 
fuel-rich mixture is burnt first and the remaining 
air required to complete the reaction added later, 
is known to reduce nitric-oxide formation by a 
factor of 2 or so and has been used in steam- 
generating plants ( 10) : similar proposals have 
been made for aircraft-borne power plants (1 1). 
Water injection, which has the general effect of 
lowering the gas temperatures, has been shown 
to reduce nitric-oxide emissions from turbine 
combustors (12-14). However, large amounts of 
water are required and so this approach is 
unattractive for continuous use with power 
plants in aircraft. On the other hand, water 
injection has been used on take-off in some air- 
craft, causing unacceptable smoke problems. 
Another idea is the swirl-can combustor (1) 
which attempts to achieve a very rapid com- 
bustion followed by a very rapid quenching, and 
there have also been proposals which try to 
blend together the concepts of staged and 
swirling combustions (1 5, 16). Entrainment of 
suitable additives intended to catalyse the 
reformation of oxygen and nitrogen from nitric 
oxide is also a common idea. Metallic or  am- 
monium formates or  oxalates have been claimed 
to be effective (17), but one can see many 
operational difficulties to be overcome before 
such additives could be used in aircraft engines. 
We ourselves have examined several plausible 
additives (e.g. O,), but so far have found none 
which would appear to be effective (9). Finally 
one need not, in principle, have to modify the 
combustion process since (18) the flow patterns 
of the exhaust gases around the turbine blades 
are such that a suitable catalytic coating on the 
blades could destroy all the nitric oxide present, 

but again there are many technical details to be 
solved. 

The Computer Program 
The combustor is modelled conventionally as 

consisting of two major zones, illustrated in 
Fig. I : a primary zone in which combustion is 
achieved, and a secondary zone in which air is 
entrained to cool the combustion products. Fuel 
and air are pre-mixed at  the inlet conditions and 
then flow through the combustor, with the com- 
bustion defined by kinetic chemical reactions. 
The conservation equations used to describe this 
process are: 

Muss 
1 D -- P 

pVA Dt 
(p VA) = - 

P 

Species 

Energy 

and gas ideality is assumed 

In  eqs. 1-5, P is the pressure, p is the density, R 
is the gas constant, V is the axial velocity, A is the 
local area, M i  are the species molecular weights, 
and M,  is the mean molecular weight, all in g, 
cm, and s units; 12 is the enthalpy per g, and 
quantities labelled with a subscript p refer to 
combustor inlet conditions. The Ci are the 
individual species concentrations in mol ~ m - ~ ,  
the r i  are the rates of production in mol cm-3 s- l ,  
the p i  represent the local rates of introduction of 
mass of each individual species due to  entrain- 
ment in g cm-3 s-' ,  and p is the sum over all 
species of the pi.  Equations 1-5 describe a 
chemically reacting one-dimensional flow which 
is assumed to be inviscid and adiabatic, and 
transport is by convection only. In the secondary 
zone, the entraining air is injected uniformly 
around the wall of the combustor and instan- 
taneous radiai mixing with the bulk of the flow is 
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assumed; the composition of the entraining gas 
is specified by the p, terms in eq. 2, enabling 
chemical additives introduced along with the 
cooling air to be treated very simply. A fuller 
account of the derivation and solution of these 
equations is available in thesis form (9). 

The computer program used in this work was 
the NASA-Lewis General Chemical Kinetics 
Program (19), modified as outlined in eqs. 2 and 
3 above to allow for the entrainment of air or the 
inclusion of additives in the flow, and extensively 
tested for consistency (9). Since the niain aim of 
this work was to  compare overall nitric-oxide 
formation rates in two very different model 
combustions, rather than to examine the com- 
bustion processes themselves, a number of fairly 
drastic approximations were made. Probably the 
most drastic assun~ption (from an engineering 
point of view) was the complete neglect of 
turbulence, which has been included in some 
other modelling studies (20, 21), and which is 
known to correlate to some extent with nitric- 
oxide formation rates (3). This sensitivity to 
turbulence can be rationalised qualitatively by 
regarding the macroscopic turbulent process as 
a series of microscopic staged combustions. The 
neglect of turbulence, which is a very important 
part of any practical combustion process, was 
justified aposteriori by the fact that the calculated 
difference between the two models was much 
greater than any expected variation in nitric- 
oxide formation rates arising from turbulent 
effects (22). For similar reasons, we chose to 
model the much simpler combustion of hydrogen 
in air, rather than jet fuel in air, simulating the 
practical process by adding a portion of argon as 
a diluent so as to match simultaneously both the 
equivalence ratio and the flame temperature of 
the real combustion: in fact. it is known not 
only that jet engines which ordinarily operate on 
kerosene will perform reasonably well on gaseous 
hydrogen (23) but that similar amounts of nitric 
oxide are emitted using either hydrogen or jet 
fuel (24). 

For the modelling calculations, we chose to 
use the specific flow rates of fuel and air charac- 
teristic of a typical commercial gas turbine a t  a 
fairly high power setting (20), as shown in Table 
1,' and the first task was to establish the condi- 

'The JT8D engine is used in such aircraft as the 
Boeing 727, Douglas DC9, and Sud Caravelle 10, and a 
complete engine consists of nine combustor cans (such as 
depicted in Table I), arranged symmetrically about the 
engine axis. 

PRITCHARD 

TABLE I .  The JTSD combustion chamber 

(a)  Approximate dimensions 

Parameter Value 
-- 

Diameter 19 cm 
Cross-sectional area 297 cm2 
Overall length 38 cm 
Primary zone length 8 cm 
Secondary zone length 30 cm 

(b) Inlet conditions 

Parameter Value 

Overall air flow 

Temperature 
Pressure 

(c) Computed flow parameters (typical) 

Parameter Value 

Induction times 4 = I 
4 = 0.8 ,  1 . 2  

Primary zone residence time 
Secondary zone 

Residence time 
Initial temperature 4 = 0 . 8  

4 =  1.0 
6 = 1 . 2  

Initial velocity 4 = 0 . 8  
6 = 1 . 0  
6 = 1 .2  

0 . 7  111s 
1.1 ms 
4-5 ms 

10-1 2 111s 
2390 K 
2600 K 
2590 K 
2800 cm, s 
3200 cmls 
3300 cn1,'s 

tions under which the model would mimic the 
practical conlbustion. The rate constants chosen 
for the hydrogen-oxygen combustion processes 
(25) are shown in Table 2. Some of these rate 
constants may be somewhat imprecise, but as is 
now well established, the overall rates of com- 
plex chemical reaction schemes are often rather 
insensitive to the rates of many of the detailed 
processes, and as long as the dominant processes 
are reasonably correct, an acceptable computed 
rate will emerge (26). Finally, the calculation 
includes one adjustable parameter, the amount 
of recirculation in the primary zone, depicted by 
the two vortex arrows in Fig. 1. A mixture of 
air and hydrogen will not sustain conlbustion 
unless some of the heat of combustion is trans- 
ferred back (as it is in a real flame by a variety of 
complex processes) so as to raise the initial 
temperature of the reaction mixture. Thus, a 
fraction (15-18% depending on 4) of the com- 
busted gas was assumed to be recirculated so as 
to bring the inlet temperature of the gases up to 
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TABLE 2. Combustion reactions* 

Rate parameters 

Reaction 

[il 
[ii] 
[iii] 
[ic] 
[cl  

[ci] 
[cii] 
[ciii] 
[ixl 

[ X I  
[xi] 

[xii] 
[xiii] 
[xic] 
[xcl 

[.xi] 
[xcii] 
[xciii] 
[xix] 

Hz + OH * Hz0 + H 
H + 0 2  G O H + O  
0 + Hz @ O H + H  
M & t i t - 0 2  r ' , H O z + M  
M + H2 * H + H + M  
H2 + HOL @ HZ02 + H 
M + H20, * OH + OH + M 
H + HO2 * O H  + OH 
M +  H + O H * H H , O + M  
M + O + O  * 0 2 + M  
0 + Hz0 *OH + OH 
OH + HO2 * Hz0 + 0, 
0 + HOZ r', OH + o2 
HOZ + HO2 * Hz02 + 0 2  

H, + 0, r', OH + OH 
HZ + 0 2  * H + HOZ 
OH + Hz02 @ H 2 0  + H 0 2  
0 + HZ02 OH + H02 
H + HZ02 * H,O + OH 

*Rate constants (in units of moi, cm3,  and s )  are for the for\+ard direction and are given by h. = .4T"exp ( - E  R T ) .  
All thlrd body efficiencies are  1.0 except for reaction ir In which the efficiency of H,  is taken as 3 . 3  and of H,O as 21. 

I U 1  
FUEL , P R I A l A R Y  ZONE,  SECOhDARY ZONE __t 

1 n ,  

FIG. 1 .  Schematic representation of a jet-engine corn- 
bustor can. 

the design inlet temperature of 1000 K (14). This 
gives a self-sustaining stable combustion with an 
acceptable induction time and flame-front thick- 
ness; more extensive discussion of this recircula- 
tion procedure can be found in ref. 7 where our 
program has been used to model the methanol- 
air combustion in an  engine, and in ref. 9. 
Moreover, not only are the induction times 
acceptable, but so are their relationsh~ps with 
equivalence ratio and inlet pressure when com- 
pared with observed data (9). Hence, it would 
seem that extension of this lnodel to include 
nitric-oxide forming reactions is warranted, 
particularly so since the temperature history of 
the nitrogen-oxygen mixture is the principal 
determinant of the final nitric-oxide mass flow. 

The reaction rates involved in the formation of 
nitric oxide (25, 27, 28) are shown in Table 3. 
Again, some of these rates are still rather un- 
certain at  the present time, but with the excep- 
tion of reaction xxii (which is discussed further 
below), are thought to be accurate within a 
factor of two (29). Only 9 chemical reactions are 
included in Table 3, other reactions (such as 
N O , + O * N O + O , ,  M + N O , $ M + N O  
+ 0) were discarded as making no significant 
contribution to the nitric-oxide mass flow (9). 
This gives a total of 28 chemical reaction-rate 
equations to be integrated, coupled with the 
eqs. 1-5 describing the flow and the air entrain- 
ment, using our modification of the NASA- 
Lewis General Chemical Kinetics Program (9, 
19). With appropriate integration step lengths, 
determined by the error criteria in the usual way, 
a typical computer run would take about 200 s 
on a CDC 7600 machine. 

Results 

First we present very briefly the results ob- 
tained for a conventional combustor design: 
many details of the combustion itself will not be 
discussed here, only those pertaining to the for- 
mation of nitric oxide. Smooth combustion is 
achieved (as noted above) by recirculating 15- 
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TABLE 3. Nitric-oxide formation reactions* 

[=I  
[xxi] 

[xxii] 
[xxiii] 
[xxio] 
[xxvl 

[xxoi] 
[xxcii] 

[xxviii] 

Rate parameters 
- 

E 
Reaction A n (kcal/mol) 

N + N O  * N z + O  3.1 x l 0 l 3  0  0.33 
N + 0 2  F ? N O + O  6.43 x lo9 1  6.2 
N + O H  F ? N O + H  4  x  1013 0  0  
H + N 2 0  F? N2 + OH 3  x  l o L 3  0 10.8 
0 + NLO 8 N2 + 0 2  3.6 ~ 1 0 "  0  24 
0 + N,O F? NO + NO 5 x l 0 l 3  0  24 
M + N + O S N O + M  6.4 x 10'" -+  0 
M + N Z O  F ? N , + O + M  2  x lo1"  0 57.6 
M + N + N F ? N , + M  7 x 0  0 

*Rate constants (in units of mol, ern" and s) are for the foruard directions and are given by X - AT" exp 
( - E I R T ) .  

DISTANCE; cm 

FIG. 2. Calculated species mole fractions in the conlbustion region of the primary zone for the case 
c$ = 1.0; note that the primary zone is approximately 8 cm long. 

1897, of the gas in the primary zone (7, 9) giving 
an  effective inlet temperature in the steady state 
of 1000 K. Under these conditions, there is a 
short induction period, clearly shown in Figs. 
2, 3, and 5: cf. also Table 1 .  During this time, the 
concentrations of various free radicals (0, OH, 
H,  HO,) increase, and when their concentra- 
tions become high enough, combustion occurs 
quite abruptly, after which most species relax to 
their equilibrium levels: a typical plot of the 
individual species concentrations through the 
flame front for an equivalence ratio 4 = 1.0 is 
shown in Fig. 2. Nitric oxide, however, does not 
equilibrate as quickly as the other species, and 
its concentration climbs slowly from a low value 
a t  the flame zone towards its equilibrium level. 
The net rates of the various nitric-oxide pro- 

ducing reactions are shown in Fig. 3 for the 
primary zone and in Fig. 4 for the secondary 
zone, using in each case three trial values of 
overall equivalence ratio (lean, 4 = 0.8; stoi- 
chiometric, 4 = 1.0; rich, 4 = 1.2). There is 
negligible production before the combustion 
zone, and thereafter, three reactions are re- 
sponsible for the formation of nitric oxide, 
which are, in decreasing order of importance 

[61 0 + N, -t NO + N  ( x x ,  reverse) 

[7] N + OH + NO + H (xxi i )  

with the latter one only being significant under 
fuel-lean conditions (Fig. 3). The importance of 
reaction 7 has not been recognised until recently, 
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OVERALL 
L O + N 2  -NO+N 

N+OH-NO+H 
N+02-NO+O 
0+ N20-2N0 

I,\- --------, OVERALL 
1 c O ~ N ~ - N O + N  

- OVERALL 
C O + N 2  -NO + N  

N+OH-NO+H 

' 'L N + O + M - N O + M  
L . ,,--LA 

4 6 8 
DISTANCE, cm 

FIG. 3. Calculated overall and individual nitric-oxide 
production rates in the primary zone. 

although its inclusion in model reaction schemes 
1s now commonplace (7, 8, 30, 31), and the 
reaction scheme [6]-[8] is now often termed the 
extended Zeldovich mechanisriz (32). Moreover, 
we have assumed for reaction 7 the roorn- 
temperature rate constant with no activation 
energy, so its importance could well be under- 
estimated in these  calculation^.^ We may 
rationalise the results shown in Fig. 4 in the 
following way. In the fuel-lean case (4 = 0.8), 

'Nonetheless, since this uork  was completed, measure- 
ments of the reverse reaction have been made at  high 
temperatures (2400-4200 K) by Flower (33) and the rate 
for reaction 7 used in our calculations 1s consistent with 
these measurements: Flower's results correspond to a 
value of k ,  of 3.5, 4.4, and 5.0 x loL3  mol-' cm3 s-'  at 
1500, 2000, and 2500 K respectively, compared with the 
constant value of 4.0 x l0 l3  mol-' cm3 s-' shown in 
[xxii] of Table 2. 

combustion is already complete at  the 8 cm mark 
and the nitric-oxide formation rates continue to 
decline. On the other hand, the addition of more 
air to the fuel-rich case (4 = 1.2) causes the 
combustion to proceed further, and along with 
it, all rates of nitric-oxide forming processes 
increase to maxima before falling off; the 
behaviour of the stoichiometric case (4 = 1.0) is 
intermediate between the other two. Figure 5 
shows an enlarged segment of Fig. 3 for the 
4 = 1.0 case; similar plots for the other cases 
are available in thesis form (9). 

Figure 6 presents a summary of the results in 
the form of nitric-oxide mass flows and tempera- 
ture profiles for the conventional combustor. As 
we have seen in Figs. 2-5, the production of 
nitric oxide commences in the primary combus- 
tion zone, and the production rate is greatest in 
the stoichiometric case; in both this and the 
fuel-lean case, most of the production of nitric 
oxide occurs in the primary zone. However, in 
the fuel-rich case, there is a rather low rate of 
nitric-oxide production in the primary zone, 
since the concentrations of 0, and 0 are low in 
this region, but a large amount is generated when 
the excess fuel is burned in the initial entraining 
air;  in this burning zone, there is an  excess of 
free radicals and a large anlount cf  new 0, to 
enhance the nitric-oxide production rate. Figure 
6 also shows that in all three cases, nitric-oxide 
production ceases when the gas is cooled below 
about 2200 K in the secondary zone, and no sig- 
nificant amounts of nitric oxide are formed or 
destroyed after the 2200 K freezing mark is 
passed (9, 35). This effect becomes rather 
obvious when the results are presented as mass 
flow of nitric oxide rather than, as is usually 
done, the relative concentration of nitric oxide 
where the dilution effect of the entraining air 
obscures the real freezing points. 

Before proceeding to examine the alternative 
model combustion, it is necessary to know that 
this, albeit, very simple model of the conven- 
tional combustor does not predict nitric-oxide 
flow rates which are wildly in error. In fact, they 
agree quite well with those found in practice, 
being very similar (9) to measurements made on 
an experimental combustor using hydrogen as a 
fuel (36), and about a factor of 2-4 greater than 
the observed values3 for the 9T8D combustor 

3Recently, it has been suggested (38) that these mea- 
sured nitric-oxide flow rates could be too low by a factor 
of between 2 and 5. 
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FIG. 4. Calculated nitric-oxide production rates in the secondary zone. 

TEMPERATURE 

DISTANCE , c m  

FIG. 5. Calculated temperature and nitric-oxide production rates in the combustion region of the 
primary zone for the case I$ = 1.0. Note that the oxidation of nitrous oxide appears to be an  important 
early source of nitric oxide in all three calculations ($ = 0.8, 1.0, and 1.2), but it is not clear whether 
this is a significant conclusion. It is marginally consistent with the observation that nitrous oxide is an 
important source of nitric oxide in fuel-lean systems at low temperatures (31), but at variance with the 
observation that "prompt NO" does not occur in hydrogen nor carbon-monoxide flames (34); the rate 
constant used for reaction xxc agrees with that most recently recommended (29), but no "sensitivity 
tests" were carried out on this reaction. 

itself using jet fuel at the same inlet temperature 
(37). It would appear, therefore, that on these 
criteria, as well as other tests of the model (7, 
9), the present reaction scheme and flow model 
should be adequate to test the likely success of 
the proposal for reducing nitric-oxide emissions 
using a pilot flame, rich in free radicals, to sup- 
port a lean combustion (9). 

There are many possible practical configura- 
tions for the support of a lean combustion by a 
pilot flame, but we are restricted in our computer 
program to those having axial symmetry. Hence, 
we examined the idealised model depicted in 
Fig. 7, having the length, exit diameter, and the 
fuel and air flows exactly the same as for the 
conventional combustor just described. Com- 
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FIG. 6. Calculated temperature and nitric-oxide mass flow along the entire combustor 
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FIG. 7. Schematic representation of the novel com- 
bustor for low nitric-oxide emissions. 

bustion is established by burning a small portion 
of the fuel and air in a primary, or pilot stage. 
This pilot stage is assumed to have the same 
axial properties as the primary stage of the con- 
ventional combustor, but the diameter is re- 
duced from 19 cm to 1 cm. The equivalence ratio 
in the pilot stage is 1.2, and the specific fuel and 
air flows are the same as in the conventional 
combustor. The remainder of the fuel is then 
burned in the conical section extending from A 
to  B. The fuel is premixed with air a t  low 
equivalence ratios 4, and at  normal air-entrain- 
ment conditions, and is introduced into the flow 
uniformly along the section A to B;  the smaller 
4,, the greater is the distance between A and B. 
After all the fuel has been entrained, the re- 
maining air is introduced between B and C in the 
normal manner. Figure 8 shows the calculated 
axial variation of temperature for this novel 
combustor, compared with the conventional 

I I I I 
0 0  2 0 30 4 0  

D I S T A N C E  , c m  

FIG. 8. Calculated temperature profiles along the con- 
ventional and the novel combustors. 

combustor. The pilot stage temperature is just 
the temperature for the conventional combustor 
primary zone. The parameter 4, is varied from 
0.5 to 0.2, but in each case the same total amount 
of fuel and air flows through the combustor. 
Thus, if all the fuel is burnt, the exit conditions 
(pressure, temperature, mass flow, thrust, etc.) 
will be the same as in the conventional combus- 
tor. The pilot gas is hot and rich in the free rad- 
icals required for combustion, so the fuel and air 
mixture introduced between A and B burns very 
rapidly although a t  a lower temperature. As 4, 
is reduced more and more below 0.5, combustion 
proceeds at  successively lower temperatures, but 
nevertheless it proceeds! However, at  4, = 0.2, 
the cooling effect of the entraining air over- 
whelms the heat liberated in the combustion 



CRAIG AND PRITCHARD 1607 

reactions and the combustion freezes near the 
20 cm mark, leading to a very low exit tempera- 
ture, large concentrations of unburnt gas, and of 
course low efficiency. The combustion does not 
extinguish itself In this way at  4, = 0.25 or 
above. 

Figure 9 shows the calculated nitric-oxide mass 
flow along this novel combustor, confirming that 
there is a much lower production of nitric oxide 
by as much as perhaps a factor of 100. How- 
ever, the production of nitric oxide does not 
freeze a t  2200 K as it does in the conventional 
combustor. This is because of the protracted 
combustion which, although the temperature is 
somewhat lower, still contains high concentra- 
tions of radicals; examination of the radical 
profiles shows that OH and HO, radicals have 
much higher concentrations in these lean flames 
than they do in the conventional ones. Thus, in 
the early stages of this novel combustor nitric 
oxide continues to be formed by reactions 6, 7, 
and 8 giving rise to the steep increase in the mass- 
flow curves just after point A. However, these 
reactions then become quenched and the curves 
bend over fairly sharply, leaving only reaction 
XXL.,  the oxidation of nitrous oxide as the impor- 
tant formation reaction. This reaction, it will be 

CONVENTIONAL COMBUSTOR, + = 1.2 

recalled, was the one apparently responsible for 
the peak nitric-oxide production in the flame 
zone of the conventional combustor, c j  Fig. 5. 

As was noted above, there appears to be a 
limit of about 4, = 0.25 below which the flame 
dies and combustion is incomplete, but all the 
same, the system should be very resistant to a 
complete flame-out, since any downstream dis- 
turbance of this kind should encounter more and 
more difficulty propagating backwards and 
extinguishing the pilot flame. Also, one might 
expect that, although our calculations show that 
combustion is virtually complete at  the exit for 
the 4, = 0.25 case, a somewhat higher 4, might 
be needed to achieve a satisfactorily complete 
combustion in a real engine. 

Conclusion 
All the numer~cal tests we have undertaken 

show that our modifications of the NASA-Lewis 
General Chemical Kinetics Program to allow for 
the entrainment of air or the inclusion of addi- 
tives into the flow are correct. The program was 
used to examine in a comparative way, making 
the same approximations in each case, a con- 
ventional and a proposed lean-burning com- 
bustion, and it would appear that using the lean- 
burning process, reductions of nitric-oxide 
emission of over a factor of 100 might be pos- 
sible. In this design the combustion is protracted 
to low temperatures, and the (often neglected) 
details of the combustion may not be ignored. 
The super-equilibrium concentrations of free 
radicals during this combustion are important, 
and the nitric oxide produced from such a com- 
bustor cannot be estimated from equilibr~um or 
from steady-state assumptions, but requires an 
analysis including the kinetics of the combustion 
reactions (cf. also ref. 39). Thus, in practical 
application, the extent of the improvement in 
nitric-oxide emissions using piloted flame tech- 
niques will be somewhat dependent on the nature 
of the fuel, but a significant improvement appears 
guaranteed by the fact that the overall tempera- 
ture profile of the combustion is lower. 
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Solvent effects on thermodynamics and mechanism of dissociation of 
the monocomplex of nickel(1I) with thiocyanate 
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PRAPHULLA KUMAR CHATTOPADHYAY and BYRON KRATOCHVIL. Can. J. Chem. 55, 1609 (1977). 
Rate constants and associated activation parameters for dissociation of (NiSCN)- were 

measured kinetically in methanol and dimethylsulfoxide by stopped-flow spectrophotometry 
using copper(I1) as the decomposing ion. The data along with previous results by others on 
dissociation of (NiSCN)+ in water, acetonitrile, and hr,N-dirnethylforniamide are discussed 
mechanistically by considering the effect of solvent donor properties on the activation enthalpy 
for the dissociation process. Rate constants for dissociation at a single temperature are not 
systematically related to the Gutniann donor number of the solvent, but the enthalpy of 
activation for the dissociation process shows a linear inverse relation to the donor number. 
Pathways for dissociation of (NiSCN)+ in these solvents are accommodated within an I,-type 
mechanism. 

PRAPHGLLA KUMAR CHATTOPADHYAY et BYRON KRATOCHVIL. Can. J .  Chern. 55. 1609 (1977). 
Operant dans le methanol et le dirnethylsulfoxyde, faisant appel a la spectrometric de fl~rx 

stoppC et au cuivre(I1) comnie ion de decomposition, on a mesure la cinetique, les constantes de 
vitesse et les parametres d'activation qui sont associCs avec la dissociation de (NiSCN)+. Les 
donnkes obtenues, de concert avec des resultats obtenus anterieurement par d'autres sur la 
dissociatioll de (NiSCN)+ dans I'eau, dans l'acetonitrile et dans le N,~\i-dimethylforn~amide, 
peuvent Ctre discutees du point de vue mecanistique en considerant I'effet des proprietes 
donneurs du solvant sur I'enthalpie d'activation pour le processus de dissociation. Les con- 
stantes de vitesse pour la dissociatio~l a une temperature donnee ne sont pas reliees d'une facon 
systematique avec le nombre donneur de Gutman11 du solvallt mais I'enthalpie d'activation pour 
le processus de dissociation presente une relation IinCaire inverse avec le nombre donneur. On 
peut accornmoder les chemins de dissociation de (NiSCN)+ dans ces solvants a I'intCrieur d'un 
micanisme du type I,. 

[Traduit par le journal] 

Introduction 
It was shown (1) recently that the pathways 

for dissociation of the (S,NiI~oquinoline)~+ ion 
in water, methanol, acetonitrile, propylene 
carbonate, dimethylsulfoxide, and N,N-dimethyl- 
formamide can be accommodated within an 
I,-type mechanism represented by 

[ I ]  L-NiS5 + S F? S,S5Ni-L F? S-NiS,,L 
Outer 
sphere 

complex 

where S is a solvent molecule, L is isoquinoline, 
and charges have been omitted. It was also 
pointed out that for this system dissociation rate 
constants at any single temperature do not show 
a systematic trend with the donicities of the 
solvents, as has been observed for the 
(S,NiSCN)+ ion (2), but enthalpies of activation 
(AH, *) for dissociation of ( ~ , ~ i I s o q u i n o l i n e ) ~ +  
do bear a linear relation with Gutmann donor 
numbers (3) of the solvents. From this relation 

the best values for the donor numbers of 
methanol and water were suggested to be 9 and 
18. To test whether results for the (S,NiIsoquino- 
line)2+ ion can be applied to other simple mono- 
complexes o f  nickel(Ii), similar investigations 
with different ligands are needed. 

Although considerable data have been col- 
lected on rate constants and activation oara- 
meters for the formation of various labile com- 
plexes of nickel(II), only a few isolated studies 
of dissociation of these species have been re- 
ported, and systenlatic data on solvent effects 
are limited. Particularly needed are data on 
dissociation in systems where the ligand is an 
inorganic anion. 

Recently Coetzee and Hsu (4) reported a 
stopped-flow spectrophotolnetric investigation of 
rates of formation and dissociation of NiSCN' 
in dimethylsulfoxide. They repeated some earlier 
studies (2, 5), and proposed that the reaction of 
nickel(I1) with thiocyanate ion proceeds by an 
I,-type mechanism. Although the formation rate 
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constant (k,) of the reaction a t  20°C reported by 
them agrees with the results of Dickert, Hoff- 
mann, and Janjic (2) within 11 7, the enthalpies 
of activation (AHf*) for the reaction do not 
(7.8 i 0.6 us. 13.1 kcal). Coetzee and Hsu (4) 
also reported dissociation rate constants (k,) 
and associated activation parameters (A Hb*  and 
ASb*) for dissociation of S,NiSCNi ion in 
dimethylsulfoxide as solvent. These values were 
obtained indirectly by calculation from stopped- 
flow spectrophotometrically measured formation 
rate constants (k,) and spectrophotometrically 
measured overall equilibrium constants (K,,) for 
the reaction. The uncertainty in AH,*, 16.6 + 
2 kcal, is relatively high. owing to uncertainties 
in the measurement of k, and K,, as well as in 
the value used for a j  the distance of closest 
approach between ions in the Fuoss-Eigen 
equation (6). Dickert, Hoffmann, and Janjic 
also reported values of AM,' and AS,' for 
dissociation of NiSCN' in water. acetonitrile. 
methanol. and N.hr-dimethylformamide, and 
k, at  20°C for this reaction in dimethylsulfoxide 
(2). These data were obtained by pressure-jump 
measurements, and estimates of uncertainties in 
the ~ ~ a l u e s  were not given. 

As shown before (I), a plot of AH,' for 
(S ,NiIs~quinol ine)~+ in various solvents against 
the Gutmann donor numbers of the solvents is 
linear, with methanol and dimethylsulfoxide 
lying near the ends of the donicity scale of the 
solvents considered. Because an improved 
understanding of the fine structure of the 
mechanism of dissociation of labile nickel(I1) 
complexes may accrue from consideration of the 
donor properties of the solvents coordinated to 
the nickel(I1) ion, accurate values of the dis- 
sociation rate constants and associated enthalpies 
of activation are needed, especially for solvents 
located a t  the ends of the donicity scale. An 
uncertainty in AH,* values of no more than + 1 
kcal seems desirable. For these reasons, and 
because of the discrepancy of 5.3 kcal in AH,' 
values pointed out earlier, we decided to deter- 
mine directly rate constants and associated 
activation parameters for dissociation of the 
(S,NiSCN)+ ion in methanol and dimethyl- 
sulfoxide. This was done by stopped-flow spec- 
trophotometry, a high concentration of copper- 
(11) ion being used as the decomposing species. 
Our results, in conjunction with earlier results 
in water, acetonitrile, and N,N-dimethylforma- 
mide ( 2 ) ,  are discussed from a mechanistic point 

of view bv considering the effect of solvent donor - 
properties on the enthalpy of activation for the 
dissociation process. 

Experimental Section 
Soiuerrts 

Methanol (Fisher. ACS grade) was distilled fraction- 
ally over N 2 . ' ~ h e  middle fraction boiling at 64.3'C was 
decanted onto dry CaO after being dried over 3 A 
molecular sieves (Linde) for 1 day, and was distilled 
fractionally from CaO over N,. The middle fraction from 
this distillation, boiling point 64.j2C, was finally distilled 
from Mg metal over N, and the middle fraction was 
collected for the kinetic studies. Dimethylsulfoxide was 
purified as before (1). 

Reagen is 
In methanol as solvent nickel(I1) was introduced as 

nickel(I1) perchlorate monohydrate, which was obtained 
from recrystallized hexahydrate (G. F. Smith) by heating 
at 90 i 5 C under vacuum. In dimethylsulfoxide as 
solvent Ni(C1O4),.6DMSO was prepared (7) and used. 
The concentration of each nickel(I1) solution was deter- 
mined by EDTA titration as before (I). Hexakis(acetoni- 
trile)copper(II) perchlorate (8) was used in both methanol 
and din~ethylsulfoxide as solvents. Potassium thiocyanate 
(J. T. Baker, Baker Analyzed Reagent, assay 100%) was 
dried at 60'C under vacuum for 2 days. Sodium per- 
chlorate (Fisher) was recrystallized from distilled de- 
mineralized water and dried under vacuum at 65'C for 
3 days. 

Instrumentation a ~ d  Experitnenial P~,oced~iie 
All solvents were used within 3 days of purification. 

All nonaqueous solutions were prepared and dispensed 
in a dry box (Kewaunee Scientific) under dry N,, using 
glassware that had been oven-dried at 1 lOCC for several 
days. All other standard procedures for handling non- 
aqueous solutions were followed. Pseudo-first-order rate 
constants for formation of CuSCNC ion were obtained 
by measuring the rate of change of transmittance of the 
solution with time upon mixing of a copper(I1) solution 
with a solution of the nionocomplex of nickel(I1) with 
thiocyanate ion at  394 nm in methanol and 375 nm in 
dimethylsulfoxide (where the absorbance is primarily due 
to CuSCN+). Kinetic measurements were made with a 
stopped-flow spectrophotometer (Durrum Instrument 
Co., Model D-110). A description of the instrument and 
methods of recording the change in transmittance with 
time has been reported (9a), along with modifications for 
improved temperature control (9b). In methanol as 
solvent, concentrations of nickel(I1) and thiocyanate ion 
were held constant at 2.5 x M and 2.0 x IM 
respectively; copper(I1) concentrations were varied from 
2.5 x M to 1.28 x 10-' M. Ionic strengths of the 
solutions were varied from 0.082 M to 0.384 M ;  sodium 
perchlorate was added to adjust ionic strength levels. In 
dimethylsulfoxide as solvent, concentrations of nickel(I1) 
and thiocyanate ion were held constant at 2.0 x M 
and 1 x M respectively, and the copper(I1) con- 
centrations were varied in five steps from 5 x M 
to 20 x M. All concentrations refer to final values 
after mixing in the stopped-flow cell. Each experiment 
was repeated with different batches of solvent and 
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TABLE 1. Pseudo-first-order rate constants for dissociation of NiSCN' in methanola 

k o b < ,  S - I  

Set [CU(CIO~)~]  [NaC104] I o n ~ c  
No. (M) (M) strength 15 C 25 C 35 C 45 C 

A 0.03027 - 0.091 
0.06054 - 0.182 
0.09038 - 0.271 
0.1280 - 0.384 

B 0.02507 0.225 0.300 
0.0507 0.150 0.302 
0.0758 0.075 0.302 
0.1010 - 0.303 

C 0.0274 - 0.082 
0.0274 0.033 0.115 
0.0274 0.082 0.164 
0.0274 0.164 0.246 

D 0.0280 - 0.084 
0.0280 0.018 0.102 
0.0280 0.045 0.129 
0.0280 0.090 0.174 

Values of k, extrapolated to I = 0 

.lConcentration of nickel(l1) and thiocyanate ion held constant at 2.5 and  2.0 M respectiiely. 
*Results at 25.2"C. 
<Additional value: 0.430 at 25.2'C. 

reagents; results of duplicate sets of experiments agreed 
within 1 2 %  in all cases. 

Results and Discussion 
Under the experimental conditions selected 

only monocomplexes of nickel(I1) and copper(1I) 
are expected to form (2, 4). Table 1 lists the 
observed pseudo-first-order rate constants (k,,,) 
for dissociation of NiSCN' ion in methanol by 
use of copper(I1) as the decotnposing ion at 
various temperatures, ionic strengths, and con- 
centrations of copper(I1). In all experiments, the 
concentrations of nickel(I1) and thiocyanate ion 
were held constant. Figure 1 shows the variation 
in k,,, with ionic strength of the medium at a 
fixed concentration of copper(11) at  25'C and 
15°C in methanol. Table 2 contains the values of 
observed pseudo-first-order rate constants at  
different temperatures in dimethylsulfoxide. The 
major features of the results in Table 1 and 
Table 2 are: 

(1). Observed pseudo-first-order rate con- 
stants in methanol vary linearly with the first 
power of the ionic strength of the medium but 
are independent of the concentration of copper- 
(11) ion as long as it is sufficiently high compared 
to the concentration of nickel(I1); this is shown 
in the results of the experiments in Sets A. B, 
and C in Table 1. Contrary to observations in 

methanol, in ditnethylsulfoxide observed pseudo- 
first-order rate constants are independent of the 
ionic strength of the medium and the concentra- 
tions of both copper(I1) and nickel(1I) (Table 2), 
as long as the copper(l1) concentrations are 
much higher than the concentration of nickel(11). 

(2j. In methanol, observed pseudo-first-order 
rate constants at  zero ionic strength and 25'C 
are the same whether the ionic strength is varied 
by addition of Cu(CIO,),, (Set A, Table 1) or by 
addition of NaCIO, (Set C, Table I), assuming 
NaCIO, and Cu(ClO,), are completely dis- 
sociated. The results of Sets A and C in Table 1 
indicate that 0.128 M Cu(C10,), and 0.164 M 
NaC10, are completely dissociated in methanol 
at 25°C. 

(3). From the results of Sets C and D in 
Table 1, a plot of k,,, against the first power of 
the ionic strength of the medium (1) at 15'C 
shows curvature at higher concentrations (Fig. 
I ) ,  while k,,, varies linearly with ionic strength 
at  25, 35, and 45°C. 

The dependence of k,,, 011 ionic strength in 
methanol as solvent can be explained by assurn- 
ing ion-pair association between (S,NiSCN)+ 
and C10,- in methanol, the extent of association 
increasing with increasing (210,- concentration. 
It is not possible on the basis of this work to 
state whether the association is 'contact' or 
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3 1 L- 
o o I o 2 o 3 

I o n i c  S t reng th  

FIG i Vallat~on In observed pseudo-first-older rate 
constants (k,,,) for dlssoclat~on of (S,N:SCN)- In 
methanol as funct~on of 1o111c strength at  15 C (lower 
llne) and 25 C (upper llne) Concentrat~ons of coppe~(II), 
n~ckel(II), and SCN held constant at 0 0274 M, 2 5 x 

M, and 2 0 x 1 0 - W  

TABLE 2. Pse~~do-first-order rate constants for dissociation 
of NiSCNL in dimethyls~~lfoxide" 

kobr, s-' 
[CuZ + ] Total 1o111c 
(M) stlength, I 19 C 25 C 30'C 

0.005 0.015 67.98 109.3 167 
0.010 0.030 67.2, i l l . ,  165 
0.015 0.045 67.2, 110., 165 
0.020 0.060 67. 2, I l l . 8  167 
0.020 0.060 - IIO., - 

Median values of lib 
a t I = 0  67.3" 1 lo. ,  166 

"Concentrations of iiickel(ll) and tbiocyanate 1011 held constant at 
2 . 10-3 ,M and 1 . lo-' !l/ respecti\ei) 

bValue of h ,  at I -- 0 and  20 C is 73.4 s - I  (from plot of log A h  I 7. 

i ,T,  T ln K) .  

'solvent-separated' In nature, but ~t can be 
assumed that the effect of increasing concentra- 
tions of C10,- on the extent of either type of 
association will be of the Sam\: t? pe. lnteractlon 
between nickel(ii1) and SGN- in the (S,NiSCNiT 
ion in solution may be partly covalent and 

partly electrostat~c in nature The electrostatlc 
interaction would be expected to be greater In 
inethanol than in diinethylsulfox~de because of 
the lower dielectric constant of methanol 
Because electrostatlc interaction depends in part 
on the charge density of the interact~ng ions In a 
medluni, association of CI0,- with nickel(I1) 111 

(S,NiSCN)- may decrease the extent of electro- 
static interaction between nickel(T1) and SCN 
The intensity of cheinical interaction depends 
malnly on the lntrlnsic Lew~s-acid character of 
the central c o o i d ~ n a t ~ n g  atom relatlve to the 
Intrinsic Lewis-base character of the donor atom 
In the ligand rather than on the okerall magni- 
tude of the charges on the reacting ion5 In 
addition, the 'electrostatic' interaction would be 
expected to be weaker than the 'chem~cal' 
lnteractlon, and so it can be predicted that the 
'softer' electrostatic interaction will be most 
affected by association of ClO,- w~t l i  nickel(i1) 
In (S,NiSCN)+ The conclusion that electro- 
static considerations are the Important fact01 in 
ionlc strength effects on observed rates is sup- 
ported by the absence of i o n ~ c  strength effects on 
h,,, for the d~ssociation of the monocomplexes 
of ~soqulnoline and 4-phenylpyr~dine with nickel- 
(11) In methanol ( I ,  10) 

It has been established that substttution 
reactions In acetonitrlle (1  1) and methanol (1 la, 
12) for format~on of labile complexes of nickel(I1) 
with many ligands, including 2,2',2"-terpyridine 
and thiocyanate Ion, proceed by a dissoc~ative 
(I,) type of interchange mechanlcm (13), as was 
initially proposed and verlfied for slniilar re- 
actions In aqueous solut~on by Eigeil and Wilkins 
(14). From the observed effect of anlons like 
C1-, Brp,  I - ,  SCN-,  NO,-,  CH,COO-, and 
C,H,COOp in the inner sphere of nickel(l1) on 
teinary complex forinatlon of nlckel(1I) in 
aceton~trile and iilethanol, it can be concluded 
that the effect of the presence of these anions in 
the inner sphere of nickel(I1) on solvent- 
exchange rates In acetonitrile (15) 1s some 10 to 
50 times h~gher  than the corresponding effect ln 
inethailol (16) Tlie effect observed with ClO,- 
in the inner sphere of nickel(I1) is very small in 
acetonltr~le (17) Fro111 this we conclude that in 
methanol the efiect of C10,- In the Inner sphere 
of nickel(lT), either as a contact or solvent- 
separated ton palr, has a negl~gibly small effect 
on the solvent exchange rate of methanol on 
nlckel(l1). This expla~ns the absence of an  Ionic 
strength effect on the rate of formation of 
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nickel(1I) with terpyridine in methanol (1 I) .  The 
absence of an ionic strength effect on the solvent 
exchange rate of nickel(I1) in methanol was 
also observed in an  investigation of the forma- 
tion of labile complexes of nickel(I1) with various 
ligands, including SCN-, in methanol by 
Pearson and Ellegen (12a). From these pieces of 
evidence we conclude that in anhydrous meth- 
anol an ion pair exists between C10,- and 
nickel(I1) in (S,NiSCN)+ which, by decreasing 
the intensity of the electrostatic interaction 
between nickel(I1) and SCN- (without noticeably 
affecting the 'chemical' interaction involved in 
(S,NiSCN)'), increases the observed pseudo- 
first-order rate constant for dissociation of 
(S,NiSCN)'. Since the extent of ion-pair 
formation increases proportionally with in- 
creesing concentration of C10,- in the medium, 
values of k,,, for dissociation of (S,NiSCN)+ in 
methanol Jlary directly with the ionic strength of 
the medium as adjusted by addition of NaC10,. 

111 dirnethylsulfoxide the electrostatic inter- 
action invoived in (S,NiSCN)+ will be smaller 
tlian in methanol because of the higher di- 
electric constant. Dimethylsulfoxide is also a 
better donor toward nickel(l1) than is methanol. 
It is therefore expected that in dimethylsul- 
foxide ion-pair formation between nickel(I1) in 
(S,NiSCN)+ and CI0,- will be less, and those 
ion pairs that d o  form likely will be mainly 
solvent separated. The combination of high 
dielectric constant and bulky size of DMSO 
would be expected to result in little or  no ion- 
pair interaction between G I O ,  and nickel(l1) in 
that solvent, and consequently. ion-pairing 
effects on the weak electrostatic interaction 
involved in (S,NiSCN)+ should be negligibly 
small. This could explain why, contrary to what 
is observed in methanol, high concentrations of 
CIO,- in dirnethylsulfoxide have no effect on the 
dissociation of (S,NiSCN)+ in that solvent. In 
methanol plots of ionic strength against ob- 
served pseudo-first-order rate constants for dis- 
sociation of (S,NiSCN)+ were linear at  ionic 
concentrations up to 0.38 M at 25, 35, and 45"C, 
and up to 0.164 M at  15'C. Above 0.16 M a t  
15'G a deviation from linearity was observed 
that can be explained by assuming incomplete 
dissociation of NaCIO,. From the extent of 
deviation the association constant of WaCIO, 
in methanol was calculated to be 3 at  15°C and 0 
a t  25°C. These values are reasonable relative to 
related systems (1 8). 

The copper(11)-induced dissociation of (S,Ni- 
SCN)' in methanol and dimethylsulfoxide can 
be represe~ted by 

Solvent lnolecules assoc~ated with N12+ and 
Cu2+  are om~t ted  for convenience Thls scheme IS 

the same as observed for copper(l1)-~nduced 
dlssociat~on of the monocomplex of nlckel(I1) 
w ~ t h  ~soqulnollne In propylene carbonate and 
acetonitl~le ( I ) ,  and for d~ssocia t~on of the 
monocomplex of manganese(I1) with bipynd~ne,  
terpyrid~ne. and phenanthrol~ne uslng H-  and 
Mg2+ as electroph~les In anhydrous methanol 
(19) 

F ~ o m  reactions 2 and 3 ~t can be shown that 
when [Cu2'] >> [SCN-1, as used In this work, 
k,,, 1s glven by 

where k,,, is an experi~iientally determined 
pseudo-first-order rate constant. If, at high 
concentrations of copper(Il), k,[Ni2+] << 
k,[Cu2+] ,  then k,,, is equal to /;, and is in- 
dependent of [Cu2']. [Ni2'], and [SCN-]. If 
the ionic strength of the medium does not 
influeiice the dissociation process by changing 
k ,  in the rate-determining step, then k,,, is 
directly equal to the true k,. This is the case in 
dimethylsulfoxide. 011 the other hand. if the 
rate-determining step is influenced by the ionic 
strength of the medium, as in methanol, k,,, 
will be affected. In such a case true values of k ,  
should be obtained by extrapolating values of 
k,,, to zero ionic strength of the medium. Under 
our experimental conditions k,,, was indepen- 
dent of [Cu2+], [SCN~-1, and [Ni2-1. Also, if the 
influence of ionic strength on the magnitude of 
k,,, in methailol is assumed to stem from the 
effect of ion pairing between C10,- and nickel- 
(11) on the electrostatic interaction involved in 
(S,NiSCN)+. a plot of k,,, against ionic strength 
is expected to be a straight line. This is indeed 
observed (Fig. 1). 

Rate constants for dissociation of (S,Ni- 
SCN)' in dirnethylsulfoxide and methanol at  
different temperatures and zero ionic strength 
are summarized a t  the bottom of Tables 1 and 
2. Table 3 lists dissociation rate constants a t  
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TABLE 3. Colnparison of activation parameters for dissociation of (S,NiSCN)+ and (S5NiJsoq~~inoline)2+ in different 
solvents" 

(S5NiSCN)+ (S5Nilsoquinoline)Z + 

- - 
kbh A H b *  ASb*  AHb* ASb* 

Solvent (s - (kcal) (cal deg-' niol-') (kcal) (cal deg-' mol-') Donicity 

Water 450 17.5' + 1 3 . l C  16.1 i 0 . 6 "  + 2 + 2 '  18 
Methanol 0.2275 1 9 . 9 2 0 . 2 d  + 6 . 4 + 0 . 7 "  19 .3+0 .2 '  + 7 . 5 + 0 . 7 e  9  
Acetonitrile 0 . 3  18' +0.25' 17 .2+0.5"  -5+2 '  14.1 
Dimethylsulfoxide 73. 45 13 .9+0.1d*f  -2 .6 f  0.4*gf 13 .520 .4 '  - 4 +  1' 29.6 
N,N-Dimethyl- 

formamide 15 15.2' -1.5' 13 .9k0.4 '  - 5 2  1" 26.8 

aAll data at 25'C. 
bResults at  20'C. Where necessary, values calculated from plots of log k ,  1,s. 1/T, T i n  K .  
CReference 2. 
T h i s  work. 
'Reference 1. 
,AH* = 16.6 2 2 kcal and A S *  = 6 + 6 reported by Coetzee and Hsu (4). 

1 I N . N  D I M E T H Y L F O R M A M I D E  I 

FIG. 2. Relation between log rate constants for dis- 
sociation of (S,NiSCN)+ in various donor solvents and 
the donicity of the solvent. 

20°C and associated activation parameters in 
different donor solvents. The value for kb in 
dimethylsulfoxide a t  25°C agrees with earlier 
work (4) within experimental error. The dis- 
sociation rate constants do not show a system- 
atic relation with donicity of solvent (Fig. 2), 
but  the enthalpy of activation for dissociation 
does show a linear correlation (Fig. 3). From 
Fig. 3 the donor numbers of methanol and water 
are best represented by values of 9 and 18. 
These results agree with those found earlier in 
the study of solvent effects on dissociation of 

i 
A C E T O N I T R I L E  

N N  D I M E T H Y L F O R M A M I D E  : i 
FIG. 3. Relation between enthalpy of activation (AH, ' )  

for dissociation of (S,NiSCN)' in various donor solvents 
and the donicity of the solvent. (For acetonitrile, water, 
and dimethylformanlide, arrows indicate k0 .5  kcal.) 

the monoco~nplex of nickel(I1) with isoquinoline 
(1). Recently Tanaka (20) predicted a value in 
the neighbourhood of 10 for the donor number 
of methanol from plots of (a) AHsb,,, against 
AHpho,, (b) AHSbClS against AH,,, and ( c )  
AHs,,,, against CnEn for a variety of organic 
solvents. Values for AHph,,, AN,,, C,, and C, 
were those of Drago and co-workers (21). 
Values close to 9 and 18 for the donor numbers 
of methanol and water can also be predicted 
from recent rneasureinents of downfield nlnr 
chemical shifts of CsCIO, in different solvents 
(22), though these results do  not agree with values 
of 26 for methanol and 33 for water predicted 
from sodium-23 nmr chemical shifts for NaCIO, 
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in several donor solvents (23). The reasons for 
the differences in these nmr data are unclear, but  
the lower charge density of the cesium ion might 
give Inore meaningful results in comparisons of 
the donor properties of structured hydroxylic 
solvents such as water and methanol. Hinton 
also has predicted a value near 20 for the donor 
number of water on the basis of measurements of 
the infinite dilution resonance frequency of 
thallium-205 ion i11 several solvents (25). 

Table 3 also summarizes the activation pa- 
rameters for dissociation of monocomplexes of 
nickel(I1) with thiocyanate ion and isoquinoline. 
Comparison of the enthalpies of activation 
suggests that the pathways for dissociation of 
(S,NiSCN)+ in the solvents considered car1 be 
accommodated within the I,-type mechanism 
represented by eq. 1,  as was observed for 
(S,NiTsoquin~line)~+. I t  was pointed out earlier 
(1) that for an I, mechanism represented by 
eq. 1 the activation enthalpy for dissociation will 
depend upon both the Lewis-acid character of 
(S,Ni)2+ (24) and the Lewis-base character of 
the  liga~ld relative to the free solvent n~olecule. 
If S is a solvent molecule coordinated to nickel- 
(11) in the inner sphere, and it has little or no 
interaction with bulk solvent structure, the 
Lewis-acid character of (NiSJ2+ will be inversely 
related to the donicity of S, and AHb* for 
dissociatior, of (S,NiSCN)+ will increase with 
decreasing donicity of the solvent. The value of 
AHb* for dissociation of a nickel(I1) mono- 
complex in a solvent S would be expected to 
increase with an increase in donicity of the 
donor atom in the ligand. Nitrogen is a better 
donor towards nickel(I1) than sulfur. Thus 
AHb* for dissociation of (S,Nilsoqui~ioline)~', 
in which N is the donor atom, is expected to be 
higher than the corresponding quantity for 
dissociation of (S,NiSCN)+, in which sulfur is 
the donor atom, in any solvent if only the 
Lewis-base property or donicity of the ligand 
coordinating site is considered. From Table 3 
AH,,' for (S,NiSCN)+ is greater than for 
(S ,NiIsoq~inol ine)~+ in all the solvents con- 
sidered. This trend in AH,' values is the oppo- 
site of that expected from consideration of the 
donicity of the ligands only, and suggests that in 
(S,NiSCN)+ an electrostatic effect is indeed 
involved. The electrostatic force between nickel- 
(11) and thiocyanate ion causes AH,* for 
dissociation of (S,NiSCN)+ to be larger than for 
dissociation of (S,NiI~oquinoline)~+ in all sol- 

vents (Table 3). The same conclusion is supported 
by the results for dissociation of (S,Ni4-phenyl- 
~ y r i d i n e ) ~ '  in different solvents (10). 

Informatio~l on the position of other solvents 
on this scale would be useful. In tetrahydrofuran 
the copper salts used in this work were not 
adequately soluble, however, and in propylene 
carbonate a fine yellow-orange suspension, 
barely visible to the eye. appeared in solutions of 
(S,NiSCN)+ after 2 to 3 h. Benzonitrile absorbs 
strongly in the wavelength region where the 
isoquinoline and thiocyanate complexes absorb, 
and so spectral data on these systems in this 
solvent also could not be obtained. 

In  summary, we co~lclude that the pathway 
for dissociation of (S,NiSCN)' in the solvents 
studied is best represented by an  I,-type mechan- 
ism, as observed previously for dissociation of 
(S ,NiI~oquinol ine)~+.  Rate constants for dis- 
sociation at  any particular temperature are not 
systematically related to the donicity of the 
solvent, but the enthalpy of activation for dis- 
sociation of (S,NiSCN)+ is i~lversely related to 
the Gutman11 donor number of the solvent. 
Additional evidence is given in support of a 
value of 9 for the donor number of methanol, 
and of 18 for water. The meaning of such low 
donor numbers for these solvents is not clear 
at  this time. Additional data on other systems 
in these solvents, as well as measurements in 
related hydroxylic solvents, are needed to pro- 
vide further insight into the question. 
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LYDIA BONAZZOLA, NICOLE LERAY, and JACQUES Roucru. Can. J. Chem. 55. 1617 (1977). 
An important matrix effect which can be correlated with the polarisability of radicals is 

observed for the 73Ge coupling constant of Ge(CH,), radical. 

LYDIA BONAZZOLA, NICOLE LERAY et J A C Q ~ E S  R O ~ C I N .  Can. J .  Chem. 55, 1617 (1977). 
Un important effet de matrice est observe pour le couplage RPE du -,Ge dans le radlcal 

(CH,),Ge. 11 peut Ctre reliC a la polarisabilite du radical. 

I t  has been shown some years ago (1) that the 
unpaired spin density at  the Si nucleus of 
CI,Si(CH,),-,, radicals and probably the geom- 
etry of the radical site were strongly dependent 
on  the trapping matrix: the esr hyperfine 
coupling of 29Si nucleus in 29Si(CH,), varies 
from 172.5 G in a nonpolar Si(CH,), matrix to 
129 G in a CISi(CH,), matrix (p = 2 Debye). 

Another example of the trapping snatrix 
influence on the hyperfine coupling of an  atom 
of group I V  of the Periodic Table, bearing the 
unpaired electron is the ' 1 9 S n ( C ~ , ) 3  radical: 
Lloyd and Rogers (2) find 1983 G for the '19Sn 
coupling when the radical is trapped in an  ada- 
mantane matrix. For the same radical in a 
CISn(CH,), matrix (p = 3.5 Debye) '19Sn 
couplirig is found to be 161 1 G (3). 

We have looked for a possible extension of 
these results to other atoms of group IV and 
we have investigated the influence of the trap- 
ping matrix o n  the coupli~lgs of 73Ge when 
',Ge(CH,), radicals are trapped in a Ge(CH,), 
nonpolar matrix and a CIGe(CH,), polar 
matrix. The experimental conditions1 are the 
same as those used for silicon compounds (1). 
The esr spectra are shown on Fig. 1 and the 
couplings tabulated in Table 1 .  These data show 
that 73Ge coupling decreases when the dipole 
moment of the matrix increases. 

The matrix effect observed in $~(cM,), (I),  
$~(cH,) ,  (2), and G~(cH,),  (this work) is 
quite important: around 2 0 2  variation of the 
coupling from one matrix to the other. In con- 
trast, such matrix effects have never been ob- 

'G~cI(cM,), was kindly provided by Professor Satge 
of Universite Paul Sabatier, Toulouse, France. 

FIG. 1. Electron spin resonance spectra of 7 3 ~ e ( ~ ~ , ) ,  
radicals in Ge(CH,), (a) and CIGe(CH,), (b). 
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TABLE I ,  ax couplings for ~ ( c H ~ ) ~  radicals (X = Si, Ge, Sn) in different matrices 

Coupling P 
Radical Matrix (Gauss) (Deb ye) Reference 

Si(CH& Si(CH3I4 172.5 0 1 
ClSi(CH,), 129 2.09 1 

Ge(CH3I3 Ge(CH3h 8 3 0 This work 
Adamantane 84.7 0 2 
ClGe(CH& 63 - This work 

Sn(CH31, Adamantane 1983 0 2 
ClSn(C&)a 1611 3 .5  3 

served on uncharged hydrocarbon radicals 
except in the case of radicals adsorbed on solid 
surfaces, such as porous glass (4, 5). 

I n  a previous paper, we have suggested that 
these couplings and structure variations might 
be related to the field due to the dipoles of the 
molecules of the matrix. If so, the different 
behakiour of hydrocarbon radicals may arise 
from the low polarisability of carbon compared 
to other elements in group I V  of the Periodic 
Table. 

Similar efTects are to be ex~ec ted  whenever 
the polarisability of the atom bearing the un- 
paired electron is of the same order of magnitude 
or  larger than that of group IV elements. Un- 
fortunately esr data relative to the coupling of 
a radical in different matrices are scarce. The 
only data we have found concern P(p2 and ~ q , '  
radicals and they confirm the above statement: 
31P coupling of P q 2  radical is 93 G when the 

trapping matrix is POT, (6) and 103 G when the 
matrix is (p,P(S)H (6). Similarly 31P coupling 
of the radical ion Pq,- changes from 396 G (7) 
in a (p3PBCI, matrix to 342 G (8) in (p3PBF, 
matrix. 
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Structure and conformation of hydroxylubimin, a sesquiterpenoid phytoalexin' 

GEORGE I .  B I R N B A U M  
Di\.ision of Biologrccll Sciences, Nationell Res~trrcll Corrncil ofCotlc~do, Ottn~~jtr, Ont., Ctrncldtr K I A  OR6 

Received December 2 ,  1976 

GEORGE I. BIRNBAUM. Can. J. Chem. 55, 1619(1977). 
In order to determine the orientation of the isopropenyl group and confirm the stereochem- 

istry at  other chiral centers in lubimin (1) and hydroxylubimin (Z), two antifungal sesquiter- 
penes, an  X-ray structure analysis of 2 was carried out. Crystals of 2 are orthorhombic, space 
group P212121, a = 6.190, b = 7.210, c = 63.082 A, Z = 8. The structure was solved by direct 
methods and refined to R = 0.045. In both independent molecules the six-membered ring is 
chair-shaped with all four substituents equatorially oriented. The five-membered ring, attached 
by a spiro junction, is a half-chair with the isopropenyl substituent in an equatorial position. 
This side-chain is trans to the methyl-bearing carbon in the six-membered ring. 

GEORGE I. BIRNBAUM. Can. J. Chen~.  55, 1619 (1977). 
Afin de determiner I'orientation du groupe isopropenyle et pour confirmer la stereochimie au 

niveau d'autres centres chiraux de la lubimine (1) et de l'hydroxylubimine (2), deux sesquiter- 
penes fungicides, on a effectue une analyse de structure de rayon-)< de 2. Les cristaux de 2 sont 
orthorhombiques, groupe spatial P2,2,2,, a = 6.190, b = 7.210, c = 63.082 A, Z = 8. On a 
rCsolu la structure par des methodes directes et on l'a affinee jusqu'ii une valeur de R = 0.045. 
Dans les deux molecules indipendantes, le cycle a six chainons est dans une forme chaise avec 
les quatre substituants orientes en position equatoriale. Le cycle a cinq chainons, attache par 
une junction spiro, est en forme de demi-chaise avec le groupe isopropCnyle en position equa- 
toriale. Cette chaine lattrale est frnns par rapport au carbone portant le methyle dans le cycle a 
six chainons. 

[Traduit par le journal] 

Phytoalexins are stress compounds produced 
by a plant as a result of fungal infection. They 
inhibit fungal growth, thereby preventing the full 
development of the disease (1). Lubimin (1)  and 
hydroxylubimin (2)  are two sesquiterpenoid 
vhvtoalexins which have been isolated from 

< 

several species of the Solanaceae family, such as 
potatoes (Solanuulz tubevo,~um), egg plants (Sola- 
num melongena), and thorn apples (Datura 
stramonium) (2-4). Stoessl et al. (31, and subse- 
quently Masamune and his collaborators (4), 
proposed the correct skeleton structure of 1. The 
latter authors also concluded that 2 was the 
3-hydroxy derivative of 1. The stereochemistry at  
most chiral centers of 1 and 2 was published 
later ( 5 ) ,  but the orientation of the isopropenyl 
group could not be determined from spectro- 
scopic data. In order to establish this feature, and 
to  confirm the earlier stereochemical assignment, 
we undertook a n  X-ray analysis of 2. A prelimi- 
nary report of our investigation was recently 
published (6); it showed the relative and absolute 
configurations of 1 and 2. The absolute con- - 
figuration was assumed by analogy with related 
sesquiterpenoids.' It was recently verified by an  

- 

'NRCC No. 15815. 
'A. Stoessl, private communication. 

application of the benzoate rule in the interpreta- 
tion of a CD spectrum (7). 

Experimental 
3-Hydroxylubimin, C15H2403, was crystallized from 

etherlpetroleum ether to give colorless prisms, mp 
96:5-99.5'C. Precession photographs showed the follow- 
ing systematic absences: 1200 for odd 12, Olio for odd k, and 
001 for odd I. The space group was thus uniquely deter- 
mined to be P2,2,2,. A crystal fragment measuring 
0.15 x 0.25 x 0.45 mm was mounted along the c axis on 
a card-controlled Picker four-circle diffractometer and the 
following crystal data were obtained. 

C15H2403 fw = 252.3 
Orthorhombic, n = 6.190(1), b = 7.210(1), c = 63.082(2) 
A, V =  2815.3A3, D,,, = 1 . 1 8 g ~ n i - ~ , Z =  8, D,= 1.19g 
~ m - ~  (B5C;  CuKx1, 7. = 1.54051 A, CuKu2, ?, = 1.54433 
A), F(000) = 1 104, p(CuKa) = 6.6 cm-'. 

The moving-crystal - moving-counter method (0-20 
scan) was used to measure the intensity data. Mono- 
chromatization was achieved by the use of a nickel filter 
and a pulse-height analyzer. The 130 reflection was 
monitored at regular intervals; its intensity decreased by 
5% during the data collection. A net count of 60 or 10% of 
the background, whichever was higher, was determined as 
threshold intensity below which reflections were con- 
sidered unobserved. There were 2868 unique reflections 
accessible to the diffractometer (20 5 130') of which 2301 
had intensities above threshold values. The intensities 
were corrected for Lorentz and polarization factors; 
absorption corrections were considered unnecessary in 
view of the low value of p. 
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1620 C A N .  J .  C H E M .  VOL. 55.  1977 

TABLE 1. Final fractional coordinates and thermal parameters ( A 2 )  

(a) Nonhydrogen atomsa 

Atom 1O"x 104y S05z 104Ull 104U22 1O4Ua3 1O4Uz3 1O4UI3 1O4UI2 

OThe thermal vibration + 2U12hkn*6*)1. 
parameters are expressed as cup[- 

The structure was determined by direct methods with a 
ni~~ltisolution procedure similar to that described by 
Kennard ef ul. (8). With = 2.21 and tmi, = 0.3 one of 
the 64 permutations yielded R, = 0.18 for 323 reflections 
with E 2 1.50 after a tangent refinenlent was carried out 
in three stages. The E map revealed the positions of all 36 
nonhydrogen atoms in the two crystallographically inde- 
pendent molecules. Atomic paran~eters were refined by 
block-diagonal least squares. All scattering factors were 
taken from the International Tables for X-Ray Crystal- 
lography (9) and the oxygen curve was corrected for 
anonialous dispersion. All hydrogen atoms were located 
on difference Fourier maps and their parameters were 
refined isotropically. Througho~~t  the refinement the 
function Z1c(F0 - F c ) Z  was minimized and the follow- 
ing weighting scheme was used during the final stages: 
1c = M . , U . ~ ,  where n , ,  = 1 for IFb 5 11.5, IV, = 11.5,'F"I 
for F ,  > 11.5; lo, = sinZ 810.35 for sin2 8 < 0.35, w2 = 1 
for sin2 8 2 0.35. Six strong reflections s~~ffered severely 
from extinction effects and they were given zero weights. 

After the final cycle the average parameter shift equalled 
0.080 and the largest one 0.650. The conventional residual 
index R ( Z ; A F j  Z F , )  is 0.045 and the weighted index R' 
( Zn.AFZj ZwFOZ) is 0.057 for 2330 reflections, including 35 
unobserved ones for which F 0  < F,I. A final difference 
Fourier map was featureless. 

The final coordinates and temperature parameters, as 
well as their estimated standard deviations, are listed in 
Table 1. Table 2 lists the observed and calculated struc- 
ture  factor^.^ Bond lengths and endocyclic torsional 
angles are shown in Fig. I while bond angles are given in 
Fig. 2. 

Discussion 
A stereoscopic view of one of the lnolecules 

(A) is shown in Fig. 3. In each of the two inde- 

3Table 2 may be obtained, at  a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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(b) Hydrogen atoms 

A ~ O I ~  103x I 03y 1 oaz B 

pendent molecules the six-membered ring is 
chair-shaped and all four substituents are 
equatorially oriented. All torsion angles are 
within a few degrees of 55.9", the value observed 
in cyclohexane, indicating that there is very little 
strain. The conformation of the five-membered 
rings can be expressed by their phase angles of 
pseudorotation (10). In molecule A A = 74.0" 

which is almost identical with the value (72') 
corresponding to a perfect half-chair. C(7) and 
C(8) are displaced by 0.324 and 0.359 A, respec- 
tively, to the opposite sides of the plane defined 
by C(5), C(6),  and C(9). In molecule B the 
displacen~ents of C(7) and C(8) amount to 0.269 
and 0.392 A, respectively, while A = 79.5" indi- 
cates a slightly distorted half-chair. The Newlnan 
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1622 CAN.  J .  CHEM. 

FIG. 1. Bond lengths and torsional angles in molec~~les 
A (top) and B (bottom). Unless otherwise indicated, the 
e.s.d.'s are 0.004-0.006 A and 0.2-0.3', respectively. 

FIG. 2. Bond angles in molecules A (top) and B 
(bottom). The e.s.d.3 are 0.2-0.4'. 

projections in Fig. 4 show the conformations of 
the aldehyde and isopropenyl groups attached to 
the two rings in each molecule. In the case of the 
aldehyde group the two projections look very 
similar, indicating a preferred conformation. 
This preference can be explained in terms of non- 

bonded intramolecular contacts. A clockwise 
rotation of the C=O group about the C(15)- 
C(10) bond would decrease the distances between 
O(3) and H(9,2) and between H(10,l) and 
H(15,1), 2.9 and 2.2 A, respectively. On the other 
hand, a counterclockwise rotation would result 
in decreasing the distances between O(3) and 
H(1,l) (2.6 A) and between H(15,l) and H(6,2) 
(2.2 A). Of these four distances, the latter three 
are very close to van der Waals contacts. Conse- 
quently, the range of allowable conformation is 
very narrow. The conformation of the isopro- 
penyl group is substantially different in the 
two molecules: there are no short contacts in 
molecule A,  while in molecule B the H(8,2). . . 
H(12,l) distance is 2.13 A. 

Equivalent bonds have the same lengths, 
within experimental error, in both molecules, 
except for the C(7)-C(8) bond which is signi- 
ficantly longer in molecule A than in molecule B. 
The reason is not quite clear, but it may be 
related to the difference in the conformation of 
the isopropenyl groups. None of the bond 
lengths are unusual. As expected, the longest 
ones are at  the spiro junction, reflecting the high 
degree of substitution. The short C(l1)-C(13) 
bond can be ascr~bed to the strong thermal 
vibration of the latter atom; in capsidiol, a 
closely related sesquiterpenoid phytoalexin iso- 
lated from sweet peppers, this bond was even 
shorter, 1.438 A (1 1). 

Two bond angles involving oxygen atoms, 
C(1)-C(2)-O(1) and C(4)-C(3)-0(2), are 
significantly different in the two molecules. This 
may be attributable to the different hydrogen 
bonds in which each molecule participates (see 
below). The large C(7)-C(11)-C(12) angle and 
the small C(7)-C(l1)-C(13) angle in molecule 
B are presumably due to the fact that C(8) and 
C(12) are almost eclipsed. I t  is somewhat sur- 
prising that this interaction is not relieved by a 
rotation about the C(7)-C(11) bond. 

The geometry of the hydrogen bonds in the 
crystal structure is given in Table 3. Both 
hydroxyl groups in each molecule act as proton 
donors and acceptors. I-Iowever, only in mole- 
cule B does the aldehyde oxygen accept a proton 
from a hydroxyl group. This proton is shared by 
two acceptors and consequently the H . . . O  
distances are somewhat long. A bifurcated 
hydrogen bond with a similar geometry was 
encountered in the t ra t~s-s jn  photodimer of 
methyl orotate (12). Each molecule has a polar 
'head' and a nonpolar 'tail' and the molecules are 
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FIG. 3, Stereoscopic view of molecule A ;  the ellipsoids include 5 0 x  probability 

TABLE 3. Geometry of hydrogen bonds 

Length (A) Angle (deg) 
- 

Bonds D.. . A  H . .  . A  D-H. . . A  H - D . . . A  

O(A,l)-H. . .O(B,I)(l -x,++y,+-z) 2.734 1 . 9 9  171 7 
O(A,2)-H. . . O(B,2)(2 - x,+ + y,+- z) 3.008 2 . 3 6  144 28 
O(A,2)-H. . . O(B,3)(1 -x , - t+y ,+-z)  2.950 2.44 126 42 
O(B,l)-H. . .O(A,2)(2-x,-++I.,+-z) 2.862 2.03 175 4 
O(B,2)-H. . . 0 ( A , 1 ) ( 2 - ~ ,  - ++y,+- z) 2.962 2 . 0 9  165 10 

FIG. 4. Newman projections along C(7)-C(l I) (top) 
and  C(10)-C(15) (bottom) in ~nolecules A (left) and B 
(right). 

packed 'head' to 'head' and 'tail' to 'tail' along z 
in the sequence -A-B-B-A-. The isopro- 
penyl groups, representing the non-polar 'tails', 
are close to the screw axes parallel to),. The hydro- 
gen bonds join the polar 'heads' of molecules A 
and B to each other, thus forming chains of hydro- 
gen-bonded molecules -A-B-A-R- parallel 
t o  x. Apart from these hydrogen bonds there 
are no intermolecular contacts which are shorter 
than normal van der Waals distances. 
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The thermal decomposition of methane. III. Methyl radical exchange in 
CW,-GD, mixtures1 
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C.-J. CHLN, M. H.  BACK, and R. A. BACK. Can. J. Chem. 55, 1624 (1977). 
The thermal methyl-radical exchange reaction, CH, + CD4 -+ CH3D + CD3H, has 

been studied in a static system at temperatures from 880 to 1103 K, with equimolar mixtures at 
a pressure of 440 Torr. The exchange occurs by a methyl-radical chain mechanism, propagated 
by the reactions CH, + CD, + CH3D CD, and CD3 + CH4 -t CD3H + CH,. Values 
of an average rate constant for these reactions have been estimated; kx = 1.42 x lo6 C mol-I 
s-' at 995 K. Comparison with shock tube data and photochemical measurements, at higher 
and lower temperatures respectively, indicates pronounced non-Arrhenius behaviour. 

C.-J. CHEN, M. H. BACK et R. A. BACK. Can. J. Chem. 55, 1624 (1977). 
Utilisant des melanges CquimolCculaires a une pression de 440 Torr, on a etudiC, dans un sys- 

teme statique et a des ten~peratures allant de 880 a 1103 K, la reaction d'tchange thermique du 
radical mtthyle CH, 4 CD4 -t CH3D + CD3H. La reaction se produit par un micanisme en 
chaine du radical methyle propage par les rCactions CH, + CD, + CH3D + CD, et CD, + 
CH, -+ CD3H + CH,. On a evalue que les valeurs moyennes des constantes de vitesse de ces 
reactions sont k ,  = 1.42 x lo6 !mol-l s-' a 995 K .  Une comparaison avec des donnies de 
tube de choc et des mesures photochimiques respect~vement a des tempkratures plus ClevCes et 
plus basses, indique que le comportement differe considerablement de celui predit par la theorie 
d'ArrhCnius. 

[Traduit par le journal] 

Introduction mechanism propagated by the reactions 
Non-Arrhenius behaviour in the rate con- [A] CH3 + CD, + CH3D + CD3 

stants for hydrogen abstraction has been ob- 
served in several recent studies where the [Bl CD3 + CH, -+ CD3H + CH3 

measurements have been made at  high tem- 
peratures (> 1000 K) (1-7). Clark and Dove (8) 
have offered the most quantitative explanation 
of this effect, using the BEBO method to show 
that tunnelling corrections and quantum effects 
can account reasonably well for the observed 
curvature. The effect is of great interest in the 
understanding of the activated complex in 
chemical reactions, and more data for this 
type of reaction in the high-temperature region 

and their measurement of an average rate con- 
stant for these reactions was considerably higher 
than an extrapolated valuc from measurements 
in a lower temperature region (500-800 K)  (10). 
In a recent study in these laboratories of the 
thermal decomposition of methane (1 l ) ,  mix- 
tures of CH, and CD, were used in some experi- 
ments to determine whether molecular hydrogen 
was formed in the primary dissociation. In the 
course of these experiments it was noted that an  

are needed. efficient H-D exchange was occurring, much 
The methyl radical exchange reaction in faster than the decomposition itself, which 

mixtures of CH, and CD, was studied some closely followed the simple stoichiometry 
years ago by Burcat and Lifshitz (9) using a CH4 + CD4 + CH3D + CD3H 
shock tube in the temperature range 1340- 
1745 1(. They concluded that the exchange The present paper describes kinetic measure- 
proceeded through a methyl-radical chain ments of this exchange reaction in the static 

pyrolysis system at  temperatures from 880 to 
'NRCC No. 15865. 1103 K. The results are in substantial agreement 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



with the earlier results of Burcat and Lifshitz 
(9) and confirm their observation of non- 
Arrhenius behaviour in this reaction. 

Experimental 
Apparatus, techniques, and product analysis have 

already been described (11). Experiments were per- 
formed over the temperature range 880-1103 K with 
equimolar mixtures of C H ,  and C D ,  at a pressure of 
440 Torr. Samples of methane were analyzed for isotopic 
coniposit~on by mass spectrometry.' Hydrogen was 
analyzed for H,, HD,  and D, by gas chromatography 
(1 1). 

Results 
Analysis of methane after the reaction showed 

th.at CH,D and CD,H were the only isotopic 
methanes produced in significant yields; CH2D,  
was negligible when the extent of the exchange 
was <20";,. Figures 1 and 2 show typical first- 
order plots for the disappearance of CH, and 
CD, and the formation of the mixed methanes. 
Within experilneiltal error. -d[CH,]]df = 

-d[CD,]/dt = d[CH,D],'dt = d[CD,H]/dt as 
required for the simple exchange mechanism sug- 
gested. There seems little doubt that the radicai 
chain mechanism is operative in the present 
system. 

In the thermal decomposition of CH,, we have 
shown (7, 11) that the methyl radical concentra- 
tion in the early stages is determined by the 
following reactions : 

121 N C H ,  -t H, + C H ,  

Reaction 1 is slow and rate controlli~ig, and is 
always followed by reactions 2 and 3, so that the 
steady-state methyl radical concentration is given 
by 

[6] [CH,] = {(k, [CH,] + I(- ,[C2H6])/k,)'12 

Initially, [CH,] is determined by reactions 1 and 
3 aione, but as ethane accumulates reaction -3  
becomes important. Ethane is formed by reac- 
tion 3 a t  a rate equal to that of reaction 1, and 
begins to disappear by reaction 4 as its concen- 
tration rises. The ethane concentration will be 

2Wc are grateful to Mr. Roger Pilon for assistance in 
the mass spectrometry. 

136  
2 0  40 60 80 

TIME (MIN) 

FIG. 1. First order plots for disappearance of C H ,  
and C D ,  at 957 K .  Initial pressure 440 Torr. 

1 1 
20 40 60 80 

TIME (MIN)  

FIG. 2. First order plots for formation of CD,H (0) 
and C H 3 D  (O), at 957 K where B = 1 - [CD,H]/[CD,] 
or 1 - [CH,D]I[CH,] respectively. Initial pressure 
440 Torr. 

given by the differential equation 

Calculation sf the Rate Constant for Exchange 
Equation 6 can be applied to the CH,-CD, 
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system, after appropriate modifications to take 
into account kinetic isotopic effects in reactions 1 
and 3. to calculate the total radical concentra- 
tion. [CH,] + [CD,]. I t  is more difficult to deter- 
mine the concentration of each radical. Because 
reactions A and B are much faster than react~on 
1 .  the c h a ~ n  length of the exchange reactlon 1s 
large, and the relatlve concentrations of C H ,  
and C D ,  MIIII  adjust themselves to nidlntaln 
the relat~on k A [ C H 3 ] [ C D 4 ]  = h,[CD,][CH,]. 
Values of k ,  and A ,  could In principle be ob- 
ta~ned from the system in twro ways Measure- 
ments of the q~elds of C 2 H ,  and C,D, could be 
used ro evaluate [CH,] and [CD,] ,  maklng surt- 
able assum~tions  about the relatiire combination 
rates. Alternatively. experimelits could be done 
with [CH,] >> [CD,] so that [CH,] >> [CD,],  
and [CW,] could then be obtained simply from 
eq. 6, and k ,  evaluated from the exchange ratc; 
analogous experiments with [CD,] >> [CH,] 
cou!d be used to determine k,. Both these 
methods are thwarted by experimental difficulties 
inherent in the methane pyrolys~s. In the first 
case. accurate isotopic analysis of the very 
sma!l vlelds of ethane was irnvossible in the 
presence of the large excess of methane, vvhile 
in the second nlethod the exchallge reaction 
became too slow comvared to the thermal de- 
composition. The separate e~a lua t ion  of k ,  and 
k ,  was therefore abandoned and the data treated 
instead in terms of an average rate constant for 
exchange. k,, defined by the usual relation 

T o  evaluate k ,  from eq. 8 ,  the total methyl 
radical concentration must be estimated from 
eq. 6, taking account of all the isotopic species 
involved. While values of I;,, k,,  and k - ,  are 
known with some confidence for the C K ,  system 
(7, 11) the corresponding values of k ,  for CD,, 
I;, for CH, + C D ,  and C D ,  + CD,, and k - ,  
for CH,CD,, are not. The deuterium isotope 
effect in k ,  is smdoubtedly in the normal direc- 
tion, as will be seen horn the isotopic composi- 
tion of the hydrogen formed (below). A snlall 
inverse secondary deuterium isotope effect has 
recently been reported in k - ,  for C2H,  and 
C,D, (12); the isotope effect in k ,  is probably 
very small. The kinetic isotope effects in reactions 
1 and - 3  are thus in opposite directions, and 

the terms in eq. 6 involving k ,  and k - ,  are of 
 omp parable importance at  the ethane concentra- 
tions attained in the present experiments. It was 
therefore concluded that no large error would be 
introduced by siniply ignoring all kinetic isotope 
effects in k , ,  k , ,  and k - , ,  and calculating the 
total radical concentrations using equation 6 and 
the kno\vn rate constants used previously (7) for 
the C H ,  pyrolysis system. Details of the cal- 
cclation oS radical concentration and values of 
Ic, obtained from eq. 8 are shown in Table 1 .  
Radical co~lcentrations used were simple aver- 
ages of the initial value and the value correspond- 
ing to the steady-state in ethane, as the rate of 
the exchange reaction was measured between 
f = 0 and the attainment of the steady state. The 
first-order rate piocs were linear, within experi- 
mental scatter (Figs. 1 and 2). although some up- 
ward curvature, as expected from the increasing 
radical concentration (Table 1) was perhaps 
evident in some of the experiments. Average 
rates and average radical concentrations were 
used to obtain k,, and the absolute errors 
arising from the approximations involved, in- 
cluding the l?eglect of isotope effects, are prob- 
ably less than +20";,. 

Isotope Effects in Reactions I rrt1cl2 
Tile initial yields of H,. I-ID, and D, from the 

pyrolysis of equi~nolar CH,-CD, mixtures are 
shown in Table 2. Kinetic isotope effects in both 
reactions 1 and 2 combine to determine the 
isotopic composition of the hydrogen. The 
pertinent reactions are 

[zel N + CD,+HD + CD, 

T O  separate the isotope effects of the two reac- 
tions, some simplification must be made. If it is 
assumed that k,,/lc2, = k,,,lk,, = Y,  and 
putting k l , 4 / k l ,  = A', it can be shown that for 
equirnolar CH,-CD, mixtures, 

Equations 10 and I I are identical in X and Y and 
can be solved when [HDI2 > 4 [ H 2 ] [ D 2 ] ,  as was 
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CHEK El '  Al.. 1627 

TABLE 1. Values of the average rate constant, kx, for methyl-radical exchange, measured in equimolar CH4-CD4 
~nlxtures at  400 Torr 

([CH3]+ [CD,])x 10' '  
( n l ~ ~  e -11 

- 

Steady 
Initial state Average 

- - 4.03  
1.99 2.38 2 .18  
5.61 10.2 7.89 

16.1 37.0 24.1 
38.2 73.0 5 5 . 6  
8 5 . 9  188 137 

[C2H,I,, 
x 10' 

(mol !-I) 

TABLE 2. Yields of H,, HD, and D, 

Yield x 10s 
(mol e - ' )  

T Time ---- [HD12 
(K) (min) H 2 H D  D 2 [H2I[D2I 

found experimentally, t o  yield 2 roots. The initial 
rates, estimated from the data in Table 2, gave 
average values of [H2]I[D,] of 3.6 f 0.4 and of 
[HD]2i[H2][D,] of 5.2 5 0.5, and from eqs. 9 
and 11  values of X and Y of 1.2 and 3.0 were ob- 
tained. This implies that the overall isotope effect 
of 3.6 is unequally shared between reactions 1 
and 2, but there is nothing to indicate which 
value belongs to whicl~ reaction. It should also be 
noted that the conclusion that X and Yare  un- 
equal depends on the value of [HDI2/[H,][D2] 
being significantly greater than 4, which con- 
sidering the scatter in the data may be seriously 
questioned. A perhaps inore accurate estiniate 
of the kinetic isotope effect in reaction 1 call be 
obtained from the yields of ethane; it has been 
shown that the initial yield of ethane is an ac- 
curate measure of reaction I i l l  the pyrolysis of 
methane (1 I ) ,  and the measurements of total 
initial ethane from equimolar CH,-CD, mix- 

tures showed this to be about 20':; less than 
that expected from pure CH, at  both 1068 and 
1103 K.  This corresponds to an isotope effect 
in reaction 1 of about 1.7 which combined with 
eq. 9 would suggest an  isotope effect in reaction 2 
of 2.2. There are considerable uncertainties in 
both these estimates of isotope effects, partic- 
ularly in the measurement of the small quantities 
of deuterium in the initial stages of the reaction. 
It  may be concluded only that the kinetic isotope 
effects in both reactions are normal in direction 
and magnitude, and that for reaction 2 is 
probably greater than that for reaction 1 .  

In Fig. 3 our values of k, are compared with 
data obtained a t  both lower and higher tem- 
peratures. The low-temperature data (425-800 K) 
were obtained by photolysis methods and have 
been recently reviewed by Kerr and Parsonage 
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culate an average value of [C,H,] by integration 
of eq. 7. Because k, is not accurately known at  
this temperature, we have instead calculated 
lower and upper limits for [CH,]: assuming in 
the first case that reaction - 3 is negligible (which 
underestimates [CH,]), and in the second that 
reaction 4 is negligible (which overestimates 
[CH,]). The vertical bar in Fig. 3 corresponds to 
the range of k, obtained between these two 
limiting values of [CH,]. In the calculation, a 
value of k, = 3.16 x lo9 s- '  at  1500 K was 
taken, based on measurements in this laboratory 
(I I), extrapolated by RRKM calculations, as- 
suming argon to be 113 as efficient as CH, as a 
collision partner. which gives values in good 
agreement with experiment. Values of k, = 

4 x 10" M-' s-I and k,lk-, = 7.7 x lo%-' 
(7) were also employed. The true value of k ,  
measured by Burcat and kifshitz should lie well 
between the calculated limits, probably rather 

IIT lo3 ( K - ~ )  
closer to the lower one. 

The data in Fig. 3 appear to constitute strong 
FIG. 3. Comparison of present experiments (0) with 

shock-tube data of Burcat and Lifshitz (B & (9) 
evidence for non-Arrhenius behaviour in the 

and the ohotochemical data c o n ~ ~ i l ~ d  bv Kerr and reaction of methyl radicals with methane. While 
parsonage. (K & P) (10). 

(10). The two lines shown in Fig. 3 are their 
recommended values for the rate constants for 
the reactions. CH, (or CD,) + CH,, and CH, 
(or CD,) -t CD, (secondary isotope effects were 
considered negligible in their assessment). The 
average rate constant, k,, as defined in the 
present experiments, should fall about midway 
between the two lines. 

The high-temperature value shown is based 
on an  average of two experiments (No. 2 and 3) 
a t  1500 K with equimolar CH,-CD, mixtures 
reported by Burcat and Lifshitz (9) which appear 
to be representative of their measurements. 
These authors did not report values of k, 
directly, but values are implicit in their com- 
parison with low-temperature data. In this com- 
parison they assumed reaction - 3 to be unim- 
portant, and their steady-state equation (VIII) is 
in error by a factor of 2; the neglect of reaction 
-3, and the error in their equation VII tend 
to cancel one another, and their estimate of 
methyl radical concentration is not greatly in 
error. Reaction - 3 is far from negligible in their 
experiments, and in fact the second term in the 
numerator of the r.h.s. of ea. 6 becomes dom- 
inant at  an early stage of the reacticn, so that 
[CH,] approaches a value corresponding to the 
equilibrium C,H, + 2CI-1,. To  estimate [CH,] 
accurately via eq. 6, it would be necessary to cal- 

there is considerable uncertainty in all the rate 
constants shown, the curvature seems well be- 
yond any reasonable estimate of the experi- 
mental error. There now appears to be good 
evidence for such behaviour in a number of 
simple hydrogen abstraction reactions (1-7). 
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Intramolecular alkylation of a ketone by 1,Zepoxide groups of 
differing stereochemistry 

E. W. WARNHOFF A N D  V.  SRINIVASAK 
Dcpcrrrment ofClzen~i.stt?>, Uni\.ersity of Wester17 Ontnrio, London, O i~ t . ,  C/ri7trdrr N6A 5B7 
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E. W. WARNHOFF and V. SRINIVASAN. Can. J .  Chern. 55, 1629 (1977). 
The intramolecular alkylation of a ketone by three epoxide stereoisomers of 1 has been 

studied. Although a variety of products are possible cr yriori, in tert-BuOH-H20-KOH each 
reaction yields a preponderant product. The course of these reactions can be rationalized by 
considering the accessibility of both faces of the three possible enolates to the backside of each 
carbon of the epoxide group for the Sh2 reaction. 

E W. WARNHOFF et V. SRIYIVASAN. Can. J. Chem. 55, 1629 (1977). 
On a etudie l'alkylation intranloleculaire d'une cetone par trois epoxydes stCrCoisomeres de 

1. Quoiqu'un grand nornbre de produits soit possibles ci puiori, dans le milieu reactionnel tert- 
BLIOH-H,O-KOH, chaque reaction conduit a un produit principal. 011 peut rationaliser le 
cours de ces reactions en considerant l'accessibilite de chaque face des trois enolates possibles 
vis-a-vis une attaque par l'arriere de chaque atome de carbone du groupe Cpoxyde pour la 
rCaction du type Sh2. 

[Traduit par le joulnal] 

During the rece~itly reported study (1) of base- 
catalyzed intramolecular opening of the epoxide 
ring of some derivatives of the sesquiterpene 
caryophyllene, the opportunity was provided to 
examine the base-catalyzed ~ntramoiecular alky- 
lation of a ketone by the epoxide group. This 
reaction has been useful 011 occacion (2-7), and it 
seemed worthhhile to explore its stereodepen- 
dence with the available stereoisomers of the keto 
oxide 1. 

For  each of the three isorners 2, 6, and 9 there 
was the possibility of reactioil at  either 2-carbon 
of the ketone and at  either carbon of the epoxide 
to  yield a 3-, 4-, 5-,  or 6-membered ring. Although 
either enolate could in principle be alkylated from 
either side, in fact there was one preponderant 
product formed in each reaction, as already noted 
for epoxide 2 by Barton and Lindsey (2). Struc- 
tural assignments to products (Scheme 1) were 
readily made with is (OH, C=O, and cyclopropyl 
CH), uv (C=O colijugated withcyclopropyl), and 
'Hmr spectra(CHOH, cyclopropyl H, seeTable 1) 
in co~iju~lction with acetylation and oxidation ex- 

periments. For two of the stereoisomers, the pro- 
duct distribution depended on the base-solvent 
system used. Thus b i th  epoxide 2 in methanolic 
KOH the inajor productwas 3 as found by Barton 
and Lindsey In the course of the structure determi- 
nation of caryophyliene (2). However, there wag 
also -5% each of two other Isomers formed, 
mp I19'C and 146 C, and In the trrt-butyl 
alcohol-water-KOH system, the amount of one 
of the minor products (mp 119 C) \+as increased 
to 27",he product of mp 146'C uas  a tertlary 
hydroxy cyclopropyl ketone and is assigned the 
stereostructure 5 on the assumptions of inversiori 
during oxide ring opening and formation of the 
most stable configurations a t  the two enolirable 
E-positions of the ketone. 

The third ketol isomer of mp 119°C was found 
to be the artifact 4 derived from the maior 
product 3 by base-catalyzed intramolecular 
hydride transfer (9, lo).' Its structure follows 
from oxidation to the same dione 12 obtained bv 
oxidation of 3, and from photochemical cleavage 
(Scheme 2) which produced lactone 113 via intra- 
molecular hydrogen abstraction in the diradical 
and cyclization of the resulting ketene. The 'Hmr 
spectrum of this lactone contained a methyl 

'Son~e of the facts (and consequently their interpreta- 
tion) regarding the ketols of mp 119 and 130 C given in 
this paper and in refs. 9 and 10 differ from those given in 
ref. 8 ;  the facts presented here and In ref. 10 are correct. 
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doublet at  6 0.91 (J = 6 Hz) in addition to the 
gem-dimethyl group. Irradiation of ketol 3 
(Scheme 2) also produced a lactone 14 which, 
h o ~ e v e r ,  -exhibited three methyl singlets in its 
'Hmr spectrum. 

In the inethanolic potassium hydroxide system, 
cis-keto oxide-a 6 gake a complex mixture of a t  
least nine products. but in frrr-butyl alcohol - 
water - potasslum hqdrox~de only t\vo products 
were formed. The major one (-60";). ~ h i c l z  had 
no carbonyl infrared absorption, \+as assigned 
the cyclopropyl hemiketal structure 7. A inono- 
acetate was formed at  reAux in acetic anhydride - 
pyridine. Although the configuration at the 
cyclobutane ring fusion is epimerizable, it should 
be trcius as shown becau~e the cis-configuration 
would have more unfavorable non-bonded inter- 
actions on the r-face of the molecule 

The second ploduct of the leactlon formed In 
only 4",ield was 8. mp 130 C, whose orlgln ir 
discussed in the follow~ng paper (10) 

The cis-keto oxide-b 9 gave d s~ngle alkylation 
product in both the methailol~c potassium 
hydroxide and the tert-butyl alcohol - water 

potass i~~in  hydroxide media. This product was a 
cyclopropyl ketone which was partially iso- 
inerized by base to a hemiketal. The isomeriza- 
tion Mas shown to be a true equilibration by 
obtaining the same 2 :  1 mixture of 10 and 11 
starting with each pure compound. The geometry 
(Dreiding models) is niuch better for liemi- 
ketalization if the cyclobutane ring is cis-fused. 
The slow rate of heniiketalization is best ex- 
plained i f  the cyclopropyl ketone 10 has a trans- 
fused cpclobutane ring and the hemiketal has a 
cis-fused cyclobutane ring so that an epimeriza- 
tion is required before heniiketalization can 
occur. 

These alkylations are true S,2 displacements 
of an enolate on the oxide group. and not 
solvolytic openings of the oxide ~vith concomi- 
tant reaction of the enol(ate), because the oxide 
groups of caryophyllene monoxide (2, with 
=CH, in place of = 0 )  and isocaryophyllene 
monoxides (4 and 9 with =CH2 in place of -=0) 
are stablc to these reaction conditions. The 
products found accord with expectations from 
examination of Dreiding models. The sirnplest 
case is that of cis-keto oxide-b 9 for which the 
C-9-enolate can not get within bonding distance 
of the back of either C-4 or C-5 of the oxide 
group, and hence only alkylation by the C-7- 
enolate can occur. Although in principle alkyla- 
tion could occur with the enolate in the cis- or  
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TABLE 1. 'Hmr data"," 

Compound Methyl groups' Other 

Cyclopropyl ketol 5 
Cyclopropyl ketol 7 
Cyclopropyl ketol 7 acetate 
Cyclopropyl ketol 10 
Cyclopropyl hemiketal 11 
Cyclopropyl heniiketal 11 

acetate 
Diketone 12 
y-Lactone 13 
?-Lactone 14 

3.13 (IH, m, ketone r -H)  0.7-0.95 (ni, cyclopropyl H) 
- 0.4-0.8 (m, cyclopropyl H) 

1.99 (CH,C-0) 0.4-0.8 (m, cyclopropyl H) 
3.16 (1 H,  ni, ketone r - H )  0.6-0.95 im, cyclopropyl H)  

- 0.3-0.7 ini, cyclopropyl H) 
2.00 (CH,=O) 0.35-0.75 (m, cyciopropyl H) 

"Chemical shifts are giieii in ppm from tetrameth)lsilane (6) ,  and coupling constants are given in Flz for CDCI,  soli>tiona: d - doublet 
t - triplet. q = quartet, m = rnult~plet. 

bFor data on ketols 3, 4. and 8 see the f'ollouiny paper: for data on heto oxides 2. 6. and 9 see ref. 13. 
<All peaks were singlets except as noted 

trutis-configuration and with the cyclobutane 
fusion either c~is or trails, only the transition 
state involving the cis-enoiate and the trtriis- 
cyclobutane fusion (+ lo)  has the proper orienta- 
tion of the enolate ./.-carbon at  the backside of 
C-5 without unfavorable transan~lular hydrogen 
interactions. The cyclopropyl ketol 10 with the 
fra17s-cyclobutane fusion might have been ex- 
pected to form a hemiketal, but Dreiding models 
clearly show this he~niketal to be more strained 
than 11 with the cis-fused cyclobutane. 

For the cis-keto oxide-a 6, it is apparently not 
possible to get the x-face of the C-9-enolate 
properly positio~led behind C-5 for S,2 displace- 
ment, nor is it possible to get the p-face properly 
oriented behind either C-4 or C-5. However, the 
a-face of the C-9-enolate can approach the back 
of the tertiary C-4 correctly, and this path even- 
tually produces the minor product 8 (10). With 

state for the formation of the other product 8 has 
an unfavorable interaction of cr-C-4-methyl with 
the cr-hydrogen of the cyclobutane ~nethylene 
group. 

In contrast, the r-face of the C-9-enolate of the 
fmns-keto oxide 2 has 110 unfavorable interac- 
tions for alkylation at  tertiary C-4, and this path 
leads to the lnajor product 3 observed. Attack of 
the C-9-enolate at  secondary C-5 is apparently 
prohibited because strain prevents C-9 from 
getting properly oriented at the back of C-5. The 
alkylation of the B-face of the cis-C-7-enolate by 
C-5 to give cyclopropane 5 competes only to a 
minor extent with the formation of 3.2 

'Of the three products \+ith the same structure, 5, 10, 
and the ketol precursor of 7, only 5 gives no evidence of 
hemiketal formation. The probable reason for this s~tua-  
tion is that, if the cyclobutane fusion in 5 is trans, hemi- 
ketal ring closure \vould increase the unfavorable non- 

the C-1-enolate of 6, when the cvclobutane fusion bonded interactions (6xH t, 2xH- 9 rH)  already present 

is trmls, the cis-endlate is bvel< situated for dis- 011 the x-face of the molecule. 0 1 1  the other hand if the 
cyclobutane fusion is cis, hemiketal formation would jam placenlent at  the backside C-5 leading to as the 6.1H into the 2xH, while the uncyclired ketol structure 

the major product. Cyclo~ropalle formati011 may can assun7e a conformation which minimizes these a- 
predominate in this case because the transition repulsions. 
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1632 C A N .  J .  CHEM. 

Experimental 
Genet.rr1 

Procedures and apparatus are the same as for ref. 1. 
Woelm neutral alumina was used for column chronia- 
tography and its activity is specified in parentheses. The 
colors specified for tlc spots are for incompletely charred 
plates. The following abbreviations were used: Py for 
pyridine, PE for petroleum ether, T H F  for tetrahydro- 
furan. EtOAc for ethyl acetate, AczO for acetic anhydride, 
lCleOH for methanol, and tert-BuOH for teit-butyl 
alcohol. 

Isoniei.i;rrtion o f C r : t ~ ~ ~ o p l ~ ~ ~ l / e t ~ e  Keto Eposide 2 
Keto oxide 2 was prepared by the procedure of Treibs 

(2, 11). 
(n) tei.t-BIIQH-M'O~~~.-KOH 
A solution of 8.62 g (38 nlmol) of 2, m p  62.5-63'C, in 

100 nil of terr-BuOH containing 7 nil of water and 18 g of 
K O H  \\as reflured for 64 11. D i l ~ ~ t i o n  with water and 
extraction with ether yielded 8.30 g (96i;;,) of a light yellow 
solicl whose tlc examination (EtOAc: PE, 65 :35) revealed 
three intense spots: R, 0.75 ( b r o ~ n ) ,  0.55 (dark green), 
and 0.35 (light brown). 

Recrqstalliration of the crude product from PE gave a 
first crop of 4.15 g (50%) of 3, rnp 144-146.C, R, 0.55 
(single spot). A second recrystallization raised the m p  to  
i47-148.5-C, [rID -32.8- (c. 3.12; CNCI,) (lit. (2) mp 
148-119 C, [rIDZ2 - 32' (c 4.68, CHCL));  v,,,,,(CHC13) 
3600 and 3460 (OH), and 1700 cm-'  (6-ring C=O). 

The nlother liquor left fro111 the first crop was concen- 
trated and chromatographed on 100 g of alumina (IV). 
E l ~ ~ t i o n  ~ i t h  PE-benzene (50: 50) afforded 2.30 g ( 2 7 z )  of 
4, R, 0.75 (single spot). Tm'o recryatallirations from PE 
furnished 1.60 g of small plates of 4, m p  118-1 19 C;  
[ l I D i i  17.5- (c 3.11, CHCI3);  i .,,,,, (EtOH) 292 nm ( c  34): 
v,,,,,(CS,) 3600 and 3500 (OH), and 1705 cm- '  (6-ring 
C=O). iltlrrl. calcd. for Cl ,H,,02 (222.3): C 75.63, H 
9.97; found:  C 75.53, H 9.90. 

Further elution of the column with benzene gave 1.15 g 
of a niixture of 3 and 4 (ratio of 95:s) .  Elution ~ i t h  
MeOH viashed off 400 111g (4.8%) of a yellow oil, R, 0.35, 
trituration of which with ether follo\ved by three recrystal- 
lirations from PE gave small colorless crystals of 5,  m p  
145-146 C (crystal change a t  123-125'C), [TI," + 7 3  
(c 3.04, CHCI,); i .,,,, (EtOH) 280 nm ( E  158); v ,,,, (CWCI,) 
3580 and 3420 (OH), 3000 (cyclopropane CH,), and 1695 
cnl-I (8-ring C-O conjugated with A). Alzcrl. calcd, for 
CL4HZZOZ (222.3): C 75.63, H 9.97: found:  C 75.21, H 
10.13. 

The cyclopropyl ketone 5 was recovered unchanged in 
88% yield when a solution of 47 m g  of 5 in 5 ml of MeOH 
containing 1 g of K O H  was refluxed for 12 h .  Examina- 
tion of the recovered material by ir, tlc, and ' H m r  gave no  
indication of any other conlpounci. 

( b )  .14eOH-KOH (Proceu'irre ofBnrrorz crridLit1dsr.y (2) j 
H solution of 225 nig of 2 in 5 ml of MeOH containing 

1 g of K O H  was refluxed for 6 h ,  after which time the 
reaction mixture was worked-up (2) to  give 200 nig (90%) 
of white solid. Thin layer chroniatographic examination 
of the crude product revealed the presence of three spots 
with the same Rf and charring behaviour as the spots from 
the reaction in re/,?-BuOH, but since signals from 4 and 5 
could not  he clearly distinguished in the ' H m r  spectrum 
of  the total product, the amounts of 4 and 5 are estimated 
t o  be less than -5% each. 

Dikefone I 2  
A solution of 201 nig of 4 in 2 ml of Py was added to  the 

orange nlixture of 180 nig of CrO, in 2 ml of Py at  room 
temperature. After 27 h the reaction mixture was diluted 
with CH2C12 and passed through alumina (IV). Evapora- 
tion of the solvent left 190 mg of an oil hhich was 
chroniatographed on  15 g of n e ~ ~ t r a l  alumina (IV). P E  
eluted 190 mg (95%) of an oil (single tlc spot). Two re- 
crystallizations from PE gave long colorless needles of 
diketotie 12, m p  51.5-52-C, [zID" - 161 (c 3.65, CHCI,); 
v,,,,(CS,) 1700 c m - '  (6-ring C=O), identical (mrnp, ir, 
tlc, 'Hmr)  with a specimen prepared by oxidation of 3. 
Arial. calcd. for C 1 4 H 2 0 0 Z  (220.3): C 76.33, H 9.15; 
found: C 76.80, H 9.25. 

Pl~orochet~iicril Cleocnge of Krtol 3 
A solution of 530 mg of pure 3 in 18 nil of thiophene- 

free benzene under a N, atmosphere in a quartz cell was 
irradiated with a n  85 W Hanovia C-H-3 ~lltraviolet lamp 
for 17 h (30 c n ~  from lamp to  cell). Evaporation of the 
yellow s o l ~ ~ t i o n  left 530 mg of colorless solid which tlc 
examination (EtOAc: PE, 65:35) revealed to  consist of 
one product, R, 0.55, and starting material 3, K, 0.35. 
Partition between ether and H,O-MeOH-KOH gave 
300 nig of pure recovered 3. Acidification (aqueous HCI) 
of the basic solution and extraction with ether yielded 
170 111g of colorless solid (single tlc spot Rr 0.55). Two 
recrystallizations f r o ~ n  1'E gave 100 rng of lactone 14, mp 
93-94.5 C, [.*ID2' -62' (C 3.08, CHCI,); v,,,,,(CS,) 1770 
c m - '  (y-lactone C=O); ord (c 0.80, MeOH) -86'9 

-162-, and -287'. Annl. calcd. for 
C I 4 H L 2 O 2  (222.3): C 75.63, H 9.97; found: C 75.22, H 
10.18. 

P h ~ t ~ c l ~ ~ ' / ~ i i c ~ r I  C l e ~ ~ ~ ~ r g e  of Ketol 4 
A solution of 300 m g  of pure 4 in 12 rnl of thiophene- 

free benzene under a N, atmosphere was irradiated in the 
same cell and with the same lamp (same distance from 
lamp to cell) as in the previous experiment with 4 except 
that the irradiation time \vas 23 h. Evaporation of the 
solution left 300 mg of a liquid whose tlc examination 
gave a single spot different from that  of starting material. 
Partition of 150 nip of the liquid between ether and base 
(as above) gave 100 nlg of lactone recofered by acidifica- 
tion of the basic layer and 20 nig of neutral material [two 
spots, neither was 4) f ro~i i  the ether layer. The lactone 13 
was evaporatively distilled at 90-95'C!0.4 torr and gave a 
single tlc spot, R, 0.65, [Y]D" +5.8' (c 3.11, CHCI,); 
v,,,,(CS,) 1775 c m - '  (-{-lactone); ord (c 1.99, MeOH) 
[$I450 - loL,  [$I350 + 12-, and [$I,,, - 1 lo-. A11nl. calcd. 
for CI,H,,O, (222.3): C 75.63, H 9.97; found:  C 75.76, 
H 10.01. 

isonierizarion of Isocc~,)ophj~//ene Keto Eyoside-a 6 
Liquid keto epoxide 6 was prepared by the K M n 0 4  oxi- 

dation of pure crystalline isocaryophyllene oxide-a (1 2). 
in)  tert-B1iOH-W~fet.-KOH 
A solution of 1.21 g of 6 in 18 ml of teit-BuOH con- 

taining I rnl of water and  3.5 g of K O H  was refluxed for 
70 h. Dilution with water and extraction with ether 
yielded 1.17 g ( 9 8 z )  of oily product whose tlc examination 
(CHCI,:MleOH, 90:10) revealed four spots, R, 0.90 
(mauve, 6), 0.80 (8), 0.70 (7) and a faint more polar spot. 
Chromatography on  30 g of alumina (IV) gave 135 mg 
(12%) of recovered 6 in the PE eluate. Further elution 
with PE: benzene (25 : 75) gave 790 mg (6873 of a n  oil. 
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Crystallization from PE gave 45 m g  (4%) of colorless 8, 
m p  129-1301C, unchanged on  further recrystallization, 
[g]D1' -44- (c 2.29. CHCI,); v,,,,,(CS,) 3600 and 3480 
(OM), and 1708 cni- '  (6-ring C=O). Anol. calcd. for 
C ~ ~ H Z Z O ~  (222.3): C 75.63, H 9.97; found:  C 76.08. H 
10.19. 

The mother l i q ~ ~ o r s  from the crystallization were con- 
centrated to  obtain 350 nig (32%) of colorless prisms of 
hemi-ketal 7, mp 115-116'C. Two recrystallirations from 
P E  raised the m p  to 116-117'C, [%ID" -8.7' (c 2.87, 
CI-ICI,); v,,,,,(CS,) 3580 and 3400 (OH),  3060 and 3030 
cnl- '  (cyclopropane CH2),  n o  C-O absorption. Annl. 
calcd. for Cl lHZZ02 (222.3): C 75.63, H 9.97; found: C 
76.09, H 10.36. 

The mother liquor left from crystallizing 7 was found 
(tlc and infrared) to  be mostly 7 ~ c i t h  a minor amount of 8. 

( 6 j  AeOH-KOH 
A solution of 200 mg of 6 in 5 nil of MeOH containing 

1 g of K O H  u a s  refluxed for 5.5 h. Dilution u i t h  water 
and  ether extraction gave 180 mg of a n  oil. Thin layer 
chromatographic examination (EtOAc: PE 65: 35) re- 
vealed at least nine spots, and the ' H m r  spectrum of the 
oil contained methoxyl signals. The reaction Lvas not 
investigated further. 

Hettliketol Acetrrte 7 iOAc,fi,i. O H )  
Compo~rnd  7 was not  acetylated when 80 nig in 1 ml of 

Py and 1 ml of A c 2 0  \\as allowed to  stand at  roo111 
temperature for 24 h.  Honever, when 175 111g of 7 in 5 mi 
of Py and 1 1111 of Ac,O was refluxed for 48 h ,  reaction 
occurred to  give 208 nig (100%) of crude liquid after 
work-up. Thin layer chro~natographic examination 
(EtOAc: PE, 65: 35) revealed two spots, R, 0.70 (major) 
and  Rf 0.55 (trace of starting material 7). Chromatography 
on  5 g of alumina (IT) gave 125 mg of crystals in the PE 
eluate. Recrystallization from P E  gave colorless needles of 
the monoacetate, m p  100-100.5 C, [x]," -93" (c 2.00, 
CHCI,); v,,,,,,(CS,) 3015 and 3000 (cyclopropane CH,), 
and  1735 c m - '  (ester C=O). 4t1nI. calcd. for C,,H,,O, 
(264.4): C72.69,  H 9.15; found:  C73.14, H9.53.  

OsirJntiotl of'H~.dii.o.vj, Kctot~e 8 
A solution of 11 mg of 8 in 0.5 ml of Py was added to  

the complex prepared from 25 nig of CrO, and 1 ml of Py. 
After 24 h at  room temperature the reaction mixture was 
diluted ~vi th  CH,CI, and passed through aluniina (IV). 
Evaporation of the eluate left 7 mg of solid. One recrystal- 
lization from PE gave colorless crystals of12, mu 50-52C, 
undepressed on admixture with the authentic specimen 
prepared from 3. 

I.tortiei,isntion of Isocai.~~op/zj~llet~e Kcto Epoxide-6 9 
Keto epoxide 9 was prepared by the KMnO, oxidation 

of isocaryophyllene oxide-b (12). The crude product was 
chromatographed on alumina (IV), and the P E  eluate was 
recrystallized thrice from P E  to give pure keto epoxide 9, 
m p  77-78-C (lit. (12) mp 78-79 C). 

(o) MeOIf-KOH 
A solution of 715 mg of pure 9 in 30 ml of MeOH 

containing 6 g of K O H  was refluxed for 24 h. Dilution 
with water and extraction with ether yielded 720 mg of a 
colorless oil whose tlc examination (EtOAc: PE, 35 : 65) 
revealed only two spots, R, 0.45 and 0.35. both different 
from starting material 9, R, 0.40. Chromatography on  
20 g of alumina (111) gave 500 mg (69>", of colorless liquid 
hemiketal 11 (single tlc spot) in the PE eluate. A sample 

was evaporatively distilled at  60-65 C 0.1 torr for analy- 
sis, [.*IDi"35' (c 3.72, CHCI,); v,,,,,,(CSr) 3580 and 3440 
(OH) ,  and 3040 and 3070 cnl- '  (cqclopropane CH,). 
Aircil. calcd. for- C14H220L (222.31: C 75.63, H 9.97; 
found: C 75.22, H 10.14. 

Further elution of the chromatogram ~vi th  benzene 
gave 185 mg (25%) of the hydroxy cyclopropyl ketone 10 
(single tlc spot). T ~ v o  recrystallizations fson? PE gave 
colorless clusters o f  small needles of 10; mp 131-132-C, 
[3(IDZ0 t 71- (c 2.13, CHCI,), i .,,,,, (EtOH) 280 nm (8 147), 

4100, E~~~ 2300; v,,,,,(CHCI,) 3580 and 3440 (OH), 
and 1685 cm- '  (cyclopropyl conjugated C-0). Atlnl. 
calcd. for Cl4H2,O2 (222.3): C 75.63, H 9.97; found:  C 
75.40, H 9.88. 

The hydroxy cyclopropyl ketone 10 u a s  not acetylated 
when 112 mg in I ml of  Py arid 1 1111 of A c 2 0  was a l l o ~ ~ e d  
to  stand a t  room temperature for 24 h. 

( b )  fei.t-B110H-K0H 
A solution of I I I nlg of 9 in 5 nil of ter.r-BuOH con- 

taining 0.5 ml of water and I g of K O H  \+as refluxed for 
14 h. Dilution u i th  ua te r  and extraction with ether 
yielded 110 nig of oily product whose tlc examination 
revealed only t h o  spots identical in I<, ni th  the t \+o 
products from the reaction in MeOH-KOH. Chroma- 
tography on aluniina (111) gave 65 mg of 11 and 28 mg of 
10, rnp 130-132 C ,  undcpressed by thc sample from the 
reaction in MeOH-KOH. 

Het?liketnl Acercrre I I  {OAc for O H j  
The hemiketal I 1  was not acetylated when 57 n-ig in 

I 1111 of Py and 1 ml of A c 2 0  h a s  allo\\ed to  stand at  room 
temperature for 24 h.  Ho\rever, when 200 mg of 1 1  in 5 r-nl 
of Py and 1 rnl of Ac,O mas refluxed for 48 h, reaction 
occurred to  give 200 riig (84Yy)) 3f liquid product which 
solidified on cooling. Thin layer chroinatographic 
examination (EtOAc: PE, 35 : 65) revealed an intense spot, 
R, 0.75-, and a faint spot, Rf 0.55, corresponding to 11. 
Two recrystallizations from PE (bp 30-60 C) gave color- 
less needles of the monoacetate, m p  66-66.5-C, [ Y ] , ' ~  
-23- (c 1.27 CHCI,); v,,,,,,(CS,) 3000 and 3030 (CH, of 
cyclopropane, and 1730 c m - '  (ester C=O). ?l/lo/. loti 
calcci. for C , ,H2,0z :  264.1726; found:  264.1725. 

E~~r~il ih~~trt ion c1f40 nil(/ 11 
(CI) A solution of l 1 i mg of hyciroxy ketone 10 in 7 ml 

of MeOH containing 1.3 g of K O H  was refluxed for 43 h. 
Dilution with ua te r  and extraction u i th  ether yielded 105 
nig of a mixture of 10 and 11 only (tlc). Chromatography 
on  7 g of alumina (111) gave 70 mg (66%) of liquid hemi- 
ketal 11 in the PE eluate and 28 rng ( 2 7 z j  of recovered 
hydroxy ketone 10, n?p 129-131 C, in the benzene-ether 
eluate. 
(6) A solution of 78 mg of' pure liquid 11 in 5 n ~ l  of 

MeOH containing 1 g of K O H  was refluxed for 45 h.  
Dilution with water and extraction ni th ether gave 73 mg 
of a mixture of 10 and 11 only (tlc). Chromatog~.aphy on  
5 g of alumina (111) gave 48 mg ( 6 6 x j  of recovered hemi- 
ketal 11 in the PE eluate, and 21 mg ( 2 9 z )  of hydroxy 
ketone 10, m p  128-1 30-C, in the benzene-ether eluate. 

I .  V. S R I V I V A S A N  and E. W. W ~ R N H O F F .  Can. J .  Chem. 
54. 1372 (1976). 

2. D. H. R .  BARTON and A. S. LINDSEY. J .  Chem. Soc. 
2988 (1951). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3. J .  K .  C R A Y D ~ L L ,  R .  D. HL-NTINGTON. and G. I-. 
B R I J ~ S E R .  J .  Org. Chem. 37. 2911 (1972). 

4.  ( ( 1 )  J .  E.  M C M U R R ~ .  Tetrahedron Lett. 3731 (1970): 
( h )  J .  E.  M C ~ ~ U K R Y  and S.  .I. I ~ S E R .  J .  Am. Chem. Soc. 
94.7132 (1972). 

5 .  J .  E.  M k 1 s w . 4 ~ ~  and 0. L. CHAPILI-IS. J .  Am. Chem. 
Soc. 81. 5800 (1959). 

6. G .  L. H o o c s o s ,  D .  F. M X C S W E E N ~ Y ,  and T .  
MONEY. Tetrahedron Lett. 3683 (1972). 

7. R.  B .  WOODW-\RD. T. FcKcI\I-\(;~. and R .  C. KELLY.  
J .  .Am. Chem. Soc. 86. 3 162 (1964). 

VOL. 5 5 .  1977 

8. V .  S R I N I V ~ S . A ~ .  Ph.D. Thesis. University of Westem 
Ontario. London, Ont. ,  Canada. 1968. 

9. E. W. W,ARNHOFF. J .  Chem. Soc. Chem. Commun. 
517 (1976). 

10. E.  W. W.ZKXHOFF. Can. J .  Chem. This issue. 
l I .  W. TREIBS. Ber. 80, 56 (1947). 
12. G. R. R ~ M A G E  and R .  W H I T E H E ~ D .  J .  Cheni. Soc. 

4336 (1954). 
13. E. W. WARNHOFF and V.  SRI%IV.\SAK. Can. J .  Chem. 

51. 3955 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Intramolecular hydride shifts in 4-hydroxycyclohexanones 

E .  W .  WARNHOFF 
Depcirtrner~t of'Cl~rrni.str?., L1rli\*er.sit? qf 'Wr~tei .n Or~tiir.io, to t~dotz ,  Ot~r . ,  Ccitzcido 1V6A 5B7 
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E. W. WARNHOFF. Can. J. Chem. 55, 1635 (1977). 
The two reversible base-catalyzed ketol rearrangements 1 + 2 and 3 S 4 have been proved 

to occur by intran~olecular hydrogen (probably hydride) transfer. A combination of evidence 
including reduction studies, 'Hmr data, and deterniination of absolute configuration has shown 
that both ketol pairs have the stereochemistry req~lired for suprafacial hydride migration. In 
the course of this work, the anomalous sodiun1-1-propanol reduction of dione 9 has been 
reinvestigated. 

E. W. WAR~HOFF.  Can. J. Chem. 55, 1635 (1977). 
On a prouvC que les deux rearrangements de cetols catalysCs par les bases, 1 $ 2  et 3 + 4, se 

prod~~isent par transfert intramolCculaire d'hydrogene (probablement un hydrure). Une com- 
binaison de donnCes illcluant des etudes de reduction, les donnCes de rm1H et de dktermination 
de configuration absolue a perrnis de montrer que les deux paires de cCtols ont la sterCochimie 
requise pour une migration d'hydrure suprafaciale. Dans le cadre de ce travail, on a rCexaminC 
la reduction anormale par le sodiurn et le propanol-1, de la dione 9. 

[Traduit par le journal] 

There are a number of examples of base- 
catalyzed intramolecular hydride transfers of the 
Meerwein-Ponndorf-Oppenauer type which oc- 
cur readily when CHOH and ketone groups are 
proxilnately disposed as pictured below in Fig. 
1.  These include geometrically favorable 1,4- 
and 1,5-hydride shifts across single and fused 
rings.' Recently, we reported an  unal-nbiguous 
case (I + 2, Scheme 1) of such an  intramolecular 
I ,4-hydride shift within a cpclohexanone ring (8) 
in several basic media. In this paper is presented 
detailed evidence that the transfer 1 $ 2 is 
indeed intramolecular with the required supra- 
facial stereochemistry and, moreover, that 3 and 
4, the hydroxyl epimers of 1 and 2, constitute 
another pair of ketols undergoing this type of 
hydride transfer. 

The functional group positions in the inter- 
convertible ketols 1 and 2 were verified by photo- 
chemical cleavage to the two lactones 5 and 4 
(8, 9), but independent proof of hydroxyl stereo- 
chemistry in each was necessary to demonstrate 
the suprafaciality of the hydride shift required by 
an  intramolecular process. The hpdroxyl con- 
figuration of Barton's ketol 1 was already firmly 
established by Horeau's method (10) and by its 
mode of genesis which does not disturb the 
known configuration a t  this carbon atom in the 

'There is even a postulated case of 1,3-hydride transfer 
during the saponification of a limonoid pointed out to us 
by Professor D. A.  H.  Taylor (7). However, the evidence 
is not conclusive. 

ref. 1 ref. 2 ref.3 

ref.4 ref. 5 ref. 6 

FIG. I .  Compounds in which base-catalyzed intra- 
molecular hydride transfer occurs. 

keto oxide precursor (1 1). This a-configuration 
has the more stable equatorial conforn~ation 
since we find that ketol 1 is the major product 
( -  902)  from reduction of the 8,8-ethylene ketal 
11 by sodium-1-propanol followed by hydrol- 
ysis. The application of Horeau's method to the 
121" ketol from isonierization of I gave an excess 
of ( - )  enantiomer in the recovered N-phenyl- 
butyric acid as expected for the S configuration 
at  C-8 depicted in 2. However, additional con- 
firmatory evidence for the hydroxyl configura- 
tion in 2 was less directly obtained becacse the 
5-carbonyl group in this cotnpound is hindered. 
Initially we had hoped to carry out reductive 
experiments on the 5,5-ethylene ketal 12 to be 
prepared in turn from 2, but it was found that 
the hydroxy ketal obtained from 2 was a product 
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of rearrangement since hydrolysis furnished- a 
ketol in which the hydrcfxyl group was now 
tertiary (no CNOH in 'Hmr, no oxidation by 
Cr(VI)).2 The structure 13 is assigned to this 
product in analogy with the rearrangement of 14 

to 15 (12). For rearrangement to be initiated by 
the loss of a .secondary hydroxyl group under 
such mild conditions is evidence for the a- 
hydroxyl stereochemistry (anti to the nligrating 
alkyl carbon atom) as in 2. Still milder conditions 
sufficient to ketalize I gave only recovered 
starting material with 2. Direct evidence that the 
5-keto group is more hindered than the 8-keto 

ZAt the time of our earlier submission (8) it was not 
known that rearrangement had occurred. 

group was provided by ketalization of the dione 
9 which produced only the 8,8-monoketal 11. 

Reductive experiments with the two ketols 
and their acetates further strengthened the 
liydroxyl assignment in 2. On the premise that 
borohydride reduction of 1 and 2 should add 
hydride mainly from the less hindered carbonyl 
side, inspection of Dreiding models revealed that 
reduction of 2 should give 8 with the same 
C-5-stereochemistry as in 1, but reduction of 1 
should give 7 with the opposite configuration at  
C-8 from that in 2. In agreement, two different 
diols were obtained. The hydroxyl groups 
already present in B and 2 were not involved in 
any orienting effect during reduction because 
hydride reduction of the ketol acetates P (OAc 
,for. OH) and 2 (OAc for OH)  followed by saponi- 
fication produced, in each case, the same diol as 
obtained from the corresponding ketol. Proof 
that it was the hydroxyl config~iration a t  C-8 
alone that was responsible for the diserence 
between the two diols came from two experi- 
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ments. Borohydride reduction of the 8,8-mono- 
ketal 11 afforded 82% of ketol 1 after hydrolysis 
and recrystallization, and oxidation of the diol 
from ketol 1 with 1 equiv. of Cr(V1) gave a 
mixture of four compounds: dione, recovered 
diol, ketol 1, and a second ketol which was not 2. 

A further check on the configuration at  C-8 
was provided by reduction of the acetate of 
ketol 1 with sodium amalgam in acetic acid, a 
reaction that should produce the more stable 
equatorial hydroxyl ~onf igura t ion .~  The product 
was the 5-monoacetate of the 162" diol7 obtained 
from the borohydride reduction of 1. This result 
is in agreement with that of Barton et al., who 
obtained the same diol by reduction of 1 with 
sodium and 1-propanol ( I  3).3 

All of this interlocking evidence allows the 
confident assignment of the P-equatorial hy- 
droxyl configuration In the flattened chair 
cpclohexane conformation shown in 16 to the 

reduced C-8 carbonyl group, and therefore the 
8cx-axial hydroxyl configuration in ketol 2. The 
half height band widths of the a-oxygenated 
carbinyl protons in the 'Hmr spectra of these 
various der~vatlves (Fig. 2 and Table 1) are all in 
agreement with the c h a ~ r  conformation 16 de- 
duced from the chemical data. 

The fact that reduction of the 8-carbonyl 
group gave the opposite stereochemistry from 
that in 2 allowed preparation of a third ketol in 
this series by the sequence of reactions in Scheme 
2. Surprisingly, this third ketol 3, mp 131°C, 
proved to be identical with a minor product of 
base treatment of the keto oxide from cis- 
caryophyllene oxide-a (9). Therefore, during that 
alkylation reaction, the initial product 4 must 
have undergone hydride shift to 3 contrary to 
what was thought earlier (8). The reason for the 
mistaken conclusion became clear when 3 was 
isomerized in KOH - isopropyl alcohol. The 
equilibriun~ ratio of products 3 :4  was 54:46 
from 'Hmr spcctra, but both ketols had almost 
identical tlc R, values. Pure 131" ketol3  could be 

I ' " 

ppm 4.0 

FIG. 2. The patterns of the CHOH signal in the four 
ketols 1-4 at 100 MHz. 

18 
( I )  KOH 
( 2 )  PyH+CICrO,- i-i,O+ 

t -------t 3 
0 

19 
S C H ~ M E  2 

crystallized from the product mixture: but the 
lower-melting ketol 4 could not be isolated in 
pure form from the mother liquors by crystalliza- 
tion or chromatography. However, pure ketol4, 
inp 92"C, was separated from the 90: 10 mixture 
of 1 : 4 formed by borohydride reduction of ketal 
11 followed by hydrolysis. The structure and 
stereochemistry of 4 follow from the fact that it is 
oxidized to the dione 9, and with this carbon- 
oxygen skeleton there is no  longer any alterna- 
tive left. 

The formal possibility of accounting for these 
isomerizations by homoenolization via 17 has 

41t was this behaviour together with the single, only 
3The acetate was used instead of the ketol to avoid any slightly ellipsoidal tlc spot for the ketol mixture which 

ambiguity due to possible intramolecular protonation by caused us to think earlier (8) that the ketol pair 3 and 4 
the C-5 hydroxyl group during reduction. did not undergo hydride shift. 
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been excluded by failure to exchange the C H O H  
proton of 1 in KOD-fert-BuOD-D,O (8), and 
therefore, by exclusion, these isomerizations 
must be hydride transfers. Both intra- and 
intermolecular transfers have been found to 
occur, but the much greater rate of the intra- 
n~olecular process is evident from several 
observations. First, over periods of several hours 
in the hot basic isomerization media, the only 
products detectable by tlc and 'Hmr  are the 
respective ketol pair having the required supra- 
facial relationship. For 1 < 2 (or 3 * 4) there 
are no traces of other (known) products expected 
from intern~olecular hydride transfer reactions: 
dione 9, dlols such as 7 and 8, or the ketols 3 and 
4 (or 1 and 2). Second, during this 'clean' period, 
1 and 2 do not accept hydride from isopropyl 
alcohol solvent, nor d o  they donate hydride to 
added carbo~lyl compounds (2,2-dimethylcyclo- 
hexanone and fluorenone (14)). Third, if the 
isomerization 1 $ 2  is continued for longer 
periods with higher K O H  concentrations, either 
under nitrogen or not, then other intermolecular 
reaction products d o  build u p .  The first extra 
product is the 162' diol 7 which has the proper 
stereochemistry to have been formed by hydr-ide 
donation from 2-propanol to the carbonyl group 
of 1 which was shown above to be less hindered 
than the carbonyl group of 2. Then, more slowly 
the 155" diol8, probably from 2-propanol reduc- 
tion of ketol 2; begins to appear together with 
several other less polar products apparently 
resulting from aldol condensation of the newly 
formed acetone with 1 and/or 2 (see Experi- 
~nental). 

Although the cis fusion of the ketol ring to the 
cq'clopentane ring would facilitate attainment of 
a boat-like transition state necessary for easy 
intramolecular hydride transfer in either pair of 
ketols, how important this factor is remains to 
be seen. Perhaps such 1,4-hydride shifts in 
4-hq'droxycyclohexanones are general. 

Finally, some evidence is offered that our 
concern over complications during the reductive 
experiments was not excessive. In Barton's 
earlier work (13) it was found that sodiurn-l- 
propanol reduction of ketol 1 and dione 9 gave 
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HOFF 1639 

different diols. and this result was apparently 
responsible for the incorrect assignment of 
stereochemistry to the ketol at that time (13, 15). 
Iii the expectation that this reduction method 
should have given the more stable equatorial 
hydroxyl configuration and therefore the same 
dioi from 1 and 9, the actual experimental result 
is puzzling. Our sodium amalgam reduction of 
the acetate of 1 was consistent with the earlier 
sodiuin reduction of 1, and therefore we have 
re-examined the sodiurr-1 -propano1 reduction of 
dione 9, The product was for~nd to be a mixture 
of comparable amounts of four compounds, two 
of which corresponded in tlc behavior to diols 
7 and 8. When the crude product was recrystal- 
iized froni chloroform as done previously (13), a 
third, higher-melting dioi (probably 10) cor- 
responding to that reported (13) crystallized 
clean11 from the mixture even though it consti- 
tuted a minor amount of the total product. Why 
such a melange of products is formed in this 
reduction is not immediately obvious, but 
certainlv no stereochemical conclusions can be 
drawn-from the reaction. 

Experimental 
Melting points were taken on a Reichert Kofler micro- 

scope hot-stage and a r e  corrected. Infrared spectra were 
obtained on a Beckman Acculab 4 spectrometer; 'Hmr 
spectra were obtained by Mrs. Heather Schroder on a 
Varian HA-100 instrument; mass spectra were obtained 
by Mr. Doug Hairsine on a MAT 31 IA instrument; 
optical rotations taken with a 1-dm tube on a Rudolph 
Model 80 polarimeter by P.R.W. All thin and thick layer 
chroniatogranis were run on Merck GF,,, silica gel 
developed in EtOAc: PE (67: 33). Woelni neutral alumina 
was used and the grade is specified in parentheses. Pyri- 
dinium chlorochromate was obtained from the Aldrich 
Cheniical Company. Organic solutions were washed to 
neutrality and dried by shaking with saturated NaCl 
solution and standing over anhydrous MgSO,. For most 
of the new conipoundr, precise mass determinations for 
the molecular ion of a pure sainple were obtained instead 
of combustion analyses. Purity was determined from 
constancy of mp together with 'Hmr, ir, and tic data. 
The following abbreviations were used: PE = petroleum 
ether of bp 60-80'C, p.e. = petroleum ether of bp 36- 
45cC, Py = pyridine, MeOH = methanol, tert-BuOH = 
tert-butyl alcohol, i-PrOH = 2-propanol, Ac,O = acetic 
anhydride, EtOAc = ethyl acetate, and p-TsOH = p- 
toluene sulfonic acid. 

Isornei isution of Ketol 1 
( a )  tert-BlrOH-H,O-KOH 
A solution of 140 mg of pure 1 in 7 ml of teit-BuOH 

containing 0.2 ml of water and 6 KOH pellets was re- 
fluxed for 47 h. D~lution with water and extraction with 
ether yielded 140 mg of solid whose tic shov,ed only two 
spots corresponding to 1 and 2.  Separation on a thick 

plate yielded 95 mg (68%) of recovered P and 46 mg 
(32%) of isomer 2, mp 119-121'C after recrystallization 
from ether-PE. The 100 MHz 'Hmr spectrum of the 
latter was identical with that of the product from the 
reaction of caryophyllene keto oxide with hydroxide (9), 
and the mixture mp was not depressed. 

( b )  teit-BuOD-D20-KOD 
To a solution of 217 mg of K metal dissolved in 8 nil 

of tert-BuOD was added 1 mi of D,O and 200 mg of pure 
1. The ruixture was refluxed for 40 h with one evaporation 
and replacement of tert-BuOD-D,O. The cooled reaction 
mixture was poured into a H,O-HOAc-NaOAc buffer 
and extracted with ether to give 105 nlg of deuterated 
product. Separation on a thick plate as in (a) followed by 
recrystallization fro111 ether-PE gave 28 nig of pure 2 
(42% d4, 4 0 x  d3,, 15% r/ , ,  3% d l )  and 23 mg of pure 1 
(40Z d4, 35% cd3, ISO;, dl ,  4.6% dl).  The 100 MHz 'Hmr 
spectrum of the 2 - 6  sample contained - 18H by integra- 
tion. The CHOH proton of 2-d4 at S 4.39 was a slightly 
broadened singlet of 1H intensity by integration (corn- 
parison with CH, signal). The I00 MHz 'Hnir spectrum 
of the I-rl, sainple contained - 19H by integration. The 
CHOH proton of 1-N: at 6 3.85 was a slightly broadened 
singlet (broadened base) of 1H intensity by integration 
(coniparison with CH, signal). 

lc) Fluoiei~onc-terl-BuO H a  0-KOh' 114) 
A solution of 50 mg of 1, 168 mg of fluorenone, and 6 

KOH pellets in 7 ml of rert-BuOH and 0.2 rnl of water 
was refluxed for 30 h. Di l~~t ion of the reaction mixture 
with water and extraction with ether yielded 176 mg of 
golden solid whose tlc showed spots corresponding to 1 
and 2 but not to dione 9 or to any of its diol reduction 
p rod~~c t s  which are more polar than 3. Thick layer 
chromatography in the same solvent system gave 47 mg 
of recovered 1 T 2.  

((1) ~,2-Dirt~eihylc~clohexr1t1otz~-t~rt-BuOH-H,O- 
KO H 

A solution of 50 mg of 1, 0.5 ml of 2,2-dimethylcyclo- 
hexanone, and 6 KOH pellets in 7 ml of tert-BuOH and 
0.2 ml of water was refluxed for 50 h. Dilution of the 
reaction mixture with water and extraction with ether 
yielded, after evaporation of most of the 2,2-dimethyl- 
cyclohexanone, 62 mg of oily solid whose tlc showed 
spots corresponding to 1 and 2, but not to dione 9 or to 
any of its diol reduction products, or to 2,2-dimethyl- 
cyclohexanol. 

Ison~eriintioiz of' Kerol 2 
( a )  tert-BuOH-H,O-KOh' 
When 40 mg of 2 was refluxed with a mixture of 6 KOH 

pellets, 0.2 ml of H,O and 7 ml of trrt-BuOH for 50 h 
and worked-up as for the isomerization of 1, 38 mg of a 
63 : 37 ratio ( 'Hnir integration of CHOH signals) of 1 : 2 
was obtained. 

( b )  i-PrOH-KOH 
When 35 mg of 2 was refluxed with a solution of 8 

KOH pellets in 7 ml of i-PrOH for 14 h, it was trans- 
formed into 34 nig of the equilibrated mixture of 1:2  
(69: 31 froni integration of the 100 MHz 'Hmr spectrum). 

(c) MeOH-KOH 
When 18 mg of 2 was refl~lxed with a sol~~t ion of 7 

K.OH pellets in 7 nil of MeOH for 102 h, it was partially 
isonierized into P but not to the extent of reaching 
equilibrium. 
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Mo1.e C'igoious Iso~nerizcriion of 1 
A solution of 1.800 g of ketol 1 and 20 K O H  pellets in 

20 ml of i-PrOH was evacuated and put under a nitrogen 
atmosphere before being refluxed for 16.5 h. After cooling, 
tlc examination revealed the beginning of formation of 
diol 7 and the least polar acetone condensation product. 
Anothar 20 K O H  pellets were added, and the reaction 
mixture was refluxed ~ ~ n d e r  nitrogen for another 23 11. 
Dilution with water and extraction with ether gave 1.925 
g after removal of solvent. Thin layer chronlatography 
R, values: 0.73, 0.66, 0.59 (2), 0.53, 0.46 (I), 0.40 (7 + 8). 
Crystallization from ether-PE removed a total of 1.128 
g of a mixture of ketols 1 T 7 + 8 which after further 
recrystallization from CHCI,-PE and from ether gave 
307 mg of d io l7  as thin blades, mp 162.5-163~C, 100 M H z  
'Hmr spectrum identical with that of 7 prepared by boro- 
hydride r e d ~ ~ c t i o n  of 1. 

A 202 nig sample of the material fro111 the mother 
liquors of the original recrystallization was chromato- 
graphed on a thick plate. The most polar band contained 
18 mg of 1, 7, and 8 (tlc and 100 MHz ' H n ~ r ) .  The least 
polar band contained 52 nig of liquid with R, 0.73, 
v,,,,,(CSz) 3640-3300 (OH) and 1703 cn i r  ' (C=O). 
Mol. loit calcd. for C,,H,,O, : 262.1932; found: 262.1933 
(1 or  2 r C,H,O - H 2 0 ) .  

The next two bands of increasing polarity yielded 
mixtures with components having n:e 264.2094 (C,,H,,- 
O z  = 1 or  2 - C 3 H , 0  - H z O  + Hz) ,  and 304.2407 
(C2"H3z02 = 101.2  + 2 C 3 H 6 0  - 2 H 2 0  + Hz).  

The same order of appearance of the same spots was 
observed mhen another reaction of 50 rng of I and 3 K O H  
pellets in 3 ml of i-PrOH was reflused and monitored by 
tlc over a 4 day period except that no  products of con- 
densation of acetone with I were observed (air oxidation 
of acetone enolate'?). 

Pnitiol Reroluiiort of x-P1lei1j.Ib~ityi.i~ Acitl hy Krtoi 2 
T o  a solution of 115 rng (0.37 mmol) of (i) x-phenyl- 

butyric anhydride in 1 nil of dry Py was added 40 nig 
(0.18 mmol) of ketol2. After 20 h a t  room temperature in 
the dark, 0.1 ml of water was added to the colorless 
soliltion, and the excess anhydride was allowed to  
hydrolyze for 45 niin. One millilitre of benzene was added 
and the reaction mixture was titrated to the phenol- 
phthalein endpoint with 0.081 5 .\' NaOH solution (9.10 
ml required). The basic solution was extracted with three 
portions of benzene, acidified with 10% aqueous HzSO,, 
and extracted again with benzene (2 x I0 ml). The latter 
benzene extracts were washed thrice with water and 
evaporated to  dryness. The resid~lal .*-phenylbutyric acid 
was dissolved in benzene and made up to 2 nil in a volu- 
metric flask, .*,,,Z2 = -0.185 + 0.022- corresponding to 
2 1 z  levorotatory acid (based on recovered ketol 2: see 
below). The blank for the rotation was a hydrolyzed 
52 ~-ng sample of the anhydride in benzene. 

The benzene washes of the basic solution above were 
washed with aqueous H 2 S 0 4 ,  aqueous NaHCO,, and 
water and dried. Evaporation left 51 mg which tlc and 
I00 M H z  ' H m r  showed to consist of 60% of the cc-phenyl- 
butyrate of 2 and 40:; of the unesterified ketol 2.  

Ketrrlizution of Ketol 2 
A s o l ~ ~ t i o n  of 232 mg (1.04 mmol) of ketol 2 and 0.1 g 

ofy-TsOH.H,O in 25 ml of toluene and 5 ntl of ethylene 
glycol was slowly distilled. Fresh toluene was added a t  

intervals to maintain the original volume. After collection 
of - 100 ml of distillate, the reaction mixture was cooled 
and partitioned between ether and aqueous NaHCO, to 
yield 280 mg (100%) of crude hydroxy ketal which 
crystallized, v,,,,,(CS,) 3560 c m - '  (intraniolec~ilarly 
H-bonded OH),  no  ir C=O absorption. Thin layer 
chromatography gave a major spot with a trace of a more 
polar contaminant. Hydrolysis of the crude product in 
2 ml of acetone with 0.5 ml of 27% aqueous H,SO, at  room 
temperature afforded 143 mg (98x)  of crude product 
after dilution with water and extraction with ether. 
Recrystallization from ether-p.e. gave 92 ntg of colorless 
blades of rearranged ketol, presumed to  be 13, m p  127- 
IZS'C, [r]DZO - 18.7 (C 1.05, CHCI,), v ,,,,, (CSz) 3600- 
3200 (OM) and 1703 cni-'  (C-0). Mol. Ion calcd. for 
C I 4 H z 2 O 2  : 222.1619: found: 222.1619. 

The hydroxy ketal in this experiment was not oxidized 
by pyridinium chlorochromate in CHzC12 or  by the 
Cr0,-Py reagent. The 100 MHz 'Hnir spectrum did not 
contain a C H ( 0 H )  proton. 

Keto l2  was recovered from attempted ketalization with 
(a) ethylene glycol and y-collidine.HC1 in distilling 
CH2CI,, and (b) ethylene glycol and pyridine.HC1 in 
distilling benzene. This second set of conditions was 
sufficient to convert 1 into its ketal. 

Ketalizntior~ of Dione 9 
A mixture of 209 mg (0.95 mmol) of 9, 5 mi of ethylene 

glycol, 100 111g ofp-TsOH,HzO, and 60 ml of toluene was 
slowly distilled. After 50 ml of distillate had been col- 
lected, a fresh 50 ml of toluene was added to  the reaction 
mixture, and the distillation was continued until another 
50 ml had been collected. The cooled residue was basified 
with aqueous N a O H  and extracted with ether. The ether 
solution was washed with aqueous N a H C 0 3 ,  dried, and 
evaporated to leave 259 m g  (98Z) of almost pure liquid 
rnonolceinl 11, single tlc spot, v,,,(CS2) 1705 cnl-' 
(C=O). 

A solution of 250 mg of the nionoketal in 10 ml of 
absolute ethanol was stirred for 1 h with 250 nig of 
NaBH,. After addition of dilute H,SO, the reaction 
mixture was allowed to stand for 2 h.  Extraction with 
ether yielded 188 m g  ( 8 9 z )  of partly crystalline material 
consisting mostly of ketol 1 and some (1 7 mg) recovered 
dione 9. A combination of recrystallization (ether-PE) 
and chromatography gave 123 mg of pure ketol 1, nip 
144-146'C, single tlc spot. 

Trnnsfonnotior~s of Ketol I 
Acetj~lnfion 
A solution of 220 rng of ketol 1 in 2 ml of dry Py and 2 

ml of Ac,O was allowed to stand at  room temperature 
for 47 h. Dilution with ether and extraction with aqueous 
NaHCO, and dilute H 2 S 0 ,  gave 257 mg (98%) of pure 
liquid monoacetate of 1, single tlc spot. A small sample 
was finally persuaded to  crystallize from p.e., nip 57- 
59"C, v,,,(CS,) 1740 (ester C=O) and 1702 cm-'  (ketone 
C=O). ~Mol. Ion calcd. for CI,H2,O, : 264.1725; found: 
264.1730. 

Boiolrydride Reddction 
A solution of 50 mg of ketol 1 in 7 ml of 95% ethanol 

was stirred (magnetic bar) at  room temperature with 150 
mg of NaBH, for 45 min. Addition of dilute H z S 0 4  and 
extraction with ether afforded 49 m g  (98%) of white solid 
whose tlc showed only one spot. The 100 M H z  'Hmr 
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spectrum also indicated only one diol. After recrystalliza- 
tion froni ether,5 fine white matted needles of diol7 were 
obtained, m p  162-162.5'C, -78' 1 l i  ( C  0.98, 
CI-ICI,) (lit. (13) m p  159.5'C, [rID -69'1, \~,,,(CHCI,) 
3600cm-' (OH). ~Mol. Ion calcd. for C 1 4 H 2 4 0 2  : 224.1776; 
found: 224.1774. 

Borolryn'ride Red~rctiorz of Acetcrte of 1 
A solution of 70 nig of the acetate of 1 in 4 ml of  

absolute ethanol was stirred at  room temperature (mag- 
netic bar) with 100 mg of NaBH4 for 40 niin. Addition of 
dilute H 2 S 0 4  and  extraction with ether gave 71 nig 
(100Y,)of a colorless solid, v,,,,(CS,) 3640-3400 (OH) and 
1735 cm-'  (ester C=O), whose tlc showed a single spot. 
The  100 M H z  'Hmr  spectrum also gave evidence of at  
least 95% of one compound. Recrystallization of a 46 nig 
aliquot from ether-PE gave 30 nig of colorless blades of 
the  5-r11or13cicete1te of 7, n ~ p  100-101 'C. ~Vloi. Ion calcd. 
for  C,,H2,O3 : 266.1881 ; found:  266.1876. 

A 17 mg portion of this monoacetate dissolved in 1 ml 
of methanol containing two drops of water and half a 
K O H  pellet was heated at  60'C for 1 h.  Extraction with 
ether gave 16 mg of white solid identical with the dioi 7 
prepared by NaBH, reduction of 1 .  Recrystallization 
froni ether' gave fine white matted needles, m p  162- 

Sodilrrn Aninigcirri Redl~ctiotl of tile Acetnte o f 1  
A vigorously stirred (magnetic bar) solution of 133 111g 

of the acetate of ketol 1 in 15 nil of ether and 5 rnl of 
H O A c  was treated with pieces of sodium amalgam. 
When the mixture became gelatinous froni precipitated 
NaOAc, nlore ether (10 nil) and H O A c  (7 ml) were added, 
and  addition of sodium amalga111 was continued. After 
the  equivalent of - 2 g of N a  had been addcd, the mixture 
was partitioned between ether and water, and the ether 
layer was washed with aqueous N a O H  and water. 
Evaporation of the dried solution left 135 mg (100%) of a 
colorless glass whose tlc showed two spots correspondilig 
t o  starting material (major) and the 5-rr1onoaccmte of 7 
(minor). The 100 M H z  'Hnlr spectrum showed the lattel 
t o  be the on11 detectable reduction product. 

Acetjlcitiorz 
A solution of 400 me of ketol 2 in 2 ml of dry Py artd 

2 ml of Ac,O was allowed to stand a t  room temperature 
for 27 h .  Dilution with ether and extraction with aqueous 
NaHCO, gave after evapol.ation 460 m g  of crude acetate. 
Chromatography on  15 g of grade 1V alumina afforded in 
the PE eluate 370 m g  (77%) of pure acetate of 2, v,,.,,- 
(CHCI,) 1736 (ester C-0) and 1708 c m - '  (ketone 
CEO), single tlc spot. Recrystallization from p.e. gave 
colorless prisms of the acetate 5 (OAc for O H ) ,  nip 
58-58.5'C, [3(ID1' + 15.8' (c 3.46, CHCI,). Ailnl. calcd. for 
C , 6 H 2 4 0 3  (264.1): C 72.69, H 9.15; found:  C 72.88, 
H 9.30. 

The mixture m p  with the acetate of ketol 1 (mp 57- 
59'C) was depressed to  28-53'C. 

Boro1rp"itle Reiliictiun 
A solution of 45 m g  of ketol 2 in 5 ml of absolute 

ethanol was stirred (magnetic bar) with 105 nlg of 

51t was difficult t o  persuade this diol to  crystallize, 
apparently because it could not decide whether to re- 
appear as fine matted needles o r  thin blades. 

NaBH, for 1 h.  Addition of diliite H 2 S 0 4  and extraction 
with ether afforded 45 mg of ~ h i t e  solid whose tlc con- 
tained one niajor spot and two minor less polar spots 
(one corresponding to 2) .  T a o  recrystallizations from 
ether--PE gave colorless thin prisms of pure cliol 8 (niajor 
product), m p  154-155-C, [rIDZ0 -28' (c 0.79, CHCI,), 
v,,,(CS,) 3640-3560 cm- '  (OH). hfol .  Ion calcd. for 
Ci4HZ102:  224.1776: found:  224.1777. 

Boiohjdriile ReCIIretion of Acetnte of 2 
A solution of 100 nig of the acetate of 2 in 4 1111 of 

absolute ethanol was stirred at  room temperature for 
50 rnin u i th  100 mg of NaBH4. Addition of dilute H , S 0 4  
and extraction with ether gave 100 mg (1005) of a color- 
less glass which tlc and 'Hmr  showed to be composed of 
a niajor product ( > 9 0 z )  Rr 0.53 and a minor product 
(i 1 0 z )  R, 0.66. Thick layer separation of a 75 nig aliquot 
lielded 58 nig of pure major product uhich was saponi- 
fied in 2 ml of methanol containing two K O H  pellets at 
55-60 C for 3.5 h.  Dilution with mater and extraction 
with ether afforded 54 nig of pure ciiol 8, 111p 154.5- 
155-C after recrystallizatioii froni ether-PE, identical u it11 
the diol from borohydride reduction of 2. On the same 
tlc plate with alternating spots, diol 7 had R, 0.49 and 
diol 8 had Xi 0.46. 

Pni.ticil O.iichtiot~ of Dioi 7 
To a solution of 16 nig (0.16 mmol) of CrO, in 3 drops 

of water and 0.5 1111 of HOAc was added a solution of 
50 n ~ g  (0.22 nimol) o r  7 in 1.5 nil of HOAc. After 2 h at 
room temperature, the bluish grccn solution mas diluted 
with uater  and extracted with ether to yield 44 mg (88';) 
of partially crystalline product. Thin layer chromatog- 
raphy revealed four spots: R, 0.67 dione 9, 0.54 ketol 3, 
0.46 ketol 1 (major con~ponent  -40%), and 0.40 re- 
covered diol 4. Three recr)stallizations froni ethcr-p.e. 
isolated pure ketoi 1, m p  144--147-C, undepressed on 
admixture with an authentic specinicn. 

Synrlre.iis o f  Ketol 3 
- A  solution of 444 mg (2.00 m~iiol)  of ketol 1 in 3 ml of 

dry Py and 3 ml of A c 2 0  was allokved to stand at  rocm 
temperature for 48 h.  Dilution n i t h  ether and extraction 
with aqueous NaHCO, and 10% aqueous H2SOd 
afforded 525 nig (99%) of pure (tlc) colorless acetatc of 1. 

Thc entire sample of acetate was dissolved in 20 1111 of 
957; ethanol and stirred for 45 niin with 530 nig of 
NaBH,. Addition of dilute H,SO, and extraction \sith 
ether yieldcd 537 mg (100z)  of the 5-tiror~oncetcite of 7 as 
a colorless oil that crystallized, v,,,,(CS,) 3640-3400 (OH) 
and 1735 c n - '  (ester C-0). 

A solution of 532 nig of this diol nlonoacetate in 15 nil 
of benzene was alloued to react for 8 h at  room tenipera- 
ture with 4 ml of freshly distiiled dihydropyran and 40 nlg 
of p-TsOH.H,O. Quenching u i t h  aqueous NaOH a n 3  
extraction with ether gave 1.558 g of te t r t i l r~~c/rupj~ i .n i~y l  
ethci 18 plus impurities fro111 dihydropyran, v,,,,,(CS2) 
1735 cni-'  (ester C=O). 

The crude tetrahydropyranyl ether 19 plus impurities 
(1.488 g) was refluxed for 100 mi11 with 15 K O H  pellets 
in 20 ml of methanol. Dil i~t ion ~vi th  water and extraction 
with ether furnished 1.347 g of yellow liquid kydroxy 
terral~~dt~oyyrur~yl ether, v,,,,,(CSZ) 3640-3400 cm-'  (OH), 
n o  ir C=O absorption. 

The total product was dissolved in 5 1111 of CH2Clz and  
added to  a stirred (magnetic bar) suspension of 1.50 g 
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13 mg (93%) of almost colorless oily (tione 9 (single tlc 
spot) whose complex 100 MHz 'Hnir  spectrum was 
identical with that of dione from k ~ r o l  1. 

Sodirri71-I-Propiri~ol Reillrcfion qf 'Dioi~e 9 
A solution of 108 mg of dione 9 in 6 nil of 1-propanol 

was heated to boiling, and sniall pieces of Na metal were 
added ~ ~ n t i l  sodi~lni alkoxide began to ct.ystallize from thc 
hot  medium. The cooled solution mas diluted with water 
a n d  extracted ~ i t h  ether to  bielci 121 n1g of partially 
crystalline prodi~ct ,  v,,,,,(CS2) 3640-3200 cn?-I (OH), no 
ir C-O absorption. Thin layer chromatography revealed 
four spots in comparable a m o ~ ~ n t s :  R ,  0.52, 0.46, 0.39 
(corresponds to 7), and 0.34 (corresponds to 8). Onc 
recrystallization from CHCI, gave 30 mg (27";) of almost 
pure R, 0.46 material, m p  167-178 C .  Three more 
recrq~stallizations from the same solvent gave felted 
needles of diol 10, Imp 182-183 C, [rID2O - 39- i 5 (c 
0.45, CHCI,) (lit. (13) mp 181-182 C, [ r ] ~  4 3  ). .Wo/. 
Jot? calcd, for C,,H,,O,: 224.1776; found:  224.1783. The 
assignment of liydroxyl stereoche~nistry rests o n  the half 
widths (9 and 12 Hz) of the ' H m r  absorptions of the 
protons on  the HC)-bearing cal-bon atoms when these 
signals were shifted apart by the addition of Eu(FOD),. 
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Metal compliexes as antioxidants. PV. Reaction of cupric dialkyldithiophosphates 
and dialkyldithiocarbamates with alkyl hydroperoxides1 

JOSEPH HECTOR BERNARD CHENIER, JAMES ANTHONY H O W A R D , ~  
A N D  JOHN CHARLES T A I T ~  

Dii,isiorl c~fCilet?~i.stry, N(itiot~(i/ Rrseiri'cI~ Coirt~cil qf Crirzntltr, Ottci~t.ti, Ont., Ctirliidu KIA OR9 
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JOSEPH HECTOR BERNARD CHENIER, JAMES ANTHONY HOWARD, and JOHN CHARLES TAIT. 
Can. J. Chem. 55. 1644 (1977). 

The initial reaction of cupric dialkyldithiophosphates and dialkyldithiocarbamates with 
tert-butyl hydroperoxide and a-cumyl hydroperoxide is a free radical chain process. Initiation 
is achieved by a redox reaction between the complex and the hydroperoxide to give alkoxy and 
alkylperoxy radicals. The alkoxy radicals then abstract a hydrogen from excess hydroperoxide 
to give alkylperoxy radicals. The cupric complexes are converted to copper sulphate by reaction 
with peroxy radicals while the hydroperoxide is reduced to alcohol. About 5 mol of hydroper- 
oxide are decomposed by each mole of conlplex. The deconlposition of tevt-butyl hydroperoxide 
then stops whereas complete destruction of a-cumene hydroperoxide occurs by a heterogeneous 
ionic reaction. 

The kinetics of the initial reaction are second-order for both complexes. The dithiophosphate 
reaction is first-order in each reactant while the dithiocarbaniate reaction is zero-order in the 
complex concentration and second-order in the hydroperoxide concentration. Simple kinetics, 
however, only hold for the initial rates of complex disappearance. Total dithiophosphate de- 
composition exhibits three stages, an initial fast reaction followed by an induction period and a 
rapid third stage. The concentration-time profile for dithiocarbamate decomposition is quite 
different and the overall rate of reaction in some instances increases as the con~plex concentra- 
tion decreases. 

JOSEPH HECTOR BERNARD CHEXIER, JAMES ANTHONY HOWARD et JOHN CHARLES TAIT. Can. 
3. Chem. 55.  1644 (1977). 

La reaction initiale des dialkyldithiophosphates et dialkyldithiocarbamates cupriqi~es avec 
l'hydroperoxyde de !err-butyl et l'hydroperoxyde d'a-curnene est un processus de radicaux 
libres en chaine. L'initiation est obtenile par ~ ~ n e  reaction redox entre le complexe et l'hydro- 
peroxyde pour conduire aux radicaux alkoxy et alkylperoxy. Les radicaux alkoxy enlevent alors 
un hydrogene de I'hydroperoxyde en exces pour conduire aux radicaux alkylperoxy. I1 y a trans- 
formation des complexes cupriques en sulphate de cuivre par reaction des radicaux peroxy alors 
que l'hydropcroxydc cst reduit en alcool. I1 y a dCcomposition d'cnviron 5 mol d'hydropcroxyde 
par chaque mole de complexe. La dCconlposition de l'hydroperoxyde de teit-butyle s'arrete 
alors tandis que la destruction complete de l'hydroperoxyde d'a-cumene se produit par une 
reaction ionique heterogine. 

La cinetique de la reaction initiale est du second ordre pour les deux conlplexes. La reaction 
d i ~  dithiophosphate est ciu premier ordre par rapport a chaqile reactif alors que la reaction du 
dithiocarbamate est d'ordre zero par rapport a la concentration du complexe et dl1 deuxieme 
ordre par rapport a la concentration de l'hydroperoxyde. Des cinetiques sin~ples ne s'appliquent 
toutefois que pour les vitesses initiales de disparition du complexe. La deconlposition totale du 
dithiophosphate presente trois etapes: une etape initiale rapide suivit par une periode d'induc- 
tion en une troisieme etape rapide. La profil de concentration en fonction du temps pour la 
dicomposition du dithiocarbamate est tres differente et la vitesse globale de reaction dans 
quelques cas augnlente a mesure que la concentration de complexe diminue. 

[Traduit par le journal] 

Introduction dithiophosphates by alkyl hydroperoxides which 
The previous paper in this series (1) described revealed that the overall reaction is principally 

a kinetic and product study of the destruction a free radical chain process with at  least five 
of nickel dialkyldithiocarbamates and dialkyl- elementary reactions. It ivas suggested that the 

'NRCC No. 15859. 
initial reaction involves electron transfer be- 

'Author to whom all correspondence should be ad- lween the (A) and the hydroperoxide 
dressed. (ROOH) to generate alkoxy (RO") and alkvl- 

3NRCC Research Associate 1976. peroxy (ROO') radicals ([i] and [2]). In the 
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CHENIER ET A L .  1645 

presence of excess hydroperoxide the alkoxy 
radicals abstract the hydroperoxidic hydrogen 
to  give alcohol and peroxy radicals [3]. The 
peroxy radicals are then scavenged by reactions 
with the complex, reactions that are the major 
mode of complex destruction. Two peroxy rad- 
ical-complex reactions were envisaged; a termi- 
nation reaction [4] and an  oxygen atom transfer 
reaction, [S], the latter being necessary to ex- 
plain the fairly long chain lengths for induced 
hydroperoxide decomposition. The elementary 
reactions involved in the overall process are 
presented in Scheme 1. 

k 1 

[1 1 A 7- ROOH + A'+ t RO' + -OH 

[21 A'" + ROO13 -t A + H - - ROO' 

[3] RO' + ROOH -t ROH + ROO' 

[41 ROO' + A + Non-radical products 

[ j ]  ROO' + A -, Y' 

where Y' is the alkoxy radical RQ' or a radical 
derived from the iigand capable of abstracting 
the hydroperoxidic hydrogen from RQQH. 

The analogous cupric complexes have received 
less attention than the nickel complexes. I t  is, 
however, known that they react rapidly with 
alkyl hydroperoxides and that a t  high ratios of 
hydroperoxide to complex, products charac- 
teristic of heterolytic hydroperoxide decom- 
position are formed (2, 3). Quantitative kinetic 
data and reaction products at  different reactant 
ratios are, however, not available. 

We have extended our work on metal com- 
plex - hydroperoxide reactions to include cupric 
dithiocarbamates and dithiophosphates and the 
results of a detailed study of these systems are 
reportcd here 

Experimental 
Marerials 

Cuuric dialkvldithiocarbaniates and dialkvldithionhos- 
phates were prepared by reaction of the sodium salt with 
copper sulphate. Crude complexes were recrystallized to 
give products ~ i t h  sharp melting points and satisfactory 
elemental analyses. The hydroperoxides and solvents 
were prepared and purified as described previously (1). 

Kinetic Procedure 
Cupric complex concentrations were monitored con- 

tinuously using a Varian €-4 epr spectrometer equipped 
with a variable temperati~re accessory. In a typical experi- 
nlent 30 ~1 of IM rert-butyl hydroperoxide in chloro- 
benzene were added to 270 yl of IW Cu(Et,NCS,), 

in chlorobenzene agitated by a fine stream of argon. The 
variation in the comp!ex concentration as a function of 
time was obtained either by scanning the esr spectrum 
at known intervals of time or by setting the field to coin- 
cide with the maximum absorption of the copper M ,  = 
- .. 2 or -4 transition with the field sweep switched off. 
The accumulation of cupric complex products was fol- 
lowed by identical procedures. reit-Butyl hydroperoxide 
concentrations were determined by iodometric titration 
on aliq~iots that had been pumped from the copper com- 
plex into a trap maintained at the temperature of liquid 
nitrogen. Control experiments showed that this hydro- 
peroxide could be recovered in 100z yield by this pro- 
cedure. Rates of hydroperoxide disappearance here also 
estimated by kinetic infrared spectroscopy v = 3530 
cm-I.  

P,.odlicr~ 
Volatile organic products were identified by gas-liquid 

chromatography and yields were determined relative to 
standard authentic samples. Thin layer and liquid chro- 
matography were used to investigate the formation of 
involatile organic products such as dialkylthiuram disul- 
phides and 0,O'-dialkyldithiophosphoryl disulphides. 
Copper sulphate was identified by X-ray analysis. 

Results and Discussion 
I. Ctipric Dialkylclii/~iopl~osphafes 

Kit~etics 
Cupric diisopropyldithiophosphate, Cu[(i- 

PrQ),PS,],, is rapidly destroyed by excess tert- 
butyl hydroperoxide in argon saturated chloro- 
benzene at  30°C. Variations in the concentration 
of Cu[(i-PrO),PS,], as a function of time in the 
presence of 0.001 M and 0.01 M hydroperoxide 
are shown in Figs. la and lb .  I t  is apparent from 
these curves that - d[Cu[(i-PrQ),PS,],]/dt is 
not a simple function of time but proceeds 
through three stages. There is an initial fast stage 
which decelerates to a slow second stage which 
is followed by a third fast stage. 

Under these circumstances it is extremely dif- 
ficult to obtain precise kinetic orders especially 
as the system has to be thoroughly mixed before 
measurements can be taken. Plots of In [Cu[(i- 
PrO),PS,],] as a function of time during the 
first stage were, however, linear. Furthermore, 
initial rates of complex disappeara~lce were ap- 
proximately first-order with respect to each 
reactant (Table 1). The following rate law was, 
therefore, initially obeyed 

with a 'best' value of k - 2.4 M-I s - l .  
Measurements of Ic over a temperature range 
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FIG. I .  The change in the concentration of C U [ ( ~ - P ~ O ) ~ P S ~ ] ~  with respect to time after the addition 
of 0.001 I\[ ( a )  and 0.01 M (b) of (CH3),COOH at 30-C. 

TABLE 1. Kinetic data for reaction of Cu[(i-PrO),PS2l2 ( A )  with (CH3),COOH in argon saturated chlorobenzene 
at  30'C 

k* 

10'[A]o 10"ROOH]o lo3k, [ROOH] lo7( -  d[A] /d t ) ,  -(d[AI/dt)o s - ~ )  
- 

( M )  (lbf) (s) (.M-l s-I) (.M SS ' )  [A][ROOHj 

- - - 

*Saturated n i th  alr 
+In the presence of 2,6-d1-1er1-butyl-4-n1eth~Ipl1enol (0 01 1 A4) 

(253-300 K) gave the Arrhenius equation log 
(k/(M-I s-I)) = 6.7 - 8.510, where 0 = 
2.303RT kcal mol-I. 

The initial rate of disappearance of Cu[(i- 
PrO),PS,], was not influenced by oxygen 
( -  M), tert-butyl alcohol, or the nature of 
the hydroperoxide (a-cumyl, a-tetralyl). I t  was, 
however, retarded by diisopropyldithiophos- 
phoric acid, (i-PrO),P(S)SH, and completely 
inhibited by 0,O'-diisopropyldithiophosphoryl 
disulphide [(i-PrO),PS,],. Typical radical scav- 
enging antioxidants such as 2,6-di-tert-butyl-4- 
methylphenol also retarded the initial rate of 
reaction. There was a very marked influence of 
solvent on ( -  d[Cu[(i-PrO),PS,],I/dt),, the ini- 
tial rate being a factor of -25 times slower in 
benzene and toluene than in chlorobenzene. 

The second stage or induction period, T,,, 
began when 70-902 of the complex (depending 

on the initial ratio of complex to ROOH) had 
been destroyed. The length of the induction 
period was very approximately linearly depen- 
dent on the complex concentration and inversely 
proportional to the concentration of ROOH. 
Addition of tert-butyl alcohol to the initial reac- 
tion mixture had a illasked influence on .r,, 
(Table 2). 

It is impossible to obtain precise kinetic data 
for the disappearance of the hydroperoxide in 
this reaction. It  did, however, appear to disap- 
pear faster than the complex when stoichiometric 
reactant concentrations were used. 

Destruction of (CH,),COOH ceased when 
approximately ten times the initial complex con- 
centration had been destroyed. For instance, 
Cu[(i-PrO),PS,], M )  was destroyed in -4 h 
by (CH3),COOH (0.05 M), ~ h i l e  the hydroper- 
oxide concentration fell to 0.04 M and remained 
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TABLE 2. Influence of terf-butyl 
alcohol on the second stage of the 
destruction of cupric diisopropyl- 
dithiophosphate by felt-butyl hy- 
droperoxide; [Cu[i-PrO)zPSz]210 
= 5 x M: [ROOHI, = 

10-z M 

unchanged for 20 days. The stoichiometric 
factor, A[ROOFI]~A[complex]9 is, therefore, ap- 
proximately 10. 

The orerall behavior of cumene hydroperoxide 
was different in that a trace of Cu[(RO),PS,], 
(0.003 M) destroyed a large excess of hydroper- 
oxide (0.05 iM). In this case the disappearance of 
hydroperoxide followed a three stage reaction 
pattern analogous to the disappearance of 
Cu[(RO),PS,], but over a considerably longer 
period of time, i.e., there was an  initial fast reac- 
tion, a very slow second stage, and a fast third 
stage. Decomposition of cumene hydroperoxide 
by Cu[(i-PrO),PS,],, therefore, gives a concen- 
tration-time profile similar to those observed by 
Burn et al. (4) for Zn[(RO),PS,],-C,H,C- 
(CH,),OOH systems. 

Prod~icts 
tert-Butyl hydroperoxide was quantitatively 

reduced by Cu[(i-PrO),PS,], to tert-butyl alcohol 
while the cupric ion was precipitated as copper 
sulphate. Oxygen was not formed in this re- 
action. 

The n-~ajor reaction products formed from 
decomposition of cumene hydroperoxide at  dif- 
ferent initial reactant ratios are surnmarized in 
Table 3. The only volatile organic products de- 
tected a t  low ratios of hydroperoxide to complex 
(runs 1 and 2) were a-cumpl alcohol, acetophe- 
none, and a-methylstyrene with an  alcohol to 
x-methylstyrene ratio of -5.5 and an aceto- 
phenoiie to alcohol plus a-methylstyrene ratio 
of 0.1 to 0.2. a-Methylstyrene must arise by de- 
hydration of a-cumyl alcohol and acetophenone 
by p-scission of cumyloxy radicals. We have 
shown that cumylperoxy radicals are reduced by 
Cu[(RO),PS,], to these three products.4 Their 
formation in the present system is indicative of 

4J. A. Howard and J. C. Tait, unpublished results. 

the intermediacy of cumyloxy and cumylperoxy 
radicals. I t  would, however, appear that only 
about 50% of the hydroperoxide decomposed 
could be accounted for as volatile organic prod- 
ucts in-~plying that the balance of the hydroper- 
oxide derived products were somehow associated 
with the metal ion. 

At higher ratios of hydroperoxide to complex 
(runs 3, 4> and 5) significant concentrations of 
phenol and acetone were formed by heterolysis 
of the hydroperoxide.' Heterolysis should give 
equal concentrations of these two compounds, 
a situation that was only realized in run 4. 
a-Methylstyrene: acetophenone, and x-cumyl 
alcohol were also formed at  these reactant ratios. 
The ratio of a-cumyl alcohol to a-methylstyrene 
was quite low in these runs presumably because 
of enhanced dehydration of the alcohol by the 
Lewis acid responsible for hydroperoxide het- 
erolysis. 

The end of the first reaction stage was charac- 
terized by the precipitation of an  insoluble frac- 
tion which was 50% CuSO, and a so far un- 
identified brown oil. A cumene hydroperoxide 
solution from which this precipitate had been 
removed by filtration was considerably more 
stable than the original reaction mixture. This 
precipitate did not decompose tert-butyl hy- 
droperoxide whereas it did heterolytically de- 
compose a fresh solution of cumene hydroper- 
oxide. 

- Conclusions 
The initial reaction between Cu[(RO),PS,], 

and ROOH is a free-radical chain process which 
obeys the rate laws, 

with n ca. 5 .  The kinetics for this reaction are, 
therefore, identical with those for the analogous 
nickel complexes (1) with the value of k about 
an  order of magnitude larger. 

The reaction mechanism given in Scheme 1 
explains most of the salient features of this reac- 

5We have previously stated ( I )  that traces of nickel 
dialkyldithiophosphates and dialkyldithiocarbamates do 
not decompose cumene hydroperoxide to phenol and 
acetone. This is not strictly true as complete destruction 
of the hydroperoxide eventually takes place by a hetero- 
geneous ionic process. We were, however, primarily con- 
cerned with the initin1 destruction of the complex by 
excess hydroperoxide which is a homolytic and not a 
heterolytic process. 
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TABLE 3. Organic products from the decomposition of cumene hydroperoxide by Cu[(i-PrO),PS,], (A)* 

[ROOHIO Product yield x 10, (,M) 
Run 102[A], 102[ROOH], 
No. (lo (M) [Ale Acetone Phenol ?-Methyl- Acetophenone a-Cumyl 

styrene alcohol 

1 0 .5  0 . 5  1 . O  - - 0.02 0.03 0.12 
2 1 .0  1.16 1 . 2  - - 0.08 0.05 0 . 4  
3 0.02 1 . O  50 0 .2  - 1 .0  0.07 0 .1  0.06 
4 0 .1  5 50 4 .3  4 . 4  0.36 0.015 0.04 
5 2 100 50 80 50 0.85 0 .3  0.75 
6 O. l+ 20 20 1.48 0.74 0 .4  0.08 15.4 

*Argon saturated benzene or chlorobenreile at 3OZC. 
+Containing 2,6-di-iert-but>]-?-metl~>lplienol (2 r M ) :  the 

reduced to a-cumrl alcohol before analysis. 

tion. The reaction of ROO" with A is, however, 
better described by reactions 6 to 10 since n cu. 5 

[61 ROO' + A + RO' i Al 

[7] ROO' + A1 + RO' + A2 

[8] ROO' i A, + RO' + A, 

[9] ROO' + A, -t RO' + A4 

[lo] ROO' t A, + Non-radical products 

where A , ,  A,, A,. and A, are oxidized forms of 
A. Under steady state conditions reactions 1 to 
10 give the rate expressions presected above with 
rz  = 5.5 and k = 2k,.  

The nickel con~plexes did, however, appear to 
disappear completely by a pseudo first-order 
process in the presence of excess hydroperoxide 
(1) whereas Cu[(RO),PS,], did not disappear 
conipletelj~ under these co~iditions. Instead, re- 
action ceased after a fraction of the complex 
had disappeared and commenced again after an 
induction period, r,,. The dependence of z,,, 
on the reactant concentrations suggests the ac- 
cuiuulation of radical scavengers in the system 
which prevents homolytic destruction of the 
chelate or to the regeneration of the complex at  
a rate equal to its rate of destruction. 

The decon~position of (CH,),COOH by 
Cu[(RO),PS,], stops completely when the 
chelate has been destroyed and there is no  evi- 
dence for heterolytic decomposition. The cuniene 
hydroperoxide reaction initially follows a similar 
concentration-time profile: excess hydroper- 
oxide is, however, eventually destroyed by a 
heterolytic process. The end of the homolytic 
reaction is marked by precipitation of an  insol- 
uble copper salt. In  the case of tert-butyl hy- 
droperoxide all the copper ions could be ac- 
counted for as copper sulphate while the preci- 
pitate produced by cumene hydroperoxide was 
more coruplex and contained organic ligands in 

reaction uas  not taken to completion and residual hydroperoxide was 

addition to sulphate ions. This latter precipitate 
is the active catalyst for heterolytic decomposi- 
tion of cumene hydroperoxide although it is not 
active enough to decompose tert-butyl hydro- 
peroxide. This niap be because cuniene hydro- 
peroxide undergoes 0-0 heterolysis while 
tert-butyl hydroperoxide undergoes C-0 het- 
erolysis (5). 

Copper sulphate suspended in chlorobenzene 
does not decompose cumene hydroperoxide. I t  
does, however, react with a mixture of diisopro- 
pyldithiopliosphoric acid and 0,O'-diisopropyl- 
dithiophosphoryl disulphide to give cupric diiso- 
propyldithiophosphate although CuSO, does 
not react with these compounds individually. 
Yordanov and co-workers (6) have recently re- 
ported that production of Cu[(RO),PS,], from 
cupric salts and [(RO),PS2], requires the pres- 
ence of a reductant. A reaction of this nature 
could be the reason for z,,. 

11. Gupvic Dialk~~ldithiocarbrrinates 
Kitietics 
Cupric diethylditliiocarbainate was rapidly 

destroyed by excess terf-butyl hydroperoxide 
(see, e.g., Fig. 2). Plots of In [Cu(Et,NCS,),], 
and [ C ~ ( E ~ , N C S , ) , ] ~ . ~  against time exhibited 
very pronounced downward curvatures indica- 
tive of a reaction that is neither first nor half- 
order in the complex concentration ; in fact rates 
were close to zero-order. However, in many runs 
the rate increased as the complex was collsuined. 
Changes in the hydroperoxide concentration had 
a pronounced effect on (-d[Cu(Et,NCS,),]/ 
dt), and the reaction was second-order in this 
reactant. Typical kinetic data for this system are 
presented in Table 4 and appear to support a 
rate expression of the form 
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lo-' TIME ( s )  

FIG. 2. The change in the concentration of Cu[Et,NCS,], with respect to time after the addition 
of 0.11 M (a)  and 0.011 M (b) (CH,),COOH at 30'C. The broken line illustrates the accun~ulation of 
the major transient Cu(I1)product. 

TABLE 4. Kinetic data for reaction of cupric diethyldithiocarbamate with tevt-butyl 
hydroperoxide* 

i04[Cu(Et2NCS2),]o 103[(CM3)3COOH]o lo7(- ~[CU(£~,NCS,),], dt), 
(MI jlbl s - I) 

"Argon saturated chlorobenrene at 30% 
i.Air saturated chlorobenzene. 
ZContalnin~ 2,6.di-fe1.f-buigl-4-methylphenol (0.2 M )  

Oxygen, the nature of the non-coordinating 
solvent (toluene, chlorobenzene, and CCI,), the 
nature of the aikyl groups in the dialkyldithio- 
carbarnate ligands (Me, Et, i-Pr, and n-Bu), and 
the nature of the hydroperoxide (tert-butyi, 
3-cumyl, and cr-tetralyl) had very little influence 
on (- d[Cu(R,IVCS,j,]jdt),. 

The rate of disappearance of Cu(i-Pr,NCS,), 
in the presence of excess tert-butyl hydroperoxide 
was inhibited by 2,S-di-tert-butyi-4-methylphe- 
nol. The initial inhibited rate was zero-order with 
respect to Cu(i-Pr,NCS,), and second-order 
with respect to ROOH (Fable 5). Inhibition by a 
radical scavenger is consistent with a reaction 
mechanism in which the principal mode of com- 
plex destruction is by alkylperoxy radical attack. 

The initial rate of hydroperoxide disappear- 
ance was about 10 times faster than the initial 
rate of complex disappearance implying an in- 

duced decomposition with a stoichioruetric fac- 
tor of -10. 

The kinetics for the initial reaction of Cu- 
(R,NCS,), with alkyl hydroperoxides, zero- 
order in dithiocarbamate and second-order in 
ROOH, are anomalous when compared with the 
kinetics for destruction of Ni(W,NCS,),, h i -  
[(WO),PS,],. and Cu [(RO),PS,],. They irnply 
that free-radical initiation is independent of the 
complex and occurs by decomposition of a hy- 
droperoxide dimer. The copper complex then 
functions solely as a radical scavenger. Such an  
explanation is, however, unacceptable and we 
prefer to conclude a t  the present time that the 
apparent kinetics for this system are influenced 
by factors that are not imlnediatelji obvious. We 
s h o ~ ~ l d  note that copper complex - hydroper- 
oxide adducts have been invoked in these and 
related systems (7). We could, however, find no 
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TABLE 5. Kinetic data for reaction of Cu(i-Pr2NCS2), with (CH,),COOH in the 
presence of 2,6-di-tert-butyl-4-n1ethyIphenol~ at 30°C 

105[Cu(z-Pr2NCS2)2]o 103[(CH3)3COOH]o lo8(- d[Cu(i-Pr,NCS,),] df) 
(AM) (AM) (M ss')  

esr evidence for the formation of such adducts 
since the isotropic and anisotropic spectra of 
Cu(R,NCS,), were identical in the presence and 
absence of a large excess of KOOH.6 

Prod~lcts 
tert-Butyl hydroperoxide was reduced quanti- 

tatively to tert-butyl alcohol by Cu(Et,NCS,), 
while the dithiocarbamate was converted to 
CuSO, by excess hydroperoxide; no oxygen 
was evolved. The disappearance of the dithio- 
carbarnate was acconlpanied by the appearance 
of a transient cupric complex. I (see Fig. 2). 
This complex had the isotropic esr parameters 
g = 2.0651 and a,, = 77.1 6 ,  both parameters 
being different from those for Cu(Et,NCS,), 
(g = 2.0445 and a,, = 78.64 G). The rate of 
appearance of this transient was equal to 
(- d[Cu(EtjNCS,),]~dt), implying that it is the 
initial oxidation product. Its concentration 
reached a maximum when the dithiocarbamate 
had almost disappeared and it was then de- 
stroyed by excess ROOH. Vinogradova and 
Maizus (8, 9) have also observed the production 
of a transient cupric complex ( g  = 2.066, a,, = 

80.2 6 )  during reaction of cl-phenylethyl hy- 
droperoxide with cupric hexamethylenimine- 
dithiocarbamate and during the Cu(Et,NCS,), 
inhibited autoxidation of ethylbenzene and have 
attributed it to the alkylperoxo dialkyldithio- 
carbamato copper, PhCH(Me)OOCuS,CNEt,, 
formed by displaceme~lt of Et,NCS,' from the 
complex by PhCH(Me)OOe. 

The concentration-time profiles for Cu(Et,- 
NCS,), and 1 for reaction of Cu(Et,NCS,), 
(0.01 M) with less than a stoichiometric amount 

6 N o ~ ~  ADDED IN PROOF-The 6 5 C ~  hyperfine was 
studied on a M Cu[Et,NCS2], solution in tol~lene 
and 10 and 30% tefe-butyl hydroperoxide -toluene from 
263-233 K. The variation of the hyperfine with tempera- 
ture was linear and identical for both solutions, the slope 
of dlaol'dt > 0 being characteristic for a non-coordi- 
nating solvent (F. 6. Herring: and R .  L. Tapping, Can. 
J .  Chem., 52, 4016 (1974)). Line widths in both solutions 
were virtually identical. 

of tert-butyl hydroperoxide (0.056 Ad) are show11 
in Fig. 3. The carbamate was destroyed in ap- 
proximately 700 s and at this time I had reached 
a maxinlum concentration and was then rapidly 
destroyed. There was then a period when two 
additional cupric complexes: with g-factors 
higher than I appeared in the esr spectrum of the 
reaction mixture, the total concentration of 
soluble Cu(l1) species was, however, quite low 
during this period. The transient species I was 
then regenerated, reached a maximum concen- 
tration, and finally disappeared completely from 
the system. Cu(Et,NCS,), was also regenerated 
and reached a steady-state conceiltration when 
about 7 5 5  of the initial concentration had been 
formed. A possible mechanism for regeneration 
of Cu(Et,NCS,), in this system is reaction of 
diethyldithiuram disulphide, (Et,NCS,),, with 
cupric ions. Vinogradova and Maizus (9) have 
reported that this disulphide is formed during 
inhibition of ethylbenzene autoxidation by 
Cu(Et2NCS2),. However, their work suggests 
that it is not stable in the reaction mixture and 
follows a concentration-time profile that coin- 

FIG. 3. The changes in the concentrations of Cu(Et2- 
NCS,), and the major transient Cu(1l) product (broken 
line) during reaction of C L I ( E ~ ~ N C S ~ ) ~  (0.01 A4) with 
(CH,),COOH (0.056 ,$I) in argon saturated chloroben- 
zene at 30°C. 
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TABLE 6. Volatile organic products from the deconiposition of cumene hydroperoxide by Cu(Et2NCS,),* 

LROOHlo Product yield x 10' (.M) 
Run 102[A], 102[ROOH]o -- 
No. ( M )  ( M )  [Ale a-Methyl- a-Cumyl 

Acetone Phenol styrene Acetophenone alcohol 

1 1 1 .2  1 .2  - - 0.22 0.08 0.79 

2 0 .7  2 2.86 - 0 .5  0.04 1 .5  
3 0 .1  1 .2  12 - - 0.15 0.33 0.35 

4 0.02 1 . 0  50 - 0.008 0.06 - - 
50 7 5 1 .7  0 .4  5 2f 100 

6 0.01 1 . 2  120 - - 0.45 0.14 0.25 
7 0.15 20 200 4 .8  1 . 1  0.46 0.04 10 

*Solvent: chlorobenzene; temperature: 30% 
?This reaction was quenched after 5 h. 
$Not measured. 
$In the presence of 2,6-di-tert-butyl-4-methylphenol. This reaction \$as quenched after 0.07 M of hydroperoxide had been decomposed. 

x-methylstyrene is fornied in the initial reaction 
whereas phenol is only formed after the cornplex - 

z - has disappeared. An insoluble precipitate was 
z deposited after the con~plex had been destroyed 
0 

and if this precipitate was filtered from the solu- 
2 2 
F 
z 

tion the hydroperoxide was very much more 
W 
u stable. Heterolytic hydroperoxide decomposition 
z 
0 U is therefore: a heterogeneous process as was sug- 
d gested by Burn et ul. (4) for the Zn[(RO)2PS2]2- 
o cumene hydroperoxide system. The precipitate 

does not have the ability to decollipose tert- 

0 5 10 15 
butyl hydroperoxide but it does heterolytically 
decompose a fresh cumene hydroperoxide solu- 

TIME ( s )  tion. 
FIG. 4. Concentration-time profiles for production of 

phenol (@) and n-methylstyrene (a) and disappearance 
of complex (0) during deco~uposition of C6H5 C(CH3)Z- 
0 0 H  (0.01 1M) by Cu(Et,NCS,), (0.0002 M )  at 30'C. 

cides with the one for 1. We were unable to  
positively identify (Et2NCS2), a t  any stage of 
the reaction and are, therefore, reluctant to asso- 
ciate regeneration of Cu(Et,NCS,), with this 
product. 

x-Cumyl alcohol, x-methylstyrene, and aceto- 
phelione were the principal volatile organic 
products from decomposition of x-cumene hy- 
droperoxide at ratios of hydroperoxide to corn- 
plex less than 10. If, however, this ratio was 
greater than 10, phenol and acetone were formed 
and at ratios greater than 50 they were the major 
final reaction products5 (Table 6). The accumu- 
lation of phenol and E-methylstyrene was fol- 
lowed during the decomposition of C,H5C- 
(CH,),OOH (0.01 M) by Cu(Et,NCS,), (0.0002 
M). The concentration-time profiles are shown 
in Fig. 4 along with the disappearance of the 
complex. I t  is quite clear from these curves that 

Decomposition of culnene hydroperoxide to 
x-cumyl alcohol, x-methylstyrene, and aceto- 
phe~ione is consistent with reactions 1-10 since 
reaction 3 gives the alcohol while [6]-[lo] give 
alcohol, E-methylstyrene, and acetophenone4. 

Deconlposition of I ,  1-diphenylethyl hydro- 
peroxide (0.02 &.I) by Cu(i-Pr,&CS,), (0.01 M )  
gave 1,l-diphenylethanol (0.0085 M )  I , l  -di- 
phenylethylene (0.01 M ) ,  acetophenone (0.0026 
M), and phenol (0.0023 M ) .  The high yield of 
alcohol and its dehydration product in this sys- 
tern could be rationalized on the basis of a non- 
radical deoxygenation of the hydroperoxide 
analogous to that found with organosulphur 
compounds such as dialkyl sulphides (5). It is, 
however, much more likely that this alcohol 
arises from reaction of I ,  1-diphenylethylperoxy 
radicals with the complex and reaction of 1, l -  
diphenylethoxy with the hydroperoxide. 

The small yields of acetophenone and phenol 
could be the result of contribution from heterol- 
ysis of the hydroperoxide. I ,  1-Diphenylethoxy 
radicals do, however, have a strong tendency to 
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Ph OPh ; OPh / 
I I I I 

undergo a 1,2-phenyl shift to give l-phenoxy-l- 
phenylethyl (10). This radical could combine 
with oxygen to give the peroxy radical which 
would be deoxygenated and reduced to the alco- 
hol by the complex. This alcohol would disso- 
ciate in solution to acetophenone and phenol. 

We favor a homolytic rnechanisni for the pro- 
duction of acetophenone and phenol in this sys- 
ten1 because of the absence of a heterolytic pro- 
cess with cumene hydroperoxide a t  low ratios of 
hydroperoxide to complex. 

Summary 
Cupric dialkyldithiophosphates and dialkyldi- 

thiocarbalnates are converted to copper sulphate 
by excess tert-butyl hydroperoxide while the hy- 
droperoxide is reduced to tert-butyl alcohol. The 
priiicipal reaction mechanism is ho~nolytic with 
an  induced decomposition of the hydroperoxide 
and destruction of the chelate by alkylperoxy 
radicals. The 1110st plausible mode of initiation is 
a redox reaction between the hvdro~eroxide and 

secondary reactions influence the rate of reac- 
tion. In  the case of the dithiophosphate the rate 
decelerates, stops completely, and increases 
rapidly to complete complex destruction. The 
rate of disappearance of the dithiocarbamate on 
the other hand appears to increase smoothly as 
the complex is consun~ed. The dithiocarbamate 
is converted to copper sulphate through a t  least 
three transient cupric complexes. These com- 
plexes are formed by reaction with alkylperoxy 
radicals and their structure and mechanism for 
their production  rill be discussed in a forth- 
coming publication. 

1. J. A. HOWARD and J .  H .  B. C H E ~ I L R .  Can. J .  Chem. 
54, 390 (1976). 

2.  J .  D .  HOLDSWORTH. G.  SCOT-I-. and D. WILLI,AMS. J .  
Chem. Soc. 4692 ( 1964). 

3. G.  S c o r r .  Br. Polym. J .  3 , 2 4  (1971). 
4. A. J .  BURN.  R.  C E C I L .  and V.  0 .  YOUNG. J .  Inst. 

Petrol. 57. 319 (1971). 
5. R .  HIATT. Organic peroxides. Vol. 11. Edited by D. 

Swem.  John Wiley and Sons, Inc. 1971. Chapt. I .  
6. N .  Y O R D A ~ O V ,  N .  KICOLOV. A.  SHISHKOV. and D. 

2 1 

comp]ex. i h e  overall behavior of an aralkyl SHOPOV. Inol-g. ~ X L I C ~ .  Chem. Lett. 12.527 (1976). 
7 .  0. N .  E m h u ~ 1 . D .  KH.  KIT 4 E V A .  and I. P. S K I B I D A .  hydroperoxide, such as cumene hydroperoxide, IZV. Akad. N a ~ i k  SSSR. Ser. Khim. 56 (1976). 

is affected by the formation of a heterogeneous 8. V. G. V I N O C R A D O V ~  and Z. K. M.srrus. Kinet. Kat. 
product which is capable of catalyzing the ionic 13. 298 (1972). 
decomposition of cumene hydroperoxide but not 9. A.  N .  ZVEREV, V .  G .  VINO~RADOVA. and 2 .  K .  

tert-butyl hydroperoxide. MAIZLS.  IZV. Akad. Nauk SSSR, Ser. Khim. 2224 
(1975). 

Simple reaction kinetics only hold for initial 10. J .  A.  HOWARD and K .  U.  I N G ~ ~ ~ .  c a n .  J .  them, 47, 
rates of complex disappearance. This is because 3797 ( 1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Hydroxymethylbenzimidazsle carboxylic acid models of the Asp-His-Ser 
charge relay system of serine proteases 

J .  BRYAN JONES A N D  KEITH E. TAYLOR 
Department ofCllemistty, Unii.er.~ity qf'Toronto, Torotlro, Ont., Cn)zntlcl MSS 1AI 
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J. BRYAN JONES and KEITH E. TAYLOR. Can. J. Chem. 55, 1653 (1977) 
2-Hydroxymethyl- and 2-acetoxymethylbenzimidazole, and their C-4(7)-carboxy derivatives, 

have been synthesized and characterized for evaluation as chemical models of the Asp-His-Ser 
triad present at the active sites of several serine proteases. Preliminary studies of the 2-acetoxy 
compounds, which are analogues of the acyl enzymes, show that the rate of hydrolysis is aug- 
mented only 2.5 fold by the carboxylate group of the model charge relay system. 

J. BRYAN JONES et KEITH E. TAYLOR. Can. J. Chem. 55. 1653 (1977) 
On a synthetise et caracterisi, pour leur evaluation comme modele chirnique de la triade Asp- 

His-Ser presente au liiveau des sites actifs de plusieurs proteases serines, les hydroxy-2 methyl- 
et acetoxy-2 methylbenzimidazoles et leurs derives C-4(7) carboxy. Des etudes prelilninaires sur 
dcs composCs acCtoxy-2, q ~ ~ i  sont des analogues des enzymes acyles, montrent que la vitessc 
d'liydrolyse n'est augmente que par 2.5 fois par le groupe carboxylate du n~odele de systeme de 
relais de charge. 

[Traduit par le journal] 

The serine proteases are hydrolytic enzymes 
which possess a uniquely reactive serine hydroxyl 
group at the active site. Although the individual 
amino acid sequences can be quite dissimilar, the 
active sites of the enzymes for which X-ray 
structures are avaifable, ciz. u-chymotrypsin (I), 
trypsin (21, elastase (31, and subtilisin (4a), each 
possess a n  Asp-His-Ser triad in more or less the 
same geometrical arrangement. This triad has 
become known as the charge relay system of the 
serine proteases. Based largely on the chymo- 
trypsin data (1, 5), the operation of the catalytic 
triad has been interpreted in the manner rep- 
resented in Scheme 1.' 

1 Acylation 
( ( 1 )  step 

& r, "\ Deacylation 
H-N N H-0 C=O step 

LW-2 

The degree to which the carboxylate function 
is capable of acting as a general base in the 

Scheme 1 manner is a question which is receiving 
increasing attention and several model studies 
have been reported recently (8-1 1). We felt that 
benzimidazole derivatives such as 1-4, would 
serve as good chemical models for the Scheme 1 
systems. This paper reports niainly on their syn- 
thesis and properties. Some very preliminary 
data on the rates of deacylation of 2 and 4 have 
also been obtained. 

~. Results 
The be~lzimidazole derivatives required were 

prepared in 60-90z yields as outli~led in Scheme 
2. The dissociation constants of their functional 
groups were then determined; the pK, values 
obtained are sunimarized in Table 1. The 
abnormally low pK,, of 4 was obtained under 
conditions where -log [4] > pK, and thus may 
be somewhat insecure (13). However the pK,, 
value for 4 is considered reliable. 

The rate constants for hydrolysis of the 2- 
acetoxybenziniidazole derivatives 2 and 4 were 
determined under pseudo first-order conditions 
for several half-lives. Data following 15-50% of 
reaction were used to calculate the rate constants ; 
the same values were obtained when the hydrol- 
yses were allowed to progress up to 80% com- 
pletion. The results are summarized in Table 2. 

'The exact nature of the mechanism of the charge relay 
The fact that hydrolyses of 2 and 4 under the 

system continues to be the topic of considerable debate, conditions were proceeding as expected 
particularly with respect to assigning the role played by was confirmed by the isolation of 1 and 3 
the asparatate carboxyl(ate) group (ln,b, 6, 7). respectively in > 80% yields. 
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wNH2 HOOCCH,OH ( I )  CH,COCI 

*NH2 H + 
12) CH,COOAg + ~ N ~ C H 2 0 c o C H 3  N 

COOH 
H 

COOH COOH 

N 
H 

COOH 

TABLE 1.  Dissociation constants of benzimidazole separations in chyrnotrypsin (Ic). Charge relays 
derivatives* of the Scheme I type are thus possible; one 

possible analogue of the first step of deacylation 
Compound PK,, pKa2 is depicted in Scheme 3. 

Benzimidazole 5 . 5 4 i 0 . 0 2  
(5.55 (12)) 

1 5.41F0.01 
(5.40 (1 3)) 

2 4.54i0.02-F 
3,HCl 3 .51+0.06+ 5.61+0.01+ 

*D~ssociat ion constants \%ere determined at  25'C in aqueous 
solution. 

tSolurion 1% v,'v in DMSO. 

Discussion 

Each of the benzimidazoles 1-5 was readily 
prepared. The heterocyclization steps, ef-fected 
undcr Phillips-type conditions (14-16), all pro- 
ceeded in high yield. Selecti\le hydrolysis of the 
iV.0-diacetgl precursors of 2 and 4 was also 
achieved without difficulty. 

The selection of carboxybenzimidazole struc- 
tures as suitable models for the Asp-His-Ser 
triad of scrine proteases was influenced by 
several considerations, including the well- 
documented evidence for the abilities of imida- 
zoyl and carboxyl groups to participate in 
hydrolysis reactions (17-20). Furthermore, ben- 
zimidazole derivatives have been employed 
previously in hydrolysis studies (2124).  Analysis 
of Dreiding models of 4 indicated that the 
carboxyl-oxygen to N-1 and hydroxymethyl- 
oxygen to N-3 distances were close to those 
reported for the His-57-Nsl to 0s2 of Asp-102 
(2.8 A) and His-57-N" to Ser-195-O"3.0 A) 

CH3 G 
\ /  

HO-C 
H \\ 

COO-H 
LJ 

Benzimidazole-4(7)-carboxylic acids of this 
kind have a natural inclination towards intra- 
niolecular alignments of the type required for a 
Scheme 3 orientation as a result of z ~ i t t e r i o n  
formation (25). Analyses of the dissociation 
consta~lts of Table I provide further support for 
this view. The overall pK, values are consistent 
with a Scheme 4 ionization pathway, with the 
strongly electron-mithdra~ing protonated imi- 
dazolium moiety of 6 perturbing the nor~na l  
dissociation constant of the carboxyl group. In 
contrast, the carboxylate group of zwitterions 
such as T2 has little effect on the imidazolium 

'The alternative ionization pathway, with the imida- 
zolium group dissociating first merely as a consequence of 
the presence of a C-4(7) carboxyl group, is extremely 
improbable. For example, as strong an electron-with- 
drawing group as nitro is needed at the C-4(7) position in 
order to induce a lowering of the benziniidazolium pK, 
by 2-2.5  n nits (12). 
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TABLE 2. Rates of hydrolysis of 2 and 4% 

Substrate pH k (s-' x lo5) kfr,o (s-' x lo5) k-oH (M-' s- ' )  k,I ,o (4:2) Lo, (4:2) 

*Determined at  25'C under h-, in aqueous solution 0.1 .M in KC1 and containing 1% d v  DMSO. Each run \\as performed 
at  least in duplicate and the data  \%ere subjected to linear repression analysis. Correlation coeflicients \%ere > 0.996 in each case. 

tcorrected for uptake of base by glass electrode of p H  stat. 

COOH COO- 

COO 
8 

SCHLME 3 

ionization. The Table 1 data are co~lsistent with 
stabilization due to intran~olecular hydrogen 
bonding of zwitterionic forms such as 7 over the 

which lacks the C-4(7)-carboxyl(ate) f u ~ ~ c t i o n . ~  
The true degree of inlra~llolecular acceleratio~l 
attributable to carboxylate participation may in 
fact be even smaller than 2.5-fold since no 
attempt was made to correct for nitl-ogen 
basicity differences betlveer~ 2 and 4 nor to 
exclude possible effects of elimination path~vays 
(lob). Carboxylate participation is evidently not 
significant under the currellt assay  condition^.^ 

Experimental 
All starting chemicals were purchased from Fisher or 

Aldrich. Nuclear magnetic resonance spectra were 
obtained on Varian A-60 or T-60 instrun~ents, ir spectra 
on a Perkin-Eln~er 237 spectrophotorneter, and mass 
spectra using an  AEI MS-9 spectrometer. Elemental 
analyses were by A. B. Gygli, Toronto. 

correspbnding anio~ls  8. 2-Hycli.oxyr11et/~~lbenziii1ii/uzole f 1 j 
The Table 1 data also suggest that the CH2OH 0-Phenylenediamine (6 g, 56 nimol) and gl>colic acid 

and CH,OCOCH, groups of the model corn- (6.33 g, 84 mmol) were reacted according to the proce- 
pounds maintain themselves in Scheme 3 type dure of.Copeland and Day (31) to give a 6 3 7  yield of 1 ,  

~ ~ ~ ~ ~ l ~ ~ i ~ ~  of the CH,OH groups mp 174-175'C (lit.(31) mp 171-172'0; ir WBr) 3280, 
1062, and 1047 cni- ' ;  nnir (CF,COOH) 6 5.42 (s, 2H) 

of 1 and 3 results in a lowering of the benzimi- 7.70 4 H ) I  (DMSO-zH,) 4,74 (s, 2H) and 7,35 
dazole pK, by -0.8 units.3 This degrcc of pK, (m, 4H) ppm; 111s n2.e 149. 
reduction suggests differential hydrogen bonding 
as in 9 and 10. Solvent bridging as in 9 has been 
invoked previously to account for the low pK, 
values of furan- (27) and pyrrole-2-carboxylic 
acids (24, 28). 

Comparison of the rates of hydrolysis of 2 and 
4 shows attack by water of the acyl enzyme 
model 4 to be only 2.5-fold faster than for 2, 

3A s~niilar acid-strengthening effect has been reported 
when Ser-195 of chymotrypsin is acetylated (26). 

2-Aceto.uyr11erI1~IOerizirriici0zoIe / 2 )  
The procedure used was based on that of Porai-Koshits 

(32). A aolution of 2-hydroxyniethylbenzin~idazole (1; 
4.83 g, 32.6 mmol), acetic anhq-dride (6.5 ml, 69 mmol) 
and acetic acid (7 nil) was heated for 35 min on a steam 
bath and then chilled, diluted with water, and filtered. 
The AT-1-acetyl-2-acetoxq~~iethylbenziniidazole (5.9 g, 
7 8 z )  obtained had rnp 99-100-C (lit. (32) mp 97-98-C); 
ir (CHCI,) 1722-1750 cnl-' (broad); nlnr (C2HC1,) 
6 2.20 (s, 3H), 2.79 ( 5 ,  3H), 5.54 (s, 2H), and 7.52 (m, 

4This degree of intranlolecular acceleration is of the 
same magnitude as that observed for the structurally 
similar (2'-hydroxypheny1)imidazole models (100). Much 
larger accelerating effects have been attributed to car- 
boxylate participation in intermolecular model systems 
(8, 9, 11) but questions have bccn raised (90, 100) with 
respect to the relevance of these results to the charge 
relay hypothesis. Estimates of the m a x i m ~ ~ m  rate enhance- 
ments to be expected from Asp-COO- participation in a 
charge relay triad range from 10 (29) to 5000 (30) 

5Larger effects should be observed in hydrophobic 
media. 
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4H) ppm. This diacetyl compo~lnd (5.70 g, 22.6 mmol) 
and water (20 nil) were refluxed for 10 mi11 and the mixture 
chil!ed in ice and scratched to furnish 2-acetoxyniethyl- 
benzimidazole (2; 3.47 g, 7973, nip 165-166'C (lit. (32) 
mp 164-165;C): ir (CHCl,) 3442 and 1730 cm-' :  nlnr 
(C2HC13) 6 2.05 (s, 3H), 5.40 (s, 2H), and 7.45 (rn, 4H) 
ppm. 

2,3-Diamir~obenzoic Acid 
2-Methyl-6-nitroaniline mas acetylated by the procedure 

of James et 01. (33) to give a 9 1 z  yield of 2-acetarnino-3- 
nitrotoluene, nip 160-161'C (lit. (33) 111p 157-158'C); 
ir (CHCI,) 3445, 1700, 1514, 1480, and 1350 cm-'  ; nnir 
(CZHC1,) 6 2.18 (s, 3H), 2.30 (s, 3H), and 7.50 (m, 3H) 
ppm. This was then oxidized with KMn04;MgS0, (31) 
to  give 2-acetamino-3-nitrobenzoic acid (902 yield) 
which was recrystallized from EtOH and had mp 254- 
255'C (lit. (33) ~ n p  245'C): ir ( N ~ ~ j o l )  3315-2500, 1691, 
1513, and 1350 cm-I;  nlnr (DMSO-ZH,) 6 2.09 (s, 3H), 
2.53 (m, IH), 7.35 (t, J =  7 H z ,  l H ) , a n d  8.24(d, J =  7 
Hz, 1H) ppni. The above acetamino compound (32.1 g, 
143 mniol) in 5% (./:v) aqueous hydrochloric acid (200 ml) 
was refluxed for I h and then concentratec! and cooled. 
The 2-amino-3-nitrobenzoic acid (94% yield) was re- 
crysrallized from warer: it had mp 208.5-209'C (lit. 133) 
nip ZOj'T): ir (CHCI,) 3470, 3357, 1658, 1559, and 1351 
cm- ' :  LIV (MeOH) 234 ( E  13 870), 262 (E 4940), and 412 
nni ( E  6590): nnir (DMSO-'H,) 6 5.50 (br), 6.76 (t, 
J = 7 Hz, IH), and 8.2-8.4 (ni, 2H) ppni. 2-Amino-3- 
nitrobenzoic acid (4.0 g, 22 nimol), SnC1,.2HZ0 (15.2 g, 
68 mmol), and concentrated hydrochloric acid (25 ml) 
were heated to 50'C on a steam bath and then placed in 
an ice bath to maintain the exothermic reaction at 100'C. 
The solution was then heated for 15 min on the steam 
bath, cooled, and poured into a solution of NaOH 
(18.5 g) in water (60 ml). The mixt~lre obtained (pH 7) was 
filtered and the filtrate brought to p H  1 with concentrated 
hydrochloric acid. The precipitate of 2,3-dianiinobenzoic 
acid hydrochloride (2.5 g, 75%) \?.as filtered and sublimed 
(0.5 torr, 100 C) to give material mp 196-198'C (lit.~(34, 
35) mp 190-191-C (dec.), 201-C (dec.)); ir (N~ljolj  3410, 
3320, and I670 cru-': nrnr (DMSO-2H6) 6 5.73 (broad 
s, 2 H Z 0  exchangeable), 6.67 it, J = 7.7 Hz, lHj ,  7.39 (d 
of d,  J =  1.8, 7.7 Hz, IH), and 7.70 (d of d , d =  1.8, 
7.7 Hz, 1H) ppni. 

i-H~~ciiox~~i?retl~ylbril_imin'nzole-d ( 7 )  -cai.bo.ujlic Acid 13 j 
A solution of freshly-sublimed 2,3-diarninobenzoic 

acid (2.11 g, 13.9 mmol), glycolic acid (3.2 g, 42 mmol), 
and 4 M aqueous hydrochloric acid (40 ml) was refluxed 
for 2 h ~lnder  N, and then cooled in ice. The precipitated 
solid (2.97 g,  94;<) was recrystallized twice froni 0.5 M 
aqueou3 hydrochloricacid, and then thricefro~nmethanol- 
acetone (1:3) to give 3,HCI mp > 280C;  ir (KBr) 
1695 cm-'; niur (DMSO-ZH6) 6 5.13 (s, 2H), 7.67 (d of 
d, J = 2, 6 Hz, IH), 8.04 (br s, lH),  and 8.15 (d, J = 1.5 
Hz, IH) pprn; ms n, 'e 193. Anal. calcd. for C,I-I,N203CI: 
C 47.28, H 3.97, W 12.25, C! 15.51; found: C 47.29, 
H 4.04, N 12.14, CI 15.45. 

The methyl ester was prepared by treat~iient of 3 with 
diazomethane. After recrystallization from methanol it 
had mp 166-167'C; ir (KBr) I690 c n - I ;  nmr (DMSO- 
'H6) 6 3.87 (s), 4.77 (s), and 7.82 (m) ppni; ms ri1,le 205. 
Arlal. calcd. for CloHi,NZO,: C 58.24, H 4 89, N 13.59: 
found: C 58.46, H 5.06, N 13.41. 

2-Acetox,vn1ethylbenzin1idcizole-4(7)-cni.boxylic Acid 14j 
2-Hydroxymethylbenziniidazole-4(7)-carboxyc acid 

hydrochloride (3,HCl; 1.21 g, 5.3 11imol) and acetyl 
chloride (45 ml) were heated for 18 h at 50°C and then 
concentrated to -2  ml. The solid which separated was 
collected (1.49 g);  a portion (1 g) was then redissolved in 
acetic acid and silver acetate was added until no further 
precipitate formed. The mixture was filtered and the 
filtrate concentrated to give 4 (515 mg, 61z )  mp > 290cC; 
ir (KBr) 2940-3220, 1729, 1718, and 1686 cm- ' ;  nmr 
(DMSO-ZH6) 6 2.22 (s, 3H), 5.33 (s, 2H), 7.32 (m, IH),  
7.82 (m, 1H), and 7.95 (m, 1H) ppm; ms m,e  234.0656 
(calcd. 234.0641). Anal. calcd. for C i iH i ,N204 :  C 56.41, 
H 4.30, N 11.96: found: C 56.26, H 4.40, N 11.92. 

Berzzimidazole-4j7j -carbo.~jlic Acid 15) 
Freshly-sublimed 2,3-diaminobenzoic acid (1.51 g, 

9.9 mmol), formic acid (1.20 ml, 29.7 mmol), and 4 ,Z/i 
aqueous hydrochloric acid (24 ml) were refluxed for 1 h 
under N, (24, 25). The cooled mixture was then filtered 
and the precipitate (1.45 g, 73%) was recrystallized froni 
0.5 IM aqueous hydrochloric acid to give 5.HC1, mp 
> 300-C (lit. (34) mp ;- 360cC); ir (KBr) 2865-3570 and 
1710 cm-'; nrnr (DMSO-2H6) 6 7.74 (t, J = 8 Hz, lH) ,  
8.22 (ni, 2H), 9.78 (s, lH),  and 12.73 (br, 1H) ppni. 

The methyl ester was obtained by reaction of 5.HC1 
with diazornethane, mp 214-215'C; ir (CHCI,) 3460, 
1730, and 1697 cm- ' :  nmr (DMSO-'H,), 6 3.98 (s, 3H), 
7.36 and 7.95 (m, 3H), and 8.36 (s, IH) ppm: ms /me 176. 
Anal. calcd. for C,H,N,02: C 61.35, 1-i 4.58, N 15.90; 
found: C 60.53, H 4.42, N 16.21. 

Deter~nination of Dissociation Con~tants 
The dissociation constants of benzirnidazole and coni- 

pounds 1-5 were determined by the method of Albert and 
Serjeant (13). Titration curves for 2-10 m!M solutions of 
substrates, which were also 0.1 M in KCI, against 0.1- 
0.25 12/1 aqueous NaOH were obtained under N, at 25'C 
using a Radiometer pH-stat. The solutions of 2-5 also 
contained 1% (v'v) DMSO to aid solubility. 

Rates o f  Hydrolysir of  3 and 4 
The rates of hydrolysis of 3 and 4 were determined, 

at least in duplicate, at 25-C under N2  on 0.7-1.5 miW 
substrate solutions maintained at the selected p H  (8 or 
i0) by automatic addition of 0.05 Maqueous NaOH with 
a Radiometer pH-stat. The reaction solutions were made 
LIP by injecting 100 p1 of a DMSO stock solution of 3 or 4 
into 10 ml of C02-free water. The data were analyzed by 
linear regression analysis, pseudo first-order plots with 
correlation coefficients > 0.996 being obtained. The p H  
10 results were corrected for base uptake by the glass 
electrode (36-38). The observed and derived (from kOb, = 
kHZo + k-,,[-OH]) rate constants are summarized in 
Table 2. The hydrolysis products, 1 and 2 respectively, of 
3 and 4 under the Table 2 conditions were isolated in 
> 80% yields from rcpresentative kinetic runs. 
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Y. K. PENG and P. T. DAWSOK. Can. J. Chem. 55, 1658 (1977). 
Ultra-high vacuum thermal desorption experiments have been carried out on the adsorption 

of water, and the D,O;H and D,'601"s0 exchange reactions on platinum previously charac- 
terized by oxygen and hydrogen adsorption studies. Water is weakly adsorbed and only at T < 
150 K, an observation confirmed by using H, adsorption as a chemical probe for the presence 
of adsorbed water. The thickness of the adsorbed D,O layers was determined by a novel 
method involving monitoring the power output of the temperature programmer. Exchange 
occurs between adsorbed H and a D,O overlayer and the extent of exchange increases with the 
thickness of the overlayer. Isotope distribution studies show that the surface is heterogeneous 
and the exchange reaction does not occur at uniform rate. Exchange occurs between adsorbed 
"0 and a D,l6O overlayer. The extent of exchange is constant up to T -- 300 K showing that 
D,O is more strongly bound on 0-covered Pt presun~ably as a result of H bonding. Hetero- 
geneity also is apparent in the 0-exchange reaction. The apparent activation energies for 
exchange are 1.8 and 2.9 kcal mol-' for the half- and fully-covered surfaces, respectively. 

Y. K. PENG et P. T. Dawsoh-. Can. J. Chern. 55, 1658 (1977). 
On a effectue des expi.riences de desorption thermique sous de tres hauts vides au sujet de 

I'absorption de I'eau et des riactions d'echange D 2 0 / H  et D2 '60 , / ' 80  sur ~ L I  platine q ~ l i  avait 
ete caracterise antirieurement par des etudes d'adsorption d'oxygene et d'hydrogene. L'eau 
n'est que faibleinent adsorbee et uniquement a des temperatures i 150 K ;  cette observation 
est confirmee en faisant appel a l'adsorption de H, colnme sonde chimique pour la presence 
d'eau adsorbee. On a determine l'epaisseur des couches de D 2 0  absorbe par une nouvelle 
methode impliquant la mesure de la puissance fournit par le programmeur de temperature. 11 
se produit des echanges entre de I'hydrogene adsorbe et une couche superposee de D,O el la 
quantite d'echange augmente avec l'epaisseur de -la couche superposee. Des etudes de distribu- 
tion isotopique montrent que la surface est hettrogene et que la reaction d'tchange ne se produit 
pas a une vitesse uniforme. Les reactions d'ichange se produisent entre du ''0 adsorbe et une 
couche superposee de D2160. La quantite d'echange est constante jusqu.8 environ 300 K ce qui 
demontre que le D,O est adsorbe d'une f a ~ o n  plus forte sur du platine couvert d'oxygene et que 
ce fait resulte probablement d'un lien hydrogene. L'heterogkntite est aussi apparente dans la 
reaction d'echange d'oxygene. Les energies d'activation apparentes pour les echanges sont 
respectivement de 1.8 et de 2.9 kcal mol-' pour les surfaces a moitie et conipletement couvertes. 

[Traduit par le journal] 

Introduction 
Platinum dispersed on oxide supports is an 

extremely important practical catalyst. The 
activity of such catalysts will be determined, in 
part, by the degree of dispersion of the platinum 
on the support, i .e. the number of exposed 
platinum atoms per unit area. This important 
parameter is frequently determined by titration 
of preadsorbed 0, with H, (1-3). However, 
illany details concerning the correct application 
of this method remain controversial. In par- 
ticular, there is considerable disagreement con- 
cerning the correct stoichiometry to use for 
hydrogen chemisorption, oxygen chemisorption, 

and titration experiments and the relative merits 
of these methods for determining the dispersion 
(1-10). Whether or not all the oxygen adsorbed 
on platinum can be reduced and whether water 
remains strongly bound to unreacted oxygen or 
the support or both remain unanswered ques- 
tions. An enhancement in the uptake of hydro- 
gen by oxygen pretreatment has been inferred 
from infrared studies on supported catalysts 
(11-13) and attributed to adsorption of water 
on the support ( l l ) ,  or re-arrangement of the 
platinum atoms (12). However, some observa- 
tions (1 1) have subsequently been attributed to 
complications caused by C 0  impurities (12, 13). 
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PENG AND DAWSOK 1659 

Infrared studies have also been interpreted by 
the suggestion that the reaction of oxygen with 
preadsorbed hydrogen produces adsorbed Pt- 
OH but OH is not formed by either the reverse 
reaction or  the adsorption of water on untreated 
platinum (14). 

In  this paper, ultra-high vacuum thermal de- 
sorption mass spectrometry experiments on the 
adsorption of water and the exchange reactions 
of oxygen and hydrogen with water are described 
for a pure platinum sample without an  oxide 
support. The sample used has been previously 
characterized by oxygen and hydrogen adsorp- 
tion (15, 16). Among the conclusions drawn 
from this work are that water is very weakly 
adsorbed on pure platinum but more strongly 
adsorbed on oxygen-covered platinum. 

Experimental Methods 

t TO Mass Spectrometer  
and P u m p s  

Apparatus 
The ultra-high vacuum system used in this work is FIG. 1. Schematic diagram of the reaction cell and 

similar to that described previously (17). The reaction systenl' 
cell, shown schematically in Fig. 1, can be completely 
immersed in liquid nitrogen. The sample filament, a 
12 cm length of 0.01 in. diameter platinum wire (Johnson, 
Matthey, and Mallory, Gradc I), equipped with 0.003 in. 
diameter platinum sensing leads for temperature measure- 
ment and control, was sp2t welded to heavy tungsten 
leads. This sample was from the same spool and processed 
in the same way as that described in papers I and 11 of 
this series (15, 16). 

Gas Purification 
Hydrogen was purified by diffusion through palladium. 

Oxygen, 180,, with a specified isotopic purity of 99%, was 
supplied in a Pyrex flask with a break-seal by Stohler 
Isotope Chemicals and was used without further purifica- 
tion. 

Heavy water, D,O, used exclusively in this work, was 
supplied by Thompson-Packard Inc. with an isotopic 
purity of 99.8%. It was pre-purified by vacuum distillation 
in a bakeable vacuum line and stored in a small Pyrex 
flask with a break-seal. After this flask had been attached 
to the system and the system baked out up to the break- 
seal, further purification was carried out by repeated 
freezing of the D 2 0  and pun~ping. Mass spectrometric 
analysis showed that D,O purified in this manner was 
accompanied by considerable amounts of CO and CO, 
when admitted into the system. The CO and CO, may 
have been present in the purified D,O or generated within 
the system whe:i the D,O came into contact with the 
stainless steel and glass walls of the system. 

In an attempt to further purify the water it was 
distilled three times over potassium permanganate before 
carrying out the vacuum distillations described above. 
However, tnere uas  no improvement in the CO and CO, 
contamination level in the system. 

The CO and CO, contamination is a complication 
which restricts the type of experiment which can be 
performed. Thus, on opening valves A and B of Fig. 1 
to introduce D 2 0  into the system, one observes an 

increase in first the CO and then the C 0 2  partial pressures 
preceding the appearance of D,O. In such experiments 
the sample surface would have been contaminated with 
CO and CO, before D,O adsorption could occur. This 
problem was minimized in the following way. First a small 
amount of D 2 0  was trapped at 77 K in cold finger C and 
any permanent gases were pumped out. Then the liquid 
nitrogen coolant was removed for a time period just long 
enough for the evaporation of CO and COz. This was 
controlled by monitoring the CO and CO, partial 
pressures in :he system with the mass spectrometer. Just 
prior to D,O evaporation the cold finger was again 
immersed in liquid nitrogen. This procedure was repeated 
many times until most of the CO and C 0 2  had been 
removed. It was found that this procedure was more 
effective the thinner the ice layer. Prior to the introduc- 
tion of D,O into the system for dosing, the liquid nitrogen 
surrounding C was replaced by a Dry Icelacetone bath. 
D 2 0  was dosed onto the platinum sample filament by 
evaporation from the walls of the reaction cell and thus 
the total dose was determined by the amount of D 2 0  
introduced into the cell. In this work three different 
procedures were used to control the size of the dose; 
in order of increasing magnitude these were as follows: 

(I) With C immersed in Dry Icelacetone, valve B was 
opened for 5 min to allow the D,O pressure in the cell to 
come to the equilibrium value corresponding to 195 K, 
i.e. - loM4 Torr. Finally, the Dry Ice,'acetone bath was 
replaced by liquid nitrogen and the D,O trapped for 
30 min before closing valve B. 

(II) This procedure was identical to (I) except for the 
omission of the final trapping step. Consequently the 
D,O pressure in the cell was - Torr. 

(III) The final method used was to remove the Dry 
Ice/acetone bath from C with valve B open for a desired 
period of time; this time period determined the size of 
the subsequent D 2 0  dose on the sample. 

The D,O was trapped as a thin layer on the reaction 
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cell walls by completely surrounding the cell with liquid 
nitrogen in Dewar D and the procedure described above 
for removing CO and C 0 2  was again repeated several 
times. Then, with the reaction cell completely immersed 
in liquid nitrogen, the sample filament was finally flashed 
clean. The sample surface was dosed with D 2 0  by 
removing the liquid nitrogen Dewar D, but leaving Dewar 
E filled, to keep the filament at  low temperature. Con- 
sequently, more of the D 2 0  evaporating from the wall 
condensed on the larger area of the cold glass surface 
than cn the platinum filament. Monitoring masses 28 
and 44 during desorption showed that this dosing pro- 
cedure successfully reduced the CO and C 0 2  contamina- 
tion to an acceptable level. 

Results and Discussion 
D 2 0  Adsorption on Platinum 

Mass 20, D20,  desorption spectra obtained 
after D 2 0  adsorption at several platinum fila- 
ment temperatures in the range 100 to 300 K 
are shown in Fig. 2. These spectra were all 
obtained with the reaction cell walls at room 
temperature, but Dewar E was filled with liquid 
nitrogen. Consequently, desorbed water was 
pumped by this cold glass surface. Nevertheless 
some desorbed D 2 0  does reach the mass spec- 

I I I I I 
100 200 400 600 80 0 

T e m p e r a t u r e  (K) 

FIG. 2. Izoi desorption spectra following D,O adsorp- 
tion. Spectra (a) to (d) were for a light dose using pro- 
cedure (II) at 100, 150, 200, and 300 K and spectrum ( e )  
followed a heavy dose at 100 K using procedure (III) 
for 10 min. Heating rate 14 deg s-', curves offset. 

trometer as can be seen in spectra (a) and (e)  
for adsorption at 100 K. Spectra (a)-(d) were 
obtained after a relatively light dose of D 2 0  
using procedure ( I I ) ,  i.e. the total amount of 
D 2 0  in the cell corresponded to a pressure of 

Torr, whereas spectrum (e)  was for a 
much heavier D 2 0  dose using procedure ( I I I )  
with the Dry Icelacetone bath removed for 
10 min. It should be noted that a D 2 0  desorp- 
tion peak only appears in spectra (a)  and (e)  
for adsorption at 100 K, and that desorption 
occurs in the range 150-270 K. The high D 2 0  
partial pressure during desorption caused a 
reduction in the mass spectrometer emission 
current which is partly responsible for the rapid 
decrease in the D 2 0  peak in spectrum (e). Mass 
4 has also been monitored during these ex- 
periments and no D, desorption was observed. 
These results show that water is adsorbed 
weakly and nondissociatively on platinum and 
only at temperatures below 150 K. This is in 
agreement with recent field emission (18) and 
photoelectron spectroscopic observations (19). 
There is no evidence to support a strong ad- 
sorption of water at 300 K which has been 
deduced from contact potential measurements 
(20), calorimetry ( I ) ,  and thermal desorption 
experiments (21) or assumed without verification 
(7). 

Hz Adsorption on Preadsorbed D 2 0  
In these experiments, Hz adsorption was used 

as a chemical probe for the presence of D 2 0  
on the platinum surface. The D 2 0  dose was 
carried out fo l lo~ing  procedure (11) in an 
identical manner to that used for spectra (a) 
to ( d )  of Fig. 2, but with the sample filament at 
-90 K in each case. The reaction cell was next 
surrounded by liquid nitrogen and then Hz 
admitted up to a pressure of Torr. The 
sample filament was flashed to 100, 150, 200, or 
300 K for 10 s and then allowed to cool to 100 K 
for 4 min. After pumping out the Hz from the 
cell, thermal desorption spectra were obtained 
with the cell walls at 77 K, monitoring masses 
2, 3, and 4 simultaneously. These spectra, 
shown in Fig. 3, confirm the observation that 
water is only weakly adsorbed on a platinum 
surface and only at temperatures below 150 K. 
It can be seen that Hz  adsorptim only occurs to 
a significant extent at 15C K and higher tem- 
peratures and thus does not take place on the 
D20-covered platinum surface. The small de- 
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PENG A N D  DAWSON 1661 

Tempera tu re  ( K )  

FIG. 3.  I ,+ ,  I ,+,  and I,+ desorption spectra following 
interaction of H, with preadsorbed D 2 0  after heating 
to the temperatures indicated with the cell wall at 77 K. 
Heating rate 14 deg s-I, curves offset. 

sorption peaks observed after interaction at 
100 K are caused by adsorption of background 
hydrogen gas into the p,- and p,-states (16) 
during the cooling period. This was confirmed 
by performing a thermal desorption experiment 
immediately after the filament had cooled to 
100 K and without dosing either D 2 0  or H,. 
Also note that the amount of hydrogen observed 
after adsorption at 150 K is much less than that 
at 200 K. Desorption of D 2 0  may be incomplete 
at 150 K, but the reduced Hz adsorption is 
mainly caused by the nonuniform temperature 
of the filament. When the central p3rtion of the 
filament is at 150 K the ends will be at tempera- 
tures lower than 150 K and therefore partly 
D20-covered. However, at 200 K most of the 
filament will be at temperatures higher than 
150 K. The spectra obtained after heating to 
200 K, or higher, are identical to those observed 
for hydrogen adsorption on clean platinum in 
paper I1 of this series (16). 

The Thickness of the D 2 0  Adlayers 
The mass 20 desorption spectra of Fig. 2 

show qualitatively that D 2 0  adsorbs on platinum 
at 100 K and desorbs at temperatures above 
150 K, but it would be impossible to analyse 
these spectra quantitatively to determine the 
total amount of D,O desorbing; nor does the 
dosing method permit the size of the dose to be 
determined. Fortunately there is an alternative 
method which can be used to estimate the thick- 
ness of the D 2 0  layers by monitoring the power 
output of the Kelvin double bridge during 
desorption. The bridge is programmed to in- 
crease the resistance, and hence the temperature, 
of the central section of the Pt filament linearly 
with time. The potential drop across the central 
section, riz. IR where R is its resistance and I 
the current through the filament, is shown as a 
function of time (temperature) in Fig. 4. Curve 

Temperature (K)  

Time (seconds) 
FIG. 4. Potential drop across the central portion of the 

filament as a function of time (temperature) during the 
heating of (a )  a clean surface and also after adsorbing 
D 2 0  at 100 K using procedure (III) for (b) 1, (c) 2, 
(d) 3, and ( e )  10 min. Curves are offset. 
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(a)  is for the clean Pt filament. The energy 
required to desorb an adlayer would place an 
additional poher requirement on the bridge but 
for monolayer amounts this would be below the 
detection limit. Curves (b)-(e) show the corre- 
sponding I R  rs. time curves for steadily in- 
creasing D 2 0  doses, using procedure (111) with 
the Dry Icelacetone bath removed fi-on1 cold 
finger C for 1 ,  2, 3, and 10 min for spectra 
(b )  to (e)  of Fig. 4 respectively. Clearly there is 
an  increased power requirement over the tem- 
perature range where D,O desorbs, 150-270 K 
(Fig. 2), and thus the D,O layer 111ust be quite 
thick in these experiments. From the measured 
I R  rs. t and the known R is. t temperature 
programme the increased power (12R)  required 
to  desorb the D,O layer can be determined. 
Then from the heat capacity of ice it is an  easy 
matter to calculate the amount of D 2 0  desorbed 
and hence estimate the thickness of the ice layer. 
For  the experiments shown in Fig. 4,  this thick- 
ness varies from - I00 layers for curve (6) to 
- lo4  layers for curve (e) .  I t  is not possible to 
estimate the magnitude of the lighter doses 
obtained using procedures ( I )  and ( I I ) .  

Tlle H2-D,O Exchai?ge Reaction 
A major objective of this study was to obtain 

information which would improve our under- 
standing of the H,-D20 exchange reaction. 
Conventional approaches i11 which the rate of 
production of some species in the gas phase is 
measured when D,O interacts with preadsorbed 
H, are complicated by the CO and CO, con- 
tamination problem. To  ini~ii~nize this problem 
the sample surface was flash cleaned with the 
whole reaction vessel immersed in liquid 
nitrogen and then saturated with H, by allowing 
the filament to cool in an  H, ambient. Then the 
D,O dose was allowed to evaporate from the 
reaction vessel walls in the manner already 
described. Blank experi~ilents confirmed that 
CO does not replace preadsorbed H,. The extent 
of the H,-D,O exchange was followed by 
determining the surface isotope composition 
by thermal desorption. 

( a )  H2-D,O Exchange at 100 K 
Following interaction of D,O with the pre- 

adsorbed H adlayer at  100 K, the reaction cell 
was again cooled in liquid nitrogen. Just prior 
to  con~n~encing the thermal desorption Dewar 
D was again removed, and during desorptioli 
mass 2, 3, or 4 was monitored. I t  was necessary 

to obtain the mass 2, 3, and 4 spectra in separate 
experiments because the spectra contained 
sharp peaks. 

For the spectra show11 in Fig. 5 ,  the saturated 
H adlayer \+as obtained by adsorbing H, at  a 
pressure of 10-' Torr for 4 min with the Pt  
filament at  100 K. The light D,O dose was 
produced using procedure ( I I ) ,  i.e. the same 
magnitude as used for spectra (a)-(d) of Fig. 2. 
In Fig. 5 ,  the I-I,, HD, and D, desorption 
spectra obtained from the H adlayer with a 
D,O overlayer can be compared with the H, 
spectrum obtained when H, alone was adsorbed 
on the filament which is shown as a dashed 
curve. For the D,O overlayer situation the 
hydrogen desorption spectra, especially mass 2, 
have a remarkably sharp peak which coincides 
with the temperature range over which D,O 
evaporates (Figs. 2 and 4)  and has a peak 
maximum temperature at  - 188 K. Quite clearly 
what has happened is that the D,O overlayer 
acts as an ice-cap which prevents most of the low 
temperature H, desorption. Once the ice-cap 
is removed, all the weakly adsorbed hydrogen 

0 1 
I I I 1 

100 200 400 600 

Temperature ( K )  

FIG. 5. H r D 2 0  exchange reaction. I-lydrogen was 
adsorbed at  Torr for 4 min at 100 K followed by a 
light D 2 0  dose using procedure (Ii). The H2, MD, and 
& desorption spectra were obtained in separate experi- 
ments using a heating rate of 14 deg s-'. Curves are offset. 
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will desorb extremely rapidly and produce the 
spike observed. I t  is stressed that since the reac- 
tion cell is immersed in liquid nitrogen for these 
experiments. 110 D 2 0  reaches the mass spec- 
trometer and so nd  d r o ~  in electron emission 
current complicates the interpretation of these 
results (cf .  Fig. 2).  

The H D  and D,, mass 3 and 4, desorption 
spectra show that an exchange reaction between 
the preadsorbed H adlayer and the D,O over- 
layer has taken place. In this experiment the 
extent of the exchange was 27.2%. The D,O 
overlayer wa5 relatively thin for the experiments 
of Fig. 5. As can be seen from the curves of Fig. 
4, the thicker the D,O overlayer the longer is 
the time required for desorption of the D,O. 
Thus it seemed feasible to study the extent of 
exchange as a function of D,O overlayer 
thickness. For thicker overlayers, the contact 
time between the H adlayer and D,O overlayer 
would be increased and extended to higher 
temperatures and thus might increase the extent 
of exchange. 

In  Fig. 6, curve (a) is a mass 2 spectrum pro- 

the D,O overlayer. This procedure gives an 
even lighter dose than procedure ( / I )  used for 
the experiments of Fig. 5 and thus, as expected, 
the peak rnaxi~nurn is at  a lower temperature. 
For curves (b) and ( c )  of Fig. 6 ,  procedure (111) 
was used to produce thicker D,O overlayers and 
this produces a steadily increasing peak maxi- 
mum temperature: peaks (a) and ( c )  are 50 K 
apart. In addition to the peak maximum shift, 
the thicker D,O overlayers result in a steadily 
decreasing amount of preadsorbed H, desorbing 
as H,, ciz. the extent of exchange increases. This 
is confirmed by nlonitoring the H D  and D, 
desorption spectra in addition to that of H, as 
shown in Fig. 7 for the same D,O overlayer 
thickness as that for spectrum 6(c). For these 
conditions, the extent of exchange has increased 
to sl~ghtly more than 50';. Thus for thicker D,O 
overlayels, the preadsorbed H is forced to sta) 
longer on the surface. Thls not only increases 
the time interval during \\hlch exchange can 

duced when procedure ( I )  was used to produce 

T e m p e r a t u r e  (K) 

FIG. 6. I z+  desorption spectra for H adlayers with 
D,O overlayers of varying thickness at  100 K, cf. Fig. 5.  
Curve (a) is for a lighter dose ~ising procedure (I) whereas 
curves (b) and (c) were for procedure (111) for 1.5 and 
8 min respectively. Heating rate was 14 deg s-'. 

take place, but also allo\+s the reaction to pro- 
ceed at  higher temperatures. 

Temperature (K)  

FIG. 7. The mass 2, 3, and 4 desorpt~on spectra for the 
same experiment as Fig. 6(c). Curves are offset. 
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The mass 2, 3, and 4 spectra of Fig. 7 do not 
have identical shapes. Furthermore, the amounts 
of H,, HD,  and D, desorbing do not always 
correspond to the equilibrium statistical distribu- 
tion of isotopes. For the hydrogens desorbing 
in the spike, it appears as though the exchange 
has proceeded beyond statistical in that the H D  
component is less than one-half of both the H, 
and D, components. Undoubtedly this is the 
result of surface heterogeneity and can be 
accounted for by a similar explanation to that 
proposed for the H,/D, exchange reaction re- 
ported in paper I1 of this series (16). On some 
planes the exchange reaction 

may be rapid and, in view of the excess D,O 
in the system, proceed close to completion. On 
other planes, exchange may be very slow and 
the H, will desorb substantially unexchanged. 
The reaction 

H, + D,O -+ HD + HDO 

represents an intermediate case. It has already 
been documented (16) that at the spike tempera- 
ture the H,/D, exchange reaction is incomplete, 
and thus the distribution of isotopes observed 
in Fig. 7 can be understood. Note also that ex- 
change of the hydrogen desorbing at tempera- 
tures above that of the spike is more complete 
and closer to a statistical distribution. This can 
be also understood in terms of greater H,-D,O 
exchange rates and greater mobility for the ad- 
sorbed hydrogen at the higher temperatures (16). 

(b) H2-D20 Excl7ange at 150 
In these experiments the platinum surface was 

saturated with H, a t  150 K and then allowed to 
interact with D,O desorbing from the reaction 
vessel walls, in the same manner as for the 100 K 
exchange experiments. Of course at 150 K the 
D,O will not remain on the surface. Figure 8 
shows the mass 2, 3, and 4 spectra, monitored 
simultaneously, for a D,O dose obtained using 
procedure ( I I ) ,  i.e. the same as for Fig. 2 (a)- 
(d )  and Fig. 5. Also shown in Fig. 8, as a dashed 
curve, is the desorption spectrum obtained from 
a pure H adlayer a t  150 K.  

In this experiment the H + D,O exchange 
reaction can take place only during the dosing, 
and therefore a t  150 K. The total amount of 
exchange is 16.3Y, and is comparable, apart 
from the low temperature H, desorption which 
occurs in the mass 2 spike, with that observed 
in Fig. 5 a t  100 K for the same total D,O dose. 

100 200 400 60 0 
Temperature ( K )  

FIG. 8. Mass 2, 3, and 4 desorption spectra following 
the Interaction of D,O with a saturated H adlayer at 
150 K. The D,O dose was produced using procedure ( I I ) .  
The dashed curve shows the desorption spectrum obtained 
from a pure H adlayer at 150 K. Heating rate 14 deg s-'. 
Curves are offset. 

The 180-~2160 Exchange Reactioiz 
In these experiments oxygen, 180,, was pre- 

adsorbed on the platinum surface and then 
6>,160 was allowed to interact with the pre- 
adsorbed "0 by evaporation from the reaction 
cell walls in the manner already described. This 
interaction was investigated at different filament 
temperatures in the range 150-500 K and for 
two different initial 1 8 0  coverages, NIB0 = 
3.4 x 1014 and NIB0 = 1.6 x 1014 atoms cm-2 
which represent saturated and about half- 
saturated adlayers respectively (15). An identical 
D2160  dose was used for each experiment, using 
procedure ( I I I ) ,  removing the Dry Icelacetone 
bath for 3 min. Oxygen desorption spectra were 
obtained by monitoring masses 32, 34, and 36 
simultaneously. A typical example is shown in 
Fig. 9 for the interaction of D2160 with a 
saturated "0 adlayer a t  400 K, In this example, 
the amount of 160 exchangcd is 27.3% and the 
isotopes desorb in a ratio which approximates 
a statistical distribution. The extent of exchange 
a t  different te~nperatures for the two initial 180 

coverages is shown in Fig. 10. 
These results have several interesting features. 
(I) The exchange reaction 

does take place. 
(2) Up  to 300 K, the amount of oxygen being 

exchanged is independent of temperature, but 
above 300 K the extent of exchange increases 
considerably with temperature. 
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Tempera tu re  ( K )  

FIG. 9. '80 /D2'60  exchange reaction. A D2I60 dose 
interacted with a saturated "0 adlayer using procedure 
(IIZ) for 3 min at 400 K.  The mass 32, 34, and 36 de- 
sorption spectra were obtained simultaneously with a 
heating rate of 14 deg s-I. Curves are offset. 

FIG. 10. Percentage lb0 in desorption spectra following 
'sO/D2'60 exchange experiments typified by Fig. 9 for 
temperatures in the range 150-500 K and for (a)  half- 
and (h) fully-saturated "0 adlayers. 

(3) The 57, 160 in the desorbing gas for the 
saturated 180 adlayer is close to one-half that 
for the half-coverage 180 adlayer. Thus, the 
actual amount of 180 being exchanged is the 
same for both 180 coverages. This could imply, 

most simply, that it is the more tightly bound 
oxygen which exchanges iuost rapidly. 

The temperature independence of the amount 
of oxygen being exchanged in the range 150 to 
300 K is surprising. If the D,O does not re~nain 
on the surface above 150 K ,  as already docu- 
mented for the clean or PI-covered surfaces, then 
it is difficult to understand why the extent of 
exchange does not increase with temperature 
in this range. The constant amount of exchange 
must mean that D,O is stable on the oxygen- 
covered surface a t  least up to 300 K and that 
the exchange reaction takes place during thermal 
desorption, prior to desorption of the D,O 
a t  -300 K .  Above 300 K,  inost of the exchange 
reaction takes place during dosing, i.e. D,O is 
not adsorbed, since the extent of exchange does 
increase with temperature. 

In view of the hydrogen bonding possibilities 
between D,O and strongly adsorbed oxygen 
atoms, it is not surprising that preadsorbed 
oxygen stabilizes the D,O adlayer. 

I t  is possible to estimate the activation energy 
for 180-D,160 exchange from the temperature 
dependence of the exchange rate for T > 300 K. 
Thus the rate a t  which 160 is incorporated into 
the oxygen adlayer can be expressed as 

where N1, and N18 are the numbers of 160 and 
180 atoms cm-2 and NlgO is the initial 180 

coverage. This rate expression can be integrated 
to  give 

where X represents the integrated D,160 dose 
which is constant for all experiments. If the 
apparent rate constant, k, is expressed in the 
usual Arrhenius form, the apparent activation 
energy for the exchange reaction, E*, can be 
obtained from the slope of a plot of In {In 
[I - (N16/N18G)]-1} cs. IIT. This plot is shown 
in Fig. 11. The apparent activation energies are 
1.8 kcal mol-l for the half-saturated and 2.9 kcal 
mol-l for the saturated 180 adlayers. A lower 
activation energy for the half-saturated ''0 
adlayer suggests that a configuration in which 
the adsorbed water molecule can interact with 
both platinum and adsorbed oxygen is more 
favourable for exchange. 
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FIG. 11. Arrhenius plot for the data of Fig. 10. The 
apparent activation energies for ' 80 'D2160 exchange are 
1.8 and 2.9 kcal mol-'  for the half- and fully-oxlgen 
covered surfaces, (a) and (b) respectively. 

Conclusions 
(I) Water adsorbs only weakly on clean un- 

supported platinum and desorbs at  temperatures 
above -150 K. Hydrogen does not adsorb on 
the water-covered surface. 

(2) When D 2 0  is adsorbed into overlayers of 
varying thickness onto preadsorbed H,  an  HID 
exchange reaction does take place. The thicker 
the overlayer, the longer the time and the higher 
the temperature at  which exchange can take 
place, resulting in an increase in the extent of 
exchange. The isotope distributions show that 
the surface is heterogeneous and that exchange 
takes place at  different rates on different areas. 

(3) D2160 adsorbed into an overlayer on pre- 
adsorbed 180 also results in an '60/180 exchange 
reaction. The constant extent of exchange up 
to  -300 K shows that water is more strongly 

conditions is the same for half and fully saturated 
''0 adlayers and thus heterogeneity also plays a 
role in 180/D, '60  exchange. 
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Synthesis, ion-exchange properties, and analytical applications of thermally stable 
tin(IV) vanadate 
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MOHSIN QURESHI, SYED ASHFAQ NABI, and NIGHAT ZEHRA. Can. J. Chem. 55. 1667 (19771. 
Samples of stannic vanadate have been synthesized by varying the mixing ratio of the 

reagents and p H  of the mixture. The most stable sample has been synthesized by mixing 0.25 M 
solutions of stannic chloride and sodium metavanadate in the ratio of 2 :3  at p H  2.5. The 
material behaves as a weak cation exchanger. This sample has been critically studied for its 
ion-exchange, chemical, and thermal behaviour. The analytical utility of the material has been 
demonstrated by achieving some binary separations of metal ions on its column. Arsenate has 
also been quantitatively removed from a mixture of tungstate, phosphate, and antimonate. 

MOHSIN QURESHI, SYED ASHFAQ NABI et NIGHAT ZEHRA. Can. J. Chem. 55. 1667 (1977) 
On a synthttisC des Cchantillons de vanadate stannique faisant varier le rapport des reactifs 

mtlangts et le p H  du mtlange. L'tchantillon le plus stable a ett  synthttist en melangeant des 
solutions 0.25 IM de chlorure stannique et metavanadate de sodium dans un rapport de 2: 3 a 
un p H  2.5. Le compost se comporte comme un Cchangeur faible de cations. Cet echantillon a 
CtC Ctudit d'une fayon critique pour son comportenlent comme tchangeur d'ions et ses com- 
portements chimique et thermique. On dtmontre I'utilite analytique de ce compost en effec- 
tuant quelques stparations binaires d'ions mCtalliques sur cette colonne. On a aussi pu enlever 
d'une fayon quantitative l'arstnate a partir d'un melange de tungstate, de phosphate et 
d'antimonate. 

[Traduit par le journal] 

Introduction Experimental 
Synthetic inorganic ion-exchangers are re- 

ceiving increasing attention owing to  their 
thermal stability and resistance to radiations. 
The recent work in this field has been well 
summarized in the various reviews and mono- 
graphs (1-3). The selectivity and ion-exchange 
properties of a material depend considerably on 
its chemical composition. It is, therefore, always 
interesting to synthesize new materials and to  
study their ion-exchange behaviour. Moreover, 
numerous attempts have been made to study the 
cation adsorption behaviour of insoluble solids, 
but  very few studies have been made on their 
anion adsorption properties. In the case of our 
systematic studies on inorganic ion-exchangers, 
we found that stannic vanadate selectivity ad- 
sorbs the arsenate. Vanadates have not been 
studied in detail as ion-exchangers. The few 
studies on  the vanadates as ion-exchangers have 
been sunimarized recently in the communication 
on titanium vanadate (4) from this laboratory. 
As no work on stannic vanadate has been 
reported so far, hence the present study was 
taken up. 

'Revision received January 14, 1977. 

Rec~gents 
Tin(1V) chloride pentahydrate (Poland) and sodium 

metakanadate (BDH, England) were used for the 
synthes~s of samples. All other reagents were of AnalaR 
grade. 

~ ~ l A t / l e s i s  
Tin(1V) vanadate samples were synthesized by adding 

0.25 XI sodium metavanadate solution in portions to 
0.25 M solution of tin(1V) chloride with continuous 
stirring at room temperature (23 _+ 3'C). Turbidity 
appeared in the beginning. The precipitation seemed to 
increase on subsequent additions of sodium metavana- 
date solution; when the addition of sodium metavanadate 
uas completed, the p H  of the mixture was adjusted to the 
required values by adding either sodium hydroxide or 
hydrochloric acid solution. The precipitate was allowed 
to stand for 24 h in the mother liquor. The exact condi- 
tions for the synthesis of various samples are given in 
Table 1.  The precipitate was then washed by decantation 
~ i t h  demineralized water and finally filtered under 
suction. The products so obtained were dried at  the 
desired temperatures as indicated in Tables I and 2. The 
dried product on immersing in water gave fine granules 
which map contain a mixture of Na+ and H +  as counter 
ions. To get the exchanger completely into the H+ form, 
the granules were treated with 2 M nitric acid in the 
usual manner (5). 

Appnrntus 
Spectrophotometric, pH-metric, and ir studies were 

performed on the Bausch and Lomb Spectronic-20 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. .I. CHEM. VOL. 5 5 .  1977 

O N m m a o c O  0 3  
m w t - m a w a y  1 qm 
c o c o o o o o  0 0  

TABLE 2. Effect o f  drying temperature on ion-exchange 
capacity o f  stannic vanadate (sample 4 )  

- 
8 %  8% 56 s C C C  m a n  2 9 " 2  

'G c b b b  C F F  iE 
2: $ 4 4 6  25% 2 
." & 3 'g '2 'g * 2 '5 'g $2 5;: s*sss;""" z c  

I 2 . s ~  a, 2az o- 

Ion-exchange 
Drying temperature Colour capacity for K+ 

("'7 (pH = 6) (mequivlg) 

O d m n b + * h Q * *  

40 Brown 0.85 
100 Greenish-yellow 0.82 
200 Yellowish-green 0.80 
400 Green 0.36 
700 Dark green 0.10 

;z 
w r  
1 1  C 0 

colorimeter, the Elico pH meter model LI-10, and the 
Perkin Elmer model 137 spectrophotometer respectively. 

-J V 

Thermogravimetric analysis was performed on the 
Stanton thermobalance t w e  Ha. For shaking an electric 
temperature-controlled Shaker was used. 

Analyticcrl Procedure 
The Sn(1V) vanadate samples were converted into the 

H+ form and then analysed for tin and vanadium. For 
this purpose 200 mg o f  the sample was dissolved in 
concentrated hydrochloric acid. Tin was determined 
gravimetrically as stannic oxide (ref. 6 ,  p. 1077) and 
vanadium titrimetrically using potassium perrnanganate 
as the titrant (ref. 6 ,  p. 1211). The chemical dissolution 
was determined by treating a 500 mg sample with 50 ml 
o f  the desired solvent. The mixture was then shaken for 
6 h in a shaker incubator at room temperature. The 
amounts o f  tin and vanadium released in the solution 
were determined spectrophotometrically using phenyl 
fluorone (ref. 7 ,  p. 862) and hydrogen peroxide (ref. 7, 
p. 930) respectively. 

Thernzal Treatment 
Tin(1V) vanadate (sample 4) was dried at different 

temperatures (Muff le  furnace was used for drying at 
higher temperature) to observe the effect o f  the drying 
temperature on the composition and ion-exchange 
capacity o f  the sample. Figure 1 shows thermograms o f  
stannic vanadate in the H+ and K +  form at the heating 
rate o f  4'C/min. 

Znfiared Spectm 
Infrared absorption spectra were obtained by the KBr 

disc technique. 
pH Titrations 
pH titrations o f  the samples in the H +  form were 

performed with KC1-KOH and LiCI-LiOH systems by 
the usual method ( 8 ) .  

lon-Exchange Capucity 
Ion-exchange capacity o f  various samples o f  stannic 

vanadate was determined by the standard column 
technique (9)  at pH = 6. The effect o f  the drying tem- 
perature o f  the product on exchange capacity was also 
studied. The results are summarized in Tables 1-3. 

Sorption Studies 
For distribution studies 500mg o f  the exchanger in 

the H+ form was equilibrated with 50 mi o f  the required 
solvent containing the ion under study in an Erlenmeyer 
flask. The temperature o f  the shaker was maintained as 
desired. The amount o f  metal ions before and after 
equilibrium was determined by titration with 0.002 M 
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- H 'form 
---K+form 

2000 pg) were achieved quantitatively. The metal ions 
mixture was poured into the column. It was then allowed 
to pass through the exchanger with a very slow rate. Then 
the metal ions absorbed in the exchanger phase were - - - - - - - - -  eluted with appropriate eluting reagent Ca2+ (500-2000 
pg) was also separated from Mg2+ (400-1500 pg) in the 
same manner. The elution curves and the eluting reagents 
are given in Fig. 3. 

Anion Separations 
Different amounts of arsenate (100-1000 wg) were 

quantitatively separated from phosphate, antimonate, 
and tungstate (200-2000 wg) on a 1 g exchanger column. 
The procedure was the same as described above. The 
anions other than arsenate were eluted with demin- 
eralized water. Arsenate was also quantitatively removed 
from a synthetic mixture of phosphate, tungstate, and 
antimonate. 

Results and Discussion 
Figure 1 shows the thermograms of stannic 

vanadate in the H' and K+ forms. I t  is ap- 
parent from the curve for the exchanger in the 
H C  form that the exchanger suffers continuous 

0 100 200 300  400 500  600  700 8 0 0  900 loss in weight, when it is heated to 210°C. The 
Temporature(OC) weight becomes constant in the temperature 

FIG. 1. Thermograms of stannic vanadate (sample 4). range 210-4000C. The loss in weight is again 
(-) H+ form, (---) K +  form. observed when the temperature is raised further. 

TABLE 3. Ion-exchange capacity of stannic 
vanadate (sample 4) at  p H  = 6 for some 

univalent and bivalent cations 

Ion-exchange 
Hydrated radii capacity 

Ion (A) (mequivlg) 

solution of the disodium salt of EDTA. The deter- 
mination> of arsenate (ref. 7, p. 286), phosphate (ref. 6, 
p. 8191, antimonate (ref. 7, p. 258), and tungstate (ref. 7, 
p. 886) were done spectrophotometrically. The distribu- 
tion coefficients were calculated according to the usual 
formula (4). To study the effect of temperature on the 
ion-exchange selectivity, the exchange reaction was also 
carried out in M HNO, at temperatures 25, 40, 60, 
and 80°C. 

Srparaf ions 
For separation studies, a glass column (id 3.9 mm) 

filled with 1.5-2.0 g of stannic vanadate in H +  form on 
glass wool support was used. The rate of flow of the 
effluent in all the separations studied was 0.5-0.8 ml/min. 

lMefal Ion Separations 
Binary, separations of Pb2+ (400-1360 pg) from Zn2+ 

(1000-2000 pg), Mn2 + (800-2000 pg), and Ca2 + (500- 

This continues up  to 570 '~ .  N o  further weight 
loss is observed beyond this temperature. There- 
fore the thermogram of stannic vanadate clearly 
suggests that the loss in weight up to 210°C is 
due to the removal of external water molecules. 
The stability of the exchanger is quite significant 
in the temperature range 210-400°C. When the 
temperature exceeds 400°C, condensation of 
OH groups begins resulting in the removal of 
water molecules. This removal is complete a t  
570°C. Above this temperature weight remains 
constant due to the conversion of the material 
into the oxides. These facts are also well sup- 
ported by the data on ion-exchange capacity of 
the exchanger dried at  different temperatures 
(Table 2). I t  is clear from these observations 
that there is no  change in the capacity when the 
exchanger is dried a t  200°C. The removal of 
external water molecules has no effect on the 
exchange capacity. However, when the drying 
temperature is increased above 400°C, the 
gradual loss in ion-exchange capacity is ob- 
served, as the condensation of O H  groups starts. 
The exchange capacity sharply falls to a negli- 
gible value (0.10 mequivlg) when the drying 
temperature of the product is 700°C. The thermo- 
gram of stannic vanadate in the K f  form suffers 
less weight loss than in the H C  form and shows 
only one break. After the removal of external 
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water molecules the weight becomes almost 
constant. The weight loss due to the removal of 
internal water molecules is not observed as the 
condensation is not possible in this case. There- 
fore the hydroxyl group attached to vanadium 
is most probably responsible for the cation 
exchange behaviour of stannic vanadate. This is 
also supported by the chemical composition 
data (Table 1). The exchange capacity increased 
with increase in their vanadium content of the 
product. 

I t  may be easily inferred from Table 1 that in 
the preparation of stannic vanadate, variation 
in the mixing ratio of stannic chloride and 
sodium vanadate does not have any significant 
effect on the chemical composition and the ion- 
exchange capacity of the product, if the p H  of 
the mixture is kept constant. However, if the 
preparation is done in the neutral or basic 
medium the tin content in the final product is 
increased. This is probably due to the formation 
of some stannic hydroxide at  higher p H  values, 
causing a considerable decrease in the capacity 
of the sample. 

Stannic vanadate is apparently fairly stable in 
various solvents such as dllute mineral acids, 
acetic acid, formic acid, dilute alkalies, acetone, 
alcohols. I t  is apparent from the chemical dis- 
solution studies of this material with water, 
dilute nitric acid, and formic acid (Table 1) that 
stannic vanadate is much more chemically stable 
than titanium vanadate (4). 

A co~nparison of the effect of drying tempera- 
tures on the ion-exchange capacity for some 
inorganic ion exchangers reveals that stannic 
vanadate is superior to other ion exchangers as 
it retains almost 100";xchange capacity up to 
200'C. However, the capacity starts decreasing 
when the drying temperature is further increased. 
But in fact it shows sufficient ion-exchange 
capacity even when the drying temperature is 
raised to 400°C (0.36 mequivig). On the other 
hand, stannic tungstate (lo), stannic molybdate 
(5), titanium selenite (I l ) ,  titanium arsenate (12), 
and titanium tungstate (13) lose their capacity 
sharply as the drying temperature increases and 
the exchange capacity becomes negligible when 
the temperature reaches 200°C. 

p H  titration curves apparently show only one 
inflexion point. Initially when KC1 is added in 
the absence of K O H  there is a sharp decrease in 
pH due to the release of hydrogenions. On the 
addition of the base, the p H  increases rapidly, 
and above p H  9 the exchanger begins to hydro- 

P H 

FIG. 2. Ion-exchange capacity as a  function o f  pH. 

10.0 

- 
p 9.0 

$ e o -  
E - 7.0 
h .- .- ; 6 0 -  
a 

5.0 

lyse. It is also evident from Fig. 2 that in the 
acidic medium the uptake of the K f  ion is 
greater than that of the Lif  ion. However: the 
situation is reversed in the p H  range 7-10.5. The 
capacity of stannic vanadate increases with in- 
crease in p H  as expected. This is because as the 
hydrogen ion concentratioll is increased the 
exchange reaction tends to proceed in the reverse 
direction and therefore the adsorption of the 
metal ions on the exchanger is decreased. 

From the ion exchange capacity data (Table 3) 
it can be concluded that the affinity sequence for 
monovalent ions is K +  > Naf  > Li' and for 

bivalent ions is Ba2- > Sr2+ > Ca2+ > Mg2-.  
This sequence is in accordance with the hydrated 
radii. Ion-exchange capacity decreases with in- 
crease in the hydrated radii. The ions with 
smaller hydrated radii easily enter the pores of 
the exchanger, resulting in higher adsorptioil 
(14). 

The sorption studies on stannic vanadate 
reveal the possibility of many analytically diffi- 
cult separations of metal ions and anions. The 
order of the ion-exchange selectivity in various 
solvents is as follows: 

- 

- - with ~ i +  
*-a with K '  

- 

- 

Demineralized water 
K T  > pb2+ > Na+ > Cd2+ 2 Ca2-  > Zn2-  

> Mn2+ > SrZ-  > Ba2- > Mg2+ 
0.001 M HNO3 
K +  > PbZ-  > Na+ > Zn2+ > Ba2+ > Cd2+ > Ca2+ - Mn2+ > Sr2' > Mg2' 
0.005 M HNO, 
K' > Pb2+ z Na+ > Z n Z T  > Ba2+ > Cd2+ > Mn2+ 

> Sr2+ > CaZ+ > MgZ+ 
0.01 M H N 0 3  
K -  > Cd2+ > PbZA > Na-  > Z n Z T  > BaZT > Mn2+ 

> Sr2+ > Ca2+ > Mg2+ 
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QURESHI ET AL 

Effluent volume ( m l  ) 

FIG. 3. Separations of metal ions on stannic vane 
NH4N03  in 0.1 M N N 0 3 ,  b = 0.001 A/l HNO,. 

0.1 M HNO, 
Pb2+ > K +  z: Na+ > Mn2+ > Cd2+ > ZnZ+ > Sr2+ 

> Ba2+ .- Ca2+ > MgZ+ 

The exchanger has very high affinity for N a f ,  
K + ,  pb2', Cd2+, Zn2+,  and Ca2+ even in the 
nitric acid medium. Therefore separations of 
these metal ions are possible from the rest of the 
ions. The adsorption of ~ g ' +  is very small as 
compared to other ions and hence it can be 
easily separated from alkaline earths and other 
metal ions. Titanium vanadate was found to 
show the highest affinity for s r 2 +  ion amongst 
alkaline earths, but stannic vanadate adsorbs the 
Ca2+ ion more strongly in most solvents. It is 
also observed that adsorption of ions decreases 
with increase in nitric acid concentration and 
can be explained as above. The effect of tem- 
perature on the adsorption of metal ions shows 
that the uptake gradually increases as the 
equilibrating temperature is increased as usually 
observed in other ion-exchangers. The following 
selectivity sequence is ob<erved. 

At  25°C 
Pb2+ > Zn2+ > Ba2+ > Cd2+ > Mn2+ 2: Ca2+ 

> Sr2+ > Mg2+ 
at  40°C 
Pb2' > Sr2+ > Ba2+ > Zn2+ > Ca2+ > Mn2+ 

> CdZ+ > MgZ+ 
at 60°C 
Pb2+ > Sr2+ > ZnZT > Ca2+ > Cd2+ 2 Mn2+ 

> Ba2" > Mg2+ 
at  80°C 
Pb2+ > Mn2+ > Sr2+ > Ba2+ > Zn2+ > Ca2+ 

> Cd2+ > Mg2+ 

Eff luent  volume ( m l  ) 

ldate columns, n = demineralized water, c = 0.1 M 

To demonstrate the practical utility of the 
exchanger, quantitative separations of PbZf 
from Zn2+,  Mn2+ and Ca2+ and of Mg2+ from 
Ca2+ have been efficiently achieved on small 
columns of stannic vanadate. 

The anion adsorption studies on stannic 
vanadate show the specificity for arsenate ion. 
The reaction is sufficiently fast to be of practical 
importance. The arsenate which is irreversibly 
adsorbed has been quantitatively separated from 
phosphate, antimonate, and tungstate on a 1 g 
stannic vanadate column. The eluent volumes 
required to elute phosphate, antimonate, and 
tungstate are 40, 30, and 30 ml respectively. The 
arsenate strongly interacts with stannic vanadate 
and could not be eluted. To understand the 
mechanism of the reaction the vanadate released 
was determined and it was found that no excess 
of vanadate is released and therefore it is 
probably a case of irreversible adsorption to 
form either a heteropoly acid salt, i.e. stannic 
vanado-arsenate or to give a mixture of the two 
insoluble salts, i.e. stannic vanadate and stannic 
arsenate. 

Infrared spectrum of stannic vanadate re- 
sembles that of titanium vanadate (4). The 
strong peak between 3000-3600 cm-I with a 
maximum at 3400 cm-' is due to stretching 
vibration of interstitial water molecules and OH 
groups [I. ,  ( H 2 0  or OH)] (15). The band be- 
tween 1600-1700cm-' with a maximum ab- 
sorption at  1650 cm-' is due to deformation 
vibration of M-0H[G2(H20)]. The peak at  
1400 cm-' is due to deformation vibration of 
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interstitial water [6,(H20)]. The fourth broad 
peak with a maximum at  700 cm-' represents 
the stretching vibration of M-0 bond [r,(Sn- 
0 ,  v-O)]. 

1. C. B. AMPHLETT. Inorganic ion exchangers. Elsevier 
Publish~ng Co., Amsterdam. 1944. 

2. V. VESELY and V. PEKAREK. Talanta Rev. 19, 219 
(1972). 

3. J .  A. MARINSKY and Y. MARCUS. Ion exchange and 
solvent extraction. Vol. V.  Marcel Dekker, Inc., New 
York. 1973. p. 1. 

4. M. QLRESHI. K .  G. V A R S H ~ E Y .  and S. K.  KABIRUD- 
DIN.  Can. J .  Chem. 50.2071 (1972). 

5. M.  QURESHI and J .  P. RAWAT. J .  Inorg. Nucl. Chem. 
30, 305 (1968). 

6. N .  H. FURMAN. Standard methods of chemical 
analyses. 6th ed. D. Van Nostrand and Co.. Inc., 
Princeton, NJ. 1962. 

7. E. B. SANDELL. Colorimetric determination of traces 
of metals. Vol. VIII. 3rd ed. Interscience, New York. 
NY. 1959. 

8. N. E. TOPP and K.  W. PEPPER. J .  Chem. Soc. 3299 
(1949). 

9. 0. S ~ ~ I U E L S O N .  Diss. Tekn. Hogskolan. Stockholm. 
(1944). 

10. M.  QCRESHI and K .  G.  VARSHNEY. J. Inorg. Nucl. 
Chem. 30,3081 (1968). 

11. M. QURESHI, S. A. NABI. N. ZEHRA, and V. K U M ~ R .  
Talanta, 20.609 (1973). 

12. M. QURESHI and S.  A. NABI. J .  Inorg. Nucl. Chem. 
32,2059 (1970). 

13. M. OLRESHI and J. P. GUPTA. .I. Chem. Soc. '4. 12. 
1755< 1969). 

14. C. B. A M P H L E T T ~ ~ ~  L. A. MCDONALD. ROC.  Chem. 
Soc. 276 (1962). 

15. S .  R. YOGANERASIMHA~.  Ind~an J .  Chem. 18, 360 
(1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Crystal structure of vaanadium(1II) tris(metap1hosghate) 

NORA MIDDLEMISS, FRANK HAWTHORNE, A N D  CRISPIN CALVO 
Instir~rte for Mritcria1.s Re.seurclz, McMnsre, Utzi\,er.sitj, Hrinzilton, Ont., Cotlcidri L8S 4Ml 

Received October 12, 1976 

NORA MIDDLEMISS, FRANK HAWTHORNE, and CRISPIN CALVO. Can. J. Chem. 55 .  1673 (1977). 
Vanadium(II1) tris(metaphosphate), V(P03)3, crystallizes in the monoclinic space group Zc 

with lattice parameters a = 10.615(2), b = 19.095(4), c = 9.432(1) A, = 97.94(1)' wrth 
Z = 12. The equivalent parameters in the standard space group Cc are a = 13.189(1), b = 
19.095(4), c = 9.432(1) A, and = 127.15(1)". The structure was refined by full-matrix least- 
squares to an R = 0.091 (R, = 0.065) utilizing 2467 reflections with the atomic positions and 
their isotropic vibration amplitudes as parameters. The structure consists of infinite chains of 
PO, tetrahedra sharing corners with each other and bridged by VO, octahedra. All oxygen 
atoms are shared between just two cations. The average P-O(-P) bond is 1.581 i\ while the 
average of those shared with vanadium is 1.483 A. The VO, group is moderately distorted, 
with differences of less than 0.06 8, between the longest and shortest V-0 bond lengths in any 
of the three distinct VO6 groups. The average V-0 bond lengths for the three V 0 6  groups 
are 1.995, 1.991, and 1.987 8,. A marked superlattice effect based on a cell with b/3 is noted. 

NORA MIDDLLMISS, FRANK HAWTHORW et CRISPIN CALVO. Can. J. Chem. 55. 1673 (1977) 
Le tris(metaph0sphate) de vanadium(III), V(PO,),, cristallise dans le groupe d'espace 

monoclinique Ic avec des parametres de n~aille a = 10.615(2), b = 19.095(4), c = 9.432(1) A, 
= 97.94(1)' avec Z = 12. Les parametres equivalents dans le groupe d'espace standard Cc 

sont a = 13.189(1), b = 19.095(4), c = 9.432(1) et B = 127.15(1)'. On a affine la structure 
par la methode des moindres carres (matrice complete) jusqu'a une valeur de R = 0.091 
(R, = 0.065) utilisant 2467 reflexions et les positions atoniiques et leurs amplitudes de vibra- 
tion isotrope comme parametres. La structure consiste de chaines infinies de tetraedres de PO, 
partageant des coins les uns avec les autres et reliees par un octaedre de VO,. Tous les atonies 
d'oxygkne sont partages uniquement entre deux cations. La longueur inoyenne du lien 
P-O(-P) est de 1.581 A alors que la moyenne des longueurs partagees avec le vanadium est 
de 1.483 A. Le groupe VO, est moderCment deforrne; il existe des differences de moins que 
0.06 A entre les longueurs des distances V-0 les plus courtes et des plus longues dans chacun 
des trois groupes VO, distincts. Les longueurs moyennes des liens V-0 pour les trois groupes 
V 0 6  sont 1.995, 1.991 et 1.987 A. On note un effet marque de superstructure base sur une 
maille avec b/3. 

[Traduit par le journal] 

Introduction 
The systematic study of various solid vana- 

dium oxides has shown that a wide variety can 
be prepared. In addition to the oxides with 
vanadium having integral valences, i . e .  V 2 0 3 ,  
VO,, and V20, ,  series with variable valency for 
the cation have been prepared. Two well 
characterized series correspond to V,,O,,-, 
(1, 2) with 3 <n< 8 and V,,O ,,,+, (3, 4) with 
n = 3, 4, 6. Polymorphic transformations and a 
variety of changes in physical properties have 
been noted (2,4). These structures are character- 
ized by octahedral and/or five-fold coordinate V. 

Adding P20 , ,  thus forcing some of the cations 
into tetrahedral coordination, has to date 
resulted in a substantially diminished number of 
phases and variety of solid state properties. This 
may be due to the instability of stable shear 

structures based upon tetrahedrally coordinated 
cations. Among the compositions which do 
occur are V(P03),, VO(PO,), (5, 6), and 
VPO, (7) with the oxidation state of vanadium 
progressively increasing in integral steps from 
3 to 5. Polymorphs have been reported for only 
VPO, to date and the structures of these have 
been determined (8, 9). A second tetravalent 
vanadium con~pound,  (VO),P,O,, whose struc- 
ture is being studied in this series, has not been 
reported generally.' Surprisingly, only one nlixed 
valency vanadium phosphate system is presently 
known. This system consists of glasses whose 
conductivities indlcate that polaronic hopping in- 
volves an  electron hopping from V4+ to V5+  (1 1). 
The structure of these glasses is based upon a 

IP. Courtine and E. Bordes, private communication. 
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perturbed a-VPO, structure (12). Substitution of 
phosphorus into Inetavanadate chains and vana- 
dium into trimetaphosphate rings has been 
reported (13). However, substitution of V for P 
in VO(P,SiO,) (14, 15), where one might logic- 
ally expect it, has riot been substantiated nor has 
phosphorus been substituted for tetrahedral 
V5+ in K,V,O, (16). In  each case the structure 
suggests that such substitution, leading to a 
mixed vale~lcy state vanadium in a vanadium 
phosphate system, should be possible. 

The general conclusion available from the 
details of the preparation of these vanadium 
phosphorus conlpounds is that a t  fixed partial 
pressure of oxygen the fraction of vanadium 
reduced increases ~vi th  temperature (17) as it 
does with an increased P,V ratio (5 :  6, 18) at  
fixed temperature. The structural studies in- 
dicate that as the P,'V ratio increases the degree 
of condensation of the phosphate increases. That 
is: VPO, has non-condensed phosphate groups, 
and infinite chains of corner sharing PO, groups 
were found (in this l a b ~ r a t o r y ) ~  in VO(PO,), 
and V(PO,),. VPO,,, has both condeilsed VO, 
groups and P,O, groupings. according to our 
incomplete studies, ~vhile in the vanadium 
phosphate glasses, prepared from a mixture of 
(1  + x)V,O, and ( 1  - x)P,O,, for x 2 0 con- 
densed vanadium polyhedra are proposed to 
account for the oxygen lost. Although many 
structures based upon condensed VO, groups 
are possible, in the vanadium phosphate system 
only a few have been realized. The dearth of 
mixed valency crystalline vailadium phosphates 
is worthy of note. 

Trivalent metal ion trimetaphosphates have 
been reported for Al, Ti. Fe, Cr. Mo in addition 
to V (20-25). The structure of the cubic poly- 
morpli. as AI,(P,O,,),. was reported by Pauling 
and Shernlan (26). Six polymorphs have been 
reported for Cr(PO,), (25) thus presenting an  
interesting challenge in both preparing and 
determining these structures. 

Experimental 
Crystals of V(po3),  Liere prepared by reacting a 

V20,-P20, mix in an evac~rated sealed quartz tube at  
temperatures near 900-C. The product was found to 
contain small crystals of VO(SiP,08), VO(P207), 
V(P03)3 plus at least one additional phase. All the 
diffraction studies \\ere performed on a crystal from this 
batch. Crystals with the same lattice parameters and 

2N. Middlemiss and C. Calvo, unpublished results. 

symmetry as reported here \\?ere also prepared following 
the procedure of Lavrov ef 01. (5) and Tofield e t  al. (6). 

A small equi-dimensional crystal \\ith a radius of 
about 0.1 mm was used for the crystallographic study. 
Unit cell parameters were obtained by measuring both 
+26 values on a Suntex P2, automatic diffractometer - 

using 28 values in the range 20 to 30'. Graphite mono- 
chrornatized MoK? radiation (h,, = 0.70926 a) was 
used. The parameters were determined by least-squares 
refinement methods. Crystal data are as follows: 

v(po3),  fw = 287.85 
Monoclinic a = 10.615(2), O = 19.095(4), c = 9.432(1) A, 
B=97.94(1)', Z = 1 2 ,  D , , = 3 . O t O . l g ~ m - ~ ,  
D,,,,, = 3.03 g ~ r n - ~ .  Space group: Ic or 12 ;~ .  Absences: 
h+k+l  odd in general and lzOl with 1 odd. 

Data were collected with a scintillation counter up to 
20 = 60- using a scan of 2' plus the separation. 
Backgrounds were measured on either side and one 
degree removed from each peak. The scan rate depended 
upon the peak intensity. A total of 2847 symmetry 
independent peaks were scanned and 2467 of these had 
intensity of positive measure after correcting the peak 
intensities for background. The latter set has  used to 
determine the structure. All the data were corrected for 
Lorentz and polarization effects and for absorption 
based upon a spherical crystal with a radius of 0.1 nim. 

At lower 26 values the diffraction pattern showed 
reflections indexed with k # 0 (mod 3) to be substantially 
weaker than those with k = 0 (mod 3). Thus a Patterson 
function uith these latter reflections Mas used to deter- 
mine the average atomic positions assuming that the 
space group of this smaller cell was 12 :~ .  The structure 
model at this point showed some P-0 bond lengths that 
were  inacceptable and an R value near 0.20. Tofield 
ef 01. (6) on the basis of a second-harmonic generation 
signal selected Cc as the space group for the standard 

-cell. The final structure was derived in this space group 
by arbitrarily displacing the atoms sequentially from the 
average position in conjunction with a decreasing R 

Although the model obtained seemed satisfactory 
the possibility of a false minimum exists. Therefore, the 
Patterson function, without the vanadium contribution 
and a B synthesis (27) based upon the vanadium and 
phosphorus positions of the model were examined for 
an alternative structure. None was found. Finally, the 
structure of Al(PO,), (28), reported recently, is iso- 
structural. 

The final atomic parameters, with isotropic thermal 
parameters, derived by full-matrix least-squares methods, 
are in Table 1. (The cell has been transformed to one 
with Ic symmetry.) The refinement used scattering curves 
for neutral atoms (29) and a weighting scheme, w, so that 
o,(F, - F,)Z was substantially independent of F,, i .e.  
w = (46 - 0.53F + 0.0023F2+ 1000 (OF) ' ) - ' ,  where (T 

is the standard deviation based on counting statistics. 
(The final R and R ,  were 0.091 and 0.065 respectively 
considering all reflections and 0.134 and 0.094 con- 
sidering the k # 0 (mod 3) reflections only.) Scattering 
curves bvere corrected for anomalous dispersion but this 

3A table of calculated and observed structure factors 
is available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA OS2. 
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MIDDLEhIISS ET A L .  

TABLE 1. Atomic parameters for V(PO,), uith estimated standard 
deviations in parentheses (values are multiplied by lo4) 

Atom s Y z u (A')* 

"The lernperati~re factor expression is e \ p  ( 8n2U siii' 0 j .2)  

effect byas not large enough to distinguish the absolute 
configuration. 

Description 
The structure is an exainple of polyhedral 

packing ui th  three tetrahedra for every octa- 
hedron and with each corner shared between t ~ o  
polyhedra. The general bonding motif can be 
discussed by considering the average structure, 
shonn in projection in Flg. 1,  since no new 
major features arise in the extended structure. 

The VO, octahedra lie in pseudo-hexagonal 
arrays ~ i t h  [ I O T ]  as the normal. Adjacent layers 
are related by the glide plane. One of the three- 
fold axes of the octahedra nearly parallels the 

b axis and another nearly parallels the layer 
direction. Each VO, group is bridged to six 
neighbouring VO, groups by phosphate groups. 
These lie ~ I I  one of the two adjacent layers and 
lead to the three dime~lsional bonding. 

The (PO,),, chains snake their way betheen 
these octahedra while running parallel to c. Three 
distinct PO, groups form links in this chain. 
Although all the PO, groups are oriented with a 
two-fold axis roughly parallel to 0. the con- 
figuration of the central PO, group is inverted 
with respect to the end 111e111bers of the link. This 
perinits the central PO, group to share oxygen 
atonis with VO, groups at  the same J. level and 
one such bridging occurs between a given VO, 
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TABLE 2. Average bond geometry in V(P03)3* 

Length (A) 

Bond Maximum Minimum Average 

Angle (deg) 

Bonds Maximum Minimum Average 

0-V-0 (axial) 177.5(5) 170.0(5) 175.2 
0-V-0 95.8(5) 84.2(5) 90.0 
(P)-0-P-0-(P) 108.1(6) 98.7(7) 102.6 
(P)-0-P-0-(V) 114.7(8) 102.6(8) 108.8 
(V)-0-P-0-(V) 119.6(7) 115.6(8) 117.7 

*A complete table of bond lengths and bond angles is available, at a nominal 
cliarge. from the Depository of Lnpublished Data, CISTI, National Research 
Council of Canada, Ottasa,  Canada K I A  0S2. 

torted with the P-0(-V) bond consistently 
shorter than the P-O(-P). The average values 
of these are 1.483 and 1.581 A respectively 
(Table 2). Although the (V-10-P-0(-V) 
bond angles are always the largest within a given 
tetrahedron, averaging 117.7 + 0.8", the devia- 
tion from ideality is not solely related to a 
displacement of the P from the center of the 
tetrahedron away from the P ions of the nearest 
neighbouring PO, groups. If the deviations, as 
measured by this angle, are to be considered 
random, the standard errors would have to in- 
crease by a factor of three. Even then, the 
deviations of the (P-)0-P-0(-P) angle 
would be significant since they range from 98.7 

FIG. 1.  The average structure of V(P03), projected lo8.1". Further, this is always the 
down the b axis. The vanadium ion lies within the smallest in the congruent PO, group. Thus the 
octahedra and the phosphorus atorn within the tetra- tetrahedra are not congruent and the deviations, 
hedra. The approximate .v coordinates of the V3+ are exalnined with 30 in must be re- 
shown. Oxygen atoms lie at the corners of the polyhedra. 

lated to the angles of the polyhedra at  the 
group and each of its two VO, neighbours at  the 
same J, level. The remaining phosphate groups 
are shared between VO, groups whose y values 
differ by ) of the b axis of the average structure. 
Each VO, has four neighbouring metaphosphate 
chains. One oxygen is shared with each of the 
two chains connected to VO, at  the central 
phosphate and two oxygens are shared with the 
other chains. The chains are rectangularly 
arranged about VO,, with the rectangle defined 
by the vectors +u and f b .  Adjacent links in the 
chain have the configurations of the PO, groups 
inverted as required by the glide plane. 

In the true structure all the tetrahedra are dis- 

bridging oxygen. Since the distortions of the PO, 
are thus postulated to be related to the con- 
figuration of the four surrounding polyhedra the 
systematics of the effect is not apparent. 

The angle subtended at  the oxygen atom by 
the cations to which it is bonded ranges from 
I35 to 151" (9 values) when both cations are 
phosphorus and from 133 to 158" (18 values) 
otherwise. N o  strong correlation exists between 
these angles and the distortions of the polyhedra. 

I t  is conceivable that V 5 +  could substitute for 
P5+ in the PO, groups, and this could be the 
source of some of the polyhedral distortions. The 
site populations of the tetrahedral cations were 
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MIDDLEMISS ET AL.  1677 

varied. Changes at  the 20 level were found but 
not considered significant. 

The displacement of the atoms from transla- 
tional equivalence by b/3  was calculated. Two of 
the vanadium ions nearly superimpose, with the 
third displaced by about 4 A equatorial to 6. A 
similar result applies to the P atoms in the set 
P(7), P(8), and P(9). The n ~ a x i n ~ u m  displace- 
ment from superposition amongst the set P(4), 
P(5), and P(6) is $ A whereas the set P(1), P(2), 
and P(3) has the largest set of displacements 
ranging from 0.16 to 0.51 A. The major changes 
occur among the oxygen atoms. This results in 
a rotation of the polyhedra as shown in Fig. 2 cr, 
b, c. Here the vanadium ions differing by about 
36 and their nearest neighbour PO, environments 
are shown. In every case the phosphate groups 
sharing oxygen atoms with the upper faces of the 
VO, groups are inverted with respect to those 
sharing the oxygen atoms of the lower faces. 
Although the groups in Fig. 2b and Fig. 2c are 
substantially nearer to superposing with each 
other than with those in Fig. 20, the displace- 
ments needed for superposition are large. In fact, 
the largest displacement from superposition of 
the oxygen atoms is over 1 A with the average 
over 0.6 A. Although it is possible to discuss the 
mutual angular displacements of each of the 
polyhedra it is not apparent that this will result 
in an  understanding of the enlarged cell. 

The- intensities of five strong k = 0 (mod 3) 
reflections and the 25 strongest k f 0 (mod 3) 
reflections were measured at  room temperature, 
300°C, and 500°C. The higher temperature 
intensities were compared to the room tem- 
perature ones. The results shown in Fig. 3, 
indicate that, although the errors are large, the 
k # 0 (mod 3) reflections become substantially 
weaker with increasing temperature while the 

C 
k = 0 (mod 3) reflections only weaken slightly. 
This suggests that the structure tends towards 
becoming the average structure a t  high tem- 
peratures. This average structure may be modi- 
fied slightly, possibly through differential axis 
changes, from the room temperature one since 
there are some unacceptable bond lengths at  
room temperature. N o  evidence of a phase 
transition at  higher temperatures was found by 
DTA in this laboratory confirming the results 

FIG. 2. The environments about the vanadium ions of Lavrov et 01. ( 5 ) .  
near s ,z  = 4, 4 for the three ranges (a) 0 5 y I f ,  (b)  
+ 5 y i 3, (c )  3 5 y I 1. Oxygen atoms lie at the Discussion 
corners of the polyhedra. In  light of the many distinct polymorphs of 
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100 300 500 
T E M P  (OC) 

FIG. 3. The ratio of the intensity at  various ternpera- 
tures compared to room temperature for (a )  25 strongest 
1.eflections with k # 0 (mod 3) and (0) 5 strong reflections 
with k = 0 (mod 3). 

Cr(PO,), (25) it is surprising that V(P03) ,  
crystallizes as only one of these. The present 
structure is one common to one of the poly- 
morphs of Al, Cr, Ti, and M o  trimetaphosphate. 
The structure of the cubic modification, found 
for Cr, Al, and Fe  as cations, is based upon rings 
of four tetrahedra and thus bears no direct 
relationship to the present structure. 

Unit cell dimensions of a hexagonal for111 are 
known for Cr(PO,), (25) and Fe(PO,),. Al- 
though the present structure has some features 
of hexagonal packing, the structure is not easily 
transforn~ed to a hexago~ial or trigonal one. The 
direction of the chain should lie in a plane per- 
pendicular or parallel to the unique axis of the 
hexagonal cell. In the present structure these 
chains are arrayed at  the corners of a rectangle 
normal to the c axis and thus a substantial 
change will be needed to bond the VO, with two 
phosphate groups in each of three chains, as 
would be required for the hexagonal phase. 

Deviations in the bond lengths of the two 
types of P-0 bonds are expected based upon 
Baur's (30) correlation between bond length and 
bond strength. Thus the P-0(-P) bond with a 
bond strength at the oxygen atom of 2.5 will 
show a longer bond than the P-0(-V) where 
the bond strength is 1.75. The predicted bond 
length diRerence of 0.08 a is conlparable to 
0.10 A as found here. 

The V3 +-0 bond lengths and VO, geometry 
are as found in V,O, (31) and other V,,O ,,,-, 
structures (19, 31, 32), as well as for AI3+  in 
A I (PO,), (28). The higher valent vanadium 

systems are characterized by the short valiadyl 
bond and as a result. for these svstems. the 
vanadium analogue of structures with the same 
stoichiometry can often differ. A case in point 
is M P 2 0 ,  where for M = Hf, Zr, Sn, Ti, and Si 
(10) the structures are isostructural and based 
upon a binary condensation of PO, groups. In 
the vanadium system the structure is written as 
VO(PO,), to emphasize the vanadyl bond and 
the infinite chain of corner sharing PO, groups. 

V(PO,), is one of many structures and struc- 
ture-types having each oxygen atom shared 
between only two cations. These structures in- 
volve cations with large charges in order to 
maintain reasonable bond orders on the oxygen 
atoms. Another structure %here the ratio of the 
nurnbers of octahedra to tetrahedra is the same 
as in the present case is VO(P,SiO,). This latter 
structure consists of chains o f  VO, groups con- 
tallling tetravalent V and bridged by vanadyl 
groups (14, 15). The PO, groups form four 
membered rings bridged in the chain direction 
by SiO, groups. if Pi' were to fully substitute 
for Si4+, the vanadium would be reduced yielding 
the same stoichio~netry as in the present crystal. 
This form is unstable presumably because of the 
instability of the vanadyl bond for trivalent 
vanadium. Without these bonds the oxygen 
atom bridging the octahedra would be too 
underbonded. 
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Studies with inorganic precipitate membranes: Part XIV. Evaluation of 
eRective fixed charge densities 

M.  NASIM BEG, FASIH A.  SIDDIQI,  A N D  RADHEY SHYAM 
Di1,ision of Ph?.rictrl Chc.r?zisrry, Dc.pirrtrnerit oj'Chemi.stry, Aligorh Muslir?~ Urzii.er..sity, Alignrll-202001, Irzdici 

Received October- 25. 1976 

M. NASIM BEG, FASIH A. SIDDIQI, and RADHEY SHYAM. Can. J. Chem. 55, 1680 (1977). 
Effective fixed charge densities of cobalt and nickel sulphide (parchment supported) mem- 

branes in contact with various 1 : 1 electrolyte solutions have been evaluated from membrane 
potential n~easurements. The methods used for the estimation of charge densities were: (a) the 
Teorell-Meper-Sievers method (TMS) and (b) the methods developed recently by Kobatake 
and co-workers. The two limiting forms of Kobatake's equation for dilute and concentrated 
solutions gave identical values of charge densities. The theoretical predictions for membrane 
potential were borne out quite satisfactorily by experimental results obtained with both the 
membranes. Apparent transference numbers of coions and permselectivities of the membranes 
for electrolytes have also been calculated. A method based on permselectivity values for the 
determination of charge density was also used. It was interesting to note that the charge den- 
sities evaluated from different methods of Kobatake and co-workers gave identical values and 
that the results were comparable to those derived from the TMS method. 

M.  NASIM BEG, FASIH A. SIDDIQI et RADHEY SHYAM. Can. J. Chem. 55. 1680 (1977). 
On a evalue, a partir de mesures de potentiel dc mcmbrancs, les densites effectives de chargcs 

fixes pour des membranes de sulfures de cobalt et de nickel (supportes sur du parchemin) en 
contact avec diverses solutions d'Clectrolytes 1 :  I .  Les rnethodes utiliskes pour tvaluer les 
densites de charges sont: (a) la methode de Teorell-Meyer-Sievers et (b) les methodes de- 
velopptes recemn~ent par Kobatake et ses collaborateurs. Les deux formes limites de I'equation 
de Kobatake pour des solutions diluees et concentrkes conduisent a des valeurs identiques pour 
les densites de charge. Les predictions theoriques pour les potentiels des membranes concor- 
dent bien avec les resultats experimentaux obtenus avec les deux membranes. On a aussi calcule 
les nombres apparents de transferts des coions et les permselectivitts des membranes pour les 
Plectrolytes. On a aussi utilise une methode basee sur des valeurs de permselectivitt pour la de- 
termination de la densite de charge. I1 est interessant de noter que les densites de charges 
tvaluecs par diverses methodes de Kobatake et ses collaborateurs conduisent toutes a des 
valeurs identiques et que les rtsultats sont comparables a ceux que l'on peut obtenir a partir de 
la mithode TMS. 

[Traduit par le journal] 

In  a series of co~nmunicatio~ls (1-10) on parch- 
ment supported membranes, Siddiqi, Beg, and 
co-workers (1-6) have, on the basis of the Eisen- 
man-Sherry model of membrane selectivity (1 1, 
12) and by the application of the theory of rate 
processes to diffusion (13). demonstrated the 
small density of fixed charge on the membrane 
matrix. In order to substantiate these findings, 
membrane potential measurements have been 
carried out for the evaluation of effective fixed 
charge density which is an  important charac- 
teristic of a membrane by various methods (14- 

16) including those developed recently by 
Kobatake and co-workers (17-23). 

Experimental 
Parchment supported cobalt and nickel sulphide mem- 

branes were prepared by the method of interaction sug- 
gested by Siddiqi, Beg, and co-workers (1-6). To preci- 
pitate these substances in the interstices of the parch- 
ment paper, a 0.2 M solution of sodium sulphide was 
placed inside a glass tube, to one end of which was tied 
parchment paper. The tube was suspended for 72 It in a 
0.2 M solution of either cobalt(I1) or nickel(I1) chloride. 
The t ~ o  solutions were interchanged later and kept for 
another 72 h. The membranes were washed with deion- 
ized water to remove free electrolyte. 

Electrochemical cells of the type 

Reference j Solution j Membrane Solution j Reference 
electrode ; 

C2 1 
I 

CI 1 electrode 
Ag-AgC1 j I 1 Ag-AgCI 

~ o n n a n  Donnan 
potential potential 

tDiffusi0n-t 
potential 
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BEG ET A L  1681 

TABLE 1. Observed membrane potential Em (mV) across parchment supported cobalt(I1) and nickel(I1) sulphide mem- 
branes in contact with various 1 : I electrolytes at  different concentrations (at 25 f 1°C) 

Em (mV) 

Electrolyte Cobalt sulphide Nickel sulphide 
concentration 

(moll! KC1 NaCl LiCl NH4C1 KC1 NaCl LiCl NH4CI 

were used for measuring membrane potentials. The 
reference electrodes used were reversible Ag-AgC1 stand- 
ing in chloride solutions. The total potential difference 
between Ag-AgCI electrodes placed on either side of the 
membrane is the algebraic sum of the electrode potential, 
i . r .  concentration potential and the membrane potential 
En, (2, 24). A tenfold difference in concentration of clilo- 
ride solutions (i.e. C2/Cl = 10) was maintained and 
measurements were made using a Pye precision poten- 
tiometer (No. 7568). The solutions were replaced by 
fresh solutions and when there was no change in potential 
with the addition of fresh solutions, with constant vigor- 
ous stirring by a pair of magnetic stirrers, it was taken as 
the true total potential difference across the Ag-AgC1 
electrodes. In both the membranes it could be repro- 
duced within a few tenths of a mV. The whole cell was 
immersed in a water thermostat maintained at 25 _+ 

0.lCC. The various salt solutions (chlorides of Li', Na', 
K + ,  and NH4+)  were prepared fro111 B.D.H. A.R. grade 
chemicals and deionized water. The parchment paper was 
supplied by M/S Baird and Tatlock (London) Ltd. 

Results and Discussion 
The values of membrane potential measured 

across two sulphide membranes in contact with 
various 1 : 1 electrolytes are given in Table 1. 

When two electrolytic solutions having dif- 
ferent concentrations are seoarated bv a mem- 
brane, the mobile species penetrate the mern- 
brane and various transport phenomena are 
induced into the system (23). The fixed charge 
concept of Teorell (14) and Meyer and Sievers 
(15) (the TMS theory) for charged membranes 
is a pertinent starting point for the investigation 
of the actual mechanisms of the ionic or molec- 
ular processes which occur in the membrane 
phase. These authors obtained the following 
mathematical expression eq. 1 for the emf across 
a charged membrane by integrating the equation 
for the emf due to diffusion of ions within a 
membrane and subsequently adding the two 
phase-boundary (Donnan) potentials to the in- 
tramembrane diffusion potential 

C, (, '4cI2 + X2 + X) 
[I ]  Em = 59.2 log - - [ c 1 ( , , 4 ~ 2 2 + X 2 + X )  

, '4cZ2 + + X u  + i7 log , ' 4 ~ ~ '  + X2 + XU] 

Here, Tj = (17 - fi)/(fi + i), 17 and L. are the 
mobilities of cation and anlon, respect~vely, in 
the membrane phase, and X is the charge on the 
membrane expressed in equiv./C of imbibed 
solution. In order to evaluate this parameter for 
the simple case of a 1 : 1 electrolyte and a mem- 
brane carrying a net negatlve charge of unity 
( X  = I), theoretical concentration potentials 
Em existing across the membrane were calcu- 
lated as a function of C,, the ratio (C,/C1) bemg 
kept at a constant value of 10 for different mobil- 
ity ratios (file) and plotted as shown in Fig. 1.  
The observed membrane potential values for 
different membranes and KC1 electrolyte were 
plotted in the same graph. The experimental 
curve for any given membrane was shifted 
horizontally and ran parallel to one of the tkeo- 
retical curves. The extent of this shift gave log X 
and the parallel theoretical curve gave the value 
for (fi/L). The values of X and (GI ; )  derived in 
this way for the different membranes and elec- 
trolytes are given in Table 2. 

Recently Kobatake et al. (17) derived the fol- 
lowing equation for the electrical potential Em 
which arlses when a negatively-charged mem- 
brane separates two solutions of a 1 : 1 electrolyte 
of concentrations C, and C, (C, < C,): 
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1682 C.4N. J .  CHEM. 

FIG. 1. Eval~~ation of n~embrane charge density X and 
the nlobility ratio C, 1- in the membrane phase. Smooth 
curves on the left are the theoretical concentration poten- 
tials for a cation - selective membrane (X = 1) using 1 : 1 
electrolytes at different mobility ratios Qc. The experi- 
mental values of En, for (A) cobalt and (0) nickel sul- 
phide membranes and KC1 electrolyte solution are shown 
by the broken lines, see text. 

TABLE 2. Derked values for membrane parameters ( X )  
and ( E / F )  using Teorell-Meyer-Sievers theory 

Cobalt sulphide Nickel sulphide 
- - 

(X) x lo2, ( X )  x lo2,  
Electrolyte equiv,/e E, C equiv./! ClL: 

-- 

KC1 3 . 8  1 . 2  2 . 3  0 .8  
NaCl 3 . 0  0 .8  I .6  0 .6  
LiCl 2 . 5  1 . O  2 .2  0 . 8  
NHjCl 2 . 2  0 .8  1 . 5  1 . O  

where 
Y. = U / ( U  + z.) 

F and K represent, respectively. the Faraday 
constant and a constaiit dependent upon the 
viscosity of the solution and structural details of 
the polymer network of which the membrane 
is composed. To  evaluate the membrane param- 
eters, f3 and X ,  two limiting forms of the above 
equation were derived. When the external salt 

concentration C is sufficiently small, 

where 
IErn0I = FEnl/RT 

and 
Y = C21'C, 

When the salt concentration C is high, 

where t -  is the apparent tra~lsference number of 
cojons (anions) in a negatively-charged mem- 
brane defined by 

The values o f t -  calculated from observed mem- 
brane potentials using [ 5 ]  are given in Table 3. 
Equation 3 was used to give the value of P and a 
relation between a and X by evaluating the in- 
tercept and the initial slope of the plot of lErno1 
against C, (Fig. 2), while [4] was used to evaluate 
a from the intercept of a plot of l / t _  against 
1/C, (Fig. 3). The value of X (or X,) was deter- 
mined by inserting this value of Y. in the relation 
between c* and X obtained earlier. Once a and  f3 
are known in the manner described above: X 
(or X,) was also evaluated from the initial slope 
of lit- against 1/C,. Kobatake and co-workers 
(17) have suggested that provided their equation 
for the membrane potential is correct then the 
two values of charge densities namely X ,  and 
X ,  obtained under opposite limiting conditions 
(concentrated and dilute) should be the same. In 
the present case, the two values thus obtained 
agree well with each other (Table 4), thereby 
confirming the applicability of the Kobatake 
and co-workers equation to parchment sup- 
ported membranes. 

Once the values of the paraineters a ,  p, and X 
for a given membrane electrolyte system have 
bee11 determined, one can get the theoretical 
En, rs. C, curve using [2] for any given y (= C2/  
C,) and compare it with the corresponding ex- 
perimental data. For this comparison eq. 2 can 
be rewritten in the following form as suggested 
by Kobatake and co-workers (17) 
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BEG ET AL. 1683 

TABLE 3. Transference number f- of coions derived from observed membrane potential at various electrolyte con- 
centrations 

Electrolyte Cobalt sulphide* Nickel sulphide* 
concentrations 

(moll e )  KC1 NaCl LiCl NH,CI KC1 NaCl LiCl NH,Cl 

A KC1 
o NaCl 

FIG. 2. Plots of ,E,Pl/2.303 cs. Cz x 102 for nickel 
sulphide membrane (-) in contact with various 1 : 1 
electrolyte solutions and (---) for cobalt sulphide mem- 
brane with KC1 solutions. 

with q and Z defined by 

and Z = C z / x p X .  Thus if [ 6 ]  is valid, the value 
of (y - eq)/(e" I )  calculated from the mea- 
sured En, with predetermined x. P, and X and the 
given value of y must fall on a straight line which 
has a unit slope and passes the co-ordinate origin 
when plotted against Z. This behaviour should 
be observed irrespective of the value of y and the 
kind of membrane-electrolyte system used. 
Figure 4 demonstrates that the theoretical pre- 
diction of [6] (or eq. 2) is borne out quite satis- 
factorily by our experimental results on parch- 
ment supported membranes. 

FIG. 3. Plots of I , / / -  rs. 1 Cz for nickel sulphide mem- 
brane (-) in contact with various I : 1 electrolyte sol~~t ions  
and cobalt sulphide membrane (---) with KC1 solution. 

Kobatake and Kamo (23) derived another 
equation (eq. 7) for membrane potential using a 
different set of assumptions, namely: (a) the con- 
tribution of mass movement is negligible (231, 
and (b)  small ions do not behave ideally in a 
charged membrane (23). 
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TABLE 4. Values of the effective fixed charge densities (X,, Xd, +X* or + X )  for various membrane electrolyte systems 
derived from different methods of Kobatake er al. 

Value 

Cobalt sulphide* Nickel sulphide* 
- 

Parameter$ KClt NaClt LiCIi NH,Clt KClt NaClt LiClt NH,Clt 

X, x lo2 equiv./! (eq. 4) 3 . 0  2 . 5  1 .7  2 .0  2 . 1  1 . 5  2 . 1  1 .4  
X, x lo2 equiv./! (eq. 3) 3 . 2  2 .0  2 . 2  2 .8  2 .3  1 . 8  2 . 5  3 .7  
+X* x lo2  equiv./!(eq. 13) 2 . 5  1  .O 2 .9  3 .8  2 .7  1 . 9  2 .5  3 .0  
+ X x  10' equiv./! (eq. 10) 2 . 3  2 .7  2 . 6  4 . 0  2 . 8  1 . 4  1 . 5  4 .0  

*Membrane. 
tElectrolyte. 

2(1 - C L ) ~  In y rx, = -- 
'/') x slope; + X *  is derived from the plot P, L A .  log (CI - C2),2; 

( 1  + b - 2%D)C! - 1) 
d - 

FIG. 4. Plot of log (y - eq)/(e4 - I )  us. log Z for nickel 
sulphide membrane in  contact with various 1  : 1  electro- 
lyte solutions. 

where d~ is a characteristic factor of the mem- 
brane-e'lectrolyte pair, and represents a fraction 
of counterions not tightly bound to the mem- 
brane skeleton. The product +X is termed the 
thermodynamically effective fixed charge density 
of a membrane. Other terms have their usual 
significance. Equation 7 has the same functional 
form as that given by the TMS theory for the 
membrane potential Em (i.e. eq. 1) except that 
the thermodynamically effective fixed charge 
density +X of the membrane is used in place of 
stoichionietric fixed charge density X .  Equation 
7 reduced to the TMS membrane potential for 

+ = 1. Since it is somewhat troublesome to 
evaluate $X  a t  an  arbitrary external electrolyte 
concentration from the observed membrane 
potential Em using [7], Kobatake and Kamo 
(23) have proposed a simple method using the 
following approximate equation for the diffusive 
contribution to the emf of a cell with transport. 

where rap, is the transference number of coions 
in the membrane phase. Comparison of [7] and 
[8] gives 

r- 
x/4522 + 1 + 2a - 1 
J4k l2  + 1 + 2, - 1 

~ 9 1  T,,, = 
In -I' 

where < = C / $ X ,  when the concentration of the 
external salt solution is large as compared to  
the effective charge density + X ,  i .e.  when 
C,/+X = 6, >> 1, [9] is expanded to 

This equation indicates that the plot of l/z,,, 
cs. l/Cl with a fixed y (or G,/C,) should give a 
straight line, and the values of a and cjX in the 
concentrated solution for a given combination 
of membrane and electrolyte can be determined 
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from the intercept and the slope of the line. The 
values of thermodynan~ically effective fixed 
charge densities thus derived using Fig. 5 for two 
sulphide membranes in contact with various 1 : 1 
electrolytes are given in Table 4. 

On the other hand (22, 23), the mass-fixed 
transference number of coions in a negatively- 
charged membrane immersed in an electrolyte 
solution of concentration C is defined by 

where C+ and C-  are the concentrations of 
cation and anion respectively in the membrane 
phase. This equation is transformed to 

using equations given by Kobatake and co- 
workers (22, 23) for the activity coefficients, 
mobilities of small ions in the membrane phase, 
and the equilibrium condition for electrical 
neutrality. The difference between tap,, calcu- 
lated from [9] and 7-  from [I21 for varlous re- 
duced concentrations < is found to be less than 
2%. Therefore r,,, and r -  are considered prac- 
tically the same. As a result, the apparent trans- 
ference number r,,, evaluated from the mem- 
brane potential data permits the determination 
of the thermodynamically effective fixed charge 
density $ X  of the membrane at  a given average 
salt concentration C (i.e. (C, + C2)/2) using 
[12]. At the same time rearrangement of [I21 
leads to the definition of permselectivity P, by the 

FIG. 5. Plots of 1/7,,, us. l /C ,  for nickel sulphide meni- 
brane (-) in contact with various 1 :  1 electrolyte solu- 
tions and cobalt sulphide membrane (---) with KC1 
solutions. 

A Cobalt sulphide O d d  

'A. .- 
0.01 a 

, 
I I 

- 3 - 2 - 1 0 
log  C 

FIG. 6.  Plots of P, cs. log (C, + C,)j2 for membranes 
using different concentrations of KC1 solutions. 

expression 

This equation can be used to find the permselec- 
tivity P, from the membrane potential rneasure- 
ments using [8]. If the transport number of 
coions ( 5 -  or r,,,) is zero, the membrane is per- 
fectly selective and P, = 1, while if the transport 
number of coions has the value in free solution, 
P, = 0. The values of P, obtained using the 
right-hand side of [I31 were plotted against log 
C. The concentration at  which P, becomes 
I /  ,I? (i.e. < = C/$X = 1) gives the value of the 
thermodynamically effective fixed charge density 
+X as demanded by the left-hand side of [13]. 
Figure 6 represents a typical plot of P, 2,s. log C 
for two parchment supported sulphide mem- 
branes in contact with the KC1 electrolyte. The 
values of $ X  thus derived from both the mem- 
branes and 1 : 1 electrolyte combinations are 
given in Table 4. Further, it is noted from Tables 
2 and 4 that the charge densities found by the 
three theories are of the same magnitude. 
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The pyridinium-dihydropyridine system. I. Synthesis of a series of substituted 
pyridinium ions and their 1,Qdihydro reduction products and a 

determination of their stabilities in aqueous buffers 

DONALD J.  NORRIS A N D  ROSS STEWART 
Depar.rn1o7t qf Cl~etnistr?, Urlii.ersit? of British Col~,rnhirr, Voncorii,cr.. B.C., C(itliida V6T 1 W5 

R e c e i ~ e d  October 25. 1976 

D O ~ A L D  J .  NORRIS and Ross S T E W ~ R T .  Can. J. Chem. 55, 1687 (1977) 
Fourteen pyridinium salts. s~~bs t i tu ted  at the I- and 3-positions, h a \ e  been prepared and their 

stabilities determined in aqueous acetate and 11-is(hydroxymethy1)an~inomethane (Tiis) buffers. 
The 1.4-dihydro derivatives of eleven of these have been prepared and characterized and their 
stabilities likewise determined. The pyridinium ions are stable in acidic solution but undergo 
either ring attack or  amide or  ester hydrolysis undei- basic conclition5. whel-eai the dihydro- 
pyridines ~indergo covalent hydration in acid solution. For only four pairs of compounds and one 
buffer system (Tris) are there pH-!ranges in uhich the pyridinium and dihqdl-opqridine forms are 
simultaneously stable (less than 10r4 decornposition in 24 h). These compounds have a cai-bamoyl 
or  acetyl group at the 3-position and either a methoxvmethyl. acetonql. o r  carhamoylmethyl 
group at the 1-position. The acetic acid catalyzed rates of hqdration of the 1-alkql-3-carbarnoql- 
1,4-dihydropyridines are corl-elated by a" values ui th a P" of 2 . 0 0 .  consistent with PI-otonation 
being the rate-controlling step. 

D O N ~ L D  J. NORRIS et Ross STEW ~ R T  Can. J. Chem. 55. 1687 (1977) 

On a prepare 14 sels de pyridini~im substitues dans les positions 1 e t  3 et on a determine leur 
stabilite dans des tampons d'acetate aqueux e t  d e  tris(hydroxymethy1) aminornethane (Tris). On 
a prepare les derives dihydrogenes en 1,4d'onze de ces composes et on les a aussi caracterises et 
determine leur stabilite. Les ions pyridinium sont stables en solution acide mais subissent soit des 
attaques au niveau du cycle ou des hydrolyses de l'amide ou de I'ester dans des conditions 
basiques; par ailleurs, les dihydropyridines subissent une hydratation covalente en solution 
acide. I1 n'y a que quatre paires de composes et un systeme de tampons (Tris) qui fournissent des 
ecarts d e  p H  dans lesquels les formes pyridinium et dihydropyridine sont stables d'une f a ~ o n  
simultanee (une decomposition de moins de 10% en 24 h~). Ces composes poqsedent un groupe 
carbamoyle ou acetyle en position 3 e t  soit un groupe methoxymethyle, acetonyle 011 car- 
bamoylmethyle en position 1.  I1 y a une correlation en:re les vitesses catalysees par I'acide 
acetique pour l'hydratation des alkyl-1 carbamoyl-3 dihydro-1.4 pyridines et ies valeur-s G : ~ :  la 
valeur- d e  P "  de -2.00 est en accord avec une protonation qui agirait comme etape determinante 
d e  la reaction. 

[Traduit par le journal] 

Introduction 
Nicotinamide coenzymes, such as NAD', 

nicotinamide adenine dinucleotide (1, R,  = 

CONH,, R, = adenine dinucleotide), are two- 
equivalent oxidants which occupy one of the 
termini of the so-called electron-transport chain 
in living systems, with oxygen, a one-equivalent 
oxidant, occupying the other (1). The pyridinium 
ring in such systems oxidizes alcoho!ic and other 
groups by a two-equivalent process which is 
essentially a hydride transfer, and is converted 
to a 1,4-dihydropyridine thereby. 

We were interested in determining the effect 
of substituents in the pyridine ring on the relative 
free energy levels of the oxidant and reductant, 
and ultimately, to find NAD' model cornpounds 
whose equilibrium with flavin nucleotides (the 
next redox system in the chain) could be directly 
measured. Accordingly, we have prepared a 
number of pyridinium and dihydropyridine com- 
pounds, 1 and 2 which are rnodels for NAD' 
and its reduction product NADI-I, and have 
examined their properties. The present article 
describes the synthesis of these cornpounds and 
a determination of their stabilities in aqueous 
buffers, the medium in which the redox studies 
have been made. 

Experimental 
Sjnthesis of Qucrterr:rrty Pyridiniutn  salt^ 

Quaternary pyridinium sa!ts were prepared from the 
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corresponding pyridines and alkyl halides. Methyl 
chloroacetate was prepared from chloroacetic acid and 
methanol by the method of Clinton and Laskowski (2); 
isopropyl chloroacetate was siiuilarly prepared by using 
2-propanol in place of methanol. All of the other alkyl 
halides and the pyridines were obtained commercially 
and used without further purification. 

The general method for preparing the pyridinium salts 
consisted of mixing 30 mmol of each of the pyridine and 
alky! halide in 15 ml of solvent (usually acetone or 
acetone-din~ethylformamide) and refluxing for 1-3 days 
until sufficient crystals had formed. The crystals were 
filtered, washed with acetone, and dried under aspirator 
vacuum. Individual variations on this scheme are noted 
in Table I .  Analytical data appear in Table 2. 

Two of the pyridini~lrn compounds, l a  and 111, can un- 
dergo protonation or deprotonation in the aqueous p H  
range. The pK of the carboxylate group of l a  was de- 
termined to be 1.62 0.12 by monitoring the spectral 
changes at  250 nm (8). In most aqueous solutions, there- 
fore, lcr exists as the dipolar ion. The dissociation constant 
of the 3-hydroxy group in In was determined by titration 
with standard base. A pK of 4.69 x 0.01 was found, close 
to that for the 3-hydroxypyridinium ion (9). In neutral 
and basic solutions, therefore, the compound exists 
predominantly in the dipolar ion form. 

Synthe.~ is of l ,4- Diliyr/ropy~iclines 
The 1,4-dihydropyridines were prepared by the classical 

method of reduction of thc corresponding pyridiniun~ 
salts with sodi~lrn dithionite ( 5 ,  11-13). The pyridinium 
salts were ~ ~ s e d  directly as recovered from their preparative 
reaction mixtures (cicle ante). Unless stated otherwise 
crude yields were approximately 50%, and the product 
crystals c o ~ ~ l d  nor be stored in contact with air without 
appreciable decomposition occurring. Compounds 2n1 
and 2n are expected to be highly unstable in aqueous 
solution and their attempted preparations were un- 
s~~ccessful. 

In all dihydropyridine syntheses, a solution of 10 mmol 
of the corresponding pyridinium salt in 15 ml of water 
was used. These solutions were flushed with nitrogen and 
then treated by one of the following methods. 

1Wethod I 
Na2S204 (2.6 g) was mixed with 20 mmol of sodium or 

potassium carbonate powder and this mixture was added 
portionwise to the stirred pyridinium ion solution. 
Stirring under nitrogen was continued for 15 to 20 niin 
after the first signs of crystallization, after which the 
crystals were filtered, washed with water, and dried under 
aspirator vacuum. 

1 - Carbarnoj,ln~ethyl- 3- ccirbumoyl- 1,4 - di/lydropyric/itze 
(2i)-The crude crystals were recrystallized from water 
(30 ml/g) giving an overall 66% yield of yellow, rod-like 
crystals, which are stable indefinitely in the presence of 
air at room temperature, mp 179-182'C (dec.). Anal. 
calcd. for C,Hl i N 3 0 2 :  C 53.04, H 6.07, N 23.20; found: 
C 52.79, H 6.21, N 23.05. 

1 - Cnrboniefho.xj~niethy1-3- carbnmoyl- 1,4-dihydropyri- 
dine (2f)-The crude product was recrystallized from 
benzene to give yellow needles, which were stable in air 
for a few months, nip 128-132cC (dec.). Anal. calcd. for 
C9H12N203 :  C 55.12, H 6.12, N 14.29; found: C 55.11, 
H 6.19, N 14.26. 

I-Cyanon1ethpl-3-carba111oyI-l,4-di/1~~dropyridi~e (2h)- 
The crude crystals were dissolved in refluxing niethylene 
chloride and filtered. Petroleum ether was added until 
crystallization began. The solution was cooled under 
nitrogen to yield fluffy, pale yellow crystals, mp 127- 
130-C (dec.). Anal. calcd. for C8H9N30:  C 58.89, 
H 5.52, N 25.77; found: C 58.72, H 5.68, N 25.75. 

~Methotl II 
Reduction of the pyridinium ions was carried out as 

in method I, but since the resulting dihydropyridines 
would not precipitate from the reaction mixture an  
alternative recovery method was used. After the mixture 
had turned a bright yellow colour, it was extracted 
continuo~lsly overnight with methylene chloride which 
had been stored over KOH pellets. The methylene 
chloride extract was concentrated from about 200 ml to 
a b o ~ ~ t  20ml on a rotary evaporator. The remaining 
solvent was evaporated under aspirator vacuum in a flask 
fitted with a nitrogen bleed. The nitrogen bleed was 
necessary in order to recover a crystalline product; 
without it, evaporation of the remaining methylene 
chloride left only a yellow oil. 

I - Acetonyl- 3 - ca~~bamoyl- 1,4 - dil~yhopyridine (2e) - 
The crude product was recrystallized from ethyl acetate, 
mp 118-121°C (dec.). Anal. calcd, for C9H,,N,02: 
C 60.00, H 6.67, N 15.56; found: C 60.38, H 6.68, 
N 15.20. 

l-Carbcin1oyln1ethyl-3-ac~yl-1,4-di/~dropjridine (2j)- 
The crude material (64% yield) was recrystallized from 
ethyl acetate (160mlig) under nitrogen to give fine 
yellow needles, which are stable for several days in air, 
mp 162-163'C (dec.). Anal. calcd. for C,HI2N2O,: 
C 60.00, H 6.67, N 15.56; found: C 60.31, H 6.80, 
N 15.30. 

I - Cnrbo - i-propoxyn~ethj~l- 3 - carbamoyl- 1,4 - clihydro - 
pyridine (2g)-The crude product was recrystallized from 
ethyl acetate (20mlig) under nitrogen. The crystals 
appear to require several days of exposure to air for 
noticeable decomposition, mp 112-1 14°C (dec.). Anal. 
calcd. for C l lHl ,N203 :  C 51.06, H 5.80, N 10.83; found: 
C 50.89, H 5.69, N 10.88. 

1 - i2letho.xymethyl- 3 - cai.bamoyl- I,4 - dihyclropyridine 
(2d)-The crude crystals (70% yield) were recrystallized 
twice from ethyl acetate. The recrystallization flask must 
be scraped with a glass rod before sealing the solution 
under nitrogen or recrystallization will not occur. The 
pure crystals are stable for only a few days in the presence 
of air, mp 106-107°C (dec.). Anal. calcd. for C,H,,N,O,: 
C 57.14, H 7.14, N 16.67; found: C 57.40, H 7.07, 
N 16.66. 

I-Carbamoylmetl~yl-3-cyano-I ,4-di/zydropyridine (2k) -  
A small amount of product crystallized from the reaction 
mixture. These crystals were combined with the extraction 
product and recrystallized from benzene (100 ml/g). A 
yield of 70 mg (approximately 10%) of pure product was 
obtained, mp 139-139.5'C. Anal. calcd, for C8H9N30:  C 
58.89, H 5.52, N 25.77; found: C 59.18, H 5.72, N 25.45. 

Merlzod III 
The dihydropyridines which are quite acid-labile 

decompose too rapidly in carbonate solutions for methods 
I and I1 to be practical. In these cases, potassium hy- 
droxide was used instead of carbonate. The sodium 
dithionite and KOH were alternately added to the stirred 



TABLE 1. Preparation of pyridinium salts 

React1011 Crude mp (dec.) 
time yield Recrystalliration -- - 

R I R3 X- React1011 solvent (h) m? solvent round Ilt. (ref.) 

I n  CH,COO- CON H , - MeOHn 24 - H 2 0  EtOH 200 203 204-206(3) 2 
206-208(4) 

l b  CH, CONH, 1- MeOH 4 8 1 EtOH 207-2 10 203(5) LC 

I c  CH2CH20H CONH, CI- Acetone-DMF(2.1) 48 40 EtOH 195 195 5-196(6) 1 

182(7) 7 
Id CH20CH, CONH, CI - Acetone" 2 - - 123 125 LC 

0 

Ie CH,COCH, CONHz CI - Acetonc-DMI-(I : I )  48 98 MeOH-acetone - --1 202-20'3 
If CH2COOCH3 CONH, C1- Acetone DMF(2: I) 24 9 1 Me0 H-acetone 165 I66 - m 

l g  CH,COOCH(CH,), CONH, Cl- Acetone-DMF(2.1) 24 92 MeOH-acetone 202-204 - 5 
l h  CH,CN CONH, C I - P c e t o n e - D M F ( 2 : I )  48 86 H,O-EtOH 236-238 - i 

P 

li CH,CONH, CONH, CI- Acetone-DM F(5 : 1) 24 95 H,O-EtOH 213-214 - 

11 CH,CONH, COCH, C1- Acetone-DMF(2: 1) 24 8 1 MeOH-acetone 214 214 5 - 

Ih CH2CONHz CN CI-" Acetone 48 64 EtOH 193-196 
I 1  CHzCONHz F C1 P c e t o n e - D M F ( 3 . 1 ) '  72 68 EtOH-acetone 160-162 - 

Irn CH,CONH, H Cl- Acetone 24 87 MeOH-acetone 206-206 5 - 

I n  CH,CONH, OH CI- Acetone 24 - EtOH 197-199 - 

'Using either sod~um chloroacetate or sodlum lodoacetate 
LThe nicotlnam~de was dissolved In 110 rnl of acetone, the chloromethyl methyl ether wa\ added d ~ o p w ~ \ c  and the solt~tion wac ctlrred at  room tempelature while the product alowly ~ryctallized 

All recrystalllzatron attempts resulted 111 decornpos~tion to nicotlnamide. 
'All attempts at  recrystallizat~on resulted in decompos~t~on to nicot~n,lm~de 
*Using a catalytic amount of Nal 
T h e  product separated as a red oil wh~ch could bc c~yat~ll ized by seedins or cooli~ig below O0C, and stlriing the oil into acetonc 
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TABLE 2. Analytical data for pyridinium salts 

Compound 

Calculated 
- 

C H N  

Found 

C H N  

1-Methoxymethyl-3-carbamoylpyridinium chloride (Id) 
I-Acetonyl-3-car barnoylpyridiniurn chloride (le) 
1-Carbomethoxymethyl-3-carbamoylpyridinium chloride (If) 
1-Carbo-i-propoxymethyl-3-carban~oylpyridinium chloride (Ig) 
1-Cyanomethyl-3-carba~noylpyridinium chloride (lh) 
1-Carbamoylmethyl-3-carbamoylpyridiniun~ chloride (li) 
1-Carban~oyln~ethyl-3-acetylpyridinium chloride (lj) 
1-Carbamoyln~ethyl-3-cyanopyridinium chloride (Pli) 
1-Carbamoylmethyl-3-fluoropyrid~nium chloride (I/) 
1-Carbamoylmethylpyridinium chloride (ltn) 
I-Carbamoylmethyl-3-hydroxypyridinium chloride (In)" . . 

aTo confirm that alkylation had nor occurred at  the hydroxyl group the u\ spectrum was compared to that of 1-methyl-3-hydrox)rpqridinium 
chloride in acidlc and basic solutions. The latter compound has a lnaxirnuin at 288 nm at p H  1 >\hich shifts to 245 and 322 nrn at p H  13 (10). 
In  has a maximum at 289 nm at pH 1 i\hich shifts to 238 and 313 nm at pH 13. 

pyridinium ion solution so as to maintain the p H  close 
to 10. The products with the exception of 21 were re- 
covered as described in method 11. 

I -  (2'-Hycfroxyethylj -3-c(ribun1oyI-1,4-dihydi.opyidine 
(2cj-The product which crystallized from the methylene 
chloride was filtered, dried, and stored under nitrogen 
in a dry box. Less than a day's exposure to air is sufficient 
to cause noticeable discoloration of the crystals, mp 
133-133.S0C (dec.); lit. (14) mp 119-121'C. Anal. calcd. 
for CsHIZN2OZ: C 57.14, H 7.14, N 16.67; found: C 
56.97, H 6.96, N 16.53. 

I - Methyl- 3 - caibanloyl- 1,4- riil~y&opyrinine (2b) -A 
yield of 0.4 g (35%) of bright yellow crystals was obtained, 
mp 73.5-78'C (dec.); lit. (5) mp 84'C, (IS) mp 85.3- 
86.8"C; h ,,,, (c) = 360 (7820): lit. (15). h,,, ( E )  = 355 
(6680). Attempts to recrystallize the crude product were 
unsuccessf~~l. The lower extinction coefficient reported in 
the literature was recorded in water, where this compound 
decon~poses even in the absence of buffer acid. The spec- 
trum of this compound was recorded at  pH 9.8 in this 
studv to slow down the deconi~osition reaction. but even 
at this p H  a deconlposition o i  a few percent an hour is 
observable. 

l - C a r b a r n o ~ ~ l t ? 1 e i h 2 . I - 3 - f l 1 1 o r o - 1 , 4 - ~ i z e  (21)- 
Crystals formed within a few minutes and were filtered 
imnlediately. If the crystals were stirred in solution for 
more than 10 min, they redissolved. Cont inuo~~s extrac- 
tion of the filtrate with methylene chloride yielded no 
product. Presumably the dihydropyridine is so susceptible 
to acid-catalyzed decomposition that the product must 
be recovered immediately, even at  a pH as high as 10. 
The crude product was recrystallized from benzene 
(40 nil/g) giving a 10% yield of product, mp 116.5-118'C 
(dec.). Anal. calcd, for C,HgNZOF: C 53.85, H 5.77, 
N 17.95: found: C 53.88, H 5.80, N 17.94. 

I - Carboxyn~etlryl- 3 - carbamoyl - 1,4 - rlil~ydiop~~ridit~e 
(2a)-This con~pound could be prepared by method 111 
but it did not prove possible to purify it to analytical 
standards. When required it was prepared in sifli by 
hydrolysis of 2 f i n  p l l 1 0  buffer for an  hour. 

Rate Mensuremerzts 
Kinetic runs were followed by visible or ~ i v  absorption 

spectroscopy. Reactions which had half-lives greater 

than 5 min were followed on a Cary 16 spectropho- 
tometer. Whenever the absorbance was not being read, 
the sample cell was removed from the path of the light 
beam. Reactions which had half-lives less than 5 rnin were 
followed on a Bausch and Lomb Spectronic 505 recording 
spectrophotometer. 

Acid-catalyzed Decun~positiow of 1,4-Di/1yd'i.ou4.riditzes 
The rates of decomposition of 1,4-dihydropyridines in 

acid buffers (acetate or tris(hydroxymethy1)amino- 
methane, hereafter designated Tris) were measured by 
following the loss of dihydropyridine absorbance in the 
region between 300 and 390 nru. 

The reaction mixtures were analyzed within a few 
hours after the decomposition was begun. The p H  was 
measured on a Radiometer 26 pH meter standardized at 
p H  4 and 7 or 7 and 10. The concentration of acetic acid 
was determined by titration to a phenolphthalein end 
point with a standard sodium hydroxide solution. The 
concentration of protonated Tris was determined by 
titration to p H  10.5 with a standard sodium hydroxide 
solution. 

Absorborice Sj~ectia 
Absorbance spectra were recorded oil a Cary 16 

spectrophotometer between 220 and 520 nm at 10 nm 
intervals. Spectral determinations were repeated until the 
extinction coefficients near i,,,, were reproducible to 
within 3%. The values of h,,,, and the corresponding 
extinction coefficie~lts of most of the compounds used 
in this study are listed in Table 3. The spectra were re- 
corded in water, except those of 2a, 2b, 2c, and 21, which 
deconlpose rapidly in pure water and, therefore, were 
recorded in p H  10 buffer. 

Results and Discussion 
In view of the ubiquity of NADi and NADH 

in living systems it  is, perhaps, surprising that 
pyridinium and dihydropyridine rings are sub- 
ject to ring attack in buffered aqueous systems. 
A considerable amount of work has been done 
on these reactions and tlie pyridinium ring 
lability been shown to result from nucleophilic 



TABLE 3. Ultraviolet absorption data 

H H 

Compound 
I 

R 1 
I 
R 1 

E E 

R I R 3 2.max (iM-I c m - I )  )b,,, (M-I  cm-I) 

CONH2 
CONH2 
CONH, 
CONHZ 
CONHz 
CONH, 
CONHz 
CONH2 
CONH, 
COCH3 
CN 
F 

attack at  the 2- or  4-positions, reaction 1 (16, 
16, 17). The dihydropyridine reaction appears 
t o  involve protonation a t  the 5-position, followed 
by attack by water or other nucleophile at  the 
6-position, reaction 2. A second, slower, reaction 
leads to further decomposition. 

made of redox equilibria involving these com- 
pounds. 

Arnide rrnd Ester Hj.r/rolysis 
At p H  10.05, I-carbamoylmethyl-3-fluoro- 

pyridinium ion (11) is slowly converted to a new 
compound whose polarographic half-wave po- 
tential is approximately 200 mV more negative. 
A similar difference in half-wave ~o ten t i a l s  is 

A further cause of instability in aqueous 
buffers of many of the con~pounds  studied is the 
lability of the carboxainido and carbalkoxy 
groups toward hydrolysis (17, 18). 

The three principal causes of instability in the 
model compounds, amide and ester hydrolysis, 
nucleopliilic attack on the pyridinium ring, and 
acid-catalyzed hydration (or related reaction) of 
the dihydropyridine ring are discussed below. 
Since basic conditions favour the first two of 
these reactions and acidic conditions the third 
we have sought to  define p H  ranges in which 
both the oxidized and reduced forms have 
sufficient stability to enable measurements to be 

observed between 1-carbamoylmethyl-3-carba- 
nioylpyridinium ion ( l i )  and l-carboxymethyl- 
3-carbamoylppridinium ion (la).' Thus the 

C H 2 C 0 0 -  CH2COO- 

l a  3 

half-wave potentials are consistent with hydrol- 
ysis of thc amide group on the 1-substituent to 
give 1-carboxymethyl-3-fluoropyridinium ion, 3. 
In  order to limit the amide hydrolysis rate of I1 
to 10x or  less over a period of 24 h, the cation 
should not be subjected to a p H  greater than 
approximately 9.5. 

ID. J. Nosris and R. Stewart, to be published. 
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Similar behaviour was observed with solutions 
of 1-carboxymethyl-3-carbamoylpyridinium ion 
(la)  and 1-(2'-hydroxyethy1)-3-carbamoylpyridi- 
nium ion (lc)  left for long periods at pH's near 
10. At  p H  10 the polarographic wave of l a  at 
- 1.07 V (us. s.c.e.1 disappears with a half-life 
of 5-6 days and is replaced by a wave a t  - 1.33 V 
(cs. s.c.e.). The polarographic wave of l c  decays 
slightly more rapidly, having a half-life of 
approximately 3 days at p H  9.72 and 10 days at 
p H  10.26. The polarographic half-wave poten- 
tials of the products are in the regions one might 
expect for the dipolar 3-carboxypyridinium ions, 
4 and 5. Thus, the decomposition of l a  and l c  

is consistent with hydrolysis of the amide group 
at the 3-position. In order to limit this decompo- 
sition of l a  and l c  to no more than 1 0 7  / over a 
period of 24 h, these ions should not be sub- 
jected to pH's greater than 10.1 and 9.9, re- 
spectively. 

Although no other pyridinium ions were 
tested for stability in the p H  region above 10, 
it is likely that the hydrolysis observed with 
l a ,  lc ,  and 11 will occur with any pyridinium 
ion containing a I-carbamoylmethyl or 3- 
carbamoyl group. Consequently, 3-carbamoyl- 
pyridinium ions should not be subjected for 
long periods to pH's greater than 10.0 and 1 -  
carbamoylmethylpyridinium ions to pH's  greater 
than 9.5. Two esters, I-carbomethoxymethyl- 
and I - carbo - i - propoxymethyl - 3 - carbamoyl- 
pyridinium ions (If and l g )  underwent rapid 
decomposition in alkaline solutions. At p H  9.2 
the methyl ester decomposition had a half-life 
of approximately 3 min and the i-propyl ester 
reacted about one-sixth as fast. The products 
from both esters have polarographic half-wave 
potentials similar to that of l-carboxymethyl-3- 
carbamoylpyridinium ion (la),' indicative of 
hydrolysis of the ester functions. Assuming the 
hydrolysis rate to be proportional to hydroxide 
ion concentration over this p H  range, the de- 
composition of lf and l g  will exceed 10% over a 
period of 24 h for pH's greater than 5.7 and 6.5, 
respectively. 

Reactior~s of the Pyvidinium Ring 
The instability in base of most of the com- 

pounds studied was due, in the first instance, to 
amide or ester hydrolysis. However, in the case of 
compounds Ih, l j ,  and l k ,  all of which contain 
strongly electron-withdrawing groups, the ring is 
the first site to be attacked as the p H  is raised. 

When l/i is mixed with Tris buffer at p H  8.2, 
the solution immediately turns yellow from an 
increase in absorbance in the region near 340 nm. 
In more basic solutions, the absorbance at 
340 nm is higher still. Upon acidification, the 
absorbance spectrum reverts to that of Ih.  

If 1h is left at p H  8.2 a second, slower reaction 
occurs with a half-life of approximately 80 min. 
This reaction is accompanied by further increases 
in absorbance at 340 nm and decreases in the 
pyridinium absorbance at 265 nm. 

Reaction can also be observed polarographi- 
cally under the same conditions. Concurrent with 
the increase in optical density at 340 nm, the 
polarographic half-wave potential shifts from 
- 800 mV (us. s.c.e.) to - 900 mV1 and the total 
limiting current of the polarographic wave de- 
creases throughout the reaction to a final value 
of approximately two thirds of the initial 
limiting current. The rate of these changes in- 
creases with increasing pH, but the final value 
of the limiting current is independent of pH. 
On the other hand, the final value of the ab- 
sorbance at 340 nm, like the initial value of this 
quantity, increases with increasing pH. 

The very rapid, reversible reaction in alkaline 
solutions probably results from nucleophilic 
addition of hydroxide to the pyridinium ring 
(19, 20). (Glycine also appears to react by 
nucleophilic addition to the ring.) The nature of 
the subsequent reactions is, however, not clear. 
In order to avoid these reactions, these cations 
(I/?, l,j, l k )  should not be subjected to pH's 
greater than 6.5, 9.5, and 6.5, respectively. 

Reactions of the Dihydvopyridine Ring 
The decomposition of 1,4-dihydropyridines in 

the presence of acids has been studied by several 
groups in the past (Ib, 21-26) and is known to 
involve several successive reactions (23-25). The 
primary acid decomposition reaction is a two- 
step process resulting in hydration of the 5,6- 
double bond, [2] (21, 26). The first step, which 
is believed to be rate-determining in aqueous 
media (21) is protonation a t  C-5, followed by 
nucleophilic attack at C-6. In aqueous solutions, 
the nucleophiles are primarily hydroxide ion and 
water, although adducts resulting from attack by 
other nucleophiles are also known ( I  b, 22). 
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We have measured the rates of the primary 
acid decomposition reaction for the 1,4-dihydro- 
pyridines 2u-f, 211-1 in acetate and tris(hydroxy- 
methy1)aminomethane (Tris) buffers. The de- 
composition was followed spectrophotometri- 
cally at the A,,, of the  1,4-dihydropyridine, near 
350 nni. The product generally has an absorb- 
ance of approximately 3 2  of that of the 1,4- 
dihydropyridine (25) which further decays as the 
product is consumed in a slower secondary de- 
composition reaction. Using an  absorbance at  
infinite time, A,. of 3% of the initial absorbance, 
plots of log ( A  - A , )  against time were linear 
over at least five half-lives as shown in Fig. 1. 

The observed rate constants a t  different pH's 
and buffer concentrations were analyzed to 
determine the acetic acid catalytic rate constants 
using [3] and the results given in Table 4. 

[3] k,,, = ko + kH+[H t ]  + kACoH[AcOH] 

The uncatalyzed rate, k,, is a negligible frac- 
tion of the rate in acetate buffers, though it does 
account for a significant fraction of the de- 
composition in dilute Tris buffers, in which the 
dihydropyridines are much more stable. The 
contribution of the term k,,+[H+] to the overall 
decomposition rate in 0.1 M acetate buffers is 
less in all cases than that niade by the buffer 
acid term k,,o,,[HOAc]. I -Carbamoyl-3-Auoro- 
1,4-dihydropyridine (21) decomposed too rapidly 
in acetate buffer for the reaction to be followed 
on  a recording spectrophotonleter. In fact, it 
underwent the acid deconlposition reaction 
within minutes in unbuffered I M potassium 
perchlorate. The decomposition rate in Tris 
buffer was fast but measurable. 

As a result of acid-catalyzed decomposition 

7 I 
1 

-20- , 1 
10 20 40 60 80 100 120 140 160 

minutes 

FIG. 1. First-order plots of the rate of hydration of 
I-methyl-3-carbamoyl-1.4-dihydropyridine (2b) in 1.0 M 
Tris buffer at  p H  7.1 ; A i s  absorbance at 360 nm. 

TABLE 4. Acetic acid catalytic coefficients for the hydration 
of substituted dihydroppridines 

102k~oac 1O2kHo,c 
Compound ( s Compo~~ncl ( .W1  s-I) 

20 3.3 2f 0.48 
2b 16 2g 0.03 
2c 6 .2  2 11 0.53 
211 0.77 2i 0.02 
2e 0.77 2j 0.02 

each 1 ,4-dih>rdropyridine will have a minimum 
allowed p H  below which it deco~nposes rapidly 
enough to interfere with experiments. This value 
will be to some extent dependent on the choice 
of buffer. We have calculated a minimu~n 
effective p H  for each dihydropyridine in two 
buffer systems: acetate (pK, = 4.8), and Tris 
(pK, = 8.1) (Table 5). (The need to retain buffer 
capacity places an  effective lower limit on such 
values,-one p H  unit below the p K  of the buffer 
acid.) 

The rnillimuln allowed p H  will, of course 
depend on the deconlposition rate which is 
acceptable. Since some of the equilibratioll 
reactio~ls we are concerned with are relatively 
slow we have arbitrarily chosen a decomposition 
rate of no n-rore than 1 0 z  over 24 h as acceptable 
for experiments requiring as much as 5 to 6 h. 
However, for many of the dihydropyridines a 
decomposition rate this slow cannot be attained 
in &me buffers, the extent of decomposition 
being as high as 1 0 x  in 45 min. Even for these 
compounds kinetic and other experiments re- 
quiring short reaction times call still be con- 
ducted with little interference from the de- 
composition reaction. 

The minimum allowed p H  will depend not 
only on the choice of buffer system, but also the 
buffer strength. The values in Table 5 have been 
calculated assuming a total buffer concentration 
of 0.1 M. Using a lower buffer concentration 
will generally allow the dihydropyridine to be 
used at  a slightly lower p H  without illcreasing 
the decomposition rate. 

The 1,4-dihydropyridines 2a through 2k can 
be divided into three groups based 011 their acid 
lability. Compounds 20, 26, and 2c undergo a 
relatively rapid decon~position, thus preventing 
their use in buffers as acidic as acetate or phos- 
phate. Even in Tris buffer, these dihydropyridines 
are not stable for 24 h (> 1 0 x  decomposition), 
although 2a does meet the criterion of less than 
10% decomposition in 6 h at  p H  8.5 or higher. 
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TABLE 5. Effective acidity limits for 1,3-substituted pyridiniu~n ions and 
, , 

. , i\ dihydropyridinesa in aqueous buffers 
- 

, ,+ 
Minimum p H  for :.; 

1 dihydropyridine 
\,;a ( 2 4  h-I) 

'3 '. 
b , 

;, :y .z Maximum p H  Acetate Tris 
\, for pyridinium buffer buffer 

R I R3 ion (la-1) (pK 4.8) (pK 8.1) 
~% ~\.j 

,: CI CH,CO,- CONH, 10 - b - c 
.? 

2, . b CH3 COXHz 10 - b - d 
Y c CH,CH,OH CONH, 10 - b I * V - 

: > '  (I CH20CHi CONH, 10 - h 8 . 3  
.\: Z <d e CH,COCH, CONHL 10 - h 8 . 1  ii ~-:- ~ f CH,CO,CH, CONHz 5 . 7  h 7 . 7  

~ ,j b .i ) 9 A' CH,CO,-i-Pr CONH, 6 . 5  
11 CH2CN CONH, 6 .5  - 7. l f  

: : : i CH2CONH2 CONH2 9 . 5  - h $ \> *,;,, 8 . 1  
.i CH,CONH, COCH, 9 . 5  - 7. 1" 
k CHzCONHz CN 6 .5  - e 7.1" 
1 CH2COKHz F 9 . 5  -9 -4 

Y" 

aLess than 10Z decomposition in 24 h in  0.1 .M buffer. 
\.. OGreater than 10% decon?position ii? 45 min at all p H  vali~es less than 5.8 (pK -- 1.0). 

'>,I 
c10Z decomposition in h h at pH 8.5. 
"0% deco~nposition in 3 h at pH  8.8 (26) and pH 8.2 ( 2 0 .  

decom[)osition in 6 h at pH  5.6. 

-{! ,Stable over entire buffer range, i.e. pK t 1.0. 
4Extensive decomposition in 24 h at all acidities. 

Dihydropyridines 211, 2j, and 2k.  on the other 
hand, are relatively stable. These compounds 
show little- decomposition for long periods in 
buffers as basic as Tris, can be expected to show 
less than 1 0 7  decomposition over 24 h in phos- 
phate buffers greater than p H  7.8, (based on the 
relative rates found by Johnston et a/ .  for the 
I-propyl compound (25)), and can even be used 
in acetate buffers of p H  5.5 for periods of up to 
6 h. The remaining dihydropyridines, 2d, 2e, 2f, 
and 2i are too labile to be used in acetate buffers 
but meet the criterion of less than 10% decom- 
position over 24 h in Tris buffers. 

The acetic acid-catalyzed rate constants for 
the hydration of the I-R-3-carbamoyl-l,4-di- 
hydropyridines (26-21') show a good correla- 
tion (r = 0.991) with the og' values (27, 28) for 
the I-substituent as shown in Fig. 2. A reaction 
constant p* of -2.00 is observed when the rate 
constant for I -carboxymethyl-3-carbamoyl-1:4- 
dihydropyridinc (2u) is excluded. Its exclusion 
is not unreasonable considering (a) the pos- 
sibility of interaction between the carboxylic 
acid and carboxylate groups of the mono-basic 
rnalonic acid used to define the ol,,,- value and 
(6) the possibility of non-inductive interactions 
between thc negatively chargcd carboxylate ion 
and the dihydropyridine 2a. 

Johnston et al. (25) have made an intensive 

FIG. 2. Hammett plot for the acetic acid catalyzed 
hydration of I-substituted 3-carbanioyl-l,4-dihydro- 
pyridines; correlation coefficient 0.991. The oQalues 
were calculated using Charton's G' values and the relation 
G ~ : ( ~ H ~ ~ )  = oX1/0.45 (27, 28). The point for carboxymethyl 
(filled circle) was not included in the calculation (see 
text). 

investigation of the general-acid-catalyzed hy- 
dration of 1 -propyl-3-carbamoyl-I ,4-dihydro- 
pyridine in acetate and other buffers. Using 
-0.06 for the e* value of the n-propyl group 
(27) and the plot in Fig. 2 a value of -0.84 can 
be calculated for log k,,,, for this compound, 
in good agreement with the value of -0.82 
measured by Johnston et crl. (25). 

The sign and magnitude of the reaction con- 



stant p *  is consistent with protonation at  ring 2. R .  0. CLIN.I~ON and S .  C .  L,ASKOWSKI.  J .  Am. Chem. 
Soc. 70, 3135 (1948). 

carboll being the rate-contro11ing step in the 3. J .  H .  CR.AIG. P. C.  HC.ANG, 7 .  G. SCOTT. and N. J .  
acid-catalyzed hydration process shown in 121, LEONARD. J .  Am. Chem. Soc. 94.5872 (1972). 
in agreement with the suggestions of Johnston 4. K.  U'.ILLE>FELS. M.  GELLICH.  and F. K u e o u l r r .  
et al. (25) and Kim and Chaykin (21). .4nn. 621. I37 (19593. 

5. P. K.ARRER, G.  S C H W ~ R Z E K B ~ C H ,  F. BENL. and U .  
C O ~ C ~ U S ~ O ~ S  S O L ~ ~ S S E N .  Helv. Chim. Acta. 19.81 l(19361. , , 

~h~ limitatiolls the p~ range available for 6. H. G .  W ~ U D ~ ~ U E L L E K .  C .  B. ACKERMI, H .  BAKER- 
M A N .  and 0 .  ~ ~ I C K E L S O I .  J .  Biol. Chem. 233. 889 

the study of 1,4-dihydropyridines are imposed (1959), 
mainly by the rate of the acid-catalyzed hydra- 7. G.  DKEHFAHL and K .  H. KOKIC.  Chem. Ber. 87. 1628 
tion of the 5.6-double bond and therefore (1954). 
represent a lower p H  limit. The pyridinium ions 
on the other hand are stable at low pH, but 
undergo a variety of reactions in alkaline solu- 
tions. In experiments involving both pyridiniunl 
ions and 1,4-dihydropyridines, a narrow pH- 
range will be available for study in some cases. 
In  others there is no  p H  at  which the pyridinium 
ion and the corresponding 1,4-dihydropyridine 
are stable to the extent of less than 10% de- 
composition over 24 h. Overlap of the stable 
pH-regions does occur in Tris buffers for f o ~ l r  
pairs of conlpounds (d, e, i, and j ) ,  all of which 
have si~nilar substituents. The 3-substituent is 
either carba~noyl or  acetyl and the I-substituent 
methoxymethyl, acetonyl, or carbamoylniethyl. 
The o" values for these three 1-substituents vary 
only from 0.55 to 0.64 so one might expect 
rather similar behaviour from them. Dihydro- 
pyridines containing more electron-donating 
groups become very acid-labile while pyridinium 
ions containing more electron-withdrawing 
groups become very base-labile with a resulting 
loss of overlap between the stable pH-re&' rlons. 
It is interesting that the coenzyme NAD has the 
appropriate 1 -  and 3-substituents that place it 
ainong those compounds for which both the 
pyridinium and 1,4-dihydropyridine forms are 
relatively stable near neutral pH.  
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JAN KURZAWA and K E N ~ E T H  T. LEFFEK. Can. J. Chem. 5 5 ,  1696 (1977). 
The second-order rate constants have been determined for the P-elimination reactions of 

2,2-di-(p-nitropheny1)-1,1,1-trifluoroethane, 2,2-di-(p-nitropheny1)-1-fluoroethane, and their 
0-deuterated analogues with sodium methoxide in methanol. The primary isotope effects and 
activation parameters for these reactions are reported. It is suggested that the trifluoro- 
con~pound reacts via the pre-equilibrium carbanion mechanism (ElcB), and that the mono- 
fluoro con~pound follous the E2 mechanism via a carbanion-like transition state. 

JAK KURZAWA et KEY~YETH T. LEFFEK. Can. J. Chem. 55. 1696 (1977) 
On a dCterminC les constantes de vitesse du deuxieme ordre pour les reactions d'klimination 

p, sous I'influence du methylate de sodium dans le methanol, du di-(p-nitrophCny1)-2,2 tri- 
fluoro-l,l,l Cthane, du (p-nitrophCny1)-2,2 fluoro-1 ethane et de leurs analogues deutcrts en p. 
On rapporte les les effets isotopiques primaires et les parametres d'activation pour ces rCactions. 
On suggere que le cornpose trifluori reagit par un mecanisme de carbanion pre-CquilibrC 
(ElcB), alors que le composC monofluore suit un mCcanisme E2 par I'interrnCdiaire d'un etat 
de transition ressemblant a un carbanion. 

[Traduit par le journal] 

Introduction 
Considerable attention has been focused 

recently on the mechanism of P-elimination re- 
actions. The original concerted E2 mechanism, 
with a transition state 1, involving simultaneous 

breaking of the PC-H bond and the C-X 
bond where X is the leaving group (1, 2), has 
been developed into a spectrum of transition 
states with different extents of C-H and C--X 
bond rupture, designated carbanion-like or 
ElcB-like when the PC-H bond breaking is 
more advanced than the aC-X bond breaking, 
or carbonium- or El-like when the opposite 
situation pertains (3, 4). 

Bordwell has proposed (5) that a great many 
more of these reactions actually proceed via a 
two step mechanism, [I]  and [ 2 ] ,  than many 
current text-books indicate. Bordwell has also 
suggested that the most common elimination 
mechanism is the pre-equilibrium anion (rever- 
sible anion), (ElcB), mechanism which he 

'Postdoctoral Fellow 1975-1976. 

assumed (5) would occur whenever the leaving 
group is a poorer leaving group than bromine. 
Saunders, on the other hand, concludes in a 
recent review (6) that no major revisions to the 
current mechanistic assignments are justified. In 

the (ElcB), mechanism, k - ,  [BH] is very much 
greater than k,. McLennan and Wong (7) have 
studied the dehydrochlorination of 2,2-di-(p- 
nitropheny1)- 1 , 1 ,l -trichloroethane by sodium 
methoxide in methanol and concluded that the 
reaction went through an irreversible carbanion 
mechanism, (ElcB),, in which k ,  >> k - ,  [ B H ] .  

In the present work, we have studied the fluoro 
analogue of the above compound and also the 
monofluoro derivative in an attempt to observe 
either a stable carbanion mechanism (El)anion 
or a preequilibrium carbanion mechanism, 
(ElcB),. The criteria for both these mechanicms 
(5) are a primary kinetic isotope effect of unity 
and a substantial leaving group effect on the rate 
constant. The two mechanisms are distinguished 
by the kinetics which are first-order for the 
stable carbanion mechanism and 
second-order for the (IElcB), mechanism. 
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KURZAWA A Y D  LEFFEK 

TABLE 1. Rate constants and isotopic rate ratios for the reactions of CF3CH(p-C6H4N02)2* ( k H )  
and CF3CD(p-C6H,N02),X ( kD)  with sodium methoxide in methanol 

Temperature 1 o 3 [ ~ ~ e ]  1O4kH lo4kD k 2 ~  k 2 ~  
("c) (1M) 6-'1 ( s )  (C mol-' s-I)  (C mol-' s-') k2,/k2, 

*Initial concentration of substrates = 5 x 10-5 M. 

Results and Discussion 
Pseudo first-rate constants were determined at 

five different temperatures by following the 
appearance of the olefin product at  325 nm for 
the trifluoro com~ounds  and 380 nm for the 
monofluoro derivatives in the presence of a 
large excess of sodium methoxide in methanol. 
The observed first-order rate constants gave 
straight lines when plotted against the methoxide 
concentration, indicating second-order kinetics. 
The second-order rate constants for both the 
normal and deuterated compounds are shown 
in Tables 1 and 2, together with the isotopic rate 
ratios. The precision of the second-order rate 
constants is estimated to be F2x. 

Since the reactions are second order and no 
absorption in the visible or uv which could be 
attributed to the carbanion was observed. 
neither of the substrates reacts via the stable 
carbanion mechanism under these conditions. 
However, the 2,2-di-(p-nitrophenyl)-I , 1,l-tri- 
fluoroethane shows no primary isotope effect, 
characteristic of the preequilibrium carbanion 
(ElcB), mechanism. An exchange experiment 

showed that this substrate. recovered after re- 
acting for one half-life, had fallen froin an 
original deuteration level of at least 987; to about 
75%. Thus, the trifluoro compound clearly reacts 
via the (ElcB), mechanism which is not incon- 
sistent with McLennan's finding of the irrever- 
sible carbanion mechanism (ElcB), for the 
trichioro compound, since chlorine is a better 
leaving group than fluorine. 

The second-order rate constant for the tri- 
fluoro compound may be compared to those 
reported by McLennan and Wong (7) for the 
substrates 2,2-di-(p-R-pheny1)-1, I ,1-trichloro- 
ethanes reacting with sodium methoxide in 
methanol at  30°C. These authors demonstrated 
that these compounds reacted via an irreversible 
ElcB mechanism by comparison of the Br~nsted 
plot for carbanion formation from hydro- 
carbons in the same medium, with the dehydro- 
chlorination reaction. McLennan and Wong 
calculated pk', values for these substrates using 
several assumptions (7) which give rise to a large 
uncertainty in the pK,. However, a valid com- 
parison can be made between our results and 
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TABLE 2. Rate constants and isotopic rate ratios for the reaction of CH,FCH(p-C,H,NO,),* (k,) 
and CH,FCD(p-C6H4N0,)2" (k,) with sodium methoxide in methanol 

Temperature 103[0Me] 104kH 104ko ~ Z H  k2 D 
ccC) of) (s-l) (SKI) (t'm01-I S-l) (emol-I s-l) kzH/k2, 

*Initial conceiltration of substrates = 2.5 x M 

theirs by calculating pK, values using the same 
assumptions. On this basis, the trifluoro com- 
pound has a pK, of 11.3 and the monofluoro 
compound a pK, of 19.6, and the results are 
compared in the plot of log k ,  cs. pK, shown in 
Fig. 1. From this graph it is predicted that if the 
trifluoro compound were reacting by an irrever- 
sible ElcB. the second-order rate constant 
should be 9.1 C mol-I s- l ,  whereas the point 
lies well below the line with k ,  = 0.61 C mol-I 
s - l .  Thus. the observed rate of dehydrofluorina- 
tion is less than the predicted rate of carbanion 
formation for this compound, consistent with the 
postulate of an (ElcB), mechanism. 

The mechanism of the monofluoro compound 
is clearly different, since it shows a primary 
isotope effect of k,/k, = 2.8 at 30°C and also 
reacts about eight times slower than the trifluoro 
compound. However, its rate constant of 0.073 C 
mol-l s-I at  30°C is co~lsiderably higher than 
the value of 0.01 Cinol-I s-I predicted by the 
results of McLennan and Wong (Fig. 1) for the 
irreversible ElcB nlechanism. Thus, the mono- 
fluoro compound is observed to react in the 

FIG. 1. Plot of log k2 against pK, for a-elimination 
reactions of substrates (p-RC,H4)2CHCC13 (3) with 
sodium methoxide in methanol (a) (1) 2,2-di-(p-nitro- 
pheny1)-l,l,l-trifluoroethane, (2) 2,2-di-(p-nitropheny1)-1- 
fluoroethane. 

dehydrofluorination about sever, times faster 
than it is predicted to form carbanions. A mixed 
mechanism, (ElcB), and E2, is excluded by the 
exact linearity of the activation parameter plots. 
Therefore, it is concluded that the monofluoro 
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compound reacts via an E2 mechanism. The 
small isotope effect of 2.8 shows that the tran- 
sition state structure is unsvminetrical and there 
is no doubt, from the observation that di- 
(p-11itrophenyl)methane readily yields a car- 
banion oil treatment with alkoxides in alcohol 
(8, 9), that the extent of C-H bond rupture 
must be considerably greater than that of C-F 
bond rupture. Thus, the mechanism is E2, with 
a carbanion-like transition state. 

The activation parameters calculated from the 
data in Tables 1 and 2 are given in Table 3, with 
those for the trichloro compound (10) included 
for comparison. It  can be seen that the dominant 
factors controlling the rate differences lie in the 
entropy term. The parameters for the trifluoro 
compound show a high enthalpy of activation 
which contains a component arising from the 
C-F bond rupture whereas the enthalpy of 
activation for the monofluoro compound is 
lower and the entropy of activation negative, 
quite similar to the activation parameters 
observed in proton transfer reactions from 
carbon acids (1 1). This is consistent with a 
carbanion-like E2 transition state for the niono- 
fluoro compound. 

The isotope effects on the enthalpy of activa- 
tion are the same for the monofluoro and 
trichloro derivatives, while the entropy isotope 
effects are both small but in the opposite 
direction. (AS,* - AS,') for the monofluoro 
compound is + 1.1 cal mol-I deg- l ,  while the 
corresponding quantity for the trichloro com- 
pounds is - 1 cal mol-' deg-I (10). Positive 
values for this quantity are commonly observed 
and partially cancel the enthalpy difference 
giving a small isotope effect. Negative values, 
while unusual, have been reported on several 
occasions (8, 9, 12, 13) and cnliance the rate 
ratio. However, the activation parameters 
quoted by McLennan and Wong (10) are based 
on rate constant measurements at  only two 
different temperatures, so the uncertainties may 
be large. 

Experimental 
Materinls 

Anhydrous methanol was prepared by drying com- 
mercial absolute methanol with Mg turnings and frac- 
tional distillation. The traces of basic material were 
removed by fractional distillation from anhydrous 
sulfanilic acid. 

Sodium methoxide solutions were prepared by dis- 
solving clean sodium metal in methanol in flasks pro- 
tected from moisture and carbon dioxide. The concentra- 

TABLE 3. Activation parameters for the p-elimination 
reactions of 2,2-di-(p-nitropheny1)fluoroethanes with 

sodium nlethoxide in methanol 

AH* AS* 
(kcal (cal mol-' 

Substrate mol-') deg-') 

CF3CH(p-CfiH4N02)2 1 9 . l i 0 . 3  +3 .6*1 .0  
C F ~ C D ( P - C ~ H ~ N ~ ~ ) ~  1 9 . 4 F 0 . 4  + 4 . 3 + 1 . 3  
C H Z F C H ( P - C ~ H ~ N O ~ ) ~  1 5 . 2 F 0 . 2  - 1 3 . 7 i 0 . 5  
CHZFCD(p-C&14hT0z)2 i 6 . 2 i 0 . 2  - 1 2 . 6 F 0 . 5  
CCl 3CH(p-C6J34N02)2* 17.6  + 6 
CC13CD(p-C6H4N02)2* 18.5  + 5 

tion of rnethoxide was determined by titration with 
standard HCI solution using methyl red as indicator. 
2,2-Di-(p-nitropheny1)-1 ,I ,1-trifluoroethane and 2,2-di- 
(p-nitropheny1)-1-fluoroethane wpere prepared by methods 
described by Kaluszyner et rrl. (13) and Bergmann and 
Kalmus (15). Ethyl esters of trifluoroacetic acid and 
n~onofl~~oroacetic acid \\ere converted to the diphenyl- 
carbinols by treatment with phenylmagnesium bromide 
on a half mole scale. The reaction with the trifluorocstcr 
required refluxing for 1% h, but the monofluoroester went 
readily at 0-C in 15 min. The carbinols were reduced with 
red phosphorous in a mixture of hydriodic and glacial 
acetic acids by refluxing for 10 days. The diphenyl- 
fluoroethanes were finally nitrated with a mixture of 
nitric and sulfuric acids. The oily products were crystal- 
lized several times from methanol. Ci,H,F,N204:mp 
120-122'C. Annl. calcd.: C 51.5, H 2.8, N 8.6; found: 
C 51.0, H 2.8, N 8.5; nmr (CDC13) 6 4.89 ( lH ,  q ,  J = 
8.5 Hz), AA'BB' pattern 7.4-8.3 (4H). C,4H,,FN20,:  
mp 82-84'C. Anal. calcd.: C 57.9, H 3.8, N 9.6,; found: 
C 58.1, H 3.7, N 9.7,; nmr ((CD,),SO) 6 3.39 (2H, 
d, J = 8.0 Hz), 4.38 (IH, t, J = 8.0 Hz), AA'BB' 
pattern 7.6-8.4 (4H). 

The deuterium conlpounds were prepared from the 
diphenylcarbinols by reduction ~ i t h  red phosphorous and 
iodine in deuterated acetic acid. The products were 
nitrated and crystallized from methanol. The tertiary 
hydrogen nmr signals at  6 4.89 and 4.38 were completely 
absent in the deuterated compounds, indicating at least 
9 8 z  deuteration. 

Product Annlysis 
The reaction of the trifluoro compound was carried 

out on a 10-20 mg scale and the product was recovered 
by removal of the methanol, followed by repeated 
extraction with diethyl ether and then with chloroform. 
After removal of solvent, the nmr spectrum showed only 
aromatic hydrogen peaks. The mass spectrum gave a 
molecular ion at  306 au and the uv absorption a i.,,, = 
325 nm, E = 15 000. Thus, there is no  doubt that the 
product is the olefin formed by elimination of H F  from 
the substrate n~olecule. 

Kinetic Measurements 
The reaction rates were measured using a Unicam 

SP800 spectrophotometer fitted with a temperature con- 
trolled cell block with a capacity of four cells. The 
absorbance of the olefin products was monitored at a 
fixed wavelength of 325 nm for the trifluoro and 380 nm 
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1700 CAK .I. CHEM. 

TABLE 4. Run 25.14; temperature 25.OCC; initial concen- 
tration CH,FCH(p-C6H4N02)2L= 2.5 x >ll; initial 

concentration C H 3 0 ~ a  = 0.010 M 

Time (min) x, (absorbance) x2 (absorbance) 

Guggenheirn analysis yields k ,  = 5.53 x s - '  

for the monofluoro product, which are the maxima of 
their uv spectra. The absorbance values at definite times 
were read directly from the chart paper and the first- 
order rate constants were calculated by the Guggenheirn 
method. Each run was carried out in triplicate with the 
aid of an automatic cell changer and the rate constants 
recorded in Tables 1 and 2 are the means of three runs. A 
sample run is given in Table 4. 
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Open-chain nitrogen compounds. Part 11.' Preparation, characterization, 
and degradation of 1(3)-Aryl-3(1)-methyltriazenes; the effect of 

substituents on the reaction of diazonium salts with methylamine2 
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Deptrrtnzent qfClzemi.ct/.y, Saint Mary's  U n i ~ ~ e r s i t y ,  Halifax, N.S . ,  Ccinada B3H3C3 
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T. PATRICK AHERK, HANDRICK F o ~ G ,  and KEITH VAUGHAN. Can. J. Chem. 55, 1701 (1977). 
Treatment of the diazonium salts, X,C6H4N,+, with aqueous methylamine affords good yields 

of the mono~nethyltriazenes, X.C,H,.N=N.NHMe, when the substituent is a strongly electron- 
withdrawing group (X = o-, HZ-, and p-NO,; o-, m-, and p-C0,R; p-CN and p-COCH,). 
Preparation of the triazene from the p-bromobenzene diazonium salt was accompanied by 
formation of a pentaazadiene. Monomethyltriazenes were not obtained when dlazonium salts 
containingothersubstituents(X = H,p-CH,, O-CF,,~-CI,~-F,~-NM~,,~-OH,~-OCH,,~-P~,~- 
NHCOCH3) were treated with methylamine. In these cases the products were either penta- 
azadiene, or 1,3-diaryltriazenes or unstable materials. The monomethyltriazenes vary con- 
siderably in stability and give rise to a number of different degradation products, which were 
either diaryltriazenes or 3-alkyl-1,3-diaryltriazenes or simply arylamines. l(3)-(p-Nitropheny1)- 
3(1)-methyltriazene was found to be a moderately effective methylating agent. 

T. PATRICK AHERX, H A ~ D R I C K  FONG et KEITH VAUGHAN. Can. J. Chem. 55, 1701 (1977) 
Le traitement de sels de diazonium X.C6H4Nzi avec de la methylamine en solution aqueuse 

conduit avec de bolls rendenlents aux monomethyltriazenes, X.C,H,.N=N.NHMe quand le 
substituant est fortement electroaffinitaire (X = o-, m-, et p-NO,; o-, 111- et p-C0,R; p-CN et 
p-COCH,). La preparation du triazene a partir du sel dep-bromobenzene diazonium est accom- 
pagnee par la formation d'un pentaazadiene. On n'obtient pas de n~ononiCthyltriazenes quand 
on traite les sels de diazonium contenant d'autres substituants (X = H, p-CH,, o-CF,, p-Cl, 
p-F, p-NMe,, p-OH, p-OCH,, p-Ph, p-NHCOCH,) par de la methylamine. Dans ces cas, les 
produits sont soit un pentaazadiene ou des diaryl-1,3 triazenes ou des composCs instables. La 
stabilite des monomethyltriazenes varie considirablement; leur degradation conduit a un cer- 
tain nombre de differents produits q ~ ~ i  sont soit des diaryltriazenes ou des alkyl-3 diaryl-1,3 
triazenes ou simplenient des arylamines. On a trouve que le p-nitrophenyl-l(3) methyl-3(1) 
triazene est un agent methylant lnoderement actif. 

[Traduit par le journal] 

lntroduetion 
I-Aryl-3-alkyltriazenes can be obtained by the 

reaction of aryl azides with aliphatic Grignard 
reagents (3,4), or, in some instances, by reaction 
of diazonium salts with alkylamines (1, 5) .  
Monomethyltriazenes have significant carcino- 
genic activity (6, 7), and have been implicated 
(8) as metabolites in the carcinogenesis of 1- 
aryl-3,3-dimethy!triazenes, which have shown 
considerable potential as antitumour agents (9). 
The activity of monomethyltriazenes is believed 
to derive from the facility with which they 
methylate biological substrates, such as the 
heterocyclic base units of nucleic acids (10). 

'For part I, see ref. 1. 
'Preliminary communication, see ref. 2. 
,Author to ~ h o m  all correspondence should be sent. 

(Present address. until Aunust 1977: De~ar tment  of 
Pharmacy, University of  ton, ~irmingham,  England 
B4 7ET.) 

Chemically, methylation by monomethyltri- 
azenes is also known, as for example in the 
esterification of carboxylic acids ( I  I ) .  Clearly, 
an understanding of the formation and proper- 
ties of ~nonomethyltriazenes is important from 
both chemical and pharmacologicaI viewpoints. 

In part I (I) ,  the reaction of diazotized an- 
thranilate esters with primary aliphatic amines 
was shown to give excellent yields of semi-stable 
I-aryl-3-alkyltriazenes. which were formed with- 
out contamination by pentaazadiene. This result 
was surprising because it has been stated (12, 13) 
that the reaction of diazonium salts with primary 
alkylamines is complicated by the formation of 
pentaazadienes due to further coupling of the 
diazonium ion with the triazene. In a subsequent 
communication (2), it was shown that, in general, 
diazonium salts with strongly electron-with- 
drawing substituents in the aryl group give rise 
to pentaazadiene-free triazenes when treated 
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with methylamine. This report gives a full 
account of the reactions of a number of diazon- 
ium salts with methylarni~lc and describes the 
characterization and degradation of the mono- 
methyltriazenes forlned in these reactions. 

Experimental 
Melting poil!ts mere recorded on a hot-stage apparatus 

(Reichert) and are corrected. Infrared spectra were 
recorded ~ v i t h  Nujol suspensions o n  a Perkin-Elmer 
model 467 grating spectrophotorneter; nmr  spectra were 
measured on  a Varian A-60A spectrometer using tetra- 
methylsilane as internal standard. Mass spectra were 
recorded with a DupontiC.E.C. Model 21-491 spectrorn- 
eter using direct insertion. 

1 j 3  j -A?!,/-3(1) -methyltrinzetres (20-h) 
C e n e r ~ l  Proced~rrr 
A solution of the aromatic amine (0.006 mol) in 2 IM 

hydrochloric acid (9.0 ml), diluted mith \%ater (20 ml), 
was diazotized at  0 -C with sodium nitrite (0.45 g) in mater 
and the resulting solution stirred for 1 h,  o r  until clear. 
The diazoniuni salt solution was treated with 40% aque- 
ous methylamine (2.8 n ~ l ) ,  whereupoll a precipitate of 
the triazene usually appeared immediately. Sometinies 
the precipitate u a s  gurnlny in texture and required 
careful purification to obtain crystalline material without 
decomposition. In  one case (2g), the triazene u a s  formed 
initially as a viscous, oily precipitate which \\as isolated 
by extraction into chloroform. 

This procedure afforded the following tria7enes. 
113)-(~1-Nitropl1etryl)-311)-t11c~tlryltriazet1~~ (2a)-(0.62- 

0.95 g, 57-889.',), n ~ p  11 1-1 13-C (benzene) (lit. (5) m p  
114 C);  v,,, 3180, 3140, 1605, 1600, 1515, 1340 cm- ' :  6 
(CDCI,) 3.5 (br s, 3H, N-Me), 7.4 (br d,  2H, aromatic), 
8.13 (d, J = 9 Hz, 2H, aromatic), and 9.2 ppm (br s, IH,  
N H ) ;  M +  180(417) (C7H8N4O2),  ni ,e  165(l%) (!W - 
CH,), 150(77:) ('M - CH,NH),  138(97%) (.M - 
CH,N,), 122(100z) (C,H,NO,), 108(20$;), 106(12%), 
and 92(74%). 

l ( 3 )  -ip-Cj.~lnopherryI) -3(1) -1iiethyItric1zet1e (2b)-(0.8 1 
g, 83%) m p  135.5-136 C (dec.), (yellow prisms J'rom 
benzene - petroleum ether); v,,, 3185, 3155, 2220, and 
1605 cm- ' ;  6 (CDCI,, t 5 5  C)  3.40 (br s, 3H, N-Me), 
7.3-7.8 (ni, 4H,  aromatic), and 8.6 (br s, l H ,  NH):  6 
(CDCI,, -30 C) 3.22 (d, J = 2 Hz, NHMe), 3.62 (s, 
=N-Me), 7.15-7.85 ( n ~ ,  aromatic), 8.4 (br s, NH) ,  and 
9.7 (br S, N H ) ;  M +  160(31%) (C8H8N,+), til/e 132(16%) 
(IW - N,), 130(34%) (IM - CH,NH),  120(1%) (CiH6- 
NO), 118(78Vl,) ( A 1  - CH,X2),  102(100z) (NC.C,H,), 
and 92(17%). 

113) -(p-Acrtylpl~etl~~lj  -3-r~iethyltrinzene (2c)-(0.77 g, 
7 3 > 9  as a yellow gummy solid uhich recrystallized from 
benzene- petroleum ether ~ i t h  rnp 90-92 C ;  v,,,,, 3180, 
3160, 1660, and 1600 cn1-'; 6 (CDCI,) 2.56 (s, 3H, acetyl 
Me), 3.43 (br s, 3H, N-Me), 7.33 (br d,  J = 8 Hz, 2H, 
aromatic), 7.96 (d, J = 8 Hz, 2H, aromatic), and 8.8 
(br s, l H ,  N H ) ;  M +  177(50%) (C,H,,N,O), mle 162 
(0.4%) (iM - CH,), 149(16%) (114 - N2),  147(409.',) 
(M - CH,NH),  135(987) (:M - CHlN,) ,  134(53%) 
(M - C H 3 C 0 ) ,  120(10OW3 (C7H6NO),  106(27%), 92 
( 5 7 3 ,  and 77(37%). 

1 j 3 )  - jp - . \ / I~~thox j~mi .bo t~~lp /~e t iy l )  -3 f 1) -~?~ethj,ltrirrzene 
(24')-(0.98 g, 84%), m p  94-96'C (from benzene) (lit. (5) 
m p  97.5-C); v,,,, 3180, 3160, 1705, and 1600 c m - ' ;  6 
(CDCI,) 3.40 (br s, 3H, N-Me), 3.88 (s, 3H, 0-Me) ,  7.31 
(br d,  J = 8 Hz, 2H, aromatic), 8.0 (d, J = 8 Hz, 2H, 
aromatic); M +  193(53%) (CIIH,,N3O2),  rnie 190(0.7%) 
(:M - H,), 165(92) ( M  - N2), 151(652) ( M  - CHzNz),  
133(13%), 134(17%) (:M - COZCH,), 120(100?<) 
(C7H,N0),  106(3.5%), 103(5%); 92(27%). 

1 /31  - 1p - Erl~osycorbonylp/~et~j~I) - 311) - rncthyltriazene 
/2e)-(yield 64%) rnp 83-85 C (benzene - petroleum 
ether): v,,,,, 3200, 3180, 1710, and 1610 c m - ' ;  6 (CDCI,) 
1.35 (t, J = 7 Hz, 3H, C-Me), 3.35 (br s, 3H, N-Me), 4.33 
(q. J = 7 Hz, ZH, 0-CH,) ,  7.30 (br d,  J = 8 Hz, 2H, 
aromatic), and 8.0 (d,  J = 8 Hz,  2H, aromatic). 
I(3)-ir~1-!VitrophetlyIj-3f I j-rnethj./triozene (2f)-(0.65 

g,  60%), Inp 94-96-C (from ether - petroleum ether); 
v,,,, 3380, 1580(W), 1535, and 1345 cni- ' :  6 (CDCI3) 
3.32 (s, 3H, N-Me), 7.3-8.3 (m, 4H, aromatic), and 8.5 
((71' S, I H ,  N H ) ;  M -  180(41%) (C7H8N4O2);  til'e 
165(0.3%) (114 - CH,), 164(0.6%) (M - O), 150(77%) 
(.\I - CH3NH),  138(36:) ( A t l l  - - H a N , ) ,  122(10076) 
(C6H4N02),  108(4.6%), 106(12%), 92(684,). 

l ( 3 )  - /t~~-:\lethox~~~n~~bonylp!~c~t~yl) -3 (1) - t~iet l~j~/tr iozet~c~ 
(2~)-(1.19 g, 90x1, m p  107-1 10-C (froni benzene); 
\, ,,,, 3240 and 1720 c m - I :  b (CDCI,) 3.26 (br s, 3H, 
N-Me), 3.86 (s, 3H, 0-Me) ,  7.3-8.3 (m, 4H, aromatic), 
and 9.1 (br s, l H ,  NH) .  

l-Metk,yl-3-(o-t1itrophet~~~l) trinzrr~e /2/1)-(0.8 I g, 75x1, 
m p  38-40-C; v,,,, 3330, 1615, 1520, and 1340 c m - ' ;  
6 (CDCI,) 3.65 (s, 3H, I\;-Me), 6.8-8.3 (ni, 4H,  aro- 
matic), and 11.5 (br s, I H ,  NH) .  The o-nitrophenyltri- 
azene decomposed completely within h o ~ ~ r s  of prepar- 
ation, even uhen  stored in a vacuum desiccator. Some 
samples were found to contain o-nitroaniline after de- 
con~position. 

Attempted pr~7~1orariorz of l-(o-Cyanopl1enylj-3-1~1ethyl- 
rrii~zer~e 

Anthra~lilonitrile (0.75 g) u a s  dissolved in hot 2.5 :M 
hydrochloric acid (10 ml) diluted with water (20 n ~ l ) ,  and 
diazotized at 0 C with sodium nitrite (0.45 g). Aqueous 
methylamine (2.8 nil of 404,) \bas added to  the clear 
solution and a yellow colouration developed, folloued 
by the formation of a bro\vn, oily precipitate. The 
mixture was extracted lvith chloroforn?: the residue in the 
chloroform (yield 0.96 g) displayed triazene character- 
istics in the ir spectrum, v,,,, 3400 (NH),  2210 (C-N), 
and 1480 (N=N) cn i - ' ,  but decon~posed immediately. 

Reactiorz of p-Brotl~obenzene Diaroniutn Chloride ~ , i t h  
~ e t l 1 y L m i n e  

11-Bromoaniline (1.03 e)  was dissolved in 2 ,M hydro- 
chioric acid (9 ml), diiuted with water (20 ml); and 
diazotized at  O'C with sodium nitrite (0.45 g). The clear 
diazonium salt solution was treated lvith 40% aqueous 
niethylamine (2.8 ml) in one portion. A yellow precipitate 
separated immediately, which was filtered to yield a 
solid mixture of 1(3)-(p-bron1ophenyl)-3(1)-methyltri- 
azene (21) and 1,5-bis-(p-bromopheny1)-3-methylpenta- 
azadiene (7b) (approximate proportion 9 :  1) (1.02 g), m p  
68-70'C; v,,,, 3190, 3160, 1590, and 1540 cm-' :  6 
(CDCI,) 3.25 (s, triazene N-Me), 3.76 (s, pentaazadiene 
N-Me), and 7.1-7.6 (m, aromatic). Recrystallization of 
the solid mixture from ethanol - dimethyl sulfoxide 
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ET AL. 1703 

resulted in decomposition and formation of a different 
high melting solid, mp 180-183'C; v,,, 1570 (W) cm-', 
which could not be identified. 

1,3-Bis- (o-tripuorolnethylphenj~l) triazet~e /4d) 
o-Aminobenzotrifluoride (0.97 g) in 2 M hydrochloric 

acid (9.0 ml) was diazotized at O'C with sodium nitrite 
(0.45 g). The diazoniuni salt precipitate was dissolved by 
dilution and 40% aqueous methylamine (2.8 ml) was 
added in one portion. The yellow solution was stirred 
for 0.5 h and filtered to afford an off-white solid. Re- 
crystallization froni ethanol gave 1,3-bis-(o-trifluoro- 
methylphenyljtriazene (51 mg) mp 177-179'C (lit. (19) 
mp 170-171.5'C); v,,,,, 3355, 1610, and 1590cni-': 6 
(CDCI,) 7.1-7.9 (ni, 8H, aromatic), 9.7 (br s, IM, NH) ;  
M I  333(1%) (CI4HON3F6),  n , ' e  314(1%) ( M  - F), 
305(16%) ( M  - Nz), 216(17,), 173(487,',) (CF,C,H,N,), 
160(4%) (NH.C,H,CF,), 145(100%) (C,H,CF,), 131(4%) 
( C ~ H S N ~ ) ,  115(4%), 104(4%). 

~,3-Bis-fy-r~itrophrrr~~l)-3-~~irthylfriazene 13a) 
The y-nitrophenyltriazene 20 recrystallizes unchanged 

from benzene xhen the crystallization is done quickly. 
Prolonged heating in benzene solution or in alcohol, 
resulted in deconiposition. The product of the decom- 
position was identified as 1,3-bis-(p-nitropheny1)-3- 
methyltriazene (yield 31%) mp 228-230'C (froni ethanol) 
(lit. (14) mp 219'C); v,,,, 1600, 1590, 1500, and 1330 
cnl-'; 6 (DMSO-d,) 3.35 (s, N-Me), 7.43 (d, J = 9 Hz, 
aromatic), and 7.91 (d, J = 9 Hz, aromatic); M +  
301(2%) (C13H11N504); r11;e 273(4%) (M- N,), 180(2%) 
(144 - C,H3NO2), 166(1%) (M - C6H3NzO2), 150(76%) 
(NzC6H4N02 or CHzN,C6H,N02), 122(100%) (C6H4- 
NO,), 105(14%), 92(26%). 

1,3-Bis-(o-nirrophet~yI)-3-methyltricizene (36) 
I-Methyl-3-(0-nitropheny1)triazene was dissolved in 

9 5 2  ethanol at room temperature. After standing, a 
yellow solid separated, which mas identified as I ,3-bis- 
(0-nitropheny1)-3-methyltriazene (yield 3%) mp 107- 
llOCC (from ethanol), v,,,, 1600, 1520, and 1355 cm-'  ; 
M +  301(2.4%) ( C I 3 H 1  INS04)  rn/e 273(2%) (dbf - N2), 
255(0.4%) ( M  - NOz), 180(2%) (IM - C,H,NO,), 
167(0.6%) (1M - CsH2Nz02) ,  150(1007,) iNzC6H4NOz 
or CHzNC,H,N02), 123(30%) (C,HsN02),  105(4.4%), 
92(22%',). 

I ,3- Bis- (p -n~erhos j~cnrbony /p /~~~n j~ I )  rrinzene i4c) 
The 11-methoxycarhonylphenyltriazene 2d recrystallizes 

unchanged from benzene when the crystallization is done 
quickly. However, recrystallization in ethanol, and also 
on occasion in benzene, when heating is prolonged, 
results in decomposition. The product of decomposition 
was identified as the bis-(y-methoxycarbonylpheny1)tri- 
azene 4c (yield 10%) mp 205-210'C (from benzene) (lit. 
(15) mp 218-219'C); v,,, 3230, 1720, 1710, 1690, and 
1610cm-' ; 6 (CDCI,) 3.93 (s, 6H, 0-Me), 7.46 (d, J = 
8 Hz, 4H, aromatic), and 8.06 (d, J = 8 Hz, 4H, aro- 
matic): M + 313(0.6%) (Cl,H1sN30,), nz/e 285(7%) 
( M  - N,), 254(8%) ( M  - CH3C02) ,  194i0.67,) (C,- 
H J N ~ C ~ H ~ ) ,  161(37%) (CH302CCsH4N2), 135(100%) 
(C6H4C0,CH3), 120(25%) (C7H6NO), 103(25%,), 92(7%). 

Reactiotz of o-Airro~enzeneclinzoni~rrlz Salt wit11 Att7fnotiia 
o-Nitroaniline (0.83 g) mas dissolved in 2,W hydro- 

chloric acid (9.0 nil), diluted uith water (100 ml), and 

diazotized at OcC with sodium nitrite (0.45 g) over a 
period of 1 h. The clear solution was treated with con- 
centrated ammonia (2.18 ml) in one portion and, after 
stirring for 5 min, the precipitate was collected to yield an 
unidentified reddish-brown solid (77 nig), which rapidly 
decomposed. On  standing, further precipitation in the 
mother liquor produced o-nitroaniline (19 mg) identical 
with a comn~ercial sample. 

Reaction of Benzenrdiazot~ium Chloride with .Vfethylntnine 
(cr) 1,5-Diphetiyl-3-methylpentorrzadiene (70) 
Aniline (0.635 g) was dissolved in 2 !M hydrochloric 

acid (9.0 ml), diluted with water (20 ml), and diazotized 
at OcC with sodium nitrite (0.45 g). After stirring for 
0.75 h, the diazonium salt solution was treated quickly 
with 40% aqueous methylamine (2.8 ml). The yellow 
precipitate was filtered to afford the pentaazadiene 
(0.56 g), mp 109-110 C (lit. (16) mp 112-113'C) (yellow 
needles from benzene or ethanol); v,,,,, 1580 (W) cm- ' ;  
6 (CDCI,) 3.81 (s, 3H, N-Me) and 7.3-7.8 (m, 10H, 
aromatic). 

ib) 1,3- Dip/renj~lrriuzet~c~ 140 j 
The procedure in (a) was repeated uith a smaller 

volume (1.Oml) of 40% methylamine, added in three 
successive portions (0.5, 0.3, and 0.2 nil) immediately 
after the addition of sodium nitrite. A precipitate 
appeared froni the yellow solution after 5 min, and the 
mixture was filtered to yield 1,3-diphenyltriazene (0.22 g, 
27%), identical with a sample prepared below. 

Reactions of Ber~zerrediazot~i~i~~ Cliloridc 
(a) With Acetatrride 
A solution of acetamide (1.5 g) in mater was added to 

a solution of benzene diazonium chloride (0.006 mol) in 
one portion at  OcC and the solution remained clear. 
Sodium acetate (6 g) was added, uhereupon the solution 
turned yellow and a precipitate slowly appeared. After 
stirring for 1 h, the solid was filtered and recrystallized 
from petroleum ether to give 1,3-diphenyltriazene (0.28 
g, 4779, mp 95-97-C (lit. (17) nip 98-99*C), v,,,, 3150 
and 1590 cnl-', identical with a sample prepared by 
diazotization of aniline alone. 

i b j  With Urea 
Likewise, a solution of benzene diazonium chloride 

(0.006 mol) was treated with a solution of urea (1.36 g), 
followed by addition of sodium acetate, whereupon 1,3- 
diphenyltriazcne (78 nig) precipitated. 

(c) With Sodiun? Acrfate 
Treatment of a solution of benzene diazonium chloride 

(0.006 mol) with an excesc of sodium acetate produced a 
yellow solution which, after standing for 1 h, afforded a 
yellow precipitate of 1,3-diphenyltriazene (0.11 g). 

1,3-Bis- (p-tolyl) trinzene 146) 
p-Toluidine (0.64 g) was dissolved in 2 1M hydrochloric 

acid (9 ml), diluted with water (100 nil), and diazotized 
at 0°C with sodium nitrite (0.45 g). Aqueous methylamine 
(2.8 ml of 40%) was added in one portion, whereupon 
the solution went cloudy. After 5 min, the tan-coloured 
precipitate was filtered and triturated with methanol. 
The methanol solution was filtered and the filtrate diluted 
with water to afford, 1,3-bis-(p-tolyl)triazene, mp 116°C 
(lit. (18) mp 116.5'C), v,,,, 3170 and 1605 cm-', identical 
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with a sample prepared by diazotization of p-toluidine 
alone. 

3-Merl7yl-l,2,3-brrzzorrinzin-4-one 
Anthranilic acid (0.86 g), dissolved in 2 M hydrochloric 

acid (9.5 ml) and diluted with water (20 ml), was diazo- 
tized at O'C with sodium nitrite (0.45 g) and treated with 
40% aqueous methylamine (2.8 ml). The solution turned 
yellow, but no immediate precipitate was observed. After 
standing overnight a white precipitate had formed, which 
was filtered to yield 3-methyl-1,2,3-benzotriazin-4-one 
(0.175 g) mp 121-122'C, identical in all respects with an 
authentic sample (1). 

Chlorofor~n extraction of the mother liquor afforded a 
second batch of the triazinone (0.135 g), nlp 116-120'C. 

Methylatiot~ of 3,5-Dinirrobenzoic Acid 
The p-nitrophenyltriazene 2a (0.63 g, 3.5 n ~ n ~ o l )  was 

suspended in ether (10 ml) and stirred at room tempera- 
ture while a solution of 3,5-dinitrobenzoic acid (0.75 g) 
in ether (20ml) was added dropwise. The mixture was 
left for 17 h at room temperature, filtered, and partially 
evaporated. The crystalline precipitate was separated to 
give methyl 3,5-dinitrobenzoate (0.14 g). Evaporation of 
the ether filtrate gave a red, oily residue which solidified 
on standing. The solid was scrubbed with 2 Nhydrochloric 
acid, filtered, washed with water, scrubbed with 5% 
aqueous sodium carbonate, filtered, washed with water, 
and dried to give a second batch of methyl 3,5-dinitro- 
benzoate (combined yield 0.72 g), which was identical 
with a sample obtained from reaction of 3,5-dinitro- 
benzoyl chloride with methanol. 

Discussion 

Treatment of the para-substituted benzene 
diazonium chlorides la-e with methylamine in 
aqueous solution gave good yields of the mono- 
methyltriazenes 2a-e. The meta-substituted tri- 
azenes 2f and g were also obtained readily from 
the corresponding diazonium salts If and g.  
However the o-nitrophenyltriazene 2h was ob- 
tained only with considerable difficulty; treat- 
ment of o-nitrobenzene diazonium salt with 
methylamine frequently resulted in decomposi- 
tion. The meta- and uara-substituted triazenes 
20-g are moderately stable yellow solids, but 
usually deconlpose on standing, with the ex- 
ception of the p-cyanophenyltriazene 26, which 
appears to be completely stable. By contrast, 
the o-nitrophenyltriazene 2h decomposes very 
quickly in the solid state and in solution. As 
previously described (1, 20), the o-alkoxy- 
carbonyl- and o-acetylphenyltriazenes 2i and 2 j  
are also unstable and readily cyclize to benzo- 
triazinones and methylenebenzotriazines, re- 
spectively. In the present work, the triazene 
obtained by coupling ~nethylamine with diazo- 
tized anthranilic acid cyclized spontaneously to 
afford 3-methyl-1,2,3-benzotriazin-4-one. The 

product of the reaction of methylamine with o- 
cyanobenzene diazonium salt displayed ir charac- 
teristics of the o-cyanophenyltriazene 2 (X = 
o-CN), but decomposed very quickly preventing 
full characterization. 
- 

As described more fully elsewhere (2!), the 
spectral properties of the para-substituted 
phenyltriazenes 2a-e show that these triazenes 
exist as a mixture of tautorners in equilibrium 
(ArN=NNHMe % ArNHN=NMe). The N- 
methyl proton resonances in the nmr spectra of 
2a-e are considerably broadened by the tauto- 
meric equilibrium; the presence of both tauto- 
rners was confirmed in the case of the p-cyano- 
derivative 26 by low temperature nmr measure- 
ment. The infrared spectra of these triazenes also 
give evidence for two tautomers. Two bands 
appear in the regions 1415-1430 and 1480-1485 
cm- ' ,  assigned to the azo-group (N=N) 
stretching vibration in the 1-aryl- and 3-aryl- 
tautomers, respectively. Furthermore, the para- 
substituted triazenes 20-e show two N H  
absorption bands in the ir a t  3140-3160 and 
3 180-3185 cm- l ,  whereas the ortho-substituted 
triazenes 2h and 2i display only one N H  band 
a t  3300-3330 cnl-'. The low temperature nmr 
study showed conclusively that the o-ethoxy- 
carbonylphenyltriazene 2i (R = Et) (and by 
analogy the o-nitrophenyltriazene 212) exists 
solely as the 3-aryl tautomer. 

The structures of the monomethyltriazenes 
were confirmed, whenever possible, by mass 
spectral analysis: the observed fragmentation 
pathways are shown in Scheme 1. The 191- and 
p-nitrophenyltriazenes have strikingly similar 
mass spectra showing fragments arising from 
pathways (a) N-methyl fragmentation, (b) 
fragmentation a t  N,-N,, (c) loss of the frag- 
ment diazomethane, CH,N,, and (d) N-aryl 
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S C H ~ M E  I .  Mas\  spectral fragmentation of 1(3)-AryI-3( 1)bmeth) ltriazenes 

fragmentation. Surprisingly, the nitro-derivatives 
did not show fragmentation by direct loss of N, 
(path f ) ,  although this pathway was clearly 
evident in the fragmentation of other yuru- 
substituted triazelies 2b, c, and d. The p-acetyl 
derivative 2c and the ester 2d fragmented by 
loss of the substituent, X, unlike the nitro- and 
cyanophenyltriazenes. These results are signifi- 
cantly different f r o ~ n  the mass spectra reported 
(22a)  for the unsubstituted 3-alkyl-I-phenyl- 
triazenes (c.g.. 2 X = H), which fragment by the 
analogous pathways b. c, and d, but did not show 
fragmentation by loss of N, (path f )  or by 
breakage of the N-alkyl linkage (path a). 

Several types of decomposition product have 
been obtained from the unstable triazenes 2, 
but the course of the decomposition does not 
appear to be determined by the reaction medium. 
The y-nitrophenyltriazene 2a could be purified 
by rapid crystallization from benzene, but de- 
composed when boiled in ethanol to afford the 
alkyldiaryltriazene 3u. The structure of 3u was 
apparent from the ir spectrum. which did not 
show an NH band, from the nmr spectrum, 
which displayed N-methyl resonance and the 
expected aromatic pattern, and from the mass 
spectrum. which showed the molecular ion a t  
M +  301. The principal fragments in the mass 
spectrum of 3u showed that fragmentation occurs 
by path a loss of N,, path b fragmentation be- 

tween N-2 and N-3, and path c. N-aryl frag- 
mentation (Scheme 2). 

The alkyldiaryltriazene 3b was similarly ob- 
tained when the o-nitrophenyltriazene 2h was 
treated with ethanol. 3b has a mass spectrum 
alnlost identical (in both fragment mass nu~nbers 
and relative intensities) to that of the purci- 
isomer 3u. The formation of the alkyldiaryltri- 
azenes 3a and b in protic media must involve 
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mle 273 

S C H E ~ I E  2. Mass 5pcctraI fragmentation of 1.3-his-(p-nitrophenyl-3-methyltriazene 

two courses of cleavage (Scheme 3). Thermal loss 
of nitrogen gives the secoildary ainine 5 (reaction 
ii), whereas proto~latioii at N-3, follo~ved by 
retrocoupling (reaction i),  liberates free aryl 
diazoniuin ion. which may then couple with the 
secondary amine to g i ~ e  the trisubstituted 
triaze~le. 

Attempted purification of the o-nitrophenyl- 
triazene 212 in benzene gave only o-nitroaniline, 
which was also the product of solid state de- 
composition of 211. The facility with which this 
triazene reverts to the arylamine is possibly a 
coilsequence of the preference of 2h to exist as 
the 3-aryl-tautomer, Ar.NH--N=N-R. This 
preference has been attributed to intramolecular 
hydrogen bonding (21). o-Nitroaniline was also 
recovered in low yield directly from the reac6on 
of o-nitrobenzene diazoniuin salt with am- 
monia; in this case the diazo~lium salt probably 
couples with NH,  to gile a inonoaryltriazene, 

Ar,N=N.NH,, which would rapidly lose N, to 
give the amine, as has been observed previously 
when the diazoniu~n salt from o-aininoaceto- 
phenone was treated with ammonia (20). 

A slightly different deco~nposition course was 
experienced in the case of the p-niethoxy- 
carbonylphenyltriazene 2 4  which reacted in hot 
ethanol to give the diaryltriazene 4c. Analogous 
decomposition probably occurred when o- 
aminobenzotrifluoride was diazotized and treated 
with methylainine, in which case the diaryl- 
triazene 4d was obtained in low yield, pre- 
sumably by decomposition of an  unstable mono- 
methyltriazene 2 (X = o-CF,). The formation of 
these diaryltriazenes from inono~nethyltriazenes 
must involve protolysis and fragmentation by 
pathways i and iii (Scheme 3), giving ArN2-  
and ArNH,, respectively, followed by coupling 
of the two fragments. Similar formation of 
diaryltriazenes and alkyldiaryltriazenes has been 
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ET AL. 1707 

observed in the reaction of p-nitrobenzene 
diazoniu~n salt with butylamine (22b). 

The decomposition mechanism outlined in 
Scllelne 3 has much similarity to the reported 
reactions of alkyltriaze~ies with Lewis acids. For 
example, Kreher and Goth  (23) obtained the 
secondary amine 5 as the major product of 
reaction of 1-aryl-3-alkyltriaze~~es with alumin- 
ium trihalides, analogous to pathway ii (Scheme 
3). However when silica gel is used as the 
catalyst (24). the secondary amine is the minor 
product, the major product being the primary 
amine 6, presumably formed in a manner 
analogous to pathway iii. The carboniurn ion- 
pair mechanism (reaction 1) is fakoured to 
account for the formation of 5 ;  significantly the 
tautomer involved here is the 3-aryl-1-methyl- 
triazene. 

Acidic alumina was found to favour decomposi- 
tion of the o-alkoxycarbonylphenyltriazenes 2i 
by pathway ii ( I ) .  

The preparation of 1-(p-toly1)-3-methyltri- 
azene ( 2 k )  is now described in "Organic Syn- 
thesis" (25), but success in this preparation 
depends upon tho addition of the diazonium 
salt l k  solution to the methylamine solution at  
- 10°C. These reaction conditions are signifi- 
cantly different from those used here to prepare 
the triazenes 2~-11 ,  and \vhe~i p-toluidine was 
diazotized and treated with methylamine a t  OcC; 
n o  monomethyltriazene was formed. The only 
product obtained in this case was the diaryl- 
triazene 46. which could arise by decomposition 
of the monomethvltriazene 2k as in Scheme 3 

The corresponding reaction of benzene- 
diazonium chloride with methylamine proved to 
be very difficult to reproduce. When a large 
excess of methylamine was added in one portion 
to a solutioii of benzene diazonium chloride, the 
product was the pentaazadiene 70, no  mono- 
methyltriazene being ekident: slow addition of 
inethylanline gave no identifiable materials a t  
all. For no o b ~ i o u s  reason, the diphenyltriazene 
40 was obtained when niethvlamine was added 
in successive portions to the diazonium salt 
solution. Diphenyltriazene (40) was the only 
~ r o d u c t  obtained when benzene diazonium 
chloride solution was treated with (a) acetamide 
f o l l o ~ e d  by sodium acetate, or ( b )  urea followed 
by sodium acetate. or (c) sodium acetate alone. 

The un\villingness of benzenediazoniurn chlor- 

ide to couple with amides in aqueous solution 
does not parallel the beliaviour in organic 
solvents. For example, reaction of p-chloro- or 
p-bromobenzeiie diazonium chlorides with for- 
mamide in ethereal suspension affords the re- 
markably stable 1-aryl-3-formyltriazenes 8 (26). 
reaction 2. The lack of formation of acyl 

A r  h=N NH CHO + hdCl - H,O 4 COZ 

triazenes in the present work is not consistent 
with a report (27) that acetamide couples with 
benzenediazoniurn chloride in the presence of 
sodium hydroxide to give the :V-acetyltriazene 
CH,CO,NH,N=NC,H ,. However, no reaction 
was observed betueen acetainide and the 
diazoniu~n salt frorn sulfanilic acid (28). 

The formation of diphe~lyltriazeiie from com- 
pletely diazotized aniline in the absence of amino 
co~npounds can be rationalized in terms of the 
equilibria involved in the diazotization process 
(reaction 3) 129). It is generally accepted that the 

equilibrium 9 = 10 % 11 is present in diazonium 
solutions, and addition of base (e.g..  sodium 
acetate) would shift the equilibriu~n to the left 
giving a build up of P h N H , N x O .  Condensation 
of two nlolecules of this nitrosamine. or a reac- 
tion with PhN2- ,  could give the triazene 4. 
Although the nature of the con\ersion 9 -t 4 is 
not fully understood. it clearly does take place 
in specific cases. Primary nitrosaniines have been 
isolated from diazotization of heterocyclic 
a~nines  and can be converted into triazenes by 
sinlply warming in methanol (30). 

The preparation of the p-bromophenyltriazene 
21, when p-bromobenzene diazoniuni chloride 
was coupled with methylamine, was accompanied 
by fornlation of the pentaazadiene 76. The 
presence of the pentaazadiene was confirmed by 
the observation in the nmr spectrum of IV- 
methyl resonance at  3.76 ppm, analogous to the 
N-methyl resonance of the pentaazadiene '7a. 
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Attempted ~urification of the mixture of triazene 
A 

and pentaazadiene resulted in decomposition. 
Similarly attempts to prepare the p-chloro- and 
p-fluorophenyl-3-methyltriazenes under these 
conditions gave unstable materials, which could 
not be characterized. 

Attempts to prepare mono~nethyltriazenes 
with electron-donating substituents in the aryl 
group, by this method, were a total failure. 
Treatment of the diazonium salts 1 (X = 
Me,N-. HO-, MeO-. and Ph-) with 
methylamine at OcC invariably produced a black 
oil or tar. Diazotization of p-aminoacetanilide 
and coupling with methylamine afforded a 
promising solid, which ]nay have been triazene, 
but it decomposed imnlediately after filtration. 

Monomethyltriazenes are useful chemically as 
methylating agents. and for example, readily 
esterify aromatic carboxylic acids ( I  1 ,  25). The 
p-nitrophenylmethyltriazene 20 was found to 
esterifv 3.5-dlnitrobenzoic acid. but the reaction 
was considerably slower than expected. The 
rapid evolution of nitrogen that is described for 
the reaction of the p-tolyltriazene 2k (25) with 
the dinitrobenzoic acid was certainly not 
evident in the reaction of the p-nitrophenyl- 
triazene. which does not appear to offer any 
particular adbantage as a ~nethylating agent 

Conclusion 
These ~esul ts  show that the formation of 

mono~nethyltr~azenes by add~t lon of methyl- 
amlne to a d~azonlum salt solutlon can be 
ach~eved cleanly oiily v~lien electron-wlthdrawlng 
subst~tuents are p~esent  In the a1 yl group of the 
dlazonlum salt The non-formation of penta- 
azad~enes In these reactions suggests that the 
effect of the subst~tuent IS to decrease the 
nucleophll~c reactl~lty of the triazene by a 
resonance phenomenon [4] Delocal~zat~on of 

electron density a t  the alkyl-bearing nitrogen 
reduces the nucleophilic strength of the triazene 
moiety, thus rendering it less reactive in the 
coupling reaction. A similar electron movement, 
induced by the electron-attracting group, ac- 
counts for the shift in the tautomeric equilibrium 

towards the 3-aryl-tautomer 12 reported pre- 
viously (21) [5]. A further correlation exists 

between these results and the protolysis experi- 
ments of Matrka and co-workers (31); the 
basicity of the triazene is affected similarly by 
changes in electron density at  N-3 [6]. 
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The passivity and overvoltage during hydrogen evolution and indium deposition 
of metallic indium 
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A L A ~  N.  CAMPBELL. Can. J .  Chem. 55, 1710 (1977). 
The passivity and overvoltage during hydrogen evolution and indium deposition o f  metallic 

indium have been determined. Although the overvoltage to hydrogen evolution is fairly high 
and increases Kith current density in the normal manner, passivity to the solution o f  indium 
ions is almost completely absent, in contradistinction to aluminum, whose anodic passivity is 
complete. A tentative explanation is offered. 

A L A ~  N. CAMPBELL. Can. J .  Chcm. 55, 1710 (1977). 
On a determine la passivite de l'indium mitallique et le survoltage durant I'Cvolution de 

I'hydrogene e: la deposition de I'indium. Quoique le survoltage vis a vis l'evolution de I'hydro- 
gene est assez tleve et augmente d'une f a ~ o n  normale avec la densite du courant, la passivite 
vis a vis la solution des ions indium est completernent absente; ce comportement est en opposi- 
tion avec celui de l'aluminium pour lequel la passivite anodique est complete. On offre une 
explication non definitive. 

[Tradi~it par le journal] 

Introduction is 0.3819 V, calculated from the ionisation constant o f  
acetic acld. Current was measured as the drop in potential 

work to have been done On the across a standard resistance, using a sensitive potentiom- 
passivity or overvoltage of metallic indium. eter. 
Because of the illdustrial imnortance of these Exueriments were re~eated with increasing and with - 
phenomena, it thought ' that the subject decreas~ng current and varying time intervals. The results 

merited systematic investigation. were very consistent, i .e ,  independent o f  the above factors. 
The nuinerical results are to be found in the Deuosi- 

Experimental 
Hydrogen Ocercoltnge 

A square sheet o f  metallic indium was cast in a steel 
niould at a temperature just above the melting point o f  
indium. The surface \\as quite bright but it was treated 
with dilute hydrochloric acid and Mashed in order to 
remove any invisible skin o f  oxide. A platinum mire was 
embedded in the rear o f  the indium plate. The plate was 
then mounted in a frame o f  plexi-glass, so that the front 
or conducting surface o f  the indium \+as countersunk 
about 114 in. The platinum wire emerged through two 
sheets o f  plexi-glass so as to be insulated from the 
solution. This method ensures that there is no concen- 
tration o f  current on the edges o f  the indium plate. The 
area o f  the conducting plate was 4.94 cm2. 

For measuring the potential o f  the indium cathode the 
usual arrangement o f  a saturated calomel electrode. - 
provided with a L ~ ~ g g i n  capillary, was used. The anode 
was a platinum gauze electrode. Various electrolytes were 
tried but the one finally selected was IV acetic acid plus 
N KCl .  The function o f  the acetic acid is to act, in con- 
junction with vigorous stirring, essentially as a buffer. 
The pH remains constant despite the discharge o f  H+ 
ions. The KC1 lo~vers the resistance. Vigorous stirring is 
necessary to  avoid concentration polarisation, as far as 
possible. A source o f  constant current was used, an NJE 
Corporation Rectifier, producing up to 2.5 A at 10 V .  

The equilibrium potential o f  the cell 

Hg/Hg2C1, in sat. KC1,IN HAc/H2/In  

tory o f  Unpublished Data.' The results are expressed 
.graphically in Fig. 1 .  

Ocercoltrige of Zndirr~n Deposition 
The experimental set-up was the same as in the pre- 

ceding section, but the electrolyte was 0.05 NInBr3. 
Using the value o f  Eo for indium previously obtained (I), 
the emf  o f  the combination. 

Hg Hg,CIZ, sat. KC1 0.05 InBr,/In 

is calculated to be 0.6478 V. In the present instance, the 
open circuit potential Nas found to be 0.6380V, a 
difference o f  0.0098 V .  The hydrogen equilibrium 
potential is very close to this (0.657 V )  but the hydrogen 
overvoltage at an indium surface (see preceding section) 
prevents hydrogen evolution. 

Results 
The current density was raised gradually to 

1.890 A/dm2. The overvoltage was zero up to a 
current density (c.d.) of 0.567 A/dm2. It then 
rose Slowly to a value of 0.0552 V a t  1.890 A/dm2. 

The experiment was repeated using 0.1 N InC1, 
(equilibrium potential of combination with 

'Complete set o f  the actual experimental data is avail- 
able, at a nominal charge, from the Depository o f  Un- 
published Data, CISTI, National Research Council o f  
Canada, Ottawa, Canada K I A  0S2. 
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o = Currert lncreasng 

I 2  o =Current Decreosng 

FIG. 1. Plot of q (in V) us. In i 

saturated calolnel electrode = 0.6496 V). Again 
the overvoltage is very slight. A clean crystalline 
deposit of metallic indium was formed 011 the 
cathode (of platinum gauze). The ilumei-ical 
results are to be fou~ld elsewhere,' the results 
are expressed graphically in Fig. 2. 

Anodic Passivity 
The electrolyte first used kvas 0.1 i\;InCl,, 

with a platinum gauze cathode and vigorous 
stirring. No  passivity was observed up to a 
current density of 0.0750 A;dm2. The passivity 
(q = E, - E,,,) then rose slowly to 0.1224 V 
at  a c.d. of 15.12 A:dm2. The experiment was 
repeated with N In,(SO,),. The passivity 
attained a maximum value of 0~.0270 V at a 
c.d. of 8.097 A/'dm2. The passivity is very slight. 

The numerical results are to be found in the 
Depository of Unpublished Data. '  The results 
are expressed graphically in Fig. 3. 

Discussion 
Hydrogen Ocercoltage 

When overvoltage is plotted against the 
logarithm of the current density (Fig. l) ,  the 
curve is seen to consist of two definite straight 
line portions, (I) from 0.0 to 0.1108 A/dm2 and 
(2) from 0.1 108 to 2.718 A/dm2. After this upper 
limit, the curve loses slope and ceases to be a 
straight line. If the equation 

(where q is the overvoltage, i the current 

FIG. 2. Overvoltage to indium deposition us. In i. FIG. 3.  Passivity of indium anode cs. In i. 
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density. and n and b constants) is applied to the 
second (higher current density) portion, the 
constants result as a = 0.78 and b = -0.195. 

The first part of the graph appears to be almost 
horizontal. If this portion of the graph is 
neglected, then the lowest overvoltage for 
hydrogen evolution is 0.37 V. Thiel and Breun- 
ing (2)  give the overvoltage as 0.533 V, but they 
d o  not state the current density. Moreover, their 
electrolyte was 2N H,SO, which must surely 
have attacked the indium chemically. According 
to the present results an  overvoltage of 0.533 V 
is attained a t  a current density of 0.282 A/dm2, 
i.e. it lies between those of tin and zinc. 

0t.ercoltage to h?dium Deposition 
This is very slight. 

Ariodic Passivitj, 
This is very slight and indeed zero up to 

appreciable current densities. Contrasted with 
the behaviour of aluminum, this is somewhat 
surprising. The 'valve' action of aluminum is 
well known: as anode, aluminum will not pass 
current up  to  very high positive potentials. This 
is n o  doubt due to the existence on all but 
recently cut aluminum surfaces of an  oxide film 
(probably not the normal oxide). I t  has been 
suggested to me by Professor Sen, that the 
phenomenon may be due to the relative energy 
levels of electrons in metallic aluminum and in 
this aluminum oxide. I t  is easy to see how 
electrons could pass in one direction (in this case 
from oxide to metal) but not in the other. Since 
passivity is absent from indium, either an  oxide 
layer is not formed (and there is no visual 
evidence that it is) or  the energy levels in rnetal 

and in oxide are different from those in 
aluminum. 

An examination of Figs. 1-3, indicates that, 
though the Tafel relation is obeyed over inter- 
mediate ranges of current density, the values 
increase rather suddenly at  high current den- 
sities. This is certainly due to the impoverish- 
ment of concentration in the immediate neigh- 
bourhood of the electrode, despite the vigorous 
stirring. As to the various mechanisms, com- 
peting, simultaneous or successive. described in 
the texts, the author finds himself unable to make 
any worthwhile decision. 

A lengthy paper by Piercy and Hampson (3), 
under the title "The Electrochemistry of Indium" 
contains many valuable references. Among other 
things, the suggestion is made (4) that the 
ionization of metallic indium or  discharge of 
indium ion takes place in stages. This is probably 
true, but  the results of this paper show con- 
clusively that both the passivity of anodic 
solution and the overvoltage to indium deposi- 
tion are very slight under the experimental 
conditions described in the paper. 
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MARIE-CHRISTIXE TRLDELLE, MAURICE ABRAHAM, and JAMES SANGSTER. Can. J. Chem. 55, 
1713 (1977). 

Vapour pressures of the system (Ag,TI)NO, f H,O have been measured at 98.5"C by the 
static method over the complete concentration range for Ag,'TI mole ratio = 1.14. The water 
activity data can be represented by a modified BET isotherm in the range 0.1 < n, i 0.7. The 
derived BET constants indicate that the salts in this system are very weakly hydrated, probably 
less so than (for example) CsNO,. The linearity of vapour pressure with water mole ratio R,, 
found previously by Tripp and Braunstein for (Li,K)NO, + H,O, is absent in the present system. 
The Henry's law constant for water dissolved in molten (Ag,TI)NO, has been deduced. The 
excess free energy of the system is positive at  all concentrations and shows a maximum of 117 
ca1,'mol at water mole fraction 0.66. 

MARIE-CHRISTIWE TRCDELLE, MAURICE ABRAHAM et JAMES SAWGSTER. Can. J. Chem. 55, 1713 
(1977). 

On a mesure les pressions de vapeur du systeme (Ag,T1)N03 + H 2 0  a 98.5'C, par une 
mtthode statique, pour tout le domaine de concentration en eau, le rapport molaire AgITletant 
fix6 a 1.14. On peut representer les donnees obtenues pour l'activitk de I'eau par une isotherme 
BET modifiee, dans l'intervalle 0.1 < a, < 0.7. Les constantes BET que l'on en derive indiquent 
que les sels constituants de ce systeme sont tres faiblement hydratks, probablement moins que, 
par exemple, CsN03. Le caractere IinCaire de la pression de vapeur fonction du rapport molaire 
R, trouve anterieurement par Tripp et Braunstein pour le systeme (Li,K)NO, + H,O n'appa- 
rait pas pour le systeme Ctudie ici. La constante de la lei-de Henry pour I'eau dissoute dans le 
melange de sels fondus (Ag,T1)N03 a ete dtduite. L'enthalpie libre d'exces de ce systeme est 
positive pour toute concentration en eau avec un maximum de 117 cal/mol pour une fraction 
molaire en eau de 0.66. 

Introduction 
Thermodynamic properties of concentrated 

aqueous electrolyte solutions have in general 
received less attention than those of dilute solu- 
tions, either experimentally or theoretically. 
Solubility limits have contributed to this differ- 
ence. Perhaps of greater importance is the fact 
that there is no theory of aqueous electrolyte 
solutions as adequate for this concentration 
region as the Debye-Hiickel approach is for 
dilute solution. 

It is significant therefore that more progress in 
the understanding of concentrated electrolyte 
solutions has come from the fused salt end of the 
concentration scale than from the dilute (1, 2). 
The vapour pressures of very concentrated 
electrolyte solutions and of aqueous melts have 

'To whom correspondence should be addressed. 

been measured by the isopiestic (3a) and 
differential transpiration (3b) methods, mostly 
for the nitrates and halides of the alkalis and 
alkaline earths. To complement this small but 
growing pool of data, we describe here an 
apparatus for the static measurement of vapour 
pressures of aqueous solutions above room 
temperature, and report results for the system 
(Ag,Tl)NO, + H 2 0  at 98.S°C. This system is 
convenient for study since, for approximately 
equimolar Ag and 'TI in the mixture, the system 
is liquid around 100°C over the entire concentra- 
tion range (4). The choice of this system also 
marks a departure from all previous work in this 
area (2, 3) since bat/? cations in the salt mixture 
are probably only weakly hydrated in aqueous 
solution (previously used mixtures always in- 
cluded Lit or Na' or CaZ+). 

This paper will deal with the apparatus and 
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experinlelital technique in some detail since, 
although the principle of the static method is 
simple and familiar, the components of the 
apparatus and their manipulation merit special 
attention. 

Experimental 
Cher~iicals and P/.ocedure 

The preparation, purification, and storage of the 
chemicals used, and a detailed description of the experi- 
mental procedure are available e lse \~here .~  

A p p a r ~ f ~ ~ s  
The apparatus is reprerented schen~atically in Fig. 1. 

The vacuum system (not shown) conlprised a combination 
diffusion/rota;y pump and liquid nitrogen trap. The 
pressure in the manifold was indicated by a Pirani gauge 
(Edwa~ds High Vacuum, lo-" to 1 Torr). The sample 
container mas a 100 ml Pyrex flask. The flask was im- 
mersed in a bath of water in a Haake Circulating Pump 
model FS. The sample solution was stirred magnetically. 
The temperature of the bath was measured with a 
Hewlett-Packard Quartz Thermometer model 2801A, and 
read 98.50 _+ 0.05'C. 

Since the pressure gauge used (quartz spiral type, 
model i45, 0-50 in. Kg, Texas Instruments) operated at  
room temperature, an intermediate heated sensing 
debice was necessary to avoid condensation. Thus the 
sample container Mas connected, through Pyrex and 
stainless steel tubing kept at 180'C by heating tape, to one 
side of a pressure transducer (model DP  15, Validyne 
Engineering Corp.) kept at 110°C in a thermostated air 
oven. The other side of the transducer was connected to 
the pressure gauge and also to a Servo Pressure Controller 
(model SPC, Volumetrics). Any imbalance signal from the 
transducer activated the pressure controller to adjust the 
air pressure presented to the transducer and pressure 
gauge sin~ultaneously until there was null signal (zero 
differential pressure). At this point, the vapour pressure of 
the sample could be read off the pressure gauge as an 
absolute pressure, the reference side of the gauge being 
kept evacuated ( 5  Torr) through stopcock 3. 

All stopcocks were of the hollow key type; those at  
room temperature were lubricated with Dow Corning 
High Vacuum grease, and the heated ones with Apiezon 
type H. 

The dead space above the sample solution was mini- 
mized as much as was physically possible; it was esti- 
mated to be about 80 cm3. 

The general and degassing techniq~~es and apparatus 
were tested by measuring the vapour pressure of distilled 
water. About 25 measurements were taken at  tempera- 
tures beheen 50 and 100-C. The values lay within one 
part per thousand of those in the literature (5). 

For  deriving water activities, the fugacity of 
the vapour is required. The fugacity f was found 

ZAvailable upon request, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 

FIG. 1. Block diagram of the apparatus. MS, magnetic 
stirrer; S, sample flask; CP, circulating pump; QT, quartz 
thermometer; HT, heating tape; CTO, constant tem- 
perature air oven; TD, transducer; PPG, precision 
pressure gauge; SPC, servo pressure controller; 1, 2, 3, 
stopcocks. 

from the pressure p by 

[ I  1 f = p exp (Bp IRT) 

where B is the second virial coefficient of water 
vapour (6) (-462 cm3/niol at  98.5"C). Use of the 
third virial coefficient is not warranted in this 
work. Iff O is the fugacity of pure water a t  98.5'C, 
then the water activity a ,  = f,'fo. 

Since the data reported here cover essentially 
the complete concentration range, free energy 
parameters have been calculated on both mole 
fraction and molality scales. If x represents mole 
fraction, then the activity coefficient of water 011 

the mole fraction scale is y, = a,lx,. On the 
molality scale, the osmotic coefficient + is given 
by 

PI + = - i 000 In U , ~ , / ~ ~ I M , .  

where 172 is the total molality of salts and M ,  is 
the molar mass of water. 

The BET isotherm equation, adapted to 
aqueous electrolyte solutions, can be written as 
(7) 

[3] w~u,/55.51(1 - a,) = Ilcr + ( c  - l ) a , / c r  

where r is the number of molecules of water 
adsorbed per complete lnonolayer on a solute 
molecule. The constant c is given approximately 
by c = exp [ -  (E - E,)IRT], where E is the heat 
of adsorption of water molecules of the mono- 
layer and E L  is the heat of liquefactior of bulk 
water. 

If the mixed solute (Ag,Tl)NO, be considered 
as a single solute of lnolality m, then the measure- 
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TABLE 1.  Vapour pressures and derived quantities for the system (Ag,TI)N03 + H,O at 98.S°C* 

x m D f a 
W W cb ?w 

*Ag/TI = 1.14 mol/mol; p0 = 720.15 Torr; f U  = 70987 Torr; pressures and fugacities in Torr. 

ment of the water activity over the complete con- Results and Discussion 
centration range enables the excess free energy vq,,, P~~~~~~~~~ 
GE to be calculated. Solvellt and solute are both The vapour pressures and derived thermo- 
liquids in this example, and so GE is found in the dynamic parameters are presented in Table 1 ,  
usual way (8) from the equation Since essentially the coniplete concentration 

range is represented, the results may be discussed 
[4] GE = x,RT (in yW/xs2) axw profitably by using both the osmotic coefficient 

and activity coefficient of water. Thus Fig. 2 
where x, = 1 - x,. The integral was evaluated gives the Raoult's law plol of the data ;  the system 
graphically. shows positive deviations over almost all the 
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concentration range. This is unusual behaviour 
for an aqueous electrolyte system, since the vast 
majority of such systems hitherto studied show 
strong negative deviations at all compositions (2). 
The exceptions to this rule are (perhaps not 
surprisingly) such salts as AgNO,, RbNO,, and 
CsNO,. For illustration, Fig. 3 shows c) and y, 
in the dilute region for (Ag,TI)NO, and also for 
AgNO, alone at 100°C (9). The substitution of 
T1' for some of the Agf thus significantly 
increases y, above unity., The behaviour of 
RbNO, and CsNO, solutions is very close to 
that shown for AgNO, (10a). 

Tripp and Braunstein (1, 2, 36) have reported 
an empirical regularity for (Li,K)NO, aqueous 
melts which may or may not be significant for the 
search for an adequate theoretical model of these 
systems. They found that the vapour pressure 
(and a,) were linear in the 'water mole ratio' 
R, = moles H,O/moles NO,- in the region 
RH = 0 to 1.  The same plot is shown in Fig. 4 for 
the present system (Ag,Tl)NO, + H 2 0 .  Clearly 
there is no linearity at all, except4 perhaps for 
RH < 0.1. There is as yet no model (statistical or 
otherwise) to account for this kind of linearity 
(2), which may depend upon (for example) the 
presence of a strongly hydrated cation in the 
mixture. 

BET Isotherm 
Some time ago Stokes and Robinson (7) 

pointed out that very concentrated aqueous 
solutions of strong electrolytes could be described 
by a suitably adapted BET adsorption isotherm 
equation. At first thought this may seem quite 
striking, but the model it implies is a reasonable 
one and isotherm plots (eq. 3) show good 
linearity for a, < 0.5 (2, 7). Figure 5 shows the 
BET isother~n plot for (Ag,Tl)NO, + H 2 0 .  Also 
included for comparison are the data for the 
system (Li,Cs)NO, + H 2 0  at 100°C (30) and 
H2S0,  + H,O at 25°C ( I  I). 

It is noticed immediately that the (Ag,TI)NO, 
isotherm is situated far above all the others (the 
intercept is 1.33 whereas the others (3a) lie below 
0.3). The derived BET constants for the present 
system are given in Table 2, together with those 

3Figure 3 also suggests that, while y, (in contrast to 4) 
is not a sensitive indicator of non-ideality in dilute solu- 
tion (lob),  y, may become more useful than + in the 
"water dissolved in molten sa!t" region. 

41n the limit as x, -t 0, water exhibits Henry's law 
behaviour where both vapour pressure and a, are linear 
in R H .  

FIG. 2. Raoult's law plot for the system (Ag,TI)NO, + 
H,O at 98.5'C. Dashed line represents ideal behaviour. 

of a few other representative systems. While the 
Ag/Tl isotherm is valid in much the same a, 
range as the others, the r and c values are very 
low. Ifthe series LiNO,, (Li,Cs)NO,, (Ag,TI)NO, 
be considered, it may be deduced that the large 
cations Ag', Tl'. and Cs' are all weakly 
hydrated in comparison with L i f .  Thus if it is 
assumed that cations are hydrated preferentially 
over anions then the following approximate 
values of r at 100cC can be found: Ca2+ ,  3.6: 
Li', 2.7; Cs', 1.3; Ag' and T l f ,  0.3 (using the 
values of r in refs. 3a and 7). 

Henrj.'s LOPS 
The BET equation can be written in terms of 

mole fractions as 

[5] a,(l - x,)/x,(l - a,) = llcr 
+ (c - l)a,/cr 

and thus in the limit as x, + 0, eq. 5 reduces (2) 
to 
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1 RUDELLE ET  A1 

I 
0 5 10 15 2 0  2 5  30 3 5  40 

m 

FIG. 3. Solvent free energy parameters for AgNO, + H,O at 100 C (ref. 9), open symbols and 
(Ag,TI)NO, + H,O at 98.SLC, closed symbols. 0, a, y,,; 0, Q, 4. 

FIG. 4. Vapour pressure and o, as functions of the water mole ratio RH. Dashed lines represent 
linear behaviour extrapolated beyond R,, = 0.1. a, a,; @, p .  

TABLE 2. Constants of the BET adsorption isotherm (eq. 3) adapted to aqueous solutions 
of mixed and single electrolytes 

Temperature - (E  - EL)  
Solute ("c) t' c kcal/mol Reference 

(Ag,T1)NOsQ 98.5 0 . 5  1 . 6  0.3 This work 
( L ~ , C S ) N O ~ ~  100 1 . 7  2.3  0 . 6  30 
LiN03 100 2 . 7  5 .1  1 . 2  3a 
H,SO, 25 3 . 6  28 2.0  11 
LiBr 25 3.8 43 2.2 7 

"Mole ratio AgiTl = 1.14. 
bMole ratio Li/Cs = 0.98. 
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Frc. 5. BET ~sothern~s ,  adapted for aqueous electrolyte solutions, for three systems: e, (Li,Cs)N03 
+ H,O at 100 C (ref. 30); 0, (Ag,TI)N03 + H,O at 98 5 C (this work); B, H,SO, + H 2 0  at 25-C 
(ref. I I ) .  

120 

100 

- 
E80 

1 
8 60 

w - 
(3 

40 

20 

'0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

x w 

Frci. 6. Excess free energy for the system (Ag,TI)NO, + H,O at 98.5-C as a function of water mole 
fraction. 

where yW" is the activity coefficient of water at  55.51(1 - a,), that is the left side of eq. 3  or 
infinite dilution in molten salt (i.e.,  the BET eq. 5, as x, + 1 is 0.5 for 1 : 1 e l e c t ~ o l ~ t e s . ~  This 
intercept). Converting to fugacities, we have is shown quite clearly for dilute solutions of 

[71 
single electrolytes at  25°C ( 3 ~ ) ;  it also suggests 

f, = fWOxWY,, = KHxW why the (Ag,TI)NO, BET plot deviates downward 
where K ,  is Henry's constant for water in molten while others (like that for LiBr) deviate upvcard as 
salt and,fWO is the fugacity of pure water. Table 3  a ,  increases. 
gives K ,  for water dissolved in a number of 
molten salts, ~t is seen that molten salts can 5Tn general the limit is liv where v is the stoichiornetric 

differ enormously as 'solvents' for water. number of ions per electrolyte molecule. This can be 
deduced easily if a, is replaced by the 'species mole 

It has been pointed Out  previously that the fraction' 55.51/(55.51 + vm) and noting that as rn -t 0, 
theoretical limit of the BET expression ma,/ x, -t 1 - vn1155.5I. 
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TABLE 3 .  Henry's law constants K,, (atm) for 
water dissolved in salts at  100 C calculated 

according to  eq. 7 

Salt K I ,  Reference 

LiBr 
LiCl 
Ca(NO3I2 
LiNO, 
(Ca,Cs)NO," 
(Li ,K)N03h 
(Li,Cs)NO,' 
( A K , T I ) N O ~ ~  

3a 
3a  
3u 
3a 
30 
3n 
3a  
This work 

nMole ratio Ca Cs = 0 99 
b4ioie ratio L ~ ' K =  1.03. 
<Mole ratio LitCs = 0.98. 
dhlole ratio Ag,T1 = 1.14. For calculating K,, the :,," 

value at 98.5"C was used. 

Excess Free Energ!. 
It is customary, when calculating excess free 

energies of aqueous electrolyte solutioris at  
ordinary temperatures, to use the ideal solution 
represented by unity osmotic coefficient + and 
unity mean ionic activity coeficient y, a t  all 
concentrations (12). In this convention solvent 
obeys Raoult's law and solute obeys Henry's law 
a t  infinite dilution, and the pure solute is not 
chosen as the standard state since it is a solid of 
limited solubility, possessillg properties too 
different from the solute i ~ i  solution. This 
difficulty is absent from the present system since 
it is liquid at  all concentrations. The activity of 
one component is known over the whole concen- 
tration range. and hence the Gibbs-Duhem 
equation may be integrated fro177 the fused salt 
end quite easily. 

The excess free energy G E  is given by eq. 4 and 
plotted in Fig. 6. T o  our kiiowledge this is the 
first aqueous electrolyte system to have been 

treated in this manner. It is seen that GE is 
everywhere positive (corresponding to positive 
Raoult's law dekiations) and is a smoothly 
varying function of composition. The rnaximum 
value is 117 cal,mol at  x, = 0.66. 
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Etude spectroscopique et voltammktrique Be I'kquilibre existant entre les 
acides chlorosanlfurique et acetosulfurique dans 19acide acCtique 

BERNARD BRASME, JEAN CLAUDE FISCHER ET MICHEL WARTEL 
Lrni1,cr,iti de  Lillc. I ,  Lahortrtoire de Chimie Minerrrle I ,  Bitinzent C8, B.P. 36, 59650 Villcnelrve d 'Ascy ,  Frcirzce 
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B E R ~ A R D  BRASME, J E A ~  CLALDE F J S C H ~ K  et MICHEL WARTEL. Can. J. Chem. 55. 1720 (1977). 
L'etude des spectres Raman d'une solution d'acide chlorosulfurique dans l'acide acetique, 

soumise a Lln vide dynamique, revele I'existence de I'Cquilibre: 

HS03CI + HCH3C02 F? HS03CH3C02 + HC1 

dont la constante a etC determinee par 1'Ctude du systkme: 

AgCl HCIO, + HS03CH3C02 + e- + Ag + HS03C1 + HCH3C02 + CI0,- 

Le traitement mathimatique des resultats apres affinement par la methode des nioindres carrCs 
conduit a la valeur K = 10' "' 'mol !-I. 

B E R ~ A R D  BRASME, J E A ~  CLALDE FISCHER, and M~CHEL WARTEL. Can. J. Chem. 55, 1720 
(1977). 

A study of the Ranian spectra of a solution of chlorosulfuric acid in acetic acid, under a 
continuous vacuum, reveals the existence of the equ~librium: 

C1S03H + CH3COOH + CH3COOS0,H + HCI 

The equilibrium constant of this reaction was determined from the study of the system: 

AgCl I HC10, I CH3COOHS03 + e-  + Ag + CIS03H + CH,COOH + C10,- 

The equilibrium constant derived from a least-squares analysis of the data was found to be 
100.8+0.2 mol ( - 1 ,  

[Journal translation] 

Introduction pouvoirs donneurs de SO, des composCs S0,Cl- 

Dans un travail pricedent ( I )  nous avons ex- et 

pliquk le caractkre diacide de l'acide chIorosu1- En l'absence de la base P Y H A ~ O  un kchange 

furique dans le solvant acide ac~t ique  ( ~ ~ 0 ~ 1  de SO, doit exister entre le chlorosulfate d'aci- 

en mettant en evidence par spectrom~tries ir et dium acttique forme selon [I]  et le solvant soit: 

Raman et par analyse chimique la nature des [4] ACOH,-SO~C~- + ~ A ~ o H  + AcOH2+S03AcO- 
composes formes lors de la neutralisation d'une + AcOH2'C1- 
solution de HS0,Cl par une solution d'acktate que pouvons encore ecrire: 
de pyridinium (PyHAcO). Ce caractere diacide 
peut Etre rCsumC par les trois schkmas suivants: [51 HS03C1 + * HS03Ac0 + HC1 

Ionisation ou nous ne prksageons pas de l'ttat de solvata- 

[1 1 HS03CI + AcOH + AcOH2+S03CI- 
tion des diflerentes espkces. 

Re'acfiorz acide-base WCsultats et discussion 
[21 AcOH2-SO3CI- + P Y H + A ~ O -  8 PyH+S03CI- Existence d'un kqtlilibre entre HSO,CI et + 2AcOH 
Re'action de cor?zplexufion HS0,AcO 

L'Ctude par spectroscopie Raman d'une solu- 
[3] PyH+S03CI- + PyH+AcO- F? PyH+S03AcO- tion 5 M de HS0,Cl (fig. 1,  spectre 1) nous per- + PyH+Cl- met de mettre en Cvidence l'existence des es~i.ces 
PyHtSO,AcO- symbolise l'acktosulfate de AcOH,' et SO,Cl- et peut Etre HS0,Cl la 
pyridinium. En fait le schema 3 met en jeu les raie a 415 cm- '  (tableau 1). 
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TABLEAU 1. Cornparaison des frequences de diffusion Rarnan du spectre 1 de la fig. 1 a celles du spectre des especes: 
HSO,Cl, AcOH, AcOH,+, S0,CI- et AcOS0,-* 

Nos risultats References 
- --- -- --- 

AcOSO, - 
Spectre 1 AcOH2 + S03C1- - 

(fig. 1) HS03C1 AcOH (5) (2, 3, 4) (1) (6) 

598 F 
620 F 620 m 

630 a 680 (m-f) 

*F: forte, m :  moyenne, f: faible 

L'attribution a t t t  rtalisie en s'appuyant sur 
les risultats obtenus par Auger et al. (2) et par 
Gerding et coll. (3, 4) pour S0,Cl- et par Casa- 
devall et al. (5) pour AcOH,'. 

Toutefois, les frequences des raies caracttris- 
tiques ies pius intenses de AcOS0,- (re- 
groupies dans le tableau 1) sont trop voisines de 
celles des raies de SO,ClP, AcOH,' et AcOH 
pour que nous soyons en mesure de prouver la 
formation d'acide acCtosulfurique en quantiti 
dtcelable selon l'tquilibre [5]. Pour montrer que 
cet Cquilibre intervenait nous avons tente de le 
diplacer vers la droite, par extraction de HCl 
sous pression reduite. 

Nous avons donc rialist les spectres de dif- 
fusion Raman d'une solution 5 M d'acide chlo- 
rosulfurique dans AcOH soumise un vide 
dynamique pendant des Lemps croissants. Les 

spectres obtenus sous Torr aprks 5 min 
(spectre 2), 15 min (spectre 3), 1 h (spectre 4) 
et 6 h (spectre 5) sont comparts a celui de la 
solution initiale (spectre 1) fig. 1. 

I1 faut noter qu'en plus du dtplacement de 
l'tquilibre, l'abaissement de la pression aura 
pour effet de faire varier les concentrations par 
elimination du solvant. Ne disposant pas d'ili- 
ment de rtfirence privilCgiC nous avons, au 
cours de notre ttude, augment6 la sensibiliti de 
notre appareillage de manikre B maintenir cons- 
tante dans les quatre premiers spectres l'in- 
tensitt de la premikre raie, situCe vers 310 em-' 
(S0,Cl-). 

Au contraire, dans le cas du spectre 5 ,  nous 
avons adopt6 une sensibilitt identique B celle 
utilisee pour rialiser le spectre 1 de mani6re B 
disposer d'un t l tment nous permettant d'ob- 
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server la modification de I'allure gCnCrale du 
spectre. 

Description des spectres 
Le spectre 5 compart au spectre 1 nous per- 

met de constater une nette diminution des in- 
tensitis des raies caractCristiques de I'espece 
S03C1- (en particulier la raie B 310 cin-I n'ap- 
parait plus que sous forme d'un Cpaulement), ce 
qui indique un appauvrissement important en 
chlorosulfate. 

E'abaissement de pression a aussi pour effet 
d'tliminer de la solution une fraction importante 
du solvant: diminution des intensitCs des raies 
situees B 436, 598, 619 et 892 cm-I qui sont at- 
tribuables aux mouveinents propres de la molC- 
cule AcOH. 

L'tlimination d'une partie du solvant permet 
d'observer une auglnentation de I'intensitC des 
raies caractCristiques de l'espece CH3C02H2'  
par rapport a celles de l'acide acCtique a 446 et 
910 cm-I. Nous notons Cgalen~ent une augmen- 
tation de 1'Cpaulement s'Ctalant de 625 B 660 
cm-I.  La concentration de l'espece CH3C02J3, + 

devient suffisante pour rendre visible la raie 
caractCristique a 1183 cm-' non identifiable sur 
le spectre 1 .  

MalgrC 1'Climination d'une partie du solvant 
nous enregistrons une augmentation des inten- 
sit& des raies de diffusion 1365 et 1427 cm-I 
(augmentation visible par comparaison de I'in- 
tensitt de ces raies B celle de la raie B 892 cm-I 
reportCe avec une sensibilitC plus faible sur les 
spectres 1, 3 et 4 de la fig. I) .  Ces raies sont attri- 
buables aux mouvements de dkformation des 
liaisons C-H des groupements CH,. Cette 
exaltation d'intensitt ne peut donc s'expliquer 
que par l'augmentation des concentrations 
d'espices posskdant Cgalement des groupements 
CH,. (L'espice AcOH,' pouvant Etre l'une 
d'elles.) 

M@me sans tenir compte de cette dernikre 
remarque l'ensemble des rCsultats nous permet 
d'affirmer que l'espece CH3C02H2+ reste en 
solution avec une concentration croissante du 
fait de 1'Climination du solvant. 

E'espice cationique AcOH, + subsiste alors 
que l'espece anionique initiale SO,CI- disparait 
ce qui implique qu'une autre espece anionique 
sera associCe au cation acCtique. 

Cette hypoth6se est confirmCe par ce qui suit. 
(a) L'apparition de raies nouvelles B 347, 

550, 762 et 1800 cm-I. (i) Celle 347 cm-' 

n'apparait tout d'abord (spectre 2) que sous 
forme d'un Cpaulement de la raie 380 cm-I attri- 
buable a S0,Cl- alors que dans le cas du spectre 
5 les intensitks de ces deux raies sont com- 
parables. (ii) La raie a 550 cm-' apparait entre 
les raies 536 et 570 cm-I caractiristiques de 
I'espice SO,CI-. (iii) La raie situee a 1800 cm-I 
posskde une intensit6 tr6s faible et sa prCsence 
n'est decelable que dans les spectres 3, 4 et 5. 

(b) Alors que les intensitis des autres raies 
caractCristiques de I'espkce S03Cl-  sont arti- 
ficiellement maintenues constantes (par aug- 
mentation de la sensibilite de l'appareillage), 
celle de la raie a 1040 cm-I augmente et se dC- 
place vers les frCquences plus Clevtes. Ceci est 
net quand on compare les intensitks relatives 
des deux raies les plus intenses de S03Cl- a 380 
et 1040 cm-' dans les spectres 1 et 5. On peut 
donc penser qu'apparait en solution une espece 
presentant une raie de diffusion une frCquence 
lkgkrement suptrieure a 1040 cm- '. 

(c) Nous enregistrons une modification de 
I'tpaulement situC entre 615 et 650 cm-I. L'in- 
tensit6 relative de celui-ci augmente, ce qui s'ex- 
plique par I'augmentation de la concentration 
en AcOH,' mais on constate Cgalement une 
modification de sa forme qui se traduit par un 
Clargissement vers des frCquences plus ClevCes, 
ce qui peut etre expliquC par apparition d'une 
raie nouvelle vers 660 cnl-I. 

E n  rCsumC: par extraction sous pression rC- 
d-uite: (a) la concentration de I'espkce S03Cl-  
diminue, (b) I'espece AcOH,' reste en solution, 
(c) un ensemble de raies nouvelles apparait 
dans le spectre de la solution a 347, 550, 660, 
762, 1050, 1800 cm-I friquences trks voisines 
des raies caractkristiques les plus intenses ob- 
servCes dans les spectres de I'acCtosulfate de so- 
dium, de pyridinium (1) ou d'acidium acktique 
(6). 

En conclusion, m@me si l'acide chlorosul- 
furique en solution dans AcOH se trouve sous 
forme de chlorosulfate d'acidium acCtique 
(spectre l), cette solution Cvolue facilement si 
elle est soumise a un vide dynamique. Les raies 
nouvelles mises en Cvidence sur les spectres 2, 
3, 4 et 5 peuvent Etre attribuCes a I'ion acCtosul- 
fate, malgre les ICgers dkplacements par rapport 
aux frtquences notees par Commeyras et par 
rapport a celles des spectres des acetosulfates 
de sodium et pyridinium rCalisCs en phase 
solide. 

L'acide chlorosulfurique, en solution dans 
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l'acide acttique, est donc en Cquilibre avec [GI AgCll + HClO4 + e- * Agi + C104- + HC1 
l'acide acCtosulfurique. Cet Cquilibre peut Ctre aussi rCversible, par dosage d'une solution 
dCplact par une simple extraction de HCl sous (1.22 10-2 de HCI par une solution de 
pression rbduite. Nous avons entrepris dans le ~ ~ ~ 1 0 , .  courbe de neutralisation, ainsl que 
paragraphe suivant, I'Ct~de potentiomCtrique 1, graphe de la transform& logarithmique corres- 
de cet tquilibre. pondante sont reproduits sur la fig. 2 (x reprC- 

sentant 1e rapport [AgCIO,] ajoutC/[HCl] ini- 
DCtermination de la constante de 1'Cquilibre entre tial). 

les acides HSO3C1 et HS03Ac0 Le potentiel pris par I'Clectrode, pouvant 
L'acide acttique ayant une constante dielec- &re traduit par 

trique Cgale a 6.2, la dissociation des paires [HClO,] 
d'ions est faible. Ne pouvant atteindre les cons- = E ~ c , O  + ' log I H C i I [ ~ l ~ 4 - I  
tantes d'ionisation, nous ne pouvons deter- 
miner que des constantes de dissociation globale. oh ' re~rCsente le de proportion- 
L'Cquilibre [5] sera done toujours tcrit sous nalitC dans l'Cquation de Nernst. 
forme moltculaire. Etant donnCes les forces relatives des acides 

[5] HS03CI + AcOH @ HSO~ACO + HC1 
\ ,, 

dont la constante 
on peut admettre que [ H f ]  - [C10,-] ce qui 

K = 
[HSO,AcO][HCI] entraine 

[HSO,CI] = K i % 3 ~ ~ I K S P S ~ 3 ~ ~ ~  [c104-] = dr~ ; ; ,O , [~  + CIO,-] 

avec 

Ces derni6res caractbrisant les pouvoirs sul- 
fonants des acides chlorosulfurique et acktosul- 
furique. 

Dans I'acide acCtique les constantes de dis- 
sociation des Clectrolytes sont faibles (< 
(7) et les concentrations des esp6ces non chargCes 
sont toujours peu ClevCes ( < 5  x 10-'M) ce 
qui nous permet d'assimiler activitC et concen- 
tration. Pour dkterminer la constante de [5] 
nous allons montrer par potentiomCtrie que 
I'Clectrode d'argent est indicatrice de [HCl] dans 
le solvant AcOH, et utiliser cette propriCtC 
vis-h-vis d'un donneur de HCI, l'acide chlorosul- 
furique. 

( I )  Etude potentiome'trique des solutions de 
HCI 

Les syst6mes Ag/Ag+ et Ag/AgCl sont rC- 
versibles, dans AcOH le second systeme ayant 
dCjB CtC utilisC comme tlectrode indicatrice ( 8 )  
ou comme tlectrode de refirence (9, 10). 

Nous avons montrC que le systime [6] est lui 

FIG. 2. Dosage d'une solution de HCI par AgC104 
(E = f,(x)). Analyse lnathematique de la courbe poten- 
tiomktrique: courbe (@). 
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BRASME ET AL. 1725 

valeur de la pente, proche de la valeur thCorique: 
59 mV (les manipulations Ctant effectuees a 
25°C) justifie l'hypoth2se [H'] = [C10,-1. Le 

/- 
systkme [6] est rtversible et peut Etre utilisC pour 

(Agl + HC1 + C10,- F? AgCll + HC10, + e - )  

le dosage de complexes donneurs de HCI tels que 
HS0,Cl. 

(2) Etude coltamme'tuique du dosage de 
HS0,Cl par AgCIO, 

Nous avons ensuite dost une solution (2.84 x 
lo-' M )  de HS0,Cl par une solution de AgClO, 
(8.17 x 10-I M). La courbe de neutralisation 
est prCsentCe sur la fig. 3. 

Au cours de ce dosage, nous assistons la 
reaction : 

[7] HS03Cl + AgC10, + AcOH F? AgClJ 
+ HCIO, + HAcOS03 

a laquelle correspond le systeme Clectrochi- 
mique : 

[8] AgCll + HC10, + HAcOS03 + e-  F? HS0,Cl 
0.5 1.5 X + AgJ. + C104- + AcOH 

FIG. 3. Dosage d'une solution de HSOBCl par AgC10,. 

Ci Ctant la concentration initiale en HCl. 
Par rtgression linCaire nous obtenons: P = 56 

mV1unitC de log et E O  = -669 + 2 mV. La 

L'ttude mathimatique de la courbe obtenue 
montre qu'il est nCcessaire de tenir compte de 
17Cquilibre [ 5 ] ,  HC1 libre n7Ctant pas negligeable 
devant HS0,Cl. 

En faisant l'hypothese que SO, libre est 
ntgligeable devant HS0,Cl et HS0,AcO c'est 
i dire que les constantes Ki;&,,, et Ki;b3Aco sont 
faibles nous avons: [HSO,CI] + [HSO,AcO] = 
Cot avec Co' concentration initiale en HS0,Cl. 
La neutralitt tlectrique donne: 

[Cl-] et [AcO-] Ctant ntgligeable 

Les rksultats d'un travail en cours montrent En prenant K;;,,,, et K;$,,,, = 10-7.2 cons- 
que les acides chlorosulfurique et acttosulfurique tante d'aciditt de H2S04 (1 1) nous obtenons : 
sont tous deux de force tris voisine de celle de 
H,SO,, donc non entikrement ionists et nette- [H'] = ,/cot x 10-7.2 + x Cot 10-4.8 
ment plus faibles que HClO, ; rCsultats analogues 
B ceux obtenus par Bessi2re (12) dans l'acide - JX cot x 1 0 - ~ . ~  

trifluoracttique en ce qui concerne HS03Cl et si x > 0.2 (erreur voisine de 1%); Ctant le rap- 
(pK;,6,cl - pK;:so4 = O.l). port [AgClO,] ajoutt/[ HSO,CI] initial. 
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A partir des Cquations 

[HCI] + [HSO,Cl] = ( 1  - x)COt 

[Ht]  = JxcO'  x 

la loi de Nernst appliquCe au systeme Clectro- 
chimique [8] s'Ccrit : - -  

E = EO + P log 
2 ~ ~ / . c d  

( R  - XC,' - K),F 
avec 

R = ,'(xc,' + K ) ~  + 4C01K(1 - X )  

Afin de dtterrniner sin~ultantment les valeurs 
de EO et K et vtrifier lecoefficient de proportion- 
nalite de la loi de Nernst, nous avons utilisC 
la technique d'affinement par la mtthode des 
nloindres carrts. Nous obtenons: EO = -717 
m v ,  K = lo0 8*0 mol C - I ,  le coefficient de  
Nernst = 59 mV. 

La coniparaison de ce potentiel norlnal a 
celui du systeme 

AgCI! + HClO, + e -  + HCI Ci0,- + Agl 

conduit a _I( = lo0 valeur en trks bon accord 
avec celle dtterminie par traitement matht- 
matique, et justifie les hypothkses form~11Ces. 

Le solvant utilise a kte prepare selon la methode deja 
decrite (1). Nous n'avons pas utilise la rectification 
I'anhydride acetique (13) afin d'eviter une reaction para- 
site entre les traces d'anhydride acitique entraine (14, 15) 
et HS0,Cl (16). 

L'acide chlorosulfi~rique Carlo Evba est employe sans 
purification car sa purification apporte plus d'inipuretes 
(S02C12, S,0,C12, HISO,) qu'elle n'en elimine (17, 18). 

Les solutions anhydres d'acide chlorhydrique dans 
AcOH sont obtenues en faisant passer dans le solvant le 
chlorure d'hydrogene gazeux obtenu par action de 
H3PO4 anhydre sur NaCI. 

AgC10, (produit Merck) est sechi sous pression re- 
duite en presence de P4010 a 80-C. 

PyHC104 est prepare par addition de pyridine a une 
solution d'acide perchlorique a 7 0 x  dans l'acide acitique. 
Le solide est separe par filtration et sCche selon la niCnie 
technique que celle utiliste pour AgCIO,. 

Le dosage de I'eau des solutions de composts non 
hydrolysables est effectuC par la mithode de Karl Fischer 
dtcrite par Bizot (19). La teneur en eau est gtneralement 
inferieure a 20 ppm. 

L'klectrode de reference choisie est 1'Clectrode Tacussel 
AcHg 10. 

Les lnesures potentiometriques, sont effectukes sur un 
millivoltnit.tre Tacussel ISIS 20 000 couple a un enregis- 
treur Tacussel EPLZ permettant d'apprecier la stabiiite 
des potentiels. 

Conclusion 
En conclusion, la valeur Clevte de la constante 

K relative a 1'Cquilibre [ 5 ]  montre qu'en solution 
dilute un Cchange important de SO, existe entre 
l'acide chloros~~lfurique et le solvant pour don- 
ner I'acide acCtosulfurique, si l'on admet comme 
Casadevall et coll. (21) l'hypothese que 
HS0,AcO est tr6s faiblement donneur de SO,. 
HS0,Cl est donc un donneur de SO, Ikgkre- 
ment plus fort que l'acide acetosulfurique dans 
l'acide acCtique. 

En solution concentree, la valeur de la cons- 
tante de 1'Cquilibre [5] dCterminCe par poten- 
tiomktrie n'est plus valable, l'activitk du solvant 
ne pouvant plus etre considCrCe comnle cons- 
tante. La seule espece caractCrisCe par spec- 
tromCtrie Raman est le chlorosulfate d'acidium 
acCtique. La formation de cette espkce ionisCe 
est favorisCe pai  I'augmentation du pouvoir 
dissociant du solvant due a une concentration 
ClevCe du solutt (5 M ) .  Cependant, 1'Cquilibre 
[ 5 ]  existe encore puisque nous avons montrt  que 
par Climination de HC1 sous pression rCduite le 
spectre Raman de la solution Cvolue. On observe 
une diminution des raies correspondant au chlo- 
rosulfate d'acidiun~ acCtique et une apparition 

d e  nouvelles raies que l'on peut attribuer a 
I'acCtosulfate d'acidium acttique. 

La dCtermination des constantes d'aciditt de 
HS0,Cl et HS0 ,CH,C02  ainsi que des cons- 
tantes de dissociation des sels devrait nous con- 
duire au  classement du pouvoir sulfonarit de ces 
diffkrents composts dans I'acide acttique et a la 
justification du caractere diacide de I'acide 
chlorosulfurique. 
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dipolemetrie et rksonance magnetique nuclkaire 
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ROBERT FAURE, JEAN-PIERRE GALY, EMILE-JEAN VIVCENT, JEAN-PIERRE FAYET, PIERRE 
MAURET, MARIE-CLAIRE VERTUT et Josf ELGCTERO. Can . J. Chem. 55, 1728 (1977). 

La constante d'iquilibre azido/tCtrazole de cinq azides heterocjicliq~~es (thiazoles, benzo- 
thiazole, benzoxazole, isoxazole) dans le dioxanne a Cte determinee par rmn du proton et par 
dipolemetrie. Cette dernitre mCthode utilise la comparaison des moments dipolaires electri- 
ques exptrimentaux et des moments thkoriques calcules pour l'azide et pour le titrazole par les 
mCthodes INDO, CND0/2  et CNDO/S. L'accord est satisfaisant (surtout en utilisant la 
CNDO/S) aussi bien sur la constante d'equilibre que sur l'effet de la temperature (AS - 50 
J K-' mol-I). La valeur de l'angle C-N-N (a = 114') d e ~  azides est discutee sur la base des 
Cnergies, des moments dipolaires et des spectres photoklectroniques experimentaux et calculks. 
On dCmontre la preference pour la conformation Z des azidoimines hetCrocycliques. 

ROBERT FAERE, JEAX-PIERRE GALY, EMILE-JEAN VINCENT, JEAN-PIERRE FAYET, PIERRE 
MAURET, MARIE-CLAIRE VERTUT, and JOSE ELGUERO. Can. J. Chem. 55,1728 (1977). 

The equilibrium constant in dioxane between~azido and tetrazole isomers has been obtained 
for five heterocyclic azides (2-azido thiazoles, benzothiazole, benzoxazole, and 3-azido isoxa- 
zole) by proton nmr and dipole moment- studies. The last method involves a cornparison 
between experimental and calculated (INDO, CND0/2, CNDO/S) dipole moments. The 
CNDOiS method gives the best equilibrium constants and entropy factor (AS -- 50 J K-' 
mol-I). A value of 114' for the C-N-N angle is found to account satisfactorily for certain 
properties (energy, dipole moment, photoelectron spectra) of aromatic azides. The heterocyclic 
azidoimines prefer the Z conformation. 

Introduction 
Nous avons montrC que la mesure des 

moments dipolaires pouvait etre utilisCe pour 
dtterminer la position des Cquilibres tautom6res 
prototropiques (2-5). Le principe de la mkthode 
est le suivant: pour un Cquilibre A =$ B de 
constante d'kquilibre K ,  

[ l l  K ,  = [BI/[Al 

si PA est une propriCtC additive du tautom6re A, 
P, celle du tautom6re B et P,, la propriCtC 
expkrimentale du mClange en Cquilibre, on peut 
Ccrire : 

'Cette publication est la no XXVI de la serie "Systemes 
aromatiques a 10 electrons n derives de l'aza-3a penta- 
lkne"; elle a fait l'objet d'une note preliminaire (1). 

'Auteurs auxquels la correspondance peut Ctre adresste. 

La proprittk additive, utilisCe dans les Ctudes 
prCcCdentes (1-5), est le carrC du moment dipo- 
laire (7). Les valeurs des moments dipolaires de 
chaque forme tautomere, non dkterminables 
exptrimentalement, sont CvaluCes thioriquement 
a partir de methodes semi-empiriques de type 
CNDO. 

Dans le cas de la tautomCrie prototropique, 
par suite des Cchanges rapides du proton entre 
les differents sites azotCs, les constantes d'Cqui- 
libre CvaluCes a partir de [ 2 ]  ne peuvent Etre 
controlees par rmn. Afin de tester la validit6 de 
cette mCthode nous I'avons appliquke au cas de 
1'isomCrie azido + tttrazole de quelques hCtCro- 
cycles pentagonaux, 1 a 5. 
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FAURE ET AL. 

TABLEAU 1. Moments dipolaires experimentaux* 

Compose T ('C) a B RIWD PZ z H D 

*Mesur&s dans le dioxanne 

Pour ce genre d'kquilibre nous avons montre 
(8, 9) qu'il est possible d'Cvaluer les proportions 
relatives de chacune des deux formes tauto- 
mires, par une simple Ctude en rCsonance 
magnCtique nuclkaire du proton. 

1 X = S , Y = C H . Z = C H  serie du thiazole 
2 X = S, Y  = CH,  Z  = C-CH, serie du thiazole 
3 X  = S .  Y-Z = benzo serie du benzothiazole 
4 X  = 0 ,  Y-Z = benzo serie du benroxazole 
5 X  = CH.  Y  = C-CH,, Z = 0 serie de I'isoxazole 

Les mesures des moments dipolaires ont CtC 
effectukes a deux tempkratures de manikre a 
avoir un ordre de grandeur des paramktres 
thermodynamiques (AH et AS)  relatifs cet 
Cquilibre. Ces valeurs sont ensuite confontrkes 
avec celles obtenues Dar une Ctude de rmn en 
tempkrature variable. 

Les moments electriques ont Cte mesures dans le 
dioxanne a la temperature de 25 et de 45'C. La formule 
de Debye a Ctt utilisee ainsi que la methode d'extra- 
polation d'Halverstadt et Kumler (10) pour le calcul de 
la polarisation totale du solutC. Les resultats sont donnes 
dans le tableau 1. 

Les spectres de rmn des composes 1, 2 et 5 ont Cte 
enregistres sur un spectrometre Varian XL-100 a la 
temperature de 28°C et ont ete analyses au premier 
ordre; les deplacements chimiques et les constantes de 
couplage sont donnCs avec une precision respective de 
Ifr 0.01 ppm et de f 0.05 Hz. L'analyse des spectres du 
tCtrazolo[5,1-blbenzothiazole 3 et du tCtrazolo[5,1-61- 
benzoxazole 4, enregistres respectivement sur des spectro- 
metres Cameca 250 MHz (T = 20°C) et Varian HA-100 
(T = 28"C), a Ctt conduite au second ordre a l'aide d'une 
version modifiee (11) du programme LAOCN3 (12); la 
deviation moyenne standart est de 0.05 Hz. Les ex- 
periences en temperature variable ont CtC realistes sur un 

spectrometre Perkin-Elmer R32; la precision sur la 
mesure de la temperature est estimee a f 1-C. Les cons- 
tantes d'equilibre ont Cte determinees par integration 
des raies de resonance relatives B chaque structure et 
l'erreur sur ces valeurs est inferieure a 10% (9). 

Diverses parametrisations issues du formalisme CNDO 
ont ete appliquies a la determination theorique des 
moments dipolaires de ces composes: deux modeles 
CNDO/2 qui different entre eux par l'introduction des 
orbitales d dans la base de description de l'atome de 
soufre, un modele CNDOIS et, dans le cas des substrats 
oxygtnes (4 et 5), un modele INDO. Les mtthodes 
CNDOl2 (13, 14) et INDO (15) ont ete utilisees dans la 
parametrisation originale de leurs auteurs. En ce qui 
concerne la methode CNDO/S (16), les intigrales 
bicentriques bielectroniques y,, ont Cte evaluees selon 
le formalisme de Pariser et Parr (171, tandis que les para- 
metres du soufre (approximation sp )  sont ceux proposes 
par Pfister-Gillouzo et a/.  (18). 

A l'exception du tetrazolo[5,1-blbenzothiazole 3a qui 
a- fait l'objet d'une etude cristallographique (19) aucune 
donnCe str~~cturale n'a ete publite sur ces differents 
composes. Aussi les geometries utilisees dans les calculs 
theoriques ont ete choisies par comparaison avec les 
donnees de la litterature concernant des composCs 
similaires (thiazole (20), imidazo[l,2-blthiazole (21), 
oxadiazole-1,3,4 (22) et - 1,2,5 (23)). Nous discuterons 
ulterieurement du choix de la geometrie du groupement 
arido, a savoir une structure de type lineaire ou de type 
angulaire. 

Les syntheses des composCs 1 a 4 ont Cte menCes selon 
les mtthodes decrites dans la litterature (24-28); l'azido-3 
methyl-5 isoxazole 5 a t t t  obtenu par action de l'azoture 
de sodium sur le sel de diaronium correspondant. La 
structure de ce compose a t te confirmke par spectro- 
metrie de masse et par resonance magnttique nucl~aire 
du I3C (29). 

RCsultats et discussion 
Equilibre azido/te'trazole: re'sultars de re'sonance 

magne'tique nucle'aire 
Les hCtCrocycles ktudiCs dans ce mtmoire 

(composCs 1 a 5) Ctant peu solubles dans le 
benzkne, nous avons dii utiliser le dioxanne 
comme solvant pour rtaliser les mesures diClec- 
triques. L'Ctude de rmn a CtC conduite dans le 
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1730 CAN.  J .  CHEM. VOL. 5 5 .  1977 

TABLEAU 2. DCplacements chimiques, constantes de couplage et constantes d'kquilibre:" cas des thiazoles 

Forme a Forme b 
- - % de 

R Solvant Hz R 
~3 H5 R J H ~ R ~  formea K, = [b] / [a ]  

"Les deplacements chimiques sont donnes en ppm et les constantes de couplage en Hz; les spectres ont etk eilregistrts sur un spectrometre 
Varian XL-100 a la temperature de 28°C. 

TABLEAU 3.  Deplacements chimiques, constantes de couplage et constantes d'equilibre: cas du benzothiazole et du 
benzoxazole 

Ha I;I 8 

6 ( P P ~ )  
- 

J (Hz) 
2 de K, = 

X Solvant Forme* HH, H6 H, H8 J5, JX7 J58 J67 J 6 ~  J78 formen [b]/[al  

*Les protons de la forme azide sont numt-rott-s abitrairement pour faciliter la mise en page. 
i.Ce spectre a et8 enregistre sur un spectrometre Cameca 250 MHz a la temperature de 2032. 
$Ces spectres ont etk enregistres sur un spectrometre Varian HA-100 a la temperature de 28°C. 
5Limite de detection d'une forme tautomere dans les conditions operatoires enoncees ci-dessus. 

meme solvant pour des raisons de cohkrence 
Cvidentes3 

Dans ce solvant, le comportement des 
difftrents produits ktudiks est tres different, ainsi 
que nous le montrent les valeurs expkrimentales 
des constantes d'kquilibre dttermintes B partir 
des rCsultats de rksonance magnttique nucltaire 

cdu proton (tableaux 2 B 4). 
Le thiazolo [2,3-el tttrazole 1 existe principale- 

ment sous forme azide, mais I'introduction du 

groupenlent nltthyle (compost 2), substituant 
donneur d'klectrons, dtplace l'tquilibre vers la 
forme tCtrazole (9). En ce qui concerne l'iso- 
mCrie entre le tttrazolo [5,1 -b] benzothiazole et 
l'azido-2 benzothiazole 3 B la tempkrature de 
l'exptrience les deux isom6res sont en proportion 
presque Cquivalente, avec une ltgere prkdomi- 
nance de la forme tetrazole. Quant aux dtrivCs 
oxygtnks 4 et 5 ils n'existent que sous la forme 
azide quel que soit le solvant utilisC. 

Par ailleurs tous ces rCsultats confirment les 
'Les spectres de rmn des derives oxygenes 4 et 5 ont Ctt 

enregistres dans le DMSO-d6 et le chloroforme deuterie. diverses ttudes qualitatives rCalistes par spectro- 
Dans ces deux solvants seule la forme azide est or&jente S C O P ~ ~  infra-rouge sur l'isomkrie azido + tCtra- 
en solution. Nous avons montri (9) que dans leAcas des zole dans le cas des hCtCrocycles a syst6me TC 
systkmes hiterocycliques pentagonaux le pourcentage de excCdentaire (24-28, 30). 
forme tetrazole augmente avec la oolarite du solvant. 
L'absence de cette forme dans le dirn~thylsulfox~de est 
donc une preuve a fortiori de son absence dans le internuczkaires groupement azide 
dioxanne. La dktermination thtorique des moments 
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FALRE ET AL.  1731 

TABLEAU 4. Dtplacements chimiques, constantes de couplage et constantes d'tquilibre:" cas de 
l'isoxazole 

Forme n Forme b 
-- -- -- % de 

Solvant HI  CH3 J I ,  H, CH3 J,, forme a K, = [b] /[a]  

- 

*Les diplacements chimiques sont donnes en ppm et les constantes de coiiplage en Hz: les spectres an t  ete enregistres 
sur  un spectrometre Varian XL-100 a la temperature de 28'C. 

4-Limites de detection d'une forme tautomere dans ies conditions operatoires enoncees ci-dessus. 

TABLEAU 5. Evolution du module et de la direction du moment dipolaire en fonction 
de l'angle cp (mtthode CNDO) 

Parametre 114 140 160 180 

L o ) *  1 34 1 65 1 81 1 90 
r*t - 146 - 158 - 168 - 190 
ET, (eV) 7 -2209 57 -2208 94 -2208 11 -2207 81 
ET2(eV) Sr -2236 47 - 2235 60 -2234 75 -2234 44 

*MBthode CNDOIS. 
+L'angle de la direction du  moment dipolaire est compte positivement dans le sens trigonometrique 

direct par rapport a ]'axe de x ;  cette direction du moment dlpoiaire, donnee par les methodes de type 
CI\DO, est 131n\erse de celle d e  la d6finilion des cliimistes. 

:ETI = E,I,, - ~ZZA ZE,'RAB. 

dipolaires de la forme azide nicessite le choix dipolaires expirimentaux et valeurs thioriques, 
d'une structure pour le groupement azide, c'est- nous avons etudie l'ivolution du module et de 
&-dire le choix de I'angle cp, I RNAN,. la direction du moment dipolaire d'une molCcule 

- modde, le phenylazide, en fonction de la 
N A variation de l'angle L RN,NB. 

R&9\NR+ Le moment dipolaire expkrimental du phknyl- 6-\ N-. azide est de 1.44 D (36) et sa direction est - ' C  

colinkaire A la liaison C-N, puisque le p-bromo Certains auteurs (31, 32) utilisent dans leurs phCnylaride posiede un moment dipolaire 
calculs thtoriques une structure linkaire (cp = nu1 (37). 180c), en desaccord avec les rksultats exptri- Sur le tableau on voit que les resultats 
mentaux obtenus par spectroscopie de microonde obtenus pour un angle cp de 14c tirCe 
(33) Ou par (34, 35) qui indiquent de la ref 35) sonl en ban accord avec 17experience 
un  angle cp voisin de 1 15".4 dans le cadre de la mCthode CNDO/S. 11 faut Dans I'intention de choisir la gtometrie qui cependant rioter qu.une variation angulaiie de 
conduit au meilleur accord entre moments 203 (par exemple pour = 1400) conduit 

4pour 0, L ~ A ~ , ~ c ,  nous ut i l i s~  la des risultats encore acceptables pour la valeur 
valeur de 172" (35). et la direction du moment dipolaire, mais la 
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TABLEAU 6. Spectres photoClectroniques. Cornparaison entre va le~~rs  thkoriques 
(mkthode CNDOIS) et resultats expCrimentaux 

Potentiels d'ionisation thCoriquesT Potentiels 
-- d'ionisation 

cp = 114' cp = 140" cp = 160' cp = 180' expCrirnentauxt 

8.68(n) 8.60(n) 8.47(n) 8.59(rc) 8.72 
9.82(n) 9.86(n) 9.53(n) 9.11(n) 9.53 

11.16(n) 10.33(n) 9.93(n) 9.98(n) 11 .OO 
11.35(n) 11 .12(n) 11.08(n) 11 .25(n) 11.35 
1 2 . 3 1 ( ~ )  12.38(0) 12.47(0) 12.51(0) 12.30 

*Calcules selon le theorerne de Kooprnans (38); les symboles entre parentheses indiqrlent la symt-trie 
des orbitales moleculaires. 

i.Valet~rs de la ref. 32. 

structure obtenue est energttiquement moins mCthode qui utilise les moments dipolaires 
stable (mtthode CNDOI2). thtoriques et exptrimentaux. 

Cette valeur angulaire de 114" conduit tgale- 
nient B un excellent accord avec les rtsultats de 
spectroscopie phototlectronique (32) comme on 
peut le voir dans le tableau 6 ;  les valeurs 
obtenues en CND0/2 conduisent B une moins 
bonne concordance. 

Ces rtsultats montrent que le choix d'une 
structure angulaire pour le groupemelit azide est 
parfairement justifit; aussi tous les calculs 
thtoriques des formes ouvertes ont Ctt effectuks 
en utilisant pour le groupement azido les 
donntes de la ref. 35 cp = 114", 8 = 172". 

Equilibre uzido-te'trazole: r&sultats obtenus ri 
parti? dcs moments dipolaires 

Les constantes d'tquilibre, tvalutes partir 
de [2], sont donntes dans le tableau 7 ainsi que 
les valeurs thtoriques des moments dipolaires de 
chaque tautomere. Dans ce m&me tableau nous 
avons group6 les valeurs experimentales (rmn) 
des constantes d'tquilibre. 

Les conclusions qu'on peut dCgager de la 
comparaison entre valeurs de la constante 
d7Cquilibre dkterminte par rmn et a I'aide des 
moments dipolaires (thtoriques et expkrimen- 
taux) sont les suivantes: (i) l'ensemble des 
mtthodes thtoriques utilistes permet de rendre 
compte de 1'Cvolution de l'equilibre azido $ 

tttrazole, (ii) la mCthode CNDO/S coiidujt aux 
rneilleurs resultats (en ce qui concerne les 
structures 1 , 2  et 5 I'accord est excellent), (iii) ces 
rCsultats justifient, a posteriori, la validitt des 
calculs des constantes d'6quilibre (2-5) par cette 

Corforrnation des azidcs 
Dans l'article deja citt (35) la structure radio- 

cristallographique de I'azido-3 phtnyl-4 pyrazole 
montre que le groupement azido adopte une 
conformation de type Z, 6. Les calculs prtctdents 
ont CtC rCalisCs en supposalit une m&me con- 
formation5 du groupement azide pour les 
molCcules 16, 2b, 3b, 4b et 56. 11 est cependant 
possible que le fait de se trouver en solution ou 
le changement de noyau htttrocyclique dtplace 
1'Cquilibre vers la forme E. 

N 

HN-N 

Nous avons choisi d'ttudier le cas de l'azido-3 
methyl-5 isoxazole 5 qui existe en solution 
exclusivement sous la forlne azide 5b (K 2 50, 
tableau 7). Les rtsultats du tableau 8 montrent 
d'une part que, quel que soit le modele tner- 
gttique et la mtthode utiliske, l'isoni6re Z est 
toujours favoris6 d'environ 0.16 eV (1 5 kJ 
mol-I); d'autre part si l'on compare la valeur 
expkrimentale (3.42 D, tableau 1) aux valeurs 
calcultes par la mkthode CNDO/S (3.31 et 
5.25 D, tableau 8), on voit que I'equilibre est 

5Nous avons supposC que l'angle dikdre form6 par ias 
plans de 1'httCrocycle et du groupement azido Ctait nul. 
En fait pour le produit 6 il est de 13.8" (35). 
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FAURE ET AL. 

TABLEAU 7. Moments dipolaires calcules et constantes d'iquilibre 

Mtthodes* Pourcentage 
Composes thioriques pa P b  de forme 2. K, = [b] /[n]:  (K,),,, 5 ( T )  

-- 

* A :  sans les orbitales d: B: avec les orbitales d. 
+Obtenu a partir des moments calcules et experimentaux. 
$DBterminee a parlir de 121; temperature: 25'C. 
$Determinee par rmn a partir de [ l  I. 

TABLEAU 8. Conformation de l'azido-3 isoxazole 

Parametre 5b (Z )  56 (El 

i C N D 0 / 2  2.96 4 .94  
Moment dipolaire INDO 2.96  4 .40  

(Dl CNDO/S 3.31 5 .25  

Energie totale A* CNDO/2 - 2623.385 - 2623.234 
(ev) { I N D o  -2518.348 -2518.154 

Energie totale B* 1 CNDO/2 - 2734.527 - 2734.397 
(eV) / INDO - 2629.490 -2629.318 

*L'energie totale est la somme de l'energie Blectronique et d e  I'energie de repulsion 
des coeurs; I'energie de repulsion des coeurs a ete evaluee par A le modele des charges 
ponctuelles, ERl = ZZ ZAZ,IR~,  et par B ie modele d e  puits positif, ERI  = 

CC z, 2, TAB. A'B 
A <B 

trks fortement diplack vers I'isomirre de con- 1'Cquilibre azidoltCtrazole sont bien connus sur 
figuration Z (a titre indicatif, l'application de le plan qualitatif (dkplacement de 1'Cquilibre vers 
[2] donnerait K, = [ Z ] / [ E ]  - 20, AG2, - 8 kJ la forme azide par Clevation de tempkrature 
mol- I). (30)), beaucoup moins sur le plan quantitatif. 

Dans le tableau 9 figurent les diffkrents cas 
Equilibre azido/te'trazole: effets de la tempkrature Ctudies dans la littkrature; a 19exception de 

Ees effets de la tempCrature sur l'kvolution de l'azido-2 pyridine, decrite par Temple et al. (40) 
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TABLEAU 9. Effet de la temperature sur I'equilibre azido-tttrazole 

Compose Solvant N o  de points AH (kJ mol-') A S  (J K-I mol-I)  Ref. 

Azido-2 dimethyl-4,6 pyrimidine CDCI, 4 2 8 . 2  8 1 . 6  3 9 
Azido-2 pyrimidine D M S O  11 21 .6  47 .6  40 
Azido-2 purine (cyclisation sur N,) D M S O  5 19 .7  57 .3  40 
Azido-2 purine (cyclisation sur N,) D M S O  5 1 1 . 3  46 .9  40 
Azido-2 chloro-6 pyridine D M S O  3 1 4 . 6  5 6 . 9  4 1 
Azido-2 nitro-5 pyridine D M S O  3 7 , 1 *  22 .6  4 1 
Acttyl-1 azido-2 imidazole D M S O  4 8 . 3  33 .5  42 
Azido-2 thiazole I b  D M S O  8 1 8 . 8 k 0 . 3  4 8 i  1 j. 

Azido-2 thiazole l b  CsHsNOz 8 1 6 . 0 k 0 . 3  5 7 i 1  i- 
Azido-2 methyl-4 thiazole 2b C,H,N02 8 1 8 . 0 k 0 . 3  4 6 i  1 i- 
Azido-2 dimethyl-4,5 thiazole 7b C 6 H 5 N O 2  9 2 0 . 6 + 0 . 7  4 1 + 2  L. , 

*La valeur, A H  = 17.6 kJ mo1k1, de la ref. 41 est err0ni.e (7. Sasaki, communication personnelle). 
tCe travail. 

Ies autres composCs ont i t6 itudies avec un 1, J,-P, F ~ ~ ~ ~ .  M.-C. VERTUT. P. M ~ U R E T ,  R .  FACRL. 
nombre insuffisant de mesures. J.-P. G ~ L Y ,  E.-J. VINCEUT et J. ELGUERO. C.R 

Nos propres rksultats: obtenus comme ceux 
de la littkrature par simple i~ittgration des 
signaux rnin, figurent Cgalement dans le tableau 
9 (le domaine de temperature est compris entre 
30 et 120°C.' On peut rernarquer que l'etitropie 
depend a la fois du solvant et des substituants. 
Les spectres des azido-2 thiazoles l b ,  2b et 7b ,  
qui avaient kt6 dkji enregistres B la temperature 
de 30aC dans un grand nombre de solvants (9), 
ont etC enregistrks B la temperature de 70°C; 
dans tous les cas, la valeur de l'entropie A S  est 
plus grande que zero, et comprise entre 25 et 
75 J K - I  mol-I$ ce qui interdit definitivement 
de traiter comnie des variables independantes 
le solvant, les substituants et la temperature. 

Nous voyons (tableau 1) que les moments 
dipolaires des composCs 1, 2  et 3 varient avec 
la temperature: on a donc un equilibre. La  
diminution du moment dipolaire de ces derives 
soufrCs correspo~id un deplacement de 
I'equilibre vers la forme azide beaucoup nloins 
polaire (tableau 7). U n  simple calcul, en utilisant 
les moments thtoriques CNDO/S, conduit aux 
valeurs suivantes pour l'entropie: 1  A S  = 30, 
2  A S  = 42, 3 A S  = 34 J K- I  n ~ o l - l ,  valeurs 
raisonnables, qui montrent une fois de plus la 
fiabiliti de la methode. 

Pour les derives oxygCnCs (4 et 5) le moment 
ne varie pas avec la temperature, ce qui est en 
faveur de l'existence d'une seule fornie. A partir 
des calculs theoriques on montre que la forme 
azide pridomine, ces rtsultats confirment, en les 
precisant, les pourcentages evalues en resonance 
magnttique nucleaire. 

6A des tempkratures plus ClevCes les azides se deconi- 
posent, parfois d'une f a ~ o n  tres violente. 
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Infrared studies of water in crystalline hydrates: M,H~c~, .N,o~ 
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MICHAEL FALK and OSVALD KNOP. Can. J. Chem. 55. 1736 (1977). 
Infrared spectra of polycrystalline K2HgC14.H20 at different degrees of deuteration were 

recorded, in the 4000-250 cnl-' region, a t  temperatures between Ilquid-nitrogen and 130°C. 
The spectra confirm the existence of a single type of water molecule, engaged in two equivalent 
hydrogen bonds. The value of 2548 cm-' for the isolated 0-D stretching frequency leads to an 
estimate of 3.25(3) A for the O...C1 hydrogen-bond distance, in excellent agreement with the 
results of X-ray and neutron diffraction. Dynamic coupling is appreciable for stretch, bend, and 
librational fundamentals but is weaker than in CuCI2.2H2O or K2CuC14.2H20, in which the 
water molecules in the crystal are more tightly bonded. 

A number of corrected values are reported of isolated 0-D stretching frequencies in 
hydrates studied previously. 

MICHAEL FALK et OSVALD KNOP. Can. J. Chem. 55. 1736 (1977) 
On a enregistre les spectres infrarouges du K2HgCI,.H,0 polycristallin a different degre de 

deuteration dans la region de 4000-250 cm-' et des temperatures allailt de celle de I'azote 
liquide jusqu'a 130'C. Les spectres confirment l'existence d'un seul type de lnolecule d'eau qui 
est implique dam deux pollis hydrogene equivalents. La valeur de 2548 cnl-' pour la frCquence 
de valence 0-D isolee conduit a un estin~e de 3.25(3) A pour la distance du pont hydrogene 
entre O...CI et ceci est en excellent accord avec les resultats de rayons-X et de diffraction 
neutronique. Le couplage dynamique est assez important pour les vibrations de valence, de 
deformation angulaire et de libration mais est plus faible que ceux observes dans le CuCI2.2H20 
ou le K2CuCI4.2H20 dans lesquels les n~olecules d'eau dans le cristal sont liees d'une faqon 
beaucoup plus intirne. 

On rapporte un certain non~bre de valeurs corrig~es pour des frequences de vibration de 
valence 0-D isolkes dans des hydrates qui avaient ete etudies antkrieurement. 

[Traduit par le journal] 

In certain classes of inorganic salt hydrates 
water molecules link the metal atoms with the 
anions to form flat infinite chains. Such geometry 
is particularly favourable for a study of the water 
molecule in crystals by ir or Raman spectros- 
copy. Fifer and Schiffer (1) made use of the 
advantages offered by the isotopic dilution 
technique in their ir investigation of H 2 0  in 
CuC12.2H20, and a similar investigation, in the 
series M,CuC1,.2H20 (M = K, Rb, NH,), was 
carried out in these laboratories (2, 3). In the 
present paper we describe the ir spectrum of the 
water molecule in another hydrate containing 
such chains, K2HgCI,.H20, and compare the 
results with those obtained for the other com- 
pounds. 

In the metal-water-anion chains occurring in 

'NRCC No. 15821. 

MX2.2H20 and M2CuC1,.2H20 (cf .  ref. 2) the 
water molecules are coordinated trigonally, while 
in K2HgCl,.H20 they are coordinated tetra- 
hedrally (4-7) (Fig. 1). More precisely, in the Hg 
compound all water molecules are crystallo- 
graphically equivalent and situated on twofold 
axes running parallel to the c-axis; each molecule 
is coordinated approximately tetrahedrally by 
two K and two C1 atoms. There are two types of 
nearest-neighbour H20-H20 pairs along the 
chain, (a)  those separated by the K atoms, with 
inter-oxygen distances of 4.1 A, and (b) those 
separated by the C1 atoms, with inter-oxygen 
distances of 4.8 A (Fig. 1). The 0...0 distances 
for water molecules in different chains are 
considerably larger, the shortest such distance 
being 6.9 A. By contrast, in the other type of 
chain, one M atom performs the function of two 
K atoms in K2HgCl,.H20. The O...Cl hydrogen- 
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FIG 1. Plans and elevations of the flat metal-hater-chlorine charns in K2CuCI, 2 H 2 0  and Cu- 
C1, 2H,O (after ref 2) and the analogous cham ln K2HgCI, H,O (after ref 7) One and a half perlods 
are shown; the Interatomic distances are in A. The \+ate1 molecule is coo~dinated trlgonally in the Cu 
compounds but tetrahedrally ( I K O K ,  87 7") In K2HgCI, H 2 0  The oxygen atoms in H,O-H,O 
pans of type a are sepalated by a Cu atom In the plane of the chain (in the Cu compounds) or by 
two K atoms outslde that plane (in the Hg compound; the K atoms would protect into a posltion 
indicated by a closs In the elevatron) No  metal atoms separate the two oxlgens In H,O-H20 pa~rs  
of type b. The plans show the dihedral angles HOH,CiOCl and HOH KOK 

bond contact in the Hg compound is 3.249(3) A 
(7) and thus significantly larger than the corre- 
sponding O...Cl distance in K,CuC1,.2H20, 
3.11 A, and somewhat larger than in Cu- 
C1,.2H,07 3.20 A,  hence hydrogen bonding in 
K,HgCl,.H,O is expected to be weaker than in 
either Cu compound. The difference in the 
hydrogen-bonding strength, in turn, would affect 
the magnitude of the dynamic coupling of 
vibrations of water molecules within the chains. 
Such coupling is appreciable, on evidence from 
the is spectra, in the two Cu compounds (2) but 
not detectable in hydrates in which the water 
molecules are too far apart to share any nearest- 
neighbour atoms, e . g .  K,SnCl,.H,O (8) or 
K,FeCl,.H,O (9). 

Only incomplete descriptions of the vibra- 
tional spectrum of K,HgCl,.H,O are found in 
the literature. Raman lines at 1608, 341 1, 3432, 
and 3475 cm-I have been reported by Weil 

(10) and fifteen lines, at 415 C I I I - ~  and below, 
by Poulet and Mathieu (11). Infrared bands at 
1602 and 3390 cm-I have been reported by 
by Chihara and Seki (12) and by Glemser and 
Hartert (13) respectively, and recently Barr and 
Goldstein (14) presented the Raman and ir 
spectra below about 350 cm-' of the undeu- 
terated and fully-deuterated compounds, inci- 
dental to their study of NH,HgCl,. Several 
studies by nmr also exist (15-19): the angle 
of inclination of the H-H vector to the 
crystallographic b-axis (i.e. of the plane of the 
water molecule to the 010 plane) obtained from 
the nmr experiments, 21.4", is in reasonable 
agreement with the neutron diffraction result 
(7), 20.57", and a!so with the angle deduced from 
the Raman spectra (lo), 19". 

In addition to describing the results of our 
ir study of K,HgCl,.H,O, we take this oppor- 
tunity to report the newly re-measured 0-D 
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"? t 'r , . 5 0 1  

1 I 

0 r" i - 
3500 2500 1500 500 c m '  

FIG 2 Survey spectrum of undeuterated K,HgCI, H,O at room tempelature (Bottom) Nujol mull 
(Top) Pressed pellet of KZHgC14 H 2 0  In KC1 

stretching frequencies of several hydrates whose KBr and In agreement wlth the frequencies reported for 

spectra were d~scussed in earher papers of this KHgBr3 (21) 
series. The spectra were recorded on a Perkln-Elmer model 

180 spectrophotometer uslng a model VLT-2 varlable- 
temperature cell holder (Research and Industrial In- 

Experimental struments Company, London) 

Crystals of K2HgC14.Hz0 \+ere grown by slow evapora- 
t ~ o n  at room temperature of a solution of 10 g KC1 and Results and Discussion 
9 g HgCI, in 40 nil of a H,O-D20 mixture of appropriate 
composition The clear colou~less crystals, which had The frequencies of the major bands of H,O, 
formed i ~ ~ t h l n  a few days, were authenticated by X-ray HDO, and Dz0 are listed In Tab1e The spec- 
powder diffraction The ir spectra of the polycrystalline trum gradually sharpened upon cooling the 
material dispersed In N U J O ~  and 1n KC1 pellets Rere speclmen to 11quid-nitrogen temperature. The 
slmllar (Fig 21, lndlcating that the structure and corn- low-temperature frequencies are more accurate 
posltion of the compound mere not modified by grlndlng 
and presslng wlth KC1 and w~ll be used throughout in the following 

In preparing samples of hlgh D content, dry N, was discussion, except where room-temperature 
bubbled through the solutlon to exclude atmospheric values are requ~red for conlparlson w ~ t h  the 
moisture As a result of the accelerated evaporatlon R~~~~~ data of refs. 10 and 11. 
crystals appeared much more rapidly The low-tempera- 
ture spc~trum of the polycrystalllne materlal obtalned Bcndlng Vzbratrons 
in thls way shohved additional small bands at 3599, 3564, At low lsotopic concentrations the bendlng 
and 3538cm-I In the 0-H and at 2675, 2633, and fundamentals of H,O and D,O are singlets, at 
2627 cm-l In the 0-D stretching reglon; these small 
bands were barely detectable In the room-temperature 1612 and c ~ - '  (F1g. 3). This 
spectra It seems llkely that the additional bands are due confirms the existence of only one crystallo- 
to traces of one or both of the two hydrates KHgCI, HzO graph~cally distlnct type of water molecule. At 
and KHg2C15 2H20 reported by Foot and Levy (201, somewhat h~gher D contents a feature appears 
though we have not been able to show thls conclusively 

On the low-frequency of the singlet. For Samples obtalned by slow evaporation were usually free 
of these admixtures D,O it occuls at I185 cm-' and is clearly re- 

Presslng pellets of HgCI, wlth excess KC1 conta~nlng solved. For H,O ~t occurs at 1610 cm-' and is 
a trace of molsture produced H,O spectra similar to not resolved from the 1612 cm-I peak, but 1ts 
those of K2HgC14 H 2 0  dispersed In KC1 pellets but with frequency is inferred from the overall to 
add~tional bands, agaln presumed to be due to small 
amounts of the above two compounds Pressed pellets low frequency with lncreaslng 'Ontent. This 
of K2HgC14 H,O In KBr gave an entirely different spec- feature 1s assl&ned to the out-of-~hase coupled 
trum, simllar to that obtalned from pellets of HgBrz in v~brations of certain H,O-H,O or D,O-D,O 
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TABLE 1. Vibrational assignments for the water molecule in K2HgCI,. H 2 0  

Frequency (cm- I)" 

H,O (ir) HDO (ir) D,O (ir) 
H,O (Raman)b --- - 

Mode r.1. r.1. 1.n. r.t. 1.n. r.1. 1.n. 

stretch 1 
OD stretch ! v3 

( V l  
2 x bend 
Bend (isolated) 

/ 1608 A, 
Bend (coupled) 

<\ 1608 B, 

.I twist 
Librations wag 

rock 415 B2g 

1616 A," 

"r.t., room temperature; 1.n.: liquid-nitrogen temperature. 
bFrom refs. 10 and 1 I .  
' B s ~ ,  B3u. 
5yymmetry species assigned from vibrational analysis. 
"Inscribe component;  frequency estimated o n  the assumption that the meal? frequency of the factor-group components equals the isotop- 

ically isolated frequency (if. refs. 1 and 2). (In a n    so topic all^ pure crystal the bending flindamc~ital should be split into one ir-acri\e component 
B,,, two Raniaii-actixe curnponents A and B,,, and one inacti\e component I ,  (Fig. 4). For  I-I,O b e n d ~ n p  the R a m a n - a c t i ~ e  f r e q ~ ~ e n c ~ e s  are 
k n o n n  from rcf. 10 and the inacti\e fre4iiency ma> be estimated after the manner of refs. 1 and 2 by assuming that the a\erage of tlic f r e q ~ ~ e n c ~ e s  
of the four coupled components equals the frequency of the isolated fundamental. Houever. this calculated frequency, 1616(6) cm-1, is of low 
accuracy because of combiiiation o f  experimental errors of the Raman and ir ineasurements.) 

;Estimated frequency, see text. 
#Largely H in-plane motion ((5 Fig. 6 of ref. 2). 
"Largely D in-plane iliotion. 

FIG. 3. Spectra of K2HgC1,.H20 (Nujol mulls) at - 150°C in the region of the bending vibrations 
of H,O, HDO, and D 2 0  at different D contents. 
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pairs. Only one feature due to coupling is de- 
tected, and the relative intensities of the coupled 
and uncoupled components are consistent with 
the coupling being appreciable for only one type 
of water pair. We identify the pair as one of the 
nearest-neighbour pairs within the chains, i.e. 
either a or b (Fig. 1). Pairs a and b are both 
centrosymmetric, so in either case the in-phase 
vibration would be ir inactive (cf. discussion in 
ref. 2). 

For the isotopically pure crystals, one of the 
factor-group components of the bending vibra- 
tion, B,,, should be ir active (Fig. 4). For both 
H,O and D 2 0  it coincides with the coupled 
vibration of H,O or D 2 0  pairs observed at 
lower isotopic contents. This confirms that in 
this hydrate, as in K2CuCl,.2H20 (2) and 
CuCI2.2H2O (I),  the coupling of bending vibra- 
tions originates almost entirely in one type of 
water pairs within the chain. However, the 
magnitude of this coupling is considerably 
smaller in K,HgCI,.FI,O. 

The bending fundamental of HDO at low 
isotopic concentrations is also a singlet, at  
1422 cm- ' , which confirms the equivalence of 
the two hydrogens, consistent with the C, site 
symmetry of the water molecule required by the 
structure. At higher concentrations of HDO 
an additional feature, sharp and well-resolved, 
appears at  1419 cm-l .  

Since pairs of type a and b may exist, in the 
case of HDO, In either a centrosymmetric or a 
non-centrosymmetric configuration, the situa- 
tion is more complex than for H,O or D 2 0  
pairs. The simplest interpretation of the fact that 
vibratioilal coupling results in only one sharp 
feature at 1419 cm-I at higher HDO contents is 

V ~ b r o t i o o s  o f  V ~ b r o t ~ o n s  V t b r o t l o n s  A c t i v i t y  
i s o l a t e d  H 2 0  o f  H 2 0  o n  o f  4 H 2 0  

C 2 v  c 2  site i n  d o i t  c e l l  
D 2  h 

GI d 2  Tz 

R, ( 1 w 1 s t )  

v 3  T, R, ( r o c k )  

T, R , ( w a g i  

R o m a n  

~ n o c t ~ v e  

k n f r a r e d  

FIG. 4. Correlation of the symmetry species of the 
nlolecular (C,,), site (C,), and factor (DZh) groups of the 
K,O fundamentals in K2HgC14.HZ0. 

to assume that (i) the coupling of bending 
vibrations for HDO, as for H 2 0  and D 2 0 ,  is 
appreciable for only one type of water pair, 
i.e. either a or b of Fig. 1 ;  (ii) the 1419 cm-l 
band is due to the out-of-phase coupled vibra- 
tions of centrosymmetric and non-centrosym- 
metric pairs in near coincidence; and (iii) the 
in-phase coupled vibration of the non-centro- 
symmetric pairs is not observable owing to low 
intensity. The relative intensities of the 1422 and 
1419 cm-' bands at  different HDO contents are 
fully consistent with this interpretation. 

It  may seem surprising that the strength of 
dynamic coupling can differ by what appears to 
be an order of magnitude for pairs of water 
molecules which do not differ appreciably in their 
inter-oxygen distances, 4.1 and 4.8 A. However, 
the dominant term responsible for the coupling 
must be of dipole-dipole nature, and so orienta- 
tion may play a decisive role. 

Stretching Vlbmtions 
The vibrationally isolated 0-H and 0-D 

fundamentals of isotopically dilute HDO gave 
rise to sharp singlets at  3445 and 2544 cm-I 
respectively (Fig. 5). The singlets confirm the 
equivalence of the two hydrogens, consistent 
with the C, site symmetry of the water molecule. 

At intermediate isotopic concentrations the 
spectrum in the 0-D stretching region exhibits 
several sets of weak bands, of which the most 
visible are a pair at  2520 and 2565 cm-l.  They 
are assigned to coupled vibrations of HDO- 
HDO pairs. Unlike for the bending vibrations, 
the coupling of stretching vibrations appears to 
be appreciable for more than one type of pair. 
The corresponding 0-H coupled modes of 
HDO-HDO pairs would be expected to fall 
near the H 2 0  stretching frequencies from which 
they are not resolved. 

For undeuterated, or fully deuterated, samples 
the symmetric and antisymrnetric stretching 
frequencies, v, and v,, can be assigned unam- 
biguously by reference to the rules of factor- 
group splitting (Fig. 4): the Raman bandy at 
3411 and 3432 cm-' reported in ref. 10 are of 
symmetry species B,, and A, and hence must 
belong to the v, fundamental, while the band 
at 3475 cm-l, of symmetry species B,,, must 
belong to the v, fundamental. This establishes 
that v, > v,, which is the usual order, and leads 
to the other assignments in the 0-H and 0-D 
stretching regions in Table 1. The overtone of 
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70 1 OH STRETCHING OD STRETCHING 

/- 
0 % D  

45%D 

75 % D 

60  

9 0  % 0 

i ) I 2 3 5 0  
2 v2 

2602 2500 , , +--- 
c m - t  2600 2400 2200 

FIG. 5. Spectra of K2HgCI,.H,0 (Nujol mulls) at - 150°C in the 0-H and 0-D stretching regions 
a t  different D contents. 

the bending vibration, 2v,, at 3193 cm-I for 
H,O and 2350 cm-I for D,O, is clearly en- 
hanced by Fermi resonance with the v, funda- 
mental. The resonance is relatively weak, 
corresponding to case a in Fig. 1 of ref. 22. 

We note that dynamic coupling of vibrations 
is also appreciable for the stretching funda- 
mentals, as witnessed by the frequency differ- 
ences between the Raman and the ir factor-group 
components of the v, and v, fundamentals. 

Rotational and Translational Vibrations 
In the ir spectrum of K2HgCl,.H20 the 

rocking and wagging librations should yield 
two, and the twisting libration one, components 
for a total of five bands (Fig. 6). Only two lllajor 
features in the H 2 0  and D,O spectrum may be 
assigned to librations. They occur at 571 and 
451 cm-I for H 2 0  and at 420 and 333 cm-I for 
D,O, which yields an H,O/D,Q frequency ratio 
of about 1.36, characteristic of purely librational 
motions.' The two librations must be the rock 
and the wag: the twisting fundamental, which 
is ir inactive under the full C,, symmetry of the 
undistorted water molecule, is rarely observed 
in the ir spectra of crystalline hydrates, and the 
factor-group splitting expected for the librations 
in K,HgCI,.H,Q would be of the order of 1 to 
10 cm- l, as for the bending and stretching funda- 

'The intense band at 305 cm-' does not shift upon 
deuteration, hence it does not belong to the H 2 0  spec- 
trum of the hydrate. 

mentals, and certainly not of the order of 
100 cm-I. 

In crystalline hydrates it is often difficult to 
decide which of the two is wag and which is rock, 
but in our case we are helped by the librational 
frequencies of HDO, 602, 431, and 373 cm-l. 
Expected qualitative relations between the 
frequencies of H,O, D 2 0  and those of HDO 
(Fig. 6 of ref. 2) lead us to assign the 571 cm-I 
band to the wagging libration and the 451 cm-l 
band, to the rocking libration. The usual 
sequence of frequencies is rock > wag (23, 24), 
so the present sequence constitutes another case 
of reversal (9, 25). The intensity sequence, how- 
ever, is the usual one, wag > rock >> twist (9). 
The frequency of the twisting libration may be 
deduced to be approximately 630cm-I for 
H,O and 440 cm-I for D,O, from a considera- 
tion of the scheme presented in Fig. 6 of ref. 2. 
This scheme places the frequency of the H 
(or D) out-of-plane libration about midway 
between those of the wagging and twisting 
librations of H,O (or D,O). Shoulders observed 
near 630 and 440 cm-I may be due to the twisting 
mode. 

The twisting motion in K,HgCl,.H,O thus 
appears to correspond to the librat~on of highest 
frequency. This is In contrast to K,CuC1,.2H20, 
in which it is the libration of lowest frequency. 
The difference may be explained by the forces 
opposing the twisting motion in a trigonally 
coordinated water molecule which in the Cu 
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FIG. 6. Spectra of K2HgCI,.H,0 (Nujol mulls) a t  
-150°C in the region of the librations of the water 
molecules, at different D contents. 

compound arise only from the hydrogen bonds. 
In  a tetrahedrally coordi~lated water molecule 
in the Hg compound this motion is also opposed 
by the two K-OH, contacts. Further work may 
s h o ~  whether this is a general rule for other 
tetrahedrally and trigonally coordinated water 
molecules in crystals. 

Dynalnic coupling of vibrations is also 
appreciable for the librational fundamentals. 
This is manifested by the difference between the 
Raman and ir frequencies of the wagging and 
rocking fuildamentals (Table I), and in the 
resolution, in the spectra of Fig. 6, of a 'coupled' 
and an Ysolated' frequency for the H,O rocking 
inode at  451,'447cni-', the H D O  mode a t  
378,'373 e n - ' ,  and the D,O mode at  3331 
327 em-'. 

In  spectra of thicker films broad bands are 
observed, centred at  1080 and 840 cm-I.  They 
appear to be the first overtones of the wagging 
and rocking librations respectively. The breadth 
and the con~plex shape of these bands show that 

they are the superpositions of inany of the 
allowed overtones and binary combinations of 
the four factor-group components of each of 
these librations (cf .  ref. 2). 

The three translational fundamentals are 
expected to lie in the 100-300 cm-I region and to 
give rise to five is-active and six Raman-active 
factor-group components (Fig. 4). One of the 
is colnponei~ts (at 202 cm-I for H 2 0  and at  
196 cm-' for D,O) and one of the Raman 
componelits (at 157 cm-I  for H,O and at  
153 cm-' for D,O) have been observed in the 
low-frequency spectra of ref. 14. 

Tlie 0 . .  . Cl Distance 
The value of the isolated 0-D stretching 

frequency at  room temperature is 2548 cm-l .  
Using the correlatioll (26) between the O...X 
hydrogen-bond distance R and v(OD) we obtain, 
for X = C1, R = 3.397 + 0.000840[v(OD) - 
27271 - 3.25(3) A, in excellent agreement with 
the value of 3.249(3) A resulting from neutron- 
diffraction work (7). Glemser and Hartert (13) 
used their 'raw' value of 0-H stretching 
frequency of H,O, 3390 cm- '  (presumably v,), 
to derive. from a similar correlation, R = 
3.22 A. The use of isolated 0-H or 0-D 
stretching frequency leads to more accurate 
frequency-distance correlations. 

Pllase Tra~lsition in K,HgCI,.II,O 
The occurrence of a phase transition at  a 

temperature reported to be as low as 82°C (18) 
and as high as 114'C (12), presumably depending 
on the rate of heating, has been described. The 
transition appears to be accompa~lied by marked 
changes in the dielectric properties (18) and by 
a large enthalpy change (12) but not by dehydra- 
tion (12) or a volume discoiltiliuity (18). The 
nature of the transition is not completely undcr- 
stood. 

We observed no evidence of a spectral dis- 
continuity in thc above temperature region in 
spectra obtained from K,HgCI,.H,O dispersed 
in KC1 pellets and kept at  a predetermined 
temperature. 

Structural Concl~rsions 
1. The existence of a single type of H,O 

molecule on a site of symmetry C,, as determined 
by X-ray and neutron diffraction, is confirmed. 

2. The spectrum of the water molecule in 
K2HgC1,.H20 grossly contrasts with that in 
K,SnCl,.H,O, which was once incorrectly 
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FALK A N D  KNOP 

TABLE 2. Corrected values of the 0-D stretching frequencies (cm-I) of 
isotopically isolated HDO in hydrates described in refs. 2, 8, 9, and 27 

Frequencya 

Old values New values 
- ---- - - 

Compound r.t. 1.n. Reference r.t. 1.n. 

"r.t., room temperature; l.n., liquid-nitrogen temperature. 

thought to  be isostructural with the Hg coin- 
pound (ref. 8 and other references therein). 

3. The v(0D) value of 2548 cm-I for the 
isolated 0-D stretch at room temperature leads 
to an estimate of 3.25(3) A for the O...Cl distance 
involving hydrogen, in excellent agreement with 
refs. 6 and 7. 

4. Dynamic coupling is appreciable for stretch, 
bend, and librational fundanientals. However, it 
is smaller in magnitude than in CuC1,.2H20 or 
K2CuCl,.2H,O. This might be expected, for the 

interaction is much weaker than the 0-Cu-0 
interaction in the two Cu compounds, and the 
hydrogen bonding also is weaker. 

5.  The phase transition reported to occur in 
the 82-114°C range either does not take place 
in KC1 matrix, and hence is associated with loss 
of water, or it leads to minimal structural 
changes in and around the water molecule, such 
as would not appreciably affect its ir spectrum. 

Correction of Earlier Data 

The error was caused by a local anomaly in the 
frequency calibration of our model 521 in- 
strument. Because of the importance of having 
accurate v(0D) data for frequency-distance 
correlation purposes, we have gathered in Table 
2 the previous and the new, corrected values. 
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Extremal arrangements of points and unit charges on a sphere: equilibrium 
configurations revisited 
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1745 (1977). 

We review the formulation and solutions of a number of extremal problems associated with 
points and unit charges on the surface of a sphere in E3. For one of these problems, namely 

> ? I  

U(nz,n) = +k C dp,-" = minimum 
P" 4 

where d,, is the Euclidean distance between points P and Q and n1 is the number of points, we 
discuss the results for m 5 16 and 1 5 n < co. For the cases m = 5, 11, 13-16 we find hitherto 
undiscovered solutions. Our solutions for in = 5 and 11 correct earlier results in the literature. 
We also sharpen the existing literature results for m = 7 and 10. 

THEODOR WILLIAM MEL~YK, OSVALD K ~ O P  et WILLIAM ROBERT SMITH. Can. J. Chem. 55, 
1745 (1977). 

On passc en revue la formulation et les solutions d'un certain nombre de probltmes extremes 
associes avec les charges ponctuelles et unitaires sur la surface d'une sphtre en E3. Pour un de 
ces probli.mes, a savoir 

m 

U(rn,n) = J k  C 4,-" = m~nimum 
P +  q 

oh d,, est la distance euclidienne entre les points P et Q et m est le nombre de points, on discute 
des rtsultats pour nz 5 16 et 1 5 n < m. Pour les cas m = 5,11,13-16, on trouve des solutions 
qui n'avaient pas ett  dCcouvertes jusqu'a maintenant. Nos solutions pour nz = 5 et :1 corrigent 
des rtsultats anttrieurs parus dans la Iltterature. On prtcise aussi des rksultats existants dans la 
litttrature pour m = 7 et 10. 

[Traduit par le journal] 

The problem, and its equivalents and cognates, 
of how to arrange nz points (or equivalent 
particles or discrete unit charges) on the surface 
of a three-dimensional sphere to satisfy a pre- 
scribed extremal condition, is of importance in 
stereochemistry (VSEPR theory of directed 
valency, cf. ref. 1) as well as in botany, virology, 
information theory, and elsewhere (2, 3). How- 
ever, it is often not appreciated that an 'equili- 
brium' configuration of the points may in some 
cases correspond to seceral, quite different, 
extremal requirements which in general lead to a 
variety of solutions (cf.  ref. 4). Furthermore, the 
extremal requirements are sometimes inade- 
quately specified and their description is con- 
fused; it is in fact not entirely clear which 
particular set of extremal conditions is the most 
appropriate to use as a basis of stereochemical 
theory. In view of this and of the fact that the 
mathematical literature on extremal configura- 

'To whom correspondence should be addressed. 

tions is quite extensive and at times not easily 
accessible, we set out, in the following, the 
various equivalent formulations of the extremal 
conditions of interest and present as concisely as 
possible the results, exact or conjectured, that 
have been reported to date. Against this back- 
ground we then describe the results of our own 
investigations of problem B below, the extremal 
problem that has received most attention by 
chemists. 

We have investigated problem B for 5 to 16 
points by a numerical technique. Rigorous 
methods (cide infra; refs. 2, 3, 6-8) have so far 
produced solutions for up to 12 points (in an 
isolated case, for 24 points), and then only for the 
so-called 'hard-spheres' case, which is of limited 
importance in stereochemistry. In yielding solu- 
tions for 11 and 24 points the geometric method 
of proof may be approaching its limit of useful- 
ness. On the other hand, the computational time 
and effort required to deal with 16 points, and the 
increasing ease with which competing configura- 
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tions can be converted into one another, give us 
reason to believe that further numerical work 
may be unprofitable. 

We shall not concern ourselves with $he im- 
portance, relative to other factors, of the stated 
extremal conditions in determining actual stereo- 
chemical configurations.' 

In this paper, d,, denotes the Euclidean dis- 
tance between points P and Q on the unit sphere, 
s,, denotes the corresponding spherical distance 
(in radians) measured along a great-circle seg- 
ment connecting P and Q ;  in is a positive integer 
and n is a non-negative real number. 

Distinct Extremal Problems and Their 
Formulations 

A.  Leech (9) posed the following problem: n1 
particles are constrained to the surface of a 
sphere. Between every pair of them there acts a 
force which depends only on the distance be- 
tween them; the law of force is the same for all 
particles. Which configurations are hnlunced 
with respect to tangential forces for any force 
law? 

B. Which configurations satisfy the condition 
m 

[ l]  U(m,n)  = +k 1 4,-" = minimum 
p f q  

If k is dimensionless, the dimension of U is 
(length)-" and the extrenial condition is purely 
geometrical, involving distances between pairs of 
points. If the dimension of k is (length)", U is 
dimensionless. If the dimension of k is (energy) x 
(length)", U is the potential energy of a system of 
m discrete unit charges of equal sign confined to 
the surface of a sphere. For Coulombic repulsion, 
71 = 1. 

When n -+ m, U is increasingly dominated by 
the term(s) corresponding ro the smallest d,, and 
minimizing U becomes equivalent to maximizing 
the smallest d,,. In this limit the problem is then 
equivalent to the problein of densest packing of 
equal spheres (or equal circles or spherical caps) 
on a sphere. This is sometimes referred to as the 
Izard-splleres case, while finite values of n pertain 
to the soft-spheres case. 

Various equivalent formulations of the densest- 
packing problem are found in the literature 
(2-4, 6-8): (1) Which configuration of m points 
on a sphere maximizes the minimum distance d,, 

'For a discussion of these other factors see, for 
example, refs. 1 and 5, and the references quoted therein. 

or s,, between any two of the points ? This is the 
Tarnn~es problen? of pollen-grain orifices (cfi 
ref. 2, also for results in spaces other than E3). 
(2) nz points are placed on a sphere of radius R,, 
in such a way that no d,, is less than unity. Find 
the minimum value of R,. (3) The packing den- 
sity p,, is the ratio of the total area of m equal 
non-overlapping circles (or spherical caps) on the 
surface of a sphere to the surface area of the 
sphere. Find the arrangement(s) of the circles 
that gives (give) the maximum value of p,,. 
(4) Find the largest angular diameter of in equal 
circles (or spherical caps) which can be packed on 
the surface of a sphere without overlapping. 
(5) How many cones of given angle can be packed 
around a point? (6)  A planet is ruled by nz 
mutually inimical dictators. How are they to 
distribute their residences so as to maximize the 
minimum distance between any two of them? 
(7 )  How can nz fuel depots be arranged on a planet 
so that an accidental explosion of one of them 
will least endanger the rest? 

C. Which configurations satisfy the condition 
m 

[2] V(n1,n) = ;k d,," = maximum 
P" 4 

D. Replace in problem C the Euclidean dis- 
tances d,, by the shortest spherical distances s,,. 

E. The problem of tlzinnest covering of a sphere 
by nl interpenetrating equal spheres (or equal 
circles or spherical capsj : 

(I) Find the (complete) covering of a sphere by 
nz congruent circles (or spherical cap$) having 
minimum density p,,' (analogous to p ,  in 
probiem B(3)). (2) How should nz fuel depots be 
arranged on a planet so as to minimize the 
greatest distance between a point of the planet 
and the nearest depot (cf. ref. 6) ? (3) How should 
the residences of m allied dictators governing on 
a planet be placed so as to control the planet as 
well as possible (cf. ref. 6)? 

F. How to arrange m interpenetrating equal 
spheres (or equal circles or spherical caps) of 
spherical radius s,  C < s I n/2, on a sphere so as 
to cover the greatest possible area? This case is 
intermediate between the densest packing and the 
thinnest covering. 

G. How to distribute m points on a sphere so as 
to maximize the volume of their convex hull? 
More precisely, (surface of h~l l )~/(volume of 
hull)' = minimum. 

H. Still other extrelnal problems have been 
proposed by Whyte (4), e.g., maximizing the 
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product of distances of a11 pairs, or finding 
arrangements which possess extremal properties 
of any kind, or finding extremal problems which 
lead to identical solutions. 

Known or Conjectured Solutions to Problems 
A to H Reported to Date 

In  the following text and in Tables 2-7, con- 
figurations are described either by their proper 
names (when the configuration corresponds to a 
familiar convex polyhedron inscribable in a 
sphere, or when it is obtained by a central pro- 
jection of the vertices of such a polyhedron onto 
the ~ p h e r e ) ~  or by symbols indicating the point- 
group symmetry of the configuration and the way 
in which the nz points are distributed among 
circles formed by intersectioils of the sphere with 
consecutive planes parallel to the equatorial 
plane. The north-south axis coincides with the 
principal axis of rotation when the configuration 
has rotational symmetry. Thus the regular 
icosahedron, nz = i2, may be described as 
1,(1: 5: 5: I), with the two single points in the 
poles and the vertices of the tw-o staggered 
pentagons in planes parallel to the equatorial 
plane. Similarly, C4,(1 : 4 : 4: 4) represents an 
arrangement of symmetry C,, with one point in a 
pole and three sets of four coplanar points sym- 
metric about the fourfold axis passing through 
the po!e and the centre of the sphere. This 
nomenclature is not unique but is in common use 
and convenient; additional information is pro- 
vided when ambiguity arises. To save space, the 
symbols are contracted: I,,jl : 5 : 5 : 1 ) becomes 
J,,(11521') and C,,(l: 4:4:4) becomes C,,(1143). 

The positions of the points in some of the con- 
figurations are completely fixed by symmetry. In 
others, some of the positions vary with n while 
the point-group symmetry is maintained. The 
minimum number of n-dependent coordinates 
(parameters) necessary to describe completely a 
configuration of a particular point-group sym- 
metry is designated by f .  This quantity may be 
viewed as the nzaximurn number of degrees of 
freedom of the configuration under that sym- 
metry; it is lowered if one or several of the f 
variable coordinates are a priori assigned par- 

3Capping adds vertices above faces perpendicular to the 
principal axis of symmetry of the polyhedron, e.g. ,  as in a 
bicapped trigonal prism. Augmenting adds vertices above 
faces perpendicular to the equatorial plane (e .g . ,  trigonal 
prism + 3) or, occasionally, above other faces. 

ticular values. Thus removing a vertex of a 
regular octahedron 0,(1'4111)(,f = 0) leaves a 
square pyramid C4,(114') ( -  octahedron - 1) 
in which the relative positions of the five points 
are completely determined and hence f = 0. 

r i  case However, this co~lfiguration is only a speci- I 
of the square pyramid C4,(1141)Cf = 1) inscribed 
in a sphere and in which the plane of the four 
points is not fixed relative to the equatorial 
plane, the geodetic latitude of this plane being the 
degree of freedom to be specified. Similarly, the 
removal of a vertex of a regular icosahedron 
1,(115211)(f = 0) leaves a singly-capped pentag- 
onal antiprism C5,(115')(f = O), a special case of 
the singly-capped pentagonal antiprism 
G,,(1152)(f = 2) in which the latitudes of the 
planes containing the two pentagons can assume 
any admissible values. 

A .  This problem has been investigated by 
Leech (9), with the followillg results. The only 
solutions are configurations which have rota- 
tional sym~netry about every diameter through 
the particles, i .e. configurations defined by 
polyhedra inscribed in the sphere and having all 
the vertices on axes of rotation. Hence only these 
possibilities exist: (a) Regular polygons with 
vertices on a great circle. This includes an anti- 
podal pair, m = 2. (b)  Co~lvex Platonic pofy- 
hedra YG(m), their duals 9 (m) ,  and vertex-figure 
derivatives V ( ~ K ) . ~  ( c )  Combinations of con- 
figurations of a and b to give balanced configura- 
tions inscribed in the sphere. Construction of 
such configurations amounts to finding balanced 
sets of particles having balanced subsets which 
when removed leave balanced sets. At most three 
sets from a and b can be combined. For two sets, 
the possibilities are two coplanar polygons, or 
any binary combinations of Yt(m), 2 ( m ) ,  and 
Yr(nz), or a combinatiol~ of a polygon and an 
antipodal pair to a regular bipyramid. For three 
sets, the possibilities are a combination of YC(m) 
with its dual B(7n) and vertex-figure polyhedron 
Y ( m ) ,  or two coplanar polygons and an anti- 
podal pair combined to a regular bipyramid, 
or three antipodal pairs in the vertices of an oc- 
tahedron. 

The distinct configurations of class b and their 
combinations are listed in Table 1. 

B. The configurations shown in Table 2 for 
m = 2, 3, 4, 6, and 12 are the solutions to the 

4A dual is defined by the face-centres of a polyhedron. 
A vertex-figure polyhedron is defined by the midpoints of 
the edges of a polyhedron. 
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TABLE 1. Balanced configurations of symmetries O,,, T,, and I,, (9) 

m Configuration* 
- -- 

9 ( ( 4 )  (= tetrahedron T,) 
PC(6) (= octahedron 0,,) 
PC(8) (= cube 0,,) 
P i (4 )  + V ( 4 )  
9 / (12 )  (= icosahedron I,,), Y ( 8 )  (= cuboctahedron O,,) 
8 / ( 6 )  f 9 ( 6 )  (= rhomblc dodecahedron or trisoctahed~on or tetrahevahedron 0,,) 
N ( 6 )  + YT(6) 
6 / ( 2 0 )  (= dodecahedron I,,), YL(8) + Yr(8) 
Y i ( 6 )  + 9 ( 6 )  + V ( 6 )  (= hexoctahedlon 0,,) 
Yr(12) (= lcosidodecahedron I,,) 
91(12) + T(12)  (= rhornb~c tr~acontahedlon or tilsicosahedron I,,) 
W ( I 2 )  + YF(12) 
PL(20) + Y'(20) 
Y((12)  + Y(12) + Y'(12) (= trapezoidal hexecontahedron I,,) 

TABLE 2. Configurations corresponding to the densest packing of congruent hard spheres 
(solutions to problem B for n -t cc) 

m Configuration Reference 

Antipodal pair Dcch 
Equilateral triangle DJh  inscribed in a great circle 2, 14 
Tetrahedron Td 2, 14 
Trigonal bipyramid D3h or square pyramida CLL.( f = 0) 2,14 
Octahedron 0, 2,14 
C,,(113'), smi, = arc cos [cos %x/ ( l  - cos 8x)l 7 
Square antiprismc D ~ ~ ,  smi, = arc cos [(,/8 - 1)/71 7 
D3,,(33),d = 2 arc cos (&3) 7 
C2,(214122)f (proved by L. Danzer) 
C5,(1152)g (proved by K .  Boroczki) 
Icosahedron Ih 2, 14 
Not the trisoctahedron or rhombic dodecahedron or tetrahexahedron Ohh 6 9  
Not the Platonic dodecahedron Ih 6 
Snub cube O 8 
Not the icosidodecahedron Ih 6 9  
Not the triacontahedron I, 6 9  

noctahedron - 1. This is the only instance knonn for which the solution is not unique: ally arrangeinent between 
the limiting configurations D3,  and C,, ( J  = 0 )  is admissible (see text). 

bThe centrosyninretric solution is the cube (see footnote i below). 
CThe triangular faces are not equilateral triangles. 
dTrigonal prism - 3,  or a completely truncated trigonal prism. 
eThe centrosj~ii~iiietric solution is a pentagonal antiprism DsdL. 
Js - = 2 arc cos [l  - (1:4R2)]1'2, 16Rh - 44R4 r 34R' - 7 = 0 (7) .  
9l;diahedron - 1. This is a rigid configuration. 
"B8r8crki (see footnote i below) in 1968 proved that this configuration is the ccnfrosyri~i?~cfric solution for ni = 14. 
iL. Fejes T6th. Personal communication to 0. Knop. 

problem for ar~y  power law (9) and hence for all 
values of n. For any other values of m the 
dependence of the configuration on n must be 
investigated separately, since the metric proper- 
ties of configurations with f # 0 change with n 
or else different ranges ofn correspond to different 
configurations. 

The case most extensively studied by rigorous 
methods is that of the densest packing, n -+ co 
(2, 10) (Table 2). One might expect, intuitively, 
that arrangements of the highest symmetry 
would be the solutions. This is known to be so 

for m = 2 to 6, 9, and 12 but not for m = 7, 8, 
10, 11, 14, 20, and 24. Furthermore, the con- 
jectured configurations (Table 3) suggest that 
with increasing m ,  arrangements of low sym- 
metry are the likely solutions, though in some 
cases the proposed configurations are not far 
removed from configurations of the maximum 
possible symmetry. For m = 5, the solution is 
not unique: any configuration with three of the 
points on the equatorial circle, with n/2 5 smin i 
2x13 between pairs, and with the other two 
points in the poles is equally valid, the limiting 
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TABLE 3. Conjectured configurations corresponding to the densest packing of congruent hard spheres (conjectured 
solutions to problem B for n -t x) 

m Configuration Reference m Configuration Reference 

D5(11561')a 
D3(3 ''1 
C5,(5310152)a 
C5,(531015211)a 
C5,(115310'521')a 
D5h(5310153)a 
C5,(115310'53)a 
D5h(11531015311)a 
T(1131411)6 
0(412) 
D5(115'1045111)0 
Snub dodecahedron 1 
Ih(5 ' 6 ) c  

C3(1133611)" 
I(5'") 
I h  

positions inside the hexagon, hence a number of equivalent configurations is possible. The maximum point-group symmetry attainable is T .  
The  minimum spherical distance s , , ~ ,  - 0.5565. 

cTruncated icosahedron s i t h  points above the centers of the hexagonal faces. 
dThis arraneement is derived from the rhombic triacontahedron I. in a manner analoeolus to  the 1 1 1  = 44 case: the truncation takes olace at the 

5-valent vertices. A number of confieurations aeain are ~oss ib le .  The maximum sbmmitrv attainable is C,. 5.. . - 0.3508 

---.. ." ..-. . 
M. Goldberg (unpubl~shed note) 

configurations being the trigonal bipyramid D,, 
and the square pyramid C,, (- octahedron - 1). 

In general the total number of contacts the 
spheres (or circles or spherical caps) make with 
one another, and the average number of contacts 
per sphere, are rough indications of the efficiency 
of the densest packing, a large number of con- 
tacts at fixed m corresponding to a greater 
efficiency. However, this is not always so, as 
shown by Goldberg (11) for two of his con- 
jectured configurations for rn = 21. 

The packing density p, (cf, problem B(3)) for 
m 2 3 can be estimated from the inequalities 

[31 1 - (1 - g)'I2 < 2p,/m < 1 
- 3 cosec [(m/m - 2)(n/6)] 

where l /g  = (24) (m/4n)  + 3(m/4n)213 + 
3(m/4n)'I3 (12), with the concomitant condition 
(13) that p,, is always greater than 3 2  - 3) - 
0.732 except for m = 5, where it is equal to this 
quantity. For m + co the upper bound of p, 
tends to n / a  -- 0.907 (2, 3, 14). The estimate 
of the upper bound has been sharpened by 
Robinson (8). Also, the values of m = 1 to 4, 6, 
8, 9, 12, 24,48, 60, and 120 are the only ones for 
which an arrangement of hard congruent spheres 

on a central sphere can attain its maximum local 
packing density, i.e. each sphere will be co- 
ordinated by the maximum possible number of 
like spheres and in contact with them ('maximal' 
packing) (15). For m > 3 these configurations 
are uniaue.' 

For some values of rn the know11 configura- 
tions are not remunerative as densest packings. 
For example, removal of one vertex of a regular 
octahedron, rv = 6, yields the C,, solution for 
m = 5:  dm,, is the same in both cases and six 
equal spheres can therefore be accommodated on 
the surface of the central sphere just as easily as 
five. A similar situation exists for nz = 11. This 
configuration is obtained by removing one vertex 
of the regular icosahedron. However, unlike for 
m = 5, the configuration for m = 11 is rigid. 
Robinson (17) tried to prove, unsuccessfully, the 
conjecture that a similar situation also exists for 

5The case of 12 spheres congruent with the central 
sphere was the subject of the celebrated 'thirteen spheres' 
controversy of 1694 between Newton and Gregory (2, lo). 
The maximum number of congruent spheres in a secortd 
'coordination shell' in which each sphere touches at least 
one sphere of the twelve, has been bracketted by Fejes 
Tbth and Heppes (16) between 43 and 50. 
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nz = 23, 47, 49, and 119, but that for any other 
177, dm,n(m) > nT,,n(r7~ + 1). 

At the other end of the n range, for rz = 1 and 
nz = 2 to 8, 10, 12, and 14, the problem was 
investigated by Foppl ( l a ) ,  at Hilbert's instiga- 
tion. by rnethods of the variational calculus. For 
m = 2-6 (D,,, for m = 5),  8, and 12 the con- 
figurations he found mere identical with those for 
the densest packing (Table 2: for nz = 8 ,  see 
below). The other configurations he obtained 
were Dj,,(1151 1') for 772 = 7 ,  ~ ~ ~ ( 1 ~ 4 ~ 1 ' )  for 
nz = 10, and ~ ~ ~ ( 1 ' 6 ~ 1 ' )  for 172 = 14. He also 
proposed D,,(4'8'4'), D ( 1 1 4 8 1 4 1  1 and 
O,,(jl 10'5') as the probable best arrangements 
for m = 16, 1 8 ,  and 20, respectively. From his 
results he abstracted the following conditions as 
poss~ble minimum general requirements for a 
configuration of unit charges to satisfy eq. 1 for 
the Coulombic case. r z  = 1 : (a) Existence of an 
axis of symmetry coincident with the polar axis 
of the sphere and of order >2 \vhen nz > 2. 
(b)  The charges form an ant~podal pair in the 
polar axis, or regular polygons ('rings') in the 
equatorial plane or planes parallel to it, or both. 
( c )  Neighbouring rings are syln~netrically skewed 
(staggered) relative to one another. (d) For large 
nz the problem may not be tractable, but for 
m > 14 that sat~sfy the condition rn = 2p = 
2 + 44. where p and q are primes, the probable 
arrangement corresponds to the partition 
l1q12q1q1l1.  Such values of m are 22, 46, 94, 118 
etc., the difference bet~veen successive values 
being 24 or 48. Five or more rlngs would be 
possible for other values of m. 

Foppl's configurations must be viewed as 
corresponding to local illininla of U(r?z,l) until 
proven by rigorous methods to correspond to 
global minima. The same is true of the other 
results ava~lable for problem 5 so far, including 
our own. 

King (19, 20) summed the absolute values of 
the Coulombic forces acting between pairs of 
charges and then sought configurations for which 
this sum was a minimum. His solutions thus 
correspond to a d- 2poter~tial and a d -  3 ~ o r c e  law, 
and hence to n = 2. Some of the f parameters of 
the configurations he investigated were arbitrarily 
fixed and only one or two of thein were adjusted 
to find the minimum of the objective function. 
Consequently the validity of the resulting con- 
figurations as solutions to problem B for rz = 2 
cannot be viewed as established. King examined 
a large number of possible arrangements for 

nz i 16 and proposed hybrid-orbital schemes 
with the required point-group symmetry that 
could be used for bonding in such arrangements. 

For m = 5 the trigonal bipyramid D,,, is 
believed (21,22) to yield the lowest U(5,n) for any 
finite n. Specifically, U(5,rz)(D3,,) is lower than the 
energy corresponding to the octahedron - 1 ,  
C,,(f = 0 )  configuration for any finite 11.  More- 
over, the ratio U(C,,, f = O)/U(D,,) tends to 4 as 
n -, x, even though geonzetrically both con- 
figurations are equally valid solutions to the 
densest packirzg problem. 

Arrangements for 1 < n < m have been in- 
vestigated by machine con~putation for nz = 7 
(21, 23) and 10 (22), with the following results. 
For nz = 7 ,  computation using the method of 
steepest descents (21) confirnled previous results 
(23) except for the range 2.5 < rz < 5.6, where 
the configuration C2(112,) was found more 
favourable than C,,(11412'), although at 11 = 5 
the energy values are equal within the number of 
digits quoted. The energies of the C2,  C2L,  and 
C,, arrangements at  n = 5.598 are identical 
within the accuracy reported in ref. 21. In a 
similar manner Cohn (24) obtained two arrange- 
ments for rz = 1 .  For nz = 9 the result was a 
trigonal prism + 3, D,,(33). His configuration 
for nz = 1 1 ,  C2,(11214122), corresponds to the 
B,C2H,, carborane skeleton and possibly also to 
the B, ,H1,2-  skeleton (5). 

For m = 8 and 9 it has been stated ( 1 ,  21, 22), 
without proof, that the square antiprism ~ , , ( 4 ~ )  
and the trigonal prism + 3, D31,(33), are the 
respective solutions for all values of rz.  Indeed, 
the square antiprism is the solution for n + ncl 

and also the arrangement found by Foppl for 
n = 1 (cf. also ref. 25). However, the two anti- 
prisms, when inscribed in a unit sphere, are not 
congruent. A similar situation exists for m = 9 
(19). 

The case of nl = 10 has been treated by King 
(20) for 11 = 2 and by Lin and Williams (22) for 
1 5 71 5 1200. The configurations proposed by 
various authors for m 2 7 will be discussed 
below, together with our own contributions to 
problem B. 

G. For 0 < rz < 2 the solution for nz = 4 is the 
regular tetrahedron (26, 27). The problem of 
finding an upper bound of V as a function of m 
has been investigated by Stolarski (28). For n = 2 
any centrosymmetric polyhedron inscribed in the 
sphere is a solution (26, 27). 

D. When n = 1 and m = 2r, any centrosym- 
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metric configuration is a solution and all of them 
are equally valid (29-31). When n = 1 and 
m = 2r + 1, all points which have no antipodal 
partners must lie on a great circle in such a way 
that any two semicircles defined by one of the 
points must contain the same number of points 
(30; for m I 6, cf. also ref. 31). For n > 1 
nothing appears to be knowm6 

E. The densest-packing and the thinnest- 
covering requirements in E3 (although not 
necessarily in other spaces, ref. 6) lead to different 
sets of solutions. Exceptions are the D,, con- 
figuration for In = 5 and the configurations for 
m = 2, 3, 4, 6, and 12 of Table 2, for which the 
solutions to the two problems coincide (2, 6, 32):7 
these configurations are also balanced in the 
sense of problem A.  The other known solutions 
to problem E are for m = 7 (pentagonal bi- 
pyramid D,,, ref. 33), 10 (bicapped square anti- 
prism ~ , , ( 1 ~ 4 ~ 1 ' ) ,  refs. 34 and 35), and 14 
(bicapped hexagonal antiprism D,,(116211), ref. 
34). Conjectured solutions have been proposed for 
m = 8 (square antipris~ii D,,, not congruent with 
that of Table 2; refs. 2 and 33), 9 (trigonal prism 
+ 3, D3,(33), refs. 34 and 35), 16 (bicapped 
heptagonal antiprism D7,(117211), ref. 34), 20 
( ~ , , , ( 1 ~ 6 ~ I ~ )  with staggered hexagons, ref. 35), 
and 32 (icosidodecahedron I,,, ref. 34). 

I t  is interesting to note that the configurations 
for m = 5 to 7 are regular bipyramids, while for 
m = 10, 12, and 14 they are bicapped antiprisms. 

The centrosymmetric solution for rn = 8 is 
the hexagonal bipyramid D,,., Favourable 
centrosymmetric arrangements have been pro- 
posed for m = 10, 14, and 16 (34): a bicapped 
tetragonal prism D,,, with all faces inscr~bable in 
congruent circles, the rhombic dodecahedron O,,  
which is also the densest centrosymmetric packing 
arrangement, and a bicapped heptagonal anti- 
prism D7,, wh~ch  is possibly a solution to 
problem E for rn = 16. 

The covering density p,' for m 2 3 can be 
estimated from the inequality 

(3, 32). F o r m  -+ co the lower bound of p,,' from 
eq. 4 tends to 27cl,/2 - 1.209. This estimate has 
been slightly sharpened by Fejes Toth (34). Thus 

6L. Fejes T6th. Personal communication to 0. Knop. 
'For rn = 3 the solution is not unique: the three points 

are on a great circle but are not necessarily equally 
spaced. 

there always is a t  least about 21 overlap of the 
congruent circles or caps. 

F. Solutions are known for n1 = 2, 3. 4, 6, and 
12. They are the same as the solutiolis to prob- 
lems A,  B, and E (3) and have been referred to as 
perfect distributions of 2, 3,4, 6, and 12 points on 
a sphere. It is conjectured (6) that no other values 
of m admit of perfect distributions. 

G. The solutiolls for nz = 4 to 7 and 12 are, 
respectively, the regular tetrahedron, trigonal 
bipyramid D,,. regular octahedron, pentagonal 
bipyramid D,,,, and regular icosahedron. For 
nz = 8 the best solution known is a dodecadelta- 
hedron D2,(24) with vertex coordinates (+ sin 3u. 
0, cos 3u), (0. &sin 3 ~ ,  -cos 3a), (+sin u, 0, 
cos E), (0, f sin u, -cos u),  cos2 r = (15 + 
,/145)/40, and faces which are not equilateral 
triangles (36; cf. also ref. 25). 

H. No investigation seems to have been made 
of the extremal problems proposed by Whyte 
(4). 

Present Contribution to Problem B 
Finding the minimum of U by numerical com- 

putation is complicated by the existence of local 
minima. Since in general the outcome of a 
minimization by a given numerical technique is 
predetermined by the choice of starting con- 
figuration (= starting coordinate values), all the 
local minima must be found and compared to 
find the global minimum, i.e. tlze solutioll to 
problem B. For larger values of rn it is in~possible 
to be certain that all the minima have in fact been 
found. We feel that, in what follows, we have 
examined all the local minima of any importance, 
but we have no proof that we have not missed a 
local minimum which may in reality be the global 
minimum of U for a give11 nz and 17. The local 
minimum with the lowest value of U obtained 
will be referred to as the conjectured solution. 

Cornputufion Procedure 
The problem is to minimize the objective 

function U(m,n) of eq. 1 taking k = 1 (without 
loss of generality). The distances d,, are given by 

d,: = 2(1 - sin 0, cos +, sin 0, cos +, 
- sin 8, sin 4, sin 0, sin +, - cos 0, cos 0,) 

where 0, and +, are the polar and azimuthal 
angles, respectively, of point P in the spherical 
polar coordinate system with r = 1 (without loss 
of generality). Three degrees of freedom can be 
eliminated by fixing a rotational origin. One 
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point and one additional 4 coordinate can be 
fixed, leaving 2m - 3 degrees of freedom for the 
minimization. 

A computer algorithm for minimizing U was 
written using a modification of a rank one (Rl)  
optimization procedure originally due to Davidon 
(378-39). This procedure has two distinct ad- 
vantages over the steepest-descents procedure 
used by previous authors (21, 22). In  general, the 
convergence of the R1 procedure becomes 
quadratic near the local n~inisiium, while the con- 
vergence of a steepest-descents procedure re- 
mains first-order. For our problem the R l  pro- 
cedure has a special advantage in that it tends to 
find solutions of low svmmetries. which are the 
most dificult ones to predict. In  the steepest- 
descents procedure a symmetry element, once 
gained, will be retained from then on, whereas in 
the R1 procedure symmetry elements can only be 
gained asymptotically, allowing both the con- 
figuration and the positive-definite matrix associ- 
ated with the procedure, to gain the synlnietry 
element together. 

For each value of In an initial configuration 
containing no sy~sisiietry elements was generated 
by placing the n? points on an approximate 
spiral. Starting from this configuration, U(m,n) 
was minimized, using all 2rn - 3 degrees of 
freedom, for two or three values of n. The 
dependence on 11 of U(m,n) for the resulting con- 
figuration was then examined, within the sym- 
metry constraints of that configuration, using a 
minimum set of f variable coordinates that 
describe the configuration. This procedure, also 
used by Lin and Williams (22), greatly reduces 
the number of degrees of freedom and the com- 
puter time required. For  practical reasons the 
maximum value of n was taken as 400 throughout 
except for m = 15, where it was 1000. 

In addition to arrangements found as a result 
of the minimization using all 2m - 3 degrees of 
freedom, U(n?,n) of a number of other configura- 
tions was minimized within the symmetry con- 
straints of the individual configurations, as above. 
The values of the coordinates of configurations 
a t  the ~ninirnum of U(m,n) were then taken as the 
initial values in a minimization using all 2nz - 3 
degrees of freedom at  one or more values of n. 
If the first derivatives of U(~n,n) with respect to 
all 2nz - 3 variables were ze1-0,~ the configura- 

sFor discussion of some modifications, see refs. 38 
and 39. 

gAny value less than x U was considered zero. 

tion was deemed a local minimum and its 
U(m,n) was then compared with other local 
minima for the same m and n obtained in the 
process. 

As 1n becomes large, the number of such sym- 
metry-restricted configurations becomes large. I t  
was then impractical to examine more than a 
small number of likely-looking arrangements. 
The configurations investigated (Table 4)" con- 
tained at  least a plane of symmetry and included 
the configurations conjectured by Foppl (for 
n = 1) and by other authors (for n + co, cf. 
Table 3) as solutions of problem B for m i 16. 

Results 
The arrangements found for m = 5 to 16 and 

the ranges of n in which they are conjectured 
solutions, are presented in Table 5 and Figs. 1 
and 2. In quoting the values (in radians) of the 
coord~nates (@,,+,), the points are numbered as in 
Fig. 1 ; 0 = 0 corresponds to the north pole and 4 
is measured clockwise from the +x axis of the 
projection. The 0,,+, values at  minimum U are 
listed only for the configurations of Table 5 and 
then only for one or two representative values of 
n (Table 6).1° Variation with rz of the minimized 
energies U of competing configurations is 
presented, in Figs. 4 to 11, in terms of the ratio 
R = U(LMC),'U(reference); LMC stands for 
local-minimum configuration. For U(reference) 
the symmetry arrangement that is the conjectured 
solution at  n + m is usually employed. 

m = 5  
While the fixed configuration C4,(f = 0) gives 

a U value which is higher than U(D,,) for any 
n (cf. above), a C4, configuration with one degree 
of freedom becomes more favourable than D,, 
when n exceeds 15.04808, contrary to common 
belief. The values of the ratios U(C4,, f = 1)/ 
U(D,,) and U(C4,, f = O)/U(C,,, f = 1) tend to 3 
and 2 respectively as n + co (Fig. 4). The mini- 
mum of U(D,,,)/U(C,,, f = 1) is at  n - 8. Varia- 
tion of 0,(C4,, f = 1) with l/n is shown in Fig. 3. 

m = 6 n n d 1 2  
As stated above, the regular octahedron 

0,,(1'4'11) (f = 0) and icosahedron Ih(115211) 
( j  = 0) are the respective solutions for all \ d u e s  
of n. Figure 5 shows how their U(m,n) vary with 
n relative to some LMC9s. 

''This table is available upon request, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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TABLE 5. Configurations and validity ranges of rz corresponding to the lowest U(m,n) 
values obtained by computer treatment in this work 

m 12 Configuration" dmin* 

Trigonal bipyramid, D3h(113111)(f = 0)  dl 2 

Square pyramid, C4,(114')(f = 1) d22, 

Pentagonal bipyramid, D5h(115111)(f = 0)  d22, 

Square antiprism, D4d(42)(f = 1) 
Trigonal prism + 3, D3h(33)(f = 1 )  

Bicapped square antiprism, D4d(114211)(f = 1 )  dl 2 

Singly-capped trigonal 'prism', C3,(1'33)(f = 3) 

Singly-capped pentagonal 'antiprism', 
C,,(IsS2)(f = 2) d33' 

@See Fig. 1 .  
bdP, and its symmetry equivalents in Fig. 1 
<d12 ( -  2.824 > n), dZ3  (4 2.824 < n). 
( id33.  (-2.872 > n), dl, (-2.872 < n). 
'd4,, (-  7.768 > n), d l ,  (-7.768 < n). 
fd::. (-36.86 > n), dS8  (-36.86 < 11). 

m = 7  the conjectured solution changes configuration, 
The result obtained by Foppl (18) for n = 1 given by the latter authors have been sharpened. 

was confirmed but a few minor discrepancies A comparison of values of U(5,n) at the mini- 
were discovered in the work of Claxton and mum for different configurations is shown in 
Benson (21). The cross-over values of n, at which Fig. 6. The C2 configuration is a local minimum 
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FIG. 1. Parallel projections, along the principal axis of symmetry, of the configurations of Table 5. 
The coordinates of the highest point on tfie sphere (the 'north pole') are 0 = 0, 4 = 0. The points are 
numbered in the increasing order of 8; the numbering corresponds to that in the text. 

in a restricted range of n only. As iz decreases, 
this configuration approaches D,, symmetry and 
becomes asymptotically indistinguishable from 
the D,,, configuration to one part in 1012 in U by 
M = 2.00 and to 1 x lo-' sad in angular co- 
ordinates by n = 1.84. With increasing 71 the C, 
configuration approaches C,, symmetry and 
becomes asymptotically indistinguishable from 
the C,, configuration to one part in 1012 in U by 
11 = 4.85 and to 1 x lo-* sad in angular co- 
ordinates by n = 5.00. The C,, configuration 
remains the lowest minimum ( conjectured 
solution) until n -- 5.59791, at which point (A of 
Fig. 6) the C,, configuration becomes the con- 
jectured solution. The angular data given for C, 
by Glaxton and Benson (21) were confirmed at 
n = 4.0 but could not be reproduced at n = 2.0 
and 5.6. Their data for the C,, and C,, con- 
figurations were confirmed at these n values. 

m = 8  
The square antiprism ~,<f4,)( f = 1 )  is the best 

arrangement for all values of rz (Figs. 3 and 5), 
confirming previous conjecture. 

m = 9  
The best arrangement for all values of n is the 

trigonal prism + 3, ~ , , ( 3 ~ ) ( f  = 1) (Fig. 3), con- 
firming earlier conjectures. At iz = 1, 0 ,  - 
0.790277, in complete agreement with ref. 24. 

m = 10 
The three arrangements reported by Lin and 

Williams (22) have been confirnled and the cross- 
over values of rz sharpened (Figs. 3 and 7).11 The 
configurations for n = 1 and 400 agree with 

"The angular data given by Lin and Williams for the 
C3" configuration at  n = 100 are in fact the correct data 
for n = 200. The value of U(C,,,) given for n = 100 is 
correct. 
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MELKYK ET AL. 

FIG. 2. Synoptic presentation of the ranges of n (on an n-''' scale) for the solutions, or conjectured 
solutions, to problem B. 

those proposed by Fijppl and by Danzer (for 
n -, a), respectively. 

m = I 1  
Contrary to the conjecture of Lin and Williams 

(22) that the densest-packing solution persists for 
a l l v a i ~ e s  of n, two configurations are solutions at 
different values of n. At low values, the best 
arrangement was found to be the C,L(11214122) 
(f = 5)  configuration reported for n = 1 by 
Cohn (24), whose numerical results were con- 
firmed. At larger values of n the configuration of 
minimum U(l1,n) is the singly-capped penta- 
gonal 'antiprism' ~ ~ , ( 1 ' 5 ~ ) ( j  = 2) (Fig. 8); this 
configuration approaches the icosahedron - 1, 
Cj,(115')(f = 0) as n + co (cj: Table 2). Better 
than C,,(115')(f = 2) at low values of n, but not 
as good as C2,(11214122), is a hitherto unreported 
configuration of low symmetry, Cs(1122112211) 
(f = 10). This configuration takes on C,, sym- 
metry at n -- 6.144 and continues with this 
symmetry for larger values of n (cf. inset, Fig. 8). 

m = 13 
Of the three conjectured solutions found 

L l l I I I  I I I I 

50 20 10 5 2 I 
I (Figs. 1 and 9), that for large values of n coin- 

n cides with the C4,(1143) arrangement proposed 

Frc, 3, of (rad) with n - ~ ~ ~  for the one- for IZ -) a by Schiitte and van der Waerden (7). 
parameter (f = 1) configurations of Table 5 at minimized The two C,, configurations have not been re- 
u. ported previously. 
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I 10 100 1000 
n 

FIG. 4. Variation o f  R = U(LMC)/U(C,,, f = 1) with 
log n,  rn = 5. Inset: U(D3h) /U(C4L,  j = 1) on  an expanded 
scale. 

m = 14 
The bicapped hexagonal antiprism D,,(116211) 

( f  = 1) found by Foppl for n = 1 turned out not 
to be the best configuration at low n, a bicapped 
square prism + 4, D,,(114311) ( f  = l), being 
better for n < 21.66607 (Figs. 1 and 10). At high 
exponents the D,, configuration proposed by 
Schiitte and van der Waerden (7) for n --+ ar, was 
confirmed. Interestingly, with decreasing n this 
configuration became worse than the bicapped 
hexagonal antiprism at n - 12.60203 and then 
disappeared as a local minimum in favour of the 
latter at  n - 11.5110 (point C, Fig. 10). The 
rhoinbic dodecahedron 0 , , (1 '4~1 ' ) ( f  = 0 )  is not 
the solution at any n. 

nz = 15 
At small values of n the best arrangement is 

D3(3')(f = 4 )  (Fig. 11). The C,(3') arrangement 
proposed by Schiitte and van der Waerden (7),  in 
which the central plane of three points is not the 
equatorial plane, is better than the D3(35)( f  = 4)  
configuration for large rz and converges to the D ,  
arrangement as n decreases; at n -- 54.268 the U 

FIG.  5 .  Variation o f  R = U(LMC) /U(MC)  with 
log n, m = 6 ,  8 ,  and 12. ( I )  m = 6 ,  U(C,,, f = l ) /U(Oh).  
(2) rn = 6 ,  U(D,, , f  = I)/U(O,) (trigonal prism us. octa- 
hedron). (3) n1 = 8 ,  U(cube Oh, f = O)/U(Ddd, f = l ) ;  
WI = 12, U(cuboctahedron Oh, f = O)/U(Ih, f = 0) .  The  
two curves are indistinguishable on  the scale o f  this 
drawing. (4) m = 8 ,  U(DZd,f = 2) /U(D4d,  f = 1). 

values are indistinguishable to within one part in 
1012 and the coordinates to within 1.0 x 
rad. However, a new, low-symmetry configura- 
tion Cs(112211231121)(f = 14) was found to be 
better than both D3(3') and C,(3') for n > 
34.027944. As n becomes large, the energies of 
the C,  and C, configurations approach each 
other again and it appears that they might cross 
over in the range of n - 2000, which would 
agree with Schiitte and van der Waerden's 
proposal that C ,  is the solution for n + so. 
m = 16 
The best arrangement for all values of n is 

D4,(44) ( f  = 2). This is in agreement with the 
configuration proposed for n + cc by Schiitte 
and van der Waerden but not with Foppl's 
proposal, D4,(4l8'4'), for n = 1. The minimized 
value of U of D4,(4'8'4')(f = I )  exceeds that of 
D4,(44)(f = 2) by about 0.33% at n = I ,  by 2 .6x  
at n = 2, and by 7 z  at n = 4. 
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MELNYK ET AL. 1757 

n 
FIG. 6. Variation o f  R = U(LMC)/U(C,,, f = 2) with 

n, m = 7 ;  n(A) - 5.59791, n(B) - 3.96 (this work); 
n(C)  - 3.84165 (ref. 21). 

FIG. 7. Variation o f  R = U(LMC)/U(C2,, f = 5) with 
n, tn = 10; ;?(A) 8.22402, n(B) N 24.91438. 

FIG. 8. Variation o f  R = U(LMC)iU(C5,, f = 2) with 
n,  177 = 11 ; n(A) 6.16566. Inset: U(C,),'U(C,,) on an 
expanded scale. 

Some Observations or? the Results 
With one exception the configurations ob- 

tained a t  it = 400 always agree with the known 
or  conjectured solutions of problen~ B for iz + a, 
and the <,,, and p,, values at  n = 400 and n + co 
differ, on the average, by only about 0.1-0.2% 
and by much less for somevalues ofm (Table 7).1° 
I t  is therefore assumed that the configurations 
listed for n = 400 in Table 5 remain valid for 
n > 400. The exception is m = 15, where U was 
minimized up to n = 1000, with the result 
described above. 

The configuration found by Foppl fo rm = 14, 
n = 1, does not correspond to the lowest 
U(14,1), and his prediction of the best configura- 
tion for m = 16, n = 1 ,  has turned out to be 
wrong. It would seem that his prescription con- 
tains too much symmetry, while the solutions to 
problem B at  n = 1 ,  and at  other values of n, tend 
to lose elements of high symmetry as m increases. 

For n + GO, where geometrical arguments can 
be employed, a number of conjectured con- 
figurations have been proposed (Table 3). How- 
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I I I I 
0 10 20 30  

n 

FIG. 9. Variation o f  R = U(LMC)IU(C,,, f = 3) w i t h .  
17, nz = 13; w(A) - 19.95657, n(B)  - 24.70475. 

FIG. 10. Variation o f  R = U(LMC)/U(D,,, rn = 3) 
with n, 172 = 14; ?(A)  - 21.66607, tz(B) - 12.60203, n (C)  - 11.5110. 

FIG. 11. Variation o f  R = U(LMC)/U(C, ,  f = 14) with 
logn ,  m = 15;  n (A)  - 34.02794. 

ever, for$finite values of n no method of predicting 
-the best configurations for m > 16 seems to 
exist, and the irregular distribution of the cross- 
over points for m < 16 (Fig. 2) makes the 
possibility of prediction of the validity ranges 
seem quite remote. 

The difference in U between the best and the 
next-best configurations for a given nz:n pair is 
sometimes very small. Noteworthy are the 
Dj,,lC2 and C2,1C2 pairs (rn = 7) in the rz = 2 to 
5 range (Fig. 6), the triplet D,,IC,,(C,, (vz = 10) 
in the region of point A (n - 9, Fig. 71, the C2,1C2 
pair ( m  = 11) between n = I and 3 and between 
M = 5 and 6, and D,lC, (m = 15) between rz = 1 
and 10. In the Coulombic case in particular the 
differences in U between local-minimum and best 
configurations are seldom pronounced. At the 
cross-over points the dependence of the arrange- 
ment or? iz is of course critical. 

Variation of the rneatz energy of interaction 
between two charges, 

in the best configurations is shown in Fig. 12. 
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FIG. 12. Variation o f  the mean energy of  interaction U(177,n) between two charges in the configuration 
o f  minimurn U(m,n) (cf .  eq. 5).  

Summary 
In this paper we have reviewed the various 

formulations of a number of extremal probleills 
associated with point charges on the surface of a 
sphere in E3 which have appeared in the litera- 
ture to date. We have summarized existing results 
for these problems and presented new results for 
one of these, problem B. In that case we have 
found new solutions for 5. 11,  13. 14, 15, and 16 
point charges. We have also sharpened the 
existing results for m = 7 and 10. 
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NOTE ADDED IN PROOF 
The following results reached us too late to 

be incorporated in the body of the text. 
B. In many, though not all, of the previously 

reported configurations for n -t cc, p of the 
vertices are arranged on a spiral with the North- 
South line as axis. Rotating the spiral succes- 
sively by 2~clk about this axis produces a set of 
kp vertices; one or two additional vertices may 
be located at  the poles, giving rise to m = kp,  
kp + 1, or kp 4- 2 and configurations of axial 

(rotational) symmetry Ck or Dk. This observa- 
tion was used by Karabinta (46, 49)12 and by 
SzCkely (47) to generate, and optimize by com- 
puter, a number of conjectured configurations 
(Table 8), some of them supplanting previous 
proposals, others for values of n7 considered for 
the first time. In a few cases the proposed con- 
figurations do not follow the principle of the 
spiral completely, in that extra points can be 
accommodated on the sphere in a manner in- 
consistent with the order of rotation of the gen- 
erating spiral (e.g. for 177 = 35, 40, 59). 

I t  is noteworthy that, when SzCkely (47) re- 
placed the configuration C,(315) proposed for 
m = 45 in ref. 46, by an improved configuration 
G,(i1411j, s,,, increased by less than 0.04%, in 
spite of the conlplete change of rotational sym- 
metry. This, together with similar though some- 
what larger increases for several other m in ref. 
47, indicates that with increasing m there will 
be an increasing number of local extrema and an 
increasing probability that the global minimum 
will be of low symmetry, parallelling our findings 
for snlall m and intermediate ~z values. This raises 
the question of whether a construction principle 
which presupposes rotational sy~nmetry of order 
3 or h~gher does not from the outset lead to 

''Reference 49 quoted in refs. 46, 47. 
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TABLE 8. Supplement to Table 2 

Supplants - Supplants 
m Coanguration Reference reference 171 Configuration Reference reference 

configurations containing too much symmetry 
and not likely to correspond to a global minimum 
of U. 

The Tammes problem has been generalized 
by Molnar (50 and refs. therein), who introduced 
the idea of space-claim, SC. The SC is a domain 
associated with each of the m congruent circles 
C to be packed on the sphere. It consists of one 
or more circles tangent to C, congruent or in- 
congruent among themselves, though in general 
the SC can be an arbitrary point set (51). An 
SC may overlap other SC's but not the C's; it 
may be viewed as a domain of influence (exclu- 
sion) of its C. For one SC per circle the centres 
of the C's in the extremal arrangements are at the 
vertices of the five convex Platonic solids, m = 
4,6,  8, 12,20; the snub cube 0(4~) ,  m = 24; and 
the snub dodecahedron 1(5l2), m = 60. For two 
congruent SC's per circle, with all three centres 
on a great circle, the cuboctahedron 0,(43) and 
the icosidodecahedron Ih(5210152) are the solu- 
tions for m = 12 and 30, respectively. For three 
SC's per C, two of them congruent and the third 
smaller, the truncated icosahedron 11,(5210452) 
is the solution for nz = 60. The icosidodeca- 
hedral arrangement for m = 30 and two non- 
isomorphic arrangements of I, symmetry con- 
structed by MolnAr for m = 180 appear to 
correspond with the disposition of the features 
visible on the surface of certain spherical viruses. 
Molnar remarks that the symmetry of these 
packings for m = 180 is the direct consequence 
of the "economy principle", i.e. the densest- 
packing requirement. 

The notion that the surface structure of small 
spherical viruses may be related to the Tammes 
problem was first explored by Goldberg (44). 

C. Computer solutions for n = 1 and m = 5 
to 10 have recently been reported by Berman 
and Hanes (52). The respective configurations 
coincide with the solutions to B for 11 = 1 
(Table 5) except at in = 7, for which the con- 
figuration is a pentagonal bipyramid C1(17) 
having no symmetry but closely approaching 
Cs(l12' 112111). The V(7, 1) of the Cl( l7)  arrange- 
ment differs by only 0.001z from that of the 
D,,(115'11) configuration. It is interesting to 
compare this situation with the configurations 
of minimum U(7, 12) under B (Table 5 and Fig. 
6) : the configuration corresponding to U(7, 
I),in, D5,,(115'11), goes over smoothly into 
C2(1123) as n increases, the difference of U(7, 
2.4) for the two configurations being less than 
0.0007Y,. The 8, value for m = 8, 0.9659 rad, 
is below that of the 0,,(4') configuration of B 
for any n 2 1, while 0, for m = 9, 0.791 1 rad, 
is aboce that of the ~ , , ~ ( 3 , )  configuration of B 
for any n 2 1. For m = 10, the V(10, 1) value 
quoted in ref. 52 yields a 8, comparable with 
that of the D,,(114211) configuration of B at 
n - 200. 

An estimate of the upper bound of V(m, 1) 
is given in ref. 53. Additional references relating 
to  C are 53-56. 

G. Klee has conjectured that the solution for 
m = 9 is an augmented trigonal prism ~ ~ ~ ( 3 ~ ) .  
This configuration has been optimized by Schoen 
(57) : 
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8, = arc cos [I  - ( 4 / 3 ) ~ ~ ] ~ ' ~  = 0,821 3275 rad 25. M. GOLDBERG. Math. Comput. 23,785 (1969). 
26. L .  FEJES TOTH. Acta Math. Acad. Sci. Hung. 7 ,  397 

where 

c = 2(a2 + b2)'I6 cos {[x - arc tan ( - b / a ) ] / 3 )  
- (4\6)/9 

u = - (121 ~ 3 ) / 9 7 2  
and 

b = [(41 /54)3 - 3(121/972)2]1 

The 8, is greater than the corresponding 8, for 
B f o r a n y n  2 1 .  

We thank Professor V. Klee, Dr. M. Goldberg, 
and Professor L. Fejes T6th for drawing our 
attention to the additional references. 
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Chelating agents in high temperature aqueous chemistry. I. The kinetics of the 
thermal decomposition of aqueous nitrilotriacetate (NTA), iminodiacetate 

(IDA), and N- methyliminodiacetate (MIDA) 

MEINDERT B o o y l  AND THOMAS WILSON SWADDLE' 
Dc~prtrtmcnt qf Chemi~try,  The Unil.ersit?> yf Ccrlgut:~, Ctrlgur?,, Alto., Cunoda 72N I,\W 
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ATEINDERT BOOY and THOMAS WILSOK SWADDLE. Can. J. Chem. 55. 1762 (1977). 
Aqueous H,NTA, H,MIDA, H,IDA, and their anions decompose under hydrothermal 

conditions (400-580 K) according to first order kinetics by successive decarboxylations, oxida- 
tion by 0, being unimportant except at the highest temperatures. In the presence of added H + ,  
the species H,NTA7 and, to a lesser extent, H3MIDA+ (but not H31DA7), provide significant 
decomposition pathways through elimination of a -CH2COO- group (deacetylation). For 
I-l,,NTA(3-n)-, first order rate coefficients k,, for decomposition are k, = 4.5 x lo-', k l  - 
1 x k, - 7 x k3 = 2.1 x and k4 = 1.0 x lo-' s-', at 503 K and ionic 
strength 7.0 m, the spread in rates being due to differences in AS* rather than AH". H,MIDA 
and H,IDA are comparable in reactivity to H,NTA, while their anions are much less reactive 
than the NTA species of the same charge. The good thermal stability of aqueous NTA com- 
mends it as a reagent for boiler servicing and for decontamination of water-cooled nuclear 
reactors. A potentiometric method for the estimation of mono-, di-, and tribasic aminoacids 
in aqueous mixtures of these is described. 

MEISDERT BOOY et THOMAS WILSOK SWADDLE. Can. J. Chem. 55, 1762 (1977). 
Des solutions aqueuses de H,NTA, H2MIDA, H,IDA et de leurs anions se d@co!nposent, 

dans des conditions hydrothermiques (400-580 K), suivant des cinetiques du premier ordre par 
des dt.carboxylations successives; l'oxydation par 0, n'est pas importante exceptee aux plus 
hautes temperatures. En presence d'ions H +  additionnis, les especes H,NTA+ et un degri 
moindre H,MIDAT (mais pas H31DA-) fournissent des voies importantes de decompositions 
par elimination d'un groupe -CH,COO- (deacCtylation). Pour H,,NTA(3-"'-, les coefficients 
de vitesse du premier ordre k,, pour la decomposition sont: ko = 4.5 x k l  - 1 x 
k ,  - 7 x lo-" k3 = 2.1 x lo-" et k4 = 1.0 x 10-2s - '  a 503 K et une force ionique de 2.0 
nl, les Ccarts dans les vitesses etant dus a des differences dans les AS* plut6t que dans le AH*. 
Les HzMIDA et H21DA ont des reactivites cornparables a celles du H3NTA alors que Ieurs 
anions sont beaucoup n ~ o i l ~ s  rkactifs que les especes NTA ayant la mtnie charge. La bonne 
stabilite thermiq~~e du NTA en solution aqueuse fait qu'on peut le considerer comme un bon 
reactif pour nettoyer les bouilloires et pour decontaminer des reacteurs nucltaires refroidis a 
i'eau. On decrit une methode potentiometrique pour Cvaluer les aminoacides mono-, di- et 
tri-basiques dans des melanges aqueux. [Traduit par le journal] 

Introduction 
Our investigations of reagents suitable for 

high temperature aqueous chemistry (1, 2) have 
led us to a study of the hydrothermal chemistry 
of aminopolycarboxylate chelating agents, par- 
ticularly nitrilotriacetate (NTA). These systems 
are of potential importance in the nuclear energy 
field, since chelating agents having high hydro- 
thernial stability could be of use in the on-line 
removal of cobalt-60 deposits from the heat- 
transfer circuits of water-cooled nuclear power 
reactors ("decontainination") (3, 4). It has also 

'Present address: University Chemical Laboratory, the 
Ulliversity of Kent, Canterbury, England CT2 7NH. 

2To whom correspondence should be addressed. 

been claimed ( 5 ,  6) that the addition of chelating 
agents to boiler water reduces rates of corrosion. 

We have therefore exanlined the products, 
kinetics, and mechanism of the deconiposition of 
aqueous NTA as functions of temperature and 
pH. The kinetic data also perinit the calculation 
by extrapolation of an upper lirnit to the thermal 
lifetime of NTA in natural waters, which may 
be of interest to environmentalists in the context 
of the controversy surrounding the use of NTA 
as a substitute for polyphosphates in detergents 
(7-10). 

Venezky and co-workers studied the rates of 
decomposition of aqueous ethylenedinitrilotetra- 
acetic acid (H,EDTA) ( 1  1 ,  12) and H,NTA (13) 
and their sodium and lithium salts at 473 K. 
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They showed that the salts are more hydro- 
thermally stable than the acids, the rates of 
decompositioll decreasing markedly with in- 
creasing pH,  and that the EDTA species decom- 
pose much inore readily than their NTA 
analogues, this being associated with the presence 
of internal C-N bonds in EDTA. The hydro- 
thern~al decomposition of EDTA, NTA, and 
nitrilotrimethylenephosphonic acid at  pH,,, 
9.5 was studied by Wilson and co-workers 
(14, 15) using proton magnetic r e ~ o n a n c e . ~  NTA 
possessed the highest hydrotilerma! stability of 
more than 20 reagents tested, decomposing 
above 533 K by decarboxylation to N-methyli- 
minodiacetate (MIDA) according to first order 
kinetics. Dioxygen has been reported to cause 
the oxidation of aqueous EDTA, but not NTA, 
a t  473 K (16), although NTA i s  oxidized a t  
pHlg8 8.5 to iminodiacetate (IDA), CO,, and 
some oxalate by 0, at temperatures as low as 
358 K in the presence of a palladium-carbon 
catalyst (17). Ill the present study, therefore, 
attention has been given to the influence of the 
presence of 0, upon the rate of hydrothermal 
decomposition of NTA. 

Experimental 
~Mafei~ials 

Distilled water, further purified by passage through 
Barnstead deionizer and organic cartridges was used 
throughout these experiments. All chemicals mere 
reagent grade. Solutions were in general made up by 
weighing solids and adding water or aqueous acid or 
alkali with a pipette, and concentrations are therefore 
expressed on a molal basis (rnol kg-', m). 

Sodium hydroxide soiutions were standardized with 
potassium hydrogen phthalate solutions using phenolph- 
thalein as indicator. Acids were standardized using red 
~nercuric oxide. Nitrilotriacetic acid (Eastman Kodak) 
and iminodiacetic acid (Matheson, Colentan, and Bell) 
were recrystallized front water and dried in cncuo for 
several hours. Hydroxyacetic acid (Fisher) was re- 
crystallized from diethylether. Trifluoro~ttetha~tesulfo~tic 
acid (HTFMS) (3 M Company) was distilled under 
vacuum. This acid was chosen because it is highly 
dissociated in water, a poor coniplexing agent, non- 
oxidizing (unlike HCIO,), and resistant to hydrolysis 
except at temperatures above about 550 K (2). N-Methyl- 
iminodiacetic acid (Aldrich), sarcosine hydrochloride 
(Baker), l\i,N-dimethylglycine (K & K), and trisodium 
nitrilotriacetate hydrate (Aldrich) were used as received. 
The reactions were carried out in capped Teflon vessels 
(inner diameter 25 mm, height 36 mni, thickness of walls 
1.2 mm) inside stainless steel autoclaves. A Teflon ring 

3The symbol pH, refers to the p H  of the solution as 
mcasured at  tcmpcrature T kelvins, rathcr than the 
reaction temperature. 

provided a seal. These vessels were found suitable for use 
with aqueous solutions up to 580 K, above which tem- 
perature Teflon deformed appreciably. The vessels were 
filled with 10 1111 solution for experiments at 480 K and 
lower. This left a free volume of 7.7 1111. At higher 
temperatures, because of the expansion of water, only 
5 ml of solution were used, in which case the free volun~e 
was 12.7 ml. Unless otherwise stated, the reactions were 
carried out under air (90 kPa at 294 K ,  when the vessels 
were sealed). 

Solutions under dinitrogen were prepared by using 
solvents sat~irated with Nz,  closing the vessels in a glove- 
box filled with dinitrogen (90 kPa at 294 K). Sol~~t ions  
under dioxygen were made up from solvents saturated 
with 0 2 ,  flushing the vessel with O,, and capping the 
vessel quickly, a method which could only give approxi- 
mate results. The ionic strength was maintained at 2.0 nz 
in acid solutions by sodiu~tt trifluoron~ethanesulfonate 
prepared by neutralizing HTFMS with NaOH and 
recrystallizing the salt from water, and in alkaline 
solutions by NaCI. 

Therniostating of the pressure vessels was achieved 
with a Blue M Conwate CW-160HF-1 forced convection 
oven. The reaction temperature was measured with an 
iron constantan thermocouple in conjunction with a 
Leeds-Northrup 7554K4 potentiometer. The cold 
junction reference was provided by a Thermoelectric 
80020 Automated Ice Point Reference. The pressure 
within the vessels at the reaction temperatures was that 
of the solvent vapor. plus the pressure of the gas present 
in the free volunte on sealing. At selected intervals, vessels 
were removed from the oven and immediately immersed 
in cold water. 

Gcrs Liquid Chr'ot?mtogrnpliy (glc) 
Analyses by glc were performed by t h e  method of 

Warren and Malec (18). TabsorbK (Regis Chemical 
Company) was used as colun~n n~aterial. It was found 
that this method, employing the .A'-trifluoroacyl deriva- 
tives of the butyl esters of the amino acids, did not give 
quantitatively reproclucible analyses for the tertiary 
amino acids methyliminodiacetate (MIDA) and N,N-di- 
methylglycine (DMG). Accordingly, glc was used only 
for qualitative purposes. 

Titration Techniques 
All p H  measurelnents and titrations were performed 

at  room temperature (294 K) with a Beckman 39502 
combination electrode, standardized against Beckrnan 
buffer 22331 (pH = 6.86) and 0.05 iM potass i~~m diph- 
thalate (Fisher) (pH = 4.01). 

The analyses were performed with a Radiometer Model 
11 Titrator coupled to a Radiometer Model 28 p H  meter. 
A Radiometer 6202  C glass electrode and a K401 
saturated calomel electrode were used. The rate of 
delivery of titrant from a buret was regulated by a 
magnetic valve and was proportional to the difference of 
the measured p H  and a set endpoint. 

Complexometric titrations were performed with 
copper(I1) nitrate and copper(I1) chloride solutions 
standardized against 0.05 M Na2HzEDTA (Fisher) with 
murexide (Fisher) as indicator at  p H  = 8.5 with 0.05 rn 
Na,B,O7~10H,O as buffer (19). Solutions in which NTA 
was dominant gave sharp endpoints. When appreciable 
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amounts of di- and monobasic amino acids were present, 
the colour change was much less distinct. 

A potentiometric titration technique was therefore 
developed for the analysis of mixtures of mono-, di-, and 
tribasic amino acids, based on the work of Schwarzen- 
bach and Biedermann (201, and Pinzer and Stewart (21). 
The method utilizes differences in the stability constants 
of complexes of Ca2+,  Zn2', and Cu2* with the various 
chelating agents (22). The product solution was washed 
into a volunietric flask (usually 25 ml) and diluted to the 
mark. Three aliquots were pipetted, diluted to 40 ml, and 
neutralized (pH about 6.2) with dilute sodium hydroxide 
or nitric acid. This left one ionizable proton on the 
nitrogen atom of each molecule. 

T o  the first aliquot was added an excess of 0.1 m 
copper(I1) nitrate solution (pH = 4.15) over the total 
amount of amino acid expected to be present. The Cu2+ 
ion was able to displace the last proton from all species 
and neutralization of the liberated protons with 0.1 m 
NaOH gave the total number of moles of amino acid. 

To the second aliquot a small excess of 0.1 m zinc(I1) 
nitrate (pH = 5.1) was added. This released thc protons 
on nitrogen from di- and tribasic acids only, and these 
protons were again titrated with 0.1 172 sodium hydroxide. 
Pinzer and Stewart (21) used Pb(NO,), instead of 
Zn(N03)2, but Pb2- gave problems with the combination 
electrode we used, presumably due to precipitation of 
PbCI2. 

T o  the third aliquot was added an excess of 0.1 ln 
C E ~ ( N O ~ ) ~  soli~tion (pH = 5.40). Calcium ion released 
the last proton only from HNTA2- under these con- 
ditions. Neutralization gave the amount of nitrilotri- 
acetate present. The accuracy of the determination of 
NTA after addition of Ca2+ was 99 & I%',, even when 
large amounts of dibasic acids were present. The accuracy 
of the analysis of the dibasic acids MIDA and IDA with 
ZnZi was 98 i 2%. 

In the cases in which carbon dioxide was expected to 
be present, the reaction mixture was acidified and heated 
on a steam bath for 15 min. This was sufficient to remove 
interfering amounts of carbon dioxide, which caused 
unsharp endpoints. 

Proton ~Mugtretie Resonance  methods 
Proton magnetic resonance spectra were obtained on 

a Varian HA-100 Spectrometer operated in the field 
sweep mode. The water resonance was used as the lock 
signal. As the chemical shifts of the methyl and Inethylene 
groups are very p H  dependent, the solutions of the 
reaction products were made either alkaline with 3 m 
NaOH or acidic with 2 nl HCI. Identifications were made 
by comparing chemical shifts and adding an extra amount 
of reagent and observing which peaks increased in size. 

The use of water as a lock signal had the disadvantage 
that large amounts of energy were absorbed by the 
water, which distorted the other signals, so that reliable 
quantitative measurements could not be made in this 
way. Analysis of weighed mixtures of aminopoly- 
carboxylates showed deviations from the calculated 
intensities, measured by integration or by the height of 
the peaks, by as much as 1 0 z .  Martell et at. (15) avoided 
this problem by exchanging hydrogen for deuterium in 
several steps, and obtaining spectra in D,O. 

Other Analytical Methods 
Formaldehyde was detected as its 2,4-dinitrophenyl- 

hydrazone and estimated by titration with acid after 
addition of sulphite (23). Carbon monoxide was detected 
by mass spectroscopy after correction for the contribution 
to mje = 28 due to the decomposition of C 0 2 +  to 
COT (2). 

Results 
I .  Products 

(a) Gas-Liquid Cl~ron?atograj~hy 
After heating a solution of 0.10 nz H,NTA for 

17 h at 473 K IDA, MIDA, GLY, and sarcosine 
(SARC) were identified as products. Decomposi- 
tion of H,IDA under the same conditions 
produced mainly SARC and some GLY. The 
spectrum of the decomposition products of 
methyliminodiacetic acid showed a broad peak 
at low retention time attributable to N,N-dime- 
thylglycine (DMG), but small amounts of GLY, 
SARC, and IDA were also detected. The last 
compound was probably forined through de- 
composition of the ammonium salt of MIDA in 
the chromatograph. 
(6) Nuclear Magnetic Resona~~ce 
At low p H  IDA, MIDA, formaldehyde, and 

some formic acid were found as products of the 
decomposition of NTA. The ratio [IDA]/ 
[MIDA] increased with increasing [H']: as did 
the yield of formaldehyde, and the ratio [IDA]/ 
[MIDA] in 2.3 m acid was equal to the ratio of 
the yield of CO to that of CO, as deterniined by 
mass spectrometry. This indicates that MIDA 
was formed by decarboxylation. and IDA by a 
process leading eventually to CO and HCHO. 
The survival of relatively large concentrations 
of IDA indicated t.hat its decomposition was 
markedly slower than that of NTA in acidic 
solutions. For pH,,, > 1.5 the main mode of 
decomposition of NTA was decarboxylation, 
and there was no accumulation of the corre- 
sponding product MIDA, which showed that the 
rates of decarboxylation of MlDA and NTA 
are similar. Oxidation of NTA by dioxygen 
resulted in IDA, formaldehyde, and CO,, but 
was unimportant except at temperatures above 
500 K. 

2. Kinetics 
Tt must be recognized that, because of experi- 

mental and analytical difficulties. together with 
complications due to the protonation equilibria 
and (except a t  the highest and lowest pH)  the 
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TABLE 1. Pseudo-first order rate coefficients k,,, (s-', x 10') for the decomposition of NTA, IDA, and MIDA in 
acidic soliltion (HTFMSlNaTFMS) of ionic strength 2.0 m 

Temper- kabs for [HTFMS] (m) = 
Amino- ature - 

acid (K) 0 .0  0.10 0.26 0.52 0.79 1.08 1 .80 2.30 

NTA 418 0.11&0.05 0 .34+0.09 0 .36k0.09 0 .44k0 .10  
433 0 .31k0 .06  2 . 6 k 0 . 6  2 . 8 k 0 . 7  3 . 2 k 0 . 8  
453 1 . 4 k 0 . 5  8 . 4 k 2 . 1  1 2 k 3  1 3 k 3  1 8 k 5  19 + 6  
473 3 . l k O . i  2 9 k 3  3 6 5 2  4 5 k 2  49+3 
487 I l k 3  
503 2 1 k 6  

IDA 466 3 . 3 1 0 . 8  
477 4 . 0 k 1 . 4  4 . 4 k  1 .1  2.1 k 0 . 5  
487 9 . 4 2 1 . 3  4 . l k 1 . 0  
503 3 5 2 6  1 6 i 4  

MIDA 466 1 . 4 t 0 . 4  
473 2 . 3 k 0 . 4  3 . 5 k 0 . 9  3 . 8 k 1 . 0  
487 3 . 6 k 0 . 3  7 . 2 k 1 . 8  
503 9 . 4 1 1 . 1  18 + 4  20+ 5  

change of p H  as the decompositions proceeded, 
the kinetic data reported here are to be regarded 
as only semiquantitative, except for those 
referring to NTA3-. MIDA-, and HMIDA-.  
for which precision was better. They suffice, 
however. as keys to the ~uechanism of the 
reactions, and as empirical guides to the kinetic 
stability of NTA. IDA,  and MIDA over wide 
ranges of temperature and pH. 

(a) Isoelectric S/~ecies : H3 NTA,  H,ZDA, and 
H, MIDA 

Since AH for the acid dissociation of these 
species is close to zero, and the acids are fairly 
"weak" at  293 K (22), it was assumed that 
solutions of the stoichiometric amino acids 
above contain the isoelectric species to the 
virtual exclusion of species containing more or  
fewer protons (e.g., H,NTA+, H,NTA-), even 
a t  -500 K. Subsequently, it was confirmed that 
decomposition pathways irlvolving the cationic 
or  anionic species could not contribute signifi- 
cantly to the initial decomposition rate in such 
solutions, so that the values of the rate co- 
efficients k,,, listed in Table 1 under [HTFMS] 
= 0 can be identified with those governing the 
decompositions of the isoelectric species them- 
selves. 

In these solutions, the fractional extent of 
decomposition of a given amino acid over a 
given time i~lterval f was independent of the 
initial amino acid concentration c, for 0.02 < c, 

< 0.3 r?z ;  thus, the reactions were first order in 
amino acid concentration. However, the ac- 
curnulation of basic decomposit~oil products 
resulted in a rise in p H  which caused appreciable 
deviations from the integrated first order rate 
equatlon beyond about 4 0 7  reaction. This effect 
was also observed for NTA by Venezky and 
Moniz (1 3), who found essentially the same time 
dependence of [NTA] as reported here except 
for an  "induction time" attributable to solubility 
problen~s associated with c, - 0.3 m. The 
pseudo-first order rate constants k,,, were there- 
fore calculated from the slope of the initially 
linear parts of plots of -In ([NTA],/[NTA],) 
cs. time (Table 1 and Fig. 1). The uncertainties 
quoted are fairly large because of the pronounced 
increase in p H  for the experiments at  high 
temperatures and the large influence of errors in 
the analyses of experiments a t  low temperatures 
in w h ~ c h  only the first few percent of reaction 
could be measured. The presence of dioxygen 
(up to 90 kPa at  294 K) did not affect the rate of 
disappearance of the isoelectric or cationic forms 
of NTA, except a t  the highest temperature 
(503 K) with a small volume of solution and an  
excess of 0, over NTA. 

The temperature dependences of the values 
of k,,, listed in Table 1 under [HTFMS] = 0 for 
the decompositions of the isoelectric species 
H,NTA, H,IDA, and H,MIDA (to MIDA, 
sarcosine, and dimethylglycine, respectively) 
yield the corresponding values of 106 f 5 ,  
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TIME, (hours) 

Fic;. I .  First order plots of -In [NTA], [NTA], us.  time for the decomposition of H,NTA; 
Co = 0.10 m ;  I = 2.0 177 with NaTFMS. e, 418 K ;  V, 433 K ;  0, 453 K ;  0, 473 K ;  A, 487 K;  
V, 503 K. 

120 + 14, and 92 9 kJ mol-' for the enthal- 
pies of activation AH':' and - 109 F 10, - 79 
29, and - 144 & 19 J K P 1  mol-I for the entro- 
pies of activation AS':'. The kinetic stabilities of 
these isoelectric acids are thus similar, the 
slightly lower reactivity of H,MIDA becoming 
more evident at the higher temperatures. 

(b)  Cationic Species: H,NTA +, H,IDA+: and 
H,hfIDA- 

Addition of H +  to solutions of H3NTA, 
H,IDA, and H,MIDA produces significarlt 
concentratio~is of the cationic species H,NTAt, 
H31DA+, and H3MIDA+ respectively (22), so 
that both isoelectric and catiorlic species need 
to be considered as contributing to the decorn- 
position kinetics of NTA, IDA, and MIDA in 
solutions containing added acid. Under such 
conditions, the rate of decomposition of NTA 
can be described by (Fig. 2) 

-d[NTA] ( k ,  + k,K4[HT])[NTA] 
[I1 dt  

- - -- 

(1 + K,[H+I) 

= k,,,[NTA] at a given [H'] 

adopting a convention whereby k,, is the first- 
order decomposition rate coefficient of an amino 
polycarboxylate species having ?I ionizable 
protons, and K,, is the nth protonation constant. 
When [ H A ]  > 0.26 IR ,  the term involving k, may 
be neglected, and eq. 1 may be linearized to 

[21 (I/k,,,) = (1 /k,? + l/(/t,K,[H'I) 

Plots of k,,,-' rs. [HTFMSI-I gave good 
straight lines, and yielded the values of I<, and K, 
listed in Table 2. On fitting the experimental 
data for 0.26 s [HTFMS] 5 1.08 m at 473 K 
and ionic strength 2.0 m to eq. 1 by regression 
analysis, the values k, = 7.1 x s-I  and 

K, = 1.7 172-I were obtained, in good agreement 
with those of Table 2. Values of the decom- 
position product ratio [IDA],I[MIDA],, cal- 
culated on the basis of these kinetic parameters 
and the assumption that H,NTA+ dccomposcs 
exclusively to IDA and H3NTA to MIDA, 
agreed satisfactorily with those observed experi- 
mentally, and served to justify the assumption. 
The temperature dependence of k, (Table 2) 
gives AH*: = 150 & 14 kJ mol-' and AS': = 
11 + 32 J K-' n l o l l  for the decomposition of 
H,N-PA + . 

The rates of decomposition of IDA and MIDA 
in acidified solutions (to sarcosine with traces 
of glycine, and to a mixture of dimethylglycine 
and sarcosine, respectively) were also first order 
in the original amino acids for c, = 0.1 to 0.3 nz 
at least, and dioxygen did not affect the rates 
even in 2 nz HTFMS. The rate of deconlposition 
of MIDA increased slightly with increasing 
[HTFMS], and the data of Table 1 suggest 
Ic, - 2 x sC1 and K,  - 10 m-I  at 503 K. 
For IDA, however, addition of HTFMS resulted 
in a clecrease in the decon~position rate. indicat- 
ing k, < k,, and the values of kObs in Table 1 
suggest K, - 2 m- '  at 470-500 K with k, > 
10 k,. 

TABLE 2. Protonation constants K, and first order de- 
composition rate coefficients k4 for aqueous H,NTA+" 

Temperature (K) k ,  (s- ', x lo5) K, ( 1 1 1  - I )  

293 6 
41 8 0 .5+0 .1  5 . 6 k 2 . 5  
433 3 . 4 k 0 . 2  12 .7k3 .6  
453 23 k 3 2 . l i 0 . 5  
473 77 + 7 1 . 7 k 0 . 3  

"Calciilated from data of Table 1 ; ionic strength 2.0 iiz 

bionic strength 0.1 1 1 1  (from ref. 22). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOOY A h D  SWADDLE 1 1767 

TIME (hours) 

FIG. 2. First order plots for the decomposition of H3NTA at various [ H t ]  (tn) at 473 K and ionic 
strength 2.0 rn. 

(c) Decon~positio~z of the Sodiziu~n Sults of NTA, 
IDA,  a t ~ d  MIDA 

Sol~~t ions  of Na,NTA with initial concentra- 
tions from 0.03 to 0.20 172 were decomposed at 
560 K for 2 h at  ionic strength 2.0 m with 
NaCl under dinitrogen. The slope of a plot of 
In (-dc,ldt) cs. I11 c, was 0.97 + 0.07, indicating. 
first order kinetics in Na3NTA. This correlation 
was not valid when reactions were carried out 
under air as the oxidation by dioxygen was fairly 
rapid relative to these very slow rates of de- 
carboxylation of NTA3-, and all 0, present 
was consumed within two hours. Proton magnetic 
resonance spectra showed much larger a~iiounts 
of IDA for reactions carried out under pure 0, 
than for those under air at the same pressure. 

No significant yields of dibasic amino poly- 
carboxylate anions were detected, when aqueous 
NTA3- was decomposed in the absence of O,, 
so that their rates of decomposition were com- 
parable to or faster than that of NTA3-. Semi- 
logarithmic plots of [NTA3-] as time showed a 
rapid rate over the first few IT reaction, pre- 
sumably due to the presence of traces of oxygen, 
but subsequently were linear, and first order rate 
coefficients k,,, calculated from the linear portion 
are listed in Table 3. These coefficients were 
independent of both ionic strength and [OH-] 
for [NaOH] > 0.1 n?, so that there was no 
significant reaction pathway involving nucleo- 
philic attack by OH-  on NTA3-. The data of 
Table 4 give AH* = 103 f 5 kJmol- '  and 
AS*  = - 166 2 8 J K-'  mol-I for the decom- 
position of NTA3- at  ionic strength 2.0 m. 

Semi-quantitative experiments showed that 
the monoprotonated anion HNTA2-, prepared 
in solution by addition of the stoichiometric 
amount of HCl to Na3NTA, underwent decar- 
boxylation more rapidly than NTA3- by a factor 
of about 3 at 541 K and 4 at 575 K (ionic 
strength 2.0 m). Similar experiments showed 
that the doubly protonated ion H2NTA- was 
much more reactive, decomposing about one- 
third as rapidly as H,NTA at 503 K. Thus, 

TABLE 3. First order rate coefficients 
for the decomposition of NTA3- at  
ionic strength 2.0 nz under dinitrogen" 

Temperature lo5 kObsD 
(K) (s-l) 

nInitial [Na3NTA] = 0.1 I?? .  
Wncertainties are standard deviations of 

semilog plots. 

TABLE 4. First order rate coefficientsa for the decomposi- 
tions of HIDA- and HMIDA- at  ionic strength 2.0 mh 

lo5 kobs (s-11 
Temperature - -- 

(K) NaHIDA NaHMIDA 

"From initial rates. 
bInitial [chelantl = 0.2 1 1 1 .  
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extrapolation of the data of Tables 2 and 3 shows 
that the relative decomposition rates of NTA3 -, 
HNTA2-, H2NTA-, H,NTA, and H,NTAt 
are 1 : 3 : 150: 470: 2 x 10, approxinlately, at 
503 K and ionic strength 2.0 nz. 

For IDA2- and MIDA2-, the decolnposition 
rates were again very slow but were poorly 
reproducible. The monoprotonated ions 
HIDA- and HMIDA-, however, were re- 
spectively some 40 and 20 times niore reactive 
than the dinegative anions at 573 K,  and gave 
the reproducible ( i5" ; )  first order rate co- 
efficients k,,, of Table 4, from which we cal- 
culate AH" = 150 ) 12 and 148 k 4 kJ mol-l, 
and AS:!= - 5 4 f  22 and - 6 2 k 7 J K - I  
mol-l, for the respective decarboxylations. 

Rate coefficients for the decomposition of 
NTA, obtained using both the conditions 
(566 K, pH2,, 9.3) and method of conlputation 
of Martell et al. (15), were somewhat slnaller 
(1.4 x 10-' s-') than those reported by these 
authors (5.3 x s-l) .  It may be that the 
unlined titanium vessels used by Martell et ul. 
(15) caused some catalysis of the reaction, 
especially since titanium is known to be attacked 
by alkaline water at high temperatures (4), but 
the discrepancy is not considered to be serious. 

Discussion 
This study confirms that the chelating agent 

NTA possesses good kinetic stability under 
hydrothern~al conditions, especially at high p H  
in the absence of dioxygen. Its decomposition 
products include MIDA, IDA, DMG, SARC, 
and GLY. which are also chelating agents but 
which decompose at rates comparable to that of 
NTA and do not accumulate in high concentra- 
tions as NTA degrades. The ultimate products 
are CO, CO,, HCHO, and various methyl- 
anlines. 

The species NTA3-, HNTA2-, H2NTAP, and 
H3NTA all decompose cia initial elimination of 
a CO, molecule (decarboxylation), but, while 
the decomposition rate of HNTA2- is only 
about three times that of NTA3-, and H,NTA 
about three times that of H,NTA-. H2NTA- is 
fully 70 times more reactive than HNTA2- 
(at 503 K). Similarly, HMIDA- is about 
40 times less reactive than H2MIDA, and HIDA- 
some 80 times less than H21DA at 503 K (from 
Tables 1 and 4). These observations indicate that 
decarboxylation is facilitated if at least two 
ionizable protons are present; since the N atom 
in an aminopolycarboxylate is always protonated 

in preference to a -COO- group, this means 
that protonation of a -COO- function is 
necessary if relatively facile decarboxylation is 
to occur. This is not surprising. as a proton 
transfer either within a -CH2COOH group 

0 

or to -CH2COO- from a neighboring 
-CH2COOH group 

would obviate the development of a carballion 
when CO, separates. Mechanism 4 seems more 
likely, especially since protonation of all N and 
-COO- sites results in a change of mechanism 
from decarboxylation to deacetylation (from 
C-C bond fission to C-N bond fission) and, 
in the case of IDA, a marked decrease in re- 
activity on going from H21DA to H31DA+. 

The high kinetic stability of NTA3- is due 
to the strongly negative entropy of activation 
(- 166 J K-' mol-l), as AH'! is much the same 
as for the other decarboxylations ( -  110 kJ 
mol-I). Conversely, H,NTA7 is relatively 
reactive by virtue of its positive AS:! for de- 
acetylation ( -  + 11 J K-' mol- l), and indeed 
AH* is rather higher (150 kJ mol-') than for 
most comparable decarboxylations, presumably 
as a result of the difference in mechanism. 

The decomposition of aminopolycarboxylic 
acids by deacetylation might be expected to 
yield glycollic acid, HOCH2COOH, if direct 
hydrolysis of the N-CH,COOH bond were the 
initial step, but in no case could glycollic acid be 
detected amongst the decomposition products. 
Formaldehyde and carbon monoxide were 
major products, but it was established in- 
dependently that glycollic acid yields only minor 
amounts of HCHO under the conditions of these 
experiments. Formic acid, on the other hand, 
decomposes extensively to CO and water under 
these conditions. Thus, the crucial step in these 
decolnpositions probably involves the separation 
of either CO or HCOOH, followed by the 
release of HCHO. 
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" ';" H 
4 O  I //o ,, I R-b+-r-c R-N-C-c k ' O H  R I H I \OH,+ 

then c ~ r l ~ c i  

H H 
I 4 0  I - 

R-N-C-C + R-N-C-C=O + HzO 

I \OH:- 1 1  R H R H 

H H 
1 H ,O 

+ R-N-c+ - co -- 4 R-A+-H + H c H o  
I I 
R H 

I 
R 

H H 
1 

n-N-&-c@ -R-N-cA + H c o o H  - etc. 
1 1 '  I 1 
R H 0 H 2 -  R H 

A somewhat similar process has been pro- 
posed for the decon~position of glutaric acid (the 
carbon analogue of IDA) in dilute sulfuric acid 
(24). Variants of mechanism 5 in which the initi- 
ating step is nucleophilic attack of H,O on the 
a-carbon atom can be readily devised, but not 
distinguished operationally. 

The for~uation of the familiar reducing agents, 
carbon monoxide and formaldehyde, in this 
pathway serves to emphasize that any organic 
matter is to be regarded as a potential reductant 
in aqueous systems at  high temperatures, where 
kinetic barriers are likely to be overcome (2). 
Similarly, the emergence of dioxygen as an  
aggressive oxidant in water at  high temperatures 
is illustrated by this work. On the other hand, 
the high temperature protonation constants K,, 
estimated here, though approximate, are not 
very different from those measured at  room 
temperature (22). 

Finally, noting that the rate of deconlposition 
of HNTA2-,  the predominant form of NTA at  
the p H  of natural waters, will be roughly that 
of N T A ~ -  at  low temperatures, we can estimate 
from the data of Table 3 that the thermal halflife 
of aqueous NTA in the environment would be 
on  the order of eight million years, since we 
have shown that oxidation by 0, is competitive 
with decarboxylation only at  the highest 
temperatures. Thermal decarboxylation or oxi- 
dation of free NTA therefore cannot compete 
with the photolysis of NTA transition-metal 
chelates (25, 26) or with biodegradation (18) as 
mechanisms for the elimination of pollutant 
NTA from rivers or  lakes. 
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MEIUDERT BOOY and THOMAS WILSON SWADDLE. Can. J .  Chem. 55, 1770 (1977). 
The kinetics and mechanism of decon~position of NTA complexes of Fe"', Feu, Con, Ni", and 

CLI" under hydrothermal conditions (425-573 K) have been examined. The relative rates at 
573 K are Col 'NTA- < N T A 3  5 F e l ' N T A  < NiLINTA- < Fe"'NTAo < H,NTAo < 
CLI"NTA- < H,NTAT. Aqueous CoI1NTA- and Fel'NTA-, like NTA3-, deconiposed at 
573 K by decarhoxylation, precipitating Co(OH), and Fe,04 respectively: Nil'NTA- pre- 
cipitated Ni(OH), initially but s~rbsequently Ni metal. At 530 K ,  Fe"'NTAo solutions pre- 
cipitated FeU,(NTAj2.H,O, but at higher te~iiperatures Fe304  formed, the NTA ligand being 
reduced to HCHO and iminodiacetate (IDA) rather than decarboxylated. Similarly, Cul'NTA- 
gave IDA and HCHO at teinperatures as low as 425 K,  forming first Cu' (Lbhich precipitated as 
CuCI in the presence of C I )  and then nietallic Cu. The applicability of NTA to corrosion con- 
trol in boilers and to "DCo renioval from \\ater-cooled nuclear reactors is briefly considered. 
The half-life of FeU'NTA in the hydrosphere is estimated at 80 years ( c j :  8 x 10"ears for free 
NTA), in the abscnce of photolysis or biodegradation. 

M E I ~ D E K T  BOOY et THOZ~AS W~LSON SWADDLE. Can. J .  Cben~ .  55, 1770 (1977). 
On a determine la cinetique et lc mecanisme de decolnpoiition des coinplexes de NTA avec 

Fe"', Fe", Col', Xi" et du CLI" dans des conditions hydrothermiques (425-573 K). Les vitesses 
relatives i 573 K soiit C o L I N T A  i P\lTA3- 5 F c U N T A  < NiLINTA- < Fc"'NTAo < 
I-I,NTAo < Cul'NTA- < H,NTA+. Cornrne le fait NTA3-,  des solutions aqueuses de 
C o l l N T A  et de F e l ' N T A  a 573 K se decomposent par decarboxylation et provoquent res- 
pectivement la precipitation de Co(OH), et de Fe,O,; au debut de la reaction avec Nil'NTA-, 
il y a precipitation de Ni(OH)2 mais au fur et a mesure que la reaction progresse, il y a precipita- 
tion de nickel nietallique. A 530 K, des solutions de Fel"NTA- proboquent la precipitation de 
Fe'J,(NTA),~H,O mais a des temperatures plus elevees, il y a formation de Fe30, puisque le 
ligand NTA est reduit en HCHO et iminodiacetate plut6t que d'Etre decarboxyle. De la mime 
maniere, Cu1INTA- conduit a IDA et HCHO 5 des temperatures aussi basses que 425 K con- 
duisaiit a la formation en premier de Cu' (qui precipite sous forme de CuCl en presence de C1-) 
et ensuite de Cu SOLIS forme metallique. On a considere les possibilites d'appliquer le NTA pour 
contr6lerlacorrosion dans des bouiiloires et pour enlever du 'j°Co des reacteurs nucleaires refroi- 
dis a I'eau. On estime que le temps de demi-vie du Fel"NTA dans l'hydrospherc est d'environ 
SO ans (par opposition a 8 x 106 ans pour le NTA a I'etat libre) en ['absence de photolpse 
ou de biodegradation. 

[Traduit par le journal] 

Inkoduction 
The possibility of using chelating agents, in 

particular nitrilotriacetate (NTA), in the control 
of corrosion processes in boilers ( 1 ,  2) and of 
cobalt-60 transport in ~vater-cooletl nuclear 
reactors (3) prompted our study (4) of the kinetics 
of decomposition of aqueous NTA over a wide 
range of temperature and pH.  That study pro- 
vided incidentally an upper limit to the environ- 
mental half-life of free NTA reaching the hydro- 
sphere through its use as a builder in detergents; 

such NTA may present a biological hazard 
through mobilization of heavy metals. or through 
decompos~tion to secondary anlines and thence 
to carcinogenic N-nitrosa~~iines (5-9). The 
kinetic data provided by the study (4) would not, 
honever, be directly applicable to conditions in 
boilers. nuclear reactors, or  the hydrosphere if 
the decoinposition of NTA \+ere significantly 
accelerated or retarded by chelation of the metal 
ions which ~ o u l d  inevitably be present. 

Accordingly, the present article describes a 
setnl-quantltatlre study of the effect of chelatlon 

'Present add1 ess Uni\er\ity Chernlcal Laborator], 
The Unl\ersltl of Kent, Canterbury, Englalld CT2 of lrol'("). lroll(l'l?. cobalt(ll)l and 
7NH copper(l1) upon the kinetlcs and n~echan~sm of 

2To xhonl correspoildence should be addressed thermal degradat~on of aqueous NTA. The 
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photochemical decomposition of FeHINTA (10, 
11) has been shown to proceed by deacetylation 
(loss of -CH,COO-) rather than by decar- 
boxylation (loss of CO,). and the photochemical 
degradations of c u H N T A -  (12) and FeT"- 
EDTA- ( 1  3, 14) have also been examined. The 
thermal decompositlon of aqueous NTA com- 
plexes, however, seems to ha le  been little 
studied. although extenshe research In the 
U.S.S.R. has shown that EDTA complexes of 
Inany metal ions have half lives of several hours 
in \\ater a t  473 K. tlie relative kinetic stabilities 
being Na,CaEDTA - Na,MgEDTA > Na- 
FeH'EDTA > Na,H,EDTA > Na,CuEDTA 
(15, 16), and it has been found (2) that hydro- 
thernlal decompositlon of iron chelates in 
bo~lers can produce corrosion-resistant coatings 
of magnetite on steel surfaces. 

Experimental 
Experimental procedures Lverc in general those 

described previously (4). Unless othernise stated, analyt- 
ical grade hydrated transition metal chlorides vere  
used, and sho\\n to  be of acceptable purity by com- 
plexonietric analysis using EDTA. Iron \\a5 determined 
by titration \\it11 K 2 C r 2 O 7  after reduction to  iron(I1) 
~ v i t h  SnCI, (17). Metal chelates were prepared according 
to  R i a b a l e e  (18). Reaction niixtnres were made up by 
~ ' e i g h i n g  the reagents into the PTFE-lined autoclaves, 
a n d  adding deoxygenated deionized \\ater and closing 
the  vessels under dinitrogen. 

F o r  analysis of the chelating agents after reaction, the 
transition lnetal ions were removed by addition of 
sodium hydroxide solution and filtration n i th  a sintered 
glass funnel. Copper(l1) mas removed by reduction n i t h  a 
small ekcess of hydrazine and removal of the yello\\ 
product o n  a sintered glass filter, but the buirer action 
of the excess hydrazine limited the use of this preliniinary 
procedure to  the determinations of di- and tribasic acids 
using zinc(I1) (I), \\here the endpoints of the titrations 
a re  at  p H  6.0. 

Results 
I .  Nitr.ilofi.iucetntoiro,l (111) 

This colnplex decomposed readily above 
530 K with reduction of iron(1II) to iro11(11), 
yielding the solid FeH,(NTA),.H,O (see below) 
a t  530 K, and magnetite at  higher temperatures. 
The rate of reaction was tlie sanie whether the 
starting material was FeT"NTA,H,O or an  equi- 
inolar mixture of FeCI, \vith Na,NTA, i .e . ,  it 
was unaffected by the presence of Na' or CI-. 
The proton magnetic resonance spectrum of a 
solution, initially 0.3 MI in each of FeC1, and 
Na,NTA, showed after 2 h at  563 K that 
irni~lodiacetate (IDA, formed by deacetylation) 
and decarboxylation products (notably IV- 

methyliminodiacetate, MTDA) were present in 
small but approximately equal amounts. This in- 
dicated that deacetylation mas of comparable 
importance to decarboxylation (in contrast to the 
decomposition of Na,NTA, etc. (4)), a conclu- 
sion rvhich \vas verified by the identification of 
formaldehyde as a major product, and that IDA 
and MIDA decomposed at rates sinlilar to 
Fe"'NTA and therefore did not accumulate as 
reactioii products. 

The rates of disappearance of NTA were first 
order in [FeHTNTA], and first order rate coeffi- 
cients k were estimated ( t 2 0 z )  for solutions 
initially 0.1 nz in FeHTNTA and ionic strength 
2.0 171 (with NaC1) from the expression 

[1 1 kt - In ([NTA], [NTA],) 

where [NTA], represents the total NTA con- 
centration at  time t .  Values of 10" k (sC1) of 
0.22, 0.60. 0.94, 1.1, and 1.4 were obtained at  
temperatures of 503. 540, 554. 562. and 573 K 
respectively, and are represented to kvithin the 
experimental uncertainty by the enthalpy AH':' 
and entropy of activation given i n  Table 1 .  

When Fel"NTA was prepared in solution at  
503 K using Fe(NO,), rather than FeCl,, or 
~vhen NaNO, \\.as added as such in 1.5:l  
molar ratio to FeH'NTA, the rate of disappear- 
ance of NTA increased about tenfold, the solu- 
tion of products being bright yellow (due to 
iroii(ll1)) and a red. non-ferromagnetic precipi- 
tate (presumably x-Fe20,)  being formed. This 
occurred even though NaNO, had no effect on 
NTA in the absence of iron(Il1): ~bhicll indicates 
that the role of nitrate in pron~oting the decom- 
position of FeH'NTA consisted in maintaining 
the iron in the trivalent state. 

In  an  equimolar mixture of FeCI, and 
H,NTA, decomposition was almost complete in 
4.5 h at  503 K, and almost all the iron was re- 
duced to iron(l1). Thus, hydrogen ion facilitates 
the redox (deacetylation) decomposition path- 
way, the decomposition being only about one- 
third co~nplete for F ~ " ' N T A  alone under these 
conditions. 

2. iVitif,.ilofr.iacetatofe~~nt~lI/) 1017 

On heating a t  503 K: a solution 0.1 nl in 
FeCI, and H,NTA deposited the white solid 
Fe,(NTA),.H,O, which was identified by titra- 
tion and by its infrared spectrunl (lS), whereas 
a si~nilar solution of FeCl, and Na,NTA pre- 
cipitated a small amount of a black solid. The 
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TABLE 1. Pseudo-first order rate coefficients and enthalpies and entropies of activation for the decornposi- 
tion of aqueous transition metal NTA complexes" 

Experiluental k (s-I) 
temperature A H *  AS* - 

Species range (K) (kJ n ~ o l - ' ) ~  (J K-'  mol-I)b At 473 K At 573 K 

alnitial total [VTA]  = 0.1 i n ;  ionic ~ t r e n g t h  maintained at 
h T A ,  bur otheruise nor coiitrolled. 

  uncertainties are standard errors of regression coeficients. 
Ckxtr i ip~lated val~le. 
OAt 566 K ;  from )ields of F e 3 0 d .  
*Approximate value based o n  assulnption of first order kine 
JSolurions of V a C u h T A .  
rRefcreiice 4. 

black ferromagnetic solid product obtained at  
higher temperatures n-as identified by X-ray dif- 
fraction as magnetite, and was seen under the 
scanning electron microscope to be in the form 
of good octahedra up to about 50 pm across. 
The rate of disappearance of NTA was greater 
when [Na,NTA] : [FeCI,] was 2 :  1 rather than 
1 : 1. 

For a v ~ r i e t y  of initial [Fel'NTA-1, the frac- 
tional extent of loss of NTA over a given time 
interval n.as the same, at  a given temperature, so 
that the decomposition \\.as first order in 
[Fel'NTA-1. Unfortunately, a meaningful rep- 
resentatio~l of the time-dependence of the con- 
ceiltratioi~ of NTA surkiving in solution in terms 
of the integrated first order rate equation could 
not be obtained, since the main slow phase of the 
disappearance of NTA from the solution was 
preceded by an  apparent accelerated initial 
stage (probably due to the deposition of a s~nal l  
amount of Fe,(NTA),.H,O, as noted above) and 
followed by a second accelerated phase. The 
latter probably originated in heterogeneous 
catalysis of the decomposition reaction by the 
precipitated magnetite: as it was established 
separately that aqueous Na,NTA decomposed 
to the extent of 35y0 in 2 h at  573 K under N, in 
the presence of added magnetite, but only 9;$ in 
its absence. This erect  \vas not observed in the 
decomposition reactions of Fel"NTA, which 
were relatively rapid and qualitatively different 
from those of FeNNTA-.  

On the other hand, the yield of Fe,O,, deter- 
mined by dissolving the black precipitate in con- 
centrated HCI and analyzing it for total iron 

-21916  8 . 5 ~  1 . 4 ~  
1 . 6 ~ 1 0 - " "  

- 1 . 6 ~ 1 0 - ~ '  
5  x 

- 6 9 k 7  1 . 1 ~ 1 0 - ~  1 . 8  x 10-I' 
- 1 6 6 ~  8 9 . 0 ~  1 .1  x l 0 - j  
- 1 0 9 1  10 3 . 1 ~ 1 0 - ~  5 . 3  x  

+ I l k 3 2  7 . 5 ~  9 . 6  x lo- ' '  

2.0 in \kith h-aCl for FeU'NTA, F e U h T A - ,  and uncomplexrd 

tics. 

(17), indicated that the dissolved iron content 
declined smoothly in accordance with the 
integrated first order rate equation, with rete 
coefficient k = (1.6 + 0.2) x lo- '  s-I at  566 K.  
This rate of decomposition is of the same order 
of magnitude as that reported by Castle and 
Thornpson (19) for the decomposition of iron(I1) 
hydroxide in aqueous suspensions at  573 K ac- 
cording to the Schikorr reaction 

The 'H nInr spectrum of solutions, initially 
0.3 m in each of Na,NTA and FeCI,, decom- 
posed at  571 K for 2 h, showed the presence 
of decarboxylation products such as MIDA in 
small amounts: but 110 deacetylation products 
such as IDA could be detected except when the 
reaction had been carried out under air (when 
iron(ll1) was formed). These observations con- 
firmed that deacetylation in non-acidic solutions 
is associated with oxidation of the ligand by the 
metal ion. 

The addition of HCl or NaOH to solutions of 
F ~ " N T A  produced modest increases in the 
rate of disappearance of NTA;  thus, at 571 K 
for solutions initially 0.1 m in FeC12 and Na,- 
NTA; 20% NTA was lost after 2 h, as compared 
with 35% with addition of an equimolar amount 
of HC1 and 42Pb with MaOH. 

3. Nitrilotriutetatocobalt~~te(II) Iorz 
The initial decomposition of Co(I1)-NTA 

complexes showed the same behaviour as that of 
Fe(l1)-NTA complexes. At 503 K, CoCI, + 
H3NTA gave Co3NTA,.H,0. Small amounts of 
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brown solid, most likely oxidized Co(OH),, were 
formed upon heating solutions of CoC1, + 
Na,NTA at temperatures above 500 K. After 
44 h at 573 K only 10% of the initial amount of 
cobalt was precipitated. In each case: direct com- 
plexo~netric titration showed that the extent of 
decomposition of NTA was equal to the extent 
of formation of Co(OH),. The ' H  nmr spectrum 
after reaction for 8 h at  573 K showed the 
presence of NTA but only very small amounts 
of decarboxylation products and IDA: the latter 
most likely due to traces of dioxygen. The pre- 
cipitation of Co(I1) by hydroxide in the analyt- 
ical procedure (4) was incomplete. and reliable 
analyses for chelating agents could not be ob- 
tained following attempts to remove cobalt(I1) 
by this method. However, all other evidence 
showed that the Co(1l)NTA- complex was 
kinetically the most stable of the complexes 
studied. 

4. Nitr.ilotr.iacctatot7iekeIate(II) Iotz 
When solutions containing equimolar amounts 

of Na,NTA and NiC1, were heated at  573 K 
under N,, Ni(OH), was precipitated initially, 
but Lvas subsequently reduced to metallic nickel. 
After 44 h? over 80% of the nickel had been pre- 
cipitated as the -metal, and the solution was 
almost colorless. Co~nplexometric titrations 
showed that the NTA content of the solutions 
was only slightly in excess of the remaining 
nickel(I1) at  any time, that is, that the reduction 
of nickel(I1) proceeded at essentially the same 
rate as the decomposition of NTA, and the 
two reactions are probably causally connected. 
The hydrotherlnal reduction of ~iickel(ll) to 
the metal by the chelating agents etkylenedi- 
amine and dieihylenetriamine at about 570 K 
has been observed in our laboratory by J.  C. 
Arnold. 

5. Nitr.ilotr.iacetatocuprate(II) Ion 
Of the divalent transition metal ions, cop- 

per(I1) has the highest stability constant for the 
formation of an NTA complex, and this strong 
interaction manifests itself (for example) in the 
dissolution of copper tubing by aqueous NTA 
at pH - 1 I at room ten~perature, giving NaCu- 
NTA.H,Q (20). Thus, although copper(I1) often 
acts as an oxidant, e.g. of aliphatic amines (211, 
copper(1) colnplexes usually disproportionate to 
copper nletal and their copper(11) analogues be- 
cause of the high thermodynalnic stability of the 
latter (22). 

It was therefore not surprising that aqueous 
CuI1NTA- decon~posed readily at 425 K to de- 
posit essentially pure copper metal; the color of 
the solution changed from blue to green to 
yellow as the reaction proceeded. Solutions of 
CuCI,, similarly treated, showed no change 
other than the precipitation of a small quantity 
of a basic copper(I1) chloride. When the solu- 
tions of Cul'NTA- were made up from solid 
NaCuNTA.H,O (20), the hydrothermally pro- 
duced copper metal took the form of a fine 
powder, whereas solutions made from equi- 
molar amounts of Na,NTA and CuCI, yielded 
initially solid CuCl and subsequently large 
particles of copper metal. The presence of C1- 
also slowed the reduction to copper metal 
significantly; at 433 K: the ainouiits of copper 
produced in 5 h in the presence of 0.0, 0.2, and 
1.8 771 NaCl were 56: 52: and 217> respectively. 
In a highly acidic solution (initially 0.1 nz in 
each of H,NTA and CuCI,: pH,,, 1.2), how- 
ever, the solid product was CuCl (20%) and 
about 80% of the copper(I1) remained in solution 
after 2 h at 473 IS: in which time the decomposi- 
tion of NTA was about 50% complete; in this 
case, therefore, the latter reaction proceeded 
mainly by a pathway 170f involving reduction of 
copper(I1). 

An excess of copper(11) over coinplexing 
agents in the products was also observed for 
mixtures of CuC1, and Na,H,EDTA(pH,,, = 2: 
and also when pH,,, = 6 with NaOH). CuCl 
was the main product but some Cu metal was 
also present. Non-oxidative pathways were ap- 
parently predominant and the decomposition of 
C~"EDTA'- was faster than the decomposition 
of Cu(1I)NTA under the same conditions. 
Iminodiacetatocopper(I1j gave CuCl and Cu 
metal in a ratio 2:  1 .  The rates of decomposition 
at 433 K decreased in the order EDTA >> IDA > 
NTA. 

The decomposition of the organic part of the 
complexes gave fornlaldehyde, and the mass 
spectrum of the gaseous products showed CO, 
and some CO. We also found that at 473 K 
aqueous CuCI, was reduced to CuCl by form- 
aldehyde (23). 'H nmr spectra indicated IDA as 
the major product and MIDA as a minor 
product. Only in the case of H,Cu(NTA), at  
pH,,, - 2.5 were significant amounts of amino- 
rnonocarboxylic acids (mainly sarcosine) and 
nlethyla~ilines (mainly dimethylamine) detected. 

The aniount of aqueous NTA that was 
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Na3 NTA t Cu CI2 1 

1 2 0 1 2 3 
TIME ( h o u r s )  

FIG. 1.  The deco~iiposition of Cu1INTA- at 473 K .  [Cu2+], = [NTA3-], = 0.1 111. C, [Cu(O)],, 
copper rnetal formed; A, [L],; total amount of chelating agent; 0, [L], - [Cu(II)L],, uilcornplexed 
chelating agent; 0, [Cu(II)], = [L], - ([L]? - [Cu(II)L],); V, [Cu(I)], = 1.0 - [Cu(O)], - [Cu(II)],. 

oxidized by an initially equimolar amo~in t  of 
solid CuCl in 2 h at  473 K was about half that 
oxidized by the same molar ainount of cop- 
per(l1). The decomposition of 2CuC1 + Na,- 
NTA progressed someivhat further than for 
CuCI, + Na,NTA after 5 h at  433 K and no 
CuCl was detected among the products. but 
for 4CuCl + Na,NTA considerable amounts of 
CuCl were still present after the reaction. 

In the decoinposition of aqueous NaCuNTA, 
or of CuC1, + Na,NTA, complete reduction of 
copper(I1) to the metal resulted in 75% loss of 
NTA. the remaining 2 5 7  of the reductio~l being 
accounted for by the further oxidation of the 
products JDA. HCHO, etc. This is consistent 
tvith the stoichiornetry 

which also a c c o u ~ ~ t s  for the observed initial fall 
in pH:  eventually, however, the p H  again rose 
because of the incursion of non-oxidative deg- 
radation of the aminoacids (e .g. ,  decarboxyla- 
tioii). The kinetics of the decompositions were 
followed at  433, 453, and 473 K (470 K in the 
last case for CuC1, + Na,NTA) with respect to 
various reactants and products, and are il- 
lustrated by Fig. l .  The ainount of Cu(1I) re- 
maining in solution was calculated from the dif- 
ference between the total amount of com- 
plexing agent (determii~ed after precipitation of 
copper ions with hydrazi~ie by potentiometric 

titration after addition of Zn(NO,),) and the 
ainount of free ligand (from direct titration of 
the reaction mixture with CuC1, and nlurexide 
as indicator). The disappearance of Cu(1I) 
followed closely the fortnation of copper metal. 
Formally, [CuiI)] can be expressed as the amount 
of copper not accounted for by copper metal and 
Cu(LI), and Fig. 1 shows clearly the initial 
build-up and subsequent decay of copper(1) ex- 
pected of it as an intermediate in a series of 
coilsecutive reactions. 

- -  The formation of~copper  metal followed first 
order kinetics in [Cul'NTA-] to 80% conversion 
with an induction time of about 0.4 h.  The rate 
for this process was faster for XaCuNTA than 
for CuCI, + Na,NTA, presulnablp because 
solid CuCl was formed as an  intermediate in 
the latter case and its rate of disappearance was 
of the same order of magnitude as that of its 
formation. The rates of formation of copper 
metal \yere used to provide approximate first 
order rate coefficients k (f 15%) for the de- 
composition of Cul 'NTA-. For NaCuNTA, 
loq k (s-') was 0.7, 2.6, and 10 at  433, 453, and 
473 K ;  for Na,NTA + CuCl,, 10" was 0.5, 
2.5. and 6 at  433, 453, and 470 K. 

Discussion 

Of the transition metal NTA complexes con- 
sidered here, only Col'NTA- decomposed by 
simple decarboxylation of the ligand and de- 
position of Co(OH),. without net reduction or 
oxidation of the central metal atom. This com- 
plex s h o ~ e d  remarkable thermal stability, being 
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less reactive than NTA"- itself by an  order of 
inagnitude (Table 1). Thus, in the absence of 
complicating redox processes, coordination 
stabilizes the NTA3- ligand. 

Nitrilotriacetatoferrate(II) decomposed ex- 
clusively by decarboxylation, as did the cobalt(T1) 
coniplex, but the product Fe(OH),, being un- 
stable in aqueous systems near 570 K, decorn- 
posed to  magnetite (19), which appeared to 
catalyze further decomposition of the NTA to 
a moderate extent. At low pH, Fe(OH), forma- 
tion would be suppressed, and indeed we found 
the solid product formed under acidic conditions 
to  be Fe,(NTA),.H,O, ~vhicli presunlably re- 
sulted from reaction of FeNTA- with the 
Fe2+(aq) released as the ligand decomposed. 

Iron(I1I) oxidized the NTA ligand with the 
formation of IDA. formaldehyde, and CO,, 
whereupon the iron(11) product yielded mag- 
netite as above. The oxidation is rapid relative 
to the decarboxyiation of N T A 3 :  etc., because 
the very favorable enthalpy of activation out- 
weighs the strikingly negative entropy of activa- 
tion in the temperature range of interest. 

The decompositioii of Cul%TA- clearly pro- 
ceeded via a copper(1) intermediate, which in 
the presence of chloride yielded solid CuCl but 
otherwise disproportionated 

Solid CuCl would act as a buffer for Cu(1) in 
solution. As noted above, the disproportionation 
of copper(1) is favored by interaction with 
ligands such as TVTA which strongly stabilize 
copper(I1). The stability constant of C u 1 ' 1 ~ A 0  
is much smaller than that of Cu1'NTA- (by a 
factcr of at  least 200, at  298 K (24)). so that the 
IDA formed by oxidation of NTA not only can- 
not compete effectively with the remaining NTA 
for coordination to copper(11) but is also less 
conducive than IVTA to reaction 4 even when 
coordinated. Consequently. IDA accumulated 
as the chief oxidative degradation product, 
while the products of lower niolecular weight 
(sarcosine and dimethylarnine) were formed by 
decarboxylation rather than further oxidation 
of IDA. The oxidation of the NTA ligand in 
CuNTA- and in FeNTAO probably proceeded 

through' successive one-electron transfers, the 
first being rate determining, and indeed a 
mechanism of this type has been proposed by 
Carey and Langford (14) for the photochemical 
degradation of FcHIEDTA-.  

The product distributions in the oxidations of 
NTA by metal ions were in accordance with the 
schemes proposed by Langford and co-workers 
for the photolysis of FeH'NTA (10) and Cult- 
NTA-  (12), if it is recognized that their experi- 
ments were carried out under air and reoxidation 
of the reduced metal ions could occur (and; in 
particular, no  copper(1) was isolated). 

The studies described here and elsewhere (4) 
demonstrate that the high hydrothermal stabili- 
ties of NTA3-,  FeIINTA-, and especially 
Col'NTA- augur well for the application of 
NTA as a decontaminating reagent for the re- 
moval of cobalt-60 ferrite deposits in the heat 
transfer systems of v~ater-cooled nuclear reactors 
under operating conditions of relatively high 
temperature and p H  in conjunction with re- 
dacing conditions. Furthermore, the slow deposi- 
tion of magnetite, copper, and nickel from 
NTA complexes in solution may lead to the 
formation of cohesive protective coatings in 
place of mobile particulate col-I-osion products. 
On the other hand, heterolytic catalysis of NTA 
decomposition on magnetite surfaces was sug- 
gested by some of our observations, and radi- 
olysis of aqueous NTA has not been considered. 
Complete recovery of dissolved 60C01'NTA- 
from solution may also prove to be technically 
difficult. It is perhaps more likely that NTA will 
find application in corrosion control in conven- 
tional steam-raising. 

Finally, the activation parameters of Table 1 
predict that, while NTA itself is expected to 
have a thermal half-life of some 8 million years 
in the hydrosphere (assumed 288 K: ph '  7) (4). 
coniplexing with the ubiquitous iron(IT1) will 
reduce its environmental half-life to about 80 
years as a consequence of the low AH* for de- 
composition of FeHINTA. The correspondi~lg 
half-life for Cul 'NTA- is 3000 years. By con- 
trast, photochemical degradation of FeH1NTA 
or biodegradation of the free ligand should. 
when available, consume NTA pollutants in a 
matter of weeks (5-14). 
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Far infrared absorption and rotational vibrations of the guest molecules in 
structure I clathrate hydrates between 4.3 and 100 K 
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JOHN E. BERTIE and STEPHEN M. JACOBS. Can. J. Chem. 55, 1777 (1977) 
The infrared spectra between 330 and 15 cm-' of the struct~lre I clathrate hydrates of ethy- 

lene oxide, cyclopropane, and trimethylene oxide, at 4.3 K are presented. The spectra have an 
unusually high signal-to-noise ratio made possible by a Michelson interferometer and a silicon 
bolometer detector which operates at 1.2 K. Rotational vibrations of the guest molecules were 
observed at 65.0 and 35.6 cm-' for ethylene oxide and at 69 and 50 cni-' for trimethylene oxide. 
Inter-guest coupling of rotational vibrations is small and the two frequencies are assigned to 
vibrations about different inertial axes. The resulting force constants are 487 and 264 ferg rad-2 
for ethylene oxide and 1190 and 1130 ferg rad-2 for trin~ethylene oxide and are discussed in rela- 
tion to the barriers to reorientation of the guest molecule. The bands due to thesevibrations are 
fairly sharp at 4.3 K,  but are broad and poorly defined at  100 K. The guest and water vibrations 
interact predominantly through their transition dipoles, although the main contribution to the 
force constants of the rotational vibrations is from steric forces. The absorption by the water 
vibrations above 100 cni-' is very similar for ethylene oxide and cyclopropane hydrates but 
significantly different for trirnethylene oxide hydrate. Strong objections exist to the obvious 
interpretations of this differencc which remains uncxplained. 

JOHN E. BERTIE et STEPHEN M. JACOBS. Can. J. Chem. 55. 1777 (1977) 
On prksente les spectres infrarouges, i 4.3 K et entre 330 et 15 cm-', de la structure I des 

hydrates de clathrate de l'oxyde d'ethylene, du cyclopropane et de l'oxyde de trirnethylene. Les 
spectres ont un rapport signal a bruit qui est anormalement elevt et qui est rendu possible par 
un interferometre de Michelson et un dktecteur bolometre de silice qui opere a 1.2 K. On a 
observe les vibrations rotationnelles des molecules hates a 65.0 et 35.6 cm-' pour I'oxyde 
d'ethylene et a 69 et 50 cm-I pour I'oxyde de trin~ethylene. Le couplage des vibrations de rota- 
tion entre hates est faible et on peut attribuer les deux frequences a des vibrations autour d'axes 
d'inertie diffkrents. Les constantes de force qui en resultent sont de 487 et 264 ferg rad-2 pour 
I'oxyde d'ethylene et de 1190 et 1139 ferg rad-2 pour de l'oxyde de trimethylene et on les discute 
par rapport aux barrieres de reorientation de la molecule hate. Les bandes dues a ces vibrations 
sont assez precises a 4.3 K mais sont plus larges e t  mal definies a 100 K. Les vibrations de la 
moltcule hate et de I'eau interagissent d'une f a ~ o n  predominante par I'intern~ediaire de leurs 
dipoles de transition quoique la contribution principale des constantes de force des vibrations 
rotationnelles provient de forces steriques. L'absorption par les vibrations de l'eau au-dessus de 
100 cm-' est tres semblable pour l'oxyde d'ethylene et les hydrates de cyclopropane rnais 
differe d'une faqon importante pour l'hydrate d'oxyde de trirnethylene. Des objections tres 
fortes existent au sujet des interpretations qui paraissent evidentes pour ces differences qui 
demeurent inexpliqutes. 

[Traduit par le journal] 

Introduction 
The far-infrared spectra of the structure I 

clathrate hydrates (1) of ethylene oxide (2) 
and cyclopropane (3) a t  100 K have been re- 
ported (4, 5). The rotational vibrations of the 
ethylene oxide molecules yield diffuse absorption 
between 100 and about 50 cm-I (4, 5). At 100 K 
the water molecules have essentially fixed orien- 

water molecules and, probably, the guest mole- 
cules (8) orientationally disordered. It was of 
interest, therefore, to see if the absorption by the 
rotational vibrations of the guest molecules is 
sharper a t  4.3 K than a t  100 K and, if it is 
sharper, to obtain from the absorption frequen- 
cies a measure of the intermolecular forces acting 
on the guest molecules in the cages of water 

tations (6) but the ethylene oxide molecular di- molecules. 
poles reorient a t  about 6 GHz (7). At 4.3 K the This paper presents the spectra between 120 
ethylene oxide molecules also have essentially and about 15 cm-I of the structure 1 clathrate 
fixed orientations (8) so that the clathrate hy- hydrates and deuterates of ethylene oxide, cpclo- 
drate has an essentially static structure with the propane, and trimethylene oxide (9-1 1) between 
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4.3 and 100 K, and spectra between 330 and 120 
cm-I of these con i~ounds  a t  4.3 K 

No previous reports of the far-infrared spectra 
of structure 1 hydrates below 100 K exist. While 
rhis work was In progress, spectra were reported 
b e t ~ e e n  65 and 4 c ~ n - I  of the structure 11 hy- 
drate of tetrahydrofuran between 80 and 17 K 
(12) and between 100 and 10 cm-'  of the iiiixed 
structure IT hydrates of liqdrogen sulfide with 
carbon tetrachloride, chloroform, and metliylene 
chloride, between 45 and 95 or 290 K (13). 

Experimental 
The preparation and characterization of the hydrates 

and de~~terates of ethylene oxide (composition used: 6.7 
C2H,046H20  (or D,O)) and cyclopropane (6C3H6. 
46H20) have been described (4, 5). Structure 1 trirnethy- 
lene oxide hydrate and de~~tera te  mere prepared by rapidly 
cooling to 77 K, in vacuum, dc-gassed solutions of conl- 
position 6C,H6046H2O (or D,O), then holding then1 at 
-27-C for about two weeks before recooling them to 77 
K for s t ~ ~ d y  (14). X-ray powder diffraction photographs 
and mid-infrared spectra ( 5 ,  14-16) s h o ~ e d  the hydrates 
(deuterates) to be pure. To keep them pure, they were 
kept under liquid nitrogen and manipulated in a dry, 
77-100 I(, nitrogcn atmosphere. 

Spectroscopic pellet samples mere made by [nixing 
pomdered hydrate and 0.50 g of adamantane in a 0.75 in. 
diameter piston and cylinder pressure vessel at 7'7 K, then 
pressing the.po\\der into a pellet at -30eC, -4OCC, or 
-45^C, all ; 5'C, for ethylene oxide, cyclopropane, or 
triniethylene oxide hydrates, respectively. A pressure of 
1000 bar was applied for at least 1% h, occasionally re- 
leasing it for 5 niin. The pellet was cooled to 77 K under 
pressure to prevent shattering at the adamantane phase 
transition (17, 18). The pistons were removed and the 
cylinder, which held the pellet firmly, was placed in tne 
copper sample holder of the infrared cell in a 77 K dry 
nitrogen atmosphere. The facc of one piston of the pres- 
sure apparatus was cut at 89.7' to the axis of the piston, 
to bevel the pellet to reduce interference fringes. Other 
infrared samples, including all those for study above 120 
em-', \\ere made by mixing powdered hydrate into 3- 
methyl pentane at 120 i 10 K, in  a teflon or TPX (Im- 
perial Chemical Industries Ltd. trademark for methyl 
pentene polymer) cup mhich was 0.025 in. deep and had a 
bevelled (4.5') base. The temperature was then lowered to 
77 K and the 3-methyl pentane set to a glass containing 
pomdered hydrate. The cup containing the sample mas 
loaded into the copper sample holder at  77 K. Back- 
ground spectra (4) were of adamantane pellets or 3-methyl 
pentane glasses which contained no hydrate, at the same 
temperature as for the sample spectra. 

The infrared cell was a Janis Research Corporation, 
Inc. model 8DT variable low-temperature research 
De~var. In this cell, the copper sample holder is suspended 
in an atmosphere of helium gas at the bottom of a central 
tube. At 4.3 K the sample is just above the surface of 
liquid helium in this tube. At higher telnperatures liquid 
helium is vaporized by a heated diffuser plate and the gas 
cools the sample. The sample temperatures were niea- 
sured by factory-calibrated platinum resistance and ger- 

nlanium resistance thermometers mounted in the copper 
sample holder. The temperatures were controlled to i 0 . 1  
K at 4.3 K and k 2 K at higher temperatures, with the aid 
of tmo heaters mounted in the copper sample holder and 
a Cryogenic Research Model TC103 temperature con- 
troller which was modified to incorporate a precise 
decade resistance box. The cell was fitted with windows 
of crystal quartz for spectra below 120 cm-I,  or sapphire 
for spectra below 330 cn1-', both cut perpendicular to 
the unique axis and sealed by Indium O-rings against the 
cold central tube. TPX windows were sealed by buna-N 
O-rings against the outer jacket of the cell. The cell was 
kept nlounted in the spectrometer and was loaded while 
cold by carrying the copper sample holder immersed in 
liquid nitrogen to the cell, then quickly inserting it into 
the central tube. 

Far-infrared spectra were recorded on a modified 
Beckman-RIIC FS-720 Interferometer described else- 
uhere (4). The detector was initially a Golay detector but 
a Molectron Corporation Model D1.5S-720 Silicon 
Bolometer Cryostat System was used for most of the 
work. This detector operates at 1.2 K and was found to 
be reliable, simple to use, and far superior to the Golay. 

Results 
The Janis cell transmitted far less radiation 

than the liquid nitrogen cell used previously (4, 
5), and the spectra had a very poor signal-to- 
noise ratio when the Golay detector was used. 
Curve n of Fig. 1 shows a typical absorbance 
spectrum obtained from a single pair of sample 
and background interferograrns using the Golay 
detector, and curve 5 shows the average of 14 
such spectra. The better performance of the 
silicon bolometer is illustrated by curve c, which 
was obtained from a single pair of interfero- 
grams. Curves d and e of Fig. 1 show the spectra 
of 3-methyl pentane glass and an adamantane 
pellet a t  4.3 K .  

Figures 2 to 4 show uns~noothed averages of 
3 to 5 spectra below 130 crn-I of the structure I! 
hydrates and deuterates of cyclopropane, ethy- 
lene oxide, aiid trimethylene oxide in adarnantane 
pellets between 4.3 and 100 K. Tlie frequencies 
of the reproducible features at 4.3 K are given in 
Table 1. In spectra of very strongly absorbing 
samples the absorbance decreases uniforinly 
from the lowest feature listed to  15 cm-l .  The 
feature (Figs. 2 to 4) a t  78, 76.5, or 74 cm-I a t  
4.3, 50, or 100 K, respectively, is due to imper- 
fect subtraction of the adarnantane peak(Fig. 1). 
The features previously reported (5) at 23, 46, 
and 68 cm-' for cycl~propane hydrate a t  100 K 
were spurious (Fig. 2). The bands are clearly 
sharper a t  4.3 K than at 100 K, but more detail 
is observed for ethylene oxide hydrate and deu- 
terate a t  100 K (Fig. 3) than was reported pre- 
viously (4). This is due to the better detector and 
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FIG. 1 .  Curve n: spectrum from one pair of sample and 
background interferograrns recorded using the Golay 
detector. Curve b :  the average of 14 spectra like curve n. 
Curve c: as curve n but recorded using the silicon bolom- 
eter detector. Curve d: spectrum of 3-methyl pentane 
glass, about If mm thick, at 4.3 K. Curvee: spectrum of 
a 2 mm thick adamantane pellet at 4.3 K. Resolution: 
1.5 cni-'. The curves have been offset for clarity. 

t o  the pellet and glass techniques which allow 
much more strongly absorbing samples to be 
used than is possible with mulls (4). The assign- 
ment of the peaks and shoulders to water or 
guest vibrations (Fable 1) is based on the isotope 
shifts, with slight ambiguity in the case of tri- 
methylene oxide hydrate. 

The temperature dependences of the spectra of 
trimethylene oxide hydrate and cyclopropa~ie 
and ethylene oxide deuterates are similar to 
those shown (Figs. 2-4). The features above 100 
cm-I  are all about 2 cm-' lower in frequency a t  
100 K than at 4.3 K. The temperature shifts of 
the other features are &2 cm-I  or less, except 
for the 65 cm-' band of ethylene oxide hydrate 
which shifts about 5 cm-' (Fig. 3), and are prob- 
ably due to increased breadth of the overlapping 
bands a t  high temperature. 

;D JACOBS 1779 

FIG. 2. Spectra of structure I cyclopropane deuterate at 
4.3 K (bottom curve) and hydrate at 4.3, 50, and 100 K 
(top). Resolution: 1.8 cnl-'. The hydrate curves h a ~ e  
been raised by 0.5 (4.3 K), 0.85 (50 K), and 1.20 (100 K) 
units for clarity. 

The following evidence shows that the hy- 
drates did not decompose during the preparation 
of the adalnantane pellets. ( I )  The spectrum of 
cyclopropane deuterate dispersed in 3-methyl 
pentane glass at 4.3 K was identical to that of 
Fig. 2, except that the weak shoulders at 108 and 
58 cm-I were about half as prominent. (2) A 
12.7 mol? aqueous solution of ethylene oxide in 
a Teflon cup was crystallized completely to ~ i e l d  
6.68C2M,0.46H20 (19): the Teflon cup was 
loaded into the cell and yielded spectra of the 
hydrate identical to those in Fig. 3. (3) Cyclopro- 
pane and trimethylene oxide hydrates were sub- 
jected to  the pelletlng procedure without ada- 
mantane, and were shown to be unchanged by 
X-ray powder photography (5, 14). 

Figure 5 shows unsmoothed averages of three 
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FIG. 3. Spectra o f  structure I ethylene oxide deuterate 
at 4.3 K (bottom curve) and hydrate at 4.3, 50, and 100 K 
(top).  Resolution: 1.8 c m - ' .  The hydrate curves have 
been ra~sed by 0.4 (4.3 K ) ,  0.65 (50 K), and 0.90 (100 K) 
units. 

spectra of cyclopropane, ethylene oxide, and 
trilnethylene oxide hydrates a t  4.3 K between 
330 and 100 cm-l .  Tlie frequencies of the re- 
producible features are given in Table 2, with 
those of the deuterates. Curves c and d In Fig. 5 
are both of cyclopropane hydrate and show that 
the relative intensity of the main peak is very 
sensitive to the size of the hydrate particles, in- 
creasing with decreasing particle size. The spec- 
trum of very well ground ethylene oxide hydrate 
a t  100 K is the same as reported previously (4, 5 )  
except that the main peak has greater relative 
intensity. Thus, the frequencies are higher and 
more structure is resolved when the compounds 
are a t  4.3 K. Curves c and d also show that the 
band shapes between 260 and 330 cnl-I are un- 
certain because of different amounts of 3-methyl 
pentane (curve e) in the sample and background 

FIG. 4. Spectra o f  structure I trilnethylene oxide hy- 
drate at 4.3 K (bottom curve) and deuterate at 4.3,50, and 
100 K (top). Resolut~on: 1.8 cm-'  for hydrate, 2.8 cm-' 
for deuterate. The deuterate curves have been raised by 
0.25 (4.3 K) ,  0.75 (50 K ) ,  and 1.25 (100 K )  units. 

glasses. Curve e proves that condensation of ice 
upon the samples was not a problem. Figure 6 
shows several spectra of ethylene oxide hydrate 
a t  4.3 K between 220 and 100 cm-', to prove the 
existence of the many weak features listed in 
Table 2. 

Discussion 
Relaxation data (7, 8, 1 I ,  20, 21) for the hy- 

drates studied (Table 3) indicate that the molec- 
ular reorientation rates are below far-infrared 
frequencies a t  100 K. Thus, the perturbed "free" 
rotation invoked by Hadni and co-workers (1 3), 
to explain a band at  40 cm-' in double cla- 
thrates, cannot contribute to the present spec- 
tra, which must, therefore, be due to absorption 
by translational (rattling) and rotational vibra- 
tions of the guest molecules superimposed on 
the broad, disorder-allowed absorption by the 
translational vibrations of the water molecules 
(4, 5) .  Whether the absorption by the guest mole- 
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TABLE 1. Spectral features below 130 cm-' of structure I clathrate hydrates and deuterates at 4.3 Ka 

Frequency (em- ') 

Compound Hydrate De~lterate 

Cyclopropane 
sh 128 

125.5 min 122.3 
122.5 P 118.7 
115 cos 110.8 

sh 107.5 
cos 101.0 - 90 b.sh - 90 

58 sh 56.5 (1.5) 

Ethylene oxide 
sh 
sh 

min 
P 

min 
P 

min 
P 

min 
P 

Trimethylene oxide 
cos 122 W 

124 sh 119 w 
116 cos 110 w 
110 sh 106 w 
100 cos min 94 w- 

sh 90 w 
82 P 80 w 
74.5 cos 73 
69 sh 68 (2)  G 
60 cos ~. mia 59 
50 sh P 51 G 
34 cos ? 34 

Trequencies are in cm-' and their accuracy is k 0.5 if quoted to 0.1 or ?r 1 otherwise, except as noted In parentheses; sh, rnin, 
p, cos, and b,,indicate shoulder, minimurn, peak, change of slope, and broad. 

bw, water v ~ b r a t ~ o n ;  G, guest vibration. 

cules is observed and well-resolved depends on 
its intensity relative to that of the water mole- 
cules. 

I t  is useful to assume that the vibrations of the 
guest and water molecules d o  not interact. In this 
approxin~ation, the water absorption is constant 
for all structure I hydrates, apart from frequency 
shifts related to changes in the lattice parameter 
(5), because it is the density of vibrational states 
of the empty hydrate lattice weighted by an in- 
tensity function (4, 5). It is also useful to assume 
that the rotational vibrations of each guest mole- 
cule occur about the principal axes of inertia of 
the free molecule. In this case, two of the rota- 
tional vibrations of ethylene oxide and tri- 
methylene oxide (22,23) reorient the dipole mo- 

ment, and absorb much more radiation than the 
other four intermolecular vibrations of each 
guest whose dipole moment derivatives arise 
solely from intermolecular forces (12). Klug and 
Whalley (12) analysed the absorption below 
70 cm-'  by the structure I1 hydrate of tetrahp- 
drofuran using these assumptions, which ap- 
pear to hold for that case (24). 

It is clear from Figs. 2 to 5 and Tables 1 and 2 
that the first assumption holds rather well above 
100 cln-' for ethylene oxide and cyclopropane 
hydrates, but not for trimethylene oxide hydrate. 
Further, it is not good below 100 cn1-', since the 
peaks a t  87.5 and 82 cm-I  in the spectra of 
ethylene oxide and trimethylene oxide hydrates 
are sensitive to the water isotope but are replaced 
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FIG. 5. Spectra of n. ethylene oxide hydrate (raised 34 
~ ~ n i t s ) ,  b, trimethylene oxide hqdrate (raised 2 units), r ,  
cyclopropane hydrate (raised I unit), d, a less-well-ground .~ 

sample of cyclopropane hydrate (raised 4  nit), and e, 
3-methyl pentane glass, (-4 mm thick), all at 4 3 K .  
Resolution: 2 c r r t  ' . 
by a broad shoulder in the spectrum of cyclopro- 
pane hydrate. They are assigned to translational 
vibrations of the water which have gained in- 
tensity by interacting with the rotational vibra- 
tions of the guest. The second assumption is 
good for these hydrates, since two features in the 
spectrum of each hydrate with a dipolar guest 
can be assigned to the vibrations which rotate - 
the dipole, while the other four intermolecular 
vibrations of each guest molecule are undetect- 
able above 15 cm- l .  

The higher and lower frequency guest bands 
(Fable 1) are assigned to the vibrations about 
the axes of lower and higher inertia, respectively, 
neglecting intermolecular coupling for the ino- 
ment. With this assignment and the moments 
of inertia, I, in Table 3, the force constants, k, 
for the two rotational vibrations are calculated 
from v = ( 2 n ~ ) - ~ [ k I - ~ ] ~ ' ~  to be 487 i 7 and 
264 1: 5 f i rg  rad-2 for ethylene oxide hydrate 

FIG. 6. Spectra of ethylene oxide hydrate at 4.3 K. The 
curves have been offset for clarity. Resolution: 2 cmr' .  

and 1 190 + 20 and 1 130 5 25 ferg rad-2  for 
triinethylene oxide hydrate. 

The nearest-neighbor guest-guest intermolec- 
ular coupling force constant,f, must take a range 
of values if the orientations of the guest mole- 
c~rles are disordered. The limits of this range are 
?2p21r3 in the point-dipole approximation (12), 
where p is the dipole moment of the guest niole- 
cule (Table 3) and r. is the distance between the 
dipoles. For  structure I hydrates, each guest 
molecule in a tetrakaidecahedral cage has two 
nearest-neighbor guest molecules, in the cages 
which share a six-sided face with its own cage. 
Thus, r is half of the cubic lattice parameter 
(Table 3) if the dipoles are central in the cages, 
and the limits of the interactioii constant, f ,  are 
+ 34 and 1 3 5  ferg rad-2 for ethylene oxide and - 

trimethylene oxide hydrates, respectively. If the 
interaction constants were all equal, the nearest- 
neighbor coupling would yield a range of fre- 
quencies from each molecular vibration, the 
frequencies given in the harmonic approxi~nation 
by v = ( 2 r c c ) - ' [ ~ Z ~ ~ ] ~ / ~  where K varies from 
k + 2f to k - 2f. With the limiting interaction 
constants given above, these ranges are 60 to 
69 cm-I and 31 to 40 cm-I  for ethylene oxide 
hydrate and 66 to  70 and 45, to  52 cm-' for tri- 
Inethylene oxide hydrate. The ranges for orienta- 
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BERTIE A N D  JACOBS 1783 

TABLE 2. Spectra! features b e t ~ e e n  330 and 115 em-' of structure I clathrate hydrates and deuterates at 
4.3 K" 

Ethylene oxide Cyclopropane Trimethylene oxide 

Hydrate Deuterate Hydrate Deuterate Hydrate Deuterate 

- 300 
234.0 
230 
229 
227 
225.5 sh 
223.5 
217 sh 
212 sh 
208 cos 
203 
190 
186 
182 sh 
176 
171 
164 
159 
157 sh 
155 cos 
153 sh 
146 
144 
138 
136 sh 
132 sh 
126.0  
122.6 

b.sh 
P 

cos 
s 11 
COS 

cos 

min 
P 

sh 

cos 
sh 
sh 
cos 

cos 
sh 
cos 

min 
P 

- 288 - 288 
228 228.5 
225 225 cos 
224 224 sh 
221 

215 217 cos 
215 sh 

sh 208 -212 - 205 
196 193 
183 184 
178 ? 179 

b.sh 
P 

cos 
b.sh 
min 

P 
sh 

cos 
sh 
sh 
COS 

sh 

sh 
cos 
sh 
sh 
niin 

P 

- 290 
227.5 
225 cos 
223 
22 1 
220 
218 

- 205 
194 - 180 

170 

162 
155 

144 

136.5 
134.5 

128 
124 

b.sh - 280 
P 222.5 

sh 218 
cos 214 
sh 213 
cos 210 

b.sh - 200 
cos ? 184 
b.sh 177 

cos 166 

sh 157 
cos 148 

sh - 140 

min 132.5 
P 131 . O  

cos 122 
sh 119 

'The frequencies are  in cm-1 and their accuracy is t 0.5 cm- '  IF they are quoted t o  0.1 or  : 1 o t h e r ~ ~ i s e ,  exczpt where - indi- 
cates that  the feature is hard t o  define; sh, min, p: cos, and b ,  indicate shoulder, minimum, peak, change of slope, and broad. 

TABLE 3. Parameters of guest molecules~and their structure I hydrates 

Value 

Parameter 
Ethylene Trimethylene 

Cyclopropane oxide oxide 

Van der Waals diameter (A). 
Dipole moment (Debye) 
Monlents of inertia (amu A2)d 

Hydrate lattice parameter 
Guest dipole 

reorientation in hydrate: 
Arrhenius activation energy (kcal 'mol) 
Rate at 4 .3  K 
Rate at 50 K 
Rate at 100 K 

2 .  l h  
0 Hzh 
1 kHz" 

20 MHz" 

OReference 1, which glves only the 5.5 A diameter for trimethylene oxide. The diameter through the methylenic 
g ~ o u p s  is 6.2 A.  

*Reference 28. Beware of incorrect moments of inertia in Table 15, p. 210 of ref. 1. 
<Reference 22. 
"bout axes perpendicular to  the dipolar axis. 
*Reference 29. 
f~eference;?  and I4  - - - ~ -  ... . ..-- ~ . . 
OReference 8 and calculatioiis based thereon. 
"Reference 11 and calculations based thereon. 
'This is the caiculatcd frequency of maxirni~m loss But the dispersion is broad, and some dispersion was measur- 

able at  audio frequencies a t  4.3 K (ref. 8). 
JExperimentally, 7 GHz at  88 K (ref. 7). 
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t~onally disordered guest molecules inust be 
much smaller than these, probably by a factor 
of two. Thus, it is clear that inter-guest coupling 
can only coiltribute to the breadth of the bands 
and cannot invalidate the assignments given. 

The interaction between the guest and water 
vibrations precludes a detailed analysis of the 
shapes of the guest bands such as that of Klug 
and Whalleq (12). Howeber, the bands must also 
be broadened by static and dynamic forces be- 
tween the guest and Lvater molecules: that is. by 
the disorder in the orientations of the water 
molecules, which causes the force constants, k ,  
of the guest ~ ibra t ions  to vary from cage to cage 
(12). and by the interaction between the vibra- 
tions of the guest and water ~nolecules. This 
latter interaction also causes the enhanced in- 
tensity of the water bibrations near 85 cm-', 
and appears to be greater in ethblene oxide hy- 
drate than in trimethylene oxide hldrate. This 
indicates the predolni~iant dlnarnic interaction 
to be between the transition dipoles of the guest 
(proportional to p'I1 2, and water vibrations, 
and not steric interactions. In contrast, Klug and 
Whalley (12) have argued that the main static 
forces are non-electrostatic: with repulsive forces 
between hydrogen atoms on the guest and water 
molecules being important: the niuch larger 
force constants for trimethylene oxide than for 
ethylene oxide support their conclusion. 

The force constants show that for ethylene 
oxide, trimethyleiie oxide, and tetrahydrofusan 
(606 and 465 ferg rad-2  (12)) in their hydrates 
(structures I ,  I and 11, respectively) the rotation 
of the molecule in its plane meets less resistance 
than the rotation a b o ~ ~ t  the non-dipolar axis in the 
plane. Further, the force constants for ethylene 
oxide are both s~ i~a l l e r  than those for tetrahydro- 
furan. Thus the curvatures of the ~ o t e n t i a l  
energy of the molecule with respect to its orien- 
tations in the cage are smaller for ethylene oxide, 
even though the barrier to reorientation of the 
ethylene oxide dipole (Table 3) is larger than that 
of the tetrahydrofuran dipole (0.92 kcal/mol 
(17)). A more quantitative comparison can be 
made by following Klug and Whalley (12) in as- 
suming that the potential to guest reorientation 
about each axis is sinusoidal with period 2njt1, 
and determining 11 by relating the vibrational 
quantum to  the barrier height by an approxima- 
tion (12) that is useful if the barrier is large com- 
pared to the vibrational quantum. For  the in- 
plane and out-of-plane rotational vibrations, 
one calculates n to be 3.8 and 4.3 for tetrahydro- 

furan, using the data in ref. 12, 3.9 and 4.0 for 
trimethylene oxide, and 2.3 and 3.1 for ethylene 
oxide; alternatively, the geometric mean fre- 
quencies and moments of inertia yield n equal to 
4.1 (12), 4.0, and 2.7, respectively. The four-fold 
potential calculated for tetrahydrofuran in the 
hexakaidecahedral cages suggested (12) that the 
guest molecule has minimum energy when its 
dipole is perpendicular to the four hexagonal 
faces of the cage, which are tetrahedrally dis- 
posed. No such physically appealing conclusions 
about the equilibrium orientations of ethylene 
oxide and trimethylene oxide in the tetrakaideca- 
hedral cages are evident from the above values of 
I I  and the available approximate calculations (8, 
11, 25). The four-fold potentials calculated for 
the in-plane and out-of-plane motions of tri- 
methylene oxide suggest that the oxygen atom and 
the niethylene groups are indistinguishable to 
the cage, and that axial and equatorial (8, 11, 25) 
configurations are equally favoured. Neither of 
these suggestions is compatible with the calcula- 
tions (1 1) or  with the existence of an  ordering 
transition ( I  1). For  ethylene oxide hydrate, cal- 
culatio~ls suggest (8) that axial and near-equa- 
torial orientations of the guest molecule are 
equally likely and it is unclear how two-fold and 
three-fold barriers arise from this. Thus, the 
sinusoidal potential is probably too great a n  
approximation for these systems, except to yield 
the correlation that the relative periodicities cal- 
culated for trimethylene oxide and ethylene 
oxide undoubtedly reflect the large size of tri- 
methylene oxide for the tetrakaidecahedral cage. 

The broadening of the guest bands with in- 
creasing temperature is of the same magnitude 
as that observed for tetrahydrofuran hydrate 
(12), and is greater than is observed (24) for 
simple molecular crystals under the same condi- 
tions. I t  inust arise from the three factors dis- 
cussed previously (12). Of these, molecular re- 
orientation is too slow (Table 3) to contribute 
more than about 1 cm- l  to the breadth at  100 K.  
Thus the broadening is due to the anharmonicity 
of the guest-host interaction potential, which is 
greater than that of the intermolecular potential 
of simple molecular crystals. The temperature 
dependence between 4.3 and 200 K of the spec- 
trum of trimethylene oxide hydrate gave no evi- 
dence of the partial ordering transition (1 l) nor 
of the ring puckering vibration (23, 26). 

Previous discussions of the spectra of ethylene 
oxide and cyclopropane hydrates between 300 
and 100 cm- l  (4, 5 )  apply equally to the present 
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,4n improved synthesis of ishwarane: conversion sf bicyclo[2.2.2]octenes to 
tri~yclo[3.2.1.0~~~]octanes via reductive homoallylic cyclization 

RONALD B .  KELLY A N D  SANDRA J .  ALWARD 
Deprirrn7enr of Clre~~iisti?., Uuii~ersity of Nen,  Brrrnsa,ic,k, P.O. Box 5050, Scrint Johri, hT.B., Curindri E2L 4LS 

Received January 10, 1977 

ROVALD B .  K E L L Y  and SANDRA J .  ALWARD. Can. J .  Chem. 55, 1786 (1977) 
Conversion of the alcohol 4 into the mesylate 5 and reduction of the latter with LiAIH, under 

mild conditions afforded ishwarane 1 in 65% yield, thereby providing a f i~rther  demonstration of 
the synthetic utility of such reductive. homoallylic cyclizations and a si~bstantially improved 
synthesis of ishwal-ane. 

RONALD B. KELLY et SALDRA J.  ALWARD. Can. J .  Chem. 55, 1786 (1977). 

La transformation de I'alcool 4 en son mesylate 5 e t  la reduction de ce del-nier- par LiAlH, dans 
des conditions doucesfournit I'ishnarane 1 avec un rendement de 65%: cette synthese fournit une 
demonstration supplementaire de I'utilite en synthese de telles cyclisations homoallyliques 
rkductrices et une synthese sensiblement amelioree de I'ishwarane. 

[Traduit par le journal] 

The presence of the tricyclo[3.2.1 .02,7]octane 
system as a structural feature of the terpenoids 
ishwarane 1 and trachylobane 2 has recently 
stimulated considerable interest in devising 
synthetic methods for the constructio~l of this 
system (1-5). In connection with our total syn- 
theses of ishwarane (1) and trachylobane (2-4) 
we have described three lnethods for the con- 
version of bicyclo[2.2.2]octane systems, readily 
available by synthesis, into tricycloi3.2.1 .02,']oc- 
tanes.' All of these methods have been utilized 
in our total syntheses of trachylobane (2-4) but 
our reported (1) synthesis of ishwarane involved 
only the most lengthy of these. 

The most coilvenient synthesis of trachylobane 
2 involved reductive, homoallylic cyclization of 
the mesylaie 3 directly to trachylobane (60x) by 
treatment with LiAlH, under mild conditions 
(ref. 4, cc ref. 6). We now wish to bring our syn- 
thetic work on the bicyclo[3.2. 1 .O2.']octane 
system to a conclusion by reporting the applica- 
tion of this type of cyclization to an improved 
synthesis of ishwarane 1. Thus, collversion of the 
alcohol 4, the synthesis of which has already 
been described ( I ) ,  into the nesylate 5 followed 
by reduction of the latter with LiAlH, under 
mild conditions (refluxing ether, 5 h) afforded 
ishwarane 1 in 65% yield. The fact that we were 
successful in converting 47 mg of the alcohol 4 
into ishwarane 1 in 6 5 7  yield (see Experimental) 

1 2 Z = H , H  
6 Z = O  

MsO, 

attests to the amenability of this procedure to 
small-scale preparations. 

Since the alcohol 4 is a totally synthetic inter- 
mediate encountered in our former synthesis of 
ishwarane 1 (I), its conversion into ishwarane, 
as just described, represents a new total synthesis 
of this sesquiterpene. In our former synthesis 
(I),  the conversion of the alcohol 4 into ish- 
warane 1 required six steps and was accom- 
plished in 2 3 x  yield. Hence, the conversion of 4 
into ishwarane via the homoallylic cyclization 
of the rnesylate 5 represents a substantially im- 
proved total synthesis of this sesquiterpene and 
further demonstrates the synthetic utility of such 
~ ~ c l i z a t i o n s . ~  

2For  another useful type of homoallylic cyclization 
'For a discussion of such conversions, with emphasis whereby the mesylate 3 was converted into the ketone 6 

o n  mechanism and stereochemistry, see ref. 4. see refs. 3 and 4. 
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KELLY A h D  ALWARD 1787 

Experimental sesquiterpene was identical with an authentic sample of 
ishwarane obtained from natural sources by the following 

A of 47 *g of the 3S m1 of dry criteria: identity of ir and nmr spectra, single peak on glc 
pyridine was cooled to OCC then treated with 0.13 ml of when with an sanlple,3 
niethanesulfonyl chloride. The solution was left, under 
nitrogen. at  -15-C for 66 h then at 15°C for a further 
24 h.-1ce was added to the reaction mixture and the re- 
sulting cold solution was extracted three times with ether 
and the ether extracts were washed with cold 1 N hydro- 
chloric acid and finally with cold brine. Evaporation of 
the dried ether extracts afforded 60 mg of the mesylate 5; 
v,,,(neat) 3020, 1655 and 800 cm-' (olefin), 1345 and 
1175 cm-I (mesylate); nmr (CDCS,), 6 0.74 (d, J = 6.5 
Hz, 3H, secondary methyl), 0.98 (s, 3H, angular methyl), 
1.78 (d, J = 2 Hz, 3H, vinylic methyl), 2.98 (s, 3H, mesy- 
late), 4.75 (m, 1H, S0,O-C-H), 5.74 (m, IH, vinylic 
proton). The mesylate was used directly for the next step. 

A solution of 60 nig of the mesylate 5 in 4 ml of ether 
was added over a period of 30 min to a stirred suspension 
of 60 mg of lithium aluminum hydride in 4 nil of ether 
under nitrogen. The mixture was then refluxed for 5 h, 
cooled, treated with 0.4 nil of brine, stirred for 1 h, then 
dried by addition of anhydrous sodiuln sulfate and 
filtered. Evaporation of the filtrate and purification of 
the residue by tlc on silica gel with hexane as solvent 
afforded 28 mg (65Y,) of (5)-ishwarane. The synthetic 
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The sodium borohydride reduction of N-sulfonylpyridinium salts. Synthesis of 
N-sulfonyl- 1,4- (I,&) dihydropyridines 

EDWARD E. KNAUS A N D  KINFE REDDA 
Ftrcirlt?. o fPh~ i~ . tn~cy  (ind Phtit.~~~tic~iiticiil Scien(.(,.s. Ut?ii.f~.~ity ofA lOet.fti, E~ln7onto11, Alt(i.. Ctinodti T6G2N8 
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EDWARD E. KNAUS and KINFE REDDA. Can. J. Chem. 55. 1788 (1977). 
Reaction of alkyl (aryl) sulfonyl chlorides and sulfonic acid anhydrides with pyridine in the 

presence of sodium borohydride afford N-sulfonyl-l,4-dihydropyridines (1) and N-sulfonyl-1,2- 
dihydropyridines (2). The ratio of products (1:2) was dependent upon solvent and temperature. 
Reaction of 2cl with 4-phenyl-l,2,4-triazoline-3,5-dione (4) afforded the endo-adduct 5. 

EDWARD E. KNAUS et K I ~ F E  REDDA. Can. J. Cheni. 55, 1788 (1977). 
La reaction des chlorures d'alkyle (aryle) sulfonyles et des anhydrides d'acides sulfoniques 

avec la pyridine en presence de borohydrure de sodium conduit aux A'-sulfonyldihydro-1,4 
pyridines (1) et aux .V-sulfo~~yldihydro-l,2 pyridines (2). Le rapport des produits (1 :2) depend 
du solvant et de la temperature. La reaction de 2d avec la phenyl-4 triazoline-1,2,4 dione-3,5 
(4) conduit a I'adduit endo 5 .  

[Traduit par le journal] 

The use of pyridiniurn salts as precursors for 
the synthesis of pharmacologically active agents 
provides an  attractive route to reduced pyridine 
heterocycles. Although the antibacterial activity 
of some N-sulfonylpiperidine derivatives have 
been studied ( I ) ,  the preparation of N-sulfonyl- 
1,2-dihydropyridines has not been reported. The 
synthesis of N-benzene (methane) sulfonyl-1,4- 
dihydropyridine from cyclopentadiene was re- 
cently described (2). Many of the benzenesul- 
fonamides already prepared and tested as anti- 
bacterial agents possess five- and six-membered 
heteroaromatic rings as N1-substituents (1). I t  
would be of interest, therefore. to develop a one- 
step synthesis of benzenesulfonamides in which 
the N'-sulfonamide nitrogen is part of a 1,2- or 
1,4-dihydropyridyl ring system.-~reatment of a 
mixture of pyridine and sodium borohydride 
with alkyl (aryl) sulfonyl chlorides and sulfonic 
acid anhydrides, using a modification of the pro- 
cedure reported by Fowler (3) for the prepara- 
tion of N-methoxycarbonyl-1.2-dihydropyridine, 
now provides a convenient route to N-sulfonyl- 
1,4-dihydropyridines ( I )  and N-sulfonyl-1,2-di- 
hydropyridines (2). 

Reaction of pyridine with methanesulfonyl 
chloride in methanol at  - 65°C in the presence 
of sodium borohydride afforded N-methanesul- 
fonyl-l,2-dihydropyridine (2a, 32.12) as the sole 
product. A similar reaction employing methane 
sulfonic anhydride gave 2a (37.2%). On the other 
hand, reaction with benzenesulfonyl chloride 
using the same conditions, gave rise to an  isom- 
eric mixture of 16 and 2b in a ratio of 1 :8 as 

determined from the integrals of the H-4 and 
H-2 absorptions at  6 2.68 and 4.16 for the re- 
spective compounds.' The reaction of benzene- 
sulfonyl chloride with pyridine (both solvent 
and reactant) in the presence of sodium boro- 

H, ,H 
NaBH? 0 + R-SO2-CI 0 - OH N or H 

(R-S02)20 1 
SO2 SO* 
I I 
R R 

1 2 
a. R = Me- 
b. R = Ph- 
( ,  R = p-Me-C6H4- 
d, R = p-MeCONH-C6H4- 

hydride at  25'C was investigated to determine if 
the isomeric product ratio 1 :2  was dependent 
upon solvent and temperature. Reaction under 
these conditions gave rise to an  isomeric mixture 
of l b  and 2b in a ratio of 5:4. '  The results of 
similar reactions employing benzenesulfonic 
anhydride are shown in Table 1. 

The reaction of y-toluenesulfonyl chloride 
with pyridine (solvent) at  25'C in the presence 
of sodium borohydride afforded an  isomeric 
mixture of l c  and 2c in a ratio of I : 1.' 

Structure-activity studies of benzenesulfon- 
amides have show11 that a N4-amino group or a 
group such as a N4-acetamido group which can 

'This ratio was determined for the unpurified reaction 
product since 1,2-dihydropyridines 2 undergo consider- 
able decomposition upon purification. 
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K N A L S  A N D  REDDA 

uildergo metabolic biotransfornlation to a - 
N4-amino group in ~ i c o  is required for antibac- 
terial activity. I t  was therefore of interest to in- 
vestigate this reaction employing N-acetylsul- 
fanilyl chloride. Reaction with pyridine using 
methanol as solvent at  -65'C did not occur 
probably due to the low solubility of N-acetyl- 
sulfanilyl chloride. When the reaction was car- 
ried out using pyridine as solvent at  25°C an 
isomeric mixture of I d  and 2d in a ratio of 2 :  1 
was obtained.' The Dresence of both I d  and 2d 
was substantiated further since catalytic reduc- 
tion with palladium-charcoal and hydrogen 
gave 3 as a single product which was identical 
with the product obtained from the reaction of 
piperidine and N-acetylsulfanilyl chloride (4). 

3 

A successful separation of I d  and 2d could not 
be achieved using column or thin layer chroma- 
tography. However pure I d  can be obtained by 
treating a mixture of I d  and 2d with 4-phenyl- 
1,2,4-triazoline-3,5-dione (4). The 1,2-dihydro 
isomer 2d reacts readily via a (x2 + n4) cyclo- 
addition reaction with 4 to give 5-endo-p-acetyl- 
sulfanilyl-2,3,5-triazabicyclo[2.2.2]oct-7-ene-2,3- 
endo-dicarboxylic acid N-phenylimide (4) which 
is consistent with the reported reaction of 2b 
with 4 (5). Compounds I d  and 5 are readily sepa- 
rated by preparative thin layer chromatography. 
Both acidic and alkaline hydrolyses of the 
N4-acetamldo group of Id  to l~berate the free 
amine gave rise to intractable tar even though 
acidic hydrolysis of the N4-acetamido group of 
3 is known to proceed smoothly (6). 

ii 
I d  + 2d  + N N-Ph 
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The reduction of N-sulfonylpyridinium salts 
appears to be dependent upon solvelit and tem- 
perature. Attack by hydride anion occurs pre- 
dominately or exclusively a t  the 2-position to 
give N-sulfonyl-1,2-dihydropyridines 2 using 
methanol as solvent at - 65'C whereas attack a t  
the 4-position is usually favoured slightly when 
pyridine is employed as solvent a t  25°C (see 
Table 1). 

The broad spectrum pharlnacological screen- 
ing of I d  is presently in progress. 

Experimental 
Melting points were determined with a Biichi capillary 

apparatus and are uncorrected. Nuclear magnetic reso- 
nance spectra were determined for solutions in deutero- 
chloroform, unless otherwise noted, with TMS as internal 
standard with a Varian A-60 or HA-100 spectrometer. 
Infrared spectra (in potassiu~n bromide unless otherwise 
noted) were taken on a Unicam SP-1000 spectrometer. 
Mass spectra were measured with an AEI-MS-9 or MS-50 
mass spectrometer and these exact mass measurements 
are sornetiines used in lieu o f  elemental analyses. 

N-Methanes~rifonyI-I,2-di/~yd1'opyrie (2a) 
General Procerlui~e A 
Sodium borohydride (0.8 g) was added to  a solution o f  

pyridine (1.58 g, 0.02 mol) in methanol (7.5 ml)  pre- 
cooled to  -65°C. A solution o f  niethanesulfonyl chloride 
(2.29 g, 0.02~mol) in dry ether (5 ml) was added dropwise 
during 15 min. After stirring for 1.5 h at - 65'C the reac- 
tion mixture was poured onto crushed ice (75 ml) and 
allowed t o  come to  room temperature. Extraction with 
chloroform (3 x 30 ml),  drying (Na2S04) ,  and removal 
o f  the solvent in vacrro gave a yellow oil which was chro- 
matographed on a 2.5 x 15 cm neutral alumina column. 
Elution with 300 ml chloroform gave 1.02 g (32.1%) o f  20 
as a yellow oil: ir (film) 1350, 1160 cm-' (SO,); nmr 6 
6.24-6.62 (1H, m ,  Cs-H),  5.8-6.18 ( l H ,  m ,  C4-H), 5.3- 
5.73 (2H, m ,  C3-H, C5-H),  4.25 (2H, d (J,,, = 4 Hz) o f  
d (J2.4 = 1.5 Hz), C2-H), 2.92 (3H, s, Me). Exact Mass 
calcd. for C6HgNOZ3'S: 159.0354; found: 159.0355. 

When the reaction was carried out as described above 
using 3.48 g (0.02 mol) methanesulfonic anhydride 1.18 g 
(37.1%) o f  l b  was obtained. 

N-Benzer7esulfonyl-1,I-dihyclropj>ridir~e ( I b )  and 
N-Benzenesulfonyl-1,2-dihydi,opjlridine (2b) 

Sodium borohydride (0.8 g) was added to  a solution 
o f  pyridine (1.58 g, 0.02 mol) in methanol (20 ml )  pre- 
cooled to - 65-C. A solution o f  benzenesulfoiiyl chloride 
(3.52 g, 0.02 mol) in dry ether (10 ml) was added drop- 
wise during 15 min and the reaction was completed as 
described under procedure A .  The reaction product was 
then chromatographed on a 2.5 x 15 c m  neutral alumina 
column. Elution with benzene (400, ml) gave 0.591 g 
(13.37%) o f  an isomeric mixture o f  l b  and 2b which was 
purified further by tlc using five 8 x 8 in. silica gel PF 
254 plates, 0.5 m m  in thickness, with benzene as develop- 
ment solvent. Extraction o f  the fraction having an Rf o f  
0.55-0.6 gave 0.078 g (1.8%) o f  l b :  m p  83-85°C (lit. (2) 
mp86-89°C); ir 1352, 1175 cm-' (SO2);  nmr 6 7.58 (5H, 

m ,  Ph), 6.47 (2H, d (J,,, = J5.s = 8.5 Hz) o f  d (J,,, = 
J4,6 = 1.5 HZ) ,  CZ-H,  Cs-H), 4.88 (2H, m (JZ,3 = J5,s = 
8.5 Hz),  C3-H, C5-H), 2.68 (2H, m ,  C4-H). Exact Mass 
calcd. for C l  ' H I  lN0,32S:  221.051 1 ; found: 221.0506. 

Extraction o f  the fraction having an Rf o f  0.3-0.5 gave 
0.257 g (5.8%) o f  20: mp 68-69'C; ir 1360, 1340, 1175 
cm-' (SO,); nmr 6 7.62 (5H, m ,  Ph), 6.63 ( I H ,  d (J,,, = 
7.75 Hz) o f  d (J4,6 = 0.8 Hz), C6-H), 5.8 ( I H ,  m ,  C4-H), 
5.34 (2H, m ,  C3-H,  C5-H), 4.16 (2H, d (J,,, = 4 Hz) o f  
d (J2,4 = 1.5 HZ) ,  CI -H) .  Exact Mass calcd. for 
C I 1 H l  1 N 0 2 3 Z S :  221.0511 ; f o ~ ~ n d :  221.0506. 

General Procedure B 
Sodium borohydride (0.8 g) was added to  a mixture o f  

pyridine (10 ml) and benzenesulfonyl chloride (3.53 g, 
0.02 mol) pre-cooled t o  0°C with stirring. The reaction 
was allowed to  proceed for 15 h at 25'C after which it 
was poured onto crushed ice (100 ml). Extraction with 
chloroform (4 x 100 n ~ l ) ,  drying (Na2S04) ,  and evapo- 
ration o f  the solvent in nncuo afforded a brown oil which 
was subjected to  chromatography on a 2.5 x 26 cm neu- 
tral aluniina column. Elution with benzene (700 ml) a f -  
forded 1.06 g o f  an isomeric mixture composed o f  0.75 g 
(17%) o f  l b  and 0.312 g (7.1%) o f  2b as determined by the 
integrals o f  the C4-H and C,-H o f  Ib and 2b, respectively. 

Reaction o f  benzenesulfonic anhydride (5.86 g, 0.02 
mol) with pyridine (1.58 g, 0.02 mol) in the presence o f  
sodium borohydride (0.8 g) as described under procedure 
A and purification o f  the reaction mixture as described 
above afforded 1.78 g o f  an isomeric mixture consisting 
o f  0.3 g (6.7%) o f  l b  and 1.49 g (33.6%) o f  2b as deter- 
mined by the integrals o f  the C4-H and C2-H o f  l b  and 
2b, respectively. 

Reaction o f  benzenesulfonic anhydride (5.86 g, 0.02 
mol) with pyridine (10 ml) in the presence o f  sodium boro- 
hydride (0.8 g) as described under procedure B and then 
elution from a neutral aluniina column as described above 
gave 1.36 g o f  an isomeric mixture composed o f  1.05 g 
(23.7%) o f  l b  and 0.31 g (6.95%) o f  26 as determined by 
integrals. 

AT-p-Toluenesulfonyl-1,4-dihydroppride ( l c )  and 
N-p-Toluenesulfonyl- I ,2-dihydropydine (2c) 

Sodium borohydride (0.8 g) was added to  a mixture o f  
pyridine (10 ml)  and p-toluenesulfonyl chloride (3.81 g, 
0.02 mol) pre-cooled to  0:C with stirring. The reaction 
was completed as described under procedure B to give a 
brown semi-solid mhich was subjected to  chromatography 
on a 2.5 x 26 c n ~  neutral alumina column. Elution with 
benzene (250 ml) gave 0.36 g (7.7%) o f  l c :  mp 93-95'C; 
ir 1370, 1345, 1170 cm-' (SO,); nmr 6 7.68 (2H, d (J  = 
8 Hz), ortho phenyl hydrogens), 7.38 (2H, d (J  = 8 Hz), 
meta phenyl hydrogens), 6.44 (ZH, d (J2,3 = J5.s = 8.5 
HZ),  o f  d (J2,4 = J4,6 = 1.5 HZ) ,  Cz-H, C6-H), 4.86 (2H, 
m (J2,3  = J5,6 = 8.5 HZ); C3-H,  CS-H),  2.7 (2H, m ,  
C4-H), 2.42 (3H, S,  CH,). Exact Mass calcd. for 
C 1 2 H 1 3 N 0 2 3 Z S :  235.0667; found: 235.0659. 

Further elution with benzene-ether (I : 1 viv) (250 ml) 
gave 0.297 g (6.32%) o f  2c: m p  59-6lCC; ir 1350 and 1170 
cm-I (SO,); nmr 6 7.67 (2H, d (J  = 8 Hz), orrho phenyl 
hydrogens), 7.38 (2H, d (J  = 8 Hz),  meta phenyl hydro- 
gens), 6.58 ( I H ,  d (J5,6 = 7.75) o f  d (J4,6 = 0.8), C6-H), 
5.8 (1H, d (J3,4 = 8 HZ)  o f  d (J4,5 = 4.5 HZ)  o f  d (J2,4 = 
1.5 Hz), C4-H), 5.36 (2H, m ,  C3-H, C5-H), 4.12 (2H, d 
(JZ,3 = 4 HZ)  o f  d (J2,4 = 1.5 HZ) ,  CZ-H),  2.42 (3H, S ,  
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CH3). Exact ,Mass calcd. for C12H13N023ZS: 235.0667; 
found: 235.0659. 

1V-p-AcetylsuIfaniljl-1,4-rlil~~~di'opjridi11e ( Id) ,  
h'-p-Acet~lsulfanilj~l-I ,2-dihydiiopj~~idine ( 2 d ) ,  and 
5 - e r l d o - p - A c e t y ~ s n l f a 1 1 i / j ~ / - 2 , 3 , 5 - t ~ -  
oct-7-ene-2,3-endo-dirn,.bo.1-j~lic Acid N-phenjlin~ide 
(5) 

Sodium borohydride (0.8 g) \+as added to a mixture of 
pyridine (10 ml) and p-acetylsulfanilyl chloride (4.67 g, 
0.02 mol) pre-cooled to O'C with stirring. The reaction 
was completed as described under general procedure B to 
give a reddish semi-solid uhich was chroniatographed on 
a 2.5 x 26 cm neutral alumina column. Elution with 
ether-methanol (6: 1 v,v) (300 ml) gave 1.198 g of an 
isomeric mixture consisting of 0.96 g (16.7z) of I d  and 
0.24 g (4 .2z)  of 2d as determined from the integrals of 
the C,-H and C,-H of Id and 2d. respectively. 4-Phenyl- 
1,2,4-triazoline-3,5-dione (0.069 g, 0.392 mmol) in methy- 
lene chloride (10 ml) was added dropwise with stirring 
t o  a solution of 0.543 g of the above mixture of Id and 2d 
(containing 0.109 g, 0.392 mmol of 2d) in methylene chlo- 
ride (20 ml) pre-cooled to O'C. The reaction was allowed 
to  proceed 1 h, after which the solvent was removed in 
aacuo to give a white solid. Preparative tlc on four 8 x 8 
in. silica gel P F  254 plates, 0.5 mm in thickness, with ethyl 
acetate as development solvent afforded 0.094 g of I d  
having an R, of 0.86: m p  138-140'C; ir 1705, 1690 
(C=O), 1350, 1168 cm-' (SO,); nmr 6 9.78 ( lH ,  s, NH,  
exchanges with deuterium oxide), 7.81 (2H, m, oitlzo 
phenyl hydrogens), 7.58 (2H, m, tneta phenyl hydrogens), 
6.38 (2H, d (J2,3 = J 5 , 6  = 8.5Hz) of d ( J 2 , 4 =  J 4 , 6 =  

1.5Hz), Cz-H, Cr5:H), 4.86 (2H, m (J2,3 = J5.6 = 8.5 
Hz), C3-H, C,-H), 2.67 (2H, m, C,-H), 2.16 (3H, s, 
CH3). Exact Mass calcd. for C13Hl,N20332S: 278.0725; 
found: 278.0721. 

Extraction of the fraction having R, 0.27 gave 0.06 g 
of 5: m p  200-204'C; ir 1700 (C-0), 1372, 1 160 cm-' 

(SO2); nmr (DMSO-d6) 6 10.5 ( lH ,  s, -NH, exchanges 
with deuterium oxide): 7.25-8.0 (9H, ni, phenyl hydro- 
gens), 5.3-6.68 (3H, m, C,-H, C7-H, C,-H), 4.96 ( l H ,  In, 
CI-H), 4.5 (2H, ni, C6-H), 3.15 (3H, s, CH,). Al~nl. calcd. 
for CZ1HI9N5O5S: C 55.63, H 4.19, N 15.45; found: C 
55.66, H 4.21, N 15.62. 

N-p-AcetyIs~~lfrmil~~Ir,iperidine 3 
Catalytic hydrogenation of a 4 :  1 mixture of I d  and 2d 

(95 mg) in methanol (30 nil) was carried out in the pres- 
ence of palladium-on-charcoal (30 mg) and hydrogen gas 
at 50 psi for 72 h.  Removal of the charcoal by filtration 
and evaporation of the solvent under reduced pressure 
afforded 0.055 g (57.1z) of 3 as a white solid, mp 156'C 
(lit. (5) mp 156'C), identical ir and nnir, with the authentic 
sample. 
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COMMUNICATIONS 

Multilayer oxidation of polycrystallimse platinum 
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ROBERT J. BERRY. Can. J. Chem. 55, 1792 (1977). 
The formation of a visible oxide film on polycrystalline Pt foil and wire is reported, and 

positively identified. The conditions for growth and dissociation of the oxide are outlined, and 
the energy of deco~nposition is estimated. 

ROBERT J .  BERRY. Can. J .  Chem. 55, 1792 (1977). 
On rapporte et identifie positivement la formation visible d'une couche d'oxyde sur des lallles 

et des fils de platine polycristallins. Les conditions sous lesquelles l'oxyde croit et d6sassocie sont 
exposCes, et I'energie de decosnpositroll est estim6e. 

Introduction 
Wohler (l), in 1903. reported that Pt  black 

(powder), P i  sponge (finely divided), and smooth 
Pt foil (all of unstated purity) could be oxidized 
and indeed visibly darkened in the latter two 
cases by prolonged heating near 420-C in dry 
oxygen (pressure unstated, but presurned to be 
about 1 atm). Since then the oxidation of finely 
divided P t  has  been confirmed by Busch (2) 
using 1 atm of oxygen at  5501C. However the 
surface oxidation of P t  foil (or wire) could not be 
confirmed by Betteridge and Rnys (3) (1961) 011 

high purity Pt, leading thein to suggest that 
Wohler's discolouration of Pt  foil might be due 
to the oxidation of impuriiies on the Pt  surface. 
Several other authors have concurred with this 
explanation and the prevailing opinion up  to 
now (e .g.  ref. 4) has been that heating Pt foil or 
wire in oxygen or air below 500'6 produces only 
a strongly adherent atomic la:ier or two of 
oxygen (or Pt oxide) on its surface. 

Under widely different conditions of lempera- 
ture, pressure, and P t  surface structure than 
were used by Wohler, there is considerable 
evidence that Pt  will oxidize. For  example: Pt 
foil and \?;ire are known to form a volatile oxide 
above 800°C in air or oxygen (3): Pt sponge and 
wire have been oxidized under oxygen pressures 
of 40-180 atln at  450°C (5); Pt single crystals are 
reportedly oxidized to the few atomic layer levels 
under Torr oxygen at  840'C (6); and eva- 
porated Pt films are reportedly oxidized under 
about 0.5 Torr oxygen at  400-C (7). Finally we 
note that, uilder radically different conditions 
than Wohler's; Pt  has been oxidized when used 
as electrodes in electrolytic cells (8), and when 

it has been sputtered onto substrates in oxygen- 
argon mixtures (9). 

In this paper we wish to briefly oulline new 
work that shows conclusively that modern high 
purity Pt foil and wire will oxidize beyond the 
few atomic layer levels under something ap- 
proaching the condit~ons used by Wohler, and, 
of interest to rherinometrists, under something 
approaching the co'nditions often encountered 
with Pt  resistance thermometers. 

Results 
In  our experiments polycrystalline Pt wire 

(99.99z pure) and Pt foil (99.98"; pure), ob- 
tained from Sigmund Cohn Corp.. U.S.A., have 
been heated at  450-550°C inside fused silica 
tubes filled with research grade oxygen at  about 
1 atm pressure. Within a few days a surface 
discolouration is visible, and after 1 month or 
more the surface fi ln~ is of sufficient thickness 
(estimated to be about 50-100 atomic layers) 
that it appears dark blue or black to the naked 
eye. Microscopic examinations reveal that the 
surface has a granular colour pattern, indicating 
that different crystal faces are reacting at  different 
rates. 

Evidence that we are dealing with an  oxide 
film is given by the fact that its growth rate 
depends strongly on oxygen pressure, becoming 
virtually zero a t  pressures as low as 10 Torr. In 
addition, heating a blackened specimen at  600°C 
or higher in I atm of air causes the Pt surface to 
return to its original bright metallic appearance, 
undoubtedly due to the dissociation of the oxide 
film. 

T o  demonstrate conclusively that the film is 
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not due to the oxides of impurities on the Pt  
surface, we have stripped the fill11 off a sainple 
of oxidized foil (0.01 5 mm thick) by immersing it 
in hot aqua regia. The film was left in the acid 
for 2 days to ensure that all unoxidized Pt was 
dissolved, following which it wai washed in 
distilled water many times. A semi-quantitative 
analysis of the film by the Analytical Chemistry 
Section of thc National Research Council of 
Canada using optical emission spectroscopy 
revealed that the only metallic elernent present 
beyond the trace impurity level was Pt, which 
is what one would expect for a Pt oxide film. 

This oxidation process was first detected here 
about two years ago during high precision 
(0.1 ppm) electrical resistance measurements on 
P t  resistance therino~neters that were specially 
filled with oxygen to a pressure of 500 Tors 
(at 22'C). The ice point resistance, R(0-C), \+as 
found to increase rapidly when the Pt  sensing 
wire (0.1 mrn diameter) was heated in the 450- 
550°C range and then decreased rapidly in the 
600-70OCC range. Similar resistance changes 
have been observed by others during surface 
oxidation of other metals (4). The usual ex- 
planation is that part of the metal is converted 
into a poorly conducting oxide skin thus re- 
ducing the effective cross-sectional area of the 
metal and increasing its electrical resistance. It 
was first suspected that we were not dealing with 
oxidation of trace impurities in the Pt  \?;hen the 
ineasured resistance ratio, R(lOO'C),'R(OcC), Lvas 
found to remain constant within i 15 ppm 
while R(OLC) changed by up  to 0 .27 .  This re- 
sistance ratio is normally very sensitive to 
changes in the concentration (or oxidation state) 
of impurities in the P t  (10); however, if the Pt 
itself is oxidizing one expects the ratio to remain 
practically unchanged because essentially only 
the size of the conductor is changing. 

I t  can be readily shown that the change in 
resistance should be proportional to the thick- 
ness of the oxide film to a first approximation 
(1 1). Hence by following this very sensitive 
parameter we have obtained a great deal of 
information about the surface oxidation of Pt. 

Four rnain points  ill be mentioned here. 
Firstly during the initial rtages of oxidation the 
film gro\vth f o l l o ~ s  the standard logarithmic 
dependence on time (4). Secondly the heat of 
decomposition of the oxide has been determined 
by measuring the temperature for reactlon 
equ~ l~br ium (i.c. zero oxide g r o ~  th rate just prior 
to  the onset of dissociation) at a number of 

oxygen pressures. Using rhe standard thermo- 
dynamical relationships bet~veen the dissociation 
pressure, temperatul-e, and heat of decomposi- 
tion (12) we estimate the latter to be about 
41 + 2 kcal per in01 of oxygen in the region 
450-600cC. This value is in reasonable agreement 
with a value of 32 1: 10 giken for solid PtO, at  
25'C in the "Oxide Handbook" (13). Thirdly, it 
is also possible to oxidize the Pt  in 3 to 1 atill of 
air at  about 450'C at  a rate nhich is easily de- 
tected in Pt resistance thermometers. Fourthly 
the comparative!) small oxygen-activated ther- 
n ~ a l  c y c l i ~ ~ g  eRect found earlier in Pt resistance 
thermometers in the 0G4502C range by the author 
(1 1) is alrnost certainly due to an initial fractional 
monolayer of oxide formed on the Pt surface. 

A detailed description of the experiments and 
results outlined here is being prepared for 
publication. Also further kroric on the identifica- 
tion of the particular f o r n ~  of oxide involved, 
and its crystallins structure, is in progress. 

The author ~ o u l d  like to thank Mr. D. C .  
Kearney for his assistance u ~ t h  the measure- 
ments on Pt resistance thermomsters, Mr.  D. S. 
Russell and Mr. P. T y m c l i ~ ~ k  for their spectro- 
graphic analysis. and Dr.  D. F .  Mitchell of the 
Metallic Corrosion and Oxidation Section for 
helpful coinmellts on the manuscript. 

1. L. W O H L E R .  Ber. Deutsch. Chem. Ges. 36. 3476 
(1903). 

2.  R .  H .  B ~ S C N .  Zeit. Nati~r-f:)i.sch. B5. 130 (1950). 
3. W. B F I  I E R I D G ~  and D. W. KHIS. First international 

Congl-ess on Metallic Corrosion. London. April 1961. 
Butterworth. p. 186. 

4. 0. K u ~ s s c t r E \ v s ~ r  and 5 .  E. HOPKINS.  Oxidation 
of metals and alloys. Butterworths. London. 1962. 
pp. 35. 195. and 248. 

5. P. G r < \ u o i o s h i .  Ann. Chim. Ser. 11.1,84(1935). 
6. R .  DLISKOS and R .  P. ~ I E K K I L .  Sul-face Sci. 55. 227 

( 1976) 
7 CH WEISSVAITEL. K SCHU 9 B E .  and G HECHT 

Werhst. Mor-1-05. 12. 353 (19611. 
8.  W. VISSCHFR and M.  B L L J L E V ~ ' . ~ .  Electl-ochim. Acta, 

19.387 (1974). 
9. C .  D. B E \ ~ E W I T Z .  W.  D. WES~\I ,OOD. and J .  D. 

BROW'.. J .  Appl. Phqs. 46.58 (1975). 
10. R. J .  BERRY.  Conlite International des Poids et Me- 

sui-es. Corniti. Consultatif de Ther-momiti-ie. Session 
de 1964. Gauthier-Villa[-\ (Pal-is). Anneve 4, p .  T40. 

11. R. J .  BERRY. Temperature measurement 1975. Con- 
fer-ence Serie, No.  26. Institute of Physics. London. 
1975. p. 99. 

I? , .  0 .  KLB,\SCHEWSKI. E .  L. E v 4 h s . a n d C .  B. AL.COCK. 
Metallurgical thermochemistry. 4th ed. Pergarnon 
Press. London. 1967. p .  9.  

13. 6. V.  S A ~ I S O N O V .  The Oxide Handbook. Plenum. 
Xew Yor-k. !973. p .  42. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Canadian Journa Journal canadien 
of Chemistry 
Publisked by 
THE YATIONAL RESEARCH COUKCIL OF CANADA 

P~rblit par 
LE COhSElL NATIONAL DE RECHERCHES DU CANADA 

Volume 55 Number 1 1 June 1, 1977 Volume 55 numdro 1 1  1 juin 1977 

Effects  of phase density o n  ionization processes and electron localization i n  fluids 

J O S H U A  JORTNER 
Depiirfmeizt of Clzernistr?., Tel-Avit. Ui~iversity, Tel-Avir,, Israel 

A N D  

ARIEL GA.~THON'  
Depclrtmer7f c~fPhysic.ai Cheini~h?, The Hebrelc. Ut~ivers ih ,  Jerusalem, Israel 

Received November 1 ,  1976 

JOSHL~A J O R T ~ E R  and ARIEL G A A T H O ~ .  Can. J. Chem. 55, 1801 (1977). 
In this paper we shall be concerned with the energetics of selective ionization processes in 

simple nonpolar fluids and with the nature of electron localization in polar fluids, studied over 
a wide density range. The static features of bound Wannier states and of the conduction band 
in simple solid and fluid insulators were luonitored by vacuum-ultraviolet absorption spectros- 
copy and photoemission studies providing quantitative information concerning the energy 
of the bottom of the conduction band, impurity ionization potentials, and adiabatic polariza- 
tion energies. Electron localization in subcritical and supercritical water and ammonia was 
studied by pulse radiolysis methods. A critical, temperature dependent, density p, for electron 
localization in ND, was observed. The weak density dependence of the maximum of the 
absorption band of the localized electron in D,O and ND,, and the temperature and density 
dependence of p, in ND,, provide compelling evidence %r the crucial role of density fluctua- 
tions on electron localization in polar fluids. 

~. 

JOSHUA JORTNER et A R ~ E L  GAATHON. Can. J. Chem. 55. 1801 (1977) 
Dans cette publication on est intCresse a l'energie des processus d'ioaisation selective dans 

des fliiides non-polaires simples et avec la nature de la localisation electroilique dans des 
fluidcs polaires qui sont Ptudies sur un grand Ccart dc dcnsitk. On a dCtcrmine les caracteristiques 
statiques des etats Wannier lies et des baades de conduction dans des solides simples et dans 
des isolants fluides en faisant appel a la spectroscopie d'absorption dans l'ultra-violet lointain 
et par des etudes de photoemission fournissant des informations quantitatives concernant 
l'energie au minimum de la bande de conduction, les potentiels d'ionisation des irnpuretes et 
les energies de polarisation adiabatique. On a etudie, par des mkthodes de radiolyse pulsees, 
la localisation d'electrons dans de l'eau et de I'ammoniac a l'etat sous-critique et supercritique. 
On a observe une densite critique, pc, dependant de la temperature, pour la localisation d'klec- 
trons dans ND,. La faible dependance sur la densite du maximum de la bande d'absorption 
des electrons localisCs dans D,O et ND, et les dependances sur la temperature et la densite de 

dans ND, fournissent des in~plications iniportantes sur le r6le crucial des fluctuations de 
densite sur la localisation des Clectrons dans des fluides polaires. 

[Traduit par le journal] 

I. Introduction lenging problem in the general area of the 
~h~ understanding of the nature of excess physics and chemistry of disordered materials. 

electron states in fluids (1-3) provides a In the past decade there has been substantial 
experimental and theoretical progress in the 

'present address: Department of Biological Sciences, elucidation of the electronic structure and of 
Columbia University, New York, NY, U.S.A. electron transport in polar and in nonpolar 
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liquids with regard to the molecular composition, 
the static structure, and the dynamic properties 
of the medium. An attempt to provide a general 
classification of excess electron states in fluids 
is presented in Table 1. The gross features of the 
quasi-free electron state (3-5) (class 1) as well 
as localized excess electron states resulting from 
bubble formation in nonpolar fluids (3-5) 
(class 5) and via the formation of the solvated 
electron in polar fluids (1, 2 ;  for a recent re- 
view, see ref. 6) (class 6) are well understood. 
On the other hand, the nature of 'intermediate 
type' excess electron states with regard to tem- 
poral (time-resolved) and structural aspects of 
electron localization are not yet well established. 
These include 'quasi-localized' states (class 2) 
originating from fluctuations in the local 
electron-medium potential which may result in 
Anderson localization (3, 7) of the excess 
electron, self-trapping by small configurational 
fluctuations (8) (class 3), and electron localiza- 
tion by pre-existing traps (9-11) (class 4). The 
present paper will be concerned with physical 
information concerning : 

(I) The energetics of ionization processes and 
the features of the quasi-free excess electron 
states in simple nonpolar solids and fluids. 
Spectroscopic techniques, utilizing vacuum- 
ultraviolet optical absorption spectroscopy and 
electron photoemission to probe energy levels, 
were applied to these problems. 

(2) Electron localization in polar fluids, 
studied by monitoring the yields of localized 
excess electrons. Conventional time-resolved 
absorption spectroscopy combined with pulse 
radiolysis methods for determination of the 
yields of localized electrons were utilized. 

While most of previous studies of excess 
electron states in fluids focused attention on 
electrons in liquids, the results of the work 
reported herein will provide pertinent informa- 
tion regarding the effects of phase density on 
ionization processes and on electron localization, 
studied over a broad density range. 

11. Selective Ionization Processes in Solids 
and in Dense Fluids 

The optical absorption spectra of pure and of 
lightly doped simple insulators, such as solid 
and liquid rare gases, can be analyzed in terms 
of stable exciton or impurity states converging 
to the bottom of the conduction band (13, 15; 
for a recent review see ref. 12). The relative 

simplicity of these exciton and impurity states 
makes it possible to gain detailed information 
regarding ionization processes in a dense 
medium. The sources of experimental informa- 
tion regarding such selective ionization processes 
are : 

(A) Identification of Wannier bound states in 
pure materials and of Wannier atomic or 
molecular impurity states in doped insulators by 
absorption spectroscopy. The Wannier series 
converges to  the bottom of the conduction 
band. 

(B) From the convergence limit of the Wannier 
series studied by absorption spectroscopy one 
can obtain the band gap, E,, in the pure sub- 
stance or the impurity ionization potential, 
E,', of the impurity in the medium. 

(C) The energetics of the Wannier states, 
monitored by absorption spectroscopy, result 
in basic information regarding the character- 
istics of the conduction band. In particular, 
from the effective Rydberg constant of the 
Wannier series one can deduce the effective 
mass of the electron near the minimum of the 
conduction band. 
(D) The threshold for photoconductivity in 

the pure solid or liquid results in a direct mea- 
surement of EG, while the photoconductivity 
threshold E,' of the doped insulator yields the 
ionization potential of the impurity in the 
medium. 

(E) The threshold for external photoemission 
from the pure material, ETH, or from the doped 
insulator, E,,,', results in the external ionization 
potentials. From the combination of optical 
spectra and photoemission yields in pure or in 
doped insulators one can determine the energy 
17, of the bottom of the conduction band relative 
to the vacuum level. 

In what follows we shall consider first the 
energetics of ionization processes in solids where 
Wannier series are now well documented. 
Subsequently, we shall consider the application 
and implication of these results for fluids over 
a wide density range. 

In pure insulators low-lying stable excitons 
originate from Bloch states near the top of the 
valence band and in the vicinity of the bottom 
of the conduction band (16-1 8). Impurity excited 
states below interband threshold can be con- 
sidered in terrns of a hole in the energetically 
flat impurity band correlated with electron 
states, which are constructed from levels near 
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the bottom of the conduction band. In in- 
sulators such as solid rare gases, we are primarily 
concerned with deep exciton and impurity 
states, where pseudopotential theory was in- 
voked to rationalize the observation of Wannier 
states (18). Such highly excited deep exciton 
and impurity states can be described in terms 
of the effective mass equation (18, 19). If the 
edges of both valence and conduction band occur 
a t  some point k ,  in the Brillouin zone (BZ) 
and the interband transition is dipole allowed, 
one is concerned with direct excitons. For 
impurity excitations k ,  corresponding to the 
miilimum of the conduction band and direct 
inlpurity excitations are always encountered. 
111 simple insulators k ,  correspond to  the I- 
point in the BZ. The high exciton levels El, and 
il~lpurity levels En1 (see Figs. 1 and 2) are 
described in terms of a hydrogenic series con- 
verging to the bottom of the conduction band, 

where E, correrponds to the interband gap at  
k ,  wliile EGi is the impurity energy gap (see 
Figs. 1 and 2). The latter energetic quantity, 
which in the chemist's language just corresponds 
to  the ionization potential of the impurity in the 
solid, is given by 

where I ,  is the impurity gas phase ionization 
potential, P+ is the (adiabatic) medium polar- 
ization energy by the impurity positive ion, and 
V,  designates the energy of the bottom of the 
conduction band relative to the vacuum level. 
G and G' in [ I]  and [2] correspond to the 
effective Rydberg constants for the exciton and 
for the iillpurity hydrogenic series, respectively, 
which are given by 

where m" is the electron effective mass near the 
bottom of the conduction band, rn, is the hole 
effective mass, again near k,,  while E is the 
static dielectric constant of the solid. In view 
of the large value of m, we expect that C is 
close to Gi.  

High exciton and impurity states, character- 

C o n d u c t > o n  

B a n d  

Vocuurn  

- - - - - -  B o t t o m  

Leve l  

o f  C B  

FIG. 1. A schematic representation of the energy levels 
of a simple pure insulator. 

S t a t e  

FIG. 2. A schematic representation of the enerzy levels 
of Wannier i~npurity states in an insulator. 

ized by the quantum number 17 2 2, d o  not 
reveal any relation to the atomic or molecular 
excited states of the constituents in the gas 
phase, and should be viewed as one-electron 
excitations of the dense mediuni below the direct 
interband threshold. Releva~lt examples for 
Wannier exciton states in pure rare-gas solids 
are presented in Figs. 3 and 4. Focusing at- 
tention on Wannier impurity states the following 
quantitative information concerning the static 
properties of the conduction band emerges. 

(I) From the effective Rydberg constant G', 
[5], together with the static dielectric constant, 
one can deduce r n ' t  These values are invariant 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



5 
$ Y  O P T I C A L  D E N S I T Y  ( A R B I T R A R Y  U N I T S )  
m 9  ,--, - wt 0 0 0 0 - - .  - 
P ' 

' " y w  ru " 
O W ~ ( D I u U l a ) ' -  '4 - P - J O W  

--I I I T I I I I I I I I 

5'93. g- 
a 2 g~ z 
ZV1 s 
- u  n. 
i n o m  
rt- 0 2 g g 5 .  
m w a  
m 0, 
s% ,FT 
2 "  
g D N  
0 ,-A 

Z G w Z  
3 - 2 %  e 0, -3 

g v  
C ' 1 C  2 - , g ah* z9.2 
x m n s  
0 -. - 
R- , m N  , ,+-_W c. 0 ' 
2 2. g!? 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1806 C A N .  J .  CHEM. VOL. 5 5 .  1977 

FIG. 6. Absorption spectra of Xe impurity in molecular crystals. (a) The absorption spectra of Xe 
in solid H, and D, at 6 K. (6) The absorption spectrum of Xe in solid CF, at  6 K (23). 

and intravalence excitations. over la^ of ex- 
travalence excitations with photodissociative 
continua, as well as additional line broadening 
originating from intramolecular electronic re- 
laxation. A - typical example for extravalence 
excitatio~ls of the benzene molecule (14) in 
rare-gas solids is presented in Fig. 7. Analysis 
of these data according to [2] is demonstrated 
in Fig. 8. 

The physical information deriked from solid 
state absorption spectroscopy is supplemented by 
the results of photoemission yields from pure 
solids and from lightly doped insulators (25- 
30). Figure 9 portrays the energy dependence 
of the photoemission yield (30) frgm pure Xe 
at 20 K. The weak peak at 1380 A originates 
from extrinsic effects, while intrinsic photo- 
emission is exhibited below -1 390 A. Intrinsic 
photoemission data fro111 atomic and molecular 
impurity states (26-28) (characterized by ETHi < 
ETH) are presented in Figs. 10-12. Square root 
extrapolation of the photoemission yield cs. 
energy results in the photoemission thresholds. 

In  Table 2, we summarize the energetic data 
u 

characterizing ionization processes in solid rare 
gases. The following observations are pertinent. 

(a) E,' is determined by the nature of the 
impurity state, according to [3] (see Section 11). 

(b) ETHi is determined by the nature of the 
impurity state as is evident from [7].  

(c) The effective Rydberg constants for im- 
purity ionization G' are independent of the 
nature of the impurity as these are determined by 
the host dielectric constant and by the features 
of the conduction band according to [5]. 

(d) The observation that G' E G implies, 
according to [4]-[6], that p - n ~ " ,  i.e. the hole 
effective mass nz, is large. 

(e) The V,, value derived from [8] for doped 
solids and from [9] for the pure solids corre- 
spo~lds to an intrinsic property of the solid. 
Vo is identical, within experimental uncertainty, 
for the pure and for the doped solids and for the 
latter it is independent of the nature of the 
impurity. The self-consistency of the V,, data 
provides strong evidence for the validity of the 
assignment of exciton and Wannier impurity 
states in insulators. 

IV. V, Scale for Solid and Liquid 
Rare Gases 

The combination of spectroscopic and photo- 
emission data results in a reliable V,, scale for 
solid rare gases. In Table 3, we compare these 
Vo values with the experimental data for liquid 
rare gases recently determined by Tauchert (31). 
It is apparent that in all cases V,, in the solid 
is higher than in the corresponding liquid, 
indicating that in the former case the contribu- 
tion of short-range repulsive interactions is 
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I I I I I I I 1 

W A V E L E N G T H  !i~ W A V E L E N G T H  ( i l  

FIG. 7. Extravalence excitations of benzene in solid rare gases (14). ((11 C6H6 Ne; (b) C,H6 Ar; 
(c)  C6H6/Kr; (4 C6H6tXe. 

FIG. 8. Plots of E,, cs. I In2 for Wannier molecular inipurity states in rare-gas solids. 

somewhat higher. I t  is of interest to confront tions, the background polarization potential Up 
the experimental V,  data with the prediction and the kinetic energy term T arising from 
of the simple SJC theory (5). As is well known, multiple scattering from nearest neighbors, so 
the energy of the conduction band minimum that V,  = T + Up. The SJC inodel provides a 
for the excess electron consists of two contribu- siniple recipe for the estimate of U p  including 
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FIG. 9. Photoe~~~ission spectrum of pure Xe and 20 K 
(27, 30). 

the screened polarization field of the surrounding 
atoms and for the evaluation of T by the Wigner- 
Seitz approximation. Table 4 summarizes the 
results of such calculations, where the scattering 
length a of the Hartree-Fock atomic field for He 
and Ne was taken from theoretical scattering 
data ( 5 ) ,  while for As: Kr,  and Xe, the value of n 
was adjusted to fit the liquid tTO value. These 
semiquantitative theoretical estimates of Vo are 
fraught with dificulties as Table 4 emphasizes 
how much smaller Vo is than the T and the Up 
terms. These theoretical estimates clearly indicate 
that the increase of T in the solid is somewhat 
higher than the corresponding decrease in Up; 
however, the SJC model underestimates the 
relative increase of the short-range repulsive 
interaciions in the solid as is apparent from 
the result for Ar. Thus this semiquantitative 
approach ( 5 )  should not be considered as an  
ultimate theory and further theoretical work in 
this field is required. 

V. Impurity Ionization Potentials in Solids 
I11 Table 5 we summarize the available experi- 

mental data for the ionization potentials 
EGi of atomic and molecular impurities in solid 
rare gases obtained from spectroscopic deter- 

\ ENERGY (eV)  

0 '  I I 1 
1100 1200 1300 1400 1500 

WAVELENGTH ( % )  

FIG. 10. Photoeni~ss~on spectrum of Xe in solid A r  (28). 

PHOTON ENERGY ( e V )  

FIG. 11. Photoemission yields of atomic impurities in 
solid Ne (29). 

Ininations of the convergence limit of Wannier 
impur~ty  states. Another piece of useful energetic 
data involves the adiabatic polarization energy 
of the medium by the positive ion which can be 
obtained from the relation P+ = E,,' - I,' 
provided that the photoemission threshold is 
known or, alternatively, from [3], P+ = EG1 - 
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JORTNER AND GAATHON 

TABLE 2. Energetic data for pure and doped solid rare gases 

EG or EG' G or G' ETII or ETH' VO 
System (ev) (eV) (eV) (ev) 

Ne (pure) 
Ar, Ne 
Kr Ne 
Xe, Ne 
Ar (pure) 
Kr 'Ar 
Xel Ar 
Kr  (pure) 
Xe, Kr 
Xe (pure) 

PHOTON ENERGY (eV) 

1300 1400 1500 1600 

WAVELENGTH (%) 

FIG. 12. Photoemission spectra of benzene in solid rare 
gases (28). 

I,' - V,, utilizing the experinlental V,, scale 
(Table 3) .  The resulting P+ values are also given 
in Table 5. From these results we conclude 
that:  

( A )  The impurity ionization potential in the 
solid can exceed the gas phase ionization po- 
tential provided that V,, is positive and large. 
This is the situation for atomic impurity states in 
solid Ne where E,' > I,'. 

( B )  In a solid characterized by a small 
positive value of V,,, such as Ar, or where 
V ,  < 0, as is the case for Kr  and for Xe, we 
expect that P+ + V,  < 0,  whereupon E,' < I,'. 

( C )  As P+ < 0 one expects that the external 
photoemission threshold, [ 7 ] ,  is always lower 
than the gas phase ionizatio~i potential, i.e. 
E,,' < I,'. This point was discussed by Chia 
and Delahay (32). 

(D) For a given impurity in different hosts P+ 
roughly increases with increasing optical di- 
electric constant. A rough approximation for P+ 
involves the Born charging energy P ,  2. 

(e2j2R)(1 - (cop)-'). where R is the effective 
radius of the impurity. I t  should be noted that 
the Born relation does not provide a quantita- 
tive account for the experimental P+ data. 
Thus, for benzene in Ne, As, Kr,  and Xe, P+ 
exhibits only a weak dependence on the host 
matrix. Short-range repulsive iilteractions are 
of some importance as is evident from the 
fact that P+ for Art,!Ne is lower than the 
correspondiilg values for Kr::'/Ne and for 

TABLE 3. Experiluental I.b scale for solici and 
liquid rare gases* 

System VO (cV) 

Liquid 
Solid 
Liquid 
Solid 
Liquid 
Solid 
Liquid 
Solid 
Liquid 

*Solid state data: absorption and photoemission 
spectroscopy (Tel-Aviv and DESY noi-k). Liijilid data: 
He, Somrner (53); Ar, Kekner (Jr 01. (54); Ke, Ar, Kr, Xe, 
Tauchert (31~) .  
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TABLE 4. Application of the SJC theory for the calculation of Vo in liquid and solid rare gases 

VO (eV) 
T UP 

s i t e m  ('i) (k) (6. (n*'l) (eV) (eV) Calcd. Exptl. 

He(L) 2.22 0.20 0.75 0.66 1.66 -0.38 f 1 . 2 8  +1.05+0.05 
Ne(L) 1.86 0.39 0 .56 0.71 1.91 -1.46 + 0.45 +0.67+0.05 
N e ( 3  1.75 0.39 0.56 0 .80 2.44 -1.85 i-0.60 + 1 . 1  i O . l  
AriL) 2.23 1.63 0 .92 0 .82 2.53 -2.73 -0.20 -0 .2  1 0 . 0 2  
Ar(S) 2.08 1.63 0.92 0.95 3.46 -3.54 -0.08 "0.3 i O . l  
KriL) 2.38 2.46 1.07 0.85 2.73 -3.11 -0.38 - 0 . 4 0 i 0 . 0 5  
Kr(S) 2.21 2.46 1.07 1 .OO 3.84 -4.05 -0.21 - 0 . 2 5 i O . l  
Xe(L) 2.60 4.00 1.26 0.87 2.85 -3.46 -0.61 -0 .61+0.1 

Xe(S) 2.40 4.00 1.26 1.04 4.12 -4.64 -0.52 - 0 . 4 6 i 0 . 0 5  

*a values for He, Ne from theoretical scattering data. for As, Kr, Xe chosen to fit Vo for liquid. 

TABLE 5. Ionization energies and medium polarization 
energies for atomic and molecular impurities in solid rare 

gases (all energies in eV) 

Guest Host EG I,  P _ 

Xe'"'Ne, while P ,  for the latter two systems is 
practically identical. 

VI. Excitons in Fluids 
While one-electron excitations in crystalline 

insulators are quite well understood, the nature 
of analogous excitations iil fluids is not yet 
elucidated. It was suggested (33) that large- 
radius Wannier-type exciton states are amenable 
to  experimental observation in a dense fluid 
where electroll-medium interactioil is suffi- 
ciently weak. Liquid rare gases provide suitable 
candidates for the search for such electronic 
excitations which are of considerable interest 
in relation to general problems of electronic 
states in disordered materials as well as in the 
context of deriving quantitative infor~natio~l con- 

cerning ionization processes in simple liquids. 
From the experimental point of view evidence 
has been reported (34, 35) for the identification 
of the rz = 2 exciton in liquid Xe and the 11 = 2 
impurity state of Xe in liquid Ar (36). In order 
to establish the nature of Wannier states In 
dense silnple fluids it will be interesting to obtain 
a continuous description of the electronic 
excitations of a guest atom or molecule in a host 
fluid where the fluid density is varied over a 
broad density range. One has to distinguish 
carefully between intravalence excitations, low 
extravalence impurity excitation, and high 
extravalence impurity excitations, all of which 
are exhibited at low and intermediate densities 
of the host medium, and sort out the large 
Wannier states which may appear in the high 
density fluids. The general characteristics of 
different types of impurity excitations in a 
host fluid are summarized in Table 6. 

Messing (37) has recently studied the absorp- 
tion spectra of atomic and molecular impurity 
states in simple dense fluids over a wide density 
range. The absorption spectra of the Xe/Ar 
system from the atomic limit up to the solid one 
is presented in Figs. 13 and 14. At low and a t  
moderate Ar densities (p = 0-0.6 g c n ~ - ~ )  five 
'atomic' excitations are exhibited (Fig. 13) in 
the range 1150-1300 A. 

(I) 6s' [1/2] J = 1 located in the atomic limit at 
1296 A. 

(11) 5d [1/2] J = 1 located in the atomic limit 
a t  1250 A. 

(111) 5d [5/2] J = 3 which is symmetry for- 
bidden in the isolated atom, belng pressure 
induced around 1210 A. 

(IV) 5d [3/2] J = 1 located a t  1192 A in the 
atomic limit. 
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JORTNER AND GAATHON 181 1 

TABLE 6 .  Medium effects on absorption spectra of a guest atom in a host fluid and solid" 

Guest atomic states 

States of perturbing (I) lntravalence (2) Lowest extravalence (3) High extravalence 
medium excitations Ans = 1 excitations AnA 2 2 excitations 

( A )  Spectral (a) Spectral shifts (small 
perturbations by a red or blue) and line 
foreign gas at low broadening 
and at moderate (b) Appearance of 'red' 
densities or 'blue' satellites 

( c )  Symmetry breaking, 
induction of forbidden 
transitions 

(a) Shifts (red at  low 
densities, blue at  
higher densities) and 
line broadening 

(b) Appearance of 'red' 
or of 'blue' satellites 

(c )  Symmetry breaking, 
induction of forbidden 
transitions 

(B) Spectral effects of Same as I A  (a) Large spectral shifts 
high density fluid (blue) 
or liquid (b) Satellites disappear, 

merge with main line 
into a broad band 

(c) Forbiddcn transitions 
exhibited 

(C) Spectral effects in (a), (b), (c) same as IA  Same as 2B 
a solid (d) Crystal field splitting 

of degenerate excited 
states 

*n,, atomic or molecular one-electron quantum number (qn): 12, qn for Wannier states. 

(a) Spectral shifts 
(red or blue) 

(b) States converges 
into (perturbed) 
ionization potential 

(a) States 'dlsappear' 
(b) Appearance of high 

Wannier tz  2 2 
states 

(c) Wannier states 
convcrgc into bottom 
of conduction band 

Same as 3B 
Wannier states 
well resolved due 
to line narrowing 
relative to liquid 

ENERGY [ev] (V)  7s [3/2]  J = 1 located at  1170 A in the 
atomic limit. 

In the high Ar density region (Fig. 14) the 

1 absorption band in the range 1225-1250 A en- 
hibits an appreciable enhancement for p > 
0.8 g c n ~ - ~ .  In Fig. 15 we present Messing's 
results for the intensity ratio of this absorption 
relative to the intensity of transition I. The 
intensity enhancement of the 1225-1250 a band 
in the Xe/Ar system is entirely different from 
the behavior of the Xe/Ne system where this 
intensity ratio reveals only a weak density 
dependence. Messing (37) assigned the strong 
absorption band located around 1250 i$ in the 
Xe/Ar system of high Ar densities p > 0.8 g 
cm-3 to the n = 2 Wannier impurity states in 
fluid Ar. Making use of [3]  one can then provide 
an estimate for the Xe impurity ionization 
potential in liquid As assuming that the electron 
effective mass M :"n the liquid is equal to that in 
the solid. We then obtain EGi = 10.9 eV for 
Xe in liquid As and P+ = 1.0 5 0.2 eV for 

- ~ - - ~  

1150  1 2 0 ~  1250 1300 the polarizatioil energy of the liquid. 
k(a) I t  is of considerable interest to obtain in- 

FIG. 13. The absorption spectra of Xe in fluid Ar at formation regarding the dependence 
low densities (37). of the ionization potential of an impurity in a 
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I I 
1150 I200 2 5 0  3CT; 

h [A: 

Frc. 14. The absorption spectra of Xe in flilid Ar at 
high Ar densities (37). 

fluid. Messing (37) has studied tlie vacuum- 
ultraviolet spectra of CH,I in Ar  over a broad 
density range. At  low densities six Rydberg 
series are exhibited: three of \vhicli converge 
to the first ionization potential (38). In  the Ar  
density range p = 0-0.5 g cnl-, five members 
ti = 1-5 of tlie Rydberg series could be clearly 
observed (37). Analysis of these data using the 
isolated iilolecule quantum defects (38) results in 
Gi = 9.6 eV and Ei = 9.2 eV for CH,I at  
p = 0.34 g ~ 1 1 1 - ~ .  In Table 7 we summarize 
the available experinlental information derived 
from spectroscopic data concerning atomic and 
ionization potentials in fluids (37). These results 
demonstrate the gradual decrease of the im- 
purity ionization potential with increasing fluid 
density. Such a pattern will be exhibited in any 
fluid where 1/, < 0 as is the case for Ar. It is 

also worthwhile to note that P _  in the liquid is 
considerably louer than in the solid, a dif- 
ference which cannot be reconciled just by the 
15 '4 change in the dielectric constant. Obviously, 
these interesting areas of electronic excitations 
and ionization processes in fluids deserve 
further experimental and theoretical effort. 

Up to this point we ha\e  been concerned with 
sonie of the intrinsic features of one-electron 
excitations in solid and liquid insulators which 
provide information concerning the energetics 
of ionization processes in fluids and some static 
characteristics of the conduction band in such 
systems. We shall now proceed to discuss sonle 
dynamic aspects of electron localization in dense 
fluids. 

VII. Electron Localization in Polar Fluids 
Excess electrons in He  gas at  low temperatures 

undergo a sharp 'transition' from the quasi- 
free state to a localized bubble state with in- 
creasing density (3, 39-41). Levine and Sanders 
(39) have demonstrated that the mobility of 
electrons injected into He  gas exhibits a draniatlc 
drop of some four orders of magnitude over a 
density range of - 10%. The nature of the 
electronic states and electron transport in the 
transition region were described in ternis of the 
Anderson model (3) by the percolation picture 
(42) and by a phenomenological model \+liere 
extended and localized states coexist (43, 44). 
Electron localization in subcritical and in 
supercritical polar fluids a t  sufficiently high 
densities is expected to be a general phenomenon, 
while at  low densities of a polar fluid the quasi- 
free excess electron state will be energetically 
stable. One thus expects that in a polar fluid, as 
in the case of He, a 'transitlon' fro111 the localized 
state to the quasi-free state will be exhibited 
v,ith decreasing fluid density (45). The probienl 
of electron localization in polar fluids as a 
function of density (and other thermodynamic 
variables of state) is of considerable interest 
(45-49). The following questions are relevant in 
this context. 

( I )  Can one observe a 'critical' density, p,, 
for the 'transition' betheen localized and quasi- 
free excess electron states in a polar fluid'? 

(2) What are the physical properties of the 
localized excess electron in a polar fluid over a 
broad density range where the localized state is 
therniodynamically stable ? 

Points I and 2 require basic experimental 
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@ Xe/Ar 

A Xe/Ne 

Averoge Curve 

Frc. 15. The density dependence of the intensity ratio of the 1250 A absorption to the ' So  -t ' P i  
transition (band I) in X e  Ar  and in Xe:Ne (37). 

TABLE 7. Ionization potentials of sonle atomic and molecular Impurities in fluid 4 r  (from ref. 3711) 
(aolid state data are given for compar~son) 

Ec ' 4' G P-  - l b  P + 
Guest ~ o s t  (eV) (ev) (ev) (ev) (eV) 

Xe Liquid 10.9 12.13 (3.0) -1 .23  -1.03 
p = 1.35 g ~ r n - ~  

Xe Solid 10.54 12.13. 2 . 4  -1.59 -1 .79  
p = 1 . 7 g ~ r n - ~  

CH31 Supercritical 9 . 2  -9.55 9 . 6  -0.35 - 

p = 0 . 3 4 g ~ r n - ~  

CH31 Liquid 5 . 7  9 .55  (3.0) -0.85 -0.65 
p = 1.35 g c111r3 

CH31 Solid 8 . 6  9.55 2 . 3  -0 .95  -1 .15  
p = 1 . 7  g c n ~ - ~  

CH,O Liquid 10 .3  10.88 3 .8  -0 .68  - 

p = 1 . 2 4 g c m - '  

information. Supplementary theoretical work 
should be directed towards the elucidation of the 
following problems. 

(3) The electron localizatioil process in polar 
fluids with respect to the role of configurational 
fluctuations, pre-existing traps, etc. 

(4) A proper theoretical description of 
localized excess electro~l states with regard to the 
role of short-range and long-range interactions. 

A theoretical study of the properties of 
localized excess electrons and of their therrno- 
dynamic stability in a llonzogeneous polar 

fluid was conducted by Gaathon and co-workers 
(48, 49). He considered the lliolecular model for 
the localized excess electron incorporating 
short-range attractive and repulsive illteractio~is 
with the first 'molecular' coordination layer, 
wliich consists of A' molecules. and long-range 
polarization interactions with a medium char- 
acterized by the niean fluid density beyond the 
first coordination layer. This honiogeneous 
model results in the following predictions. 

(0) The critical densities fol- electron localiza- 
tion in H,O and NH, (Table 8) are obtained 
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from a modified energetic stability criterion 
which incorporates entropy changes accompany- 
ing the formation of the first coordination layer. 

(6) The density dependence of the absorption 
band maximum /~v,,, exhibits three distinct 
regions. (b.1) At high densities (p  = 1.2-1.0 g 
cm-3 for H 2 0 )  hv,,, drops fast with decreasing 
p. (b.2) Over a broad density range (p = 1.0- 
0.1 g cm-3 for H 2 0 )  hv,,,, exhibits a weak p 
dependence. (b.3) At lower densities (p < 0.1 g 
cm-3 in H 2 0 )  hv,,, decreases fast with de- 
creasing p. 

Experimental studies of the absorption spectra 
and the bields of localized excess electrons in 
subcritical and supercritical water and ammonia 
were conducted by Schindewolf and co-workers 
(46, 47) and by Gaathon (45, 48. 49). Extensive 
experimental data for electron localization in 
D 2 0 ,  KH,, and ND, were obtained (49) in the 
density range p = 1.0-8 x g cm-, (p = 
1-400 atm, T = 273-670 K) for D 2 0  and p = 

0.6-10-2 g cm-3 (p = 1-200 atm, T = 273-430 
K) for NH, and ND,. Pulse radiolysis tech- 
niques were employed. 

Figures 16 and 17 portray typical absorption 
spectra (49) of localized electrons in subcritical 
and supercritical D 2 0 .  The experimental density 
dependence of hv,,,, (corrected for temperature 
effects) is presented in Fig. 18. In this figure 
these experimental results are confirmed with the 
theoretical predictions (Section b). We note 
that the experimental density dependence in 
region b.l ,  where a sharp drop of lzv,,, is 
predicted, and in range b.2. bhere hv,,, ex- 
hibits a weak density dependence, is in reason- 
able agreement ~ i t h  the trend predicted by the 
homogeneous model. Hornever, in the low 
density range p < lo- '  g cm-, the experi- 
mental values of hv,,, are practically inde- 
pendent of the fluid density in marked contrast 
to the expectations based on the homogeneous 
model which envisions a fast drop of hv,,, 
with decreasing density in range b.3. 

The yields for the formation of localized 
excess electron states in D,O and in ND, were 
determined by two independent methods (49). 
First, time-resolved absorption of the localized 
electron was found to obey second order decay 
kinetics and extrapolation of these results to 
t = 0 resulted in the yield. Second, the absorp- 
tion of the localized electron was monitored 
during electron pulses of the duration of z = 
0.3 ps and z = 1.5 ps, the data being analysed 

1 I 1 I I I 
EGO 800 1000 I200 1400 1600 

A ( n m l  

FIG. 16. The absorption spectra of the localized electron 
in subcritical D 2 0  (49). 

according to the relation d[e,]/dt = mpI - k[e,12 
where cr is the yield of the localized electrons, 
I is the intensity of the electron beam, p is the 
fluid density, and I< is the bimolecular re- 
combination rate constant. The experimental 
procedures for the determination of the yields 
of the localized electron provide proper cor- 
rections for the 'kinetic instability' of the 
localized state, originating from efficient re- 
combination, and result in reliable experi- 
mental data for the initial yields. The density 
and temperature dependence of the yields cc 
in D 2 0  and in ND, are displayed in Figs. 19 
and 20. From these results we conclude that: 

(I) In D 2 0  the localized excess electron state 
is stable throughout the entire density range 
8 x g cm-3 < p < 1.0 g cm-3 and up to 
T = 673 K. Thus in supercritical D 2 0  p, < 
8 x g ern-,. This experimental result is 
in conflict with the theoretical prediction of the 
homogeneous model (Table 8). 

(2) Electron localization in ND, (Fig. 20) 
exhibits a more complex and more interesting 
behavior. Near the liquid-vapor coexistence 
curve (CEC) electron localization is observed 
up to the lowest density p - 5 x g 
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consistent with the prediction of the- homo- 
geneous model. A t  high teniperatures above the 
CEC the yield of localized electrons kanishes. 

JORTNER AND GAATHOK 181.5 

FIG 19 D e n s ~ t )  and temperature dependence of the 

, , ylelds and of the localrzed electloris rn D 2 0  (49) The 
s o l ~ d  dots represent (p, T) polnts for ~ h l c h  experrments 
were c o n d ~ ~ c t e d  The vertlcal Irnes represent the lalues of 

5 

X(nm) -- 
FIG 17 Absorption spectra of the locallzed electron in 

D 2 0  vapor. The vapor densltles (relative to the I I ~ L I I ~  
a t  4 C) a re  lndlcated by the ~lurnbels  a b o l e  the curkes 
(48, 49) (Reprinted mlth per rn~ss~on fro111 the Jour r~a l  of 
Chern~cal P h ~ s l c s .  58, 2648 (1973) C o p ~ ~ l g h t  by the 
Arnerlcan Instrtute of Physlcs ) 

I wi th  Epy7@ 
L A- 2 

2 5 10 20 50 100 200 
2 2 Y ( c r n 3 / g ) -  

, 
021 

In Fig. 20 we have drawn a line in the pT 
002 006 0 1  0 2  0 4  l o  2"lane which segregates the range of electron 

p i g / c m 3 )  localization from the thermodynamic range 
FIG. 18. The density dependence of the band rnaslmum where the quasi-free electron state is stable. 

2 0 -  

1 8 -  

of the localized electron in DZO (49). Solid curve rep- For  these experimental results it is apparent 
resents the experimental data at  623 K (corrected for that in supercritical ND, is determined not 
temperature dependence). The dashed curve (49) por- 
trays the prediction of the homogeneous model. only by density but also by the temperature. 

Hz0 i 

- E x p e r i r n ~ n i o l  623  K 1 FIG 20 Dcnslty and tempera tu~e  dependence of the 1 
- - c a i c ~ ~ o t e d  661 K 1 ~ l e l d s  of local~zecl electrons rn ND,  (49) Pleientat~on 

/ 
I of data ldentlcal to  those ~n Flg 19 P o ~ n t i  represented 

1 6 -  
bq (-) correspond to p T  lalues m here local~zed electrons 
could not be detected Dashed ~ u i v e  IS the 11ql11d-gas 

14-  CEC Dotted-dashed ciilve colresponds to a rough 
segregatron of the pTplane to two regions w h e ~ e  local~zed 

1 2 -  
/ , states exlst and where locallzed states ale therrnodynani- 

- .  / 
z / rcally ~ ~ n s t a b l e  
2 10 -  / 

h .  

C 
studied by us, ~ ? l ~ e r e u p o n  p, < g ~ r n - ~  

06- near the CEC. This observation is again in- C
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TABLE 8. Critical densities for electron localization in 
polar fluids 

Model calculations 
Experin~ental 

P c P c 
V (g C I I - ~ )  (g ~ r n - ~ )  

near CEC 
T =  470K 6 0.14-0.11 -0 .1  

40 C above CEC 

Although the thermodynamic stability criterion 
used in the homogeneous model involves a 
temperature dependence originating fro111 an 
entropy contribution, the experimental results 
cannot be accounted for in terms of such a model 
and in particular the low kalue of p, near the 
CEC is striking. On the other hand, at  high 
temperatures above the CEC the predictions 
of the homogeneous model are not too bad; 
for example, at  40'C above the CEC p, 2. 0.1 g 
~ r n - ~  in agreement mith the observation of 
Olinger ef al. (47). in accord with the theoretical 
prediction (Table 8). H o u e ~ e r ,  this minor 
success does not reconcile the serious dis- 
crepancies between the experimental observa- 
tions and the expectations of the homogeneous 
model. 

These discre~ancies betiveen the theoretical 
honlogeneous model and the facts of life can be 
summarized as follows. 

(I) The weak dependence of hv,,,,, on p at  
low ( p  < 0.1 g c111r3) densities is in conflict 
with the prediction for a sharp drop of I IV , , , ,  
in that range. This theoretical result originates 
from the decrease (at p < 0.1 g c111-~) of the 
polaron coupling parameter /3 = E,,-' - E,- ' 
which determines the long-range polarization 
potential. 

(11) The low values of p, observed for D,O 
over the entire pT range and for ND, near the 
CEC. The high value of p, predicted by the 
homogeneous model originates from the fol- 
lowing three causes. First, a cluster of hi = 4 
solvent molecules does not localize the excess 
electron. Second. the sharp decrease of ,B with 
decreasing densily at  low p results in a de- 
crease of the ground state energy. Third, the 
entropy contribution resulting from formation 
of the first coordinatioi~ layer from the homo- 

geneous gas is crucial in determining the 
thermodynamic stability of the localized state. 

(111) The strong temperature dependence of p, 
for ND, is inconsistent with the prediction- 
that the density alone is the primary thermo- 
dynamic variable of state which determines tlie 
stability of the localized state. We are forced to 
conclude that the homogeneous model is in- 
adequate and propose that the role of pre-existing 
density fluctuations is crucial in the electron 
localization process in polar fluids. 

We propose that in polar supercritical fluids 
of polar molecules the quasi-free electron is 
trapped by density fluctuations. These density 
fluctuations can be envisioned as pre-existing 
clusters which act as electron traps. Simllar 
ideas for dvnainics of electron localization in 
liquids were recently advanced by Kenney- 
Wallace and Jonah (10) and by Baxendale and 
Sharpe (11). We address ourselves to a more 
general problem: as in our one-component 
system the fluid density can be contiiluously 
varied, Re inquire when is the amplitude of 
density fluctuations sufficiently lou (i.e. the 
size of the pre-existing clusters is too small) so 
that electron localization will not occur. 

T o  determine the probabil~ty of electron 
capture by density fluctuations t u o  cardinal 
points have to be elucidated. 

( A )  What is the minimal size of a pre-existing 
cluster to insure electron capture ? 

(B) What is tlie probability for density fluctua- 
tions of appropriate amplitude to satisfy condi- 
tion A ? 

T o  provide a semiquantitative ansuer to 
point A u e  have carried out (49) calculations 
of the ground state energy of an electron 
localized in a cluster which consists of N = 4 
molecules in the first coordination layer and N, 
molecules in the second coordination layer. 
These calculations mere conducted (49) using a 
~nodified version of Iguchi's method (50). We 
find that the localized excess electron is stable in 
a cluster of water molecules consisting of N = 4 
and N, 2, while fhr a cluster of a~nmonia  - 
inolecules energetic stabil~ty is insured for 
N = 4 and N,  - 6. Next we turned to point B 
and utilized (49) the simple thermodynamic 
fluctuation theory to ebaluate the probability 
distribution for density fluctuations consisting 
of N, = AT + ATD niolecules. This probability 
distribution is deter-mined by the mean density, 
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Discussion 
L. Kevan: D o  you think the "snowball" effect for electron 
localization should occur in nonpolar liquids doped with 
polar molecules ? In recent experiments 011 glassy mixtures 

of alkanes with alcohols we have not yet found evidence 
for such an effect. And in liquid mixtures I believe 
Professor Baxendale also does not find such evidence. It 
may be that the critical experiment has not yet been 
performed since alcohol forms clusters in alkanes. What 
is needed is a polar molecule that does not cluster on 
nonpolar media. 

J.  Jortner: The proposed "snowball" effect in subcritical 
and supercritical polar fluids at moderately low densities 
involves a formation of a localized state by electron 
attachment to a (sufficiently large) pre-existing cluster, 
followed by subsequent attachment of polar n~olecules to 
that charged cluster. Such effect will not be observed in 
glasses because of the low diffusion coefficient of the polar 
molecules. In liquid mixtures of polar and nonpolar 
molecules at  a low concentration of the former such 
effects can be exhibited. However, the time scale is 
unknown. 

G. A. Kenney-Wallace: Jonah and I have carried out 
picosecond pulse radiolysis experiments on alcohols 
diluted in alkanes and, to quote one example, electron 
solvation in butanol-rl-hexane (1 : 5  mol ratio) m~xtures 
definitely appears to be slower than that in pure butanol, 
by a factor of about 2. The stable spectrum appears 
within tens of picoseconds, not nanoseconds as might 
have been expected for a diff~~sion process; however, even 
in this concentration range we expect to have large 
alcohol clusters and so an adequate number of alcohol 
molecules are already present and available for the solva- 
tion sheath. In order to see any "snowball" effects, as 
Jortner has suggested, we would have to go to much 
lower concentrations of alcohol. 

J. Jortner: Obviously picosecond studies of the systems 
investigated by you and by Baxendale at  low alcohol 
concentrations are required to settle the point whether 
'condensation' of additional polar n~olecules on a 
charged cluster occurs. 

A. 0. Allen: Conductivity studies of dilute (0.01 M )  
methanol in hydrocarbons shows that an equilibriun~ 
exists between mobile electrons and methanol-solvated 
electrons. The evolution of solvation in time is therefore 
due (at least in part) to passage from smaller to larger 
clusters through the co~~ductive (unsolvated) state which 
exists in thermal equilibrium. 

J. Jortner: The peaceful coexistence between extended and 
localized states at thermal equilibrium in methanol- 
hydrocarbon mixtures bears a close analogy to the recent 
experiments of Klaus Schwarz on electron drift velocities 
in He gas where 'slow' and 'fast' electrons were identified. 

N. R. Kestner: Whether or not the "snowballing" effect 
can be observed after the initial cluster is formed (say in 
Baxendale's experiments) depends on how long range is 
the effect of the electron on the fluid. If that potential is 
reasonably short range, the optical spectra may not 
change significantly after the initial trap is formed 
especially if the snowballing involves, say, a third or 
further coordination layer. We now believe that, in fact, 
the old theoretical models had a potential which was 
much too long range. 
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JORTNER AND GAATHON 1819 

J. Jortner: The "snowball" effect resembles Thompson of localization), and the equilibri~~m polarization in the 
condensation of charged droplets occurring on a micro- immediate vicinity is established last. 
scopic scale. One has to distinguish carefully between the 
nature of the potential acting on the localized electron at  
long times, whose long-range part is affected by density 
fluctuation, and the interaction of the charged cluster 
with polar molecules leading to cluster growth. The in- 
variance of the optical spectrum in D,O in the density 
range 0.8-0.01 g reflects the result of a long time 
experiment where clustering has been already completed. 

L. Onsager: Let me argue for the proposition that the 
"snowball" forms from the outside in. If we regard the 
trap formation as a process of dielectric relaxation around 
a delocalized electron, this will proceed a t  a rate given by 
the longitudinal relaxation time r~ = r,E, /E, in the 
distant part of the fluid (outside the counteracting regron 

.J. Jortner: Your interesting proposal implies that the 
initial step in electron localization involves the fast 
response of the polar medium to a large polaron in an  
extended state and that the long-range polarization field 
builds up on a time scale which is considerably shorter 
than the Debye relaxation time. A few years ago Rent- 
zepis, Jones, and myself proposed that the initial step in 
electron localization in a polar liquid (water) involves the 
build-up of the long range dipolar polarization field. 
However, in low density supercritical polar fluids near the 
liquid-vapor coexistence curve we have to consider the 
role of pre-existing clusters (originating from density 
fluctuations), which act as electron traps. 
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Photoionization energies: liquids and so8entions versus gases (Extended Abstract) 

LADISLAV NEMEC, LUCILLE CHIA, A S D  PAUL ~ E L A H A Y  

Drprirrrnent ofCiiemi.rti?., Nc.n, YorX C'i7il.c/.siry, h'eii. Y o ~ l i ,  h'Y,  U.S.A. 10003 

Received November 22. 1976 

We cornpare the external ionization energies 
of neutral and ionic species in liquids with the 
ionization energies of these species in the gas 
phase. The experilmental liquid-gas shifts in 
ionization energy t h ~ l s  obtained are estimated 
from simple models. 

The external ionization energies for liquids 
and solutions were obtained by photoelectron 
spectroscopy by means of a recently developed 
method (1) .  The seco~~(lderivative of tlie quantum 
yield, with respect to the kinetic energy T of 
electrons emitted into \ a c u u ~ n .  was measured 
as a function of T. Second derivatiae curves 
(sdc) exhibit one or several maxi~na.  each of 
which corresponds to a photoionization process. 
The external ionization energy i is related to 
T,,,,, at  each sdc lnasirnurn by 

where E is the photon energy and l t 3 ,  , is the 
half-width of the sdc segment on the high-energy 
side of the maxiinurn. The i t , ,  , correction arises 
from energy transfer fro111 quasi-free electrons 
to tlie liquid medium and is rather srnall 
( ~ i . ,  , 2 0.5 eV). 

The energy I for 1iruti.ci1 .substa~~ce.s is lower in 
the liquid than in the gas phase. The rcd sljiff 
(1 to 2 eV) from gas to liquid arises (1)  in a 
major part from the difference between tlie 
energies stored in the electrical field of the ion 
(produced by photoionization) in the liquid and 
vacuum. This shift depends primarily on the 
optical dielectric constant of the substance 
being photoionized and does not vary markedly 
from one substance to another. 

Conversely, the energy f for ions is higher for 
solutions than in the gas phase. The blue .sliift 
from gas to liquid (2 2 to 3 eV) is accounted for, 
in a major part, by the energy of solvation of the 
ion. This energy depends on the sfatic dielectric 
constant of the solvent, and consequently the 
shift for ions can vary appreciably with the 
nature of the solvent. Detailed experimental 
results and calculations are presented for a 
variety of substances. 

This work was supported by the National 
Science Foundation arid the Office of Naval 
Research. 

1. L.  N E ~ I E C ,  L. CHI..\, and P. D E L A H ~ U .  J .  Electron 
Spectrosc. In preis. 

Discussisan 
J. Sortnes: The general feature of the ionization potential 
(IP) of a neutral n io lec~~le  in solution which is red-shifted 
relative to the gas phase 1P pertains to external photo- 
emission to the vacuum. For  a n  internal ionization 
process the shift can be red or blue depending on the sign 
and magnitude of C;,. 

P. Delahay: Your statelncnt corresponds to niy equation 
for the liq~iid 

- 
I i n t c r n a l  - I c x t c r n a l  S VO 

where the 1's are positive by convention and Vo is taken 
with its sign. This relationship does not include the 
surface potential which was assumed to  be zcro. I f ,  does 
not rnatter in the conlparison of I,,,,,,,, for the liquid 
with I,,, since the final state of the electron is the same in 
both cases. 

A. Henglein: Ionization energies determined by photo- 
electron spectroscopy are vertical ionizatiori energies 
which exceed the thermodynamic ones by the reorganiza- 
tion energy of the cation formed (including its solvation 
 hell). The thcrmodynaniic free energies 116, of ionization 
are important for the understanding of chemical rcactiolis 
in which a n  electron is abstracted from a solvent rnolec~ile 
(by a free radical o r  excited molecule). Free eaergies of 
ionization have recently been published (see table) for 

Solvent AG, (eV) E0 (V) 

Water 7 . 9  3 . 4  
Ethanol 6 . 4  1 . 9  
Acetone 6 . 5  2 .0  

a few solvents (A. Frank,  M.  Gratzei, and A.  Henglein. 
Ber. Bunsenges. Phys. Chem. 80, 593 (1976)). These frcc 
encrgics can be converted into standard rcdox poteiltials 
E0 using the relation 

-4.5 $1 being the potential of a n  electron in tlie gas 
phase on  the standard redox potential scale. The standard 
redox potential of the redox couple N,O+:H,O is 3.4 V. 
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Effect o f  temperature and phase on the photoionization energy threshold 
of T M P D  in  hydrocarbon solvents 

J.  BULLOT 
Lriboi.ciioii.e tic P11y tic o-C'liiiilie ti1.s R(i~.oi~~io?ieiir.r A r ro1.i~; ( / I /  C.YRS, C'iii\.ri.cifc; Pciric- Jiiti. 91 405 01..r~iy, Fi.cirir r 
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Received September 27. 1976 

J. B U L L ~ T  and M.  GAUTHIER. Can. J. Cheni. 55, 1821 (1977). 
The teniperature dependence of the T M P D  photoionization energy threshold, 1, ii: a set of 

eight hydrocarbon solvents has been systematically studied, from room temperature down to 
77 K .  For  this purpose ion-pair formation is detected either by measuring the photocurrents in 
the liquid phase or  by measuring the recombination luniinescence intensity in the solid phase. It 
is found that I(liquid) increases linearly when the temperature is decreased down to the liquid- 
solid transition temperature. At this temperature I undergoes a n  abrupt increase of 0.2-0.6 e l r  
depending on  the hydrocarbon and the nature of the phase transition. Any s ~ ~ b s e q u e n t  solid- 
solid phase change is accompanied by a new shift towards higher energy. In  the low temperature 
phase of all the studied crystals, I(solid) has a constant value down to  77 K. Glass-forming 
liquids have a very different behavior: Ivaries linearly in the liquid and the straight line extrapo- 
lates to the I(g1ass) value at  77 K .  The applicability of the two methods is discussed. From the 
present data it is concluded that the conduction state energy, &, is constant in the low-tempcra- 
ture phase of crystals. By calculating the polarization energy due to the TMPD--  cation and from 
data on the temperature dependence of Vo in the l i q ~ ~ i d  phase, we have estimated I:,, in crystal- 
line 11-hexane (0.64 eV) and 2,2,4-triniethylpentane (0.44 eV) and in the plastic phase of cyclo- 
hexaiie (0.47 el') and 2,2-dimethylbutane (0.01 eV). Finally a correlation of I with the rnediulii 
density is described. 

J. BULLOT et M. GAUTHIER. Can. J. Chem. 55,1821 (1977). 

Nous avons etudie la variation en fonction de la temperature d u  seuil de photoionisation, I, de 
la  T M P D  dans huit hydrocarbures, depuis la temperature anibiante jusqu'a 77 K. L a  formation 
des paires d'ions est detectee soit par la nlesure des photocourants en phase liquide, soit par la 
mesure d e  I'intensite d e  la luminescence de reconibinaison en phase solide. I(liquide) augmente 
lineairement qualid la temperature decroit, et ceci jusqu'i la temperature de transition liquide- 
solide. A ce point Iaugmente brutalement de 0.2 a 0.6 eV, suivant I'hydrocarbure etudie et la na- 
t ~ ~ r e  de la transition de phase. Toute autre transition de phase solide-solide s'acconipagne d'une 
nou\elle augmentation de I .  Dans la phase basse temperature des cristaux etudies, I(so1ide) a 
une valeur constante jusqu'a 77 K.  Les liquides qui donnent des verres ont  un comporteiiient 
rres different: I varie lineairement dans le liquide et les valeurs extrapolees coincident avec la 
v a l e ~ ~ r  rnesurie B 77 K dans le verve. A partir de ces donnees on peut conclure que le bas de la 
bande de conduction, V-,,',, a une valeur constante dans la phase basse temperature des cristaux. 
A partir d u  calcul de I'energie de polarisation du cation T M P D -  et des donnees sur la variation 
de I/, en fonction de la temperature en niilieu liquide, nous avons estinii la ~ a l e u r  de V, dans 
les cristaux de 11-hexane (0.64 eV) et d e  trimethyl-2,2,4 pentane (0.44 eV) et dans la phase plas- 
tique du cyclohexane (0.47 eV) et du dimethyl-2,2 butane (0.01 eV). Enfin nous decrivons une 
correlation entre I et la densitt d u  milieu. 

1. Introduction 

I t  has long been known that the ionization 
potential of a solute n~olecule in a condensed 
phase is lowered relative to the value measured 
in the pas phase I,. Indeed this has been experi- 
mentally checked (1-6) by measuring the photo- 
ionization threshold of the solute molecule 
TMPD1 in some liquid, I(liq.), and in sonle crys- 
talline or glassy solvents, [(sol.). 

The early interpretation of Lyons and co- 
worker (7, 8) emphasizes the importance of the 
polarization of the medium, P, around the 
cation and the ejected electron. More recently, 
the theoretical model developed by Springett 
et a/. (9) for rare gases permits a direct calcula- 
tion of the energy V, of the excess electron in a 
quasi-free state, which enters the equation giving 
the photoionization threshold: 
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1822 C A N .  J .  CHEM. 

This model has been extensively used and ex- 
tended in the past few years to elucidate some 
properties of the excess electron in hydrocarbons 
such as the temperature dependence of V,, (10, 
l l ) ,  localization criterion (11, 12), and mobility 
(13-15). 

The experimental measurement o f1  made with 
T M P D  as a solute in various hydrocarbons has 
shown that I(sol.), measured in the crystal a t  
77 K ,  is always higher than I(1iq.) measured a t  
room temperature (3). The difference ranges 
from -0.6 to 1 eV from one solvent to another. 
Recently both I(1iq.) and Vo have been found to 
increase when the temperature is decreased (4a, 
lo), but the Vo variations are too low to account 
for the difference, I(so1.) - I(liq.), previously 
observed. 

Therefore it was of interest t o  study the tem- 
perature dependence of the photoionization 
threshold in the crystal and to look for a specific 
effect of phase transitions. Some preliminary 
results (16) have already been published. In the 
present paper, we report the systematic deter- 
mination of the T M P D  photoionization thres- 
hold in various hydrocarbons with special atten- 
tion (i) to the variation of I with temperature 
either in the crystal or in the liquid and (ii) to the 
effect on I of phase transitions. The solvents 
have been chosen to cover several types of phase 
changes, namely liquid-crystal, liquid-glass, 
and crystal-crystal. 

2. Experimental 
The experimental techniques used to determine the 

biphotonic ionization threshold and to detect the ions by 
the neutralization luminescence have been previously de- 
scribed in detail (1, 16). 

In the liquid phase, t u o  photoconduction cells have 
been used. Each may be fitted into a 10 mm square silica 
absorption cell C (Fig. 1). In the first cell (Fig. lA), the 
two stainless steel electrodes E are held 4 mm apart by 
means of a stumatite2 spacer ST. The light beam emerging 
from the monochromator enters through the front silica 
windoll. S, and IS then perpendicular to the applied electric 
field direction. This set-up was used for most liquid phase 
measurements. In the second cell (Fig. l B ) ,  the electrodes 
E and G are 1 mm apart. The light enters the cell through 
the silica window S, fitted into the front stainless steel 
holder I-I; the front electrode G is made of a 0.03 nim 
thick nickel grid welded onto H. This cell was used for 

2Stu~natite is a natural lava which, when properly 
machined, is baked at -- 1200cC. The resulting material is 
hard and has good insulating properties. We had recourse 
to this material after having experienced great difficulties 
with Teflon as an insulator which, when immersed in 
liquid hydrocarbons, yields large dark currents. 

TOP VIEW o o 

A 
FIG. 1. Dctails of the photoconduction cell (see text) 

some solid-state measurements. Usual care was taken for 
shielding the measurement cell, The high voltage applied 
across the sample was taken from a set of batteries, the 
applied electric field being - 1.5 kV c n i ' .  The photocur- 
rents were measured by means of a 602 Keithley electrom- 
eter. Temperature of the sample was varied by admitting 
an adjustable flow of cooled nitrogen gas close to cell C. 
Temperature was known to i- 0.2 deg. 

The light emerging from a Kern WHS 200 deuterium 
lamp is passed through a M 25 Huet grating nionochro- 
mator whose band width is 12 nrn This set-up enables 
accurate measurements up to 195-200 nm. Relative values 
of the photon flux F cs. wavelength were obtained by 
measuring the fluorescence emitted by a concentrated 
alcoholic solution of rhodamine B. Absolute values were 
determined by comparison with the signal obtained at 
310 nm with a Kipp thermopile. In the energy range of 
interest Fdecreases slowly from 2 x 1012 photons s-' a t  
270 nm to 0.09 x 10" photons s-' at 200 nm. 

2. I .  Clzen7iculs 
TMPD (Eastman-Kodak) was liberated from the hy- 

drochloride and sublimated just before use. 
The follouing hydrocarbons (Fluka) were used: 2,2,4- 

trimethylpentane (TMP); 2,2-dimethylbutane (DMB); 
n-hexane (TI-Hex); cyclohexane (cy-Hex); neopentane 
(neo P); tetramethylsilane (TMSi); 3-rnethylpentane 
(3-MP); and methylcyclohexane (MCH). Th-y were puri- 
fied by keeping them at least 21 h on activated molecular 
sieves (3A + 5A + 13X Linde) in a vacuum system. 
Afterwards they were slowly distilled into a storage bulb. 
The efficiency of the treatment was tested by absorption 
and emission spectroscopy. For photoconductivity mea- 
surements, the solution was rapidly prepared in the pres- 
ence of air, just before use, and poured into the cell C, 
dehydrated with silica gel. The measurements were done 
in the presence of air. 
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3. Results I I 

3. I .  The Ionization Eflciency Curves in Liquid and 
in Solid Hydrocarbons 

The shape of the ionization efficiency curves 
is similar for all the solvents studied. Typical 
examples are shown in Fig. 2 for liquid MCH 
and in Fig. 3 for solid cy-Hex. Both refer to the 
same number of exciting photons at each wave- 
length. 

In the liquid, the concentration has been 
chosen high enough (5 x M) to give total 
absorption whatever the wavelength and it has 
been verified that for this concentration, the light 
absorption by the solvent is always negligible, 
even at short wavelengths. The shape of the 
curves is consistent with the results reported 
earlier by Holroyd and Russell (4) but some dis- 
crepancies appear in the low and high energy 
range when comparing the present curves with 
those of Peterson et al. (17). 

These authors emphasize the existence of a 
residual photocurrent in the long wavelength 
region. Indeed, we observed such currents only 
in solvents like TMSi or T M P  leading to espe- 
cially high ionization yields. The use of a high 
pass filter (5280 from MTO wl~ich transmits 42% 
at  280 nm and 67 % at 300 nm) reduces the photo- 
current measured at 300 nm by a factor of about 
20 in TMSi. Since the transmission of the filter 
becomes negligible only below 230 nm, it ap- 
pears that the current observed a t  300 nm might 

FIG. 3. Neutralization lun~inescence intensity c ~ .  second 
beam energy curve for clystalline cy-Hex at various tem- 
peratures. For sake of clarity the curves have been shifted 
along the vertical axis. I(sol) is given by E,  + E,,, where 
ET is the energy of the TMPD triplet state (2.8 eV) and 
E,,, is the second beam energy threshold. 

be totally accounted for by short wavelength 
stray light which is strongly reduced but not 
totally cut off by the filter.3 

On the other hand, a t  high energies, Peterson 
e f  a/. (17) found in every case a drastic decrease 
of the ionization yield and claimed that it is re- 
lated to the onset of the third absorption band 
of TMPD around 6 eV. This fact is not so clear 
from Holroyd's results (4). In most of our experi- 
ments. a maximum has indeed been observed 
but its wavelength depends on experimental con- 
ditions. It has been found that the maximum 
occurs at a shorter wavelength every time the 

31t may also be noted that, with a cell fitted with Teflon 
as an insulator, a mcn3photonic current was always ob- 
served in the 280-350 nm range with a maximum at 305 
nm. It was not due to stray light, did not depend on the 

5.0 5.5 6D 6.5 applied boltage, and its rise time was very long (of the 
Photon energy ( e V )  order of minutes). The origin of this signal has not yet 

been elucidated, but it appears as an experimental artifact 
FIC;. 2. Photocurrent cs. encrgy curve for liquid MCH since it has never been observcd when stumatite was ~ ~ s e d  

at various temperatures. instead of Teflon. 
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ionization yield is lowered either by decreasing 
the temperature or by using solvents in which the 
ionization yield is low. In a few cases, no  more 
maximum is observable at  low temperature and 
the current rises conti~luously up to 6.5 eV which 
correspo~lds to the maximum of the third absorp- 
tion band of TMPD. Such an example is shown 
in Fig. 2 for M C H  at 210 K.  Thus there is no 
correlation between the absorption spectrum of 
TMPD and the photoionization curve. In our 
opinion, the changes of the shape of the latter 
may well not be real but may originate from 
volume recombination effects (4) whose inipor- 
tance increases with ionization yield. Being more 
interested in the ionization threshold than in the 
ionization yield, we did not try to overcome this 
effect. 

In the solid, part of the light is scattered by 
the polycrystalline sample. It is thus quite diffi- 
cult to determine the number of absorbed pho- 
tons. I t  Iuay just be noticed that the incident 
nu~nber  of photons is kept constant by adjusting 
the monochron~ator slits at  each wavelength, and 
that the T-T extinction coefficient being approxi- 
mately constant in the 400-500 nm range, the 
curves shonn in Fig. 3 truly represent the varia- 
tion of the ionization efficiency hs. energy (6). 
The increase near the threshold is very rapid; 
however, due to the small energy range available 
(it is limited by the onset of the ground state 
absorption at  -3.3 eV), it is not possible to 
speculate whether the increase is exponential as 
in the liquid. ~. 

The variations of the ionization yield us. tem- 
perature are strikingly different in liquid and 
solid phases. In the liquid, the yield decreases 
rapidly with temperature (see Fig. 2 and ref. 4). 
In the crystal, the variation is more complex. 
The yield is approximately constant at  low tem- 
perature and suffers an abrupt decrease in the 
premelting range. A similar behavior has been 
observed for all the crystalline solvents studied, 
the decrease occurring about 10 to 30 deg below 
any phase transition temperature. It originates 
in the decrease of the matrix rigidity which 
shortens the lifetime of the triplet state interme- 
diate and decreases the stability of the trapped 
electrolls which can no longer be detected after 
excitation. 

3.2. Temperature Depender7ce of the Phoioioniza- 
tion T/~reslzold 

As explained in the experimental section, in 

the liquid phase the ions were detected by means 
of the photoconduction technique. In  the solid 
phase, the ions were detected by means of the 
stimulated luminescence following a biphotonic 
ionization, except in those cases where the mono- 
photonic ionization of the solute molecule could 
be detected by means of the photoconduction 
technique. 

The photoionization threshold values given 
below correspond to the lowest photon energy 
for which a signal may be detected. In the solid, 
the detection sensitivity is limited by the intensity 
and reproducibility of the signal obtained when 
the first beam is acting alone (1). In the liquid, 
the detection sensitivity is limited by the value 
of the dark current ( - 3 . 5  x l o F L 3  A at room 
temperature) and its stability; typically the 
lowest detected signals are - 10-14-10-13 A at  
room temperature, down to 10-"-10-14 A at  
low temperature. Such an approach is justified, 
in the present work, since we are only concerned 
with the shift of the photoionization threshold 
when the temperature is varied and when a new 
phase is formed. Any other possible definition 
remains somewhat arbitrary until a better under- 
standing of the meaning of the ionization poten- 
tial of a solute molecule in a condensed medium 
is reached. 

Plots of I cs. temperature for the various sol- 
vents are shown in Figs. 446. As seen we find 
that the photoionization threshold in the liquid 
increases linearly when the temperature is de- 
creased down to the melting point. In the solid 
phase the I behavior is strikingly different. 
Within experimental uncertainty ( -  k0.05 eV), 
I(so1.) does not vary with temperature, in a 
given crystalline phase. This point is clearly seen 
by examining Figs. 3-5. 

111 Table 1 are presented the nu~nerical data. 
In the liquid phase we report the I(liq.) value 
near rooill temperature (columns 2 and 3) and 
in c o l u n ~ ~ l  4 the slope, -dI(liq.),'dT; it is seen 
that the slope changes by - 5 when going from a 
liquid like TMSi, which exhibits quasi-free elec- 
tron behavior, to glass-forming liquids like 
3-MP or M C H  in which localized states are 
anticipated. In the solid phase we report (i) the 
I(so1.) data (columns 5 and 6) obtained by means 
of the photoconduction method (see Section 3.3) 
and (ii) the average value ofl(so1.) measurements 
(columns 7 and 8) obtained by means of the 
luminescence method. In columns 9 and 10 the 
phase transitions are described. 
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MP178K 
1 A n -HEXANE 

L 
Q 1 

B 2.2.4-TRIMETHYLPENTANE 

5 5  I C TETRAMETHYLSILANE 

FIG. 4. Temperature dependence of the photoionization threshold energy for TMPD in TMSi, 
n-Hex, and TMP: (A) data obtained by the photoconduction method; (0) data obtained by the neu- 
tralization luminescence method. 

4.5 

A CYCLOHEXANE 

B 2.2-DIMETHYLBUTANE 
5.5 

- 

M P 182K 
I I I I I 

I 
I 
I 

5 0 

127K 141K 186K 
SOLID-SOL1 D PHASE TRANSITIONS 

70 100 150 2 00 2 5 0  T (K) 300 

FIG. 5. Temperature dependence of the photoionization threshold energy for TMPD in DMB and 
cy-Hex. See Fig. 4 for meaning of symbols. For DMB no data could be obtained in the region between 
the two solid-solid phase transitions. 

3.3. Vnriatiol? of f12e Photoionizafion Tl~reshold at 
a Phnse Trunsitiot? 

From Figs. 4 and 5, concerning crystal-form- 
ing liquids, it appears that the I us. T curves 
show discontinuities when the solvent undergoes 
a phase transition. However, it is necessary to 
ascertain that the two different methods used for 
the two phases d o  not give systen~atically dif- 
ferent values of I at  a given temperature and that 
the observed I shift at  a phase transition is not 
an  artifact reflecting some basic difference in the 
experimental techniques. 

Takeda et a/. (5) stated that, ill the liquid 

phase, mono- and biphotonic ionization yield 
the same ionization energy values. We have re- 
ported before (16) an  attempt to measure the 
TMPD monophotonic threshold in crystalline 
DMB at 77 K by means of the luminescence 
technique. However, the accuracy was poor and 
no conclusion could be drawn. 

Evidently, the best method would be to measure 
the tem~erature  dependence of I from room tem- 
perature down to 77 K using the same technique. 
Unfortunately this is not generally feasible due 
to the inherent limitations of both experimental 
methods. 
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B METHYLCYCLOHEXANE I 

FIG. 6. Temperature dependence of the photoionization threshold energy for TMPD in 3-MP and 
MCH. Data obtained by the photoconduction method in the liquid: ( A )  3-MP; (A) MCH. Data ob- 
tained by the neutralization luminescence method in the glass: (0) 3-MP; (m) MCH; or in the crystal 
(@) MCH. 

As discussed before (Section 3. I), the lurnines- 
cence technique has a narrow range of appli- 
cabil~ty and any extension at  a higher tempera- 
ture is precluded. Difficulties are also encoun- 
tered in extendrng the photoconduction method 
to low ternperature measurement As a matter 
of fact, in most solvents the photocurrent de- 
creases very rapidly uith temperature and a fur- 
ther abrupt decrease is expected upon crystalliza- 
tron since most electrons become trapped in the 
crystal and cannot travel to the electrodes, even 
in a very thin sample. Finally it is nor th  noting 
that since I(so1.) values are significantly higher 
than I(1iq.) ones, the threshold is expected to lie 
at  - 220 nm in solid linear alkanes, i.e. within 
an  energy range where the photon flux is dramat- 
ically low. 

Nevertheless, photocurrents in the solid phase 
were detected in three favorable cases: TMSi, 
cy-Hex, and DMB, and the photoionization 
thresholds could be measured. 

In  TMSi, for which the photoion~zation yield 
is particularly high, a current as high as 8 x 
10-l3 A a t  205 nm could be detected at  156 K, 
i .e.  26 deg below the melting point. A threshold 
of 5.13 eV was obtained, identical to the average 
value obtained by means of the biphotonic 
luminescence technique (Fig. 4). At lower tem- 
peratures, the photocurrent intensity decreases 
rapidly, noise is large, and no accurate measure- 
ments could be carried out. 

I t  is well-known that upon crystallization, 
cy-Hex and DMB give plastic crystals; that is 

crystals in which ~nolecular reorientation is easy, 
so that electron trapping is not possible. More- 
over, these crystals are almost transparent to 
light, while a t  low temperatures opaque poly- 
crystalline samples are obtained. The currents 
measured at  220 nm were 4 x lo-'" A at  267 K 
and 5 x 10- l3  A at  181 K in cy-Hex and DMB 
respectively and I(so1.) could be measured (see 
Table 1). Although a direct coinparison with the 
luminescence technique is not possible in this 
case, it is important to note that a discontinuity 
a t  the melting point is also observed when both 
liquid and solid I values are obtained by photo- 
conductivity (Fig. 5). 

Thus we feel fairly confident in drawing the 
following conclusions. 

(i) I(so1.) is always higher than I(1iq.). A t  the 
liquid-solid phase transition, the I 6s. T curve 
presents a discontinuity and the difference 
(AI),, = I(so1.) - I(liq.) is some tenths of an  
eV. I t  is larger for rigid crystals (TMSi; n-Hex; 
T M P  (16)) than for plastic crystals (cy-Hex; 
DMB). 

(ii) From cy-Hex and DMB data it is seen that 
I(so1.) is higher for the low temperature phase 
than for the plastic crystal. In cy-Hex there is a 
discontinuity in the I cs. T curve at  the solid- 
solid transition temperature. 

(iii) For the glass-forming liquids 3-MP and 
MCH, the I values obtained in the liquid fit a 
straight line which extrapolates nicely to the I 
value measured in the glass without any discon- 
tinuity at  the glass transition temperature. 
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4. Discussion 
4.1. Ionizatior~ Potential and Photoionization 

Tl~llreshold of a Sol~rte Molecule 
The definition of the ionization potential of a 

molecule in the gas phase-the lowest energy 
needed for ejecting an electron to infinity with 
n o  excess kinetic energy-is no longer valid in a 
condensed phase. In effect the electron is readily 
slowed down and gets thermalized in the Cou- 
lomb field of the Darent cation. and the ioniza- 
tion threshold is related to the ionization poten- 
tial IP  by I(liq. or  sol.) = IP(liq. or sol.) + E, 
where Ec is the Coulomb energy. 

The result is that the energy needed for charge 
separation is no longer single valued, but reflect5 
the distribution of cation - thermal electron 
separation distances. 

The i~nplication of such a picture may he 
somewhat different according to the ultimate fate 
of the electron and according to the detection 
technique. Let us mention here (i) that the only 
detectable electrons by means of the p h o t o c o ~ ~ -  
duction technique are those which have escaped 
geminate recombination and for which E, is 
negligible; and ( i i )  that in a solid matrix the elec- 
trons are trapped at  such distances that E, 0.1 
eV to 0.2 eV in a glass (1); still lower values are 
expected in crystals where the density of traps is 
lower. 

Finally we wish to allude to the specific prob- 
lem of the photoionization threshold and of the 
shape of the photocurrent rs. energy curke. I t  is 
indeed a fundamental problem to understand 
the meaning of the spectral response curve be- 
cause it contains sonle basic information con- 
cerning the interaction between a solute molecule 
and the enkironment. Moreover the proper 
theoretical description of this curve should pro- 
vide a clear definition of nha t  the photoioniza- 
tion threshold is, a problem we had to face all 
along the course of this work. 

We are aware of two approaches by Delahay 
et al. (18, 19) and by Peterson et 01. (17). but no 
definite conclusion has bee11 reached and no clear 
definition of the photoionizatio~i threshold ob- 
tained. 

4.2. Tlie Col~cluctior~ Stufe  Energ), V ,  in the 6rj.s- 
fa1 Phase of son~e Hj~rfrocarbons 

Our experimental results show unambiguously 
that the photoionization threshold, I(sol.), is 
constant in the low-temperature crystal phase of 
all the studied hydrocarbons. In the plastic phase 

* T " -  CI 
I I 

0 rn -, 
I I 1  

2 2  2  2  -00 
X X X  l X  X  X X I  

rn?? y 0 r-0 
N-l N P( 
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of DMB and cy-Hex, data are too scarce to draw 
any definite conclusion. Restricting then our 
discussion to the former well-established result, 
we wish to comment on the meaning of the con- 
stancy of l(so1.). 

I(so1.) is related to Vo and P+ by [I]. The 
polarization energy P+ due to the cation may 
itself be written as 

where E is the optical dielectric constant and r, 
the TMPD' cation radius. I11 the low tempera- 
ture phase of crystalline hydrocarbons, the 
density p is not expected to vary much with tem- 
perature. Indeed, X-ray crystallographic mea- 
surements in the nlonoclinic phase of cy-Hex at 
175 K and 115 K give the same value (20). Then, 
from the Clausius-Mosotti equation 

where M is the inolecular weight and P the molar 
polarization, E may be considered as constant, 
and consequently P+ does not vary. Hence from 
[ I ]  the conclusion is reached that V, is itsev 
consta17t i~z the low-te~~~perature phase of Ilgdro- 
carbons. 

It is of course quite interesting to get an esti- 
mate of V, in the sol~d phase. Noda et al. (11) 
and Grand (6a) have calculated Vo in some polar 
and nonpolar glasses at  77 IS, from I(so1.) data 
published by Bernas et al. (1-3) and by Santus 
rt al. (21). Bernas and Grand (66) have used the 
same approach for crystalline hydrocarbons. In 
refs. 10 and 6 eq. [ I ]  is used: I(so1.) is known and 
P+ is calculated from [2]. This ~ndirect way of 
determining Vo is straightforward, once the 
radius r, of the TMPDi cation, which enters 
[2], is known. Several values have been pro- 
posed; Holroyd and Russell (4) deduced an 
average value r, = 2.49 A, while Noda et a/. 
(11) used r, = 1.93 A. With the latter value 
these authors calculated V, = 1.20 and V, = 
1.24 eV in glassy 3-MP and MCH respect~vely. 
By using our I(1iq.) data for 3-MP (Table 1) and 
the density data published by Dietrich (22),4 we 
obtained a straight line Vo(T) = 1.60 - 5 . 4 4 ~  
10-3T, which extrapolates at  77 K to the I/, = 
1.20 eV value given in ref. 11. 

A modified version of this indirect method is 

4We thank Professor J. E. Willard for kindly supplying 
these data. 

used below to estimate V, in the crystal phase of 
hydrocarbons. As seen above, an abrupt change 
(AI),, C P ~  the photoionization threshold energy 
is observed at the melting point (mp). As a con- 
sequence of [I], it may be written that 

where the subscripts sol and liq mean that I, P + ,  
and Vo refer respectively to the solid and the 
liquid at the melting tenzpe,.atzire. Thus 

From [3], V,(sol) may be calculated. Here, 
V,(liq) is obtained by extrapolating at mp the 
available liquid V, data (101, (Al),, is measured 
experimentally, and 

obtained from 121, may be calculated once 
E , , ~  and E~~~ are known. In the following, E , ~ ,  

at  293 K is taken as the square of the refractive 
index. To calculate E~~~ and E,,, at mp, first a 
value of the molar polarization P is obtained 
f r o m ~ , ~ ,  at 293 K and the known density at 293 K 
by means of the Clausius-Mosotti equation. 
Then, using the same equation, the procedure is 
reversed and cI iq  and E,,, at mp are obtained 
from known values of the fluid density, 

One question arises concerning the applicabil- 
ity of [2] giving Pi in the solid phase. Lyons and 
Mackie (8) have calculated the energy of ihe 
po!arization by a positive charge in a crystal by 
summing over ion-induced dipole interactions 
and over secondary interactions between induced 
dipoles. Provided the crystal structure is known, 
the total polarization energy may be obtained. 
They found for crystalline /,-Hex: P+ = - 1.7 
eV. When we use [2] and calculate E,,, and E , ~ ,  

for 11-Hex by the procedure just described, we 
get P+ = - 1.65 eV when choosing r, = 2.49 A 
and P+ = -2.13 eV with r, = 1.93 A. Though 
the situation is different in the case treated in 
ref. 8--ions are M-hexane cations localized at  the 
nodes of the crystal lattice-we simply wish to 
emphasize that the calculated values of P, are 
of the same order of magnitude. 

The above method for calculating V,(sol) 
may be used provided the density in the crystal is 
known. Unfortunately such determinations are 
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B U L L 0 7  AND GAUTHIER 

TABLE 2. Calculated values for V, in hydrocarbon crystals* 

Vo(liq.) at A P ,  (eV) Vo(sol.) (eV) 
A I )  mp (eV) 

Solveilt T (K) (eV) from ref. 5 (b) (c) (b) ( c )  

2,2-DMB 1 7 4 ( ~ )  0.06 -0.14 7 0  087 -0  067 0 0 0 7  - 0 0 1 3  
2,2,4-TMP 166 0 3 -0  01 -0  168 --0 130 0 46 0 42 
Cy-Hex 279(a) 0 17 0 27(d) -0  039 -0 030 0.48 0 47 
n-Fiex 178 0 21 0 26 -0 195 -0 151 0.66 0 62 

*(a) Plastic phase; (b) for r ,  = 1.93 8,; (c)  for ro - 2.49 A ;  

scarce for hydrocarbon crystals. As far as we 
know, the only data available for the compounds 
we used are for 11-Hex (23), cy-Hex (20, 24), and 
plastic DMB from X-ray studies (23), for 
T M P  and n-Hex from pressure-temperature 
phase diagrams (25), and for plastic cy-Hex 
from densitometry (26). The results are presented 
in Table 2. The P+ calculation has beell carried 
out with two ro values 2.49 and 1.93 A, as dis- 
cussed above; two sets of V,(sol.) values result 
as shown in columns 7 and 8 of Table 2. As no 
V,(liq.) data are available for cy-Hex, we have 
used [ I ]  and [2] to estimate V,(liq) at mp taking 
I, = 6.6 eV, r, = 1.93 A, a n d ~ ( 2 9 3  K) = 2.035. 

The method we used to calculate V,(sol.) 
from measured (ill),,, escapes the difficulty due 
to the scattering of data on the gas phase ioniza- 
tion potential of TMPD (27-31). However, due 
to experimental uncertainties in determining 
both I and V0(llq.), the absolute values shown in 
Table 2 are, in our opinion, a rough estimate. 
Nonetheless, considering that relative values are 
meaningful, the following reniarks are justified : 
(I) AP, does not vary much with r,; (2) A P T  
is significant but always lower than AVO = 
Vo(sol) - V, (liq) ; (3) V, suffers an abrupt change 
when the liquid undergoes crystallization, A Vo 
being smaller wlien the liquid yields a plastic 
phase as in DMB and cy-Hex, than when the 
liquid directly yields a rigid crystal as in n-Hex 
and TMP. 

4.3. Density Dependence of the Photoionization 
Tllreshold 

Previous worl; on the properties of an excess 
electron in a fluid or in a solid has demonstrated 
that they are governed by the density p of the 
medium. This point is clearly evidenced by many 
experimental results in liquid and solid rare 
gases (32, 33). The Springett, Jortner, and Cohen 
model (9) predicts that in rare gases exhibiting 
quasi-free electron behavior, the energy of the 

( d )  V ,  has been calculated as explained in the text 

excess electron Vo is due to two terms: U p  the 
polarization energy due to the electron and T a 
kinetic energy term. Both depend upon r , ,  the 
radius of the Wigner-Seitz sphere, defined as 
r ,  = ( 3 / 4 ~ ~ ) ' / ~ .  

As far as the photoionization threshold is con- 
cerned we have seen in the preceding section that 
P,, the cation polarization energy in a nonpolar 
medium, is a function of p alone. 

All these reasons call for a plot of the photo- 
ionization threshold as a function of the density. 
Such a plot is shown in Fig. 7 for 3-MP, cy-Hex, 
n-Hex, DMB, and TMP. Though our I data do 
not cover the whole density ra-nge (for obvious 
experimental reasons), it is seen that the I(liq.1 
data fit a straight line which extrapolates nicely 
to the point corresponding to the low-tempera- 
ture crystal phase. In the case of n-Hex and cy- 
Hex the fit is poorer and possibly a different rela- 
tionship-is underlying the density dependence of 
the photoionization threshold. 

The striking difTerence in the slope between a 
glass-forming liquid like 3-MP and other crystal- 
forming hydrocarbons should also be noted. 

Undoubtedly such a dependence, though it is 
not clearly understood a t  the present time, points 
out the fundamental role played by the density 
of the medium upon the properties of the free 
electron in nonpolar hydrocarbons. Introduction 
of the n~olecular quantity ( r ,  - a) ,  where a is the 
hard-core radius, used in the SJC model, has 
been made for correlating Vo at  different tem- 
peratures for various hydrocarbons (10) and 
attempted for 1 (16). But care should be taken 
because, as stressed by Jortner (34), in those hy- 
drocarbons where the mobility is low, the elec- 
tron cannot be considered as quasi-free and the 
SJC model is inapplicable. The idea underlying 
Kestner and Jortner9s (13) model of a micro- 
scopically inhomogeneous fluid, containing 
'transparent' and 'opaque' regions regarding 
electron transport, is very likely a first step to- 
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wards a full  understanding of these nonpolar 
fluids. 
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Discussion 

J. K. Baird: I noted in yourpaper that you regarded Vo to be 
the energy needed to transfer an electron from acondensed 
phase to the vacuum. In Professor Delahay's paper, he 
mentioned a s u ~ f a c e  energy term which I regarded to be 
due to a kind of image force. Does his surface term have to 
be included in your analysis? 

M. Gauthier: The results I have presented concern internal 
photoionization. So a surface energy term has not to be 
considered. Professor Delahay's results concern photo- 
emission or external photoionization. 

J .  jortner: Tine 'surface polarization' term does not enter 
into the energetics of either internal or external photoioni- 
zation process. For an internal ionization Vo which deter- 
mines the IP  in a dense medium incorporates bulk polariza- 
tion energy. For  external photoernission image charge ef- 
fects are neglected. of course. for an insulator. The 'sur- 
face polarization' energy which was so popular with elec- 
trochemists cancels out in the Born-Haber cycle which can 
be used to describe the ener-getics of external photoioniza- 
tion. 

J.-P. Dodelet: In various hydrocarbon solvents. the 1P of 
TMPD varies with the temperature in the liquid phase. 
What would be the expected variation of IP  of the solvent 
molecules themselves with the temperature in liquid 
phase'? 

M. Gauthier: It has been previously shown that the lower- 
ing. with respect to the gas phase. of the ionization poten- 
tial in a condensed medium is a characteristic of the sol- 
vent. So I would say that the same I, - I , , ,  value is ex- 

pected for the solvent molecule itself. It amounts to 1 to 2 
eV and is expected to vary with temperature in the same 
way as for TMPD. 

G. R. Freeman: The density of the liquid was changed by 
changing the temperature. Can you distinguish between 
density and temperature effects? 

M. Gauthier: So far we cannot distinguish between tem- 
perature and density effects. To that end. it would be 
necessary to determine the ionization threshold as a func- 
tion of pressure. 

G. Asearelli: You measured the energy gap of the solid by 
means of photoionization. Lf the crystals are not cubic the 
apparent gap should depend on the direction of incidence 
of the photon and its polarization with respect to the crystal 
axis. Did you have single crystals? If so  what is the crystal 
stlvcture of the solidified liquids'? 

M. Gauthier: All the measurements were done with poly- 
crystalline samples. At any rate. if one attempts to use 
single crystals, the local perturbation due to the presence 
of the TMPD impurity molecule would preclude any possi- 
bility of studyinganisotropy effects. To my knowledge. the 
crystal structure has been determined only in a few cases. 
DMB and cyHex are cubic in their high temperature phase. 
cyHex at low temperature and n-Hex are monoclinic. 

L. Kevan: In regard to FI-eeman's question. the changes in 
ionization energy with temperature depend on the temper- 
ature dependence of V,. Within the framework of the 
Springett-Jortner-Cohen theory of V, this is'purely a den- 
sity effect. 
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Yield and properties of solvated electrons created by the Y radiolysis s f  
hexamethylghc~sphorotriamide 

M. C. LEBAS, J .  SUTTON, A N D  A. M .  KOULKES-PUJO' 
DRAISRIRMu urzd C N R S ,  Centre d'Etudes N11c1etrire.s dr Strclny, 91190 Gif-slrr- Yi,ettr, F~.unce 
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M. C. LEBAS, J. SUTTOPI, and A. M. KOULKES-PUJO. Can. J. Chem. 55, 1832 (1977). 
According to various authors, the value of the yield of the solvated electron in the pulse 

radiolysis of hexamethylphosphorotriamide (HMPT) varies from 1 .2 to 2.4 and increases to 
4.2 or 3.1 in the presence of NaBr. We exposed this compound to y rays after purification and 
saturation with N,O N, was formed with a yield G(N,) = 4.4 i 0.4. After elimination of a 
certain number of processes which might also lead to N, formation, it was concluded that this 
G(N2) corresponds to the tota! yield of electrons. This value was confirnied by measuring 
G(Br-) obtained by radiolysis of HMPT withp-bromophenol as a scavenger. The yield of N, 
remalns constant whenever solutes generally known as good electron scavengers are added 
(H+, CH3COCH3, NO,-). An interpretation of the results leads to the suggestion of the 
formation of a dielectron in this medium. 

M. C. LEBAS, J. SLTTOPI et A. M. KOULKES-PLJO. Can. J. Chenl. 55. 1832 (1977) 
Suivant divers auteurs, la valeur du rendement d'electrons solvatis lors de la radiolyse pulske 

du HMPT varie de 1.2 a 2.4 et augmente jusqu'a 4.2 ou 3.1 en presence de NaBr. On a soumis ce 
con~pose a des rayons y apres purification et saturation avec N,O. 11 y a formation de N2 avec 
un rendement de G(N2) = 4.4 1 0.4. Apres I'elimination d'un certain nombre de processus 
qui peuvent aussi conduire a la formation de N,, on a conclu que G(N2) correspond au rende- 
ment total en electrons. On a confirm6 cette valeur en mesurant G(Br-), obtenu par radiolyse 
de HMPT additionnee de p-bromophenol comnle capteur d'electrons. Le rendement de N, 
demeure constant quels que soient les solutes ajoutes, connus comme ttant de bons capteurs 
d'electrons (H+, CH,COCH3, NO3-). Une interpretation des resultats conduit 5 la suggestion 
qu'il y a formation d'un biC!ectron dans ce milieu. 

[Traduit par le journal] 

Hexamethylphosphorotriamide (HMPT) is an bromophenol, taken separately, which lead to 
interesting solvent in that it is polar but also the formation of N, and Br- respectively by 
aprotic, i .e. it forms no hydrogen bonds. reaction with solvated electrons. We also radio- 
Because of the dipole charge distribution it is lyzed solutions containing N,O plus acid 
also a poor solvating medium for anions but (HClO,, H,SO,, HCI), N,O plus LiNO,, and 
leads to the formation of stable solvated elec- N,O plus acetone. 
trons by dissolution of alkali metals. Thus we 
decided to study the formation and reactions of 
the solvated electrons formed by y radiolysis of 
this compound. 

Several previous papers (1-4) on the pulse 
radiolysis of HMPT give values of the solvated 
electron yield GeS-  which vary between 1.2 (1) 
and 2.3 (2, 4). Moreover addition of NaBr 
appears to increase this yield to 3.1 (4) and to 
4.2 (1). 

In view of this disagreement it appeared justi- 
fiable to use the classic method of y radiolysis of 
the solvent with and without reactive solutes in 
order to obtain independent information on the 
solvated electron yield by analysis of final 
products. We have therefore used N,O afid p- 

Experimental Method and Results 

The experiments were carried out on solutions 
which were deaerated by saturating with either 
argon, N,O, or mixtures of known composition 
of these two gases at atmospheric pressure. The 
solvent (Merck) was doubly distilled under 
vacuum, first over sodium to eliminate H,O and 
any chlorinated residues left from the HMPT 
synthesis. The middle fraction of the second 
distillation, boiling at 90°C at 4 Torr, was stored 
in a glove box under dry argon and in the 
absence of light. The preparation of samples for 
irradiation was done in the glove box so that the 
solutions never came in contact with air. The 
dose rate was 2.7 f 0.1 x 1018 eV h-I ~ m - ~ .  
The concentration of N,O in the solution was 

'Author from whom reprints may be obtained. determined by gas chromatography (column 
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FIG. 1. Yields of N, (@) or Br- (+) t.s. 

Porapak Q;  carrier gas helium). For pure N 2 0  
at atmospheric pressure, it is 9 x M at 
25°C; for mixtures of N20/Ar  at I%',, lox',, or 
50% of N,O, Henry's law was obeyed and the 
conceritrations in the solutions were respectively 
0.9, 9, and 45 x M. The niirogen formed 
by radiolysis of these solutions was determined 
by gas chromatography. 

The radiolysis of solutions of para-bromo- 
phenol(p-BrP) lead to the formation of Br-, the 
concentration of which was determined by 
potentiometric titration using an Orion 801 
potentiometer and a specific bromide ion elec- 
trode. Although NaBr is fully dissociated in 
HMPT (9, it was necessary to add water before 
the titration to obtain a correct response of the 
electrode with a slope obeying the Nernst's law. 

The quantities of N, and Br- formed by 
irradiation are proportional to the dose over a 
large range (maximum dose 5.2 x 1019 eV 
cm-,). The curves representing G(Br-) and 
G(N,) rs. the concentration of p-BrP or N 2 0  are 
presented in Fig, 1. The yields at the plateaux 
are the same within the limits of experin~ental 
error and equal to 4.4 + 4.0. The addition of 
10-I M isopropanol or 10-I M NaBr to the 
solutions containing 9 x lo-' M N 2 0  or 
p-BrP did not change rhe yields of N, or Br-. 
We tried to establish a competition between 
N 2 8  and Hf by adding HC10, or H2S0, which 
are known to be entirely dissociated in HMPT 
(6). However, on adding up to 0.35 M acid to 
the solutions containing 9 x or 9 x lo-' 
'M N 2 0 ,  no variation in the N, yield was ob- 
served. Thus, if 13,' reacts with e,-, we can only 
conclude that the rate constant is very much 
lower than that of N 2 0  with e,-, contrary to the 

N,O or p-bromophenol concentrations. 

result obtained in most other solvents. The 
proton behaviour in this case would be similar 
to that of the proton in liquid ammonia (7). 

Although HCI is not a strong acid in pure 
HMPT (8), we used this cornpound in H20-  
HMPT mixtures where it is probably more 
dissociated. The C1- ions so introduced are able 
to react either with the parent positive ion 
HMPTf or with the radical HMPT(-H). 

In this case also (0.36 M HC1 plus 9 x 
M N20),  G(N2) remained unchanged. These 
results suggest that C1-, contrary to Br- (which 
gives Br2- on pulse radiolysis (1-4)), does not 
react with the radicals or ions deriving from 
HMPTf ; however, this seems very unlikely. It  is 
more probable that the electron is scavenged by 
N 2 0  and that any other reaction cannot com- 
pete with this one. This assumption was sup- 
ported by the results obtained with solutions 
containing N,O and 10-I M NaBr, where the 
N2 yield again remained constant. We also tried 
LiNO, as a second scavenger of electrons in N,O 
solutions, but the N, yield remained constant. 

Acetone (Ac) employed as an electron scaven- 
ger represents a special case. Although the addi- 
tion of 0.47 M acetone to solutions containing 
9 x M N,O did not change G(N2), addi- 
tion of the same concentration to a solution 
containing 9 x M N,O increased the 
value of G(N2) from 2.3 to 4.4, probably by the 
intervention of the radical ion Ac-. 

Discussion 
Since the plateau value of 4.4 + 0.4 obtained 

for G(N,) or G(Br-) in the experiments de- 
scribed does not vary on addition of alcohol, it 
would appear that these products are formed by 
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reaction of N,O or p-BrP respectively with 
electrons only and that hydrogen atoms and free 
radicals make no contribution to these yields. 
The high G values lead us to assume that N,O 
and p-BrP at the concentrations employed in 
the plateau region react with electrons in the 
spurs before their diffusion. This conclusion is 
supported ( i j  by the results of Mal'tsev et 01. ( I )  
who, using pulse radiolysis, directly observed an 
electron yield of 4.2 in HMPT + 0.3 M NaRr 
and (ii) by the fact that addition of 10-I M 
NaBr to 9 x lo-' M W,O in HMPT leads to no 
increase in G(N2). Indeed Shaede et a(. (4) have 
given a value k,,, , s _  = 1.4 F 1 O l 0  M-'  
s-' in HMPT, notably higher than the rate 
constant for the same process in many other 
media. 

The results obtained by Shaede et al. (4) with 
pyrene as scavenger are more difficult to corre- 
late with ours, the value of G(Py-) = 2.4 re- 
maining constant for pyrene concentrations 
varying from 3.2 x to 1.2 x lo- '  M. If 
N 2 0  can suppress any recombination of elec- 
trons with HMPT' or HMPT(-H), it seems 
difficult to admit that Py- formed by capture of 
intraspur electrons may undergo a more rapid 
charge neutralization than the electron itself. In 
this context the effect of B r  addition on the 
yield of P y  in HMPT nlay provide valuable 
information. 

Using the theory of Mozunider (9) it is possible 
to caiculate an escape probability for the elec- 
tron of approximately 0.9 for an effeetive 
dielectric constant of 14 (lo), i.e. approximately 
4 7 z  of the static dielectric constant. This 
probability may be compared with that of the 
hydrated electron (0.5) for an effective dielectric 
constant in the same proportion. This may be an 
explanation for the high electron yield found 
with an appropriate scavenger. 

Furthermore, the constancy of the hydrogen 
yield even in the presence of high concentra- 
tions of efficient scavengers of both es- and PI 
lead us to eliminate an overall stoichiometry of 
the type 2e,- + H, + 2HMPT(-H)-. This con- 
clusion is also supported by the stability of the 
electron in metal-HMPT solutions. 

Taking these facts into account, one may sup- 
pose that two different forms of electron are 
produced in HMPT both of which react with 
N 2 0  and p-BrP but that only one reacts with 
pyrene. This idea has led us to consider the 
formation of dielectrons in spite of the uncertain 
evidence for their existence (except in the case of 

Eu-NH, solutions (1 I)) and the controversy that 
arose concerning these species (12). We may 
admit that they react with N 2 0 .  p-BrP, Ac but 
not rapidly enough with pyrene, anthracene, or 
biphenyl. In fact, the slow formation of Py2- was 
recently shown by Engdahl and RBmme (1 3). 

Assuming that the dielectron is formed by 
successive trapping of two electrons in the same 
large cavity because of the favourable properties 
of HMPT, especialiy its surface energy (33.8 erg 
cm-2 at 20°C) and its moleczlar volume (207 
A3), we suggest the following mechanism far the 
radiolysis of this solvent which is consistent wit11 
our results and those of other workers. 

HMPT "h 
MMPT+, e - ,  eZ2-  

HMPT* + M2 + products 

MMPT+ + HMPT -, MMPT(-H) + HMPT, FT- 

HMPT(-H)- $ HMPT, H 7  -t 2FiMPT 

HMPT(-H)" + products 

e,- -t products 
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Discussion 
D. C. Walker: A question about the total electron yield: 
Do you envisage the proposed reaction between the dielec- 
tron and N 2 0  to give two N, molecules? 

A. M. Koulkes-Pujo: Yes. 

D. C. Walker: With regard to the r.elative importance of 
the reactions e,- + e , +  (e2Z-),. e ,  + S+ -. S and e ,  i R 
+ R (where R is a radical o r  molecule product of 
radiolysis): in the paper by Shaede et crl. (4) we concluded 

that the last reaction was most important because uhen  
HMPT containing a steady state [e,-] from dissolved Na 
was pulse irradiated, there was an overall net loss of e , .  If 
the first two reactions dominated the decay of e,- after 
radiolysis there hould have been no net change in the 
steady state [e,-1. 

A.M.Koulkes-Pujo:This experiment is perhaps not signifi- 
cant for the presence or  absence of eZ2- because your 
solution contains Nai ion and you may have for example 
other species like e-, Na+ pairs. 
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Effects of very high dose-rates on solvated electron yields 
(Extended Abstract) 

STEFAN KAROLCZAK~ AND DAVID C. WALKER 
Chemist/? Deprrrtment, Unii'ersity ofBritish Columbia, Vuncoril,er., B.C., Canr~da V6'6TIW.5 

Received October 13, 1976 

Upon replacing the electron tube of a 600 kV 
Febetron 706 accelerator with the dual-tube 
output attachment of the model 708, a rel- 
atively uniform radiation dose can be adminis- 
tered to a sample of thickness -density -0.45 g 
~ m - ~ .  This enables conventional pulse radio- 
lysis - spectrophotometric studies to be made. 
Radiation cells were used in which the dose per 
pulse could readily be changed, as could the 
optical path length of irradihted solution, so 
that the same absorbance could be achieved for 
quite different doses. With the pulse duration 
fixed at 3 ns, doses from lo3 to > lo5 rad, with 
dose-rates up to l0l4 rad s-l, were selected by 
means of beam attenuators. 

For doses less than about 6000 rad the yield 
of hydrated electrons and their subsequent 
decay rates in the presence of concentrated 
electron scavengers were normal and in 
agreement with published data. At these low 
doses, too. the formation of C O ,  in 3 M Na,- 
CO,/0.3 M KNO, solutions (due to reaction of 
OH radicals with C032-) was complete within 
the 3 ns time resolution of the detector (1P28 
photomultiplier) plus oscilloscope (HP 183). 

However, at higher doses the yield of e e q  in 
water was nonlinear with dose. In fact C de- 
creased progressively with increasing dose. 
Furthermore the absorbance increased after 
the end of the pulse for 50 to 100 ns. with this 
post-pulse absorbance often accounting for 
3040% of the maximum observable absorb- 
ance. When the product of a hydrated electron 
reaction, such as CdT in 0.3 M Cd2+ solutions, 
was monitored at 300 nm its absorbance 
showed an analogous effect, namely some im- 
mediate and some delayed absorbance. Its 
yield was also nonlinear with dose. Finally, the 
CO,- radical ion which should be formed in - top9 s from OH radicals in a 3 M Na,C0,/0.3 

'On leave from Institute of Radiation Chemistry, Tech- 
nical University of,E,d,Pd~, Poland. 

M KNO, solution also showed delayed ab- 
sorbance. 

In searching for an explanation of these ef- 
fects we have eliminated the obvious possible 
electronic or optical artifacts, includ~ilg (i) non- 
linear response of the detectors (photodiode 
and photomultiplier); (ii) very rapid shock- 
wave effects; (iii) optical saturation behaviour; 
or (i\>) inhomogeneities arising from the beam 
attenuators. Nor can we find any satisfactory 
rationalisation for these results in ter~iris s f  de- 
layed formation of both ed,- and OH. We could 
explain all our results, however, if there was 
significant 'channelling' of the electron beam at 
high dose-rates. By this we envisage the possi- 
bility of electron tracks funnelling together into 
super-tracks, as a result of the enormous dose- 
rates and dose from relatively low energy elec- 
trons. 

If such super-tracks existed they would con- 
tain very high concentrations of e , ~ ~ -  such that 
these regions would be opaque to visible light, 
while the surrounding solution was fairly 
transparent. For 50 or 100 ns after the pulse, 
these regions would enlarge, due to diffusion of 
e,,,-, thereby extending the volume of strongly 
absorbing species and causing a further in- 
crease in the measured absorbance. An elec- 
tron scavenger such as Cd2+ at 1OP2 M could 
capture only a fraction of e ,,- within 5 ns, hut 
over the next decade of time could capture eClq- 
as they emerged from the super-track. In this 
way the absorbance would be e5sen"lally con- 
stant over about 50 ns before decreasrng 
rapidly, as observed. The very klgh concentra- 
tions of el,- and OH in the track will lead to low 
6 values as with pan-risles hhving hrgh LET 
tracks. 

We hesitantly offer this as a possible expla- 
nation for the considerable range of data we 
have on these high dose-sate effects, without 
knowledge about the plausibllliy of its physrcal 
bass .  We know of no information at cornpara- 
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ble and electron energies which they are traversing. Isn't it possible that the growing-in of 

would offer guidance as to the absorption after the pulse is due to a relaxation of 
turbulences or other density changes which were created of tracks is expected under these 'On- by the high power electron beam and which perturbed the 

ditions. absorption measurement? 

Discussion S. Karolczak: Shock waves originating at the front of the 
cell travel across the cell at about the speed of sound, 

W. F. Schmidt: From work on breakdown in dielectric arriving in the observation region after delayed absorbance 
liquids it is known that turbulences are created in the liquid is complete ( > I  W S ) .  These temperature/pressure fronts 
due to momentum transfer of charge carriers to the cause a change of refractive index and distort the light 
molecules of the liquid. It has also been observed that high beam but such effects occur much later than the pheno- 
energy electron beams create shock waves in the material mena being studied. 
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Effect of density on the total ionization yields in X-irradiated argon, 
krypton, and xenon1 

SAM S.-S. HUANG A N D  GORDON R. FREEMAN 
Chrnzistiy Drpartmrtzt. Ut~i\.rr.sit). ofAlberta, Edmonton, Alto., Canatla T6G2G2 

Received September 27, 1976 

SAM S.-S. HGANG and GORDOK R. FREEMAN. Can. J. Chem. 55, 1838 (1977). 
The amounts of ionization produced by absorption of X radiation in the liquids xenon, 

krypton, and argon are respectively 1.5, 1.4, and 1.2 times greater than those produced by the 
absorption of the same energy in the corresponding low density gases. The yields of free ions 
in the irradiated liquids were measured at applied electric fields 1-40 kV/cm and extrapolated 
to infinite field strength. The total number of ionizations per 100 eV absorbed was G,,, = 6.6 
in xenon, 6.0 in krypton, and 4.5 in argon. The reason that the ionization yield is larger in the 
liquid than in the corresponding low density gas is partly that the energy gap E,  between the 
top of the valence band and the bottom of the conduction band in the liquid is smaller than the 
gas phase ionization potential IP. The ratio IPIE, = 1.36 for xenon (Roberts and Wilson), 1.27 
for krypton, and 1.17 for argon (from data of Jortner rt al.). An extra source of ionization in the 
liquid might be reaction of the higher excited states, M" M M [M,- + e-1. 

-- 

SAM S.-S. HUAXG et GORDOX R. FREEMAN. Can. J. Chem. 55, 1838 (1977). 
Les quantitks d'ionisation produites par absorption de radiation X dans le xenon, le krypton 

et l'argon liquide sont respectiven~ent de 1.5, 1.4 et 1.2 fois plus grandes que celles produites par 
l'absorption de la mCme Cnergie dans les gar correspondants de faible densite. On a pu mesurer 
les rendements en ions libres dans les liquides irradiks a des champs Clectriques appliquCs de 1 
a 40 kV/cm et les extrapoler une force de champ infinie. Le nonibre total d'ionisations par 100 
eV absorbes est G,,, = 6.6 dans le xCnon, 6.0 dans le krypton et 4.5 dans l'argon. Le fait que le 
rendement d'ionisation est plus grand dans le liquide que dans le gar correspondant de faible 
densite provient en partie de la difference d'energie E,,qui existe entre le sommet de la bande de 
valence et le bas de la bande de conduction du liqulde et qui est plus petite que le potentiel 
d'ionisation en phase gazeuse IP. Le rapport IPIE, = 1.36 pour le xenon (Roberts et Wilson), 
1.27 pour le krypton et 1.17 pour l'argon (a partir de donnies de Jortner et 01.). Une source 
additionnelle d'ionisation dans le liquide peut Ctre la reaction des etats excites plus Cleves 
M* + M + [M,+ f e-1. 

[Traduit par le journal] 

Introduction of an  electron scavenger in alcohols (17, 18) and 
A problem in radiation chemistry is to know saturated hydrocarbons (19, 20) indicate that 

the amount of ionization produced in a liquid the W values in the liquids, -20 eV, are indeed 
or solid exposed to high energy radiation. A about 20% lower than those in the corresp~nding 

useful parameter is W, the average amount of low density gases, -25 eV (3-6). In aqueous 
energy expended per ion pair formed. In  low solutions the value of W also appears to be 

density gases the value of W (1-6) is usually "20 eV (21-231, whereas the gas phase value is 
about double the first ionization potential (2, 7). 30 eV (3, 4, 6). This corresponds to an -33% 
Ionization potentials in the condensed phases reduction in W with increasing phase density. 

are often about 2 eV lower than those in the The energy EaP between the valence and con- 
gas phase, due to electronic polarization of the duction bands in liquid water was recently 

medium around the newly created charges estimated to be -9 eV (241, which is -30% 
(8-16). One might therefore find an  approxi- lower than the 12.6 eV gas phase ionization 

mately 2 0 z  decrease in the value of W o n  going potential (7). 

from the normal gas to the liquid phase, if Although the above results indicate that W is 
ionizatioll processes are similar ill the two smaller in the liquid than in the low density gas 
phases. there are two major sources of uncertainty in 

product yields from the radiolysis of solutions addition to the experimental difficulties. ( [ I )  The 
liquid phase values were determined for solutions 

'Assisted by the National Research Council of Canada. rather than for pure solvents. If excited neutral 
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molecules react with the solutes the apparent W 
values would be too small. ( b )  The definition of 
a n  ionization in dense phases is ambiguous and 
not always readily distinguished froni that of a 
hlghly excited neutral state. For  practical pur- 
poses we define an ionization as an event during 
which an  electron separates from an ion or  
molecule, and after which the electron may be 
considered to have a setlarate existence for a 
finite time. This includes geminate ion - electron 
pairs. in which the electron has not escaped the 
Coulomb field of the ion but the wave function 
of the electron is not centered on the ion. If 
the electrons form localized states they can 
be detected by optical absorption spectros- 
copy before they react with geminate ions or 
other species that happen to be present. How- 
ever, it has not yet been possible to obtain the 
value of W for a pure solvent by a spectroscopic 
method, because it has not been ~oss ib le  to 
estimate the amou~l t  of geminate neutralization 
that occurs at tilnes shorter than the resolution 
time of the measurement (including neutraliza- 
tion prior to solvation). 

The amount of ionization in a low density 
gas is measured by applying an electric field 
across the gas and collecting the charges a t  
electrodes. After an ionization event in a low 
density gas the electron escapes sufficiently far 
from its parent ion that geminate neutralization 
is negligible (25). so essentially all of the charges 
can be collected at  practicable field strengths. 
This method cannot be used for most liquids 
because geminate neutralization is nor corn- 
pletely eliminated by the application of fields up 
to IO"7'cm. Dielectric breakdown occurs before 
all the initiallv formed electrons can be drawn 
away fi-om their parent ions. Ionization yields 
measured at  high fields may be extrapolated to 
infinite field strength with the aid of a model 
(26, 27) based on early work of Onsager (28). 

The extrapolation is relatively short when the 
e1ectro:ls are able to penetrate relatively long 
distances from their Darent ions. This occurs in 
liquids made of spherical molecules, such as 
argon (29-31), krypton, and xenon (31). Un- 
fortunately, the answers obtained by different 
techniques do not agree with each other 130-33). 
The problem has therefore been reinvestigated. 

Experimental 
-Ma ferials and San~ple Prepamtion 

The stated purities o f  the gases obtained from Matheson 
were 99.995% for xenon and krypton, and 99.999% for 

argon. The same purity o f  xenon was also obtained from 
Linde. 

The materials were handled in a vacuum rack that \+as 
initially evacuated to  0.1 mPa ( 1  x Torr). The 
gas cylinders mere connected to  the rack through a 
vacuum-tight valve that was welded to a piece o f  flexible 
stainless steel tubing, which was in turn \x-elded to a 
Kovar seal. The tubes and rack were f l~~shed tnice with 
gas from the cylinder, then evacuated to 0.1 nlPa again 
with the exception o f  one portion; the cylinder valve and 
steel tubing were kept at a pressure in excess o f  I atm 
( >  100 kPa) by may o f  a 1 m long manometer tube 
(2 m m  id) that dipped 4 cm beneath the surface o f  a 
pool o f  mercury. 

Argon was passed through a 60 cm x 1.5 cm Pyrex 
U-tube column o f  activated Molecular Sieves 3 A  (Fisher 
Scientific Co)  at -78'C, then a 60 cm x 2 cni quartz 
U-tube o f  6-14 mesh activated coconut charcoal (Fisher) 
at - 78-C. The adsorbants had each been activated for 6 
days at i 1 mPa, the Molecular Sieves at290-C, and the 
charcoal at 600'C. V p o n  cooling the adsorbants to  
- 78'C the pressure in the system fell to  10.1  mPa. The 
conductance cell was flushed once mith purified argon, 
then filled, using liquid argon refrigerant. 

Krypton and xenon were passed through the above 
type o f  Molecular Sieves (3A  for Kr and 4 A  for Xe) 
columns at -7i3'C. Fresh Sieves were used for each 
batch, and they were activated for 5 days under 0.1 mPa 
at 290-C. The purified gas was condensed in one o f  three 
potassiunl-mirrored traps with liquid nitrogen as re- 
frigerant. A slush bath (- 150-C isopentane for Kr and 
- 100-C moist ethanol for Xe) was placed around the 
trap to  liquify the material and allow impurities to  
react with or adsorb on the potassium mirror. After 3 h 
the krypton or xenon was distilled to a different trap 
containing a new mirror. Each trap contained a lump o f  
potassium in the bottom: mirrors were regenerated by 
evacuating the trap to 0.1 mPa and heating the potassium 
while continuing to  evacuate. After 15 three hour treat- 
ments some o f  the material was used to flush the cell, then 
the rest distilled into it with liquid nitrogen coolant. 

The cells were sealed with a flame. 
The vacuum line was grease free and was separated 

from the mercury diffusion pump by tmo liquid nitrogen 
traps. 

Plzysical Properties o f f l ~ e  Liquids 
These are sun~n~arized in Table 1. Values were taken or 

estimated from data in  refs. 34-36. The dielectric con- 
stant E mas calculated from the polarizability r and the 
density d ,  using the Clausius-Mosotti equation (36). 

Cond~rctnnce Cells 
The cell used for argon was described in ref. 37. The 

electrode spacing was L = 0.49 cm and the effective area 
o f  the collecting electrode was A = 1.16 cm2. 

The cell used lor krypton and xenon is shown in  Fig. 
l b  o f  ref. 31 : L = 0.30 cm, A = 1.77 cmZ.  The exterior 
o f  the top half o f  the cell, which was the collector 
electrode side, was coated with aquadag and grounded. 

The cell constants (LIA,  cm- ' )  were measured con- 
ductionietrically, using standard KC1 solutions (38). 

Cooling Baflzs 
The argon cell was immersed in liquid argon at 

atmospheric pressure, 87 K .  
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TABLE 1. Properties of materials 

T (K) 87 129 164 183 
Liquid d (g/cm3) 1 .39 2.34 3.06 2.93 
E 1.50 1.63 1 .93 1.87 
Vapor pressure I .0 2 . 0  1 . O  2 .5  

( a t 4  
Gas cr (A3) 1.63 2.47 4.01 4.01 
IP (eV) 15.7  14.0  12.1 12.1 

The krypton and xenon cell was cooled by a regulated 
stream of cold nitrogen gas in a Styrofoam box. A 
calibrated thermocouple was glued to the side of the cell. 
Another thermocouple was placed near the cell and 
connected to the temperature controller. 

Determinatiotl of the Free Ion Yields 
The free ion yield Gfi is the number of pairs of ions 

and electrons that can be collected at  electrodes per 
100 eV of energy absorbed by the liquid. The value at a 
given applied fie!d strength E is designated GfiE.  

The measurement technique was similar to that in ref. 
31. Briefly, a 100 ns pulse of 1.7 MeV X rays delivered 
1-2 x 101° eV,'cm3 to the sample. The free ions generated 
by the radiation were swept to electrodes by applying 
fields of 0.5 to 45 kV/cm. The charge from the sensitive 
volume (L x A )  was integrated and divided by the 
radiation dose absorbed. The measuring circuit was the 
same as that in Fig. 2 of ref. 31, except that the 'current 
integrator and interface circuitry' were replaced by an 
ultralow bias current integrator (39). The integrator 
calibration was based on a General Radio type 1422-CD 
standard capacitor and a Fluke D C  Transfer Standard 
model 731A. 

The signal integration time was varied from 50 ms to 
5 s, increasing with decreasing applied field and, to a 
small extent, with decreasing temperature. 

Each point in Figs. 1-3 represents the average of 16 
signals, from which the average of 16 blanks (no pulse 
from the accelerator) has been subtracted. Signal and 
blank measurements alternated each other. This method 
was developed for other systems in which there was a 
significant amount of electrical leakage through the 
sample. The blanks were always zero in argon, krypton, 
and xenon. Signal averaging was done by a Fabritek 
model 1062. 

The ncgative power supply used for xenon and krypton 
was limited to 6 kV. 

Dosimetry 
The most probable source of error in measuring W or 

G,, values is in the determination of the amount of energy 
absorbed by the sample. The energy absorbed per pulse 
is too small (0.3 ncal) to be measured directly. The 
dosimetric method must therefore be considered in detail. 

X rays were generated by 1.7 MeV electrons striking a 
gold target. The magni t~~de of each radiation pulse was 
monitored by integrating the electron current that flowed 
from the target to ground. To insulate the target from 
ions generated in the air, the 3 mm x 50 mm diameter 
gold disc was glued with epoxy cement into a polystyrene 
holder that snugly covered one face and the rim. The 
other face, which received the electron beam, was insul- 

ated with Letraset protective coating spray (Letraset 
Canada Ltd.). The polystyrene holder was mounted into 
the end of the stainless steel drift tube of the accelerator. 
A BNC fitting penetrated the holder to make contact 
with the target. The exterior of the holder was coated 
with aquadag and thoroughly grounded, as was the 
accelerator drift tube and the body of the BNC connector. 
Aquadag was not put on the Letraset coating. 

The X rays were roughly collimated by passing through 
a 10 cm x 10 cm hole in a 10 cm thick lead shield. They 
then passed through a K filter to retnove X radiation 
emitted from the K shell of the gold target. In the K 
filter the radiation passed successively through 5.0 mm 
Pb, 0 .4mm Sn, 0.25 mm Cu, and 1.0 mm Al (41). The - 80 kV radiation from gold or lead would be much more 
strongly absorbed in xenon than in lithium fluoride and 
would cause apparent values of Gfi in xenon to be too 
large. An adequate K filter was not used in our earlier 
experiments (31, 42). 

The primary standard for determination of energy 
absorption was the Fricke dosimeter (40). With it the y 
beam from a low intensity 60Co source was calibrated. 
Doses of 10"-10" eV/g were used for accurate measure- 
ment with the Fricke solutions. 

The y beam was then used to calibrate the lithium 
fluoride crystals of a Harshaw model 2000 thermo- 
luminescent dosimeter. The lowest doses that could be 
obtained accurately from the y source, 10L3-1014eV/g, 
were used. 

The lithium fluoride crystals served to calibrate the 
X-ray pulse monitor. The crystals were given 10L3-1014 
eVig by delivering lo3-lo4 pulses of X rays, while 
integrating the total electron current that flowed from the 
target to ground. The pulse rate was 41s to assure 
stability of the system. The ratio (Harshaw reading), 
(target monitor reading) sometimes varied for pulse rates 
> lO/s, so the pulse rate was kept i lois. 

The dosimeter crystals were used in sets of three or 
four, contained in thin, flattened glass tubes or wrapped 
in aluminum foil. The precision of measurement with 
the crystals was i 2%. Our previous main difficulty had 
been the estimation of the amount of photoelectric 
absorption in the high atomic number liquids. We have 
now used powders of salts that have the same average 
atomic number as the noble elements to simulate the 
liquids: KC1 for Ar, RbBr for Kr, and CsI for Xe. A hole 
was drilled in the side of a duplicate cell, the cell was half 
filled with the appropriate powder, Al foil wrapped LiF 
crystals were placed midway between the electrodes, and 
the cell was filled with more powder. The packing 
densities of the powders were about 25% less than the 
liquid densities, but an experiment with CsI powder 
(2.4 g/cm" and a large CsI crystal (4.5 g/cm3) with a 
small hole drilled into it showed that the density of the 
salt had little effect on the LiF dosimetry in the geometry 
used. The rate of generation of primary electrons per 
unit volume in the salt is proportional to the density, but 
the electron range is inversely proportional to the density, 
so the 'equilibrium' flux of high energy electrons is the 
same. 

Results 
The measured free ion yields were all in the 

range G , ~ ~  = 3 to 7 ion pairs per 100 eV, in- 
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creasing with applied field strength and in- 
creasing from argon to  krypton to  xenon (Figs. 
1-3). 

Measurements were made by applying both 
positive and negative voltages to the high tension 
electrode. The yields measured with positive 
applied voltages were larger than those measured 
with negative voltages; the relative difference 
increased with increasing voltage (Figs. 1-3). 
The reason for the difference is not known, but it 
is not observed for liquids in which electron 
mobilities are low. It is also smaller when the 
cell 'dead volume' is smaller. We favor the 
values obtained with negative voltages because 
i t  is easier to think of artifacts that would make 
the apparent yield too large than too small. For 

FIG. 3. Free ion yields G,,' as a function of applied 
electric field strength E in liquid argon at  87 K ;  A, 
positive voltage; A, negative voltage. The curves were 
calculated from [9] and [lo], using the parameter values 
in Table 2. 

example, positive field penetration into the 
region between the collector and guard electrodes 
might draw highly mobile electrons out of that 
volume, leaving positive ions in the dead volume 
to  drift to the collector and guard. Reversing the 
field would draw extra electrons into the dead 
volume, but they would not find extra positive 
ions to neutralize. The extra electrons would 
ultimately diffuse to the guard and collector 
electrodes, relatively unaffected by having 
entered the dead volume. I t  is curious that this 

FIG. 1. Free ion yields GrjE as a function of applied 
electric field strength E in liquid xenon at 164 K. A, 
positive voltage; A, negative voltage; +, results for 
183 K from ref. 33, negative voltage. The curves were 
calculated from [9] and [lo], using the parameter values 
in Table 2. 

FIG. 2. Free ion yields Gf iL as a function of applied 
electric field strength E in liquid krypton at 129 K. A, 
positive voltage; A, negative voltage. The curves were 
calculated from [9] and [lo], using the parameter values 
in Table 2. 

problem is not discussed in the literature, yet 
most authors report having used negative 
applied voltages. 

Total ionization yields were obtained by 
extrapolating the measured yields to infinite 
voltage. The method (26) was based upon early 
work of Onsager (28) and is discussed below. 

Model 
111 an irradiated system free ions are generated 

by the following reactions. 

[1 I M -4 [M+ + e-]  

[2] [Mt  + e-]  -, M, geminate neutralization 

[31 [M- + e-]  -+ M +  + e- ,  free ions 

The wiggly arrow in [ I ]  signifies the ionizing 
radiation. The square brackets indicate that the 
electron may become thermalized sufficiently 
close to the ion that the Coulombic attraction 
between them is not negligible compared to lcT. 
The Coulombic force may draw the ion and 
electron back together to undergo geminate 
neutralizaticn (reaction 2). For  pairs in which 
the Coulombic force is not too great, the random 
thermal motions of the ion and electron may 
cause them to drift apart (reaction 3). Free ions 
are those that are sufficiently far apart that the 
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interactioil between them is negligible compared 
to /<a. 

The Couiombic energy of attraction E, 
between an ion and electron separated by a 
distance J> in a medium of dielectric constant 
F is 

where is the electronic charge. 
In  the absence of an external field the fraction 

$( j , ,  0 )  of ion pairs produced in [ I ]  that become 
free ions is (28)  

151 +(j. ,  0 )  = exp (- E,IkT) 

where k is Boltzinann's constant and T is the 
absolute temperature. Actually, all pairs do not 
possess the sarne separation j., so 

where F ( j )  djs is the fraction of thernlalized 
electron-ion pairs uith initial intrapair separation 
distances bet\+een j3 aiid 1 + d j .  

Application of an external field diminishes the 
average field betueen the ion and electron in the 

6 

randomly oriented pairs. This decreases the 
extent of geminate neutralization and thereby 
increases the yield of free ions. The field effect in 
fluids subjected to densely ionizing radiation, 
such as alpha particles. was earlier described by 
Jaffe (43). This model and a later modification 
of it (44)  have sometimes been erroneously 
applled to systems subjected to sparsely ~onlzlng 
radiat~on. such as X lays and high energy 
elections The latter systems ue ie  treated by 
Onsager ( 28 ) ,  \+hose model has been refined 
through several stages (26 ,  27, 45 )  In the 
presence of an applied field E, the f rac t~on 
+ ( I ,  E) of palrs i t ~ t h  a glven ln~tlal  separation j 
that become free ions is 

nliere r = c2 E ~ T  and 8 = 5E1300kT.  
Averagiilg over the j. distributioli one obtains 

The free ion yield is given by 

where Gto ,  is the yield of reactio~l I and equals 
loo /  w. 

The distribution function F(j , )  was taken to 
have the form [ l o ] ,  designated YGP (27). 

where 0.96 is a nornlalization factor, YG is the 
three dimensional Gaussian function (4j.2,' 
n1 '0,;) exp (- j2;b,;) ,  and b,, is the most 
probable value of J - .  The parameter b,, rep- 
resents an average penetration range of the 
low energy electrons into the liquid, away from 
their parent ions, during thermalization. 

Equations 9 and 10 were fitted to the experi- 
nlental data in Figs. 1-3 by using GI,, and b,, as 
adjustable parameters. The value of G,,, is 
somewhat sensitive to the form assumed for 
F(J') .  The true form of the distribution is not 
known, although UGP was devised to fit the 
experimental field ef'fect on G f i E ,  within this 
model, in many diverse systems (27). When the 
range parameter bGp is large, as in the present 
systems, Y G P  is practically indistinguishable 
from the Gaussian YG.  A simple exponential 
form is sometimes used for Fbl)  (46) .  I t  leads to 
a higher estimate of the value of G,,, than does 
Y G P  (47). 

In  the absence of an applied field the free ions 
neutralize each other and n o  current is collected 
on the electrodes. 

[11] M +  t e- -. M, random neutralization 

However, at  the low radlat~on doses used, 
essent~ally all of the free Ions are collected at  the 
electrodes uhen E is greater than 1 kV1cm. At 
E > 1 kV em reactlo11 ! 1 is negl~gtble, and the 
Increasing y~elds w ~ t h  field strength are due to 
the enhancement of reaction 3 at  the expense 
of [2].  

Discussion 
The values of G,,, obtained for xenon, 

krypton, and argon are listed in Table 2,  along 
with those of the other relevant parameters. 
Positive applied voltages lead to estimates of 
G,,, that are 10-20"; greater than those froill 
negative voltages. The latter are preferred, for 
reasons given above. 
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TABLE 2. Parameters of [9] and [lo] for curves in Figs. 1-3 

Liquid V T (K) E G,,, GfiO bGp (A) 

Xe f 164 1 .93  7 . 3  4 . 5 1 0 8 0  
- 164 1.93 6 . 6  4 . 4  1300 
- 183 1.87 6 . 6  4 . 8  1600 

K r  + 129 1 .63  6 . 5  3 . 9  1530 
- 129 1 .63  6 . 0  4 . 0  2030 

Ar f 87 1 .50  5 . 6  2 .5  1540 
- 87 1 .50  4 . 5  2 . 7  2470 

The most recent results of Takahashi and co- 
workers on the ionization of liquid xenon by 
high energy electrons (33) were converted to 
GfiE values and included in Fig. 1 for comparison. 
Negative applied voltages were used and agree- 
ment between the two sets of results is satis- 
factory. Takahashi et ul. preferred to take the 
yield G = 6.4 measured at 17 kV/cm as the 
saturation value, although extrapolation to  
infinite voltage by a yield-' cs. V- I  plot gave 
G = 6.5 (33). Extrapolation by our method gives 
G,,, = 6.6. 

In Table 3 ionization energies obtained from 
the present work are compared with those re- 
ported by Takahashi ef ul. (32, 33). The cor- 
responding ratios of gas to liquid energies, 
W J W , ,  are listed in Table 4. The value of 
W g /  W, decreases slightly on going from xenon 
to  krypton to argon. The ratio for xenon re- 
ported in ref. 32 is lower than that in ref. 33, 
which by the above arguments may itself be too 
low. By analogy, all of the values in ref. 32 may 
be low. 

The energy gap E, between the top of the 
valence band and the bottom of the conduction 
band in liquid xenon is 8.9 eV (15), which is 
0.4 eV smaller than that in solid xenon (1 1. 16). 
The values of E, are 11.6 eV in solid krypton and 
14.2 eV in solid argon (16). The electron photo- 
emission threshold energy E,,,,,, drops upon 
melting the solid, by 0.14 eV in argon and 0.25 
eV in krypton (48). The threshold energy cor- 
responds to that required to  elevate an electron 
from the top of the valence band into a vacuum 
(161, 

[I2] Ethresh = Eg - V~ 

where V,  is the energy of the bottom of the 
conduction band relative to the vacuum level. 
The value of V,, in liquid argon, -0.33 eV, is 
0.63 eV lower than that in the solid, +0.3 eV 
(161, so in the liquid phase E, is (14.2 - 0.14 - 

TABLE 3. W,, the average energy expended per ionization 
in the noble liquids 

Liquid V Present work Ref. 32 Ref. 33 

Xe + 13.7  
- 15 .2  16 .4  15.6(15.2)" 

Kr + 15.4  
- 16.7  20.5 

Ar + 17.9 
- 22.0  23.7 

"Extrapolated by [91 and [lo]. 

TABLE 4. Ratio of gas and liquid phase W values 

Present 
Fluid W, (eV)" I/ work Ref. 32 Ref. 33 

OReference 2. 
b W I  from Table 3. 
CSee Table 3. 

TABLE 5. Ratio WIIE, for the noble liquids 

Gas phase 
Liquid W, (eVlU E, (eVIb WIIE, V I P C  

"Values for negative voltages, from Table 3. 
"ee text. 
<W from ref. 2, ionization potentials from ref. 7 

0.63) = 13.4 eV. The value of V,, in liquid 
krypton may also be assumed to be lower than 
that in the solid, due to the decreased repulsive 
interaction in the less dense phase (16). Hence, 
E,  z 11 eV in liquid krypton. 

The ratio W,/Eg is analogous to the gas 
phase ratio W,/IP, where IP is the ionization 
potential. The former appears to be slightly 
lower than the latter (Table 5). In the liquid 
phase the higher excited states might react by 
[13], followed by the usual competition between 
geminate neutralization and free ion formation 
(cf. reactions 2 and 3). 
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The energies of the excited states are given by 
the Wannier equation (8, 1 

where G is a Rydberg-like constant. The value 
of G in the solids is -2.1 eV for argon, 1.7 eV 
for krypton, and 0.9 eV for xenon (11) and 
should be similar in the liquids. The binding 
energy of the neutral M," is - 1 eV in the heavier 
noble solids (491, and thar of the ions M,' 
should be somewhat greater. It is therefore con- 
ceivable that states with 17 > 1 contribute to 
ionization. 

The average radii a, of the excited states are 
(1 1) 

1151 a,, ( a )  = 0 . 5 3 ~ 1 1 ~ 1 ~  

where p-' = (n~,*)-l + (m,*)-', while me" and 
in," are respectively the effective masses of the 
electron and positive hole. Assuming that the 
values of p in the nob!e liquids are similar to 
those in the solids (0.43 in Ar, 0.41 in Kr,  and 
0.31 in Xe (11)), the value of a,, reaches about 
60 A for n = 6 in argon and krypton, and 
n = 5 in xenon. The extent of field induced 
dissociation of excited states would not be 
greater than that of geminate pairs with a similar 
radial distribution. Using an exponential dis- 
tribution function YE (47) with an inner cut-off 
a t  20 A, it appears that at  E < 100 kV/cm there 
would be < 1 0 x  of field induced dissociation of 
excited states with a,, < 60 a .  Field induced 
dissociation might be a fate alternative to [13] 
for the highest states at  high fields, but the total 
ionization yield would not be affected. 
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Discussion 

L. G. Christophorou: A mechanism similar to the one yoa 
propose (M" + M --t MIT + e-) to account for the extra 
source of ionization in the liquid noble gases has been 
suggested by myself (L. G. Christophorou. Atomic and 
molecular radiation physics. Wiley-Interscience, New 
York. NY. 1971. Chapt. 2) for the noble gases, to partial!y 
account for the increased ionization for the noble gases 
compared to molecular vapors. 

6. R. Freeman: The binding energy of M,- is about 1 eV so 
the reaction is also possible forthe higher Rydberg states in 
the gas phase. The question is whether a larger fraction of 
the total number of excited atoms generate ions in the 
liquid than in the gas. 

R.  C. Hughes: Could you comment on the fact that in 
semiconductors like Si and Ge,  the energy required for 
each electron-hole pair is three times the band gap, and for 
wide band gap materials Rotwarf has predicted that two 
times the band gap wouid bc required? Your valucs are 
even less than tmo times the bandgap. 

6. Freeman: The gas phase kalues are also less than two 
times the ionization potential. Perhaps the semiconductor 
values were not obtained by extrapolation to infinite field 
strength. in which case some geminate neutralization might 
have occurred. This would increase the apparent W val- 
ues. Furthern~ore,  Si and Ge are already chemically 
bonded s ~ s t e m s .  so  the eqai;alent of hl": - M i  M2- - e- 
wt)uld no! occur in them. 

G,  AscatelYi: Do yoa expect ficld ionization of the excitoni? 

6, R. Freeman: We have estimated the extent of field 
induced dissociation of excitons with n = 6 in Ar. MI-. and 
Xe !iquid\. The fraction that would dissuciate r-lt 100 kV/cn! 
>s.or!ld be iess than 10%. The h i g h e ~ t  excitons could be 
dissoci~ited bq high fields. but this process \\ould compete 
wilh the blmolecular ioniz,ation reaction and mould not 
enhance the total ionization yie!d. 

R.  F. Firestone: The proposed cont~ibution of additional 
free-ion pairs by Hornbeck-Molnar (Ar* + Ar-, Ar2' + 
e-) reactions which you tentatively attribute to the 
liquidlgaseous phase difference should be observable in 
the gaseous phase alone. The rate constant for such reac- 
tions in the gas is cm3 atom-' s-' at room tenipera- 
ture. The radiative decay constant will likely be of the 
order lo8 s-I for Ar*. Thus, at 20G300 Torr and 300 K ,  
extra ions from this process will be observed alternative to 
prod~lction of lower excited atomic states. We observe this 
effect on yields of Ar species in pulse radiolysed Ar gas 
at 300 K .  Thus. it seems unlikely that extra ions will form 
only at densities characteristic of the liquid phase. 

G. R. Freeman: The gas phase W val~les Mere probably 
measured at a few hundred Torr. Although there are the 
experimental uncertainties that i mentioned in our results, 
it appears that the reaction is more extensive in the liquid. 
Ar* refers to a whole manifold of states. The density de- 
pendence of the competitiorl between the ionization I-eac- 
tion and other processes may be different for different 
states. 

J .  Jortner: Your proposed mechanism for 'Penning type' 
ionization of bound electron - hole Wannier excitons in = 

2) -, M2+ + e (where M is a rare gas atom) is fraught with 
some difficulties, a:, the efficiency of this process is deter- 
mined by the lifetime. ;.. of the 11 = 2 state ~ i t h  respect to 
the ( 1 1  = 2 ) 4  ( n  = I) nonsadiative multiphonon relaxation. 
Optical emission studies of solid and liquid AI-. Kr,  and Xe 
conducted by 11s indicate that 7 = 10-12 sand  this eapecta- 
tion is bolne out by theoretical calculation. 
To  the best of my knowledge there is no experimental 
cvidcnce for extrinsic photoconductivity in liquid Xe 
below Ep. A search for such effect will provide a conclusi\e 
proof for the validity of your suggestion. 
Finally. it is possible that cross sections for excitation of 
metaspable exciton states above Eg are higher than the 
corresponding cross section for excitation of autoionizing 
states in the gas phase. 

G. R. Freeman: Optical emission is a relatively slow reac- 
tion on the picosecond time sca!e and is not a test of the 
occurrence of the ionization reaction. The geminate neu- 
tralization reaction [MZ+ ' e-] + M," could occor in the 
time range 10-12 - s. The longer times correspond to 
the greater- electron penetration ranges: these pairs kould 
be most easily dissociated by the applied fields. so the 
shorter time neutralizations are the ones that remain at high 
fields. 
The definition of an ionizatior, process in dense phases is 
ambigt!ous and not alwaqs readily distinguishable from 
that of a highly excited neutral state. For practical pur- 
po\es we define an ionization as an event during which an 
electron separates from an ion or  molecule and  after^ hich 
the electron ma) be considered to ha \e  a sepal-ate exis- 
tence for a finite time. Although the electi.on has not es- 
caped the Cotiiornb field of the ion in a geminate pail-[?& + 
e-1 n e  include the pair under the definition of ionization 
because the wa\e function of the electron is not centered 
on the ion. Such electrons are observable in h\drocarhon 
glasses 2nd in polar liquid\ and glai.;e\. 
Rober-is and Wilson did n b s e ~ v e  photoconducti\,ity in Xe 
below Es. but they attributed it. probably corl-ectly. to 
impurities. I-Icweber. the1 made the meascrements at rel~i- 
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tively 10% field strengths and would not have dissociated 
many geminate pairs. Our xalues were obtained by ex- 
tl-apolation to infinite field strength. 

\V. F. Schmidt: Klassen and myself have measured satura- 
tion currents in liquid argon irradiated with high energy X 
rays (Can. J. Chem. 47. 4286 (1969)). Our W value was 
close to 25 eV and in agreement u i th  data reported by 
Ullmaier (see above reference) and with those reported by 
Takahashi ei (11.  

6. R. Freeman: We question whether you obtained a sat- 
uration current at 13 kV/cm. that is. whether you reduced 
the amount of geminate neutralization to zero. We had 
reported G(ionization) = 5 ,  or W ( 20 eV (J .  Chem. Phys. 
51. 1276 (1969)). Your value agrees ui th the 1974 value of 
Takahashi and co-workers. The 1974 value of Takahashi 
for xenon is higher than that from their more extensive 
work reported in 1975. If they made the same erl-ors for 
xenon. krypton. and argon in 1974. all the W values from 
that study would be too high. 

liquid in question: Csl  for Xe. The samples were thick 
enough to satisfy the Bragg-Gray principle. 

W. F. Schmidt: The difference in currents with positive and 
negative polarity of the high voltage electrode is, to a large 
extent, due to irradiation of the dead volume behind the 
collector electrode - guard ring assembly. Proper shielding 
reduces this effect to less than 5% difference; sometimes it 
vanishes completely. 

G. R. Freeman: We have a grounded shield behind the 
collector electrode. at a potential less than 1 mV different 
from that of the collector. It is difficult to explain the 
difference in results obtained from positive and negative 
voltages. 

J. U'. Warman: 1 would question the use of the Onsager 
expression under conditions where the field strengths are 
high enough (c, .g.  >40 V cm-' in liquid xenon) that the 
electrons are no longer in thermal equilibrium with the 
medium. This heating of the electrons should be taken into 
account as an effective variation of the temperature. i . e .  
the relevant temperature is 7,. the temperature of the 

W. F. Schmidt: With respect to the xenon values I should electrons not the temperature of the medium. 
like to ask how dosimetry was performed and whether the 
Bragg-Graq principle was fulfilled in your experiment. G .  R .  Freeman: we have not this problem, but  

will do so. (Using 7, much greaterthan the liquid tempera- 
G. R.  Freeman: In the dosimetry we used a powdered salt ture increases the value of G,,, required to fit the I-esults. 
that has the same average atomic number as the noble See the note added at the end of the article.) 
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Electron energy loss processes at subelectronic excitation energies in liquids 

J ~ H Z  L. MAGEF. Can. J .  Chem. 55. 1847 (1977) 
The theory of the processes by uhich subevcitation electrons lose energ) in molecular liquids 

is considercd. It is con\enient to classif> s~ ich  losses as resi~ltiilg from 'iiiilirect' and 'direct' 
interactions: the former interactions arise fro111 the transient electric field of the electron and 
the latter from the short range q u a i i t ~ ~ m  mechanical forccs occiirring in direct collisions. Indirect 
processes are considered at sonle length: Monte Carlo trajector-ies for electron5 are generated 
and the Fourier spectr i~m of the electric displacenient obtained fi,om ithich cnerg) loss to 
dipolar relaxation anct infrared-actiie \,ibrations are e5tii;iated. A tight binding scliemc is ~isecl 
to derive ail expression for the rate of e n e r g  losb to single-phonon e\citntioii in direct collisions: 
the sanie theoretical framework is useti to  discuss electron trapping by the niolcc~iies of the 
liquid. Finally, some attenipt is niacie to relate the loss niechaiiisms considered to  esperi- 
mentally kno\\n facts. It is concluded t l i a ~  the 'direct' processes are probably dominant and that 
k n o ~ l e d g e  of elastic scattering is of primary in~portance for the construction of a satisfactory 
theory. 

Jar-IS L. MAGEE. Can. J. Cheni. 55. 1847 (1977). 
O n  considere la theorie des processus par lesqueis des electron, de si~beucitation pcrdent de 

I'energie dans des liquides rnoliculaires. I1 est opportun de classifier de tellcs pertes con1111e 
resultant d'interactions "directes" et "indirectes"; les pre11iii:res interactions psoiiennent de 
champs electriques transitoires de l'@lectson et les dernieres pro~icnnent  de forces mecaniqiies 
quantiques B courtes distances se proditisant lors de collisions directes. O n  considere lonyue- 
nient les processiir indirects B longues distances: o n  genere des trajectoires de hIonte Carlo pour 
les electrons et OII obtient des spectres de Fourier des dCplacements ii'klectron i partir desquels 
on  a ~ L I  estilner les pertes d'energie vers des relavations dipolaires et les vibrations a c t i ~ e s  en 
infrarouge. On utilise L I ~ I  schC117a d'associatioi~ intitile pour dt.ri\er unc expression pour la 
vitesse d e  perte d'dnergie vers Line excitation i phonori s i~nple dans ic, collisioni directes; o n  
utilise lc mCme environnement theorique pour iliscuter dii piegeage des electrons par des mole- 
cules du liquide. Enfin on  Sait qi~elques essnis pour relies les n~ecanismcs consideres pour. les 
pertes avec les faits expCrimel-itaux coilnus. O n  en c o n c l ~ ~ t  que Ies processus "directs" sont 
probablen~cnt dominant et que la connaissance de la dispersion elaitique est dc premicre im- 
portance pour la coiistri~ction d'une thkorie satisfaisante. 

[Traduit par le journal] 

Subexcitation electrons can lose energy only 
in the excitation of the inotion of nuclei, i.e.. in 
condensed systems to phonons, and thus in 
liquids all loss processes I I I U S ~  depend upon the 
electron-phonon coup!ing. In all molecular 
media energy can be lost in cl'irect or in &statit 
or  ii~iiit-rct collisions. The first mechanism is 
associated ~ i t h  short-range interactions and is 
~ is~ia l ly  the most important loss ~~iechanism.  The 
second mechanism is associated wit11 the 
transient electric field generated by the rnotion 

'Operated under contract with the US Energy Research 
aiitl De\eiopmellt Authority. This is a n  ERDA Document 
NDRL-1706. 

of the electron. 111 dipolar media ~ , h i c h  have 
large static dielectric constants, under conditions 
favorable for dielectric relaxation the indirect 
loss can be Lery iasge: in  molecular media ivhich 
have no dielectric relaxation. infrared-active 
vibrational niodes can absorb energy by this 
mechanism. The indirect loss processes establish 
a minimum rate of energy loss for electrons in 
molecular media. 

Many iniestigations of the loss processes 
of lob\-energy electrons ha1.e been carried out 
for materials in the solid state, for gases, and for 
rare gas liquids. hut few studies h a ~ e  been made 
on molecular liquids of interest in radiation 
chemistry. One of the principal probleins of 
radiation cliemistr>l is the configurations of 
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charges created by energy deposits immediately 
after thermalization has been attained. Much 
effort has been made to infer such configurations 
from experimental data such as free ion yields, 
the effect of external fields on free ion yields, the 
results of sca\enger experiments, etc. 

The distributio~i of subelectronic energies in 
liquids is not known. The function 

was proposed for low-energy electrons in 
molecular media by Magee and Burton ( I ) .  
Here N ( E )  is the number of electrons per unit 
energy ~nterval  at  E and I is the iollizatio~l 
potential; the spectrum is normalized to unity. 
This distribution was suggested by a theoretical 
prediction of the distribution of electrons from 
photoionization of atoms. A formula for the 
absorption coefficient of an atom above the 
ionization limit widely used in opacity calcula- 
tions of astrophysics was given by Kramers (2) 
on the basis of quite general considerations. I t  is 

where C is a constant which depends upon 
properties of the atom but is of no  further 
releva~lce to this discussion. The energy of the 
photoejected electron is given by 

and so the distribution function of [ I ]  is clearly 
obtained. Of course, the distribution of electrons 
arising from particle impact processes is not 
necessarily expected to be the same and the 
usefullless of the formula for subexcitation 
electrons of radiation chemistry had to be 
estabiished by analyzing experimental data. 
Platzman (3) investigated the distribution func- 
tion for gases: it has not been possible to make 
a meaningful analysis o r  the data of other 
phases. 

Platzman (3) called attention to the fact that 
the subexcitation electron spectrum is cut off 
on the high side a t  the lowest excited stale of 
the medium, Ex, rather than the ionization 
potential, I. He analyzed experimental data in 
rare gases to derive spectra of 'subexcitation' 
electrons and found functions quite similar to 
N(E) of j l ]  except that the high energy limit was 
Ex instead of I. 

According to the distribution function N ( E ) ,  

the average value of E is given by 

( E )  = 113 
or  

( E )  = Ex13 

if Ex is substituted for the upper limit. The lowest 
excitation potentials of molecular liquids are 
around 6 eV. Radiation chemists think of sub- 
excitation electron energies in the vicinity of 
2-3 eV and perhaps this is as reasonable as one 
knows a t  the present time. 

According to Birkhoff and co-workers (4) and 
Ritchie e f  al, (5) the absorption of energy from 
high-energy electrons occurs primarily through 
a resonant process which forms a plasmon at  
around 20-24 eV. The case of water has been 
investigated rather extensively and the plasmon 
energy has been given as 22 eV; the complex 
dielectric constant has been obtained throughout 
this energy region; it is said that the initially 
created plasmon decays with a mean lifetime 
of around 10-16 s and presumably one of the 
products is a subexcitation electron. There is 
no  reason to believe that the energy distribution 
would be given by [ I  ] ; in fact, on general grounds 
it would appear that a Gaussian distribution 
function would be more reasonable, but no  one 
has considered the matter explicitly. 

Interest in the 'initial' geometrical arrange- 
ment of the thermalized charged particles in 
tracks began with Lea (6) and Gray (7, 8). These 
authors speculated that a subexcitation electron 
would reach a separation from its parent positive 
ion of about 150 A in water before becoming 
attached to a molecule to form H,O- which 
would subsequently dissociate to the prsducts 
H + OH-. N o  calculation of the range or even 
a consideration of the energy loss mechanisms 
was made. The value 150 A was based somehow 
on interpretation of experimental results for u 
particles in hexane by Jaffe (9) and no attempt 
was made to justify the applicatioil of this result 
t o  water. The first theoretical consideration of 
the energy loss of a subexcitation electron was 
made by Frohlich and Platzman (to). This 
treatment estimated the loss in disrant collisions 
by excitation of polar vibrational modes, i.e., 
dipolar relaxation. This very sophisticated treat- 
ment is not entirely free from objection, however, 
as we point out in section 2. Samuei and Magee 
(11) suggested that the energy loss mechanism 
of subexcitation electrons in water was due to 
direct collisions with the water molecules. These 
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authors did not present a theoretical treatrlient 
in the sense of Frohlich and Platznlan (10). but 
used gas phase data on fractional ene;g; loss 
per collision to obtain an estimated loss rate 
which was large enough to be collsistent with 
parent-ion recapture. The radical diffusion model 
was beginning to have great success in the ex- 
planation of experimental data and it was 
generally accepted that the reducing entity was 
the H-atom. Parent-ion recapture seemed to be 
necessary to explain the initial radical distribu- 
tions. 

After the hydrated electron was discovered 
a much more elaborate radical diffusion model 
was constructed by Schwarz (12); all parameters 
were chosen to be consistent with ex~erilnental 
results and there was no attempt to relate the 
initial separations of charges to thermalization 
mechanisms. 

In recent years, interest in the behabior of 
low-energy electrons in organic liquids has been 
very great. Mozurnder and Magee (13) made a 
study of the free ion vield in hexane which 
contained an elaborate drscussion of the thermal- 
ization process for subexcitation electrons. In 
other studies most authors have been more 
concerned with the nature of distribution func- 
tions which must be assumed in order to obtain 
agreement with experimental results. Such 
distribution functions contain indirect informa- 
tion on low-energy electron ranges in the 
liquids. Mozumder and co-workers (14-1 6), 
Abell and Funabashi (17), Hu~nmel  (IS), 
Freeman and co-workers (19-221, and Holroyd 
et al. (23), have made many studies of this 
nature. 

Frec ion yield studies in molecular liquids 
involve the difficulty that the amount of energy 
required to form a primary charge pair is not 
well known. On genera! principles it is expected 
that the energy required is somewhat less for a 
given compound in the liquid state than in the 
gas. The situation with respect to the noble 
gases and their iiquids is better understood and 
has been presented by Huang and Freeman (24). 

Most papers treat the high-energy electron 
track as if it were composed entirely of charge 
pairs, o r  that track entities such as short tracks 
d o  not exist although on genera! grounds it is 
known that they do. All authors are actually 
aware of the problem, but a t  the present time 
there is no real understanding of the role of 
higher track entities. Mozumder (25) considered 

the problem explicitly. Mozumder and Magee 
(13) demonstrated in the case of hexane that the 
latter had to be taken into account to explain 
the free ion yield, but many later studies have 
continued to  use the approximation of entities 
with charge pairs only. 

In spite of the various uncertainties regarding 
energy distribution of subexcitation electrons 
and track structure, most authors have assumed 
that it is possible to obtain electron ranges and 
'stopping power' information from experimental 
data. In part this belief is supported by the 
success of the treatment of electron scavenging 
and escape using the Smoluchowski and Onsager 
equations. The question of importance now is 
this: how do  electrons starting at energies from 
1 to 5 or 6 eV thermalize in going a distance of 
60-100 A in ~nolecular liquids ? 

In this paper, we are primarily concerned with 
the mechanisms of energy loss of subexcitation 
electrons. The use of the mechanisms to generate 
range energy relations has not been accom- 
plished. 

2. The Theory of Energy Loss: 
Indirect Processes 

The loss of energy by means of the transient 
electric field generated by the motion of the 
electron has been considered by Magee and 
Helman (26). These authors took into account 
the random motion of the electron as it moves 
through the molecular medium and made ex- 
plicit estimates of rates of energy loss to dipolar 
relaxation and to infrared-active vibrational 
modes.' The earlier treatment of the indirect 
loss process by Frohlich and Platzrnan (10) had 
been restricted to the dipolar loss mechanism 
and the electron trajectory had been approxi- 
~na ted  as linear. 

The total energy loss (per unit volume) to a 
molecule located a t  a position R in the vicinity 
of an electron trajectory is given by 

where E is the electric field intensity, D the 
electric displacement, at R. It is clear that the 
energy lost to the molecule depends upon an 
integral over the entire trajectory of the electron; 

'This problem has also been considered by H. Sano 
(unpublished results) using a space-time autocorrelation 
function. His result is in qualitative agreement with this 
section. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



the interaction pattern of the trajectory cannot 
be divided into separate 'collisions'. 

Fourier transforms of E and I) are used and 
a complex dielectric constant 

introduced. The integration over time can be 
performed to yield 

where the follo~\ing symmetry in the Fourier 
transforn~s 

D = D- ::: 
01 03 

[6 I E = E- ::: 
0 (I) 

EOj = E-,:.: 

has been used (10, 26). 
I t  is clear from [ 5 ]  that the track enters the 

calculation only through the Fourier transform 
of the electric displacement. Magee and Helman 
(26) consider three kinds of tracks. 
(a) A random track in \vhich the electron 

starts at  an initial position (on a molecule!) and 
then jumps to neighbori~lg lnolecules in a random 
manner. A  monte Carlo routine is used to 
obtain such tracks. 
(6) A random track in \shich the electron 

hesitates on lo", of the lnolecules for an  average 
of five jump times. The significance of this type 
of track is an approxiruatio~l of the effect of- 
resonances which are believed to exist: in the 
energy region of subexcitation electrons most 
such resonances probably arise from the energy 
level structure of the electron in the disordered 
n~olecular system (27) .  This track is of course 
also obtained by a Monte Carlo procedure. 

( c )  A linear track in which the electron jumps 
from one ~nolecule to the next along a line. 
The significance of this track is t\vofold. In  the 
first place a check of the technique is desired 
and analytical calculatio~ls are available for the 
linear case. In the second place, the linear track 
provides an  estimate of the minimum energy 
loss by the indirect mechanism; it is the lower 
limit for large mean free path. 

The electric displacement is given by 

where I?,, is the position of the electron a t  the 

17th jump in the track. A track is coinposed of 
N jumps and time is related to the jump so that 
zero tirne occurs in the middle of the track, i.e. 

where z, is the jump time. 
Equation 5 sho\vs that the spectrum wD,,(R). 

B,:::(R) is the i~npor tant  quantity to determine. 
First this spectrum is obtained for particular 
tracks and then it is averaged over an  ense~nble: 
it is finally integrated over all R to obtain 

\$here J ,  is defined by the equation. Figure 1 
shous o)J,, for ensembles of random tracks of 
256 jumps for the three types n, b, and C .  

Magee and Helman (26)  considered the 
application of these results to the energy loss of 
electrons in water. Following Frohlich and 
Platzman (lo) they took 

1 1 ! I I I l l  1 I I I I I I I I  

1 oO 10' lo2 
Frequency 

FIG. I .  The quantity wJ, 1,s. frequency for tracks of 
256 jumps normalized to an effect per jump. The abscissa 
is the frequency (i.e., w/2rr) in units of the smallest 
frequency calculated, (256 T,)-'; three cases are shown: 
(a )  linear trajectory; (b) simple random malk; (c) random 
walk with hesitation for an average of five jump times 
on 10% of sites. Two scales are shown above the plot 
which relate frequency to mave numbers for T, = 5 x 
1016 s, top scale, and for r, = 3 x 1016 s, lower scale. 
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where r is the relaxatio~i time, E, is the static 
dielectric constant, and z i r  is the dielectric 
constant at  frequencies sufficiently lower than the 
lowest principal infrared absorption frequency 
mi,. The quantity &"(a) gives the absorption due 
to  ionic oscillation in the infrared and any 
other resonant absorption processes at  higher 
frequencies; ~ ' ( o )  gives the corresponding 
dispersion. 

These formulas have quite general validity 
for substances which have Debye-type relaxation. 
For water at 2OZC, z = 10-l1  s. The frequency 
range of our calculation involves only o r  > 
l o3 ;  thus we can take 

and 

The integralid of [7] when ensenible averaged 
and integrated ovcr space bcconies 

The loss expression for Debye-type relaxation 
becc~nes 

In order to  get numerical values for the 
energy loss, explicit values for all quanti t~es 
must be taken We have used E,  - E,, = 75, 
1 7 ~  = 3, in the random walk I = 3 A and the 
electlon veloc~ty lo8 cm s which gives T, = 

3 x 10- l6  s 
Table 1 glves the values of W calculated for 

the three trdcks ~vliose spectla are shown In 
Fig 1 According to the calculat~ons the random 
track has a larger loss rate than the h e a r  
track and the track with hesitation has an even 

TABLE 1. Energy loss rate to dipolar relaxation in H 2 0  

Loss in eV Loss in 
Track per lump eV s 

Random 0 0041 1 37 x 1013 
Random nl th  hesitat~on 0 0049 1 63 x l o t 3  
L~near  0 0032 1 06 x 1013 

larger loss rate. The linear track as calculated 
by the approximate procedure has a loss rate 
somewhat larger than the loss rate given by the 
analytical calculation (about 15 :<). The value 
of the total loss in a track is found to vary with 
the -track parameters as 

where A is a d~rnens~onless measure of the 
integral over J,,; it is obtained numerically and 
is independent of the parameters. The average 
rate of energy loss 1s 

and is i/~c/'pen(lent of the velocity, in agreement 
with Friihlich and Platzillan (10). 

Magee and Helniail (26) also considered the 
indirect loss to infl-ared-acti~e niolecular vibra- 
tions. The problem of the frequency-dependent 
dielectric constant of a systeni \thich has 
resonailce absorptions has been discussed by 
Van Vleck and Weisskopf (28) and Friihlich 
(29, 30). The absorption in such resonances is 
expected to be less important than that to 
dipolar relaxation if the latter mechanism exists. 
consider a system \vhicli has no dipolar relaxa- 
tion; in a spectral region in which there are 
infrared absorptions at  K frequencies (11,. to,, ..., 
oj, ..., o ~ , ,  the dielectric constant can be Lvritten 

where p, is the number density of oscillators of from experiment; unfortunately the theory of 
the jtli type which has an  effective charge of q,j infrared absorption is not developed far enough 
and a reduced mass of M j ;  and T , ~  is the effective to be useful in predicting such parameters. 
collision time for the damping of the j th oscil- The energy loss is to be obtained from [5] and 
lator. The latter quantities are to be obtaiiied it is clear that all of the terms of the sunirnations 
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TABLE 2. Infrared intensities and track absorptions in benzene for tracks of 256 jumps 

Energy absorbed fro111 track (eV) 
- - 

Frequency Random ~ ~ t h  
Mode (cm-') r (cru2 mol) Linear Rand0111 hesltatlon 

V I I  ( A z J  673 12 500 0 0284 0 0636 0 1001 
V18 (Elu) 1038 852 0 0034 0 0046 0 0066 
~ 1 9  (El,) 1486 1 000 0 0049 0 0058 0 0081 
\'2o (El,,) 3080 2 500 0 0166 0 0159 0 0165 
Sum of l ~ n e  absorptions 0 063 0 089 0 1316 
Rate of enelgy ahsorptlon (eV <) 4 92 x 10" 6 95 x 10L1 1 03 x i0 l2  

of [I8 j and [19] are involved in the integration. 
The fact that each term of E, has a resonance 
allows a siniplification; we assume that no  other 
frequency dependence is important and the 
integration over the resonance term becomes 

In  most cases 

~ ~ ( 6 ' ~  + c2')-' % c ~ / E , , ~  

to a good approxirnatlon and we can write for 
the energy loss per unit voluine at  a molecule 
located at  X 

hlagee and Helilian (26) show how q,2/ibfJ 
call be eliminated using experi~nentally de- 
termined absorption strengths. The energy loss 
is given by 

%here rj is the integrated absorptioil of the jth 
transition in cm2/mol. Thus the energy absorp- 
tion by infrared-active oscillators can be obta~ned 
from experimental data on integrated absorp- 
tions. Such experimental information is not 
readily available but data on the absorption in 
gas phase benzene have been published (31) and 
they have been used to obtain the estimates of 
electron loss given in Table 2. Absorption is 
stronger in the liquid. The calculated energy 
losses for the various tracks using gas phase data 
are perhaps minimal values. 

Aliphatic hydrocarbons are of great interest 
in radiation chemistry but neither absorption 

On the other hand, the vibrational spectrum of 
poiyethylene is quite well understood and in 
seine approxinlations it can be taken as a proto- 
type for the aliphatic hydrocarbons. The basic 
unit is CH,-CH,- which in the crystailine 
staie is very symmetric, with a center of sym- 
metry; there are 18 degrees of freedom and only 
six infrared-active frequencies (31) (one of these 
is strictly inactive in the crystal). 

Table 3 shows the absorption of electrons in 
polyethyiene as significantly larger than in 
benzene. One factor is that the mean free path, 
1: is taken to be 5 A in benzene and 3 A. in 
polyethylene. The latter value was used because 
the ca lcula t io~~ made for water used 3 A and the 
unknown mean free path in polyethylene was 
taken to be the same. 

The energy loss to a particular absorption 
Iine at  oj over the entire track is found to vary as 

where A,' is a quantity proportional to the 
spectrum shown in Fig. 1. T o  a rough approxi- 
mation it can be taken as independent of 
frequency For the random track; thus the con- 
tribution of the j th  line to the rate of energy 
absorption is 

where we take A' as a constant, and the absorp- 
tion of the line varies directly as the jump time 
or ii?verselj~ as the velocity. This dependence is 
approxin~ately valid for all lines in the region 
500 to 3500 cm- '. 

3. Theory of Energ Loss: Direct Processes 
intensities nor coinplete analysis of the vibra- The theory of loss processes i~lvolvlng short- 
tional spectra are available for these molecules. range interactions requires the use of wave 
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MAGEE 

TABLE 3. Infrared intensities and track absorptions in polyethylene 

Energy absorbed frorn track (eV) 

Frequency 
Mode (cm-I) r (cm2,mol) Linear Random 

Random with 
hesitation 

v4 (0")" 1050 100 
V 7  (blU) 2919 1000 
vg (61,) 725 5000 
V I O  (b2J 2851 1000 
V I I  (62") 1468 5000 
~ 1 3  !b3,,) 1176 300 
Surn of line absorptions 
Rate of energy absorption (eV/s) 

GThis n o d e  is inaclive in the crystal. 

functions. The low-energy electrons are initially 
in extended states as they lose energy in the 
1-6 eV region and we shall assume that the 
extended states can be made up of superpositions 
of negative ion states of the molecules; in other 
words, the tight-binding approximation is used. 
The electrons are in very low concentrations 
(in fact, we consider a system which only has 
oue electron and N molecules with N -- lo2') 
and so the molecules vibrate in the potential 
function of the neutral ground state. The 
negative ion potential function is, of course, also 
important. As the-electron moves about there is 
a tendency for the nuclei of the molecule which 
contains the electron to relax from the vibra- 
tional structure of the neutral molecule to that 
of the negative ion. The general theory of this 
process has not been worked out and we 
consider two limiting cases. 
(a) The weak interaction limit in which no 

relaxation develops about the negative ion. 
The interaction produces excitation of vibra- 
tions in the neutral molecu!es. 

(b) The strong interaction limit in which 
localization occurs in a single event and is 
followed by a large transfer of energy into 
vibrations. 

I t  is likely that many loss processes can occur 
in molecular liquids in the spectrum between 
these two limiting cases. However, the most 
probable processes should be the special cases 
themselves. 

According to the 'random phase model' 
(RPM) used in solid state physics (33, 349, under 
certain conditions the wave functions of ex- 
tended states for electrons can be expanded in 
terms of localized functions (Wannier-like) 
centered on atoms, the latter having completely 

random phases. This type of model would seem 
to be in keeping with the requirenlents of sub- 
excitation electrons in some of the nlolecular 
media of interest in radiation chenlistry and we 
explore its use in the energy loss to phonons 
in the mechanism called (a). At  the outset it 
should be stated that the RPM is not expected 
to be of universal validity for this problem and 
the range of applicability needs to be e x p l ~ r e d . ~  

Another matter of importance for subexcita- 
tion electrons is the spatial distribution as the 
energy approaches thermal. The use of a wave 
function is of course necessary for an adequate 
treatment and in this case we require a super- 
position of the extended wave functions to form 
a waye packet which spreads out as the energy 
is lost. This problem 1s also not considered a t  
this time. 

The electron wave function is assumed to be 
(34) 

G 

C2jl l k )  = C ank$~t ( l"  - R ~ ~ )  
n = l  

where the 4, are located on the molecules and 
the a,,, have random phases. 

The Hamiltonian of the system is taken as 

wliich consists of the Hamiltonian for the un- 
perturbed phonon field of the neutral molecules, 
the electron Hamiltonian, and an  interaction 
term between the phonons and the electron; 
a,+ and a, are creation and annihilation oper- 
ators, respectively, and q goes over all phonon 

3The Random Phase Model s h o ~ ~ l d  be distinguished 
from the Random Phase Approxiluation also used in 
solid state theory. See ref. 35. 
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modes; the electron Hamiltonian operates on the 
wave function as follows: 

The interaction Hamiltonian H,,,,' is taken to be 
of the deformation potential type (36, 37) 

where E,, is a constant nit11 dimension energy 
which applies to the j th coordinate of the system 
and A is the dilation due to the phonons. It is 
the divergence o r  the local displacement u, \+ hich 
is taken to be a continuous function for this 
purpose. 

The system considered contains N inolecules 
in a volume V. Most of the 'phonons' of interest 
are actually to a good approximation vibrations 
of individual molecules. Say that each molecule 
has 11 vibrations (three times the number of 
atoms minus six): we shall at  first consider only 
the excitation of these vibrations. for the total 
system equal to N). The other six degrees of 
freedom combine to form acoustical modes and 
a few additional 'optical' modes; these neglected 
modes are in fact active in the exchange of 
energy with thermal electrons and are certainly 
of i~nportance in the latter stage of thermaliza- 

The excitations we consider are those of the 
norinal vibrations of individual molecules; the 
u ,  of [ZX], therefore. belongs to a single molecule 
and Hi,,,' is composed of N terms each con- 
taining the p normal \~ibrations of one ~nolecule. 

The rate of energy loss is to be obtained 
through the use of the 'Golden Rule' and we 
need matrix elements of Hi,,' between arbitrary 
electron states k' and li. The phonon field is not 
explicitly involved in this consideration. 

where 

We assume that the Wannier-like states a,, are 
orthogonal and so we have the relationship (34) 

We shall always assume that ensemble averages 
are to be used; h e  have from [30] for k '  = k 

where u is the volume of a molecule. We require 
the absolute values of the square of the matrix 
element 

Because of the random phases, only terms which 
have m' = n', and nz = n fail to vanish. Use of 
this fact and [31] allows us to write 

In our particular problem the 'phonons' are 
vibrations of individual molecules and so the 
matrix elements of the interactio~l Hamiltonian 
only involve single molecules. Thus me have 

uhich means that the inolecules of the medium 
all contribute equally and one only has to 
perform the calculation for one of them. 

Let us now consider the energy loss to 
phonons. We require the matrix element 

( k t ,  l iq + 1 P;lintllli, 1 1 , )  

where 11, is taken to represent all of the p modes 
and in general ti,., the number of pho11olls 
initially present in a mode, can be taken as zero. 
The displacement of the 17th molecule is (38) 

The internal condition of a molecule can be 
given in terms of the p normal modes and N, 
are vectors in the directions of the modes; [35], 
therefore. has only a single sum 

Use of [35] and [36] with [28] gives 
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where E j  has been substituted for E I j  and \Ire 
have used 

for the matrix element of the dilation. 
The rate of energy loss is given by 

where V ( E ~  + hwj)  is the number of states per 
unit energy interval for the electron with energy 
E~ + haJ; it is proportional to V. The average 
numbers of vibrational quanta present initially 
can be taken as zero for almost all the molecular 
vibrational modes; the only surviving term is 
a n  energy loss term 

where p j  = M j / c  is a 'density', i.e., mass per 
unit volume. 

The difficulty with the use of [40] is the 
appearance of potential functions of both the 
neutral molecule and negative ion, the wave 
function for the electron and the density of 
states, quantities which are not known. 

Consider a classical oscillator which is sub- 
jected to a transient force - i3Ula.x for a short 
time T. The momentum given the oscillator is 

and its energy increase is 

The rate of energy increase is 

In  [40] the quantity E,qj is essentially a U / a x ;  
the other terms of [40] can be identified with 
[43] as follows: 

To  some extent one can adopt the p ic t~~res  of 
oscillators subject to excitation by transient 
negative ion fields. 

Let us attempt to estimate the parameters 
involved in [40]. I t  has never been custoinary 
to attempt a calculation of a deformation 
potentla1 when that model 1s used in solld state 
calculat~ons : values of 1-1 0 eV are usually 
assumed and so let us take 1 eV; q, has to be of 
the ovtler of 10' (one reciprocal angstrom). The 
dens~ty p,  IS smaller than the l iqu~d density 
because h.I, 1s one of the reduced masses; let us 
assume b as a reasonable guess. The dens~ty of 
states is verv uncertain but a number to assume 
is perhaps the free electron value, V(E,  - i~to, )  = 
7 x lo2'  if the argument is 3 eV. Use of these 
values gives 

Although the uncertainties are great, [40] is 
not incompatible with an  energy loss of 1014 eV,'s. 
The dependence of the rate of energy loss on 
Ei is as the square and just one degree of freedom 
with Ej - 10 would give aslat  - lo1" eVjs; the 
potential functions for H,O- calculated by 
Claydon, Segal, and Taylor (39) suggest that 
Ejqi - 10 is reasonable. Because this mechanism 
iiivolves essentially one molecule at  a time, 
the gas phase data of Christophorou ef 01. (40) 
should be applicable. Use of their Fig. 3 and a 
linear correction for density allows an estimate 
of 5 x 1013 eV/s for the rate of loss of an 
electron in water a t  energy 1 eV. 

For hydrocarbons in the hexane class, 11 - 50. 
Substitution of this value in [44] (which assumes 
Ejqj  - 1) gives a loss rate of 7 x 1013 eV/s. 

The strong interaction limit (b)  in which the 
negative ion state is actually attained i s  in many 
ways like the capture of the electron in a 
scavenger (41). Of course in this case the 
scavenger is a molecule of the principal com- 
ponent. 'Capture' means that a configuration is 
attained which prevents continued migration of 
the electron and all of the excess energy is 
transformed into vibrational excitation of one 
molecule. Suc l~  a molecule is very 'hot' and 
cools through loss of - vibrational quanta to 
its immediate neighbors. The electron becomes 
thermalized a t  this point and ollly co~ltiilues its 
migration as a thermal electron. 

The initial state is the same as before with 
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the wave function of [25]. There are N final 
states, the ~Vpossible negative ions of the system. 
For  the purpose of this treatment the fact that 
there is a weak resonance between these negative 
ion states can be ignored. 

We are interested in the probability that the 
electron is captured per unit time, which can 
be written as: 

C451 
2.n 

=7E-lzdif'~2~E 

where Hi,' is the matrix element of the appro- 
priate perturbation operator between the initial 
and final states and p, is the density of final 
states. The transition is from the ground 
vibrational state of the ileutral molecule to an  
excited vibrational state of the negative ions. 
Funabashi and Magee (41) have made an  
elementary consideration of the capture of an  
electron from an extended state in a liquid to a 
scavenger which dissociates. In  that case the 
perturbation operator is shown to  be the matrix 
element of the electron with respect to the 
electronic interaction with scavenger molecule, 
i.e. 

r46 I P L  1 = ('2 's@l> 

wlieie 0, IS the iiegatlve ion wave function: B1 
1s the extended state wave function; and V, is 
the operator for the intelaction of the electron 
~ l t h  the scavengel. The matilx element in [45] 
for this case 1s 

[471 HI,' = <r12 P2 Ir I > 
where q, is the wave function for the nuclear 
motion of the negative ion and q ,  is that of the 
neutral scavenger molecule. 

Funabashi and Magee (42) have shown that 
the same treatment can be applied approxi- 
mately to the capture of electrons by the 
n~olecules in a honlogeneous liquid. In  this case 
there are many degrees of freedom and so wave 
functions for all of the vibrational modes of the 
system must be included; the term P I ,  is a 
function of all coordinates. In  general the 
neutral molecule and the negative ion will have 
different potential functions and different ~ lo rma l  
modes. An analysis can be carried out in a 
formal manner (42) but it will not be presented 
a t  this time. 

For the sake of orientation coiisider the 
magnitude of P given in [45] for the case of a 

dissociative capture by a molecule. I t  is probable 
that such a process is actually important as an  
energy loss mechanism for subexcitation elec- 
trons; the interpretation of experimental results 
of Hamill and co-workers (43) which bear on 
this point is discussed in the next section. The 
process considered is 

where RX is a hydrocarbon molecule, X- is H-, 
CH,-, etc., and k is a measure of the momentum. 
The value of the square of the matrix element of 
[45] is 

[48 1 )H,,'/' = E'2S2a /R  

where E' is an  electronic integral which is 
perhaps of the order of magnitude of an  elec- 
tronvolt; S is the overlap integral for all of the 
vibrational degrees of freedom which may be 
fairly small: a is a distance of the ~nagnitude of 
a bond dissociation distance cm), and R 
is a macroscopic distance arising out of the 
normalization of the dissociated state. 

The density of states per unit energy interval 

where M is the reduced inass for the dissociation 
and E is the relative kinetic energy in the 
dissociated state. I t  is clear that the constant R 
cancels from the calculation and if we take 
E = 1 eV and M = 1 atomic mass we obtain 

where a is to be taken in units of A, and E' in eV. 
This consideration does not establish the 

order of magnitude of P but it shows that the 
mechanism is not incompatible with a process 
which must have a specific rate of the general 
magnitude 1014 s - l .  It is reasonable to expect 
E' and a to be of the order of unity, and S 2  
could easily be (400)-' or  perhaps larger. 

One thinks of dissociative processes as having 
large specific rates because of the high density 
of final states. A system of oscillators also has a 
high density of states which increases expo- 
nentially as the excitation increases. It is easily 
possible that there are polyatomic molecules for 
which the negative ion formation processes by 
the non-dissociative route dominate the energy 
loss mechanisms. 
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4. Discussion requires that there is a G value for dissociation 
This paper has been concerlled only with of Or 3. the energy is 5 eV, 20 

theoretical aspects of the energy loss of sub- are required to give up 100eValld 3 of 

excitation electrons. unfortunately, the best these must produce dissociations. The effective- 

understood mechanisms are the least important ness of an  excited negative ion in dissociation 

for systems of interest in radiation chemistry. as compared with energy loss to the environment 
7 h e  indirect loss described in without dissociation is unlikely to be as much 

2 can be developed in an elegant manner but as 50%; if there are 6 localized vibrationally- 

there may be no cases in wllich it is the dominant excited ions created per 20 electrons, this means 

process. All mechanisms act concurrently and that about One the loss processes 
so the more effective energy loss processes proceed through route (b) as contrasted with 

determine the experimentally observed pheno- In any case, the two processes 

mena. An entirely adequate theory would not something l ike  an footing. 

consider the two mechanisms separately; they Other work Hiraoka and Hamill (45, 46) 

would both be contained within a single unified on characteristic losses and luminescence in- 

treatment. dicates that energy of subexcitatioll electrons is 
M~~~ subexcitation electrons probably have available in larger quantities than single phonons 

energies in the range below the threshold for at  a time. On the other hand, in this same work 
dissociation processes and both lnechanisms a prominent energy loss occurs at  about 3 eV, 

(a) and (b) of section 3 are effective. These are and i t  is likely to  be due to a single phonon. 
most probably the doIllinallt subexcitation In sectiolls and 3 the formal theory was 
energy loss mechanisms in lnolecular media. in of a scattering mean free 
Further development of the theory presented path explicitly or implicitly equal to a IllolecLllar 
ill sectioll 3 requires qualltum mechanical diameter. The theory was developed so that the 
studies of the wave functions and energies of two mechanisms would be consistent. However, 
excess electrons in molecular systems. the transinissio~l of the electrons through thin 

~h~~~ is a tendency for radiatioll chemists films depends upon the scattering mean free 
to tlliIlk of energy loss in terms of one phonon path and if the latter were as small as a molecular 
at a time; intuition leads to the process of diameter: the transmission to backscattering 
section 2 and process (a) of section 3. On the be very for films as 

other hand, many experimental results demand thick as loo Or 200 A. it is known 

the type of process in which essentially all of the (44, 46, 47) that the T / B  ratios are the order of 
energy of a subexcitation electron is available unity and not very sensitive to film thickness. 
for such as a molecular dissociatioll These facts indicate that the mean free path for 
(43, 44). Clearly the energy cannot be given up scatteri'lg is much larger than 
by the excitation of single p]lonons a t  a time. dimensions. The results of Chang and Berry (47) 
T o  be consistefit with experilllental results, give of 'mean free path' which are 20- 

mechanism (6) (of sectioii 3) must colnpete 50 for a great many alkanes a t  77 K ;  Huang 

favorably with mechanism (rr). For the case of and Magee (48) have shown that the 
irradiated thin films of alkanes at  77 K,   ill of Hamill are consistent with those of Chang 

and co-workers (43) have made chemical studies and Berry. 

of the products. The dissociatio~l process which the of experilnent are 
has the lowest threshold energy (-3.8 eV) is not enough known so that the requirements 

of experiment on the theory presented here can 
e f  R M + R + H -  be precisely stated a t  this time. In particular, 

and cllemica] products are observed at  about the 'initial distributions' which are the most 
this electroll energy. Hamil14 reports that the interesting to radiation chemists of all the ex- 

total observed product yield for electrons some- ~er i lnenta l  data are unknown quantities; un- 
what above threshold but below the energy certainties in subexcitation electron distribution, 
required to excite the lowest electronic state track entity distribution, etc., make them 

impossible to define precisely. In a general way, 
4W. H. Hamill, private communication. however, we know many things. Effective mean 
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free paths for the electrons must be fairly large, 
20-50 A, and energy loss processes very efficient. 
Many results seem to indicate that the distribu- 
tion is very broad (with a long tail), which might 
imply that a process such as 3(b) dominates but 
a significant fraction of loss is due to 3(a) and 
low-energy electrons have less efficient loss 
processes. 

The principal defect of the theory as presented 
here is that the implied mean free path is too 
short. The theory can be restated in terms of the 
concept 'coherence length' for the wave function 
instead of requiring the wave function to be 
coherent only on each n~olecule. Relaxation 
processes may not be associated with single 
molecules, but may also involve intermolecular 
motions. Such processes arise naturally in a 
treatment which has a longer coherence length. 
Funabashi (49) has discussed this topic and 
the application to the present problem has been 
considered by Funabashi and Magee (42). 

Phenomena resulting explicitly from disorder 
in molecular systems have also been neglected. 
Funabashi and Kajiwara (27) have shown that 
the effect of such disorder on electron scattering 
is important. 
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Discussion 

G. R. Freeman: In calculations of the electric field effect on 
free ion lields, two electron-ion separation distance dis- 
tributions are commonly assumed. One is a simple expo- 
nential function and the other is a Gaussian. Is the straight 
path assumed by Platzman associable with the exponential 
distribution (attenuation of a plane wave), and the random 
path assumed by you associable ui th the Gaussian? 

J. L. Magee: The random path is of course compatible with 
a Gaussian distribution function. The straight line trajec- 
tory is a good approximation in any case where the mean 
fi-ee path is large. Simple exponential distributions are also 
obtained for some conditions of multiple scattering but the 
linear trajectory would probably be applicable. 

6. R. Freeman: What is the mechanism of electl-on hesita- 
tion between jumps? Does it involve transient negative ion 
states? 

J. L. Magee: Transient negative ion formation is the only 
physical mechanism I know which would cause a hesita- 
tion in the motion. The actual hesitation used (a delay of 
five jump times in 10% of the jumps) was chosen arbitrarily 
and does not actually mimic any known case of negative 
ion formation. 

J.  M. Rarman: Over what range of electron energies are 
your calculations applicable? 

9. E. Magee: The objective \+as to cover the entire subexci- 
tation range from 6 eV oi- so to epithermal energies. How- 
ever, there is no explicit use of energy in either considera- 
tion. The indirect loss mechanism employed a hopping of 
the electron from one molecule to another and the inter- 
molecular distance combined with the jump time deter- 
mine a kinetic energy. I think this calculation is reason- 
ably consistent d o u n  to energies of 1 eV or so. The direct 
mechanism can be used for lower energies u i th  ail appro- 
priate deformation potential. Of course it is understood 
that there are threshold energies for the molecular vibra- 
tions u hich must be treated pl-operly. 

G. R. Freeman: Did you consider processes that would be 
important below about 0.3 eV? They should be very impor- 
tant in hydrocarbons. 

may not be the vibrations of individual molecules in this 
case. however, and a deformation potential for inter- 
molecular vibrations must be used. 

P. Delahay: The energy loss due to dielectric relaxation is 
inversely proportional to the relaxation time according to 
Platzman and Frohlich. This loss is -l0I3 eV s-' for water. 
but it would be nearel- to lo1* eV 5-' for other liquids (or 
even lower). Hence. the loss due to vibrational excitation 
would be dominant for other liquids than water for the 
indirect mechanism. 1s this conclusion correct? 

J. L. Magee: Yes, I think this is a correct conclusion. 
However, I think that in most cases the direct mechanism 
is act~lally responsible for the loss. 

P. Delahag: Could you comment on the dependence of the 
energy losson the kinetic energy forthe direct mechanism? 

J. L. Magee: There is no explicit dependence on the kinetic 
energq of the electron. In a general way the 105s should be 
larger as the velocity decreases, but the perturbation 
Hamiltonian depends upon the details of the potential 
energy functions of the ion and neutral molecule. I don't 
think a generalized statement is possible. 

U. Sowada: I would like to comment on the order of mag- 
nitude which you get out of your- calculation about the rate 
of energy loss to nonpolar molecules (around 1012 eV/5) at 
liquid densities. There have been performed measure- 
ments in our laboratory concerning this topic (see this issue 
and Phys. Rev. A. 14.438 (1976)). For the case of methane 
the extrapolation to the liquid density is pos ib le .  For 
electl-on energies around 0.5 eV the product of the energy 
loss per d ~ i f t  distance (slightly above 10' eV/cm) with the 
thermal velocity for electrons of this energy (approxi- 
mately lo7 cmls) the same order of magnitude as from your 
calcultition is obtained. 

J. L. Magee: This is an interesting result. Your electrons 
arejust at the lowerlimit of validity of the calculation andat  
the moment I am not sure that my mechanism is responsi- 
ble for your findings. although it may be. 

J. Jortner: Cancel-ning the inelastic electron scattering ac- 
companied by excitation of intramolecular bibrations, let 
me point out that the process bears a close analogy to 
optical Raman scattering. In this context. let me inquire 
whether you have considered second-order contributions 
to this mechanism. which may be important. 

J.  L. Magee: I have not made a thorough study of this 
problem. A preliminary estimate of the effect seemed to 
indicate that it would be less important than the first order 
process. but a more careful examination should be carried 
out. 

J. L. Magee: In principle the treatment of the direct effect 
can be used at low electron energies. The main excitations 
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Photoelectric determination of V ,  values and electron ranges in some 
cryogenic liquids 
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1860 (1977) 

Conduction state energies Vo were measured for liquid neon, argon, krypton, xenon, liquid 
nitrogen, liquid methane and ethane, and mixtures of methane and ethane by means of photo- 
efTect on a metal electrode. A lower limit of Vo for liquid hydrogen was estimated. From the 
dependence of the photocurrent on the electric field strength electron penetration ranges could 
be deduced. 

WOLFGAXC TAUCHERT, HELMUT JGWGBLLT et W E R N ~ R  F. SCHMIDT. Can. J. Chem. 55, 1860 
(1977). 

On a mesure les energies d'etats de conductivite V, pour du neon, de I'argon, du krypton, du 
xtnorl liquide, pour de l'azote liquide, du methane et de l'ethane liquide et pour des melanges 
d'ethane et de methane en faisant appel a I'effet phoioClectrique sur une electrode metal. On a 
estime la limite inferieure de Vo pour l'hydrogtne liquide. A partir de la dipendance du courant 
photoelectrique sur la force du champ electrique, on a pu deduire des limites pour la pCnCtra- 
tion electronique. 

[Traduit par le journal] 

1. Introduction 
Photoemission of electrons or holes into an 

insulator from a metal electrode can be employed 
for obtaining information on the electronic 
energy levels in the material. This technique has 
been used for the investigation of solid insulators 
and semiconductors (1-5) and In 1971 lt was 
introduced for the study of electronic levels in 
non-polar liquids by Holroyd and Allen (6). 

The experiment consists of the determination 
of the work function of a suitable metal electrode 
in a vacuum and in the liquid. The work function 
in the liquid 4,  is different from that In the 
vacuum by a value &, the energy necessary 
to  bring an electron from the vacuum into the 
liquid 

Negative VO values mean that energy is released. 
Photoemission from a metal electrode in a 

vacuum was treated theoretically first by Fowler 
(7) who derived the dependence of the nor- 
malized photocurrent density j on the light 
frequency v. ExperimentalIy (6) and theoretically 
(8) it was shown that the Fowler formula can 
also be applied for the photoeinissiori lnto an  
insulator with a low dielectric constant. 

The work function is obtained from the experi- 

rnental data either by numerical comparison with 
the Fowler function with the aid of a computer 
or  simply by plotting jl' '  as a function of v 
which represents a straight line and yields 
v, = $/h a t  j = 0. The normalized photocurrent 
is obtained as i l l  with i the measured photo- 
current and I the light intensity measured with a 
calibrated photomultiplier. 

If  the measurements are carried out in a 
vacuum, saturation currents can be obtained. 
Injection into a liquid Leads to ther~llalization of 
electrons near the cathode due to energy losses. 
Under the influence of the field of the image 
charge a certain fraction of the injected electrons 
returns to the cathode and the measured current 
is smaller than in vacuum at  the corresponding 
wavelength where the same excess electron 
energy is obtained. The photo-response i,/i ,  
(i,,, photocurrents in liquid and vacuum, re- 
spectively) depends on the applied electric field. 
Due to the image force a potential barrier is 
generated near the metal electrode and the - 
escape probability for such a one-dimensional 
case has been derived by several authors (9-1 1). 
The photo-response is then given by 

where 
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J,'O exp J*) a x  
[3] P(xo) = 

k,T 

and 

x, is the thermalization distance of the injected 
electron, F is the electric field strength, e electron 
charge, and E the dielectric constant of the liquid. 
D(xo) is a range distribution and various distri- 
bution functions can be used in analogy to the 
treatment of ion yields in y-irradiated liquids 
(12-14). I t  was found by Holroyd et al. (9) that 
with a one-dimensional Gaussian distribution 

with a suitably chosen b the experimentally 
observed photo-response data in several hydro- 
carbons followed the field strength dependence 
given by [2]. 

Interest in V, values and ranges of low energy 
electrons exists from various problems of elec- 
tron transport in liquids. In the theory of excess 
electron states in simple liquids by Springett et a/. 
(1 5 )  a criterion of localization is derived in which 
the magnitgde of determines whether an  
extended or  a localized state of the electron in 
the liquid is er~ergetically the most favorable one. 
Experimentally it was found that electrons in 
liquid helium (16) exhibited a low mobility in 
agreement with the Vo value (13) which predicted 
a localized state. In  liquid argon, krypton, and 
xenon high eiectron mobilities were observed (18) 
and  the reported Vo value for argon (19) favors 
the extended electron state. In  liquid neon low 
electron mobilities have been reported (20-22) 
b u t  Vo values had not been measured. In  liquid 
hydrocarbons many Vo values and electron 
mobilities p,, were reported by several groups 
and a. relation was thought to exist between V, 
a n d  pel (23-96). 

The present experiments were carried out in 
order to obtain those V ,  values for liquefied rare 
gases and some other liquids which had not been 
measured yet and to obtain V, values for 
methane-ethane mixtures where electron mobi- 
lities as a function of composition had been 
measured previously in this laboratory (23). 

2. Experimental 
The set-up was essentially that of Holroyd and Allen 

(6) .  The measurement cell was placed in a cryostat. For 
the measurement of the light intensity a calibrated photo- 
multiplier was used. The photocathode consisted of a 
brass base on which first a layer of gold and then a second 
layer of zinc were vacuum deposited. 

Measurements were carried out on the following 
liquids: neon, argon, krypton, xenon, nitrogen, mixtures 
of methane and ethane for the whole range of composi- 
tion, and liquid hydrogen. 

The gases were high purity grades (99.95 vo1.Z mini- 
mum) and they were purified further by passage through 
columns of activated molecular sieve (Linde 3A) and 
charcoal). The vacuum work function was measured 
before and after the measurement with the liquid and the 
vacuum work functions obtained this way agreed within 
+ 0.03 eV. - 

3. Results 
The normalized photocurrents as a function of 

the light frequency (Fowler plot) for a zinc 
electrode in vacuum and in liquid methane, 
ethane, and neon are shown in Fig. 1.  While the 
Fowler plots for vacuum and liquid ethane agree 
quite well with those published by Noda et 01. 
(28) our plots for methane disagree with the 
results by Noda and Kevan (29). In their experi- 
ment the photocurrents at  comparable excess 
energies above the work function were almost 
two orders of magnitude lower than the vacuum 
currents. The high excess electron mobility in 
liquid methane, however, favors escape from the 
electrode and leads to higher currents. We re- 
peated the methane experiments also with a gold 
electrode and found the same relative magnitude 
of the Fowler plots for the vacuum and the liquid 
as with the zinc electrode. There was, however, a 
definite influence of the electrode material on the 
Vo value which has been also reported by 
Holroyd and Allen (6). Gold gave more negative 
values. The vacuum work functions for zinc and 
gold were in the range of values reported in the 
literature. The temperature dependence of Vo in 
liquid methane is shown in Fig. 2. Although the 
slope of the decrease of with increasing 
temperature is approximately the same for the 
different set of data, there is considerable dis- 
crepancy in absolute terms. 

The temperature dependence of Vo in liquid 
ethane is given in Fig. 3. The values for the 
methane-ethane mixtures were measured with a 
gold electrode a t  T = 100 f 2 K and are sum- 
marized in Table I together with the data for 
iiqaljd neon, argon, krypton, and xenon, nitrogen, 
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FIG. 1. Fowler plots for a rinc electrode in iiquid 
ethane, methane, and neon. The arrows denote the work 
function. 

and an estimate for hydrogen. In hydrogen no 
injection currents could be obtained with a zinc 
electrode and the iower limit given in 'Fable 1 is 
the short wave limit of the lamp. Also with a 
sodium electrode no injection currents could be 
obtained in liquid hydrogen. 

The photo-response of a gold electrode in the 
methane-ethane mixtures as a function of the 
electric field strength is shown in Fig. 4, while for 
the other liquids some data are corripiled in Fig. 
5. The photo-response iL/iv is determined by the 
distance b the electrons penetrate into the liquid. 
The solid lines in Fig. 4 represent i L / i r  values 
obtained ffom [2] with the b values given in 
parentheses. The agreement is rather good. 

No distribution function D(x,),  however, 
could be fo~ind to fit the data of Fig. 5. The 
temperature dependence and the dependence on 

90 95 100 105 110 115 

temperature [Kl 
FIG. 2 ,  Temperature dependence of V, values of liquid 

methane: 0 values measured with rinc electrode, A 
values measured with gold electrode, @ values by Noda 
and Kevan (29). 

temperature [ Kl 
FIG. 3. Temperature dependence of Vo values of iiquid 

ethane: 0 values measured with zinc electrode, values 
by Noda et a/. (28). 

the electron energy of the b parameter in methane 
and ethane are shown in Figs. 6 and 7'. 

Conduction state energies of excess electrons 
in liquefied rare gases have been calculated by 
Springeht, Jortner, and Cohen ( 15) who adapted 
the Wigner-Seitz model by introducing a pseudo- 
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TABLE 1. Vo values 

Elec- 
Liquid T (K) vo (eV) trode 

Neon 25 +0 .67+0 .05  Zinc 
Argon* 84 - 0 . 2  k 0 . 0 3  Zinc 

87.5 -0.21+0.03 
Krypton* 116 -0 .40+0.05 Zinc 

123 -0 .45k0 .05  
Xenon* 161 - 0 . 6 7 i 0 . 0 5  Zinc 

165 - 0 . 6 1 i 0 . 0 5  
Nitrogen 77 +0 .05k0 .03  Zinc 
IHydrogen 15 > f 2 . 0  Zinc 
Methane 1 0 0 i 2  -0 .2510 .03  Gold 
Methane-ethane; 

0.81-0.19 10012 -0 .1  k 0 . 0 3  Gold 
0.57-0.43 100+2 kO.0  Gold 

Ethane 1 0 0 ~ 2  f 0 . 2  2 0 . 0 3  Gold 

*These v a l ~ e s  have been published already in a short communica- 
tion (30). 

TMole fractions. 

FIG. 4. Photo-response of gold electrode in liquid 
methane, ethane, and mixture?. Energy of injected 
electrons E = 0.5 F 0.02 eV, T = 100 f 2 K. 

potential which excludes the electrons from the 
hard core radius of the atoms. By applying their 
theory to our experimental V, values, hard core 
radii were obtained which are siightly smaller 
than the values from other physical experiments 
(30, 31). The positive Vo value for neon predicts 
localized electron states to be stable (1 5) which is 

FIG. 5. Photo-response of zinc electrode in several 
liquids: 0 xenon, T = 161 K, E = 0.54 eV; A krypton, 
T = 120 K, E = 0.50 eV; V argon, T =  85.5 K,  E = 
0.54 eV; @ nitrogen, T = 77 K, E = 0.49 eV; neon, 
T = 25 K. E = 0.55 eV. 

supported by the low electron mobilities reported 
in the literature (20-22). The estimated lower 
limit f o r  V, in liquid hydrogen and the low 
electron mobilities observed (32) indicate that 
the excess electron state is localized. 

Miyakawa and Dexter (33) assumed localiza- 
tion of the electrons in liquid hydrogen and neon 
in bubbles and estimated for neon V ,  = +0.45 
eV and for hydrogen V, = +2 eV. 

Quantum field theory was applied by Tanker- 
sley (34) to the problem of the energy barrier for 
electron penetration into liquefied rare gases. V, 
is calculated in terms of the static structure factor 
of the liquid. Although his treatment is primarily 
concerned with liquid helium and treats the 
simultaneous interaction of two He  atoms with 
the electron his results give also for neon and 
argon (where interaction with more than two 
atoms should be considered) V, values i i ~  fair 
agreement with our measured data. 

Low electron mobilities were measured in 
liquid nitrogen (35) while the V, value would 
predict a delocalized state according to the 
localization criteria of Springett et al. (15) or 
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methane 

1000 rn 6 -  E-0.0.37 

ethane ( E - 0 )  
0 0.30 eV 
0 0.37 eV 

FIG. 6, Dependence of the electron range (parameter 
b of a Gaussian distribution) on the temperature (E - 4 
is the energy of the photoelectrons). 

ethane 

FIG. 7. Dependence of the electron range (parameter b 
of a Gaussian distribution) on the energy of the photo- 
electrons in liquid methane and ethane: V methane, 
110 K, Au electrode; A methane, 98 K, Au electrode; 
Ed methane, 115 K, Zn electrode; @ methane, 98 K, 
Zn electrode; ethane, 156 K, Zn electrode; G ethane, 
135 K, Zn electrode. 

order to test a p,,-V, relationship proposed by 
Kestner and Jortner (26) based on percolation 
theory and by Schiller et al. (25) based on  an  
equilibrium between localized and extended 
states. Electron mobilities had been measured 
previously for this system (27). I t  was not 
possible, however, to obtain agreement between 
experimental results and theory with any set of 
physically realistic parameters. 

The ranges of photoelectrons estimated in 
these experiments should be compared with data 
obtained from the radiation induced conduc- 
tivity. High free ion yields G,, were observed in 
methane yielding a large separation distance 
between positive ion and electron while small 
G,, values were reported for liquid ethane (36). 
The photoelectric ranges show the same in- 
fluence of the molecular shape with ethane 
slowing down subexcitation electrons more 
efficiently than methane. 

Application of the diffusion model (eqs. 2-5) 
on the photo-response data of the liquefied rare 
gases (Fig. 5) did not yield electron ranges since 
n o  agreement could be obtained with various 
distributions D(x).  I t  is possible, however, that 
the diffusion iliodel does not apply for liquefied 

Noda et a/. (28). Mobility measurements with 
nitrogen, however, might suffer from contamina- 
tion with oxygen. The measurements with the 
methalle-ethane mixtures were carried out in 

FIG. 8. Photo-response data of Fig. 5. The solid Iines 
exhibit a slope of 0.5. 
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rare gases where the electrons lose energy very 
inefficiently in elastic collisions and travel large 
distances. Furthermore, at the field strengths 
applied here they do not reach thermal equili- 
brium with the liquid but the mean electron 
energy is greater than thermal. Electron loss from 
the conduction current can occur due to back- 
scattering. Sniejtek et al. (37) have discussed this 
mechanism for the injection of electrons into 
gaseous argon of high pressure. They found that 
the photo-response should be given approx- 
imately by 

112 

C6l 

where E, is the energy of the injected electrons 
and IL is the mean free path for momentum 
transfer. The data of Fig. 5 follow this F ' / ~  
dependence quite well as is shown in Fig. 8. It 
may be concluded that in liquefied rare gases 
backscattering of electrons is the main factor 
which limits the photo-response. A more detailed 
evaluation would require more photo-response 
data at different electron energies E,. 
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Discussion 
L. Kevan: Do you understand the difference in the mag- 
nitude of your V, values in methane obtained with zinc and 
with gold electrodes? 

W. F. Schmidt: Not at this time. A detailed investigation 
should take into account the experimental conditions of the 
generation of the surface and the effect of impurities in the 
liquids. 

L. Kevan: For your V, value in liquid nitrogen have you 
used the stability criterion that Noda, Fueki, and I(J.  Phys. 
Chem. 79. 2866 (1975)) suggested to see whether an ex- 
tended or localized state is predicted. 

W. F. Schmidt: Yes, your criterion as well as that of 
Springett. Cohen. and Jortnerpredict the extended state to 
be stable. Mobility measurements gave low values (in the 
range 6f cm2 V-' s-I). These experiments might have 
suffered from traces of oxygen, however. 
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P. Dehhay: With reference to the effect of the electrode. it 
is to be noted that you measure the algebraic sum of V ,  and 
the surface potential. This potential undoubtedly varies 
from one metal to another. and consequently an electrode 
effect is not so surprising. This contribution from the sur- 
face potential renders values of V ,  somewhat approximate 
( independer t !~  of experimental errors). 

W. F .  Schmidt: This is correct. although the origin of this 
surface potential may be either an intrinsic property of the 
particular metal-liquid interface; it may, however. also be 
generated by impurities. On occasions it was observed that 
different V ,  vaiues were obtained, when the purification of 
the liquid was carried out less vigorously. 

P .  Delalaay: Did you examine the field effect in terms of 
backxattering of emitted electrons? 

W. F. Schmidt: No. we did not. since good agreement was 
obtained in the case of hydrocarbons mith the one- 
dimensional escape probability. 

D. E .  Brodie: Could the difficulty with electrodes be 
checked for a possible effect due to contamination by using 
two different inert metals for electrodes. say gold and 
platinum? 

W .  F. Schmidt: In the usual photoemission set-up a limita- 
tion alises from the absolute value of the work function 
which is -5 eV for Pt. In order to determine V ,  it i\ 
desirable to follow the emission over a certain range of 
electron excess energy. The intensity of the xenon lamp 
decreases drastically belom 250 nm making it difficult to get 
photocurrents with a Pt electrode. 
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JOHN R .  MILLER. Can. J. Chem. 55 .  1867 (1977). 
It is known that the free ion yield is small in imadiated aromatic hydrocarbon liquids. This study 

uses pulse radiolysis to observe anions of aromatic solutes in matrices at 77 K .  In aliphatic 
matrices, trapped electrons tunnel to aromatic solutes and the anion yield is observed to grow 
with time. If the concentration of aromatic solute is large (0.1 M) or if the matrix is aromatic, ion 
recombination via tunneling dominates the anion kinetics, and long lived tiiplet states are 
observed to grow in. These results and the effects of other charge scavengers indicate that just a 
few percent of added aromatic material can dramatically increase the probability of charge 
recombination in aliphatic media. and that this effect involves decreased charge separation 
distances. The same effect apparently also occurs in alkane liquids at room temperature. 

JOHN R .  MILLER. Can. J .  Chem. 55, 1867 (1977). 
I1 est bien connu que le rendement d'ions libres est petit dans les hydrocarbures aromatiques 

liquides irradies. Cette etude utilise la radiolyse pulsee pour observer les anions des solutes 
aromatiques dans des matrices a 77 K. Dans des matrices aliphatiques, les electrons pieges sont 
transferes aux solutCs aromatiqucs par un effet de tunnel et on observe que le rendement en 
anions augmente avec le temps. Si la concentration du solute aromatique est grande (0.1 M) ou si 
la matrice est aromatique, la recombinaison ionique par un effet de tunnel domine la cinetique de 
I'anion et on observe que les etats triplets de longue vie croissent. Ces resultats et les effets 
d'autres agents qui peuvent pieger des charges indiquent que l'addition de quelques pourcents de 
composes aromatiques peut produire une augmentation dramatique de la probabilite de recom- 
binaison de charge dans un milieu aliphatique et que cet effet implique une diminution des 
distances de separation des charges. I1 semble que le meme effet se produit aussi dans des alcanes 
liquides B la temperature de la piece. 

[Traduit par le journal] 

Introduction 
Ionizing radiation produces solvated electrons 

in liquids and trapped electrons in glasses. In 
most alkane liquids ion pairs are thermalized 
with a wide distribution of geminate ion separa- 
tion distances. The ion separation distance 
distributions are thought to peak at  about 75 A 
(1-3). A few percent are thermalized beyond the 
Onsager distance (4), which is about 300 A at 
room temperature, and become free ions. In 
rigid hydrocarbon glasses where diffusion is 
eliminated, electrons trapped within the coulomb 
field of the positive ion may still have very long 
lifetimes, because the only decay mechanism 
available is electron tunneling to the positive ion. 
The distance distributions in the glasses are 
thought to be r o ~ g h l y  similar to those in liquids, 

'Based on work perfornled under the auspices of the 
U.S. Energy Research and Development Administration. 

'By acceptance of this article, the publisher and/or 
recipient acknowledges the U.S Government's right to 
retain a nonexclusive, royalty-free license in and to any 
copyright covering this paper. 

but they may be shifted to slightly larger distances 
(2). 

Electron acceptors added to the matrix 
capture trapped electrons by the tunneling 
mechanism (5). In this study it appears that high 
concentrations ( ~ 2 z )  of an aromatic solute 
prevent separation of charges to large distances. 
Most of the anion-cation pairs appear to be 
separated by less than 50 A, and recombine by 
tunneling in the time range Lo 10's. 

Experimental 
Aldrich 3-methylhexane (3-MHX) was allowed to  

stand over Linde 13X molecular sieve, which had been 
activated by heating at  least 2 h at  250'C. Aldrich 3,3- 
dimethylbiphenyl, Eastman cumene, Phillips (research 
grade) 2-methylpent-1-ene, Fluka triethylarnine, and 
Matheson Coleman and Bell 1-chloropropane were used 
as received. Samples were degassed in cells with silica 
windows, and sealed off under vacuum. Samples were 
frozen by immersion in liquid nitrogen and were subjected 
to  2 to  10 ns pulses of 12 i- 3 MeV electrons, which pass 
completely through the cell, leaving a trail of ionization 
events. 

To  prevent optical bleaching, analyzing light from a 
xenon arc-lamp passed through a monochromator and a 
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FIG. 1. The growth of absorbance (in arbitrary units) at 410 or 340 nm as trapped electrons in 
3-methylhexane glass are captured to form dimethylbiphenyl anions (+ normal analyzing light inten- 
sity; 0 analyzing light intensity on sample reduced by a factor of 15) or to form triphenylmethyl 
radicals (0). There is a background absorbance in the pulse irradiated 3-IMHX matrix (0). 

light chopper (open 5z of the time) before reaching the 
sample. The signal from an EM1 9781R photomultiplier 
was recorded by a computer-controlled Biomation 8100 
transient recorder from lo-' to 10's. Time resolution 
was often degraded to  cn. s by large amounts of 
fluorescence, especially if the sample contained cracks. 
More experimental details are given in ref. 6.3 

The stated molar concentrations apply at  77 K, and 
are corrected for the fact that 3-MHX contracts by 
z 17% as it is cooled from room temperature. 

~ . 

Results 
At~io?? Growth bjs Electror7 Tunneling 

Figure 1 shows the growth of absorbance of 
the 3,3'-dirnethylbiphenyl (DMB) anion at 410 
nm and the triphenylmethyl radical (+,Ce) at 
340 nm, when 2 m M  solutions of DMB or 
triphenylmethyl chloride in 3-MIHX are pulse 
irradiated at  77 K. The growths of these products 
are the result of capture of trapped electrons by 
a tunneling mechanism (5). Slightly less than 
half of the trapped electrons are captured at  10's 
(5). It is possible for electrons captured by DMB 
to recombine by tunneling to the posltlve Ion, 
but this is not poss~ble In the case of a dlssoc~a- 
tive capture product such as 4,C' 

The similar~tles of the growth curves for 
DMB- and @,C' suggest that there 1s llttle Ion 

'Copies of the supplementary material for ref. 6 are 
available from the first author or from the journal. 

recombination. At higher concentrations of 
DMB we shall see much ion recombination. 

A report by Kroh et al. (7) has indicated that 
there is no growth of the biphenyl anion under 
similar conditions. These authors claimed that 
biphenyl anion growth could only occur by 
bleaching of the trapped electron by the spectro- 
metric analyzing light (7). But the growths in 
Fig. 1 are real and unaffected by the analyzing 
light, which was monochromatic (6 nm half 
height band width at the sample) and was 
chopped to reduce the average intensity by a 
factor of 20 (6). A further reduction of a factor 
of 15 by filters showed no effect on the kinetics 
of DMB- growth (see Fig. 1). Further, the 
spaces between 0.5 and 3 ms and between 3 and 
33 ins (Fig. 1) are times during which the chopper 
prevented any analyzing light from reaching the 
sample, but DM5 growth continued unabated. 

The apparent growth of DMB- was reduced 
if the light passing through the sample was 
deliberately ~ n a d e  more intense. The intense 
analyzing light bleached DM B- . This probably 
is the explanation for the failure of Kroh et ill. 
( 7 ) ,  to observe bipheny!. growth. They bid not 
use a monochron3ator before the sample, but 
used filters of 80 nm band width (7 )  rs. 6 nm in 
the present work. Because they did not use a 
monochrori~atcr before the sample to disperse 
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Dimethylbiphenyl in  3 - M H X ,  7 7  K 

1 .a1 I I I I I I I I , I 1 

FIG. 2. The kinetics of DMB- anions for DMB concentrations between 0.002 and 0.25 hir in 
3-MHX at 77 K. 

the light, an image of the arc was probably 
formed in the sample, further aggravating the 
bleaching problem. 

In the present work in 3-MHX at 77 K, 
anion growths have been observed for DMB, 
biphenyl, pyrene, and triphenylethylene. Similar 
anion growths have been reported by Klassen, 
Gillis, and Teather (8). Richards and Thomas 
(9) reported pulse radiolysis work at ca. s 
which showed that a niuch greater fraction of 
trapped electrons survived capture by biphenyl 
at  s than at ca. 5 mi11 after gamma irradia- 
tion. Because exposure to light was negligible in 
the gamma irradlation experinients ( 1  0, 11, 5), 
electron capture clearly cannot be due to 
bleaching as Kroh et a/ .  (7) claim. 

Ion Retorrzbination at H ~ g h  Solute Cor~centvations 
The growth of anions at low solute concentra- 

tions is well establ~shed. At  higher concentra- 
tlons, a remarkable behavior 1s observed: 
Instead of growing to a plateau, the anion yield 
decays with time (see Fig. 2). At the highest 
concentration, 0.25 M ,  almost all of the anions 
decay, giving the lowest final (10, s) absorbance 
at  410 nm of any of the concentrations used. The 
relative anion yield in 0.25 M DMB is probably 
even lower than apparent in Fig. 2, because no 
anion peak is seen in the spectrum at 100 s (see 
Fig. 3). Most of the final absorbance is probably 

FIG. 3. Absorbance spectra for 0.01 and 0.25 M DMB 
at and 10's. After the triplet state (390 nm peak) in 
0.25 M DMB has decayed out, it is still not possible to 
detect a 410 nm peak due to the anion. 

due to various DMB and solvent radicals, 
which have not been identified here. 

The yield of trapped electrons per 100 eV of 
absorbed energy (the G value) is 0.9 in 3-MHX 
glass (12). The yield of biphenyl anion (4,-) is 
1.6 if 0.015 M +, is added to 3-MHX glass (12). 
Comparing these results with those in Fig. 2, 
and recalling that the final (10' s) absorbance in 
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I 1 I 1 1 1 , 1 I L I I 
-0 -7 -6 -5 -9 -3  -2 -1 0 1 2 

I 
log lo (TI , s 

FIG. 4. Kinetics of the absorbance (in arbitrary units) at  390 nm, the peak of the triplet state 
absorption. 

0.25 M DMB is due mainly to species other than 
DMB-, we see that the final yield of DMR- in 
0.25 M DMB is much lower than the yield of 
trapped electrons in pure 3-MHX glass. 

The disappearance of DMB- ill the more 
concentrated solutions of DMB appears to lead 
to substantial yields of triplet (7,) states of DMB. 
The triplet absorption, peaking at 390nm, 
dominates the spectrum at s in 0.25 M 
DMB (Fig. 3). Unlike the anion which decays by 
the bimolecular process of ion recombination, 
the triplet decay is a unimolecular, first order 
process, which appears almost as a step function 
in log t (Fig. 41, with a triplet lifetime of about 
3 s. This is quite similar to the phosphorescence 
lifetime of biphenyl, which is 3.7 s (13). The 
triplet state of biphenyl has an absorption peak 
at  about 375 nni as measured in this work, and 
367 nrn as reported elsewhere (14, 15). So the 
DMB triplet has a slight red shift, as is usual for 
niethyl substituted aromatics (15). The absorb- 
ance at  390 nm is not entirely due to the triplet, 
since by analogy to biphenyl, both DMB' and 
DMB- are expected to absorb strongly at  390 nm 
(see ref. 16, Fig. 8). Because the absorbance at 
410 nm (Fig. 2) shoms little 'step function' 
behavior at  3 s, we may conclude that the 
triplet does not seriously interfere with mea- 
surement of DMB- at 410 nm. 

EfSects of Cl~uvge Scu~engevs 
Figure 5 shows the effect of a positive charge 

scavenger, triethylamine (TEA) and a negative 
charge scavenger 1-chloropropane on the DMB- 
kinetics. The positive charge scavenger, TEA, 
appears to slightly increase the DMB- yield, 
but does not slow its decay. Apparently ion 
recombination is almost as effective when TEAf 
is the cation. 

The effect of the same scavengers on the 
triplet yield at  ca. 3 s are given in Table 1 .  Both 
positive and negative ion scavengers reduce the 
triplet yield as expected if the triplets result 
from ion recombination. The triplet yield is 

TABLE 1. Effect of additives on dimethylbiphenyl triplet 
yields'+ in 3-MHX at 77 K 

Solute 

Relative 
absorbance at 

390 11ni 

0  25 W D M B  1 0  
0  2 5 M D M B  + 1 0  MTEA 0  6 
0  25 2.1 DVB + 1 0  I.fchloiopropane 0  4 
0 2 5 w D M B ~ l  O M T E A + l O % i '  

chloropropane 0  4 
0  025 M DMB T 1 0  I4 chloropropane 0  1  

- - -- 

*Anions and cations of DMB also absorb at 390 nm and decay nith 
the logarithm of tinie (Fig. 2). The first order (ill time) decay of the 
triplet gives almost a 'step function' change of absorbance at 3 s on the 
log t plot, and is easily separated out from the DMB- and DMB+ 
absorbances. 
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0. 25 hl  D l l l B  i n  3-MHX ' 1.0 "1  addi t ive ,  7 7  K 
1 . 0  I I I 8 I I 1 1 I I I 

1.0 M TEA 

no  add i t ive  

1. 0 [\I CI-Propane 
1 . 0  hl TEA 

1. 0 ihl C -P ropane  

FIG. 5.  Effects of 1.0 M concentrations of the positive charge scavenger triethylamine (TEA), and 
the clectroll scavenger 1-chloropropane on DMB- kinet~cs in 0.25 M DMB solutions in 3-MHX at 
77 K. 

quite small in 0.025 A4 D,MB + 1.0 M chloro- 
propane. This result shows that production of 
triplet states by reabsorption of Cerenkov 
radiation is small. A t  0.025 M, DMB will 
absorb almost all Cerenkov light within the DMB 
absorption band, so that little increase can be 
obtained by raising the DMB concentration. 
This assumes that the average light path for 
Cerenkov absorption is about 1 mm. It  has been 
noted before (17) that internal absorption of 
Cerenkov light by solutes is essentially complete 
at  low solute concentrations. This is true for 
the case of 0.025 M DM% because about 95% 
of the oscillator strength (> 200 ilm) is in regions 
where the molar absorption coefficient (18) 
E > 400 M - I  cm-l .  

Figure 6 shows that in 0.01 M biphenyl (4,) 
in 3-MHX a t  77 K,  the slnall yield of 4, triplets 
is decreased by addition of 2-methyl-1-pentene 
(2-MP-I), and is increased by addition of 
cunlene (isopropylbenzene). Correspondingly, 
large concentrations of 2-MP-1 d o  not seem to 
increase the decay of $ , ,  while cumene greatly 
increases +,- decay. Cumene and 2-MP-1 both 
have lower ionization potentials than 3-M HX, 
so both are expected to capture positive charge. 
Both also have lower lying electronic states than 
3-MHX. But cumene, unlike 2-MP-1, can 

Frc. 6. The effects of 2-methyl-I-pentene and cumene 
on the absorbance step at 3 s (e .g . ,  see Fig 4) due to the 
triplet state of biphenyl (q52) in 0.01 ,W cb2 in 3-MHX at 
77 K. 

capture electrons, as can benzene ( 1  1, 5). This 
may point to the role of electron capture in 
increasing ion recombination. 

Figure 7 sho\+s the ion recombination ill 

cumene glass containing 0.1 M pyrene. Pyrene is 
very soluble in cumene, but sparingly soluble in 
3-MHX. The anion, cation, and triplet state of 
pyrene can be observed almost independently. 
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separated by less than 45 A. (4) The solute 
molecules must act on the separating charges 
while they are 'hot'. (5) To enhance ion re- 
combination, the solute molecule must be able 
to form a stable negative ion state. 

The first two conclusions seem to be firmly 
established by the data, while the last three 
conclusions are tentative. These tentative con- 
clusions are discussed below. 

It  was shown a few years ago that electron 
capture by solutes in hydrocarbon glasses could 
be accounted for by electron tunneling, which 

FIG. 7. Kinetics of the anion, cation, and triplet state 
of pyrene in cumene (isopropylhen7ene) g l a s ~  at 77 K. 

Both the anion and cation decay with the log t 
kinetics typical of tunneling reactions over a 
range of distances. The pyrene triplet was ob- 
served to the red of its maximum, and is probably 
overlapped by cation absorption. 

Pulse radiolysis of 0.15 M biphenyl in cumene 
glass seems to produce a large +,+ absorption, 
which decays as does pyrenet in cumene. Sub- 
stantial triplet yields are also obtained, but the 
yield of 4,- seems to be no more than one fifth 
as large as the yield of the cation. Perhaps 4, 
can capture holes, but not electrons from the 
cumene matrix, which probably has a substantial 
electron affinity. 

Discussion 
Gerzeral Conclusions: Ion Separation Shortening 

by Capture of Hot Electrons 
The following tentative conclusions will be 

discussed: ( I )  Aromatic solutes capture trapped 
electrons in alkane glasses by electron tunneling. 
The anions which grow in show little decay at  
low solute concentrations ( z  M). (2) The 
probability of ion recombination (DMB- + 
DMB') is dramatically enhanced at solute con- 
centrations of 0.1 M ( ~ 1 . 5 % )  or greater. The 
triplet state of the solute is a major product. 
(3) The major reason for increased ion re- 
combination appears to be shortening of ion 
separation distances so that most ion pairs are 

occurs after the electrons are thermalized and 
trapped (5). Inefficient processes for mobile 
electron capture (requiring solute concentrations 
substantially greater than lo-' M) remained a 
possibility. 

The rates of electron tunneling reactions 
depend exponentially on the distance between 
the electron donor and acceptor (19) .  A simple 
and useful expression for reasonably efficient 
tunneling reaction gives the distance a (in A) 
over which the tunneling reaction can occur in a 
time t (in s) 

[l]  a = a, + 2 . 2 6 ~ - ' / ' ( 1 5  + log,, tF)  

where B (in eV) is the binding energy of the elec- 
tron on the electron donor and Fis a nuclear over- 
lap (Franck-Condon) factor for the reaction. We 
will assume that F is of the order of magnitude 
of unity. The quantity a, corrects for the finite 
size of the reactants and is about 5 A. Equation 
1  predicts that trapped electrons, which appear 
to be bound by about 0.5 eV in alkane glasses 
such as 3-MHX, can tunnel about 301$ in 

s and about 55 1$ in 1  min. In a random 
distribution of distances, we expect growth 
kinetics to extend over many orders of magnitude 
in time, as observed in Fig. 1 .  

If ion recombination with DMB- in rigid 
hydrocarbons proceeds by tunneling, we must 
use the binding energy of DMB-. This is 
probably similar to the value of 1.6 eV found for 
the photobleaching threshold of biphenyl anion 
in 3-methylpentane glass (5). If we assume that 
the effect of the coulomb potential in the ion 
recombination reaction in hydrocarbons can be 
represented reasonably in the WKB approxima- 
tion, then [ l ]  will be a reasonable approximation 
for distances greater than 20 A if we take a, to 
be about 12 A. We then expect the ion re- 
combination reaction of DMB- + DMBf to 
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occur in about s for ion pairs separated by 
28 A, and in about 10' s for ion pairs separated 
by 43 A. 

Because the yield of DMB- in 0.25 M DMB 
in 3-MHX is very small at 102 s, we conclude 
that almost all of the ion pairs are separated by 
less than about 45 A. 

This conclusion is tentative. If it is correct 
then DMB must have acted on the separating 
charges while they possessed energy in excess of 
thermal. Had the charges been thermalized at 
45 A in pure 3-MHX, they would not have been 
likely to separate further against the attractive 
coulomb potential. With a dielectic constant of 
2.0, the energy required to increase the charge 
separation from 45 to 55 A is 0.03 eV (= 0.17- 
0.14). This is more than four times thermal 
energy at 77 K. 

The failure of large amounts of the positive 
charge scavenger 2-MP-1 to accelerate ion re- 
combination pointed to the role of electron 
capture in the enhancement of ion recombina- 
tion. Thus our tentative conclusion is that 'hot' 
(pre-thermal) electron capture is causing shorten- 
ing of ion separation distances. This could 
involve a mobile, epithermal electron, or electron 
capture from an excited state which is a pre- 
cursor to ionization. Both the concept of mobile, 
epithermal electron capture (20,21), and reaction 
with an excited state which is a precursor to 
ionization (22, 23)4 have been invoked to explain 
electron capture in irradiated condensed phases. 
Solid evidence has not been found for either 
concept. 

Evidence for shorter ion pair separations in 
the presence of concentrated electron scavengers 
in neopentane has been seen by Schmidt and 
Allen (2), and in tetramethylsilane by W a ~ m a n . ~  
Neopentane and tetramethylsilane are unusual 
molecular liquids in that a very large fraction of 
ion pairs obtained separations greater than the 
Onsager distance at room temperature (300 A) 
before thermalization. 

Alternatice Hypothesis 
More Reacti~le Positice Ions 
In the more concentrated solutions of DMB, 

probably most positive ions are converted to 
DMB', and DMBf might be more reactive 
toward DMB- than is M', the matrix cation. 

4H. B. Steen, unpublished results. 
5J. Warman, private communication. 

This effect might explain the increased ion re- 
combination without assuming a shortening of 
ion pair separations. But this effect should 
achieve its full impact once most positive charges 
(holes) have been captured by DMB. Because 
studies by Hamill and co-workers (10, 24, 25) 
have indicated that aromatic solutes such as 
DMB capture holes and electrons with very 
similar efficiencies, we would expect most holes 
to be captured at z M. Enhancement of 
ion recombination seems to grow most strongly 
at 10-I M and above (Fig. 2). Furthermore, 
there is no a priori reason to expect DMBt to 
be more effective in ion recombination than 
M'. DMB' and TEAi seem to be similar in 
effectiveness, since ion recombination was not 
appreciably slowed (Fig. 5) when about 4 0 z  of 
the cations were converted to TEA' (Table 1). 

Tunneling Increases Ion Separation Distances 
at Low Concentrations 

At low DMB concentrations, electrons are 
thermalized and trapped, and then tunnel tens 
of angstroms to react with DMB. If the direction 
of this tunneling were completely random, the 
tunneling electrons would move, on the averaze, 
to farther distances from the hole. The DMB- 
ions formed are probably at longer distances 
from the holes than were the trapped electrons 
from which they were formed. This effect is 
probably partly responsible for the fact that the 
4,- yield in 0.015 M 4, in 3-MHX is 75% 
higher than the yield of trapped electrons in 
pure 3-MHX (12). 

Two-step Tunneling 
Enhanced ion recombination at high DMB 

concentrations might result from tunneling in 
two steps to the positive ion. For example, an 
electron on a DMB- 60 A from its geminate 
DMB' might tunnel 40 A to reach another 
DMB, and then 35 A to DMBf.  This two-step 
process would have essentially the same rate as 
the first (40 A) step. Tunneling between two 
identical species (e.g. two DMB molecules) in a 
condensed medium is expected to be extremely 
slow (26), because relaxation of DMB- and its 
surroundings will stabilize the anion. Were it not 
slow, DMB- -+ DMB tunneling would set up a 
diffusive motion, contrary to experiment. Buxton 
and Kernsley, who advocate "trap to trap 
tunneling" (27) through a hierarchy (in in- 
creasing trap depth) of pre-existing solvent traps, 
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d o  not expect tunneling betheen identical 
~ p e c i e s . ~  

Hofiever, the coulon~b field would aid the 
DMB- (60 A) + DMB (35 A) reaction by 0.1 
eV. Simple calculations show that in 0.25 M 
D M B  there is a sufficient probability of having 
a DMB molecule in the right region of space to 
allow such a two-step recombination process. 
There is presently not enough theoretical or 
experimeiltal information to determine whether 
two-step (or multi-step) tunneling processes 
could play a significant role in the enhanced ion 
recombination observed here. 

Even if the two-step tunneling processes do 
contribute to ion recombination, two pieces of 
experimental evidence suggest it is not the only 
effect: (I) Cumene enhances ion recombination 
(Figs. 6 and 7), although it has a much smaller 
electron affinity than DM% so that electrons 
could not tunnel from DMB- to cumene. (2) 
Enhanced ion recombination also seems to 
occur in hydrocarbon liquids (see the following 
section) where ion recon~biilation is not con- 
trolled by tunneling. 

EL idence fronz Hj droccrrbon L ~ q u ~ d s  
Thomas et ril. (28) reported that the free 1011 

yield for 4,- In cyclohexane at  room tempera- 
ture Nas nearly independent of +, concentration 
from to 3 x lo- '  M On the basis of the 
present work, we would have expected the free 
Ion yield to decrease almost to zero at  3 x 10-' 
M 4,. The work of Thonlac et a1 (28) nlay 
provlde ev~dence against the co~lclusion that Ion 
pair separation distances are greatly shortened 
by 2 0  1 M +,, at  least for l iqu~ds at  room 
tenlperature 

But the data of Thomas et crl (28) on 4,- 
free ion y~elds must be ~ i e n e d  u ~ t h  caution, 
because other species derived from 4, (radicals 
formed by H atom addition, the triplet ctate 
n ~ t h  E = 500 at  620 nm (29)) may have been 
responsible for the absorbance Thomas et 01. 
obseived at about 600 nm Iil concentrated 
solutlc~ls ( 2 0 . 1  Af) of 4, Thomas el crl found a 
I a~ge .  fast decaying ( t ,  , < 100 ns) absorbance, 
attributed to gemmate 4,-, and a much smaller 
absorbance, \+hich decayed over many micro- 
seconds At  M +,, only the small, slow 
decay~ng absolbance was prerent. I t  @as shown 
by the use of scavenge~s and study of the 

'G Buxton, prnate co~nrnun~cat~on 

spectrum to be predominantly due to 4,-. This 
same confirmation was not carried out at  high 
4, concentration. 

1 have performed this check for 0.25 M 4, in 
cyclohexane at  room temperature. The small, 
slow decaying absorbance at  t 2 1 ps was not 
changed by adding 0.01 M ethyl bromide, which 
should have reacted with all +,- before 1 ps. 
Also the spectrum at  I ps did not correspond to 
the +, spectrum, but was nearly flat between 
575 and 675 nn1. 

The spectrum of the fast transient (about 50 ns 
half-life) did appear to be due to 4,-. 

I t  thus appears that the free-ion yield in a 
0.25 M solution of 41, in cyclohexaile at  room 
temperature is zero within experimental error. 
By comparison with the data of Thomas et al. 
(28), the free ion yield in 0.25 M 4, is no more 
than one fourth the yield in M +,. This 
result tends to confirm the conclusion from the 
low temperature data that the aromatic additive 
shortens ion pair separations. 

Closirzg Coi~znzents 
About 2% of an  aromatic solute in an alkane 

matrix dramatically increases the probability of 
ion recombination, apparently by preventing 
ions from separating to large distances. If this 
effect results from some efficient mechanism for 
moderation of hot electrons, then addition of a 
small amount of aromatic i~llpurity to an ali- 
phatic liquid or solid might help to prevent 
electrical breakdown at  high voltages. Such a 
solution might also be more resistant to degrada- 
tion by ionizing radiation, because most ions 
would recombine and produce excited states of 
aromatic solute, which usually decay without 
breaking bonds. Ion recombination is more 
probable in benzene than in aliphatic hydro- 
carbons. Liquid biphenyl and terphenyl are 
sufficiently stable toward radiation that they 
have been considered as working fluids in 
nuclear reactors (30). 
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Discussion 

J. Jortner: Electron - positive hole recombination will 
result in initial singlet and triplet yields in the ratio 113. This 
will result in a trivial mechanism for fluorescence. A more 
interesting mechanism for fluorescence inxolves triplet- 
triplet interaction resulting in the formation of an excited 
singlet state. Such a process was observed by McGlynn in 
rigid solutions doped with phenanthrene. I ~ o u l d  like to 
inquire whether you have looked for fluorescence in your 
systems. 

J. R. Miller: Fluorescence is definitely present in substan- 
tial amounts, but I have made no quantitative measure- 
ments. 
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Experimental evidence for the existence of a Wamsauer-Townsend 
minimum in liquid CH4 and Ar (Kr and Xe) and in gaseous 

c2H6 and 63H8132 

Hcriltil P/~?..\ir,\ Di1,isioii. O(11i Ri&e .V(~tioriciI Lrrborcitoi:~.. OnX Riilgr, TI\;, U.S.A.  37830 

Received September 27. 1976 

L. 6. CHRISTOPHOROU and D. L. MCCORKLE. Can. J. Chem. 55. 1876 (1977). 
Experimental evidence for the existence of a Ramsauer-Townsend minimum in the electron 

scattering cross section for liquid CH, and liquid Ar (Kr and Xe) is presented and discussed. 
On the basis of evidence obtained from three sources: (i) comparisons of thermal electron mobil- 
ities in gases with those in liquids, (ii) changes in the electron mobility with gas density at high 
and very high gas pressures, and (iii) the dependence of the electron mobility on temperature 
for liquids whose Vo, the energy of the electron state in the liquid, is 5 0  eV, it is concl~lded that 
a Ramsauer-Townsend minimuin is exhibited by the electron scattering cross section for CH,, 
Ar (Kr and Xe) at all densities from a dilute gas to the liquid and that this minimum is shifted 
to lower energies (closer to thermal) with increasing density. 

Additionally, it has been found that a Ramsauer-Townsend-type behavior is exhibited by 
gaseous ethane (C2H,) and propane (C,H,) with the cross section minimum located at lower 
energies than for methane (CH4). For these latter molecules the measured mean scattering cross 
sections at  thermal energies are comparable with the geometric cross sections. 

L. G. CHRISTOPHOROU et D. L. M C ~ O R K L E .  Can. J. Cheni. 55, 1876 (1977). 
On presente et on discute des donnies experimentales supportant l'existence d'un ininimum de 

Ramsauer-Townsend dans la section droite de la diffraction electronique du CH, liquide et de 
l'argon liquide (Kr et Xe). En se basant sur les donnees obtenues a partir de trois sources: (i) 
comparaisons des mobilitts des electrons thermiques dans les gaz avec celles des liquides, (ii) 
changement dans la mobilite des electrons avec la densite gazeuse a haute et tres haute pression 
de gaz et, (iii) la dependance de la mobilite des electrons sur la temperature pour des liquides 
pour lesquels Vo, I'energie de 1'Ctat de l'electron dans le liquide, 5 0  eV, on peut conclure qu'il 
existe un minimum Ramsauer-Townsend pour la section droite de la diffraction des electrons 
pour le CH,, Ar (Kr et Xe) a toutes les densites (a partir d'un gaz dilue jusqu'au liquidej et que 
ce minimum est diplace vers les basses energies (plus prks des energies thermiques) lorsque la 
densite augmente. . . 

De plus on a trouvi qu'un comportement de type Ramsa~ier-Townsend existe pour l'etat 
gazeux de I'ethane (C2H6) et du propane (C3H8) avec une section droite niinimale situee a des 
energies plus basses que celle du methane (CH,). Pour ces dernikres molecules, les sections 
droites moyennes mesurees pour la diffraction a des energies ther~niques sont comparables avec 
les sections droites geometriques. 

[Traduit par le journal] 

In this paper the experimental evidence sup- 
porting the existence of a Ramsauer-Townsend 
minimum in the scattering cross section for 

'Research sponsored by the Energy Research and 
Development Administration under contract uith Union 
Carbide Corporation. 

=By acceptance of this article, the publisher or recipient 
acknowledges the U S .  Government's right to retain a 
non-exclusive, royalty-free license in and to any copy- 
right covering the article. 

3Also Department of Physics, The University of Ten- 
nessee, Knoxville, TW; U.S.A. 37916. 

'Present address: Department of Physics, The Uni- 
versity of Tennessee, Knoxville, TN, U.S.A. 37916. 

CH,, Ar (Kr and Xe)' at all densities from the 
dilute gas to the liquid and the shifting of this 
minimu~n to lower energies (closer to thermal) 
with increasing density is presented and dis- 
cussed. Experimental evidence is also presented 
shouing that a Ramsauer-Townsend-type be- 
havior is exhibited by gaseous ethane (C,I-I,) and 
propane (C,H,) with the cross section minimum 
located a t  lower energies than for methane 
(CH,). For these latter molecules the measured 
mean scattering cross sections at thermal ener- 

'Most of the experimental ies~ilts for liquids presented 
in this paper are for CH, 2nd Ar, but the conclusions 
drawn are expected to hold for Kr and Xe as well. 
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these changes niay be partly attributed to 
changes in tlie str~lcture factor S(0) in the low 
(E 4 0 eV) (3) energy limit. they also reflect the 
change (deo.ease) in the effective scattering cross 
section in the liquid as compared with the low- 
pressure gas.* The existence of a Ramsauer- 
Townsend minimum in the scattering cross sec- 
tion for liquid CH, and the heavier liquid rare- 
gas atoins af lo\t.er energies than in the corre- 
sponding gas can provide an explanation for this 
behavior. Evidence for such a minimum in the 
cross section and for a shift in its position to 
lower energies ~ i t h  increasing density is provided 
in section 111. 

111. Experimental Evidence from the Density 
Dependence of the Electron Mobility at High 

Gas Pressures 
Christophorou (2) (see also Bartels (40)) has 

revieued the recent uork  on the dependence of 
the electron mobility on P (or N). Christophorou 
et al. (1. 2) also have defined the quantity 

 liere re E P is in units of V c m '  torr-I  and PI  = 
1 torr. The quantity p,,,, is basically the electron 
 nobility normalized to 1 torr pressure. The in- 
verse of the value of p,,,, is a measure of 
the effectire frequency for elastic collisions v,,,, 
defined by (5, ref. 6, p. 275) 

~5 here e and nz are the electron charge and mass, 
respect~\elq The quant~ty  1 ,'p,,,, 1s p~ oport~onal 
to a funct~on of the mean cross section fol mo- 
mentum transfer (o,). actually, lt is (roughly) 
proport~onal to ~t (see [5]). 

In Fig 1 ,  1 p,,,, for CH, 1s plotted as a func- 
tlon of the mean e lec t~on energ) ( E ) ~ .  taken 
equal to +(eD, p). \+here D L  1s the lateral elec- 
tron d l f f ~ ~ s ~ o n  coeffic~ent A t  near-thermal ener- 
gles 1 p,,,, goes thlough a nilnlmum due to the 
well-knonn Ramsauei-Townsend effect in CH, 
(8) Also In F1g 1 me have plotted 1 p .,, for 
CH, as deterrnlned from the \ t  r s E'P measure- 
ments of Lehning (9) a t  32 800 tor1 It 1s ~n te r -  
estlng to see that these data ~ n d ~ c a t e  a decrease 

'We calculate that the structure factors S(0) fc: liquid 
CH, and Ar at 111 and 90 K, respectively, are 6.05 and 
0.06. If it is assunled that y, p, = S(0)p.,'S(O),i,,,i, = 
l,lS(0),,,,,id, one obtains for this ratio 20 and 16.6 for CH, 
and Ar, respectively. 

of the cross section and a downhard shift of the 
cross section ~iiinimum with increasing CH, 
density (7). These findings cannot be accounted 
for by changes in the structure factor S(0) with 
gas density since, as has been discussed earlier 
(lo), S(0) increases with N in the density range 
covered by the data in Fig. 1, and thus l/p,,,, 
ought to have increased rather than decreased with 
N. This observation is consistent with the sugges- 
tion (2) that the increase in p,,,, for CH, and the 
heavier rare gases As, Kr, and Xe in going from 
the gas to the liquid is due to a decrease in om,  a t  
least partially due to a downward shift of the 
Rainsauer-Townsend minimum exhibited by 
these species. 

Consistent with the CH, data are those for 
Ar shown in Fig. 2. The minimum in the l!p,,,, 
2,s. ( E )  function in Fig. 2 appears at  a much 
lower (mean) electron energy (E) (see figure 
captions for sources of (E)) than does the low- 
pressure minimum of the momentum transfer 
cross section om(&) (or the total scattering cross 
section oT(&)) The latter occurs at  an  electron 
energy E of -0.3 eV while the former appears 
a t  mean electron energies ranging from -0.17 
to -0.02 eV, depending on density. Actually, 
the energy, (E),,~,, a t  which the minimum of the 
l/pt,,, 1:s. (E)  occurs, shifts to lo\ver energies 
with increasing N as is clearly shown by the data 
presented in Table 2. The broken function 
(identified by the formula) in Fig. 2 represents 
(see next section) an estimate of the e-atom 
scattering cross section in liquid Ar with the effect 
of the structure factor removed. I t  is very inter- 
esting to see (Table 2) that the position of the 
minimum of this cross section is quite consistent 
with the gaseous data.9 Furthermore, as for the 
case of CH,, the effective e-atom scattering 
cross section decreases (and the minimum be- 
conies sharper) \\.it11 increasing N. This behav- 
ior cannot be attributed to S(0) since in the 
density range of the gaseous data i n  Fig. 2 the 
structure factor S(0) increases with N (10). 

lV. Experimental Evidence from Studies on 
the Dependence of p, on T for Liquids 

with 6 /Q 4 e 1  
The temperature dependence of p,  for liquids 

\,v!iose 3/0 I 0 eV can be used to derlve ~nforma-  
llon on tlie e1ectro:i scattering cross sectlon o, 

- 

9Unfortunately, \te have not bcen able so far to unfold 
on,(@) ~tself from the expcrirnental datd a1 high P due 
~nainly to a lack of accurate electron transport coefficients 
at lo!\ EE,P and high P. 
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CHRISTOPHOROU AND MCCORKLI: 

w+- <I00 torr 
e 

b, d 

FIG. I .  IIp,,,, ( E ) ~ ~  for CH4 at the indicated pressures; 7 = 298 K (from ref. 7). The vertical 
broken lines show the approximate positioil of the minima. 

TABLE 2. Approx~niate values of (E),,,, for 
Ar at varioiis densities , V " B ~  

N 
(1020 atoms cm3) ( c ) ~ , , ~  (ev) 

inob~llty in the quasl-free state The temperature 
dependence of p,. therefore, ieflects the changes 
u ~ t h  T o f  the o\el!ap b e t ~ e e n  the electron energy 
d~stribution funct~on and [o , (~ ) ] - '  T h ~ l s  ~f the 
T-dependence of N ,  and S(0) are p~oper ly  con- 
s~deled,  the measurements of y, as a f i ~ n c t ~ o n  of 
T can be employed to obtaln ~nformatlon on 
oL((E)) 

Fol lo\\-pressure gas and elast~c co l l~s~ons  (6) 

22 .5  0.072 
25 0.066 where f, is the spherically symmetric term in the 

121.5 (liquid at  151.8 K expansion of the electron velocity distribution 
and 60.1 atm) 0.020 f~unction, and 1 .  is the electron velocity. If \+e de- 
"Deribed from plots such ns F I ~ .  2 (see caption of note by (0) an ryerape of the electron scattering 

Fig. 2 for original soiii-ces of data). 
minimuni i n  o,,.(E) IS a t  c 2 0.3 eV which is cross section overf, and assume,f, to be Max- 

expected to be greater t han  the \aItie o f ( & >  at hiiich 
1 I-I,,,, possesse~ a min~rnilm at loa  prcssurcs. ae!lian 

in the liquid. Since when V, _<1 0 eV the electron [ 5 ]  
is continuousiy in a quasi-free state (and not 
partly in it and partly in the captured (or trap- where k is the Boltzmann constant. 
ped) state as in those cases \?.here V ,  > 0 eV) Under the ass~in~pt ion that [ S ]  holds for ther- 
the measured mobility p, is equal to the electron n ~ a i  electroils drifting in a fluid with V0 I 0 eV, 
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CAW J CHEM VOL 55 1977 

I I 1  1 / 1 1  I I 
P (torr) T(Kj  1 At- 

FIG. 2. l/y,,,, cs. ( E )  for Ar at the indicated pressures and temperatures. Due to the low values of 
E,IP at which the n. cs. N measurements were made, we could not use the ( E )  cs. EiP data livted by 
Christophorou (ref. 6, p. 431 : see also ref. 30). Instead, we used the data on <E) cs. E/P given by Frost 
and Phelps (31). The vertical lines indicate the approximate positions of the minima. The 735 torr data 
were deduced from the 1r. cs. E,'P measurements of Pack er 01. (32) and the rest from the 14. cs. E;P mea- 
surements of Bartels (4u) at high densities. The broken line (identified by the forrnula) is the scattering 
cross section (in arbitrary units) for liquid Ar at  160 K (see text and Fig. 3). 

we may express p L  as perature dependent. If we further assume that 

2 e 1 [7 I <o)eif = S ( O ) ( ~ ) L  
161 p ~ = + ( m )  ?in&; 

and use for S(0) = N L k T ~ ,  where v, is the iso- 
where nz'k is the effective electron inass in the thermal colnpressibility, we have 
liquid and (o), , ,  is the mean effective scattering 
cross section in the liquid. Baldini (11) gives [8] pr2 = 0.532e[(kT)312(r~7*)1i2 
m* = 0.43n7 for solid argon at  20 K.  In our cal- X ( N L ) ~ x ( o > L ~ - ~  
culation we used this value for n1" although we 
recognize that nz* may be density and/or tem- For  liquid Ar  the quantities pL(T), x (T) ,  and 
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CHRISTOPHOROU AND MCCORKLE 

FIG. 3 .  (cr), 5s. +kT for liquid Ar (90 i T 161 K)  (see text). The broken curve is the swarm- 
determined momentum transfer cross section 0,,,(&) (31). It should be noted that the o,,:~) deduced 
(33) from recent electron beam data on Ar  (34) exhibited a much sharper low-pressure Ramsauer- 
Towncend lninin~um compared with the o,,,(~) deduced frorn st.varn1 data. 

N,(T) are known (12) over the temperature 
range 90 to  161 I(. Using these data we have de- 
termined (see Fig. 3) (o), as a function of 

4kT). For  comparison, om(&) for Ion- 
pressure argon has also been plotted in Fig. 3. 
The data in Fig. 3 clearly shon the existence of 
a sharp minimum in (o), at -0.02 eV. This 
striking result is consistent w ~ t h  the high gas 
pressure behavior as can be seen from Fig. 2 and 
Table 2. Although the sharpness of the (o), cs. 
( E )  function is not understood, it is not unrea- 
sonable since the electron energy distribution 
hnctions are very narrow at these low tempera- 
tures. In fact, over the temperature range 90 to  
150 K the width of (o), is comparable with the 
width of the electron energy distribution func- 
tions. 

The results on argon are supported by the 
work of Bakale and Schmidt (13) on the tem- 
perature dependence of p ,  for liquid methane. 
In contrast to other hydrocarbon liquids for 
which ,u, increases with increasing T. p, for 
liquid CH, decreases with increasing T(13). 
This behavior is consistent with a cross section 
(o), possessing a minimum at or below 2 kT 
(T = 90 K ;  the lowest value of T for which p, 
was measured (13)), i.e., far below the position 
of the low-pressure cross section minimum, 
and which increases in magnitude with increasing 
energy beyond 3 kT. 

V, General Conclusion 
From secticils ZI to  BV, it can be co~lcluded 

that a Wamsauer-Townsend minimum is ex- 
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FIG. 4. 1 pt,,, cs. ( F ) V  for low-pressu~e (1 100 torr) C,H,, C3H8, and CH, (from lef. 7) 

hibited by the electron scattering cross section 
for CH,, Ar  (Kr and Xe) at  all densities from 
the dilute gas to the liquid, and that this mini- 
mum is shifted to I o ~ t e r  energies ~ i t h  increasing 
density. 

VI. Experimental Evidence for the Existence 
of a Ramsauer-Townselad Minimum in 

Gaseous C a H a  and C.3 HB 
In Fig. 4, 1/p ,,,, for C2H, and C3H, 1s plotted 

(along 111th that for CH, for compar~son) as a 
f ~ ~ n c t i o n  of the mean electron energy ( E ) ~ ,  

taken equal to 5 (rD,/g), where D L  15 the lateral 
electron diff~~sioii coeffic~ent. At iiear-thernai 
energies for ail three molecules I/p,,,, goes 

through a ininlrnuill wlilch shlfts to loner ener- 
gles In the ordcr CH,, C2H,, C,H, This be- 
hawor ~ ~ . o u l d  suggest that the uell-knoun Ram- 
sauer-Townsend r n ~ n ~ n ~ u r n  In CH, (8) IS exlilb- 
lted by C2H6 and C,N, as \\ell. but for the latter 
molecules it 1s located a t  energies considerably 
closer to Ihernial. 

C o n r ~  ary to the case of CH, where the lnob~lity 
of slow electrons Increases u l th  increasing den- 
slty of CH,, the mobility of slow electrons ~ r ?  

C,H, and C,H, decreases (14) with lncleasing 
density of C,H, and C3H, 7111s behaviol has 
been d~scussed iecently by Chr~stophorou (2) 
who argued that f o ~  C,H, (also iz-butane, 17-pen- 
tane, and TI-hexane) the decrease In electron 
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CHRISTOPHOROU AiXD MCCORKLE 1883 

mobility with increasing density (including the 
liquid) results predominantly from the delaying 
effects of the electron capture-and-loss process. 

Consistent with the behavior shown in Fig. 4 
are the comparisons of mean scattering cross 
sections with the geometric cross sections for the 
17-alkanes reported by Christopliorou et a/. (7). 
Using [4], it can be shown that for thermal elec- 
trons in a low-pressure gas, 

[9l (onl)exp = 6.42 x 1 0 - 9 ' ~ t o , r  

(for T = 298 K) 

when on,(c) varies inversely Lvith c and that 

[ l o ]  (o,),,, = 4.28 x I O - ~ ~ ~ L , , , ~  
(for T = 298 K) 

when om is independent of c. The values of 
and (~i,,,),,~ for the /?-alkanes are listed 

in Table 3. Estimates of geometric cross sections 
for the saine ten ~nolecules are also given. These 
were determined from end-to-end molecular 
distances reported by tcvo different sources (see 
ref. 7). They are seen to compare well ~ t i t h  the 
experimental cross section data, and they imply 
that the effective range of the forces experienced 
by the electroll is short, comparable ~ i t h  the 
mean molecular radius. A short-range and strong 
e-molecule interaction is reqiiired for a Ram- 
sauer-Townsend-type behavior to be exhibited 
by the scattering cross section (10). 

Finally, it should be noted that the existence 
of a Ramsauer-To\+'nset~d minimum in the scat- 
tering cross section, as well as the sinall magni- 
tude of the scattering cross sections for CH,, 
C2H,. and C3Hg are consistent n.ith the rela- 
tively long electron thermalization times deter- 

TABLE 3. and ogeilm for 11-a!kanes 

<o,,,>~~" o p c o m  

( lo -"  cm2) (10-l5 cni2) 

Molecule [9] [ lo]  Ref. 7" Ref. 7h 

Methane 
Ethane 
Propane 
Butane 
Pentane 
Hexane 
Heptane 
Octane 
Nonane 
Decane 

"Values drrer inl~led from data  on  end-to-end n io l ec~~ la r  distances 
gibe11 in ref .  28. 

"'slues determined o n  the basis of  data  gi ien In ief. 29. 

TABLE 4. Comparison of electron thertnalization times in 
hydrocarbon gases (P = 1 torr ;  7 = 298 K )  mith electron 

range5 in the corresponding liq~iids 

Densit) -normalized 
Therrnalization range" 

Molecule time" ( ~ s )  g cm-') 

QThe electron thernializatioii times isere found (15) to increase 
slov,ly a i t h  ( c )  abobe -0.4 eV and to  decline rapid]> in rile enei-g) 
~.egion cor~psponding to  the \ibratioiiai excitation tlrres!?olds The 
ia lues  listcd in riiis rabls ne re  estimated at the Ic\eling-oiT pornons of 
the therindlization time i 5 .  < E '  C U I I C I ~ ~ I ~ S  iepoi-red in I-ef, 15. 

bRcference 16. 
L V a l ~ ~ c s  in pareritheses refer to  ternperntLlise. 

m ~ n e d  by Chr~stophoiou et a1 (15) for these 
gases at  I O M  pressules Estimates of the electron 
thermal!zat~on times at  1 torr pressuie ale glven 
rn Table 4 fo: CH,, C2H,, C3Mg (and C,H,) 
where they are coinpared n ~ t h  electron range5 
In the c o r i e s p o ~ ~ d ~ n g  liq~ilds (16) The longel the 
electron therrnalization t ~ m e .  the longer is the 
electron range 

VII, Concin~ding Remarks 

A b e h a ~ i o r  similar to that exhibited by CH,, 
As (Kr and Xe) niay be exhibited by other mole- 
cules for Lbhich V ,  < 0 eV such as C(CH3), and 
Si(CH,),. Additionally, the electron scattering 
cross section for higher members of the /?-alkane 
series lnay possess a minimum which is located 
at  thermal or subthermal energies. 

The results of this study show the need for a 
better theoretical understanding of electron 
motion in dense gases and liquids. Present theo- 
retical treatments (see, for exaiuple, ref. 17) fail 
to predict the existence of the Ramsauer-Tonn- 
send minimum in liqiiid Ar. 
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Discussion 

d. Jortner: You were right in pointing out the repeated 
failure of theoretical models in accounting for the rnobilit!. 
maximum (minimum in cross section) in dense Ar and 
other dense fluids. The reason may originate from adopting 
solid state models to the liquid. In particular, Lekner's 
calculations considel. single scattering from a 'frozen' iys- 

tern. Such an approach may be reasonable for energetics. 
i.e. calculation of 'J,, but not for dynamics of the excess 
electron. In the latter case the role of density fluctuations 
has to be incorporated. 

L. Kevan: Although you do see evidence for a Ram- 
sauer-Townsend minimum in gaseous C,H,, C,H,, and 
perhaps higheralkanes. you presumably d o  not predict that 
this would be observed in liquid C2EI, and higher alkanes. 
in contra5t to liquid CH,, because of the low electron 
mobility in liquid C2H,. It seems that it would be very 
important to directly measure the momentum transfer 
cross sections for electrons in liquid alkanes. 

L. G. Christophorou: The data I have shown for CZH, and 
C,H, are for low pressures. At higher pressures and in the 
liquid although a similar behaviour to that for CH, may be 
exhibited with regard to the Ranisauer-Townsend 
minimum. the effect of this on the mobility must be over- 
shadowed by the opposite one due to electron capture and 
loss; for both C,H6 and C,H, the electron mobility de- 
creases with increa5ing density (see L .  G .  Christophorou. 
Int. J .  Radiat. Phys. Chem. 7.205 (1975)) andisquite low in 
the liquid. as  yo11 said. I agree that adirect measurement of 
the momentum transfer cross section in liquid alkanes is 
highly desirable. 

G. W. Freeman: Was the increase in structure factol. \\ith 
density due to the increase in isothermal compressibility'? 

L. G. Christophorou: Yes 

G. R.  Freeman: I question the use of the stmcture factor in 
this \ % a > .  In the critical region the compressibility becomes 
very large. yet nothing much happens to the electron mobil- 
ity. It seems that eitherthe mobility model or the method of 
estimating the structure factor is not correct. 

6. AscareHi: The Ramsauer minimum is due to a quantum 
mechanical interference between the incident electron and 
the xa t te re r .  The importani parameter is the ratio ot the 
electron wavelength and the size of scatterer. If the Ram- 
sauer minimum shifts to lower energies shouldn't this 
imply that you have to consider sorne soit of a cluster 
rather than independent molecules? 

&. G. Christophorou: Yes, perturbation by the surround. 
ings, not necessarily a cluster. 

J. W. Wasman: We have also obtained evidence for Ram- 
sauer minima in polyatomic gases by studying the abso1-p 
tion of microwaves in the nanosecond pulse irradiated gas 
at pressures where the thermalizaiion of electrons is con- 
siderably longer than the pulse length. At the pressures 
used (severai tun-) the absorption signal is proportional to 
the electron collision frequency and it is found. for CH,. 
C,K,. and C6H6, that the collision frequency initially de- 
creases following the pulse as the electrons cool down, 
then passes through a minimum. eventually rising to a 
plateau value corresponding to the collision frequency for 
f i l l l ~ ~  thermalized electrons. The importance of the Ram- 
sauer minimum in che o\.erall rate of thermaliration is 
shown by the rapid decrease of the collision frequency to 
the minimum value compared with the much slower sub- 
sequent increase to the thermal value. 
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The influence of nonelectronegative molecules on the mobility of excess electrons in 
liquefied rare gases and tetramethylsilane 
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ULRTCH SOWADA, WER\ER F. SCHMIDT, and GEORGE BAKALE. Can. J .  Chem. 55,  1885 (1977). 
Addition of nonelectronegative molecules (n-alkanes, alkenes, CO, CO,) to liquid argon, 

krypton, and xenon infliiences the drift velocity of excess electrons in an electric field. At high 
field strengths (lo4-lo5 V cm-'): where the electrons have mean energies exceeding k17, inelastic 
col1isior.s with solute molecules lead to an  increase of the drift velocity above the value of the 
pure solvent. Analysis of this effect yields the energy dependent product of collision cross sec- 
tion and mean fractional energy loss per collision. 

At low field strengths a decrease of the low field n~obility with increasing solute concentration 
is observed from which the cross section for n~oment~im transfer could be deduced. The influ- 
ence of solutes on the low field mobility was also found in tetraniethylsilane. 

~ L R I C H  SOWADA, WERVER F. SCHMIDT et G ~ O R G E  RAKALT. Can. 9 Cheni 55. 1885 (1977) 
L'addition de niolecules qui ne sont pas tlectronCgatives jdes alcanes, des alcenes, le CO et 

Ie C02)  i de l'argon, du krypton ou du xenon liquide influencent la vitesse de deplacemellt des 
electrons en exces dans un champ electrique. A des forces de champ Clevees (lo4-10' V cm-I), 
ou les Clectrons ont des energies nioyennes plus grandes que ltT, dcs collisions intlastiques avec 
des ~nolecules de sol~lte conduisent a une augmentation de la vitesse de deplacen~ent au-dessus 
de la valeur observee pour le solva-nt pur. L'analyse de cet effet fournit le prodluit de la section 
droite collision, qui depend de I'energie, et la fraction moyenne de I'ene~gie perdue par collision. 
A des forces de champs faibles, on observe Line diminution de la mobilite a champ faible 
avec une augmentation de la concentration du solute B partir de laquelle des sections droites 
pour le transfert de moment peuvent &tre deduites. 011 a aussi trouve l'influence des solutes sur 
la mobi1itC a champ faible dans le tetraniethylsilane. 

[Traduit par le journal] 

1. Iatroductio~a 
'The physico-chemical properties of excess 

electrons in liquefied rare gases have received 
continuing interest for more than 2 decades. On 
one hand electrons have served as probes for the 
investigation of the structure of these simple 
liquids, on the other hand liquefied argon and 
xenon have been applied in liquid ionization 
chambers and elementary particle detectors. 

The electron transport in these liquids is un- 
derstood relatively well although quantitative 

trons are in thermal equilibrium with the argon 
atoms the mobility is determined by transfer of 
momentum while at  higher field strength where 
the electrons are no longer in thermal equi- 
librium with the liquid the energy loss becomes 
important. 

Molecular solutes in the liquefied rare gas 
represent additional centers for scattering and 
both mean free paths are influenced. The effect 
of some hydrocarbons on the electron drift 
velocity as a function of the electric field strength 

agreement between theory and experiment needs was investigated by Yoshino et trl. (3) in this 
improvement. Cohen and Eekner (1, 2) analyzed laboratory and the influence on the energy loss 
theoretically the motion of electrons in liquid was analyzed. Changes in the low field mobility 
argon and found that the interaction between were observed but not evaluated quant~tatively. 
electrons and argon atoms could be described In mixtr-lres of ethane and methane, Bakale 
by two mean free paths : one related to mornen- et 01. (4) found a decrease of the electron mobility 
tum transfer A, and a second one related to with increasing ethane concentration. 
energy transfer A,. We have extended these investigations and 

At  low electric field strengths where the elec- here we wisEt to report measurements on the In- 
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1886 C 4 h  J C H F M  

fluence of molecular solutes on the low field and 
high field electron mobility in liquid argon, 
xenon, and tetramethylsilane (TMS). The elec- 
tron drift velocity as a function of the electric 
field strength was obser\ed for the following 
solutions : (a) at  87 K liquid argon with methane, 
ethane. ethylene, propylene, carbon monoxide, 
and carbon dioxide, (b) at  165 K liquid xenon 
with butane, cyclopropane. and tetramethyl 
silane, and (c) in the temperature range 173 to 
296 K TMS with propane, butane, pentane. 
octane, isooctane, cyclopropane. cyclopentane, 
and propylene. 

2 .  Experimental 
Measurement technique and cells have been described 

elsewhere ( 5 ) .  Argon (99.96 mol?;), xenon (99.99 molz),  
and methane (99.995 molz )  were passed over columns 
of activated rnolec~ilar sieve (Linde 4 A) and charcoal 
at 200 K and through a column with copper sponge at  
650 K.  The purified material was then condensed at  77 K 
in an evacuated bottle. 

Ethane, ethylene, propylene, and cyclopropane (re- 
search grade quality) were degassed and purified as de- 
scribed above. All other hydrocarbons and TMS were 
passed through columns of activated silica gel and after 
degassing they were stored in contact with a fresh sodium 
mirror for at  least 24 h. 

Carbon monoxide was passed through colunlns of 
activated molecular sieve and charcoal and was purified 
further by trap-to-trap distillation in a vacuum. Carbon 
dioxide was condensed on activated silica gel in a vacuum 
and then degassed by trap-to-trap distillation. 

The rernaining impurity level in the pul.ified solvents.. 
led to a lifetime of the electrons much greater than the 
longest drift time, which came close to 5 ps in cells with 
1 n ~ n i  electrode separation. 

3. Results 

The influence of a molecular solute on the 
electron drift velocity is twofold. At low solute 
concentration the drift velocity a t  low field 
strength remains the same as in the pure solvent 
while a t  higher field strength an  increase of the 
drift velocity above the values of the pure sol- 
vent occurs. With increasing solute concentra- 
tion a reduction of the drift Lelocity a t  low field 
strength occurs while a t  high field strength the 
drift velocity is increased further. Figure 1 shows 
as an example the data of the solutioll of CO in 
liquid argon. A stepwise increase of the drift 
velocity with field strength was found with ethyl- 
ene and propylene as solutes. In Fig. 2 the data 
obtained ill a solution of propylene in liquid 
argon are given. The increase of the drift velocity 
sets In above 300 V cm-I and in this solution an  

field strength [ V  cm-'I 

FIG. 1. The influence of carbon monoxide on the elec- 
tron drift velocity in liquid argon at  87 K. CO concen- 
tration: 1.7 x l O l 9  c r r ~ - ~ ,  0 6.5 x loZ0 cn1r3, A 
3.2 x loz0 ~ m - ~ ,  - pure argon. 

field strength [ V cm-'1 

FIG. 2. The influence of propylene on the electron drift 
Lelocity in liquid argon. T = 87 K ;  I .9 x l O I 9  c ~ n - ~ .  

additional steep increase occurs at  3 x lo4 V 
cm-'. 

Bn solutions of methane and argon no decrease 
of the low field mobility with increasing methane 
concentration was observed. This may be due to 
the fact that the electron mobilities in the pure 
liquids are almost the same (2-4). 

4. Discussion 
4.1. Low Field Mobil i ty 

In pure argon, krypton, and xenon excess 
electrons exhibit large mobilities (Ar, 87 K, 450 
cm2 V-' s - ' ;  Kr, 120K,  1200cm2 V-I s - I ;  

Xe, 165 K, 2000 cm2 V- ' s- ') and the electron 
is thought to move in an extended state or (in 
the terminology of solid state physics) in a con- 
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duction band (1, 2, 6, 7). The same picture may 4 
also be applied to TMS where the mobility is 
-100 cm2 v-I s - l .  - 3 

The magnitude of the low field mobility is 7 
determined by scattering of the electron on single $12 * atoms while the scattering process is modified by - 
the liquid structure around the scattering center 1 
( 1 ,  2). The observed mobility pp is therefore cor- 
related with a mean free path Ap by 0 

C11 solute concentrat~on 

where nz is the electron mass, e is the electronic 
charge, k, is the Boltzmann constant, and T is 
the absolute temperature. 

Th.: addition of solutes introduces additional 
scattering centers and leads to a reduction of the 
mobility to a value p,. For small concentrations 
the scattering ekents are independent of each 
other and if the 5olvent structure is not changed 
the corresponding mean free path is given by 

P I  As-' = Ap-l  t MSG, 

with n, the concentration of the solute and o, 
the cross section for momentum transfer to the 
solute. Combining [ I ]  and [2] leads to an expres- 
sion for om 

P P ~ S  - 1 Dm = -- 
A,??, 

& " 

Plotting yp/p, - 1 as a function of n, yields a 
straight line for low concentrations and G ,  is 
obtained froin the slope. At higher solute con- 
centrations the decrease of electron mobility 
with increasing concentration becomes steeper 
and the plot according to [3] bends upward. In 
Fig. 3, as an example, the reduction of the low 
field mobility in liquid argon at 87 M by small 
concentrations of ethane and carbon monoxide 
is given. The cross sections obtained from the 
various solutions are summarized in Table 1. 
For comparison cross sections obtained in the 
gas phase are also listed. o,,(liq.) and  gas) 
exhibit the same order of magnitude. The em- 
bedding medium, apparently, has little influence 
on the scattering process. om(liq.) is very small 
for molecules with no anisotropy of the electrical 
polarizability while o,(liq.) increases for the 
normal alkanes with increasing chain length. 
Introduction of a double bond seems to increase 
the cross section (cf .  propane us. propylene) 
while the branched isomer seems to show a 

FIG. 3. Change of the low field electron mobility as a 
function of solute concentration; solvent: argon, 87 K;  
solutes: Ci ethane, 0 carbon monoxide. 

smaller cross section in contrast to the gas phase. 
(cf octane cs. isooctane). The carbon monoxide 
molecule is smaller than the ethane molecule but 
the permanent dipole rnornent of CO leads to a 
much greater cross section. 

In general the cross sect~on for inonletltutn 
transfer seems to be correlated with the aniso- 
tropy of the polarizabil~ty (for instance, for 
n-octane 6' = 2.5 x while for isooctane 
62 = 1.5 x hofiever, other properties 
as, for instance, the sue of the molecules may 
influence om. Christophorou et 01. (8) found 
satisfactory agreement between geonletrical 
cross sections and om(gas) for several n-alkanes. 

4 2 H ~ g h  FleM hfobz/ltj~ 
At higher field strengths the d r ~ f t  velocity I S  

n o  longer proport~onal to the field strength F 
The electrons p ~ c k  up more energy from the 
field between subsequent coll~sions than they can 
lose and a higher mean electron energy F re- 
sults Add~tion of molecular solutes introduces 
new scattering centers w h e ~ e  electrons can lose 
energy more efficiently than to the atoms of the 
solvent In the pure liquid the rate of energy loss 
1s determined by elast~c colli?~ons and glten by 

where c, is the drift velocity at  the field strength 
F,, c,, is the mean electron velocity, and AW,, 
the average energy transferred in an elastic col- 
lision. 

In the solution the rate of energy loss is in- 
creased by inelastic collisions and given by 
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TABLE 1. Cross section for thermal electron momentum transfer to solute n~olecules in liquefied rare gases 
and TMS 

~ d i q . )  o,,(gas) 
Solute Solvent T (K) x 1 O I 5  cm2 x l O I 5  cm2 References 

Methane 

TMS 
Ethane 

iz-Pentane 
n-Octane 
Cyclopropane 

Cyclopentane 
Propylene 

Isooctane 
Carbon monoxide 

Argon 

Xenon 
Argon 
Methane 
TMS 
Xenon 
TMS 
TMS 
TMS 
Xenon 
TMS 
TMS 
Argon 
TMS 
TMS 
Argon 

*From ref. 4. 
tDavis and Nelson, in ref. 13. 
:L. G. Christophorou, private cornmui~ication 

where c ,  is the drift velocity in the solution at the 
field strength F,, AW,,, the average inelastic 
energy loss. and A,, the mean free path 

[61 Ajn = ( f l ~ n ~ ~ n ) - l  

with n ln  the solute concentration and o,, the 
cross section. 

From the ratio of the loss rates follows 

r71 
u,Fi 
P- - I +--A A Win M 0. 
c,F, APECtrel O i n  I n  

Introducing the mean fractional energy loss 

I 8  1 f - Akl/ , '~  

(E  mean electron energy) we obtain from [7] for 
o i n  

From [9] the product ~, ,f , , , lf ,~ as a function of 
the mean electron energy E call be determined. 

E is the same in the solution and in the pure 
liquid ar field strengths where 

[lo] c,/F, = c,/F, 

Since the mean electron energy E is correlated 
with the field strength Fp, o,,(F,) can be con- 
~ e r t e d  into c,,(E). The dependence E(F~) was cal- 
culated from the field dependence of the electron 

drift velocity in the pure solvent by means of the 
Cohen-Lekner theory (1, 2). 

The elastic losses are due to collisions with 
argon atoms andf,, is given by 

(m electron mass, M argon mass). f, ,(~) is not 
known exactly and, therefore, from the drift 
velocity data (e.g. Fig. 1) o,,f,, as a function of 
the mean electron energy was determined. The 
results are shown in Fig. 4. 

Measurements by Christophorou et al. (9) in 
the gas phase indicate tliatf,,(s) increases steeply 
with energy up to 0.1 eV and then levels off above 
this energy with values around 0.1 for hydro- 
carbons. A somewhat different analysis was car- 
ried out in our previous publication (3) where the 
product of the energy loss quantum A Win and 
the cross section C T ~ ~ ( E )  was obtained. In Fig. 5 
the data for propylene and ethylene obtained in 
the present study are compared with the data for 
ethane and propane. The values for TMS are 
also given in Fig. 5. 

Cross sections for energy transfer to these 
molecules in the gas phase have been reported 
by Duncan and Walker (10, 11). With plausible 
values for f , ,  or AWin, respectively, values for 
oi,(&) of the same order of magnitude can be ob- 
tained from F~gs .  4 and 5. 
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- 
r i G .  4. Product of cross section for energy transfer 

and the ratio of tile inelastic and elastic mean fractional 
energy !osses as a function of the electron mean energy: 
3 carbon dioxide, @ carbon monoxide, A propylene, 
V ethyiene. 

mean electron energy lev1 
YIG. 5. Product of cross section for energy transfer and 

energy loss quantum as a function of the electron mean 
energy: C] propyiene, 0 ethylene, --- TMS; ethane and 
gropane from ref. 3. 

For  TMS the energy loss as a function of the 
mean eiectron energy multiplied by the number 
d e ~ s i t y  of the liquid at T = 296 K yields the 
energy loss per centirnetre  an^ this inay be com- 

pared w ~ t h  the energy loss if only elastlc iosses 
glven by ( 2 m / M ) ~ l A , ,  were actlre (I?[ rnolecdar 
mass of TMS) At thermal electron energies 
(T  = 296 K) the ratioS,,,,f,, = 210 1s obtained In 

good agreement \ni~th the value of 230 dedhced 
u 

from the onset of the field strength dependence 
of the electron mob~lity In TIM9 (12) 
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Discussion 
L. G. Christophorou: Could you please eiaborate on your 
assumption that the electron energies are the same \vhen 
the electron mobiiities are the same? 

U. Sowada: T o  my knowledge there is 110 theoretical 
justification. A simple physical reason why this assump- 
tion is a good one is the hilowing: if the electrons lose 
energy rnore efficiently, the electric field strength has to  
be higher to  end up in the same mean energy of the extra 
electrons. Empirically the assumptioll seems to  be suited 
to  account for this physical effect. 

6. R. sreemana: Was it only for diiute solutions that you 
assumed that the eiectron energies were the same if the 
mobilities were the same? 

U" Soavada: Yes. There are empirical reasons, as e.g. the 
coincidence of the resuits from different dilute solutions, 
and others, which indicate it is a good assumption. 
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Nigh-speed schlieren studies of electrical breakdown 
in liquid hydrocarbons 
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P. WONG and E. 0 .  FORSTER. Can. J. Cheni. 55, 1890 (1977) 
High-speed schlieren studies have been carried out on the electrical breakdown of liquid 

hydrocarbons using a pulsed ruby laser. The development and propagation of charge carrier 
trajectories were recorded photographically 011 prebreakdown, breakdown, and postbreakdown 
events occurring in very pure, oxygen-free samples of hexane, benzene, toluene, and isooctane 
using a parallel plate electrode geometry. The initiation of breakdown was characterized by the 
growth of narrow streamers the creation of which was attributed to field injected electrons at  
local asperities of the cathode surface. Once the streamers reached the anode, large currents were 
found to flow through the gap leading to formation of a plasma colurnn. Subsequent emissions 
occurring at  the anode were attributed to field reversal. Details of the schlieren pictures have 
been interpreted in terms of classical electromagnetic theory. 

P. WONC et E. 0. FORSTER. Can. J. Chem. 55, 1890 (1977). 
On a effectue des etudes de schlieren graade vitesse sur l'tclatage electrique des hydro- 

carbures liquides utilisant un laser de rubis pulse. On a enregistre d'une maniere photographique 
le developpement et la propagation des trajectoires des transporteurs de charge pour des 
Cv6nements avant I'eclatage, durant I'eclatage et apres I'eclatage se produisant dans des 
ichantillons Ires purs et sans oxygene, d'hexane, de benzene, de toluene et d'iso-octane utilisant 
une gtonietrie d'electrode plane et parallele. L'initiation de la degradation est caractirisie 
par une croissance de fleches dont la creation est attribuee a des electrons injectes par 
le chanlp au niveau d'asperitis locales de la surface cathodique. Lorsque les fleches ont atteint 
l'anode, on a trouve qu'il y a une circulation de grands courants a travers la trouee conduisant 

-B la formation d'unc colonnc dc plasma. Dcs Cmissions subsiquentes se produisant a l'anode 
sont attribuees a un renversement de champ. On a interpret6 des details des photos de schlieren 
en terrnes de la thiorie electroniagnetique classique. 

[Traduit par le journal] 

Introduction 
An understanding of the phenomena asso- 

ciated with electrical breakdown occurring in 
dielectric liquids is very important because 
breakdown limits the high voltage level that can 
be applied to power equipment. Although nu- 
merous theories have been proposed to explain 
breakdown, a unified understanding of its origin 
is still missing because of a lack of data. Measure- 
ments related to breakdown are difficult because 
it is an ultrafast transient event, lasting only 
nanoseconds. Within that time, some quantities 
of interest such as conduction current can 
change from nlilliamperes to 10 000 A and 
higher. Moreover, even by taking the best pre- 
cautions such as using isolation transformers 
and well-shielded cables, the electromagnetic 
radiation associated with breakdown has proved 
to strongly disturb electronic equipment. All 
these difficulties make an investigation of elec- 
trical breakdown events based on electrical 
measurements very difficult. In the present study, 

an optical method based on a laser schlieren 
system was used and the spatial development of 
electrical b r e a k d o ~ n  in liquid hydrocarbons was 
recorded pl~otographically. 

Early breakdown experiments using schlieren 
techniques were performed by Farazmand ( I ) ,  
Hakim and Higham ( 2 ) ,  and Chaband and 
Wright (3). However, the electrode geometries 
used were of the point-point, point-plane, and 
sphere-sphere type, inaklng the electrical field 
calculations very complicated. The work of these 
investigators was limited in temporal resolution 
by the use of conventional light sources which 
required rather prolonged exposures. Thomas 
(4) took advantage of the development of high 
intensity laser sources and he used a very fast 
laser pulse as light source for schlieren studies 
of prebreakdown events. (For a detailed descrip- 
tion of the laser schlieren system see ref. 4.) 

In the present study 15 ns pulses produced 
with a ruby laser were used to illuminate the 
space between two parallel plate electrodes. In 
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WONG A N D  FORSTER 

PHOTOCELL 

PRECISION 

GENERATOR ~~ ~~ - - - -  

30 NS PULSE ' hL- - RUBVLASER B ~ A M  1/ ~-: 
CAMERA 112 
40 N S  
DELAVED 

CELL 71 

KNIFE 
:EDGE TO USC!LLOSCOPE 

j v .-- 

KNIFE 
:EDGE TO USC!LLOSCOPE 

CAMERA 

S H o a f i E A M  

FIG. I .  Ultra high-speed electrooptical system for electrical prebreakdown in liquid hydrocarbons. 

this manner it became possible to photograph optically magnified onto a screen which permits moni- 

density gradients produced in liquid hydro- toring of their positions for very fine adjustments. 
The test liquids (toluene, benzene, 11-hexane, isooctane) 

the charge carriers moving were Phillips grade (99,9rrj, purity). The liquids 
under the influence of a rapidly applied electrical were first dried bv contact with sodium ribbons for 2 
stress. This paper presents some of the experi- 
mental results obtained and discusses their 
significance. 

Experimental Techniqtle 
The experimental setup used in this investigation is 

basically the same as that described by Thomas (4). A 
simplified diagram of it is shown in Fig. 1. The Q- 
switched ruby laser was supplied by Holobeam, Inc. 
When the Pockel cell of the Q-switch is triggered, a laser 
p ~ ~ l s e  of 15 ns duration is generated. This p~llse passes 
through a beam splitter and one beam is delayed with 
respect to the other by traversing a longer distance. The 
delay time can easily be adjusted by changing the optical 
path as defined by the mirror arrangenlenrs. The laser 
pulse shape is measured by using a high-speed photocell. 
When schlieren pictures were taken, the laser firing time 
is referenced to the breakdown time by displaying 
sin~ultaneously the photocell output and the impulse 
voltage waveform on a Tektronix 556 dual-beam oscillo- 

days. Then they were subjected to repeated cryogenic 
distillations. A typical process would involve three such 
distillations. The liquid was then transferred to the test 
cell using pressurized nitrogen. Throughout the distilla- 
tion and transfer process, the liquid was only in contact 
either with vacuum or nitrogen. The probability of having 
oxygen reabsorbed is estimated to be negligible. 

111 conjunction with the schlieren studies, a light 
detection system has recently been added, A RCA 4837 
photomultiplier tube (PMT) was mounted just outside 
a sapphire window of the test cell. The latter permits the 
passage of uv light of wavelengths down to 200 nm. In the 
light emission experiment, the laser is not activated and 
the PMT is displayed simultaneously with the breakdown 
voltage waveform on the dual-beam scope. For low 
light-emission levels, an amplifier with an extremely fast 
rise time of about 1 ns was used to avoid distortion of the 
emitted light-pulse waveforms. 

Experimental Results 
scope. The time for the collapse of the applied 

T o  produce the impulse voltage, a five stage Ferranti 
impulse generator was used. This instrument is of the "'Itage, i.e. the time for the breakdown 
Marx type and is capable of generating LIP to 275 kV. event, was deduced from voltage traces dis- 
For the purpose of this study a rise time of about 1.4 us played on the oscilloscope such as the one . - 
was selected for the impulse waveform and the impulse shown in Fig, 2, From traces it was decided 
decayed to 50% of its crest value in about 5 0  11s. 

A parallel plane electrode system was used. The cylin- 
that the breakdown event lasts less than 500 ns. 

drical brass electrodes had a 1 in. diameter and were The time lag between the instant the 
spaced 6 nlm apart. The edges of the electrodes were voltage reaches its crest value and the occurrence 
rounded (VDI type) and the surfaces were polished to a of breakdown is not reproducible in accordance 
mirror finish. Since parallelism is extremely important with the statistical nature of the 
in this plane-plane configuration, careful alignment is 
essential. I11 this setup, the upper electrode was fixed and breakdown mechanism. However, approximately 
the bottom electrode could be adjusted by means of a half to one microsecond before breakdown, a 
universal motion drive. The images of the electrodes were sudden rise in uv light emission from the toluene 
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3 ( 0 1  (2513 KV) BREAKDOWN 

l i  '! 

e w w ~ n r l m % ; ~ ~ ~ *  
?if., ., ,.; ?$,. 's,: .- + +i. 
8 :f:t.~ . , .:. r %. 1 .. -!..:. s . . ,  . 

!'!.IT " , ;r.! !: ~ .., . ,': . y-8 

I i' ... "? $$-%I; - <.y, 9 . 2 ; : + . . . - . . '=.' -* 
2 y s / d i v  

3 (b )  (2513 KiJ) iNO BREAKDOWN 

FIG. 2,  Voltage trace of electricai breakdowi~, hexane. 6 2  [<"jdiv 

sainpie can always be observed, as shown in -. 
trg.  30. The upper trace represents the temporal Pk4l 
change in voltage, while the lower one represents 0 . 2 V i i l i v  

the voltage output from the PMT. Most of the 
light emissions were identified as uv radiation 
because the light detection could be strongly 
attenuated if the optical window on the test cell 3 !  
was changed to ordinary pyrex glass (attenua- 
:ior.i threshold a t  300 nn-1 and below). Light 
emission occurred as soon as the applied voltage 
started to increase (Figs. 3b and 3c), but a surge 
in i~ tens i ty  happened jus t  before brealtdown. 
T- ' r h ~ s  agrees very well with previous observatio~zs 
(5). 

The schlieren photographs showed that e!ec- 
"irical breakdown consists of three stages, whish 
are labeled as: (i) prebreakdown; (iij break- 
down: and (iii) postbreal:dov!n events. Flgures 
4.0 and 4b are a pair of photographs of the pre- 
breakdowr, stage taken by the schlieren system -. 
in the crossed beam configuration. r lgure 453 
was recorded 40 ms after Fig. 40. The initiatioe 
of breakdown is characterized by srneii, narrow 
cavitations near the cathode surface (see arrow 
ic Fig. 4a).  After 40 ns "be tiny strncture had 
deveio-oed ?nt a we!?-de5ned streamer, propa- 
ga-tizg aflriosl half-way between th eieci~odes. 
- .- 
hence,  the veiocity of the streamers is ap- 
proximately f 0' cm/s. - dyplsal brsakdown pictures are s l . i o ~ i ~  in 
-. I-rgs. 5a and 56, After the streamer had bridged 
the gap, ?-api& current discharge will flow through 
this conduc t i~~e  cha-cnej. s y  impa.ct exci;atio:l .~~ 
and/or ionization, more ions will be produced, 
and form 2 ?Yesma colu~nn.  I r  is interesting to  
note that P_".e plasma culur;las were n?ostjy 

FIG. 3 Light emissioii iron1 loiuerie 

croolted, suggesting "Ley had been subjecied t i  
Lateral forces. 

in  contrast to the breakdowr: events: the 
postbreakdovi:: pictures (Figs. 6a, Sb, Sc. 6 d )  
were mariced by extensive propagation of shock 
waves from the piasms: coiurnr,. A ve-:l J i;.- 
ieresting fea.cure was tae ca:.rier ejection Gom 
the anode el.ectrode.. moviag In the ca.thodic 
direction. The struc:U;e i~eve:. oridged the gar? 
but became gradtially more difiase. (Compare 
Figs. 6a and 613 as well as Figs, 6c and 62. Ti!,? 
iatter. PWo 7ictures were :alien more than ! b s  na 
later with respect to the coilapse of the eiectrics; 
fieid thaa those show~i in Figs. 6a and 66.) 

Discassion 
The origin of micrz-cavitatiora at  the eiectrode- 

liquid raterface has Long been a topic of intel-est 
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FE. 4. Prebrealidowri emission in isooctane 

Resepltjy, a ~1:lodei for c=.nductioi-i and break- 
dorn~r in liazids hs-5 'peejr; prcposed by Ti-iomac 

-- 
a& Forsttr (6). i c e  p-oposed scheme based on . . .  
ssmF: , r b : l i - d i ~ ; s  ca.:ciul&!ons of Thon?as - .  
i7'. \ i assvmed that e1e"srtl.q~ aye ~ e ~ n g  ejeclec 

- . " - 
from asoer;;les 99 t :~e  cathoiie sur.;a~je D:$ 
field -gk\aficelpen?. T-:is ~ T . ~ F S  :/cry ~ 6 3 : j  qlitii: . <. ..i , . . ,  Scnile:?e:: o~"'C7:re~ [ Y R C  90 str=.e.rAer Eac. Dee:? 

. .  < * .  . *  Ss"-.~.:j ~ ~ ~ ~ i ~ ~ ; r ~ ;  rrC:-:! -?~.;thir tile J I ~ Z ~ C  
c - ,ise!i, ; J T J ~ ~  fnt: eiec:r:ji:i 'b~mba~r?!-i?erit sta?i:,= 

,: , - .  ~r .. , . 
;fir.;- i,q~ll:;l \izi;, $. heair? ii-.;&>( T'opet:le- ~~ / : , ; t r :  
q::. ei&roc irrcticF:d rii~;lir: moti,:r:, s rej6.t of 
j 3 1 > ~  - ~ i i ]  f~;m a!id =ffei.:ivejy ;;lcrease khs: 
-;ectror_ rTj:?r; fy-, paj:. 75- oif-c'ircns. ac- 

- . .  . ~ 

'?igii 5ie:;r.~ 'r-a7 T -:"t-L - l,b..z ;er~~.:r 

coi!isioils; will gair n g r e  and more energy LO 
oq + d ~ u ~ e  impact exc i t a t i3~  andlor. ionization of the 
malecules, The excited rnoiecules wil l  emit light 
on 'decaying to lower enewy qi"antrrfi2 sta(:es. 
--..,.7 ~ :,!/~~n!?i the iow der~si:~! regio;? electron aira.ianche 
processes n a y  d e v e l c ~  ieadine to jrea!<dow;!. 
q-% 

he nzttera :lof !igh; emrssion I%?ili , f ~ l i o w  
P-"Vd"" 
&- , o: decay o! thess;..,;cro-cavities whose 

~ < .  . 
:kl.e 1s dete--mjncd by gii;: 3; ejecte? 
~ : p y + r . q . -  c 
U * X 2 . 1 C L  L-.-; - - .  . . 1 fie light e3;?19~!3i: &i;l s e e r  io support l!7i; 
g:-ov~:;;-dece)! th-orv because the emitted iigh; 
does show diiTereni dzarees of iptensities a ~ z i  
ocs,G-rence rates, 5ene:ld:cg ,r: fke ~rohabiEiijr ,. - . -. . . 
9 r  ;iavj.~g a brea%tsu-.., .k. :r :he brea#doivc cas:* 
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FIG. 5. Breakdown discharge in isooctane 

a rapid rise in light emission occurs just prior 
t o  breakdown. If there is no breakdown (applied 
voltage is the same), the light intensity will 
slowly decay, as shown in Fig. 3b. When the 
applied voltage is much below the breakdown 
strength, it is possible to observe isolated light 
pulses as shown in Fig. 3c. The last two cases 
indicate that the ejected electrons do  not have 
enough energy to sustain cavitation growth long 
enough to create an avalanche. 

When these cavities do  grow. the high electric 
field will elongate the cavity into a streamer (a 

filamentary cavity with a plasma inside). In- 
spection of Fig. 46 reveals that small shock 
waves had already been created. 

As the streamer bridges the gap and forms a 
highly conductive path between the electrodes, 
high currents will be dumped through it. The 
tremendous ionization and the associated energy 
release will expand the filament into a column 
as shown in Figs. 5a and 5b. The plasma 
colun~ns had been distorted laterally in both 
cases, suggesting that the perturbing force most 
likely is the Lorentz force between the discharge 
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WONG AND FOKSTER 

FIG. 6. Postbreakdown discharges and shock waves in 11-hexane and in benzene. 

current and the inagnetic field induced by the plasma column. The physical explanation for 
current. the instability is illustrated in Fig. 7. The mag- 

The current passing through such a column netic field is obviouslji stronger on the com- 
had experimentally been verified to  be in excess pressed side than on the stretched side, creating 
of 5000 A. Using a diameter of 1 mm for the further asymmetry and the kink continues to 
plasma column, the magnetic field a t  the colutnn grow. In  the electrical breakdown case, the kink 
boundary was calculated to be in excess of instability will eventually be limited by surface 
10 k c .  The magnetic field distribution will be tension and hydrostatic pressure of the liquid. 
asymmetric if the column does not arc at the The electrical breakdown is a high-power 
center of electrodes. The Lorentz force acting process, as evidenced by the postbreakdown 
on  the column will have a net force to push it photographs. By taking 3 p F  as the electrode 
outward and create a kink instability (8) in the capacitance, an  impulse breakdown of 250 kV 
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lasting 500 ns has associated with it a power of 
2 MW. With that power being dissipated inside (/ 
the i rnm diameter piasma coiumn, i t i s  not 61 \----.-+ i h 
surprising to observe significant shock waves. 
The Joule heating Is probably extremely high. ( //?i9 !* 
.- . ulaphit ic structures had Seen identified by 
transmission electron microscopy of residues -1 d \-Bd" 
removed from the liquid after several Sreak- 

4-h downs. This finding implies a spark temperature i 

in excess of 1400cC. ( I  3 
Anotber i~oticeabie Feature of gostbreakdowia ":?> 

events is the eiectror ejection from the anode 
shown in Fig, 4. As shown in the Appendix, the 
c ~ie ld  reversal caused h y  prebreakdown space 

chzrge distribution can ";Far :he anode into a 
"\iirtuai cathode'. Curve b of Fig. 9 shows such a 
field profile. Since the negative fieid decreases 
grad~~aEZy to  zero at some distance away *from - - 

p ~ ~ ,  :. Kink iilstabiiity of plasma column. 
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WOhG 4 N D  FORSTER 1897 

C A T H O D E  
I ' I  

i t I ' ?, B4EAKDOI i1Y DISCHARGE I 
(SHORT C I R C U I T )  d 

I : I 
ANODE 

FIG. 8. Coordinate system for the plane-plane geo- 
metry. 

Appendix. Field Reversal Due to 
Space Charge EfFects 

I 
ANODE (+) 

I 
CATHODE (-)  

FIG. 9. Electric field distribution due to space change 
effects: (a)  at f = 0-, before breakdown; (b) at t = Oi 
after breakdown. 

When a dielectric medium is under dc electric 
stress, the field strength inside the dielectric may 
no longer be uniform due to the pile-up of space 
charges. Such a nonuniform field configuration 
can be calculated by Poisson's equation if the 

the anode. it explains very well why the propaga- 
tion pattern of these ejected electrons is much 
slower and more diffuse than the streamers in 
the prebreakdown cases. Propagation of these 
electrons is further impeded by the decaying 
E-field because eventually B will be zero every- 
where following redistribution of the space 
charges. 

Conclusions 
Although the available data are not extensive, 

they have shown convincingly the development 
of various stages of electrical breakdown in 
liquid hydrocarbons. While the overall patterns 
i n  these stages seem the same for the four liquids 
tested, it appears that there exist definite differ- 
ences in the fine structures. These differences 
may well be due to the differences in molecular 
structures of the liquids. Fine details of the 
schlieren pictures have been explained in terms 

charge distribution is known. For a plane-plane 
electrode geometry (Fig. 8), such a field distribu- 
tion EO(z) is drawn in Fig. 9 as curve u. Just 
after electrical breakdown, the applied voltage 
V is short-circuited by the discharge plasma 
column. If we denote the new electric field 
distribution as E(z), we arrive at the two 
relationships 

C ~ I  Ld EO(Z) dz = v a t  t = 0- 

Physically, it is reasonable to assume that space 
charges in the bulk liquid take time to redistri- 
bute themselves because of their finite mobility. 
Therefore, the charge distributions q ( r )  are the 
same at 7 = 0- and T = 0'. Since both EO(z) 
and E(z)  have to satisfy Poisson's equation, one 
obtains 

of ciassical electromagnetic theory. With im- 
proved instrumentation, which will include a 
self-triggering device based on the early light 
emission, it should become possible to test these 
explanations quantitatively. 

1. B. FARAZMUND. Br. J .  Appl. Phys. 12, 251 (1961). 
2 .  S. S.  H A K I ~  and J. B. HINGHAM. ~ O C .  Phys. Soc. 80, 
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3. W. 6. CHABAND and 6, T. WRIGHT. Br. J. Appl. 

Phys. 16,305 (1965). 
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From [3], one can derive that 

where K is a constant. Combining [4], [I], and 
[2], one obtains the final result: 

Therefore, the new E(z) distribution will just 
have the same profile as EO(z) except that it has 
been pulled dotvn by an amount of V/d. This 
new distribution is plotted as curve b in Fig. 9. 
I t  is obvious from the curve that the condition 

L d ~ d ;  = o 

requires a negative E-field a t  the anode. 

Discussion 

P. K. Watson: The a ~ ~ t h o r s  observe emission events at the 
anode. following breakdown; apparently this electrode is 
acting as a cathode during the post-breakdown period and 
this is due to field reversal in the gap. There are two 
possible reasons for field reversal: (i) internal space charge 
in the gap, and (ii) reversal of applied voltage following 
breakdown. There is undoubtedly a buildup of negative 
space charge in the gap due to the pre-breakdown electron 
emission, andwhen the applied voltage collapses at br-eak- 
down this internal space charge causes a field reversal; this 
is the process favoured by the authors. However, this space 
charge field will be very nonuniform and its effect will be 
most strongly felt in the vicinity ofthe breakdownchannel: 
it is difficult to reconcile this with the authors' photograph 
which clearly shows back-discharge events occurring sev- 
eral millimetres away from the former breakdown channel. 
This suggests that the second reason for field reversal (viz. 
voltage reversal due to circuit transients) must also be 
included in the analysis. 

E. 0. Forster: This is a possibility. I doubt, however. 
whether the reversal can be reduced to zero. At present we 
are exploling this possibility by reducing all grounding 
connections to a minimum. 

M. Pope: Since your electric field collapses during break- 
down, what is the mechanism for the formation of addi- 
tional breakdown figures during breakdown? 

E. 0. Forster: As discussed in the Appendix of our paper, 
the anode becomes a 'virtual' cathode at the s ~ ~ r f a c e  of 
which electron emission occurs. Thus the mechanism of 
the formation of additional breakdown figures should be 
the same as that postulated to occur at the actual cathode in 
the pre-breakdown phase. 

W. F. Schmidt: Why do these 'trees' have t h ~ s  short stem 
and then branch off? Why don't you see e . g .  a bush-type? 

E. 0. Forster: The shape of the pre-breakdown and post- 
breakdown discharge channels, commonly referred to as 
' trees',  is a function of the electron emitting asperity (see 
re[. 4) as  well as  the molecular structure of the liquid (see 
ref. 5 )  and other parameters such as the local electrical 
field. For example the effect of molecular structure can be 
seen when comparing Figs. 6a and 6h with 6c and 6d. A 
closer look at the cathode surfaces shown in Fig. 6a and 613 
reveal also a variety of 'tree-like' structures illustrating the 
influence of the structure of the emitting asperity. 

L. Kevan: You showed the voltage reversing through sev- 
eral cycles in your initial slide. Can you see 'trees' growing 
from alternate electrodes with time? 

E. 0. Forster: No. our time resolution is inadequate for this 
purpose. The laser triggering technique is not, as  yet. flexi- 
ble enough to time in on these cycles. 

L. 6. Christophorou: How d o  electron scavengers affect 
the pictures you have presented? 

E. 0. Forster: So far we have been only concerned with 
very pure hydrocarbons to gain a basic understanding of 
the breakdown mechanism. Therefore we are unable to 
answer this que5tion. 

G. R.  Freeman: If you had d very effic~ent grounding of the 
anode, mould the chalge leak a u a y  fast enough that the 
field would not re\erse9 
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The role of electronic processes in the electrical breakdown of 
insulating liquids (Extended Abstract) 

JOHN C.  DEVINS, STEFAN J .  RZAD, A N D  ROBERT J .  SCHWABE 
Corpotute Reseurclz and Del elopment, General Electr~c Co , Sclzenecmd>, N Y ,  U S A 12301 

Received October 4, 1976 

The present work has been aimed at revealing 
the particular electronic processes responsible 
for the sudden transition of an insulating liquid 
to  a conductor under the influence of a suffi- 
ciently high electric field. This transient con- 
ducting state in the liquid can be observed by 
standard shadowgraphy or Schlieren optics (1-5) 
as a prebreakdown disturbance (streamer) with 
altered refractive index. We have measured, for 
point to plane geometries, the rate of streamer 
growth in a highly refined white mineral oil, 
Exxon Marc01 70. The voltage pulse (0.812500 
ps) was supplied by a Marx generator and was 
chopped by a triggered spark gap. Observations 
were made between 0 to 150 ps. Steel needles 
were etched to a radius of approximately I pm. 
The plane was a polished stainless steel disk 
10 cm in diameter with 1 cm radius edges. The 
electrodes were arranged in a 4 e cylindrical 
Teflon cell provided with two optical windows, 
and the spacing was varied from 0.6 to 2.5 cm. 
The oil was generally degassed in the cell and 
measurements made under a 1 atm nitrogen 
blanket. Streamer velocities were the same with 
nitrogen-saturated and degassed oil (Fig. 4). 

Positive and negative streamers are quite dif- 
ferent as illustrated in Fig. 1 and Fig. 2. Typical 
propagation characteristics for these streamers 
are shown in Fig. 3, where we have plotted 
streamer length against time. The positive 
streamer velocity is re~narkably constant during 
propagation across the gap for a given voltage 
suggesting a regulatory mechanism which main- 
tains a constant field at  its growing tip. On the 
other hand, as reported by Allan and Hizal (41, 
the negative streamers are much slower, and 
depending upon applied voltage, either develop 
to a constant length or speed up after crossing 
50 to 600;;; of the gap. This is consistent with the 
picture proposed by Ghadband and Wright (2) 

who approximate the negative streamer by a 
conducting plasma ball. 

The effect of small amounts of a typical poly- 
aromatic, 2-methylnaphthalene, is shown in 
Fig. 4. Both the positive and negative streamer 
velocities are increased with the largest con- 
centration, i.e., 7.3 x lo-' M. With 7.3 x 

M ,  the effect occurs only for the negative 
streamers. 

Polyarornatics have two physical properties 
which may be relevant here, i.e., low ionization 
potentials (6) and large electron trapping cross 
sections (7). To distinguish between these effects, 
we chose an addltive which does not trap elec- 
trons (8), but which has an even lower ionization 
potential (6) than 2-methylnaphthalene (7.96 eV), 
i.e., N,N1-dimethylaniline (DMA) (7.14 eV), and 
one which has a high ionization potential (9) 
(15.9 eV) and a large trapping cross section (7), 
sulfur hexafluoride. The results are shown in 
Fig. 5, where it is clear that the increase in 
negat~ve streamer velocity is due to electron 
trapping. This was further substantiated using a 
second electron scavenger, ethyl chloride (7). It 
should be pointed out here that upon addition 
of the electron scavenger, the negative streamer 
becomes much more filamentary, resembling 
more the positive streamer. This is illustrated in 
Fig. 6. Neither of the electron scavengers had a 
measurable effect on the positive streamer veloc- 
ity. The dimethylaniline, however, at concentra- 
tions above 7.9 x M, accelerated the posi- 
tive streamers to the same extent as did the 
2-methylnaphthalene (up to a factor of ca. 2). 
Below the 7.9 x l o p 2  M level, dimethylaniline, 
like 2-methylnaphthalene, did not alter the posi- 
tive streamer velocity. 

These results are difficult to expla~n in terms 
of the bubble mechanisms previously proposed 
for breakdown (10, 1 l), since small concentra- 
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VE STREAMER GROWTH 
I N  MARCBL 70-82 K V  

FIG. 1 .  Shadowgraphs of positive streamers in Marc01 70, time in microseconds. 
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VE STREAM 
N MARCOb 70 

FIG. 2. Shadoargraphs of negative streamers in Marcol 70, time in n~icroseconds. 
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DEVINS ET A1 

0 MARCOL 70 

A 1.6 XIO-' M DMA 
v 2 . 1 ~ 1 0 ' ~  M SF6 
0 2 . ~ ~ ~ 0 - 3  M E ~ C I  
o 6 . 0 ~ 1 6 ~  M E t C l  

0 2.4~10-~  M EtCl  

0 20 40 60 8 0 100 120 
TIME ( p s )  

FIG. 5 .  Effect o f  several additives on the negative streamer propagation rates. Gap = 2.54 cm, 
150 kV. 

tions of our additives would not be exaected to 
show such a large influence. Similarly, collisional 
ionization in the liquid is unlikely because of the 
lack of an  effect of the electron scavengers, 
which should markedly decrease the avalanche 
size. However, the important role played by low 
ionization potential compounds in the develop- 
ment of the positive streamer could well be ex- 
plained in terms of field ionization (12) a t  the 
propagating streamer tip. This phenomenon re- 
quires very large fields, lo7-10' V cm-'. Our 
measurements of the diameter of the tip of the 
growing positive streamer (15 pm) indicate that 
fields of this order of magnitude will occur if the 
potential at  the tip is of the order of that applied 
to the needle. 

For the negative streamer, we suggest a dual 
mechanism in which the velocity depends upon 
the time spent in two modes of propagation. 
The electrons injected from the cathode or the 
growing plasma become trapped a t  a certain 
distance depending upon the scavenger concen- 
tration. As the space charge builds up, the field 
a t  the space charge boundary increases while 
that at the emitter decreases. This will occur 
faster the greater the scavenger concentration, 
and will determine the fraction of time spent in 

this i~~ject ion mode. When the field outside the 
boundary reaches a sufficiently high value, field 
ionization can occur and a positive-like streamer 
can develop locally. When the plasma density 
reaches a value sufficiently high to establish con- 
ductivity further injection of electrons will occur 
and the first mode will be reestablished. These 
processes will alternate as the streamer develops. 
Since high conductivity is established during 
field ionization, the current would be expected 
to be discontinuous. This was found to be the 
case experimentally, i.e., the current consisted of 
a series of short ( < 5 0  ns) pulses. This is quite 
different for the positive streamer where the 
current is continuous throughout its develop- 
ment. 

The absence of an accelerating effect of di- 
methylaniline on the negative streamer develop- 
ment indicates that the velocity is determined 
primarily by the time spent in the injection mode. 
This suggests that the addition of an electron 
scavenger might reduce the latter time sufficiently 
so that the dimethylaniline effect could be ob- 
served. Such a synergistic eifect of SF, and 
D M A  is indeed observed. Thus, the addition of 
DMA to a solution of 2.1 x M SF, in 
Marcol 70 produces no effect on the negative 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C 4 N .  J .  CHEM. VOL 5 5 .  1977 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



streamer velocity below 7.9 x 1 K 2 ,  and accel- 
eration above this co~lcentration, just as was 
observed with positive streamers. 
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Discussion 

L. 6. Christophoron: I u i sh  to point out that in breakdown 
work (both in liquids and gases) one should not only con- 
sider electron .icavengers but also clcctron thermalizers. 
The latter are important in that by slowing down electrons 
make their scavenging more efficient, while the former 
should be such as to capture electrons over as wide an 
energy range as possible (0 to - 1.5 eV). 

S. J. &ad: If only thermalisation by SF, and C,H,CI was 
occurring it is very difficult to understand why the negative 
streamer would accelerate. If thermalisation were affecting 
the rate of scavenging the end result would be the same as 
in our experiments. 

W. F. Schmidt: Couldn't the enhancement of the negative 
streamer velocity by the addition o f a  scavenger be due to a 
more efficient momentum transfer from the ions to the 
liquid as compared to electrons'? 

S. J. Rzad: The fact that an order of magnitude change in 
ciscosity hardly affects the streamer velocity suggests that 
momentum transfer from the ion does not play an im- 
portant role in determining the streamer velocity. 
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Electrons in fluids: the role of disorder1 

Depcirtrnrr~t ofPhy.5ic.s rind T11e Jnmes Frcinck Irlstif~rte. The Uni~,er.sity of Chicago, Chiciigo, IL, U.S .A.  60637 

Received October 18, 1976 

M ~ R R E L  H.  COHEU. Can.  J. Chem. 5 5 .  1906 (1977) 
1 review the present status of the theory of those aspects of the theory of disordered materials 

which are particularly relevant to the physics of electrons in fluids. First, however. I describe a 
general theory of the movement of slow electrons in fluids of arbitrary complexity in which the 
fluid is treated as a fluctuating medium. Coupling to the fluctuation, is via a set of generalized 
deformation potentials. It is shown that this concept permits a way out of the impasse that has 
been reached in understanding the mobility of slow electrons in liquid argon via Lekner's theory. 
Assuming that molecular motion can be neglected on the electronic time scale permits taking over 
various relevant results from the theory of electrons in disordered solids, which is briefly 
reviewed. The effect of molecular motion is studied next. It is shown that strict 1oc;:ization does 
not occur and that the quasi-localized electrons diffuse with a characteristic correlation fre- 
quency depending on electron-molecule coupling and upon the charactelistic frequencies of 
molecular motion as well as  with a correlation length related to the localization length in static 
problems. l l n d e r e a ~ i l y  reached conditions. this diffusion process is faster than that giving rise to 
the Stokes law mobility. Finally, a discussion is given of mobility transitions in which localization 
by disorder is distinguished from self-trapping. 

MORREL H. COHEN. Can. J .  Chem. 55.  1906 (1977) 
Je presente une revue de I'etat actuel de la theorie des arpects de la theorie des materiaux 

desordonnes qui ont un interkt particulier pour la physique deselectrons dans lesfluides. Je d e c ~ i s  
toutefois en premier lieu une theorie generale du mouvement des electrons lents dans les fluides 
de complexite arbitraire dans laquelle le fluide est conridere comme un milieu en fluctuation. Le 
couplage aux fluctuations se fait par I'intermediaire de potentiels a deformation generalises. On 
montre que ce concept permet de sortir de l'impasse qui a ete atteinte lorsque I'on essaie de 
comprende la mobilite des electrons lents dans de I'argon liquide par l'intermediaire de la theorie 
d e  Lekner. Faisant l'hypothese que le mouvement moleculaire peut etre neglige a I'echelle de 
temps electronique, il est permis d'utiliser divers resultats appropries provenant de la theorie des 
electrons dans des solides desordonnes que 130n.passe rapidement en revue. On etudie ensuite 
I'effet du mouvement moleculaire. On montre que la localisation stricte ne se produit pas et que 
les electrons pratiquement localises se diffusent avec une frequence de correlation caracteris- 
tique dependant du couplage electron-molecule et aussi des frequences caracteristiques du 
mouvement molec~~laire ainsi qu'avec une longueur de correlation qui est reliee avec la longueur 
de la localisation dans les problemes statiques. Utilisant des conditions qui sont facilement 
atteignables. ce processus de diffusion est plus rapide que celui donnant lieu a la loi de mobilite de 
Stokes. Finalement. on presente une discussion des transitions d e  mobilite dans laquelle la 
localisation par le desordre peut etre distinguee de I'autopiegeage. 

[Traduit par le journal] 

I was asked to review for this conference the 
theory of electronic states in disordered ma- 
terials. This subject has been extensively re- 
viewed recently (1-4), and it seems more appro- 
priate to confine my remarks to those aspects of 
it most relevant to electrons in fluids. States of 
electrons in liquid 111etals and liquid semi- 
conductors will be discussed during the con- 
ference but much has been written elsewhere 
about the relevant theory. Accordingly. 1 shall 

concentrate on the role of disorder in deter- 
mining the states of excess electrons in fluid 
insulators, in molecular fluids in particular. 
However, it is not possible to confine oneself to 
disorder. Other matters must be discussed for 
proper perspective to arise: behavior of quasi- 
free electrons, self-trapped electrons, and basic 
conceptual questions. Accordingly, in Section I 
we develop a general model for describing the 
rnovement of slow electrons in fluids of arbitrary 
complexity. In the model, the fluid is treated as a 

'Research supported by N S F  DMR75-13343, The  
Louis Block Fund,  and the Materials Research Labora- ffuctuating and lo the 
tory of the Na(lonal Science Foundation a t  The Univer- t1ons is via a Set of generalized defor~nation 
sity of Chicago. potentials. The model provides the basic theore- 
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tical framework for discussion of the issues 
raised above. In Section 11, it is shown that such 
a model provides a way out of the impasse that 
has been reached in understanding the mobility 
of slow electrons in liquid argon. The central 
purpose of this talk, a brief review of relevant 
results from the theory of disorder, is met in 
Section 111, where it is supposed that molecular 
motion can be neglected on the electronic time 
scale. Such is not always the case for thermal 
electrons in molecular fluids, and the effect of 
molecular motion is discussed in Section IV. It 
is shown there that strict localization no longer 
occurs. and the diffusion of quasi-localized 
electrons is discussed semiquantitatively. This 
dynamical localization must be distinguished 
from self-trapping, and in Section V we give a 
discussion of the consequences of these two forms 
of localization for mobility transitions. 

In preparing this review, I was struck re- 
peatedly by how little we really know, and how 
many basic questions remain unnoticed or 
shunted aside and unanswered in either event. 
This point will be well illustrated in what follows. 

I. Preliminaries 
We consider the motion of an excess electron 

added to an insulating molecular fluid. The total 
Hamiltonian of the system fluid plus electron is 

in which the first term is the electron's kinetic 
energy, the last term is the Hamiltonian of the 
fluid, which need not be specified, and the second 
term is the interaction potential V between 
electron and fluid. At the present ~nolecular Iecel 
of desci.iption, V depends on electron position, 
on the set of positions vi of all electrons bound 
within the molecules, and on the set of all 
nuclear positions R. 

The structure of the problem can be simplified 
by introducing an adiabatic approximation which 
has two parts. First, the internal electrons move 
rapidly with respect to the excess electron. This 
permits replacement of the instantaneous inter- 
action in [ I  ]  by one which has been averaged over 
the intramolecular motion of the internal elec- 
trons in the presence of an excess electron fixed 
at r.. Second, the excess electron moves rapidly 
with respect to the nuclei. This permits solution 
for the motion of the excess electron keeping the 
nuclei fixed. The problem splits into two parts. 

In the first part, the motion of the electron is 
determined from 

where 

c31 
p2 Z , ( R )  = + V(r:R) 

In [2]  $ (r,R) is the wave function of the excess 
electron, and in [3] V(r,R) is the average of the 
potential V(r:ri,R) in [ l ]  over internal electronic 
motion for fixed r. and R. The potential V(r.,R) 
is only statistically defined through the proba- 
bility distribution P(R) of the nuclear coordin- 
ates. It is at  this point that the fluid can appear as 
a disordered material with regard to the motion 
of the electron. Whether disorder is important 
depends on the amplitudes of the important 
fluctuations in V(r,R) and whether one can 
escape with neglect of tlie time dependence of the 
nuclear positions. 

The probability distribution P(R) can be ob- 
tained self-consistently from the Hamiltonian 
governing the nuclear motion in the adiabatic 
approximation 

where the bar over ZF,,,, on the right-hand side 
of [4] is meant to ind~cate that the motion of the 
internal electrons has been appropriately elimin- 
ated. There are two limiting cases commonly 
considered. The first is that P(R) is largely un- 
affected by the presence of the excess electron. 
This is the case, for example. in high mobility 
fluids such as l~quid argon ( 5 ,  6) or when the 
mobility transition occurs by Anderson-Mott 
localization (1-4, 7, 8). The other occurs when 
P(R) is profoundly modified as. for example, in 
cavity formation (9) or, more generally, self- 
trapping. 

Suppose now that we consider solution of [2] 
in a nuclear configuration not very different from 
those most probable in the unperturbed fluid for 
the ground state energy and wave function, i.e. 

where Yo(r ,  X) is the excess electron's ground 
state for the configuration R and Vo(R) is the 
corresponding position of the bottom of the 
conduction band. Yo and V, still depend im- 
plicitly on all the ~nicroscopic configurational 
coordinates X. This is both inconvenient and 
unnecessarily complex. Accordingly, we state 
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1908 CAI\'. J .  CHEM. VOL. 5. 1977 

without proof that only certaln local configura- 
tional coordinates X,(r) deriked from these are 
important In determining the features of Y",, 
Vo. and other quantities of central interest in 
typical experiments. We choose, for example. for 
the X,(r) the molecular number density n(r), 
a unit Lector specifying the mean local molecular 
orie~ltation d(e.1 (the directrix of liquid-crystal 
theory) for a fluid containing symmetric aspheri- 
cal nlolecules or an  appropriate tensorial 
generalization for totally asymmetric molecules, 
the local molecular polarization P,,(rl) for a 
fluid containing polar molecules, and finally the 
local electronic polarization P,(r'). The set X,(r)  
may be extended or  reduced according to the 
microscopic character of the particular fluid. 

The short dlstance modulations of Y, which 
correspond to the details of motion between and 
into the molecules are not among the features of 
specific interest to us. Rather, we are interested 
in variations which occur 011 the scale of its de 
Broglie wavelength, illany molecular separations, 
that is in the 'smooth' part of Yo, smooth in the 
sense of pseudopotential theory (10). We once 
again state without proof that arguments akin 
to those of pseudopotential theory and effective- 
mass theory for crystals can be found which lead 
to an  effective Hainiltonian 

for the 'smooth' part of the wave function. 
The effective Namiltonian [6] simplifies for the 

case of small fluctuations AX, = X, - X , ,  where 
X ,  is the thermodynamic average of X, in the 
unperturbed fluid, 

The nonlocal terms in [7] give the contribution 
of distant polarized regions. Tlle contributions of 
density and orientation fluctuations can be taken 
as local. For  example in a simple fluid in circum- 
stances in which the long-range contributions of 
the electrollic polarization are unimportant. the 
only relevant X ,  is the density n so that 

This Hamiltonian has precisely the samc form 
as that of an  electron in a crystal interacting with 

density variations produced by longitudinal 
acoustic phonons. 7,' is thus a deformation 
potential coefficient. and the VOi(r.u') may be 
regarded as generaiized deformation potentia! 
coefficients. 

11. Excess Electron Mobility in Liquid Argon, 
a Test of the Medium Description 

We have sketched in Fig. 1 the potential 
V(r.R) entering [3] in a simple liquid such as 
argon. Between the atoins there is a local maxi- 
mum in the potential which has the average value 
Uo. This background potential U, consists 
primarily of a superposition of screened polariza- 
tion interactions of the electrons with the indi- 
vidual atoms. Subtracting Uo leaves a super- 
position of potentials localized about each atom 
which can be regarded as scattering potentials 
and characterized by a scattering length a, cf. 
Lekner ( 1  1). The scattering length is positive as 
for a repulsive potential, which can easily be 
understood in terms of pseudopotential theory. 
The value of V, can now be easily estimated by 
means of the Wigner-Seitz approximation (9) 

where the first term is the kinetic energy associ- 
ated with avoiding the molecular interiors. In the - 
low density limit, it reduces to the optical model 
(1 2) 

Using this physical picture. Lekner (1 1) treated 
each atom as a single. independent scatterer of 
cross sect~on 4na2 and obtained an  excellent fit 
to the full field dependence of the drift velocity 

FIG. 1. The potential I'within a simple liquid such as 
argon (schematic). Lro is the background potential 
(U,, i 9) above which a pseudopotential V,, rises within 
each atom which defines a positive scattering length u 
for each atom in the liquid. 
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of excess electrons (13) in liquid argon at  its 
triple point (84 K) (5). Jahnke et al. (6) extended 
the earlier mobility measurements of Schnyders 
et al. (5) to a wide range of densities a t  several 
pressures. They found a striking maximum in the 
mobility at  0.012 it3. Lekner (14, 15) then pro- 
posed that a goes to zero a t  that density, a 
Ranlsauer effect, and that fluctuations in a. 

kept the mobility finite. Jah:ll<e et a/. (16) 
searched for this effect, using Lckncr's theory for 
the calcu!atioil of a.  They found that a does not 
~ a n i s h  in? the observed range of densities and 
gen~erally has the wrong density dcpendence to 
account for the data. Because this discrepancy 
can be interpreted as weakening the entire 
physical picturc of electrons in fluids built up 
around the V ,  concept, now of central impor- 
tance in the field: Basak and I have reexamined 
thc matter. 

We noted that in Lekner's theory of the scat- 
tering of an electron by the fluid (6. 13), the actual 
scattering occurred coherently froin density 
fluctuations on the scale of the thermal wave- 
length of the electron. He therefore should have 
used the deformation potential in [8] as the 
scattering potential and not the potential associ- 
ated with an  individual atom; he coupled the 
electron incorrectly to the density fluctuations. 
Two errors are involved. The first is the neglect 
of multiple scattering included in the Wigner- 
Seitz energy fi2kO2;'2r71. The second is the neglect 
of the density dependence of the scattering 
length itself and of U,,. From the low density 
form of V,, [9] and [lo], we obtain 

The first term alone. when used in the Born 
approtiinatron for scattering. giFes the Lekner 
theory. The reinalnlng two terms are absent in the 
Lekner thheory In Fig 2, the density dependence 
of the first term and of the total are shown. One 
sees that the first 'cerm is practically independent 
of density. wl~ereas I V,'/ has a minimum at  a 
density equal to that of the observed mobility 
maximum. In calculating the terms of [ I l l .  we 
used the results of Jahnke ef 01. (16). Using the 
f ~ i l  Wigner-Seitz theory does not affect the 
conciusions. 

These results give a simple physical explana- 
tion of the mobility maxinlum and provide the 
h s l s  iisr a detailed semiphenomenologlca1 
tl?eory of the mob~lity ~ i h i c h  accounts well for 

I I I 

0.4 0,8 1-2 1.6 2.0 
- 2  O-3 

Number D e n s i t y  n (I0 A 
FIG. 2. Density dependence of li,' in the optical model, 

[ll], and of the first term, (h212n7)4na. 

the observed density dependence of the mobility. 
They provide an example of the utility of the 
niedium description for long-wavelength, small- 
fluctuation phenomena. 

111. The Statically Disordered Medium 

A.  Se~niclassical Theorj. 
In  the Hamiltonian [7] ,  the AXi(i.) have a 

generalized Gaussian distribution and, as a con- 
sequence, so does the fluctuating potential. The 
detailed response of a long-wa\eleilgth. low- 
energy electron to such a fluctuating potential is 
unknown. However, one can make the following 
observations. The short-wavelength. positive 
fluctuations in V,(a.) tend to be tunneled through, 
but with an amplitude reduction within the 
fluctuation. The kinetic energy required to follow 
the short-wavelength negative fluctuations tends 
to cancel the potential fluctuations. Thus the 
slow electron behaves, in effect, as though it 
moves within a potentiai which has been 
smoothed by averaging over some sampling 
length L (7: 8). Eggarter and I have been able 
to construct explicitly for a fluid of nonover- 
lapping scatterers with a mean spacing signifi- 
cantly larger than the scattering length a 
smoothed wave function which satisfies a 
Schrodinger equation containing the smoothed 

'Y. P. Eggar'rer and M. H. Cohen, unpublished results. 
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potential. In Eggartcr's original work (7, 8) he 
then went on to introduce a semiclassical treat- 
ment of the electron in the smoothed potential. 
We have been unable to justify this step expli- 
citly. However. it is a simple matter to introduce 
and illustrate the basic concepts of electron 
11lotion in disordered materials via a semi- 
classical treatment, and we introduce one here. 

The largest value of L which makes sense is 
one of the order of the de Broglie wavelength for 
an electron of a given energy. The fluctuations in 
the potential of shorter wavelength than L cause 
scattering, giving rise to a mean-free path t',, for 
momentum transfer and one tE for energy 
transfer. I t  is the mean-free path for momentum 
transfer which determines the range of pilase 
coherence of the wave filnction. Therefore. if 
C, << L, lve can regard the electronic properties 
and response functions as local on the scale of L. 
Sinlilarly if L << eE, we can regard the electronic 
motion as energy conserving on the scale of L. 
These are two requirements for a local, semi- 
classical treatment of the electronic states. The 
electron would then have an energy E given by 

within a given sampling region where the 
smoothed potential takes on the value Y .  The 
probability distribution of -lr is Gaussian, 

exp [ - (V - n/7)2/201 2] 
[13] P ( V )  = 

(2~0, - ' ) I1  

where 0,- relates to the corresponding quantities 
for the Xi. to the deformation potential coeffi- 
cients, and to the sanlpling length L. The 
n~obility p takes on a local value determined by 
the value of Y .  

If Y < E at  r ,  then r is an  allowed position, 
otherwise it is forbidden. Here we have supposed 
that L and o, are large enough that tunneling 
may be ignored. This defines a continuous three- 
dimensional percolation problem. The energy at  
which percolation ceases is the mobility edge E,. 

The density of states is readily calculated and 
sketched in Fig. 3. The position of the mobility 
edge is readily calculated from percolation con- 
siderations; one obtains3 

as indicated in Fig. 3. If one ignores niolecuiar 

3M. H. Cohen and D .  Liccardello, unpublished results. 

FIG. 3. Density of states in the semiclassical approxima- 
tion for a Gaussian random potential, cf .  [I21 and [13]. 
Localized states below the mobility edge Ec = =f - crv 
are shown shaded. 

movement. recent calculations (1 7) enable one to 
~llfer  that the energy dependence of the mobility 
1 s 

as sketched in Fig. 4. However. molecular inove- 
ment in the form of hydrodynaillic drift of the 
localized regions, as proposed by Eggarter (8), 
leads to a finite mobility below the mobility 
edge (Fig. 5). 

The mobility p observed in a typical experi- 
ment involves an average of p(E) over energy: 

The Boltzmann factor f ( E )  decreases monotoni- 
cally with energy; n(E)  and p(E) both increase 
monotonically. Three distinct possibilities arise. 
First, there is a single maximum in the integrand 
I (E)  of the numerator of [16] which lies above the 

FIG. 4. Energy dependence of the mobility corre- 
sponding to Fig. 3 under the assumption of fixed nuclei. 
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FIG. 5. Energy dependence of the mobility correspon- 
ding to Fig. 3 \\hen hydrodynamic motion is allowed. 

mobility edge. This corresponds to the case of 
quasi-free electrons. Second, I(E) once again has 
a single peak but it lies well below E,: in the re- 
gion of localized states. This obviously corre- 
sponds to the case of localized electrons. Finally, 
there is the transitional case in which the con- 
tributions of the extended and localized states to 
- 11 are of the same order. This can occur either as 
a gradual shift of a single peak in I(E) from the 
extended to the localized states or, as occurs 
when the rise in M(E) p(E) is large enough above 
E,, there are two peaks, one in the localized 
region (E < E,) and one in the extended region 
( E  > E,). This latter case would correspond to 
the simultaneous observations of a quasi-free 
and a slow electron by Schwarz and Prasad (18) 
within the mobility transition of He. These 
possibilities are depicted in Figs. 6 a-c. Thus. 
though oversimplified, the semiclassical model is 
very rich and illustrates clearly the way in which 
disorder affects the electronic states. Many of its 
features carry over into the general case. 

5. Recent Derelopmenfs in the Cetzeral Tlieoq, 
One of the major unresolved questions in the 

general theory of electronic states in disordered 
rrxiterials is the nature of the energy dependence 
of the conductivity or mobility in the vicinity of 
the mobility edge. Mott  (19); in introducing his 
idea of the minimum metallic conductivity (20) 
had proposed that  the mobility behaved in a 
step-like fashion a t  the edge. whereas I had pro- 
posed that it had percolation-like behavior (21, 
22) as illustrated in Fig. 4. I t  now turns out  that 
both are correct. Mott  (23) has given an  argu- 
ment which shows that either can occur depend- 
ing on the nature of the amplitude fluctuations 
in the wave functions. In  the cases so far studied 

FIG. 6. The three types of weighting of the contribu- 
tions of different energy ranges to the average mobility; 
I ( E )  is the integrand in the numerator of [16]; (a) the 
quasi-free case, in which the weighting is above the 
mobility edge, (0) the localized case in which the weighting 
is below the mobility edge. A mobility transition can occur 
as a single s ~ ~ c h  peak shifts continuously from case a to 
case 6;  or ( c )  a mobility transition occurs uhen the 
weighting splits u p  into two parts. Case c appears to 
occurin dense He vapor (18). 

In detall experimentally, it 1s the step which 
appears to occur Wegner (24) has const~ucted 
a detalled scal~ng theory w h ~ c h  prohldes a proof 
( w ~ t h ~ n  the hm~tatioils of a typlcal scallng theory) 
that e~ the r  case can occur In three d~mens~ons .  
but that only the step can occur In trio 

W h ~ c h  case holds for slov~ electrons 111 flulds9 
The exlstlng data (e g Leklne and Sanders (12). 
Schwarz and Prasdd (18)) are compat~ble \kith 
both Howe\er, the existence of a step at  E, 
guarantees a double peak structure In I(E) 

IV. Dynamically Disordered Medium 
I11 the preced~ng sectloll. we treated the f lu~d  

as statically disordered. Hoivever. el  en 111 the 
a d ~ a b a t ~ c  approxllnatlon the nuclear positions 
change ~11th tlrne, and the purely statistical 
approach described In Section I and used In 
Sect~on 111 obscures some of the essent~al 
phys~cs Rather than use the s t anda~d  Born- 

4CJ: S. Pollit, work to be published. 
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Oppenheimer procedure which gives separate, 
though coupled, equations for the electronic and 
nuclear motion, for our present purposes it is 
more convenient tu ~ o r i c  in the in terac t io~ rep- 
resentation in which the nuclear coordinates are 
given their full, explicit time dependence. This 
can be done without making the adiabatic 
approximation. The electronic Hamiltonian then 
becomes 

a-here the time dependence of the interaction V 
derives from the time dependence of the X,(r.,t). 
One can show (25) that because one suppressed 
a large number of nlicroscopic degrees of free- 
dom in deriving equations of motion for the Xi, 
the latter undergoes a generalized Bro~vrlian 
motion. f o l l o ~ ~ i n g  a Gaussian random process 
in time. This last is completely characterized by 
the correlation functions, 

[18j (AX,(r*.t)  A X,(r. ' . tl)) - C,, (q,w) 
F.T. 

A frequency scale for the motion is readily 
established from the mo~nents of the C,, .  

Let o, be a typical value of the oqrJ for fixed q. 
I t  is an important fact that o, shows dispersion, 
i.e. a significant dependence on q. Let C5 be 
some appropriate mean value of 01,. The phase .of 
V(r , t )  will have changed irretrievably after a time 
- - 
o I .  Thus V remains correlated in time only for 
intervals ,<a,-'. 

Let us now recall the mobility theory done for 
the case of Fig. 66 where we are dealing only with 
localized states. We then considered that such 
states had a hydrodynamic (Stokes-law) mobility. 
However? a more chaotic mechanism, which we 
introduce here, can give rise to a larger mobility 
(26, 27). In  the static picture an  electron was 
localized in a region of spatial extent approxi- 
rnately equal to the localization length L(E). 
However, the localizing potential changes in a 
time of order G - l .  Therefore the region of 
localization randomly changes its position by 
distances a t  most of the order of the spatial 
extent of the wave function, i.e. L(E), in times at  
most of order G-' .  The electron thus undergoes 
a diffusion process. The mobility p is related to 
the diffusion coefficient by the Einstein relation. 

and the diffusion coeficient has the standard 
form 

where the correlation frequency v, and correla- 
tion distance LC s a c  be roughly obtained from 
the above arguments : 

There results 

Coillparison of [23j with the Stokes law mobility 
(with siip at  the boundary) 

shows that [23] exceeds [24] whenever 

This condit~on is met if. for example. > l @ l l  
s-'. L > 5 A. T < 300 M, and Q > i cP. 

A consistency condition for the validity of 
[23] is that the time required to cross the region 
of localization is much less than the character- 
istic period, or  

where L is the mean speed In the locallzed state 
If [26] is sat~sfied the loca l~z~ng  potential does 
not change before local~zation 1s establ~shed If 
[26] 1s not sat~sfied. the mobility IS that of a 
quasi-free electron w ~ t h  i3 replaced in [23] by the 
scattering late .rV1 As t-' is ioughly equal to 
i L. one sees that the mobility of a dynamically 
locallzed electron as glven by [23] IS lower than 
that of a quasl-free electron by the factor ST, 
which is ct 1 whenever dynarnical localization 
occurs. 

These qualitative arguments for dynamical 
localization and thermal diffusion of electrons 
have been confirmed by a rigorous calculation 
for one dimension, carried out by Madhukar and 
Cohen (27). 

\ ,  

There are thus two distinct processes for 
localized electrons, thermal diffusion and the 
Stokes mechanism. In developing the theory of 
static and dynamic localization, we here ignored 
the effect of the electron on the ~nolecular con- 
figurations. When the electron-molecule inter- 
action becomes strong enough to affect the dis- 
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iribution of molecular configurations signifi- 
zantly, the fluctuations responsible for the ther- 
mal diffusion n~echanisiil are suppressed, and 
only the hj:drody~lamis mechanisril remains. 

V, Eoca%iaaiion Vefsus Self-Trapping 
Thus far in discussing electrons in localized 

states, we have had in mind only slates that are 
localized by the disorder arisiag from Auctua- 
-iions in the fluid, whether static ( i . c .  Anderson 
localization (1-4)) or dynamic. This process we 
call locaiizaiioc~ which inte distinguish froin 
.;elj"trc(ppii?g. in iocaiization, tile d is t r ib~t ion of 
molecular configurations can remain Iargeiy un- 
changed, '%heres,s the distribution of the eiectron 
o w r  different states associated ni th  '(he \-aricus 
inoiecular configurations can chai~ge con- 
iinuously. The eieciron can initially, before a 
nobiiity ~ransiiion occurs. he found almost 
n t i re ly  in extended states. Then. as the rnobiiiijl 
iransitioi~ proceeds and is completed, it goes 
over to !ocalized states associatea with a narrow 
distribution of ~noiecular confiaurations much 

b 

Iike those with whish a self-trapped electron is 
associated. i : ~  self-trapping, or: the other Jiand, 
lnstead of a c o ~ ~ t i n u o r s  chai~ge. there call be a 
gross change in ;nolecu!ar configuration to one 
'of lower free energy. As the ~lariabie of state 
governing the !?~obility transition is changed, the 
self-trapped csnfiguratioi: can become locai?y 
stable and thereafter a mixture of the quasi-free 
state and the seif-;rapped state can occur, with 
?e!atively little probability of fin.ding the states 
correspoiiding to intermediate stages of iocaiira- 
tion during [he i~~obi i i ty  transitjon. These are two 
aiter~~ative paths through -rhe mobility transition. 
The first i3~a.s empi;aslzed by Eggarkr and rnyseif 
in discussing rile ii-tobiiity transition in lXe :,apor, 
while the second was emphasized by Yernandez 
(28) .  :rater~nediate cases call of c o m e  occbir as 
/veil. 

In the preceding discrission 3f Anderson 
Iocalization and iis role in  a :nobiii:v transition. 
we have found it convenient to aise tile general- 
:zed deformation-p0ten'ria.i scheme. We have 
muposed both that the flilct~laeions are ~31%- 

ciently small in  a~nplitude ?hat the electron-fluid 
i:;teraction can bc expanded to first order ir, t!~e 
-?,uctuation amplitudes 2nd that the resiulting 
deformation poren-tiai is large :!?.ob4gh to pro- 
aLce significant iocalizatio;~. The criterion fcr 
;his is tima .kLT < 0,-, -which ,can be met. :his 

raises the question of whether the salne scheme 
is adequate to the description of selIsirappirig, a 

~ - 

con'tnient circulnstance If so. 
Jortner and 1 h a w  eria111i:ied self-trapping 

\*+ithin the deformation-potextial scheme by 
considering the configuration change iilrastrated 
~ -. 
!n fig. 7 fcr a simpie liquid. A step-like ir~crease 
At7 in il xj\iti~iii a radius R. is supposed to occur 
for i^iegalii7e Ifo' (decrease for posiii\ e V,'). The 

.~ l i  here che energy of distortion is 

and the eiectrollic energy is obtained as an 
eigen\,aiue of the Schrodinger equation, 

_ ne , surface enel-gy is olnitted from 1881; it does 
not change ;he conc!usions. E,, was obtained in 
the wea~-binding (Ee ,  5 3)  and strong-binding 
I? 3 0. / > R) limiis. E was then i~iiiiirnized 
:vith respect to the bariational parameters Ail 

a i ~ d  A. The result in both cases was that the 
minimum 1;alue of E was positive: i ~ o  siabie 
self-trapped state couid be f o m d  nithill tile 
der"orma.tion-~oteiltia.1 scheine, 

3rmr conclusions fioni this study are first that 
self-trappirag req~uires a irirge 1-slue of Ai7'il for 
which she del"ormaticn-potential apprrsxirnatio~~ 
and the simpie distortion e~lergy used a h \ - e  are 
Ina.dequate. Second, :he polarizaticn energy is 
greatly modified for a bour:d state, i t  has ro be 

.- 
r r G .  7. Configuration change in a s i m ~ i e  iiil~lid ern- 

pioyeci by Jilrtner and Cohcn to investigate self-trapping 
vi'rhin fhe de~formatioi? ~otent ia l  ap~roxiniation. A 
constant decrease in density of magnitude Arz (solid iiile) 
occurs ~ i t h i n  a spherical region of radius 8 for positlve 
i/,'. NI? increase (dotteu iinej cccurs for negative Yo'. 
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included explicitly into the calculation of the 
energy of self-trapping. Self-trapping can then 
occur for pos i t i~e  or negative Vo, positive or 
negative V,,', and it is important to find the 
explicit criteria. 

The polarizatioll energy also plays a very 
important role in Anderson localization, acting 
to provide extra stabilization of localized states 
in the tail of the conduction band. Thus the 
electron must be considered as interacting w ~ t h  
the fluctuations and a self-induced polar~zation 
on an equal footing. The problem becomes that 
of a particular kind of polaron in a disordered 
material. 
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9. R. IlliEler: You stated in discussing percolation theory 
that localized states occur only below the mobility edge. 
Why don't local~zed states co-exist \\ith conduction states 
above the mobility edge? 

Yl* H. Cohen: In a purely classical theory, they do. 
However, as soon as the quantum mechanics is brought 
back into the problem, these localized states become 
resonances. 

9. K. Baird: You have mentioned Lekner's theory of 
electron mobility in liquid argon. As I understand it. 
Leki~er proceeded as follo\vs: (1)  Calculated the screening 
of the polarization potential for a condensed phase. (2) 
Averaged this potential over the structure of the fluid 
using the pair correlation function. (3) Calculated the 
maximum of this potential and subtracteci this nlaximum 
from the average potential. (4) Calculated the electron 
scattering form factor from the resulting potential. (5)  
Concluded that the effective scattering cross section in 
the liquid is this form factor multiplied by the liquid 
structure factor. It \+auld seem to nie that steps 3 and 4 
perhaps should be omitted. Instead. I would prefer to 
regard step 2 as being the correct calculation of the effec- 
tive potential and calculate the form factor for electron 
scattering from it. Then I would proceed to step 5. Also 
J might note that this proposition aould seem more in 
accord with the spirit of pseudopotential theory. The 
analogy is the following: In a metal, the positive ionic 
cores are screened by the conduction electrons. In an 

.insulator like liquid argon, however, a core is screened by 
valence electrons which react to the presence of an excess 
electron by distorting. As I understanded it, the effective 
potential is pseudopotential theory is the screenedpotential 
and hence it should a.lso be considered in liquid Ar. 

XI.  H. Coben: Steps 3 and 4 can be omitted only uhen 
the total potential can be represented as a simple super- 
position of individual atomic potentials and \?hen the 
Born approxinlation can be used for the scattering. In the 
present case, the scattering potential is enormous com- 
pared to the energy of the incident electron and the Born 
approximation cannot be used. A t-matrix approach 
cannot be used to replace the Born approxiination be- 
cause the potentials from different atoms oberlap and a 
separation into single atom t matrices is not possible. By 
performing step 3, a background potential is defined 
above which a separate scattering potential appears for 
each atom, Thus a scattering length and cross section can 
be defined for an atom in the liquid mhich are quite 
different from those in the solid because of the screening 
of the tails of the atomic potentials and the chopping 
them off at the background potential level. If one stopped 
at  step 2, an alternative schcrnc equivalent to steps 3 and 
4 would have to be carried out. One such scheme is the 
muffin-tin potential scheme, commonly used for crystals 
and now for liquids. It is closely related to what Lekner 
did. 
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U. Sonada: What happens to a free electron (plane ma~e) ,  
IS the mean free path for momentum exchange becomes 
smaller than the de Broglle ha\elength9 

31. H. Cohen: Then the motion of the electron becomes 
diffusive and the problem of determining the mobility 
becomes more complex, in general, but not in the present 
case. Because both the de Broglie wavelength and the 
mean free path are luuch larger than the intermolecular 
distance, the same long wavelength limit may be taken in 
both cases. 

U. Sonada: You were talking about phonon-electron 
interaction in terms of just the displacements of the 
atoms in the liquid. Would you call the interaction 
between an electron and an optically anisotropic molecule 
also a phonon-exchange? 

M. H. Cohen: I talked about phonons only In connectloll 
with examples drawn from crystals. In the present cases 
we are deallng wlth Interaction between an electron and 

time-dependent configuration fluctuations. The physical 
picture is unaffected by the optical anisotropy of the 
molecules. One has only to use a sufficiently general con- 
figuration coordinate. 

6. R. Freeman: Could you give a physical picture of the 
mobility maximum in liquid argon? Beginning at low 
density and increasing it, ~ h y  does the mobility increase, 
and then why does it decrease? 

M. H. Cohen: Part of the initial increase is associated with 
decreasing conlpressibility, i.e. decreasing aniplitude of 
density fluctuation, and with changes in the effective inass 
with density. Ho~vever, the dominant effect is the existence 
of a minimum in the coupling of the electron to the den- 
sity fluctuations as measured by V,". The tuo contribu- 
tions to V,', that from the kinetic energy (/?2ko' 2111~) and 
that from the background potential Uo, oppose and 
balance at the minimum. 
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Experimental detection of cssiiective modes in a polar liquid:: application Is the case 
of the solvated electron in H20 and NW,: 

GEANNE ASCARELL' 
Pi7y.ric..i Depiit.ti17eiif, Plr/.ci~re Uni~>rr.rii?., Wc.,t Lr(jnyettr, IAV, U.S.A.  47907 

Received Septembe; 27, 1976 

GIATXI ASCAIELLI. Can.  S. Chern. 55. 1916 (1977). 
We present experimental data that confirnm the predicted existence of a collective mode in c 

iiquici corresponding to the longitudinal optical inode in an ionic crysia!. The experirnenta! 
investigation )+as carried o t ~ t  in nitromethane. and the resuits bear out all the salcuiated prop- 
erties of this collective mode: the dipolar plasnion. The calculated frequency of the dipoiar 
plasmon, as well as the dielectric constant at  high and l o ~ v  frequencies? are then used to  caiculate 
tciiiiout adjustnbie pni.ni?7etei.s the poiaron coupling constant of tne soivated electron in YE,  
and HZO. A comparison of :he calculated and rneasilred properties of thc soivated electron 
indicates that in cithcr case a poiaron-like continui~rn theory can ar most account for onl). a 
fraction of :he energy of the observed opticad absoipt ior~.  

GIANS! ASCAR~L:!. Can.  J. Chenl. 55. 1916 (1977). 
O n  piesente des donnkes expkrimentales qui coniirme!~i l'existence dans un iiquidt. d'ui: 

inode collectif doiit i existence avail Cre p r e d t l  ai~ie~.ieuremrnt er q,~: correspond aii mode 
optique longi:udina! prtsent dans un cristal ioniclur;. I'elcide expkrin?ec?ia.ie a CtC elrectuie daqs 
ie n i t r o n ~ e t i a i ~ e  et !es rtsii!tats soiii conformis avec toules ies propriCICs calcu!Ces pour ce i ~ o d ~  
coiiectif: Ie plasnlon dipolairc. On uti!ise alors ia fr tquer~ce calcuiee ~ L I  alasmon dipolaire de 
?~i&ine 4ue iec constantes dieleclriques B nailte ei B basse fr6queilce pour caicuier, sai?spni.iii~id~i.t.~ 
ojustnble:; la c o n s t a ~ ~ t e  de couplage polaron de l.Ciccti.on solvat6 dans PtrE3 et H 2 0 ,  Une coi?-!. 
paraisoi: des propriCtCs caiciiiias e: n~esirr.eez de l t5Iectron solvat6 indiquc dans chaqiie L-es 
qu'~ii le  thearie continue ressernbiaz: au poiaroi; ne p u t  lenir compfe qiie de seuiemeni ui?i 
fraction de !.Cnergie observee pcur l'absorption opiiq~ie,  

ibraduit par ie joirrilai I 

"Jne expects ar; interaction of z. char-me.: ab- 

carrier with a bipo'iar !iquid via eiec':roskar:ic 
Corces (1-3). This interaction resembles 
interac:;on of a charged carrier with a pciarizabie 
lattice: the poiaro::, 

Ir; the case of solids, ~ o l a r o n s  are characte:- . . . ~ lzec uy a al;xer?s;o{^,1ess s3nsrant x that measgyes 
the strength of the .:oupli~-ig of th.: electror? witk 
2 p.soia.cizab;e cor_iii?u~:i: whose -.in.- - ; . ~ L ? L ~ ~ I  - .  is ti,^: 

. . frequency CG 1s th2: of the ,on.-i:udir~&l optical 
.~ . 

pbsnons. rn tile cese o f s o I i ~ ;  

hs.iides j4-1 \vi;iie the second is the ease o f  holes 
in a.!kaii l~aiides ( "J ,  center) anhi ApC;. 

Y~jhen. g. is sqlali; serturba.lio~z :neory is ~raiiji 
aild the energy af the electron i s  decreased a!: 
amount ~ h c o  i:y the jocalized 1a:aice dlstorrr3i: 
:;ha!. is formed arou:?:'_ it. Vdhep vaiii.5 or  i: 
ve;.~,i large the deL1?. 3f $lie ~ ;e l i  vijicre ;n.: 
clec:i:on is sei[-"-t:~pp& is ilzs*laaj 11 5. !00~.4;2fi61, - - 
i n  tile interrnedia:e racge a more co:npie;; trea-.- 
!ilc;li. used n s f p s c .  ij. is, nowcxiei.. dnbiot..~ 
:ha'. 2 r~ntillu~.;?::r! jrheory is valid f3.- sei_'-;rappeG. 
carriers because <:ife -----. . ~ . . 

: a s ~ t i ; ~  cf the caiciJ,ia,lio:: 
. . . < .  nredlct eje:aro;* 1- be i o ~ a i l z : ~  Wjibil'L 

sis;apct: sma!ie; ;r:aj; :'I;: u1?16 cell N e i g r  <:h: 
^;~zc.ez[ 01' mass 119:. :;i.z'; 3; iu;!,ci 

.. . ~ dje!g~;j-i~ ~ O K S ~ C ; ? :  yg;>ialYiS va:lG ir" ̂ .~',.:j~ 8, ~a" ,  
- - .  $!:e ~317 jn$-eS:igafL1 ti?:; ~/ajLdii;r o'? 2 30,213; 

~ , , ~c 7lod.c: !or 2 p.;.ia: . -y ~ l d  r: ;! coIihk:;:\;e ~;?CIL:> 
. . , . "  . .  

"C:X;~'~~EP.; t p  2; ' C : ] * ~ j i : - i ~ l ~ a i  ~ ? ~ [ j ~ z j  j3;131:0;l !,:$". 
. . .  ., . be ![:ep?",lnefi ;r n;3ei ~,x;,- --0 nn+ O V I : ~ ,  .~ $21. * s - n .  L 5 , ~  -,.- 
rre.e,?rzr ~325,rr,7aj;;9:' 3.; tj?.e ~ x / s : ~ % c ?  0: c j ~ ~ i l  
-- etlizde a : ~ d  ~:-i:j-: aps i :  ' ; jLt :?.ji&j.or t g e~ : . y  10 ;:i: 

~. 
0 - r e  

" .- -. 
%,GJ., or :he soluet.:c ei:.:rron i:: f.,\, allc fiTFrh 
T:7cr,c an.e I-rc a < j l , s ; a  Dle .o-; .--- o*-..-" . :.-- <- c; C..l&Lr;' s IT'. I,.!' 

. . c&,cj, !a:?c;:; 
~ ~, . 

flzol;e-iivt: uo.;jes .djpoiaT , j , - ~ ~ a ?  l:'-\.- 80. i ; 
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been predicted by Lobc et a/. (5). These authors 
studied the collective oscillations of a dipolar 
liquid where each dipole osciilaees around a 
position of equilibrium determined by the in- 
stantaneous field created by all other dipoles 
that are in turn treated as a continuum. Two 
types of waves were predicted to exist: longitu- 
dinal (a,) and transverse (o,). The longitudinal 
wave arises on account of both the lag of the 
Onsager reaction field with respect to the in- 
stantaneous orientation of the individual dipoles 
and a random walk of the individuai dipole 
orientations. The transverse mode instead de- 
pends only on the randon? walk of the dipole 
orientation, 

The predicted Srequeney of the longitudinal 
wave ((0,) is 

where 

1\1/11 is the density of dipoles whose dipole 
moment, in vacuilm, is p,, I:::-' =l'? 1 - i  + I Z - l )  

is the average rnorrre:?t of inertia for rotations 
perpendicular to the dipolar axis, and E ,  is the 
high frequency dielectric constant. AI: the 
factors appearing in coo  are known. By contrast, 
the relaxation time of the random torque (7 )  is 
all unlmown to be measured in units of a time 
(7,) of the order of the Debye reiaxitiarz time. 

We have studied the f a -  infrared absorptior 
due lo the dinoiar plasnnon ir? n i t ro~nethsr~e  
(NM) and solutions of nitramethane in carbcn 
lerrachioride. The N I 4  c o ~ c e n t r a t i o ~  N,IY can 
be changed over 2 reasi~i~able range thus varying 
o, while 02; depends oil temnel-ature and n?xy be 
expected io remai;l ;bpui-o;;inl,a':ely 5:;ed a: 

. - . . r is constant Iernpera.inrc E: the V I S C O S ~ ~ \ ~  or tin" 
7 .  iiqi!ids beiag 1ni;:;ed i s  similar. N M  and CL~; ,  e:-a 

~. * miscibie i ~ ?  211 proportiors above the c,rrtlca: 
ssiutiofi te,-ilpe:.atr:re <?-,, - Q'Ci. 

In ordcr :o be ab'ie to co~iple an e1n:c:re- ~. 
magnetic (ei-rrj wave to e io;!giir_idirrai 3 3 d e  11; 1.- 

necessary to have obiici;.e i.ncidei~ce, An en: \.vavE- 
" .  . .  polarized in ::he p:ane 91 :r,cidenci2: tyii ;  .:ou:D?e 

to both e iorrgl:;iiclicai 2nd 2 Lrenst'eTse \ n / 2 ~ ~  jr. 
;he i i q u i ,  while 2 i.:ave nolarized perper,d;ciaia: 

- .  , 'he pier,: 0 f i n c  ~;lciaance i ~ J l i  coupie 0:1Pj1 5 6  
a '-<.?- ii a , i ~ v e r ~ ~  co:lective 1~;3de. Coupiing of the 
ern radiatior 16 the ;o:igit.idina"wave i;;l 

liquid can be enhanced with respect to the 
coupling of the rad~at ion to the transverse 
coliectlbe mode by stirdying the reflection of thin 
llqliid films on a metall~c backlng. Thc films 
must be thin compared to the \vabeleng;h of the 
light (6). a 

Our measurerncnts wcrc carried out by sub- 
stituting the plane mirror of the focusing optics 
of a Fourier spectrometer (Beckman? REIC 
Mod. 720) with a metallic cell with a transparent 
cover co~i ta i l~ ing the iiq~iid under study. Plastics 
Mere preferred as covers, over e.g, either quartz 
or Si, because their transmission is iarger than 
the latter m-ate ria!^. The plastics were also 
su-itable for a vacuum tight seal of the sampie 
cell. k m o i ~ g  the plastics, Teflon was preferred 
because of ~ t s  chemical inertness. TPX (poly- 
inethyl penkne) was also nsed. It is important to 
emphasize that these plastics must be well 
annealed before each ineasurernent to assure the 
absence of triboeiectric fieids (7 )  that can give 
rise to inhomogeileitles En the NM-CCiL 
solutio?~ / X 2 ) .  - e he resu!ting refiectioc spectra of various 
Nb/BLCCi, solutions are shown in Fig. i .  The 
scale on the right hand of the f gure corresponds 
to the spectrum of the pure W M  solution 
obtained with light polarized in tile plane of 
incidence. On account of the flexibility of the 
pla,stic the thickrscsses of the liquid films were 
~ o t  in- genera! either well 1~11own or uniform. 
-, 
1 hey are estimated to be of the order of 30 ~n- , .  
As- can be seen in the figure, the reflecrio:: 
spectrum changes compieteiy with c!:anges of 
polarization, thus permitting the identificatior 
o f t t h e  frequency corresponding to botc a 
longiiudiila! and a :racswrse wave. The latter- is 
ifi excellent agreement with the previous results 
o.r ebsorprio.;i mehsurernenls a h o r m a !  incidence 
by Kroon and Van D e r  Eiskepr (9;. 

-. 
i ne p o s i a o ~ s  of the refiection rni?-iixia asso-. . , 

ciated \VI?S_ "J;, for various values of N 1 y  as 
measlured b;y the v n i u ~ e  conceptratio12 of I*!i"/l :- 
C",:, are gi~je:? 1n F g .  2.. j: i s  clearly seen ti:+: 
;here is cxcelisnt ~greenzent - wit]? the fillictioilCi 
predic t io~;~ oF (3; 

, . . - 711~ cofl:e:-.t:.el~sr. gepensen--~ r,f a, a!-"'-- iiiz 

polarirstiar d - p e l r d e n ~  sr:he rpfizctjor. spe-,;re 
are ts..:.~ o" rhe expected aoper t ics  of a long;:l:- . - * .  - .~ a~fizl  weve iike tile ci;palar plasmor. 'Tbc: s:e3.;- 

2 ~ A  more extensi.v.c repc;r: 3f the dvolar pis-s-ms~ 
meascfcments is given ic tnis pubii~ation & C  weIi 2s 2 

discussion of the e!T:r,:s o l  e:ite?nai electric fieiris oc :h= 
homogeneity o.; the soiuli~; 
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' \ """'M METAL 

\ 
\ 

Frc. 1. Reflection spectra of solutions of nitromethane 
in CCI,. The concentration of nitromethane in CC14 is 
expressed as a fraction of the total volume of the solution. 
R is the reflectivity of the solution. The solid line corre- 
sponds to spectra taken with radiation polarized in the 
plane of incidence while the broken line corresponds to a 
spectrum measured with light polarized perpendicular to 
the plane of incidence (reprinted with permission from 
ref. 8). 

of the line in Fig. 2 permits the calculation of o, 
and a comparison with the v a l ~ ~ e  predicted on 
the basis of the known value of p, and 1;: (10, 
11). Agreement is excellent, thus confirming the 
calculated frequency of the dipolar plasmons. 

Having demonstrated the existence of a 
dipolar plasmon \ve will apply the polaron 
theory (12-16) to the solvated electron problem. 
In order to compare the results with experiments 
we shall consider the case of water and NH,. We 
shall use n o  adjustable parameters to adjust 
either the well depth or the ~vell width. 

We shall take n ~ l n l ,  = 1 in both cases and use 
the calculated values for o, (eqs. 2 and 3) to 
obtain cr. The depth of the polaron well, i.e. the 
polaron self-energy ED (Table l), is obtained by 

7, CONCENTRATION CH3N02 In CCL, 

FIG. 2. Experimental relation between the square of the 
observed dipolar plasnion energy and the relative con- 
centration of nitromethane in CCI,. 

interpolating between the results obtained by 
Shultz (14) who calculated it for several values 
of cx using Feynman's path integral method. The 
extent of the electronic charge distribution (13), 
p = 0.266 (h /2mo)1 !2  (Table l), corresponds to 
the strong coupling limit. If the solvated electron 
is to  be described by a polaron picture the 
optical absorption of a polaron is an asymmetric 
line with a long tail toward high energies and a 
peak that approximately coincides with E, (17). 
On the basis of a simplified configurational co- 
ordinate model the width of the optical absorp- 
tion is (18) 

h o p  ' I 2  [5]  H,,,,, -. 2.361101 - coth ---- p i  ( 2 k T j  

A comparison of the properties of such a self- 
trapped electron w ~ t h  the experimental res~ilts 
(Table 1) indicates that the polaron continuum 
theory can at  best account for half the energies 
of the optical absorption and of the linewidth in 
the case of NH,. The agreement is even worse in 
the case of H 2 0 .  In the case of NH,  the region 
where the charge is concentrated agrees with the 
size of the cavity surrounding the solvated 
electron (3, 17). 

The application of the polaron theory to the 
electron in H,O is doubtful since the extent of 
the charge distribution is extremely close to the 
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TABLE 1. Calculated and measured properties of the 
solvated electron in H,O and NH,.  The calculated values 
a re  obtained by the use of polaron theory assuming a n  

effective mass equal to  the free electron mass* 

H2O NH3 

Wo 620 cm-'  172 c m r l  
UP 630 cm-'  200-250 cm-  ' 
CI 7 . 9  12.3-11 
E P  0 . 5 8  0.41-0.46 eV 
E,,,,, 1.72  eV 0 . 8 3  eV 
T 300 K 223 K 
H c a l c d  0 . 3 9 e V  0.18-0.2eV 
H,,,,, 0 . 9 2 e V  0 . 4 6  eV 
fi l . 8 . A  3.2-2.8 A 
[(3,'4rc)( V'N)I1 j 3  1 .92  A 2 . 1  .A 

-- 

*The meaning of the symbols LO,, LO,, r is disciissed in the text. 
ED and Em,, are respectively the depth of the calculated polaron se l l  
and  the maximum of the observed optical absorption of the solvated 
electron. T is the temperature at  \ ~ h i c h  the measurement is carried out. 
H,,,,, and H,,,,,, are respectitely the calculated and measured i%idth 
o f  the optical absorption. /?is the polaron radius and Y:Y is the aver- 
age volume~moleci~le in the solution. 

intern~olecular distance. In the case of NH, the 
validity of the polaron theory is not very justified 
either since p Y [(3/4n)(V,'N)11 ,. Attempts to 
fit the optical absorption data by introducing an 
effecthe mass - 2  t7z0 wo~ild produce an even 
larger discrepancy with the basic assumptions of 
the continuum theory, i .e .  f3 >> [(3/4~c)(V/N)]l '~.  

From the above considerations it appears 
that the detailed description of a solvated 
electron in either H,O or NH, will have to 
progress along the lines of the calculations for 
the V, center in alkali halides (20, 21). Any 
continuum or semicontinuum theory will suffer 
from difficulties that are simllar to those already 
found in the case of the F center in alkali halides 
(22) uhere there is a basic conflict between the 
idea of a continuum model and the calculated 
extent of the electronic charge distribution. 
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Discussion 
J. Jortner: You have resurl-ected the old continuum model 
for the solvated electron using some neu and intele5ting 
input data. I would like to point out the danger in the 
tranrfer-of solid state concepts to the liquid state because of 
two major differences between electron-fluid and elec- 
tron-solid interactions. First, in the polar liquid large local 
orientational configurational changes are induced by the 
localized electron. Second. the crucial role of density fluc- 
tuations have to be considered in the liquid. You cannot get 
away by applying a continuum model for the short range 
electron-solvent interactions and these have to be 
handled and are currently treated by a moleculal- model. As 
far as  the long range polaron-type interactions with the 
polar fluid are concerned. one has to consider the role of 
density fluctuations. a s  argued by Kestner. 

G. Ascarelli: I agree that to some extent I have resuri-ected 
an old continuum model for the solvated electron. It differs 
however from what has usually been considered because 
there are no adjustable parameters. The point I would like 
to stress is that even at the level of a simple polaron-like 
theory there are inconsistencies because the polaron radius 
is smaller than the nearest neighbour distance. This aspect 
does not seem to have been appreciated in some of the 
previous semicontinuum calculations where the boundary 
between the core potential and the long lange Cuulomb 
potential described bq an ionic polarization is taken to be at 
a distance smaller or equal to the nearest neighbour dis- 
tance. The orientational configurational changes you men- 
tion are lumped into the polarization while the density 
fluctuations to which you refer have nc, correspondence in 
the polaron theory. 
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 AVID A~~~~ and ELLEN 3 .  YOFFA. Can. j. Chern. 95. I920 (1977). 
The experimental results pertaining to the electronic structure of covaient amcrphoi~s semi- 

conductors are briefly reviewed. It is found that three classes of materials exist, depending on 
the lowest-energy coordinatiofi of the predominant cheinicai component. In each case, the 
iransport properties are ordinarily conirolled by the Iocalized states in the gap resulting froin 
the minimum-mergy defect sites, in which the local coordination is not optimal for certain 
atoms. These :ocalized states are treated in terms of a Hubbard inodei, in  whish the effective 
repulsion between two electrons simuitaneously  resent on the same center is taken as positive 
for tetrahedrally bonded solids and negative for chaisogenide and pniciide glasses. The 
electronic struclure is discussed in detail. l t  is shown that even such a simple model can account 
for almost ail of the experimental properties of the major classes of amorphoiis semiconductors. 

DAVID ADLER et ELLEN J.  YOFFA. Can. J. Chem. 55. i920 (1977). 
On passe brievement en revue ies rCsu1tats exptrimentaux se rapportant a la structure tlec- 

ironique de serniconducte~!rs amorphes covalents. On a trouvi qu'il existe trois classes de 
n-iateriaux en fonction de l'knergie ia plus basse ae coordination pour le compose chirnique 
?rtdominant. Dans chaque cas, ies proprietts de transport sont ordinairenlent controiees par 
des ktats Iocalists dans le fcsse resultant des sites de dkfauts d'energie minimum dans iesquels 
la coordination locale n'est pas optimaie pour ccrtains atcmes. On traitc ccs crats localisks en 
terrnes du modeie de Hi~bbard dans Zequel ia rkpuision efictive entre deux electrons presents 
d'iine facon simultanee sur le mEme centre est considtree comme positive pour les solides lies 
d"une facon tetraedrique et negative pour les verres chaicogknides et pnictides. 017 discute en 
iiitail de la structure electronique. On montre que mime un rnodile aussi sinlple peut rendre 
cornpie de pratiquement routes les proprietis expirimentales des classes majeurs des semi 
canducteurs amorphes. 

[Traduit par le journal] 

1, lntrsducbisn vhich contaiir a Izrge percelltage of the shalcogen 

i-,ithouglz amorpilous sellaiconductors atom" Te, Se, or S. O n  the other end of the 

studied intensively over the past 10 years, spectrun~ are tile tetraizedral amorphous solids. 
progress in Llnderstandiiag the,r eiectrcnic These inciude not only the Group %V atoms: such 

bas coilre As is -the case hr the as Ge a116 Si, but also the Grocp i 11-V materials. 

corresponciing crSrstzlline solids. both suchas  GaAs, and Inore cornpiex solids with an 

and icllis anorphous exist (1). a""'"'%"aIence of fol~r:  such as cdGeAs2. 

Because onlly *he former materials have been 'ntermedlate beiween these tlvo major ciasses 
suficientiy physical be- are 'he pt7ictideies: which contaii~ predominantly 

havior can be understood iia some detail, we the Group V atoms, Sb, As, or P. 
shall concentrate on them in this paper. in  this paper, we analyze ":he experimental 

Three major of covaient amorphous resuitson these main groups of covalent amor- 

solids be differentiated, depending on the phous se~l~isof iductor~.  znd sun?.rnasize a mode! 
chemical of the constituent F r  their eiectronic structure which appears to 

a,ecms. the most intensively inveseigated 5e i i1a"geanen t  \with the available data. In 

lnilaterials are chafcogenichs, -:hose Inaterials Section 11, we discu,ss the major observations and 
contrast the three sets of materials. Section ill 

: ~ ~ ~ ~ ~ ~ ~ h  supporle~, in part, by the U,S, A~~~~ presents an? anialysis of the cllernistry of the 
Research %Rce. lowest-energy defect centers in these solids. A 
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ADLER AND YOFFA 1921 

summary of an effective Hubbard model for the possible to dope with ordinary donors and 
nature of the electronic states associated with acceptors, and achieve extrinsic conduction (11). 
these defect centers is given in Section IV. The chalcogenide and pnictide glasses do not 

exhibit variable-range hopping near E, (1, 2). 
11. Experimental Results on Covalent Conduction is predominated by thermally 

Amorphous Semiconductors activated free holes in the valence band, and 
A. Optical Absorption there is no  direct evidence for a significant 

As is the case for all semiconductors, the density of states at  the Fermi energy. However, 
optical absorption spectra of covalent amor- it has not yet proved possible to dope these 
phous semiconductors are dominated by sharp materials to achieve extrinsic conduction. 
behavior in the region of the energy gap, E,, 
which exists between the highest filled and C. Unpaired-spi" Density 

lowest empty extended states (2). In most of the The amorphous 

materials investigated, provided the short-range ordinarily exhibit an epr signal which indicates 

order is the same, the optical gap of the amor- an unpaired-spin density in the range 1020-1021 

phous solid is strongly correlated with that of cm-3 (I2). As the are Ihe 
the corresponding crystalline solid, but many crystallization temperature, the epr signal 
exceptions have been found, especia]ly in the decreases, although it does not dis- 
Group 111-V's. There is a great deal of theoreti- appear On the hand, no epr 
cal evidence (1, 3) that disorder should yield has been observed in Si 
extensive band tails, which might be expected to prepared from glow-discharge decomposition of 

manifest themselves in the optical absorption silane (I3). 

spectra, but the experimental evidence is gener- The situation is c o ~ ~ l ~ l e t e l ~  different for the 

ally ambiguous on this point, G~ and s i ,  the chalcogenide glasses. No  epr signal is observed 

optical absorption edge in apparently high- at (I4) and no Curie term appears 

quality amorphous samples has been observed in  the magnetic susceptibility (15). However, 
t o  be as sharp as in the crystals (4, 5), while in l5 K 3  an epr be induced by 

the chalcogenide and pnictide glasses, a corn- with photons of frequency 

of the edges is masked by the so-called 'lightly below the band gap of the material (16). 

Urbach tails in both amorphous (6) and crystal- The u n ~ a i r e d - s ~ i n  density is of the 

line (7) systems. I t  is now believed that these order of 10'6-10'8 cmW3.  

tails are due to ionization of the band-edge The-- pnictides appear be hterlnediate 

excitons by the random electric fields present in between the other two A weak epr signal, 
these materials (8). corresponding to a small spin density of the 

order of 1016 ~ m - ~ ,  is obtained before exposure 
B. Electrical Conc/uctioity to light. This value is increased by an order of 

In tetrahedral amorphous semiconductors, magnitude after optical excitation at  very low 
conduction at  room temperature and below temperatures (17). 
is ordinarily dominated by variable-range hop- 
ping in the vicinity of the Fermi energy, E, (9). D. Tl~ermopower and Hall CoefJicient 
This indicates that there is a significant density The tetrahedral amorphous semiconductors 
of localized electronic states in the gap of these exhibit a nearly constant n-type thermopower a t  
materials. Such a situation is not unique to low temperatures, associated with the observed 
amorphous semiconductors, but also character- variable-range hoppiilg conduction (1 8). A t  
izes partly compensated crystalline semiconduc- higher temperatures, more complex, history- 
tors. Conduction in such materials is generally dependent behavior is observed, although the 
insensitive to doping, since there are available results can be explained by superposing ambi- 
electron and hole states at  E,. For a particular polar band-like contributions onto the low- 
class of amorphous Si, uiz. that produced from temperature hopping conduction. Hall-effect 
silane gas (SiH,) by an rf glow discharge, the data has been inconsistent thus far, both p-type 
density of localized states in the gap is relatively and n-type behavior having been obtained near 
quite small, and conduction is dominated by room temperature (1). The existence of three 
thermally excited free electrons in the conduction parallel conduction mechanisms, as appears 
band (10). For such material, it has proved likely from the thermopower data, indicates the 
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need for co~ltrolled measurements on well- 
characterized samples, thus far lacking. 

The chalcogeiiide glasses generally exhibit a 
nearly temperature independent, n-type Hall 
mobility (19). The discrepancy in sign between 
the Hall coefficient and the thermopower has 
received a great deal of attention (201, but it is 
not  always observed; e.g. the Hall effect iiz 
Tl,Te.As,Te, is p-type (21). 

The pnictides are just begiiming to be in- 
vestigated, but an interesting result is that 
amorphous As has an  11-type thermopower and 
a p-type Hall effect, the reverse anomaly as the 
chalcogenide glasses (22). 

E. Photoltrtni~zescence 
In tetrahedral amorphous semiconductors, 

photoluininescence is generally not observed 
(18). but, once again, glow-discharge-deposited 
samples behave differently. In the latter, s tro~lg 
photoluminescence has been found at  low 
temperatures, with the photon energies emitted 
essentially equal to the exciting (band-gap) 
radiation (23). Any difference between the latter 
two quantities is ordinarily called a Stokes shift; 
it is small or nonexistent in glow-discharge- 
deposited Si. 

In  contrast, photolumi~lescence in chalco- 
genide glasses has been observed often (J 6, 24- 
26), although the exciting radiation is just 
slightly below the band gap. The lulninescence 
appears only at  low temperatures. and is 
significantly Stokes shifted, the emitted radiation 
peaking at  about ha(ft1ie band gap. Initially, the 
luminescence is stro~lg,  and no epr signal is 
observed (16). As the exposure continues, the 
luminescence fatigues, while the epr signal grows 
and saturates. After exposure at  low tempera- 
tures, there is also an additional optical absorp- 
tion within the band gap. 

F. Photostructural Cl?anges 
N o  photostructural effects appear to sharacter- 

ize the tetrahedral amorphous solids. However, 
chalcogenide glasses exhibit a wide range of 
optically induced transforniations, both re- 
versible and irreversible (27). A typical effect is 
photodarkening, apparently resulting from a 
broadening of the Urbach tail, but optically 
induced crystallization of the glass has also been 
observed (28). 

prepared by ordinary techniques exhibit only a 
very small field effect (29), leading to the 
conclusion that the density of localized states in 
the gap is of the order of lo1' ~ r n - ~  or greater. 
However, the glow-discharge-deposited samples, 
especially those deposited on a high-temperature 
substrate, have a much larger field effect, pro- 
viding evidence for a considerably smaller 
localized-state density, of the order of 1017 c ~ n - ~  
(29. 30). There appear to be two peaks in the 
density of states in the gap, one 0.4 eV below the 
conduction-band edge and another about 0.4 eV 
above the valence-band edge (29). 

Chalcogenide glasses exhibit only a small field 
effect (31-33), which can be interpreted to be 
due to a density of localized states of about 
1018-1020 c i K 3 .  The temperature dependence 
of the field effect is still unclear (32, 33), but 
there is evidence for two or more peaks in the 
localized-state density (32). 

111. (Chemistry o f  Defect States in 
amorphous Semiconductors 

Although it has been known for over 25 years 
that defect states control the tralisport properties 
of crystalliiie sem~conductors, the importance of 
analogous states In amorphous semiconductors 
was not recogn~zed u n t ~ l  recently T h ~ s  is be- 
cause l t  was assunlcd that the ~ n t r l ~ ~ s l c  disorder 
of the amoiphous state ~niroduced a suficlently 
large denslty of states in the pap to dominate any 
effect5 due to defect centers (3). I t  is now clear 
that this is not the case experimentally. The 
results on glow-discharge-deposited amorphous 
Si have shown that a tetralzedrai ainorohous 
solid can be prepared with a density of states i t 1  

the gap sufficiently low that the Fermi !eve1 can 
be inodulated by ordinary chelrlical doping (11). 
Consequently. the much larger localized-state 
density In evaporated and sputtered amorphous 
Si must be due to defects rather than intrinsic 
disorder (un!ess it is postulated that glow- 
discharge-deposited samples contain hydrogen 
impurities which remove intrinsic states from the 
gap). I t  is known that ordinary amorphous Si 
has a large density of voids, which result in 
dangling bonds (34). These produce what might 
be called e.uirin.sic localized states in the gap. The 
fact that annealing the samples reduces the 
densities of both voids and Ioca!ized states 
suggests that it is thcse extrinsic defects which 

6, Field-ef2ct Meusurements 
The tetrahedral amorphoas sernicor~ductors 

control mazy of the phyclcal properires sf the 
material. ii,s the defert density cecleases. the epr 
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account for all of the results thus far obtained 
on the tetrahedral amorphous semiconductors. 
The vapour-deposited samples have a large 
density of states a t  the Fermi energy resulting 
from the large defect densities. The dangling 
bonds produce a strong epr signal, while the 
large g(+) results in both the predominance of 
variable-range hopping at  low temperatures and 
the lack of sensitivity of electrical conduction to 
doping with impurities. On the other hand, glow- 
discharge-deposited material can have a much 
smaller density of localized states in the gap. No  
epr signal is observable, ordinary band-like 
conduction can exist, and a field effect is ob- 
tained. The Fermi energy is not strongly pinned, 
and can be varied significantly by doping with 
heterovalent impurities. 

The situation is entirelv different in the 
chalcogenides (36). Since chalcogens possess 
lone-pair p electrons, the valence band of a 
chalcogenide glass is a nonbonding band (37). 
This also results in two sharp differences between 
chalcogenide and tetrahedral amorphous semi- 
conductors. Firstly, since fewer bonds exist, a 
dangling bond tends to cost much more energy 
in a chalcogenide material than in a tetrahedral 
material; typical values are 4 eV for Se and 6 eV 
for S, compared to 2 eV for Ge and 3 eV for Si. 
Secondly, the possibility of converting a lone 
pair into a bonding-antibonding pair, with only 
a small loss in energy (e.g. 1.5 eV for Se), pro- 
vides a degree of flexibility absent in other 
materials. These facts make the lowest-energy 
defect quite unique in chalcogenide glasses, and 
these defects control some of the major physical 
properties of the materials. 

I t  is clear from the above discussion that the 
lowest-energy neutral defect in a chalcogenide 
glass is not a dangling bond (a singly coordinated 
chalcogen atom, which we call C,"), but rather 
a threefold coordinated chalcogen (called C,"). 
The former costs a bond energy, E,, while the 
latter only costs the antibonding repulsive energy, 
which we call A. However, the lowest-energy 
defect is riot neutral. As was shown by Kastner 
et a/. (36), two C," centers are unstable towards 
the reaction 

Reaction 1 is possible because a threefold co- 
ordinated chalcogen together with a neighboring 
twofold coordinated chalcogen can spontane- 
ously transform to a neighboring singly and 

twofold coordinated center by breaking one of 
the bonds on C,, leaving a C ,  neighbor. This is 
represented by 

The presence of an  additional electron on an  
atomic site, as is the case with C,-  requires an 
additional energy because of the Coulomb 
repulsion between two electrons on the same 
site, U,. The approximate energies of all C,, C,, 
and C ,  states are shown in Fig. 3. I t  is clear that 
reaction 1 is exothermic, provided 2A > U,, as 
appears to be the case (36). Furthermore, since 
positively and negatively charged centers attract 
one another via the Coulomb interaction, the 
defect centers with two oppositely charged 
chalcogens as nearest neighbors have the lowest 
energy of all. If we call the Coulomb attraction 
between nearest-neighboring, oppositely charged 
centers M, the energy of such a pair is 

FIG. 3.  Structure and energy o f  simple bonding con- 
figurations for chalcogen atoms in covalent amorphous 
semiconductors. Straight lines represent bonding ( I S )  

orbitals, lobes represent lone-pax (nonbonding) orbitals, 
and large circles represent antibonding (IS*) orbitals. Each 
bonding electron is paired with another from a neigh- 
boring atom. The energy o f  a lone-pair electron is taken 
as the zero o f  energy (from ref. 36). 
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where Up is the decrease in energy resulting 
from atomic relaxations. Reaction 1 is exo- 
thermic by an energy, U - 2A - Uc + M + 
Up. Kastner et al. (36) called such nearest- 
neighboring pairs IVAP's (intimate valence- 
alternation pairs). Nonintimate pairs (NVAP's) 
are also possible, and have an energy M larger 
than IVAP's. 

Chalcogenide glasses are made by cooling the 
material rapidly from the liquid state. Below the 
glass transition temperature, T,, the long-range 
disorder is frozen in, and the amorphous state is 
stable. It is reasonable to estimate the density of 
IVAP's as 

PI n , - n o e x P [ - ( U , - M ) l k T , l  

where no - loz3 is the density of chal- 
cogen atoms in the glass. For Uc - 0.55 eV, 
M - 0.1 eV, T, - 600 K ,  we obtain n, - 10'' 
cm-,. The density of NVAP's is then 

15 1 nN - no exp [ -  Uc/kT,] 

For the same values of the parameters given 
above, [5] yields 11, - 10" cm-,. 

For pnictides, the only lone-pair electrons are 
those in the lower s states. However, IVAP's 
become possible because of hybridization (a 
fourfold coordinated pnictide (P,) can bond 
tetrahedrally via sp3 orbitals). There is a slight 
additional cost of the s-p promotion energy and 
the relaxation energy, Up, is likely to be smaller 
in the more rigid threefold-coordinated structure, 
so that relatively fewer IVAP's are present in 
pnictide as opposed to  chalcogenide glasses. 
However, if the reaction 

is still exothermic, IVAP's are the lowest-energy 
defect center. 

In contrast, IVAP's are completely impossible 
for tetrahedrally bonded atoms, since fivefold 
coordination cannot occur with only s and y 
orbitals. This provides the explanation of why 
the chalcogenide and pnictide glasses have such 
strikingly different physical properties from the 
tetrahedral amorphous semiconductors. 

Given the existence of about 10'' cn1C3 
IVAP's and 1018 cmP3 NVAP's in a typical 
chalcogenide glass, all of the experimental 
results summarized in Section I1 can be under- 
stood. For example, neither C,' or C1- contain 
any unpaired spins, so that the absence of any 
epr signal or Curie term in the magnetic sus- 

ceptibility is clear. In addition, the existence of 
large densities of positively and negatively 
charged centers sets up strong internal electric 
fields which can account for the Urbach tail of 
the optical absorption. The photoluminescence 
is explained by the presence of the IVAP's, 
since the charged centers are efficient traps for 
photoexcited carriers and their spatial proximity 
then allows rapid luminescence. The difference 
between U and E, is the observed Stokes shift. 

Under nonequilibrium conditions, such as 
optical excitation a t  very low temperatures, the 
conversion from an IVAP to an NVAP is 
straightforward. Figure 4 shows how this process 
can occur for either chalcogenide or pnictide 
glasses. Upon photoexcitation and subsequent 
trapping of the free carriers by the charged 
centers, the IVAP's of Figs. 4(a) and 4(c) are 
transformed into the neutral, nonequilibrium 
configurations sketched in Figs. 4(b) and 4(d), 
respectively. In each case, only one bond shift 
occurs, at essentially no additional cost in energy. 
But now, since the trapped electron and hole are 
not sufficiently near one another, luminescence 
is not very probable. The centers such as C lc ,  
C,", and P,' now have unpaired spins and thus 

FIG. 4. Sketch of IVAP's and bond switching in Se and 
in As2Se3. C denotes a chalcogen and P denotes a 
pnictide atom. (a)  An IVAP in Se. (b) Bond switching in 
photoexcited Se. (c) An IVAP in As2Se3. (d)Bond switch- 
ing in photoexcited As2Se, (from ref. 36). 
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yield epr signals. This further explains why the 
epr signal grows as the luminescence fatigues. 
Since only a small amount of atomic motion is 
involved in an NVAP -. TVAP transition, the 
photoluminescence is restored at  a relatively low 
annealing temperature. Even the photodarkening 
can be readily understood, by noting that non- 
radiative recombination in a material with 
localized optical absorption should yield intense 
local heating, leading to a larger density of 
frozen-in VAP's. In turn, the resulting increased 
internal electric field broadens the Urbach tail, 
thus darkening the sample. 

Finally, we should note that the reversible 
electronic switching phenomena (38) which 
characterize chalcogenide glasses can also be a 
reflection of the equal densities of positively and 
negatively charged centers required by the VAP 
mode1 (39). 

HV. Effective Hubbard Model for Valenee 
Alternation Pairs 

I n  describing the electronic structure of 
localized states in a semiconductor, correlations 
are of vital importance and cannot be neglected. 
The simplest means for handling electronic 
correlations is rhe Hubbard model (401, in 
which only the Coulomb repuls~on between 
electrons simultaneously localized on the same 
atom, U ,  is considered explicitly. When applying 
this model to localized states in the gap of a 
semiconductor resulting from a single type of 
defect. the narrow-band width limit is a good 
approxinlation (41). The Hamiltonian is then 

C71 Pi = T ,  Z n,, + u $) n , . n , ~  
1 ,, I 

where To is the energy of a neutral ( i . e .  singly 
occupied) defect center, U is the effective electro- 
static repulsion between two electrons simul- 
taneously present in the vicinity of the same 
center, and ?I , ,  is the operator which gives the 
number of electrons of spin B localized on the 
defect i. 

For  the model discussed in Section 111, be- 
cause reaction 1 is exothermic, U is lwgatice. 
Anderson (42) was the first to suggest that a nega- 
tive L' for chalcogenide glasses could account 
for the lack of any paramagnetism in these 
~iiaterials. Mott  and co-workers (43, 44) showed 
how a single defect center, which they took as 
C, , together with a negative U could also explain 
the photolurnit~escence results. We (45) pre- 

viously showed taat  a negative i/ pins the Ferrnr 
energy as a function of both temperature and 
electronic density. The result for it7 << / U /  is 

where 17 is the number of electrons present per 
defect center. A comparison of the motion of 
the f e rmi  e ~ ~ e r g y  with 72 for both positive and 
negative LT/;is shouiil in Fig. 5 .  The corresponding 
densities of q:lasiparticle states are shown in 
Fig. 6. 

In the valence-alternation-pair model of Section 
111, there are two types of defect pairs, BVAP's 
and NVAP9s. (For simplicity, we are neglecting 
intermediate situations, when the pairs are near 
but not intimate.) This requires 'the introd~lciion 
of two different values for U,  with different 
possible densit i~s.  In the notation of Sectior! 111, 
the possible loraiized qrrasiparticle states are 
centered at  To + lid, To - M: To - 1 Ul + :Vi, 
and & - / U /  --- M. A straightforward calcula- 
tion gives the reslilts shown in Fig. 7.  Only 
NVAP's are completely effective in pinning tile 
Fermi energy. Ho.vy.ever, once the WVAP's are 

Frc;. 5. Fermi energy, E , ,  as a function of localized 
electronic density, i l ,  at a low but finite tempcrature. ( a )  
U > 3. (b) U i 0. 
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( a )  ( b )  
Posit ive Correlat~on Negat~ve Correlation 

Energy Energy 
0 )  n < l  i ~ )  n < l  

E E 

FIG. 6. Sketch of the density of electronic quasiparticle 
states for a semiconductor containing a single type of 
defect with effective correlation energy U either (0) 

positive or (b)  negative. Occupied states at T = 0 are 
shaded. 

F1.s. 7. Fernii energy, E,, as a funciiorr of localized 
elrctronic density, 11,  at a low b~!i  finite remperature, for 
a typical case where the density of EVAE's is 10 tiiiies 
that of NVAP's and IW = 0.i  eV. 

exhausted, as in a field-eRect experiment, the con- 
siderably larger nun-iber of' iVAP's pin E, 1.0 . . 
w~rfiln a value k M of its original value. If M is 
cot too large, this quasi-pinning is quire effec- 

tive in suppressing a sharp field effect, and. in 
any event, cF cannot be modulated nearly as 
much as it can when U is positive, as can be 
seen by contrasting Figs. 5(a) and 7. 'This ex- 
plains the inability to dope chalcogenide glasses 
in the same way as doping of amorphous Si has 
proved possible. In addition, the field-effect ex- 
periments can be understood in the sarne way. 
Only after the NVAP's are saturated, will there 
be much inodulation of the conductivity. Strik- 
ing effects can be observed only after the nluch 
greater number of IVAP's are saturated. 

When the effective correlation energy is 
negative, all transport coefficients have to be 
niodified because of the unusual nature of the 
quasiparticle spectrum. In particular, the con- 
tribution to thermoelectric power from trarisport 
in the defect centers for k7' << 1 U1 is 

Thus, S > 0 for n > 1 and S < 0 for n < 1 a t  
all temperatures. This is anomalous in the sense 
that for a positive effective correlation energy, 
S is negative for 0 < 11 < 5 and 1 < 11 < 4. 
while S is positive for 5 < 11 < 1 and 4 < 17 < 2 
(46). Therefore, for the range 2j < tz < 4, S has 
the opposite sign from what might be expected. 
The Hall coefficient, R,,, for a square lattice, is 
negative for v! < I and positive for n > 1,  just 
as is -the thermoelectric power. On the other 
hand, for a hexagonal lattice, Emin (47) has 
sh-own that anomalous signs exist for R,,, and a 
Hall-tbermopower sign anomaly can occur. This 
result may be applicable to amorpl~ous Si. 
However, for the chalcogenide glasses, it 
appears very iikely that transport is predomi- 
nantly band-like, in which case the pinned Fermi 
level required by the VAP model can account 
for the observed sign anomalies in a natural 
way (20). 

The VAP model discussed in Section 111 makes 
use of the chernical nature of the atoms present 
in covalent arnorplrlous se~niconductors. I t  is 
simple to show that only glasses containing 
chalcogen or  pnistide atoms are capable of 
exhibiting VAP's. However. when they are 
present, they are the most abundant defect in the 
material. and the fact that the centers exhibit an  
effective negative correlation e:lergy leads to  
many unique physical properties. Among these 
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are the nearly complete absence of an  unpaired- 
spin density, a pinned Fermi energy, and the lack 
of the ability to modulate the conductivity 
significantly by either doping or  carrier injection. 
Furthermore, the model accounts for the lack of 
hopping conduction, the extensive Urbach edge 
in optical absorption, the photoluminescence 
and nonequilibrium epr experiments, the photo- 
structural changes, and the switching properties 
of these materials. In no case are large structural 
rearrangements necessary for the creation of 
VAP's, and no large polarization energies are 
required beyond the electronic rearrangements 
implicit in the particular bond formations in- 
voked. 
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Discussion 
J. Noolandi: Can you estimate quantitatively the order of 
magnitude of the low energy states for sulphur? 

D. Adler: The values of E b ,  A,  and V ,  are larger for sulphur 
than for Se or Te. I would estimate that El, is about 6 eV. A 
about 2.5 eV, and V ,  about 1.5 eV. so that each NVAP has 
an energy of approximately 0.54.7 eV per atom above the 
ground state, depending on the polari~ation energy. For 
Se,  Eb is about 4 eV, A about 1.5 eV, and V ,  about 1.0 eV, 
reducing the additional energy per atom of an NVAP to 
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only 0.3-0.5 eV. For Te, these values are still further 
reduced. However, it is interesting to note that the glass 
transition temperature also decreases as we go from S to 
Te, so that the concentration of NVAP's may not vary 
much from material to material. 

G. R. Freeman: You included elemental sulphur under the 
term chalcogenide. Does the term include both salts and 
the free elements of Group VI? 

D. Adler: Current usage of the term 'chalcogenide glass' 
includes any amorphous alloy in which the major compo- 
nent is one or more of the chalcogen atoms, S, Se, and Te. 
For the purposes of this paper, I would add the requirement 
that the ground state of the chalcogen atoms in the glass be 
the twofold coordinated site, C,". This eliminates, for 
example, amorphous CdTe, which exhibits tetrahedral 
bonding. 

M. Cutler: Why don't you allow for a Coulomb energy in 
the C,+ species? If the energy of C," is -2Eb + A, it seems 
to me that the energy of C,+ would be decreased not only 
by Eh  + A to give -3Eb as you have it, but would also be 
increased by a Coulomb term to give -3Eh + (Coulomb 
term) corresponding to the energy required to remove a 
charge from the neutral configuration. 

D. Adler: This is a tricky point. We are really interested in 

the quasipart~cle energy levels, in order to make contact 
with the one-electron density of states. In this case, the 
zero of energy must be set consistently. We are adopting a 
Hubbard model in which C,- can be looked at as the ion 
core, and it is taken to be the zero of energy. The energy to 
add one electron, thus creating C,", is then To.  this includes 
the bond energy and whatever Coulomb energy is in- 
volved. Adding a second electron, creating C,- then costs 
T o  + V,, where V ,  is the additiotzul Coulomb energy to 
place tw.0 electrons on the C,' core. It is V, which deter- 
mines the Hubbard quasiparticle band separations. If we 
had broken T ,  or E h  into two components, say E b  = Eh '  + 
V', the individual terms would never be separable, and thus 
nothing would be gained from the decomposition except a 
more complicated notation. The important point is that the 
reaction 2C,"-+ C,+ + C,- cost an energy V,. This defines 
the separation of the quasiparticle bands. 

J. Jortner: Once the chemical energetics works in your 
favor regarding charge separation, there are additional 
negative contributions to the correlation energy as V in- 
cludes the polarization energy and the Coulomb interac- 
tions. 

D. Adler: This is absolutely correct, and we have made it 
explicit in the paper. Unfortunately, I didn't have time to 
discuss it during my talk. 
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Bond equilibrium theory for Te-rich liquid TI-Te alloys1 
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MELVIN CUTLER. Can. J. Chem. 55, 1930 (1977). 
Recent work has provided independent information about the behavior of the hole concen- 

tration c in Tl,Te,-, as a function of temperatlire T and composition x in the range 0.2 5 x 
5 0.6. This makes possible a critical reexamination of a molecular bond model for the structure 
of the alloy, in which holes are generated by broken Te-Te bonds. The earlier theory is revised 
to fornxllate an unrestricted independent bond model (ibm), for which the equations are simple 
and have obviouq physical interpretations. This provides a good description of r(T)  but only a 
qualitatively correct c(s). Using a Thomas--Fermi model for the screening interaction between 
holes and the acceptor ions, it is shown that the equilibriunl constant can be expected to in- 
crease rapidly with c at  large enough values. A modification in which the free energy of a 
dangling bond is decreased by proximity to a TI-Te bond is found to sig~lificantly improve the 
result for c(x). The thermochemical behavior is derived. The entropy of mixing is in fair agree- 
ment with experiment, but the enthalpy of mixing is grossly wrong. This reflects the neglect of 
intern~olecular interactions in the theory, which, it seems, can easily account for the remaining 
discrepancies in the predicted behavior of c. 

MELVIN CUTLER. Can. J. Chem. 55, 1930 (1977) 
Des travaux recents ont fourni des informations independantes concernant le comportenlent, 

en fonction de la temperature T et de la composition dans I'tcart de x, 0.2 s 5 0.6, de la 
concentration des trous c dans TI,Te, _,. Ceci rend possible un reexamen critique ~ L I  modele de 
liaison molCculaire pour la structure de I'alliage dans lequel les trous sont gCnerCs par des liens 
Te-Te qui sont brises. La thtorie anterieure a etC reviste de fason a formuler un modile de 
liaison independante sans restrictions (ibm) pour lequel les equations sont simples et ont des 
interpretatiolis physiques evidentes. Ceci fournit une bonne dercription de c(T) mais se~llement 
une valeur qualitativement correcte de c(s). Utilisant un modhle Thorna5-Fermi pour l'in- 
teraction d'kcran entre les trous et les ions accepteurs, on montre que I'on peut s'attendre a ce 
que la constante d'equilibre augmente rapidement avec c pour des valeurs qui seront sufisan~- 
ment grandes. On a trouv.6 qu'une modification dans laquelle I'tnergie libre d'un lien suspendu 
decroit a la proximitt d'un lien TI-Te ameliore-d'une fason sensible le resultat pour c(s). On 
en derive 1e con~portement thermochimique. L'entropie de melange est en bon accord avec 
I'experience mais l'enthalpie de melange at tres mauvaise. Ceci est un reflet du fait que I'on 
nCglige les interactions intermoleculaires dans la theorie; il semble que ces interactions pour- 
raient facilement tenir compte des disparites qui restent lorsque I'on predit le comportenlent 
de c. 

[Traduit par le journal] 

Introduction 
In the telluriunl-rich range of compositions, 

the electronic properties of TI-Te alloys change 
strongly with temperature T, as they do also in 
a number of other liquid chalcogenide alloys. 
Since the values of the electrical conductivity G 

and the thermopower S indicate a semimetallic 
situation with the Fermi energy E, within the 
valence band, the classical type of explanation 
for semiconductor behavior, i.e., electronic 
excitations from states uithin or across a band 
gap, is not applicable, a i d  the proper explana- 
tion is a question of broad interest. A molecvlar 

'Work partially supported by a grant from the National 
Science Foundation. 

bonding model has been proposed for Tl,Te,-, 
with x<2/3, in which there are chain molecules 
of the form TI-(Te),-TI with variable r r ,  and 
the thermal changes result from broken Te-Te 
bonds (refs. 1, 2, referred to, respectively, as 
I, I1 in the following text). The dangilng bonds 
are assumed to give rise to negatively ci~arged 
acceptor ions plus holes in the valence band. 
Critical evaluation of this model has been 
hampered by the absence of independent infor- 
mation about the structure of the valence band. 
This difficulty has been removed by a rcccnt 
study of the thermoelectric behavior (31, In 
which it was shown that a rigid band n~odel for 
the density of states is valid in the cox~~pcsition 
range 0.2 2 x 7 O ti. Consequently it has been 
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CUTLER 1931 

possible to determine the hole concentration c': 
(with an unknown constant factor) from experi- 
mental data on o as a function of x and T i n  the 
range x > 0.20. This result is shown in Fig. 1. 

The purpose of the present paper is to re- 
examine critically the molecular bonding theory 
introduced in 11. T o  d o  this, a. slii~plified version 
called the independent bond model (ibrn) is 
derived whose equations !lave direct physical 
interpretations. Tlne ibn is shown to reproduce 
the main features of the experimental results, 
but  there are appreciable discrepancies. Com- 
plicating factors are considered, including the 
effect of the dangling bond concentration on the 
dangling Psond energy (through screening), and 
effects of second order intramclecular and inter- 
molecular interactions. These factors, or some 
combination of them, seem to be able to account 
for the discrepancies, 

Effect sf the Hole Con~cer-rtaatioa on the Esaergy a% 
the Dangling Bond 

The energy of formation of a dangiing Sond 
Ed can be separated into the energy .Eb to break 
the bond (one half the erlesgy per bond) to form 
a noninteracting dangling bond atom, and the 
energy G which results from the interaction with 
the valerlce band- electrons to form a screened .- 
1 e-  ion. A t  low concentrations, C is expected to 
be positive, and the extra electron is in a local- 
ized state above the band edge as shown in Fig. 
20. In this situation, Debye screening occurs, for 
which a satisfactory theory has been derived in 
the context of crystaliir~e semiconductors (4). In 
the present problem, C is expected to be nega- 
tive because of the high density o f d a ~ ~ g l i i ~ g  bonds 
(> c m 3 ) ,  and the acceptor states are fully 
charged virtraal impurity states below the Fermi 
energy as  indicated in Fig. 25. The negative value 
CE C is caused by the kinetic energy necessary to 
kcep the screei~ing chErge (holes) within the 
required volurne. The screening particles obey 
Fermi-Dirar: statistics, and because of the small 
impurity deirsity (compared to typical metals), 
the screening is strongly nonlinear (5). The elec- 
* ' 
bTOrilC coafiguration can "a represented by a 
negative charge at  the cecter of a sphericaiiy 
sqrinrfleiricai Wigner-Seitz9 <\5JSj cell of radius 
r., whose in\~crsf- V O J U ~ C  is i5s  average volume 
per a.:reptor state c?"b,, where c is the hole con- 
-<>I-. 

.~ ~ ...l*lrat'r:p norlnal:zed tc ?h.: ato~rslc densiq- 
Pi,( = 2, 7 x cm-"j. 75: 7;"dS cc]i contai~ps a 
:st!-ibnlion af positii~e cljc;::.ge (holes in_ the 

CEO 

FIG. 1. Experimental!y derived curves for the hole 
concentration c* (to an unltnown constant factor) w. 
temperature for various compositions, indicated in at.% 
thallium (from ref. 3). 

valence band) whose integrated value exactly 
cancels the negative charge at  the center. If ( T )  
is the average kinetic energy of the hole distribu- 
tion in the WS cell and ( Y )  is the average poten- 
tial energy, &I = - (T) - ( V ) .  

Useful physical insight is provided by a very 
rough model in which (T) is taken as the 
kinetic energy of a uniform free electron gas with 
density cix, and ( V )  is derived from a uniform 
positive charge distribution in the WS sphere 
with a dielectric constant K. This gives 

As illustrated in Fig. Sc, this model predicts that 
(V) dominates at  large i,, but as r ,  decreases, 
the positive (T) term cancels the negative ( V )  
term and becomes positive, causing ar-? a.brupt 
rise in (T+ V ) .  

The Thomas-Fermi model, whicF provides for 
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FIG. 2. Electronic behavior of acceptor impurity states 
due to dangling bonds. (a)  Low hole densities. The 
spatial dependence of the band potential is shown on the 
left and the resulting density of states is on the right. 
The curved lines represent the local potentials of the top 
and bottorn states of the valence band as affected by 
dangling bond atoms. Discrete acceptor states (E,) are 
formed above the valence band edge E,,(dashed line). 
(b) High hole densities. The charge and potential distri- 
bution is approximated by the Thomas-Fermi model, 
illustrated on the left, and the impurity state is a virtual 
level in the band, illustrated on the right. (c) Qualitative 
behavior of the kinetic energy (T) and the potential 
energy ( V )  and their sum as a function of r.,. 

a self-consistent distribution of the screening 
charge, yields a better estimate for (T+ V). 
Calculations made in previous work (5) were 
used to find solutions which are shown in Fig. 3, 
assuming K = 1 and K = 3. Since the equili- 
brium constant k ,  for broken bonds is propor- 
tional to exp (- CIkT), changes in C which are 
comparable to kT(-0.06 eV) will cause large 
changes in k,. The result in Fig. 3 indicates that 
this will occur a t  large enough values of c, and 
beyond this point k ,  will decrease rapidly with 
increasing c. Also, the range of c in which this 
occurs is sensitive to the choice of K. The 
Thomas-Fermi model is still a relatively crude 
model since it neglects correlation and exchange 

-0.1 
0 10 2 0 3 0 

ro ( a t o m i c  u n i t s )  

FIG. 3. Thomas-Fermi solutions for (Tf V) us. r, for 
K = 1 and K = 3. The points indicate the values of 
-AEd required to reconcile the ibm and experimental 
curves for c(x) in Fig. 4. 

effects and it applies an  electron gas approach 
for a relatively narrow valence band. Probably 
more important, the dielectric screening is 
treated in a very simplistic way in a range where 
complicated changes occur in that phenomenon. 
K-1  when E, is well below the valence band 
edge (small r,), but it becomes large when E, 
approaches the valence band edge (large r,) so 
that the true situation might be better repre- 
sented by a combination of the curves shown in 
Fig. 2. 

Bond Equilibrium Models 
The Independent Bond Model 

In  11, equations of equilibrium were derived 
for a model in which there were certain con- 
straints on what would otherwise be described as 
an independent bond model. The final relations 
are considerably simplified and their physical 
implications are clarified when these restrictions 
are removed. In  what follows, parts of the 
original theory are repeated which are sufficient 
to indicate the basic assumptions and to define 
parameters which enter the discussion. 

Three types of molecular species are assumed 
to  be present: TI-(Te),,-T1 with concentration 
(per atom) a,,, T1-(Te),- with concentration b,, 
and -(Te),- with concentration c,,. A basic 
assumption of the ibm is that aside from possible 
symmetry factors (2 or 1/21. the equilibrium con- 
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CUTLER 1933 

stant for the reaction which can be solved as a function of k o  (or T) 

k 
and x. Knowing this solution, [lo] can be solved 

[2] X-Te-Te-Y = X - Te- + Y-Te- for y. It is interesting to note from [lo] that y is 
equal to the fraction of Te-Te half-bonds which 

is independent of whether X and Y is a dangling are neither tied to TI atoms nor are dangling It 
bond or any of the possible molecular groups. is also worth noting from [ l l ]  that the concen- The second assumption is that the equilibrium tration of is independent of temperature, 
constant K in 

K Comparisorz wit11 Experiment 
[3] +Tez+X-(Te) , - , -Y=X-(Te) , -Y Using [8], In c has been plotted in Fig. 4 for 
is also independent of X or Y, or the value of n. various values of x as a function of 8, which is 
This immediately leads to defined by 

where y is the product of K and the square root 
of the activity of Te,. For most purposes, it is 
useful to think of y as a basic parameter instead 
ofK since its value is ultimately determined from 
the tellurium concentration. 

Application of [2] to some of the possible 
reactions leads to the results 

where L is the concentration of Tl,Te, and k o  is 
the value of k when none of the species in [2] are 
symmetrical. (We are ignoring the distinction 
between activities and concentrations.) The con- 
straints x = x, (2a, + b,) and 1 - x = 2, n x 
(a,  + b, + c,) effectively determine L and y, 
respectively, and the total concentration of 
dangling bonds is c = C, (b,, + 2c,,), so that one 
obtains 

From this, it is easy to derive the relations 

Since the concentration of Te-Te bonds is 
given by 1 - 3x - (c/2), one can see that [9] 
is an expression of the law of mass action for the 
reaction 

These curves should correspond to those in Fig. 
1 (aside from a vertical displacement determined 
by c*/c) upon a linear transformation of the 1/T 
scale which fixes the values of the enthalpy 
(Ed) and entropy (S,) of formation of a dangling 
bond. (No distinction is made here between the 
enthalpy and the internal energy.) As in Fig. 1, 
the curves in Fig. 4 are very nearly parallel, 

2ko 
[12] (Te-Te bond) = 2(dangling bond) 

8 

FIG. 4. Independent bond model solutions for In c rs. 8 
Equation 9 is a simple quadratic equation in c for various vaIues of X. 
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which indicates that values of Ed and S, chosen 
to fit In c cs. T-I  at  one composition will be gcjod 
at  other compositions. (Actually: the experi- 
mental curves a t  x 20.40 have a small but 
appreciable increase in slope not found in Fig. 4, 
which will be referred to later.) 

A match of the theoretical and experimental 
curves for In c rs. T-I  at  x z 0.5 yields a very 
good fit (within experimental error) with Ed = 
0.23 eV and S, = 2.0k. These values don't differ 
much from the ones obtained previously in 1. In 
Fig. 5, the experimental isothes~n for In c cs. x 
(marked exp) is compared with the theoretical 
curve (marked ibm), using the value 8 = 1.39 
which corresponds to the experimental ternpera- 
tilre 800 K.  It is seen that there is only qzalita- 
tive agreement, and the ibm curve: matched in 
the vicinity of x = 0.5 by setting c/c*: = 3.9, is 
-2.x too small at  x = 0.20. 

The ibm is an extremely sin~plified model for 
molecular bonding, and one may ask whether 
reasonable modifications can improve the agree- 
ment with experiment. One reasonable modifi- 
cation is to allow the free energy of the dangling 
bond to be changed by proximity to a Te-Ti 
bond. This is done most simply by introducing a 
factor p- '  into the expression fo rb ,  in [ 5 ] ,  which 
corresponds- to increasing the free energy of 
the dangling bond in TI-Te- by kT in /3. This 
adds a term (p-' - 1)(2koyL>1'12 to the right 
side in [6], 141, and [XI, which results in a m c h  
more complicated equation in place of j9j. If 
p<< 1 over the range of temperature, the resulting 
curves for In c rs ,  8 d o  not change much in siope, 
but the dependence of In c on x is mohiified so 
that c decreases more strongly with x. B f i  Fig. 5, 
the curve marked mibm :vas calcnlated with 
Ed = 0.23 eV, S, = 2.9k, Ed, = 3.46 eV ar?d 
S,, = - 5.9 ic, (the subscr~pt i refers to dangling 
bonds on TI-Te- molecules), and it ivas fitted 
to the experimental curve by clc::: = 4.,9. It is 
seen that the discrepancy a: low x is very much 
reduced. 

A decrease in Ed at large c due to a charage in 
C could also alter the shape of In e cs. x ic the 
right direction, The diEerence in the ibm and 
exp curves in fig. 5 can b - ~  used to calcuiaie the 
required change BEd cs. c, and this result, 
plotted as - AEd cs. r ,  is show2 by the points i*. 
Fig. 3. I t  rises abruptly with decreasing Y, as 
expected theoretically. But the magcitude of 
- AEd becomes comparable to kT,  and ivilen this 
change Is introduced into the predicted curve far 

7 

PIG,  5 .  Comparison of theoretics! curves (ibrn and 
rnibrn) f9r C(X) with the experimenial isolhernl (exp). 

In c cs. T I .  there is serious d:sp.g:eement with 
experiment for x = 0.30 or 0.20. The theoretical 
curves rise much too fzst lvitl; temperatdre. 011 

the other hand the much smaller diference be- 
tween the mibrn and exp curves in Fig. 5 leads to 
much smaller values of - AE? which ar:ua1?y im- 
prcves the agreement with experimen: Tor In c 
us. T - I  at x = 0.20. 

Thcrmcci~ea~icc~l Bcharior. 
I t  is possible to derive ihe en"Lha1p.j and en- 

tropy of mixing from the ibm, sr-nd coriiparison 
with experimental results illustra~ej another 
iirnitation of %ha ibm. It i,vi;l be cor,veniei>i ", else 

the entropy as ASm'$, elitilajpy AH,,,'::, z:~d Gibbs 
C. l ~ e e  energ/ AC,," of mixing ~f a ~seudobinary  

alloy Te f TI,Te, defii:eJ by reiatio1.1~ of the 
type 

The Gibbs potential :G(:c) a t  co:npositio>~ x can 
be e?rpressed in terms of eke cl1emical potzrtials . ~ p.ix> a \  / a t  that composl<:iol-r. i>:l>ex i == Ti,Te or - 
i e, with the result 
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CUTL 

where yo is evaluated a t  x = 0, and 

where Lo is evaluated at  x = 21'3. 
Equations 14-16 yield AG,:: in terms of 1, and 

L, and ASm*: and AH,'" are calculated from 
AGmZV and its temperature derivative. The results 
are shown in Fig. 6. The solid lines are the ibm 
curves and the points are from the experimental 
data of Nakamura and Shiinoji (6). The calcu- 
lated ibm values of AH,,':: are too small in rnag- 
nitude to be distinguishable from the horizontal 
axis. The reason for this gross discrepancy is 
imii~ediately apparent. The ibrn ignores all in- 
teractioii energies except those in breaking Te- 
Te bonds, and this is srnall compared to the 
enthalpy of mixing (-RT) caused by secondary 
nonbonding interactions. The result for AS,," 
is not so bad because the configurational entropy 
is taken into account, and the neglected contri- 
bution from secondary interactions is relatively 
small, The dashed curve in Fig. 6 represents 
AS,,':: calculated by the Flory formula (6) which 

X 

FIG. 6. Cornparison of ibm theory (solid line) and 
experiment (open circles) for AG,* and AS,* for the 
pseudobinary mixture TlzTe + Te at 6OOCC. The closed 
circles are experimental data for AH,,". The dashed line 
is the theoretical curve for the ideal entropy of mixing, 
described by equations in ref. 6. 

also takes into account only the configurational 
entropy, assuming that T1,Te and Te are the 
only molecular species, and it is seen that it 
resembles the ibrn result. The difference between 
theory and experiment for AG,,": is simply the 
coiilbined effect of the enthalpy and entropy 
contributions. 

The neglect of intermolecular interactions 
undoubtedly causes an error in the calculation of 
c(x,T). But since Ed - TS, depends on the 
difference between these interactions in bonded 
and dangling bond Te atoms, the error is much 
smaller than in AG,,". This effect is of course 
formally taken into account in chemical theory 
by the activity coefficients: and the discrepancies 
between the ibm (or mibm) and experiment seem 
to be well within the range to be expected from 
the usual variation of the activity coefficients in 
concentrated solutions. I t  is worth noting, how- 
ever, that the alteration of c(x) must occur largely 
through changes in S,, since changes in Ed of the 
required magnitude would cause excessively 
large changes in the dependence of In c on T - l ,  
as noted earlier. 

Discussion 
In  11. it was noted that interactions between 

neighboring dangling bonds can be expected to 
be very strong in molecules such as -Te- and 
-(Te),-, and in an  effort to take these into 
account. constraints were introduced which led 
to much more complicated equations. These 
species play a significant role only a t  high T and 
when x is very small, so that their neglect is of 
little consequence in the experimental range 
considered here. For compositions approaching 
pure Te. there is evidence that configurations in 
which Te atoms have three bonds instead of two 
play an  important role (7, 8). Since the ibm takes 
into account only twofold bonding. efforts to 
improve it in the range of small x are inappro- 
priate. 

A proximity effect in which Ed, - E, >> kT 
seems to be consistent uitli the physical situa- 
tion, since a dangling bond in a 71-Te- mole- 
cule places a negative charge onto a Te atom 
which has an  extra negative charge due to the 
polar Te-TI bond. Higher order proximity 
effects also seem to be reasoliable possibilities, 
but their introduction into the model seems 
premature a t  the present time. 

In summary, a simplified model for bond 
equilibrium has been considered together with 
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the complications which can be expected from 
changes in the equilibrium constant due to the 
electronic energy of the acceptor state, proximity 
of the dangling bond to Te-TI bonds, and inter- 
molecular interactions. The ibm provides a 
good explanation for the effect of temperature on 
c and a qualitatively correct description for the 
effect of composition. The deviations from 
experiment seem to be well within the range to be 
expected from the complicating factors. We 
therefore conclude that a molecular bond theory 
of the type described can account satisfactorily 
for the observed behavior of T1-Te alloys in the 
range 0.2 < x < 0.6, but the detailed form of it 
cannot as yet be ascertained. 

1. M.  CUTLER.  Philos. Mag. 24. 381 (1971). 
2. M.  CUTLER. Philos. Mag. 24,401 (1971). 
3. M. CUTLER. P h y s  Rev. B, 15.693 (1977). 
4. W. W-. HARVEY. Phys. Rev. 123. 1666 (1961 ). 
5 .  M. CUTLER. Phys. Rev. 181. 1102(1969). 

6. Y.  K ~ K A M U R .  and M. SHIMOJI. Trans. Faraday Soc. 
67 .  1270 (1971). 

7. B.  C.ABANE and J .  FRIEDEL. J .  Phys. Paris. 32. 73 
(1971). 

8. M.  CUTLER. J .  Non-cryst. Solids, 21. 137 (1976). 

Discussion 

J.  C.  Thompson: What is the role of the threefold coordina- 
tion of Te postulated by Adler for the chalcogenide glasses 
in the previous paper? 

M. Cutler: Threefold bonding configurations are a possible 
species that can form oncz Te-Te bonds are broken, and 
they apparently occur in pure tellurium. In a recently pub- 
lished paper (8), I've presented arguments for believing 
that threefold configurations are inhibited at lower electri- 
cal conductivities because they have a large Coulomb 
energy, and this situation applies in TI-Te alloys in con- 
trast to tellurium. There are indications that the change to 
threefold bonding occurs between 20 and 0% thallium but 
the question is an open one,  and needs further investiga- 
tion. 
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An improved model of the localized electron in polar fluids 

N E I L  R. KESTNER 
Chemistry Depar.tment, Louisiana State Unil.ersity, Baton Rouge, LA, U.S .A .  70803 

Received September 27, 1976 

NEIL R. KESTNER. Can. J .  Chem. 55, 1937 (1977) 
A new niodel for the long range electron solvent interaction experienced by a trapped electron 

in a polar fluid is presented. It is an extension and modification of the work of Iguchi except that 
it includes a cutoff beyond which the orienting ability of the trapped electron is not strong enough 
to overcome other forces between the polar molecules. This potential is of finite range and sup- 
ports only one bound s and p state, in contrast to the usual polaron form. 

NEIL R. KESTNER. Can. J. Chem. 55. 1937 (1977). 
On prtsente un nouveau modele pour l'interaction solvant electron a longue distance qui est 

ressentie par un electron piege dans un liquide polaire. C'est une extension et une modification 
du travail d'lguchi a l'exception de I'introduction d'une distance au-dela de laquelle la possi- 
bilite d'orientation de I'electron piige n'est pas suffisamment forte pour surmonter d'autres 
forces entre les molecules polaires. Ce potentiel a des limites finies et ne supporte qu'un seul 
ttat s et p lie, ce qui est en opposition avec la forme usuelle du polaron. 

[Traduit par le journal] 

Introduction 
In many recent papers the Copeland, Kestner, 

Jortner (CKS) model ( I )  as well as the semi- 
continuum model of Fueki and Kevan (see, 
for example ref. 2) has been observed to be 
incomplete especially as regards line shape and 
line width of the absorption spectrum of the 
solvated electron. For discussions on these 
points, see ref. 3. As Kestner and Logan (4) 
have pointed out the long range polaron poten- 
tial in these models leads to an infinite number 
of bound states at  quite high energy relative to 
the first excited state. Much experimental data 
such as photoelcctron emission spectra suggest 

have made of their locatioil (4) and related 
experimental data mcntioned earlier indicate 
that this cannot be reconciled with experimental 
data. Furthermore the polaron type of inter- 
action assumes a continuum solid with no 
microscopic structure. Therefore our major goal 
must be to introduce a more molecular, micro- 
scopic approach to this electron solvent inter- 
action. 

In principle this could be done via a dielectric 
function approach (7 )  and the necessary formal- 
ism for this has been developed by Logan (8) but 
the dielectric function appropriate to a real polar 
liquid is not available even from molecular 

that the continuum is quite close to the first dynamics calculations in sufficient detail. Never- 
allowed transition (5). In this short paper we theless we are continuing to explore the use of 
suggest a better, more molecular view of the long the dielectric function calculated by Lovett and 
range electron solvent interaction which is short Stillinger (9). 
range and supports few bound states. We now believe that we have a molecular 

model for the long range electron-solvent in- 
Model and Results teraction which contains all of the essential 

As stated earlier the long range electron microscopic ingredients. Basically our model is 
solvent interaction used at  present in almost all an extension and revision of the work of Iguchi 
of the model calculations including the n priovi (10). That work contained one major flaw and 
work of Newton (6) becomes coulombic at  large several weak points. The major flaw was in not 
distances from the cavity center. We neglect in correcting the electric field at  a point far from the 
our discussion the obvious role of V,,, the energy cavity for the standard dielectric constant 
of the quasi-free electron (see later comments). screening, a fact observed previously by Gaathon 
This term requires further study but it is not a (1 1) but never published. The weak points are its 
major point of this paper. A coulombic potential insistence on a continuum fluid at  all distances 
means that an infinite number of bound states from the cavity and its neglect of the importance 
are supported by the potential. The estimates we of hydrogen bonding. The Iguchi model is 
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1938 C *rh I CHI  \I 

simple; it is simply the interaction of a charge 
distribution with a continuum dipolar Auid 
whose dipolar orientation is subject to thermal 
fluctuations kia Langevin's formula. Each layer 
a t  a diferent distance froill the cavity acts 
independently. The total potential at radius r. is 
that due to all orientations beyond this. 

We propose to use this illode1 only beyond the 
first coordination shells. Furthermore we will cut 
off the iiiteractiovl when the electric field is so 
weak that it does not have enough energy to 
break at least one hydrogen bond and therefore 
is too weak to orient the n~olecules. This latter 
point brings our thinking in line with the ideas 
of various people, in particular Funabashi (12). 
While we have a r r i ~ e d  a t  that point from a 
totally different approach, the major philosophy 
is in agreement. Specifically this means that our 
long range potential is similar to formula [4] 
of Iguchi's 1968 paper (10) i.e., 

where po is the dipole moment of the solvent 
molecule, 17 is the number density of the solvent, 
r,  is the start of the continuum. The function in 
the integrand is 

where CS(r) is the charge enclosed within the 
radius r., and D, is the static dielectric constant 
for liquid ammonia. Using a simple constant 
short range potential our model is (in atomic 
units) 

where we have set C,(r) equal to 1.0 for sirn- 
plicity. The detailed potential is plotted in Fig. 1. 
In contrast, the potential using the polaron form 
of V,, is - 0.523 'r. (Fig. 2). For liquid ammonia 
the value of X is 94 in atomic units, and lz was 
selected as 0.2 kcal/mol. 

In our calculations using numerical finite 
difference techniques we have found but one 
ground and one excited p-type state. The loca- 
tion of the states is indicated in Fig. l .  That we 

Modified 

l g u c h ~  

Long Range 

Potent101 

FIG. 1.  Modified lguchi long range potential for liquid 
ammonia. The two bound states are shown by solid lines 
on the left-hand side for this potentia!. 

Poioron 

Long Range 

FIG. 2. Typical polaron long range potential for liquid 
ammonia. This potential has an infinite number of 
bound states. 
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only find one state of each type is in agreeneat  
with !he rules for the number of states in a 
spherical ?sox. In  contrast, the polaron form 
ivould yield an infinite nlirnbcr of statcs. If T/, 
were -0.5 e%' in the case of ammonia; thep-type 
excited state would be near the ioniza,tion Emit 
and one vdouid expect a !arge contributioil from 
the bouild. ccntinasum transition ir: the oh- 
ser:,~ed line shape. Jts energy sho~ald also be close 
to that of the bound-bound transition. The 
energy of the bound-bosrnd transition is not 
greatly modified from our ear!ier mode!. In  
general a moderately negative V0 value would 
bring the results of the new potentia! more in line 
with the polaron results with the only inajor 
difference being a loss of the higher excited 
states. We expect even less va.riation when the 
,"us! potential is used with the proper charge 
enclosed, C,. Such calculations are now under- 
way along with tihe inco~porasion of t h i s  Foten- 
tiai into the complete ;nodel for the calculation 
of the propel ties of electrons ln  fluids 

1.  D. A. GOP::LAND. P:. R. KESTNER. a n d i .  JORTNER. I. 
Chem, Phqs. 53. 1189 (1970): A.  G.AATHOIS and ?. 
JCRTNER. 1r1 Electrons in fluids. Mired 0. 9. 3or-tiler 
and N .  W. Kestner. Sp~inger-Veriag. Heidelbe1.g. 
1373. pp ,  329446. 

2. IK, Ftr~r,i. D,-F.  FENG. and S. KE'VAN. J .  Am. Chem. 
Soc. 95, 1398 (1913): 3 .  Phys. Chem. 78, 393 (1974). 

3. P-d. R .  KESTNER. In Electroc-solvent and ion-solx~ent 
interactions. Edited h:; L,  Kevan and B. Websir;-. 

FIG. 1, Plni?ioionizasiorrioizion cross section of ioibated elec- 
trons against photon energq far  three s d u m  metal con- 
centrations in hexanethylphosphn!-iz triarnide at apprcxi- 
maieiy 10°C. Ordinates for the 5. !O. ::nd 20 mil4 t-' solu- 
tion, nornaiired ii-i tke ratios 1: I .Y7'2.h?.  18epr.irrred with 
permission from ihc Lolirnai of Chemical Physics B Au- 
!ich. L.. Nemec. and P. Deiahay. 3. Chern. Phys .  61, 4235 
( 1974).Copy1.ight b:, the American Instiitite of Pflysics. 

diiciisied at tile Colloque Weyi at Michigan State Univer- 
sity 'last year. The main point I made at that time was that 
this spectrum could act be e-iplained if one assumed a 
long-range Couleinbic potential. I suggested that a square 
well. quite crlldely. should he a better approxin~ation, and f 
make the comparison v;itii d u t e r o n  photodl sinlegration. :t 
is interesting to cote thet you ha\,e cc~nle arol.!nd In oux- 
point of vie.~v. 

Elseviei-. Amslerdan.  1976. p.  1 I<. finabashi: I woilld like to ask Prof.essor Kesiricr about 
4. Id. R. KFSTNER and J .  LOGAN. .I. P h y s  C h m .  49-  i h e p O s s ~ ~ e r O ~ e o f n ~ i n . j p ~ i r i . ; c a ~  ?'napeoftrap 

2815 (1375). theline-shape of abscliption spectrum oftra-ppcd electrons. 
5 .  L. N E ~ I E C ,  5 .  C ~ i i i .  and P. DELAHA.Y. J. Phys. Chem. 

79 (1375). Na;', R~ Westlaer: i n  eariier \;::>rk. especially the J .  Ptrys. 
6. M. NE*NTO:~. J .  Phys.  Chem. 7 9 2 7 %  (1973). Chem. Facer of 1975. we found that the role of ccnsphei-i- 
7 ,  R. W. DOGOI'J~.DZE and A. A. H < O R N ~ : S H ~ V .  J .  Chem. cal +ibrriri:;ns contributed little to tile iine shape. The sole 

SOC. Faratjry Trans. 11.70. 1121 (1974). ofpermaner~t  distortions was invesi1gate.3 sornea,hat ir, the 
5.  J. LOGAN, ?~I~D. Thesis. Lo:iisiai,a Slate L!ni\ercsity, same paper aiad focrund io c o ~ i r i h u t e  Eiitle ro tile lirie shape. 

B ~ ~ n i l  Rouge. LA. ;976. 3owever .  &IS, is a subject -~12ic'r( \h;:-!d be given further 
9. F. 3. ST~LLIXGEP,. Adv. Chern. Pl-ys. 31, l(1974). alpentien, 

LO. X.. E C L C I I ~ .  J .  Chem. Phys, 48. "735 (19581: 55. 3137 

3. 7%. Milie:: In the gla.ssy stat- sssil!ne ihzt oniy the 
+- r n!i,ieci:ies nearest the eiez:r.on, wnich feel a large . . 
eic-ctnc fieid str.ength. can rc~rien!. Ycl the absorption 
spectra of 1.rapp-d electi-ons in mlar glasses a: 77 K are . .. 
Iver-y simiiario the spectra of joi\.ated electrons ir: the s a n e  
~ o l a r  li.c,ilids ;irr alcohols and ailiiecus $:isterns far exam- 
?!-). This siii.l!a:-(ty maj 11-e explained by Ij3Eir ass&:-tioil 
;hat r. 5~:;-:5r5d ?q;en:iai p ~ u ; t  be use. 2.;. tl?at ~;c;lzrizalion 
'??,one tjl; firs: ~ & c o n d  I;?C!-~~ZL?T!GP laye:- i5 or14 
. .A,Lc-khy ~, -,. - .--. -- , . ,-. e-vrp:a ix bi<:j i8j ,  
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A semicontinuum model with a structured first solvation shell for excess electrons in 
liquid and glassy alkanes 

Department of Synthetic Chemistry, Frzculty of Engineering, Nagoya University, Chikusn-kri, Nagoya, Juprln 

A N D  

P .  A. NARAYANA A N D  LARRY KEVAN 
Department o,f Chemi~try ,  Wayne State University, Detroit, M I ,  U.S.A. 48202 

Received September 27, 1976 

TOYOAKI KIMURA, KENJI FUEKI, P. A. NARAYANA, and LARRY KEVAN. Can. J. Chem. 55.1940 
(1977). 

The microdipole model for excess electrons in alkanes seems inconsistent with recent electron 
spin echo data. We develop a new model for electron binding in alkanes based on a semi- 
continuum potential framework in which the electron-polarizability energy is dependent on 
nolecular structure by considering the electron interaction with the polarizability of each C-C 
bond of the first solvation shell molecules rather than with point molecules. In addition we 
incorporate the effect of hydrogen-hydrogen repulsion between first solvation shell n~olecules. 
This model accounts well for the variety of experimental data known for localized electrons in 
3-niethylpentane glass at 77 K and for electron localization or nonlocalization in various liquid 
alkanes consistent with electron mobility data. 

TOYOAKI KIMURA, KENJI FCEKI, P. A.  N A R A Y A ~ A  et LARRY KEVAN. Can. J. Chem. 55.1940 
(1977). 

Le modele de microdipole pour les electrons en exces dans les alcanes ne semble pas en accord 
avec les donnCes recentes obtenues par la methode de spin echo d'electrons. On a dtveloppe un 
nouveau modele pour l'attachement d'un electron dans les alcanes qui est base sur un potentiel 
semi-continu a I'interieur duquel l'energie de polarisabilite d'un electron est reliee avec la struc- 
ture ll~olCculaire en considerant l'interaction d'un Clectron avec la polarisibilite de chaque lien 
C-C des molCcules de la premiere couche de solvatation plutbt que des molecules ponctuelles. 
De plus, on a incorpore l'effet de la repulsion hydrogene-hydrogene entre les molecules de la 
premiere couche de solvatation. Ce modele tient bien compte des disparites dans les donnees 
experimentales qui sont connues pour les electrons localises dans des verres de methyl-3 hep- 
tane a 77 K et pour la localisation et la non-localisation d'electrons dans divers alcanes liquides 
en accord avec les donnees de mobilite d'electron. 

[Traduit par le journal] 

Introduction 
Excess electron localization in many liquid and 

glassy alkanes is demonstrable experimentally 
from mobility, optical absorption, and electron 
spin resonance (esr) studies ( I ) ,  but the theo- 
retical understanding of this phenomenon is still 
quite imperfect. When an electron is initially in- 
jected into a condensed phase alkane by ionizing 
radiation or by photoionization of a suitable 
solute it becomes localized if its initial interaction 
energy El1 (transient) is more negative than V,, 
the conduction state energy of the electron in the 
alkane. When an electron is initially localized it 
has not necessarily reached an equilibrium con- 
figuration with the solvent molecules. This IS 

attained through solvation in which the electron- 
solvent interaction causes rearrangement of the 
solvent molecules around an electron to reach 

an equilibrium configuration with localization 
energy El. 

Electron solvation in a variety of polar 
matrices including water, alcohol, ether, and 
amines has been successfully treated theoretically 
by a semicontinuum model (2) which gives semi- 
quantitative agreement with experimental values 
of the optical transition energy, the photoioniza- 
tion threshold, the number of first solvation shell 
molecules, and equilibrium cavity sizes although 
it does not account for the optical absorption 
linewidth. The semicontinuum model has been 
particularly useful in accounting for trends in the 
experimental observables with matrix polarity, A 
more detailed model which incorporates the 
explicit molecular structure of the first solvation 
shell in an ab inifio molecular orbital framework 
has been developed and applied to aqueous 
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KIMURA ET AL. 1941 

systems (3), but it currently appears too complex 
to readily apply to a series of large molecular 
systems. 

The constraints on a successful theoretical 
model for solvated electrons in alkanes have been 
significantly increased by the recent geometrical 
information obtained about solvated electrons in 
3-methylpentane glass a t  77 K from an analysis 
of the modulation of the electron spin echo decay 
envelope (4). The results of the spin echo study 
give an electron solvation structure charac- 
terized by 18-21 equivalent nearest neighbor 
protons a t  a distance of 3.0-3.2 A with an iso- 
tropic coupling constant of essentially zero. To  
these results we must add the previously known 
information about the optical absorption maxi- 
mum (0.8 eV) and the photoionization threshold 
(1.0 eV) for solvated electrons in 3-methyl- 
pentane (3MP) glass (1). The totality of this 
geometrical and energy level structural data must 
be used to assess any theoretical model for 
electron solvation in alkane glasses. 

The model developed to treat electron localiza- 
tion in alkanes was oriented toward explaining 
the magnitude of the optical absorption data (5). 
This inodel is termed the microdipole model. It is 
built on the semicontinuum model formalism and 
incorporates the effect of local C H  bond dipoles 
into the potential. This model requires some 
assumption about the structure of the first 
solvation shell in order to calculate the electron 
dioole attractive interaction and the d i~o le -  
dipole repulsive interaction. I t  was found that 
two, four, or six CH, groups with the carbons 
located symmetrically about the electron and 
with the geometry of a methylene group d o  
account for electron stabilization by about 
0.1-0.4 eV. However, the alnount of stability 
decreases as the number of CH, groups in- 
creases. This is a serious shortcoming since the 
electron spin echo data indicate that there are 
18-21 equivalent nearest neighbor C H  inter- 
actions. A microdipole model based on nine CH, 
groups would not show appreciable stability. 
We have also investigated a inicrodipole model 
based on four -(CH,),- groups arranged 
sym~netrically around an electron, but this gives 
no electron stability due to large cancellation 
effects as a result of the -(CH,),- fragment 
structure.' It therefore appears that the C H  
dipoles are not the key to electron stability in 
alkanes because of this cancellation 

ID F. Feng and L. Kevan, unpublished results 

In order to develop a satisfactory model for 
electron localization in alkanes we are influenced 
by the fact that electron mobilities in alkanes 
vary widely with molecular structure (6). This 
suggests that a model be built that incorporates 
the explicit molecular structure. Our aim is to 
not only account for the structural aspects of 
electrons in alkane glasses, but also to at  least 
semiquantitatively account for electron localiza- 
tion in those liquid alkanes which exhibit a low 
electron mobility (p 5 1 cm2 V-I s -  ') and elec- 
tron nonlocalization in those liquid alkanes 
which exhibit a high electron mobility (p 2 10 
cm2 V - I  s-I). In this work we develop a new 
model based on the se~nicontinuum potential 
framework in which the electron-polarizability 
energy is structured by considering the electron 
interaction with the polarizability of each C-C 
bond rather than with a point molecule. In addi- 
tion we incorporate the effect of hydrogen- 
hydrogen repulsions because of the large number 
of equivalent nearest neighbor H atoms indicated 
by the electron spin echo results. This structured 
semicontinuum model appears to be remarkably 
successful. 

Outline of Calculation 
We assume a semicontinuum model (1, 2) in 

which the excess electron is considered to interact 
with a number N of structured and specifically 
arranged matrix molecules in the first coordina- 
tion layer by short-range attractive and repulsive 
potentials and with the rest of the matrix mole- 
cules beyond the first coordination layer by a 
long-range polarization potential. The matrix 
molecules in the first coordinatio~l layer are 
considered to be symmetrically arranged around 
the electron with N = 4, 6, and 8. We approxi- 
mate the molecular structure by the carbon atom 
framework and distribute the molecular polariz- 
ability, a ,  over all the carbon-carbon bonds in a 
molecule. 

We first consider the short-range electronic 
energy for n~olecules with zero dipole moment. 
The polarization potential elernent of the j th  
C-C bond for the ith electronic state is given 
by Ell. 

[ I ]  dVj(i) = - (ae2/2tzl cos Oj)Ci(r) d r / i 4  

where rz is the number of C-C bonds in the 
molecule, 1 is the C-C bond length, 0, is the 
angle between the jth C-C bond and a specifi- 
cally defined radial direction to be described later, 
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and C',(i.) is the excess electronic charge enclosed 
within the distance i. from the center cf the 
cavity for the ith state. Integrating [ I  j fcorn rj,,l,inj 
to i.,(,,,,,p v e  oh~a in  [i,] as the effectiie polarize- 
tion pstentia! dire to the finite Ieagtli ,jth bonL 

where rjimir,) and :qi(,T,,,) are the rninl~~lrrm and 
rnaxiniilln radiai distances of the prrj,ieilred ,jth 
L L O I L ~ ;  a i d  I;, = [l;.,,i,, -1- 7,: :,,,, ]j4. In deri1.-ing 

[2] an approxinnation has bee31 made that ",-.F; 

average e!ectric field ac?ix;g oil the.jrh C-C Sond 
* . .  

is givec by :he zharge ellclosed \vlthira th? 
distance 5,. 

The eiecisorlie er:ergy of the ith bcllnd state 
for short-range attractive i ~ ~ t e r a s t i a ~ s  i then 
given by L3j. 

Eqxatiol; 3 reduces io - N~e"i3~"jl;)!Zj>" for rhe 
point mo1eri:ie model (i = 0) -;r.hew i s  the - .  
center of the !^ii~jec;ile: !'his 1s rcadiiy s e n  for 'rile 
simple case of etiiarle sligned so !hat 9: - 0: 

The short-racge mcdinm rearrangen-rent energy 
dug to Indii~ed dipole - indu::ed dip.i?e i:lter.. 
action is given 5y  the semicontirbutm il-?i~:ici.i as 
Ems = .LlIip2jrd3 ~+;here p = c z ~ ~ ( r ~ ) / r ~ ! ~  Z ; I ~  ,:& 
is a nurnenca! conrsant celculatsd i-oil3 the 
nvrnoer 2nd pzonlctrica"rarraqgcme;rt of TI-e 
rrioipcujgs ( I ) .  Here tp;::  ha;:^ assrinnled !ha: 8 soin: 
~nduced 5ipo!e approximaE;inri is justifi-d I3ecall.e 
chis epp.rgy 'ern: is ra":er sn12?!. 

The ~ ~ o n ? o ? a r  nledinl~i beyc118 the firsi LO- 

ordiliation laye:: beginn!r?p a t  R =: ?.. + i -s  is 
. . 

treated as a c~ntinu.ous :jieleckic <h?.i.;!i:::i~d 

by an opricai cleiectric constarit .go, sc  ~tr;.,: o:~l j j  
electronic po]asiza:ian cor,yjidercd. ieri 0:' 
tl:e long-range eie4:~rol::c ;:nd ~rj~dilj.?: 1-2- 

arr;.:rgemen: e ~ e r g ; ~ : ~  ;s pi~ren - 5-1 ' (1 I . & " i  

terins haw been included in the semicontinuum 
mcde! j l ,  2) ,  Tile short-range interaction s f  the 
e:icess electron with the medium electrons is 
approximated by k; = V,jl C,(,%)] where F', 
. it. ~ the quasi-free electron energy. The energy . . 
required tc form a cavity in the mediam 1s glven 
by E, - 4nji.,"- where y is the surface 
errergy agd i., is the radius of the molecule. 

Because of the experimental evideiice for a 
large <:umber of equivalenh~aares t  neighbor 
protons to the soivated electron ir: a lke~es  (4). 
WE a lso  inclgde i n  this calculation repulsive 
interactions between the hydrogen atoms in the 
different methyl groups ilearest .to the center of 
the cavity in which the electron is localized. This 
medium rearrangement energy tcrrn Elas n ~ t  been 
included in o w  previous serr,icc?~ltPnxu?ri mode! 
calculations. TJle H-13 iinteracil.sn Energy is 
based on high velocity helium a tcm sc~tiering 
data and an H akcrn van 6-r 'GJaais radii~s of 
1.25 it is given by 151 (7) 

where g,  is the i~nmber  of hydrogen atom pairs 
separate6 by a distance :.h (.EX). - 

kzch methyl group is y ~ e s u ~ i e d  r.ota.r;ng and 
cne average H-.H interaction distance is con- 
sidered between each pair of methyl groups. A 
sl.xlnunation is taken over all Riffere71t classes of 
ilxethyl pai-s vhere sach c!ass correspo~ds  to a 

difierenf 8 , .  For exa;npPe: if the methy? groups 
from six alkane :noiecules closest t c  the electron 
aye iocated a: the vertices of an octahedron there 
arp two classes of pairs and g ,  is 12 for the adja- 
cent metrryls and 3 for the r,?et,?yis located at  
oppssiie ~,~er?.lces. 

The total ep.ergjr Cor the irh star? is then given 
by {6]. 
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TABLE 1. Geometrical constants used In the caiculations 

81 0, 3 3 04 0 5 

Matrix Model (2) (deg) (dep) (dep) (deg) (dcg) Renralhi 

Propane 1 2.11 0 70.5 Fig. 1 
2 2.00 54.75 54.75 Fig. 2 

n-Pentax 1 2.92 0 70 .5  70 .5  0 
2 2 .11  0 70.5 109.5 70.5 
3 2.11 0 70 .5  141.1 70.5 Fig. 3 
4 3.65 0 70 .5  0 70 .5  
5 3.91 35 .3  35 .3  35.3 35.3 
6 2 .62  54.75 54.75 15.8 15 .8  
7 2 .62  54.75 54.75 15.8 90 ] F i g  4 
8 1.54 54.75 54.75 90 90 

1 2 .92  0 70 .5  70.5 0 41.8 
2 2.61 0 70 .5  '70.5 90 4 . 4  
3 2.61 0 70 .5  70.5 109.5 41 .8  Fig. 5 
4 3 .65  0 70 .5  0 70.5 109.5 j 
5 3.91 35 .3  35 .3  35.3 35 .3  90 
6 2 .92  0 70 .5  70 .5  0 0 
7 2 .92  0 70 .5  70 .5  0 109.5 Fig. 6 
8 2 .11  0 70 .5  70.5 109.5 1 0 9 . 5 j  

The energy of the conduction state consistent 
with the ground-state medium arrangement is 
given by [7]. 

The geolnetrical constants defining the various 
configurations are-listed in Table 1 .  For ethane, 
propane, 11-pentane, neopentane, and 3MP. x is 
4.9, 6.2, 10, 10, and 1 1.8 A3, respectively; y is 
8.9, 11.1, 16, 16> and 37 erg cmp2,  respectively; 
and Do, is 1.92(127 K), 1.80(182 K): 1.77 (200 K);  
1.91 (179 K),  1.87 (197 K), 1.84 (211 K), 1.81 
(222 K); 1.84 (296 K); 1.78 (296 K) ;  and 2.22 
(77 K). respectively. The distance r ,  is taken 
from the center of the molecule to the hydrogen 
atom furthern~ost in the radial direction to which 
the C-C bond angles are referred, plus 0.5 
(about the Bohr radius of the hydrogen atom). 
The C-C and C-H bond lengths are taken as 
1.54 and 1.10 A, respectively. Values of V,  (8-1 1 )  
used in the calculations are given in Table 2. 

Generalized structural models for the matrix 
molecule in the first coordination layer are shown 
in Figs. 1-6. The angle parameters involved in 
the structural models are given in Table 1 where 
both planar and non-planar conformations are 
included. In propane (model I ) ,  n-pentane 
(modeis 1-41, and 3MP (models 1-4 and 6-8), the 
i ~ ~ i ~ e r n ~ o s t  C-C bond is directed to the center of 
the cavity and this direction is taken as a 
reference radial direction. Tn propane (model 2) 
and n-penlane (models 5-81, the line bisecting the 

central C-C-C angle is directed to the center 
of the cavity and this direction? is taken as a 
reference radial direction. In 71-pentaxle (model 5) 
and 3MP (model 5), a straight line passing 
through three carboll atoms and the center of the 
cavity is taken as a reference radial direction 
(see Figs. 3 and 5). 111 ethane the C-C bond is 
directed to the center of the cavity. In neopentane 
the 11101ecule is arranged so that one of the C-C 
bonds points towards the center of the cavity. 

Results and Discussion 
The results of the calculations are given in 

Tables 2-9 and Figs. 7-9. Tables 7-9 and Fig. 9 
may be obtained from the Depository of Un- 
published ~ a t a . '  

Liquid Etilu~e 
Table 3 shows the calculated properties of 

localized excess electrons in liquid ethane. The 
cavity radius at  the configurational minimum is 

/~v( l . s  -, 2p) and f(1.1. - 21)) are the optical 
transition energy and oscillator strength for the 
I s  - 2p transition, respectively, l i s  the threshold 
energy for photoconductivity, lz\~,,,,, is the transi- 
tion energy at  the n lax im~i~n  of the bound-free 
transition probability (12). and AN is the heat of 
solutiorl of the excess electron. The following 
trends are seen in Table 4 :  ( 0 )  rdO increases with 

'Tables 7-9 and Fig. 9 may be obtained free from tile 
authors or at a nominal charge froiu the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0St.  
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CAiY. J .  CHEM. VOL. 5 5 .  1977 

TABLE 2. Stability of excess electrons in liquid and glassy hydrocarbons 

vo - Et(ls) 
(eV) 

T v o  
Matrix Model (K) (eV) N = 4 N =  6 N = 8  

Ethane 127 
182 
200 

Propane 1 179 
197 
21 1 
222 

2 179 
197 
21 1 
222 

n-Pentane 1 296 
296 

2 296 
296 

3 296 
296 

4 296 
296 

5 296 
296 

6 296 
296 

7 296 
296 

8 296 
296 

Neopentane 296 
296 
296 

3MP 1 77 
2 77 
3 77 
4 77 
5 77 
6 77 
7 77 
8 77 

increasing N and it is nearly independent of 
temperature, (b) /zv(ls + 2p) decreases with in- 
creasing N and temperature, (c) f ( l s  + 2p) in- 
creases with increasing N and temperature, (d) I 
and hv,,, decrease with increasing N and tem- 
perature, and (e) A H  decreases with increasing N 
and decreasing temperature. 

These trends are similar to those seen for polar 
matrices (2). The magnitudes of /~v( ls  + 2p) and 
f ( l s  + 2p) are much smaller than those calcu- 
lated for solvated electrons in polar solvents and 

fit with the trend with decreasing matrix polarity 
established for polar solvents (2). The value of 
I - lzv(1s + 2p) also decreases with decreasing 
matrix polarity in polar solvents and the small 
value of -0.1 eV observed in liquid ethane also 
fits this trend. This means that the 2p level is 
close to the bottom of the conduction state for 
electrons in ethane and suggests that the optical 
absorption spectrum of the conduction state for 
electrons in ethane may not be mainly due to a 
bound-bound transition. This suggestion is 
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KIMURA ET A L  

FIG. 1. Structural model for the propane molecule in 
the first coordination layer. Moclel 1 in Table 2. P indi- 
cates the center of a cavity. 

FIG. 2. Struct~lral model for the propane molecule in 
the first coordination layer. Model 2 in Table 2. 

reinforced by the relatively low values of 
f ( l s  + 2p), particularly at  low temperature. The 
values of the bound-free transition energy Izv,,,,, 
are about twice as large as those of hv(1 r + 2p). 
and they fa11 in the near-infrared region. It is 
interesting to note that hv( l s  -+ 2p), I, and hv,,,, 
decrease significantly with increasing tempera- 
ture over the temperature range studied. At 
present there are no experimental data available 
for comparison w ~ t h  these calculated optical 
properties. I t  would be interesting to carry out an  
optical absorption study of localized excess 
electrons in liquid ethane to  test some of these 
predictions. 

Figure 7 shows the configuration coordinate 
diagram for a localized excess electron in liquid 
ethane a t  127 K. In the figure the Is ground, 2p 
excited and continuum states are shown for 
N = 4, 6, and 8. The general features of the 
configuration coordinate curves are similar to 

FIG. 3. Structural model for the n-pentane molecule in 
the first coordi~~ation layer. Models 1-5 in Table 2. 

FIG. 4. Structural   nod el for the 11-pentane molecule in 
the first coordination layer. Mode!s 6-8 in Table 2. 

each other for cases of N = 4, 6, and 8. The 
ground-state energy becomes slightly higher with 
increasing N. The cavity radius, r:, increases 
with increasing N. These trends are also observed 
in the theoretical results on solvated electrons in 
polar solvents (2). 

Liquid Propane 
Table 4 shows the properties of localized 

excess electrons in liquid propane calculated 
using the two structural models. The calculated 
properties and trends in Table 5 are similar to 
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Frc. 5 .  Slructcia! mode! for ihe 3VIP ;~!olecuie i i l  rhc 
first coordi~iation !aver. I*iEodeis 1-5 in Tz,i?!e 2. 

FJG. 6. Str~ctilrai :;lode1 for ~ i x  3hhP i:iol?;?iie in  the 
first coordination !ay:r. I\.dodeis 6-3 in Tab!e 2 ,  

. . 
those in Tabis; 4. Wliidci 2 w~rtii the central carbon 
of propane closest to rile excess eieclron (F ig ,  2) 
predicts /~v( I . c  --1 2 L ~ ) 3  I. and AH some- 
what greater than does ?:?ode? 1 with an end 
carbon of propalie closest to the excss; el-clrcn 
(Fig. 1 .  It is especia-lly infen esrringrhet %cggro~.nd. 
state eqerg)r a? 2 gil!en lempeiaoi;le shows a 
j r~ in in . i~ r~ - j  for AT = 6 co1;;pared ttc :a/ -= 4 s;:d 8 
ii. - - -  ~l-sode! 1 (5-e Fie, 4 8), 55.: ifi l;7;?r;ac:1 2 f.1;- gr(lil%.il:E 
stale is loobrest for A/ = 3 2s ;la: ,<:n {v~lil,"a..'?" r -  *?- 

C. , r ~ .  . - I. Configuration coordinate diagram for the 

iocalized excess electron in liq~lid ethane at 127 K. 

- P!G. 5. Confiijiii.a:ion coordinate dizgrarn for the 

iocaiizzd cxct-ss g i e ~ i ~ o l i  i i :  I i q ~ i i G  propant a: 179 K 
(mode! 1). 

F~und .  The opticel absorpiim~ spectrum of 
I,,, !:?,.olszea ' exce,s e!ecirons in liquid propane was 
observed at 88 M bji pulse radioiysis techniques 

-. 
( j  3). j he rt:sximrj.in absoryiioi~ .G"CGUPS at 
;>23eG - 111-1 (50.5 64) -fijhich is ciei^.rly tlaghe: thalr 
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h:i j l ;  + 2pj bat rather close to the calculated 
hy,,,. I t  is expected that the hoi~nd-kee I r ~ n s i -  
6i,ii ma.y ~;igaificaa:Iji cortribnts to the ol?s6:.ved 
a&(;~.ption rna:iir:lu?n, altl?ougl-, the ca:c;rl.,tel! 
S;+;(IS -> ZJ7) 2nd h\i,,, are both le1?1p~ra5rx 
depelldent. s:bcl: sn  ir;aerpretation is a l s ~  rap.= 
I-~ ,,LU - -1.- i:,d by the fact that the caicr:la.?edj~I -- 21;) 

is considerably lower than ~in i ty .  - 
i he cz,vity radius, Y,"~ ki- t::e same N L. gr:ate:. 

in the :~~odeE 1 structure of prcpanc: than in 
etta-ne by atislit 0.8 A, and i t  is abscut the samc in  
t h e  modgl 2 s ; I . u c ~ L ~ ~ ~  01 propan-, ?.ad ethaiie. 
?-. 1 his simply tefle:;t~ t i te geomeiry diEerence 
beti i~eeii,  models i R S ! ~  1. 

FigLlyc sho~tvs the co;.,figu{n(i;_pn ~;oc;:dina:~ 
* .  . ~ dlag;-a;:? f c~ .  ; EQ.L'-~~~~~::~:~ss -ieciscn In !?q;ild 

p r o p r e  at ;':a K (n1.:~3i-l 1). The cocfi"r.ration 
co<>i.di!?te c:drves in Fig 8 :Ira sinliiar. to those 
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C4h J CHFM VOL 5 5 .  1977 

TABLE 5. Properties of trapped electrons in 3MP glass at  77 K 

k0 hv(1s -t 2p)  I A H  
Model N (A) (ev) f ( l s  -+ 2 ~ )  (eV) (eV) 

for liquid ethane (Fig. 7). However, the ground- 
state energy is a minimum for N = 6 in propane 
(model 1) as mentioned above. 

3-Methylpenta~e Glass 
Table 5 shows the calculated properties of 

trapped electrons in 3MP glass at 77 K, which 
includes results obtained using models 1-8 in 
Table 2. It is seen in Table 5 that (a )  rdO increases 
with increasing N, (6) hv(ls + 2p) decreases with 
increasing N with the exception of model 5, 
(c) f ( l s  -+ 2p) increases with increasing N and 
shows a relatively large increase between N = 4 
and N = 6, (d) I is nearly independent of N, and 
(e) AH decreases with increasing N. The value of 
hv(ls -+ 2p) somewhat depends on the model 
used, but it is generally in reasonable agreement 
with the transition energy, 0.8 eV (1, 14) at the 
absorption maximum observed for trapped 
electrons in 3MP at 77 K. The relatively high 
value of f ( l s  -t 2p) indicates that the 1s -+ 2p 
transition significantly contributes to the absorp- 
tion spectrum, although f ( l s  + 2p) is relatively 

low for N = 4 in some of the models. The 
energy difference between hv(1s + 2p) and I is 
about 0.2 eV, which is in good agreement with 
the experimental results on trapped electrons in 
3-n~ethylhexane glass at 77 K (1,  15). It is seen in 
Table 2 that the electron can be stably trapped in 
3MP at 77 K and its binding energy is about 
0.6 eV. The calculated value of AH has a negative 
sign for 3MP at 77 K in contrast to the positive 
A H  for liquid ethane and propane. The distance 
of the nearest protons from the center of cavity, 
re--,, was calculated to be 1.9 k 0. I, 2.3 + 0. I, 
and 2.7 f 0.1 A for N = 4, 6, and 8, respec- 
tively, for all the models used for 3MP. These 
values are smaller than the experimental value, 
3.0-3.2 A, derived from electron spin echo data 
(4). However, sernicontinuum models for sol- 
vated electrons in polar matrices have generally 
given smaller values of r e - - ,  than observed. In 
order to further improve the theoretical results it 
would be necessary to treat short-range repulsive 
interactions between the excess electron and the 
medium electrons more adequately. 
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KIMURA ET AL. 1949 

TABLE 6 .  Properties of trapped electrons in 3MP at 77 K for Vo = 0.6 eV (model 4 )  

Ground state Excited state 

Nevertheless, we consider the overall agree- 
ment between the variety of experimental data 
for trapped electrons in 3MP (hv(1s + 2p), I, 
re--,, and N = 6 depending on the configuration 
of the first solvation shell) and these calculations 
to be rather good. 

Figure 92 shows the configuration coordinate 
diagram for a trapped electron in 3MP at  77 K 
(model 4). The general features of the configura- 
tion coordinate curves are similar to those for 
localized excess electrons in liquid ethane and 
propane. 

If Vo is decreased from 1.0 eV, which is 
probably an upper limit, used in Table 5 ,  to 
0.6 eV we obtain the results shown in Table 6. 
The main effect of making Vo less positive is to 
decrease hv(1s + 2p) and I. This may give slightly 
better agreement with experiment. 

Charge Distributions 
The charge distributions of localized excess 

electrons in liquid ethane and propane were 
calculated us. temperature. In ethane the ground 
state contains 0.82 of the charge within the first 
coordination layer at 127 K for N = 6. This 
fraction decreases to 0.67 as the temperature is 
increased to 200 K. The charge distribution of 
the excited state is much broader than that of the 
ground state and varies from 0.026 at 127 K to 
0.018 at 200 K for N = 6. The charge distribu- 
tions in liquid propane are similar for the various 
configurations considered. In 3MP at  77 K the 
charge is much more localized and has values of 
0.97 for the ground state and 0.70 for the excited 
state within the first coordination layer for 
N = 6, model 1.  The significant difference from 
ethane and propane is due in large part to the 

high value of Vo for 3MP at 77 K. The narrow 
charge distribution of the excited state is re- 
sponsible for the relatively high value of 

f ( l s  + 2p) found for 3MP at 77 K. 
The detailed results for the charge distribution 

for all configurations are found in Tables 7-9.' 

Criterion for Electron Localization 
The criterion for excess electron localization is 

given by the quantity, Vo - E,(ls); the localized 
electron state 1s stable for V,  - E,(ls) > 0 and 
the electron is not stably localized for Vo - 
E,(ls) < 0. The calculated values of V,  - E,(ls) 
are given in Table 2. It can be seen that the excess 
electron in liquid ethane should be locallzed over 
the temperature range studied and for all cases of 
N = 4, 6, and 8. This conclusion 1s consistent 
with experiments that show a low electron 
inability in liquid ethane (16, 17). 

The stability of localized excess electrons in 
l~quid propane is well established as seen in 
Table 2. It is interesting to note that the magni- 
tude of the binding energy, V, - E,(ls), of the 
excess electron is comparable to the observed 
activation energy ( -0.13 eV) (1 6) for the elec- 
tron mobility, although the calculated binding 
energy is temperature dependent and somewhat 
higher at lower temperatures than the mobility 
activation energy. Since Vo - E,(ls) contains 
E,(ls) which is obtained under the condition of 
energy minimization in the calculation while the 
mobility activation energy is probably associated 
with the energy of a transient trapped electron 
state, it is likely that Vo - E,(ls) is somewhat 
greater than the mobility activation energy. 

Calculations were also made of the stability of 
localized excess electrons in liquid n-pentane and 
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r~eop~enlane, In i*,ibich ihe eight models and two 
valaes of VQ were used for 17-pentane and three 
va!tres or Vo i-{ere used for neopeniasie. The 
resa l ts  sf the ::aicur;xtion~ are  g i i~e r~  In Table 3. It 
cerr be seer: thai localized excess electrons are 
stable i n  n-penlane l ~ r  almost all 111odels. In  
neopelztaarae the ground-state energy. F, ( ! s ) ,  of 
Iocalized excess elertrons is higher than V,  for 
M = 5 acd 8, and J':g - E t ( l ~ j  is comparable in 
magnitude to the thermal energy k7'for N = 4, 
'H'lrese r e s ~ 1 t s  indicate t h a t  i-r neopentane the 
localized excess e!ecir.cn is i i n ~ t h b i ~  and :he 
excess e?eciro?-i exists 2s a cEeioci.iized quasi-free 
electron i n  accord ~ v l t h  the electron mobility 
data (18--21). 

- I his research was partially supported by the 
U.S: Energ)! Xeseaicli a d  Deve!opment Admin- 
istration under Contract E(il-i)-2086 and by 
the Coriip~iti~lg Cer~ters at Nagoya University . . 
a~rd  M/ayxne State U n ~ ~ e r s i l y .  
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Discussion 
Bg- Fnnabashi: This calculation uses a variational technique 
in which the ground-state wavefunction is a hydrogenic 
(1s)-function with one parameter. But this form is approx- 
imately suitable when one knows the ground slate is 
1oculi;ed before the culcirlaiion. 

L. Kevan: We calculate t ic  groni~d state energy E , ( l s )  
relaii\/e to the vacuum level. in  the alkanes thus far invesri- 
gated chis energy is negative. indicating stability or locali- 
zation relative to !he iacuum level. so hydi-ogenic 
wavefunctions are appropriate. We then compare :,(Is) to 
V ,  to dete-mine whether the electron is stable or  Iocalized 
relative !o V,. 

9. Jortner: I would like to raise a question ~oncern ing  an 
experimental criterion regarding electron localization in 
some hydrocarbons. U ~ L I  have stated that whenever your 
energetic data ( iJ ,  --El(  I s  )) > 0 the electron is localized and 
the mobility is low. Moweiler, the 'low' electron mobilities 
in hydrocarbons are in the range 1 . M .  I &m2 V 1  S-I . Such 
mobilities are too high for a hydrodynamic drag of a 
localired state. You may invoke thermal excitation from 
the bo~ind  state to the conduction band; htro!r\/ei-. the 
positive valiies of V, - El( 1s) caiculaied by you considera- 
bly exceed the experimental activation energies of the mo- 
bility. This points lo a more complex picture for electronic 
structure and transport of excess electrons in hydrocar- 
bons. 

k, Kevaw: Our localization criterion, V, - E , ( l s )  > 0, 
contains El(] . \ )  whicla is obtained under the condition of 
energ) mininnization by varying a config!urational cocrdi- 
nate. However. the mobility activation energy is probably 
associated with the energy of a tiarlsirnt localized electron 
state which is expected to be less than 'the energy E,(i.i.) of 
the eqiiilibrium localized electron state that we calcula.te in 
this work. We have discussed transient localized electron 
states in alkanes earlier (J. Phys. Chem. 79, 2866 (1975)). 
Thuz in general, we expect V ,  - E,(1s) to be somewhat 
greater than tlhe lnohility activation energy. But in 3ome 
cases such as propane at higher temperatures T', - E , ( l s )  is 
comparable to the mobility activation energy (0.13 eV).  1 
certainly do agree that the traniport of electrons in alkanes 
is complex and that we d o  not understand it a t  present. In 
the present work we have not yet atiernpred to treat the 
dynamics of this electron transport. 

A. 8. Allen: i t  would he iniereqting to study further the 
electron energy as a function of the orientations of the 
surrounding molecules. The single optimum seaie is one of 
a large number of states. produced by variation of the 
molzcular positions and orieniaiions, in whish the electron 
exists in thermal equilibrium. Understanding the proper- 
ties aPthe electron must therefore require an estimation of 
the density oC slates. 
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&. Kcvan: We do hope to study the properties of electrons 
in alkanes for various nonequilibrium orientations of the 
first solvation shell molecules. However. in the framewul-k 
of our calculation a s  described 1 don't believe we can 
readily estimate the density of states. 

H. A. Giilis: You have carried out calculations for 
3-methylpentane glass at 77 K which gives reasonable 
agreement with the observed E , , ,  of about 0.8 eV. But in 
fact this En,,, is for the blue-shifted spectrum found at long 
times. At shorter times we found a spectrum for this glass 
with E,,,i, = 0.6 eV ( N .  V.  Klassen. H. A. Gillis, and G. 6. 
Teather. J .  Phys. Chem. 76. 3847 (1932)). Presumably this 
spectrum corresponds to an electron solvated in a random 

mixture of configurations. Can your model explain this 
short-time soectrum'! 

E. Kevan: Our calculations are for various assumed 
c,ynilihr.irtm configurations f o ~  the solvated electron in al- 
kanes in which a nearest C-C bond is oriented toward the 
electron. The optical absoiption you see at early times in 
pulse I-adiulysis correspor!ds to an electron in a nonequilib- 
rium configuration. I believe we can account for this red- 
shifted optical absorption by making calci~iations for 
nonequilibrium configurations with varqing angles be- 
tween a nearest C-C bond and the electron. Thi.i would be 
similar to our earlier calculations of this type on e!ectrorls 
in ethanol where we could well account for the time depen- 
dent spectral shift observed in pulse radiolysis. 
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Field-dependent electron mobility in methane-ethane liquid mixtures 
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Department of C11emisfry iind Radiiitior~ Lnborutory, ' Uni1,ersity of Notre Dome, Notre Dame, IN, U . S . A .  46556 
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BAPPANADU N. RAO, ROBERT L. BUSH, and K.  FUNABASHI. Can. J. Chem. 55, 1952 (1977). 
Some aspects of the mobility of excess electrons in liquid hydrocarbons are discussed. 

Certain salient features of the experimental data on high-field mobility in ethane-methane 
mixtures are explained in terms of a hopping model, in which disorder plays an important role. 
The disorder is compositional, like that in a binary alloy, and enters the model in the form 
of two distinct jump distances for hopping motion. It is shown that decreasing the coherence 
length for a quasi-free electron increases the binding energy of a localized electron and hence 
affects the activation energy and rate of hopping. The effects of temperature and impurity 
concentration for high-mobility liquids are shown to be consistent with a scattering model. 

BAPPANADU N. RAO, ROBERT L. BUSH et K. FUNABASI-11. Can. J. Chem. 55, 1952 (1977) 
On discute de quelques aspects de la mobilite des electrons en exces dans les hydrocarbures 

liquides. On explique quelques caracteristiques importantes des donnees experimentales con- 
cernant la mobilite a haut champ dans des melanges d'kthane et de methane en termes d'un 
modele sauts dans lequel le desordre joue un r61e important. Le disordre a trait a la compo- 
sition, comnie dans un alliage binaire, et apparait dans le modele sous forme de deux distances 
distinctes pour le mouvenient de saut. On niontre que si I'on diminue la longueur de coherence 
pour un electron pratiquement libre i l  y a augmentation de l'energie de liaison d'un electron 
localise et ainsi un effet sur I'knergie d'activation et la frequence des sauts. On montre que les 
effets de la temperature et les concentrations d'impurete dans le cas des liquides de grande 
mobilitk sont en accord avec un modele de dispersion. 

[Traduit par le journal] 

Introduction 
Electron transport in liquid hydrocarbons has 

been studied extensively in recent years (1-3). 
The magnitudes of electron drift mobilities in 
these liquids vary from cm2 V-' s- '  in 
ethane to -500 cm2 V-' sC1 in methane (see 
for example ref. 4). An apparent correlation 
between the magnitude of the mobility and the 
molecular geometry has also been found among 
larger hydrocarbons, such as 11-pentane and 
neopentane (2, 3) and butene-1 and isobutene 
(5). 

Davis, Schmidt, and Minday (6) proposed a 
transport mechanism which is now called the 
trapping mechanism. In their picture, the 
mobility of an  electron in a hydrocarbon liquid 
depends only on the probability of finding the 
electron in a quasi-free state; this probability 
is determined by the average trap depth and the 
trapping frequency. The electron transport is 
assumed to take place only in the quasi-free 
state, in which the mobility is about 150 cm2 

V- '  s- '  or larger. Schiller (7) and Kestner and 
Jortner (8) have ascribed the differences among 
the mobilities of hydrocarbons to differences in 
V,, the energy level of the quasi-free state (9). 

All these proposed models are designed to 
explain the entire range to 500 cm2 
V-' s- ' )  of magnitudes of mobility by a unified 
picture with few parameters, emphasizing the 
role of the quasi-free electrons even for low- 
mobility liquids. On the other hand, the con- 
ventional transport mechanism for the low- 
mobility (< - 1 cm2 V-' s-') liquids and solids 
is electron hopping, based upon the concept of 
the small polaron (10). 

The correct transport mechanism for excess 
electrons in low-mobility hydrocarbons will 
depend on the details of the liquid structure and 
the electron-phonon interaction, which are 
not known a t  this time. In the absence of this 
information, a model theory which explains the 
low-field electron mobility may be judged by its 
ability to explain other observed properties of 
the excess electron in these systems. 

'The Radiation Laboratory of the University of The purpose of article is to discuss a Notre Dame is operated under contract with the U.S. 
Energy Research and Development Administration. for the 
This is ERDA Document No. COO-38-1055. mobility in low-mobility liquid hydrocarbons. 
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By a hopping model we mean a model which 
treats electrons as tightly bound, most likely 
by the electron-phonon interaction, and in 
which the motion is by hopping in random 
jumps whose length is of the order of the inter- 
molecular separation. Specifically, we shall focus 
on the experimental results of Bakale, Tauchert, 
and Schmidt (4) on ethane-methane mixtures. 
We shall not attempt a quantitative explanation 
of the magnitude of the low-field mobility as a 
function of methane concentration. The high- 
field mobilities in the high-mobility methane- 
rich mixtures are also outside the scope of this 
article. Detailed theories to describe this latter 
behavior have been developed by Shockley ( I  I )  
and Thornber and Feynman (12). 

In the next section we review experimental 
results for field-dependent mobilities, and pro- 
pose an explanation for certain qua!itative 
features of these results in terms of a hopping 
model. Our hopping model is a modification of 
our earlier work (13). In the following section we 
oresent a calculation which exhibits the effect of 
the finite coherence length of the quasi-free 
electron on the binding energy of a localized 
electron in the same system, in order to under- 
stand the change in activation energy as a 
function of methane concentration. We shall 
also present a brief discussion of wave propaga- 
tion with scattering as a transport mechanism 
for the high-mobility regime of methane- 
ethane mixtures. 

Field-dependent Mobility 
The electron drift mobility p is defined by 

where v, is the drift velocity (cm/s) and F is the 
field strength (V/cm). It is known experimentally 
that for most materials the mobility p is in- 
dependent of F when F is sufficiently small. 
When log v, is plotted against log F, the slope 
is unity as long as p is independent of F. As 
the field strength increases, the relationship 
between log v, and log F becomes non-linear. 
The trend and pattern of this non-linearity 
depends on the magnitude of the low-field 
electron mobility. Figure 1 represents the field- 
dependent drift velocity for ethane-methane 
mixtures, where the pattern of non-linearity is 
different for different values of the zero-field 
electron mobility y(0)  (4). We note the following 
three features of Fig. 1: ( I )  the onset of the 

I I I I 

lo3 F e l d  S t r e n g t h  lo4 , [ v / c ~ ]  
los 

FIG. 1. Electron drift velocity a, as a function of 
electron field F and concentration of ethane for ethane- 
methane mixtures at  T = 111 K :  (a) pure methane; 
(b)  4 m o l z  ethane; (c) 13 mol?; ethane; (d) 24 n101z 
ethane; ( e )  27.5 moly, ethane; ( f )  50 m o l z  ethane; 
( g )  63 molx  ethane; ( h )  74 m o l z  ethane. 

non-linearity moves toward smaller field 
strengths as the zero-field mobility p(0) in- 
creases, as shown in Fig. 1 by a dotted curve; 
(2)  for p(0) < 1 cm2 V-I s - l ,  the high-field 
mobility increases with increasing field strength, 
whereas for the high-mobility regime, the 
mobility decreases with increasing field strength 
(i.e., the drift velocity increases but not in 
proportion to the field); (3) the non-linearity 
becomes less pronounced as p(0) increases from 
the lowest value to -- 1 cm2 V - I  s - l ,  a t  which 
point the non-linearity apparerztly disappears. 

The same three features are evident in the 
field-dependent electron mobility of helium as a 
function of pressure (14), and also in larger 
hydrocarbons ( % 5 ) ,  suggesting that these features 
may be the properties of some universal trans- 
port mechanism. We shall test the applicability 
of a hopping mechanism to these three features 
in the low-mobility regime. 

The simplest theory for the non-linear mobility 
in the hopping model is the hyperbolic sine law 
(16-1 8) : 

[2]  p (F)  = p(0)  sinh 

where p(F) is the electron drift mobility a t  the 
field strength F and h is the jump distance for 
the hopping motion. The zero-field mobility 
p(0)  is given by the Einstein relationship 

eD eh2v 
[3] p(0) = - = - - exp ( - EIkT) 

kT k T  
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where v is the jump frequency and E is the free 
energy barrier height for the hopping motion. 

In  order to explain the fact that the non- 
linearity sets in at  smaller external fields with 
increasing methane concentration, the jump 
distance h in [ 2 ]  must increase with methane 
concentration. Bakale et al. (4 )  found that the 
jump distance increases from 1 0 A  for pure 
ethane to 50 A for equimolar mixtures of ethane 
and methane. In addition to the fact that these 
jump distances are too large for a typical hopping 
motion, the increase in 3, predicts that the 
mobility will rise more sharply with field as 
p(0) increases, by [ 2 ] ,  in qualitative contradiction 
to observation (i.e. our feature number (3) ) .  
In  the following we present a hopping model 
containing disorder, ~ h i c h  exhibits the ob- 
served behavior ((1)-(3), above) with a reason- 
able value for the jump distance. 

The first step is to note that [2] is an  ap- 
proximation to the form: 

[4] p(F) = p(0) exp [- (e?bF)2/16EkT]  

(e1.F ) ,/ ( e i F  ) 
x sinh -- - 

21c T 2k T 

which is v a l ~ d  for parabolic potentials, and 
where E is the barrier height ac in [3] .  Equation 
4 can be derived quantum-mechan~cally (19,  20) 
or  classically (21). 

Let us assume for the moment that the barrier 
height E, which is a constant fraction of the 
binding energy of the polaron (22) ,  decreases 
with increasing methane concentration, and 
both the jump frequency v and the jump distance 
1, are independent of methane concentration. 
According to this model, the magnitude of the 
zero-field mobility p(O), as given by [ 3 ] ,  varies 
only as a function of E, while the high-field 
mobility, as given by [ 4 ] ,  becomes nlore nearly 
constant with decreasing E. This is consistent 
with feature (3) ,  above, but does not explain the 
fact that the non-linearity in c, gets in at  smaller 
field strengths as the methane concentration 
increases. In order to remedy this difficulty, we 
introduce some structural disorder into our 
model. Funabashi and Rao (13)  have shown that 
any fluctuation in the barrier height lowers 
the threshold field for the non-linear drift 
velocity in comparison to that in a system with a 
constant barrier height. A similar observation 
has also been made by Austin and Sayer (21)  and 
Bottger and Bryksin (23). 

Before describing the nature of our specific 
'disorder', we note that the lowering of the 
threshold field for the non-linear drift velocity 
as a function of the degree of disorder can be 
demonstrated in terms of several different models 
(13, 21, 23) and consequently is not a special 
phenomenon limited to a particular model. 

In our model, we assume that all jumps in 
pure ethane are of length ?,,, and that adding 
methane introduces another jump distance I-,, 
shorter than h,. A binary mixture of ethane and 
methane is therefore modeled as a linear chain 
of multiple barriers with jump distances h 1  and 
I,,. The fraction of jumps whose length is h,  
is related to the concentration of methane. 
Clearly, there is no  rigorous justification for 
choosing only two values for the jump distance, 
but we hope that this simple model may simulate 
some features of real binary mixtures. 

The potential energy curve for hopping motion 
is drawn schematically in Fig. 2,  where each 
potential is parabolic and the force constant for 
the potential is assumed to be the same through- 
out the chain. It is easy to show that the energy 
barrier E, corresponding to the jump distance 
h,  is given by 

where r is the force constant of the parabolic 
potential. Two jump distances therefore generate 
two values for the energy barrier. 

The law of flux conservation requires 

[ 6 ]  A, exp [ - ( e t l , ) 2 / 1 6 E l k ~ ]  sinh ( eo l / 2kT )  

= h, exp [ - (ea2)2 /16E2kT]  sinh ( e c2 /2kT )  

whcrc v ,  and c ,  arc the voltage drops across 
the jump distances h ,  and h,, respectively. 
Because the total voltage drop across the entire 
system is fixed, c, and c2 are related by 

[7]  cv, + ( 1  - c)v2 = [ch, + (1  - c )h2]F  

FIG. 2. Schematic diagram of potential energy cs. 
distance for a binary mixture. Note that two different 
barrier heights are associated with the two jump distances. 
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where c is the probability that a particular jump 
has length h , ,  and F is the external field strength 
as before. 

The field-dependent mobility can be shown by 
methods analogous to those in ref. 13 to be 

e i h v  [ E l  (ev,)'] 
[S] p(F) = - 1 e x p  - - - 

k T  k T  16E,kT 

X 
sinh (ev, /2k T) 

ekFI2k T 
where 

For a fraction c, the voltage drop c, in [8] can 
be found from [6] and [7], and t., can be plotted 
as a function of F. An example is shown in Fig. 3, 
where the ratio Ir2/h1 is taken to be 0.8 and the 
force constant c/. is assumed to decrease with a 
decrease in the fraction c, reflecting the physical 
situation that the binding energy of the small 
polaron decreases with the methane concentra- 
tion. It can be seen in Fig. 3 that, unlike 141. 
[ 8 ]  explains our three features ((1)-(3)) simul- 
taneously. A comparison of Fig. 3 with the 
experiineiltal results (Fig. I) shows that the 
jump distance ?,, in ethane-~nethane mixtures is 
about 10 A, a reasonable value for the jump 
distance. This result implies that a hopping 
mechanism of electron transport properly de- 
signed is consisteilt hith qualitative trends in 
the experimental results for non-linear mobility 
ill low-mobility liquids. 

e i F / Z k T  

FIG. 3. Drift velocity c, rs. field strength F for various 
concentrations c of i,, in a chain like that of Fig. 2, 
computed from eqs. 6-9. (a)  c = 0.64, a = 80 dyn,'cm; 
(b) c = 0.38, u = 44.0 dynicm; (c) c = 0.15, a = 36.8 
dyn/cm; (d) c = 0.02, r = 33.6 dynicm. Here ?.,/i,, = 
0.8. Conlparison u i th  Fig. 1 shows that hl 2. 1 0 A  in 
ethane-methane mixtures, a reasonable value for the 
jump distance. 

Binding Energy of a Localized Electron 

In order to provide some justification for our 
assumption that the binding energy of the small 
polaron decreases with an increase in methane 
concentration, we have examined the effect of 
a finite coherence length at the quasi-free state 
on the binding energy of a localized electron. 
Because basic information about the liquid 
structure and the nature of the electron-phonon 
interaction remains unknown, it is not possible 
to establish a quantitative relationship between 
the binding energy of a localized state and the 
concentration of methane. We have only in- 
vestigated in a crude and qualitative way the 
effect of the finite coherence length on the binding 
energy of the localized electron and on the 
energy barrier for hopping motion; this finite 
coherence length is brought on by scattering, 
which varies monotonically with the con- 
centration of methane. 

Let us start wit11 a simple tight-binding 
model for the electronic structure for an excess 
electron in n~olecular crystals. For example, 
if the crystal has a body-centered cubic (BCC) 
structure. the energy dispersion can be written as 

[lo] E(k)  = 8J cos 0, cos 0, cos 0, 

where the band center is chosen to be the zero 
of the energy scale, J is the nearest-neighbor 
transfer energy and 

[I11 0, = Salk, etc. 

a,  being the lattice constant. When a defect 
potential is introduced at some site, a bound 
state can be realized (24) only if 

where V is the diagonal matrix element of the 
defect potential. The situation is completely 
analogous to the localizability criterion for an 
excess electron in an attractive spherical po- 
tential; there is no bound state (25) unless 
Ua2 > n2h2/8112, where U and a are the depth 
and the radius of the potential, respectively. 
Electrons can also be localized by a sufficiently 
strong electron-phonon interaction (small po- 
laron) (10). Although there is some question 
whether the transition from large to small 
polaron is continuous or sudden (26-28), the 
electron-phonon interaction energy must exceed 
one-half the band width in order for an electron 
to be localized as a small polaron. A finite 
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threshold strength for the defect or disorder 
potential or electron-phonon interaction is 
necessary to localize electrons. 

In order to examine the effect of a finite 
coherence length, let us return to the BCC 
tight-binding model. For a perfect crystal all 
the energy levels, described by [lo], correspond 
to completely coherent states and lie within 
a band of half-width 8J .  According to the 
general theory of electronic structure for dis- 
ordered materials (29-31), fluctuation in the 
diagonal matrix elements, which is taken to be 
zero in [lo], broadens the total band width, but 
narrows the region of extended states, so that 
the energy level for the lowest extended state 
goes up. When the energy fluctuation is suffi- 
ciently large, there are no extended states in the 
band (Anderson transition), as shown in Fig. 4. 
Since the energy fluctuation in the diagonal 
elements shortens the mean free path of scat- 
tering at the extended states, there is a correlation 
between the average binding energy of a localized 
electron and the finite coherence length a t  the 
quasi-free state. 

Similarly, an electron-phonon interaction 
which is too weak to form a small polaron in the 

I L 

Anderson 
ironsatton 

FIG. 4. Schematic diagram of the types of states which 
are present at  various combinations of energy and 
randomness for a BCC lattice with nearest-neighbor 
interaction J and disorder in the diagonal terms of the 
Hamiltonian. The boundaries between the regions are 
not necessarily straight lines as we have drawn them. For 
degrees of disorder greater than that labelled 'Anderson 
Transition9, all states are localized. 

crystal could produce a small-polaron state in a 
highly disordered system, because of the nar- 
rowing of the band of extended states. 

In order to show that the above argument is 
not restricted to the tight-binding model, let 
us consider the effect of a finite mean free path 
of scattering on the binding energy of a localized 
electron in a spherical potential well of depth 
h2Uo/2ma2 and radius a. Such a potential well 
may be thought of as static or due to the 
electron-phonon interaction. We represent the 
fluctuating potential in the region outside 
the radius a by an imaginary potential iti2U"/ 
2ma2. This is a common substitution, and is 
used to represent such physical phenomena as 
widths of energy levels (optical potential for 
scattering) or attenuation (complex index of 
refraction). We expect that these features in the 
form of distributions of energy lcvels and finite 
mean free paths will be present in disordered 
systems. The presence of the imaginary potential 
implies, of course, that the eigenenergies will 
be complex. The imaginary part of the eigen- 
energy may be interpreted as an energy un- 
certainty or in terms of a mean free path. 

The calculation of the binding energy pro- 
ceeds as it does for the case of real potentials, 
except that all quantities are complex. For any 
complex energy E (in units of h2/2/na2) we 
define wavevectors p and q such that 

[1 3 1 ( ~ 1 2 ) ~  = E + Uo 

and 

In terms of these, the wavefunction for the 
state at energy E is 

\Ir,(r) = B sill (pr /2a)  r < a 
[I51 

- Ce- (" 2.0) - r > a  

Equations 13 and 14 require a relation between 
p and q :  

The requirements of continuity of the wave- 
function and its first derivative at r = a imply 

Remembering that p and q are complex, and 
writing 12 = p ,  + ip,, q = q ,  + iq2, [I61 and 
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and 
p ,  sill p ,  + p2 sinh p2  

q1  = - cosh p, - cos p ,  
C191 p1 sinh p2  - p2  sin p ,  

q 2  = coshp2 - cos p1 

Equations 18 may be rewritten to show the 
explicit dependence of q on p :  

41 = {&(4Uo - p12 + ~ 2 ~ )  + [$(4Uo 

2 1 , 2 \ 1 / 2  
- pI2  + ~ 2 ~ ) ~  + (2U" - ~ 1 ~ 2 )  I , 

Froin this point on, the calculations to find the 
ground-state energy were done numerically: 
A value for 11 was chosen, and g was calculated 
both from [19] and [20]. Then the quantity 
D - (qi(19) - q1(20))~ + (92(19) - q2(2O)l2 
was minimized by varying p ,  and p,, using a 
principal axis technique (the algorithm used in 
a Fortran translation of procedure PRAXIS. 
taken from ref. 32). The initial values of p ,  
and p2  were chosen to be slightly greater than 
n and 0, respectively, to ensure that t l ~ e  eigen- 
state so found would be the ground state. 

The result of this calculation is the ground- 
state energy as measured from the zero of 
potential. In random systems, however, a more 
useful number is the binding energy of the state 
measured with respect to the quasi-free level, 
the lowest conduction state. In order to satisfy 
the rule of Ioffe and Regel (33), that the real 
part of the wavevector must be greater than the 
imaginary part (reciprocal of mean free path), 
it is easy to conviilce oneself that the real part 
of the quasi-free energy must also be at  least 
equal to the imaginary part of the potential. 

The results of the calculation of the binding - 
energy as measured from the quasi-free level 
are shown in Fig. 5, as a three-dimensional 
perspective plot. The general trend shown by 
this plot is that the binding energy increases 
with increasing U", but not as fast as U". 
That is, we observe that the energy of the ground 
state as measured from the zero of ~o ten t ia l  is 
becoming larger, but not as fast as the quasi- 

F I G .  5. Three-dimensional perspective plot of binding 
energy E ,  cs. real part of potential Uo and imaginary part 
of potential U", in the region 2.5 < Uo < 11.5, 0.0 < 
U" i 5.0. All energies are in units of h2/2n1a2 where a 
is the radius of the central well and m is the effective mass 
of the electron. Because this is the projection of a three- 
dimensional figure onto a two-dimensional surface, we 
have not shown the scales on the axes of this graph, for 
they would be misleading. As an example, line st is 
plotted in Fig. 6, where the scale is given. 

free level is rising. These results are also presented 
graphically in Fig. 6. where the separate terms 
are displayed for U,  = 2.50 (in units of ti2/2ma2). 
There we see clearly that the term &,(U0,U") - 
U", which is the negative of the ground-state 
energy measured from the zero of potential is 
lno~loto~lically decreasing as U" increases. This 
calculation shows that a shorter coherence 
length at the quasi-free level increases the binding 
energy of localized states. As we have seen in 
the previous section (eq. 31, a decrease in binding 
energy leads to an increase in the low-field 
electron l~lobility in the hopping regime. Hence 
as more and more methane is added to ethane, 
the mean free path increases, and as a result 
the excess-electron mobility increases. 

The High-mobility Regime 

We now examine briefly the high-mobility 
regime, and propose to show that it can be 
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FIG. 6. Plot of the binding energy with respect to  the 
quasi-free level E,(U,,U") and the binding energy with 
respect to the zero of potential E,(U,,U") - U" cs. U" 
for Uo = 2.5. - E ~ ( U ~  + Ui',O) L.S. U" is also plotted 
for comparison. Here U, is the depth of the (real) po- 
tential well and U" is the imaginary potential outside 
the well. (All energies are in units of A2/2ma2 as in Fig. 5.) 
The line st corresponds to the line ~t in Fig. 5. 

described adequately by a scattering model; a 
model containing traps and quasi-free states 
(6, 7) is not necessary in this regime. The usual 
argument is that the mobility is given by (34) 

where L is the mean free path. According to the 
proponents of the trapping model, [21] implies 
the mobility has a negative temperature de- 
pendence, so materials in which the mobility 
exhibits a positive temperature dependence can- 
not be described by a scattering model. This 
argument, however, ignores the possibility 
that L may be temperature-dependent. Funa- 
bashi and Kajiwara (35) have argued that L 
should be an increasing function of temperature 
in neopentane and other high-mobility hydro- 
carbon liquids. It is therefore possible that 
electron transport in high-mobility hydro- 
carbons may proceed via wave propagation with 
occasional scattering. 

The scattering model also predicts the proper 
qualitative dependence of the mobility of 
ethane-methane mixtures on the ethane con- 
centration in the high-mobility regime. For 
ethane concentrations of 0-20%, the mobility 
(4) is described by [21] with the mean free 

path given by 

[22 I L-l = n l o ,  -I- n,o, 

where n ,  and 1z2 are the numbers of molecules 
per unit volume for n~ethane and ethane, 
respectively, and 0 ,  and o, are their respective 
cross sections. If more than 20% of the mixture 
is ethane, the combination of [21] and [22] no 
longer describes the concentration dependence 
of the mobility: L decreases faster than [22] 
predicts (4). There are two possible causes for 
this deviation from the simple single-scattering 
theory: the high density of scatterers may 
require a Lorentz correction such as that 
proposed by Landauer and Woo (36): 

[23] L-' = (n ,  + n2)ol + n2(02 - o,) 
312 - 1  x (1 - 2n,(o2 - 0 1 )  1 

where we have assumed 0, > o , ,  and n, << n,.  
The reason for this correction is most easily 
seen for hard sphere scatterers: if the incident 
electrons cannot penetrate into the interior of a 
sphere, there will be a higher current incident on 
other spheres. This ig therefore a multiple- 
scattering effect, and is not restricted to hard 
spheres, but occurs in any medium in which the 
impurity cross section is larger than that of the 
host material. Equation 23 clearly predicts a 
faster decrease in the mean free path with 
increasing r z ,  than 1221 does. The second reason 
is that as more and more ethane n~olecules are 
added to the system they may tend to form 
clusters, and the cross section of a cluster of n 
ethane molecules may be greater than M times 
the cross section of a single ethane molecule. 
If the jth type of cluster occurs &ith density n,' 
and the excess cross section referred to above is 
o,', then we may write 

This too will cause a more rapid decrease in L 
with increasing n,. Both of these effects tend to 
decrease the mobility, in agreement with experi- 
ment. 

Discussion 

As with any model or theory, certain ap- 
proximations have been made to make the 
mathematics tractable. The most important 
of these is that our model for the high-field 
mobility is inherently one-dimensional. A one- 
dimensional model gives correct results for a 
crystal or any other system wh~ch is uniform 
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o r  periodic in any plane perpendicular to the 
direction of motion. It is less clear that a one- 
dimensional model forms an acceptable descrip- 
tion for disordered systems. The reason, of 
course, is that there is no  way around a barrier 
in a one-dimensional system; the charge must 
'go over' or tunnel through. In  a three-dimen- 
sional system there may be other paths. The 
presence of the alternative paths reduces the 
effect of a small concentration of high barriers. 
Still, our one-dimensional model may be thought 
of as an idealization of the path of an  individual 
electron through the sample in the presence of 
a n  external field, for even in a three-dimensional 
system, the electron's path will be over sites of 
randomly varying potentials. The effective 
width of the distribution of barrier heights may, 
however, be reduced. I t  is clear, then, that one 
must exercise caution when making quantitative 
comparisons between our model and experi- 
ment, although the predictions of our model 
should be qualitatively correct. 

Although we have shown in the third section 
that shortening the mean free path at  the quasi- 
free state has the effect of increasing the effective 
binding energy of a localized electron, we have 
not shown that a potential of arbitrarily small 
strength can bind- an electron in a sufficiently 
highly disordered three-dimensional system. 
There may well be a range of values for po- 
tential strength and mean free path for which 
the wavefunction for an excess electron is 
neither localized nor extended. There is no  
adequate physical picture of electron transport 
in this regime. A number of physicists have 
denoted motion in this regime as electronic 
Brownian motion (see, for example, ref. 37) 
but have not provided any practical way of 
calculating transport properties for this inter- 
mediate range (1-10 cm2 V-' s- '  ) of electron 
mobilities. 

From what has been stated above, it is clear 
that the magnitude and temperature coefficient 
of the low-field dc mobility alone are not suffi- 
cient to determine the transport mechanism. 
Since other experiments such as ac conductivity, 
Hall effect, etc. have not yet been performed on 
alkane liquids, the only other available measure- 
ments of transport properties in these liquids 
are the high-field mobility measurements. It 
is on the basis of these measurements that the 
adequacy of models for transport must be 
decided. 

These high-field results suggest that a simple 

trapping or two-state model would be difficult 
to apply to liquid alkanes. In the trapping 
model (6, 7) the observed mobility is expressed 
as 

where p, is the mobility in the quasi-free state 
and P is the probability of finding the electron 
in the quasi-free state. The magnitude of p, 
is generally taken to be 100-150 cm2 V-' s- '  
or greater, and it is thought to be independent 
of the material in which the electrons are moving. 
The function P contains all of the information 
about the depth and density of the traps in a 
particular material. We note in passing that it 
is highly unlikely that a unicersal quasi-frce 
mobility can be defined. The quasi-free mobility 
In a particular system depends on the amount 
by which electrons are scattered in the system. 
This in turn depends on the distribution of traps 
and scattering centers, a highly material- 
dependent quantity. Thus we expect the number 
and depth of traps to affect both factors in [25].  

Aside from this. it appears unlikely that a 
reasonable functional forin of P in terms of 
trap depth, field, temperature, etc. could be 
found which would predict the high-field 
behavior of the mobility in these liquid hydro- 
carbons. The functional form of p, can be 
inferred from the field dependence of the high- 
mobility materials: the mobility is independent 
of field up  to -- 103 V/cm, then decreases with 
increasing field. As the zero-field mobility 
decreases, however, the region in which the 
mobility is independent of field becomes larger 
(the lowest mobilities remain constant up to  
fields of - 10' V/cm), and the deviation changes 
sign: below -1  cm2 V-' s-' the mobility 
increases with increasing field strength above 
the threshold. I t  would be difficult for the pro- 
ponents of the trapping model to produce a 
function P which meets all these requirements 
and is still reasonable in terms of physical 
considerations such as its dependence on the 
trap depth and the external field. Instead of this, 
they could relax the requirement that the quasi- 
free ~nobillty be independent of material, but 
then the model would be stripped of its most 
interesting feature. 

In our model, on the other hand, we assume 
that transport in the high-mobility regime is by 
wave propagation with scattering, and in the 
low-mobility regime it is by hopping. In between 
is the uncharted region of electronic Brownian 
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motion. We have been able to show that the 
implications of these assumptions are in qualita- 
tive agreement with experimental results. I t  
will be interesting to observe whether other 
experiments (ac conductivity, Hall coefficient, 
etc.) also produce results in agreement with 
our model. 

A more complete treatment would be to com- 
bine the results of the trapping and hopping 
models, setting 

where pH is the mobility due to hopping motion. 
The reason for this is that hopping and quasi- 
free motion are parallel channels for electron 
transport. To  make such a model fit the high- 
field experiments. it is likely that pF and pH 
would have to depend on both the field strength 
and the choice of material, for reasons similar 
to  those mentioned in our discussion of the 
trapping model above. For  low-mobility ma- 
terials. we would expect that P would be so 
small that the second term would dominate, 
so our treatment above would remain valid. 
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Discussion 

G. R. Freeman: If one used a model involving an equilib- 
rium between trapped states and a conduction band, could 
you estimate the field dependence of the retrapping rate 
from the conduction band? 

K. Funabashi: If the field dependences for trapped states 
and conduction band are known separately. the observed 
field dependence should contain information on the field 
dependence of the retrapplng rate and that of detrapping 
('field-ionization'). 

J. M. Warman: The negative charge carrier mobility in 
liquid tetramethylsilane can be considerably reduced by 
the addition of low concentrations of a solute such as 
biphenyl which temporarily traps the otherwise quasifree 
electron. Such solutions correspond to a system in which a 
two state trapping mechanism is known to be responsible 
for the low mobility. A study of the field strength depen- 
dence of the mobility in such a system might therefore 
prove of interest with respect to the question of whether a 
two state trapping mechanism results in the observation of 
an increase or decrease in mobility at high field strengths. 

W. I?. Schmidt: With respect to the magnitude of the jump 
distance derived by us using the Bagley model we thought 
that the electron is not confined to say one ethane molecule 
but that it is spread out over a larger area and that the jump 
distance actually was comparable to the diameter of the 
trap. Values of this magnitude for trap diameters have been 
estimated also by Tachiya from the electron absorption 
spectrum of 3 MH and by Yakovlev from scavenging ex- 
periments in cyciohexane. 
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Experimental evidence from liquid semiconductors 
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J. E. ENDERBY. Can. J. Chem. 55, 1961 (1977). 
Two broad types of liquid semiconducting alloys will be discussed, namely those involving 

alkali metals (e.g., the Li-Pb and the Cs-Au system) and those in which a chalcogen is in- 
volved (e.g., Cu-Te or Ni-Te). It will be argued that relatively simple ionic bonding schemes 
in alkali metal systems must be replaced by more complicated ones in chalcogen based alloys. 
The close interaction between atomic structure on one hand, and the electronic structure on the 
other will be emphasized. 

J. E. ENDERBY. Can. J. Chem. 55. 1961 (1977). 
On discutera de deux types g e n i r a ~ ~ x  d'alliages liquides scn~iconducteurs soit ceux impli- 

quant des nietaux alcalins (par exernple le systeme Li-Pb et le systeme Cs-Au) et ceux dans 
lesquels un chalcogene est implique (par exernple Cu-Te ou Ni-Te). On croit que les schemas 
de liaisons ioniques relativement simples des systemes metalliques alcalins doivent Ctre rem- 
places par des systernes plus compliq~~es dans les alliages bases sur les chalcogenes. On mettra 
en relief la grande interaction qui existe entre la structure atomique d'une part et la structure 
Clectronique d'autre part. 

[Traduit par le journal] 

Introduction Alkali Mela1 Based Semiconductors 
There exists a group of liquid conductors 

whose electronic properties are different from 
those of metals and are similar to those of semi- 
conductors. Such liquids are usually referred to 
as 'liquid semiconductors'.' Two main types 
of liquid semiconductors have been identified, 
namely, those based on the chalcogens (for 
example, pure liquid Se or liquid Cu,Te) and 
those liquids in which metals with large electro- 
negativity differences (x) are alloyed together 
(e.g., liquid Mg,BI, or CsAu). Our basic 
understanding of these liquids is still in a very 
primitive state and progress continues to be 
painfully slow; the development of a com- 
prehensive theoretical framework in which the 
various structural, electronic and thermodynamic 
properties of liquid semiconductors can be dis- 
cussed, is now a matter of some urgency. One 
possible way of achieving this aim is to take some 
representative liquid alloy systems and to at- 
tempt, a t  an experimental level, to establish 
links between structural and electronic prop- 
erties. We shall follow this course in this review. 

'These should not be confused with the liquids formed 
by melting solid semiconductors. Such liquids are 
frequently metallic in character. A review of the electrical 
properties of liquid semiconductors has been given by 
Enderby (1). 

Litlziur?~ Alloys 
We first present results due to Nguyen and 

Enderby (2) for the resistivity, p, and thermo- 
electric power, S, for liquid lithium alloys of the 
type Li,M,-, where 1 < x < 0 and M rep- 
resents a metal whose valence, Z, is in the range 
2 I Z i 5. In addition, new data for the spin- 
flip cross-section, o,, for Pb and Bi in liquid 
lithium are given. These data were taken on 
dilute alloys (x > 0.95) so that interference 
effects betneen impurity atoms can be neglected. 
A summary of all the experimelltal results is 
given in Figs. 1-4. 

We focus attention on the data contained in 
Fig. 1 which we interpret within the framework 
first suggested by Wignall, Enderby, Hahn, and 
Titman (3) and Asik, Ball, and Slichter (4). 
The magnitude of o, reflects the probability of a 
spin flip at an impurity site. This is dominated 
by the spin-orbit coupling and should, other 
things being equal, increase monotonically 
with Z. This indeed happens for Z < 2 ;  how- 
ever, as first noted by Asik et a/. ( 3 ) ,  for Z 2 3 
departures from the simple theory are evident 
and the new data reported here for the liquid 
state confirm the trend for Z values of 4 and 5. 

We next consider the variation of the electronic 
transport parameters with composition. It  is 
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FIG. 1. Spin-flip scattering cross-sections as a function 
of impurity valence. The in~purities were ALI, Hg, T1, 
Pb, and Bi. 

0 20 &O 60 80 100 

at '1, M 

FIG. 2. Electrical resistivity of liquid Li alloys as a 
function of concentration: +, Li-Mg (Van Zytveld (15)); 

, Li-T1; 0, Li-Pb; x , Li-Bi. 

clear from Figs. 2-4 that this variation becomes 
increasingly less free electron like as Z 2 3. 
The rapid variation in S with x around the 
composition Li,Pb, for example, resembles 
behaviour found in other liquid alloy systems 
which are known to be liquid semiconductors 
(1). 

We now assert that the anoillalous electrical 
behaviour for Z 2 3 and the reduction in o, 
which occurs a t  this value of Z have a coinnlon 
origin, namely, the formation of bound or 
virtually bound states a t  or below the bottom 
of the conduction band: and that for Z 2 3 a 
progressive and actual reduction in the effective 
number of electrons occurs as the concentration 
of impurities increases. This arises first because 
the s electrons are bound to the impurity atoms 
and secondly because the impurity p orbitals 
fall and sharpen into virtual levels and finally, 
ivith high enough Z and X, become bound 
orbitals below the bottom of the band. As noted 
by Flynn and Rigert (9, it is not possible, out- 
side the one-electron approximation, to make a 
sharp distinction between bound and virtually 
bound states and the concept of an effective 
number of electrons is still a qualitative one. 
Holyever, in this picture, it is unnecessary to 
invoke a pseudogap at EF in order to explain 
the electrical properties for large x. Instead, 
attention shifts to the bottom of the conduction 
band. As the stoichiometric composition is ap- 
proached, the density of states \\..ill fall and the 
possibility of localisation a t  EF may then have 
to be considered. 

The anomalies in p, S ,  and o, for Z 2 3 are 
parallelled in the thermodynamic behaviour. 
Substantial heats of mixing develop for high (2) 
impurities and this reflects what is loosely 
called 'compound formation' a t  certain well- 
defined values of x. The most clear-cut examples 
are those of liquid Li-Pb (Li,Pb) and liquid 
Li-Bi (Li,Bi). We now make our second asser- 
tion, namely, that the bonding orbitals which 
give rise to the compound are precisely those 
referred to above; in asking questions about the 
nature of the compound, we are really asking 
about the spatial form of tlie s and thep  orbitals. 

The ionic 171odel is one in which both the s 
and the p electrons are localised on :he electro- 
negative ion so that, for instance, liquid Li,Bi 
consists of Lif and Bi3- ions. In the r~zulecului. 
model the valence requirements are satisfied 
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ENDERBY 1963 

FIG. 3. Absolute thermoelectric power of liquid Li alloys as a function of concentration: f , Li-Mg 
(Van Zytveld (15)); 0, Li-Tl; 0, Li-Pb; x , Li-Bi. 

within a molecule so that the liquid consists of 
electrically neutral molecules of Li3Bi, the 
strong intra-molecular forces arising from sp 
hybridisation. Finally, in the mixed bond i~zodel, 
some fraction of the s and p electrons is localised 
on the electronegative ion and the rest are 
involved in an extended network of covalent 
bonds. We must emphasise that both Li,Pb 
and Li,Bi remain electronic conductors and 
that these models represent a zeroth order 
approximation to what is an exceedingly com- 
plex situation. 

All of these models imply the presence of 
low-lying electron states; furthermore, the 
existence of ionic bonding in liquid NaCl (6) 
and molecular bonding in liquid TiCI, (7) is 

well established. Whether or not an extended 
network of covalent bonds can be maintained 
in the liquid state is not so clear, but the neutron 
diffraction evidence for liquid Te (8) favours 
this possibility. 

Molecular liquids tend to be volatile and to 
have low freezing points. This behaviour is not 
at  all characteristic of liquid Li,Pb and Li3Bi; 
furthermore, solid Li,Pb is known not to be 
molecular and in agreement with the structural 
study of Ruppersberg and Egger (9) we tenta- 
tively conclude that molecules, as such, do not 
exist in these liquids. Of the two remaining 
models, the structural evidence points, albeit 
indirectly, to rather high co-ordination numbers 
(-10) for unlike atoms and near neighbour 
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FIG. 4. i3p 8T as a function of concentration at temperatures just above the liquidus: ', Li-Mg 
(Van Zytveld (13)); 0, Li-TI; 0, Li-Pb. 

distances considerably smaller than those pre- non-electronic cffects. This work provides a 
dicted by hard sphere theory. This behaviour is convincing demonstration that a progressive 
consistent with the results of Edwards et al. (6) reduction in the metallic characterictics of an 
on  molten WaCl and adds support to the ionic alloy system can be understood in terms of in- 
model. creased ionicity. 

Other Alkali Met02 Sj>sterns 
A detailed study of the Cs-Au system in the 

liquid state has recently been reported by 
Schmutzler, Hoshino, Flscher, and Hensel (10). 
Similar arguments based on electronegativ~tity 
differences used above should certai~lly hold for 
this case i\here x is coinparable with that of 
CsCl. It is found in practice that Cs-Au is in- 
deed a liquid semiconductor, that there is a 
rapid increase in p as either Cs or  ALL is added 
to  Au or  Cs, and that a t  the stoichio~netric 
composition, the conductivity is le ry  low 
( 3  R - I  cm-'1. C a r e f ~ ~ l  studies showed that this 
arises chiefly by ron-transport, that is to say, 

Ghalcogen Based Semisondaactors 
The electrical behaviour of these systems has 

been extensively stirdied and revie\+ed (see for 
example ref. 1). In systems like Cu-Te, Ni-Te, 
and TI-Te, mininia in the conductivity occur at  
Cu,Te, hiTe, ,  and T1,Ye. A more detailed 
review of the present situatio~? for Tl,Te is 
given by Cutler (11). I t  re~riains: however, a 
matter of dispute ivhich of the three structiira.1 
models referred to above is appropriate for 
these cases 14here in general x is less than for the 
alkali metal counterparts. 

Lee us now consider in detail the structure of 
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FIG. 5.  The radial distribution function for pure liquid Te at 500 and 800'C. 

these liquids. The quantity whicl~ can be ex- 
tracted from a single diffraction experiment on a 
liquid containing two species, a, b is the total 
structure factor F (Q)  defined by 

where c ,  and c, are the atomic concentratioils of 
the two species, L, and f, are the neutron scat- 
tering lengths, and s,,, S,,, and s,, are the 
partial structure f~~ctor-s which are related to the 
radial disfribuliot7firnctio~s qXp for one atom type 
viith respect to another atom type by 

w ,  p = a or b. 
It is now accepted that the aim of structural 

analyses on binary systems should be to extract 
SZp rather than F(Q).  This can be done by 
varying the scattering lengths of one or both 
componcnts in such a way as to provide three 
total structure factors F,, F2, and F, uhich are 
sufficiently different to enable three linear equa- 
tions to be solved for S,,, Sb,, and S,,. In 
recent experiments carried out by Nguyen2 the 
variation in f was achieved by isotopic sub- 

2V T .  Nguyen, private communication. 

stitution since, in general, the neutron scattering 
length depends on the number of neutrons in the 
nucleus. A special study of Ni-Te was under- 
taken because by choosing a mixture of 58Ni 
and 60Ni, f N i  could be made to be zero so 
that it becomes possible to study directly 
S,,,,(Q) as a function of concentration. 

The radial distribution function for pure 
liquid Te at two temperatures is shown in Fig. 5.  
It differs from that for simple liquids in two 
characteristic ways: ( i )  the short range part of 
g( r )  is very hard; (ii) the co-ordination number 
is low (-4). These facts, together ~ i t h  other 
evidence of an electronic and thermodynamic 
character, point to the existence of an extended 
covalent network (8). If we now consider the 
Te-Te radial distribution function in the liquid 
semiconductor NiTe, (Fig. 6), both of these 
characteristic features have disappeared. Indeed, 
the observed g( r )  resembles comparable data 
for the Cl-Cl distribution in liquid BaCl,, a 
liquid k n o ~ n  to be essentially ionic in character. 
On the other hand, g,,,, is quite different from 
the Cl-C1 distribution in the molecular liquid 
TiCI,. We therefore conclude that the effect of 
Ni on liquid Te is to break down the extended 
covalent network and localise most of the 
charge on the Te and Ni ions. Similar experi- 
ments are in progress for the Cu-Te system and 
preliminary results, aiready reported in ref. 12 
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FIG. 6. The partial Te-Te radial distribution function in the liquid sen~iconductor NiTe, at  800°C 
(Nguyen, private communication). 

have clearly demonstrated that substantial 1. J .  E .  EPUDFRBY. Band structure spectroscopy of met- 
changes in g,,,, occur with increased Cu content. als and alloys Academic Press, London. 1973. p. 609. 

2. V. T. N G U Y E ~  and J .  E. ENDERBY Phllos. Mag. 

Future Developments 
Apart from 'more of the same' (i.e. conven- 

tional electronic and structural investigations) 
several new techniques will need to be employed 
if a better understanding of these alloy systems is 
to  be achieved. Extended X-ray absorption fine 
structure, EXAFS, a novel structural technique 
which employs synchrotron radiation, will be 
reviewed by Crozier et al. (13). Photoemission 
experiments will represent, when the technical 
problems of handling these awkward liquids are 
finally solved, a most powerful method of 
investigating core shifts and hence ionicity. 
Finally, nuclear spin-lattice relaxation measure- 
ments, as Warren (14) has convincingly demon- 
strated, yield unique information about the 
nature of the electron states close to  the Fermi 
energy. Such experiments suggest, for example, 
that the relatively straigl~tforward electron 
transfer model, though satisfactory for liquid 
CuTe, goes over to a mixed-bond model as 
the stoichiometric composition Cu,Te is ap- 
proached. This suggestion is strongly supported 
by the structural studies of Hawker et al. (12). 
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Discussion 

N. H. March: I have a comment on the structure factor of 
liquid Te that you showed. Mr. B. Bhuiyan and I have 
recently calculated the charged hard sphere structure fac- 
tor in a classical system in which, with initially localized 
electrons, we delocalized a very small fraction. The height 
of the first peak in the hard sphere structure factor S ( Q )  
increases markedly as we delocalise electrons. We believe 
this is relevant to the atomic structure of liquid Te, in which 
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the number of conduction electrons increases with increas- 
ing temperature. It indicates a sensitive interrelation be- 
tween electronic and atomic structure. 

J. E. Enderby: Thank you for that comment which also 
seems to confirm the trends we  have found for the Te-Te 
structure factor in the Te-based liquid alloys. 

ENDERBY 1967 

6. R. Freeman: If you made an Arrhenius plot of the 
temperature coefficient of conductivity for liquid Li,Pb, 
approximately what activation energy would you get, and 
at  roughly what temperature? 

J. E. Enderby: I d o  not normally make such plots because 
they imply the existence of a well defined energy gap. 
However, an effective activation energy appropriate to 
liquid Li,Pb is -0.1 eV at temperatures around 800°C. 

G. R.  Freeman: How does that compare with values ob- 
served in other semiconductors? 

J .  E. Enderb): By solid state standards, such activation 
enelgies are r a t h e ~  low. 
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E.  D. CROZIER,  F. W .  LYTLE, D. E. SAYERS, and E .  A .  STERN. Can. J .  Chem. 55, 1968 (1977). 
The extended fine structure in the X-ray absorption coefficient is dominated by the inter- 

ference o f  the photoelectron scattered by atoms in the immediate neighbourhood o f  the atom 
which absorbs the X-ray photon and thus can provide structural information about ordered 
or disordered systems. In this paper it is demonstrated that Extended X-Ray Absorption Fine 
Structure (EXAFS) measurements can be made on liquid systems at high temperatures. The 
technique is illustrated with results for As2Se, in the liquid and amorphous states for tenipera- 
tures between 100 and 773 K .  A Fourier analysis o f  the EXAFS data reveals that a major 
structural rearrangement does not occur in the nearest neighbour shell when As2Se3 is melted. 
However, small structural changes do occur at the melting point which, within the limitations 
o f  the present data, suggest a slight increase in the nearest neighbour As-Se distance, a decrease 
in the number o f  nearest neighbours, and a decrease in the nearest neighbour disorder term 0,'. 

E. D. CROZIER,  F .  W .  LYTLE, D .  E. SAYERS et E. A .  STERN. Can. J .  Chem. 55, 1968 (1977) 
La structure fine elargie dans le coefficient d'absorption de rayons-X est dominee par l'inter- 

ference du photoelectron disperse par les atomes dans l'environnenient immidiat de l'atome qui 
absorbe les photons de rayons-X et qui peut ainsi fournir de l'information str~lcturale con- 
cernant les systimes ordonnes ou desordonnes. Dans cette publication on demontre que des 
mesures de structure fine Clargie d'absorption par-rayons-)< (EXAFS) peuvent Ctre faites sur des 
systemes liquides a haute temperature. On  illustre la technique avec des risultats obtenus avec 
du As2Se3 a l'etat liquide et dans un &tat amorphe a des temperatures allant de 100 a 773 K. Une 
analyse de Fourier des donnees EXAFS rtvele qu'il ne se produit pas de rearrangement struc- 
tural dans la couche voisine la plus pres au moment de la fusion de As2Se3. Toutefois de petits 
changements de structure se produisent au point de fusion; a l'interieur des limitations des 
donnees actuelles, il semble que ces changements impliquent une legere augmentation dans les 
distances As-Se les plus voisines, une diminution dans le nombre des voisins les plus pres et une 
diminution dans le terme oI2 de disordre des voisins les plus pres. 

[Traduit par le journal] 

Introduction Extended X-Ray Absorption Fine Structure 
An improved understanding of the electronic (EXAFS) technique, a technique, which it has 

properties of liquid semiconductors requires only recently been realized, provides an iin- 
knowledge of the fluid structure. In a disordered portant structural probe of disordered systems. 
A-B binary system this structural information In binary systems, under favourable conditions, 
cannot be obtained from a single X-ray or the technique can yield the nearest neighbour 
neutron diffraction experiment. Enderby (16) distance, number, and type. 
reviewed how the partial radial distribution Fine structure is observed in the absorption 
functions describing the A-A, A-B, and B-B coefficient on the high energy side of an X-ray 
correlations in a binary system can be determined absorption edge and in condensed phases may 
from appropriate neutron diffraction experi- extend to lOOOeV beyond the edge. EXAFS 
ments in alloys of different isotopic composition. refers to that fine structure in the extended range 
In this paper we present structural data for beyond - 30 eV above the edge. The structure 
amorphous and liquid As,Se, obtained with the below -30 eV, while arising from the excitation 
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of a photoelectron, requires different considera- 
tions and is excluded from the discussion of 
EXAFS. The current theory of EXAFS for the 
K edge was developed and experimentally 
confirmed in a series of papers beginning in 1970 
(1-7). The dominant absorption mechanism at 
usual X-ray energies is the photoelectric effect 
in which an X-ray with energy hv is annihilated 
and a photoelectron is emitted from the atom 
with a kinetic energy E given by the conserva- 
tion of energy as E = 11v - EK where EK is the 
initial binding energy of the electron. The photo- 
electron is scattered by the atoms surrounding 
the absorbing atom. A final state interference 
occurs at  the origin of the absorbing atom 
between the outgoing part of the wavefunction 
of the photoelectron and the backward scattered 
part. This interference, which can be either con- 
structive or destructive depending on the wave- 
vector k of the photoelectron causes a modula- 
tion of the matrix element in which the initial 
state is dipole coupled to the final state. Thus the 
interference effect varies the photoelectric transi- 
tion rate and causes the oscillation in the X-ray 
absorption coefficient which is referred to as the 
EXAFS. 

Following the development of refs. 3,4, and 5,  
neglecting multiple scattering effects and assum- 
ing that krj  >> 1 we write the normalized EXAFS 
interference term as (5) 

x sin 2(1irj + 6j(k))p(rj) d r j  

The sum is over the atoms at the distance5 r, 
from the absorbing atom, tj(2k) is the magnitude 
of the amplitude for backscattering from the jth 
atom, h is the meanfree path for inelastic 
scatterings of the photoelectron. The phase 
shift 6,(k) in the sinusoidally varying term is 
energy dependent. It has two contributions; the 
phase shift produced by the absorbing atom and 
the phase shift produced when the photoelectron 
is backscattered by the jth atom. In a liquid it is 
convenient to specify the locations of the back- 
scattering atoms by p(r,), the probability that the 
j th  atom is at r,. In a crystalline or amorphous 
solid it is reasonable to assume that 

where R j  is the average position between the 
absorbing atom and the jth backscattering atom, 
and oj2 is the mean square fluctuation in the 
interatomic distance between the origin atom 
and the jth atom. The fluctuation includes a 
dynamical term due to the thermal motion of the 
atoms and a static term due to structural disorder. 
A theoretical calculation of the structural dis- 
order term has not yet been undertaken. In the 
case of the dynamical term there are two physi- 
cally transparent limits. If the origin and jth atom 
are vibrating in phase then oj2 = 0 and if they 
are vibrating independently then oj2 is just the 
sum of the mean square displacements of the 
atoms from their equilibrium positions. 

With the assumed Gaussian distribution of 
atoms [ I ]  becomes 

x sin 2(kRj + 6,(k)) eCZk2'j2 

where the sum is over the different shells of atoms 
whose average distance from the absorbing 
atom is Rj and which contains N, atoms. In 
principle, by the appropriate combination of 
EXAFS measurements on suitable systems all 
the quantities in [2] can be determined for 
disordered solids. Analytical methods based on 
the Fourier transforms of the EXAFS function 
~ ( k )  are illustrated in refs. 5 and 8. 

The experiments reported in this paper on 
As2Se, were initiated to assess the feasibility of 
making EXAFS measurements on liquids at  
high temperatures. With increasing temperature 
the magnitude of oJ2 increases and the amplitude 
of ~ ( k )  decreases. Utilizing the Bremsstrahlung 
radiation from a conventional X-ray source 
would necessitate taking data for a period in 
excess of two weeks to achieve a suitable signal- 
to-noise ratio in each EXAFS spectrum. Such 
experiments would be impractical. However the 
experiments were readily performed using the 
synchrotron radiation from SPEAR, Stanford's 
e- e+ storage ring which provides an X-ray 
intensity five or six orders of magnitude higher 
than that available from conventional X-ray 
sources. The As2Se, system was chosen for 
preliminary investigations because the K edge 
EXAFS spectra of both the As and Se were 
accessible with the existing monochromator at  
the Stanford Synchrotron Radiation Project and 
because the local structure was known to remain 
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substantially unaltered at the melting point. Far- 
infrared measurements (9, 10) indicate that 
vibrational modes observed in the amorphous 
state persist into the liquid state. In this paper 
the EXAFS spectra are examined for changes in 
the first shell radii R, upon melting amorphous 
As,Se, and the temperature dependence of 0,' 

is determined beheen  100 and 773 K. 

Experimental 
The As,Se, samples were prepared from 99.9% purity 

As,Se, (Alfa Inorganics, Ventron, MA). The As,Se, was 
evaporated in a vacuum of 5 x torr from a Mo 
boat onto a boron nitride substrate which formed one 
side of the sample cell. The thickness of the As2Se, films 
was monitored by a crystal oscillator and later deter- 
mined to within 1 um with a Reichert microscope of 
magnifying power 90. A film thickness of 22 Hm provided 
suitable signal-to-noise ratio in the high lc region of the 
EXAFS spectra. The sample cell was made from two 
rectangular slabs, 5.0 x 2.5 x 0.6 cm, milled from BN 
(Union Carbide, Cleveland, OH). BN was selected as the 
material for the sample cell because it has a low X-ray 
absorption coefficient in the energy range of interest, 
does not react with As2Se,, is machinable, and does not 
undergo irreversible dimensional changes upon thermal 
cycling. To provide an X-ray window of low absorption 
the portion of the BN to be located in the X-ray beam 
was milled to a wall thickness of 0.7 mm. The loss of 
liquid As,Se, from the cell was prevented by using a mica 
gasket cleaved to the same thickness as the evaporated 
As2Se3 filnl and by bolting the BN slabs together with 
BN bolts as indicated in Fig. 1. The temperature of the 
film was determined to within 5 K by chroniel-alumel 
thermocouples embedded in the BN cell. 

The EXAFS measurements were conducted in the 
symbiotic mode at the Stanford Synchrotron Radiation 
Project. In this mode radiation is incident on the sample 
cell for an uninterrupted period of approximately 3 h. 
The furnace indicated in Fig. 1 was designed to minimize 
the non-usage of available beam time. Up to three BN 
cells could be loaded on the translation stage indicated in 
the figure. One cell at  a time could be heated by sliding it 
into a closely-fitting rectangular slot in the heating unit 
which consisted of BN wound with Kanthal A resistance 
wire. The X-ray beam passed through openings milled in 
the sides of the heater. The heating assembly was 
positioned in a cylindrical water-cooled vacuum chamber 
made of 304 stainless steel which was fitted with X-ray 
windows of 0.5 mil thick Kapton. To achieve rapid 
thermal cycling the chamber was evacuated and back- 
filled with 1 atm of helium. A cell could be heated from 
room temperature to 1000 K in ) h. In a separate assem- 
bly, which is not illustrated, low temperatures were 
achieved by securing the BN sample cells to a copper 
block which was cooled with liquid nitrogen. 

A detailed description of the X-ray absorption appara- 
tus is given elsewhere (11). Briefly, the high flux, broad 
band synchrotron radiation generated in the Stanford 
electron positron storage ring is incident 011 a mono- 
chromator which uses the (220) Bragg planes in a channel 
cut silicon crystal. The intensity I, of the nionochroma- 

FIG. I .  Sketch of the high temperature sample cells and 
furnace. 

tized beam incident on the furnace housing is determined 
as it passes through a transmission ion chamber. After 
transn~ission through the sample the intensity I is 
detected by a second ion chamber. The ratio I,/I of the 
digitized ion chamber currents are stored in a PDP-11/05 
minicomputer. In our experiments the computer was 
programmed to take data in the energy range 1 l 450 to 
14 150 eV from which could be extracted the EXAFS 
associated with the As and Se K edges at  11 867 and 
12 658 eV, respectively. The resolution was the order of 
1 eV. With the high photon flux available an integration 
time of 1 s per point was used for all energies. However, 
as will be indicated later this was insufficient for a good 
signal-to-noise ratio for energies 750 eV above the K 
edges of interest. Absorption data were taken at discrete 
temperatures in the range 100 to 773 K encompassing the 
amorphous and liquid states of As2Se3. One run on the 
absorption spectra of the As edge was taken at 867 K .  
Evaporation losses at  this high temperature prevented 
our obtaining data on the Se edge. 

The total absorption coefficient, obtained from the 
experimental ratio In lo/[, contains background contribu- 
tions from the furnace assembly, sample cell, and 
electrons in thc sample as well as contributions from the 
K shell electrons of interest. The background contribution 
was found by fitting the data below the edge with a second 
order polynoniial and extrapolating thro~lgh the region of 
interest. This contribution was subtracted from the data 
leaving only p(E) ,  the K shell absorption coefficient 
(including EXAFS). The data were transformed to 
momentum space by taking the zero of the kinetic energy 
of the ejected K photoelectron to be at the K edge of 
interest. The EXAFS interference function ~ ( k )  was 
determined by numerical procedures discussed in detail 
in ref. 5.  

Results and Discussion 
A representative plot of the EXAFS inter- 

ference function ~ ( k )  is shown in Fig. 2 for the 
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CROZIER ET A L  1971 

FIG. 2. The EXAFS interference function ~ ( k )  as a 
function of k  for the As K edge in liquid As2Se3 at 658 K. 

K edge of As in As2Se, at 658 K (31 K above 
the melting point). The k-space data were 
truncated at  12.3 A-' ,  beyond this value the 
signal-to-noise ratio became unacceptable. The 
dominant low frequency oscillation in ~ ( k )  is 
determined by interference of the photoelectrons 
backscattered from the nearest neighbours. 

Interatomic distances are most readily ob- 
tained by taking the Fourier transform defined 
by 

kmax 

[3] 4 )  = k 3 ~ ( k )  ei2" dk 
Z kmin 

This transform is related to a pseudocharge 
density (3) and thus is useful for determining 
atom positions. The magnitude of the +,(r) 
transform obtained from the ~ ( k )  of Fig. 2 is 
shown in Fig. 3 as a function of r. At the origin 
of the r-space is the absorbing As atom. The 
main peak, with a maximum value at  R ,  = 
2.12 A,  is determined by the atoms in the nearest 
neighbour shell. In order to obtain the magnitude 
of the nearest neighbour interatomic distance R ,  
must be corrected by the phase shift 6,(k) 
introduced in [I]. The phase shift can be 
obtained (3-5) from EXAFS data in crystalline 
As2Se3. In this paper, where our interest is in 
structural changes at  the melting point, we 
specify only the peak distance R,. It  is the R,  
peak which dominates the oscillations in ~ ( k ) .  
The shape of the R,  peak is determined by a 
number of factors including the number and 
nature of the nearest neighbours, the disorder 
term 02 ,  the nature of the +,(r) transform taken, 

FIG. 3. The magnitude of the $ , ( r )  transform as a 
function of r for liquid As,Se3 at 658 K.  The absorbing 
As atom is located at r = 0. The plot was obtained by 
transforming the ~ ( k )  shown in Fig. 2. 

and the finite range of the Fourier transform 
(which introduces a ~ i d t h  Ar z n/Ak = 0.36 A). 

The magnitude of the +,(r) transform of 
amorphous As2Se, at  619 K (8 K below the 
melting point) is shown in Fig. 4 with the 
absorbing As atom at the origin. A comparison 
of Figs. 3 and 4, and equivalent figures obtained 
with Se as the absorbing atom, indicates that 
major structural rearrangements do not occur 
in the nearest neighbour shells when the As2Se3 
is melted. However some small structural changes 
are suggested. The mean peak in the solid at 
619 K is shifted closer to the origin, the maxi- 
mum value occurs at R ,  = 2.10 A. This suggests 
that there is a slight increase in the nearest 
neighbour distance when the solid is melted. - 
More extensive data with an improved signal- 
to-noise ratio at  large k will be required to 
confirm this change in distance. The height of 
the R ,  peak in the liquid is less than that in the 
solid. Changes in peak heights can be attributed 
to changes in the number and nature of nearest 
neighbours and in the disorder term 0,'. In an 
earlier paper (12) the coordination nuii~bers Nj 
were deduced for an~orphous binary materials 
from an analysis of the nearest neighbour peak 
amplitude without including quantitatively the 
effect of the disorder term oj2. More recent 
work (8) has shown that oj2 can be determined 
separately for disordered systems. On the basis 
of the decrease in 0,' calculated below, the 
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FIG. 4. The magnitude of the $ 3 ( r )  transform as a 
function of i. for amorphous As2Se, at  619 K .  

decrease in the peak height implies a small de- 
crease in N j  \\hen the solid is melted. 

With the present data it is not possible to 
distinguish unambiguously peaks arising from 
shells of higher radii from peaks introduced by 
the nature of the Fourier transforin and the 
noise component. Hou.ever a comparison of 
Figs. 3 and-4  does show that melting introduces 
differences in the peak structure a t  larger r .  In  
subsequent experiments it will be determined if 
these differences are meaningful. 

The dependence on temperature of the dis.- 
order term o12 for the first shell of atoms can be 
determined froin a k-space analysis of the 
EXAFS data. With the assumptions that ~ ( k )  is 
determined exclusively by the interference effect 
produced by backscattering from atoins in the 
nearest neighbour shell and that R, and rVI are 
independent of temperature, [2] can be written 
as 

mherc x,(k, 0)  1s temperature independent 
These assumptions lllust be examlned more 
closely a t t h e  n~eltlng polnt (and above) u here 
there are indications that N ,  (and possibly R , )  
c h a ~ g e s  By taklng the ratlo of x at  t u o  different 
t e m p e r a t ~ ~ ~ e s  T I  and T,  me obtairi 

Piots of the logarithmic ratio 1,s. ik2 gave the 

FIG. 5. Ao2 as a function of temperature. Ao2 repre- 
sents the difference between o I 2  for amorphous or liquid 
As,Se, at temperature T and o12 for a reference amor- 
phous As2Se, at 100 K. o,> is the mean square fluctuation 
in the distance between the origin atom and the nearest 
neighbour atoms. Data obtained with As and Se as the 
origin atoms are indicated by 0 and x respectively. For 
clarity error bars have been shown only for the As data. 
The error in the Se data is comparable. 

difference Ao2 between 012(T) for amorphous or  
liquid As,Se, a t  temperature T and ~ , ~ ( 7 7  K) 
for amorphous As2Se, at  77 K .  The temperature 
dependence of Ao2 is shown in Fig. 5 for both 
As and Se as the X-ray absorbing atoms. 

I t  is seen that the disorder term oL2 increases 
with temperature in both the amorphous and 
liquid states. This can be attributed to increased 
thermal motion increasing the dynamical con- 
tribution to 0, ,  and a relaxation of the local 
structure towards a more disordered structure. 
I t  is knob n from conventional X-ray diffraction 
studies (13) that freshly deposited As,Se, films 
of the thickness used in our EXAFS studies 
relax a t  hlgher temperatures to more disordered 
structures. Temperature dependent EXAFS 
studies on crystalline As2Se, will assist in 
separating the different contributions to oI2.  An 
interesting feature of Fig. 5 is the possibility that 
the disorder term decreases at  the rnelti~lg point. 

As,Se, crystallizes into layer crystals. Within 
the layer the As and Se are covalently bonded, 
each As atom is threefold co-ordinated to Se 
atoms and each Se atom is twofold co-ordinated 
to As atoms. The bonding betmeen layers is weak; 
the smaIle\t interatonnlc separation betueen 
layers has been estimated to be 557, greater 
than the ~ntra-layer As--Se bond length (14) 
Interpretations of optical measurements agree 
that the local order in amorphous and liquid 
As,%, is similar to that found in the crystal. 
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However different models have been proposed. 
Lucovsky and Martin (15) assume a molecular 
model for the amorphous state in which pyra- 
midal AsSe, lnolecules are weakly coupled by 
bridging As-Se-As bonds. Taylor et al. (9) 
assume that the amorphous material and the 
liquid j ~ ~ s t  above the melting point reflect the 
layer structure of the crystal. On the basis of 
either of these models, the main R ,  peak in the 
+ , ( r . )  transform measures the As-Se bond 
distance (when corrected for the phase shift 
6(k )  of [2]). Far  infrared measurements (10) 
indicate that a band which peaks around 269 
cm-I  in the amorphous material experiences a 
discontinuous decrease at  the melting point of - 7 cm- I .  Arai et al. (10) attribute the band to a 
mode of the As-Se-As bridge connecting 
AsSe, n~olecules. The slight increase in R, at  the 
melting point may correlate with the decrease 
in the frequency of the bridge mode. The de- 
crease in 0, at  the melting point may be due, in 
part, to changes in the bridge angles. 

In conclusion, only small structural changes 
occur at  the melting point. Within the liniitations 
of the present data the nearest neighbour As-Se 
interatomic distance increases slightly, the 
number of nearest neighbours decreases, and the 
disorder term oi2 decreases. Further EXAFS 
measurements on crystalline, anlorphous, and 
liquid As,Se, are in progress. 

The number and type of nearest neighbours 
cannot be determined from the EXAFS data on 
As,Se, w i t h o ~ t  additional input about the 
assumed structure. Expcrilnents will be under- 
taken on binary systems in which the back- 
scattering amplitudes rj(2k) of the two species 
d i f i r  appreciably to assess if thc differences in 
the t j(2k) will permit determination of the 
nearest neighbour number and type without the 
necd for additional structural assumptions. 
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Discussion 
6. R. Freeman: How can the degree of d~sorder  In a 
material decrease  hen it is melted? 

E. D. Crozier: I believe that this q~iesiion is adequately 
covered in the printed text. 

G. R. Freernan: If it is a relaxation process, why doesn't 
the disorder decrease with increasing temperature in the 
solid ? 

E. D. Crozier: The disorder term o , ~  is temperature 
dependent because of a dynanlical contribution due to  
the thermal motion of the atoms and a. static contribution 
due t o  structural disorder. When temperature dependent 
EXAFS studies have been made on  crystalline A5,Se it  
will he possible t o  estimate the static structural disorder 
term and to  assess its ten~perature dependence for 
relaxation processes. 

J. K. Baird: You have indicated that the structure in the 
X-ray absorption coefficient just beyond the K-edge is 
causeii by the backscatter of photoelectrons from 
neighhouring atoms. Could a monochromatic beam of 
X-rays be used to  produce photoelectrons having a 
fairly well defined energy of a fraction of an electronvolt ? 
if these electrons were s~~fi icie~it ly monochromatic. they 
might be ~ ised  t o  sample the efict ive election scatiering 
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cross sections in the condensed phase. For example, one 
might look for a Ramsauer minimum in the condensed 
phase cross section, evidence for which has been presented 
in L. G .  Christophorou's analysis of the electron 1110- 

bilities in the liquified rare gases. 

E. D. Crozier: That portion of the fine structure in the 
X-ray absorption coefficient referred to  as extended is 
assumed to begin about 30 eV above the edge. Below 30 
eV the interpretation of the fine structure is complicated 
by many body interactions, the distortion of the excited 
state wave function by the Coulon~b field of the excited 
atom and the density of final states. In principle a mono- 
chromatic beam of X-rays could be used to  produce in the 
condensed phase of interest photoelectrons with a well- 
defined energy. However, I am unable to  state at  the 
rnoment whether the complexity of the absorption fine 
structure seen near the edge would obscure the Ramsauer 
rninilnum in something like liquid krypton. 

D. E. Brodie: Is the structure between the origin and the 
first coordination peak real? 

E. D. Crozier: The emphasis in the r-space analysis of 
the data presented in this paper was placed on the 

structure associated with the first shell of radius R,  
indicated by the main peak in the magnitude of the 
+,(r) transform. Some of the structure between the 
origin and R, is an artefact of the Fourier-transform 
taken. Some structure may result from the analytical 
procedures used to  extract x(k) from raw experimental 
data. However, there is a possibility that the peak for r 
less than 1 A can be attributed to scattering from valence 
electrons in the chemical bond. This question is under 
study. 

K. Ichikaaa: Have you considered applying the EXAFS 
technique to  simple ionic melts such as NaCl and t o  
ionic melts which may have complex ionic species? 

E. D. Crozier: The EXAFS technique can yield local 
structural information about ionic melts. The K edges of 
Na and C1 occur at low energies and thus it is currently 
not feasible to d o  the NaCl system. A system such as KBr 
would be feasible. The EXAFS technique has been 
applied recently by Lytle and Wong to  a glass containing 
ZnC1,. Measurements were made in both the glass and 
liquid states. 
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Electrical properties of some molten ternary semiconductors 

Deprii.ti,~rr/t of'C/~crtiisfr:\, Fric.~i/r~. c;f'.S'c,irtic.e. NohX(iido L'iiii,rrtit?.. S/ipporo. J(ipiir~ 
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Y o s ~ r o  N A K A ~ ~ U R A ,  MASAMITSU NAOI, and Mrrsuo SHILIOJI. Can. J. Chem. 55. 1975 (1977). 
The electricai conductivity and thermoelectric power of molten AgTISe,, AgTISe, and 

TI,Se, have been measured as a function of temperature. The effect of doping with Ag, TI, and 
Se on the electrical properties of molten AgTlSe has also been studied. The results are discussed 
in terms of the pseudogap model. 

YOSHIV NAKA~IURA,  ~ ~ A S A M I T S U  NAOI et MITSUO SHIMOJI. Can. J. Chem. 55, 1975 (1977). 
On a mesure, en fonction de la temperature, la conductivitC tlectrique et le pouvoir thermoi- 

lectrique des AgTlSe*, AgTlSe et TI,Se, B I'etat fondu. On a aussi Ctudit l'effet de dopage avec 
Ag, TI et Se sur les proprietes electriques du AgTlSe fondu. On discute des resultats en termes 
d'un modele de "pseudogap". 

[Traduit par le journal] 

In the previous paper ( l ) ,  we have reported 
the electrical conductivity and thermoelectric 1 
power of some molten ternary semiconductors 
ABC, (A: Gu, Ag; B: TI, Sb, Bi; C :  Se, Te). The 

I 

observed conductivity values of these com- 
pounds just above their respective melting points 

T~ 

1 
range froin 2.5 to 2300 ohm-' cm-l.  It has been 1 
shown that the con~pounds studied are classified " 
into two groups : the  electrical conduction of the 

1 
0 one group with higher electrical conductivity _o 

can be interpreted in terms of the strong scat- 
tering model and that of the other group with 
lower electrical conductivity ( 5 2 0 0  ohm-' cm- ') 
in terms of the pseudogap model due to 
Mott-CFO (2, 3). 

In this study we have measured the electrical I 
conductivity and thermoelectric power of molten 1 , , , , , , , A 
AgTISe,, AgTlSe, and Tl,Se,. The effect of 1.0 1.5 2 .O 

nonstoichiometric doping on the electrical 1000/T 

properties of moltell AgTlSe has also been in- FIG. 1. The electrical conductivity of molten AgTlSe,, 

vestigated in order to test the validity of the AgT'Sey and 

pseudogap model. and Tl,Se, as a function of the reciprocal 

Experimental absolute temperature, 1 IT. The thermoelectric 
power, S ,  is also plotted as a function of l /T  in 

The experimental procedures are the sarne as those 
described elsewhere (1). The conductivitv was measured Fig. 2.  The fit in with the 
by the dc four-probemethod with tungsten electrodes relatio11~: 
sheathed with graphite rods. The thermoelectric power 
was determined from the emf's developed by temperature 1 o = (7 exp [ -  Eo(0)//tT] 
gradients between the two potential electrodes of the 
measuring cell. The purities of the elements used mere and 
99.999% for Ag and Se and 99.95% for TI. PI S = (k/e)[Es(0)/kT + B] 

Results and Discussion The observed positive sign of the thernloelectric 
Figure 1 shows the logarithm of the electric power suggests that conduction may be domin- 

conductivity, o, of molten AgTlSe,. AgT1Se. ated by holes in the extended states in the 
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FIG. 2. The thermoelectric poner of molten AgTISe,, 
AgTISe, and T12Se,. 

valence band. According to the pseudogap 
model. the hole conduction in the extended 
state gives rise to E,(O) = Es(0). The values of 
E,(O) and Es(0) for AgTISe,, AgTISe, and 
Tl,Se, are shown in Table 1 together with those 
for CuTlSe,, AgTITe,, and CuSbSe, reported 
earlier (1). We found E,(O) > Es(0), except for 
AgTlSe. in which E,(0) < Es(0). The inequality, 
E,(O) > Es(0), may be accounted for with an 
intrinsic two carrier model with a symmetr~c 
density of states (4). Though this may also be 
interpreted as originating with thermally as- 
sisted hopping conduction which has been 
suggested foi- ainorphous semiconductors ( 5 ) ,  
it is reasonable to assume that conduction is 
dominated by carriers in extended states at  such 
high temperatures as in the molten state. The 
result E,(O) < Es(0) for AgTlSe. which was also 
found for molten As-Se and As,Se,-As,Te,, 
can be explained on the basis of an intrinsic two 
carrier model with asymmetac density of states 
(6 ) .  

In the intrinsic two carrier model, the conduc- 

TABLE 1. Parameters of the pseudogap model 

4 ( 0 )  p x lo4? 
Substance (eV) (eV) ooc/oo, (eV/deg) 

~p 

AgTISe, 0.46 0.31 0.19 7 
AgT1Se2* 0.45 0.25 0.29 6 
T12Se, 0.43 0 .24 0.28 6 
CuTlSe," 0 .20 0.12 0.25 4 
AgTlTe," 0.23 0.14 0 .24 8 
CuSbSe," 0.56 0.50 0.06 9 
AgTlSe 0.33 0.42 - - 

*Reference 1. 
? A  is assumed to be unity. 

tivity and thermoelectric power can be written 
as a sum of the respective contributions of 
electrons (subscript c) and holes (subscript v): 

[3] o = o, + o, = o,, exp [ -  (E, - E,)/kT] 
+ exp [ -  (EF - & ) I k T ]  

and 

C41 
B 0 

S = " S  + L S ,  
o c  o 

S, and S, are given by (3): 

where E, and E, are mobility edges of the 
conduction and valence bands, respectively, 
and EF is the Fermi energy. The constants A, 
and A, depend on the scattering mechanism. In 
the symmetric density of states model (4), it is 
assumed that Ec - E, = EF - E, = (112) 
(E ,  - E\) (Fig. 3a). 'Then, if it is assumed that 
Ec - C; = E, - PT, we have: 

and 

where A = A, = A, is assumed. Comparing 
[ I ]  and [2] with [7] and [8], respectively, we have 
E,(O) = Eol2 and ES(O) = {(DO, - oo,)/(oo, + 

FIG. 3. (a) Symmetric density of states model and (b) 
asymmetric density of states model. Localized states 
are shown shaded. EM = (Ec f Ev)/2, EF(0) = (EA + 
E B ) / ~ .  
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WAKAMURA ET AL. 1977 

ooY))  (E0/2). I t  is obvious that E,(O) > Es(0), 
since (o,,, - o,,)/(o,, + o,,,) < 1 .  If A is as- 
sumed to be unity, the parameters o,, + o,,, 
o,,/o,,, and p can be determined from the ex- 
perimental data (Table I ) .  The parameters o,, 
and o,, can be related to the mobility of carriers 
and density of states a t  the respective mobility 
edges (4). 

In order to account for the inequality EJO) < 
E,(O) found for molten AgTISe, we adopt the 
asymmetric density of states model (6). In this 
model, the center of the density of states gap, 
EF(0) = (E,  + EB)/2, is different from the 
center of the mobility gap, E,, = (E, + E,.)/2, as 
shown in Fig. 3b. From the observed sign of S, 
we assunle that conduction by holes is dominant. 
This can be achieved, if (E, - EF) is larger than 
(EF - Ev) by several kT as can be seen in [3]. 
The factor o,jo in [4] is approximately given by 

which increases exponentially with temperature. 
This indicates that the negative term of S,  in 
[4] makes the positive total thermoelectric 
power decrease more rapidly at  higher tempera- 
tures. Consequently, the obtained apparent 
activation energy of S, E,(O): is larger than that 
of the single Sv term which is equal to the 
conductivity activation energy, Eo(0). This may 
be the case for molten AgTISe. 

To  confirm this interpretation, we have in- 
vestigated the effect of the excess TI, Ag, and Se 
on  the electrical properties of molten AgTlSe. 
The results are shown in Figs. 4, 5, and 6. Ag 
and T1 behave quite similarly, indicating that 
the excess TI acts as a monovalent metal as ill 
molten TI,X (X: S, Se, Te) (7). The experi- 
mental results are summarized as follows: (i) 
the addition of Ag and Ti (up to 2 at.%) causes 
a slight change of the slope of In o cs. l/T, and 
a change of the sign of S (positive to negative), 
while the values of o itself do  not change con- 
siderably. (ii) the addition of Se (up to 2 at.%) 
causes an  increase of o by a factor of -3-4 and 
decrease of the slope of S cs. 1/T, while the 
slope of In o us. 1/T and the values of S d o  not 
change significantly. 

These results will be interpreted qualitatively 
in the framework of the asymmetric density of 
states model. The dissolved Ag and T1 atoms will 
behave as donor centers, giving valence electrons 

FIG. 4. The electrical conductivity of molten AgTiSe 
doped with Ag and Se. @, 0.5 at.% Ag; A, 1.0 at.% Ag; 
E, 2.0 at.% Ag. 

I 1 
1.1 1.3 7 5 

1000 / T  

FIG. 5. The thermoelectric power of molten AgTlSe 
doped with Ag and Se. 

to the conduction band. However, because of 
the localized region in the conduction band. not 
all of these electrons are In the extended states 
at  iower temperatures. At the same time, the 
introduction of donor electrons reduces the 
number of holes through the well known mass- 
action law. Thus it appears reasonable to 
assume that o, and o, are compatible at  the 
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FIG. 6. The electrical conductivity and thernloelectric 
power of molten AgTlSe doped with TI. @, 0.5 at.% TI: 
A, 1.0 at.% TI;  0, 2.0 at.% TI. 

lower end of the temperature range of the present 
study, and o, becomes larger than o,, a t  higher 
temperatures. This is clearly seen from the 
curves of S in Fig. 5.  The values of S are prac- 
tically zero at  lower temperatures and becon~e 
large and negative a t  high temperatures. On the 
other hand, the excess Se may act as acceptor 
and create holes in the valence band. As these 
Iloles are in the extended states, the conductivity 
increases immediately. The suppression of the 
electron concentration by the introduction of 
holes would make the contribution of electrons 
to the ther~lloelectric power negligible even a t  
higher temperatures. In consequence, the slope 
of S cs. 1;'T becomes less steep and close to the 
slope of In o us. 1jT: for instance. we found 
E,(O) = 0.33 eV and E,(O) = 0.31 eV for 1 at.% 
Se doped sample. 

Though the arguments given above are still 
qualitative, we think that the present experi- 
mental data are well explained in the framework 
of the pseudogap model for amorphous semi- 
conductors. For further quantitative arguments, 

it will be necessary to determine the contribu- 
tions of both electrons and holes separately to 
the carrier density, mobility, etc. The determina- 
tion of the band structure from optical measure- 
ments will also be needed. 
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Discussion 

G. R. Freeman: How good is the approximation that the 
density of states in the band tail varies linearly with E? 

M. Shimoji: It is now a very difficult task to derive accu- 
rately the density of states of real semiconducting liquids 
from first-principle methods, since it depends strongly on 
potentials. the distlibution of which is highly fluctuating. 
Therefore, the density of states of such mate~ials  is some- 
times conveniently written as a linear function of E to show 
schematically the relative positions of the Fermi energy, 
mobility edges. and band tails in an energy scale. Expeii- 
mental information due to optical measurements. etc., is of 
course required for this problem (cf. N. F. Mott. Philos. 
Mag. 22,7 (1970): E. A.  Davis and N .  F. Mott. Philos. Mag. 
22.903 (1970)). 

L. Onsager: By common usage in solid state lore. 'elec- 
trons' are excess electrons in a conduction band, while 
'holes' are unoccupied states in the valence band. In a 
semiconductor the proportion of such entities relative to 
the density of states is typically small everywhere (except 
for any states introduced by dopants). 

M. Shimoji: Thanlc you very much for yogr pertinent com- 
ments. Because of large fluctuations of potentials the 
charge carriers excited to the extended states in noncrys- 
talline semiconductors are supposed to correspond to 
those in a conduction (or valence) band of crystalline mate- 
rials. 
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Electron spin resonance studies of preferential solvation 
in solutions of potassium in amines and ethers 
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R .  CATTERALL. J .  S L ~ F E R .  and M.  C .  R.  S Y ~ I O N S .  Can.  J .  Chem 55. 1979 (1977) 

Electron spin resonance spectra of solutions of p o t a s s i ~ ~ m  in tetrahqdrofuran-ethylamine. 
tetrahydrofuran-diglyme, ethylamine-diglyme. and ethylamine-ethylenediamine mixtures are 
reported and compared with spectra obtained from the four pure solvents. Strong evidence for 
preferential solvation was observed in all mixtures, with the strength of solvation increasing in the 
order tetrahydrofuran < ethylamine < diglyme < ethylenediamine. Electron spin resonance 
spectra of mixtures containing ethylenediamine were used to investigate the nature of the single 
line spectrum obtained from solutions in ethylenediamine alone. It is concluded that this signal is 
an 'ammonia-like' time averaged spectrum arising from solvated electrons and ion-pairs. 

R.  CATTERALL. J .  S L A T E R ~ ~  M. C. R.  S~hlo lus .  Can. .I. Chem. 55. 1979 (1977) 
On rapporte des spectres rpe de solutions de potassium dans des melanges de tetrahydro- 

furanneithqlamine,  tetrahydrofuranne-diglyme. ethylamine-diglyme et ethylamineithy- 
lenediamine et on les compare avec les spectres obtenus Lpartir-des quatre solvants purs. I1 y a de 
fortes indications que l'on obsel-ve Line sol\ratation preferentie!le dans tous les melanges alors que 
la force de solvatation augmente dans I'ordre tetrahydrof~~ranne < ethylamine diglyme < 
ethylenediamine. On a utilise les spectres rpe de melanges contenant de I'ethylenediamine pour 
et~idier  la nature du spectre avec une seule ligne obtenu pour des solutions dans I'ethylenediamine 
seul. On en conclut que ce signal est un spectre moyenne dans le temps ressemblant Ll'ammoniac 
et qui derive d'electrons solvates et de paires d'ions. 

[Traduit par le journal] 

Introduction 
Although alkali metals dissolved in ainine and 

ether solvents ionize conlpletely in very dilute 
solutions, there is strong evidence that solvated 
cations and solvated clectrons form neutral ag- 
gregates of stoichiometry M as the conceiitration 
of metal is increased. 

Considerable controversy (1-7) has surrounded 
the nature of these cation-electron aggregates. 
Electron spin resonance spectra include contri- 
butions from both paramagnetic species and the 
spectra observed can be divided into two groups : 
those for which two signals are observed, a 
hyperfine multiplet from cation-electron aggre- 
gates and a central singlet from isolated soivated 
electrons, and those for which only a single 
resonance line is seen. In the latter case the 
spectra are described as a time-average of the 
two possible environments for the unpaired 

electron. Examples of the first class are solutions 
of the higher alkali metals in ethplari~ii~e and 
tetrahydrofuran (THF), whilst solutions in am- 
monia and hexamethylphosphoramide belong to 
the second class. Spectra of solutions of potas- 
sium in ethylenediamine have been reported (8) 
to consist of a single line but it is not clear 
whether this iine is a time-averaged signal ('am- 
monia-like') or an  'amine-like' signal in which 
the hyperfine lines are broad and weak as in 
1 ,2-propylenediaminel and diglyme (CH,O(CH, 
CH,O),CH,) solutions. 

In all instances where resolved hyperfine 
structure from alkali metal nuclei has been re- 
solved, the hyperfine components show a pro- 
gressive broadening towards the wings of the 
spectra. These line-width variations and also the 
temperature dependence of the splitting con- 
stants have generally been attributed either to a 

'V. A. Nicely. Unpublished results. 
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TABLE 1 .  Percent atomic character for alkali metal species in amines and ethers 

MeNM, PDA DlGL EtNH2 PrNH2 i-PrNH2 T H F  

rapidly fluctuating hyperfine interaction involv- 
ing time-dependent changes in the solvation 
shells surrounding the cations (lo), or  to an  
essentially static variation of the magnetic pa- 
rameters with minor changes in solvation efTects. 
Bar-Eli and Tuttle (4) refer to these as vibra- 
tional states, but their lifetimes would need to 
be in excess of - lo- '  s to have any appreciable 
influence on the spectra. The importance of the 
solvent in a static sense is amply illustrated by 
the wide variation in the occupancy of metal 
A-orbital as gauged by the magnitude of the 
hyperfine coupling constant relative to that in 
the free atoms (Table 1). 

Our approach to these systems has been to  
select a set of four solvents which differ widely 
in their ability to solvate cations. The four 
chosen were: ethylamine, tetrahydrofuran, ethyl- 
enediamine, and diglyme; two amines and two 
ethers. Of the two nitrogen-containing solvents, 
ethylenediamine is well known for its ability to 
chelate to metal cations, and we expect the 
entropy effect associated with coordination a t  
two sites in the molecule to contribute markedly 
to  the lifetime of solvent-metal interactions. 
Similarly, of the two oxygen-containing solvents, 
diglyme is known to be an  efficient cation solv- 
ator because of its ability to chelate, whilst T H F  
has a notoriously low solvating power. We have 
reported previously on solutions in ethylamine 
(7, 11) and T H F  (12, 13) and here we make a 
preliminary report of solutions in diglyme, eth- 
ylenediamine, and in the mixed solvent systems 
THF-ethylamine, THF-diglyme, ethylamine- 
diglyme, and ethylamine-ethylenediamine. 

Experimental 
Nigh vacuum techniques were used as described eise- 

where (14). Solvent mixture compositions were estimated 
voiumetricaliy and converted to mole fractions using the 
appropriate densities and assuming no volume changes 
on mixing. 

Electron spin resonance spectra were measured on a 
Varian E3 spectrometer. Temperature control was 
achieved using standard equipment, and field and fre- 
quency measurements were corrected by reference to 
standard samples. 

Results and Discussion 
Diglyme Solutions 

Electron spin resonance spectra consisted of 
a quartet of broad lines which almost merged 
in the saturated solutions. In  more dilute solu- 
tions an  additional central feature was apparent 
which became progressively narrower a t  higher 
dilution until a t  the limit of detectability (no 
visible blue colour) the width was 5 0 . 1  6. In 
contrast, the widths of the hyperfine lines were 
far less dependent upon concentration. The cou- 
pling constant varied from 2.0 to 5.0 G over the 
interval 15 to 35'C. 

Ethylenedianzine Solutions 
For all metal concentrations only a single 

narrow line was observed. The width of this 
feature (-0.12 G a t  room temperature) de- 
creased as temperature increased, but appeared 
to  be independent of metal concentration. 

Ethylamine and Tetra/zydrofuran Solutions 
The temperature dependence of the hyperfine 

coupling constants is compared with that for 
diglyme solutions in Fig. 1.  Results for ethyl- 
amine are in good agreement with those reported 
in refs. 4 and 7 and we are again unable to re- 
produce the temperature dependence reported 
in ref. 10. 

Mixed Solueiat S~*ster.ns 
The dependence of the coupling constants 

upon solvent composition for the four systems 
studied is given in Figs. 2-5. In all cases the con- 
centration of the more efficient solvating medium 
increases to the right and we note that A values 
always decrease as this solvent is added. Varia- 
tions of coup!ing constants were always smooth 
functions of solvent composition and no trace of 
discontinuous or 'stepped9 behaviour was ever 
observed. In all cases there was an initial rapid 
decrease in A value as the first few percent of the 
better solvating medium was added. In an  early 
paper (7) we reported that the A value of solu- 
tions of potassium in a 1 : 1 mixture of ethylamine 
and butylamine was greater than that of either 
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T E M P E R A T U R E  ( " C )  MOLE F R A C T I O N  E t N H ,  

FIG. 1.   he temperature dependence of the potassium FIG. 2. The solvent dependence of the hyperfine 
hyperfine coupling constant ( A d  for solutions of Potas- coupling constant (A,)  to the two naturally occurring 
sium in tetrahydrofuran (TIIF), ethylatnine (EtNH2), potassiu~n isotopes in solutions of potassium in tetra- 
and diglyme. EtNH2 data: 0, this work; A, ref. 4. hydrofuran-ethylamine mixtures. 

pure solvent but approximately equal to the which cannot chelate to cations, was added to 
splitting in propylamine. N o  trace of this type solutions of potassiun~ in THF. 
of behaviour was observed in the present work. 

Preferential Solcation For  solutions in ethylamine-ethylenediamine T h e  binary solvent systems shown in Figs. 2-5 mixtures hyperfine structure was only resolved have all been arranged so that the solvent giving for solutions containing less than about 20 m o l z  
ethylenediamine (see below). Line widths of the rise to the highest hyperfine coupling constant is 

on the left. In all systems we observed an initial hyperfine components were almost completely rapid decrease in the coupling constant as the independent of metal concentration but in- second solvent was added, whilst the departures creased rapidly with increasing concentratioll of from linearity in the trends between the pure ethylenediamine. solvents indicate that the second solvent in each 
Line-it~idths and Tirne-dependent Processes 

When small amounts of diglyme were added 
to solutions of potassium in THF, the width of 
the hyperfine lines increased. The rate of in- 
crease of line width was greatest for the outer- 
most lines so that spectra with extreme line- 
width variation were observed. For  the outer- 
most lines the widths in soIutions containing 
more than 8 m o l z  diglyme were greater than 
those observed in either pure solvent. In  contrast 
the A and g factors were always within the range 
of the pure solvent values. In marked contrast 
t o  these results, no  significant changes in line- 
widths were observed when ethylamine, a solvent 

case is the more effective in determining the k 
value than would be expected for random solvent 
mixtures. A reduction in A value, indicating a 
lower unpaired electron spin density in the outer 
metal s orbital, is consistent with an  increased 
population of the metal s orbital resulting from 
solvation effects such as the donation of oxygen 
or  nitrogen lone pairs to the metal. Accordingly 
we attribute the observed changes in A value to 
a competition between different solvents for the 
metal cations ( M f )  within the species of stoi- 
chiometry M which is responsible for the electron 
spin resonance spectra. The departures from 
linearity in Figs. 2-5 thus represent preferential 
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2 I 1 I I I 1 
0  0 .  2 0 . q  0 . 6  0 . 8  1 . 0  

MOLE F R A C T I O N  O I G L Y M E  

FIG. 3. The solvent dependence of the potassium 
hyperfine coupling constant (A,)  in solutions of potas- 
sium in tetrahydrofuran-diglyllle mixtures. 

E t N H 2  - O I G L Y M E  

o m  
0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  

MOLE FRACTION OIGLYME 

FIG. 4. The solvent dependence of the potassium 
hyperfine coupling constant (A,)  in solutions of potas- 
sium in ethylamine-diglyme mixtures. 

MOLE FRACTION ED 

FIG. 5 .  The solvent dependence of the potassium 
hyperfine coupling constant ( A K )  in solutions of potas- 
sium in ethylamine-ethylenediamine. 0, from individ- 
ually prepared samples; x ,  samples prepared succes- 
sively by dilution techniques. 

solvation of alkali metal cations. Preferential 
solvation as a cause of varying coupling con- 
stant was proposed for solutions of potassium 
in mixtures of ethylamine and methylamine (4). 

The initial gradients in Figs. 2-5 can be used 
to establish an order of solvents reflecting the - 
strength of the solvation forces : tetrahydrofuran 
< ethylamine < diglyme < ethylenediamine. As 
might be expected, solvents capable of forming 
chelate complexes with the metal ions are sig- 
nificantly more effective in reducing the A value 
than are monodentate ligands, whilst within this 
broad distinction, amines are more effective 
than ethers. 

The linewidth effects observed when diglyme 
is added to tetrahydrofuran solutions are in- 
dicative of a slowing down of fluctuations of the - 
hyperfine coupling constant, resulting from the 
tighter binding of solvent to metal in a chelate 
complex. 

Ethylanzine-Ethylenedinmine Solufions 
The esr spectra of solutions of potassium in 

mixtures of ethylamine with ethylenediamine and 
diglyme show significant differences. For mix- 
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tures with diglyme the spectra trended smoothly 
from one solvent to the other, but the behaviour 
of mixtures containing ethylenediamine was 
more complex and similar to that observed in 
solutions of potassium in mixtures of ethylamine 
and methylamine (4). The hyperfine coupling 
constant decreased rapidly (Fig. 5)  as the dia- 
mine was added and all the lines broadened 
strongly and approximately equally until no 
trace of the hyperfine structure was observed at 
around 20 moly, ethylenediamine. Above this 
concentration the single line broadened and then 
sharpened up again over a very narrow con- 
centration region. Since no dependence of line- 
widths of the hyperfine components on metal 
concentration was observed and no difference 
was observed between the broadening rates for 
the inner and outer lines, the fluctuation of the 
coupling constant to the metal nucleus cannot 
be the dominant electron relaxation mechanism 
in ethylamine-ethylenediamine mixtures. In- 
stead we interpret these results in terms of [I].  If 
this equilibrium is governed by sufficiently high 
rate constants the coupling between the un- 
paired electron and the alkali metal nucleus will 
be randomized and as the rates increase the lines 
will broaden equally, coalesce, and finally 
sharpen up to a single line characteristic of a 
time averaged environment. 

For this mechanism to be operative we re- 
quire the rate constants governing [ I ]  to be low 
in ethylamine and diglyme, but higher in eth- 
ylenediamine. The critical region is that which 
gives rise to effective lifetimes of the electron- 
cation aggregates of the order of the inverse of 
the hyperfine splitting constants. For ethylamine 
and diglyme these times are 0.36 and 1.2 x 

s, respectively. 
For [I],  the mean lifetime (1 5) of the aggre- 

gates, t, is given by 

where k ,  is the forward rate constant and Ka, 
the association equilibrium constant (9) : 

PI K,, = exp (Z,Z,e2/aDskT) 

and k ,  is given by (15) 

where Z,  and Z, are ionic charges, n, Lo, e,  k, 
and T have their usual significance, D, is the 

static dielectric constant of the medium, a is an 
ion separation parameter, and D, and DM are 
diffusion coefficients of e,,,,- and M t  in the 
medium concerned. 

We estimate D, and DM from values in am- 
monia (16) by correcting for viscosity changes. 
K,, for ethylamine we have estimated (17) from 
values of [e-1, [K], and total metal concentra- 
tion, and reasonable estimates for K,, in diglyme 
and ethylenediamine were obtained from this 
value by correcting for changes in D,. When 
this is done we find that the product T,A for 
ethylamine (-30) and diglyme (-7) are > 1 
indicating that resolved hyperfine structure is to 
be expected, whilst for ethylenediamine (-0.04) 
r,A << 1 indicating that a time-averaged signal 
is all we can hope to observe. 
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Discussion 
LJ. Schwindewolf: Is there a correlation between the esr 
spectra and optical spectra? 

R. Catterall: In recent work carried out at  the Chalk 
River Nuclear Laboratories in collaboration with Dr. 
W. A. Seddon we have attempted to correlate esr spectra 
with transient optical absorption bands produced after 
pulsed electron radiolysis of solutions of alkali metal 
salts. A general correlation is discussed in a later paper 
by Dr. Seddon, Dr. J. W. Fletcher, and myself (Can. J. 
Chem. This issue.). For the solutions of sodium tetra- 
phenylboron in tetrahydrofuran-diglyme mixtures we ob- 
served two bands, one at 890 nm very similar t o  the one 
produced in NaB+4-THF and another at -1800 nm 
characteristic of NaB$,-diglyme. The relative intensity 
of these bands varied with solvent composition and the 
spectra showed an isobestic point. This appears to be 
strong qualitative cvidencc for a two-state model for the 
paramagnetic monomer species in THF-diglyme mix- 
tures. However, some of the 900 nm band is present in 
NaB$,-diglyme without any THF. 

S. A. Rice: Would you please comment on your esr 
measurements and pulse rad~olysis of diglyme-THF mix- 
tures in comparison to the flash photolysis experiments 
on sodium-diglyme solutions of Kloosterboer et al. 
(J. 6. Kloosterboer, L. 9. Giling, R. P. H. Rettschnick, 
and J. D.  W. Van Voorst. Chem. Phys. Lett 8, 462 
(1971)). 

R. Catterall: Kloosterboer et 01. flashed the band at - 700 nm assigned to Na- anions in solutions of sodium 
metal in diglyme at -6O0C, and observed the formation 
of a band in the infrared at  -- 1600 nm which they as- 
signed to the solvated electron. As this band decayed 
they observed the growth of a new band at  -850 nm 
which then slowly decayed to regenerate the original band 
of Na- at  -700 nm. They assigned the intermediate 
band at 850 nm to an aggregate of Na+  and e-  b y  
analogy with the band observed in T H F  solutions. How- 
ever, the esr spectra of potassium in diglyme reveal a 
hyperfine coupling of only 3.7 G (23°C) whereas we cor- 
relate an absorption band at -900 nm with a coupling 
constant of - 30 G (see Seddon et al. Can. J. Chem. This 
issue.). One possible explanation might be that the band 
at  -- 1600 nm observed by Kloosterboer et al. was the 

'ion-pair' as we suppose, and that the band they observed 
at  N 850 nm was in fact due to K -  (produced from pcrtas- 
sium impurity) which then slowly converted to Na- at  
700 nm. A slow conversion of K -  to Na- such as this 
has been observed after pulse radiolysis of mixed metal 
solutions (9. W. Fletcher and W. A. Seddon. J. Phys. 
Chem. 79, 3055 (1975)). 

J. It. Dye: The two types of ion-pairs, one with low 
hyperfine splitting and an infrared absorption band, and 
the other with high hyperfine splitting and an absorption 
band nearer the visible would be better described as 
solvent-shared ion-pairs and contact ion-pairs, respec- 
tively. In this way, you can have both present even in 
a single soluenr. 

R. Catterall: I'm quite happy to accept your nomen- 
clature. Certainly we do see evidence for two types of 
ion-pairs between e,- and Na t  after pulse radiolysis of 
NaB$4 in diglyme. The dominant band, peaking at  - 1800 nm is slightly blue-shifted from its position in 
pure diglyme, and this we attribute to the loose ion-pair 
formed between a chelared sodium cation and a solvated 
electron. The weaker band that we observe at  ~ 9 0 0  nm 
(which is close to that observed in NaBc$-THF) we also 
attribute to an ion-pair of a Na+-diglyme cation with a 
solvated electron, but in this case we envisage the glyme 
as being attached to the cation as a monodentate ligand. 
The hyperfine coupling we observe by esr (-3.7 6 )  is 
then the weighted average of the two types of ion-pair, 
one (900 nm) with a coupling of -30 G and the other 
(-1600 nm) with a much smaller splitting, possibly 
50 .3  6. 

L. Onsager: How do the symptoms of hyperfine structure 
correlate with the dielectric constants? 

R. Catteralll: For solvents which can only coordinate to  
metal cations in a monodentate fashion, there is an 
approximate correlation with dieiectric constant: pro- 
pylene diamine ( 0 ,  - 14, AK - 3 G), ethylamine 
(D, N 12, AK - 10 G), isopropylamine (D, - 10, A, - 
18 G), and T H F  (D, 7, A, - 30 6). However, when 
chelating solvents are included the correlation breaks 
down completely: T H F  and diglyme have the same di- 
electric constant (-7), but A,(THF) - 30 G, whilst 
AK(diglyrne) - 3.7 6. 
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Thermal emission of excess electrons from liquid hydrocarbons 
(Extended Abstract) 

A. A. BALAKIN, I. A. BORIEV, A N D  B. S. YAKOVLEV 
lnstitr/te ofC/~enzic.al Physic>, Acricierny y f S c i e n c e ~  U S S R ,  142432 Che/ . tzogolo~.k~,  U S S R  

Received November 22. 1976 

An electrical conductivity due to a liquid-to- 
gas electron emission has been investigated in 
two-phase systems. The systems consisted of a 
liquid hydrocarbon in equilibrium with its own 
saturated vapour in vacuum. Excess electrons 
were generated in the system by 2 x lo-' s 
X-ray pulse irradiation. The conductivity cell 
consisted of two electrodes which were 1.5 cm 
diameter nickel disks separated by the distance 
d = 0.7 cm. The excess electron current was 
measured for the three following conditions: a, 
the liquid filled the total volume between elec- 
trodes; b and c, the liquid level was between elec- 
trodes at  the distance d' = 0.2 cni from the lower 
electrode, with the potential of that electrode 
being negative in the case b, but positive in the 
case c. 

Figures 1 and 2 show the current oscillograms 
for 12-hexane and isooctane. In cases a and c the 
traces of current cs. time associated ~ i t h  the 
drift of electrons to the positive electrode in the 
liquid layer d (the case a) or cl' (the case c), 
agrees with the kliown excess electron mobility, 
p, in liquids (0.09 and 7 cm2 V-I s - I  in 11-hexane 
and isooctane at  296 K). In  the case b for iso- 
octane and n-hexane the value of the current 
during the drift time, z', for an  excess electron to 
move the distance d' is significantly more than 
that in the case c. Corresponding measurements 
with tetramethylsilane (TMS) have shown that 
in the case b the current trace is the same as that 
in c. 

The fact that the curre~lt  value for n-hexane 
and isooctane in the case b was more than that in 
the case c can be connected with the transmission 

f I I 
5 IO-'S 

FIG. 1. Electron current us. time observed in n-hexane 
at  three conditions: a both electrodes immersed in liquid 
with lower electrode belng negative; b and c liquid level 
is between electrodes, with lower electrode being negative 
in case b and positive in case c. Voltage bctween elec- 
trodes = 2000 V, T = 296 K. 

FIG. 2. Electron current L.S. time observed in isooctane 
for the three conditions of Fig. 1. Voltage between 
electrodes = 600 V, T = 296 K. 
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1986 CAI\;. J .  CHEM. VOL. -55. 1977 

of excess electrons into the vapour. (For n-hexane 
this conclusion agrees with data from ref. I . )  
Con~parison of the current integrals in cases a, 
b, and c sho\ved that the bulk of electrons 
generated in the liquids were transferred to the 
vapour in a time about equal to T ' .  The coinci- 
dence of currents in cases b and c for TMS is 
evidence of the absence of electron emission for 
these conditions. 

The prompt increase of the current in case b 
for n-hexane immediately after the X-ray pulse, 
and its abrupt decrease at  a time near T ' ,  allowed 
an estimate of the delay time ( t ,  < 5 x s) 
for the electron to cross the liquid surface. For 
isooctane the value t ,  was sufficiently large to be 
recorded from current traces and it was inversely 
proportional to the electric field strength in the 
liquid, E, in the range 1.5 x 10' to 1.5 x lo3 
V/cm. 

We have attempted to connect the dependence 
of t,(E) with the height of the surface barrier 
potential. The density of the emission current 
can be presented as j(t) = z.~,(t), where n,(t) 
is the concentration of electrons in liquids near 
the liquid surface and L> is the effective velocity 
of crossing the surface by electrons. At t 2 d ' /pE 
the electrons which have not yet escaped from 
the liquid are situated near its surface in a layer 
with the characteristic thickness 1 = kT/eE (k is 
Boltzmann's constant, e is the electron charge), 
therefore 

i.e. t, - E - I ,  in agreement with the experiments. 
If we assume a conventional model of trap- 

limited transfer of excess electrons in liquid 
isooctane and a rectangular surface barrier po- 
tential with height Vo for quasifree electrons then 
we obtain: 

Here the z axis is perpendicular to the liquid 
surface, p is the reflection coefficient of electrons 
from the barrier, f(p,) is the momentum distribu- 
tion function, P = 1 - p/po is the probability of 
electron localizatioi~, po is the quasifree electron 
mobility, and m is the effective mass of an  elec- 
tron. Using the experimental values of t,, 
po = 150 & 50 cm V-' s - l ,  the Maxwellian 

distribution function for f ( p )  and m equal to the 
electron mass, we have from [ l ]  and [2] V, = 

-0.19 0.02 eV for isooctane at  296 K. The 
measurements of t ,  at  270 and 320 K allowed an 
estimate of BV/aT = -8 x eV/deg. These 
values are in a fair agreement with the results 
obtained from metal-to-liquid electron photo- 
emission data (2). 

1 .  R. M. MI\DAY,  L. D. SCHMIDT. and H. T. D ~ V I S .  J .  
Chem. Phys. 54. 31 12 (1971). 

2. R. A. HOLROYD. S. TAMES, and A.  K E ~ N E D Y .  J 
Phys. Chem. 79, 2857 (1975). 

Disc~lssion 
P .  Delahay: Did you consider backscattering of electrons 
in the gas phase? This type of scattering depends on the 
vapor pressure and the electric field in the gas phase, and 
the fraction (per unit of time) 

number of collected electrons 
number of emitted electrons 

can be considerably smaller than unity unless the ratio 
fieldlpressure is large enough. It would seem that this 
effect would affect your interpretation (particularly with 
regard to the distribution in the liquid). 

E. L. Frankevich: We did not. Actually we had no need for 
that as all electrons reach the electrodes within a time 
which is much shorter than T. This could be seen on the 
i cs, t curve for rz-hexane where no delay current exists 
and the total area under the curve (or charge collected) is 
independent of the voltage applied. The only type of 
backscattering taken into account was that due to passing 
of electrons over the potential barrier. 

L. G .  Christophorou: You assumed that all electrons in the 
Maxwell distribution with energies greater than V, 
escape from the liquid into the vacuum. As Professor 
Delahay mentioned a large fraction of these should be 
backscattered and this fraction should vary depending on 
your EjN value. Shouldn't this be reflected in your 
current cs. time curves and also in the total charge you 
collect ? 

6. Freeman: Professor Frankevich is perhaps suggesting 
that electrons that are reflected back into the liquid by the 
gas may be re-emitted into the gas. 

E. L. Frankevich: They certainly do this and it is demon- 
strated by the independence of the total electron charge 
collected by the electrodes of the voltage applied. The re- 
emittance seems to take a very short time as no delay could 
be seen for the case of n-hexane where V, is positive. 

U .  Sowada: If backscattering were important on the time- 
scale of these measurements, a delayed decay should have 
been observed for n-hexane too, which was not the case. 
The neglect of this effect seems to be justified. 
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Electron localisation: evolution of optical spectra 

Depurtmerzt of Cl?emistn, Uni1,ersity qfBritis11 Cobrmbiu, Vancouver., B.C., Cunadn V6T 1 W5 

Received September 27, 1976 

DAVID C. WALKER. Can. J .  Chem. 55. 1987 (1977) 
Attention is directed to experiments from several groups which bear on the origin of the 

electron's absorption band, particularly with regard to the spontaneous progression from 
metastable to equilibrated states and photoinduced spectral shifts. The absorption band is 
discussed as being heterogeneously broadened in both solid and liquid phases, the former 
being space-averaged and the latter time-averaged. This means that the proper extinction 
coefficients are higher than those currently in use which were evaluated on the presumptioil 
that the band was homogeneous. E,,,, is seen as a generally useful measure of the solvating 
power of solvents. 

DAVID C .  WALKER. Can. J .  Chem. 55. 1987 (1977). 
Cette publication permet d'orienter I'attention vers les experiences provenant de plusieurs 

groupes qui ont une incidence sur I'origine des bandes dabsorption d'electrons, particulieren~ent 
en ce qui a trait a la progression spontanke allant d'ktats metastables vers des etats equilibrts et 
aux deplacements spectraux photoinduits. On discute de la bailde d'absorption comrne ktant 
tlargie d'une f a ~ o n  hkterogene a la fois dans les phases solides ainsi que liquides; il se produitrait 
une moyenne des espaces dans les premieres et une moyenne dans le temps dans les derni6res. 
Ceci implique que les coefficients d'extinction appropriks sont plus hauts que ceux utilisks 
actuellement et qui ont kt6 evalues en faisant l'hypothese que la bande etait homogene. On 
considere que le E,,,, est geniralement une mesure utile du pouvoir de solvatation des solvants. 

[Traduit par le journal] 

1. Introduction There are several electron states to consider. 

~h~~ the mere absence of crystalline order I will use the following nomenclature: quasi-free 

can, in itself, give rise to electron localisation (e,,-) for delocalised; infrared absorbing (el,-) 

is a notion which has emerged in the wake of and Or partially solvated for 

extensive studies of two closely related phe- states; and (et-) Or sO1vated 

nomena: the trapping of electrons a t  vacancy (e,-) for the fully equilibrated states. 

or  at impurity sites in crystals, and the soivating 
of ions in solution. It is now known that electrons 2. Optical Absorption Bands of es-  and et- 

may be localised (and thereby give rise to 
characteristic optical absorption spectra or 
electron spin resonance absorption) in a prodi- 
gious variety of media, including many polar and 
xlonpolar liquids and amorphous solids, and in 
a t  least one fluid above its critical temperature. 
Naturally, the stability in a thermodynamic 
sense of the localised electron in these different 
environments varies considerably. Thus absorp- 
tion bands are found to  be centred from -3500 
to  -500 nm. Their stability with respect to 
chemical reaction is even more variable and 
is generally strongly temperature dependent at 
temperatures where the viscosity and diffusion 
coefficients change markedly. ~ u t  the observed 
electron state, albeit often transient or meta- 
stable, also varies with temperature because of 
changes in the medium's relaxation and solva- 
tion rates. 

These are broad and structureless. In certain 
ordered solids they tend to be only -0.2 eV 
wide at half height but generaily range from 0.5 
to 1.2 eV. In only one case (I ) ,  strongly disputed 
recently (2), has fine structure been reported 
for any of these bands. The photon energy a t  
which the absorption band maximum occurs 
(E,,,,) for the equilibrated localised electron 
depends dramatically upon the composition of 
the chemical groups constituting the wails of 
the trap. Thus E,,,,, for monoethanolamine is 
the same as an equimolar mixture of mono- 
butylamine and ethanol (1). The latter mixture, 
however, shows a much broader band, which 
suggests the broadness increases with the number 
of possible solvation energies that the medium 
can provide. 

It was thought for some time that Ei",,, 
increased monotonically with the bulk dielectric 
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constant (D,) of the solvating medium. Such a 
correlation was disproved, for instance, by 
the observation (3) that dimethylsulphoxide, with 
D, = 46, had an electron absorption band in the 
near ir similar to that of a hydrocarbon having 
D, - 2. In fact solvents like dimethylsulphoxide 
and hexamethylphosphorictriamide have well- 
defined negative stocks for strongly solvating 
positive ions, but the positive end of the molec- 
ular dipole is diffused over many weakly polar 
C-H bonds, with the result that negative 
ions (including solvated electrons, evidently) 
can be solvated to only a minor extent. E,,,, 
is thus related to the solvatioll energy of the 
medium for negative ions. Perhaps E,,,, will 
prove to be a more useful and broader-based 
factor with which to measure the relative solvat- 
ing power of solvents for negative ions than the 
empirical parameters Y: a, Z, and ET which are 
currently in use (4). 

It is interesting to note that D, was used as the 
principal guide to a solvent's solvating power 
until the dipolar aprotic solvents came to the 
fore (5). One of the advantages which would 
result from using E,,,, as a measure of solvating 
power rather than, for instance, the pyridinium 
N-phenolbetaine anion (6) for this purpose, is 
that the electron's size is more flexible and 
therefore the correlation should apply better 
to small anions. Yet one finds that in liquid 
ammonia the electron creates, and resides in, a 
rather large cavity (equal to the displacement 
of about three ammonia molecules). On the 
other hand, in solvents with bulky secondary 
groups, steric interference among the molecules 
lining the walls of the trap cause the traps to 
be more cavernous than is found with molecules 
of the same basic solvating power but without 
bulky groups. Thus secondary and tertiary 
alcohols were found to have smaller values of 
E,,,, than primary alcohols of comparable 
bond polarity (7). 

At  least two short-range factors are involved 
in determining E,,,,: The local structure and 
particularly the bond polarity a t  the walls of 
the trap (which in general will mean the protic 
character of the hydrogen atoms there) and the 
size of the cavity. To  return momentarily to 
hexamethylphosphorictriamide, it has both weak 
polarity and an extended cavity of > 8  A 
diameter due to the confrontation of six methyl 
groups, from each of four nearest neighbour 
molecules (8). 

Upon injecting electrons into a liquid which 
has been cooled to the glassy state, the absorp- 
tion band is remarkably similar, though its 
maximum is generally shifted slightly to  the 
blue and narrowed perceptibly when fully re- 
laxed in the solid relative to that in the liquid 
phase. Electron absorption bands in solvent mix- 
tures have also been extensively studied and seem 
to fall into two categories. When the solvents 
form relatively ideal solutions only a single ab- 
sorption band is found and E,,,, varies approx- 
imately linearly with volume composition be- 
tween the pure components (9), even when they 
are of widely differing solvating power (10, 11). 
However, when the solutions are nonideal (as is 
the case for alcohol-hydrocarbon mixtures) then 
the equilibrated electron spectrum resembles that 
of the pure more-polar component over a dis- 
proportionately large range of composition in 
liquids (12-14): but the immediate, unrelaxed 
spectrum can be representative of the composi- 
tion in cool viscous fluids (15), and can show 
two maxima in low temperature glasses (16). 
Small clusters of the more polar molecules seem 
to be acting as electron scavengers in these non- 
ideal solutions. 

3. Spontaneous Spectral Shifts 
Several situations are known in which the 

electron absorption band is observed to change 
with the passage of time. Invariably the shift of 
the absorption band maximum is towards the 
blue, corresponding to a lowering of the mean 
energy state of the electron. The rate of trans- 
formation increases with temperature and the 
present extremes measured are - 1012 s-I in 
liquids a t  295 K (17) and < s-I in solids 
a t  4 K (18). 

In cool liquid alcohols absorption in the 
near ir was observed to decay concurrently 
with a growth in the visible absorption band, 
the two bands being quite distinct (19). An 
absorption maximum has not yet been located 
for the ir band in the liquid but in solld ethanol 
it is a t  - 1300 nm (20). This shifting of the band 
from ir to visible wavelengths has also been 
observed in liquid alcohols a t  295 K (21), in 
glasses a t  77 K (20,22), and in glasses which were 
warmed from 4 to 77 K (23). There was a 
significant rise-then-fall of absorption a t  the 
intermediate wavelengths in both solids and 
liquids (19, 20, 24). This suggests there is either 
(i) a progressive change in the overall distribu- 
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WALKER 1989 

tion of trapped electrons or (ii) a sequential 
solvation through transient discrete, or con- 
tinuously variable, states. The development of 
the fully solvated electron spectrum grew-in in 
the liquids with a single time constant which 
has been correlated with a relaxation time for 
molecular rotation over a range of temperatures 
(19, 21, 24, 25). This suggests electrons are 
digging deeper traps in the liquids. However, in 
glassy alcohols recent results on the effects of 
scavengers have been interpreted in terms of a 
hopping mechanism (26). As implied in Section 
9, it may be more natural for electrons to be 
primarily 'seekers' in rigid low temperature 
glasses and 'diggers' in low viscosity liquids. 

Spontaneous spectral shifts probably occur 
in most systems, the time required changing 
markedly with the viscosity. They have been 
observed in viscous hydrocarbons at low tem- 
peratures as a substantially faster decay of the 
infrared side of the absorption band compared 
to  the decay rate on the visible side, which also 
resulted in E,,,, increasing with time (27). In 
many aqueous glasses at 77 K a single band was 
observable immediately after a radiation pulse 
and subsequently the red edge of this band 
decayed (28). 

But in certain other aqueous glassy systems 
(more on this later) a transient, separate, ir 
absorption band was also produced (29). In 
addition, there is reported to  be a marked shift 
in absorbance from 1060 nm to 530 nm between 
2 and 4 ps for electrons produced in aqueous 
solution a t  295 K (17). 

4. Origin of the Absorption Bands 
I t  is natural for us to regard these spontaneous 

spectral shifts as direct observations of the 
electron localisation process, marking stages in 
the chronological development of the relaxed, 
equilibrated state. We can also disturb the 
equilibrated state photochemically and observe 
subsequent relaxations, or merely change the 
temperature and hope that we are just dilating 
the time scale. Eventually we focus our inter- 
pretations of these optical properties on several 
questions about the nature of the solvated 
electron. 

(i) Is the optical transition to a bound excited 
state or to  the quasi-free state or is some of 
both involved? 

(ii) Why is the absorption band broad and 
structureless? Is it homogeneously broadened 

by phonon coupling of the excited state with a 
common ground state, or is it broadened through 
the ground state by variations in local dipoles 
and cavity sizes and is thus heterogeneous? 

(iii) If it is heterogeneously broadened do we 
observe a time-averaged or a space-averaged 
spectrum? 

(iv) D o  spontaneous spectral changes to the 
blue arise because electrons are diggers or seekers 
of deeper traps? 

(v) Is there a preferential chemical reactivity 
shown by electrons contributing predominantly 
to the red end of the band? 

(vi) What influence does the electrolyte of 
aqueous glasses have? 

Most of the information comes from electrons 
produced by radiolysis, where they start with 
a range of epithermal energies and are clustered 
together in spurs. So one should anticipate a 
somewhat different pattern of subsequent relaxa- 
tion processes (both spontaneous and induced) 
for radiation-produced electrons as opposed 
to photochemically liberated ones. In this 
respect photobleaching studies of radiation- 
produced electrons are particularly complex. 

5. Photoinduced Spectral Shifts 
When a sample of trapped electrons in 

aqueous or alcohol glasses produced by y ir- 
radiation a t  77 K was partially bleached to rid it 
of trapped electrons which were close to po- 
tential reaction partners, photoinduced com- 
pensatory spectral shifts were observed (30). 
These were termed photoshuttling, or photo- 
shuffling, since illumination with blue light 
caused loss of absorption in the blue edge of 
the band and a compensatory growth on the 
red side, and vice versa. These were permanent 
changes. Three significant inferences can be 
drawn from those observations. (n) One seems 
forced to accept the notion that the medium 
provides traps of different depth absorbing in 
different spectral regions, that is, that the band 
is heterogeneous. (b)  Since it occurs equally 
from its blue as from its red extremities the same 
type of optical transition (be it bound-bound 
or bound-free) straddles the whole band. (c) 
The changes are permanent, so subsequent 
'digging' to refurbish the original visible 
spectrum at  77 K did not occur. Furthermore, 
if refurbishing is normally accomplished by 
'seeking' then photolysis must have permanently 
altered the distribution of available traps. 
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Unfortunately, photoshuttling does not di- 
rectly aid in solving the bound-bound us. 
bound-free issue. Shuttling would be a natural 
consequence if electrons were photobleached to 
the quasi-free state and then retrapped (merely 
by a forced net depopulation of blue traps by 
blue light, and of red traps by red light). But 
equally well, if the photoexcited state was bound, 
the photon energy should be dissipared, at  least 
in part, by causing rotations of the n~olecules 
in the walls of the traps, thereby 'softening' 
those traps that absorbed light. The overall net 
effect of this would be for blue light to make 
deep (blue) traps shallower and red light to 
make shallo\v (red) traps deeper. 

These photoinduced spectral shifts refer to 
rigid media at  77 K.  Quite different results and 
inferences may be forthcoming in liquids or at  
higher temperatures. 

6. The Visible Band in Aqueous Systems 

Figure 1 shows solvated electron data from 
ref. 31 for aqueous 9.5 M LiCl pulse-irradiated 
a t  298, 198, and 93 K and observed immediately 
after a 10 ns radiation pulse. Notice that the 
band is inuch narrower at  the middle temper- 
ature, whereas the 298 and 93 K bands are very 
similar, except in intensity. At 298 K the wliole 
band subsequently decayed without a measur- 
able spectral shift. At 77 K a marked spectral 

shift occurred as indicated in Fig. 2. Absorbance 
was lost sequentially from the red end. The 
stable spectrum which was reached was siniilar 
to that found at  100 11s at  198 K.  This loss was 
not cornpensated by growth elsewhere. So the 
questions arise: ( i )  does this represent pre- 
ferential chemical reactivity by weakly trapped 
electrons or (ii) were these electrons caught in 
traps which were close to, and distorted by: 
the Coulomb field of the concomitant cation? 

This loss of a short-lived red wing to the 
visible band is common to most aqueous glasses. 
But peculiar to some, incl~lding LiCl, is another 
transient electron absorption band much further 
in the ir, which will now be mentioned. 

7. Infrared-absorbing Electron States in 
Certain Aqueous Glasses 

An isolated and distinct absorption band in 
the ir has been found to arise in pulse-irradiated 
LiCl, MgCI,, and ethylene glycol aqueous 
glasses and in D,O ice a t  77 K (29). If the line- 
shape is Lorentzian then the ir band maximum 
is indicated to be at  - 3500 nm (0.35 eV) and 
its half-bandwidth to be -0.38 eV. It has been 
shown to arise from a species with the char- 
acteristics of a weakly trapped electron. The 
species, designated e,,-, decays at  77 K but 

3.0 2.5 2.0 1.5 FIG. 2. Tirne dependence of the absorption spectrum 

E, (eV of the electron in 9.5 MLiCl  glass at 87 K.  Curves 1, 
2, and 3 were obtained 200 ns, 200 ys, and -1 h re- 

FIG. 1. Temperature dependence of the absorption spectively after the irradiation. Curve 4 shows the 
spectrum of the electron in 9.5 M LiC1 solution im- difference in absorbance between curves 1 and 2, curve 
mediately following a 1011s pulse at  298, 198, and 93 K 5 the difference between curves 2 and 3 (data from 
(data taken from Buxton and Kenisley (31)). Buxton and Kemsley, private communication). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WALKER 1991 

no  compensatory absorption was observed in 
the visible. Instead luminescence was produced 
a t  a rate commensurate with ei,- tunneling to 
geminate reaction partners. e,,- was not ob- 
servable under the same conditions in OH- ,  
K,CO,, NaC104, CaCl,, HCOONa, Mg(ClO,),, 
and Mg(CH,C0,)2 glasses (29). 

Evidently there are a t  least two spectral 
changes involved and two types of transient 
electron states to worry about in aqueous media 
a t  low temperatures, and a t  room temperature 
the picosecond changes (17) have to be fitted 
into the picture. 

8. Photobleaching of e,- in Aqueous Glasses 
Gillis and Walker (32) have recently shown 

that the same infrared-absorbing electron states 
(ei,-) as described above are produced with high 
quantum yield when trapped electrons in LiCl 
or MgC1, aqueous glasses at 77 K are subjected 
to 20 ns pulses of 694 nm light from a laser. 
These species also produce luniinescence centred 
a t  -410 Ilm as they decay, and are not found in 
K,CO, or O H -  glasses. We inferred that optical 
excitation a t  694 1-1111 (130 nm on the red side of 
the band maximum) leads to quasi-free electrons 
(which then dispose theiuselves as in pulse 
1-adiolysis, but. according to the luminescence 
kinetics, still undergo geminate reactions). These 
results certainly support the view that the optical 
transition on the red side of the band maxinlum 
is of the bound-free type; but, as ever, it does 
not prove it because it is possible for the 
electron to be thermally released from a bound 
excited state, or for that state to be autoionising. 

LiCl and MgCI, are the only two glasses of 
those studied which showed recovery of absor- 
bance at 633 nm (8)' and rapid loss of ab- 
sorbance a t  1152 nm (34) when their stable 
trapped electrons were flash bleached a t  694 nm. 
If we assume that (a) 11 52 nm would monitor 
e , ,  plus perhaps the short-lived red wing of the 
visible band which is formed during pulse 
radiolysis and maybe also during bleaching, 
while (6) 633 nm would also monitor this red 
wing plus the stable visible band and (c) 442 
only the stable visible band, then the loss of 
1152 nm absorbance concurre~lt with formation 
of 442 and 633 nm absorbance is consistent 
with some of the ei,- transforming sponta- 
neously to  the stable trapped electron e,-. This 

'R. May. Unpublished data. 

appears different from the pulse radiolysis 
situation (29) where growtll was not seen a t  
633 nm as ei,- decayed; but in that situation 
part of the red end of the visible band was con- 
currently being lost. 

Why should ei,- be formed in only 3 of the 
10 aqueous glasses which have been studied? 
Is it a structural property of those particular 
glasses or does it have a chemical origin? Is it 
just a difference of time scales? What is the 
nature of ei ,-? These are all issues currently 
being examined (35). It is curious that ei,- 
is a necessary precursor of the broad lumines- 
cence centred a t  -410 nm. It is curious because 
one wonders why quasi-free electrons, or trapped 
electrons decaying from the red wing of the 
absorption band, or laser-bleached electrons 
in OH-  and K,CO, glasses, or any of the 
melange of geminate electrons which decay 
during radiolysis, all do  not produce lumines- 
cence in the visible or near uv which would be 
observable under similar conditions. 

9. Heterogeneous Broadening in Liquid and 
Solid Phases 

Whereas there is strong evidence that the 
absorption bands in glassy solids are hetero- 
geneously broadened there is no such indication 
of this for the liquids. Consider the photo- 
bleaching results. Hydrated electrons in liquid 
water a t  295 K showed no self-induced trans- 
parency or bleaching a t  694 nm, and the time 
taken for the ground state to be repopulated 
after photoexcitation was estimated to be 
1 5 . 5  ps (36). No  photoinduced spectral shifts 
were observable either under those conditions 
(4). Likewise none were observed for the electron 
in liquid ammonia a t  -220 K.  When it was 
bleached a t  610 nm the ground state was re- 
populated in ( 5  ps (37), and it was also found 
to be homogeneously bleached a t  1060 nm with 
the relaxatio~l time estimated to be -2  x s 
(38). Contrast this with various cold solid sys- 
tems, where ( i )  hole-burning by monochro~natic 
light was found in a-methyltetrahydrofuran 
(4, 391, ethanol (40), and various aqueous glasses 
(4) and (ii) photoinduced spectral shifts occur 
with the equilibrated electron spectra(30,31,41). 

Yet it is striking how similar the electroil 
spectra in the two phases are: as if the solid has 
a distribution of traps which is just the frozen-in, 
instantaneous distribution of polarised sites in 
the liquid. The initial spectra are nearly identical 
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(see Figs. 1 and 2) and it is merely the loss of 
the red wing in the glass which results in the 
equilibrated spectra being different. 

Heterogeneity in the solid implies that each 
electron is stabilised in a traD of a  articular 
and relatively fixed energy. Each is thereby 
tinted with the characteristic absorption related 
to  that particular energy and absorbs in only a 
limited region of the overall band. The overall - 
spectrum is the envelope of this substructure. 
I t  shows the space-averaged population dis- 
tribution of trapped electrons and thus parts of 
it may be selectively bleached. 

If the liquid phase band was homogeneously 
broadened, in the strict sense of having a fine 
structure to its excited state but a single ground 
state, then its similarity with the solid phase 
would be largely fortuitous. So let us suppose 
the band in the liquid phase is heterogeneous 
also, but it is a time-averaged spectrum. That is, 
each electron in the liquid phase is continually 
and rapidly fluctuating in energy (by a factor 
of 2 or so) due to atomic and molecular motions 
of the solvent cage and due to its own wander- 
ings. (By diffusion alone e,- in water is dis- 
placed, on average, a distance of ( 4 ~ t ) '  2 .  

equal to -0.4nm. which is more than one 
solvent molecule away, in the time taken to 
rotate a solvent molecule.) The spectrum seen 
is thus the time-averaged, or instantaneous, 
distribution of these fluctuating electron energies. 
Since all electrons are alike and contribute 
equivalently to each part of the spectrum over a 
very short period of time, there is no  possibility 
for hole-burning or spectral shifts, except during 
an  exposure time which is shorter than the 
relaxation times of the vibrational and rotational 
motions which cause the fluctuations in the 
energy of the ground state. Only for exposure 
times of the order of s or less could the 
band be observed to be heterogeneous in tlie 
liquid phase. 

should apply to trapped electrons in solids. 
It should also apply to electron bands in the 
liquid phase if the band is broadened through a 
fluctuating ground state electron energy as dis- 
cussed above; for, although the excited state 
energy will also fluctuate, in general the transi- 
tion probability will fluctuate with time, so that 
at  any instant only a fraction of the species 
present will absorb significantly at  1,. 

If the substructure bands are narrow and 
essentially nonoverlapping then the overall 
band envelope merely shows the population dis- 
tribution (4). A point on the side of the overall 
band then does not represent a lower E than 
the peak, merely a smaller population density. 
The narrower the underlying bands are the 
larger becomes. Bleaching was found a t  
694 nm but not at  633 nm in aqueous and x -  
methyltetrahydrofuran glasses (4), so one infers 
substructure bands of less than 1400 cm-' in 
a band of total width of - 19 000 cm- '. This 
suggests that E " ~ ~ ~ ~ ~ / E ~ ~ ~ ~  is greater than 14. 
Since E ~ " ' " "  is typically evaluated to be 2 x 
lo4 M-I  cm-' or more a t  the band maximum, 
on tlie presumption that the band was homo- 
geneous, it follows that the real values may be 
3 x lo5 M - '  cni-'  or  more. An extinction 
coefficient of 3 x lo5 M -  ' cm-I is equivalent 
to an absorption cross section of 5 A* which, 
quite incidentally, is con~parable to the cross- 
sectional area estimated for the charge dis- 
tribution of the hydrated electron (33). 

When should the real ( E ~ " " ' " )  values of extinc- 
tion coefficient be used? In theoretical calcula- 
tions, when the oscillator strength is evaluated, 
E is coupled with the bandwidth of the particular 
trap. In yield measureinents C and E are coupled 
through the GI value; so that until the concentra- 
tion of a particular type of trap has been 
evaluated is not required. However, for 
photochemical processes (such as bleaching) the 
absolute value of E is needed. 

10. Extinction Coefficients 
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Discussion 
J. Jortner: I would like to comment on the problem of 
homogeneous us. inhomogeneous (heterogeneous) line 
broadening. Adopting the wellknown concepts of solid 
state physics hon~ogeneous broadening involves line 
width originating from optical absorption of a single type 
of absorbing centre. A Gaussian line shape does not 
necessarily imply evidence for inhomogeneous broaden- 
ing. When a single type of centre interacts with lattice 
(or liquid) phonons two types of electron-phonon 
coupling should be distinguished. In the weak coupling 
limit a narrow zero-phonon line is exhibited, its width 
being determined by TI  (level depletion via relaxation) 
process, T, type (line broadening) processes as well as by 
inhomogeneous broadening. The total line width is 
10-2-l~cm-1, depending on temperature. The second 
limit is the strong electron-phonon coupling, a situation 
which we will be concerned with here. In this case the line 
width is Gaussian, without invoking inhomogeneous 
broadening. Such situations are commonly encountered 
in solids, e.g. F centres, alkali halides, and rare-gas solids. 
T o  distinguish between homogeneous or inhomogeneous 
broadening one can use hole burning methods or the 
technique of photon echoes. Hole burning experiments on 
trapped electrons in solids provide conclusive evidence 
for inhomogeneous broadening. It should, however, be 
recalled that the hole burned by a narrow-band optical 
excitation is wide, -0.1 eV, which corresponds to  the 
occurrence of bleaching of a phonon-broadened single 
centre. In liquids the experimental evidence for the Bell 
group provides evidence for homogeneous broadening of 
the solvated electron band in NH, in the range 1.6 to  
0.8 Fm. 

D. C. Walker: My point is that the bands in liquids at  
295 K and glasses at 77 K are essentially the same; so if 
we accept that there are traps of different depths in the 
solids then a comparable distribution of ground state 
energies seems likely for the liquids. 

J. Jortner: It is apparent that the uncertainty argument 
for the line broadening - eV of individual 'homo- 
geneous bonds' does not apply for the situation of strong 
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phonon coupling. The absorption line widths shown by 
Kestner for a single trapping centre are -0.2 eV broad. 

D. C. \Talker: I should have talked only about sub- 
structure bands \\hose midth is seen to  be < 0.17 eV from 
bleaching studies in glasses, rather than use the only 
relaxation time measurement (which refers to  liquid) t o  
make deductions about the possible band widths. 

J. Jortner: Finally, I v~ould like to comment on Walker's 
analysis of the oscillator strengths for the optical absorp- 
tion. When phonon broadening prevails the intensity has 
to  be summed over all vibronic transitions. The sum 
rule for Franck-Condon vibrational overlap factors will 
result in the electronic term which is extracted from 
experiment and corroborated with theoretical calcula- 
tions. 

D. C. Walker: Regarding the oscillator strengths, they 
are calculated for each trap and refer to  the substructure 
band. Since their band width is much less than the overall 
band envelope the appropriate extinction coefficient is 
correspondingly larger. In the limit, if one bleaches away 
(or preferentially destroys by reaction) all trapped 
electrons except those few which dominate the absorbance 
at h, then you still have nearly the same absorbance at I,, 
but the extinction coefficient evaluated from it is based on 
the small concentration of traps absorbing at i.,. 

A. C. Albrecht: The idea that the broad electron (statically 
trapped?) absorption band actually is 'heterogeneous' 
and reflects a distribution of traps seems to  contradict 
the fact that the transient photoconductivity signals 
(from trapped electrons in nonpolar glasses), once 
generated by red (or far-red) excitation, are then fully 
removed in the visible and near ultraviolet. This is 
contrary to  spectral hole burning. A view consistent with 
both observations is to  say that those electrons primarily 
responsible for the absorption effects are not the ones 
giving the transient photoelectric signals. 

D. C. Walker: However, hole burning of trapped electron 
bands has been seen under laser excitation in nonpolar 
(MTHF and 3MP) media in different regions of their 
spectra, including 694, 1338, and -2300 nm. 

A. C. Albrecht: Another point is that in explaining the 
energy distribution in absorption spectra a bias always 
seems to  creep in which speaks in terms of environmental 
effects on the ground state of the trapped electron. In 
fact such effects are almost certainly actually dominant 
in the excited state of the electron, quasifree, perhaps, 
and it is there where one should seek the origin of the 
spectral shifts. If the spectrally significant shifts of the 
ground state are to  be seen (not just of the order of kT) 
then significant entropy changes must accompany this as 
well, in order to  justify a detectable population of species 
having a spectrally irnportant difference in ground state 
energies. These comments of course refer only to  spectra 
of an equilibrated sample, not one which is still developing 
in time. 

9). C. FValker: Yes, I agree that one should consider 
fluctuations in the excited state energies too; but, since 
small (though significant) permanent shifts in the 

absorption spectrum can be caused by bleaching from 
either extreme of the band, it seems to  be possible to 
permanently alter the distribution of occupied traps. 

P. &I. Rentzepis: In relation t o  homogeneity, it has been 
shown by Huppert et 01. that bleaching at several positions 
of the band of methylamine-Na between 700 to  1400 nm 
shows homogeneous bleaching throughout the band. 

D. C. Walker: A band will appear to be homogeneous, 
and bleach throughout, whenever the observation time is 
significantly greater than the inverse of the frequency of 
fluctuation of the ground state energy. 

S. A. Rice: Photoconductance spectra of electrons in 
glasses implicate excited mobile states in a continuum. 
In most cases the ~hotoconductance and optical spectra 
either approximaiely coincide or the former i s  blue- 
shifted (0.2-0.5 eV) and modified compared to  the latter. 
Thus either bound-continuum or this and bound-bound 
(on the low energy tail) transitions seem to  occur for 
electrons in glasses. Such a decomposition is in agreement 
with the qualitative details of the analysis by P. Delahay. 
However, the onset of photoconductance is at  much 
lower energies than suggested by Delahay. He used a 
model based on hydrogenic photoionization in an infinite 
medium, which Huang and Ellison have questioned. 

D. C. Walker: As you know, I have not been persuaded 
that your photoconductivity spectra, when computed on 
the basis of photoconduction clcctrons per absorbed 
photon, are coincident with the absorption spectrum or 
that they show maxima which are blue-shifted. However, 
one could imagine each substructure band to  consist of a 
large bound-bound part with a long, low intensity, high 
energy tail which is a continuum in nature. These tails 
would give rise to  photoconductivity, with low quantum 
yield, throughout the main absorption band and sum 
together for the overall high energy tail which Delahay 
has discussed. 

S. A.  Rice: The experiments which have been cited to 
justify a large variation of trap depths for the electron in 
glasses are not unequivocal. Indeed the postulate of 
bound-bound (1s + 2 p )  transitions in glasses (where both 
states depend on trap depth) to  explain the absorption 
spectrum in terms trap depth variations requires these to  
be -2-4eV. Tunnelling of the trapped electron to  
scavengers should give a measure of thc binding energy 
for the electrons since less deeply trapped electrons 
tunnel faster. There seem to  be no  spectral changes (with 
different scavenger concentration or thus of different 
electron concentrations (Marshall, Pilling, and Rice). 
Finally, if trap depths d o  not vary by more than - IOkT, 
the trapped electron absorption spectrum 111ust either 
arise from the nature of the excited state or from large 
fluctuations in the ground electron havefunction due to  
structural variations of the electron trap walls. The lalter 
would not necessarily have a marked effect on the 
electron trap depth. However, thc diffcrcnt ground stare 
electron wavefunctions should have very different 
transition probabilities to the continuum states, though 
not necessarily for transitions to  the bound states. 
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D. C. \T7alker: Certainly, as the ground state energy 
changes in accordance with variations in the molecular 
configurations in the trap walls so will the energy of the 
excited state vary and this must be taken into account in 
deducing the absorption band. 

R. S. Dixon: In discussing low temperature alcohols you 
rightly pointed out the three different absorption spectra 
of electrons measured at different times, that is the broad 
infrared absorption attributed t o  weakly solvated elec- 
trons, the final spectrum attributed to  fully solvated 
electrons, and an  intermediate spectrum peaking at  - 700 nm. The evidence for the latter is good; it has been 

seen in work by Baxendale and Wardman and in our 
own laboratories. However, you seemed to imply that this 
was some intermediate state in the salvation process, i.e. 
that infrared electrons first decayed to  this intermediate 
state before finally decaying to  fully solvated electrons. 
D o  you think this is what happens? 

D. C. Walker: I did not mean to  imply that there was 
direct evidence for all electrons to pass through an 
intermediate state whose absorption band was centred at 
700 nm, only that the overall absorption band peaks there 
transiently. 
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A pulse radiolysis study of solvated electrons in dilute solutions 
of polar liquids in nonpolar solvents 

J .  H. BAXENDALE 
Cheml~rr7 Depurtmenf, Unrl el;\rfi ofManchester, Munchester M13 9PL, England 

Recened September 27, 1976 

J. H. BAXENDALE. Can. 3. Chem. 55, 1996(1977). 
Measurements of thc conductivities following electron pulse irradiation of dilute solutions of 

ethanol, n-propanol, tert-butanol, or dimethyl sulphoxide in n-hexane, cyclohexane, or i- 
octane are quantitatively consistent with the existence of equilibria between electrons in the 
hydrocarbon and electrons solvated by dimers of the polar molecules. With dimethylformamide 
solutions in alkanes the equilibrium could be with the n~onon~er ic  anion of the solute but this 
assignment is not unequivocal. Absorption spectra ofe,- in n-hexane solutions ofethanol and of 
ferf-butanol have been obtained. 

J. H. BAXENDALE. Can. J. Chem. 55, 1996 (1977) 
Des mesures de conductivite a la suite de I'irradiation pulsee electronique de solutions diluees 

d'ethanol, n-propanol, teit-butanol ou dimtthylsulfoxyde dans les n-hexane, cyclohexane ou 
i-octane, sont en accord quantitatifs avec I'existence d'un equilibre entre les electrons dans 
l'hydrocarbure et les electrons solvates par les dimtires des moli.cules polaires. Avec des solu- 
tions de dimethylformamide dans les alcanes, il est possible que l'equilibre existe avec l'anion 
monomere du solute mais cette attribution n'est pas sans equivoque. On a obtenu des spectres 
d'absorption de e ,  dans des solutions d'ethanol et de tert-butanol dans le n-hexane. 

[Traduit par le journal] 

Introduction 

There is now a large body of information 
available on solvated electrons, e,-, in a wide 
variety of pure liquids from which it is clear 
that, in general, the polarity of the liquid is 
the major factor which determines the properties 
of es-. Early observations (1) on mixtures of 
hydrocarbons and alcohols designed to produce 
liquids of intermediate polarity showed that as 
little as 47, v/v of methanol in cyclohexane gives 
an  absorption spectrum similar to that of es- 
in pure methanol and later work ( 2 )  showed that  
for es- in n-hexane containing 2% methanol 
and in pure methanol the two spectra were 
almost indistinguishable. Most studies on such 
polar-nonpolar mixtures have been confined 
to  high concentrations of alcohols in alkanes 
(3-5) but it has been shown in a detailed spectral 
examination ( 2 )  that changes in the far infrared 
absorption of e >  in 11-hexane occur in the 
presence of a few tenths of 17; of n-propanol or  
of water. Si~llultaneously appreciable changes 
in ion mobility occur (6), both effects being 
attributed to electron solvation by the added 
polar molecules. 

I t  is clear fro111 the ~ n a n y  thermodynamic and 
spectroscopic observations on alkane-alcohol 
mixtures that they do not give homogeneous 

liquids of intermediate polarities but that a t  
low concentrations of the polar component, the 
latter forms aggregates the size of which is a 
function of the concentration. 

The present report describes obserkations on  
the ion mobility and to a lesser extent the spectral 
changes occurring in the alkanes n-hexane, 
cyclohexane, and i-octane when s~nal l  amounts 
of ethanol, n-propanol, tert-butanol. and several 
other polar materials are added. A preliminary 
report on some of this work has already been 
presented (7). 

Experimental 
The alkanes and alcohols were purified as described 

earlier (2). Dimethylformamide (DMF) was the quality 
'for infrared spectroscopy' and was treated with moiec- 
ular sieve 4A before use. Dimethyl suifoxide (DMSO) 
was purified by distillation' and was shaken three times 
uith five times its volu~ne of alkane to give finally a 
saturated solution in the alkane which was used as a 
stock solution. The concentrations of these stock solu- 
tions were determined spectroscopically after dilution 
with ethanol, and for n-hexane, cyclohexane, and i- 
octane were found to be 34, 52, and 37 m,W respectively 
at 20 t 2°C. 

The liquids were deaerated by purging and shaking 
with pure argon and introduced into the optical or 
conductivity cell by argon pressure. The apparatus and 
techniques for the optical and conductivity nleasurements 

'Kindly supplied by Dr. A. M. Koulkes-Pujo. 
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BAXE 

have been described previously (2, 6) .  A 10 MeV linear 
accelerator introduced 5 or 10 ns pulses of radiation, 
electrons for n-hexane and cyclohexane, X rays from a 
tungsten target for i-octane. Doses of 1-2 krad were 
used for the optical and 0.1-0.5 krad for the conductivity 
measurements. All experiments were carried out at  
room temperature, 20 k 2°C. 

Results 
Mobilities in Alcohol-A:ka/~e Mixtures 

Typical variations in the immediate post- 
pulse ion mobility sum as the alcohol con- 
centration increases are shown for n-propanol 
in cyclohexane and in n-hexane in Fig. 1 .  The 
mobilities are calculated by extrapolating the 
CRO traces back to the middle of the pulse to 
give the immediate post-pulse conductivities. In 
constant experimental conditions (dose, cell 
geometry, and applied voltage) these conduc- 
tivities are proportional to the mobility sum of 
the ions present and can be transformed into 
absolute mobilities using the known values in 
the pure hydrocarbons (8) as standards. The 
curves for ethanol and felt-butanol are similar, 
the only differences being in the effective con- 
centration ranges. Thus to reduce the mobility 
sum to one half in cyclohexane requires cu. 
45 mMn-propanol, 25 mMethanol. and 100 m M  
felt-butanol. As previously reported ( 7 )  the 
behaviour of imthanol is quite different. In i- 
octane little effect is produced by 40 mM but 
between 40 and 60 m M  there is a precipitous 
fall in mobility to almost zero. 

FIG. 1 .  Variation in mobil~ty sum of ions, (cmZ V-' 
s-') in n-hexane (A)  and cyclohexane (B) solutions of n- 
p~opanol.  Inset: CRO traces on 10 mV and 100 ns/div. : 
(a) n-hexane + 27 n1h.l propanol; (h)  n-hexane 40 ni M 
propanol. 

In the pure hydrocarbons it is well established 
that the mobility sum of the ions is determined 
almost entirely by the very high value of the 
electron mobility. When alcohols are added, 
the above decreases in conductivity are ac- 
companied by changes in optical absorption 
(see below and ref. 2) which indicates that 
electron solvation by alcohol occurs. Such 
solvated electrons, would have the low mobility 
of normal ions, i.e. cu. cm2 V - I  s-' com- 
pared with 0.1 to 10 for the electrons in the 
pure hydrocarbon. Hence even when the con- 
ductivity has been decreased to 1007, of that 
of the pure hydrocarbon by the addition of 
alcohol, the contribution of the alcohol solvated 
electrons to this must be small. We conclude 
that in these conditions not all the electroils 
have been solvated by alcohol and the residual 
mobile 'hydrocarbon electrons' are still largely 
responsible for the conductivity. This con- 
clusion is supported by the rates of decay of the 
conducting species in this range of alcohol con- 
centrations, which are very much higher than 
expected from those of normal ions. The ob- 
servations therefore suggest that there is an  
equilibrium established between electrons in the 
hydrocarbon and electrons associated with 
alcohol molecules. 

Single lnolecules of alcohol are unlikely to 
be involved since the electron affinity is un- 
favourable and it is probable that the solvation 
process involves the diffusion of the electron 
to alcohol clusters (2). Calorimetric, infrared, 
and osmotic measurements (9-13) indicate that 
beyond ca. 100 m M  alcohol tetramers are 
predominant. I t  is generally agreed that at  
lower concentrations more than one associated 
species may be present and there is specific 
evidence for the presence of dimers (12). Thus 
if solvation is by a cluster A, we will have the 
equilibria 

[1 I nA $ A,, Kt, 

L21 e,- + A,, +- e,- Ke 

where e,- and e,- are the hydrocarbon and 
alcohol solvated electrons. If the extent of 
cluster formation is small, these equations give 

13 I [e,-ll[e,-l = K,K,,[Al" 

Accepting the above conclusion that the mea- 
sured mobilities a t  different alcohol concentra- 
tions are determined by only e,- and that the 
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reduction from po in pure hydrocarbon to y, 
at alcohol concentration c is due entirely to a 
reduction in [e,-1, then 

From [3] above it follows that 

Figures 2, 3, and 4 and previous data (7) 
show that the measurements on ethanol, rz-  
propanol, and tert-butanol in n-hexane or 
cyclohexane or i-octane are consistent with 
this interpretation for a value of n = 2 at least 
up to alcohol concentrations which reduce the 
mobility to one half of its original value and 
sometimes to higher concentrations. Deviations 
which occur at higher concentrations of ethanol 
and n-propanol may arise because of the in- 
creasing importance of larger clusters. Values 
of K,K, derived from the lines in these figures 
are given in Table 1. 

Although there is evidence for the presence 
of alcohol dimers at  these low concentrations, 
unfortunately reliable values of K,, are not yet 
available because of experimental difficulties. 
However, it is generally agreed that the extent 
of dimes formation is small as required by the 
above analysis. 

0 . 2  0 . 4  0 . 6  0 . 8  1 0  1 . 2  

FIG. 2. Mobility - concentration relationship for cyclo- 
hexane (A) and n-hexane (B) solutions of ethanol. Inset: 
CRO traces on 50 ns, 20 mV1div.: (a) pure cyclohexane; 
(b)  cyclohexane + 24 mM ethanol. 

FIG. 3. Mobility - concentration relationship for cyclo- 
hexane (A) and n-hexane ( B )  solutions of n-propanol. 

FIG. 4. Mobility - concentration relationship for n- 
hexane ( A )  and i-octane (B) solutions of tert-butanol. 
Inset : CRO traces on 20 mV and 50 ns/div. : (a) pure 
n-hexane; (0) n-hexane + 26 m M  tert-butanol. 

Spectra in Hexam-Alcohol Mixtzrres 
The higher concentrations of es- required 

to observe spectra in hydrocarbons reduce the 
lifetime of e,- because of their removal by the 
second order neutralisation reaction. With the 
limited response time of the present monitoring 
equipment, this short lifetime makes the ob- 
servation of spectra difficult except for hydro- 
carbons such as n-hexane in which e- has a 
relatively low mobility, and observations with 
alcohols have been limited to this solvent. 
Spectra of iz-hexane + n-propanol and rz- 
hexane + methanol mixtures have been reported 
previously (2, 7 )  and those of ethanol and tert- 
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TABLE 1. Values of K,K, for various hydrocarbon solutions 

Ethanol n-Propanol tevt-Butanol DMSO D M F  HzO 

11-Hexane 1000 5 70 880 7 . 4 x 1 0 4  135 
Cyclohexane 1600 480 120 2.0x1O4 200 3 . 4 ~  lo5 
i-Octane 340 230 36 1 . 3 x 1 0 4  70 

Nors: For  D M F  the values are  for  K, assuming electron attachment to  monomer. For  H 2 0  the value of K,K, assumes 
the concentration is proportional to  the water vapour pressure over the solution. 

butanol are given in Figs. 5 and 6. The im- as is show11 in Fig. 7 and the value of K,K,,, 
portant point is that, assuming the present which is lnucll bigger, is listed in Table 1. 
analysis in terms of alcohol dimers, for the 
concentration ranges in which solvation by the irz + DMF 
dimer is presumed to be considerable, i.e. D M F  is also more effective than the alcohols 
where mobilities are appreciably less those as shown in Fig. 8 but in contrast to these and 
in the pure hydroca rbo~~ ,  the important spectral to DMSo the data not fit the in 
changes occur beyond 1500 nm and are out of the terms of a dimer. Figure 8 is consistent with 

range of the detection equipment. The much larger capture by single lnolecules DMF. 

seen around 1000 nm must be due to Equilibrium between electrons in a hydrocarbon 
solvatior, by larger clusters of alcohol. and electrons on a solute has been observed 

previously with CO, (14) and biphenyl (15) as 
Mobilities irz Alkanes + DMSO solutes. However, in the present system this 

Much smaller quantities of DMSO are interpretation is not unequivocal since if for 
effective in reducing the mobility than is the example almost a l l  the DMF is present as a 
case for alcohols. Thus about 7 I ~ M  is sufficieiit type of cluster over the concentratioll 
to halve it in cyclohexane. Again the data are range used (i,e, i f  K,, is high) then the same 
consistent with solvation by a dimer of DMSO behaviour would be obserlied, Figure 8 gives 

the value of K, and the value in Table 1 has been 
calculated assuming 12 = 1. 

Wafer + Cyclohexane 
We have previously reported (2) that ap- 

preciable spectral shifts occur in the e,- absorp- 
tion when 17-hexane is saturated with water 
even though the concentration of the latter is 
only crr. 4 mM.  As can be seen from Fig. 9 the 
same is true for cyclohexane and the peak at  ca. 
1400 nm is similar to that in n-hexane. 

Ion mobilities were also measured a t  various 
water concentrations, the latter being obtained 
by saturating the cyclohexaile with argon con- 
taining water vapour a t  various water vapour 
pressures. The results are given in Fig. 10. It 
will be seen that in water saturated solution 
the mobility is decreased by a factor of about 
six. Assuming that the solution concentratio~i is 
proportional to the partial pressure of water 
vapour and plotting as before, it will be seen 
that up to 60% of saturation, the data are again 
consistent with solvation by a dimer. However, 
the assumption is of doubtful validity and a 

FIG. 5. Spectra of e,- in n-hexane solutions of ethanol. reliable concentration - vapour pressure relation- 
Inset: CRO trace at 1000 nrn on 50 ns,ldiv, for 66 mlt_l ship is required for a more confident analysis. 
ethanol. Data a t  present available are inconsistent. 
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I 1 

FIG. 6. Spectra of e,- in n-hexane solutions of rert-butanol. Inset: CRO traces at  1350 nm, 50 ns/div.: 
(a)  0.32 M tert-butanol, 50 mV,/div.; ( b )  0.16 IM tert-butanol, 20 mV/div. 

FIG. 7. Mobility - concentration relationship for 
DMSO in ( A )  cyclohexane and (B) n-hexane. Inset: CRO 
traces on 50 mV, 100 ns/div.: (a)  pure n-hexane; (b)  
2.5 mM DMSO in n-hexane. 

Other Solutes 
Preliminary measurements indicate that ethyl 

acetate does not lower the measured mobility 
in cyclohexane up to ca. 100 m M  while diethyl- 
amine at 1z v/v (137 mM) decreases the mobility 
to 57% of that in the pure hydrocarbon. If 

FIG. 8. Mobility - concentration relationship for 
solutions of D M F  in ( A )  cyclohexane, (B) n-hexane, 
(C) i-octane. Inset: CRO traces on 100ns/div.: (a)  
pure cyclohexane, 50 mVldiv.; (6)  15 niM D M F  in 
cyclohexane, 20 mV/div. 

dimer solvation is again involved, this indicates 
a lower value of K,K,, (cn. 40) than for any of 
the alcohols in cyclohexane. 

Discussion 
The present results strongly suggest that 

solvation of electrons by dimers of alcohols 
occurs in these dilute alkane alcohol mixtures. As 
mentioned above, thermodynamic and spectro- 
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BAXENDALE 2001 

FIG. 9. Absorption spectra of e,- in cyclohexane and 
water saturated cyclohexane. 

FIG. 10. Mobility variation for cyclohexane equili- 
brated with water vapour over a range of partial pres- 
sures P. P,,, is the saturated water vapour pressure. 
Inset: CRO traces on 50 ns/div. (n) pure cyclohexane, 
on 20 mV/div.; (b)  cyclohexane equilibrated with 4 5 x  
saturated water vapour, on 10 mvldiv. 

scopic investigations would support the presence 
of such dimers in mixtures of the concentrations 
used here, before the introduction of the 
electrons. In  the spectral observations reported 
here the electron half-lives are at  least ca. 
100 ns in the mixtures and in this time there are 
n o  observable changes in the absorption spectra 
from those found immediately after the pulse. 
This is important since it indicates that the 
solvated state formed a t  the shortest time we 
can observe remains unchanged throughout the 

lifetime of the electron. Any subsequent ag- 
gregation of polar molecules would lead to a 
blue shift in the spectrum. As has been pointed 
out previously (2, 16) a t  diffusion controlled 
rates and concentrations of 10-100 m M  of 
alcohol. the time required for further addition 
of alcohol is of the order 2-20 ns, so that the 
process is not restricted by the lifetime of the 
dimer solvated electron. 

I t  appears (17) that theoretical calculations 
indicate that for water n~olecules in the gas 
phase electron solvation by four lnolecules 
would not give a stable species, and if this is 
the case it is very unlikely that solvation by an  
alcohol d i~ner  \vould occur in the gas phase. 
Hence if the present analysis in terms of dimer 
solvation is correct, the stability in the hydro- 
carbons must derive from the interaction of the 
solvated species with the hydrocarbon con- 
tinuum. 

Although neither the alcohol dimer nor the 
tetramer solvated electron would appear to be 
stable entities in the gas phase, calculations on 
water (18) indicate that here the tetramer , ,  
species could be more stable by cn. 1 eV. 
Hence once the dimer is formed it would be 
expected to acquire further alcohol ~nolecules as 
envisaged by Mozumder (lb). However, it 
seems that this does not occur and a possible 
explanation is that the electron dissociation 
from the dimer is extremely rapid, i.e. the 
equilibrium solvated state has a short dynamic 
life, and the time required for aggregation is not 
available. Collfirmation of this ]nust await the 
determination of the values of K,, which will 
then allow K, to be calculated and hence the 
electron dissociation rate. 

I t  is interesting to note that the absorption 
spectrum of e,- in hater saturated cyclohexane 
closely resembles that of e,- in D 2 0  vapour at  
523 K when the gas density is 0.022 (17), in that 
it shows the same broad absorption with a peak 
at  ca. 1400 nm. 

In  a recent treatment of the energetics of 
water clusters (19) the free energies of formation 
of various clusters have been derived from which 
the extent of dimer, trimer, etc. formation in the 
above D 2 0  vapour can be calculated. These 
data indicate that the concentrations of dirner, 
trimer, and tetramer present in these conditions 
are approximately 5 mM, 0.5 mM. and 0.01 m M  
respectively. I t  seems possible that, as suggested 
for cyclohexane (although still to be confirmed 
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by measurements of water concentrations), 8. A. 0. ALLEN and R .  A. HOLROYD. J .  Phys. Chem. 78, 
electrons in this vapour phase are also solvated 796 (1974). 

9.  B .  D. ANDERSON. .I. H. RYTTING. S. LINDENBAUM, 
\?later and that an equilibrium state and T ,  H 1 c u c ~ 1 ,  J .  Phys, Chem, 9,  2340 (1975). 

exists between these and quasi-free electrons. lo,  A ,  K, FLETCHER, J ,  P ~ Y S .  Chem. 76,2562 (1972) and 
Since at  this density the bulk dielectric constant earlier papers. 

of the vapour will be of the same order as that 11. R .  M. HAMMAKER,  R.  M.  CLECC. and L. K .  PATTER- 
SON. J .  Phys. Chem. 76. 1839 (1972). of 'yclohexane, very energetics and 12, T ,  S ,  S ,  R. MURTY, Can ,  J, Chem, 48. 184 (1970). 

hence spectra would be expected. 13. R .  AVEYARD. B.  J .  BRISCOE, and J. CHAPMAN. J. 
I t  will be noted fro111 Table 1 that with the Chem. Soc. Faradav Trans. 1. 69. 1772 (1973). 

exception of cyclohexane + ethanol the kalues 
of K,K,, decrease in the order n-hexane, cyclo- 
hexane, i-octane, but  the \ a r ~ a t ~ o n  among the 
hydrocarbons for ally one solvent except fert- 
butanol is a t  n ~ o s t  a factor of six. I t  is to be 
expected that K,, will not change greatly with 
hydrocarbon and the same appears to be the 
case for K,. A major factor determining Kc 
will be the free energy of solvatioil of the electron 
in the hydrocarbon (14) and it mould seem that 
this varies little among these three hydrocarbons. 
The \slues of K, for DMF are consistent with 
this conclusion. 

Also, for any one hydrocarbon K,K,, in 
general increases with increase in polarity of the 
solute which would be expected since this will 
increase K, through increased electron solvation 
energy by the dimers, and K,, through increased 
association of the solute. The DMF systelli 
gives K, directly and may lend itself to a de- 
tailed treatment such as has been carried out for 
CO, (8) to yield important thermodynamic 
information about the electron in these solvents. 
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Discussion 

J .  M.  Warman: Have yo11 carried out a temperature study 
of the effect of alcohols on the mobility since this would 
provide firstly very interesting thermodynamic informa- 
tion about the trapping site and might also give an indica- 
tion a s  to whether the nature of the site changes with 
concentration? 

J.  H .  Baxendale: Not as yet. It is not so simple since to get 
the interesting information. the temperature dependence of 
the K ,  are required, and even good values at room temper- 
ature are not yet available. 

J .  W. Chase: What is special about methanol? Why does it 
have a different power law than the other additives. 

J .  H.  Baxendale: I think it is merely a matter ofthe values of 
K ,  for the clusters of various sizes. These are such that the 
onset of larger clusters sets in suddenly over the critical 
concentration range. 

W. F.  Schmidt: How do you exclude any influence of the 
added alcohol on the initial charge carrier yield. especially 
in the higher 1 ield liquid isooctane? 

J .  N. Baxendale: We have shown previously (2) that the 
free ion yield in n-hexane is changed little by 200 mM 
n-propanol. In view of the parallel behaviour of the other 
hydrocarbons, it seems unlikely to be an important factor. 
but I agree this requires confirmation. 
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Electron in cold alcohols: a pulse radiolysis study in ethanol 
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L. GILLES, M. R. BONO, and M. SCHMIDT. Can. J. Chem. 55.2003 (1977) 
The pulse radiolysis of cold ethanol near its freezing point shows 'partly solvated' states of 

theelectron with transient spectra whose maxima vary with time. It 1s shown that the determina- 
tion of the solvation times of the electron can depend strongly on the wavelength considered; 
thus an explanation could be given for the different values obtained by Chase and Hunt at 
?, = 1300 and h = 1050 nm. 

L. GILLES, M. R. BONO et M.  SCHMIDT. Can J. Chem. 55,2003 (1977). 
La radiolyse pulsie de I'Cthanol a basse temperature, pres de son point de fusion, montre 

I'existence d'tlectrons 'partiellement solvates' dont les spectres d'absorption varient avec le 
temps. La determination des temps de solvatation de l'tlectron peut donc dtpendre de la 
longueur d'onde choisie pour en effectuer la mesure: on expliquerait ainsi les difftrentes valeurs 
obtenues par Chase et Hunt aux longueurs d'onde de 1300 et 1050 nm. 

Introduction length of these molecules: for linear aliphatic 
Fueki et al. (I) in their semicontinuum model alcohols (the only ones considered here) the 

have pointed out the importance of the micro- solvation times determined at a given viscosity 
scopic viscosity in calculating the relaxation should increase with the chain length. 
time for orientation of the dipoles of polar mol- The results of Chase and Hunt (3) for meth- 
ecules such as alcohols. Even though the agree- anol, ethanol, 17-propanol, and 12-butanol ob- 
ment between experimental (2) and calculated tained in the temperature range -65 to +60°C 
values was not perfect, the theoretical curves and those of ~ e n n e ~ - w a l l a c e  and Jonah (4) 
predicted the temperature dependence observed measured at room temperature for alcohols 
for the solvation times of the electron, s(s), and having from 2 to 10 carbon atoms allow this 
it appeared that the macroscopic viscosity was comparison to be made. In Table 1 the values 
a good approximation to the microscopic visco- of ~ ( s )  measured by Chase and Hunt are listed 
sity, at least for methyl, ethyl, and n-propyl together with the viscosities reported by Koma- 
alcohols. renko et al. (6) for the same temperatures. The 

In recent papers Chase and Hunt (3) on the 
one hand and Kenney-Wallace and Jonah (4) 
on the other have shown that in normal aliphatic 
alcohols, ~ ( s )  measured at room temperature 
increased with increasing chain length. For each 
alcohol, they have correlated s(s) with 2(2), the 
corresponding dielectric relaxation time asso- 
ciated with the rotation of the free molecules. 

In this case since the rotational relaxation of 
the ullassociated molecules depends, according 
to the Debye equation, on the viscosity of the 
medium one would expect that for a given 
alcohol s(s) would vary with temperature in a 
similar way to the viscosity. This behaviour has 
been observed in the case of liquid n-propanol 
at low temperatures by Baxendale and Ward- 
man (5). 

On the same basis (~ ( s )  linked to ~ ( 2 ) )  one can 
try to correlate the solvation times for different 
alcohols at a given viscosity with the chain 

values of ~ ( s )  were obtained frbm Arrhenius 
plots of the rate constants determined for the 
decay of absorption measured at 1300 nm 
(methanol, ethanol, n-propanol) or from the 
increase of absorption measured at 600 nm 
(n-butanol). When measured, values of ~ ( s )  
obtained by Chase and Hunt at both 600 and 
1300 nm were roughly similar, but the values 
measured at 1050 nm were different (Table I), 
a point which will be considered later. 

The results given in Table 1 for 600 and 
1300 nm merit two remarks. 

(1) For viscosities between 1.1 and 2.2 cP the 
solvation times are the same within the limits 
of experimental error for the first three alcohols 
considered or, in other words, the relaxation 
time of these molecules is independent of their 
size. 

(2) For values higher than 2.2 cP the results 
obtained for the four alcohols at the same 
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viscosity are quite different. Furthermore, the 
case of methanol aside, it seems that for a given 
viscosity the solvation time is shorter the longer 
the molecule. The comparison of these results 
with those obtained at room temperature by 

F' 
2 Kenney-Wallace and Jonah (4) for the longer - - 
3 o - chain alcohols (pentanol, octanol, decanol) 

which have viscosities higher than 5 cP leads to 
I) 

g the same conclusion. 
e z In order to obtain more evidence on these 
D 

L 
points we chose first to study the solvation 

0 

4 times of the electron in cold ethanol (near its 
o freezing point), with a view to comparing our 
U 

5 results with values previously obtained by 
I) 
s Baxendale and Wardman (5) in cold n-propanol 
& at similar viscosities. 
i 

Experimental 
The irradiation source is a modified Febetron 707: 

the electron pulse from the Febetron tube window is 
dispersed by an electromagnet (7a) and only electrons 
in the range 1.7 to 1.8 MeV are selected. The total pulse 
length is thus reduced to 16 ns with a width at half- 
height of 8 ns. The experimental set up (irradiation, 
cooling, and detection systems) is described elsewhere 
(7b) and the spectra, measured between 300 and 830 nm, 
are determined by normalization of optical densities to 
an arbitrary dose of about 10 krad. 

The ethanol is 'Merck zur Analyse' grade purified by 
distillation. It was verified that no traces of benzene or 
aldehyde and ketone remained after the distillation. 

Results and Discussion 
At - 106"C, the spectra obtained immediately 

after the pulse (20 ns) and later are similar to 
those which Baxendale and Wardman (5) ob- 
tained at - 110°C. However, the minimum 
observed by these authors in the wavelength 
region of 1000 nm seems to be in the region 
700-750 nm in our case. 

Figure 1 shows the results we obtained at 
- 116°C where ethanol is still liquid (melting 
point - 117.4"C). Spectra 1-5 were respectively 
measured 20, 30, 50, 90, and '40 ns after the 
beginning of the pulse from oscilloscope traces 
such as those given in the insets of this figure. 
Curve 5 corresponds to the solvated electron 
spectrum with Amax -600 nm slightly different 
from previous results (8). 

At 3, < 650 nm, solvation times measured 
from the rate of increase of absorption seem to 
depend upon the wavelength considered: t(s) 
is about 40 ns at 3\. = 550 nm and about 30 ns 
at h = 450 nm (as seen in the inset, it would be 
even smaller a t  650 nm). At ).* > 650 nm, 
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FIG. 1. Spectra observed in pulsed, Ar-purged, ethanol at - 116-C. Spectra 1-5 have been obtained 
respectively 20,30,50,90, and 140 ns after the beginning of the pulse. Optical densities were llorrnalized 
to an arbitrary value of dose (- 10 krad) frorn oscilloscope traces such as those given in the insets 
(20 ns!div.). 

measurements become impossible as the first 
increase is followed by a decay of absorption. 

Data obtained below the melting point at 
- 123°C give the same kind of results with A,,, 
for e-,,,, at about 570 nm. At 450 nn1 and 
600 nm ~ ( s )  = 100 ns whereas at 1, = 500 nm 
and 550 nm ~ ( s )  = 200 11s. 

These results lead to t ~ o  remarks from which 
we will draw the necessary conclusions. 

(I) Dez.elopmerit of the Transierlt Spectra during 
the Solcation Process 

Ke~ney-Wallace and Jonah (4) note that, a t  
room temperature, their measured rates of 
increase of the absorption at 514 nm are similar 
to the rates measured by Chase and Hunt of 
decrease of absorption at 1300 nm in the cases 
of ethanol and n-propano1 and of increase of 
absorption at 600 nm in the case of ethanol. 
This observation has led the authors to conclude 
that the passage from e- ,  to e-,,,, at room 
temperature occurs without the intervention of 
any intermediate solvated species of appreciable 
lifetime. 

On the contrary, the increase in absorption 
followed by a decrease which we observe at 
both - 116°C and at - 123°C between 650 and 

830 nm cannot be explained on the basis of only 
two coilfiguratioils of the electron, one the 
trapped electron e- ,  and the other the solvated 
electron e-,,,,. In fact, if such were the case 
only an increase or a decrease in absorption, 
depending on the wavelength, should be ob- 
served (which suggests also an isosbestic point a t  
a given v~avelength). In the range of temperature 
which we have employed where ethanol is either 
liquid or glassy (- 123'C) our results show the 
existence of transient absorption spectra of 
which the maxima move as a function of time. 

These observatio~ls are in good agreement 
with previous results obtained for the glassy 
state (77 K) by Kevan (9) and Miller et al. (10). 
As at 77 K (lo), the passage from one transient 
spectrum to another may be attributed to the 
variation ui th  time of partly solvated states of 
the electron. 

The response time of our detection system and 
the pulse length furnished by the electron gun 
do not allow us to make accurate measurements 
at higher temperatures (- 106-C). But it should 
be noted that a detailed analysis of the results 
obtained at various wavelengths with n-propanol, 
irradiated at - 12'C. led Chase and Hunt to 
suggest the possibility of a displaceiiient of the 
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spectrum of e - ,  during the process of relaxation 
to a deeper trap. Thus the results obtained with 
ethanol at  very low temperature (77 K) and 
these obtained above and below the freezing 
point ( -  116 and - 123°C) are of the same type 
as those obtained with n-propanol at  much 
higher temperature (- 12'C). They indicate the 
existence of transient states which we assign 
to partly solvated states of the electron. If such 
a conclusion were valid a t  room temperature, it 
would inlply the presence of internlediate states 
with very short lifetimes, and thus difficult to 
observe, as Kenney-Wallace and Jonah have 
suggested, but whose existence would have con- 
sequences for the measurement of the electron 
solvation time (defined now as a measurement 
of the time necessary for the passage of the 
spectrum of the first state of the electron ob- 
served immediately after a pulse to the spectrum. 
of the fully solvated electron). 

( 2 )  Measurement of the Electron Solrution Tirne 
in Etlzanol ut - 1163C and - 123'C 

In order to obtain a value for the solvation 
time of the electron from our results we have 
seen that different regions of wavelength have 
to  be considered. 

( a )  1" 5 h,,,", je - , , , , i  
In  this region of wavelength the situation 

appears relatively simple since one only observes 
an increase of absorption. However, errors may 
arise in the wavelength region (400-450 nm) 
where the final stage of variation of absorption 
is of the same order of magnitude as the noise 
level on the oscilloscope traces. 

In our case the most accurate values of z(s) 
which we can determine are obtained in the 
region where the difference between the initial 
and final absorption is the largest, that is to say 
at  the wavelength corresponding to the maxi- 
mum of the solvated electron spectrum at  the 
temperature in question: at  - 116°C: r(s) = 
40 i 4 ns (at h = 550-600 nm): at  - 123'C: 
~ ( s )  = 200 f 15 ns (at h = 550 nm). 

( b i  1 > h,,,,, l e - S o r L i  

In this region of wavelength the various 
spectra overlap and confusing results are ob- 
tained. For instance, as noted previously, for 
wavelengths immediately above h,,,, where only 
an  increase of absorption is observed (650 nm 
at  - 116°C (Fig. 1) and 600 nm at  - 123°C) the 
values obtained are again lower than the values 

(3 )  Consequences 
The difficulties which we have pointed out in 

determining the solvation time of the electron 
in the range of wavelengths we have considered 
could suggest that it is preferable to study the 
phenomenon in the infrared region as did Baxen- 
dale and Wardman and Chase and Hunt. At 
first sight indeed both a t  low temperatures (5) 
and at  higher temperatures (3), the solvation 
times measured at  1300 nm (decrease in absorp- 
tion) appear essentially similar to those measured 
around 600 nm (increase in absorption). How- 
ever, Chase and Hunt have clearly shown that 
the results measured at 1050 nm are verv 
different and that the difference increases as the 
temperature is lowered. I t  thus appears that 
even in the infrared region the kinetics depend on 
the wavelengths used for the measurements. 
This difference is observed for all four alcohols 
considered and at  all the temperatures employed 
by Chase and Hunt. We shall see that these 
results may be explained by the hypothesis of 
partly solvated states of the electron whose 
spectral contributions vary with time. In fact, 
in the infrared region where a decrease in 
absorption is measured, the change in absorp- 
tion indicates the transition from the first spec- 
trum detected immediately after the pulse to the 
last observable at  these wavelengths: this last 
spectrum is not necessarily that of the solvated 
electron but rather of the last partly solvated 
state which absorbs at  the wavelength con- 
sidered. The spectra obtained a t  - 12°C with 
n-propanol by Chase and Hunt are in agreement 
with this hypothesis: the solvated electron spec- 
trum does not extend above 1100 nm. Under 
these conditions the apparent rate of solvation 
measured at  1300 nm will be faster than the true 
rate. 

Furthermore it should be noted that as the 
temperature is lowered the spectrum of the 
solvated electron is shifted towards the blue and 
the difference between the results obtained at  
1300 nm and 1050 nm increases in agreement 
with our hypothesis. 

Finally the similarity between the results 
obtained at  600 and 1300 nnl with ethanol 
(O I room temperature) and with n-propanol 
(O I - 12'C) can only be fortuitous, for de- 
pending on the temperature considered 600 nm 
falls on one side or the other of the maximum 
of the solvated electron spectrum. We have seen 

of ~ ( s )  measured a t  ?L,,x. the results of such a situation in our study at  
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- 116°C and - 123'C. This is ~ar t icular lv  5 .  J .  H. B A X E ~ D A L E  and P. W A R I > ~ T A \ .  J .  Chem. Soc 
noticeable in the case of 12-propanol for which, 
a t  - 12"C, the absorption maximum of the sol- 
vated electron is a t  600 nm. 

The solvation of the electron in alcohols is a 
complex process. The recent results reported by 
Miller et 01. for ethanol irradiated at  77 K are 
similar to those we have obtained for the same 
alcohol irradiated at  temperatures above and 
below its freezing point. The interpretation of 
the observations in terms of partly solvated 
states of the electron enables certain results of 
Chase and Hunt to be explained. If the hy- 
pothesis is correct a cornplete knowledge of the 
various spectra obtained after radiolysis is 
necessary and this for all alcohols and a t  all 
temperatures considered to obtain accurate 
values of ~ ( s ) .  

It  also appears that for measurements made 
in the infrared a contribution due to the solvated 
electron must be considered (stable residual 
absorption) in determining the solvation time. 
This is clearly shown in comparing values given 
in Table 1.  Thus any correlation between ~ ( s )  
and q becomes impossible given the present 
state of knowledge.' 
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Discussion 
J. FV. Hunt: As discussed by Gilles and others, the 
changes of the absorption signals of the localized electron 
consist of a shift from infrared to visible wavelengths by 
complex decays and formations. Since the process is not 
one of a single jump from a shallou to a stabilized deep 
trap, I agree with Dr. Gilles that we must be careful in 
obtaining accurate values of the relaxation processes, 
although the values in the infrared wavelengths will 
probably be the best. 

L. Gilles: The rate constants calculated from the decay 
of absorption at infrared wavelengths could appear 
easier to determine than those calculated from the increase 
of the absorption in the visible region, due to the difficulty 
in the latter case to determine precisely the time at which 
the final level is obtained. Kevertheless you \sill have to 
take care, that at their wavelength considered the solvated 
electron must absorb (i.e. a residual absorption must 
exist). Thus  I don't know if the values measured at ir 
wavelengths will be better than those measured at the 
maximum of absorption of the solvated electron at the 
temperature considered. 

L. Onsager: May I remind you again that on a simple- 
minded picture the pertinent dielectric relaxation time 
is not the Debye time T,, but the longitudinal relaxation 
time r L  = rl, E , : E ~ .  This is not to assert that the concept 
of a simple hf dielectric constant is always appropriate. 
When not, then the concept represented by 7, also must 
be picked apart. A good many radiation chemists do in 
fact know T, as the 'relaxation time at constant charge', 
as distinguished from the 'relaxation time in constant 
field' T,. 

E. Gilles: In an earlier study I made with J .  W. H~ln t  
and J .  E. Aldrich (2) using the stroboscopic pulse 
radiolysis system, \be correlate the solvation times for 
methyl, ethyl, and 11-propyl alcohols with K,', the relaxa- 
tion time at col~srant c/lcrr.ge for the breaking of hydrogen 
bonds. It appeared then from more recent results of 
Chase and Hunt on the one hand and Kenney-Wallace 
and Jonah on the other and also from the previous results 
of Baxendale and Wardman that a better relationship 
\\as found between ~ ( s )  and ~ ( 2 )  (the dielectric relaxation 
time of the free .molecules in the liquid). As mentioned 
in ref. 4 modifying s(2) to ~ ( 2 ) '  would lead to tirnes of 
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about 7 0 z  of ~ ( 2 )  which would appear rather too fast. 
This observation uould be even more striking in con- 
sidering Baxendale's results. 

L. Kevan: Your data shorn that the electron solvation 
times in methanol, ethanol, and 1-propanol are the same 
at the same viscosity if the viscosity is 1 2  cP. This is 
exactly what the simple n~odel of Fueki, Feng, and Kevan 
(J. Phys. Chern. 1974 and 1976) predicts in which we 
equate the microscopic and macroscopic viscosities. 
The model does not depend on the size of the alcohol 
molecules. However, in glasses we know that our simple 
model for solvation time fails because the n~icroscopic 
and macroscopic viscosities are presumably not the same. 
Your data seem to show that - 2  cP is the transition 
viscosity above which the microscopic and macroscopic 
viscosities are not equal. In this region the size of the 
solvent n~olecule becomes important. I mould not be so 
pessimistic about defining a unique solvation time for 
electron solvation even though you have observed a 
wavelength dependence. Wouldn't you think that the 
solvation time determined at the farthest wavelength into 
the infrared is closest to the true solvation time? At 
shorter wavelengths the kinetics are complicated by the 
intermediate spectra formed during the process of solva- 

L. Gilles: I first should point out that thc data reported 
in the table are from Chase and Hunt. From our results 
the wavelength dependence of the solvation time measure- 
ments could be partly due to experimental difficulties on 
determining a small change in the absorption level. 
I believe that I have shown that determination of the 
solvation times at the farthest ~avelength  into the infra- 
red (\+here the fully solvated electron doesn't absorb) 
represents only a relaxailon process towards the last 
partly solvated electron which absorbs at this wave- 
length. In that way I think that the results obtained by 
Chase and Hunt at  1050 nm are more representative of 
the solvation process than those at 1300 nm. 

6. R. Freeman: The relaxation time observed at the long 
wavelength end of the spectrum might have a simpler 
interpretation than that observed at shorter wavelengths, 
because the former centers only decay, while the latter 
simultaneously grow and decay. 

L. Gilles: Calculations are impossible in the region of 
wavelengths where the various transient spectra are 
overlapping. The results can be much more easily inter- 
preted at longer wavelengths where there is only a decay 
of absorption. 
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Picosecond lnolecular relaxations: the role of the fluid 
in electron solvation 
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G. A. KENNEY-WALLACE. Can. J. Chem. 55.2009 (1977). 
The role of the fluid is considered for a model of electron solvation in liquid alcohols. The 

events that lead to trapping and solvation of excess electrons are reconstructed from experi- 
mental data on the time and frequency-dependent electron absorptions (lc,,,) and the appro- 
priate n~olecular rotational relaxations (r,, s,), local liquid structure, viscosity (q ) ,  and orienta- 
tional polarization (P) of the supporting fluid. The quasifree electron is captured at 
subpicosecond times in a preexisting trap in the liquid, which in alcohols is identified as an alco- 
hol cluster whose local configurational fluctuations will be frozen in on this timescale. Rapid 
configurational relaxation of the cluster molecules, including multi-phonon processes, then 
occurs in the field of the excess electron at times 1 s. Finally, the molecules in the fluid 
layer adjacent to the initial trapping site align in the now screened field of the localized electron 
in a manner conlparable to solvation of an ion embedded in a polar fluid. The relaxation may 
occur in con~petition with electron migration and reaction. The observed rate constant of the 
final step k,,, is shown to be proportional to B q l  for a range of alcohols at room temperature. 
The implications of this model for photobleaching experiments in liquids are briefly discussed. 

6. A. KENNEY-WALLACE. Can. 3. Chem. 55.2009 (1977). 
On considere le r61e du fluide pour un modele de la solvatation des electrons dans des alcools 

liquides. On reconstruit les evenements qui conduisent au piigeage et a la solvatation der elec- 
trons en exces a partir de donnees expkrinientales sur I'absorption d'electrons (k,,,), qui depend 
du ternps et de la frequence, et sur les relaxations rotationnelles moleculaires approprikes ( r2 ,  
T,) ainsi que sur la structure locale du liquide, la viscosite (q) et la polarisation d'orientation ( 0 )  
du fluide de  support. L'electron pratiquement libre est capture b des temps plus petits que la 
picoseconde dans un piege preexistant du liquide qui a ete identifie, dans le cas des alcools, 
comnle etant un agrtgat d'alcool dont les fluctuations configurationnelles locales sont gelees sur 
cette tchelle de temps. I1 se produit alors une relaxation configurationnelle rapide des molecules 
agregees, impliquant des processus multi-phonon, danxle champs de I'klectron en exces des 
temps 5 10-l2 s. Finalement, les mulecules dans la couche du fluide adjacente B celle du site du 
piegeage initial s'alignent dans le champs rnaintenant cache de l'electron localise d'une faqon 
cornparable a la solvatation d'un ion imbrique dans un fluide polaire. La re$xation peut se 
produire en competition avec une migration d'tlectron et usle reaction. On montre, pour 
plusieurs alcools a la temperature de la piece, que la constante de vitesse observee pour I'etape 
finale, k,,,, est proportionnelle a Bq-'. On discute brievenient des implications de ce modele 
pour des experiences de photodecoloration de liquides. 

[Traduit par le journal] 

Prologue the quantum mechanical descriptioil of these 
Accompanying Platzman's fa~lious statement states, have been and continue to be a source of 

(1) postulating the existence of the hydrated lively discussion over the years (3-5). 
electron e,,- and its optical absorption in the The picoseco~id timescale and wavelength de- 
red, were renlarks by Onsager (!) 011 the fornia- pendence of the electron hydration process, as 
tion time of such a species, which would have to revealed in the experiments of Hunt and co- 
be on the timescale of dielectric relaxation of workers (6, 7) and Rentzepis, Jones, and Jortiler 
water, - 1 0 ' '  s (2). The subsequent experimen- (8) were qualitatively consistent with the expec- 
tal developments that led to the discovery and tations of the role of dielectric relaxation in elec- 
characterization of eaqP, and the properties of tron solvation. I t  Lvas further suggested (8) that 
electrons solvated or trapped in other media, the initial electron localization step was governed 
have been extensively reviewed ( 3 ,  4). However, by the long range, dipolar interactions in the 
the precise sequence of events that leads to the liquid, follo~fing which vibrational relaxation of 
formation of excess electron states in fluids, and the newly formed solve~it sheath could take place 
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t o  leave the excess electron in a fully relaxed, 
ground electronic state. A si~iiilar process had 
been envisaged for relaxation following elec- 
tronic excitation of e ,  19). Hoivever, the recent 
picosecond data on electron solvation in alco- 
hols of Kenney-Wallace and Jonah (10) and 
Chase and Hunt (11): clearly indicate that the 
dipolar relaxation in liquids occurs rrfter the 
initial electron localization step, the time-depe11- 
dence of ~vhich has so far eluded present experi- 
mental obsen,ations (10-12). 

Baxei~dale and Wardinan (13) first observed 
electron solvation in liquid alcohols in low tem- 
perature 11-propanol, and discussed the role of 
molecular relaxation vis-2-vis electron migration 
to account for the observed spectral shifts. Pulse 
radiolysis of cool and glassy alcohols has shown 
that molecular reorientatio~i is the most probable 
mecl~anism in these systems (9, 13-17). How- 
ever. new res~llts (16) on ethanol at  77 K sliow 
that a significant degree of electron migration is 
taking place a t  these low temperatures, and sug- 
gest that the mechanis~ii for electron sol\lation at 
low temperatures is quite different from that 
\vhich governs room temperature events. 

I n  order to explain the apparent correlation 
of electron solvation times r, with r,, the dielec- 
tric relaxation time nornlally assigned to the re- 
laxation (18) of a siilgle molecule in a \leak, 
external electric field, Kenney-Wallace and 
Jonah (10) proposed that the quasifree electron 
was initially localized in a cluster of hydrogen- 
bonded alcohol molecules, and that the observ- 
able step in the solvation process reflected the 
formation of a second or  third solvation shell. 
In  their study of the temperature dependence of 
electron solvation times in small alcohols, Chase 
and Hunt ( I  1) also observed the same correlation 
between solvation times and the dielectric re- 
laxation time for lnolecular rotation 7,. They 
concluded that molecular reorientation rather 
than migration mechanisms, such as hopping or 
tunnelling between traps, was responsible for 
electro~l solvation. In  subsequent developments 
Kenney-Wallace (19) showed a direct correlation 
between the fluid dynamics and electron solva- 
tion in the same media, by considering the re- 
organization of the medium about the cluster as 
a function of pq-', where p represcnted the 
electrostatic field in which the dipolar niolecules 
were reoriented and q the opposiiig frictional 
force in the fluid. 

In  this paper we present further details on  the 

role of the fluid in the dynamics of electron solva- 
tion and in the fast radiationless transitions that 
follow photoexcitation and photobleaching of 
e,- a t  visible wavelengths. 

Experimental 
The electron solvation times 7 ,  were derived from the 

observed time evolution of the stable absorption spectra 
of e,- from 450 to 765 nm, following pulse irradiation of 
the alcohol at 298 K with single 30 ps electron pulses 
from the Argonne LINAC (20). The stroboscopic pulse 
radiolysis facility, sampling techniques, and treatment of 
data have been described in detail elsewhere (10, 20). 
Alcohols and alkanes were obtained from Burdick and 
Jackson (Distilled-in-Glass) where available or the highest 
purity from Fisher Scientific. The 13C nmr measurements 
of TI  relaxations were performed on a Varian CFT-20 
Fourier transform spectrometer; full details of these and 
the viscosity measurements will be published elsewhere 
(21). Laser photobleaching experiments (22) employed 
the output from a Q-switched 100 MW, 20 ns ruby laser 
for both exciting and saturating laser pulses. Solvated 
electrons were generated in the alcohol via the two-photon 
photoionization of pyrene at 347 nm with a 100 mJ fre- 
quency-doubled ruby laser pulse, and photobleached 
some 30 ns later. 

Results and Discussion 

Eiectrorz Absorption and Dielectric Data 
The evolution of the visible spectrum of e,- in 

the norrnal alcohols appeared as an  initial rapid 
growth followed by a slower absorption com- 
ponent, the duration of which increased as the 
size of the alcohol molecule increased. Figure 1 
shows typical absorption data, in this case re- 
corded in n-decanol. When analyzed (10) the 
slower component fitted a single exponential 
growth and the rate constant k,,, (s-'1 and sol- 
vation times T, (ps) are listed in Table 1. Com- 
parison of these solvation times r, with r,, the 
relaxatio~l time assigned to single molecule rota- 
tion in dielectric dispersion measurements (181, 
reveals the similarity in each fluid between the 
experimentally observable electron solvation time 
and what is, in essence, the relaxation of dipoles 
into a preferred alignment under the influence of 
a weak external field. This correlation (10, 11) 
invites further investigation from the perspective 
of the fluid dynamics. Of the many variables that 
]nay be involved in determining the response of 
the nearby molecules to the sudden perturba- 
tion presented by the localized electron: the local 
frictional forces, dipolar energjl in the field of the 
excess electron. dipole density (which reflects the 
local liquid structure), and dielectric relaxation 
times would appear to be the major ones of in- 
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KENNEY-WALLACE 

T VIE 1 4 8 c s / d v l  

FIG. 1. The time-dependent absorption of e,- in n-decanol at 300 K :  (a) showing the spectrum from 
450 to 765 nm at 30 ps and 3 ns after the 30 ps electron pulse, where A is the relative absorbance; ( b )  
showing the similarity in profile of the absorption signal I, at two wavelengths by normalizing the data 
(10) at 450 nm to that at 514 nm. 

TABLE 1. Electron solvation data 

kmoi T~ 7 2  

ROH (101° s-') (ps) (PSI 

Methanol 9.34 10.7  12 
Ethanol 5.55 18 20 
Propanol 4.00 25 22 
Butanol 3.33 30 27 
Pentanol 2.94 34 28 
Octanol 2.22 45 3 9 
Decanol 1.96 5 1 48 

terest. We will first consider the origin of the 
reaction field. 

If we call envisage the initial localization step 
as capture of the quasifree electron by a preexist- 
ing trap due to fluctuations in the local niolec- 
ular configuratiocs i11 the liquid; then the subse- 
quent step, which involves ~nediuin rearrange- 
ment about the trapped particle? call be thought 
of in tcrnls of medium relaxation about an ion 
embedded in the fluid. The excess electronic 
charge will be distributed over the surface of the 
inner coordinatioil shell and thus the field ex- 
perienced by the dipolar molecules beyond this 
boundary will be mucli ~veaker than :hat felt by 
the molecules which comprise the initial trap- 
ping site. Of course the field experienced by the 
external dipoles will not remain constant during 
relaxation of the surrounding molecules. Calcu- 
lations show that if the external field is kept con- 
stant: then the resulting dipole relaxation is 
slower than if the excess electronic charge distri- 
bution is conserved during medium relaxation 
(5, 23). The latter is thought to be a more appro- 
priate basis for electron solvation and leads to 
the modification of the macroscopic dielectric 

relaxatioil times to r' = TJD,,  D,), nhere one is 
now considering a linear superposition of dielec- 
tric polarization from infinite past to the present 
time (23). When the r,' values are calculated this 
way there is only a 30% decrease on average from 
the niacroscopically nieasured r, values and thus 
the correlation between T, and t, or T,' remains 
qualitatively the same (10). It is not unreasonable 
therefore to consider r , '  or h-,,,, as the rate con- 
stant describing an orientational relaxation pro- 
cess which is the net effect of two counteracting 
torques: the electrostatic field and the opposing 
internal friction. An estimate of the distance a t  
which. the alcohol ~nolecules 110 longer exhibit 
any preferred alignment m it11 respect to this field 
sho\ls that orientation of the dipoles is only 
significant up  to 5 to S A from the centre of the 
charged cluster. This is in accord with the spirit 
of the recent calculatio~is of Kestner (24) whose 
long-range potential in fact only contributes to 
the stabilization energy of e ,  at  distances 
shorter than about 10 A.  We will approximate 
the field in which the external dipoles are relaxing 
by the orientational polarization of the alcohol 
n~olecules. Electronic polarization of these mole- 
cules has already been accomplished by the time 
angular rotation occurs. In Fig. 2 the rate con- 
stant k,,,, is plotted against the reciprocal high 
frequency and static dielectric constants, which 
represent the electronic polarization a, and the 
total polarization (a, + a,,), respectively. By 
subtracting the two terms we obtain the orienta- 
tional polarization u,,, and thus in the inset show 
the dependence of k , , ,  on p, where P = l / D o ,  - 
1/D,, a familiar term for the lolig range potential 
in models of excess electron states (3-5). 
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FIG. 2. The dependence of the solvation dynamics 
k,,,, on the medium polarization for C ,  (methanol) to 
Ci ,  (decanol) at 300 K (see text for discussion). Solvation 
data from ref. 10 except methanol (11). 

Viscositjl Measuren7ents 
Opposing the electrostatic torque on the mole- 

cules is a frictional force which includes inter- 
molecular forces, ~ioticeably hydrogen-bonding 
in this case, and energy and ~nomentum transfer 
during collisions of the rotating molecules. 
Clearly the motion of one molecule is coupled 
hydrodynamically to the motion of its neigh- 
bours in the fluid; the net angular velocity of a 
rotating, spherical ~nolecule is described in the 
Debye-Stokes-Einstein model (2, 25) as 

so, = q V,,,(kT)-I 

The orientational relaxation time z,, is thus 
linearly proportional to the shear viscosity q ,  
and to the hydrodynamic volume V ,  swept out 
by the rotating molecules. To  what extent do  the 
solvation times r, reflect the local fluid dynam- 
ics? In Fig. 3 r, is plotted as a fullction of tlie 
fluid viscosities at 20°C for methanol to decanol. 
The r, values exhibit the same profile, a linear de- 
pendence on viscosity up to hexanol and a sud- 
den change in slope indicative of an additional 
component to the fluid viscosity. Since the alkyl 
end of these longer chain molecules is not a rigid 
extended chain but one capable of folding back 
over itself, it is tempting to assign the additional 
contribution to the viscosity to entanglement of 
neighbouring alkyl chains in the fluid. A plot of 
alcohol viscosity against chain length in Fig. 3 
shows a break in the slope, again a t  hexanol. If 
the entanglement of the alkyl chains is largely 
responsible for this break and not the -OH 
bonded end of the moiecule, then the viscosity 

FIG. 3. 0 The dependence of the electron solvation 
time r, on 11, the viscosity of the fluid; @ the viscosity as 
a function of carbon chain length, n, in n-alcohols and 
rz-alkanes. 

of the parent alkanes should display a si~ililar 
trend. The results are included on Fig. 3, and the 
break in slope again occurs between hexane and 
heptane. Subsequent 13C nmr measurements of 
the T I  spin-lattice relaxation times of the indi- 
vidual segments of the alkyl chains, in pure and 
alkane-diluted alcohols, confirmed the notion of 
-chain entanglement and the inferred relationship 
between the autocorrelation times r, of each 
carbon moiety and the viscosity of the fluid. The 
full details of this work will be published else- 
where (21). All these results taken together not 
only add confidence to our claim that the r, 
values accurately reflect tlie trends in the local 
fluid properties, but also show that the dynamics 
of e,- may indeed be utilized in the future as a 
microscopic probe for local fluidity and liquid 
structure. 

Finally, we must consider the validity of ap- 
plying the Debye-Stokes-Einstein hydrody- 
namic model in these circunlstances where the 
rotating molecules are probably far from spher- 
ical. I n  a series of picosecond laser experiments 
on induced dichroism, Einsenthal and Chwang 
(26) were able to show that the orientational re- 
laxation time of rhodamine 6C, in the series of 
normal alcohols methanol to decanol, ranged 
from 2 x 10-lo s < T,, < 2.2 x s and 
scaled linearly with viscosity up  to octanol. The 
relaxation times were apparently not influenced 
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by the significant changes in the hydrodynamic 
volume in the alcohols. The overall conclusion 
to be drawn from these data is that, during rota- 
tional relaxation, the solute molecule experiences 
a torque primarily arising from solvent-solvent 
interactions. Rentzepis, Struve, and Jortner (27), 
in their laser picosecond laser studies of solvent 
reorganization about a 'giant-dipole' molecule 
suddenly (1 lo-" s) created in ethanol, also 
concluded that the observed orientational re- 
laxation time reflected only the viscous rotational 
drag between adjacent alcohol molecules. Con- 
sequently their data could be described within the 
hydrodynamic model. Theoretical justification 
comes from recent n~icroscopic calculations 
based on the generalized ~ a n g e v i n  equation, in 
which orientation and angular-velocity correla- 
tion functions were calculated for a fluctuating 
molecular fluid (28). Expressions have been de- 
rived for rotational diffusion in which the inverse 
linear dependence on viscosity is retained al- 
though the formal expression is more complex 
than the Debye equation. Therefore we may 
conclude that bulk viscosity measurements do 
offer meaningful physical insight on the micro- 
scopic fluid interactions, and that the hydro- 
dynamic model presents a valid framework 
within which to interpret these field-induced 
orientational relaxation times in polar fluids. 

The Solcation Mechanism 
The initial observation that z, and z, were very 

similar raised the problem (10) of why the di- 
poles in the presence of a strong, inhomogeneous 
internal field should behave as though they were 
reorienting under the influence of a weak, homo- 
geneous external field. In accepting that the cor- 
relation was not entirely coincidental, Kenney- 
Wallace and Jonah (10) proposed that the field 
of the excess electron, once trapped by a cluster, 
was screened by the layer of cluster molecules 
and that the induced-rotation of the dipoles out- 
side of the cluster could be approximated by 
weak field conditions. If we assume that the rate 
of configurational relaxation of the molecules 
outside the initial trapping site is controlled by 
an  accelerating electrostatic torque and the re- 
tarding viscous torque, and neglect affects due to 
variations in hydrodynamic volume (since they 
seem to be rather small for the alcohols in ques- 
tion), then we can plot k,,, cs. pq-' as shown in 
Fig. 4. The linearity of the relationship is con- 
vincing evidence that we have pinpointed the 

FIG. 4. The solvation dynamics k,,, as a function of 
both medium polarization [3 and fluidity q - '  for the 
n-alcohols @, 2-propanol A, and 2-butanol A. Solvation 
data from ref. 10 except methanol (1 I) ,  and normalized [3 
values from ref. 40. 

essential features of the hydrodynamic response 
of the fluid to the sudden perturbation in the 
local dipolar field and liquid structure provided 
by the excess electron in its initial localized state. 

Although there are possibly other considera- 
tions which should be included, the most impor- 
tant part of this model of electron solvation 
which requires a quantitative time-dependence 
treatment is the internal field. In choosing 0 we 
have compromised between the initial and final 
polarizations. We are presently carrying out 
further ex~erimental and theoretical work on 
this aspect, and on the temperature dependence 
of the observed solvation times for the pil-' 
correlaf on. Similarities in the 7, values for small 
alcohols at  varying temperatures but the same 
viscosity have been recently observed (29). 

Contemporary models of electron solvation 
in polar liquids (30-32) have already considered 
the rotation of dipoles about an excess electron 
from different perspectives. Fueki, Feng, and 
Kavan (32, 33) have recently extended their 
semicontinuum model for solvated electrons into 
the time domain, and their new calculations on 
electron solvation explicitly incorporate dielec- 
tric relaxation of the medium beyond the first 
solvation layer. Their theoretical and ENDOR 
results imply that this relaxation must occur after 
the initial molecular trapping site has assumed 
an optimum configuration. In originally noting 
the pq-' relationship (19) we presented argu- 
ments which were used to evaluate the role of the 
long- and short-range interactions in deter- 
mining the energetics of the solvated electron in 
polar fluids, and reached the same conclusion on 
the basis that rotational reorientation of the 
cluster dipoles must be accelerated in the strong 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2014 C.4K. J .  CHEM VOL. 5 5 .  1977 

internal field of the electron due to the short- 
range, electron-medium interactions. Further- 
more, these events probably occur on a subpico- 
second timescale in liquids and may remain elu- 
sive to experimental observation. For the correla- 
tion of T, and r, to be physically meaningful, a 
second relaxation process must be occurring. 

Inzplicntions for Photoblecrching Experi~zents 
The nature of the electronic transition or 

transitions giving rise to the characteristically 
broad optical absorption spectrum of e,- re- 
mains a fruitful topic of experimental and theo- 
retical debate (3-5). Measurements of the excited 
state lifetime of excess electrons in polar liquids 
via laser saturation (photobleaching) techniques 
have placed upper limits on these lifetimes 
ranging from 6 ps in water (34), 10 ps in several 
alcohols (22), 5 ps (35) and 0.2 ps (36) in am- 
monia to 0.2 ps in methylamine at 200 K (36). 
The interpretation of these values depends on 
both the saturating and observing wavelengths, 
and the degree of inhomogeneous broadening in 
the absorption band. A recent account of time- 
resolved photobleaching phenomena in solvated 
and trapped electrons by Walker and May (4, 
37) contains a full discussion of this problem, 
with particular emphasis on the correct absorp- 
tion coefficients E .  The latter have been recently 
determined (22) for our series of linear alcohols 
and within experimental error appear to be con- 
stant at E,,, - lo4 M-'  c~n- ' .  

Whether or not the excited state is a boundor 
continuum state, can in fact be examined in the 
context of the dynamics of electron solvation (9, 
22, 34) as illustrated in Fig. 5. If, following in- 
jection of an electron into a polar fluid, the se- 
quence of events leading to solvation can be 
described by an overall rate constant k,, then the 
following conlparisoil 

ks - 
e q L l i l s i c r e e  -f es-  

can be made to photobleaching experiment5 in 
which the electron 

is photoejected from its trap and subsequently 
undergoes the solvation process if chemical reac- 
tion does not occur (38). 

The principle of the pulsed laser saturation 
technique (22, 34. 37) is to temporarily deplete 
the population of ground state absorbers and 

then to measure both the induced transparency 
of the system and the rate k at which the ground 
state acquires its normal population once more. 
The experimental variables are the photophysical 
parameters of the absorber and the amplitude 
and temporal profile of the transmitted laser 
pulse at  varying incident proton fluxes, I. In a 
two level system, for excited state lifetimes much 
shorter than the laser pulse duration, it was 
shown that (34) 

k = 2~1(1 - 10-A)(AO - A)-'  

where A' is the linear absorption under low 
photon flux (Beer's law) and A is the high flux 
value. If following excitation and saturation of 
e,- with a photon of energy hv, the measured 
rate k = k ,  corresponded to the value of k,  at 
the same wavelength, then this would indeed be 
strong evidence for a continuun~ excited state. 
This is shown in Fig. 5. Excitation at lower inci- 
dent photon energies (liv,) to a bound state 
would lead to a rate constant k ,  where k, # k,. 
However, if our model of electron solvation is 
essentially correct then it may be impossible to 
do such an unambiguous experiment because the 
initial localization step occurs on a timescale 
<< 10-l2 s and is beyond direct experimental ob- 
servation. Recent mobility data (39) show elec- 
trons are readily captured in alcohols by even 
dimers. The observed value of I< = k* from 
photobleaching experiments will thus clearly 
depend on the time-window of the experiment, 
and the difference in absorbance will be given by 
the difference in the absorption coefficients of the 
electronically bound species in two localized 
states. Figure I suggests that this difference may 
not be very large, placing limitations on the 
sensitivity of the saturation technique. Neverthe- 
less, one would still hope to see in k* some con- 
tributions from orientational relaxation as in- 
deed occur in k,, whereas rapid vibronic relaxa- 
tion k ,  from a bound photoexcited state, reached 
via hv,, will not include such terms. 

FIG. 5. Interpretations of optical photobleaching ex- 
periments (see text for discussion). 
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Discussion 
K. Funahashi: Photo-bleaching of solvated electrons in 
ethanol is known to generate H from dissociation of the 
OH bond. If the major portion of energy relaxation arises 
from dipole rotation of the surrounding medium, photo- 
bleaching is not likely to generate H atoms. I feel that 
some intt.arnolecular relaxation associated with the OH 
bond is more important in describing the solvation 
process than the dipole rotation mechanism. 

6. A. Kenney-Wallace: The photo-bleaching effects in 
ethanol to  which you refer have not been detected in 
laser saturation experiments from other groups. How- 
ever, we are continuing to explore photo-bleaching in all 
the alcohols with picosecond laser pulses. Intramolecular 
relaxation of the molecules in the first solvation layer 
clearly occurs in times faster than we can resolve. This 
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was included when I stated that -OH dipole and con- 
figurational relaxation o f  the cluster itself occurred at 
times < 10-l2 s after electron localization.' 

J. W. Chase: Your plot o f  kSoi cs. Bq-' is very con- 
vincing, but have you tried this plot at different tempera- 
tures to see i f  this correlation still holds? 

G. A. Kenneg:W'allace: In order to do that we need good 
information on the behaviour o f  both 0 and q over a 
large temperature range. W e  have been investigating the 
change in fluidity o f  the alcohols via viscosity, and 13C 
Fourier transform nmr measurements, at different 
temperatures. We are learning more about the relative 
degree o f  'rigidity' o f  the carbon segments o f  the alkyl 
chain, and the origin o f  the initial dramatic viscosity 
change on dilution o f  alcohol in alkane. Ultimately we 
expect to characterize the degree o f  association via 
hydrogen bonding in the pure liquid and alcohol-alkane 
solutions. Once this work is con~pleted I will be able to 
answer your question exactly. Over a small temperature 
range the correlation appears to hold. 

J. Jortner: I wculd like to raise again the problem o f  the 
dynamics o f  electron localization in pure polar fluids. A 
few years ago Rentzepis and colleagues in their experi- 
ments on picosecond spectroscopy on electron localiza- 
tion in water proposed that the process occurs via the 
following consecutive steps: ( I )  relaxation o f  the long 
range dipolar field, (2) configurational changes in the 
vicinity o f  the trapping centre, reminiscent of  molecular 
vibrational relaxation. Professor Onsager has pointed out 
that step ( I )  i s  determined by the longitudinal dielectric 
relaxation time which is shorter by 1 to 2 orders o f  

'NOTE A D D E D  I\ PROOF: Recent laser saturation and 
photo-bleaching experiments in our laboratory clearly 
indicate that permanent and(or) transient photo-bleaching 
occurs in several alcohols at room temperature. 

magnitude (by the factor D,,/D,) than the Debye relaxa- 
tion time. This is an ultrashort timescale, which is on the 
verge o f  detection in some systems by the methods of  
picosecond spectroscopy. Recently an alternative physical 
picture was advanced replacing step (1 )  by trapping o f  the 
quasifree electron by 'pre-existing traps'. Evidence for 
such mechanism is available from Baxendale's experi- 
ments on alcohols-hydrocarbons mixture and from 
Gaathon's results on electron localization in supercritical 
polar vapors, but this evidence does not pertain directly 
to the pure polar solvents. I believe that crucial experi- 
ments regarding step ( I )  in the dynamics o f  electron 
localization were not yet performed. 

G. A. Kenney-Wallace: I do not believe that there is any 
difficulty here with the points you raise, nor do they affect 
the correlation I reported. I f  you consider the case where 
the quasifree electron is initially localised in a pre-existing 
trap, such as would be created by favourable fluctuations 
in the local molecular configuration and, in the specific 
cases o f  the alcohols, is probably a hydrogen bonded 
cluster, then the rapid configurational changes in the 
clu~ter (your step 2 )  must take place on a subpico- 
second timescale in the strong Coulomb field. The sub- 
sequent dynamics (represented by my r,) appear to be 
governed by dipolar relaxation and the local fluidity. 
Certainly i f  r ,  were the (Debye) relaxation time involved, 
the correct longitudinal dielectric relaxation time would 
be very much shorter, as you say. However, I am referring 
to r ,  and the D,,/D, modified value here is 2 70% of  the 
Debye time. Given the experimental uncertainties in the 
values o f  the dielectric constants, the difference between 
the T ,  and longitudinal dielectric relaxation time r,' 
becomes even less significant. W e  had already discussed 
this point (see Fig. 3 and text, Chem. Phys. Lett. 39, 596 
(1976)) and therefore the timescale over which the 
correlation is observed is the anticipated one. The order 
o f  our experimental events therefore shows that dlpolar 
relaxation occurs as a second step, not as the initial one. 
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Correlation of optical and electron spin resonance spectra for 
metal-electron species in alkali metal solutions' 

WILLIAM ARTHUR SEDDON. JOHN WALLACE FLETCHER, A N D  RON C A T T E R . ~ L L ~  
Physical Chernisrr? Branch, Chnlk River Nuclenr Laboratories, Atomic Energy of Canada Limited, 

ChulkRiver, Ont. ,  Canada KOJIJO 
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WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER, and RON CATTERALL. Can. J. Cheni. 
55,2017 (1977). 

Pulse radiolysis of alkali metal cations (M+) in amines and tetrahydrofuran has demon- 
strated the formation of transient optical absorption bands attributed to a species of stoichiom- 
etry M. Such bands exhibit a distinct blue shift from that of e,- observed in the same solvent. 
Con~parisons with electron spin resonance (esr) spectra obtained in alkali metal solutions 
demonstrate that the blue shift can be correlated with the percent atomic character deduced 
for the species of the same stoichiometry. This correlation indicates that both the optical and 
esr spectra arise from the same species which, with decreasing solvent polarity, exhibits a 
continuous transition from well solvated ion-pairs to something approaching solvated atoms 
or tight ion-pairs. 

WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER et Rox CATTERALL. Can. J. Chem. 55, 
2017 (1977). 

La radiolyse pulsee de cations metalliques alcalins (Mi) dans des amines et le tetrahydro- 
furanne a permis de demontrer la formation de bandes transitoires d'absorption optique at- 
tribuees a des especes de stoechiomitrie M. De telles bandes presentent un deplacement distinct 
vers le bleu par rapport a celle observie pour e,- dans les mCmes solvants. Une comparaison 
des spectres de resonance paramagnetique electronique obtenus dans des solutions de metaux 
alcalins dkmontre que le deplacen~ent vers le bleu peut &tre relie avec le pourcentage de caractere 
atomique deduit pour les especes de mCme stoechiomCtrie. Cette correlation i n d i q ~ ~ e  que les 
spectres optiques ainsi que les spectres rpe proviennent des memes especes qui, lorsque l'on 
permet a ~ l a  polarit6 du solvant de decroitre, prksentent une transition continue allant des 
paires d'ions bien solvates vers quelque chose approchant des atomes solvates ou des paires 
intimes d'ions. 

[Traduit par le journal] 

Extensive investigations (refs. 1-5 and ref- 
erences therein) of the optical, magnetic, and 
conductance properties of solutions of alkali 
metals in amines and ethers have revealed the 
presence of at least three species. There is now 
general agreement that two of these are best 
described as alkali metal anions M -  and solvated 
electrons es-. The existence of a third species 
of stoichiometry M, composed of an alkall 
nietal cation and ebb ,  has been demonstrated by 
both optical (6-12) and electron spin resonance 
(esr) spectroscopy (13-16). All three are con- 
sidered to be solvated to some extent and in 
equilibrium according to a scheme of the form 

[21 M + M G M - -  f M A  

However, there is considerable discussion in the 
literature regarding the nature c' M, and indeed, 
it is uncertain whether there are one, two, or 
more different species of this composition (3, 
1 6-20). 

In order to explain, firstly, the marked tem- 
perature dependence of the hyperfine splitting 
constant of the multiplet esr spectrum and, 
secondly, the dependence of esr line widths 
upon nuclear configuration, it has been pro- 
posed that the observed esr spectra are in fact a 
time average of spectra from two or more 
rapidly interconverting 'monomeric' species of 

[I1 e,- + M +  G M stoichiometry M such as tight or loose ion pairs 
(2 l), or solvated atoms (1 6-20). Alternatively, 

'AECL No. 5662. Tuttle (22) has suggested that the ion-pair 
ZVisiting scientist, Chalk River Nuclear Laboratories, species does not contribute to the resolved June-September 1976. Present address: Department of 

Chemistry, University of Salford, Salford, England hyperfine structure but has a line esr 
M5 4WT. spectrum identical with that of e,- whilst only 
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a single 'monomer' species is responsible for 
the hyperfine multiplet. For clarity in presenta- 
tion, we subsequently designate the species 
responsible for the hyperfine splitting as M,,,. 

Steady state optical spectra in such alkali 
metal solutions are, in general, composed of 
two bands attributed to metal-dependent and 
metal-independent species. The former or 
'visible' band occurs in the region 10 000-1 5 000 
c ~ n - '  and has been attributed to the diamag- 

netic species M -  whereas the latter band, which 
extends further into the infrared (< 7000 em-'), 
has generally been identified with e,-. 

More recently, flash photolysis (6-9) and pulse 
radiolysis (5, 10-12,23,24) techniques have been 
used to investigate the approach to equilibrium 
and have demonstrated the existence of three 
distinct optical bands assigned to e,-, M-,  and 
M with the latter also referred to as an ion- air 
(M +. e,-). It is important to recognise, however, 
that the notation ( M f ,  e,-) is only a convenient 
symbol for the transient and that no definite 
evidence for this structure has been obtained 
(9). 

For solvents such as ethylamine (EA) (lo), 
isopropylamine (IPA) (24), and tetrahydrofuran 
(THF) (11, 12), it is evident that the Mop, 
absorption maxima occur at wavelengths inter- 
mediate to those of e,- and M-.  In this context 
it should be recognised that at equilibrium the 
monomer Me,, is a minor, but easily detectable 
constituent (3) whereas in the pulse or flash 
techniques M,,, is generated on the microsecond 
time scale and subsequently decays to the 
equilibrium condition. 

Hitherto, because of spectral overlap and 
incorrect optical assignments, early attempts to 
correlate optical and esr spectra have not been 
successful (1, 16, 25). More recently, we have 
reported a linear correlation between the 
hyperfine splitting constant (hfs) observed in 
potassium/EA/THF solutions and the optical 
band maxima (v,,,, cm-') for Na,,, in similar 
solvent mixtures (26). Recognising the presence 
of different cations we nevertheless interpreted 
these results as evidence that the optical and 
esr hyperfine spectra arose from the same type 
species. 

If we now compare the hfs in K solutions 
with values for the free atom then the atomic 
character decreases significantly from THF 
(3657,) to EA (- 12%) (27). Thic is accompanied 

by a distinct blue shift in v,,,(K,,,) from that 
of v,,,(e,-), the magnitude of which decreases 
substantially for the corresponding change in 
solvent (10, 12). On the other hand, in methyl- 
amine (MA) (28), ethylenediamine (EDA) 
(28-31), or liquid ammonia (32-34) (see later) 
little or no change in optical spectrum from 
that of es- is observed on M!,, formation. In 
these cases the percent atomlc character ob- 
served by esr in alkali metal solutions is small 
and much less than observed in EA or T H F  
(3, 13, 18, 27). 

In view of this trend we have examined all 
the available data relative to Mop, and Me,,. 
These are shown in Table 1 listing v,,, for Mop,, 
e,-, M-, and the gaseous atoms M, (35), 
along with the percent atomic character for 
M,,, for different metal-solvent combinations. 
Because of strong solvent absorptions room 
temperature values for v,,,(e,-) in MA, EA, 
and IPA were obtained by pulse radiolysis via 
the temperature coefficient - dv,,,(e,-)/dT = 
24.0, 23.6, and 27.8 cm-' deg-l, respectively, 
determined at temperatures ranging from 193 to 
253 K .  These data are plotted in Fig. 1 expressing 
v,,~,(M~,,) as a percentage blue shift from that 
of v,,,(e,-) in the same solvent. The relative 
blue shift is defined by 

[3I (vmax(Mopt) - vmax(es-))I(vmax(M-) 
- vmax(eS-1) 

Since with respect to the free atom value, the 
shift in g-factor for Me,, is negative as the atomic 
character increases (27, 36, 37) we have not 
identified the optical transition energy for the 
10097, limit with that of the gaseous atoms 
(v,,,(M,)). Instead, in an attempt to allow for 
atom-solvent interactions we assume that the 
term v,,,(M-) in the denominator gives an 
approximate representation of 100x atomic 
character. 

It can be seen that a good correlatioll is 
obtained for all solvent and metal combinations 
indicating that the designation Mop, and Me,, 
refer to the same species. No attempt has been 
made to correct for the slight overestimation of 
atomic character for M,,,, especially when the 
hfs is small (18). However, the effect is systematic 
and any correction simply defines a slightly 
different line of correlation. Similarly, use of 
v,,,(M,) in place of v,,,(M-) in [3] does not 
invalidate the correlation but again would 
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SEDDON ET AL. 2019 

TABLE 1. Optical and electron spin resonance parameters for alkali metal solutions at 298 K 

v,,, (cnl-') 
'% atomic -- % blue 

Solvent Metal character from esr e,- M o p t  M - M, shift 

IPA 

THF 

1.1 NH3+/EA 

10 NH3/EA 

15 NHj/EA 

20 NH,/EA 

*Extrapolated from Na/EA/NH3 mixtures. 
iMol% NH3. 
6268 K. 

simply shift the curve. 111 no case do  we attach 
any theoretical significance to a particular line. 

Within experimental error an identical trend 
is observed for mixed solvents in K/NH,/EA 
solutions with atomic character 3.3-1 1.3% (38) 
and blue shifts 12.6-30.52 from 20 m o l z  NH, 
to pure EA. For clarity these data are not shown 
in Fig. 1 but are listed in Table 1. 

7 0  ? 

/ ; ;; 1 + T Y P I C A L  u w c E R T A I N T y  :N  

B L U E  S H I F T  
/ 4 

/ 
< 
x / 
ti 

" - qo 
/ 1, 

I P A  C r  3 0 / ' T ; F K ,  2 0 , 1 
0 E A  C r  

M A  C s  A K 
M A  '1: 

E A / r i n  

0  
0 5 0 0 3  

'. B L U E  S H I F T  

As outlined above the precise structure of 
the species responsible for the optical and esr 
spectra has been the source of much controversy 
and confusion in the literature (13-20, 21, 22). 
Thus, whilst species showing a small blue shift 
and low atomic character inight be best described 
as loose ion-pairs, species such as those in 
K/THF having a large blue shift and high 
atomic character are probably better described 
as solvated atoms or tight ion-pairs. A signifi- 

FIG. 1. Correlation of percent atomic character and 
percent blue shift (see text) for alkali metal solutions in 
atnines and THF. Random errors in atomic character 
are expected to be small and 1 1 - 2 z .  

cant point of Fig. 1 is the demonstration of a 
continuous transition between such ion-pairs 
and solvated atoms with decreasing polarity of 
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the solvent. We therefore conclude, that in 
agreement with Tuttle (22), a simple model 
involving a rapid equilibrium between a few 
relatively precise structures such as ion-pairs and 
solvated atoms (16-20, 36), is not sufficient to 
describe the range of species of stoichiometry M 
detected in these solutions. Instead we suggest 
that the correlation depicted in Fig. 1 illustrates 
a continuous desolvation process ranging from 
what might be regarded as well solvated dipolar 
ion-pairs to something approaching weakly sol- 
vated centrosymmetric alkali atoms or tight ion- 
pairs. 

In support of this interpretation we have 
found that the optical band widths of the Na,,, 
species in EA-THF mixtures (26) are no 
broader than those in either pure solvent, 
whereas linear combinations of the correspond- 
ing bands from the pure solvent would show 
considerably greater widths. 

As a final comment it is significant that in 
liquid ammonia the optical band attributed to 
the electron species shows a slight shift to the 
red, and not the blue, with increasing metal 
concentration from to lo-' M (40). No 
change in the band maximum is observed below - M and yet it is estimated from Knight 
shifts that /c(e,- + M') - 1012 M - I  s-' (41). 
This is consistent with the suggestion that the 
spectra of e,- and (M', e,-) are indistinguish- 
able and that the slight decrease in energy 
observed a t  higher concentrations represents the 
formation of an additional spin-paired species 
such as M, (40), rather than M -  (42). Evidence 
that the overall absorption band is composed 
of two components a t  equilibrium has been 
discussed elsewhere (34, 43, 44). 

1. I .  HCRLEY. T. R. TUTTLE. JR..  and S. G O L D ~ N .  
117 Metal-ammonia solutions. I.U.P.A.C., Colloque 
Weyl 11 ,  Butterworth and Co.,  London. 1970. p. 449. 

2. M. T. LOK. F.  J. TEHAN, and J .  Id. DYE. 5 .  Phys. 
Chem. 76,2975 (1972). 

3. J .  L. DYE. Electrons in fluids. Colloque Weyl 111, 
Springer-Verlag. West Berlin. 1973. p. 77. 
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Optical study of electrons and positive ions in pulse-irradiated liquid 
3-methyloctane at low temperatures1 

HUGH A .  GILLIS, NORMAN V.  KLASSEN, A N D  ROBERT J.  WOODS^ 
Dirisiorl of Pl~ysic.~,  National Research Council of Canada, O t t a ~ ~ a ,  Canc~du KIA OR6 
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HUGH A. GILLIS, NOR MA^ V. KLASSEN, and ROBERT J. WOODS. Can. J .  Chem. 55,2022 (1977). 
The spectrum of pulse-irradiated liquid 3-methyloctane at 127 K has maxima around 625 

and 2100 nm. The latter is well-known as being due to the solvated electron (e,-). The former 
is a t t r ib~~ted to a positive ion because it is eliminated by the addition of triethylamine, but 
remains in solutions of electron scavengers, and is very similar to bands observed earlier by 
Louwrier and Hamill in glassy solutions at 77 K of higher hydrocarbons in CCI, or COz- 
bubbled 3-methylpentane. At temperatures of 127 K and less the initial decay rate of e,- is 
greatly decreased by the addition of -6 mol% triethylamine. The result is interpreted as in- 
dicating that at low temperatures the mobility of the initial hydrocarbon positive ion is much 
greater than that of either e,- or the positive ion in triethylamine solutions, and therefore the 
initial hydrocarbon positive ion must be the parent radical cation which moves by resonance 
charge transfer. As the temperature of pure 3-nlethyloctane is raised from 103 to 153 K, the 
initial G E , , ~ ~  decreases by about 30x  while initial G E ~ ~ , , ~  almost doubles; because of these and 
other observations it is tentatively suggested that a second solvated electron is also produced. 

HUGH A. GILLIS, NORMAN V. K L A S S E ~  et ROBERT J. WOODS. Can. J. Chern. 55.2022 (1977). 
Le spectre du methyl-3 octane liquide irradie par pulsation a 127 K a deux maxima autour de 

625 et 2100 nm. On sait que le dernier maximum est dCi aux electrons solvates (e,-). Le 
premier est attribue a union positif parce qu'il est elimine par l'addition de triethylamine mais 
demeure dans des solutions de piegeurs d'electron et est trts semblable i des bandes qui ont Cte 
observees antirieurement par Louwrier et Hamill dans des solutions d'hydrocarbures de poids 
molCculaires plus eleves dissous dans des verres de CCI, a 77 K ou de methyl-3 pentane dans 
-1equel on a fait barbotter du CO,. A des temperatures de 127 K ou moins, le taux de dkconl- 
position initial de e,- diminue rapidement par addition - 6 m o l z  de triethylamine. On inter- 
prete des risultats comme indiquant qu'a basse temperature la mobilite de I'ion positif de 
I'hydrocarbure initial est beaucoup plus grande que celle de soit e,- ou I'ion positif dans des 
solutions de triithylamine et qu'ainsi l'ion positif de I'hydrocarbure initial doit @tre le cation 
radical parent qui se deplace par transfert de charge en resonance. A mesure que I'on augmente 
la temperature du methyl-3 octane de 103 a 153 K, le G~650 initial dirninue par environ 30% 
alors que le G E ~ , ~ ~  initial double pratiquement; a cause de ces observations et d'autres, on 
suggere d'une f a ~ o n  non definitive qu'il y a aussi production d'une seconde espece d'electron 
solvate. 

[Traduit par le journal] 

Introduction 
Electrons solvated or trapped in hydrocarbons 

have strong absorption bands with maxima in 
the near infrared and they have been the subject 
of many optical investigations in both glasses 
and liquids (1-3). In hydrocarbons, especially at  
low temperatures, an electron is usually therm- 
alized at  a distance from a positive ion in the 
same spur such that the coulombic energy 
between the pair is greater than the kinetic 

'NRCC No. 15822. 
'Visiting Research Officer at  the National Research 

Council of Canada, June-August, 1975. Permanent 
address: Department of Chemistry and Chemical 
Engineering, University of Saskatchewan, Saskatoon, 
Sask., Canada S7N OWO. 

energy. The ion-pair is described as geminate 
and will undergo geminate recombination unless 
one or both members of the pair is scavenged by 
solute. Geminate recombination was demon- 
strated in liquid propane at  88 K (2) and in 
liquid 3-methylhexane at 126 K (3) by the 
observation that half-lives for electron decay are 
independent of initial concentration. 

Studies of the positively charged species 
participating in the recombination reaction in 
hydrocarbons in the condensed phase have been 
relatively few. Louwrier and Hamill (4) found 
strong absorption in y-irradiated glassy solutions 
of alkanes (RH) of seven or more carbon atoms 
in either CCI, or C0,-saturated 3-methylpen- 
tane at  77 K. The bands had A,,,, increasing with 
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Barnes A-100 room temperature lnAs photodiode. The 
performance of these detectors has been described (14). 
The 0-98% response time of the oscilloscope-detector 
system was i 4 0  ns with the silicon photodiode and 
< 9 0 n s  with the InAs photodiode for the conditions 
used in this work. 

Results 
Spectra of Solcated Electrotz and Positive Ion 

The spectra of irradiated 3-MO at 127 K at 
different times after the start of a 40 ns pulse are 
shown in Fig. 1. The maximum around 2100 nln 
is attributed to the solvated electron (e,-) by 
comparison with our previous work (2, 15) and 
the maximum around 625 nm is attributed to 
RH' by comparison with the spectra of Lou- 
wrier and Hamill (4). A comparison of the three 
spectra of Fig. 1 indicates that at 127 K RH' 
decays somewhat faster than does e,-. 

The spectra of an irradiated 5.7 molT solution 
of TEA in 3-MO at 127 K at two times after a 
pulse are shown in Fig. 2. TEA is expected to 
scavenge RH' by accepting either the charge or 
a proton (16) : 

As seen in Fig. 2 the ratio of absorption at 
625 nm to that at 2100 nln is much smaller in the 
solution than in pure 3-MO at 100 ns, and this 
ratio becomes even smaller for the solution 
at  7 ps. 

Spectra observed in solutions of known 
electron scavengers in 3-MO are shown in Fig. 3. 
Difficulties were encountered in dissolving 
enough scavenger in the cold 3-MO to conlpletely 

3 - 

7 
2 
x 2 -  

0 

I  - 

o 1  I 
500 1000 1500 2000 

W a v e l e n g t h ,  nm 

FIG. 1.  Spectra observed at thrcc times after the start 
of a 40 ns pulse in pure 3-methyloctane at 127 K. 

1 I 
1000 1500 2000 

W a v e l e n g t h ,  nm 

FIG. 2. Spectra observed at two times after the start of 
a 40 ns pulse in 3-methyloctane containing 5.7 m o l z  
triethylamine at 127 K. 

D 

800 1200 1600 2000 
W a v e l e n g t h ,  nrn 

FIG. 3. Spectra observed after a 40ns pulse in 3-methyl- 
octane containing electron scavengers: ( A )  with 2.9 m o l z  
SF,, T = 136 K, 100 ns after start of the pulse; (B) 
saturated with N,O at room temperature, T = 127 K, 
60 ns after start of the pulse; (C) with 1.1 m o l z  CCI,, 
T = 127 K, 100 ns after start of the pulse; ( D )  same as C 
except 7 ps after start of the pulse. Spectra A  and B have 
been displaced upnards by 0.6 and 0.3 units, respectively. 
The magnitudes of C and D  are relative to each other, 
but otherwise the magnitudes of the spectra are arbitrary. 

remove e,-. Spectrum A,  for a solution of SF, 
in 3-MO, shows a peak due to RH' around 
625 nm and some residual absorption at longer 
wavelengths probably due to es-. At 500 ns 
absorptions in this system at 2100 and 625 nm 
were 28% and 60%, respectively, of the corre- 
sponding absorptions at  100 ns, which is in 
accord with the assignment of absorption at 
2100 nm to es- which reacts rapidly with SF,. 
Spectrum B, for a solution of N,O in 3-MO, 
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shows the RH' peak around 625 nm and also 
absorption decreasing from 1000 to 2300 nm 
which cannot be due to e,-. At 7 ps, after RH' 
had largely decayed away, a peak around 425 nm 
remained. Spectrum C, for a solution of CCI, 
in 3-MO, shows the RH' peak around 625 nm, 
absorption increasing from 1000 to 2100 nm 
which is due to e,-, and an increase in absorp- 
tion between 425 and 410 nni. This last feature 
may be due to the tail of a band assigned to 
CCI,+ and which is reported to have A,,, = 

367 nm (17). The spectrum at 7 ps for this 
system, spectrum D, shows a peak around 
470 nm which has been attributed to a charge- 
transfer complex, CCl, . CI, resulting from 
charge recombination of CCl,' with C1- (17), 
though this assignment has been questioned 
(18). If the 470 peak is due to CCI,.Cl, then it 
should grow in only as RH+ decays and should 
not contribute significantly to spectrum C; in 
agreement with this, OD,,o/OD,,o for spectrum 
C is very similar to that for spectra A and B. 

Effects of Solutes on e,- and R H +  
In Fig. 4A it is seen that the effect of a large 

concentration (6.2 mo1T) of TEA on the initial 
yield of e,- in 3-MO at 109.5 K is negligible, but 
its initial decay rate is considerably decreased. 
Figure 5 shows the effect of the same con- 
centration of TEA in 3-MO at 127 K over a 
greater extent of decay. At this temperature there 
is a small (3%) increase in concentration of e,- 
a t  short times in the presence of TEA. This 
increase is only about twice the experimental 
uncertainty for an individual trace but it was 
repeatable several t~mes  and for two different 
samples, and is probably not an artifact of the 
detector (14). However, at longer times e,- 
decays faster in the TEA solution, so that the 
time to reach 807  decay is the same as for pure 
3-MO. Figure 6 glves results for electron decay 
a t  141 K in the presence and absence of TEA. It 
is seen that a t  hlgher temperatures where electron 
decay is much faster in pure 3-MO, the effective- 
ness of TEA in decreasing the initial decay rate 
is much less. 

The yields of trapped electrons in y-irradiated 
3-methylpentane at 77 K are increased by the 
addition of a few m o l x  TEA (1). Our work 
suggests that the reason is simply that the 
initial decay rate of the electrons is sufficiently 
fast in the pure hydrocarbon such that some of 
them disappear before the first measurement, 

0 0  0  10 15 20 25 

Time , ps 

FIG. 4. Effects of solutes on electron and positive ion 
in 3-methyloctane at 109.5 K .  Zero time refers to mid- 
pulse. (A) Optical density at 2100 nm, due to the electron, 
as a function of time; 0, no additives; @, with 6.2 mol% 
triethylamine; A, with 1.22 niolx SF,. (B) Optical 
density at 650 nm due to  the positive ion (corrections have 
been nmde for electron absorption at this wavelength); 
0, no additives; A, with 1.22 m o l z  SF6. 

0  I  I I I I 
0 50 100 150 200 250 

T i m e ,  ps 

FIG. 5. Effects of triethylamine on electron decay in 
3-methyloctane at 127 K: 0, pure 3-methyloctane; @,with 
6.2 mol% triethylamine. Measurements were made at  
2100 nm. OD, is the optical density extrapolated to the 
middle of the 40 ns pulse. The inset shows the initial 
changes in optical density on an expanded time-scale. 
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o l  I 1 1 I I I I I 
0 0.2 0 4  0 6  0.8 10 1.2 1.4 16 

T i m e ,  F S  

FIG. 6. Decay of electrons and positive ions in pure 
3-methyloctane at 141 K ,  and electron decay in a 6.2 
mol% triethylan~ine solution at 141 K.  OD, is the optical 
density extrapolated to the middle of the 40 ns pulse. 
@, ?" = 2100 nm, triethylamine solution; 0, i, = 2100 
nm, pure 3-methyloctane; A, i, = 650 nm, pure 3-methyl- 
octane, corrected for electron absorption. 

but the initial decay is much slower in the 
solutions so that fewer are lost. 

Figure 4A shows that the effect of SF, on es- 
is to considerably reduce the initial yield and 
greatly increase the decay rate. The effect of 
SF, on R H f ,  as seen in Fig. 4B, is to increase 
the initial yield and slightly decrease the decay 
rate at  short times. In Fig. 4 8  initial t,,,'s for 
decay of RH' are approximately 1.7 ps in pure 
3-MO and 2.8 ps in the 1.22 molnl, SF, solution. 

From a comparison of Figs. 4 A and B it is 
seen that in pure 3-MO at 109.5 K the decay 
rate of R H t  is much faster than that of es-, 
especially at  short times. However, the fractional 
difference in rates becomes smaller with increase 
in temperature as shown by the results at  141 K 
given in Fig. 6. 

EfSect of Elecfrorz Scacengers on Yields of RH' 
The effects of SF, and CCl, on yields of R H f  

in 3-MO at two temperatures are shown in Table 
1. In  estimating the yields in CCl, solutions, it 
was assumed, as indicated above, that the species 
with ?,,,, around 470 nm found at  long times 
makes no cmtribution to absorption a t  650 nm 
a t  short times. 

Effect of Telnperuture orz Yields of e,- and RH' 
In  Fig. 7 it is seen that the values of GE of es- 

are the same in solutions of TEA as in pure 
3-MO between 103 and 153 K, and the GE'S 
almost double as the temperature is increased in 
this range. The GE'S of R H t  decrease by about 
30% over the same temperature range. The 
values of GE given in Fig. 7 are those estimated 

TABLE 1. Effect of electron scavengers on yields of positive 
ion in 3-methyloctane 

- 

T (K) Solute MOIZ ahs<, x 10," 

109.5 None 1 .24-> 
109.5 SF6 1.22 1 ,631- 
127 None - 1 .09 t  
127 CCI, 0.43 I .15+ 
127 ' X I ,  3.61 1.24 
127 CCI, 6.51 1.35 
127 SF6 1.22 1 .52 t  

* G E ~ ~ ~  measured 100 ns after the start of a 40 ns pulse. 
+After correction for electron absorption at 650 iim. 

0 1 l I l  1 1 1 1  
loo I I O  120 T e m p e r a t u r e ,  130 K 140 150 

FIG. 7. Mid-pulse values of GE of electrons and positive 
ions as a function of temperature: @, pure 3-methyloctane, 
7, = 2100; A, with 6.2 mol% triethylamine, h = 2100; 
0, positive ion contribution in pure 3-methyloctane at 
650 nm (i.e. electron absorption at 650 nrn has been 
subtracted). 

from extrapolations to mid-pulse on plots of 
1/OD cs. time. At  the higher temperatures these 
extrapolations are large and therefore the un- 
certainties are considerable, as indicated by the 
error bars in Fig. 7. Thus at  153 K the estimated 
OD at  mid-pulse (OD,) for e,- is 2.3 times OD 
measured a t  100 ns after the start of the pulse; 
by comparison, at  103 K ODo is ! .02 times OD 
at  100 ns. 

Effecf of DoselPtllse andl ight  It?tensitj3 on Decuj, 
Rates 

Variation of the dose per pulse and therefore 
OD, by a factor of 6.5 was found to have no 
effect on plots of ODIOD, against time at  either 
2100 or 650 nnl for pure 3-MO a: 127 K. This 
first order dependence on dose implies geminate 
reactions. Reduction of the intensity of the 
analyzing light by a factor of 10 also had no 
effect on the decay plots, so that the analyzing 
light was not inducing bleaching reactions. 

Variation of the dose per pulse by a factor of 
8.4 for a 1.22 mol"; solution of SF, in 3-MO 
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at  127 K had some effect on plots of OD/ODo 
cs. time at 650 nm. At 1.3 ps ODIOD, was 0.60 
and 0.50 for the low and high doses, respectively. 
An interpretation is that under these conditions 
a small part of R H f  decays by a true second 
order reaction, and the rest by a reaction or 
reactions which are first order in dose. 

Discussion 
Spectru of es- utzd RH' 

The spectra observed in irradiated pure 3-MO, 
Fig. I, show maxima around 2100 and 625 nm 
which can be attributed confidently to the 
solvated electron and a positive ion, respectively. 
There is no indication in Fig. 1 of a shift with 
time in the spectrum of es-. A shift with time 
in ?,,,, from 2000 to 1700 nm was found in 
3-methylhexane glass at  76 K (15), but no such 
shift was found in liquid 3-methylhexane a t  
temperatures above 112 K (3). The spectrum of 
the positive ion with A,,, = 625 nm is seen 
better in Fig. 3. Louwrier and Hamill (4) found 
I,,, = 685 nm for a y-irradiated solution of 
2-methyloctane in CCl, at 77 K and attributed 
it to the parent radical ion, RH'. They also 
measured spectra of the parent radical ions of 
four niethylnonanes at 77 K, and found a steady 
shift to the blue as the methyl group moved from 
the 2 to the 5 position. If it is assumed that the 
blue shift in going from 2-methyloctane to 3-MO 
is the same as in going from Zmethylnonane 
to 3-methylnonane, h,,, for 3-MO at 77 K would 
be expected at 650 nm. Comparison with our 
A,,, at 127 K indicates any shift with tempera- 
ture is small. 

Decuj Kinetics for es- and R H f  
The decay kinetics for e,- and RH' in pure 

3-MO do not even approximately obey a log 
O D  rs. time plot, but for both species the kinetics 
are first order in dose in that decay curves for 
different doses per pulse can be superimposed if 
normalized for dose. This demonstrates that 
these species are not decaying by second order 
reactions, and suggests that both species are 
undergoing geminate recombination. The decay 
kinetics for e,- i n  pure 3-MO are similar to those 
seen earlier in pure 3-methylhexane in that they 
happen to obey fairly well a plot of I/OD 
against time (if the best line is drawn through 
the points for >50", decay, points for smaller 
percent decay fall below the line), but do not 
follow [l]  (3). 

However, a reaction or reactions other than 

reconibination of e,- with R H t  obviously occur 
also because RH' disappears much faster than 
e,-, as seen in Figs. I ,  4, and 6. The fractional 
difference in decay rates is greatest at the lowest 
teruperature. One possibility is that, in addition 
to recombining with e,-, RH' dissociates or 
undergoes an ion-molecule reaction to form 
products that do not absorb in this region. 
However, such a reaction would be expected to 
obey a first order kinetics plot, and it is seen in 
Fig. 4B that successive t,,,'s for RH' are very 
different in pure 3-MO. Instead we tentatively 
propose that R H f  combines geminately with a 
second type of solvated electron (further evidence 
for this species is presented below) which pre- 
sumably absorbs at  ?L > 2200 nm, as well as 
combining with e,-. Combination with this 
second type of solvated electron must be faster 
than with e,-. As well there seems to be a dis- 
sociation or ion-molecule reaction at longer 
times, to explain the almost complete disappear- 
ance of R H f  by 35 ps in pure 3-MO at 127 K 
(Fig. 1). 

In solutions of TEA where at short times 
the positive ion is mainly (C2H5),NHf or 
(C,H,),N' (16), the initial decay rate of e,- is 
very much slower than in pure 3-MO for 
T < 127 K, as indicated in Figs. 4 and 5. One 
possible reason is that the dominant positive ion 
in these solutions is (C,H,),NHf and the 
reaction 

is very slow, just as the hydrated electron reacts 
slowly, if at all, with NH,'. However, this 
possibility is considered unlikely for three 
reasons: (a) if this were the case, initial electron 
decay would be expected to be much slower in 
TEA solutions than in pure 3-MO at all tem- 
peratures. In fact, as indicated in Fig. 6, the 
differences are smaller at  the higher tempera- 
tures. (6) To explain why the effectiveness of TEA 
in increasing the yields of trapped electrons in 
3-methylpentane glasses at  77 K goes through a 
maximum at a few percent, Hamill (1) has 
proposed that the decrease in effectiveness at  
higher concentrations is due to hole migration 
along chains of TEA molecules and therefore the 
dominant positive ion must be (C2H5),Nf 
rather than (C2H,),NHf. (c) If the proton 
affinity of (C,H,),N is the same as that of NH,, 
[4] is exothermic by about 110 kcal mol-I in thc 
gas phase. The energetics would be similar in a 
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hydrocarbon where the reactants are weakly 
solvated (as contrasted to the situation in water 
where solvation is strong) and therefore [4] 
would be expected to be fast in 3-MO. 

A much more l~kely explanation for the 
slower initial decay of e,- in TEA solutions for 
T I 127 K is that R H f  has a mobility which is 
much higher than that of (C,H,),NHf or 
(C,H,),N-, and is also higher than the mobility 
of es-. R H f  must migrate by a resonance 
transfer of an  electron from R H  (hole transfer). 
However, at  141 K the mobilities of e,- and R H  ' 
are more similar, as indicated by the fact that 
TEA has a smaller effect on the decay rate of 
e,- (Fig. 6). 

In  pure 3-MO a t  127 K, e,- decays more 
slowly at  times > 20 ps than in a TEA solution 
(Fig. 5). A t  these times only a small fraction of 
the original R H f  remains (FIE I), and the 
remaining electrons illust decay slowly with 
widely separated cations produced froni R H f  
by dissociation or lon-molecule reactions. 

A small growth of absorption a t  2100 nm was 
seen in TEA solutions a t  temperatures around 
127 K (inset of Fig. 5). This might be due to a 
conversion into e,- with A,,,, = 2100 nm by a 
small percentage of a second type of solvated 
electron which was mentioned above and for 
which further evidence is given below. 

In  SF, solutions the decay of R H f  is only 
slightly slower than in pure 3-MO (Fig. 4B). In  
these solutions the neutralization partner of 
R H f  must be predominately SF,-. The mobility 
of SF,- has been measured in cyclohexane a t  
room temperature, and is very much less than 
that of electrons in hydrocarbons l ~ k e  3-MO at 
room temperature (19). Act~vation energies are 
not available, but at  109.5 K SF,- might still be 
expected to be less mobile than e,-. However, it 
was concluded above that at  this temperature 
R H f  moves much more than does e,- sn the 
recombination process, so further decrease of 
the mobility of the negatively charged reactant 
is not expected to have much effect. 

Yields of RH' and e, - 
As the temperature is increased from 103 to 

153 K ,  the initial GE of RH' decreases while 
that of e ,  increases (Fig. 7). A referee has 
pointed out that these changes in GE'S might 
simply reflect changes in E a t  the chosen wave- 
lengths. However, we have indicated above that 
any shift in h,,,, for R H f  between 77 and 127 K 
is small. A change in E,,, should be likewise 
small between 103 and 153 K since it ~ o u l d  

reflect an expected small change in band width. 
Earlier we found that the spectrum of e s~-  in 
liquid 3-methylhexane at  121 K is very similar 
to that of the glass at  76 K (3). Very recently 
small changes in I,,,,, with temperature have 
been reported for e,- in several ethers; E,,, was 
found to be practically constant with tempera- 
ture (20). Therefore we cannot eliminate the 
possibility that the changes with temperature in 
GE seen in Fig. 7 are due to changes in E, but we 
think they are more likely due to changes in G. A 
decrease in the yield of R H f  while the yield 
of e,- increases could be explained by produc- 
tion of another type of initial positively charged 
species we have not observed, or  another type 
of solvated electron we have not detected and 
which presumably absorbs at  wavelengths 
>2200 nm. Since we have some other evidence 
for a second type of solvated electron, discussed 
above, we prefer the latter explanation. The yield 
of this second electron species would then 
decrease with increasing temperature to fulfill 
the presun~ed requirement that the yield of RH' 
equal the total yield of solvated electsoas. 

Only rough estimates of the extinction co- 
efficients of es- and R H f  are available from the 
literature. For 3-methylpentane glass at 77 K, 
E at  I,,, (-1700 nm) has been estimated as 
3 x lo4 h i 1  cm-' ( I ) .  If we assume E at  A,,, 
is the same for electrons in liquid 3-MO, then 
G(e,-) is 0.97 at  103 K and 1.87 at 153 K. The 
only estimate available for E for R H f  is for 
2-methyldecane by Louwrier and Haniill (4), 
who noted that their results suggest that 
oscillator strengths increase markedly with 
carbon number. The E,,, for R H f  from 2- 
methyldecane, 8.2 x 103 M-'  cm-I> may then 
be taken as an  upper limit for E,,, for RH' from 
3-MO. The lower limits of the initial G's for 
R H f  are then calculated as 1.74 at 103 K and 
1.27 a t  153 K.  These rough estimates suggest 
that if a second type of solvated electron is pro- 
duced in 3-MO, its yield is appreciable at 103 K. 

A second type of trapped electron with a 
clearly separated absorption band in the near 
infrared has been reported recently in a rather 
different type of system, three aqueous glasses 
and crystalline ice (21-23). 

Efect  of Elecirorz S c a ~  engrrJ o~; Yields of R H f  
Our estimated in~t ia l  yselds of RH ' and e,- 

are higher and loner, respectively, in the presence 
of SF, or  CCI, than in pure 3-MO (Table I). As 
indicated above, CC1,' may also be produced in 
the CCI, solutions, and this may at  least partly 
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account for the greater effectiveness of SF, than 
of CCI, in increasing the initial yield of RH'. 
These effects can be explained by proposing 
that CCI, or SF, can scavenge an unsolvated, 
quasi-free electron (eqf-): in the absence of 
scavenger (S) this species can be solvated or can 
recombine with RH' very quickly, before our 
first observation : 
[51 eqf - f Trap  -t e,- 

[61 eqf -  + RHf + R H  

Scavenging of the quasi-free electron, [7],  
increases the yield of RH' by decreasing the 
amount of [ 6 ] ,  and of course decreases [ 5 ]  also. 

Another possible explanation is that in pure 
3-MO some recombination between RH' and 
e,- takes place by tunnelling at  very short 
times (24), such that our extrapolation procedure 
for estimating initial yields is not valid Added 
SF, or CCl, would interfere with this recom- 
bination by scavenging e,- and hence giving 
increased yields of RH' at our first observation 
times. 

Relntionship fo Scncenging Experiments 
If the neutralization reactions in cold hydro- 

carbons are as complicated as our experiments 
suggest and involve two types of solvated 
electron and a quasi-free electron, plus a mobile 
hole and cations produced from it by dissociation 
or ion-molecule reactions, then it is not surpris- 
ing that decay of one type of solvated electron 
does not follow [I],  the behaviour predicted 
from scavenging experiments at room tempera- 
ture (lo), since this prediction involves the 
implicit assumption that only one species reacts 
with electron scavengers. The situation in room 
temperature hydrocarbons might be much 
simpler in that perhaps only one electron species 
is important under these conditions, but at  this 
time prediction of lifetimes of geminate electrons 
from scavenging experiments seems hazardous. 
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Discussion 
R. S. Dkon: It is well-known from mass spectrometric 
studies that fragmentation can give rise to many different 
ions in the gas phase. Is it possible that you have more than 
one positive ion with a reasonable lifetime at low tempera- 
ture in your system? 
R. J .  Woods: Ion fragmentation is less likely in liquid phase 
radiolysis than in the mass spectrometer because excita- 
tional energy of excited ions is rapidly dissipated in a 
condensed medium. However, we have suggested that ion 
fragmentation may contribute to the rapid disappearance 
of the positive ion which absorbs at 650 nm: carbonium 
ions formed by fragmentation would be expected to have a 
longer lifetime than the parent positive ion. 
J. R. Miller: While you have shown that the positive ion in 
the cold liquid decays rapidly, have you studied its decay at 
a temperature low enough so that the system is rigid? 
R. J. Woods: No. Studies have not been carried out below 
the glass transition point. 
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DAVID W. JOHNSO> and G. ARTHUR SALMON. Can. J. Chem. 55.2030 (1977). 
The radical anion C6H5N02- ,  NB-, which has a strong absorption spectrum from 250-500 

nm, is formed by reaction of nitrobenzene with solvated electrons, e,-, and hydroxymethyl 
radical anions, 'CH20- ,  with k l  = (1.92 t 0.35) x 10" M - '  s- '  and k, = (1.03 k 0.02) 
x loL0  M-' s-'. 

[l 1 e,- + C6H5NO2 -, C,H5N0,+ 

[21 'CH20-  + CsH5NOz + C,H5N0,+ + H,CO 

GE~. is constant for NB- over a wide range of nitrobenzene concentrations in basic solution. By 
assuming that the yields of scavengeable radicals are the same in neutral and basic solutions we 
obtain E ( N B - ) , ~ ~ , ,  = (1.66 & 0.02) x lo4 IM-' cm-'. This value is used to evaluate the 
yield of e,- scavengeable by dilute solutions of solutes as G(e,-),,, = 1.20 1 0.03. Extinction 
coefficients of es-, hydroxymethyl radicals, 'CH20H,  and 'CH,O- and the oscillator strength 
of the e,- absorption are calculated. 

The yields of e,- determined by previous workers are discussed in terms of dry, damp, 
geminate, free, spur, and escaped electrons. A model is constr~~cted in terms of damp, spur, 
and escaped electrons which compares favourably with experimental scavenging results and 
direct measurements by optical pulse radiolysis. 

DAVID W. JOHNSOY et G. ARTHUR SALMON. Can. J. Chem. 55, 2030 (1977) 
Le radical anion C 6 H 5 N 0 2 + ,  NB-, qui a un spectre d'absorptlon tres intense dans la region 

de 250-500 nm, se fornie par reaction du nitrobenzene avec les electrons solvates, e,-, et les 
anions radicaux hydroxymethyles, 'CH,O-, avec des constantes de vitesse k ,  = (1.92 k 
0.35) x 101° M-I  s-' et k2 = (1.03 a 0.02) x lo lo  s-'. 

La valeur de GEI. est constante pour NB' des concentrations de nitrobenzkne trPs diverses 
lorsque I'on travaille en solution basique. En faisant I'hypothese que les rendements des radi- 
caux qui peuvent Ctre pieges sont les m&mes en solutions neutres et basiques, on obtient la 
valeur E(NB-) , ,~  ., = (1.66 i 0.02) x lo4 M - '  cm-'. On peut utiliser cette valeur pour 
evaluer le rendement en e,- piegeable pour des solutions dilutes de solutCs; alors G(e,-),,, = 
1.20 k 0.03. On a aussi calcule les coefficients d'extinction de e,-, des radicaux hydroxyme- 
thyles, 'CH,OH, et 'CH,O- et la force d'oscillateur de I'absorption e,-. 

On discute des rendements de e,- determines anterieurement par d'autres chercheurs en 
termes d'electrons secs, humides, gCmines, libres, de grappe et qui se sont echappis. On cons- 
truit un modele en termes d'electrons humides, de grappe et qui se sont echappes qui se com- 
pare favorablement avec les rCsultats de pitgeages experimentaux et des mesures directes par 
radiolyse optique pulsie. 

[Traduit par le journal] 

Introduction 
In a previous paper the overall scavengeable 

yield of solvated electrons, e,-, and hydroxy- 
methyl radicals, 'CH,OH, was determined by 
pulse radiolysis of dilute solutions of tetrani- 
tromethane, TNM (1). Estimates of G(e,-),,,,I 
the yield of e,- which escape from regions of 

'The G value of the designated product is the radiation 
chemical yield in molecules (100 eV)- l. 

high radical concentration (spurs) to become 
homogeneously distributed in solution, vary 
from 1.0-2.0 (2-14). Pulse radiolysis measure- 
ments of absorption spectra yield only the 
product GE,,' thus uncertainty in G(e,-) results 
in a correponding uncertainty in the extinction 

'G&(X), is the product in units of M-I cm-' of the 
radiation chemical yield and the molar decadic extinction 
coefficient of the light absorbing species, X, at wave- 
length h. 
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coefficient of e,-. This work utilizes the strong 
absorption spectrum between 280 and 320 nm 
of C,H,N025, NB- (15), generated by reaction 
of e,- and the hydroxymethyl radical anion, 
'CH20-,  with nitrobenzene by reactions 1 and 2 
to obtain a more reliable value for G(e,-) and 
hence determine the extinction coefficient of e,-. 

Experimental 
Nitrobenzene (B.D.H. AnalaR) was washed three times 

with a threefold excess of triply distilled water, dried over 
anhydrous calcium chloride, and fractionally distilled in a 
nitrogen atmosphere, the middle fraction being collected 
at 211-214'C. 

Nitrous oxide (B.O.C. 99.999%) was passed over 
potassiun~ hydroxide pellets, through a trap at -803C 
and either used directly or further purified by degassing 
a t  - 130cC. This latter material was stored on a vacuum 
line and degassed again before use. Analysis by gas 
chromatography using a molecular sieve 5A (B.D.H.) 
colu~nn at 43'C with helium as a carrier gas showed no 
trace of any gaseous impurity. 

Methanol (Wilkinson-Vickers A.R.), tetranitromethane 
(Koch Light, Puriss. A.R.), and argon (B.O.C. 99.995%) 
were purified as described previously (1). 

Sodium metal (B.D.H., G.P.R. dry; or Hopkins and 
Williams, dry) was used as supplied. 

Methods 
The techniques of sample preparation, saturation with 

argon or nitrous oxide, and details of the pulse radiolysis 
apparatus have been described previously (16-18). Pulse 
lengths from 10 ns to 0.2 ~s were chosen as appropriate. 

Solutions for the determination of the reaction rate 
between N,O and e,- were prepared by distillation in 
cacuo of a measured quantity of N,O onto a sample of 
methanol which had been previously degassed at - 80°C. 
The concentration of N,O in solution at the temperature 
of the experiment was determined using values for the 
solubility of N 2 0  in methanol of 2.03 x 2.07 
x lo-" and 2.99 x M (mm Hg)-' at 25 (19), 20 
(20), and OCC (21), respectively. All experiments were 
performed at room temperature (20 i 2'C). All errors 
quoted are one standard deviation of the mean (standard 
error). 

Results 
A .  Nitrobenzene Solutions 

I. Kinetic Studies 
( a )  Bahic Solutions-The rate constant for 

reaction 1 between e,- and nitrobenzene was 
determined as k ,  = (1.92 -t 0.35) x 10'' M - I  
s - I  from the first order decays of the absorption 
of e,- at  580 nm in Ar saturated solutions con- 
taining 6 x lo-' < [C,HsN02] < 3 x 
M and 2 x < [CH,ONa] < 2 x lo- '  
M. This value compares favourably with a pre- 
vious measurement (5). 

The rates of growth of absorption at  300 nm 
due to NB- following 1.5-4.0 krad pulses 
measured for N 2 0  saturated solutions with 
6 x lo-' I [C6HsNOz] I 2 x M and 
1 x lo-' < [CH,ONa] I 1 M conformed to 
first order kinetics in every case. In N,O satu- 
rated solution the principal radical species, 
hydrogen atoms (H'), methoxy radicals (CH,Oe), 
and es- are converted rapidly into 'CH20H with 
half-lives of < 5  ns, 150 ns (16), and < 1 ns, 
respectively, by reactions 3 to 5 and 'CH20H is 
in acid-base equilibrium 6 with 'CH,O- (22). 

Assuming that 'CH20- ,  but not 'CH20H, 
reacts with nitrobenzene (as is observed in 
aqueous solution (15)) then the dependence of 
the observed first order rate constants for for- 
mation of NB- on [C6H,NOz] and [CH,ONa] 
is given by [7] 

where K,' = K,/[CH,OH]. This expression may 
be rearranged to [8] 

A graph of [C6HsNO2]/kObs against 1/ [CH3- 
ONa] shown in Fig. 1 gives k, = (1.03 + 0.02) 
x lo9 M - ~  s-' and K,  = 3440 + 250. The 

latter value is to be compared with K6 = 2120 
f 235 determined previously (22). The reason 
for this discrepancy is not clear since under the 
experimental conditions employed the rate of 
formation of NB- is not sufficiently rapid to be 
affected significantly by the rate of formation of 
'CH20-  (22). However, the low degree of 
accuracy of reciprocal plots of the type employed 
may be responsible. 

(b) Neutral Solutions-An attempt to mea- 
sure the rate of reaction 9 of 'CHzOH with 
nitrobenzene in N 2 0  saturated solutions by the 
increase in absorption at 300 nm was unsuccess- 
ful since no growth was observed over 20 ps 
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2032 CAN.  J .  CHEM. 

FIG. 1. Variation ~ i t h  [C6H5N02] and [CH,ONa] of 
the observed first order rate constant, k,,,, for the 
formation of NB- in N 2 0  saturated methanol. 

at  [C,H,NO,] = 3 x l o p 3  M. Furthermore the 
bimolecular decay of the 

absorption of 'CH,OH at 320 nm (reaction 10) 
was unaffected by the presence of the solute. At 
higher concentrations of nitrobenzene absorp- 
tion of light by the solute made observations 

impossible. A value for k ,  = 3.3 x lo6 M - I  
s-I has been determined in strongly acidic 
solutions of nitrobenzene (23). This value, and 
that for lc,, (22), indicates that reaction 9 is too 
slow to be responsible for the disappearance of 
'CH20H in any solutions studied in this work. 

In aqueous solution, H' and hydroxyl radicals, 
'OH, react with nitrobenzene to form adducts to 
the aromatic ring by reaction 11 giving products 
which absorb strongly at  400 nm (24). There was 

no evidence of any absorption at  400 nm on 
pulse radiolysis of an N 2 0  saturated solution 
containing 3 x M nitrobenzene. It must be 
concluded that at  this concentration of nitro- 
benzene reactions of H' and C H 3 0 e  are too slow 
to compete with their reactions 3 and 4 with the 
solvent. 

VOL. 5 5 .  1977 

II. Spectra and Yields 
(a )  Basic Solutions-The spectra generated 

by 1.5 krad pulses in Ar and N,O saturated 
solutions with [C,H,NO,] = 1 m M  and 
[CH30Na] = 0.5 M are identical within experi- 
mental error. The spectrum is shown in Fig. 2. 
This spectrum, with maxima at 295 and 420 nm, 
is similar to that attributed to NB- in alkaline 
aqueous solution after allowance is made for the 
depletion of nitrobenzene (15). After the rapid 
formation of the absorption no decay was 
observed over 100 ps and only 50x  of the 
absorption decayed over 2 min. This sets an 
upper limit to the decay since no allowance was 
made for the dilution of irradiated solution by 
unirradiated solution in the connecting tubing. 

GE values for NB- were determined at wave- 
lengths from 290-320 nm for Ar saturated 
solutions with 6 x lo- '  5 [C,H,NO,] 5 3 
x l o T 3  M and 1 x 5 [CH,ONa] 5 1.0 
M. The values, which were found to be inde- 
pendent of both [C,H,NO,] and [CH,ONa], 
are listed in Table 1. Also listed are the extinction 
coefficients of NB- which were calculated on the 
assumption that the yield of radicals scavenge- 
able by TNM in neutral Ar saturated solution, 
G(NF-)INA' (I), is equal to that scavenged by 
nitrobenzene in basic Ar saturated solution, i.e., 

where the subscripts N and B refer to neutral and 
basic solutions and [G(R')IA' is the yield of 
radicals scavengeable in neutral Ar saturated 
solutions (1). The basis for this assumption is 
considered in the discussion. 

The variation of G E ~ ~ ~  nm with [CH30Na] was 
studied over a much larger range (1.36 x 
to I .O M) for Ar and N,O saturated solutions 
containing 8 x M C6H,N02 at 3.5 krad/ 
pulse. The large variation in yield (see Fig. 3) is 
due to reactions 10, 12, and 13 (22) which lead to 
the disappearance of 'CH20H and 'CH20-  in 
competition with their reaction with nitro- 
benzene. 

[I21 'CHIOH + 'CH20- -+ 
Products 

[I31 2'CH20- + 

The lines in Fig. 3 describing the dependence 
=f the yield of NB-  on the concentration of base 
were calculated from [14]. 
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JOHNSON AND SALMON 

FIG. 2. Spectrum of NB- produced by a 1.5 krad pulse in Ar saturated methanol containing 1 r n M  
C,H5N02 and 0.5 M CH,ONa. 

where 

and Y = 1.204 x 106/D. In [14], [G(NB-)I, is 
the yield of NB- at [CH,ONa] = c M, and 
G(e,-), is the slowly decaying yield of e,- in 
neutral solution corrected for decay during the 
pulse (the 'initial' yield). Z, is the experimentally 
determined ratio of the 'initial' yield of e,- in a 
solution with [CH,ONa] = c M to that in 
neutral solution and D is the dose delivered by 
the pulse in units of krads. Values of [G(Ra)] for 
Ar and N 2 0  saturated solutions were determined 
from G E ~ ~ , , ,  at [CH,ONa] 2 1 x lo-' A4 
when scavenging of radicals by nitrobenzene is 
essentially complete. The results in Fig. 3 were 
obtained from a single experiment so that the 
agreement between the observed and calculated 
yields is good. The data used in this calculation 
are listed in Table 2. 

(b) Neutral Solutions-On pulse radiolysis of 
Ar saturated solutions of methanol with 6 
x [C,H,NO,] 5 3 x Musing 10 

or 25 ns, 1-2 krad pulses an absorption spectrum 
with a maximum at 295 nm grew in after the 
pulse. The spectrum subsequently decayed 
rapidly over 25 ps and slowly over several 
hundred ps. The absorption is composed of 
contributions from NB-, e,-, and 'CH20H. In 
order to determine the yield of NB-, which in 
neutral solution is generated by reaction between 
e,- and nitrobenzene (reaction I), both the rate 
of formation and decay of NB- must be known 
as well as the rate of decay of the absorption due 
to 'CH,OH. In aqueous solution NB- is in 
equilibrium with the un-ionised radical C6H,- 
NO2HS,NBH, (equilibrium 15) (15). Although 

no value for K,, has been measured in methanol 
it is likely to be considerably less than its value 
in water (K,, = 6.3 x M (15)) on account 
of the lower free energy of solvation of ions in 
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TABLE 1. Yields and extinction coefficients of NB- in Ar saturated solution 
with 6 x lo-' I [C6H5N02] 1 3 x M and 2 x lo-' I [CH,ONa] 

5 1.0,w 

*Calculated assuming [G(R')IMAr = 5.63 I 0.05. 

methanol. However, in neutral methanol, for reaction between Hf formed during the pulse 
which [Ht  1 = 1 x lo-' M, equilibrium 15 will and NB- forming the less strongly absorbing 
lie towards the dissociated form. The relatively NBH (15). 
fast initial decay of absorption may be caused by The formation and decay of absorption can 

therefore be forlnulated in terms of [161-[20]. 

[NB-I, = kl[es-10 , (exp (-k- ,<t)  - exp (-[kll + k2,]r)) k l '  + k2, - k-, ,  

[IS] [NBH] - - 
- 1 - exp (-k-,,'t) - 1 

k l f  + k,, - kP15 k - ~ 5 '  

1 - exp ([lcl' + k,, l t)  
~ 1 9 1  CC~H,NO,I, = [IC,H,NO,IO - k l t ~ e s - i 0  

where [XI, and [XI, are the concentrations of 
species X produced during the pulse and at  time 
t after the middle of the pulse, respectively, and 
k, '  = Ic, [C,H,NO,]. It is ass~~nied that the 
decay of NB- by reaction with H + is first-order 
over the first few ps and that k-  , ,' = k -  ,, [H'],. 
The decay of e,- other than by reaction with 
nitrobenzene is represented by reaction 21. In As 
saturated methanol it is found that the decay of 
e,- follows a first order rate law, but the observed 
first order rate constant, k, ,, is dependent on the 
dose in the pulse (1 1). Hence values for k,, at 
the dose used in each experiment were deter- 
mined from the decay of es- in Ar saturated 

methanol. The sum of [ e , ] ,  and ['CH,OH], 1s 
calculated using [C(Re)]," = 5.63 k 0.05 (1). 

The changes in absorption at 290 and 300 nm 
follouillg a pulse were fitted to [16]-[20] at five 
different [C6H,N02] uslng a linear least 
squares method with C(e,-), and k ,  as ~nde-  
pendent variables. The extinction coefficient 

E(NBH)~ was taken as its value in aqueous 
solution (15). The values for rate constants and 
extinction coefficients are taken from ref. 22 and 
elsewhere in the text. The calculated and ob- 
served absorption data were within experimental 
error at  all concentrations of C,H,NO, and at 
both wavelengths studied. An example is shown 
in Fig. 4 which also shows contributions to the 
total absorption from each absorbing species. 
Since NB-  is the major component and decays 
only slowly, values used for the extinction 
coefficients of other species have little influence 
on G(e,-),. Values for G(e,-), = 1.20 + 0.03 
and k ,  = (2.1 $. 0.1) x 101° M - I  s-I were 
obtained. The latter coinpares well with k, = 

(1.92 & 0.35) x 10" M - '  s- '  determined in 
section A.l.(a) by direct observation of the decay 
of the absorption of e,-. 

B. Nitvobe~zene-Tetvcznit~'ot'~zethane Solutions 
Pulse radiolysis of Ar saturated TNM solu- 

tions results in the formation by reactions 22 
and 23 of N F -  which absorbs at 355 nin (1). 
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JOHNSON AND SALMON 

TABLE 2. Parameters employed in the calculation of the theoretical curves in Fig. 3 

(a) Reactions 

Reaction lo -9  k ( i w l  S-I)  Reference 

[2] 'CH20-  + C6H5No2  + CGH5N0,T  + C H 2 0  1.02 This work 
[6]  'CH20H + CH30-  S 'CHzO- + C H 3 0 H  (if6 = 2120) 22 

(K6 = 3440) This work 
[lo] 2'CH20H -t 1.44 This ao rk  
[12] 'CH,OH + 'CH,O- + 2 25 This work, 22* 
[13] 2'CH20-  + 0.16 This work, 22* 

(6 )  Yields 

Species Ar saturated N z O  saturated 

*Calculated from k l ~ , .  values from ref. 22 and E* from this work (Fig. 6). 

FIG. 3. Dependence of G E ~ O ~  on the concentration 
of base in solutions containing 0.8 m M  nitrobenzene. 
0, Ar saturated; +, N,O saturated. Curves calculated 
using [14] and data in Table 2. Ar saturated: KG = 2120, 
-; K, = 3440, -.-.-; N,O saturated: KG = 2120, ---; 
KG = 3440, -. . - .  .-. 

Addition of nitrobenzene results in a decrease 
in GE~,~,,,,,. This dependence of G E , ~ ~ ~ , , ,  on 
[C,H,NO,]/[TNM] was studied in Ar saturated 

1221 e,- + C(N0,)4  -t C(NO,),- + NO, 

solutions with 6 x < [TNM] 3 x 

0 000 I - - - - 
0 0 0 2 0 4 0 6 0 8 10 

t /LJs 

FIG 4 G r o ~ t h  of absorption at  300 nni after a 10 ns, 
1 6 krad pulse In an Ar saturated solut~on contaln~ng 
3 x M C G H 5 N 0 2  Observed yleld 0, solid 11ne 
calculated from [16] to [20] T ~ m e  dependence of ~ndl- 
v~dual components ---, NB , - - - .  , 'CHZOH,  , 
e , - ; -  - . - ,NBH 

M and [C,H,N02]I[TNM] 2 1 and ~r rad~a ted  
with 1 5-5 0 krad, 25 ns or 0.2 ps pulses. The 
355 nm absorption grew in after the pulse to a 
plateau wh~ch was stable for at least 30 ps. The 
absorpt~ons were not corrected for the absorp- 
tion of NB- s~nce&(NB-),, , ,,, << &(NFP),,, .,. 
The dependence of G(NF-) on [C,H,NO,]/ 
[TNM] IS shown in Fig 5. G(NF-) falls below 
~ t s  value In TMN solut~ons because n~trobenzene 
competes w ~ t h  TNM for es- (react~ons 1 and 
22). Since "CH,OH reacts only slowly w ~ t h  
n~trobenzene the contr~bution to G(NF-) from 
react~on of 'CH,OH w ~ t h  TNM (react~on 23) IS 

unaffected by nitrobenzene. Hence, at [C,Hs- 
NO,] 1 1 x l op3  M, [24] appl~es where 
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2036 C 4 h  J CHEM \ 

FIG. 5.  Effect of nitrobenzene on n m  in Ar satu- 
rated solutions containing the following concentra- 
tions of T N M :  0, 6 x M ;  0, 9.6 x IM;  V, 
1.15 x 10-4 JM; +, 2.0 x M ;  A, 2.15 x 10-4 M ;  
and 0 , 3  x lo-" M < [TNM] < 3 x M. The solid 
line is calculated from [24] using G(e,-), = 1.38. 

[G(NF-)I4' and [G(NFP)]$,',,,,,, are the yields 
of NF-  in the absence and presence of nitrn- 
benzene. The best value of G(e,-), to fit the ob- 
served data for solutions with [C6H,N02] 
I 1 x M is G(e,-), = 1.38 f 0.13. Yields 
of NF-  calculated mith this value in [24] are 
shown as the solid line In Fig. 5. 

When the concentration of nitrobenzene is 
greater than M [C(NF-)I$:,,,,, drops 
below the value predicted from [24] since nitro- 
benzene intercepts e,- inside spurs which would 
otherwise react with H' forming " C H 2 0 H  by 
reactions 25 and 3. 

The absorption at 300 nm, which was cor- 
rected for the small NF-  absorption, exhibited 
a fast initial g r o ~ t h  due to formation of NB- 
by reaction 1 followed by a decay which was 
faster than found in the absence of TNM. The 
absence of a corresponding growth at 355 nm 
demonstrates that NB- does not rapidly transfer 

an electron to TNM. The initial decay of NB- 
may be due to reaction 26 involving nitrogen 
dioxide formed in reactions 22 and 23 since the 
elects011 affinities of NO, and C6H,N02,  3.10 
and 0.51 eV, respectively (25), indicate that this 
process is energetically favoured. 

C. Nitrous Oxide Solutions: Extitiction Coefi- 
cients of 'CH,OH and 'CH,O- 

The rate of reaction between e,- and N,O 
(reaction 5a) was measured by following the 
kinetics of decay of es- absorption at 630 nm 
following a pulse to solutions with 4 x 
I [N,O] I 5 x M. The observed first order 
rate constants were independent of dose at each 
concentration of N,O and from the variation of 
these rate constants with [N,O] we find k,, = 

(1.32 i- 0.17) x 10" M - '  s-I .  This value is in 
good agreement with those determined by 
Dainton et a/. (19) and Seki and Imamura 
6, 26). 

The absorption spectra produced by 5-7.5 
krad, 0.2 ys pulses in N,O saturated neutral 
and basic ([CH,ONa] = 0.087 M )  solutions 
resembled those previously assigned to 'CH,OH 
and 'CH20-  (19, 27) and are shown in Fig. 6. 
Extinction coefficients, calculated for these 
species using the radical yield [G(R')],U20 = 

6.45 f 0.05 (I), are shown on the right hand 
. ordinate of Fig. 6. In the calculation of &('CH,- 
0 - ) , ,  allowance was made for the incomplete 
dissociation of 'CH20H to 'CH20- according 
to equilibrium 6. 

The rate constant, 2k,,, for disappearance of 
'CH20H in neutral N 2 0  saturated solution was 
dctcrmincd at wavelcngths from 250-320 nln 
from the values for 2kI,/~('CH2OH), at each 
wavelength and the extinction coefficieilts taken 
from Fig. 6. The resultant 2k,, valucs were 
independent of wavelength within experimental 
error giving 2k1, = (2.89 F 0.05) x lo9 M - '  
s-I .  

D. Argon Saturated Solutions: Tlze E.xti~iction 
Corjj'icienf of e,- 

The abcorption spectrum produced at the end 
of a 0.2 ys, 5 krad pulse in neutral Ar saturated 
methanol is composed of contributions from 
e,- and 'CH2BH. The absorption at h > 380 
nm due to e,- decayed rapidly and after 10 ps 
the spectrum in Ar saturated solution firas 
normalizable to that of 'CH,OH. At the doses 
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JOHXSOU A h D  SALMOS 2037 

used es- disappears predominantly by reaction should differ only according to the total yields of 

~ 2 7 1  e,- + CH,OH + CH,O- + H' 
radicals which escape from the spurs in Ar and 
N,O saturated solutions. In As saturated solu- 

with either Hf or methanol (reactions 25 and tions the initial absorptioli at  wavelength h 
27). In each case 'CH,OH is formed by the rapid corrected graphically for decay during the pulse, 
reaction of He  with methanol (reaction 3). There- [GE],,,*', is composed of contributions from 
fore after conlplete decay of e,- the spectra both e,- and 'CH,OH and is given by 1281. 

Equation 32, for~(e,-),, is derived from [28]-[31]. 

FIG. 6. Spectra of 'CH,OH (+) and 'CH,O- (0) 
produced by 3 5-5 krad, 0.2 ps pulses of N 2 0  saturated 
soliltions. t ,  neutral solution; 0, [CH,ONa] = 8.67 
x M.  

Values for ~ ( e , - ) ~ ,  between 240 and 360 nln 
calculated using G(e,-), = 1.20 i 0.03, [G- 
(R*)INA' = 5.53 1 0.05, and [G(R.)],~~O = 6.45 
i 0.05 are shown in Fig. 7. 

Similar results were obtained in solutions con- 
taining 2.0 x 10-' M CH,ONa. Equations 
similar to those for neutral methanol were used 
to evaluate &(e,-), except that Z,G(e,-), was 
used instead of G(e,-),. The values so obtained, 
which are also shown in Fig. 7, are slightly 

larger than those obtained in neutral solution. 
Large errors are expected for values of s(e,-), 
computed from data for basic solutions since, 
especially at low wavelengths, E('CH,O-), 
>> ~(e,-) ,  . 

The spectrum of e,- in neutral solution at 
wavelengths where 'CH,OH does not absorb 
is in good agreement with previous determina- 
tions (10, 28, 29). The overall spectrum is shown 
in Fig. 7. The spectrum was extended to 850 nln 

FIG. 7. Spectrum of e,- in neutral methanol: +, direct 
observation of absorption of e,-;  A, calculated from 
[29] for neutral solutions; 0, calculated from [29] for 
solutions containing 8.7 x A4 CH,ONa; 0, from 
ref. 29 norn~alized to 630 nm. The solid line (-) which 
is the best curve through the data is used for calculation 
off (see text) and the broken line (---) a Lorentzian curve, 
normalized at 630 nm. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



VOL. 5 5 .  1977 

using data from ref. 29 and to longer wave- 
lengths by graphical extrapolation. Jou and 
Dorfman (30) have shown that the high energy 
side of the spectra of e,- in a large number of 
solvents conform to Lorentzian curves. The 
broken line in Fig. 7 is the Lorentzian curve 
which fits best the data for methanol and is 
given by [33]. The oscillator strength of e,- is 
given by [34] (31) where V is in units of cm-I and 
no is the refractive index. 

A value off = 0.86 was calculated from the solid 
line in Fig. 7, extrapolated to 200 nm, and 
f = 0.90 from the solid line a t  3, > 630 nm and 
the Lorentzian curve (to V = sc cm-l)  at  
IL < 630 nm. These values are larger than those 
calculated in refs. 10 and 28. In the former 
case &(e,-) at  h,,, is similar to that obtained in 
this work, the higher value for f being due to the 
difference in shape of the spectrum a t  low 
wavelength. Any inaccuracy in the graphical 
extrapolation at  long wavelengths will have little 
effect on f .  

Discussion 
(A) Validity of the Assiunption thaf [G(R')INA' = 

[G(R.)IRA' 
In  the ~ i s u l t s  section the assumption @as 

made that [G(R')IA' is identical in neutral and 
basic solutions as measured by T N M  and 
nitrobenzene, respectively. This prelnlse is 
central to our estimation of E(NB-), and hence 
G(e,-),. Figure 3 shows that within experin~ental 
error the yield of NB- conforms to that expected 
for a constant [G(Re)]"' in basic solutions with 
[CH,ONa] 2 1.36 x M. Unfortunately 
the calculation of the yields of NB- for solu- 
tions with [CH,ONa] = 1.36 x M I S  sub- 
ject to large error due to their considerable 
dependence on the value chosen for K, and 
hence this data cannot be used to confirm the 
constancy of [G(R')IA' at  [CH,ONa] < 1 mM. 

Further confirmation of this assumption can 
be drawn from the constancy of the glycol yield, 
which reflects the yleld of radicals. between 
neutral and basic solutions with [CH,ONa] = 

0.01 to 0.1 M (2, 32). I t  was proposed in an 

earlier paper (1) that the discrepancy between 
[G(R')IA' and 2G(glycol) was due to the low 
reactivity of methyl radicals, 'CH, (33), towards 
methanol (reaction 35) and T N M  and their 
inability to react with T N M  to form N F - .  The 
same arguments may be applied to the reaction 

of 'CH, with nitrobenzene. This reaction is 
expected to be significantly slower than that of 
' C H 2 0 H  with nitrobenzene and hence can be 
ignored under the experimental conditions 
applied in this work. 

The major effect of added base is to scavenge 
H f  and hence to prevent geminate recombina- 
tion reactions which convert e,- to 'CH,OH 
(reactions 25 and 3): thus, the yield of e,- is 
increased at  the expense of that of ' C H 2 0 H  
(I I, 34, 35). This will only have an observable 
effect on the overall radical yield if the reactivi- 
ties of e,- and 'CH,OH in their radical-radical 
reactions differ. Except at  the highest base 
concentrations it seems unlikely that the change 
in the overall yield of radicals escaping the spurs 
will be significant. 

Hamill and co-workers (36-38) have pro- 
posed that base can scavenge the positive 'hole', 
ROH' (reaction 36), before this entity is 
stabilised by reactioil with the solvent (reaction 
37). The occurrence of reaction 36 may also 
prevent the recombination of presolvated, i.e. 
dry electrons, e - ,  with ROH' (reaction 38) and 

[37] ROH' + ROH -t ROH2+ + RO' 

hence lead to an increase in the total radical 
yield. However the increase in G(e,-) is small a t  

[381 e- f ROH+ I ROH 

base concentrations where positive 'hole' scaven- 
ging is likely to be important (34) so this effect 
may be ignored for the base concentrations 
employed in this work. 

( B )  A Model for the Radiolj.sis of Met/~anol 
Four methods have been employed to measure 

electron yields in methanol, namely, (i) the 
determination of the effects of solutes on the 
yield of hydrogen obtained by y-irradiation 
(2-5), (ii) the measurement of the yields of 
species produced by dissociative electron capture 
by a solute (6-9), (iiij the determination by pulse 
radiolysis of GE valucs for radical anions pro- 
duced by electron attachment to solutes (10-12), 
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and (ic) the observation of rapid conductivity 
changes induced by short pulses of radiation 
(13, 14). Following the formulation of the model 
by Freeman and Fayadh (39) it has become 
customary to associate the values given by each 
of the above methods with G(eSP),,, the yield of 
solvated electrons which escape geminate re- 
combination. However, the disparity between 
the resultant values (G(e,-),, = 1.0-2.0) indi- 
cates the unsatisfactory nature of either the 
experimental methods employed, or the premise 
which suggests that each inethod yields G(e,-),,. 
We  believe the latter to be the case and that the 
model of Freeman and Fayadh (39) is inapplic- 
able to liquid methanol. 

The probability, P(r) ,  that an electron ther- 
malised a t  distance r. from its counterion will 
escape geminate recombination with its partner 
is given by [39] (40), 

where r, = e2/&kT,  e is the electronic charge, E 

the dielectric constant, k the Boltzmann constant, 
and T the absolute temperature. The value for 
r ,  is dependent on the time dependence of the 
dielectric constant which is a function of the 
relaxation time of the solvent. However a t  times 
> 5 ps the ordinary low frequency dielectric 
constant applies (41) giving r,  = 1.7 nm. The 
initial radius of a spur has been estimated as 2.3 
nm (42) and is assumed to expand with time. 
Kevan and Chen (43) have measured a spur 
radius of 5.9 nm in glassy methanol a t  77 K. 
Allowing for the greater thermalisation distances 
a t  77 K compared to room temperature the 
expected spur radius is still greater than 4.0 nm 
so that there will be a considerable yield of e,- 
within regions of high radical concentration 
which d o  not recombine with geminate positive 
ions. I t  Is proposed that these be defined as free 
soivated electrons, (e,-),,, whereas those com- 
bining geminately in the absence of radical- 
radical reactions be termed geminate solvated 
electrons, (e,-),,. A proportion of G(es-),, are 
expected to undergo reactions with other 
radicals (42,44) and the remainder to escape into 
the bullc of the 5olution and to become homo- 
geneously distributed. The latter category will be 
called 'escaped' solvated electrons, with a yield 
G(e,-I,,,, mhereas the total number of electrons 
that undergo reactions in spurs (both geminate 
and free) will be termed 'spur' solvated elec- 
trons, (e,-),,,,. Hence, [40] applies and G,,, 

The existence of absorptions in the infrared 
region has recently been demonstrated for 
methanol (45) and other alcohols (45, 46). These 
absorptions have been assigned to partially 
solvated electrons. I t  seems necessary, therefore, 
to define two further types of electrons, the 'dry' 
electron, (e-), and partially solvated 'damp' 
electron, e,,,,- (46). The lifetime of the former 
has been estimated to be about 10- l5  s (47), i.e. 
the time taken for e-  to be thermalised, when it 
becomes trapped in the form e,;,,,-. If trapping 
is immediate upon thermalisation it seems un- 
likely that e-  will participate significantly in 
reactions with solutes. The reactivity of e,,,,- 
with a large number of solutes has been shown to 
be parallel to, but greater than, that of e,- (45). 

The total yield of f~illy solvated electrons a t  
30 ps has been measured by Lam and Hunt (48) 
as G(es-),, ,, = 2.0 (based on the extinction 
coefficient obtained in this work). This was 
measured relative to G(e,,-),, ,, = 4.0 at  30 ps. 
However the stroboscopic pulse radiolysis tech- 
nique does not lend itself to the accurate deter- 
mination of absolute yields. Jonah et al. (49), 
using a single pulse technique enabling the 
observation of decays of species from 100 ps to 
several ns when dosimetry becomes very easy, 
have recently determined G(e,,-) = 4.6 at  100 
ps. Since e,,- does not decay significantly over 
300 ps (48) this value may be used for 
G(e,,-),, ,, giving G(e,-),, ,, = 2.3 in methanol. 
Jha and Freeman (7) and Janovskg (11) have 
measured scavengeable electron yields of at  
least 4.6 in methanol. Thus, there is a yield of 
electrons with G 2 2.3 which d o  not become 
solvated and which presumably recombine 
geminately either in the f o r ~ n  of e- ore,,,,,-. 

( C )  Corvparisoi? of the Model n3ith E.~pcriinent 
(1) Pulsed C o ~ i d ~ i c t i ~ i t ~ '  E.uperitnents 
Fow!es (i3) and Busi and Ward (14) have de- 

termined G(e,-),, = 2.0 by observation of the 
conductivity change following a pulse of high 
energy radiation. Fowles concluded that the 
ionic conductances of e ,  and CM,O- are 
identical so that the technique is not capable of 
differentiation between these species. Hence 
reactions of e,- with itself, CH,OS, and 'CH,BH, 
which are known to occur in methanol (44, 50) 
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t o  yield CH,O-, are not detected by this method. 
The method, therefore, possibly provides a 
measure of G(e,-),, but not G(e,-),,,. However, 
in the N,O saturated solutions scavenging of dry 
electrons by N,O may be expected to increase 
the yield of free ions, which would invalidate 
Fowles's conclusions. 

(11) Radical-anion Forination 
The reaction of es- with a solute to form a 

radical anion may be represented by reaction 44. 
The yield of X 7  observed by microsecond pulse 
radiolysis depends on whether es- originates 
from the (e,-),,,,, 

or  (e,-),,, population. In the former case X' is 
protonated rapidly due to the high concentration 
of H' formed in spurs. This is demonstrated by 
the rapid decay over about 50 ns of the biphenyl 
anion, C,,H,,z, absorption to a steady value 
(23). In contrast X' formed from (e,-I,,, pro- 
tonates by reaction with solvent or homogene- 
ously distributed H +  over a few 11s and G(XX) is 
therefore readily measurable by ns or ps pulse 
radiolysis. Thus the observed G(XT) is equal to 
G(e,-),,, and is constant over a large concentra- 
tion range of X (10, 11). Direct observation of 
the slowly decaying absorption of e,- yields 
G(e,-),,, ~(e,-),.  Providing E(XT), is known, 
G(e,-),,, and hence ~(e , - ) ,  may be calculated. 
Since X' can only be prepared by chemical 
methods in aprotic solvents, it has proved im- 
possible to measure &(XT);. in methanol. In 
previous studies (10-12) E(X')?" has been assumed 
to be invariant from solvent to solvent. In this 
work E(NB-) has been determined without 
recourse to this assumption. The agreement of 
the present result with those using biphenyl 
(10, 11) and pyrene (12) indicates that in these 
cases the values of E ( X " ) ~ ~  d o  not change signifi- 
cantly in going from aprotic solve~lts (usually 
THF) to methanol. 

( I I I )  Dissociatiz;e Electron Capture and Re- 
duction in Hydrogen Yields 

Dissociative electron capture by N,O (6, 7), 
SF, (8), and CH,Br (8) has been employed to 
measure electron yields in y-irradiated methanol 
while benzyl chloride has been used similarly in 

pulse radiolysis studies (9, 11). The reactions 
involved are of the general form of reaction 45 
irrespective of whether the electrons reacting are 

dry, damp, or  solvated. More importantly, since 
the process is dissociative, an observable 
product results irrespective of whether the elec- 
trons are geminate, free, or escaped. Conse- 
quently the yield of product from reaction 45 
varies continuously with [AB] and separation 
of the electron yield into its various compo~lents 
can only be achieved with prior knowledge of 
the reactivity and life-time distribution of each 
component. The effect of solutes such as nitro- 
benzene (5) in reducing the hydrogen yield is 
thought to be due to the scavenging of electrons 
and the interpretation of the data is therefore 
subject to the same complications. Jha and 
Freeman ( 5 ,  7) and Rzad and Fendler (8) have 
applied simplified treatments to their data. They 
have made the assumption that all geminate 
electrons recombine with Hf and that free 
electrons all diffuse into the bulk solution and 
decay by a first order process. Freeman and 
Bolton (51) have since niodified their treatment 
to allow for the scavenging of dry electron by 
the solute, but  have not taken into account 
reaction of es- with radicals. Furthermore if 
~ ( e , - ) , _ ~ ~  has the value determined in the 
present work, it is necessary to take into account 
that only 50% of electrons become solvated. 

We therefore propose a model which we 
believe to be consistent with all the known 
experimental observations and which, in view of 
the simplifications involved, provides as good a 
fit as can be expected to the measured yields. 

The initial yield of e- is set as G(e-) = 4.6, 
i.e. equal to the maximum yield observed with 
high concentratio~ls of N,O (7). In the absence of 
a solute a yield, G(es-) = 2.3 becomes solvated. 
I t  is assumed that once e- are therrnalised they 
can become trapped either as e,,,,,- or es-. The 
e,,,,- can undergo geminate recombination 
possibly by thermal excitation to the dry state. 
Thus the diffusion coefficient applicable to the 
geminate recombination is governed by the 
existence of shallow traps (e,,,,,-) as is the case 
in hydrocarbons (52). Thus the competition 
between recombillation (reaction 46) and solva- 
tion (reaction 47) can be expected to conform to 
the kinetics applied by Warman et 01. (53) to 

[461 e- + ROH(H)+ -t Products 
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1471 e-  -+ c,- (48) have observed that to is about 350 ps for 

low polarity solvents. The yield of liquid methanol. Values for a and b may be deter- 

electrolls is given by [48] mined from G(e,-) = 2.3 at  to and 1.65 at  7 11s (29) 
calculated using ~ ( e , - )  determined in this work. 

[48] G(e,-) = G(e-) 1531 G(e,-),,,, = -a log t + b 

Thus, the rate equations for the disappearance of 
where a, is a parameter which measures the (e,-),,,,, and the formation of product are given by 
solvation efficiency. A value for r, = 1.0 may be [54] and [55], which were integrated numerically 
calculated from G ( e )  = 4.6 and G ( e , )  = 2.3. to obtain the yield of product, 

In the presence of a solute the additional 
reaction 49 must be considered. The yield of dG(e5-)spur = a 
product, P, is then given by [50] (54) [541 d t  t k5 I [slG(e5-)spur 

[@I e - + S + P  
C55l dB = k 5  l[S]G(e[),,u, 

[SO] G(P) = G( - 
dt 

+ ( r t  + ccs[sl)l ' j  The rum of the product yields from each electron 

where cc, is the efficiency of reaction of e-  with S. 
The yield of e,- may be calculated from the 
corresponding equation for solvation. The 
assumption is made that the yield of G(e,-) is 
divided into G(e,-),,ur and G(e,-),,, in the sanle 
proportion as is observed in the absence of 
solute (i.e. 1.1 : I .2). This approximation is not 
strictly valid since the electrons which travel 
further from the positive ion before trapping 
are more likely to be scavenged and also more 
likely to become part of the G(e,-),,, population 
in the absence of a solute. However, calculations 
show that the change in the ratio only becomes 
significant a t  values of r,[S] > 1 when the yield 
of electrons which become solvated is in any 
case much reduced by reaction of dry electrons 
with the solute (23). The rate constant for the 
decay of G(e,-),,, by reaction with solvent is 
k,, = 2.2 x lo5  s-I in low dose rate y-radiol- 
ysis experiments and is dependent on the dose 
rate (see section A.II.(b)) in pulse radiolysis 
experiments. The yield of product, P, from 
reaction of (es-),,, with S (reaction 51) is glven 
by [521. 

The spur decay of e,- has been shown both in 
water (49) and low temperature liquid methanol 
(55) to conforn~ to 1531 after an  initial period, to,  
in which little decay is observed. Lam and Hunt  

component may thus be determined. The total 
product yield G(P),,, is compared with experi- 
mental results and the one adjustable parameter 
a, varied to give the best agreeinent between 

FIG. 8. Comparison between the observed dependence 
of product yield on solutc concentration and that cal- 
culated from the model (see discussion). 0, observed 
data from ref. 8 ;  -, calculated yield. Components of 
G(P) from the various electron populations: ---, G(P),,, 
(from (e,-),,,); G(P) ,,,,; -.-.- , G(P)damQ. (a)  
Sulphur hexafluoride, (b) methyl bromide. 
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TABLE 3. Values of a, determined for dry electron reactions in methanol. 
Comparison with values for electron scavenging in hydrocarbons 

In methanol 
-- 

Reference for 
Solute r ,  (,W-') scavenging data 

Benzyl chloride 100 9, 11, 23 
Biphenyl 17 23 
Methyl bromide 10 .2  8 
Nitrous oxide 82 7 
Sulphur 

hexafluoride 17 8 

*Calculated from data in  ref. 60. 

theory and experiment. This calculation has been 
performed for scavenging results obtained for 
a number of solutes. In the case of biphenyl, the 
yields of C,,H,,' measured (23) after protona- 
tion of C,,H,,' was complete, were used for 
the calculation. Data at  [S] > 3 x lo- '  M were 
neglected in order to reduce any errors intro- 
duced by direct radiolysis of the solute. N o  
a l l o ~ a n c e  for encounter pair formation (56) was 
made since at  the solute concentrations !%here 
they become important, scaveilging of e,- is 
almost complete. The experiine~ltal and calcu- 
lated scavenging dependences compare very well 
except for nitrous oxide. Figure 8 shows ihe 
resuits of these calculations for sulphur hexa- 
fluoride and methyl bromide. Values for a, are 
listed in Table 3 where comparison is also made 
with the values obtained in the lo\\ polarity 
solvent cyclohexalle where these are available. 
The treatment discussed here is semi-empirical 
but  it serves to illustrate the essential features of 
the model. 
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Dissussisrm 
G. A. Kenney-Wallace: In a recent laser photolysis study 
of optical absorption coefficients for e,- in a series of 
alcohols, at  the absorption maximum for electrons 
solvafed in methanol we find a value of about 10 700 
M-I cm-', in agreement with Freeman's value of 10 200 
M-I c n r ' ,  Ward's value of 10 000 1M-' cm-', and the 
data of Dorfman et nl. if the higher free ion value is used. 
Therefore your relatively high absorption coefficient 
implies to me that the free ion value you determine is 
possibly too low. 

G. A. Salmon: The question of G(e,-)fi and E ) . _ ~ ~  is, of 
course, intrinsically related since by pulse radioiysis one 
can only measure the product. Therefore, if you believe 
G(e,-),,, = 2.0 you will of course obtain a lower E. 

However, I should point out that the lou values of 
E (high G(e,-)ri) in~ply very low values for the oscillator 
strength. Nevertheless, your approach using laser 
generation of e,- sounds interesting and I should be 
pleased to hear further details: for example, how you 
determine +(e,-). 

U. Schindeaolf: In water and ammonia there is some 
evidence of increased light absorption in the near uv. 
Co~rld  yo^^ observe an increase of absorption below 
230 nm? 

6. A. Salmon: Our detection system does not allow us to 
make accurate nieasurelllents below 230 nm. 

L. 6. Christophorou: Why do you not consider the 
C(N02)4- parent ion, but rather the fragment ion 
C(N02)3- ? 

6. A. Salmon: In vater and alcohols the stable C(KO,),- 
ion can be prepared by hydrolysis of C(NOZ)4. The 
absorption spectrum of the product of reaction of e,- 
(and 'CH20H) with TNM is compatible ~11th that of 
C(N02),-. This has been demonstrated by se\eral groups 
of workers. For references, see our ~ e f .  1. 

J. W. Hunt: I would mention that we are also studying 
the yields of e,,,- in water, alcohols, and mixtures at  
picosecond and microsecond times uith test scavengers 
such as cadmium perchlorate, sodium salicylate, and 
biphenyl. The electron adducts were observed. Our results 
are consistent with a higher free ion yield of e,,,,- in 
methanol (G(e,,i)fi - 1.9), and total yields of electron 
adducts are at least 4.8 to 4.2 per 100 eV. I would like to 
have your comments. 

6. A. Salmon: The high yields of product at high con- 
centrations of solute and short times is compatible with 
our view that presolvated and spur electrons can be 
scavenged by high solute concentrations. Homever, the 
difficulty ariscs with thc yiclds bvhich you havc obscrved 
on microsecond time scales. I can only say that to inter- 
pret microsecond yields it is necessary to know the 
chemistry of the radicals with the solute and of the 
radical anion. Your yields of biphenyl radical anion on 
n~icrosecond time scale seem to be at  variance with those 
measured by Sauer et al. (M. C. Sauer, S. Arai, and L. M.  
Dorfman. J.  Chem. Phys. 42, 708 (1965)) and Janovsky 
(I. V. Janovsky. Ph.D. Thesis. University of Leeds, Leeds, 
England. 1969). 

J. H. Baxendale: Don't you have a problem with increases 
in the free ion yield due to spur scavenging by saturated 
N 2 0 ?  

G .  A. Salmon: The total radical yield as measured by 
TNM increases from 5.63 for argon saturated solution to 
6.45 in nitrous oxide solution (1). We have taken this 
increase in G(R') into account in partitioning the LIV 

absorption by addition of N,O. 
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On the existence of H- in Y -irradiated matrices at 77 K 

A. BERNAS A N D  T.  B.  TRUONG 
E. R. CIVRS 98, Unii~ersi fc:Pnri~-S~id,  91405 Orsay, Frctrlce 

Received September 27. 1976 

A. B E R ~ A S  and T. B. T~uoxc.  Can. J. Chem. 55.2044 (1977) 
A band peaking around 1050 nm in the stimulated neutralization luminescence spectrum of 

y-irradiated glassy EtOH, pure crystalline and alkaline glassy ices has recently been attributed 
to H- .  Further results on EtOH glass and on EtOH-H,O mixtures are now presented which 
support our previous interpretation. 

A shuttle of the electron from the presumed H to a matrix trapped state and back to H with 
restoration of the 1050 nm band can be induced in, and only in, alcohol-water mixtures where 
it has been shown that, contrary to either of the two pure solvents, H atoms can be trapped 
(H,). Further, the intensity of the regenerated stimulated band is found to be lnaxirnum for the 
mixture con~position which leads to the highest H, yield. 

It is noted that the red limit of the H- stimulated band, which corresponds to a photo- 
detachment energy threshold, is close to the electron affinity value of the isolated H atom. This 
observation seems to imply that, contrary to expectation, the solvation energy of H -  in these 
matrices is quite low. 

A. BERNAS et T. B. T R L O ~ G .  Can. J .  Chem. 55. 2044 (1977). 
La glace pure cristallisee, les glaces alcalines vitreuses, I'ethanol vitreux irradies aux Ri. B 

77 K donnent lie~l a une luminescence de neutralisation dont le spectre d'excitation presente une 
bande centrte B 1050 nm. I1 a etC recemment suggere que celle-ci Ctait associte B H - .  De nou- 
veaux resultats relatifs B EtOH vitreux et aux melanges EtOH-H20 sont maintenant prtsentes 
qui confirment cette interpretation. 

I1 est en effet observe qu'un transfert reversible des electrons de I'espece X- vers des pieges 
physiques puis vers X avec reconstitution de la bande X-  a 1050 nm n'est possible que dans les 
melanges EtOH-H,O ou les atomes H sont stabilists (H,). L'intensite de la bande 1050 nm 
ainsi regeneree est trouvee lnaximale pour la composition du melange qui conduit a un rende- 
ment maximum en H,. 

On note enfin que la limite vers le rouge de la bande de stimulation de H -  qui correspond B 
une tnergie seuil de photodetachment est tres voisine de la valeur de I'affinite electronique de 
H gazeux. Ceci semble impliquer que dans les matrices considCrees l'energie de solvatation de 
H -  est tres faible. 

Introduction 
It  is well known that after y-irradiation of 

rigid matrices at low temperatures and stabiliza- 
tion of neutral and charged intermediates, 
solvated electrons may be detrapped or bleached 
by a suitable optical excitation. A deferred 
luminescence designated as 'stimulated' lumines- 
cence (SL) is then generally associated with the 
subsequent cation-electron neutralizatioii (1, 2). 

The emission spectrum, I,, = f(h,,), obtained 
upon bleaching the trapped electron at  constant 
~iavelength h, and recording the luminescence 
at  variable wavelength h ,,,,,,,,, may give infor- 
mation on the neutralization mechanism, dis- 
sociative or not, and on the emitting electronic 
state (3). 

On the other hand, the luminescence excita- 
tion spectrum or 'stimulation' spectrum, giving 
the neutralization luminescence intensity as a 

function of the bleaching wavelength, I,, = 
f(?,,), characterizes the negative species, whether 
anions or solvated electrons (2-5). 

This technique has recently been applied to 
y-irradiated glassy ethanol and the results have 
led to the suggestion that H- was present (6 ) .  
The present study deals with y-irradiated ethanol 
and ethanol-water mixtures at  77 K where 
hydrogen atoms are known to be stabilized, 
although trapped H ( H , )  is not observed in 
either pure component (7). 

Experimental Results and Discussion 
The experimental set-up has been described 

elsewhere (4, 5) .  It  mainly consists of a slightly 
modified commercial spectrofluorimeter in which 
the xenon source and excitation monochromator 
are used to release the trapped electrons in the 
pre-irradiated sample. The neutralization lumin- 
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BERNAS AND TRUOKG 2045 

escence is simultaneously recorded by a RCA IP that there would be no emitter as such; the 
28 photomultiplier through the analyzing mono- luminescence would be a property of the ion 
chromator. The stimulation spectra have been pair. 
corrected for the trapped electron consumption For alcohol, it can only be stated that neither 
under successive bleachings and for the varia- alcohol impurities (curve B) nor stable radio- 
tion of the excitation light flux with bleaching lysis products (curve C) are responsible for the 
wavelength A,. 345 nm emission band. 

EtOH 
Emission Spectrum 

For  pure ethanol glasses y-irradiated at  77 K, 
the observed neutralization emission spectrum 
is given in Fig. 1 ,  curve A .  The same emission 
spectrum peaking a t  345 nm is recorded, what- 
ever the bleaching wavelength: 500 or 1000 nm. 

The nature of the emissive center has been 
much debated for irradiated alkane glasses, with 
n o  conclusive assignment, however, and the 
emitter is also unidentified in the alcohol case. 
For  the former, Brocklehurst (8) has recently 
proposed a radiative tunneling mechanism so 

20pntensity (arbitrary units) 

A,, (nm) 
FIG. I .  Neutralization emission spectrum in y-irradi- 

ated EtOH glass at 77 K. (A) Stimulated emission spec- 
trum, Is,, = f(h,,) of y-irradiated EtOH glasses, (10r9eV 
g-I), upon bleaching with h, = 1000 nm. (B) Emission 
spectrum of unpurified EtOH glass, upon excitation at 
he,, = 254 nm. (C) Emission spectrum of the y-irradiated 
sample ( loL9 eV ggl) subjected to one melting-freezing 
cycle, and excited with he,, = 254 nm. 

Stiviulution Spectrun? 
However, whatever the origin of the emission, 

the luminescence excitation or stimulation 
spectrum provides an electron photodetachment 
efficiency curve. If 3 L a n a l Y s i s  is fixed at  345 nm, the 
stimulation spectrum shown in Fig. 2 is obtained. 
The visible region of the spectrum appears quite 
slmilar to the previously reported (9, 10) bleach- 
ing efficiency curves relating the decrease in 
trapped electron optical density to the bleaching 
wavelength A,. An extra band, absent in the 
bleaching curves is, however, present in the 
stimulation spectrum peaking at  about 1050 nm 
with a low energy threshold at  about 1500 nm 
(0.86 eV). The intensity of the 1050 nm band 
decreases as the y-dose increases as illustrated 
in Fig. 3. 

An analogous band appears in the stimulation 
spectra of pure (11) or alkaline (12) ices. If 
present in the stimulation spectra of irradiated 
alkane glasses, it would be masked (6) by the 

FIG. 2. Neutralization stimulation spectrum in y-irrad- 
iated EtOH at 77 K. ( A )  Stimulation spectrum I,, = 
f(?.,), ha, = 345 nm. (B) Bleaching efficiency curve 
(- D,,,) = f(h,) (9). (C) Absorption spectrum of sol- 
vated electrons in y-irradiated EtOH glass (9). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAK. J.  CHEM. VOL. 5 5 .  1977 

FIG. 3. Intensity of stimulated luminescence in y-irradiated EtOH glass cs, y-dose; I , , ,  = 345 nm, 
i.., = 1000 nm. 

broad trapped electron band peaking at 1600 
nm. It has been observed (6), however, that the 
bleaching rate at 1600 nm for MCH or 3-MP 
glasses is much lower after large y-doses (> 10'' 
eV g-I), that is, when the trapped electron 
contribution is lower. Such a difference in the 
bleaching kinetics between physical and chemical 
electron traps has been pointed out before 
(13, 4). This observation would favour the con- 
clusion that the 1050 nm band originates from 
an anion. 

Absorption bands in the same spectral region 
have been reported previously. 

In the case of alkaline aqueous glasses, the 
1000 nm band has been attributed to dielectrons 
(14). In the case of ethanol irradiated and 
investigated at 4 (15) or 6 K (lo), the is band 
apparently originates from electrons located in 
shallow ~jells, non-relaxed traps. For n-pro- 
pan01 and higher aliphatic alcohols the shoulder 
observed in the near is region would correspond 
to traps formed, at least partly, by alkyl groups 
(16). 

None of these interpretations can apply to 
our experimental findings, however. A dielectron 
attribution cannot be considered since the 1050 
nm band appears at low doses for irradiated 
ices (1 1) and since its intensity decreases as the 
y-dose increases in the ethanol case (Fig. 3). As 
to the shallow traps, they are known to be 
stabilized at  4-6 K but to become fully relaxed 
as the tenlperature rises to 77 K (17) with a 
correlative shift of the absorption band maxi- 
mum to higher energies. Besides, the 1050 nm 
band does not exist in the SL spectrum of 
photoionized tryptophane dispersed in ices or 
ethanol glasses (6). Electrons which would be 

solvated not only by OH dipoles but also by 
alkyl groupings might exist in alcohols but not 
in pure or alkaline ices. Again, we are led to 
suggest that the 1050 nm band is associated with 
an anion X-.  

OH radicals, and possibly OH-,  are stabilized 
in pure radiolyzed ice, 0- in alkaline ices, but 
the most plausible radiolysis product X- ,  
common to alcohols and ices, seems to be H- .  

EtOH-H20 Mixtures 
It is well known that no H atom signals have 

been recorded through esr in alcoholic matrices 
neither at  77 nor even at 4 K, even though much 
indirect evidence exists that hydrogen atoms are 
produced during radiolysis. In pure ice, H atoms 
are stable at  4 K but begin to diffuse and com- 
bine in the temperature range 20-50 K. 

On the other hand, Hase and Kevan (7a) and 
Chandra (7b) have identified trapped hydrogen 
atoms through the characteristic esr doublet 
signal of H in irradiated MeOH-H,O, EtOH- 
H,O, and PrOH-H,O mixtures at 77 K. Since 
the H,  yields as a function of the mixture com- 
position show a striking correlation with the 
excess enthalpy of mixing of the alcohol-water 
mixtures, it was considered that both effects are 
related to alcohol-water complex formation, 
and that the simplest trapping site structure was 
a hydrogen bonded trimer of one alcohol and 
two water molecules (7u). 

Neutralization luminescence has now been 
examined for these systems and the following 
observations have been made. 

Errlission Spectrum 
For the EtOH-H,O mixtures (10 to 50 m o l z  

of EtOH), the stinlulated emission spectrum 
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gives a 3,,,, at 360-365 nm under bleaching at  
1000, 390, or 254 nm. This emission is red- 
shifted as compared with the stimulated emission 
of pure EtOH (h,,, = 345 nm) and blue-shifted 
with respect to the main neutralization lumines- 
cence band in pure irradiated ice (A,,, = 380 
nm). 

It is not clear at  the present time whether the 
365 nm emission is an envelope of the two pure 
solvents' emission bands or is due to a different 
emissive entity. 

Stimulation Spectrum 
The stimulation spectrum has the same shape 

as the EtOH stiinulation spectrum (Curve A,  
Fig. 2) but, in the irradiated EtOH-H20 mix- 
tures, the 1050 nm band appears more intense 
than for either of the two pure solvents. 

The 1050 nm band due to X can be com- 
pletely bleached off under h, = 1000 nm. Then, 
by exciting the sample with a light frequency 
which is absorbed by the solvated electrons and 
not by X- ,  i.e. at h, = 400 nm (6) the 1050 nm 
band is partially regenerated. This restoration of 
the X band is observed in the EtOH-H,O 
mixtures but in neither one of the pure solvents. 
That is, the X- band can be reproduced only in 
the systems where H atoms are stabilized, in 
which case one can induce the reversible electron 
transfer: 

[ I1  H e,,,, - f hv + em- + X,- 

[21 XI- i- hv -t e,,,,- 

Moreover, as shown in Fig. 4, the intensity of 
the regenerated X -  band appears maximum for 
a mixture containing 20 m o l z  EtOH. This is 
precisely the mixture composition which, from 
Hase and Kevan experiments (7a), leads to the 
maximunl concentration of trapped hydrogen 
atoms, following y-radiolysis or after a sub- 
sequent e,,,,- optical bleaching. 

Similarly, the intensity of the regenerated X- 
band increases with increasing y-dose within a 
range where H, concentration was found to be 
linear with dose: curve A (y-dose = 0.6 Mrad) 
as compared with curve B (y-dose = 0.32 
Mrad). 

The restored X- band appears more intense 
for h, = 254 nm rather than h, = 390 nm which 
may reflect a higher e,,,,- photobleaching 
efficiency at shorter wavelengths (curves B and 
el. 

These qualitative and quantitative features 

VD TRUONG 

t I" I" " , )  

0.1 0.5 1.0 
X E t o H  

FIG. 4. Intensity o f  the regenerated 1050 nni band as. 
EtOH mole fraction in EtOH-H,O mixtures: ( A )  y-dose 
= 0.6 Mrad, i,, = 254 n m ,  (B) y-dose = 0.32 Mrad, 
h, = 254 n m ,  (C)  y-dose = 0.32 Mrad, 7. = 390 nm. 

indicate that X-  anion is effectively the hydride 
ion, as previously suggested (6). 

It is also worth mentioning that H -  has been 
detected in solar atmosphere (18) and that its 
calculated and observed absorption spectrum 
appears at the same spectral position, as illus- 
trated in Fig. 5. 

The decrease of the H stimulated band with 
increasing y-dose for pure EtOH may be com- 
pared with the observed decrease with dose of 
the molecular hydrogen yield G(H2). It may be 
similarly explained by a competition between the 
H forming reactions 3 and 4 

and the electron attachment on acetaldehyde, 
which i5 a good electron scavenger and whose 
concentration increases with dose 119). 

A competition may also intervene between 
reactions 5 and 6: 

where R' is a radiation produced solvent radical. 
Various modes for H -  formation may be 

envisaged depending on the matrix: 
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1 I,, ( 0 . ~ 1  

FIG. 5. Absorption spectrum of gaseous H-: (A) 
Stimulation spectrum ILs = f(Iib) of y-irradiated EtOH 
glass, y-dose = 1019 eV g-I, i,,, = 345 nm, (B) Observed 
absorption spectrum of H -  (18), (C) Calculated absorp- 
tion spectrum of H- (18). 

(n) In water vapor. the dissociative electron 
attachment [7] is well established (20) 

Even though at higher pressures ion-molecule 
reaction 8 .  

[81 H- + H z 0  -, OH- + HZ 

is known to occur, reaction 7 may be operative 
and H- might be solvated and stabilized in 
condensed phase. 

(b) In the EtOH-water mixtures, electron 
attachment may clearly occur on preformed, 
trapped hydrogen atonis 

besides their possible for~nation during radiolysis 
through reaction 10. 

(c) In pure radiolyzed solid alcohol, where 
hydrogen atoms are not trapped, the latter may 
diffuse toward the solvated immobile electrons 
and become trapped as H,- : 

Reaction 10 would thus provide another path 
for the decay of H atoms, besides the conibina- 
tion reaction 11 

and the abstraction reaction 12: 

Shirom and Willard (21) to account for the 
decrease in solvated electron concentration with 
increasing dose in hydrocarbon glasses. It was 
shown later (22) that reaction 10 was not 
responsible for the observed decrease in 
G(e,,,,-); there is no indication, however, that 
reaction 10 does not take place in hydrocarbon 
glasses or other radiolyzed systems. 

As to the occurrence of reaction 9, it is not 
easy to demonstrate. Electron spin resonance 
analyses of the y-irradiated EtOH-H,O mixtures 
have shown (7a) that, upon bleaching the sol- 
vated electrons, the H atom concentration in- 
creases due to H production through H,Ot 
(mostly) and C,H,OH,+ neutralization. Such an 
increase apparently overcomes the decrease 
which would be associated with electron attach- 
ment on H. The fact that the decrease in e,- is 
found to exceed the correlative increase in H 
(70) indicates that some of the bleached elec- 
trons do not recombine with positive holes. This 
may be due to reaction 9 but also to electron 
attachment on other radiolysis products, attach- 
ment which, if dissociative. would not give rise 
to H. 

Conclusion 
We wish to conclude with two remarks. 
The low energy limit of the H-  stimulated 

band, which corresponds to a photodetachment 
energy threshold, appears very close to the value 
of the electron affinity of the isolated H atom 
(0.7-0.8 eV). This observation is contrary to 
cxpectation. It would seein to imply that the 
inillueilce of the matrix molecules, i .e .  the solva- 
tion energy of H-  in these matrices, is quite low. 
As pointed out to us,' this could possibly be 
correlated to the helium-like, close-shell con- 
figuration of the hydride ion. 

Finally, we want to stress again that recording 
the stimulation spectrum of the neutralization 
luminescence is a detection technique which is 
both sensitive and specific of negatively charged 
species. It may thus supplement optical absorp- 
tion spectroscopy when the sensitivity of the 
latter is too low or when cations and anions have 
indistinguishable spectra. It may also replace 
esr spectroscopy in the search for nonparamag- 
netic anions. 

1.  E. DOLAN and A.  C. ALBKECHT. J .  Chem. Phys. 37. 
1149 (1962). 

2. A. DEROULEDE. J .  Lumin. 3, 302 (1971). 

Reaction 10 has been previously suggested by 'L. G. Christophorou, private communication. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BERNAS AND TRUOKG 2049 

A. BERNAS, J. BLAIS, M. GAUTHIER, D. GRAND, and 
T. B. TRUONG. Int. J .  Radiat. Phys. Chem. 6,  401 
(1974). 
T .  B. TRUONG and A. BERNAS. J .  Phys  Chem. 76, 
3894 (1972). 
T. B. TRUONG, A. BERNAS, and J. RONCIN. J .  Phys. 
Chem. 78,867 (1974). 
T. B. TRUONG. Chem. Phys. Lett. 35.426 (1975). 
( a )  H. HASE and L. KEVAN. J. Phys. Chem. 74, 3355 
(1970); (b) R. CHANDRA. Int. J. Radiat. Biol. 17, 497 
(1970). 
B. BROCKLEHURST. Chem. Phys. Lett. 39,61 (1976). 
A. BERNAS, D. GRAND, and C. CHACHATY. J .  Chem. 
Soc. Chem. Commun. 1667 (1970). 
L .  M. PERKEY, FARHATAZIZ. and R. R.  H E N T ~ .  
Chem. Phys. Lett. 27,531 (1974). 
A. BERNAS and T. B. TRUONG. C. R. Acad. Sci. Ser. 
B. 277.391 (1973). 
T. B.  TRUONG. J .  Chem. Phys. In press. 
K. FUNABASHI, C.  HEBERT, and J .  L. MAGEE. J .  
Phys. Chem. 75, 3221 (1971). 
L. KEVAN. D. RENNEKE, and R.  J .  FRIAUF. Solid 
State Commun. 6,469 (1968). 
A. NAMIKI, M. NODA, and T. HIGASH~MURA. Chem. 
Phys. Lett. 23, 402(1973). 
T.  SHIDA, S. IWATA, and T.  WATANABE. J .  Phys. 
Chem. 76,3683 (1972). 
J. TEPLY. Int. J. Radiat. Phys. Chem. 6,  379(1974). 
H. S.  W.  MASSEY. Negative ions. Cambridge Univer- 
sity Press, London. 1950. p. 128. 
G. R. FREEMAN. In Actions chimiques et biologiques 
des radiations. 14e serie. Masson Ed. 1970. p. 128. 
R. N .  C O M P ~ O N  and L. G. CHRISTOPHOROU. Phys. 
Rev. 154, 110 (1967). 
M. SHIROM and J .  E .  WILLARD. J .  Am. Chem. Soc. 
90,2184 (1968). 
A. ECKSTROM, R. SUENRAM, and J .  E. WILLARD. J .  
Phys. Chem. 74, 1888 (1970). 

Discussion 

R.  S. Dixon: H is thought to react rapidly with H,O in the 
gas and liquid phases. Would you expect reaction with 
neighboring water molecules in the glass? 

A. Bernas: I agree that at high pressures the ion-molecule 
reaction H- + H,O -. O H  + H, is known to occur. 
However, H- may be formed in a trapped state through 

+ e , " ~ ,  * Hcapped .  

N. K. Kestner: I am also concerned that the spectral shifts 
of the H spectrum are so small in the glass: H- is a rather 
large system, compared to H.  H- is only stable relative to 
H + e- by 0.75 eV while the correlation energy is over 1 eV. 
In order for H- to be stable the size of the orbitals in H 
expand. Thus I might expect larger spectral shifts for H- 
than for H when present in condensed phases. 

A. Bernas: As I just mentioned we were also puzzled that 
the photodetachment threshold in the glass appears close 
to the electron affinity of H in the gas, and so far we have no 
explanation to offer. As to the size of the H orbitals permit- 
ting H- stability, it seems difficult to say anything in the 
case of condensed media. 

R.  Catterall: When the solvated electrons in r-irradiated 
water-alcohol solutions are photobleached, the esr signal 
from e , , , ,  disappears. Does the H atom esr signal also 
decrease? 

A .  Bernas: The experiment has been done but the data are 
not conclusive with regard to H formation. ( a )  The initial 
(i.e. before e,,,,- bleaching) H concentration is low as 
compared to that of e , , , , .  (b) Upon e,,,,- bleaching vari- 
ous reactions will modify the H concentration in opposite 
directions: neutralization of H,O' or attachment on 
ethanol molecules will increase [HI whereas electron at- 
tachment on H will decrease it. 

U. Schindewolf: Our attempts to dissolve alkali hydrides, 
e . n .  in THF with the aid of crown-compounds, to complex 
tbe alkali ion failed. We hoped in this-way to get H- jons 

L. G. Christophorou: Could the fact that H- is a closed- into solution, Has H- even been observed i n  liquid solution 
shell system explain the absence of a profound medium Na-, K-,  etc, have been? 
effect (on the photodetachment threshold)? 

A. Bernas: Not to my knowledge, even though it has been 
A. Bernas: This is indeed a very interesting comment and suggested many times, in  particular a long time ago by 
suggestion but before drawing such a conclusion I would Platzman, 
prefer that our experimental work be extended to other 
anions, r .g .  CI 
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Low energy electron ranges in liquids: determination by 
nonhomogeneous kinetics1 

J.-P. DODELET~ 
C/zemistry Department, Universif) c?fAlbertrr, Edrtlonton, Alfa., Canada T6G 2G2 

Received September 27, 1976 

J.-P. DODELET. Can. J. Chem. 55. 2050 (1977). 
Free ion yields have been measured in four hydrocarbon liquids: 71-pentane, cyclopentane, 

neopentane, and neohexane. Each liquid has been studied from room temperature or below 
up to the critical temperature. Theoretical curves have been calculated using the relation 
between the free ion yields and the external field strength derived by Terlecki and Fiutak on 
the basis of an equation by Onsager. Two popular electron range distribution functions, 
Gaussian and exponential, have been shown not to be an  adequate representation of the 
reality as far as the model used for the calculations is concerned. In order to fit experimental 
points, both range distribution functions would require a drastic increase in the total ionization 
yield, GI,,, with temperature increase. This would mean an unrealistic decrease of the ioniza- 
tion potential of the molecule from the melting point up to the critical temperature. 

It is possible to keep GI,, quite constant and within the range of values obtained by other 
techniques by extending the Gaussian range distribution function with a (range)-3 probability 
tail. The most probable range can be normalized for the liquid density. This parameter has 
been used to obtain information a b o ~ ~ t  the behaviour of epithermal electrons in the four 
alkane liquids from the melting point up to the critical temperature. 

( I )  Normalized penetration ranges of epithermal electrons are dependent on the structure 
of the molecule in the entire liquid range but differences are smaller at  critical than at  low 
temperatures. 

(2) Normalized penetration ranges of epithermal electrons pass through a maximum in the 
liquid phase for neopentane, neohexane, and cyclopentane. No maximum is observed for 
n-pentane. 

(3) There is no drastic change in the behaviour of epithermal electrons in these alkanes at 
t he  critical temperature. 

J.-P. DODELET. Can. J. Chem. 55.2050 (1977). 
Les rendements en ions libres ont Cte mesurks dans quatre hydrocarbures liquides: le n- 

pentane, le cyclopentane, le neopentane et le nCohexane. Chaque hydrocarbure a ete etudie 
depuis une temperature egale ou infkrieure a celle du laboratoire jusqu'a la temperature 
critique. Les courbes thtoriques ont et6 calculCes en utilisant la relation, dtduite par Terlecki 
et Fiutak d'apres une equation d'onsager, entre les rendements en ions libres et le champ 
Clectrique applique. Deux distributions des parcours electroniques, I'une de type gaussien, 
I'autre exponentiel, trks populaires dans la litterature, ont ete utilisees dans les calculs et 
n'ont pas donne satisfaction dans le cadre de ce modele. En effet, pour ces deux distributions, 
une bonne coincidence entre les calculs et l'experience requerrait, lorsque la temperature 
augmentait un accroissement considerable du rendement total en ions, GI,,, ce qui aurait 
signifie une diminution constante, tres peu probable, du potentiel d'ionisation de la molecule a 
partir du point de fusion jusqu'a la temperature critique. 

I1 est possible de maintenir GI,,, relativement constant et dans le doniaine des valeurs obtenues 
par d'autres techniques, en prolongeaat artificiellement la distribution gaussienne des parcours 
electroniques par une distribution du type (parcours)-3. Le parcours le plus probable peut 
alors Ctre normalise en tenant compte de la densite du liquide. Ce paramktre a ete utilise 
pour obtenir des renseignernents sur le comportement des electrons Cpithermiques injectes dans 
les quatre alcanes liquides etudies, depuis leur temperature de fusion jusqu'a leur temperature 
critique. 

(1) Les parcours normalises des electrons Cpithermiques dependent de la structure des 
molecules sur l'ensemble de la phase liquide mais les differences, importantes a basse tempera- 
ture, s'amenuisent en allant vers la tempkrat~~re critique. 

'Assisted financially by the National Research Council of Canada through grant No. A1285 (Freeman, G.  R.). 
'Present address: Departement de Chimie-Biologic, Universite du Quebec a Trois Rivieres, Case postale 500, Trois 

Rivieres (Que.), G9A 5H7. 
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DODELET 205 1 

(2) Les parcours nor~l~alists des Clectrons epithermiques prtsentent un maximum dans la 
phase liquide pour le neopentane, le neohexane et le cyclopentane. Aucun maximum n'est 
observe pour le n-pentane. 

(3) A la temperature critique il n'y a pas de changement brusque dans le comportement des 
electrons epithermiques injectes dans ces alcanes. 

Introdustion 
I~ljection of low energy electrons into liquids 

can be done in various ways. The inost popular 
methods arc electron photoinjection (1.-2) and 
the use of pulsed ionizing radiation (3-5). 

When an ionizing radiation like a pulse of 
X rays penetrates into a liquid, a random dis- 
tribution of ionized atoms or ~nolecules is 
produced. These primary electrons will generate 
a branching out of ionization events along their 
tracks. After the last ionization takes place, the 
liquid contains a number of low energy electrons 
and their parent positive ions. These epithermal 
electrons will become thermalized a t  some dis- 
tance from their parent ions by transferring their 
surplus energy to the medium. 

The i~npor tant  factors which govern the 
penetration ranges of low energy electrons are 
the energy loss processes when the electron 
energy is below the lowest electronic excitation 
potential of the medium (2, 6, 7). If their 
interactions mith the medium a t  those energies 
are small, their penetration ranges will be large. 

Once the electrons become thermalized, 
they become involved in reactions with the 
positive ions. These reactions can be described 
by nonhon~ogeneous kinetics. Nonhomogeneous 
qualifies the relative distribution of equal 
numbers of positive ions and electrons in the 
liquid. If a positive ion is chosen as a reference, 
there is a much larger probability to find an  
electron as its nearest charged neighbour than 
another positive ion. in contrast with homo- 
geneous kinetics, where there is an approxi- 
mately equal chance to find either a positive 
or  a negative charge closest to the reference 
ion. 

Once a n  electron is ther~nalized, a t  a distance 
designated I, from its parent ion, it is submitted 
to the thermal agitation of the medium which 
tends to counteract the Coulombic attraction 
toward the parent ion. The probability that 
electrons escape geminate neutralization is given 
by the equation 

111 Pfi = exp ( - q 2 / ~ k ~ J ) )  

where q is the charge of the electron, k is the 
Boltz~llann constant, T is the absolute tern- 
perature, and E is the dielectric constant of the 
medium. The derivation of this equation is due 
to Onsager (8). 

The experimentally measurable quantity is 
Gfi,  the number of pairs of free ions created by 
every 100 eV of energy absorbed by the liquid. 
I t  is related to the escape probability by the 
relation 

where G,,, is the total number of ion pairs 
created per 100 eV of energy absorbed by the 
liquid. G,,, depends among other things on the 
ionization potential of the medium. 

The average energy, W, required to form an 
ion pair in the gas phase has been measured for 
rare gases and Inany organic molecules (9, 10). 
In the liquid phase, the W value is unknown and 
the gas phase value is often used. 

However, recently Takahashi et al. (11) 
measured the average energy expended per ion 
pair in liquid Xe using 207Bi as an  internal 
source of electrons. They obtained W(liq. Xe) = 
15.6 + 0.3 eV, a value considerably smaller 
than the gas phase value (21.5-21.9). In earlier 
publications (12, 13) they reported W(liq. Ar) = 
23.6 eV which is also lower than the gas phase 
value (26.4 eV). If this trend is confirmed with 
a molecular medium, it is possible that the 
total ionization yield in liquids is larger than 
the usually used gas phase value. 

Experimental 
Techniques 

If some ions become free they can be collected on 
electrodes. In order to collect and integrate a current, 
a constant external voltage must be applied on the 
electrodes. Therefore, only dielectric liquids can be used 
with this technique. 

A charge clearing technique is used (14). The ions 
are generated by a pulse of 1.7 MeV X rays. For a 1 ps 
pulse duration, the energy absorbed by the sample is 
of the order of 10" eV/g. The transient current produced 
by the ion collection is integrated and the collected 
charge is measured. The radiation pulse intensity is 
also integrated. 
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collected charge 
[31 Gfi absorbed dose x collection volume 

The measurements are repeated at several electric field 
strengths E to obtain a series o f  values designated GfiE. 

Material 
The hydrocarbons used in this paper are three C5  

hydrocarbons (n-pentane, cyclopentane, neopentane) and 
neohexane. These Research Grade hydrocarbons were 
obtained from Phillips Petroleum Co. Their purity is 
> 99.9%. 

In order to see an electron conductance transient in 
these liquids ( 1 5 ) ,  further purification is required. The 
same purification technique was used for all four hydro- 
carbons. ( 1 )  24 h shaking with sulfuric acid; (2)  after 
separation, I h stirring with BaC03: (3) introduction in 
the vacuum system through a colulun o f  NaOH pellets; 
(4)  degassing; (5) 24 h stirring on LiAlH, under their own 
vapor pressure; (6 )  at least 48 h stirring on Na-K alloy 
under their own vapor pressure; (7)  introduction into the 
conductance cell under a remaining pressure o f  the order 
o f  lo-' torr. 

Conductunce Cells 
Two kinds o f  conductance cell were used for these 

experiments. The low pressure cell has been described in 
detail elsewhere (14). For high pressure experiments 
a cell able to support a pressure o f  I00 atn1 was used (15). 
In order to  get good signals, the high pressure cell has 
to  be baked at a temperature higher than the critical 
temperature o f  the hydrocarbon under investigation. 
Both cells were coated with carbon black. This provided 
an efficient grounding o f  the cell body. At high tem- 
peratures the high voltage source drives excessive current 
through glass coated with a conducting material and 
this may cause breakage. Because o f  this, the high voltage 
arm was not coated with carbon black. 

Temperature Control 
The low temperature system has been described earlier 

(14). For higher than room temperatures, the high 
pressure cell was positioned in a clear Dewar and air 
at the desired temperature has blown on the sample 
with a heat gun. One thermocouple was used to drive 
the temperature controller and another recorded the 
temperature. Both thern~ocouples were placed inside the 
guard electrode side-arm as close as possible to the body 
o f  the cell. The meniscus disappearance signified the 
critical point and this was observed through a window 
left uncoated on the cell body. 

Physical Properties o f  the Liquids 
Densities, d, for low temperature rz-pentane and for 

neohexane from O'C to 25'C have been obtained from 
Timmermans (16). Low temperature densities for neo- 
hexane were assumed to change linearly with tem- 
perature from 25'C to the melting point. Gallant (17) 
provided the densities for high temperature pentane and 
cyclopentane up to critical temperature. The density 
curve up to critical temperature is not available for 
neopentane or neohexane. For these alkanes the densities 
at 20'C and critical temperature are provided by Timmer- 
mans (16). The density variations o f  neopentane and 
neohexane were assumed to be similar to the density 
variations for n-butane and n-pentane respectively (17). 

TABLE 1 .  Critical data 

Liquid Tc ( T I  dc (g/cm3) 

n-Pentane 197.2 0.2323 
Cyclopentane 238.6 0.270 
Neopentane 160.6 0.221 
Neohexane 216.2 0.240 

Critical temperatures and densities for the four 
hydrocarbons are given in Table 1 .  

The dielectric constants used for the various tem- 
peratures were calculated with the Debye formula using 
p = 0.06 D (18) for n-pentane and neohexane and LI = 
0.0 D for cyclopentane and neopentane. Refractwe 
indices o f  these hydrocarbons were found in the Hand- 
book o f  Chemistry and Physics (19). At 20-C the cal- 
culated values o f  E are in good agreement with the 
literature values (19). 

The Model 
The field strength E produced by the external 

voltage is in competition with the field strength 
due to the Couloinbic interaction. In other 
words the external field will help the ions to 
become free and this effect will be larger, the 
larger the voltage. The relation between the 
free ion yield and the external field strength is 
given by the relation calculated by Terlecki and 
Fiutak (20). 

where u, = Eqj3/300kT, s = q 2 / ~ k T y .  This cal- 
culation is based on Onsager's escape probability 
in the presence of an  external electric field (8). 

This relation assumes a unique spur popula- 
tion: one positive ion and one electron only. 
It has been shown by Mozumder and Magee 
that a certain amount of energy deposition 
appears in the form of multiple ion spurs (21). 
However, the majority of spurs are single pair 
spurs when X radiation is used (21). Introduction 
of spurs with multiple ion population into the 
calculation highly complicates the problem, 
especially if the repulsion between the same 
charged species is to be taken into consideration. 

The expressions [4] and [5] are derived for an  
electron penetration range y. I t  would be 
fortuitous if all the electrons would thermalize 
at  the same distance y from the parent ion. A 
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distribution function of penetration ranges is 
more realistic but such a function is unknown 
and the problem is left for speculation. 

Two distribution functions of penetration 
ranges have been used in many calculations. 
The first one is based on the random walk 
inode1 (22) and is a three dimensional Gaussian 
(8, 23, 24). We will call it YG.  

where b, is the Gaussian dispersion parameter. 
I t  is also the most probable value of y .  The 
second range distribution function is a simple 
exponential (25), based on the wave nature of 
the electron motion (26). We will call it YE. 

where b, is the exponential dispersion parameter 
and yo is an arbitrary truncation distance. It 
has been taken equal to 5 A by Abell and 
Funabashi (25) as the distance a t  which neutral- 
ization occurs. The electron propagates through 
the liquid as a plane wave with 6,-I as at- 
tenuation coefficient. Both distributions are 
normalized and 

F(y) dy = 1 

With the use of a distribution function, [4] 
becomes 

Results and Discussion 

Model Calculations ~.t.ith YG and YE Range 
Distribution  function^ 

As stated previously, the exact value of the 
total ionization yield, G,,,, in the liquid phase is 
not known but it is a reasonable approximation 
that the ionization potential of a molecule in 
the liquid phase will remain constant when the 
temperature of the liquid varies. Therefore G,,, 
should remain approximately constant as well. 

In order to test the model, the two range dis- 
tribution functions Y G  and YE were used to 
fit the experimental free ion yields of n-pentane 
and neopentane at various temperatures, going 
from - 123°C to 209°C for n-pentane and from 
25°C to 174°C for neopentane. For each tem- 

perature G,,, was used as an adjustable param- 
eter to fit the experimental free ion yields. For 
each value of G,,,, the value of b, orb,  necessary 
to perform the calculation of Gf ,E  (eq. 8) was 
computed from the 'experimental' G,,' using 
[ l ]  and [2]. This 'experimental' G,,' is obtained 
by extrapolation of the experimental G f i C  
to 0 V .  If this extrapolation is not obvious, a 
range of possible G,,' is tested and the best 
value is chosen. 

In the fitting process by computer, an error 
between calculated and experimental points is 
computed on the basis of the relation 

where n is the number of experimental points. 
Figures 1 and 2 display the best fit obtained 

with YE and YG for the lowest and highest 
experimental temperatures of n-pentane and 
neopentane respectively. Using YE, the best 
fit value of G,,, goes from 4.3 a t  - 123°C to 9.2 
a t  209°C for 11-pentane and from 4.6 at 25°C 
to  8.2 a t  174°C for neopentane. Using YG, 
the best fit value of G,,, goes from 1.2 at - 123'C 
to 5.1 a t  209°C for 12-pentane and from 3.4 at 
25°C to 5.5 at 174°C for neopentane. 

The field strength dependence of G f , E  1s 
never a straight line when the voltage range is 
large enough. Even in 11-pentane a t  - 123°C 
the curvature in the experimental and cal- 
culated lines are clearly visible (Fig. l). 

The best fit values of G,,, at intermediate 
temperatures are displayed in Fig. 3 for lz- 

pentane and in Fig. 4 for neopentane. The 
credibility range of the best fit is given by 1.1 
times the error on both sides of the best fit 
error curve. 

For both distributions the best fit method 
would require an increase of G,,, when tem- 
perature increases. This would correspond to a 
decrease of the ionization potential. As we have 
made the reasonable assumption that the ioniza- 
tion potential remains constant when the 
liquid temperature varies, we can conclude that 
a pure Gaussian or exponential range dis- 
tribution function is not an adequate representa- 
tion of the reality as far as this model is con- 
cerned. 

Amending the Distributio~~s 
The goal is to obtain by calculation a constant 

total ionization yield for the four alkanes for 
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I I I I I I 

0. I0 20 30 40 50 60 

E ( kV/crn)  

FIG. 1. Variation of the free ion yield GriE with field 
strength in n-pentane at  - 123'C and 209'C. The best 
fit lines are calc~~lated using [8] with two range distribu- 
tion functions, YE and YG. At - 123"C, G,,, = 4.3 for 
YE and 1.2 for YG. At 209"C, G,,, = 9.2 for YE and 
5.1 for YG. 

the entire range of temperatures. By using larger 
thermalization ranges than the ones allowed by 
Y G  or Y E  it is possible, when G,: is small, to 
increase the value of G,,, used to fit the expe- 
rimental points. 

Let us demonstrate why the best fit value of 
G,,, obtained with Y G  is sinall when G,: is 
small. At low temperature G,: in n-pentane, for 
example, is small. The only ions able to become 
free are the ones with large thermalization 
ranges. In  order to provide large y values, the 
dispersion parameter of the Gaussian, b,, which 
is also the most probable value of y, must be 
large. Equations 1 and 2 show that this is 
equivalent to saying that the escape probability 
is large. But G,,' is given by extrapolation of 
experimental GfiE. A large escape probability 
requires therefore a small G,,, value. 

FIG. 2. Variation of the free ion yield GfiE with field 
strength E in neopentane at  25°C and 174'C. The best 
fit lines are calculated  s sing [8] with two range distribu- 
tion functions YE and YG. At 25"C, G,,, = 4.6 for YE 
and 3.4 for YG. At 174"C, G,,, = 8.2 for YE and 5.5 
for YG. 

T o  obtain larger thermalization ranges for 
a small portion of the electrons, we used a 
Gaussian tailed by a power probability function 
in y - 3 .  This conlbined function, called YGP,  
extends to much larger y values than YG.  The 
tail contains the outermost 6% of the distribution 
function. I t  seemed to give quite good results 
in the past and has the following mathematical 
form (14). 

The G,,, variation with temperature obtained 
with the Y G P  distribution function is displayed 
for n-pentane in Fig. 5 and the variation of G,,, 
with Y G  is displayed on the same graph for 
comparison. The curve obtained with Y G P  still 
shows some tendency to curve up, but it tends 
to make G,,, more constant on the entire 
temperature range. A value of G,,, = 4 F 1 
could be accepted. A similar extension of the 
exponential range distribution function gave an  
apparent value around 7.5 for G,,,. 
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FIG. 3. Temperature variation of G,,, (with credibility 
gap) giving the best calculated fit for G,,E US. E in n- 
pentane for two range distribution functions YE (upper 
curve) and YG (lower curve). Increasing yo from 5 to 
20 I% in YE did not shift the curve appreciably. The 
dotted line is the G,,, gas phase value. 

The adjunction of a power tail to  both 
functions has nearly no effect when G,,' and the 
escape probability are large. This can be seen 
in Fig. 5 for high temperature n-pentane and 
on Fig. 4 for neopentane on the entire temper- 
ature range studied. With these conditions the 
main contribution to the escape probability is 
from y values belonging to the Gaussian or 
exponential parts of the functions. The curvature 
observed on the variation of G,,, with temper- 
ature remains unchanged and suggestions are 
open for a better improvement on the range 
distribution functions. 

I t  is possible to rationalize the existence of 
large thermalization ranges like the ones used in 
the tail of the YGP range distribution function. 
Some of the energy released by the primary 
electrons creates heavily populated spurs (21). 
After recombination of the inner electrons with 
parent positive ions, there would remain a single 
ion pair separated by a relatively large dis- 
tance. The tail is an artifact inherent to a model 
treating only single ion pair spurs. 

By assuming the generally accepted point 

FIG. 4. Temperature variation of G,,, (with credibility 
gap) giving the best calculated fit for G f , E  US. E in neo- 
pentane for three range distribution functions YE 
(upper curve), YG and YGP (lower curve). The dotted 
line is the G,,, gas phase value. 

that G,,, is almost independent of temperature 
over the entire liquid range, we have shown that 
conductivity results can be fit with a Gaussian 
type distribution function using G,,, = 4 + I or 
with an exponential type distribution function 
using G,,, = 7.5 ) 1. 

Previous attempts have been made (14, 25, 27) 
to decide whether an exponential or a Gaussian 
range distribution function better describes the 
reality. Another approach was used for these 
studies: G,,, was maintained constant a t  an 
arbitrary value (usually the gas phase value), 
different distribution functions were used, and 
their fit was compared. There are two approaches 
because there are two unknowns: the total 
ionization yield and the range distribution 
function. As long as the total ionization yield 
for these licluids remains unknown and until 
an adequate multipair spur model is devised, 
it will be impossible to chose by the conduction 
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FIG. 5 .  Temperature variation of G,,, (with credibility gap) giving the best calculated fit for GfiE as. 
E in n-pentane for the YGP range distribution function (upper curve). YG (lower curve) is displayed 
for comparison. The dotted line is the G,,, gas phase value. 

method alone between a Gaussian or an ex- 
ponential type range distribution function. Even 
going to a very high field strength is not the 
answer, as has been shown by Mathieu and 
co-workers (28). The distinction between the 
two range distribution functions remains a 
problem. 

Scakenging experiments are another way of 
getting information about the total ionization 
yield, but this technique also has its problems. 
For  example: (I) A good scavenger should 
react with the electrons only. There should be 
n o  side reactions, as seems to be the case for all 
known scavengers. (2) In order to scavenge all 
the electrons ~ r o d u c e d  bv the irradiation the 
scavenger concentration must be high. There- 
fore, the liquid under investigation is far from 
being a single component system. 

Having pointed out these limitations. scaveng- 
ing experiments usually give values between 4 
(29) and 6 (30) for the total ionization yield in 
the hydrocarbons. This would be consistent 
with the value of G,,, (4 f I )  obtained from 
U G P  ranges. 

Deductions fronz Calculated Curues Perfornied 
~vi f l z  YGP 

I t  seems that for hydrocarbons, the gas phase 

value can be used as an approximation for the 
liquid phase. Therefore, G,,, = 4.3 ( 9 )  was used 
for n-pentane, cyclopentane, neopentane, and 
neohexane. This value falls in the credibility 
gap of 4 1 1 deduced earlier for a YGP range 
distribution function. 

The voltage and temperature effects on the 
free ion yield are displayed in Figs. 6 and 7 
for n-pentane at  low and high temperatures 
respectively. Results for several temperatures 
are shown for cyclopentane in Fig. 8, neohexane 
in Fig. 9, and neopentane in Fig. 10. All cal- 
culations were done with a Y G P  range dis- 
tribution function giving for each experimental 
temperature a most probable thermalization 
range, b,,. At high temperatures, the calculated 
curves d o  not give a good fit to the data points 
in the low (< 10 kV/cm) field strength region. 
This could be an  artifact because the cell glass 
becomes slightly conducting at  high temper- 
atures, therefore allowing a voltage drop through 
the cell envelope. Fortunately this effect IS not 
ohmic and seems not to affect higher voltages. 
In  order to compare the ranges calculated for 
the four hydrocarbons, they must be multiplied 
by the density a t  the appropriate temperature. 

A plot of the normalized most probable 
penetration ranges for the four compounds under 
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0 7 C C C  

FIG. 6. Free ion yields at  field strength E in liquid n-pentane at  various temperatures. The lines 
are calculated using [8] with the YGP range distribution function and a total ionization yield, 
G,,, = 4.3. 

FIG. 7. Free ion yield Gf iE  at field strength E in liquid at  various temperatures and upper critical 
gas (209'C) in n-pentane. The lines are calculated using [8] with the YGP range distribution function 
and a total ionization yield, G,,, = 4.3. 

investigation is displayed in Fig. 11. Three 
major conclusions can be deduced from this 
plot. 

(I) The normalized mean penetration range is 
not the same for all hydrocarbons. It is de- 
pendent on the structure of the molecule. This 
has already been shown for part of the liquid 
range (23, 31). It remains true up to the critical 
temperature but differences are smaller a t  the 
critical than at lower temperatures. 

(2) The nornlalized penetration range is not 
constant for the complete liquid range. Neo- 
pentane, neohexane, and cyclopentane curves 
go through a maximum. This maximum in 
the mean penetration range occurs a t  a tem- 

perature very close to the temperature where 
the mobility of thermal electrons in these liquids 
also goes through a maximum (15). The mean 
penetration ranges curve of n-pentane does not 
go through a maximum in the liquid phase. 
Nor is a maximum observed for the thermal 
electron mobility in n-pentane. 

The observation of parallel behaviour be- 
tween epithermal and thermal electrons is not 
new. I t  has already been pointed out (31) that the 
inelastic scattering cross sections of alkanes 
for both thermal and epithermal electrons are 
affected by the same factors, and only the 
relative magnitudes of the effects are different. 
The present work necessitates some elaboration 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C.4N. J CHEM VOL. 5 5 .  1977 

I I I I I 

FIG. 8. Free ion yield G,,' at field strength E in liquid at various temperatures and critical gas 
(239'C) in cyclopentane. The lines are calculated using [8] with a YGP range distribution function 
and a total ionization yield, G,,, = 4.3. 

FIG. 9. Free ion yield at  field strength E in liquid at various temperatures and critical gas (216.2'C) 
in neohexane. The lines are calculated using [8] with a YGP range distribution function and a total 
ionization yield, G,,, = 4.3. The experimental points are not plotted for -87-C and 216.2'C to 
avoid confusion. 

of this point. The therlnai electron mobility, 
in neopentane for example, first increases then 
decreases with an increase of temperature (1 5) .  
This decrease in the mobility is interpreted by a 
breaking down of conduction bands resulting 
from a drastic decrease of the liquid density 
approaching the criticai region. If the epithermal 
electron is also sensitive to the breaking of 
conduction bands, it seems logical to deduce 
that it has to  travel in these conduction bands 
when its energy is very close to thermal. One 
can therefore suspect that the sensitivity of 

epitherrnai electron penetration ranges to molec- 
ular structure is due to the presence of well 
defined conduction bands in some l~quids and 
their absence in others. 

(3) At temperatures above critical, the density 
of the gas enclosed in the cell volume remains 
constant and an increase of temperature is 
associated with an increase of electron mean 
penetration range. This is shown in the present 
work for n-pentane and neopentane and has 
been ~neasured for other hydrocarbons (32). At 
subcritical temperatures, a ternlperature in- 
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FIG. 10. Free ion yield Gf,E at field strength E in liquid at various temperatures and critical gas 
(161°C) in neopentane. The lines are calculated using [8] with a YGP range distribution function and 
a total ionization yield, G,,, = 4.3. The experimental points are not plotted for 157'C and 161'C to 
avoid confusion. 

FIG. 11. Variation of normalized mean penetration ranges bcpd with temperature for n-pentane, cyclo- 
pentane, neohexane, and neopentane. The vertical arrows indicate the critical temperature of the 
alkanes. 

crease goes with a density decrease. It is difficult contrary to what had been anticipated from 
to dissociate the relative effect of both factors theory for electron mobilities (33). Consistent 
on the electron mean penetration range. The with the observations on electron ranges, the 
maxima in the penetration ranges do not occur electron mobility in Xe did not undergo a 
at the critical temperatures but at lower tem- transition in the critical region (34) nor in the 
~eratures  where the alkanes are still liauid and four alkanes studied (1.5). 

\ ,  

where the densities of neopentane, neohexane, 
and cyclopentane are about the same (0.390 g/ Acknowledgments 
cm3). This tends to demonstrate that nothine I wish to thank the staff of the Radiation 

u 

special happens at the critical temperature, Research Center for help with the electronics. 
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I am also grateful for discussions with Dr. G. R. 
Freeman and T. G. Ryan. 

I .  R.  A. HOLROYD and M. ALLEN.  J .  Chem. Phys. 54, 
5014 (1971). 

2. R .  A. HOLROYD, B.  K .  DIETRICH, and H. A.  
SCHWARL. J .  Phys. Chem. 76, 3794(1972). 

3. W. F .  SCHMIDT and A. 0. ALLEN. Science, 160, 301 
(1968). 

4. W.  F. SCHMIDT and A. 0 .  ALLEN. J. Phys. Chem. 72, 
3730 (1968). 

5.  P. H .  TEw.4~1 and 6. R. FREEMAN. J .  Chem. Phvs. 49. 
4394 ( 1968). 

6. A. HUMMEL,  A. 0. ALLEIV. and F.  H .  WATSOIV, JR. J .  
Chem. Phys. 44, 3431 (1966). 

7. A.  MOZUMDER and J .  L .  MAGEE. J .  Chem. Phys. 47, 
939 (1967). 

8. L .  ONSAGER. Phys. Rev. 54,554 (1938). 
9. T. A. STONEHAM. D .  R. ETHRIDGE, and G. G.  

MEISELS. J. Chem. Phys. 54,4054 (1971). 
10. G.  G. MEISELS and D. R. ETHRIDCE. J .  Phys. Chem. 

76, 3842 (1972). 
11. T .  TAKAHASHI.  S. KONNO. J .  HAMADA,  M .  

MIYAJIAIA. S. KUBOTA. A.  N ~ K A M O T O .  A. HITACHI.  
E. S H I B A M U R ~ ,  and T .  DOKE. Phys. Rev. A, 12, 1771 
(1975). 

12. M .  MIYAJIMA, T. TAKAHASHI,  S. KONNO, T. 
HAMADA. S. KUBOTA, H. SHIBAMURA, and T .  DOKE. 
Phys. Rev. A,  9 ,  1438 (1974). 

13. M. MIYAJIMA, T .  TAKAHASHI,  S. KONNO, T .  
H ~ M ~ D A ,  S .  KCBOTA, H. SHIB.~MURA. and T.  DOKE. 
Phys. Rev. A.  10, 1452 (1974). 

14. J:P. DODELET. K .  SHINSAKA. U .  KORTSCH, and G. 
R. FREEMAN. J .  Chem. Phys. 59, 2376 (1973). 

15. J.-P. DODELET and G. R. FREEMAN. Can. J .  Chem. 
This issue. 

16. J .  TIMMERA~.~'VS. Physico-chemical constants of pure 
organic compounds. Elsevier R~blishing Company. 
England. Vol. 1. 1950: Vo1.2. 1965. 

17. R .  W.  GALLANT. Physical properties of hydrocar- 
bons. Vols. 1 and 2. Gulf Publishing Company, Hous- 
ton. Texas. 1968. 

18. R. D. NELSO'V. JR. .  D.  R. LIDE,  JR. ,  and A. A. 
MARYOTT. Selected values of electric dipole moments 
for molecules in the gas phase. NSRDS-NBS 10, U.S .  
Department of Commerce, Washington, D C. 1967. 

19. R. C.  WEAST (Editor). Handbook of chemistry and 
physics. 49th ed. Chemical Rubber Co., Cleveland, 
Ohio. 1968. 

20. J .  TERLECKI and J .  F I L I ~ A K .  Int. Radiat. Phys. Chem. 
4,469 (1972). 

21. A MOZCMDER and J. L. MAGEE. J .  Chem. Phyq. 45. 
3332 (1966). 

22. S .  CHANDRASEKHAR. Rev. Mod. Phys. 15, l(1943). 
23. W.  F. SCHMIDT and A.  0. ALLEN. J. Chem. Phys. 52, 

2345 (1970). 
24. J.-P. DODELET, P.  G. FLOCHI.  and 6. R.  FREEMAN. 

Can. J .  Chem. 50, 1617 (1972). 
25. 6. C. ABELL and K .  FUNABASHI.  J .  Chem. Phys. 58, 

1079 (1973). 
26. M.  LAX. Rev. Mod. Phys. 23,287 (1951). 
27. A. MOZUMDER. J .  Chem. Phys. 60,4305 (1974). 
28. J. C A S A N O V ~ S .  R.  GROB. D .  BLANC, G.  BRCNET. and 

J .  MTHIEU. J .  Chem. Phys. 63. 3673 (19753. 

29. J. M.  WARMAN, K .  D. ASMUS. and R.  H .  SCHULLER. 
Adv. Chem. Ser. 82-25  (1968). 

30. G.  R. FREEMAN and T .  E .  M. SAMBROOK. J .  Phys. 
Chem. 78, 102 (1974). 

31. J.-P. DODELE-r and G. R. F R E E M A ~ .  Can. J. Chem. 50, 
2667 (1972). 

32. J.-P. DODELET and G. R. FREEMAN. In preparation. 
33. J. LEKNER and A. R. BISHOP. Philos. Mag. 27, 297 

(1973). 
34. T.  KIMURA and G.  R. FREEMAN. J .  Chem. Phys. 60, 

4081 (1974). 

Discussion 

J. Jortner: An important mechanism for energy loss of 
electrons in liquid hydrocarbons may originate from inelas- 
tic electron-molecule scattering followed by vibrational 
excitation. Now, these hydrocarbons are characterized by 
low vibrational frequencies which may be thermally ex- 
cited. Collision of an electron with a vibrationally excited 
molecule will provide a more effective energy loss 
mechanism than collision with a ground state molecule. It 
is possible that the maximum observed in the initial separa- 
tion lengths hGp  VS. temperature originates from thermal 
vibrational exc~tations? This question mill be settled by 
whether the maximum in hm originates essentially from a 
density effect or from a temperature effect. In the latter 
case the mechanism proposed herein may be relevant. 

J.-P. Dodelet: The fact that a maximum appears in some 
liquids at  about the same temperature for epithermal elec- 
tron thermalization ranges and thermal electron mobilities 
indicates that the electron finds it difficult to lose energy 
when its energy is just above thermal. Therefore 1 do not 
think that vibrationally excited molecules provide a good 
explanation of the maximum appearing in thermalization 
lengths. A density effect seems to provide a better explana- 
tion. This is underlined by the fact that the density (g/cm3) 
at the maximum thermalization length is the same for the 
three liquids in which this maximum appears. 

G. R. Freeman: The data presented by Dodelet seem to 
indicate that the main part of the thermalization range in a 
liquid hydrocarbon is attained by the electrons when they 
ar-e in the conduction bands not much above thermal 
energy. Scattering cross sections are relatively small in the 
conduction bands. so  electron de-energization is inefficient 
in them. Conduction bands are less well defined in 
11-pentane than in neopentane, so  electron scattering is 
greater and the range is shorter in the former than in the 
latter. Conduction bands seem to be more clearly defined in 
liquids that are made up of more spherelike molecules. The 
difference between density and temperature effects will be 
more clearly seen in our mobility paper in the last session of 
the conference. 

L. G. Christophorou: In connection ni th Dr. Freeman's 
comment on the importance of the low-energy region in 
determining the size of the penetration range. i wish to 
point out that measurements of the rate of energ) loss by 
subexcitation electrons for a number of pol) atomic guses .  
including hydrocarbon vapors, (L .  6. Christophorou. K .  
S.  Gant. and J .  K .  Baird. Chem. Phys. Lett. 30. 104(1975)) 
show that the rate of energy loss varie5 greatly from one 
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compound to another in the region of vibrational excitation 
threshold ( 5 0 . 5  eV), but it changes little for energies 1-2 
eV. This clearly shows the importance of energy loss pro- 
cesses in the very low energy range ( 5 0 . 5  eV) in determin- 
ing the particle's range (or thermalization time). 

6. R. Freeman: The effect is amplified in the liquid phase 
because conduction bands do not exist in low density 
gases. For example, the large difference between the 
ranges in neopentane and n-pentane in the liquids would 
not be expected in the gas phase. 

K. Funabashi: The concept of 'thermalization' distance is 
sufficiently vague to warrant a detailed quantitative fit of 
experiment with any formula with more than one parame- 
ter. Energy loss for a subexcitation electron ~~ndoubted ly  
involves multiphonon processes besides single-phonon 
processes. In view of the fact that cross sections for elastic 
scattering in large alkane molecules are much (orders of 
magnitude) larger than those for inelastic processes, we 
have reason to believe that the so-called initial distribution 
is rnuinly determined by elastic scattering of the medium 
which is particularly important for very low-energy elec- 
trons. 

6. R.  Freeman: The difference in magnitude of the ranges 
in the liquids n-pentane and neopentane indicates that in- 
elastic scattering is important. It appears to us that the 
range distributions are mainly determined by inelastic pro- 
cesses at electron energies not much above thermal. 

E. 0. Forster: What is the meaning of a "thermalized 
electron"? 

J.-P. Dodelet: A "thermalized electron" is an electron 
having the same average kinetic energy as the molecules of 
the liquid. 

E. 0. Forster: Could one not readily associate the value of 
D G F  with the trap depth deduced from molecular structure? 
Neopentane has the most shallow trap and n-pentane is 
deepest. Hence a "thermalized" electron will be trapped 
more readily in a shorter distance in n-pentane than in 
neopentane. 

J.-P. Dodelet: Yes. Alternatively, the magnitude of the 
thermalization length of epithermal electrons in liquids 
may be dependent upon the presence or absence of well- 
defined cxtcnded states. If the extended state is well 
defined it is because the trap depth is shallow. 

E. 0. Forster: How d o  you explain the decrease in hG,  near 
the critical point? Could the intense density fluctuations 
account for this phenomenon? Again, light scattering near 
the critical point suggests that such fluctuations might be 
worth considering. 

J.-P. Dodelet: The decrease in hGP near the critical point in 
some liquids is explained in terms of breaking down of 
extended states due to the density decrease. If the 
molecules become too far apart. their excited orbitals no 
longer overlap to produce an extended state. 

J .  L. Magee: 1 would like to congratulate Dr.  Dodelet, 
Professor Freeman. and the Alberta group on the large 

amount of good work they have done on this problen~.  
However, I have been thinking about this matter for a long 
time and I do not believe that we have a model which is 
ready for fine-tuning. There are several difficulties that are 
very troublesome, for example the multi-ion-pair neglect 
which Dr. Dodelet mentioned. Dr. Mozumder recently 
called my attention to another effect which may be of 
considerable importance, that the mobility of electrons in 
hydrocarbons is not constant, i . e . ,  the drift velocity is not 
proportional to the first power of the field strength. 
Mozumder has recalculated several free ion yields taking 
this effect into account and found that the initial distribu- 
tions necessary to obtain given values are not those ob- 
tained from use of the Onsager equation. (He will publish a 
short paper on this topic.) There may be even other effects 
which have not been considered. 

G. R. Freeman: Whether or  not the electron mobility in a 
liquid hydrocarbon varies with the field strength depends 
on the hydrocarbon structure and density and on the field 
magnitude. It is up to the theoreticians to fine tune the 
model and up to the experimentalists to point the way. 
There are many shortcomings in our calculations. but we 
think that the similarities between the hGpd and mobility 
plots illustrate your early prediction that the electron 
ranges are attained mainly after the electrons have reached 
energies of a few tenths of an electronvolt. 

J. M. Warman: We have calculated (J. M. Warman and M.  
C.  Sauer. J. Chem. Phys. 62, 1980 (1975)). from experimen- 
tally determined thermalization times in gases, the ex- 
pected values of bd for neopentane and 17-hexane (pre- 
sumed similar to n-pentane). These values were 32 and 61 g 
A ~ m - ~ ,  respectively. The values of bd in the liquid phase 
at close to the clitical temperature would therefore appear 
to be approaching the values expected in the gas phase. 
Secondly, since a decrease in mobility, as  observed in 
neopentane, corresponds to a decrease in the scattering 
mean free path then this might be taken to directly indicate 
a decrease in the thermalization range as observed, if a 
random walk model is accepted. The correlation between 
p and b has, however. been found to be rather weak when 
different liquids at  normal densitier are compared. 

6. R.  Freeman: We are now studying the gases at low and 
high densities. The density normalized ranges in the criti- 
cal region are similar to, but not the same as. those in the 
low density gases. However, your estimated values are 
lower than ours. In answer to thc second comment. al- 
though we have found fine structure in the correlation 
between p and bGp  in different families of liquids (Can. J .  
Chem. 53,2714 (1975); 54,744 (1976)). I would not call the 
correlation weak. We must remember that p in most liquids 
is strongly dependent upon three parameters (structure, 
density, and temperature), while bGP depends mainly on 
the first two. 

A. 0. Allen: The many calculations on the subject of free 
ion yields which have appeared during the long period I 
have been interested in the subject, have in my opinion 
added little to our understanding. Looking at the data in a 
commonsense way, we see that those liquids which show 
thermally-activated mobilities have low free ion yields. 
This immediately suggests that the probability of an elec- 
tron escaping the field of the positive ion depends on the 
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chance of its falling into a trap on the way out. A calculation 
made on this picture might provide a useful correlation 
between mobility and free ion yield. 

J.-P. Dodelet: To my knowledge all fluid hydrocarbons 
display a thermally activated electron mobility if it is mea- 
sured over a large enough temperature range. This includes 
neopentane and neohexane. The behavior of electron mo- 
bility in these hydrocarbons will be discussed in the last 
paper of this conference (Dodelet and Freeman). 1 agree 
that around room temperature and below, electron mobil- 
ity in neopentane displays nearly no energy of activation. 
but at  higher temperatures the mobility is quite sensitive to 
change of temperature. Furthermore, a high free ion yield 
is observed in n-pentane at temperatures close to critical 
and the electron mobility in n-pentane in the same 
temperature range is thermally activated. The picture is 
not simple. 

G. R. Freeman: It is true that calculations are often more 
enlightening to those who make them than to others. I think 
that the large ranges in hydrocarbons are attained mainly 
by the epithermal electrons travelling in the conduction 
bands. Liquids comprised of less spherelike molecules are 
more efficient energy sinks (scatterers) and contain deeper 
traps. Dr. Allen's picture is qualitatively similar to ours. 

L. Onsager: As we approach the critical point, fluctuations 
get large. which tends to reduce any benefit that the elec- 
tron free path may obtain from Ramsauer effects. 

G. R. Freeman: The density fluctuations characteristic of 
the critical region are long range. They appear to have little 
effect on the electron behavior. This was demonstrated for 
electrons in xenon by the work of Kimura (J .  Chem. Phys. 
60. 4081 (1974)). However, I agree that the maxima ob- 
served in the range-density and mobility-density plots are 
related to Ramsauer effects. 
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Nonhomogeneous charge neutralization kinetics in nonpolar organic 
solids (Extended Abstract) 

K. K. AMETOV, E.  L. FRANKEVICH, G. F. NOVIKOV, A N D  B.  S. YAKOVLEV 
Itzstitlrte ofClzernica1 Pllysics, Acrrdemy of Sciences U S S R ,  142432 Cl~ernogolo~ kii,  U S S R  

Received November 22, 1976 

It is known that the bulk of electrons generated 
by ionizing radiation in organic nonpolar 
amorphous solids and liquids are thermalized in 
the vicinity of geminate positive ions, where the 
Coulomb energy is greater than the thermal 
energy. Such electrons form pairs correlated with 
positive ions and have a significant probability 
of recolilbination with 'their own' ions or ions of 
their track. This recombination process (so 
called 'geminate' recombination) cannot be 
described by applying homogeneous kinetics. 
Most of the theoretical approaches to geminate 
recombination in nonpolar liquids have been 
based on considerations of the diffusion of a 
classical charged particle. These approaches may 
prove to  be unjustified for electron-ion geminate 
recombination in organic solids where electrons 
may be captured by structural traps for a time 
commensurable with the characteristic time of 
measurement. - 

To describe the kinetics of geminate recom- 
bination in this case we neglected a tunnelling 
mechanism of recombination and used a dis- 
tribution function Y ( N )  (1). This function gives 
the probability for an electron to recombine 
after N trapping events. The case was considered 
when a transition of an electron from one local- 
ized state, e,,-, to another can be characterized 
by a single relaxation time r.  Then the probabil- 
ity for the electron to undergo N captures by 
traps for the time t is the Poisson function 

and the rate of recombination is 

This dependence was compared with experi- 
mental data on photo- and thermostimulated 
processes in 3-methylpentane (3-MP) glasses 
y-irradiated at 77 K. For photostimulated re- 
combination we used r = ( D L ) - ' ,  where o is the 
known photo-detrapping cross-section and L is 

FIG. 1. Dependence of photostimulated luminescence 
in y-irradiated 3-methylpentane at 77 K on ir-bleaching 
time: dose 3 x lo4 rad: the ir light was switched on 36 
min after e,,- generation. Dashed curve 1s calculated from 
[I]-[3]. The functions w,(x) are shown for N = 1, 3, 15, 
and 60. 

the light intensity. For isothermal recombina- 
tion at 77 K a good fit with experiment was 
obtained by using r = 26 min (1). A comparison 
of equation 2 with the decay of the photostimu- 
lated recombination luminescence of 3-MP at  
77 K illustrated in Fig. 1 shows a satisfactory 
agreement for 

Such a distribution function has also been used 
to describe the decay of photoconductivity, iso- 
thermal recombination luminescence, quantum 
yield of e,,- bleaching ( I ) ,  electric polarization 
of electron-ion pairs (2) in 3-MP at  77 K, and the 
radiothermolun~inescence kinetics of 3-MP (3). 
For example, Fig. 2 shows the experimental (4) 
and calculated dependences of the quantum 
yield of e , ,  bleaching, cp, on the optical density 
of e,,-, D. The latter was obtained from the 
equation: 
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o p t i c a l  density D P  e; 
FIG. 2. Comparison of the calculated dependence of 

the quantum yield of bleaching of e,,- o n  the optical 
density of e,,- with experirncntal data (4) for 3-methyl- 
pentane: - Hamill's data;  --- calculated. 

where x = oLt, and 
m N 

At t >> z, [ 5 ]  may be written as 

Such a relationship is known to be justified for 
geminate recombination of electrons in liquids 
and correspoilds to the diffusion theory of re- 
combination at longer times ( t  >> h "  (5 ) .  This 
result may be understood if one assumes the 
same space distribution of thermal electrons in 
both liquid and solid hydrocarbons because at 
t >> z the electron motion in solids may be 

1.  B. S. Y A K ~ V L E V  and G. F. N ~ V I K O V .  Int. J. Radiat. 
Phys. Chem. 7,679(1975). 

2. K. K. AMETOV, G. F. NOVIKOV. and B. S. YAKOV- 
LEV. Int. J .  Radiat. Phps. Chem. In press. 

3. K. K .  AAIETOV, G.  F. NOVIKOV, and B. S. YAKOV- 
LEV. Int. J. Radiat. Phys. Chem. In press. 

4. D. W. SKELLY and W. H. HAMILL.  J .  Chem. Phys. 44, 
2891 (1966). 

5. S. J .  RZAD, P. P. INFELTA, J .  M. WARMAN, and R.  H .  
SCHWLLER. J .  Chem. Phys. 52, 3971 (1970). 

Discussion 

A. C. Albrecht: (1) We have found that the decay of in- 
frared stimulated recombination luminescence in 3-MP at 
77 K can be fit to two exponentials and a second-order 
equation. The second order is interpreted through a simple 
distribution of unimolecular (one-jump) rate constants. 
The rate constant distribution is transformed to a radial 
distribution by making an assumption on how the rate 
constant depends on charge separation through the 
Coulomb field. Over 95% of the recombination events are 
accounted for in this way. As usual such a procedure 
represents simply another model which can be made to fit 
the data. The multiple hopping model seems to predict a 
polarization current which provides an interesting addi- 
tional check on that model at least. 

(2) A simple way of distinguishing polarization events 
from bulk transport is to see whether when electrodes are 
blocked the observed signal is altered. Pola~ization events 
within the Coulomb well should not be affected by block- 
ing. Bulk current flow should be on an appropriate time 
scale. We have tried this for the 3-MP system at 77 K 
producingelectrons photolytically. We found that blocking 
converts the normal ultraviolet dc photocurrents into 
polalization spikes. indicating that bulk flow is the major 
source of photocurrent in that system. However the photo- 
current signals obtained when visible (or near infrared) 
light is used to excite previously produced electrons were 
not thus tested. 

described by a diffusion equation. 
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Electric field perturbed electron tunnelling in nonpolar organic glasses 
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A. J. DOHENY and A. C. ALBRECHT. Can. J .  Chem. 55,2065 (1977). 
Isothermoluminescence (ITL) and electrophotoluminescence (EPL) resulting from electron- 

cation recombination are measured in a 2-methylpentane-methylcyclohexane glass. The ITL is 
more characteristic of quantum-mechanical tunnelling and the EPL signal is markedly stronger 
in this new glass than previous measurements in 3-methylpentane. Quantum-mechanical tunnel- 
ling theory is used to predict recombination rates of electrons in the potential field of a cation 
plus an applied field. Numerical integration of the nonhomogeneous kinetic equations resulting 
from a distribution of cation-electron separations leads to qualitative and quantitative pre- 
dictions of the EPL signal that are observed experimentally. Fitting of the theory to experiment 
supports the conclusions that the angular distribution of the photoelectrons about the cations 
is close to isotropic, that the electrons active in ITL and EPL on the time scale of minutes are 
separated about 50 A from their parent cation, and that the trap ionization potential in this 
nonpolar hydrocarbon glass is in the range of 0.5 to 0.7 eV. 

A. 3. DOHEYY et A. C. ALBRECHT. Can. J .  Chem. 55.2065 (1977). 
On a mesur6 l'isothermolun~inescence (ITL) et I'tlectrophotoluminescence (EPL) qui se 

produit a partir de recombinaisons electron-cation dans des verres de methyl-2 pentane et de 
mCthylcyclohexane. L'ITL est plus caractkristique d'un tunnel de n~ecanique quantique et le 
signal EPL est beaucoup plus fort dans ce nouveau verre que ceux mesurCs anterieurement dans 
le methyl-3 pentane. On utilise la theorie des tunnels de mecanique quantique pour predire les 
vitesses de recombinaison des electrons dans le champ potentiel d'un cation plus un champ 
appliqui. L'inlCgration numerique des equations cinetiques non-homogenes resultant des dis- 
tributions des separations cation-electron conduit a des predictions qualitatives et quantitatives 
du signal EPL qui sont observees exptrimentalement. L'ajustement de la theorie avec les expe- 
riences supporte les conclusions voulant que la distribution angulaire des photoClectrons 
autours de cations est pres de l'isotropique, que les electrons actifs dans 1'ITL et 1'EPL sur une 
echelle de temps de minutes sont sCparts par environ 50 8, de leur cation parent et finalement 
que le potentiel d'ionisation de piege dans ce verre hydrocarbone non-polaire est d'environ 0.5 
a 0.7 eV. 

[Traduit par le journal] 
~. 

Introduction produce an electronically excited molecule; the 

When low temperature glasses are exposed to of the luminescent decay of this 

ionizing radiation, electrons are produced which is then a good measure of the rate of 

subsequently may be chemically scavenged by change of the 

other species of suitable electron pro- This isotherlnoluminescence (ITL) is a measure 

duced during the same irradiation (or added to of the rate of charge neutralization only when 

the system before forming the glass). In many this is slow compared to electronic relaxation 

glasses, the electrons may be physically trapped times and is it is fast 

in the medium for tilnes much longer than the to give a flux of photons. 

irradiatioll time, forming a trapped or solvated Quantum-mechanical tunnelling of an electron 

electron. In this temporary trapped state, they from its trapping site to the scavenger is thought 

lnay be studied by conventional spectroscopies to the rate determining Process in 

over tinles ranging from nalloseconds to electron at least in very hard (1012 'P) 
years depending on the natures of the glass and glasses (2-4). However, ITL in 3-meth~1~entane 

of the scavenging species.' In cases such as those (3MP) glasses at 77 shows Inany effects not 

described herein, where the scavenger is a radical to be expected from a process. The 
cation, the neutralization of the charge can ITL is quite 

(3, 5 )  and its fall-off with time is approximately 
'A general review of the subject with extensive reference l / t 2  at long times (3, 51, as compared with a l/f 

is given in ref. 1. law predicted and etlcountered in other cases of 
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ITL where tunnelling is the major mode of 
trapped-electron decay (3). In addition, strong 
electric fields (10' to 106 V/cm) applied to a 
3MP glass which is undergoing ITL cause an 
enhancement of the electron decay rate, giving 
rise to a burst of light termed electrophoto- 
luminescence (EPL) analogous to the Gudden- 
Pohl effect in inorganic phosphors (6). The EPL 
effect in 3MP was qualitatively and quantita- 
tively explained (except at short times) by a one- 
parameter equation relating the EPL effect to the 
ITL. The parameter was found to be exponential 
in applied fields suggesting that the decay of any 
particular electron was governed thermally by a 
simple Arrhenius activation energy model (6). 

Ott (5) and Bullot et a / .  (7) obtained an 
apparent activation energy for ITL in 3MP of 
about 0.67 eV, which corresponds to the 
activation energy of viscosity in 3MP obtained 
by Ling and Willard (8). Further, Ott ( 5 )  found 
that the temperature dependence of ITL in 3MP 
disappeared and that the ITL had a I / t  de- 
pendence below 72 K,  consistent with the results 
of Kieffer et al. (3). This leads one to conclude 
that a mechanism similar to that of Pilling and 
Rice (9) is operative in the electron-cation re- 
combination in 3MP at 77 K for times in the 
order of I0 min, i.e., a trapped electron diffuses 
towards its parent cation at a viscosity-mediated 
rate until it reaches the point at which tunnelling 
becomes fast compared with further inward 
diffusional motion. Thus neither a pure tunnel- 
ling nor a pure thermal model can be adequate 
to explain the EPL phenomenon in 3MP at 77 K. 

Instead of adapting a serial diffusion-tunnel- 
ling model to the EPL phenomenon, in the 
present work ive report EPL in a hydrocarbon 
glass similar to but enough harder than 3MP so 
as to move the time scale of the viscosity- 
mediated effects beyond the time scale of the 
EPL experiment. Tunnelling theory is extended 
to the EPL experiment, whereupon it is found 
that the EPL effect in the harder glass is quali- 
tatively predictable from a reasonable tunnelling 
model. Furthermore: it is found that the 
quantitative agreement between the model and 
the EPL experiment can be forced by variation 
of the parameters in the tunnelling calculations, 
but that only a limited range of trap depths is 
compatible with reasonable values of the other 
parameters and that a spherical distribution of 
electrons about their respective cations gives a 
significantly better fit to the experimental data 
than does an angularly anisotropic distribution. 

Experimental Results 
The experiments described herein have been 

carried out essentially as described previously by 
Rullot and Albrecht (6). hT,N,N',Nt-Tetramethyl- 
paraphenylene diamine (TMPD) was obtained 
from Aldrich Chemical Company and purified 
by vacuum cublimation. Hydrocarbons were 
obtained from Phillips Petroleum Company. 
Hydrocarbon solutions of TMPD were frozen 
between two electrode? in a Dewar originally 
designed by Cadogan (10) for photoconductivity 
studies. 

Exceptions to the method previously described 
(6) are that the back electrode is made of highly 
polished stainless steel, the irradiating light is 
passed through a filter consisting of two Corning 
7-56 filters plus 2 cm of the hydrocarbon 
composing the glass, and the phototube is 
covered with a Corning 7-60 filter so that 
only the fluorescence of TMPD is monitored. 
Samples, once frozen between the electrodes, are 
allowed to relax at least 4 h before irradiation. 
Irradiation is for 1 min, following which the 
phototube is locked into place with the photo- 
multiplier window approximately 5 cm from the 
window on the outside wall of the Dewar. Ott 
( 5 )  found that the ITL in 3MP was apparently 
uncomplicated by viscosity for times up to 25 
min at  temperatures of 72 K or less. If we 
extrapolate the viscosity of 3MP below its glass 
transition using published data (S), we find that 
this temperature corresponds to a viscosity of 
about 3 x 10" P. This figure is within an order 
of magnitude of that given by Hutzler et al. (1 1) 
for a 1 : 1 (v/v) mixture of 2-methylpentane 
(2MP) and methyl cyclohexane (MCH) at 77 K, 
which figure is also an extrapolation from 
measurements at higher temperatures. 

Approximately millimolar solutions of TMPD 
in this solvent mixture were examined for the 
EPL effect. Most often the glasses cracked before 
attaining thermal equilibrium, but although they 
were thus unsuitable for the EPL experiment, 
ITL's determined with these cracked glasses 
exhibit ITL K l / t  for times of 25 min or longer 
(Fig I) .  

One sample did resist cracklng at 77 K. and 
sustained applied fields up to 5 x 10' V/cm. In 
this sample the EPL effect was measured at  
different fields in both polarities. In addition 
various sequences of field on and off and 
polarity reversals were tried. The qualitative 
results are summarized pictorially in Fig. 2. 
They are in every gross feature qualitatively 
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DOHEKY AND ALBRECHT 2067 

FIG. 1. Plot of (1TL)-' zs. time in 2MP/MCH (PA at 
anode of photomultiplier). 

FIG. 2. Plot of EPL signals in 2MP/MCH. 

identical with the EPL effects reported before 
for 3MP glasses (6). However, the relative height 
of the EPL spike and the time taken for the 
EPL signal to decay to the level of the ITL both 
appear to be about an order of magnitude larger 
in this glass than in the previous 3MP glasses. 
Further experiments established that the en- 
hanced EPL effects in this glass could not be 
due to the infrared-stable, field-sensitive state of 
TMPD previously investigated in this laboratory 
(12) in 3MP glasses, for no evidence of this state 
was found in the harder glass of this work. 

Theory 
The recombination of a trapped electron with 

its geminate cation can be treated as a radia- 
tionless transition from an extreme charge- 

transfer state into an isoenergetic, near conti- 
nuum of Rydberg-type states, the time de- 
pendence of which transition derives from the 
Fermi golden rule. The final state must be buried 
in a near continuum, since the total energy of the 
initial charge-transfer state in nonpolar glasses 
is at  most only an electron volt or so below 
complete ionization in the nonpolar condensed 
phase, at which level molecular energy densities 
are quite large. 

An apparently alternative approach is to 
treat the problem as the tunnelling of a trapped 
electron through a potential barrier from some 
trapping potential to the Coulomb well of the 
cation. This is not a real alternative, however, 
since in either view the recombination rate can 
be reduced to a frequency factor weighted by the 
probability that an electron initially trapped at a 
distance R from its parent cation can be found 
at the much shorter distance, r,, from the cation 
where the electron emerges from the nonclassical 
into the classical region of the potential. These 
two approaches are distinguished only in their 
detailed interpretation of the frequency factor, 
which difference is related as much to the 
implicitly different choice of zeroth order states 
as to anything else. 

The probability part of the recombination or 
transition rate must include tunnelling in the 
nuclear coordinates of the solvent cation system, 
i.e.. a Franck-Condon factor, as well as in 
electronic coordinates. For the present we will 
subsume this Franck-Condon factor as well as a 
geometric factor (13) into a generalized fre- 
quency v; an appropriate and reasonable choice 
of this frequency, we intend to show, will 
theoretically duplicate the experimental EPL 
effect. 

Theoretical Electron-tunnelling Rates 
The electron space part of the probability can 

be derived from the semiclassical or WKBJ 
approximation to  the electron wave function in 
the nonclassical region of the potential (14). 
Thus for the recombination rate of a cation- 
electron pair separated by a distance R we 
simply write 

In [I],  m is the mass of the electron, r,  and r ,  
are the classical turning points of the motion, 
i.e., the zeros of U(r )  which defines the energy 
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defic~t of the electron below the top of the 
barrier, and the R dependence on the rhs is 
implicit. The frequency factor v, in either 
approach to the transition rate, must have as 
a n  upper limit the frequency associated with a 
weakly bound electron or about 10'" to 10" s - l .  

For  the sake of concreteness, we may take the 
trapping potential of the electron to be a 
spherical square well of radius a and depth V,. 
Then the barrier presented to a trapped electron 
in the Coulomb field of a monovalent cation in a 
medium of dielectric constant E is shown in Fig. 
3. V, and a determine the local binding energy 
or  ionization potential of the electron, I,, and 
the distance tunnelled by the electron to  re- 
combine with the cation is L O .  Figure 3 was 
drawn roughly to scale for a well of diameter 
2.5 A and ionization potential 0.5 eV, located at  
47.5 A from a cation in a medium of E = 2.3. 
From the barrier potential of Fig. 3, we set U ( r )  
in the integrand of [ I ]  to be simply I, + 
( e 2 / e ~ )  - (e2 ~ r ) .  

Then [I ] has the analytical result 

where 

and 

Equation 2 is similar to previously published 
results (3, 13, 15-17) the differences owing to the 
fact that the potential used uncludes a trap 
radius (18). Evn lua t io~~  of [ I ]  from its analytic 
form (eq. 2) and by numerical integration using 
a double-prec~sion 32 point Gaussian quadrature 
give identical results, mhich in turn agree with 
Mikhailov's (16) nunlerical results when the 

FIG. 3. Potential-barrier model for an electron in a 
spherical square \veil in the Coulomb field of a cation. 
WB+ is Wurster's blue cation of TMPD. Syrnbols are 
defined in text. 

same values of the parameters are used. Equation 
2 predicts that to a good approximation, 

exactly as one would get from a square-barrier 
(i.e., non-Coulomb) approximation to the 
integral. However, the square-barrier approxi- 
mation introduces large absolute errors into 
k(R)  which can only be partially coinpensated 
by using LO or some other effective tunnelling 
length in a square-barrier formula. The major 
effect of the Coulon~b field, as pointed out by 
Mikhailov (16), is that electrons decaying a t  a 
particular rate may be as much as 30% further 
from the cation in a low dielectric, small I, 
glass, than a square-barrier calculation would 
require them to be. This in turn has major 
ramifications on the theory of the EPL effect. 

The shape of the potential when an applied 
electric field is superin~posed on a Coulomb 
field is shown in Fig. 4. The energy scale is the 
same as in Fig. 3, but the horizontal scale has 
been halved to show the same trap as in Fig. 3 on 
both sides of the cation with respect to the 
internal field, which in the scale of the figure is 
4 x 105 V,!cni. When the potential barrier of 
Fig. 4 is used in [ I ] ,  one obtains 

[4] k(R,  0) = v exp 
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DOHENY A N D  ALBRFCHT 2069 

FIG. 4. Potential barriers res~~lting from application of 
an electric field to the potential of Fig. 3. 

where Q = r/a,  X ,  is defined as in [2], G = 

E ~ ' E  cos 0,'e, and X I  is the positive root of 

Fowler and Nordheim (19) encountered the 
tunnelling integral of [4] in a similar context, 
i . e . ,  the field emission of metals, and expressed 
the result as an elliptic integral. The salue 
authors (19) and later Brocklehurst (2) evaluated 
[4] without including the angular dependence or 
the Coulonlb field. Hagston (17) has derived an  
angle-dependent approximation to [4] when the 
field is so small as to give no experime~ltally 
observable effects. Instead, we employ the sanle 
numerical procedure that gives exact agreement 
with the analytical expression in the zero-field 
case. Qualitatively, the results of these calcula- 
tions can be seen in graphs like Fig. 5 which 
shows log,, k ( R ,  8 )  as a fi~nctioll of 0 measured 
from the field vector. The internal field is 4.3 x 
i05 V,'CIII, I O  = 0.7 eV5 v = 10" s-' ,  and a = 
i A. The solid apple-shaped curves are for field- 
on  conditions, with the more negative log scale 
in parentheses corresponding to the cation-trap 
separation of 60 A. The dotted circles inter- 
secting a t  90' and 270" are the logs of the 
corresponding field-off rates ~vhich are of course 
angle independent. The field-off rate at  50 A is 
approximately 3000 times faster than that at  
60 A. With the field on the recombinatioll rate 
of an electron at 60 A and directly upfield from 
the cation is increased by a factor of 250, while 

0" 

FIG. 5. Plot of log k ( R )  2,s. 0 (measured from the 
positive field direction) for I ,  = 0.7 eV, v = 10"s-l, 
a = 1 a, and an internal field of 4.3 x lo5 Vicm. The 
scales are explained in the text; but as an example, at 
60 a separation, the field-off rate is about 0.02 s- '  while 
with the field on the rate at 0' is about 5 s-I. 

an electron at  50 A experiences a rate enhance- 
ment of only 30. In addition, Table 1 gives the 
ratio of- the field-on rate to the field-off rate a t  
different trap depths, internal fields, and cation- 
ele-ctron separations. 

From consideration o r  Fig. 4: one can see that 
in the liniit of large fields, shallow traps, or 
large cation-trap separations, all upfield elec- 
trons tunnel through virtually the same triangular 
barrier regardless of their distance from the 
cation. On the otlier hand, the tunnelling dis- 
tance either downfield from the cation or even 
without the field is much more dependent on R. 
Therefore any comparison between field-on and 
field-off tunnelling rates will be highly R 
dependent. These observations give us warning 
that in calculating any EPL effect, we must 
exercise extreme caution i i ~  retaining any factors 
which affect the separation between the fastest 
remaining electrons and their cations a t  the 
instant the Geld is turned on. 

Calc~~latiorz of , f lsother1~~01~r~~itzesc~~11ce a d  
Elcctropho folu~niizesce~~re 

Once \+e can predict field-dependent tunnelling 
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TABLE 1, k , / k  for various I", E, and R (u  = 1 A) 

E (V/cm x 

rates at a particular cation-electron distance, we 
must apply them to the calculation of ITL and 
EPL effects. Since the tunnelling rate is such a 
strong function of the charge-pair separation, 
only a virtual 6-function distribution of separa- 
tions (and of the other parameters) can lead to a 
slmple exponential decay. Instead. even for a 
relatively narrow distribution of separations, say 
10 A wide, tunnelliilg rates varying over three 
to four orders of magnitude can be encountered. 
Hence we treat each electron-cation pair as a 
separate chemical species (which is valid up to 
ionic concentrations in the order of lo-' IM), 
each reacting at its own unimolecular rate, but 
all leading to the same product, and it is the rate 
of appearance of the product that we measure in 
ITL and EPL. 

The development of the concentration, ITL, 
and EPL integrals where there exists a zero- 
time distribution of charge pairs having decay 
rates dependent upon the pair separation and 
orientation is standard in the recent l~terature 
(4, 17, 20, 21) and need not be repeated here. 
For  our purposes a recapitulatioll of these 
integrals uslng the symbols of this work will 
~uf f i ce .~  

If R is the charge-pair separation and 0 the 
angle between the electron position vector (with 
origin at the cation) and the eventual field 
direction, then the number of pairs remaining at 
time t ,  N( t ) ,  is given by 

where n,(R,8) is a linear density of charge pairs 
and k(R) is the zero-field tunnelling rate of [2]. 
The ITL signal is 

[6] ITL(t) K hz n,k(R) 

x e-k'R)t sill 8 d0 dR 

while the EPL signal resulting froni applying an 
electric field a t  time t '  to a sample undergoing 
ITL is 

where k,(R,0) is the angle-dependent field-on 
rate of [4]. One assumes that the proportionality 
in [6] and [ 7 ] ,  involving instrumental and 
quantum-yield factors is field independent and 
hence identical for both ITL and EPL. The 
linear density n,(R,6) is motivated by the R-' 
dependence of photoelectron flux in the limit 
of no electron scattering following isotropic 
photoionization. 

Equatioils 6 and 7 have been integrated by 
various authors (4, 17, 20, 21) using the square- 
barrier approximation to k(R), i.e., k = v e-AR. 
Most often used for no, where one has correlated 
charge pairs. is a constant distribution or a 
slo~vly decaying exponential. When a real 
experiment covers on!y a few, maybe up to four, 

I 5 1  N ( t )  = Sn Sn n$R, 8) 
orders of magnitude in time, the constant 

0 0 
distribution assumption is not so restrictive. The 

X e -h (R) t  sin 0 de  d~ rate constant k is such a strong function of R 
that only about 10 or 15 A (not many molecular 

ZFurther details are to  be found in the Ph.D. Thesis of diameters) are beillg swept out in an experiment. 
Doheny (22) of which this work constitutes a part. Practically speaking n,  must be constant only 
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over such a range. Since the field-on rates for the 
upfield electrons are less sensitive to their 
separation from the cation (than the field-off 
rates) the electric field will bring into the tinie 
domain of the experiment larger separations 
than are practically seen in ITL. Thus at  long 
times the assuinption of constancy of 11, with R 
might fail in the field-on case. In  any event any 
real distribution must be integrable on R c 
(0, m), so that eventually the tail of the distribu- 
tion must fall off at  least as fast as eCR. 

Equation 6: when integrated with the square- 
barrier rate constant and a slowly decaying 
exponential distribution, e-BR, where B << A, 
gives a simple power law decay at  long times 

where (20) ni = 1 + (BIA). For a constant 
distribution, one may take B = 0 in [8] or  
integrate [6] directly (17, 20, 21). in either case 

As already mentioned, the functional form of 
[9] has been observed in this work and in other 
glasses independently of temperature (3). but not 
in 3MP glasses a t  77 K (3, 5). Of course, ITL at  
the experimental time zero is not infinite, but 
instead a plot of l/ITL(t) us. experimental time 
will intersect the x axis sometime during the 
irradiation period. 

In  order to integrate [5]-[7] with the full form 
of the Coulomb well plus electric field barrier. a 
numerical integration procedure has been devised 
analogous to that used to perform the integral 
appearing in the rate constant. The logic of the 
numerical procedure 1s briefly outlined in the 
Appendix.2 In every case investigated, the 
distribution 11,(R,8) is assulned to be independ- 
ent of R. but two types of angular distribution 
have been explored: isotropic and sin2 8. The 
second distributioli (in the coordinate system 
referred to the electric field) corresponds to that 
t o  be expected when the photoemissive state is 
sphericaily syn~metric and the photoelectron 
ejectioii direction is governed by the electric 
field of the incorning photon with no subsequent 
angular scattering (23). 

T/~etit-rticalIsotl~~r.t~zolun~ine~cence 
Iil F I ~ .  6 are plotted the theoretical values of 

the IRverse ITL cs. time for electrons tunnelling 
in the Coulomb field of a cation, for two 
drfferent values of I, and ail isotropic distribu- 

tion of initial trapping sites. The integration 
method gives the same results for anisotropic 
distributions. which serves as a check on the 
numerical integration procedure. The differences 
between the curves are more an artifact of the 
normalization (cf. Appendix), for if the calcula- 
tion were performed for the same density of 
traps in R space, the 0.7 eV curve would fall 
about 2 0 3 b o v e  the other. 

As anticipated by Pilling and Rice (18), the 
inclusion of the Coulomb field has little effect on 
the observable ITL kinetics. The actual data for 
Fig. 6 show deviations from linearity of 0.5>T;,i 
decade for I, = 0.7 eV and f"l,decade for I, = 

0.5 eV: but these effects of the Coulomb field on 
ITL are so sniall as to be easily buried by the 
consequences of a nonconstant 110(R,8) (17). 
However, as noted previously the Coulomb field 
will determine both the R value whence virtually 
all the ITL originates at  a given time, and, 
consequently, the ~nagilitude of the EPL effect. 
Illustrating this are the numbers attached to the 
curves of Fig. 6, which are the separations in 
angstroins at  times 1, 10, and 100 min where 
n(R,0,t) = (l/e)n,(R,B) for the case with the 
Coulomb field included and, in parentheses, 
without Coulomb distortion of the barrier. 

Theoretical Electrop/iotolumit~escence 
The theoretical EPL effect was calculated for 

FIG. 6. Plot of (ITL)-' cs. time for two different val~ies 
of ionization potential. For the 0.5 eV curve, v = 3.6 x 
lo9 S T ' ,  and for the 0.7 eV curve, v = 6 x 1012 s-'. The 
numbers attached to the curves are the separations of the 
active electrons at the given time nith and, in parentheses, 
w i t h o ~ ~ t  the Coulomb field. The fact these are stualler for 
0.5 eV is the res:~lt of the smaller frequency factor. Note 
that the rate at which the active separation region in- 
creases with time is faster for a 0.5 eV ionization 
potential. 
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different fields, angular distributions, values of 
v, and field-on times. The calculated EPL signal 
depends on the R value of the ITL active region 
and the number density of electrons in this 
region at  the time the field is turned on. Both of 
these factors necessarily vary with the choice of 
parameters (the number density through our 
normalization protocol). Ho\$ever, to eliminate 
the proportioilality in [6] and [7], we prefer to 
work with the ratio, P,(t), ~vhich we define as 
EPL(t)/ITL(t) where ITL(t) is the isothermo- 
luminescence intensity which is theoretically 
predicted a t  time t in the absence of a field for 
the identical set of parameters. P,(t) is plotted 
cs. the logarithm of time, not for any theoretical 
reason, but simply because the values of this 
ratio vary dramatically a t  short times and much 
less so at  longer tisnes. 

When plotted in this manner, all cases ex- 
amined give remarkably similar curves, differing 
only in the height of the initial rise and their 
placement on the log (time) axis. Figure 7 is a plot 
of P,(t) us. log t calculated for a trap with I, = 

0.6 eV, when a 4.3 x 10' V/cm internal field is 
applied a t  4 min. These curves in general can be 
described as consistillg of an initial spike and then 
a slower decay until the ratio drops below 1 (i.e., 
the sipnal~in the presence of a field is eventually 
less than that expected had the field not been 
applied at  all), reaches a miniillum in the neigh- 
borhood of 0.9, and turns back toward 1. 

Table 2 lists P,(t) infor~nation for traps 
having I, = 0.7 eV. If the field is turned on a t  

FIG. 7. Plot of P,(t) ZX, log t for the indicated param- 
eters. The field-on time, t ' ,  is 4 min and the crossing time, 
t l ,  is about 11 min. 

t ' ,  the initial peak value is P,(tl) and is identified 
as P,' in the table. To  capture the sense of 
decay P,(l . l t t )  is also given, and thirdly the 
approximate time, t, ,  a t  which P,(t) first reaches 
unity. Correspondillg experimental data for two 
different experimentally applied fields are also 
given in Table 2. From Table 2 we see that as 
far as the peak ratio P,' is concerned, an  
isotropic distribution is about as field sensitive 
as an  anisotropic distribution having a 100-fold 
greater frequency factor. From additional 
calculations, it is established that the theoretical 
value of P,' is an almost exponential function of 
field in this range. P,' increases with greater 
values of t', i.e., the later the field is turned on, 
reflecting the slightly greater cation-electron 
distance of the charge pairs which remain at  the 
longer time. 

Even though the P,' values vary dramatically 
for the parameters in Table 2, the values of 
P,(l . 1 t ' j  are fairly tightly grouped within each 
distribution, and are primarily affected by the 
internal field. In addition when a family of P,(t) 
curves differing only in field-on time are plotted 
as in Fig. 7: the curves are parallel from values 
of P,(t) between 2 and 1, but are displaced on the 
log-time axis. The curves coincide in this range 
of P,(t) if they are plotted as a function of their 
seduced time, tit'. The implication is that what- 
ever characteristic time is extracted from the 
slow decay of P,(t) from about 2 down to 1, it 
would be found that these t i~nes  would then be 
a fairly linear function of the field-on time. The 
most remarkable example of this is simply the 
time t, defined by P,(t,) = 1. From Table 2, we 
see that t, is very linear in field-on times, and 
only weakly affected by the applied field. Further 
calculatiolls show that this crossing time is also 
insensitive to I,. 

The theoretical prediction that a simple t '  
scaling of time makes the family of curves 
coincide is sonlewhat understandable. The time 
at which the field is turned on selects the R value 
of the ITL-active electrons at  that time. Accord- 
ingly, it deterniisles the rate of decay and the 
electric field rate enhancement at  the inside edge 
of the distribution of remaining electrons, which 
edge is receding from the cation as fast as log(t) 
is increasing. This is an  area for further experi- 
mental testing of the model (22). 

Discussion 

We now wish to compare the theoretical EPL 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DOHENY A h D  ALBRECHT 

TABLE 2. Calculated and experin~ental EPL signal characteristics 
( A )  Calculated EPL signal characteristics for 

lo = 0 . 7  eV, n = 1 A at different values of v and no 

E (V/cm) no (R, 0) v(s-I) t ' (min) P,' PE(l  '1 t I )  tl (n~in) 

4 x 105 K const. 1OIz 2 5 .60  2.73 5 . 4  
4 6.20 10 .7  

10 7 .11  2.95 26.6 

l oL4  2 11.54 3.37 5 . 3  
4 13.01 10 .6  

10 15.31 3.58 26.6 

oc sin2 0 1012 2 3.27 2 .06  5 . 3  
4 3 .53  10 .3  

10 3.93 2 .22  25.8 

10'" 2 5 .74  2 .53  5 . 2  
4 6.31 10 .4  

10 7 .19  2.70 25.5 

6 x 10' K const. l o L 2  2 25.96 4 .15  6 
4 30.91 12 

10 39.18 4 .40  3 1 

1014 2 89.75 4.34 6 . 4  
4 109.97 12 .7  

10 144.83 5.06 32.6 

K sinZ 0 1012 2 11.06 3.11 5 . 5  
4 12.78 1 1 

10 15.57 3 .33  27.5 

10'" 2 31.43 3.39 6 
4 37.42 12 

10 47.47 3 .92  28 

(B) Experimental EPL signal characteristics 

EaDp ( V / C ~ )  t ' (min) P E r  PE(l  .I tr)  t ,  (min) 

effect with that experimentally found in the 
2MPiMCE-I glass. What we hope to find is an 
internally consistent set of parameters that can 
produce quantitative agreement with the measur- 
able experimental facts of EPL. 

Deterinination of the A~zg~ilur Distribution 
When an anisotropic distribution (sin2 O ) ,  a 

frequency factor v of 1012 s - l ,  and an ionization 
potential I, of 0.7 eV are used in the calculations 
(Table 2), the theoretical P,' values a t  internal 
fields of 4 x los and 6 x lo5 V/cm are close to 
those determined a t  the experimentally applied 
fields of 3 x 10' and 4 x 105 V/cm (Table 2). 
However, with so few points in the parameter 
space explored. it cannot be said that these 
parameters are in any sense a best fit set of 
parameters to experiment. Now we have already 

mentioned that P,' is exponential in the internal 
field in the range of fields we have used. This is 
confirmed experimentally when the logarithm of 
the experimental P,' values is plotted as a 
function of the applied field (Fig. 8). This plot is 
linear over the range studied, although the slope 
must change at lower fields so that P,' is 1 at 
zero field. The logarithm of the theoretical P,' 
plotted cs. the applied field is also linear, but the 
slope of the line and the extrapolated intercept 
are both functions of the parameters v, I,, t ' ,  no, 
and g ( ~ )  which scales the applied field to the 
internal field. As an example, for Lorentz 
scaling 
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TABLE 3. Calculated and experimental field dependence of PE' at different values of lo, no(R, 0), and g ( ~ )  

Experimental 
E,,, (Vicm x 

I I I I I 

o E x p e i  mental 
I' 

I' 

Appl ied  Field ( r  ( C T 5 ~ / c r n )  

FIG. 8. Plot of log (P,') cs. applied field. 

In the laboratory only t' and Ecsp, are under 
effective experimental control, and in this work, 
t '  is fixed at 4 min while E,,, ranges from 2 x 
10' to 5 x 10' V / C ~ I .  What we seek, thcrefore, is 
a set of parameters which inakes the theoretical 
and experimental curves for log P,' cs. applied 
field coincidc. In practicc, we look for a set 
(v, I,, no, g ( ~ ) )  which forces coincidence between 
the experimental and theoretical values of P,' a t  
3 x 10' V/cm and predicts P,' at 4 x 10' V/cm. 
Such correspondence between theory and ex- 
periment is tested by the ratio PE1(4 x 10' 
V/cm)/PEr(3 x lo5), which is proportional to 
the slope of the log P,' us. Eapp plot. 

Variation of any parameters in our set will in 

general change both the slope and intercepts of 
these log P,' us. applied field curves. However, it 
quickly becomes apparent that one can fine-tune 
the calculated P,' value a t  any applied field (in 
particular a t  3 x 10' V/cm) to the experimental 
value by adjustment of the frequency factor v. 
This is undestandable in that v determines the R 
value of the closest remaining electrons a t  t ' .  

Table 3 gives the theoretical and experimental 
values of P,' at  two applied fields for different 
choices of I ,  and g ( ~ )  using both anisotropic and 
isotropic distribution. These are all for cases 
where adjustment of v has forced coincidence a t  
the lower of the two fields. The column labeled 
R' is the approximate cation-electron separation 
at which n(R,Q,tl) has decayed to (lle) n,(R,Q) 
at thc time t ' .  

The data in Table 3 show that, for both kinds 
of angular distribution, the predicted value of 
P,' at the higher field 1s indcpendent of I ,  and 
g ( ~ ) ,  once the frequency factor has been adjusted 
so that the calculated P,' a t  the lower field 
matches experiment. The values of I, represented 
in Table 3 correspond to the probable extremes 
of those possible in this glass consistent with the 
tunnelling model of the EPL effect. as we discuss 
below. In addition the factor g(s) has been chosen 
to represent the extremes of no scaling and 
Lorentz scaling of the internal field (with E = 

2.3). 
From Table 3 we see that the isotropic 
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distribution predicts correctly the observed P,' 
a t  the high field while the anisotropic distribution 
is  apparent!^ incapable of doing so in the range 
of paralnetcrs explored. Further wc may con- 
clude that the electrons active in ITL and EPL 
in the time scale of minutes and at  the chosen 
ionization potentials are in thc order of 50 to 
55 A from the parent cation. Since the estimated 
uncertainty in the experimental ratio of the P,' 
values at  the two different applied fields is about 
5%, a slight anisotropy in the angular distribu- 
tion is not ruled out. Experiments conducted 
wit11 the field applied obliquely to the ionizing 
radiation will be necessary to establish any small 
anisotropy in the angular distribution. 

Figures 9 and 10 show the theoretical P,(t) for 
the parameters taken froin the first two lines 
of Table 3. The circled points in Figs. 9 and 10 
are experimental values of P,(t) for applied 
fields of 3 x 10' and 4 x lo5 V/cm respectively. 
The fit: while good, suffers in that the experi- 
mental P,(t) goes through unity somewhat later 
than predicted and becomes smaller than pre- 
dicted on the time scale of these experiments. 

Thwrettcal for 07eV  v = \ d l a t  tnleinol f ield 
o f  4 3  1 lo5 V/cm ' lsat iop lc  dlsl i ibutlan 

E x w r ~ m e n l a l  for 3x io5 V/cm opplied f ield 

FIG. 9. Plot of PE US. time, experimental points and 
theoretical curve for 3 x lo5 V,'cm. 

-Theoret ica l  for 0 7eV v=10"  cnternal f ield 
o f  5 7 x 1 0 5  V/cm ~ s d t i a p i c  ds t r l bu l l on  

0 Exper~mento l  for applied field of 4 ~ $ 0 ~  V/cm 

2 

0 
3 5 1 0  i 5  2 0  25 

Time ( m ~ n  1 

FIG. 10. Plot of P,  U S .  time, experinlental points and 
theoretical curve for 4 x los Vjcm. 

The model is apparently qualitatively pre- 
dictive, and in some cases ~neasurable experi- 
mental parameters are quantitatively predictable 
and indicate that the angular distribution of 
electrons is isotropic. Further. as Table 3 shows, 
the experimental facts about which the model is 
quantitatively accurate are insensitive to the 
other major unknown input parameters of the 
model, ionization potential and field scaling. 
The model a t  this point cannot be improved in 
any respect by changing these input parameters. 
Therefore the choice of the 'best' fit input 
parametcrs depends upon a discussion of the 
internal consistency of the set. 

Reasonab/c Estimates of Inter.na//). Consistent 
1 0 ,  v, and 

So far we have been using the frequency factor 
v as a totally free parameter, which for a gnen 
set of energy input parameters can be adjusted 
so that at  a given field-011 time, the inside edge 
of the distribution is far enough away from the 
cation as to produce a given field effect. In 
actuality, the factor \I ,  and for that matter the 
ionization potential I,, ought to agree with the 
physical picture of the trapped electron derived 
from other sources. 

The maximum in the trapped electron absorp- 
tion spectrum in glassy hydrocarbons occurs at  
about 0.7 eV w ~ t h  a low energy onset of about 
0.5 eV (24). In  add~t ion Miller and Willard (25) 
have reported photodetachment of the trapped 
electron at  energies of 0.53 eV while Novikov 
and Yakovlev (26) estimate the photoionizat~on 
threshold to be even as low as 0.4 to 0.44 eV. 
Hence, we have restricted ourselves to the 
investigation of trap ionization potentials in 
the range 0.5 to 0.7 eV. 

However, there are some arguments to be 
made from the calculated EPL effect that place 
the barrier height, I,, in the range we have been 
using. Previously we mentioned in passing that 
the frequency factor v should not exceed the 
zero point frequency of a weakly bound electron. 
If, for definiteness, we use the zero point energy 
E, of a spherical square well trap to estimate the 
upper bound of v, v ,,,,. we calculate from 
Funabashi's (27) parameterization of the ground 
state energy level that v,,, - 6 x 1014 s-I  for 
a trap radius of 2.5 A, independently of the 
ionization potential (i.e., E,, in Figs. 3 and 4 is 
2.5 eV n o  matter what V, and hence I, we use). 
For a trap of only 1 radius (which has been 
used throughout the kinetic calculation for 
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scaling convenience and to  keep R - r ) ,  v,,, 
becomes 3 x 301's- l  and at a = 5 A  it is 
2 x 1014 s-I .  Now the upper limit of v should 
only apply for an electron completely sur- 
rounded by cations, but recalling that only a 
single direction of tunnelling can produce re- 
combination, we ought really to reduce v,,, by a 
probability factor calculated from reasonable, if 
not rigorous, geometrical arguments (4, 9, 13, 
21). We seek the fraction of all possible tunnel- 
ling directions that allow the electron to emerge 
into the Coulonib well without tunnelling a 
distance, Lo + 6r, much greater than the 
minimum tunnell~ng distance, Lo. If the radius 
r, of the Coulomb well a t  the emergence energy 
increases, the tunnelling rate falls off less 
drastically with the intra-pair separation, R. 
Hence. if we restrict ourselves to off-axis tunnel- 
ling directions that decrease the tunnelling rate 
by a small factor (less than 2) owing to an 
increase in the barrier width of approximately 6r, 
we find that 6r/r, is in the order of 5-10'7 and 
independent of I ,  and therefore r,. The steric 
factor P(R)  is therefore the fractional solid angle 
subtended by a spherical lens with radius of 
curvature r, and thickness 6 r  - 0.05r,, at an 
electron a distance Lo 1. R-r, away. The result is 
simply (22) 

[ill p(R)  p l(3) 2 Lo $ 
As an example, for R = 50 A, I ,  = 0.7 eV, 
and 6r = 0.05r0, we obtain a P(R)  of 8 x 

We further estimate the Franck-Condon 
factor, which heretofore is also implicit in our 
use of v and reflects the readjustment of the 
nuclei of the cation and all the intervening and 
surrounding solvent molecules, to be in the 
order of unity. This is because the transition, 
as mentioned previously, is essentially from 
charge-transfer to Rydberg-type states. In addi- 
tion the initial and final states are surely de- 
generate within the band width of the final states 
for reasons previously discussed so that a lack 
of resonance should not further reduce v,,,, to 
any extent. Thus we estimate that a reasonable 
effective frequency, v, for these trap parameters 
is somewhere in the range of 5 x 10" to 1012 
s- l (-v,,,,P(R)). Considering the oversimplifi- 
cations in the model of the trapping potential, it 
is gratifying that such a rough estimate of the 
frequency factor is well within an order of 
magnitude of that needed to fit the experimental 

data a t  thesc trap parameters for an isotropic 
distribution. 

If we ask now what would be the effect of a 
larger ionization potential, we can extrapolate 
from the data of Table 3 that it would require an 
effective frequency factor about two orders of 
magnitude larger to fit the experimental EPL 
effect for each 0.1 eV increase in I,, yet the 
probability factor calculated as before would 
decrease since v,,,, is insensitive to I, while the 
point at which the tunnelling electroil emerges 
from the barrier is closer to the cation. These 
collsiderations enable us to put an upper limit 
of 0.7 eV on the trap ionization potential. 

A lower limit to the ionization potential is 
not so easy to assign. Values of I ,  lower than 
0.7 eV again lead to v's about two orders of 
magnitude smaller for each 0.1 eV decrease in 
I ,  while P(R) increases slightly. However, lower 
trap ionization potentials down to about 0.5 eV 
do fit the experimental EPL data slightly better 
in the 5 to 15 min range. In addition, there may 
be some as yet unexplored mechanisms involving 
the solvation sphere of the electron that could 
lower v,,, still further to fit the EPL data at a 
smaller I,. For now we are content to accept a 
lower limit of about 0.5 eV to the trap ionization 
potential, consistent with the photoionization 
data. Given the limits on the trap ionization 
potential and more importantly the reasons for 
setting these limits, we can say little more about 
the appropriate internal field scaling except that 
Lorentz scaling appears to be favored at ioniza- 
tion potentials of 0.7 eV (since a g ( ~ )  of 1 would 
require v - 1013-1014s-1),  but at smaller 
ionization potentials there is no clear choice. 
Kriebel(28) has determined that in low dielectric 
constant fluids there is no clear choice among 
various dielectric field-scaling models; in fact 
the magnitude of the internal field a t  a dielectric 
constant of about 2 varies little with the choice of 
the model. If we accept Lorentz scaling, or 
something of similar magnitude, as appropriate 
to the internal field, we are led to favor trap 
ionization potentials closer to 0.7 eV, since at 
lower I,, Lorentz scaling leads to rather small 
values of v (Table 3). 

Prospects for Quam7titatitle Improoement of the 
Model 

Once we use a geometrical argument to 
rationalize the effective frequency factors ob- 
tained by a theoretical fit to the experiment, we 
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should re-examine some previous conclusions in 
light of this argument. In fact, qualitatively, the 
EPL effect arises predominantly from the up- 
field shortening of the tunnelling length which 
consequently increases the effective cation size. 
This means that there is a potentially significant 
field dependence in P(R) as we have estimated it; 
and especially for the case of an isotropic 
angular distribution, this could alter the ratio of 
the P,' values at  two different fields, which is 
presently the main justification for assuming that 
the distribution is isotropic. We plan to re- 
calculate the EPL effect with a field-dependent 
P(R), but preliminary estimates predict that the 
ratios previously calculated for the isotropic 
distribution may at worst be diminished by 
about 5 z ,  not enough at present to reject the 
isotropic distribution. It is conceivable that 
including the field effect in P(R) may also 
improve the match between theory and experi- 
ment at times between about 5 and 20 min. 

The experimental fact that P,(t) becomes 
smaller than theoretically predicted may also be 
a result of not including field effects in P(R). We 
must remember, however, that the assumption 
of a constant distribution in R may not be as 
harmless in calculating EPL as it is in ITL, for 
the field brings much larger R values into the 
purview of the experimental time scale. Since 
experimentally, the 1/ITL curves deviate from 
linearity at  long times, there is some reason to 
suspect an effective limit on the R distribution 
and this should lower P,(t) at times greater than 
20 min. 

Conclusion 
The calculations and experimental data on the 

EPL effect presented herein generally support 
the role of quantum-mechanical tunnelling in 
the decay of trapped electrons in very hard 
glassy hydrocarbons. From the field dependence 
of the EPL effect, the model indicates that :he 
distribution of trapped photoelectrons about 
their parent cations is angularly isotropic. 
Furthermore reasonable quantum-mechanical 
limits on the largest possible frequency para- 
meter of the tunnelling model put an upper 
limit of the trap ionization potential of about 
0.7 eV, and at  this value the magnitude of the 
EPL effect is consistent with Lorentz scaling of 
the internal field and electron-cation separations 
of about 50 to 55 A. It is still a source of wonder 
to the authors that the model, which totally 

neglects the graininess of matter on the scale of 
angstroms and predicts order-of-magnitude 
effects on the scale of n~olecular diameters, is 
still qualitatively and even quantitatively in 
harmony with the observations. This is in all 
likelihood due to the statistical nature of the 
electron distribution. The success of the theory 
implicitly supports the notion of electrons 
trapped at distances from the cation great 
enough so that the radial correlation function of 
the solvent molecules has become constant on 
the same scale of separations. 
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Appendix 
A distribution which is constant in R space is 

set up between limits determined as follows: 
(a) at the first time point calculated, all the 
ITL from the region of the minimum R has 
ceased; ( b )  at  the last time point calculated and 
a t  the highest internal fields expected, the 
concentration of electrons remaining near the 
maximum R is still greater than 90% of that 
specified by the starting distribution. It is 
desired to make this range as small as possible 
to minimize errors resulting from too coarse a 
grid in the integration, without introducing 
other errors resulting from time running off 
either distribution edge. 

Once the distribution range of trapped elec- 
trons is decided it is possible to calculate the rate 
constants, both with and without field, for each 
of 2" points in the range R c (Rmi,, R ,,,, ), 8 c 
(0, n). The points are spaced in both directions 
according to the nonhomogeneous intervals 
appropriate to 32-point Gaussian integration. 
An additional 32 by 32 matrix is set up for the 
same points in R,8 space to contain the 
numerical value of the distribution n,(R,O). For 
convenience, these nunlbers are scaled so that 
AT(0) = 1. At each value of t ,  Gaussian integra- 
tion is carried out over R c (R, , , ,  R,,,) and 
the resulting number is used simply as a function 
value in a subsequent Gaussian integration over 
8. In cases where an applied field effect is to be 

calculated, the distribution matrix is updated to  
the turn-on time, t', using ~?(R,e,t') = no(R, 
8)e-k(R)t' before calculating EPL from [7]. 

Confidence in the integration procedure is 
established by obtaining in every case the pre- 
selected normalization value of the integral 
[eq. 51 a t  zero time, independently of the 
angular distribution. In addition, the computer- 
generated ITL points are identical for isotropic 
and nonisotropic distributions when scaled for 
the R-distribution range, as long as other para- 
meters remain unchanged. Finally, intermediate 
output can be compared with the analytic forms 
obtained in the square-barrier case, to see that 
local concentrations of electrons about cations 
are varying qualitatively as in the simpler cases 
(9, 17, 20). 

Discussion 
G. R. Freeman: You observed a rather narrow band of R 
In the vicinity of 50 A. Could you estimate the fraction 
of the total number of electrons that was involved? 
Perhaps the light emitted prior to the EPL measurement 
could be integrated, and the sample could be warmed 
afteruards to measure the remaining emission. Measure- 
ment of the free ion yield in X irradiated liquid 3-methyl- 
pentane, as a function of applied electric field strength, 
indicates that only about 10% of the thermalired electron- 
ion pairs would have R values between 50 and 60 A. 

A. C. Albrecht: (a) The 'initial' distribution of geminate 
cation-electron pairs is inevitably complicated by the 
immense range of lifetimes of such pairs in rigid glasses. 
If charge pairs are generated by an energy pulse of 
duration s s then, at the end of the pulse, those pairs 
having lifetimes, r,, much shorter than r will have 
reached photostationary state concentrations, while the 
nunlber of those pairs with r, much longer than z will still 
be growing linearly with irradiation time. Thus, suppose 
the rate of generating geminate pairs having a separation 
R is g(R) (s-I). Then the distribution in R of pairs having 
z, << r is given by g(R)r, where, as we have seen, z, is an 
exponentially strongly increasing function of R ,  so that 
for such pairs the dominant factor in their distribution is 
r,(R) not (R). Furthermore in the context of rigid non- 
polar organic systems this precludes finding geminate 
pairs having R i 20 A even when viewing on the nano- 
second time scale of the fluorescence process itself. On the 
other hand for z, >> T, the distribution of charge pairs 
goes as g(R)z and will accurately reflect the function g(R) 
itself. It must be remembered that z, represents the life- 
time of the charge pair during irradiation. Particularly 
for charge pairs having very long dark lifetimes, their z, 
might well be governed by the radiative pathways for 
recon~bination. The competing time constant for such a 
path is just lo, where Zis the flux of incident radiation and 
o is the cross section for an  ion pair to absorb this energy 
and recombine. In summary, it is clear that no simple 
distribution function of geminate pairs in R space can be 
expected under practically any condition of excitation. 
(b) What fraction of all geminate pairs is located in the 
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50 A 5 R 5 60 range which is the active range in our 
experiments? In the Ph.D. Thesis of Robert Ott (ref. 5), 
the methods you suggest were employed, although not 
combined with an EPL measurement. The total photons 
received after various ITL periods were compared to the 
total possible recombination photons as measured in a 
separate experiment, where under otherwise identical 
conditions the sample was warmed about 4' above the 
glass point and the total thevmoluminescence curve was 
collected. By this measure the first 30 min of ITL after 
1 min irradiation (in 3-methylpentane) at  77.3 K cor- 
responds to the collapse of about 80% of all geminate 
pairs. However, as we have emphasized, at  77 K in 3MP 
there is a considerable temperature component to the 
recombination process (it is not pure tunnelling). At 68 K 
in 3MP where only tunnelling is active, R. Ott finds that 
in 30 min of ITL about 29% of all possible recombination 
events are seen. This latter situation should presumably 
carry over to our tunnelling-only case in the hard MCH- 
2MP glass at  77 K, which we have used in our present 
paper. If so then a reasonable choice of parameters (in 
tunnelling calculation) tells us that geminate pairs having 

.r, (dark) from 1 to 30 min will lie in the range 48 A < R 
< 53 A, and to this range we we should assign 29% of all 

geminate pairs. If the radial distribution is assumed to be 
constant, it would then need to extend to about 65 A to 
account for the total of possible recon~bination events. 
The same tunnelling calculations show that pairs with 
separations of 65 A will have r, E 30 min in the presence 
of 6 x lo5 V/cm internal field. We conclude that in the 
distribution we prepare, the majority of geminate pairs 
will lie in the 50 A < R < 60 A range. It is conceivable 
that X-ray produced electrons are distributed more 
broadly. Our experiment would still be sensitive only to 
the same small separation range corresponding to the 1 
to 30 min time scale, but it would then constitute a smaller 
fraction of the total pair production. 

G. R. Freeman: As you mentioned, the assunlption that 
no(R) = constant is acceptable for a narrow slice of the 
R distribution. An alternative to an exponential over-all 
distribution is a Gaussian. The latter might be the more 
probable in strongly scattering media such as 3-methyl- 
pentane and methylcyclohexane. 
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Temperature and solvent dependence of electron scavenging efficiency in polar 
liquids: water and alcohols 
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JOHN W. HUNT and W. JOHN CHASE. Can. J. Chem. 55,2080 (1977). 
High concentrations of electron scavengers reduce the initial yield of e,,,- and its precursor, 

e,-. The scavenging efficiency of a solute is inversely proportional to its C37 value, the solute 
concentration required to reduce the initial electron yield to 37% of the yield with no scavenger 
present. Over a range of 40 to - 60-C the C 3 ,  value for a given scavenger is almost constant, 
and is the same fore,,,- and e,-. In water and alcohols, the C,, value is not correlated with the 
time required for solvation of the electron, T,, or the static dielectric constant, E,, but rather 
with the concentration of oxygen atoms in the solvent. These results support the model in which 
the scavenging of a mobile electron occurs before the electron is trapped in the solvent. 

JOHN W. HUNT et W. JOHN CHASE. Can. J. Chem. 55.2080 (1977) 
Des grandes concentrations de pieges d'electrons rkduisent le rendement initial de e,,,- et de 

son precurseur e,-. L'efficaciti d'un solutC comme piege est inversement proportionnelle a sa 
valeur C,,, la concentration de solutC requise pour ,reduire le rendement initial d'electron 
jusqu'a 3 7 z  du rendenlent obtenu en l'absence de piege. A des temperatures allant de 40 a 
-60cC, la valeur C,, d'un piege donne est pratiquement constante et est la m&me pour e,,,- et 
e,-. Dans l'eau et les alcools, il n'p a pas de correlation entre la valeur C,, et le temps requis 
pour la solvatation de l'electron, T,, ou la constante dielectrique statique, E,, mais plut6t avec la 
concentration des atomes d'oxygene dans le solvant. Ces rksultats sont en accord avec le modele 
dans lequel le piegeage d'un electron mobile se produit avant que l'tlectron soit piege dans le 
solvant. 

[Traduit par le journal] 

Introduction 
From the breakdown of the competition 

reaction between the scavenging of and forma- 
tion of e,,- in concentrated solutions, Hamill 
and co-workers (1-3) suggested that the 'dry' 
electron. e-,  is chemically reactive. Picosecond 
pulse radiolysis experiments in our laboratory 
also support this conclusion. In aqueous and 
alcoholic solutions, high concentrations of 
electron scavengers reduce the initial yield of 
solvated electron, e,,,-, (4-7) and its precursor, 
e,-, (7) an electron trapped in a shallow potential 
well. The initial electron yield, [ex-], decreases 
as the scavenger concentration, [S], increases 
according to 

where ex- can be e,- or e,,,-, [ex-],, is the initial 
electron yield with [S] = 0, and [C,,] is the 
scavenger concentration which reduces the yield 
of ex- to l /e (37%). The C,, value of a scavenger 
is thus inversely proportional to its scavenging 
efficiency. 

Two general categories of models have been 

proposed to explain the reduction of the initial 
yield of electrons. In one category, as secondary 
electrons diffuse through the liquid they can 
react with neighboring scavenger molecules 
before they become localized (4, 5, 8). In the 
other category, the electron becomes localized 
and then reacts with scavenger molecules. The 
encounter-pair model of Czapski and Peled (9), 
the electron-tunnelling model of Miller (lo), and 
the time-dependent rate constant theory of 
Schwarz (1 1) fall into this category. Although 
these models predict the exponential dependence 
of electron yield on the scavenger concentration 
of [I],  Lam and Hunt (7) showed that they 
could not explain the magnitude of the observed 
effect. 

Lam and Hunt (7) observed that, for a gizjen 
scavenger, the C,, value was the same for e,,,- 
and e,-, and the C,, value changed systematic- 
ally with the polarity of the solvent. They noted 
an apparent correlation of the C,, values with 
the time for solvation of the electron, r,,,, and 
with the static dielectric constant, 8,. The 
reduced yield of e,,,- could be explained by a 
tunnelling process, in which the rate of reaction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



H U N ?  AND CHASE 

TABLE 1. Correlation of C37 values with parameters of solvent 

[C37] of acetonen T,,, (296 K)b [ol 
Solvent (mol dm-3) (PSI E,  (298 K)C (mol dm-3) 

H2O 1 . 4  
Ethylene glycol 1 .0 
Methanol 0 .5  
Ethanol 0 . 3  
1 -Propano1 0.25 
1-Butanol 0.25 
1 -Hexan01 0.3  

will be faster from a shallow than from a deep 
trap (10). Since T,,, indicates the time spent by 
a n  electron in a shallow trap, the C,, value 
might decrease as T,,, increases. Alternatively, 
the reduced initial yield of eSol- from solvent to 
solvent might be due to the different attractive 
forces between the electrons and the positive ions 
in the radiation spur. The attractive force 
between ions separated by a distance r is 
proportional to l / ( ~ r ' )  and this force could alter 
the range of the low energy electron as it diffuses 
through the media. The probability of an  
electron, and thus the C,, value might depend 
on  8,. 

This paper shows that the correlation of the 
C,, values with T,,, and E, a t  room temperature 
is only fortuitous. However, a correlation with 
the concentration of oxygen, [O], in different 
solvents supports the model of a mobile electron. 

Experimental 
The reactions of e,,,- and e,- in concentrated solutions 

of electron scavengers were observed using the strobo- 
scopic pulse radiolysis (spr) system previously described 
(12-14). The spr system has been modified so that the 
temperature of the flowing liquid in the radiation cell can 
be varied from 40 to - 60'C (15, 16). The initial electron 
yield was obtained fronl picosecond kinetic absorption 
traces by extrapolating back along the absorption curve 
to the middle of the pulse (for slow decays) or by using 
a computer convolution technique (15, 16) (for fast 
decays). 

Results 
Table 1 summarizes the C,, values of acetone 

in various ~ o l a r  solvents. a t  298 K. with an  
attempt to correlate the C,, values with different 
parameters. As noted in the Introduction, there 
is a general relationship between the C,, value, 
T,,,, and E, (7). A much more significant result is 
shown in the last column, where there is a cor- 
relation with the concentration of oxygen atoms 

in the solvent, [O]. For all of the solvents con- 
sidered except ethylene glycol, [O] (or [OH]) is 
the same as the concentration of pure solvent, 
whereas for ethylene glycol, there are two oxygen 
atoms per molecule, and [O] is twice the con- 
centration of pure solvent. 

For acetone and carbon tetrachloride, as 
shown in Table 2, the C,, value is almost in- 
dependent of temperature and is the same for 
e,,,- and e t -  within experimental error. This 
agrees with the preliminary results of Lam and 
Hunt (7) .  The fact that the C,, value is the same 
for esO1- and et-  over a wide range of tempera- 
ture indicates that a precursor of esO1- and e t -  
is being scavenged. 

In Table 3, T,,, and E, are compared to the C,, 
values of carbon tetrachloride. acetone. and 
toluene in 1-propanol. A t  room temperature 
carbon tetrachloride and acetone are efficient 
scavengers while toluene is quite an  inefficient 
scavenger. As was the case in ethanol, the C,, 
values for these first two scavengers are almost 
independent of temperature. The C,, value of 
toluene. on the other hand. shows a marked 
temperature dependence, decreasing by more 
than a factor of 10 from 25 to - 123°C. We 
are not sure of the reason for this behavior, 
but it would appear that toluene scavenges 

TABLE 2. Variation of C3, values with temperature in 
ethanol 

[C3,] of CCI4' [C37] of acetonea 
(mol dm-3) (mol dm-3) 

T 
("C) For e,,,- For e t -  For e,,,- For e,- 

25 0.14 0 .  0.3, 0.31 
- 60 0.13 0 .  135 0 . 2 ~  0.33 

aThis work. The values at 25 and -60°C are taken from a straight 
line drawn through at least four CB7 values between 25 and -60'C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM. VOL. 5 5 .  1977 

TABLE 3. Variation of T,,,, c,, and CZ7 values with temperature in 1-propanol 

[C,,] of CC1, [C37] of acetone [Ca7] of toluene 
T ~ S O I  for el- for el- for e,- 

("c) (PSI E S  (mol dm-3) (mol dm-3) (mol dm-,) 

(9), electron tunnelling (lo), and time-dependent 
'At the concentrations and temperatures used, acetone 'pecific rates These have been in water has the highest rate of reaction with es,,-, and 

mnsidered in detail in previous papers (79 l7). thus the time dependence of the specific rate will be 

"References 15, 16. 
hPrivate communication from J. H. Baxendale (see Fig. 8 of ref. 16). 
<Reference 28. 
"This nork. The values at 25 and -60'C are taken from a straight line drawn through at least four CBi 

values bet\veen 25 and 6 0 ° C .  
'Calculated from the data in ref. 29. 

For the solutions in this paper, a calculation largest for this reaction. 

electrons by a different mechanism than the I I 1 

more efficient scavengers, such as carbon tetra- 
chloride and acetone. 

As shown in Table 3, as the temperature is 
changed from 25 to - 123"C, z,,, increases by a 
factor of 1000 while the C,, values for the 
eficienf scavengers decrease by only a factor of 
two. While this change is in the same direction 
as in Table 1, the large size of the change in z,,, 5' 

E seems to rule out a direct relationship between 0,8 - 
z,,, and the C,, values, even for toluene. As the 5 
temperature is changed from 25 to - 123"C, E,  

increases while C,, decreases, the opposite to 3 
what was found in Table 1. This certainly rules 
out any direct correlation between the C,, value 0.4 - 
and E,. 

If the C,, value is related to the concentration 
of oxygen atoms in the solvent, [O], the C,, 
value should be independent of temperature. 
When the C,, values are corrected for the solvent 0 -  

density the values are almost constant over the 
range from 25 to -60°C. To further examine a 

t If t t - 
H x B P  E M 

t 
EG 

t 
H2O 

, I  9 , 
o 25 I 50 75 I 100 

possible correlation, various mixtures of water o 20  40 60 

and ethanol were used for the solvent. As shown [d (moi 

in Fig. 1, the C,, values are proportional to [0], FIG. 1. C3, values for acetone (A) and carbon tetra- 
although the proportionality is not exact, since chloride (@) us. the concentration of oxygen atonis in the 

the lines drawn through the points do not pass solvent. The scales at the bottom identify the solvent 
used: H,O, water; EG, ethylene glycol; M, methanol; exactly through the origin. It is also striking that E, ethanol; P, B, I-butanol; and Hx, 

the C37 values of acetone and CCl, in viscous I-hexanol. The numbers are the m o l z  of water in the 
ethylene glycol are similar to those obtained in ethanol-water mixtures. 
nonviscous H,O-ethanol mixtures. 

shows that for the worst case (acetone in water)' 

Discussion 
the effect of the time dependence of the specific 
rates on the C,, values is about lo%, and that 

Many models have been proposed to explain corrections for the time-dependent specific rates 
the reduction of the initial electron yield, such as are much smaller in alcohols and cold solutions. 
dry or mobile electrons (1-5), encounter pairs The possible effect of electron tunnelling is 
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strongly dependent on the particular parameters 
used and competes with the time dependence of 
the specific rates (18), and thus it is difficult to 
estimate the contribution of electron tunnelling 
to the initial electron reactions. However, we 
feel that electron tunnelling is not the major 
factor in these reactions, since, as noted by Lam 
and Hunt (7), it cannot account for the system- 
atic changes in the C,, values from solvent to 
solvent. Another attempt to explain the result 
is the encounter-pair concept of Czapski and 
Peled (9), in which the electron is localized very 
near a solute molecule. This encounter pair 
might react very quickly. This concept is 
difficult to evaluate, particularly in the case of 
nondiffusion-limited reactions such as e,,- -k 
acetone. A calculation for this reaction shows 
that less than 20% of the prompt electron re- 
actions are due to encounter pairs. As well, Lam 
and Hunt (7) showed that the encounter-pair 
concept does not explain the solvent-to-solvent 
variation of the C,, values for a given scavenger. 

Because of the difficulties in making accurate 
corrections to the data, we have not attempted 
to do so. Instead, we have concentrated on the 
mobile electrons, which give the most lucid 
explanation of the prompt electron reactions. 

Wolff et al. (4) and Aldrich et al. (5) obtained 
[ l ]  by assuming that mobile electrons can react 
with scavenger molecules before the electrons 
reach thermal energies. In this model, the 
electron undergoes a random walk, colliding 
with solvent and solute molecules until it be- 
comes thermalized. Bolton et al. (8) have pro- 
posed a similar model, although there are some 
differences (see below). The probability that the 
electron does not react with the scavenger 
molecule before it reaches thermal energies is 
given by 

where c is the mole fraction of scavenger 
molecules (i.e. [§]/[solvent]), P is the probability 
of a mobile electron reacting with a scavenger, 
and n is the total number of collisions of the 
electron with solvent and scavenger molecules 
before the electron is thermalized. Since cP < 1 
and, as noted by Aldrich et al. (9, n 2 150 for 
efficient scavengers, [2] can be written as 

Comparing this to [I], the terms in parentheses 
yield 

CSl [4] ----- = cPn = 
[c3 ,I 

Pn 
[solvent] 

and solving for [C,,], 

This simple theory predicts that the C,, value is 
proportional to the solvent concentration, while 
experirnentally the C,, value is proportional to 
[O]. For all of the solvents considered except 
ethylene glycol [ 0 ]  = [solvent] and [5] can be 
written as 

For ethylene glycol, [O] = 2[solvent] and thus 

[O] 2[solvent] [solvent] 
C71 CC, , l=== Pn - - Pn' 

where n' = n/2 is the actual number of electron- 
molecule collisions in ethylene glycol. 

The mobile electron hypothesis implies that 
the energy loss per collision is inversely pro- 
portional to the number of collisions, n. For all 
of the solvents except ethylene glycol, a common 
value for n suggests that the energy loss per 
collision is the same, which in turn implies a 
common mechanism of energy loss, i.e. the 
oxygen atom (or the hydroxyl group) absorbs 
the energy. In ethylene glycol, the number of 
collisions is half that in the other solvents, 
suggesting that an ethylene glycol molecule 
either absorbs twice as much energy per collision 
or has two separate and independent modes of 
accepting energy (i.e. two oxygen atoms). 

In a review article, Mozumder (19) noted that 
the range and the mechanism of energy loss of 
low energy electrons are only poorly known. 
h4ozumder (19) considered mechanisms of 
energy loss in water, and Funabashi (20), 
several organic solids at 77 K, but no satisfactory 
theory for all solvents is available. Dodelet and 
Freeman (21) studied the effect of molecular 
structure of alkanes on the density-normalized 
range secondary electrons. They noted a cor- 
relation between the efficiency of energy loss and 
the relative inductive effect of the functional 
groups of the molecules, as indicated by the 
Taft coefficient, o* (22). The oxygen atom is 
highly electron affinic and the OH group has a 
much higher o* of 0.66 (23) than the methyl 
group with u" = 0.0. Thus, if our theory relating 
the slowing down of the mobile electron to the 
C,, values is correct, it is not surprising that 
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there is a good correlation between the C,, 
values and [O]. In solvents not containing 
oxygen, it may be possible to estimate the C,, 
value of a scavenger relative to that in other 
solvents by considering the Taft coefficient, G ' ~ ,  

and the size of the solvent molecules. 
The exponential function for the relative 

electron yield, derived using a fixed value of n 
(equation 3), describes the experimental data 
quite well. In reality, n does not have a single 
fixed value but a distribution of values. If a 
Gaussian distribution for n is assumed, with a 
mean value, i i ,  of 150 and a standard deviation, 
o, as large as 50, the calculated electron yield 
fits an  exponential function within our experi- 
mental error (5%). A minimum value for ii can 
be obtained by considering the most efficient 
scavenger by assuming P = 1 and solving for n 
in [5]. Cd2+  has a C,, value of 0.39 mol 
(5), yielding a value for 12 of 140. Cr0,2- has a 
C,, value of 0.2 mol dm-,  (7), giving a value of 
275 for n. Miller (10c) has shown that electrons 
tunnel to Cr0,2- in NaOH glass. Because elec- 
tron tunnelling (or time dependence of the 
specific rates, or encounter pairs) could contri- 
bute to electron scavenging, we estimate the 
minimum value of n to be 150. A Gaussian dis- 
tribution for 12 implies that, although the electron 
can be scavenged at  any time, it can only be local- 
ized when it has lost most of its energy. 

Bolton ef al. (8) described a different model 
than the one considered in our work. in which 
the probability of an  electron being localized is 
constant along its path, or  that scavenging is 
possible only "during the last Jew collisions of 
the epithermal electron prior to lo~al iza t ion."~ 
The resulting distribution function has a maxi- 
mum value for n equal to 6 (the number of 
molecules in the solvation shell) and decreases 
slowly with increasing n. Bolton et 01. (8) ob- 
tained good fits to their data using a value of 30 
for n, obtained from benzene, a relatively ineffi- 
cient scavenger. However, we argue that the 
minimum value of ii should be calculated from 
efficient scavengers. Using a value of 150 for E, 
the relative electron yield calculated using the 
formulation of Bolton et al. (8) deviates con- 
siderably from an exponential function. There- 
fore, we feel that the fornlulation of Bolton et al. 
(8) disagrees with the picosecond studies, and 

ZReference 8, our italics. 

that the electron can be scavenged before it can 
be localized. 

The C,, value of toluene shows a marked 
temperature dependence, whereas those of 
carbon tetrachloride and acetone do not. Buxton 
et al. (24) and Hase and Kawabata (25) have 
recently observed an  absorption at  infrared 
wavelengths due to an electron in a very shallow 
trap. If the main mechanism of the initial yield 
reduction in toluene were tunnelling of the 
electrons from these very shallow traps at  very 
short times (< 1 ps), rather than mobile electron 
scavenging, then the temperature dependence of 
the C,, value might be accounted for by assum- 
ing that either the number of electrons in these 
very shallow traps, or that the time spent there, 
is also temperature dependent. Another pos- 
sibility is that the value of P in [3] is temperature 
dependent. Fueki et al. (26) calculated that the 
energy of the quasi-free electron state, V,, 
decreases as the  temperature increases. If the 
ground state of the toluene anion is near V,, the 
temperature dependence of V,, could change P 
in [2]. For carbon tetrachloride and acetone, the 
ground state of the anion might be sufficiently 
lower than V, that small changes in V ,  would 
not affect P. 

Conclusion 
For carbon tetrachloride and acetone, but not 

toluene, the C,, value is almost independent of 
temperature and is the same for e,,,- and e,- 
in ethanol and propanol. In water and the 
alcohols, for a given scavenger the C,, value is 
proportional to [O], the concentration of 
oxygen atoms in the solvent. In  the mobile 
electron hypothesis, the number of scavenger 
molecuIes that the electron collides with before 
solvation is determined by the electron range. 
The range is controlled by the efficiency of 
energy transfer from the mobile electron to the 
solvent  molecule^, which is in turn related to the 
electron affinity and the relative inductive effect 
of functional groups of the solvent molecules. 
In  water and the alcohols, oxygen has the highest 
electron affinity and thus controls the range and 
therefore the C,, value. 
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Discussion 
6. Czapski: The general scheme of the fate of e,,, is 

where [e,,,,, : S] and [eso1 : S] describe encounter pairs of 
ed,,, and e,,, with S respectively, with an  encounter 
radius R. I n  your studies the extrapolation of the yield of 
eSol into the pulse assumes pseudo first order decay of 
eSol f S -t S- .  This treatment neglected tmo essential 
corrections, the time dependence of the rate constant of 
the reaction e,,, + S and the ~nitial formation of encoun- 
ter pairs. I t  was previously shown by Czapski and Peled 
(9)  that by making the above-mentioned corrections for 
most of the solutes used in your earlier studies in water, 
the full initial yield of e,,, can be obtained by this pro- 
cedure. 
In  the present studies you did not make these corrections 
and conclude from values of C,, for various solutes and 
solvents that ed,, reacts with the solutes. Even if this 
assumption mould be true, you have to make these 
corrections, as kc,,,+ is time dependent and [e,,,: S] 
are formed. Doing so at the concentration C3,, YOU would 
have found that the extrapolated yield of e,,, would be 
much larger than 37% and in some cases could give the 
full yield of e,,,, although in several systems there will still 
be a missing yield of eSol. Even in the systems where with 
the appropriate corrections the initial yield is too low, it 
is not essential to assume the reaction of dry electrons 
with the solute. 
Assuming electrons are 'trap diggers', the following 
solvation sequence occurs in the solvation site 
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It is obvious that damp electrons also are partially formed 
as encounter pairs. It is reasonable to assume that the 
encounter radius, R, of damp electrons with S will exceed 
that of solvated electroi~s with S. With these assumptions 
the following behaviour is expected. 
I. As the solvation time of the electron in H,O is less 
than lo-" s, the lifetime of the encounter pair of S with 
ed,,, may be too short and e,,,, may solvate prior to the 
formation of S- from the encounter pair [e,,,,:S]. This 
will not apply to the alcohols where the solvation times 
exceed by far the lifetime of [e,,,,:S]. 
2. For a given solute and solvent C,, will be temperature 
independent, as R[ ,a,,,: S I  and R, ,, should not vary 
with temperature. This is in accordance with your results. 
3. You observed that CS7 is the same for e ,,,,,, and e,,, 
in a given solvent. This is evident as the solvated electrons 
are formed from those damp electrons which did not 
disappear in [e,,,, : S]. 
4. You found that C,, for a given solute depends on the 
solvent and decreases the larger the solvation time in that 
solvent. This behaviour may be due to an additional 
correction which should be made. 111 these solvents some 
of e,,,, disappear within - lo-" s in [ed,,,,:S] while the 
rest are initially separated from S. The damp electron has 
a larger encounter radius than the solvated electron, and 
therefore it will also have a larger rate constant in the 
reaction with S. Therefore in addition to the usual time 
dependence of diffusion-controlled rate constants, another 
time dependence will occur. The longer the solvation time 
of e,,,, is in a given solvent, the faster will S react. There- 
fore the lower values of C,, for solvents with longer 
solvation time is expcctcd in accordance with your 
observations. 
From this analysis it is concluded that for most systems 
you studied it is not necessary to postulate reactions of 
dry electrons. Benzene on the other hand appears to react 
with dry electrons. 

\?'. J. Chase: I agree with Dr. Czapski that corrections 
for the time dependence of the specific rates and the 
formation of encounter pairs should be made to the C37 
values. These corrections are difficult to assess but are not 
large for the solutions and experimental conditions that 
we used. I n  alcohols, the relaxation of the trapped 
electron, el-  + e,,,-, is faster than the reaction el- 
+ S -+ S-, and thus masks any time dependence of the 
latter specific rate. Both of these processes are slow in 
cold solutions; little extrapolation is needed to obtain 
the initial yield of el- and thus time dependence of the 
specific rates is not important. For the solutions con- 
sidered In this paper, time dependence of the specific rate 
will have its largest effect on the reaction of e,,- with 
acetone at  room temperature. Using the same extrapola- 
tion technique as mas used in the paper, and the formula- 
tion of Jonah et a/ .  (J. Phys. Chem. 79, 2705 (1975)), the 
correction to the C3,  value for this nondift'usion-con- 
trolled reaction is only about 10%. 
The correction for encounter pairs is more difficult to 
assess, since the encounter-pair concept is not well under- 
stood for nondiffusion-controlled reactions. For such 
reactions the top arm of Czapshi's reaction scheme should 
include the escape of et-  from the encounter pairs, as in 

Thus, nondiffusion-controlled reactions are explained 
if not every encounter pair forms S-, but rather some 
leave et-  and S unreacted. Using an encounter radius of 
0.5 nm, and the formulation of Jonah et a/., we estimate 
that the effect of the encounter pair is small (<  20%) in 
water, and smaller in alcohols. Thus, the total corrections 
due to time-dependent specific rates and encounter-pair 
formation does not account for the observed C3, values. 
Dr.  Czapski also assumed that the encounter radius of 
e,- with S is larger than that of e,,,- with S. However, 
esr measurements on electrons in ethanol glass of Hase 
et a/.  (J. Chem. Phys. 57, 1039 (1972)) suggest that the 
radius of el - is only 0.1 nm larger than that of e,,, -, in 
general agreement with the theoretical work of Fueki et 
01. (J. Chem. Phys. 56, 5351 (1972)). 
Based on the assumption of a larger encounter radius for 
e,-, Dr. Czapski makes four predictions about the effect 
of scavengers, the last two of which I disagrce with. 
Concerning point 3, not all of the e,,,- are formed from 
e,-. In fact, some are formed almost immediately, 
apparently because the electrons have become localized 
initially in a deep trap. Thus an immediate absorption is 
observed at  short w~avelengths (16, 29). Concerning point 
4, since we have measured the initial yield of el- ,  the 
solvation time, as long as it is more than - 10 ps, should 
have very little to do with the reduction of the initial 
yield. And in fact i t  does not, since the C3, value remains 
the same when the solvation time is increased by lowering 
the temperature. 
Lam and Hunt (7) and Hunt (17) showed that there is a 
serious inconsistency when the encounter-pair concept is 
used to explain the empirical relationship observed by 
Lam and Hunt (7), 

where Q is a constant for each scavenger. This equation 
can be explained, using the Smoluchowski equation as 
formulated by Jonah et al. and equation 6 from our 
paper. Thus we feel the C,, values obtained in various 
solutions can be explained best by changes in the rate 
of reaction of the mobile or dry electron. 

G. R. Freeman: Scavenging of electronr prior to their 
solvation, mentioned by Chase, and scavenging in initial 
encounter pairs, mentioned by C~apski ,  are both treated 
in a recent article by Bolton, Jha, and myself (Can. J. 
Chem. 54, 1497 (1976)). 

W. J. Chase: As mentioned in the paper ure agree that a 
stochastic model in the paper mentioned above might 
explain certain aspects of the precursors of the e,,,,-. 
Hornever, we feel that our older approach (4) explains 
the results more accurately. That is, the subexcited elec- 
trons (the 'dry' electrons) lose energy relatively slowly 
and collide with soltent and solute molecules. In a pure 
solvent, a relatively constant number of collisions (- 150) 
will occur before they reach energies low enough to be 
trapped. A low number and wide range of collisions, as 
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suggested by Bolton et a/ . ,  does not agree with the W. J. Chase: I haven't looked at this myself, but I would 
observed data. Of course, encounter-pair corrections must expect that the departure from exponential behaviour 
also be considered in a more accurate assessment as would depend upon the particular distribution function 
mentioned by Czapski, but they only account for a small used for n, the number of collisions. Qualitatively, I 
part of the process. would expect that the sharper the distribution of n 

G. R. Freeman: The basic stochastic model dates back to 
the mid-sixties and improves with time. In some systems 
the plots of log (initial absorbance) against solute con- 
centration are not linear. The degree of linearity can be 
adjusted by choosing suitable values for the minimum 
number of encounters and the probability of localization 
per collision. 

C. Jonah: I question the exponential dependence on 
solute using Freeman's model for scavenging rs. trapping. 

around anlean value, r7, the better the agreement with 
exponential behaviour. The experimental data do seem to 
follow the expone~~tial behaviour quite well. In fact, Dr. 
I-Iunt looked at this years ago, and found that using a 
Gaussian distribution for n with a mean value, 17, of 
150 and a width, cx, of about 25 collisions there was little 
departure from linearity for the semilogarithmic plot. 
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Electron scavenging in the radiolysis of supercritical butenes' 
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MASARU NISHIKAWA and YOH-ICHI  YAMAGUCHI. Can. J .  Chem. 55.2088 (1977). 
Electron scavenging reactions with N,O have been studied in y-irradiated supercritical 

butenes in the density range 0.25-0.48 g/cm3 at 170 i 1°C. Free ion yields were estimated as a 
function o f  density from the nitrogen yields by means o f  the 'square root' model. The estimated 
Gfi in butenes increased with the decrease in density, and were in the order cis-2-butene 2 
isobutene > trans-2-butene at a given density. The  density-normalized range o f  electrons 
estimated from Gfi values was independent o f  density over the density range studied. The  
magnitude o f  the reactivity parameter A in tmns-2-butene was much larger than that in other 
butenes studied, but it generally increased with a decrease in density. A n  analysis o f  the param- 
eter on the basis o f  the Nernst-Einstein relationship indicates that the trend is related t o  the 
change in the encounter efficiency o f  the reaction e -  f N,O. 

MASARU NISHIKAWA et YOH-ICHI YAMAGUCHI. Can. J .  Chem. 55.2088 (1977). 
O n  a etudie des reactions de piegeage d'electrons par N 2 0  dans des butenes supercritiques 

irradies par des radiations y a des densites allant de 0.25-0.48 g/cm3 a 170 i 1'C. On a deter- 
mine les rendements en ions libres en fonction de la densite a partir des rendements en azote en 
faisant appel a un modele de "racine carre". Les Gfi evalues dans le butene augmentent avec une 
diminution de la densite et pour une densite donnee sont dans l'ordre de buttne-2 cis isobu- 
tene > butene-2 tt.nns. Les penetrations d'electrons normaliskes pour la densite, CvaluCes a 
partir de valeurs de Gfi, sont independantes de la densite a toutes les densites etudiees. La 
grandeur du parametre de reactivite A du butene-2 tmns esi beaucoup plus grande que celle 
observee avec les autres butenes etudies mais elle augmente d'une maniere genirale avec une 
diminution de la densite. L'analyse des parametres sur la base d'une relation de Nernst-Einstein 
indique que la tendance est relike au changement dans l'efficacitt de la reaction e-  + N 2 0 .  

[Traduit par le journal] 

Introduction operated pump. Takachiho Research Purity nitrous 
oxide (99.9%) was used after bulb-to-bulb distillat~on. 

Recent charge scavenging studies in super- Methods o f  sample preparation, irradiation in a 60Co 
critical hydrocarbons demonstrated that they source. and wroduct analvsis \\ere described wreviouslv 
are amenable to quantitative interpretation in (1).  T h e  irradiation was Earried out at 170 +'l'C. ~ h k  
terms of the 'square root' rnodel (1, 2). The rate was 5.26 1°18 eV g-' h-' n Fricke solution 

and appropriate corrections were made for the electron interpretation led to the estimation of free ion density ratios, Total dose per sample did  not exceed 
yields and the kinetic parameters for the reaction 6 101 8 ,vlg, 
of electrons with N,O in various hvdrocarbons The  critical temveratures are cir-2-butene. 160.0°C: 
in the supercriticai state, Freemin and co- trans-2-butene, 1 5 5 . 0 ' ~ ;  isobutene, 144.73'C (5). ~ i e l e c :  

workers ( 3 ,  4) found in the liquid phase that both tric constants at different densities and 170'C were 
calculated by the Clausius-Mosoiti equation from the 

the free ion yield and the electron mobility are data given in ref. 4 ,  
anomalouslv low in trans-2-butene compared 
to those in other ison~eric butenes. In the present 
study the observations are extended to the super- 
critical state in order to observe the resulting 
effects on the kinetics of electron scavenging. 

Experimental 
Phillips Research Grade cis-2-butene (99.98%), trans- 

2-butene (99.78%), and isobutene (99.9%) werc purified 
further by circulating overnight through traps filled with 
KOH and NaK alloy by means o f  an electromagnetically 

Results and Discussion 
Free Iorz Yields 

The yields of nitrogen from y-radiolysis of 
cis-2-butene - nitrous oxide, trans-2-butene - 
nitrous oxide, and isobutene - nitrous oxide 
mixtures at  170 i 1°C in the density range from 
0.24 to 0.48 g,'cm3 exhibit features quite similar 
to those observed for other hydrocarbons in the 
supercritical state (1, 2). Firstly, they can be 

lPartially supported by  a Grant-in-Aid from the 
Ministry o f  Education. 

described by the square root 
model, G(N,) = G(N2), ,  + G ( N , ) , ~ ( A [ N , O ] ) ~ / ~ ;  
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secondly, G(N,),, decreases with increase in 
density for each butene studied (Figs. 1-3). The 
values of G(N2),, obtained in the liquid phase 
agree quite well with those obtained by electrical 
measurements (4). It was previously argued that 
G(N2),, can be assumed to be equal to the free 
ion yields, G,, (2). The G,, values in the super- 
critical butenes in the density range studied 
are in the decreasing order cis-2-butene 
isobutene > trans-2-butene (Table 1). The trend 
is in agreement with the finding that G,, in liquid 
trans-2-butene is much smaller than in other 
isomer liquids (4). 

Electron Ranges 
By inserting the G,, values into [I], electron 

ranges were estimated. 

[I] Gfi = G,,, 1' f(r)  exp (-rc/r)  d r  

where G,,, is the total ionization yield calculated 
from W values in the gas phase, f(r) is the dis- 
tribution fui~ction of ion-electron separation 
distances, and rc is the Onsager distance (e2/ 
E ~ T )  (I ,  2, 4). The distribution function f(r)  was 
taken to have the form cornposed of a Gaussian 
core and a power function tail (eq. 2): 

f(r) = 0.96(4r ' / 7 ~ ~ ' ~ b , , ~ )  exp (- r '/b,:) 
r < 2.41,~ 

t21 
f(r)  = 0.96{(4r 2/~1"2bgp3) exp (- r2/b,:) 

+ 0.5(b,;/r3)) r > 2.4bgp 

where b,, is the most probable value of r. 
Although this form has been found to give an 
accurate description of electric field dependence 
of the free ion yields (4, 6, 7), the use of [2] in the 
present study is for the sake of comparison with 
values obtained by other methods (4) because 
it has not yet been possible to determine the 
most satisfactory form of f(r) (6, 7). The value 
of b,, has been found to be practically identical 
to that of the parameter b in the simple Gaussian 
form when G,, > 0.3 (4). Thus most of the b,, 
values in the present study are equal to b values; 
b,, in butenes increased only gradually with de- 
crease in density. The behavior is similar to that 
observed for C, and C, hydrocarbons in the 
supercritical state (1, 2). 

The independence of the density-normalized 
electron ranges has been noted previously both 
in the liquid phase (4) and in the supercritical 
state (1, 2). This is again the case with the 

supercritical butenes. The values of b,,d in the 
present study agreed quite well with those 
obtained by electrical measurements in the 
corresponding liquids (4). The discussion based 
on the independence of the density-normalized 
ranges in the supercritical state may be premature 
before it can be confirmed by direct measure- 
ments. It might also be possible that the trend 
is susceptible to the form of f(r) used in [I]. 

Scavenging Eflciency Parameter 
The scavenging efficiency parameters, A,  were 

evaluated from the slope of the square root plot 
in Figs. 1-3. They were found to increase 
regularly with decrease in density for each 
butene studied. This is different from the be- 
havior observed in other C3-C, hydrocarbons 
where they showed no definite trend (1, 2). 
A values in cis-2-butene and in isobutene were 
much smaller than those in trans-2-butene 
(Table 1). 

I t  has been shown that the parameter A is 
given by 

where k,  is the rate constant for charge sca- 
venging, and h is a constant for a given solvent 
and represents the rate of recombination of 
geminate ion-electron pairs (8). The Nernst- 
Einstein relationship has been found to be a good 
approximation for the geminate recombination 
(9), so that 3, can be adequately expressed as (10) 

where De and D+ are the diffusion coefficients 

FIG. 1. Yields of nitrogen from cis-2-butene-N,O mix- 
tures as a function of the square root of the molar con- 
centration of N,O at various densities and 170'C. A, 
0.25 i- 0.01 g/ml; A, 0.34 i 0.01 glml; 0, 0.48 + 
0.01 g/ml; @, 0.62 g/ml (liquid, 23'C). 
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TABLE 1. Gri, electroll ranges, and kinetic parameter values 

Density bmd A 
(g!cm3) Gri (2) & ( l l o s  g/cm2) (MY1) 

cis-2-Butene 
0 . 2 4 j 0 . 0 1  1.06 286 190 48 6 .8  
0 .34+0.01 0.75 255 134 46 3 . 6  
0 . 4 8 i 0 . 0 1  0.60 226 100 48 3 . 3  
0.62 (liq., 23'C) 0.22 288 72 45 1 .8  

trans-2-Butene 
0 .24k0 .01  0.48 293 107 26 3 5 
0 . 3 6 i 0 . 0 1  0.34 262 83 30 15 
0 .48+0.01 0.25 232 54 31 11 
0.61 (liq., 23°C) 0.08 306 50 30 4 .4  

Isobutene 
0 . 2 4 i 0 . 0 1  0.87 283 167 40 7 .4  
0 . 3 6 i 0 . 0 1  0.65 248 117 42 3 .5  
0.48rf-0.01 0.57 217 9 1 43 1 . 5  
0.59 (liq., 23°C) 0.29 273 64 3 8 1 .2  

FIG. 2. Yie!ds of nitrogen from trnns-2-butene-N20 
mixtures as a function or the square root of the molar 
concentration of N 2 0  at  various densities and 170'C. 
A, 0.24 f 0.01 glml; A, 0.36 k 0.01 g ~ m l ;  0, 0 48 i 
0.01 g/ml; @I, 0.61 g,/ml (liquid, 23°C). 

of the electrons and the positive ions, respec- 
tively. By combining [3] and [4]. k ,  is now given 
by 

The encounter efficiency of a reaction is de- 
fined as the ratio of k ,  to that in the diffusion- 
controlled case, i.e., 4nRDe in the present case. 
One notes that by using [5] the efficiency is quite 
generally given by 

where 6 x loz0 is the conversion factor frorn 

FIG. 3. Yields of nitrogen from isobutene-N,O mix- 
tures as a function of the square root of the molar con- 
centration of N 2 0  at  various densities and 170-C. A, 
0.24 f 0.01 g:'ml; A, 0.36 i 0.01 g,'ml; 0, 0.48 1 
0.01 glml; @I, 0.59 g/ml (liquid, 23°C). 

cm3 molecule- sK1 to 1 mol-I s- I. The values of 
f calculated by taking arbitrarily 5 A for the 
reaction radius R are summarized in Table 2 
where values for a-butane are included for 
comparison. Although there are some excep- 
tions, f is generally seen to decrease with de- 
crease in density. The large A values in trnns-2- 
butene are apparently related to similarly large 
f values. 

A correlation between the encounter efficiency 
for the reaction e- + N 2 0  and electron mobil- 
ities pe has been found in liquid rare gases and in 
several liquid hydrocarbons (1 1). This correla- 
tion also seems to exist in the liquid butenes 
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TABLE 2. Calculated va l~~es  of Vo, electron mobilities, and encounter efficiencies in supercritical 
butenes 

Density VO k ,  x 10-l2 ?- x lo-" He 
(g/cm3) (ev) ( & - I  S-I) is-I) f (cm2 V - I  s-I) 

cis-2-Butene (a* = 1.79 A:) 
0 . 2 5 i 0 . 0 1  -0.29 5 7 0.02 15 
0 . 3 4 i 0 . 0 1  -0.36 2 6 0.03 5 
0.48_+0.01 -0.39 1 3 0.06 1 
0.62 (liq., 23'C) -0.26 0 .8  46 0.11 2.2f 

trans-2-Butene (a = 1.89 AS) 
0.24_+0.01 -0.19 12 3 0.66 1 .3  
0.36 1 0 . 0 1  - 0.20 12 8 0.55 1 .5  
0 .48+0.01 -0.09 5 5 0.78 0 . 4  
0.61 (liq., 23'C) 0.22 0 . 7  2 0.85 0.029.) 

Isobutene (a = 1.89 A§) 
0 .24+0.01 -0.17 11 15 0.04 2 1 
0.36_+0.01 --0.18 11 32 0.04 18 
0.48_+0.01 -0.05 4 26 0.03 8 
0.59 (liq., 23'C) 0.22 0 . 7  6 0.10 1.44+ 

n-Butane (a = 1.89 A$) 
0 .2410 .01  -0.19 12 4 0.03 24 
0 . 3 6 i 0 . 0 1  -0.22 12 10 0.04 20 
0.41_+0.01 -0.20 12 10 0.06 13 
0.58 (liq., 23°C) 0.06 1 0 .7  0.83 0.27.) 

*Hard core radius. 
+Experimentally obtained values from refs. 3 and 22. 
%Derived from experimental values of V ,  in refs. 18 and 23. 
§Estimated from critical volumes in ref. 5.  

when f values are compared with the measured 
values of electron mobilities taken from ref. 4. 
I t  would therefore be of some interest to see 
if this correlation extends into the supercritical 
state. Unfortunatelv. measurements of the mobil- 
ities have not been carried out in the gas phase 
in the density range of interest. Previously, a 
relationship k,  K ye1/' observed in some hydro- 
carbon liquids (12, 13) was assumed for the 
estimation of ye in the supercritical state froin 
scavenging data (2), but this relation appears 
to be of a more limited applicability than was 
originally thought (14-16). Instead, a correlation 
of apparently more fundamental nature has 
been noted recently between k,  and the energy 
of the electron in its conducting state V, in an 
assortment of hydrocarbon and rare gas liquids 
containing solutes including N,O (15, 16). If one 
assullies the validity of the correlation in the 
supercritical state, then the problem is to find 
V ,  values. 

The Springett et a/. model (17) has been used 
to  calculate V, in liquid hydrocarbons, and the 
agreement \+ith experiment has been found to be 

remarkably good (18, 19). The calculation is 
based on the hard core radius a, the polariza- 
bil~ty, and density. Since a is considered to be 
density- and temperature-independent within 
the framework of the present V, theory, it seems 
justifiable to employ the method for the calcula- 
tion of V ,  in the supercritical hydrocarbons. The 
values of a to be used in the calculation were 
determined either from V,'s when experimental 
values were available in the corresponding liquid, 
or by the relationship a = 0.305Vc/,,,,1/3 where 
Vcr,, is the critical volume (20). Since V, is 
relat~vely sensitive to a. the V, values obtained 
by using the estimate of a from the relationship 
may be subject to large errors. 

The values of a so obtained and V, calculated 
by the model are listed in Table 2. I t  is interesting 
to note that V, apparently passes through a 
minimum on going from the liquid to the low 
density region. This trend is quite reasonable, as 
V, must return to zero in low pressure gases, 
and seems to indicate the vahdlty of the model 
for the calculation of V, in the supercritical state. 

With the V, values one can find k,  from the 
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cxperirnentally obtained relationship between 
Vo and k ,  (15), and thence pe by eq. 5 and pe = 

eD,/kT.' The pe values so estimated steadily 
increase with decreasing density (Table 2). Thus 
the decrease in the encounter efficiency is ac- 
companied by the increase in electron mobilities. 
This is in keeping with observations in liquid 
hydrocarbons and rare gases ( 1  1). This behavior 
was accounted for 111 terms of the dependence 
of reaction probability on the electron-reactant 
interaction time per encounter (1 1). 

Direct measurements of both k,  and pe in the 
supercritical state are desirable. 
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Discussion 

G. R. Freeman: The mobilities of electrons in the supercrit- 
ical butenes at the critical density have been measured. but 
we haven't published them yet. They are about 10-20 cmZ 
V-I s r l .  How does this compare with the values you esti- 
mated? 

M. Nishikawa: Our estimated values at d -- 0.25 g/ml and 
170°C are 15 to 20 cmZ V-I srl  for cis-2-butene and 
isobutene, in fair agreement with your values. 
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R .  S .  DIXON,  F. P. SARGENT, V.  J. LOPATA. E. M. GARDY, and B. BROCKLEHURST. Can. J .  
Chem. 55,2093 (1977). 

The effect of an applied magnetic field on the fluorescence from radiolytic ion recombination 
has been studied for anthracene in some hydrocarbon solvents. In pulse-irradiated anthracene 
(lo-' mol dm-3) in squalane. the fluorescence intensity following the pulse increases as afunction 
of applied magnetic field in the range studied. 0 to 0.3 T (0 to 3000 G). At a constant magnetic 
field strength, the field-induced enhancement of the fluorescence intensity varies with time after 
the pulse. At high field strengths (0.3 T) the enhancement reaches amaximum of -45% about 50 ns 
after the pulse. Similar effects are observed in cyclohexane but the enhancement is smaller than 
that in squalane. In benzene solutions the effect is extremely small. These findings are confirmed 
by obser-vations in continuously gamma-irradiated solutions. In gamma-irradiated solutions of 
anthracene mol dm-3) in squalane, the fluorescence intensity increases with increasing 
magnetic field and approaches -13% enhancement at high fields (>0.1 T). The enhancement is 
smaller (-3%) in cyclohexane and veiy small (<I%) in benzene solutions. 9,lG-Dimethylanthracene 
gives a larger enhancement and anthracene-d,, a smaller enhancement than the parent anthracene 
at  high fields. The results are in general agreement with recent theoretical predictions based on 
the effect of a magnetic field on the loss of spin correlation of geminate ions pairs prior to 
recombination. 

R S DIXOV,  F P S A R G E \ I  V J L o P ~ T ~ .  E 91 GARDY et B BROCKLEHURST Can J 
Chem 55. 2093 (1977) 

On a etudie I'effet d'un champ magnetique appliqu-e sur la fl~rorescence provenant de la 
recombinaison ionique radiolytique d e  I'anthracene dans quelques solvants hydrocarbones. 
Dans le cas de I'anthracene irradie par pulsation (loL2 mol dm-jj dans le sq~ialane. l'intensite de la 
fluorescence a la suite de la pulsation augmente en fonction du champ magnetique applique dans 
les inteivalles etudies soit d e  0 a 0.3 T (0 a 3000 G).  A une force constante du champ magnetique. 
I'augmentation. induite par le champ, de I'intensite de la fluorescence varie avec le temps apres la 
pulsation. A des forces d e  champ plus Clevees (0.3 T), l'augmentation atteint un maximum 
d'environ 45% environ 50 ns apres la pulsation. On observe des effets similaires dans le cy- 
clohexane mais I'augmentation est plus faible par rapport a celle observee dans le squalane. Dans 
des solutions benzeniques, l'effet est extremement faible. Ces decouvertes sont confirmees par 
des observations dans des solutions irradiees d'une fason continue par des radiations pamma. 
Pour I'anthracene en solution dans le squalane mol dm-') et irradie par des rayons gamma. 
I'intensite de la fluorescence augmente avec une augmentation du champ magnetique et atteint 
environ 13% d'augmentation en haut champ (>0.1 T).  L'augmentation est plus faible (-3%) dans 
le cyclohexane et tres faible (<l'%) dans des solutions benzeniques. Compare a I'anthracene, le 
dimethyl-9,10 anthracene donne des augmentations plus grandes alors que l'anthracene-d,, 
donne des augmentations plus faibles B des hauts champs. Ces resultats sont en accord general 
avec les predictions theoriques recentes bastes sur I'effet d'un champ magnetique sur la perte de 
correlation de spin d e  paires d'ions gemines avant leur recombinaison. 

[Traduit par le journal] 

Introduction a liquid. In  nonpolar liquids most of the elec- 

Large yields of cations and electrons are trons and parent cations recombine geminately 

produced following absorption of radiation by ( I ) ,  i.e. the separated charges remain coupled 
by electrostatic attraction and the electron 

'Issued a s  AECL No. 5660. recombines with its original counter ion. In 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2094 C4h J CHEhl VOL 5 5 .  1977 

solutions of an aromatic hydrocarbon in an  
alkane solvent, geminate recombination of 
solute radical ion pairs is thought to be a major 
source of solute excited state formation (2-6). 
Consequeiltly ~ n u c h  attention has focused on 
the iol, recombination process and the produc- 
tion and yields of excited states in such systems 
(1-12). 

For geininately recombining radical ions. the 
electron on the anion \\as initially paired in a 
singlet state u i th  the odd electron in the cation. 
If the spins remain correlated (i.e. if the relative 
orientatioils and phase of the two electrons stay 
the same), excited singlet states will be produced, 
whereas if the correlatio~l is lost, this will lead 
to the formation of triplet states. Statistically, 
ion recombinatio~l is expected to lead to a 
trip1et:singlet (T/S) ratio of 3. However, measure- 
ments of triplet and singlet yields (9, 11; 12) 
show TiS ratios between 1 and 2, after correction 
for intersystem crossing. Although the picture 
may be co~nplicated by energy transfer from 
excited singlet alkane inolecules (10, 12) and 
excitation of solute triplet states by electrons 
mith insufficient energy to excite the solvent (3), 
the experimental yields suggest that spin correla- 
tion may be partly, but not completely, lost. 

The question of the inode and rate of loss of 
spin correlation a a s  first discussed (13, 14) in 
terms of the spin relaxation times T I  and T,, as 
used in electron spin resonance (15). Since it was 
assumed that the loss of correlation would occur 
in times comparable with T I  and T,, it w8s 
predicted that a magnetic field would affect the 
loss of spin correlation when the ion recombina- 
t ~ o n  time TG was longer than the spin-spin 
relaxation time T,  but shorter than the spin- 
lattice relaxation time T I .  Since T I  and T, occur 
in ps and T, is - 1-100 ns in mobile liquids, no  
magnetic field effect \ $ o d d  be expected under 
these conditions. However. if T, could be in- 
creased by the use of viscous solvents, an effect 
might be seen. 

O n  the basis of these arguments, solutions of 
fluorene in the viscous solvent squalane were 
pulse-irradiated and a magnetic field effect on 
the fluorescence intensity following the pulse 
was observed (16). The effect was confirmed in 
gamma-irradiated solutions (17). However, the 
pulse experiments showed the effect to develop 
on a shorter time scale than predicted and it 
was clear that a much more rapid process than 

spin relaxation was taking place. While the 
early arguments regarding T I  and T, are still 
valid, it would be difficult experimentally to detect 
such an effect because of the low sensitivity. 

Further developments in the theory led to 
predictions of a magnetic field effect on a nano- 
second time scale (18, 19). I t  was shown that 
loss of spin correlation could occur because of 
the hyperfine interactions, a, between the un- 
paired electrons and the hydrogen nuclei of the 
ions M f  and M-.  The rate of ioss of correlation 
is mainly determined by the magnitude of a and 
the number of nuclei. The recent theorv stresses 
the importance of the relative orie~ltations of the 
spins of the two electrons on M +  and M-.  which 
are in different nuclear spin environments. In a 
strong magnetic field, the electrons on M' and 
M -  precess a t  different rates about the total 
field. This difference in the rates of precession 
leads to conversion of the ion pair from a singlet 
to a triplet spin state. In principle, the prob- 
ability of forming a singlet or triplet state should 
cycle between 1 and 0 but, in practice, it has 
been shown (18, 19) that the presence of several 
nuclei tends to mask this and a steady decay 
from singlet to a mixture of singlet and triplet 
is predicted. A t  zero field, the ion pair states 
So, To,  T,, and T-  are degenerate and mixing 
occurs between the singlet and all three triplet 
states. At high fields, T ,  and T-  have different 
energies because of the Zeeman splitting, hence 
mixing takes place only between So and To 
states. The latter is calculated to be slower and 
the limiting value for the ratio of singlet to 
triplet states to be larger than that at  zero field. 
Thus the rate of loss of spin correlation is pre- 
dicted to be lower in a strong inagnetic field 
than a t  zero field. Further, the time scale for 
loss of spin correlation is predicted to correspond 
not to the esr line width ( -  100 kHz) but to the 
spectral width ( -  iOO MHz). This leads to spin 
correlation changes on a nanosecond time scale. 

The original experiments ( I  6, 17) used fluorene 
because of its short fluorescence decay time 
(-10 ns) (20) and high fluorescence quantum 
yield (0.54) (21) and squalane because of its high 
viscosity. This paper describes the nlagnetic 
field effects found on anthracene fluorescence 
in both pulse-irradiated and continuously irra- 
diated solutions in squalane. cyclohexane, and 
benzene and cornpares the results with theoretical 
predictions. 
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Experimental 
The experimental arrangement for studying the mag- 

netic field effect following pulse radiolysis is shown in 
Fig. 1. The electron beam flight tube of a 4 MV Van de 
Graaff accelerator was extended axially through the 
electromagnet of a Varian 4500 esr spectrometer by 
means of a hole which passed through the yoke, the pole 
piece, and the pole cap. The flight tube then passed into a 
pulse radiolysis cell block assembly at  the centre of the 
electromagnet, and terminated in a 0.03 mm thick brass 
window located I mm from the face of the cell. The 
Suprasil cell was part of a flow system for ease of sample 
changing. The magnetic field strength was measured by 
a Hall effect probe. Since the field affected the beam 
focusing, the latter was adjusted to minimize this effect. 
Details of the effect of field strength on the dose per pulse 
measured by KCNS dosimetry are described elsewhere 
(22). In the present experiments, conditions were such 
that the magnetic field had no effect on the dose below 
0.1 T and only -5z at 0.3 T. The dose per pulse was 
- lo- '  J. For experiments with the magnetic field off, 
a small residual field of - T (- 10 G) remained 
when the magnet was t ~ ~ r n e d  off. To eliminate this, a small 
reverse dc current was amlied to the nlagnet such that . . - 
the magnetic field was a niinimum in the direction of the 
Hall crystal. The field at the minimum was i lo-" T. A 
conventional optical detection system was used with a 
1P28 photomultiplier tube and a Hewlett-Packard 183A 
oscilloscope. To facilitate measurements at long times 
after the pulse, a pulse generator with a variable delay 
was used to trigger the oscilloscope. Initially a Jarrell-Ash 
0.25 m nionochroniator was used, but once the fluores- 
cence spectrum was. established, this was removed for 
greater sensitivity. 

The experimental arrangement for studying the 
magnetic field effect on continuously irradiated solutions 
is shown in Fig. 2. Solutions were irradiated in a Suprasil 

E L E C T R O M A G N E T  

PM TUBE P O W E R  

O S C I L L O S C O P E  

ELECTROYAONET 

P O W E D  S U P P L Y  

FIG. 1. Schematic of the apparatus for studying the 
effect of an applied magnetic field on the fluorescence from 
pulse-irradiated solutions. 

cell, which was part of a flow system, by gamma rays 
from a movable Iridium-192 source. The dose rate was 
-6  x J g-' s-' (-4 x 10'" eV g-' s-I)  as mea- 
sured by the Fricke dosimeter. A small electromagnet 
provided the magnetic field up to 0.5 T.  A permanent 
magnet, used in a few experiments, gave the same results. 
Measurement of the field strength and zeroing of the field 
were as described for the pulse experiments. The magnetic 
field had no effect on the photomultiplier tube (RCA 
1P28) or on the emission intensity from a cell containing 
solvent only. However, it was necessary to correct for 
the effect of the gamma rays on the photomultiplier tube. 
The light emitted from the cell was focused by a lens 
onto the photomultiplier tube and the level displayed 
on a recorder. The identity of the emitting species was 
assumed to be the same as that in the pulse radiolysis 
experiments. 

Cyclohexane (Fisher or Matheson Spectroquality), 
benzene (Fisher certified), anthracene (Hinton, zone 
refined), anthracene-d,, (Merck, Sharpe, and Dohme 
9 8 x  D), and dimethplanthracene (Aldrich) were used as 
received. Squalane \+as purified by repeated passes 
through a silica gel c o l i ~ n ~ n  until the absorption edge, 
measured spectrophotornetrically, remained constant. 

Results 

(a) Pzrlse Radiolysir 
The fluorescence from pulse-irradiated anthra- 

cene in squalane pers~sts to hundreds of nano- 
seconds after the pulse, and the intensity in- 
creases in the presence of an applied magnetic 
field (Fig. 3). The field has little or no effect on 
the in-pulse intensity. The emission enhancement 
following the pulse was found to be both time 
and field strength dependent. The effect of field 
strength a t  -100 ns following the pulse is 
shown in Fig. 4 for mol dm-3 anthracene. 
The enhancement was found to increase rapidly 
with increasing field strength up to 0.1 T, 
followed by a much slower increase at higher 
fields. The behaviour was similar for times in the 
range 0-400 ns after the pulse. The time de- 
pendence of the enhancement a t  a field of 0.3 T 
is shown in Fig. 5 for mol dm-3 anthracene. 
The enhancement increases rapidly with time, 
reaching a plateau of -45% some 50 ns after the 
pulse. The enhancement may decrease slightly a t  
longer times but the emission IS small and the 
measurement less precise. Within the limits of 
experimental error, we saw no concentration 
effect in the range to M anthracene up 
to  -200 ns after the pulse, but at longer times 
the M solution showed less enhancement 
than the M solution. 

Similar behaviour was seen in solutions of 
anthracene in cyclohexane but the magnetic 
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1 l R R A D l A T O N  ASSEMBLY 

2 F O C U S S I N G  L E N S  

3 P H O T O M U L T I P L I E R  T U B E  

R E C O R D E R  

I R R A D i A i l  

C E L L  

E L E C T R O M A G N E T  
G A M M A  

S O U R C E  
ELECTROMAGNET 

POWER S U P P L Y  

I R R A D I A T I O N  A S S E M B L Y  

FIG. 2. Schematic of the apparatus for studying the effect of an applied magnetic field on the flu- 
orescence from gamma-irradiated solutions. 

FIG. 3. Typical oscilloscope traces showing the effect 
of an applied magnetic field on the fluorescence intensity 
from lo-' mol dm-3 anthracene in squalane following 
a 5 ns pulse: ( A )  t = 0 to 100 ns following start of pulse; 
(B) t = 300 to 400 ns following start of pulse (sensi- 
tivity x 150); curve 1, no magnetic field; curve 2, 0.3 T 
(3000 G). 

M a g n e t i c  F i e l d ,  T e s l a  

FIG. 4. Effect of applied magnetic field on the fluores- 
cence intensity from lo-' mol dm-3 anthracene in 
squalane (0)  and cyclohexane (m): t = 100 ns following 
start of pulse. 

field effect was smaller than in squalane (Figs. 4 
and 5). For  example, the maximum emission 
enhancement following the pulse was only 
-20% at  high fields (Fig. 5 )  at  an anthracene 
concentration of lo-' mol dm-3. 

In benzene the emission intensity was large 
but we found no  measurable field effect up to - 100 ns following the pulse. However, there 
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I I I I 1 1 " " 1  ' 1 1  " " 1  ' ' ' 1 " " I  I ' I 1  ""I I 

T i m e ,  n s  

FIG. 5. Magnetic field induced increase in fluorescence 
intensity as a function of time following a 5 11s pulse for 
lo-' mol dm-3 anthracene in squalane (0)  and cyclo- 
hexane (H): rnag~letic field = 0.3 T. 

- A 
0 
0.0 0 1 0 2 0 3 0 4 0.5 

M a g n e t ~ c  F l e l d  T e s l a  

FIG. 6. Effect of applied magnetic field on the fluores- 
cence intensity from gamma-irradiated lo-' mol dm-3 
anthracene in squalane (a), cyclohexane (H), and 
benzene (A). 

may be a small enhancement ( 5  57,) in the range 
100-200 ns following the pulse, but we could not 
make precise measurements because of lack of 
sensitivity. 

(b)  Continuozrs y Radiolysis 
The effect of solvent on the emission enhance- 

ment from anthracene solutions in an applied 
magnetic field is shown in Fig. 6. The enhance- 
ment is in the order squalane > cyclohexane > 
benzene, the effect being very small in benzene. 
In squalane solutions, the enhancement was 
also found to increase slightly with concentra- 
tion in the range 5 x M to lo-' M, but 

M a g n e t ~ c  F i e l d ,  T e s l a  

FIG. 7. Effect of applied magnetic field on the fluores- 
cence intensity from some gamma-irradiated anthracenes 
(lo-' mol dm-3) in squalane: (0)  9,lO-dimethylanthra- 
cene; (0) anthracene; (A) anthracene-dIo. 

at higher concentrations it began to decrease 
slightly. The effect of magnetic field on the 
fluorescence from anthracene, perdeuteroanthra- 
cene, and 9,10-dimethylanthracene in squalane 
is shown in Fig. 7. Deuteration gives a smaller 
enhancement and methylation a larger enhance- 
ment than the parent anthracene a t  higher fields. 

Discussion 
( a )  Pulse Radiolj~sis 

Although there is still considerable debate 
on the possible mechanisms of excited state 
formation, their relative contributions, and the 
time scales over which they are important, ion 
recombinat~on is thought to be a major source 
of excited states in irradiated systems. In non- 
polar solvents, most of the ion pairs do not 
separate completely but undergo geminate 
recombination (1). The pertinent reactions oc- 
curring in solutions of an aromatic hydrocarbon, 
M, in an alkane, S, will be 

11 I S --t S+ + e-  
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where M* can be an  excited singlet or triplet 
state. At high solute concentrations, reaction 6, 
i~~vo lv ing  reaction of solute radical ions, will 
be the major process for ion recombination. 

Figure 8 shows the decay of the fluorescence 
from lo-' mol dm-3  anthracene in squalane 
following a 5 11s pulse. The fluorescence persists 
to longer times and decays much more slo\vly 
than would be expected from the photofluores- 
cence decay time (4.9 ns in cyclohexane (20)): 
i.e. neglecting the effects of self-quenching. 
quenching by radiolysis products, etc. A t  short 
times following the pulse, a major fraction of the 
fluorescelice arises from 'prompt' singlets (wheth- 
er formed by energy transfer, ion recombina- 
tions, or other n~echanisins) and the decay tiine 
is - 15 ns. A t  longer tiines the fluoresce~lce 
arises mainly from slower ion recombinations, 
which explains the nluch slower fluorescence 
decay with increasing time. 

The enhancement of the fluorescence intensity 
in the presence of a magnetic field iilcrcascs with 
time following the pulse and reaches its maxi- 
lnum -50 ns after the end of the pulse (Fig. 5). 
In his theory of magnctic field effects on excited 
singlet state formation, Brocklehurst describes 
approximate time regions following the pulse 
where different field effects are predicted (18, 19). 
At times < 5 IIS, there is no  loss of spin correla- 

T ~ m e ,  n s  

tion in the rapidly reconlbining ions and no 
magnetic field effect. At times > 5 ns, loss of spin 
correlation occurs faster a t  zero field because 
the singlet can nlix with all three degenerate 
triplets, whereas a t  high field only the singlet and 
To states mix because of the Zeeman effect. A t  
these times, the field effect is predicted to be 
large. On the basis of these predictions, we 
would expect no  field effect during the pulse 
and a rapidly rising effect immediately followitlg 
the pulse. The enhancement should reach a 
maximuin when the 'prompt' fluorescence con- 
tribution has become negligible. These general 
features of the theory are found in our experi- 
mental results (Fig. 5). 

The theoretical calculations predict a maxi- 
nlum in the field effect at  - 10-20 ns after the 
pulse (18, 19). Maxima have been observed in 
this time region in studies of magnetic field 
effects on scintillations from geminate ion re- 
combination (23, 24). We do not observe a inaxi- 
lnuln at  this time but a somelvhat longer time 
(-50 ns). However, our results are more com- 
plicated because of the width of the pulse and 
because of the fluorescence lifetime. The latter 
is particularly important since, a t  shorter times 
after the pulse, a considerable fraction of the 
total emission comes from 'prompt' fluorcsccncc, 
which exhibits n o  magnetic field effect. If the 
prompt fluoresce~lce contribution were sub- 
.tracted from the total emission, the emission 
enha~lcement would reach its maximum in a 
shorter time. Qualitatively this has been shown 
to be the case for fluorene in squalanc (22), 
assuming that the in-pulse emission is all prompt 
fluorescence and using the literature value for 
its decay time. This is not strictly true since the 
in-pulse emission includes Cerenkov emission, 
etc., but it does indicate that the field effect on 
ion recoinbination in the present system probably 
reaches its maximum at  a time shorter than 
50 ns after the pulse. 

In cyclohexane solutions, ion recombination 
will be inuch faster than in squalane because of 
the lower viscosity. Thus a greater fraction of the 
geininatcly recombining ions will not be affected 
by a magnetic field, but the behaviour of the 
remaining ions should be similar to that in 
saualanc. The overall decav of thc fluorescence 

-. 
I #me, ns  is similar to that found in squalane, but the 

FIG. 8. Decay of the fluorescence from pulse-irradiated magnetic field effect is smaller. In the s i n ~ ~ l e s t  
rnol dm-3 anthraccne in squalane (.) and benzene theoretical case, the magnetic field enhancement 

(Fa. is calculated to reach a factor of 2 at  longer 
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times (18, 19). The maximum enhancement 
which we have observed is about half of this, 
both in the present work and in other systems 
(16, 22). Therc arc several possible reasons for 
the discrepancy. In discussing excited state 
yields, Magee and Huang (25) considered the 
formation of triplet ion pairs by cross-recombina- 
tion in multiple ion pair spurs and by spin 
reversal of a secondary electron when it excites 
a solvent rnolecule to the triplet state. If these 
processes are significant in the present system, 
triplet ion pairs may reduce the extent of the 
inagnetic field effect. In addition, the calculated 
limiting probabilities of 0.5 and 0.25 for singlet 
state formation in the presence and absence of a 
magnetic field may not be reached except a t  
very long tiines (19). Finally the yields of excited 
states may depend not only on spin but on the 
energy level densities, i .e. Franck-Condon 
factors (14). Contributions froin any of these 
factors may lead to an  emission enhancement 
which is smaller than the inaxilnum theoretical 
value. Nevertheless, it appears that some addi- 
tional or alternative factor is involved in the case 
of cyclohexane solutions. A factor which is 
likely to be much more important in cyclohexane 
than in squalane is the effect of the prompt 
fluorescence decay; In cyclohexane the prornpt 
fluorescence will be much larger and the emission 
from slower ion recon~binations much smaller 
than in squalane. Consequently the prompt 
fluorescence contribution, which shows no 
inagnetic field effect, will be larger and much 
more important than in squalane. This will lead 
t o  a smaller enhancement in cyclohexane than 
in squalalie at  short times after the pulse, though 
it appears doubtful that this can still be operative 
out to the longest times which we have measured. 

Results in benzene are considerably different 
from those in squalane and cyclohexane since we 
see a large emission but no magnetic field effect 
during the first 100 ns after the pulse. Although 
excited state yields are high in benzene (2, 3): 
solute ions have not been observed. This implies 
that solute excited states arise from energy 
transfer from solvent excited states, fast ion 
recombination, or  some other rapid process, 
none of which would be expected to exhibit a 
magnctic field effect, according to theory (18, 
19). The fluorescence decay was found to be 
exponential (Fig. 8) with a lifetinle of 6.4 ns, 
compared to the lifetime of 4.9 ns from photo- 
chemical measurements in cyclohexaile (20). 

This comparison is reasonable since the lifetime 
under our experimental cond~tions may be in- 
creased by reabsorption and by any ion re- 
combination contribution. At  times in the range 
100-200 ns after the pulse, we did o b s e r ~ e  a 
small magnetic field effect (1 5 7 )  at  an  appl~ed 
field of 0.3 T .  While measurements in this region 
were subject to large experimental uncertainty, 
they, together with the results from continuously 
irradiated benzene. do  suggest a small contribu- 
tion from slower ion recombinations and a small 
magnetic field effect. 

(b)  Contil~~(ous Rndio1j.si.s 
The effects of a magnetic field on colltiiluously 

gamma-irradiated solutions of anthracene in 
squalane, cyclohexane. and benzene are quali- 
tatively similar to those found in pulse-irradiated 
solutions. Increasing the magnetic field intensity 
increases the fluorescence enhancemellt rapidly 
for fields up to 0.1 T but much inore slowly at  
higher fields (Figs. 6 and 7). The enhancement 
is again larger in squalane than in cyclohexane 
and only a sinall eilhancerneilt ( < 1%) is seen in 
benzene solutions (Fig. 6). The enhancement in 
continuously irradiated solutions is smaller than 
that found in pulse-irradiated solutions, as 
expected. In the continuous radiolysis \ve are 
seeing the prompt emission, whether from 
energy transfer. fast ion recombination. or other 
processes, superimposed on the emission from 
slower ion recombinatio~ls. Since oilly the latter 
is expected to exhibit a magnetic field effect, the 
effect will be smaller than the maxi~nurn seen 
in pulse-irradiated solutions after most of the 
prompt emission has decayed. The enhancenlent 
in squalane solutions is expected to be larger 
than that in cyclohexane solutions because of 
the viscosity differences. In general. the range of 
ion recombination tiiues in cyclohexane is 
smaller than in squalane, leading to a greater 
fraction of singlet excited states which exhibit 
no  magnetic field effect. The enhancement is, 
however, smaller than expected on the basis of 
results from other solutes in cyclohexane (17,22). 
This appears to be further evidence that some 
other process is contributing to the overall 
effects in both pulse-irradiated and colltiiluously 
irradiated anthracene In cyclohexane. I11 benzene, 
excited state yields are high (2, 3) but solute 
ions have not been observed. This implies that 
thc major mechanism of solute excited state 
formation in benzene involves energy transfer, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2100 C A N .  .I. CHEM. VOL. 5 5 .  1977 

very fast ion recombination, or some other rapid 
process, none of which would be expected to 
show a lnagnetic field effect. This is confirmed 
by our experimental results (Fig. 6). Neverthe- 
less, we d o  see a small, but positive, field effect 
which suggests that some solute excited states 
in benzene may be formed by slow ion recom- 
binations. 

The effect of deuteration and methylation at  
high field (Fig. 7) provides some support for 
the theory (18, 19). The ion recombination rate 
for the three anthracenes will be little affected 
by substitution and not at  all by the magnetic 
field. The different effects of substitution must 
therefore be due to the effect on the rate of loss 
of spin correlation. A major reason for the decay 
of the spin correlation, i.e. the rate of conversion 
of singlet ion pairs to triplet pairs: is the electron- 
nuclear coupling in the respective radical ions. 
Decreasing the coupling constant should de- 
crease the rate of loss of spin correlation, 
leading to an increase in excited singlet state 
formation, and vice versa. Anthracene-dl, has 
a smaller coupling constant than anthracene 
because of the smaller magnetic moment of the 
deuteron. Thus the rate of loss of spin correla- 
tion will be smaller for anthracene-dl,, resulting 
in a corresponding increase in the probability 
of excited singlet state formation and a smaller 
magnetic field effect. Conversely, 9,10-dimethyl- 
anthracene will have a larger coupling than 
anthracene because of the increased number of 
protons. This will lead to an increase in the rate 
of loss of spin correlation, i.e. a decrease in the 
probability of forming singlet excited states and 
a larger magnetic field effect, as is found (Fig. 7). 

A t  low fields T) the reverse effect 
occurs, i.e. the enhancement is highest for anthra- 
cene-dl,. This is because, to be effective i11 
preventing mixing between So and T=,  the field 
must be 7 the spread of the hyperfine levels. 
This is smallest for anthracene-dl,, so a smaller 
field is required to give an  enhancement. 

(L ' )  Other Conside1.atiot7s 
We have attributed the magnetic field induced 

e~lhanceine~lt of thehuoresce~lce to an increase 
in the fraction of geminate ion recombinations 
leading to excited singlet state formation. In  
principle, other n~echanisms may be possible. 
We have ruled out a field effect on the fluores- 
cence lifetime since. in benzene, the fluorescence 
is little affected by a magnetic field either in 

pulse-irradiated or coiltinuously irradiated solu- 
tions. We assume the same to hold in squalane 
and cyclohexane. Studies on delayed fluorescence 
by triplet-triplet annihilation in both crystals 
(26-28) and fluid solutions (29, 30) and on 
electrochernically generated luminescence (31, 
32) have shown the importance of magnetic 
field effects on this process. A magnetic field 
was found to decrease both the rate of the 
triplet-triplet reaction and the rate of triplet 
quenching by radical ions. However, we consider 
the contribution from these mechaliisnis to be 
small, if any, for several reasons. At the low dose 
rates used in our continuous radiolysis experi- 
ments, triplet-triplet annihilation is unlikely to 
be a major source of fluorescence, yet a large 
magnetic field effect can be seen. Conversely, 
in pulse-irradiated benzene solutions: we found 
little magnetic field effect even though triplet 
yields in benzene are high (2: 3). 111 our pulse 
radiolysis experiments, the dose rate is much 
higher than in the continuous radiolysis, but the 
results suggest that triplet-triplet annihilation 
is not of major importance in any solvent studied. 
In cyclohexane we found triplet anthracene to 
decay by a first order process with k = 3.0 x 
lo4 s - l ,  independent of magnetic field. Evidence 
from the literature shows similar triplet decays. 
In the pulse-irradiated viscous solvent liquid 
paraffin, biphenyl triplets were seen to decay 
by a first order process and little or  no second 
order contribution was found (33). At the high 
doses used (0.1 5 J)  the decay was attributed to 
quenching by radicals. In  pulse-irradiated cyclo- 
hexane and benzene solutio~is (34), anthracene 
triplet decayed by a first order process for doses 
up  to 0.02 J g p l ,  which is similar to the doses 
used in the present work. Finally, the field effects 
on singlet state production from triplet-triplet 
annihilation should show no isotope effect since 
the processes depend on the fine structure of the 
triplet state (zero-field splitting) rather than the 
hyperfine interaction. Thus, although magnetic 
field effects on delayed fluorescence from 
triplet-triplet annihilation now appear well- 
establislied~ our evidence suggests that their 
contribution in the present work is not of major 
importance. 

Conclusions 

An applied magnetic field increases the 
fluorescence intensity from pulse-irradiated and 
continuously irradiated solutions of anthracene 
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in squalane and cyclohexane. Only a sinall effect 
is seen in benzene solutions. The results are in 
qualitative agreement with theoretical predic- 
tions based on the effect of a lnagnetic field on 
the rate of loss of spin correlation of se~ara ted  
ion pairs prior to their geminate recombination. 
Both the effect of solveilt and of substitution in 
the solute rnolecule support the theory. The 
results also ~ r o v i d e  evidence for the iinaortance 
of geminate ion recombination in the forlnatioii 
of solute excited states in radiolysis. 
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Discussion 
A. C. Albrecht: Can triplet-triplet annihilation be eas~ly  
excluded in this work? 

R. S. Dixon: Magnetic fields are known to decrease both the 
rate of triplet-triplet annihilation and the quenching of 
triplets by radical ions. The former would lead to a de- 
crease in excited singlet formation and the latter to an 
increase. We cannot definitely exclude a contribution 
from these mechanisms but we consider it to be small for 
several reasons. Firstly. the field effect in benzene solu- 
tions is small even though triplet state yields in benzene are 
high. Secondly, at the low dose r-ates used in the continu- 
ous radiolysis, triplet-triplet annihilation is unlikely to be a 
major source of fluorescence. Thirdly. in pulse-irradiated 
anthracene in cyclohexane. me found a first order decay for 
the triplet with no measurable field effect. A first order 
triplet decay has been observed in similar studies in the 
literature. However, I should point out that. because ofthe 
long triplet lifetime, triplet decay measurements were 
necessarily made at much longer times (ps )  than the 
fluorescence measurements. 
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Time resolved magnetic modulation of ion recombination in organic solutions: 
spin motion in radical ion pairs 
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JEAK KLEIN and R ~ h i  V o ~ r z .  Can.  J. Chem. 55. 2102 (1977) 
The evolution of the singlet character of correlated ion radical pairs, prepared by high energy 

impact (p particles) in organic liquid and solid solutions, is monitored by nanosecond time 
resolved solute recombination fluorescence. Results obtained show that the relative variations 
[ I B ( t )  - 10( t ) ]  I o ( t )  of the luminescence intensity in presence I B ( t )  and in absence 10(r)  of 
niagnetic fields ( B  5 5 kG)  decrease exponentially with timc, according to  a field and solute 
concentration dependent rate, in liquid but not  in solid solutions; in the case of 2b P P D  as 
solute, a damped oscillating component could be observed. The results are interpreted in terms 
of hyperfine interaction induced coherent singlet-triplet mixing and of field and solute concen- 
tration dependent spin-lattice relaxation. 

JEAN KLEIN et RE\E  VOLTZ. Can.  J. Cheni. 55,2102 (1977) 
L'evolution du caractere singulet de paires de radicaux-ions correles, crees dans des solutions 

organiques liquides et solides par une excitation breve (particule o), a pu &tre suivie dans le 
domaine de la nanoseconde par I'intermediaire de la fluorescence de recombinaison resolue dans 
le temps. Les resultats obtenus montrent que les variations relatives [ I B ( t )  - Io( t ) ] , ' lo (r )  de 
l'intensite de la luminescence en presence I B ( t )  et e n  absence 1 0 ( t )  de champs magnktiques 
( B  5 5 kG) decroissent exponentiellement avec une constante de temps qui depend du champ et 
de la concentration en solute dans les solutions liquides mais non dans les solides; dans le cas de 
2b P P D  comme solute, on  observe de plus une composante oscillante. Ces resultats sont inter- 
prktes a l'aide d 'un modele impliquant d'une part un melange coherent entre etats singulet et 
t~riplet induit par des interactions hyperfines, d'autre part des processus de relaxation spin- 
reseau dependant d u  champ et de la concentration en solute. 

A radical ion pair model, where spin motion of 
the two unpaired electrolls under the hyperfine 
structure and Zeeman interaction is responsible 
for time variations of the to ta l  spin state, has 
been used to describe a variety of phenomena in 
organic solutions: e.g.,  (i) chemically induced 
dynamic nuclear and electronic polarization 
(1, 2): (ii) geminate ion pair recombination in 
polar and nonpolar solvents (3-8); (iii) hyperfine 
structure n~odulation of dye-sensitized fluore- 
scence in organic crystals (9, 10). 

In  the present work, we analyse the time re- 
solved magnetic field dependence of ion recoinbi- 
nation luminescence in organic solutions excited 
by high energy radiation (1 1). The method 
allows one to follow in detail the behavior of the 
ion pair singlet character, on the nanosecond 
time scale, so that new and direct information on 

and relaxation of the radical pair spin in liquid 
and solid solutions. 

Experimental Set-up rand Conditions 
The block-diagram of the set-up is shomn in Fig. 1. The 

sample (S) to  be studied is placed between the poles of an 
electronlagnet (M), supplying magnetic fields up to 
5000 C .  The fields are measured by placing the Hall effect 
probe of a gaussmeter at  the position of the sample. In  
order to  obtain 'zero field', a small reverse current in the 
electromagnet is used to  cancel the residual (hysteresis and 
earth niagnetic field) so that values Icss than 0.2 G are 
obtained. The luminescence of the solutions can be 
excited by !iglit flashes or  high energy particles. A photo- 
multiplier (PM) detects a rna.jor part of the light emitted 
by the sample, and acts as  a monitor gi\.ing the reference 
timc t o .  The second photomultiplier (PEU) works under 
single photon counting conditions: per light pulse, it 
dclivers at  111ost one electric signal, corresponding to  the 
extraction at a time t ( r  2 i,) of a single photoelectron 
from the cathode; at  any time I, the probability of extrac- 

the gelleral ioIl pair model is (8). Here, tion of this electron is proportional to  the light intensity 

special attelltion will be given to the influence of I ( ' )  at  the cathode (12). The time-to-amplitude converter 
(TAC) yields signals with amplitudes proportional to  

the phase of the solvent as well as the nature and = - ,", \\;hich are finally analqsed by the 
concentration of the solutes on coherent n10ti0ll channel analyser (MCA); the resulting counts in the 
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AND VOLTZ 2103 

FIG. 1. Block-diagram of magnetic modulated time 
resolved luminescence measurement apparatus (S. 
sample; M:  electromagnet and PS its power supply; PM 
and PEU: photomultipliers; TAC: time-to-amplitude 
converter; MCA : multichannel analyser ; PC: periodic 
commutator). 

memory of MCA are accuinulated as long as necessary to 
get a histogram of At with a sufficient statistical pre- 
cision. 

T o  minimize e\entual errors due to slow electronic 
jitter, the measurements with and without magnetic fields 
are performed successively, for a short timc (10 s) by 
means of a periodic commutator (PC), switching alterna- 
tivcly on and off the magnetic power supply (MP) and 
the corresponding way-in of MCA; the results are stored 
in two separate parts of the MCA memory. 

With this set-up, the luminescence intensity I(t)  can be 
followed between 0 arid microseconds with a time resolu- 
tion of 0.5 ns under very weak excitation intensity condi- 
tions. The results are similar to  those previously published 
and discussed in detail (1 1). 

In the present experiments, the luminescence is excited 
by particles from a 0.1 pCi source of "SrrgOY plunged 
into the solutions. Samples are contained in cylindrical 
Pyrex cells and have been degassed by the usual freeze- 
pump-thaw technique. For the liquids, the solvents used 
are benzene, cyclohexane (Merck, "uvasol"), and methyl- 
cyclohexane (MCH) (Prolabo, "for spectroscopy"), with 
the following solutes which are used without special 
purification: porn-terphenyl (pTP) (Progil), his-2,5-(4- 
butylpheny1)-1,3,4-oxadiazole (2b PPD) (Ciba'), and 2,5- 
diphenyl-1,3-oxazole (PPO) (Nuclear Entreprise). The 
polystyrene solutions were prepared by thermal poly- 
merization of styrene (Merck) purified by double distilla- 
tion under vacuum. Solid glass solutions of MCH were 
obtained by freezing samples in liquid nitrogen in a 
deaar  device having an optical tail which is placed in the 
magnetic field. 

Results 

If we denote respectively by IB(t)  and 10(t)  the 
luminescence intensities at  time r measured in the 
presence and in the absence of an external 

'2b PPD \\as kindly supplied by Ciba (Basel) as a 
specimen. 

magnetic field 3, we can represent the relative 
field variation by the time dependent quantity 
A111 = [IB(t) - ~ ~ ( t ) ] / I ~ ( r ) .  Figures 2a and 2b 
show the observed variations of AIiI with time, 
for various field strengths, in liquid cyclohexane 
solutions at  room temperature (Fig. 2a) and solid 
MCH solutions a t  77 K (Fig. 20). Each of these 
two sets of curves may be taken as representative 
of the liquid and solid systems, since similar 
results were obtained in the other comparable 
cases. 

We may first note that, on the time scale, each 
graph exhibits two regions where the magnetic 
field effect is different: the first time period, from 
0 (maximum of the I ( t )  curve) to about 30 ns, 
where the 'prompt' component radiolumine- 
scence is known to be dominant (1 1,13) ; a second 
one, for times longer than 30 ns where only the 
'delayed' component, due to ion recombination, 
is present (1 I ) .  

In the case of the liquid solutions of 2b PPD in 
cyclohexane, the results of Fig. 2a suggest 
considering the time dependence of AIII as the 
sum of a damped oscillatory term and a mono- 
tonic decreasing component. The former term 
exhibits an  oscillation period of the order of 
120 ns; but its observability strongly depends on 
thc nature of the solute since no clear evidence 
for its occurrence could be found with other 
solutes like anthracene, para-terphenyl, and 
PPO (cf. Fig. 2a). On the other hand the second 
component was observed in all the liquid systems 
investigated: its decay is exponential with a rate 
constant k (s-l) depending on the external field B 
and the solute concentration C, as 

where k' is constant, while k" increases with C, 
and decreases for increasing fields around 
B = lo2 C .  The results for the 2b PPD solutions 
in cyclohexane are represented in Fig. 3. In the 
case of the solid solutions, by contrast, no  such 
variations could be observed on the time scale 
explored, where Al / I  remained constant. 

We only consider the slow lumillescence com- 
ponent arising fro111 geminate recoinbination of 
solute ion pairs. Init~ally these pair states may be 
taken as prepared in a singlet spin state by high 
energy i~npact  exc~tation. By recornbiilation, 
these ion pairs produce fiuorescing excited solutes 
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2 104 CAK. J CHEbI. VOL 51. 1977 

0 200  400 600 0 200 LOO 600  

time ins1 t ~ m e  lns l  

FIG. 2. Time dependence of relative fluorescence intensity AI/I  upon application of magnetic fields 
B for (u) 1.5 x .&l solutions of 2b PPD and PPO in cyclohexane at  room temperature and (b) 
M solution ofpTP in methylcyclohexane glass at 77 K ;  excited by B rays from a 0.1 yCi 90Sr-90Y source. 

Magnet~c field (Gauss) 

FIG. 3. Influence of the field strength B and the solute 
concentration C, on the decay rate k of exponentially 
decreasing AIII for 2b PPD solutions in cyclohexane at 
room temperature. 

provided they are singlet at  the neutralization 
time; recombination lunlinescence may thus be 
used to monitor the singlet character of the 
solute ion pair states between initial sudden 
preparation and final recombination. Denoting 
by p,(t) the probability of the correlated solute 
ion pair to be singlet at  time t ,  one has 

where p S B ( t )  and p:(t) are the quantities in the 
presence and the absence of the magnetic field. 

The time variations of p,B( t )  may be derived by 
taking for the unpaired electrons ( 1 )  and ( 2 )  a 
spin Hamiltonian involving a Zeeman and a 
hyperfine structure interaction term ( h  = 1) 

where S(i)  and Z(i) represent respectively the 
electronic and nuclear spins on the two radicals 
labelled i = 1 ,  2 ;  u(i) denotes the hyperfine 
isotropic coupling constant and P the Bohr 
magneton; nearly identical g values are assumed 
for the two ions. In order to define the represen- 
tation in which the total spin S = S(1) + S(2) is 
diagonal, we split H into two ternls which are 
symmetric and antisymmetric with respect to the 
interchange of the electronic spin indices on the 
two radicals : 

The symmetric part H, defines the representation 
in which the total electronic spin §of the ion pair 
is diagonal. The basis eigenvectors are written as 
the direct products ISM,; n) of electronic and 
nuclear spin eigenvectors: the former (SA/l,) in- 
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KLEIN A1 '4D VOLTZ 2105 

clude the singlet So and the triplet (To, T+ ,, T -  ,) 
eigenstates of S: the nuclear spin states In) are 
products of the eigenstates of Z(1) and Z(2): 
In) = iI(l), M(1); 1(2)M(2)); their total number 
is N = [21(1) + 1][21(2) t I]. The corresponding 
energy spectrum is (cf .  Fig. 4) 

The antisymmetric operator H ,  has only non- 
diagonal matrix elements, which couple the 
different S levels. For each nuclear /IZ) the two 
degenerate IS,iz) and /Ton) states are hence sub- 
mitted to resonance interaction, which gives rise 
to  coherent oscillations between these M = 0 
states (cf.  Fig. 4), with a characteristic frequency 

Damping is introduced by the spin-flip transi- 
tions between the (M = 0 ,n )  states and the non- 
isoenergetic (T, , n f 1) levelr ; these transitions 
are made poss~ble by spin-lattice relaxation and 
are all assumed to have equal rate constants T. 

Under these conditions the spin density matrix 
element (S,nlp(t)lS,n) representing the popula- 
tion of the ]Son) levels is given by (8) 

1 171 p,(n)(t) = - cos ( 2 ~ , , t )  e rp  (- 21-11 
2 N  

if one assumes that initially only the /Son)  states 
are formed with equal populations of the N 
possible nuclear states: p,(")(O) = N - l .  From 
this, the quantity p,(t) which is the total popula- 

FIG. 4. Singlet (So, n) - triplet (To,  n) coherent mixing 
and (M,  = 0, r z )  - = + I ,  71 T 1) states relaxation 
scheme for a radical ion pair in a magnetic field B (R,, 
frequency of the oscillations, r relaxation rate). 

tion ofthe So states, p,(t) = zn pS("'(r), is obtained 
as 

+ $[I + exp ( -4 r t ) I  

The field dependence is due to the relaxation 
rates T which must be related to the experi- 
mental parameter k of [I]. For B = 0, this con- 
stant is maximum and equilibrium is attained 
after relaxation times i 10 ns: under the present 
experimental conditions, we can hence take 
p,O(t) = 4, so that one gets the expression 

x exp ( - 2 r t )  + exp ( - 4 r t )  

which describes the principal features of the 
experimental data for Alp.  

In Fig. 2a, the above-mentioned damped 
oscillatory part exhibited by the curves for the 
2b PPD solutions is interpreted by the first term 
in expression [9]: a periodic behavior clearly 
appears, with a frequency of 8 MHz, which is 
indeed of the order of the isotropic hyperfine 
interaction in organic radicals (14) as expected 
from [6]. Periodicity requires that the various R,, 
values in [9] are lnultiples of a common fre- 
quency which impliesfollowing [6] that the hyper- 
fine coupling constants a(1) and a(2) on the 
positive and negative ions are not too different. 
Also the spectrum of the sets of equivalent 
nuclei should be as simple as possible: this 
appears to be the case for 2b PPD where the two 
equivalent nitrogen nuclei form a single set which 
may be suspected to dominate hyperfine structure ; 
in PPO, one of the nitrogen nuclei is replaced by 
a C-H group leading to a more complicated 
hyperfine structure spectrum, so that the time 
interference effects should be difficult to observe, 
in accord with the experiments (Fig. 2a). 

The other monotonic decreasing component of 
AZiI in Fig. 2a is described by the second expo- 
nentially decaying term of expression [9]. The 
experimental quantities k of [ I ]  are given by 4 T, 
with (8) 

i.e., two different contributions to spin-lattice 
relaxation. The first term T' is due to the rota- 
tional fluctuations of anisotropic magnetic 
interactions within the two radicals, and may be 
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2106 C A N  J C H E M  

expected to be of the order of the (TI ) - '  con- 
stants for the isolated radicals; indeed a value 
near lo6 s-l: in agreement with T I  for organic 
radicals (15), is found in liquid solutions in the 
high field case (cf. Fig. 3). The second relaxation 
lnechanism is attributed to time modulations of 
the isotropic hyperfine interactions by electron 
transfer from the radical ions to neutral solute 
molecules encountered during diffusion in the 
liquid (16). The field and solute concentration 
dependence of the corresponding rate constant 
T" is justified with the help of the general expres- 
sion (17, 1 8 )  P" = r ( 6 c ~ ) ~ J ( A o ) ,  where ( 6 0 )  is 
tlie interaction energy matrix element and Ao 
the transition energy which accordillg to [ 5 ]  
increases linearly with B: J(Ao)  represents the 
power spectrum of the fluctuating perturbation 
with correlation time T , :  J(Aw) = 2 ~ , / [ l  + 
(Aw . T,),] decreases for increasing B in the 10, G 
range provided T ,  z I ns, which is reasonable 
for interi~lolecular electron transfer (14). Finally 
r is the fraction of time during which the pertur- 
bation is operative: in terms of the mean times 
during (r,) and between ( T , )  the radical-neutral 
molecule encounters, CA is of the form r = 

T , / ( T ,  + T , )  or, since T ,  is proportional to 
C,-', c/. = r1qC,i(l + .rlqC,) with T ,  = (qC,)- l ,  
which sho~vs that r" increases with C,. With data 
from Fig. 3 one can verify that 1/T" increases 
linearly with IIC, as predicted. In  the solid 
solutions, no  diffusion of radicals takes place so 
that only the field and concentration inde- 
pendent part I-' may be important, which again 
agrees with experiinental observations in Fig. 2b.2 

As a concluding remark, we may note that the 
present experimental approach is particularly 
useful to focus attention on time development in 
spin subspace, independently froin the kinetics of 
recombination luminescence itself, which has 
been considered elsewhere (1 1, 19). 
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Discussion 
R. S. Dixon: I want to  point out that, in his calculations 
of p,, the probability of forming a singlet state, Brockle- 
hurst predicted a coherent oscillation of the overall 
wavefunction between singlet and triplet, which might be 
seen in sorne simple systems. In  our system, the large 
number of protons o n  M +  and M -  would smear out  the 
oscillation effect. We concluded that relaxation was Lln- 
inlportant because it occurred o n  a longer time scale 
(ws) than that over which we observed the field effect (ns). 
Your work implies that relaxation is important on  a 
nanosecond time scale. Is  this the case? 

J. Klein: Yes that is the case, but only in liquid solutions 
where, bcsidcs the usual spin-lattice relaxation processes 
( T I )  you have an additional relaxation process which we 
attributed t o  diffusion colltrolled electron transfer 
between ions and neutral solute molecules. 
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Field-assisted photo-stimulated charge transfer across 
photoconductor-dielectric liquid interfaces 

C. C. YANG AND J .  NOOLANDI 
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C. C. YANG and J. NOOLANDI. Can. J. Chem. 55.2107 (1977). 
Field-assisted photo-stimulated charge transfer across a photoconductor-dielectric liquid 

interface has been studied by a high sensitivity signal averaging transient measurement tech- 
nique. The effects of both the temperature and electric field (below 2 x lo5 V/cm) have been 
investigated. Experimental results were analyzed using an interface model developed earlier to 
describe the charge transfer kinetics. We have found evidence of direct and indirect transfer of 
charge across the interface and we have identified the controlling parameters for the desorption 
rate of charge carriers from the interface into the fluid. 

C.  C.  Y A ~ G  et J. NOOLASDI. Can. J. Chem. 55,2107 (1977) 
On a etudie le transfert de charge photostin~ulC et assiste par le champ a travers l'interface 

entre un photoconducteur et une liquide diklectrique en faisant appel a une technique de grande 
sensibilite niesurant les phenonienes transitoires par une methode qui Ctablit la nioyenne des 
signaux. On a Ctudie les effets de la temperature ainsi que du champ electrique (en bas de 
2 x lo5 V;cnl). On a analyse les resultats experinientaux en faisant appel a un modPle d'inter- 
face qui a ete developpi anterieurenient pour decrire la cinetique de transfert de charge. On a 
trouve des preuves dc transferts de charges directs et indirects a travers l'interface et on a 
identifie des parametres qui contr8lent la vitessc dc desorption des transporteurs de charges 
allant de l'interface vcrs le fluidc. 

[Traduit par le journal] 

Introduction for our experiment. The electrodes were SnO, 
The phenomenon of photo-assisted charge coated glass, overcoated with a thin film of SiO 

transfer across a photoconductor-dielectr~c (thickness 1000 A) to prevent charge i~ljection 
liquid interface has been studied in t h ~ s  expen- directly from the electrodes. Metal-free phthalo- 
ment. Evidence of charge transfer froin a photo- cyanine was vacuum deposited (thickness 1300 
conductor into nonpurified dielectric liquids has A) onto one of the SiO coated electrodes. The 
been reported earlier (1) for high electrlc fields. photoconductor was separated from the other 
and a phenomenological model mas deleloped electrode by a Teflon spacer, forming a cell 
to  describe this process. The experimentally which was filled with practical grade decane. 
observed transient current pulse was found to  The liquid was obtained directly from the 
depend primarily on two important paraineters: supplier's container and was not further purified. 
the release rate of charge froill surface traps on The thickness of the liquid was 120 pm and the 
the photoconductor into the lowest xacant state electrode area was 1 cm2. 
of a neutral impurity molecule adsorbed on the A Xenon flash lamp (3 ps duration), in con- 
surface, and the desorption rate of the ions from junction with a band-pass filter (400-800 nm), 
the interface into the liquid. The electric field was used to illuminate the cell. The photo- 
dependence of the two rates was examined generated current pulse inoved through the 
previously for the range 2 x lo5 to 106 V/cm. photoconductor layer in about s (2), 
Here we investigated the validity of the charge- which was shorter than the response time of our 
transfer model further by measuring the thermal instruments (2 ps )  The charge then transferred 
activation energies of the rates, and by extending into the liquid. The current in the l~quid in- 
the measurements to lower electric fields (lo4- creased as the charge carriers desorbed from the " 
lo5 V/cm). vhotoconductor surface, and decreased as 

carriers began arriving a t  the other electrode. 
anel Transfer The peak of the current trace, shown in Fig. 1, 

Model corresponds to the average transient time T for 
We used a typical capacitor cell arrangement carriers to move through the liquid. A typical 
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2108 CAN.  J .  CHEM. VOL. 5 5 .  1975 

FIG. 1. The least squares fit (solid line) of the single 
surface trap interface model to a typical transient current 
pulse (circles) for negative charge transfer from phthalo- 
cyanine into decane. The current is normalized by the 
peak current I, at t = T. 

value of .r was s. In terms of the drift 
mobility p of the charge carrier, we have 

where d is the fluid thickness and E is the electric 
field in the liquid. The magnitude of the carrier 
mobility as determined from [I]  was of the 
order of cm2 V - l s - l ,  indicating that the 
carriers were ions (3). 

As mentioned earlier, we restricted ourselves 
to  the low field region between 4 x lo4 and 
2 x 10' V/cm. The signal in this field range was 
always below the noise level and the conven- 
tional single transient measurement technique 
was found to be inadequate for this case. We 
circumvented this problem by using a signal 
averaging technique. Each of our data points 
represents the average of a few hundred to a few 
thousand current traces taken a t  the same 
temperature and field. By using this technique, 
the signal-to-noise ratio is improved by a factor 

where n is the number of current traces 
averaged. As a check, the average transit time 
obtained by this technique was plotted as a 
function of 1/E, and good agreement with [ I ]  
was found. 

The temperature in the cell was monitored by a 
micro-temperature sensor embedded in the 
dielectric liquid. The temperature m1as varied 
from 0 to  100°C and was stabilized to  better 
than i 1°C. At  100°C the sublimed phthalo- 
cyanine started to separate from the glass sub- 
strate, and the data points obtained a t  this 
temperature have only a qualitative significance. 

According to the phenomenological model, 
the transfer of charge from the photoconductor 
into the liquid requires the presence of an  un- 
occupied state whose energy (relative to the 
vacuurn level) lies below the conduction band 
energy of the photoconductor. This state can be 
conveniently supplied by the lowest vacant state 
of an  impurity molecule adsorbed on the photo- 
conductor surface. Direct transfer into the liquid 
is unlikely because the energy level of the ex- 
tended electronic state is a fraction of a volt (4), 
and is well above the conduction band energy 
of the photoconductor (3.2 eV). As shown in 
Fig. 2, charge in the photoconductor can either 
transfer to a neutral molecule directly or via 
surface traps a t  a release rate u,. In the process 
of desorbing from the photoconductor, the 
ionized impurity molecule must overcome the 
potential barrier resulting from the image 
potential and the applied electric field in the 
liquid, i .e .  

ae 
[2] U ( x )  = - - - eEx for x 2 a 

X 

where a has the dimension of the ion radius, e is 
the electronic charge, and a = ( ~ / ~ ~ T c E ~ ) ( E ~  - E ~ ) /  
(E,, + E ~ ) ,  where E,  and cf are the dielectric 
constants of the photoconductor and fluid, 
respectively. The position and magnitude of the 
potential barrier can be evaluated from [2] for 
different fields. 

VALENCE X 
BAND 

PHOTOCONDUCTOR FLUID 

FIG. 2. Schematic of the kinetics of charge transfer 
from the photoconductor into the fluid. Energy levels of 
electrons are shown to the left of the interface and the 
potential well of the ionized impurity molecule in the 
fluid is shown to the right of the interface. r ,  is the 
desorption rate of ions from the interface into the liquid 
and r ,  is the release rate of charge from surface traps into 
the lowest uiloccupied energy level of the molecule 
adsorbed onto the photoconductor surface. 
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The expression for the transient current pulse 
in the liquid has been shown to have the follow- 
ing form (I), 

where 

[4] i ( t )  = A [ l  - exp ( - r , t ) ]  
Br ,  + B[1 - exp (- r,t)] + --- 

rl - r2 
x [exp (- r , t )  - exp (- r,t)] 

Expressions for the constants A and B are given 
in ref. 1, and are not used in the present investi- 
gation. The desorption rate of carriers into the 
fluid is r, ,  and r, is the release rate from surface 
traps. The functional dependence of r ,  on 
electric field and temperature is given by (I), 

[51 r ,  = CE3I4 exp (- U t / k B T )  
I I T  K " )  

FIG. 3. Temperature dependence of the desorption rate 
where C is a constant, k, is Boltzmann's Y, for four different fields. The slopes at each field are 
constant, and the total activation energy U ,  almost identical and give a total activation energy of 
consists of two parts; the potential barrier 0.21 i 0.01 e V  Data points at 100'C are not very 

reliable because the photoconductor had partially sepa- 
height U(b) - U(u)  (where = rated from the substrate. 
to the potential maximum) and the ion mobility 
activation energy Up,  i.e., and the computer fit to [3]. I t  is evident that [3] 

161 U ,  = U(b)  - U(U)  + U p  
describes the shape of the current pulse quite 
well. 

The E3I4 part of the prefactor in [5] arises from 
the change in the curvature at the maximum of 
the potential barrier as the field is varied. 

The temperature and field dependence of the 
trap release rate r,  have not been calculated 
because of lack of information about the physical 
nature of the surface traps. 

Results and Discussion 
The charge transfer model was checked by 

measuring the transient current as a function 
of the electric field and temperature, and com- 
paring with [3]. The measured current traces 
were fitted to [3] by a nonlinear least squares 
computer routine. As mentioned earlier, each 
current trace used for comparison with the 
theory represented an average of many traces 
taken under identical conditions of electric field 
and temperature. Thus, the relative error of the 
data points depends primarily on the number of 
traces used for averaging, and is typically below 
5% for most of our traces. The uncertainty in 
the temperature is less than +0.5%, and the 
uncertainty in the value of the electric field is 
f 2%. Figure 1 shows an averaged current trace 

In Fig. 3 the logarithm of the desorption rate 
r ,  is plotted as an inverse function of tempera- 
ture for four different electric fields. It should be 
noted that all data points for the same field lie 
on a straight line and the lines for the different 
fields are nearly parallel to one another. This 
implies that the desorption process of charge 
carriers is thermally activated, as described by 
the Boltzmann factor in [5], and the activation 
energy U ,  is not very sensitive to the electric 
field for the low field range. The rate r ,  is shown 
in Fig. 4 as a function of the electric field. The 
data points for the different temperatures all 
follow the power law E~~~ which is shown by the 
solid lines. This again indicates that the con- 
tribution to the field dependence of r ,  from the 
exponent in [5] is negligible. The experimental 
value of U,, as deduced from the slope of the 
straight lines in Fig. 3, is 0.21 f 0.01 eV. U p  
can be obtained from the temperature depend- 
ence of the charge carrier mobility, shown in Fig. 
5. The slope of this line gives an activation 
energy of 0.17 i: 0.01 eV. The potential barrier 
height, U(b)  - U(a),  is thus determined to be 
0.04 i 0.02 eV, with no measured field depen- 
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FIG. 4. Electric field dependence of the desorption rate 
r., for three different temperatures. The solid line is a fit 
to the theoretical expression given by [ 5 ] .  

dence. The value of U(b)  estimated from [2] 
for E = 2 x lo5 Vlcm is about - 0.02 eV, 
which cannot be resolved in our experiment. 
The barrier height is probably dominated by the 
ion binding energy at the interface, U(a). 

The trap release rate r ,  is plotted as an inverse 
function of temperature in Fig. 6. As one would 
expect, the detrapping of charge increases with 
increasing temperature. Unfortunately, the data 
for r ,  cannot distinguish whether the charge is 
released from surface traps or from bulk traps 

FIG. 5. Temperature dependence of ion mobility for 
four different fields. The mobility activation energy 
obtained from the slope is 0.17 + 0.01 eV. 

FIG. 6. Temperature dependence of the trap release rate 
r2 for three different electric fields. 

near the surface. However, we have observed 
that the charge transfer from different phthalo- 
cyanine thin films gives different values of r ,  for 
identical values of temperature and field. The 
reason for this variation could be that slightly 
different film evaporation conditions may result 
in different surface morphology and different 
surface states. A more precise control on the 
vacuum deposition conditions is required to 
study this effect. For consistency, all measure- 
ments presented here were performed on one 
sample. The field dependence of r ,  shown in 
Fig. 6 cannot be interpreted at this time because 
of insufficient knowledge about the physical 
nature of the traps. 

Finally, the effective radius of the charge 
carrier, a, was determined by two different 
methods. The value calculated from [2], using 
the value of U(a)  estimated earlier from the 
activation energy of r , ,  is a - 8 A. The cor- 
responding value from Stokes' law, p = e/6nqa, 
where p is obtained from the transit time data 
and q = 0.88 cp for decane at 25°C is a - 7.4 A. 
The agreement between these two methods of 
determining a indicates that the small value of the 
binding energy at  the interface is indeed due to 
the large effective radius of the charge carrier. 

In conclusion, we summarize our findings as 
follows : the phenomenological model proposed 
earlier (1) gives a good description of the transfer 
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of photogenerated charge from a photoconduc- 
tor into a dielectric fluid under an applied 
electric field. The charge carriers in the fluid are 
ions, as indicated by the small value of the 
observed mobility, and charge transfer requires 
the presence of an impurity molecule with its 
lowest vacant energy level lower than the con- 
duction band energy of the photoconductor. 
Both the desorption r ,  of ions from the interface 
and the release rate r ,  from surface traps are 
thermally activated. The rate r ,  has a power law 
field dependence which arises from the effect of 
the applied field on the curvature of the image 
potential barrier near its maximum. The 
variation of the height of the potential barrier 
with field is very small and is not observed for 
the low field range investigated. The origin of 
the field dependence of r ,  is not understood at 
present. An investigation of the effect of various 
impurity molecules on the charge transfer is 
presently in progress. 
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Discussion 
A.  C. Albrecht: We very much appreciate the nice analysis 
you have presented for the transfer of charge at a semicon- 
ductor-fluid interface. We have studied this very system 
with chlorophyll acting as the semiconducting film and see 
both the fast and the slow signal. Your model should be 
very useful in analyzing these results too. An interesting 
qualitative effect we have seen is that as  we add 
chlorophyll monomer to the fluid phase the slow signal is 
greatly enhanced. Chlorophyll seems to mediate the dis- 
charge at the interface. The actual charge carrier in the 
fluid phase, though, is very likely a smaller molecule ac- 
cording to mobility estimates. 

J. Noolandi: We would be very interested in applying the 
analysis to your experiment. 
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Electron reactivity as a function of phase 
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Hahn-Meitner.Institlrt fiir Kernforschung Berlin G m b H ,  Bereich Stmhlenchemie, D 1000 Berlin 39, Germany 
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A. HENGLEIN. Can. J. Chem. 55.21 12 (1977). 
Reactions of free electrons in the gas phase, of quasi-free electrons and solvated electrons in 

dielectric liquids, of hydrated electrons in water, and of electrons originating from an electrode 
in contact with a solution are among the great variety of electronic processes in chemistry. It 1s 
the purpose of this paper to describe a few phase effects. Reactions of electrons in dielectric 
liquids will be discussed with respect to the corresponding processes in the gas phase. Further- 
more, certain aspects in the transfer of an electron from a hydrocarbon phase into the aqueous 
phase will be dealt with. The processes will be described in terms of electronic redox level 
distributions of the acceptor redox systems. 

A. HEXGLEIN. Can. J. Chenl. 55.21 12 (1977). 
Les reactions d'electrons libres en phase gazeuse, d'electrons pratiquement libres et d'elec- 

trons solvates dans des liquides dielectriques, d'electrons hydrates dans l'eau et d'electrons ayant 
leur originc dans une electrode en contact avec une solution sont parmi la grande varietk des 
processus electroniques de la chimie. Le but de ce travail est de decrire quelques effets de phases: 
on discutera des rCactions des electrons dans des liquides dielectriques par rapport aux pro- 
cessus correspondants en phase gazeuse. De plus on examinera certains aspects du transfert 
d'un electron d'une phase hydrocarbonee a une phase aqueuse. On decrira les processus en 
terrnes des distributions des niveaux redox-i.lectroniques des systemes redox-accepteurs, 

[Traduit par le journal] 

I. Abnormal Kinetic Phenomena in the 
Reactions of Electrons in Dielectric Liquids 

Excess electrons in dielectric liquids are very 
mobile and often react with dissolved substances 
with rate constants as high as 10'' to l o x 5  M - I  
s- I .  However, unlike normal fast reactions their 
rate constants often do not bear a simple relation- 
ship to the diffusion characteristics of the re- 
actants. This may be recognized from Figs. 1 
and 2 which show the dependence of the bi- 
~nolecular rate constant k on various variables 
such as the energy Vo (energy of the delocalized 
electron in a solvent with respect to an  electron 
in the gas phase), the nature of the acceptor 
molecule, the electron mobility, and the strength 
of a strong electric field across the solution. 

Figure 1 shows how k varies with V,, if the 
reaction of an  acceptor lnolecule is studied in 
different solvents. V,  is known to span the range 
from - 0.6 to + 0.1 eV for most of the dielectric 
liquids a t  room temperature. The mobility p of 
the excess electron varies over several orders of 
magnitude in these solvents as can be seen from 
the upper abscissa in Fig. 1. In  n-hexane which 
has a high V,  value all acceptor molecules with 
the exception of molecular oxygen react with rate 
constants of the order of 10" M - I  s- l .  For  
oxygen k is only 9.1 x 10" M - I  s-I  a t  room 

temperature. In  tetramethylsilane which has a 
low Vo value some acceptors such as sulphur 
hexafluoride and carbon tetrachloride react 
extremely rapidly (k - 1014 M - I  s - l )  while 
others such as nitrous oxide and ethyl bromide 
react even slower than in n-hexane. The two 
latter acceptors react fastest in solvellts of 
intermediate V,. Oxygen is a relatively poor 
acceptor in all these solvents (1)'. 

The activation energy of reaction has also been 
determined from the temperature dependence 
of the rate constant in various solvents. In 
n-hexane, many acceptors react with a positive 
activation energy (3). I t  amounts to 3.49 kcal 
mol-I in the case of good acceptors, a value close 
to the activation energy of the mobility of the 
electron in n-hexane (4.30 kcal mol-'). The 
reaction e-  + 0, -t 0 , - ,  however, has a 
smaller activation energy of 2.29 kcal mol- l ,  
although this reaction is slower than those of the 
other acceptor molecules. In the case of the sol- 
vent 2,2,4-trimethylpentane, the activation en- 
ergy can be positive (SF,), almost zero (N,O), or  
even switch from a positive value a t  low tem- 
peratures to  a negative one at  higher temperatures 
(C,H,Br) (1). In  the case of tetramethylsilane, 
the reactions of N,O and ethyl bromide occur 

'R. A. Holroyd. Private communicatior~. 
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- ,o-0 - 

- - - 

I I I 
- TMS neo-Cs i - C 8  n-C, n-C,- 

I I I I I I I c - F " I  

FIG. 1. Rate constants of the reactions of the electron 
with various acceptors in solvents of different V, at room 
temperature. Upper scale: mobility of the electron (ex- 
perimental results from Allen et a/. (1) and R. A. Holroyd, 
private comn~unication. Reprinted with permission from 
the Journal of Physical Chemistry 79, 25 (1975). Copy- 
right by the American Chemical Society. 

with small negative activation energies, the 
reactions of oxygen and carbon tetrachloride 
with small positive activation energies (1). 
Figure 2 shows the dependence of the rate con- 
stant for various acceptors in liquid xenon as a 
function of the strength of a superimposed 
electric field. The mean kinetic energy with which 
excess electrons move under the influence of the 
electric field is given a t  the top of the figure. 
While the rate constant decreases for SF, and 
0, with increasing electron energy, that for N 2 0  
goes through a maximum at about 0.6 eV of the 
mean kinetic energy (4). 

11. Concepts from Ordinary Reaction Kinetics 

The effects described above can be qualitatively 
explained by combining the concepts of ordinary 
reaction kinetics with data from electron impact 
on gas molecules and with concepts from the 
theories of electron transfer (7). A normal 

mean electron energy [eV] - 
0.05 0.1 0.3 0.6 1.0 1.5 

1015 I I I 

10 lo2 lo3 10' 105 
electric field strength I ~cm- '1  - 

FIG. 2. Rate constants of electron-solute reactions in 
liquid xenon as a function of the electric field strength. 
Upper scale: mean electron energy (experimental results 
from Bakale et a/. (4)). Reprinted with permission from 
the Journal of Physical Chemistry 80, 2556 (1976). Copy- 
right by the American Chemical Society. 

chemical reaction is said to be diffusion-con- 
trolled if the encounter time .re during which the 
two reactants are kept close together in the cage 
of the surrounding solvent molecules is longer 
than the time T, required for the reaction to 
occur after the reactants had come into this 
close contact. The bimolecular rate constant is 
given by the expression 

where A is the total diffusion coefficient, R the 
collision diameter of the reactants, and N = 
6.02 x T, may be expressed in terms of a 
frequency factor yr and a chemical activation 
energy E,: 

C"1 Tr = 
exp (Er/kT) 

Y r  
T, may be written as 

The activation energy of a diffusion-controlled 
reaction is given by that of the diffusion co- 
efficient A. 
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O n  the other hand, if 7, < T,, the probability 
p of the reaction per encounter is lower than 
unity and the bimolecular rate constant may now 
be expressed as 

Putting y equal to T,/T, (for z, << 7,) one obtains 
from [I], [2], and [4] 

[5 I k zc y, exp (- E,IkT) 

The measured activation energy of the reaction 
is now equal to the chemical activation energy 
E,  and the rate constant is independent of the 
rate of diffusion. In the case of the reaction of 
an electron, the movement of the acceptor inole- 
cule may be neglected and A is practically equal 
to the diffusion coefficient A,, of the electron 

where p is its mobility and e the amount of its 
charge. If the expressior, 

describes the temperature dependence of the 
mobility of the electron, the rate constant of a 
diKusion-controlled reaction should be pro- 
portional to  T exp (- E,/kT). The measured 
activation energy of a diffusion-controlled re- 
action should therefore be slightly higher than 
E,, provided that R is not dependent on the 
temperature. The interaction radius R may be as 
large as the de Broglie wavelength 7., of the elec- 
tron. In a strong electric field the mean velocity 
5 of the electron increases with field strength F 
and the interaction radius R may be expected to 
decrease. In liquid xenon, for example, C is 
proportional to FO 3 2  and R should be pro- 
portional to F-0 .32 (5). 

The time which a n  electron spends close to an  
acceptor molecule will become shorter with in- 
creasing mobility of the electron. We may thus 
talk in terms of an  encounter time .re for reactions 
of electrons, although this concept which is 
based on a random-walk type of motion is very 
approximate for solvents of high electron 
mobility. Recent measurements of the rate con- 
stants for electron capture by sulphur hexa- 
fluoride in liquid rare gases indicate that R is 
close to X = h/mE (5, 6). The diffusion co- 
efficient of the electron at  room temperature 
amounts to 2.3 x cm2 s-I  in n-hexane and 
2.3 cm2 s-I  in tetramethylsilane. If R is of the 

order of cm, the respective encounter times 
of [3] are of the order of 10-1°s  (n-hexane), 
and 10-13 s (TMS). The rate constant k, for 
diffusion-controlled processes in these solvents 
is of the order of 1012 M - I  s - I  (n-hexane) and 
1015 M-I s-'  (TMS) as calculated from [I]. 
The highest k values which have been measured 
in these solvents are indeed of this magnitude 
and the activation energies for such rapid re- 
actions agree fairly well with those for the 
electron mobility (1, 3). z, is regarded as the time 
required for the acceptor nlolecule to reach a 
certain atomic configuration (including the 
solvation shell) a t  which the electron can be 
a ~ c e p t e d . ~  In molecular photochemistry, Franck- 
Condon transitions to a higher electronic state 
of a molecule are associated with various transi- 
tion energies depending on the actual interatomic 
distances in the molecule at  the moment of light 
absorption. Similarly, the capture of an electron 
by a molecule can occur with a distribution of 
transition energies. 

111. Concepts from Electron Impact in the 
Gas Phase and Electron Transfer Theories 

Electron transfer reactions generally have a 
free energy of activation which is not zero even 
if the free energy of the reaction is negative. The 
activation of the reacting system has to occur in 
order to bring the reactants into the appropriate 
molecular configuration (including the solvation 
shells of the reactants). In this configuration, the 
energy of the system before the electron jumps is 
equal to that after the jump and the products are 
finally deactivated to their states of lowest 
energy. The theories of Marcus (8) and Levich 
(9) describe the properties of the activated states 
in electron transfer reactions in solution. We 
shall make use of the simpler treatment of 
Gurney (10) and Gerischer (11) in which the 
distributions of the electro~lic redox levels of the 
two redox systems involved in a transfer reaction 
are compared with each other. Although this 
treatment does not describe electron transfer 
reactions in the most exact manner, it readily 
leads to a semiquantitative explanation of the 
observed reaction rates. The density of states 
functions of the activated complexes are simply 

'Since 7, can hardly be shorter than 10-l3 s, i.e. the en- 
counter time in tetramethylsilane, the above-mentioned 
k ,  value of 1015 M-' s-  for this solvent represents a 
general upper limit for the rate constant of reaction of e -  
in solution (at room temperature). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



substituted by those of the separated reactants 
(i.e. extremely weak interaction is assumed) and 
electron transfer is postulated to occur only 
from occupied electronic redox levels of the 
donor system to unoccupied ones of the acceptor 
system of equal energy. Such transitions are 
represented by vertical transitions between the 
potential curves of the systems A + e- and A - .  

Vertical transitions in reactions of electrons in 
dielectric liquids with solutes have been postu- 
lated in earlier papers (1, 7, 12). It is an  intriguing 
feature of such considerations that reactions of 
electrons with molecules in the gas phase, where 
the kinetic energy of the electroils can be varied, 
may be compared with the reactions in dielectric 
solvents. where the total energy of the electrons 
can be varied by choosing solvents of different 
energy V,  or by heating up  the electroils in an  
clectric field. 

The energy of the electron in a liquid is 
characterized by the energy V,  if the reaction of a 
delocalized electron is to be considered. We shall 
assume in the following treatment that the 
electron is in the V, level at  the moment of 
reaction. This assumption is probably fulfilled in 
the case of liquids of high electron mobility where 
the electron wends most of its time in the de- 
localized state. I t  should. however, not be ex- 
cluded that trapped electrons may also be able 
to  react with a solute molecule before they are 
thermally released into the V,, level. This may 
occur in liquids of Iow mobility in which the 
electron spends most of its time in the trap and 
where its optical absorption has even been 
observed (13, 14). Reactions of a localized 
electron may occur via tunneling to the acceptor 
molecule. The energy levels which are occupied 
by localized electrons lie below the level V,. 
Trap depths of the order of 0.4-0.5 eV have 
recently been reported (1 5). 

As the energy Vo refers to that of an  electron 
in the gas phase, one has to choose the same 
reference point for the energy E with which the 
electron is bound in the acceptor molecule. E is 
the energy which is liberated in the theoretical 
process e-(g) + A(s) -+ A-(s) where e-(g) is 
an electron in the gas phase and A(s) the 
acceptor molecule in solution. This energy 
liberated must be equal to V,, if the reaction 
e-(s) + A(s) + A-(s) of an  electron e-(s) in 
solution occurs as a vertical transition. Let us 
study the following cycle of processes in which all 
species are meant to be in their lowest state of 

internal energy: 

[8 I A(s) + A(g) -AH,(A) 

[91 e-(&) + A(g) -, A-(&) - EA(A) 

[lo] A-(g) -, A-(s) AH,(A-) 

[ l l ]  e-(g) + A(s) + A-(s) 

AH, denotes the energy of solvation and EA the 
gas phase electron affinity, E ,  is the energy 
liberated if all species are in thermodynamic 
equilibrium with their surroundings. E ,  - V,  is 
the energy of reaction AH, of an electron in the 
V,  level with an  acceptor in solution. 

In  a vertical transition e-(g) + A(s) -+ A-(s), 
I~owever, the anion A-(s) is generally not formed 
in its lowest state of internal energy but with a 
certain amount of excess energy. This excess 
energy has a distribution and consequently the 
transition energy E has a distribution too. It will 
peak at  some energy above E,. This distribution 
of transition energies may be called the density 
of unoccupied electronic levels D,,occ(~) of the 
redox system A(s)lA-(s). 

The spontaneous ejection of an electron from 
the anion A -  into the V,  level of the liquid may 
now be considered. If the electron is not to 
change its energy during the process, the energy 
for removal of the electron into the gas phase 
according to the theoretical process 

[I21 A-(s) -t A(§) + e-(g) 

must be equal to - V,,. The energy for removal of 
the electron is equal to - E ,  (eq. 11), if all 
particles are considered in their lobest states of 
internal energy (including their solvation shells), 
i.e. ~f the process occurs adiabatically. However, 
in a vertical transition, the product A(s) will 
generally be formed with excess energy. The 
energy for the removai of the electron into the 
gas phase will thus be larger than -E,. We may 
expect a distribution of energies for removal of 
the electron. The corresponding energies E 

characterize the occupied electronic levels of 
the redox system A(s)/A-(s) and their distribu- 
tion function may be designated Doc,(&). It will 
peak below E,. 

The energies where the maxima of the 
functions D,,,,,, and Do,, are located differ more 
from E ,  the more the atomic structures of A and 
A- and thelr solvation shells differ from each 
other. I11 nonpolar solvents, solvation is mainly 
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due to electronic polarization of solvent mole- 
cules which is little dependent on their orienta- 
tion. The width of the distribution functions will 
therefore mainly be determined by the changes 
in the equilibrium distances of the atoms in A 
and A-. 

Our model is the most simple-minded one: the 
solvent is regarded as a homogeneous dielectric 
medium. All processes are excluded in which 
part of the energy of reaction is channeled into 
internal degrees of freedom of the solvent. 
Furthermore, the effect of nuclear tunneling dis- 
cussed in the theory of electron transfer (8) is 
disregarded. These processes, however, may play 
an important role in slow reactions of electrons, 
i.e. in reactions where the density of unoccupied 
levels of the acceptor system at the energy V,  is 
low. 

IV. Simple Acceptor Molecules 
Potential functions of simple acceptor mole- 

cules such as N,O, C,H,Br, CCl,, and 0, have 
been published in the literature (16-19). They 
are shown in the diagrams of Fig. 3. Consider 
diagram (b) for carbon tetrachloride: The 
curve for the system CCl,(s) + e-(g) was ob- 
tained by shifting that for the system CCl,(g) + 
e-(g) by the small amount of the solvation energy 
of carbon tetrachloride. Similarly, the curve for 
CC1,-(g) was shifted downwards by the larger 
amount of the solvation energy of the anion to 
obtain the curve for CC1,-(s). The upward 
pointing arrow indicates the most probable 
transition e-(g) + CCl,(g) -+ CC1,-(g) which 
requires an electron energy of 0.3 eV. Transi- 
tions with smaller and much higher energies are 
also possible in the Franck-Condon range. 
CCl,- immediately dissociates to_. form C1- 
whose ionization efficiency curve (cross section 
US. electron energy) determined by mass spec- 
trometry gives information about the spectrum 
of transition energies in the gas phase. The 
downward pointing arrow in Fig. 3b indicates 
the most probable transition of the theoretical 
process e-(g) + CC14(s) -t CC14-(s). The energy 
E of this transition differs from that of the cor- 
responding gas phase process by AH,(A-) - 
AH,(A), provided that the anion is formed in 
its solvation state of lowest energy. In a vertical 
transition, this condition will generally not be 
fulfilled since the anion will be formed with the 
structure of the solvation shell of the neutral 
molecule. As mentioned before, this effect will 

FIG. 3.  Potential curves of various redox systems in the 
gas and liquid phase: (a) Christophorou et al. (16); 
(b, dj Wentworth et a/. (17, 18); (c) Schultz (19). 

not be too pronounced in dielectric liquids. We 
take this effect into account by adding only 
0.8[AHs(A-) - AH,(A)] to the transition energy 
in the gas phase to obtain that of the process 
A(s) + e-(g) -, A-(s). 

The problem lies in the calculation of the 
difference AHs(A-) - AHs(A). The free energy 
for charging a sphere of radius r with the ele- 
mentary charge e in a medium of dielectric 
constant 9 is (20) 

The free energy of solvation of an anion of 
radius r is then AG, + AG,(A) where AGs(A) is 
the free energy of solvation of the neutral 
molecule (21). The energy of polarization is 

and the energy of solvation of an anion is 
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AH, + AH,(A). T11e above-mentioned difference 
AH,(A-) - AH,(A) is therefore equal to  AH,.^ 

Since d9/dT < 0, AH, < AG,. 9 has prac- 
tically the same value for the various dielectric 
liquids, i.e. AG, or AH,, can be regarded as 
independent of the nature of the solvent. The 
effective radius r is often calculated from the 
molar volume of the neutral molecule in its 
condensed state : 

where M = molecular weight, d = density of 
A (see, for example, ref. 23). This procedure 
yields reliable values of AGp for large molecules. 
In the case of small molecules or molecules in 
which the charge is not uniformly distributed, 
too small amounts of the solvation energy are 
obtained. One must make a plausible estimate of 
r in these cases. The charge;n the anion N 2 0 - ,  
for example, is strongly localized at the oxygen 
atom. The radius r calculated from the molar 
volume of liquid N 2 0  is certainly an upper limit, 
while a radius equal to half the sum of the NN 
and NO distances in this molecule can be taken 
as a lower limit. 

The largest cross section for electron capture 
by ethyl bromide is observed at an electron 
energy of 0.76 eV in the gas phase. 0.8AHp is 
calculated as - 1.06 eV for the anion. The energy 
of the electron in the most probable transition 
e-(g) + C,H,Br(s) + C2H,Br-(s) is obtained 
as 0.76 - 1.06 = - 0.3 eV. The function Dun,,, 
drawn in Fig. 4 therefore peaks at E = - 0.3 eV. 

The system N20(s)/N20-(s) is characterized 
by a most probable transition energy of 2.2 eV 
in the gas phase. However, as mentioned before, 
the value of 0.8AHp is rather large in this case 
because of the concentration of the charge on the 
small oxygen atom. One can expect the function 
Dunocc(~)  to peak at an E value close to zero. 

Figure 4 also shows the energies V,, of the 
excess electron in various liquid hydrocarbons 
and in tetramethylsilane. The reaction of an 
electron-acceptor encounter pair will be fast, if 
the density of unoccupied electronic levels of the 
system A(s)/A-(s) is high at E = V,. With de- 
creasing temperature, V, of most of the liquid 
hydrocarbons increases (24) while the increase 
in the dielectric constant causes the functions 
Dun0,,(~) to shift downwards. Let us now discuss 
the experimental observations in Section I from 
these voints of view. 

(a)  Dependence of the Rate Constant on V, or p 
Tetramethylsilane may first be regarded as a 

solvent of high electron mobility. Since T, << T,, 
only molecules where the distribution of un- 
occupied levels is peaking close to V, = -0.6 
eV are expected to react rapidly with the electron 
in this solvent. Carbon tetrachloride is a typical 
example. Acceptor molecules whose distribution 
of unoccupied levels is peaking far above or far 
below E = - 0.6 eV are expected to react much 
slower. Ethyl bromide and nitrous oxide are 
examples of the first case and oxygen of the latter 
one. 

In n-hexane, the condition T, > T, is fulfilled 

The shape of the curve roughly corresponds to 
that of the ionization efficiency curve of Br- 
found in the gas phase reaction. The half width 0 
was broadened by 0.2 eV to account for the 
various reorganization energies of the solvation 
shell. 

Similar functions are shown in Fig. 4 for the t -1 
other systems in Fig. 3. Carbon tetrachloride is ZJ 
expected to have the highest density of un- 2 
occupied redox levels at E = -0.7 eV. In the ' 
system 0,(s)/02-(s), the most probable transi- -2 

tion energy is expected to be very negative, i .e.  
about - 1.8 eV. This is due to the rather large 
value of the solvation energy of this small -3 
molecule. The energy E, is calculated as about 
-2.8 eV. Dunocc ( E )  --) 

31n earlier calculations of various authors (7, 22), small FIG. 4. Estimated distributions of unoccupied electronic 
errors were introduced by regarding AG, as equal to redox levels of the system A / A -  of Fig. 3 and the energy 
AG,(A-), and AH, as equal to AH,(A-) .  levels Vo of the electron in various hydrocarbons. 

-- n - C ,  - I -C8 
- I -C - n e o ' ~ ,  - TMS 

- 

- 

- - EO 
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for many acceptor n~olecules even if their dis- 
tribution of unoccupied levels does not peak 
close to E = 0, i.e. close to V,  in this solvent. 
One may thus understand why most of the solutes 
react with a diffusion-controlled rate constant in 
this solvent. Only in the case of oxygen. the 
density of unoccupied levels at  E = 0 is so low 
that the condition t, > t, is no  longer fulfilled. 
The reaction, therefore, is not diffusion-con- 
trolled. 

That oxygen is able to react with a rate 
constant of about 10" M-'  s- I  may be ex- 
plained by one of the effects which we have 
excluded in the simple-minded model. (I) 
Reaction may occur a t  a suitable configuration 
of the solvent shell of the 0, molecule mhich 
allows the f l o ~  of part of the energy of reaction 
into internal degrees of freedom of the solvent 
molecules. Such a configuration may be obtained 
during the thermal fluctuations of the system 
with little activation energy. (2) Reaction may 
occur via internal conversion of 0, + e- into 
0 , - .  This process will be slow since internal 
conversion in diatomic inolecules generally is 
not fast. Both explanations mould be in agree- 
ment with the rapid attachment-detachment 
equilibrium e-  + O 2  0,- $: postulated by 
Baxendale et al. (3). 

The maxima for the rate constants of N,O 
and C,H,Br in Fig. 1 can also be explained. In  
going from 11-hexane to solvents of increased 
electron mobility such as neopentane, two 
opposing effects affect the rate of reaction. (1)  
The increased nlobility causes an increase in the 
rate constant as long as z, > t,. (2) The density 
of unoccupied levels in these t u o  acceptor 
molecules decreases with increasing p (or de- 
creasing V,) for solvents of low V,. This effect 
will lead to a decrease in the rate constant as 
soon as the condition z, > z, is no longer valid. 

In  the case of oxygen, the reaction is slower in 
all the solvents than expected for a diffusion- 
coiltrolled process. The increase in rate with 
decreasing Vo (or increasing y) of the solvent is 
not due to the increased mobility but to the 
increase of the density of unoccupied states at  
the V, level of the electron. 

I n  tetramethylsilane. three cases may be 
distinguished. 

(1)  The acceptor system has a high density of 
unoccupied states a t  E = V,  = - 0.6 eV. Accord- 
ing to  (a) the reaction is almost diffusion-con- 
trolied. A small positive activation energy 

almost equal to that of the inobility of the 
electron can be expected. A typical example is 
carbon tetrachloride. 

(2) The acceptor system has its center of un- 
occupied levels a t  much lower E values. A 
decrease in temperature leads to a smaller value 
of the function Dun,,, a t  E = V,, i.e. to a lower 
rate. A positive activation energy will therefore 
be observed as well as a low rate of reaction. 
Oxygen is a typical example for this case. 

(3) The acceptor system possesses a distribu- 
tion of unoccupied levels far above -0.6 eV. 
The rate constant will again be low. A decrease 
in temperature leads to an increased value of 
Dunocc(~)  a t  E = V,,. The rate increases, i.e. a 
negative activation energy will be observed. 
Examples are nitrous oxide and ethyl bromide. 

In solvents of intermediate V,, such as 2,2,4- 
trimethylpcntane, the condition t, > s, will be 
fulfilled at  low temperatures for almost all 
acceptors. Diffusion-controlled reactions with a 
positive activation energy will be observed. If the 
acceptor system has a high density of un- 
occupied levels a t  E = V,, the activation energy 
will still be positive a t  higher temperatures. 
However. if the density of states peaks at  high 
E values. the condition z, < T, is reached at  
higher temperatures and the rate determined by 
the value of D,,,,,(E) at  E = V,. A negative 
activation energy will now be observed. This 
explains the maxinlurn of the rate constant for 
C,H,Br in 2,2,4-trimethylpentane (1). 

( c )  Dependence of the Rate Constant on Electrical 
Field Strength 

The electrons are mainly moving in a level with 
the energy E = Vo + fK. where E ,  is the mean 
kinetic energy picked up by acceleration in the 
electric field. The decrease in E with increasing 
field strength causes the interaction r a d ~ u s  R to 
decrease. This effect will generally contribute to 
a decrease in the rate constant with increasing 
field strength. However, if the acceptor system 
possesses a distribution of unoccupied levels a t  
energies higher than V,, the increase in field 
strength will result in a higher value of the 
function D,,,,,,(E) at  the energy E = V, + E,. 
This effect may counterbalance or  even surpass 
the decrease in the interaction radius and thus 
lead to an increase in the rate constant with 
increasing field strength. A typical example for 
this behavior is nitrous oxide. The rate constant 
passes through its maximum value with in- 
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TABLE 1. Thermodynamic and kinetic data on the equilibrium A(s) + e-(s) S A-(s) for various acceptors in tetra- 
rnethylsilane (22, 26) (all energies in kcal mol-') 

Attachment reaction 
Electron -------- 
affinity Rate constant Detachment reaction 

Acceptor (gas phase) AH, 298ASr AG, (IW-I SKI) rate constant (s-l) 

Triphenylene 6 . 5  -17.6 -6 .1  - 1 i . 5  2 . 5 ~  10'2exp(0.72:'RT) 1 . 3 ~  1OUexp(-16.9:'RT) 
Phenanthrene 7 .1  -16.8 -6 .6  -10.2 4 . 7 ~ 1 0 ' ~ e x p ( 0 . 6 8 : ' R T )  5.1x101'exp(-16.1:RT) 
Naphthalene 3 .5  -16.1 -8 .5  - 7 . 6  2 . 6 ~  1012exp(0.78/RT) 4 . 7 ~  10 i%xp( -15 .4 IR~)  
Styrene - 0 . 2  -15.4  -9 .6  -5 .4  4 . 6 ~  10'2exp(0.77/RT) 1 . 2 ~  101%xp(-14.6/RT) 
a-Methylstyrene -1 .2  -16.0 -11.6 -3 .9  3 . 0 ~ 1 0 ' ~ e x p ( 1 . 0 1 : R T )  1.4x10Z0exp(-15.OiRT) 
Carbondioxide -9 .2  -21.1 -13.7 - 7 . 4  2 . 7 ~ 1 0 ' ~ e x p ( 0 . 9 4 ! R T )  3 . 2 ~ 1 0 ~ ~ e x p ( - 2 0 . 2 / R T )  

creasing field strength when the energy E = V, + 
E ,  of the electron is about equal to the energy 
a t  which the D,,,,,(E) function of the acceptor 
peaks. 

111 the foregoing discussion, only those dis- 
tributions of unoccu~ ied  electronic levels were 
considered which result from transitions from 
the vibrational ground state of the molecule to 
the anion. The influence of thermal activation of 
the acceptor molecule to higher vibrational 
states was neglected. Excitation of the 0, 
molecule into the first vibrational excited state, 
for example, would enhance the probability of 
transitions which are accompailied by small 
transition energies, i.e. the function D,,,,,(E) 
would become wider and larger a t  low E values. 
However, this effect does not seem to play any 
role in n-hexane as the activation energy found 
by Baxendale et al. (3) is much lower than the 
energy of 4.6 kcal mol- '  of a vibrational 
quantum in oxygen. In the case of polyatomic 
molecules, thermal excitations may occur more 
frequently and influence the distribution of 
unoccupied electronic redox levels. Thermal 
fluctuations in the solvent shell are of great 
importance in electron reactions and slow elec- 
tron transfer reactions in strongly polar media, 
and internal excitation of the reactants may 
play an important role in slow electron transfer 
reactions. 

V, Aromatic Acceptor Molecules and 
Cwaabsn Dioxide 

The anions of aromatic compounds are 
stable with respect to atomic dissociation. They 
may, however, spontaneously lose the eiectron. 
Equilibria of the type 

1161 A(§) + e - (s) + A - (s) 

in tetramethylsilane have been studied (25, 26) 

by measuring the rate constant of the forward 
reaction as weli as the constant of the equi- 
librium 

a t  various temperatures. Table 1 shows thermo- 
dynamic data derived from the measurements 
as well as expressions for the temperature 
dependence of the rate constants. 

All these aromatic acceptors react with about 
the same energy AH, although they have differ- 
ent electron affinities in the gas phase. Small 
molecules have a low electron affinity but they 
are more strongly solvated. so = - EA + 
AH,(A-) is about 23 kcal mol-I  in all these 
cases. The differences in the free energy of 
reaction AG, are caused by the reaction entropy 
AS,  which is the more negative for the smaller 
(i.e, more solvated) molecules. 

Electron capture occurs with a small negative 
activation energy, which changes little for the 
various acceptor molecules. The preexponential 
factor of the rate constant has almost the same 
value in all the cases studied. The rate constant 
amoui~ts  to about 1 x 1013 M - l s - l  a t  room 
temperature. I t  is slightly smaller than the rate 
constants of sulfur hexafluoride and of carbon 
tetrachloride (Fig. 1). These findings suggest 
that the distribution of unoccupied redox levels 
of the aromatic acceptors is centered slightly 
above V,  = - 0.6 eV in tetrarnethylsilane. 

The activation energy for electron detachment 
is slightly lower than -AN,, i.e. close to 21 kcal 
mol-I for all the aromatic anions. The rate 
constant at  rooin temperature generally amounts 
to  lQ5 to 10IOs-l. That these detachment pro- 
cesses are so fast despite their large activation 
energy is due to the large preexponential factor 
of the rate constant which is of the order of l o t7  
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to loz0 S-I .  Such large preexponential factors 
are known for a number of unimolecular re- 
actions of polyatomic molecules in solution. 
They are observed if many internal degrees of 
freedom of the molecule participate in the 
process of activation and they are expressed by 

where n is the number of active internal degrees 
of freedom and E the activation energy (see, for 
example, ref. 27). 

The activated state of the detachment reaction 
is thought to be an activated molecular anion in 
which the energy E of the electron (with respect 
to the energy of an electron in the gas phase) is 
equal to the energy V,. It can thus readily escape 
into the solvent. The preexponential factor of 
the rate constant may be presented as the 
product 1013 exp (ASV/R) where AS* is the 
activation entropy (1013 s- : collision fre- 
quency). The AS" values calculated from the 
preexponential factors of Table 1 are practically 
identical with the reaction entropy AS, (26). 
Since the latter is equal to the entropy of polar- 
ization of the medium by the anion, one may 
suppose that the high entropy of the activated 
complex of the detachment reaction is due to 
little polarization of the solvent. If this sup- 
position is correct, one must conclude that the 
electron is rather diffuse in the activated com- 
plex. 

The electron attachment-detachment equi- 
librium of CO, has been studied in various 
solvents (22). The kinetic and thermodynamic 
data for tetramethylsilane are included in 
Table 1. The activation energy for detachment 
is clearly higher than that for the aromatic 
anions. The rate of detachment, however, is 
about the same as that of the aromatic anions, 
since the preexponential factor is correspondingly 
higher for C0,-. The high activation entropy 
for detachment is again explained by changes in 
the solvation shell of C0,- .  

CO, is linear and C0,-  is bent (134") (28). 
Vertical electron attachment or detachment in 
the gas phase will lead to products with a lot of 
excess energy. It has recently been shown by 
ab initio calculations (29) that a series of ex- 
tended Rydberg-like orbitals exist for an electron 
which is added to CO, in its linear configuration. 
The more extended the orbital, i.e. the higher its 
quantum number, the lower is the energy of the 
CO,- anion formed. On the other hand, the 

state of lowest energy of C0,- in its bent 
equilibrium configuration is the one in which the 
electron is located in the orbital of lowest 
quantunl number. It is difficult to piedict how 
the potential functions of these excited states 
will change upon dissolution of the molecules. 
It is, however, conceivable that these states play 
a role in both the attachment and detachment 
process. 

VI. Heterogeneous Electron Transfer: 
Electronic States in Water 

Electrons can be accepted by water from ex- 
cited states of anions (30). Ultraviolet-light 
excitation of the ferrohexacyanide anion, for 
example, leads to a very rapid detachment of an 
electron. The dynamics of the later stages of its 
solvation have been studied using picosecond 
detection techniques (31). However, it could not 
be decided in this experiment whether the 
electron was initially injected into the conduction 
band of water or into a localized state below the 
level Vo. The excitation of ferrohexacyanide by 
4.75 eV quanta leads to a state characterized by 
E = -0.1 eV on our energy scale (E = 0 for the 
electron in the gas phase). According to the 
present theoretical considerations, Vo in water 
may lie somewhere between - 0.5 and + 1.0 eV.4 

It has recently been found that molecules of 
low gas phase ionization energy (- 6.5 eV) such 
as phenothiazine (33) and tetramethylbenzidine 
(34) can be ionized by 3.56 eV quanta (fre- 
quency doubled ruby laser) if they are irradiated 
in the lipoidic interior of anionic micelles in 
aqueous solution. Immediately after the 10 ns 
laser flash, the spectrum of the hydrated electror: 
and that of the cation of the solubilized molecule 
could be seen. The interfacial potential of - 0.5 V 
between the hydrocarbon-like part of the micelle 
and the aqueous phase facilitates the ejection of 
the electron from the first excited singlet state of 
the molecule formed by light absorption. The 
electron is transferred to the aqueous phase 
through the electric double layer at the surface 
of the micelle and the negative overall charge 
of the micelle prevents a fast neutralization of 
the ion pair produced. 

The energetics of the process are shown in 
Fig. 5. The levels of the redox couples Pf /P(S,), 
P+/P(s,), and P+(T,) in the micelle are shown 
on the left side (S,T: singlet and triplet states of 
phenothiazine). Excitation by 3.56 eV quanta 

4J. Jortner. Private communication, 
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FIG. 5. E O  values of various redox systems of pheno- 
thiazine in anionic micelles and of the redox system 
aq./e,,-. The distribution functions of unoccupied and 
occupied electronic levels of the latter system are also 
indicated. Their exact shapes are not known. 

micellar phase 

leads to a vibrational level of the first excited 
singlet state at a position slightly above the 
thermodynamic level E O  = -1.63 eV of the 
hydrated electron (right side of Fig. 5). The 
electron can easily move into the aqueous phase 
at an energy E which is far below the energies at 
which electrons are generally detached from 
CTTS states of anions. 

Two explanations for this phenomenon may 
be given. The author prefers an explanation 
which is pictured by the functions D,,,,, and 
Do,, on the right side of Fig. 5. The Vo level is 
believed to be high (at about -0.2 eV (35)). 
Below this level, water may accept electrons into 
clusters of suitable structure present in the 
thermal fluctuations in the liquid. The electronic 
energies of these clusters(aq.) are characterized 
by the function D,,,,,(E). After acceptance of the 
electron, reorganization of the solvent shell to 
reach the state of lowest energy will take place. 
The clusters(aq.) and the hydrated electron e,,- 
may thus be considered to be the oxidized and 
reduced forms of a redox couple. A function 
D,,,(E) below E O  = - 1.63 eV must exist de- 
scribing the distribution of occupied electronic 
levels of this redox system (i.e. the distribution 

aqueous phase 

of negative energies required to move the 
electron in a sudden process from e,,- into the 
gas phase). The shape of the two distribution 
functions is not known. 

On the other hand, it has been shown in photo- 
electrochemical experiments that electrons can 
be ejected from a light irradiated electrode into 
water at energies E < - 1.3 eV (2,32). The effects 
were explained by injection into the conduction 
band of water and thus Vo should be equal to 
- 1.3 eV. It should be mentioned that under 
these circumstances the maximum in the absorp- 
tion spectrum of e,,- must be attributed to the 
transition to a bound state e,,-* which lies 
above the level Vo. No theoretical reasoning for 
the existence of such an excited state has yet 
been given. One may, however, also postulate 
that the electron can be transferred from an 
electrode into unoccupied electronic levels below 
V,  as described above. A clear distinction 
between the two explanations does not seem 
possible at the present time. 
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Discussion 
G. R. Freeman: Part of the high value of the apparent 
frequency factor (1020 s- ' )  for detachment reactions in 
TMS might be due to a negative temperature coefficient 
of the enthalpy of activation Ea 2 AH'(0) - yT. where 
AH-;(0)  is the activation enthalpy extrapolated to zero 
Kelvin and -( is the temperature coefficient. We have 
observed a similar behavior for electron mobilities in 
olefins at low temperatures, where transient negative ions 
seem to form. It has also been observed in several semi- 
conductors. A value of y % eV/K will increase the 
apparent frequency factor by about 10,. 

k = A exp (- E,,'RT) = 

A exp ( y R )  exp (-AH*(O)/RT) 

The effect seems to be due to temperature dependence of 
the solvation free energy of the transient anion. 

A. Henglein: I agree that this couid be a contribution for 
the high preexponential factor. However, let me emphasize 
the fact that the calculated activation entropies always are 
equal ?a the energy of polarization of the anions. I do 
not think that this happens by chance. 

6. W. Freeman: How accurately are the temperature 
dependences of the energies of polarization of anions 
known in TMS ? 

A. Nenglein: Energies derived from the temperature 
dependence of the equilibrium constant can be regarded 
to be more accurate than 0, i eV. Since equilibria of this 
type can only be observed within a relatively small tem- 
perature range, no data have been obtained for the tem- 
perature dependence of the energy of reaction. 

A. C. Albrecht: The state from which you propose elec- 
tron ejection appears to be an excited vibrational level of 
the first excited singlet state. The ejection or charge 
transfer process must therefore compete with picosecofid 
type decay channels. The yield for transfer out of the 
rnicelle might for this reason be extremely low. How is 
this problenl rationalized? 

A. Henglein: The ejection should indeed be very rapid. 
However, the energy of the first excited state in pheno- 
thiazine is not known accurately, It might be higher by 
a few tenths of an electronvolt than sho~vn in this figure. 
It could therefore be that the ejection of the electron 
occurs from the ground vibrational level of the first 
excited singlet. This question should be solved by looking 
at  the process under ccnditioris of picosecolid time 
resolution. 

1'. Hatano: Concerning the discussion of elecrron attach- 
ment to a molecule, e g. Q 2 ,  in liquids based upon the 
knowledge of that in the gas phase, I would like to show 
some recent data on the effect of a third body on thermal 
electron attachment to 0, in the gas phase, e,,- + O2 - 

k\f 
M 0,- f M, as studied by a microwave cavity 
technique combined with pulse radiolysis, where k\, is a 
three-body rate constant which is shown in the table for 
-various medium gases (H. Shimamori and Y. Haiano 
Chem. Phys. Lett. 38, 242 (1976): Chem. Phys. 12, 439 
(1976); Chern. Phys. To be published). The difference in 
these values is ascribed to the difference in the efficiency 
of collisional stabilization of vibrationally excited 0,-". 
This stabilization process may be classified illto two cases 
depending on whether the vibrational relaxation is 
effected by V-T transitions or V-V transitions. Con- 
cerning the stability of a vibrationally excited negative 
ion, i . e , ,  an effective attachinent rate of electrons in 
condensed media such as liquids or rigid nlatrices, ii 
appears interesting now to take additiona!$y into account 
V-phonon interactioi~s. 
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J. C. Thompson: What is the nature of D,,,,, levels in 
H 2 0  into which e-  moves from the excited state of the 
micelle. 

A. Henglein: These are configurations of water n~olecules 
which can localize an  electron. They are characterized by 
the energy liberated if an electron is put into them in a 
sudden process from the gas phase. The distribution 
D,,,,, is the distribution of these transition energies. 

L. C .  Christophorou: Negative ions, as neutrons, have a 
number of excited, higher states which often are closely 

EIN 2123 

spaced. In the gas phase a iarge number of molecules, 
such as the ones you considered, have two or three 
negative ion states within 0.5-1 eV of 0 eV. When such 
systems are placed in a liquid, especially when their 
electron affinity is large, there will be cases where two or 
more negative ion states will lie below 0 eV. In such cases, 
the electron can be captured in not only the iowest 
negative ion state as you described, but also in these 
higher states as well. Will this change your picture? 

A. Henglein: They will complement the picture. I con- 
sidered them at an earlier occasion (4). 
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Numerical investigation of tunnelling contributions to electron scavenging 
reactions in liquids at short times 

P. ROBIN BUTLER, MICHAEL J.  PILLING,' STEPHEN A.  RICE,^ A N D  TIMOTHY J. STONE 
P h ~ s ~ c u l  Chern~~tr3 Lnborutory, South Parks Road, O.~fo~.d, England OX1 3QZ 
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P. Rosrh BLTLER, MICHAEL J. P I L L I ~ G ,  STEPHEN A. RICE, and TIMOTHY J. S T O ~ E .  Can. J. 
Chem 55,2124 (1977). 

Fick's second diffusion equation, with an added exponential sink term, is integrated nu- 
merically to simulate the decay of electrons at short times in the presence of scavengers. The time 
dependence of the scavenger concentration profile, the scavenging rate constant, and the 
electron concentration are illustrated graphically. Using the experimental results of Buxton 
et al. and Jonah et al. It is shown that the Smoluchowski equation is valid within their experi- 
mental time ranges provided the cage encounter distance is replaced by RefI ,  where Retf can be 
evaluated explicitly in terms of reaction parameters. I t  is also shown that tunnelling from relaxed 
traps may make a significant contribution to ultra-short time electron scavenging. 

P. ROBIS BUTLER, MICHAEL J. P I L L I ~ C ,  STEPHEN A. RICE et TIMOTHY J. STONF. Can. J.  Chem. 
55,2124 (1977). 

On integre d'une facon numerique la deuxibme equation de diffusion de Fick avec un terme 
de piege exponentiel afin de simuler la decroissance des electrons a des temps courts en presence 
de pieges. On illustre d'une facon graphique la relation qui existe entre le temps et la contribu- 
tion du piege au profil ainsi que la constante de vitesse de piegeage et la concentration d'elec- 
trons. Utilisant les resultats experirnentaux de Buxton et al. et de Jonah et al., on montre que 
]'equation de Smoluchowski est valide a I'interieur des Ccarts de temps experimentaux pourvu 
que l'on remplace la distance de rencontre en cage par Reff,  ou Re,, peut Ctre tvalui explicite- 
ment en termes des parametres de la riaction. On montre aussi que la reaction tunnel provenant 
de pieges relaxes peut apporter une contribution importante au pitgeage d'electrons a des temps 
extrhement  courts. 

[Traduit par le journal] 

Introduction et al. (7) studied diffusion-controlled reactions 
~h~ involvement of tunnelling in reactions of in the time-dependent zone (8) prior to establish- 

solvated electrons in rigid glasses is now well ment of the steady state. They analysed their 
documented (1, 2) although there is some data using the time-dependent Sn~oluchowski 
disagreement about the detailed mechanism of equation or a variant which the so- 
such reactions (3). ~ ~ ~ ~ ~ l l i ~ ~  has also been called radiation boundary condition (8), neither 
postulated in liquids, but the evidence is less of which takes account of any long rallge nature 
convincing. Hart  and Anbar (4) noted that the of the reaction. They were able to determine 
rate constants of some diffusion-controlled the effective encounter distance, R c f f ,  and the 
reactions of the hydrated electron are larger than diffusion coefficient, D, independently. In  both 
would be expected on the basis of 'crystallo- investigations reactive systems \yere found which 
graphic' radii and the known diffusion coeffi- Eave Re,, greater than the 'crystallographic' 
cients of the reacting species. ~h~~ suggested values and a tunnelling mechanism was invoked. 
that the electrons react a t  large distances by a The Present Paper Presents a numerical i nk -  
tunnelling mechanism. An analysis of the steady- S a t i o n  of the time-dependent diff~lsion CXlua- 
state diffusion equation with an exponential tion containing an  exponential sink term and 
sink term confirmed that the magnitude of the examines the validity of the conclusions of 
increase in the encounter distance is compatible Buxton ef a[. (6) and Jonah e l  a[. (7). A nunleri- 
with tunnelling parameters as derived from cal analysis (9) of the same equation has been 

studies of glasses (5). Buxton ef al. (6) and Jonah reported previously, but no specific application 
of the results was made. 

'To whom correspondence should be addressed. Experinlental studies have also been made 
'Present address: Department of Chemistry, Wayne of very short time ( < 3 O  PSI electron scavenging 

State University, Detroit, MI, U.S.A. 48202. and various mechanisms, involving dry electrons 
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or tunnelling, have been proposed (10-12). An 
analysis of the likely effects of tunnelling in this 
time regime is also presented. 

Diffusion Equation 
The rate of a fast reaction of the solvated 

electron depends on the mutual diffusion of the 
reactants. Provided the reaction occurs by a 
contact mechanism, the change in the ensemble 
averaged concentration of scavengers around 
electrons (S(r,t)) may be described by the diffu- 
sion equation derived from Fick's second law: 

Spherical symmetry is assumed and r is the elec- 
tron scavenger distance, t is the time, and D is 
the relative diffusion coefficient of the reactants. 
If reaction occurs on every encounter of scav- 
enger and electron, then the Smoluchowski 
boundary conditions may be applied 

and employed the boundary conditions [2]-141. 
I,(r) is the first order rate constant for reaction 
of an electron and scavenger held at a distance 
r ,  and may be derived from the Gamow equation 
(2). I t  describes tunnelling of an electron 
through the potential energy barrier separating 
it from the scavenger, a' is a frequency term and 
p is related to the height of the potential barrier 
(or, equivalently, to the depth of the electron 
trap). Alternatively, and more realistically, I,(r) 
may be derived using Fermi's golden rule; a' 
is now related to the electronic transition 
moment for the electron transfer process and 
to Franck-Condon factors, whilst P is deter- 
mined by the radial dependence of the electron 
wavefunction. An analysis of electron scav- 
enging in aqueous glasses showed that a' - 
1014 s-I and P - 10" m-I (equivalent to a 
trap depth of 1 eV) (2). 

Pilling and Rice (5) solved [lb] analytically 
and showed that the steady-state rate constant 
is given by 

k = 4nR,,,D 
S(r,t) = SO r > R, t = o where 

S(r,t) -+ S O  r + c o , t  2 0  11.51 ReR = R 

where R is the encounter (reaction) distance 
and SO is the bulk scavenger concentration. At 
zero time, the scavenger distribution is assumed 
random. The reaction depletes the region around 
r = R of scavengers and provides a concentra- 
tion gradient which promotes the diffusion of 
scavengers from larger distances. A steady-state 
concentration profile is eventually set up, with 
diffusive supply balancing reactive depletion and 
the equation becomes time independent. By 
evaluating the radial flux of scavengers, the 
steady-state rate constant for the reaction may 
be shown to be 4rcRD (8). For reactions which 
are not quite so fast, the radiation boundary 
condition is introduced, modifying [2] and 
reducing the rate constant (8). 

Pilling and Rice (5) modified [la] in order to 
describe reactions, such as electron scavenging, 
which take place by a long range mechanism 
whose probability falls off exponentially with 
distance. They introduced an exponential sink 
term : 

I,(r) = a' exp [ -  p(r - R)] 

into [la], to give 

y is Euler's constant (0.57721 ...), w02 = 4a'/P2D, 
and 10(wO) and K,(M>,) are the modified first 
and second kind Bessel functions of zero order 
and argument wO. They also derived steady- 
state concentration profiles (S(r,co) us. r )  and 
showed that the reaction may be adequately 
described by placing an absorbing barrier at  
r = Re,,, which is greater than R for an efficient 
scavenger. They were unable to solve [lb] 
analytically in the time-dependent region; the 
present paper uses a numerical approach. 

Numerical Solution 
Equation lb  may be transformed into a 

reduced equation more suited to computation 
using the following substitutions: 

x = pr/2 Y = xS(r,t)/S, T = P2Dt/4 
h = w02 exp (PR) 

with suitably modified boundary conditions. 
Equation l c  was then solved numerically, using 
a modified Crank-Nicolson method (13) (see 
Appendix). 
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Scavenger Concentration Profiles 

Figure 1 shons the computed scabenger 
profiles, p(r,t) = S(r,t)/S,, as a function of time, 
for typical parameters : 

(a) r' = 0, D = rn2 s - l ,  R = 0.5 nm, 
i.e., for solution of the Smolucho~~ski  equation 
with no tunnelling (eq. la). 

(b) r' = lo1" s - l ,  p = 10'' m-' ,  D = 
m2 s-I,  R = 0.5 nm. 

(c) a' = lo1" s - l ,  p = 10'' in-', D = 0, 

r /nm 

FIG. 1. Scavenger profiles (a)  Snioluchowski: a' = 0, 
D = ni2 s - ' ,  R = 0.5 nm; (b)  tunnelling and diffu- 
sion: a' = 1014s-', P = 1010 m-', D = lo-' mZ S-', 
R = 0.5 nm; (c) pure tunnelling cr' = 1014 s-', B = 
10'O m-', D = 0, R = 0.5 nm. The profiles are shown 
at decadic time intervals from 10-l4 to s, with that 
for 10-l4 s at the extreme left. 

R = 0.5 nm, i.e., the pure tunnelling case con- 
sidered by Dainton et al. (2). 

Figure la  shows the relaxation of the scav- 
enger distr~bution from a random form to the 
steady-state form, over a period of lo-' s for 
case (a). Figure 1c shows the expansion of the 
volume depleted of scavengers when a tunnelling 
reaction takes place but diffusion is unable 
to replenish the local scavenger concentration 
(2). Figure l b  shows the time dependence most 
relevant to the present disctlssion. At short 
times ( t  < 10-l2 s) reaction occurs predomin- 
antly by static tunnelling and the quasi-steps 
in Fig. 1 b and c recede with time in a similar 
manner. At longer times diffusion makes good 
some of the local scavenger depletion and after 
-10-' s the steady state is establ~shed. A 
cotnparison of Fig. 1 a and b shows, however, 
that the t~lnnelling reaction at small r occurs too 
rapidly for effective scavenger replenishment and 
p(r,t) is small out to r. - R,,,. The computed 
steady-state concentration profile agrees well 
with the analytical form given by Pilling and 
Rice (5 ) .  The same general conclusions could 
be made from the numerical results obtained 
with a range of diffusion and tunnelling param- 
eters although the time regimes for pure tun- 
nelling and steady-state behaviour are, of course, 
altered. 

Rate Constants 
Pilling and Rice (5) showed that the total 

scavenging rate constant, k( t ) ,  is the sum of 
diffusive (IcD(t)) and tunnelling (k,(t)) rate con- 
stants, where the former relates to reaction on 
encounter and the latter to reaction from all 
distances greater than R. They are given by: 

x exp [ - P ( r .  - R)] d r  

The Appendix describes how kD( t )  and k,(t) 
were obtained numerically from the computed 
scavenger concentration profiles. 

Figure 2 shows computed rate constants, 
k( t ) ,  for a' = 1014 S-I,  = 10'' m-', D = 
lo-' m2 s- l ,  and R = 0.5 nm, as a function of 
time. For all t > S, kT( t )  is several orders 
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-14 -12 -10 -8 -6 
log (Its) 

FIG. 2. Time dependence of rate constants: x Smolu- 
chowski with R replaced by Ref,; 0 numerical results 
based on [ l b ] ,  including both tunnelling and diffusion; 
t pure tunnelling. The parameters are: c/' = l0l4 s-', 
p = 10" nm-I, D = lo-' m2 S - I ,  R = 0.5 nm. 

of magnitude greater than k,(t), i.e., k ( t )  1. 
k,(t). The origin-of this effect may be illustrated 
by reference to Fig. Ib,  which shows that the 
concentration gradient a t  r = R is very small, 
even at short times: the exponential sink term 
a t  distances close to R is so large that this region 
is rapidly depleted of scavengers. In consequence 
only a very small fraction of the reaction occurs 
by the purely diffusive mechanism required by 
[7]; the majority of reactive events occurs with 
r > R. 

Equation l a  may be solved alialytically to give 
the Smoluchowski time-dependent rate constant, 
kS(f) (81 : 

Buxton et al. (6) and Jonah et al. (7) assumed 
that [9] is applicable, with a suitably increased 
encounter distance, even when tunnelling takes 
place, i.e., when [ l h ]  applies. Figure 2 also 
shows k,(r), calculated from [9], but with R 
replaced by Pi,,, (eq. 5). The rate constant for 
pure tunnelling ( D  = 0) is shown in addition. 
This is defined by [7]. with the profile derived 
from [ l b j  with D = 0. 

At short times, the rate constant, lc(t j ,  is close 
to  the value obtained for pure tunneliing, as 

would be expected from Fig. 1 b and c; in this 
time region the concentration profiles recede 
in a similar manner and d~ffusion has little 
effect. For t > 10-'I s, diffusion begins to play 
a part and the pure tunnelling rate constant 
falls below the composite value which in turn 
acquires good agreement with the Smoluchowski 
rate constant equation, [9], with R replaced x+ith 
Re,,. This effect stems from the strong distance 
dependence of the sink term. It falls off so 
rapidly at longer distances that diffusive transport 
is more effective and scavengers approach Ref, 
with little reactive depletion: the system ap- 
proximates closely one with an absorbing 
boundary at Re,, (cJ: Fig. lb) .  

The changeover from pure tunnelling to 
tunnelling'diffusion behaviour is in agreement 
with the perturbation treatment of Pilling and 
Rice (14) which predicts that the electrons react 
by static tunnelling for times less than r,: 

At times longer than this they suggested that 
diffusion plays a role in electron transport. For 
the parameters considered in Fig. 2,  t ,  - 
10-l2 s. 

Figure 2 shows that [5] was applied down 
to times of 10-14 S ,  whilst the Brownian ap- 
proximation, implicit in Fick's laws, 1s generally 
felt to fail for times less than 10-l2 s. This 
failure is seen to be unimportant in the present 
system, since in this time regime the diffusive 
contribution is negligible. 

At long times, the numerical results show the 
required approach to a steady-state value, which 
agrees well with the analytical value 4xReffD. 

Variable a' 
Dainton et al. (2) suggested that a' is r- 

dependent and is given by x' = ro2/4r2,  where 
o is the electron capture radius of the scavenger 
and a is an r-independent frequency term. In 
order to obtain an analytical solution to the 
diffusion equation in the steady state Piliing and 
Rice (2)  set r' = ~ o ~ / 4 ( r ) ~  \+here ( r )  is a 
'mean' tunnelling distance. They suggested that 
in the steady state the exponential dependence 
of the sink term swamps any r-dependence of 
a '  and they assumed (r )  = Re,,. Figure 3 
shows a co~nparison of nunlerical rate constants 
for a' = 1014 s-I and a' = 1n2/4r2) s-'. 
The latter value of a o 2  was determined so that 
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10.8 
-14 -I2 -10 -8 -6 

log ( t l s )  

FIG. 3. A co~nparison betwecn r-dependent and r- 
independent frequency factors: 0 r*' = l O l 4  s-'; + a' = 

m2/4u2) s-l. 

both forms gave the same computed steady-state 
solution. For t > l o F x 2  s the results are identi- 
cal, suggesting that the assumptions made by 
Pilling and Rice are at least operationally valid 
over the whole of the experimentally accessible 
time scale. The two forms for a' require (r)  = 
1.55 nm, whilst Ref, = 1.07 nm. 

Specific Fits to Experimental Data 
(i) Jonah et al. (7) studied electron scavenging 

in water over the time scale 50-3500 ps. They 
were unable to analyse explicitly for time- 
dependent rate constants but instead deternlincd 
the half-life, t,,,, for electron decay. By varying 
the scavenger concentration they were able 
to vary the time scale of the reaction and so the 
mean rate constant, ( k ) ,  for scavenging. For 
10,- they found that t,,, and ( k )  could be 
adequately described by the Smoluchowski 
equation, with Ref, = 1.06 nm and D = 6.5 x 

m2 s-'. Taking P = 10" m-', on the 
basis of low temperature studies, the data 
require a' = 5.37 x 1013 s-'. Figure 4 shows 
the numerically determined rate constant as a 
function of time; the time dependence of the 
Smoluchowski rate constant, k,(t), with R 
replaced by Ref, (i.e., as used by Jonah et a/.) 
is also shown. Significant differences occur only 
for t < lo-'' s, which is outside the experi- 
mental time scale. 

10.61 I ' ' I I I 

-14 -12 -10 -8 -6 
log ( t l s )  

FIG. 4. A comparison of the numerically evaluated 
rate constant (0) and that calculated from the Smolu- 
chowski equation with R replaced by Ref, (f), designed 
to simulate the data of Jonah et al. (7), for scavenging 
by lo4-. a' = 5.37 x 1013 s-', B = 101° m-', D = 
6.5 x m2 s-', R = 0.5 nm. 

(ii) Buxton et a/. (6) studied electron scav- 
enging in 10 M aqueous hydroxide and 9.5 M 
aqueous LiCl solutions over the temperature 
range 190-240 K. The viscosity is so high at 
these temperatures that they were able to study 
the electron decay under non-steady-state condi- 
tions on a microsecond time scale and make a 
full analysis of the time dependence. They 
found several instances of large encounter 
distances and concluded that tunnelling is 
important. Before a numerical analysis is made, 
their data may be reinterpreted to obtain further 
confirmation of tunnelling. The steady-state 
model of Pilling and Kice (5) requires that the 
effective encounter distance increases as the 
diffusion coefficient falls, whilst Buxton et al. (6) 
reported no evidence for this. They obtained the 
temperature dependence of the steady-state rate 
constant 

k(t 4 a) = A exp (- B,/(T - To)) 

where B, is an experimental parameter and To  
is the temperature of zero mobility of the glass 
forming solvents. They also determined the 
temperature dependence of the diffusion coeffi- 
cient : 

D = Do exp { - B,,/(T - To)) 
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Since k(t -t a) = 4?cRe,,D treatment has been applied only to very efficient 
scavengers. A reduction in a' reduces Re, and 

= jA/4xD0) exp t-(Bk - B~)l(T - moderates the effect of tunnelling. For a suf- 
There were large uncertainties in the values of 
BD and B,, but, with only two exceptions out of 
eight, BD > B,, suggesting that Ref, increases 
with decreasing temperature (i.e. with increasing 
viscosity) in line with the model of Pilling and 
Rice (5). For example, taking the mean values 
of B, and B, for Cr0,'- in 10 M hydroxide, 
Reff(240 K) = 1.47 nm and Re,,(190 K) = 2.8 nm. 
Using the Cr0,2- values of Ref, and D, together 
with p = 10" m-I,  R = 0.5 nm requires 1.53 x 
1013 < a' < 3.87 x 10" s-'. Once again the 
Smoluchowski and numerical rate constants 
agree well for t > lo-' s at both 190 and 240 K. 
Figure 5 shows the computed and Smoluchowski 
time dependent rate constants at 240 K. 

These numerical analyses show that, at both 
low and high viscosities, the Smoluchowski 
equation adequately represents a diffusion- 
controlled reaction with a tunnelling mechanism 
provided the encounter distance is replaced by 
Ref,. They thus confirm the validity of the con- 
clusions reached by Jonah et al. (7) and Buxton 
et al. (6). I t  must be emphasized that the present 

log (t 1s)  

ficiently small a', reaction takes place only on 
encounter and the analytical form contained in 
the radiation boundary method (8) may be em- 
ployed. 

Short Time Studies 
Hunt and co-workers (10-12) made a sys- 

tematic study of short time ( t  < 30 ps) electron 
scavenging. They defined a parameter, S,, (in 
our notation), which is the scavenger concentra- 
tion required to reduce the electron yield at zero 
time to l /e  of its value at the same time in the 
absence of a scavenger. The zero time yield was 
obtained by extrapolation of data obtained for 
t > 30 ps. They found a good correlation be- 
tween S,, and the value of the rate constant, 
(k) measured at times greater than 30 ps (1 1). 

[lo] S,, (k) = 10IOs-I 

They did not specify the scavenger concentra- 
tion at which ( Ic)  was determined and, since the 
rate constants are time dependent in this time 
regime, there is some uncertainty about the 
exact physical significance of (k). 

Several mechanisms of short time scavenging 
have been proposed, including tunnelling from 
relaxed and partially relaxed traps and dry elec- 
tron scavenging (10). The numerical technique 
allows us to examine the feasibility of the re- 
laxed trap model. 

The electron concentration at time t, C(t), is 
obtained by integration of the pseudo-first-order 
equation : 

dC(t)/dt = k(t)S,C(t) 
whence 

[ll] C(t) = C, exp [- l t k ( t ) S o  dr] 

where Co is the true electron concentration at 
zero time. Because of the strong time dependence 
of the rate constant, extrapolation to zero time 
based on (k) underestimates C,: 

[I21 C(t) = Cot exp (- (k)S,t) 

where C,' is the extrapolated zero time electron 
concentration. Equating [l 1 ] and [12] 

FIG. 5. A comparison of the numerically evaluated 
rate constant (0) and that calculated from the Smolu- -- 
chowski equation with R replaced by Re,, (+ 1, designed 

Co - exp { S, [ Sot k(t) dr - ( k ) t ] )  
Co' 

to  simulate the data of Buxton et al. (6) for scavenging 
by Cr0,2- in 10 MOH- at 240 K. sc, = 3.87 1015 s-l, The parameter defined by ~ u n t  et al. (1 l), s,,, 
p = 10l0 m-l, D = 3.08 x 10-" mZ S- I ,  R = 0.5 nm. is obtained when CO/Co1 = e ,  whence 
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Conclusion 

where t = 30 ps. 
Cr0,2- was chosen as a model scavenger, 

since it has responded well to tunnelling treat- 
inents and also because it has the smallest S,, 
value and thus represents the most severe test. 
Using the tunnelling paraineters derived from 
the short time rate data of Jonah et ul. (7) 
(4nRef,D = 3 x 10" dm3 mol-I s - l )  together 
\vith D = 5.5 x 10-%n2 S - I  and R = 0.5 nm, 
and defining (k)  by its 100 ps value, a value of 
0.55 mol dm-,  was calculated for S,,. This is 
in fair agreement with the experimental value 
of 0.2 f 0.05 11101 d m 3 .  The calculation is quite 
crude, however, and does not preclude the 
possibility of dry or damp electron scavenging. 
There is uncertainty iil the value of (k)  and 
charge effects (15) and trap relaxation have been 
neglected. The calc~~iations do show, however, 
that tunnelling, even from fully relaxed traps, 
can account for a significant amount of scav- 
enging a t  very short times. This observation 
applies only to the Inore efficient scavengers. The 
extreme dependence of the rate constant on tiine 
occurs only if ti' is large. 

If we assume that the short time scavenging 
may be ascribed exclusively to tunnelling, then 
[ lo]  and [13] require that 

for t = 30 ps. If we assumed that (k )  is defined 
by its 100 ps value, and if we take the form 
sho\vn in Fig. 2 for lz( t):  then the !eft-hand side 
of this equation is equal to 5 x 1Op1l s. 

Charge Effects 
The effect of scavenger charge and of ionic 

strength have been entirely neglected throughout 
the present calc~rlations. Jonah et a/. (7) showed 
that ionic strength had no effect on the scav- 
enging of C r O d 2  and 10,- and they ascribed 
this to the large effective encounter distance and 
to the consequently small Coulombic interaction. 
This argument \\.ill be even more valid at  the low 
temperatures and high ionic strengths a t  which 
Buxton ~t a/. (6) performed their experiments. 
The erects of scavenger charge in the time- 
dependent region and a t  the steady state have 
been considered by Butler and Pilling (16). 

In  fiuid systems containing electrons in fully 
relaxed traps, the decay of the electrons can be 
divided into two well defined regions. For 
t < t ,  ( t ,  = 1/(32D), the electrons decay almost 
exclusively by static tunnelling (2). Fgr t 2 l o t ,  
the decay occurs by combined diffusioil and 
tunnelling with a rate constant: 

For electrons in water at  300 K, t ,  - 10- l2  s. 
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Appm"di% 
The (x,z) space (eq. Ic) was divided into a 

mesh of points separated by eqrual increments, 
6x and 6a, and labelled by subscripts i and j ,  
respectively. The Y(i,O) array was defined from 
the boundary condition [ 3 ] .  Condition [4] was 
redefined to give Y(n,j) = x; i = M corresponds 
to the maximum value of the distance variable, 
defined by x = PR,,,,,/2. aY(i,j)/a~ was ap- 
proximated by a forward difference relation and 
i32Y(i,j)ji3x2 by the mean of its finite difference 
approximatioi~s on the jth and ( j  + 11th rows 
(13). The distance dependent sink term was 
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similarly averaged. This procedure allowed the 
( j  + 1)th row of Y to be evaluated for all i from 
the predetermined values of Y(i,j). It gave (n - I )  
simultaneous differential equations, which may 
be expressed in matrix form as: 

D.$I = K 

where D is a ( r z  - 1) x (n f 1 )  matrix with 
elements 

= 1/81 + 1 / ( 6 . ~ ) ~  -i- (h2/2) exp (-2x,) 

Y is an ( r z  + 1) dimensional column vector ~ i t h  
elements Y( i j  + 1) for i = 0, 1, ..., IZ and K 
is an (n - 1) dimensional column vector with 
elements 

K(i)  = Y(i + l , j ) / [ 2 ( 6 ~ ) ~ ]  + Y(i,j)(l/S.r 
- 1/(6x)' - (h2/2) exp ( -2s , ) )  

+ Y(i - l , j ) / [2 (6 ,~ )~]  

for i = 1 ,  2,  ..., 12 - 1. This generates (n - 1) 
equations with (n + I )  unknowns; the addi- 

which remains finite as p -, 0. The Z values at 
any distance between the 111esh points were 
determined from a cubic fit. p was then found by 
inverting [Al l .  Tu~lnelling rate constants were 
evaluated frorn [7]  using Gauss's approxirna- 
tion (17), with an upper limit at X,,,,,,. Variation 
of the upper limit was used to check convergence. 
Gauss's approximation was also used to evaluate 
the electron decay. The diff~~sive rate constants 
were determined by evaluating the gradients of 
chords from the encounter distance to points on 
the concentration profile at  decreasingly small 
distances from R.  An approximate value of 
2S/8r 1, was then obtained by extrapolation and 
hence Ic,(t) determined from [ O ] .  

Discussion 

C .  Jonah: What sort of change would one expect if one used 
the Waite or  Noyes theory for reaction? 

9;. A. Rice: I do not know! I surmise that agooclg~less would 
be to replace the ti-ue (crq stallographic) encounter distance 
by Re",  for reactions which are only partially ac t i~a t ion  
controlled. Howevei-. as  the activation process becomes 
slower, so would I expect that electl-on tunnelling mould 
also decrease in importance. 

tional conditions - ~ ( 0 , j  + 1) = 0 and Y(n,i + 
G. A. Salmon: Simple tunnelling models as applied to I )  = [3Rmax12 were and the equations glassy systemr, have difficulties in accounting for differ- 

solved by computational techniques. ence, between solutes. Does this present difficulties in 
Because of the large change in gradient at short computing rate constants for the fluid phase? 
times, the technique wac modified to enable a 
change in the distance step, 6x,  to 6x2, to be 
made for integration at  a given time. This 
required lnodificatioils in the equations defining 
a2Y/i3x2 at the changeover point from 6x, to 
6x2. Typically 61 was taken initially as 10-" s 
and was then increased by a factor of 10 after 
10 increments; this procedure was repeated until 
the profile beca~ne invariant (i.e. until the steady 
state was established). 6x was taken as 0.2 nm 
for the first 25 steps in the space coordinate and 
then increased to 3.0 nm until R,,, was reached. 
R,,,, was generally talcen as 50.5 nm, although 
larger values were also used to test convergence. 
At very short times, some variation in 6x was 
required to obviate oscillation. 

The equations defining the rate constants 
( [ G I  and [ 7 ] )  necessitated the generation of 
continuous profiles froin the numerically evalu- 
ated mesh points. In order to avoid interpola- 
tions based on the extreme varlations in p(= 
S/S,), a function Z was defined: 

S. A .  Rice: Providing this electron tunnelling model is 
treated as a phenomenological approach. the rigid glass 
and fluid regions are mutually consistent. Fui-thei-more. the 
difficulties alluded to above refer. 1 believe, to comments 
of Buxton and Kemsley whose model of trap-to-trap tun- 
nelling has very serious deficiencies. See also reply to J .  
Jortner. 

P. H6. Watson: A basic assumption in this work is that the 
motion of an electron diffusing towards a scavenger 
molecule is characterized by a constant diffusion 
coefficient. It is important to question whether a constant 
D is appropriate at lnolecular distances, where an electron 
will strongly polarize its envir'onment. and nonhomoge- 
neous surroundings will result in asymmetrical local fields. 
Presumably as an electron diffuses in the environment of a 
polarizable molecule there is an approach distance at 
which the self-induced field due to the electron will be large 
enough to complete with the motion due to kT .  and in this 
case a biased random walk of the type discussed by Chan- 
drasekhar will be appropriate. An extension of this idea is 
to consider the effect of local traps on the electron motion 
(one envisages this trap as being due to local polarization). 
Calculations by Scher and Montroll on stochastic hopping 
tranhpurt have described the motion of a chargedparticle in 
a trapping environment. with an applied electric field. They 
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show that carrier motion can be desciibed by a diffusion- 
like process defined by a distribution of waiting time 4lr) 
between hops and in which the average jump distance 1 is 
field-dependent. This model has been very successf~il in 
describing, for example, the motion of a carrier packet 
moving in high fields in amorphous semiconductors, 

S. A.  Rice: The diffusion motion of charged species in 
water has been shown to be a reasonable approach for 
times of picoseconds or  more. Polarization of solvent 
molecules and of scavenger by an electron is probably 
insignificant in highly ionic aqueous systems which have 
been alluded to above. Dainton studied the effect of ionic 
strength on electron - ionic scavenger reaction rates and 
found accord with the Bronsted-Bjerrum theory: for short 
times the electron can react without a relaxed ionic solva- 
tion shell and so is not so strongly screened. In ethers and 
alkanes solvent and scavenger polarization effects may 
have to be considered, I concede. 

3. Jortner: I would like to comment on the interesting 
suggestion regarding the possible applicability of the Mon- 
troll-Scher theory to diffusion controlled reactions of the 
solvated electron. Montroll and Scher address themselves 
to electron-hole recombination in an amorphous semicon- 
ductor where the transport process involves thermal exci- 
tation to the mobility edge. In the case of the solvated 
electron transport occurs via a "hydrodynamic drag" and 
solvent sho~t-range configurational charges. It is thus ques- 
tionable whether the a m o ~ p h o u s  semiconductor recombi- 
nation is directly applicable to the problem at hand. 
There is, however, one analogy between the two systems 
which deserves serious consideration. The electron-hole 
recombination in amorphous semiconductors involves a 
multiphonon process. The same picture should be applied 
to describe the reactions of the solvated or trapped elec- 
tron. The electron tunnelling picture applied by S .  A.  Rice, 
J .  Miller. and A. C. Albrecht provides a grossly oversim- 
plified picture for such reactions. As is well known. 
configurational nuclear charges have to be explicitly intro- 
duced in the electron transfer process and the electron 
follows adiabatically the motion of the nuclei. Such a pic- 
ture for electron-transfer bears a close analogy to small 
polaron motion in solids. The Forster-Dexter intermolecu- 

lar energy transfer and intramolecular radiationless transi- 
tions can be described within the framework of a unified 
approach which rests on the theory of multiphonon proces- 
ses. The dependence of the electron transfer transition 
probability or  the separation r. of the solvated or trapped 
electron and of the electron acceptor is of the functional 
form exp (-pr). which is, of course. identical to that ob- 
tained from the tunnelling argument. However, the pre- 
exponential factor (and temperature dependent factors) in 
the general correct theory involve F r a n c k z o n d o n  vibra- 
tional overlap terms, which cannot and should not be dis- 
regarded in quantitative application. 

S.  A.  Rice: While the approach of Kestner. Logan. and 
J o ~ t n e r  to electron transfer processes is elegant, it does 
not seem to reproduce the observed transfer probability 
a s  a function of electron-scavenger distance. The pre- 
exponential factor a' (containing information about 
Franck-Condon factor, density of states, and electronic 
coupling) does not appear to depend on the identity of the 
electron scavenger. Surprisingly, far better agreement be- 
tween theory and experiment is obtained if P is dependent 
on the scavenger. and a is held constant at lOI4 H z  (Rice 
and Pilling). Until this paradox is resolved advances in a 
quantitative description of the electron transfer probability 
are in danger of stagnating. 

K. Funabashi: When the electronic energy separation bet- 
ween the initial and final states is much greater than their 
interaction energy, the electron transfer cannot be termed 
as 'tunnelling' which implies the driving force is essentially 
electronic. Apart from this semantic objection. long-range 
transfer process over 50 A is not realistic in molecular 
solids. An alternative mechanism may involve some hop- 
ping motion of localized electrons in disordered or random 
lattice (Sher. Montroll. Ambegaoker, Halpern). 

S. A.  Rice: That an enhancement to the Smolchowski rate 
constant in liquids appears to correlate with electron tun- 
nelling in glasses, suggests that the long-range (non- 
diffusive) motion of the electron is not associated with the 
thermally activated mobility of electrons discussed by 
Scher and Montroll. 
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Kinetics of electron rapture by SF, in solution1 
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JAMES K. BAIRD. Can. J. Chem. 55,2133 (1977). 
We present a theory of the rate constant for electron capture by SF, when it is dissolved in 

liquid hydrocarbon and condensed rare gas solvents. The theory includes the effects of diffusion 
and solvation on the observed rate. Also included is the effect of the long-range polarization 
force acting between the electron and the SF, molecule. The role of the solvent n~olecules in 
modifying this force is taken into account by use of a dielectric screening function. The theory 
is applied with semiquantitative success to electron capture data in the solvents: methane, 
ethane, propane, butane, n-pentane, neopentane, n-hexane, cyclohexane, isooctane, tetra- 
methylsilane, argon, and xenon. 

JAMES K. BAIRD. Can. J. Chem. 55. 2133 (1977) 
On presente une theorie de la constante de vitesse de la capture de I'electron par SF, quand 

il est dissout dans un hydrocarbure liquide et dans des gas rares condenses agissant comme 
solvant. La thdorie inclut les effets de diffusion et de solvatation sur les vitesses observees. On 
inclut aussi l'effet de la force de polarisation a longue distance agissant entre l'electron et la 
molecule de SF,. On tient compte du rBle des molecules de solvant dans la modification de 
cette force en faisant appel B une fonction d'ecran ditlectrique. On a applique la thCorie avec 
des succes semiquantitatifs pour des donnies de capture d'electron dans les solvants methane, 
ethane, propane, butane, n-pentane, neopentane, n-hexanne, c-hexanne, isooctane, tCtraniethyl- 
silane, argon et xenon. 

[Traduit par le journal] 

Introduction 
A number of measurements have recently been 

reported of the rate of electron capture by sulfur 
hexafluoride dissolved in various liquid hydro- 
carbons and condensed rare gases (1-3). Elec- 
trons were introduced into the solutions by the 
method of pulse radiolysis. In the experiments 
of Sowada et a/. and Bakale et al., for example, 
it was found that the electron current in the 
solutions decreased with time a t  a rate which 
was proportional to the sulfur hexafluoride con- 
centration. The decay was taken to be evidence 
for a bimolecular reaction between an electron 
and a sulfur hexafluoride molecule. In discussion 
of these measurements, it is helpful to  sum- 
marize first the relevant information which is 

where M is any third body, k is the rate constant 
for the formation of the compound negative ion 
SF,-*, r is the autodetachment lifetime of 
SF,-*, k ,  is the rate constant for collisional 
stabilization, and k ,  is the rate constant for 
dissociative attachment. If the steady-state ap- 
proximation d[SF,-*]/dt = 0 is applied, these 
equations give rise to an expression for the 
overall disappearance of the electrons 

known concerning the process whereby SF, The experimental value of the autodetachment captures electrons in the gas phase. lifetime, z, of SF,-* is strongly dependent upon The often-proposed mechanism for the gas the conditions of measurement. Electron beam 
phase process is 

I, experiments, in1 which the electrons have an  
[la1 e- + SF~*SF~-* energy distribution with a width of about 0.1 eV, 

7- I  yield a lifetime of the order of 30 vs (4). Ion 
cyclotron resonance experiments where the elec- 

'By acceptance of this article, the publisher or recipient trolls call have even lower energies, however, 
ackno~tledges the U.S. Government's right to retain a 
non-exclusive, royalty-free license in and to any copyright give a lifetime in the range 0.3p2 ms ( 5 ) .  The 
covering the article. dissociative attachment rate constant k2 is 
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characterized by an  activation energy of ap- 
proxin~ately 0.43 eV (6) and is thus negligibly 
small for capture experiments carried out near 
room temperature. In experiments where a 
buffer gas M is present at  a pressure of approxi- 
mately 1 Tors or greater, the rate of collisional 
stabilization (eq. 16) dominates the other rates 
leading to the destruction of SF,-*. U l~der  this 
circumstance k ,  [MI + lc, >> t-l. so that 

Thus, the forward reaction in [ la]  is the rate- 
detei-mining step, and the observed rate constant 
is equai to k .  Experiment has s h o ~ n  that k is 
independent of temperature in the range 293 to 
523 K (4: 6). The arithmetic mean of 23 reported 
experimental values is k = (2.1 i 0.6) x l K 7  
cm3,'s (4, 6, 7) .  A careful analysis of the present 
state of our understanding of the SF, gas phase 
electron capture process has been given recently 
by Klots (8). 

When the attachment experiment is run with 
sulfur hexafluoride dissolved in a liquid solvent, 
the solvent becomes the third body in the highest 
concentration capable of collisionally stabilizing 
the compound negative ion. Since collisions of 
SF,-* with the ~llolecules of the solvent can be 
expected t o  be very frequent, the forward 
reaction in [ la]  can be expected to remain the 
rate-determining step. This will be a basic 
assu~nption in what follows. Aside from this 
similarity between the gas and liquid phase 
attachnlent mechanisms, one can imagine .at  
least two differences. (I) The rate of diffusion of 
electrons through the solvent may be slow 
enough to affect the observed values of the 
forward and backward rates in [la]. (2) Assum- 
ing for the moment that the equilibrium constact 
of [ la]  could be measured, the position of 
equilibrium will be shifted in the liquid phase 
toward the side of the reaction with the smaller 
Gibbs free energy of solution. 

In  the following sections of this paper, we will 
examine in detail these two effects. 

Effect of Diffnsio~r on Kinetics 
The significance of diffusion inay be seen by 

comparing (a) the electron velocity correlation 
length with (6) the distance which an electron 
travels before it rneets a sulfur hexafluoride 
molecuie. The velocity correlatioi~ length h is the 
distance which an electron must travel in order 
to have suffered a sufficient number of collisions 

with the solvent ~nolecules that its velocity is no  
longer correlated with its initial velocity. We let 
the correlation length serve as a measure of 
scale. A process which requires for its completion 
a dimenvion large compared with ?L is considered 
to be n~acroscopic; otherwise, microscopic, An 
equation for 1, is 

where /c, is the Boltzmann constant, T the 
absolute temperature, and e. nz, and p are, 
respectively, the charge, the mass, and the 
mobility of the electron (9). 

Calculation with measured values of the 
mobility (1, 2) shows that for ethane, propane, 
butane, n-pentane, n-hexane, and cyclohexane 
(hereafter called 'group 1 liquids'), A is less than 
1 A. This distance is smaller than one molecular 
diameter and probably indicates that the electron 
spends part of its time in potential traps in these 
solvents as has often been postulated (10). For 
the solvents isooctane, neopentane, tetramethyl- 
silane, methane, argon, and xenon (hereafter 
called 'group 2 liquids') under the conditions of 
the capture experiments (1, 2, 3), 1, lies in the 
range 1.7 to 1074 A. If we assurne a uniform 
distribution of molecules in the solution, each 
SF, molecule finds itself at  the center of spherical 
volume of solvent of radius R = ( Y ~ R [ S F , ] ) ~ ~ ~ .  
In  the experiments of Allen et al. (1) the SF, 
concentration varied little from 10-' M .  In the 
experiments of Bakale ef al. (29 and Sowada et 
al. (3), the SF, concentration was adjusted so 
that in each solvent the electron current decayed 
with a characteristic time 8 of approximately 
3011s. Hence, since [SF,] >> [e-1, we have 
k,[SF,] = 8- l ,  where k, is the observed rate 
constant. Numerical evaluation of R readily 
shows that h < R for all the experiments. We 
may conclude, therefore, that the capture of an 
electron takes place on a macroscopic scale and 
choose to describe its transport by use of 
diffusion theory. 

Our analysis of diffusion follows the methods 
first introduced by Smoluchowski to treat the 
problem of coagulation of colioids and later 
extended by Debye to the problem of reaction 
kinetics in ionic solutions (1 1, 12). 

Di&erenfial Equations 
We begin by establishing a coordinate frame 

with ceilter at  the nucleus of the sulfur atom in 
SF,. The SF, molecule is assumed to occupy 
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the spherical region 0 5 r I p, where r is the 
radial coordinate, and p is the SF, molecular 
radius. The region p < r < zc outside this 
sphere is assumed to be occupied by the solvent. 
An electron is regarded as being generated in the 
solvent a t  time t = 0 and diffusing toward the 
SF, niolecule. Under the assumption that there 
are no sinks nor sources of electrons within the 
region p < r < x, Fick9s laws of diffusion take 
the form 

where c(r. t )  is the electron concentration, +(r, I )  
is the electron flux, and w(r)  is the electron drift 
velocity specified by 

Hn [6], V(r.1 is the electrostatic pote~itial of Inter- 
action of the electron with the SF, molecule. 
Since the center of coordinates lies at  the center 
of the SF, molecfile, the diffusion coefficient D 
in [5bj is given by 

[TI D = Ds,, + D, 
where DSF6 is the-coefficieilt for diffusion of a 
molecule of SF, through the solvent, and D, is 
the coefficient for diffusion of an electron (13, 
see especially p. 61). For the solvents and 
temperatures we shall consider D,,, -. 1 V 5  cm2 
s- I ,  while D, > cm2 s-I .  Hence, we may 
conclude D - D,. 

An analytical soiution of [5] and [6] including 
both space and time dependence has yet to be 
obtaiiled (11). However, a simplification can be 
achieved by reasoning as follows. Soon after the 
prodlnciicn of electrons by the pulse radiolysis. 
ihe initial electron concentration distributjon 
dissipates, and the electron capture process 
reaches a s!eac!y state specified by ac(r., f),'at = 0. 
The tiale required for the approach to :he steady 
srai-e to be conlplete is of the order of R2;'4,9 ( 1  i ) .  
Using experirnenta! values for D ( 1 ,  2, 31, we 
find that in all experiments the steady state is 
achieved in times 110 longer than a few nano- 
secoilds. These rimes are to be compared with 
0 = ? %,!SF,]. In the experime!~ts of Bakale ef 
c7i. (2) and Sovvada et a!. (31, for  example, we 
:ioied previously that 8 = 30 ns. Since 8 >> 
R54r3, we are hi!y justified in ignoring all 
explicit dependence on the time in [ 5 ] .  %n the 

steady state, substiiution of [5b] into [5a] leads 
to 

which has been simplified by using the Nernst 
Einstein relation 

and by making the identification U(r.) = e . V(r.). 
For  the case of a sulfur hexafluoride molecule in 
the field of an electron. the leading term in the 
potential energy is 

Cl 01 
1 r e 2  U(l.1 1 - ---f 
2 r4 

where ci is the SF, polarizability. and f is a 
screening function that expresses the diniinut~on 
of the interaction between the SF, molecale and 
the electron due to the presence of the solvent 
(14, 15). The next lobest term in the potential 
energy is due to the interaction of the electron 
with the per~llailellt hexadecapole moment of 
SF, and is the order of I 'r"16). This term. 
however, depends also upon the angular co- 
ordinates represented in r. and leads to additional 
mathematical complications. Hence in what 
follows we shall ignore the hexadecapole term. 

Inasmuch as U(r) in [lo] represents a central 
potential (depends only upon the magnitude of 
r), eq. 8 simplifies to 

Boundarjl Conditions 
For the solution of [II]: two boundary con- 

ditions are required. The first is 

where c ( x )  is the bulk concentration of electrons, 
i.c., that coi~centration nieasured at  large dis- 
tance Fro11-i the SF, molecule. The second 
boundary condition is either of the two equations 

where k ( m )  's the scavenge! rate constant ob- 
served at  r = a, and k(p )  is a rate constant 
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determining the disappearance of electrons a t  
r = p. Since there are no sources nor sinks of 
electrons within the region p < r < co, the 
quantity 4nr2$(r) must be a constant independent 
of r. Hence, 

Relc~tio~z Bettree11 k(p) and k(co) 
Subject to the above boundary conditions, 

the solution to [ I l l  is 

[l5] ~ ( r )  = C(CO) exp (- U(r)/lcB T)  

- exp ( - U(r)/kB T )  4xD 

x f exp (U(r)/k,T)s-' d r  

We may use [14] and [15] to eliminate the ratio 
c(p)/c(co) to obtain the relation 

where p* is the 'effective capture radius' (12) 
given by 

cc 

1171 = S exp (u(r ) /kB T)x-' d r  
P 

If in [lo], f > 0, then p > p*; if f < 0, then 
p < p" 

In the limit that the reaction is diffusion con- 
trolled (D + 01, k ( ~ )  takes on the value k, 

1181 k, = 4nDp" 

In the limit that the kinetics are homogeneous 
( D  + m), i.e., the rate of reaction is determined 
by the rate of encounters between electrons and 
SF, molecules, k(co) takes on the value k, 

Condition of Equilibrium 

The condition of equilibrium is attained when 
each separate elementary reaction in the mech- 
anism is a t  equilibrium (17). Consider [lu] 
occurring in the liquid phase. We introduce 
lifetimes z(p) and r (m) to account for any 
difference between lifetimes evaluated a t  r = p 
and at r = co, respectively. At equilibrium 

At equilibrium there can be no net electron 
flux anywhere in the solution. Setting +(r,  t )  to 
zero in [5b] and using the boundary condition 
[12], we find that 

[21] c(r) = c(m) exp (- U(r)/kBT) 

which is a Boltzmann distribution. 
Combination of [16], [20], and [21] gives 

which is an expression relating the lifetimes, 
T(E) and z(p). Since the second term within the 
bracket in [22] is positive definite, we have 
z(w) > z(p). Physically interpreted, this result 
means that the rate at which electrons appear at 
r = co is much less than the rate a t  which they 
are produced at r = p by autodetachment from 
SF,-*. When an electron is emitted a t  r = p, 
there is a certain probability that it will be 
recaptured, since to reach r = co, it must diffuse 
against the action of the polarization potential 
U(r). Hence, [22] evaluates the effect of 'secon- 
dary recombination' (32) on the decay of SF,-*. 

Effect of Solvation 
By use of a thermodynamic cycle (29), one 

may show 

kh [23] - = - exp [(AG,(e-) + AG,(SF,) 
J t  z, 

- &(SF, - *))IkB T I  
where we have defined 

C241 r, = lim z(m) = z(p) 
0'33 

as the lifetime for the case of homogeneous 
kinetics, and AG,(e-), AGs(SF,), and AG,(SF,-*) 
are the free energies for solution of e-,  SF,, and 
SF,-*, respectively. The gas phase quantities k 
and z were previously defined by [la]. Hence, 
we see that, the effects of diffusion aside, [ la]  is 
shifted in the liquid phase toward the side of the 
reaction having the smaller Gibbs free energy of 
solution. 

Comparison with Experiment 
Cu/culation of p* and k, 

To calculate p* from [lo] and [17], we need 
to establish the values of certain parameters. 
For p, the SF, radius, we take the value 2.92 A, 
which is the sum of the S-F bond distance 
(1.57 A) and the fluorine atom Van der Waal's 
radius (1.35 A) (26, 27). 
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We may take for the polarizability of SF, 
either the static value a = 6.545 A3 (28a) or the 
optical value a = 4.515 A3 (28b) which was 
determined for electromagnetic radiation a t  
5460 A. To  establish the relevant value, we 
estimate the length of time during which the 
polarization interaction dominates the electron's 
motion through the solvent. The reciprocal of 
this time should be the order of magnitude of the 
natural frequencies of the sulfur hexafluoride 
molecule which are involved in interacting with 
the electron. The potential energy U(r) becomes 
important when it equals the electron kinetic 
energy, $k,T. From [lo] we find that lU(r)l = 
tk ,T at r = r,, where 

The drift velocity of the electron is given by 

The average drift veiocity between r, and p is 

The time required for the electron to drift from 
r = r c t o r = p i s  

where we have used [9] to  put p in terms of D. 
For  the temperatures we are considering (85- 
323 K) and either value of u, we find r, - 5 to 
7 A. Taking r, - 6 A and applying [28], we find 
for group 1 liquids, l / t  - 10,' to l0 l3  s- l .  For 
these liquids, we choose to calculate p* using the 
static value of a .  For group 2 liquids, l / t  - lo i4  
to 1016 S-I, SO we choose the optical value of a .  

T o  calculate p*, we also need a formula for 
the electric dipole screening function, f. For a 
single component, nonpolar liquid without struc- 
ture, Lekner has proposed the formula 

where a, and No are, respectively, the electric 
dipole polarizability and number density of the 
molecules (14). In  applying [29] to a solution, we 
assume that a solute molecule experiences the 
same dielectric screening as a solvent molecule. 

We identify the quantities A', and a, with the 
solvent molecules. 

By use of the Clausius-Mossotti equation, the 
Lekner screening function may be put in the 
form 

where E is the dielectric constant. We verified the 
validity of this substitution by testing the ac- 
curacy of the Clausius-Mosotti equation for the 
liquids under consideration. The densities of the 
liquids are known (18-20). Except for Ar and 
Xe, the electric dipole polarizabilities were cal- 
culated by addition of the appropriate atomic 
refractions (Landolt's rule) (21, 22). The polar- 
izabilities of Ar and Xe are given in ref. 20. We 
used experimental values of the static dielectric 
constant E or the sodium D line refractive index 
n,  (nD2 = E, approximately for the hydrocarbons 
and the liquid rare gases) (23-25). We found that 
the Clausius-Mossotti equation was obeyed to 
within a few percent by all of the liquids except 
methane a t  93 K where the error was 10%. 
Hence, we concluded that the replacenlent of 
(8n/3)N0ci, in [29] by ( 2 ~  - 2 ) / ( ~  + 2) was justi- 
fied. For dilute solutions, the dielectric constant 
of the solution is very closely equal to the 
dielectric constant of the pure solvent; hence, in 
evaluating [30] for a solution, we identify E with 
the dielectric constant of the solvent. 

A screening function based upon a con- 
tinuum dielectric model for a liquid has recently 
been proposed (15). It takes the form 

This equation was also originally developed for a 
single component fluid. The parameter u, in that 
application referred to the properties of a single 
molecule, and the dielectric constant E was taken 
to be that of the bulk fluid. In applying it to 
electron diffusion in solutions, we shall identify 
u, with the properties of the SF, molecule and 
take E to be the dielectric constant of the pure 
solvent. We have u, = u/p3. The unit subscript 
was used in the original work to distinguish 
f,(u,, E) from the induced electric quadrupole 
screening function f2(u2, E), which was also 
derived, but which finds no immediate applica- 
tion here since the induced quadrupole potential 
is proportional to l /r6.  
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The Lekner screening function, f,, is positive 
definite, but f,(u,, E) is positive only for E < 
(1 + 2u,)/(l - u,). When the screening function 
is positive, the integral in [17] can be related to 
the incomplete gamma function. When the 
screening function is negative, special techniques 
are required. The details of these calculations are 
given in the Appendix. 

In [16], we identify k ( m )  with the experi- 
mentally measured rate constant k ,  and replace 
/c(p) exp ( -  D'(p)/k,T) by k ,  according to [19] to 
obtain 

In what follo%s, i\e shall attempt to calculate lc, 
using experimental values of k ,  and D In con- 
junction with values of p" calculated on the 
basis of the Lekner and the continuunl screening 
theories, respectively. We note that k,, In con- 
trast to k,, contains none of the effects of 
diffusion. 

Dafa Anci!jsis Bused 017 the Lek~~er  Screetli~lg 
Firr?ctio~ f, 

Our calculations based on the Lekner screen- 
ing function (eq. 30) are summarized in Figs. 1 
and 2.' For all liquids and conditions (1-31, we 
found that q defined by [A41 was greater than 10. 
Hence, p* could be calculated to a high degree of 
accuracy from [AlOb]. 

For the group 1 liquids (electron mobilities 
less than 1 cm2 V-I  s-'1, it was forand that 
4nDpY was less than the experimental value of 
k,. Hence, it made no sense to attempt to use 
[32] to calculate Ilk,, which must of necessity 
be positive definite. We assumed, instead, that 
in these liquids the reaction was diffusion con- 
trolled, i.e., k, = k,. We calculated values of p* 
from the experimental values of k ,  and D using 
[IS] and compared them with values of p* 
calculated according to [AlOb] as follows. From 
[AlOb], it is clear that a plot of Iog,, (p*f -'I4) 
as a function of log,, T forms a straight line of 
slope - 114. For the liquids and range of tem- 
peratures under consideration (1 10 to 297 K), f 
as given by [30] is a weak function of E,  and 
hence T. Consequently, plots of log,, pY 2.s. 
log,, T should also very nearly forin straight 

2A detailed summary of the relevant experimental data 
and all intermediate calculated quantities has been com- 
piled in the form of tables. A complete set of tables is 
available, at a nominal charge, from the Depository of 
Unpublished Data, CLSTP, National Research Council of 
Canada, Ottawa, Canada KIA OS2. 

lines. From Fig. 1, one may see that [AlOb] 
reproduces the qualitative trend of the experi- 
mental data, but the calculated slope of - 114 is 
smaller than the slope of the experimental data, 
which was determined by the method of least 
squares to be - 1.2. 

In Fig. 2, we have summarized our results for 
the group 2 liquids (electron mobility is greater 
than 1 cm2 V-I sf1). For these solvents we found 
that 47rDpV was greater than k,, so that it was 
possible to obtain a positive value for 1 lk, 
from [32]. The poiilts are badly scattered, and 
the few trends that can be perceived are indicated 
by connecting the relevant points by curves. 

Dntu Analysis Based on the C o n i i ~ ~ t i u ~ ~  Screening 
Function f , ( z ~ ~ ,  E )  

~inuunl Bur calculations based on the con" 
screening function (eq. 31) are shown in Figs. 1 
and 2. 

Again, we found for the group 1 liquids that 
4nDp" was less than k,. Hence, we chose to piot 
log,, p* rs. log,, T under the assumption that 
the reaction was diffusion controlled. In most 
cases, we found y to be less than 3, so that pY had 
to be calculated according to [A51 and [A7]. The 
theoretical points lie along straight lines because 
fly) is a rapidly converging series which is fairly 
well approximated by its first two terms only. A 
separate line is obtained for each liquid because 
f,(u15 E )  is a much stronger function of E than 
f L  (15), and the values of E are diirerent for 
different liquids. I t  is seen that the theoretical 
points derived from the continuum function lie 
along lines with positive slope while the experi- 
mental points show a trend characterized by a 
negative slope. 

Our results for the group 2 liquids are shown 
in Fig. 2. In most cases, we found fl(u,, E) < 0, 
and in a few cases were we able to determine a 
positive value for Ilk,. Because the contilluurn 
screening function in general predicts a less 
attractive polarization potential than does the 
Lekner screening function, we round that p* 
was smaller when calculated from,/T,(u,, E) than 
when calculated froni,fL. Hence, the values of k ,  
predicted by the continuurn function are larger 
than those predicted by Lelcner's function. 

We bave seen that when we use the Lekner 
screening function, we are more often able to 
calculate a positive value of k ,  than when we use 
the continuun; screening function. Assuming 
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I 
0 L a - ~  I 

2 0 2.1 2 2 2.3 2.4 2 5 

l o g l o  [T(K) I  

FIG. 1. Effective capture radius as a function of absolute temperature: 0, ethane; 0, propane; @, 
butane: A, 11-pentane; A, 72-hexane; and a, cyclohexane. 'The plain syr~~bols are points calculated 
from [AlOb] with f given by the Lekner function (eq. 30). The symbols bearing crosses are points 
calculated from [A51 and [A71 uith j' given by the continuun~ function (eq. 31). In all calculations 
.* = 6.545 A3 and p = 2.92 A.  The symbols bearing the x ' s  are based solely on experimental data 
(refs. 1-3) with p* calculated from p'" kk,'4zD. 

L 7 that the capture rate is diffusion controlled in - 

E 
the group I liquids, we find that the Lekner 
screening function predicts a value of p* which 

5 4 . .  is ~aniformly too low, however. The values of p:$ 
calculated on the basis of the continuum screen- 
ing function are lower still. One may show that, 

I 1 even assumiiig the strongest attractive polariia- 
2 i tion potential possible (f = I) ,  eq. AlOb gives 

-7 l j  values for p* smaller than those observed ex- 
perimentally. There are at  least two possible 

'" 10-7 
10 + causes. (I) The multipole expansion of the 

E, t - 
z - potential of interaction of the electron with the 

-% A - SF, molecule, of which - $ae2 f ,'rA is the leading 
term, may break down for values of r of the 

4 order of p;  and (2) when the electron gets near 
the SF, molecule, it :nay tunnel through the 
solvent into the region r. < p. Such a tunneliilg 

2 ton mechanism has already been proposed by Pilling 
! and Rice (30). Until the role played by these two 
! effects is examined, it ivould seem premature to 

4 - 6  6 rule in favor of the Lekner screening function. 
3 5 7 9 4 1 4 3 

( O ~ ~ / T ( K )  Comparison of D(ffererzf Scncengers 
FIG. 2. Homogeneous rate constant as a function of For  the group 1 liquids, the electron mobility 

absolute teniperature: C, isooctane; B, neopentane; 0, the e,npirical relation 
tetrarnethylsilane; A, methane; @, argon; and A, xenon. 
All values of k,, \yere determined from [32] and experi- 
mental values of D and k, (refs. 1-3). The plain synibols E331 P = Po exp ( -4 ' kJ - I  
are points for which p' was calculated using ~ e k n e r ' s  where Po is a constant independent of tempera- 
screening function, while the synlbols bearing the crosses ture and is an energy (1). ~~~~~i~~ 
are points calculated uaing the continuurn screening 
function, In a l l  calculations cc = 4.515 813 and = that the electron capture reaction is diffusion 
2.92 A. controlled, we may combine [AlOb], [33] ,  and 
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[9] to obtain for the case q 2 3 the semiempirical 
equation 

x (afLkB3/e2)Ii4 exp (- E / k B T )  

for k,. For dilute solutions, the Lekner screening 
function depends upon properties of the solvent 
alone. Hence, if S ,  and S ,  are two different 
electron scavengers which interact with electrons 
at long range principally through the polariza- 
tion force, one finds from [34] that for a given 
solvent and temperature 

E351 ~ , ( s , ) I ~ , ( s , )  = ( ~ ( s , ) / ~ ( s , ) ) ~ / ~  
where k,(S,), k,(S,), cr(S,), and u(S,) are the 
respective polarizabilities and diffusion-con- 
trolled rate constants. Since k,(S,)lk,(S,) de- 
pends upon the fourth root of z(S,)/cr(S,), one 
would expect to observe little difference in the 
scavenging power of S ,  and S,. 

Fluid Structure 
For the case of liquid argon, Lekner's work 

provides us an opportunity to assess the role 
played by a fluid structure in determining p*. 
Let us consider for the moment pure liquid argon 
and establish a coordinate system with origin at 
the nucleus of one of the atoms in the liquid. Call 
the radial distance from this atom to any other 
point in the fluid, r. Since the intermolecular 
force tends to attract a number of atoms into a 
coordination layer around any given atom in the 
fluid, the screening function will depend upon r. 
Lekner has shown that this screening function 

f ( v )  satisfies an integral equation (eq. 1 1  of ref. 
14) which involves the pair correlation function 
for the fluid. He took for his pair correlation 
function a form calculated from the Percus- 
Yevick equation for hard spheres. Lekner solved 
the integral equation for the screening function 
by numerical methods and obtained the plot 
shown in Fig. 3. Note that as r /p  increases, 
where p is the Ar hard-core radius, that f ( r )  
approaches f L  (eq. 30). Remember that f ,  is the 
screening function for a fluid without structure, 
i.e., a fluid for which the pair correlation 
function g(r)  satisfies 

The asymptotic relationship in Fig. 3 between 
f ( r )  and f, is due to the fact that there is no 
long-range order in the fluid. 

0 5 ~ - '  
0  1 2 3 4 5  6 

r / P  

FIG. 3. Screening function f ( r )  for liquid argon at  85 K. 
Hard-core radius 13 = 1.72 A. 

We now turn our attention to the case of 
sulfur hexafluoride dissolved in argon. The 
density of argon atoms in the vicinity of the SF, 
molecule is not known. In the absence of this 
information, we will make the following assump- 
tion. Although the SF,  radius ( 2 . 9 2 A )  is 
significantly larger than the Ar hard-core radius 
(1.72 A), we will assume that the radial distribu- 
tion function which applies to an Ar atom in the 
pure liquid also applies to the SF,  molecule. 
Consequently, we will assume that the screening 
function appropriate to an SF, molecule dis- 
solved in liquid Ar is given by the f ( r )  in Fig. 3 
with = 2.92 A. 

With this assumption, we have replaced f in 
[ l o ]  by f ( r )  and evaluated the integral in [I?]  
numerically. For comparison, we have plotted 
in Fig. 4 the integrand in [I?] with f set equal to 
f ( r )  and set equal to f L ,  respectively. The small 
differences in these curves are due to the oscil- 
lations in f (r ) .  The areas under the two curves 
are nearly identical. When f = f ( r ) ,  we found 
p* = 8.42 A, while when f = f ,, we found 
from [AlOb] p* = 8.45 A. Thus, we see that the 
liquid structure produces sizable oscillations in 
f ( r )  which, however, tend to compensate each 
other in the calculation of p* by [17]. Within the 
limitations of our assumption, we may conclude 
that the details of the liquid structure play no 
important role in determining the value of p*. 

Soluation 
At this point it would be quite interesting to 

make a quantitative comparison between k ,  and 
k using [23] and the results in Fig. 2. This 
comparison requires a knowledge of the free 
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I 
0 I 1 1' 

1 2 3 4 5 6 

FIG. 4. Plot of the integrand of the p* integral (eq. 17) 
with potential given by [ l o ] .  The abscissa i s  5 = xip, and 
the ordinate is 

Hi ! )  = 5 C 2  exp i - ~ S - ~ f i ! ) )  
where 

PIP* = Slm Hi ! )  di.  P = (ne2 l2k~Tp4)  

a = 4.515 A3, p = 2.92 A, and T = 85 K .  Solid curve: 
f ( k )  = fL = ( E  + 2)/3& with E = 1.51. Dashed curve: 
f ( 5 )  is given by the curve in Fig. 3 with /3 set equal to p. 

energies AG,(SF,), AG,(SF,-*), and AG,(eP). 
Methods of calculating these have been proposed 
recently by Henglein (33) and by Holroyd et al. 
(29). Quantitative evaluation of [23] is frustrated, 
however, because most of these estimates contain 
errors large compared with k,T. Suffice it to say, 
however, that only k, (not k,) bears thermo- 
dynamic comparison with k.  This is because 
diffusion is an inherently nonequilibrium pro- 
cess. According to [32], the effect of diffusion, 
which gives rise to the term 1/4?cDp*, must be 
subtracted from Ilk, before a result is obtained 
which depends only upon the equilibrium prop- 
erties of solvent and solute. 

Comparison with Other Theories 
Henglein has given an electrochemical theory 

of electron capture in liquids (33). In this theory, 
the rate constant depends upon (I) the rate of 
encounters between the electrons and scavenger 
molecules, (2) the number of electrons per unit 
energy, and (3) the density of unoccupied 
electron acceptor levels in the scavenger. Hen- 
glein's rate constant most closely approximates 
k ,  in the present theory. 

Funabashi and Magee have used the Fermi 
golden rule of quantum mechanics to calculate 
the liquid phase rate constant for dissociative 
attachment of electrons to the solutes C,H,Br 
and CCl, (31). They have chosen to ignore the 
effects of diffusion on the rate constant and have 

thus limited their attention to solvents in which 
the electron mobility is much greater than 
1 cm2V-' s - I. In cases where dissociative at- 
tachment is the rate-determining step, their 
calculation also represents an evaluation of a 
rate constant closely analogous to k, in our 
theory. Both C,H,Br and CCI, interact with the 
electron through noncentral potentials, so that 
the treatment of diffusion we have used does not 
apply. It would be of interest, however, to com- 
bine the theory of Funabashi and Magee with a 
treatment of electron diffusion in a noncentral 
potential to give a general theory of dissociative 
attachment in the liquid phase. 

Holroyd et al. (29) studied the kinetics of elec- 
tron attachment to CO, in solution. In their theo- 
retical analysis, they chose not to take into account 
the effect of the long-range interaction of the 
charge of the electron with the permanent 
quadrupole moment of the CO, molecule. They 
did. however, include the effect of the drift of 
the electron in an external electric field, a 
phenomenon not included by the present theory. 
A theory of electron diffusion combining the 
effects of the external field and the long-range 
electron-molecule forces is possible in principle. 
It would require, however, that noncentral 
potentials be dealt with as mentioned above. 
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Appeaadix: Calculation of p" 
Case 4, f > O 

In  order to evaluate the integral 

I x 

[A I] p.- = e r p  (U(r)/k, T)x-' d r  
0 

where 

we let 

and 

The result of making these substitutions in 
[All  is 

where 

is an  i~itegral related to the incomplete ganlina 
function. Values of I (q)  may be readily generated, 
houever. without reference to the incoillplete 
gamma f ~ ~ n c t i o n  by expanding the exponential 
in the integrand and integrating term by term. 
The resulting sun1 is 

For q 5 10, this sum converges after the evalua- 
tion of a few doze11 terms. However, for q 2 3, 
I (q)  differs insubstantially from T(lj4) = 

3.6256 .... Consider 

[A81 r(1/4) = Soi y p 3  dj. 

y-3 '4 e-4' dj ,  

Now 

For q = 3, q-314 e-%as the value 0.022. Hence, 
for most practical purposes, we inay conclude 
that for q 2 3, 

[Al  On] p*/p = 4q1'4/r(1/4) = 1.103y1 

By combining [A41 and [AlOa], we find that 
p* is in fact independent of p and given by 

Case N, f < O 
For  this case, we let 
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and 

[A121 p*/p = 4q '84/J (q)  

where 

which is no  longer equal to  a gamma function as 
q goes to  infinity. Hence, we rely on the series 
representatioil 

q" [All]  J ( q )  = 4q11" -- .=, (4n + l ) n !  
t o  calculate J(q).  

Discussion 

G. R. Freeman: We have recently eatimated that the 
reaction of electrons with SF, in alcohols is not quite 
diffi~sion controlled. Does that agree with what y o ~ l  would 
predict? 

J. K. Baird: I have difficulty in answering the question in 
the affirmative. because alcohols belong to the class of 
polar solvents. The theories of dielectric screening 
presently available (see refs. 14 and 15) refer exclusively to 
nonpolar liquids. A theory of dielectric screening in a polar 
solvent is conceivable. however. 

A. 0. Allen: Would your treatment account for the very 
high rate of reaction of solvated electrons (in water or 
alcohol) with iodine (I,). which corl-esponds to a reaction 
radius of the order of 10 A? 

J. K .  Baird: No. The reason is that I, possesses a 
permanent electric quadrupole moment which would give 
rise to the leading term in its interaction ui th the electron. 
The quadmpole gives rise to a noncentral potential and 
consequently introduces an angle variable into the 
Debye-Smoluchowski equation. The angular and radial 
parts of this equation might not be separable in such cases. 
which of course would constitute a major obstacle in 
finding its solution. I have thought about this problem but 
as  of yet not had the opportunity to investigate it in detail. 

J. M. Warman: Have you looked at other spherical 
molecules such as CC1, which has an attachment rate 
constant similar to that for SF, in the gas phase but display\ 
different temperature behaviour to SF, in both the gas and 
l i q ~ ~ i d  (TMS) phases'? 

J. K .  Baird: Carbon tetrachloride has a permanent electric 
octupole moment which would compete ui th the molecular 
polal-izability in attracting the electron. The octupole mo- 
ment is likely to raise the same difficulty in solving the 
Debye-Srnoluchowski equation as was indicated in my 
answel- to Dr. Allen's question. Howeher, like you. it is 
clear to me that an attack on the problem of diffusion of 
electrons in multipolal. fields (especially the field of :t per- 
manent dipole) is necessary if the theory is to be compared 
ui th the bulk of the expel-imentally known rate constant 
values. 
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T~SHINORI WADA, KYOJI SHINSAKA, HIDEKI NAMBA, and Y ~ S H I H I K ~  HATAKO. Can J. Chem. 
55.2144 (1977). 

The electron current in neopentane-?I-hexane mixtures, produced by a few nanoseconds 
X-ray pulse in the presence of external electric field, has been observed in the nanosecond- 
microsecond range. The form of the time dependence of the electron current has been shown 
to  vary with dose per pulse and is analysed accordingly. The electron mobilities y, are thereby 
determined in the mixtures. The rate constant of electron-ion recombination, k,, is propor- 
tional to the mobility over the wide range of p,. The rate constant for electron scavenging, k,, 
by CCI4 varies with yc; k,  for C,H,Br shows a maximum for a mixture with the mole 
fraction of n-hexane, x, = 0.48. The results for k ,  obtained for the mixtures agree with those 
by Allen and co-workers for various neat hydrocarbons. Further, the mechanism of electron 
transport in non-polar liquids is discussed. Using experimental results for Vo and E, for the 
mixtures (the energy of the electron in its quasifree state and the activation energy of ye, respec- 
tively) V, is expressed by a linear function of E,: Vo = -0.42 + 2.6Ea at room temperature 
and p, is correlated with Vo as an empirical formula p, = 125/[1 + 360 exp (15Vo)] based on a 
trapping model. 

TOSHINORI WADA. KYOJI SHIKSAKA. HIDEKI NAIVIBA et Y O S H I H I K ~  HAT.AZO. Can. J. Chem. 
55,2144 (1977). 

On a observe le courant d'tlectrons qui se produit, dans l'ecart de nanosecond-microsecond 
dans des melanges de neopentane-n-hexane soumis a une pulsation de quelques nanoseconds 
de rayon-)< en presence d'un champ electrique externe. On a dkrnontri que la forme de la rela- 
tion qui existe entre le temps et le courant d'electrons varie avec la dose par pulsation et on l'a 
analysee en constquence. On a determine les mobilitks electroniques, ye, des melanges. La cons- 
tante de vitesse de la recombinaison electron-ion, k,, est proportionnelle a la mobilit6 sur un 
grand ecart de u,. La variation de la constante de vitesse, k,, pour le piegeage des electrons par 
CCI, est pratiquement proportionnelle a ,Fe; k ,  pour C,H,Br presente un maximum pour un 
melange avec une fraction molaire de n-hexane x, = 0.48. Les rksultats obtenus pour k,  pour les 
melanges sont en accord avec ceux de Allen et coll. pour divers hydrocarbures B 1'Ctat pur. De 
plus, on discute du micanisme de transport d'electrons dans des liquides nonpolaires. Utilisant 
des rksultats experimentaux pour Vo et E, pour des melanges, qui sont respectivement l'energie 
de l'electron dans son etat pratiquement Iibre et l'energie d'activation de ye, on peut exprimer 
Vo par une fonction lintaire de E,: Vo = -0.42 + 2.6E, a la temperature de la piice et y e  est 
relie avec Vo par une formule empirique p, = 125,'[1 + 360 exp (15 Voj] qui est basCe sur un 
modkle de piegeage. 

[Traduit par le journal] 

Introduction 
Recently the behavior of electrons in non- 

polar liquids, especially in liquid hydrocarbons, 
has received great attention among radiation 
chemists, mainly with respect to electron 
transport phenomena (1-4) and electron re- 
activities (5-9). 

The mobility ye has been measured for a large 
number of liquid hydrocarbons. It has been 
found that ye depends strongly upon the mole- 
cular structure of the solvent molecule: y, in 
neopentane is about three orders of magnitude 
greater than that in 11-hexane. It has been 
suggested by Freeman and co-workers (4) that the 
electron mobility tends to be larger when the 

solvent molecule is more spherical. The tem- 
perature dependence of ye has also been in- 
vestigated and it provides important information 
about the mechanism of electron transport in 
liquid hydrocarbons ( l , 2 ) .  In addition the energy 
required to inject an electron from the vacuum 
into the liquid, V,,, has been measured by 
Holroyd et al. (10) for various hydrocarbons. 
The quantity V,  is assumed to be the electron 
potential energy in the conducting state with 
respect to that in cucuo and it has been correlated 
with the electron mobility. It has generally been 
accepted that the mechanism of electron trans- 
port in liquid hydrocarbons can be explained in 
terms of two essentially different states for 
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electrons: a localized or trapped state and a 
delocalized or quasifree state. A suitable con- 
figuration of a group of molecules at  a particular 
site in the liquid provides a region of low 
potential energy for an  electron, where the 
electron is localized until it is thermally activated 
into the quasifree state. The electron transport 
takes place through a succession of migrations 
from one trap to  another as a conduction 
electron. This mechanism has been referred to 
as a trapping model (1, 2). 

The rates of electron scavenging and of 
electron-ion recombination have been measured 
in liquid hydrocarbons with different molecular 
structures. It has been found that the reactivity 
of the electron toward scavengers differs 
significantly from one solvent to another. In 
cyclohexane the absolute rate constants of free 
electron scavenging, k,, as well as the efficiencies 
of geminate electron scavenging reported by 
Klein and Schuler (1 l), depend very little upon 
the nature of the scavengers (7 ,  8). In neo- 
pentane, on the other hand, a noticeable 
difference among the relative values of k,  was 
first observed by Hatano and co-workers (12) 
from experiments on the competitive free elec- 
tron scavenging of N 2 0  with various scavengers. 
Allen and co-workers (8) have also pointed out 
that in neopentane and tetrarnethylsilane the 
value of k ,  is large!y dependent upon scavengers. 
Beclc and Thomas (6a) have correlated I<, for 
biphenyl in several hydrocarbons with the 
electron mob~lity and found that k,  varies rather 
closely with the square root of ye. Allen et al. (86) 
have correlated k ,  for various scavengers in 
different hydrocarbons and tetramethylsilane 
with the quantity V,, where CCI, and C,H,Br 
show the two typical correlations of k,  cs. V,. 
The value of k ,  for CCI, increases monotonically 
with decreasing Vo (or increasing ye), while k,  
for C,H,Br exhibits a maximum for a charac- 
teristic value of V,. T o  elucidate theoretically 
these apparent anomalies Funabashi and Magee 
(13) have proposed a model where electron 
scavenging in high-mobility liquids is treated as 
a n  electron capture process which is compietely 
analogous to the gas phase process. 

In most experiments carried out so far the 
quantities ye, V,, and k,  have been determined 
for various neat hydrocarbons with different 
molecular structures and correlated with each 
other as mentioned above. For hydrocarbon 
nzixtures, on the other hand, the values of k, are 

almost unknown, although the quantities ye (2b) 
and V, (10d) have already been determined as a 
function of the mole fraction of the component. 
In this work we have determined, using con- 
ductivity techniques, the values of k, for CC1, 
and C2H,Br in neopentane-n-hexane mixtures, 
where ye and k,, the rate constant of electron-ion 
recombination, are also measured. By mixing a 
suitable amount of the two hydrocarbons, one 
can obtain a solution adjusted to a desired pe or 
V,. Further, the mechanism of electron trans- 
port in non-polar liquids is discussed on the 
basis of the experimental results obtained for 
the mixtures. 

Experimental 
Materials 

Neopentane (>99.94 mol% pure) and n-hexane 
( 2  99.99 moly, pure) were Phillips Research Grade. These 
were used after further treatment as follows. Each 
hydrocarbon was stirred under vacuum with concentrated 
H,S04 for 20 h, with NaOH pellets for 4 h, with LiAIH, 
powder for 4 h,  and with Na-K alloy for 20 h, then 
transferred into a measuring cylinder with which the 
volume of the liquid was measured at room temperature. 
Known volumes of each hydrocarbon were transferred 
into a vessel and mixed together. After a final purification 
with Na-K alloy for 10 h, the mixture was introduced 
under high vacuum (- torr) into a conductance cell. 

Carbon tetrachloride (Merck, 99.8%) and ethyl bromide 
(Tokyo Kasei, 299%) were used as solutes after the 
usual degassing. 

Corzriuctance Cell' 
Circular plates of stainless steel were placed in parallel, 

having an interelectrode distance of 3.5 mm. The 
collecting electrode had an area of 7.8 cm2 and was pro- 
tected by a guard ring from edge effects. The electrodes 
were sealed In a glass envelope which had a reserkoir of 
50 ml and a side arm with several break-seals. The con- 
ductance cell was coated on the outside surface wlth Ag 
paint to shield it from electromagnetic effects. 

Conductioity Measurenzents 
The apparatus used for conductivity measurements is 

schematically shown in Fig. 1. The conductance cell 
containing a sample was set in the shielded box. A 
potential difference of - 1000 V, unless otherwise men- 
tioned, was supplied to the high voltage electrode by a 
FLUKE 415B high voltage power supply through a low 
pass filter (8 kHz). The sample between the electrodes 
was irradiated with a few nanosecond pulse of X-rays 
through a window surrounded by lead bricks of 5 cm 
thickness. The single pulse of X-rays was generated by an 
impinging pulse of 0.6 MeV electrons from a Febetron 
706 accelerator on 0.1 mm tungsten foil (14). The electron 
current induced in the external circuit of the cell was 
observed by an oscilloscope (Tektronix 454A MOD 163D, 

'The conductance cell used in this experiment is the 
same type as illustrated in ref. 4c except for some modi- 
fication. 
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FIG. 1. Schematic representation of the apparatus: (I) 
high voltage power supply, (2) 8 kHz low pass filter, (3) 
conductance cell, (4) lead brick of 5 cm thickness, (5)  lead 
plate of 0 to 8 mni thickness, (6)  tungsten foil, (7) Febe- 
tron 706 accelerator, (8) 1 MHz amplifier, (9) 60 MHz 
oscilloscope. 

150 MHz) through a signal filter (3 MHz) if necessary, or 
by an oscilloscope (Tektronix 5403-D44, 60 MHz) with 
an amplifier (Tektronix 5A26, 1 MHz) for measurements 
of the smaller current. The oscilloscope was connected 
to the collecting electrode by a coaxial cable with a 50 L2 
termination. The conductivity measurements were carried 
out at room temperature (296 i. 3) K. 

Dosirnefry 
The conductance cell was placed 11 cm from the 

tungsten foil. The dose absorbed by the sample was 
measured by a film-badge or a thermoluminescent dosi- 
metry. Since the pulse intensity at a charging voltage of 
25 kV varied from pulse to pulse mith about i 10% 
fluctuation, the absorbed dose and the conductivity were 
determined by averaging the results of several runs. It 
should be noted that a single pulse of X-rays from 
Febetron 706 delivers a large dose to the sample in com- 
parison with that from other accelerators. The highest 
pulse dose obtained in this experiment was 160 mrad. We 
could obtain any pulse dose desired by attaching a lead 
plate of 0 to 8 mm thickness to the tungsten foil (Fig. 1). 

Addition of Solutes 
A small space (1.24 ml) between two valves was filled 

with vapor (0.1 torr) of CCI, or C,H,Br. This small 
amount of the additive was transferred onto the frozen 
mixture in the conductance cell through the side arm. 
Then the cell was sealed off. After melting, the cell was 
inverted several times to di5solve the solute in the solvent. 
The method for additive transfer to the cell mas checked 
by gas chromatography using a flame ionization detector. 
To prepare samples of various concentrations additional 
solute was added after each run to the mixture of 30 ml. 
It was assumed that the added solute dissolved com- 
pletely in the liquid phase. 

Results and Discussion 
Rate Consfat~fs of Electron-Ion Recombination 

in Pure Neope~ztane and in Neopentane-n- 
Hexarze Mixtures 

The decay of the conductivity signal shown in 
Fig. 2 was observed when neopentane was 
irradiated with a pulse of X-rays at  the highest 

pulse dose (160 mrad). Reducing the absorbed 
dose D, the initial half-life of decay t,,, becomes 
longer in proportion to log (IID), and at  a pulse 
dose below 10 mrad it assumes a constant value 
(475 i: 15 ns) as shown in Fig. 3. 

The electron current I,(t) observed following a 
pulse of X-rays is given by 

where e is the electron charge, A the area of the 
collecting electrode, d the distance between 
electrodes, E the applied field strength, and t i ,  

the electron concentration at  the distance .u from 
the collecting electrode. The change in the 
electron concentration should be described by 

The first term on the right hand side of [2] 
represents the contribution due to drifting of 
electrons to the collecting electrode in the 
presence of an external field. The second term is 
due to conversion of high-mobility electrons to 
negative charge carriers of lower mobility with 
the rate coilstant kt,, possibly by attachment to 
residual impurities which might remain even 
after rigorous purification described in the 
Experimental section. The third is due to 
electron-ion recombination with the rate con- 
stant k,, where 11, is the concentration of 
positive ions. The last term is due to electroil 
scavenging by a solute S with the rate constant k,. 
In case of neopentane, the last term of [2] is 
eliminated. Reducing the pulse dose makes the 
contribution of the third term of [2] to the 
observed decay rate less important, because 
both n+ and n, become smaller in proportion to 
the absorbed dose. At the lower dose rate where 
f,,, assumes a constant value, the observed 
decay may be ascribed to only the first two terms 
of [2]. 

If only the first two terms of [2] contribute to 
the decay, the electron current is given by 

where I,, the peak current at the end of the pulse, 
is equal to eApeEn,, where r z ,  is the initial con- 
centration of free electrons. The most suitable 
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I l l  '4 it' I I I I  

100 ns 
FIG. 2. Decay of the conductivity signal in neopentane: pulse dose = 160 mrad, E = 2.8 kVlcm. 

P u l s e  Dose  ( m r a d )  
FIG. 3. Effect of dose rate on the initial half-life t l , ,  of the electron decay in neopentane. 

value for p ,  is that in which the plot of [I,jt)/ (' - ' e E t l d )  exp (-ktrt) 
i l  - w,Et/djl is reduced to the exponential C41 r e ( t )  = I0 (1 + Iz,k,t) . - " .  
decay 1T, exp<- k,,t). The electron mobility in 
neopentane is thus determined to be (60 $ 3) The value of k, can be so chosen as to fit [4] to 
cm2 V - I  s-I from the analyses of decay plots at the experimental result. In the actual calculation 
low pulse doses for several neopentane samples. to find the value of k,, [ 5 ] ,  which is derived by 

At the highest pulse dose, electron-ion re- combining [4] with [33, is used 
combination should compete with the first and 
the second processes of [2] and the electron C51 + (aOlhLrrt = (?I,/ (y) current may be given approximately by h 
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where subscripts 1 and h represent the low and 
the high doses, respectively. Substituting two 
sets of I,(t)/I, into [5], one can determine the 
value of (rz,),k, with an error of 10%. The 
initial concentration of free electrons at  high 
pulse dose, (n,),, is obtained from either the 
peak current I, using pe = 60 cm2 V-' s-I or 
the absorbed dose using the field-enhanced free 
electron yields GE = 1.3 (4d) at  E = 2 . 8  kV/cm 
in neopentane. Thus the rate constant of 
electron-ion recombination in neopentane is 
determined to be (2.8 + 0.3) x 1016 M- '  s-' at  
room temperature. In order to ensure that the 
drifting process is the only decay mechanism at 
low pulse doses, the external field strength is 
increased to 7.1 kV/cm. The electron current 
decays linearly with time and is given by 

The signal decay time. t,, corresponds to the 
time required for an electron to drift the distance 
between the electrodes. The electron mobility 
determined from t ,  is 61 cm2 V-I s-I ,  which is 
in good agreement with that determined from 
the analysis of the decay plot at  lower electric 
field. The value of pe also agrees well with those 
already reported (1-4, 8). 

The mobilities of electrons in mixtures of 
neopentane-n-hexane have been determined 
from the peak current at  the end of the pulse 
using the equation I,, = eAp,En,. The initial 
concentration of free electrons in the mixture is 
given by n, = 6.25 x 101lDd,i,G,i,E, where D 
is the dose in rads and dm,, is the density of the 
mixture. The free electron yield in the mixture in 
the presence of the applied field E is calculated 
from [7] using a single-pair-spur model (4c, 15). 

171 Gmi/ =  tot Soz F(J.)+(Y,E) 

where G,,, is the total ionization yield which is 
assumed to be 4.3, +(y,E) is the probability that 
a thermalized electron-ion pair with initial inter- 
pair separation distance y will escape geminate 
recombination and become a free electron in the 
presence of the applied field E, and F(y) is the 
initial separation distance distribution function. 
The escaping probability +(y,E) is approximated 
by the initial four terms of a polynomial expres- 
sion (4c). The distribution function F(y )  is given 
by the three dimensional Gaussian function 

(4y2/n'/2b,ix3) exp ( - y2/bmi.2) 

where b,,, is the most probable value of y in the 
mixture. The value of b,,,, is calculated using b 
values for neopentane and n-hexane from the 
relation found by Schmidt and Allen (16). The 
values of b,,, and b, are determined so as to 
fit G,,,E calculated from [7] to the experimental 
plots of GE US.  E reported by Freeman and co- 
workers (4c,d). The electron mobilities deter- 
mined in this manner are plotted us. the mole 
fraction of n-hexane, as shown in Fig. 4. For 
neopentane and a mixture of w,, = 0.16 the 
values of pe determined from the peak current 
are, respectively, in good agreement with those 
determined from the analysis of the decay plot 
within the experimental error. For 11-hexane the 
peak current has not been accurately measured 
owing to the low ratio of signal to noise. The 
extrapolation of the curve in Fig. 4 to x, = 1 
glves 0.08 cm2 V- '  s-', which is in good agree- 
ment with that already reported (1, 2, 8). 

The plot of log p, us. x, yields a straight line, 

c 
0 0.2 0 .  0.6 0.8 1 

mole fraction of n-hexane 

FIG. 4. The electron mobility p, as a function of mole 
fraction of n-hexane, .yh in the mixture. (0) determined 
from the analysis of the electron current decay; (e) 
determined from the peak current at the end of the pulse. 
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indicating that the electron mobility in the 
mixture p I p i ,  is expressed by 

PI p n11x . = p n e o X n e o  p h X h  

where p,,, and ph are the electron mobilities in 
neopentane and n-hexane, respectively, and x,,, 
is the mole fraction of neopentane in the 
mixtures. It is seen from [ 8 ]  that by suitably 
mixing neopentane and n-hexane one can 
obtain a solvent of any desired electron mobility 
which lies between y,,, and p,. The above 
relation has been found by Minday et al. (2b) for 
the same hydrocarbon mixtures using a time-of- 
flight method. They have also investigated the 
temperature dependence of ymi, and found that 
the electron mobility in the mixtures, as in the 
cases of the pure components, can be expressed 
by the Arrhenius type expression, 

[91 P ~ , ,  = p f  ~ X P  (-E,,,IRT) 

where y, is assumed to be the mobility of the 
electron in the quasifree state. The activation 
energy in the mixture, Em,,, increases with xh 
and is given by a linear function of composition. 

[ lo ]  E m i x  = Eneoxneo + Ehxh 

where En,, and E, are the activation energies in 
neopentane and n-hexane, respect~vely. It  has 
been concluded (2b) that neopentane and 
n-hexane form an 'ideal' mixture in which the 
locallzed state or the trap for electrons 1s made 
up by a group of molecules which is weighted 
according to composition. 

The rate constants for recombination of 
electrons with positive ions in the mixtures are 
determined in the same way as in the case of neat 
neopentane. A noticeable difference between the 
electron half-life at high pulse dose, (t,,,), and 
that at low pulse dose, (t,,,), has been observed 
in the mixtures. However, the electron current 
decay in the mixtures of large x, exhibits pseudo- 
first-order behavior under both dose conditions. 
In this case [ 5 ]  is reduced to 

+ ( ~ 0 ) h ~ r ~  = eXP (0.693[(t1,2>h-1 - ( t 1 / 2 ) 1 - 1 1 }  

Figure 5 shows a plot of the recombination rate 
constant k,  us. the electron mobility. Our data 
obtained for the mixtures of x, = 0, 0.16, 0.32, 
and 0.48 are represented together with those 
reported by Allen and Holroyd (8a) for rz- 
hexane, n-pentane, and tetramethylsilane and by 
Baxendale and co-workers (7) for n-hexane and 

FIG. 5. The rate constants of electron-ion recombina- 
tion, k,, as a fi~nction of the electron mobilities, p,, in the 
mixtures (0)  and in neat hydrocarbons ( x )  and tetra- 
methylsilane (0) from refs. 7 and 8. The solid line is 
calculated from the reduced Debye equation [ll]. 

cyclohexane. All of these rate constants are pro- 
portional to the electron mobilities over a wide 
range of p, and lie on the straight line obtained 
from the reduced Debye equation 

Figure 5 shows, therefore, that electron-ion 
recombination in non-polar liquids, where the 
electron mobility varies by three orders of 
magnitude, is a diffusion-controlled process. 

It  is generally considered that the reduced 
Debye equation, derived from the motion of ions 
which is essentially characterized by random 
diffusion, may be appropriate for low-mobility 
liquids such as n-hexane where the electron 
seems to reside in the spatially localized state for 
a long period of time and to move from one 
localized site to another as a conduction electron. 
In Fig. 5, however, [ l l ]  is also applicable for 
electron-ion recombination in high-mobility 
liquids such as neopentane where the electron 
seems to be extensively delocalized. Although 
the extent of delocalization of the electron in 
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high-mobility liquids seems not to have been 
estimated, it may be considerably sinaller than 
the effective reaction radius of electron-ion 
recombination, p,, which is close to 300 A in 
liquids of low dielectric constant. The de- 
localized electron may stay in the vicinity of the 
positive ion for a time which is considerably 
longer than the vibrational period for nuclear 
motion and the recombination reaction may 
occur with a probability of unity whenever the 
electron enters into the effective reaction radius. 
If so, the rate constant of electron-ion recom- 
bination remains diffusion col~trolled even in 
high-mobility liquids. 

Rate Constants of Electron Scacenging in the 
Mix twes 

The time dependence of the electron current 
in the mixtures has exhibited pseudo-first-order 
behavior and the observed half-life t,,, is related 
to a rate constant, k,. The exponential decay 
may be attributed to the relatively small contri- 
butions of electron drift and of electron-ion 
recombination processes in the mixtures. Addi- 
tion of small amounts of CCI, or C,H,Br 
considerably increases the decay rate of the 
electron current, which still exhibits pseudo- 
first-order behavior with an  effective rate con- 
stant k,. The large increment in the decay rate 
caused by addition of solute may be exclusively 
attributed to electron scavenging by the solute. 
Then the effective decay constant k, in the 
presence of the solute may be given by k, = ko 
+ k,[S], where k, is the rate constant of electron 
scavenging by the solute. Typical examples are 
shown in Fig. 6 for a mixture of x, = 0.32, 
where, as required in this treatment, k, is linear 
with the solute concentration and the slopes of 
these lines yield Ic, for CCl, and C,H,Br with 
errors of 1 10yo. 

The rate constants obtained in this way for 
electron scavenging in lnixtures are plotted in 
Flg. 7. Data  for n-hexane are those reported by 
Allen and Holroyd (80). The mole fraction xh 1s 
translated into the energy of the quasifree 
electron in the mixtures, Vo ,,,, using the 
relation found by Holroyd and Tauchert (IOd), 

where Vo n,o and Vo , are the energies of the 
quasifree electron in neopentane and 17-hexane, 
respectively. The plot of log k,  for CCl, us. x, 
yields a straight line: k, for CCI, is expressed 

FIG. 6. The effective rate constants, k,,  of electron 
scavenging in the mixture of x, = 0.32 as functions of 
the concentrations of CC1, (@) and C,H5Br (0). 

fairly well by 4 x 10'2p,0'5 &I-' S-I.  On the 
other hand, k, for C,H5Br shows a maximum 
at  x, = 0.48 where Vo = -0.15 eV. The results 
of k, for CCl, and C,H,Br determined for the 
neopentane-n-hexane mixtures agree with those 
by Allen ef a/. (8b) for various neat hydro- 
carbons. The agree~nent of the results for neo- 
pentane-n-hexane mixtures and for various neat 
hydrocarbons indicates that the electron re- 
action with scavengers does not depend on the 
solvent inolecular structure itself but only on the 
quantities p, and Vo of the mediurn. 

If electron scavenging is diffusion controlled, 
the rate constant should be proportional to the 
electron mobility and given by 

4nk Tp, k,  = --- 
c? pe 

where p, is the effective reactlon radius of 
electron scavenging. The broken line in Fig. 7 
is the resuit of [13], assuming that p, has a 
constant value of 5 A in mixtures of any com- 
position. In relatively low-mobility mixtures the 
reaction of electron scavenging appears to be a 
diffusion-controlled process. The data of k, for 
a large number of scavengers in cyclohexane and 
n-hexane reported by Baxendale and co-workers 
(7) and Allen and co-workers (8) depend little 
on scavengers and agree closely with [13] for the 
respective solvents. In high-mobility mixtures, 
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FIG. 7. The rate constants of electron scavenging, k, by CCI4 (@) and C,H,Br (0) as functions of 
xh, VO, and H~ in the mixture. The data for neat n-hexane (H, 0) are cited from ref. 8. The broken 
line is calculated from [13]. 

on the other hand, the rate constants k,  do not 
follow [13]. Electron scavenging in high-mobility 
mixtures is not diffusion controlled. This 
appears to hold particularly for the case of 
C,H,Br, since k,  decreases with increasing p, in 
the higher mobility region. For CCI,, however, 
k ,  might have something to do with [ I  31, because 
its specific rate varies rather closely with the 

may be necessary instead of diffusion kinetics. 
Allen et a/. (8b) have correlated k,  in various 
hydrocarbons and tetrarnethylsilane with the 
energy of the quasifree electron, V,,, and pro- 
posed that a characteristic value of V, at which 
k ,  becomes a maximum can be predicted using 
the resonant energy maximum in the attachment 
cross section for electron reaction with the 

square root of the electron mobility over the scavenger in the gas phase. For high-mobility 
wide range of ye. liquids, Funabashi and Magee (13) have pro- 

I t  bas been suggested that diffusion kinetics posed a model where the process of electron 
expressed by [13] is not necessarily valid for scavenging is completeIy analogous to the gas 
processes of electron scavenging in liquid hydro- phase process of electron attachment. Thus the 
carbons, especially in high-mobility liquids. In 'gaseous character' (12) of the high-mobility 
neopentane, Hatano and co-workers (12) have liquid coinmonly has been emphasized to 
first indicated that the relative values of k,  are explain the non-diffusion-controlled behavior 
largely dependent upon scavengers and are of k,. 
correlated with the rate constants of thermal Let us here consider the situation in which 
electron attachment in the gas phase, suggesting diffusion kinetics is valid. When the following 
that a new theoretical approach taking account two requirements are satisfied, electron re- 
of 'gaseous character' (12) of liquid neopentane actions in liquids may be described by diffusion 
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kinetics. The first is that the electron undergoes 
high-frequency diffusive displacements of the 
random walk type in a relatively small area 
compared with the effective reaction radius of 
interest, even if the electron wavefunction is 
somewhat extended over several solvent mole- 
cules. The second is that the electron reaction 
has a low or no activation energy: the rate is 
determined by the diffusion of the electron 
towards the reacting species rather than by the 
final reaction itself. The first requirement may be 
related to the electron mobility and the second 
to the quantity Vo. When either of the require- 
ments is not satisfied, electron reactions in 
liquids may exhibit non-diffusion-controlled 
behavior. 

In the high-mobility mixtures these require- 
ments may not be met in the reactions of electrons 
with CC1, and C,H,Br shown in Fig. 7. For 
C,H,Br, in the high-mobility mixtures having Vo 
lower than -0.15 eV, the final reaction of 
electron capture seems to require an activation 
energy, as suggested by Allen and co-workers 
(8), so it becomes the rate determining step. For 
CCl,, on the other hand, the quasifree electron 
in the n~ixtures of any composition seems to 
have energies which are high compared with that 
required for the final reaction of electron 
capture. As pe becomes larger, the diffusive dis- 
placements of the electron become large com- 
pared with the effective reaction radius of 
electron scavenging, p,. In other words, the more 
the electron wavefunction extends, the smaller 
its overlap with the orbitals of CCI, molecule 
becomes. For the reaction of electron scaveng- 
ing, therefore, p, may decrease with decreasing 
overlap (or increasing p,). Assuming that p, for 
CCI, is tentatively equal to r,,',,z, where r, is 
the geometrical radius of the CCI, molecule, 
[13] is reduced to k, = (4rrkTr,/e),X, which 
accounts for the result in Fig. 7. 

Both pe and Vo are important with respect to 
the rate of electron scavenging in liquid hydro- 
carbons. The details of the factors which 
determine the reaction rate k,, however, still 
remain obscure. Further measurements of k, for 
various scavengers in mixtures of hydrocarbons 
clearly are required. 

Electron Transport in Non-polar Liquids 
The mechanism of electron transport in non- 

polar liquids has been described in terms of three 
quantities : electron mobility, ye, its activation 

energy, Ea, and electron energy in its quasifree 
state, V,. The temperature dependence of ye as 
is expressed by [9] may imply that the electron 
transport takes place through a succession of 
migrations from one trap to another as a con- 
duction electron. This mechanism has generally 
been referred to as a trapping model (1, 2), 
which is apparently similar to a phonon-assisted 
hopping model proposed to explain the electron 
transport in amorphous semiconductors (17). 
The correlation between p, and Vo received 
attention originally by Holroyd and Allen (10a). 
Recently Schiller and co-workers (18). Kestner \ ,  

and Jortner (19), and Freeman and co-workers 
(20) have theoretically calculated ye as a function 
of Vo based on, respectively, a partial localiza- 
tion model, an effective medium model, and an 
activation model. The activation energy E, has 
also been calculated from the theories. Then the 
experimental data of p, and E, have been 
correlated with Vo to test predictions from 
theories. 

Turning to the experimental results on these 
three quantities for neopentane-n-hexane mix- 
tures, which are expressed by [S], [lo], and [12], 
it is seen that the correlations of pe rs. Vo and 
Vo us. E, can be expressed by simple formulae. 
The electron mobility, P,,,~,, is expressed by a 
function of the mole fraction of components. 
Both Vo m i x  and Em,, are linearly dependent on 
composition. Substituting [12] into [8], P , ~ ,  is 
expressed by an exponential function of Vo 

[14] yn,ix = 0.35 exp ( -  15 Vo 

which is calculated using p,,, = 60, ph = 0.08 
cm2 V-'  s-l ,  V,  .,, = -0.35 (10d), and V, ,  
= 0.10 eV (10d). This relation was first reported 
by Holroyd and Tauchert (10d). Comparing 
[12] with [lo], Vo is expressed by a linear 
function of Em,, 

[I51 Vo mi,  = -0.42 + 2.6Em,, 

at room temperature, which is calculated using 
En,, = 0.024 (the average of refs. 4a and 26) 
and Eh = 0.20 eV (the average of refs. I ,  2, and 
86). Equation 15 is an empirical formula derived 
from the experimental results on the mixtures 
and correlates the energy of the trapped state 
with that of the quasifree state quantitatively. 
Figure 8 shows a plot of V,  us. E, for various 
hydrocarbons and tetramethylsilane for which 
both quantities have been reported. Equation 15, 
represented by the solid line, seems to hold for 
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FIG. 8. Plot of Vo cs. E, in liquid hydrocarbons and 
tetramethylsilane. All values are experimental near 296 K. 
Values of Vo are from ref. 10e. Values of E, are the 
average of those in refs. 1, 2, 4, and 8. The solid and 
dotted lines are from [15] and its modification, respec- 
tively. The numbers labeling the points are: (1)  tetra- 
methylsilane, (2) neopentane, (3) 2,2,4,4-tetramethyl- 
pentane, (4) 2,2-dimethylbutane, (5) 2,3-dimethylbutene-2, 
(6) 2,2,4-trimethylpentane, (7) cyclopentane, (8)  cyclo- 
hexane, (9) n-pentane, (10) methylcyclohexane, (11) 
n-hexane, (12) n-octane, (13) n-decane. 

many hydrocarbons but not for tetramethyl- 
silane. In order to elucidate the relationship 
more completely, it will be necessary to deter- 
mine theoretically the composition dependence 
of Em,, as well as Vo ,,, (21) in the mixtures. 

The observed electron mobility is expressed 
by the mobility of the quasifree electron, p,, 
multiplied by the fraction of the time that the 
electron exists in the quasifree state. Using 
Frommhold's formula (22), the electron mobility 
is given by 

Cl f 
Pe =- 1 + vz, 

where v is the frequency of trapping collisions 
of the quasifree electron and z, is the mean time 
that the electron resides in the trapped state. It 
was suggested by Davis and co-workers (2a) 
that T ,  depends on the activation process and so 
it can be expressed by z, = z, exp (EJRT) ,  
where T ,  is approximately the period of a 
vibrational oscillation. It is also assumed that 
V T ,  z 1 (23). The electron mobility is then 
expressed as 

ET AL. 2153 

~ 1 7 1  p =- I-l f 
1 + eexp (EJR T )  

using the activation energy. Using [ I 5 1  and 
taking 180 cm2 V-I s-I for pf, the electron 
mobility can be expressed as 

Cl8l 
180 

pe = 1 + 520 exp ( 1 5 ~ ~ )  

at room temperature. The value of p, is so 
determined that [ 1 8 ]  is reduced to [14] for 
relatively high values of Vo. Figure 9 shows a 
plot of log p, us. V,  for various hydrocarbons 

FIG. 9. Plot of p, us. Vo in liquid hydrocarbons and 
tetramethylsilane. All data are near 296 K except for 
liquid methane (O), near 110 K. Values of p, are the 
average of those in refs. 1-4, 8, 24, and 25. Values of V, 
are from refs. 10e, 24, and 26. The curves of A and B are 
calculated from [18] and [19], respectively. The numbers 
labeling the points are the same as in Fig. 8 except for: 
(14) 3-methylpentane, (15) methane. The arrow shows 
the expected direction of shift of the open circle with 
increasing temperature because p, in liquid methane has 
a negative temperature coefficient (24, 25) in the range of 
90 to 140 K and V, may decrease with increasing tem- 
perature (10, 26). 
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and tetralnethylsilane for which both quantities 4.  ( ( 1 )  J.-P. DODELET and 6. R .  F R ~ E M A N .  Can. J .  Chem. 

have been reported. ~t is seen that [18], denoted 50.2667 (1972): ( 0 )  J.-P. DODELET, K.  S H ~ N S A K A ,  and 
G. R .  FREEMAN. J .  Chem. Phys. 59, 1293 (1973): ( c )  

by curve A ,  expresses suitably the correlation J.-P. DODELET. K.  SHINSAKA, U.  KORTSCH, and G. 
between p, and V,  for many hydrocarbons R. FREEMAN. J .  Chem. Phys. 59. 2376 (1973): ( d )  K. 
except tetramethylsilane, cyclopentane, and SH~NSAKA and G. R .  FREEMAN. Can. J .  Chem. 52, 
methane. Here, if [19] is used in place of [l8], 3556 (1974): ( e )  K .  SHINSAKA, J.-P. DODELET, and G. 

R .  FREEMAN. Can. J. Chem. 53. 2714 (i97Si: if) J.-P. 

~ 1 9 1  
125 

I& = ! + 360 exp (1 5 V,) 

we can obtain curve B in Fig. 9, which passes 
near the point for tetramethylsilane. Equation 
19 is obtained from the equation V,  = -0.39 + 
2.6Ea (the dotted line in Fig. 8) in place of [15j, 
which is a trivial modification. The value of p, 
results in 125 cm2 V - I  s - l .  The curve B in Fig. 9 
appears to fit well to the theoretical curve 
obtained from Freeman's activation model (20) 
while not to those obtained from Schiller's (18) 
and Kestner and Jortner's rnodels (19) over the 
entire mobility range. 

As mentioned above, using the experimental 
results on the quantities p,, E,, and V ,  for neo- 
pentane-11-hexane mixtures and a trapping 
model on electron transport, we have presented 
empirical formulae which express suitably the 
correlations of Vo tcs. E, (eq. 15) and p, us. V ,  
(eq. 19) for many hydrocarbons and tetra- 
methylsilane at room temperature. While [I  51 
seems not to be valid for tetramethylsilane, [19j 
appears to hold for the highest mobility liquid 
such as neopentane and tetramethylsilane where 
the quasifree electron is considered to be 
dominant. A theoretical consideration of [15] 
clearly is required. It is also necessary to con- 
sider the connection between the empirical 
formula (eq. 19) and theoretical expressions 
(1 8-20). 

I t  has been shown in this work that experi- 
ments using hydrocarbon mixtures give us a 
better understanding of behavior of electrons in 
non-polar liquids. 
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Discussion 
J. Jortner: Concerning the relations between y, and V,, 
which many of us have been using, it appears now that 
the experimental data of Schmidt and colleagues on 
liquid ethane provide a striking exception to this rule. 

Y. Hatano: I think so. But, the te~uperature effect of M, 
and Vo should be noted as that indicated in Fig. 9 for 
liquid methane. 

J. R3. Warman: We have measured the temperature de- 
pendence of the mobility of the negative charge carrier(s) 
in liquid TMS containing low concentrations of the 
temporary electron trap biphenyl (J. M. Warman, M. P. 
DeHaas, and A. Hummel, Proc. 5th International Con- 
ference on Conduction and Breakdown in Dielectric 
Liquids, Noordwykerhout, The Netherlands, July 1975). 
Such a solution corresponds to a low mobility liquid in 
which the mobility is known to be controlled by equili- 
brium between a trapped and quasi-free state, of which 
the quasi-free mobility is known (100 cm2 V-I  s-I). If 
the observed temperature dependence of the mobility in 
such a 'trap doped' solution is plotted in an Arrhenius 
fashion corresponding to p = A exp (-BIRT), then the 
value of B found from the slope (even up to mobilities 
quite close to the quasi-free mobility) is very close to the 
known ( i .e ,  measured) value of A H  for the trapping pro- 
cess. The preexponential parameter, A,  determined from 
such a plot is, however, many orders of magnitude greater 
than the known quasi-free value of 100. These experi- 
ments were carried out deliberately to illustrate that the 
association of A with yo is of dubious validity. 
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Scavenging of localized and quasifree electrons in liquid 
hydrocarbons (Extended Abstract) 

A. A. BALAKIN, I .  A. BORIEV, E. L. FRANKEVICH, L. V. LUKIN,  AND B. S. YAKOVLEV 
In~tltlrrc of C/~ernlcirl P h ~ s l c ~ ,  Acuder?i\ of Sciences U S S R ,  142432 Chernogoioi kii, USSR 

Rece~ved November 22, 1976 

Excess electrons in liquid hydrocarbons are K 

believed to be either in a localized or in a e- + (pyrene) - (pyrenej- 

quasifree state. In what state are electrons which .- 
&e scavenged by acceptor molecules? As an 
approach to this question we examined the values 

T"' I i 3  of rate constants k obtained for electron scav- 
enging reactions in liquid hydrocarbons with - 
highly different electron mobilities, p. Scav- y 
enging by aromatic hydrocarbons and oxygen 
molecules has been studied. I I  

The rate constant measured is a combination 10 

of partial rate constants for scavenging of 
localized and quasifree electrons. The contribu- 
tion of the quasifree or localized state is assumed 
to be proportional to the time spent by electrons 
in this state, i.e. 

[I 1 k = k,P f k,(l - P )  FIG. 1. The deaendence of the rate constant of electron 

where k,  and k, are the rate constants for 
scavenging of a quasifree and localized electron: 
1 - P is the fraction of time which an electron 
spends in a quasifree state and is equal to y / p ,  
for the conventional model of trap-limited 
transfer of excess electrons; p,  is the mobility of 
the quasifree electron. 

Figure 1 shows the dependence of k for pyrene 
molecules on the diffusion coeficient of excess 
electrons, D, obtained from Einstein's relation- 
ship by using p. 

For liquids uith D 5 cm2/s an assump- 
tion of the predominant capture of quasifree 
electrons leads to k 5 k,. where k ,  is the 
maximum possible attachment rate constant for 
a thermal free electron at p,  5 20 cm2 V- ' s- '. 
Such a value seems to be too low for quasifree 
electrons; therefore we suppose the localized 
electron scavenging process to be more adequate 
for liquids with small D. In this case a large 
effective radius of the reaction R z 17 ob- 
tained (1) for these liquids can be connected 
either with the localized electron radius (1) or 
with the electron transfer tunnelling mechanism 

scavenging by &rene in nonpolar dielectric liquids on 
the diffusion coefficient of excess electrons: pentadecane 
(E), n-hexane (@), cyclohexane (T), isooctane (A), 
neopentane (+), and tetramethylsilane (E) at T = 296 K ;  
n-hexane (0) at different temperatures (1). 

(the latter gives R z 17 A if we take the localized 
electron radius as 5 A, the value usually used for 
the electron tunnelling theory parameter (2) 
a' % l o t3  s-', and the parameter P zz lQ7 cm-I 
corresponding to a trap depth of 0.2 eV for 
localized electrons). Figure 1 illustrates the 
dependence k ( D )  derived from the general ex- 
pression of Noyes k-' = (4nDR)-' + /<,-', 
which agrees with the experiment for D < 6 x 
l op3  cm2 s- ' .  For liquids with D > 0.1 cm2 s-'  
such a simple approach gives values of k iower 
than experimental. Two possible effects might 
lead to this result: (I) an increase of the 'genuine9 
rate constant, k , ,  when going to liquids with 
larger D (for example, due to lowering of the 
tunnelling barrier); (2) an increase of a quasifree 
electron contribution. 

For scavenging of excess electrons by oxygen 
molecules in liquid hydrocarbons with p < 10 
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cm2 V- ' s- ' a t  T = 296 K the values of k proved 
to  be about equal (k = 5 x 10'' M - I  s-' (3)) 
though values of y and, as expected, of 1 - P 
varied over a range of lo2 in different liquids. 
These results permit, in view of [I 1, the descrip- 
tion of scavenging as a capture of localized 
electrons. The rate constant k has been shown to 
increase when going to liquids with y > 10 cm2 
V-I  s-'. This is believed to be due to a capture 
of quasifree electrons. O n  this assumption we 
obtained k, = 6 x 10'' M - I  s-I  at  296 K and 
a n  activation energy Ef 5 0.01 eV (3, 5) for 
scavenging quasifree electrons in neopentane 
and tetramethylsilane. 

We compared the values of k, and Ef with 
gas-phase data assuming a compound negative 
ion (0,-):: to be involved in the quasifree 
electron scavenging process, i.e. 

I n  gases the cross section of (0,-)" formation 
consists of series of spikes a t  energy values, 
E,,, corresponding to vibrational levels of 0,- 
with the quantum number v' 2 4 and Aa = 

E,, + - E,, = 0.1 eV (4). The formation of 
(02-)'i: was proposed to proceed in liquids a t  
kinetic energies of quasifree electrons of about 

where V,, is the polarization energy of the (0 , - )*  
ion in the liquid and V,, is the lowest level of ef-. 

Aside from this one can imagine at  least two 
differences between the gas and liquid phase 
attachment mechanisms : (I) different widths, 
Ti,", for decay into the ground state of 0, plus 
a free electron, (2) because of a distribution of 
V, in liquids, the quasifree electrons with a 
given energy can lead to the formation of (0 , - )*  
with different vibrational levels. (As V, is 
defined by the local density near an  0, inolecule 
just before electron attachment, then due to the 
density fluctuation one may expect a rather wide 
(- 1 eV) distribution function P(Vp) in liquid 
hydrocarbons (5). Therefore the thermal electron 
can form (0,-) '  with v' from - 10 to -20.) 

111 these circumstances we have 

where VpO is the lowest value of V,  and is 
about - 2.1 eV for liquid isooctane (5); \t.(E,,,) = 

z,-'/(zv-' + T,,"/h) is the stabilization prob- 
ability of (0 , - )*  in a v' state; T ,  is the vibra- 
tional relaxation time for (0 , - )  * ions in liquids; 
k,,(V,) is the rate constant of (0,-) jZ formation 
in the v' state if the polarization energy has a 
value V,. 

The relationship [3] may be simplified if we 
accept that, for the d-wave resonant scattering 
involved in the present reaction, as for a gas (6), 
Finv' = BEVS5I2 and j o , , d ~  = ATi,\'/E,,, where 
A = (4/3)n2(h2/2m), c,,(E, Vp) is the cross sec- 
tion for (0,-)* formation in the v' state, and 
m is the mass of the electron. Then for B = 
1.2 x 10-I eV-j12 (the latter corresponds to 
h/Tin4 = 2 x lo-' ,  s (7) for the life time of 
(0 , - )*  with v' = 4 in the gas), we have T1/rin\.' 

2 LO-" s for v' from - 10 to -20 and con- 
sequently vi.(E,,) = 1 if z, = 10-l3 s, and 

where u is the velocity of the quasifree electron 
with kinetic energy E ;  f ( ~ )  is the Maxwellian 
energy distribution for excess electrons. The 
relationship [4] leads to kf = 3 x 10" M-'  s-' 
and E, = 5 x lo-, eV at  T = 300 K. These 
results are in rather good agreement with the 
experiment. 

1. BT-S. Y ~ K O V L E V .  1. A.  BORIEV, and A .  A.  B A L A K I ~ .  
Int. J. Radiat. Phys. Chem. 6.  23 (1971). 

2: M. I .  P I L L I ~ G  and S. A .  RICE. J .  Chem. Soc. Faraday 
Trans. 11-71. 131 1 (1975). 

3. L. V.  L U K I N  and B. S.  YAKOVLEV. Dokl. Acad. Nauk 
SSSR, 224.381 (1975). 

4. G.  I .  SHLLZ.  Rev. Modem Phys. 45.423 (1973). 
5 .  L. V .  L U K I N  andB. S.  Y ~ K O V L E V .  Khim. Vys. Energ. 

In press. 
6 .  F. KOIKE and T. W A T A N ~ B E .  J .  Phys. SOC. Jpn. 34, 

1022 (1973). 
7. R. G.  GOANS and L. G. CHRISTOPHOROC. J .  Chem. 

Phys. 60, 1036 (1974). 

Discussion 
L. 6. Christophorou: Your lifetime of 10-"s for (0,-)* 
as well as your value of 4 x 10" M-' s-' or k ,  are very 
consistent with our own values for (02-)*  derived from 
high-pressure electron attachment studies. We estimated 
(R. E. Goans and L. G .  Christophorou, J. Chem. Phys. 
60, 1036 (1974)) a value of - 2  x 10- '2s  for the lifetime 
of (02-)' and a value for k ,  = 3.3 x 10" n / P 1 s -  for 
the reaction etherma, f O2 -, (02-)*,  when our data on 
the ether,,,, 0, system in dense ethylene gas were ex- 
trapolated to liquid-ethylene density. 
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J.  Jortner : You have estimated the rate constant for O2 + e 
reaction in solution in terms of a sum of Lorentzians 
involving the width h/.r,,, where qib is the r. + c - I 
medium induced vibrational relaxation time of 0,-. 
This approach assumes sequential electronic coupling 
followed by vibrational relaxation. This approach is 
identical to the Robinson-Frosch theory of molecular 
radiationless transitions. An alternative physical picture 
involves the participation of medium phonons superim- 
posed on the molecular vibrational levels v of the final 

state, which will providc a dissipative sink. Another modi- 
fication of your theoretical rate constant should involve 
the vibrational nuclear overlap Franck-Condon factor 
between the appropriate states of 0, and of 0,-. 

E. L. Frankevich: You are right but to date h e  have only 
approxin~ate determinations of kF (rate constant for 
reaction of quasifree electrons with 0,) in a liquid phase. 
This makes it impossible to compare the results of inore 
advanced approaches and to choose the best one. 
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Comparison of solvated electron reaction rates in water and ammonia 

U. SCHINDEWQLF A N D  P.  WUNSCHEL 
Institut fiir Pl~ysikulische Chemie und Elektrochemir, Universitiit Karlsrrlhe, Gernzuny 

Received October 4 ,  1976 

U. SCHINDEWOLF and P. WL'XSCHEL. Can. J. Chem. 55,2159 (1977) 
New and literature data of solvated electron reactions in ammonia with some inorganic ions 

and organic neutral molecules are compared with corresponding data in water. In ammonia 
only a few reactions with aromatic molecules are diffusion controlled and therefore faster than 
in water (k z 1 x 10" and 1 x 10'' M-' s-', respectively). After correcting for the electro- 
static contribution to the rate constant of the other reactions it is concluded that in general the 
reactivity of the solvated electron in ammonia is appreciably lower than in water. For the slow 
reactions of ammoniated electrons with acetonitrile and dimethylsulfoxide we find activation 
energies of 7 to 9 kcal,'mol and activation volumes of - 40 to - 60 ml/mol. In these reactions 
it is suggested that the rate determining step is associated with the collapse of the large electron 
cavity in liquid ammonia. 

U. SCHIKDEWOLF et P. WUNSCHEL. Can. J. Chem. 55. 2159 (1977) 
Des donnies nouvelles et des donnees trouvCes dans la litterature concernant les reactions 

d'electrons solvates dans l'ammoniac avec quelques ions inorganiques et des molecules orga- 
niques neutres sont comparCes avec celles disponibles pour l'eau. Dans le cas de l'ammoniac, il 
n'y a que queiques reactions avec les molCcules aromatiques qui sont contr6lees par la diffusion 
et qui sont donc plus rapides que dans l'eau (k  2 1 x 10" et 1 x 10" IM-' s-' respective- 
ment). Si l'on fait la correction pour la contribution electrostatique a la constance de vitesse 
d'autres reactions, on peut conclure qu'en ginirale la riactivite des electrons solvatis dans 
l'ammoniac est beaucoup plus faible que celle dans l'eau. Pour des reactions lentes d'electrons 
solvatis dans l'ammoniac avec I'acetonitrile et le dimethylsulfoxyde, on trouve des energies 
d'activation de 7 a 9 kcal/mol et des volumes d'activation de -40 a - 60 m1,'mol. Dans ces 
reactions, on suggere que l'etape determinante de la reaction est associee avec la disparition de 
la grande cavite de I'electron dans l'arnmoniac liquide. 

[Traduit par le journal] 

Introduction 
Extensive studies of rates of solvated electron 

(e,-) reactions in water have been carried out (1). 
Little is known about their rates in ammonia, 
although a wealth of information about the 
physical properties of the ammoniated electrons 
is available (2-6). The most striking difference in 
kinetic behavior is the high stability of the 
ammoniated electron earn- in contrast to that of 
the hydrated electron ehYdp. 

In 50 m o l z  water ammonia mixtures (7)  the 
solvated electron lifetime is a t  least lo3 times the 
value in pure water. Assuming the normai bi- 
molecular rate law and a solvent independent 
rate constant the lifetime of the electron should 
only be increased by a factor of two, due to the 
twofold dilution of the reacting water. Consider- 
ing the equilibrium H,O + NH, * NH,' + 
OM- does not help to interpret the large ob- 
served lifetime increase. Neither does coasidera- 
tion of the electrostatic contribution to the rate 
constant (8) arising from the different dielectric 
constants of ammonia and water (E = 17 and 

78, respectively). This behavior should be con- 
trasted with that in ethyl alcohol and water or 
their mixtures, where the observed small 
changes in rate constant with, for example, 
n~ t ra t e  or  zinc ions, can be solely explained by 
the electrostatic correction (9). 

In this paper we demonstrate that after cor- 
rectlng for the electrostatic contribution (8) the 
reactivity of solvated electrons in ammonia is 
several powers of ten smaller than in water. The 
argument is based on published results (10) and 
new kinetic data of electron reactions in am- 
monia with inorganic anions, cations, and or- 
ganic neutral molecules. The corresponding data 
in water were taken from literature (1). The 
experimental details, mainly concerning pulse 
radiolysis a t  high pressure, have been described 
before (7). 

Results and Discussion 

Itzorganic Ions 
Table 1 shows a comparison for water and 

ammonia of the experimental rate constants 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2160 CAN.  J .  CHEM. VOL. 5 5 .  1975 

TABLE 1. Kinetic data for the reaction of solvated electrons with inorganic ions in water 
and ammonia 

Water* Ammonia 

Rate constant? Activation energy Rate constant+ Activation energy 
Ion (M-I s-I) (kcal/mol) (k f - l  s-I) (kcal/mol) 

N o s -  
NO2- 
Br03-  
CN- 
CNO - 
C103- 
Cd2 + 

Ni2' 
Co2 + 

Zn2 + 

Mn2 ' 

zero ionic strength. 

measured at 22°C and extrapolated to zero ionic 
strength (8) for the reaction of e,- with mono- 
valent NO3-, NO2-, and Br03- anions and the 
divalent Cd2+,  Ni2+,  Co2+,  Zn2+,  and Mn2+ 
cations. (At the substrate concentration < 
M complete dissociation of the electrolytes even 
in ammonia can be assumed; the extrapolation 
yields half a power of ten decrease and one power 
of ten increase of the measured rate constants of 
anion and cation reactions, respectively; it is not 
decisive for the following discussion.) The anion 
rate constants in ammonia are three to four 
powers of ten lower than in water. On the other 
hand some cation rate constants (Mn2', Zn2+,  
Co2+) are increased whilst others (Cd2+, Ni2+) 
are decreased by up to a factor of ten in ammonia 
as compared to in water. These results can be sep- 
arated into diffusion and nondiffusion controlled 
reactions. 

Dzflusion Controlled 
In this case the calculated second order rate 

constant is given by the Debye equation [I]  (8). 

4naNLD Q 
kdiff = 1000 exp Q - 1 

P I  A ~ ~ z ~ z ~ ~ , ~  '= m R T  

where NL is Avogadro's number, R the gas 
constant, T the absolute temperature, D the 
diffusion coefficient = D l  + D,, z, and z2 the 
charge number of e,- and the solute, respectively, 
E the dielectric constant, e ,  the electronic charge, 
and a the collision diameter (distance of closest 

approach which leads to reaction). Q describes 
the electrostatic contribution of the ions to the 
rate of diffusion controlled reactions. In the 
limiting case for noncharged solutes where z, + 0 
the rate constant is given by the first term. 

Figure 1 shows the diffusion controlled rate 
constant according to [ I ]  as a function of the 
collision parameter between 1 and 9 A for the 
electron reactions with divalent cations (z, = 2) 
and with monovalent anions (z, = -1) in 
ammonia and water. For reactions with cations 
k,,,, is essentially independent of the collision 
diameter but with anions increases rapidly with 
increasing values of a. Diffusion coefficients 
D = 5 x and 5 x lo-' cm2/s (22°C) were 
taken as averaged values for ammonia and for 
water, respectively, as computed from the known 
mobilities of the species in the two solvents 
(1 1, 12). The ratio of the diffusion coefficients in 
ammonia and water reflects the inverse ratio of 
the viscosity of the two solvents which is close 
to 9 at 25°C. 

From the experimental data and theoretical 
curves of Fig. 1 it may be concluded that the 
e,- reactions with Cd2+,  Ni2+ , and Co2+ are 
diffusion controlled in water whereas this is not 
the case in ammonia. Of the anions only the 
NO,- ion might be diffusion controlled in water 
with a collision diameter around 5 A. For the 
other two anions the collision diameter for a 
diffusion controlled reaction would be < 3 A, 
which hardly seems acceptable. As argued for 
the cations none of the anion reactions in 
ammonia are diffusion controlled, unless again 
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13 
Rate con- m,, j l t 2  
s~ants WIHI 

I 
1 3 5 7 9 

--------, cdlision distance [A ]  

FIG.  1 .  Calculated rate constants for diffusion con- 
trolled reactions o f  solvated electrons with n~onovalent 
anions (z ,  = -1) and divalent cations ( z ,  = 2) in water 
and ammonia; abscissa collision diameter. The experi- 
mental rate constants are given on the sides. 

we assume an unreasonably small collision 
diameter ( < 2  A). This is even less likely in 
ammonia than in water because of the larger 
effective radius re of the solvated electron cavity 
having values of 3.2 A in ammonia (2-6) and 
< 1.4 A in water (13, 14). 

Nond~ffusion Controlled 
If the ion reactions are not diffusion controlled, 

the rate constant can be calculated by the 
Bronsted-Christiansen-Scatchard equation (8) 

[2 I k = k ,  exp - Q  

with Q from [I], describing the correction of the 
rate due to Coulomb interaction, and k ,  being 
the rate constant in the absence of Coulomb 
forces (E + m). Assuming that the rate differ- 
ences in the two solvents are caused only by the 
Coulomb term, i.e. k ,  is solvent independent, 
then the ratio of rate constants in ammonia and 
water is given by 

Figure 2 shows a plot of k,,,/k,,, according 
to [3] with a reasonable collision distance in 
water, a,,, = 3 to 4 A (9), as a function of the 
collision distance in ammonia a,,,. The experi- 

FIG.  2. Calculated ratio o f  the rate constants o f  electron 
reactions in ammonia and water with monovalent anions 
and divalent cations, considering the electrostatic con- 
tribution only ( k ,  independent o f  solvent); abscissa 
collision diameter in ammonia; collision diameter in 
water 3-4 A. Experimental ratios are given on the side. 

mental rate ratios are given on the left hand side. 
For anions a fit is obtained only for a,,, of 2 to 
3 A, which appears too small considering the 
rather large effective radius of the ammoniated 
electron. For the cations, on the other hand, 
a,,, seems too large ranging from 8-20A. 
Varying aHzo does not yield a better value for 
a,,,. Therefore we conclude that k, cannot be 
independent of the solvent. 

Variations in k ,  were computed from [2] 
using the experimental rate constants k and 
taking a,,, = 3-4 A (9) and a,,, = 5-6 A 
(because of the larger electron radius in am- 
monia). For both anions and cations it is found 
that k ,  in ammonia is roughly three powers of 
ten smaller than in water. A smaller a,,,, or 
larger a,,,, gives smaller ratios of k,H,o/lz,,H, 
for anions and larger for cations and vice versa. 

Therefore, excluding the electrostatic con- 
tribution to the rate constant, we conclude that 
the electron in ammonia has a lower reactivity 
than the electron in water. This may be due to 
the energy as well as the entropy factor deter- 
mining the rate constant (8) 

[4] k cc exp (AS*/R)  exp ( -AH* /RT)  

where AS* = activation entropy and AH* = 
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activation enthalpy. However, since we find 
activation energies for the three anions in 
ammonia only slightly smaller than those re- 
ported for water (Table 1) it must be the entropy 
factor which in this case is responsible for the 
decreased reactivity of e,,-. 

I n  coritrast to the foregoing discussion it 
should be mentioned that in water, ethanol, or 
their mixtures the variation of the rate of the 
e,--NO,- and of the e,--Zn" reaction (9) can 
be explained solely on the basis of the Coulomb 
term of [2]  with constant collision distance and 
constant k,. 

Orgarlic Molecules 
Table 2 gives collected rate constants for the 

reaction of solvated electrons with organic 
lllolecules in water and ammonia. Again we can 
try to distinguish between reactions which are 
diffusion and which are nondiffusion controlled. 

D~fSusiorz Cor~frolled 
The bimolecular rate constant follows from 

[ I ]  with z, -+ 0 (8): 

With the same diffusion constants and collision 
paranleters as given before the diffusion con- 
trolled rate constants in water and ammonia 
should be 1.1-1.5 x 10'' and 1.9-2.3 x 10" 
iM-' s - l .  I t  is seen that rate constants of this 
order of magnitude are obtained for the electron 
reactions with biphenyl, naphthalene, anthra- 
cene, and nitrobenzene. Consequently there is no 
doubt that these reactions are diffusion controlled 
in water as well as in ammonia. 

Nond@usion Controlled 
All other reactions are slower in ammonia by 

TABLE 2. Rate constants for the reaction of solvated 
electrons ~ i t h  organic rnolecules in water and ammonia 

Molecule WaterA Amrllonia 

two to seven powers of ten as compared to those 
in water, showing again that the electron in 
ammonia is less reactive than in water or  
alcohol (9). This is true even if the different 
electrostatic contributions to reactions of an  ion 
with a neutral particle are included (8). This 
would account for a rate constant ratio in 
ammonia and water of 0.2 to 3 depending only 
on whether the radius of the solvated electron is 
smaller or larger than that of the activated 
complex, 

Acti~atiorz Energy and Actication Volume 
For further studies of the activation energy 

and activation volume of the solvated electron 
reactions (temperature- and pressure-dependence 
of reaction rate) we chose acetonitrile and di- 
metl~ylsulfoxide, which react with solvated 
electrons in ammonia lo7 and lo4 times slower 
than in water. The large differences in rate 
constants definitely rule out a major contribution 
from the Coulomb effect. The activation energies 
and activation volumes of the electron reactions 
in ammonia are 7.0 and 9.0 kcal/mol and -60 
and -45 ml/mol for acetonitrile and dimethyl- 
sulfoxide, respectively. The higher activation 
energies in ammonia as compared to those in 
water (which are around 5 kcal/mol (1)) cannot 
explain the differences in rate. Again it is 
concluded that the entropy factor of [4] is 
decisive for the slow electron reactions in 
ammonia. 

The large negative activation volume in 
ammonia reflects the large molar volume of 
solvated electrons in ammonia as was found 
previously (7) ( w  65 ml/mol according to density 
measurements on metal ammonia solutions 
(2-6)). Together with the larger activation 
energy it proves that the rates of these two 
reactions in ammonia are controlled by a 
reaction step involving charge transfer to the 
substrate and collapse of the cavity of the 

Benzene 
Toluene 
Biphenyl 
Naphthalene 
Anthracene 
Nitrobenzene 
Acetone 
1-Bromopropane 
1-Chloropropane 
Acetonitrile 
Dimethylsulfoxide 

ammoniated electron. 
In pure water, however, where the nlolar 

volume of the electrons is small, the pressure 
effect on the rates also is small (13, 14). 

Conclusions 

After correction for the electrostatic contribu- 
tion it is shown that (besides the few diffusion 
controlled reactions miih neutral molecules) the 
electron reaction rates in ammonia are by several 
powers of ten slower than in water. This is 
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tributes to the negative activation volume in liquid am- kinetics. The negative activation energy of the earn- + 
monia, and the low rate constant might be partly limited by C6H,F reaction we observed in ammonia, and of many 
the slowness of protonation of the anion by ammonia. other reactions, is due to such an equilibrium. 

U.  Schindewolf: I do not think that [2] would have the large 
negative activation volume we observed. However. it 
would contribute if [2] really is rate determining. But in the 
equilibrium reactions mentioned above the large pressure 
dependence definitely is to be attributed to volume change 
which is due to the large molar volume of the ammoniated 
electron disappearing in the reaction. In most cases people 
working in kinetics restrict themselves to the observation 
of the disappearing of the electrons. It seems now that the 
electron attachment-detachment equilibrium a s  you state 
it is to be considered in many cases, because it obscures the 

W. Seddon: Would you care to comment or speculate on 
the magnitude of the rate constant for the ammoniated 
solvated electron with alkali metal cations? 

U .  Schindenolf: I am not sure about the evidence that earn- 
reacts with alkali cations. As we know the equilibrium e + 
K' & (K+e-), which might lead to an ion pair. in the low 
concentration solutions is far on the left side. I would 
suggest pulse radiolysis -conductivity experiments to find 
out whether the electron is 'trapped' this way. If the reac- 
tion occurs, it should be diffusion controlled. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Electron states in liquid metals: especially optical and magnetic properties 

N .  H .  MARCH' 
Depnr.tr?~rrzt qfPhysics,  The Blnckett L a t ~ o r u t o ~ y ,  Irnpericrl College, London, Etlglond SW72BZ 

Received October 4 ,  1976 

N. H. MARCH. Can. J. Chem. 55.2165 (1977). 
The theory of optical absorption of the simple liquid metals (e.g. the alkalis) is outlined. At 

not too large frequencies, the Drude theory is regained. The relaxation time is that given by the 
weak scattering (Ziman) theory of electrical resistivity. For high frequencies, the relaxation 
time, however, becomes frequency dependent. Appreciable structure enters the theory, arising 
from collective excitations. The relation to recent ellipsometric measurements on liquid Na 
is briefly discussed. The optical conductivity and density of states in the divalent metals Hg 
and Be is then discussed, followed by the relation between photoemission and soft X-ray 
experiments and current electron theory. Specific attention is given to the evidence for a 
pseudo-gap in the divalent metals and to changes in the electron states which occur on melting 
the noble metals. 

The second major area treated is concerned with the magnetic properties of liquid metals. 
The theory of orbital and spin magnetism in simple liquid metals is reviewed and confronted 
with experiment. I t  is clear that the electron-electron enhancement effects have a dominant 
influence on the trend of the spin susceptibility of simple liquid metals as a function of density. 
However, electron-ion interactions must be introduced as corrections to the interacting electron 
gas values and in a metal like Li the nearly free electron theory fails to do this adequately. 
Knight shift results are summarized, and some attention is given to a recent experiment on the 
Knight shift of expanded fluid Hg. Difficulties for the theory in relation to transport and the 
pseudo-gap are pointed out. Finally, new theoretical calculations are reported on the relation 
between the magnetic properties of the liquid rare earth metals and their electrical conductivity. 
Mathiessen's rule is shown to break down because of very strong potential scattering. A recent 
theory of this by Parrinello et a / ,  shows that in the strong scattering limit the magnitude of the 
localized spin carried by the rare earth ion drops out of the transport theory, as required by the 
experiments of Giintherodt et al. 

N. H.  MARCH. Can. J. Chem. 55, 2 165 ( 1977). 
On dicrit la theorie de l'absorption optique des metaux liquides simples (par exemple les 

alcalis). A des frequences qui ne sont pas trop grandes, on retrouve la theorie de Drude. Le 
temps de relaxation est celui prCvu par la theorie (Ziman) de dispersion faible de la resistiviti 
Clectrique. Pour des frequences Clevees, il existe toutefois une relation entre le temps de relaxa- 
tion et la frequence. Un degre appreciable de structure, provenant d'excitations collectives, 
entre dans la thCorie. On discute de la relation qui existe avec les mesures ellipsomCtriques 
effectuees rkcemment sur du sodium liquide. On discute alors de la conductivite optique et 
de la densite d'etats dans les metaux divalents Hg et Be; le tout est suivi par la relation qui existe 
entre les experiences de photoemission et de rayons-X doux et la theorie tlectronique prkvaut 
actuellement. On porte une attention spiciale aux preuves concernant un pseudo-gap dans les 
mCtaux divalents et a un changen~ent dam les etats electroniques qui se produisent lorsque 
l'on fait fondre des metaux nobles. 

La deuxieme section importante qui sera traitee concerne les proprietes nlagnetiques des 
metaux iiquides. On passe en revue la theorie des magnetisnies orbital et de spin dans des 
mttaux liquides simples et on la compare avec I'experience. I1 est evident que I'influence des 
effets de rehaussenlent electron-electron est dominante sur la tendance de la susceptibilite de 
spill des rnetaux liquides simples en fonction de la densite. Toutefois, des interactions electron- 
ion doivent Etre introduites pour corriger les valeurs des electrons interagissant en phase 
gazeuse; toutefois dans un metal comme le lithium la theorie d'klectron presque libre ne parvient 
pas a l'expliquer d'une faqon adequate. On donne un sommaire des risultats de deplacement 
de Knight et on accorde une certaine attention a une experience ricente sur le deplacernent 
de Knight par du Hg fluide gonfle. On met en relief les difficultes que la theorie rencontre 
pour expliquer le transport et le pseudo-gap. Finallenlent on rapporte de nouveaux calculs 
thkoriques sur la relation qui existe entre les propriktes magnetiques des metaux de terres 
rares liquides et leur conductivite Clectrique. On montre que la regle de Mathiessen ne tient 

'Permanent address fiom October 1, 1977: Department of Theoretical Chemistry, University of Oxford, I 
South Parks Rd., Oxford, England OX1 3TC. 
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pas a cause de la grande dispersion du potentiel. Une theorie recente ii ce sujet par Parrinello 
et ses collaborateurs montre que dans la limite d'une forte dispersion, l'amplitude du spin 
localise transport6 par un ion de terre rare disparait de la theorie du transport tel qu'il est 
requis par les experiences de Guntherodt et ses collaborateurs. 

[Traduit par le journal] 

Introduction theory and we do not presently know how to 

~h~ tlleorv of liauid lnetals divides usefullv either measure or calculate these with any cer- 

into two sectiolls : ' tainty. 
(I)  Simple metals (e.g. Na, Al, Pb, etc.) With this as background we turn to the first of 
Here, almost free collduction electrons are the two major topics of this review, the optical 

scattered off ions by a weak electron-ion intei- properties of liquid metals. ~ u b s e ~ u e n t l y ,  we 
action. ~h~ basic ingredients in the theory are: shall deal with magnetic properties as the second 
(a) the liquid structure factor ~ ( 1 . )  and (6) a topic. The link between the two is structure, 
pseudopotential U(k) ,  representing the electron- and 

ion interaction. (A) Optical Properties 
The nearly-free electron theory of transport 

(Ziman theory) then gives for the dc electrical 2. Tl7eor.y of Optical Absorption of Siniple Liquid 

resistivity the result (see. for example, ref. 1) Metals 
2.1. Drude Tlzeorv 

[1.1] p = ( 3 ~ c ~ j e ~ h v , ~ ) R  I ~ ( / , ) 1 2 ~ ( k ) k 3  dk The most elementary theory of high fre- 
quency conductivity, going back to Drude, 

= (ne2z/m)-I writes-the real part of the complex conductivity 

where z., and k,  are the Fermi velocity and wave 
number, respectively, while -cT is the atomic 
volume and s the relaxation time. This formula 
can explain a lot of the general properties of 
transport in pure liquid metals. Valency is simple 
(Table 1) and the Hall effect confirms the number 
of free electrons per atom as equal to the valency 
(Na 1, A1 3, Pb 4, etc.). 

(2) Strong scattering liquid metals (e.g. transi- 
tion and rare earth metals: divalent metals, Be, 
Hg, Ba, etc.). 

Here. theory to date generalizes [1.1] using 
again the measured structure factors but re- 
placing D(k) by the appropriate object (the so- 
called t matrix) describing the strong scattering 
off a single ion. Though this theory has had 
some successes (e.g. explainilig why the dc 
resistivity of Ba is - 300 pR cni) the theory is less 
well based, because for strong scattering, higher 
order correlations between atoms enter the 

TABLE 1. Effective number of free 
electrons per atom in liquid metals 

Metal Valency n* 

where a t  o = 0 this reduces to the above 
formula [1.1], an explicit expressioli for T re- 
sulting in terms of the structure factor and 
pseudo-potential. 

Equation 2.1 adequately represents the ac con- 
ductivity of numerous liquid metals with or 
found to be - 1 in the visible, to be contrasted 
with the case of solids where or - 1 lies in the 
far infrared. Equation 2.1 is, of course, the real 
part of the coinplex conductivity, the imaginary 
part being derivable from it, in principle, using 
the Kramers-Kronig relations. 

The values obtained experimentally for n, the 
effective number of free electrons per unit 
voluine, are shown in Table 1. The results are 
given per atom, for direct con~parison with the 
valency. 

The data available on the optical properties of 
liquid metals are seen to accord well bvith free- 
electroll theory, a notable exception, however, 
being liquid Fig which does not obey the Drude 
forrnula [2.1]. 

We refer briefly at this point to two approaches 
to the basic theory, one of the principal aims 
being to get limits of validity for the Drude 
formula [2.1]. The first approach (see, for 
example, Sturrn and Pajanne (2)) attempts to 
make direct contact %ith the Ziman theory, 
though it shows that, while r in the denominator 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



of [2.1] can be correctly calculated from the 
Zilnan theory for low frequencies, for high fre- 
quencies the relaxation time becomes frequency 
dependent. Appreciable structure then enters the 
theory, arising from collective excitations (see 
below for a short summary of the theory). 

A second: inore formal, approach is that of 
Parrinello and co-workers (3) who treat the 
liquid metal from the outset as a two-component 
system of positive ions and itinerant electrons, 
with correlation functions between each pair of 
particles. The connection of their approach with 
the Drude formula is also briefly referred to 
below. 

2.2 Weak Scattering Tl~eory of Optical Absorp- 
tion 

If one treats the simple liquid metals (e.g. 
the alkalis) in which it is appropriate to assume a 
weak effective electron-ion interaction, then the 
Drude formula results (see, for example, Sturm 
and Pajanne (2)) provlded f lo1E, << 1 but 
o)t >> 1. Furthermore the constant relaxation 
time is indeed given by the Ziman formula, as 
anticipated above. 

The basic theory starts out from the general 
expressloll for the real part of the optical con- 
ductivity tensor, \z hich, witliin linear response 
theory, is given by Pethick (4) 

1 e2/m2 12.21 Re oP"(o) = 
1 dt(e-iwt - e'"') Z K L i K t V U f l a ,  

KK'  

Here U,  is the Fourier component of the potential of a single ion, ~ ~ h i l e  the electronic and ionic 
density fluctuations are defined as 

C2.31 pKeI(t) = 2 eix"L(f) 
1 

and 

C2.41 pKion(t) C e i K , R j ( f )  

.i 

ri and Rj denoting electronic and ionic coordinates, respectively. 
The important simplification which arises if we now calculate Re op"(o) to second-order in the 

potential is that the correlation function decouples to yield 

P .51  (pKel(0)p-Kion(~)pK ,el(t)p-Kzion(t)) I. ( p , y " ( ~ ) p ~ ~ ~ ~ ( t ) ) ( p - ~ ~ ~ ~ ( O ) ~ - ~ ~ ~ ~ ~ ( t ) )  

In lowest order, (p,el(0)pK.el(t)) is the electronic density-density correlation function of jellium 
(Sommerfeld model of a metal). Therefore we have 

P63 < PK"(~>PK'~'(~>> # O 

only if K' = -2% 
Furthermore, this is directly related to the frequency-dependent dielectric function E(K.o) of the 

electron gas by 
h 2 K 2  Im 

C2.41 dt(pKe'(~)p-Kel(t))(e-iwt - eiWt) =--- 
2ne2 

Also the (dynamic) structure factor is given by 

As the ions mo\e slow!y compared with the electronic rnotio~i wc can put t = 0 since on the time 
scale defined by the frequency of the light, electrons see essentially a static distribution of ions. 

Since S ( K )  is isotropic for a liquid metal, u e  then obtain 

12.91 We o(w) = j diYK6 I U, I2S(K) Im (- i/s(K,o)) 

Introducing a formal definition of relaxation time through 

for w~ >> 1 
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we obtain 

[2.11] 
1 

-- = (24x3~z2nqe20)-1 dKK61 U,I2S(K) Im (- l / ~ ( K , o ) )  
t(o1 S 

(a) Connection wit11 Zinmn Tlzeory-Provided h o/E, << 1 we can write 

The Lindhard expression for Im E(K,o) for small frequencies is 

where o, is the plasma frequency and v, the Fermi velocity. 
Substituting this result in [2.1 I ]  we obtain the reciprocal relaxation time t-' as 

where U, is normalized such that UK,,/&(O,O) = 
-$E,. This is precisely the forni given by the 
Ziman theory. Sturm and Pajanne (2) have made 
numerical calculations for Na at 100°C with the 
Ashcroft (5) empty core model potential 

with R, = 1.66a0, a, being the Bohr radius. 
They use a hard sphere model for S(K), with a 
hard sphere diameter 3.30 A. 

Figure 1 shous the real part of o(o) (full 
curve) from their calculations compared with the 
Drude (constant relaxation time) result (dashed 
curve). The most striking feature is the peak 
arising from the collective excitations (plasmons). 

Comparison with experiment is still difficult, 
but it seems that for photon energies - E, the 
optical absorption is considerably greater than 
the Drude value, in general accord with theory. 
Measurements on liquid A1 between about 0.8 
and 4 eV (6) show essentially Drude behaviour. 
This is in agreement with theory, since for 
ho/E, << 1 the Drude formula should be valid. 

(b) Ellipson~etric Measuren7ents on Wa- 
Rather than attempt to survey earlier experi- 
ments (see, for example, Faber (7) for both ex- 
periment and theory), we shall conclude this dis- 
cussion of optical absorption in the simple 
nletals by referring to the accurate ellipsonietric 
measurements on free surfaces of liquid Na at 
120°C between 0.6 and 3.8 eV, recently reported 
by Inagaki et a/. (8). 

They find that the optical conductivity below 
2.2 eV agrees well with the Drude formula [2.1]. 

Above 2.2 eV the optical conductivity exhibits a 
weak absorption, which they suggest is analogous 
to the interband absorption in the solid phase. 

Their measurements of the optical conduc- 
tivity, related to the imaginary part E, of the 
dielectric constant by o = 0 ~ , / 4 n ,  where o is 
the angular frequency of the incident photons, 
are shown in Fig. 2, along with the Drude result. 
The free-carrier density of 2.405 x 10" cm-3 at 
120°C plus the measured dc conductivity o(0) = 
8.607 x 1016 s-I lead to a relaxation time t = 
1.653 x 10-14 s. This is obtained by taking an 
effective mass m" of 1.17n1, which &as deduced 
from the experimental values of the real part 
of the dielectric function in the infrared region. 

The results for E,, the real part of the dielectric 
function, are plotted in Fig. 3, as a function of 
the square of the wavelength h in pm. Inagaki et 
al. (8) analyzed these data by using the conven- 
tional form 

where n, is the atomic density aiid cl is the ion- 
core polarizability. This gives m:! = (1.17 & 
O.Ol)m below 2.2 eV and (1.10 & 0.01)nz above 
2.2 eV, a plasma energy, defined by E, = 0, at 
5.70 & 0.05 eV, and 4nn0a = -0.05 & 0.05. 
The result for m y  below 2.2 eV is comparable to 
that obtained by Mayer and Hietel (9) at 100cC, 
namely rn" = 1.19n1, despite the substantial dif- 
ferences in o recorded in Fig. 2. 

3. Sfrong Scattering Liquid Metals 
3.1. Surnnzarj~ of Two-conlponer~t Theory 
As remarked above, in ref. 3 an approach to 

liquid nietals which treats them, from the outset, 
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MARCH 2169 

f i w / € ,  

1!r(0) for liquid Na 

FIG. 1. High frequency conductivity of liquid Na: 
- calculated from [2.11], --- result of Drude theory. 
(Reprinted with permission from the Journal of Physics 
F: Metal Physics, 3, 199 (1973). Copyright by The In- 
stitute of Physics.) 

as two-component systems, with three partial 
structure factors, has been developed, which may 
eventually afford a route to the strong scattering 
theory. 

Optical properties are then described by a 
formula for the conductivity in the long wave- 
length limit k -+ 0 ,  namely 

where M = 1ni $. Z112,, Z being the valence and 
e and i denoting electrons and ions, respectively. 

The Drude theory, which, as we saw in section 
2, is very useful for liquid metals, follows if 
y(o)  in [3.1] is assumed to vary only slowly with 

31 : present work (120°C) 

Mayer e Hietei (100'C) 
1s 

Drude (120°C,  mW/m=1 17) 
A 

FIG. 2. High frequency conductivity of liquid Na. 
(Reprinted with permission from Physical Review 
Section B :  Solid State, 13, 5610 (1976). Copyright by The 
American Physical Society.) 

I I 

I- l iquid Na (VIS & uv) , - liauid No ( i f )  
8 

6t 1 6 0 -  

"-1 

1 I 1  
i 1 s 

- t i  4- - 4oL I 

I . . a e '  - - . 
120- . 1 

2l ..: - 

t - I,. 
2 3 

1 
0 67-L * - -  0 0 1 - 2  - L J 

3 4 

A' ( g r n 2 )  

FIG. 3. Real part of dielectric constant for liquid Na. 
(Reprinted wlth permission from Physical Review Section 
B: Solid State, 13, 5610 (1976). Copyright by The Amer- 
ican Physical Society.) 

frequency over the range of interest. Both 
theoretical predictions and empirically derived 
forms of y(o) for simple liquid metals are dis- 
cussed in ref. 3. y(o)  involves the electron-ion 
interaction and the functional derivative with 
respect to the electron current of the ion-density - 
electron-density correlations: to date no con- 
vincing approach to this object in the presence 
of strong scattering exists. Reference should also 
be made here to the work of Jones (10) on 
frequency-dependent conductivity. 

In view of these difficulties in the theory for 
strong scattering, we shall restrict ourselves to  a 
brief discussion of the optlcal properties of the 
divalent metals, H g  and Be, and the relation of 
these properties to the density of electronic 
states. 
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3.2. Optical Conducti~ir.y and D e ~ s i t y  of Stutes 
irz Dicalel~t Metals 

Divalent elements such as Be and H g  form 
metallic crystals below the~i- melting tem- 
peratures because of band overlap. If this overlap 
is suficiently small, it is evident that in the crystal 
the density of electronic states will pass througl~ a 
minimum in the region where the bands overlap. 

The question nou arises, whether such a min- 
imum in the densitjr of states (often referred to 
as a pseudogap) hill persist, \+hen the long-range 
order in such a divalent metal is destroyed by 
mclting. 

l a )  Liquid Mercury-Mott ( 1  1) has suggested 
that, if there is a pseudogap near the Fe r~n i  level, 
as depicted in the density of states N ( E )  drawn 
in the lower part of Fig. 4, then the high fre- 
quency conductivity should have the form shown 
in curve 2 of the upper part of Fig. 4. The 
behaviour n l tho~ i t  a pseudogap should have the 
Drude form as in curve I. The reason why there 
should be a peak away from zero frcqucncy in 
o(o), according to Mott's argument, is in- 

FIG. 4. Upper diagram: high frequency conductivity 
with (curve 2) and without (curve I) a pseudogap. 
Lower diagram: density of states with pseudogap. 

dicated by the available transitions for low and 
high frequency in the lower part of Fig. 4. 

Subsequently, the optical conductivity and 
electronic density of states for liquid Hg have 
been discussed by Chan and Ballentine (12) 
using low-order perturbation theory. They found 
a dip near the Fermi energy in the density of 
states N ( E ) ,  uhich Mas less pronounced than 
that suggested by Mott, and which they foulld 
too small to alter the optical conductivity ap- 
preciably fro111 Drude form. 

Experimentally it is not clear that o(o) be- 
haves like curve 2 of Fig. 4 (actually Hodgson 
(13) has found a shape like this for liquid Fe). 
Thus, for liquid Hg, Guggenheim (14) finds such 
an  effect, uhich disappears on alloying. Conlins 
(15) comes to a similar concl~~sion,  both these 
experiments being carried out using ellspsometric 
methods. In contrast, Boiani and Rice (16) get 
good accord uith the Drude formula over a 
wide frequency range, using direct reflection 
methods. Bloch and Rice (17) maintain that the 
d~fferences can be reco~lciled if a surface layer 
)$it11 different electrical properties from the bulk 
is assumed. 

We shall return to the question of the existence 
of a pseudogap in liquid Hg several times. HOW- 
ever, there has also been a small amount of 
work done on liquid and amorphous Be, 
another divalent metal, and +ve turn now to sum- 
marize the findings on this mctal. 
(6) Ai~orphous Ber~~lliu~~z-Rousseau et al. 

(18) have reported a calculation of the electronic 
density of states of liquid Be, in which the basic 
build~ng block is the partition function of a 
single screened ion in a Ferrni gas. This is 
treated by strong scattering, not by low-order 
Born approximation, and the partition f~inction 
of the liquid n~etals is then built up from such 
screened Ions (pseudoatoms) assuming indepen- 
dence, that is 

[3.2] pfiiquid = npf\creencd ions 

The electronic density of states can be derived 
from, essentially, the inverse Laplace transform 
of the partition f ~ ~ n c t i o n .  Rousseau et al. ( IS)  
conclude that there is considerabie similarity 
between the liquid and the crystal and that some 
dip remains in the liquid density of states. It 
\+auld, of course, be of considerable interest to 
apply the more modern methods of electronic 
structure calculations, briefly summarized in the 
Appendix, to this metal. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



To our knowledge, there is no  experiment as 
yet available relating to the optical properties of 
liquid Be. Hoivever. Hunderi and Myers (19) 
have measured the optical absorption of 
evaporated Be films, I\ hich they believe to be in 
a disordered state. They find, as can be seen 
from Fig. 5, that their data are quite simiiar to 
the spectrum obtained on bulk single crystal Be 
by Weaver et a/ .  (20). Their findings are con- 
sistent with the view that the electronic structure 
of crystalline as well as disordered Be is governed 
largely by short-range order. The theoretical 
work of Rousseau et al. (18) supports this view. 
In  particular, both experinlent and theory lend 
some support to the view discussed above for 
H g  also, that a minimum in the density of 
electronic states near the Fermi level, known to 
exist in crystalline Be, nil1 persist in the presence 
of disorder, 

4. Soft X-Raj' and Plzotoen~ission Experirnetzts on 
Molten Metals 

Within the general area of optical properties, 
we turn next to a class of experiments containing 
potentially much richer information on elec- 
tronic states in liquid metals than ac con- 
ductivity. 

Since the early days of the band theory of 
metals, it has been clear that experiments on 

f4 E'e 2 4 3 

FIG. 5.  Optical conductivity of crystalline Be (full 
curve) after Weaver et ul. (20). Other results, conductivity 
of Be deposited and measured at 20 K. (Reprinted mith 
permission from the Journa! of Physics F: Metal Physics, 
4, 1088 (1974). Copyright by The Institute of Physics.) 

where N' is the interaction describing both the 
probability of photoexcitation and escape into 
the vacuum. 

For  disordered systems such as liquids, in 
which non-direct transitions are possible, it may 
be argued that the matrix elenlent is not a domi- 
nant function and can be removed from the sum- 
mation to yield 

soft X-ray emission, in which an electron falls 
from a conduction band state into a core hole 
(e.g. in Li from p states in the 2s-p conduction 
band into the ( I s )  K shell state) must reflect the 
density of states in the conduction band. But, 
of course, matrix elements also come in, and 
only if these are slowly varying in energy can 
one extract the electronic density of states N ( E )  
from the intensity of the soft X-ray emission. 
Nevertheless, this class of experiment remains 
very important, and we shall discuss recent re- 
sults by Hague (21) on the metals Fe, Ni, and 
Co. Passing reference will also be made to 
earlier work on Al. 

The other very important approach to the 
experimental study of the electronic density of 
states is afforded by photoemission. We shall 
consider in some detail the experiments by 
Williams and Norris (22) 011 liquid noble metals 
as well as the work of Cotti et al. (23) on liquid 
Hg. Again, we make no claim to completeness. 
Theoretical approaches to the calculation of the 
electronic density of states in a liquid illeta1 mill 
be briefly referred to, and sollie of the principal 
conclusions confronted with the above experi- 
ments. 

4.1. Plzotoen~issiorz and Electronic Band Struc- 
ture 

Williams and Norris (22) have observed ultra- 
violet photoemission (21.2 eV) from liquid Cu 
samples. Figure 6 shows their photoelectron 
energy distribution curves (EDC's) obtained for 
liquid CLI, and for comparison they show results 
from the same sample immediately after freezing 
and after being held for several days at  1000 K. 
The energy scale is such that the zero corre- 
sponds to the Fermi level. 

The primary distribution of photoemitted 
electrons can be expressed as a sum over 
initial ( i )  and final ( f )  states, namely as 
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FIG. 6. Energy distribution culves for Cu (a) liquid, 
(b) solid immediately after freezing, and (c) solid after 
annealing. (Reprinted wlth permission from the Journal 
of Physics F: Metal Physics, 4, L175 (1974). Copyright by 
The Institute of Physics.) 

as a product of initial and final density of 
states2 

Figure 7 shows a con~parison between the 
measured result for liquid Cu and the result of a 
cluster calculation for liquid Cu by Keller et al. 
(25). Also plotted is the density of states com- 
puted by Mueller (26) for the face-centred cubic 
crystal. 

There is substantial agreement between the 
shape of the 3d band and the cluster calculation. 
However, the agreement between the measured 
shape and the 3d band of the crystal is much 
poorer than was found for liquid and solid ALL 
by Eastman (27). The explanation (cf. ref. 22) 
seems to lie in the fact that in Au there is greater 
s-d hybridization with correspondingly less 
sensitivity to the local order than is the case for 
Cu. The high energy peak at -2.5 eV in Cu is 
associated with an unhybridized level in the solid 

Electron energy (ev) 

FIG. 7. Density of states of liquid Cu: -.-.- Mueller's 
calculation for fcc Cu, -experiment on liquid, --- cluster 
calculation. (Reprinted with permission from the Journal 
of Physics F: Metal Physics, 4, L175 (1974). Copyright by 
The Institute of Physics.) 

2Refinements of this expression are discussed by 
Schaich and Ashcroft (24). 

and would therefore be expected to weaken con- 
siderably, as Williams and Norris (22) observe, 
when the crystal melts and the long-range order 
is lost. 

In connection with the above cluster calcula- 
tion, it is of interest that House and Smith (28) 
found for crystalline Cu that a cluster calcula- 
tion usiilg only a single face-centred-cubic unit 
cell was in good agreement with the band struc- 
ture result. 

(a) Photoen~ission from Liquid Hg-Because 
of a possible pseudogap referred to previously, 
Hg has attracted considerable attention and Cotti 
et al. (23) have reported measurements of the 
energy distribution of photoemitted electrons 
from both the liquid and solid. 

As remarked above, in connection with Cu, 
provided that k-conservation is not an effective 
 election rule, as is the case for a liquid metal, 
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then the EDC's may be regarded as reflecting 
the density of states. 

In Fig. 8, the EDC's show clearly that liquid 
and solid Hg exhibit the same general behaviour, 
though the solid curve has a little more structure, 
probably arising from direct transitions at 
critical points. Figure 9 shows a comparison of 
the liquid results with the predictions of nearly- 
free electron theory. The agreement is much 
poorer than for say potassium (23) and therefore 
Cotti et a/. (23) claim that their results indicate 
the presence of a pseudogap (or minimum in the 
density of states) in liquid Hg, first suggested by 
Mott (1 1, 29). Such a minimum in the density of 
states was consistent with the experiments of 
Hunderi and Myers (19) discussed above for dis- 
ordered divalent Be. 

We have reproduced in Fig. 10 the density of 

Comparison of EDC's for solid and liquid 
mercury. 

FIG. 8. Energy distribution curves for liquid and solid 
Hg. (Reprinted with permission from Solid State Com- 
munications, 12, 635 (1973). Copyright by Pergamon 
Press Ltd., Oxford.) 

1 Hg (liquid) i .' 

FIG. 9. Comparison of calculated and measured EDC's 
for liquid Hg. (Reprinted with permission from Solid 
State Communications, 12, 635 (1973). Copyright by 
Pergamon Press Ltd., Oxford.) 

states in a divalent liquid metal according to the 
proposal of Mott (ref. 29; compare N ( E )  for 
Be from Rousseau et a[. (18)). Part a would be 
the result of low order perturbation theory, 
curve b the suggested form for liquid Hg. 
Curve c is a form suggested for Hg at densities 
such that the conductivity lies in the range 300- 
2000 R-'  cm-I, while d is the curve expected 
at low densities. Curve d is indeed what seems to 
be required by the low density experiments of 
Hensel and Franck (30) and Schmulzter (31). 
It is relevant in this context to refer to the 
work of Overhof et al. (32) who have atteiiipted 
to explain the optical properties of expanded 
fluid Hg using a quasi-crystalline model with 
non-direct transitions. They also make a critical 
examination of discrepancies between optical 
and electrical transport data for fluid Hg but 
we must refer the reader to their paper for 
further details (see also refs. 36 and 39). 

(b) Orlzer Results by Ultrariolet P/?otoenzission 
Spectuoscopy-Some other valence band results 
have been obtained by ultraviolet photoemission 
spectroscopy (ups). It seems tbat these techniques 
can provide a better resolution of the densities of 
states, if a sufficiently monochromatic excitation 
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FIG. 10. Densities of states for liquid Hg at different densities: (a) high density, dashed curve is free 
electron result; (b) overlapping bands of divalent metal at  intermediate density; (c) development of 
pseudogap at lower density; ( d )  shaded regions indicate localized states. Low density case. (Reprinted 
with permission from Philosophical Magazine, 26, 505 (1972). Copyright by Taylor & Francis Ltd., 
London.) 

radiation is employed (33, 27, 22, and 34). 
However, they are more subject to surface 
contamination and secondary effects than soft 
X-ray spectroscopy (sXs) (21). 

Also, photoemission measurements, notably 
for Sn and In (Morris et al. (35); Norris and 
Rodway3) suggest considerably more structure 
in the electron density of states than calculations 
based on such a low-order approximation would 
imply (see Fig. 11). 

The conclusion for the simpler metals, espe- 
cially Sn, In, and Pb, is that the liquid density of 
states retains quite a few features in common with 

3C. Norris and 13. C. Rodway, private conmunication. 

the crystalline phase, the nearly free electron ap- 
proximation being almost always too crude. 

Following this summary of photoemission 
results, we shall next consider what we can learn 
about electronic structure of liquid metals from 
soft X-ray experiments. We shall focus largely 
on the very recent work of Hague (21) on the 
iron group. 

4.2. Soft X-Ray Band Spectra of Liquid Metals 
Hague (21) has reported the L, emission and 

absorption spectra in liquid Fe, Co, and Ni and 
we shall briefly discuss his results and their quali- 
tative interpretation. 

(a) Evzission Spectra-Hague (21) actually 
measured the L3 emission curves at two excita- 
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L , Q Y # ~  In (nlt.r r (o jama ond 3 p c c r  

( From Show and S r r t h )  

5 
z 

- 5  - 4  - 3  - 2  - 1  -0 eV 
Energy of lntial state 

FIG. 11. Densities of states from photoemission for 
liquid In. (Reprintedwith permission from ref. 35.) 

tion voltages; only the curves for the 2.5 kV 
voltage are reproduced in Fig. 12. In Ni, com- 
parison between solid and liquid results turns 
out to be difficult, because as Hague points out 
surface oxidation very probably exists in the 
solid phase (not in the liquid phase). 

For Co the differences between solid and 
liquid emission spectra turn out to be small, 
though these may again be somewhat masked by 
some contamination in the solid. Finally, the 
Fe results are found by Hague to be slightly 
different from the other two liquid metals. Somc 
modification in the electron states between liquid 
and solid Fe was observed by Hague in the data 
a t  5 kV. 

( b )  Absorption Spectra for Fe, Co, and Ni- 
The experimental results shown in Fig. 12 are 
for the liquid phase. Curves for the solid phase 
are considered by Hague (21) to be unreliable 
because of self-absorption. Therefore, the ab- 
sorption spectra from solid thin films are given 
for comparison purposes. 

It  can be seen that, for Ni, the resemblance 
between the self-absorption curve and the thin 
film result is close. Parratt (38) has shown that in 

Frc. 12. L, emission curves of liquid metals at  2.5 kV-; 
L, self-absorption curves of liquid metals ...; and thin 
solid film Lg absorption curves ( (1 )  Ni, (b) Co, (c) Fe. 
(From work of C.  Hague; see also ref. 21.) 

the case of a sharp peak representing the empty d 
states in thc conduction band, as in this case, the 
amplitude of the maximuin is very dependent on 
the thickness of the absorbant. Hague (21) sug- 
gests this as an explanation of the attenuation 
observed in the peak in the liquid spectrum. 
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For Co, in view of some arbitrariness in 
normalization of the absorption curves, the 
agreement between the liquid and solid thin film 
curves is good, and the small deviation occurring 
at high energy may not be significant. 

Finally, for Fe, the absorption spectra show 
appreciable differences. However, the thin film 
spectrum, as Hague (21) points out, is most likely 
perturbed by an anomalous reflection in the 
analysing crystal containing Fe, which occurs 
close to the Fermi level. Hague (21) finds that 
the sol~d self-absorption curve follows closely 
that of the liquid result. 

Summing up, it seems reasonable to expect 
that the L emission spectra in transition metals 
reflect somewhat closely the density of states 
N ( E )  of the d states in the valence band. Also 
the peak in the absorption curve close to the 
Fermi level is characteristic of the unfilled d 
states in the conduction band. 

Because there is little change in the interatomic 
distances or coordination number of these metals 
in the liquid state, inodifications in the density 
of states can be expected to be small. The cluster 
calculations of House and Smith (28) referred to 
above, and perhaps also the hard sphere descrip- 
tion of Gaspard4 bear this out. 

Hague's (21) soft X-ray spectra do not reveal 
the presence of any extra structure close to the 
Fermi level, and neither do the K spectra ob- 
tained by Garg and Kallne (40). This is in agree- 
ment with the theoretical work of Olsen (41). 

Hague (21) stresses that, despite the blurring 
effect on fine structure due to inner level 
broadening, the soft X-ray band spectra should 
be capable of exposing quite small alterations in 
the electronic structure. Evidence exists, in his 
measurements, that the non-close-packed metal 
in the solid, namely Fe, already shows changes in 
the electronic states on melting. 

(c) Soft X-Ray Spectra of Other Liquid 
Metals-Other measurements of similar type to 
those of Hague (21) were made on the L emission 
spectrum of liquid A1 (42), its K emission spec- 
trum (43, 44), and more recently on the K emis- 
sion of liquid Cu and Fe (40). 

In the X-ray region, the results for A1 diverge 
for the K and L X-ray emission (44,42). Catterall 
and Trotter (42) demonstrate that the L,, emis- 
sion spectrum obtained from liquid A1 shows 
some resemblance to the solid, though the peak 

characteristic of the zone overlaps is rather less 
pronounced. Again, the result shows that the 
short-range arrangement of atoms is playing a 
more important role than the long-range order. 
Fisher and Baun (44) find that near the melting 
point the K bands for solid and liquid differ only 
slightly. However, at a temperature several 
hundred degrees above the melting point, they 
find a markedly different result, which, they sug- 
gest, may be due to the liquid surface or to a 
dense vapour layer close to the liquid A1 surface. 

Garg and Kallne (40) study the K emission 
band (valence band -t 1s) and the emission 
lines KP, ,, ( 3 ~ , , ~ , ,  ,, -t Is) for Fe and Cu. The 
main conclusion is that the K X-ray spectra of 
the transition metals Cu and Fc arc unaffected 
by melting, within the accuracy of the experi- 
ment. 

For Fe and Cu the density of statcs has been 
calculated by the cluster method (45). For liquid 
and solid Fe the calculation gives a broad 3d band 
almost split into two parts. For Cu, the 3d 
band is single and narrow, but with much fine 
structure. The band width predicted is the same 
for solid and liquid within 5x. Thus, the experi- 
ments agree in general terms with the calcula- 
tions, although the experiment could not detect 
the splitting of the Fe 3d band due to limitations 
imposed by (a) the spectrograph and (b) the 
mode of detection. 

Clearly, this is an area in which a good deal 
of effort is worthwhile, especially if the theoretical 
work on electron states could be brought to a 
state of refinement in which the observed in- 
tensities could be calculated, not just the elec- 
tronic densities of states. 

(B) Magnetic Properties 
5. Spin and Orbital Magnetism in Simple Liquid 

Metals 
We begin the discussion of magnetic proper- 

ties by summarizing briefly the results of spin 
and orbital susceptibility, in a band theory 
framework, at first neglecting electron-electron 
 correlation^.^ 

If we start out from free electrons (certainly a 
good approximation for liquid sodium) then the 
Pauli spin paramagnetism is given by 

4J. Gaspard, private communication to C. F. Hague; 
see ref. 21. 

5This neglect is not justified for quantitative work; see 
below. 
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where no is the number of conduction electrons 
per unit volume, p, is the Bohr magneton, and 
Ef is the Fermi energy. Since no = kf3/3n2,  
where k ,  is the Fermi wave number, then it 
follows from [5.1] that x,,,,, cc Ef1I2 since 
Ef K k f 2 .  The rather obvious generalization of 
this to an energy band with density of states 
N ( E )  is x~~~~~ K N(Ef ) ,  the free electron density 
of states being proportional to Ef1I2. 

For free electrons, as Landau first demon- 
strated, the orbital diamagnetism is the negative 
of 3 x ~ a u 1 l .  

As already mentioned, the effect of electron- 
electron interactions on these formulae is im- 
portant, xpaul, being relatively strongly en- 
hanced by the interactions in the range of 
electron density appropriate to the simple liquid 
metals. 

Formulae for liquid metals have been written 
down to second-order in the pseudopotential and 
we shall refer briefly to these. Naturally, as in 
the resistivity in the weak scattering regime, the 
liquid structure factor S(q)  enters the theory of 
both spin and orbital susceptibility. For liquid 
Na, the electron-ion interaction contribution to 
xpaul i  appears to be small compared with the 
effects of electron-electron interaction, which 
we discuss below. For further references to 
pseudopotential work the reader may wish to 
consult the work of Borchi and De Gennaro 
(46). Some later references to pure liquid metal 
studies are given by Dupree and Sholl (47), 
though their main concern is with alloys. 

5.1. Total and Spin Susceptibilities of Liquid 
Metals 

Dupree and Seymour (48) have plotted values 
of the total volume susceptibility for liquid 
metals at their melting points against the mean 
interelectronic spacing r ,  defined such that 
47rrs3 is the volume/conduction electron. Their 
results are shown in Fig. 13 in cgs volume units, 
r, being measured in atomic units. 

Writing the total susceptibility x in the usual 
way as the sum of an ion-core contribution x i ,  
an orbital susceptibility x,, and the spin suscepti- 
bility x,, namely 

Dupree and Seymour use xi from the work of 
Angus (49).6 For X, they take the interacting 

'For the reasons for this choice, the reader may refer 
to Dupree and Seymour (48). 

I I I I I 
2 3 4 5 6 

r, (atomic units)  

FIG. 13. Total volume susceptibilities of liquid metals. 
(Reprinted with permission from Physik der Konden- 
sierten Materie, 12, 97 (1970). Copyright by Springer- 
Verlag, Berlin.) 

FIG. 14. Spin susceptibilities of liauid metals. extracted 
from experimental reiults of Fig. i 3 .  Lines 1, 2, and 3 
correspond to different choices of the Landau Fermi 
liquid parameters in [5.4]. (Reprinted with permission 
from Physik der Kondensierten Materie, 12 97 (1970). 
Copyright by Springer-Verlag, Berlin.) 

electron gas result of Kanazawa and Mat- 
sudaira (50; see also ref. 51), which, in units of 
the Landau free electron susceptibility xL  may 
be written : 

[5.3] = 1 l n r ,  + 4 + In 
X L  

where a = ( 4 / 9 ~ ) ' / ~ .  
Figure 14 gives the values of X ~ / X , , , , ~  thus ob- 

tained. Here x p a u l i  is again the non-interacting 
free electron result, with effective mass m" = m. 

The following points are noteworthy (cf .  48) : 
(i) In spite of the large variation in x in 
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Fig. 13 all values of X, lie in the fairly narrow 
range 0.9 to 2.1 x lou6 .  

(ii) Direct determinations of x,, using con- 
duction electron spin resonance techniques, are 
shown for Li, Na, and K (cros3es). The measure- 
ments were made in each case for the solid 
metal: for Li and Na no significant change was 
found on melting and for K there is very little 
change in total susceptibility through the melting 
point. So it seems unlikely in that case that X, 
changes for K either. The direct measurements of 
X, are seen from Fig. 14 to be in good agreement 
with the values deduced from the total sus- 
ceptibility. I t  is relevant here to refer to the very 
recent measurement of X, for Li through the 
melting point by Hanabusa et al. (52). 

(iii) The curves 1-3 shown in Fig. 14 are from 
the theory of an interacting electron gas. In the 
Landau Fermi liquid theory, X, can be written in 
terms of the Landau parameters A,  and B, (see, 
for example, Jones and March (53)) as 

The different curves 1-3 in Fig. 14 correspond to 
different ways of approximating A,  and B, in 
the many-electron problem (actually A,  is con- 
siderably smaller in magnitude than B,, which 
is negative). More refined theories for x,/x,,,,~ 
are given by Hamann and Overhauser (54) and 
Dupree and Geldart (55), the results being in 
reasonable overall agreement with the trends of 
x ~ / x ~ ~ ~ ~ ,  shown in Fig. 14. If one wishes to do 
better and get quantitative results for individual 
metals, obviously electron-ion interaction and 
the liquid structure must be introduced, as we 
discuss briefly below. 

(a) Possible Effects of Electron-Ion Inter- 
action-Timbie and White (56), following early 
work of Baltensperger (57), have calculated the 
effect of electron-ion interaction on the orbital 
susceptibility x,, as also have later workers, e.g. 
Takahashi and Shimizu (58). 

Whereas Baltensperger (57) estimates that for 
Na, X, increases (i.e. becomes less diamagnetic) 
by 2 0 z ,  Timbie and White (56) estimate a cor- 
rection smaller by an order of magnitude. The 
corrections found in no way alter the above con- 
clusion that electron-electron interactions play a 
dominant role in the theory of the magnetic 
properties of the simple liquid metals. 

Takahashi and Shimizu (58), as well as 
Timbie and White (56), also estimate the elec- 

tron-ion corrections to the spin susceptibility. 
Though their expressions in terms of the liquid 
structure factor S(k)  and pseudopotential U(k)  
agree, their numerical estimates differ some- 
what. The results may be summarized by saying 
that electron-ion corrections cause only small 
deviations from electron gas values, when cal- 
culated by such a nearly free-electron ap- 
proach. 

While the above discussion indicates that. for 
the orbital diamagnetism, such corrections are 
indeed small, it does not seem possible for a 
metal like Li. which is not free-electron-like in 
the solid, to treat the electron-ion interaction in 
the spin susceptibility in the above manner. 
Presumably, because of the similarity of X, in 
solid and liauid. more structural information 
must go into the liquid theory than the pair cor- 
relation function. Thus, one should not use the 
nearly free-electron theory, without considerable 
caution, for correcting the electron gas results 
for the spin susceptibility, the similarity between 
liquid and solid results being a much better 
guideline. 

6. Nzlclear Magrzetic Resonance 
Nuclear magnetic resonance has been ob- 

served in some 20 liquid metals. Seymour (59) 
has reviewed the data on Knight shifts at the 
melting points in liquid metals, and Table 2 is 
taken from his paper. 

6.1. Knight Slilifts in Liquid lMetals 
Ignoring transition metals, one can write the 

Knight shift K i n  the usual way as 

Here R is the atomic volume, P, is the prob- 
ability density at the nucleus for conduction 
electrons at the Fermi surface, while X, is the 
conduction electron (volume) spin susceptibility 
discussed extensively above. 

For the electron contact density factor RP,, 
expressions have been given by Faber (60), 
Cyrot-Lackmann (61), and Watabe et 01. (62), 
with modifications given by Perdew and Wilkins 
(63). Unfortunately, the Knight shifts remain 
difficult to interpret in a really convincing way. 

Seymour (59) also reviews the temperature 
coefficient of K and the change in the Knight 
shift on melting and we refer the reader to his 
paper for details, as well as (briefly) Knight shifts 
in alloys. Broadly, in alloys, one often finds that 
the shifts for both constituents of a binary alloy 
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TABLE 2. Experimental Knight shifts for liquid metals at their melting points (theoret- 
ical values shown are obtained from a single orthogonalized plane wave treatment) 

K (%) K (%I 

Metal Experimental Theory Metal Experimental Theory 

Li 0.026 0.09 In 0.786 0.79 
Na 0.116 0.15 Sn 0.73 0.75 
A1 0.162 0.18 Sb 0.72 0.72 
K 0.265 0.41 Te 0.38 0.70 
Cu 0.264 0.52 Cs 1 .44 1.63 
Ga  0.449 0.53 Hg 2.42 1.45 
As 0.32 0.52 T1 1.48 1.31 
Rb 0.662 0 .82 Pb 1.49 1 .34 
Ag 0.575 0.74 Bi 1.41 1 .32 
Cd 0.795 0.77 

change roughly linearly with atomic concentra- 
tion and in approximately parallel fashion (but 
a lot of exceptions occur). Fractional changes 
AKIK across the composition range are typically 
5-20% except for alkali metal alloys where they 
are most often 20-50%: they are not very de- 
pendent on temperature except for transition 
metal solutes. 

In concluding this discussion on Knight shifts, 
we return to the question of the existence of a 
pseudogap, and the change in electronic struc- 
ture of liquid Hg as the density is varied. 

( a )  Knight Shift in Expanded Liquid Hg-El- 
Hahany and Warren (64) have reported measure- 
ments of the Knight shift in liquid Hg from the 
normal liquid density to less than 8 g/cm3 at 
1730 K and 141 1 bar. An abrupt metal-non- 
inetal transition between 9 and 8 g/cm3 is pre- 
ceded by ranges of roughly linearly decreasing 
shift (11 < p < 13.6 g/cni3) and constant shift 
(9 < p < 11 g/cm3). 

Theories by Mott (65) and Friedman (66) for 
conductivity and Hall coefficient would require 
that N(E,), the density of states at the Fermi level, 
would drop by a factor of 3 between 11 and 9 g/ 
cm3. The Knight shift remains constant as seen 
in Fig. 15 and it would appear at  first sight that 
this could only be reconciled with the strong 
scattering inodel if a decrease in N(Ef) is com- 
pensated almost precisely by a corresponding 
rise in QP, in [6.1]. However, as demonstrated 
above, electron-electron interaction enhance- 
ment is so Important that the above treatment of 
xp via N(Ef) is obviously too primitive. For 
further discussion, the reader i~ referred to El- 
Hanany and Warren (64: see also Cohen and 
Jortner (67)). Obviously, the problem of the 

nature of the electronic states, and the transport 
processes, in liquid Hg is far from solved as yet. 

6.2. Nuclear Quadrupole Relaxation 
As Seymour (59) emphasizes, there is some 

interest in liquid metals in a relaxation rate 
TIQ-l  involving coupling (for nuclei with I > $) 
of the nuclear electric quadrupole moment Q 
with the fluctuating electric field gradient pro- 
duced by thermal motion of the ions. The effect 
can be isolated when there is a pair of isotopes 
with differing ratios of magnetic moments and of 
electric quadrupole moments (e.g. 69"1Ga, 
1 2 1 , 1 2 3  Sb, etc.). 

An approximate relation for TI, is 

DENSITY (grlcrn3) 

FIG. 15. Knight shift in liquid Hg as function of fluid 
density. (Reprinted with permission from Physical Re- 
view Letters, 34, 1276 (1975). Copyright by The American 
Physical Society.) 
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1 4 2 7  
3(2f + 3) e Q 9 t i  

area of magnetic behaviour in other than the 
- C6.23 ---- - 

Ti, 401,(21 - 1) 2t2 simpler liquid metals discussed above in detail, 
we shall focus most attention in the remainder 

where is the mean square field gradient at a of this article on one group, the liquid rare 
nucleus, and is assumed to be characterized by an earth metals. Here, the basically new feature that 
autocorrelation function which decays ex- appears is the existence of very localized magnetic 
ponentially with time constant ti. One might moments on the ions. After surveying briefly 
expect z i  to vary inversely as the self-diffusion their magnetic properties, we conclude by dis- 
coefficient D. While this is qualitatively correct, cussing the relation between dc conductivity and 
the relationship to the diffusion constant is not the magnetic moments. 
as simple as that. 

Coupling to the diffusional motion has been 
treated theoretically by Sholl (68) and extended 
to alloys by Claridge et al. (69) and by Jolly and 
Titman (70). 

The three-body correlation function g(3 )  for 
the ions enters the theory, which is of some 
interest in view of the central position this func- 
tion occupies in the statistical theories of liquids 
(see, for example, March (1)). 

Sholl's (68) result for a metal is approximately 
(cf. Seymour (59)) 

and for species A in concentration c in an AB 
alloy 

7. Liquid Rare Eartlz Metals 
We shall, therefore, first sumnlarize the mag- 

netic properties of liquid rare earth metals 
briefly (see also Giintherodt et al. (73)). The 
main point to be made immediately is that the 
magnetic susceptibility of liquid rare earths is 
rather similar to the solid state behaviour. 

Below room temperature, the solid state sus- 
ceptibility of Ce, Pr, and Nd obey a Curie- 
Weiss law. The effective magnetic moment is 
associated with localized 4f electrons, 1 for Ce, 
2 for Pr, and 3 for Nd. At higher temperatures 
and beyond the melting point, a deviation to 
larger values of the magnetic susceptibility oc- 
curs. Figure 16 gives the magnetic susceptibility 
of Ce above room temperature and in the liquid 

16.41 l/T,, = (C/D){cI, + (1 - c)a21, + c212 state. 
The deviations from the Curie-Weiss law can 

+ - ')'I2 + 2c(1 - c)a'2} be explained as due to occupancy of low-lying 

Here a is the ratio of field gradients of A and B 
ions, D is assumed the same for A and B, and C 
has absorbed the constant terms. I, involves the 
nucleus interacting separately with the field 
gradients produced by other ions, while I, con- 
tains g(3) .  The equation shows the observed 
parabolic dependence for I, -. -0.91, ; it is 
clear that such cancellation is going to occur on 
general grounds. 

The conclusion here is that a large amount of 
nmr data for liquid metals can be understood in 
terms of a nearly free-electron model. We have 
not referred here to the Korringa relation, but 
this shows up the role of electron-electron inter- 
actions (see the discussion of Seymour (59)). 

In conclusion, Gabriel and Schirmacher (71) 
have given a theory of nuclear quadrupole 
relaxation in liquid metals in terms of the usual 
effective ion-ion potential plus the van Hove 
function S(ko  = 0) for elastic scattering. This 
latter quantity is available from neutron experi- 
ments for some liquid metals (see, for example, 
Barker et al. (72)). 

Rather than attempting a survey of a wide 

4f states above the ground state. This ionic con- 
tribution can be handled satisfactorily by the 
usual van Vleck theory. 

At high temperatures, the ionic 4f contribution 
becomes small and the contribution from con- 
duction electrons has to be taken into account. 
An estimate of this contribution can be made by 
considering the susceptibility of La, and x-' of 
Ce at high temperatures. La has no magnetic 
moment and one sees the Pauli paramagnetism, 
enhanced though by a factor of 10 compared 
with simple liquid metals. No change is observed 
at the temperature T, of the fcc-bcc phase 
transition in Ce, whereas small changes have 
been detected at the melting point of Ce as well 
as at the melting point and the temperature T, 
of the phase transition of La (see also Fig. 16). 

7.1. Relation betireen Transport and Localized 
Spins 

The electrical resistivity of some liquid rare 
earth metals, namely Dy, Ho, Gd, and Tb has 
been measured by Giintherodt et al. (74), samples 
of their results being shown in Fig. 17 for Ho, 
over the temperature range up to 1600°C. 
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FIG. 16. Magnetic susceptibilities of Ce and La us.  T. 
(Reproduced from a preprint kindly supplied by Dr. H. 
U. Kiinzi; see also ref. 73.) 

With regard to the comparison between the 
different materials, the electrical resistivities are 
about 10x  higher for Dy and Ho than the values 
for the preceding rare earths, Gd and Tb. This 
is very different from the behaviour at room 
temperature, where Gd has the highest resistivity 
of all the rare-earth metals, as can be seen from 
data for all the rare earths, both solid and liquid, 
in Fig. 18. 

As a function of temperature, the electrical 
resistivities for both Dy and Ho remain con- 
stant in the liquid state. The same temperature 
independence is found in Gd. However, for 
liquid Tb the electrical resistivity is found to in- 
crease by 1.5 x Q cm "C-'. 

The absolute magnitude of the electrical re- 
sistivities is large compared with other liquid 
metals, e.g. for Gd 195 pQ cm and Tb 190 pQ 
cm, at their respective melting points. These 
values are 10 times larger than that for liquid Cu, 
though, for instance, as remarked above, liquid 
Ba has a resistivity of 300 pQ cm. 

The fact that the 4f states are far below the 
Fermi energy, as follows from recent XPS 
measurements by Bear and Busch (75; see 
Guntherodt et al. (74)), and have atomic char- 
acter, suggests that the main contribution to the 
electrical resistivity is due to the 5d resonance 
scattering. 

As Giintherodt et al. (74) point out, an addi- 
tional contribution to the electrical resistivity due 

to spin disorder scattering which dominates at 
low temperatures is in question, since the re- 
sistivities of Dy and Ho at high temperatures and 
in the liquid state are larger than for Gd. It is 
to this point (a) plus (b) and (c) below that 
Parrinello et al. address them~elves,~ as we shall 
now discuss. 

The main points on which this theoretical 
study focuses, stemming from the experiments of 
Giintherodt et al. (73, 74), are: (a) There is no 
obvious relation of the resistivity p at the freezing 
points of the liquid rare earth metals to the 
magnitude of the localized spins on the ions. 
Yet, as Fig. 18 shows, in the solid state at room 
temperature the resistivity has its maximum at 
Gd, with a spin of 712. (b) The resistivities are 
large, and for four of the heavy rare earths there 
is practically no temperature dependence. (c) As 
emphasized by Giintherodt et al. (73, 74), and 
shown in Fig. 19, there is a correlation between 
the resistivity p and OD2, OD being the Debye 
temperature in the solid. 

(a) Weak Scattering Theory-It is clear that, 
for weak scattering from an assembly of ions, 
each ion carrying a localized spin, we can invoke 
Mathiessen's rule to write the inverse of the 
total relaxation time T as 

where T,-I is the contribution from scattering 
off the ionic density fluctuations while T,-' is 
the magnetic term. Following de Gennes and 
Friedel (76), for weak scattering T,-' K 

S(S + I), where S is the spin (712 for Cd, etc). 
This explains the peaking of p in the solid at 
25-C in Fig. 18, when the spin has its largest 
value, namely at Gd. 

As the temperature is increased, the scattering 
increases for a strong ionic potential. Mathies- 
sen's rule begins to break down, and therefore 
in the liquid rare-earths, Parrinello et a1.' pro- 
pose as the zeroth order theory the extreme 
strong scattering limit in which the single-centre 
scattering is so strong that the scattering off 
successive ions is incoherent. If the t-matrix for 
single-ion scattering is denoted by t ,  then the 
total scattering in this limit is given by Nt2 ,  N 
being the total number of scatterers. 

(6) Strong Scattering Limit-It should be 
emphasized that, whereas when we transcend 

'M. Parrinello, M. P. Tosi, and W. H. March, un- 
published results. 
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FIG. 17. Resistivity of liquid and solid Ho cs. T. (Reprinted with permission from ref. 74b; see also 
ref. 73.) 

FIG. IS. Resistivities of rare earth metals at different temperatures in solid and liquid states. In 
the lowest curve labelled p,,, the spin disorder contribution to the resistivity has been separated 
from the total resistivity. (Reprinted with permission from Phys. Lett. A, 50, 313 (1974); see also 
ref. 73.) 
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FIG. 19. Resistivities of liquid rare earth metals us. square of Debye tempera-ture. (Reprinted with 
permission from Phys. Lett. A, 50, 313 (1974); see also ref. 73.) 

the lowest order Born approximation, in which 
the radial distribution (pair) function only enters 
the theory through the static structure factor 
S(k) (see [I. 1 I), higher order atomic correlation 
functions enter the theory (e.g. the three-body 
function g(3)  referred to in section 6.2) of the 
resistivity, yet for sufficiently strong single- 
centre scattering the structure drops out of the 
theory, and with it the essential temperature 
dependence characteristic of weak scattering 
theory. 

We can then utilize the well known result for 
the t-matrix for one Ion in terms of phase shifts. 
Assuming that the d-wave phase shift is dom- 
inant, it is readily shown that the resistivity p is 
then 

valency. Then the spin S drops out of the theory 
and we find 

To refine this zeroth order result, we introduce 
s and f wave phase shifts. The resistance is sub- 
stantially reduced by the interference between 
d and f phase shifts, the result being 

[7.4] p/p, = [sin2 q o  + 5 sin2 q 2  
+ +a2 sin2 q, - Qct sin q 2  sin q 3  

X cos (q2 - q3)]/[5 sin2 (nZ/10)] 
with sum rule 

C7.51 nZ/2 - q, + 5q2 + aq,  

47~h 5 
17.21 p = - -----. We have written the multiplicity a, rather than 7, 

Ze2k, 2 S  + 1 for Matthias and Zachariesen (77) have analyzed 

C(S + sin2 r2+  + sinz q2-3 the melting points of the rare earths to con- 
clude how much f contribution there is to the 

where q 2 +  and q 2 -  are the d-wave phase shifts valence band charge density through the series. 
for the two spin directions. If we assume the They conclude that a = (14 - nf)/2, nf being 
conduction electron spin polarization round a the number off  electrons and we find then an 
single ion is small, then 17,' = q 2 -  and equal to estimate of the f phase shift q 3  as 0.0257~2. For 
nZ/10 from the Friedel sum rule, Z being the two choices of qo, zero and 0.2nZ/2 (see 
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FIG. 20. Resistivities of rare earths at freezing point from theory and experiment. 

Parrinello et al.') we get the two curves shown 
in Fig. 20. There is a scale factor of 1.29 applied 
to the case q, # 0 to make the curve pass 
through the right value for Ho. This, we believe, 
is a manifestation of some residual liquid 
structure remaining in the theory, though the 
extreme incoherent limit is almost quantitative 
for the liquid rare earths. 

The exceptions in Fig. 20, namely Eu and Yb, 
are easily explained as they are divalent, whereas 
the other rare earths in Fig. 20 are trivalent. 
In fact Eu and Yb are better compared with 
divalent Ba; the resistivities of these three ele- 
ments then vary regularly. Here then, as em- 
phasized in Parrinello et ~ l . ~ ,  we have a some- 
what dramatic demonstration of the breakdown 
of Matthiessen's rule. 

Finally, the relation of a, and the resistivity, 
to the number n f  of 4f electrons can be combined 
with the results of Matthias and Zachariesen 
(77) that the melting temperature T, also is 
linearly dependent on n f  to get the correlation of 
resistivity with T,,, shown in Fig. 21. Invoking 
Lindemann's law of melting, T,,, is proportional 
to  the square of the Debye temperature 8,, and 
thus this is the origin of the correlation of the 
resistivity p with OD2 shown in Fig. 19. 

8. Concluding Cornments on Magnetic Properties 
The simple metals in the liquid state reflect 

the magnetic properties of a strongly interacting 
electron gas. The electron-electron interactions - 
determine the general trend of the spin sus- 
ceptibility with mean interelectronic separation. 
However, to get quantitative agreement for a 
liquid metal like Li, it is not adequate to include 
electron-ion interaction by nearly free-electron 
theory, the similarity with the solid indicating 
that higher order atomic correlation functions 
must come in. 

Secondly, some of the features of the rare 
earth metals in the liauid state can be understood 
using a theory of strong potential scattering from 
ions carrying localized spins. Matthiessen's rule 
breaks down and it has been shown that the spin 
largely disappears from the electrical resistivity. 
The weak temperature dependence of the re- 
sistivity also follows naturally from the strong 
scattering limit. 

It is &eresting in this connection that the 
resistivity of liquid Fe, Co, and Ni have recently 
been measured by Giintherodt et al. (78). These 
resistivities are smaller than for the rare earths 
and it is satisfying that some contribution from 
spin disorder scattering is required. 
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FIG. 21. Resistivities of liquid rare earths 0s. melting temperature. 

In connection with the magnetic moments in 
the liquid transition metals, it is worth remarking 
that neutron scattering has been recently studied 
from both Ni (79) and liquid Fe.' Whereas there 
is no marked spin disorder scattering contribu- 
tion observed from liquid Ni, the results for 
liquid Fe show a significant component of 
magnetic scattering. 

In the same context, a magnetic form factor 
for liquid Ce has recently been determined (80) 
by comparing the differential scattering cross 
section for thermal neutrons for liquid Ce with 
that for liquid La. The form factor is consistent 
with the dipole approximation and a 2F5,, 
spectroscopic state for Ce3 +, roughly 20% of the 
Ce ions in the liquid state behaving as though 
they are instantaneously magnetically inactive. 
The coexistence in liquid Ce of two types of Ce 
ion, one of which has lost its f electron by a 
process associated with a resonating bond, is 
implicit in several qualitative discussions of the 
bonding properties of the lanthanides (81). 

Progress, both experimental and theoretical, is 
to be expected in this general area in the fairly 
near future. 
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Appendix 
Electronic Structure of Liquid iMetals: Sfrorzg 

Scattering Theories 
We shall briefly sulllnlarize here without 

mathematical detail some recent work on the 
electronic structure of liquid metals, with strong 
scattering. The nearly free-electron theory has 
been discussed fully elsewhere and we shall omit 
that here. 

Roth (82) used the tight-binding or linear 
combination of atomic orbitals (LCAO) 
methods to study electronic states in disordered 
systems. The work is restricted to a simple one- 
orbital model of a liquid metal. 

Refinements of this approach are discussed by 
Roth (83). There, an equation is derived for a 
one-electron continuum Green function, from 
which the density of electron states can be ob- 
tained. Utilizing an analogy between this Green 
function and the T matrix of multiple scattering 
theory, Roth obtains approximations corre- 
sponding, rcspcctivcly, to (a) the quasi-crystal- 
line approxilnation (QCA) of Lax (84) and (b) 
the self-consistent approximation (SCA) of 
Schwartz and Ehrenreich (85). 

What Roth (83) shows, by calculations using 
random and hard-sphere pair functions, is that 
the QCA is inadequate, while the SCA, though a 
considerable improvement, involves a question- 
able approximation to the three-body distribu- 
tion function. Unfortunately, to date, direct 
comparison with experiment is hardly possible 
and will probably necessitate the generalization 
to more than one orbital. 

In later work, an effective-medium approxima- 
tion for liquid metals has been discussed by 

Roth (86) and a tight-binding version of this 
theory worked out. This follows the early work 
of Faulkner (87) on a random liquid, and a 
generalization by Gyorffy (88) (see also Korringa 
and Mills (89)) to include the liquid pair correla- 
tion f~lnction. These approaches have been taken 
further by Yonezawa and Watabe (90) (see also 
Watabe and Yonezawa (91)) and reviews are 
given by these workers in ref. 92, so that further 
details will not be given here. However, the 
reader interested in this area should be able to 
build up the full background by making use of 
the references given here. 

It  is obviously important that the progress in 
fundamental theory of strong scattering liquid 
metals in these papers should be turned into 
numerical calculations of densities of states 
which can then be confronted with the photo- 
emission and soft X-ray experiments reviewed in 
the body of the text. 

Discussion 

E. D. Crozier: Regarding your calculation of N ( E )  for liquid 
Be, would you comment on the main differences between 
your method and the weak scattering approach involving 
Green functions. 

N. H.  March: Our  method calculates the single-centi-e scat- 
tering essentially exactly. Higher order atomic correlation 
functions come in and are approximated by a modification 
of the Kirkwood assumption. Weak scattering methods d o  
not include g'3' ,  etc. 

E. D. Crozier: The s l ~ d e  for the N ( E )  ns deduced from pes 
f o ~  Hg d ~ d  not show a d ~ p  close to EF as ~ndicated In the 
earlie1 work of Norns  Would you comment7 

J. E. Enderby: The data of Norris et (11. were taken under 
conditions of higher photon energy so  that a better resolu- 
tion of the spectra could be obtained. 

J. K. Baird: From your partition function, how did you 
invert the required Laplace transform to obtain the density 
of states function? 

N. N. March: As we had numerical values of the partition 
function as a function of p = (kBT) - '  only over a finite 
range of the real axis, it was necessary to parametrize the 
density of electronic states and to determine the paramet- 
ers by fitting to the partition function. 

J. C. Thompson: There are data on both susceptibility and 
optical constants of M-NH, solutions in the metallic re- 
gime, but at larger r . ,  values than even Cs which may be 
used to test the models you have discussed. 

N. H. March: It would be interesting to t r y  this. Difficulties 
could arise in interacting homogeneous electron gas theory 
at such low electron densities due to instabilities (e .g .  spin 
density wave and(or) charge density wave states), which 
the metal-ammonia system would inhibit. 
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The far-infrared reflectivity of liquid Mg-Bi alloys (Extended Abstract) 

E. D. CROZIER, R .  W. WARD, AND B .  P .  CLAYMAN 
Depat'ttizent c ~ f P I ~ y s i c s ,  Sin~ot l  Froset. Ut~ivrrsi ty ,  Biirtziihy, B.C.,  Cutlodn V5A IS6 

Received November 22,  1976 

The fluid and electronic structures of liquid 
binary alloys which display semiconducting 
behaviour are not well understood. The bulk of 
the experimental work has concentrated on 
measurement of thermodynamic and dc electron 
transport properties. Most of the alloys are 
characterized by a composition-dependent dc 
conductivity o(0) which displays a pronounced 
miniillu~n near a stoichiometric composition. 
Taken together, the experimental results indicate 
that marked short range order exists near these 
critical stoichiometric compositions. 

Mg-Bi is a representative system. The dc 
conductivity decreases from typical metallic 
values for the pure liquids Mg and Bi to a 
pronounced minimum of - 45 ohm-' cm- at 
Mg3Bi2 ( 1 ,  2). In the narrow composition range 
about 60 at.% Mg the alloys display semi- 
conducting behaviour. The thermoelectric power 
undergoes a change of sign (2) and the Hall 
coefficient1 shows an increase at Mg3Bi2. These 
properties imply a decrease in the number of 
conduction electrons as the stoichiometric com- 
position is reached. The concentration-con- 
centration correlation function in the long wave- 
length limit S,,(O) shows a minimum near the 
composition 60 at.? Mg. Reasonable agreement 
with S,,(O) has been obtained in model calcula- 
tions (3, 4)  in which it was assumed that mole- 
cules of Mg,Bi2 existed with finite lifetimes. The 
molecules were assumed to be weakly bonded; 
the Gibbs free energy of formation was - - 15kTl 
molecule. 

The far-infrared reflectivity measurements 
discussed in this paper were initiated to test 
specifically for vibrational modes that could be 
associated with molecules of Mg,Bi,. In addition 
our reflectivity measurements, which span the 
range 3 to 300 cm-I (9 x 10'' Hz to 9 x 1012 
Hz), are in a frequency range where hopping pro- 
cesses may be important. According to the Mott 
pseudogap model when o(0) < 200 ohm-' cm-' 
a dip develops in the density of electronic states 
near the Fermi energy E,, states near E, become 

IU. Even. Private communication. 

localized, and electronic conduction occurs via 
thermally activated hopping processes. 

Using high resolution Fourier transform 
spectroscopy the reflectivity of liquid Mg-Bi 
alloys was measured as a function of temperature 
and composition. Typical reflectivity results 
obtained with a resolution of 2.6 cm-' and 
normalized to the reflectivity of Cu at room 
temperature are shown in Fig. 1 for different 
compositions at temperatures slightly above the 
liquidus temperatures of the alloys. The normal- 
ized reflectivity is accurate to within 107. 

There is no evidence in the reflectivity spectra 
of absorption due to molecular vibrational 
modes. Within experimental error, for all com- 
positions investigated the reflectivity decreases 
monotonically with increasing frequency. 

Note that the reflectivity of 60 at.% Mg 
approaches unity. On the basis of the free 
electron model the reflectivity should be sig- 
nificantly less. The anomalous composition 
dependence of the reflectivity is emphasized in 
Fig. 2 which shows the reflectivity at the fixed 
frequency of 100 cm-I as a function of at.% Mg. 

The reflectivity data of Fig. 1 can be fitted 
using the Drude nearly free electron model 
wherein the ac conductivity is given by 

provided the relaxation time z and o(O),,, are 
treated as adjustable parameters. The rapid 
increase of the reflectivity near Mg,Bi2 leads 
to a value of o(O),,, which is enhanced by a 
factor of - 100 relative to the dc value of 
-45 ohm-' cm-l.  

The reflectivity data of Fig. 1 can also be 
fitted by a simple Debye model with a single 
frequency of hopping between localized states. 
However, the parameters obtained in fitting the 
data are questionable. A physically plausible 
hopping frequency results in an anomalously 
high value of e, - E, the difference between the 
IOW and high frequency dielectric constants. 

The reflectivity data imply the existence of 
localized states near the Fermi energy in a 
restricted composition range near 60 at .Z Mg. 
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2 .  

' 0  20 40 60 80 100 120 140 160 IBO 200 220 240 

Wovenumber (cm') 

FIG. I. The reflectivity of liquid Mg-Bi alloys. The reflectivity is normalized to the reflectivity of 
Cu at  room temperature. The resolution is 2.6 cm-'. The numbers represent the composition in at.% 
Mg. The temperature of the reflectivity curves are 832°C (60), 813-C (62), 790'C (58), 783°C (65), 
770'C (70), 687°C (55). 

at. % Mg 

FIG. 2. Reflectivity of liquid Mg-Bi alloys at tempera- 
tures near the liquidus temperatures. The data were taken 
from Fig. 1 for the fixed frequency of 100 cm-'. 

However, the physical origin of the enhanced 
reflectivity is not understood. 

1. B. R .  ILSCHNER and C. W ~ G N E R .  Acta Metall. 6.712 
(1958). 

2. J .  E.  ENDERBY and E. W. COLLINGS. J .  Non-Cryst. 
Solids. 4, 161 (1970). 

3. S. P. MCALISTER and E. D. CROZIER. J .  Phys. C. 7 ,  
3509 (1974). 

4. V .  K. RATT~I and A. B. BH,~TI.'\. J .  Phys. F, 5, 893 
(1975). 

Discussion 
M. Cutler: In view of the large difference in electro- 
negativity, one might expect a high degree of ionicity in 

Mg,Bi,. Have you considered the possibility of inter- 
preting your reflectivity results in terms of an ionic 
structure ? 

E. D. Crozier: Yes. However, to my knowledge ionic 
liquids such as LiF have a reflectivity in the far infrared 
which is less than 0.75. 

M. Cutler: The idea that hopping occurs when the 
conductivity o i 200 ohm-' cm-' is a misleading 
concept which has frequently appeared in the literature. 
A more accurate description of the situation is as follows. 
The value 200 ohm-' cm-I characterizes the value of 
o(E) at the mobility edge E,. For E < E,, one has hopping 
transport with oh(E) 2 1 ohm-' cm-'. The value of o 
is obtained from 

where f is the Fermi-Dirac factor. When the Fermi energy 
E, > E,, o Y 200 ohm-' cm-'. When Ef < E,, 

o s oh(Ef) + o(E,) exp I-(& - EdIkTI 

the second term representing the contribution to transport 
by electrons excited thermally to the mobility edge. 
Therefore, in the range of o between 1 and 200 ohm-' 
cm-', the second term dominates. Only when o 2 1 
ohm-' cm-I (below the minimum o for Mg,Bi,) should 
one expect a major contribution by hopping. 

J. C. Thompson: How does the reflectivity of the solid 
compare with that of the liquid? 

E. D. Crozier: Reflectivity measurements were made on 
the solid alloys existing when the liquid alloys were 
cooled about 50 deg below their liquidus temperatures. 
In all cases the reflectivity of the liquid was greater than 
that of the solid (measurements were made on more than 
30 alloys). For example at  60 at.% Mg at 100 cm-I the 
reflectivity of the liquid was 16% higher than the solid. 
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Chemical potentials and fluctuations in indium-iodine solutions 

Department of Chemistry, Fucrdty ofScience, Hokkuidu University. Sapporo, J~prrn 

Received September 22, 1976 

K A Z U H I K ~  ICHIKAWA. Can. J. Chem. 55 .  2190 (1977) 
The composition dependence of the relative chemical potential of In in liquid In-I alloys was 

determined from emf data obtained over the range of composition from In to InT,. Electrical 
condilctivities were also measured for a limited number of concentrations. The specific con- 
ductance of the In], composition differs from that of pure liquid In by almost five orders of 
magnitude; i.e., at 600°C that for InI, is 0.104 while that for the pure metal is 2.16 x lo4 W1 
cm-'. At the long-wavelength limit the concentration correlation function S,,(O), which was 
calculated from the chemical potential data, exhibits large con~position fluctuations on the 
In-rich side and minimal compositional disorders in the vicinity of the intermediate com- 
positions InI, InI,, and 1111,. The mean square compositional fluctuation is developed to discuss 
the crude short range ordering, AN,, and the role of charge transfer, Ae,, in a general statistical 
mechanical theory of solutions. The large peak in S,,(O) at the indium-rich side provides crucial 
evidence of large concentration fluctuations, accompanied by n~icroscopic inhomogeneities 
in the electronic structure, if a bimodal distribution is assumed. The limit AN, + 1 near the 
InI, InIz, and InI, conipositions shows that a preference exists for unlike neal-est neighbors 
because of the ionic or covalent character in the chemical bonding. It is proposed that over 
the In-In1 range there is the relationship between a gradual metal-nonmetal transition and the 
large concentration fluctuations which are associated with microscopic inhomogeneities in the 
electronic structure. 

KAZUHIKO ICHIKAWA. Can. J. Chem. 55, 2 190 (1977) 
On rapporte des donnees sur la relation qui existe entre la composition et le potentiel chi- 

mique relatif de l'indium dans des alliages liquides de In-I pour des con~positions allant de 
In-InI,; on a obtenu ces potentiels pour diverses compositions allant de In a 1111, en faisant 
appel a des donnees de fem. On a aussi mesure les conductivites electriques pour un nombre 
limite de concentrations. La conductivite specifique de 11113 differe de celle de In par presque 
cinq ordres de grandeur; c'est-8-dire a 600'C celle de 1111, est de 0.104 alors que celle de I'indium 
metallique a l'etat pur est de 2.16 x lo4 !X1 cm-' .  A la limite de longues longueurs d'onde, la 
fonction de correlation de concentration S,,(O), qui a ete calculCe a partir de donnees de poten- 
tiel chiniique de l'indium, dtmontre l'existence de grandes fluctuations dans la composition du 
c6te riche en indium et des desordres au niveau de la composition qui sont minimes autour des 
compositions intermediaires de InI, de InIz et In13. On a developpi. la fluctuation de composi- 
tion quadratique moyenne afin de pouvoir discuter de l'arrangement brut a faible distance, 
AN,, et le r61e du transfert de charge, Ae,, par rapport a une theorie des solutions basie sur la 
mecanique statistique generale. Le pic important dans S,,(O) au niveau de la section riche en 
indium est une preuve critique des grandes fluctuations de concentration qui accompagnent les 
inhomogeneites microscopiques dans la structure electronique lorsque l'on fait l'hypothese 
qu'il existe un mode de distribution bimodale. La limite AArz -t 1 pres des concentrations InI, 
InI, et InI, montre qu'il existe une preference pour des voisins les plus pres qui sont dissem- 
blables a cause d'un caractere ionique ou covalent dans la liaison chin~ique. On propose qu'il 
existe dans la region In-In1 une relation entre une transition graduelle metal-non-metal et les 
grandes fluctuations de concentration qui sont associees avec des inhomogeneites microsco- 
piques dans la structure electronique. 

[Traduit par le journal] 

Introduction the partial structure factors, aZp(q + 0) (2). The 
A general statistical mechanical theory of values of a,,(O) cannot be extracted from mea- 

solutions has been developed with the aid of the surements at  a finite wavevector because of the 
theory of composition fluctuations in the grand poor experimental resolution. The limits are, 
canonical ensemble (1). At temperatures above however, given in terms of measurable thermo- 
the Debye temperature and in the long-wave- dynamic quantities, namely the density, com- 
length limit the concentration correlation func- pressibility, and chemical potential (2). Thus 
tion, S,,(O), represents the mean square fluctua- the long-wavelength partial structure factors 
tions in concentration, and is linearly related to provide a measure of detailed structure in the 
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binary mixtures such as Scc(0) and the crude 
short range ordering (3), AN,. 

A physical picture was recently advanced for 
the continuous metal-nonmetal (MNM) transi- 
tion in a binary solution including a nonmetallic 
component such as metal-ammonia solutions. 
The concentration fluctuates locally about either 
of two well-defined regimes, a metallic prop- 
agation regime and a nonmetallic regime (4). 
Further, it was proposed that the large concen- 
tration fluctuations (5) near a consolute con- 
centration of the metal-ammonia solutions 
originate from the microscopic inhomogeneities 
in bonding configurations which are distinct 
from critical fluctuations (4). 

Nuclear magnetic resonance (nmr) provides 
information a t  the microscopic level on the 
electronic structure (6, 7). This is because the 
apparent Knight shift increases monotonically 
with increasing metal concentration for the 
metal-nonmetal solutions such as alkali metal - 
NH, (8, 9) and Bi-BiT, (lo), while conductivity 
measurements demonstrate the continuous 
metal-nonmetal transition induced by a simple 
change in concentration (11, 12). A careful 
examination of the experimental data is required 
to  discuss the M N M  transition in view of micro- 
scopically inhomogeneity in electronic structure 
(7). 

The present paper reports relative chemical 
potential and electrical conductivity measure- 
ments of the system indium-iodine. In the phase 
diagram of the In-I system (13, 14), a miscibility 
gap was assumed over the In-In1 region and the 
exact consolute point is not yet known. The 
stoichiometric compounds of InI, InI,, and Inl, 
were examined at temperatures below their 
melting points. The inean square concentration 
fluctuations (or S,,(O)) are determined from the 
concentration derivative of the chemical poten- 
tial for indluln and developed to estimate the 
terms AN, and Ae, which refer to crude short 
range atomic configuration and che~nical bond- 
ing a t  the intermediate coinpositions of InI, 
InI,, and Inl,, respectively. The relationship 
between a gradual metal-nonmetal transition 
and a large peak of S,,(O) resulting from a 
bimodal distribution is discussed for indium- 
iodine solutions. 

Experimental 
Electromotive force measurements are briefly reported, 

and are described in detail elsewhere. Determination of 
the activity of In has been carried out using a ZrOz 

(+CaO) solid electrolyte. A concentration cell without 
transference was employed : 

The emf, E, of such a cell is related to the activity of In, 

R T  
E = - - ln a,, 

2F 

where 02- transport can be regarded as the mechanism 
of conduction in the zirconia solid electrolyte. The emf of 
the cell was measured on a dc potentiometer. The elec- 
trical conductance measurements were made with the 
aid of a dc four-terminal potentiometric method for the 
indium-rich region and with an ac Jones type bridge (15) 
for the intermediate region. 

Materials 
The indium used was 99.999% pure. Guaranteed 

reagent grade InI, was purified by distillation in cncuo. 

Results 
Figure 1 shows the emf, E. as a function of 

concentration at 600'C. The points shown in 
Fig. 1 are taken from the smoothed curves of the 
emf cs. the temperature at a given concentration. 
Some of the emf data in Fig. 1 are shown as a 
dotted line over the 70-90 at.% In region across 
a consolute concentration where the correct con- 
solute point has not yet been determined. The 
specific conductance increases continuously and 
monotonically with increasing metal com- 
position; i.e., at 600°C, 0.104 Q-I cm-I for the 
InI,, 0.419 Q-I cm-I near the InI,, 2.17 x lo4 
R - I  cm-I for 0.9985, 2.225 x lo4 Q-I cm-I 
for 0.9991, and 2.285 x lo4 R- I  cm-I for the 
pure In. 

Discussion 
Relationship among Metal-Nonmetul Transition 

and Conce~trrition Fluctziations 
In Fig. 2 the concentration fluctuations, S,,(O), 

directly determined from the emf data of Fig. 1 
(2, 5, 16), show a large peak over the whole range 
of In-In1 throughout which the conductivity, o, 
can be expected to  change by almost five orders 
of magnitude. It remains almost constant in the 
iodine-rich region between I111 and InI, solutions. 
Thus the continuous metal-nonmetal transition 
induced by concentration changes takes place a t  
the In-rich side where there are large com- 
position fluctuations. 

Bimodal and Urzitxodal Distributions 
A bimodal distribution in an a-p liquid alloy 

occurs when one component, e.g. a, has two 
different electronic structures resulting from 
microscopic inhomogeneities. In the case of a 
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atom fract ion In 

FIG. 1. The measured emf for In-I mixtures is shown by 
the open circle. All data were taken at  600°C. Ideal 
behaviour for E is shown by the broken line. 

unimodal distribution there is a single electronic 
state for each con~ponent. Whether the concen- 
tration fluctuations are bimodally or unimodally 
distributed should be experimentally determin- 
able. The quantity 

means the difference between the total number 
of u species surrounding a p species and the total 
number of u species surrounding an u species, 
and provides a crude measure of the short range 
ordering in a binary system (3). Here, 

From standard arguments of composition 
fluctuations in statistical thermodynamics (1) [I] 
can be expressed in terms of Scc(0) as follows (7), 

[2] AN, = 1 - (I + Gx,)ScC(O)/x,xe 

atom fraction I n  

FIG. 2. The concentration correlation function S,,(O) 
for In-I mixtures at  600°C. The dashed curve is ideal. 

where 6 is a dilation factor defined by ~,-~av, /ax 
with a molar volume, 0,. The concentration 
dependences on AN, for a variety of binary 
liquid alloys such as In-I, Na-NH,, Ga-Bi, and 
Al-In are shown in Figs. 3-6. One can definitely 
classify them into the group in which AN, # 
ANp over a considerable range corresponding to 
the miscibility gap for the metal-nonmetal alloys 
such as In-I and Na-NH,; in another group, 
AN, - AN, for Ga-Bi and Al-In except for the 
range close to a consolute concentration. If 
microscopic inhomogeneities originate from 
ordinary critical fluctuations, that is, a unimodal 
distribution, the crude short range ordering, AN,, 
for an ti species can be expected roughly to 
equal ANp for the other species P. 

It is proposed that both bimodal distribution 
and AN, # ANp can occur in various metal- 
nonmetal liquid alloys. There are several experi- 
mental results to support this remark. Recent 
experiments on small-angle neutron scattering 
on K-KBr solutions (or K-Br) show that 
significant concentration fluctuations exist and 
that their large correlation length extends over 
a large temperature range above the immis- 
cibility gap (17). It can be deduced from the 
determination of the three partial interference 
functions that nonmetal comDonents cannot 
come in close contact in metal-nonmetal liquids 
or amorphous alloys. For amorphous Co-P, the 
experimental results show that a phosphorus 
atom cannot associate with other phosphorus 
atoms owing to electrical repulsion (18). For 
liquid Fe-P systems partial structure factors 
determined using anomalous scattering of 
X-rays (19) indicate not only that a phosphorus 
atom is surrounded by iron atoms but that 
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FIG. 3. The parameters AN,, and ANI computed from 
[2] for In-I mixtures. For an ideal solution of the same 
atomic size this parameter is zero. The arrows mark the 
stoichiometric cornpositions of InI, InI,, and In13. 

-4 0 Ga u q i  0.5. 

atom fraction Bi 

0.05 0.10 0.1 5 
mole fraction No 

FIG. 4. The parameters ANNa and ANyH3 computed 
from [2] for Na-NH, solutions (ref. 5). 

FIG. 5. The parameters AN,, and ANBi computed 
from [2] for Ga-Bi mixtures (ref. 28). 

phosphorus atoms may not come in close con- 
tact. Thus, it is expected that in In-I solutions 
the iodine atoms cannot be brought into contact 
and that each of them is isolated by indium 
atoms. The fused salt-like local structure of the 
In-I pair may bring about aggregation of 
indium atoms in the indium-rich region. In view 
of the similarity between In-I (or In-InI) and 
K-Br (or K-KBr) systems the In-I solutions 
are also expected to have large an~plitude con- 
centration fluctuatioils which extend over large 
distances, as shown in Fig. 2. Therefore, the 
following remarks can be made: over the con- 
centrations of In-In1 (i) there exist two different 
local electron states for the indium component: a 
simple ionic fused salt-like electrostatic potential 
between In and I, and metallic cohesion among 
indium atoms, that is, a bimodal distribution; 
(ii) ANl # AN1, (in fact, 0 > AN,  > AN,, has 
been inferred from emf measurements and [2]). 
For Na-NH, solutions the fact that 0 > ANN, 
> AN,,,, is attributed to the following physical 
picture. The components may be viewed as 
positive sodium ions surrouilded by a large 
group of oriented aininonia molecules and free- 
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-3 0- 
0.5 In 

A' atom fract ion I n  

FIG. 6. The parameters ANAl and Ah;, computed from 
[2] for Al-In mixtures (ref. 29). 

ammonia inolecules which are not bound to a 
sodium ion (e.g. ref. 20). Two different dipoles 
can be considered for bound and unbound NH, 
molecules. Thus. the large fluctuations in concen- 
tration and their extension over large distances 
confirmed from chemical potential (5) and small- 
angle neutron scattering (21) studies on Na or 
Li-NH, and Li-ND, support the plausibility of 
a bimodal distribution. 

It is proposed that over the In-In1 range there 
is the relationship between metal-nonmetal 
transition and the large concentration fluctua- 
tions which are associated with a bimodal dis- 
tribution and 0 > AN,,, # AN,. 

Mininxrl Con~posifio~zal Disorder 
S,, (0) shows strong negative deviation froin 

an ideal mixture at the InI, InT,, and Inl, concen- 
trations for In-I (see Fig. 2). This result indicates 
minimal compositional disorder and stability at  
these compositions, which are apparently domi- 
nated by the chemical bonding (ionic or covaleilt) 
among the constituent atoms. It is worth noting 
that the values of AN, approacll unity at  the 
stoichiometric compositions, InI, InI,, and Inl, 
(see Fig. 3). The facts that AN, = i and x, = 

0.5 in [ l]  lead to the conclusions which are quite 
satisfactory for a simple ionic melt of xt-P-,  as 
follows: (i) SzP(O) = SjT(0) = SpP(0)  (22, 23), 
where their partial structure factors are defined 
by 

(ii) the electrical neutrality condition (22, 24), 
and (iii) the limit S,,(O) -t 0 (23).  Therefore, the 
solutions at the intermediate concentration of 
In1 or x,, = x, = 0.5 have a fused salt-like 
configuration in view of preference for unlike 
nearest neighbors. 

What is the kind of pair potential ~ i h i c h  brings 
about a fused salt-like configuration near the 
stoichiometric composition of InI? It is pro- 
posed that for metal-halogen alloys the minimal 
compositional disorder at this intermediate 
composition is attributed to a charging process. 
A new quantity, ( i 3 p , / a ~ , ) ~ , ~  is introduced in 
addition to S,,(O) or (ap,/ax,), ,-' and AN,. 
The theory of composition fluctuations is sub- 
sequently developed to evaluate thermodynamic 
parameters in terms of the partial correlation 
functions, a,p(0), at the long-wave limits (1. 25). 
The thermodynamic relation for a binary a-P 
system at constant P and T 

can be expressed in terms of the axa(O) using 

In fact, substitution of [4] into [3] yields 

From the definition [ l ]  of the local ordering, 
AN,. [5] can be rewritten as 

Here, ANJ(1 - AN,) (-Ae,) is the contribution 
to the deviation from the laws of idea1 solutions. 
Figure 7 shows that Ae, for the binary In-I 
solutions probably has two large peaks in the 
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FIG. 7. The parameter he, computed from [lo] and [2] 
for 111-1 mixtures. For an ideal solution of the same 
atomic size, this parameter 1s zero. The arrows mark the 
stoichiometric colnposition of InI, Inl,, and InI,. 

vicinity of the intermediate compounds Inl, 
InI,, and InI,, where each AN, is close to unity 
and S,,(O) shows the probable and real minima 
in compositional disorder. Kirkwood and Buff 
(1) point out that [5] or Ae, provides an  alter- 
native to the usual charging process encountered 
in electrolyte theory. According to Onsager (26) 
the electrostatic contribution. AF(e1). to the free 
energy of a concentrated electrolyte can be 
given by 

2 

[7] AF(el) = p, Sz'"' +(e.,) de, 
0 

where $(e,)  is average potential due to other 
ions a t  the point of an ion with instantaneous 
charge, e.,, and p, is the number density of a */ 
ion. The corresponding contribution to the 
chemical potential of an  a ion is expressed as 
foliows : 

I t  is assumed that for the In-I liquid alloy the 
deviation from ideality can be attributed entirely 
to electrostatic forces between unlike ions, near 
the intermediate concentration, because the 
Coulomb energy, which is the main contribution 
to the internal potential in a simple ionic melt of 
a++, is very large con~pared with the internal 
energy for a simple liquid inetal (e.g.,  liquid In) 

and the van der Waals energy for liquified inert 
gases. The contribution of the Coulomb energy 
to the deviation from the laws of ideal solutions 
may mask the contribution resulting from excess 
entropy and excess volume terms. 

Therefore, near the stoichion~etric composi- 
tion of In1 the form of ANJ(1 - AN,) can be 
approximately expressed as 

Z-Ie l  

P Y AN, = 2-  
a +is) de, 

1 - A T ,  k ,  T dp,' 

by differentiation of [8] with respect to p, and 
neglect of the second p, derivative of the inte- 
grand in [8] for simplification only. Thus, the 
large positive value of Ae, at  this composition is 
directly related to the increment of the work of 
charging one cr ion owing to its addition into a 
given concentration of an  cr-P alloy. For liquid 
Cs-Au it was proposed that, near equi-atomic 
concentration, ionic conduction plays an im- 
portant role on the hypothesis of charge transfer, 
that is. the Cs atoms donate one valence electron 
to each Au  atom (27). The system Cs-Au can 
be expected to have a peak of Ae, near this equi- 
atomic concentration. 

More detailed studies of the indium-iodine 
system, in particular, on its thermodynamic 
functions are clearly required. 

Aeknswlledgments 
I thank Professor J. C. Thompson for his 

encouraging discussions and for his critical 
reading, and Mr. T. Kiya for technical services. 

1.  J .  G. KIRKWOOD and F. P. BLFF. J Chem. Phys. 19, 
774 (1951). 

2. A. B. BHATM and D. E. THORSTON. Phvs. Rev. B. 2, 
3004 ( 1970). 

3. R.  TURNER, E. D. CROZIER. and J.  F. COCHRAN. J .  
Phys. C ,  6,3359 (1973). 

4. M. H .  COHEN and J. JORTKER. Phys. Rev. B ,  13, 1548 
(1974): M.  H. COHEY and J.  JORTNER. J .  Phys. Chem. 
79. 2900 (1975): M.  H. COHEN, 1. WEBMAX, and J.  
J ~ R T N E R .  J .  Chem. Phys. 64. 2013 (1976). 

5 .  K. ICHIKAWA and J. C. THOMPSON. J .  Chern. Phys. 
59, 1680 (1973): 62,4958 (i975). 

6. W. W. WARREN. Phys. Rev. B ,  3, 3708 (1971): J. 
Non-Cryst. Solids, 8-10, 241 (1972). 

7. J .  C.  THOMPSON. K .  ICHIKAWA, and S. M. 
GRANSTAFF, JR. Ph) s. Chem. Liq. 5 .  I67 (1976). 

8. E.  L ~ v ~ L . .  J?. R I G ~ Y ,  andG. LEPOUTRE. Chem. Phys. 
Leti. 2,237 (1968). 

9. J .  P. L E L I E U R ~ ~ ~  P. RIGNY. J .  Chem. Phys. 59, 1148 
(1973). 

10. R. DUPREE and W. W. W.4~Rflh. Prepr-ini, 31-d Int. 
Conference on Liquid Metals. 1976. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2196 C 4 K .  J .  CHEM. 

M.  H. COHEN and J. C.  THOMPSON. Adv. Phys. 17, 
857 (1968). 
L. F. GRANTHAM and S. J .  YOSIM. J. Chem. Phys. 38, 
1671 (1963). 
A. THIEL and H .  KOELSCH. Z. Anorg. Allg. Chem. 66, 
317 (1910). 
E. A. PERETTI. J .  Am. Chem. Soc. 78,5745 (1956). 
K. ICHIKAWA, T .  OKUBO, and M. SHIMOJI. Trans. 
Faraday Soc. 67, 1426 (1971). 
K. ICHIKAWA, S. M. GRANSTAFF. JR. ,  and J .  C. 
T H O M P S O ~ .  J .  Chem. Phys. 61,4059 (1974). 
J. F .  J A L .  P. CHIEUX, and J. DUPUY. Ber. Bunsenges. 
Phys. Chem. 80. 820 (1976). 
J .  BLETRY and J. F. S.ADOC. J .  Phys. F ,5 ,  Lllil(1975). 
Y. WASEDA. Met. Phys. Seminar Jpn. 1 ,  305 (1976). 
R.  L .  S C H R O E D E R ~ I I ~  J. C. THOMPSON. J .  Phys  Rev. 
179. 124 (1969). 
P. CHIEUX. J .  Phys. Chem. 18,2891 (1975). 
M. C. ABRAMO. M. PARRINELLO. and M. P. TOSI. J .  
Nonmetals, 2.57 (1973). 

23. P. J .  DURHAM and D. A. GREENWOOD. Philos. Mag. 
33, 427 (1976). 

24. M. WATABE and M.  HASEGAWA. In The properties of 
liquid metals. Edited by S. Takeuchi. Taylor and 
Francis. London. 1973. p. 133; J .  CHIHARA. In The 
properties of liquid metals. Edited by S. Takeuchi. 
Taylor and Francis, London. 1973. p. 137: N.  H. 
MARCH, M. P. TOSI, and A. B. BHATIA. J .  Phys  C ,  6 ,  
L59 (1973). 

25. A. BEN-NAIM. Water and aqueous solutions - intro- 
duction to a molecular theory. Plenum R~blishing 
Corporation, New York and London. 1974. 

26. L .  ONSAGER. Chem. Rev. 13,73 (1933). 
27. R. W. SCHMUTZLER, H. HOSHINO. R .  FISCHER, and 

F. HENSEL. Ber. Bunsenges. Phys. Chem. 80. 107 
(1976). 

28. B. PREDEL. Z. Phys. Chem. Frankfurt am Main, 24, 
206 (1960). 

29. A. YAZAWA and Y. K. LEE. J. Jpn. Inst. Metals, 33, 
3 18 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Electron mobility in nonpolar liquids: the effect of molecular structure, 
temperature, and electric field 
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WERNER F. SCHMIDT. Can. J. Chem. 5 5 . 2  197 ( 1977) 
A survey is given on the mobility of excess electrons in liquid hydrocarbons and related com- 

pounds. It was found that the mobility is strongly influenced by the molecular structure of the 
liquid, by the temperature, and by the electric field strength. The mobility in hydrocarbons 
increases as the shape of the molecule approaches a sphere. The temperature coefficient is posi- 
tive in most liquids over a limited temperature although exceptions have been observed in 
liquid methane. The field dependence of the mobility in high mobility liquids (> 10 cm2 V - I  
s-') showed a decrease of the mobility at higher field strengths while in low mobility liquids 
(1 1 cn12 V - I  s-' ) it showed an increase, These results are discussed on the basis of the extended 
and the localized electron models. The predictions of these theories are compared with the 
experimental results and conclusions on the validity of the underlying assumptions are drawn. 

WERNER F. SCHMIDT. Can. J. Chem. 55,2197 (1977). 
On presente une revue sur la mobilite des electrons en exces dans des hydrocarbures liquides 

et d'autres composes qui leur sont relies. On a trouve que la mobilite est grandement influencee 
par la structure n~oleculaire du liquide, par la temperature et par la force du champ electrique. 
La mobilite dans les hydrocarb~lres augmente a mesure que la forme de moltcule approche celle 
d'une sphkre. Le coefficient de temperature est positif dans la plupart des liquides a l'interieur 
de faibles limites de temperature m&me si l'on a observe des exceptions dans le mtthane liquide. 
La relation qui existe entre le champ et la mobilite dans des liquides de grande mobilite ( >  10 
cni2 V - I  s- l )  presente une diminution de mobilite a des forces de champ elevees alors que dans 
des liquides de basse mobilite (i 1 cmZ V-' s-' ) elle prtsente une augmentation. On discute 
de ces rCsultats sur la base de modeles d'electrons etendus et localises. On compare les predic- 
tions de ces theories avec les rksultats experimentaux et on tire des conclusions sur la validit6 
des hypotheses de base. 

[Traduit par le journal] 

Introduction 
The electronic properties of nonpolar liquids 

have received increasing interest during recent 
years. From a fundamental point of view non- 
polar liquids represent a class of non-crystalline 
materials; the physical properties and the 
chemical behavior of excess electrons can be 
studied since excess charge carries can be in- 
jected by various means (1). Radiation chemistry 
is interested in excess electrons since they repre- 
sent one product of the interaction of high 
energy radiation with matter and since their 
chemical reactivity depends strongly on the 
liquid surrounding. 

From a practical point of view nonpolar 
liquids have wide applications as insulators in 
electrical power equipment and the developnlent 
of a cryogenic high voltage technology requires 
among other things the investigation of the con- 
duction processes in cryogenic liquids (2). 

The discovery of highly mobile electrons in 

certain nonpolar liquids has opened applications 
in fast nuclear radiation detectors and in fact 
right now huge liquid ionization chambers with 
effective volumes of 5000 ! are being built for 
the detection and the calorimetry of elementary 
particles in high energy physics (3, 4). 

The subject of electron mobility in nonpolar 
liquids encompasses a wide field. Since over 
20 years investigations have been carried out 
with liquefied rare gases and several reviews have 
appeared (5-7); this area will not be discussed 
here. Excess electrons in liquid hydrocarbons 
were observed first in 1969 independently by 
several groups (8-11) and since then a lot of 
experimental information has been gathered. 

It is the purpose of this paper to review the 
experimental data and to discuss the salient 
features of the excess electron mobility in liquid 
hydrocarbons and related compounds. Em- 
phasis will be placed on the effects of structure, 
temperature, and electric field strength. Com- 
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parison will be made with results from scattering 
studies of electrons and polyato~nic molecules 
in liquefied rare gases. 

Methods for Mobility Measurements 

Measurements of excess electron mobility 
have been carried out ~nainly with t n o  methods. 
Either the increase of the co~lductivity during 
a short pulse of high energy X rays or  electrons 
is nleasured or the drift velocity is determined 
by a time of flight method. Excess charge carriers 
can also be produced by photoionization of 
a homogeneously distributed solute as for in- 
stance N,N,N1,N'- tetramethyl-p-phenylenedia- 
mine (TMPD) (12). 

In  the conductivity method use is made of the 
fact that the mobility of the excess electrolls is 
usually much greater than the mobility of ions 
so that any change in the conductivity during 
the pulse is due to excess electrons. The con- 
ductivity o is then given by 

where n is the concentration of excess electrons/ 
cm3 and e, the electronic charge. The con- 
centration n can be determined with the radia- 
tion yield of electrons G,,(F), M hich is a function 
of the applied electric field F and the absorbed 
dose D, from 

A necessary presumption is that no volume 
recombination between electrons and positive 
charge carrlers occurs during the pulse. Usually 
a parallel plate measurement cell (area q, 
electrode distance I) is employed and the con- 
ductivity signal is converted into a voltage 
signal u i th  a resistor R connected in series with 
the cell. Hf R << (oq/l)- '  than the signal voltage 
obtained ~ i t h  voltage (I, Us = o(q/l)UR, is 
proportional to the conductivity. 

In  the tlme of flight method the drift of a spatial 
inhomogeneity of the charge carrier density in 
an  electric field is observed. Neutralization of the 
charge carriers a t  their respective counter 
electrode leads to a discontinuity in the current- 
time signal. The drift time t, is gi-ven by 

Different methods for the productien of this 
inhomogeneous density distribution are used. 
In  the Hudson method the liquid in a parallel 
measurement cell is subjected to a step function 

of X rays and the time of flight is given by the 
time it takes those electrons generated near the 
cathode to reach the anode. In the pulse method 
the liquid volume is irradiated with a short 
pulse of X rays leading to a constant density 
of excess electrons. Under the influence of the 
electric field the electrons move to the anode, 
become neutralized, and a discontinuity travels 
across the gap leading to a linear decay. Other 
methods which have been applied to liquefied 
rare gases and ionic charge carriers in hydro- 
carbons were reviewed recently (I).  

Both methods have advantages and dis- 
advantages. While the time of flight method 
gives direct information on the mobility, it 
requires extremely pure liquids since only small 
concentrations of excess charge carriers can b r  
generated if space charge effects are to be 
neglected. 

In  the conductivity method a higher level of 
impurities can be tolerated. The determination 
of the mobility, however, requires the inde- 
pendent determination of G,,(F) and measure- 
ment of the radiation dose: the accuracy of the 
mobility values is determined to a high degree 
by the accuracy of the dosimetry. Measurements 
in this laboratory were carried out with a time 
of flight method and the experimental set-up 
has been described repeatedly (13). 

The Edfect of Structure 
One of the surprising features of excess 

electron mobilities in nonpolar liquids is the 
large variation with the structure of the mole- 
cules composing the liquid. This dependence is 
very much apparent in the liquid hydrocarbons 
where mobilities ranging from 400 cin2 V- I  s - I  
for nmethane a t  111 K to 1.3 x cm2 ~ - ' s - l  
for ethane and the same temperature have been 
measured. A sample collection of values is 
compiled in Table 1 v,here data for liquids a t  
room temperature are given. Research on elec- 
tron mobilities is being conducted in several 
laboratories all over the world and virtually 
hundreds of values have been reported. In order 
to  show tlle salient features the data of Table 1 
have been selected not for the sake of complete- 
ness but to give, for liquids where several values 
have been measured, a value which has been 
obtained recently and is in agreement with most 
of the other values. 

Although it remains an open question whether 
comparison at  an arbitrary temperature can 
give insight into the physics of the transport 
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TABLE I .  Excess electron mobilities at room temperat~lre (T  = 296 1 2 K) and activation 
energies in several hydrocarbons and related compounds 

Liquid pel (cm2 V-' S - l )  Ea (ev) Refs. 

C4 isomers 
/!-Butane 
2-Methylpropane 

C, isomers 
n-Pentane 
2,2-Dimethylpropane 

C6 isomers 
n-Hexane 
2-Methylpentane 
3-Methylpentane 
2,3-Dimethylbutane 
2,2-Dimethylbutane 

Cycloalkanes 
Gyclopentane 
Cyclohexane 

Cyclohcptanc 
Cyclooctane 

Double bonds 
2,2-Dimethylbutane 
3,3-Dimethyl-1-butene 
2,3-Dimethylbutane 
2,3-Dimethyl-2-butene 
11-Butane 
1-Butene 
cis-2-Butene 
tra~w-2-Butene 
Gyclopentane 
Cyclopentene 
Cyclohexane 

Benzene 

Cyciohexene 
Cycloheptanc 
Cycloheptene 

Sphtlrical shape 
Tetramethylsiiane 
Tetramethylgern~aniun; 
Tetranlethyltin 
2,2-Dimethylpropane 
2,2-Dimethylbutane 
3,3-Dimethylpentane 
3,3-Diethylpentane 
2,2,4-Trirnethylpentane 
2,2,4,4-Tetramethylpentane 
2,2,3,3-Tetramethylpentane 
2,2,5,5-Tetramethylhexane 
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process some general properties can be extracted 
by inspection of Table 1. In the normal alkanes 
we see a decrease of the electron mobility with 
increasing chain length which levels off at  about 
5 x lo-' cm2 V-I s - for C, > C,. The electron 
obviously is 'myopic' (a description coined by 
Freeman and his co-workers (16)) being unable 
to look ahead for more than six CH, groups. 
Branching of the C,, chain leads to an increase of 
the mobility which is demonstrated by the com- 
parison of the mobility in the isomers of C,, 
C,, and C6. The greatest values are obtained for 
compounds which contain a quaternary carbon 
atom. As the mobility increases in these com- 
pounds the energy of activation decreases. The 
cycloalkanes exhibit higher mobilities than the 
corresponding n-alkanes. Introduction of double 
bonds into alkanes may lead to a decrease or an 
increase depending on the position of the double 
bond. In the case of 2,3-dimethylbutane/2,3- 
dimethyl-2-butene the double bond is shielded 
by the CH, groups and it may lead to a more 
compact molecule. A dramatic effect of the 
isomerization on the mobility is apparent for 
cis- and trans-2-butene. 

In the cyclic con~pounds the influence of a 
double bond is not very clear. 

In the aliphatic compounds there is a great 
influence of the shape of the molecule. The 
electron mobility is hiEhest in spherical molecules 
(tetramethylsilane, tetramethylgermanium, tetra- 
methyltin, neopentane) and it increases in the 
other liquids the nlore this shape is realized. 

As with gas phase mobilities in these com- 
p o ~ ~ n d s  (27) it is difficult to correlate the ob- 
served liquid values with any specific molecular 
property. The absence of a permanent dipole 
leads to short range interactions which are also 
influenced by the structure of the liquid or in 
other words bv the simultaneous interaction of 
one electron with several molecules. This may 
be seen from measurements of the excess electron 
mobility in mixtures of liquid methane and 
ethane given in Fig. 1 (28). 

While in pure methane at T = 1 I I K the 
mobility is 400 cm2 V-I s-I  it drops to 1.3 x 

cm2 V-I s - in pure ethane at  the same 
temperature. At low ethane concentrations the 
mobility is reduced due to single scattering while 
at  higher ethane concentration collective inter- 
actions of an electron with a group of ethane 
molecules may take place leading to localization 
and a low mobility. 

mole fraction ethane 

1 0 - ~  10-I 1 
mole fraction ethane 

FIG. 1. Dependence of the electron mobility in liquid 
mixtures of methane and ethane on the ethane con- 
centration (with permission, from ref. 28). 

The Effect of Temperature 
Electron mobilities in hydrocarbon liquids 

exhibit in general positive temperature coeffi- 
cients. The only exception so far seems to be 
liquid methane where a decrease of the mobility 
with increasing temperature has been observed 
(Fig. 2). Very recently these temperature studies 
have been extended by Engels and van Kim- 
menade (30). A mobility minimum was found 
at 135 K and the mobility increased with in- 
creasing temperature to a maximum, as in the 
case of liquid argon (31). Most normal alkanes 
show an Arrhenius-type dependence of p,, on 
T (Fig. 3) with activation energies between 0.1 
and 0.2 eV. A decrease of the activation energy 
at  higher temperature was obtained for ethane 
while the data for rz-pentane show the opposite 
behavior. These two cases are also typical for 
a number of other liquids (16, 22, 26). 

FOP. the branched alkanes, as for example 
neohexane or isooctane, smaller activation 
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SCHMIDT 

FIG. 2. Temperature dependence of electron mobility in liquid methane: [3, from ref. 13; 0, from 
ref. 29. 

temperature [ K1 

1LO 130 120 110 100 90 
1000 

7 

800 

Tm 600 

FIG. 3. Arrhenius plot of the electron mobility in 11-alkanes. Data from refs. 12, 32, 29, 17. 

- 1 I I I I I - 
- 

- - 
- 

- - 
n 

temperature [ K I 
500 LOO 300 250 200 150 125 

energies were observed and the electron mobility 
in neopentane or tetramethylsilane was approx- 
imately independent of temperature in the range 
of temperature given in Table 1. 

Expressing the dependence of p(T) as 

14 I P(T) = Po exp (- E,/kT) 

I ' I  

gave values for po between 100 and 1000 cm2 
V-1 s- l  

I I I 

The Effect of an Electric Field 

For  the determination of the mobility p,, 
measurements of the drift velocity v, at  different 
field strengths F are carried out and the usual 

I 
I 
I I 

I 
I I 

mobility is the low field limit of the ratio v,/F, 
i .e. 

[5 I P(T,O) = v,lF 

The proportionality between t., and F extends 
over an interval of field strength which depends 
on the type of liquid. A further increase in field 
strength results in deviations from the propor- 
tionality and sublinear and superlinear de- 
pendencies have been observed. In Fig. 4 the 
electron drift velocity as a function of the field 
strength is shown for some liquids in which 
electron mobilities greater than 10 cm2 V-' s - l  
were observed. A characteristic field strength F, 
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field strength [~crn-'I 
FIG. 4. Electron drift xelocity as a function of the 

electric field strength in high n~obility liquids: lMe, 
methane, T = 111 K (ref. 13); TMS, tetrarnethylsilane, 
T = 293 K (ref. 34); NP, neopentane, T = 295 K (ref. 
35); Ar, argon, T = 87 K (ref. 36). 

can be found above which a sublinear de- 
pendence of c, on F exists. In  those liquids 
where the measurements have been carried out 
far enough into this sublinear region the data 
are consistent kvith a od x F'.' dependence 
which means that the mobility becomes a func- 
tion of the field strength and decreases as p x 
F - 0 . 5  . This sublinear dependence is generally 

interpreted as being due to an increase of the 
mean electron energy abcve k,T. 

Electrons pick up  more energy from the field 
than they lose in subsequent collisions and a 
new stationary state results with a higher mean 
energy. 

A n  interesting behavior is observed in 
methanelethane mixtures of low ethane con- 
centration where the low field mobility is de- 
creasing with increasing ethane concentration 
(cJ: Fig. 1) while the product c, = p,,F, re- 
mains constant (cf .  Fig. 5 ;  the sublinearity sets 
in a t  a drift velocity of 5 x 10"n s-'1. 

A completely different field strength de- 
pendence of the drift velocity was found in 
hydrocarbons exhibiting a low electron mobility 
(p,, < 1 cm2 V-I  s-I). Here above a certain 
field strength a superlinear dependence was 
observed and data for ethane, propane, and 
pentane have been published already (32, 34). 
As examples for this type of behavior in Figs. 6 
and 7 the electron drift velocities in liquid 

butane and cyclopentane are shown. I t  can be 
seen that the field strength at  \+hich the super- 
linearity sets in is shifted to lower values the 
higher the temperature, 

A third type of field strength dependence was 
observed in isooctane at 221 K and in a 50150 
mixture of ethane and methane (Figc. 8 and 9), 
where the low field mobilities are 3 and 5 cm2 
V-  s- I, respectively. 

Above a certain field strength a superlinear 
region is observed which is follok5ed again at  a 
still higher field strength by a linear region with 
a higher mobility. A t  296 K in isooctane a 
sublinear dependence is found \vl~iie at  195 K 
the drift velocity increases superlinearly with 
field. 

Liquid Argon, Krypton, and Xenon: 
T h e  Effect  of Noanelectronegative Solutes 

The interaction of thermal and superthermal 
electrons with alkane molecules in a condensed 
niediurn can be investigated by studying solu- 
tions of these compounds and liquefied rare 
gases (38). Use is being made of the experi- 
mental fact that in liquefied argon, krypton, or 
xenon electrons with mean energies above 
thermal can be obtained by the application of 
an electric field (36). Addition of hydrocarbon 
~nolecules influences the electron transport in a 
distinct way leading to a decrease of the low 
field mobility and to an increase of the high field 
mobility defined as 

at  a fixed field strength F as compared to the 
pure solvent. As an example of this type of 
experiment in Fig. 10 the dependence of the 
excess electron drift velocity on the electric field 
strength is shown for liquid xenon and solution 
wit11 n-butane. I t  is interesting to note that for 
low butane concentrations even a drift velocity 
maxinlunl is obtained and at  higher field strength 
the drift velocity approaches the value of the 
pure solvent again. Qualitatively these findings 
can be explained in the following way. At low 
field strength the electrons are in thermal 
equilibrium with the solvent and addition of 
butane molecules introduces new scattering 
centers for moinentuin transfer and a smaller 
mobility results. At the high field strengths the 
drift velocity is determined by elastic energy 
losses. Butane molecules a c t a s  energy sinks 
because a molecule can take up more energy 
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10 lo2 lo3 loL lo5 
field strength [ V  cm-'I - 

FIG. 5. Field strength dependence of electron drift velocity in methane-ethane mixtures at  low 
ethane concentrations at T = 11 1 K :  a, pure methane; b, 4 mol% ethane; c, 13 mo1% ethane; rl, 24 m o l z  
ethane; e, 27 m o l z  ethane (with permission, from ref. 28). 

loL lo5 lo6 
field strength [ vcm-'I 

FIG. 6. Electron drift velocity as a function of the 
electric field strength in liquid butane: A, 297 K;  B, 
778 K;  0, 250 K ;  0, 238 K (ref. 14). 

from a colliding electron than a xenon atom. 
The drift velocity is then determined by the 
relative magnitude of the elastic loss rate to the 
inelastic loss rate. A simple analysis of these 

processes leads to a formula wh~ch  gives the 
dependence of the drlft velocity z , on the solute 
concentration 

1171 c, = P F ,  

where. Fi and Fp are the field strength in the 
solution and the pure solvent, respectively, 
where the same electron mobility p (defined by 
eq. 6) exists. A W is the energy transferred to the 
molecule per collision, O(E) the energy dependent 
cross section, N the solute concentration, E the 
mean electron energy, n? the electron mass, and 
e,  the electrollic charge. At high field strengths 
pF,, is constant (saturation velocity in the pure 
solvent) and for a certain solute concentration 
a drift velocity maximurn occurs at  an  energy 
E,,~, where po(~)~ ' / '  sho~vs a maximum. 

By analyzing data as shown in Fig. 10 the 
product of AlYo(&) can be obtained provided 
E = &(F)  is known. We applied the Cohen- 
Lekner theory (39, 40) and adjusted the mean 
free paths for inomenturn transfer A,  to fit the 
theoretical dependence of electron drift velocity 
on field strengths for the pure solvents. A, 
values were obtained from V,  measurements by 
means of the Springett-Jortner-Cohen theory 
(41). 

Results of this type of analysis are shown in 
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field strength I vcrn-' I 
FIG. 7. Electron drift velocity as a function of the 

electric field strength in liquid cyclopentane: A, 296 K ;  
a, 278 K ;  0, 251 K ;  0, 222K;  0, 202K (ref. 14). 

field strength [vcrn-'~ 

FIG. 8. Electron drift velocity as a function of the 
electric field strength in liquid 2,2,4-trimethylpentane 
(14, 24): 0, 296 K;  @, 221 K ;  0, 195 K. B, 295 K 
(data from Balakin and Yakovlev (37)). 

FIG. 9. Field strength dependence of electron drift 
velocity in an  equimolar mixture of methane and ethane 
at T = 11 1 K (with permission, from ref. 28). 

' " ' I  I 

v v c -  - -  
4 

'I 1 ' -  
2 I - 
0 
a, I L 4 L  - l - L L l l  
a, 

10 lo2 lo3 loL 10' 

field strength [ v cm-'I 

FIG. 10. Electron drift velocity as a functlon of the 
electric field strength In llquid xenon and the effect of 
butane. Butane concentration: 0, 1 2 6  x 1019cn1-3, 
V, 1.9 x loz0 ~ m - ~ ;  T = 165 K, s011d llne pure xenon 
(with permission, from ref. 38). 

Fig. 11. With the mean electron energy ap- 
proaching 0.1 eV a steep increase occurs and 
a maximum is reached between 0.3 and 0.5 eV. 
Butane is best in taking up energy since with 
increasing chain length the variety of possible 
vibrations increases. Hydrogen is effective at  
much higher energies. 

Evaluation of the influence of solutes on the 
low Geld mobility has been reported by Sowada 
et al. in this symposium. 

Mobility Models 
Although no uniform theory exists which 

would describe all the dependencies mentioned 
in the foregoing sections some models have been 
proposed which take into account some of the 
properties and explain some of the data. 
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t I 1 1 1  I n 1 which with eq. 9 leads to i '  

mean electron energy [eVl 

FIG. 11. Product of cross section for inelastic energy 
loss and loss quantum as a function of the electron 
mean energy: @, methane; 0, ethane; A, propane; 0, 
butane; - . -  hydrogen (38). 

The simplest explanation for the exponential 
temperature dependence of the mobility is the 
trapping model first proposed by Minday et al. 
(42) for the electron mobility in n-hexane. The 
electrons are thought to be trapped by a molecule 
or a group of molecules for a time r,. Thermal 
activation would promote electrons from the 
traps into a conducting state with high mobility 
pcb where they travel for a time r ,  until re- 
trapping occurs. The observed mobility p,, is 
then given by 

T f 
C81 P e l = -  

T i  

7 ,  + T t  
pcb + - 

T i  f T ,  pt  

Here pi denotes the mobility of the trap which 
in liquid hydrocarbons is probably of the order 
of ionic mobilities. With the justifiable assump- 
tion that ~ , p , ,  >> r ,p ,  then for pel one obtains 

The mobility in the extended state may also 
depend on temperature; however, over a limited 
temperature range the exponential dependence 
will be the dominating factor leading to a straight 
line in an Arrhenius plot. For the trapping model 
to be applicable it is required that the mean free 
path between trapping collisions A, is greater 
than the relaxation length h associated with the 
mobility in the extended state. 

with uth the thermal velocity of the electrons 
(eo,  m electronic charge and mass, respectively), 
or 

From the measurement of the temperature de- 
pendence of the mobility alone no information 
on the different parameters of this model can be 
obtained. Application of a strong electric field 
leads to a voltage drop across the diameter of 
the trap a ,  thus reducing the trapping energy. 
Considering classical processes only LeBlanc 
(43) found that the mobility should vary with 
field strength as 

[14] p(F) = pcb enp ( -  (Ea - e o a l F ) )  
kB T 

P(F) eoatF 
- = exp (-1 
~ ( 0 )  kBT 

where p(0) denotes the low field mobility. 
Sample calculations have shown that the de- 
pendence according to eq. 15 could not be fitted 
to the experimental data of butane with any 
value of at. Incorporation of quantum mechan- 
ical tunneling into the model might improve the 
situation. 

While the trapping model actually requires 
the participation of extended states (or in the 
terminology of solid state physics a conduction 
band) the field strength and temperature de- 
pendences in low mobility hydrocarbons can 
also be described by the hopping model in which 
it is assumed that the electron moves by jumps 
from one localized state to another. I t  is assumed that T ,  << T ,  and that the residence If A is the mean jump distance and v j  the 

time in the trap is temperature dependent jump frequency then the diffusion coefficient is 
El01 rt = % exp (Ea!k,T) given by 
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The lorn- field mobility is obtained by the Nernst- 
Einstein relationship 

With the assumption that the transport is an 
activated process vj  is 

[I81 vj  = v, exp (- E,/kBT) 

and the low field mobility becomes 

e 0 
[19] p(0, T )  = -A2vo exp ( -  EJk, T) 

k ,  T 

The application of an electric field leads to an 
increase of the mobility and Bagley (44) derived 
for p(FJ-1 

sinh (eoAF/2k, T )  
[201 ~ ( ~ 9  = P(O> eoAF/2k, T 

This equation has been used to analyze our 
temperature and field strength data by adjusting 
A. Temperature dependent values of A were 
obtained which are shown in Fig. 12. The other 
parameters of this model are given in Table 2. 
The temperature dependence of the jump fre- 
quency gave linear Arrhenius plots. With the 
parameters and A(T), the temperature de- 
pendence of the mobility could also be re- 
produced. 

A notable exception is propane, where A is 
independent of temperature and vo is one order 
of magnitude greater. No reason for this be- 
havior can be given at the present time. Funa- 
bashi and Rao (45) have extended the Bagley 
model for the case of statistically fluctuating 
barrier heights. Parameter fitting lead to smaller 
A values. A more detailed analysis, however, in 
three dimensions would be necessary. The 
temperature and field strength dependence of the 
mobility given by eq. 20 also follows from the 
theory of the small polaron (46-49). 

An electron moving through a nonpolar liquid 
is surrounded by a cloud of induced polarization. 
In ionic crystals this can lead to self-trapping and 
the resulting entity is called a polaron. Polaron 
formation can also occur in molecular crystals 
and Holstein (46) has described the essential 
properties of this species. Depending on the 
temperature different modes of transport are 
thought to exist. At  low temperatures a band- 
type motion is observed while at  higher tempera- 

temperature [ K I 
FIG.  12. Dependence o f  the mean jump distance 

(hopping model) on the temperature: @, ethane; 0 ,  
propane; m, butane; 0, pentane; A, cyclopentane 
(32, 34, 14). 

TABLE 2. Parameters o f  the hopping model 

Liquid vo (s-') Ea (eV) 

Ethane 1 . 4 ~  loi3 0.087 
Propane 2 x 1014 0.155 
Butane 1 . 4 ~  IOl3 0.13 
Cyclopentane 1 . 4 ~  IOl3 0.12 

tures the ~ o l a r o n  states are localized and the 
motion becomes thermally activated. The elec- 
tron will jump from one site to another whenever 
the molecular configurations of the two sites 
are the same. This situation results from thermal 
fluctuations and its probability is proportional to 
exp (- E,/k,T). The juinps occur so rapidly that 
the aolarization well due to molecular orienta- 
tion remains behind and the electron ceases to 
exist as a localized polaron until it encounters 
the new site. The residence time in a trap At 
should be short compared to a tunneling time 
t ,  but long compared to the jump time to. 
Estimates for these times given by Lang and 
Firsov (48) show that these conditions are indeed 
fulfilled for ethane and that the small polaron 
concept seems to be applicable. 

Efros (49) derived a temperature and field 
strength dependence of the mobility as given 
by eq. 20. Different preexponentiai factors were 
obtained, however, for q2 < 1 and q2 > 1 where 

with ~ c ,  the vibration frequency of the molecules. 
The Efros equation can be written as 
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p(T, F) = A ( T ) A 2 ( T )  exp - 

- 2kBT 
f 1 

f 2  - f, 
f 3  

At medium field strengths as applied in our 
experiments f, is negligible and the resulting 
p(T, F) is the same as in the Bagley model. 

The factor f, depends on q 2  and for q 2  < 1 

while for q, > 1 

If we take for w, = 2xv0 then f , ,  coincides 
with the preexponential factor of eq. 19. Fitting 
our data for ethane and propane with f,, yields 
for the exchange integrals J = 0.014 eV and 
J = 0.09 eV, respectively. These values give 
q 2  < 1 and, furthermore, J < E, is fulfilled, 
the Holstein condition (46) for the small polaron 
model. A further test can be achieved with 
measurements at very high fields where f, be- 
comes significant.- 

For liquids with high electron mobilities, 
notably liquid argon, the free electron theory 
developed by Cohen and Lekner (39, 40) can be 
applied. For the low field mobility they derive 
the Lorentz formula (52) 

with A,  the mean free path for momentum 
transfer which is related to the structure of the 
liquid by 

n is the number density of the liquid, li the 
scattering length, and S(0)  the structure factor 
for the limit of zero energy. From eq. 25 mean 
free paths A, obtained for the high mobility 
liquids mentioned in this paper are given in 
Table 3. 

The observed field dependence of the mobility 
a t  higher field strengths is related to the way the 
electrons lose energy picked up from the field 
between subsequent collisions. 

The Cohen-Lekner theory gives the critical 
field strength F, at which this field dependence 

sets in as 

Here A ,  is the mean free path for energy 
transfer and f the mean fractional energy loss 
per collision. A, values can be obtained from 
V,  values by means of the Springett-Jortner- 
Cohen theory (41) and in Table 3 thc ratio f/fcl 
derived for these liquids is given ( f , ,  = 21n/iM, 
with M the mass of an atom or molecule of the 
liquid). The strong influence of illelastic collisions 
on the mobility in the molecular liquids is 
apparent. 

In the cases of neopentane and isooctane the 
applicability of the Cohen-Lekner theory may 
be doubtful since the necessary presumptio~l 
that the de Broglie wavelength be smaller than 
A ,  is not fulfilled. 

For liquid methane and tetramethylsilane the 
ratio flf,, could also be derived from the scat- 
tering experiments in the liquefied rare gases 
(39) and similar ratios as given in Table 3 were 
obtained. 

Attempts have been made to develop a general 
picture of the electron mobility in hydrocarbons. 
Schiller and co-workers (12, 52) and Dodelet 
et al. (16) extended the equilibrium model of 
Minday et al. (42) by introducing the concept 
of electron localization due to energy fluctua- 
tions in the liquid. 

The probability of finding regions of the liquid 
capable of localizing electrons is given by 

x Java exp (- ( E  - E , ) ~ / ~ Z ' )  d~ 

with E, the energy of the localized state, Vo the 
energy of the extended state, and C the energy 
fluctuation parameter. The observed mobility is 
then 

[29 1 Pel = ~ c b ( l  - f') 

Since P depends on Vo a correlation between 
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w r - w r - - - -  

d " i W l l l 0 0 " i  

Z 2 Z 2 E 2 2  
X X X X X X X  
c c - - i w m ~ m  . . - w  

pel and V,, should exist. Some data follow the 
dependence while others do not (52, 54). Values 
for p,, between 100 and 400 cm2 V-'  s-' are 
obtained (12). 

Percolation theory was invoked by Kestner 
and Jortner (53) and results similar to those of 
Schiller's were obtained. The experimental data, 
however, are not in general agreement with the 
predictions of the theory (54, 33). 

Conclusion 
Excess electrons in liquid hydrocarbons 

exhibit mobilities which range over several 
orders of magnitude.' Two limiting cases can be 
distinguished as seen from the dependence on 
the electric field strength. In liquids with a high 
mobility 2 100 cm2 V-' s-I  the electrons move 
in an extended state and the magnitude of the 
mobility is determined by scattering processes. 
High electric field strength leads to an increase 
of the mean electron energy and a decrease of the 
mobility. In low mobility liquids 5 0.1 cm2 
V-' s-I the electrons spend most of their life- 
time in localized states and the transport can be 
described either by a hopping process or a trap 
controlled band motion. High electric field 
strength increases changes of place thus leading 
to a higher mobility. 

The further understanding of the electron 
transport process in nonpolar liquids will depend 
on the development and exploitation of other 
sources of physical information. 
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Discussion 

P. K. Watson: The mechanism of hopping transport dis- 
cussed by the author is described in terms of an attempt 
frequency and a mean hopping distance between traps. It 
seems likely however that in a liquid there will be a wide 
distribution of residence times in traps so  that a model 
based on a single hopping frequency and a single jump 
distance is an oversimplification. A more appropriate 
model, which one might use to describe such a hopping 
process, is of the form described by Scher and Montroll in 
which the hopping transport is defined in terms of a dis- 
tribution of waiting times in traps and a field-dependent 
asymmetry in the jump distance. 

W. F. Schmidt: The Scher-Montroll model applies primar- 
ily to clisol-dered solid material whel-e a wide distl-ibution of 
residence times exist. Electrons injected at one electrode 
travel into the material and get trapped in deepertraps. The 
current decay shows a long tail. In liquids we get out all 
electrons injected at almost the same time (only diffusion 
leads to a smearing out of the density distribution). there- 
fore the application of a mean residence time seems to be 
justified. 

J. Noolandi: I would like to point out that the decay time 
of the current for the experiments analyzed by the 
Scher-Montroll theory is typically of the order of mil- 
liseconds, not hours. 

22, 164 (1973). 
36. L. S.  MILLER. S .  HOWE. and W. E .  SPEAR. Phvs. Rev. W. F. Schmidt: I think the imnortant feature of these exner- 

166.871 (1968). iments is the long nonlinear decay of the current after the 
37. A. A. BALAKIN and B. S.  YAKOVLEV. High Energy injection pulse a s  compared, for instance, to our liquid 

Chem. USSR, 9 ,69  (1975). mobility work. 
38. K .  Y O S H I N O , ~ .  SOWADA. and W. F. SCHMIDT. Phys. 

Rev. A, 14.438 (1976). J. M. Warman: I don't wish to defend any particular mobil- 
39. M.  H .  COHEN and J .  LEKNER. Phys. Rev. 158, 305 ity mechanism but I do think that the two-state trapping 

(1967). model was not given a fair chance since the effect of field 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2210 CAN.  J .  CHEM. VOL. 5 5 .  1977 

was considered only on the detrapping process. It is quite 
possible that the rate of the trapping process is (also?) 
dependent on field strength if the electron is 'heated up' by 
the field while residing in the quasifree state. If the trapping 
rate decreases with electron energy a s  might be suggested 
by your results on the attachment to SF, in liquid xenon 
then an increase in the residence time in the quasifree state 
will occur at high fields and hence an increase in mobility as 
observed for mobility liquids. 

W. F. Schmidt: Your arguments are correct. Only at the 
present. to my knowledge, there is no theory describing the 
effect of field on the trapping model and I think besides the 
points you mentioned field assisted tunnelling out of the 
trap has to be included. 

E. 0 .  Forster: It appears that in discussing the various 
possible models for liquid hydrocarbons the liquid has been 
considered to be made up of individual molecules. Indeed 
the structure of these liquids is more complicated. How d o  
the various models take into consideration ( a )  the cluster- 
ing caused by induced dipoledipole interactions and (b) 
the density fluctuations existing at constant temperature on 
the molecular level. 

W. F. Schmidt: Stn~cture  of the liquid has been taken into 
account in the Cohen-Lekner theory of the extended ex- 
cess electron state. In this conference L. Kevan has pre- 
sented potential calculations for hydrocarbons with diffe- 
rent orientations of the molecules towards the electron. It 
is clear that theoretical approaches have to include these 
effects you mention. 

temperatures. Changes in activation energy ortemperature 
dependence may indicate a change of the transport 
mechanism. (b) We actually have only one activation 
energy listed in Table 2. The variation of the mobility a s  a 
function of temperature is due to the temperature depen- 
dence of the jump distance derivedfrom the Bagley model. 

L. Onsager: Could Dr. M.  H .  Cohen tell us to what extent 
he looked at phonons. o r  time dependence of fluctuations, 
and similar aspects of the problem? 

M. H. Cohen: With regard to interpretation of changes of 
activation energy with temperature. the obvious possibility 
is a change in mechanism. For example, at elevated tem- 
peratures the small polaron is unstable and the electron 
motion goes over to a diffusive mechanism similar to that 1 
described in my talk which involves the time dependence 
of the fluctuations. With regard to the observed reduction 
in mobility caused by molecular asymmetry or  by the in- 
troduction of double bonds. the obvious interpretation is 
that the possibility of orientational and polarization fluctu- 
ations is introduced, thereby introducing an increased ten- 
dency towards Anderson localization and increased pos- 
sibilities for self-trapping. However optinlistic one is ~i - b out 
such mechanisms for interpreting the observations re- 
ported for drift velocities in complex molecules. the drama- 
tic effect of ethane on mobilities. etc.. in methane has to 
give one pause. There is no drastic increase in polarizabil- 
ity and the asymmetry of the molecule is not great, not 
nearly as large as in more complex liquids of higher 
mobilities. This raises the need of paying attention to quite 
specific properties of individual molecules. 

E. 0 .  Forster: Have you looked at the values of E ,  for 6. R. Freeman: The jump from methane to ethane is 
viscous flowfor the alkanes and alkenes you have studied? enormous because methane is isotropically polarizable and 
It might prove interesting to consider this parameter as  a ethane has an appreciable anisotropy. 
measure of structural effects. 

L. G .  Christophorou: Mobility is a gross, all-embracing 
W. F. Schmidt: There does not seem to exist a simple - 

quantity, i . e .  the overall result of many processes, elastic, 
correlation between viscosity and any of the properties we inelastic, capture. etc. I believe that, especially forthe case 
measured. Sowada, in his thesis, has found, however, that of high field mobility. emphasis should be accorded to the 
the product ofjumping distance and viscosity was constant detailed electron energy loss mechanisms, in a manner 
for some liquids. analogous to that in gases. 

C.  C. Yang: Could you elaborate the physics behind the 
structure influence on the electronic mobility? 

W. F. Schmidt: Not really, since there is no model which 
could explain the difference in mobility in methane and 
ethane. From the high field measurements in high mobility 
liquids it is apparent that in the molecular liquid inelastic 
losses influence the mobility (see Table 3). 

J.-P. Dodelet: (a) The activation energies you reported 
from the literature were often measured around room 
temperature. They could be very different at lower or  
higher temperatures a s  you have shown in ethane and 
methane. It could therefore be misleading to say that high 
mobility liquids are characterized by a very low energy of 
activation. This is true in only a small temperature range. 
(b) How do you explain the two activation energies you 
reported in ethane'? 

W. F. Schmidt: (a) The statements I made refer to the 
present status of the field, where, a s  you pointed out. 
measurements have been made only over a limited range of 

W. F. Schmidt: The overall picture has been established: 
measurements giving information on a microscopic level 
are necessary. First steps into this direction have been 
made by us in measuring the influence of molecular solutes 
on the electron drift velocity in liquid argon ( K .  Yoshino. 
U. Sowada, W. F. Schmidt. Phys. Rev. A ,  14.438 (1976)). 

J. Jortner: We have been talking about the role of density 
and orientational fluctuations of small amplitude configura- 
tional changes induced by the electron and of large configu- 
rational changes resulting in electron localization. I would 
like to draw attention to another effect which involves the 
coupling of the excess electron with a single vibrating 
solvent moleci~le. 1 a m  referring to the small polaron in the 
Holstein picture where the two-order picture involves the 
clcctron residing on a singlc molecule. Small polaron ef- 
fects are exhibited in some diatomic molecular solids such 
a s  solid N,. where the electron mobility studied by Spear is 

cm2 V-I s-'. Such small polaron effects may be 
responsible for the reduction of electron mobility upon the 
introduction of double bonds. 
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Equilibrium model for the interpretation of the conduction properties 
of metal-ammonia solutions 
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S. HAHNE, P. KREBS, and U. SCHI~DEWOLF. Can. J. Chem. 55.221 l(1977). 
The electrical conductivity o f  metal-ammonia solutions can be described by an equilibrium 

o f  solvated electrons o f  low mobility and o f  free electrons o f  high mobility. With  proper choice o f  
the equilibrium constant and its temperature and pressure dependence and o f  the solvation 
number o f  the solvated species the experirnental conductivities can be matched in the tempera- 
ture and pressure range from 240 to 420 K and up to 1000 bar over the entire concentration 
range from 0.1 mol,'! to saturation, also fitting the extrema o f  the temperature and pressure 
coefficients o f  the conductivity around 1 moll!. 

S. H A H ~ E ,  P. KREBS et U. SCHINDEWOLF. Can. J. Chem. 55.221 l(1977) 
On peut decrire la conductivitt electrique des solutions metal-ammoniac par un Cquilibre 

d'electrons solvates de mobilite faible et d'electrons 11bres de grande mobiliti. En faisant un 
choix approprie des constantes d'tquillbres et de la dipendance sur la temptrature et sur la 
pression ainsi que du nornbre de solvatation des especes solvatts, on peut trouver un bon accord 
avec les conductivites experimentales a des temptratures et des pressions allant de 240 a 420 K 
et jusqu'a 1000 bar toutes les concentrations allant de 0.1 moll t jusqu'a la saturation, et qui 
s'accordent aussi aux extremes des coefficients de temperature et de pression de la conductivite 
autour de 1 mol/t'. 

[Traduit par le journal] 

Recently we (1) presented experimental data 
about the electrical conductivity of metal- 
ammonia solutions (MAS) in the temperature 
and pressure range from 240 to 420 K and 200 
to 1000 bar, respectively. As shown in Fig. 1, in 
which the equivalent conductance A at collstallt 
pressure (A = o / c  (R-I  cm2 mol-I); o specific 
conductivity (R-I  c n ~ - l ) ,  c molar concentration 
(mol/cm3)) is plotted rs. molar concentration 
with temperature as parameter, the steep in- 
crease of the conductivity is shifted to smaller 
concentrations with increasing temperature; 
pressure increase on the other hand leads to a 
shift to higher concentrations. 

No matter what the conduction mecha~lism in 
these solutions is and how the nonn~etal-metal 
transition (NMT) is defined the data suggest 
that this transition is favoured by temperature 
increase and opposed by pressure increase. 

For the interpretation of the NMT in MAS two 
contrasting theories were presented by Cohen 
and Jortner (2) and Mott (3), respectively, based 
on the percolation model and on the concept of 
the Anderson transition. Although the authors 
gave a series of arguments to support their 
concepts it seemed that no general agreement is 
obtained on the nature of the NMT and the 
conduction mechanism in moderate to high 

coilcentrated solutions. Only for the dilute range 
(c < 0.05 mol/f or 0.1 mol"7, metal (mpiu)) in 
wh~ch the equivalent conductance varies only 
slightly with concentration (A = 500-1000 !X1 
cn12 mol-' at  240 K) is it not doubted that the 
electrical current is carried by individual moving 
solvated electrons and metal cations (4). 

In the intermediate range (0.5-2 mol/C or 
1-4 mpm. depending on temperature) with the 
beginning steep conduction increase and the still 
unexplained maxima of the posit~ve temperature 
coefficient (5) and the negat~ve pressure co- 
efficient (6) of the conductiv~ty (see also Fig. 3), 
seiuiconduction is assumed. This is supported by 
the peculiar temperature dependence of the 
thermopower (7, 8) (see also Fig. 4) which in the 
intermediate range decreases with temperature 
as is to be expected for activated transport (3), 
whereas in lower and higher concentrated MAS 
it increases with temperature. 

Besides a more or less quantitative description 
of the conduction behaviour of the MAS at 
normal temperature and pressure, no explana- 
tion was given or could be given on the basis of 
the percolation model or the Anderson concept 
for the observed shifts of the NMT with tem- 
perature and pressure. 

Two experimental observations prompted us 
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- mean distance of metal atoms [ A 1 

FIG. 1. Equivalent conduction A of sodium-ammonia solutions in the temperature and pressure 
range between 240 and 423 K at 200 bar. (Reprinted with permission from the Journal of Physical 
Chemistry, 79, 2922 (1975). Copyright by the American Chemical Society.) 

to propose an equilibrium model for the inter- 
pretation of the conduction behaviour of MAS, 
assuming a proper chemical equilibrium between 
solvated electrolytelike electrons es- of low 
mobility and unsolvated free electrons e,- of high 
mobility. These observations are: ( I )  electrons 
photoinjected from a cathode into liquid 
ammonia exist in two different states, which 
exhibit low and high mobility (0.03 and 2000 
cm2 V - l  s-l)  (9) and which might be character- 
ized as solvated and free electrons, and (2) the 
absorption spectrum of solvated electrons per- 
sists still in higher concentrated solutions, i .e. 
that solvated electrons are present in solutions of 
metallic character (10). The assumed chemical 
equilibrium is written in the form 

with i the solvation number of the solvated elec- 
trons. The solvated metal cations M ' (kNH,) with 
solvation number k cancel in the equilibrium. 
The equilibrium constant is 

(squared brackets stand for concentration). The 
charge and material balance are 

c,, the overall concentration of dissolved metal, 
is equal to the concentration of the solvated 
metal cations, providing complete dissociation; 
[NH,] is the concentration of unbound free 
ammonia, c, its overall concentration. The 
combination of [2], [3], and [4] leads to a 
polynomial of i + 1st degree from which the 
concentration of solvated electron or free 
electrons can be obtained as a function of the 
concentration of dissolved metal. 

The specific conductance of the MAS is given 
by the sum of the conduction of solvated and free 
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HAHNE ET AL. 2213 

FIG. 2. Simulation of the equivalent conduction of metal-ammonia solutions in the temperature 
range from 240 to 423 K on the basis of the equilibrium model (experimental data at 240 and 423 K 
also shown). 

electrons and of metal cations 

The contribution of each species is taken as the 
product of its concentration and its concentra- 
tion independent mobility (equivalent conduc- 
tion) 

The molar conduction of the solution follows 
from 

[71 = U/C, = x c i A i / c M  

For evaluation of this concept, mobilities of 
solvated electrons and cations and of free 
electrons were taken from experimental con- 
ductivity data of very dilute MAS in which all 
electrons are solvated (electrolytic behaviour) 
and of saturated MAS, respectively, in which all 
electrons are assumed to be free (truly metallic 
solutions): A, + A,+ 2 500, A, = 6 x 105 
R-' cm2 mol-I at 240 K and 200 bar (see 
lowest curve of Fig. 1). The solvation number of 
metal cations is taken as k = 6 on the basis that 
the solubility limit of sodium or potassium in 

ammonia is around 15 molz  metal (roughly 6 
mol ammonia per mol of metal). After trial and 
error a rather good fit of experimental con- 
duction data for 240 K and 200 bar in the con- 
centration range from 0.1 mol/e to saturation 
could be obtained by setting the solvation 
number of the solvated electrons i = 6 and the 
equilibrium constant K = 2.5 x 106 (mol/e as 
concentration units). 

With the introduction of the normal tempera- 
ture dependence of the equilibrium constant and 
of the mobility of the solvated electrons and 
metal cations 

K = KO exp { -  AHIRT} 
PI 

As = ASO exp {-EJRT} 

conductivity data at higher temperatures also 
could be matched (AH molar enthalpy differ- 
ence between the free state and the solvated 
state of the electrons; E, energy of activation of 
the mobility of the solvated particles; the 
mobility of the free electrons is in agreement 
with Fig. 1 taken independent of temperature). 
Figure 2 shows the results in which in addition 
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to the other constants given above AH was set 
at  5 kcal/mol and E, to 2.8 kcal/mol, the latter 
taken from the literature (5). For comparison the 
experimental data for 240 and 423 K are also 
shown. 

From Fig. 2, or from its comparison with 
Fig. 1, it is seen that the numerical evaluation of 
the proposed model gives a rather good approxi- 
mation of the trend of the experimental conduc- 
tion data which vary over three powers of 10 
from low concentrated to saturated solutions in 
the wide temperature range covered by experi- 
ments. 

Pressure dependences of the conductivity also 
can be evaluated by introducing the normal pres- 
sure dependence of the equilibrium constant and 
of the mobility 

d Ill o 
-- - - A V *  -- 

dp  R T  

(AV molar volume difference of the electrons in 
the frcc and solvated state, AV' activation ~Fol- 
ume of the mobility of the solvated species). A 
good fit of the experimental data between 1 and 
1000 bar in the temperature range up to 420 K 
is obtained ~ i t h  AV' - 2 ml/mol, as taken from 
literature (6), and AV = 10 ml,'mol together 
with the other constants given above (the 
mobility of the free electrons is taken pressure 
independent). 

In Fig. 3 we plot the calculated temperature 
and pressure coefficients (d In oldT), and (d In 
oldp), of the conductivity of MAS rs. con- 
centration. Also these curves with the maxima 
of (d In o/dT), and the minimum of (d In ~ l d p ) ~  
in the concentration range around 1 mol/! or 
2 mpm are in fair agreement with experinlental 
data (dotted lines). 

It should be stressed that the treatment given 
above is only an interpolation of the conduction 
behaviour of MAS between the two extrema, 
the electrolytic and the metallic state; only four 
parameters were chosen arbitrarily, i.e. the 
equilibrium constant K, its temperature and 
pressure dependence expressed by the reaction 
enthalpy AH and the reaction volume AV, and 
the solvation number i of the solvated electrons, 
to get a fit of the experimental data in a wide 
concentration, temperature and pressure range. 
The other necessary constants i .e.,  the mobility 

0 1 2 3 4 
C O N C E N T R A T I O N  [mol/;] 

FIG. 3. Simulation of the temperature coefficient and 
the pressure coefficicnt of thc conductivity of mctal- 
ammonia solutions (240 K) on the basis of the equilibrium 
model (dotted lines experimental data). 

and its teiiiperature and pressure dependence of 
the solvated species and of the free elect~.ons 
were taken from experimental data. For the 
choice of the solvation number of the cations a 
good argument was given. 

Also, the arbitrarily chosen parameters are 
not unreasonable. The solvation number of 
solvated electrons i = 6 is also used by the 
theoreticians (1 1) to obtain a good fit between 
calculated and observed absorption spectra of 
solvated electrons in ammonia. The equilibrium 
constant K = 2.5 x lo6 at 240 K leads to a 
change of free energy of AG = - 7 kcallmol 
and in combination with AH = 5 kcalimol to a 
change of entropy of 40 cal mol-I K- I  associ- 
ated with the transition from the nonnletallic to 
the metallic state. This entropy increase would 
not be surprising when a bound electron is 
converted into a free electron, releasing six 
ammonia molecules from its solvation shell. The 
positive AV also is not unrealistic, since an in- 
crease in the apparent nlolar volume of dissolved 
sodium in ammonia in the concentration range 
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of the NMT was found by density determina- 
tions (12) although this increase is not as large 
as that used here. 

Of course one argument against the evaluation 
of the proposed model is that solutions were 
treated as ideal, not considering any interactions 
between particles which might be considerable 
but which presently are hard to estimate because 
as Mott (3) states "too many effects have a role 
for a quantitative theory to be possible". I t  
has been the only aim of this paper to show that 
the rather simple concept of a chemical equil- 
ibrium, which might be more appealing to a 
chemist than the other theories, call describe the 
conduction phenomenon of MAS over a wide 
range of experimental conditions with a mini- 
mum number of parameters. Also the general 
trend of experimental data on thermopower 
(7, 8) and of the Hall coefficient (13) can be 
matched with this model. 

The treatment given here is analoguous to 
that of Lelieur et al. (14) who also assume two 
different electronic states of different but strongly 
concentration dependent mobilities whereas we 
assumed the two states to have concentration 
independent mobilities. It also is analoguous to 
that of Arnold and Patterson (1 5) who, however, 
assume in addition for the intermediate con- 
centration range electron jumping from F- 
centres (solvated electrons) to metal cations. 

1. S.  HAHNE and U .  SCHINDEWOLF. J .  Phys. Chem. 79, 
2922 (1975). 

2. M.  H.  COHEN and J. JORTNER. J. Phys. Chem. 79. 
2900 (1975). 

3. N.  F. MOTT. J .  Phps. Chem. 79,2915 (1975). 
4. R. R. D E W ~ L D  and J .  H. ROBERTS. J .  Phys. Chem. 72. 

4224 (1968). 
5 .  C. .4. K R ~ L S .  J .  Am. Chem. Soc. 43.758 (1921); C. A. 

KRALS and W. W. LUCASSE. J .  Am. Chem. Soc. 44. 
1946 (1922). 

6. U. SCHIKDEWOLF, K.  W.  B ~ D D E K E R .  and R. VO- 
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(1966). 
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13. R.  D. NASHBY and J .  C.  THOMPSON. J .  Chem. Phys. 
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Philos. Mag. 26. 1205 (1972). 
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Appendix: Pressure Dependence of 
Thermopower 

In the preceding section we mentioned older 
data on MAS, according to which in the con- 
centration range of the steep conduction change, 
temperature and pressure have an adverse, 
abnormally large effect on the conductivity. 
Also it was shown that the therrnopower behaves 
abnormally: in the middle concentration range it 
decreases with temperature, whereas in the more 
dilute or more concentrated solutions it increases. 
We succeeded also in determining the effect of 
pressure on the thermopoiver with the following 
arrangement. 

The solution was kept in a U-tube, the two 
sides of which were connected by a capillary to 
avoid thermal convection. Both sides of the tube 
could be heated separately by surrounding 
heating coils. Two identical thermocouples, each 
sealed without electrical contact in a thin steel 
mantel, were immersed in the solutions of the 
two sides of the U. The thermocouples were 
connected to the x-axis of an x,y-plotter to 
record the temperature differences of both 
solution sides. The steel mantels form together 
with the solutioil the thermocouple (steel/ 
MAS),l/(MAS/steel)T,, the voltage of which 
after suitable amplification was fed to the y-axis 
of the plotter. The absolute thermopower of the 
steel mantels, as measured against mercury was 
small enough (< 2 pV/K) to be neglected. 

The assembly was housed in a thermostated 
autoclave (200-240 K) which was pressurised up 
to 800 bar with purified nitrogen. All electrical 
connections were passed in proper leads through 
the autoclave. For the measurements one side of 
the U was heated slowly by about 3 deg, and 
then allowed to cool again; then the other side 
was heated and cooled. This procedure required 
a period of 10 min. The plotter directly recorded 
the voltage of the MAS-steel thermocouple cs. 
the temperature differences of the solutions; the 
slope of the plot directly gives the thermopower 
of the solutions. Concentrations of the solutions 
were obtained by the usual analytical procedures 
and checked before and after an experiment by 
conductivity measurements directly in the cell 
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0 0  
0 1 2 3 4 mpm 

FIG. 4. Thermopower of potassium-ammonia solutions 
a t  200 and 230 K, 1 bar, and 200 K and 800 bar, re- 
spectively. 

with the two steel mantels as electrodes. The re- 
sults are given in Fig. 4:  the thermopower of the 
solutions is plotted 1,s. concentration for 1 bar 
and 800 bar at 200 K and 1 bar at  230 K. 

In the intermediate concentration range pres- 
sure increases the thermopower very significantly 
whereas in the more dilute and concentrated 
ranges the pressure effect is small. It follows that 
in the intermediate range temperature and pres- 
sure also have an adverse effect on the thermo- 
power as shown earlier for the conductivity. 

Discussion 
M. H. Cohen: All three models will have similar pressure 
and temperature behavior since all three involve mixtures 
of two kinds of configurations differing in free energy. All 
three models then would show temperature variations 
characterized by an activation energy and pressure varia- 
tions characterized by an activation volun~e in roughly 
the same way. The main difficulty in this problem is that 
more than one thing is happening. In the theory of 
Jortner and myself, the nletal-nonmetal transition starts 
at  2.3 rnpm. The properties of the nonmetallic state, how- 
ever, are strongly concentration dependent in the range 
1-2.3 mpm, as evidenced by the conductivity, which is 
electronic and nut ionic, and by pour thermopower 

measurements, particularly with regard to the pressure 
dependence. 
Finally, Ichikana's interpretation of his concentration 
fluctuation data, reported yesterday, supports the hypoth- 
esis of Jortner and myself of birnodally distributed con- 
centration fluctuations. Thus, it seems clear that one can 
construct a multiplicity of internally consistent models, 
all of \\ hich can be made to fit the data by adroit choice of 
parameters. What is needed is more microscopic struct~lral 
data. 

U. Schindewolf: I am aware that we can construct any 
number of models to describe this or another property of 
metal-ammonia solutions. As long as these models do not 
neglect the fundamentals of physics, each of them might 
have some truth in ~ t ,  even if it considers the phenomena 
from a different and perhaps, as ours, unconventional 
point of view. 

L. Onsager: Some parts of this I don't like. As long as 
the carriers interact by Coulomb forces the mobilities 
must vary with the concentration even when only one 
kind of electron is present This interaction together with 
some neutral atom formation and some dimerization of 
the trapped electrons might well account for the variation 
of the mobilities at concentrations well below that of the 
mobility minimum at about 0.03 mol/!. Beyond that, 
through the concentration where the temperature co- 
efficient peaks. the variation of mobility with concentra- 
tion and temperature invites interpretation in terms of 
tunnelling between singly and doubly occupied cavities. 
More than a very sniall contribution from very mobile 
'unsolvated' electrons at low concentrations can be ruled 
out on the grounds that their entropy must be large and 
yet they constitute only a small fraction of the total 
electron population, from ~ h i c h  we must infer a large 
energy of liberation and a large temperature coefficient 
-for the size of the free population. However, at low con- 
centrations the temperature coefficient of conducitivity 
hardly differs from that of the fluidity, which now 
imposes a rather low ceiling on the proportion of the 
'free' electrons. 

U. Schindewolf: No effort was made to cover the range 
below 0.1 mol/! nhere neutral atom formation or dimer- 
ization of electrons seems to occur. In this range the 
equivalent conductivity changes by a factor of two at the 
most, whereas here we deal with changes of three powers 
of 10. Of course tunnelling might be assumed as well as 
hopping and might, as Mott has shown, also explain the 
observed pressure changes of conductivity on the basis 
that the cavity has to increase in size when an electron 
tunnels or hops into it. 
The fact that at low concentrations the T and P co- 
efficients of conductivity correspond to that of fluidity of 
the solvent, implies that the concentration of very mobile 
unsolvated electrons is low in spite of their large entropy. 
The postulated equilibrium 'solvated-unsolvated elec- 
trons' is at  low metal concentration far on the left side, 
because o l  the high concentration of the solvating 
ammonia. According to the model, the contribution of 
the unsolvated electrons to conductivity becomes im- 
portant above 1 mol/! only. 
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High field transport of excess electrons and holes in amorphous SiO, 
(Extended Abstract)' 

R. C. HUGHES 
Sondia Luhorator.ies, Albrrqrteryue, NM, U . S . A .  87115 

Received Novcrnber 22. 1976 

High mobility, quasi-free electrons have been 
found to exist in very pure amorphous SiO, (1). 
Unlike hydrocarbon and inert gas liquids, and 
glasses, there is considerable ionic character in 
the bonding of SiO, glass. Consequently polar 
optical mode scattering of the electron controls 
the mobility, rather than acoustic mode scatter- 
ing or interaction with other internal modes of 
the molecules. The mobility is found to be 21 + 
2 cm2 V-I  s-I at 300 K, which is in good agree- 
ment with the calculated value (no adjustable 
parameters) from theories of scattering from the 
known longitudinal optical (LO) modes in SiO,. 
Above 300 K the mobility decreases with in- 
creasing temperature as predicted by theory. 
However, at lower temperatures the mobility 
becomes almost constant at about 40 c m v - I  
s-', which may be a consequence of the disorder 
in the glass; the mobility is not thermally 
activated at any temperature studied. At applied 
fields above 5 x lo5 V/cm, the electrons become 
heated and the drift velocity us. field curve 
indicates that the primary energy loss mechanism 
a t  high electron velocities (highest observed was 
1.1 x lo7 cm/s) is emission of optical phonons 
(2). In thin SiO, films, stable drift velocities for 
applied fields of 5 x 106 V/cm have been ob- 
served (i.e., electron energy losses to the lattice 
are 0.05 eV/A) which explains the abnormally 
high attenuation of electrons passing through 
thin oxide films. The yield of electron-hole pairs 
in amorphous SiO, for excitation by high 
energy X-rays as a function of the applied field 
has also been measured. The short electron 
lifetime (longest observed was 15 ns) has pre- 
vented acquisition of accurate low field yield 
data which is normally used in testing for 
phenomena like geminate recombination. How- 
ever, a t  the high fields which can be tolerated by 
SiO,, the fairly strong field dependence of the 
yield can be fit approximately by the Onsager 

'Work supported by U.S. Energy Research and 
Development Administration. 

geminate recombination theory extended to high 
fields. 

It is now known that the positive counterpart 
to the excess electron produced by ionization 
moves as a hole rather than an ion. The best 
picture that we can construct of the hole and its 
transport is that it is localized in the oxygen 
nonbonding 2p orbital (i.e., a missing electron 
in that orbital) and that it hops as a small polaron 
to one of the six nearest neighbor oxygen 2p 
orbitals (2.6 away). It is known from bonding 
considerations that the nonbonding orbitals 
have a relatively small overlap with each other, 
and the band structure calculations which have 
been done for SiO, emphasize this fact by 
showing that the top of the valence band consists 
of a 'narrow' band formed mostly from the 2p 
nonbonding orbitals. The band structure cal- 
culation alone cannot tell us whether a small 
polaron forms or what is the origin of the 
temperature dependence of the mobility. The 
formation of a small polaron means that the 
localized hole distorts the equilibrium positions 
of nearby nuclei in such a way to lower its energy 
(the polaron binding energy). The main evidence 
that the hole is a small polaron come5 Gom: (I) 
The fact that the mobility is less than about 1 
cm2 V- ' s- ' and (2) the mobility above 200 K 
is thermally activated by 0.16 eV, which is a 
reasonable magnitude for a polaron binding 
energy. A very strong piece of evidence is the 
non-Arrhenius temperature behavior, in which 
a break to lower activation energy is seen at  
about 200 K ;  the temperature dependence of the 
mobility is given by the solid line in Fig. 1. Emin 
(3) predicted recently that the small polaron 
should exhibit such behavior at  about 113 the 
Debye temperature, which is close to 200 K for 
SiO,. (3) The field dependence of the mobility 
was also predicted by Emin (3) for the small 
polaroe at very high fields and for the param- 
eters appropriate to SiO,, no field dependence 
is expected up to 6 x lo6 V/cm, and this is 
observed experimentally. 
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FIG. 1. The temperature dependence of the measured 
intrinsic hole mobility compared with a mobility cal- 
culated from the measured hopping rate of holes between 
nearest neighbor oxygens in the 'A' color center in quartz. 

Another line of evidence concerning the hole 
transport in SiO, comes from detailed knowledge 
about the 'AA' color center in single crystal SiO, 
(quartz). This optically active center is now 
known to be a hole trapped at an A13+ sub- 
stitutional (of which there are always a few ppm 
in quartz). The A10, tetrahedron has the same 
electronic structure as the ordinary SiO, tetra- 
hedron, with the only major difference being 
that it is negatively charged. Electron para- 
magnetic resonance studies (4) of the unpaired 
spin shows that it is localized in the oxygen 2p 
nonbonding orbital and that even at below 200 K 
the hole is hopping from one oxygen to the next 
in its own tetrahedron. The Coulomb attraction 

mobility of a simple random walker is p = 
v a 2 / 6 k ~ m 2  V-I  s-I). The agreement is very 
good, including the break in activation energy, 
which leads one to conclude that the hopping 
mechanism is the same for intrinsic hole trans- 
port in pure SiO, and the hole hopping within 
the color center. 

In all samples of amorphous SiO, which have 
been studied, the defect concentra.tion is very 
high, and the holes are trapped at defects after 
about 100 ns of hopping by the mechanism 
described above. However, the holes are not 
completely immobilized by the defects at  rooin 
temperature and the drift of the hoies from 
defect to defect in high applied fie!ds has been 
measured (5). Because of the wide range of 
trapping and detrapping times, the transport of 
the holes becomes very dispersive, i.e., some 
holes traverse the sample in times that are 
orders of magnitude shorter than others. The 
dispersive transport has been found to agree 
with the mode! of Scher and Montoli (6) so 
that the photocurrent us. time data at any field, 
sample thickness, and temperature can be 
predicted from the two experimentally deter- 
mined parameters of the model. 

1.  R. C. HUGHES. Radiat. Eff. 26.225 (1975). 
2.  R.  C. HUGHES. Phys. Rev. Lett. 35.449(1975). 
3. D. EMIN.  Adv. Phys. 24.307 (1975). 
4 .  J .  A. WEIL.  Radiat. Eff. 26, 267 (197.5). 
5. R. C.  HUGHES. Phys. Rev. In press. 
6. H .  SCHER and E. W. MONTROLL. Phys. Rev. B, 12. 

2455 ( 1975). 

Discussion 

J .  Noolandi: How do your experiments on the hole trans- 
port agree with the pl-edictions of the stochastic hopping 
model of Scher and Montroil? 

R.  C. Hughes: We get good agreement with the 
Scher-Montroll theory for times long compared with the 
t r ~ p p i n g  time of the holes, which is about 100 ns at 300 K .  
The details will appear soon in Phycical Review B. 

P. K. Watson: Has the author observed e!ectron trapping in 
his samples. and if so,  what is the or-del- of density of the 
traps. and can the electron be readily detrnpped? 

of the site prevents the to 
R. C~ Hughes: The concentmtion of electron traps i13 pure 

any of the other three nearest neigllbor oxyeens a m o , p h o ~ ~  S i 0 2  varies with the method ofpreparation. bl;t 
which are bonded to an Si4+. The rate of hole for good s a m ~ l e s  is about I O ~ " - I O ~ ~  cn -  L '. The electrons 
hopping has been measured directly by dielectric can be photodetmpped with visible iighi at longer 
relaxation techniques (4) and the dashed line in wavelengths than those required for photoemission from 

the metal electrodes. 
Fig. 1 gives the hopping rate with no adjustable 
parameters converted to a mobility (if v is the w. F~ schmnidt: In your drift velocity measurements a t  
hopping rate and n is the hop distance the higher fields. do the electrons hake superthermal energies? 
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R.  C.  Hughes: At fields above 5 x lo5 V/cm. the electrons 
are heated by the field so that optical phonons of energy 
0.15 eV are emitted. Thus the average kinetic energy of the 
electrons approachea 0.15 eV as the field approaches 
lo7 Vlcrn. 

L. 6. Christophorou: The SO, molecule has an electron 
affinity of -1.1 eV and captures low-energy electrons to 
form SO,-. In SO,- the electron is binding with respect to 
the two oxygen atoms. Is it possible that this happens in 
your (amorphous) S O z ?  

R .  C .  Hughes: SiO, does not form a molecular solid like 
CO,, but is polymerized in three dimensions mith each 0 
bonded to two Si. I know of no evidence for negative ion 
states of the polymer. and the mean free path of quasi-free 
electrons can be understood quantitatively by scattering 
from LO phonons: no additional scattering is needed to 
understand the mobility. However, the nature of electron 
traps in pure S i 0 2  is not known. and may i n ~ o l v e  lattice 
bonding defects. like trivalent silicon. which have strong 
electr-on affinities. 
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Negative ion - molecule reactions in liquid argon following electron capture by N,O 
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Case Western Reserve University, Division ofRadiation Biology, Department of Radiology, 

Cle,,eland, OH.  U.S .A.  44106 
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Halzn-Meitner Institutfiir Kernfor,~chr~ng Br.rlin Gmhh, Bereich Struhlenchemie, I Berlin 39, Germtrny 

Received September 28, 1976 

GLORGE BAKALE, ULRICH SOWADA, and WERNER F. SCHMIDT. Can. J. Chem. 55.  2220 (1977). 
Electrons produced in liquid argon by a short burst of X rays react readily with dissolved 

N 2 0  with a bimolecular rate constant of 5.8 x 10-lo cm3/s or 3.5 x 10" M - '  s-I. The addi- 
tion of H, or CO to the Ar,'N,O solution results in a fast and slower component in the decay of 
the electron current. We assume that 0- ions are formed in the reaction of electrons with N 2 0  
and then react with H, to give 

or with CO to  give 

The addition of CH, does not regenerate electrons since the reaction 

1131 0- + CH4 -t CH, + OH- 

is thought to occur. Reaction 12 is in agreement with the fact that CO, does not react with 
electrons in liquid argon. 

GEORGE BAKALE, ULRICH SOWADA et W E R ~ E R  F. SCHMIDT. Can. J. Chem. 55 .  2220 (1977). 
Les electrons produits dans l'argon liquide par une courte emission de rayons-)< reagissent 

facilement avec du N 2 0  dissout avec une constante de vitesse bimoltculaire de 5.8 x 10-lo 
cm3/s ou 3.5 x 10" IM-I s-l. L'addition de H, ou de CO a la solution de Ar/N,O conduit 
des composantes rapides et plus lentes pour la dtcroissance du courant Clectrique. On fait 
l'hypothese qu'il y a formation d'ions 0- lors de la reaction des electrons avec N 2 0  et qu'ils 
rkagissent avec Hz suivant 1'Cquation 

ou avec CO suivant l'equation 

[I21 0- + CO + C 0 2  + e- 

L'addition de CH4 ne reghere pas d'electrons puisque l'on croit que la rkaction [13] se produit 

[I31 0- + CH, -+ CH, + OH- 

La riaction [12] est en accord avec le fait que le C 0 2  ne rkagit pas avec les tlectrolls de l'argon 
liquide. 

[Traduit par le journal] 

Introduction 
The growth of interest in excess electrons in 

lionpolar liquids during the last 8 years is best 
exemplified by the number of papers on this 
subject presented at  this conference. Within this 
field of electrons in liquids, techniques have 
developed from simply measuring the mobilities 
of electrons (2-4) to measuring field effects on 
the electron drift velocity (5-7), electron re- 
combination and attachment rates (8-13), and 

the energy dependence of electron attachment 
processes (1, 14). In this paper we adc! to this list 
of techniques of studying electron-related phe- 
nomena in liquids by reporting the first measure- 
ments of the rates of associative detachment 
reactions in nonpolar liquids. 

An assqciative detachment reaction is a special 
form of an ion-molecule reactior, wilicl~ is 
characterized by the liberation of an electron 
from an anion A- following collisional com- 
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bination with a molecule M ;  i.e. 

Such reactions are important to the chemistry of 
the upper atmosphere and have been intensively 
studied in the gas phase (1 5) .  Since most of these 
studies have been carried out with drift tube, 
ion cyclotron resonance, or flowing afterglow 
techniques at pressure below 1 torr, extrapolation 
of their results to liquid densities is highly 
questionable and the occurrence of associative 
detachment in liquid systems remained to be 
established. However, Warinan et ul. (16) used a 
microwave conductivity technique to study 
associative detachment reactions of 0- which 
was radiolytically generated by dissociative 
electron attachment to N,O at pressures up to 
260 torr. We employed a similar technique in this 
study to generate 0- in liquid argon and report 
upon associative detachment reactions in this 
liquid of 0- with H, and CO and the apparent 
abstraction of H by 0- from CH,. 

Experimental 
The pulsed conductivity technique, in which a pulse of - 12 MeV bremsstrahlung from a linear accelerator 

irradiates the sample under study in a parallel-plate ion 
chamber and produces free electrons and positive ions in 
the solution, has been described previously (5). Oscillo- 
graphically monitoring the dc current induced by the 
electrons drifting between the electrodes under the 
influence of an applied field provides a measure of the 
electron concentration and the decay of this current 
pel.mits the evaluation of the electron velocity, attachment 
rate, and/or recombination rate (1). 

Purification of Ar, N,O, H,, CO,  and C H ,  has been 
described elsewhere (14, 17). Solutions were prepared by 
first admitting N,O to a measured pressure PI into a cell 
of known volun~e and then adding the second solute 
(H,,  CO,  or CH,) at a pressure P, >> PI to prevent 
escape of N,O from the cell. The total solute pressure was 
then measured, the cell was cooled to 77 K, and argon 
was admitted to and condensed in the cell with the 
external argon pressure maintained at 800-1100 torr. The 
condensation at 77 K was continued until the cell was 
about half filled with the solution and the cell was then 
warmed to 87 K (liquid argon bath) until filled to a 
calibrated volume. All rate constant measurements were 
made at 87 K and with a sufficiently low external electric 
field to minimize heating of the electrons by the field. 

Thermal energy electron attachment to N,O in liquid 
argon had been found to occur with an overall rate 
constant of 5.8 x lo-' '  cm3 s- '  at 87 K (I). A typical 
oscillograrn frorn which this rate constant was derived is 
shown in Fig. 1A for an N,O concentration of 14 pM. 
Addition of HZ to a similar N,O/Ar solution results in 
the two-component decay illustrated in Fig. 1B in which 
H,/N,O is - 11. Similar two-component electron decays 
were observed when excess C O  was substituted for H,. 

- 
100 ns ldiv. 

w 

f -  I p s  /div. 

-7 

100 ns I div. 

time 

FIG. 1. ( A )  Decay of electron current due to electron 
attachment to  N,O in liquid argon at  87 K with [N,O] = 
14 pM. (B) Decay of electron current due to electron 
attachment to N 2 0  (fast component, t ,  ,, < 0.5 1s) and 
elcctron detachment due to associative detachment of 0- 
with H Z  (slow component, t,,, > 2 ps) in liquid argon at  
87 K, [N,O] = 13.4 pM, [ H z ]  = 0.15 mM. (C) Decay of 
electron current due to electron attachment to N 2 0  in 
liquid argonlmethane solution at 87 K, [N,O] = 13.5 
pM, [CH,] = 9.6 molz .  
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With the addition of CH, to the N20/Ar solution, 
oscillograms typified by Fig. 1 C were observed. 

Before discussing analysis of the two-component 
electron decay curves to obtain detachment rate constants, 
we must first discuss the attachmentidetachment mech- 
anism in the next section. 

Results and Discussion 

Electron attachment to N,O in the gas phase 
has recently been reviewed by Caledonia (18) 
who concludes that dissociative attachment by 
N 2 0 ,  i.e. 

is followed by a sequence of reactions in which 
0- acts as a chain carrier to produce NO- by 

[3 I 0- + N,O -t NO- + NO 

which regenerates the electron by the associative 
detachment reaction 

[41 NO- t N,O + NO + N,O + e- 

In addition to  these reactions, the chain termin- 
ating reactions 

151 NO- + N 2 0  + NO,- + N, 

[61 NO- + 2 N 2 0  -r N 3 0 2 -  + N 2 0  

were proposed as being consistent with the mass- 
analyzed results (18). 

In  the present study as in the high pressure 
nlicrowave conductivity studies of Warman et 01. 
(16), the electron decay in reaction 2 and 
regeneration in [4] are the only reactions in- 
volving a inonitorable species; consequently, 
having no mass analysis capability precludes our 
detailing the intermediates and products speci- 
fied in [2]-[7]. Therefore, we are limited to a 
mechanism which involves only electrons: viz. 

where P and P' are unspecified products and X-  
an unidentified anion which may regenerate the 
electron through more than the one-step process 
indicated by [9] (e.g., [3], [4]). 

With the limitation of no mass analysis we 
utilized gas phase negative ion chemistry and 
propose a mechanism for electron attachment to 
N,O in liquid argon in which attachment reac- 
tion 8 is identified with [2], detachment reaction 

9 with [3] and [4], and chain termination [lo] 
with reactions 5-7. Evidence for 0 being X-  in 
the above reaction sequence is based upon the 
effects of H,, CO. and CH, on electron regener- 
ation in liquid argon/N20 solution and the 
known gas phase reactions 

[I31 0- + CH4 + CH3 + OH- 

The rate constants of these reactions in the gas 
phase are listed in Table 1 and compared with 
the liquid phase rate constants which we de- 
termined as follows. 

To  obtain rate constants k l l  and k,, from 
t-o-component electron decay oscillograms such 
as Fig. IB, we assume a t  low electric field E that 
the electron current is proportional to the 
product of electron concentration 17, and electron 
mobility p, (8). We used low dose irradiations 
and maintained low fields to ensure that re- 
colnbination and field effects on p, were negli- 
gible; consequently, any change in the electron 
current was due to a change in the electron 
concentration, n,. Electrons attach to N,O 
dissociatively (reactions 2 or 8) forming 0- 
which then reacts with excess H, or C O  to 
regenerate electrons by [I  11 or [12], respectively. 
The net effect of this attachment is a reduction 
of the electron concentration as compared to the 
case of the pure argon. The electron concentra- 
tion in the solution (n,), is given by 

where (n,),, is the electron concentration in pure 
argon and Tf and T, are the electron residence 
times in the free and attached states respectively, 
and may be obtained froin 

where [ N 2 0 ]  and [S] are the N 2 0  and H, or C O  
concentrations, respectively. Obviously, (M,),, = 

(n,), + [A-1. Combining [14]-[I61 yields 

Since the observed current signal i is propor- 
tional to the temporary electron concentration, 
[17] may be rewritten as 
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TABLE 1. Liquid, gas, and limiting values of 0- attachment rate constants 

k x loi0 (cm3/s) (ref.) 

Liquid" Gas 

Reaction Obs. Lim.b Obs. Lim.' 

OThis work. 
bCalculated using eq .  20, see text.  
'Calculated using eq .  19 ,  see tex t  and r e f .  25. 

where i,, is the initial amplitude of the electroil 
current in liquid argon a t  the end of the 5 ns 
X-ray pulse and ie,, is the amplitude at times 
where the attachment and detachment reactions 
are in equilibrium. Values of k, had been 
measured independently [ l ]  and thus, from [IS]  
k,, and k,, were .obtained at known N,O and 
H z  or CO concentrations by extrapolating 
i,, to t = 0, when the ionizing pulse was applied. 
(The decay of the slow component in Fig. 1 B is 
due to electron neutralization a t  the electrodes.) 

The limiting rate constants of the 0- reac- 
tions which we have listed in Table I are for a 
thermal ion colliding with a nonpolar molecule 
due to long range polarization interaction 
between the ion and molecule and were calcu- 
lated (19, 23) using 

where e is the electron charge. z the polarizability 
of the neutral molecule, and y the reduced mass 
of the reactant (25). Whereas the measured gas 
phase values for 0- reacting via associative 
detachment with H Z  and CO are within a factor 
of two of the limiting values, the liquid phase 
values are -50-100-fold less. This marked 
difference may result from an increase in the 
stability of the anion intermediate (H,O- or 
C0 , - )  in the liquid phase due to solvation 
effects opening a second reaction channel. This 
explanation seems implarrsible, however, due to 

the exceedingly low electron attachment rate of 
CO, in liquid argon of < 10-l3 cni3/s which we 
measured in Ar/CO, solutions. 

An alternative explanation is the increased 
reduced mass in the liquid of the reactants due 
to solvation of 0-. This, too, seems unlikely 
since solvation of 0- by six argon atoms would 
decrease the limiting rate by only 6% for H, and 
5 7 x  for CO. 

Rather than these explanations, we attribute 
the observed difference in 0- reactivity to the 
lower diffusivity of 0- in the liquid phase. If we 
assume that the reactions in both phases are 
diffusion controlled as [I91 implies for the gas 
phase, the limiting rate constant in the liquid 
phase may be calculated by application of the 
Smoluchowski equation (26). For a reactant of 
unit charge diffusing to a nonpolar molecule, the 
appropriate form of the Sinoluchowski equation 
1s 

where R is the effective encounter radius and D 
the diffusion coefficient of the reactant anion and 
solute denoted by the subscripts A and S, 
respectively. For the radius of 0- we use the 
radius of atomic oxygen of 0.6 A (27) and use 
lnolecular radii determined from gas phase 
viscosity data of RH2 = 1.09 A and Rco = 1.9 A 
(28). Since diffusion coefficients of 0 - ,  H z ,  and 
CO in liquid argon are not available, we resort 
to the Loveland et al. (29) value of the anion 
mobility in liquid oxygen of 1.35 x l o 3  cmZ/V s 
a t  87 K, which is assumed to be 0,-, and use 
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the Nernst-Einstein equation to convert this 
mobility to Do,- = 1.0 x cm2/V s. We 
also assume that the ion (molecule) diffusion 
coefficient is inversely proportional to the radius 
of the diffusing species and using the above 
values of Do,- and R,, = 1.49 A (28) approxi- 
mate the diffusion coefficients to be Do- = 2.5 
x D,, = 1.4 x lo-', and D,, = 0.78 
x 10-"m2/s. 

By substituting the above values of RA,, and 
D,,, in [20], we estimated the limiting liquid phase 
associative detachment rate constants listed in 
Table 1. Although we consider these limiting 
rate constants to be very approximate, the 
agreement within a factor of two between the 
measured and calculated values suggests that 
associative detachment reactions can occur in 
liquids at diffusion-controlled rates. 
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Discussion 
J. L. Magw: In the liquid your limiting rates were less than 
the observed rates. Why did you not reconsider the radii 
used in the calculations? 

6. Bakale: The purpose of the calculated rate constants for 
the associative detachment reaction in liquid phase and 
comparison with our data was to illustrate that this process 
is nearly diffusion controlled. We recognize that the esti- 
mate of the limiting rate constant could have been im- 
proved by considering the induced dipole interaction but 
did not feel that this was warranted in view of the rough 
estimates of the diffusion coefficients that we had to make. 

M. Nishikawa: Is your reaction mechanism independent of 
electron temperature? In other words, is there any evi- 
dence that you still get 0- in the presence of CH, with its 
cooling effect? 

G. Bakale: Under the conditions of the experiments we 
observed no effect of electron temperature on the 0- reac- 
tion rate. At the lowest field strengths with either H, or CO 
present. we observed the two-component decay indicating 
that 0 was produced by thermal electron dissociative 
attachment to N,O. We assume 0 was also produced in 
the presence of CH,, but yielded single-component decay 
curves due to reaction 13. 
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Density-, temperature-, and concentration-induced metal-nonmetal 
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F. H E N ~ E L .  Can. J .  Chem. 55. 2225 (1977) 
A brief review is given of the continuous metal-nonmetal transition observed in different fluid 

systems, with special emphasis on recent work by the author and his colleagues. Selected results 
of a broad experimental survey of the electrical and magnetic properties of fluid binary semicon- 
ducting alloys, expanded fluid metals, and fluid selenium are reported. The results are discussed 
with special emphasis on their relationship to some theoretical areas of controversy. especially 
the importance of the amount of covalency and ionicity for the electrical and magnetic properties 
of semiconducting alloys, the role of chemical bond satisfaction in covalent selenium and 
tellurium for the temperature-induced nonmetal to metal transition, and some speculations 
concerning the importance of fluctuations and microscopic inhomogeneity for the metal-non- 
metal transition in expanded fluid metals. It is concluded that no theory of the metal-nonmetal 
transition is available which is generally valid for all the fluid systems discussed. It is proposed 
that measurements of the structure factor and of thermodynamic data of the fluids are necessary 
to make it possible to formulate a theory which is tested experimentally. The first new results of 
the structure factor and the compressibility of fluid expanded rubidium are reported. 

F. HENSEL. Can. J. Chem. 55. 2225 (1977). 
On presente une breve revue de la transition metal-nonmetal continue observee dans differents 

systtmev fluides en invistant d'une f a ~ o n  particuliere sur les travaux recents de l'auteur et de ses 
collegues. On rapporte des resultats choisis sur un large eventail experimental de proprietes 
tlectrique et magnetique d'alliages semiconducteurs binaires fluids, de metaux fluides gonfles et 
de selenium fluide. On discute des resultats en tenant compte particulierement de leur relation 
avec q~telques sections theoriques controversCes en particulier I'importance du degrt de cova- 
lence et du caractere ionique sur les proprietes electrique et magnetique des alliages semiconduc- 
teurs. le r6le de la satisfaction du lien chimique dans le selenium et le tellure covalent pour des 
transitions metal-nonmetal induites par la temperature et quelques speculations concernant 
l'importance des fluctuations et de l'inhomogeneite microscopique pour la transition metal- 
nonmetal dans des metaux fluides deployes. On conclut qu'il n'y a aucune theorie disponible de la 
transition metal-nonmetal qui serait valide d'une f a ~ o n  generale pour tous les systemes fluides 
discutes. On propose que des mesures de facteurs de structure et de donnees thermodynamiques 
des fluides sont necessaires pour rendre possible la formulation d'une theorie qui pourrait Ctre 
verifiee experimentalement. On rapporte les premiers nouveaux resultats de facteur de structure 
et de compressibilite d'un rubidium fluide gonfle. 

[Traduit par le journal] 

Introduction 
Metal-nonmetal transitions (MNT) have been 

studied in a number of different fluid one- 
component and two-component systems in- 
cluding expanded liquid and gaseous metals 
(1-3), fluid selenium at high temperatures (4, 
5), liquid Se-Te mixtures (6) ,  solutions of alkali 
metals in fluid ammonia (7, 8), solutions of 

to a nonmetallic fluid implies that the type of 
chemical binding or at least of the interatomic 
interaction changes from metallic to non- 
metallic binding. Consequently, a successful 
model or theory of the MNT must explain not 
only the nature of the apparently continuous 
changes of electron transport properties during 
the course of the transition, but must also 

electropositive metals in their molten halides account for the changes of chemical bonds, the 
(9, lo), and semiconducting liquid alloys (1 1-15). associated changes in the fluid structure, and 
All these fluids can transform from a metallic changes of the more mechanical and thermo- 
to a semiconducting or insulating state under dynamic properties, especially the thermal 
changes of an appropriate thermodynamic compressibility. Since there is an interdepen- 
parameter, e.g. temperature, pressure, density, dence of electron-electron screening and the far 
and composition. The transition from a metallic reaching internlolecular forces, which control 
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the thermodynamic properties, it is interesting 
also to prove experimentally whether the ther- 
modynamic critical points will coincide with the 
MNT. 

The aim of the present paper is to review 
recent experimental results with a n  emphasis on  
work from the Inst~tute of Physical Chemistry 
of the University of Marburg. Selected data will 
be discussed for all the fluid systems mentioned 
above except metal-ammonia and metal- 
molten salt solutions. Recent reviews on these 
systems are by Thompson (16), Schindewolf (7), 
and Nachtrieb (17). 

Metal-Nonmetal Transition in Semiconducting 
Alloys 

The group of fluid semiconducting alloys 
provides the most direct evidence that the for- 
mation of chemical bonds plays an important 
role for the MNT.  Liquid Mg-Bi ( I ] ) ,  Li-Bi 
(18), Cs-Au (13), Rb-Au (19), and Cs-Sb (20) 
represent some of the alloys which belong to this 
group. Although the pure metals Li, Mg, Cs, 
Rb, Au, and Sb are highly conducting liquid 
metals, in the neighbourhood of compositions 
satisfying simple chemical valence requirements 
the liquid mixtures have coiiductivities which are 
definitely outside the range typical for liquid 
metals. It seems to be clear from this observation 
that a large change in the bonding characteris- 
tics associated with changes in the liquid struc- 
ture takes place as one proceeds from the pure 
metal to the stoichion~etric concentration. 
Whereas the structural effect has been discussed 
in a large number of reviews (12, 21) and articles 
(22, 23) written mainly by Enderby, relatively 
little attellti011 has been paid to how the proper- 
ties of semicondi~cting alloys depend on the 
nature of the bonds, i.e. on the relative ionicity 
and covalency of the bonds. But the detailed 
electronic structure and the electrical transport 
properties of the molten alloys certainly depend 
011 the character of the che~nical bonds. In  
systems with predomina~iiiy ionic bonds ionic 
species must occur and they must be mobile in 
liquids, so that their eEect may be considerably 
larger in the electrical transport properties, com- 
parable to metal m o l t e n  salt solutions. In the 
following, recent experimental results for the 
Cs-Au and Cs-Sb system will be presented with 
particular emphasis on their relevance to the 
question raised above. 

A rough measure of the relative ionic or 

covalent character of the bonds in CsAu and 
Cs,Sb can be obtained from publisl~ed tables of 
electronegativities. The electroiiegativity dif- 
ference according to the Pauling scale leads to 
the suggestion that a high amount of covalent 
bonding exists in liquid Cs3Sb, whereas liquid 
CsAu exhibits predominantly ionic bonding. In  
order to contrast the behaviour of these two 
systems the electrical conductivity o and the 
molar magnetic susceptibility of both 
Cs-Au and Cs-Sb are plotted as a function of the 
concelitration in Fig. la and Fig. lb. The con- 
centration scale varies between the compound 
composition on the left and pure Cs on the right. 
I t  is obvious that there is a striking difference in 
the concentration dependence of o and Z,, for 
these two systems. o of Cs3Sb-Cs rises abruptly 
within a narrow concentration range of less than 
5 at.% excess Cs, whereas o of CsAu-Cs remains 
approximately constant up to about 15 at.", 
excess Cs. For the concentration dependence of 
Y,,, the slope of the curve gets steeper for the 
Cs-Au system when the compound composition 
is approached, whereas it is decreasing in the 
Cs-Sb system. It was recently shown by Freyland 
and Steinleitner (14, 20) that for liquid Cs3Sb a 
logarithmic plot of the electrical conductivity 
1,s. the reciprocal temperature gives a straight 
line over a temperature range of about 200'C. 
From the slope an  activation energy A E = 0.44 
e V  is determined. They concluded from the 
magnitude of A E  and from the observed small 
absolute thermoelectric power of S 2 -20 pV 
K- '  that electronic conductioil prevails in 
liquid Cs,Sb. In  addition they found this 

FIG. 1. Comparison of the electrical conductivity o 
and the lllolar magnetic susceptibility 2, of Cs-Au and 
Cs-Sb alloys (data from refs. 14, 20, 13). 
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assumption in agreenlent with the observed 
positive temperature dependence of the magnetic 
gram susceptibility. Assuming that this positive 
temperature dependence is due to thermally 
excited electrons and holes and that the activa- 
tion energy for the charge carrier contribution to 
the susceptibility &?," is the same as observed for 
the electrical conductivity, i.e. 0.44 eV, they were 
able to fit the experimental data. I11 contrast to 
the behaviour of liquid Cs,Sb the temperature 
dependence of the liquid CsAu susceptibility is 
comparatively small and negative and the molar 
susceptibility of -81 x cm3 mol-' is 
consistent with a description in which the liquid 
is assumed to consist of Cs' and Au- .  The latter 
is consistent with the observed temperature 
dependence of the conductivity o of CsAu which 
is shown in Fig. 2. The 'apparent activation 
energy' of o is about 4.5 kcal/mol (about 0.2 eV) 
for CsAu which is also of the order of the 
'activation energies' of ion migration in salts. I t  
must be pointed out, howevcr, that thc concept 
of 'apparent activation energies' of ion migra- 
tion in liquid salts is based on theories developed 
for atomic transport in solids. And certainly it is 
necessary to  prove by more accurate rneasure- 
ments over wider temperature intervals whether 
Arrhenius behaviour is the rule or the exception. 

I n  addition the marked decrease of the con- 
ductivity of the alloys on melting (Fig. 3) indi- 
cates that the electrical behaviour in the liquid 
Cs-Au alloys is very different from that in solid 
Cs-Au alloys. One can contrast the behaviour 
of CsAu with that of other solid semiconductors, 
which mostly show a more or less large increase 
of o on melting. Two main groups may be dis- 
tinguished. In the first group of semiconductors, 
such as Ge, Si, InSb, etc., the coordination 
number increases on melting and the short range 
order and the nature of chemical binding 
drastically change. The conductivity becomes 
metallic, i.e. a semiconductor to metal transition 
is observed on melting. In the second group, to 
which semiconductors like Mg,Bi,, Se, In,Se3, 
etc. belong, the coordination number changes 
only slightly and the short range order of the 
crystal persists to a large extent on melting, 
i.e. a senliconductor to semiconductor transition 
is observed on melting. As the temperature is 
considerably increased, the short range order is 
possibly changed into a completely random 
atomic configuration which is typical of liquid 
metals a t  high temperatures, i .c.  an abrupt 

FIG. 2. Logarithm of the conductivity, o, of liquid 
Cs-Au alloys as a function of the reciprocal temperature 
at different constant Au concentrations in at.% (from 
ref. 13). 

1 - -- 1 Concentrat  on 5lat%Au 
s o l ~ d  1 

b 1 

FIG. 3. Conductivity, o, for a Cs-Au alloy with 51 a t . x  
Au as a function of the temperature in the liquid and 
solid state (from ref. 13). 

sen~iconductor to semiconductor and a gradual 
semiconductor to metal transition is observed. 
The latter was recently investigated for liquid 
Se (5). I t  is evident from the results in Fig. 3 that 
CsAu does not belong to one of the groups 
mentioned above. Therefore we make the 
assumption that a further type of solid-liquid 
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phase behaviour may be shown by semicon- 
ductors with a high degree of ionic binding. We 
believe that for these semiconductors the solid- 
liquid phase transition coincides with a transi- 
tion from a solid semiconductor to a liquid 
mainly ionic conductor. CsAu was the first 
example of this type. In  the meantime a similar 
behaviour has been observed for RbAu, whereas 
the system LiAu is nletallic in its liquid state 
(19). 

Further evidence for a mainly ionic structure 
of CsAu stems from the striking similarity in the 
concentration dependence of o of the liquid 
Cs-CsAu system and solutions of electropositive 
metals in their molten salts as demonstrated by 
Fig. 4 for the K-KBr system. For  comparison 
Fig. 4 includes also the concentration dependence 
of o for the system Mg-Mg,Bi2 and Tl-T1,Te 
which in both cases is clearly different from that 
for the Cs-CsAu system. The poor correlatioil 
between the Mg-Mg,Bi2 and the TI-T12Te 
mixtures, which have both been classified as 
'liquid-semiconductors', and the Cs-CsAu mix- 
ture and on the other hand the similarity be- 
tween the K-KBr mixture and Cs-CsAu mixture 
are consiste~lt with the conclusion that the 
conduction process in CsAu involves ionic 
transport. - 

This conclusion is supported qualitatively also 
by the relatively high value of the thermoelectric 
power S of liquid CsAu. As demonstrated by 
Fig. 5, S of liquid Cs-Au alloys is negative and 
larger than - 1000 pV/K near the equiatoniic 
composition. Probably, the presence of Cstand 
Au-  ions precludes the n-p transition in S seen 
in systems with prevailing electronic conduction, 
e.g. Mg,Bi, and T12Te (15). Large values of S 
are typical for ionic conductors (24). However, 
it is very difficult to handle quantitatively the 
thernloelectric power near the equiatomic com- 
position, since there exist different kinds of 
charge carriers, possibly electrons, cations, and 
anions, having similar mobilities and trans- 
ference numbers. Therefore, again it  is only 
possible to contrast the behaviour of the CsAu- 
Cs system with that of other systems, especially 
with that of metal - molten salts mixtures. 
Measurements of the thermoelectric power have 
been made for the systems BiC1,-Bi. BiBr,-Bi, 
and BiI,-Bi (25-27). The results are qualitatively 
in accord with-the observations on Cs-CsAu. 
When the metal excess is large and the current is 
mainly due to electrons the thermoelectric power 

Ud 

'0 10 20 30 LO 
mole % metal 

FIG. 4. Influence of excess metal on the conductivity of 
different c o n ~ p o u ~ ~ d  forming alloys and salts (from ref. 
13). 

is relatively small, it increases rapidly with de- 
creasing metal concentration, and reaches a 
maximum value near the pure salt concentra- 
tion. Thus, the results are again consistent with 
the assun~ption that ions in liquid CsAu are 
movable and that conductivity and thermo- 
electric power are determined at  small metal 
concentrations by ionic conduction superim- 
posed by a contribution of electronic conduc- 
tion. Finally there is evidence that enormous 
electromigration occurs in liquid CsAu. It was 
shown by Schmutzler and Kriiger (28, 29) that 
Cs drifts to the cathode and Au drifts to the 
anode. One Cs- and one Au-  are transported 
per elementary charge to the electrodes within 
the experimental error. This is definitely the 
value required by Faraday's law for electrolysis 
in ionic conductors. 
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FIG. 5. The absolute thermoelectric poner, S,,,,, of 
liquid Cs-Au alloys at 650-C as a function of the concen- 
tration (from ref. 13). 

The Metal-Nonmetal Transition in Elemental 
Liquid Semiconductors and Expanded Liqtlid 

Metals 
The transition from metallic to semicon- 

ducting-like electronic properties in the alloys 
discussed above can be understood as a result 
of the formation of chemical bonds as one 
proceeds from the pure metal to the stoichio- 
metric concentration. Other examples for the 
importance of chemical bonds are liquid Se and 
S which both are nonnletallic near the melting 
point where their liquid structures are dominated 
by the presence of molecular species as rings and 
relatively large chainlike units (30). However, 
the iiquid structure including the local atomic 
coordination number can change markedly with 
temperature, pressure, or  on alloying with more 
metallic elements. A gradual change toward a 
lov~er resistance liquid is observed due to the 
dissociation of the liquid chain structure induced 
by an increase in temperature or pressure (31). 
A very interesting element among the elec- 
tronically conducting liquids is liquid selenium. 
Ht exhibits a relatively small strongly tempera- 
ture-dependent electrical conductivity o at  its 
melting point. Sincc a logarithmic plot of o cs. 
the reciprocal temperature shows a linear region 

in a not too extended temperature range, it is 
tempting to call selenium a 'liquid semicon- 
ductor' (32, 33). However various results suggest 
a tendency to a more metallic behaviour as the 
bonding arrangement is altered a t  very high 
temperatures (31) or pressures (34). Application 
ofvery high temperatures implies that the heating 
up  of the liquid takes place at  pressures greater 
than the liquid-vapour critical pressure p,.  A 
list of crit~cal pressures p ,  together with the 
corresponding critical temperatures T, is assem- 
bled in Fig. 6 for those liquid chalcogenic and 
metallic elements which are of interest for the 
present discussion. 

Experimental results are shown for Se (right 
side) and H g  (left side) 111 Fig. 7 In the form of 
conductivity isotherms plotted 2,s. pressure. It is 
only at  temperatures close to the critical tem- 
perature that fo: both llquids the conductivity 
becomes strongly pressure dependent T l l~s  IS 

certainly related to the strong pressure depen- 
dence of the denslty in this reglon Ho\vever, it 1s 
obvious from F1g 7 that the conduction be- 
havlour of se1en1un-1 sharply dlffers from the 
behav~our of the metal nlerculy The charac- 
terlstlc feature for Se I S  a very pronounced effect 
of the temperature on the coi~duct~vitp at  con- 
stant pressure The conductivity   so bars show a 
very large slope at  subcrit~cal condltlons. giving 
a maximum conduct~v~ty  near the cr~tical 
temperature in the nearly metalllc range 100- 
1000 ohmp '  cm-I.  many o r d e ~ s  of magnitude 
larger than the conductivity near the melting 
point. Above the maximurn the conductivity 
drops rapidly at  the highest temperatures. The 
maximu~n in the 400 bar isobar lies at  1500'C. 

Substance 

S 

Tc ( K i  pc (bar) 

* estimated 

FIG. 6. Thermodynamic critical points. 
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FIG. 7. The electrical conductivity of mercury and selenium at subcritical and supercritical tempera- 
tures as a function of pressure. 

about 100'C lower than the critical temperature. 
This indicates that Se is semiconducting or 
insulating at  the critical point (4). The con- 
ductivity of molten selenium throughout the 
entire liquid range at equilibriunl pressure is 
given in Fig. 7 by the curve punctuated in heavy 
type. It reaches a maximu~n value of 25 ohm-' 
cm-I and decreases to a quite small value near 
the critical point. This small conductivity can be 
considered consistent with the result of an 
analysis of the vapour pressure curve of selenium 
in terms of 'correspondence state theory' which 
leads to the suggestion that selenium is essen- 
tially a molecular fluid in the vicinity of the 
critical point rather than a metallic one. The 
transformation to nearly-metallic conductivities 
can be induced either by increasing temperature 
in the liquid range (left hand side of the maxi- 
mum) or by increasing pressure in tlie vapour 
(right hand side of the maximum). It is certainly 
a very co~nplicated system. However, it seems 
reasonable to suppose that tlie temperature 
effect in the liquid results from the combined 
effects to thermal activation of carriers, in- 
creasing coordinatio~l number as Se chain- and 
ring-structure rupture, and decreasing density 
from thermal expansion. The former two effects 

should increase the conductivity while the 
density decrease should decrease the conduc- 
tivity. The maxima in the isobars can then be 
understood. The decrease in density a t  high 
temperatures leads to a density-induced metal- 
insulator transition which is similar to those 
observed in supercritical fluid metals. 

Liquid selenium near its melting point has 
been studied by many investigators both in 
regard to its electrical properties and its molecu- 
lar and electronic structure (32). Its behaviour 
is consistent with the assurnption that the chain- 
like structure, i.e. the covale~lt bonds between 
atoms in twofold coordination, of crystalline 
selenium persists to a large extent on melting. 
This assumption leads to a well-developed 
energy gap and semiconducting properties. 
However, if the temperature is increased, the 
chains rupture and the coordination number 
increases: the decrease of the chain length goes 
in the direction of a completely random atomic 
configuration which is typical for metals. The 
limitations of the 'semiconductor model' for 
liquid seleilium become apparent at  high tem- 
peratures. This is demonstrated by Fig. 8 where 
the logarithm of the conductikity is plotted cs. 
the reciprocal temperature. While it is possible to 
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HENSEI. 223 1 

identify an activation energy from the slopes 
below about 1300cC, these values depend on 
pressure a t  constant temperature. Moreover, a t  
higher temperatures, the slopes increase and then 
decrease as the maxima are approached. 

Further evidence for the limitations of the 
'semiconductor model' for liquid selenium at  
very high temperatures stems from recent 
measurements of the absolute thermoelectric 
power (35). In the current picture of disordered 
semiconductors the band gap is replaced by a 
mobility gap (32, 36). Conduction a t  sufficiently 
high temperatures proceeds by thermal excita- 
tion of carriers across the mobility gap, i.e. o and 
S are determined by electrons and holes ther- 
mally excited to the nlobility edge probably for o 
as low as about 1 ohm-'  ~11.1-'. When one band 
dominates, then o and S are related by (32). 

0000 0 0 0 inoooo o o 8 0 o 
r.r.CDm2 (I! C\1 g 9 

103/r- 
w- 

i ['c] 7 

FI~;. 8. Logarithinic plot of conductivity isobars of 
selenium c.3. reciprocal temperature. Slopes in the range 
1O4, 'T 1 7.3 K- '  yield 'activation energies' AE of 
rolighly 1.8 eV. At higher temperatures, slopes incrcase 
t o  yield AE values of roughly 2.2 eV. In both ranges A 6  
depends noticeabiy o n  pressure. 

o = o, exp - 

An analysis of the thermoelectric power data 
shows that relation [ l ]  is not obeyed for Se in the 
conductivity range between about 8 to 1000 
ohm-' cm-l ,  i.e. at  very high temperature, 
whereas it is consistent with the experimental 
results for smaller than 8 ohm-' cm-' .  In 
respect to its electrical properties liquid tel- 
lurium is very different from liquid selenium. I t  
provides an  example of an electronically con- 
ducting liquid which exhibits some features of 
both metallic and selniconducting behaviour 
(37, 38). Its conductivity of about 1000 ohm-' 
cm-I at  the melting point is relatively large and 
its Knight-shift value is in a range typically 
observed for liquid metals. On the other hand, 
the temperature coefficients of the conductivity 
and of the Knight shift are positive. 

Neutron scattering data (39) indicate that the 
number of atoms in the first coordination shell is 
about two near the melting point and changes to 
about three at  about 900-C. The twofold 
(binary) coordination is typical for the helical 
chainlike structure of selenium, while the three- 
fold (ternary) coordination is similar to that of 
the arsenic crystal structure. Such a change of 
coordination was found to be consistent with 
the Knight-shift measurements (37) and velocity 
of sound measurements (40). Between the melting 
point and 900°C the existence of regions of 
twofold coordination which are semiconducting 
mixed with regions of threefold coordination 
which are metallic has been suggested by Cabane 
and Friedel (41). They assume that the number 
of free carriers increases with temperature due to 
the increase of ternary sites. 

Since the first coordii~ation number increases 
to a value larger than five at  1800'C (39), Cabane 
and Friedel (41) proposed that the local struc- 
ture of liquid tellurium tends to a more inetallic 
cubic structure like K-polonium with metallic 
character at  high temperature (about 1700cC) or 
high pressure. This proposal is consistent with 
recent measurements of the electrical conduc- 
tivity of liquid telluriuin as a function of tem- 
perature at  various pressures (42). U p  to about 
900'C the conductivity values along isobars 
increase and then decrease through broad 
maxima at  about i000"C. Above 1000cC the 
values of (dojdT), are almost constant irrespec- 
tive of pressure. The maxima shift slightly to 
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FIG. 9. Plots of pairs of temperature and pressure for constant conductivities for liquid selenium 
and tellurium. The numbers 011 the curves denote the kalue of the conductivity in ohm-' cm-'. The 
point C.P. is the critical point and terminates the vapour pressure curve. 

higher temperatures with increasing pressure tellurium the maxima occur far beyond the 
(42). critical temperature. The latter was determined 

It seems reasonable to suppose that the effect by means of the corresponding states principle. 
of increasing temperature results from the com- In accordance with the rule (43) that any group 
bined effects of increasing coordination number of substances with effectively similar inter- 
and decreasing density from thermal expansion. niolecular forces should conform themselves to 
The former effect should increase the conduc- the principle of corresponding states, the 
tivity while the latter should work in the oppo- correspondence between the vapour pressures of 
site direction. A coniparison of the tenlperature sulphur, selenium, and tellurium was used to 
dependence of the electrical conductivity of determine the critical point of tellurium. 
liquid telluriuln and liquid selenium both at  We turn next to the metal-nonmetal transition 
moderate pressures shows that under the present in low density metallic fluids. As can be seen 
experimental conditions the conductivity of from Fig. 7 the unavoidable critical tempera- 
liquid tellurium is always larger than that of tures and pressures of the metals are relatively 
liquid selenium. I t  is obvious that in both high. Experiments for obtaining data under such 
elements the conductivity varies through maxima extreme conditions are chiefly limited by the 
and the change found in liquid tellurium is much reduced strength and increased chemical -reac- 
smaller than that in selenium. This is certainly tivity of the sample containers at  the high tem- 
related to the larger stability of the bonds within peratures. I t  was only through the development 
the chain molecules in selenium. The difference of a special experin~ental technique favored by 
in the pressure and temperature dependence of 
the conductivity between selenium and tellurium 
is shown in Fig. 9. lit includes plots of pairs of 
temperature and pressure for constant con- 
ductivities. I t  is obvious from this figure that the 
maxima in the conductivities, i.e. the nearly- 
metallic conductivities, occur at  much higher 
temperatures for selenium than for tellurium. 
For  selenium the maximum conductivity is 
observed near the critical temperature of the 

the rapid advances in the production of high- 
temperature construction materials during the 
past few years, that a number of experiments 
have been possible on Hg, Cs, Rb, and K which 
have critical temperatures lower than 2000°C. 
The funda~nental thermodynamic and elec- 
tronic properties, density, vapour pressure, 
critical data, viscosity, electrical conductivity, 
thermoelectric power, Hall effect, Knight shift, 
optical absorption, and structure factor, have 

liquid-vapour phase equilibrium, whereas for been measured in some cases. 
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HENSEL 2233 

The n~e ta l  that has been most intensively 
studied is mercury. Figure 7 (left side) shows the 
dc  electrical conductivity measured by various 
groups of workers (44-47) as a function of the 
pressure for a number of subcritical and super- 
critical temperatures. The dotted line gives the 
densities or  the conductivities of the coexisting 
liquid and vapour phases, respectively. Below 
the critical point, which was found a t  T, = 

1490°C and p ,  = 1510 bar, a phase separation in 
a low density vapour with a relatively small 
conductivity and a highly conducting dense 
liquid is observed. The critical point must be the 
limit for observing the sharp transition between 
a highly conducting liquid and a lower conduc- 
tance vapour, since at  this point any distinction 
between liquid and vapour disappears. Above 
the critical temperature a steep but continuous 
increase of the conductivity with increasing 
pressure is observed. This behaviour of the 
electrical conductivity in the critical region is 
qualitatively typical for Itquid metals and has 
been observed for mercury, cesium, and potas- 
sium. However, quantitatively a striking differ- 
ence is observed in the critical behav~our of 
divalent mercury and monovalent cesium or 
potassium. Near the critical point the con- 
ductivity of mercuYy (o,, is about lo- '  ohm-' 
em-')  is three orders of magnitude smaller than 
the conductivity of cesiuni and potassium 
(o,, is about 200 o h m 1  em-'). 111 addition the 
value of the absolute thermoelectric power of 
mercury, which is about - 500 pV/K (47) at  the 
critical point, is very large and certainly non- 
metallic, whereas the value for cesium is - 60 
pV/K at  the critical point (48). The latter is 
relatively small and not unreasonable for a metal. 
Thus, on the basis of this argument it is tempting 
to speculate that one observes t\vo different 
types of critical points. For mercury close to the 
critical point a type of liquid-vapour phase 
transition similar to that in nonmetallic liquids 
is observed, i.e. liquid mercury exists in a high 
density metallic form and a low density 11011- 

metallic form. For  cesium (the same is true for 
potassium) it cannot be excluded that the liquid- 
vapour phase transition is associated with the 
metal-nonmetal transition. It must be pointed 
out, however, that it is not clear whether the 
existence of a relatively high conductivity at  the 
critical point of cesium and potassium means 
that the state of these two elements can really be 
considered as metallic in the critical region, i.e. 

that the forces remain long range compared with 
an insulating liquid like argon. 

For  a divalent metal like mercury the Bloch- 
Wilson model of noninteracting electrons pre- 
dicts a band-crossing transition. When the dist- 
ance between the mercury atoms is continuously 
increased, the overlap betueen the s-valence band 
and the p-conduction band decreases, resulting in 
a metal-nonmetal transition. However, in a fluid 
the situation is more complicated; the atoms or 
ions are not rigidly held in position and fluctua- 
tions in density can be significant. Therefore in a 
fluid the singularities in the density-of-states 
function at  the band edges are smeared out;  the 
band edgesexhibit tails in the energy region which 
is forbidden in the corresponding crystalline 
solid. Thus the gap separating the valence and 
the conduction band in the solid is redaced in 
fluid mercury by a minimum in the density of 
states near the Fermi energy. This is a suggested 
model, and it is very difficult to prove it experi- 
mentally. The difficulty arises because one of the 
most inforniative experiments used in crystal 
physics, optical absorption, disappoints us in 
fluid svstems. In view of the uncertainties con- 
cerning the tails in the gap. it is necessary to ask 
whether it is possible to define an  optical gap. 

The spectral dependence of the absorption 
coefficient of mercury at  the constant super- 
critical temperature of 1640 C and densities 
between 1 glcm3 and 4.8 glcm3 is shown in 
Fig. 10. The absorption edges exhibit the ex- 
pected red shift with increasing density and are 
found to be exponential in form for values of K 
up to about 2 x lo3 cm-'. 

At densities larger than 3 g/cm3 the absorption 
curves flatten out to approximately constant 
values of the absorption coefficient a t  long 
wavelengths up to the infrared region. The level 
of these long wavelength tails increases very 
rapidly with increasing density and the density 
dependence is the same as observed for the dc  
conductivity. This equivalence of the density 
dependence for the dc conductivity and the 
optical frequency absorption coefficient is strong, 
if not conclusive. evidence that the mechanism of 
both have the same physical reason, e.g. free 
carrier conduction by thermally excited electrons 
in extended states. 

At high enough values of the absorption 
coefficient (K > 2 x lo3 cm-l)  the linear de- 
pendence of log K on the photon energy is no 
longer observed and the absorption coefficient 
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FIG. 10. Optical absorption edges in fluid mercury at  
different densities and the constant temperature of 164O'C 
(from ref. 1). 

increases less steeply. In this region the absorp- 
tion coefficient K can be descsibed by the rela- 
tlon 

This relation is of a form similar to that for 
indirect interband electronic transition in crystal- 
line seniiconductors and was derived by Tauc 
(49). He assumed that the density of states of the 
conduction and the valence bands not too close 
to the band edges is of a parabolic form and that 
the optical matrix element is constant in the 
energy range under consideration. Moreover the 
absorption in many semiconducting glasses a t  
high enough absorption levels is observed to 
obey the relation [2], and the constant E, can be 
used to define an  optical gap Eg. However, one 
fact should be emphasized. If the interpretation 
of the experimentally observed relation [2] given 
by Tauc is right then E, is determined from an 
extrapolation of the densities of states deeper in 
the bands. Thus E, may represent an extrapo- 
lated rather than a real zero in the density of 
states. The widths of the optical gaps E, derived 
in this \+lay for mercury at  1640°C as a function 
of the density are given in Fig. 11. The author 
feels that not too much physical significance 
should be given to Eg. Despite this fact, it is 
surely tempting to compare the density de- 
pendence of the optical gap defined in this way 

It , 0 experimental 
% . 
0 2  
W 

1 

1 2 3 4 5 6 7  

FIG. 11, Optical gap in mercury as a function of den- 
sity at the constant temperature at 1640 C ;  the points are 
the experimental data. The curles give the calculated 
band edges for sc and fcc crystal structures (calculated 
values from ref. 50). 

with the gap calculated for expanded mercury 
crystals (50-52). The main result of these cal- 
culations is that the energy gap is very sensitive 
to changes in structure. This is in accordance 
with the old empirical rule of chemistry that both 
density and coordination environment determine 
whether a fluid or  amorphous material is metallic 
or  not. In  Fig. 11 the calculated band gaps as a 
function of density for fcc and sc structures are 
included. The absolute values, as well as the 
slopes of the curves, are different for each struc- 
ture. The agreement between the measured gap 
and that calculated for the sc structure evident 
from Fig. 11 is extremely close and should be 
regarded as partly accidental. The plot in Fig. 11 
denlonstrates that the valence band (the 6s band) 
and the conduction band (the 6p band) cross a t  a 
density between 5 and 6 g/cm3. At this density 
the dc  conductivity is about 10-I ohm-'  cm-I 
and the thermoelectric power is about -500 
pVjdeg which are certainly nonmetallic values. 
This is quite consiste~it with the current picture 
of disordered semiconductors. As mentioned 
above in this picture the band gap of the crystal- 
line solid is replaced by a mobility gap and all 
the states within the mobility gap are localized. 
Conduction a t  sufficiently high temperatures 
proceeds by thermal excitation of carriers across 
the mobility gap. The last mechanism leads for 
thermal excitation of electrons (32) to relation 
[ I ]  between the thermoelectric power S and the 
electrical conductivity o. 

Schmutzler and Hensel (2) have shown that o 
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FIG. 12. Telnperature and volume coefficient of the conductivity and the Knight shift and the Hall 
mobility of fluid mercury as a function of the density (from ref. 1). 

and S for inercury in the density range between 
8 @cm3 and 5 g/cm3 are consistent with [ I ] :  
i.e. with an excitation of electrons from localized 
states a t  the Fermi energy to free states across 
the critical energy which divides ranges in which 
states are localized from those in which states 
are not. On the other hand ( a  In ola In V ) ,  (47), 
( a  In O / ~ T ) ~  (47), the Hall mobility (53, 54), and 
the Knight shift (55) indicate a change of the 
electronic state of mercury for densities around 
9 g/cni3, which is demonstrated by Fig. 12. 
Therefore, for the density range between 8 
g/cm3 and 9 g/cm3 Cohen and Jortner (56, 57) 
have proposed an  alternative explanation. They 
suggested the existence of an inhomogeneous 
transport regime in mercury between 9 j c m 3  
and 8 g/cm3. They assumed that the microscopic 
inhomogeneities arise from density fluctuations. 
The metal-noilmetal transition in such a system 
with metallic and semiconducting clusters is then 
discussed within the framework of percolation 
theory. This matter is very controversial and up 
to now it is impossible to decide from the 
existing experimelltal results whether the Cohen- 

Jortner proposal is right. However, recent 
measurements of the isothermal compressibility 
xT and the thermal expansion coefficient a, for 
expanded inercury as a function of the density 
from our laboratory (58) indicate an enormous 
increase of xT and r ,  at  densities smaller than 
9 g/cm3. I t  is certainly interesting to speculate on 
whether the mutual interdependence of electron- 
electroll screening and interatomic forces neces- 
sarily leads to density fluctuations in the metal- 
nonmetal transition range. 

At  mercury densities larger than 9 glcm3 the 
analysis of the available electrical transport data, 
electrical conductivity, Hall effect, and thermo- 
electric pobver demonstrates the existence of two 
distinct regimes of electron transport in this one- 
component system. For densities between 9 and 
1 1  glcm3 Even and Jortiler (54) showed by 
combined collductivity o and Hall effect R 
measurements that o is proportional to (R,,/R)', 
whereupon the Hall mobility p ,  follows pH x 
R,,/R. In these equations RFE means the free 
electroll value RFE - (nrc)- ' .  These experi- 
mental relations are in excelle~lt agreement with 
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the theoretical predictions given by the strong 
scattering model (32) and Friedman's theory of 
the Hall effect 159. 60). However. it must be 
pointed out that expanded mercury is the only 
example for which the theory is in agreement 
with the experimental transport data. The recent 
measurements of the Knight shift by El-Hanany 
and Warren (55), however, seem inconsistent 
with the strong-scattering model. More accurate 
experimental and theoretical work on expanded 
mercury in the density range between 11 and 
9 g/cm3 is necessary to make it possible to 
formulate a theory which is in agreement with 
the experimental results. 

For  densities between 13.6 and 1 1  g/cm3 it is 
found that the Hall coefficient has the free elec- 
tron value R,, = (nee)-' and the conductivity 
exhibits no  special relation to R. I t  is assumed 
that  in this range, where the mean free path L 
of the conduction electrons exceeds the Fermi 
wavelength k,-', o is well represented by the 
nearly-free-electron (NFE) theory (61-63). The 
latter assumption, that the theory is valid when 
L > k F P ' ,  has very recently been proved experi- 
mentally for fluid rubidium by measurements of 
the density (64, 65), the electrical conductivity 
(64, 65), and the structure factor (66, 67) as a 
f ~ ~ n c t i o n  of temperature and pressure. I t  was 
found that the density dependence of the elec- 
trical conductivity can be well represented by the 
NFE theory even for an  expansion of the fluid 
metal to a value of 65% of the density at the 
melting point (see Fig. 13). The experimental 
results agree satisfactorily with those calculated 
within the NFE theory using the measured 
structure factors of expanded rubidium. The 

FIG. 13. The electrical conductivity of liquid rubidium: 
( x ) calculated with the Ziman formula using a screened 
Ashcroft pseudopotential and experimental structure 
factors; (A) values recently reported in refs. 64-66. 

latter is shown in Fig. 14 for different tempera- 
tures and pressures. Mainly three particular 
features may be distinguished in these curves. 
The first peak, which is relatively sharp at  low 
temperatures, broadens appreciably with in- 
creasing temperature and its height decreases 
drastically. This fact illustrates that the 'shell 
of nearest neighbours' is less well defined and 
smears out with increasing temperature or de- 
creasing density. A t  the same time the position 
of the first maximum is shifted by 1 0 7  to lower 
Q values between 450 K and 1400 K, which 
simply reflects the expansion of the liquid by 
about 3 0 7  within the above temperature limits. 
The main overall feature for Q values above 
1 A-'  is a considerable flattening of the struc- 
ture factor. 

FIG. 14. Measured structure factors of liquid rubidium 
at nine different densities and temperatures for momen- 
tum transfers between 0.2 and 2.5 k'. 
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At Q values below 0.5 two interesting 
observations can be made. Whereas for tem- 
peratures below 1100 K S(Q) remains constant 
below Q I 0.6 A-', a slight increase of S(Q) 
with decreasing Q < 0.4 k1 starts to show up 
at 1200 K, and is well pronounced at 1400 K. 
However, further measurements are necessary 
to establish this fact. The second interesting 
finding is that at the smallest Q reached in this 
experiment, S(Q) increases by almost a factor of 
five between 450 K and 1400 K. This is consis- 
tent with the observed increase in the isothermal 
compressibility on expansion of fluid rubidium 
(Fig. 15) (64, 65) which is related to the structure 
factor at Q = 0 by the well-known equation 

where kB is the Boltzmann constant and n the 
number density per cm3. Since the compressi- 
bility is determined by the interatomic forces 
which are depending on the electron-electron 

FIG. 15. Isothermal compressibility of expanded fluid 
rubidium as a function of the density (the points are 
measured at  different temperatures) (data from refs. 
64, 65). 

screening, again one is tempted to speculate that 
the metal-~lonrnetal transition is probably con- 
nected with large fluctuatio~ls in the density. 
Further measurements of the structure factor of 
expanded metals a t  small wave vectors are 
necessary to prove this hypothesis. Possibly one 
can get better evidence by such an experiment 
for or against the various mechanisms proposed 
for the metalknonmetal transition. 
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Discussion 

G. R.  Freeman: One may plot the conductances of cesium 
(Hensel and co-workers) and mercury (Jortner and co- 
workers) against the number of atoms/cm3 instead of 
against temperature, and compare them with a similar plot 
of the mohility of electrons in liquid xenon against density. 
One finds the band-nonband transition in xenon sand- 
wiched between the densities of the metal-nonmetal tran- 
sitions in cesium and mercury. The approximate densi- 
ties of the tr-ansitions ax-e 1 x lo2' atom/cm3 in cesium. 
1.2 x loZ2 atom/cm3 in xenon. and 3 x loz2 atom/cm3 in 
mercury. The transition in xenon occurs at a density far 
above the critical density, which is 5 x lo2' atom/cm3, so is 
not associated with critical fluctuations. I suspect that the 
same is true for the transitions in the metals and other 
systems you mentioned. 

F. Wensel: Your comment is certainly true for mercury, for 
which we believe the metal-nonmetal transition occurs at 
a density of 9 g/cm3 which largely exceeds the ther- 
modynamic critical density of 5.3 g/cm3. But for the alkali 
metals the existing electrical and thermodynamic data d o  
not exclude that the phase transition and the metal-non- 
metal transition are correlated. If it is a Mott transition one 
really would expect a correlation between the clitical point 
and the metal-nonmetal transition. 

M. H. Cohen: 1 was intrigued by the rise in the structure 
factor- of liquid Rb at small q for high temperatures. Jortner- 
and I have proposed the existence of density fluctuations in 
liquid H g  at  densities of 9 g/cm3 and below with q of the or- 
derof 15 '4 in.radius. It has just now occurred to me that such 
density fluctuations may be a universal concomitance of 
metal-nonmetal transitions involving the development of a 
pseudogap and ultimately a gap as the density is decreased. 
The compressibility is determined by the interatomic in- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HEKSEL 2239 

teractions which are screened by the electronic dielectric 
function. For small q ,  the pseudogap causes a screening 
reduction. nonmetallic forces, and an increased compres- 
sibility. For l a g e  q ,  electrons can be scattered across the 
pseudogap, and their dielectric response is little affected by 
it. Thus for l age r  q one has metallic forces and a smaller 
compressibility. The compressibility, dielectric function, 
and st~zlcture factor are all directly related in such a way 
that the physical effect described leads to long wavelength 
density fluctuations for only those densities in the range 
where a relatively small pseudogap exists. Thus I would 
welcome the improved experimental results you promised, 

and. in return, will attempt the relevant theoretical 
analysis. 

F. Hensel: We are very much interested in these questions. 
and we certainly will try to measure the isothermal com- 
pressibility and the structure factor at lower densities 
(higher temperatures and pressures), especially in the 
density range of the metal-nonmetal transition. We are 
mainly interested in two questions. the role of long range 
fluctuations and the role of sholt range order, especially the 
formation of diatomic molecules of the alkali metals on the 
nonmetallic side. 
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Hall effect at the metal-nonmetal transition in metal-ammonia solutions1 
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U. EVEN, R. D. SWENUMSON, and J. C. THOMPSON. Can. J. Chem. 55,2240 (1977). 
The conductivity and Hall coefficient have been measured for solutions of Li, Na, K, and Cs 

in liquid NH, using a double ac method over a concentration range of 1-10 molz  metal 
(mpm). The conductivities vary from lo-' to near lo4 R- '  cm-' and the Hall coefficients 
from 10- to m3 C-' over the 1-10 mpm range. Hall mobilities vary from to 
lo0 cm2 V- '  s-I over the same range. The mobility for Na-NH, solutions shows a maximum 
at 4 mpm while the others are monotonic. The mobility peak in Na-NH3 solutions appears to 
be related to the presence of substantial composition fluctuations in that system. 

U. EVEN, R. D. SWENUMSON et J. C. THOMPSON. Can. J. Chem. 55.2240 (1977). 
Utilisant une mtthode 2 double ca, on a mesur6 la conductivitC et le coefficient de Hall pour 

des solutions de Li, Na, K et Cs dans l'ammoniac liquide a des concentrations allant de 1 a 10 
m o l z  de metal (mpm). Les conductivitCs varient de lo-' jusqu'a prks de lo4 R-'  cm-' et les 
coefficients de Hall de B n13 C-' aux concentrations allant de 1-10 mpm. Aux mtmes 
concentrations, les mobilites de Hall varient de B 10' cmZ V-' s-'. La mobilite, dans le 
cas des solutions Na-NH,, presente un maximum a 4 mpm alors que dans les autres cas elle est 
monotonique. I1 sembIe que le maximum dans la mobilitt, dans le cas des solutions Na-NH,, 
soit relie a la presence de fluctuations importantes dans la composition de ce systkme. 

[Traduit par le journal] 

1. Introduction 

A measurement of the Hall coefficient R, 
together with the electrical conductivity o 
permits one to determine the carrier concen- 
tration (R,  = (net)-l, in the free electron ap- 
proximation) and the Hall inobility (pH = oR,) 
as well as Mott's g factor (the ratio of density 
of states to a free electronic density of states: 
both at the Fermi level, g = R,(free)/R,). 
Such measurements are, therefore, central to 
any study of electronic transport processes and 
in particular to studies of the metal-nonmetal 
transition (1). However, there are ambiguities 
in interpretation of the Hall effect associated 
with low mobilities (2), and n~icroscopic inhomo- 
geneities (3-5) or  fluctuations. One can relate 
RH to the free carrier density only when the 
mean free path is long; should the free path be 
shortened by strong scattering processes or 
inhomogeneities then modifications of the con- 
ventioilal relationship (R, = (11ec)-') are re- 
quired. 

There are two current views of how the metal- 
nonmetal transition must proceed, one at- 

to Jortner and Cohen (3). We shall examine 
each in turn, though neither will turn out to be 
entirely satisfactory. 

Mott  (1) suggests that, in the strong scattering 
case, one replaces the usual relation by the 
Friedman (2) formula 

[ I ]  RH = Cr/7?ecg 

where C' is a constant with a value near unity 
(perhaps 0.7). Under the same circumstances the 
conductivity is given by 

121 u = umlng2C" 

where om,, is near 100 Q - '  cm-I and where C" 
is a constant depending on the coordination 
number, with a value near 0.1. Under these 
circumstances, one expects o x RHP2 or 

[3 I K RH 
- 1 

Cutler (6) and also Fritzsche (7) have shown 
that one can write quite general formulae for 
the conductivity and thermoelectric power S 
which, in the case of semiconducting materials, 
reduce to 

tributed primarily to Mott  (1) and the other 
[4] o = o, exp - [(E, - EF)/kT] 

'Supported in part by the U.S. NSF under grant No. 
DMR 75-07828 and by the R. A. Welch Foundation of and 
Texas. 

'R. A. Welch Predoctoral Fellow. [5] S = - (kle) [(E, - EF),/kT + C"'] 
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EVEN ET A L  

CONCENTRATION (MPM) 

FIG. 1. The concentration correlation function for Li-NH, (-.-): Na-NH, (--), and Cs-NH, 
(-..-) solutions as a function of concentration is shown. The ideal value is also shown (---). (Reprinted 
with permission from the Journal of Chemical Physics, 59, 1680 (1973).) 

One therefore expects a model-independent 
relationship of the form 

where o, and C!" are constants and k is 
Boltzmann's constant, whenever there is non- 
degenerate semiconducting behavior, in con- 
trast to the s~nal l  value of S and a wide variety 
of values of o in metallic materials. One may 
therefore compare values of S and o to fix the 
extremes of the metal-nonmetal (M-NM) 
transitions and use [ I  1-[3] to describe the transi- 
tion regime. 

If, however, there are microscopic inhomo- 
geneities in the system then Jortner and Cohen 
(3, 4) suggest that quite a different approach is 
required. They believe that in many M-NM 
transitions a fraction C of the material is metallic 
in nature, containing free electrons in extended 
states, while the remainder (1 - C )  is non- 
metallic with localized electrons. The various 
regions are nlicroscopic in size (-40 ,A%) and are 
mixed thorough!y. The problein then becomes 
one of determining whether a free electron can 
find a maze-like path from one metallic region 
to another and thence across the sample. 
Percolation theory (8) therefore enters. While 
results have been worked out for simple systems, 
using computer simulation in the main (4, 5), 
the problem is immensly complicated, partic- 

ularly for transport parameters. One has as well 
to establish the origin of the inhornogeneities. 

Since solutions of alkali metals in liquid 
ammonia (9) have often been used as subjects 
for the verification of each of the models 
described above (as \?yell as others), it seems to 
be worthwhile to determine precisely how the 
M-NM transition affects o and R, in these 
materials so that a test of the two models can be 
made. 

In  Mott's model, we I I I U S ~  look for the validity 
of [I]-[3]. In Cohen's model the test is more 
complex. If one looks at  the phase diagrams of 
M-NH, solut io~~s ,  it is immediately apparent 
that Cs-NH, solutions differ from the others 
in that there is no  phase separation. This im- 
pression i s  confirmed by an analysis of the 
metal chemical potentials p,,. One can cal- 
culate the mean square composition fluctuations 
((AxI2) from [7], 

[7] S,,(O) = ((Ax)') x (dp,,/dx)-I 

where x is the inetal concentration and S,,(O) 
is the long wave limit of the concentration cor- 
relation function (10). There is no sign in Cs- 
NH,  solutions of the large fluctuations one 
commonly associates with phase separation as 
may be seen in Fig. 1. Note that there are 
stronger fluctuations in Na-NH, solutions than 
in the others. The data of Fig. 1 were taken a t  
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2232 C A N  J C H P M  

- 33°C in each case; they are at  larger values 
of t = (T - Tc)/Tc for Li-NH, than for Na- 
NH, solutions, where Tc is the consolute tem- 
perature. Since fluctuations, and hence the peak 
in S,,(O), drop off as t increases one might expect 
the reduced values of Sc,(0) for Li-NH, 
solutions. However, the temperature dependence 
of S,,(O) is not likely to be great enough to 
explain the total absence of fluctuations in the 
Cs-NH, solutions. This assertion is based on 
the assumption that the temperature dependence 
of S,,(O) does not grossly change with solute 
so that the observed behavior of Na-NH, 
solutions (10) may be taken as indicative of the 
behavior of solutions with other solutes as well. 
The absence of a phase separation in Cs-NH, 
solutions (9) is also an indicator of the relative 
weakness of concentration fluctuations in that 
system. 

The fluctuations seen, say, in Na-NH, 
solutions might well be the origin of inhoino- 
geneities in those solutions (3) while no in- 
homogeneities from this mechanism (phase 
separation) are to be expected in Cs-NH, 
solutions. If, indeed, fluctuations are important 
then clearly Cs-NH, solutions should not 
exhibit the same electrical transport properties 
in the 1-IQ nmol% metal (mpm) range as do 
solutions of the lighter alkalis. 

The questions then to be answered by the 
experiments reported here are the following: 
(a) do all M-NH, solutions behave alike and (b) 
do they satisfy the Friedman relations? The 
next section contains a dcscsiption of the experi- 
iilents and the last a discussion of the results. 

2. Experimental 

The Hall cell was constructed frorn Pyrex glass plates 
with tungsten electrodes. A rectangular depression ap- 
proximately 20 x 5 x 1 rnm was ultrasonically milled 
into one glass plate which was in turn fused to a fiat 
cover plate and the electrodes were then sealed into the 
edges. Platinum Lvires were spot-welded to the tungsten 
on the outside to permit easy soldering o f  the coaxial 
cable leads. Lead placement was designed to reduce 
pick-up. Geometrical constants for conductivity and Hall 
effect were determined using mercury as a standard. 
The inside part o f  the leads mas electropolished with a 
sodium phosphate tribasic solution then electroplated 
with either gold or silver in a cyanide bath. The cell was 
rinsed with organic solvents and a dilute HF solution 
then baked for several hours at 250cC in a vacuum 
furnace at pressures below torr. After baking, the 
cell was taken directly into the glove box to be loaded 
with metal, closed o f f ,  then taken out and attached to the 
ammonia still. 

The lower part o f  the cell could be heated locally with 
a 3 W lamp to induce gentle boiling and thus mix the 
solution. A controlled flow o f  cold nitrogen vapor was 
used to maintain the desired low temperature. The 
nitrogen vapor was obtained as boiloff from a 25 L' 
Dewar containing a 30 W heater in the liquid. A platinum 
resistance thermometer, placed next to the sample cell, 
was used to feed a modified temperature controller which 
powered the heater. Temperature measurement was by 
a copper-constantan thermocouple attached to the cell; 
temperature stability and repeatability were i 0.2 K .  
The gas cooling system has a low heat capacity so that 
temperature could be changed conveniently. 

The conductivity was measured by an ac four-probe 
method. Current was derived from an audio oscillator 
(HP 651A) and a 30 W poLver amplifier (McIntosh MI 75) 
at 5.2 kHz. The current was measured by a DVM 
(Keithley 171), and the voltage drop across the sample 
m'aq measured through a tuned isolation transformer 
with the same DVM. The precision o f  the conductivity 
measurement was better than 2% over five decades o f  
measurement. Accuracy, also near 2%, was limited by the 
calibration procedure. 

The Hall coefficient measuring system uses the double 
ac method (11-13). The system can be subdivided into 
seven parts ~ lh ich  are described in turn. 

( a )  The laminated iron-core, homebuilt magnet (14) 
had a field region o f  40 x 100 x 100mm. A series 
resonance for operation at about 200 Hz was achieved 
by connecting a 1 y F  high-voltage capacitor. When fed 
by an audio oscillator and power amplifier (Mclntosh 
MI 350) a highly stable (0.1%) 1 kG rms field .xas 
established. Stability and harmonic purity (0.1% total 
harmonic distortion) are essential for this method o f  
measurement. Homogeneity o f  the field over the volume 
o f  the sample was about 1%. Normal air convection 
cooling o f  the magnet Lvas sufficient. 

( 6 )  The sample current, at about 5.2 kHz, was produced 
as in the conductivity experiment. A 0.1 y F  capacitor in 
series with the pomer output o f  the amplifier prevented 
the low frequency magnetic field pick-up frorn mixing 
uith the current frequency at the output stage o f  the 
amplifier. Otherwise a false Hall signal would have been 
created. 

( c )  The Hall signal was stepped up by a 50: 1 trans- 
former wound on a 'pot-core' ferrite and tuned to resonate 
at the sun1 frequencies o f  field (0.2 kHz) and current 
(5.2 kHz).  A capacitor at the input served as a high-pass 
filter. The preamplifier uas an 'Ortec-Brookdeal 9452 
precision ac amplifier' which has the necessary linearity 
( I0  ppni), low noise, and band width needed at this 
stage. 

( d )  A ferrite-wound L-C circuit connected in a res- 
onance-notch configuration passed the 5.4 kHz signal 
and attenuated the 0.2 kHz pick-up from the magnet, 
thus serving as an intermediate stage o f  filtering. 

( e )  A Brookdeal phase sensitive detector (9412a) 
referenced to the 5.2 kHz current frequency was used as 
a first stage denlodulator. The Hall signal was thus 
transformed to 0.2 kHz, ~ ~ h i l e  the bothersome mis- 
alignment voltage at the current frequency was converted 
to easily filtered dc. This mode o f  operation allows large 
interference at the current frequency without necessitating 
special filtering or bucking signals. Nevertheless every 
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effort \\.as made to position the Hall probes so that mis- 
alignment voltage was minimum. 

( f )  A PAR lock-in amplifier (128), referenced to the 
magnetic field frequency, was used as the final de- 
modulator to convert the Hall signal to dc. 

(g)  A simple multiplier circuit, fed by the audio 
oscillators generating the current and magnetic field, 
was used to generate a signal of known level at the sum 
frequency of 5.4 kHz. This signal was injected through 
a s t e p - d o ~ n  transformer in series with the cell to com- 
pensate for the wide variation in conductivity expected 
in this study. 

System parameters and performance may be sum- 
marized as follows. 

(I) sample impedance: 10-3-102 R ;  
(2) current at 5.2 kHz: 10-3-100 A (rms): 
(3) field at 0.2 kHz: 10'-103 G (rms); 
(4) equivalent noise at input: 0.1 nV at 10 s integration: 
(5)  precision of Hall voltage: 1%: 
(6) dynamic range: 120 dB. 
A portion of the dynamic response curve is given in 

Fig. 2. 
Samples of the required alkali metal were cut from 

vacuum-packed ampoules (99.99%) inside a helium-filled 
glove box and loaded into the freshly baked cell. Am- 
monia gas, passed though a charcoal trap and con- 
densed onto sodium, was then distilled into the cell after 
it mas placed in the magnet. Concentrations were deter- 
mined to \\ithin 0.1 rnpm from the weight of the metal 
and the volume of gas transferred. Successive transfers 
of NH, varied the concentration. All solutions \\ere 
stable throughout the measurement period with negligible 
evolution of hydrogen. 

In common with previous investigators (11, 14, 15) 
we have encountered severe electrode problems at con- 
centrations below 5 rnpm and particularly below 3 n ipn~.  
We have employed a variety of electrodes: ALI, W, 
Ag-plated W, Au-plated W, and Cs-plated W (the latter 

O q 4 5 0 0 ' . , ' ,  ' I '  , 
l , l  

5000 5500 6000 6500 

f (Hz)  

FIG. 2. The dynarnlc system response for the Hall 
nleasurement IS s h o ~ n .  Hall data wele taken at  f ,  + f, = 
5370 Hz, where f ,  = current frequency and S,, = mag- 
netic field frequency 

for solutions containing no Cs). None was satisfactory in 
every solution and it is abundantly clear that the 'chem- 
istry' of the electrodes in M-NH, solutions is controlling. 
For example, clean W was sufficient in Cs-NH, solu- 
tions. We presume Cs to be sufficiently reactive to clean 
the electrode and the oxide (?) sufficiently soluble to be 
removed from the electrode region. Pure Au electrodes 
were noticeably reduced in size following an experiment 
in K-NH, solutions. 

In ac Hall effect measurements, the fundamental 
problem is that any nonlinearity in the electrode-solution 
interfacial resistance (or in the detection system, see 
above) can introduce a 'mixing' effect thereby producing 
a signal at the same frequency (though possibly a dif- 
ferent phase) as the Hall voltage itself. The superposition 
of these txo  signals will then produce a false Hall 
voltage. Thus problems arise in measurement of R,  but 
not in the conductivity. In Li-NH, solutions the value 
of R, decreases by two orders of magnitude as the 
electrode is changed from 'clean' W, to W coated with 
Cs, Ag, or Au. Furthermore, solutions of the lighter 
alkalis exhibit a reversal in the sign of R,,  as the con- 
centration is reduced below 2.5 niprn with noble-metal- 
coated W electrodes. With Ag-plated W electrodes, the 
application of a steady state (dc) current between one 
Hall (+) and one current electrode (-), of several mA 
for periods of several minutes would cause a further 
irreversible reduction of the Hall voltage V,,. We took 
this as an indication of a film coating (possibly oxide) on 
the Hall electrode and rejected data obtaincd with such 
electrodes. Pure Au electrodes wcre satisfactory in both 
Li-NH, and Na-NH, solutions, but were dissolved in 
K-NH, solutions where Ag-plated W was apparently 
successful. 

The data reported here are regarded as 'true' on the 
basis of the following criteria. (I) These results were 
reprod~~cible from run to run and cell to cell. (2) Values 
of V,, a r e  linear in current and field. (3) Values of V, 
do not change following prolonged operation of a cell 
with large dc currents betlvcen the Hall and other 
electrodes. (4) If a given concentration is reproduced 
during the course of a run, the same V,, was obtained. 
(5) Microscopic examination of the electrodes following 
an experiment failed to reveal any contamination or 
etching. 

All data were taken at the consolute point plus 10 K, 
except with Cs where the temperature was - 55-C. 

3. Results and Disctlssion 

We have obtained o and R,, on solutions of 
Li, Na,  K ,  and Cs in liquid NH, as well as 
density data for Cs-NH, solutions. Figures 3-6 
display the measured values of o and RH for 
each solutio~l and, in addition, the Hall rnobility 
derived from the measured parameters. In 
each case the conductivities range from lO3-  
10-I Q-' cm-I over the 10-1 mpm range of the 
M-NM transitions and are consistent with those 
of previous workers (9); R,, varies from 10,-10' 
in units of lo9 m3/C except in Cs-NH, solutions 
where the maximum value is 10'. These data 
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C 4 N  J CHEM VOL 55 1977 

FIG. 3. The conductivity, mobility, and Hall coefficient for Li-NH, at - 55'C are shown. The con- 
ductivity is denoted by ., R,, by A, and WH by the solid line. 

0 2 4 6 8 10 2 I4 
CONCENTRATION (MPM) 

FIG. 4. The conductivity, mobility, and Hall coefficient for Na-NH, at - 33'C are shown. Legend 
as in Fig. 3. 

are not consistent with the meager data pre- 
viously reported in the 1-5 mpln range, where 
electrode problems are most severe, but are in 
agreement with data reported at  higher con- 
centrations. The present data show less scatter 
and are considerably more extensive than those 
reported previously (9). 

For  concentrations above 6 mpm. all elec- 
trodes gave the same results within our precision 
of about 57,  with no systematic differences. 
In  addition these data are consistent with pre- 
vious data (9). Below 6 mpm the precision of the 
data presented in Figs. 3-6 is near 10%. Inas- 

much as the rejected data d~ffered from those 
presented in both magnitude and sign it is 
difficult to assign absolute error bars. Since 
the data presented lie close to plausible extrap- 
olations of the curves obtained above 6 mpm 
and, in particular, the high mobility of the 
Na-NH, solutions is observed above 6 mpm, we 
infer that the accuracy is also near 10%. Older 
data in the 1.5-6 mpm range are sufficiently 
sparse and scattered as to make comparison 
unrewarding. 

The o data are compared in Fig. 7, and may 
be seen to be essentially independent of solute. 
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1000 7- - 10 : 1000 

- .  100 r ,I0 - - - ~ 100- - - 
0 1 i " i  
10 
E 

- - ' > .  -" 
m - - "  i: 
'0 10- - 
LL : 

1.0 7 :001 - 1 0  

0 2 4 6 8 10 2 
' 

14 
-O '  

CONCENTRATION (MPM) 

FIG. 5. The conductivity, mobility, and Hall coefficient for K-NH, at -5YC are shown. Legend 
as in Fig. 3. 

0 2 4 6 8 10 12 14 
CONCENTRATION (MPM) 

FIG. 6. The conductivity, mobility, and Hall coefficient for Gs-NH, at - 55'C are shown. Legend 
as in Fig. 3.  

The minimum metallic conductivity3 om,, of 
100R- '  cm- '  occurs near 4 mpm or a t  a 
solute number density of 10'' ~ m - ~ .  Mobilities 
are compared in Fig. 8. where the Na-NH, 
data may be clearly seen to be different. Note 
that mobilities are near unity a t  the concentra- 
tion for which o = o,,,,, except for Na-NH, 
solutions. There is a minimum mobility of 
0.06 cin2 V- '  s-' in Li-NH, solutions. 

,The relevant concentrations are 10.5 mpm for 
Na-NH, and Cs-NH, and 5.4 and 6.2 mpm for Li- 
NH, and K-NH,, respectively. For Hg, p, is 11 g cn1r3. 

If concentrations are normalized to that for 
which o = o,,,, then the M-NH, solutions 
are even more alike as may be seen in Fig. 9 
where o data (13) for expanded Cs and Hg 
vapors are also displayed. The M-NH, solutions 
form a class of their own as might be expected 
from the different scattering mechanisms opera- 
tive in the pure metal vapors. The nonmetallic 
states are different in the two (or three) sorts 
of material and the NH, molecules must also 
have an  effect. The pure Cs conductivity is, 
however, strikingly close to that of the solutions. 

Differences among the M-NH, solutions are 
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0 I 
0 I 2 3 4 5 

S O L ~ T E  N U M B E R  D E N S I T Y  ( i ~ - ~ r n o e s / c r n ~ )  

FIG. 7. The conductivities of Li-NH, (-.-), Na-NH, 
(---), K-NH, (...), and Cs-NH, (-...-) solutions as a 
function of solute number density are show11. 

c 001 2 3 4 
SOLUTE NUMBER DENSITY ( l ~ - ~ r n o ~ e s / c r n ~ )  

FIG. 8. The mobilities of Li-NH,, Na-NH,, K-NH,, 
and Cs-NK, solutions as a function of solute number 
density (same notation as Fig. 1) are shown. 

most apparent when the ratio of free-electron 
Hall coefficient to that measured (or the Mott  
g factor) is plotted against a concentration 
normalized to p,(# p,). The density p, is 
defined by the intersection of the linear extension 
of that portion of the ratio (g) which lies below 
unity with the g = 1.0 line., Here one finds a 
clear trend in that those solutions with larger 
fluctuations (as in Fig. 1) have a more rapid 
decrease of g as p/p, decreases below unity 
(see Fig. 10). The order is Na,  Li, K, Cs. The 
pure H g  data show a drop-off even more rapid 
than any of the M-NH, solutions. 

Mott  suggests that the M-NM transition 
occurs when g falls to +. In  the present instance g 
never quite reaches that value for the low- 
fluctuation, most homogeneous solutions of K 
and Cs. In Na-NH, solutions g is 5 at  7 mpm 
where the conductivity is 700 R '  cm-'  while 
in Li-NH, solutions the concentration is near 
2.5 mpm and o is only 4 R- '  cm-'. All attempts 
to reconcile these data with the Friedman 
formula, eq. 3, have also failed, as have similar 
efforts with the older data (1, 9). 

Though Na-NH, solutions behave quite 
differently from the others so that it is possible 
to assign a role to the enhanced fluctuations 
seen in that system, it is nevertheless difficult to 
assess the details of that role. Certainly the 
straightforward application of percolation theory 
(3, 5) cannot reproduce the behavior of Na-NH, 
solutions though Li-NH, can be so described. 

The mobility for electrons in Na-NH, 
solutions is shown in Fig. 11. Mobility maxima 
are also found for excess electrons in fluid Ar, 
Kr ,  and Xe (16). Those maxima occur a t  
substantially higher Jiuid densities cm-,) 
than the solute densities of the present experi- 
ments. The overall fluid densities are comparable. 
The maximum mobility in Xe is two orders of 
magnitude larger than that reported here. In 
the absence of any real theory of the maxima 
in the noble gases any relevance of the similarity 
to Na-NH, solutions must be questionable. 

In summary our results must be regarded as 
inconsistent both with the Friedrnan formula 
and with the simple inhomogeneous model. The 
evidence for the importance of fluctuations lnay 
be regarded as strong but not yet conclusive. 
Efforts to confirm the effects of fluctuations are 
underway. 
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FIG. 9. The conductivities of Li-NH,, Na-NH,, K-NH,, Cs-NH3 solutions and expanded Cs 
(-----) and Hg (-..-) systems us. p normalized to the value of p where G = 100 R-'  cm-I are shown. 

FIG. 10. R,(free)/R, for the systems Li-NH,, Na- 
NH,, K-NH,, Cs-NH,, and Hg(-.,-) is shown. The 
value of po is given in the text. The abscissa p/po is 
defined in the text. 
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Discussion 

G. R.  Freeman: Could the difference between the concen- 
tration dependences of the conductivities of cesium vapor 
and the metal-ammonia solutions. at low concentrations. 
be attributed to the dielectric constant of the ammonia? 

J. C. Thompson: I think not. The scattering mechanisms 
are just too dissimilar to be treated the same way (with or 
without a dielectric constant) in the metal vapors as in 
M-NH, solutions. 

G. R. Freeman: The greater slope of the conductance-den- 
sity plot of liquid mercury might be associated with the fact 
that mercury atoms contain two paired valence electrons. 
whereas the alkali metal atoms contain only one valence 
electron. 

9. C. Thompson: Thel-e is some evidence for Cs, in the 
vapor. A diatomic molecule is equivalent to a divalent 
atom. Hence a band-crossing basis for the M-NM transi- 
tion is possible. Otherwise I would agree thar the different 
\.alences of Cs and Hg are dominant. 
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JOHN M. WARMAN, PIERRE P. INFELTA, MATTHIJS P. DE HAAS, and ANDRIES HUMMEL. Can. 
J .  Chem. 55,2249 (1977). 

A microwave resonant cavity technique for studying changes in conductivity of pulse ir- 
radiated dielectric liquids is presented. The sensitivity of the method is such that transient 
changes in conductivity of 5 x ohni cm-' can be measured with a signal to noise ratio 
of 10 and a response time of approximately 10 11s. The use of the technique is illustrated by a 
study of primary (excess electron, hole) and secondary (molecular ions derived from solutes) 
charge carriers in the saturated hydrocarbon liquid /i.ar?s-decalin. The temperature dependences 
of the mobilities of the excess electron and hole are found to be described quite well by p(-) = 
25 exp (-4500/RT) cmZ V-' s-' and p(+)  = 4.0 x exp (500/'RT). The mobility of the 
hole is found to exceed that of the electron below approximately 10-C. The sum of the mobilities 
of the secondary ions at 22'C in a 5 x A4 SF, plus IM benzene solution is 5.2 x 
cmZ V-'s-I  . In order to determine the mobilities of even the primary charge carriers con- 
sideration had to be given to the presence of geminate ion pairs on the time scale of the ob- 
servations. The way in which corrections for geminate ion pairs were carried out is fully dis- 
cussed. 

J ~ H U  M.  WARMAPU, PIERRE P. INFELTA, MATTHIJS P. DE HAAS et AUDRIES HUMMEL. Can. J. 
Chem 55,2249 (1977) 

On presente une technique de cavite resonante de microonde pour l'etude des changements 
dans la conductivite de liquides dielectriques irradies par pulsation. La sensibilite de la mithode 
est telle que des changements ternporaires dans la conductivite de l'ordre 5 x ohni cni-I 
peuvent @€re mesuris avec un rapport de signal a bruit de 10 et un temps de rkponse approximatif 
de 10 ns. On illustre la technique par une etude des porteurs de charges primaires (exces d'elec- 
tron et trou) et secondaire (ions molCculaires derives de solutes) dans la decaline-trans qui 
correspond a un hydrocarbure sature,'liquide. On a trouve que les relations qui existent entre 
la temperature et la mobilite des electrons en exces et de.s trous peuvent etre assez bien dicrites 
par les relations p(-) = 25 exp (-4500/RT)cm2 V-I s-' et p (+)  = 4.0 x exp (500/ 
RT). On a trouve que la mobilite du trou excede cekle de l'electron en dessous d'une temperature 
approximativement egale B 10'C. La somme des mobilitks des ions secondaires a 22°C dans une 
solution de 5 x IM SF, plus M de benzene est de 5.2 x cm2 V-' s-' , Afin de 
determiner les mobilites meme des porteurs de charges primaires, on a dO faire entrer en 
consideration la presence de paires d'ions gCminCs sur l'echelle de temps des observations. On 
discute de la maniere par laquelle les corrections pour les paires d'ions gemines ont ete effectuees. 

[Traduit par le journal] 

Introduction 
The use of microwave techniques to study 

transient changes in the conductivity of pulse 
irradiated liquid hydrocarbons on a nano- 
second time scale was reported by three of the 
present authors ( 1 )  in 1973. At that time the 
sensitivity of the apparatus was such that only 
signals due to relatively high mobility (p 2 
1  cm2 V - I  s - l )  charge carriers could be de- 
tected. Subsequently, improvements In the 
components used and in the theoretical under- 
standing and design of the experiment resulted 

in the use of this technique to observe primary 
positive ions with mobilities on the order of 
1 K 2  cm2 V - ' s - '  in liquid cyclohexane and 
methylcyclohexane (2, 3). 

A further increase in sensitivity has recently 
been achieved by the use of a low Q resonant 
cavity as the irradiation cell. It is the purpose 
of the present paper to  demonstrate how this 
has resulted in the possibility of studying not 
only high mobility primary charge carriers but 
also secondary (molecular) ions on a nano- 
second time scale. The use of the method will 
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be illustrated by results obtained in the saturated 
hydrocarbon liquid trans-decalin (trans-deca- 
hydronaphthalene). 

Experimental 
The trans-decalin (Merck) was distilled on a 90 theoreti- 

cal plate column (Fisher "Spaltrohr-system"). The distilled 
solvent was passed through a column of activated silica 
gel, bubbled with N,, degassed on a grease-free vacuum 
line, and distilled into a bulb containing sodium- 
potassium alloy (MSA Research Corp.) where it was 
allowed to stand several days before use. The liquid was 
transferred from the NaK bulb to a glass bulb attached 
to the microwave cell by distillation on a heated (ca. 
60cC) vacuum line. The volume of liquid transferred 
(ca. 16 ml) was determined by weighing the cell before and 
after filling. 

Known amounts of the solutes SF,, NH,, and benzene 
were added by distilling them from calibrated volumes 
into the cell bulb which was immersed in liquid nitrogen. 
The pressure of solute in the calibrated volume was 
measured using a capacitance manometer (MKS Instru- 
ments). The concentrations of SF, and NH, in the liquid 
phase were calculated using Ostwald solubility coeffi- 
cients of 0.78 and 2.1 respectively which were measured 
in our laboratory. 

The microwave cell used in the present experiments was 
designed as an  iris coupled, rectangular resonant cavity. 
The cell consisted basically of a 4 cm length of X-band 
waveguide (internal dimensions 1 cm x 2.3 cm) which 
was completely closed at one end with a 1 mm thick 
copper plate. On the other end was fitted a 0.5 mm thick 
copper plate with a central coupling hole of 8 mm 
diameter which was sealed by a thin sheet of mica at-  
tached with epoxy cement. The cell was further fitted 
with a flange for attachment to the waveguide circuit and 
had a connecting hole in the 'upper' broadwall side to 
allow admission of liquid from the attached, via a metal- 
glass transition, glass bulb. The upper broadwall side 
was reduced to a thickness of 0.5 mm for a length of 
3 cm from the completely closed end to allow trans- 
mission of the electron beam. 

The cell was irradiated with 3 MeV electrons from a 
Van de Graaff accelerator using pulse widths of 20, 50, 
and 250 ns. The total charge in the pulse, Q nC, was 
measured by deflection of the beam onto a 50 ohm 
coaxial target and integration of the current using a 
Keithly nlodel 616 electrometer. The dose absorbed by 
the liquid, under the present conditions, was 8.9 x 
lOI4Qp eV cm-3 where p g cm-, is the density of the 
liquid. For a 20 ns pulse the total dose absorbed was ap- 
proximately 1.2 x 1016 eV ~ m - ~  (ca. 200 rad). For a 
yield G(100 eV)-' of ion pairs, for which the sum of the 
ion mobilities is p, the change in conductivity of the 
medium will be 

[ I ]  Ao = N e p  

Changes in the microwave power reflected from the 
cell were measured using microwave circuitry aln~ost 
identical to  that published previously (1). The ac output 
of the detector diode (AEI 1502F, schottky barrier) 

was amplified x 100 by a Hewlett Packard 462A 
amplifier prior to being fed into a Tektronix 7904 
transient digitizer and displayed on a Tektronix 604 
monitor. The overall response time of the system of 10 
to  15 ns was controlled principally by the response time 
of the cavity. 

When filled with decalin ( E ,  = 2.159) at  22'C the 
loaded quality factor, Q,, of the cavity at its resonance 
frequency of 8.810 GHz was determined to be 467. 
At the minimum of the resonance the ratio, R,, of the 
microwave power reflected by the cavity to the incident 
power level was 0.453. For such a cavity, it has been 
derived1 that a small change in the conductivity of the 
medium within the cell, A o ,  will result in a change in the 
level of the reflected power, P,, given by 

In [3] f, is the resonance frequency, E,  is the permit- 
tivity of vacuum, and E,  is the relative dielectric constant 
of the medium. As can be seen in (31 an increase in 
conductivity of the medium may result in a decrease in 
reflected power (absorption) or an increase in reflected 
power (emission). These two possibilities result from 
the fact that the cavity may be over or undercoupled 
respectively at resonance. If an absorption is observed 
the upper signs in [ 3 ]  should be used, and for an emission 
signal the lower. 

Equation [3] is based on irradiation of the total 
length, d, of liquid within the cavity. In most practical 
cases, including the present, a length 4 at the back of 
the cavity is irradiated. Taking this into account, the 
relationship between AP,  and the change in conductivity 
in the irradiated length becomes 

where n is the number of half wavelengths in the cavity. 
In the present case an absorption signal is found on 

irradiation of decalin within the cavity and substitution 
for the various parameters either known or measured in 
[4] gives 

for conductivity in units of ohm-I m-'. The conductivity 
change in units of ohm-' cm-' may be obtained from 
the observed change in reflected pofier using 

From [2] and [6], the product of the ion pair yield and sum 
of the mobilities may then be obtained from 

4.61 AP, Gp = 
QP p,  

'P. P. Infelta, M. P. de Raas, and J. M. Warman. 
Derivation to  be published. 
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Using signal averaging of 16 pulses the noise level of answer to this question may be obtained from 
the present system allows the measurement of a one measurements of the conductivity induced by a 
part per thousand change in P, with a signal to noise 
ratio of approximately 10. Conductivity changes of given pulse under conditions of added solute(s) 
5 x lO-"hm-'cm-' call therefore be accurately corresponding to the different stages in the 
measured. This corres~ollds to a concentration of 3 x above reaction scheme. 
101° ions or 5 x lo-" 1M of a charge carrier of 
unit mobility (in cm2 V-'  s-I). Since doses up to 1 krad 
( 5 0  ns, 1 A pulse) can be deposited in the liquid, values 
of the product Gp as low as 5 x (100 eV)-' cm2 
V-I s-I can be readily measured. 

Conventional dc conductivity methods are in theory 
two to three orders of magnitude more sensitive than the 
present method. However, in practice the ultimate 
sensitivity of dc methods is difficult to attain. This is due 
to problenls of impedance matching of the cell to the 
transmission line which results in 'ringing' and to spurious 
transients resulting from 'pick-up' from the pulsed 
source of radiation. The latter is of considerable im- 
portance when the liquid is irradiated directly with 
electrons. Using n~icrowave methods considerably 
diminishes this problem since the waveguide used has 
the effect of filtering out electron~agnetic impulses with 
frequencies other than those which can propagate. The 
result is that, at least for electron irradiation, the present 
method is at least as sensitive as dc techniques presently 
in use. 

Results and Discnssion 
Qualitatice Corisiderations 

One of the principal problems in the study of 
the conductivity of irradiated systems is the 
determination of the relative contributions to 
the conductivity of the positive and negative 
charge carriers. The method used in the present 
work is based on the knowledge, from radiation 
chemical studies, that certain compounds are 
capable of reacting specifically with one or other 
of the primary charge carriers formed in ir- 
radiated hydrocarbon liquids. These reactions 
lead to the formation of secondary n~olecular 
ions with corresponding changes in the total 
mobility as shown in the following scheme. 

RH' + S-  
b(f, S-)I 

NP \ p  

Of particular interest is whether or not a primary 
charge carrier, electron, or hole, has a mobility 
significantly larger than that of a molecular 
ion whose motion depends on molecular dis- 
placements within the medium. A qualitative 

Such measurements are shown in Fig. 1 for 
the case of trans-decalin at 22°C to which 
5 x MSF, and 7 x lo-,  MNH, uere 
added as electron and hole scavengers re- 
spectively. The conductivity signal in the case of 
the f ~ ~ l l y  scavenged system, lowest trace, is 
seen to be considerably smaller than that in 
pure decalin, particularly at longer times, in- 
dicating that at  least one of the primary charge 
carriers has a mobility considerably larger 
than that of a inolecular ion. The initial ranid 
decay of the conductivity in the fully scavenged 
case, which is more fully discussed below, is due 
to the presence of a large yield of geminate 
ion vairs on a nanosecond time scale in such 
systems as is well known from optical pulse 
radiolysis studies (4, 5). Addition of either SF, 
or NH, singly to trans-decalin results in a 
decrease in the conductivity signal by a factor 
of approximately two in both cases, the re- 
maining signal being considerably larger than 
that in the fully scavenged system. It may be 
argued, from these observations, that both 
of the primary ions in trans-decalin have 
mobilities considerably larger than those of 
molecular ions and that, at 22'C, the electron 
and hole mobilities are of the same order of 
magnitude. 

In order to derive absolute values for the 
mobilities of primary and secondary ions from 
measured conductivities, it is necessary to 
know the total yield of ion pairs present at  a 
given time following the pulse. In a previous 
iublication (3), values of the mobilities of the 
primary charge carriers in some hydrocarbon 
liquids mere estimated based on the assumption 
that all geminate ion pairs underwent recom- 
bination on a time scale much shorter than the 
pulse length and that therefore the yield of ion 
pairs present at the end of the pulse was equal 
to the free ion yield. As mentioned above, on the 
time scale of the present experiments, this is 
known not to be the case when both primary 
ions are scavenged and, even for the singly 
scavenged systems, the initial somewhat faster 
decay, shown by the traces in Fig. 1, is indicative 
of the presence of a significant yield of geminate 
ion pairs. An analysis of the possible con- 
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TRANS-DECALIN (22' c:) 

FIG. 1. Monitor traces of the absorption of microwave power resulting from pulse irradiation 
(20 ns, ca. 10 nC) of trans-decalin alone and containing 7 x IMNH, and 5 x 10-"SF, 
separately and combined, at  22'C. 

tribution of geminate ions is therefore necessary 
and is presented below. 

Decay Kinetics 
( a )  Pure Liquid 
Estimates of the lifetime distribution of 

geminate ion pairs in irradiated liquid hydro- 
carbons have been derived from the concentra- 
tion dependence of electron scavenging in these 
solvents using the Laplace transform method 
(6-9). If it is considered that one is dealing with 
single ion pairs then the WAS scavenging 
equation (10, 1 1 )  leads to the expression 

[9]  F( t )  = exp [ I ( + ,  - ) t ]  erfc [A(+, -)t l1l2 

for the fraction of gerninate ion pairs existing 

at a time t following an infinitely short pulse 
of irradiation. In [ 9 ] ,  I ( + ,  -) is a constant the 
reciprocal of which has the units of time and 
will subsequently be called the 'characteristic 
lifetime' of gerninate ions. The value of A(+, -) 
can be determined if both the reactivity param- 
eter sl and the absolute rate constant k for 
scavenging of a primary ion by a given solute 
are known, via the relationship (8, 9) 

Based on [ l o ] ,  values of the characteristic 
lifetime in liquid cyclohexane of approximately 
2 x 10-l2 s (taking a geminate ion yield of 
5.0 (100 eV)-l) have recently been obtained 
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from measurements of the absolute rate con- 
stants of electron (12) and hole (13) scavenging 
together with the known reactivity values. 

For times considerably longer than the char- 
acteristic lifetime [9] may be quite accurately 
approximated2 by 

The observable yield of geminate ion pairs at  a 
time t following a pulse of irradiation should 
therefore be G,,[nh(+, -)t]-'I2, for t >> 
I,(+, -)-I .  The parameter G,, is an empirical 
constant in the WAS scavenging equation 
(10, 11) which, if this equation were known to 
be valid up to infinitely high solute concentra- 
tions, would be equal to the total yield of 
geminate ion pairs formed. 

If the decay of free ions due to homogeneous 
recombinatio~l is negligible on the time scale 
of the observations then the tinie dependence 
of the total ion pair yield at  long times following 
pulse irradiation will be given by 

(b)  Secot?dury Tons 
Equation [I21 is the predicted time dependence 

of the ion pair yield in the pure solvent. It has 
been suggested (8, 9), however, that an equation 
of the same form as [12] may be applicable to 
recombination under conditions where either 
one or both of the primary ions has been con- 
verted into a secondary ion. This is based on 
the proposition that, for those ion pairs which 
have been scavenged, the time scale for geruiuate 
recombination will simply be extended com- 
pared with that in the pure liquid by a factor 
which is inversely proportional to the ratio of 
the total ion mobilities in the scavenged case to 

h(+,  -) by 3L(Sf, S-) are based are (a) the 
primary ion is scavenged on a tinie scale much 
shorter than its recombination time, (b) the 
inltial separation distribution of the primary 
ions is not aff'ected by the presence of the 
scavenger, and (c) the recombination time for 
both primary and secondary ions is dependent 
on the inverse first power of the mobility. These 
assumptions are at  present being subjected 
to theoretical and experimental examination. 
The experimental results on the decay of secon- 
dary ions, obtained by optical pulse radiolysis 
studies (4, 5) and, as mentioned below, by the 
present method, are in fact found (3) to be 
described very well by a time dependence of the 
form given in [14]. 

For simplicity of presentation a parameter y 
given by 

[I51 = (G, , /G, , )~/?~~C 

is introduced which on substitution in [14] 
leads to 

[16] Gi = Gfi{l + p/(Si, ~ - ) / t ] ' / ~ }  

As can be seen from [16], y has the physical 
significance of being the time at which the 
contributions of free and geminate ion pairs to 
the total ion pair yield are equal, assuming no 
decay of free ions. This parameter will sub- 
sequently be called the 'equivalent lifetime' of 
geminate ion pairs. 

Taking the sum of the mobilities of secondary 
ions to be independent of time3 results in a 
predicted time dependence of the product of 
the yield of ion pairs and the total ion mobility 
given by 

[I71 Gip = Gfip(St, S-){1 + [y(Si, S-)/t]lJ2) 

that in the pure liquid. For the case that both According to [17], plots of Gip against 1 1 4  
primary ions have been scavenged, A(+, -) should be linear with an intercept equal to 
in [12] should therefore be replaced by h(Sf,  S-) Gfip(Sf,  S-) and a slope to intercept ratio equal 
which is given by to the equivalent lifetime, y(St, S-). 

P@+> S - I A ( + ,  -) In Fig. 2 are shown plots of G,p us. tC1I2 for a 
[13] h ( S i , S - ) =  

P(+,  -) solution containing 5 x M SF, and l o p 2  
M benzene at  -26, 38, and 108°C. The data 

from which the total yield of ion pairs is 

[14] Gi = Gfi + G,i[7c?L(S+, s-)t]-'l2 3This assumption would appear to be reasonable in 
view of recent measurements (14) of secondary ion 

~h~ assumptions on which the replacement of mobilities in isooctane and cyclohexane containing 
different solutes which showed the mobility to be in- 
dependent of the solute present within the error limits 

'The value of F ( t )  calculated using [ l l ]  is larger than of the measurements. This is taken to indicate that the 
that obtained using [9] by 3375, 14%, and 4% for hr = mobility would remain unchanged even if the nature of 
1, 3, and 10 respectively. Equation [ l l ]  is therefore ac- a secondary ion should change due to further reactions 
curate within 5% for ?,r > 10. occurring. 
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FIG. 2. Plots of the product of the ion pair yield, 
G (100 eV)-',  and the total mobility, p (cmZ V- '  s- '  1, 
against the reciprocal square root of the time for a 
solution of 1 x M benzene plus 5 x lW3  M 
SF, in tram-decalin at  the temperatures shown. Pulse 
width used: 0, 20 ns;  @, 50 ns;  ', 250 ns. 

plotted were taken over a time span from 50 ns 
to 1 ys from the end of the pulse and as can be 
seen obey the predicted reciprocal square root 
of time dependence very well. That no significant 
decay of free ions occurs over this time scale 
is shown by the independence of the G,p values 
on  total dose (pulse length). The first half-life 
of free ions, for the results shown in Fig. 2, 
estimated using the Debye rate constant, is 
greater than 10 ps even for the highest con- 
ductivity measured. 

The values of y(Sf,  S-) obtained from the 
plots in Fig. 2 and a t  other temperatures studied 
are listed in Table 1. Values of y(Sf,  S-), 
obtained from the intercepts by dividing by the 
free ion yield (see below), are also listed in 
Table 1. 

(c) High Mobility Priin~u y Ions 
The same treatment as that given above for 

secondary ions is usually not applicable to  
solutions containing a high mobility primary 
ion. This is due to a problem that frequently 
occurs which is that the primary ion reacts with 
impurities inadvertently present in the system. 
This results in a decrease in the total mobility 
as well as the yield of ion pairs with time. 

In order to illustrate a data analysis pro- 
cedure which may be carried out in such a 
case we take as an  example the situation in 
which the electron is scavenged by a high 
concentration of SF, yielding a negative ion b f  
mobility p (S- )  If the hole which remains then 
reacts with an  impurity to form a secondary 
ion of lower mobility, y(St), the result will be a 
decrease in the total mobility of the charge 
carriers present with time according to 

where z is the mean lifetime for reaction nith the 
impurity. If T is considerably longer than the 
equivalent geminate ion lifetime y(+, S-)  then 
the total yield of ion pairs mill be given by 
[16] with y(S+, S-) repiaced by y (+ ,  S-), 
and hence the product Gip  \\ill be 

Rearrangement of [19] gives 

If the correct value of y(+,  S-)  is used then a 
linear dependence of the logarithm of the left- 
hand side of [20] on time should be observed 
with an  intecept at  t = 0 equal to the logarithm 
of G,,[v(+) - P(S+)I. 

In order to arrive at  the value of y(+, S-) an 
iterative procedure is adopted. Thus, y(+. S-) is 
initially taken to be equal to zero (corresponding 
to the assumption of the complete absence of 
geminate ions). A linear least-mean-squares fit 
to the variables In [G,p - G,,p(SS, S-)] and f, 
using the value of G,,p(St, S-)  determined as 
described above, is then carried out. This results 
in an  initial (upper limit) value for Gf, [p(+)  - 
I.L(S+)]. This value may then be used to obtain 
a first estimate of y (+ ,  S-) from the value of 
y(Sf,  S-), determined as described above, using 
the relationship (derived from [13] and [I  51) 
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TABLE 1. The temperature dependence in liquid trans-decalin of the equivalent lifetime (see text for definition) 
of geminate ion pairs in a SF6 benzene solution; the free ion yield; the total mob~lity in a SF6 benzene solution; 

the hole mobility; and the excess electron mobility 

The value of y(+, S-)  so obtained is then used 
to  obtain a second value of Gfi [p(+)  - p(S')] 
from a fit to the variables In {Gip/(l + [y(+, 
S-)lt]'l2) - Gfip(S+, S-)$ and t: and hence a 
second estimate of y(+, S-). This iterative 
procedure was in the present case repeated until 
the value of G f i [ ~ ( + )  - p(S')] obtained dif- 
fered by less than 5% from the previous value. 
This required only three or four iterations in all 
cases. T o  illustrate the effects of this treatment 
on  the raw data, in Fig. 3 are sho~vn semi- 
logarithmic plots against time of Gip, G i p  - 
Gfip(Sf ,  S-)  and the left-hand side of [20] 
for a 5 x lo-, M S F ,  solution at 22°C. As 
can be seen, a good straight line semilogarithmic 
plot is found using the final value of y ( + ,  S-)  
obtained. 

Values of the hole mobility were derived from 
the final value obtained for Gfi [p(+)  - p(St)] 
by dividing by the value of Gfi (see below) and 
then adding one half of the value determined 
for p(S+, S-) .  The latter operation assumes that 
the mobilities of the secondary positive and 
negative ions are the same. This has, in fact, 
in certain cases been found (14) not to be so. 
However, since the correction is small, it is 
considered to be a satisfactory approximation 
for the present purposes. The values of p (+)  
derived at  different temperatures are listed in 
Table 1. 

Of some interest is the magnitu.de of the 
value of Gfip(+)  obtained after correction com- 
pared with the end-of-pulse value of Gip. In  the 

Frc.  3. Illustration of the effect on the raw data of 
corrections for the presence of secondary ions and 
geminate ion pairs followirig pulse irradiation (20 ns) 
of a 5 x 4f  solution of SF6 in trans-decalin at 
22'C: D, experimental Gpvalues; +, Gu - Giip(S+, S-); 
@, [Gu/(1 + [:/(+, S - ) , ' t ] " 2 )  - Giijl(S+, S-)] calculated 
using the final value of mi(+, S-) obtained by the iterative 
procedure described in the text. 

case of the 5 x M SF6 solution the ratio 
of Gip at  end-of-pulse to Gfip(+)  was found to 
vary from 2.0 to 1.7 in going from -26'C 
to 108'C thus indicating an approximately 
equal yield of geininate and Fee ion pairs at  
end-of-pulse. 

The same treatment as described above was 
carried out for solutions containing 7 x M 
NH, in which the excess electron is the primary 
charge carrier. The values of p(-) so obtained 
are listed in Table I .  As opposed to the rather 
small change with temperature found for the 
ratio of Gip end-of-pulse to Gfip(i-) ,  in the 
case of the electron the equivalent ratio was 
found to decrease from 4.6 (ca. 80x contribution 
of geminate ions) a t  -26°C to 1.2 (ca. 2Qx 
geminate ion contribution) at  108°C. 
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The Free Ion Yield markedly with temperature. As has been found 
A value of G,, = 0.04 + 0.01 (100 eV)-' is to  for other liquids, p(-) is found to be quite well 

be found in the literature: however, in the same described by an equation of the forin 
article the value of Gfi for cyclohexane is given 
as 0.06 (100 eV)-' which is much lower than 
the recent values in the range 0.15 to 0.2 (15-17). 
Since no recent values could be found for de- 
calin we measured this quantity by the method 
(18, 19) of extrapolating to zero concentration 
a plot of the methane yield from a methyl- 
bromide solution against the square root of the 
methylbromide concentration. The value ob- 
tained was G,, = 0.12 (100 eV)-'. Using exactly 
the same method and apparatus we obtained 
a value of G,, = 0.15 (100 eV)-' for cyclo- 
hexane which is in good agreement with re- 
cently reported values. 

Taking a Gaussian form for the distribution 
function of ion pair separation distances results 
in the followiiig relationship (1 5) between the 
free ion yield and the Gaussian distribution 
parameter b : 

r2  
x exp (-p--?) d r  

In [23], G,,, is the total ion pair yield, taken to 
be 4.3 (100 eV)-' (15), and r, = e2,k,kT is the 
Onsager escape distance. From the measured 
free ion yield of 0.12, the value of the product 
bp where p is the density of the liquid is found 
to be 50 A g for trans-decalin. It has been 
found (15-17), for the vast majority of liquids 
studied, that &hen free ion yield data are analysed 
using [23] with a constant (temperature in- 
dependent) value for G,,,, then temperature 
independent values of bp are derived, within the 
temperature range used in the present work. 
This finding may therefore be used quite 
empirically, independent of whether or not one 
accepts the constancy of G,,, or a Gaussian 
range distribution, to calculate GFi values at 
different temperatures if the relevant value of 
bp is known. The values of Gfi for trans-decalin 
a t  temperatures other than 22"C, listed in Table 
1, were therefore calculated using [23] and the 
above value of b p  together with the known varia- 
tion of E, and p with temperature (20). 

[24 1 p = A exp (- BIRT) 

with A = 25 em2 V-I s-'  and B = 4.5 $- 0.3 
kcal mol-l .  The latter value is similar to that 
found for the activation energy of the excess 
electron mobility in other low (<0 .1  em2 V-' 
s-') mobility hydrocarbon liquids (16, 17). 

As opposed to the strong temperature 
dependence of the electron mobility, that of the 
hole is seen to change very little over the almost 
140°C temperature range studied. A slight 
decrease with increasing te~nperature is in 
fact indicated. In terms of [24] values of A = 
4.0 x em2 V-'  s- '  and B = -0.5 0.3 
kcal niol-' are found to give a best fit to the 
data. This lack of a significant temperature de- 
pendence of p(+)  has also been found in cyclo- 
hexane (3). The data previously reported for 
cyclohexane were not subjected to a correction 
for the presence of geminate ion pairs. When this 
is carried out the value of p(+) at room tem- 
perature in cyclohexane is found to be 0.95 x 

em2 V-' s- '  (as opposed to the 1.6 x 
cln2 V-' s- '  areviouslv reported) which is 

close to that founh in the work for 
trans-decalin. 

Of particular interest in the present results, 
as is shown by the data In Table 1, is that at 
low temperatures the mobility of the hole 
actually exceeds that of the electron. If the very 
low activation energies found for hole mobilities 
in cyclohexane and trans-decalin inay be taken 
to represent the general case then a transition 
from the electron to the hole as major charge 
carrier would in fact be expected to occur in 
any liquid displaying a high hole mobility if the 
temperature could be lowered sufficiently. 

The value of the sum of the slow ion mobilities 
of 5.2 x cm2 V - I  s- '  at 22°C is in the 
order of what would be expected for this liquid 
(viscosity 2.06 cP). Thus, from recent drift- 
time measurements (14) of secondary ion 
mobilities in cyclohexane (viscosity 0.93), the 
sum of the positive and negative ion mobilities 
has been found to be 7.8 x lo-" cm2 V-' s-'. 
If a simple linear dependence of mobility on 
fluidity (reciprocal viscosity) were assumed then 

Mobilities from -this result in cyclohexane a value of 
As can be seen from the data in Table I the p(S+, S-)  of 3.5 x cm2 V-' s- '  would be 

electron mobility in trans-decalin increases predicted for trans-decalin. 
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Further aspects of the present results such as G.  R. Freeman: You referred to geminate neutralization 
the relevance of the parameter Y(S+, S-) and 
the nature of displacement of the hole will be 
discussed in future publications. 
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Discussion 
L. 6. Chsistophorou: Are the changes in your conductivity 
sensitive enough to  the masses of the ions for your 
system to  function, basically, as a liquid-state mass 
spectrometer? 

J .  RI. Warman: We find, unfortunately perhaps, that the 
sum of the mobilities of molccular positive and negative 
ions in the liquids studied are very insensitive to  the 
nature (including the mass) of the ions, i.e. that the total 
mobility of the ions is independent of the solutes used to 
scavenge the electron and hole. 

in the solutions. Was the scavenger concentration high 
enough that you would not see the tail of the reaction of 
scavenger with the free ions ? 

J .  M .  &'arman: Yes. For example in liquid cyclohexane 
the SF, concentration was 3 x M, which using a 
rate constant for electron scavenging of 4 x 10'' M-' 
s-' corresponds to  an electron lifetime of 0.1 ns. This is 
sufficiently short t o  ensure that n o  electrons are present 
within 10 ns following the pulse. 

W .  F .  Schmidt: How do you correct for a dose rate drop 
in your sample since you are using 3 MeV electrons as 
ionizing agent ? 

J. hl. Warman: We carried out our dosimetry by measur- 
ing the absorption of the solvated electron in a lo-' ,W 
NaOH - 1 M EtOH solution in water using a He,iNe 
laser as light source. The cell used for dosimetry was 
identical to  that used in the microwave experiments, but 
with optical (glass) windows at both ends. By use of the 
laser we measured the absorbed dose as a function of 
depth and breadth of the sample. The largest variation 
was an approximately 40% decrease in going from the top 
of the cell to the bottom for a 0.8 g c m 3  density medium. 
The absorbed dose was corrected for variations in dose 
within the cell by averaging over the field intensity of the 
microwave standing wave pattern. 

W .  F .  Schmidt: Isn't there the possibility that more than 
one kind of positive charge carriers are formed? 

J .  M. U'arman: This is a possibility which is often voiced. 
The principal evidence that in cyclohexane > 80% of the 
positive ions are the parent ions comes from optical 
absorption studies of the rapid formation of solute 
positive ions formed by the reaction, RH'  t- S -t R H  t 
S'. Thus the G values found for TMPD' formation 
immediately at the end of a 10ns  pulse, for a TMPD 
concentration of M, is close to  the value of the free 
ion  yield in this liquid (0.16 (100eV)-'), as would be 
expected if all positive ions were the parent. 

U. Hatano: Did you confirm experimentally the effect of 
the microwave power on the final signal intensity? I 
would like to  know the i n p ~ ~ t  microwave pouer and the 
cavity Q value which you are using. 

J .  M .  Warman: The microwave power levels we use are 
on the order of 100 mW, which in a medium of dielectric 
constant 2 corresponds to  a field strength (maximum) 
of about 2 or 3 V/cm. The Q's of the cavities we use are 
usually on the order of 400. In the cavity experiments the 
field strength is considerably larger than in normal 
reflection experiments, but we obtain identical results for 
Gj.1 values where we have obtained them using both 
methods. This confirms the lack of a field strength 
(power) effect, as would be expected in molecular liquids 
for which field effects on electron n~obilities are found to  
occur only above field strengths of lo3  V/cm. 
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PETER P. EDWARDS and RON CATTERALL. Can. J. Chem. 55,2258 (1977). 
A metal to non-metal (MNM) transition observed in frozen solutions of lithii~m in hexa- 

methylphosphoramide (HMPA) was tentatively interpreted as a Mott transition in which 
localized Wannier-type impurity states were the source of electrons in the metallic state. In 
this paper this assertion is examined in greater detail by calculating critical densities (n,) 011 the 
basis of a scaled (variational) form of Mott's original criterion for the onset of localization in a 
dielectrically screened Coulon~b porential, and also on the basis of the Hubbard tight-binding 
model. Mott's model for the transition is based upon the screening properties of a freely propa- 
gating gas of metallic electrons. In the Hubbard regime, however, the phenomenon is viewed 
from the tight-binding limit; the transition from localized to delocalized states occurs when 
the bandwidth (A) of a regular lattice of isolated centres exceeds the value of the intra-atomic 
Coulombic repulsion integral (U) associated with electron correlation. 

Both electron-gas (Mott) and tight-binding ( H ~ ~ b b a r d )  approaches give calculated critical 
densities (5.6 x lo'', 3.2 x l o x 8  ~ m - ~ ,  respectively) in good agreement with the experimental 
value (- 3 x 10" ~ r n - ~ ) .  These results therefore support the earlier suggestion that the MNM 
transition in frozen lithium-HMPA solutions is a Mott-transition associated with electron- 
interaction effects. 

PETER P. EDWARDS et RON CATTERALL. Can. J. Chem. 55. 2258 (1977). 
On a interprite d'une f a ~ o n  non-definitive une transition metal a non-metal (MNM) 

observee dans des solutions congelies de lithium dans I'hexamethylphosphoran~ide (HMPA) 
comme une transition de Mott dans laquelle des Ctats d'impuretes du type Wannier localisCs 
sont les sources d'electrons de 1'Ctat metallique. Dans cette communication on examine cette 
affirmation en detail en calculant les densites critiques (12,) sur la base d'une forme echelonnee 
(variationnelle) du critere original de Mott pour le debut de la localisation dans un potentiel 
de Coulon~b qui est masque d'une facon dielectrique et aussi sur la base du modele d'attache- 
ment intime de Hubbard. Le modele de Mott pour la transition est basc sur les propriitks 
de blindage d'un gaz d'electrons metalliques se propageant librement. Dans le regime de 
Hubbard, toutefois, on con~o i t  le phenomene a partir de ia limite de l'attachement intime: la 
transition des Ctats localises vers les etats delocalises se produit quand la largeur dc bande 
(A) ~ ' L I I I  reseau regulier de centres isoles exckde la valeur de l'integrale de repu!sion Coulombique 
intra-atomique (U) associee avec la correlation d'klectron. 

Les approches d9tlectron-gaz (Mott) et d'association intime (Hubbard) conduisent respecrive- 
ment a des densitis critiques calculees de 5.6 x 10" et 3.2 x 1018 en bon accord 
avec la vaieur experimentale qui est approximativement 3 x !018 ~ m - ~ .  Ce rCsultat supporte 
donc la suggestio~l anterieure a l'effet que les transitions MNM dans des solutions congelees 
de lithium dans HMPA sont des transitions de Mott associees avec des effets d'inieractions 
des electrons. 

[Traduit par le jcurna'i] 

Bnlrodoetiapn lithium in HMPA (I) .  The rransitio~ was 
~t the recent ~ ~ l l ~ ~ ~ ~  Weyl IV we have found at a metal collcentration of the order of 

reported the observation of a metal-nonmetal 5 X (-3 x 10'' ~ m - ~ $ .  A 
(MNM) transition in  frozen examination of the results suggested that the 

transition was of the Mott-Habbard type, 

research sponsored by the National Science originating in eieclron-correlation effects. The 
Foundation under Grant No. MPS 74-21480. purpose of this paper is to ca!culale explicitly 

2British Fulbright Scholar, 1975-1973. the critical concentration for the MWM transi- 
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tion in this system using both the Mott and 
Hubbard models for the transition. 

In the calculations to be outlined below, we 
have assumed that the system approximates a 
uniform, homogeneous material; that is, it is 
devoid of large (bimodal) concentration fluctua- 
tions and associated inhomogeneities (2, 3). We 
have previously reported the simultaneous ob- 
servation of both delocalized (metallic) and 
localized (insulating) states in frozen solutions 
of potassium, rubidium, and cesium in HMPA 
(I), indicating large concentration inhomo- 
geneities in these low-temperature glasses. In 
these systems (at least on the ~nacroscopic 
scale3) the possibility of a Mott-Hubbard 
type transition would appear to be ruled out (4) 
and a realistic approach would presumably be to 
interpret the transition in terms of a threshold 
for continuous percolation (2, 3). However, in 
frozen lithium-HMPA solutions we have found 
no  evidence for large scale inhomogeneities for 
the concentration range ca. to 0.1 M. We 
suppose, therefore, that the concept of a Mott 
transition in this homogeneous system represents 
a good working hypothesis, and in this paper 
we calculate critical donor (lithium atom) 
concentrations. 

A Sealed (Variational) Form of the Mott 
Criterion for the Homogeneous Regime 

Mott (5-7) proposed that a MNM transition 
will take place when an itinerant (metallic) 
electron becomes localized on a specific centre. 
The model was originally developed with partic- 
ular reference to (i) a dielectrically screened 
Coulomb potential for the long range electron- 
hole interaction and (ii) Thomas-Fermi screening 
by the free electrons. The critical concentration 
of donors (n,) is then given (5-7) by 

Here a, is the ground state Bohr radius of the 
lowest localized state with a one-electron 
wavefunction 

where 

3Nowever, the arguments developed here could also be 
applied to regions in a microscopically inhomogeneous 
material which are smaller than the Dcbye correlation 
length for concentration fluctuations (2). 

and K,, is the static (low-frequency) dielectric 
constant of the host material and nz* the electron 
effective mass. 

The idea of a true Coulomb potential is ap- 
propriate only for localized states in which there 
exists considerable overlap between the donor 
wavefunction and the electronic wavef~lnction 
of the surrounding matrix (8, 9). The electron - 
parent core interaction is then screened by the 
low-frequency dielectric constant and the re- 
sulting donor levels are truly hydrogenic (9). 

Berggren and Lindell (lo) have questioned the 
direct use of the Mott criterion in the form [ l ]  
for systems other than the high dielectric, large 
Bohr radius states (of which the doped group IV 
semiconductors are good examples). They (10) 
have proposed a modification to the Mott 
criterion in the form of a simple scaling relation; 

where y is a parameter defined such that the 
ratio (a,/y = a:!) defines an appropriate radius 
associated with a realistic wavefunction (not 
necessarily of the type [2a] for the isolated 
centres. Thus, the basis of the present approach 
is somewhat different from previous attempts at  
applying the Mott criterion to the MNM 
transition in metal-ammonia (11, 12) and 
related (13) systems. 

One attractive feature of this scaled form 
of the Mott criterion is that it allows an in- 
dependent determination of the radius a* from 
experimental parameters which characterize the 
localized state.4 

A possible criticism of this approach is that 
the constant in [3] will be sensitive to the 
particular nature of the donor wavefunction 
and the choice of the screening potential for the 
electron gas (14). One purpose of this paper is 
to show that the scaled criterion [3] may be 
applied to many experimental systems exhibiting 
a MNM transition; ranging from the tight 
binding (Frenkel) states in the rare gas solids 
(15) (with a* - 2 A) to shallow impurity states 
in germanium (16) (with a* -- 46 A), with 
good agreement between calculated and experi- 
mental critical densities. In Table 1 we have 
assembled some representative experimental 

41n the past, i t  has been customary to attempt to 
apply the Mott criterion to non-Coulombic isolated donor 
states by replacing the low frequency dielectric constant 
by an arbitrary value reflecting some weighted average 
of high and low frequency values (see refs. 11-13). 
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TABLE 1. Critical densities for elcctron localization on the basis of scaled form of the Mott criterion 

n , / ~ m - ~  

Nature of Calculated 
System isolated centre {a,,ly j = n* /A  (eq. 3) Observed 

Sodiun1,argon Frenkel impurity 
(4 K) state (8) 2.084" 1 . 7 3 ~  loz1 3.67 x  lo2]  (15) 

Lithiumjmethylamine 
(213 K) Polaron stateb 2.88' 6.55x1020 (1.79tO.3)x1Oz1(13) 

LithiumlHMPA glasses Wannier-Mott 
(77 K) impurity state (1, 9) 14.1 5 . 6 ~  loiS (3 f 1) x  10'' (This work) 

Germanium Shallow impurity 
(4 K) states (9, 18) 

(Wannier-like) 
Sb 45.45f0.9jd  ( 1 . 7 i 0 . 2 ) ~  lo1' 0.95 x 10'' (16) 
P 3 8 . 7 k 1 . 2  ( 2 . 7 i 0 . 2 ) ~  lo t7  2 . 5 ~  10" (16) 
As 36.95t1 .75 ( 3 . 1 ~ 0 . 4 ) ~ 1 0 ' ~  3 .5  x  10" (16) 

"Calc~ilated from ref, 10. 
bReference 33. 
cObtained bv fittine ootical ( I  r -  20) transition of the isolated (localized) centre to Jortner's nolaron model (131. .~ - ~ - ~ -  ~- , 
d~haracteristic ~ o K r  kadii (i*) for'ihe doped group 1V semiconducto~s were estimated from two approaches: (a) The Coulomb result 

a* = eZ\2K,,E,,,, where E,,,, is the experimental (18) ionization energ) for the isolated donor state, and (h )  the quantiim defect approach (cited 
in ref. 25) a* = o,(E,,'E,,,,): where a~ and E,, are taken from ref. 18. Values shown in the table are the average of these two values, together 
with associated error estimates 

values for characteristic Bohr radii (a'*), as- 
sociated critical concentration (calculated from 
[3]), and corresponding experimental concentra- 
tions of a variety of systems showing a MNM 
transition. It appears, therefore, that the simple 
scaled form of the Mott criterion may bc ap- 
plicable to many experimental situations in 
which the isolated donor potential is not neces- 
sarily truly Coulombic. 

For the lithium-HMPA system we can obtain 
an experimental estimate for a *  from the mag- 
netic properties of the isolated centres (1). The 
isolated donor states in frozen lithium-HMPA 
solutions closely approximate (1) true Wannier- 
Mott impurity states in an amorphous medium 
(9). On the Kohn-Luttinger effective mass 
(EM) theory (17, 18) the wavefunction of the 
isolated donor states is constructed mainly 
from Bloch waves near the bottom of the (host) 
conduction band. The wavefunction for the 
lowest energy states is then 

where AT is the number of conduction band 
minima in k-space, a, are numerical coefficients 
of the appropriate linear combinations of 
F,(Y)+,(~), +J(r) is the Bloch wave at the jth 
minima, and the functions F,(r) are hydrogen- 
like envelope functions similar to those given 
previously (eq. 2a). 

[5] F,(r) = 1 / ( 7 ~ a , ~ ) ~ / ~  exp (-r/a,) 

where a, is given by [2b]. Setting r = 0 and 
squaring [5], we have an expression for the 
unpaired electron spin density at  the donor 
(lithium) nucleus; 

16 I I$(O)IEM~ = NI+J(O>121FJ(O>12 

where 

[7 I IFi(0)I2 = l/naH3 

A slightly different form of [ 6 ] ,  first proposed by 
Kohn (18), allows for possible rxinor deviations 
from effective mass theory arising from the 
breakdown of the Coulomb potential in the 
vicinity of the impurity. On this 'corrected' 
effective mass (CEM) theory we have (18) 

where K, the Kohn enhancement factor, rep- 
resents a measure of the deviation from effective 
mass formalism. Detailed discussions of K, and 
its estimation, are presented elsewhere (1, 18). 
For Li-HMPA we expect (9) negligible devia- 
tions from the effective mass theory.5 For 
Wannier-type impurity stales in lithium-HMPA 
glasses we have estimated ( I )  I< - 1.4 (cf 9.3 

50bserved unpaired electron spin densities at the alkali 
nucleus (9) for Wannier-Mott (alkali) impu~ity states in 
the M-HMPA glasses are independent of rhe donor 
atom. This invariance is predicted by the efiective mass 
theory (eq. 6). 
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for P:Si (18)), and setting ($,(0)(L = 100 and 
l+(0)/Z(observed) = 0.061 x loz4 ~ m - ~  (1) we 
find a, = 14.1 A from [6] and 181. 

In this particular instance, the form of the 
isolated donor potential approximates closely the 
Coulombic potential (1, 9) and we expect 
y -- 1 and a *  - a,. Although the ground state 
wavefunction for Wannier-type impurity states 
(eq. 4) differs markedly from the single hydro- 
genic form over large distances [4], it is dom- 
inated by the hydrogenic terms Fj which have 
a characteristic radius of the magnitude of 
the Bohr radius a,, (eq. 2b). 

Substituting for a'% = 14.1 A in the scaled 
criterion [3] gives a critical donor concentration 
of 5.6 x lo1* ~ m - ~ ,  in good agreement with 
the experimental value - 3 x 10" ~ m - ~ .  

Critical Concentration from the Hubbard 
(Tight-binding) Model for the Homogeneous 

Regin~e 
On Mott's model (5-7) the MNM transition 

occurs when a dielectrically-screened Coulomb 
(or other) potential starts to give rise t o  bound 
states. The Hubbard formulation (19), however, 
originates in the tight-binding (isolated-donor) 
limit. I t  prescribes a transition from the in- 
sulating to the metallic state when 

19 I (A/U) = constant 
Here A is the unperturbed bandwidth of a 
regular array of centres and U is the intradonor 
repulsion energy associated with electron cor- 
relation. The magnitude of the constant in [9] 
depends upon the approximations inherent in 
any particular interpretation of the Hubbard 
model (20, 21), but typically it is of the order 
1.0 to 1.5. 

Berggren (21) has applied the Hubbard tight- 
binding model to an analysis of the MNM 
transition in shallow donor states in silicon and 
germanium. As in the lithium-HMPA system, 
the isolated donor states in these semiconductors 
are described by the Kohn-Luttinger effective 
mass theory (eqs. 4 to 8). When the host con- 
duction band is i ~ o t r o p i c , ~  the envelope function 

is given by [5] and the unperturbed bandwidth 
is then 

[lo] A = 2zlTl 

where z is a co-ordination number of donor 
states around a given centre and Tis the hopping 
integral between two adjacent orbitals 

e 
[11] T = --- (-3s - [Ria* + I] 

Ksta* 
x exp (- R / u * ) ) / \ ~  

The overlap integral, S,  is given by (21) 

[12] S = (1 + (RIa") + +(R/U"')~) 
x exp (- Rla*) 

where R is the distance between donors and N 
is the number of conduction band minima. 

Utilising earlier results of Miller and Abra- 
hanls (23), Berggren (21) has obtained an expres- 
sion for the intradonor repulsion energy, 

representing the electrostatic energy between 
two hydrogenic centres with orbital exponents 
(l/a*). 

Hubbard's original estimate of the constant 
in [9] was 1.15, but more recent values range 
from 1.0 to 1.5 (20, 21). However, in the region 
of the MNM transition the bandwidth changes 
rapidly over a relatively narrow concentration 
range and the computed critical denslty is not 
particularly sensitive to the exact value of 
(A/U), a~ long as l t  is close to ur?itj? (21). We 
take Hubbard's value (19) of 1.15 for the value 
of (A/U) at  the MNM transition, and for the 
particular case of Wannier-type donor states in 
Li-HMPA solutions, we estimate n, = 3.2 x 
lo1* cmP3 in excellent agreement with the 
experimental value. 

As yet, we have not specified what value of 
the dielectric constant is appropriate in [ l l ]  
and [13]. In fact, having specified an appropriate 
(experimental) Bohr radius (a ';) for the donor 
state (see previous section), a particular choice 
of the dielectric constant is unnecessary. For a 
given value of the impurity Bohr radius, both 

W e  feel this is a reasonable assumption for HMPA for the unperturbed bandwidth (A) and the repulsion 
the followingreasons: (i) theexperimental observation (9) energy ( U )  are inversely proportional to the 
of true Wannier-hfott impurity states in alkali metal - dielectric constant (see [lo] and [13]), but the 
HMPA glasses requires that electrons in the host (HMPA) ~ ~ b b ~ ~ d  ratio ( A / U ) ,  and therefore the critical conduction band are free-electron-like (see ref. 31); (ii) 
the energy Vo of the quasi-free electron state in HMPA c0ncentrati0n7 is jndepelldent the 
has been estimated (22) as -1.9 i Vo < 0.3 eV: based dielectric constant. This particular aspect gives 
on the Wigner-Seitz model for the quasi-free electron some insight illto the role played by the host 
state (32). matrix in the MNM transition. 
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FIG. 1. The MhTM transition in Wannier-like impurity 
states. The solid lines represent the predicted variation of 
n, with n* for Wannier-like states constructed pre- 
dominantly of Bloch states from the host (matrix) con- 
duction band. Curves are presented for conduction band 
with 1, 4, and 6 equivalent minima in k-space. The 
method of calculation based on Berggren's (21) inter- 
pretation of the Hubbard Hamiltonian (19), is described 
in the text. The points, and associated error bounds, are 
experimental values. No error estimates for n, (experi- 
mental) are available for Mn:GaAs and for group V 
donors in germanium. For the group V donors in silicon 
and germanium characteristic radii were determined by 
the two methods described in the footnote of Table 1. 
Experimental parameters for acceptor states in GaAs 
and GaP were taken from refs. 26 and 27. 

Low dielectric systems (for example, the rare- 
gas solids (15)), produce only a small perturba- 
tion on the isolated (free) atom eigenstates of 
the donor, and the matl-ix-bound states have 
wavef~lnctions only slightly expanded relative 
to their gas-phase counterparts (8). On the other 
hand, high dielectric systenls (for example, 
Si and Ge (16)) produce significant shielding of 
the electron - parent core interaction and a 
correspondiiigly large Bohr radius for the donor 
state (9). However, once these modifications to 
the donor state bv the host matrix are taken into 
account, the subsequent phenomenon of the 
MNM transition (at finite donor concentrations) 

reduces to a hydrogen-like problem of com- 
peting kinetic and potential energy effects (24) 
but lvith the reference lconcentration) axis 
suitably 'displaced'. 

On this basis, we expect the expressions [9] 
to [13] to be directly applicable to all systems 
in which the localized (insulating) states are 
described in terms of the effective-mass t h e ~ r y . ~  
We have computed critical densities for the 
MNM transition as a function of the Bohr 
radius (a'?) of the isolated donor states averaged 
over the three possible configurations of donors. 
The results of the numerical calculations are 
compared with experimentally determined values 
in Fig. 1 for both donor and acceptor states in 
various matrices. 

For materials differing widely in dielectric 
properties we find good agreement between 
the experimental results and the predicted 
variation of M, with a'?. The slight deviations 
from the predicted behavior probably arise 
from our use of an isotropic model for all the 
various systems; for silicon and germanium, in 
particular, this must be regarded as only a first 
approximation in view of the anisotropic 
nature of the conduction band in these materials 
(18). 

Conclusions 
In the preceding sections we have examined 

two particular models for the MNM transition 
i n  lithium-HMPA glasses. Both the Mott 
(electron-gas) and Hubbard (tight-binding) 
models predict similar critical concentrations in 
good agreement with the experimental values, 
arguing strongly that the transition is indeed 
driven by electron correlation effects (1) of the 
Mott-Hubbard type. 

The general similarity in predictions for the 
two models has been recognised for some time 
(28, 29). In the present context, it follows 
naturally from the particular formulation (21) 
of the Hubbard model. The occurrence of a 
common factor (e2/Ks,a*') in the expressions 
for both the unperturbed bandwidth (via [ I  11) 
and the intradonor repulsion energy (eq. 13) 
requires that the critical concentration be 
determined by the dimensionless quantity 

71n fact, these arguments could possibly be expanded 
to encompass all manner of matrix-bound states (from 
Frenkel to Wannier-like states) since the expressions 
derived by Berggren (21) are essentially hydrogenic (see 
also Brandow (24)), relating only to bandwidth and 
repulsion energies for s-like states. 
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( R I ~ : ~ )  (1,/,1113 a , ) ,  .:: as in the scaled Mott  
criterion (eq. 3). 

Jortner and Gohen (2) have recently proposed 
that in the absence of bimodal inhomogeneities 
(i.e. at  temperatures sufficiently above the 
consolute temperature) the MEM transition 
in lithium- and sodium-ammonia solutions is a 
Mott  transition. In  addition, Toma et al. (13) 
have tentatively interpreted their recent transport 
measurements on fluid lithium-methylamine 
solutions in terms of electron-correlation effects 
of the Mott-Hubbard type. In the lithium- 
~nethylamine system there is experimental 
evidence (30) to suggest that inicroscopic in- 
honiogeneities are negligible in the transition 
region. 

It appears, therefore, that for metal solutions 
in which the only inhomogeneities are the 
normal, unimodally distributed fluctuations, the 
MNM transition is a Mott-Hubbard transition. 

On a more general theme, we have indicated 
that both the scaled Mott  criterion and the 
Hubbard model for the MNM transition possess 
a certain universality which allows their ap- 
plication to a wide range of experimental 
systems. 
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Discaassion 
M. H. Cohen: In the Hubbard criteria you used, the in- 
teraction should have been the intra-atomic Coulomb 
interaction between two electrons of opposite spin in the 
same 'hydrogenic' orbital. You used instead the Coulomb 
interaction between two electrons on neighboring sites. 
The criterion for the M-NM transition based on that 
interaction is not known in three dimensions. On dimen- 
sional grounds it must be of the same form (T /U CK con- 
stant) as that you used. However, the numerical value is 
unknown, and the coordination number may be associ- 
ated with U as well as T, Nevertheless, your results are 
very interesting and quite impressive. 
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Electron mobilities in alkanes through the liquid and critical regions1 

J ~ A N - P O L  DODELET A N D  GORDON R. FREEMAN 
Ut711 ersln ofAlDert(r, Edmonton, Altil , Ci~tzndu T6G2G2 
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JEAN-POL DODELET and GORDON R. FREEMAN. Can. J. Chen~.  55.2264 (1977). 
Three properties of electrons in liquids are governed by scattering at low energies and show 

similar dependence upon liquid density and molecular shape. They are the mobility, the depen- 
dence of the mobility upon electric field strength, and the penetration range of low energy (i 10 
eV) electrons. The scattering cross sections of hydrocarbons in the liquid phase (near or below 
the normal boiling point) are smaller when the molecules are more sphere-like. The degree of 
sphericity of the n~olecules in the present series decreases in the order 2,2-dimethylpropane 
(DMPr) > 2,2-dimethylbutane (DMB) 2 cyclopentane (cP) > n-pentane (nP). 

Electron mobilities in DMPr and DMB measured as functions of the liquid density pass 
through maxima similar to those observed earlier in argon and xenon. The magnitudes of the 
maxima decrease in the order Xe > Ar > DMPr > DMB. The maxima occur at densities 
approximately double the critical density dc. There is a small maximum for electrons in cP, but 
none for those in nP. 

The mobilities in the supercritical gases are similar for the four compounds. The Arrhenius 
temperature coefficients are all 7-10 kcal/mol (0.3-0.4 eV/electron) for temperatures and dens- 
ities near the critical values. This implies that electrons form localized states in the gases. The 
extent of localization in supercritical DMPr appears to be greater than that in the normal liquid. 
The localization is not the critical phenomenon predicted by Lekner. 

The mobility in liquid DMPr decreases at high electric field strengths. The magnitude of the 
field dependence changes with the liquid density and passes through a maximum similar to that 
of the mobility itself. The field dependence in liquid DMB is smaller than that in DMPr, hut it 
also passes through a maximum at a density about double d,. 

Equations are given that describe the mobility in nP at all temperatures from the triple point 
through to the supercritical gas. The electrons reside mainly in localized states over the entire 
temperature range, but transport occurs mainly in extendcd states to which the electrons are 
thernlally excited. 

The penetration range parameter bGP of secondary electrons in these liquids is normalized for 
comparison by multiplying by the liquid density d. The values of b,,d plotted against d form 
curves similar in shape to the against rl curves; but the relative variations in bod are much 
smaller. 

JEAN-POL DODFLET et G o ~ ~ o s  R. FRFEMAN. Can. J. Chem. 55. 2264 (19771. 
La mobiliti des electrons dans un milieu constitue un outil trks sensible pour determiner la 

diffusion et le transfert d'knergie des Clectrons thermiques dans ce milieu. Les sections efficaces 
pour la diffusion et le transfert d'energie des hydrocarbures en phase liquide (a proximite et en 
dessous de la temperature d'ebullition) sont d'autant moindres que la forme des molCcules 
approche la forme sphkrique. La sphericit6 des molecules dans la presente strie decroit dans 
I'ordre suivant: le dimethyle-2,2 propane (DMPr) > le dimkthyle-2,2 butane (DMB) > le 
cyclopentane (cP) > le n-pentane (nP). Trois proprittes des electrons dans ces liquides a 295 K 
decroissent egalen~ent dans cet ordre. Elles sont: la mobilite des electrons thermiques, la varia- 
tion de cette mobilitt en fonction du champ Clectrique et les distances de penetration des elec- 
trons de 0.1 a 10 eV. 

Les lnobilites dans le DMPr et DMB, mesurees en fonction de la densite du liquide, passent 
par un maximum semblable a celui deja observe dans l'argon et le xenon. Ce maximum ap- 
parait a une densite approximativement double de la densite critique d,. L'amplitude de ce 
maximum dicroit dans I'ordre suivant Xe > Ar > DMPr > DMB. Le maximum est peu 
visible pour le cP et inexistant pour le nP. 

Les mobilites dans les gaz, au dela de la temperature critique, sont semblables pour les quatre 
hydrocarbures. Les coefficients de temperature d'ArrhCnius sont tous de 7-10 kcal/mo1(0.3-0.4 
eV/electron) pour les temperatures et densites proches des valeurs critiques. Ceci implique que 
les electrons forment des etats localises dans les gaz et que la localisation au dela du point 
critique semble &tre plus importante que dans le liquide en dessous de la temperature d'tbul- 
lition. Cette localisation n'est pas le phenomene critique predit par Lekner. 

'Assisted by the National Research Council of Canada. 
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La mobilite dans le DMPr liquide decroit aux champs electriques eleves. L'amplitude de cette 
dipendance en fonction du champ varie avec la densite du liquide et passe par un maximum 
similaire a celui de la mobilitC. La dtpendance en fonction du champ est plus petite pour le 
DMB liquide que pour le DMPr et le maximum de cette dependance se situe egalement 2 une 
densite double environ de la densite critique. 

Des equations decrivent la mobilite dans le nP a toutes temperatures depuis le point triple 
jusqu'au gaz supercritique. Les electrons resident principalement dans des etats localisCs mais 
le transport se fait par des Ctats non localists vers lesquels les electrons sont excites thermique- 
ment. 

Afin de comparer les parcours des electrons secondaires b,, dans ces liquides, ils doivent 
Ctre multiplies par la densite d. Les valeurs de b,,c/ porttes en graphique en fonction de d presen- 
tent des courbes semblables aux courbes de y en fonction de la densite. Toutefois, l'amplitude 
des variations de bG,d est de beaucoup inferieure a celle de y. 

Introduction A sketch of the high pressure cell is shown in Fig. 1. 

~h~ mechanism of electron transport in mate- The distance between the electrodes was determined by a 
spacer used during manufacture. The cell constant was 

undergoes a change when the density (Ip9) determined conduction~etrically, using standard potas- 
temperature (10-12), or composition (10, 13, 14) sium chloride solutions. The conductance bridge was 
of the material is varied over an appropriate designed to keep the guard and collector electrodes ac- 

A 

range. Although density and temperature were curately at the same ac potential (Fig. 2). The cell con- 

usually varied together, the change of mechanisnl s t a ~ ~ e w ~ ~ ~ ~ d ~ ~ ~ ~ : ~ ~ e ~ f ~ , " ~ ~ ~ ~ ~ ~ i  ~ ~ ~ ~ , t s i d e  with 
in a given system has been Aqua Dag (GC Electrol~ics TV Tube Coat), which was 
to one or the other of the properties. grounded to the copper braid that shielded the lead to the 

Manv different trans~oi-t mechanisms have collector electrode. This minimized interference from 
been p;oposed, each fit;ed to a certain type of conductance in the glass The glass slde alln oIer the 

hlgh voltage lead \%as not covered mlth Aqua Dag or 
'ystern. A general understanding of b rad  because the h ~ g h  fields thus folmed In the glass 
transport has not been attained. For example created stresses In lt and caused ~t to break more eas~lv 
electron behavior in amorphous solid silicon A bertical strip of mall on the front and back of the cell 
(15) is similar to that in liq;id ethers (16); per- 
haps the 'ion-like' mechanism of electron trans- 
port in low temperature ethers is actually elec- 
tron hopping between localized states on the 
edge of the conduction band as proposed for low 
temperature amorphous silicon. Results are 
needed from many more systems before a unified 
theory of electron transport can be formulated. 

Experiments involving wide changes of dens- 
ity have involved monatomic fluids (1-9). The 
present work reports analogous studies with 
polyatomic molecules. The compounds were 
chosen to display a uide range of electron mobil- 
ities at room temperature. 

Experimental 
Materials 

The hydrocarbons were Phillips Research Grade with 
initial purities 299.9%. They were further purified as 
follows: shake or stir 24 h with concentrated sulfuric acid; 
separate from acid and stir 1 h with solid barium car- 
bonate; pass the vapor through a column of sodium 
hydroxide pellets; degas; stir 24 11 with lithium aluminum 
hydride; degas; stir 48 h on sodiun~,'potassium alloy; 
degas; distil into the conductance cell after the latter had 
been evacuated to lo-' Torr. 

Conductarzce Cells 
Two kinds of conductance cells were used, one for low 

temperatures and pressures (17) and another for pres- 
sures up to 100 atm. 

has  left clean so that the l ~ q u ~ d  contents could be ob- 
served It was ~mportant to note the occurrence of bub- 
bllng, the dlsappearance of the menrscus, and the ap- 
pearance and dlsappearance of crltlcal opalescence 

To degas the metal electrodes, the cells during evacu- 
atlon were heated to a ten~perature 50 deg hlgher than 
that to wh~ch they ~ \ou ld  be rdlsed uhen contalnlng a 
sample 

Temperature Corztvol 
The lo\v temperature system was the same as that de- 

scribed earlier (17). 
For temperatures greater than ambient the cell was 

positioned on asbestos supports in a clear walled Dewar. 
A heat gun (Master Appliance Model H67518) was fitted 
to a 3 cm diameter glass pipe which passed through the 
asbestos lid, to the bottom of the Dewar. The fan motor 
and heating coil of the gun were connected to separate 
Variacs. The heating coil was connected to an LFE Corp. 
Model 226-A21 temperature controller. Two therrno- 
couples were placed inside the side arm leading to the 
guard electrode, as near as possible to the body or the 
cell. One thermocouple was connected to the temperature 
controller and the other has  used to record the tempera- 
ture. The therlnocouples were calibrated by the tempera- 
ture at  which the n~enisc~ls disappeared. During heating 
of the liquid the meniscus stayed in about the center of 
the cell, well above the electrodes. 

The Dewar was placed in a grounded Faraday cage. 

Determination oflMobility 11 
Electron mobilities at  low temperatures in nP were 

determined from the magnitudes of the electron conduc- 
tance transients (ect) and the free ion yields (18). Ampli- 
fier model 4 (191, mith a signal decay half-l~fe of 75 ns and 
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to \r vacuum ~ y r e x  

Uronlum gloss 

graded seal 

Corn~ng  7052 glass 

FIG. 1. Conductance cell for studying electrons in critical fluids. The walls were 12 mnl thick Corning 
7052 borosilicate glass. The electrodes here stainless steel and the pins Kovar. The distance between 
the electrodes was 3.2 mm and the cell constant 0.125 cm-'. 

FIG. 2. Bridge circuit used to measure the cell constant. The dashed line represents a metal box which 
also contained the power supply. 

3-97'7, response time of 200 ns, was used to measure the 
ect. 

At high temperatures in nP and under all conditions in 
the other hydrocarbons, electron mobilities were obtained 
from the time of flight between the electrodes (eq. 1). 

sshere 1 is the distance between the electrodes, V is the 
applied voltage, an3 r ,  is the tirne required for the charged 
particle to drift the distance I. An example oscilloscope 
trace for a time of flight measurement is shown in Fig. 3. 

Under conditions where both methods could be used, 
the mobility values agreed within i 10%. 

lon mobilities were determined using [ I ]  and the circuit 
sketched in Fig. 4. 

The radiation pulses were 0.1 or 1.0 LIS of 1.7 MeV X 
rays delivering 0.1 or 1.0 x 10" eV'g, respectively. 

Pi~ysical Prc~prrties of the Liquids - 
Ihe  densities d for 11-pentane (nP) and cyclopentane 

(cP) were obtained from refs. 20-22, Plots of rl against T 
are not a\ailable for 2,2-di~nethylprupane (DMPr) and 
2,Z-dimethl lbutanc (DM B), but the densities at 20-C 
and the critical temperature Tc are knomn (20, 21). The 
variation of rlnith Tfor DMPr and D M B  m'erc cstimated 
by using the curves for ??-butane, 11-pentane, and n-hexane 
(22) as guidelines. 
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FIG. 3. Oscilloscope trace for an electron time of flight 
measurement in DMPr at  295 K. Applied voltage = 
500 V. 

TARGET , CONTROL 

ROOM I ROOM 

P A R  %OD 113 AMP 

SIGNAL 
AVERAGER 

FIG. 4. Apparatus for measuring ion drift times. The 
3-97x response time of the input network is 5.2 x 10-9R 
(s). The transresistance amplifier gain is R x A (ohm). 
Typical values of R and A are lo4 !2 and lo4, respectively. 

The pressure on the liquid was always its vapor pres- 
sure. 

The values of the dielectric constant E at various tem- 
peratures were calculated using the Lorenz-Lorentz equa- 
tion (23~1) for cP and DMPr, and the Onsager relation 
(23b) for nP and DMB. A dipole rnornent 11 = 0.06 D 
(24) was used for the last two compounds, but it made 
< 1x contribution to the dielectric constant even at  the 
lowest temperature. Values of the refractive indices were 
obtained from refs. 20 and 21. 

Results 
Tenlperature Dependence at Lolt. Field Strengths 

Electron mobilities (cm2 V-' s-l)  in the 
liquids at  296 K are: nP, 0.12; cP, 1.1 ; DMB, 
11 ; DMPr, 61. The values for cP, DMB, and 
DMPr are within 10-f those listed in ref. 25, 
but there is a scatter of up to & 3 0 7  for reported 
mobillties of electrons in liquid hydrocarbons 
(1 1, 18, 25-30). The precision within a given 
series of experiments is usually < 1041,. Larger 

scatter may occur in results from the same lab- 
oratory over a period of years and the reason 
for it remains unknown. Hohever, electron 
mobilities may differ by several orders of magni- 
tude from one compound to another, so the 3 0 x  
uncertainty in the absolute magnitudes does not 
seriously hinder progress in the investigation 
of electron behavior in liquids. 

The mobility of electrons in nP increases con- 
tinuously with temperature from 150 K through 
the critical temperature Tc and in the supercrit- 
ical gas (Fig. 5). By contrast the mobility in 
DMPr goes through a maximum in the liquid 
phase at  a temperature 29 deg below T,, and 
ihrough a minimum at Tc (Fig. 5). 

The behaviors in cP and DMB are interme- 
diate between those in nP and DMPr (Fig. 5). 
In all cases the curves undergo a change of slope 
at  Tc. The validity of the change of behavior is 
illustrated in Fig. 6 by the error bars inasking 
the upper and lower limits of the measured 
values at each temperature. 

The mobilities in the four critical fluids all lie 

i 3 A 5 6 
1000/ T 

FIG. 5. Effect of temperature on the mobilities of elec- 
trons (upper set of curves) and positive ions (lower set) 
in fluid hydrocarbons. 0, DMPr;  A, DMB; A, cP; @, 
nP. The arrows mark the critical temperatures of the 
liquids. The curve through the nP points was calculated 
from eqs. 2-7. 
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FIG. 6. Behavior of electron mobillties in the vicinity 
of the critical region in DMPr (O), DMB (A), cP (A), 
and nP (8). The error bars mark the upper and loner 
limits of the measured values at each temperature. The 
dashed line represents the calculated curve for nP in this 
region. 

within a factor of two of each other, while at 
295 K the differences are up to 500-fold. 

The mobilities of heavy positive ions increased 
monotonously with temperature in all the hydro- 
carbons (Fig. 5). Extrerna are therefore charac- 
teristic of electron mobilities. The upward curva- 
ture of the ion mobility plots for high tempera- 
tures is similar to that in the electron mobility 
plots at temperatures below the mobility maxima. 

Anion mobilities were usually not measured 
because under most conditions the electrons 
were swept out of the system before becoming 
attached to an impurity to form an anion. How- 
ever, anions were obtained in cP and DMB at 
the lower temperatures. Cornpared to the pos- 
itive ion mobilities in Fig. 5, p-,1p+ = 2.0 + 0.1 
in cP and 2.1 + 0.1 in DMB. Similar values of 
the ratio have been obtained in many hydrocar- 
bons (3 1-33). 

In the high temperature sample of nP and in 
DMB, slower positive ions than those recorded 
in Fig. 5 were also observed. The ratio p+(fast):' 
p+(slow) had an average value of 2.3 + 0.2 in 
nP and 1.9 0.1 in DMB. The slouer cations 
may have been mainly dimers to tetrarners of 
product and impurity olefins. 

Electric Field Dependence 
In nP and cP the electron  nobilities were in- 

dependent of applied field strength over the 
range 3-20 kV/cm in liquids and 3-12 kV/cm 
in the supercritical gases. Experimental difficul- 
ties prevented measurements at  higher fields at 
the highest temperatures. The difficulties in- 
cluded amplifier sensitivity and response time 
and field induced conductance switching in the 
hot glass (34).2 

The electron mobility in DMPr at 295 K de- 
creased gently with increasing field strength at 
E > 4 kV/cm. Upon raising the liquid tempera- 
ture, the mobility and its field dependence in- 
creased (Fig. 7). Both the mobility and its field 
dependence passed through maxima at tempera- 
tures near 400 K (Figs. 7 and 8). For a given 
mobility, the field dependence was smaller on 
the high than on the low temperature side of the 
mobility maximum. A few degrees below T, the 
field dependence became negligible up to 20 
kV/cm and remained so in the supercritical gas 
(Fig. 8). The mobility passed through a mini- 
mum in this temperature region (Fig. 6). 

The behavior was similar in DMB (Figs. 9 
and lo), but the mobilities and their temperature 
dependences were smaller than in DMPr. 

Cation mobilities were independent of applied 
field strength in the present region. 

Discussion 
Electrons in liquid alkanes are distributed 

among localized and extended states. The mea- 
sured mobility is an appropriate average of the 
mobilities characteristic of the states, taken over 
the distribution of the electrons among the states. 
These things depend on the temperature and 
density of the liquid and on the nature of the 
n~olecules. The influences of all three factors are 
visible in Fig. 5.  

EfSect of the Nature of the Molecules at 
T << T, 

The molecules of the present liquids are non- 
polar or only slightly polar, with gas phase 
dipole moments 10.1 D (24). The potentla1 
wells of the localized states of electrons in the 
liquids are at most a few tenths of an eV deep. 
The traps tend to be shallower when the niole- 
cules are more sphere-like (27). Electrons also 
appear to be less efficiently localized in traps the 

'Field induced switching occurs in many amorphous 
materials such as boron-based glasses (34). Recently, 
most studies of the phenomenon have been made with 
chalcogenides (34-36). 
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FIG. 7. Electric field dependence of electron mobilities in liquid DMPr at temperatures from 295 K 
through those at the mobility maximum. 

more easily the molecules can rotate in the fluid of the fluid (39). I t  is assumed that the distribu- 
(18). tion of transition energies froill localized to ex- 

The mobihties of electrons in extended states tended states 1s a Gaussian centered about a 
are several orders of nlagnitude greater than value E,, with a distribution parameter o. 
those in localized states. Thus the measured 
mobilities are greater in liquids of the more [2] N(E) = n- 'I2o- '  exp [ - (E  - Eo)2/02] 

sphere-like molecules: nP < cP < DMB < where n - l  20-1 1s ' a normalization factor. The 
DMPr  (Fig. 5 ) .  measured mobility p, is given by [3], where p0 is 

Effect of Tenzperature 
In nP at  the lowest temperature the electron 

mobility is eightfold greater than that of the 
anions, and the ratio increases with temperature. 
The contribution of an ion-like mechanism (12) 
to  electron transport in liquid alkanes therefore 
appears to be negligible.3  he mobility and its 
temperature dependence can be explained in 
terms of thermal partition of the electrons be- 
tneen localized and extended states, with trans- 
port occurri~ig mainly in the latter (38). 

The energy states are affected by local fluctua- 
tions in the molecular orientation and density 

3Fhe ion-like nlechanisrn in liquid ethers is conceptually 
similar to thermally assisted tunnelling to nearest neigh- 
bor centers (35) and srnall polaron hopping (37). It does 
not involve migration of the solvation shell of the electron 
(12). The similarity betueen the activation energies of 
electron and ion mobilities in polar liquids had been 
ratio~lalized in terms of the energy requirernenls of rota- 
tio~~al-translational motions of the anisotropic solvent 
molecules (1 6). Ho\vever, the striking resemblance be- 
tween the behavior of electrons in a specimen of solid, 
amorpho~is silicon (37), and that in liquid ethers (16) is 
difficult to understand. 

[3] p. = pO T ( E ) [ I  + exp (Elk T)] - ' dE 
- Jj 

the mobility in the extended state. I t  is assumed 
that the entropy change is small for an electron 
going from a localized to an  extended state and 
that the energy ranges of the localized and ex- 
tended states overlap (12). 

To  calculate p, from [3] one requires values 
of pO, E,, and o. Unique values of the param- 
eters in a given system are not available, but 
reasonable limitations can be put on them by 
comparison with other data. By analogy with 
the temperature dependences of the optical ab- 
sorption parameters of solvated electrons (12), 
one may assume that dE,IdT i 0 and do/  
d T  2 0. Due to the Franck-Condon require- 
ment of optical transitions and the probability 
that there are only one or two bound levels per 
electron trap in a liquid alkane, one tnay take 
E, I E,,,, ~vhere E,,, is the transition energy 
at  the optical absorption maximum. The values 
of E,,,, in nP  over the temperature range 150- 
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FIG. 8. Electric field dependence of electron mobilities in DMPr at  temperatures above that of the 
mobility maximurn. T, = 434 K. The filled points refer to the gas at a density of 0.242 g'cm3. 

Fit. 9. Electric field dependence of electron mobilities ia liquid DMB at temperatures from 295 M 
to that of the mobility maxirnum. 

500 K are probably near 0.6-0.3 eV (12, 40). 
The value of do/dT for the electron transitions 
is probably not greater than that of the thermal 
energy fluctuations in the liquid, so do/dT 5 
(2 kC,)'/' zz 5 x eV/K in nP at T < 400 
K (22, 38). 

In earlier studies over inore limited tempera- 
ture ranges p0 has usually been taken to be inde- 
pendent of temperature (12, 25, 28. 30). That 
approximation is inadequate for the wide ranges 

of temperature and fluid density in the present 
work. In particular, the rapid change of density 
a t  ternperatuses approaching T, should be taken 
into account, although the way to do it is not 
straightforward. For electrons in nP it was as- 
sumed that the mean free path ?, was inversely 
proportional to the density, and that could 
be represented by [4] (121, where vo is  the jump 
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FIG. 10. Electric field dependence of clcctron ~nobllities in DMB at telnperatures from the mobility 
maximum to the supercritical region. T, = 489 K .  The filled points refer to the gas at a density of 0.240 
g/cm3. 

attempt frequency and e is the ~rnit electronic 
charge. 

Within the above limitations we were able to 
fit the electron mobilities in nP over most of the 
liquid range and in the supercritical gas (Fig. 5) 
with the following parameter values. 

ivhere pC,,, and the density dr,, are the values 
at  the reference ten2perature T,,,. The fit is ade- 
quate over the entire 350 dep range of tempera- 
ture except for a 30 deg region just below the 
critical temperature (Figs. 5 and 6). In this re- 
gion the density changes rapidly and :nonlinearly 
with temperature, so [5] and [6] become inade- 
quate rep-esentalions of E, and o ,  respectively. 

- The iransitici~ energy E, is equa! to ( V ,  - 
V ) ,  \vher:: F', is the energy of an  electron in the 
fowest extended state relative to the vacaum 
ievel, and T/ is the mean energy of electrons in 
iocaiired levels (38, 39, 41-43). Preliminary 
treatlnerits of electron mobilities by fluctuation 
theories (39, 41) neglected the temperature de- 
pendence of E, and, based upoil thermal energy 

fluctilations, assumed do,'dT = 6-1 1 x 
eViK for C, and C, hydrocarbons. However, to 
fit the teinperature dependence of the mobilities 
using such large values of do /dT  would require 
that dE,,ldT be positive and of similar magnitude 
(38). Positive values of dE,,'dT are unlikely, so 
the temperature coefficient of o must be,rnuch 
smaller than that of the dispersion parameter 
of ther~nal energy fluctuations. 

Holroyd and co-workers (42, 43) have mea- 
sured the photoinjection of electrons from metal 
surfaces into liquids and into a vacuum as func- 
tions of photon energy and applied electric field 
strength. From the difference between the injec- 
tion energy into a liquid and into a vacuum they 
derived an energy that was equated to V,. They 
obtained dV,/dT = -2.2 x eV/K for nP 
(43): which is much greater in magnitude than 
the temperature coeficient of E, in [5]. This 
implies that the energies of the localized and 
extended states in alkanes are affected similarly 
when the liquid temperature is changed. Thus 
V ,  and v i n  alkanes appear to be affected mainly 
by the changing density; (d V , ' d d )  z (d Yldd) = 
positive, which rnultiplieci by the negative (ddl 
dT) gives the observed results. There would be a 
positive contribution from (d l/,'dT) due to de- 
creased orientational polarization at higher tem- 
peratures, b u ~  it would be relatively snlali in 
hydrocarbons. 

The direct effect of density on eiectron energy 
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levels in liquids, distinct from its secondary 
effect through the dielectric constant, has also 
been detected through the influence of pressure 
on optical absorption energies in alcohols (44- 
46), and through the influence of temperature 
on V, in hydrocarbons (43). 

Electron migration in nP remains in the ther- 
~nally activated regime even in the supercritical 
gas. The mobility increases monotonously with 
temperature. By contrast, the mobility in DMPr 
goes through a maximum (Fig. 5). The maxirn~lnl 
occurs at a tenlperature 29 deg below T,, so the 
decrease in mobility at high temperatures is not 
a critical phenomenon. The behavior is remi- 
niscent of that in argon (2) and xenon (5), where 
the electrons were presumed to normally reside 
in the lo\test extended state (47). Changes in 
mobility would then reflect changes in pO. How- 
ever, p, increases \+ith temperature in the super- 
critical gas of DMPr at constant density, just as 
it does in nP (Fig. 6). It appears that electron 
transport in supercritical DMPr occurs by a two 
state mechanism and that the decrease of p, at 
T > 405 K is due to the forn~ation of localized 
states. The Arrhenius activation energies of p, 
in all four of the present supercritical gases are 
7-10 kcallmol (0.3-0.4 eV/electron). They are 
about double that in liquid nP at room tempera- 
ture, where the two state mechanism is generally 
accepted. 

The mobilities and their temperature depen- 
dences in DMB and cP are intermediate between 
those in nP and DMPr (Fig. 5). Assuming that 
the values of o are similar in the four hydrocar- 
bons, the variations of p, with temperature indi- 
cate that the relative values of E, at a given 
temperature at T << T, decrease in the order 
nP > cP > DMB > DMPr. Measured values 
of V, at -296 K lie in the same order (42, 48). 

An adequate interpretation of mobility 
maxima in fluids has not yet been found (2, 49), 
so theoretical curves are not offered for the 
DMPr, DMB, and cP results in Fig. 5. 

Efect of Density 
The mobilities are displayed as f~lnctions of 

the liquid densities in Fig. 11.  Points for solid 
DMPr (29) and DMB are included. 

The increase in mobility on going from the 
liquid to the crystalline solld is due to the smaller 
amount of scattering in the more ordered ine- 
dium (represented by a smaller structure factor 
(50)). The continued increase of p, wit11 In- 
creasing density of the solid is actually due to the 

FIG. 11. Electron mobilities in DMPr (O), DMB (A), 
cP (A), and nP (@) plotted against the molecular density 
of the medium. The arrohs mark the critical fluids. The 
liquid and solid phase results for DMPr from ref. 29 are 
also included (6). Dotted lines mark the liquid-solid 
transition. The dashed line for IIP represents the mobil- 
ities calculated from eqs. 2-7. The densities mere changed 
by changing the temperature of the samples under their 
vapor pressure. 

decreasing temperature of the samples (29), and 
thereby reduced scattering of the electrons by 
phonons (51). 

Upon decreasing the density of liquid DMPr 
from that at  the triple point, the mobility passes 
through a minimum. The increase of p, with 
decreasing density is attributed to a decreasing 
scattering length. The molecules in the normal 
liquid are so close together that an electron 
passing between them suffers mainly repulsion 
from the hard cores (Hartree fields) of the mole- 
cules (51). As the density decreases the molecules 
move farther apart and the electron experiences 
more of the attractive polarization interactions, 
which tend to counteract the hard core repul- 
sions. The scattering length thereby decreases. 
The attractive interaction continues to increase 
with decreasing fluid density and at some point 
cancels the hard core repulsion, and the scat- 
tering cross section is a minimum. Upon further 
reducing the density the attractive polarization 
dominates the electron-molecule interaction, 
the scatterjng length becomes negative, and the 
scattering cross section increases again. The 
mobility therefore decreases. This model has 
been used to interpret the mobility maximum in 
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liquid argon (47). However, there arc quantita- constant, so the mobility is affected only by the 
tive difficulties with the model (2, 49). Some change of T. 
other process contributes to limiting the mobil- 
ity at the maximum and on the low density side 
of the peak. The present results from fluid hy- 
drocarbons indicate that the other process is 
electron localization. Lckner and Bishop (4) 
proposed that localization would take place in 
simple fluids near the critical point. An effect 
that is peculiar to the critical region does not 
occur (5), but localization does take place over a 
broader range of densities. 

The data in Table 1 and in Fig. I I of ref. 2 
indicate that electron migration in fluid argon 
gradually changes to a thermally activated two 
state mechanism at densities below 1.4 x lo2' 
atomlcm3. The mobility maximun~ occurs at  
1.2 x atom/crn3. k t  1.0 and 0.7 x 
atom/cm3 the Arrhenius temperature coefficients 
of the mobilities are each 3 kcal/mol. Thus the 
formation of localized states could make a major 
contribution to limiting the mobility in this 
density region. 

The maxima in DMB and DMPr occur at  
2.8 and 3.4 x lo2' molecules/cm3, which are 
1.7 times the respective critical densities. The 
mobility maxima in argon and xenon occur at  
12 x lo2' molecules/cm3 (2, 5), which are re- 
spectively 1.5 and 2.4 tiines dc. 

The mobility in nP appears to be approaching 
a maximum at the critical point (Fig. 11). The 
complex behavior in all the hydrocarbons at  
densities < 4 x 10" n~olecules/cm~ indicates 
why the simple calculations based on [2]-[7] 
gave poor agreement betweea calculated and 
observed mobilities for nP in this region (Fig. 11). 

The electron mobility curve for each hydro- 
carbon in Fig. 5 changes slope abruptly at the 
critical temperature. The change of slope does 
not signify a change in electron behavior, but 
rather a discontinuity in ddldT. As T, is ap- 
proached in the liquid phase the density de- 
creases rapidly and the density effect dominates 
the change in p, At T > T, the density remains 

TABLE 1. Critical properties of the hydrocarbons 

Cyclopentane 512 44.6 0.270 1.29 
2,2-Dimethylpropane 434 31 . 6  0.23 1 .27 
n-Pentane 470 33.3 0.232 1 .27 
2,2-Dimethylbutane 489 30.9 0.240 1.27 

Ion Mobilities 
The temperature dependences of ion mobilities 

in the liquid alkanes within 100 deg of their 
critical temperatures are non-Arrhenius (Fig. 5). 
The same is true of the temperature dependences 
of the viscosities (22) and self-diffusion coeffi- 
cients (52). The non-Arrhenius behavior re- 
flects the accelerating value of dV,/dT in this 
temperature range, where V, is the free volume. 

The relationship beheen  the positive ion 
mobility p+ (cm2 V - I  s-') and the viscosity q 
(cP) for nP between 230 and 4.50 K is approxi- 
mately given by [S], while that for cP between 
300 and 420 K is [9]. The calculated and experi- 

mental results are displayed in Fig. 12. The 
mobility-viscosity relationship varies with the 
structure of the solvent molecules, but is similar 
for alkanes and ethers (16). Ions in cyclo-sol- 
vents have higher mobilities than those in n-alkyl 
solvents of the same viscosity. The mobilities do 
not fit Walden's rule; the viscosity exponents 
are - 1.1 to - 1.3 instead of the predicted - 1 .O. 

FIG. 12. Ion mobilities in cP (A)  and nP (8) as func- 
tions of the inverse viscosity. The full lines represent [S] 
for nP and [9] for cP. 
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FIG. 13. Electron drift velocity r., as a function of elcctric field strength in DMPr at different tem- 
peratures. @, 295 I(; A, 331 K: 0, 394 K; x ,  405 K; A, 431 K ;  +, 450 K (gas). T, = 434 K. The 
curve beyond 13 kV,cm at 295 M represents results front ref. 56. 

Rotational motions of the  irregular!^ shaped 
solvent molecules are required to facilitate ion 
migration, to maintain the polarization energS1 
at a reasonably low level while the ion moves. 
The temperature coefficient of rotational motion 
ET is often greater than that of shear viscosity 
E,; for water and for diethyl ether EJE, = 1.2 
at  293 K (calculated from data in refs. 53 and 
54). Equations 8 and 9 imply that E,+!E,-, = 

1.2 f 0.1 in CP and nP, which indicates a cor- 
relation between y + and z- l .  

Waiden9s rule is an approximation, the valid- 
ity of whish stems from the interdependence of 
rotational and translational motions in these 
liquids. The rule would be expected to apply 
more accurately to liquids made up of spherical 
molecules. 

Field Dependence 
The electron mobilities in nP and cP are rela- 

tively low and they are independent of applied 
electric field strength up to 20 kV/cm. In DMB 
and DMPr the mobilities are relatively high and 
field dependent. The two properties tend to in- 
crease together (Figs. 7-10). 

The usual way to display field dependence is 

to make a log-log plot of drift velocity r., against 
field strength (Fig. 13). Field dependence occurs 
where the slope deviates from unity. I t  means 
that the energy acquired by the electron from the 
field is not dissipated efficiently eno~lgh, and the 
average electron energy increases above thermal. 
The lower the field at which deviation occurs, 
the less efficient are the energy loss p roce~ses .~  

If deviation occurs when L~ is only about twice 
the speed of sound in the medium, the electron 
energy is dissipated mainly to acoustic phonons. 
At hlgher drift velocities more efficient processes 
are important (50, 55). 

]in DMPr at 295 K the mobility becomes field 
dependent when ud exceeds about 3 kmls (Fig. 
13). The present result agrees with that of Bakale 
and Schmidt (56). By extrapolation of data for 
other alkanes at the same temperature and at  the 
same density (57), the velocity of sound in liquid 
DMPr at 295 K is 1.0 km/s. As the temperature 
of the liquid increases the velocity of sound de- 

'This explains why the penetration ranges of epithermai 
electrons are greater in systems that show a greater field 
dependence of the mobility. Density normalized ranges 
tend to be greater when the energy loss processes are less 
efficient. 
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, , 

FIG, 14. ~ l ~ ~ ~ ~ i ~  field dependence of electron mobil- FIG. 15. Density normalized ranges (bti~d) of secondary 

ities in DMPr and DMB (A) as functions of tempera- electrons in fluid hydrocarbons as functions of tempera- 

ture. p2 and ,u12 are the mobilities at 2 and 12 kV/crn, ture. @, DMPr; A, DNIB; V, cP; IB, nP; data from ref. 

respectively, values of are also plotted so that the 58. The mobilities (ope11 points) are plotted for compari- 

peaks can be compared. son. The vertical dashed lines mark the critical tempera- 
ture of each fluid. 

creases (57), whereas the threshold drift velocity 
for field dependence goes in the opposite direc- 
tion (Fig. 13). Electron thermalization in DMPr 
and the other hydrocarbons cannot be attributed 
to interactions with the collective motiolls of 
acoustic phonons. It must be due to more effi- 
cient interactions with motions of slnaller groups 
of molecules.' 

Simple theories (50) predict that at  high fields 
the drift velocity will vary as El". For this rea- 
son it is usual to place reference lines with slopes 
s = 1.00 and 0.50 in graphs like Fig. 13. How- 
ever, a survey of the literature provides little 
support for the existence of extended regions 
where c, x Ell2 in liquids. The slope simply 
becomes different from unity and can become 
as low as zero. 

The field dependence varies with the tempera- 
ture in a manner similar to the mobility itself. A 
comparative measure of the field dependence 
is p- '  (dp/dE). 111 the present work it may 
conveniently be represented by (F, - pI2)/10p,, 
where the subscripts denote the field in kV,'cm 

'Terms for these motions in liquids are not well de- 
fined. They include optical phonons, rotational-transla- 
tional oscillations, librations, lattice vibrations, and 
perhaps others. 

at which the mobility was measured and the 
units of the ratio are cn~/kV. Values of this ratio 
peak about 10 deg below the temperature of the 
mobility maximum in DMPr and about 30 deg 
below the mobility maxiinum in DMB (Fig. 14). 
There is a remarkable coincidence b e t ~ e e n  the 
relative sizes of the nlobility and the field depen- 
dence peaks. 

 he-density normalized penetration ranges of 
the secondary electrons in these liquids also pass 
through maxima (58). The range maxima occur 
at temperatures slightly higher than those of the 
mobilitj~ maxima (Fig. 15). The relative magni- 
tudes of the range peaks are much smaller than 
those of the mobility and field dependence peaks. 
The major portion of the range is generated by 
electrons in a higher average energy state, prob- 
ably a few tenths of an eV, while the mobility 
and its field dependence are properties of elec- 
trons having an average energy of a few hun- 
dredths of an eV. 

The common factor that influences these three 
quantities is the electron energy transfer cross 
section. The cross section in liquids comprised of 
globular molecules first decreases, then increases 
as the density of the fluid decreases. The mole- 
cules of nP are distinctly nonsphere-like; the 
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scattering cross section in that liquid is relatively 
large and decreases monotonously with de- 
creasing density at high temperatures. 

Electron localization occurs when the scat- 
tering cross section is large. Localization ap- 
parently occurs in the supercritical gases near 
the critical region. 
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Discussion 
J. K. Baird: I wish to point out that I have integrated the 
Schrodinger equation numerically for argon with the fol- 
lowing potential V(v): 

where VHF(y) is the Hartree field, 2 is the polarizability, 
e the electron charge, f the screening function, and r ,  is a 
cut-off radius. The screening function nlay be either that 
due to Lekner (Phys. Rev. 158, 130 (1967)) or one based 
on the Onsager reaction field (J. K .  Baird. J. Phys. Chem. 
79, 2862 (1975)). The difference is unimportant except to 
say that f = 1 at zero density and decreases toward zero 
as the density increases. The cut-off radius r ,  was deter- 
mined so that when f = 1, the potential predicted an 
energy dependence of the total scattering cross section in 
agreement with that observed in numerous experiments 
on the Ramsauer effect in low pressure gases. The result 
of using the above potential to calculate the scattering 
cross section as f decreased from unity was: ( I )  the Ram- 
sauer minimum in the cross section persisted; (2) the 
energy at which the minimum occurred decreased; (3) the 
value of the cross section at the minimum decreased. It is 
my view that the above potential is the one from which 
the single atom cross section in the liquid should be cal- 
culated. To take into account diffraction effects, I believe 
that this cross section should be multiplied by the liquid 
structure factor, as in the Ziman weak scattering theory, 
to obtain the many atom scattering cross section in the 
liquid. Hence, since the single atom cross section appears 
to decrease with increasing density, one is tempted to con- 
clude that the decrease in the screening function may ac- 
count for the large electron mobility observed in liquid 
argon. 

Y. Hatano: D o  you have any experimental data on the 
hydrogen isotope effect of M,, such as p,'s for CH,, 
CH,D, CH2D2, CHD,, and CD,, or p,'s for C2H4, 
CZH3D, CZH2D2 (trans-C2HZD2, cis-C2H2D2, asym- 
CZH2D2), C2HD3, and C2D,? One may expect to get an 
interesting feature for the effect of molecular structure 
of Pe. 

6. R. Freeman: I agree that the isotope effect should 
exist. We tried to do measurements in the series of deu- 
terated methanes several years ago, but failed due to im- 
purity problems. We are going to try again soon. As a 
final comment, on several occasions during the confer- 
ence experimentalists have presented evidence that be- 
havior similar to the (gas phase) Ramsauer-Townsend 
effect can occur in simple liquids. The opinion of con- 
cerned theoreticians seems to be that the Ramsauer-Town- 
send effect cannot occur in liquids. At this point we must 
specify conditions more precisely. In mobility experi- 
~lients the effect appears as a maximum in a plot of elec- 
tron mobility against applied electric field strength. The 
mobility maximum occurs in both gaseous and liquid 
xenon. For the liquid phase, beginning at the critical 
density and proceeding towards higher densities, the low 
field mobility increases and the Ramsauer-Townsend 
inaxim~~m becomes less prominent (Kimura and Free- 
man. To be published). Thus, the Ramsauer-Tonnsend 
mobility maximum (scattering minimum) correlates with 
the density dependence of the mobility at low fields. 
What we lack is a formal theory that relates the two 
effects to comlnon underlying properties of the fluid. 
Lekner's model for the density dependence of the scat- 
tering length (Phys. Lett. A, 27, 341 (1968)) seems an 
appropriate place to start. 
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PETER F. BARRETT, ARNOLD FOX, and RAYMOND E. MARCH. Can. J. Chem. 55, 2279 (1977). 
The photochemical insertion reaction of SnCI, into the metal-metal bond of [P(n-C4Hg),- 

C O ( C O ) ~ ] ~  has been studied in THF at 23.0°C at the irradiating wavelengths 365 nm, 436 nm, 
and 546 nm. At 365 nm, the quantum yield for the reaction increases with increasing concentra- 
tion of SnCI, and approaches a limiting value of 1.0. At 436 nm, however, the quantum yield 
increases above 1.0 and at 546 nm, quantum yields as high as 6 were measured. The uv-visible 
absorption spectrum of [P(n-C,H,),Co(CO),], shows an intense band at 372 nm and a broad 
shoulder at about 440 nm. A simple mechanism is proposed to operate on irradiation at 
365 nm due to absorption by the intense band, but a more complicated chain mechanism is 
suggested to operate at 546 nm as a result of absorption by the lower energy shoulder band. 
It appears that both mechanisms operate on irradiation at 436 nm due to the overlap of the 
two absorption bands at this wavelength. 

PETER F. BARRETT, ARNOLD FOX et RAYMOND E. MARCH. Can. J. Chem. 55,2279 (1977). 
On a etudie, dans le THF a 23.0DC et faisant appel a des longueurs d'irradiation de 365,436 

et 546 nm, la reaction d'insertion photochimique de SnCl, dans le lien metal-metal de [P(n- 
C4Hg),Co(CO),12. A 365 nm, le rendement quantique de la reaction augmente avec une aug- 
mentation de la concentration de SnCl, et approche une valeur l~mite de 1.0. Toutefois a 436 
nm, le rendement quantique augmente au-dessus de 1 .O et a 546 nm, des rendements quantiques 
aussi haut que 6 ont pu Ctre mesures. Le spectre d'absorption uv-visible de [P(n-C4H9),Co- 
(CO)3]2 indique une bande intense a 372 nm et m e  Cpaule large autour de 440 nm. On propose 
un mecanisme simple qui s'appliquerait pour l'irradiation a 365 nm et qui serait dCi a I'absorp- 
tion par la bande intense; toutefois on suggkre un mecanisme en chaine beaucoup plus com- 
plique pour expliquer les rCsultats a 546 nm qui proviendraient d'une absorption par la bande 
existant sous forme d'tpaule a une Cnergie plus basse. I1 semble que les deux mkcanismes 
agissent lors de I'irradiation a 436 nm dCi a un recouvrement des deux bandes d'absorption a 
cette longueur d'onde. 

[Traduit par le journal] 

Introduction the basis of the homolytic fission of the M-M 
There has been a recent surge of interest in the bond (I), or in solvents of high donicity, on the 

mechanisms of the photochemical reactions of heterolytic fission of this bond (2). Studies have 
transition metal carbonyl complexes containing shown that the lowest excited states of the M-M 
metal-metal (M-M) bonds (1-7). The photo- bonded species produced on absorption of radia- 
chemistry of these complexes can be explained on tion result from an electronic transition which 

weakens the M-M bond, either by an electron 
'Taken in part from the M.Sc. thesis of A.F., Trent transition from the M-M bond orbital to a n *  University, 1975. Presented in part at the Canadian 

Chemical Conference of the Chemical Institute of Canada, orbital of a ligand or by a transition to  the o* 
Toronto, Ont., Canada, May 1975. orbital of the M-M bond from a n-d orbital 
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TABLE 1. Extinction coefficients in THF 

E (M-I cm-I) 
h 

(nm) [P(n-C4H9)3C~(C0)312 [P(n-C4H9)3Co(CO)312SnC1~ 

which is essentially non-bonding with respect to 
the M-M bond (5-7). Cleavage of the M-M 
bond to form two radicals appears to be the con- 
sequence either of these excitations, or of the 
higher energy process involving the transition of 
an electron from a o orbital of the M-M bond 
to a o* orbital associated with this bond. 

In our studies of the thermal insertion of 
tin(I1) halides into the M-M bonds of a number 
of complexes (S), we have noted that some of 
these reactions are greatly accelerated when per- 
formed in the presence of laboratory light 
(9, 10). A preliminary study of the photoinsertion 
of SnCl, into the M-M bond of [P(n-C,H,),- 
Co(CO),], has previously been reported (lo), but 
we now present the results of a quantitative study 
of this reaction and discuss two mechanisms 
which are consistent with the variation in the 
observed quantum yields with changes in the 
reactant concentrations, and the intensity and 
wavelength of the radiation. 

Experimental 
Materials 

Hexacarbonylbis(tri-n-butylphosphine)dicobalt and di- 
chlorobis(tricarbonyItri-n-butylphosphinecoba1t)tin were 
prepared by the methods outlined in the literature (11). 
Anhydrous tin(I1) chloride was prepared by dehydration 
of the dihydrate as described previously (8) and stored 
under nitrogen. Tetrahydrofuran was refluxed over 
sodium wire and freshly distilled in an atmosphere of dry 
nitrogen immediately before use. 

Determination of Extinction Coeficients 
The extinction coefficients of [P(n-C4Hg)3Co(CO)3]2 

and [P(n-C4H9)3Co(CO)3]2SnC12 in THF were measured 
in the region 350 nm to 560 nm. A small amount of the 
complex was weighed on a microbalance, transferred to a 
volumetric flask, and dissolved up to the mark with THF 
under nitrogen. These solutions were exposed to light 
only from a 1A Kodak safelight filter, and other solutions 
of known concentration were prepared by accurate dilu- 
tion of these stock samples. The absorption spectra were 
recorded at 23.0°C with a Unicam SP1800 Spectro- 
photometer using Teflon stoppered 1.0 cm path length 

cells. Figure 1 shows the spectra of [P(n-C4H9)3Co(C0)3]2 
and [P(n-C4H9)3Co(C0)3]2SnClz in THF, and Table 1 
lists the extinction coefficients at several wavelengths. 

Photolysis Procedures 
SnC12 was weighed into a 25 ml volumetric flask and 

dissolved up to the mark with THF. Part of this solution 
was pressure-filtered through dried No. 42 filter paper 
(using a Sartorius pressure syringe) to fill two 1.0 cm cells 
to be used as blanks. Another 10 ml portion of the SnCI, 
solution was pressure-filtered into a 10 ml volumetricflask 
containing a weighed quantity of [P(n-C4H9)3Co(C0)3]2. 
The weight of [P(n-C4H,)3Co(CO)3]2 was relatively con- 
stant for a series of runs at a given wavelength of irradia- 
tion except when the effect of the concentration of this 
complex on the quantum yield was being studied. This 
reactant solution was used to completely fill two Teflon 

FIG. 1. Electronic absorption spectra of [ P ( ~ I - C ~ H ~ ) ~ -  
C O ( C O ) ~ ] ~  and [P(n-C4H9)3Co(CO)3]2SnC12 in THF at 
23.0°C. 
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stoppered 1.0 cm cells. One pair of cells (reactant solution 
plus blank) was used to study the photochemical reaction 
while the other was used to monitor any thermal reaction 
that might occur and whose contribution could therefore 
be subtracted from the reaction occuring during pho- 
tolysis. 

The cell to be photolyzed was placed in a thermo- 
statted block at 23.0°C and was irradiated by a colli- 
mated beam of light which was contained entirely within 
the boundaries of the cell face. The beam was produced 
from the radiation of a 100 W medium pressure mercury 
lamp which had passed through a Heath scanning mono- 
chromator E. U. 700 with a slit width of 2.0 mm. The 
nominal band width resolution of the instrument was 
found to be 4 nm under these conditions. Controlled 
diminished light intensities in some runs were achieved 
either by inserting neutral density filters (Kodak) of 
known transmittance in front of the reaction cell, or by 
using different lamps of known intensity. 

During illumination, the reaction cell (which contained 
a small glass bead) was removed from the illuminator at 
regular intervals and agitated in order to maintain 
homogeneity of the solution. Absorbances were recorded 
periodically at convenient monitoring wavelengths (540 
nm or 560 nm) by transferring the cell to a Unicam 
SP1800 spectrophotometer. The irradiation time was 
stopped and started by using a manual shutter. The solu- 
tions were irradiated at 365 nm, 436 nm, and 546 nm, and 
the intensity of the radiation at these wavelengths was 
measured by the potassium ferrioxalate actinometric 
method (12). 

The volumes of the reaction cells containing the small 
glass beads, which were required for the calculations, 
were calculated by determining the weight of distilled 
water that could be contained by each cell. 

Determination of Quantum Yields 
The rate of the photochemical reaction 

hv L 
MZ ----+ M2* - MLM 

is given by eq. 1 (13) when the path length of the 
reaction vessel is 1.0 cm and the only absorbing 
species are M2 and MLM. 

where M2 = [P(n-C,Hg)3Co(CO)3],, L = SnCl,, 
which is virtually transparent to visible light used 
in this study, MLM = [P(n-C,Hg),Co(CO)3]2- 
SnCl,, I$ = quantum yield, I, = incident light 
intensity in einsteins h- l ,  V = volume of the re- 
action cell in !, E'S are extinction coefficients for 
the species at the wavelength of the irradiation in 
M -  ' cm-l. Equation 1 can be simplified and 
integrated under two limiting conditions which 
are applicable in this study. 

Condition A 
If the solution is almost totally absorbing at 

the wavelength of irradiation, i.e. if 

E~2[M21  + &MLMLMLM1 2 

eq. 1 can be simplified and integrated to give 
eq. 2. 

If the progress of the reaction is monitored 
spectrophotometrically at a wavelength where 
absorbances are represented by A and extinction 
coefficients by E', eq. 2 can be rearranged to give 
eq. 3. 

where 

f(A,) = 
 EM^ - EMLM)A~ 

E ~ ~ ~ ( E ~ 2 '  - EMLM') 

+ EM210 In (At - Am) 
and 

c =  EM^ - E M L M ) ~ O  
EMLM(EM~' - EMLM') 

+ EM210 111 (A0 - Am) 
Condition B 

If the solution is not totally absorbing at the 
wavelength of irradiation, but if 

eq. 1 can be simplified and integrated to give 
eq. 4. 

(1 - ~ o - & M ~ ~ [ M o  

X log (1 - lo-&~MMzl) - v 

which in turn can be rearranged to give [ S ] .  

where 

and A and T refer to the absorbance and trans- 
mittance of the solution at the monitoring wave- 
length. 

According to eqs. 3 and 5, f(At) and F(A,) 
should be linear functions of time, and quantum 
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yields can be determined from the slopes of plots 
of these functions against time. 

In this study, the concentration of M, was 
such that condition A was applicable for runs at 
irradiating wavelengths 365 nm and 436 nm, 
while condition B was applicable for irradiation 
at 546 nm. Reactions were monitored for the 
first 20-25% of reaction. 

Results and Discussion 
Plots of f(At) and F(At) against time were 

indeed linear and from the slopes of these plots 
the quantum yields were determined. Figure 2 
shows the variation of the quantum yield for the 
insertion of SnCl, into the Co-Co bond of 
[P(n-C,H,),Co(CO),], to produce [P(n-C,H,),- 
Co(CO),],SnCl,, as a function of the concentra- 
tion of SnC1, at the three wavelengths of irradia- 
tion 365 nm, 436 nm, and 546 nm. 

Irradiation at 365 nm 
Figure 2 indicates that for irradiation at 

365 nm, the quantum yield increases with in- 
creasing [SnCl,] but begins to level off at high 

[SnC12] (M)  

FIG. 2. Dependence of quantum yield on [SnCI2] for 
irradiation at 365 nm, 436 nm, and 546 nm. 

[SnCI,]. A mechanism which is consistent with 
these data and which is similar to that proposed 
by Barrett and Poi  (10) is as follows : 

Mechanism I 
hv 

Mz ---+ M2* 

The excited state produced directly on absorption 
of radiation due to the strong absorption band of 
[P(n-C,H,),Co(CO),],, which has a maximum 
absorption at 372 nm (E,,,, - 3.1 x 10,) (Fig. I), 
is assumed to be rapidly converted by radiation- 
less processes having unitary efficiency to M,", a 
lower energy, longer lived excited state which can 
undergo the chemistry indicated in the mech- 
anism. Although the absorption spectrum also 
shows a broad shoulder around 440 nm, it is 
much weaker than the 372 nm band and there- 
fore the bulk of the absorption of the 365 nm 
radiation would be due to the peak at 372 nm. 
Making a steady-state approximation for [M,"] 
leads to the following expression for the quan- 
tum vield 

which can be rearranged to give 

Equation 7 predicts that a plot of 4 - I  against 
[LIP' should be linear with an intercept of 1.0 
and a slope of kl/k,. Figure 3 demonstrates the 
linearity of this plot and gives an intercept of 
0.91 + 0.05, i.e. a limiting + at high [L] of 
1.10 + 0.06,andavalueofk1/k2 of1.18 f 0.02. 
Equation 7 also implies that the quantum yield 
should be independent of both the intensity of the 
radiation and the concentration of [P(n-C,H,),- 
Co(CO),],. Although there is a fair degree of 
scatter of the data points, Table 2 indicates that 
these criteria appear to be met. 

Irradiation at 436 nm and 546 nm 
Figure 1 indicates that photolysis at 546 nm 

will result in absorption due to the broad band 
centered at -440 nm. Since overlap of this band 
with the strong band at 372 nm is negligible at 
the photolyzing wavelength of 546 nm, the 
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FIG. 3. Plot of 4-' against [SnCIz]-' for irradiation at 
365 nm. 

excited state produced, M2*, will be electroni- 
cally different from that formed from irradiation 
at 365 nm and could therefore give rise to an 
entirely different mechanism for the reaction. The 
fact that the quantum yields are greater than 1.0 
(Fig. 2) implies that a chain mechanism is 
operating and the following scl~eme is consistent 
with the data: 

Mechanism 11 
hv 

MZ 4 M2* 

k6 
.ML + M2 ---+ MLM + .M 

ks 
.M + -ML - MLM 

Applying the steady-state approximation to  
[M2*], [.ML], and [.MI, and if I, = rate of 

TABLE 2. Dependence of 4 on [M2] and on the intensity 
of absorbed radiation I,,, at 365 nm, 

MZ = [P(n-C4H9)3Co(C0)312 
- 

[SnC121 [M21 1051,,, 
(MI (M) (einsteins e -' h-l) 4 

absorption of radiation by M, in einsteins 
(-1 h-1 , the following expression for the 

quantum yield can be derived: 

(k4 f k5)CLI ' = 
k3 + (k, + k5)[L] 

Because irradiation at 436 nm occurs in a region 
of overlap of the two absorption bands at 372 nm 
and - 440 nm, presumably the insertion reaction 
can occur simultaneously by both mechanisms I 
and 11. The quantum yields observed for irradia- 
tion at 436 nm would therefore be expected to 
fall between those observed for irradiation at 
365 nm and 546 nm and this is borne out in 
Fig. 2. Equation 8 predicts that at constant [M,] 
and [L], the quantum yield should be inversely 
proportional to I,,,'/~, and that at constant [L] 
and I,, $ should be directly proportional to 
[M2]112. Figures 4 and 5 show the plots which 
appear to verify these predictions. The intercept 
in both figures should lie between 0 and 1.0, but 
the accuracy of the intercepts is poor because the 
data points are so far removed from the inter- 
cept. 

The nature of the excited states M," postu- 
lated in mechanisms I and IT can be understood 
only if the electronic transitions involved in the 
two absorption bands in the uv-visible spectrum 
of [P(n-C4H,)3Co(CO)3]2 are known. The in- 
tense absorption band between 350 11m and 
400 nm for complexes of the type [Co(CO),L],, 
where L = phosphine or phosphite, has been 
assigned to a o-o'k transition associated with the 
cobalt-cobalt bond (14). Although the broad 
shoulder on the lower energy side of the intense 
band in these complexes has not been un- 
equivocally assigned, a similar shoulder band in 
Mn,(CO),, adjacent to the band due to the 
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FIG. 4. Plot of + against for irradiation at  
436 nm. [SnC12] = 1.50 M. 
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o-o* transition has been assigned to a n-o* 
transition (1 5) and it would appear reasonable to  
make a similar assignment in the case of the 
cobalt complexes. Absorption of radiation at 
365 nm therefore would result in an electronic 
transition from the M-M bonding o orbital to 
a o* orbital. Such a transition would be expected 
to reduce to zero the bond order between the two 
halves of the dimeric complex and easily lead to 
the formation of radicals. No radicals could, 
however, be detected by esr in the range 3650 f 
250 G on irradiation of a solution of [P(n- 
C,H,),Co(CO),12 in THF with a 200 W high 
pressure mercury lamp. Irradiation of Mn,(CO),, 
has been reported to  result in the formation of 
Mn(0) radical species which are detectable by 
esr (16, 17), but these claims appear now to be 
unfounded (18, 19). Although the limiting 
quantum yield of 1.0 for irradiation at 365 nm, 
which is predicted by mechanism I and which is 
consistent with the data, rules out the possibility 
of a radical chain mechanism occurring, there 
still is the possibility that M2* could exist as two 
radicals trapped in a solvent cage. 

Absorption of radiation due to the lower 
energy band at -440 nm does give rise to a 
chain mechanism as evidenced by the large 
quantum yields at 436 nm and 546 nm. The 
transition involved (n-o*) would result in the 
M-M bond order being reduced to one-half, 
but it is not clear why a radical propagation 
mechanism should be favoured here when there 
is no evidence for such a mechanism occurring 
with radiation corresponding to the o-o* 
transition. 
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ROBERT W. R. HUMPHREYS and DONALD R. ARNOLD. Can. J. Chem. 55,2286 (1977). 
The electron uaramaanetic resonance (em) suectra of the diarvlmethvlenes: diuhenvl- - , .  , A A - 

methylene, p-cyanodiphenylmethylene, p-methoxydiphenylmethylene, p,pf-dimethoxydiphenyl- 
methylene, p,p'-dicyanodiphenylmethylene, p-cyano-p'-methoxydiphenylmethylene, have been 
studied. The zero-field splitting parameters have been determined. The signal intensity as a func- 
tion of temperature (ca. 4-20 K) indicates these methylenes are ground state triplet species. 

ROBERT W. R. HUMPHREYS et DONALD R. ARNOLD. Can. J. Chem. 55,2286 (1977). 
On a determint les spectres de resonance paramagnttique Clectronique (rpe) des diarylmethy- 

lenes: diphenylmCthylene, p-cyanodiphCnylmCthyIene, p-mCthoxydiphCnylmCthylene, p,p'-di- 
mCthoxydiphCnylmCthylene, p,p'-dicyanodiphenylmtthylene, p-cyano-p'-m6thoxydiphCnyl- 

I( mCthylene. On a dCterminC les parametres de couplage a champ ztro. L'intensitC du signal en 
fonction de la tempCrature (environ de 4-20 K) indique que ces groupements mCthyltne existent 
sous forme d'esptces triplets dans 1'Ctat fondamental. 

[Traduit par le journal] 

Introduction $ 
Diphenylmethylene has been extensively stud- 

ied over the past fifteen years. In the process, a 
considerable amount of information about the (a) - - 

-0 QQ* 1 - - -Zaxls 

structure and chemical reactivity of this molecule px 
has been obtained. 

Early reports of the electron paramagnetic 
\ I---@ 

resonance (epr) spectra of diphenylrnethylene, 
both randomly-oriented in a rigid glass (3a) and 
oriented in a single-crystal matrix (3b), indicated 
that the triplet was the ground state of the 
molecule. Although one might expect such a 
triplet methylene to be linear, with the planes of 
the phenyl rings perpendicular (Fig. la) (4), the 

( b )  
epr studies indicate that this is not the case. 
Hyperfine coupling data for diphenylrnethylene 

71- , 

oriented in single crystals of benzophenone, 
along with molecular orbital calculations (5 ) ,  I 5 
and ENDOR experiments on diphenylmethylene e =  140-150" 
in single crystals of 1,l -diphenylethylene (6) 
suggest that the molecule is non-linear with a 
dihedral angle (i.e. the angle at the divalent 
carbon) of 140-155". The ENDOR experiments 
also suggest that the phenyl rings deviate from 
coplanarity, but it is possible that the structure is 
altered somewhat by the crystal packing  force^.^ 

The magnitude of the epr zero-field splitting 

'Contribution No. 166. 
'To whom correspondence should be addressed. 
3The observed deviation from coplanarity of the phenyl 

rings in diphenylrnethylene is very similar to that known 
for the host crystal diphenylene from X-ray analysis (6). 

FIG. 1. Models for diphenylmethylene. 

parameter D for diphenylmethylene (D = 0.4050 
cm-l, E = 0.0194 cm-l) (7) is considerably 
greater than that for the phosphorescent state of 
an aromatic hydrocarbon such as naphthalene 
(D = 0.0992 cm-l, E = 0.0143 cm-l). Thus the 
two unpaired electrons must be localized at. the 
divalent carbon to a large extent. However, 
delocalization into the phenyl groups in diphenyl- 
methylene is significant in comparison to 
phenylmethylene (D = 0.5098 cmT1) (7) and 
methylene (D = 0.95 cm-l) (8). It should also be 
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noted that E is not equal to zero. This was the In a recent publication (13), we described the 
first experimental indication that the linear model determination of the ground state multiplicity of 
for diphenylmethylene with the phenyl planes a number of related phenylvinylmethylenes. Our 
perpendicular was incorrect, since one would interest centered on the effect of substituents on 
- - 

expect such a triplet species to have E = 0. 
The above results lead to a model for triplet 

diphenylmethylene in which the divalent carbon 
and phenyl rings are approximately coplanar 
(7, 9) (Fig. lb). The two half-filled orbitals at the 
divalent carbon consist of a pure p-orbital per- 
pendicular to the phenyl rings, and conjugated 
with the phenyl n-system, and an orbital 

the ground state multiplicity of the species in 
question based on theoretical models for the 
parent vinylmethylene (12, 14). The problem 
associated with the triplet-singlet energy separa- 
tion in diphenylmethylene led us to study the 
effect of substituents on this system. 

The possible stabilization of singlet methylene 
with respect to the triplet has been discussed in 

occupying the plane of the molecule with con- some detail by other authors (11, 14a, 15, 16), 
siderable s character (referred to as the o-orbital). and these concepts can be applied to  diphenyl- 
The unpaired electron occupying the p-orbital is, methylene. The basic problem involves removing 
thus, delocalized into the phenyl rings to  a the degeneracy of the singly occupied p-orbitals 
certain extent while the unpaired electron in the 
o-orbital is localized at the divalent carbon 
atom. 

There is one glaring problem still remaining in 
the understanding of diphenylmethylene. As has 
already been pointed out, it is well established 
that diphenylrnethylene is a ground state triplet 
molecule. The stereospecificity of the addition of 
diphenylmethylene to cis- and trans-olefins at 
room temperature has led to the conclusion that 
both the singlet and the triplet were reacting and 

in linear triplet methylene to the point at  which 
it is more favourable energetically for both 
electrons to occupy the same orbital. This, of 
course, involves overcoming the electron- 
electron repulsion which occurs when both 
electrons occupy the same orbital. Is it possible, 
with the proper choice of substituents, to remove 
the degeneracy of the two singly-occupied or- 
bitals in triplet diphenylrnethylene to such an 
extent that the singlet becomes the ground state? 

It is not immediately obvious how the choice 
that these species are in thermal equilibrium at of substituents will affect the triplet-singlet 
this temperature (10a). The actual energy gap energy gap in diphenylrnethylene since it is clear 
between the ground triplet state and the first that substituents will influence both the triplet 
singlet state has been estimated, by a complex and singlet states. Substituent stabilization of the 
kinetic analysis of flash spectroscopic experi- 
ments, to be less than ca. 3.6 kcal mol-I (lob). 

Theoretical calculations of the energy separa- 
tion between the triplet and singlet states of 
diphenylmethylene are very few due to the large 
size of the molecule. Extended Hiickel calcula- 
tions by Hoffmann, Zeiss, and Van Dine (1 1) led 
these authors to predict the ground state of 
diphenylmethylene to be the triplet state. How- 
ever, no estimate of the energy separation be- 
tween the ground triplet state and the first 
singlet state can be obtained from these calcula- 
tions and in fact the prediction of the triplet 
ground state was based partially on empirical 
criteria. 

triplet has been discussed by Closs and Goh in 
the case of p-nitrophenylcarbene (17). The zero- 
field splitting parameter D for p-nitrophenyl- 
carbene (0.480 cm-l) is smaller than that for 
phenylcarbene (0.512 cm- I), indicating increased 
electron delocalization in the nitro derivative and, 
thus, some stabilization of the triplet state by the 
nitro group. However, the known substituent 
effects on the value of D are generally small and 
it is not apparent what relationship there is 
between the D-value and the actual energy of a 
triplet state, much less the energy separation 
between the triplet and singlet. We felt that the 
substituent effect on the triplet-singlet energy 
separation should be considerably larger than the 

It should be mentioned that the absorption substituent effect on the stability of the triplet 
and emission spectra of diphenylmethylene have state of diphenylmethylene. This assumption is 
also been studied (9, 12). Unfortunately, only supported by the very large Hammett p-value 
fluorescence emission has been detected. At- observed for the gas phase ionization of substi- 
tempts to detect phosphorescence, which would tuted benzyl radicals (18) and from the relatively 
give the triplet-singlet separation directly, were small effect of substituents upon the epr spectra 
unsuccessful (9). of substituted benzyl radicals (19) when con- 
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sidered with the accepted structure of diphenyl- 
methylene (i.e. the triplet state, Fig. lb). 

Based on the above rationale, we prepared a 
series of p-cyano and p-methoxy substituted 
diphenylmethylenes (Table 1). We chose these 
substituents as examples of good resonance 
electron withdrawing and donating substituents, 
respectively. The diphenylmethylenes were easily 
obtained by irradiation of the corresponding 
diazo compounds in a rigid glass at very low 
temperatures. The diazo compounds were pre- 
pared from the corresponding hydrazones by 
oxidation with mercuric oxide in the presence of 
base using a method described in the Experi- 
mental section. 

The experimental determination of the ground 
state multiplicity of these species and the at- 
tempts to observe the population of an upper 
state can be a relatively simple matter if the 
triplet methylene can be detected by epr spec- 
troscopy. For a constant methylene concentra- 
tion, the signal intensity should vary inversely 
with temperature. That is, the signal intensity 
should follow the Curie law. Deviation from this 
linear relationship indicates one of the following: 
( I )  the triplet is reacting as the temperature is 
raised (this can easily be verified by repeating the 
temperature cycle on the same sample); (2) an 
upper singlet state is being populated as the 
temperature is raised, thus depleting the popula- 
tion of triplets; (3) the singlet state is the ground 
state and the triplet state is being populated as 
the temperature is raised. 

The expected behaviour of the signal intensity 
under conditions (2) and (3) has been discussed in 
some detail previously (13). The temperature 
dependence of the signal intensity for various 
triplet species have been reported (1). These 
studies include several examples in which the 

TABLE 1. Series of p-cyano and p-methoxy 
substituted diphenylmethylenes studies 

Compound X Y 

1 H H 
2 H CN 
3 H OMe 
4 OMe OMe 
5 CN CN 
6 CN OMe 

triplet is the upper state which is thermally 
populated (1 a-d). Species examined by this 
technique which show singlet-triplet equilibrium 
behaviour include cyclic, symmetric 4n n-electron 
systems (1 a, b), aromatic dinegative ions (lc), 
and biradicals (1 d, e). This behaviour has never 
been observed for a methylene system. 

There are no reported examples of the observa- 
tion of temperature dependent signal intensity 
behaviour indicative of thermal population of an 
upper singlet from a lower energy triplet state 
(i.e. case 2). This is perhaps not surprising in 
view of the limitations of this technique to detect 
this phenomenon (13). 

Results 
The diphenyldiazomethanes were character- 

ized by 'H nmr, ir, and visible spectroscopy. 
Examination of the visible absorption maxima 
for the series indicated a trend in the effect of 
substituents on the position of the maximum. A 
good correlation was found for the position of 
the visible absorption maximum as a f~~nction of 
the Hammett substituent parameter Cop. This 
correlation was useful to confirm the structure of 
the diphenyldiazomethanes, including otherpara- 
substituted diphenyldiazomethanes not described 
here. 

Generation of the methylenes (1-6) at ca. 5 K 
in a rigid glass proved to be an easy matter. The 
diazo precursors were irradiated directly with a 
1 kW high pressure mercury arc lamp. Once 
generated, the methylenes seemed to be stable to 
further irradiation. However, prolonged irradia- 
tion was avoided to prevent both excessive 
sample heating, thereby wasting liquid helium, 
and a significant increase in the signal due to free 
radicals in the g = 2 region. 

The signals due to a triplet species were as- 
signed in terms of the Hamiltonian 2 = g P ~ . 3  
+ 03: + ~(3 :  - Sy2).  The zero-field splitting 
parameters were obtained from the observed 
spectra by employing an iterative computer 
program and are summarized in Table 2. The 
spectral field positions were obtained accurately 
using an Alpha Scientific Model 675 Gaussmeter. 
In all cases, only four lines were observed: H z , ;  
Hx2; H y 2  ; Hz2.  

The observed signal intensity (the peak-to-peak 
height of the Hx2 line was used in every case) as a 
function of temperature for two of the methylenes 
studied is shown in Fig. 2. As can be seen, the 
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HUMPHREYS AND ARNOLD 

TABLE 2. D and E values for diphenylmethylenes 

Compound p,pf-Substituents D (cm-') E (cm-') 

aPreviously reported values (7). 

these results to mean that the diphenylmethylenes 
1-6 are ground state triplets and the singlet state 
is not being populated to any discernible extent 
at the maximum temperature of the experiment. 
An alternative possibility is that the singlet is the 
ground state of the species and is separated by 
such a small energy (< 5 cal mol-') from the 
upper triplet as to be in thermal equilibrium with 
this upper state even at the lowest temperatures 
used. We consider this unlikely for any of the 
diphenylmethylenes 1-6. 

The expected behaviour of the intensity us. 
(temperature)-' profile for an upper singlet state 
being populated from a lower triplet state can be 
calculated using the expression 

0 
0 0.05 0.10 0-15 

( K-') 

FIG. 2. Graph of I us. l / T  for two diarylmethylenes. 

plots are linear over the entire temperature range 
studied (5-20 K). These results were typical of all 
the diphenylmethylenes (1-6) listed in Table 1. 

Discussion 
On examining the D and E values in Table 2, 

it is, first of all, obvious that the effect of substi- 
tueilts is not large and, secondly, that there is no 
trend which is consistent with the Hammett 
substituent parameters (o, o+, etc.). In general, 
the observed D value is somewhat lower than 
that of the parent species, indicating greater 
electron delocalization in the substituted di- 
phenylmethylenes. This is predictable and has 
been observed previously (7). 

The I us. l / T  plots for diphenylmethylenes 1-6 
indicate that all follow Curie law dependence 
over the temperature range studied. We interpret 

Such calculations indicate that the practical limit 
for the observation of deviations from Curie law 
dependence, from a graphical standpoint, seems 
to be somewhat less than 100 cal mol-' for the 
case in which the triplet is the ground state. This 
at least places a lower limit on the triplet-singlet 
energy separation in all diphenylmethylenes 
studied here 

We conclude that the effects of the p-methoxy 
and cyano substituents in the derivatives 1-6 are 
not large enough to invert the order of states in 
diphenylmethylene. In view of the relatively small 
energy difference (< 3.6 kcal mol-' estimated) 
(lob) between these states in diphenylmethylene, 
we are reluctant to abandon the substituent 
effect approach to achieve this objective. We 
have, therefore, begun a study of the p-N,N- 
dimethylamino and nitro derivatives. Preliminary 
evidence indicates that thep,pl-bisdimethylamino 
and the p-dimethylamino derivatives are ground 
state triplets. Our results from this series will be 
reported in the near future. 
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TABLE 3. Spectral data for diphenyldiazomethane series 

Nuclear magnetic 
resonance 

Compound p,p'-Substituents @ P P ~ )  
Infrared Ultraviolet 

(pm) hmax(nm) 

Experimental 
General 

Electron paramagnetic resonance spectra were obtained 
from and temperature dependence studies were per- 
formed on a Varian E-12 epr spectrometer equipped with 
an Air Products Model LTD-3-110 "Helitran" liquid 
helium Dewar and transfer system. Samples were placed in 
Supersil epr tubes and were irradiated with a Schoeffel 
1 kW high pressure mercury arc lamp. 

Electron paramagnetic resonance samples were 
generally prepared by dissolving approximately 6 mg of 
the appropriate diphenyldiazomethane in I ml 4 : l  
methylcyclohexane-isopentane (MCIP) followed by de- 
gassing by the freeze-pumpthaw technique. For samples 
used in the temperature dependence studies, approxi- 
mately 6 mg phenylazide was added to the samples. The 
inclusion of the phenylazide provided an internal check on 
the temperature readings, since (triplet) signals from 
phenyl nitrene are known to follow the Curie law. 

Temperature readings at liquid helium temperatures 
were obtained using two chrome1 us. gold - 0.07% iron 
thermocouples, one imbedded in the liquid helium 
Dewar near the sample cavity and one used as a standard 
at ice-water temperature. The voltage readings were 
obtained from a Hewlett-Packard 3420B DC differential 
voltmeter. 

Temperature Dependence Studies 
The temperature dependence studies were performed in 

a manner essentially identical to that described in a 
previous paper (13) and will not be discussed here. 

Preparation of Compounds 
All diphenyldiazomethanes were prepared by the same 

method. The general procedure involved the preparation 
of the corresponding benzophenone hydrazone and sub- 
sequent oxidation with yellow mercuric oxide in the 
presence of base. The preparation of p,p'-dicyanodi- 
phenyldiazomethane was typical, with the exception that 
dry THF was used as the solvent for the oxidation step 
due to the insolubility of p,p'-dicyanobenzophenone 
hydrazone in diethyl ether. For all of the other diphenyl- 

diazomethanes, the oxidation step was carried out in 
diethyl ether. 

Pertinent spectral data for the diazo compounds are 
summarized in Table 3. 

The preparation of the hydrazones was generally 
carried out by a method described previously (2). For 
p-cyano- and p,p'-dicyanobenzophenone hydrozone, this 
method was found to produce considerable azine. There- 
fore, a different method was used for the preparation of 
the corresponding hydrazones of these ketones and will be 
described in detail for p,p'-dicyanobenzophenone 
hydrazone. 

The preparation of p,p'-dicyanobenzophenone is also 
described due to the improved procedure used. 

All 'H nnlr spectra were obtained on a Varian T-60 
nmr spectrometer using TMS as an internal standard. All 
ir spectra were obtained on a Beckman IR-5A infrared 
spectrometer with polystyrene calibration. Visible 
spectra were obtained on a Cary 118C UV-Visible 
spectrometer. 

p,p'-Dicyanobenzophenone 
Dry N,N-dimethylformamide (20 ml), p,p'-dibromo- 

benzophenone (20g, 0.059 mol), and cuprous cyanide 
(12.7 g, 0.142 mol, 20% excess) were placed in a 50 ml 
round-bottom flask equipped with a magnetic stirring bar, 
reflux condenser, and drying tube. The mixture was 
heated to reflux using an oil bath and was allowed to heat 
for 9 h, at which time the hot, dark brown, granular 
mixture was poured into hot, 10% aqueous sodium 
cyanide (500ml). The sodium cyanide solution was 
allowed to heat on a steambath for 30 min, at which time 
an orange solid had separated and come to the top. The 
sodium cyanide solution was extracted with benzene 
(3 x 250 ml), the orange solid dissolving in the benzene. 
The benzene solution was washed three times with water 
and dried over anhydrous magnesium sulfate. 

In some cases, lumps of solid from the reaction mixture 
may appear and these should be broken up with a glass 
rod. Periodic manual stirring of the hot sodium cyanide 
solution also helps and the mixture may be left on the 
stearnbath for longer than 30 min. Some solid will remain 
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which cannot be dissolved in either the benzene or 1 .  (,) R. B R E ~ L O ~ ,  H. W. CHANG, and W. A. YAGER. J. 
aqueous layers. Am. Chem. Soc. 85,2033 (1963); (b) R. BRESLOW, R. 

After filtration by gravity and removal of the benzene HILL, and E. WASSERMAN. J. Am. Chem. Soc. 86, 
on the rotary evaporator, a yellow solid was obtained, the 5349 (1964); (c) M. GLASBAK, J. D. W. VAN VOORST, 
nrnr and ir spectra of which indicated the presence of and G. J. H O ~ T I N K .  J .  Chem, phys. 45, 1852 (1966); 
p,pf-dicyanobenzophenone. The crude yield was about (d)R. M. PAGNI, C. R. WATSON, JR., J. E. BLOOR, and 
60% (8.2 g). Removal of the yellow colour required J. R. DODD. J. Am. Chem. Soc. 96,4064 (1974); (e) C. 
column chromatography on silica gel using 9: 1 petroleum R. WATSON, JR., R. M. PAGNI, J. R. DODD, and J. E. 
ether - diethyl ether elution and slowly changing to 6 :4  BLOOR. J. Am. Chem. Soc. 98,2551 (1976). 
petroleum ether - diethyl ether. Recrystallization of the 2. L. I. SMITH and K. L. HOWARD. Org. Syn. Coil. ~ 0 1 .  
pure product from chloroform - diethyl ether or benzene 3. J. Wiley and Sons, Inc., New York. 1955. p. 352. 
afforded needles, mp 159.5-160°C (uncorrected). nmv 3. (a) R. W. MURRAY, A. M. TROZZOLO, E. WASSER- 
(CDCI,): 6 7.82(s); iv (CHCI,): 3.33(w), 4.47(m), MAN, and W. A. YAGER. J. Am. Chem. Soc. 84,3213 
6.00(s), 7.86(s), 10.77(s). (1962): (b) R. W. BRANDON, G. L. CLOSS, and C. A. 

p,p f-Dicyanobenzophenone Hydrazone 
Hydrazine hydrate (3.5 g, 0.069 mol), absolute alcohol 

(50 ml), and anhydrous sodium sulfate (10 g) were placed 
in a 250 ml 3-neck round-bottom flask equipped with an 
addition funnel, stopper, condenser, and drying tube, and 
the mixture was heated to reflux using an oil bath. A 
solution of p,p'-dicyanobenzophenone (0.805 g, 3.47 x 
lo-,  mol) in ethanol (50 ml) and benzene (20 ml) was 
added through the addition funnel over a period of 8 h, at  
which point the reaction mixture was a light yellow 
colour. The mixture was allowed to heat at  reflux over- 
night. 

After cooling and filtering by gravity to remove the 
sodium sulfate, all solvent was distilled off under vacuum 
and the light yellow solid thus obtained was recrystallized 
from absolute alcohol. Very light yellow crystals of p,p'- 
dicyanobenzophenone hydrazone (0.445 g, 55%) were 
obtained after two recrystallizations from absolute 
alcohol. nmv (CDCI,) : 6 5.7 (s, br, 2H), 6 7.74 (m, 6H); 
iv (CHCI,): 2.89(w), 3.33(w), 4.39(s), 6.36(m), 6.66(m), 
11.90(s). 

p,p f -Dicyanodiphenyldiazomethane 
p,pf-Dicyanobenzophenone hydrazone (0.127 g, 5.16 x 

mol) was placed in a 25 rnl round-bottom flask 
equipped with a magnetic stirring bar and a drying tube. 
Spectral grade tetrahydrofuran (20 ml) was added and the 
hydrazone was allowed to dissolve. Anhydrous sodium 
sulfate (1.0 g), yellow mercuric oxide (0.450 g, 2.1 x lo-, 
mol), and saturated ethanolic potassium hydroxide 
(0.5 ml) were added and the mixture was allowed to stir 
vigorously at  room temperature in the dark overnight. 
The reaction mixture was filtered by gravity, with care 
being taken to exclude all light. The solution was a deep 
orange colour. Evaporation of the solvent on a rotary 
evaporator afforded an orange solid, the nmr and ir of 
which were consistent with the structure of the desired 
product, p,pf-dicyanodiphenyldiazomethane (Table 3). 
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The internal coordinate Morse oscillator as a means to simplify the anharmonicity 
problem in the thermodynamics of systems of polyatomic molecules 
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JAN BRON and R. WALLACE. Can. J. Chem. 55,2292 (1977). 
Two postulates simplify the evaluation and algebraic complexity of the expression for the 

anharmonic correction to the ground rotational-vibrational energy of a polyatomic molecule. 
The two postulates are: ( I )  anharmonicity of vibration is associated with bond stretching 
coordinates only; all other internal coordinates can be represented by harmonic potentials; 
(2) bonds vibrate according to a Morse potential. The result is the replacement of tedious 
computer calculations by a 'back of an envelope' type of computation. Relationships between 
anharmonic corrections to the ground state vibrational energies of isotopically different mol- 
ecules are derived. Good agreement with exact results is obtained. Quantitative and qualitative 
applications are given. 

JAN BRON et R. WALLACE. Can. J. Chem. 55,2292 (1977). 
Deux postulats permettent de simplifier l'tvaluation et la complexitt algtbrique de l'expres- 

sion pour la correction anharmonique vers I'tnergie rotationnelle vibrationnelle fondamentale 
d'une moltcule polyatomique. Les deux postulats sont: ( I )  I'anharmonicite de la vibration est 
associke uniquement avec les coordonnees de vibration du lien; toutes les autres coordonnees 
internes peuvent Ctre representtes par des potentiels harmoniques. (2) Les liens vibrent d'aprbs 
un potentiel de Morse. Le resultat de cette simplification implique le remplacement de calculs 
complexes par ordinateur par un type de calcul qui peut se faire sur le "dos d'une enveloppe." 
On a pu deriver des relations entre les corrections anharmoniques vers les energies vibration- 
nelles de I'etat fondamental de molecules difftrentes du point de vue isotopique. On a obtenu 
un bon accord avec les rtsultats exacts. On donne des applications qualitatives et quantitatives. 

[Traduit par le journal] 

Introduction 
The correction of partition functions and 

thermodynamic quantities for anharmonicity of 
vibration has been discussed in detail over the 
past few years (1-4). It has been found that 
thermodynamic quantities, calculated by means 
of the harmonic approximation, may be con- 
siderably changed when corrected for anhar- 
monicity. This was especially found to be true 
for compounds containing hydrogen isotopes 
(5). Anharmonicity in the ground vibrational- 
rotational state seems to lead to the largest 
correction (5). 

The anharmonic correction, a multiplicative 
factor, of the molecular canonical partition func- 
tion, q, has the form 

[I] ANHC = exp [- (AZPE)/kT] 

The energy quantity, AZPE (5), is the dif- 
ference between the anharmonic and harmonic 
vibrational zero-point energy. The expression 
for AZPE is complex and not easily evaluated 
(3). The calculation of AZPE requires the use of 
a large, modern computer. The time needed to 

calculate AZPE increases enormously when one 
atom is added to the molecule. For this reason it 
has proved impossible to study molecules with 
more than four atoms. 

The time consuming part in calculations of 
AZPE is the transformation of cubic and quartic 
force constants in internal coordinates to those 
in dimensionless normal coordinates (6). In a 

\ z 

recent paper (7) a theory of nuclear motion in 
polyatomic molecules based upon the Morse 
oscillator (bond stretches) has been developed. 
This theorv can be used to evaluate AZPE. 
eliminating the tedious transformation men- 
tioned above. 

In this paper the Morse oscillator approach 
will be used to attempt to simplify the theory of 
anharmonicity. Since the anharmonicity correc- 
tion, ANHC, is largest for compounds con- 
taining hydrogen isotopes, this discussion will 
mainly deal with H, D, and T containing 
molecules. 

Theoretical Considerations 
Perhaps the simplest way to evaluate the 

vibrational partition function, q,,,, is to sub- 
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BRON AND WALLACE 2293 

stitute the harmonic frequencies, obtained by 
using the best available (harmonic) spectroscopic 
force field and Wilson's F, G matrix method (8), 
into the well known expression 

and then multiply qVib by ANHC. In [2], 
wi (cm-l) is the frequency of vibration of the ith 
normal mode and all other symbols have their 
usual meaning. It is proposed to estimate 
ANHC by assuming that the magnitude of 
AZPE is mainly determined by anharmonicity of 
vibration of the A-X bond (X = H, D, T ;  A 
is any other heavier element). Furthermore, it 
will be postulated that the bonds vibrate ac- 
cording to a Morse potential. An expression for 
AZPE can now be derived. 

The vibrational Hamiltonian operator in 
terms of internal (stretching) coordinates, Si, is 
(7) 

There are m bonds in the molecule. The operator 
E?,(')(s,) is defined as 

and Gij is a G matrix element defined by Wilson 
(8). The potential energy, Vi(Si), is given by the 
Morse expression 

[5] Vi(Si) = Di [exp (- 2aiSi) - 2 exp (- aiSi)] 

where Di  and a i  are the usual Morse parameters 
for the ith bond. The approximate eigen values 
of the operator E? in the vibration-rotational 
ground state can be found by (non-degenerate) 
perturbation theory. 

Equation 3 can be written as 

where 

and the perturbation, H('), is equal to 

The zeroth-order wavefunction, $,(O), is 

The function + i ( o ) ( ~ i )  is the solution of the ith 
one-dimensional Morse oscillator problem and 
corresponds to the lowest eigenvalue (9) : 

In this equation the quantities Ai and Ki are 
defined as 

In [I l l ,  pi is the reduced mass of the atoms de- 
fining the ith bond. The solution, E,('), of the 
equation 

is then 

The first and second order contributions to  
the energy are more difficult to evaluate than 
for a set of m harmonic oscillators, because the 
matrix elements of the Morse oscillator do not 
have a set of well defined selection rules. By 
means of the eigen functions given in [9], the 
first order contribution, E,('), becomes 

The second order correction, E,('), to the 
ground state energy becomes 

The prime near the summation sign indicates 
that the summation is over all states except the 
ground state. The energy E,(') is given by the 
expression (9) 

The subscript k is a symbol for the values of the 
quantum numbers ni in the kth state. 

For reasons given above, the summation in 
[15] will contain an infinite number of terms. 
However, by analogy with the harmonic oscil- 
lator, the term, Vll, in the sum that will be 
largest by far is 
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The difference AE,,(O) is defined as 

After evaluation of the matrix elements in [17], 
the expression for Vll becomes 

[23] Fi = 2ai2Di or a i  = +(Fi/2Di)li2 

By means of [21], [22], and [23], AZPE becomes 
m 

[24] AZPE = - C (2Ai)-' 
i =  1 

It should be noted that [24] is easily evaluated 
if Fi and Di are known. A reasonable value for 
Fi, the bond force constant, can be found in the 
literature (10) and an estimate for Di  can be 
obtained from Pauling's empirical formula (11). 
Results obtained from r241 can be com~ared 
with "exact" values (2, j). 

[I91 Vl, = (h/2)' [x 2 aiajGij(2Ki - l)"' 
L r < J  

Discussion and Conclusions 
x (2Kj - / A E , , ( ~ '  The energy AZPE in [24] has been postulated 

to be a sum of contributions of m bonds in the 
Expressions for the other terms in the sun1 can molecule. lt is convenient to define a quantity 
also be found. E(A-X) such that 

Numerical values for [14] and the largest 
terms in r151 were obtained for several mol- [251 AZPE = CE(A-X) - .  
ecules, such as H2°7 HDo, D2°, NH39 where the summation is over all m bonds A-X. 
NH2D, . . . etc. It was found that they were ex- The bond anharmonic energy is then 
tremelv small com~ared  to En('). Therefore. " 
considering the parametric character of the [26] E(A-X) = - = -f12Fi/(16piDi) 
Morse oscillator, which shall be discussed below, Within the Born-Oppenheimer approximation 
EO"' and EO"' be ignored' The ground Fi and Di are the same for bonds differing only 
state energy of the set of m oscillators in the in isotopic substitution, therefore, 
molecule becomes then (cf. [13]) : 

E(A - X') pi -- - 
E(A - X) pi1 

 ti^^ 20 is the ground state energy of a The prime denotes isotopic substitution. From 

set of m uncoupled Morse oscillators and leads L25] that AZPE for a 
to important simplifications. Equation 20 can is 
now be used to obtain an expression for AZPE [28] AZPE(AX,X,~) = m ~ ( ~ - ~ )  
in [I] :  + nE(A-X') 
[21] AZPE = C(- AiP2(Ki - 4)' + Di - 4hvi) By means of [27], the above equation reduces to 
In [21] the Morse parameter Di  may be roughly 
identified with the depth of the potential well 
associated with the vibration of the ith bond. 
The harmonic part in Eo is removed by sub- 
tracting +Chvi. The frequency vi is defined as 

[22 1 vi = ( ~ T C ) - ~ ( F ~ / ~ ~ ) ' ~ '  

The force constant Fi can be expressed in terms 
of a,  and D,, by differentiating [5] twice with 
respect to Si and determining the value of the 
second derivative at Si = 0. The result is 

The relationship [28] has been observed (but 
not explained) previously (3) in exact calcula- 
tions of AZPE for the NHnD3-,, NH,T3-,, 
AHnD2-,, and AHnT2-, (A = 0 ,  S, Se) mol- 
ecules; also the reduced mass relationship, 
[27], holds. In the exact calculations, anhar- 
monicity of the bending modes has been taken 
into account. Bending coordinates probably 
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cannot be related by equations of type [27] and If, for example, the correction factor for the 
[28]. The assumption that the magnitude of ratio q(238UF6)/q(235U~6) is C, then 
AZPE is mainly determined by anharmonic 
vibration of the A-X bonds, seems therefore [301 C = ANHC(238UF,)1ANHC(235UF6) 
reasonable. 

A numerical example may be informative. 
The exact value for AZPE of NH, is -123.3 
cm-' (3). It took, by the way, about 50 min 
for a PDP-10 computer to obtain this number 
and the program used was the result of a 
year's work. From [28] follows that E(N-H) 
is equal to - 123.313 or - 41.1 cm-l.  By means 
of [27] and [29], AZPE for NH,D, NHD,, and 
ND, can be deduced. The results are -104.1, 
- 85.0, and - 65.8 cm-' respectively. The exact 
values are - 104.0, - 84.9, and - 66.1 cm-I, so 
the agreement is excellent. 

For molecules of the type AX,X,', the Morse 
oscillator approach reduces AZPE from a many 
to a two parameter equation. It may be useful 
to discuss these parameters, a i  and D,, in 
greater detail. As pointed out above a,  and Di 
are the same for chemical bonds differing only in 
isotopic substitution. The dissociation energy 
can approximately be identified with D,, but a ,  
is a more abstract quantity. It is therefore sug- 
gested to use [23] and replace a ,  by F,.  The 
force constant F, is, of course, also the same 
for bonds only differing in isotopic substitution. 
The two (Morse) parameters are then only Fi 
and Di. If F, is obtained by spectroscopic 
means or from tables (lo), AZPE depends on 
only one parameter. The remaining parameter Di  
cannot be eliminated, since Di  and the bond 
dissociation energy are not the same. For 
example, for E(N-H) equal to - 41.1 cm- and 
Fi equal to 8.454 x lo5 dyn cm-' (12) and [26] 
follows that Di  has the value of 278 kJ/mol. 
This compares poorly with 407 kJ/mol for the 
N-H bond (13). However, for molecules for 
which exact values for AZPE have not been 
obtained, the dissociation energy may serve as a 
first estimate of Di. 

Equations 25 and 27 are also useful for 
qualitative purposes. Recently a paper appeared 
(14) on dzflerences in thermodynamic quantities 
of various "UF, species (x = 238, 235, etc.). 
These differences are related to  the partition 
function ratios of the "UF, molecules. It was 
anticipated, by means of intuitive arguments, 
that the anharmonicity corrections for these 
partition function ratios are small. The equations 
in this paper can be used to prove this assertion. 

= exp [- {AZPE(238UF6) 
- AzPE(,, 5 ~ F , ) ) h ~ / k ~ ]  

It has been implied in [30] that the units of 
AZPE("UF,) are cm-'. As mentioned above, 
there is no correction when C is equal to unity. 
By using [25] and [27], [30] becomes 

[311 C = exp [-6E(238U-F)(1 - ~2381~235) 
x hclkT] 

= exp [E(238U-F)0.0057hc/kT] 

If D,(U-F) is equal to 517 kJ/mol (15) and 
Fi(U-F) is 3.85 x lo5 dyn cm-I (16), then C 
becomes 0.999985. Hence, anharmonicity is un- 
important. 

As has been implied above, two postulates 
simplify the evaluation and algebraic complexity 
of the expression for the anharmonic correction 
to the ground rotational-vibrational energy of 
polyatomic molecules. These two postulates are: 
(I) anharmonicity of vibration is primarily as- 
sociated with bond stretching coordinates; all 
other internal coordinates can be represented by 
harmonic potentials: (2) bonds vibrate according 
to a Morse potential. The results obtained, eqs. 
27 and 29, successfully relate AZPE for isotopic 
diatomic, triatomic, and tetratomic molecules 
(AX, AXY, AXYZ; X, Y, Z = H, D, T). 
Therefore, it is suggested that [27] and [29] may 
also be applied to suitable molecules of more 
than four atoms. It should be noted that [27] 
and [29] are essentially empirical in character. 

The quantity ANHC, eq. 1, corrects only for 
anharmonicity of the ground state. A correction 
similar to ANHC can be defined for anhar- 
monicity of the vibrational excited states, but it 
is expected that in that case simple expressions, 
such as [27] and [29], will not be obtained. 
However, detailed calculations have revealed 
(5) that corrections due to anharmonicity of the 
excited states are much smaller than ANHC at 
temperatures between 200 and 600 K. For 
higher temperatures the "local mode" method 
of Hayward and Henry (17,18) shows promise to 
simplify the calculation of the correction for 
anharmonicity of excited states. 

In this paper an attempt has been made to 
show how the values of AZPE for molecules 
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differing in isotopic substitution are related. 
Furthermore, a method has been presented to 
estimate AZPE, from the Morse parameters Fi 
(or ai) and Di. If precision is required and 
spectroscopic data are available it is best to 
calculate AZPE by the exact method and use the 
above formulae to determine AZPE for isotopic 
molecules. For larger molecules, containing 
more than four atoms, the exact method de- 
mands too much computer time, and the Morse 
oscillator approach can be used to gain an im- 
pression about the importance of anharmonicity 
of vibration. Equations 1, 25, and 27 can also 
be used in chemical kinetics (4). 
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Comments on "Librations around the C(S)-phenyl bond in 
N-thiobenzoylmorpholines observed by 220 MHz proton magnetic resonance 

spectroscopy" 

ULF BERG 
D~irslon of Otganlc CI?ernlstry 1, Chemical Center., Unli ersrty ofLlrnd, P.O. Box 740, S-220 07 Llrnd 7 ,  Siveden 

Received December 21, 1976 

ULF BERG. Can. J. Chem. 55,2297 (1977) 
The interpretation of the temperature dependent nmr spectra of the three thiobenzmorpho- 

lides 1-3 in terms of torsional libration proposed in the title article is criticized. Pure samples of 
cis-1 and trans-1 have been prepared and studied by dynamic 'H and 13C nmr. A new interpre- 
tation is presented which involves the freezing of the passage over the steric barrier with a 
planar Ph-C(S)N transition state. 

ULF BERG. Can. J. Chem. 55,2297 (1977). 
On critique l'interpretation proposee dans l'article rnentionne dans le titre pour expliquer la 

dipendance qui existe entre la temperature et les spectres rmn de trois thiobenzmorpholides 1 
a 3 en termes de librations torsionnelles. On a prepare des Cchantillons purs de 1-cis et de 1-trans 
et on les a CtudiCs par rmn dynamique de 'H et 13C. On prCsente une nouvelle interpretation qui 
implique le blocage du passage au-dessus de la barrikre sterique avec un etat de transition 
Ph-C(S)N planaire. 

[Traduit par le journal] 

Recently an investigation of the temperature 
dependent 'H nmr spectrum of the three thio- 
benzmorpholides 1-3 was communicated (1). The 

ring passes through a plane perpendicular to the 
thioamide plane. However, they do not attribute 
the observed spectral features to the freezing of 
any of these processes. Instead, the phenomenon 
is explained by "progressive freezing of the 
librations of the thioamide group around the 
Ph-C(S) bond as the temperature is lowered" 
and with the passages over both the E,,,,,, and E, 
barriers "frozen" in the relevant temperature 
region (0 - -50°C). This conclusion was based 
upon the existence of small sharp peaks in the 

ortho-proton signals of 1 and 3 were reported to 
be temperature dependent in the region +40 - 
- 50°C at 220 MHz in several solvents, whereas 
in 2 they remain unchanged under the same 
conditions. 

Fulea and Krueger associate this phenomenon 
with the rotational process about the Ph-C(S) 
bond and suggest two energy maxima for this 
rotation, i.e. one steric barrier (E,,,,,,) for the 
process by which ortho-protons would pass 
through the thioamide plane, and one electronic 
barrier (En) for the process by which the phenyl 

neighbourhood of the coalescencetemperature. 
We question this interpretation and wish to 

present a critical analysis of their theory and a 
reinvestigation of the nmr spectrum of 1. 

In order to observe an effect on the nmr band- 
shape of the type shown in Fig. 1, ref. 1, of a set 
of nuclei interchanging between two (or more) 
sites. the condition has to be fulfilled .that the 
lifethe of the nuclei in the different sites has to 
be much longer by far than what can be envis- 
aged for the torsional levels around a local 
potential energy minimum (see, e.g., ref. 2). In 
other words, the torsional states would have to 
be separated by barriers in the order of 11-14 
kcallmol in the Dresent cases.' In the absence of 
such a high barker, the nuclei in all populated 

'This argument also contradicts the interpretations in 
terms of torsional librations in the other papers cited in 
ref. 1. 
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states give rise to only one chemical shift which 
is the weighted mean value of the chemical shifts 
in the different states. This, however, results in 
only "sharp" signals determined by this chemical 
shift and the coupling constants. 

Furthermore, the statement in ref. 1 that 
passage over the En barrier, with a frozen Esteri, 
rotation, will average the ortho-protons is erro- 
neous in the case of 1 and 3 since the presence of 
the two methyl groups in the morpholine ring 

. introduces anisochronism to the ortho-protons 
h " 3 

(in principle also to the meta-protons) even if the - morpholine ring inversion is rapid, provided that 

dimethyl substituents.' In the absence of methyl 
substituents in the morpholine ring as in 2, this 

- 

g anisochronism is lost if the inversion of this ring 
z is rapid on the nmr time scale and the ortho- 

2 protons are indeed equalized by passage over the - En barrier. 
An analysis of the alternative possibility, i.e. 

the ortho-protons in any of the compounds 1-3. 
Though no barriers to rotation over the En 
maximum have so far been determined, a very 
low value for this barrier can be expected by an 
extrapolation from data on the Ph-C(0) 
system (3), taking into account the important 

.$ barrier-lowering effect of the cross conjugation 
with the nitrogen lone pair as well as the de- 
stabilization of the ground state by non-bonded 
interactions (ESteric). 

These remarks suggest an alternative interpre- 
tation which simply involves the freezing of the 
rotation about the Ester,, barrier. 

In a reinvestigation, authentic samples of 
cis-1 and trans-1 were prepared and examined by 
variable temperature 'H and I3C nmr. The 100 

ZThe explanation in terms of torsional oscillations 
proposed in ref. 1 was just recently commented upon (8) 
and an interpretation, essentially concurring with ours, 
was suggested. In conflict with our analysis, however, the 
authors claimed (ref. 8, note 9) that the ortho-protons in 
the trans isomer are symmetrically equivalent. This is not 
the case as may be visualized by the following schematic 
formula. The non-equivalence is also verified by our 13C 
nmr results. 

0 N 
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FIG. 2. lH nrnr spectra of the ortho-protons at the 
coalescence temperature: a, pure cis-1; 6 ,  cis-1 -k ca. 10% 
of trans-1. 

MHz l H  nrnr signal patterns for the aromatic 
and the methyl protons of the two isomers are 
very similar at ambient temperature. The spectra 
of the morpholine ring protons, however, differ 
substantially. Cis-1 exhibits three groups of 
signals (6 2.7-3.1, 3.5-3.9, 5.3-5.9, the low-field 
part of which integrates for one proton, which by 
double resonance was shown to be a N-CH, 
proton and, by analogy with earlier results, 
assigned to the 2-equatorial proton pointing in 
the direction of the strongly deshielding C=S 
group (4). In trans-1, on the other hand, all 
morpholine ring protons fall in one group of 
signals (6 3.0-4.6). 

On cooling, the ortho-proton part of cis-1 
undergoes broadening and at +2"C a decoales- 
cence is observed, whereas for trans-1 only a 
slight broadening is observed down to - 60°C 
(Fig. 1). Furthermore, the spectrum of cis-1 at 
f 2°C does not contain the sharp peaks amidst 
the broad band reported in ref 1, but this 
pattern is perfectly reproduced when a small 
quantity ofthe trans isomer is added to the sample 
(Fig. 2). Thus, we conclude that Fulea and 
Krueger were studying a sample of cis-1 con- 
taining a few percent of the trans isomer. 

In order co acquire further information and to 
avoid the complication with badly resolved 
proton spectra a dynamic 13C nrnr study was 
also carried out. The I3C chemical shifts are 
shown in Table 1. On lowering the temperature 
the signal assigned to the ortho-carbons showed 
exchange broadening and decoalesced to a 
symmetrical doublet. This phenomenon was 
observed for both cis-1 and trans-1. The coales- 
cence data are reported in Table 2. 

So far we have considered the situation with 
rapid inversion of the morpholine ring. The study 

TABLE 1. 13C nrnr chemical shifts for cis-1 and 
trans-1 in acetone-d6/chloroform-d (1 : 1) at am- 

bient temperature 

6(ppm from TMS) 

Carbon 

TABLE 2. Coalescence data from 13C nrnr for cis-1 
and trans-1 in acetone-d,/chloroform-d (1 : 1) 

Compound 6v (Hz) T, (K) AG*(kcal/mol) 

of the nmr spectra of cis-1 and trans-1 at tem- 
peratures where this inversion is slow should give 
information about the cis-trans assignments of 
the isomers of 1. 

Cis-1 exists in a single conformation with the 
methyls in diequatorial positions, this conforma- 
tion being of ca. 5 kcal lower energy than the 
diaxial conformation (5), and one can expect no 
effect on the nrnr spectrum of the freezing of the 
inversion of this ring. 

Trans-1 on the other hand, exists as an equi- 
librium between two rapidly interconverting 
conformations of comparable energy3 with axial- 
equatorial methyls. Thus the trans isomer should 
be expected to  give rise to decoalescence phe- 
nomena when the rate of ring inversion is slow. 
Accordingly, the I3C nmr spectrum of trans-1 
below - 80°C displayed exchange broadening of 
all the six signals from the morpholine carbons 
as well as those of the two ortho-carbons and the 
single signal of the meta-carbons, leaving only 
the three quaternary carbons (and those of the 
solvent) as sharp signals (Fig. 3). At - 116"C, 
which unfortunately was the low temperature 
limit of the apparatus, the first decoalescence was 
reached corresponding to an upper limit of the 
barrier of 8.0 kcal/mol (with a 6v of 10 Hz). 

In previous work it has been found that N- 

3Since the steric interactions between an axial Z-methyl 
and the sulfur might substantially differ in energy from 
that between an equatorial Z-methyl and the sulfur, 
unequal populations cannot be ruled out. 
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trans - 1 

FIG. 3. Proton noise decoupled I3C nmr spectra of trans-1 in CHCI2F (+ 20% acetone-dd. 

acvlation lowers the inversion barrier of mar- the 13C nmr spectra on a Jeol FX-60 spectrometer work- 

p&lines by 2-3 kcal/mol (6). Thus, reduction of ing at 15.03 MHz. A flip angle of 60" was used, the 
number of data points was 8K and spectral widths were the thiocarbon~l group, giving the 5000, 2500, and 1000 Hz. The temperature was measured 

benz~lmor~holine, should make the decoales- bv means of the thermocou~le fixed in the normal insert. 
cence accessible. On reaction with sodium boro-  his thermocouole was dalibrated against a second 
hydride it was found that both the thiocarbonyl 
group and the nitro group were reduced. The 'H 
nmr spectrum of N-(p-aminobenzy1)-trans-2,6- 
dimethylmorpholine showed the expected de- 
coalescence of the methyl signals as well as of the 
ring protons and the benzyl (T, = -80°C, 
AG* = 9.4 kcal/mol), whereas the cis isomer re- 
mained unchanged at - 105°C. This unambi- 
guously clarifies the assignment of cis and trans 
configurations. 

Experimental 
Measurements 

The 'H nmr spectra were recorded on a Jeol MH-100 
spectrometer utilizing an internal proton lock (TMS) and 

thermocouple held inside the spinning-nmr tube. Free 
energies of activation were estimated by the approximate 
formula appropriate for a coalescing doublet (7) and the 
Eyring equation in the form: 

AG* = -- 4.57 Tc (9.97 + log 
1000 

Preparations 
The cis and trans isomers of p-nitrothiobenz-2,6- 

dimethylmorpholide (1) were prepared by reaction of 
p-nitrobenzaldehyde (7 g), sulfur (4 g), and 2,6-dirnethyl- 
rnorpholine (15 ml, Aldrich, containing ca. 30% of the 
trans isomer) for 1.5 h under reflux conditions. The 
mixture was treated with ice water and extracted with 
chloroform. Analysis by tlc (silica, chloroform) gave rise 
to two yellow spots (Rf = 0.64; 0.54) in addition to by- 
products. The two products could be separated by re- 
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peated column chromatography (silica, Merck 70-230, 
chloroform) and by recrystallizat~on of the different 
fractions from ethanol. The products were identified In 
the order that they wereeluted: cis-l,2.5 g, mp 165-166°C; 
trans-1, 0.5 g, mp 149-150°C. For Identification see Dis- 
cusslon. In addition p-aminothiobenz-2,6-dimethylmor- 
pholide (2.0 g, mp 135-159°C) was isolated, apparently 
formed by reduction of the nitro group by sulfide ions 
generated in the reaction. The cis-trans relation was not 
established for this compound but according to the large 
temperature interval of melting a mixture of the two 
isomers seems probable. 

Reduction of 1 
Each isomer of 1 (200 mg) was treated with sodium 

borohydride (excess) in ethanol at  50°C for 1 h. Dilute 
HCI was added to destroy the excess hydride and the 
solution was made basic with NaOH, extracted with 
ether, and evaporated. Analysis by gc-ms and nmr 
showed that the main component (80%) was N-(p-amino- 
benzy1)-2,6-dimethylmorpholine. Small amounts of re- 
covered 1 and p-aminothiobenz-2,6-dimethylmorpholide 
could also be identified. 

Elemental analyses, mass and nmr spectra were in 
agreement with the given structures. 

Dr. T. Liljefors for valuable discussions and the 
Swedish Natural Science Research Council for 
financial support. 
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Etude expkrimentale et thkorique des spectres de vibration des dCrivCs 
di- et trisubstituks de l'isothiazolel 

GILBERT MILLE, MICHEL GUILIANO ET JACQUES CHOUTEAU 
Universite' de Droit, d'Economie et des Sciences d'Aix-Marseille, Centre de Spectrographie Infrarouge, Centre st. 

Charles, 3 ,  Place V .  Hugo, F. 13331, Marseille, CPdex3 France 

R e ~ u  le 28 octobre 1976 

GILBERT MILLE, MICHEL GUILIANO et JACQUES CHOUTEAU. Can. J. Chem. 55,2302 (1977). 
Les spectres infrarouges sous diffkrents etats (liquide, solution, vapeur) et les spectres Raman 

en phases condensees d'une sCrie de dCrives di- et trisubstitues de I'isothiazole ont CtC analysCs. 
Pour certains composes une Ctude de modes normaux de vibration a Cgalement CtC faite. Une 
attribution des modes fondamentaux de vibration de ces molecules est proposCe et discutie. 

GILBERT MILLE, MICHEL GUILIANO, and JACQUES CHOUTEAU. Can. J. Chem. 55,2302 (1977). 
The infrared absorption spectra in different physical states (liquid, solution, vapor) and the 

Raman spectra in the liquid or solid state of di- and trisubstituted isothiazole derivatives have 
been analyzed. For some compounds a study of the normal vibrations has also been done. An 
assignment of the fundamental modes of vibration of these molecules is given and discussed. 

Introduction 
Une analyse exptrimentale et thtorique des 

spectres de vibration de l'isothiazole (1-3) et de 
ses dtrivts monosubstituts en position 3, 4 et 5 
(4-7) vient de faire l'objet de plusieurs mtmoires. 
Dans le prolongement de ces recherches en strie 
isothiazolique, nous nous sommes proposts 
d'ttendre ce travail aux composts di- et trisub- 
stituts de l'isothiazole C,NSRR'R" (R = H, 
CH,, C1, R' = H, D, CH,, CN, NO,, Br, I et 
R" = H, D, CH,, CD,, C1, Br, I) (fig. 1) afin, 
d'une part de complkter l'attribution fragmen- 
taire existant pour les dimtthyl- et trimtthyl- 
isothiazoles (8) et d'autre part, de voir dans 
quelle mesure les rtsultats exptrimentaux et 
thtoriques relatifs aux dtrivts monosubstituts 
pouvaient etre utilisks pour l'interprttation des 
spectres de vibration des moltcules polysubsti- 
tuCes. 

Les spectres infrarouges ainsi que les spectres 
Raman de 14 composCs disubstituks et de huit 
dCrivts trisubstituts ont donc Ctt examines. De 
plus nous avons pour sept molCcules complttt 
1'Ctude exptrimentale par un calcul de modes 
normaux de vibration. 

Les attributions que nous proposons sont 
limittes aux oscillations propres du cycle iso- 

'Ce travail constitue une partie de la thkse de Doctorat 
d'Etat, no d'ordre CNRS A0.10862, de M. Gilbert Mille, 
soutenue en 1975 B Marseille. 

thiazole et des liaisons CX, CY et CZ.' Nous ne 
donnons pas ici une analyse detaillie des vibra- 
tions propres aux substituants polyatomiques; 
celle-ci est indiquCe ailleurs (9). 

Apres le dtnombrement et I'activitC des vibra- 
tions nous donnerons les conditions exptrimen- 
tales ainsi que les conditions de calcul. Nous 
indiquerons ensuite les rtsultats exptrimentaux 
et thtoriques qui seront discutts dans une 
derniere partie. 

Dknombrement et activitk des vibrations 
Dans l'hypothkse oh le squelette des dtrivks 

di- et trisubstituks de l'isothiazole est plan, la 

2X = R, Y = R' et Z = R", dans le cas oh les sub- 
stituants sont monoatomiques. X, Y, Z reprksente I'atome 
de carbone ou d'azote directement li& a I'hCtCrocycle dans 
le cas de substituants polyatomiques tels que CH3, CD3, 
CN et NOz. Dans le cas des dCrivCs disubstituks X, Y ou 
Z = H, respectivement pour une substitution en position 
4 et 5, 3 et 5 ou 3 et 4. Par convention X sera lie au car- 
bone en position 3, Y au carbone en position 4 et Z au 
carbone en position 5. 
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symktrie est du type C,. Dans ce groupe de 
symktrie les 18 vibrations fondamentales toutes 
actives en infrarouge et en Raman peuvent se 
dCcomposer en 13 n~ouvements (70 + lvCX 
+ lvCY + lvCZ + 16CX + 16CY + 16CZ)de 
symCtrie A' et 5 oscillations ( 2 r  + lyCX 
+ lyCY + lyCZ) de type A".3 

Les vibrations de symktrie A' et A" doivent 
pouvoir se caractkriser de la m&me maniire que 
dans les spectres de l'isothiazole (1). En particu- 
lier le grand axe d'inertie de ces molkcules devant, 
si elles ont une structure plane, Ctre normal au 
plan du noyau, on peut s'attendre B ce que dans 
les spectres infrarouges des composks i l'ktat 
vapeur les oscillations de classe A' et A'' donnent 
lieu a des bandes de vibration-rotation de type 
A, B ou hybride A + B, d'une part et de type C, 
d'autre part. Les separations AvRP des envelop- 
pes de type A, B ou C doivent Cvidemment 
diffkrer des kcarts Av,, des bandes de mCme type 
de l'isothiazole (1). De mCme que pour l'iso- 
thiazole, on doit trouver dans les spectres Raman 
des dCrivks isothiazoliques des bandes de diffu- 
sion gCnCralement fortes et polariskes pour les 
vibrations de symCtrie A' et des bandes faibles et 
dkpolariskes pour les modes de classe A". 

Conditions expCrimentales 
SynthZse 

La synthese des differents composts CtudiCs a CtB dis- 
cutCe ailleurs (8, 10). 

Spectres infrarouges 
Les spectres infrarouges ont etC enregistres sur spec- 

trographes Perkin-Elmer, modeles 125 et 225. 
Les composCs solides ont etC examines sous forme de 

pastilles constituCes de 2 mg de produit inclus dans 200 
mg de bromure de potassium. 

Les spectres infrarouges des composes a I'Ctat vapeur 
ont BtC rCalis6s avec une cellule a gaz chauffante Perkin- 
Elmer de 5 cm d'tpaisseur a fenetres de bromure de 
potassium ou d'iodure de cesium. 

A I'Ctat dissous les concentrations etaient voisines de 
0.2 M. Le titrachlorure de carbone a Ctt employe dans les 
regions de 3000 cm-' et de 1500 a 1300 cm-', le tetra- 
chlorure d'kthylene, le sulfure de carbone et le cyclo- 
hexane ont respectivement Cti utilises entre 2000 et 1400, 
1350 et 450 et entre 450 et 200 cm-'. Les coefficients 
d'extinction molaire apparents ont CtC mesures aux maxi- 
mums des bandes d'absor~tion. 

Spectres Raman 
Les Cchantillons a I'Ctat liquide ou solide ont Cte 

3v, 6, y designant respectivement les vibrations de 
valence, de deformation dans le plan et hors du plan; 
o et l7 les vibrations de deformation du noyau respective- 
ment dans et hors du plan (cf. ref 4). 

examines dans des tubes capillaires, avec un spectro- 
graphe Raman Coderg, type PH 1, &quip6 d'un laser 
He-Ne de 100 mW emettant a 6328 A. Les facteurs de 
depolarisation ont ete corriges d'apres la methode decrite 
par Bribes et Gaufres (11). Les intensitis ont ete chiffrtes 
de 0 a 10 par cornparaison avec la raie la plus forte de 
chacun des spectres. Dans les cas oh il n'a pas etC possible 
d'obtenir les spectres de diffusion de 3200 a 200 cm-I 
sans changer les conditions d'enregistrement les intensites 
des raies Raman ont CtC estimees a I'aide des lettres F 
(forte); m (moyenne); f (faible) et ff (tres faible). Pour les 
spectres infrarouges et Raman l'incertitude sur les fre- 
quences est infkrieure a 2 cm-' dans la region de 4000 a 
1000 cm-' et d'environ 1 cm-I de 1000 a 200 cm-'. 

Conditions de calcul 
Le calcul des modes normaux de vibration des 

dkrivks di- et trisubstituks de I'isothiazole a kt6 
entrepris par la mkthode classique de Wilson et al. 
(12) dans 11hypoth6se d'un champ de forces de 
valence du type GVFF. Le programme de calcul 
utilisk est celui kcrit par Schachtschneider (13). 

Struct~rre ge'ome'frique 
Les parametres structuraux choisis pour les 

dtrivts di- ou trisubstituts de l'isothiazole sont 
ceux adoptes pour les con~poses il~onosubstituCs 
correspondants (7). 

Coordonnkes internes 
Nous avons conservk les coordonnkes internes4 

dkja utiliskes pour l'isothiazole (3) et ses dCrivks 
monosubstituCs (7), pour dkcrire les diffkrentes 
vibrations de symCtrie A' (fig. 2). 

Dans le cas des moltcules mkthylkes, nous 
avons considCrk le ou les substituants mkthyle 
comme des groupements ponctuels de masse 
M = 15.035 g. 

Chanzp de forces 
L'analyse vibrationnelle a Ctk menCe en ad- 

mettant qu'en premiire approximation le champ 
de forces des dtrivks di- et trisubstituks de l'iso- 
thiazole rksultait de la superposition des champs 
de forces trouvks pour les dtrivts monosub- 
stituis correspondants (7). Un premier calcul 
effectuk dans ces conditions a donnt des resultats 
tris satisfaisants. NCanmoins pour amkliorer 
certains Ccarts entre frkquences observees et 
frCquences calculies, nous avons introduit des 
constantes d'interaction du type: f r i r ,  +, ( i  = 3, 

4Comme pour l'isothiazole et ses derives monosub- 
stitues (3, 7) nous avons adopt6 pour les dkformations 
angulaires des vibrateurs CX, CY ou CZ des coordon- 
nkes de groupe du type: PL = (W'L - ~ i ) l f i .  
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TABLEAU 1. Constantes de force* relatives aux vibrateurs CX, CY, CZ pour les derives di- et trisub- 
stitues de l'isothiazole 

R, R', R" 

3 4 5 Frp Fr4 Fr5 F83 F ~ 4  F ~ 5  f i i r i + l  &DH 

*Elongation des liaisons (F*;) en 105 dyn cm-I. Dkformatio 
dyn rad-'. 

FIG. 2. Les diffkrentes vibrations de symCtrie A'. 

4 ou 5) lorsque deux ou trois substituants Ctaient 
voisins et du type fpja ,  (i = 3 et 5) dans le cas des 
dCrivCs disubstituds en position 3, 5. Nous indi- 
quons dans le tableau 1 uniquement les con- 
stantes de force relatives aux vibrateurs CX, 
CY et CZ. Toutes les autres constantes de force 
concernant plus particuli6rement le cycle sont 
identiques a celles de l'isothiazole et de ses 
dCrivCs monosubstituts et sont mentionnkes dans 
les rtfs 3 et 7. 

RCsultats expbrimentaux et thhoriques 
Dans le tableau 25 sont indiquCes les frCquen- 

ces infrarouges, enregistrkes B l'ttat dissous, des 
vibrations (v, 6 et y) des liaisons CH (ou CD) des 
composCs disubstituks de l'isothiazole. Le tab- 
leau 35 renferme sous forme de suites les frC- 
quences infrarouges et Raman des vibrations 

peut obtenir les tableaux 2 et 3 un prix nominal, 
en s'adressant au DCpGt de donnCes non publiees, ICIST, 
Conseil national de recherches du Canada, Ottawa, 
Canada KIA OS2. 

n des angles (Fp;)  en lo-" erg rad-2. Interactions (f) en 10-3 

fondamentales des hCtCrocycles C,NSXYZ.6 
Dans ces deux tableaux les frtquences infra- 
rouges mesurCes a 1'Ctat dissous sont suivies du 
coefficient d'extinction molaire et lorsque les 
composCs ont CtC examinks A 1'Ctat de vapeur 
elles sont prCcCdCes de la symttrie de vibration 
rotation (A, B ou C )  des bandes. L'intensitC des 
raies de diffusion, chiffrCe de 0 a 10, succkde aux 
frkquences Raman des composCs en phase 
condenste. 

Les rCsultats thCoriques obtenus a partir du 
champ de forces dCfini prCcCdemment (tableau 1 
et ref. 3) sont comparCs aux donnCes expCri- 
mentales dans le cas des dimCthyl isothiazoles 
(tableau 4), des mCthyl-3 bromo-4 et mCthyl-3 
bromo-5 isothiazoles (tableau 5) des trimCthyl 
3,4,5 isothiazole et dichloro-3,5 mCthyl-4 iso- 
thiazole (tableau 6). Dans ces tableaux sont 
indiquCes Cgalement les attributions qu'il est 
possible de formuler d'apr6s l'analyse de la 
distribution d'knergie potentielle (9). 

Discussion des rCsultats 
Nous examinerons en premier lieu, les vibra- 

tions des liaisons CH ou CD, puis celles de 
noyau en distinguant chaque fois les vibrations 
de type A' de celles de symCtrie A". 

I. Vibrations des liaisons CH ou C D  
( I )  Vibrations de syrne'trie A' 

(a)  Vibrations de valence v(CH ou CD)  
Trois sCries de frkquences vers 3102 f 10, 

3088 + 7 et 3048 L- 11 cm-I peuvent %re con- 
stitutes en examinant respectivement les spectres 

6Les frequences des maximums reliCs a des oscillations 
des substituants ou a des vibrations harmoniques ou de 
combinaison, sont indiqutes pour chacun des composCs 
dans la ref 9. 
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TABLEAU 4. Dimtthylisothiazoles: frkquences et attributions. L'attribution a CtC faite a partir de la distribu- 
tion d'Cnergie potentielle (9) 

DimCthyl-3,4 isothiazole DimCthyl-3,5 isothiazole DimCthyl-4,5 isothiazole 

FrCq. FrCq. FrCq. Frtq. FrCq. FrCq. 
obs. calc. Attributions obs. calc. Attributions obs. calc. Attributions 

3092 3109 vC5H 3085 3090 vC4H 3039 3060 v C ~ H  
1537 1533 vN (vC=C) 1539 1532 vN (vC=C) 1556 1579 vN (vC=C) 
1417 1416 vN (vC=N) 1402 1419 vN (vC=N) 1412 1402 vN (vC=N) 
1347 1362 VN (vC-C) 1358 1328 vN (vC-C) 1325 1341 VN (vC-C) 
1188 1136 SC5H 1203 1190 vC-C*+VC-S 1229 1224 SC,H 
1116 1114 vC-C*+SN 1130 1097 SC4H 1179 1167 vC-C*+vC-S 
853 860 vN (vC-S) 956 932 vC-C*+SN 978 973 vC-C*+SN 
817 841 vN (vS-N) 813 834 vN (vS-N) 792 801 vN (vS-N) 
768 757 vC-C*+SN 700 698 vN+SN 725 729 vN+SN 
588 572 vC-C*+SN 572 564 vC-C*+SN 630 604 vC-C*+vN 
563 544 vC-C*+SN 559 556 vC-C*+SN 536 517 vC-C*+SN 
392 397 SC-C* 367 359 SC-C* 355 377 SC-C* 
268 244 SC-C* 254 263 SC-C* 242 239 SC-C* 

*C* atome de carbone du groupement mCthyle considere comme ponctuel. 

TABLEAU 5. Methyl-3 bromo-4 et mCthyl-3 bromo-5 isothiazoles. Frtquences et attributions 
(voir lCgende tableau 4) 

Mtthyl-3 bromo-4 isothiazole MCthyl-3 bromo-5 isothiazole 

FrCq. FrCq. Frtq. FrCq. 
obs. calc. Attributions obs. calc. Attributions 

3112 3109 vC5H 
1500 1479 vN(vC=C) 
1395 1407 vN(vC=N) 
1336 1341 vN(vC-C) 
1163 1129 SC5H 
986 989 vC-C* + vC-Br + SN 
845 858 vN(vC-S) 
813 833 vN(vS-N) 
71 6 706 SN 
582 568 vC-C* + SN 
400 407 SC-C* 
301 297 vC-Br + SN 
191 164 SC-Br 

infrarouges des dCrivCs de l'isothiazole disub- 
stituCs en - 3,4, - 3,5 et -4,5. Les maximums 
composant ces suites donnent en Raman des 
raies faibles mais polariskes. Nous les relions 
respectivement aux vibrations vC,H, vC,H et 
vC,H (tableau 2). On peut remarquer que les 
positions des modes vCH des composCs disub- 
stituCs sont tr2s proches de celles de l'isothiazole 
(1). La prCsence de substituants en position 3,4, 
3,5 ou 4,5 a donc peu d'influence sur les mouve- 
ments vCH. 

Dans le spectre infrarouge du dimethyl-3,5 
deutirio-4 isothiazole, on observe aucun maxi- 
mum au-dessus de 3000 cm-', mais une absorp- 

v C ~ H  
vN(vC=C) 
vN(vC=N) 
vN(vC-C) 
SC4H 
vN+SN 
vC-C* + vC-Br 
vN(vS-N) 
SN + vN 
vC-C* + 6N 
SC-C* 
vC-Br 
SC-Br 

tion a 2287 cm-' devant tr&s certainement rC- 
sulter du mode vC,D. 

(b)  Vibrations de dkformation 6(CH ou CD)  
La friquence de 6C3H a Ctk situC a 1236 cm-' 

dans I'isothiazole (1). Par analogie et en accord 
avec les rCsultats thioriques (tableau 4 et 5) nous 
relions les sommets infrarouges vers 1228 cm-' 
relevCs dans les spectres des composCs disub- 
stituts en position 4,5 a des mouvements 
analogues. 

Dans les spectres de tous les dCrivCs substituCs 
en 3,4 ou en 3,5, on observe entre 1200 et 1100 
cm-' une absorption forte pour les composCs 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2306 CAN. J. CHEM. VOL. 55, 1977 

TABLEAU 6. Dichloro-3,s methyl-4 et trimethyl-3,4,5 isothiazoles. Frkquences et attributions 
(voir lkgende tableau 4) 

Dichloro-3-5 methyl-4 isothiazole Trimethyl-3,4,5 isothiazole 

FrCq. Freq. Freq. FrCq. 
obs. calc. Attributions obs. calc. Attributions 

disubstitues en position 3 et 4 et moyenne pour 
ceux disubstituks en 3,5 (tableau 2). Ces bandes 
infrarouges disparaissant dans les spectres des 
molCcules trisubstitukes ou dans celui du di- 
methyl-3,5 deuttrio-4 isothiazole, doivent donc 
2tre rattachkes a des vibrations 6CH (tableau 2). 

On peut noter que les frtquences des modes 
6C4H ou 6C5H des dCrivts disubstituks sont plus 
Clevtes que celles des composCs monosubstituCs 
correspondants, alors que la position de la 
bande 6C3H reste inchangCe quel que soit le 
degrC de substitution. Enfin on peut Cgalement 
remarquer que, pour un m2me type de substitu- 
tion, la position des bandes dues a des oscilla- 
tions 6C4H ou 6C,H diff6re suivant la nature du 
substituant (tableau 2). Nous situons la frC- 
quence de 6C4D du dimCthyl-3,5 deutCrio-4 
isothiazole a 840 cm-' en raison de I'absence de 
maximum proche de cette frCquence dans les 
spectres infrarouge et Raman du dimethyl-3,5 
isothiazole. 

(2)  Vibrations de symdtrie A" 
Vibrations de ddformation y (CH ou CD) 

Les spectres infrarouges des mCthyl-3 bromo- 
4, dimCthyl-3,5 et mCthyl-3 bromo-5 isothiazoles 
a 1'Ctat de vapeur (9) presentent respectivement a 
776,818 et 819 cm-' des structures de vibration- 
rotation de type C qui doivent rCsulter d'oscilla- 
tions yCH de symCtrie A". Nous rattachons donc 
les maximums rangis dam les suites vers 800 f 
21 et 807 f 14 cm- ' respectivement aux mouve- 
ments yC5H et yC4H des dCrivCs disubstituCs en 
position 3,4 et 3,5. 

Par analogie avec l'attribution proposCe pour 

le mouvement yC,H du dideuterio-4,5 isothia- 
zole (I), on peut situer ce m2me mode dans les 
dCrivts de l'isothiazole disubstituts en 4,5 vers 
882 cm-l (tableau 2). Notons que, dans les 
spectres Raman de ces composCs, on n'observe 
aucune bande de diffusion dans cette rtgion. 

Remarquons enfin que les attributions an- 
ttrieures proposkes pour les mouvements yCH 
des dimCthylisothiazoles (8) sont maintenues. 

L'enveloppe de la bande de type C observCe i 
699 cm-I uniquement dans le spectre infrarouge 
du dimtthyl-3,5 deuttrio-4 isothiazole a 1'Ctat 
vapeur (9) indique que la vibration yC4D doit 
2tre attribuCe A cette frCquence pour ce compod. 
L'accord entre la valeur des produits de Teller- 
Redlich expCrimenta1 et thCorique est satis- 
faisant pour les vibrations de type A" (9). 

II. Vibrations des squrlettes C, NSX YZ 
(1) Vibrations de symdtrie A' 
Nous examinerons les vibrations de noyau et 

de valence vC(X,Y ou Z), puis celles de dCforma- 
tion 6C(X,Y ou Z). 

(a) Vibrations de noyau et de valence 
vC(X, Y o u  Z) 

Les suites que nous allons discuter peuvent se 
dicomposer comme pour les dtrivCs monosub- 
stituCs de I'isothiazole, en suites relativement 
fixes en position: I, 11, 111, V et VII et en suites 
variables suivant la nature et la position du sub- 
stituant: IV, VI, VIII, VIII' et VIII". Nous 
examinerons en premier lieu, les frCquences 
rangees dans les suites fixes, puis celles faisant 
l'objet des suites variables. 
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Suites jixes 
Comme pour les dtrivts monosubstituts de 

l'isothiazole, les cinq suites I, 11, 111, V et VII 
peuvent &tre rapprochtes des vibrations a , ,  a,, 
o,, o, et o, de l'isothiazole. Pour les composts 
disubstituis en position 3,4, on retrouve une 
suite vers 840 cm-I (tableau 3) pouvant Ctre 
relite B un mode de frtquence voisine du mouve- 
ment o, de l'isothiazole. L'existence de cette 
suite avait dtjh t t t  mentionnte pour les dCrivts 
monosubstituts soit en 3, soit en 4 (5, 7). Dans 
chacune des suites les friquences les plus tlevtes 
sont observtes dans les spectres des dimtthyl et 
trimtthyl isothiazoles et dtcroissent lorsque la 
masse du substituant augmente (tableau 3): 

Comme pour les dtrivts monosubstituts, ce 
sont les suites I1 et V qui regroupent les frt- 
quences s'tcartant respectivement le moins des 
frtquences des modes o, B 1390 et o, B 815 
cm-I de l'isothiazole. Dans chaque suite, les 
maximums les moins intenses sont relevts pour 
les moltcules di- ou trimtthyltes. L'intensitt des 
absorptions augmente gtntralement lorsqu'on 
remplace un groupement mtthyle par un halo- 
gene (Cl, Br ou I) ou un groupement nitro 
(tableau 3). En Raman, les raies de diffusion 
correspondant aux maximums rangts dans les 
diverses suites sont trks souvent assez intenses B 
l'exception toutefois, de celles faisant l'objet de 
la suite I qui sont gtntralement faibles et m&me 
parfois absentes. Comme pour les dtrivts mono- 
substituts, certains modes de vibration mettent 
en jeu plus particulierement, un vibrateur. C'est 
notamment le cas pour les trois oscillations entre 
1500 et 1300 cni-' et de la vibration vers 800 
cm-I qui font respectivement intervenir les 
Clongations des liaisons C=C, C=N, C-C et 
S-N (cf. tableaux 4-6). 

Les maximums formant la suite VII ont des 
frtquences plus tlevtes que ceux rangts dans la 
suite ayant la mCme notation pour les dtrivts 
monosubstituts. Pour le diniCthy1-3,4 isothia- 
zole et les dtrivts trisubstituts de l'isothiazole. 
les frtquences que nous avons choisies pour la 
suite VII sont particulierement Clevtes. Cepen- 
dant le fait qu'on observe en Raman vers ces 
frtcluences une bande de diffusion forte et 
polariste ne peut laisser de doute au sujet de 
cette interprttation. De plus, les rCsultats des 
calculs de modes normaux de vibration relatifs 

aux dtrivts disubstituts indiquent que la frt- 
quence la plus tlevte de la suite VII est effective- 
ment trouvte pour le dimtthyl-3,4 isothiazole 
(tableau 4). Cette Cltvation de frtquence de la 
vibration de noyau o, pourrait rtsulter d'un 
couplage partiel de cette vibration avec les oscil- 
lations vC(X,Y,Z). Les rtsultats des calculs de 
modes normaux relatifs au trimtthyl-3,4,5 iso- 
thiazole et au dichloro-3,5 mtthyl-4 isothiazole 
sont en faveur de cette hypothese (tableau 6). 

Notons enfin, que l'attribution que nous 
avions proposte anttrieurement pour les vibra- 
tions o, ,  o,, o, et o, des dimtthylisothiazoles et 
du trimtthylisothiazole est conservie (8). 

Suites variables 
Par analogie avec les composts de l'isothia- 

zole monosubstituts en 3, 4 ou 5, on devrait 
retrouver, en analysant les spectres infrarouges 
et Raman des dtrivts de l'isothiazole disubsii- 
tuts en 3,5 ou 4,5, un premier couplage entre la 
vibration o, et l'oscillation vC,X ou vC,Y et un 
deuxikme couplage entre le mode o, et le mouve- 
ment de valence vC,Z. 

Effectivement, les spectres infrarouges et 
Raman des dtrivts disubstituts en position 3,5 
ou 4,5 permettent de constituer quatre suites de 
frtquences variables: IV, VI, VIII et VIII' qui 
peuvent s'interprtter suivant les dtductions faites 
de l'analyse des spectres infrarouges et Raman 
des moltcules monosubstitutes (4-6). Les frt- 
quences rangtes dans ces suites sont proches de 
celles grouptes dans les suites IV, VI et VIII des 
dtrivts monosubstituts. Notons enfin, que pour 
le dideuttrio-4,5 isotliiazole, ou les frtquences 
vC,D et vC,D sont trop tlevtes par rapport B 
celles des vibrations de squelette pour que le 
couplage puisse avoir lieu, on retrouve, pour les 
mouvements de noyau o, et o,, des frtquences 
proches de celles correspondantes dans l'iso- 
thiazole (1). 

Les remarques relatives aux vibrations coup- 
ltes dans les dtrivts rnonosubstituts s'appli- 
quant parfaitement aux composts disubstituts en 
3,5 et 4,5, on devrait pour les moltcules disub- 
stituCes en position 3,4 observer une interaction 
entre le mouvement de noyau o, et les oscillations 
de valence vC,X et vC,Y. Nous avons dtjB cons- 
tat6 pour ces dtrivts l'existence de la suite IV 
formCe de maximums ayant des positions voisines 
du mode a, de l'isothiazole ou de la suite ayant la 
mCme notation dans les composts de l'isothia- 
zole monosubstituts en 3 ou 4. De plus, l'examen 
des spectres infrarouges et Raman de ces htttro- 
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cycles disubstituts en 3,4 r h d e  la presence de 
trois suites, l'une entre 1120 et 975 cm-' et les 
deux autres entre 600 et 250 cm-'. L'existence de 
ces suites ainsi que l'absence de maximum a des 
frtquences oh l'on pourrait attendre les mouve- 
ments o, et vC3X et vC4Y purs, indiquent effec- 
tivement que les rtsultats dtduits de l'ttude des 
dtrivts monosubstituts en position 3 ou 4 sont 
totalement "transftrables" aux composts disub- 
stituts en 3,4. Comme dans les dtrivts mono- 
substituts, la suite VI est formte d'absorptions 
infrarouges moyennes et de raies de diffusion 
faibles et les suites VlII et VIII' regroupent 
des bandes faibles en infrarouge, mais souvent 
intenses en Raman. On peut tgalement consta- 
ter (tableau 3) que les frtquences de la suite VI 
pour un dtrivt disubstitut, sont gtntralement 
plus tlevtes que celles choisies pour les com- 
posts monosubstituts correspondants. Notons 
que les rtsultats des calculs de modes normaux 
sont en parfait accord avec cette remarque. Ces 
calculs indiquent en outre que les couplages 
mettent principalenlent en jeu les oscillations de 
valence vC3X ou vC4Y et une vibration de dt-  
formation angulaire du noyau (6N) (tableaux 4 
et 5). Si pour les composts trisubstituts il existe 
comme pour les dCrivts mono- ou disubstituts de 
l'isothiazole des vibrations coupltes on doit 
pouvoir former cinq suites de frtquences varia- 
bles suivant la nature et la place du substituant. 
Effectivement cinq suites, nottes IV, VI, VIII, 
VIII' et VIII" peuvent Ctre dtceltes en examinant 
les spectres infrarouges et Raman des dtrivts 
trisubstituts de l'isothiazole (tableau 3). Par 
analogie avec les composts mono- et disubstituts, 
deux de ces suites (IV et VIII") rtsultent du cou- 
plage des mouvements o, et vC,Z et les trois 
autres (VI, VlII et VIII') du couplage des oscilla- 
tions w,, vC3X et vC4Y. 

(b)  Vibrations de dPformation 6C(X, Y 
ou 2) 

Les frtquences que nous proposons pour ces 
vibrations de type A' font l'objet de la suite 
notte 6C(X, Y ou Z) du tableau 3. Le choix des 
maximums de cette suite a t t t  dictt par l'examen 
des spectres Raman au-dessous de 440 cm-' 
dans lesquels on observe gtntralement deux 
bandes assez fortes et polaristes, puis par les 
frtquences thtoriques calcultes pour certains 
composts et enfin, par des comparaisons avec 
les frtquences relites a des mouvements ana- 
logues dans les isothiazoles monosubstituts 
correspondants. 

La frtquence 6CI du mtthyl-3 iodo-4 iso- 
thiazole doit vraisemblablement Ctre situte au- 
dessous de 200 cm-I. N'ayant pas enregistrt le 
spectre Raman de ce compost, il n'est pas pos- 
sible de localiser cette vibration. Le mtthyl-3 
chloro-5 isothiazole n'ayant t t t  examint qu'h 
l'ttat liquide au-dessus de 400 cm-l, nous 
n'avons pu proposer une attribution pour les 
oscillations 6CC et FCC1 de cette moltcule. 

(2)  Vibrations de symktrie A" 
Les vibrations de noyau et les mouvements 

yC(X,Y,Z) seront successivement traitts. 
(a)  Vibrations de noyau 

Les frtquences formant la suite IX peuvent 
Ztre rapprochtes de la vibration de noyau TI de 
l'isothiazole. Dans les spectres Raman, aucune 
raie n'apparait a ces frtquences. Alors que pour 
le dimtthyl-4,5 isothiazole les frtquences des 
modes o, et r1 ttaient tr&s proches, on ne relke 
pour le mtthyl-4 trideuttriomtthyl-5 isothiazole 
qu'une seule absorption a 604 cm- ' ayant une 
intensit6 trop forte pour rtsulter uniquement du 
mode a,. L'intensitt tlevte de cette bande peut 
s'expliquer en admettant que les mouvements o, 
et r1 sont de mCme frtquence. 

Nous relions a une vibration analogue a 
l'oscillation T, de l'isothiazole, les maximums de 
la suite X qui, lorsqu'ils apparaissent en Raman 
donnent des raies faibles et dtpolaristes et qui 
posddent, dans les spectres des composts 
examines a l'ttat vapeur des structures de vibra- 
tion-rotation de type C. 

(b)  Vibrations de dPformation y C ( X ,  Y,Z) 
Entre 400 et 200 cm-' certains maximums ont 

dtja t t t  relits A des mouvements GC(X,Y,Z). 
Nous rattachons dans les spectres des composts 
ttudits jusqu'a 200 cm-', les autres pics A des 
oscillations yC(X,Y,Z) par analogie avec les 
attributions faites pour des mouvements ana- 
logues dans les composCs monosubstituts cor- 
respondants (4, 5). Les frtquences inftrieures a 
200 cm-' que nous avons attribuCes a des modes 
yC(X,Y,Z) ont t t t  observtes uniquement en 
diffusion. Notons enfin que certains maximums 
de la suite yC(X,Y,Z) peuvent rtsulter simul- 
tanCment de modes 6 et yC(X,Y,Z). 

Conclusion 
La validitt de la "transftrabilitt" du champ de 

forces de I'isothiazole aux dtrivts monosubsti- 
tuts que nous avions montrt dans le prtctdent 
mtmoire (7) est a nouveau confirmte par notre 
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ttude des dtrivts di- et trisubstituts de l'iso- 
thiazole. Cette hypothtse est donc raisonnable et 
justifie par ailleurs la validitt du champ de 
forces propost. La nature des mouvements a pu 
&re discutte grgce B l'analyse des distributions 
d'tnergie potentielle. La diversitt des composts 
examints a permis de suivre l'influence de la 
nature, de la position et du nombre des substi- 
tuants sur les vibrations fondamentales du cycle 
isothiazole. Pour les dCrivCs di- et trisubstituts de 
l'isothiazole le calcul des modes normaux de 
vibration a permis, cornme pour les composts 
monosubstituts, d'apporter une justification et 
un compltment thtoriques B l'ensemble des attri- 
butions formultes d'aprts les rtsultats exptri- 
mentaux infrarouges et Raman. On peut noter 
que cette analyse vibrationnelle a t t t  conduite en 
utilisant un nombre assez rtduit de paramitres et 
que surtout, ces paramttres permettent de rendre 
compte de f a ~ o n  trts satisfaisante des modes de 
vibration d'un nombre important de dtrivts 
mono-, di- et trisubstituts de l'isothiazole. 

I1 est, enfin, remarquable de constater l'exis- 
tence d'une loi additive, permettant B partir du 
champ de forces des moltcules monosubsti- 
tutes de prtciser correctement la frtquence et la 
nature des vibrations fondamentales des com- 
posts di- et trisubstituts de l'isothiazole. 
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Degenerate rearrangements in solvolytic studies with tri-p-tolylvinyl-2-13~ bromide 
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CHOI CHUCK LEE, ANTHONY J. PAINE, and ERIC C. F. KO. Can. J. Chem. 55,2310 (1977). 
The acetolysis in the presence of AgOAc of tri-p-tolylvinyl-2-13C bromide (3-Br-2-I3C) gave 

about 14% scrambling of the label from C-2 to C-1 due to degenerate 1,2-tolyl shifts. This value 
is compared with the 7 and 20% scramblings previously observed for similar reactions with 
triphenylvinyl-2-13C and trianisylvinyl-2-13C bromides, and their mechanistic implications are 
discussed. The trifluoroacetolysis of 3-Br-2-13C in the presence of CF3COOAg or CF3COONa 
resulted in about 47% scrambling. In the absence of any added salt, the scrambling was found 
to increase with reaction time and in addition, solvent isotope effects of 1.6 and 2.6, respectively, 
were observed for kcF3cooH/kcF,cooo at 100°C with or without added CF,COONa. The role 
of electrophilic addition-elimination and the processes leading to the isotopic scrambling in the 
reaction with CF3COOH, with or without added salt, are discussed. 

CHOI CHUCK LEE, ANTHONY J. PAINE et ERIC C. F. KO. Can. J. Chem. 55,2310 (1977). 
A cause de dkplacements 1,2 dkgkneres des groupes tolyles, I'acktolyse en presence de AgOAc, 

du bromure de tri-p-tolylvinyl-2-13C (3-Br-2-13C) conduit a une transposition d'environ 14% du 
marqueur de la position C-2 vers C-1. On compare cette valeur avec les valeurs de 7 et 20% 
observkes antkrieurement pour des reactions similaires des bromures de triphenyl~inyl-2-'~C et 
de triani~ylvinyl-2-'~C et on discute de leurs implications mecanistiques. La trifluoroacktolyse 
du 3-Br-2-13C en presence de AgOCOCF, ou de NaOCOCF, conduit a environ 47% de trans- 
position. Lorsqu'il n'y a aucun sel d'additionnt, on a trouvk que les transpositions augmentent 
avec le temps de reaction et de plus on a observk respectivement des effets isotopiques de solvant 
de 1.6 et 2.6 pour kcF,cooH/kcF3cooo a 100°C avec ou sans addition de NaOCOCF3. On discute 
du rBle du mecanisme d'addition-klimination Clectrophile et des processus conduisant aux 
melanges isotopiques dans la reaction de CF3COOH avec ou sans addition de sel. 

[Traduit par le journal] 

Reactions of vinyl cations, including re- 
arrangements that gave rise to more stable from 
less stable cations via 1,2-shifts, have been 
extensively reviewed (1-3). Degenerate re- 
arrangements arising from 1,2-aryl shifts across 
the double bond in a number of labeled triaryl- 
vinyl cations, with various combinations of 
phenyl and/or p-anisyl as the aryl groups, have 
been studied in this laboratory using the 14C 
tracer technique or 13C-labeling coupled with 13C 
nmr analysis (4-8), and by Rappoport and co- 
workers using 'H as label coupled with analysis 
by 'H nmr and mass spectrometry (9-1 1). The 
reaction of triphenylvinyl-2-13C bromide (1-Br-2- 
13C) with HOAc in the presence of AgOAc was 
found to give 6-7% scrambling of the 13C label 
from C-2 to C-1 ( 9 ,  while similar studies with 
trianisylvinyl-2-13C bromide (2-Br-2-13C) gave 20 
and 50% isotopic scrambling, respectively, for 
the acetolysis in the presence of AgOAc and 
trifluoroacetolysis in the presence of CF3COOAg 
(6). As an extension of such studies, isotopic 
scramblings arising from 1,2-tolyl shifts in 
solvolytic reactions with tri-p-tolylvinyl-2-13C 
bromide (3-Br-2-13C) were investigated. 

Analogous to the preparation of 1-Br-2-13C 
and 2-Br-2-13C (5,6), 3-Br-2-13C was prepared by 
the following series of reactions : 

13c0, EtOH 
TolCH2MgCI TOICH~~~COOH - 

H+ 

Br2 - ( ~ o l ) ~ ~ ~ C = C B r T o l  
HOAc 

3-Br-2-I3C 

In the initial experiments, the solvolysis of 
3-Br-2-13C was carried out in HOAc containing 
1.1 equiv. of AgOAc or in CF3COOH containing 
1.1 equiv. of CF3COOAg. The product obtained, 
3-OAc-x-13C or 3-00CCF3-x-13c, was reduced 
twice successively with LiAlH, (6) to give 1,2,2- 
tri-p-tolylethanol-x-13C (4-X-13C), the 13C nmr 
spectrum of which was utilized for the determina- 
tion of the extent of isotopic scrambling from 
C-2 to C-1. The method, based on the measure- 
ment of relative intensities of the C-1 and C-2 
absorptions using the CH, absorption contain- 
ing 13C in its natural abundance as an internal 
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reference standard, is the same as that described 
previously in the study with 2-Br-2-13C in which 
the CH30  absorption served as internal reference 
standard (6). The 'H-decoupled 13C nmr spec- 
trum of unenriched 4 and the chemical shifts are 
given in Fig. 1 A and Table 1. A typical spectrum 
for 4-x-13c derived from one of the solvolysis 
experiments is shown in Fig. 1B. The relative 
intensities and the calculated extents of 13C 
scrambling from C-2 to C-1 are summarized in 
Table 2. An illustration of the calculations is 
given in the Experimental section. 

The reaction of 3-Br-2-13C with HOAc- 
AgOAc gave rise to 13-14% isotopic scrambling, 
a value that is intermediate between the 7 and 
20% scrambling found, respectively, in similar 
reactions with triphenylvinyl-2-13C bromide 
(1-Br-2-13C) (5) and trianisylvinyl-2-13C bromide 
( 2 - ~ r - 2 - ' ~ ~ )  (6). The relative extents of scram- 
bling arising from degenerate 1,2-aryl shifts in 
reactions with HOAc-AgOAc for 1-Br-2-I C: 3- 
Br-2-13C: 2-Br-2-13c would be 7 : 14 : 20 or ap- 
proximately 1 : 2 : 3. Another con~parison of the 
scrambling data from the reactions in HOAc- 

FIG. 1. 'H-decoupled 13C nmr spectra in acetone-d6. 
A, unenriched 1,2,2-tri-p-tolylethanol (4); B, 4-x-13C 
derived from solvolysis of 19% enriched tri-p-tolylvinyl-2- 
13C bromide (3-Br-13C) in CF3COOH-CF3COOAg. 

TABLE 1. Chemical shifts for the 'H-decoupled 13C nmr 
spectrum of 1,2,2-tri-p-tolylethanol (4) in CDC13 and 

acetone-d6 

6 (ppm from TMS) 

Carbon CDC13 acetone-d6 

C- 1 76.6 76.6 
C-2 59.4 59.9 
CH3 21.2,21.9 20.9 (20.85.20.95) 

Aromatic 126.9,128.1,128.4 127.7,128.8 
128.7, 128.9, 129.4 129.1,129.6 

Aromatic 135.6, 136.2, 136.9 135.5, 135.6, 136.5 
quaternary 138.3, 138.9, 139.5 140.6, 140.9, 142.0 

AgOAc may be obtained from consideration of 
the mechanism shown in Scheme 1. Using the 
steady state treatment and a method analogous 
to that employed by Bonner and Collins (12), it 
can be shown (10) that after complete reaction, 
the following relationship holds : 

Thus when Ar = Ph, Tol, and An, respectively, 
in 5 and 5r, ksoH/k, is calculated to be 12, 5.1, 
and 3.0. 

It is well known that the migratory aptitude of 
aryl groups follows the order of An > To1 > Ph. 
From the classical work of Bachmann and 
Ferguson with symmetrical aromatic pinacols, 
the migratory aptitude for Ph: To1 : An was 
found to be 1 : 15.7 : 500 (13). Rappoport (1 1) has 
also concluded that for the Ph and An groups, 
the migratory aptitude in vinylic systems re- 
sembles that in saturated systems; for example, 
consideration of the rearrangement data from the 
2-anisyl-l,2-diphenylvinyl and triphenylvinyl ca- 
tions led to the value of 76-120 for the rearrange- 
ment ratio for An:Ph (9). If solvolyses of tri- 
phenylvinyl, tri-p-tolylvinyl, and trianisylvinyl 
systems were to proceed via classical vinyl 
cations 6a, 7a, and Sa, bridged structures 6b, 7b,  
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ever, CF3COOH has been used as solvent (4, 6) not undergo further scrambling since the same 
since the ester product derived from trifluoro- result was noted after 2 or 5 half-lifes. Since both 
acetolysis, for example as in the present work, reactions with added Ag or Na salt involved 
may be readily converted to 4 - ~ - ~ ~ C f o r ' ~ C  nmr capture of the tri-p-tolylvinyl cation by CF3- 
examination. It has been pointed out that a COOH-CF3C00-, the same extent of scram- 
solvent kinetic isotope effect is a good diagnostic bling was observed. 
test for electrophilic addition-elimination (20, In the reaction of 3-Br-2-13C with CF3COOH 
21). The rates of reaction of 3-Br with HOAc or with no added salt, the extent of scrambling was 
DOAc, and with CF3COOH or CF3COOD, found to increase with increasing reaction time 
without the presence of any Ag salt, were (Table 2), indicating that the initially formed 
measured by the potentiometric titration of the product was unstable and could subsequently 
liberated bromide ion (22). For acetolysis at ionize and undergo further scrambling. More- 
150°C, the rate constants in HOAc and DOAc, over, the solvent isotope effect of 2.6 for un- 
respectively, were 1.2 x and 1.3 x buffered CF3COOH-CF3COOD suggests a 
s-l ,  indicating essentially no solvent kinetic substantial contribution from electrophilic addi- 
isotope effect. Trifluoroacetolysis at 100°C in tion-elimination. Such an addition-elimination 
CF3COOH and CF3COOD, however, gave rate process would not give rise to any scrambling: 
constants of 9.0 x and 3.5 x s-', 

Tol, ,To1 
respectively, corresponding to a solvent kinetic 3-Br-2-13C CF3C00H , 
isotope effect, k,,,,,,,/k,,,,,,,, of 2.6.' Thus 13CH-XBr 

/ 
Tol 

\ 
in the absence of Ag salt, electrophilic addition- OOCCF, 

elimination apparently plays an important part TOI ~ o l  
in the reaction of 3-Br with CF3COOH. In the -HBr \ / 

'3C=C 
presence of 1.1 equiv. of CF3COOAg, however,  TO^ 1 \ OOCCF, 
the reaction, even at O°C, was too fast for kinetic 
measurement by potentiometric titration. Pre- However, the trifluoroacetate product from 

sumably, the Ag salt catalyzes the formation of addition-elimination could subsequently under- 

the vinyl cation via the SN1 process, and the go ionization and 1,2-tolyl shift. Thus in CF,- 

contribution from electrophilic addition-elimi- COOH with no added salt, besides the possi- 

nation may be negligible in the presence of Ag bility of SN1 solvolysis with scrambling, addition- 

salt. When the trifluoroaceto~ysis was carried out a l ~ ~  occurs giving rise to an un- 

in the presence of 2.5 equiv. of CF3COONa, the rearranged product which subsequently nlay 

rate constants observed at 100°C for CF3COOH undergo scrambling. A combination of these 

and CF3COOD, respectively, were 1.1 x processes could, therefore, explain the observed 

and 7.1 x s-l ,  corresponding to kcF,coo,/ scrambling results in the trifluoroacetolysis, with 

kcF,cooD of 1.6. It appears that for the tri- no added salt, of 3-Br-2-13c. 
fluoroacetolysis in the presence of CF3COONa, 
the contribution of the addition-elimination Experimental 
process is of much lesser importance than in the Ethyl p-Tolylacetate-carboxyl-'3C (9) 
trifluoroacetolysis with no added salt. Reaction of TolCH,MgCI with I3CO2 (from Bat3CO3, 

Isotopic scrambling in the trifluoroacetolysis 90% enriched) in a similar way as in the preparation of 
labeled p-anisylacetic acid (6, 23) gave a 62% yield of 

of 3-Br-2-13C with the presence of 2.5 equiv. of TolCH213COOH, mp 91-92"C (lit. (24) mp 94OC), 1H 
CF3COONa or with no added salt were also nmr F(CDC1,) 2.30 (CH,, s), 3.60 (CH,, d, J l a c c H  = 8.0 
carried out, and the results are included in Hz), 7.13 (arom, s), and 10.77 (COOH, s). The aiid was 

~ ~ b l ~  2. with added CF,COON~, after a reac- esterified by the H2S04 catalyzed reaction with absolute 
ethanol to give an 88% yie!d of ToICH,'~COOE~ (9), bp tion time of about 2 or 5 half-lifes, the same 62-63"C/O.l Torr (lit. (24) bp 24O0C), 1H nmr 8(CDCl3) 

extent of scrambling (47%), as was found in the 1.25 (ethyl CH,, t), 2.35 (cH,, s), 3.57 (cH,, d, J I ~ , , , ~  = 

reaction with CF3COOH-CF3COOAg, was 8.0 Hz), 4.15 (ethyl CH,, q of d's, JI~,,,,,~ = 3.3 HZ), 
observed. Moreover, the product apparently did and 7.15 (arom, s). 

Tvi-p-tolylvinyl-2-'3C Bromide (3-Br-2-I C) 
'Similarly, the solvent kinetic isotope effect in the reac- The reactions utilized in the synthesis of 3-Br-2-I3C are 

tion of cis- and trans-2-phenyl-1,2-di-p-tolylvinyl bro- the same as those previously described for the synthesis of 
mides with CF3COOH and CF3COOD was found to be 2-Br-2-13C (6). The following is a typical set of experi- 
3.4-3.9 (to be published). mental procedures. 
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A solution of labeled ester 9 (70% enriched, 2.60 g, 14.5 
mmol) in 45 ml of tetrahydrofuran (THF) was added 
dropwise over a period of 1 h to a solution of TolMgBr 
(from 20 g (120 mmol) of TolBr) in about 100 ml of THF. 
The mixture was heated under reflux for 48 h, cooled in an 
ice bath, decomposed with ice and 10% HCI, and then 
repeatedly extracted with 50-ml portions of ether. The 
combined extract was dried over MgS04 and the ether 
was removed under reduced pressure to give an oil con- 
sisting of about a 3: 1 mixture (from 'H nmr) of 1,1,2-tri- 
p-tolylethanol-1-I3C (10) and 1,1,2-tri-p-tolylethene-1-'3C 
(11). 

In trials with unlabeled materials, the reaction mixture 
from the treatment of TolCH2COOEt with TolMgBr was 
decomposed with saturated NH4CI solution rather than 
with dilute HCI to minimize elimination. l,l,2-Tri-p- 
tolylethanol was isolated from the oily product by 
recrystallization from absolute ethanol, mp 70-71°C (lit. 
(25) mp 72-73"C), 'H nmr G(acetone-d6) 2.20, 2.23 
(CH,, s's), 3.58 (CHZ, s), 4.03 (OH, s), and 6.9-7.5 
(arom, m). When a concentrated solution of this tertiary 
alcohol in HOAc-AczO was stirred at room temperature 
for 1 h, the precipitated tri-p-tolylethene was collected and 
repeatedly recrystallized from HOAc-CH30H, mp 82- 
84°C (lit. (25) mp 89-9O0C), 'H nmr G(CDC1,) 2.22, 2.38, 
2.42 (CH,, s's), 6.90 (olefinic H, s), and 7.0-7.3 (arom, m). 

The 3: 1 mixture of labeled alcohol 10 and olefin 11 
obtained above was dissolved in 80 ml of HOAc and a 
solution of 4.0 g (25 mmol) of Br, in 30 ml of HOAc was 
added dropwise. The reaction mixture was stirred at room 
temperature for 10 h and the pale yellow product that 
precipitated was collected by filtration and the filtrate was 
concentrated under reduced pressure to give more 
product. The combined solid material was washed with 

from EtOH-HzO, mp 93-94"C, was 0.54 g (62% based on 
3-Br-2-I, C). 

In preliminary trials with unlabeled materials, the 
crude product, tri-p-tolylvinyl acetate (3-OAc), was re- 
dissolved in ether, washed with 10% KzC03 solution, and 
dried over MgS04. Removal of the ether and recrystalli- 
zation from absolute ethanol gave the pure 3-OAc, mp 
128-130"C, 'H nmr G(CDC13) 1.95 (CH3C0, s) 2.35, 
3.40 (CH3, two s's), and 6.9-7.3 (arom, m). Anal. calcd. 
for Cz5HZ4o2:  C 84.24, H 6.79; found: C 84.05, H 6.58. 

Similarly, the ester product from the trifluoroacetolysis, 
3-OOCCF,, was isolated from trials with unlabeled 3-Br. 
Recrystallized from ether-methanol, it melted at 112- 
113°C; l H  nmr G(CDCI3) 2.35, 2.40 (CH,, two s's), and 
7.0-7.4 (arom, m). Anal. calcd. for CZ5HZlO2F3 : C 73.16, 
H 5.16; found: C 73.24, H 5.35. 

Reduction of 3-OAc or 3-OOCCF, once with LiAIH, 
gave an approximately 2: 1 mixture of the ketone 
(TOI)~CHCOTOI and the alcohol (TOI)~CHCH(OH)TO~ 
(4), and after a second treatment with LiAIH,, pure 4 was 
obtained, mp 93-94"C, 'H nmr G(CDC13) 2.03 (OH, s), 
2.18, 2.24, 2.28 (CH,, three s's), 4.19 (C-2 H, d, J = 8.5 
Hz), 5.29 (C-1 H,  d), and 6.9-7.4 (arom, m). Anal. calcd. 
for Cz3HZ40:  C 87.30, H 7.64; found: C 86.90, H 7.55. 

An illustration of the calculations using the data from 
4-x-13C given in Table 2 is as follows. 

Let Z10 and Zl*, respectively, be the integrated intensi- 
ties of the 13C absorption due to the naturally abundant 
13C at C-1 and to the 13C enrichment at C-1. Then, from 
the unenriched 4, Z1O/Z, = 0.578; from the 4-x-13C derived 
from one of the trifluoroacetolysis experiments (spectrum 
given in Fig. lB), Z1/Zs = (Z10 + Il*)/Z, = 5.33. Hence 

N~HCO, solution and with water and then recrystallized converting the intensities to percentage 1 3 ~  
from CH30H to give 2.45 g (45% based on ester 9) of 
tri-~-tolvlvinvl-2-~~C bromide (3-Br-2-I3C). mu 121- (1.1 + Z1*)/l.l = 9.22 - .. 
1 2 ? ~ ,  i~ nmr G(CDC1,) 2.38, 2.47,2.55 (cH,, t&ee s's), 
and 7.0-7.5 (arom, m). Anal. calcd. for CZ3HZ1Br (70% ZI* = 9.0% 

13C enrichment at C-2): C 73.25, H 5.61; found: C 73.82, 
H 5.68. Iz0/Z, = 0.578 

Solvolysis Reactions 
The acetolysis of 3-Br-2-13C was carried out by heating 

the substrate under reflux and with stirring for 3 h in 
HOAc-Ac20 containing 1.1 equiv. of AgOAc. The 
trifluoroacetolysis was effected by stirring a mixture of 
3-Br-2-13C and 1.1 equiv. of CF3COOAg in CF,COOH- 
(CF3C0)20 for 15 min at room temperature. The reaction 
of 3-Br-2-I3C with CF,COOH containing 2.5 equiv. of 
CF3COONa or without the presence of any added salt 
was carried out at 100°C for different lengths of time as 
summarized in Table 2. A typical experiment is described 
below. 

A mixture of 1.03 g (2.73 mmol) of 3-Br-2-13C (diluted 
with 3-Br to about 33% enrichment) and 500 mg (3.00 
mmol) of AgOAc in 16 rnl of HOAc containing 2.2 ml of 
Ac20  was heated under reflux for 3 h. The AgBr and 
excess AgOAc were removed by filtration and washed 
with warm HOAc. The combined filtrate was evaporated 
at 3-5 Torr to give the crude product, 3-OAc-x-13C as an 
oil which was directly utilized for two successive treat- 
ments with LiAlH, as described previously (6) to give 
1,2,2-tri-p-tolylethanol-x-13C (4-x-13C) for 13C nmr ex- 
amination. The yield of 4-x-13C, after recrystallization 

Therefore, the total 13C enrichment is 9.0 + 10.0 = 19.0% 
and the scrambling from C-2 to C-1 = (9.0/19.0)100 = 

47%. 

Kinetic Measurements 
The rates of the reaction of 3-Br with CH3COOH or 

CH3COOD at 150°C and with CF3COOH or CF,COOD 
at 100"C, with or without the presence of 2.5 equiv. of 
CF,COONa, were followed by heating the reaction 
mixtures in sealed ampoules and measuring the liberated 
bromide ion by potentiometric titration as described in 
the literature (22). 
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The reactions of mercaptide anions with chlorinated sulfones 
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RICHARD F. LANGLER and JAMES A. PINCOCK. Can. J. Chem. 55,2316 (1977). 
Mercaptide anions react with chlorinated sulfones in two modes, i.e. nucleophilic attack 

on carbon with chlorine as the leaving group and/or nucleophilic attack on chlorine with 
concomitant carbanion formation. Mercaptide anion pKb, degree of chlorination of the sulfone 
substrate, and substituent effects are qualitatively assessed in terms of the propensity for 
nucleophilic attack at carbon or chlorine. 

RICHARD F. LANGLER et JAMES A. PINCOCK. Can. J. Chem. 55,2316 (1977). 
Les anions mercaptures rtagissent avec les sulfones chlortes suivant deux voies: soit une 

attaque nucltophile sur le carbone impliquant le chlore comme nucltofuge et/ou une attaque 
nucltophile sur le chlore avec la formation concomitante d'un carbanion. On discute d'une f a ~ o n  
qualitative des effets des parametres suivants sur la facilitC avec laquelle I'anion mercapture 
attaque d'une manitre nuclCophile au niveau soit du carbone soit du chlore: le pKb de l'anion 
mercapture, le degrt de chloration de la sulfone agissant comme substrat, et les effets de sub- 
stituants. 

[Traduit par le journal] 

In recent papers (1-4), we have reported 
studies of the chlorination of a variety of sulfide 
substrates. The initial paper (1) detailed the fate 
of a-sulfonyl-sulfides upon chlorination in 
aqueous acetic acid. These a-sulfonyl-sulfides 
were prepared from the appropriate a-chloro- 
sulfone and thiol anion; for example, from 
chloromethyl methyl sulfone (la) and phenyl- 
methanethiol anion (Table 1). In contrast, a 
variety of non-sulfur nucleophiles do not displace 
the chlorine atom of an a-chlorosulfone (5-8). 
We have also shown that both sodium bisulfide 
and thiourea fail to react with l a  in refluxing 
ethanol (I). Based on these observations a more 

\ ,  

extensive study of this apparently unusual 
nucleophilic displacement was undertaken. 

We began the study by examining the effect 
of variations in the structure of the chlorosulfone 
substrate in the preparation of the sulfone- 
sulfides 2b (R, = Ph) and 2c (R, = CICH,) 

(93%) (9), chloromethyl phenyl, l b  (22x1, and 
bis-(chloromethyl), l c  (14.6%) (10). These re- 
sults may well indicate a sensitivity to bulky 
groups in the sulfone substrate which is consis- 
tent with the S,2 mechanism envisioned for this 
reaction. In contrast, the reaction appears to 
have little sensitivity to steric hindrance resulting 
from bulky groups in the mercaptide anion, 
e.g. ,  chloromethyl methyl sulfone (la) affords 
the corresponding sulfone-sulfide upon reaction 
with the following mercaptide anions (percentage 
yield); ethyl (55%); phenylmethyl (93%) (9), 
diphenylmethyl (81%) (I), and triphenylmethyl 
(43%) (1). 

The next system chosen for study was the 
trichlorosulfone Id. A priori, the preparation of 
the sulfone-sulfide 2d presented some points of 
interest. Firstly, there are two carbon sites for 
nucleophilic attack of the thiol anion and 
secondly, the steric and electronic effects of a 

(10). third chlorine atom could not be easily predicted. 
Although both of these reactions were success- The products from the reaction of Id  with 

ful,, the yields of the sulfone-sulfides 2 ob- phenylmethanethiol anion in refluxing ethanol 
tained with phenylmethanethiol anion changed proved to be bis(chloromethyl) sulfone, dibenzyl 
markedly as a function of the chlorosulfone disulfide, and unreacted Id. Moreover, treatment 
(percentage yield); chloromethyl methyl, l a  of the tetrachlorosulfone 3 with benzyl mer- 

captide anion furnished the same products. 
'Author to whom enquiries should be addressed. ~ h e s e  observations are nicelv ex~lained bv - L 

21n agreement with the results (1) for the methyl analog nucleophilic attack of the mercaptide anion oi 
20 both sulfone-sulfides 2b and 2c were successfully con- 
verted to the corresponding, a,a-dichloro-a-sulfonyl sul- rather than On as 'dined '' 
fonyl chlorides and subsequently hydrolyzed to the Scheme 1. Three factors appear to contribute 
corresponding dichloromethyl sulfones. to the change in mechanism. First, the bulky di- 
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LANGI.ER AND PINCOCK 

J 
CICH, SO, CH,CI + (PhCH,S), 

chloromethyl group hinders attack of the 
nucleophile at the chloromethyl carbon; second, 
the presence of a second chlorine atom on car- 
bon hinders nucleophilic attack at the carbon 
of the dichloromethyl group; and third, the 
presence of the second chlorine atom on the 
carbon adjacent to the sulfonyl group enhances 
the stability of the departing carbanion. 

At this point a reasonable alternate mech- 
anism seemed possible for the 'normal' nucleo- 
philic attack at carbon. These products could 
arise after attack by the nucleophilic mercaptide 
anion on chlorine as observed for Id and 3, 
if the resulting carbanion (i) displaced chlorine 
from the newly formed sulfenyl chloride or (ii) 
displaced thiol anion from disulfide formed from 

the reaction of the sulfenyl chloride and mer- although methyl chloromethyl sulfone reacts 
captide anion. The net result as outlined in with phenyl mercaptide anion under these con- 
Scheme 2 would then appear to be nucleophilic ditions to furnish the corresponding sulfone- 
attack of the mercaptide anion on carbon. We ~ul f ide .~  Therefore, sulfenyl chlorides do not 
have examined these possibilities with three function as intermediates in the formation of the 
experiments. No sulfone-sulfide was obtained on 
treatment of dimethyl sulfone and benzenesul- 3D. Kay, R. F. Langler, and J. A. Pincock, unpublished 
fenyl chloride with ethanol - sodium ethoxide, results. 
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TABLE 1 .  Reactions o f  a-chlorosulfones with thiol anions 
Ri-S02-CHCl-R2 + R3S- -t Ri-SO2-CH-R2 + Rl-S02-CH2-R2 

I 
SR3 

I I1 

I I1 
RI R2 R3 (% yield) (% yield) 

l a  CH3 H PhCH, 2a(93)" -(o)" 
l b  Ph H PhCH2 26(22) 4 0 )  
lc  CH2Cl H PhCH2 2c(15) -(o) 
Id CH2CI C1 PhCH, 2d(O) lc(62) 
3 cc13 H PhCH2 -(o) lc(6.5) 
4 CH3 PhCH2S PhCH2 -(o) s(95) 
6 PhO H PhCH2 4 0 )  7(22) 
3 CC13 H H -(o) lc(95) 
4 CH3 PhCH2S H - s( 17) 
8 CH3 PhCH2SO2 H -(o) 9(85) 
4 CH3 PhCHzS Ph l l (22)  5(43) 

'Isolated yields. In,cases where the yields are low (i.e. 2c) the remaining crude material was 
mainly starting rnater~al. Yields of 0% mean no such product was isolated. 

bSee Scheme 4 and discussion in text. 

sulfone-sulfides 2. Furthermore, dimethyl sul- 
fone and dibenzyl disulfide in ethanol - sodium 
ethoxide failed to furnish any detectable amount 
of the corresponding sulfone-sulfide, although 
as shown in Table 1, chloromethyl methyl sulfone 
(la) furnishes 2a in 93% yield upon reaction with 
phenylmethanethiol anion. Finally, even the 
more acidic P-disulfone 9 and dibenzyl disulfide 
in ethanol - sodium ethoxide failed to give any 
substitution product. Therefore, disulfides do 
not function as intermediates in the formation 
of the sulfone-sulfides 2. These results confirm 
our original formulation (1) of the substitution 
reactions as nucleophilic attack on carbon for 
la-lc and the products obtained in the cases of 
I d  and 3 as nucleophilic attack on chlorine. 

Nucleophilic displacements of carbon by 
attack on halogens have been observed pre- 
viously with perhaps the most comparable 
example being the dechlorination reactions of a- 
halosulfones by phosphines (1 1, 12). However, 
they are sufficiently uncommon that an effort 
to examine the factors in the substrate and the 
nucleophile that lead to preferential nucleo- 
philic attack at halogen, was undertaken. 

Two cases of substrate variation are shown 
in Table 1 for 4 and 6. The dechlorination of the 
chlorosulfone-sulfide 4 establishes that mer- 
captide anion nucleophilicity at chlorine can be 
induced by other groups which enhance the 
stability of the departing carbanion. The de- 
chlorination of phenyl chloromethanesulfonate 
(6), establishes that the anion-stabilizing group 
need not be directly attached to the carbon atom 

involved. As an aside, the sulfonate 6 might 
have produced sulfene via nucleophilic attack on 
chlorine with concomitailt ejection of phenoxide 
ion, although the absence of ethyl sulfonate 
products establishes that such a process did not 
occur. Clearly, now, from the reactivity of 6, 
the preference for mercaptide anion attack at the 
chlorine of an a-chlorosulfone may be observed 
in substrates where carbanion stability is en- 
hanced and where steric factors are not sub- 
stantially different from a-chlorosulfone sub- 
strates which are attacked preferentially at car- 
bon. 

We subsequently examined variations in the 
nature of the sulfur nucleophile. As mentioned 
previously, simple a-chlorosulfones are inert 
to either substitution or dechlorination by bi- 
sulfide ion (1). However, substrates with en- 
hanced carbon leaving group stability are de- 
chlorinated as shown for the cases of 3, 4, and 8 
(Table 1). 

A cursory examination of these reactions 
would indicate that they appear to be following 
the pattern expected from the results obtained 
with the phenylmethanethiol anion. The key 
difference is the formation of dibenzyl disulfide 
in the reaction of the a-chloro-a-sulfonyl sulfide 
4. As outlined in Scheme 3, this would seem to 
require nucleophilic attack by the bisulfide ion 
on carbon with concon~itant ejection of chloride 
ion resulting in the formation of the unstable 
intermediate 10. 

It now appears that there are two factors to 
consider in these nucleophilic reactions. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LANGI.EK AND PINCOCK 

first is that the propensity for attack on carbon shifts the propensity back to nucleophilic attack 
is changed to favour attack on chlorine when at carbon. As a consequence of these conclusions 
the stability of the departing anion is enhanced. we examined the reaction of 4 with a mercaptide 
The second is that increasing the pK, of the anion whose pK, is closer to that of bisulfide ion 
mercaptide anion (pK, PhCH,S- < ~ K , H S - ) ~  than that of phenylmethane thiol anion and 

which would afford a stable carbon substitution 
product. Our choice was the phenyl mercaptide 

It was with some satisfaction that we isolated 
from the reaction of 4 with phenyl mercaptide 
anion (see Scheme 4) both the dechlorinated 
sulfone-sulfide 5 (4373 along with diphenyl 
disulfide-sulfone 11 (2279 indicating nucleo- 
philic attack on carbon. This reaction, there- 
fore, represents an adjustment of the two factors 
which appear to dictate the course of nucleo- 
philic attack of mercaptide anions on chloro- 
sulfone substrates (i.e. dechlorinated carbanion 
stability and mercaptide anion pK,) to the point 
where both vathwavs are observed in the same 
reaction. Such a system is highly advantageous in 

4The pK, of H2S, PhSH, and PhCH2SH are approxi- 
mately 7.0, 8.0, and 12.0, respectively (13). 

order to undertake a more quantitative mech- 
anistic and kinetic study of these pathways which 
we hope to pursue shortly. 

As a final comment on this type of dechlorina- 
tion reaction, Pierce et al. (14) have recently 
reported the dechlorination of N-phenyl-2- 
chloro-3-oxobutyramide with sodium bisulfide. 
They proposed an S,2 displacement of chlorine 
proceeding through the intermediacy of a thiol- 
keto-amide which they were unable to isolate. 
In view of our results it appears that this reaction 
might be better formulated as a direct attack on 
chlorine. Such a rationale can be advanced on the 
grounds that the pK, of the dechlorinated keto- 
amide anion formed in this reaction would be 
expected to be comparable to that of the P- 
disulfone 9 (which forms via nucleophilic attack 
on chlorine by bisulfide ion) rather than that of 
the sulfone-sulfide 4 (which undergoes some 
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nucleophilic attack at carbon by bisulfide ion, 
vide Scheme 3). 

In conclusion, we have found that a-chloro- 
sulfones undergo nucleophilic attack by sulfur 
anions at both carbon and chlorine. Increasing 
the number of chlorine atoms adjacent to the 
sulfonyl group diverts the nucleophilic attack 
from carbon to chlorine. Rationales for this re- 
sult may be found in the increased crowding of 
both centres adjacent to the sulfonyl group by 
the introduction of second and third chlorine 
atoms and in the enhanced stability of the de- 
parting carbanion conferred by the additional 
chlorine atom(s). The latter rationale permits 
one to anticipate the preferential nucleophilic 
attack of sulfur anions on chlorine in a-chloro- 
sulfone-sulfides which was also observed. Finally, 
the preference for nucleophilic attack of sulfur 
anions at carbon is enhanced as the pKa of the 
corresponding thiol decreases. Such an observa- 
tion is consistent with the increasing polariz- 
ability (softness) of the sulfur nucleophile as the 
pKa of the corresponding mercaptan diminishes 
leading to increased rate of reaction with in- 
creasing electron deficiency (hardness) at carbon 
in the substrates. 

Experimental 
General 

The ir spectra were recorded on a Beckman IR-10 
grating spectrophotometer and the nmr spectra were ob- 
tained on a Varian T-60 instrument using TMS as the 
internal standard. The mass spectra were recorded on a 
Dupont 21-490 instrument. Samples were directly in- 
troduced and the spectra run at 30eV with a source 
temperature of 200°C. Melting points were determined 
on a Fisher-Johns melting point apparatus and are un- 
corrected. The tlc was carried out on 5 x 20 cm analyt- 
ical plates (0.75 mm thickness) spread with silica gel 
HF-254 (A. G. Merck). 

Preparation of PhS02CH2SCH2Ph (2b) (15) 
Sodium metal (0.67g) was dissolved in absolute 

ethanol (100m1), followed by the addition of phenyl- 
methanethiol (3.6 ml). Phenyl chloromethyl sulfone 
(5.003 g) was added and the reaction mixture refluxed 
for 1 h. Water (100 ml) was added and the solution ex- 
tracted with chloroform (three-100ml aliquots). The 
chloroform layers were combined, dried (MgSO,), 
filtered, and the chloroform rotary evaporated. The 
residue was crystallized from 95% ethanol furnishing the 
sulfone-sulfide 26 (1.610 g, mp 107-109°C) (15). The 
product had R,, 0.73 on tlc when developed with chloro- 
form. The ir bands were present at 1320 and 1145 cm-'. 
The nmr spectrum (CDCI,) showed signals at 7 2.36 
(lOH, m) 6.06 (2H, s) and 6.26 (2H, s). 

Preparation of CH3S02 CH2SCH2 CH3 
Sodium metal (9.648) was dissolved in absolute 

ethanol (300 ml) and the solution cooled with ice water. 

Ethanethiol (9.630 g) and chloromethyl methyl sulfone 
(20.007 g) (9) were added and the solution refluxed for 
I h. Water (300 ml) was added and the resultant mixture 
extracted with chloroform (live-100 ml aliquots). The 
combined organic layers were dried (MgSO,), filtered, 
and rotary evaporated. The residue was dissolved in 
CHC1, (300ml), washed with 2.5% sodium hydroxide 
(ten-100 ml aliquots), dried (MgSO,), filtered, and rotary 
evaporated. The residue was rectified at reduced pressure 
affording the sulfone-sulfide (13.441 g;  bp 146"C/5 Torr). 
The ir bands were present (CHCI,) at 13 15 and 1150 
cm-'. The nmr spectrum (CDCI,) showed signals at  
T 6.06 (2H, s), 7.00 (3H, s), 7.06 (2H, q), and 8.73 (3H, t). 
The mass spectrum exhibited ions at mle 154(M+, 7.573, 
75(100z), and 47(73.5%). Anal. calcd. for C4Hlo02S2: 
C31.11,H6.53;found: C30.90,H 6.64. 

Reaction of CI2CH.SO2.CH2Cl (Id) and PhCH2SH 
Metallic sodium (0.680g) was dissolved in absolute 

ethanol (100 ml). Phenylmethanethiol (3.5 ml) and 1,1,3- 
trichloro-2-thiapropane-2,2-dioxide (5.067 g) (16) were 
added and the solution refluxed for 1 h. Water (100 ml) 
was added and the resultant mixture washed with chloro- 
form (three-100 ml aliquots). The combined chloroforn~ 
layers were dried (MgSO,), filtered, and rotary evaporated 
affording a residue composed of dibenzyl disulfide 
(3.6 g), 1,3-dichloro-2-thiapropane-2,2-dioxide (2.6 g), 
and unreacted trichlorosulfone (1.6g) (composition 
determined by nrnr). A portion of the residue crystallized. 
The crystals were filtered off and recrystallized from 
carbon tetrachloride. A portion of this recrystallized 
material (300 mgm) was chromatographed on preparative 
tlc plates (100 mgm/plate) using CCI4 developer. The 
disulfide bands were detected (uv light) and scraped, 
washed with chloroform, and the chloroform concen- 
trated to afford dibenzyl disulfide which was identical 
with authentic material by nmr, tlc, and ir. The remainder 
of the preparative plate from the lower edge of the di- 
sulfide band to the lower edge of the origin was scraped, 
washed with chloroform, and the chloroform concen- 
trated to afford clean dichlorosulfone which was identical 
to authentic material by nmr, ir, mp, and mixture mp. 

Reaction of C13C~S02~CH2Cl (3) and PhCH2SH 
This experiment was virtually identical to  the reaction 

of I d  with phenylrnethanethiol (detailed above) except 
that the amounts of Na and PhCH2SH were four fold 
molar excess as compared with the tetrachlorosulfone 3 
(16). 

Reaction of Ph CH2 SCHCISO2 CH3 (4) and Ph C H S H  
Sodium metal (0.213 g) was dissolved in absolute 

ethanol (50ml). Phenylmethanethiol (1.2 ml) and the 
chlorosulfone-sulfide 4 (1.150 g) (1) were added and the 
reaction stirred at ambient temperature for 48 h. Water 
(100 ml) was added and the reaction mixture washed with 
chloroform (three-100 ml) aliquots. The combined 
chloroform layers were dried (MgSO,), filtered, and 
rotary evaporated affording a crude residue (2.003 g). 
The residue was composed of the dechlorinated sulfone- 
sulfide 5 and dibenzyl disulfide (1 : 1 molar ratio) as con- 
firmed by nrnr and tlc. 

Reaction of ClCHySO2.OPh (6)  with PhCH2SH 
Sodium metal (0.669 g) was dissolved in absolute 

ethanol (100 ml). Phenylmethanethiol (3 ml) and phenyl 
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chloromethanesulfonate (6)  (4.999 g) (prepared from quots). The combined chloroform layers were dried 
chloromethanesulfony1 chloride and phenol) were added (MgSO,), filtered, and rotary evaporated affording the 
and the reaction mixture refluxed for 48 h. Water (100 ml) dechlorinated p-disulfone 9 (741 mgm). The dechlorinated 
was added and the resultant mixture washed with chloro- material was recrystallized and shown to be identical to 
form (three-100 ml aliauots). The combined chloroform authentic material (9) by nmr, ir, and mv. 
layers were dried ( M ~ o , ) ,  filtered, and rotary evap- 
orated. The residue (10.9 g) contained phenyl methane- 
sulfonate (7) (22% based on starting chloromethanesul- 
fonate), unchanged phenyl chloromethanesulfonate (78%), 
and dibenzyl disulfide (22%). 

A portion of the residue (0.5 g) was chromatographed 
on preparative tlc plates (100 mglplate) using chloroform 
for development. Bands located (254nm uv light) at  
R,, 0.89 afforded dibenzyl disulfide (0.055 g) which was 
identical to authentic material by Llc, nmr, and ir. The 
band at R,, 0.78 afforded unchanged phenyl chloro- 
methanesulfonate (0.164g) which was identical to 
starting material by tlc, nmr, and ir. The bands at  R,, 
0.64 afforded phenyl methanesulfonate (0.035 g) which 
was identical to authentic material by tlc, nmr, and ir. 

Reaction of Cl3C~SO2~CH2CI (3) with NaHS 
The tetrachlorosulfone 3 (1.001 g), and a solution of 

p-toluenesulfonic acid monohydrate (0.832 g) and sodium 
sulfide nonahydrate in water (15 ml) were mixed to- 
gether in methanol (40 ml).  he reaction was stirred at  
room temperature for 48 h. Water (100 ml) was added 
and the resultant mixture washed with chloroform 
(three-100 ml aliquots). The chloroform was evaporated 
yielding a crude solid (0.695 g). The solid was recrystal- 
lized and shown to be identical to authentic bis(ch1oro- 
methyl) sulfone by nmr, ir, and mp. 

Preparation of PhCH2,SO2~CHC1~SO2CH3 ( 8 )  
The chlorosulfone-sulfide 4 (1.401 g) (1) was dissolved 

in glacial acetic acid (5 ml) and the resultant solution 
added dropwise (5 min) to a cooled mixture of chromium 
trioxide (1.490 g) in glacial acetic (50 ml). The resultant 
mixture was maintained between 90 and 100°C for 0.5 h. 
Water (50ml) was added and the resultant solution 
washed with chloroform (four 50 ml aliquots). The com- 
bined chloroform layers were washed with 2.5% sodium 
hydroxide until the aqueous p H  remained basic. The 
chloroform was washed with distilled water (50 ml), 
dried (MgSO,), filtered, and rotary evaporated to yield a 
brownish oil (1.421 g). The oil was crystallized from 95% 
ethanol affording colorless crystals (1.084 g; mp 125- 
128°C). The ir bands were present (CHCl,) at 1350, 1340, 
1155 and 1130cm-'. The nrnr spectrum (CDCI,) dis- 
played signals at r 2.66 (5H, s), 4.80 ( lH,  s), 5.13 (IH, d, 
J = 14 Hz), 5.43 (IH, d, J = 14 Hz), 6.73 (3H, s). The 
mass spectrum5 exhibited ions at  m/e 140(2.6%), 138(7.9%) 
and 91(100%). Anal. calcd. for C9HI IC104S2 : C 38.22, 
H 3.92; found: C 38.53, H 3.72. 

Reaction of PhCH2S02CHCI.S02CH3 ( 8 )  with NaHS 
A solution of the a-chloro-p-disulfone 8 (1.001 g) in 

methanol (40 ml) was added dropwise over 20 min 
to a solution of sodium sulfide nonahydrate (1.719 g) and 
p-toluenesulfonic acid monohydrate (0.820 g) in distilled 
water (15 ml). The reaction was stirred at ambient tem- 
perature for 18 h. Water (100 ml) was added and the 
solution extracted with chloroform (three-100 ml ali- 

5The significance of the ions at m/e 140, 138 has been 
discussed in detail (9, 10). 

Reaction of PhCH2SCHClSOzCH3 (4)  with NaHS 
A solution of the chlorosulfone-sulfide 4 (1.000 g) in 

methanol (40 ml) was added dropwise over 10 min to a 
solution of sodium sulfide nonahydrate (2.170 g) and p- 
toluenesulfonic acid monohydrate (0.964 g) in water 
(15 ml). The reaction mixture was stirred at ambient 
temperature for 48 h. Water (100 ml was added and the 
solution extracted with chloroform (three-100 ml ali- 
quo t~ ) .  The combined chloroform layers were dried 
(MgSO,), filtered, and rotary evaporated affording a 
crude residue (0.550 g). A portion of the crude residue 
(300mgm) was developed on preparative tlc plates 
(100 mgrn/plates) using carbon tetrachloride. The bands 
at  RF 0.65 were scraped and washed with chloroform 
furnishing dibenzyl disi~lfide (0.400 g) which was identical 
to authentic material by nmr, tlc, and ms. The bands at the 
origin were scraped and washed with chloroform yielding 
dechlorinated sulfone-sulfide 5 (0.150 g) which was 
identical with authentic material by nmr, tlc. and ms. 

Reaction of PhCH2SCHClS02CH3 (4 )  with PhSH 
Sodium metal (0.216 g) was dissolved in absolute 

ethanol (50 ml). Benzenethiol(l.018 g) and chlorosulfone- 
sulfide 4 (1.157 g) were added and the reaction mixture 
stirred at ambient temperature for 4 days. Water (100 ml) 
was added and the resultant mixture washed with chloro- 
form (three-100 ml aliauots). The combined chloroform 
layers here dried (M~so,), filtered, and rotary evaporated 
affording a crude residue (1.566 g). A portion of the 
residue (1.051 g) was chromatographed on silica gel 
(100 g). The column was eluted with carbon tetrachloride 
(thirty-50 ml fractions) and then with chloroform (thirty- 
50 ml fractions). Fractions 6 and 7 were combined and 
concentrated which furnished diphenyl disulfide (0.196 g) 
which was identical with authentic material by tlc, nmr, 
and ms. Fractions 42-46 were combined and concen- 
trated affording, as an oil, the sulfone-disulfide 11 
(0.195 g). The sulfone-disulfide 11 exhibited ir bands 
(CHCI,) 1325 and 1150 cm-'. The nrnr spectrum (CDCI,) 
displayed signals at r 2.80 (lOH, pseudo-doublet), 5.45 
( lH , s ) ,5 ,76 (1H,d , J=  13 Hz) ,6 .10 (1H,d , J=  13 Hz), 
7.00 (3H, s). The mass spectrum showed ions at m/e 
245(66.69,), 110(20.3%), 109(11.5%), and 91(100%). Anal. 
calcd. for Cl5Hl6O2S3: C 55.52, H 4.97; found: C 
55.36, H 5.03. Fractions 47-51 were combined and con- 
centrated affording the benzylic sulfone-sulfide 5 (0.347 g). 
The impure material obtained from these fractions was 
chromatographed on three preparative tlc plates em- 
ploying chloroform development. The upper band 
furnished clean sulfone-sulfide 5 (0.260 g) which was 
identical with authentic material by tlc, nmr, and ms. 
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Organic sulfur mechanisms. 20. Sulfenes from 1-haloalkanesulfinic acids: 
the 'abnormal route' 

JAMES FREDERICK KING, RODGER PETER BEATSON, AND JOSEPH MAX BUCHSHRIBER 
Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 5B7 

Received December 15, 1976 

JAMES FREDERICK KING, RODGER PETER BEATSON, and JOSEPH MAX BUCHSHRIBER. Can. J. 
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1-Haloalkanesulfinic acids react with water, p-toluidine, or an enamine in the presence of 
added base to give products expected from an intermediate sulfene. It is concluded that sulfenes 
are formed, and hence may be presumed to react, via the 'abnormal route', i.e., loss of a nucleo- 
phile from the carbon (rather than the sulfur) of the incipient sulfene, or, for the reverse process, 
addition of a nucleophile to the carbon (rather than the sulfur) of the sulfene. Since addition at 
the sulfur is well precedented, these conclusions indicate that sulfene is an 'ambifunctional' 
electrophile of a previously unknown kind. The mechanism of the sulfene formation is discussed 
in the light of deuterium labelling and kinetic experiments. 

JAMES FREDERICK KING, RODGER PETER BEATSON et JOSEPH MAX BUCHSHRIBER. Can. J. 
Chem. 55,2323 (1977). 

Mis en presence de base, les acides halo-1 alcanesulfiniques reagissent avec l'eau, la p- 
toluidine ou une dnamine pour conduire aux produits attendus a partir d'un intermddiaire 
sulfene. On en conclut qu'il y a formation de sulfenes et qu'on peut donc supposer que ces 
acides reagissent par l'intermkdiaire de la 'voie anormale' c'est a dire perte d'un nuclCophile a 
partir du carbone (plut6t que du soufre) du sulfene qui se forme; pour les processus inverses, 
il y aurait addition d'un nuclCophile sur le carbone (plut6t que sur le soufre) du sulfene. Puis- 
que des reactions d'addition au niveau du soufre sont bien connues, ces conclusions indiquent 
que le sulfi.ne est un electrophile 'ambifonctionnel' d'une sorte qui dtait inconnu jusqu'a 
maintenant. On discute du mecanisme de formation du sulfene a la lumiere d'experiences 
de marquage au deuterium et de cinetique. 

[Traduit par le journal] 

Introduction 
In all of their reactions known to date simple 

sulfenes apparently react as electrophiles, and 
usually the reaction occurs in such a way that an 
attacking nucleophile or nucleophilic component 
becomes attached to the sulfur atom, as in [I]. 
This mode which we call 'normal' addition is 
illustrated in its various forms by the formation 
of (a) sulfonic esters from reaction with alcohols, 

[ I ]  RRIC=SO, + Nu-(+E+) -+ RR'C-SO,-NU 
I 

from ammonia or primary or secondary amines, 
where Nu = NR2R3 and E = H, (c) zwitterions 

+ 
from tertiary amines (3), where Nu = N R ' R ~ R ~  
and there is no electrophile E, and (d) 3-amino- 
thietane 1,l-dioxides from enamines, where 
Nu = the nucleophilic carbon and E = the 
electrophilic (nitrogen bearing) carbon of the 
double bond.3 As we have pointed out previously 
(6), there are certain reactions, however, in 
which it is reasonable to propose, at least 
formally, a nucleophilic attack on the carbon of 

I 

'Normal' addition ( E )  the sulfene, as in [2]. The product of such an 
attack, instead of being an alkylsulfonyl com- 

[2] RRfC=SO, + NU-(+E+)  + RR'C-SO,(E) pound, is an a-substituted sulfinic acid derivative. 

'Abnormal' addition Nu 
Such a mode of reaction, which we term 'ab- 
normal' addition, is perhaps most easily depicted 

Nu = nucleophile, E = electrophile (not necessarily by the formation of a-chlorosulfinate anion, 
present) initially suggested (6a,b) as the second step in 

where Nu = OR and E = H, (b) sulfonamides 3 F ~ r  further examples see refs. 4 and 5, especially 
Table I1 of the latter. The only apparent anomaly in this 

'For part 19, see ref. 1. list has recently been resolved (I), the reaction with 
'A preliminary account of this work has appeared; see chloral to give B-sultones having been shown to involve 

ref. 2. the sulfene in an orthodox manner. 
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the proposed mechanism for the formation of 
thiobenzoyl chloride S-oxides from phenyl- 
methanesulfonyl chloride and tertiary amines as 
in [3]. 

A number of what we regard as possible 
examples of 'abnormal' attack had been collected 
(6), but believing that the existence of this 
reaction was not adequately proved, we decided 
to attack the problem by examining the reverse 
process, i.e., by seeing if it were possible to form 
a sulfene by the 'abnormal' route, for example, 
by simple loss of halide from a l-haloalkane- 
sulfinate anion. 

Results and Discussion 
Formation of Sulfenes by the 'Abnormal' Route 

That such an approach might work was 
suggested by some observations reported by 
Miiller and Raudenbusch in 1931 (7), who noted, 
without explanation, that I-chloroethanesulfonyl 
chloride (1) gave the ethanesulfonate anion on 
treatment with zinc in the presence of water. 
This observation is readily explained if one 
assumes that the zinc effects the usual reduction 
(8) of the sulfonyl chloride to the sulfinate stage, 
4 and (or) 5, and that this is transformed by the 
'abnormal' route to the sulfene 7 which then 
undergoes 'normal' addition of water to form 6.  
We have verified the formation of ethane- 
sulfonate from 1 with zinc and ethanol, though 
the yields were modest. 

Further experiments which gave both better 
yields and a full confirmation of the existence of 
the 'abnormal' route are summarized in Scheme 
1. Treatment of 1 with sodium sulfite followed 
by strong acid gave 5 as a colorless oil. Because 
a careful proof of the structure of this material 
is essential for the conclusions drawn in this 
paper, the following data were adduced. The 
nmr spectrum showed a doublet at 1.75 (3H), a 
quartet at 4.75 (IH, J = 7 Hz), and a singlet at 
10.5 ppm (lH), and the infrared spectrum had 
strong bands at 2900 (broad, OH) and 1080 cm-' 
(S=O stretch) (9). Redox titration gave a titre 
corresponding to essentially pure 5. Potentio- 
metric titration with sodium hydroxide showed 5 
to be a strong acid (pKa < 2). We know of no 

pKa determinations of any alkanesulfinic acids 
but pKa values in the range 1.8 to 2.16 have been 
reported for benzenesulfinic acid (10). The re- 
placement of a phenyl by a 1-chloroethyl group 
in the sulfinic acid series might be expected to 
affect the pKa in a manner at least roughly 
parallel to that found with carboxylic acids, i.e., 
pKa (benzoic acid) - pK, (I-chloropropionic 
acid) = 4.20 - 2.88 = 1.32 (10); this would 
point to a pKa of 5 of - I, a value consistent with 
our (admittedly limited) observations. Attempts 
to determine the pKa of 5 conducton~etrically also 
merely confirmed the strong acid character of 5. 
Reaction of 4 with methyl iodide gave the 
crystalline sulfone 3 whereas treatment of 5 with 
thionyl chloride gave the sulfinyl chloride 2. The 
infrared spectrum of 2 displayed the strong 
absorption at 1160 cm-' characteristic of sul- 
finyl chlorides, and the nmr spectrum showed 
this material to be a mixture of diastereomers, 
having two doublets (respectively at 1.92 and 
1.91, both J = 6.5) and two quartets (at 5.02 
and 5.18 ppm) in the ratio 3 : 5. Because both 
chiral carbon and sulfur atoms are present in 2, 
such a mixture of diastereomers is expected to  
be visible in the nmr spectrum, provided that the 
sulfur atom is capable of maintaining its chirality 
(on the nmr time scale at the temperature of the 
instrument). This observation was, in fact, the 
first reported experimental indication that this is 
indeed so; further examples have subsequently 
been described (1 1). 

The formation of methylsulfene (7) from 5 is 
deduced from the following. Reaction of 5 with 
triethylamine and p-toluidine in refluxing aceto- 
nitrile gave ethanesulfon-p-toluidide (9). In re- 
fluxing benzene in the presence of the enamine 
1 -(2-methylpropeny1)pyrrolidine and triethyl- 
amine, 5 gave the characteristic enamine-sulfene 
cycloadduct 8 in 16% yield. Under similar con- 
ditions ethanesulfonyl chloride gave 8 in 23% 
yield (though better yields were obtained a t  
lower temperatures). The structure of 8 follows 
from its formation from ethanesulfonyl chloride 
taken with its elemental analysis and spectro- 
scopic properties; the coupling of 9 Hz between 
the ring hydrogens was suggested in similar 
examples to be evidence for a trans orientation of 
the substituents (12), though such assignments 
have subsequently been questioned (13). Re- 
action of 5 with an excess of aqueous NaOH 
under reflux for 30 min gave sodium ethanesul- 
fonate. When this reaction was carried out in 
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cl 
( 5 : 3  mixture of two 
diastereomers) 

t SOCI, 
j. I 

CH3I H+ 
CH,CHS02CH3 - CH3CH-SO2- . CH3CHS0,H 

I Base 

Cl CI CI 

acetate buffer at 60°C, the pseudo first-order rate 
constants for p H  values of 4.0, 5.0, and 5.9 were 
respectively 2.42, 2.67, and 2.53 x 10-5s-1. 
This insensitivity to change in p H  taken with the 
previously mentioned strong acidity of 5, fits 
with the proposal that 7 ,8,  and 9 are formed by 
unimolecular reaction of the anion 4, as in 
Scheme 1, The nature of these products, espe- 
cially 8, points to the sulfene 7 as the only 
reasonable precursor for these materials. 

The formation of the sulfene from l-halo- 
alkanesulfinic acids is presumably a general 
reaction. We found that 1-bromoethanesulfinic 
acid was rather unstable at room temperature 
and did not require heating to afford the p- 
toluidide 9. Chloromethanesulfinic acid, on the 
other hand, needed extended refluxing in benzene 
to give methanesulfon-p-toluidide. Since the 
publication of our preliminary report, two 
reports of the abnormal route involving the 
trichloromethanesulfinate anion have appeared 
(14, 15). Dykman (14) postulated the trans- 
formation C1,C-SO2- + C12C=S02 as a step 
in a mechanism accounting for formation of the 
complex thiosulfonate ester C1,CHS02SCC1, on 
reaction of C1,CSCl with dilute base. Kempe and 

Norin (15) proposed both 'abnormal' addition 
and elimination processes, the former in the 
sequence 

Et N 
CI,CHSO,CI C12CzS02 

CI- + C13CS02 Et,NH+ 

and the latter to account for halogen exchange, 
C13CS02- + C12BrCS02-, in the presence of 
Et3NH+BrP. 

Mechanism of 'Abnormal' Sulfene Formation 
Although simple loss of chloride ion with 

direct formation of the sulfene is the most 
direct and the most likely route from the anion 
4 to the sulfene 7, there are less obvious routes 
which warrant some consideration here. One 
conceivable possibility, for example, is that the 
sulfinate anion 4 rearranges to the carbanion 10, 
which then either loses chloride ion directly or 
picks up a protoil to form ethanesulfonyl 
chloride which is transformed in the reaction 
medium to the sulfene 7 (either directly or via 
10). That ethanesulfonyl chloride cannot have 
been involved in the formation of 7, however, is 
shown by an experiment in which l-chloro- 
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ethanesulfinic acid-d was treated with triethyl- 
amine in the presence of p-toluidine-d,. In such 
a reaction mixture any ethanesulfonyl chloride 
formed (via the route 4 + 10 + ethanesulfonyl 
chloride) would necessarily have been mostly 
monodeuterated (i.e., CH,CHDSO,Cl) since the 
only important sources of hydrogen ions for 
converting 10 to ethanesulfonyl chloride are the 
S0,D and ND, groups. A control experiment 
with CH,CHDSO,Cl and triethylamine and p- 
toluidine-d, gave a substantial amount of the 
dideuteratedp-toluidide (CH,CD,SO,NHC,H,- 
CH,, after normal work-up), and since there 
was no clear sign of any of the dideuterated 
sulfonamide in the reaction starting from 5, we 
conclude that ethanesulfonyl chloride is not an 
intermediate for any significant portion of the 
reaction 5 + 7. 

Avoidance of formation of ethanesulfonyl 
chloride does not preclude involvement of 10, 
but does require that the reaction 10 + 7 be very 

+ 
fast, since deuteration of 10 by Et,ND is prob- 
ably diffusion-controlled (or close to  it). In that 
event the reaction 4 + 10 is presumably rate 
determining. Our observation of simple first- 
order decomposition of 4 precludes bimolecular 
reactions of 4 either with itself or any other 
reagent not present at the same concentration in 
each of our experiments at three different p H  
values; this, in effect, would limit the reaction to 
a simple unimolecular reaction. Consideration of 
the stereochemistry of a unimolecular rearrange- 
ment, however, leads us to question its feasibility. 
The closest analogies for such a transfer of 
chlorine would appear to us to be the reaction 
of sulfinate anions with chlorine to form the 
sulfonyl chloride, or (in the reverse direction) the 
reaction of sulfonyl chlorides with carbanionic 
species such as acetylides (16) or enolates (17). 
These reactions may be regarded as SN2 reactions 
at chlorine, and though the geometric require- 
ments of nucleophilic displacements are not 
known, such 'endocyclic' SN2 reactions at carbon 
are not observed, the preferred route being the 
intermolecular pathway (18). 

One further point may be raised concerning 
the intermediacy of 10. Williams and co-workers 
(19) have suggested that a carbanion of the type 

P ~ ~ H S O , Z  where Z is a good leaving group 
(e.g., 2,4-dinitrophenoxide) may be so short-lived 
as to be not a true intermediate but merely a 
point on the slope from the transition state to the 
sulfene. If this should be the case with 10, then 
the single transition state for this reaction would 
look something like 11, which differs from the 
presumed transition state 12 for the direct 

elimination from 4 only in that 11 has a partial 
bond from sulfur to chlorine rather than to 
carbon. An experimental distinction between 11 
and 12 appears too subtle for us to  attempt at 
present, and, in sum, the mechanism proceeding 
through 10, to the extent that it is operationally 
distinguishable from the direct extrusion from 4, 
remains a possible route, though in the face of 
the above points, a rather unlikely one. 

A third conceivable route is the process 
4 + 13 + 7. The first step is analogous to the 
formation of a-lactones from carboxylate anions 

CH3-CH-S 

13 
\o 

bearing a good leaving group in the a-position as 
proposed initially by Kenyon and Phillips (20). 
It has been suggested (21) that a-sultines, such as 
13, are intermediates in the formation of alde- 
hydes or ketones from sulfenes on flash ther- 
molysis above 800°C, but their implication in 
reactions in solution has not been demonstrated. 
Oxidation of sulfines is known to give ketones 
(22) and it is attractive to postulate that this 
reaction may take place via a transient a-sultine, 
which may be hydrolyzed to the a-hydroxy- 
alkanesul6nic acid which in turn ~roceeds to 
the carbonyl product. Such a scheme would 
suggest that if 13 is an intermediate in the forma- 
tion of 7 from 4 that one might well find some 
acetaldehyde (or derivative) also formed in the 
reaction; none has been observed in our experi- 
ments, however, and the possibility that the 
a-sultine may be formed in this system remains, 
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but without any basis other than the analogy to 
a-lactone formation. 

The Ambifunctionality of Sulfene 
From the above discussion it would appear 

that the simple direct elimination process is the 
most likely route for the formation of the 
sulfene, and it follows, of course, that the 
reverse reaction is similarly the most likely 
mechanism for the postulated abnormal addi- 
tion. If this is so then sulfenes show the ap- 
parently hitherto unobserved property of being 
'ambifunctional' (23) electrophiles in which the 
attacking nucleophile may form a bond by 
simple addition to either of two different nuclei, 
carbon or sulfur in this case. Ambifunctional 
electrophiles in which the electrophilic centres 
are atoms of the same kind are well known (e.g. 
allylic cations and a,P-unsaturated ketones), 
and, in addition, electrophilic behaviour involv- 
ing attack at two different atoms in displacement 
(as opposed to addition) reactions is observed, 
for example, with sulfonyl chlorides, which may 
yield either a sulfonyl derivative and chloride ion 
or a chlorinated derivative and sulfinate ion by 
attack at either the sulfur or the chlorine atoms, 
respectively. We are unable to call to mind, 
however, any previously known examples of 
s im~ le  addition to either of two different nuclei. 
~ h d u ~ h  an~bifunctionality often leads to an 
interesting interplay of kinetic and thermo- 
dynamic factors, we prefer not to  discuss this 
aspect of the chemistry of sulfenes until we have 
more data. 

Conclusion 
The chief point that we make from these 

observations is that the transition state for the 
abnormal route is readily obtainable from an a- 
substituted alkanesulfinic acid (for l-chloro- 
ethanesulfinate at 60% AG* = 26.5 kcal mol-I) 
and hence must be regarded as a species which, 
under some circumstances at least, could be ob- 
tained from a sulfene and a nucleophile. To be 
sure, the normal reaction of a nucleophile in the 
presence of a proton donor is to form the sulfonic 
acid derivative, but the 'abnormal' process may 
be important in certain situations (e.g. when the 
normal route merely leads back to the starting 
material). The 'abnormal' route would appear to 
be the mode of reaction in the formation of the 
thioacyl chloride S-oxides (6a,b; see also ref. I), 
and hence the singular 1,3-dipolar addition pro- 
cess suggested by strating (24) is unnecessary. 

A final comment on the synthetic limitations 
of the formation of sulfenes from a-haloalkane- 
sulfinic acids seems in order. Though the present 
study provides a new route to sulfenes, it is 
likely that it will find only occasional synthetic 
use; neither the yields, which are at best un- 
remarkable, nor the relative inaccessibility of 
starting materials (at least at  present) recom- 
mends it for common use. It appears that 
sulfinic acids (or sulfinate anions) react with 
sulfenes (to give uncharacterized products) and 
it is likely that the yields of desired sulfene 
products obtainable from this route may be 
limited by the destructive tendency of the 
sulfene to be consumed by reaction with its 
precursor. The chief significance of this study lies 
not so much in its synthetic value but rather in 
the insight it provides into the mechanisms of 
sulfene reactions. 

Experimental 
Infrared spectra were obtained with Beckman IR-10 or 

IR-20 spectrometers; nuclear magnetic resonance spectra 
with Varian A-60, T-60, or HA-100 instruments using 
tetramethylsilane as internal standard. Potentiometric 
titrations and p H  determinations were carried out with a 
Radiometer PHM 25 pH meter. Melting points were 
determined on a Kofler hot stage and are uncorrected. 
1,2-Dimethoxyethane (DME) and triethylamine were 
reagent grade materials distilled from CaH2. 

Reaction o f  I-Chloroethanesulfonyl Chloride (1) with . . 

Zinc dust 
1-Chloroethanesulfonvl chloride (1) was vrevared from 

trithioacetaldehyde (25j by the mkt'hod df ~ i i l l e r  and 
Raudenbusch (7); bp 51-53"C/5 Torr, 50% yield; ir (film) 
v,,, 1380 (s), 1170 (s), and 690 (m) cm-'; nmr, 6 2.06 (3H, 
d, J .= 7 Hz) and 5.36 (lH, q). The sulfonyl chloride (I) 
(5.8 g, 35 mmol) was dissolved in 24 ml of absolute 
ethanol; zinc dust was added in small portions until no 
more heat was evolved. The mixture was filtered and the 
solvent removed from the filtrate by evaporation. Potas- 
sium carbonate solution was added to the liquid residue 
until it was alkaline and the water evaporated under 
reduced pressure. A solid was obtained which was 
dfssolved in water and passed through a column of 
Dowex 50W-X8 (Ht)  cation exchange resin, the column 
being eluted with water until the eluant was no longer 
acidic. Water was removed from the eluant by evapora- 
tion. The residue was refluxed with excess thionyl 
chloride and the product was distilled under reduced 
pressure. Ethanesulfonyl chloride (0.36 g, 2.7 mmol, 8%) 
was obtained. The ir (liquid film) showed peaks at 1500 
(w), 1360 (s), and 1160 cm-' (s); the nmr (CDCl,) had 
peaks at 6 1.6 (3H, t, J = 7.0 Hz) and 3.7 (2H, q); both of 
the spectra matched those of a commercial sample of 
ethanesulfonyl chloride (Eastman). 

I-Chloroethanesuljinic Acid (5)  
1-Chloroethanesulfonyl chloride (3 g, 18.4 mmol) was 

stirred for 1 h with a solution of sodium sulfite (4.8 g, 
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38 mmol) in 50 ml of water. The solution was washed 
with methylene chloride. Sulfuric acid (2 M )  was added to 
the aqueous layer and the acidic solution was extracted 
6 times with 40 ml portions of ether. The ether extracts 
were combined, dried (MgSO,), and the solvent evap- 
orated at a low temperature (ca. 40°C) to yield l-chloro- 
ethanesulfinic acid (1.8 g, 14 rnmol, 60% yield); ir 
(CHCI,) v,,, 2900 (br s), 1080 (s), and 830 cm-I (m); nmr 
(CDCl,) 6 1.75 (3H, d, J = 7 Hz), 4.75 (lH, q), and 10.5 
(lH, s). A sample (0.132 g) was dissolved in 250 ml of 
water and a 5 ml aliquot pipetted into a beaker; the 
solution was diluted with 140 ml of distilled water plus 
200 ml of 0.1 M sodium hydroxide, and titrated potentio- 
metrically (glass and platinum electrodes and a salt 
bridge) with 0.0066 M potassium permanganate solution 
(26) to an end point of 3.17 ml. After correcting for a 
blank of 0.035 ml, the titre was 3.135 ml, corresponding 
to 0.0207 mmol (100.1%) of the acid. Potentiometric 
titration of 1-chloroethanesulfinic acid with 0.0428 M 
sodium hydroxide gave a titration curve indistinguishable 
from that given by perchloric acid. 

Reaction of I-Chloroethanesulfinic Acid (5 )  with p- 
Toluidine 

p-Toluidine (4.28 g, 40 mmol) and triethylamine (1.2 g, 
12 mmol) were dissolved in acetonitrile (30 ml) and the 
solution heated to reflux. 1-Chloroethanesulfinic acid 
(0.516 g, 4 mmol) dissolved in acetonitrile (20 ml) was 
added to the refluxing solution over a period of 5 min. 
Refluxing was continued for a further 30 min, and the 
acetonitrile solution was allowed to cool to room tem- 
perature. The solution was made acidic with 2 M hydro- 
chloric acid, and most of the acetonitrile was removed by 
evaporation. 

Extraction of the remaining solution with methylene 
chloride yielded, after drying (MgSO,) and evaporation 
of the solvent, ethanesulfon-p-toluidide (617 mg, 3.09 
mmol, 77.5%). Recrystallization from methylene chlo- 
ride - petroleum ether gave the ethanesulfon-p-toluidide 
(532 mg, 2.67 mmol, 67% yield), mp 7740°C. The mp 
and ir and nmr spectra were identical to those of an 
authentic specimen prepared (27) from ethanesulfonyl 
chloride (Eastman). 

When the above reaction was carried out in benzene at 
45°C the yield of ethanesulfon-p-toluidide was lo%, and 
at 65"C, 32%. 

Reaction of I-Chloroethanesulfinic Acid (5 )  with I-(2- 
Methylpropeny1)pyrrolidine and Triethylamine 

Triethylamine (2 g, 20 mmol) was dissolved in aceto- 
nitrile (20 ml) and the mixture heated to reflux. A solution 
of the enamine (28) (7.1 g, 56 mmol) in 10 ml of aceto- 
nitrile was added to the refluxing mixture. 1-Chloro- 
ethanesulfinic acid (5) (713 mg, 5.5 mmol) was dissolved 
in acetonitrile and added to the stirred, refluxing mixture 
over a period of 4 min. The reaction was refluxed for a 
further 35 min. The mixture was allowed to cool and then 
acidified with 2 M sulfuric acid. The acidic solution was 
washed with methylene chloride, made basic with 
potassium carbonate, and extracted with methylene 
chloride. The CH2Cl2 layer after drying (MgSO,) and 
evaporation gave an oil, which aftei addition of MeOH 
gave the cycloadduct (8) (1 17 mg, 0.82 mmol, 15%), mp 
7943°C. Recrystallization from MeOH gave the ana- 
lytical specimen, mp 83.5-85°C. Anal. calcd. for CloHl,- 

N02S: C 55.26, H 8.81, N 6.45, S 14.75; found: C 55.01, 
H 8.89, N 6.42, S 14.89. 

Reaction of ethanesulfonyl chloride with the enamine 
under similar conditions gave 8 (23% yield), mp 83-84"C, 
mixture mp with the material obtained above, 82.5-83°C; 
the ir and nmr spectra were identical to those of the 
above material: v,,, (CHCl,), 2970 (m), 2700 (m), 1460 
(w), 1300 (s), 1100 cm-' (s); 6 (CDC1,) 1.48 (3H, s), 1.58 
(3H, d, J = 8 Hz), 1.60 (3H, s), 1.78 (4H, m), 2.50 (4H, 
m), 2.88 (lH, d, J =  8.7Hz), and 4.03 (1H, dq, J =  8 
and 8.7 Hz). 

Preparation of Methyl I-Chloroethyl Sulfone (3) from 
I-Chloroethanesulfinic Acid (5 )  

Triethylamine (1.2 g, 12 mmol) was added to l-chloro- 
ethanesulfinic acid (5) (690mg, 5.4 mmol) and the 
mixture stirred while methyl iodide (17.5 ml, 38 g, 270 
mmol) was added over a period of 12 min. The mixture 
was refluxed with continuous stirring for 23 min. Water 
was added and the mixture extracted with methylene 
chloride. The extracts were combined, washed with 
aqueous sodium thiosulfate, dried (MgS04), and the 
solvent evaporated leaving methyl 1-chloroethyl sulfone 
(3) (0.589 g, 4.1 mmol). Recrystallization from cl-~loro- 
form - petroleum ether gave white crystals of 3 (0.573 g, 
4.0mmo1, 74% yield) mp 56-57°C; reported (29) mp 
62°C. The nmr spectrum (CDCI,) showed peaks at 6 1.85 
(3H, d, J = 8 Hz), 2.98 (3H, s), and 4.68 (IH, q); ir 
(CHCI,): v,,, 1322 (s), 1145 (s), and 960 cm-' (m). Anal. 
calcd. for C3H7C1SO2: C 25.27, H 4.95, C124.86, S 22.48; 
found : C 25.26, H 5.02, C1 24.66, S 22.65. 

I-Chloroethanesulfinyl Chloride (2) 
Thionyl chloride (8.3 g, 70 mmol) was slowly added to 

1-chloroethanesulfinic acid (5) (1.22 g, 9.5 mmol) at O°C, 
and the mixture stirred for 1 h at room temperature. The 
mixture was then refluxed for 1 h and the excess thionyl 
chloride distilled off at atmospheric pressure. The product 
was distilled under reduced pressure. A small amount of 
1-chloroethanesulfinyl chloride was obtained as a color- 
less oil. The ir spectrum (liquid film): v,,, 1400 (m), 
1375 (m), 1160 (s), and 1035 cm-' (m). The nmr spectrum 
(CDCl,, HA-100) showed quartets at 6 5.02 and 5.18 
( J  = 6.5 Hz) with relative areas of 3: 5 and doublets at 
1.92 and 1.91. 

Reaction o f  I-Chloroethanesulfinic Acid (51 with Aaueous 
sodium Hydroxide 

1-Chloroethanesulfinic acid (5) (0.73 g, 5.7 mmol) was 
added to a refluxing solution of sodium hydroxide 
(0.65 g, 16 mmol) in 20 ml of water. The mixture was 
stirred under reflux for 35 min and the water removed by 
evaporation under reduced pressure. The residue was 
suspended in methylene chloride and phosphorus penta- 
chloride (8.5 g) was added in small portions while 
swirling the mixture at room temperature. The methylene 
chloride was decanted, washed with water, dried (MgSO,), 
and evaporated leaving ethanesulfonyl chloride (0.48 g, 
2.9 mmol, 52% yield). The identity of the product was 
determined by comparing the nmr and ir spectra with 
those of a commercial sample of ethanesulfonyl chloride 
(Eastman). 

Rate of Release of Chloride Ion from l-chloroethane- 
sulfinic Acid (5)  in Aqueous Acetate Bufers 

A solution of 1-chloroethanesulfinic acid (5) (ca. 
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4 mmol) in 0.2 M acetic acid - sodium acetate buffer 
(100 ml) was frozen in liquid N2 and degassed, and then 
heated in a water bath at 60.0 + 0.l0C. Argon was let 
into the flask which was then fitted with a serum cap. 
Aliquots (5.00 ml) were removed at intervals and 
quenched by diluting in cold water (40 ml). The chloride 
ion content was determined by potentiometric titration 
(silver and glass electrodes) with 0.01 M AgN03. Good 
first-order rate plots were obtained as far as the reactions 
were followed (to about 60% reaction). The rate constants 
(determined graphically) were as follows: p H  4.0,2.42 x 

p H  5.0, 2.67 x p H  5.90, 2.53 x s-'. 

Reaction of I-Chlouoethanesulfinic Acid-d withp-Toluidine- 
d2 

1-Chloroethanesulfinic acid (5) in ether was shaken 
with several portions of D20 .  The sulfinic acid obtained 
after drying (MgS0,) and evaporation of the ether was 
found by nrnr to contain > 90% deuteration of the acidic 
hydrogen. p-Toluidine-d2 was prepared as follows. p-  
Toluidine was recrystallized from ethanol-water and the 
crystals dissolved in CH2C12. The CH2C12 layer was 
removed from the aqueous layer which formed, dried 
(MgSO,), and then shaken with several portions of D 2 0  
and dried over anhydrous K2C03.  The product remaining 
upon removal of the solvent showed 96% incorporation 
of deuterium in the amino group. 

Triethylamine (0.7 g, 7 mmol) and p-toluidine-d2 (1.4 g, 
13 mmol) were dissolved in 20 ml of acetonitrile and the 
solution heated to  reflux. 1-Chloroethanesulfinic acid-d 
(0.18 g, 1.4 mmol) dissolved in acetonitrile (10 ml) was 
added to the stirred refluxing mixture over a period of 
4 min, and the mixture was refluxed for 35 min. The 
reaction was cooled and dilute sulfuric acid was added. 
The acetonitrile was evaporated. The aqueous solution 
was extracted with methylene chloride. The methylene 
chloride was dried (MgSO,) and evaporated yielding the 
toluidide (0.17 g, 0.86 mmol, 61% yield), which was 
recrystallized from methanol giving a product with mp 
81-81.5"C. The nrnr spectrum (CDCl,) showed no 
detectable dideuterated toluidide. The mass spectrum 
analyzed for undeuterated 21 + 2%, monodeuterated 
77 + 2%, and dideuterated 2 + 2% products, corre- 
sponding to 6.18 atom % excess D ;  deuterium analysis 
gave 6.10 atom % excess D. 

Reaction of Ethanesulfonyl-I-d Chloride with Tuiethyl- 
amine and p-Toluidine-d2 

Ethanesulfonyl-I-d chloride was prepared by reaction 
of ethanesulfonyl chloride in dioxane-D20 with triethyl- 
amine and converting the resultant triethylammonium 
ethanesulfonate-1-d to the sulfonyl chloride with PC], in 
CH2C12 as previously described (30); deuterium analysis 
gave 17.65 atom % excess D (calcd. for CH3CHDS02CI : 
20.0 atom % excess D); nrnr integration indicated 92% 
CH3CHDS02Cl and 8% CH3CH2S02CI. When this 
sulfonyl chloride was added to a refluxing mixture of 
triethylamine and p-toluidine-d2 in acetonitrile as de- 
scribed for the experiment with CH3CHC1S02D, the 
toluidide (35% yield) was found by examination of the 
methyl signal at 6 0.9 to consist of 22 + 5% of un- 
deuterated, 44 + 5% of monodeuterated, and 34 + 5% 
dideuterated toluidide. 

1-Buomoethanesulfinic Acid 
1-Bromoethanesulfonyl chloride (31) (536 mg, 2.58 

mmol) was stirred for 1 h with a solution of sodium 
sulfite (660 mg, 5.2 n ~ n ~ o l )  in water (10 ml). The work-up 
and isolation were performed at less than 10°C. The 
solution was acidified with sulfuric acid (2 M), then 
extracted with ether (4 x 10ml). The combined ether 
extracts were dried (MgSO,) and the solvent removed to 
give 1-bromoethanesulfinic acid (295 mg, 66%); nrnr 
spectrum (CDC13): 6 9.3-6.0 (variable br s, combination 
of water and sulfinic acid proton), 4.41 (lH, q, J = 7 Hz), 
1.84 (3H, d, J = 7 Hz). The acid was used within 2 h 
after isolation. An impurity with 6 3.66 (q, J = 7 Hz), 
1.22 (t) was present in varying small amounts. 

Reaction of I-Bromoethanesulfinic Acid, p-Toluidine and 
Triethylamine 

1-Bromoethanesulfinic acid (262 mg, 1.51 mmol) in 
acetonitrile (10 ml) was added during 5 min to a solution 
of p-toluidine (1.62 g, 15.1 mmol) and triethylamine 
(0.64 ml, 4.54 mmol) in acetonitrile (20 ml) at 0°C. The 
resulting pale yellow solution was stirred at room tem- 
perature for a further 55 min, then acidified (2 M HC1) 
and the solvent removed in vacuo. The acidic solution was 
extracted with ether (3 x 25 ml). The combined ether 
extracts were dried (MgSO,) and the solvent removed to 
give the crude toluidide (9) (150 mg, 45%). The mp and 
nrnr spectrum were identical to those of the toluidide 
prepared from ethanesulfonyl chloride, a mixture mp 
showed no  depression. When the above reaction was 
carried out for 2 h and 19 h, the yields of ethanesulfon-p- 
toluidide were 50 and 74%, respectively; at 4°C for 10 min 
and 1 h the yields were 6 and 26%, respectively. Reaction 
of 1-chloroethanesulfinic acid (5) at room temperature 
for 1 h, as above, gave no toluidide (9) detectable by nmr. 

Chlouomethanesulfinic Acid and its Reaction with p- 
Toluidine 

Chloromethanesulfonyl chloride (32) (3.4 g, 23 mmol) 
was stirred with an aqueous solution of sodium sulfite 
(4.8 g in 50 ml) containing NaHCO,. The solution was 
washed with CH2C12 and then strongly acidified with 
3 M H2S04 and extracted with ether. The extracts were 
dried and the solvent evaporated leaving a pale yellow 
oil (1.6 g, 61%). p-Toluidine (2.0 g) and triethylamine 
(1.5 g) were dissolved in benzene (30ml), added to  
chloromethanesulfinic acid (0.37 g, 3.2 mmol), and the 
mixture refluxed overnight. The precipitate (Et3NHf C1-) 
was removed by filtration and the benzene solution 
washed with dilute HCI, and the dried solvent evaporated 
leaving the crude methanesulfon-p-toluidide (0.3 g, 50%), 
which on recrystallization from ether - petroleum ether 
melted at 99-101°C; the infrared and nrnr spectra were 
identical to  those of authentic specimen (33) prepared 
from methanesulfonyl chloride. 
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Applicability of the HT acidity function to the protonation of thioamides, 
thioureas, and thionesters 

JOHN T.  EDWARD, GARY D. DERDALL, A N D  SIN CHEONG WONG 
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JOHN T. EDWARD, GARY D. DERDALL, and SIN CHEONG WONG. Can. J. Chem. 55, 2331 
(1977). 

The protonation of eleven thioamides, five thioureas, and four thionbenzoates in aqueous 
sulfuric acid has been found to follow the HT acidity function with acceptable accuracy. Proton- 
ation constants PKTH+ obtained by use of HT agreed fairly well with pKTH+ values obtained 
by the Bunnett-Olsen method, but less well with those obtained by the Marziano-Cimino- 
Passerini procedure. Linear free-energy relationships of pKTHt values are discussed. 

JOHN T. EDWARD, GARY D.  DERDALL et SIN CHEONG WONG. Can. J. Chem. 55,2331 (1977). 
On a observe que la protonation d'onze thioamides, cinq thiourees et quatre thionbenzoates 

dans de l'acide sulfurique aqueux suit avec une precision convenable la fonction d'acidite HT. 
Les constantes pKTHt etablies par l'usage de HT sont en assez bon accord avec les valeurs 
etablies par la rnkthode de Bunnett et Olsen, mais pas avec les valeurs etablies par la methode 
de Marziano, Cimino et Passerini. On discute des relations lineaires de l'enthalpie libre des 
valeurs PKTH + . 

In a recent paper (I), we have reported values pared: after crystallization from ethanol, it had the pro- 
of an acidity function HT governing the con- perties listed in 

All substituted thiobenzamides were prepared by re- version of thiocarbonyl compounds into acting the appropriate nitriles with hydrogen sulfide in 
their conjugate acid forms (THf)  in aqueous the presence of triethylamine (8, 9). Melting points and 
sulfuric acid. This function is defined by elemental analyses of two new compounds are given in 

Table 1. 
[I]  HT = - l o g ( a ~ + f ~ l f , ~ + )  All substituted thioureas were commercial products 

= P ~ T H +  - log ([TH+I/[TI) and were recrystallized to constant melting point. 
Substituted thionbenzoates were vrevared from the 

where all symbols have their customary deiini- 
tions (2). In the present paper we test the 
applicability of this HT function, developed by 
the classical Hammett-Deyrup (H.D.) overlap 
procedure (3), to the ionization behaviour of 20 
other thiocarbonyl compounds, and compare 
pKTH+ (H.D.) values obtained by its use with 
pKTH+ values obtained by analysing the experi- 
mental data according to the procedures of 
Bunnett and Olsen (B.O.) (4) or Marziano, 
Cimino, and Passerini (M.C.P.) (5) which do 
not require a specific acidity function for each 
class of compounds. 

Experimental 
Materials 

Thioacetamide (6), 2-phenylthioacetamide (6), thio- 
cyclohexanecarboxamide (6), and 1-methyl-Zthiopyri- 
done (7) were prepared by reaction of the corresponding 
arnides with phosphorus pentasulfide. Their melting 
points were close to those reported in the literature. 
Thiopivalamide, a new compound, was similarly pre- 

'Revision received March 1, 1977. 

corresponding nitriles via benzimidate hydrochloride 
intermediates (1, 10). They were purified by chromatog- 
raphy in hexane solution over alumina, followed by 
distillation under reduced pressure. 

Measurement of Ionization Ratios 
Ionization ratios ( I  = [THt]/[T]) of thiocarbonyl 

compounds were measured spectrophotometrically, fol- 
lowing general procedures already described (1) and are 
available as supplementary materiaL2 

Results and Discussion 
Applicability of H ,  Function 

From equation 1, it is evident that a plot of 
log I against HT should give a straight line of 
unit slope. In practice, it is found that slopes 
often vary from unity, but their closeness to 
unity is an indication of the applicability of the 
acidity function to the particular compounds. 
Values in the range 0.95-1.05 are desirable, but 

2A complete set of tabular data is available, at a 
nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 
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those between 0.9-1.1 are considered acceptable 
(11). 

Table 2 lists the 20 thiocarbonyl compounds 
investigated, along with the slopes of log I us. 
HT. All compounds have slopes within the range 
0.9-1.1, with all of the thionesters and most of 
the thioamides having slopes between 0.95- 
1.05. The thioureas show a greater scatter in 
their slopes, probably because their spectra are 
subject to  stronger medium shifts (1). If we in- 
clude the 16 original HT indicators (which 
obviously must have slopes close to unity), a 
total of 36 thiocarbonyl compounds are found 
to follow the HT function, the average slope 
being 0.992 with a standard deviation of 0.037. 
The results are con~parable to  those obtained 
from the application of HA to aromatic amides 
(11) (average slope 1.001, standard deviation 
0.051) and of H, to substituted anilines (12) 
(average slope 0.995, standard deviation 0.040). 
This result is remarkable, considering the diver- 
sity of thiocarbonyl types tested, and indicates 
the H, function to be generally applicable to the 
ionization behaviour of thiocarbonyl com- 
pounds. 

pKTH+ Values 
With the applicability of [I] firmly estab- 

lished, the thermodynamic dissociation constant 
(pKTH+) of a thiocarbonyl compound may be 
calculated from either (a) the intercept of the 
plot of log I us. HT, or (b) the average pKTH+ 
values obtained by application of [ l ]  to log I 
data at various acid concentrations. The two 
methods proved to give essentially the same 
results within 0.02 logarithmic units. pKTH+ 
(H.D.) values obtained by method b are re- 
ported in Table 2. The pKTH+ of the strongest 
base, 1-methyl-2-thiopyridone, was also ob- 
tained by extrapolation to zero acid concentra- 
tion of a plot of log I - log [H'] against [H+] 
for concentrations of perchloric acid between 
0.7 and 2.5 M (13). The value of - 1.56 agrees 
with the value obtained from [I], and gives a 
further proof that the HT scale has been correctly 
anchored in dilute aqueous acid. 

Also given in Table 2 are pKTH+ values ob- 
tained by the B.O. and M.C.P. approaches. 
While the H.D. values obtained using HT and 
[I] are in fair agreement with B.O. values, they 
are in much poorer agreement with M.C.P. 
values, obtained using Mc values for different 
concentrations of sulfuric acid (1) and the 
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TABLE 2. Protonation constants (pKTH+) of thiocarbonyl compounds obtained by different methods of analysing 
experimental data 

H.D. 
B.O. M.C.P. 

slope of log I 
Compound us. - HT - PKTH + -Q" -PKTH+ - PKTH + 

Thioamides 
I-Methyl-2-thiopyridone 1 .OO 1 .56k0.05 0.35 1.33 1.20 1.72 
Thioacetamide 0.98 2.56k0.03 0.44 2.44* 1.47 3.15 
Thiopivalamide 1 .OO 2 .41k0.05 0.49 2.34 1.41 2.91 
Thiocyclohexanecarboxamide 1.06 2.50k0.05 0.50 2.45 1.55 3.21 
2-Phenylthioacetamide 1.07 3.16k0.04 0.47 3.10 1.50 3.83 
3-Methoxythiobenzamide 0.93 3.44k0.07 0.41 3.32 1.28 3.65 
3-Chlorothiobenzamide 0.97 3.78k0.05 0.26 3.37' 1.22 3.82 
2-Methylthiobenzamide 1.02 3.52k0.05 0.40 3.36 1.36 3.90 
3-Methylthiobenzamide 0.97 3.21k0.04 0.31 2.89 1.35 3.56 
4-Methylthiobenzamide 0.94 3.14k0.04 0.29 2.79 1.29 3.38 
2,6-Dimethyl thiobenzamide 1 .OO 3.81k0.03 0.26 3.40 1.41 4.27 

Thioureas 
1-Methylthiourea 0.94 1.67k0.05 0.22 1.  37d 1.07 1.72 
1-Phenyl thiourea 0.92 2.20k0.06 0.28 1.92 1.22 2.42 
1,l-Diphenylthiourea 1.07 2.54k0.08 0.51 2.52 1.60 3.34 
1,3-Diphenylthiourea 0.94 2.73k0.05 0.41 2.58 1.36 3.13 
1,3-Ethylenethiourea 1.02 2.5920.04 0.48 2.52 1.50 3.23 

Thionesters 
Ethyl 4-methylthionbenzoate 0.99 8.12k0.03 0.45 8.14 0.97 7.15 
Ethyl 3-methylthionbenzoate 1.03 8.39k0.04 0.52 8.65 1.01 7.71 
Ethyl 4-chlorothionbenzoate 0.99 8.99k0.04 0.43 8.92 0.95 7.90 
Ethyl 4-bromothionbenzoate 1 .OO 9.12k0.03 0.44 9.07 0.96 8.05 

OThese symbols defined in ref. 1. 
bTissier and Tissier (14) report -2.53. 
C-3.7 (14). 
d-1.50 (14). 

equation thoxythiobenzamide and 4-chlorothiobenzamide 
from the original HT indicators (1). The correla- I?] PKTH+ = ~ T * M c  tion with o+ values (15) is poor (r = 0.920). The 

- log [H+] p value of - 1.29 is close to the value of -0.92 
- log [THi] for meta- and uara-substituted benzamides. 

However, the B.O. values of Table 2 are for the 
most part in excellent agreement with pKTH+ 
values obtained by Professors K. Yates and 
R. A. Cox (private communication) using a more 
generalized M.C.P. procedure. 

Hammett po Relations 
A referee has suggested that a comparison of 

LFER plots using pKTH+ values obtained from 
HT with plots using pKTH+ values obtained by 
B.O. and M.C.P. methods "would give some 
idea of whether or not it is necessary to derive 
new acidity functions for new compounds". 

A good linear correlation (linear regression 
correlation coefficient r = 0.993) was found 
between Hammett o values (15) and pKTH+ 
(H.D.) values of six meta- and para-substituted 
thiobenzamides (Fig. 1) which include 4-me- 

whose pKAH+ values also correlate with o rather 
than o+ (11). Correlation of o with pKTH+ 
(B.O.) (r = 0.914) and with pKTH+ (M.C.P.) 
(r = 0.827) is very much poorer. 

Similarly, a good correlation exists between 
pKTH+ (H.D.) values of aliphatic thioamides and 
pKa values of corresponding carboxylic acids 
(1 6), as shown in Fig. 2. The slope of the straight 
line is 1.09 (r = 0.988). Again, the correlation 
of pKTH+ (B.O.) (r = 0.964) and of pKTH+ 
(M.C.P.) (r = 0.967) with pKa is much poorer. 

Finally, a good linear correlation is found 
between o and pKTH+ (H.D.) for eight substituted 
thionbenzoates, four of them being HT indi- 
cators (I), as shown in Fig. 3 (p - 2.66; r = 
0.995). Correlation between o and pKTH+ 
(B.O.) (r = 0.966) and pKTH+ (M.C.P.) (r = 
0.978) is poorer. However, correlations of o+ 
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FIG. 1. Hammett po plot for substituted thiobenza- 
mides. 

FIG. 2. Linear relation of pK's of carboxylic acids and 
thioamides. 

with pKTH+ (H.D.) (p - 2.33; r = 0.990), 
pKTH+ (B.O.) (r = 0.996), and pKTH+ (M.C.P.) 
(r = 0.995) are about equally good. (The p- 
methoxy compound was excluded because it is 
known to show gross deviation in po' plots for 
strong acid solutions (17).) The higher p values 
indicate that the ethoxy group of the thionesters 
is a weaker electron-releasing group than the 
amino group of the thiobenzamides, so that the 
extent of delocalization of the positive charge 

FIG. 3. Hammett po plot for substituted ethyl thion- 
benzoates. 

of the conjugate acid into the benzene ring is 
greater; this also explains the better correlation 
of pKTH+ with o'. 

These results with thionesters indicate that 
pKTH+ values obtained by the Hammett-Deyrup 
acidity function method, applied to ionization 
data in concentrated sulfuric acid, have little or 
no superiority to pKTH+ (B.O. and M.C.P.) 
obtained without use of a specific acidity func- 
tion. However, for bases such as thioamides, 
ionizing in much more dilute sulfuric acid, the 
values obtained using HT are definitely superior 
to the B.O. and M.C.P. values, as shown by the 
better correlation with o and pK,, and the better 
agreement with pKTH+ values (ref. 1 and this 
paper) obtained by Paul's extrapolation pro- 
cedure. 
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JAMES P. KUTNEY, JEFFREY D. LEMAN, PHILLIP J. SALISBURY, IGNACIO H. SANCHEZ, TREVOR 
YEE, and ROBERT J. BANDONI. Can. J. Chem. 55,2336 (1977). 

Studies on the biodegradation of (+)-usnic acid (1) by a Pseudomonas species have revealed a 
novel aromatic deacylation process. The isolated metabolite, (+)-6-desacetylusnic acid (2) is 
crystalline and its structure is established by means of spectroscopic and chemical methods. 
The synthesis of 2 from usnic acid (1) is also reported and provides conclusive evidence for the 
structure of this metabolite. 

JAMES P. KUTNEY, JEFFREY D. LEMAN, PHILLIP J. SALISBURY, IGNACIO H. SANCHEZ, TREVOR 
YEE et ROBERT J. BANDONI. Can. J. Chem. 55,2336 (1977). 

Des etudes sur la biodegradation de I'acide (+) usnique (1) par les espkces Pseudomonas 
ont permis de mettre en evidence un nouveau processus de dkacylation aromatique. Le meta- 
bolite qui a ete isole, l'acide (+) desacetyl-6 usnique (2), est cristallin et sa structure a Cte 
Btablie a I'aide de methodes spectroscopique et chimique. On rapporte aussi la synthkse de 2 
B partir de l'acide usnique (1); cette synthtse fournit une preuve concluante de la strucure de ce 
metabolite. 

[Traduit par le journal] 

The degradation of organic compounds by 
microorganisms, an essential biochemical step, 
has considerable chemical and ecological sig- 
nificance, as can be seen from the increased work 
in this area (1-8). Our interest in this field 
centers primarily on the study of the metabolic 
intermediates involved in the breakdown of 
various aromatic substrates as a means of 
elucidating the relevant biodegradation path- 
ways involved (4-8). 

In previous preliminary investigations (9) it 
was shown that various microorganisms have the 
ability to degrade the lichen antibiotic (+)-usnic 
acid (1) (10-12) and a more detailed study was 
now warranted. For this purpose a sample of 
Pseudomonas was obtained from surface soil 
samples collected in the Whistler mountain area 
of British Columbia and further experiments 
were undertaken. 

The fermentation was carried out at room 
temperature on a rotary shaker in Erlenmeyer 
flasks containing an appropriate amount of 

'Part VI, J. P. Kutney and I. H. Sanchez, ref. 36. 

nutrient medium (see Experimental) with 3-4 
day old cultures of the purified bacterial isolate. 
After 7-10 days, work-up and purification of the 
crude extract produced a single component, 
isolated in 57% yield, as yellow crystals, mp 
134.5-136"C, in addition to some recovered sub- 
strate (32%). 

COCH, 

1 
Pselrdomonas sp. 

' C,6H,606 

This material possessed the molecular formula 
CI6Hl6O6 as shown by high resolution mass 
spectrometry and elemental analysis, and was 
optically active [aIDz7 + 689" (CH,OH). Its 
ultraviolet spectrum (A,,, (MeOH) 336, 266,232 
nm) showed a hypsochromic shift of the aro- 
matic B band as compared to that of usnic acid 
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[C1,H14O,I 

I 
mle 302(67%) 

m* 272.7 -CH,. I m* 124.1 

FIG. 1. The postulated fragmentation pattern of (+)-6- desacetylusnic acid in the mass spectrometer. 

(285 to 266 nm), strongly suggesting that a 
change had occurred in the aromatic chromo- 
phore (13). Moreover, its infrared spectrum 
showed, in addition to the chelated hydroxyl 
groups (v,,, 340Ck2800 cm-l) similar to those 
of the parent molecule, the retention of the ring 
C chelated P-triketone system (14, 15) (1670, 
1540 cm- l). However, the reduction in intensity 
of the 1630 cm-' band (as compared to that in 
(+ )-usnic acid) assigned to the chelated aromatic 
methyl ketone (14, 15), coupled with a distinct 
band at 895 cm-' that suggested the presence of 
a pentasubstituted aromatic ring (16), were 
strongly indicative of a ring A deacylated 
material. 

The 'Hmr spectrum of this product showed in 
addition to three three-proton singlets cor- 
responding to the angular methyl group, the 
aromatic methyl group, and the ring C methyl 
ketone (6 1.70,2.11, and 2.61 ppm, respectively), 
characteristic signals for both the chelated en01 
(6 18.64) and the C,  olefinic proton (6 5.79). 
However, while the C,-phenolic absorption re- 

mained at its usual position (6 10.23), two new 
absorptions were observed, and these could be 
readily assigned to an aromatic proton (6 6.26) 
and a phenolic hydroxyl group (6 5.67, reveals 
exchange with D,O). The shift to higher field 
shown by the latter clearly indicates the loss of 
chelation as a result of bacterial deacylation of 
the aromatic ring. 

In its mass spectrum this compound revealed 
a molecular ion at mle 302 and significant frag- 
ments at mle 287 (M - 15) and 218 (M - 84) 
characteristic of the usnic acid series (17, 18). The 
base peak observed at mle 191 (M - 111) was 
again typical of this series. The latter two 
fragments, which show complete retention of the 
usnic ring system, appear at values corresponding 
to 42 mass units lower than the corresponding 
fragments observed for the parent compound 
and left no doubt about the absence of the 
aromatic acetyl side chain in the isolated 
product. Figure 1 summarizes the postulated 
fragmentation pattern. 

On the basis of the above spectroscopic data, 
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the metabolite isolated was assigned the struc- 
ture 2 and the name, (+)-6-desacetyl usnic acid. 

Further evidence was obtained through the 
preparation of the corresponding diacetate 3. 
This crystalline derivative, mp 208-209"C, 
[alDZ6 + 121" (CH,OH), showed the molecular 
formula Cz,Hl ,O,, and the expected infrared 
(1750 cm-') and 'Hmr (6 2.31 and 2.43 ppm) 
characteristics for an 0-diacetyl derivative. 

H 

OAC 0 

3 

Having thus obtained all the required spectro- 
scopic evidence in favor of structure 2, it was 
decided to provide a firmer basis for our postu- 
late by means of chemical transformations into 
known usnic acid derivatives. One of the few such 
derivatives lacking the aromatic acetyl group is 
pyrousnic acid (4), (19-22) obtained by heating 
(+)-usnic acid (1) to 210°C in 50% sodium or 
potassium hydroxide under a stream of hydrogen 
for 10 min (Fig. 2). Under somewhat milder 
conditions (23) (75% potassium hydroxide at 
88-90°C for 1 h) usnetic acid (6), a derivative 
retaining the aromatic methyl ketone is obtained. 
Thus treatment of metabolite 2 under the latter 
conditions produced, in 35% yield, crystalline 
pyrousnic acid (4) which was shown to be identi- 
cal with an authentic sample prepared directly 
from (+)-usnic acid. 

It appeared clear that the biodegradation of 
(+)-usnic acid (1) by a Pseudomonas species had 
resulted in a novel and specific aromatic deacyla- 
tion process. However, to provide a more 
conclusive proof for the structural assignment 
and to obtain synthetic intermediates which 
would be useful in subsequent studies, an in- 
vestigation directed at the synthesis of (+)-6- 
desacetylusnic acid (2) was initiated. 

In our initial synthetic studies it became clear 
that alkaline cleavage of the aromatic methyl 
ketone occurred with concomitant rearrange- 
ment (24-26) thus leading to the 'iso' series of 
usnic acid derivatives. It thus became necessary 

to investigate a suitable protection for the 
aromatic carbonyl system in ring A and it ap- 
peared that an amide function may satisfy such 
requirements. It is well known that amide 
hydrolysis can be accomplished under a variety of 
conditions (27, 28) and the resulting products, 
upon deamination (29-33), lead to the desired 
materials. Moreover, recent experiments on 
acylarylnitrosoamines (34, 35) have also shown 
that such transformations can be equally per- 
formed directly at the acetanilide stage. In view 
of these results. and the above mentioned 
difficulties encointered during our synthetic 
approaches, we decided to undertake a study of 
the preparation of ring aminated usnic acid 
derivatives. 

Treatment of the racemic monoether 7 (36) 
under the conditions described by Chrochet and 
Kovacic for the conversion of o-hydroxyalde- 
hydes and ketones into o-hydroxyanilides (37-39) 
produced selectively, in over 90% yield, the 
novel acetanilide derivative 8. This crystalline 
compound, mp 118-119"C, exhibited in the 
infrared spectrum, the presence of an associated 
secondary amide group (3300, 1660, 1550, 1280 
cm-I) while its 'Hmr spectrum confirmed the 
postulated rearrangement with signals at 6 2.34 
and 7.70 ppm, assigned to the N-acetyl and 
N-H protons respectively. In the mass spectrom- 
eter this compound revealed fragmentations 
typical of the usnic acid series (40) with frag- 
ments containing the ring A amine function. 

7 
AcNH 

8 

Attempted ether cleavage in 8 by means of 
boron tribromide (41, 42) produced in low yield 
(12%) the desired (+)-N-acetyl-6-aminousnic 
acid (lo), mp 228-230"C, showing the expected 
spectral data (ir : 3460, 1685, 1520, 1260 cm- ' ; 
'Hmr: 6 2.19, 9.97 ppm). The main component, 
isolated in 60% yield, possessed the amide group 
(v,,, 3280, 1655, 1550, 1270 cm-l) but the 
methoxyl and angular methyl groups were absent. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KUTNEY ET AL 

75% KOH HOW H'COOH 
\ 

OH 0 OH 
1 6 

Pseudomonas 
species 

cO* OOH 

H2SO4 A Ac20 

OAc 

5 

FIGURE 2 

On the basis of spectral data this product was 
assigned the dibenzofuran structure 9. Reaction 
of 8 with anhydrous aluminum trichloride (43, 
44) permitted the isolation of 10 in 34% yield, 
whereas boron trichloride (45-48) in dry 
dichloromethane produced an 81% yield of the 
same component. 

AcNH 

OMe 0 

I AcNH 

9 

AcNH I + 

Having thus demonstrated the feasibility of 
introducing amide functionality into ring A of 
usilic acid derivatives, we decided to turn our 
attention to (+)-usnic acid itself. Although 
treatment of 1 under the conditions of the 
Schmidt reaction (49) resulted only in recovered 
starting material, the reaction with mono- 
chloramine in 2% methanolic sodium hydroxide 
or preferably 0.6% aqueous sodium hydroxide 
produced in 52% yield the optically active amide 
11, mp 230-232°C. This compound was further 
reacted with thionyl chloride (50) and the cor- 
responding ring A oxazole derivative 12 was 
obtained in 52% yield. 

Unfortunately complications arose when the 
triketone system (ring C) in the ring A aminated 
derivatives could not be converted to the isoxa- 
zole derivatives by the established procedures 
(51), a requirement for the synthetic approach 
envisaged for metabolite 2. 

Attempts to overcome this difficulty by 
performing the chloramine rearrangement on a 
preformed ring C isoxazole derivative bearing 
the C, acetyl side chain, similarly met with 
failure. However success was achieved in this 
area when the ring A ether derivatives were 
reacted with hydroxylamine and the resulting 
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AcNH 

oximes exposed to Beckmann rearrangement 
conditions. 

Treatment of the racemic dibenzyl ether 13 
(36) with hydroxylamine hydrochloride in 5% 
methanolic potassium hydroxide - water (2 : 1) 
at 50°C resulted in good yields of the cor- 
responding oxime intermediate 14, which, with- 
out purification, was further treated with phos- 
phorus pentachloride (52) in anhydrous ethyl 
ether at room temperature to produce in 48% 
yield the racemic dibenzylanilide derivative 15, 
mp 168-170°C. Its infrared spectrum indicated 
clearly the presence of both an amide function- 
ality (3430, 1680, 1520, 1250 cm-') and the 

ao*0H \ - PCI, 

COCH3 
0 

14 

HNAc 

ring C P-triketone system (1680, 1540cm-I), 
both of which were confirmed by 'Hmr spec- 
troscopy, with signals at 6 2.27 and 6.87 ppm, 
assigned to the N-acetyl and the secondary amide 
protons, respectively. An improvement in yield 
(62%) could be achieved by a thionyl chloride 
catalyzed rearrangement (53) of the oxime 14. 

In similar fashion, the isoxazole derivative 16 
(36) could be converted to the corresponding 
anilide derivative 17 (70% yield). 

The necessary chemistry for the preparation 
of the required amino usnic acid derivatives was 
now developed and its utilization in the synthesis 

COCH3 

of the metabolite 2 is discussed presently. A 
summary of the successful synthetic pathway 
from usnic acid (1) is provided in Fig. 3. 

Due to the severe difficulties encountered 
during the attempted hydrolytic cleavage of the 
amide C-N bond, it became necessary to find 
an alternative method for our synthetic objective. 
The use of acylarylnitrosoamines as inter- 
mediates came under serious consideration. Thus 
Bamberger (54) and Hey et al. (55) studied the 
use of acylarylnitrosoamines as arylating agents, 
while DeTar (56, 57) and White (58-60) and 
co-workers studied the decomposition of such 
compounds, both in the aromatic and aliphatic 
series, in a variety of solvents. Finally, Denney 
et al. (34) and Cadogan et al. (35) demonstrated 
that the relevant aryl radical formed upon de- 
composition of the intermediate diazonium 
cation is able to abstract hydrogen atoms from 
the solvent to generate the desired H-substituted 
materials in satisfactory yields. 

The preparation of N-nitrosoacylaryl (alkyl) 
amines can be accomplished by a variety of 
methods (61-66) and the direct arylation of 
aromatic amines (67) and amides (68) has been 
performed as well by the use of alkyl nitrites in 
refluxing benzene or biphenyl, respectively. 
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-1 
NHAc 

FIG. 3. The synthesis of (+)-6-desacetylusnic acid (2) from (+)-usnic acid (1). 

Although all the attempts to prepare the desired 
N-nitroso intermediate by the usual methods 
(61-66) proved unsuccessful, treatment of the 
acetanilide 17 with isoamyl nitrite in anhydrous 
dioxane (32) at 88OC produced, in 78% yield, 
the crystalline (+)-6-desacetyl-7,9-di-0-methyl- 
isoxazolo[4,5-blusnic acid (IS), mp 156.5- 
158°C. This substance showed in its 'Hmr 
spectrum, the retention of both ether function- 
alities (6 3.78 and 3.96) as well as the new 
aromatic proton as a sharp singlet at 6 6.43. It 
must be mentioned, however, that this reaction 
could not be applied directly to either ( f  )-usnic 
acid (1) or its isoxazole derivative 20. 

The next step in our synthetic sequence re- 
quired the removal of the various protecting 
groups. After several unsuccessful attempts 
using the normal reagents for cleavage of ether 
fullctions (32, 69-73) the use of boron tri- 
bromide (74, 75) at -50°C in dry dichloro- 
methane furnished, in 98% yield, the crystalline 
monoether 21, mp 167-168"C, arising from 
selective demethylation at the 9-position. The 
remaining methoxyl group appeared as a sharp 
three-proton singlet at 63.76, while the phenolic 
proton (exchangeable with D,O) was seen at 6 
9.67. Further corroboratioll for this structure 
was obtained by the preparation of the mono- 
acetyl ether 22, molecular formula C,,H,,O,N, 

mp 195-1 96"C, showing the expected infrared 
(1770 cm-I) and 'Hmr (6 2.46, 3.85 ppm) 
absorptions. 

OH 0 OAc 0 

However, when the diether 18 was allowed 
to react at 10°C with boron tribromide, com- 
plete demethylation was observed and the 
product, (+)-6-desacetylisoxazolo[4,5-blusnic 
acid (19), could be isolated in 87% yield. 
Acetylation of this material produced in good 
yield a mixture of the diacetate 24 and the 7- 
monoacetate 23 as highly crystalline materials, 
mp 168-1 70°C and 242-243"C, respectively. 

Moreover, the phenol 19 and its diacetate 24 
allowed the first direct comparison with the 'iso' 
series intermediates obtained previously (24, 51, 
78). Some of the main differences arose from 
their infrared spectra, which showed that while 
the carbonyl group at the 1-position absorbs at 
1675 cm-' for the normal series isomer 19, it 
appears at 1660 cm-' for the isomer analogue 
25. As expected, 'Hmr spectroscopy allows a 
facile differentiation between the two series, as 
seen from Table 1. 
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I OAc 0 

A minor product from the boron tribromide mp 134.5-136"C, [aIDz6 +689" (CH,OH), 
demethylation, isolated in 8% yield, was identical in all respects with the material isolated 
characterized as the bromophenol 27 resulting from the bacterial degradation. Table 2 indicates 
from the known (76) nuclear halogenation the circular dichroism data for the synthetic and 
(bromination) of 1,3-diphenolic ethers upon natural compounds. 
treatment with Lewis acids. A further comvarison of the natural and 

The chemistry for the final steps in the sequence synthetic series was achieved on the correspond- 
leading to the preparation of metabolite 2 had ing diacetates (28). 
already been performed with the 'iso' series Finally, the synthetic phenol 2 was converted 
diacetate 26, (24, 51, 78) and involved reductive via a one-step acetylation-aluminum trichloride- 
cleavage (PtO,/H,) of the isoxazole N-0 bond catalyzed Fries rearrangement (77) into syn- 
followed by immediate alkaline (1 N sodium thetic (+)-usnic acid (1). The latter substance 
hydroxide) regeneration of the ring C P-triketone showed identical spectroscopic and chromato- 
system. Indeed treatment of the diacetate 24 
under identical conditions furnished, in 97% C H , ~  
yield, the desired (+)-6-desacetylusnic acid (2) 

\ 

TABLE 1. Proton magnetic resonance data for (+)-6- 
desacetylisoxazolo[4,5-blusnic acid (19) and (+)-6-des- 0CH3 0 
acetylisoxazolo[4,5-b]isousnic acid (25) and their cor- 18 

responding acetates I 
Compound, ppm (6 units) 

Functionality C
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KUTNEY ET AL. 

TABLE 2. Circular dichroism data h,,, (AE) for natural and 
desacetylusnic acid (2) 

Natural Synthetic 

CH30H CH30H + KOH CH3OH CH3OH + KOH 

328 (+ 9.99) 345 (+8.11) 328 (i-9.42) 344 (+ 7.85) 
284 (-6.66) 310 (+6.86) 283 (-6.06) 308 (+ 6.28) 
262 (- 3.53) 285 (+ 1.66) 260 (-3.59) 285 (+ 1.79) 
241 (f13.11) 264 (-12.90) 239 (+13.24) 266 (-12.57) 

236 (+ 10.19) 238 (+9.87) 

___f - HzSo, Ac-0 AcOwO~ 
COCH3 

OH 0 OAc 0 

2 28 

graphic properties to those of the naturally 
occurring optically active lichen substance. 

In conclusion, it has been demonstrated that 
the biodegradation of (+)-usnic acid (1) by a 
Pseudomonas species results in a novel and 
specific aromatic deacylation process. Further 
studies are underway to provide a better under- 
standing of this reaction. 

HO)$yJOH \ ( 1 )  AcCI-AICI, 

COCH3 (2) NaOH 

1 

Experimental 
Melting points were determined on a Kofler block and 

are uncorrected. 
Ultraviolet (uv) spectra were recorded on a Cary 15 

spectrophotometer in methanol solution (unless other- 
wise noted). The wavelength of the absorption maxima 
are reported in nanometers (nm). 

Infrared (ir) spectra were measured routinely on a 
Perkin-Elmer model 710 spectrophotometer. Analytical 
or comparison spectra were recorded on a Perkin-Elmer 
model 457 spectrophotometer using matched cells with 
a cell path of 0.2 mm in chloroform solution. Calibration 
was achieved using the 1601 cm-I absorption band of 
polystyrene. The absorption maxima are quoted in wave 
numbers (cm-l). 

Proton magnetic resonance (lHmr) spectra were 
measured in deuterochloroform (CDCI,) solution (unless 
otherwise indicated) at room temperature. Routine 
spectra were recorded at 60 MHz on a Varian T-60 
spectrometer, and analytical or comparison spectra at 
100 MHz on either a Varian HA-100 or a Varian XL-100 
spectrometer. Line positions are given in the 6 (ppm) 
scale using tetramethylsilane (TMS) as internal standard. 
The integrated peak areas, multiplicity, and proton 
assignments are indicated in parentheses. 

Low resolution mass (ms) spectra were determined on 
either an AEI MS 902 or an Atlas CH-4B mass spectrom- 
eter, with high resolution mass spectra being recorded 
exclusively on an AEI-MS-902 mass spectrometer. 

Circular dichroism (cd) spectra were obtained on a 
Jasco model 5-20 spectropolarimeter in methanol 
solution (unless otherwise indicated). The wavelength of 
the absorption maxima is reported in nanometers (nm). 
The differential molar extinction coefficient (AE) and the 
sign of the observed Cotton effect are indicated in 
parentheses. 

Optical rotations ([a],) were measured on a Perkin- 
Elmer model 141 polarimeter at the sodium D line in 
chloroform solution (unless otherwise noted) using cells 
with a 0.1 dm path. 

Microanalyses were performed by Mr. P. Borda of the 
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Microanalytical Laboratory, University of British 
Columbia. 

Merck silica gel G (acc. to Stahl) impregnated with 
oxalic acid (2%) and with 2% fluorescent indicator added, 
was used as adsorbent for thin layer chromatography 
(tlc), unless otherwise noted. The tlc plates were activated 
in an oven at 90°C for 4 h before use. For qualitative 
chromatography, layers of 0.3 mm thickness were used 
and the spots were visualized by viewing under ultraviolet 
(uv) light or spraying with a 1% ethanolic ferric chloride 
solution. For preparative (plc) chromatography, large 
(20 x 20 and 20 x 60 cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A, 
petroleum ether (30-60°C) - acetone (4: I), and B, chloro- 
form - ethyl acetate (3 :2), unless otherwise indicated. 

Column chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 mm grain size) or Merck 60 
(0.063-0.2 mm grain size) silica gel. 

The usnic acid utilized throughout the course of this 
study was obtained from Koch-Light Laboratories, 
England, as the optically active dextrorotatory isomer, 
(+)-usnic acid, isolated from lichen sources (Usnea 
barbata). 

The numbering system employed is that approved for 
the dibenzofuran series (79). 

The bacterial isolate showing the ability to degrade 
(+)-usnic acid was obtained by serial dilution of soil in 
distilled water and plating on modified malt agar (malt- 
yeast-peptone agar) from surface soil samples collected 
in the Whistler Mountain area by Dr. J. Leman. The 
culture has since been purified and identified as a Pseudo- 
monas species by one of us (R.J.B.). 
Media and Stock Solutions 

Constituents for malt-yeast-peptone agar: malt extract 
7 g, soytone 1 g, yeast extract 0.5 g, agar 15 g, distilled 
water to 1000 ml. 

Constituents for nutrient medium: dextrose 5 g, 
asparagine 2 g, KHzP04 1 g, MgS04.7HZ0 0.5 g, 
vitamin stock solulion 0.2 ml, minerals stock solution 
0.2 ml, distilled water to 1000 ml. 

Vitamin stock solution: biotin 25 pg, thiamine 500 pg, 
pyridoxine 500 pg, inositol 25 pg, ethyl alcohol (40%) to 
100 ml. 

Minerals stock solution: FeC1,.6H20 98 mg, CuS04.- 
5H20 78.5 mg, MnS0,.4H20 40.5 mg, ZnS04.7H,0 
88 mg, distilled water to 250 ml. 

Maintenance, Growth, and Fermentation Conditions 
A 'stock culture' of the purified bacterial isolate was 

stored on modified malt agar in culture tubes placed in 
the refrigerator. 

Before fermentation could be carried out, the culture 
was transferred to a fresh sterile plate (Petri dish) con- 
taining modified malt agar. Transfers were effected in a 
clean air station by means of an inoculating loop that 
had been sterilized by heating to redness in a burner flame, 
by scraping a few cells from the stock culture onto the 
cool loop, and then rubbing them off onto the fresh agar 
surface. In order to avoid contamination from air-borne 
micro-organisms, it is essential to observe all aseptic 
precautions, including the flaming of mouths of all 
containers. Prior to inoculation, the flasks and nutrient 
media were sterilized in an autoclave by heating at 121°C, 
15 psi steam for about 20 min, and then allowed to cool 
down to room temperature. 

The actual inoculation of shake culture flasks was 

carried out by transferring a small segment (about +in. 
square) of active growth and agar from a recently in- 
oculated Petri dish (not older than 2 weeks) to a sterile 
500 ml Erlenmeyer flask equipped with a rubber foam 
stopper and containing an adequate nutrient medium 
(100 ml). To ensure proper aeration, the volume of the 
'nutrient solution' should never exceed about two-fifths 
of the total volume of the flask. 

Thus, the newly inoculated liquid culture was allowed 
to grow for 3-4 days before addition of the substrate 
(100 mg (+)-usnic acid (0.290 mmol) in 10 ml acetone). 

Once the substrate had been incorporated, the flasks 
were agitated on a rotary shaker at room temperature for 
the required amount of time (7-10 days), after which the 
fermentation broth (pH 8-8.5) was acidified with tartaric 
acid to p H  4 and thoroughly extracted with ethyl acetate 
(3 x 30 ml). The organic extracts were then washed with 
water (2 x 20 ml), dried over anhydrous magnesium 
sulfate, and evaporated under reduced pressure. The 
residual broth was autoclaved before disposal. 

The yellow residue (125 mg) was then purified by 
preparative layer chromatography (plc) on silica gel 
plates impregnated with oxalic acid (2%) using solvent 
mixture A to afford two main components. 

Component A : ( + ) -Usnic Acid ( I )  (2,6-Diacetyl-1,9b- 
dihydro-8,9ba-dimethyl-3,7,9-trihydroxy-I- 
oxodibenzofuran) 

Recrystallization of this material from chloroform- 
methanol produced bright yellow prisms of (+)-usnic 
acid (1, 32.1 mg, 0.093 mmol) identical in all respects (tlc, 
mixture mp, ir, lHmr) with an authentic sample. 

Component B:  ( + ) -6- Desacetyl Usnic Acid (2) 
(2-Acetyl-l,9b-dihydro-8,9bu-dimethyl-3,7,9- 
trihydroxy-1-oxodibenzofuran) 

Bright yellow needles (50.0 mg, 0.165 mmol; 57.0%) 
from chloroform - petroleum ether (30-6O0C), mp 134.5- 
136°C; [c(]D" + 689' (c 0.1095); UV: h,,, 336 (3.15), 266 
(3.87), 232 (4.07); ir: v,,, 3400-2800 (OH, chelated), 1670 
( G O ,  dienone system), 1630 (C=C, enol, en01 ether and 
aromatic ring), 1540 (C=O, chelated carbonyl of the 
enolic triketone system), 895 (C-H, isolated Ar-H); 
lHmr: 6 1.70 (3H, s, C9,-CH,), 2.11 (3H, s, C,-CH,), 
2.61 (3H, s, C,-COCH,), 5.67 (lH, br s, C,-OH), 5.79 
(IH, S, C4-H), 6.26 (IH, S, C6-H), 10.23 (IH, S, Cg-OH), 
18.64 ppm (lH, br s, C3-OH); ms: mle 302 (M+), 287 
(M - IS), 218 (M - 84), 191 (M - 111, basepeak), 161, 
147, 135. Anal. calcd. for C16Hl4O6: C 63.57, H 4.67; 
found: C 63.51, H 4.59. High resolution molecular weight 
determination calcd.: 302.079; found: 302.081; cd: 
h,,, (A&) 328 (+9.99), 284 (-6.66), 262 (-3.53), 241 
(+ 13.1 1); cd (CH30H + KOH): h,,, (A&) 345 (+ 8.11), 
310 (+ 6.86), 285 (+ 1.66), 264 (- 12.90), 236 (+ 10.19). 

Preparation of (+)-6-Desacetylusnic Acid Diacetate (3) 
(2-Acetyl-7,9-diacetoxy-l,9b-dihydro-8,9b-dimethyl- 
3-hydroxy-I-oxodibenzo furan) 

(+ )-6-Desacetylusnic acid (2) (50 mg, 0.165 mmol) 
was dissolved in a 1: 1 mixture of acetic anhydride - 
pyridine (2 ml) and the solution allowed to stand at room 
temperature overnight. The reaction mixture was then 
poured over cracked ice (10 g) and extracted with ethyl 
ether (3 x 15 ml). The combined ethereal extracts were 
thoroughly washed with water (4 x loml), dried over 
anhydrous magnesium sulfate, and evaporated under 
reduced pressure to yield an orange solid (60 mg) which 
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was purified by preparative chromatography (silica gel - 
oxalic acid plates, solvent system A) to produce pure 
(+)-6-desacetylusnic acid diacetate (3) (28 mg, 0.072 
mmol; 4473, yellow crystals from chloroform - ethyl 
alcohol, mp 208-209°C; [c(IDz6 + 121 (c 0.06525); uv 
h,,, (log E) 325 (3.26), 280 (3.73), 261 (3.85), 220 (4.00), 
ir: v,,, 1750 (C=O, acetates), 1685 (C=O, enone 
system), 1620, 1605 ( G C ,  en01 ether, aromatic ring), 
1540 (C=O, chelated acetyl of the triketone system); 
'Hmr: 6 1.78 (3H, s, Cg,-CH,), 1.97 (3H, s, C,-CH,), 
2.31 (3H, S, C7-OCOCH,), 2.43 (3H, S, Cg-OCOCH,), 
2.52 (3H, S, Cz-COCH,), 5.81 (lH, S, C4-H), 6.81 (lH, S, 
C6-H), 18.41 ppm (lH, s, C3-0H);ms: mle 386 (M+, base 
peak), 244 (M - 42), 302, 260, 233, 218, 191. Anal. 
calcd. for CzoH,,Os: C 62.17, H 4.69; found: C 62.12, H 
4.72. High resolution molecular weight determination 
calcd.: 386.100; found: 386.099. 

Preparation of Pyrousnic Acid (4) (2-Carboxymethyl- 
4,6-dihydroxy-3,5-dimethylbenzofuran) 

I. From ( +)-Usnic Acid (I) 
Usnic acid (1) (1 g, 2.90 mmol) was dissolved in 50% 

sodium hydroxide (4 ml) and heated to 210°C in an oil 
bath under a nitrogen atmosphere for l0min. The 
reaction mixture was allowed to cool down to room 
temperature, poured into ice-cold 2 N sulf~~ric acid (50 
ml), and extracted with ethyl acetate (3 x 50 ml). The 
combined extracts were dried over anhydrous magnesium 
sulfate and evaporated to yield a brown gum (421 mg). 
Repeated crystallizations from ethyl acetate - petroleum 
ether (light) afforded pure pyrousnic acid (4) (250 mg, 
1.05 mmol ; 36%) as tan needles mp 198-200°C (dec.) 
(lit. (22) mp 199-200°C); [c~]~*~(CH,OH) 0" (c 0.0875); 
uv: h,,, (log E )  315 (3.03), 253 (3.51); ir (Nujol): v,,, 
3500-2400 (OH, phenol, carboxylic acid), 1770, 1725, 
1440 (C=O, carboxylic acid), 1640 (C=C); 'Hmr 
(CD30D): 6 2.10 (3H, S, C5-CH,), 2.30 (3H, S, C3-CH3), 
3.63 (2H, s, -CH2COOH), 6.46 ppm (lH, s, C7-H); ms: 
m/e 236 (M+), 191, 44 (base peak). Anal. calcd. for 
C12H1205: C 61.01, H 5.12; found: C 61.05, H 5.03. 
High resolution molecular weight determination calcd. : 
236.068; found: 236.068. 

II. From (+)-6-Desacetylusnic Acid (2) 
A solution of (+)-6-desacetylusnic acid (2) (363 mg, 

1.20 mmol) in 75% aqueous potassium hydroxide (2 ml) 
was heated at 85-90°C under a nitrogen atmosphere for 
40 min. After cooling, the reaction mixture was acidified 
with 1 N hydrochloric acid and then extracted with ethyl 
acetate (3 x 25 ml). The combined extracts were 
thoroughly washed with water (3 x 20 ml), dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure to produce a brown oil (150 mg). Crystallization 
from ethyl acetate - petroleum ether (light) and ethyl 
alcohol gave pyrousnic acid (4) as a tan microcrystalline 
solid (100 mg, 0.42 mmol; 3573, mp 197-19S°C; mixture 
mp with authentic pyrousnic acid 196-198°C. Chromato- 
graphic (s~lica gel - oxalic acid, solvent system B) and 
spectral (uv, ir, lHmr) properties were also identical with 
those of authentic pyrousnic acid prepared from (+)- 
usnic acid. 
Preparation of Pyrousnic Acid Diacetate (5) (2- 

Carboxymethyl-4,6-diacetoxy-3,5-dimethyl- 
benzofuran) 

A solution of pyrousnic acid (4) (40 mg, 0.169 mmol) 
in 0.5% concentrated sulfuric acid in acetic anhydride 
(1.5 ml) was allowed to stand at room temperature over- 

night. The resulting solution was poured into crushed ice 
(10 g), extracted with ethyl acetate (3 x 5 ml), and the 
combined extracts washed with water (2 x 5 ml), dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure. The residue (59.2 mg) was directly 
crystallized from ethyl acetate- petroleum ether (30- 
60°C) to afford pure pyrousnic acid diacetate (48 mg, 
0.150 mmol; 88%) as cream coloured needles, mp 206- 
208°C; mixture mp with authentic pyrousnic acid di- 
acetate, 207-208°C; [c(lD(CH3OH) O" (c 0.05725); uv: 
h,,, (log E) 280 (3.33), 260 (3.79), 218 (4.04), 213 (4.06); 
ir (Nujol): v,,, 3000-2400 (OH, carboxylic acid), 1755 
(C=O, acetates), 1705 (C=O, carboxylic acid), 1635, 
1600 (C=C), 1420, 1220 (OH, C-0, carboxylic acid 
dimer); 'Hmr (CDC1,-DMSO-d6): 6 1.95 (3H, s, C4- 
CH,), 2.14 (3H, S, C6-OCOCH,), 2.28 (3H, S, C4- 
OCOCH,), 2.34 (3H, S, C3-CH3), 3.65 (2H, S, C2-CH2- 
COOH), 5.95 (3H, br, COOH.H20), 7.03 ppm (IH, s, 
C7-H); ms: m/e (M+), 278, 236 (base peak), 191, 43. 
Anal. calcd. for Cl6HI6o7: C 59.99, H 5.03; found: C 
60.06, H 5.10. High resolution molecular weight deter- 
mination calcd. : 320.089; found: 320.088. 

Preparation of Usnetic Acid (6) (7-Acetyl-2-carboxy- 
methyl-4,6-dihydroxy-3,5-dimethylbenzofuran) 

A solution of (+)-usnic acid (1) (1 g, 2.90 mmol) in 
75% potassium hydroxide (3 ml) was heated at 88-90°C 
under nitrogen. After 1 h, when the bubbling had stopped, 
the reaction mixture was cooled to 1O"C and acidified with 
1 N hydrochloric acid. A solid precipitated and was 
allowed to stand overnight at PC.  Water (10 ml) was 
then added and the mixture filtered to give a pale yellow 
solid (380mg) which upon recrystallization from 70% 
acetic acid produced pure usnetic acid (6) (310 mg, 1.1 1 
mmol; 38%), mp 207-208°C (lit. (23) mp 209-210°C); 
[alD(CH,OH) O" (c 0.112); uv: h,,, 358 (4.20), 308 (3.81), 
255 (3.94), 249 (4.00); ir (Nujol): v,,, 3605 (OH, free), 
3300-2500 (OH, COOH, chelated), 1715 (C=O, car- 
boxylic acid), 1625 (C=O, chelated acetyl grouping; 
C=C, aromatic ring); 'Hmr (CDC1,-DMSO-d6): 6 2.06 
(3H, S, C5-CH,), 2.26 (3H, S, C3-CH,), 2.67 (3H, S, C7- 
COCH,), 3.64 (2H, s, -CHz-COOH), 6.00 (4H, br, C4- 
COOH, HzO), 13.71 ppm (lH, s, C6-OH); 'Hmr 
(CD30D): 6 2.09 (3H, S, C5-CH3), 2.31 (3H, S, C3-CH,), 
2.68 (3H, s, C7-COCH,), 3.74 ppm (2H, s, -CH2-COOH); 
ms: mje 278 (Mf ,  base peak), 276, 263, 249, 234, 232, 
215, 77, 43. Anal. calcd. for Cl4H14O6: C 60.42, H 5.07; 
found: C 60.39, H 5.12. High resolution molecular weight 
determination calcd.: 278.079; found: 278.078. 

Preparation of ( f )-N-Acetyl-6-amino-9-0-methylusnic 
Acid (8)  (N-Acetyl-2-acetyl-6-amino-1,9b-dihydro- 
3,7-dihydroxy-8,9b-dimethyl-9-methoxy-I-oxodi- 
benzofuran) 

A cold solution of (+)-9-0-methylusnic acid (7) (50 
mg, 0.139 mmol) in 0.5 N sodium hydroxide (3 ml) was 
added dropwise to a cold freshly prepared stock solution 
of monochloramine2 (2.24 ml ; 10.75 mg monochloramine, 

2The stock solution of monochloramine is prepared 
at 0°C (ice bath) by carefully adding an equal volume of a 
cold ammonium hydroxide solution, prepared by diluting 
concentrated ammonium hydroxide (7.4 M, 9.15 ml) with 
distilled water (90.85 ml), to cold 5% aqueous sodium 
hypochlorite solution (commercially available) with 
occasional shaking. The resulting solution contains 4.8 
mg monochloramine/ml and is ready for immediate use. 
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0.208 mmol) and the resulting solution stirred at 0°C 
(ice bath) for 3 h. The reaction mixture was then neutral- 
ized with 1 N hydrochloric acid and extracted with ethyl 
acetate (3 x 3 ml). The combined extracts were washed 
with water, dried over anhydrous sodium sulfate, and 
evaporated under reduced pressure. The resulting yellow 
residue (56.2 mg) was purified by preparative layer 
chromatography (silica gel - oxalic acid plates, solvent A) 
to produce (+)-N-acetyl-6-amino-9-0-methylusnic acid 
(8) (47 mg, 0.1258 mmol; 90x1, bright yellow prisms 
from chloroform - ethyl ether, mp 118-1 19°C; [&- 
(CHCI,) O" (c 0.10); uv: h,,, (log E) 305 (3.34), 262 (3.79), 
221 (4.01); ir (Nujol): v,,, 3300 (NH, associated), 3200- 
2400 (OH, chelated), 1680 (C=O, enone system), 1660 
(C=O, 'Amide I band', associated), 1610 (C=C), 1560 
(C=O, chelated triketone system), 1550 (N-H, C-N, 
'Amide I1 band', associated), 1280 (C-N, 'Amide I11 
band', associated); ir: v,,, 3450 (NH, free), 3320 (NH, 
associated), 3200-2400 (OH, chelated), 1690 (C=O, 
enone system), 1680 (C=O, 'Arnide I band', free), 1660 
((7-0, 'Amide I band', associated), 1610 (C=C), 1560 
(C=O, chelated triketone system), 1550 (N-H, C-N, 
'Amide I1 band', associated), 1520 (N-H, C-N, 'Amide 
I1 band', free), 1280 (C-N, 'Amide I1 band', associated), 
1260 (C-N, 'Amide I11 band', free); 'Hrnr : 6 1.78 (3H, 
S, C9,-CH,), 2.22 (3H, S, C8-CH,), 2.34 (3H, S, N- 
COCH,), 2.54 (3H, S, C2-COCH,), 3.99 (3H, S, CQ- 
0CH3), 5.62 (lH, s, C4-H), 7.70 (lH, br, N-H), 9.43 (lH, 
br, C7-OH), 18.07 ppm (lH, s, C3-OH); ms: mle 373 
(M+, base peak), 331, 316, 289, 262, 260, 247, 246, 245, 
232, 220, 115, 83. Anal. calcd. for Cl9HlQo7N: C 61.12, 
H 5.13, N 3.73; found: C 61.50, H 5.25, N 3.59. High 
resolution molecular weight determination calcd.: 
373.116; found: 373.117. 

Attempted Methyl Ether Cleavage on ( k  ) -N-Acetyl-6- 
amino-9-0-methylusnic Acid (8). Experiment I.  
Isolation of N-Acetyl-2-acetyl-6-amino-8-methyl- 
1,3,7,9-tetrahydroxydibenzofuran (9) 

A solution of 0)-N-acetyl-6-amino-9-0-methylusilic 
acid (8) (67 mg, 0.179 mmol) in dry dichloromethane 
(6 ml) was cooled to -78°C (dry ice - acetone bath), 
treated with neat boron tribromide (415 mg, 1.62 mmol), 
and allowed to warm up to room temperature overnight. 
The resulting brown suspension was carefully poured 
into saturated sodium bicarbonate solution (10 ml), 
neutralized with 1 N hydrochloric acid and extracted 
with ethyl acetate (3 x 5 ml). The combined extracts 
were thoroughly washed with water, dried over anhy- 
drous sodium sulfate, and evaporated under reduced 
pressure to produce a yellowish solid (11 mg). Re- 
peated crystallization of the residue from methanol 
afforded N-acetyl-2-acetyl-6-amino-8-methyl-1,3,7,9-tet- 
rahydroxydibenzofuran (9) (37 mg, 0.107 mmol; 5973, 
pale yellow crystals that decompose without melting at 
approximately 300°C; uv: h,,, (log E) 305 sh (3.85), 290 
(4.11), 280 (4.18), 271 (4.12), 237 (4.04); ir (Nujol): v,,, 
3370 (OH), 3280, 3105 (N-H, associated), 2800-2500 
(OH, chelated), 1655 ((3=0, 'Amide I band', associated), 
1630 (C=O, chelated ring C acetyl), 1620 (C=C), 1550 
(N-H, C-N, 'Amide I1 band', associated), 1270 (C-N, 
'Amide I11 band', associated); 'Hmr (CDC1,-DMSO-d6): 
6 2.07 (3H, S, C8-CH,), 2.18 (3H, S, C6-NH-COCH,), 
2.64 (3H, s, C2-COCH,), 3.25 (4H, br, C1-OH, C9-OH, 
H20), 6.50 (lH, S, C4-H), 8.95 (lH, S, C6-NH-COCH,), 

9.71 (lH, s, C7-OH), 11.55 ppm (lH, br, C3-OH); ms: 
m/e 345 (M+), 327,303 (base peak), 302,286,285,44,43. 
Anal. calcd. for CI7Hl5O7N.+H20: C 58.36, H 4.46, N 
4.00; found: C 58.87, H 4.65, N 3.63. High resolution 
molecular weight determination calcd. for CI7Hl,O7N: 
345.085; found: 345.085. 

Preparative layer chromatography (silica gel - oxalic 
acid plates, petroleum ether (3&6OoC) - acetone (3: 1)) of 
the mother liquors afforded the desired product (+)-N- 
acetyl-6-aminousnic acid (10) (7.7 mg, 0.0215 mmol; 
11%), yellow prisms from chloroform -petroleum ether, 
mp 227-228°C (dec.). Due to the small amount of sample 
available from this experiment, characterization was done 
at this point only by 'Hrnr and mass spectroscopy: 'Hmr: 
6 1.73 (3H, S, Cgb-CH3), 2.18 (3H, S, Cs-CH3), 2.31 (3H, 
S, C6-NH-COCH3), 2.65 (3H, S, CZ-COCH,), 5.88 (lH, 
s, C4-H), 9.18 (lH, br, C2-NH-COCH3), 9.93 (lH, s, 
C7-OH), 10.61 (lH, s, CQ-OH), 19.43 ppm (lH, s, C3- 
OH); ms: mle 359 (M+, base peak), 317, 275, 248, 233, 
232,206,43. High resolution molecular weight determina- 
tion calcd. for ClsH1707N: 359.100; found: 359.103. 

Methyl Ether Cleavage of ( + ) -N-Acetyl-6-amino-9-0- 
methylusnic acid (8). Experiment 11. Isolation of 
(+)-N-Acetyl-6-aminousnic Acid (10) (N-Acetyl- 
2-acetyl-6-amino-1,9b-dihyduo-8,9b-dimethyl-3,7,9- 
trihydroxy-1-oxodibenzofuran) 

To a solution of (+)-N-acetyl-6-amino-9-0-methyl- 
usnic acid (8) (48 mg, 0.128 mmol) in dry dichloro- 
methane (7ml) was added anhydrous aluminum tri- 
chloride (99 mg, 0.745 mmol), and the reaction allowed 
to proceed at room temperature, under a nitrogen 
atmosphere for 2.5 h. The reaction mixture was then 
poured into cold 59, sodium bicarbonate solution (10 ml), 
neutralized with 1 N hydrochloric acid, and extractedwith 
ethyl acetate (3 x 10 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure to afford a yellow- 
brown glass (54 mg). Purification of the residue by 
preparative layer chromatography (silica gel - oxalic acid 
plates, petroleum ether - acetone (3:l)) produced (+)- 
N-acetyl-6-aminousnic acid (10) (15.6 mg, 0.0434 mmol; 
3373, bright yellow prisms from methanol, mp 228- 
230°C (dec.); [c(ID(CH3CN) 0" (c 0.1075); uv: h,,, (log E) 
335 (3.33), 265 (3.90), 230 (4.27); ir: v,,, 3460 (N-H, 
free), 3400-2500 (OH, chelated), 1685 (C=O, 'Amide I 
band', free), 1660 (C=O, enone system), 1630, 1620 
(C=C), 1540 (C=O, chelated triketone system), 1520 
(N-H, C-N, 'Amide I1 band', free), 1260 (C-N, 
'AmideIII band', free); 'Hmr (CDC13-DMSO-d,): 6 1.72 
(3H, S, Cgb-CH,), 2.08 (3H, S, Cs-CH,), 2.19 (3H, S, C6- 
NH-COCH,), 2.61 (3H, S, CZ-COCH,), 5.90 (lH, S, 
C4-H), 9.01 (lH, S, Cs-NH-COCH3), 9.52 (lH, S, C7- 
OH), 9.97 (lH, s, CQ-OH), 18.63 ppm (IH, s, C3-OH); 
ms: mle 359 (M+,  base peak), 317, 275, 248, 233, 232, 
206, 43. Anal. calcd. for c l8Hl7o7N: C 60.16, H 4.77, 
N 3.90; found: C 60.45, H 4.91, N 3.92. High resolution 
molecular weight determination calcd. : 359.100; found: 
359.105. 

Preparation of ( + ) -N-Acetyl-6-aminousnic Acid (10). 
Experiment 111 

To a cold (- 10°C) solution of (*)-N-acetyl-6-amino- 
9-0-methylusnic acid (8) (50 mg, 0.134 mmol) in dry 
dichloromethane (6 ml) was added boron trichloride 
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(147 mg, 1.257 mmol), obtained by condensing the gas 
at -78°C (dry ice - acetone bath). The reaction mixture 
was then stirred and under a nitrogen atmosphere allowed 
to warm up to room temperature over 4 h. The reaction 
mixture was then poured carefully into cold distilled 
water (15 ml) and extracted with ethyl acetate (3 x 5 ml). 
The combined extracts were washed with water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure to afford a yellow glass (54.4 mg). 
Purification by preparative layer chromatography, (silica 
gel - oxalic acid plates, petroleum ether - acetone (3 : 1)) 
produced (f )-N-acetyl-6-aminousnic acid (10) (39 mg, 
0.108 mn~ol; 81%), bright yellow prisms from methanol, 
mp 227-229°C; mixture mp with authentic material from 
previous experiments, 228-229°C The spectroscopic and 
chromatographic properties of both samples are identical. 

Attempted Schmidt Reaction on (+)-Usnic Acid (I) 
A solution of (+)-usnic acid (1) (34.4 mg, 0.1 mmol) in 

chloroform (1 ml) and concentrated sulfuric acid (0.5 ml) 
was cooled to P C  in an ice-bath. Crystalline sodium azide 
(7.5 mg, 0.115 mmol) was added over 0.25 h and stirring 
continued for 1 h. The crude reaction mixture was then 
poured onto crushed ice (10 g), extracted with chloroform 
(3 x Sml), and the combined extracts thoroughly 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue (37 
mg) was directly crystallized from chloroform - ethyl 
alcohol to produce (+)-usnic acid (1) (32 mg, 0.093 
mmol; 93%), mp 201-202°C; mixture mp with authentic 
(+)-usnic acid (I), 202-203°C. Both samples showed 
identical spectroscopic and chromatographic properties. 

Reaction of (+)-Usnic Acid ( I )  with Monochloramine. 
Experiment I. Isolation of (+)-N-Acetyl-6- 
aminousnic Acid (11) 

A cold solution of (+)-usnic acid (1) (2.5 g, 7.267 
mmol) in 2% methanolic sodium hydroxide (40 ml) and 
distilled water (60 ml) was added dropwise to a cold 
(0°C) stock solution of monochloramine (4.8 mg mono- 
chloramine/ml, 120 ml; 576 mg NH2CI, 11.184 mmol), 
and the reaction allowed to proceed with external cooling 
(ice bath) for 4 h. The reaction mixture was then acidified 
with 1 N hydrochloric acid, extracted with ethyl acetate 
(3 x 25 ml), and the combined extracts washed with 
water, dried over anhydrous sodium sulfate, and evapor- 
ated under reduced pressure to produce a dark yellow 
residue (2.23 g). Purification by column chromatography 
on silica gel Merck (200 g) using 20% ethyl acetate in 
benzene as eluent afforded (+)-N-acetyl-6-aminousnic 
acid (11) (1.2219 g, 3.403 mmol; 46%), yellow prisms 
from methanol, mp 230-232°C; [u]D26 (CH3CN) $437" 
(c 0.17625); uv: h,,, (log E) 335 (3.35), 265 (3.92), 230 
(4.27); ir: v,,, 3455 (N-H, free), 3400-2400 (OH, 
chelated), 1685 (C=O, 'Amide I band', free), 1665 (CEO, 
enone system), 1630 (C=C), 1540 (C=O, chelated 
triketone system), 1520 (N-H, C-N, 'Amide I1 band', 
free), 21 60 (C-N, 'Amide I11 band', free); 'Hmr : 6 1.73 
(3H, S, Cgb-CH3), 2.16 (3H, S, C8-CH3), 2.30 (3H, S, 
C6-NH-COCH,), 2.65 (3H, S, CZ-COCH3), 5.86 (lH, S, 
C,-H), 9.15 (lH, br, C,-NH-COCH,), 9.90 (lH, s, C7- 
OH), 10.62 (lH, s, C,-OH), 19.43 ppm (lH, br, C3-OH); 
ms: mle 359 (M+, base peak), 317, 275, 248, 233, 232, 
206, 43. Anal. calcd. for C18Hl,07N: C 60.16, H 4.77, 
N 3.90; found: C 60.27, H 4.90, N 3.99. High resolution 

molecular weight determination calcd.: 359.100; found: 
359.103. 

Reaction of (+ ) -Usnic Acid (I) with Monochloramine. 
Experiment IZ. Isolation of ( + ) -N-Acetyl-6- 
aminousnic Acid (11) 

A cold solution of (+)-usnic acid (1) (5 g, 14.534 
mmol) in 0.6% aqueous sodium hydroxide (200 ml) was 
added dropwise to a cold (PC) stock solution of mono- 
chloramine (4.8 mg NH2Cl/ml, 240 ml; 1.152 g NH2C1, 
22.368 mmol), and the reaction allowed to proceed with 
external cooling (ice bath) for 4 h. The reaction mixture 
was then acidified with 1 N hydrochloric acid, extracted 
with ethyl acetate (3 x 40 ml), and the combined extracts 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue 
(4.85 g) was purified by column chromatography on silica 
gel Merck (200 g) using 20% ethyl acetate in benzene as 
eluent to produce pure (+)-N-acetyl-6-aminousnic acid 
(11) (2.731 g, 7.607mmol; 52%), yellow prisms from 
methanol, mp and mixture mp with authentic material, 
230-232°C. 

Cyclization of ( +) -N-Acetyl-6-aminousnic Acid (11). 
Isolation of (+)-Oxazolo[4,5-hlusnic Acid (12) 

A solution of (+)-N-acetyl-6-aminousnic acid (11) 
(50 mg, 0.139 mmol) in thionyl chloride (3 ml, freshly 
distilled) was heated at 55°C (oil bath temperature) under 
a nitrogen atmosphere for 0.5 h. Excess solvent was 
evaporated under reduced pressure, the residue taken up 
into ethyl acetate (8 ml), and the organic extract thor- 
oughly washed with water, dried over anhydrous sodium 
sulfate, and evaporated under reduced pressure to yield 
a yellow glass (53 mg). Purification by preparative layer 
chromatography (silica gel - oxalic acid, petroleum ether 
- acetone (3: 1)) produced (+)-oxazolo[4,5-hlusnic acid 
(12) (26.5 mg, 0.0777 mmol; 55%), yellow prisms from 
ethyl ether, mp 173-174°C; [ c ( ] ~ ~ ~ ( C H , C N )  + 538O (C 
0.04); uv: I,,, (log E )  335 (3.28), 268 (4.05), 218 (4.29); 
ir: A,,, 3300-2500 (OH, chelated), 1685 (CEO, enone 
system), 1635 (C=C), 1540 ( e 0 ,  chelated triketone 
system); 'Hmr (CDC13-DMSO-d6): 6 1.68 (3H, s, 
C9,-CH,), 2.34 (3H, S, C8-CH,), 2.60 (6H, S, C2-COCH3 
and oxazole-CH3), 5.98 (lH, br s, C,-H), 10.54 (lH, br, 
C9-OH), 18.72 ppm (lH, br, C3-OH); ms: mle 341 (M+), 
257 (base peak), 230, 229, 186, 43. Anal. calcd. for 
C18Hl,06N: C 63.34, H 4.43, N 4.10; found: C 63.39, 
H 4.52, N 4.01. High resolution molecular weight 
determination calcd. : 341.090; found: 341.089. 

Preparation of ( f )-N-Acetyl-6-amino-7,9-di-0- 
benzylusnic Acid (15) (N-Acetyl-2-acetyl-6-amino- 
7,9-dibenzyloxy-l,9b-dihydro-8,9b-dimethyl-3- 
hydroxy-I-oxodibenzofuran) . Experiment I 

A solution of (f)-7,9-di-0-benzylusnic acid (13) (52.4 
mg, 0.1 mmol) and hydroxylamine hydrochloride (10.3 
mg, 0.148 mmol) in 5% methanolic potassium hydroxide 
(2 ml) and distilled water (1 ml) was heated at 50°C (oil 
bath temperature) under a nitrogen atmosphere for 1.5 h. 
The resulting bright yellow solution was diluted with cold 
distilled water (10 ml), acidilied with 1 N hydrochloric 
acid, and extracted with ethyl acetate (3 x 5 ml). The 
combined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure to afford a bright yellow foam (54 mg). The 
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crude oxime was dissolved in anhydrous ethyl ether (5 ml), 
treated with phosphorous pentachloride (72.5 mg, 0.348 
mmol) and stirred at room temperature for 1 h. The 
reaction mixture was then poured onto crushed ice (10 g), 
extracted with ethyl acetate (3 x 5 ml), and the combined 
extracts thoroughly washed with water, dried over an- 
hydrous sodium sulfate, and evaporated under reduced 
pressure. The yellow residue (57.2 mg) was purified by 
preparative layer chromatography (silica gel - oxalic 
acid plates, petroleum ether - acetone (3 : 1)) to produce 
(+)-N-acetyl-6-amino-7,9-di-0-benzylusnic acid (15) (26 
mg, 0.0482 mmol; 48%), fine yellow needles from ethyl 
ether, nlp 168-170°C; [a],(CHC13) 0" (c 0.1052); uv: 
h,,,(log~)330(3.19),265(3.93),2.5(4.30);ir:v,,,3430 
(N-H, free), 3400-3100 (OH, chelated), 1680 (C=O, 
'Amide I band', free; enone system), 1610, 1590 (C=C), 
1540 (C=O, chelated triketone system), 1520 (N-H, 
C-N, 'Amide I1 band', free), 1250 (C-N, 'Amide I11 
band', free); 'Hmr: 6 1.79 (3H, s, Cgb-CH3), 2.01 (3H, s, 
CS-CH3), 2.27 (3H, S, C6-NH-COCH,), 2.46 (3H, S, 
C2-COCH3), 4.82 (2H, AB q, J = 10 HZ, C7-0-CHz- 
C6HS), 5.25 (2H, AB q, J = 10 HZ, C9-0-CH2-C6H5), 
5.77 (lH, s, C4-H), 6.87 (lH, br s, C6-NH-COCH,), 
7.30-7.70 (10H, m, 2 x C6H5), 18.00ppm (lH, s, C3- 
OH); ms: mle 539 (M+), 449, 448, 422,406 (base peak), 
380, 364, 358, 338, 322, 316, 315, 306, 232, 205, 175, 91, 
85, 65, 43. Anal. calcd. for C3ZH2907N: C 70.81, H 5.94, 
N 2.42; found: C 70.54, H 6.00, N 2.10. High resolution 
molecular weight determination calcd. for C,,H,,O,N: 
539.194; found: 539.191. 

Preparation of ( + ) -N-Acetyl-6-amino-7,9-di-0- 
benzylusnic Acid (15). Experiment ZZ 

A solution of (+)-7,9-di-0-benzylusnic (13) (52.4 mg, 
0.1 mmol) and hydroxylamine hydrochloride (10.3 mg, 
0.148 mmol) in 5% methanolic potassium hydroxide (2 
ml) and distilled water (1 ml) was heated at 50°C (oil 
bath temperature) under a nitrogen atmosphere for 1.5 h. 
The resulting solution was diluted with cold distilled 
water (10 ml), acidified with 1 N hydrochloric acid, and 
extracted with ethyl acetate (3 x 5 ml). The combined 
extracts were washed with distilled water, dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure. The crude oxime (55 mg) was dissolved in dry 
ethyl ether (5 ml), treated with thionyl chloride (83.5 mg, 
0.701 mmol), and stirred at room temperature for 20 min. 
To the resulting suspension was added a 1 : 1 mixture of 
ethyl acetate - water (10 ml), the reaction mixture trans- 
ferred into a separatory funnel, the organic layer sep- 
arated, and the aqueous mother liquors extracted with 
ethyl acetate (2 x 5 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The crude 
residue (52.3 mg) was purified by preparative layer 
chromatography (silica gel - oxalic acid plates, petroleum 
ether - acetone (3: 1)) to produce (*)-N-acetyl-6-amino- 
7,9-di-0-benzylusnic acid (15) (33.4 mg, 0.0619 mmol; 
61%), pale yellow needles from ethyl ether, mp 169- 
170°C; mixture mp with authentic material from previous 
experiments, 169-170°C. Both samples showed identical 
spectroscopic and chromatographic properties. 

Preparation of (+)-N-Acetyl-6-amino-7,9-di-0- 
methylisoxazolo[4,5-blusnic Acid (17) (N-Acetyl- 
IO-amino-6,6a-dihydro-7,9-dimethoxy-5,6aa,8- 
trimethyl-6-oxoisoxazolo[4,5-bldibenzofuran) 

A solution of (+)-7,9-di-0-methylisoxazolo[4,5-b]- 

usnic acid (16) (36) (2.0 g, 5.42 mmol) and hydroxylamine 
hydrochloride (1.13 g, 16.258 mmol) in dry pyridine 
(30 ml) was heated at 55°C (oil bath temperature) under 
a nitrogen atmosphere for 2.75 h. The reaction mixture 
was then diluted with cold distilled water (100 ml) and 
extracted with ethyl acetate (3 x 30 ml). The combined 
extracts were washed with 1 N hydrochloric acid, with 
water, dried over anhydrous sodium sulfate, and evapor- 
ated under reduced pressure. The crude oxime (2.1831 g) 
was dissolved in anhydrous ethyl ether (70 ml), treated 
with thionyl chloride (950 mg, 7.983 mmol), and the mild 
exothermic reaction allowed to proceed for 12 min. The 
reaction mixture was then quenched with a 1 : 1 mixture 
of ethyl acetate - water (lOOml), neutralized with 2.5% 
aqueous sodium bicarbonate solution, and extracted with 
ethyl acetate (3 x 20 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure to afford a 
yellow-brown foam (2.36 g). Purification by column 
chromatography on silica gel Merck (150 g) using 20% 
acetone in benzene produced the following materials. 

Fraction I .  (+)-7,9-di-0-methylisoxazolo[4,5-blusnic 
Acid (16) 

Yellow foam that could not be induced to crystallize 
(208 mg, 0.563 mmol; 10%). This sample showed spectro- 
scopic and chromatographic characteristics identical with 
those of the starting material. 

Fraction II. (+)-N-Acetyl-6-amino-7,9-di-0- 
methylisoxazolo[4,5-blusnic Acid (17) 

Fine yellow needles from ethyl ether (1.302 g, 3.390 
mmol; 69%) mp 188-189°C; [aIDz6 +354" (c 0.0395); uv: 
h,,, (log 8)  364 (3.06), 315 (2.84), 281 (3.15), 253 (3.71), 
208 (4.48); ir: v,,, 3460 (N-H, free), 3320 (N-H, 
associated), 1685 (-0, 'Amide I band', free), 1670 
(C=O, enone system), 1650 (C=O, 'Amide I band', 
associated), 1610, 1590 (C=C), 1550 (N-H, C-N, 
'Amide I1 band', associated), 1535 (N-H, C-N, 'Amide 
I1 band', free), 1300 (C-N, 'Amide I11 band', associated), 
1265 (C-N, 'Amide I11 band', free); lHmr: 6 1.78 (3H, 
s, Cgb-CH,), 2.19 (6H, S, CI-CH3. and C6-NH-COCH,), 
2.43 (3H, S, CIl-CH3), 3.78 (3H, S, C,-0CH3), 3.96 (3H, 
s, C9-OCH,), 6.14 (lH, s, C4-H), 7.28 ppm (lH, br s, 
C6-NH-COCH3); ms: mle 384 (M', base peak), 369,342, 
341, 327, 316, 314, 301, 299, 284, 260, 259, 253, 246, 203, 
43. Anal. calcd. for C2,Hz0O6N2: C 62.49, H 5.18, N 
7.29; found: C 61.98, H 5.18, N 6.77. High resolution 
molecular weight determination calcd. : 384.132; found: 
384.127. 

Preparation of ( + )-6-Desacetyl-7,9-di-0-methylisoxazolo- 
[4,5-blusnic Acid (18) (6,6a-Dihydro-7,9-di- 
methoxy-5,6aa,8-trimethyl-6-oxoisoxazolo[4,5-b]- 
dibenzo furan) 

A solution of (+)-N-acetyl-6-amino-7,9-di-0-methyl- 
isoxazolo[4,5-blusnic acid (17) (1.4 g, 3.645 mmol) in 
anhydrous dioxane (45 ml, freshly distilled from lithium 
aluminum hydride) was treated with excess isoamyl 
nitrite (10 ml) and heated at 8S°C (oil bath temperature) 
under a nitrogen atmosphere for 8.5 h. The solvent was 
then evaporated under reduced pressure and the residue 
(1.32 g) purified by column chromatography on silica gel 
Merck (150 g) to produce the following component. 

Fraction I. ( + ) -6- Desacetyl-7,9-di-0-methylisoxazolo- 
[4,5-blusnic Acid (18) 

Large bright yellow prisms from ethyl alcohol (812 mg, 
2.483 mmol; 77%) mp 156.5-158°C; [aIDz6(CH3CN) 
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+ 300" (c 0.07585); uv: h,,, (log E )  368 (2.95), 305 (2.84), 
281 (3.27), 254 (3.67), 211 (4.41); ir: v,,, 2940 (C-H, 
aromatic -OCH,), 2850 (C-H, aromatic -OCH,), 1630 
(C=O, enone system), 1650 (isoxazole, trisubstituted), 
1620, 1600 (C=C); 'Hrnr: 6 1.76 (3H, s, C9,-CH,), 2.12 
(3H, S, Cg-CH,), 2.44 (3H, S, Cll-CH,), 3.78 (3H, S, 
C7-OCH,), 3.96 (3H, S, C9-OCH,), 6.12 (lH, S, C4-H), 
6.43 ppm (lH, s, C6-H); ms: mle 327 (M+, base peak), 
312, 299, 298,284, 271, 259, 258,246, 243, 231, 215, 203, 
115. Anal. calcd. for C18H1705N: C 66.05, H 5.23, N 
4.28; found: C 66.08, H 5.44, N 4.13. High resolution 
molecular weight determination calcd. : 327.11 1 ; found : 
327.112. 

The Demethylation of (+)-6-Desacetyl-7,9-di-0- 
methylisoxazolo[4,5-blusnic Acid (18). Isolation of 
(+) -6-Desacetyl-7-0-methylisoxazolo[4,5-blusnic 
Acid (21) (6,6a-Dihydro-9-hydroxy-7-methoxy- 
5,6aa,8 -trimethyl-6-oxoisoxazolo[4,5-bldi- 
benzo furan) 

A solution of (+)-6-desacetyl-7,9-di-0-methylisoxa- 
zolo[4,5-blusnic acid (18) (50 mg, 0.1529 mmol) in dry 
dichloromethane (4 ml) was cooled to - 50°C (dry ice - 
acetone bath) and treated with cold boron tribromide 
(383 mg, 1.530 mmol). The resulting deep red solution 
was allowed to warm-up to - 30°C over 0.5 h and then 
poured into ethyl acetate (10 ml) and ice (10 g). The 
aqueous fraction was extracted once more with ethyl 
acetate (10ml) and the combined extracts washed 
thoroughly with water, dried over anhydrous magnesium 
sulfate, and evaporated under reduced pressure. The 
residue (51 m d  was crvstallized directlv from ethvl 
alcohol tb pro&ce pale yellow prismatic needles of (+j- 
6-desacetyl-7-0-methylisoxazolo[4,5-b]us acid (21) (47 
mg, 0.150 mmol ; 98%), mp 167-168°C; [aIDz6(CH3CN) 
+250° (c 0.034); uv: h,,, (log E) 372 (2.81), 304 (2.37), 
256 (3.50), 214 (4.44); ir: v,,, 3500-3100 (OH, chelated), 
1660 (C-0, enone system), 1620 (C=C); 'Hrnr: 6 1.71 
(3H, S, Cgb-CH,), 2.06 (3H, S, Cg-CH,), 2.46 (3H, S, C11- 
CH3), 3.76 (3H, S, C7-OCH,), 6.18 (lH, S, C4-H), 6.25 
(lH, s, C6-H), 9.67 ppm (lH, s, C9-OH); ms: mle 313 
(M+, base peak), 284, 270, 257, 245, 244, 229, 204, 201. 
Anal. calcd. for C17H1505N: C 65.17, H 4.83, N 4.47; 
found: C 65.59, H 4.71, N 4.75. High resolution molecular 
weight determination calcd. : 3 13.095 ; found : 3 13.094. 

Acetylation of (+)-6-Desacetyl-7-0-methylisoxazolo- 
[4,5-blusnic Acid (21). Preparation of ( + ) -6- 
Desacetyl-7-0-methylisoxazolo[4,5-blusnic Acid 
Monoacetate (22) (9-Acetoxy-6,6a-dihydro-7- 
methoxy-5,6aa,8-trimethyl-6-oxoisoxazolo[4,5-b]- 
dibenzo furan) 

A solution of (+)-6-desacetyl-7-0-methy~isoxazolo- 
[4,5-blusnic acid (21) (115 mg, 0.367 mmol) in 0.5% con- 
centrated sulfuric acid in acetic anhydride (2 ml) was 
allowed to stand at room temperature overnight. The 
resulting yellow-brown solution was poured onto 
crushed ice (10 g), extracted with ethyl acetate (3 x 5 ml), 
and the combined extracts thoroughly washed with water, 
dried over anhydrous n~agnesiun~ sulfate, and evaporated 
under reduced pressure. The crude residue (90.8 mg) was 
purified by preparative layer chromatography (silica 
gel - oxalic acid plates, solvent A) to produce (+)-6- 
desacetyl-7-0-methylisoxazolo[4,5-blusnic acid mono- 
acetate (22) (42 mg, 0.181 mg; 32%), pale yellow plates 
from ethyl alcohol, mp 195-196'C; [ ~ ] D ~ ~ ( C H , C N )  
+500° (c 0.064); uv: h,,, (log E) 365 (3.01), 304 (2.90), 

278 (3.44), 251 (3.70), 213 (4.39); ir: v,,, 2960, 2860 
(C-H, aromatic -OCH,), 1770 (C-0, acetate), 1690 
(C=O, enone system), 1660 (isoxazole,t risubstituted), 
1620, 1600 (C-C); 'Hmr: 6 1.76 (3H, s, C,,-CH,), 2.01 
(3H, S, Cg-CH,), 2.46 (3H, S, Cg-OCOCH,), 2.50 (3H, S, 
Cll-CH,), 3.85 (3H, s, C7-OCH,), 6.20 (lH, s, C,-H), 
6.58 ppm (lH, s, C6-H); ms: mle 355 (M+,  base peak), 
338, 312, 297, 286, 284, 273, 270, 269, 257, 244, 232, 229, 
216, 204, 201. Anal. calcd. for c l9Hl7o6N:  C 64.22, H 
4.82, N 3.94; found: C 64.03, H 4.89, N 3.91. High 
resolution molecular weight determination calcd. : 
355.105; found: 355.104. 

Preparation of ( + ) -6-Desacetyl-7-0-methylisoxazolo- 
[4,5-blusnic Acid Monoacetate (22) 

A solution of (+)-6-desacetyl-7-0-methylisoxazolo- 
[4,5-blusnic acid (21) (60 mg, 0.191 mmol) in a 1: 1 
mixture of dry pyridine - acetic anhydride (2 ml) was 
allowed to stand at room temperature overnight. The 
resulting yellow solution was poured onto crushed ice 
(10 g) and extracted with ethyl acetate (3 x 5 ml). The 
combined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure. The crude residue (71 mg) was purified by 
preparative layer chromatography (silica gel - oxalic acid 
plates, solvent A) to produce (+)-6-desacetyl-7-0- 
methylisoxazolo[4,5-blusnic acid monoacetate (22) (64.71 
mg, 0.1822 mmol; 9579, pale yellow plates from ethyl 
alcohol, mp 195-196°C. Mixture mp with authentic 
material from the previous experiment, 195-197°C. Both 
samples showed identical spectroscopic and chromato- 
graphic properties. 

Preparation of (+ )-6-Desacetylisoxazolo[4,5-blusnic 
Acid (19) (6,6a-Dihydro-7,9-dihydroxy-5,6aa,8- 
trimethyl-6-oxoisoxazolo[4,5-b]dibenzofura) I 

A solution of (+)-6-desacetyl-7,9-di-0-methylisoxa- 
zolo[4,5-blusnic acid (18) (190 mg, 0.581 mmol) in dry 
dichloromethane (30 ml) was cooled to - 78°C (dry ice - 
acetone bath) and treated with cold boron tribromide 
(1.483 g, 5.81 mmol). The resulting deep red solution was 
allowed to warm-up to 0°C over 1.5 h and then stirred at 
10°C for 2.5 h. The reaction mixture was then poured into 
ethyl acetate (100 ml) - crushed ice (100 g), the organic 
extract separated and the aqueous phase extracted with 
ethyl acetate (2 x 30 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The resulting 
residue was immediately purified by preparative layer 
chromatography (silica gel - oxalic acid plates, solvent A) 
to afford the diphenol 9 (136 mg, 0.4548 mmol) and a 
mixture (37 mg) consisting of the monophenol and 
another material of similar Rf. Recycling this mixture 
under identical experimental conditions and combining 
those fractions consisting of pure diphenol produced the 
following products. 

Compound I. ( + ) -6-Desacetylisoxazolo[4,5-blusnic 
Acid (19) 

Pale yellow crystals from chloroform - petroleum ether 
(30-60°C) (151 mg, 0.505 mmol; 8673, mp 194.5-196°C 
(dec.); [c(],~~(CH,CN) +608' (c 0.0625); uv: h,,, (log E) 
370 (2.53), 319 (2.85), 258 (3.71), 210 (4.41); ir: v,,, 3610 
(OH, free), 3500-3100 (OH, chelated), 1675 ( e 0 ,  enone 
system), 1640 (isoxazole), 1620 (C=C); 'Hmr (CDC1,- 
DMSO-d6): 6 1.70 (3H, S, C9,-CH3), 2.07 (3H, S, Cg- 
CH,), 2.44 (3H, S, Cll-CH,), 6.16 (lH, S, C4-H), 6.28 
(lH, s, C6-H), 8.63 (lH, br, C7-OH), 9.62 ppm (lH, s, 
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Cg-OH); ms: mle 299 (M+, base peak), 284,271,270,256, 
243, 231, 230, 218, 202, 201, 190, 83. Anal. calcd. for 
Cl6H13OsN: C 64.21, H 4.37, N 4.68; found: C 64.27, H 
4.42, N 4.50. High resolution molecular weight determina- 
tion calcd. : 299.079; found: 299.077. 

Compound II. ( + ) -6-Bromoisoxazolo[4,5-b jusnic Acid 
(27) (lO-Bromo-6,6a-dihydro-7,9-dihydroxy-5,6a~,8- 
trimethyl-6-oxoisoxazolo[4,5-bldibenzofuran) 

Pale yellow crystals from chloroform - petroleum 
ether (30-60°C) (17.12 mg, 0.0453 mmol; 773, mp 209- 
211°C (dec.); [c(IDZ6(CH3CN) +593' (C 0.0455); UV: h,,, 
(log E) 371 (3.01), 324 (2.59), 255 (3.57), 210 (4.53); ir: 
v,,, 3500-3100 (OH, chelated), 1675 (C=O, enone 
system), 1638 (isoxazole), 1625, 1600 (C=C); 'Hmr 
(CDCI3-DMSO-d6): 6 1.72 (3H, S, Cgb-CH,), 2.32 (3H, s, 
Cs-CH,), 2.45 (3H, S, Cl1-CH3), 6.32 (lH, S, C4-H), 7.96 
(IH, br, C7-OH), 9.68 ppm (lH, s, Cg-OH); ms: mle 379 
(M+, "Br, base peak), 377 (M+, 79Br), 364,362,350,348, 
336, 334, 323, 321, 311, 309, 298, 296, 282, 280, 270, 268, 
202, 200, 173. Anal. calcd. for C16H120sBr: C 50.80, 
H 3.20,N3.70,Br21.12;found: C50.91,H3.40,N3.49, 
Br 21.29. High resolution n~olecular weight determination 
calcd. for C16H120sNs1Br: 378.988; found: 378.988; 
calcd. for C16H1205N79Br: 376.990; found: 376.987. 

Acetylation of (+)-6-Desacetylisoxazolo[4,5-blusnic 
Acid (19) 

Asolution of (+)-6-desacetylisoxazolo[4,5-blusnic acid 
(19) (32 mg, 0.107 mmol) in a 1 : 1 mixture of pyridine - 
acetic anhydride (2 ml) was allowed to stand at room 
temperature overnight. The resulting deep yellow solution 
was poured onto crushed ice (10 g) and extracted with 
ethyl acetate (3 x 5 ml). The combined extracts were 
washed with water, dried over anhydrous sodium sulfate, 
and evaporated under reduced pressure. The residue 
(39.7 mg) was purified by preparative chromatography 
(silica gel - oxalic acid plates, chloroform) to afford two 
main components. 

Fraction I. (+)-6-Desacetylisoxazolo[4,5-blusnic 
Acid Monoacetate (23) (7-Acetoxy-6,6a-dihydro- 
9-hydroxy-5,6a~,8-trimethyl-6-oxoisoxazolo[4,5-b]- 
dibenzo furan) 

Pale yellow needles from ethyl alcohol (22.7 mg, 
0.0665 mmol; 6221, mp 168-170°C; [c(IDz6(CH3CN) 
+547" (c 0.03475): uv: A,,, (log E) 365 (3.09), 315 (2.46), 
264 (3.56), 255 (3.63), 214 (4.40); ir : v,,, 3300-3100 (OH, 
chelated), 1760 (C-0, acetate), 1675 (C-0, enone 
system), 1640 (isoxazole ring), 1620, 1610 (C=C); 'Hmr : 
6 1.77 (3H, S, Cg,-CH,), 2.03 (3H, S, Cs-CH,), 2.27 (3H, 
S, C7-0COCH3), 2.46 (3H, S, Cll-CH3), 6.22 (lH, S, 
C4-H), 6.41 (lH, s, C6-H), 9.99 ppm (IH, s, Cg-OH); ms: 
mle 341 (M+, base peak), 299, 284, 271, 270, 256, 
243, 231, 230, 215, 202, 201, 190, 43. Anal. calcd. for 
ClsHls06N: C 63.33, H 4.43, N 4.10; found: C 63.30, 
H 4.53, N 3.90. High resolution molecular weight deter- 
mination calcd. : 341.090; found : 341.091. 

Fraction 11. ( +) -6-Desacetylisoxazolo[4,5-b jusnic 
Acid Diacetate (24) (7,9-diacetoxy-6,6a-dihydro- 
5,6act,8-trimethyl-6-oxoisoxazolo[4,5-b]dibenzo- 
furan) 

Colorless prisms from ethyl alcohol (13.6 mg, 0.0355 
mmol; 33%) mp 242-243°C; [c(IDZ6(CH3CN) +368" (c 
0.057); uv: A,,, (log E) 361 (3.09), 310 (2.85), 280 (3.40), 
250 (3.69), 210 (4.35); ir: v,,, 1765 (C=O, acetates) 1685 
(C=O, enone system), 1650 (isoxazole ring), 1620, 1600 

(C=C); 'Hmr: 6 1.77 (3H, s, Cgb-CH3), 1.95 (3H, s, 
Cs-CH,), 2.29 (3H, S, C7-OCOCH,), 2.41 (3H, S, Cg- 
0COCH3), 2.47 (3H, S, Cl,-CH3), 6.19 (lH, S, C4-H), 
6.78 ppm (IH, s, C6-H); ms: mle 383 (M+), 341,326,315, 
299 (base peak), 284, 271, 260, 256, 243, 230, 218, 217, 
202, 190, 43. Anal. calcd. for CZ0H1707N: C 62.65, H 
4.47, N 3.65; found: C 62.50, H 4.57, N 3.49. High 
resolution molecular weight determination calcd.: 
383.100; found: 383.099. 

Preparation of ( + ) -6-Desacetylusnic Acid (2) 
(+)-6-Desacetylisoxazolo[4,5-blusnic acid (19) (56 

mg, 0.187 mmol) in absolute ethyl alcohol (10 ml) was 
hydrogenated over platinum oxide (8 mg) at room tem- 
perature and atmospheric pressure. After the uptake of 
1 mol equiv. hydrogen was observed (4.58 ml at 25°C) the 
reaction mixture was filtered through celite, the celite 
cake washed with absolute ethyl alcohol (3 x 5 ml), and 
the combined extracts evaporated under reduced pressure. 
The residue (56mg) was dissolved in tetrahydrofuran 
(1 ml) and freshly prepared 1 N sodium hydroxide (5 ml) 
and stirred at room temperature under a nitrogen 
atmosphere for 1 h. The yellow brown solution was 
cooled down to P C  (ice bath), acidified with 1 N hydro- 
chloric acid, and extracted with ethyl acetate (3 x 5 ml). 
The combined extracts were washed with water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure to afford a crystalline residue (57 mg). 
Recrystallization from chloroform - petroleum ether 
produced (+)-6-desacetylusnic acid (2) (55 mg, 0.182 
mmol; 97%) mp 134.5-136°C; mixture mp with authentic 
(+)-6-desacetylusnic acid (2), 134.5-1 36°C; [aIDz6 + 689" 
(c 0.06175); uv: h,,, (log E )  335 (3.17), 265 (3.76), 233 
(4.08); ir: v,,, 3400-2800 (OH, chelated), 1670 (C=O, 
enone system), 1630 (C=C), 1540 (C=O, chelated 
carbonyl of the triketone system); 'Hrnr: 6 1.67 (3H, s, 
Cgb-CH,), 2.09 (3H, S, Cs-CH,), 2.59 (3H, S, C2-COCH,), 
5.28 (lH, s, C7-OH), 5.78 (lH, br, C4-H), 6.22 (lH, s, 
C6-H), 10.22 (lH, s, Cg-OH), 18.65 ppm (lH, s, C3-OH); 
ms: mle 302 (M+), 287,218, 191 (base peak). Anal. calcd. 
for Cl6Hl4O6: C 63.57, H 4.67; found: C 63.53, H 4.72. 
High resolution molecular weight determination calcd. : 
302.079; found: 302.078; cd: A,,, (A&) 328 (+9.42), 283 
(-6.06), 260 (-3.59), 239 (+13.24); cd (CH30H + 
KOH): h,,, (AE) 344 (+7.85), 208 (+6.28), 285 (+ 1.79), 
266 (- 12.57), 238 (+ 9.87). 

Acetylation of Synthetic (+)-6-Desacetylusnic Acid (2). 
Isolation of ( + ) -6-Desacetylusnic Acid Diacetate 
f 28) 

A solution of (+)-6-desacetylusnic acid (2) (49mg, 
0.162 mmol) in 0.5% concentrated sulfuric acid in acetic 
anhydride (3 ml) was allowed to stand at room tempera- 
ture overnight. The light brown reaction mixture was then 
poured onto ice (10 g) and extracted with ethyl acetate 
(3 x 5 ml). The combined extracts were thoroughly 
washed with water, dried over anhydrous magnesium 
sulfate, and evaporated under reduced pressure. The 
residue (47 mg) was purified by preparative layer chro- 
matography (silica gel - oxalic acid plates, solvent A) to 
produce (+)-6-desacetylusnic acid diacetate (28) (25 mg, 
0.0647 mmol; 3973, pale yellow fine needles from ethyl 
alcohol, mp 208-210°C, mixture mp with authentic (+)- 
6-desacetylusnic acid diacetate (28), 208-209°C; [cf]DZ6 
+ 125" (c 0.1025); uv: A,,, (log E) 325 (3.24), 280 (3.75), 
261 (3.85), 220 (4.02); ir: v,,, 1755 (C=O, acetates), 1685 
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(C=O, enone system), 1620, 1600 (C=C), 1545 (C=O, 
chelated triketone system); 'Hmr: 6 1.78 (3H, s, C9,- 
CH3), 1.98 (3H, S, Cs-CH3), 2.33 (3H, S, C,-OCOCH,), 
2.45 (3H, S, C9-0COCH3), 2.55 (3H, S, CZ-COCH3), 5.83 
( lH,  s, C4-H), 6.82 ( lH,  s, Cs-H), 18.31 ppm ( lH,  br s, 
C3-OH); ms: mle 386 (M+), 344,302,260,233,218 (base 
peak), 191, 190, 78, 43. Anal. calcd. for C Z O H I S O ~ :  C 
62.17, H 4.69; found: C 62.21, H 4.74. High resolution 
molecular weight determination calcd.: 386.100; found: 
386.097. 

Fries Rearrangement on ( + ) -6- Desacetylusnic Acid ( 2 ) .  
Preparation of Synthetic ( +) - Usnic Acid (1 )  

To a solution of anhydrous aluminum trichloride (41 
mg, 0.307 mmol) and acetyl chloride (26 mg, 0.331 mmol) 
in dry nitrobenzene (0.8 ml, distilled from calcium hy- 
dride) was added crystalline (+)-6-desacetylusnic acid (2) 
(20mg, 0.0661 mmol) and the resulting yellow-brown 
solution heated at  60°C (oil-bath temperature) under a 
nitrogen atmosphere for 1.5 h. The reaction mixture was 
cooled in an ice bath, diluted with chloroform (4 ml), and 
upon addition of freshly prepared 1 N sodium hydroxide 
(8 ml) stirred a t  room temperature for 0.5 h. The two 
layers were separated, and the chloroforn~-nitrobenzene 
fraction extracted with 1 N sodium hydroxide (2 x 3 ml). 
The combined aqueous extracts were carefully neutralized 
with 1 N hydrochloric acid, extracted with ethyl acetate 
(4 x 10ml), and the combined extracts washed with 
water, dried over anhydrous magnesium sulfate, and 
evaporated under reduced pressure. The residue was 
immediately purified by preparative layer chromatography 
(silica gel - oxalic acid plates, solvent A) to produce 
(+)-usnic acid (1) (10.8 mg, 0.0314 mmol; 4773, yellow 
prisms from chloroform - ethyl alcohol, mp 201-203"C, 
mixture mp with authentic (+)-usnic acid (I), 202-203°C. 
The spectroscopic properties of both samples were 
identical. 
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Cationic rhodium(1) sulfoxide complexes. Synthesis and spectroscopic properties 
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BRIAN R. JAMES, ROBERT H. MORRIS, and KENNETH J. REIMER. Can. J. Chem. 55,2353 (1977). 
Displacement of the labile acetone ligand from [Rh(diene)(PPh3)(acetone)]A (diene = 1,s- 

cyclooctadiene (COD), norbornadiene (NBD) ; A = PF,-, SbF,-) allows facile coordination of 
dialkyl or alkyl aryl sulfoxides, and [Rh(diene)(PPh3)(sulfoxide)]+ complexes have been syn- 
thesized using dimethyl sulfoxide (DMSO), tetramethylene sulfoxide (TMSO), di-n-propyl 
sulfoxide (NPSO), (S,S;S,R)-(+)-2-methylbutyl methyl sulfoxide (MBMSO), methyl phenyl 
sulfoxide (MPSO), (R)-(+)-methyl-p-tolyl sulfoxide (MPTSO), and (R)-t-butylp-tolyl sulfoxide 
(TBPTSO). 

Diary1 sulfoxides appear to coordinate in solution but no solid compounds could be isolated. 
The upfield shifts of the sulfoxide resonances (lH nmr), reflecting shielding by the adjacent 
phenyl groups of PPh,, and the decrease in v(S0) on coordination, are indicative of 0-bonding 
in all cases. Infrared data indicate that the frequency shift of v(S0) upon 0-coordination is 
roughly proportional to the strength of the metal-oxygen bond for a range of transition metal 
DMSO and TMSO complexes. 

BRIAN R. JAMES, ROBERT H. MORRIS et KENNETH J. REIMER. Can. J. Chem. 55,2353 (1977). 
Le dkplacement du ligand acetone labile du [Rh(dikne)(PPh3)(acktone)]A {diene = cyclo- 

octadikne-1,5 (COD), norbornadiene (NBD); A = PF-,, SbF-,} permet une coordination 
facile des dialkyl- et alkyl aryl sulfoxydes et on a synthktisk les complexes [Rh(ditne)(PPh3)- 
(sulfoxyde)]+ utilisant le dimkthyle sulfoxyde (DMSO), le tktramkthylkne sulfoxyde (TMSO) le 
di-n-propyl sulfoxyde (NPSO), le (S,S;S,R)-(+)(mkthyl-2 butyl) mkthyl sulfoxyde (MBMSO), 
le mCthyl phknyl sulfoxyde (MPSO) et le R-(+)-mkthyl p-tolyl sulfoxyde (MPTSO) et le 
R-tert-butyl p-tolyl sulfoxyde (TBPTSO). 

I1 semble que le diary1 sulfoxyde se coordonne en solution mais on n'a pu isoler aucun 
compose solide. Les dkplacements vers les hauts champs de rksonances du sulfoxyde (rmn 'H) 
suggtrent qu'il y a un blindage par les groupes phknyles adjacents du PPh,; par ailleurs la 
diminution de la valeur de v(S0) par coordination indique qu'il y a formation de lien avec 
l'oxygtne dans tous les cas. Des donnCes infrarouges indiquent que le dkplacement de la 
frkquence v(S0) par coordination avec I'oxygkne est approximativement proportionnel avec la 
force du lien mktal/oxygtne par un ktendue de complexes de mktaux de transition et de DMSO 
et TMSO. [Traduit par le journal] 

Introduction 
Other studies from this group have recently 

described ruthenium complexes containing sulf- 
oxide ligands, and the systems were found 
effective for homogeneous catalytic hydrogena- 
tion of olefins (1); use of a chiral sulfoxide 
ligand led to catalytic asymmetric synthesis (2). 
We then became especially interested in attaching 
sulfoxides, including chiral ones, to a rhodium(1) 
centre. The catalytic activity of rhodium(I) 
complexes, commonly with phosphines, is well- 
documented (3), but there is very little known 
about the catalytic potential of systems con- 
taining sulfoxides (4). 

Catalysts derived from the complexes [Rh- 
(diene)L,]A, 1, (diene = 1,5-cyclooctadiene 
(COD), norbornadiene (NBD); L = neutral 
donor ligand; A = anion) are known to be 
useful for the hydrogenation of a variety of un- 
saturated organic substrates (5). The selectivity 

and efficiency of such reactions (e.g., hydro- 
genation us. isomerization) is likely dependent on 
the nature of L, typically a tertiary phosphine or 
arsine, and suggests that catalytic selectivity 
might be further controlled by using mixed 
ligand precursors, [~h (d i ene )~ '~ ' ]A ,  2. Com- 
pounds such as 1 are typically prepared (5) by 
the addition of excess L to [RhCl(diene)],, a 
procedure not applicable to the synthesis of 2, 
but we have found that the latter are easily 
obtained from [Rh(diene)L1(acetone)]A, 3. 

In view of our interest in rhodium sulfoxide 
complexes and the paucity of such complexes in 
general (6), and especially compounds of type 2, 
we have initially investigated the utility of 3 as a 
synthetic precursor for [Rh(diene)(PPh,)(sulf- 
oxide)]A species. An appreciation of the elec- 
tronic and steric requirements of the [Rh(diene)- 
L'L']' cation and the properties of sulfoxide 
derivatives (e.g., 0- us. S-bonding) are essential 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2354 CAN. J .  CHEM. VOL. 55,  1977 

for an evaluation of such compounds as potential 
catalysts. During the course of this work, 
Crabtree (7) reported the use of [Rh(COD)- 
(PPh,)(py)]+ for hydrogenation of 1-alkynes to 
1-alkenes. 

Experimental 
Synthetic procedures and solution measurements were 

conducted under argon atmosphere. Spectral grade 
solvents were stored over molecular sieves (BDH, type 
5A) and were vacuum-degassed before use. 

Infrared spectra (accurate to ,2 cm-') were recorded 
on a Perkin Elmer 457 grating spectrometer; solid 
samples were run as Nujol mulls between CsI plates, and 
for solutions 0.1 mm NaCl cells were used with CHC13, 
or CHZBrZ, a solvent with a useful "window" from 1070- 
850 cm-'. 'H nmr spectra were run on a Varian T-60 
spectrometer with tetramethylsilane as an internal 
reference. Conductivity measurements were made in 
nitromethane at 25°C using a Thomas Serfass conductivity 
bridge and cell. 

Rhodium(II1) trichloride was obtained as the tri- 
hydrate from Johnson, Matthey Limited. Silver salts 
were obtained from Alfa Inorganic and Cationics Inc. 
The chiral sulfoxides were kindly donated by R. S. 
McMillan of this group (2), and B. Bosnich and H. 
Boucher (University of Toronto). The other sulfoxides 
were obtained commercially (Aldrich, Fisher). Micro- 
analyses were performed by Mr. P. Borda of this depart- 
ment. 

Preparation of Complexes 
Literature methods (8,9) were used for the synthesis of 

[RhCl(COD)], and [RhCl(NBD)],, but for the latter the 
reaction mixture was stirred at 40°C for 3 h under argon. 

[Rh(diene) (PPh3) (acetone)]A; diene = COD, NBD; 
A = PF6, SbF6 

To a CH2C12 solution (15 ml) of PPh, (0.409 g, 1.56 
mmol) and [RhCI(COD)], (0.384 g, 0.774 mmol) was 
added dropwise with stirring AgPF, (0.395 g, 1.56 mmol) 
dissolved in acetone (10 ml); flocculent white AgCl 
precipitated. After 10 min the bright orange solution was 
filtered under argon and concentrated to 5 ml. Gradual 
addition of ether gave orange crystals which were col- 
lected, washed with ether, and dried. Additional product 
was obtained upon further concentration and addition of 
ether. The fractions were combined, dissolved in an equi- 
volume acetone/dichloromethane mixture, and crystal- 
lized by the addition of ether (yield = 80%). Solvent of 
crystallization (CH2C12), usually found in samples so 
obtained, was removed by prolonged evacuation. 

The NBD compound was prepared similarly. 

[Rh (COD) (PPh,) (DMSO)]PF6 
DMSO (21 PI, 0.29 mmol) and [Rh(COD)(PPh3)- 

(acetone)JPF6 (0.20 g, 0.29 mmol) were dissolved in 
CHzClz (3 ml) and stirred for 15 min. Addition of ether 
gave yellow crystals which were recrystallized from 
dichloromethane/ether, washed with ether, and dried in 
vacuo for several hours. 

All of the mixed ligand species (Table 1) were similarly 
prepared from the appropriate acetone precursor. Yields 
were typically 80-90%. 

Results and Discussion 
Acetone Cotnplexes 

Facile cleavage (8-12) of the chloride bridge 
of [RhCl(diene)], by a Lewis base, L1, can give a 
monomeric derivative [RhCl(diene)L1], 4, but 
excess reactant (especially where L1 = phosphine 
or arsine) in a polar solvent may displace the 
labile chloride forming [Rh(diene)L1,]+ (1 3, 14). 
The removal of chloride as a silver salt from 4 
facilitates the coordination of acetone, a weak 
and easily displaced ligand (15); reactions 1 and 
2. 
[I]  [RhCl(diene)12 + 2L1 -+ 2[RhCl(diene)L1] 

[2] [RhCl(diene)L1] + AgA f 

CH,Cl,/acetone 
4 

[Rh(diene)L1(acetone)]A + AgCl 

3 

Although a variety of ligands such as amines 
(10, l l ) ,  arsines (12), phosphines (8, 9), halides 
(8), etc., have been used to effect reaction 1, we 
have confined our initial investigation to tri- 
phenylphosphine derivatives. This provides a 
synthetic advantage, as crystalline samples of 
the acetone cation, 3, are easily obtained when 
L1 = PPh,, as are the subsequently derived 
sulfoxide complexes. Table 1 gives the micro- 
analytical data. The in situ synthesis of other 
reactive acetone complexes is readily accom- 
plished. 

Solid state infrared measurements on 3 show 
v(C0) at - 1660 cm-I (Table 2), consistent with 
a coordinated acetone moiety (15). The extreme 
lability of the acetone ligand is demonstrated by 
the replacement of this band by one of the free 
ligand at 1710 cm-I during the recording of 
solution infrared in CH2C1,. Furthermore, only 
a singlet at F 2.05 for free ligand is present in the 
'H nmr spectra (Table 3) and there is no evidence 
of coordinated acetone. In contrast, with the 
cationic complexes [M(CO)(acetone)(PPh,),] + , 
M = Rh, Ir, the coordinated acetone singlet 
appears at 6 1.6-1.8, due to diamagnetic shielding 
by the cis phosphines (13, 15, and see below), 
and free acetone is detected only after several 
hours (16). Accordingly, samples of 3 must be 
recrystallized in the presence of excess acetone. 

The dissociation of acetone suggests the for- 
mation of formally three-coordinate species. 
Although such species are usually considered to 
be solvated four-coordinate square planar, evi- 
dence has been presented for three-coordinate 
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TABLE 1. Analytical data for the rhodium(1) complexes 

Analysis 

Complex 

%C %H 
Decomposition 

~ o i n t  PC)' Found Calculated Found Calculated 

[Rh(COD)(PPh,)(acetone)]PF, 
[Rh(NBD)(PPh3)(acetone)]PF6 
[Rh(NBD)(PPh,)(acetone)]SbF, 
[Rh(COD)(PPh3)(DMSO)]PF, 
[Rh(NBD)(PPh3)(DMSO)]SbF, 
[Rh(COD)(PPh3)(TMSO)]PF, 
[Rh(C0D)(PPh3)(NPSO)]PF6" 
[Rh(COD)(PPh3)(MBMSO)]PF6 
[Rh(COD)(PPh3)(MPSO)]PF,b 
[Rh(COD)(PPh3)(MPTSO)]PF6 
[Rh(COD)(PPh3)(TBPTSO)]PF6 

'The calculated analysis includes 0.7 CH2CI2. 
bThe calculated analysis includes 0.4 C H , C I ~ ~  
CUncorrected, in air. 

nmr shows approx. 0.6 CH2C12. 
nmr shows approx. 0.5 CH2C12. 

TABLE 2. Infrared data (cm-') for [Rh(diene)(PPh3)L]PF6 complexesa 

L v(C0) or v(SO)~*' P,(CH~)~,.' Av(SO)* 

Acetone 1658 s,br 
Acetone (NBD) 1663 s,br 
DMSO 958 s,br (947 s,br) 992s (983s) 108 
DMSO (NBD) 922 s,br (945 s,br) 983s (985s) 110 
TMSO 935 s,br (938 s,br) 84 
TBPTSO 947 s,br (940 s) 97 
NPSO 942 s,br (947 s,br) 70 

L ~(900-1000 cm-' bands) Ave 

MBMSO 937m, 967s (965s,br) 65 
MPSO 958s, 942s (959s, 945sh) 91, 105 
MPTSO 957s, 939s (959s, 943sh) 88, 104 

'Diene = COD, unless indicated otherwise. 
bNujol mulls; values in parentheses for CH2Br2 solutions. 
's = strong, br = broad m = medium sh = shoulder. 
"efined as ("(SO) for'free ligand  SO) coordinated ligand) in 

CH2Br2. 
'Defined as v(S0) for free ligand - v in solution. 

intermediates in reactions of d8 organometal 
systems (17). Unsymmetrical T- and Y-shaped 
configurations were favoured (17b) and the 
former, or solvated four-coordinate species, 
could account for the inequivalence of the COD 
olefinic protons in the present system. Two sets 
of resonances at 6 5.2 and 3.3 are observed in 
CDCl, solution (Table 3). A complex spectrum 
is observed for the NBD analogue in CDCI,, but 
only a single olefinic signal at 6 4.4 is observed 
in acetone-d6 ; intra- or intermolecular rearrange- 
ments are indicated and low temperature nmr 
studies should clarify the phenomenon. Previous 
studies (1 7a, 18) have demonstrated differences 

in the exchange reactions of rhodium(1) diene 
complexes depending on the nature of the diene, 
the NBD complexes undergoing rearrangements 
more readily than the COD analogues. Also 
relevant here is that for [Rh(diene)L,lf com- 
plexes, n may be 3 for NBD, but only 2 for COD 
systems (13). The stronger n: back-bonding 
properties of NBD have been invoked to rational- 
ize the reactivity patterns (18). 

Infrared data for all of the complexes reported 
here show that the anions are uncoordinated, 
since only the characteristic bands of PF6- and 
SbF,- are observed at 840 vs, 560 s, and 658 vs, 
290 s cm-l, respectively (19). 
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TABLE 3. 'H nmr dataa for [Rh(diene)(PPh,)L]PF, complexesb at 30°C 

6 diene (olefinic)' 

6, coordinated L 

Acetone 
Acetone (NBD) 
DMSO 
DMSO (NBD) 
NPSO 
MPSO 
MPTSO 
TBPTSO 

2.45 s (s-CH J) 
2.50 m (S-CH,), 1.58 tq (-CH2-), 0 .90 t (CH3-) 
2.38 s (S-CHs) 

MBMSO 

sMeasured in ppm (downfield positive) from TMS in CDCI,, unless indicated otherwise; phenyl resonances omitted; s = singlet, m = mul- 
tiplet, t = triplet, tq = triplet of  quartets. 

bDiene = COD, unless indicated otherwise; TMSO complex insufficiently soluble. 
<Appear as broad singlets; HA and H, = olefinic protons trans to PPh, and L, respectively; methylene resonances appear as multiplets at 8 

1.8-2.5. 
dFree ligand signal observed. 
eIn acetone-dz. 
JComplcx sp~ctrum obrerted. 
9s-CH2 resonance obscured. 

Sulfoxide Complexes 
Despite the somewhat complex solution be- 

haviour of 3, such solutions react with an 
equivalent of a sulfoxide to give yellow (COD) 
or yellow-orange (NBD) crystalline products. 
Analytical data are presented in Table 1. The 
complexes are reasonably air-stable in the solid 
state. In solution the NBD derivatives are very 
air-sensitive, while the COD derivatives show 
reactivity only after several hours; the oxidation 
products are as yet uncharacterized but dioxygen 
intermediates are a possibility (20). Treatment of 
the complexes with dihydrogen at 20°C in 
solution gives metal, and dihydride complexes, 
readily formed and detected with the biphos- 
phine cations (5, 13), seem likely intermediates. 
Of interest, a complex [H,Ir(diene)(PPh,),]+ 
has recently been reported (21). 

For [Rh(COD)(PPh,)(DMSO)]A (A = PF,, 
SbF,) a molar conductance of 85 mho cm-' is 
observed in nitromethane, identical to that for 
[Rh(COD)(PPh,),]PF,, a known 1 : 1 electrolyte 
(13). However, solution infrared spectra of these 
DMSO complexes in nitromethane show that the 
solution species is probably [Rh(COD)(PPh,)- 
(MeNO,)]': v(S0) is detected at 1055 cm-l, 
that of free DMSO. 

The 'H nmr spectra for the COD derivatives 
in CDCI, show two signals for the non-equiva- 
lent olefinic protons. The downfield resonance at 
6 - 5.2 is assigned to the protons (HA) trans to 
PPh,, consistent with previous assignments (22) 

for the neutral compounds [MCl(COD)PPh,], 
M = Rh, Ir; in these, the signal due to the 
protons trans to chloride appears at 6 -- 3, 
similar to that found here for those (HB) 
opposite the sulfoxide ligands. 

The down- and up-field shifts of olefinic diene 
protons trans to PPh, and sulfoxide, respectively, 
are further supported by the respective positions 
of the equivalent olefinic protons at 6 4.6 and 
3.9 for the cations [Rh(COD)(PPh,),lf (13) and 
[RI.I(COD)(DMSO),]+ (1 8). 

The methylene protons of the diene appear as 
a broad signal between 6 1.8-2.5. The 'H nmr 
resonances of the olefinic and methine protons 
of the diene in the NBD-sulfoxide compounds 
are complex, as in the NBD-acetone complexes. 
This precludes definitive assignments, but there 
is no evidence for the dissociation of the 
sulfoxide ligands from either the NBD or COD 
complexes in dichloromethane or chloroform at 
room temperature. All the sulfoxide complexes 
contain 0-bonded sulfoxide (see below). 

DMSO and TMSO Complexes 
A sharp 'H nmr singlet due to the DMSO 

methyl protons of [Rh(COD)(PPh,)(DMSO)]- 
PF, appears at 6 2.2, compared to 6 2.6 for the 
free sulfoxide and 6 2.8 for [Rh(COD)(DMSO),]- 
BF, (18). Downfield shifts of up to 1 ppm are 
usually characteristic of S-bonded DMSO, 
while the 0-bonded complexes, in which the 
protons are further removed from the metal, 
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TABLE 4. Some infrared dataa (cm-') for [Rh(COD)(PPh3)L]PF6, L = DMSO and DMSO-d6 

DMSO 

Frequency Assignment 

- 

DMSO-d6 
v(H con~pound) 

Frequency Assignment v(D compound) 

2260 m v(CD) 
2125 m v(CD) 
1042 m WCD) 
1020 s WCD) 
(831 s)' pr(CD3) (1 .25)" 

b pr(CD3) 
950 s,br (955) v(S0) 
430 m v(Rh-0) 1.046 

- 

"Nujol mulls; values in parentheses for CH2Br2 solutions; 4000-250 cm-1. 
bObscured; other S and p, modes are also obscured in the 1450-950 cm-1 region, and thus the isotope ratios here 

cannot be assigned with certainty. 
CFrom SbF6- complex, since obscured in the PF6- derivative. 

show considerably less variation from the free 
values (23). The proximal phenyl rings of PPh, 
must be responsible for the upfield shifts ob- 
served here, and noted previously (24) for 
[Ir(CO)(DMSO)(PPh3)2]C104 (6 1.8). Indeed, 
space filling models suggest that the most 
favorable orientation is one where a phenyl 
group presents a ring centre to the adjacent 
sulfoxide ligand, and such a conformation will 
likely persist during the majority of rotational 
motion. 

Addition of excess DMSO to a solution of 
[Rh(COD)(PPh,)(DMSO)]+ in CDCI, gives a 
sharp resonance at a weighted mean position of 
the free and coordinated ligand, suggesting that 
the exchange is fast on the nmr time scale. 
Interestingly, the COD(-CH=) resonances are 
not broadened. Facile exchange of 0-bonded 
sulfoxides, less so for S-bonded (I), has been 
noted by others (23, 25), and this, together with 
the other nmr and infrared evidence (see below), 
is consistent with the 0-bonded nature of DMSO 
in the present instance. 

The position of the sulfur-oxygen stretching 
vibration in the infrared spectra of sulfoxide 
complexes is diagnostic of the bonding mode; 
S-bonding usually causes an increase of v(S0) 
to about 1100 cm-l, whereas a shift to a lower 
range (1000-900 cm-l) is indicative of donation 
from oxygen (1, 6, 23, 26-29). However, assign- 
ments of v(S0) for 0-bonded sulfoxides with 
a-methyl groups, are complicated by the 
presence of methyl rocking vibrations which are 
similar in energy to the S-0 stretch (26, 27, 
30, 31). 

Bands at 983 and 947 cm-I are observed in 
the CH2Br2 solution infrared of [Rh(COD)- 
(PPh,)(DMSO)]A. The higher frequency band 

is absent in the spectrum of the DMSO-d6 
analogue (Table 4) indicating that the major 
contribution to this band is a methyl rocking 
mode. 

By comparison of the infrared spectra of the 
present compounds with those of other rhodium 
diene species we have assigned v(Rh-0) for the 
TMSO (432 cm-l) and DMSO (450 cm-I) 
compounds. The latter is shifted to 430 cm-I in 
the DMSO-d6 compound, and the frequency 
ratio 1.046 confirms this assignment and indi- 
cates that the vibrational modes are almost pure 
Rh-0 stretches (32). 

By means of a deuteration study, we have 
confirmed the 0-bonded nature of the DMSO 
ligands in [Rh(COD)(DMSO),]+; v(S0) = 950 
cm- l, v(Rh-0) = 473, 465 cm- l. The Rh-0 
stretches again exhibit the expected deuterium 
shift of about 1.05 (32). 

A correlation seems to exist between the bands 
assigned as v(M-0) and the frequency reduc- 
tion of v(S0) on coordination of sulfoxide to 
metals. Data are given in Table 5 for 0-bonded 
DMSO and TMSO in some transition metal 
complexes. There is sometimes ambiguity in the 
assignment of the 0-bonded SO-stretch within 
certain of the DMSO complexes because of the 
methyl rocking modes (27, 31) (two Av(S0) 
values are thus given), but nevertheless v(M-0) 
increases generally with increasing Av(S-0). 
Such a relationship has been suggested (37), but 
not previously documented. Figure 1 shows the 
data plotted for systems where there is thought 
to be no ambiguity. Except for the CrL6,+ 
complexes (L = DMSO, TMSO), the data fall 
within a remarkably well-defined band for all 
the mono-, bi-, and trivalent species. Figure 1 
unfortunately does not aid in establishing the 
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TABLE 5. Infrared dataa for 0-bonded DMSO and TMSO complexes 

Complexb Av(S0)" v(MO) Reference 

26, 32 
25 
25 
33 
1 ,  23 

26, 28b 
Present work 
Present work 
26, 29, 32 
26, 29, 32 
26, 27, 31, 32 
26, 29, 32 
26, 27, 34 
26, 35, 36 

28 
25 
25 
28 

Present work 
28 

"Mulls: in cm-I. 
bDMSO and DMSO designate S- and 0-bonded, respectively (and for TMSO). 
=Frequency shift on 0-coordination. 

416 -15 -14 
5 0  1 ,, a17 ,,://I , 1 

400  450 500 
Q ( M O ) ,  cm-' 

FIG. 1. Plot of frequency shift of v(S0) on coordination of 0-bonded sulfoxide us. v(M0); 0, 
dimethylsulfoxide complexes; @, tetramethylene sulfoxide complexes. Numbers refer to complexes 
listed in Table 5. 

correct assignments for v(S0) and p,(CH,) in 
the M(DMSO);+ species (M = Mn", Fen, 
Co", Ni"). However, Fig. 1 likely resolves the 
corresponding ambiguity in the assignments for 
v(S0) in Cu(DMS0)2+ (940 or 988 cm-l) and 
trans-CuCl,(DMSO), (923 or 980 cm-I); in 
each case, the lower number giving Av(S0) 
values of 1 15 and 132 cm-l, respectively, is more 
consistent with the observed trend us. v(M0). 

Other Sulfoxide Complexes 
The 'H nmr data of the other sulfoxide com- 

plexes (Table 3) show that, except for p-CH,, all 
resonances are shifted upfield from the free 
ligand positions, indicating again a phenyl 
diamagnetic shielding of 0-bonded sulfoxide 
ligands. 

The infrared data in the 900-1000 cm-I region 
for systems uncomplicated by the presence of 
a-methyl rocking modes (i.e., for the DMSO-d,, 
TMSO, TBPTSO, and NPSO systems) show 
that the SO stretch shifts by 70-1 10 cm-' upon 
coordination to the metal (Table 2). This wide 
shift range precludes its use in helping assign 
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v(S0) in the MBMSO, MPSO, and MPTSO 
systems which contain the methyl rocking modes; 
the shift of both bands in the region of interest is 
in the same 7 0 - 1 1 0 ~ m - ~  range (Table 2). 
Nevertheless, the increased complexity in the 
900-1000 cm-I region upon coordination with 
the a-methyl-containing sulfoxides is consistent 
with 0-bonding. Assignments of v(Rh-0) were 
precluded by the multiplicity of infrared bands 
in the 400-500 cm-' region. 

Although diaryl sulfoxides appear to be O- 
bonded to rhodium (upfield nmr shifts) in 
solution, we have been unable to isolate discrete 
complexes, possibly due to unfavorable steric 
interactions in the solid state; the diaryl sulfoxide 
ligands studied were diphenylsulfoxide, and 
S-o-tolyl p-tolyl sulfoxide. 

The choice of S- or 0-coordination with a 
sulfoxide ligand has usually been rationalized in 
terms of steric effects (25, 38). However, con- 
sidering that both the DMSO ligands are 0- 
bonded in the unhindered [Rh(COD)(DMSO),] + 

complex, electronic factors must play a sub- 
stantial role in the cationic rhodium(1) diene 
complexes. Attempts to force S-donation using 
different L1 ligands, as well as investigation of 
the catalytic properties of these complexes, are 
in progress. 

Acknowledgements 
We acknowledge financial support from the 

National Research Council of Canada in terms 
of a research grant and a post graduate scholar- 
ship (R.H.M.), and from the Killam Foundation 
for a postdoctoral fellowship (K.J.R.). The 
RhCl,.3H20 was kindly loaned by Jolinson, 
Matthey Ltd. 

1. R. S. MCMILLAN, A. MERCER, B. R. JAMES, and J. 
TROTTER. J. Chem. Soc. Dalton Trans. 1006 (1975). 

2. B. R. JAMES, R. S. MCMILLAN, and K. J. REIMER. J.  
Mol. Catal. 1, 439 (1976); R. S. MCMILLAN. Ph.D. 
Thesis, University of British Columbia, Vancouver, 
British Columbia. 1976. 

3. J .  D. MORRISON, W. F. MASLER, andM. K.  NEUBERG. 
Adv. Catal. 25,81(1976); B. R. JAMES. Chem. Can. 27 
(9), 27 (1975). 

4. B. R. JAMES. F.  T. T. NG. and G. L .  REMPEL. Can. J. 
Chem. 47,4521 (1969). 

5. R. R. SCHROCK and J. A. OSBORN. J.  Am. Chem. Soc. 
98,2134,2143 (1976), and references therein. 

6. W. L .  REYNOLDS. Prog. Inorg. Chem. 12, 1 (1970). 
7. R. H. CRABTREE. J. Chem. Soc. Chem. Commun. 647 

(1975). 
8. J. CHATT and L. M. VENANZI. J. Chem. Soc. 4735 

(1957). 

9. E. W. ABEL, M. A. BENNETT, and G. WILKINSON. J .  
Chem. Soc. 3178 (1959). 

10. P. FOUGEROUX, B. DENISE, R. BONNAIRE, and G. 
PANNETIER. J. Organomet. Chem. 60,375 (1973). 

11. M. P. LI and R. S. DRAGO. J.  Am. Chem. Soc. 98, 
5129 (1976). 

12. K. VRIEZE and H. C. VOLGER. J.  Organomet. Chem. 
11, P17 (1968). 

13. R. R. SCHROCK and J. A. OSBORN. J. Am. Chem. Soc. 
93,2397 (1971). 

14. L. M. HAINES. Inorg. Chem. 9, 1517 (1970). 
15. H. C.  CLARK^^^ K. J. REIMER. Inorg. Chem. 14,2133 

(1975). 
16. H. C. CLARK and K. J. REIMER. Unpublished results. 
17. (a) K .  VRIEZE, H.  C. VOLGER, and P. W. N. M. VAN 

LEEUWEN. Inorg. Chim. Acta Rev. 3, 109 (1969), and 
references therein; (b) S. KOMIYA, T. A. ALBRIGHT, 
R. HOFFMANN, and J.  K. KOCHI. J. Am. Chem. Soc. 
98,7255 (1976). 

18. M. GREEN and T.  A. Kuc.  J. Chem. Soc. Dalton 
Trans. 832 (1972). 

19. H.  C. CLARK and R. J. O'BRIEN. Inorg. Chem. 2,1020 
(1963); 0. A. SERRA, M. PERRIER, V: K. L. OSORIO, 
and Y. KAWANO. Inorg. Chim. Acta, 17, 135 (1976). 

20. M. LAING, M. J. NOLTE, and E. SINGLETON. J .  Chem. 
Soc. Chem. Commun. 660 (1975). 

21. R. H.  CRABTREE, H.  FELKIN, and G. E. MORRIS. J .  
Chem. Soc. Chem. Commun. 716 (1976). 

22. K. VRIEZE, H.  C. VOLGER, and A. P. PRAAT. J. Or- 
ganomet. Chem. 14, 185 (1968). 

23. I. P. EVANS, A. SPENCER, and G. WILKINSON. J. 
Chem. Soc. Dalton Trans. 204 (1973). 

24. C. A. REED and W. R. ROPER. J. Chem. Soc. Dalton 
Trans. 1365 (1973). 

25. J .  H. PRICE, A. N.  WILLIAMSON, R. F.  SCHRAMM, and 
B. B. WAYLAND. Inorg. Chem. 11,1280 (1972). 

26. F.  A. COTTON, R. FRANCIS, and W. D. HORROCKS, JR. 
J .  Phys. Chem. 64, 1534 (1960). 

27. R. S. DRAGO and D. MEEK. J .  Phys. Chem. 65, 1446 
(1961). 

28. (a) C. V. BERNEY and J.  H. WEBER. Inorg. Chim. 
Acta, 5 ,  375 (1971); (b) J .  REEDIJK, P. W. N. M. VAN 

LEEUWEN, and W. L. GROENEVELD. Rec. Trav. 
Chim. 87, 1073 (1968). 

29. W. F .  CURRIER and J. H .  WEBER. Inorg. Chem. 6, 
1539 (1967). 

30. M. T. FOREL and M. TRANQUILLE. Spectrochim. 
Acta, 26A, 1023 (1970). 

31. C. R. PIRIZ MAC-COLL and L. BEYER. Inorg. Chem. 
12,7  (1973). 

32. C. V. BERNEY and J.  H. WEBER. Inorg. Chem. 7,283 
(1968). 

33. Yu V. FADEEV, YU N. KUKUSHKIN, and K.  A. 
KHOKHRYAKOV. RUSS. J. Inorg. 20, 1519 (1975). 

34. B. F. G .  JOHNSON and R. A. WALTON. Spectrochim. 
Acta, 22, 1853 (1966). 

35. D. M. ADAMS and W. R. TRUMBLE. Inorg. Chem. 15, 
1968 (1976). 

36. J. SELBIN, W. E. BULL, and L. H. HOLMES, JR. J. 
Inorg. Nucl. Chem. 16,219 (1961). 

37. D. W. MEEK, D. K. STRAUB, and R. S. DRAGO. J. Am. 
Chem. Soc. 82,6013 (1960). 

38. A. MERCER and J. TROTTER. J. Chem. Soc. Dalton 
Trans. 2480 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Synthesis of 3,s-dihydroxy-2,2dimethylchroman-4-one and its implications 
for the structure of the phytotoxin stemphylin' 
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A. N. STARRATT and A. STOESSL. Can. J. Chem. 55,2360 (1977). 
3,5-Dihydroxy-2,2-dimethylchroman-4-one was prepared by an unambiguous synthesis. Its 

spectroscopic properties and those of its methyl ether are incompatible with its identity as the 
aglycone moiety of the fungal toxin stemphylin. 

A. N. STARRATT et A. STOESSL. Can. J. Chem. 55,2360 (1977). 
On a prkpark la dihydroxy-3,5 dimkthyl-2,2 chromanone-4 par une synthbe non-ambigue. 

Ses propriktks spectroscopiques et celles de son kther nlkthylique ne correspondent pas A 
celles de la fraction aglycone de la toxine fungale stemphyline. 

[Traduit par le journal] 

The phytotoxic compound stemphylin was 
recently isolated from the fungus Stemphylium 
botryosum (1). It was reported as a "chromone 
glucoside" and assigned structure 1 mainly on 
spectroscopic evidence (I), the interpretation of 
which appeared open to doubt. In order to 
clarify the situation, we prepared chromanone 2, 
the aglycone of 1, and report that its spectro- 
scopic properties render 1 and related structural 
proposals for stemphylin untenable. 

The synthesis of the acetate 3 of chromanone 2 
was accomplished in one step by neutral per- 
manganate oxidation of the known chromene 
acetate 4. The latter was prepared from the 
corresponding chroman 5 essentially as described 
in the literature (2) but also, more conveniently 
and efficiently, by the oxidation of 5 with 
dichlorodicyanobenzoquinone.2 The perman- 
ganate oxidation of 4 furnished 3 in 31% yield 
when 1.6 mol of reagent was used. The mech- 
anism for the formation of ketols from olefins by 
oxidation with neutral permanganate has been 
discussed by Wiberg and Saegebarth (3). An 
oxidation of a chromene to an a-hydroxy- 
chromanone has also been reported with osmium 
tetroxide - sodium periodate (4). 

Mild alkaline hydrolysis of acetate 3 gave the 
3,5-dihydroxychromanone 2, mp 61-62"C, whose 
structure was established by the usual criteria 

'Contribution No. 676. 
ZIn passing, we draw attention to the use of chloro- 

benzene as solvent for this oxidation. This refluxes at a 
temperature comparable to that of xylene but appears to 
be less subject to oxidation itself than the latter com- 
monly used solvent. 

1 2 R = H . X = O H  
3 R = A c , X = O H  
6 K = CH,, X  = OH 
7 R  = Ac, X  = Br 
8 R = H , X = H  
9 R = A c , X = H  

AcO RO 

(see Experimental). This compound absorbs at 
A,,, 215, 275, and 349 nm (E 11 860, 7900, and 
2700) in ethanol as expected, since very similar 
values are reported in the literature for other 5- 
hydroxychromanones (5-7). In water at p H  5.5,2 
absorbs at A,,, 215, 274, and 346 nm ( E  12 300, 
8300, and 2500). In contrast, stemphylin was 
reported (1) to absorb at A,,, 218 and 268 nm 
(E 19 200 and 7330) in water at p H  5.5, with an 
additional weak maximum at 427.5 nm, but no 
mention was made of selective absorption near 
350 nm. Methylation of 2 with diazomethane 
gave methyl ether 6 whose uv spectroscopic 
properties are similar to those of 2, including an 
absorption maximum at 331 nm. This band, 
therefore, is not contingent on the presence of a 
free hydroxyl group at C-5. On the other hand, 
it should be noted that the bathochromic shift 
observed (1) for stemphylin at p H  8.9 suggests 
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STARRATT AND STOESSL 2361 

that this substance does, in fact, possess a free 
phenolic hydroxyl, contrary to the suggested 
structure. No bathochromic shift was observed 
when alkali was added to the spectroscopic 
solution of the methyl ether 6. 

Other significant differences between the 
properties reported for stemphylin and those of 
the chromanone 2 are found in the nmr spectra. 
Particularly striking is the fact that the methyl 
groups of 2 are differentially shielded by the 
hydroxyl attached to C-3. This is observed both 
in chloroform and dimethvl sulfoxide solutioil 
and is also the case with icetate 3 and methyl 
ether 6. The 3-bromochromanone 7, prepared as 
a model, also exhibits this property which is, 
indeed, expected of any 3-substituted 2,2- 
dimethylchroman. Only in the absence of sub- 
stitution at C-3 do the methyl groups at C-2 
become equivalent and give rise to singlet ab- 
sorption as observed in compounds 8 and 9. 
Stemphylin shows only singlet absorption in the 
methyl region (1) and is therefore unlikely to be 
a 3-substituted 2,2-dimethyl chromanone, irre- 
spective of the oxygenation pattern in the aro- 
matic ring. Further, the low field absorption of 
stemphylin is broad and in the range 6 6.6-7.2 
whereas the aromatic protons of chromanone 2 
give rise to well-defined and fully analyzable 
bands in the noticeably wider range 6 6.3-7.5. 

The substitution of glucosyloxy for a hydroxy 
or methoxy group at C-5 of 2 or 6, respectively, 
will not alter their spectroscopic properties to 
any significant extent. Thus, the data reported in 
the present communication clearly indicate that 
the structure of stemphylin must be regarded as 
unknown. This conclusion is also in accord with 
.the gross divergence between the figures calcu- 
lated for the elementary con~position of 1 and 
those determined experimentally for stemphylin 
(1). 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected. Proton magnetic resonance spectra 
were measured with Varian A-60A or XL-100-12 spec- 
trometers with tetramethylsilane as internal standard and 
CDCI3 as solvent unless otherwise stated. Chemical shifts 
of multiplets were measured at the geometric centres and 
J represents observed splittings. Mass spectra were de- 
termined on a Varian MAT 311A mass spectrometer, 
infrared spectra were recorded using a Beckman IR-2OA 
spectrophotometer, and ultraviolet spectra were recorded 
using a Beckman DK spectrophotometer. Silicic acid - 
celite (4: 1) was used for column chromatography and 
separations were monitored by tlc on Kieselgel (Camag). 
Light petroleum, bp 35-6O0C, was used for chroma- 

tography and bp 60-80°C for recrystallizations. Samples 
were sublimed for analysis (Dr. C. DaesslB, Montreal). 

2,2-Dimethyl-5-acetoxychroman, 5 
2,2-Dimethyl-5-hydroxychroman (10) was synthesized 

by the method of Verhe et al. (8) with the exception that 
1,3-cyclohexanedione was reacted with 1-chloro-3-methyl- 
2-butene for 4 h. The crude chroman was acetylated at 
room temperature with acetic anhydride - pyridine and 
the product was purified by column chromatography. 
Light petroleum - methylene chloride (9 : 1) eluted 
material which was recrystallized from ethanol to give 
chroma11 acetate 5, mp 59-61°C (lit. (2) mp 63-633°C); 
nmr 6 1.31 (d, 6H, Me2C), 1.75 (t, J E  6.5 Hz, 2H, 
CH2CMe2), 2.58 (t, J 1: 6.5 Hz, 2H, CH2Ar), 2.28 (s, 
3H, OAc), 6.59 (dd, J E 1.5 and 8 Hz, IH, H-6 or H-8), 
6.70 (dd, J 2. 1.5 and 8 Hz, IH, H-8 or H-6), 7.12 (t, 
J 2: 8 HZ, H-7). 

2,2-Dimethyl-5-acetoxychromene, 4 
(a) Chroman acetate 5 (306 mg) was brominated with 

N-bromosuccinimide as described by Fukami and 
Nakajima (2). Best yields were obtained by monitoring 
each run by nmr. Typically the product was isolated after 
30 min and dissolved in dry benzene (5 ml) containing 
1,5-diazobicyclo[5.4.0]undec-Sene (254 mg). After heat- 
ing at reilux for 5 min, the solution was washed with 
dilute HCI and water and the product was purified by 
column chromatography. Elution with light petroleum - 
methylene chloride (19: 1) gave chromene acetate 4 (146 
mg), an oil; nmr 6 1.43 (s, 6H, Me2C), 2.30 (s, 3H, OAc), 
5.64 (d, J E 10 Hz, lH,  CHCMe2), 6.37 (d, J 2: 10 Hz, 
1 H, CHAr), 6.60 (dd, J 2: 1.5 and 8 Hz, 1 H, H-6 or H-8), 
6.68 (dd, J 2. 1.5 and 8 Hz, lH, H-8 or H-6), 7.12 (t, 
J E 8 HZ, lH, H-7). 

(b) Chroman acetate 5 (220 mg, 1.0 mmol) in chloro- 
benzene (5  ml) was refluxed with dichlorodicyanobenzo- 
quinone (253 mg, 1.1 mmol) until the reagent was con- 
sumed (tlc, 8 h). Column chromatography with light 
petroleum - methylene chloride (19 : 1) afforded pure 
chromene acetate 4 (105 mg; 48%). Ensuing fractions 
contained a little more chromene (12 mg, estimated by 
nmr) admixed with increasing amounts of starting 
material (48 mg). In similar experiments, with carefully 
purified xylene as solvent, only traces of the desired 
product were observed although the reagent was rapidly 
reduced (formation of precipitate). 

2,2-Dimethyl-5-acetoxy-3-hydroxychroman-4-one, 3 
A solution of potassium permanganate (278 mg) and 

magnesium sulfate (21 1 mg) in water (8 ml) was added 
dropwise with stirring during 2.5 h to a solution of 
chromene acetate 4 (240 mg) in ethanol (7.2 ml) at - 15 
to -20°C. The precipitate was filtered off and washed 
thoroughly with boiling water. Extraction of the aqueous 
solution with ethyl acetate yielded the crude product 
(181 mg) which was purified by chromatography. Elution 
with light petroleum - methylene chloride (19: 1) yielded 
a small quantity of starting material (tlc). Further elution 
with light petroleum - methylene chloride (9: 1) gave the 
main product (84 mg) which was recrystallized from 
ether - light petroleum to yield chromanone acetate 3, 
mp 68-70°C; uv (EtOH) h,,, 254 and 322 nm (log E 3.81 
and 3.47); ir (CHCI3) 1762, 1687 (C=O) cm-'; nmr 6 
1.22 and 1.63 (s, 3H each, Me2C), 2.38 (s, 3H, OAc), 
4.36 (s, lH, CHOH), 6.67 (dd, J -  1.5 and 8 Hz, lH, 
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H-6 or H-8), 6.84 (dd, J  Y 1.5 and 8 Hz, lH,  H-8 or H-6), 
7.49 (t, J r 8 Hz, IH, H-7) and in DMSO-d6, 1.19 and 
1.46 (s, 3H each, Me2C), 2.29 (s, 3H, OAc), 4.20 (s, l H ,  
CHOH), 6.72 (dd, J  2: 1.5 and 8 Hz, lH,  H-6 or H-8), 
6.90 (dd, J  1: 1.5 and 8 Hz, 1 H, H-8 or H-6), 7.57 (t, 
J 1: 8 Hz, IH, H-7). Anal. calcd. for Cl3H14O5 : C 62.39, 
H 5.64; found: C 62.19, H 5.80. 

2,2-Dimethyl-3,5-dihydroxychroman-4-one, 2 
Chromanone acetate 3 (1 8 n~g) in ethanol (0.4 ml) was 

treated with a solution of KOH (15 mg) in 80% ethanol 
(3 ml). After standing under nitrogen at room tempera- 
ture for 0.5 h, the solution was acidified with 0.1 N HCl 
and the product extracted into ethyl acetate. The product 
was chromatographed over a short column with light 
petroleum - methylene chloride (19: 1) and recrystallized 
from light petroleum to give chromanone 2, mp 61- 
62°C; uv (EtOH) h,,, 215, 275, and 349 nm (log E 4.07, 
3.90, and 3.43); uv (HZO) h,,, 215, 274, and 346 nm 
(log E 4.09, 3.92, and 3.40) and, after adjustment of p H  
to 9.5 with 0.1 N NaOH, h,,, 237, 280, and 372 nm (log 
E 4.01, 3.77, and 3.66); ir (CHCI,) 1652 (C=O) cm-'; 
nmr 6 1.27 and 1.63 (s, 3H each, Me2C), 4.43 (s, lH,  
CHOH), 6.40 (dd, J r 1 and 8 Hz, IH, H-6 or H-8), 6.50 
(dd, J 2 :  1 and8 Hz, IH, H-8 orH-6), 7.39 (t, J r  8 Hz, 
lH,  H-7), and in DMSO-d6, 6 1.26 and 1.48 (s, 3H each, 
Me,C), 4.33 (s, lH,  CHOH), 6.40 (d, J r 8 Hz, IH, H-6 
or H-8), 6.45 (d, J  1: 8 Hz, IH, H-8 or H-6), 7.40 (t, 
J 2: 8 Hz, lH, H-7), 11.27 (s, lH, ArOH, D 2 0  exchange- 
able); ms m/e calcd. for CllH12O4: 208.0734; found: 
208.0733. Anal. calcd. for CllH1204: C 63.45, H 5.81; 
found: C 63.62, H 5.97. 

2,2-Dimethyl-3-hydroxy-5-methoxychroman-4-une, 6 
Chromanone 2 (14 mg) was methylated with ethereal 

diazomethane and the product was purified by preparative 
tlc (chloroform-methanol, 99: 1). Recrystallization from 
light petroleum yielded methyl ether 6, mp 77-78°C; uv 
(EtOH) A,,, 269 and 331 nm (log E 3.94 and 3.52); nmr 
6 1.22 and 1.62 (s, 3H each, Me2C), 3.93 (s, 3H, OMe), 
4.31 (s, IH, CHOH), 6.48 (d, J  2: 8 Hz, IH, H-6 or H-8), 
6.52(d,J- 8Hz, lH,H-8orH-6) ,7.40(t ,Jr  8Hz, lH,  
H-7), and in DMSO-d6, 6 1.19 and 1.44 (s, 3H each, 
Me2C), 3.77 (s, 3H, OMe), 4.08 (d, J  2: 4 Hz, IH, 
CHOH, s after D 2 0  exchange), 5.54 (d, J  1: 4 Hz, lH, 
OH, D,O exchangeable), 6.42 (d, J % 8 Hz, lH, H-6 or 
H-8), 6.54 (d, J  1: 8 Hz, lH, H-8 or H-6), 7.34 (t, J  r 8 
Hz, IH, H-7); ms m/e calcd. for C12H14O4: 222.0891; 
found: 222.0888. 

2,2-Dimethyl-5-hydroxychuoman-4-one, 8 
2,6-Dihydroxyacetophenone (600 mg) in anhydrous 

ether (10 ml) was slowly added to sodium dispersion (1 g, 
5 pm, 40% sodium - 60% xylene) in anhydrous ether (5 
ml) under nitrogen. The mixture was then heated at 
reflux for 1.5 h. After cooling, dry acetone (5 ml) was 
added slowly and the mixture was stirred for 4 h at room 
temperature and then heated at reflux for 1 h. Water was 
added, the solution was acidified with acetic acid, and the 
product was extracted into ether. Chromatography with 

light petroleum - chloroform (3: 1) yielded a mixture 
(524 mg) of chromanone and acetone condensation 
products. Extraction of an ether solution of this material 
with 1 N KOH and isolation of the alkali soluble material 
yielded chromanone 8 (131 mg), mp 73-74°C (lit. (2) mp 
75.5-76°C); nmr 6 1.48 (s, 6H, Me,C), 2.77 (s, 2H, CH,), 
6.43 (dd, J 2 1 and 8 Hz, IH, H-6 or H-8), 6.53 (dd, 
J  2: 1 and 8 Hz, lH,  H-8 or H-6), 7.42 (t, J 2: 8 Hz, IH, 
H-7); ms m/e calcd. for CllH1203: 192.0785; found: 
192.0785. 

Acetylation of chromanone 8 with acetic anhydride - 
pyridine yielded chromanone acetate 9, an oil; nmr 6 1.44 
(s, 6H, Me2C), 2.34 (s, 3H, OAc), 2.65 (s, 2H, CH2), 6.59 
(dd, J r 1 and 8 Hz, lH,  H-6 or H-8), 6.82 (dd, J  r 1 and 
8 Hz, lH,  H-8 or H-6), 7.42 (t, J 1: 8 Hz, H-7). 

2,2-Dimethyl-5-acetoxy-3-brumuchroman-4-one, 7 
2-Carboxyethyltriphenylphosphonium perbromide (9) 

(266 mg) was added to a stirred solution of chromanone 
acetate 9 (84 mg) in tetrahydrofuran (5 ml) at room tem- 
perature. After 9 h additional reagent (101 mg) was added. 
Stirring was continued for 3 days when reaction was 
essentially complete (tlc). The major product (98 mg) was 
isolated by chromatography with chloroform - light 
petroleum (1 : 1). Recrystallization from ether - light 
petroleum yielded bromochromanone 7, mp 90-92°C; 
nmr 6 1.53 and 1.60 (s, 3H each, Me2C), 2.37 (s, 3H, 
OAc), 4.32 (s, 1 H, CHBr), 6.69 (dd, J 2: 1.5 and 8 Hz, IH, 
H-6 or H-8), 6.88 (dd, J  Y 1.5 and 8 Hz, lH, H-8 or 
H-6), 7.52 (t, J r 8 Hz, lH,  H-7). Anal. calcd. for 
C,,H1304Br:C49.86,H4.18;found: C49.64,H4.48. 

We wish to thank Mrs. H. Schroeder for 100 
MHz nmr spectra, Mr. D. Hairsine for mass 
spectra, and Mr. G. L. Rock and Mrs. M. E. 
Stevens for valuable technical assistance. 
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Ethyl azidoformate has been allowed to react with 1,4-naphthoquinone, 1,2-naphthoquinone, 
and 2-methoxy-1,4-naphthoquinone under different thermolytic conditions. A variety of prod- 
ucts involving addition, substitution, insertion, and molecular rearrangement have been ob- 
served. The nature and yields of these products under different conditions are discussed inrela- 
tion to the mechanisms proposed for these reactions. 

MOHINDER S. CHAUHAN, DAVID M. MCKINNON et RAYMOND G. COOKE. Can. J. Chem. 
55,2363 (1977). 

On a permis a l'azidoformate dlCthyle de rtagir avec les naphtoquinones-1,4, naphtoquinones- 
1,2 et mCthoxy-2 naphtoquinones-1,4 dans diverses conditions de thermolyse. On a observk 
plusieurs produits impliquant des additions, des substitutions, des insertions et des rearrange- 
ments moleculaires. On discute de la nature et des rendements de ces produits sous diverses 
conditions en relation avec les mkcanismes proposCs pour ces rCactions. 

[Traduit par le journal] 

Introduction 
The reactions of azides with conjugated sys- 

tems have been investigated by various workers 
(1-6). The addition of an azide moiety to the 
double bond initially forms a triazoline deriva- 
tive which may be stable or undergo oxidation 
to a triazole (3). Loss of nitrogen to form an 
aziridine (4, 7-9) or subsequent rearrangement 
to form an anil(3) is possible. Various aziridines 
have been reported from the addition of nitrene 
species to the double bonds of various organic 
substrates without any isolation of triazoline 
derivatives (10, 11). The only difference between 
azide and nitrene mechanisms with respect to 
the aziridine formation is the time of loss of 
nitrogen in the reaction sequence. In some cases 
both mechanisms have been encountered (11) 
while in others a concerted mechanism involving 
simultaneous addition of the azide moiety and 
elimination of a nitrogen molecule has been en- 
countered. Recently much interest has been 
shown in the reactions of ethyl azidoformate 
since it is a rigid azide and does not undergo 
Curtius Rearrangement and is a suitable reagent 
for the investigation of azide andlor nitrene 
mechanisms with many organic substrates (9- 
12). We have studied the reactions of this reagent 

with various quinones, firstly to elaborate pre- 
vious findings (13), and secondly, as a method 
of preparation of azepinone derivatives required 
in a separate study. Also, aziridinoquinones 
have potential as anti-tumor agents (14). 

Results 
Reactions with 1,4-Naphthoquinone 

Preliminary experiments on photolysis of ethyl 
azidoformate in the presence of 1,Cnaphtho- 
quinone, as monitored by nitrogen evolution, 
proceeded at a negligible rate, presumably be- 
cause of the masking effect of the quinone 
(A,,, < 4.00 nm). Accordingly, thermolysis was 
investigated at various temperatures and times. 
While at 80°C the reaction proceeded smoothly 
and products la-c, 3a, and 4-10 were obtained 
along with some starting material and tar; a t  
60°C reaction was slow and only compounds l a  
and 10 were isolated along with the starting 
material. At 100°C neither l a  nor 5 were isolated 
and relative yields changed considerably (Table 
1). At higher temperatures increasing amounts 
of tar were obtained and at 114°C explosive de- 
composition was evident. Under a nitrogen 
atmosphere at 80°C, yields were essentially un- 
changed except that 5 was not obtained. Separa- 
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TABLE 1. Thermolysis of ethyl azidoformate with 1,4-naphthoquinone 

(a) Experimental details* 

Naphthoquinone (g) 
Reaction Temperature 

Run Conditions? time (h) PC) Used Recovered Unrecovered 

(b) Isolated yields in mg and percentage yields (in parentheses) of reaction products based on unrecovered 
1,4-naphthoquinone 

Run l a  2 3a 4 1b 5 6 7 l c  8 9 

*For each run the amount of ethyl azidoformate used was 54 g. Nine batches of 1 g each were used in each case. 
?Conditions: A under atmospheric conditions, B under nitrogen. 

tion of the various ~roducts  was achieved bv 
chromatographic and fractional ~r~stallizatio; 
techniques. 

The structures of the products l c  and 8-10 
were established from the identity of their spec- 
tral data with those of authentic specimens. The 
monooxime l c  was most probably derived from 
the oxazirane 3a during chromatography since 
pure oxazirane 3a when passed through a silica 
gel column under similar conditions afforded 
some lc .  The structure of the urethane la  was 
established by spectroscopy and by base-cata- 
lyzed hydrolysis to the anticipated 2-hydroxy- 
1,4-naphthoquinone. The aziridine 2 exhibited a 
2H singlet at F 3.74 due to the protons at the 
saturated ring junction and a carbonyl absorp- 
tion at 1689 cm-' in the infrared, consistent 
with its structure. Although an azide mechanism 
shown in Scheme 1 could easily account for the 
formation of the aziridine, this is not entirely 
consistent with the yields of the products ob- 
tained at various temperatures.   his will be dis- 
cussed below. All attempts at ring expansion of 
2 with acids were unsuccessful. Only urethane 
products were obtained, indicating that in 2, the 
nitrogen atom, despite its association with the 
electron-withdrawing carbethoxy group, is much 
more basic than the oxygen of the carbonyl 
group. Thus treatment of 2 with various acids 
in all cases afforded l a ,  sometimes along with 

other products, depending on the nature of the 
acids; l e  with concentrated sulfuric acid and 
2-hydroxy-l,4-naphthoquinone with hydrochlo- 
ric acid. Glacial acetic acid afforded only l a .  
Attempts at thermal rearrangement in refluxing 
benzene, cyclohexene, or veratrole were unsuc- 
cessful. 

The oxazirane structure of 3a was established 
from its nmr spectrum which exhibited two 
doublets due to the olefinic protons at 6 6.75 and 
7.46. Also, heating under reflux with acetic acid 
yielded the nitrone Id and the oxime l c  as ex- 
pected. The nitrone Id itself yielded the oxime l c  
on heating with acetic acid. A possible mech- 
anism for these conversions is shown in Scheme 2. 

The structure of the urethane 4 was proved by 
alkaline hydrolysis which yielded the expected 
indan-1,3-dione-2-aldehyde, and that of the 
diurethane l b  was proved from its spectral data 
and alkaline hydrolysis to the expected 3-amino- 
2-hydroxy-l,4-naphthoquinone. That l b  arises 
from l a  is shown by the relative yield of l b  in- 
creasing with temperature while that of l a  de- 
creases; also, l a  when treated with ethyl azido- 
formate afforded l b  as a major product. 

The mass spectrum and analysis of 5 were 
consistent with a 1 : 1 adduct of carbethoxyni- 
trene and 1,4-naphthoquinone, but with two 
additional atoms of oxygen. It exhibited car- 
bony1 absorptions at 1751 and 1701 cm-' in the 
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1 2 
a R, = NHCO,Et, R2 = H, X = O  
b R, = R, = NHCO,Et, X = O  
c R, = R, = H,  X = NOH 
d R, = R, = H,  X = &(o-)-CO,E~ 
e R, = OH, R, = NHC02Et,  X = O  
f Rl = OMe, R, = NHC02Et,  X =O fit A 4 CH-NHC02Et 

R2 
0 0 

3 4 

a R, = R 2  = H  
b R, = OMe, R, = NHC0,Et 
c R, = NHCO,Et, Rz = OMe 

ir. The latter is higher than that for 1,4-naph- 
thoquinone and suggested some alteration in the 
quinone ring. The nmr spectrum exhibited two 
1H singlets at 6 5.75 and 6.34 as well as four 
A2B2 type aromatic protons. Thus the structure 
5 is assigned to this compound. A possible 
mechanism for its formation is shown in Scheme 
3. Treatment of 5 with dilute ethanolic hydro- 
chloric acid afforded intractable tar. but when 
5 was treated with water and zinc dust, a small 
amount of ethyl (2-hydroxy-1 ,4-naphthoquinone- 
3-y1)carbamate ( l e )  was obtained, possibly by 
the mechanism shown in Scheme 4. The first 
reduction is analogous to the zinc dust reduction 

of an ozonide, while the formation of the new 
carbon-carbon bond in the second reduction 
stage is analogous to a pinacol formation (15). 
The oxidation at the final stage most probably 
occurs during work-up. 

Either structure 6 or 7 is consistent with the 
properties of the last con~pound isolated. Ele- 
mental analysis indicated a 2: 1 quinone: nitrene 
adduct; in addition, a molecular ion at 401.0898 
was found in the mass spectrum. The nmr spec- 
trum showed AB type two 1H doublets a t  6 6.62 
and 7.04 in addition to aromatic and ethyl 
signals. Attempted hydrolysis with dilute hy- 
drochloric acid yielded only polymeric material. 
We were unable to detect any 3-amino-2-hy- 
droxy-l,4-naphthoquinone or 1,4-naphthoqui- 
none from it and are thus inclined to favor struc- 
ture 6 over 7. Further investigations were aban- 
doned due to lack of material. The compound 
(6 or 7) is probably formed from a dihydro pre- 
cursor by aerial oxidation during work-up, or 
reaction with diethyl azodicarboxylate. 

Reactions with l,2-Naphthoquinone 
The reaction of 1 ,Znaphthoquinone with an 

excess of ethyl azidoformate at 92°C gave prod- 
ucts l la-d  and 12 along with some 8, 9, and l e .  
The structures of the urethanes l l a  and l l b  were 
established by spectral methods, and in addi- 
tion, the treatment of the diurethane l l b  with 
dilute base afforded the expected imidazolone 
l l e .  
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SCHEME 1 

The nmr spectra of the two oxazole products 
llc and lld were rather similar. Treatment of 
llc with dilute acid afforded ethyl (2-hydroxy- 
1,4-naphthoquinone-3-y1)carbamate (le) as ex- 
pected. There was insufficient l l d  to attempt 
this. While it is difficult to rationalize the forma- 
tion of le in terms of reaction between 1,2-naph- 

J 
N-OH 
I I 

thoquinone and ethyl azidoformate, it may be 
explained by the decomposition of either Ilb 
or llc during chromatographic analysis of the 
reaction mixture over silica gel (Scheme 5). 

Reactions with 2-Methoxy-1,4-naphthoquinone 
The reaction between 2-methoxy-1,4-naph- 

n 

thoquinone and ethyl azidoformate at 94°C 
yielded products If, 3b, and llf along with 9, 
le, and ethyl carbamate (13). The structure of 
the urethane If was established from its con- 
version to le by dilute base, and that of llf by 
its identity with an authentic specimen. Its for- 
mation in the reaction may involve the mechan- 
ism shown in Scheme 6. The product 3b was a 

2: 1 adduct of carbethoxynitrene and 2-methoxy- 
1,4-naphthoquinone. Although the ir and the 
nmr spectra were consistent with either struc- 
tures 3b or 3c the low frequency of the methoxy 
group (6 4.48) compared with the corresponding 
peak in the urethane If (6 4.17) favored struc- 
ture 3b. The methoxy group shift in 3c would be 
expected to be closer to the value for that of the 
methoxy group in If as a result of their similar 
environments, whereas that in 3b, due to its 
proximity to the carbethoxy group of the oxazi- 
rane ring would be expected to be shifted to a 
lower field. 

Compound le was formed by the demethyla- 
tion of ethyl (2-methoxy-l,4-naphthoquinone- 
3-yl) carbamate on the silica gel colun~n as some 
of it was also obtained by such treatment of the 
pure compound. 

The formation of diethyl azodicarboxylate 
14 in the thermolysis of ethyl azidoformate has 
been shown (16). This ester is a good dehy- 
drogenating agent (17) and has been shown to 
dehydrogenate both alcohols and amines. Thus 
it is quite likely that the diurethane 10 may be 
formed from the hydrogenation of 14 during the 
reactions and/or chromatographic separation. 
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CHAUHAN ET AL. 

l l c  

Indeed, some of the diurethane 10 was formed 
when pure diethyl azodicarboxylate was run 
through silica gel under conditions similar to 
those employed for the various reaction mix- 
tures. 

The possibility of the formation of the various 
urethanes from the reaction of ethyl carbamate 
with the naphthoquinones was eliminated as 
none of the products were obtained when these 
reagents were heated together. Furthermore, that 
diethyl azodicarboxylate was not involved in the 
formation of any of the products was shown by 
the lack of reaction between it and 1,4- and 1,2- 
naphthoquinone. 

Discussion 
Although the formation of the various prod- 

ucts in the above reactions may be explained on 
the basis of the two electronic states of carb- 
ethoxynitrene a closer examination of the re- 
sults suggests that the azidoester is also involved 
in the formation of some of the products. A 
comparison of the yields of l a  and the aziridine 
2 obtained at 80°C or higher suggests that at 

these temperatures formation of 2 is favored 
over la .  In contrast, at 60-65OC no aziridine 2 
was observed and l a  was the major product. If 
the urethane had been formed by rearrangement 
of the aziridine, greater yields of the urethane 
than the aziridine would also have been expected 
at higher temperatures. The results suggest that 
the urethane and aziridine are formed either 
from different species or from the same species 
but bv different mechanisms. The aziridine 2 
may arise via a nitrene mechanism, since at the 
higher temperatures of its formation, decom- 
position of ethyl azidoformate will be enhanced, 
and in turn will lead to an increased rate of ni- 
trene formation and a higher yield of aziridine. 
On the other hand, it appears unlikely that 
urethane formation, particularly at low tem- 
peratures, involves the participation of nitrenes. 
Alternatively, the urethane and the aziridine 
could both be formed from an intermediate 
triazoline formed by 1,3-dipolar cycloaddition 
of the azide followed bv. because of different < ,  

temperature coefficients for the two competing 
reactions, different modes of decomposition of 
the triazoline at different temperatures.' 

The formation of the oxazole l l c  may be ex- 
plained in terms of a 1,3-dipolar addition of 
carbethoxynitrene to the quinone double bond 
to yield an oxazoline derivative and its subse- 
quent dehydrogenation. Oxazole formation by 
[2 + 0] addition of carbethoxynitrene (1,2-addi- 
tion) followed by a 1,3-shift is also a possibility. 
~ h e s e  suggest the need for the presence of a 
polarized double bond for the formation of 
oxazole or oxazoline derivatives by 1,3-dipolar 

'We are grateful to the referees for helpful suggestions 
on triazoline mechanisms. 
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addition of carbethoxvnitrene. Thus the absence 
of oxazoline or oxazole derivative in the reaction 
of 1,4-naphthoquinone may be due to the sym- 
metrical nature of the quinone ring double bond 
which lacks the tendency to behave as a strong 
dipolarophile required for such 1,3-dipolar reac- 
tions. These results are in agreement with the 
facile formation of 1,3,4-oxadiazole from the 
aliphatic nitriles and carbethoxynitrenes (18) 
and the lack of formation of oxazoline or oxazole 
derivatives from cyclohexene (19). The reverse 
will be exwected for the formation of the aziri- 
dine. This is indicated by the non-occurrence of 
aziridine in the 1,2-naphthoquinone reaction and 
it being a major product in the case of 1,4-naph- 
thoquinone. A mechanism involving 1,3-dipolar 
addition of the azide to the quinone followed by 
loss of nitrogen and subsequent oxidation of the 
oxazoline derivative will also lead to oxazole 
formation, but it is difficult to differentiate be- 
tween these mechanisms experimentally here. 

Both ethyl carbamate and diethyl hydrazo- 
dicarboxylate require triplet carbethoxynitrene 
in their formation (19). The lack of formation 
of ethyl carbamate in the 1,2- and 1,4-naphtho- 
quinone reactions suggests that the formation of 
diethyl hydrazodicarboxylate in these reactions 
did not involve triplet carbethoxynitrene, other- 
wise some ethyl carbamate formation would also 
have been observed as in the reaction of 2-meth- 

Experimental 
Melting points were observed with a Kofler block and 

are uncorrected. Analyses were performed by the Aus- 
tralian Microanalytical service, Melbourne, Australia. 
Infrared spectra were recorded on a Perkin-Elmer model 
137E spectrophoton~eter using samples in potassium 
chloride discs. Nuclear magnetic resonance samples 
were obtained on Varian HR 60 and HA 100 spectrom- 
eters and mass measurements were obtained with the 
A.E.I. M59 spectrometer. Unless otherwise stated light 
petroleum ether refers to the boiling range 60-80°C 
fractions. 

Thermolysis of Ethyl Azidoformate with 
1,4-Naphthoquinone 

A mixture of the quinone (1.0 g) and ethyl azidofor- 
mate (6.0 g) was heated at 80°C for 24 h. The products 
of nine such batches were combined and the excess ester 
removed by distillation under reduced pressure. The 
residue was dissolved in chloroform, and chromatog- 
raphy on silica gel, using elution with benzene, then ben- 
zene with greater concentrations of chloroform gave, 
in order of elution, 1,4-naphthoquinone, triethyl ni- 
trilotricarboxylate (8), di-1,4-naphthoquinone-2-yl (7), 
compound 5, ethyl (1,4-naphthoquinone-2-y1)carbamate 

(la); 3,4-benzo-7-ethoxycarbonyl-7-azabicyclo[41.0]- 
hept-3-ene-2,5-dione (2); 4,5-benzo-1-oxa-2-aza-2-eth- 
oxycarbonylspiro[2.5]octa-4,7-diene-6-one (3a) ; 1,4- 
naphthoquinone monooxime (lc); 2-(N-ethoxycarbonyl- 
aminomethy1ene)indan-1,3-dione (4), diethyl 1,4-naph- 
thoquinone-2,3-dicarbamate (lb), compound 6, and 
diethyl hydrazodicarboxylate (10). 

The reaction was also investigated at 80°C under 
nitrogen, at 60-65°C and 100-103°C. Yields of the various 
products are shown in Table 1. 

Triethyl nitrilotricarboxylate (9) was purified by dis- 
tillation under reduced pressure (1 Torr) when the frac- 
tion distilling at 102-105°C was collected (lit. (20) bp 
146-147"C/12 Torr). The infrared and nmr spectra of 
this compound were identical with those of an authentic 
specimen. 
Di-l,4-naphthoquinone-2-yl (8) crystallized from eth- 

anol in yellow plates, mp 270°C (lit. (21) mp 273-274°C). 
It was found to be identical in all respects with an 
authentic specimen. 

Compound 5 crystallized first from a mixture of ben- 
zene and petroleum ether and then from ethanol in 
colourless needles, mp 108-108.5"C. Anal. calcd. for 
C13HllN06: C 56.32, H 4.00, N 5.05; found: C 56.25, 
H 4.16, N 5.11. Infrared v,,, (cm-I): 1751, 1701, 1610 
nmr (CDC1,) 6 7.63-8.38 (m, 4H, AzBz system), 6.34 
(s, lH), 5.75 (s, lH), 1.37 (t, 3H, J = 7 Hz), 4.35 (q, 
2H, J = 7 Hz). 

Ethyl (1,4-naphthoquinone-2-y1)carbamate (la) crys- 
tallized from ethanol as yellow plates, mp 163.5"C. Anal. 
calcd. for C13HllN04: C 63.67, H 4.52, N 5.71; found: 
C 63.47, H 4.76, N 5.73. Mol. Wt. calcd. for C1 3HllN04 : 
245.0688; found: 245.0688. Infrared v,,, (cm-I): 3300 
(NH str), 1727, 1667 (C=O str), 1639; nmr (CDCI,) 6 7.49 
(s, lH), 7.79 (s, NH), 7.64-8.16 (m, 4H), 1.35, (t, 3H, 
J = 7 Hz), 4.30 (q, 2H, J = 7 Hz). 
3,4-Benzo-7-ethoxycarbonyl-7-azabicyclo[4.1 .O]hept-3- 

ene-2,5-dione (2) crystallized first from a mixture of ben- 
zene and petroleum ether and then from aqueous ethanol 
to give pale yellow needles, mp 74°C. Anal. calcd. for 
C13H11N04: C 63.67, H 4.52, N 5.71; found: C 63.66, 
H 4.58, N 5.97. Mol. Wt. calcd. for C13HllN04: 
245.0688; found: 245.06881. Infrared v,,, (cm-I): 1721, 
1689; nmr (CDCI,): 6 3.74 (s, 2H), 7.66-8.09 (m, 4H, 
AzB2 system), 1.17 (t, 3H, J = 7 Hz), 4.05 (q, 2H, J = 
7 Hz). 
4,5-Benzo-l-oxa-2-aza-2-ethoxycarbonylspiro[2.5]0~- 

ta-4,7-diene-6-one (3a) crystallized from methanol as 
yellow needles, mp 145°C. Anal. calcd. for Cl3Hl,NO4: 
C 63.67, H 4.52, N 5.71; found: C 63.96, H4.52, N 5.84. 
Infrared v,,, (cm-I): 1783, 1653, 1615; nmr (CDCI,) 
6 6.75 (d, lH,  J = 10 Hz), 7.46 (d, lH,  J = 10 Hz), 7.71 
(m, 2H, aromatic), 8.25 (m, 1H, aromatic), 8.83 (m, IH, 
aromatic), 1.46 (t, 3H, J = 7 Hz), 4.50 (q, 2H, J = 7 Hz). 

1,4-Naphthoquinone monooxime (lc) crystallized from 
benzene mp 189°C (dec.) (lit. (22) 193°C dec.). Its ir and 
nmr spectra were found to be identical with those of an 
authentic specimen. A mixture melting point with the 
authentic specimen was also undepressed. 
2-(N-Carbethoxyaminomethy1ene)indan-1,3-dione (4) 

crystallized from a mixture of benzene and petroleum 
ether in pale yellow needles, mp 112°C. Anal. calcd. for 
C13HllN04: C 63.67, H 4.52, N 5.71; found: C 63.72, 
H 4.55, N 5.85. Infrared v,,, (cm-I): 3268, 1748, 1715, 
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CHAUHAN ET AL. 2369 

1667, 1613; nmr (CDCI,) 6 7.70-8.11 (m, 4H), 8.27 (d, 
IH, J =  12Hz), 9.77 (d, NH, J =  12Hz), 1.43 (t, 3H, 
J = 7 Hz), 4.46 (q, 2H, J = 7 Hz). 

Diethyl 1,4-naphthoquinone-2,3-dicarbamate ( lb )  crys- 
tallized from a mixture of benzene and petroleum 
ether as a yellow solid, mp 117°C. Anal. calcd. for 
C16H16N206: C 57.83, H 4.85, N 8.43; found: C 58.12, 
H 5.02, N 8.72. Mol. Wt. calcd. for C16H16N206: 
332.100827; found: 332.10098. Infrared v,,. (cm-I): 
3300, 3247(sh), 1727, 1698, 1667, 1639; nmr (CDCI,) 6 
7.60-8.15 (m, 4H, A2B2 system), 7.86 (s, 2NH) 1.35 (t, 
3H, J = 7 Hz), 4.22 (q, 2H, J = 7 Hz). 

Compound 6 crystallized from methanol as yellow 
lustrous plates, mp 177-179°C (dec.). Anal. calcd. for 
C23H15N06: C 68.82, H 3.77, N 3.49; found: C 68.61, 
H 4.06, N 3.55. Mol. Wt. calcd. for C2,H15N06: 
401.0899; found: 401.0898. Infrared v,,, (cm-I): 1770, 
1667, 1639, 1592; nmr (CDCI,) 6 7.43-8.36 (m, 8H), 
7.04 (d, lH,  J = 10 Hz), 6.62 (d, lH,  J = 10 Hz), 1.04 
( ~ , ~ H , J = ~ H Z ) , ~ . ~ O ( ~ , ~ H , J = ~ H Z ) .  

Diethyl hydrazodicarboxylate (10) crystallized from 
benzene as colourless needles, mp 133°C (lit. (23) mp 
133-134°C). The ir and nmr spectra of this compound 
were identical with those of an authentic specimen. A 
mixture melting point with the authentic specimen was 
undepressed. 

Reaction of Compound 5 with Zinc Dust and Water 
The compound (5) (100 mg) was refluxed with zinc 

dust (100 mg) and water (5 ml) for 30 min. After cooling, 
the filtrate was acidified with dilute hydrochloric acid 
and then extracted with ether (3 x 30 ml). The combined 
ether extracts were washed with water (2 x 30 ml) and 
dried overnight over anhydrous magnesium sulphate. 
Evaporation of the ether and crystallization of the residue 
from petroleum ether yielded ethyl (2-hydroxy-1,4- 
naphthoquinone-3-yl) carbamate (2 mg). The residue, 
after removal of ethyl (2-hydroxy-1,4-naphthoquinone- 
3-y1)carbamate was chromatographed over silica packed 
in benzene. Elution with benzene, benzene-chloroform 
(9:1, v:v), and chloroform yielded a yellow gum which 
could not be crystallized. 

Hydrolysis of Ethyl ( I  ,4-Naphthoquinone-2-yl) carbamate 
( l a )  with Sodium Hydroxide 

The urethane (100 mg) was heated with 10% sodium 
hydroxide solution (8 ml) on a steam bath for 30 min. 
The orange solution was cooled, acidified with dilute 
hydrochloric acid, and extracted with ether (4 x 40 ml). 
The yellow ether solution was washed with water (10ml) 
and then dried over anhydrous magnesium sulphate. 
Evaporation yielded a yellow solid residue which crys- 
tallized from ethanol to give 2-hydroxy-1,Cnaphtho- 
quinone (65 mg), mp 192°C (lit. (24) mp 192°C). 

Reaction of 3,4-Benzo-7-ethoxycarbonyl-7-azabicyclo- 
[4.I.O]hept-3-ene-2,5-dione (2 )  with Acetic Acid 

The aziridine (100 mg) was refluxed with glacial acetic 
acid (10 ml) for 6 h on an oil bath. The acid was then 
evaporated and the residue was crystallized from ethanol 
to give ethyl (1,4-naphthoquinone-2-y1)carbamate (15 
mg). Evaporation of the alcohol yielded starting material 
(75 mg). 

When the above reaction was carried out over 15 h 
there was no change in the nature of the products, al- 

though the relative yields of the urethane (55 mg) to the 
aziridine (35 mg) were changed. 

Reaction of 3,4-Benzo-7-ethoxycarbonyl-7-azabicyclo- 
j4.1.0lhept-3-ene-2,5-dione (2) with Concentrated 
Sulfuric Acid 

Concentrated sulfuric acid (I ml) was added slowly 
with shaking over 10 min to the aziridine (300 mg); the 
colour of the reaction mixture became reddish brown. 
The shaking was continued for another 30 min and then 
the reaction mixture was poured over ice. A yellow solid 
separated out on agitation. This was chromatographed 
over silica gel as usual to give ethyl jl,4-naphthoquinone- 
2-y1)carbamate (150 mg) and ethyl (2-hydroxy-l,4-naph- 
thoquinone-2-y1)carbarnate (30 mg). The latter was crys- 
tallized from ethanol mp 173-174°C. Anal. calcd. for 
C1,H11N05: C 59.77, H 4.24, N 5.36; found: C 59.58, 
H 4.36, N 5.47. Infrared v,,, (cm-I): 3247, 2564, 1669, 
1616; nrnr (CDCI,): 6 7.41-8.30 (m, 4H), 7.79 (s, NH), 
11.82 (s, OH), 1.37 (t, 3H, J = 7 Hz), 4.32 (q, 2H, J = 
7 Hz). 

Alkaline Hydrolysis of Ethyl (2-Hydroxy-1,4-naphtho- 
quinone-3-yl) carbamate l e  

Ethyl (2-hydroxy-l,4-naphthoquinone-3-y1)carbamate 
(50 mg) was heated with 10% sodium hydroxide solution 
(5 ml) on a steam bath for 30 min. The colour of the solu- 
tion became deep blue. The solution was cooled and 
acidified with dilute acetic acid to give a deep red solution. 
It was extracted with ether (3 x 40 ml) and the combined 
ether extracts were washed with water (2 x 20 ml) and 
then dried over anhydrous magnesium sulphate. The 
ether was evaporated on a rotary evaporator and the 
residue was crystallized from ethanol to give dark brown 
red needles of 3-amino-2-hydroxy-l,4-naphthoquinone 
(25 mg) darkening above 138°C (lit. (25) 130-140" dec.). 
MoI. Wt. calcd. for C10H7N03: 189.04258; found: 
189.04228. Infrared v,,, (cm-I): 3472, 3333, 1661 (sh), 
1650, 1608; The nmr spectrum (100 MHz, DMSO-d6) 
6 9.48 (s, OH), 7.50-7.98 (m, 4H), 5.90 (s, 2NH). 

Reaction of 3,4-Benzo-7-carbethoxy-7-azabicyclo[4.1.0]- 
hept-3-ene-2,5-dione (2)  with Dilute Hydrochloric Acid 

The aziridine (200 mg) was added to a 50 ml flask 
containing aqueous ethanolic hydrochloric acid solution 
(6 ml concentrated hydrochloric acid and 3 ml ethanol) 
and the mixture refluxed for 2 h. The solution was cooled 
and the yellow crystalline compound was collected. This 
was identified 'as ethyl (1,4-liaphthoquinone-2-yl)car- 
bamate from its melting point (161°C) and infrared spec- 
trum. Yield 120 mg (60%). 

The filtrate was concentrated on a rotary evaporator 
and the residue crystallized from ethanol to give 2-hy- 
droxy-1,4-naphthoquinone (20 mg). 

Reaction of 4,5-Benzo-I-oxa-2-aza-2-ethoxycarbonylspiro- 
[2,5/octa-4,7-diene-6-one (3a) with Acetic Acid 

The oxazirane (100 mg) was refluxed with glacial acetic 
acid (6 ml) for 10 h. The acetic acid was then removed 
on a rotary evaporator. The residue was heated with 
petroleum ether (2 x 30ml) and the solution filtered. 
The filtrate was cooled to give N-carbethoxy-1,4-naph- 
thoquinone monoimine-N-oxide (Id, 20 mg) in pale yel- 
low needles, mp 104°C. Anal. calcd. for CI3HllNO4: C 
63.67,H4.52,N 5.71; found: C 63.51,H4.90, N 5.65. 
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Infrared v,,, (cm-I): 1786, 1667, 1592; nmr (CDC13) 6 
7.92(d, IH, J =  lOHz), 6.74(d, lH,  J =  lOHz), 7.57- 
7.73 (m, 2H), 8.40 (m, lH), 8.17 (m, lH), 1.46 (t, 3H, 
J = 7 Hz), 4.41 (q, 2H, J = 7 Hz). 

The residue insoluble in petroleum was dissolved in 
benzene and filtered. 1,4-Naphthoquinone monooxime 
(10 mg), identified as above, crystallized from the cooled 
solution. 

The solvent from the filtrate left after the crystallization 
of the oxime was evaporated on a rotary evaporator and 
the residue crystallized from methanol to give the starting 
material (30 mg). 

Chromatography of Pure 4,5-Benzo-I-oxa-2-aza-2- 
ethoxycarbonylspiro[2,5]octa-4,7-diene-6-one (3a) 

The oxazirane (50 mg) was dissolved in benzene and 
chromatographed over silica gel. Elution with benzene 
and benzene-chloroform (9 : 1, v : v) yielded 5 mg of 1,4- 
naphthoquinone monooxime along with the starting 
material. 

Reaction of N-Carbeihoxy-1,4-naphthoquinone monoimine- 
N-oxide ( I d )  with Acetic Acid 

The nitrone (30 mg) was refluxed with glacial acetic 
acid (6 ml) for 10 h. The acetic acid was evaporated on a 
rotary evaporator and the residue was crystallized from 
benzene to give 1,4-naphthoquinone monooxime (15 mg). 

Alkaline Hydrolysis of 2-(N-Carbethoxyaminomethy- 
lene) indan-l,3-dione ( 4 )  

2-(N-Carbethoxyaminomethy1ene)indan-1,3- (20 
mg) was heated with 10% sodium hydroxide solution 
(5 ml) on a steam bath for 30 min. The reaction mixture 
was cooled, acidified with dilute hydrochloric acid, and 
extracted with ether (3 x 30ml). The combined ether 
extracts were washed with water (2 x 30 ml) and dried 
over anhydrous magnesium sulphate. The ether was eva- 
porated and the residue crystallized from petroleum ether 
to give indan-1,3-dione-2-aldehyde as pink crystals, mp 
141°C (lit. (26) mp 14.1-142°C). The infrared and nmr 
spectra of this compound were identical with those of an 
authentic sample of indan-1,3-dione-2-aldehyde. A mix- 
ture melting point with the authentic specimen was also 
undepressed. 

Alkaline Hydrolysis of Diethyl-1,4-naphthoquinone-2,3- 
dicarbamate ( I b )  

The diurethane (100 mg) was heated with 10% sodium 
hydroxide solution (5 ml) on a steam bath for 30 min. 
The colour of the solution became deep blue. The solution 
was cooled and then acidified with dilute acetic acid to 
give a deep red solution. It was extracted with ether (3 x 
30 ml) and the combined ether extracts were washed with 
water (40 ml) and then dried over anhydrous magnesium 
sulphate. The ether was evaporated and the solid thus 
obtained was crystallized from ethanol to give 3-amino- 
2-hydroxy-1,4-naphthoquinone (35 mg). 

Attempted Thermal Isomerisation of 3,4-Benzo-7- 
ethoxycarbonyl-7-azabicyclo[4.l.O]hept-3-ene-2,5- 
dione (2) 

The aziridine (100mg) was refluxed with benzene 
(50 ml) for 72 h. The benzene was evaporated and the 
residue chromatographed over a silica gel column in ben- 
zene to give the starting material. No urethane could be 
detected. 

Similarly when the aziridine was refluxed in cyclo- 
hexene for 72 h or heated in veratrole to 130°C for 48 h, 
only starting material was obtained. 

Reaction of Ethyl (1,4-Naphthoquinone-2-y1)carbamate 
( l a )  with Ethyl Azidoformate 

The urethane (400 mg) and ethyl azidoformate (5 g) 
were heated together at 85°C for 83 h with occasional 
swirling. The unreacted ethyl azidoformate was removed 
by distillation under reduced pressure and the residue 
was chromatographed over silica gel. Elution of the 
column with benzene, benzene-chloroform (9 : 1, v : v), 
and chloroform afforded successively diethyl 1,4-naph- 
thoquinone-2,3-dicarbamate (270mg) and diethyl hy- 
drazodicarboxylate (80 mg). 

Reaction of Diethylazodicarboxylate (14) with 
I ,4-Naphthoquinone 

Diethylazodicarboxylate (10 g) and 1,4-naphthoquinone 
(2 g) were heated together at 80°C for 24 h with occasional 
swirling. The reaction products were dissolved in chloro- 
form and chromatographed over silica gel. Elution with 
benzene followed by a mixture of benzene-chloroform 
(9: 1, V: V) and finally chloroform yielded successively 
diethylazodicarboxylate (8 g), 1,4-naphthoquinone (1.965 
g) and diethyl hydrazodicarboxylate (150 mg). 

When the above reaction was carried out at 60°C for 
28 h and the reaction products chromatographed as be- 
fore diethylazodicarboxylate (8.5 g), 1,4-naphthoquinone 
(1.97 g), and diethyl hydrazodicarboxylate (140 mg) 
were obtained. 

Chromatography of the Pure Diethylazodicarboxylate 
(14) 

Diethylazodicarboxylate (5 g) was dissolved in chloro- 
form and then chromatographed over silica gel. Elution 
with benzene, benzene-chloroform (9 : 1, v : v), and chloro- 
form afforded diethylazodicarboxylate (4.3 g), an un- 
identified pale yellow liquid (130 mg), and diethyl hy- 
drazodicarboxylate (70 mg). 

Thermolysis of Ethyl Azidoformate with I,2-Naphtho- 
quinone 

Ethyl azidoformate (7.2 g) and I ,2-naphthoquinone 
(1.0 g) were heated together at 92°C for 8 h. The prod- 
ucts of eight such batches were combined, the excess azido 
ester was removed as before, and the residue was boiled 
with chloroform (3 x 80 ml) and filtered to give di-1,2- 
naphthoquinone-4-yl. The chloroform solution was con- 
centrated and chromatography on silica gel with elution 
by benzene, then benzene with increasing proportions of 
chloroform, gave successively triethyl nitrilotricarboxylate 
(9) (3.5 g), unchanged 1,2-naphthoquinone (700 mg), ethyl 
(1,2-naphthoquinone-3-yl)carbamate (lla) (5 mg), ethyl 
(2-hydroxy-1,4-naphthoquinone-3-yl)carbamate (Ic) (20 
mg), 2-ethoxynaphtho[l,2-d]oxazole-4,5-quinone (llc) 
(20 mg), 2-ethoxynaphtho[l,2-dloxazole-8,9-quinone 
( l ld)  (5 mg), diethyl-l,2-naphthoquinone-3,Cdicarba- 
mate (llb) (120 mg), di-1,2-naphthoquinone-4-yl (12) 
(3 g), and diethyl hydrazodicarboxylate (10) (2.5 g). 

Ethyl (1,2-naphthoquinone-3-yl)carbamate ( l la)  crys- 
tallized first from a mixture of benzene and petroleum 
ether and then from ethanol to give violet needles, mp 
148°C. Anal. calcd. for C13Hl,N0,: C 63.67, H 4.52, 
N 5.71; found: C 63.82, H 4.57, N 5.59. Infrared v,,, 
(cm-I): 3300, 1721, 1692(sh), 1672, 1623; nmr (CDCI,) 
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6 7.18-7.6 (m, 4H including NH at 7.21), 7.94 (s, 1H), 
7.97 (q, lH,  J =  7and2Hz),  1.33 (t, 3H, J =  7Hz,4.23 
(q, 2H, J = 7 Hz). 
2-Ethoxynaphtho[l,2-dloxazole-4,Squinone (llc) crys- 

tallized first from benzene and then from ethanol, mp 
195°C. Anal. calcd. for C13H9N04: C 64.20, H 3.73; 
f0un.d : C 63.92, H 4.06. Infrared v,,, (cm-I) : 1675, 1631, 
1605; nmr (CDC13) 6 8.07 (q, 1H, J  = 7 and 2 Hz), 7.33- 
7.74 (m, 3H), 1.51 (t, 3H, J =  7Hz), 4.64 (q, 2H, J =  
7 Hz). 
2-Ethoxynaphtho[l,2-dloxazole-8,9-quinone ( l ld )  crys- 

tallized from a mixture of benzene and chloroform to give 
violet rods, mp 235OC (dec.). Anal. calcd. for CI3H9NO4: 
C 64.20, H 3.73 ; found: C 64.08, H 3.99. Infrared v,,, 
(cm-I): 1685,1639; nrnr (TFA) 6 7.59-7.99 (m, 3H), 8.31 
(q, lH, J = 7 and 2 Hz), 1.72 (t, 3H, J = 7 Hz), 4.93 
(q, 2H, J = 7 Hz). 

Diethyl 1,2-naphthoquinone-3,4-dicarbamate (llb) 
crystallized first from benzene and then from ethanol to 
give orange needles mp 180-181°C. Anal. calcd. for 
C16H16NZ06: C 57.83, H 4.85, N 8.43; found: C 57.84, 
H4.76, N 8127. Infrared v,,, (cm-I): 3205,1698,1689(sh), 
1667, 1613, 1587; nrnr (CDCI,) 6 7.34-7.73 (m, 3H), 8.06 
(q, lH, J = 7 and 2 Hz), 8.68 (s, NH), 7.26 (s, NH), 1.32 
(t, 3H, J  = 7 Hz), 1.37 (t, 3H, J = 7 Hz), 4.26 (q, 2H, 
J = 7 Hz), 4.43 (q, 2H, J = 7 Hz). 
Di-1,2-naphthoquinone-4-yl(12) crystallized twice from 

chloroform, then from dioxane, and finally from a mix- 
ture of chloroform and methanol to give an orange crys- 
talline solid mp 290°C (dec.) (lit. (27) 289-290°C dec.). 
Mol. Wt. calcd. for C2,,H1004: 314.0579; found: 
314.0580. Infrared v,,, (cm-l): 1698, 1667; nrnr spec- 
trum (TFA) 6 6.80 (s, 2H), 8.30-8.55 (m, 2H), 7.40-7.96 
(m, 6H). 

Reaction of 2-Ethoxynaphtho[l,2-dloxazole-4,5-quinone 
(Ilc) with Hydrochloric Acid 

The oxazole (10 mg) was heated with 5% hydrochloric 
acid solution (3 ml) on a steam bath for 15 min and the 
solution filtered. The residue (2 mg) was found to be the 
starting material. On cooling the filtrate a yellow crys- 
talline solid (2 mg) separated out which was found to be 
ethyl (2-hydroxy- 1,4-naphthoquinone-3-yl)carbamate. 
The yellow filtrate on ether extraction yielded a further 
2 mg of product. 

Reaction of Diethyl I,2-naphthoquinone-3,4-dicarbamate 
(Ilb) with Sodium Hydroxide 

The diurethane (50 mg) was heated with 10% sodium 
hydroxide (2 ml) on a steam bath for 20 min. The reac- 
tion mixture immediately turned blue and a blue com- 
pound separated out after a few minutes. The solution 
was cooled and filtered leaving a blue residue. This was 
washed with water (30 ml) to remove any residual sodium 
hydroxide and crystallized from methanol to give naph- 
tho[l,2-d]imidazolone-4,5-quinone (lle) (30 mg). Mol. 
Wt. calcd. for CllH6N2O3: 214.03783; found: 214.03715. 
Infrared v,,, (cm-l): 3145, 3205(sh), 3106(sh), 1678, 
1623; nmr spectrum (100 MHz, TFA) 6 10.36 (s, lH), 
8.18 (m, 1H), 7.44-7.88 (m, 3H). The signal for the second 
NH proton was not observed probably due to the very 
rapid exchange with the strongly acidic solvent. 

Reaction of Diethylazodicarboxylate (14) with 
I,2-Naphthoquinone 

1,2-Naphthoquinone (1 g) and diethylazodicarboxylate 

(6 g) were heated together at 90°C for 6 h with occasional 
swirling. The reaction products were dissolved in chloro- 
form and chromatographed over silica gel. Elution with 
benzene, benzene-chloroform, and finally with chloro- 
form yielded diethylazodicarboxylate (4.4 g), 1,Znaph- 
thoquinone (0.5 g), and diethyl hydrazodicarboxylate 
(180 mg). 

Thermolysis of Ethyl Azidoformate with 2-Methoxy- 
1,l-Naphthoquinone 

Ethyl azidoformate (9.1 g) and 2-methoxy-1,4-naph- 
thoquinone (1.0 g) were heated together at 94°C for 9 h. 
The combined products from eight batches were separated 
as before, by distillation of the unchanged azido ester 
and chromatography of the residue with elution by ben- 
zene, chloroforn~-benzene, chloroform, and finally 
chloroform-methanol (19 : 1, v : v) to give successively 
ethyl carbamate (13) (1.6 g), unchanged 2-methoxy-1,4- 
naphthoquinone (1.5 g), ethyl (2-methoxy-1,4-naphtho- 
quinone-3-y1)carbamate (1 f )  (5.0 g), (3b) (480 mg), 
diethyl hydrazodicarboxylate (10) (1.5 g), ethyl (1,2- 
naphthoquinone-4-yl)carbamate (14) (120 mg), and ethyl 
(2-hydroxy-1,4-naphthoquii1one-3-yl)carbamate (90 mg). 

Ethyl carbamate (13) crystallized from petroleum ether 
as colourless needles, mp 48'C (lit. (28) mp 48-50°C). Its 
infrared and nmr spectra were found to be identical with 
those of an authentic specimen of ethyl carbamate. A 
mixture melting point with the authentic specimen was 
also undepressed. 

Ethyl (2-methoxy-1,4-naphthoquinone-3-y1)carbamate 
(1 f )  crystallized from ethanol in yellow needles, mp 140- 
141°C. Anal. calcd. for C14H13N05: C 61.09, H 4.76, 
N 5.09; found: C 60.83, H 4.90, N 5.24. Infrared v,., 
(cm-I): 3165, 2817(sh), 1718, 1689, 1664, 1618; nmr 
(CDCI,) G 7.59-8.14 (m, 4H), 6.84 (s, NH), 4.17 (s, 3H), 
1.32 (t, 3H, J = 7 Hz), 4.23 (q, 2H, J = 7 Hz). 

Compound 3b crystallized from ethanol as pale yellow 
rods, mp 131-132OC. Anal. calcd. for C17H18Nz07: C 
56.35, H 5.01, N 7.73; found: C 56.08, H 4.99, N 7.95. 
Infrared v,,, (cm-I): 3279, 1748,1724,1672,1658, 1613; 
nrnr (CDCI,) G 7.68-8.18 (m, 4H), 7.23 (s, NH), 4.48 (s, 
3H), 1.28 (t, 6H, J  = 7 Hz), 4.07-4.37 (m, 4H). 

Ethyl (1,2-naphthoquinone-4-y1)carbamate (11 f )  crys- 
tallized from chloroform as orange rectangular plates 
decomposing at 205°C. Anal. calcd. for C1 3Hl 1NO4 : 
C 63.67, H4.52, N 5.71; found: C63.44, H4.45, N 5.40. 
Infrared v,,, (cm-') : 3257, 1727, 1686, 1629(sh), 1618 ; 
nrnr (DMSO-d6) 6 7.56-8.19 (m, 4H), 7.10 (s, 1H), 9.98 
(s, NH), 1.34 (t, 3H, J = 7 Hz), 4.27 (q, 2H, J  = 7 Hz). 

Reaction of Ethyl (2-Methoxy-I,4-naphthoquinone-3- 
y1)carbamate (1  f )  with Sodium Carbonate 

The urethane (20 mg) was heated with 10% sodium 
carbonate solution (10 ml) on a steam bath until the solu- 
tion turned red. The solution was cooled and acidified 
with dilute hydrochloric acid to give ethyl (Zhydroxy- 
1,4-naphthoquinone-3-y1)carbamate (13 mg). 

Alkaline Hydrolysis of Ethyl (1,2-Naphthoquinone-4- 
yl) carbamate (I1 f ) 

The urethane (20 mg) was heated with 10% sodium 
hydroxide (5 ml) on a steam bath for 15 min. The solu- 
tion was cooled, acidified with dilute hydrochloric acid, 
and then extracted with ether (3 x 30 ml). The combined 
ether extracts were washed with water (10 ml) and then 
dried over anhydrous magnesium sulphate. The ether 
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was evaporated and the yellow residue crystallized from 5. J. H. BOYER. J. Am. Chem. Soc. 73,5248 (1951). 
ethanol to give 2-hydroxy-1,4-naphthoquinone. 6. W. I. AWAD, S. M. A. R. OMRAN, and F. NAGIEB. 

Tetrahedron, 19, 1591 (1963). 
Preparation of Ethyl (1,2-Naphthoquinone-4-~l)carbamate 7, R. HUISGEN. Angew. Chem. 72,359 (1960). 

( I l f  ) 8. P. SCHEINER. J. Org. Chem. 30,7 (1965). 
TO a mixture of 4-amino-l,2-na~hthoquinone (200mg), 9. 1. BROWN and 0 .  E. EDWARD. Can. J. Chem. 43, 1266 

pyridine (2 ml), and acetonitrile (70 ml) was added ethyl (1965). 
chloroformate (240 mg) dropwise with constant shaking 10. L. H o R N E ~  and A. CHRISTMANN. Angew. Chem. Int. 
over 15 min. The solution was shaken for a further 2 h ~ d ,  ~ ~ ~ l .  2,599 (1963). 
and then refluxed on a steam bath for h.  Cooling and 11. R.  A .  ABRAMOVITCH and B. A. DAVIS. Chem. Rev. 
filtration of the solution yielded a violet solid which was 64, 149 (1964). 
found to be unreacted 4-amino-l,2-naphthoquinone. The 12. W. L ~ ~ ~ ~ ~ ~ .  A ~ ~ ~ ~ ,  them, lnt,  ~ d .  ~ ~ ~ 1 ,  6, 897 
filtrate was evaporated to dryness and the solid residue (1967). 
from this crystallized from chloroform to give ethyl (1,2- 13. M. S. CHAUHAN and R. G. COOKE. Aust. J. Chem. 23, 
naphthoquinone-4-y1)carbamate (160 mg) in 62% yield. 2173 (1970). 

Attempted Synthesis of Ethyl (2-Methoxy-I,4-naphtho- 
quinone-3-yl) carbamate ( I f )  and Ethyl (1,2- 
Naphthoquinone-4-yl) carbamate ( I1  f )  from 
2-Methoxy-1,4-naphthoquinone and Ethyl 
Carbarnate 

2-Methoxy-1,4-naphthoquinone (2 g) and ethyl carb- 
amate (1.5 g) were refluxed in toluene for 48 h. The sol- 
vent was evaporated on a rotary evaporator and the 
residue was dissolved in chloroform and chromatog- 
raphed over silica gel. Elution with a mixture of benzene- 
chloroform (9: 1, v: v), chloroform, and finally with 
chloroform-methanol (19: 1, v:v), yielded only the 
starting materials. 

Chromatography of the pure Ethyl (2-Methoxy-1,4- 
naphthoquinone-3-yl) carbamate ( I f )  

Ethyl (2-methoxy-l,4-naphthoquinone-3-yl)carbamate 
(2 g) was dissolved in chloroform and chromatographed 
over silica gel. Elution with a mixture of benzene-chloro- 
form (9: 1, v:v), followed by chloroform, and finally with 
a mixture of chloroform-methanol (19:1, v:v) yielded 
the starting material along with a small amount of ethyl 
(2-hydroxy-1,4-naphthoquinone-3-yl)carbamate (7 mg). 
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Synthesis and photochemistry of 4,4-diphenyl- y-pyran. Di- n-methane 
rearrangement in a new chromophore 

DENIS GRAVEL, CHRISTIAN LEBOEUF,' AND SERGE CARON 
Dbpnrtement de Chimie, Universit6 de Montr6a1, C.P. 6210, Montrbal(QuP.), Cunndn H3C3V1 

Received January 10, 1977 

DENIS GRAVEL, CHRISTIAN LEBOEUF, and SERGE CARON. Can. J. Chem. 55,2373 (1977). 
A synthesis of 4,4-diphenyl-y-pyran (1) was elaborated from diphenylmethane. Prolonged 

irradiation of pyran 1 in tert-butyl alcohol led to: trans-endo-S,6-diphenyl-2-oxabicyclo[3.1.0]- 
hexene (IS), isomeric 3,5-diphenylpenta-2,4-dienals (6), trans-tert-butyl 3,5-diphenylpent-2- 
enoate (7), cis-tert-butyl 3,5-diphenylpent-2-enoate (8), and isomeric 3,5-diphenylpent-2-enoic 
acids (9). It was established that the photolysis of y-pyran 1 yields only one primary photo- 
product: the oxabicyclo[3.1 .O]hexene derivative 18 via a di-x-methane rearrangement. The 
other compounds isolated result from further irradiation of the primary product. The results 
observed are discussed in the light of the di-x-methane rearrangement mechanism. 

DENIS GRAVEL, CHRISTIAN LEBOEUF et SERGE CARON. Can. J. Chem. 55,2373 (1977). 
Une synthbe du diphCnyl-4,4 y-pyranne a CtC &labor& a partir du diphknylmkthane. L'irradia- 

tion prolongke du pyranne 1, en solution dans le tert-butanol, conduit au: diphknyl-5,6-trans- 
endo 2-oxabicyclo[3.1.0]hexene (IS), diphknyl-3,5 pentadien-2,4 als (6) isomkes, diphknyl-3,s 
pentkn-2 oate de tert-butyle-trans (7), diphknyl-3,s pentkn-2 oate de tert-butyle-cis (8) et acides 
diphCnyl-3,5 pentenolques (9) isomeres. I1 fut de plus ktabli que la photolyse du y-pyranne 1 
conduit a un seul photoproduit primaire: le dkrivC oxabicyclo[3.1 .O]hexkne 18, via un rkarrange- 
ment di-x-mkthane. Les autres produits isolCs rksultent tous de l'irradiation subskquente du 
photoproduit primaire. Les rCsultats observks sont discutCs a la lumikre du mkanisme du 
rkarrangement di-x-mkthane. 

Introduction 
Few photochemical reactions have been 

studied so extensively as the di-n-methane re- 
arrangement (for the latest major contributions 
to appear in the field see ref. la,b; for a review 
see ref. lc). This reaction which occurs on photo- 
lysis of compounds having two n moieties bonded 
to a single sp3-hybridized carbon atom is an 
extremely general process. It formally involves 
the migration of one n moiety from the saturated 
carbon atom to the adjacent sp2-hybridized 
carbon atom of the second n moiety with con- 
comitant formation of a three-membered ring 
(lc). Zimmerman, who first named the rearrange- 
ment, noted that the skeletal change could be 
accounted for by one basic qualitative mechan- 
ism which is represented below ( l ~ ) . ~  

'Predoctoral Fellow. Ministere de I'Cducation du 
Qukbec and ~ a t i o n a l '  Research Council of Canada: 
1973-1977. 

'It is important to note that the x systems, here repre- 
sented by vinyl groups, may alternatively include phenyl 
or carbonyl groups. 

The great number of investigations of this re- 
arrangement, largely due to Zimmerman and his 
co-workers, eventually led to a detailed under- 
standing of (i) how the structure affects the 
excited state multiplicity by which the di-n- 
methane rearrangement proceeds; (ii) how the 
nature of the substituents on the n moieties 
controls the regiospecificity of the rearrange- 
ment; and (iii) the preferred rearrangement 
stereochemistry (lc). 

In those cases where the di-n-methane system 
is comprised in a six-membered ring, the reaction 
leads to  formation of a bicyclo[3.1.0] derivative 
as shown. When the sp3-hybridized carbon 

bears phenyl groups (which add additional di- 
n-methane arrangements to the system) the 
product is formed through phenyl-vinyl bonding 
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with concomitant phenyl migration, whereas in 
the case ofgem-dimethyl substitution the product 
is formed through vinyl-vinyl bonding. 

We were interested in studying some cyclic 
di-n-methane systems where the two n moieties 
in the ring would be joined by a heteroatom. 
Such models should provide further tests to the 
generality of the rearrangement, provide further 
insight into its mechanism, and also give access 
to new hetero bicyclo[3.1.0] systems and their 
chemistry. To our knowledge the photochemistry 
of 4,4-disubstituted y-pyrans has been studied 
by two groups only (4, 5) and in both instances 
the compounds studied were of the 4-aryl-4- 
benzyl type and the sole behavior observed was 
the isomerization to the corresponding a-pyran 
with concomitant 1-3-benzyl migration by a 
probable sigmatropic mechanism. Specific ex- 
amples are represented in Scheme 1. 

SCHEME 1. Photoisomerization of y-pyrans to a-pyrans. 

In our case, the first model chosen for study 
was 4,4-diphenyl-y-pyran (1) which should not 
present the problem of 1-3 sigmatropic shifts. 

Synthesis of the Title Compound 1 
The synthesis of 4,4-diphenyl-y-pyran (1) was 

devised starting from diphenylmethane as out- 
lined in Scheme 2. A first alkylation (6) of the 
anion of diphenylmethane in liquid ammonia 
using 1,l-dimethoxy-2-chloroethane gave the 
corresponding 1,l-dimethoxy-3,3-diphenylpro- 
pane (2) in 67% yield. A second alkylation (6) 
using the same conditions afforded the tetra- 
methoxy diacetal of 3,3-diphenylglutaraldehyde 
(3) in 50% yield. Hydrolysis of the diacetal 3 
in 2 N sulfuric acid led to a quantitative yield of 
an insoluble white powder which appeared to be 
the hemihydrate of the desired 3,3-diphenyl- 
glutaraldehyde (4). Although the mass spectrum 
showed a molecular ion peak at mle 252 which 

Ph 

CHO CHO HO 

SCHEME 2. Synthesis of 4,4-diphenyl-y-pyran (1). 

corresponds to the dialdehyde, the ir showed 
hydrogen bonded hydroxyl absorption at 3190 
and 3290 cm-I and no carbonyl absorption. The 
nmr spectrum in DMSO-d, was also very re- 
vealing in that it showed a well resolved ABMX 
system where only the A proton showed appre- 
ciable coupling to the M proton. The A portion 
appeared as a pair of doublets centered at 
1.68 ppm with JAB = 12.5 Hz and JAM = 10 Hz. 
The B portion appeared as a doublet at 2.91 ppm 
with JAB = 12.5 Hz. The M portion of the sys- 
tem appeared as a doublet of doublets centered 
at 4.65 ppm with JAM = 10 Hz andJMx = 7.5 Hz, 
due to coupling with the hydroxylic proton. In 
fact, the addition of D,O caused the doublet of 
doublets to collapse to a doublet with JAM = 
10 Hz. The X portion of the system, attributed 
to the hydroxylic proton, appeared as a doublet 
at 6.48 ppm with JMx = 7.5 Hz; this signal 
disappeared upon addition of D,O. Final veri- 
fication of these assignments was obtained by 
irradiating the M portion of the system and 
observing the A proton doublet of doublets 
collapse to a doublet (JAB = 12.5 Hz). Since the 
B proton was not appreciably coupled to the M 
proton the dihedral angle between the two must 
be close to 90" (7). 

In order to chemically substantiate our pro- 
posal of the stable crystalline hemihydrate 4, 
the compound was heated slightly above its 
melting point under vacuum for 10 min and the 
nmr spectrum of the resulting yellowish oil 
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recorded and shown to be in perfect accord with 
that expected of 3,3-diphenylglutaraldehyde (5). 
Furthermore, the reverse reaction, ie the addi- 
tion of water, was easily accomplished when the 
dialdehyde 5 obtained above was heated at 
100°C for 30 min in a mixture of DMSO and 
10% HC1,20: 1, and the resulting solution diluted 
with cold water to give hemihydrate 4 as a pre- 
cipitate whose physical and spectroscopic pro- 
perties proved identical to those of the original 
hemihydrate. 

Having demonstrated to a satisfactory degree 
of confidence the fact that dialdehyde 5 existed 
in the form of a hemihydrate (4) we proceeded 
to eliminate 2 mol of water from the compound 
by treating it with tosyl chloride in pyridine at 
140°C (8). The product obtained in an 80% yield 
was shown unambiguously by ir, nmr, uv, and 
mass spectrometry to be the desired 4,4-diphenyl- 
y-pyran (1) (see Experimental). 

Preparative Scale Photolysis and Spectroscopic 
Characterization of Photoproducts 

The ultraviolet irradiation during 20 h and at 
254 nm of 500 ml of a 4.2 x M solution 
of 4,4-diphenyl-y-pyran (1) in anhydrous tert- 
butyl alcohol led to a mixture of at least iive 
products as evidenced by thin layer chromato- 
graphy (tlc). Separation of the mixture was 
carried out using preparative scale tlc on silica 
gel. In increasing order of polarity the products 
isolated were (see Scheme 3): starting material 
1 (11%); 3,5-diphenylpentadienal (6) (773, as a 
mixture of isomers which we did not attempt 
to separate; tert-butyl trans-3,5-diphenylpent- 
2-enoate (7) (15%); tert-butyl cis-3,5-diphenyl- 
pent-2-enoate (8) (9%) and 3,5-diphenylpent-2- 
enoic acid (9) (8%), as a mixture of cis and trans 
isomers. A 13% yield of a highly polar yellow oil 
was also isolated but not characterized. 

The unsaturated aldehyde 6 was characterized 
by its mass spectrum which showed a molecular 
ion at mle 234 (100%) and an important peak 
(62%) at mle 205 for the loss of CHO, thus 
showing the product was an isomer of the 
starting material and was probably an aldehyde. 
In the ir the product showed the characteristic 
absorption of an unsaturated carbonyl at 
1665 cm-' along with vinyl and aryl absorption 
at 1610 cm-l. The nmr spectrum showed com- 
plex absorption in the vinyl and aryl regions 
(13H), i.e. from 5.8 to 7.5 ppm and two doublets 
(1H) at 9.2 and 10.0 ppm ascribable to isomeric 
aldehydes in the mixture. Finally, the uv spec- 
trum had a A,,, at 315 nm ( E  1200) with long 
wavelength absorption extending into the visible, 
characteristic of extended conjugation. These 
results, however, give no clue as to the relative 
position of the phenyl groups on the carbon 
chain, a point of vital importance in the re- 
arrangement. A definitive and final proof of 
structure was therefore established by chemical 
correlation as will be shown below. 

The tert-butyl ester 7, on the other hand, 
could be characterized much more satisfactorily 
with spectroscopic techniques. The mass spec- 
trum showed a molecular ion at mle 308 in- 
dicating the product results from the addition 
of solvent to an isomer of the starting material, 
probably a ketene. Fragment ions at M - 56, 
(M - 56) - 45, and (M - 56) - 17 indicate, 
respectively, the loss of (CH,),C=CH, by 
McLafferty rearrangement of a tert-butyl ester 
(9) followed by the loss of COOH or OH. The 
base peak at mle 91 is characteristic of a 
PhCH,- moiety in the structure. The ir spec- 
trum showed an intense absorption at 1705 cm-' 
indicating an a,p-unsaturated ester. In the nmr, 
a singlet (9H) at 1.55 ppm confirmed the pres- 
ence of a tert-butyl group attached to an oxygen 

(CH3),C02CKH Ph 
8 9 

SCHEME 3.  Preparative scale photolysis of 4.4-diphenyl-y-pyran (1). 
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COOH H COOH 

Photoaldehydes 6 trans-Photoester 7 Photoacids 9 

SCHEME 4. Synthesis of reference compounds and structure correlations. 

atom. A symmetrical multiplet (5H) extending 
from 2.5 to 3.6 pprn could represent the 
AA'MM' portion of an AA'MM'X system such 
as PhCH,CH,-C=CH-. A singlet (1H) at 

I 
6.0 pprn is characteristic of a vinyl proton. 
Finally, two broad singlets (10H) at 7.28 and 
7.45 correspond to the aromatic protons. The 
stereochemical arrangement about the trisub- 
stituted double bond was unambiguously estab- 
lished by nOe experiments (10): irradiation of the 
methylene signal at 3.37 (downfield portion of 
the AA'MM' part of the AA'MM'X system) 
caused an increase in intensity of 11 to 13% 
of the vinyl proton signal at 6.00 pprn (X portion 
of the AA'MM'X system). As will be shown 
below the other stereoisomeric ester showed no 
noticeable nOe effect. 

Complete characterization of tert-butyl ester 8 
was also possible using spectroscopic techniques. 
The mass spectrum and the ir spectrum were 
characteristic and similar to those of ester 7 
(see Experimental). The nmr spectrum on the 
other hand showed the tert-butyl group as a 
singlet at 1.28 pprn and the AA'MM' portion 
of the AA'MM'X system as a deceptively 
simple widened singlet at 2.76 ppm. This hy- 
pothesis was substantiated by the progressive 
addition of small amounts of Eu(fod), to the 
nmr sample solution (11) and the observation 
of the evolution from a deceptively simple singlet 
to a more complex pattern similar to that ob- 
served in the case of the other isomer. The vinyl 
proton appeared as a singlet at 5.93 pprn and 
the aromatic protons as a broad singlet at 

7.34 ppm. Again in this case, nOe experiments 
(10) were conclusive in showing the stereo- 
chemistry about the double bond; indeed, 
irradiation of the deceptively simple signal at 
2.76 pprn caused no noticeable increase in inten- 
sity of the singlet at 5.93 pprn while such experi- 
ments had caused an 11 to 13% increase in the 
intensity of the vinyl proton signal in the case 
of ester 7. 

The diphenylpentenoic acid (9) was isolated 
as a mixture of cis and trans isomers and was 
characterized as such. In the ir, characteristic 
absorptions appeared at 3500, 1725, and 
1620 cm-l. In the nmr, the allylic and benzylic 
methylenes appeared as a multiplet between 
2.50 and 3.60 ppm, the vinyl proton as a singlet 
at 5.90, the aryl protons as a multiplet at 6.80 
and 7.80 ppm, and finally the carboxyl proton 
as a singlet at 1 1 .OO ppm. 

Synthesis of Reference Compounds and Structure 
Correlations 

In order to fully characterize the photo- 
aldehydes isolated and also in order to corrobo- 
rate the structures of the photoacids and esters 
obtained, the unambiguous synthesis of au- 
thentic reference compounds was carried out 
(see Scheme 4). 

A mixture of authentic trans- and cis-ethyl 
3,5-diphenylpent-2-enoate (12 and 13) was ob- 
tained from chalcone (10) by first reducing it to 
dihydrochalcone (11) (12) and then treating it 
with diethylcarbethoxymethylphosphonate in 
the presence of sodium hydride (13). Separation 
of the mixture by preparative tlc yielded samples 
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of authentic trans- and cis-ethyl 3,5-diphenyl- 
pent-2-enoate (12 and 13). Total yield of esters 
35%. 

Saponification of the trans ester 12 using 
potassium hydroxide in ethanol yielded 75% of 
recrystallized trans acid 14. This authentic acid 
was used as reference material in all three 
chemical correlations to be described below. 

Structure Correlation of the trans Photoester 7 
Treatment of tert-butyl ester 7 with a catalytic 

amount of p-toluenesulfonic acid in refluxing 
benzene (14) yields a carboxylic acid which is 
identical in all respects with the authentic trans 
acid 14. 

Structure Correlation of the cis-trans Mixture of 
Photoacids 9 

The reference acid 14 was first esterified with 
diazomethane (15) to yield authentic methyl 
ester 15 which was compared by vpc, using two 
different columns, to the mixture of methyl 
esters obtained by treating photoacids 9 with 
diazomethane. 

Structure Correlation of Photoaldehydes 6 
Authentic methyl 3,5-diphenylpentanoate (17) 

was first prepared from the unsaturated reference 
acid 14 by catalytic hydrogenation (16) followed 
by esterification with diazomethane (15). The 
mixture of photoaldehydes 6 was oxidized with 
nickel peroxide (1 7) to the corresponding mixture 
of acids which was hydrogenated (16) and then 
esteriiied with diazomethane (15) to yield a 
methyl ester identical to authentic methyl 3,5- 
diphenylpentan~ate.~ 

Isolation and Characterization of the Primary 
Photoproduct 18 

Consideration of the structures presented in 
Scheme 3 reveals that the expected primary 
photoproduct, a diphenyl-2-oxabicyclo[3.1.0]- 
hexene (18 in Table l), was not isolated from the 
photolysis. However, it also suggests that photo- 
aldehyde 6 is possibly formed through thermal 
or photochemical ring opening of the unobserved 
primary photoproduct 18. Finally, it is apparent 
that should the suggested primary photoproduct 
be formed it must involve the phenyl-vinyl 
bonding pathway since photoaldehyde 6 shows 
one of the phenyl groups migrated. 

3The comparison was carried out on silica gel tlc 
plates using three different eluting mixtures and by vpc 
using two different columns. 

TABLE 1. Comparison of nmr data of primary 
photoproduct 18 with those of pertinent models 

Structure Coupling constants Reference 
Ph 

J1,6 = 7 
J3,4 = 2 . 5  This work 

This hypothesis was fully verified when a small 
scale photolysis of diphenylpyran 1 was carried 
out and the reaction monitored by tlc. It was 
then possible to isolate a 10% yield of a new 
product which was characterized as trans-endo- 
5,6-diphenyl-2-oxabicyclo[3.1 .O]hexene (18). In 
the nmr this compound showed two typical AB 
systems, one for the cyclopropyl protons and one 
for the vinyl protons. The first of these is charac- 
terized by a doublet centered at 2.50 ppm 
( J  = 7 Hz) for the cyclopropyl proton in the 6- 
position and a second doublet centered at 
4.73 ppm ( J  = 7 Hz) for the cyclopropyl proton 
in the 1-position. This latter signal shows 
broadening probably due to long range W 
coupling with the 3-proton. The second AB 
system has a doublet centered at 5.10ppm 
(J = 2.5 Hz) for the vinyl proton in the 4- 
position and a second doublet centered a t  
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5.96 ppm ( J  = 2.5 Hz) for the vinyl proton in 
the 3-position. Again, this latter signal shows 
broadening most probably due to long range W 
coupling with the 1-proton. 

In view of the fact that only one stereoisomer 
of the primary photoproduct could be isolated 
in sufficient amount for characterization4 and 
also due to the great importance of the primary 
photoproduct structure and stereochemistry in 
establishing the intimate detail of the rearrange- 
ment (lc) we have included for conlparison a 
table of nmr coupling constants for representa- 
tive model substances (see Table 1). 

It is readily apparent from the table that a 
typical value for J, ,,cis is of the order of 8.5-9 Hz 
and that a J, ,,trans is of the order of 4 Hz. The 
value of 7 Hz observed in the case of primary 
photoproduct 18 is in excellent agreement with 
a cis arrangement of protons 1 and 6 if one takes 
into consideration the fact that the oxygen in the 
2-position should lower the value of the coupling 
constant between H-1 and H-6 due to an electro- 
negativity effect not present in the other models 
included for comparison. The phenomenon of 
the lowering of vicinal coupling constants by 
electronegative substituents has been amply 
demonstrated in the case of substituted cyclo- 
propanes (21) and is well documented in the 
literature generally (22, 23). 

In the case of J,,,, the value of 2.5 Hz ob- 
served for primary photoproduct 18 is con- 
siderably lower than that of 5.5 Hz reported for 
the carbocyclic model compounds. This lowering 
of the coupling constant is again attributable to 
the electronegativity effect of the oxygen atom. 
This assertion is supported by the value of 2 Hz 
reported for J2,, in 4,5-dihydrofuran (19, 20, 
23). 

The fact that the primary photoproduct 18 
had not been observed in the original prepara- 
tive scale photolysis is due in part to the fact 
that under the tlc conditions used to monitor 
the reaction and separate the products, the 
primary photoproduct 18 has the same R, as the 
starting material, but mostly to the fact that it 
was present in very small amount since it is not 
stable under the conditions of photolysis and 
subsequent manipulations as we shall see below. 

40nly once have we been able to observe a compound 
which is presumably the cis-exo isomer. It was isolated 
by preparative tlc in the usual manner but rearranged 
almost quantitatively to the known mixture of aldehydes 
6 during extraction from the silica gel using a Soxhlet 
continuous extraction apparatus. 

Interrelation Between the Products of Photolysis 
In an effort to establish the relationship be- 

tween the various products formed during photo- 
lysis and also to verify that the primary photo- 
product 18 isolated was the sole primary product, 
we carried out the photolysis of each compound 
isolated (see Scheme 5) 

In a first instance, the primary product 18 
was applied to three tlc plates (silica gel) and the 
first plate irradiated for 1 h with 254 nm light; 
after elution the da t e  revealed extensive forma- 
tion of the photoildehyde 6 already characterized 
in the preparative scale photolysis, thus showing 
that aldehyde 6 is possibly formed by sub- 
sequent photochemical rearrangement of the 
bicyclic primary product 18. The second plate 
when heated in an oven at 150°C for 10 min 
showed, after elution, a quantitative rearrange- 
ment of the primary product 18 to the photo- 
aldehyde 6, thus showing that the previously 
described rearrangement may also be brought 
about thermally. Finally, the primary product 
18 spotted on the .third plate showed partial 
rearrangement to the photoaldehyde 6 when a 
methanolic solution of p-toluenesulfonic acid 
was applied over the spot and the plate eluted 
after standing 30 min at room temperature. This 
result shows that rearrangement of the bicyclic 
primary product 18 to the aldehyde 6 can not 
only be initiated photochemically or thermally, 
but also by acid catalysis. 

These findings are, in the end, not surprising 
in view of the fact that an examination of the 
literature revealed numerous examples of studies 
of carbenic additions to furans (24) which show 
that the 2-oxabicyclo[3.1.0]hex-3-ene initially 
formed is generally unstable thermally or in 
presence of acid or photochemically, when the 
compound has a chromophore with a significant 
abs&tion coefficient. 1n the mesent case it is 
therefore readily understandablle that the primary 
photoproduct 18 be unstable and isomerize 
under the three different sets of conditions to the 
corresponding open-chain aldehyde 6 as de- 
picted in Scheme 5. 

The formation, on the other hand, of esters 
7 and 8 during photolysis appears less trivial at 
first glance, but may be rationalized on the basis 
of two well known processes. Indeed, it is plaus- 
ible to envisage that the tert-butyl ester is formed 
by reaction of the solvent on an intermediate 
ketene which would be formed by a [1,5] 
sigmatropic shift of the aldehydic hydrogen to 
the 5 position of the chain. Such photochemical 
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[1,5] shifts are well known in the case of ali- 
phatic conjugated dienes (25a) but it appears that 
this could be the first example involving an 

CH3 > = c H ~  + 
CH3 HO ,$, Ph A o&ph - 

I 
1-Bu 

unsaturated aldehyde. 
It is interesting to point out that Pirkle et al. 

(25b) have observed analogous [1,5] hydrogen 
shifts in the intermediate unsaturated ketene 
aldehydes formed in the pyrolysis of 2-pyrone 
derivatives but these shifts did not take place 
when the intermediate was formed by photolysis. 

C A CH2-Ph 
I I 
0 

In order to provide evidence to support our 
hypothesis of this two-step transformation a 
50 mg sample of photoaldehyde 6 was irradiated 
in tert-butyl alcohol-0-d and the major trans- 
tert-butyl ester isolated. The mass spectrum 
showed a molecular ion at mle 309 which in- 
dicates that the ester is formed by incorporation 

SCHEME 5. Interrelation between products formed in the photolysis of 4,4-diphenylpyran. 

of the elements of one molecule of tert-butyl 
alcohol-0-d and that no deuterium is present at 
the 5-positions of the chain since the base peak 
of the spectrum appears at mle 91 and not mle 
92. Unfortunately, the small amount available 
did not allow the recording of a useful nmr 
spectrum, Ft technique not being available to 
us at that time. 

To circumvent this difficulty .the starting 
4,4-diphenylpyran (1) was irradiated in tert- 
butvl alcohol-0-d and the trans ester isolated 
and analyzed by both mass spectrometry and 
nmr. As expected, the mass spectrum proved 
identical to that obtained in the previous ex- 
periment. The nmr spectrum, on the other hand, 
provided supportive and conclusive evidence 
concerning the presence and the position of the 
incorporated deuterium atom. Indeed, whereas 
the undeuterated trans ester showed the vicinal 
4- and 5-methylene groups as a multiplet for the 
AA'MM' portion of an AA'MM'X system,the 
spectrum of the deuterated material showed a 

doublet ( J  - 7 Hz) at 2.60 ppm for the 5- 
methylene group and a triplet ( J  - 7 Hz) at 
3.25 ppm, in excellent accord with a CHD group 
in the 4-position. 

Finally, the relationship between the photo- 
esters and the photoacids was easily established 
by carrying out the photolysis of a small sample 
of the trans-tert-butyl ester (7) and showing by 
tlc the progressive formation of the previously 
characterized photoacids (9). The photochemical 
Norrish type I1 decomposition of tert-butyl 
esters to  yield the corresponding acids and iso- 
butylene is well known (26) and the case re- 
ported herein is an additional example of this 
general reaction. 

Discussion 
Although sensitization and quenching results 

have not yet been obtained, the evidence thus 
gathered in the photolysis of 4,4-diphenyl-y- 
pyran (1) clearly points to a di-n-methane re- 
arrangement in the primary photochemical step. 
Indeed, the bicyclo[3.1.0] nature of the re- 
arranged product and the trans-endo relation- 
ship of the phenyl groups are characteristic 
features of this rearrangement (lc). The stereo- 
chemistry observed in the phenyl migration is 
fully in accord with a concerted process in- 
volving inversion of configuration at the central 
('methane') carbon and where rearrangement 
occurs in an anti-disrotatory mode as repre- 
sented (lc). 

Another observation which may be made 
pertains to the multiplicity of the reacting 
excited species. Zimmerman and co-workers 
have shown (lc) that di-n-methane systems 
having nonconstrained or free n moieties usually 
give an efficient rearrangement from the excited 
singlet state, because of an energy dissipation 
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chromophores were not at least slightly coupled 
since they are homoconjugated and compound 
1 has I,,, 240 nm (E 1050). The excitation 
energy should then probably be distributed over 

+ & the entire n system. h e  situation could, on the 
other hand, be quite different in the case of the 
triplet state where energy could be more or less 
localized in one of the n moieties. Unfortunately 
we have no data at this time to warrant anv 

process available in the triplet state i.e. rotation 
about the excited n-bond or cis-trans isomeriza- 
tion. This deactivation process was named the 
"free rotor effect". In the case of compounds 
having constrained n-moieties the di-n-methane 
rearrangement usually proceeds efficiently from 
the triplet and inefficiently from the singlet, 
probably due to efficient alternative pathways. 

The 4,4-diphenyl-y-pyran (1) studied, being 
made up of constrained non-free n-moieties, the 
di-n-methane rearrangement observed should 
proceed more efficiently from the excited triplet 
state. However, since compound 1 did not show 
any primary photoreactivity other than di-n- 
methane rearrangement, it is possible that part 
of the rearrangement also originates from the 
singlet state. 

Concerning the absolute regiospecificity ob- 
served i.e. rearrangement with phenyl-vinyl 
bridging (path a Scheme 6) totally preferred over 
vinyl-vinyl bridging (path b, Scheme 6), it 
appears, at first glance, that it could be due to 
the localization of the excitation energy mostly 
in the phenyl groups. Indeed, the divinyl ether 
chromophore (in a seven-membered ring) ab- 
sorbs at 216 nm (E 3720) and 231 nm (E 2000) 
(27) while phenyl absorbs at 255 nm (E 204) (28). 
However, it would be very surprising if both 

SCHEME 6. Odd-electron representation of a priori pos- 
sible reaction pathways inthe 4,4-diphenyl-y-pyran system. 

further discussion on that aspect. 
A more plausible approach to explain the 

occurrence of path a over path b would be the 
relative ease of formation of the cyclopropyl- 
dicarbinyl-diradical species5 where that in path 
a has more odd-electron stabilization relative 
to that in path b. Indeed, Zimmerman, in a study 
of substituent effects in the singlet di-n-methane 
rearrangement of an acyclic diene has concluded 
(29) that "bridging is the major process affecting 
the rate". In addition, one might point out that 
the diradical species in path a should also pro- 
ceed to final product with greater ease due to  the 
rearomatization of a phenyl ring which con- 
stitutes a very favorable driving force. In a 
comparative study of 1-methylene-4,4-dimethyl- 
cyclohexa-2,5-diene and the 4,4-diphenyl analog 
(vide supra), Zimmerman has commented (3) 
that the results "can be interpreted as an in- 
herent preference for the phenyl participation 
process with intervention of phenyl migration 
whenever possible" and that vinyl migration 
seems to be abnormally inefficient compared to 
phenyl migration. In view of the present results 
it would appear that the above remarks apply 
equally well to the case of 4,4-diphenyl-y-pyran 
(1). 

Finally, if we compare the results reported for 
the photolysis of 4-phenyl-4-benzyl-y-pyrans 
(4, 5) (see Scheme 1) which rearrange to the 
corresponding 4-phenyl-2-benzyl-a-pyrans via a 
[1,3] sigmatropic shift, with the results reported 
herein on 4,4-diphenyl-y-pyran which gives only 
di-n-methane rearrangement, we have another 
remarkable example of the control of excited 
state processes by substituent effects. 

Experimental 
The silica gel used for preparative thin layer chroma- 

- 

'It is important to note here that this rationalization 
does not require a nonconcerted mechanism. As Zimmer- 
man remarked (lc): "the diradical species may just be 
points on a potential energy surface and not represent 
minima". This argument has been given ample substance 
in Zimmerman's recent work (la).  
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tography was GF-254 from Merck or G/UV 254 from to yield pure 2,6-dihydroxy-4,4-diphenyltetrahydropyran 
Machery-Nagel. Melting points were taken on a Biichi (4); 2.23 g (95%); mp 138-140°C; ir (Nujol) 3290 and 
apparatus and are uncorrected. The ir spectra were re- 3190cm-I ; nrnr @MSO-d6), 6 7.21 (complex signal, lOH), 
corded on a Beckman model IR-8 apparatus. The nrnr 6.48 (d, 2H, J = 7.5 Hz), 4.65 (dd, 2H, J = 10 Hz), 
spectra were recorded on a Varian model A-60 apparatus 2.91 (d, 2H, J = 12.5 Hz, lowfield portion of the AB 
or a JEOL model C60-H apparatus using TMS as internal system), 1.68 (dd, 2H, J = 10 Hz, J = 12.5 Hz, high- 
reference. The nOe experiments herein described were field portion of the AB system). After exchange with 
performed on a JEOL model JNM-4H-100 apparatus. D20,  signal at 6 6.48 disappears (hydroxylic protons) and 
The letters s, d, t, q, m, meaning respectively singlet, signal at 6 4.65 collapses to a doublet, J = 10 Hz. De- 
doublet, triplet, quadruplet, and multiplet, are used in the coupling experiment: signal irradiated at 6 4.65, signal 
description of the spectra. The uv spectra were recorded observed at 6 1.68 collapses to a doublet, J = 12.5 Hz. 
in ethanol on a Bausch and Lomb Spectronic 505 spectro- Further experimental proof to the proposed structure 
photometer. The mass spectra were obtained from AEI was obtained when a small amount of the title compound 
MS902 and Hitachi-Perkin-Elmer RMU6D mass spec- was heated for 10 min in vacuo, slightly above its melting 
trometers. Photolyses were carried out in a Rayonet point, and gave quantitatively the expected corresponding 
photochemical reactor equipped with 254 nm lamps. dialdehyde, 3,3-diphenylglutaraldehyde (5), as an oil: 

nrnr (DMSO-d6), 6 9.47 (t, 2H, J E 2.5 Hz), 7.27 (br s, 
I , I-  Dirnethoxy-3,3-diphenylpropane (2) (6 )  lOH), 4.36 (d, 4H, J E 2.5 Hz). The above dialdehyde 

A solution of potassium amide in liquid anhydrous (5) was heated at 1 0 0 0 ~  for 30 min in DMSO containing 
ammonia is first prepared by slowly distilling ammonia a small volume of 10% ~c1(20:1) ,  then diluted with cold 
over anhydrous potassium hydroxide, and condensing it water. The precipitate thus formed was filtered, washed 
in a ey three necked flask mounted with an - with water then acetone, and dried in vacuo. All physical 
dry ice condenser and mechanical stirrer. When the and spectroscop~c data were identical with the ones re- 
volume of liquid ammonia has reached 400 ml, a catalytic ported for the title compoun~ (4). 
amount of ferric nitrate (- 150 mg) is added and 10.4 g 
(0.26 mol) of potassium are precautiously dissolved under 4 , 4 - ~ i ~ h ~ ~ ~ l - ~ - ~ ~ ~ ~ ~  ( I )  
continuous mechanical stirring. D i ~ h e n ~ l  methane p-Toluenesulfonyl chloride (4.5 g, 24.7 mmol) is added 
(35 g, 0.21 mol) in anhydrous ether (150 ml) is sub- to a solution of 2,6-dihydroxy-4,4-diphenyltetrahydro- 
sequently added over a period of 30 min, giving a dark pyran (4) (1.4 g, 5 mmol) in 50 ml of anhydrous freshly 
red S O ~ U ~ ~ O I I  characteristic of the anion thus formed. distilled pyridine and the mixture heated (8) at 140°C 
A solution of chloroacetaldeh~de dimethylaceta1 (25.8 g, during 20 h under magnetic stirring. The reaction mixture 
0.21 mol) is then slowly added to the reaction mixture. is allowed to cool and is then diluted with ether. The 

  he ammonia is evaporated overnight, the acetone - ether solution, washed with a 10% aqueous solution of 
dry ice condenser having been removed. The remaining hydrochloric acid to remove the pyridine, is then washed 
ether solution is washed with water, dried over anhydrous with water, dried over anhydrous magnesium sulfate, and 
magnesium sulfate, and evaporated. The crude mixture evaporated to give an oily residue which crystallizes on 
is separated by distillation under reduced pressure standing. Pure 4,4-diphenyl-y-pyran (1) is obtained by 
(- 0.3 ~ o r r ) .  pure 1 ,l-dimethox~-3,3-di~hen~l~ro~ane sublimation in vacuo (10OoC/0.2 Torr): 1.04 g (80%); 
(2) is thus obtained (35.8 g; 67%); bp 138"C/0.3 Torr; mp 56-57°C; mass spectrum, calcd.: 234.1044; found: 
mp 58-59"~; ir 1600,1120, and 1050 cm-' ; nrnr (CDC13); 234.1050; ir (CHCI,), 1668, 1620, and 1590 cm-'; nrnr 
6 7.30 (s, 10H), 4.10 (m, 2H), 3.20 (s, 6H), 2.4 (dd, 2H). (CDCI,) 6 7.20 (s, lOH), 5.90 (q, AB, 4H, J = 6 Hz); 
1,1,5,5-Tetrarnethoxy-3,3-diphenylpentane (3) (6)  uv (ethanol), h,,, 240 nm (E 1050). 

As previously described, 5.6 g of potassium (0.14 mol) 
are dissolved in 300 ml of anhydrous liquid ammonia, Typical Irradiation Conditions and Characterization of 
containing a catalytic amount of ferric nitrate (- 75 mg) Photoproducts 
and l,l-dimethoxy-3,3-diphenylpropane (2) (25.6 g, A solution of 500mg of 4,4-dipheny1-"f-pyran ('1 in 
0.1 mol) in anhydrous ether (150 is slowly added. A 500 ml anhydrous tert-butyl alcohol (4.2 M )  was 

of bromoacetaldehyde dimethylacetal (16.9 g, irradiated for 20 h at 254 nm in a quartz vessel, using a 
0.1 rnol) in anhydrous ether (150 ml) is then added and Rayonet reactor. The photochemical ~roducts were then 
the reaction mixture allowed to stand overnight while the separated by preparative thin layer chromatography on 
ammonia is evaporated. The ether solution is washed with silica gel plates (20 40 cm) eluted by a 20:80 ether- 

water, dried over anhydrous magnesium sulfate, and hexane mixture. Six products were thus obtained and are 
evaporated. l-he title (3) is obtained (17 .~  g; enumerated here in their increasing order of polarity. 

50%) by reduced pressure fractional distillation on a (a) Unreacted starting material? y-pyran (I): 55 mg 
Vigreux column (30 cm): bp 158"C/0.3 Torr; mp 68- (ll%). 
69°C; ir (cHc~,), 1050, 1120, and 1600 cm- 1 ; nmr (b) trans-tert-Butyl 3,5-diphenylpent-2-enoate (7) : 
(CDCl,), 6 7.20 (s, 10H), 3.90 (t, 2H), 3.10 (s, 12H), 98 mg (15%); mp 55°C (ether-pentane); mass spectrum, 
2.60 (d, 4H). molecular ion at m/e 308 (1 I%), loss of isobutylene at 

m/e 252 (2073, followed by loss of COZH at m/e 207 
2,6-Dihydroxy-4,4-diphenyltetrahydropyran (4)  (16.7%), and base peak at m/e 91 (100%); ir (CCI,), 1705 

A fine suspension of 1,1,5,5-tetramethoxy-4,4-diphenyl- and 1620 cm-l; nrnr (CDC13), 6 7.45 (br s, 5H), 7.28 
pentane (3) (3.0 g, 8.7 mmol) in 60 ml of a 2 N solution (br s, 5H), 6.00 (s, lH), 3.50 to 2.50 (m, AA'MM'X, 4H), 
of sulfuric acid in water is heated under reflux over a 1.55 (s, 9H). nOe experiment: the product is dissolved 
period of 1 h. The precipitate thus formed is filtered, in CDCI, and the solution degassed several times before 
crushed, and washed with acetone, then anhydrous ether sealing the tube. Irradiated signal at 3.37 ppm, lowfield 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2382 CAN. J. CHEM. VOL. 5 5 ,  1977 

portion of the AA'MM'X system. Observed signal at 
6.00 ppm, vinylic proton singlet shows an increase in 
intensity of 11 to 13% (10). 

(c) cis-tert-Butyl 3,5-diphenylpent-2-enoate (8): 59 mg 
(9%); clear oil; mass spectrum, molecular ion at m/e 308 
(I%), loss of isobutylene at m/e 252 (30x1, followed by 
loss of C02H at m/e 207 (20%), base peak at m/e 91 
(100%); ir (CHCl,), 1700 and 1630 cm-l; nmr (CDCI,), 
6 7.34 (m, lOH), 5.93 (s, lH), 2.76 (br s, 4H), 1.28 (s, 9H). 
nOe experiment : (vide supra) irradiated signal at 2.76 ppm. 
Observed signal at 5.93 ppm, vinylic singlet, shows no 
noticeable increase in intensity (10). Contact shift reagent 
Eu(fod),: a qualitative study shows that when small 
amounts of Eu(fod), are added to the solution in CDCI,, 
there is a marked evolution from a deceptively simple 
singlet at 2.76 ppm, to a more complex AA'MM'X 
multiplet (10). 

(d) Isomeric 3,5-diphenylpent-2,4-dienals (6): 33 mg 
(6.5%); yellow oil; mass spectrum, molecular ion at m/e 
234 (loo%), loss of CHO at m/e 205 (62%); ir (CHCl,), 
1665 and 1610cm-'; nmr (CDCI,), 6 10.21, 9.47, 9.40 
(d, lH), 7.8 to 6.00 (m, 13H). 

(e) Isomeric 3,5-diphenylpent-2-enoic acids (9): 43 mg 
(8%); ir (CHCI,), 3500, 1725, and 1620cm-l; nrnr 
(CDCI,), 6 11.00 (s, lH), 7.80 to 6.80 (m, lOH), 5.90 
(br s, lH), 3.60 to 2.50 (m, 4H). 

(f) Unidentified organic polymers: yield measured as 
percentage starting material (1 3%). 

trans- and cis-Ethyl 3,5-Diphenylpent-2-enoate (12 and 
13) (13) 

A solution of diethylcarbethoxymethylphosphonate 
(13) (2.25 g, 0.01 mol) in 5 ml DME is slowly added to a 
fine suspension of sodium hydride (0.4 g of a 51% suspen- 
sion in oil; 8 mmol) in 15 ml of DME. Dihydrochalcone 
(11) (1 g, 4.8 mrnol), previously obtained (12) by catalytic 
hydrogenation of chalcone (lo), in 15 ml DME is sub- 
sequently added at room temperature and the resulting 
solution heated under reflux for 4 h. The reaction mixture 
is allowed to cool, 150 ml of water are then added, and 
both organic and water layers are filtered. The aqueous 
phase is extracted twice with ether and the organic ex- 
tracts are combined, dried over anhydrous magnesium 
sulfate, and evaporated. A mixture (3.2 g) of trans- and 
cis-ethyl 3,5-diphenylpent-2-enoate (12, 13) is thus ob- 
tained. The esters are separated by thin layer chromatog- 
raphy on silica gel plates (20 x 40 cm), eluted with a 
30:70 ether-hexane mixture: total yield in esters, 35%. 

trans-Ethyl 3,5-diphenylpent-2-enoate (12): mp 36- 
39°C; mass spectrum, molecular ion at m/e 280 (873, 
base peak at m/e 91 (100%); ir (CHCl,), 1700 and 
1620 cm-'; nrnr (CDCl,), 6 7.57 (s, 5H), 7.20 (s, 5H) 
6.05 (s, lH), 4.30 (q, 2H), 3.70 to 2.40 (m, AA'MM'X, 
4H) 1.30 (t, 3H). nOe experiment: (vide supra), irradiated 
signal at 3.4.0 ppm, observed signal at 6.05 ppm, 13% 
increase in intensity (10). 

cis-Ethyl 3,s-dipheilylpent-2-enoate (13): clear oil; 
mass spectrum, molecular ion at m/e 280 (8%), base peak 
at m/e 91 (100%); ir (CHCI,), 1705 and 1635 cn-'; 
nmr (CDCI,), 6 7.40 (m, lOH), 5.95 (s, lH), 4.00 (q, 2H), 
2.72 (s, 4H), 1.05 (t, 3H). nOe experiment: (vide supra), 
irradiated signal at 2.72 pprn, observed signal at 5.95 ppm, 
no appreciable increase in intensity (10). 

Authentic trans-3,5-Diphenylpent-2-enoic Acid (14) 

0.4 mmol) is added to a solution of KOH (50 mg, 
0.8 mmol) in 3 to 4 ml of 95% ethanol. The resulting 
mixture is heated to reflux during 75 min. The solution is 
then acidified by 2 N H2S0, and extracted by two 20 ml 
portions of ether. The organic extracts are combined, 
washed with water, dried over anhydrous magnesium 
sulfate, and evaporated. The solid crude product (74 mg) 
is recrystallized from a pentane-ether mixture: yield 75%, 
mp 99-101°C; mass spectrum, molecular ion at m/e 252 
(573, loss of C02H at m/e 207 (8%), base peak at m/e 91 
(100%); nrnr (CDCI,), 6 11.30 (s, lH), 7.56 (s, 5H), 
7.36 (s, 5H), 6.24 (s, 1H) 3.80 to 2.60 (m, AA'MM'X, 
4H). 

Cleavage of trans-tert-Butyl 3,5-diphenylpent-2-enoate 
(7) (14) 

trans-tert-Butyl 3,5-diphenylpent-2-enoate (7) (75 mg, 
0.24 mmol) and a catalytic amount of p-toluenesulfonic 
acid monohydrate are dissolved in 5 ml of benzene and 
the solution heated to reflux for 3 h. The benzene is 
evaporated and the crude product purified first by column 
chromatography on silica gel (5 x 15 cm) eluted with a 
80:20 ether-hexane mixture, then by recrystallization 
from ether-pentane to yield trans-3,5-diphenylpent-2- 
enoic acid (14): mp 99-101°C. Mixture mp with au- 
thentic acid: 100-101°C. All the spectra were taken and 
are identical to those of the authentic acid 14. 

3,5-Diphenylpentanoic acid (16) 
A solution of 3,5-diphenylpent-2-enoic acid (14) 

(210 mg, 0.8 mmol) in 30 ml of ethyl acetate containing 
10mg of PtO, is submitted to catalytic hydrogenation 
under a pressure of 3 atm for 5 h in Augustine's catalytic 
hydrogenator (16). After evaporation of the solvent, a 
yield of 200 mg (95%) of crude product is obtained; mp 
(ethyl ether-petroleum ether) 100-102°C; mass spec- 
trum, molecular ion at m/e 254; nmr (CDCI,); 6 10.90 
(s, lH), 7.20 (br signal, lOH), 3.50 to 1.50 (m, 7H). 

Authentic Methyl 3,5-Diphenylpentanoate (17) 
An ethereal solution of diazomethane prepared from 

Diazald (15) is added dropwise to 30 mg (0.12 rnmol) of 
3,5-diphenylpentanoic acid (16) in 20 ml ether until the 
evolution of nitrogen ceases and the solution remains 
yellow. The excess diazomethane is then eliminated by 
adding 1 to 2 drops of glacial acetic acid. The reaction 
mixture is washed with 15 ml NaHC0, (10%) and two 
portions of water. The solution is dried over magnesium 
sulfate and the solvent evaporated. Yield 30 mg (95%); 
colourless oil; nmr (CDCI,), 6 7.00 (br signal, lOH), 3.40 
(s, 3H), 3.40 to 1.50 (complex signal, 7H). 

Chemical Transformations of Photoaldehydes (6) and 
Structure Correlation 

A suspension of 50 mg (0.21 mmole) of the photo- 
aldehydes (6) in 4 ml of water and 40 mg KOH is treated 
with nickel peroxide (17) (200 mg). The mixture is heated 
to reflux for 30 min and maintained at 50°C for 7 h. The 
reaction mixture is filtered, and extracted with ether. 
The aqueous layer is acidified and also extracted with 
ether. The latter ether extracts are dried and evaporated. 
The acids thus obtained are dissolved in 25 ml ethyl 
acetate and submitted to catalytic hydrogenation (vide 
supra) for 3 h (16). The solution is then filtered, the sol- 
vent evaporated, and the residue taken up in 30ml of 
ether. The ethereal solution is treated with a solution of 

trans-Ethyl 3,5-diphenilpent-2-enoate (12) (100 mg, diazomethane in ether (vide supra) (1 5). 
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The resulting solution of methyl ester is compared to 
an authentic sanlple of previously prepared methyl 
3,5-diphenylpentanoate (17) by tlc, using three different 
ether-hexane mixtures (10:90, 2030, 40:60) and by gas 
chromatography, using the peak enhancement technique 
on two different columns (SE-30, 3%, 5 ft x 0.25 in. on 
Chromosorb W 60180 and OV-I, 3%, 6 ft x 0.25 in. on 
Varaport). 

Correlation of Structure of the Photoacids (9) 
Authentic trans-Methyl 3,5-Diphenylpent-2-enoate (15) 
The title con~pound is prepared by treating a solution 

of 50 mg of trans-3,5-diphenylpent-2-enoic acid (14) 
(0.2 mmol) in 2 ml of ether with ethereal diazomethane 
(vide supra). Yield 52 mg (100%); colourless oil; nmr 
(CDCI,), 6 7.07 (br s, 5H), 6.90 (br s, 5H), 5.78 (s, lH), 
3.56 (s, 3H), 3.50 to 2.40 (m, AA'MM'X, 4H). 

Esterijication of Photoacids (9) 
A mixture of photoacids (25 mg) is dissolved in 2 ml 

of ether and treated with ethereal diazomethane (15) (vide 
supra). The resulting mixture is compared to authentic 
trans-methyl 3,s-diphenylpent-2-enoate (15) by tlc on 
silica gel using three different ether-hexane mixtures 
(10:90, 20:80, 40:60) and by gas chromatography using 
the peak enhancement technique on two different columns 

diphenyl-y-pyran (1) in 200 ml of tert-butyl alcohol-0-d 
leads to the formation of I1 mg (2.2%) of trans-tert- 
butyl-4-dl 3,s-diphenylpent-2-enoate (7). Mass spectrum, 
molecular ion at mle 309, loss of isobutylene at mle 253, 
then loss of OH at mle 236 or loss of COzH at mle 208, 
base peak at mle 91; nmr (CDCI,), 6 7.25 (br s, 5H), 
7.08 (br s, 5H), 5.83 (s, IH), 3.25 (t, lH), 2.60 (d, 2H), 
1.30 (s, 9H). 

Photolysis of Aldehydes (6) in tert-Butyl Alcohol-0-d 
Irradiation at 254 nm during 5 h of a 50 mg solution of 

aldehydes 6 in 30 ml tert-butyl alcohol-0-d leads to the 
formation of 2 to 3 mg trans-tert-butyl 4-dl 3,Sdiphenyl- 
pent-2-enoate (7), identified by tlc. Mass spectrum, 
molecular ion at mle 309 (<<I%), loss of isobutylene mle 
253, then loss of OH at mle 236 or loss of C02H at mle 
208, base peak at mle 91. 

Formation of Photoacids (9) from Photoester 7 
Irradiation at 254 nm during 5 h of 2 to 3 mg of trans- 

tert-butyl 2,5-diphenylpent-2-enoate (7) in solution in 
1 ml tert-butyl alcohol leads to the formation of the 
photoacids, as evidenced by tlc on silica gel plates eluted 
by a 20230 ether-hexane mixture. 
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products. This product is isolated by preparative thin 
iayer chromatography on silica gel ~ l a t e s  (20 x 40 cm), 
eluted with a 3 :97 ether-hexane mixture. The product was 
extracted from silica gel by washing several times with 
ether at room temperature. Continuous extraction with 
ether or chloroform using a Soxhlet yields an appreciable 
amount of isomeric aldehydes (6) by thermal rearrange- 
ment, nmr (CDCI,) 6 7.40 (2 s, lOH), 5.96 (d, AB, 
JAB 2: 2.5Hz), 5.10 (d, AB, JAB .- 2.5Hz), 4.73 (d, 
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Rearrangement of Primary Photoproduct (18) to Photo- 
aldehydes (6) 

The primary photoproduct 18, under various experi- 
mental conditions, leads to the formation of photo- 
aldehydes (6), as evidenced by tlc on silica gel plates. A 
solution of 3 mg of 18 in 0.5 ml ether is spotted on three 
silica gel plates 2.5 x 7.5 cm. The first plate when 
irradiated for 1 h at 254 nm and then eluted by a 2030 
ether-hexane mixture showed extensive formation of 
aldehydes 6. The second plate, when heated at approx- 
imately 150°C for 10 min showed quantitative rearrange- 
ment of 18 into the aldehydes 6 after eluting with a 2030 
ether-hexane mixture. The third plate showed partial 
rearrangement of the primary photoproduct 18 to the 
aldehydes 6 when a methanolic solution .of p-toluene- 
sulfonic acid was spotted over product 18 and the plate 
eluted by 20:80 ether-hexane mixture after standing 
30 min at room temperature. 

Photolysis of 4,4-Diphenyl-y-pyran (1) in tert-Butyl 
Alcohol-0-d 
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Two types of localized excess electrons in crystalline D,O ice1 

GEORGE V. BUXTON,~  HUGH A. GILLIS, AND NORMAN V. KLASSEN 
Division of Physics, National Research Council of Canada, Ottawa, Ont., Canada KIA OR6 
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GEORGE V. BUXTON, HUGH A. GILLIS, and NORMAN V. KLASSEN. Can. J. Chem. 55, 2385 
(1977). 

In a pulse radiolysis study of crystalline D 2 0  ice, an intense infrared absorption band with 
h,,, > 2350 nm has been found at low temperatures, in addition to the well-known visible 
absorption band of the trapped electron. The infrared band is also attributed to trapped elec- 
trons, partly because of its similarity to the electron absorption band found recently in some 
DzO glasses at low temperatures. The effects of temperature, dose per pulse, accumulated dose, 
and added NH4F, HF, and ND, on the yields and decay kinetics of both bands have been 
investigated. It is concluded that the electron trap giving rise to the visible band is a vacancy 
which at low temperatures is radiation-produced by a two-step spur process. At temperatures 
close to the melting point the vacancy-trap probably exists before the radiation pulse at equili- 
brium concentration. The electron trap which gives rise to the infrared band is thought to be a 
cavity that occurs naturally in the perfect lattice. For previously unirradiated samples the 
infrared band decays by a second order process which is remarkably fast (k N 4 x 10" M-' 
s-' at 76 K). The decay reaction is probably neutralization by D 2 0 + .  Doping with NH4F 
increases the yield of the infrared absorption and greatly decreases its decay rate. The total 
yield of localized electrons in irradiated crystalline D 2 0  is higher than has been generally 
recognized. 

GEORGE V. BUXTON, HUGH A. GILLIS et NORMAN V. KLASSEN. Can. J. Chem. 55,2385 (1977). 
En travaillant a basse temperature au cours d'une etude sur la radiolyse pulske d'une glace 

de D 2 0  cristalline, on a trouve une bande d'absorption infrarouge intense avec un h,,, > 
2350 nm; cette bande est en surplus de la bande d'absorption visible bien connue pour les 
electrons pieges. On attribue aussi la bande infrarouge aux electrons pi6gCs; cette conclusion 
est baste en partie sur sa similarit6 avec la bande d'absorption d'electrons trouvee rkcemment 
dans quelques verres de D 2 0  a basse temperature. On a etudie les effets de la temperature, des 
doses par pulsation, des doses accumulCes et de l'addition de NH4F, H F  et ND, sur les rende- 
ments et la cinetique de disparition des deux bandes. On en conclut que le piege d'electron 
donnant lieu a la bande visible est un trou qui, a basse temperature, est produit par des radia- 
tions par un processus spontane a deux Ctapes dans les grappes. A des temperatures proches de 
celle du point de fusion, le pitge trou existe probablement a la concentration d'kquilibre avant 
la pulsation de radiation. On croit que le piege d'electron qui donne lieu a la bande infrarouge 
est une cavite qui se trouve naturellement dans un reseau parfait. Pour des tchantillons qui 
n'ont pas CtC irradies antkrieurement, la bande infrarouge disparait suivant un processus 
du second ordre qui est remarquablement rapide (k 2: 4 x 10'' M-' s-' a 76 K). La reaction 
de disparition est probablement une neutralisation par D 2 0 + .  Le dopage par NH4F augmente 
le rendement de l'absorption infrarouge et diminue grandement sa vitesse de decroissance. 
Le rendement total d'electrons localises dans du D 2 0  cristallin irradie est plus eleve que ce 
qui avait Cte habituellement observe. 

[Traduit par le journal] 

Introduction which occurs in liquid water is unlikely in ice at 
Several studies of electrons localized in  OW temperatures due to its very long dielectric 

talline ice and absorbing in the visible have been relaxation time. Several years ago it Was Con- 
reported (1-7). They have been especially con- cluded from the available experimental evidence 
cerned with the nature of the electron trap and that the visible band is probably due to an 
the mechanism of trapping because self-trapping ekctron trapped in a vacancy in the crystal 

lattice (8). In one study it was concluded that the 
'NRCC No. 15899. electron trap which rise to the visible band 
'This work was carried out while G.V.B. was a Visiting pre-exists (3). H ~ ~ ~ ~ ~ ~ ,  in a very recent study Research Officer at the National Research Council of 

Canada, June-September, 1974. Permanent address: it that the trap is a 
University of Leeds. Cookridge Radiation Research radiation-produced lattice vacancy (7). In this 
Centre, cookridge ~ b s ~ i t a l ,  ~ & d s  LS16 6QB, England. paper we report some new observations on the 
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visible-absorbing electron in crystalline D,O ice through it to provide temperatures higher than 76 K. 
which enables to say someth;ng Temperature was measured with a copper-constantan 

thermocouple attached to the sample holder. Irradiation the nature of the corresponding trap. of the Dewar and liquid nitrogen but no sample showed 
Recently we reported in a preliminary way on that no blank corrections were required. 

a radiation-produced infrared absorption band The dose per pulse was monitored with a secondary 
in D,O and three kinds of D 2 0  glass emission monitor which was calibrated for each experi- 

at low temperatures (9). We assigned the band ment by using 02-saturated 5 m M  KSCN solution as a 
dosimeter. The irradiation cell with dosimeter solution 

a type Later we was surrounded with methanol. which has an electron 
published a more extensive study of this band density similar to that of liquid nitrogen, and GE was 
in the D 2 0  glasses (lo), and here we describe taken as 2.2 x lo4 molecules (100 eV)-' M-' cm-' at 

further experiments concerning the infrared band 
47:nn,"bst the light intensity was monitored in crysta11ine D2°. the infrared simultaneously at two wavelengths. In determinations of 

band and an accompanying epr spectrum have svectra. one wavelength was fixed as the reference while 
been studied in crvstalline D,O a t 4  K (1 1). and the othkr was variedr~he following light detectors were ,. , ,, 
also assigned to trapped electrons. used: for h i 450 nm, a Phillips ~ ~ 1 1 0 0 3  photomulti- 

solids of D 2 ~ ,  rather than H20, are used in plier; for 450 nm 5 h 5 1000 nm, an EG & G SHS-100 
silicon photodiode; and for h > 900 nm a Barnes A-100 

these studies because their greater trans- room temperature InAs photodiode. The 0-98% response 
Darencv in the infrared : with sam~les of 5 mm time of the oscilloscovedetector svstem was < 30 ns for 
ipticaipath we can make measur&ents out to the first two detectdrs and -6611s for the last one. 

2350 nm for crystalline D,O, but only out to The performance of the silicon and InAs photodiodes 

1780 nm for crystalline H20. has been described (13). 

Experimental 
All crystals were made from D 2 0  (99.7 mol% D) from 

Merck, Sharp and Dohme which was used as received. 
The ND, was also from Merck, Sharp and Dohme, NH4F 
and H F  were analytical reagent grade and all three solutes 
were used without further purification. 

Crystals were grown by lowering Pyrex tubes (19 mm 
id) containing degassed D 2 0  at a rate of 75 mm/day into 
a bath which was usually at -4°C. Each tube contained 
three or four round spacers with diameters slightly smaller 
than the inside diameter of the tube, which were attached 
perpendicularly to a rod at either 5 or 9.5 mm intervals. 
The rod and spacers were normally of brass, but were of 
Lucite for growing crystals doped with H F  or ND,. The 
samples were stored in the bath until used. Then an ice 
column was removed from its tube, an individual 
cylindrical sample of 5 or 9.5 mm thickness was pushed 
out from between its spacers, and slowly (in a period of 
about 5 min) lowered into liquid nitrogen in an irradiation 
Dewar. The samples were always clear and usually crack- 
free. We presume that each sample consisted of a few 
large crystals. 

After NH4F- and HF-doped samples were irradiated, 
they were melted and analyzed for F-  with an Orion 
fluoride electrode. Similarly ND3-doped samples were 
analyzed with an ammonia electrode. These analyses 
indicated a somewhat more efficient incorporation of the 
solute into the crystal than found by Gross et al. (12). 
Thus they measured the distribution coefficient for 
NH4F for unstirred systems as around 0.1, independent 
of concentration. However, we found that the concentra- 
tion of NH4F in a crystal was nearly as high as the con- 
centration of the solution from which it was grown. 

Samples were irradiated by single 30 or 40 ns pulses of 
35 MeV electrons. The dose per pulse was generally in 
the range 4-9 krad. The irradiation Dewar, equipped with 
optical windows, was either filled with liquid nitrogen 
(bubbled with helium) or cold nitrogen gas was flowed 

Results 
(1) Spectrum of Trapped EIectrons 

The spectrum of trapped electrons (e,-) in 
pure crystalline D 2 0  at 76 K consists of two 
bands, as shown in Fig. 1. The low-energy side 
of the visible band decays much faster than the 
band as a whole; the band-width at half-height 
is 0.75 and 0.67 eV at 30 ns and 400 ns, re- 
spectively. The band-width following 60Co 

E ,  eV 

FIG. 1. Absorption spectra at 76 K in crystalline D 2 0  
ice. For the visible band ( A ) ,  points 0 were measured 
at the end of a 30 ns pulse. Points A refer to measure- 
ments made 400 ns after the start of the pulse and multi- 
plied by 1.90. For the infrared band (B), the line is a 
Lorentzian curve fitted to the experimental points 0, 
which refer to the end of a 30 ns pulse and were obtained 
by a short extrapolation from 100 ns. Points for both 
bands between 1.0 and 1.5 eV have been corrected for 
contributions from the other band (see text). 
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irradiation is about 0.58 eV (4), so presumably 
further narrowing occurs after 400 ns. For 
measurement of the visible band the reference 
wavelength was 650 nm and the points shown 
refer to samples which had received no more 
than 30 krad accumulated dose. This is relevant 
because not only do the yields for the visible 
and infrared bands have different dependences 
on dose (see below), but also in the visible band 
the ratio of absorption in the quickly-decaying 
red-edge to that in the main part of the band 
increases with accumulated dose. Thus it was 
found that the ratio of optical density at 800 nm 
to that at 650 nm changed from 0.31 for a 
previously unirradiated crystal to 0.48 for a 
crystal that had already received 80 krad. 

For measurement of the infrared band of Fig. 
1 the reference wavelength was 2300 nm and 
there was no evidence of a change in the band 
shape with accumulated dose. The spectrum of 
irradiated NH,F-doped (-4 x M) crys- 
talline-D,O was found to be very similar to that 
shown in Fig. 1, but for the doped sample the 
life-time of the infrared band is much greater 
than that of the visible band. This permits 
resolution of the spectrum into the two bands, 
and the points in Fig. 1 in both bands for energies 
between 1.0 and 1.5 eV were obtained in this way. 

The experimental points for the infrared band 
fit a Lorentzian function very well; the best fit, 
shown by the line for the band B in Fig. 1, 
predict A,,, = 2950 nm. By contrast the Lorent- 
zian fit for the infrared band in a MgC1,-D20 
glass at 76 K predicted a h,,, of 3600 nm (10). 
However the imprecision in this method of 
finding A,,, is considerable, so this difference 
between crystalline and glassy systems may not 
be experimentally significant. The visible band 
in the aqueous glasses was found to obey a 
Gaussian curve on the low-energy side, but this 
is not true for the visible band shown in Fig. 1. 

We measured the spectrum of e,- in pure D,O 
at 151 K and found that the infrared band has 
the same shape as band B of Fig. 1. The visible 
band at the end of the pulse at 151 K is inter- 
mediate between the 30 ns and 400 ns points of 
band A in Fig. 1, as expected because of the 
faster decay of the red-edge at the higher 
temperature. 

(2) Decay of e,- in Pure Crystalline D,O 
The decay of absorption at 650 nm does not 

obey simple first or second-order kinetics. As 

shown in Fig. 2, the decay at 76 K in the pure 
crystal follows the same curve on a plot of 
OD/(OD), against time for a four-fold variation 
of initial concentration. This strongly suggests 
that the species absorbing at 650 nm decays by 
reaction with a geminate partner. 

Absorption in the infrared band for pure 
crystalline D,O decays very differently in that 
the half-life for decay depends strongly on the 
dose. Figure 3 shows that for previously un- 
irradiated samples the initial decay follows 
second-order kinetics although deviations from 
second-order decay occur at later times. What 
is much more significant is that the initial slopes 
for the second-order plots are the same within 
experimental error for a four-fold variation in 
initial concentration. This means that the decay 
is due to reaction of species which have a homo- 
genous distribution. 
(3) Effects of Accumulated Dose 

The effect of repeated pulsing of a D 2 0  
crystal at 76 K on the yields of both bands is 
shown in Fig. 4A. The yields reported here were 
measured 100 ns after the start of a 40 ns pulse. 
Accumulated dose also affects the decay rates 
for both bands. At 650nn1 the decay rate in- 
creases somewhat with dose. At 2350 nm the 
initial decay becomes much faster with repeated 
pulsing but a long tail becomes increasingly 
significant (see trace B of the inset of Fig. 3). 
The faster initial decay could account for all of 
the apparent decrease in yield with dose in- 
dicated in Fig. 4A. 

FIG. 2. Decay of absorption at 650 nm in crystalline 
D 2 0  ice at 76 K. (OD), is OD at mid-pulse, obtained by 
extrapolation. For 0, no additive and (OD), = 28.6 x 
loe3; for 0, no additive and (OD), = 6.9 x for 
A, crystal doped with 9.6 x M NH,F, and 
(OD), = 25.0 x low3. Each set of points refers to the 
first pulse for a sample. 

0 I I I 1 I I 
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TABLE 1. Electron yields for pure and doped crystalline D 2 0  at 76 K, for 0 and 
50 krads previous dose 

GE x 

Concentration 650nm 650nm 2350nm 2350nm 
Additive ( M )  (0 krads) (50 krads) (0 krads) (50 krads) 

None 
NH4F 
NH4F 
NH4F 
NH4F 
H F  
ND3 
ND3 

0'2 0'4 016 0 8  I!O 1'2 114 

T I M E ,  p s  

FIG. 3. Decay of absorption at 2350 nm in crystalline 
D 2 0  at 76 K, without additives (0 )  and (O), and doped 
with 9.6 x M NH4F (A). All three curves are for 
the first pulse for a sample. Inset: A, oscilloscope trace 
of absorption at 2350nm for previously unirradiated 
crystal without additives at 76 K ;  B, oscilloscope trace 
of absorption at 2350 nm for pure crystal at 76 K that 
had received an accumulated dose of 100 krads. 

(4) Effect of DosrlPulse 
GE for both the visible and infrared bands was 

constant within experimental error (+10Y,) for 
a variation of d ~ s e / ~ u l s e  of a factor of 4.5 a t  a 
constant pulse width. 

(5)  EfSrcts of Solutes 
The yields of both electron bands for pure 

and doped crystalline D,O at 76 K are given in 
Table 1, both for previously unirradiated 
samples and for samples that had already re- 
ceived 50 krads. All yields were determined 
100 ns after the start of a 40 ns pulse. The yields 
given for pure D,O represent the average of 

values obtained for several samples on different 
days. Because of uncertainties in positioning 
samples and dosimeter solutions, the uncertainty 
in each value given for GE is about +lo%, but 
the uncertainties in the ratio of GE'S at 650 and 
2350 nm and in the change in GE on pulsing are 
smaller. 

The effect of 9.6 x M NH,F on electron 
decay rate for a previously unirradiated sample 
is shown in Figs. 2 and 3 for the visible and 
infrared bands, respectively. It  is seen that NH,F 
drastically decreases the decay rate of the infra- 
red band, and decay was slowest for the most 
highly doped crystals. For a crystal doped with 
6.7 x M NH4F the decay had a half-life 
of - 25 ms, as measured by using a bandpass 
filter at 1500 nm in front of the cell to minimize 

0 40 80 120 160 200 

D O S E ,  KRADS 

FIG. 4. Effect of accumulated dose on yields of both 
electron bands in crystalline D 2 0  at 76 K. A, no additives, 
0 ,  650 nm; 0 ,  2350 nm. B, doped with 1.51 x M 
NH4F: 0 ,  650 nm; 0 ,  2350 nm. 
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BUXTON ET AL. 

10 I I I I I 

FIG. 5. Effect of temperature on absorption in pure crystalline D20. A, at 2350 nm, measured 
100 ns after the start of a 40 ns pulse; 0, at 650 nm, measured 100 ns after the start of a 40 ns pulse; 
a, at 650 nm, measured 3 ps after the start of a 40 ns pulse. Inset: oscilloscope trace showing decay of 
absorption at 650 nm in a crystal at 212 K. 

photobleaching effects. The decay rate of the 
infrared band was also decreased by H F  but not 
affected significantly by added ND,. 

The effect of dose on the most highly doped 
NH,F crystal, 1.51 x 10-'M, is shown in 
Fig. 4B. It is seen that for this sample the yield 
of infrared absorption doubles as the accumul- 
ated dose increases from 0 to 180 krads while 
the yield of the visible band remains practically 
constant. 

(6) Efects of Temperature 
The effect of temperature on yields in both 

absorption bands is shown in Fig. 5. The decay 
of absorption at 650 nm at higher temperatures 
appears to consist of a fast initial decay and a 
much slower second process, and the second pro- 
cess becomes increasingly important as the tem- 
perature is raised from 190 K. The inset to Fig. 5 
shows the rapid initial decay and long tail at 
212 K. In Fig. 5 the yields at 650 nm at 3 ps at 
the higher temperatures are roughly the yields 
of the long-lived absorption, but at tempera- 
tures < 170 K this absorption at 3 ps appears to 
be simply the tail of the initial decay process. 
The effect of temperature on the decay half-life, 

measured from 100 ns after the start of a 40 ns 
pulse, is shown for both bands in Fig. 6. It is 
seen that the half-life for decay of infrared 
absorption becomes comparable to the detector 
response-time (- 60 ns) around 180 K, so the 
decrease in yield at 2350 nm above 160 K, as 
seen in Fig. 5, is at least partially instrumental. 
The decay of the infrared band was studied care- 
fully in previously unirradiated samples only at 
76 K, but did not seem to obey good second- 
order kinetics at higher temperatures. 

(7) Emission 
We observed emission from irradiated crys- 

talline D,O and 76 K, and the spectrum of this 
emission is shown in Fig. 7. Corrections for 
change in the efficiency of the light-gathering 
system with wavelength have been applied to the 
points in Fig. 7. The reference wavelength used 
in determination of the spectrum was 400 nm. 
The intensity of emission increased considerably 
with accumulated dose up to a plateau. The 
intensity at 400 nm approximately tripled in 
going from an accumulated dose of 20 krads to - 300 krads, and then remained approximately 
constant with dose up to - 6000 krads. The effect 
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absorption at 650 nm (o), and 2j50 n h  (A) in bure 
crystalline D,O. (2) Trap for  euis- 

Our results can be interpreted on the basis that 

lo5 and the effects of temperature, dose, and addi- 

FIG. 7. Spectrum of luminescence from irradiated 
crystalline D,O at 76 K, 200 ns after the start of a 400 ns 
pulse. Corrections for dependence of the efficiency of the 
light-gathering system on wavelength have been applied. 

1 6 ~  

of dose on the second peak around 525 nm was 
not studied; in Fig. 7 the points at h > 450 nm 
refer to a dose of -50 krads. 

Discussion 
(1) Two Types of Excess Electron 

The decay rates of the visible and infrared 
absorption in crystalline D 2 0  ice are different, 

I conclude that in crystalline D 2 0  ice the infra- 
red is also due to a shallowly trapped electron. 
At 4 K the infrared band decreased with time 
in the dark while the visible band grew (1 1); this 
is further evidence that the infrared band is due 
to a shallowly trapped electron. Significant infra- 
red absorption was found in only 3 of the 11 
D 2 0  glasses investigated (lo), which raised the 
possibility that high concentrations of particular - 

solutes are required for the production of this 
band. Finding a similar band in pure D 2 0  ice 
clearly removes this possibility. 

1 0  15 We shall use the symbols eVi,- and e,, t o  
1000 T- ' ,  K - '  indicate excess electrons which cause the visible 

FIG. 6. Effect of temperature on t,,,, measured from and infrared absorption bands. 
100 ns after the start of a 40 ns uulse. for decav of 

1 1 1 1 1 1 1 1 1 1 1 1  
I 
I 

- L. - 

I 
I  
I 

- I - 

the visible band is due to an electron trapped in 
a vacancy in the crystal lattice, as concluded 
earlier (8). However, at 76 K this vacancy 
does not exist before a crystal has been irradiated, 
as indicated by the following calculation. The 
equilibrium concentration of vacancies at any 
temperature may be calculated from the Boltz- 
mann equation if the energy required to form a 
vacancy is known. This energy is not well known 
but has been estimated as 0.5 eV (ref. 14, p. 162), 
and as 0.28 + 0.07 eV (15) around 100 K. Since 
it is related to the energy of sublimation (14), 
it would not be expected to depend strongly on 
temperature. As a crystal is cooled down a 
temperature will be reached at which vacancies 
become frozen in, i.e. equilibrium is no longer 
attained. There is evidence that radiation- 
produced vacancies become mobile and dis- 
appear in the region of 100 K (15) or 120 K (1 l), 
and therefore equilibrium conditions must hold 
at higher temperatures. The maximum con- 
centration of vacancies before the first pulse on a 
crystal at 76 K can then be calculated by using 
the lower limit of the lower estimate of the energy 
required to produce a vacancy, 0.21 eV, and by 
assuming that vacancies become frozen in at 
120 K, and this concentration is 8 x lop8 M. If 

tives on the two bands are different, so they 
must be due to different species. The partial 
infrared band we see here is similar in shape and 
position to the partial infrared band we saw 
in several D 2 0  glasses (lo), and we found fairly 
good evidence that the latter is due to a second 
type of trapped electron. By analogy then we 
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BUXTON ET AL. 2391 

we assume E650 is the same as E,,, in OH- 
glasses at 76 K, i.e. 2.0 x lo4 M-' cm-' (16), 
then for a pulse typical of those used to obtain the 
data of Fig. 1 the concentration of electrons at 
the end of the pulse was about 2 x M. So 
the concentration of pre-existing cavities is not 
high enough to account for our results. 

However, there is now fairly direct evidence for 
the production of vacancies by irradiation of ice 
(15, 17). We suggest that evis- is produced at 
76 K by the following mechanism: 

Here parentheses around reactants are intended 
to indicate that the reaction takes place in a spur, 

represents a vacancy and eqf- is the quasi- 
free electron. The major mechanism for pro- 
ducing evis- is the two successive spur reactions 
2a and 3a; the first is a neutralization reaction 
which produces the vacancy and the second is 
the trapping of a quasi-free electron in the same 
spur. A possible alternative to reaction 2a which 
could produce a vacancy in the same spur with 
eq,- is decomposition of an excited molecule. 
We consider that the non-spur reaction 4 is not 
an important source of evis-, but does account 
for the slight increase in G(evis-) with increasing 
dose. From Fig. 4 it is seen that G(evis-) is only 
about 17% higher for the eighth pulse than for 
the first pulse for a crystal. It might be argued 
that most vacancies disappear between pulses 
(possibly most are destroyed when evis- reacts) 
but that non-spur reactions between eqf- and 
vacancies produced in the same pulse are an 
important source of evis-. However, in that case, 
since ear- can undergo an alternative reaction 
with anbther kind of trap which is not radiation- 
produced (see below), one would expect the 
yield of eVise to depend on dose per pulse. As 
indicated in the Results section, we find other- 
wise. 

As discussed below, G(evis-) z 0.4 at 76 K, 
which means that roughly 10% of eqf- become 
eviSv. This seems plausible for the mechanism 

taining two or more ion pairs in which the 
successive reactions 2a and 3a would occur is 
expected to be rather low. 

Kawabata (7) has shown that most of the 
traps for stable or slowly decaying evis- in 
crystalline D 2 0  at low temperatures are pro- 
duced by radiation previously received by a 
sample. However, he studied only a small per- 
centage of total evis-. Thus in pulse experiments 
he found G(evis-) - 0.01 in the ms region for 
the first pulse; our G(evis-) at 105 K at 100 ns 
is about 0.23 (Fig. 5). 

The narrowiilg of the visible absorption band 
with time, as seen in Fig. 1, is easily explained 
in terms of a vacancy model. If one water mole- 
cule is removed from the tetrahedral structure 
of ice and an electron occupies this vacancy, then 
protons from only two of the four water mole- 
cules in the first shell point towards the electron. 
Natori and Watanabe (18) have calculated the 
optical transition energy for an electron in a 
vacancy in H 2 0  ice, and found agreement with 
experiment only by assuming that two of the 
n~olecules at the corners of the tetrahedron can 
rotate so that four OH bonds point to the center, 
and by assuming also that the OH bond length 
and the HOH angles can change from their 
values in the perfect crystal. Other models also 
require orientation of the dipoles around the 
electron in order to get agreement with the 
observed visible absorption (19, 20). The low- 
field dielectric relaxation time of water is very 
long at low temperatures (e.g. - 1 s at 165 K) 
(21). But it has been pointed out that the re- 
laxation time in the high field close to the electron 
must be very much less than that at low fields 
(22, 23). Therefore the narrowing of the visible 
band seen in Fig. 1 is probably a reflection of the 
orientation of the OD dipoles so that they point 
towards the center of the vacancy. An increase 
in absorption at I,,, as this spectral shift occurs 
is not seen because of the rapid decay of evis-. 

If the vacancy sites for eVisT are formed by 
reactions 1-4, then the observed geminate decay 
of evis- at low temperatures is easily explained 
as a spur reaction with OD or D 2 0 +  which 
probably occurs by a tunnelling process : 

[5 I (eVis- + OD) -+ OD- 

In Fig. 6 the solid straight-line portion of the 
Arrhenius plot for evis- gives an activation proposed since the percentage of spurs con- 
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energy of 0.27 kcal mol-I ; such a low activation 
energy is reasonable for a tunnelling reaction. 
Other features of the effect of temperature on 
lifetimes of evi,- are discussed below. Modest 
concentrations of solute such as NH4F would 
not be expected to  have an appreciable effect 
on the yield of eviSp, as observed. However, 
NF,F seems to increase the decay rate of evisp 
a little, and we cannot explain this. Also in 60Co 
experiments it has been found that in samples 
doped with lo-' M NH4F, the yield of evi,- is 
about six times that in pure crystalline H 2 0  (4). 
However, again these yields refer to the very 
small fraction of electrons extant at very long 
times; in the sample doped with M NH4F, 
G(e,,,-) was estimated as 3.3 x 

(3)  Site for eir- 
In our preliminary account of this work (9) 

we suggested that an electron captured in a 
D-defect could give rise to the infrared band. 
However, this idea does not seem to be in accord 
with the results of our further studies on the 
effects of solutes on ei,- yields. Crystals doped 
with ND,, HF, and NH4F should have higher, 
lower, and approximately equal concentrations 
of D-defects, respectively, as compared to the 
pure crystals (ref. 14. chapt. 7), and one might 
expect corresponding effects on G(ei,-) if ei,- 
is an electron trapped at a D-defect. Instead, as 
seen in Table 1. ND, has no effect and both H F  
and NH4F inc;ease;he yields. If it is assumed 
that orientation of the dipoles surrounding an 
electron trapped in ice is not possible, then A,,, 
is predicted by the polaron model to be in the 
infrared (1, 19). This prompts us to suggest that 
the infrared band in crystalline D 2 0  is due to 
electrons trapped in cavities that are natural to 
the crystal structure and around which little 
orientational polarization takes place: 

[71 eqf- f trap -r ei,- 

In a crystal of ordinary ice (ice I,) molecules form 
sheets of crinkled six-membered rings normal to 
the c axis. Rings from two adjacent sheets form 
dodecahedra1 cavities which are joined together 
along the c axis to form long open shafts (see 
Fig. 1 in ref. 23), and we suggest that electrons 
trapped in these cavities give rise to the infra- 
red absorption. Fast orientational polarization 
around these electrons is less likely than around 
electrons in vacancies for two reasons: (a) I t  
would have to work against the strong hydrogen 
bonding of the crystal, whereas broken hydrogen 

bonds surround a vacancy. (b) There are 12 
molecules to be oriented in the first co-ordination 
shell of the natural cavity, compared to 4 
molecules around a vacancy. However, before 
the infrared band was discovered, Nilsson (23) 
proposed that electrons trapped in these natural 
cavities absorb initially in the infrared, but the 
absorption shifts quickly to the visible as the 
dipoles of the first co-ordination shell line up 
with the electric field of the electron. He has 
developed an equation which enables one to 
calculate the microscopic relaxation time from 
the ordinary relaxation time. Use of this equa- 
tion with data from reference 21 gives a micro- 
scopic relaxation time of about lop7 s at 173 K, 
and of course at 76 K the time would be much 
longer. Thus Nilsson's treatment is not in accord 
with our observations that the visible band is 
present at 30 ns after the pulse and undergoes 
only a modest narrowing in the next 400 ns, nor 
with our findings that the effects of dose per 
pulse, accumulated dose, and solutes on the two 
bands are uncorrelated. 

Earlier we reported finding an infrared absorp- 
tion band in three D 2 0  glasses, but not in eight 
others. We suggest that in the three glasses 
which give the infrared band the arrangement of 
D 2 0  molecules around solute ions or molecules 
happens to be such that cavities similar to the 
natural cavities of the crystal are formed. 

(4) Decay of eir- 
The decay of ei,- is essentially second-order 

at 76 K for previously unirradiated pure samples, 
as shown in Fig. 3, and remarkably fast. In order 
to calculate a rate constant from the slopes of 
Fig. 3, we estimate an extinction coefficient for 
eir- at 2350 nm by assuming that E,,,, is the 
same for crystalline D 2 0  as it is for ethylene 
glycol - D 2 0  glass, 5.7 x 103 M-I cn1-I (lo), 
and by using the ratio of extinction coefficients 
at 2350 and 1400 nm from Fig. 1. From the 
estimated E,,,, = 3.8 x 104 M p l  cm-I and the 
straight line drawn through the points in Fig. 3, 
k is calculated as 4 x 10" M-' s-' at 76 K. 
From this rate constant the sum of the mobilities 
of eir- and its reaction partner can be calculated 
from the following expression for the rate con- 
stant of a diffusion-controlled reaction between 
particles A and B that are singly and oppositely 
charged (25) : 
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BUXTON ET AL. 2393 

where N is Avogadro's number, D is the dielec- 
tric constant, and p is the mobility. If we take 
D = 3, the high-frequency dielectric constant 
of ice (26), then k = 4 x 10'' M-I s-' corre- 
sponds to (p, + p,) = 1.1 x lo-' cm2 V-I 
s-l .  This sun1 of mobilities is somewhat higher 
than the sum of about 0.3 x loM2 cm2 V-l s-' 
expected for normal ions in liquids at room 
temperature. 

We consider that the most likely decay reaction 
of ei,- which accounts for homogeneous second- 
order kinetics in previously unirradiated pure 
ice is neutralization by D 2 0 *  : 

This requires that e,,-, the precursor of ei,-, 
is trapped sufficiently far from the site of ioniza- 
tion that ei,- has a homogei~eous distribution 
with respect to D 2 0 * .  In view of the high 
mobility of e,,- and the probability that most 
spurs contain one ionized molecule, it does not 
seem unreasonable to expect this requirement to 
be satisfied in the D,O crystal. Another possibil- 
ity is neutralization by- D 3 0 i ,  formed from 
D 2 0 +  : 

[9] DzOf f DzO -i D3Of + OD 

Reaction 8 seems more likely than reaction 10 
for two reasons: (a) In aqueous glasses ei,- does 
not seem to react with acid (10); (b) If reaction 10 
is the main decay reaction, ei,- must have a high 
mobility because the mobility of D,O* has been 
measured as only 1 x cm2 V-l  s-l  at 
95 K and should be rather similar at 76 K (27). 
(Earlier measurements which were interpreted 
as indicating a proton mobility so high it could 
only be explained by tunnelling, are now thought 
to be unreliable because of deficiencies in ex- 
perimental technique (28).) However, if eir- is 
very mobile then its long life-time (ti,, - 25 ms) 
in NH4F-doped crystals is hard to understand; 
a mobile ei,- would be expected to react quickly 
with trapped OD radicals, for example. It 
seems more reasonable to propose that ei,- has 
a low mobility, at least at  76 K, and the large 
rate constant for decay of e,,- is due to the move- 
ment of D20'  by a resonant charge transfer 
process. The long tail in the decay curves for 
ei,- in crystals that have already been heavily 
irradiated could be due to trapping of D20'  at  
radiation-produced defects or impurities. The 
faster initial decay might be due to reaction of 

ei,- with a radiation product by tunnelling from 
the shallow trap. 

(5) Effects of Solutes on ei,- 
One effect of doping ice crystals with NH4F is 

to considerably increase G(eir-) at 76 K both 
for previously unirradiated samples and espe- 
cially for irradiated samples, as indicated in 
Table 1 and Fig. 4; at the highest concentration 
used, 1.51 x lo-' M ,  a sample that had re- 
ceived 50 krads gave a G(ei,-) 7 times as great 
as for a pure ice crystal at the same dose. 
Another effect of the added NH4F is to slow 
down very markedly the decay rate of eir- at 
76 K, as seen in Fig. 3. The effects of doping 
with H F  are quali6tively similar though-not 
as large as those of NH4F, and the low con- 
centration of ND, that could be incorporated 
into the crystal had very little effect. To partly 
explain these effects we propose that D 2 0 + ,  
besides reacting with ei,- (reaction 8) and with 
e,,: in a spur (reaction 2a), can also react with 
e,, in a non-spur reaction: 

and can react with added F -  : 

Removal of D 2 0 *  by reaction 12 decreases the 
rates of reactions 8 and 11. The decrease of the 
rate of reaction 8 accounts for the longer life- 
time of ei,-, and the decrease of the rate of 
reaction 11 results in an increase in the fraction of 
e,,- which undergoes reaction 7 and hence 
G(ei,-) is higher. However, we are not able to 
explain why G(ei,-) increases with dose for 
doped crystals. 

(6) Effects of Temperature 
The dependence of G(evis-) on temperature 

shown in Fig. 5 is similar to that reported earlier 
(5) except that our yields are somewhat larger 
because of our shorter electron pulses. Kawabata 
(7) has argued that the decrease in G(evis-) as 
the temperature is raised from 76 K to 130 K or 
so is due to a faster recombination of eYis- or 
the vacancy with fragments such as D, D*, and 
OD at the higher temperatures. However, this 
seems to account for only part of the tempera- 
ture effect on yields; G(evis-) obtained by ex- 
trapolation to mid-pulse, though somewhat 
imprecise at higher temperatures, still shows a 
drop between 76 K and 140 K. 

Use of estimated extinction coefficients indi- 
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cates that the sum G(eVi,-) + G(e,,-) is approx- 
imately constant (increases slightly) between 
76 K and 140 K which suggests that the decrease 
in G(e,,,-) and increase in G(ei,-) are connected 
mechanistically. One possibility is that reaction 
of D 2 0 f  with D 2 0  to give D,Of,  reaction 9, 
takes place and has a small activation energy. 
The greater importance of this reaction at higher 
temperatures would mean a smaller fraction of 
D,Of available for reaction 2a and hence the 
yield of e,,,- should be smaller. More eq,- 
would be available for reaction 7 and hence 
G(e,,-) should be larger, as observed. In this 
argument it is assumed that eq,-, like ei,-, does 
not react efficiently with D,Of. 

Above 155 K the measured yields of ei,- 
become decreasingly representative of the initial 
yields because of the very rapid decay indicated 
in Fig. 6. Measurements with a faster detector 
might reveal very high yields of e,,- at tempera- 
tures higher than 150 K, and possibly the same 
species exists in the liquid. Rentzepis et al. (29) 
have reported that in water absorption at 1.06 pm 
is observed within 2 ps after generation of the 
quasi-free electron, and then the absorption band 
shifts from lower to higher energies and the 
normal absorption of the hydrated electron is 
developed in 4 ps. We suggest that the absorp- 
tion at 1.06 pm seen by Rentzepis et al. could be 
the same infrared band we see in crystalline ice 
at low temperatures, though alternatively it 
could be the rapidly-decaying red edge of the 
visible band. 

At temperatures > 140 K,  tIl2 for both eVi,- 
and e,,- become very short (Fig. 6). As indicated 
above, there is evidence that radiation-produced 
vacancies become mobile in the region of 100 K 
(15) or 120 K (1 1). Therefore, it is possible that 
e,,,- decays quickly at temperatures > 140 K 
because of migration of their traps. However, in 
the references cited the time-periods involved 
were minutes (11) or days (15), whereas we are 
concerned with ti/, - 100 ns, and a high mobil- 
ity of vacancies would be hard to reconcile with 
the relatively long-lived e,,,- at temperatures 
slightly below 0°C. Also a high mobility of 
vacancies would not explain a rapid decay of 
ei,-. A better possibility is that OD radicals 
become very mobile at temperatures > 140 K 
and react with both e,,- and e,,-. Taub and 
Eiben (3) have observed OH radicals decaying 
slowly at temperatures as high as 259 K, but at 
temperatures of 173 K and lower, a fast decay 

was seen in addition to the slow decay. The fast 
decay may well be due to reaction with e,,,- and 
ei,-, with the slow decay occurring after they 
have been consumed. 

As indicated in the Results section and as 
shown in the inset of Fig. 5, at temperatures of 
212 K and higher the decay curve for e,,,- con- 
sists of a spike and a long tail. The tail becomes 
relatively more important as the temperature is 
raised from 212 K and the yields also increase 
sharply with temperature. I t  seems reasonable 
to suggest that the spike is due to spur reaction 
(discussed above), and that the long tail is due 
to decay of free electrons. However, as pointed 
out earlier (30), the yield of free e,,,- increases 
too quickly with temperature above 250 K to be 
explained directly by the Onsager (31) relation. 
We suggest that free e,,,- results from eq,- 
being captured by pre-existing vacancies, the 
equilibrium concentration of which would be 
high enough to accommodate our observed con- 
centrations of e,,,- if 0.3 eV (15) is the correct 
energy of vacancy formation. On this basis the 
rapid increase in G(e,,,-) with temperature above 
254 K would reflect the increase in equilibrium 
concentration of vacancies. A plot of log G(e,,,-) 
against 1/T for the three points above 250 K in 
Fig. 5 gives an energy of 0.6 eV, instead of 0.3 eV, 
but this determination is quite imprecise because 
the temperature measurements under our condi- 
tions could well have been in error by a few 
degrees. 

At variance with our conclusion that there is 
an appreciable free electron yield in crystalline 
ice above 250 K is the conclusion of Schiller 
(32) based on experiments with polycrystalline 
H 2 0  ice doped with tetranitromethane. In 
neutral ice no nitroform anion (the expected 
product of electron scavenging) could be found 
and so it was concluded that free electrons are 
either absent or do not react with tetranitro- 
methane in ice. 

(7) Yields of e,- 
It is often stated that the yields of trapped 

electrons in irradiated ice are very low, and it is 
sometimes said that the yields that are found are 
to be attributed to electrons trapped in glassy 
regions in the crystal. Of course the yields of 
very long-lived electrons that are measured in 
60Co experiments are low, but those measured 
in our experiments at short times are not in- 
significant. As indicated above, we assume 
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&650 = 2 x lo4 M-' cm-I for evis-, and&,,,, = 
3.8 x lo4 M- '  cm-' . Then for a previously un- 
irradiated sample of pure D,O ice at 76 K, at 
mid-pulse G(evi,-) = 0.41 and G(ei,-) = 0.1 1, 
for a total G(et-) = 0.52. For a sample doped 
with 1.51 x M NH4F and previously 
irradiated to the extent of 180 krads, G(e,,,-) = 
0.53 and G(ei,-) = 0.75 for a total G(et-) = 
1.28. 

(8) Emission 
The emission spectrum from irradiated D,O 

ice at 76 K is shown in Fig. 7. Steen and Holteng 
(33) recently reported a very similar spectrum 
for polycrystalline ice at 77 K,  with band 
maxima at 373 and 534 nm. They found that the 
ratio of intensities of the two bands depends 
on dose. 

In our study of irradiated deuterated aqueous 
glasses which show appreciable infrared absorp- 
tion (lo), we found that the emission decay 
kinetics correlate very well with the decay kinetics 
of the infrared band, and this led us to suggest 
that ei,- decays by reaction with an OD radical 
to  give an OD- * which fluoresces. In the present 
study we found no correlation between the decay 
of emission at 407 nm and the decay of absorp- 
tion at either 600 nm or 2350 nm, and therefore 
conclude that emission from the crystal does not 
result from the same mechanism as in the glass. 
Bernas and Truong have concluded that OH- 
is not responsible for the stimulated lumine- 
scence from y-irradiated crystalline ice (24). 
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DOUGLAS M. CHEN, FRED. Y. FUJIWARA, and LEONARD W. REEVES. Can. J. Chem. 55,2396 
(1977). 

A systematic investigation has been made of some lyotropic mesophases (lyomesophases) 
which macroscopically orient in magnetic fields. These mesophases have been classified into 
type I which have a positive diamagnetic anisotropy (AX > 0) and type I1 with AX < 0. The 
mesophase behavior has been observed as a function mainly of electrolyte additions to binary 
and ternary systems. The electrolyte has a profound effect on the mesophase behavior at  ex- 
tremely low concentrations. It has the effect in the ternary system, sodium decylsulphate/ 
decanol/water, of converting a type I to a type I1 mesophase with less than 1 wt.% electrolyte. 
The addition of electrolytes to binary surfactantlwater systems had the effect of increasing the 
mesomorphic region to higher water concentrations. In  the case of sodium and cesium decyl- 
sulphate, and potassium laurate, these ternary mesophases were of type I and for decylammo- 
nium chloride of type 11. The method used to distinguish mesophases and determine the degrees 
of order of water and some hydrocarbon chain segments has been deuterium magnetic reso- 
nance. 

DOUGLAS M. CHEN, FRED Y. FUJIWARA et LEONARD W. REEVES. Can. J. Chem. 55,2396 
(1 977). 

On a fait une ttude systematique de quelques mesophases lyotropes (1yomCsophases) qui 
s'orientent d'une f a ~ o n  n~acroscopique dans les champs magnttiques. On a classifit ces mtso- 
phases en type I, celles qui ont une anisotropie diamagnetique positive (AX > 0), et type 11, 
pour celles ou AX < 0. On a principalement observe le comportement de la mesophase en 
fonction de I'addition d'tlectrolytes a des systtmes binaires et tertiaires. L'electrolyte a un effet 
considerable sur le comportement de la mesophase a des concentrations extrCmement basses. 
Sur le systeme tertiaire, decylsulphate de sodium/decanol/eau, l'electrolyte a comme effet de 
transformer une mesophase de type I en une mtsophase de type I1 avec moins que 1% en 
poids d'electrolyte. L'effet de l'addition d'tlectrolytes a des systtmes binaires, agent actif 
a la surfaceleau, est de dkplacer la region mtsomorphe vers des concentrations d'eau plus 
tlevees. Dans le cas des dtcylsulphates de sodium et de ctsium et du laurate de potassium, 
les phases ternaires sont du type I alors que pour le chlorure de dCcylammonium elle est du 
type 11. On utilise la resonance magnetique du  deuterium comme mtthode pour distinguer les 
mesophases et pour determiner les degrts d'ordre de l'eau et de quelques segments de chaines 
hydrocarbones. 

[Traduit par le journal] 

Introduction in any given system (4-8). In the most thorough 
l-he complex superstructures of lyotropic studies these mesophases are characterized by 

mixtures of amphiphilic compounds, in water, their low angle X-ray diffraction Pattern. LYO- 
formed ill the regime of concentrated micellar mesophases which can be oriented either span- 

systems, lead to liquid crystalline properties of taneously or by means 
the resulting fluids (I). These lyoniesophases are advantages for study by any technique where 
important both with reference to basic structures the anisotropy of physical properties is accessible 
of biological membranes and with respect to to measurement (9). The fact that a l~omeso- 
the aspects of colloid and interface science (2, 3). phase can be oriented in an magnetic 
Phase diagrams have been an active area of study field was first reported in 1967 (10). This very 
because they are so important in defining the useful Property opens UP a research topic in 
number of liquid crystalline phases which occur which the chemical flexibility of such lyomeso- 

phases comes into question. Should such a 
ivisiting professor uniVersidade de sgo paulo 1967- variation of the chemistry of these spoiitaneously 

present. orienting lyomesophases be large, then many of 
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the ~roblems of colloid and interface science can 
be sibjected to the full armament of the nuclear 
magnetic resonance (nmr) tool (1 1). In addition, 
these lyomesophases contain model aspects of 
the bilayer matrix of biological membranes 
(2-4). 

In previous studies (12-15) the chemical 
variations which are ~ossible have been in- 
vestigated in some ternary and quaternary 
systems. The persistence of lyomesophases which 
can be oriented when counter ions are exchanged. 

u 

partly or con~pletely, for a complex ion has led 
to a new technique for investigating the structure 
of ions in fluid media (14-16). The behavior of 
alkali metal decvlsul~hates in mixtures with 
decanol and wate; (1$ and the investigation of 
mixed alkali metal decylsulphates in similar 
mesophases leads to some important overall 
generalizations for these systems. 

Two types of lyomesophases occur (12). One 
class, denoted type I, orients with the uniaxial 
direction (the director) parallel to the magnetic 
field. Therefore, the diamagnetic susceptibility 
along the director, x I I ,  must be algebraically 
larger than that in the perpendicular direction, 
xI, and the type I lyomesophases have a positive 
diamagnetic anisotropy, AX = xi l  - xI. In the 
second class of mesophases, denoted type 11, 
the value of AX must be negative since the meso- 
phase aligns with the director perpendicular to 
the magnetic field direction (12, 13). There is no 
implication that these lyomesophases can be 
assigned a single superstructure arrangement in 
order to achieve either type I or type I1 behavior. 
There appear to be several types of lyomeso- 
phases leading to the same behavior in magnetic 
fields. 

In pure alkali metal decylsulphate/decano1/ 
waterAsystems the lithium salt has only a very 
narrow range of type I behavior, the sodium 
detergent leads to type I phases, while the cesium 
salt has broad ranges of type I1 mesophases (13). 
In lyomesophases of mixed alkali metal deter- 
gents, the change from type I to type I1 can be in- 
duced merely by changing lithium or sodium 
content in the counter ions. The addition of 
electrolytes to these lyomesophases has not been 
systematically studied with respect to the be- 
havior of resulting uniaxial fluids in magnetic 
fields. The present study is an attempt to in- 
vestigate the effect of added electrolytes in 
several mesophase systems. Such studies are 

important as the basis for using lyomesophases 
for all manner of physical measurements where 
bulk or molecular anisotropic properties are 
under scrutiny. 

Experimental 
Decylammonium chloride was prepared by neutralizing 

decylamine with hydrochloric acid. The crude product 
was recrystallized several times from ethanol - petroleum 
ether. The refined product was dried for several days 
under vacuum conditions and stored in an evacuated 
desiccator. Sodium decylsulphate was prepared by sulpha- 
tion of n-decanol with either sulphuric acid in the manner 
previously reported by Radley et al. (12), or with chloro- 
sulphuric acid (17). Recrystallization was repeated several 
times from 90% ethanol in water mixtures. Cesium decyl- 
sulphate was synthesized as previously reported (12) with 
recrystallization from ethanol - ethyl acetate mixtures. 
The sodium 3,3,4,4-tetradeuterodecylsulphate was pre- 
pared as described previously (1 8). The 1,l -dideutero- 
decylammonium chloride was prepared by reducing 
nonylnitrile with LiAID4. Purity was checked from the 
proton magnetic resonance spectra (Varian HAl00) using 
the highest gains available to reveal impurities in aqueous 
isotropic solutions. Potassium laurate (Baker Chen~. Co.) 
was recrystallized from ethanol. Electrolytes were ana- 
lytical reagent grade and D,O was > 99% deuterium from 
Merck Sharp and Dohme. 

Various nmr spectrometers were used to study the 
various nuclei observed. These were Varian VF16, 
HA100, HR60, and XL-100 units. 

Results 
Sodium Decylsulphate/ DecanoI/ Water System 

A lyomesophase was prepared with the 
following composition: 1.53 g H 2 0  (0.1% D,0  
added to give a deuterium nmr signal), 0.21 g 
decanol, and 1.05 g sodium decylsulphate (SDS). 
The sodium decylsulphate contained 19.00% of 
SDS-3,3,4,4-d, so as to provide a strong enough 
deuterium signal from the hydrophobic com- 
ponent. This lyomesophase falls into the region 
of type I properties (13). Spectra were taken at 
23.7 f 0.3"C on a Varian XLlOO spectrometer 
for this series of experiments. The anhydrous 
sodium sulphate additions were performed with 
0.098 to 7.03 wt.% of the total phase. The 23Na 
and deuterium nmr signals were followed to 
show that partially averaged nuclear quadrupole 
splittings behave in a parallel manner. The 
deuterium doublets for the chain deuterium 
nuclei on carbon 3 and 4 were often not resolved 
in samples near the phase transition; the small 
amount of deuterium in the water appears as a 
separate doublet. A more complete study of the 
degree of order profile of the hydrocarbon chain 
by 'H nmr has been previously reported (18). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2398 CAN. J .  CHEM. VOL. 55, 1977 

In Fig. 1 the partially averaged quadrupole 
splittings (in the case of the chain an average for 
position 3 and 4) are plotted against the weight 
percent of sodium sulphate in the phases. The 
separation of two mesophases occurs after addi- 
tion of 5.1% sodium sulphate. 

The initial phase, before additions of sodium 
sulphate, is of type I and orients, somewhat 
slowly, in about an hour or so, with the meso- 
phase director parallel to the magnetic field 
direction. On passing from initial powder pattern 
to fully oriented mesophase the separation of the 
quadrupole doublet increased by a factor of two, 
and when the oriented sample was turned in the 
magnetic field and a spectrum was obtained 
before the sample reoriented, the quadrupole 
splitting followed a (3 cos2 R - 1) dependence 
with the rotation angle. As shown in Fig. 1, an 
addition of only 0.272 wt.% sodium sulphate 
leads to a precipitous change in the deuterium 
quadrupole splittings which indicates a phase 
change induced by the addition of electrolyte. 
After this quantity of sodium sulphate has been 
added the new lyomesophase formed exhibits 
type I1 behavior. The change in the deuterium 
quadrupole splitting exactly at the critical con- 
centration of the electrolyte for the phase 
transition is 1.64 for both water and chain 

0 1 2 3 4 5  
W t .  % Na2S0, 

FIG. 1. Partially averaged deuterium quadrupole 
splittings in HOD and deuterated sodium decylsulphate- 
3,3,4,4-d, used as components of a lyomesophase de- 
scribed in the text. These splittings are plotted against 
added weight percent sodium sulphate. 

deuterium signals. The values are : HOD 372 Hz 
type I to 227 Hz type 11, and chain CD, groups 
8.30 kHz type I to 5.06 kHz type 11. The phase 
change is accompanied also by a characteristic 
change in the sign of the slope (d(Av)/dx); 
Av = quadrupole splitting and x = concentra- 
tion of some component, in this case the electro- 
lyte (12). With the assumption of an axially 
symmetric electric field gradient tensor for the 
C-D bond axis, the appropriate equation for 
the degree of order of this axis becomes: 

where Av, is the deuterium quadrupole splitting, 
Q is the quadrupole coupling constant for 
deuterium in a C-D bond, R is the angle be- 
tween the phase director and the magnetic field, 
and Sc, is the degree of order of the C-D bond 
axis. 

Using the figure for the ratio at the phase 
transition, Av,(type I)/Av,(type 11) = 1.64, in 
[ l ]  gives 0.82 as the ratio Sc,(type I)/ScD(type 
11). The degree of order of the C-D axes in the 
detergent are thus smaller with respect to the 
director in the type I phase by a small amount 
under equilibrium conditions between the two 
phases. A similar statement applies to all com- 
ponents of the lyomesophase. 

The effect of electrolyte addition is more 
pronounced in producing phase transitions than 
the changes in the counter ion content investi- 
gated previously (12). An approximately 5 
mol% substitution of cesium for sodium ion is 
necessary before the phase change type I to type 
I1 is induced. 

The effect of adding lithium sulphate in the 
form Li2S0,.H20 to a lyomesophase of com- 
position 0.35 g sodium decylsulphate, 0.07 g 
decanol, and 0.56 g D 2 0  was also studied. Very 
similar results were obtained to the sodium 
sulphate additions reported above. The transi- 
tion type I to type I1 lyomesophase occurs at 
0.65 wt.% added hydrated lithium sulphate. This 
concentration is considerably higher than in the 
case of sodium sulphate, but it is not surprising 
that the transition should depend on the nature 
of the added electrolyte. The phase change was 
followed using 23Na, 7Li, and 'H resonance 
signals. 

The effect of increasing the decanol content 
in the ternary type I mesophase was also in- 
vestigated. A series of samples were prepared 
containing sodium decylsulphate and heavy 
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water in the ratio 1 :1.600 by weight and the 
decanol content was varied from 6.35 to 7.7 wt.% 
of the total sample. In Fig. 2 the sodium quadru- 
pole splitting (measured as the total separation 
of the triplet) is plotted against the decanol 
concentration. The quadrupole splitting de- 
creases slightly as the decanol content is in- 
creased up to 7.24 wt.% where a phase change 
occurs resulting in the formation of a second 
mesophase. This mesophase which is in equi- 
librium with the type I mesophase over a fairly 
extensive region does not orient in the magnetic 
field and results in a powder pattern spectrum. 
The second mesophase is less dense and samples 
in this region separate into two layers on 
standing. By comparison with the phase diagram 
of the corresponding sodium octylsulphate and 
sodium dodecylsulphate ternary systems (6), as 
well as those of similar ionic surfactants (6, 7) 
it is likely that the mesophase formed at high 
decanol content is a lamellar phase. 

Decylammonium Chloride/ Water Binary System 
Simple binary mixtures of detergent and water 

do form birefringent uniaxial mesophases (4, 7), 
but these are not generally oriented in magnetic 
fields and the deuterium magnetic resonance 
spectra take on the powder diagram form (I I ) .  
Decylammonium chloride/D20 mixtures were 
studied between 29.9 wt.% D 2 0  to 53 wt.% 
D20.  (The D 2 0  used contained 0.1 N HC1 in 
order to decrease the rate of exchange of the 
labile deuteriums.) The temperature of the ex- 
periments was 27.8 + 0.2"C and deuterium nmr 
powder signals were followed as a function of 
water content. 

In Fig. 3 the water deuterium doublet splitting 

FIG. 2. Variation of the 23Na quadrupole splitting with 
n-decanol content in a ternary SDS mesophase. The 
points @ represent two splittings observed from the same 
sample. 

FIG. 3. The mesophase behavior of the binary system, 
decylammonium chloride/DzO, with and without added 
ammonium chloride. The quadrupole splittings of the 
D 2 0  are plotted against the weight percent water: 0 the 
binary phase; the ternary system containing an ammo- 
nium chloride/decylammonium chloride ratio of 1 :46.2; 
and A the ternary system containing an ammonium 
chloride/decylammonium chloride ratio of 1 9.25. The 
filled points represent partly isotropic two phase samples. 

is plotted against weight percent D20.  Between 
29.9 wt."j, and 51.1% D 2 0  there is a linear de- 
crease in D 2 0  quadrupole splittings with water 
content from 999 + 10 Hz to 426 5 1 Hz. The 
lyomesophases in this concentration range are 
known to be of lamellar form (4, 7). At 5 1.1 wt.% 
D 2 0  a separation of two birefringent phases 
occurs. Signals from both phases are doublets, 
but the new phase which appears in equilibrium 
with the original lamellar phase does orient in 
the magnet in a few seconds and appears as a 
sharp doublet. This second phase orients with 
the director perpendicular to the magnetic field 
direction. Fig. 4A is a spectrum of this two 
phase mixture in equilibrium. The co-existence 
concentration range is 51.1 to 52.3 wt.% D20 .  
This appears to be a true equilibrium mixture of 
two mesophases because on warming to an 
isotropic medium and allowing the system to 
cool to 27.S°C again in the magnet, the two 
signals reappear in the same intensity ratio. 
When the samples near or in the two phase 
regions are allowed to cool from an isotropic 
solution in the magnetic field changes in the 
appearance of the signals assigned to the original 
lamellar phase occur. The powder pattern 
spectra from the lamellar phase become sharper 
doublets indicating that an orientation process 
has occurred. An almost completely oriented 
sample is shown in Fig. 4B. The doublet splitting 
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of the lamellar phase does not change on orienta- 
tion which indicates that the mesophase directors 
orient perpendicular to the magnetic field. In the 
two phase region the ratio of the deuterium 
quadrupole splitting of the D,O was 1.83 f 
0.01. Such a result clearly indicates that a t  least 
two different nleso~hases can lead to the same 
behaviour in a magnetic field. 

At 52.3 wt.% D 2 0  and above a second two 
phase system occurs, but in this event only the 
upper one is birefringent. The upper phase is 
probably identical with the second type I1 phase 
indicated above. This upper phase orients in a 
few minutes and is type I1 while the lower phase 
is isotropic with a singlet deuterium spectrum. 
Above 53.0 wt.% only one isotropic solution 
remains. 

The behavior in the absence of electrolvte is in 
complete contrast with the ternary system con- 
taining added salts. A mixture of ammonium 
chloride and decylarnmoniun~-1,l-d, chloride in 
the ratio by weight of 1 :9.25 was weighed and to 
this mixture various percentages by weight of 
D,O (containing 0.1 N HC1) were added so that 
con~position variations were obtained between 

FIG. 4. 2H spectrum of decylammonium chloride- 
D20 samples in the two phase region. A: sample with 
51.1% D20 after leaving overnight in the magnetic field. 
B: sample with 51.4% D,O after the sample was heated to 
an isotropic phase allowed to cool in the magnetic field. 
The mesophase with the largest splitting becomes almost 
completely oriented by this cycle. 

48 and 64 wt.% water. The measurements of 
deuterium quadrupole splitting in the D,O 
component are plotted in Fig. 3 against weight 
percent D,O in the ternary mixture. The weight 
percent of electrolyte in the ternary system 
decreases somewhat between 48 and 64 wt.% 
D,O, but the variation is not a strong one and 
for convenience of comparison it is included on 
a binary phase basis. At the lowest water con- 
tents the deuterium spectrum remains a powder 
pattern with no tendency to orientation in the 
magnetic field. Near 59 wt.% water there is a 
tendency for the mesophase to orient and at the 
highest water contents encountered the orienta- 
tion process is rather rapid. At 59 wt.% there is a 
distinct break in the linear dependence of the 
quadrupole splitting of the type I1 phase on 
water content. Such a break indicates some 
structural change, perhaps a second-order type 
transition. We have obtained a similar subtle 
modification in a previous study of the same 
lyomesophase system with temperature (19). An 
isotropic phase in equilibrium with the type I1 
lyomesophase occurs at 63.87 wt.% D 2 0  in the 
ternary mixture. The change in slope of the linear 
dependence of D,O deuterium quadrupole split- 
ting on water content was further probed by ob- 
serving the -ND,+ and a a-d, deuterated chain 
segment. The -ND3+ and a-CD, deuterium 
doublets were obtained as a function of water 
content and this is plotted in Fig. 5. The corre- 
sponding subtle break in the linear dependence on 
water content is found at  ca. 59% wt.% D 2 0 .  The 
structural changes in the lyon~esophase are trans- 
mitted to the degrees of order of both the hydro- 
philic and hydrophobic compartments. It  is pos- 
sible that interface water undergoes local re- 
arrangements without producing a precipitous 
alteration of the mesophase superstructure. Low 
angle X-ray studies are suggested as a means of 
elucidating these modifications. At 63.87 wt.% 
water a second isotropic and more dense phase 
separates in equilibrium with the type I1 meso- 
phase. At higher water contents the orientation is 
rapid. The ratio of a-CD, deuterium splitting to  
the -ND3+ value is constant a t  2.33 f 0.02 over 
the whole region investigated. The quadrupole 
couplings of the -ND3+ head group are linearly 
dependent on those of the D,O component, but 
there is an intercept of 0.7 kHz, showing a 
discontinuity in extrapolated order between the 
hydrocarbon and aqueous regions. The experi- 
mental relatioilship found is: 
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where Av,,, and AvND,+ are the quadrupole 
splittings in Hz of D 2 0  and -ND,+ groups, 
respectively. This effect has been reported earlier 
for both D 2 0  and C1- ion in the aqueous com- 
partment (19). 

To further investigate the effect of adding an 
electrolyte to the binary system, another series 
of samples containing a smaller amount of 
electrolyte was studied. These samples contained 
an ammonium chloride to decylammonium 
chloride ratio of 1 :46.2 by weight (the electrolyte 
made up ca. 1% of the sample). The quadrupole 
splittings of the D 2 0  in these samples are also 
shown in Fig. 3. 

There is a distinct change in the concentration 
dependence of the quadrupole splitting at 53.4% 
D20 .  Samples with D 2 0  concentrations higher 
than this amount rapidly orient macroscopically 
in the magnetic field with the director perpen- 
dicular to the field direction. Samples with 
slightly less than 53.4% D 2 0  tend to orient 
perpendicular to the field when they are allowed 
to cool from an isotropic solution in the magnetic 
field; the sample with the lowest amount of 
water (51.5%) showed no appreciable orientation. 

Other Ternary Surfactant/ Water/Electrolyte Sys- 
tems 

Some further investigations of new ternary 
systems which will spontaneously orient in 
magnetic fields have been implemented and the 
results, though not as comprehensive as those 
reported above, are worth recording as a guide 
to others who plan uses for lyomesophases. The 
ternary systems containing an electrolyte and 
the sodium or cesium decylsulphate or potassium 
laurate are in contrast with the corresponding 
ternary systems based on the decylamine salts 
described here and elsewhere (15, 19). Unlike 
the mesophases formed from the decylamine 
salts, these mesophases orient with the director 
parallel with the field; i.e., type I behavior. 
These type I mesophases were found to orient 
homogeneously after several hours in the magnet. 

Sodium decylsulphate/electrolyte/water was 
prepared in two mesophases of composition: 
(a) 55.7 wt.% D20 ,  39.8% sodium decylsulphate, 
and 4.5% anhydrous sodium sulphate; (b) 
53.3% H 2 0 ,  41.9% sodium decylsulphate, and 
4.8% Na2S0,. Both mixtures formed single 
birefringent type I lyomesophases. The deu- 
terium splitting in (a) at 35°C was 696 Hz and the 

FIG. 5. Deuterium quadrupole splittings of the ternlinal 
-ND,+ group (lower curve) and a-CD, group for 
ternary mixtures ammonium chloride, decylammonium 
chloride, and D20  as described in the text. 

separation of adjacent peaks of the 3 :4:3 triplet 
of2,Na in mesophase (b) was 7.688 f 0.005 kHz. 
The angularly dependent peaks were halved in 
separation on rotation 90" about an axis perpen- 
dicular to the magnetic field after sufficient time 
elapsed to homogeneously orient the sample. 

Cesium decylsulphate/water/electrolyte sys- 
tems were prepared as homogeneous lyomeso- 
phases of type I in the following proportions: 
(c) 44.3% D20 ,  52.2% cesium decylsulphate 
(CSDS), 3.5% Na2S04; (d) 49.3% D 2 0 ,  48.8% 
CsDS, 2.0% Na2S04; (e) 49.7% H 2 0  (containing 
0.5% D20),  46.6% CsDS, 3.7% CsNO,. The 
mesophases gave D 2 0  deuterium splittings of 
632 Hz, 545 Hz, and 458 Hz, respectively, a t  
35°C. 

A ternary system potassium laurate (KL)/ 
D,O/potassium chloride with 65.1, 32.7, and 
2.2 wt.%, respectively, with a deuterium (D20) 
doublet of 558 Hz at 35°C proved to be a type I 
lyomesophase. 

Some comments can be added on these three 
new lyomesophase systems. Both the sodium 
decylsulphate and potassium laurate mesophases 
above form two phase mixtures in the absence 
of added electrolyte, an extremely viscous bi- 
refringent mesophase and an isotropic phase. 
The corresponding binary CsDS/water systems 
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form a single mesophase which is also extremely from a uniaxial fluid (with AX > 0) which 
viscous. The ternary CsDS mesophases have the orients with the director parallel to a magnetic 
unusual physical property that they become field direction, to a mesophase (with AX < 0) 
extremely viscous on cooling and change into which orients with the phase director in all 
an isotropic phase. directions perpendicular to the field. It has been 

Discussion 
Compared to the large number of lyomeso- 

phases known, the number which will spon- 
taneously orient in a magnetic field is relatively 
small. The mesophases which will macroscopi- 
cally orient are characterized by a lower bulk 
viscosity. Presumably the forces exerted on these 
uniaxial liquids by the magnetic field due to their 
diamagnetic anisotropies are sufficient to over- 
come the internal viscous forces. 

The binary surfactantlwater systems con- 
taining sodium or cesium decylsulphate, or 
potassium laurate undergo a phase transition 
from an isotropic solution to an extremely 
viscous mesophase as the surfactant concentra- 
tion is increased. In the case of the potassium 
laurate and the similar sodium octylsulphate and 
dodecylsulphate binary systems, these meso- 
phases have been identified as a 'middle' or 
'hexagonal' phase con~posed of cylindrical 
micelles packed in a hexagonal array (7, 20). 
These middle phases can incorporate up to ca. 
10% decanol; at higher decanol concentrations 
lamellar phases are formed (7). 

The addition of an electrolyte, decanol, or 
both to the binary CsDS, SDS, and KL systems 
has two marked effects. The liquid crystalline 
phase is extended to lower surfactant concentra- 
tions and there is a drastic reduction in the 
viscosity. In light of the difference in the be- 
havior of the resulting mesophases, some of 
these changes must also be accompanied by a 
phase change. On the addition of only an 
electrolyte, all three systems form type I meso- 
phases; on the addition of only decanol the 
SDS forms a type I phase, the CsDS forms a 
type I1 mesophase (12), and the KL system re- 
mains a viscous middle phase; and on the addi- 
tion of both electrolyte and decanol all three 
systems form type I1 mesophases (21) which also 
have the most extensive mesomorphic region. 
However, a quaternary system containing ani- 
linium decylsulphate has been found to be a type 
I phase (22). 

Addition of less than 1 wt.% of electrolyte to 
the ternary lyomesophase system, sodium decyl- 
sulphate/decanol/water provokes a phase change 

suggested -that these ternary and quaternary 
phases are lamellar and hexagonal phases, re- 
spectively (23). However, the ratio of the degree 
of order parameter for the paraffinic chain and 
for D,O of type I/type I1 = 0.82 observed at the 
phase transition is not consistent with such a 
phase change. A ratio of two would be expected 
as a result of the additional averaging motion 
in the hexagonal phase as a result of rapid 
diffusion around the cylindrical micelles. A 
factor of approximately two has been observed 
in the comparison of lamellar and hexagonal 
mesophases (19, 24). Also, the mesophase re- 
sulting from the phase change caused by in- 
creasing the decanol concentration of this type 
I mesophase can be assumed to be a lamellar 
phase by comparison with other similar sur- 
factant systems (7). 

The type I1 mesophases have been assumed 
to be of hexagonal type with a sufficiently low 
viscosity to allow the mesophase to orient in a 
magnetic field (12, 15, 16, 19). This assumption 
was mainly based on the fact that the hexagonal 
phase was the only mesophase which was usually 
found in the corresponding region of the phase 
diagrams of a large number of similar surfactants. 
The discovery of another class of type I meso- 
phases, the surfactant/water/electrolyte system, 
in addition to the other ternary type I meso- 
phases containing decanol which all have a 
similar surfactantlwater concentratio11 as the 
type I1 mesophase, makes comparisons with 
similar well characterized systems of little use. 
It  is apparent that other data, in particular from 
low-angle X-ray diffraction studies, are necessary 
to elucidate the structure of these various meso- 
phases. 

The binary system decylammonium chloride/ 
water has a large range of mesophase composi- 
tions but these liquid crystals do not sponta- 
neously orient in a high magnetic field. The 
lamellar mesopllase can be heated at the higher 
water contents to an isotropic fluid, which on 
cooling in the magnet slowly reforms a lamellar 
phase in a much more oriented state. This 
mesophase has a negative diamagnetic aniso- 
tropy and exhibits type I1 behavior with align- 
ment of the director perpendicular to the field 
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direction. This alignment with the hydrocarbon 
chains perpendicular to the magnetic field is 
consistent with the diamagnetic anisotropy of 
paraffinic chains which is known to be negative 
(25). An extremely narrow co-existence range 
with a second type I1 mesophase occurs and at 
higher water contents this mesophase co-exists 
in equilibrium with an isotropic micellar solu- 
tion. The behavior of this binary system is very 
similar to the octylammonium chloride systems 
in which the more extensive mesophase was 
assigned as lamellar and the other as hexagonal 
(7). A similar assignment of the mesophases 
formed with decylammonium chloride is con- 
sistent with the ratio of the quadrupole splittings 
observed; the ratio of 1.83 is close to the value 
of 2 expected for a lamellar to hexagonal transi- 
tion. It should be noted that if this second 
phase is hexagonal, then it orients with the 
cylinder axis perpendicular to the field. There- 
fore, the diamagnetic anisotropy of the hydro- 
carbon chains cannot be the dominant contribu- 
tion to the anisotropy of the mesophase. 

Electrolyte additions provoke profound 
changes in the mesophase behavior. The presence 
of an electrolyte extends the mesophase region 
to much higher water concentrations, but in 
contrast to the other ternary systems discussed 
above, the resulting mesophases are of type 11. 
On the addition of ca. 1% electrolyte, the meso- 
phase with the lower degree of order has a larger 
composition range and there appears to be a 
subtle phase modification which reduces the 
difference between the two mesophases. At the 
higher electrolyte concentration (ca. 4%) the 

, mesophase which will orient has a much more 
extensive region and the phase transition almost 
disappears. It is apparent that the addition of an 
electrolyte modifies the behavior of both 
lamellar and hexagonal phases. 
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DOUGLAS M. CHEN, FRED Y. FUJIWARA, and LEONARD W. REEVES. Can. J. Chem. 55, 2404 
(1977). 

The degree of order of solubilized molecules and ions in oriented lyomesophases has been 
determined at specifically deuterated C-D bond axes from the quadrupole splitting of the 
deuterium magnetic resonance. Mixtures at low concentration of specifically deuterated alkanes, 
alcohols, carboxylic acids, and carboxylates of different chain length have been observed in 
host cationic and anionic lyomesophases. The degree of order of a given C-D position in al- 
cohols increases strongly with chain length up to a length comparable with the host detergent. 
A broad series of carboxylic acids and carboxylate ions from C2 to CI6 have been deuterated 
in the a position. The a-C-D bond axis in the solubilisate increases in order with chain length, 
the anion having lower order than the parent acid. An accurately linear increase in the degree 
of order of the a position is observed for intermediate chain lengths. At chain lengths approxi- 
mately equal to the host chain lengths the a position reaches a limiting value in the degree of 
order and further segments do not influence the order. At short chain lengths the degree of order 
is less than that predicted from extrapolation of order in the linear region. This has been inter- 
preted in terms of distribution into the aqueous compartment by the solubilisates of short chain 
length. Acetic acid and the acetate, propionate, butanoate, and pentanoate ions spend an ap- 
preciable amount of time in the aqueous region. An estimate has been made of these distribu- 
tions based on reasonable assumptions. 

DOUGLAS M. CHEN, FRED Y. FUJIWARA et LEONARD W. REEVES. Can. J. Chem. 55,2404 
(1977). 

On a dttermine le degrt d'ordre des moltcules et des ions solubilists dans des lyomtsophases 
orienttes; ces ttudes ont tte effectutes par rapport a des axes de liaisons C-D deuttrts 
d'une f a ~ o n  spkifique a partir des couplages quadrupolaires de la rtsonance magnetique du 
deuterium. On a observt, dans des lyomtsophases cationique et anionique agissant comme 
hbtes, des melanges contenant de faibles concentrations d'alkanes, d'alcools, d'acides car- 
boxyliques et de carboxylates de longueurs de chaine difftrentes et deuttres d'une f a ~ o n  
sptcifique. Le degrt d'ordre pour une position C-D donnte dans les alcools augmente d'une 
f a ~ o n  tres prononcte avec la longueur de la chaine jusqu'a une longueur comparable a celle 
du dttergent agissant comme h6te. On a deuterk en position a une grande strie d'acides 
carboxyliques et d'ions carboxylates allant de C2 a CI6. L'ordre de l'axe de liaison a-C-D 
des moltcules solubilistes augnlente avec la longueur de la chaine; l'anion a un ordre plus 
bas que celui de l'acide qui lui a donne naissance. On observe une augmentation lineaire 
prtcise dans le degrt d'ordre dans la position a pour des longueurs intermtdiaires de la chaine. 
A des longueurs de chaine approximativement tgales a celles des longueurs de chaine de la 
moltcule hbte, la position a atteint une valeur limite dans le degrt d'ordre et des segments sup- 
pltmentaires n'influencent pas l'ordre. Aux courtes longueurs de chaine, le degre d'ordre est 
plus faible que celui prtdit a partir de l'extrapolation de I'ordre dans la rtgion lineaire. On a 
interprttt ces rtsultats en termes de distribution dans la phase aqueuse par les moltcules qui 
solubilisent et qui ont de courtes longueurs de chaine. L'acide acttique et les ions acttate, pro- 
pionate, butanoate et pentanoate passent une quantitt appreciable de temps dans la rtgion 
aqueuse. On a fait une tvaluation de ces distributions qui est baste sur des hypothkses raisona- 
bles. 

[Traduit par le journal] 

Introduction of 'solubilization' is known to arise because of 

ln aqueous micellar solutions of and micelle formation (2) and the internal division 

detergents (1, 2), the solubility of all manner of the stable colloidal dispersion into hydro- 

of substances is greatly increased.  hi^ process phobic micelle interiors which are able to oc- 
clude organic substances in a similar manner to 

'Visiting Professor, Universidade de S2o Paulo, 1967- an organic solvent. 
present. We have been engaged in a series of studies 
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of concentrated micellar solutions which take 
on the form of uniaxial fluids (3). Many of these 
uniaxial media have the property of spontan- 
eously orienting with the mesophase directors, 
either all parallel to a magnetic field direction or 
in all directions perpendicular to a large mag- 
netic field (3). By using nuclear magnetic reso- 
nance methods the degree of order of axes in 
individual components of the mesophases can 
be determined with respect to the magnetic field 
direction (4). In general we may write 

distant localities in the water compartment and 
only an average degree of order for all sites is 
recorded (4). 

The act of 'solubilization' implies inclusion in 
the hydrophobic region of the guest species. The 
extent to which this is true and what degree of 
local order is imposed upon a guest molecule 
or ion, is the object of this study of components 
solubilized in lyomesophases. The method used 
has been deuterium magnetic resonance of the 
guest and some host molecules and ions. 

[1 1 Sa = 5(3 cos2 Oa - 1) Experimental 
where Sa = degree of order of an axis, 0, = the Preparation of Deuterated Materials 

Alcohols (n-propanol through n-decanol) deuterated 
between that axis and the mesophase sym- at specific positions were prepared by deuteration of the 

metry axis (the director), and also corresponding alkynols over platinum oxide (Adam's 

[21 Av = $QSa4(3 cos2 R - 1) catalyst), (6, 7) by a low pressure deuterogenation reac- 
tion. If a terminal acetylenic group was deuterogenated, 

where is the quadrupole splitting of the deu- this was preceded by exchange of the acidic acetylenic 
proton for deuterium. A typical exchange to form 5-deu- 

terium magnetic resonance doublet, S a  is the tero-4-pentyn-1-01 was achieved as follows: 0.4 g of so- 
degree or order of the C-D, 0-D, or N-D dium metal was slowlv dissolved in 10 ml D,O. followed 
bond axis (assuming an axially symmetric nu- 
clear quadrupole coupling tensor), R is the angle 
between the mesophase director and the mag- 
netic field, and Q is the nuclear quadrupole 
coupling constant of the deuterium nucleus. In 
the case of parallel alignment of the phase direc- 
tor and the magnetic field the factor (3 cos2 
R - 1)/2 is + 1 while with perpendicular direc- 
tion of the symmetry axis of the mesophase this 
function has a value -4. 

Being a fluid phase in which freedom of mo- 
tion of molecules, ions, segments, and head 
groups is impeded only by uniaxial constraints, 
then Sa may be interpreted as a local measure 
of structure and order. Local symmetry must be 
sensibly used in these situations since the pos- 
sibility of orientation of an axis about the magic 
angle (3 cos2 0, - 1)/2 = 0 occurs. There is a 
great deal of heterogeneity of local order, the 
water 0-D bond being almost isotropic in 
average motion, while the head group ionic re- 
gion is the most highly ordered segment (4, 5). 
The degree of order in different parts of the 
lyomesophase tends to be imposed on any guest 
molecule or ion dissolved in the system and 
thus the location of a guest species can be investi- 
gated. 

It is important to realize that the nuclear mag- 
netic resonance (nmr) signals are averaged over 
all events which occur with smaller than - 
s correlation time. In the case of counter ions, 
added electrolytes, and water there is a rapid 
exchange between the actual interface and more 

by 10 g of 4-pentyn-1101. The mixture was stirrid for 6 h 
and the organic layer separated, dried, and distilled (7). 
About 80% replacement of hydrogen was achieved in one 
exchange and this was deemed sufficient. In deuterogena- 
tion reactions about 90% deuteration was obtained but 
often a significant and detectable amount of deuterium 
wandered to the adjacent positions giving a bonus of 
easily assigned deuterium resonances. Similar procedures 
were used to deuterogenate alkynes. 

A series of a-d2-carboxylic acids were synthesized by 
heating the sodium or potassium salts with D,O con- 
taining NaOD in a stainless steel bomb at lSO°C (9). The 
deuterated carboxylic acids were fractionally distilled 
except those longer than lauric acid. 

Spectrometers Used 
The measurements in all cases were made at 15.36 MHz 

for deuterium signals with samples contained in 5 or 
10 mm tubes on a Varian XL-100 spectrometer. For al- 
kanes and alcohol solubilization the probe temperature 
was 26.6 to 26.8OC except where noted. The experiments 
on solubilization of carboxylic acids and carboxylates 
were carried out at 34'C. Proton noise decoupling was 
activated during the observation of deuterium nmr in 
some cases. 

The deuterium nmr signals required accumulation of 
6000 to 30 000 transients and in some cases high field and 
low field spectra were recorded separately because quadru- 
pole couplings exceeded the 12.5 kHz spectral width limit 
imposed by the spectrometer. No dificulty was encoun- 
tered in piecing together the two halves of the spectrum 
by use of the overlap region. 

Methods Used to Compare Degrees of Order 
In order to compare the degree of order of the com- 

ponents solubilized in a lyomesophase, it was found con- 
venient to allocate in small amount each component to 
be studied to a single lyomesophase so as to compare 
them in the same phase at the same temperature. This 
finality was achieved in stages while taking care that the 
solubilized components did not appreciably change the 
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TABLE 1. Deuterium quadrupole splittings of specifically deuterated nor- 
mal alkanes and alcohols in decylammonium chloride mesophases* 

Av(CDn) 
Quadrupole 

Sample Solubilisates splitting (kHz) Av(H0D) 

*Where a single value for the quadrupole splittings is quoted the two doublets were 
not resolved. 

?The smaller q.uadrupole splitting can be assigned to the CD, group on the basis of  
the difference In mtensity. 

$Assignment uncertain. 

host mesophase order. An example of this procedure is 
now given. 

In order to compare the deuterium quadrupole cou- 
plings in the a-position for the acids, acetic to decanoic, a 
lyomesophase was prepared first containing all acids with 
an even number of carbons. The composition of this 
lyomesophase in our code denoted phase D28 was 50.95 
wt.% H 2 0  (containing 0.1% D 2 0  and adjusted to p H  
2), 5.45 wt.% decanol, 38.18 wt.% sodium decylsulphate 
(SDS), and 4.36% anhydrous sodium sulphate. The 
balance of mesophase D28 was made up of components 
of very low concentration, whose relative degree of order 
along the a-C-D bonds were to be compared. These 
were 0.11 wt.% CZ, 0.21% C4, 0.35% C6, and 0.38% C8 
using the notation C2 as the 2 carbon acid, etc. The deu- 
terium magnetic resonance spectra gave a series of doub- 
lets which could routinely be assigned to the a positions 
in the various acids and DOH. A second lyomesophase 
D29 of composition 50.83% H 2 0  (0.1% D 2 0 ,  p H  = 2), 
5.44% decanol, 38.11% SDS, 4.36% Na2S04, 0.22% C3, 
0.24% Cs, 0.29% CI, and 0.50% Clo was also prepared 
and the deuterium magnetic resonance spectrum of the 
oriented lyomesophase assigned as for D28. The two 
mesophases D28 and D29 were mixed to form a single 
lyomesophase with approximately equal weights of 
each. The resulting uniaxial fluid has the composition 
50.89 wt.% H 2 0 ,  5.45% decanol, 38.14% SDS, 4.36% 
Na2S04, 0.05% C2. 0.12% C3, 0.09% C4, 0.13% CS, 0.16% 
C6,0.16% c,,  0.16% C8, and 0.28% Clo. The information 
gathered with respect to assignments of the deuterium 
spectra of D28 and D29 separately, served to assign com- 
pletely the respective a-CD, doublets in the combined 
and oriented lyomesophase. A sample containing the C, 
to C12 acids and another containing the Clo, C14, and 
C16 acids were prepared, with the same SDS/decanol/ 
sodium sulfate ratio as in the samples described above, 
to study the longer chain acids. 

The solubilization of the series of a deuterated car- 
boxylate anions added as the sodium salts, was studied in 
a series of samples corresponding to those described 
above for the carboxylic acids but with water at pH = 10 
to assure complete ionization of the carboxylic head- 
groups. The samples containing the long chain carboxy- 

lates were studied as a function of the water content in 
order to compare these quadrupole splitlings with those 
observed in the samples containing the C, to Clo salts. 

Solubilization studies of the alcohols were made in 
mesophases of decylammonium chloride/water/ammo- 
nium chloride. A typical lyomesophase was: 38.46 wt.% 
decylammonium chloride, 0.82% NH4C1, 56.94% H 2 0  
(0.1% DzO, p H  3), 0.15% methanol-d3, 0.30% propanol- 
2,2,3,3,3-d5, 1.12% pentanol-3,3,4,4-d4, 1.12% heptanol- 
3,3,4,4-d4, and 1.09% nonanol 3,3,4,4-d4. The alkanes 
and alcohols in Table 1 were prepared in similar lyomeso- 
phases. 

The host lyomesophases based on the sodium decylsul- 
phate and decylamn~onium chloride detergents used in 
this study macroscopically orient in the magnetic field 
with the director perpendicular to the field as a result of 
their negative diamagnetic anisotropy. It was necessary 
to keep the concentrations of the solubilized species suf- 
ficiently low since at higher concentrations a phase change 
occurs, which usually resulted in a mesophase which will 
not orient in the magnetic field. In several cases speci- 
fically deuterated decylsulphate ions were used and the 
degree of order profile of its hydrocarbon chain (7) was 
found to be unaffected by the presence of the sn~all 
amounts of solubilized components employed. 

Results and Discussion 
The type I1 mesophases en~ployed in this study 

have a fairly extensive liquid crystalline region 
and are probably 'middle' or 'hexagonal' phases 
composed of cylindrical micelles packed in a 
hexagonal array (12). Although the structure of 
these mesophases which have the ability to 
orient in magnetic fields have not been unam- 
biguously established, a knowledge of the exact 
shape and packing of the micelles is not critical 
in this study of solubilization. Previous studies 
have indicated that the nature of the hvdrocar- 
bon core is not dependent on the shape, whether 
cylindrical or lamellar, of the micelle (5, 13, 14). 
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Solubilization of Alcohols and Alkanes in 
Decylammonium Chloride Mesophases 

A typical deuterium nmr spectrum of the 
solubilized alcohols, methanol to nonanol, in 
the odd carbon series is present in Fig. 1. The 
extreme low field section is outside the spectral 
range but doublets can be discerned for water 
HOD (w), methanol (m), propanol (p) with a 
terminal CD, group of smaller splitting, pen- 
tanol-3,3,4,4-d, (pe) with the smaller doublet 
splitting associated with the 4,4 position, hep- 
tan01 (h) with the 3,3 and 4,4 positions over- 
lapping, and nonanol (n) also with the 3,3 and 
4,4 positions superposed in the spectrum. The 
peaks become broader as the quadrupole split- 
tings increase because there are small deviations 
in the homogeneity of the order and because 
dipole-dipole couplings between the deuterium 
nuclei and with adjacent protons (not com- 
pletely decoupled) become larger as the order 
parameter increases. 

Additional samples containing the same alco- 
hols labelled in other positions were studied, as 
well as the corresponding samples containing 
the even carbon series of alcohols. The various 
samples were not directly comparable because 
of small differences in sample compositions. 
However it was observed that over the small 
range of compositions used the ratio of the deu- 
terium quadrupole splitting of any labelled 
alcohol to that of the HOD was constant to 
within ca. 1%. In Fig. 2 these ratios for various 

W 

FIG. 1. Varian XL-100 F.t. spectrum of a decylam- 
monium chloride mesophase containing: (I) methanol-d3 
(m), (2) propanol-2,2,3,3,3-d5 (p), (3) pentanol-3,3,4,4-d4 
(pe), (4) heptanol-3,3,4,4-d4 (h), (5) nonanol-3,3,4,4-d4 
(n). The sample composition is given in the experimental 
section. A total of 6000 transients were accumulated. 
Probe temperature was not determined accurately but was 
estimated to be around 32°C. Since the maximum spectral 
width was 12 kHz, and since this is in the range of the 
larger quadrupole splittings of the longer chain alcohols, 
the spectrum was offset so as to display only the high field 
peaks for splittings larger than 5 kHz. 

Number of Carbons 

FIG. 2. The ratio of the deuterium quadrupole splitting 
of specifically deuterated alcohols to that of the HOD in 
the same mesophase plotted against the length of the 
alcohol chain. The following symbols indicate the posi- 
tion deuterated: terminal methyl group, €3 carbon 3, 

carbon 4 and @ average value for carbons 3 and 4. 

deuterated positions are plotted against the 
length of the solubilized alcohol. The quadru- 
pole splittings of the HOD were in the range 
from 221 to 246 Hz. 

Some general trends are noteworthy. The 
longer the chain the alcohol has, the larger the 
ratio for increase in degree of order over that 
of the water component, for any give@ -CD,-- 
in the chain. For example, factors for the 
3,3-CD, position are 16.2 for butanol, 25.9 for 
pentanol, 37.0 for hexanol, 43.0 for heptanol, 
50.1 for octanol, 53.0 for nonanol, and 57.5 for 
decanol. Terminal methyl CD3- groups are 
always of lower degree of order than the 
-CD,- segments of the chain. We have dis- 
cussed in earlier papers the ratio of -CD,- to 
-CD3 couplings in terminal -CD,-CD, 
groups (7, 10, 11). The ratios experimentally 
observed in this work are 13.2 ethanol, 2.8 pro- 
panol, 3.3 butanol, 3.0 pentanol, and 3.5 hex- 
anol. The increase in degree of order at any 
segment with chain length could be connected 
with the exchange of the alcohol with the 
aqueous compartment in which its degree of 
order is expected to be low. In this case, the 
mean degree of order measured would be the 
time weighted average of the more and less 
ordered environment. Kinoshita et al. (15) mea- 
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sured the solubility of alcohols butanol to 
decanol in water. Using the degree of order 
ratios for the CD, 3,3-position in decanol and 
butanol of 56.0 and 16.2, respectively, compared 
to the water, the butanol would appear to be 
largely in the water compartment. The solubility 
measurements (15) indicate a distribution of 
only -2% of the butanol in water. 

These results are, however, so disparate that 
it is clear the mean degrees of order measured at 
a given chain segment in this series, except for 
the very short chain alcohols, do not reflect in 
any way the distribution of the alcohol between 
aqueous and hydrocarbon chain regions. The 
change in degrees of order at a given position 
away from the head group in alcohol chains of 
increasing length embedded as guest molecules 
in a host bilayer probably reflect the increased 
freedom for conformational equilibria in the 
chain as it becomes shorter. 

The data for deuterium quadrupole couplings 
on solubilized alkanes in the decylammonium 
chloride mesophase are summarized in Table 1. 
The table enables a comparison to be made with 
the solubilized alcohol of the same chain length 
in the same mesophase. For example, for hep- 
tane deuterated at 3,3,4,4 only one doublet was 
resolved and the degree of order in the corre- 
sponding alcohol positions is about six times 
larger. The head group thus seems to act as an 
anchor in the interface greatly restricting the 
motion of the chain at the 3,3,4,4 positions. The 
effect of the polar head group is evident even at 
the end of the hydrocarbon chain. The degree 
of order of the terminal CD, group of octane 
is much smaller than that expected (by extrapo- 
lating the results shown in Fig. 2) for the corre- 
sponding position of octanol. 

Solubilization of Carboxylic Acids and the 
Carboxylate Ion 

In this series of experiments, the a-CD, group 
of the solubilized components was observed. 
The host mesophases were always a water, so- 
dium decylsulfate, decanol, and sodium sulfate 
system in which the ratio of the last three com- 
ponents was kept constant. Typical mesophase 
compositions are given in the experimental sec- 
tion. The solubilisates were studied in three 
groups; the carboxylic acids or carboxylates 
from C, to C,, with the exception of C, were 
studied in one sample and the longer chain 
solubilisates were studied in samples containing 

the C, to C,, or C,,, C14, and C16 acids or 
carboxylates. Since the nature and amounts of 
added solubilisates does affect the average de- 
gree of order of the mesophase, the results from 
different samples were compared in the fol- 
lowing manner. In the case of the carboxylic 
acids, the quadrupole doublet of the CL-CD, 
signal of decanoic acid was found to be identical 
to those of the higher homologues. The line 
width of the overlapping peaks arising from the 
C,,, C,,, and C,, or C,,, C14, and C16 acids 
were not significantly broader than the signal 
due only to C,, acid. The results for the car- 
boxylic acids are shown in Fig. 3. 

The a-CD, quadrupole doublets for the C, 
to C,, carboxylate anions were resolved. On 
varying only the water content the ratio of the 
quadrupole splittings, C, : C,, : C, , : C,,, was 
found to be constailt to within 0.5%. In the 
concentration range studied, the quadrupole 
splitting for lauric acid-a-d, varied from 17.64 
to 10.96 kHz; the mesophase was stable on the 
addition of more water but the peaks could no 
longer be resolved. A similar behavior was ob- 
served in the samples containing the C,,, C,,, 

Number of Carbons 

FIG. 3. Deuterium quadrupole splittings for the a-CD, 
position of solubilized carboxylic acids and carboxylates 
in a quaternary lyomesophase sodium decylsulphate, 
decanol, water, and sodium sulfate. These are plotted as 
a function of the chain length of the solubilisate. The 
carboxylic acids are denoted by 0 and carboxylates by 
A. In both cases linear portion of the dependence is ex- 
trapolated back to shorter chains by dotted curves A 
and B. 
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and C,, carboxylates. This constant ratio ob- 
served for the C, to C16 carboxylates was used 
to normalize these results to those observed in 
the sample containing the shorter homologues. 
In Fig. 3 the quadrupole splittings at the a-CD, 
positions are plotted against the length of the 
solubilized chain for both carboxylate and 
carboxyl systems. 

The dependence of the degrees of order of a 
chain position with chain length for the car- 
boxylic acids and the carboxylate anions ap- 
pears to be very similar to that of the alcohols. 
There is an increase in the degree of order of the 
a-CD, group with chain length up to a length 
comparable to the host decylsulphate chain. This 
increase in degree of order with chain length 
reaches a saturation where additional -CH,- 
groups have no effect. The carboxylic acids 
reach a maximum order at the a position at 
close to half the bilayer thickness of 10 carbon 
atoms, while the anionic carboxylate detergent 
ions reach a steady degree of order at the a posi- 
tion at a 13 or 14 carbon chain. A comparison 
between the degrees of order in the limiting re- 
gions cannot be made from these data because 
of differences in sample composition. Work is 
presently in progress to compare the degree of 
order of the a positions in these long chain car- 
boxylic acids and anions with that of the host 
decylsulphate chains. However the results in 
Fig. 3 show that there is a considerable dif- 
ference in order at the a-C-D bonds between 
anions and acids at all chain lengths below those 
in the limiting region, the carboxylate ion head 
group provoking the smaller degree of order. 

The short chain carboxylates are much more 
soluble in water than the parent acids and low 
degrees of order are consequently observed for 
acetate and propionate ions because of a distri- 
bution into the water compartment of a signifi- 
cant fraction of the solubilized ion. Both the 
carboxylic acids and carboxylates from C, to C, 
and C, to C,,, respectively, increase in degree 
of order at the a position in a linear fashion. The 
linearity of the dependence of a position order on 
chain length is quite a precise one from C, to 
C, for the acids and C, to C,, for the detergent 
anions (Fig. 3). This experimental fact encour- 
ages an explanation of the degrees of order of 
the shorter chains in terms of an equilibrium 
distribution model. Linear extrapolations from 
the longer chains give the dashed lines A for 
acids and B for anions in Fig. 2. The degrees of 

order of shorter chain species always fall below 
the extrapolated linear dependence on chain 
length; furthermore, the extrapolations indicate 
a degree of order zero at a chain length approxi- 
mately one carbon in length, this carbon being 
the carboxyl carbon. It is reasonable to assume 
therefore that for those acids or anions which 
are included con~pletely in the bilayer the in- 
crease in order at the a-CD, position is a linear 
function of the chain length. The linear section 
of the degree of order dependence can be ex- 
pressed : 

[3 1 Av, = 1.401nC - 2.294 

for carboxylates, and 

Av, = 1 .8091~~  - 2.461 

for carboxylic acids 
The correlation coefficient for [3] is 0.9998 and 

for [4] 0.99996. 'Av,' is the deuterium nuclear 
quadrupole splitting in the a-CD, positions in 
kHz and n ,  is the number of carbons in the mole- 
cule or ion. 

The experimental degree of orders measured 
for acetic acid-d,, acetate-d,, propionate-d,, 
butanoate-d,, and pentanoate-d, are smaller 
than those extrapolated from longer chains. Let 
us assume that there is a rapid exchange process 
which leads to this deviation from the above 
equations. The measured degree of order be- 
comes : 

Sobs is the observed degree of order, S, the degree 
of order while located in the hydrophobic bilayer, 
and S, the value while located in the water com- 
partment; x, is the mole fraction of the solubil- 
ized component in the bilayer and thus (1 - x,) 
is that fraction in the aqueous region. Since de- 
grees of order are proportional to the quadrupole 
splittings we may work with the latter. Avo,,, 
Av,, and AvW may be used to symbolize [3] and 
[4] in terms of quadrupole splittings. The value 
for AvW must be very small compared to Av,. 
For example AvW for the acetate ion must be less 
than 0.18 kHz. Let us assume that AvW for both 
acids and ions is 0.15 kHz and that it has the 
same sign as Av,. The value of Av, can be ob- 
tained from the extrapolated linear region with 
an appropriate n,, while the value Avo,, is taken 
in each case from the values used for Fig. 3. The 
mole fractions x, can be computed from [5].  
The results obtained are the following: 0.298 for 
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propionate ion, 0.511 for butanoate ion, 0.831 
for pentanoate ion, and 0.468 for acetic acid 
molecules. The uncertainty in the estimation of 
AvW renders the calculations especially subject 
to large errors for acetic acid and consequently 
corrections for the difference between the methyl 
group methylene group motions was neglected. 
The mole fractions of these species calculated 
for the bilayer are in accord with the increasing 
hydrophobicity. The greater dispersion of car- 
boxylate ions from the bilayer into the water is 
rational in terms of the existence of a counter 
ion and the aqueous solubility of the salts. The 
increase in order at the a position in the linear 
region per -CH,- segment is larger for a neu- 
tral carboxylic acid than the anion indicating 
a more effective packing of the neutral species in 
the host bilayer. Two types of chain motions can 
be identified which can account for the increase 
in the degree of order of the a position in the 
intermediate chain length region : (I) a decrease 
in the freedom of conformational motions as the 
chain becomes longer and (2) a decrease in the 
amplitude of the oscillations of the average 
chain axis about the normal to the interface. The 
second of these averaging motions could be ex- 
pected to decrease and reach a limiting value with 
increasing chain length as a result of the in- 
creasing intermolecular interactions of the dilute 
guest hydrocarbon chain with host chain matrix. 
A quantitative analysis of the chain motions is 
needed to account for the observed linear depen- 
dence in the intermediate chain length region. 

In the limiting region the degree of order of 
the chain segments near the head group appears 
to be dominated by conformational motions 
which are not affected by increased chain lengths. 
A study of the degree of order profile along the 
hydrocarbon chain of these solubilisates is cur- 
rently in progress. 
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Broad band absorption of solutes in liquid solutions and in polystyrene 
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C. K. MCLELLAN and S. WALKER. Can. J. Chem. 55,241 1 (1977). 
Broad band absorptions in the frequency range 20 to 100 cm-I arising from four polar solutes 

in polystyrene matrices have been observed at 302 K and compared with those in liquid benzene 
or cyclohexane solutions. A broad band was also found for 1,4-diacetylbenzene in a poly- 
styrene matrix at 124 K. The broad band absorption still occurs in the far-infrared region when 
group and/or molecular relaxation(s) occur in appreciably lower frequency regions. The 
significance of these absorptions is discussed in terms of some models which account for the 
origins of broad band absorptions. 

C. K. MCLELLAN et S. WALKER. Can. J. Chem. 55, 2411 (1977). 
Travaillant a 302 K, on a observk de larges bandes d'absorption aux frkquences allant de 

20 & 100 cm-I et dkrivant de quatre solutks polaires dans des matrices de polystyrirne. On a 
compark ces absorptions avec celles obtenues dans des solutions liquides de benzene ou de 
cyclohexane. On a aussi trouvk une bande large pour le diacetyl-1,4 benzirne dans une matrice 
de polystyrirne 124 K. La bande d'absorption large existe encore dans la region de I'infrarouge 
lointain quand les relaxations du groupe et/ou de la molkcule se produisent dans des rtgions 
de frkquence qui sont beaucoup plus faibles. On discute de l'importance de ces absorptions 
en termes de quelques modeles qui tiennent compte des origines des absorptions des bandes 
larges. 

[Traduit par le journal] 

Introduction 
Broad band absorptions in the frequency 

range 10 to 100 cm-' have been shown to exist 
for both polar and non-polar liquids (1-6). The 
effects of pressure, temperature, and solvents 
have been studied (7-1 l), and these bands have 
also been shown to exist in solid phases per- 
mitting molecular rotation (9, 10). Brot (12) has 
recently discussed the work on broad band 
absorption. 

Hill (13) proposed a model in which a par- 
ticular polar molecule in a liquid was temporarily 
confined to a "cage" of neighbours which pro- 
vided potential energy wells encountered by the 
trapped molecule during its rotation. Rotation 
through large angles from one well to another 
corresponded to the well-known Debye di- 
electric relaxation process. Small-angle oscilla- 
tions within one well in response to an applied 
field would account for the broad band absorp- 
tion. Hill stated that the damping of this latter 
resonant process "cannot here be attributed to 
collisions. Instead the damping must arise from 
the lack of rigidity of the cage of neighbours, 
which allows a transfer of energy from the 
central molecule to the cage" (13). 

Chantry and Gebbie felt that the experiment- 
ally-observed broad band might be composed of 

a number of overlapping absorption lines, the 
widths of which "would be determined by the 
lifetime of the pseudo-lattice state" (2) which 
they expected would be of the order of the 
dielectric relaxation time. 

We have undertaken a study at room tempera- 
ture of four polar solute molecules each dis- 
solved in benzene and in polystyrene matrix. In 
the latter state the relaxation times of the 
molecules and of their substituent groups are 
very much longer than in liquid solutions. Studies 
of the dielectric relaxation processes of polar 
n~olecules in polystyrene matrices have been 
reported (14-17), and we have previously 
carried out such studies for the four solutes 
(acetophenone, 1,4-diacetylbenzene, 4-acetylbi- 
phenyl, and 6nitrobiphenyl) used in the present 
work (18). 

Experimental 
All far-infrared spectra have been recorded via Fourier 

transform interferometry by the use of a modular cube 
interferometer of the N.P.L. type for the frequency range 
20 to 200 cm-l. The details have been reported previously 
(5, 9, 11, 19, 20). 

The polystyrene matrix samples were measured as 
disks without cell windows. No change of weight of the 
sample occurred as a result of the experiment. 

For the polystyrene matrix containing 1,Cdiacetyl- 
benzene as solute we have also recorded spectra at 298 K 
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and 124 K using a cell which allowed temperatures to be 
controlled to within i 1 K anywhere in the range from 
115 K to 340 K. 

The absorption spectra of benzene and polystyrene are 
shown in Fig. 1. To obtain the absorption spectrum 
resulting from the presence of the solute a point-by-point 
subtraction of solvent from solution absorption was 
carried out. We have calculated from the solute absorp- 
tion the maximum absorption cross-section om,, (cm2 
mol-I) via eq. 1 in which c is the solute concentration in 
mol t' and a,,, is the maximum value of the absorption 
coefficient. 

A small difference between solution and solvent absorp- 
tion curves means that a relatively large error must be 
associated with the difference. This applies particularly to 
the benzene solution of 4-acetylbiphenyl. 

The error in the frequency of maximum absorption, 
V,,,,,, was typically k 4 cm-' for the broad band absorp- 
tion. The error estimate for the band width at half 
height, AT,,,, was about +lOcm-' in most cases. 
Normally, we have found the error in a,,, to be of the 
order of + 10%. However, when the absorption is weak 
the error could well be -1 15% or worse, while the error in 
om,, could be +30% or even larger than this in cases 
where the difference is small compared to the absorptions 
of the solution and pure solvent. 

Results 
The far-infrared absorption spectra are pre- 

sented as graphs of a (cm-') us. V (cnl-l), with 
three curves representing solution, solvent, and 
difference spectra on each. In tlie case of aceto- 
phenone in cyclohexane only one curve is 
shown, since the solvent absorption is negligibly 
small in comparison with that of the solute (21). 
Parameters derived from these spectra are sum- 
marized in Table 1. 

In polystyrene matrices at 302 K, the acetyl 
group relaxation times in the ketones investi- 
gated were: acetophenone, 9.8 x 10-'Os; 1,4- 
diacetylbenzene, 2.0 x lo-'' s; and 4-acetylbi- 

0 50 100 150 200 

(cm-1) + 
FIG. 1. Far-infrared spectra of pure benzene (- - -) and 

pure polystyrene (-) at 302 K. 

phenyl, 4.0 x 10-1°s. Under these conditions 
the molecular relaxation time of 4-acetylbiphenyl 
also was 2.2 x s, and that of 4-nitrobi- 
phenyl was 3.7 x s (18). This means that 
the frequency of maximum dielectric absorption 
due to acetyl group relaxation was lower than 
2.6 x lo-' cm-l, and that dielectric absorption 
due to molecular relaxation of the two larger 
molecules was at frequencies lower than this by a 
factor of about lo7. By contrast, the maximum 
absorption of the broad band in far-infrared 
spectra is usually observed at frequencies of 
about 50 cm-l. Thus, there is a separation of 
dielectric absorption in the polystyrene matrix 
solutions from any absorption in the far-infrared 
region by a factor of 2 x lo3 for group relaxa- 
tion and about 10' for relaxation for the biphenyl 
n~olecules. 

Figures 2, 3, and 4 show the far-infrared 
absorption spectra of acetophenone as a 10% 
solution in cyclohexane, a 5% solution in 
benzene, and a 10% solution in polystyrene, re- 
spectively. The numerical data in Table 1 
demonstrate that the peak frequencies and half- 
height widths are virtually the same in benzene 
and polystyrene solutions, with some reduction 
of maximum absorption cross-section in the 
polystyrene matrix solution. Solutions of 1,4- 
diacetylbenzene in benzene (Fig. 5) and poly- 
styrene (Fig. 6) showed agreement of peak 
frequency, width, and absorption cross-section, 
both for the lower-frequency broad band and for 
the band around 160cm-'. This higher- 
frequency peak is not part of the broad band 
absorption, and infrared work by Varsinyi (22) 
and Raman studies by Mross and Zundel (23) 
indicate that the Car-COCH, out-of-plane 
vibration occurs at this frequency. 

Figures 7 and 8 give the spectra of solutions of 
4-acetylbiphenyl in benzene and polystyrene, and 
there is very good agreement between the two 
spectra for the peak frequency, width, and 
maximum absorption cross-section of the low- 
frequency broad band (see Table 1). The 165 
cm-' band appeared to have a greater intensity 
in polystyrene than in benzene, and this could be 
related to  the considerable overlap of the two 
peaks. As a result of the low solute concentration 
the intensity of this peak in the benzene solution 
is only slightly greater than that of benzene 
itself. Hence, the intensity of the difference may 
be in considerable error. 

Thus, the broad band absorption spectra of 
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McLELLAN AND WALKER 24.13 

TABLE 1. Far-infrared absorption spectra parameters for pure solvents and for residual (solution- 
solvent) absorptions at 302 K except for one specified case 

Concentration C,,, AV,,2 c m a x  
Solute Solvent (mol ! (cm-l) (cm-l) (cm2 mol-') 

Benzene 11.119 78 109 0.50 x lo3 
Polystyrene 10.034 * 

Acetophenone Cyclohexane 0.880 67 8 8 14 x lo3 
Benzene 0.440 75 8 8 16 x lo3 
Polystyrene 0.880 77 80 10 x lo3 

1,4-Diacetylbenzene Benzene 0.123 85 70 22 x lo3 
160 23 16 x lo3 

Polystyrene (302 K) 0.652 90 70 27 x lo3 
160 40 18 x lo3 

Polystyrene (124 K) 0.652 93 66 30 x lo3 
160 36 19 x 103 

4-Acetylbiphenyl Benzene 0.214 80 74 13 x lo3 
166 13 4 x lo3 

Polystyrene 0.533 82 80 14 x lo3 
170 34 9 x lo3 

4-Nitrobiphenyl Polystyrene 0.539 8 1 99 7 x lo3 
185 11 9 x lo3 

*A rising tail up to V = 200 cm-1, see Fig. 1. 

FIG. 2. Acetophenone (0.880 M )  in cyclohexane at 
302 K. 

acetophenone, 1,4-diacetylbenzene, and 4-acetyl- 
biphenyl all appear not to have been altered 
appreciably by a change from benzene liquid 
solutions to polystyrene matrices. Yet, the 
molecular relaxation process would be very 
much slower in polystyrene than in benzene, and 
their molecular translational motions should 
also be substantially reduced. 

It seems unlikely that the absorption may be 
due solely to the rotating acetyl groups since it is 
clear that the rates of rotation of the acetyl 
groups in polystyrene solutions are markedly 
slower than those in benzene solutions while the 
far-infrared absorptions appear unaffected by the 
change of solvent. For Cnitrobiphenyl the group 
relaxation process would not be detectable, and 

FIG. 3. Acetophenone (0.440 M )  in benzene at 302 K. 
- solution, - - - solvent correction, . . . difference curve 
(i.e. - minus - - -). 
this yielded broad band absorption in polysty- 
rene (see Fig. 9) even though the molecular relax- 
ation time was longer by a factor of about lo7 
than would be the case in liquid solutions. 

The spectra of the matrix containing 1,4- 
diacetylbenzene as solute at two temperatures 
are shown in Fig. 10. The relaxation times for the 
acetyl group in a polystyrene matrix were about 
10-lOs at 298 K and about 5 x s at 124 K 
(18). In this solute molecule the dipole moments 
along the axis cancel so that in the absence of 
stable cis and trans forms the only relaxation 
process would be of the group type. A recent 
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FIG. 4. Acetophenone (0.880 M) in polystyrene at 
- - -  . .. 302 K. - matrix, polystyrene correction, matrix- 

polystyrene. 

FIG. 5. 1,4-Diacetylbenzene (0.123 M) in benzene at 
302 K. Key as for Fig. 3. 

study by McLellan and Walker has shown this to 
be the case (18). Thus, dielectric absorption due 
to the molecular relaxation process itself is not a 
factor which could be considered as a contributor 
to broad band absorption in this case at least. 
Further, for this molecule in a polystyrene matrix 
the rate of translational motion and therefore the 
resultant frequency of molecular collisions is 
expected to be considerably less at 124 K than at 
298 K. 

The spectra for 1,6diacetylbenzene shown in 
Fig. 10 do not differ greatly. At the lower tem- 
perature, the broad band peak occurs at 93 cm-' 
frequency compared to 90 cm-' at 298 K. This 
difference is of the order of experimental error 
and is less than the resolution (approximately 
7 cm- l) at which the spectra have been recorded. 

FIG. 6.  1,4-Diacetylbenzene (0.652 M) in polystyrene at 
302 K. Key as for Fig. 4. 

FIG. 7. 4-~cet~ibiphenyl (0.214 M) in benzene at 
302 K. Key as for Fig 3. 

The maximum intensity of the 93 cm-l band is 
about 10% greater at the lower temperature, 
whereas very much larger changes of both peak 
height and frequency have been reported in pure 
liquid and rotator solid phases of other materials 
(5, 8-10). The dielectric absorption maximum 
has been shifted to lower frequency by a factor 
of about lo7 at 124 K compared to 298 K, and 
yet the frequency, intensity, and shape of the far- 
infrared broad band do not appear to have been 
altered. Thus, the existence of this broad band 
absorption appears not to be due simply to the 
motion ascribed to acetyl group relaxation. 

Discussion 
Several procedures have been employed to 

increase molecular and intramolecular relaxation 
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McLELLAN AND WALKER 2415 

FIG. 10. 1,4-Diacetylbenzene (0.652 M )  in polystyrene 
at two temDeratures as indicated. 

Z, (cm-') - far-infrared region. Moreover, this absorption 
appears to arise from some process which is 

FIG. 8. 4-~cet~lbiphenyl (0.533 M )  in polystyrene at separate from that of dielectric 302 K. Key as for Fig. 4. 
absorption. 

FIG. 9. 4-Nitrobiphenyl (0.539 M )  in polystyrene at 
302 K. Key as for Fig. 4. 

times. Solid phases which allow some rotation of 
nearly spherical molecules have been examined 
(9, 10). Chantry et al. (24, 25) have reported the 
existence of a broad band absorption due to the 
presence of the slowly re-orienting polar acetate 
groups in vinyl acetate - ethylene copolymers. 
Thus, both in this work and our own in poly- 
styrene broad band absorption has been found 
despite slow molecular relaxation and reduced 
translational motions. However, it has been 
shown (1, 2, 9, 10) that in solid phases lacking 
molecular rotational freedom one observes in 
the far-infrared region rather a different absorp- 
tion spectrum consisting of intense narrow bands 
attributed to lattice modes. 

It is apparent that the rates of molecular and 
substituent group relaxation are not critical for 
the existence of a broad absorption band in the 

~ a f f m a n s  and Larkin (10, 26), Minami and 
Ohno (27), and Higasi et al. (28) have considered 
the Hill model (13, 29, 30) and a square-well 
potential model, finding that the latter was more 
successful in fitting ex~erimental data than a - .  
single resonant frequency of the Hill type subject 
to appreciable damping. However, Higasi et al. 
(28) pointed out that the fit of the Hill model 
would be imvroved if a distribution of resonant 
frequencies were employed. 

In the square-well model the shape of the 
absorption band is influenced by time-dependent 
fluctuations of the surrounding cage. Since this 
model uses elastic librator-cage collisions, these 
cage fluctuations must arise from distortions of 
the cage produced by external collisions and/or 
by dielectric relaxation of the central molecule. 
The present work suggests that, even when the 
rate of collision-induced fluctuations of the cage 
is very much slower than in room-temperature 
liquid phase studies, a typical broad band 
absorption exists and is, furthermore, very much 
like that found in room-tem~erature studies in 
benzene solutions. 

Conclusions 
The polystyrene matrix solution technique 

offers a means of removing from the low- 
frequency side of the broad band possible con- 
tributions from dielectric relaxation processes 
(10, 26). In this regard it is interesting to note 
that on passing from benzene solutions to poly- 
styrene matrices we have found no evidence of a 
decreased absorption intensity at frequencies 
down to 20 cm-l, and the characteristic param- 
eters of the broad band remain unchanged for 
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systems which-are capable of the following types 
of relaxation (a) molecular, (b) group, (c) both 
molecular and group. It is apparent that the 
broad band absorption is not merely a higher- 
frequency band due solely to the molecular and 
intramolecular relaxation processes which give 
rise to dielectric absorptions at frequencies in 
the microwave region and lower. It would 
appear that the broad band absorption arises 
from some separate class of molecular motion 
such as has been proposed in theories involving a 
"cage" surrounding a central molecule which has 
at least some limited freedom to rotate. The 
rates of molecular and group relaxation processes 
and of translational motion do not appear 
critically important in the absorption process. 
It would seem likely that the relaxation time and 
the cage lifetime are not the dominant factors in 
governing the intensity of the broad band 
absorption for the systems reported here. 
Further, since the solutes are monomolecularly 
dispersed in the matrix (15), the concept that 
broad band absorption arises from lattice bands 
in local molecular structure would seem un- 
likely. 

The main requirements for broad absorption 
would seem to be that the (solute) molecule is 
enclosed by other molecules or segments of them 
and that it is capable of limited rotation (oscilla- 
tion) and possibly of translational motion. In 
such an environment the polar molecule could 
undergo small angle oscillations in response to 
the applied field leading to broad band absorp- 
tion. In this Hill type process (13, 29, 30) it may 
well be that a distribution of resonant fre- 
quencies (28-30) is more important than time- 
dependent fluctuations of the surroundings of 
individual molecules in determining the appear- 
ance of the broad band. Certainly for these 
matrix systems the Fuoss-Kirkwood distribution 

(C.K.Mc.) submitted to the University of 
Manitoba, 1977. 
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FERNANDO BERNARDI, PAUL G. MEZEY, and IMRE G. CSJZMADIA. Can. J. Chem. 55, 2417 
(1977). 

A simple empirical relation for the estimation of the correlation energy (E,,,,) is found to be 
valid for the isoelectronic series of Be- and Ne-like ions to a very good accuracy. Although 
originally such a relation was proposed for the He-like ions, the present results indicate that it 
is applicable for layer systems as well. Thus the interelectron pair correlation in systems such 
as Be or Ne does not affect adversely the accuracy of the relation: 

where the denominator is the size < r Z )  weighted by the square of the effective nuclear charge 
Z f f .  

FERNANDO BERNARDJ, PAUL G. MEZEY et IMRE G. CSIZMADIA. Can. J. Chem. 55, 2417 
(1977). 

On a trouve qu'une relation empirique simple permettant d'tvaluer l'energie de corrtlation 
(E,,,,) peut &tre appliqute pour des series isoelectroniques d'ions du type Be et Ne avec une 
tres bonne prtcision. M&me si une telle corrtlation avait t t t  originalement proposte pour 
des ions du type He, les rtsultats actuels indiquent qu'elle peut etre appliqute aussi bien pour 
des systemes plus grands. Donc la corrtlation de la paire intertlectronique dans des systkmes 
tels que le Be ou le Ne n'affecte pas d'une faqon adverse la prkision de la relation: 

ou le dtnominateur est la grandeur < r Z )  pondtrte par le carrt de la charge nucltaire effective 
Z f f .  

[Traduit par le journal] 

Introduction 
It is of great importance to obtain reliable 

estimates for correlation energies of both atomic 
and n~olecular systems. Most of the previous 
attempts were based on estimating the correla- 
tion energies from Hartree-Fock density ma- 
trices (1). In this paper a conceptually simpler 
empirical relationship is proposed for multi- 
electronic systems. 

In earlier studies on helium and the helium- 
like ions (2) a simple empirical relationship was 
found between the correlation energy Ec0,,, 
effective nuclear charge Z,,,, and the size of the 
electron pair (3) as expressed by the expectation 
value of the spherical quadratic operator, 
(r2).  It was observed that for the helium-like 
ions Ecor, is inversely proportional to the prod- 

uct zef f2 (r2)  to a very good approximation. 
Since the correlation energy Eco,, is expected to 
increase as the volume available for the elec- 
trons decreases, such a result may easily be 
interpreted in the qualitative sense. 

The correlation energy Ecor, may be ex- 
pressed as the difference between the non- 
relativistic energy EN, and the Hartree-Fock 
limit EH, of the system: 

Studies on a large number of isoelectronic 
systems (series of the He-, Be-, Ne-, and Mg-like 
ions) indicated that a relatively simple relation 
holds between the sizes and energies of localized 
orbitals (4) : 
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where m, y, and e, are adjustable parameters. 
The energy term for orbital i was defined as 

a l l  pairs  

ei = 211, + x gij 
j 

As all these calculations were carried out 
using rather large gaussian basis sets, one may 
expect that the observed relations are valid at 
the Hartree-Fock limit, possibly with slightly 
different numerical parameters m, y, and eo. 
The essentially reciprocal dependence of the 
energy on ( r 2 )  is expected to be retained for 
En,. If Ecorr shows a similar dependence on 
< r 2 ) ,  one should be able to express the 'size 
dependence' of EN, on the basis of eq. 1. In the 
present study the functional relation of the size 
dependence of Ecorr is analysed for polyelec- 
tronic atoms and a simple method proposed 
for the calculation of correlation energies that 
may possibly be extended to the molecular cases. 

Results and Discussion 
One may expect that in the family of iso- 

electronic series of atom-ions the Be- and Ne- 
like ions already exhibit some features related 
to electron pair - electron pair interactions that 
may result in a somewhat more general correla- 
tion energy-size relation. Therefore, in addition 
to the simplest series of He-like ions previously 
studied (2),  in our present study we concentrate 
on the analysis of the Be- and Ne-like isoelec- 
tronic series of ions. 

Earlier studies indicated that the calculated 
total size, < r 2 ) ,  shows only insignificant change 
if instead of a correlated wavefunction a near 
Hartree-Fock wavefunction is used (2).  Since 

energy Ecorr may be approximated by the em- 
pirical formula (2), 

that may be converted into a linear dependence 
between the nuclear charge Z and the quantity 
(- ~ ~ ~ ~ ~ ( r ~ ) ) - ~ ~ ~ .  Such a relation when plotted 
gives a straight line with slope ( - K ) - l i 2  and 
x-intercept o, the screening constant. 

In Table 2, the best fit K and o values are 
given along with the calculated correlation coeffi- 
cients. The results of Table 2 may be restated in 
terms of correlation energies calculated using 
empirical formula [ 4 ] ,  the calculated total sizes 
and the optimized parameters K and o. These 
calculated Ecorr values are listed in Table 3. It is 
apparent from these values and the excellent 
correlation coefficients that eq. 4 is applicable 
for all three series to a very good approximation. 
Though the relative deviations are significantly 
larger for the second and third series, the inter- 
electron-pair correlation in the series of Be- and 
Ne-like ions does not affect adversely the fit to  
relation [4] originally proposed for the two- 
electron systems of the He-like ions. 

TABLE 1. Hartree-Fock energies, correlation energies, 
and sizes of helium-, beryllium-, and neon-like ions 

Ion EHF' Ecor," (r2>* 

in the Hartree-Fock framework the idtal size Na' -161.67691 -0.396 3.20706 
Mg2+ - 198.83051 ( r 2 ) , ,  may be given in terms of orbital contri- A,3+ 

-0.402 2.35931 
- 240.00001 -0.409 1.81775 

butions, 
'Reference 5 .  

<r2)>,,  = C <r2>i 
bReference 4.  

i TABLE 2. Linear correlation between nuclear charneZ and 
the true expectation value (r2), , , ,  may also be the quantity (-E,,,, <r2>)-"2 for the ~ e - ,  ~ e - , a n d  ~ e -  
approximated by such a sum. like ions. Parameters o and K are defined in eq. 4, p is the 

linear correlation coefficient 
In Table 1 the Hartree-Fock energies, correla- 

tion energies, and total sizes are listed for the Series o K 
He-. Be-, and Ne-like ions. The rather large P ., 
gaussian basis sets used in calculating total sizes He series 0.330902 -0.138417 0.999996 
are specified in an earlier paper (4). Be series 0.800052 -8.089775 0.998671 

For the helium-like ions the correlation Ne series 4.742590 -50.313386 0.999599 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BERNARD1 E T  AL.  

TABLE 3. Comparison of correlation energies calculated for the He-, Be-, 
and Ne-like ions 

Correlation energies 

Empirical formula 
Ions Ref. 5 (present work) Difference 

He-like ions 
He 

B3+ 

Be-like ions 
Be 
B + 

CZ+ 
N3+ 

Ne-like ions 
Ne 
Na+ 
Mg2 + 

A I ~  + 

The present results indicate that the total 
size as weighted by Z,,, is the most important 
single factor in determining correlation energies 
for isoelectronic atom-ions. Regarding relation 

Ecorr = F(Z,<r2) )  

this function does not contain essential terms 
depending on Z or ( r 2 )  separately. This propo- 
sition is supported not only by the excellent fit 
to eq. 4, but also by the fact that the small 
deviations in all three series show a systematic 
slight 'bending'. This systematic pattern of 
deviations suggests that the small e- ~ r o r s  are 
mostly due to the simplicity of the relation 

Ecorr = F(Zeff2 <r2 )) 

rather than the somewhat arbitrary pairing of 
variables Z,,, and ( r 2 ) .  If correction terms de- 
pending on Z,,, and ( r 2 )  separately would be 
important, then larger and less systematic de- 
viations from eq. 4 could be expected. 

The present results also lend hopes that in 
series of analogous molecules similar relation- 
ships may exist between sizes of molecular 
orbitals and correlation energies and may be 
utilized for approximate determination of molec- 
ular correlation energies. 
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Metal complex catalyzed reactions of anils. 11. Transimination 
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Department of Chemistry, McMaster University, Hamilton, Ont., Canada L8S 4Ml 

Received August 19, 1976 

A. R. BOATE and D. R. EATON. Can. J. Chem. 55,2426 (1977). 
The exchange of aromatic residues between anilines and anils (transimination) has been 

shown to be efficiently catalyzed by metal complexes of thiourea. This reaction can be conve- 
niently studied by nmr spin saturation transfer techniques. Experiments of this type using both 
CW and FT nmr spectrometers are reported. The rate of the reaction is about two orders of 
magnitude greater than the rates of reactions involving anil formation and hydrolysis with the 
same substrates and catalysts. The effectiveness of the catalysts vary in the same manner as they 
do for anil formation and the reaction is similarly subject to inhibition by competing ligands. 
The rate of exchange of the two inequivalent methyl groups in acetone anils is similarly cata- 
lyzed and may be studied by spin saturation transfer experiments. The lifetime of an anil mole- 
cule for methyl group exchange is approximately twice that for transimination suggesting that 
the rate determining process for transimination results in free rotation about the C-N bond so 
that the methyl groups have an equal probability of retaining or exchanging their environments. 

A. R. BOATE et D. R. EATON. Can. J. Chem. 55,2426 (1977). 
On a dtmontrt que l'tchange de residus aromatiques entre des anilines et des anils (tran- 

simination) est catalyst d'une facon efficace par des complexes mttalliques de la thiourke. Cette 
rkaction peut &tre ttudite facilement par les techniques de transfert de saturation de spin en 
rmn. On rapporte des exptriences de ce type faisant appel a des spectrometres rmn, CW et FT. 
La vitesse de la reaction est pratiquement deux ordres de grandeur plus grande que les vitesses 
de rtactions impliquant la formation d'anil et l'hydrolyse avec les m&mes substrats et les 
m&mes catalyseurs. L'efficacitt des catalyseurs varie de la meme maniere que pour la formation 
de l'anil et la rtaction est aussi sujette a une inhibition par des ligands en compttition. La 
vitesse d'tchange de deux groupes methyles non-tquivalents dans des anils de l'acttone est 
aussi catalyske d'une facon similaire et peut &tre ttudite par des expkriences de transfert de 
saturation de spin. Le temps de vie d'une molkule d'anil par rapport a l'echange du groupe 
mtthyle est approximativement deux fois plus grand que celui de la transimination; ces rtsultats 
suggerent que le processus dkterminant la vitesse pour les transiminations provient d'une rota- 
tion libre autour du lien C-N d'une facon telle que les groupes mkthyles ont une probabilitt 
tgale de retenir ou d'tchanger leur environnement. 

[Traduit par le journal] 

Introduction [2] XONH~ + Y ~ N = C ( C H ~ ) ~  * 
- - 

The initial paper in this series (1) described 
experiments demonstrating the metal complex 
catalyzed formation and hydrolysis of anils, e.g. Y Q N H ~  + x O N = C ( C H ~ ) ~  

[ I ]  C6H5NH2 + (CH3)lC0 C6H5N=C(CH3), + H 2 0  

Similar reactions occur with a variety of sub- 
stituted anilines and aliphatic ketones and are 
very efficiently catalyzed by small concentrations 
of thiourea and substituted thiourea complexes 
of cobalt, nickel, and zinc. A subsequent paper 
will describe detailed studies of the kinetics and 
mechanisms of these reactions. There is, how- 
ever, a second reaction occurring concurrently, 
namely, transimination. Transimination results 
in the exchange of aromatic residues between the 
aniline and the anil, e.g. 

where X and Y may be different or identical sub- 
stituents. It is very probable that the mechanisms 
for anil formation and for transimination are 
closely related. In the present paper we will 
therefore describe a number of experiments 
demonstrating catalyzed transimination before 
returning to a discussion of the mechanistic as- 
pects of all of these reactions in the third paper 
of this series. 

Most of the reactions to be discussed below 
are quite rapid. Typically the average lifetime of 
a reactant is a few seconds. A very useful tech- 
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BOATE AND EATON. 1 2427 

nique for studying reactions on this timescale is 
provided by nmr experiments involving spin 
saturation transfer (SST). The theory involved 
in experiments of this type has been given by 
Forsen and Hoffman (2, 3) who used the method 
to measure keto-en01 isomerization rates of 
acetylacetone. There have been relatively few 
quantitative applications. Van Leeuwen and 
Praat (4) have measured exchange rates in 7c ally1 
palladium complexes. Sherrod et al. (5) have 
studied kinetic isotope effects in metaparacyclo- 
phanes and Kabakoff and Namanworth (6) have 
used the method to measure a rotation barrier 
in the dimethylcyclopropylcarbinyl cation. Some 
interesting recent applications are provided by 
the work of Creelmore and Reilly (7) in deter- 
mining the exchange rates for water with an ion 
exchange resin and that of Redfield and co- 
workers (8) in studying rates of electron transfer 
and ligand exchange for cytochrome c enzymes. 
A review by Faller (9) provides examples of more 
qualitative applications. 

Briefly, the experiment involves choosing a 
pair of resonances (A and B) involved in an ex- 
change process, saturating one (B) by applying 
a strong R F  field and observing the effect on the 
second resonance A. When equilibrium has been 
reached the magnetization at site A (MmA) will 
be less than the value in the absence of the satu- 
rating field (MOA) since nuclei with their spin 
populations equalized will have been transferred 
from site B to site A. Forsen and Hoffman 
showed that : 

where 

In these equations TIA is the spin-lattice relaxa- 
tion time and T, is the lifetime for chemical ex- 
change of the A nuclei. If TI, is known T, can 
be found and since 

this leads to 7,. In principle TI, can be found 
either from the decay in the magnetization at A 
after applying the saturating field or from its 
recovery after removing the saturating field. In 
practice it is often more convenient to measure 

TI, in an independent experiment. This is partic- 
ularly the case if an FT instrument is available 
since Ti's for all nuclei in an exchanging system 
can be measured easily and routinely. It should 
be noted that T2 is affected by chemical ex- 
change but TI is not. 

The utility of this technique to transimination 
reactions may be seen by reference to eq. 2. If 
X = Y in this equation, transimination will ex- 
change the substituent between aniline and anil 
and spin saturation transfer effects may be anti- 
cipated if either the anil or the aniline resonance 
is irradiated and the other site observed. On .the 
other hand the methyl peaks of the anil are in 
identical sites in the reactants and products. 
Only anil formation and hydrolysis will lead to 
exchange of methyl groups with the acetone 
present. A third process is however possible. 
The two CH, peaks are not equivalent, e.g. 

If the N=C bond is broken or weakened during 
the transimination reaction exchange between 
the methyl groups cis and trans to the aryl group 
may be anticipated. 

I 9 F  Spin Saturation Transfer Experiments 
There are a number of practical limitations to 

the application of the spin saturation transfer 
technique. It is essential that there be no direct 
effect of the saturating field at frequency B on 
the observed resonance at frequency A. If A and 
B are too close together in frequency interference 
will occur. Experimentally it was found that a 
minimum separation of -20 Hz is necessary if a 
CW instrument is used. Much smaller separations 
(3 or 4 Hz) are possible if an FT instrument is 
used. Initial experiments were therefore carried 
out on the 19F resonances of p-fluoroaniline and 
its acetone anil. These resonances are separated 
by 400 Hz at 56.4 MHz and direct interference 
of the irradiating field is negligible. In the ab- 
sence of catalyst, irradiation of either the aniline 
or anil peak produced no effect on the other 
peak. In the presence of either Zntu2C12 or 
Zntu,(ClO,), spin saturation transfer was 
readily observed. The 19F nuclei in both com- 
pounds are coupled to the aromatic protons. 
For quantitative work it is necessary to decouple 
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these protons by applying a strong R F  field at 
60 MHz. 

It is necessary to position the observing fre- 
quency on the exact centre of one of the reso- 
nances and to observe the intensity at this fre- 
quency as the saturating field is switched on and 
off. An automatic device for switching the 
various fields was used and the results of a num- 
ber of switching cycles accumulated in a Com- 
puter of Average Transients (CAT) to optimize 
the signal to noise ratio. The results of such an 
experiment involving p-F aniline and its acetone 
anil with Zntu4(C10,), as the catalyst and Freon 
112 present for locking purposes are shown in 
Fig. 1. The Y axis represents intensity at the 
centre of the decoupled anil resonance (site A) 
and the X axis represents time. The time for one 
complete cycle was 100 s and this low noise level 
was achieved by accumulating 100 cycles. At 
point A the saturating field was switched off and 
the signal recovered to its full intensity at B. The 
observing signal was then switched off to obtain 
a base line reading. However, idiosyncrasies in 
the electronics results in a false base line reading 
and the true position was obtained by jumping 
the observing frequency (still at zero power) sev- 
eral hundred Hz off resonance at point C of Fig. 
1. At point D the observing frequency reverted 
to the resonance position and was switched on. 
At point E the saturating frequency was switched 
on and the decay of the signal to  its original value 
has occurred at point F. The value of MmA/MOA 
can be obtained directly from this plot. From 
the decay of the magnetization commencing at 
point E a plot of In [MzA(t) - MaA] against t 
has a slope of z,,. This information suffices to 
determine both TI, and T,. If zA is relatively 

FIG. 1. O ~ t p u t  from 19F spin saturation transfer ex- 
periment. See text for explanation. 

VOL. 55, 1977 
. *  - 

short compared to TI, it is also possible to deter- 
mine TIA from the recovery curve commencing 
at point A. A third alternative is to measure 
MmA/MOA and then find TIA for p-F aniline inde- 
pendently using the saturation recovery tech- 
nique. This last method has the inherent dis- 
advantage that the environment of the p-F ani- 
line in the reacting mixture is not the same as in 
a simple solution of p-F aniline and hence the 
TI obtained may not be appropriate. 

In a typical experiment, values of T, (aniline) 
of 1.5 s, of T, (anil) of 0.5 s, of TI, 9.5 s, and of 
TI, 8.0 s were obtained. The Ti's in this case 
were obtained from observation of the decay of 
magnetization. Although quite reproducible 
these Ti's agreed poorly with direct determina- 
tions of the TI, for p-fluoroaniline. It must be 
concluded that TI, is sensitive to the environ- 
ment (probably water and catalyst concentra- 
tions are the determining factors) and that 
determination of TI in the reacting solution is 
necessary. 

The experimental problems involved in these 
experiments, most notably the difficulty in main- 
taining 19F and 'H decoupling oscillators to the 
requisite 0.1 Hz frequency stability, limit the 
accuracy of quantitative data obtained using 
CW spectrometers. The results obtained with an 
FT instrument, described below, are much more 
reliable. However, a number of qualitative ex- 
periments served to better define the catalytic 
system. Thus it was shown that the metal salts 
and complexes, previously reported (1) to cata- 
lyze anil formation, also catalyze transimination. 
Using Zntu4(C10,), as a catalyst addition of 
excess thiourea decreased the spin saturation 
transfer showing inhibition by thiourea. In an- 
other experiment using Ni(C10,),.6H20 as a 
catalyst almost complete inhibition by ortho 
phenanthroline and terpyridine was demon- 
strated. The stability of the catalysts was also 
investigated. Thus a solution of Zntu4(C104), 
lost approximately 8% of its catalytic activity as 
measured by the ratio MoA/MmA in 6 h and tran- 
simination had ceased after the solution had 
stood for 1 week. In all these respects the catal- 
ysis of transimination shows essentially the same 
characteristics as does that of anil formation and 
hydrolysis. 

'H Spin Saturation Transfer Experiments 
Using CW instruments it is difficult to ex- 

amine transimination directly by proton nmr 
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since the aniline and anil peaks are usually not 
sufficiently separated. In these cases interference 
from the saturating field and Bloch-Seegert 
shifts of the observing resonance preclude spin 
saturation transfer experiments. However, it is 
possible to examine exchange between the two 
inequivalent methyl peaks since these are sepa- 
rated by 38 Hz at 100 MHz. It was noted that the 
addition of Zntu4(C104), to a solution of the 
acetone anil of p-F anil caused a slight broad- 
ening of these methyl resonances suggesting that 
an exchange process might be occurring. Figure 
2 illustrates SST experiments on this system. 
Trace A shows the methyl peaks of the anil to- 
gether with a small peak due to acetone and sol- 
vent peaks (CD,HCN). Irradiation of the high 
field CH, has no effect on either the low field 
CH, or the acetone (trace B). Addition of 
Zntu4(C104), catalyst causes slight broadening 
(trace C). Irradiation of the low field CH, peak 
in the catalyst containing solution clearly causes 
spin saturaiion transfer to the low field CH, but 
not to acetone (trace D). 

It is of interest to  compare the rate of exchange 
of anil CH, peaks with the rate of transimination 
and with the rate of anil hydrolysis. For this pur- 
pose a sample containing an equilibrium mixture 
of p-F aniline and its acetone anil was first ex- 
amined by both 'H and 19F SST. In both cases 
no effect was observed. Zntu4(C104), was then 
added and the SST experiments repeated. Trans- 
fer of spin saturation was now observed and 
using the methods described above the 19F ex- 
periment yielded lifetimes for the anil (.tani,) of 
0.72 s and for the aniline (T,,~,~,,) 1.73 s. From 

the 'H experiment we obtain T, = T~ = 1.55 s. 
The lifetime of an anil molecule for interchange 
of the methyl groups is therefore greater than its 
lifetime for the transimination reaction by a 
factor of 2.1. The same sample was then split 
into two portions and the equilibrium for anil 
formation or hydrolysis displaced by adding 
acetone to one portion and water to the other 
portion. Return to equilibrium was monitored 
by measuring the change in intensity of the ace- 
tone and anil CH, peaks as a function of time. 
In the case of the sample with water added the 
reaction could be followed rather easily and the 
results are shown in Fig. 3. It may be noted that 
it took approximately 30 min to reach equilib- 
rium so that anil hydrolysis is obviously con- 
siderably slower than transimination. From the 
slope of the curve in Fig. 3 an initial rate of 3 x 

mol/C s is obtained. This may be compared 
with the rate for transimination at equilibrium, 
i.e. 

FIG. 2. lH nmr spin saturation transfer experiment 
with the acetone anil ofp-F aniline in CD3CN. See text. 

Transimination is faster than anil hydrolysis by 
a factor of at least 10'. 

All of the experiments described above have 
involved transimination reactions in which the 
anil substituent and the aniline substituent are 
the same, i.e. X = Y in eq. 2 so that there is no 
net reaction. I t  seemed worthwhile to illustrate 
the generality of the reaction by demonstrating 
rapid transimination in a case where X # Y. The 
following experiment served this purpose. A 
sample of p-toluidine (0.2 M) in acetone was 

20 30 40 50 60 

TIME ( rn ln l  

FIG. 3. Intensity of acetone peak as a function of time 
after addition of water to an equilibrium solution of p-F 
aniline and its acetone anil in CD,CN. Catalyst Zntu,- 
(ClOaIz. 
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prepared, a little Zntu4(C104), added and anil 
formation monitored by measuring the inten- 
sities of the p-CH, peaks of p-toluidine and its 
anil as a function of time. After 30 min the reac- 
tion had proceeded roughly 66% to completion. 
At this point sufficient aniline was added to the 
sample to make it 0.4 M in aniline. The first 
nmr sweep through the methyl region after the 
addition of aniline showed that the ratio 

[p-toluidine anil] 
[p-toluidine anil] + [p-toluidine] 

had changed from 0.40 to 0.13. This occurred in 
less than 1 min. The added aniline has reacted 
with the p-toluidine anil by a transimination 
reaction, i.e. 

CHq CH 3 

This has increased the concentration of p-tolu- 
idine and decreased that of p-toluidine anil to 
produce the change in the ratio noted above. 
Again the indication is that this reaction is faster 
than anil formation by a factor of at least 10,. 
Reaction 6 does not occur in the absence of 
catalvst. 

TABLE 1 .  FT spin saturation transfer experimentsa 

Concentration 
of catalyst TI Tanil  ran i l ine  

(molle) 6 )  (s) - (s) R~ 

#Initial solution 0.2M p-toluidine in acetone. Catalyst Zntu2CI2. 
Temperature 2X°C. Frequency 90 MHz. 

bR = (Moani l /Moani l inc  ) / ( ~ ~ " i l / ~ ~ " i , i " e ) .  

Brucker WH 90 instrument. Some results are 
shown in Table 1. The Zntu,Cl, used as a cata- 
lyst is a rather poor catalyst for anil formation 
and is also a relatively poor catalyst for transim- 
ination hence the rather high catalyst concentra- 
tions. The ratio R shown in the last column 
should be equal to 1 and provides a check on the 
experiment. An approximate comparison may be 
made between these lifetimes and the rate of anil 
formation with the same catalyst. For the same 
initial concentration of p-toluidine and for a 
catalyst concentration of 0.02 mol/e the initial 
rate of anil formation was found to be 1.6 x 
l op4  mol/f s. This corresponds to an aniline 
lifetime of 1200 s. Since rate has been shown to 
be proportional to catalyst concentration this 
would give a lifetime of 120 s at 0.2 M compared 
to 4 s for transimination. A number of factors, 
however, make this comparison inaccurate. Thus 
the initial rate measurements were carried out at 
35°C and the SST experiments at 27°C. The 

Fourier Transform Spin Saturation Transfer initial rate experiments used p-toluidine-d, and 
Experiments the SST experiments p-toluidine-h,. The SST 

There are two major advantages in using an experiments refer to  the rate at equilibrium 
FT instrument for ('1 rather than the initial rate. All three factors 
a much 'eparation of peaks is would tend to increase the difference between the 

(b) the required Ti's can be measured rate of anil formation and that of transimina- 
rectly in the presence of chemical exchange. This tion. The true ratio of rates is therefore most 
latter factor is of some significance. Thus the T~ probably greater than the factor of 30 indicated 
for the group of P - ~ ~ ~ ~ ~ ~ ~ ~ ~  changed and is likely to be of the order lo2 as found for 
from 3.0 s to 2.4 s as the concentration of p-F aniline. 
Zntu,Cl, was increased from 0.15 M to 0.45 M. 
Unfortunately an FT instrument was available Discussion 
only in the final stages of the present work. We The spin saturation transfer experiments de- 
report, however, some initial measurements on scribed above have clearly demonstrated a metal 
transimination reactions involving p-toluidine complex catalyzed reaction which exchanges 
since this anline was used for many of the studies aniline and anil substituents. This could be ac- 
on anil formation and hydrolysis and a com- complished by reaction 1 involving the forma- 
parison with transimination is of interest. The tion and hydrolysis of the anil. If this were so 
p-CH, peaks of p-toluidine and its acetone anil exchange between acetone and anil should occur 
are approximately 9 Hz apart at 90 MHz and it at the same rate as between aniline and anil. 
was shown that this separation was sufficient to Since the former exchange is approximately two 
allow SST experiments to be carried out on a orders of magnitude slower we conclude that the 
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exchange between aniline and anil proceeds by 
the transimination reaction 2. Except for its 
greater rate, the characteristics of this catalyzed 
reaction are very similar to those of the anil for- 
mation reaction. A catalvst which is effective for 
anil formation is effective for transimination and 
vice versa. Both reactions are inhibited by excess 
thiourea and by chelating ligands. 

It has also been shown that the exchange of 
the non-equivalent anil methyl groups is metal 
complex catalyzed. I t  has been reported that the 
nmr spectrum of N-isopropylidene aniline shows 
coalescence of these methyl peaks at 126°C (10). 
In the absence of catalyst there is no indication 
of exchange at room temperature. The lifetime 
for methyl exchange is twice that for transimina- 
tion. A hypothesis which satisfactorily accounts 
for these observations is that rotation about the 
C-N bond takes place during and only during 
transimination. If there were free rotation about 
this bond there would be an equal probability of 
a given CH, retaining or exchanging its environ- 
ment in the product anil. Hence the lifetime for 
methyl exchange should be twice that for tran- 
simination. The agreement of the experimental 
ratio of 2.1 with this prediction is possibly for- 
tuitous but it seems clear that the rate deter- 
mining steps in both processes are closely related 
and that any proposed mechanism for these reac- 
tions must be consistent with this observation. 

Experimental 
The preparation and purification of the reagents and 

catalysts used in these studies have been described pre- 
viously (1). 

The nmr instruments used were a Varian HA 100 (probe 
temperature 34.5-35.O0C), a Varian D P  60 (probe tem- 
perature 27"C), and a Brucker W H  90 (probe tempera- 
ture 2 6 3 2 ) .  The D P  60 operated a t  56.4 MHz for 19F 
studies and was modified for proton decoupling by sup- 
plying 60 MHz radiation from a crystal controlled fre- 
quency generator (General Radio Co.) amplified with an  

operational amplifier (Model 805, R F  Communications 
Inc.) and fed into two specially tuned coils fitted in the 
spectrometer probe. The decoupled 19F signal of p-F 
aniline had a line width of less than 0.5 Hz. An automatic 
device for switching the various fields required in the SST 
experiments and triggering the CAT was built. The main 
component of this device was an accurate variable speed 
electric motor driving a plastic disc to activate appropriate 
micro switches. On the WH 90 homonuclear decoupling 
may be accomplished using either a pulsed or gated de- 
coupler. Both methods were used with the gated decou- 
pling being rather more satisfactory since it produced less 
distortion near the decoupling frequency. A necessary 
condition for using this decoupling for SST experiments 
is that either T2* << TI or TA > T l a  These conditions 
were adhered to. Since the internal computer routines for 
intensity and area calculations are unreliable in the vicin- 
ity of the saturating frequency, intensities were measured 
directly from the spectra relative to a standard reference 
peak (usually TMS). 
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A. R. BOATE and D. R. EATON. Can. J. Chem. 55,2432 (1977). 
The kinetics of the homogeneously catalyzed formation and hydrolysis of anils in non- 

aqueous solution have been studied. The catalysts used are zinc complexes of thiourea. It is 
shown that all the evidence obtained, kinetic and otherwise, is consistent with a model in which 
the rate determining step for anil formation is nucleophilic attack by an aniline held in the 
second coordination sphere of the metal complex on an acetone molecule directly bound to the 
metal atom. Analogous mechanisms are suggested for anil hydrolysis and for transimination. 

A. R. BOATE et D. R. EATON. Can. J. Chem. 55,2432 (1977). 
On a ttudie la cinetique de la formation, catalysee d'une f a ~ o n  homogene, et l'hydrolyse 

d'anils dans des solutions non-aqueuses. Les catalyseurs utilises sont des complexes de zinc de la 
thiourke. On montre que toutes les donnees obtenues, soit cinetiques ou autres, sont en accord 
avec un modele dans lequel 1'Ctape determinante de la reaction pour la formation de l'anil 
est une attaque nuclCophile par une aniline maintenue dans la seconde sphere de coordination 
du complexe metallique d'une molecule d'acetone directement liee a I'atome metallique. On 
suggere des mecanismes analogues pour l'hydrolyse de l'anil et pour la transimination. 

[Traduit par le journal] 

Introduction 
Previous papers (1) in this series have demon- 

strated that reactions involving anil formation, 
anil hydrolysis, and transimination are effec- 
tively catalyzed by a variety of metal complexes, 
particularly a series of thiourea and substituted 
thiourea complexes of cobalt, nickel, and zinc. 
The present paper describes kinetic and niechan- 
istic studies of these reactions. 

Anil Formation 
(i) Dependence on Catalyst Concentration 

The reaction of interest is the formation of an 
anil from an aniline, e.g., p-toluidine and a 
ketone such as acetone, i.e. 

At low concentrations of catalyst this reaction 
can be conveniently followed by repetitively 
scanning the methyl region of the 'H nmr spec- 
trum and observing the decrease of the p-CH, 
of the toluidine and the increase in intensity of 
the corresponding anil peak. A typical experi- 
mental trace is shown in Fig. 1. The fraction of 
anil formed, i.e. [Anil]/[Anil] + [Aniline]) can 
be found as a function of time from the measured 
intensities. The initial rate of the reaction can be 
obtained graphically. Alternatively since the 

reaction can be followed to equilibrium the com- 
plete reaction curve can be fitted to the equation: 

using a standard computer programme (2). The 
experimental data of Fig. 1 gave k ,  = 0.136 
min-' with a standard deviation of 0.0021 
compared with the value k ,  = 0.132 min-' 
obtained graphically. The plot of residuals from 
the computer fit was completely random. We 
estimate that rates obtained by this experimental 
method are accurate to at least f 10%. 

Table 1 presents data illustrating the depen- 
dence of rate on catalyst concentration. An excel- 
lent linear dependence is observed with the very 
small intercept showing that the rate of the 
uncatalyzed reaction is negligible. A plot of log 
(initial rate) against log (catalyst concentration) 
has a slope of 0.94 confirming that the reaction 
is indeed first order in catalyst. 

(ii) Dependence on Aniline Concentration 
The dependence of the initial rate on aniline 

concentration may be determined in essentially 
the same manner as described above. There is 
however one complication. The acetone-d, used 
contains D,O as an impurity and this will 
rapidly exchange with the NH, protons. The 
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BOATE AND EATON. 2 

7 3 4 5 6 I 8 9 
TlME IN MINUTES 

FIG. 1. Repeated scans of the methyl nmr peaks showing the diminution of the p-toluidine peak 
and the growth of the anil peak. 

TABLE 1. Dependence of the initial rate 
of anil formation on catalyst concen- 

trationa 

Catalyst concentration Initial rate 
(moll e (moll e S) 

"Catalyst Zntu,(CIO,),, 0.19 Mp-toluidine rn 
acetone-d6, T = 35°C. 

extent of deuteration will vary with the concen- 
tration ofp-toluidine used. If there is a significant 
kinetic isotope effect (see below) this factor will 
influence the apparent dependence of the rate 
on p-toluidine concentration. This problem was 
avoided by using p-toluidine-d2 for the initial 
rate experiments. The results of a series of such 
measurements are shown in Table 2. The de- 
pendence on p-toluidine concentration is not 
linear as shown in Fig. 2a. The shape of this 
curve is reminiscent of the results obtained in 
many studies of enzyme kinetics in which there 
is a rapid pre-equilibrium between the enzyme 
and substrate followed by a rate determining 
reaction of the enzyme-substrate complex 
(Michaelis-Menton kinetics) (3). In such cases 
a linear plot is obtained by plotting the recip- 
rocal of rate against the reciprocal of substrate 
concentration (a Lineweaver-Burk plot). Such 
a plot is indeed linear (Fig. 2b), suggesting a 
rapid pre-equilibrium leading to Michaelis- 
Menton kinetics or some more complex scheme 
which reduces to the same general mathematical 
form. The data in Table 2 show results for two 
catalysts. It may be noted that the catalyst con- 
centrations differ by two orders of magnitude. In 
both cases the dependence of rate on substrate 
concentration was essentially the same. 

FIG. 2. (a) Dependence of initial rate of anil formation 
(mol/min x lo6) on concentration of p-toluidine-d, 
(mol x lo5); (b) double reciprocal plot of these data. 

(iii) Overall Concentration Dependence 
Since the anil formation reaction is carried out 

using acetone-d, as a solvent it is not feasible to  
directly examine the effect of varying the acetone 
concentration on the initial rate. An alternative 
experiment is to investigate the effect on the rate 
of dilution with an 'inert' solvent. In this context 
an 'inert' solvent is one which is incapable of 
functioning as a ligand in the metal complex. 
The concentrations of the various metal complex 
species in solution are controlled by equilibria 
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TABLE 2. Dependence of the initial rate of anil formation on p-tolui- 
dine concentration 

Catalyst Z n t ~ , ( C 1 0 ~ ) ~ '  Catalyst Zntu2Clzb 
- 
[p-Tol-d2] Initial rate [p-Tol-d2] Initial rate 
(moll 6 (moll! S) (moll e (molje s) 

6 . 7 0 ~  lo-' 4 . 2 3 ~  6 . 4 2 ~  7 . 4 3 ~  
1 . 1 8 ~  10-I 6 . 4 0 ~ 1 0 - ~  1 . 1 7 ~  lo- '  1.21 x  lo-, 
1 . 7 3 ~ 1 0 - I  8 . 3 8 ~ 1 0 - ~  1 . 6 1 ~ 1 0 - ~  1 . 4 4 ~ 1 0 - ~  
2 . 3 1 ~ 1 0 - '  1 . 1 5 ~ 1 0 - ~  2 . 1 3 ~ 1 0 - I  1 . 6 7 ~ 1 0 - ~  
2 . 8 3 ~  lo-' 1.31 x I O - ~  2 . 9 2 ~  lo-' 2 . 2 4 ~  
4.71 x  lo-' 1 . 9 6 ~  6 . 2 0 ~ 1 0 - I  3 . 3 1 ~ 1 0 - ~  
6 . 0 7 ~  lo-' 1 . 8 6 ~  
7 . 8 0 ~ 1 0 - I  2.52x10-,  

UCatalyst concentration 1.2 x 10-4 M, T = 35'C. 
bCatalyst concentration 2.2 x M. 

TABLE 3. Dependence of initial rate of anil formation on dilution with 
carbon tetrachloridea 

CCI, as fraction [Catalyst] [p-Toluidine] Initial rate 
of sample volume (moll! ) (moll e (mol/! s) 

'Catalyst Zntu4(C104)~, T = 35'C. 

of the type: 
ML, + X = M L , - l X  + L 

If a fraction a of ML, has reacted, at equilibrium 
the concentrations of the various species will be 
determined by: 

C21 
m2a2 

= K 
m(l - a)(x - ma) 

where m is the initial concentration of ML, and 
x is the initial concentration of X. If the solution 
is now diluted by a factor V the initial concen- 
tration of ML, becomes mlV and x becomes 
x/V. However, the fraction a is independent of 
V since there are an equal number of concentra- 
tion terms in the numerator and denominator of 
eq. 2. It follows therefore that providing all metal 
complex species in solution have the same 
coordination number and providing the diluting 
solvent does not participate in any of the ligand 
exchange equilibria, dilution by a factor V will 
reduce the concentration of each species in solu- 
tion by this factor but will not affect the relative 
concentrations of any of the species. In the 
present case carbon tetrachloride was used as a 
diluting solvent since it seems unlikely .that it 
could function as a ligand. There is also evidence 

that both Co(I1) and Zn(I1) remain tetrahedral 
and four coordinate (4, 5) in all these systems so 
that the above conditions are met. 

The results of such a dilution experiment are 
shown in Table 3. In this experiment the reacting 
mixture of p-toluidine and acetone was pro- 
gressively diluted with carbon tetrachloride and 
a quantity of catalyst sufficient to make the 
solution 1.0 x lop4  M in catalyst added to each 
sample. It is apparent that the initial rate of anil 
formation measured by the method described 
above is independent of dilution. The signifi- 
cance of this result will be discussed below. 

(iu) Dependence on Thiourea Concentration 
From the experiments described above and in 

a previous paper (1) it is very likely that these 
catalysts function by dissociation of thiourea 
and coordination of one or more of the substrate 
molecules to the metal ion. In this case excess 
thiourea should inhibit the reaction. This is 
indeed the case. Table 4 presents data showing 
the effect of excess thiourea on the initial rate of 
formation of p-toluidine anil. A plot of initial 
rate against the reciprocal of thiourea concen- 
tration passes through the origin showing that 
the complete repression of thiourea dissociation 
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BOATE AND EATON. 2 2435 

TABLE 4. Dependence of initial rate 
of anil formation on thiourea con- 

centration' 

Thiourea added Initial rate 
(moll e (moll e S) 

Catalyst 2.0 X lo-* M Zntu4(C104)~, 
0.188 Mp-toluidine, T = 35% 

results in complete inhibition of the reaction. In 
these experiments the added thiourea ranges 
from ten to one hundred times the thiourea 
present in the Zntu4(C104), catalyst so that total 
thiourea equals added thiourea to a good 
approximation. No catalysis attributable to 
thiourea itself rather than to a metal complex 
was noted in these experiments. 

Anil Hydrolysis 
( i )  Dependence on Anil Concentration 

The reverse reaction of [I] is anil hydrolysis. 
As it must be, this reaction is also catalyzed by 
thiourea complexes of zinc and cobalt. Since the 
anil can be prepared indirectly the kinetics of its 
catalyzed hydrolysis can also be studied using the 
nmr method described above. In this case, a 
double reciprocal plot of the data has a pro- 
nounced curvature. In enzyme kinetics such a 
curvature is often interpreted as arising from 
inhibition by the substrate itself (3). This is not 
unreasonable in the present case. The equilibrium 
constant for the formation of a metal anil com- 
plex is higher than for all other ligands except 
thiourea (1). At high anil concentrations the 
metal could therefore tend to become saturated 
with anil to the exclusion of the other substrate 
water. Inhibition would then result. 

(ii) Dependence on Water Concentration 
The dependence of the initial rate of anil 

hydrolysis on water concentration was also 
studied. D 2 0  was used for this study to avoid 
kinetic isotope effects. The amount of water 
present in the acetone-d6 was found from the 
position of the final equilibrium. The double 
reciprocal plot for these data is linear. 

(iii) Overall Concentration Dependence 
The effect of dilution with an inert solvent 

(carbon tetrachloride) on the initial rate for anil 
hydrolysis has also been examined. This experi- 
ment was carried out in a slightly different 
manner to the corresponding experiment for anil 
formation. A stock solution of anil in acetone-d6 
with a little D 2 0  added was prepared and diluted 
with CCI, to make up five samples. Catalyst 
solution was added to each of these samples 
sufficient to keep the relative concentrations of 
anil and catalyst constant in each sample. This 
procedure differs from that used in the anil for- 
mation experiment in that the concentration of 
the catalvst as well as those of the substrates was 
progress&ely diminished. The results are shown 
in Table 5 in terms of the relative initial rates. It is 
apparent that the initial rate decreases in direct 
proportion to the fraction of carbon tetra- 
chloride in the mixture. Since it has already been 
shown that the initial rate is proportional to 
catalyst concentration this result is exactly 
equivalent to the result obtained for anil forma- 
tion, i.e. that initial rate was independent of 
dilution of the reactants. 

The Kinetic Isotope Effect 
In general isoptopically substituted molecules 

do not react at the same rates. The effect of sub- 
stituting deuterium for hydrogen are particu- 
larly marked since the mass ratio of these two 
isotopes is greater than that of any other pair. 
The magnitude of the kinetic isotope effect 
depends on the nature of the rate determining 
step (6). If this step involves proton transfer a 
large primary kinetic isotope effect may be antici- 
pated. If it does not involve proton transfer a 
smaller, secondary effect is predicted. We have 
already presented indirect evidence that proton 
transfer steps are too rapid to  be rate deter- 
mining in the present catalytic reactions (1). 
Since, however, this is a mechanistically impor- 

TABLE 5. Dependence of initial rate of anil hydrolysis on 
dilution with carbon tetrachloridea 

CC14 as fraction Relative concentrations Relative 
of sample volume of reagents initial rate 

0 1 .oo 1 .oo 
0.20 0.80 0.72 
0.40 0.60 0.57 
0.60 0.40 0.41 
0.80 0.20 0.18 

=Catalyst 1.13 x 10-3 M Zntu4(C104)~, 0.27 M p-toluidine anil, 
T = 35OC. 
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tant conclusion it seemed worthwhile to obtain 
direct kinetic evidence on this point. 

The experiment is somewhat complicated by 
the presence of D,O in the acetone-d, used as 
solvent. As a result of this, as discussed pre- 
viously, rapid exchange leads to partial deutera- 
tion of the NH, group of p-toluidine-h,. The 
samples for this experiment were therefore made 
up in pairs, one containing p-toluidine-h, (A) 
and the other an equal concentration of p- 
toluidine-d, (B). The p-toluidine-d, was deuter- 
ated to the extent of 95% on the amino group. 
The initial rate of formation of anil was then 
measured over a range of p-toluidine concentra- 
tions. The ratios, rate A/rate B, increase steadily 
with concentration since the extent of deutera- 
tion of the p-toluidine-h, due to exchange with 
D,O decreases with increasing p-toluidine con- 
centration. At infinite p-toluidine concentration 
this effect would be negligible. To obtain the 
true kinetic isotope effect it is therefore necessary 
to extrapolate to infinite p-toluidine concentra- 
tion. It may be shown that: 

where X i s  the ratio of rates at a concentration 
of p-toluidine Y and X, is the kinetic isotope 
effect at infinite p-toluidine concentration. The 
data were therefore fitted to this equation using 
a range of values for X, and a least squares 
fitting procedure. The value of X ,  chosen was 
that which led to a minimum in the standard 
deviation for the constant k. In this way we ob- 
tain a value for X, (the kinetic isotope effect) of 
1.55. This is probably a secondary effect and 
supports the conclusion that proton transfer is 
not involved in the rate determining step. 

The Mechanism of Catalysis 
It has been shown that anil formation, anil 

hydrolysis, and transimination are homoge- 
neously catalyzed by metal complexes, speci- 
fically thiourea complexes of cobalt and nickel. 
The most effective catalysts are those which dis- 
sociate to the greatest extent in acetone (1). The 
rate of reaction is proportional to catalyst con- 
centration and the reaction is inhibited by chela- 
ting ligands and by excess thiourea. All of this 
evidence suggests that one or more of the sub- 
strate molecules must be complexed to the metal 
for catalystis to occur. It  is however possible to 
envisage mechanisms not involving substrate 

complexation. Thus for example one such 
possibility would be inline formation with 
thiourea followed by transimination, i.e., 

/NH2 
S=C + 

'NH2 
/N=C(CH3)2 

(CH3)2C0 S=C + H 2 0  
'NH2 

/N=C(CH& 
S=C + 

'NH2 

/NH2 
@NH2 G S=C, + @-N=C(CH3)2 

NH2 

We reject this possibility on the grounds: (a) 
Thiourea alone is ineffective as a catalyst. (b) 
There is no evidence for imine formation between 
thiourea complexes and acetone in the absence 
of anilines. (c) Both Zn(DMTu),Br, and Zn- 
(TMTu),Br, are very effective catalysts (DMTu 
= N,N1-dimethyl thiourea,TMTu = N,N,N',N'- 
tetramethyl thiourea). In these cases the NH, 
groups necessary for imine formation are not 
present. 

Given, then, the necessity for substrate com- 
plexaiion the question arises as to whether one or 
both substrates must be complexed. For the case 
of catalysis by metal ions in aqueous solution 
arguments have been advanced in favour of both 
these possibilities (7, 8). Our original interpreta- 
tion of the results of the experiments involving 
dilution with carbon tetrachloride favoured the 
model with both substrates complexed. 

The argument is as follows. For anil formation 
the rates of ligand exchange for both acetone and 
aniline are too rapid to allow complex formation 
to be a rate determining step. The observed rapid 
proton exchange and the measured kinetic iso- 
tope effect prelude proton transfer steps as being 
rate determining. Therefore the rate must be 
determined by the rate of attack of aniline on 
acetone. If both the substrates were complexed 
the rate would be proportional to the concentra- 
tion of a binary complex, i.e. 

Rate = k[M.Ac.An] 

If only one of the substrates were complexed, 
then 

Rate = k[M.Ac][An] or k[M.An] [Ac] 

(An = aniline, Ac = acetone). However dilu- 
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TABLE 6. Comparison of calculated metal complex concentrations with experimental 
initial ratesa 

- 
[p-Toluidine] [MAnAcCI,] Initial rate 

(molle 1 (moll e 1 A~ BC, d (moll t' S) 

OCatalyst 0.0219 M Zntu2CI,, acetone concentration 13.65 M, equilibrium constants K,(tn) = 
K,(An) - 0.036, K3(Ac) = 0.000107. 

bA -- ([MtuAcCI21 + [MAnAcCI,l)[An]. 
=B - (IMtuAnCl"1 t 21MAnAnC1,l + IMAnAcCI,l). 
dlt is only meaningful to-correlate t&e concentratio& with initial rates if it is assumed that An has 

significantly displaced Ac in the second sphere. 

tion with carbon tetrachloride reduces the con- 
centration of all species in direct proportion to 
the degree of dilution (see above). Therefore in 
the first case dilution by a factor of two would 
half the rate and in the second case it would 
reduce it by a factor of four since both reactant 
concentrations are halved. The experimental 
results clearly favour the first alternative. The 
argument for the back reaction (anil hydrolysis) 
is exactly analogous and the experimental results 
are equally unambiguous. 

However, more detailed analysis does not sus- 
tain this argument. Equilibrium constants are 
available for the complexation of each of the 
substrates with cobalt thiourea compounds. The 
above rate data have been obtained with zinc 
thiourea catalysts, hence we would not expect to 
be able to perform quantitative calculations using 
the equilibrium constants for the cobalt com- 
pounds. We would however expect correct 
qualitative predictions regarding the variation 
of rate with substrate concentrations. A set of 
equilibria of the type: 

MLJL, + L, MLJL, + L, 

may be written involving Mtu,X, catalysts in 
which L,, Lj, and L, are all possible combina- 
tions of thiourea, aniline, acetone, anil, and 
water. It may be shown that the concentration of 
any given species, say ML,L, is given by the 
expression : 

CML,L,I = 
2mK2K,CL,ICL,I 

(Ki[LiI + Kz[LzI + K,[L,])' 

In this expression m is the total catalyst concen- 
tration and K,, K,, K, etc. are the equilibrium 
constants for the replacement of thiourea (L,) by 
other ligands. The expressions for the case with 

1 .o, 

not 

four replacable ligands e.g., Mtu4(C1O4), are 
exactly the same except that the numerical factor 
is equal to 12 rather than 2. Knowing the equili- 
brium constants and the initial concentrations 
the set of equations of the above type may be 
solved by an iterative procedure. An appropriate 
computer programme was found to converge 
rapidly when m was small compared to any 
product Ki[Li]. If complexed aniline reacts with 
complexed acetone then for a catalyst Mtu,X, : 

Rate K [MAcAnX,] 
For a catalyst such as Mtu4(C104), the rate will 
be proportional to the sum of the concentrations 
of all complexes containing both Ac and An. 
Some calculations giving the dependence of 
[MAcAnX,] on aniline concentration are shown 
in Table 6 and compared with the experimental 
data for the rate of anil formation at the same 
aniline concentrations. The calculated concen- 
trations of the binary complex decrease with 
increasing concentration, whereas the rates in- 
crease. The same result is obtained for Mtu4- 
(ClO,), catalysts. Examination of the calcula- 
tions shows that the concentration [MAnAcX,] 
will not increase with aniline concentration 
unless K,[Ac] >> K2[An]. Although the equili- 
brium constants used for the replacement of 
thiourea by acetone (K,) and by aniline (K,) may 
not be accurate the above condition is clearly 
unrealistic and this model must be rejected. 

It is therefore necessary to examine the signi- 
ficance of the experiments involving dilution 
with carbon tetrachloride more closely. The 
experimental results demand that both substrates 
be bound to the catalyst in such a manner that 
the addition of carbon tetrachloride will not dis- 
sociate the resulting adduct. It is not necessary 
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that they be both held in the first coordination 
sphere of the complex. It is recognized that 
ligands may be weakly held in the second 
coordination sphere of metal complexes (9) and 
that such entities may have kinetic significance. 
Thus in ligand exchange reactions associative 
(A) mechanisms may be distinguished from 
interchange (I,) mechanisms in which the rate 
determining step involves interchange of a first 
sphere and a second sphere ligand (10). In the 
present case we may write a rapid pre-equilibrium 
involving the replacement of acetone by aniline 
in the second sphere: i.e., 

MtuAcCl,.(An) is now the reactive species 
together with analogous complexes such as I 
MAnAc.Cl,.(An) and MAc,CI,.(An). The last 

Oo 1 2 3 
term can be neglected since K3 is small and the 

I n ~ t ~ a i  Rate 
rate will be given by: 

FIG. 3.  Comvarison of observed initial rate (moll/ s 
[4] Rate cc [MtuAcCl,.(An)] + 

[MAnAc.Cl,.(An)] 

By arguments analogous to those presented 
above the equilibrium 3 will not be affected by 
dilution with carbon tetrachloride providing 
CCl, does not compete with aniline or acetone 
for second sphere sites. Experimental evidence 
with other metal complexes does indeed indicate 
that CCI, is a very poor second sphere ligand 
(11). The rate expression 4 above will give the 
observed result in the dilution experiments. 

Equations 3 and 4 predict that the initial rate 
be proportional to ([MtuAcCl,.(Ac)] + [MAnAc- 
Cl,.(Ac)][An]. Calculated values for this quan- 
tity are shown in column A of Table 6. They are 
plotted against the initial rate data in Fig. 3. A 
satisfactory linear dependence is obtained 
showing that this mechanism is consistent with 
experiment. There is another possibility, namely, 
that aniline be held in the first sphere and acetone 
in the second sphere. This is chemically less 
likely (see below) but cannot be entirely ruled 
out on kinetic grounds. The appropriate con- 
centrations are shown in column B of Table 6. 
The hydrolysis of the anil would involve a 
mechanism in which anil is held in the first 
sphere and subject to nucleophilic attack by 
second sphere water. The kinetic implications of 
this mechanism are entirely analogous to those 
discussed above for anil formation. 

It remains to  be shown that the above model 

x lo4) with -calculated concentrations of reactants 
(moI2/e x lo5). 

satisfactorily accounts for the remaining kinetic 
data. All of the models predict a linear depen- 
dence of rate on catalyst concentration as is ex- 
perimentally observed. I t  may be shown that for 
the Mtu,X, catalysts to a good approximation: 

- 
1 J K S  1 -- - K2 

Rate 2kKtK3 ,fiii @ 2kmKtK3 

Hence the reciprocal of rate should be linear 
with the reciprocal of the square root of aniline 
concentration. An appropriate plot is shown in 
Fig. 4 and is satisfactorily linear. A slight 
curvature is predicted in the Lineweaver-Burk 
double reciprocal plots but calculation of sample 
theoretical curves showed that the experimental 
scatter of the data is too great to reveal the 
curvature. The situation with Mtu,(ClO,), 
catalysts is mathematically more complicated 
but numerical calculations confirm that l/rate 
should be proportional to  l/[An] within the 
accuracy of the experiments. For the experi- 
ments involving inhibition with thiourea it is 
predicted that : 

-- I - a [ t u ] + b  
Rate 

Figure 5 shows an appropriate plot of the experi- 
mental data. It may be noted that the model 
involving the coordination of both acetone and 
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FIG. 4. Plot of (initial rate)-' ( e  s/mol x for 
anil formation against [p-t01]-'/~ ( e  'I2 r n ~ l - l / ~ ) .  

FIG. 5. Plot of (initial rate)-' ( e  s/mol x lo-') for anil 
formation against [tu] (mol/t' x lo2) added. 

aniline predicts that l/rate will vary as [tuI2 at 
high thiourea concentrations. Figure 5 shows no 
indication of this behaviour. 

The Nature of the Rate Determining Step 
On the basis of the evidence discussed above 

the reaction scheme shown in Fig. 6 is suggested. 
The steps shown are preceded by rapid pre- 
equilibria establishing the distribution of ligands 
in the first and second coordination spheres of 
the metal complex and are followed by further 
rapid equilibria re-establishing this distribution 
with the product anil and water molecules. Anil 
hydrolysis proceeds by the reverse of these 
reactions. A similar scheme for transimination 
may be readily written by replacing the acetone 
molecule with an anil. 

Hz0 M/ 

/ \ 
5 

FIG. 6. Suggested mechanism for anil formation. 

In this scheme steps 2 -t 3 and 3 -t 4 involve 
proton transfer. The observations of rapid ex- 
change on the nmr time-scale and of a small 
kinetic isotope effect show that these steps are 
not rate determining. If step 4 + 5 were rate 
determining the carbinolimine should be a 
stable intermediate and as such observable by 
nmr. It is therefore suggested that step 1 + 2, 
the nucleophilic attack of a second sphere 
aniline on a coordinated acetone molecule is the 
rate determining step in anil formation. For anil 
hydrolysis the rate determining step is the 
attack of second sphere water on coordinated 
anil. 

For the transimination reaction the corre- 
sponding scheme has a higher symmetry since 
the forward and backward reactions are iden- 
tical. Similar arguments suggest that attack of 
second sphere aniline on coordinated anil is rate 
determining. In this case nmr spin saturation 
transfer experiments provide additional evidence 
(1). The lifetime for exchange of cis and trans 
methyl groups is twice that for transimination 
indicating the two rates are determined by the 
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same process and suggesting facile rotation or 
inversion about the C-N bond during nucleo- 
philic attack. 

The above mechanism is also chemically 
attractive. Complexation of acetone or anil will 
withdraw negative charge from the molecule 
leaving the carbon more susceptible to nucleo- 
philic attack (12) e.g. 

On the other hand complexation of aniline or 
water involves utilization of the lone pair elec- 
trons and would make these molecules less 
effective nucleophiles (13). For this reason the 
above model with acetone in the first sphere and 
aniline in the second sphere is preferred over the 
kinetically similar model with aniline in the first 
sphere and acetone in the second sphere. 

It cannot be unambiguously determined 
whether the aniline occupies a true second sphere 
site or is weakly bound to the metal to give a five 
coordinate complex. We prefer the first alterna- 
tive. Binding to the metal would deactivate the 
nucleophile. There is no evidence for any stable 
five coordinate complexes with these ligands 
although such complexes may exist as inter- 
mediates in ligand exchange reactions. There is a 
fair amount of evidence for second sphere 
complexes involving anilines with binding 
energies of the order of 4 or 5 kcal/mol (14). If 
the aniline were primarily held by hydrogen 
bonding it would be activated as a nucleophile. 
There is a clear analogy between the mechanism 
suggested above and the 1, mechanism for ligand 
exchange. In an 1, mechanism a second sphere 
ligand is available for nucleophilic attack on the 
metal ion. In the reactions discussed above the 
nucleophilic attack is on a ligand atom. 

Finally we summarize some of the factors 
which make these metal complexes particularly 
effective catalysts for the reactions discussed. The 
thiourea ligands are readily replaceable by sub- 
strate ligands but serve to prevent the precipita- 
tion of insoluble complexes. The availability of 
NH, groups on the periphery of the molecule 
may well serve a role in providing hydrogen 
bonding sites for second sphere coordination. 
The solubility in non-aqueous solvents implies 
that substrates such as acetone which could not 
compete with water as ligands in aqueous solu- 

tion can con~plex the metal atom to a sufficient 
degree to react. Finally the role of the catalysts 
in bringing together the reactants should be 
mentioned. This has been referred to as the 
"promnastic" effect (15) and is undoubtedly a 
factor in any reaction which without catalysis 
would be bimolecular in nature. 

Experimental 
The preparation and purification of the chemicals used 

in this study has been described previously ( I ) .  
Initial rates were measured using a Varian HA 100 

NMR spectrometer (probe temperature 35°C). The reac- 
tion was followed by using a voltage controlled frequency 
generator (Wavetek) to provide the sweep frequency so 
that the area of interest in the spectrum was repetitively 
scanned while the pen recorder was running. The sample 
containing the aniline or anil and a little TMS to provide 
a locking signal was placed in the probe and allowed to  
come to thermal equilibrium. The sample was then 
rapidly removed, catalyst solution injected with a syringe, 
a stopwatch started, and the tube shaken and replaced in 
the probe. The lock signal was relocated and the pen 
recorder started. This whole operation could be carried 
out in about 25 s and the first spectra were obtained about 
30 s after the reaction had commenced. The fraction 
[Anil]/([Aniline] + [Anil]) is obtained from the measured 
intensities. Since the denominator is always constant, 
measurements of this quantity are insensitive to small 
changes in the homogeneity of the magnetic field or in the 
gain of the amplifier circuits. In the case of the measure- 
ments on the hydrolysis of anil the fraction [Aniline]/ 
([Aniline] + [Anill) was plotted against time, but the 
curve was extrapolated to meet the time axis where the 
concentration of an~line would be zero. This was neces- 
sary because the p-toluidine anil contained -5% p-  
toluidine and the initial rate of formation of aniline must 
be determined where the aniline concentration is zero. 
Zinc thiourea complexes were used in these initial rate 
experiments to avoid complications arising from broad- 
ening of the nmr lines by the paramagnetic cobalt 
complexes. 

p-Toluidine-d2 was prepared by dissolving p-toluidine 
in diethyl ether and stirring together with successive 
portions of DzO. The ether layer was dried with NazSO,, 
the solvent removed on a vacuum line and thep-toluidine- 
dz sublimed in vacuo. I t  was kept in a glove bag under a 
dry nitrogen atmosphere. Integration of the nmr spec- 
trum showed the material to be 95% deuterated. 
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Some methods for the preparation of a-alkylated vinylphosphonium salts and their 
use in 2,s-dihydrothiophene synthesis 
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JOHN M. MCINTOSH and RICHARD S. STEEVENSZ. Can. J. Chem. 55,2442 (1977). 
The preparation of a series of vinyltriphenylphosphonium salts, all of which bear a sub- 

stituent on the carbon attached to phosphorus, is described. Yields are generally poor unless a 
symmetrical secondary allylic halide can be used. The use of these salts in the preparation of 
substituted 2,s-dihydrothiophenes has been examined. In general, reaction times are increased 
and product yields decreased relative to the reactions of the unsubstituted salts previously 
reported. This result is ascribed to steric inhibition of the intramolecular Wittig reaction. 

JOHN M. MCINTOSH et RICHARD S. STEEVENSZ. Can. J. Chem. 55,2442 (1977). 
On dkri t  la prtparation d'une strie de sels de vinyltriphCnylphosphonium qui portent tous 

un substituant sur le carbone attache au phosphore. Les rendements sont gtntralement 
mauvais ti moins que l'on puisse utiliser un halogtnure allylique secondaire symCtrique. On a 
CvaluC les possibilitCs d'utiliser de tels sels pour la prkparation de dihydro-2,5 thiophknes 
substituks. D'une f a ~ o n  gtnerale, les temps de reaction augmentent et les rendements en 
produits diminuent par rapport aux reactions des sels non substituts qui avaient CtC rap- 
port& antkrieurement. On attribue ce resultat a une inhibition stbique de la rtaction de 
Wittig intramolCculaire. 

[Traduit par le journal] 

In recent years, a number of research groups 
have demonstrated the usefulness of vinylphos- 
phonium salts in the synthesis of a wide variety 
of acyclic (I), carbocyclic (2), polycyclic (3), and 
heterocyclic (4) compounds. Initially, most of 
the work was concerned with the use of vinyl- 
triphenylphosphonium bromide because of its 
ready availability and unambiguous structure. 
Subsequently, we demonstrated (5) the simple 
conversion of primary allylic phosphonium salts 
1 into their vinyl isomers (2), which allowed the 
use of the readily available 1 directly in the 
reactions and thereby provided facile formation 
of products derived from P-substituted salts 
(eq. I).' Application of this technique to 
heterocyclic synthesis has afforded a wide range 

of substituted dihydrothiophenes, (5, 6), di- 
hydrothiopyrans (7), and products derived 
therefrom. 

Reports of the synthesis and reactions of 
a-substituted vinyl salts (3) are much less 

frequent. Seyferth and Fogel (8) prepared 4 by 
a method which required initial quaternization 
of triphenylphosphine with an a-haloketone 
(eq. 2), a type of reaction well known to afford 
very low yields of phosphonium salts (see ref. 9 
for a list of references). However, this route 
offers the possibility of complete generality if the 
alkylated salts 4 could be prepared more effi- 
ciently. Schweizer and co-workers (10) prepared 
several a-substituted salts 3 by routes which 
either did not appear to be general or afforded 
impure products or which led to substituents 
other than phenyl on the phosphorus atom. 
Another route, due to Vedejs et al. (11), also 
gives alkyl-substituted phosphorus atoms; diffi- 
culties encountered in the utilization of these 
compounds (lob) pron~pted us to develop other 
alternatives. 

The importance of 3, particularly those com- 
pounds bearing a functional group a to phos- 
phorus, lies in their use in the synthesis of con- 
jugated dienes by the route already outlined 
(5, 6) (eq. 3). The case of carboxy- or ether- 
substituted 3 would be particularly important in 

lThe counterion for all salts in this paper is Br- unless 
otherwise noted. 
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(13) and unstabilized phosphoranes (14) is a zR (1), well-documented reaction. However, the use of 1 

I' 
presents the possibility of both a-  and y-alkyl- 
ation leading to 7 and 8. While the ylide 6 is well 
known to react at the a-position in the Wittig xR reaction(l5), it has been pointed out that y-attack . , .  
may well be an undetected reaction (y-attack 

the preparation of rather inaccessible (12) dienes on 6 by ethyl chloroformate has been docum 
for use in the Diels-Alder reaction. mented; see ref. 16). The observation of y-attack 

With these facts and ideas in mind, we set out on 6 in specific instances (17) supports this 
improved routes to and their possibility. However, we were confident that the 

applications in synthesis. aly alkylation ratio could be controlled by the 
Results and Discussion 

Synthesis of a-Substituted Vinyl Salts 
Considering our success in preparing simple 

vinyl salts 2 by the isomerization of 1, we first 
investigated the feasibility of applying this 
technique to salts derived from secondary 
allylic halides. That the method was successful 
was shown by the isomerization of cyclohex-3- 
en-1-yl-triphenylphospl~onium bromide to its 
vinyl isomer (5) using the usual pyridine- 
triethylaniine system (5). However, a major 
difficulty frequently arises during the preparation 
of the allylic salts required as starting materials. 
This is illustrated in [4]. Identical phosphonium 

salts were obtained, starting with either 3-chloro- 
1-butene or 1-chloro-3-butene. In  all cases of 
this type, the intervention of extensive allylic 
rearrangement during quaternization introduces 
ambiguity into the structure of both the allylic 
and vinyl salts and therefore into that of the 
products derived from them. Only in the case of 
primary or symmetrical halides can this possi- 
bilitv be discounted. 

A; alternative to quaternization for the prep- 
aration of the required secondary allylic salts 
involved the alkylation of primary allylic salts 
(eq. 5). Alkylation of both carbonyl-stabilized 

RX 
i51 +-&, + +%p+, - 

6 
R R 

-I;, + La,, 
7 8 

use of the proper cation in the alkylation-(see, 
for example, ref. 18). I t  should also be noted 
that the alkylation of the corresponding ally1 
phosphonate at the a-position has been reported 
(19). 

When 6 was generated, either with n-butyl- 
lithium or under saltfree conditions (20), and 
mixed with a large excess of alkylating agent 
(methyl iodide, ethyl bromide etc.), no visible 
quenching of the red ylide colour could be 
detected, even upon addition of 10% HMPA as 
cosolvent. Addition of acid immediately 
quenched the colour and the allylic salt was 
reisolated in high yield. Also, addition of 
carbonyl compounds to the ylide solution led to  
a rapid Wittig reaction, confirming the presence 
of the ylide. 

We are unable to offer an explanation for this 
result. However, it should be noted that the 
related sulfonium ylide is also very unreactive 
to alkylating agents, although it does react well 
with carbonyl compounds (21). 

An alternative method for the preparation of 
the allylic salts 1 lay in the reported (22) addition 
of triphenylphosphine hydrobromide to conju- 
gated dienes. Evidence is available that this addi- 
tion proceeds well when the diene is symmetrical 
(eq. 6) or when a steric problem at one terminus 
of the diene system prevents attack of the bulky 
triphenylphosphine at that position (eq. 7) (6). 

When the starting diene is readily available, this 
can be the method of choice for the preparation 
of 1. 

As previously mentioned, the work of Seyferth 
and Fogel (8) indicated that a-alkyl-p-keto- 
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phosphoranes 10 were a good source of vinyl 
salts. A possibly improved method for the prep- 
aration of 10 lay in the work of Bestmann (13) 
who had shown that simple phosphoranes could 
be acylated using thioesters (eq. 8). 

0 
I I 

[8] $,P=CHR + R'COSEt + +,P=C-CR' 
I 

11 R = R 1 = M e  
12 R = Et, R'  = Me 
13 R = Pr, R '  = M e  

We were able to prepare 11-13 by this method, 
but both the yields (-20%) and the necessity of 
preparing the thiolesters detracted from this 
approach. However, it must be noted that, 
unlike the work described below, salts 11-13 
were obtained as pure crystalline materials. 

The major problem in the thioester approach 
lay in the formation of 10. Therefore, an alter- 
native appeared desirable and it occurred to us 
that interception of the betaine intermediate 14 
of the normal Wittig reaction might overcome 
this difficulty and at the same time remove the 
necessity for reduction of 10. I t  is well estab- 
lished (23) that the decomposition of 14 is slow 
at low temperature and by quenching the 
reaction with hydrobromic acid at O°C, the oily 
P-hydroxyphosphonium salts 15 could be 
isolated (eq. 9). Unfortunately, 15 was con- 
taminated with varying amounts of another 
product which we presume to be 16 derived by 

[9] @,P=CHR + R'CHO 

0- 0 H 
I HBr I + i, CH-CHR' - 4 6 CH-CHR' 

- 1  - 1  

rearrangement (24) of either 14 or 15 which 
reduced the yields of 15 considerably. Its 
presence was inferred from the low-field region 
of the nmr spectrum and the infrared spectrum. 
Removal of 16 was accomplished by recry- 
stallization. 

Difficulties arose when the preparation of salt 
15 bearing two bulky groups (R and R') was 
attempted. In these cases little or none of the 
desired 15 could be obtained. 

Dehydration of 15 in concentrated hydro- 
bromic acid (8) led to the formation of the vinyl 
salt. Other methods for the dehydration did not 
prove effective. Thus, reaction of 15 with 
acetylchloride afforded the P-acetoxyphosphon- 
ium salt, but elimination of acetic acid using 
LDA gave only the olefin expected from normal 
Wittig reaction. Similarly untoward results were 
obtained when mesylation or tosylation of 15 
was attempted. Finally, dehydration using 
phosphorous oxychloride or thionyl chloride 
also proved unsatisfactory. 

The acid-catalyzed dehydration of 15 afforded 
material which was contaminated with up to 
50% of another unidentified product. Separation 
using chromatographic techniques was un- 
successful and recrystallization led to  large losses 
of material. Therefore, we decided to carry these 
impure materials on to the dihydrothiophene 
synthesis, as it was felt that the contaminants 
would be more easily removed at that stage. 

The vinyl salts prepared are listed in Table 1. 
The yields for those prepared by method D are 
those of partially purified materials, whose 
purity is estimated (nmr) to  be in excess of 65%. 
The nmr spectral data for new vinylphosphonium 
salts is given in Table 2.2 These were obtained on 
small amounts of extensively purified material. 
The P-hydroxyphosphonium salts 15 were pre- 
pared and their nmr spectra are shown in 
Table 3. In addition to  nmr analysis the presence 
of the desired salts was confirmed by the use of 
field-desorption mass spectrometry (25). 

I t  should be noted that for the dehydration to 
be successful, a homogeneous acid phase must 
be attained while the solution is refluxing. 
Heterogeneous mixtures led to the formation of 
black tars. 

'Tables 2 and 6 showing nmr and analytical data have 
been deposited in the Depository of Unpublished Data. 
Copies of these tables may be obtained, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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TABLE 1. Vinylphosphoniurn salts prepared 

Salta** No. Methodc Yield (%Id 

Not isolated 

Not isolated 

2 0  

18 

2 4  

15 

8 

10 

6 2  

6 2  

+ 
'X = Pb,. bNo stereochemistry implied. CA isomerization of 

allylic salt; B, direct alkylation of triphenylphosphine; C, via 8-keto- 
phosphorane; D, via hetaine method. dAssuming 1009, purity. 'See ref. 
32. fSee ref. 8. S e e  ref. 106. hSee ref. 28. 

Synthesis of Dihydrothiophenes from a-Alkyl- 
vinylphosphonium Salts 

The accepted mechanism for the formation of 
dihydrothiophenes is shown in [lo]. The final 
step in this sequence is a Wittig reaction and as 
we have pointed out (5) we know of no examples 
of the formation of a tetrasubstituted double 

bond using this reaction. Also, Schlosser (26) 
has estimated that the presence of an a-alkyl 
substituent reduces the rate of betaine decom- 
position by a factor of ten. Therefore, our initial 
investigations utilized mercaptoaldehydes 24-26 

(Table 4). Subsequently, ketones 27-29 were also 
included. While not all the salts listed in Table 1 
were used, the reactions reported here illustrate 
the effects which determine the relative success 
of the method. 

The reactants, products, yields, and reaction 
times are summarized in Table 4 and the spectral 
characteristics of the products in Table 6.2 The 
yields indicated are based on an assumed 100% 
purity of the vinyl salts. As has already been 
pointed out, except for 5, 9, 1214 ,  and 17, this 
was known to be incorrect and therefore the 
yields indicated are minimum values. 

As can be seen from Table 4, drastically 
reduced yields and increased reaction times are 
encountered relative to the simpler cases already 
reported (5, 6, 27). These were expected on the 
basis of earlier reports (7, 10) and the steric 
arguments mentioned above. In particular, the 
use of either acyclic ketones and a-substituted 
salts (products 4648,  Table 4) or salts which 
have substituents larger than methyl at both 
the a-  and P-positions (products 34, 41, 42, 
Table 4) react very poorly. In some cases, the 
long reaction times caused the formation of 
some thiophene products derived from air 
oxidation of the dihydrothiophenes (7). Sch- 
weizer et al. have attributed the lower reactivity 
of the a-substituted vinyl salts to a steric in- 
hibition of the initial conjugate addition 
reaction (lob). However, in view of the results of 
Schlosser and our previously demonstrated 
ability to form dihydrothiophenes from P,P- 
disubstituted vinyl salts, we prefer to attribute 
the results to inhibition of the Wittig cyclization. 

The ability to  form dihydrothiophenes from 
aldehydes and less hindered salts allows a degree 
of flexibility in synthetic planning as many can 
now be prepared from two different sets of 
reactants. For example, 37 can now be prepared 
as shown in [ l l ] .  
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O H  
I + 

TABLE 3. New p-hydroxyphosphonium salts prepared (RlCH-CH-P$3) 
I 

R1 Rz Methoda Yield (%y nrnr spectral datab 

CH3 CzHs C 67 7.68(m, 15), 5.45(m, I), 4.7-3.2(m, 2), 
3.0-3.2(m, 2), 1 .3(m, 3), 1.3(t, 3, 
J =  6Hz) 

CH3 n-C3H, C 85 7.70(m,15),5.50(m,1),4.7-3.4(m,2), 
2.2-1 . l(m, 7), 0.9(m, 3) 

CzHs CH3 D 30 7.65(m,15),5.4-3.4(m,3),2.0-0.7 
(m, 8) 

Cyclo-C6H1 I CH3 D 25 7.75(m, IS), 5.20(m, I), 3.6(m, 2) 
2.4-0.7(m, 14) 

Phenyl CH3 D 47 8.2-6.8(m, 20), 5.8(m, I), 5.3(m, I), 
3.7(m, I), 1.2(dd, 3, J = 22 and 7 Hz) 

CZHS CzHs D 35 7.7O(m, 1.5),4.2-3.2(m, 3),2.8-1.4 
(m, 4), 1 .l(t, 3, J = 7 Hz) 

CYC~O C6Hl 1 C2H5 D 27 7.6(m,15),4.6-2.5(m,3),2.5-0.6 
(m, 16) 

'See footnote c, Table 1 .  
bTabulation follows the order chemical shift (6), multiplicity, integrated intensity (protons), coupling constant. Spectra 

run in CDC13. 
=Based on 100% purity (see text). 

Reactions Using 1-Ethoxyvinyltriphenylphospho- 
nium Bromide (23) 

We have reported (28) the formation of 23 and 
the fact that it does function as a Michael ac- 
ceptor. When this salt was utilized in the 
dihydrothiophene-forming reaction, unexpected 
results were obtained (eq. 12). In addition to the 

expected dihydrothiophene 49, three other 
sulfur-containing products 50-52 were produced. 
The hydrolysis product 52 is unexceptional but 
the presence of thiophene 51 cannot be explained 
on the basis of air oxidation of 49 and 50, since 
both of these are stable after isolation. The con- 
comitant formation of triphenylphosphine (53) 
suggests another mechanism may be operating. 
We have previously noted (29) the formation of 
53 and thiophene products in the reaction of 
butadienyltriphenylphosphonium salts and it 
appears possible that a mechanism similar to the 

one proposed in that case may be operating here 
(Scheme 1). The presence of an anion-destabiliz- 
ing substituent might well favour the proton 
migration over the direct cyclization to 49 and 
account for the observed results. 

Products of type 50 have not been observed 
previously by us. We presume they are formed 
by isomerization of 49, a process which would 
be much more favourable in this case than in the 
alkyl-substituted dihydrothiophenes because of 
the increased ease of protonation of the double 
bond of the en01 ether relative to the simple 
alkene. The products obtained from 23 are 
shown in Table 5 and their spectral character- 
istics are included in Table 6.' 

OEt , C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



McINTOSH AND STEEVENSZ 

TABLE 4. New 2,5-dihydrothiophenes prepared 

L J 

Product 

Mercaptan Salt No. R, R2 R, R4 R5 RG Time (h) Yield(%) 

(29) 

a See ref. 6. 

TABLE 5. Products and yields from reactions of salt 23 

Mercaptan Products Time (h) 
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Conclusions 
From the results, it is apparent that, except in 

some specific cases, we have not successfully 
solved the problems associated with the pre- 
paration of the a-substituted vinylphosphonium 
salts. Furthermore, the feasibility of using 
dihydrothiophenes bearing substituents at both 
the 3- and 4-positions as synthetic inter- 
mediates appears to be very limited and we do 
not plan any further investigations in this area. 

Experimental 
Nuclear magnetic resonance spectra were run on Varian 

EM 360 or JEOLCO C6OHL instruments and are 
reported in ppm downfield from TMS as internal 
standard. Infrared spectra were obtained on a Beckmann 
IR 12 and mass spectra on a Varian -MATCH-5DF spec- 
trometer under the control of an INCOS computer. Gas 
chromatography was performed on an F and M Model 
720 instrument, utilizing the following columns: 6 ft x 
0.25 in. 10% Carbowax 20M on Chromosorb W; 10 ft x 
0.375 in. 10% Carbowax 20M on Chromosorb W. 

Microanalyses were performed by A. B. Gygli, Micro- 
analysis Laboratory, Toronto, Ontario. 

Cyclohex-3-en-I-yltuiphenylphosphonium Bromide 
A mixture of 10 g (6.2 mmol) of 3-bromocyclohexene 

(30) and 16.3 g (6.2 mmol) of triphenylphosphine in 
160 ml of acetonitrile was heated at reflux for 10 h. The 
cooled solution was reduced in volume to about 100ml 
and poured into ether. After stirring for 0.5 h, the 
solution was filtered and the residue recrystallized from 
methylene chloride-ethyl acetate to give 18.0 g of product 
(69%), mp 222-224'C; ilmr (CDCI,) 8.1-7.4 (15H, m), 
6.1-5.35 (3H, m), 2.1-1.25 (6H, m). Anal. calcd. for 
C,,H,,BrP: C 68.10, H 5.72, Br 18.89; found: C 68.01, 
H 5.64, Br 19.02. 

Carrying out the reaction in ether solvent gave no 
reaction, whereas the use of benzene led to extensive 
decomposition. Dissolution of the salt in pyridine con- 
taining triethylamine (method A) led to complete 
isomerization to the vinyl isomer (5) as evidenced by the 
nmr spectrum. 

Preparation of 9 
To a solution of 7.0 g (0.02 mol) of triphenylphosphine 

hydrobromide (31) in 50 ml of acetonitrile was added 
3.6 g of 2,4-hexadiene and the solution was refluxed for 
18 h. The solvent was evaporated to  afford a quantitative 
yield of the light yellow glassy allylic phosphonium salt 
which was quantitatively (nmr) isomerized to 9 by treat- 
ment with pyridine-triethylamine. 

Preparation of Vinyl Salts via 0-Ketophosphoranes 
(Method C )  

To a toluene solution of the required phosphorane 
generated under salt-free conditions (20) was added 1.1 
equiv. of the desired thioester. The mixture was refluxed 
for 18 h, filtered hot, and the a-alkyl-0-ketophosphorane 
isolated by filtration of the cooled solution. Recrystal- 
lization was effected from ethyl acetate - petroleum ether. 
Since borohydride reduction of these materials was 
difficult, they were converted to their phosphonium salts 

by reaction with gaseous hydrogen bromide in benzene 
solution. 

To a solution of the phosphoniun~ salt in methanol 
(25 ml per gram of salt) was added solid sodium boro- 
hydride (1.5 g per gram of salt) over a period of 2 h at 
0°C. After 1 h, the excess hydride was decomposed with 
water. The methanol was evaporated and the aqueous 
phase extracted with chloroform. Evaporation of the 
dried extract gave the 0-hydroxyphosphonium salt 15 
which was recrystallized from ethyl acetate - chloroform. 
Yields and spectral data for the products can be found 
in Table 3. 

The hydroxy salt was dissolved in 48Z hydrobromic - - 
acid (15 ml per gram of salt) and heated i t  reflux for 3 
weeks (shorter reaction times gave incomplete reaction). 
The cooled solution was diluted with an equal volume of 
water and extracted with methylene chloride. The com- 
bined organic extracts were washed with water, dried, 
and evaporated. The oil obtained was dissolved in the 
minimum amount of hot methylene chloride and ethyl 
acetate was added slowly to the cloud point. The cooled 
solution was filtered and the product recrystallized from 
methylene chloride - ethyl acetate. Products, yields, and 
spectral data are listed in Tables 1 and 2.2 

Direct Formation of the 0-Hydroxyphosphonium Salts 
(Method D) 

To a suspension of the required phosphonium salt 
(0.05 mol) in 150 ml of dry ether under nitrogen was 
added 0.05 mol of n-butyllithium. After 1 h, the solution 
was cooled to 0°C and the desired aldehyde (0.07 mol) 
added slowly without stirring. A thick, white precipitate 
formed, to which was added 100 ml of 5% hydrobromic 
acid. This caused the formation of three layers. The upper 
ether layer was separated and the middle aqueous layer 
was extracted with methylene chloride. The combined 
organic layers were dried and evaporated. Precipitation 
of the product from methylene chloride solution using 
ethyl acetate afforded the e-hydroxyphosphonium salts 15 
which crystallized over a 24 h period at P C .  Using this 
method, salts 15 of about 90% purity could be obtained 
which were dehydrated using 48% hydrobromic acid as 
previously described. 

Preparation of 2,5-Dihydrothiophenes 
A solution of the vinyl salts (0.01 mol) and mercapto- 

carbonyl compound (0.015 mol) in 50 ml of pyridine 
containing 0.015 mol of triethyl amine was heated at 
reflux under a nitrogen atmosphere for the time indicated 
in Table 4. Water (600 ml) was added to the cooled 
solution and the mixture was extracted twice with 100 ml 
of ether and twice with 100 ml of pentane. The combined 
organic layers were washed with 10% hydrochloric acid 
until the washing was acidic, dried, and evaporated. The 
oil thus obtained was chromatographed on acidic alumina 
using pentane as the eluant. Evaporation afforded the 
dihydrothiophene in the yields shown in Tables 4 and 5 
and it was shown to be at least 95% pure by glc. Analytical 
samples were collected from glc. The refractive indices 
and nmr spectral data are given in Table 6.2 Except for the 
lack of carbonyl absorption, the ir spectra were unin- 
formative. 

By-products (thiophenes and positional isomers 53 and 
54) were also collected by glc where possible and the data 
for these are included in Table 6.' 
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Examination by 13C nuclear magnetic resonance spectroscopy of chartreusin produced in 
cultures of Streptomyces chartreusis supplemented with [I-13C] and [2-13C]acetate showed that 
the 19-carbon aglycone component was derived entirely from acetate. In the spectrum of char- 
treusin enriched from [1,2-13C]acetate the signals for 16 of the carbon atoms were accompanied 
by satellites due to spin-spin coupling of intact 13C-13C units. The coupled pairs were matched 
with the aid of homonuclear single 3C-frequency decoupling. Of the uncoupled carbon atoms, 
two were derived from methyl groups of acetate and the third came from an acetate carboxyl 
group. The arrangement of paired and unpaired 13C atoms in chartreusin suggests that the 
aglycone is derived from a single 22-carbon polyketide chain. Cyclization to a benzpyrene-like 
intermediate followed by ring cleavage and loss of three carbon atoms provides a plausible 
route from the polyketide to the substituted isocoumarin structure of the aglycone. 

P. L. CANHAM, L. C. VINING, A. G .  MCINNES, J. A. WALTER et J. L. C. WRIGHT. Can. J. 
Chem. 55,2450 (1977). 

L'examen des spectres rmn du 13C de la chartreusine produite dans les cultures de Strepto- 
myces chartreusis additionntes de [I-13C] et [2-13C]acetate montre que le composant aglycone 
contenant 19 atomes de carbone provient entikrement de l'acetate. Dans le spectre de la 
chartreusine enrichie a partir de [1,2-13C]acttate, les signaux de 16 des atomes de carbone 
sont accompagnes par des satellites dus k un couplage spin-spin des unitts 13C-13C intactes. 
On a pu comparer les paires coupltes a I'aide d'un dtcouplage de frtquence 13C homonucltaire 
et simple. Des atomes de carbone non-couplts, deux proviennent des groupes mtthyles de 
l'acttate et le troisieme d'un groupe carboxyle de l'acttate. L'arrangement des atomes de carbone 
13C paires et non-paires dans la chartreusine, suggtre que l'aglycone derive d'une seule chaine 
polykttide contenant 22 atomes de carbone. Une cyclisation conduisant a un intermtdiaire 
ressemblant a du benzpyrkne suivie par une fermeture de cycle et la perte de trois atomes de 
carbone fournit une route possible menant d'un polykttide a la structure isocoumarine subs- 
titute de I'aglycone. 

[Traduit par le journal] 

Introduction confirm that C-3 and C-9 originated with the 
Streptomyces chartreusis produces a glycosidic carbox~l  and meth~lene carbons of malonate, 

antibiotic, chartreusin, the aromatic &lactone and that the relative specific activities of sub- 
component of which has been reported to stituted phthalic acids containing the carbon 
originate from acetate (1, 2). Schmid located the atoms of rings A and C were consistent with the 
carbon atoms derived from the and car- distribution of label reported by Schmid. HOW- 
boxyl groups of acetate as shown in Fig. 1, but ever, no complete chemical dissection of the 
no experimental evidence was provided (1). labeled molecule has been described. Even if the 
Brown et al. (2) examined the distribution of proposed labeling Pattern is assumed to be 
14C-labeled carbon atoms in chartreusin en- correct, the manner in which acetate and 
riched by growing cultures of S. chartreusis on malonate units are assembled to generate char- 
&ethyl [I-14C] or [2-l4CImalonate. By chemical treusin aglycone is not obvious. As observed by 
degradation of the aglycone they were able to l3rown and his colleagues, the carbon skeleton 

cannot be formed directly by the folding of a 
'NRCC No. 15895. single polyketide chain; either an intermediate 
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of single-chain origin undergoes rearrangement 
or more than one polyketide chain is involved. 

To  obtain information on the assembly of 
two-carbon units in chartreusin we have pre- 
pared the antibiotic from cultures supplemented 
with 13C-enriched acetate and measured the 
incorporation of isotopic label by 13C nuclear 
magnetic resonance (13C nmr) spectroscopy. A 
preliminary account of these experiments has 
already been reported (3). We present here the 
evidence supporting 13C nmr assignments, bio- 
synthetic labeling patterns, and our conclusion 
that chartreusin aglycone is derived from a 
single polyketide chain of 22 carbon atoms. 

Biosynthetic Labeling 
Of three isolates of S. chartreusis (strains 

K-180, ATCC 14922, and X-465) compared on 
defined (2) and complex (4) media for char- 
treusin production, strain X-465 gave the highest 
titre. Yields of 80-100 mg/e were obtained at 

, first, but deteriorated rapidly when the stock 
culture was transferred. To maintain good 
production we found it necessary to select a 
high-producing variant and prepare inocula for 
biosynthetic labeling experiments directly from 
stock cultures preserved by lyophilization. The 
culture medium favouring chartreusin formation 
was adapted from that of Berger et al. (4). An 
appropriate concentration of sodium acetate 
supplement, and suitable times for adding the 
supplement and harvesting the cultures to  ob- 
tain optimum isotopic enrichment of the anti- 
biotic, were selected in pilot experiments. In- 
corporation of radioactivity from sodium [2- 
I4C]acetate was used as a measure of isotopic 
enrichment. 

The 13C nmr spectra of chartreusin from cul- 
tures supplemented with sodium [l-13C] acetate, 

R =  D - D I G I T A L O S E  - D - F U C O S E  

FIG. 1. Structure of chartreusin and labeling pattern 
proposed by Schmid ( 1 )  and Brown et al. (2). 

[2-I 3C]acetate, and [1,2-I 3C]acetate are compared 
in Fig. 2 with the spectrum of the antibiotic at 
natural abundance. Signals at 6 15 (CH,), 100 
(anomeric carbon), and in the range 55-80 ppm 
(hydroxymethine carbons) could be assigned to 
the glycosidic moiety. They were enhanced to 
only a small extent in the spectra of samples 
enriched from I3C-labeled acetate. Chartreusin 
derived from singly labeled acetate showed 
marked enhancement of a reciprocal series of 
signals, i.e. all of the non-glycosidic signals not 
intensified in the sample labeled from [l-13C]- 
acetate were enhanced in the sample from 
[2-13C]acetate. This result verifies the earlier 
deductions based on radiotracer studies that all of 
the aglycone carbon atoms are derived from 
acetate (1, 2). In the spectrum of the sample 
labeled from [1,2-13C]acetate, signals for 16 of 
the 19 aglycone carbons were accompanied by 
satellites due to 13C-13c coupling between 
covalently bonded 13C carbon atoms. 

Assignment of 3~ Resonances 
Aglycone resonances in the 'H broad-band 

decoupled pulse Fourier transform 13C nmr 
spectrum of chartreusin were assigned from 
chemical shift trends (5), direct and long-range 
spin-spin couplings to hydrogen ("J,,, which 
were more easily measured in the high resolution 
(HR) spectra of samples labeled with [l-13C] and 
[2-13C]acetate), and unambiguous pairing of 
carbons that were spin-spin coupled ('J,,) in the 
spectrum of the [1,2-13C]acetate-labeled metab- 
olite. Values for chemical shifts and spin-spin 
coupling constants are presented in Table 1. 

Chemical shift values and a characteristic one- 
bond 13C-13C coupling of 43.5 Hz identified the 
aglycone methyl carbon (6, 21.6 ppm) and the 
adjacent C-5' quaternary aromatic carbon atom 
(6, 138.5 ppm). The HR signal for C-5' was 
probably a doublet of quartets due to coupling 
with H-3' and the methyl hydrogens (2J,-H) but 
spectral resolution was insufficient to permit the 
small couplings to be measured. Signals for the 
five aromatic methine carbon atoms were easily 
recognized in the HR spectrum from the splitting 
due to one-bond 13C-H couplings (5). Those for 
C-5 and C-7 could be distinguished by the 
additional splitting caused by three-bond 13C-H 
coupling to H-7 and H-5. The carbon atom 
resonating at 6, 116.2 ppm was assigned to C-5 
because it was 13C-13C coupled ('J,, 56.2 Hz) to 
a quaternary aromatic carbon (C-4a) at 6, 126.0 
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J 

cS TMS 

FIG. 2. 13C nmr spectra (broadband ('H)-decoupled) of chartreusin at natural abundance 13C con- 
centration (A), and from cultures supplemented with [1-13C]acetate (B), [2-13C]acetate (C), and 
[1,2-13C]acetate (D). In D regions containing resonances of the aglycone carbon atoms are expanded 
and show satellites due to 13G13C spin-spin coupling ('jcc). Cqenotes the glycosidic resonances. 
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CANHAM ET AL 

TABLE 1. Assignments of resonances and 13C-'H spin-spin couplings 
in 13C nmr spectra of 13C-enriched chartreusin 

8 'JcH~ 3 J ~ ~ t  "JC(OH>P 
(pprn) Assignment Multiplicity* (Hz) (Hz) (Hz) 

163.6 C-9 s - - - 
158.3 C-7' s - - - 
155.4 C-4 dd-td$ - 3.1 4.1 
154.0 C-8 bd - 6 .3  - 
145.8 C-2' d - 7 .5  - 
138.5 C-5' dq - 7 - 
138.4 C-1 s - - - 
133.1 C-4' bdq 164.4 7 - 
128.3 C-6 d 165.0 - - 
126.0 C-4a dd+d$ - 8 .7  6 . 9  
120.6 C-3' d 166.3 - - 
119.2 C-1' bd - 2.5 - 
117.8 C-8a dd - TI - 
116.7 C-6' dq - 7 - 
116.2 C-5 bdd 167.8 6 . 2  - 
114.4 C-7 bdd 162k2 6.9 - 
108.1 C-2 S - - - 
96.5 C-3 d+s$ - - 3 .5  
21.6 CH3 9 129.78 - - 
*s = singlet, d = doublet, q = quartet, b = broad. 
?Error ca. +0.5 Hz except where indicated; n = 2, 3, 3 for C-4, C-4a, C-3, 

respectively. 
$Multiplicity change caused by deuteration. 
TAccurate measurements of long-range coupling constants precluded by broadening 

or overlap of multiplets. 

pprn which in turn was long-range coupled to an 
aromatic hydrogen (H-6, 3 ~ c H  8.7 HZ) as well as 
to a hydroxyl hydrogen (3~,-(,H, 6.9 Hz). Re- 
placing the hydroxyl hydrogen with deuterium 
removed the 13C(OH) coupling. The signal at 
6, 114.4 pprn was allocated to C-7, since this 
carbon atom was 13C-13C coupled ('Jcc 53.9 Hz) 
to an aromatic methine carbon atom at 6, 
128.3 pprn which could only be C-6. The re- 
maining carbons bearing hydrogen, namely 
C-3' (6, 120.6 ppm) and C-4' (6, 133.1 pprn), 
were also derived biosynthetically from an intact 
[1,2-13C]acetate unit ('J,, 54.5 Hz). The higher 
field resonance was assigned to C-3' because the 
oxygen substituent at C-2' would be expected to 
shield it, but not C-4' (5). Consistent with those 
assignments the HR resonance attributed to 
C-4' was a doublet of quartets due to coupling 
with H-4' and the methyl hydrogens, whereas 
that for C-3' was a sharp doublet due to coupling 
with H-3' only. There was not sufficient spectral 
resolution to measure the small 3Jc, values. 

Resonances could be assigned to C-4 (6, 
155.4 ppm, 2Jc(oH, 4.1 HZ) and C-3 (6, 96.5 
ppm, 3Jc(oH, 3.5 Hz) because both carbon atoms 
(like C-4a) were spin-spin coupled to hydroxyl 
hydrogens, belonged to a 13C-13C unit ('J,, 

70.6 Hz), and possessed chemical shifts con- 
sistent with one (C-4) being deshielded and the 
other (C-3) being shielded by a hydroxyl sub- 
stituent (5). Supporting these assignments, the 
resonance attributed to C-3 was enhanced in the 
spectrum of the metabolite enriched with 
[I-13C]acetate, as predicted from the radiotracer 
study (2) which established that C-3 was derived 
from the carbonyl carbon of acetate. The long- 
range coupling (3JcH 3.1 HZ) at C-4 must involve 
H-5. 

Of the nine 13C resonances still unassigned the 
five at lowest field were allocated to the two 
carbonyl carbon atoms (C-7' and C-9) and the 
three aromatic carbon atoms bonded to oxygen 
(C-1, C-8, and C-2'). In HR spectra the signals 
at 6,154.0 and 145.8 pprn could be distinguished 
within this group as belonging to C-8 and C-2' 
since they were present as doublets due to coup- 
ling with H-6 and H-4', respectively. Of the three 
other resonances, those at 6, 138.4 and 6, 158.3 
pprn were enhanced in the spectrum of char- 
treusin biosynthesized from [1-13C]acetate 
whereas the carbon atom with a chemical shift 
of 6, 163.6 pprn was derived from the methyl 
group of acetate. Since the earlier radiotracer 
study (2) established that C-9 was labeled by 
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[2-14C]malonate the 6, 163.6 pprn resonance was 
assigned to this carbon atom. Such an assign- 
ment is consistent with chemical shift expecta- 
tions (5) and also with the absence of 13C-13C 
satellites at this resonance in the spectrum of 
chartreusin labeled by [1,2-13C]acetate. Since C-3 
and C-4 were incorporated as an intact two- 
carbon unit, C-9 is necessarily a product of 
acetate C-C bond fission. The signal at 6, 
158.3 pprn was attributed to C-7', which should 
have a chemical shift similar to that of C-9. 
Moreover, it was 13C-13C coupled ('J,, 74.1 Hz) 
to an aromatic quaternary carbon atom with 
6, 116.7 ppm, which should be C-6' as it was also 
13C-H coupled to an aromatic hydrogen (H-4') 
and to the hydrogens of the methyl group 
bonded to C-5'. The signal at 6, 138.4 pprn was 
assigned to C-1, the only remaining carbon atom 
bonded to oxygen but not 13C-H coupled; its 
chemical shift value is primarily accounted for by 
the shielding effect of substituents at C-4 and 
C-8 (6, 7). 

The 13C nmr spectrum of chartreusin labeled 
from [1,2-13C]acetate showed that C-1, like C-9, 
was one of the three carbons in the aglycone not 
derived from an intact 13C-13C unit. The third 
such carbon atom resonated at 6, 145.8 pprn and 
was one of the two low-field carbon atoms (C- 
2' and C-8) that appeared as a doublet in HR 
spectra. The signal was assigned to C-2', be- 
cause C-8, with C-8a, comprised a 13C-13C pair 
('J,, 68.4 Hz) incorporated intact from [1,2- 
13C]acetate. C-8 was assigned the resonance at 
6, 154.0 pprn and C-8a the one at 6, 117.8 ppm. 
Confirming these assignments, HR spectra 
showed that the latter signal was coupled to two 
aromatic hydrogens (H-5 and H-7) as expected 
for C-8a, whereas signals attributed to C-8 and 
C-2' were each coupled to one hydrogen (H-6 
and H-4', respectively). The carbon atoms at 
C-2 and C-1', each shielded by lactone oxygens 
on adjacent carbons, were expected to resonate 
at high field. Of the two unassigned signals given 
by chartreusin, that at 6, 119.2 pprn was a 
doublet (3Jc, 2.5 Hz) in HR spectra. It was 
assigned to C-1' because this carbon should be 
spin-spin coupled with H-3', whereas the other 
resonance, at 6, 108.1 ppm, was a singlet and was 
more appropriately assigned to C-2. In samples 
labeled from [1,2-13C]acetate the signals were 
coupled ('J,, 53.9 Hz), confirming that the two 
carbon atoms to which they were assigned were 
adjacent. 

Labeling Pattern 
Inspection of the 13C nmr spectra of char- 

treusin enriched from [l-' 3C] and [2-13C]acetate 
in the light of 13C resonance assignments estab- 
lished the origin of the aglycone carbons (Table 
2). Enrichments were approximately 6 and 3%, 
respectively, and were thus large enough to show 
the labeling pattern unequivocally. The distribu- 
tion of carbon atoms derived from the carboxyl 
and methyl groups of the precursor was identical 
with that proposed earlier by Schmid (1) and 
partially confirmed by Brown and colleagues (2). 
However, evidence from 13C-13C coupling be- 
tween carbons of chartreusin enriched from 
[1,2-I 3C]acetate (Table 1) revealed that only 
eight two-carbon precursor units had been in- 
corporated intact into the antibiotic. This result, 
together with the information on origin and 
location of the remaining three carbon atoms of 
chartreusin aglycone that were not coupled, 
exclude all previous biogenetic schemes based on 
a 20-carbon polyketide chain intermediate. 

A plausible alternative, consistent with all of 
the 13C nmr evidence for the labeling pattern as 
well as the arrangement of bonded and single 
carbon units, is shown in Fig. 3. In this a poly- 
ketide chain (1) with 22 carbon atoms derived by 
head-to-tail condensation of acetate and malon- 
ate units is condensed to a polycyclic aromatic 
intermediate (2) of the benzpyrene type. Oxida- 
tive cleavage of two rings, with elimination of 
three carbon atoms by decarboxylation, would 
generate the phenylnaphthalene dicarboxylic acid 
derivative (3). Rotation of the phenyl ring would 
orient the substituents to facilitate formation of 
the dilactone (4) with the labeling pattern ob- 
served in chartreusin aglycone. Attachment of 
sugars at the C-8 hydroxyl could take place at 
any stage after formation of the polyketide, but 
by analogy with the sequence of biosynthetic 
steps shown for other glycosidic aiitibiotics of 
Streptomyces species (8-lo), it is probably a 
terminal step. 

If chartreusin is derived from a single-chain 
22-carbon polyketide as suggested, it is the first 
example of a metabolite in this biogenetic sub- 
group (1 I). Hitherto, the 24-carbon metabolite, 
siphulin (12), was the only compound of appa- 
rent polyketide derivation formed by participa- 
tion of more than ten acetate units. Although the 
measurement of 13C enrichment is subject to 
appreciable error the results obtained suggest 
that each precursor enriched uniformly those 
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TABLE 2. Isotopic enrichment (2) in chartreusin from cultures containing singly 
and doubly 13C-labeled acetate 

Position of label in precursor 
Aglycone - 

carbon 'Jcc (Hz) 1-13c 2-13c i,2-13c 

CH3 43.4 3 . 3  0 .  5t 
C-5' 43.5 6.41: 0 .70 

C-7 54.5 4 . 0  0 .67 
C-6 55k 1 7 .5  0.73 

C-2 53.9 1 .8  0.63 
C-1' 54+2 6.8  0 .54 

C-4' 54.5 4 . 0  0.55 
C-3 5 6 k 2  7 . 4  0.51 

C-5 56.2  3 .8  0.49 
C-4a 56.7 4 . 4  0 . 7 + 0 . 1  

C-8a 68+ 1 1 .5  0.59 
C-8 68.4  5 .5  0.55 

C-4 70.6 2 . 4  0 .44+0.12 
C-3 70+ 1 4 . 9  0 .55k0 .08  

C-6' 74.0  2 . 0  0.45 
C-7' 74.1 4 . 2  0.55 

C- 1 - 6.4f - 

C-2' - 2 . 2  - 

C-9 - 1 . 6  - 

Average + SD 5 . 9 k 1 . 3  2.7L-1.0 0 .58+0.09 

Measuring error ca. ? 0 .5*  c a . k l . 3  c a . k O . 8  c a . k 0 . 0 7 §  

*Except those indicated in the Table. 
?Inexact value due to peak overlap. 
tAverage value for C-5' and C-1, due to peak overlap in spectrum of sample from [I-'3CIacetate. 
#Weighted average error. Individual errors were ca. k 0.05 where not shown. 

chartreusin aglycone carbon atoms that it 
labeled. This is consistent with biosynthesis via 
a single-polyketide-chain intermediate, but it 
should be noted that the experimental condi- 
tions were not designed to test multichain alter- 
natives. Precursors were added intermittently 
during growth of the cultures to produce a sus- 
tained isotopic enrichment of the acetate pool, 
the objective being to obtain maximum 13C 
incorporation. To examine the possibility that 
chartreusin aglycone is formed from more than 
one polyketide chain a single-pulse addition of 
precursor would have been more informative, 
since it might have made it possible, from 
differences in enrichment at different positions in 
the molecule, to distinguish between chain- 
initiating units derived directly from acetate and 
chain-extending units derived via malonate. The 
limiting factor in such experiments is likely to be 
the accuracy with which small differences in en- 
richment can be detected and our results indicate 
that the use of doubly labeled acetate would be 
advantageous. 

If chartreusin aglycone is derived from a 
single-chain-polyketide intermediate we see no 
reasonable alternative to the folding pattern and 
processing steps proposed in Fig. 3. In specu- 
lating about a multichain origin one might 
include a variation of this pathway in which the 
initial polyketide folding pattern is retained but 
the single-chain intermediate (1) is replaced by 
two or more shorter chains, assembled and con- 
densed head-to-tail to form the same polycyclic 
aromatic intermediate (2). Clearly a large num- 
ber of such short-chain variations can be enter- 
tained. Other routes, beginning with the con- 
densation of two or more polyketide chains 
folded in different patterns, are conceivable. 
Since the presence in chartreusin aglycone of 
acetate-derived carbon atoms which are no 
longer part of bonded two-carbon units implies 
that processing reactions occur after the initial 
polyketide condensation, and since the nature of 
these reactions are not known at present, it is 
possible to construct and modify polyketide 
precursors with a variety of chain lengths and 
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C H , C O S C o A  CH,COSCoA 
I 
COOH 

FIG. 3. Suggested biogenesis of chartreusin aglycone. 

folding patterns to fit the labelling results. How- 
ever, none of these alternatives appear to be 
more plausible than the route we have proposed. 

Experimental 
Labeied Compounds 

Sodium [1-13C]acetate, [2-13C]acetate,and [1,2-13C]ace- 
tate, all 90% enriched, were obtained from Merck, Sharp 
and Dohme, Pointe Claire, Quebec. An authentic sample 
of chartreusin was obtained from Dr. G.  Whitfeld, the 
Upjohn Co., Kalamazoo, Mich. 

Production, Extraction, and Purification of Chartreusin 
In early experiments a sporulated slant of S. char- 

treusis X-465-4222 from Hoffmann-LaRoche, Nutley, 
NJ, maintained on a medium of Heinz Tomato Paste 
(2%), Heinz Baby Oatmeal (273, and agar (1.5%), was 
used to seed 50-ml portions of a medium containing 
glucose (6x1, soybean meal (279, dipotassium hydrogen 
phosphate (0.1%), calcium carbonate (0.3%), zinc sul- 
phate heptahydrate (0.001%), cupric sulphate penta- 
hydrate (0.0002%), manganese sulphate tetrahydrate 
(0.0002%), and ferrous sulphate heptahydrate (0.001%) in 
250-ml Erlenmeyer flasks. For later experiments it was 
necessary to plate spores of strain X-465-4222 and select 
a chartreusin-producing variant from the population. The 
variant was propagated on tomato paste - oatmeal agar 
and a spore suspension, subdivided into ampoules, was 
lyophilized and stored at -20°C. One of the lyophilized 
spore preparations was used to seed the liquid medium. 
Cultures seeded by either method were incubated in the 
dark for 2 days at 26°C on a shaker platform rotating at 
220 rpm with an eccentricity of 3.8 cm, and used in 2-ml 
portions as a vegetative inoculum for chartreusin pro- 

duction medium. Cultures for producing chartreusin 
were grown under the same conditions as the vegetative 
inoculum. 

In separate experiments, sterile solutions containing 10 
mmol of sodium [I-13C]acetate, sodium [2-13C]acetate or 
sodium [1,2-13C]acetate were added in aliquots to each of 
20 flask cultures. The supplement was given in two por- 
tions, one on the fourth and one on the fifth day after 
inoculation. Cultures were harvested on the sixth day and 
extracted using the following adaption of previously 
described methods (4, 13). The broth was acidified to 
pH 5.5, centrifuged, and finally filtered through Whatman 
No. 5 paper to remove fine particles. Culture solids 
removed in this process were heated to%oiling successively 
with three 100-ml portions of 80% aqueous acetone. The 
filtered extracts were combined with the culture filtrate 
and the mixture was extracted with an equal volume of 
acetone - methylene chloride (1 : 1) to completion. The 
combined extracts, evaporated and dried in vacuo, were 
redissolved in chloroform and applied to a column 
(2.6 x 25 cm) of silicic acid. The column was washed 
with acetone-chloroform (1:9) and chartreusin was 
eluted with acetone-chloroform (2: 3). It was crystallized 
from methylene chloride and ethanol in yields ranging 
from 53 to 199 mg per litre of culture; the identity and 
purity of the samples was established by thin-layer 
chromatography (silica gel treated with citric acid, irri- 
gated with chloroform-methanol, 9:1), ultraviolet ab- 
sorption spectroscopy, and the absence of extraneous 
peaks in its 13C nmr spectrum. Samples were compared 
with a reference specimen of chartreusin. 

Spectra of chartreusin (50 to 120 mg samples dissolved 
in dimethyl sulfoxide-d,) were obtained with a Varian 
XL-100/15 Fourier transform spectrometer under the 
following conditions: frequency 25.16 MHz, acquisition 
time 0.8 or 1.6 s (data accuracy k0.6 or +0.3 Hz), 
spectral width 5120 Hz, flip angle 40°, internal 'H lock to 
solvent, temperature ca. 30"C, internal reference to tetra- 
methylsilane. Broadband ('H)-decoupling was achieved 
by phase modulation of the decoupling field (yH2/2n: 
3800 Hz) from O" to 180" at 150 Hz (14). During the 
acquisition of high-resolution spectra the nuclear Over- 
hauser enhancement was maintained by applying this 
field for ca. 1.7 s between acquisition periods. For 
homonuclear (13C) decoupling, a 25.12 MHz signal from 
a General Radio model 1061 frequency synthesizer was 
fed continuously via a tuned R F  amplifier and BNC T 
connector to the transmitter coil of the probe. The higher 
frequency sideband of this signal, generated by the 
40.96 KHz modulation field, was used to irradiate the 
resonance to be decoupled, the effective yH2/2n: being ca. 
40 to 70 Hz. Coupled 13C-I3C pairs of resonances were 
located from either direct irradiation of resonances or 
from the residual couplings caused by off-resonance 
decoupling effects. 

The distribution of isotopic label in chartreusin from 
cultures supplemented with [I-13C] or [2-13C]acetate was 
determined by comparing 13C nmr spectra of the enriched 
and natural abundance compounds recorded under 
identical experimental conditions. The ratio, R, of the 
intensity of each resonance to that of a reference peak 
known not to be enhanced was calculated for each 
spectrum. Spectra were compared via the ratio, r, for 
each peak, where r = R (labeled compound)/R (natural 
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abundance compound). Thus r >> 1.0 for peaks corre- 
sponding to enriched carbons; otherwise r -. 1.0. The 
percentage 13C at each site was obtained by multiplying r 
for that carbon by the factor required to scale the average 
r for unenriched carbons to 1.108%. This procedure 
clearly distinguished enhanced peaks at the levels of 
enrichment encountered, and should detect enrichments 
20 .4% above natural abundance. Errors stem mainly 
from the variation in r for unenhanced peaks, which 
places a limit on the accuracy of 'scaling' to natural 
abundance 13C concentration. The measuring errors 
shown in the footnote to Table 2 are related to the 
standard deviation Ar in r for unenhanced peaks: error = 
Ar/r x average enrichment. In both cases the standard 
deviation (SD) of the enrichments is very similar to this 
error, showing that the relative variation in resonance 
intensity, due to factors other than enrichment, is almost 
the same for unenriched and enriched carbons. The 
method is independent of the choice of a reference peak 
for calculating R: if a peak enhanced by enrichment were 
chosen r << 1 for those peaks not enhanced. The per- 
centage enrichment at labeled positions in chartreusin 
produced from doubly labeled acetate was calculated 
from the equation 1.1 I,/(I,-fl,), where I, is the sum of the 
intensities of the two satellite resonances, I, the intensity 
of the central peak, and f is the ratio of the concentra- 
tions of appropriate singly and doubly labeled precursors 
present in the doubly enriched acetate (15). 
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JOHN W. L. MARTIN and CHRISTOPHER J. WILLIS. Can. J. Chem. 55,2459 (1977). 
Hexafluorodiacetonealcohol, HFDA, HOC(CF3)2CH2COCH3, is sufficiently acidic to co- 

ordinate to metal ions in an ionized form as a chelating, uninegative ligand. Complexes of Ni2 + 

and Cu2+ may be isolated, most conveniently by using a tridentate nitrogen-containing macro- 
cycle as co-ligand so that five-coordinate unipositive compounds are produced. 

In the presence of metal ions, HFDA readily undergoes template condensation reactions with 
diamino-ethane or -propane to give con~plexes of ionized P-imino alcohols, e.g. -OC(CF3)2- 
CH2C(CH3) : N(CH2)2N : C(CH3)CH2C(CF3)20- ; these con~plexes are neutral and square 
planar but become five-coordinate by solvation in, e.g., pyridine. The use of triamines H2N- 
(CH2),NH(CH2).NH2 (where n = 2 or 3) in template syntheses with HFDA gives complexes 
in which the metal ion is five-coordinate; these do not undergo solvation. 

JOHN W. L. MARTIN et CHRISTOPHER J. WILLIS. Can. J. Chem. 55,2459 (1977). 
L'hexafluorodiacCtonealcool, HFDA, HOC(CF3)2CH2COCH3, est suffisamment acide 

pour se coordonner avec des ions metalliques sous une forme ionisee agissant cornrne ligand 
chklatant mononCgatif. On a pu isoler les complexes du Ni2+ et du Cu2+, particulierement en 
faisant appel A des macrocycles tridentates contenant de l'azote comme co-ligand; de cette 
facon des composes monopositifs pentacoordonnks ont pu &tre obtenus. 

En presence d'ions mttalliques, HFDA subit facilement des reactions modtles de condensa- 
tion avec les diamino Cthane ou propane pour donner des complexes de P iminoalcools ionisCs 
comme par exemple -OC(CF3)2CH2C(CH3):N(CH2)2N:C(CH3)CH2C(CF3)20; ces com- 
plexes sont neutres et sont plan-carrCs mais deviennent pentacoordonnes par solvatation par 
exemple avec de la pyridine. L'utilisation de triamines NH2(CH2),,NH(CH2),NH2 (oh n = 2 
ou 3) dans des syntheses modtles avec HFDA conduit a des complexes dans lesquels I'ion 
metallique est pentacoordonnk; ceux-ci ne subissent pas de solvatation. 

[Traduit par le journal] 

Previous studies have shown that stable com- are readily prepared, the more stable complexes 
plexes of a variety of elements are given by are neutral compounds formed by the incorpora- 
highly fluorinated di-tertiary alcohols and related tion of one PFP2- and neutral ligands contain- 
molecules, in which the enhanced acidity of the ing nitrogen or phosphorus donor atoms, e.g. 
-C(CF,),OH group leads to coordination in L,Ni(PFP). A further point of interest in the last 
the ionized form. The doubly ionized perfluoro- type of complex is that, with a suitable choice of 
pinacolato ion, -OC(CF,),C(CF,),O- (PFP2-), the ligand L, an additional ligand will coordinate 
has proved the most generally useful ligand, in solution to give five-coordinate nickel species 
giving a variety of stable complexes with both (4). 
main-group (1) and transition elements (2-4). In the present study, we present several further 
Although anionic complexes such as Ni(PFP)2- instances of complexes in which an initially 
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square-planar, four-coordinate, nickel(I1) ion, 
surrounded by two nitrogen and two oxygen 
donors, becomes five-coordinate by solvation. 
However, instead of mixing PFP2- and nitrogen 
donor ligands to achieve the necessary environ- 
ment, we have incorporated both the fluorinated 
tertiary alcohol grouping, -C(CF,),OH, and 
the nitrogen donor sites into a number of poly- 
dentate ligands by template synthesis routes. 

Results and Discussion 
Preparation of Ligands and Complexes 

The starting point for these syntheses was 
5,5,5-trifluoro-4-trifluoromethyl-4- hydroxy -2- 
pentanone, more conveniently known as hexa- 
fluorodiacetonealcohol (HFDA), 1, a known 
compound prepared by the reaction of hexa- 
fluoroacetone with acetone (5). The loss of a 
proton from this compound gives the anion (2) 
with the potential of acting as a bidentate, 
uninegative ligand : 

The carbonyl group is not a strong donor (in 
the absence of stabilization through delocaliza- 
tion of charge, as in acetylacetone complexes), 
and we have not yet been successful in preparing 
neutral complexes of the type M2+ [CH3COCH2- 
C(CF,),O-1,. However, through the use of the 
tridentate macrocycle 3 (abbreviated to [12]- 
ene-3) we have prepared the cationic, five- 
coordinate, nickel complex 4 and, for com- 
parison in our assignment of this geometry to 
nickel, the neutral PFP'- derivative 5a. 

The greater utility of HFDA, however, was in 
the preparation of multidentate P-imino-alkoxy 
ligands, containing the -C(CF,),OH grouping, 
by its condensation with nitrogen bases in the 
presence of the metal ion. Template syntheses of 
this type are known to be successful in the case of 
the unfluorinated analogue, diacetonealcohol(6), 
but the ligands produced in that case coordinated 
by an un-ionized hydroxyl group because of the 
lower acidity found in the absence of fluorina- 
tion. Our hope was that the fluorinated ligands 
would be dinegative through ionization and 
therefore more strongly coordinating ligands, 
and this proved to be the case. 

In the presence of either Ni2+ or Cu2+, HFDA 
underwent ready condensation with either 1,2- 
or 1,3-diamines, and neutral, square-planar com- 
plexes were formed of general structure: 

x-6::: 
/NL /O 

(CH2X M 

A similar condensation reaction using di- 
propylenetriamine, NH2(CH2),NH(CH2),NH2, 
led to the formation of neutral, five-coordinate 
complexes of structure : 

Previous workers (6) had found that, when 
diacetonealcohol was condensed with this tri- 
amine in the presence of nickel ions, an octa- 
hedral, cationic, hydrated complex formed. 

The analogous condensation reaction of 
HFDA with diethylenetriamine, NH2CH2CH2- 
NHCH2CH2NH2, also led to the formation of 
neutral, five-coordinate complexes, the structure 
being : 
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MARTIN AND WILLIS 246 1 

The ready condensation of this triamine with 
HFDA differs markedly from its behaviour 
towards unfluorinated diacetonealcohol, where 
no condensation was observed under these 
conditions (6). 

Attempts to form any of the fluorinated P- 
imino alcohols by condensation reactions in the 
absence of metal ions were not successful, illus- 
trating again the power of the template tech- 
nique. The readier reactions undergone by 
HFDA, as opposed to the unfluorinated an- 
alogue, are clearly due to its much greater 
tendency to coordinate to the metal ion (in the 
ionized, anionic, form) simultaneously with the 
amine. It would seem unlikely that the ease of 
condensation of the carbonyl group is materially 
influenced by the fluorination of the two methyl 
groups, which are remote from it in the molecule. 

Solvation Eflects and Five-coordinate Nickel 
In the solid state and in methanol solution, the 

nickel complexes 7-9 were four-coordinate, 
square planar, and diamagnetic, but more 
strongly coordinating solvents caused an in- 
crease in coordination. Water and other oxygen- 
containing donors were without effect, but 
adduct formation occurred with pyridine and 
amines. For example, 7, an orange solid, gave an 
orange solution in methanol but a yellow-green 
solution in pyridine associated with the appear- 
ance of a strong absorption at 26 000 cm-'. 
Spectra of 7, 8, and 9 in methanol-pyridine 
mixtures showed two isosbestic points, indicating 
the presence of only two species. Pronounced 
thermochroic behaviour was also noted for 
these solutions, e.g., a solution of 7 in methanol/ 
pyridine which was yellow at 25°C became green 
at - 20°C and orange at + 35OC; the absorption 
at 21 000 cm-I characteristic of the square- 
planar complex diminished in intensity on 
cooling. 

These visible spectra indicated the presence of 
five-coordinate nickel in solution. The ratio of 
solvated to unsolvated species in the methanol/ 
pyridine solutions was found, from optical 

densities, to be directly proportional to the 
concentration of pyridine, as would be expected 
for 1: 1 adducts. Strong support for five- 
coordinate nickel here was given by comparison 
with the spectra of the model compounds 4 and 
5, which showed characteristic absorption at 
27 200 and 26 200 cm-I respectively and other 
similarities in the lower frequency regions of 
their spectra (Table 1). Similarly, these spectra 
may be compared with those reported previously 
(4) and other instances where five-coordination 
has been unambiguously established (7, 8). 

In the case of the PFP2- complexes, we 
ascribed the formation of five-coordinate sol- 
vates (rather than the more common six- 
coordinate adducts) to the steric hindrance 
offered at the sixth coordination by the com- 
bination of the bulky PFP2- ligand and a bulky 
substituted diamine. In the present work, it 
would appear that the approach of the fifth 
ligand caused some distortion of the essentially 
planar P-imino-alcohol complex giving an 
essentially square pyramidal structure which was 
not further solvated. 

Concentration of pyridine solutions of 7 and 8 
precipitated green crystals, presumably of the 
pyridine adducts, but removal of solvent led to 
rapid reversion to the orange, unsolvated, 
complexes. 

None of the chelated five-coordinate nickel 
complexes prepared in this study (that is, 4, 5a, 
10, or 12) showed any evidence of accepting an 
additional donor molecule in the sixth co- 
ordination site, their spectra being unchanged in 
pyridine solution. 

This is in sharp contrast to the unfluorinated 
analogue of 10, which, as mentioned above, is 
only known as an octahedral hydrate. Although 
steric hindrance offered by the trifluoromethyl 
groups may be a contributing factor here, a 
major reason for this difference probably lies in 
the charge on each species. Since the weakly 
acidic unfluorinated -C(CH,),OH ligand co- 
ordinates without ionization, the resulting ligand 
is neutral overall and the nickel complex carries 
a 2+  charge. The complex as a whole, and the 
metal ion in particular, would therefore be much 
more likely to attract a nucleophilic water 
molecule than would be the case in the neutral 
fluorinated complex. 

Solvation of Copper Complexes 
The blue copper complex 6 showed a single, 

broad, intense absorption band (E = 170) in both 
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TABLE 1. Visible spectra 

Compound Absorption maxima (cm-I), ( E )  Solvent? 

4 8500(17); 1 lOOO(8); 12800(9); 16100(46); 26900(102) m 
5a - 7300(16) ; 11 800(9); 12700(9); 15800(26) ; 25000(sh) ; 27200(77) m 

6900(19); 11800(10); 12700(10); 16100(26); 25400(sh); 27500(82) PY 
7 20800(249) m 

6300(17) ; 11 700(23); 12600(23) ; 21 500(33)* ; 26200(sh) PY 
8 20700(240) m - 6300(23) ; 6600(sh); 11 800(25) ; 12900(27); 16300(29) ; 21700(sh)* ; 26400(sh) py 
9 19500(157) m 

6300(20); 11600(10); 12800(sh); 15700(33); 21000(37)* ; 26300(sh) PY 
10 8100(18); 10200(sh); 11800(6); 15700(31); 21500(sh); 26200(86) m 

8200(7) ; 9700(sh) ; 10800(6); 16400(14) ; 27000(sh) PY 
12 7800(9); 10200(12); 12200(12); 15600(49); 21 lOO(55) m - 8500(sh); 9800(14); 11800(sh); 15300(38); 20800(41) PY 
56 10200(46) ; 15 100(98) m 
6 15800(170) d 

15800(163) m - 10400(sh) ; 15000(172) PY 
11 - 10200(sh) ; 14800(97) m - 10500(sh); 14800(85) PY 
13, H,O 12800(155)-15400(sh), br. m 

13100(132)-14300(130), br, flat top d 

*Band expected for residual square-planar species. 
tm = methanol, py = pyridine, d = dichloromethane. 

dichloromethane and methanol solution (Table 
1). In pyridine, a small shift of the band maxi- 
mum to lower energy was observed, along with a 
considerable reinforcement (shoulder) on the 
low-energy side. The latter features were present 
in the spectrum of the complex 11 (expected to be 
five-coordinate on the basis of its known 
stoichiometry and analogy with the nickel 
complex 10) in both methanol and pyridine 
solution, so we suggest that the initially four- 
coordinate 6 becomes five-coordinate in pyridine 
solution in the same way as its nickel analogue. 
However. the ~ossible coordination of an 
additional solvent molecule at the sixth position 
cannot be excluded. 

The model copper con~pound 5b provided 
confirmation of the above suggestion. Use of the 
tridentate macrocyclic ligand 3 is known to 
produce many five-coordinate complexes (6) and 
the PFPZ- derivative showed a visible sDectrum 
very similar to those of known examples. The 
band appearing as a shoulder in the pyridine 
solvates above was resolved in 5b, appearing as a 
discrete ~ e a k  at 10 200 cm-l. 

The diethylenetriamine condensation complex 
of copper, 13, showed slightly different properties 
from the other complexes. It crystallized as a 
stable hydrate, whereas other copper com- 
plexes were normally anhydrous, and the an- 
hydrous material showed a very broad, almost 

flat-topped, visible absorption band in both 
methanol and dichloromethane solution. Be- 
cause of the extended nature of this peak, the 
apparent shift in the absorption maximum 
(Table 1) may be misleading, but the geometry 
around copper does appear to be rather different 
from the very similar complex 11. Some degree of 
solvent interaction at the sixth coordination site 
in 13 is possible, although this would be ex- 
pected to be minimal in dichloromethane solu- 
tion. Alternatively, the change in spectrum could 
arise from a distortion in the geometry caused by 
the decrease in size of two of the chelate rings 
between 11 and 13. 

Infrared Spectra 
Important infrared absorption bands are 

shown in Table 2. All complexes of HFDA 
contained additional strong, characteristic, ab- 
sorption in the region 1150-1250 cm- associ- 
ated with the trifluoromethyl groups. 

The absorption associated with the imino link 
appeared in the region 1640-1680 cm-I, and 
additional confirmation that condensation of 
the primary amine had occurred was found in 
the absence of bands characteristic of the -NH2 
group. 

The coordinated carbonyl group present in 4 
gave rise to an absorption at 1690 cm-l, which, 
as would be expected, is lower than that found in 
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MARTIN AND WILLIS 

TABLE 2. Infrared data (cm-I)* 

Compound v(C=N) v(N-H) Other 

4 
5a 
56 
6 
7 
7, py adduct 
8 
9 

10 
11 
12 
13 
13, H z 0  

"Nujol mulls, s = strong, m = medium, w = weak, sh = shoulder. 

TABLE 3. Analytical data and magnetic moments 

Carbon ( z )  Nitrogen ( z )  

Compound 

4 
5a 
56 
6 
7 
8 
9 

10 
11 
12 
13, H z 0  

Calcd. Found Calcd. Found 

5.1 5.2 
4.2 4.3 
4.2 4.2 
2.6 2.7 
2.7 2.6 
3.0 2.9 
3.0 3.1 
3.9 3.9 
3.8 3.7 
3.3 3.5 
3.6 3.6 

Calcd. Found 

7.1 7.2 
7.0 6.9 
6.9 7.1 
5.3 5.3 
5.3 5.3 
5.2 5.2 
5.2 5.1 
7.0 6.9 
7.0 7.0 

Perf 
(B.M.) 

'Diamagnetic. 

the free ligand 1 (1730 cm-l) or the ion 2 (as the 
potassium salt, 1713 cm-l). 

Magnetic Data 
As expected, the orange to red colored com- 

plexes 7, 8, and 9 were diamagnetic. The pro- 
posed five-coordinate nickel complexes had 
magnetic moments in the range 3.10-3.31 BM 
(Table 3), comparing well to the value for 
(DETA)Ni(PFP) (4), and in the range previously 
observed for five-coordinate nickel complexes 
(10). The copper complexes were paramagnetic 
as expected for one unpaired electron. 

Conclusion 
We conclude that the template condensation 

technique offers a valuable route to fluorinated 
complexes of a variety of metals because of the 
ready availability of a variety of carbonyl 
derivatives of the fluorinated alcohols. The 

production of metal complexes in which the 
steric requirements of the ligand are dominant 
leads to a well-defined geometry of coordination 
about the metal ion and, in particular, adds to 
recent accumulating evidence that five-coordina- 
tion is by no means uncommon. 

Experimental 
General 

Volatile compounds were handled in a conventional 
vacuum system. Infrared spectra were recorded on a 
Perkin-Elmer 621 instrument and visible spectra on Cary 
14 and Cary 118 spectrometers. Microanalyses (Table 3) 
were performed by Alfred Bernhardt Laboratories, West 
Germany. 

Hexajluorodiacetonealcohol (HFDA) 
The preparation varied from that published (5) in that 

20 g of hexafluoroacetone and 20 ml of dry acetone were 
allowed to react for 4 days in a sealed tube (100 ml) a t  
135°C. The distilled product had bp 15&153"C (lit. bp 
150-151°C). 
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Nickel Complexes 
The same general procedure was used for the five P- 

imino fluorinated alkoxy complexes prepared. In a 
typical preparation, nickel(I1) chloride hexahydrate (2.37 
g, 10 mmol) in warm ethanol was added to ethylene- 
diamine (1.22 g, 20 mmol) in ethanol, followed by an 
ethanolic solution containing hexafluorodiacetonealcohol 
(4.48 g, 20 mmol) and potassium hydroxide (1.12 g, 20 
mmol). The Solution was cooled to 0°C and filtered to 
remove potassium chloride, refluxed for 4 h, then left at 
25°C for 16 h. The resulting orange-red solution was 
filtered and concentrated to yield the solid product 7; 
orange-red crystals from methanol. 

The same method, using the appropriate amine, gave 
8, using 1,2-diaminopropane; orange needles from 
ethanol; 9, using 1,3-diaminopropane; red needles from 
ethanol; 10, using dipropylenetriamine; blue-green 
needles from ethanol. 

Some 8 was produced by reaction of 1,2-diaminopro- 
pane present as impurity in the triamine; it was readily 
removed through its lower solubility. 12, using diethylene- 
triamine; green crystals from 2-propanol/ether. 

Copper Complexes 
The same general route was used as described above 

for nickel, except that the ratio of metal chloride to 
amine was 1 : 1 rather than 1 : 2. Thus prepared were: 6, 
using ethylenediamine; blue needles from ethanol; 11, 
using dipropylenetriamine; blue plates from methanol; 
13, using diethylenetriamine; blue crystals of the hydrate 
from ethanol. Dehydrated by heating in oacuo 80°C/4 h. 

Macrocyclic Ligand Complexes 
The starting material for complexes incorporating the 

tridentate macrocycle 3 (abbreviated to [12]-ene-3) was 
the cationic hydroxo-complex [M2([12]-ene-3)2(OH)2]- 
(C104)2 where M = Cu2 + or Ni2 +. This was prepared as 
described previously (11): it should be noted that the . . .  

postulated-structure shown in that report has since been 
revised and bridging hvdroxide ions and two 1 2-membered - - -  
macrocyclic rings in a binuclear complex cation are now 
known to be present (6, 9). 

The PFP" complexes, M([12]-ene-3)PFP, were pre- 
pared by the addition of perfluoropinacol, prepared as 
described previously (4), in methanol, to the appropriate 
hydroxo-complex in methanol, using a molar ratio of 
2.02:l. Concentration of the solution yielded the prod- 
ucts, which were recrystallized from ethanol to give the 
green nickel complex (5a) and the blue copper con~plex 
(5b). 

The HFDA complex of nickel, 4, was prepared by the 
same route, using HFDA in place of H2PFP; green plates 
from ethanol. 
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Fluorinated alkoxides. Part XI. Studies on highly fluorinated 
amino-alcohols and their metal derivatives1 
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IN-SOON CHANG and CHRISTOPHER J. WILLIS. Can. J. Chem. 55,2465 (1977). 
We describe the synthesis of a number of difunctional molecules in which the fluorinated 

tertiary alcohol grouping, -C(CF3)20H, is combined with a nitrogen donor site such as an 
amino-group or a pyridine ring. In all cases, zwitterionic behaviour in solution is found resulting 
from intramolecular proton transfer from the acidic fluorinated alcohol to the nitrogen, and this 
sometimes persists in the solid state, e.g. NH2CH2CH2C(CF3)20H exists as the dipolar ion 
+NH3CH2CH2C(CF3),0-. Measurements of pK values suggest that the behaviour of the 
fluorinated amino-alcohols may be compared with that of the amino-acids, subject to changes 
to be expected from the lower acidity of the -C(CF3)20H group. 

Metal complexes of the fluorinated amino-alcohols form readily; specifically, neutral com- 
plexes of Co2+, Ni2+, and Cu2+ of formula M(L),, where L is an ionized amino-alcohol 
chelating through the ionized hydroxy group and the nitrogen atom. Measurements of forma- 
tion constants show that the six-membered chelate rings are the most stable, while a com- 
parison of the stabilities of fluorinated amino-alkoxy complexes with those of analogous amino- 
acids shows that the former are less stable: this is attributed to the steric influence of the 
trifluoromethyl groups. 

IN-SOON CHANG et CHRISTOPHER J. WILLIS. Can. J. Chem. 55,2465 (1977). 
On dkrit  la synthkse d'un certain nombre de molkcules difonctionnelles dans lesquelles 

le groupe alcool tertiaire fluork -C(CF,),OH est combine avec un azote agissant comme site 
donneur tel qu'un groupe amink ou un cycle pyridine. Dans tous les cas, on trouve que le 
comportement zwitterionique en solution resulte d'un transfert de proton intramolkculaire 
provenant de l'alcool fluore acide vers l'azote et que quelquefois ce transfert persiste a l'ktat 
solide; par exemple NH2CH2CH2C(CF3)20H existe sous forme d'ion dipolaire +NH3CH2- 
CH2C(CF3)20-. Des mesures de valeur de pK suggkrent que le comportement des alcools 
aminks fluores peuvent etre compark avec celui des acides aminks si I'on tient compte des 
changements auxquels on doit s'attendre a cause de l'acidite plus faible du groupe -C(CF3!20H. 

Les complexes des alcools amines fluorks se forment rapidement; d'une fawn spkclfique, 
il y a formation des complexes neutres du Co2+, Ni2+ et CuZ+ de formule M(L)2 ou L est un 
amino alcool ionisk chklatant par l'intermkdiaire du groupe hydroxy ionisk et de l'atome 
d'azote. Des mesures sur les constantes de formation indiquent que les cycles chklates a six 
chainons sont les plus stables alors qu'une cornparaison des stabilitks des complexes amino 
alcool fluorks avec ceux des acides aminks analogues montrent que les premiers sont beaucoup 
moins stables; on attribue ce rksultat a une influence stkrique des groupes trifluorom6thyles. 

[Traduit par le journal] 

We have previously shown (1) that metal 
complexes of highly fluorinated alkoxy ligands 
in which there is a second donor site (specifically, 
an imino nitrogen) in the molecule may be con- 
veniently prepared by template synthesis routes. 
Although a powerful synthetic method, this 
approach has the disadvantage that the ligand 
molecule itself is not prepared and studied in 
the absence of the metal ion. 

In the present work, we report the preparation 
of a number of molecules which contain the 
fluorinated tertiary alcohol grouping -C(CF,),- 
OH in conjunction with a second potential 

'Presented in part at the 8th International Symposium 
on Fluorine Chemistry, Kyoto, Japan, August 1976. 

donor site in the form of a primary amine, 
secondary amine, or pyridine group. These have 
been successfully used as ligands towards tran- 
sition metal ions, chelation occurring by attach- 
ment of the amino-group and the ionized alkoxy 
group, -C(CF,),O-. The size of the chelate 
ring depends on the separation of these two sites 
in the ligand molecule, and we have prepared 
complexes having either five- or six-membered 
rings. 

Results and Discussion 
Preparation of Ligand Molecules 

The easiest general route to the preparation of 
compounds containing the grouping -C(CF,),- 
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OH is through the addition of hexafluoroacetone 
to an active hydrogen site (2). 

R-H + (CF3)ZCO + RC(CF3)ZOH 

The addition across 0-H or N-H is 
frequently reversible, while that across C-H is 
generally irreversible. In view of the excellent 
ligand properties of the pyridine ring system, we 
began this study by reacting hexafluoroacetone 
with 2-aminopyridine and with methyl-sub- 
stituted 2-aminopyridines. Ready addition to 
give a stable product occurred in each case. 
R R 

OH 
1 R = H  
2 R = 3-methyl 
3 R = Cmethyl 
4 R = 5-methyl 
5 R =&methyl 

Ligands containing primary or secondary 
amino groups were prepared by two general 
methods, ring-opening reactions of fluoro- 
epoxides with ammonia or amines, or catalytic 
reduction of fluorinated tertiary nitriles. 

The addition of diazomethane to hexafluoro- 
acetone gives the fluorinated epoxide 6 (3) and 
the ring may be broken across the C H , - 0 -  
bond by ammonia or primary amines to yield 
fluorinated amino-alcohols 

This direction of ring opening is that which would 
be expected if reaction occurred by nucleophilic 
attack of the amine on the methylene group 
which, by attachment to the oxygen atom and 
the fluorocarbon residue, should be the most 
electrophilic point in the ring. To confirm this, 
we reacted the epoxide 6 with methylmagnesium 
iodide, when the product formed was (CF3),- 
C(OH)C,H, by nucleophilic attack on the ring 
by the methyl group. A similar result has been 
reported with other partially fluorinated epoxides 

(4), although the reaction sequence is more com- 
plex when the ring is fully fluorinated (5). 

The C-H bond in cyanoacetic acid is known 
(6) to be sufficiently reactive that ready addition 
to hexafluoroacetone occurs, followed by de- 
carboxylaiion to give the fluorinated cyano- 
alcohol 9. We have catalytically hydrogenated 
this to the amino-alcohol 10. 
CNCH2COOH + (CF3),C0 + (CF3),CCH2CN 

I 

OH 
10 

This reduction went readily in good yield, but 
the corresponding reduction of hexafluoro- 
acetone cyanohydrin, (CF,),C(OH)CN, giving 
the amino-alcohol 7, required much more severe 
conditions and gave only poor yields. 

Properties of the Ligands; Zwitterionic Behaviour 
The four ligands studied in this work all have 

the potential for internal proton transfer to give 
zwitterions, in view of the acidity of the fluorin- 
ated tertiary alcohol group, and the fluorinated 
amino-alcohols may therefore be likened to 
amino-acids, e.g. 

OH- 
(CF3)2CCH2NH3+ - (CF3)2CCH2NH3' 

I H+ I 

OH- - - (CF3)2CCH2NH2 
H+ I 

0- 

(iii) 

Titration of the compounds confirmed that this 
behaviour was occurring in solution in each case. 
Two pKa values were determined, corresponding 
to the two steps in the above equilibrium, and 
these are recorded in Table 1, together with 
isoelectric point values; figures for glycine are 
added for comparative purposes. In comparing 
these figures with pKa values for other fluorinated 
alcohols such as (CF,),COH (pK, = 5.4 (7)) or 
CH,C(CF,),OH (pKa = 9.6 (8)) it should be 
remembered that, for the species studied in the 
present work, pKa(l) represents the ionization 
of the hydroxylic proton in the protonated 
species (i), whereas pKa(2) represents the ioniza- 
tion of the proton on the amine group in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHANG AND WILLIS 

TABLE 1 .  pK, and isoelectric point values for zwitterionic ligand 
molecules 

Isoelectric 
Ligand pKa(l) pKa(2) point 

Glycine, NH,CH,COOH 2.34 9 .60  5.97 

zwitterionic species (ii). This leads to an apparent 
enhancement of the acidity of the hydroxyl group 
in the fluorinated alcohol, just as the apparent 
acidity of the carboxylic acid in glycine is con- 
siderably greater than that of acetic acid 
(pKa = 4.74). 

The general features of this behaviour may be 
readily explained. All the fluorinated amino- 
alcohols have pKa(l) values 3-4 units greater than 
glycine, a difference similar to that found between 
fluorinated alcohols and carboxylic acids. The 
pKa(2) values of 7, 8, and 9, which contain 
-CH,NH, or -CH,NHR, are similar to that 
of glycine, whereas that of the pyridine deriva- 
tive 1 is notably less. This is consistent with the 
expected lower basicity of both the nitrogen 
atoms in 1; that in the pyridine ring, and that in 
the side-chain, which is attached to the electro- 
negative -C(CF,),O- group. 

In the solid state, infrared spectral studies 
showed a considerable difference between the 
compounds (Fig. 1). The y-amino alcohol 10 
showed neither 0-H nor NH, absorptions, but 
very broad absorption in the region 2200-3000 
cm-I characteristic of -NH,+ and very similar 
to that of glycine. This alcohol would therefore 
appear to have the zwitterionic structure in the 
solid state and should be written -0-C(CF,),- 
CH,CH,NH,+. The p-amino alcohols, on the 
other hand, showed fairly sharp N-H absorp- 
tions at 3330 and 3400 cm-I in (CF,),C(OH)- 
CH,NH, (7) and at 3380 cm-' in (CF,),C(OH)- 

NH(C,H,N) (I), with much reduced absorption 
in the 2500-3000 cm-I region. This suggests 
that the structures of these molecules in the solid 
state are not zwitterionic, but probably contain 
intramolecular hydrogen-bonding: 

NH. 

The marked difference between 7 and 9 in these 
solid-state structures is presumably associated 
with the different ring sizes required for internal 
hydrogen-bonding, the five-membered ring being 
more easily formed. However, this effect would 
not seem to operate in solution. 

Metal Complexes of Amino-alcohols 
In view of the resemblances between fluorin- 

ated amino-alcohols and amino-acids, noted 
above, we expected that chelation to metal ions 
as uninegative ligands would occur, and this 
proved to be correct. For each amino-alcohol 
ligand, neutral metal complexes of general 
formula M(L), formed, where M = Co2+, 
Ni2+, or Cu2+. In a square-planar environment, 
either a cis- or trans-configuration would be 
possible, as shown in Fig. 2. 

The general environment of the metal in these 
complexes is very similar to that in complexes 
which we have previously studied (9) in which the 
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FIG. 1. The infrared spectra of some fluorinated amino- 
alcohols: (a) glycine, (b) ligand 9, (c)  ligand 7, (d) ligand 1. 

ligands are a perfluoropinacolato dianion and a 
chelating diamine, so we would expect similar 
structures to prevail. This was the case, with the 
nickel complexes all being square-planar and 
diamagnetic. 

With the substituted pyridine ligand 1, the 
metal complexes both showed a strong sharp 
N-H absorption in the infrared spectrum at 
3380 cm-l, unchanged from its position in the 
free ligand. This shows that coordination is 
occurring from the nitrogen of the pyridine ring, 
rather than from the side-chain -NH- group; 
the latter would of course be most unlikely to 
form a chelate with oxygen, as a four-membered 
ring would be required. This result also shows 
that the -NH- nitrogen atom is not involved 

FIG. 2. cis- and trans-configuration of metal complexes 
of amino acids. 

in zwitterion formation and supports the intern- 
ally hydrogen-bonded model given above. 

Present evidence does not allow us to dis- 
tinguish between cis- and trans-configurations in 
these complexes. The local symmetry of the 
metal is C,, for the cis- and C,, for the trans- 
isomer, which should affect the infrared spectrum 
in the metal-oxygen and metal-nitrogen vibra- 
tional region (300-500 cm-l) but the presence of 
other groups in the molecule complicates the 
spectrum and makes an unambiguous assignment 
impossible. 

The magnetic moments and visible absorption 
spectra of most of the copper complexes were in 
the ranges previously found (9) for complexes of 
this type, to which we had assigned approxi- 
mately square-planar geometry. However, the 
complex with ligand 5, the derivative of 2-amino- 
6-methylpyridine, had a significantly higher 
magnetic moment of 2.12 BM, where the others 
were in the range 1.75-1.85 BM. The maximum " 
in the visible absorption spectrum of this com- 
pound was also at slightly longer wavelength 
(626 nm against 550-610 nm) with a greater 
intensity (E = 142 against E = 50-70) than the 
other complexes. This behaviour is consistent 
with some degree of distortion from a square- 
planar arrangement being present in complexes 
of ligand 6,  associated with the steric hindrance 
offered by the methyl group in the 6-position on 
the pyridine ring. 

Only restricted studies of cobalt(l1) complexes 
of the fluorinated amino-alcohols were possible, 
since they had a very limited stability in solution. 
However, ligand 7 formed a cobalt complex, 
stable in the solid state, whose analysis cor- 
responded to the dihydrate Co[NH,CH,C- 
(CF,),O],(H,O),, which had a magnetic mo- 
ment of 4.38 BM and a visible absorption spec- 
trum with peaks at 480 and 570 nm (diffuse 
reflectance); properties consistent with octa- 
hedral cobalt(I1). The water was easily removed 
in vacuo, but the properties of the compound 
were hardly changed at all. The magnetic moment 
was 4.36 BM, the visible absorption spectrum was 
almost identical, and the infrared spectrum was 
largely unchanged except for the loss of a sharp 
-OH absorption at 3860 cm-l. It would appear, 
therefore. that the two water molecules are not co- 
ordinated to the cobalt ion but are simply present 
elsewhere in the lattice. The octahedral coordina- 
tion of the cobalt is presumably achieved by ex- 
tension of the coordination of the oxygen atoms 
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CHANG AND WILLIS 

TABLE 2. Formation constants of metal complexes 

log K* 

Ligand CuZ + Ni2 + Co2 + 

glycine, N H 2 C H 2 C O O H  ( I  I ,  12) 15.67 12.13 10.04 

7 ( C F , ) , C C H , N H ,  
I 

13.16 9.08 7.88 

O H  

p-alanine, N H , C H , C H , C O O H  (13) 12.50 8.12 3.58t 

9 (CF,) ,CCH,CH,NH,  10.09 8.11 4.21t 

O H  

*K = [M(L)21/[M2+I[L-12. 
fK is for the formation of the 1 : 1 complex M(L)+ only, due to the limited stability of the 1 :2 

ammo-alcohol complex in solution. 

in the ligand to form bridges between the cobalt 
ions and a polymeric structure, a tendency we 
have not previously observed with -C(CF,),O- 
ligands, but the point cannot be definitely 
established without more detailed structural 
data. 

The compound (CH,),NNHC(CF,),OH was 
readily prepared by the addition of hexafluoro- 
acetone to 1,l-dimethylhydrazine. Although this 
has the potential of acting as a chelating ligand, 
forming a five-membered ring similar to that in 
the amino-pyridine derivatives described above, 
we could find no indication of complex forma- 
tion with metal ions. This is presumably due to 
steric hindrance from the relatively bulky di- 
methylamino group, whose coordination is less 
favourable than that of the pyridine ring. 

Formation Constants 
The isolation of a variety of metal complexes 

established that the fluorinated amino-alcohols 
were in all cases coordinating as the anionic form 
(iii). We were therefore able to determine overall 
formation constants for the reactions 

of comparable constants for amino-acids; the 
results are summarized in Table 2. 

In most cases where a direct comparison 
between similarly structured complexes is pos- 
sible, that is, between 7 and glycine and between 
9 and p-alanine, the amino-alcohol complex has 
the lower formation constant. This may be 
explained in terms of the greater steric crowding 
of the -C(CF,),O- group, as compared with 
the carboxylate group. It is also clear by a 
comparison of 7 with 9 that the formation of 
complexes with 5-membered chelate rings is, as 
is usually found, more favourable that that of 
those with 6-membered rings. The pyridine 
derivative, 1, gives the most stable complexes 
of any of the amino-alcohols studied, despite 
the formation of a 6-membered chelate ring; this 
may be ascribed to the greater donor strength of 
the pyridine nitrogen as compared with that of 
an amino-group. 

Within a series of metal complexes of the same 
ligand, the stability in each case follows the 
usual Irving-Williams order Cu2+ > Ni2+ > 
Co2 + . 

M2+ + 2L- $ M Q 2  Solvate Formation 
for most of the amino-alcohols, by potentio- We have previously demonstrated (9) the 
metric titration in methanollwater mixtures (10). existence of exclusively 5-coordinate solvate 
Solubility limitations prevented direct measure- formation when complexes of nickel with 
ment in pure water, but values obtained in PFP2- and a bidentate diamine are dissolved in 
methanollwater were extrapolated to water in pyridine or a primary amine. In view of the 
order to allow comparison with the known values similarity of the environment of the metal atom 
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in the compounds in the present study, particu- 
larly in respect of the steric hindrance presented 
by the four bulky trifluoromethyl groups, it is not 
surprising that these behave similarly. The nickel 
complexes, because of their characteristic visible 
spectra, show the effect best. 

The nickel complex of the ligand 7, initially 
square-planar and red, dissolved in pyridine to 
give a green solution from which a green solid 
solvate could be isolated. Analysis showed this 
to be a 1 :2 adduct, Ni[(C,H,N)NHC(CF,),O],- 
(C,H,N),, but it was clear from its visible 
spectrum that only one of the two solvent 
molecules had coordinated to the nickel. The 
strong sharp absorption near 380 nm with a 
weaker peak at 640 nm characteristic of 5- 
coordinate nickel(I1) were present in both solid 
and solution spectra and a series of spectra run 
in methanol/pyridine mixtures gave two well- 
defined isosbestic points, similar to those found 
in our previous studies, confirming that only one 
solvate had formed. Furthermore, the spectrum 
of the solvate was virtually superimposable on 
that found for nickel(I1) complexed by PFP2- 
and the tridentate amine, diethylenetriamine (9). 
We conclude that the second pyridine molecule 
in the solid solvate is fortuitously included in 
the lattice without interacting with the metal ion. 

With the other nickel(I1) complexes of 
amino-alcohols, visible spectra in methanol/ 
pyridine mixtures showed behaviour very similar 
to that noted above, showing that solvation to 
give 5-coordinate adducts was occurring, but no 
solid products could be isolated. 

when the analogous copper con~plex of 
ligand 1, in methanol, was treated with pyridine, 
it was clear that solvation was occurring, but no 
stable solid adduct could be isolated. The visible 
absorption maximum shifted from 550 to 600 nm 
with one isosbestic point, indicating that only 
one solvated species was present. That this was a 
5-coordinate 1 : 1 adduct of the copper complex 
with pyridine may reasonably be suggested, by 
analogy with the nickel studies, but the visible 
spectra of copper in different environments are 
not sufficiently distinctive to allow a definite 
assignment to be made. 

Conclusion 
Our study of these difunctional molecules 

confirms that there is a valid analogy between 
the properties of a highly fluorinated tertiary 
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CHANG A1 

alcohol and a carboxvlic acid. The aciditv of the 
former is sufficient to undergo intramolecular 
proton transfer when a suitable basic site is 
Dresent and to coordinate in an ionized form to a 
transition metal ion, giving isolable complexes. 
However, the greater bulk of the fluorinated 
alcohol results in steric hindrance around the 
metal. such that the coordination number of the 
meta12appears to be limited to five. 

Experimental 
General 

Volatile materials were handled by standard vacuum- 
line techniques. Infrared spectra were recorded on a 
Perkin-Elmer model 621 instrument and visible spectra 
on Cary model 14 and 118 spectrophotometers. A 
Corning model 12 pH meter was used for potentiometric 
titrations. Magnetic moments were determined by the 
Gouy method. 

Microanalyses were performed by Alfred Bernhardt 
Laboratories, West Germany. All analytical data are 
given in Table 3. 

Hexafluoroacetone (Matheson) was purified by trap- 
to-trap distillation. Other starting materials were reagent 
grade chemicals purified by standard methods. 

N- (2-Pyridyl) -2-aminohexaJ7uoroprogane-2-01 ( I )  
2-Aminopyridine in dry benzene was maintained near 

10°C while gaseous hexafluoroacetone was passed in 
through a bubbler below the surface with continuous 
stirring. Uptake was followed by weight gain to an 
equimolar ratio. The product crystallized on partial 
removal of solvent and was recrystallized from benzene. 
The yield was essentially quantitative; mp 122-124°C. 

Use of the various methyl-substituted amino-pyridines 
in the same method gave the methyl-substituted products. 

The copper complex was prepared by treating a 
methanolic solution of the ligand (30 mmol) and copper 
sulfate (10 mmol) with methanolic potassium hydroxide 
to pH 9. The solution was evaporated to dryness and 
extracted with tetrahydrofuran to remove potassiun~ 
sulfate, then concentrated, and 30-60°C petroleum ether 
added to the cloud point. Crystals of the desired complex 
separated on cooling. 

With nickel and cobalt, the method was very similar, 
with the metal nitrates used as a source of metal ions. 
The cobalt reaction was carried out using degassed 
solvents under a nitrogen atmosphere. 

1,1,1-Trifluoro-2-tri~omethyl-3-aminopropane-2-o (7) 
(a )  By Ring Opening of an Epoxide 

m 
The known epoxide (CF,),CCH,O was made by the 

reaction of diazomethane with hexafluoroacetone as 
described previously (3), employing precautions usual to 
the handling of diazomethane. In a typical reaction, 
diazomethane was prepared from nitrosomethylurea (14) 
and distilled in ether into a cooled receiver containing 
ether over potassium hydroxide pellets. Based on the 
expected 65-70% yield, about 5.6 g (0.13 mol) diazo- 
methane was present and hexafluoroacetone (33 g, 0.20 
mol) was slowly passed in while maintaining the tem- 

perature at - 10°C. Without separation of the epoxide, 
which has bp 3g°C, the flask was fitted with a condenser 
at - 78°C and excess gaseous ammonia bubbled through 
while the contents were slowly allowed to warm to reflux 
temperature. The final solution was filtered and evapor- 
ated and the solid product recrystallized from ether/ 
hexane, mp 76-77°C. 

(b )  By Catalytic Hydrogenation 
Hexafluoroacetone cyanohydrin (15) proved difficult to 

hydrogenate over Raney nickel, but pressures of 500 psi 
gave a satisfactory yield (75%) of product identical with 
that obtained by the ring-opening route. 

Metal complexes were prepared by the method de- 
scribed above for ligand 1. The nickel complex had very 
low solubility in all solvents tried, and was recrystallized 
from very dilute etherlhexane solution. 

1 ,l,l -Trifluoro-2-triJ7uoromethyl-3- (methylamino) - 
propane-2-01 (8)  

The ring-opening reaction on the epoxide, described 
above, was repeated with the substitution of methylamine 
for ammonia. Removal of solvent gave a white solid 
from which the product was isolated by recrystallization 
from etherlhexane, mp 73°C. 

An alternative route to this compound is available 
through the reduction of the known dioxolane (CF,),- 

& O C ( C F ~ ) ~ O ~ N C H ~ ,  made by the addition of hexa- 
fluoroacetone to methyl isocyanide (16). When 20 g of 
this compound was heated under reflux with lithium 
tetrahydridoaluminate (5 g) for 24 h, the mixture cooled 
and decomposed with water and aqueous alkali, the 
lithium salt of the N-methylamino alcohol was obtained 
in poor yield on evaporation. Previous workers reported 
that a similar reduction and workup procedure on the 
N-ethyl analogue gave the N-ethylamino alcohol, rather 
than its salt. 

The copper complex of 8 was prepared by the same 
method used for 7. 

l,l,l-TriJ7uoro-2-tripuoromethyl-4-aminobutane-2-ol (9) 
The hydroxy-nitrile (CF3)2C(OH)CH2CN was prepared 

by the addition of hexafluoroacetone to cyanoacetic acid 
(6). In the hydrogenation, 48 g (0.23 mol) of the purified 
hydroxy-nitrile was dissolved in anhydrous ether (250 ml) 
with 28 g of anhydrous sodium acetate and 10 g of 
Raney nickel, pre-treated with acetic anhydride. After 
shaking under an initial hydrogen pressure of 50 psi for 
18 h, the mixture was filtered, the solvent removed, and 
the product recrystallized from etherlhexane, mp 82-83°C. 
The yield was essentially quantitative. 

Complexes of cobalt, nickel, and copper were prepared 
by the same method described above for ligand 1. 

Acknowledgements 
Financial support for this work was provided 

by the National Research Council of Canada. 
We thank Dr. J. W. L. Martin for helpful 

discussions. 

1. J. W. L. MARTIN and C. J .  WILLIS. Can. J. Chem. This 
issue. 

2. C. G. KRESPAN and W. S. MIDDLETON. Fluorine 
Chem. Rev. 1, 145 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2472 CAN. J.  CHEM. VOL. 55.  1977 

3. R. E. A. DEAR and E. E. GILBERT. U.S. Patent 
3,573,330 (1971); Chem. Abstr. 74, 141498 (1971). 

4. E. T. MCBEE, L. E. HATHAWAY, and C. W. ROBERTS. 
J .  Am. Chem. Soc. 78,3851 (1956). 

5. R. 0 .  B. WATTS, C. G. ALLISON, K .  P. BARTHOLD, 
and P. TARRANT. J. Fluorine Chern. 3 , 7  (1974). 

6. Y. V. ZIEFMAN and N. P. GAMBARYAN. IZV. Akad. 
Nauk SSSR, Ser. Khirn. 1687 (1964). 

7. I. L. KNUNYANTS and B. L. DYATKIN. IZV. Akad. 
Nauk SSSR Ser. Khim. 923 (1964). 

8. R. FILLER and R. M. SCHURE. J .  Org. Chem. 32, 1217 
(1967). 

9. W. S. CRIPPS and C. J. WILLIS. Can. J. Chem. 53,809 
(1975). 

10. C. B. MONK. Trans. Faraday Soc. 47,297 (1951). 
11 .  J .  R. BRANNAN, H. S. DUNSMORE, and G. H. NAN- 

COLLAS. J. Chem. Soc. 304 (1964). 
12. K. P. ANDERSON, W. 0. GREENHALGH, and R. M. 

IZATT. Inorg. Chem. 5,2106(1966). 
13. V. S. SHARMA, H. B. MATHUR, and P. S. KILKARNI. 

Indian J. Chern. 3, 146 (1965); 3,475 (1965). 
14. J. HINE. J .  Am. Chern. Soc. 85,3239 (1963). 
15. T.  MILL, J. 0. RODIN, R. M. SILVERSTEIN, and C. 

WOOLF. J. Org. Chem. 29,3715 (1964). 
16. W. J. MIDDLETON, D. C. ENGLAND, and A. G. KRES- 

PAN. J. Org. Chem. 32,948 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Fluorosulfates of palladium 
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K. C. LEE and F. AUBKE. Can. J. Chem. 55,2473 (1977). 
The syntheses of Pd(S03F), and Pd(S03F)3 by the reactions of palladium with BrOS02F 

and Sz06Fz are described. Structural information on both compounds is based on infrared, 
Raman, diffuse reflectance, and electronic mull spectra as well as magnetic measurements from - 300 to - 100 K. Palladium bisfluorosulfate is found to have a polymeric structure with the 
fluorosulfate group acting as a tridentate ligand. As a consequence, an octahedral environment 
is found for Pd2+ with a 3Az, ground state, a fleftg8 value of 3.39 BM and the ligand field 
parameter Dq = 1177 cm-' and B = 633 cm-I. Pd(S03F)3 is best regarded as Pdllpdlv- 
(so3F>sl. 

K. C. LEE et F. AUBKE. Can. J. Chem. 55,2473 (1977). 
On dkrit  la synthese du Pd(S03F), et du Pd(S03F)3 par les reactions du palladium avec 

BrOSOzF et S,06F,. Les informations concernant la structure des deux composes sont basees 
sur les spectres infrarouges, Raman, de reflexions diffuses et Blectroniques de m6me que des 
mesures magnetiques de - 300 a - 100 K. On a trouvC que le bis(fluorosulfate) de palladium 
existe sous forme de polymkre dans lequel un groupe fluorosulfate agit comme ligand tri- 
dentate. En consequence on trouve un environnement octaedrique pour Pd2+ avec un &tat 
fondamental 3AZ,, une valeur de p,f:98 de 3.39 BM et un parametre de champ de ligand 
Dq = 1177 cm-' et B = 633 cm-'. La meilleure f a ~ o n  de considerer Pd(S03F), est Pd"[PdIv- 
(so3F)sl. 

[Traduit par le journal] 

Introduction or a Spex Ramalog 5 spectrophotometer fitted with a 

~ i ~ ~ l ~ ~ ~  palladium has a d8 electronic con- He-Ne (635.5 nm) and an argon ion (514.5 nm) laser 
respectively. Solid samples were contained in Pyrex 

figurati0n and is, much like divalent platinum, tubes. Infrared sDectra were recorded on a Perkin-Elmer 
found in diamagnetic square planar, low spin 457 spectrophotometer. Silver chloride or bromide was 
complexes (1). The only notable exception is used as window material. Due to the reactivities of the 
palladium difluoride (2) and some of its deriva- palladiun~ fluorosulfates, mulling agents such as Nujol 

and HCB could not be used and spectra were recorded on like CsPdF3 (3) Or Pd"[M'VF61 (4)7 with thin films of the solids. Electronic spectra were obtained 
M = Ge, Sn, or Pd. The difluoride is found to on powdered samvles using a Bausch and Lomb Svec- 
have a rutile structure (5 ) ,  and an octahedral tronic 600 spectrophotomet& (diffuse reflectance) and on 
environment is indicated for palladium also by 
the observed paramagnetism of the complex 
fluorides. 

This study describes the syntheses of two new, 
strongly paramagnetic fluorosulfates of palla- 
dium, Pd(SO,F), and Pd(SO,F),, and their 
structural characterisations by magnetic mea- 
surements, vibrational and electronic spectra. 

Experimental 
Chemicals 

Peroxydisulfuryl difluoride, SZ06F2 (6), and bromine- 
(I)-fluorosulfate, BrOS0,F (7), were synthesised accord- 
ing to literature reports. Palladium powder of 60 mesh 
and of 99.95% purity was supplied by the Ventron Corp. 
Perfluoro-octyl sulfurylfluoride, C8F1,SO2F, was ob- 
tained as a gift from Dr. H. Niederpruem, Farbenfabriken 
Bayer, Leverkusen, W. Germany. 

Instrumentation 
Raman spectra were obtained with either a Cary 81 

'To whom correspondence should be addressed. 

samples mulled in C8F1,SO2F (perfluoro-octyl sulfuryl- 
fluoride) using a Cary 14 spectrophotometer. Magnetic 
susceptibilities were measured using the Gouy apparatus 
described earlier (8). The coil current of the magnet was 
regulated to give a field of approximately 4500 G. The 
temperature of the sample was controlled by the rate of 
evaporation of N, around the chamber. Calibration was 
achieved using H ~ C O ( S C N ) ~  (9). Diamagnetic corrections 
of 25 x for Pd2+, 22 x for Pd3+, 18 x 
for Pd4+, and 40 x for S03F- were made (1, 10). 
All values are in cgs units. 

All reactions were performed in Pyrex reaction vials of 
about 40 ml contents, fitted with Kontes Teflon stem 
valves. Volatile materials were handled using vacuum 
line techniques. Solids were handled in a Vacuum 
Atmospheres Corp. "Dri Lab" Model No. HE-43-2, 
filled with purified dry nitrogen and equipped with a 
"Dri-Train" Model No. HE-93-B circulating unit. 

Preparations of Pd(S03F),  
Palladium metal (508 mg, 4.77 mmol) was allowed to 

react at 1lO"C (oil bath) for about 14 days with a large 
excess (about 12 to 15 g) of BrOS0,F. The completion of 
the reaction was indicated by the consumption of all 
metal and the appearance of an insoluble purple solid. 
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Removal of all volatile material yielded 1437 mg (4.72 
mmol) of palladium bisfluorosulfate. Pd(S03F), is a light 
purple, hygroscopic solid, thermally stable up to + 250°C. 
Above this temperature thermal decomposition according 
to 

Pd(S03F)Z + PdFz + 2S03 
was observed. 

Synthesis of Pd(S03 F) , 
A large excess of peroxydisulfuryl difluoride, Sz06F2 

(about 10 to 15 g), was added to 398 mg (1.31 mmol) of 
Pd(SO,F),. An immediate reaction was noted, evidenced 
by the gradual darkening of the solid reactant. The 
mixture was heated overnight at 80°C. After removal of 
all volatiles, 518 mg (1.28 mmol) of Pd(SO,F), were 
obtained. Pd(SO,F), is a dark brown, hygroscopic solid, 
thermally stable up to 180°C at atmospheric pressure. 

Analysis 
Chemical analyses were performed by A. Bernhardt, 

Elbach, West Germany. The results are listed in %. 

Pd S F 

Compound Calcd. Found Calcd. Found Calcd. Found 

Results and Discussion fluorosulfate was unprecedented, but xenon bis- 

Synthesis 
The direct reaction of bromine-(I)-fluoro- 

sulfate with palladium powder according to: 

was found to be a most convenient route to 
palladium(I1) fluorosulfate. The formation re- 
action has two precedents: interaction of 
BrOS0,F with gold and platinum is reported to 
yield Au(SO,F), and Pt(SO,F), (1 1). However, 
there are some important differences. Palladium 
metal was far less reactive than either gold or 
platinum as indicated by the higher reaction 
temperature and the longer reaction time. The 
oxidation reaction proceeded exclusively to the 
+ 2 oxidation state and the resulting product was 
seemingly insoluble in excess BrOS0,F even at 
+ llO°C, whereas both Au(SO,F), and Pt- 
(SO,F), dissolved readily in BrOS0,F and com- 
plete removal of the bromine-(I)-fluorosulfate 
required elevated temperatures. The purple 
Pd(SO,F), was also insoluble in HS0,F and 
thermally stable up to 250°C. All these features 
are consistent with a polymeric structure for 
palladium bisfluorosulfate. 

Oxidation to form palladium trisfluorosulfate 
was readily accomplished with peroxydisulf~~ryl 
difluoride. The resulting brown Pd(SO,F), de- 
composed quantitatively at + 160°C in vacuo to 
yield S206F2 and Pd(SO,F), in a reversal of the 
formation reaction : 

The formation of S206F2 by pyrolysis of a metal 

fluorosulfate and the fluoride-fluorosulfates of 
FXeS0,F and F,XeSO,F have been reported to 
yield peroxydisulfuryl difluoride (12-14). 

The direct reaction of S206F2 with palladium 
powder proceeded extremely slowly, yielding 
only incompletely oxidised brown products. The 
successive oxidation by BrOS0,F and S206F2 
appeared to be a better route to Pd(SO,F),. 

The existence of Pd(SO,F), as a stable species 
with the metal in the + 3 oxidation state would 
be rather surprising. Whereas both pd"(d8) and 
Pdrv(d6) are rather common oxidation states for 
palladium, no evidence for pd"'(d7) in stable 
binary compounds has been reported and PdF, 
is better regarded as P~"[P~'"F,] (4). A similar 
formulation may very well apply to  the palla- 
dium trisfluorosulfate and both vibrational 
spectra and magnetic measurements should 
provide some structural insights. 

Vibrational Spectra 
The infrared and Raman data in cm-I for 

Pd(SO,F), are found as follows, with Raman 
data in parentheses : 1240 s, b (123 1 m); 1090 ms 
(1111 ms); 860 s (869 m); 610 s (612 w); 565 
m (552 w, sh) and 421 m (430 m, 354 vw). The 
relatively simple spectrum with only six ir and 
Raman active vibrational modes indicates that 
the fluorosulfate group has C,, symmetry. 

Similar infrared spectra have been reported 
for a number of fluorosulfates of the type 
M(SO,F),, with M = Mg, Ca, Zn, Cd, Hg, Fe, 
Co, and Ni, by Thompson and co-workers (10, 
15). These authors have postulated a tridentate, 
oxygen bridged fluorosulfate group in these 
compounds rather than ionic groups, where the 
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LEE AND AUBKE 

TABLE 1. The Raman spectra of Pd(S03F), and K2[Sn(S03F)6]* 

Av (cm-l) Av (cm-') 

Pd(S03F), K2[Sn(S03F)61 Pd(S03F), K2[Sn(S03F),I 

*Reference 19; vs = very strong, s = strong, m = medium, sh = shoulder. 

point group C,, would predict the same number 
and type of fundamental vibrations. The argu- 
ment is based on frequency shifts, affecting all six 
fundamentals. In particular v, the S-F stretch 
is found - 100 cm-I higher than commonly 
observed for ionic fluorosulfates (16-18). 

Pd(SO,F), also falls into this group. The fact 
that none of the degenerate modes appears to be 
split, leads one to expect a regular octahedral 
environment for palladium, rather than a dis- 
torted one as suggested for Cu(SO,F), (15, 16). 

Vibrational information for Pd(SO,F), is 
obtained from the Raman spectrum using the 
He-Ne laser. The more powerful argon ion laser 
was found to cause decomposition of the sample 
evidenced by the appearance of lines due to 
Pd(SO,F),. The extreme reactivity of the com- 
pound prevented us from recording any reliable 
infrared spectra. 

The observed Raman shifts are tabulated in 
Table 1 and compared to previously reported 
data for K,[Sn(SO,F),] (19). As can be seen 
from the table, a useful comparison between this 
complex and Pd(SO,F), can indeed be made, 
providing initial support for a formulation as 
Pd11[Pd'V(S03F)6]. The SO, stretching fre- 
quencies are assigned to bands at  1400,1220, and 
1000 cm-I, with all bands split into two or three 
components due to solid state splitting. 

The similarities between [Sn(S03F)6]2- and 
[Pd(SO,F),l2- continue into the lower frequency 
range, suggesting approximately monodentate 
fluorosulfate groups with coordination via 

oxygen for both compounds. A more detailed 
vibrational assignment appears not very useful 
due to the observed complexity of the Raman 
spectrum. 

Electronic Spectra 
The vibrational spectrum had indicated a reg- 

ular octahedral environment for palladium(I1) in 
Pd(SO,F), and the magnetic results, to be dis- 
cussed subsequently, support a high spin con- 
figuration and hence a ,A,, ground state. A three 
line ligand field spectrum is therefore expected 
and indeed observed. The mull spectrum shows 
bands at 850 and 575 nm and a shoulder at 
N 370nm. The diffuse reflectance spectrum shows 
only bands at 575 nm and - 380 nm because 
the region beyond 700 nm was not accessible 
with the spectrometer used. The three bands are 
assigned as follows : 

Hence, 10 Dq is 1 1 770 cm- l. The ligand field 
parameter, B, of 633 cm-' is obtained from the 
measured v,/vl ratio using Tanabe-Sugano 
diagrams as suggested by Lever (20). The position 
of v, at 370 nm is confirmed by this method. 
Some pertinent ligand field parameters for 
Pd(SO,F),, Ni(SO,F), (21), and Co(SO,F), (LO) 
are listed in Table 2. 

The comparison shows, that the three bands 
observed for Pd(SO,F), are best explained as 
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TABLE 2. Ligand field parameters for Pd(S03F)2, Ni(S03F),, and 
CO(SO~F)~* 

D9 B BO 
Compound (cm-l) (cm-l) ( c m  BIB0 Reference 

Pd(S03F), 1177 633 830 0.763 This work 
Ni(S03F)2 734 905 1080 0.838 21 
Co(S03F)z 765 860 1120 0.768 10 

*Bo = free ion values for M2+ as tabulated in ref. 22. 

TABLE 3. Magnetic behaviour of palladium fluorides and fluorosulfates and related compounds at 
room temperature* 

xMCorr x lo6 Temperature dependence 
Compounds (cgsu) perf (BM) of xmcorr and perf Reference 

PdF, 1284 1.74 Antiferromagn. coupling 24 
This 

work . . 7.- 

Pd(SO3F)z 5 4620 3.34 Corrected for TIP 
Ni(S03F), § 5189 3.49 Curie-Weiss law 23 

is followed 
PdF3 1657 2.00 Curie-Weiss law 24 

is followed, 0 = - 28 K 
Pd"PdlVF6 3314 2.88 Curie-Weiss law 24 

is followed 
Pd(SO,F)3S 2463 2.49 Curie-Weiss law This 

is followed. 0 = 10 + 2 K work 
This 

work 

*xrnCD" = corrected molar magnetic susceptibility; perf = effective magnetic moment; TIP = temperature independent 
paramagnetism; 0 = Weiss constant. 

?Studied between 103 and 299 K. 
$Studied between 107 and 334 K. 
§Denotes TIP corrected values using equation: TIP = 8NP2/10Dq. 

ligand field bands for pd2-+ in a regular octa- 
hedral environment. The increase in Dq, and the 
decrease in BIB0 when going from Ni2+(3d8) 
to Pd2+(4d8) are expected. Since the spectrum of 
PdF, seems not to have been investigated and all 
other palladium(I1) compounds give spectra 
typical for square planar environments, no 
further meaningful comparisons can be made. 

No useful electronic spectra could be obtained 
for Pd(SO,F),. A very intense featureless band, 
presumed to be a charge transfer band, extended 
over most of the visible region. Any ligand field 
bands were most likely obscured. 

Magnetic Measurements 
Both Pd(SO,F), and Pd(SO,F), are para- 

magnetic. The observed magnetic moments for 
both compounds are listed in Table 3, together 
with magnetic information on related com- 
pounds. For Pd(SO,F),, a peff value of 3.39 BM 
at room temperature is observed, indicative of 
two unpaired electrons and in good agreement 
with the magnetic moment for Ni(SO,F), (21, 

23). However, the p,,, value for PdF, (2, 24) is 
considerably lower, obviously due to anti- 
ferromagnetic coupling via super exchange. The 
absence of such coupling for the fluorosulfate 
down to -- 100 K is evident from the temperature 
dependent study. 

The linear 1/~,'"" us. temperature plot indi- 
cates Curie-Weiss law behaviour with a Weiss 
constant of 8 = + 13 + 4 K. Similar magnetic 
moments and negative Weiss constants are 
reported for numerous octahedral Ni2+ com- 
plexes (I), not altogether inconsistent with a 
3A2,  ground state. Some small variation of peff 
with temperature is within the limit of experi- 
mental accuracy and probably not very signifi- 
cant. 

The knowledge of 10 Dq for Pd(SO,F), allows 
one also to correct for contributions from the 
temperature independent paramagnetism (TIP) 
to the observed magnetic susceptibilities. The 
resulting TIP-corrected value of peff is listed in 
Table 3, and the indication is that only a small 
TIP contribution is thus detected. Due to the 
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LEE AND AUBKE 2477 

lack of spectroscopic data for Pd(SO,F), and 
the palladium fluorides, no such corrections are 
possible for these compounds. 

The observed magnetic moment for Pd2+ in 
the fluorosulfate is noticeably higher than the 
'spin-only' value of 2.83 BM. Since no orbital 
contribution is expected for an ion with a ,A2, 
ground state and the TIP contributions are 
rather small, the increase must be caused by 
spin-orbit coupling. The spin-orbit coupling 
constant, h, for Pd2+ is unknown but is expected 
to be negative and hence should lead to a higher 
peff value (22). It is also doubtful, whether spin- 
orbit coupling would follow the Russel Saunders 
coupling scheme for an ion as heavy as Pd2+ 
(22), and any further analysis of the magnetic 
data for Pd(SO,F), seems therefore not reason- 
able. 

A reasonable interpretation of the magnetic 
results for Pd(SO,F), is possible when the 
formulation as Pd"[Pd1V(S03F)6] is used. 
Pd(1V) with a d6 electron configuration should be 
diamagnetic, (e .g.  in K2PdIVF6 (3)) and all para- 
magnetism should be due to the Pd2+ ion. The 
peff value at room temperature now becomes 3.45 
BM, and the 1/~,""" us. T plot indicates a Weiss 
constant 0 = + 10 t- 2 K. Again the pef, values 
between 334 and 107 K show only a slight varia- 
tion and it can be concluded that Pd2+ in both 
PdI1(SO3F), and Pd"[Pd1V(S03F)6] must be in 
very similar environments. This would imply 
that the fluorosulfate group is coordinated 
strongly to PdIV and rather weakly to Pdl' with 
the metal in an octahedral environment each 
time. The noted complexity of the vibrational 
spectrum may be caused in part by such weak 
coordination to Pd". 

The magnetic results are thus consistent with 
the conclusions reached earlier when analysing 
the vibrational spectrum, and the suggested 
formulation of PdF, as Pd"[PdIVF6] (4, 24). The 
slightly lower peff values for Pd2+ in the fluoride 
and the reported Weiss constant of 0 = -28 K 
indicate a different magnetic behaviour and 
perhaps some intermolecular antiferromagnetic 
interaction (25). 

\ ,  

Conclusions 
The investigation on palladium fluorosulfates 

has shown that an octahedral rather than a sauare 
planar environment for Pd" is found in fluoro- 
sulfates as well as in fluorides, thus pointing to 
the similarities of SO3FP and F- as weak field 
ligands. It is hoped that  this analogy can be 

extended to other 4d- and 5d-block element 
fluorosulfates. 
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Kinetics and mechanism of the decarboxylation of pyrimidine-2carboxylic 
acid in aqueous solution 
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GERALD E. DUNN, EDWARD A. LAWLER, and A. BRIAN YAMASHITA. Can. J. Chem. 55,2478 
(1977). 

Pseudo-first-order rate constants for the decarboxylation of pyrimidine-2-carboxylic acid 
have been determined at 65'C in aqueous solution over the acidity range p H  = 2 to HO = -9.5. 
Rate constants increase rapidly from p H  = 2 to Ho = - 3, then remain constant. This behaviour 
can be accounted for by a Hammick-type mechanism in which monoprotonated pyrimidine-2- 
carboxylic acid loses carbon dioxide to form an ylide (stabilized by the adjacent positively 
charged nitrogens) which rapidly converts to pyrimidine. 

GERALD E. DUNN, EDWARD A. LAWLER et A. BRIAN YAMASHITA. Can. J. Chem. 55, 2478 
(1977). 

Travaillant a 65"C, en solution aqueuse et a des acidites allant d'un p H  = 2 jusqu'a Ho = 
- 9.5, on a determine les constantes de vitesse de pseudo premier ordre pour la decarboxylation 
de I'acide pyrimidinecarboxylique-2. Les constantes de vitesse augmentent rapidement du 
pH = 2 jusqu'a une valeur de Ho = -3 et elles demeurent ensuite constantes. On peut 
expliquer ce comportement par un mtcanisme du type Hammick dans lequel l'acide pyrimidine- 
carboxylique-2 monoprotone perd une molkule de CO, pour conduire a un ylure (stabilise par 
les azotes adjacents charges positivement) qui se transforme rapidement en pyrimidine. 

[Traduit par le journal] 

Introduction the rate of decarboxylation by a factor of about 
Earlier papers from this laboratory have 4, whereas 3-benzoyl, 3-carbox~l, and 3-nitro 

reported on the decarboxylation of various sub- increase the rate by several orders of magnitude 
stituted pyridine-2-carboxylic acids in aqueous (2). It seemed, therefore, of interest to examine 

solution (1, 2). They appear to decarboxylate by the effect an electrOn-withdrawing 3-sub- 
the Hammick reaction 1, in which stituent of minimal steric requirements, such as 
the developing carbanionic center at position 2 the second ring nitrogen of pyrimidine-2- 

carboxylic acid. The decarboxylation of pyrimi- 
dine carboxylic acids is also of more general 
interest because it is sometimes involved in both c: 

H-o \ the bio- and laboratory syntheses of pyrimidine- 
based nucleic acids (5). 

I Experimental 

H 0- 

of the transition state is stabilized by the 
electron-withdrawing nitrogen at position 1 (3). 
Thus quaternization of the nitrogen increases 
the rate of decarboxylation by factors of about 
100 in aqueous solution (I) and 700 in ethylene 
glycol (4). Substituents in the 3-position have 
a much larger effect on the rate than in the 4-, 
5-, or 6-positions (1) and appear to exert their 
influence by a mixture of electronic and steric 
effects. Thus, a 3-methyl substituent increases 

Pyrimidine-2-carboxylic Acid 
4,6-Dihydroxy-2-methylpyrimidine (Aldrich) was con- 

verted to 4,6-dichloro-2-methylpyrimidine (6)  which was 
dehalogenated to 2-methylpyrimidine (7). After several 
unsuccessful attempts to oxidize the methyl group with 
KMn04 or CrO,, pyrimidine-2-carboxylic acid was 
obtained by selenium dioxide oxidation using a modifica- 
tion of the procedure developed by Jerchel et al. for 
oxidation of picolines (8). 

2-Methylpyrimidine (1.5 g) and selenium dioxide (3.6 g) 
were heated for 2.5 h in 30 ml of refluxing pyridine. The 
deep red solution was filtered hot and the residue was 
washed with three 10 ml portions of pyridine, then with 
20 ml of water. The filtrate was steam distilled to remove 
most of the pyridine, reduced to a volume of 70 ml on a 
rotary evaporator, and filtered into a solution of 5 g of 
cupric acetate in 50ml of water. A blue-green pre- 
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DUNN ET AL. 2479 

cipitate was collected by filtration and combined with 
two additional crops obtained by further concentration 
and filtration over a period of several days. Hydrogen 
sulfide was passed into a suspension of the combined 
solids in 150 ml of water at 40°C for about 40 min, cupric 
sulfide was filtered off, and the pale blue filtrate was 
treated again with hydrogen sulfide. The final, colourless 
filtrate, taken to dryness on the rotary evaporator, left 
350 mg of a brownish solid, mp 176-185°C. Vacuum 
sublimation yielded 250 mg (13%) of colourless crystals 
mp 193-197°C (lit. (9) mp 199°C); mass spectrum, mle: 
124, 107, 80. 

Kinetic Measurements 
The decarboxylation was followed spectrophoto- 

metrically by recording the decrease with time in the 
absorbance of pyrimidine-2-carboxylic acid at 220 nm 
using a Varian Techtron model 635 spectrophotometer. 

For each kinetic run 3.5 ml of a stock solution of 
pyrimidine-2-carboxylic acid (8.8 x M )  was made 
up to 25 ml with the appropriate mineral acid. At pH's 
greater than 1, the mineral acid was a buffer made from 
HCI, KCI, and NaH2P04; at pH's less than 1 it was a 
mixture of water and H2S04. For buffer solutions the pH 
was measured on an Orion model 801, pH meter; for 
sulfuric acid solutions the density of the solution was 
determined in triplicate with a 5 ml pycnometer and from 
this the percent sulfuric acid and H, values were obtained 
(10). Ten 2-ml samples of this solution were sealed in 
ampoules and placed in the thermostat at 65 + O.Ol°C. 
At intervals samples were quenched in ice, diluted to 10 ml 
with distilled water, and analyzed in the spectrophoto- 
meter. In each case the uv spectrum of the product coin- 
cided precisely with that of pyrimidine. Reactions were 
carried to more than three half-lives of the faster runs; 
the very slow ones to only one half-life. The average 
standard deviation of experimental points from the first- 
order regression lines was 1.7%, and reproducibility of 
rate constants was + 2%. Results are shown in Table 1. 

Discussion 
The ionization equilibria and Hammick 

mechanism for decarboxylation of pyrimidine-2- 
carboxylic acid are shown in reaction 2. In 

cp 
COOH 

TABLE 1. First-order rate constants for decarboxylation of 
pyrimidine-2-carboxylic acid in aqueous acid at 65°C 

PH (or Ho) Acid k x lo4 

aqueous solution the anion and ylides shown as 
products would be rapidly converted to pyrimi- 
dine or its conjugate acid. Mason gives for 
pyrimidine-2-carboxylic acid pK, = - 1.13 f 
0.05 and pK, = 2.85 $- 0.02 without specifying 
the temperature (1 I). Since the pK's would 
probably change by less than one pK unit 
between room temperature and 65"C, one may 
conclude from the data in Table 1 that the 
species decarboxylating at Ho < -2 is H,A' 
and that its rate of decarboxylation is much 
greater than that of HA. Furthermore, since the 
rate does not decrease significantly at very high 
acidity, although previous experience suggests 
that the unionized carboxyl group does not 
decarboxylate easily (1, 12), it appears that very 
little H,A2' is present even at Ho = -9.5 
(-98% H,SO,), so that pK, is probably less 
than -10. This conclusion is perhaps not 

COOH 

11 
/ r ; ~  & A CL 

coo- COO 
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surprising since pK, for pyrimidine is ca. -6.3 
(13), and it is reinforced by the observation that 
the ultraviolet spectrum of the acid does not 
change significantly from Ho = -2 to Ho = 

-9.5. 
Accordingly, it may be assumed, at least as a 

first approximation, that, in the p H  range 
studied, the only species present in significant 
concentration are H,At and HA, that the only 
important ionization constant is K,, and that k, 
is negligible. These assumptions are expressed in 
[3], [4], and [5] which may be combined to 
give [6]. 

[31 [H,A+] + [HA] = [C] 

At Ho < -4, [Ht]  >> K,, so that k,,, = k,. 
The average value of k,,, at these high acidities is 
3.8 x s-I, which may be taken as an 
estimate of k, at 65°C. At p H  > 0, [Ht] < K, 
so that k,,, = k,[H+]/K,. The first points of 
Table 1 give a value of 2.2 x 10-5s-1 for 
k,/K,, corresponding to a value of 17 for K, 
(pK, = - 1.23) at 65"C, which may be compared 
with the literature value (1 1) of pK, = - 1.13 
(presumably at 25°C). 

Figure 1 shows a plot of log k,,, us. Ho and 
pH. The solid line shows the rate constants 
calculated from [6] using the values of k, and 
K, estimated in the preceding paragraph. It is 
clear that the calculated k,,, are too large in the 
region where k,,, varies with Ho, which suggests 
that Ho may not be the appropriate acidity func- 
tion to represent the protonation of pyrimidine- 
2-carboxylic acid. Since most acidity functions 
are proportional to Ho (14), one may plot log 
k,,, against nHo. For this purpose [6] is modified 
to [7]. 

The optimum value for n is about 0.55, and the 
dotted line in Fig. 1 shows the rate constants 
calculated from [7] using n = 0.55 and the 
previously estimated values of k, and K,. The 
fit is good, which suggests that the protonation 

FIG. 1.  The effect of changing acidity on the first-order 
rate constant for decarboxylation of pyrimidine-2- 
carboxylic acid in aqueous solution at 65°C. Circles 
represent experimental points, the solid and dotted lines 
represent [6] and [7], respectively, with k1 = 3.8 x 
s-', Kz = 17, and n = 0.55. 

of pyrimidine-2-carboxylic acid follows an 
acidity function which increases about half as 
fast with acidity as does Ho. This description fits 
the amide acidity function, HA (15) reasonably 
well, since a plot of HA us. Ho has a slope of 
0.53 (16). It  is noteworthy in this connection 
that the second protonation of pyrimidine is 
reported to follow HA (13). 

Thus it is possible to account for the acidity 
dependence of the decarboxylation of pyrimi- 
dine-2-carboxylic acid by the Hammick mechan- 
ism using ionization constants and an acidity 
function in reasonable agreement with the 
literature. It  is necessary, however, to assume 
that the rate constant for decarboxylation of 
protonated substrate (k,) is at least a thousand 
times greater than that for the substrate itself 
(k,). This emphasizes the importance of elec- 
tronic (inductive and field) effects in stabilizing 
the transition state leading to ylide in the 
Hammick mechanism. In pyridine-2-carboxylic 
acids 3-substituents were found to have an 
accelerating effect that is at least partly steric (2), 
but in the present case steric effects should be 
negligible. 

In the pyridine series 3-substituents inhibit the 
decarboxylation of pyridine-2-carboxylate ions, 
again by a steric effect, presumably (2). It would 
therefore be of particular interest to examine the 
decarboxylation of the pyrimidine-2-carboxylate 
ion (k,), where steric effects are reduced but 
electronic effects should be favorable. Since k, is 
very small at 65°C and k, would be smaller still, 
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DUNN ET AL. 2481 

attempts were made to study the decarboxylation 
at 95°C. However, the product of decomposition 
at 95°C and p H  = 5 (where the substrate should 
be over 99% in the form of A-) had an ultra- 
violet spectrum quite different from that of 
pyrimidine. Pyrimidine itself behaved similarly, 
so it is apparent that the anion or its decarboxy- 
lation product undergoes some other reaction 
under conditions where A-  might be expected 
to decarboxylate. 
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Thermal and photochemical reactivity of cyclopropene derivatives: 
a semi-empirical molecular orbital study 
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J. A. PINCOCK and R. J. BOYD. Can. J. Chem. 55,2482 (1977). 
The MIND013 semi-empirical MO method has been used to study the conversion of cyclo- 

propene to vinyl carbene. In particular, the surfaces of the ground state and the first excited 
singlet and triplet states have been calculated. Additional calculations, including geometry 
optimization, have been carried out on vinyl substituted cyclopropenes. In general, the results 
are consistent with the known thermal and photochemical reactivities of cyclopropenes and the 
results of the few ab initio calculations on these species. 

J. A. PINCOCK et R. J. BOYD. Can. J. Chem. 55,2482 (1977). 
On a utilist la mtthode semi-empirique MIND013 MO pour ttudier la conversion du cyclo- 

propene en vinylcarbene. On a calcule en particulier les surfaces de l'ttat fondamental et des 
premiers ttats exitts singulet et triplet. Des calculs additionnels incluant une optimisation de la 
gtometrie ont ete realists sur des cycloproptnes substituts par un groupe vinyle. D'une f a ~ o n  
gtntrale, ces rtsultats sont en accord avec les riactivitts thermiques et photochimiques bien con- 
nues des cycloproptnes et les rtsultats des quelques calculs ab initio sur ces esptces. 

[Traduit par le journal] 

Introduction 
The chemistry of cyclopropene derivatives has 

attracted considerable interest (I) mainly be- 
cause of the high strain energy (- 53 kcal/mol in 
the ground state (2)) associated with the un- 
saturated three-membered ring. Studies on their 
unimolecular behaviour in either the ground 
state (thermal chemistry) or the excited states 
(singlet and triplet photochemistry) have been 
used as an indirect method of gaining an under- 
standing of the effect of bonding on reactivity. 
These results will be briefly summarized here. 

The most extensive study of the thermal 
behaviour of cyclopropenes is the work of 
Bergman and co-workers (3) on the pyrolysis of 
racemic and optically active 1,3-diethylcyclo- 
propene as shown in reaction 1. The formation 
of isomeric 2,4-heptadienes and 3-heptyne was 
nicely explained in terms of hydrogen migrations 
for the vinyl carbene intermediate 2. The activa- 
tion energy for this process (32.2 kcal/mol) 
agreed well with estimates made by the usual 
group equivalent and bond energy values for the 
heat of formation of 2. Moreover, optically 
active 1 was shown to racemize ( I S  + 1R) about 
nine times as fast as it was converted to products, 
making the case for the intervention of 2 even 
stronger. Note as well that the cyclopropene 1 
has apparently reacted, as expected, by cleavage 
of the more highly substituted o bond. However, 

as Bergman points out, this type of substituent 
effect is not observed in all cases. Thus, tetra- 
phenylcyclopropene, 5, rearranges to  the indene 6 
(presumably via the isoindene), but the reported 
activation energy of 40 kcal/mol (4) is surpris- 
ingly high. Since the estimated value for the 
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PINCOCK AND BOYD 2483 

thermal cleavage of a o bond in 5 is approxi- 
mately 11 kcal/mol (3), the phenyl groups are 
clearly affecting the single bond energy in an 
unprecedented manner. 

The photochemistry of cyclopropene deriva- 
tives has been shown to be remarkably dependent 
on the multiplicity of the excited state involved. 
As in thermal reactions, excited singlets give 
products also consistent with o bond cleavage 
to vinyl carbenes (5) whereas triplet states 
dimerize by a 27t + 27t cycloaddition (6) .  For 
example (7), direct irradiation (excited singlet) 
of methyl I-methyl-2-phenylcyclopropene-3-car- 
boxylate, 7, gives 2-methoxy-5-methyl-4-phenyl- 
furan, 8;  in contrast, sensitized irradiation gives 
the tricyclic dimer 9 (reactions 3 and 4). Further, 

photolysis of optically active 7 demonstrated that 
racemization was occurring in the excited singlet 
state about four times as fast as conversion to 8, 
whereas no racemization could be detected in 
the sensitized irradiations. Considering the high 
strain energy of the cyclopropene, plus the added 
energy from electronic excitation, the surprising 
feature of these observations is not that the 
excited singlet opens to a vinyl carbene but that 
the triplet state is long-lived enough as a three- 
membered ring to react by a bimolecular path. 

This paper examines some of these properties 
of cyclopropene compounds by a quantum 
mechanical approach using the semi-empirical 
SCF-MO MIND013 method (8) on model 
systems. The particular features we wished to 
examine were-the nature of the three surfaces 
(ground, excited singlet, and triplet) in the con- 
version of cyclopropene to vinyl carbene and 
the effect of substituents on the ground state 

surface. The choice of the MIND013 method 
was based on the fact that con~plete geometric 
minimizations along a reaction surface can be 
made for molecules of a reasonable size at a 
moderate cost. Further, although the technique 
has already been successful for a variety of 
thermal reactions (9), at least one experimental 
case (1,3-migration in vinyl cyclopropanes) is not 
predicted correctly (10). More tests of the 
method are therefore desirable before its general 
applicability to organic reactions is appreciated. 
Finally, for these systems, a limited number of 
ab initio calculations of both the valence bond 
(I  1) and the molecular orbital method (12)' have 
appeared and so comparison with the MIND013 
approach is possible. 

Results 
Cyclopropene to Vinyl Carbene: Ground State 

The conversion of 10 to 11 was studied taking 
the length of the o bond as the reaction co- 
ordinate (Cl-C,) and minimizing all other 
geometric variables. Initially, we reproduced 
Dewar's (13) previously reported result for the 
energy and equilibrium geometry of cyclopro- 
pene. As shown in Fig. 1 (circles), calculations 
using cyclopropene as the starting point and 
increasing the C1-C, bond length gave a 
surface with the energy increasing continuously. 
(At C,-C, greater than 2.4 the C,H, system 
dropped in energy drastically by migrating a 
hydrogen atom and forming methyl acetylene.) 
There was no indication of rotation of the 
Inethylene group towards planarity and the inter- 
mediate 11. In contrast, when the starting point 
for the calculations was a flat intermediate like 

11 and the Cl-C, value was decreased, the 
points shown as triangles in Fig. 1 were obtained. 
At C,-C, = 2.0 A the two calculated structures 
coincided both in energy and geometry. This is 
an example of what Dewar calls "chemical 
hysteresis" (9) and results from the intersection 
of the surfaces of two states. As Salem et al, have 
discussed in considerable detail (l4), the crossing 

lL. Salem and W. D. Stohrer, private communication 
of unpublished resdts. 
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Q 44"" 

FIG. 1. Ground state surfaces for the conversion of 10 
to 11: starting point cyclopropene 10, 0 ; starting point 
vinyl carbene 11, A ;  including CI, m. 
should be, but is not avoided because the crude- 
ness of the method does not allow for mixing of 
the ionic and covalent configurations of each 
state. In our case the crossing is avoided in one 
direction (11 + 10) but not in the other (10 4 

11). Despite these problems, we assume that the 
solid line in Fig. 1 represents an approximation 
to the true surface in the opening of cyclopropene 
to the vinyl carbene. Geometries including bond 
lengths and atomic charges for cyclopropene and 
three of the calculated points (C,-C, = 2.0, 
2.1, and 2.5 A) are shown in Fig. 2. Comparison 
of charges in the two structures at 2.0 and 2.1 A 
indicates the decrease in polarity as the crossing 
point is passed. 

The MIND013 program has the option of 
including a limited CI with mixing of the first 
doubly excited configuration. As Dewar has 
pointed out (8), inclusion of CI should signifi- 
cantly lower heats of formation for species that 
are biradical in character and therefore a check 
must be made in bond dissociations of the type 
involved in the 10 4 11 conversion. As shown 
(squares in Fig. I), inclusion of CI lowers the 
surface by an approximately constant amount 
independent of the bond length when compared 
with the results in the absence of CI. Since the CI 

FIG. 2. Geometries and atomic charges of inter- 
mediates in the conversion of 10 to 11: cyclopropene, 
minimized (59.3 kcal/mol); C1-C3 = 2.0 A; C1-C3 = 
2.10 A; C1-C3 = 2.50 A. 
option does make the calculations longer and 
since there seems to be no large improvement by 
its inclusion, we have elected to omit it for the 
remainder of our work in these systems. 

A preliminary report of Generalized Valence 
Bond (GVB) calculations using assumed geom- 
etries has recently been published for several 
key intermediates on the 10 to 11 surface (11). 
These intermediates (12, 13, and 14) are shown 
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with the calculated energies relative to cyclo- 
propene as zero. Cyclopropene correlates 
through the open but non-planar biradical 12 to 
the planar vinyl carbene state represented by 13 
('A"). (Note that 14 ('A') is the lowest singlet 
state of vinyl carbene.) Comparison of these 
GVB results with the MIND013 results indicates 
that the two are actually very similar. 

Thus, the calculated barriers to ring openings 
of cyclopropene are : GVB 42.6 kcal/mol ; 
MIND013 43.6 kcallmol; MIND013 + CI 43.0 
kcal/mol. The difference of - 11 kcal/mol from 
the experimental value of 32.2 kcal/mol (3) for 
1,3-diethylcyclopropene is explained at least in 
part by alkyl group stabilization of a ring- 
opening transition state. A value of 35.2 kcal/mol 
has been reported for the conversion of cyclo- 
propene to methyl acetylene (1 5). By MIND013 
the ground state of cyclopropene does not 
correlate with the lowest energy state of 11 (note 
the crossing in Fig. I), but remains as a non- 
planar diradical. The lowest singlet state of 11 is 
a near-planar structure (note Cl-C, = 2.5 A 
in Fig. 2), the major deviation being the hydro- 
gen at the carbene carbon. 

Vinylcyclopropenes to Vinylcarbenes 
Encouraged by the success of the MIND013 

method in examining the conversion of cyclo- 
propene 10 to vinyl carbene 11, we next ap- 
proached the larger problem of the effect of 
phenyl substituents on the barrier to ring open- 
ing. Despite the advantage the semi-empirical 
method has over the ab initio methods for large 
molecules, tetraphenylcyclopropene is too large 
even for MIND0/3. However, with the assump- 
tion that the effect of the phenyl groups would 
mainly be a result of conjugative interactions, 
we chose to examine vinyl cyclopropenes as 
analogues of phenylcyclopropenes. 

Three substitution patterns are possible as 
shown in reactions 5, 6 ,  and 7. These are: 
1 -vinylcyclopropene with cleavage of the C1-C, 
bond (15 4 16); I-vinylcyclopropene with cleav- 
age of the C2-C, bond (15 17); 3-vinylcyclo- 
propene with cleavage of the C,-C, bond 
(18 + 19). In order to minimize computation 

18 19 

time, our first approach was to keep the vinyl 
group (-CH=CH2) in a fixed geometry 
throughout the calculations (C=C = 1.33 A ;  
C-H = 1.10 A; all angles 120"). All other 
geometric variables were minimized at each 
reaction coordinate value. 

Here a comment on one problem associated 
with the conformations of these species is 
appropriate. In each case the vinyl group has 
freedom of rotation about the single bonds. If 
more than one minimum exists for the rotation 
of the vinyl groups, then the possibility arises 
that the barriers for ring opening of the cyclo- 
propenes may be incorrectly calculated. This is 
true, despite the fact that the rotational angle is 
one of the geometric variables, since the 
MIND013 geometry optimization is based on 
an efficient steepest-descents approach rather 
than a more tedious search of the entire surface. 
Accordingly the optimized value for a rotational 
angle may depend on the starting point for the 
geometry search. For this reason additional 
calculations to determine whether or not a lower 
minimum exists are advisable. 

We first checked these conformational aspects 
with the cyclopropenes 15 and 18. The calculated 
results for rotation about the single bond are 
shown in Figs. 3 and 4. The main feature of these 
plots is the very small difference in energy 
between the various conformations; 0.3 kcal/mol 
between the most and least stable for 15 and 
1.0 kcal/mol for 18. As Dewar has demon- 
strated, MIND0/3 predicts conformational 
minima reasonably well but usually under- 
estimates the barriers (13). Therefore these 
values may be somewhat too low but are 
probably of the right order of magnitude. We 
next examined conformational preferences in the 
open carbenes 16, 17, and 19 in all cases with a 
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FIG. 3. Rotational surface for 1-vinylcyclopropene, 15. 

FIG. 4. Rotational surface for 3-vinylcyclopropene, 18. 

reaction coordinate C-C bond of 2.5 A. Again, 
the energy differences between conformations 
were small, the largest being 0.81 kcal/mol 
between 19 and 20 as shown. Based on these 

results, we felt confident that any errors that 
occurred because of incorrect conformational 
choices would be small and therefore not 
interfere with the general conclusions of the 
calculations. 

Based on our experience with the cyclopropene 

to vinyl carbene conversion (i.e.,  the crossing of 
states) we chose as starting points for these three 
sets of calculations the open carbenes 16,17, and 
19 in the conformations shown. The results are 
listed in Table 1 and plotted in Fig. 5. The 
geometries, including bond lengths and atomic 
charges, for some points along the surface are 
shown in Figs. 6, 7, and 8. No bond lengths are 
shown for the vinyl groups which are of fixed 
geometry. 

The simplest feature to discuss in these results 
is the activation barrier for the three conversions : 
41.1 kcal/mol (15 4 16); 51.8 kcal/mol (15 4 

17) and 37.4 kcal/mol (18 4 19). In order to 
confirm that, despite the fixed vinyl group, these 
values were reasonable estimates of the activation 
energies, we repeated the calculations for both 
the starting vinylcyclopropenes and the transition 
states in the three cases, allowing complete geo- 
metric minimization. These results are shown in 

I 1  I I I 1  I ,  I I 1  

1.5 1.7 1.9 2.1 2.3 2.5 

c - c  ( 8 ,  

FIG. 5. Ground state surfaces for the thermal con- 
version of vinylcyclopropenes t a  vinylcarbenes. 
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TABLE 1. Calculated potential energy surfaces for the conversion of vinylcyclopropenes 
to vinylcarbenes 

Heats of formation (AHf) kcal/mol 
-- 

Bond length 
(A) 15 + 16 15 + 17 18 -+ 19 

1.51 70.63 (67.83)" 70.63 (67.83)" 80.46 (77.63)" 
1.6 73.34 - 83.16 
1.7 80.38 87.50 90.38 
1.8 89.18 99.56 99.14 
1.9 97.90 111.17 107.72 
2.0 105.04 119.94 115.84 
2.1 110.18 122.04 117.94 (115.72)" 
2.2 111.67 (109.01)" 122.41 (120.09)" 117.71 
2.3 108.51 122.34 114.58 
2.4 106.79 122.40 112.87 
2.5 106.80 124.43 112.81 

'Complete geometric minimizations. 

FIG. 6. Geometries and atomic charges of intermediates FIG. 7. Geometries and atomic charges of intermediates 
in the conversion of 15 to 16: 1-vinylcyclopropene; in the conversion of 15 to 17: C2-C3 = 2.2 A ;  C2-C3 
C1-C3 = 2.1 A; C1-C3 = 2.2 A. = 2.4 A. 
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FIG. 8. Geometries and atomic charges of intermediates 
in the conversion of 18 to 19: 3-vinylcyclopropene; 
C1-C3 = 1.9 A;  C1-C3 = 2.1 A; C1-C3 = 2.5 A. 
parentheses in Table 1 and lead to the following 
activation energies: 41.2 kcal/mol (15 -+ 16) ; 
52.3 kcal/mol (15 -+ 17) and 38.1 kcal/mol (18 
-+ 19). Clearly, the differences are so small that 
restriction of the geometry of the vinyl group is 
unlikely to affect the general conclusions reached 
from a discussion of the results for these vinyl 
cyclopropenes. 

On comparison with the value calculated for 

cyclopropene itself (43.6 kcal/mol) we note that 
the position of the vinyl group has a remarkable 
effect on the barrier to ring opening. As expected 
on the basis of conjugate effects with the 
developing radical center, a vinyl group on C-3 
of cyclopropene lowers (by 6.2 kcal/mol) the 
activation barrier. A vinyl group at C-1 (C,-C, 
bond breaking) also decreases (by 2.5 kcal/mol) 
the barrier. In contrast, a vinyl group at C-1 
(C,-C, bond breaking) actually raises the 
barrier by 8.2 kcal/mol. Qualitatively, an ex- 
planation is now available for the very high 
activation energy for tetraphenylcyclopropene 
pyrolysis (note reaction 2). The key feature is 
expected to be the presence of the phenyl group 
on the double bond carbon opposite to the o 
bond that is breaking. In order to confirm that 
this destabilization of the transition state is still 
dominant when other stabilizing vinyl groups 
are present we have briefly examined divinyl 
cyclopropenes. Two point potential energy 
surfaces were obtained for 1,2-divinylcyclopro- 
pene (reaction 8) and 1,3-divinylcyclopropene 
(reaction 9) estimating the transition state energy 
by single calculations at a o bond distance of 
2.15 A. This value was chosen based on the 
maxima in Fig. 5. In both cases the destabilizing 
effect of the vinyl group on the carbon opposite 
to the breaking o bond is greater than any 
stabilizing effect that results from vinyl groups 
on the carbons of the bond involved. This 

AHf 8 1.90 kcal/rnol AHf 132.53 kcal/mol 
AH,,, 50.6 kcallmol 

94.14 kcallmol AH, 142.18 kcal/mol 
AH,,, 48.0 kcallmol 

destabilization, which should be enhanced even 
more by phenyl groups, could be checked 
experimentally by a systematic study of the 
pyrolysis of phenyl substituted cyclopropenes. 
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Although we feel these results indicate the 
main feature in the surprising stability of 
tetraphenylcyclopropene, the reason for this 
stabilizing effect is less obvious. An examination 
of the intermediate carbenes for the three 
systems suggests an explanation. In both cases 
where the effect of the vinyl group is stabilizing 
(i.e., substituted on the bond breaking) the 
intermediate becomes almost planar (note Fig. 6, 
C1-C3 = 2.2A and Fig. 8, C,-C, = 2.5A). 
Thus 16 is essentially divinyl carbene and 19 is 
butadienyl carbene. Moreover the electron 
density of the carbene carbons is concentrated 
almost exclusively in the plane of the n~olecule; 
the sum of the squares of the coefficients of the 
carbene carbon orbital in the HOMO is 0.685 
and 0.923 with a n-contribution of 0.004 and 
0.000 for 16 and 19 respectively. Therefore 
the n system itself is essentially cation-like. In 
contrast, 17 (the intermediate that is destabilized 
by vinyl substitution) never becomes planar 
(note Fig. 7, C,-C, = 2.4A). In fact, the 
carbene center remains somewhat isolated from 
the n-system of the developing butadiene 
fragment. This carbene is then actually less 
stabilized than that formed from cyclopropene; 
that is, conjugation of the second vinyl group 
with the developing double bond of the vinyl 
carbene prevents stabilization of the carbene 
itself. This is seen clearly in the potential energy 
surface for conversion of 15 to 17 in Fig. 5 where 
lack of stabilization prevents the appearance of 
a true minimum. 

This explanation raises the question as to why 
17 does not become planar. A qualitative 
answer is suggested by examination of planar 17 
which, by analogy to the other cases, would have 
a n-system similar to the 2-methylenebutadienyl 
cation. In contrast, planar 16 and 19 are similar 
to pentadienyl cation (see above). Cross con- 

H H H H H H 

H H 
H H 

Planar 17 Planar 19 Planar 16 

jugated systems like 17 are less stable than 
linearly conjugated systems like 16 (19) as 
evidenced by the simple Hiickel energy difference 
of 0.24P in favour of pentadienyl over 2-meth- 
ylenebutadienyl. Therefore 17 is less stable than 

the intermediates from the other vinyl carbenes 
because its energy is not significantly decreased 
in a planar geometry. 

Cyclopropene to Vinyl Carbene: Excited States 
Our main objective in examining the excited 

state behaviour of these species was to  find an 
explanation for the experimental observation 
that excited singlet states of cyclopropene deriv- 
atives open to vinyl carbene intermediates, 
whereas triplet states are surprisingly stable and 
long lived. Since, to our knowledge, no applica- 
tion of the MIND013 technique to excited state 
processes has appeared, this seemed an ideal 
small molecule to test the method. 

Our initial calculations were simply of the 
excited singlet (182.5 kcal/mol) and triplet 
(125.0 kcal/mol) in the equilibrium ground state 
geometry of cyclopropene. The first value should 
give an estimate (182.5 - 59.2 = 123.3 kcal/mol) 
of the vertical excitation energy and therefore 
can be compared with the n-n* electronic 
absorption band at 58 000 cm-' (166 kcallmol) 
reported for cyclopropene (16). The comparison 
is rather poor and is certainly not as good as 
those obtained by ab initio SCF techniques: 
173 kcal/mol (1 6) and 167 kcallmol (12). No 
experimental value is known for the vertical 
ground state - triplet splitting (125.0 - 59.2 = 
65.8 kcallmol) but again results from ab initio 
calculations are considerably higher; 119.9 kcall 
mol by the GVB technique (1 1) and 92.8 kcall 
mol by an MO method (12). This poor agreement 
between MIND013 and ab initio results for 
excited state species suggests that attempts to 
obtain quantitative information on the cyclo- 
propene to vinyl carbene surface may be 
difficult. However, hopefully the qualitative 
behaviour of the surfaces will still be acceptably 
reliable. 

Thus in Fig. 9 the excited singlet and triplet 
surfaces are shown for the conversion of cyclo- 
propene (10) to vinyl carbene (11) along with the 
ground state surface for comparison. Figures 10 
and 11 show, respectively, geometries of some 
of the points along the excited singlet and 
triplet surfaces. 

A problem was encountered obtaining the 
singlet surface. The solid line shown is drawn 
through the minimum calculated values at any 
given Cl-C, bond distance. Depending on the 
geometry used as the starting point to obtain the 
minimized structure, quite different energies and 
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FIG. 9. Ground state, triplet state, and excited singlet 
state surfaces for the conversion of 10 to 11: ground 
state a; triplet state A; excited singlet state m. 
geometries were obtained. This may again reflect 
the inability of the MIND013 program to com- 
plete geometric minimizations adequately when 
there are intersecting surfaces for several states. 
(Note Fig. 2, ref. 12.) As an example, the points 
shown on the upper solid line in Fig. 9 were 
obtained starting at Cl-C, = 2.3 A and 
shortening the Cl-C, distance. The points on 
the dotted line were obtained starting at 
Cl-C, = 1.48 A and lengthening the bond. 
This same type of behaviour was previously 
encountered on the ground state surface (Fig. 1). 
The other irregularities in the excited singlet 
surface may again be a result of the inability of 
MIND013 to find a true minimum. Again we 
assumed that the solid lines shown on Fig. 9 are 
the best approximation that MIND013 can make 
for the excited state surfaces. 

First, in agreement with previous calculations, 
we note that the most stable state of vinyl carbene 
is the triplet (11, 12). More interesting is the 
very different behaviour of the excited singlet 
and triplet surfaces. The singlet opens in an 
unactivated process whereas the triplet has a 
barrier of -13 kcal/mol. This observation is, 

FIG. 10. Geometries and atomic charges of intermedi- 
ates in the conversion of excited singlet 10 to 11. 

FIG. 11. Geometries and atomic charges of intermedi- 
ates in the conversion of triplet 10 to 11. 
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then, an explanation for the experimental results 
of cyclopropene photochemistry; the triplet 
states have a barrier to ring opening and are 
therefore long-lived enough to encounter another 
ground state molecule leading to dimerization. 
This also prevents photochemical racemization. 
The behaviour of the singlet state surface agrees 
well with the "funnel theory" of excited state to 
ground state conversions as outlined principally 
by Michl (17). Close approach of the two 
surfaces greatly enhances internal conversion 
and therefore gives a route for excited singlet 
cyclopropene to open to vinyl carbene and then 
return to ground state cyclopropene. Presumably 
there is a competition between this process lead- 
ing to racemization of the cyclopropene and 
other processes leading to photoprod~cts. 
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a corrected H A  scale 
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JOHN T. EDWARD and SIN CHEONG WONG. Can. J. Chem. 55,2492 (1977). 
Amide indicators ionizing over the range 0-30% sulfuric acid indicate that values of the HA 

scale established by Yates et al. (Can. J. Chem. 42, 1957 (1964)) should be corrected by +0.33 
unit. 

JOHN T. EDWARD et SIN CHEONG WONG. Can. J. Chem. 55,2492 (1977). 
En utilisant trois amides comme indicateurs ionisant dans la region 0-30% HH,S04, on dt- 

couvre que les valeurs de HA de Yates et al. (Can. J. Chem. 42, 1957 (1964)) doivent &tre cor- 
rigkes par +0.33 unitC. 

Introduction TABLE 1. Indicators used in attempts to establish the H A  

The various acidity functions HR1, How', HI, scale in 0-25% aqueous sulfuric acid 

Ho, etc. all start out in dilute aqueous solution Indicator (ref.) - d log Z/dH, 
equal to p H  (by definition), but diverge in sul- 
firic acid solutions more concentrated than 1. 4-Nitroaniline (2) 1.00 
about 1%. This shows up in a fanning out of 
curves for H,', H,"', and Ho above H, -- 0.5 in 
Fig. 1. The same behaviour might be expected 
(1) of the amide acidity function HA of Yates 
et al. (2); however these authors, unable to find 
amide indicators ionizing over the range 0-16% 
sulfuric acid, chose to use 4-nitroaniline and 
2-nitroaniline (indicators numbers 1 and 2 of 
Table I), in effect making HA coincident with 
Ho over this concentration range. Bunnett and 
Olsen (3), on the basis of their LFER method of 
determining pKA,+ values of amides, suggested 
that the HA scale of Yates et al. was too negative 
by about 0.3 unit. This suggestion has the merit 
of lowering the HA curve of Fig. 1 so that it di- 
verges from the other curves at about the point 
to be expected. However, so far attempts to con- 
firm the suggestion have been contradictory. 
Johnson et al. (4) claimed that pyridine-1-oxides 
followed the HA acidity function, and used in- 
dicators 4, 5, and 6 of Table 1 to reassess the HA 
scale in the lower acidity regions. They asserted 
that this investigation only confirmed the old 
scale. On the other hand, using the N-oxide indi- 
cators 7,8, and 9 of Table 1, Homer and Johnson 
(I) changed the scale by 0.2 unit. However, 
none of these compounds are amides, and the 
parallelism between the logarithm of their ioni- 
zation ratios with that of succeeding amide in- 
dicators is not very good. We have now investi- 
gated the ionization in 0-30% sulfuric acid of 

2. 2-Nitroaniline (i) 1 .OO 
3. Pyrrole-2-carboxamide (2) 0.79 
4. 3,5-Dimethyl-4-nitropyridine-1-oxide (4) 1.02 
5. 3,5-Dichloropyridine-1-oxide (4) 0.77 
6. 2,6-Dimethyl-4-nitropyridine-1-oxide (4) 0.82 
7. 3-Chloropyridine-1-oxide (1) 0.91 
8. 5-Nitroquinoline-1-oxide (1) 0.79 
9. 8-Nitroquinoline-1-oxide (1) 0.79 

10. 1-Methyl-2-pyridone (this work) 0.80 
11. 5-Chloro-2-pyridone (this work) 0.78 
12. 2-Hydroxynicotinic acid (this work) 

(2-pyridone-5-carboxylic acid) 0.77 

the amide indicators 10, 11, and 12 of Table 1 
(2-hydroxynicotinic acid should exist prepon- 
derantly as the 2-pyridone tautomer (5)). We 
find that the HA scale should indeed be shifted 
to the extent suggested by Bunnett and Olsen. 

Experimental 
Materials 

1-Methyl-2-pyridine, 5-chloro-2-pyridone, and 2-hy- 
droxynicotinic acid (2-pyridone-5-carboxylic acid) were 
all commercial products. 

S~~lfuric acid and perchloric acid solutions were pre- 
pared by diluting commercial concentrated acids. Their 
final concentrations were determined by volumetric 
titration. 

Ionization Measurements 
Ionization ratios ( I )  of all three compounds (numbers 

10, 11, and 12 of Table 1) in sulfuric acid, and of the first 
two compounds in perchloric acid were determined spec- 
trophotometrically following standard procedures (6). 
Medium effects were corrected by characteristic vector 
analysis (7). Results are deposited as supplementary 
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EDWARD AND WONG 

TABLE 2. Ionization constants of 2-pyridone indicators 

Compound A log I PKAH + 

1-Methyl-2-pyridone - 0.38" 
5-Chloro-2-pyridone 0 .35 t0 .04  0.03b (-0.01)" 
2-Hydroxynicotinic acid (2-pyridone-5-carboxylic acid) 0.67?0.03 -0.64b 
Pyrrole-2-carboxamidec 0 .26 t0 .06  -0.906 

nBy extrapolation to zero acid concentration of plots of (log I - log [H+I) against [H+] In various concentrat~ons of 
HC104 (8). 

bpKAH+ of the preceding compound - A log I. 
cThe most bas~c amlde indicator of the original HA function (2). 

-12 1.2 

0.8 

0.4 

w 0 
- 8 .  O) 

0 - 
0 . 4  

H x  
- 0.8 

- 1.2 

- 4 .  
0 2 0 4 0 60 

% n,so, 

FIG. 2. Ionization of amide indicators in aqueous sul- 
furic acid: (1) 1-methyl-2-pyridone, (2) 5-chloro-2-pyri- 
done, (3) 2-hydroxynicotinic acid, (4) pyrrole-2-carbox- 
amide, (5) 3,4,5-trimethoxybenzamide, and (6) 2-nitro- 
aniline. 

10 50 do against H, (Table 1) as pyrrole-2-carboxamide, 
the most basic indicator of Yates et al., in con- 

% H2S04 trast to some of the N-oxide indicators (numbers 

FIG. 1. Some representative acidity functions for 4-9) used previously to anchor the HA scale. 
aqueous sulfuric acid. The pKAH+ of the most basic amide, l-methyl- 

2-pyridone, was obtained by a graphical method 
material with the NRCC,' and were used to obtain the 
data of Table 1 and Fig. 2. due to Paul (8). Examining [I]: 

Results and Discussion 
The parallelism in ionization ratios of the 

2-pyridone indicators of Table 1 with those of the 
most basic amide indicators of Yates et al. (2), 
and hence their applicability in re-anchoring the 
HA function, are shown by the plots of Fig. 2. 
The parallelism is good. Furthermore, indica- 
tors 10-12 have about the same slopes of log I 

'The ionization data are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Canada 
KIA 0S2. 

[AH+] [l] log - - log [H +I = 
CAI 

(the symbols being defined in ref. 2), since both 
log fA (9) and log f,+lf,,+ (8, 10, 11) can be ex- 
pected to increase linearly with molar concen- 
tration of electrolyte, a plot of log I - log [H'] 
against [H'] should give a straight line wi.th the 
intercept equal to pKAH+ for a standard state of 
infinite dilution in water. In fact, l-methyl-2- 
pyridone gave a straight line (linear regression 
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TABLE 3. Revised HA scale 

correlation coefficient 0.998) indicating a pKAH+ 
of 0.38 f 0.01. 

The pKAH+ values of the other indicators 
were calculated according to the overlap pro- 
cedure (12). They are reported in Table 2 along 
with the differences in log I values (A log I) used 
in calculating them. A pKAH+ value of -0.90 is 
obtained for pyrrole-2-carboxamide, as opposed 
to the value of - 1.23 reported by Yates et al. 
(2). Thus, the original HA scale is 0.33 unit too 
negative for sulfuric acid concentrations from 
16.1% up. For 0-16.1% HH,S04, HA values have 
been calculated from pKAH+ and log 1 values of 
the indicators, according to the equation: HA = 

pKAH+ + log I. The revised HA scale is given in 
Table 3. 
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ANTONIO MARIO TAMBURRO and ANGELO SCATTURIN. Can. J. Chem. 55, 2495 (1977). 
The circular dichroism spectra of Z-Val-(Ala)3-OEt in different solvents are reported. In 

dioxane the spectrum shows a negative band at 228-229 nm and a positive band at 212-213 nm, 
features which are consistent with the presence of some population of tetrapeptide molecules 
in a p-bend conformation. The infrared spectrum of 2-Val-(Ala),-OEt in KBr suggests an 
association of the molecules in an antiparallel p-structure in the solid state. 

ANTONIO MARIO TAMBURRO et ANGELO SCATTURIN. Can. J. Chem. 55,2495 (1977). 
On rapporte les spectres de dichroi'sme circulaire de 2-Val-(Ala),-OEt dans diffkrents 

solvants. Dans le dioxanne, le spectre montre une bande negative a 228-229 nm et une positive 
a 212-213 nm indiquant que des moltcules du tetrapeptide existent dans la conformation p- 
bend. Le spectre infrarouge de Z-Val-(Ala),-OEt dans le KBr indique qu'a l'etat solide il existe 
une association des molecules en structure p aniiparallkle. 

The so called P-bend folded conformation 
( 1 4 )  is of paramount importance in the structure 
of small cyclic peptides (5) and it has also been 
found in some linear tetrapeptides (6, 7). More- 
over, it has been suggested (2, 8) to play a 
particular role as a nucleation site in protein 
folding, although different points of view are 
possible (9, 10). Therefore we started with a 
wide-range project concerning structural in- 
vestigations on linear tetrapeptides in order to 
elucidate the short-range forces responsible for 
the stabilization of this particular structure. In 
the present paper we report our results on the 
conformation of benzyloxycarbonyl-L-valyl-L- 
alanyl-L-alanyl-L-alanyl ethyl ester (Z-Val- 
(Ala),-OEt) which are of interest in connection 
with the recent finding of a P-bend type con- 
formation in alanine tetrapeptide derivatives (6). 

Experimental 
The tetrapeptide was synthesized in a stepwise manner 

by the p-nitrophenyl ester method. The unprotected 
tripeptide L-alanyl-L-alanyl-L-alanine ethylester hydro- 
bromide (11) was coupled with benzyloxycarbonyl-L- 

valine p-nitrophenylester (12) to give Z-Val(Ala),-OEt, 
mp 233°C. Anal. calcd. for CZ4H36N407: C 58.51, H 7.35, 
N 11.37; found: C 58.60, H 7.72, N 11.45. The cd 
spectra were recorded on a Cary 6002 dichrograph. The 
calibration was based upon = 7840 deg cm2 
dmol-' for a purified sample of d-10-camphosulfonic acid 
(Fluka, Bucks) in 0.1% aqueous solution (13). Samples 
were examined at concentrations ranging from 0.2 to 
5 mg/ml using quartz cylindrical cells with optical paths 
of 0.01,0.05, and 0.1 cm. The data are expressed in terms 
of [elM, the molar ellipticity in units of deg cm2 dmol-'. 
Infrared spectra were measured in the form of KBr 
pellets on a Perkin Elmer 21 spectrophoton~eter. Nujol 
spectra showed no significant variations. 

Results and Discussion 
Shown in Fig. 1 are the cd spectra of the pro- 

tected tetrapeptide in TFE at three concentra- 
tions and in HFIP. Only minor concentration 
effects are found on both negative bands 
centered at 198 and 223-224 nm. Less polar 
solvents, such as water and ethylene glycol, 
induce a red shift and a decrease in the intensity 
of the bands (Fig. 2). As shown in Fig. 3, the 
alteration in the cd spectra, as a consequence of 
a change in solvent composition, could reflect a 
simple-solvent effect and/or a conformational 

'Abbreviations used: cd, circular dichroism; ir, infra- 
red; Z, benzyloxycarbonyl; Val, L-valine; Ala, L-alanine; transition. when the apolar "lvent 
OEt, ethyl ester; TFE, 2,2,2-trifluoroethanol; HFIP, dioxane is Wed (Fig. 4) a positive band appears 
1,1,1,3,3,3-hexafluoropropan-2-01; EG, ethyleneglycol. around 212-213 nm. The spectrum under these 
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2496 CAN. .I. CHEM. VOL. 55 ,  1977 

FIG. 1. Circular dichroism of Z-Val-(Ala),-OEt at 25°C 
in TFE at three concentrations and in HFIP: . . . HFIP, 
0.2 mg/ml; --- 5 mg/ml; .-.-.- 0.5 mg/ml; - 0.2 mg/ml. 

I I I I I I I I 
190 210 230 250 

h (nm) 
FIG. 2. Circular dichroism of Z-Val-(Ala),-OEt at 

25°C in: - TFE; .-.-.- EGlTFE (90: 10 v/v); --- H,O/TFE 
(90: 10 v/v). Peptide concentration was 0.2 mg/ml. 

V O L U M E  P E R C E N T  O F  A D D E D  S O L V E N T  

FIG. 3. Plot of [elM at 223 nm of Z-Val-(Ala),-OEt at 25°C us. percentage (v/v) of EG (0) in TFE 
and H 2 0  (e) in TFE. Peptide concentration was 0.2 mg/ml. 
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TAMBURRO AND SCATTURIN 2497 

0 5- 

00.  
7 

0, 

n 
w 
U 

-0.5- 

1 1 I I I I 

200 2 20 24 0 
A (nm) 

FIG. 4. Circular dichroism of Z-Val-(Ala),-OEt at 25°C 
in: - TFE/dioxane (30:70 v/v); --- TFE/dioxane 
(50: 50 v/v). Peptide concentration was 0.2 mg/ml. 

conditions looks similar to the one which is 
believed to be typical of P-bends (14). According 1300 1200 1100 1000 900 800 700 600 500 400 

to these results, we propose that on decreasing 
WAVENUMBER ( C M  ') 

the solvent polarity, and therefore its hydrogen- 
bonding potential, the tetrapeptide is undergoing peEE: I.  Infrared Of z-Va1-(A1a)3-0Et in KBr 

a conformational transition so that a significant 
fraction of the total population of its conforma- parallel p-form (15). In principle this higher 
tions exists in a chain-reversal (P-bend) con- NH-stretching frequency of hydrogen-bonded 
formation. amides could arise from unusually long and/or 

It is to be noted that, in principle, the presence very nonlinear hydrogen bonds. Peptides assum- 
of the phenyl ring in the protecting group could ing 'bent' or 'folded' forms with intramolecular 
affect the 210 nm region of the cd spectrum. hydrogen bonds, show high Amide A frequencies 
Therefore, we recorded cd spectra in TFE- (16, 17), probably because the groups involved 
dioxane mixtures in the region 250-300 nm in are sterically prevented from adopting the 
order to detect possible dichroic bands associ- optimal angles for hydrogen bond formation 
ated with the aromatic chromophore. (15). In light of this, we suggest that for the 

As a matter of fact, no such bands were Z-Val(Ala),-OEt chain folding is also occurring 
observed even using long optical paths and in the solid state with association of the mole- 
sensitivities at the limit of the instrument cules in an antiparallel fashion. A possible model 
adopted. Accordingly, we are confident that the would be the side-by-side aggregation postulated 
cd changes observed in the far uv are not attri- for protected tetraalanine at high concentrations 
butable to solvent-dependent aromatic bands. in chloroform (6). 

The ir spectrum (Fig. 5) of the tetrapeptide in 
KBr shows the frequencies of Amide A, B, I, ''7 1 ,  C, M, VENKATACHALAM, Biopo~ymers, 6, 1425 
and V bands positioned at 3320, 3080, 1685 and (1968). 
1630, 1530, and 690 cmP1, respectively. All 2. P. N. LEWIS, F. A. MOMANY, and H. A. SCHERAGA. 
bands but one are fully consistent with the Proc. Natl. Acad. Sci. U.S.A. 68,2293 (1971). 
presence, in the solid state, of the antiparallel 3.  P. N .  LEWIS> F. *. MOMANY, and H. A. SCHERAGA. 

Biochim. Biophys. Acta, 303,211 (1973). P-structure. The exception is represented by the 4, J ,  C R A W ~ o ~ , , ,  W. N. LIPSCOMB, and C. G. 
Amide A frequency at 3320 cm- ' which is about SCHELLMAN. Proc. Natl. Acad. Sci. U.S.A. 70, 538 
40 cm-' higher than that observed for the anti- (1973). 
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Solubilities of the silver halides in propylene carbonate mixtures 
with bis(trifluoroethyl)sulfite 

Power Sources Technical Area, U.S.  Army Electronics Technology and Devices Laboratory (ECOM), 
Fort Monmouth, NJ. ,  U.S .A.  07703 

Received January 5, 1977 

MARK SALOMON. Can. J. Chem. 55,2499 (1977). 
The complex solubilities of AgCI, AgBr, and AgI have been measured in several mixed 

solvents containing propylene carbonate and bis(trifluoroethyl)suIfite. The results indicate that 
a large inductive effect destabilizes the solvation of silver ions whereas the halide ions appear 
to be stabilized by coordination with the sulfinyl sulfur. Several physio-chemical properties of 
pure bis(trifluoroethy1)sulfite are reported. 

MARK SALOMON. Can. J. Chem. 55,2499 (1977). 
On a mesur6 les solubilitts de complexes de AgC1, AgBr et AgI dans plusieurs solvants 

mixtes contenant du carbonate de propyltne et du sulfite de bis(trifluorotthy1e). Ces rtsultats 
indiquent qu'un effet inductif important dtstabilise la solvatation des ions argent alors que les 
ions halogenures semblent etre stabilis6s par une coordination avec le soufre du groupe sul- 
finyle. On rapporte plusieurs proprittts physicochimiques du sulfite de bis(trifluoro6thyle) a 
1'6tat pur. 

[Traduit par le journal] 

Introduction 
In previous papers (1) the complex solubilities 

of the silver halides, AgX (X - C1, Br, I), were 
studied in a series of pure and mixed aprotic, 
sulfur-containing solvents. The reactions studied 
were 

[1 I AgX $ Ag' + X- Kso 

[2 I Agf + nX- $ AgX,'-" Pn 

[3 I AgX + X- =$ AgX2- Ks2 

The ~revious studies were concerned with the 
effect of solvent composition on the magnitudes 
of these equilibrium constants which, in turn, 
were used to interpret the nature of the ion- 
solvent interactions. For example, the magnitude 
of the solubility product, K,,, is determined by 
the solvent interactions with Agf and X- 
whereas the magnitude of K2 is governed by the 
relative interactions between the solvent and 
the ions X- and AgX,-. In those solvents 
containing a sulfinyl, sulfonyl, and sulfenyl 
atom, the magnitude of K,, was, in part, found 
to be dependent upon the electronic configura- 
tion at the sulfur which reflects the nature of the 
solvent-X- interaction. The magnitudes of K,, 
and Ks2 could also be used to determine the 
specific solvent-Agf interaction: i.e. whether 
Agf interacts with a sulfur or with an oxygen 
atom. 

The present paper is an extension of our re- 
lated studies (I), being concerned with the 
solubilities of the silver halides in several mixed 
solvents composed of propylene carbonate (PC) 
and bis(trifluoroethyl)sulfite, (CF,CH,0)2S0. 
One of the major aims of this study is to de- 
termine the effect of fluorine substitution on the 
above equilibria. Another objective is to de- 
termine some of the important physio-chemical 
properties of bis(trifluoroethyl)sulfite which 
shows promise as a new dipolar aprotic solvent 
for use in the study of medium effects. 

Experimental Section 
(a )  Materials 

Tetrapropylammonium perchlorate, chloride, bromide, 
and iodide (Pr4NC104, Pr4NCI, Pr4NBr, and Pr,NI) 
were purified by the methods described by Mann (2). 
Purified PC was used as received from Burdick and 
Jackson Laboratories. Bis(trifluoroethy1)sulfite was pre- 
pared by a method similar to that described by DeMarco 
et ul. (3). A 1 :1 a1cohol:amine adduct was prepared at 
-10 to 0°C from 2,2,2-trifluoroethanol and triethyl 
amine. A stoichiometric quantity of SOC1, was con- 
densed, under vacuum, onto the adduct at - 196°C and 
the mixture was allowed to warm to room temperature 
overnight. The s~~lfite ester was distilled at - 1 Torr and 
100-130°C and collected in an acetone/C02 bath. The 
middle 315 fraction was retained and placed over purified 
Hg and stirred for 24 h to insure that any monosub- 
stituted sulfite, CF3CH20S(0)C1, had further reacted to 
yield the desired product (3, 4). The solvent was fraction- 
ated two more times from activated alumina and the 
middle 315 fraction retained in each step. A typical ele- 
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mental analysis, performed by PCR, Inc., gave the 
following. Anal. calcd.: C 19.52, H 1.64, S 13.00, F 46.30; 
found: C 19.91, H 1.98, S 13.05, F 46.52. All solvents and 
salts were stored in an argon-filled dry box ( 0 2  and H 2 0  
content 5 1 ppm). 

(6) Measurements oj' Dielectric Properties 
The static dielectric constants of pure (CF,CH,O),SO 

and its mixtures with PC were measured by the com- 
parison method (5) at a fixed frequency of 2 MHz. The 
cell, provided by Payne (6), consisted of concentric brass 
electrodes threaded onto a Teflon base which also 
formed part of a water jacket. The cell capacitance was 
measured by a substitution method using a General 
Radio 1606-B bridge and Type 722-D and 1422-ME 
precision variable capacitors. The cell constants were 
determined from measurements made with air (7), 
benzene (8), PC (6), and dimethylsulfoxide (9). A least- 
squares fit gave 

where C is the measured capacity and E is the static 
dielectric constant. 

The dipole moment of pure (CF3CH20),S0 was 
determined at 25'C with the above apparatus by mea- 
suring the dielectric constants of five benzene solutions 
in which the mole fraction of (CF3CHZO),SO was varied 
from 0.0028 to 0.2060. The dipole moment, po, was 
calculated from the limiting molar polarization of the 
solute as described by Smyth (10). The Kirkwood "g" 
factor was calculated from the Kirkwood-Frolich equa- 
tion (I l )  

where all terms have their usual significance. The high 
frequency dielectric constant, E,, was calculated from 
the optical index of refraction assuming a 10% increase 
in the total induced polarizability between optical and 
microwave frequencies (e.g. see ref. 12): i.e. E, = 
l.lOnDZ. Refractive indices, n,, were measured with a 
Bausch and Lomb model 8006 refractometer. Tempera- 
ture control for all measurements was +0.l0C. 

(c) Solubility Studies 
The solubility and stability constants were obtained 

from potentiometric titration data as described pre- 
viously (1). Three mixed solvents were studied in which 
the mole fractions of (CF3CH20)2S0, X-SO, in PC were 
0.3483, 0.6831, and 0.7960. Studies were not carried out 
in pure (CF3CH20)2S0 because AgC104 is not soluble 
to any appreciable extent in this solvent. AgCI04 was 
only moderately soluble in the solution where x - ~ ~  = 
0.7960 and which therefore necessitated the reduction of 
its concentration. All solutions were of a constant ionic 
strength, p: for x-,, = 0.3483, 0.6831, and 0.7960, re- 

spectively, p = 25.0, 10.0, and 5.0 m M  (millimolar). The 
titrant was therefore either 25.0, 10.0, or 5.0 mMAgCI0, 
in the respective solvent and the titrate was a solution of 
Pr,NX + Pr4NClO4, the latter salt being used to main- 
tain the required ionic strength. The titration cell is 
identical with the one described earlier (1) and consisted 
of an etched, coiled silver indicator electrode and a 
silver wire reference electrode in 25.0, 10.0, or 5.0 m M  
AgC10,: the reference electrode was separated from the 
titrate by a salt-bridge. The cell and 10 ml of titrate was 
fitted with a Gilmont 2 ml microburet containing the 
titrant, removed from the dry box, and placed in a water 
bath at 25 ? 0.l0C. Magnetic stirring was maintained 
throughout the titration and all emf's were measured 
with a Fluke Model 8800A digital multimeter. 

Results 
Several physio-chemical properties of pure 

(CF,CH,O),SO and its mixtures with PC are 
given in Table 1. The data for the X-,, = 0.7960 
solution were interpolated either graphically or 
by a power series least-squares fit. All other data 
are based upon experimental measurements. Al- 
though pure (CF3CH20),S0 has a relatively 
low dielectric constant, it has a relatively large 
dipole moment (p, = 2.55 x 10-18 esu-cm) and 
a Kirkwood "g" value of 1.4 which indicate that 
the liquid is moderately associated and that the 
0-S(0)-0 pyramidal angle is substantial. The 
temperature dependence of E for pure (CF,- 
CH20),S0 is given by 

where the temperature is in K. 
The stability constant, P,, was calculated by 

by an iterative least-squares technique (1) and 
the standard deviation of P2 was calculated by 
SillCn's pit-mapping method (13). The K,, values 
are averages calculated by a Newton-Raphson 
iteration for each point in the saturated solu- 
tions. Electromotive force values were generally 
stable to within f 0.5-1.0 mV and formal poten- 
tials had standard deviations of f 2-3 mV. 
Attempts to generate the equilibrium constants 
p, and p, by the least-squares method failed 
(i.e. convergence of the iterations was not 
achieved) and it was therefore assumed that they 
are of minor significance. The results for P,, 
K,,, and K,, are given in Table 2. The equili- 
brium constants in Table 2 were adjusted to  the 
state for zero ionic strength (Table 3) by using 
the Davies equation (14) to calculate the activity 
coefficients : 
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SALOMON 

TABLE 1. Properties of PC/(CF,CH20),S0 solutions at 25"C* 

*xTso and M _ E O  are the mole fraction and molarity, respectively, of (CF3CH2O)~SO in solution; no is the 
optical refractive index measured at the sodium D line; d is the density in g/ml; A is the Debye-Hiickel con- 
stant (! 'I2 rn01-~1~); data in parentheses are extrapolated values. 

TABLE 2. Experimei~tal equilibrium constants at 25°C (molar scale) 

Value* 

Salt Parameter 

A ~ C ~  log 13, 
log K.0 
log K52 

AgBr log P2 
log K ~ o  
log Ks2 

AgI log I32 

log KO 
log Ks2 

*a, b, c: ionic strength = 25.0, 10.0, and 5.0 mM, respectively. 

TABLE 3. Standard equilibrium constants at 25°C (molar scale) 

Value for = 
- 

Salt Parameter 0.000 0.348 0.683 0.796 1 .OW 

AgCl log 13z" 
log Ksoo 
log KszO 

AgBr log Dz0 
log KsoO 
log KSz0 

AgI log I3Z0 

log Ksoo 
log KSz0 

Included in Table 3 are corresponding data for 
pure PC (16) and (CF3CH20),S0, the latter 
obtained by a non-linear extrapolation. The 
standard deviations for the mixed solvents are 
not included in Table 2 but are expected to be 
about 10% higher than those in Table 2: the 
standard deviations in pure (CF3CH20),S0 
are however much larger ( + 2  log units), be- 

cause of the non-linear extrapolations used to 
obtain these quantities. 

In previous papers (1, 15), we have used the 
approximate extrathermodynamic assumption 
of 

AGP(AgC1,-) = - AGP(A~B~,-)  

to calculate the free energies of transfer of single 
ions from water to an organic solvent (AGP(ion)). 
The AGP(ion) values for the ions involved in the 
present study were calculated using this assump- 
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TABLE 4. Standard free energies of transfer of single ions from water to a nonaqueous 
solvent* 

Solvent Ag + C1- Br- 1- AgCIZ- AgIZ- 

PC/(RfO)zSO 
X-so = 0.348 
PC/(RfO)zSO 
X-so = 0.683 
PC/(RfO)zSO 
X-so = 0.796 
(Rf0)zSO 
(Me0)2S0 
DMSO 
PCITHT 
XTHT = 0.05 

*All data are based on molar units at 25'C. (RfO)~SO =,(CF3CH20)2SO; (Me0)~So = dirnethyl- 
sulfite; DMSO = dimethylsulfoxide; THT = tetrahydrothlophene. 

tion and are presented in Table 4 along with 
those determined earlier (1). 

Discussion 
The data shown in Tables 3 and 4 reveal that 

the effects of (CF,CH,O),SO additions to PC 
are to (i) greatly destabilize the energy of solva- 
tion of Ag' and (ii) to stabilize the energy of 
solvation of the X- ions. In several solvents 
containing a sulfur atom, the Ag' ion - solvent 
interaction energy is often stabilized by n- 
bonding which is, in part, evident from the 
magnitude of AG:(Ag'): e.g. for the transfer 
from water to dimethylformthioamide, dimethyl- 
sulfoxide, PC/S02 mixtures, AG?(Ag') has 
values of - 23.8, - 8.9, and - 3.0 kcal/mol, re- 
spectively (1, 17). I11 those aprotic solvents con- 
taining only C, H, and 0 ,  AGP(Ag') values are 
generally positive (- 5 kcal/mol) which indicates 
that the soft Ag' coordinates with a hard 
oxygen atom. Since the alkyl sulfite esters are 
pyramidal, Ag' coordination might be expected 
to occur at the soft basic S-center. However, as 
shown earlier, the large positive values of 
AGP(Ag') suggest that coordination occurs at 
an oxygen due to the high (positive) charge on 
the sulfur (lc). The value of 22.5 kcal/mol for 
AGP(Ag') is unexpectedly large in view of the 
value of 5 kcal/mol found for the transfer from 
water to dimethyl- and ethylenesulfite, and be- 

marily affect the electronic structure at the 
oxygens (rather than the sulfur as discussed 
below). The decrease in basicity of the oxygen 
produced by fluorine substitution (separated by 
two o-bonds) has previously been reported by 
Parker et al. (17) who determined that AGP- 
(Ag') = 11.7 kcal/mol for the transfer from 
water to  2,2,2-trifluoroethanol. 

Concerning the nature of anion solvation, the 
present results show little or negligible differ- 
ences in the S-X- interaction between (CF3- 
CH20),S0 and (CH,O),SO or (CH,O),SO. 
The data for the mixed solvents clearly indicate 
this (log K,, - - 1) whereas the data for pure 
(CF3CH20),S0 suggest a decreased interaction 
(log Ks2 - 0). The data for pure (CF,CH,O),SO 
are, however, less reliable owing to the large 
errors (f 2 log units) in log Ks2 which resulted 
from the non-linear extrapolations. I t  is con- 
cluded that the interaction of halide ions with 
(CF,CH,O),SO is, essentially, the same as that 
with the unsubstituted alkyl sulfites: i.e. the 
halide ions' interaction with the suliinyl sulfur 
is augmented by n-bonding (cJ: lc). 
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The intramolecular hydrogen bond in some P-nitroalcohols. 
Chemistry of nitroalkanes. Part CXIX 
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E. LIPCZY~~SKA-KOCHANY and T. U R B A ~ K I .  Can. J. Chem. 55,2504 (1977). 
New experimental evidence is given on the existence of an intramolecular hydrogen bond in 

B-nitroalcohols between the nitro and hydroxylic groups. The conclusion is based on examin- 
ation of n, + TC* and infrared absorption bands and nmr spectra. 

E. LIPCZY~~SKA-KOCHANY et T. U R B A ~ K I .  Can. J. Chem. 55,2504 (1977). 
Des nouvelles preuves sont fournis sur I'existence de la liaison hydrogene interne dans 

les p-nitroalcools entre les groupes nitrique et hydroxylique. La conclusion est basee sur I'exam- 
ination de la bande d'absorption n, + TC*, spectres d'absorption infrarouge et spectres nmr. 

Introduction R' R~ 

A suggestion on the existence of an intra- \ / 
molecular bond between the alcoholic and nitro \ 
groups in aliphatic P-nitroalcohols was given by 02N CH20H 
one of the authors of the present paper and his I: R I  = R~ = C H ~  
co-workers between 1951 and 1959. The sug- 2: R I  = CH, R' = C H ~ O H  
gestion was based on the chemical reactivity of 3: R I  = C ~ H ~  R2 = CH20H 

the compounds (I), on ultraviolet (2, 3, 6, 7) and 4: R1 = C3H7 R2 = CH20H 
5: R1 = CH3(CH2), R2 = CH20H 

infrared (4,7) spectroscopy and on measurement 6: R1 = CH3(CH& RZ = CHzOH 
of dipole moments (5). The latter substantiated 7: R1 = CH3(CH2), RZ = CH2OH 
the earlier work of Lumbroso and Lauransan (8). 

At first the suggestion was met with sharp 
criticism (9). However a number of later papers 
(10-15) have supported the view of the existence 

CH3\C/CH3 
/ \ 

02N CH20CH3 

cH3\c/cH3 
H 
/ \  CH20H 

of a weak hydrogen bond and the latter appears 
8 9 now to be accepted (16). In view of the weakness 

of the bond, it seemed desirable to collect more 
information by using different methods. A more 
detailed spectroscopic analysis is reported in the 

cH3\c/cH3 

ultraviolet and infrared regions and by the nmr HOHzC 
/ \  

CH20H 

technique. We have examined 2-methyl-2-nitro- 10 

propane-1-01 (I), its methyl ether (8), 2-alkyl-2- 
nitropropane-l,3-diols (2-7), and alcohols with- 

Grade), was dried over MgS04 and distilled. 2,2-Di- 
Out the nitro group : 2-methy1propane-1-01 (9) methylpropane-1,3-diol was prepared from isobutyl alde- 
and 2,2-dimethylpropane-1,3-diol (10). hyde and formaldehyde by a known method (20). 

Dipole moments were also measured and cal- Benzene and dioxane were of analytical grade from 
culated and the results will be reported else- E. Merck, Darmstadt and Xenon, Lddi, Poland, respec- 

where (17). tively. They were purified by the method described pre- 
viously (21). Their densities at 20°C were 0.8740 g/cm3 

Experimental and 1.0337 g/cm3, respectively. Carbon tetrachloride for 
spectroscopy made by Chemapol, Prague, Czechoslovakia 

2-Methyl-2-nitropropane-1-01 (1) and 2-alkyl-2-nitro- was dried over PzO5. Hexane for spectroscopy UCB, 
propane-1,3-diols (2-7) were prepared from the corre- Bruxelles, Belgium was dried over MgSO,. Methanol for 
spoilding nitroalkanes and formaldehyde by known pro- spectroscopy made by Chemapol, Prague, was used. 
cedures (18). The methyl ether of 2-methyl-2-nitropro- Ultraviolet spectra were measured with a VSU-2P 
pane-1-01 was obtained by methylation of the alcohol by spectrometer, Carl Zeiss, Jena. A hydrogen lamp was used 
means of methyl sulphate (19). ZMethylpropane-1-ol(9) as the source of uv light; measurements were taken every 
from the Eastman Kodak Company, Rochester (Spectro 1 nm. Series of solutions of various concentrations were 
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TABLE 1. Ultraviolet spectra: the intensity* and the wavelength of the n, + x* band 

In hexane In CCl, In methanol In dioxane 

Compound L a x  Emax L a x  ~ m a x  hmax &mar: L a x  Emar 

2-7 'C' - - 283 26.0 278 25.0 281.5 25.0 
/ \ 

02N CHzOH 

*Values of E ~ , ,  extrapolated to infinite d~lution. 

FIG. 1. Ultraviolet spectra of 2-octyl-2-nitropropane- 
1,3-diol (7): -in carbon tetrachloride,--- in methanol, 
... in dioxane, x x x in water. 

prepared for each compound and solvent. The results 
were extrapolated to infinite dilutions (Table 1). All extrap- 
olations show plots of E,,, as linear functions of concen- 
trations with extrapolation to zero concentrations. The 
compound 8 does not show change of E,,, with the con- 
centration. All other compounds show a fall of &,,, with 
decreasing concentration. The fall of E,,, is particularly 
prominent in diols (2-7), in non-polar solvents. The slope 
of the linear dependence of E,,, on concentration is 
0.3640-0.4663 for diols in non-polar solvents. Typical 
absorption curves of diols and monols are presented in 
Figs. 1 and 2, respectively. The ether 8 gave a curve simi- 
lar to that of the mono1 (Fig. 2). 

Infrared spectra were taken with a Perkin-Elmer PE- 
577 spectrometer in cells of NaCl in the region of V,(~H,. 

Solutions in carbon tetrachloride were made to concen- 
trations 0.005-0.003 mol/t'. Sharp peaks, broader peaks, 

FIG. 2. Ultraviolet spectra of 2-methyl-2-nitropropane- 
1-01 (1): - in carbon tetrachloride, -.- in hexane, --- in 
methanol, ... in dioxane, x x x in water. 

and shoulders could be determined to the accuracy of + 1 
cm-', _+2 cm-l, and + 4  cm-', respectively. The data 
are collected in Table 2 and the typical absorption spectra 
at different concentrations are given in Figs. 3 and 4. 

Nuclear magnetic resonance spectra were determined 
with a 100 MHz JEOL spectrometer in carbon tetrachlo- 
ride using tetramethylsilane as internal reference. Solu- 
tions of various concentrations were the same as used in 
infrared spectroscopy. Values of frequencies were taken 
from the frequency meter with an accuracy of + 0.05 Hz. 
The values of chemical shifts of OH protons were ex- 
trapolated to infinitive dilution by the method of least 
squares. The accuracy of the chemical shift measurements 
was of the order of 0.3 Hz. The data are collected in Table 
2, some parts of the spectra are shown in Figs. 5, 6 and a 
diagram of the extrapolation of 6 for compound 1 at 
various temperatures in Fig. 7. Similar linear dependence 
of 6 on concentration were observed with compounds 
2-7. The spectral parameters were obtained from the 
experimental transitions using the iterative procedure of 
the LAOCOON program (22). 
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,,oo,-, diols in methanol. No change in the intensity of 
the n, + n* absorption band in the spectra of 
these nitrodiols measured in CCl, and dioxane 
were observed. In carbon tetrachloride the ab- 
sorption coefficients of nitrodiols (2-7) and of 
monol (1) were equal. Considerable weakness 
of the absorption band in the spectra of the 
2-methyl-2-nitropropane-1-01 (1) and nitrodiols 
(2-7) in carbon tetrachloride as compared to that 
of the methyl ether (8) of 2-methyl-2-nitropro- 
pane-1-01 were observed. A comparison of the 
spectra of 1 and 8 in hexane also shows the weak- 

woocm-l ness of the n, + n* absorption band of the al- 
cohol l .  

The presence of hydroxyl groups causes a 
bathochromic shift of the absorption band as 

H,OH compared to the spectra of the ether 8. For all 
compounds examined we observed the following 
influence of the solvent on the wavelength of -the 
n, + n* absorption band: 

FIG. 3. Infrared spectra of 2-methyl-2-nitropropane- 
1-01 (1) and 2-methylpropane-1-01 in the v,,,,, regions; 
d = 1 cm. (a) - c = 0.00428 mol/t', --- c = 0.00925 
mol/C, x x x c = 0.0180 mol/C; (6) - c = 0.00540 
mol/t', --- c = 0.01650 mol/t', x x x c = 0.0256 mollt'. 

Discussion 
Ultraviolet Spectra 

The previous finding (2, 6) on the shape of the 
curves of nitroalcohols in aqueous solutions is 
now confirmed: diols 2 to 7 do not show definite 
maxima (Fig. 1) but only well pronounced shoul- 
ders. On the contrary, the monol (1) (Fig. 2) 
shows a maximum. The spectra of the aqueous 
solution of its methyl ether (7) could not be taken 
owing to a very low solubility of the substance 
in water. 

The molar absorption coefficients of the 
maxima in ethanol are approximately the same 
for all the compounds. The molar absorption 
coefficients for 2-methyl-2-nitropropane-1-01 (1) 
and its methyl ether (7) in dioxane are equal. If 
the hydrogen bond in this nitroalcohol exists, it 
seems to be weak and readily broken by dioxane 
and hence the shape of the absorption of both 
compounds is identical. 

The absorption of nitrodiols (2-7) in dioxane 
is much lower compared to that of 1 and 8, and 
approximately equal to the absorption of nitro- 

h ~ e t h a n o l  < L i o x a n e  < L e x a n e  < 

The change of the absorption coefficients of 1 

FIG. 4. Infrared spectra of 2-octyl-2-nitropropane-1,3- 
diol (7) and 2,2,-dimethylpropane-1,3-diol (10) in the 
VS(o~) regions; d = 1 cm. (a) - c = 0.00563 mol/t, 
--- c = 0.01150 mol/t'; (6)  - c = 0.00570 mol/C, --- c = 
0.01350 mol/t'. 
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TABLE 2. Infrared and nmr spectra: wave numbers v,(~,, and proton chemical shift 
8 ( 0 ~ )  

Infrared wave numbers v , ( ~ ~ ,  
monomeric (cm- ') 

Chemical 
shift* 6(oH) Bonded, 
( P P ~ )  in intramolecular 

Compound TMS Free hydrogen bond 

1 cH3\C/cH3 / \ 1 .990 3640 sh 3612 

OpN CHpOH 3632 sh -NO2 . . . HO- 

2-7 1.995 3636 sh 3606 

/ \ -NOz. . . HO- 
0 2 N  CHpOH 3560 

-OH..  . .OH 

9 CH3\ /CH3 0.600 3646 
3636 sh - 

H C H ~ O H  0.5-0.8t 

*Values of S(OH, extrapolated to infinite dilution. 
?Values of for primary alcohols, obtained by other authors (25). 

FIG. 5. Part of the nmr spectrum (experimental and 
theoretical) of 2-methyl-nitropropane-1-01 (1). c = 0.008 
mollt'; temperature t32"C. 6(1) = 376.42 Hz, J(1,2) = 
0.00 Hz; 6(2) = 376.42 Hz, J(1,3) = 7.23 Hz; 6(3) = 
200.00 Hz, J(2,3) = 7.23 Hz. 

and 8 with dilution gives an insight into the pos- 
sible influence of the solvent upon the internal 
hydrogen bond. It seems that in polar solvents 
such as methanol and dioxane, the bond is 
broken whereas in non-polar solvents (carbon 
tetrachloride and hexane) the bond exists. This 
is particularly evident when comparing the E,,, 

FIG. 6. Part of the nmr spectrum (experimental and 
theoretical) of 2-octyl-2-nitropropane-1,3-diol (7); c = 
0.020 mollt', temperature f32"C. S(1) = 408.00 Hz, 
J(1,2) = -12.54 HZ; 6(2) = 385.38 Hz, J(1,3) = f6.96 
Hz; 6(3) = 230.50 Hz, J(2,3) = f6.51 Hz. 

values of the alcohol 1 with that of its ether 
8. 

As noted above, the decrease of E,,, with dilu- 
tion was particularly prominent in diols, when 
carbon tetrachloride and dioxane were used, 
whereas in methanol and water the decrease was 
less pronounced. This was probably due to a 
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FIG. 7. Extrapolation of 6<c3H1 of 2-methyl-2-nitropro- 
pane-1-01 (1) to infinite dilution at  various temperatures. 

competition between the intermolecular hydro- 
gen bond in these solvents and the solute con- 
taining hydroxylic groups. 

Infrared Spectra 
All alcohols examined in solution show a band 

and a shoulder at frequencies between 3646 and 
3628 cnl-'. This is in agreement with the fact 
already recorded in the literature for all primary 
and secondary alcohols in solutions with the 
exception of methanol. It is assigned to the exis- 
tence of two conformers with "free" unbonded 
OH groups (23, 24). 

With regard to the infrared spectra of p-nitro- 
alcohols the existing data (4, 7, 9-16) are not 
fully consistent, although most of the authors 
admit the presence of the i~ltramolecular hydro- 
gen bond between the nitro and hydroxylic 
groups. Various conformations seem to be stab- 
ilized by internal hydrogen bonds as pointed out 
by Schleyer and co-workers (11) and Giguire 
and Tokiji (14). 

Two series of experiments were carried out to 
elucidate the role played by the nitro group in 
the formation of the hydrogen bond: (I) Com- 
parative examination of spectra of 2-methylpro- 
pane-1-01 (9) and its derivative containing the 
nitro group (1). (2) Examination of spectra of the 
diol (10) and its derivatives and honlologues 
with a nitro group (2 to 7). 

The spectrum of 2-methylpropane-1-01 shows 
a maximum at 3646 cm-I, a shoulder at 3636 
cm-', and a broad, low intensity band at 3520 
cm-I which disappeared on dilution. The latter 
is due to OH groups bonded through intermolec- 

ular hydrogen bonds. The former are two bands 
which should be assigned to two confornlers of 
the monomer. The 2-nitroderivative (1) shows a 
main peak at 3612 cm-I and two shoulders: 3640 
and 3632 cm-'. The former is probably pro- 
duced by the OH group internally bonded to the 
NO, group and the latter by "free" (unbonded) 
OH groups. Both shoulders should be assigned 
to two conformers in agreement with existing 
views. An equilibrium is suggested between 
"bonded" and "unbonded" forms as sl~own on 
Scheme 1. 

Comparison of the spectra of the diols gives 
a clearer picture. In Fig. 4 the difference can be 
seen in the spectra produced by the presence of 
the nitro group. Diol (10) shows two maxima 
3642 and 3550 cm-', whereas all diols with the 
nitro group (2-7) give two maxima: at 3606 and 
3560 cm-I and a shoulder at 3636 cm-I. The 
maxima at about 3550 cm-I are clearly due to 
the internal hydrogen bonds between two OH 
groups, whereas the main peak at 3642 cm-I and 
the shoulder at 3636 cm-I in spectra of diol (10) 
and nitrodiols (2-7) respectively, are most likely 
produced by "free" (unbonded) OH groups. 
Consequently a broad maximum at 3606 cm-I 
in (2-7) should be assigned to the hydroxyls 
bonded with the nitro group (Scheme 2). 

We did not examine the bands of the nitro 
group. It was shown earlier (4) that the frequen- 
cies of the nitro group are unchanged under the 
action of hydrogen bonds. 

Nuclear Magnetic Resonance Spectra 
There is a rather prominent influence of the 

presence of the NO, group in alcohols on the 
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chemical shift. The chemical shifts (6) of Drotons lo. M. KUHN, W. LUTTKE, and R. MECKE. Z. Anal. 

of the hydroxyl groups of monohydro~ylic al- Chem. 57,680 (1963). 

cohols and dioj (10) are 0.54.8 and 1.56 ppm, 11. W. F. BAITINGER, P. VON R. SCHLEYER, T. S .  S. 
MURTHY, and L. ROBINSON. Tetrahedron, 20, 1634 

respectively. The nitro group increases the value (1964). 
of 6(0,, to 1.990 and 1.995 ppm in monohydrox- 12. p. J. KRUEGER and H .  D. METTEE. Can. J. Chem. 43, 
ylic nltroalcohols (1) and nitrodiols (5-7), re- 2888 (1965). 

spectively.  his is in agreement with findings 13. M. ST. FLETT. Spectrochlm. Acta, 10,21(1957). 
14. P. A. GIGUERE and KAWAMURA TOKIJI. Can. J. 

already published on the nmr spectra of nitro- Chem. 49,3815 (1971). 
phenols (26-29) where the chemical shift of the i s .  A. 0 .  DIALLO. Spectrochim. Acta, BA, 1765 (1972). 
OH proton was brought to considerably lower 16. C. N. R. RAO. In The chemistry of nitro and nitroso 

values of T (ppm), i.e. higher values of 6 (ppm) groups. Part I. Edited by H. Feuer. J. Wiley and Sons, 
London. 1969. virtue of the bond' 17. T ,  URBANSKI, E, L I ~ C Z Y ~ ~ ~ ~ ~ . K O C H A N ~ ,  and W. 
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3 P- Azidoformate thermolysis as a method for functionalizing the 
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PAUL FRANCIS ALEWOOD, MICHAEL BENN, JOHN WONG, and ALAN J. JONES. Can. J. Chem. 
55, 2510 (1977). 

Thermolyses of the azidoformate derivatives of 1,1,4a-trimethyl-trans-decalin-2B-01, lano- 
stanol-3p, and As-lanosten-3B-01 yield the perhydro-l,3-oxazin-2-one products of nitrene inser- 
tion into the adjacent a-oriented methyl groups, as well as oxazolidinones and ketones. 

PAUL FRANCIS ALEWOOD, MICHAEL BENN, JOHN WONG et ALAN J. JONES. Can. J. Chem. 
55,2510 (1977). 

La thermolyse des derives azidoformates du trimethyl-1,1,4a dkcalinol-2P trans, du lanos- 
tanol-3B et du As-lanostenol-3p conduit ti des produits perhydrooxazin-1,3 ones-2 provenant 
d'une insertion de nitrene dans les groupes methyles adjacents orientes en a ,  ainsi qu'i des 
oxazolidinones et a des cetones. 

[Traduit par le journal] 

We describe here (1) the results of a study 
directed towards achieving the in situ function- 
alization of the 4a-methyl group in 4,4-dimethyl- 
3P-01-5a-steroids, i.e. the transformation 1 + 2. 

A reaction of this type is known to occur 
during the biosynthesis of cholesterol from 
lanosterol, where the oxidative removal of the 
geminal methyl groups from ring A involves an 
initial hydroxylation of the 4a-group (2). The 
same reaction is presumably also involved in the 
biosynthesis of such other triterpenes as 23- 
hydroxy betulin (3) from betulin, and heder- 
agenin (4) from P-amyrin. 

These biological oxidations might plausibly be 
considered to involve complexing of the sub- 
strate with a mixed-function oxidase through 
a 3P-hydroxy group - metal cation interaction, 
with the 4a-methyl group held in position for 
attack by an oxidant also complexed with the 

'A preliminary account of this work has been published 
in ref. l a ,  and was presented, in part, at the 10th Inter- 
national Symposium on the Chemistry of Natural 
Products, IUPAC, Dunedin, N. Z., 1976. See also ref. 16. 

metal ion. However, some exploratory experi- 
ments directed along these lines, employing 
conditions similar to those recently described 
by Groves and van der Puy (5 ) ,  were unprom- 
ising, so we decided to concentrate upon achiev- 
ing the functionalization in a 'non-biological' 
way. 

The bulk of functionalizations of 'remote', 
chemically unactivated sites have been achieved 
by intra-molecular2 radical abstraction reac- 
tions: a radical is generated, abstracts a hydro- 
gen atom from a geometrically favoured posi- 
tion, and thus produces a carbon radical which 
is functionalized in some trapping reaction (6). 

The 3P-hydroxy function of 1 represents an 
obvious and attractive anchor-point for setting 
up a system to give an intramolecular attack on 
the C-4 methyls, but since the abstraction reac- 
tions are known to strongly favour attack on 
6-located hydrogens (via a six-membered cyclic 
transition state) (6), this would require modifica- 
tion of 1 to set up a system like 3. 

We considered such possibilities, but were 
impressed by the observation that azidoformates 
could be decomposed thermally or photo- 
lytically to yield nitrenes, which could then un- 

ZIntermolecular radical abstraction reactions favour 
attack on tertiary sites and are thus in any case not suited 
to methyl group functionalization. 
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dergo intramolecular insertion reactions into 
accessible C,-H bonds to an extent that com- 
pared favourably with insertion into C,-H 
bonds. Indeed, as recounted earlier (7), we 
found that we could establish conditions for the 
thermolysis of acyclic azidoformates in which 
the yields of the tetrahydro-l,3-oxazin-2-ones 
(&-insertion products) exceeded those of the 
oxazolidin-2-ones (6-insertion products). Thus 
it appeared reasonable to expect the nitrene 4 
to yield products arising from insertion into the 
methyl groups, as well as into the C(2)-H 
bonds (6'-insertion). Furthermore it seemed 
likely that non-bonded interactions should dis- 
favour conformations leading to attack on the 
4P-methyl group (cJ 5 us. 6), and similarly 
(though less clearly) that insertion into the 
equatorial C2,-H bond should be preferred 
over the axial CZp-H. 

These considerations, together with the at- 
tractiveness of the ready preparation of azido- 
formates from alcohols via the corresponding 
chloroformates, induced us to investigate the 
thermolysis of 1-azidoformates as a route to 
4a-methyl functionalized products. 

Thermolysis of 1,1,4a-trimethyl-trans-decalin- 
2P-yl azidoformate (7) in carbon tetrachloride, 
followed by column chromatography, yielded 
a trace of the carbamate 8, some ketone (9), and 
two other products (homogeneous by tlc 
analysis) A and B which were identified as the 
oxazolidinone 10 and the tetrahydro-1,3-oxazin- 
2-one 11 on the basis of the following evidence. 

The mass spectra of both compounds revealed 
an apparent molecular ion at mle 237 anlu which 

by high-resolution mass measurements. Among 
the differences in their mass spectra, that of A 
contained a prominent ion at mle 178 amu, 
corresponding to the loss of CHNO,, while 
instead of this in the spectrum of B there was an 
ion at 164 anlu corresponding to the loss of 
C2H,N02. The infrared spectrum of A con- 
tained a strong absorption at 1750 cm-', while 

10 

for B this appeared at 1700 cm-l ;  and the 'Hmr 
spectrum of A contained signals for three methyl 
groups, while that for B had only two. Thus we 
concluded that A was 10 and B was 11. The 
I3Cmr and 270 MHz 'Hmr evidence which sub- 
stantiated these conclusions and provided proof 
for the 4a-methyl functionalization, as well as 
the stereochemistry of the oxazolidinone - ring 
A fusion, is described below. 

Similarly we thermolyzed lanostan-3P-yl azido- 
formate (12) and lanost-8-en-3P-yl azidoformate 
(13) and obtained from them products whose 
mass, infrared, and 100 MHz 'Hmr spectra were 
consistent with their formulation as oxazolidin- 
2-ones (14 and 16) and tetrahydro-l,3-oxazin- 
2-ones (15 and 17). The 3-ketones analogous to 
10 were also usually obtained, a matter to which 
we return later. 

was proven to have composition C1,HZ3NO2 
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TABLE 1. 13C chemical shifts in selected decalin and lanostanol derivatives 

1,1,4a-Tri- 
Carbon methyl-trans- 
position decalin-2R-ol" 10" 11" 3D-Lanostanol 12 14 15 

C- 1 39.84 43.61 38.95 37.22 36.76 41.45 
C-2 27.35 53.11 23.06 27.37 23. 63 52.00 
C-3 78.57 91.43 81.89 78.35 85.74 91.13 
C-4 38.41 (36.52) 33.95 36.79 36.6, 36.71 
c-5 52. l 9  51.68 50.49 54.51 54.56 55.32 
C-6 21.39 20.50 21. 31 19.90 19.90 20.26 
C-7 21.50 20.g3 21.47 28. 67 28.48 28.32 
C-8 27. 26 28.86 26.65 38.24 38.22 37.95 
C-9 44.80 43.94 44.37 48.17 48.06 48.04 
C-10 33.82 (36.00) 33.66 38.5, 37.7$, 39.11 
C-1 1 - - - 21.41 21.2, 20.52 
C-12 - - - 33.28 33.26 33.15 
C-13 - - - 44.81 44.8, 44.81 
C-14 - - - 47.47 47.41 47.4, 
C-15 - - - 31.83 31.77 31.69 
C-16 - - - 27.70 27.73 27.73 
C-17 - - - 50.49 50. So 50. 46 
C-18 - - - 14.21 14.21 15.70 
C-19 18.g9 20.26 19.45 16.10 16. 10 16.07 
C-20 - - - 35.82 35.82 35.79 
C-21 - - - 18.50 18.48 18.45 
C-22 - - - 36.25 36.25 36.19 
C-23 - - - 23.87 23.87 23. 84 
C-24 - - - 39.16 39.13 39.11 
C-25 - - - 27.70 27.73 27.73 
C-26 - - - 22. 63 22.60 22. 63 
C-27 - - - 22.33 22.33 22.33 
c-28 - - - 15.48 16.40 16.37 
C-29 27.35 27. 24 53.83 27.94 27.83 27.73 
c-30 14.89 15.83 11.g7 13.76 13.78 14.28 
G O  - 159.83 153 .28 - 155.70 159.g0 

"The numbering system employed for these compounds in this table is analogous to that conventionally used for triterpenes. 

In order to check these assignments and, in 
particular, to attempt to determine which methyl 
group has been functionalized, we turned to 
13Cmr (13C magnetic resonance) investigations. 
The 13C chemical shifts of 1,1,4a-trimethyl- 
trans-decalin-2P-01,lanostan-3P-01, and the com- 
pounds 10-12, 14, and 15 are given in Table 1 
Note that for the convenience of presentation in 
the table and intercomparison, between the decalin 
and triterpenoid derivatives we have, in this table, 
numbered the carbon sites in the decalins to 
correspond with those of the analogous sites in the 
triterpenes. The chemical shifts of lanostan-3P-01 
have been assigned previously, though in the 
recent literature some uncertainty in the assign- 
ments given for the carbon atoms C-5 and C-9 
and C-12, C-15, and C-16 has been implied 
(8-10). In the present work we have established 
the assimment of the carbons C-5 and C-9 and 
have foylowed the assignments recently deter- 

mined by Lukacs and co-workers (9) for the 
carbons C-12, C-15 and C-16 in a series of 
cycloartenol derivatives in which simple mono- 
substituent effects facilitated identification. A 
variety of conventional techniques were used to 
assign individual carbon atoms to specific 
resonances in all the compounds studied, in- 
cluding gated decoupling (1 1) and modulated 
off-resonance (12) methods and chemical shift 
additivity relationships (8-10, 13) as particularly 
applied to structurally related compounds. The 
chemical shifts of some of the methyl groups 
(excluding C-29 and C-30) must remain tenta- 
tive, though we have followed the order estab- 
lished by Knight (8) for these carbon atoms. 

The methyl 13C chemical shifts in 1,1,4a- 
trimethyl-trans-decalin-2P-01 and 10 help charac- 
terize the assignments in the more complex 
triterpenes. That is, the shift of the axial methyl 
group (C-30 = 4P-CH,) (14.5 + 1 ppm) is 
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13 pprn to high field of the equatorial methyl 
group (C-29 - 4a-CH,) (27.6 -t 0.4 pprn), the 
consequence of the well-characterized 1,3-syn- 
axial or y-steric effect (14). This shift difference 
was recently used most effectively in revising 
the structure of the related tetracyclic triter- 
penoid Buxus alkaloids (15). The methyl group 
functionalization in the oxazinones 11 and 15 
is established by the observation that the equa- 
torial C-29 resonance shifts to 54 $. 0.4 pprn 
now representing a substituted methylene group, 
while the slightly high field of the axial C-30 
methyl carbon (12 pprn f 0.4) is attributable to 
steric effects in both of these compounds. The 
trans-stereochemistry of the junction of the 
heterocyclic and A rings in 11 and 15 is also 
established by the high field shift (compared to 
the corresponding alcohols) of the C-4 carbon, 
-4.5 and -2.7 ppm, respectively, in these com- 
pounds (15). The y-effect (- 1.7 ppm) observed 
at C-5 in 11, and 15 (-2.8 ppm) not only indi- 
cates substitution at the 4a-methyl site, but also 
confirms the assignment of the carbon C-5 in 
contrast to C-9 (8-10) in the triterpenoid systems. 
Note that formation of the tetrahydrooxazinone 
ring is also characterized by the down-field shift 
(3.4 ppm) at C-3 in both 11 and 15. 

The oxazolidinone structures 10 and 14 were 
further supported by the typical 13C substituent 
shifts (compared to the precursor alcohols) at 
the a-carbon C-2 (25 ppm) and the P-carbons 
C-1 and C-3 (4 and 12.8 ~ p m ) . ~  The a-shift 
resembles that resulting from exo-amino sub- 
stitution in norbornane (25.3 ppm) (16), but 
differs from that in the corresponding endo- 
derivative (23.3 ppm) (16). It is tempting to use 
this data to invoke the trans-stereochemistry at 
the junction of the heterocyclic and A rings. 
Particularly since if the alternative cis-stereo- 
chemistry were adopted, large y-shieldings would 
be expected at C-4 and C-10 (cf. ref. 17): no 
such shifts are observed. Fortunately we did not 
need to rely on this argument for analysis of the 
270 MHz proton spectrum of the oxazolidinone 
10 established the trans-stereochemistry of the 
ring fusion: the H-3 proton signal exhibited a 
typical ABXX' pattern at 3.82 ppm. Equivalent 
trans-couplings (10.8 Hz) (18) with the axial H-2 
and H-4 protons, and a smaller cis-coupling 

- - 

3A referee comments that the large downfield shift of 
C-3 in 10 (12.9 ppm) and 14 (12.8 ppm) resulting from 
two p-shifts is also diagnostic of the ring size. 

(3.4 Hz) with the equatorial H-4 proton, give 
rise to this pattern. The magnitude of the 
coupling between H-3 and H-2 thus indicates 
the trans-stereochemistry of this oxazolidinone. 
Unfortunately, in the case of 14 and 16 over- 
lapping C-2 and C-3 proton signals could not be 
resolved, even at 270 MHz, and thus our tenta- 
tive assignment of a trans ring fusion of the 
heterocyclic system in these compounds rested 
on the assumption that it would be as in 10. 
Vindication of this has been provided by a recent 
publication describing studies similar to ours 
in which chemical evidence was provided which 
established the trans-ring fusion in 16 (19).4 

An aspect of the reaction which, in our hands, 
proved to be poorly reproducible, was the 
formation of ketonic side products. (In some 
thermolyses of lanostenyl azidoforn~ate con- 
siderable amounts of the 3-ketone were formed 
while in other runs we did not obtain this com- 
pound.) Such by-products have not been com- 
monly noted in the thermolysis or photolysis of 
azidoformates, perhaps because in simple alkyl 
systems the nitrogen-free carbonyl products are 
sufficiently volatile and non-polar to have 
escaped notice. 

Interestingly Edwards and Paryzek observed 
ketone formation in the thermolysis of steroidal 
7a- and 7P-azidoformates (20), and although 
Hora reported only carbamate arising from in- 
sertion into cyclohexane solvent when 3P- 
acetoxy-5-androsten-17P-yl azidoformate was 
photolyzed (21), we have found thermolysis of 
this substrate in methylene chloride to give 
substantial yields of the 17-one (together with 
products arising from intra-molecular nitrene 
cyclization). 

It might be postulated that the ketones arise 
from fragmentation of the azidoformates or the 
nitrenes formed from them (20). We noted that 
in reactions where the ketones were formed in 
appreciable amount there was invariably ac- 
companying formation of a high (but indis- 
tinctly) melting solid, insoluble in the thermolysis 
solvent, the infrared spectrum of which closely 
resembled that of cyanuric acid. We therefore 
write the reaction as one involving HNCO loss 
from the alkoxycarbonyl nitrene. A plausible 

4Since this paper was submitted for publication a re- 
port of the thermolysis of 7 has appeared (23). The con- 
clusions were similar to ours, and confirmation of the 
structures of 10 (and 11) was very nicely provided by 
chemical synthesis. 
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alternative is elimination of HNCO from an 
intermediate alkoxyisocyanate (19). 

Conclusions 
The thermolysis of the azidoformate deriva- 

tives of systems such as 1 provides a means for 
functionalizing the adjacent equatorial methyl 
group. In the steroid-triterpene field this pro- 
cedure seems to complement the nitroxide pho- 
tolysis procedure recently shown to functionalize 
the 4P-methyl group (21). It is clear that 13Cmr 
spectroscopy provides the most facile route for 
establishing the stereochemistry of these reac- 
tions. 

Experimental 
Melting and boiling points are uncorrected. The proton 

magnetic resonance spectra were measured on 100 and 
270 MHz instruments and chemical shifts are reported 
on the 6 (ppm) scale downfield from an internal tetra- 
methylsilane reference. Standard abbreviations are used 
to describe signal multiplicities. 13C magnetic resonance 
spectra were measured on a Bruker HFX-270 instrument 
at 67.89 MHz in the Fourier mode and are similarly 
described. 

All thin layer chromatography was performed on 
0.2 mm thick Silica Gel G, with iodine vapour for spot 
detection. The solvent systems employed are as specified. 

1,1,4a-Trimethyl-trans-Jecalin-2~-ol Chloroformate 
A solution of 1,1,4ct-trimethyl-trans-decalin-2B-015 

(3.09 g) in toluene (100 ml) containing pyridine (5.0 ml) 
was added dropwise over 1 h to an ice-cold solution of 
phosgene in toluene (100 ml of a 20% w/v solution). The 
reaction mixture was allowed to warm to room tempera- 
ture and after 20 h was then shaken with ice water. The 
organic phase was separated, dried (MgSO,), and the 
solvent removed under reduced pressure to yield a colour- 
less oil (3.51 g, 90%), v,,, (film) 1770 cm- ', and no OH 
stretch absorption. This material was immediately used 
for the preparation of the azidoformate. 

1,1,4a-Trimethyl-trans-decalin-2p-yl Azidoformate 
Dimethylformamide (200 ml) containing sodium azide 

(4.0 g) and the chloroformate from above was stirred 
magnetically and heated to 60°C. After 4 h the reaction 
mixture was diluted with cold water (400 ml) and ex- 
tracted with diethyl ether (3 x 150 ml). The combined 
ether extracts were washed with water (5 x 100 ml) and 
then dried (MgSO,). Removal of solvent left a residual 
light yellow oil (3.48 g), which crystallized on storage at 
0°C. This material had mp 53-55"C, and was homo- 
geneous by tlc (benzene-chloroform 2:1 v/v, RF 0.60), 
v,,, (film) 2180, 2130, 1750, 1725, 1395, 1370, 1230, 980, 
and 750 cm-'; 6 (CDCl,) 0.86 (3H, s), 0.93 (3H, s), 
0.98 (3H, s), 1.0-2.0 (13H, br m), 4.52 (lH, dd, Jl = 
6.5 Hz, J2 = 8 Hz); cf. data for 7 in ref. 23. 

5This alcohol was prepared from 1,1,4a-trimethyl-As- 
2-decalone (22) by sequential reduction with sodium 
borohydride in 2-propanol and catalytic hydrogenation 
in ethanol over 10% palladium-on-charcoal. 

Thermolysis of the Azidoformate (7) 
A solution of the azidoformate 7 (1.02 g), in carbon 

tetrachloride (100 ml) under an atmosphere of nitrogen, 
was heated at 120°C in a thick-walled sealed tube for 
24 h. Removal of solvent left a light yellow oil, v,,,(CCl,) 
3430, 3250, 1770 sh, 1755, 1710; tlc (diethyl ether) re- 
vealed six components RF 0.1-0.8. 

The mixture was chromatographed on silica gel 
(Merck for column chromatography) in ether and col- 
lected as ca. 5 ml fractions every 15 min. The individual 
fractions were evaporated, analyzed by tlc, and grouped 
accordingly. By this means six fractions were obtained. 
Fraction I (tubes 7 and 8) (79 mg) was a nearly colourless 
oil; RF 0.68; >95% one component by glc; v,,, (film) 
1700 cm-'; 6 0.96 (3H, s), 1.01 (3H, s), 1.06 (3H, s); 
m/e 194 (70) (M?), 137(45), 123(20), 109(90), 108(100) 
amu, all consistent with this being 1,1,4a-trimethyl- 
trans-decalin-2-one, from which it was indistinguishable 
by glc analysis. 

Fraction I1 (tubes 13 and 14) (25 mg); mp 175-177°C; 
RF 0.47; v,,, (KBr) 3540, 3430, 1715, 1245, 1050 cm-' ; 
6 0.80 (3H, s), 0.88 (3H, s), 0.93 (3H, s), 4.2-4.9 (ca. 3H, 
br); mle 178(75) (M - 61), 163(100); consistent with this 
material being 1,1,4a-trimethyl-trans-decalin-2-yl carba- 
mate (8), and it proved to be identical with an authentic 
specimen prepared by treating the chloroformate with 
ammonia. 

Fraction I11 (tubes 16-22); 381 mg; mp 187-187.5"C; 
RF 0.35; v,,, (KBr) 3440 and 1750 cm-'; 6 0.93 (3H, s), 
1.04 (3H, s), 1.08 (3H, s), 1.81 (lH, m), 3.37-4.0 (2H, m), 
and 6.24 (1H); mle calcd. for C14HZ3N02: 237.1729 
(Mf) ;  found: 237.1725, consistent with this being the 
oxazolidinone 

Fraction IV (tubes 26-37); 55 mg; mp 205-210°C; 
RF 0.26; v,,, (KBr) 3440 and 1750 cm-'; m/e 237(15), 
178(12), 161(10), and 150(100), was apparently a mixture 
and was not investigated further. 

Fraction V (tubes 40-55); 25 mg; mp 138-145°C; RF 
0.16; v,,, (KBr) 3460, 1745, and 1030cm-'; 6 1.05 
(3H, s), 1.09 (3H, s), 1.13 (3H, s), 4.0-4.5 (2H, m), and 
5.58 (IH, s); m/e 237; consistent with this being an 
oxazolidinone, however, and it was not investigated 
further. 

Fraction VI (tubes 64-88); 184 mg; mp 185-188°C; 
RF 0.05 ; v,,, (KBr) 3450, and 1700 cm-' ; 6 0.96 (3H, s), 
1.0 (3H, s), 2.75-3.15 (2H, J A B  = 11 HZ, J A N "  = 4 HZ, 

J B N H  = 0 HZ), 6.16 (IH, dd, J2.,3 = 6 HZ, J Z B , 3  = 6 HZ) 
and 6.5 (lH, br); m/e calcd. for C14HZ3NOZ : 237.1729; 
found: 237.1727(45), 164(95), 149(100), all consistent6 
with this being the tetrahydro-1,3-oxazin-2-one (11). 

Lanostan-3p-yl Chloroformate 
A solution of lanostan-3D-01 (1.6 g) in benzene (65 ml) 

containing pyridine (2.5 ml) was added over 1 h to an 
ice-cold solution of phosgene (10 g) in benzene (80 rnl), 
and the reaction mixture was stirred overnight. Work- 
up was essentially as described for the preparation of the 
decalin system, but extracting with benzene gave a 
crystalline product which was recrystallized from acetone 
to yield colourless needles, mp 129-131°C (1.44 g, 78%); 
homogeneous by tlc analysis, m/e calcd. for C31H53- 
35C102: 492.3734; found: 492.3732. 

'jSee discussion for further analysis of this data and the 
13Cmr spectrum. 
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Luminescence differee d'une solution organique vitreuse photoactivee 
et transition vitreuse 

D. CECCALDI 
Lahorntoire de Physico-chirnie des Rayonnements, associP uu CNRS,  Univec~itP de Puris-Snd, 

centre d'Orsay, 91 Orsay, France 

R e ~ u  le 17 juin 1976l 

D. CECCALDI. Can. J. Chem. 55,2517 (1977). 
Une thtorie cinttique ginerale est utiliste pour interprtter la rtponse d'un systeme lumines- 

cent a des sauts thermiques rapides (AT - 1 K ,  At - 1 s). Les systkmes luminescents ttudiis 
sont des solutions organiques vitreuses photoactivtes de TMPD/MCH Met  TMPD/3-MP 

M. L'itude est faite dans un domaine de temptrature (63-91 K) situi de part et d'autre de 
la transition vitreuse. On montre qu'il y a diffusion lente des tlectrons pitgts vers le cation et 
compitition entre dipitgeage thermique et dtpitgeage par effet tunnel. La proportion d'effet 
tunnel Y est indtpendante du temps au cours d'une cinttique de luminescence isotherme et 
depend peu de la tempirature lorsque T 5 Ty ; Ty est tres proche de la temptrature de transition 
vitreuse. Pour T > T,, Y dtcroit rapidement. L'tnergie d'activation du depiegeage thermique 
passe par un maximum 5. T, - T,. On peut definir la temptrature de transition vitreuse par: 

Tg = 3(Ty + T,) (1. Ty 1. T,) 
Enfin on mesure un temps .s de relaxation de la matrice vitreuse. .r dtcroit avec la tempirature. 

D. CECCALDT. Can. J. Chem. 55,2517 (1977) 
A general kinetic theory is used to explain the shapes of photoionized sample luminescence 

curves perturbed by thermal jumps (AT - 1 K, rise time - 1 s). The samples studied are photo- 
activated organic vitreous solutions of TMPD/MCH M and TMPD/3-MP M. The 
experiments are performed within a temperature range (63-91 K) which includes the glass transi- 
tion temperature T,. It is shown that there is a slow diffusion of the trapped electrons towards 
the cation and competition between thermal detrapping and tunneling. The tunneling/thermal de- 
trapping ratio Y is not time dependent during an isothermal luminescence and is only slowly 
temperature dependent if T 5 T,. Ty is very close to T,. For T > Ty, Y decreases rapidly with T. 
The activation energy for thermal detrapping shows a maximum when the temperature reaches 
T, -. T,. The glass transition temperature T, may therefore be defined empirically as: 

Tg = +(Ty + T,) (1. Ty 1. T,) 
Finally we obtain a glassy matrix relaxation time, r ,  which decreases with T. 

Introduction 
Dans un rCcent article (I), on a prCsentC une 

nouvelle mCthode expCrimentale pour Ctudier 
la luminescence de recombinaison Clectron- 
cation consCcutive a la photoionisation d'une 
solution organique vitreuse. On applique, au 
cours de la luminescence isotherme (ITL), des 
sauts thermiques rapides (AT - 1 K, At - 1 s) 
et on analyse la rCponse du signal de lumines- 
cence a ces sauts thermiques en utilisant une 
thCorie cinttique. Dans le cas du TMPD2 pitgC 
dans un verre de 3-MP3 ou de MCH4 2 77 K on 
a montrC qu'il Y a diffusion lente des Clectrons 

'Revision reCue le 21 mars 1977. 
'TMPD = N,N,N',Nr-tCtramCthy1 para-phinylkne- 

diamine. 
33-MP = 3-mtthylpentane. 
4MCH = mtthylcyclohCxane. 

piCgCs vers le cation et compCtition entre dC- 
piCgeage thermique et athermique (effet tunnel). 
On a mesurC 1'Cnergie d'activation E du dC- 
piCgeage thermique et la proportion d'effet tun- 
nel Y. La thCorie cinCtique permet en effet de 
montrer que, si on effectue un saut thermique 
rapide AT, la luminescence passe de I a I' et 
l'on a :  

Cette loi a Ctt vCrifiCe expkrimentalement en 
fonction de AT a 77 K. A cette temperature le 
verre est au point de transition vitreuse pour le 
3-MP (T, = 77 K) et en dessous de la transition 
vitreuse dans le cas du MCH (T, = 8 6 8 9  K). 
Dans ce prCsent travail on poursuit cette Ctude 
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expirimentale en ttendant la gamme de tem- dCcomposant la partie thermique et la partie 
pCrature de 63 h 91 K pour les verres de MCH tunnel: 
et 3-MP. On explore donc un domaine de tem- 
pCrature de part et d'autre de la temperature de [5 I I(t) = Iih(t) + IiU(t) 

transition vitreuse (89 et 77 K) trouvte par [6] zih(t) = C k j i h ( ~ ) ~ j ( t )  
calorimktrie (2, 3). On peut ainsi chercher B j 

dCterminer la variation de E et Y avec la tem- [6'] ztu(t) = x kjtuNj(t) 
pCrature et B savoir s'il y a encore diffusion des j 

Clectrons piCgts. On peut aussi espCrer carac- Si au cours d'une cinCtique ITL on passe brus- 
tkriser la transition vitreuse comme par la mesure quement de la temperature h la 
de la chaleur spkcifique, du coefficient de dilata- 

+ AT la cin6tique I(t) devient I,(t) et on 
tion thermique, du volume ou de la viscositi montre que: 
(4). On verra que ceci est possible et qu'on 
trouve aussi une mCthode pour mesurer un temps 

zl(t) 
(exp ( y  2)) + ~ ( t )  

7 de relaxation de la matrice vitreuse. [7] - = X(t) = 
Z(t 1 + Y(t) 

Rappels sur la thCorie cinCtique 
On a dCfini prtctdemment (1) des Ctats de 

configuration "j" pour l'ensemble "cation- 
Clectron piCgt-solvant". L'ensemble Cvolue par 
une suite de transitions j-j'. Ces transitions sont 
des rkarrangements molCculaires thermiques du 
solvant (avec en gCnCral diffusion de l'tlectron) 
ou des passages par effet tunnel de 1'Clectron 
d'un site j B un site j' proche. On appelle Kjjr la 
constante de vitesse correspondante. Pour 
chaque Ctat j on a une vitesse de recombinaison 
avec le cation: 

avec 

[2 1 kjih(T) = fj(T) exp ( - Ej/kT) 

(En gCnCral le dtpiCgeage thermique et le dC- 
piCgeage par effet tunnel sont en competition.) 
Dans ces conditions, la vitesse d7Cvolution d'une 
population Nj(t) est : 

La cinktique de luminescence, exprimte en 
nombre de recombinaisons par unit6 de temps 
s'Ccrit : 

La valeur moyenne est prise pour tous les Clec- 
trolls qui se recombinent au temps t. Y(t) est la 
proportion d'effet tunnel: 

Mdthode expkrimentale 
Les systkmes ktudiks sont des solutions M) de 

TMPD dans MCH ou 3-MP. Les hydrocarbures saturks 
sont purifies par kbullition sur tamis molkculaire (13X- 
5A) et distillation. La TMPD est photoionisee a basse 
tempkrature par irradiation uv (raie 313 nm, H, HP). 
La cellule qui permet d'effectuer des sauts thermiques est 
formke de deux plaques de pyrex rectangulaires (40 x 
50 x 4 mm3) stparees de 0.4 mm par un joint de Mylar 
(rectangle ouvert). Les deux faces intQieures de la cellule 
sont rendues conductrices par un d6pBt de SnO, trans- 
parent. Ce dep8t conducteur est traverse par un courant 
i qui dissipe une knergie calorifique par effet joule. La 
cellule contenant la solution Btant immergke dans l'azote 
liquide, la solution devient un verre en contact avec les 
faces chauffantes de la cellule. La temperature est mesurke 
par un thermocouple Cu-constantan de 0.2 mm, isolk et 
piegk dans le verre. Avec une forme de signal convenable 
i(t) on obtient une variation T(t) dksirke dans 1'6chan- 
tillon. Le temps d'kquilibre thermique entre le thermo- 
couple et I'bchantillon est tres rapide (si on effectue un 
pic 6 de courant, le thermocouple et la luminescence 
rkpondent avec un dkalage dans le temps infkrieur a 
1/10 s). L'homog6nkitk du dkp8t de SnOz est contr81ke 
par une mkthode de pont. On obtient la gamme de tem- 
pkrature 63-77 K en pompant sur l'azote liquide. 

Diffusion lente des Clectrons et dCpiCgeage 
Dzjiusion lente 

(ExpCrimentalement on observe la fluorescence Si on effectue des sauts thermiques identiques 

de recombinaison de durCe de vie lo-' s.) B difftrents temps t, au cours d'une lumines- 
cence isotherme ITL B une tempirature T 

Saut thermique donnCe (63-91 K), le rapport X(tn) = I1(tn)/ 
Ecrivons la cinCtique de luminescence I(t) en I(tn) est indCpendant du temps t, (figs l a  et 
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CECCALDI 2519 

2 - i  I [lo1 ~ ( t )  = constante = Y 

Dkpikgeage thermique. Effet tunnel 
X et Y ne dCpendent pas du temps au cours 

d'une ITL mais de la temptrature T.  A une tem- 
pCrature donnCe T, on vCrifie que la fonction: 

1.5 - 

1 

FIG. 1. Si on effectue des sauts thermiques rapides AT 
identiques au cours d'une ITL B la temperature T, le rap- 
port I'lIest independant du temps a toute temperature T. 
Mais dans le MCH pour T 5 77 K il y a dkcroissance 
lkgkre pendant un temps T,, 5 5 min. T,, decroit avec la 
temperature: (a) TMPD/MCH M a 77 K ;  le Ikger 
k a r t  des points a la droite horizontale peut Stre attribue 
a un phenomkne secondaire (relaxation de la matrice); 
(b) TMPD/MCH M B 64.5 K ;  le rapport I ' /I  dB- 
croit un peut pendant 5 min. 

0 5 10 15 4 0  25 30 
tunnel donnent des intensitis de luminescence 
dans un rapport constant. Ceci n'est possible que 
si la z6ne d'effet tunnel C et la z6ne de dCpiC- 
geage thermique C' sont constamment repeu- 
plCes avec la meme vitesse. I1 y a donc diffusion 
lente des Clectrons vers le cation. D'aprts les 

AT= 3 . 6 ~  Cqs 9 et 10 le rapport X de l'Cq. 7 devient: 

- - - - - - - - . . . =. ... 

t (min) 

I I I I I 

t (min) 

I ,  I 

lb). En fait, dans le MCH pour T 5 77 K ,  X 

La deuxitme CgalitC de [9] est Mgitime. En 
effet, en admettant une distribution gaussitnne 
pour les Cnergies d'activations Ej, centrte sur la 
valeur E, on montre par un calcul sur ordinateur 
que la formule [9] est correctement vCrifite si 
la gaussitnne a une largeur 6EIE 5 117 lorsque 
E I 0.7 eV et AT 5 3 K .  D'aprts l'tq. 10 le 
dCpiCgeage thermique et le dCpiCgeage par effet 

varie bien exponentiellement avec AT ou : 

dCcroit un peu pendant un temps T,, 5 5 min. 
, Ce temps T,, diminue avec T et dCpend de la 

dose d'irradiation. (On verra par la suite que 
c'est un temps d'Cquilibre d'Ctat stationnaire 
dans la z6ne d'effet tunnel.) 

D'aprts les formules [7] et [8] on doit avoir 
simultanement : 

o 5 :o 5 o 5 30 [I31 kT2 In (P) = EAT 

En fait il est plus pratique, au cours d'une cinC- 
tique isotherme d'effectuer des sauts thermiques 
ATi (i = 1,2, ou 3) croissants et de recommencer 
la sCquence ATi plusieurs fois, plut6t que d'effec- 
tuer une stquence ATi longue (i = 1, 2, ..., N) 
unique. On prends alors la moyenne des Xi pour 
i donne (figs 2a et 2b). On montre expCrimen- 
talement que les deux mCthodes sont Cquiva- 
lentes. 

La variation de E et Y est donnCe (figs 3a et 
3b). L'Cnergie d'activation E passe par un maxi- 
mum a une temptrature T, proche de la tem- 
pCrature de transition vitreuse T,. La proportion 
d'effet tunnel Y dCpend peu de la temperature 
et dtcroit brutalement a partir de T, - T,. De 
77 a 91 K, la vitesse de chauffage par paliers 
(entre deux cinCtiques) est d'environ 2 K par 
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FIG. 2. La fonction Fvarie exponentiellement avec AT. La pente de la droite est 1'Cnergie d'activation 
E du dCpi6geage thermique. (a) TMPD/3-MP M. (b) TMPD/MCH M. 

heure. La gamme de tempCrature 63 K I T I 
77 K est faite sCparCment. 

Interpretation 
I1 existe une autre grandeur physique pour 

laquelle 1'Cnergie d'activation passe par un 
maximum A la transition vitreuse. C'est la vis- 
cositC q. Prod'homme (5) pose: 

q = AT exp (EIkT) 

L'Cnergie d'activation de la viscositC passe par 
un maximum a T 1: T,. Ceci a CtC vCrifiC sur 
diffkrents types de verres (minCraux et organi- 
ques). D'autre part, a la transition vitreuse la 
chaleur spCcifique passe aussi par un maximum 
lors du rkchauffement (6); le maximum de C, 
dans le MCH est situC vers 94 K. Dworkin (2), 
prenant le point d'inffection de C, trouve T, = 
89 K. On sait qu'il est difficile de dCfinir exacte- 
ment T,. Par notre mCthode on peut poser: 

T, = +(Tm + Ty) = 88.5K (1: Tm 1: T,,) 

Dans le MCH la proportion d'effet tunnel est 
pratiquement constante de T = 77 K a Ty = 87 
K. On va voir que ceci est justifit s'il y a diffu- 
sion lente des Clectrons piCgCs. On a dCfini deux 
z8nes sph2riques C et C' entourant le cation a 
I'intCrieur desquelles il y a respectivement dC- 
piCgeage par effet tunnel et dCpiCgeage ther- 
mique; on appelera C" la sph2re de provenance 

des Clectrons qui, par une transition, j"-j se 
trouvent dans un Ctat j de C. Le nombre d'Clec- 
trons piCgCs dans chacune de ces z8nes est 
appelC respectivenlent N,(t), N,,(t), Nx,,(t). 

Ecrivons l'approximation de l'etat station- 
naire la z8ne d'effet tunnel C qui est cons- 
tamment repeuplCe par diffusion : 

Or par dkfinition: 

La notation j~ C signifie que j est un Ctat de 
piCgeage dans la z8ne d'effet tunnel C. En 
tenant compte des tqs 3 et 15, la relation 14 
devient : 

On a posC Kj(T) = Cj,Kjjt(T). Les Cqs 5,6,6'  
sCparent la partie de la luminescence qui provient 
du dCpiCgeage thermique Ith(t) de celle qui 
provient du dCpiCgeage par effet tunnel Itu(t). 
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CECC 

FIG. 3. L'Cnergie d'activation E du dtpiCgeage ther- 
mique passe par un maximum a T,. La proportion d'effet 
tunnel Y dCcroit rapidement avec T a partir de T,. On 
peut dCiinir la temperature de transition vitreuse par: 
T, = +(T, + T,) (2:  Ty 2: T,): (a) TMPDIMCH 
M. (b) TMPD/3-MP M. 

Donc la relation [16] permet de calculer la pro- 
portion d'effet tunnel Y(t) = Itu(t)/Ith(t): 

11 n'est donc pas illogique que Y soit indCpen- 
dant de la tempkrature en dessous de la tran- 
sition vitreuse. En effet, la tempCrature agit sur 
des constantes de diffusion et de dCpiCgeage 
thermique, mais elles apparaissent sous forme de 
rapport. On peut Ccrire Y de manikre rigoureuse, 
en tenant compte des Cqs 5, 6, 6': 

Y semble apparaitre sous forme d'une loi 
activCe thermiquement et donc 17Cq. 18 serait 
en contradiction avec le fait que Y est indCpen- 
dant de T. Mais ce paradoxe s'explique facile- 
ment. Les Clectrons diffusent vers la z6ne d'effet 
tunnel C. Dans cette z6ne si un Ctat j est tel que 
kjiu << k j ' h ( ~ ) ,  17Clectron sera dCpiCgC par effet 
thermique. Si au contraire kjtu >> k j t h ( ~ ) ,  on 
aura, en appelant Vj la vitesse de peuplement de 
l'ttat j: 

Si la diffusion est thermique la vitesse Vj aug- 
mente avec la temperature comme kth. Donc 
dans 1'Cq. 18, Y ne dCpend pratiquement pas de 
la tempkrature. 

Dans le MCH, Y(T) dCcroit avec T de 63 B 
77 K ;  cela peut provenir d'une diffusion par 
effet tunnel qui devient ntgligeable pour T > 77 
K ( Vj = Vjth(T) + VjtU). 

Lorsqu'on se rapproche de la tempCrature de 
transition vitreuse T,, la proportion d'effet 
tunnel dCcroit brusquement pour T 2 T,. L'aug- 
mentation de la mobilitC molCculaire pr&s de 
T, doit modifier les processus thermiques et la 
z6ne de dCpiCgeage thermique doit s'agrandir de 
telle manikre que le rapport N,(t)/N,,(t) diminue 
avec T. 

DCcalage thermique et temps de relaxation de la 
matrice 

On a vu que si on effectue des sauts thermiques 
AT au cours d'une ITL (a la temperature T), le 
rapport I'/I est constant (fig. 4a). Mais, si au 
cours d'une ITL on passe de la tempCrature T' 
B la tempCrature T a u  temps to, et si on effectue 
des sauts thermiques AT a la temptrature T, 
(t > to), le rapport I'll est plus grand et dCcroit 
vers sa valeur d'tquilibre (fig. 4b). On mesure 
donc un temps z (T', T) de relaxation de la 
matrice. Ce temps dCcroit avec la tempCrature 
(tableau 1). 

On peut trouver une interpretation cinttique 
de ce phCnom6ne. It/I est donnC par 1'Cq. 11; 
1'Cnergie E dCpend un peu de la tempkrature; 
d'autre part la proportion d'effet tunnel Y (Cq. 
16) dCcroit brusquement quand on passe de T' 
B T. Y doit retrouver sa valeur d'Cquilibre 
Y(T) -- Y(T1); il faut donc qu'il s'effectue une 
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FIG. 4. (a) B T = 81 K le rapport Z'/Z est constant. (b) 
Le rapport Z'lI n'est plus constant B T = 81 K si la 
photoionisation a CtC faite B T' = 79 K (avec dCcalage 
thermique 79-81 K au temps to = 1.4 min). On mesure 
un temps r(T',T) de retour a 1'6quilibre du systkme. Ici 
T = 3.5 min. 

TABLEAU 1. La dkcroissance de z avec 
la tempkrature 

T' (K) T (K) z (min) 

nouvelle distribution des populations N j ( t )  
qui s'obtient par relaxation thermique du sys- 
t&me. On mesure donc un temps T(T', T) de 
relaxation de la matrice; nCanmoins ce temps 
n'est peut etre pas un temps de relaxation pur de 
cette matrice car I'Clectron silectionne des 
mouvements particuliers de la matrice et de plus 
il perturbe le milieu par sa prCsence (pression 
Clectronique, polarisation Clectrique). 
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5-Allyl-9-oxobenzomorphans. Part 4.' Synthesis of 3-hydroxy-8-oxyiso- 
morphinans, 5-allyl-9a-hydroxy-6,7- benzomorphans, 

and related tetrahydrofuranobenzomorphans 

YVON LAMBERT,~ JEAN-PAUL DARIS, AND IVO MONKOVIC 
Bristol Laboratories of Canada, Candiac, Quebec, P.Q.,  Canada J5R IJI  

Received January 17, 1977 

YVON LAMBERT, JEAN-PAUL DARIS, and Ivo MONKOVIC. Can. J. Chem. 55,2523 (1977). 
A series of 3-hydroxy-8-oxyisomorphinans (11, 16) has been synthesized from the corre- 

sponding 5-allyl-9p-hydroxy-6,7-benzomorphans (7, 12) via a hydroboration, oxidation, 
mesylation, and cyclization sequence of reactions. Selective reduction of and methylmag- 
nesium iodide addition to 5-allyl-2'-methoxy-2-methyl-9-oxo-6,7-benzomorphan (1) gave the 
respective 9a-hydroxy-6,7-benzomorphans (17). These were transformed to a number of 2- 
substituted-5-allyl-2',9~-dihydroxy-6,7-benzomorphans (22) and corresponding methyltetra- 
hydrofurano analogs (24). 

YVON LAMBERT, JEAN-PAUL DARIS et Ivo MONKOVIC. Can. J. Chem. 55,2523 (1977). 
On a synthttis6 une sQie d'hydroxy-3 oxy-8 isomorphanes (11 et 16) a partir des allyl-5 

hydroxy-9J3 benzo-6,7 morphanes (7, 12) correspondants par l'intermtdiaire d'une hydrobora- 
tion, d'une oxydation, d'une mtsylation et d'une cyclisation. La rtduction selective et l'addition 
d'iodure de mtthylmagn6sium a l'allyl-5 mCthoxy-2' methyl-2 0x0-9 benzo-6,7 morphane (I) 
conduisent respectivement aux hydroxy-9cr benzo-6,7 morphanes (17) correspondants. Ceux-ci 
peuvent &re transform& en un grand nombre d'allyl-5 dihydroxy-2',9P benzo-6,7 morphanes (22) 
substituts en position 2 et de leurs analogues m6thyltttrahydrofuranno correspondants (24). 

[Traduit par le journal] 

Introduction 
In part 3 of this series (1) we have described 

the synthesis of a number of 5-propyl- and 5- 
allyl-2',9P-dihydroxy-6,7-benzomorphans 2 as 
well as the corresponding tetrahydrofurano 
analogs 3, via stereoselective reduction of, or 
organometallic addition to, 5-allyl-2'-methoxy- 
2-methyl-9-0x0-6,7-benzomorphan 1 (Scheme 1). 
In view of the fact that some of the compounds 2 
have been found to possess high levels of 
analgesic and/or narcotic antagonist activities, 
comparable to reference agents in laboratory 
animal tests, we thought it desirable to explore 
the synthesis and pharmacological properties of 
isomeric 9-hydroxy-derivatives 5 in which 
orientation of the hydroxyl group is away from 
the nitrogen atom or a with respect to the 
aromatic ring. In addition, it was of interest to 
continue the investigation of C-ring oxygen- 
containing systems in both series, such as 8- 
oxyisomorphinans 4 and tetrahydrofuranobenzo- 
morphans 6. 

Results and Discussion 
The synthesis of 8-oxyisomorphinans 11 is 

'For part 3, see ref. 1. 
'Present address: Veterinary School, St. Hyacinthe, P.Q. 

5 6 
SCHEME 1 

shown in Scheme 2. 5-Allyl-9P-hydroxybenzo- 
morphans 7a and 7b were converted to the 
corresponding diols 8a and 86 in good yields 
via a hydroboration and oxidation reaction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2524 CAN. J .  CHEM. VOL. 5 5 ,  1977 

10 11 
a R  = CH, 
b R = c H , - - ( ~  

15 16 
0 

a R = C N  d ~ = &  a R = CH, 

sequence. However the problem of formation of 
stable borane-nitrogen con~plexes required our 
attention. The complexed borane was decom- 
posed thermolytically in a suitable hydroxylic 
solvent. The most convenient solvent was found 
to be ethylene glycol in which a reaction mixture 
was heated until hydrogen evolution ceased. The 
dihydroxy intermediates (8a and 8b) were treated 
with methanesulfonyl chloride to give methane- 
sulfonyl esters 9a and 9b, which were treated in 
situ with sodium hydride in DMF to give the 
respective 8-oxyisomorphinans 10a and lob. 
These were demethylated by treatment with 
boron tribromide in dichloromethane to give lla 
and llb. 

In a similar reaction sequence 12 was con- 
verted via 13a and 13b to the 3-methoxy-14- 
methyl-8-oxyisomorphinan 14. A conversion of 
14 to 15e and 15f, respectively, proceeded as 
expected via a well defined reaction sequence of 
von Braun demethylation, reduction, acylation, 
and again reduction. Demethylation of 14, 15e, 
and 15f with boron tribromide gave poor yields 
of the corresponding phenolic products 16, 
presumably due to opening of the tetrahydro- 
pyran ring. Better results were obtained with 
sodium thioethoxide in boiling DMF (2) or 
lithium diphenylphosphide in boiling THF (3). 

Although a number of compounds in the 9a- 
hydroxy series have been prepared by May and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LAMBERT ET AL. 2525 

22 23 24 

a R = H , R l  = C H 3  a R1 = CH3 a R = H ,  R, = CH3 
b R = H ,  R1 = C H ~ ~  b R ,  = C H 2 4  b R = CH, R ,  = CH3 
c R = CH3, R,  = C H Z 4  c R = CH3 R ,  = C H , ~  

SCHEME 3 

co-workers (4, 5) both by reduction and organo- 
metallic addition to tertiary amino ketones, from 
the start we were confronted with the following 
problems; firstly, catalytic reduction which is 
known to give a-alcohols could not be applied 
in our synthesis since it would be expected to 
reduce the double bond as well, which we need 
preserved. Secondly, addition of methyllithiunl 
to 1 has been demonstrated (1) to give selectively 
12 instead of the expected 17b (Scheme 3). 
Consequently we had to investigate systemat- 
ically these reactions in order to achieve the 
desired selectivity. We soon discovered that 
reduction of 1 with diisobutyl aluminum hydride 
does indeed give selectively 17a (better than 96% 
stereochemical purity) in quantitative yield. 

While addition of methyllithium in ether to 1 
gave selectively 12 (1) we observed that methyl- 
magnesium iodide in the same solvent added to 1 
to give a mixture of 45% 12 and 55% 17b as 
determined by nmr spectroscopy; in addition to 
a singlet at 6 1.1 due to 12, a new singlet appeared 
at 6 1.58 due to 176. Furthermore, the selectivity 
was lost when addition of methyllithium to 1 
was conducted in a mixture of ether and petro- 
leum ether (bp 30-60°C) l : 10, as observed by the 

product ratio of 60% 17b and 40% 12, indicating, 
in addition to the observed large effect of the 
inorganic part of the organometallic reagent, a 
large solvent effect. These results also pointed a 
way in which further investigation should be 
directed; addition of the Grignard reagent in 
nonpolar solvent (petroleum ether) was expected 
and indeed found to give almost exclusively 17b 
(better than 95%). 

In a recently published review article on the 
stereochemistry of organometallic compound 
addition to cyclic ketones Ashby and Laemmle 
(6) concluded that the stereochemical outcome 
of the addition is primarily a function of the 
entering groups and steric requirements of the 
particular ketone, which are controlled by steric 
and torsional strain in the transition state. 
Factors such as solvent, nature of the metal to 
which the entering group is attached, and others, 
result in only minor changes in overall observed 
stereochemistry. If this generalization is valid, 
it seems reasonable to assume that large metal 
and solvent effects observed by us must be 
related to the fact that our ketone is an amino 
ketone and therefore probably susceptible to a 
complexation with organometallic reagents via 
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a nitrogen lone electron pair. That such com- 
plexation would be more pronounced in a non- 
polar solvent and consequently conducive to  an 
intramolecular addition to give selectively trans 
amino alcohol (17b) is not surprising, since a 
polar solvent could be expected to  compete 
effectively with the bulky tertiary amine for the 
complexation of organometallic reagent. That 
complexation of a Grignard reagent is more 
effective than that of an organolithium com- 
pound is already known (7). 

It is also conceivable that com~lex  formation 
or lack of it plays an important role in the 
selective reduction of 1. In a related study, 
Stevens et al. (8) concluded that primary 
and secondary 2-amino-2-phenylcyclohexanones 
form stable complexes with hydride reducing 
agents to give trans amino alcohols by an 
internal hydride transfer. 

A conversion of 17a and 17b to 21a and 21b 
was accomplished by the standard reaction 
sequence shown in Scheme 3. Demethylation of 
17a, 21a, and 21b (EtS- or lithium diphenyl- 
phosphide) gave dihydroxybenzomorphans 22. 
Compound 24a was obtained by hydrochloric 
acid-catalyzed cyclization of 22a (9) while 24b 
was obtained in two steps from 17b. Hydro- 
chloric acid-catalyzed cyclization gave inter- 
mediate 23a which was demethylated to 24b. 
Similarly 24c was prepared from 21b via 23b. 

Compounds 11, 16, 22, and 24 were tested for 
analgesic and narcotic antagonist activities, and 
found to be considerably less active than corre- 
sponding compounds in the 9P-hydroxy series 
(1). Biological results will be discussed in more 
detail in another paper. 

Experimental 
The melting points were determined on Gallenkamp 

apparatus, and are uncorrected. The infrared (ir) spectra 
were recorded on a Unicam SP-2OOG grating ir spectrom- 
eter. The nmr spectra were recorded on a Varian A-60A 
spectrometer using deuterochloroform. The chemical 
shifts are expressed in 6 values using tetramethylsilane 
as internal reference. Microanalyses were performed by 
Micro-Tech Laboratories Inc., Skokie, IL. 

9~-Hydroxy-2'-methoxy-2-methyl-5-[3"-(I "-hydroxy- 
propyl)]-6,7-benzomorphan 8a 

To a cooled (ice-salt bath) stirred solution of 5-allyl- 
9~-hydroxy-2'-methoxy-2-methyl-6,7-benzomohan (7a) 
(1) (2.24 g, 8.2 mmol) in THF (12 ml) was added drop- 
wise a 1 M borane solution in THF (30ml) and the 
mixture allowed to stand for 3 h at - 1O0C followed by 
16 h at room temperature. This was cautiously treated 
with water (5 ml), followed by 20% sodium hydroxide 

(5 ml, 30 mmol) and 30% hydrogen peroxide (0.92 g, 
8 mmol). The whole was stirred for 3 h and then ex- 
tracted with chloroform (3 x 20 ml). The extract was 
concentrated in vacuo and the residue was boiled briefly 
with ethylene glycol (10 ml) to decompose a borane com- 
plex, cooled, diluted with water, and made basic with 
sodium hydroxide. The product, an oil, was isolated by 
extraction with chloroform, drying, and concentration in 
vacuo. The oil crystallized from ether - petroleum ether 
to give 1.34 g (50%) of 8a, mp 96-98°C. Another 15% of 
8a was obtained from mother liquors by chromatography 
(AI2O3, CHCI3 - 10% CH30H). An analytical sample 
was obtained by recrystallization from ether, mp 98- 
100°C; nmr 6 6.6-7.2 (3H, m), 3.8 (3H, s, 0-CH,), 
3.5-4.0 (3H, m, 9-H and 3"-Hz), 2.7-3.5 (3H, m), 2.37 
(3H, s, N-CH3), 1.0-2.7 (8H, m). Anal. calcd. for 
C17HZsN0,: C 70.07, H 8.65, N 4.81; found: C 70.16, 
H 8.79, N 4.79. 

2-Cyclopropylmethyl-9P-hydroxy-2'-methoxy-5-[3"- (1 "- 
hydroxypropy1)I-6,7-benzomorphan 86 

The diol 86 (an oil) was similarly prepared from 7b in 
62% yield isolated as a hydrochloride salt. An analytical 
sample crystallized with )CH30H of crystallization from 
methanol-acetone; mp 202-203°C. Anal. calcd. for 
CzoHz9NO3~HCI.fCH30H: C 64.13, H 8.40, N 3.65; 
found: C 64.50, H 8.35, N 3.49. 

3-Methoxy-17-methyl-8-oxyisomorphinan IOU 
To a cooled (ice bath) solution of 8a (1.08 g, 3.7 mmol) 

in dry CHZCIz (5 ml) was added a 1 M solution of 
methanesulfonyl chloride in benzene (4 ml) and the 
whole allowed to stand at room temperature for 1 h. 
Then the reaction mixture was concentrated in vacuo and 
the residue was stirred with a suspension of sodium 
hydride (420 mg of 50%, 9 mmol, washed with benzene) 
in DMF (6 ml) for 16 h at room temperature and then 
for 30 min at 60-70°C. After the usual work-up the crude 
product was chromatographed on an alumina column. 
Elution with chloroform gave an oil, which crystallized 
from ether - petroleum ether to give 0.53 g (62%) of 
10a, mp 104-105°C; nmr 6 6.7-7.3 (3H, m), 4.05-4.5 
(lH, m), 3.84 (3H, s, 0-CH,), 2.5-4.0 (7H, m), 2.44 
(3H, s, N-CH3), 0.8-2.5 (6H, m). Anal. calcd. for 
CI7HZ3NOZ: C 74.69, H 8.48, N 5.12; found: C 74.74, 
H 8.58, N 5.11. 

17-Cyclopropylmethyl-3-methoxy-14-methyl-8-oxyisomor- 
phinan lob 

This compound (an oil) was similarly prepared from 8b 
in 65% yield, isolated as its oxalate salt. An analytical 
sample crystallized from methanol-acetone with +MeOH 
of crystallization, mp 181-183°C. Anal. calcd. for 
CzaHz7N0z.CzHZ04.fCH30H: C 64.42, H 7.44, N 
3.34; found: C 64.47, H 7.57, N 3.22. 

3-Hydroxy-I 7-methyl-8-oxyisomorghinan l l a  
To a cooled (ice bath) solution of 10a (547 mg, 2 mmol) 

in dry CHzClz (8 ml) was added a 1 M boron tribromide 
solution in CHzC1, (5 ml) and the mixture allowed to 
stand at room temperature for 3 h. The excess boron 
tribromide was carefully decomposed with water. The 
mixture was made basic with ammonium hydroxide and 
layers were separated. The water layer was extracted with 
CHzClz and the combined organic phase was dried and 
concentrated in vacuo. The residual orange colored solid 
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LAMBERT ET AL. 

was recrystallized from acetone-CHZCI2 to give 370 mg 
(64%) of l l a  as an almost colorless solid, mp 218- 
220°C; nmr 6 6.7-7.3 (3H, m), 4.0-4.3 (lH, m), 2.5-3.8 
(7H, m), 2.44 (3H, s), 0.8-2.4 (6H, m). Anal. calcd. for 
cl6HZ1No2: C 74.10, H 8.16, N 5.40; found: C 74.21, 
H 8.37, N 5.25. 

17-Cyclopropylmethyl-3-hydroxy-8-oxyisomorphinan 1 lb  
The oxyisomorphinan l l b  (an oil) was similarly pre- 

pared from 106 in 65% yield, isolated as the oxalate 
salt with fCH30H of crystallization; mp 178-180°C 
(from methanol-acetone). Anal. calcd. for C2,H2,- 
N02.C2H204.+CH30H: C 64.42, H 7.44, N 3.44; 
found: C 64.47, H 7.57, N 3.22. 

2,9a-Dimethyl-9P-hydroxy-2'-methoxy-5- [3"- (1 "- 
hydroxypropyl)]-6,7-benzomorphan 13a 

The diol13a was prepared from 12 in 69% yield by the 
procedure given for the preparation of 8a; mp 146-148°C 
from i-propanol; nmr 6 6.5-7.1 (3H, m), 3.76 (3H, s), 
3.4-3.8 (2H, m), 2.4-3.3 (5H, m), 2.32 (3H, s), 1.12 (3H, 
s), 0.9-2.3 (6H, m). Anal. calcd. for C18Hz7N03: C 
70.79, H 8.91, N 4.59; found: C 70.78, H 9.05, N 4.61. 

14,17-Dimethyl-3-methoxy-8-oxyisomorphinan 14 
This compound was prepared from 13a in 64% yield, 

by the method given for the preparation of 10a: The 
hydrochloride salt of 14 crystallized from methanol- 
acetone with 1 mol of methanol of crystallization, mp 
229-231°C; nmr (free base) 6 6.6-7.2 (3H, m) 3.8-4.1 
(2H, m, 7-H,) 3.78 (3H, s, 0-CH,), 2.4-3.6 (5H, m), 
2.39 (3H, S, N-CH3), 1.27 (3H, S, 14-CH3), 0.7-2.4 
(6H). Anal. calcd. for Cl8Hz5NOZ.HC1.CH30H: C 64.12, 
H 8.50, N 3.93; found: C 63.98, H 8.40, N 3.85. 

17-Cyano-3-methoxy-8-oxyisomorphinan 15a 
To a solution of 14 (7.2g, 25 rnmol) in dry benzene 

(40 ml) was added cyanogen bromide (5.3 g, 50 mmol) 
and the mixture heated under reflux for 2 h. This was con- 
centrated in vacuo and the residual oil was dissolved in 
CH2C12, washed with aqueous hydrochloric acid, and 
water, dried, and concentrated in vacuo. The residue was 
chromatographed (silica gel, ether) to give 5.4 g (72%) 
of solid 15a, mp 143-145°C (from acetone-ether); nmr 
66.5-7.2(3H,m), 3.84.1 (2H, m), 3.73 (3H, s), 1.15 
(3H, s), 0.7-3.6 (11H). Anal. calcd. for C18H2~N202:  
C 72.45, H 7.43, N 9.39; found: C 72.43, H 7.43, N 9.41. 

3-Methoxy-14-methyl-8-oxyisomorphinan 15b 
A solution of 15a (5.0 g, 16.7 mmol) in anhydrous 

THF (20 ml) was added dropwise over a 15 min period 
to a boiling solution of lithium aluminum hydride 
(2.5 g) in THF (60ml). The whole was heated under 
reflux for 2 h, cooled, and treated with 1 NNaOH 
(12.5 ml). A solid was removed by filtration and washed 
several times with ether. The combined filtrate and 
washings were concentrated in vacuo to give 4.57 g 
(quantitative yield) of crude 156 as an oil. An analytical 
sample was purified as the oxalate salt by recrystallization 
from 95% ethanol. It crystallized as neutral oxalate with 
f mol of water of crystallization; mp 145-148°C. Anal. 
calcd. for C 1 7 H 2 3 N 0 2 ~ ~ C 2 H 2 0 4 ~ + H 2 0 :  C 66.03, H 
7.70,N4.28; found: C65.69,H7.76,N4.15. 

5.4 mmol) in dry CH2CI2 (15 ml) and triethylamine 
(1 ml, 7.2 mmol) was added a solution of cyclopropane 
carboxylic acid chloride (0.62 g, 6 mmol) in dry CH2C12 
(5 ml). The mixture was stirred for 10 min, and then 
washed with water followed by dilute hydrochloric acid. 
Drying and evaporation of solvent gave 1.82 g (quantita- 
tive yield) of 15c as an oil. A sample for analysis was 
purified by distillation at 220-23O0C/0.5 Torr. Anal. 
calcd. for CZ1HZ7N03: C 73.87, H 7.97, N 4.10; found: 
C 74.03, H 8.11, N 3.99. 

17-CyclobutylcarbonyI-3-methoxy-8-oxyisomorphinan 15d 
The amide 15d was similarly prepared from 15b in 

quantitative yield. An analytical sample was distilled at 
220-23O0C/0.4 Torr. Anal. calcd. for C2,H2,N03: C 
74.35, H 8.22, N 3.94; found: C 74.02, H 8.32, N 3.65. 

17-Cyclopropylmethyl-3-methoxy-8-oxyisomorhinan 15e 
This compound was obtained by reduction of amide 

15c in a procedure similar to that described for the pre- 
paration of 15b. The product (an oil) was isolated by 
column chromatography (A1203, ether) in 75% yield. 
The oxalate salt was recrystallized from methanol- 
acetone; mp 195-197°C; nmr 6 6.4-7.1 (3H, m), 3.75- 
4.05 (2H, m), 3.7 (3H, s), 1.15 (3H, s), 0.0-3.4 (18H). 
Anal. calcd. for CZ1HZ9NOZ~CZH2O4: C 66.17, H 7.48, 
N 3.36; found: C 66.04, H 7.40, N 3.26. 

17-Cyclobutylmethyl-3-methoxy-8-oxyisomorphinan 15f 
This compound (an oil) was prepared similarly from 

15d in 77% yield and purified as the oxalate salt; mp 
204-206°C (from methanol-acetone); nmr 6 6.5-7.2 
(3H, m), 3.88 (3H, s), 1.15 (3H, s), 0.64.2 (22H). Anal. 
calcd. for C22H31N02~C2H204: C 66.80, H 7.71, N 3.25; 
found: C 66.58, H 7.68, N 3.15. 

14,17-Dimethyl-3-hydroxy-8-oxyisomorphina 16a 
To a solution of 14 (0.73 g, 2.54 nmol) in dry THF 

(5 ml) was added under a nitrogen atmosphere a 0.78 M 
solution of lithium diphenylphosphide in THF (14 ml) 
and the whole heated under reflux for 6 h. The reaction 
mixture was treated with 0.5 N hydrochloric acid (40 ml) 
and extracted with ether (2 x 50 ml). The ether extract 
was discarded and the aqueous phase was made basic 
with ammonium hydroxide and extracted with CH2C12, 
to give after drying and evaporation 0.65 g of an oil. 
The oil crystallized from acetone to give 0.34 g (49%) of 
16a as a white solid; mp 261-263"C, nmr 6 6.4-7.0 
(3H, m), 3.74.0 (2H, m), 2.36 (3H, s), 1.15 (3H, s), 
0.6-3.3 (11H). Anal. calcd. for C17HZ3N02: C 74.69, 
H 8.48, N 5.12;found: C 74.35, H 8.47, N 5.05. 

17-Cyclopropylmethyl-3-hydroxy-14-methyl-8-oxyisomor- 
phinan 16b 

To a cooled (ice bath), stirred slurry of sodium hydride 
(580 mg, 24 mmol) in dry DMF (15 ml) was added ethane 
thiol (1.5 g, 24mmol) followed by a solution of 15e 
(0.79 g, 2.4 mmol) in DMF (2 ml). The cooling bath was 
removed and the whole was heated under reflux for 4 h. 
After cooling, the reaction mixture was partitioned be- 
tween water and CH2C12. The organic phase was washed 
with water, dried, and concentrated in vacuo to give an 
oil. This was dissolved in acetone and treated with a 

17-Cyclopropylcarbonyl-3-methoxy-8-oxyisomorphinan solution of dry HCI in ether to give 0.51 g (49%) of the 
15c hydrochloride of 16b as white solid. Recrystallization 

To a cooled (ice bath), stirred solution of 156 (1.48 g, from ethanol-acetone-ether gave an analytical sample 
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containing 1 mol of ethanol of crystallization; mp 235- 
238°C. Anal. calcd. for C20H27N02~HCI~C2H50H: C 
67.63, H 8.38, N 3.76; found: C 67.48, H 8.47, N 3.56. 

17-Cyclobutylmethyl-3-hydroxy-14-methyl-8-oxyisomor- 
phinan 16c 

This compound was prepared from 15f by the pro- 
cedure given for the preparation of 16a. It crystallized 
from acetone in 53% yield; recrystallization from me- 
thanol-acetone gave an analytical sample; mp 203-205°C. 
Anal. calcd. for C21H2gN02: C 77.02, H 8.93, N 4.28; 
found: C 77.39, H 9.16, N 4.09. 

5-AIlyl-9a-hydroxy-2'-methoxy-l-methyl-6,7-benzo- 
morphan 17a 

To a cooled (- 50°C), stirred 25% solution of diisobutyl 
aluminum hydride in hexane (50 ml, 77 mmol) was added 
dry THF (25 ml) followed by a solution of ketone 1 
(10.5 g, 38.7 mmol) in dry THF (30 ml) over a period of 
20 min. The whole was kept for 15 min at - 5VC, 
treated cautiously with methanol (8 ml), and then poured 
onto a mixture of ice (200 g) and concentrated hydro- 
chloric acid (40 ml). The layers were separated and the 
organic layer was extracted with 1 N hydrochloric acid 
(60 ml). The combined aqueous phase was extracted with 
CH2CI2 (3 x SOml), and the extract washed with 2 N 
ammonium hydroxide (50 ml), dried, and concentrated 
in vacuo to give 10.5 g (100%) of essentially pure 17a 
as an oil which crystallized on standing. An analytical 
sample was prepared by recrystallization from ether - 
petroleum ether; mp 74-78'C; nmr 6 6.5-7.1 (3H, m), 
5.0-6.5 (3H, m), 3.9 (lH, d, J = 5 Hz, 9-H), 3.82 (3H, s), 
2.35 (3H, s), 1.1-3.3 (9H). Anal. calcd. for Cl7HZ3NO2: 
C 74.69, H 8.48, N 5.12; found: C 74.26, H 8.73, N 
5.19. 

5-AIlyl-1,9~-dimethyl-9a-hydroxy-2'-methoxy-6,7- 
benzomorphan 176 

A Grignard reagent was prepared by addition of a 
solution of iodomethane (26 g, 0.184 mol) in dry ether 
(30 ml) to a stirred suspension of magnesium turnings 
(3.71 g, 0.159 mol) in dry ether (30 ml) over a period of 
2 h. Then the ether was evaporated in vacuo under a 
stream of nitrogen. To the dry solid was added in one 
portion a solution of 1 (9.78 g, 0.036 mol) in petroleum 
ether (250m1, bp 30-60°C) and the whole vigorously 
stirred for 18 h. This was treated cautiously with water 
(70 ml) and pH was adjusted to 8 by addition of diluted 
(1 : 1) hydrochloric acid. The emulsified mixture was 
cleared by the addition of ammonium hydroxide and the 
layers were separated. The water layer was extracted with 
ether and the combined organic phase was dried and 
concentrated in vacuo to give 9.4 g (91%) of essentially 
pure 17b as an oil; nmr 6 6.5-7.1 (3H, m), 4.8-6.4 
(3H,m), 3.73 (3H,s),2.6-3.0(5H,m),2.3 (3H,s), 1.58 
(3H, s), 1.0-2.5 (4H, m). A sample for analysis was 
purified as the oxalate salt by recrystallization from 
methanol-ether; mp 208-209°C. Anal. calcd. for C18H2,- 
NOZCzH2O4: C 63.65, H 7.21, N 3.71; found: C 63.78, 
H 7.41, N 3.92. 

5-Allyl-I-cyano-9a-hydroxy-2'-methoxy-6,7-benzo- 
morphan 18a 

This compound was prepared from lla by the method 
given for the preparation of 15a. It crystallized from 

ether - petroleum ether in 70% yield as a white solid; 
mp 92-93°C. Anal. calcd. for C17HzoNz02: C 71.81, 
H7.09,N9.83;found: C71.69,H7.15,N9.87. 

5-AIlyl-I-cyano-9a-hydroxy-2'-methoxy-9~-methyl-6,7- 
benzomorphan 186 

This compound was similarly prepared in 73% yield 
from 17b; mp 103-104°C (from chloroform-ether). 
Anal. calcd. for C18H22N202: C 72.45, H 7.43, N 9.39; 
found: C 72.56, H 7.48, N 9.23. 

5-Allyl-9a-hydroxy-2'-rnethoxy-6,7-benzornorphan 19a 
This compound (an oil) was obtained in quantitative 

yield from 18a by the method given for the preparation 
of 156, except that dioxane was used as solvent. An 
analytical sample was purified by molecular distillation 
at 15O0C/0.01 Torr; nmr 6 6.5-7.1 (3H, m), 5-6.5 (3H, m), 
3.87 (lH, d, J = 3.5 HZ, 9-H), 3.78 (3H, s), 1.1-3.5 (9H). 
Anal. calcd. for C16HZ1N02: C 74.10, H 8.16, N 5.40; 
found: C 73.92, H 8.27, N 5.36. 

5-Allyl-9a-hydroxy-2'-methoxy-9~-methyl-6,7-benzo- 
morphan 19b 

This compound was prepared similarly by reduction of 
186 in THF, and isolated by column chromatography 
(silica gel; ether - 5% methanol) in 62% yield as an oil. 
The hydrochloride salt was recrystallized from methanol- 
ether; nmr 6 6.5-7.1 (3H, m), 4.8-6.4 (3H, m), 7.8 
(3H, s), 1.55 (3H, s), 1-3.5 (9H). Anal. calcd. for C17H2,- 
N02.HCI: C 65.90, H 7.81, N 4.52; found: C 65.60, 
H 7.76, N 4.40. 

5-Allyl-I 7-cyclopropylcarbonyl-9a-hydroxy-2'-methoxy- 
6,7-benzomorphan 20a 

The hydroxyamide 20a was prepared from 19a in 80% 
yield by the procedure given for the preparation of 15c; 
white solid ; mp 146-147OC (from benzene-ether). Anal. 
calcd. for CZOHZ5N03: C 73.37, H 7.70, N 4.28; found: 
C 73.53, H 7.71, N 4.32. 

5-Allyl-I 7-cyclopropylcarbonyl-9a-hydroxy-2'-methoxy- 
9P-methyl-6,7-benzomorphan 206 

The hydroxy amide 206 was similarly prepared in 65% 
yield from crude 196; mp 144-145°C (from acetone). 
Anal. calcd. for CzlHz,N03: C 73.87, H 7.97, N 4.10; 
found: C 73.80, H 8.00, N 4.01. 

5-Allyl-I-cyclopropylmethyl-9a-hydroxy-2'-methoxy-6,7- 
benzomorphan 21a 

Reduction of 20a with lithium aluminum hydride in 
boiling dioxane in a procedure similar to that given for 
the preparation of 15b gave 21a (an oil) in 86% yield. 
An analytical sample was purified by molecular distilla- 
tion at 180"C/0.01 Torr; nmr 6 6.6-7.1 (3H, m), 4.5-6.5 
(3H, m), 3.9 (lH, d, J = 4 H z ) ,  7.78 (3H, s), 0.C3.5 
(16H). Anal. calcd. for CzoHZ7NO2: C 76.64, H 8.68, 
N4.47; found: C 76.77, H 7.78, N 4.43. 

5-AIlyl-l-cyclopropylmethyl-9a-hydroxy-2'-methoxy- 
9p-methyl-6,7-benzomorphan 21b 

This compound (an oil) was similarly prepared in 96% 
yield from 206. The hydrochloride salt was recrystallized 
from methanokther; n ~ p  236-238°C; nmr 6 6.5-7 
(3H, nl), 4.8-6.4 (3H, m), 3.7 (3H, s), 1.6 (3H, s) 0.0-3.1 
(16H). Anal. calcd. for C21H2gN02.HCI: C 69.31, H 
8.31, N 3.81; found: C 69.08, H 8.44, N 3.79. 
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5-Allyl-2',9u-dihydroxy-l-methyl-6,7-benzomorphan 22a 
The diol22a was prepared in 58% yield from 17a by the 

method given for the preparation of 166 and purified 
by recrystallization first from methanol-benzene and then 
from toluene; mp 154-156"C, nmr 6 6.4-7.1 (3H, m), 
4.8-6.4 (3H, m), 3.88 (lH, d, J = 3.5 Hz), 2.4 (3H, s), 
1-3.3 (9H). Anal. calcd. for C16HzlNOz: C 74.10, H 
8.16, N 5.40; found: C 74.45, H 8.20, N 5.01. 

5-AIlyl-I-cyclopropylmethyl-2',9u-dihydroxy-6,7-benzo- 
morphan 22b 

The diol22b was similarly prepared in 87% yield from 
2la, as an amorphous solid. It was purified by recrystal- 
lization from methanol-ether; mp 171-174°C. An analyt- 
ical sample was purified by molecular distillation at 
16OoC/0.01 Torr, nmr 6 6.4-7.0 (3H, m), 4.9-6.3 (3H, m), 
3.75 (lH, t, J = 4 Hz, 9-H), 0.0-3.5 (16H). Anal. calcd. 
for Cl9HZ1NO2: C 76.22, H 8.42, N 4.68; found: C 
76.19, H 8.50, N 4.72. 

5-Allyl-I-cyclopropyImethyl-2',9~-dihydroxy-9~-methyl- 
6,7-benzomorphan 22c 

The diol 22c was similarly prepared in 67% yield from 
21b and purified by recrystallization of the hydrochloride 
salt from methanol-acetone; mp 220-223'C; nmr 6 
6.4-7.0 (3H, m), 4.9-6.3 (3H, m), 1.62 (3H, s), 0.0-3.2 
(16H). Anal. calcd. for CzoHz7NOz~HCI: C 68.65, H 
8.07, N 4.00; found: C 68.64, H 8.06, N 3.96. 

Tetrahydrofuranobenzomorphan 24a 
The diol 22a (0.50 g, 1.9 mmol) was treated with con- 

centrated hydrochloric acid (10 ml) at reflux for 5 min. 
The reaction mixture was concentrated to ca. 5 ml, 
made basic with ammonium hydroxide, cooled, and 
filtered to give crude solid 24a. This was purified by 
recrystallization first from toluene and then from ethanol 
to give 160 mg of pure 24a; mp 207-208°C; nmr 6 6.5- 
7.1 (3H, m), 3.74.1 (2H, m), 3.3-3.6 (lH, m), 2.8-3.0 
(2H, m), 2.46 (3H, s), 1.5-2.6 (6H, m), 1.25 (3H, d, 
J = 5 Hz). Anal. calcd. for C16HzlNOz: C 74.10, H 8.16, 
N 5.40; found: C 73.81, H 8.08, N 5.12. 

Tetrahydrofuranobenzomorphan 24b 
This compound was obtained in two steps from 176 

as follows. A solution of 17b (820 mg, 2.85 mmol) in 
concentrated hydrochloric acid (10 ml) was heated under 
reflux for 5 min, cooled, made basic with sodium 
hydroxide, and extracted with ether, to give after drying 
and concentration 800 mg of crude 23a as an oil; nmr 
6 6.4-7.1 (3H, m), 3.65 (3H, s, 0-CH,), 3.4-3.9 (lH, m, 

2"-H), 2.6-3.0 (3H, m), 2.3 (3H, s, N-CH,), 1.5-2.7 
(6H, m), 1.45 (3H, s, 9-CH,), 1.22 (3H, d, J = 6 Hz, 
3"-H,). This was demethylated without further purifica- 
tion by the procedure given for the preparation of 16a 
to give crude solid 246. This was purified by recrystalliza- 
tion from ethanol-water to give 530 mg (68%) of the pure 
product; mp 217-219°C; nmr 6 6.4-7.1 (3H, m), 3.4- 
3.9 (lH, m) 1.2-3.2 (IlH, m) 1.52 (3H, s, 9-CH3), 1.3 
(3H, d, J = 6 Hz, 3"-H3). Anal. calcd. for Cl7HZ3NO2: 
C 74.69, H 8.43, N 5.12; found: C 74.52, H 8.41, N 
5.06. 

Tetrahydrofuranobenzomorphan 24c 
This compound was similarly prepared in two steps 

(via 236) in 78% yield from 21b, isolated as the hydro- 
chloride salt from acetone. Recrystallization from me- 
thanol-acetone gave an analytical sample; mp 246- 
249°C; nmr 6 6.5-7.0 (3H, m), 3.4-3.9 (lH, m, 2"-H), 
3.1-3.3 (IH, m, 9-H), 1.5-2.9 (lOH, m), 1.55 (3H, s, 
9-CH,), 1.32 (3H, d,'J = 6 Hz, 3"-H,), 0.0-1.1 (5H, m, 
c-C3H5). Anal. calcd. for CzoHz7NOz~HCI: C 68.65, H 
8.07, N4.00; found: C 68.68, H 8.06, N 3.87. 
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Crystal and molecular structure of hexadecamethylcyclooctaphosphazene, 
(NPMe2)s 
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RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. 
Chem. 55, 2530 (1977). 

Crystals of hexadecamethylcyclooctaphosphazene are tetragonal, a = 13.637(1), c = 8.215(1) 
A, Z = 2, space group P4/n. The structure was solved by direct methods and was refined by 
full-matrix least-squares procedures to a final R of 0.033 and R, of 0.032 for 1306 reflections 
with I > 4o(I). The molecule has crystallographic fourfold (C4) symmetry with weighted mean 
bond lengths P-N, 1.590(13), P-C, 1.811(2), and C-H, 0.95(2) (those not involving 
hydrogen have been corrected for libration, rms deviations from the mean are given in paren- 
theses). Angles in the 16-membered ring are 119.2(1) and 115.1(1)" at P and 131.5(1) and 
148.2(1)" at N. 

RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG et JAMES TROTTER. Can. J. 
Chem. 55,2530 (1977). 

Les cristaux de 1'hexadCcamCthylcyclooctaphosphaztne sont tktragonaux, a = 13.637(1), 
c = 8.215(1) A, Z = 2, groupe d'espace P4/n. On a resolu la structure par les mkthodes 
directes et on l'a affinee par la mCthode des moindres carres (matrice compltte) jusqu'a une 
valeur finale de R de 0.033 et R, de 0.032 pour 1306 reflexions avec I 2 441). La molCcule 
a une symktrie cristallographique quaternaire (C4) avec des longueurs de liaison moyennes 
ponderees P-N, 1.590(13), P-C, 1.811(2) et C-H, 0.95(2) (les longueurs n'impliquant pas 
d'hydrogtne ont CtC corrigees pour la libration; les deviations rms a partir des valeurs moyennes 
sont donnkes entre parentheses). Les angles dans le cycle a 16 chainons sont 119.2(1) et 115.1(1)" 
au niveau du phosphore et 131.5(1) et 148.2(1)" au niveau de l'azote. 

[Traduit par le journal] 

Introduction Intensities were measured with nickel-filtered Cu K, 
radiation on a Datex-automated General Electric XRD-6 A method for preparing me th~ l~hos~hazenes  diffractometer. A 8-28 scan at 2" min-' over a range of 

of large ring size (n 2 6 )  has recently been (1.80 + 0.86 tan 0) degrees in 20 was employed. Back- 
described along with the crystal structure of the ground counts (10 s) were measured at each end of the 
heptameric derivative (NPM~,), (1). we now scan. Data were measured to 20 = 160". The intensity of 

the check reflection, measured every 40 reflections 
report the crysta1 structure Of the Octamer throughout the data collection, remained constant to 
(NPMez),. A detailed analysis of molecular within + 2%. The structure amplitudes were derived and 
geometry for the series (NPMe,),-,, is planned an absorption correction was applied by a computer 
upon completion of the structural work presently program using a Gaussian integration method (4, 5). 
in progress. ~h~ structures of (NPM~,), (2)  and Transmission factors ranged from 0.306 to 0.487. Of the 

1678 independent reflections measured, 13 12 had in- 
(NPMe,), (3) have been determined. tensities greater than 4o(I) above background where 

Experimental 
(NPMe& was prepared as previously described (1). 

Crystals suitable for X-ray analysis were obtained by 
recrystallization from benzene. The crystal chosen for 
study was mounted with c parallel to the goniostat axis 
and had dimensions of ca. 0.2 x 0.2 x 0.4 mm. Unit-cell 
and space group data were obtained from film and 
diffractometer measurements. The unit-cell parameters 
were refined by a least-squares treatment of sinZ 0 values 
for 18 reflections measured on a diffractometer with Cu 
K, radiation. Crystal data are: 

CIJLSNSPS fw = 600.4 
Tetragonal, a = 13.637(1), c = 8.215(1) A, V = 1527.7(2) 
.A3, Z = 2, pc = 1.305 g ~ m - ~ ,  F(000) = 640 (22OC, CU 
K,, h = 1.5418A, p = 43.7cm-I). Absentreflections: hkO, 
h + k # 2n. Space group P4/n (C&, NO. 85). 

qZ(I) = $+ B + (0.05~)~'With S = scan count and B = 
time-averaged background count. These reflections were 
used in the solution and refinement of the structure. 

The structure was solved by direct methods with use of 
tangent formula refinement (6-8). An E-map calculated 
from the set of phases with the lowest value of R, gave the 
positions of the eight non-hydrogen atoms among the 18 
highest peaks. Two cycles of isotropic, followed by two 
cycles of anisotropic full-matrix least-squares refinement 
of the non-hydrogen atoms gave R = 0.058. The 12 
highest peaks on a difference map calculated at this point 
accounted for the 12 hydrogen atoms. The entire structure 
(including hydrogen atoms with isotropic thermal para- 
meters) was refined for four cycles giving a final R of 
0.033 and R, of 0.032 for 1306 reflections with I >  4o(I) 
(6 reflections which had IF,I - IF,I > 3o(F) were re- 
moved from the data set in the final stages of refinement; 
for all 1678 reflections R = 0.048 and R, = 0.039). 
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OAKLEY ET AL. I 

FIG. 1. A stereo view of the hexadecamethylcyclooctaphosphazene molecule. 50% ellipsoids are 
shown for the non-hydrogen atoms. Hydrogen atoms have been assigned artificially small temperature 
factors for the sake of clarity. 

TABLE 1. Final positional parameters (fractional x lo4, 
P x lo5, H x lo3, origin at 1) with estimated standard 

deviations in parentheses 

Atom x Y z 

The least-squares refinement was based on the mini- 
mization of Zw[JF,J - IF,/(l + gZ)1l2 where g is the ex- 
tinction parameter and Z the uncorrected intensity. The 
final value of g was 6.8 x lo-'. The scattering factors of 
ref. 9 were used for the non-hydrogen atoms and those of 
ref. 10 for the hydrogen atoms. Anomalous scattering 
factors from ref. 11 were used for the non-hydrogen 
atoms. The anisotropic thermal parameters employed in 
the refinement are Uij in the expression: 

f = f O exp [-2n2(U11 h2a*2 + Uz2 k2b*2 
+ U3, 12c*2 + 2UI2  hka*b* 

+ 2UI3  hla*c* + 2Uz3 klb*c*)] 

where f 0  is the tabulated scattering factor and f is 

that corrected for thermal motion (for H atoms f = f O  

x exp [- 8nZU sinZ B/hZ]). The weighting scheme: w = 
1/[1.5360 - 0.122971F01 + 0.002314(~F0~)z + 0.000020 x 
(1F01)3] gave uniform average values of w(lF,I - (FcI)Z 
over ranges of lFol and was employed in the final stages 
of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.320, the largest shift, 1.80, being associated 
with a hydrogen atom. The mean error in an observation 
of unit weight was 1.059. The final positional and thermal 
parameters appear in Tables 1 and 2 respectively.' 
Measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (12) using the 
computer program MGTLS. The rms standard error in 
the temperature factors oUij (derived from the least- 
squares analysis) is 0.0011 Az. Analysis of the entire 
molecule as a rigid body was unsuccessful, but each of the 
phosphorus tetrahedra behaves as a rigid body (rms 
AUij = 0.0011 Az for P(1) and 0.0013 Az for the P(2) 
group). 

The appropriate bond distances have been corrected for 
libration (13, 14), using shape parametersqZ of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 
3 along with the uncorrected values.' Corrected angles 
differ from the uncorrected values in Table 4 by less 
than lo.' 

Results and Discussion 
Figure 1 shows the molecule viewed along the 

fourfold axis with the crystallographic number- 
ing scheme and Fig. 2 shows the packing arrange- 

'The structure factor table and Tables 2 (thermal 
parameters), 3(b), and 4(b) (individual bond lengths and 
angles involving hydrogen atoms) are available, a t  a 
nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

P(1)-N(2') 1 .572(2) 1 ,585 P(1)-C(l) 1 .802(2) 1 .812 
P(l)-N(l) 1 .582(2) 1.594 P(1)-C(2) 1 .798(2) 1 ,812 
P(2)-N(l) 1 .594(2) 1 ,606 P(2)-C(3) 1 .798(2) 1 ,810 
P(2)-N(2) 1 .564(2) 1.575 P(2)-C(4) 1.791(3) 1.807 

*Primed atom is at 312-y, x ,  I. 

(b) Bonds involving hydrogen atoms 
C-H 0.92(3)-1.00(4), weighted mean 0.95(2) A 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Bonds Angle (deg) Bonds Angle (deg) 

*Primed atom is at 312-y, x, z ;  doubled-primed atom is at y, 312-x, z. 

(b) Angles involving hydrogen atoms 

Weighted 
Bonds Angle (deg) mean 

P-C-H 105(2)-l12(2) 109(2) 
H-.C-H 106(3)-117(3) 1 lO(3) 

ment viewed along c. Bond angles are given in 
Table 4 and the unique intraannular torsion 
angles in the 16-membered ring in Table 5. The 
mean structural parameters for (NPMe,), are 
compared with those of related molecules 
(NPMe2I4 (21, (NPMe,), (3), and (NPMe,), (1) 
in Table 6. 

The crystal structure (Fig. 2) consists of well- 
separated molecules of hexadecan~ethylcyclo- 
octaphosphazene. All intermolecular nonbonded 
contacts correspond to normal van der Waals 
interactions. There are no intermolecular H. . .H 
separations shorter than 2.5 A. 

The molecule has crystallographic (exact) C4 
symmetry. Idealized local conformations (G = 
gauche, T = trans, ref. 15) at the phosphorus 
atoms are defined in terms of the intrannular 
torsion angles about the two P-N bonds. The 
ideal GG local conformation has both torsion 
angles 60" and the ideal GT local conformation 
has one torsion angle of 60" and one of 180". In 

(NPMe,), P(1) has a GG and P(2) a GT local 
conformation, thus adjacent phosphorus atoms 
have alternately GG and GT local conformations 
around the ring. This arrangement is similar to 
that observed for the heptamer (1) in which the 
local conformations are alternatelv GG and GT 
except for one pair of adjacent phosphorus atoms 
which both have GT local conformations. 

The mean structural parameters in Table 6 
show that the mean P-N and P-C bond lengths 
are nearly the same in all three compounds. The 

TABLE 5. Intraannular torsion 
angles (deg) 16-membered ring* 

Bond Value 

*Symmetry related torsion angles 
have the same signs as those listed above. 
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OAKLEY ET AL. 1 

FIG. 2. The crystal structure of hexadecan~ethylcyclooctaphosphazene viewed along c (origin at  7). 

TABLE 6. Mean structural parameters for (NPMe2), (n = 4, 5, 7, and 8) 
(distance in A and angles in deg)* 

Length (A) for n = 

Bond 4 5 7 8 

P-C 1.804(3) 1 .801(4) 1.804(11) 1.811(2) 
P-N 1 .596(5) 1.586(4) 1 .592(6) 1 .590(13) 

Angle (deg) for n = 

Bonds 4 5 7 8 

N-P-N 119.8(2) 118.7(18) 117.1(16) 117.2(21) 
P-N- P 132.0(2) 132.9(17) 132.9(20) 139.9(84) 
C P - C  104.1(2) 104.3(8) 103.9(5) 103.5(10) 

*Root-mean-square deviations from the mean in parentheses. 

N-P-N and C-P-C angles decrease slightly 
and the P-N-P angles increase with increasing 
ring size. In hexadecamethylcyclooctaphospha- 
zene the corrected P-C bond lengths are equal 
within experimental error but the corrected P-N 
distances and the corresponding angles at both 
the P and N atoms differ significantly. This 
appears to result from differences in both local 
conformation and o-hybridization between the 
unique P and N atoms in the structure. 
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Crystal and molecular structure of 2,2,4,6,6pentamethyl-5- benzoyl-4- 
(N-methy1benzamido)- 1,3- diaza-2,4,6(Pv)-triphosphorin 
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RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. 
Chenl. 55,2534 (1977). 

Crystals of 2,2,4,6,6-pentamethyI-5-benz0yl-4-(N-methylbenzamido)-1,3-diaza-2,4,6(P~)-tri- 
phosphorin are triclinic, a = 13.375(1), b = 11.313(1), c = 7.925(1) A, E = 107.72(1), a = 
98.23(1), y = 87.00(1)", Z = 2, space group P i .  The structure was solved by Patterson and 
Fourier syntheses and was refined by full-matrix least-squares procedures to a final R of 0.067 
and R, of 0.089 for 3954 reflections with I 2 3o(I). The P3N,C ring is nearly planar and has a 
conformation corresponding to a flattened version of the chair - twist boat. Bond lengths in the 
azaphosphorin ring, P-N, 1.579-1.614(2), and P-C, 1.752(3) and 1.777(3) A, indicate con- 
jugation with the C-benzoyl group. The exocyclic P-N bond length, 1.742(3) A, is longer than 
those in related compounds as a result of competitive electron withdrawal from the N-benzoyl 
group. Other bond lengths (corrected for libration) are: mean P-Me, 1.796(4); C=O, 1.242(3) 
and 1.247(4); C-N, 1.472(3) and 1.369(4); mean C-C(phenyl), 1.391(10); other C(sp2)- 
C(sp2); 1.417-1.518(4) A. 

RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG et JAMES TROTTER. Can. J. 
Chem. 55,2534 (1977). 

Les cristaux de la pentamethyl-2,2,4,6,6 benzoyl-5 (N-m6thylbenzamido)-4 diaza-1,3 tri- 
phosphorine-2,4,6 (Pv) sont tricliniques a = 13.375(1), b = 11.313(1), c = 7.925(1) A, E = 
107.72(1), p = 98.23(1), y = 87.00(1)", Z = 2, groupe d'espacepi. On a rtsolu la structure par 
la methode des syntheses de Patterson et de Fourier et on l'a affink par la mCthode des moindres 
carres (matrice complete) jusqu'a une valeur finale de R = 0.067 et R, = 0.089 pour 3954 
reflexions avec I 2  3 o(1). Le cycle P3N2C est pratiquement planaire et a une conformation 
correspondant a une version aplatie d'une chaise - bateau croisee. Les longueurs de liaison 
dans le cycle azaphosphorine, P-N, 1.579-1.614(2) et P-C, 1.752(3) et 1.777(3) A, indiquent 
qu'il existe une conjugaison avec le groupe C-benzoyle. La longueur de liaison P-N exocyclique 
1.742(3) A est plus grande que celle observke dans des composCs semblables et ceci est le 
resultat d'un enltvement d'tlectron compttitif du groupe N-benzoyle. D'autres longueurs de 
liaison (corrigks pour la libration) sont: la moyenne P-Me, 1.796(4); C=O, 1.242(3) et 
1.247(4) ; C-N, 1.472(3) et 1.369(4); moyenne C-C(phenyle), 1.391(10) ; autre C(sp2)-C(sp2) ; 
1.417-1.518(4) A. 

[Traduit par le journal] 

Introduction 
In recent years, the molecular structures of 

many neutral and protonated phosphazene 
derivatives have been reported. The present 
paper represents a departure from these more 
well known compounds, and describes the 
crystal and molecular structure of the azaphos- 
phorin derivative Me,(NMeCOPh)P,N,CCOPh, 
1, in which a nitrogen atom of a P3N3 phospha- 
zene ring has been replaced by a carbon atom (1). 

Experimental 
Crystals suitable for X-ray analysis were obtained by 

recrystallization from benzene/octane. The crystal chosen 
for study was mounted with c* parallel to the goniostat 
axis and had dimensions of ca. 0.35 x 0.40 x 0.60 mm. 
Unit-cell and space group data were obtained from film 
and diffractometer measurements. The unit-cell param- 

eters were refined by a least-squares treatment of sin2 9 
values for 28 reflections measured on a diffractometer 
with Cu K, radiation (h = 1.5418 A). Crystal data (at 
22°C) are: 

C Z I H Z ~ N ~ ~ Z P ~  fw = 447.4 
Triclinic, a = 13.375(1), b = 11.313(1), c = 7.925(1) A, 
E = 107.72(1), a = 98.23(1), y = 87.00(1)", V = 1130.4- 
(2) A3, Z = 2, pc = 1.314 g F(000) = 472, ~ ( C U  
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OAKLEY ET AL. 11 2535 

K,) = 25.7cm-'. Space group Pi (Cf, No. 2) from 
structure analysis. 

Intensities were measured with nickel-filtered Cu K, 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 0-20 scan at 2" min-' over a range of 
(1.80 + 0.86 tan 0) degrees in 20 was employed. Back- 
ground counts (10 s) were measured at each end of the 
scan. Data were measured to 20 = 146". The intensity of 
the check reflection, measured every 40 reflections 
throughout the data collection, had an rms deviation of 
6.5% from its mean value. Lorentz and polarization cor- 
rections and check reflection scaling were applied, and 
the structure amplitudes were derived. No absorption 
correction was made. Of the 4524 independent reflections 
measured, 3969 had intensities greater than 341) above 
background where 02(Z) = S + B + (0.06s)' with S = 
scan count and B = time averaged background count. 
These reflections were used in the solution and refinement 
of the structure. 

The analysis was carried out in the centrosymmetric 
space group Pi on the basis of the lEl statistics. The 
positions of the three phosphorus atoms were determined 
from the three-dimensional Patterson function. Two 
cycles of isotropic full-matrix least-squares refinement of 
the phosphorus atoms gave R = 0.468. The positions of 
the remaining non-hydrogen atoms were located on a 
difference map calculated at this point. The non-hydrogen 
atoms were then refined isotropically for two cycles and 
then anisotropically for two cycles giving R = 0.089. A 
subsequent difference map gave positions for all 28 
hydrogen atoms which were included in later cycles of 
refinement with isotropic thermal parameters. The entire 
structure (375 variables) was refined for two cycles giving 
a final R of 0.067 and R, of 0.089 for 3954 reflections 
with I 2 341) (15 reflections which had IF,I - IF,J > 
3o(F) were removed from the data set in the final stages 
of refinement; for all 4524 reflections R = 0.073 and 
R, = 0.092). 

The least-squares refinement was based on the mini- 
mization of Zw[lF,I - IF,/(l + gZ)l12 where g is the 
extinction parameter and Z the uncorrected intensity. The 
final value of g was 3.1 x lo-'. The scattering factors of 
ref. 2 were used for the non-hydrogen atoms and those of 
ref. 3 for the hydrogen atoms. Anomalous scattering 
factors from ref. 4 were used for the non-hydrogen atoms. 
The anisotropic thermal parameters employed in the 
refinement are U,, in the expression: 

f = f0 exp [ - 2 n 2 ( ~ , ,  h2a*' + U2,k2b*' 
+ U, ,  1 ' ~ " ~  + 2 U I 2  hka*b* 

+ 2U, ,  hla*c* + 2U2, klb*c*)] 
where f 0  is the tabulated scattering factor and f is that 
corrected for thermal motion (for H atoms f = f 0  exp 
[-8n2U sin2 O/hZ]). The weighting scheme: w = l/02(F) 
where oZ(F) is derived from the previously defined oZ(Z) 
gave uniform average values of w((F,I - IFC1)' over 
ranges of IF,/ and was employed in the final stages of 

TABLE 1. Final positional parameters (fractional x lo4, 
P x lo5, H x lo3), with estimated standard deviations 

in parentheses 

Atom x Y z 

refinement. H(17) -23 ( 3) 386( 4) 722 ( 6) 
On the final cycle of refinement the mean parameter H(18) -195( 3) 300( 4) 684( 6) 

shift was 0.370, the largest shift (1.80) being associated ~ ( 1 9 )  -219( 3) 83 ( 4) 678 ( 6) 
with a hydrogen atom. The mean error in an observation H(20) -82( 4) -36( 5) 708 ( 6) 
of unit weight was 2.238. The final positional and thermal ~ ( 2 1 )  89( 3) 31( 4) 722 ( 5) 
parameters appear in Tables 1 and 2 respectively. 
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FIG. 1. A stereo view of the 2,2,4,6,6-pentamethyI-5-benzoyl-4-(N-methylbenzamido)-l,3-diaza- 
2,4,6(P")-triphosphorin molecule. 50% ellipsoids are shown. Hydrogen atoms have been omitted for the 
sake of clarity. 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

(b)  Bonds involving hydrogen atoms 

Bond Length Mean 

Measured and calculated structure factors have been 
placed in the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 

'The structure factor table and Tables 2 (thermal 
parameters), 3(b), and 4(b) (individual bond lengths and 
angles involving hydrogen atoms), 6 and 7 are available, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 

atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (5) using the 
computer program MGTLS. The rms standard error in 
the temperature factors owij (derived from the least- 
squares analysis) is 0.0016 A'. Analyses were successful 
for the two phenyl groups (rms AUij = 0.0021 A2 for 
C(7)-C(13) and 0.0017 A' for C(16)-C(21)) and for the 
13 atom group P(1)-P(3), N(1)-N(3), and C(1)-C(7) 
(rms AUij = 0.0040 A'). 
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OAKLEY ET AL. I1 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

N(1) - P(1) -N(3) 110.7(1) P(1) -C(l) -C(7) 
N(1) - P(1) -C(l) 110.7(1) P(2) -C(l) -C(7) 
N(1) - P(1) -C(2) 102.6(1) O(1) -C(7) -C(l) 
N(3) -P(l) -C(l) 114.0(1) O(1) -C(7) -C(8) 
N(3) -P(1) -C(2) 106.6(1) C(1) -C(7) -C(8) 
C(1) - P(1) -C(2) 111.6(1) C(7) -C(8) -C(9) 
N(2) - P(2) -C(l) 114.5(1) C(7) -C(8) -C(13) 
N(2) - P(2) -C(3) 108.1(2) C(9) -C(8) -C(13) 
N(2) - P(2) - C(4) 108.6(2) C(8) -C(9) -C(lO) 
C(1) - P(2) -C(3) 110.9(2) C(9) -C(lO)-C(11) 
C(1) -P(2) -C(4) 109.4(2) C(10)-C(11)-C(l2) 
C(3) - P(2) - C(4) 104.9(2) C(l1)-C(l2)-C(l3) 
N(2) - P(3) -N(3) 116.5(1) C(8) - C(13)- C(12) 
N(2) -P(3) -C(5) 109.2(2) O(2) -C(15)-N(l) 
N(2) - P(3) -C(6) 109.0(2) O(2) -C(15)-C(16) 
N(3) - P(3) - C(5) 107.3(2) N(1) -C(l5)-C(l6) 
N(3) -P(3) -C(6) 110.8(2) C(15)- C(16)- C(17) 
C(5) - P(3) - C(6) 103.1(2) C(15)-C(16)-C(21) 
( 1  - 1  - 1 4  121.5(2) C(17)-C(16)-C(21) 
( 1  - 1  C ( 1 5 )  116.0(2) C(16)- C(17)- C(18) 
1 4 - 1  C ( 1 5 )  121.9(3) C(17)- C(18)- C(19) 
P(2) -N(2) - P(3) 126.8(2) C(18)- C(19)- C(20) 
P(1) -N(3) - P(3) 125.6(1) C(19)-C(20)- C(21) 
P(1) -C(l) -P(2) 118.5(2) C(16)-C(21)- C(20) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Mean 

The appropriate bond distances have been corrected for 
libration (6, 7), using shape parameters q2 of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 
3l along with the uncorrected values. 

Results and Discussion 
The crystal structure (the first of a compound 

containing the P,N,C heterocycle) consists of 
discrete molecules of 2,2,4,6,6-pentamethyl-5- 
benzoyl-4-(N-methy1benzamido)- 1,3-diaza-2,4,6- 
(Pv)-triphosphorin. A general view of the mole- 
cule with the crystallographic numbering scheme 
is shown in Fig. 1 ; Fig. 2 shows the packing 
arrangement viewed along c*. The only inter- 
molecular interaction is a possible C(14)-H- 
(14a). . .0(1) ( x ,  y, 1 + z)  hydrogen bond 
(C. . .O = 3.309(4) A); all other intermolecular 
contacts correspond to normal van der Waals 
interactions. 

Bond angles are given in Table 4,' and intra- 
annular torsion angles in Table 5. Distances of 
atoms from weighted least-squares mean planes 

(Table 6) and non-bonded distances and details 
of the C-H. . .O interaction (Table 7) have been 
dep0sited.l Some of the key molecular dimen- 
sions are shown schematically in Fig. 3. 

The P,N,C ring is slightly non-planar; the 
mean displacement from the mean plane is 
0.075 A, the maximum 0.226 A (N(3)). The 
torsion angles in Table 5 indicate that the ring 
conformation corresponds closely to a flattened 
version of the chair - twist-boat transition (8). 
The bond angles are similar to those found in 
P3N3 rings (see e.g. ref. 9), but, in contrast to the 
marked alternation in bond lengths found in the 
structures of protonated phosphazenes (10-14), 
the P-N bonds vary only slightly in length. The 
averages of the P(1)-N(3), P(2)-N(2), and 
P(3)-N(2), P(3)-N(3) pairs are 1.586, 1.605 A 
respectively, both close to the values found in 
(NPMe,) ,,,,, (1.596, 1.592, 1.590 A (15-17)), 
indicating that the net effect of replacing a 
nitrogen atom by a carbon atom is small. The 
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FIG. 2. The packing arrangement viewed along c*. 

TABLE 5. Intraannular torsion 
angles (deg), azaphosphorin 

ring 

Bond Value 

p(1) -c(1) 16.9(2) 
C(1) - p(2) -3.1(2) 
p(2) -N(2) - 5.6(2) \ 
N(2) - P(3) -0.1(2) /Angle sum 359 4" 

P(3) -N(3) 17.4(2) 
N(3) -P(1) - 25.0(2) 

mean length2 (1.765 A) of the significantly differ- 
ent P(1)-C(1) and P(2)-C(1) bonds (1.752(3) 
and 1.777(3) A) is somewhat greater than the 
mean of a single P-C bond (1.80 A (18)) and a / 
P=C bond found in a simple ylid (1.66 A (19, 
20)). The additional lengthening is probably the 
result of charge delocalization into the C- 
benzoyl group, as found in C-benzoyl ylids 
Ph,PCXCOPh (X = C1, I) Conjugation 
with the C-benzoyl group is indicated by a 
lengthening of the C(7)=0(1) bond from 1.23 A FIG. 3. Key molecular dimensions. The bond distances 
(18) to 1.247(4) A, and a significant shortening have been corrected for libration. 

of the C(1)-C(7) bond to 1.419(4) A, compared 
to the 1.485 A expected for a C(sp2)-C(sp2) though chemically the deviation is unimportant. 
single bond (23). Because of the competing in- Probably for steric reasons, the P-C(1)-C(7)- 
fluence of the azaphosphorin ring, the extent of [0(1)]-C(8) unit is not planar. Torsion about 
these effects is less marked than in the C-benzoyl the central C(1)-C(7) bond (7.7") is small 
ylids Ph,PCXCOPh (Table 8). enough to allow conjugation between the 

The coordination groups of the trigonal P-C(1) and C(7)=O(l) bonds, but, consistently 
atoms C(l) and C(7) are significantly non-planar, with the C(7)-C(8) distance of 1.518(4) A, con- 

jugation with the phenyl group is prohibited by a 
ZHere and elsewhere in this paper when mean values large torsion angle, as in p h , p c ~ c o p h  ( ~ ~ b l ~  

are quoted they refer to weighted means with rms 
deviations from the mean in parentheses. 8). The geometry of the N-benzoyl group is 

3 ~ ~ r  a recent summary of P=C bond lengths in sub- somewhat different. The C(15) carbony1 group is 
stituted ylids R,PCRIRZ, see ref. 22. planar within experimental error, and the co- 
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OAKLEY ET AL. I1  

TABLE 8. Bond lengths and torsion angles (7) in C-benzoylated ylids 

Length (A) Angle (deg) 

Compound P=C C-C C=O 7(C-C)t .r(C-Ph)t 

*Reference 21. 
tMean value. 
$53.1' for the N-henzoyl group. 

ordination group at N(l) is nearly so. The 
relative conjugative abilities of the azaphosphorin 
ring and the benzoyl group are indicated by the 
long P(1)-N(l) bond. At 1.742(3) A, this bond 
is much longer than the exocyclic P-N bonds 
(1.651-1.678 A) in the dimethylaminophospha- 
zenes (NP(NMe,),),,, ,,,, (9, 24-26), and ap- 
proaches the value of 1.77 A expected for a 
P-N single bond (27). It is similar to the unique 
exocyclic P-N bond length in N4P4(NMe2), - 
W(CO), (28), which is lengthened to 1.75 A 
through the action of the metal as a competitive 
acceptor for the formally unshared electrons of a 
dimethylamino group. In both molecules, con- 
jugation of the exocyclic nitrogen atom with the 
ring is reduced. Nevertheless, comparison of the 
N(1)-C(15) bond length (1.369(4) A) with the 
corresponding distance in benzamide (1.342(3) 
A) (29) offers direct evidence that some conjuga- 
tion with the azaphosphorin ring still occurs. 

Both phenyl groups are slightly but signifi- 
cantly non-planar. The mean phenyl C-C dis- 
tance of 1.391(10) A is as expected. The N-Me 
distance of 1.472(3) A is significantly greater 
than the value of 1.446 A expected for a C(sp3)- 
N(sp2) single bond. The mean P-Me distance 
of 1.796(4) A is somewhat less than the values of 
1.804, 1.804, and 1.81 1 A found in the methyl- 
phosphazenes (NPMe,),,,,, (15-17). The bond 
lengths involving hydrogen atoms (mean C(ar)- 
H, 0.98(8) and mean C(Me)-H, 0.95(5) A) are 
as expected for X-ray data. 
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N, N-Ethylenebis(salicy1ideneimine) derivatives of gallium trimethyl: crystal and 
molecular structure of N, N-ethylenebis(salicylideneiminato)bis(dimethylgallium) 
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 55, 
2540 (1977). 

Crystals of N,N-ethylenebis(salicylideneiminato)bis(dimethygalium) are orthorhornbic, 
a = 22.781(1), b = 9.4869(6), c = 19.700(2) A, Z = 8, space group Pbca. The structure was 
solved by direct methods and was refined by full-matrix least-squares procedures to a final R of 
0.036 and R, of 0.029 for 2248 reflections with Z 2 3cr(I). Details of the preparation and 
physical properties of (CI6Hl4N2O2)(GaMe2), and (Cl6H1,N2O2)(GaMe2) are given. The 
(C16H14N202)(GaMe2)2 molecule is approximately centrosymmetric in the solid state. A 
"GaMezH unit is coordinated to each of the two salicylideneiminato moieties of the N,N- 
ethylenebis(salicylideneiminato) ligand. The gallium atoms have a distorted tetrahedral co- 
ordination geometry, with bond angles at gallium ranging from 92.7(1) to 124.6(3)". Important 
bond lengths (corrected for libration) are: Ga-0, 1.886(2) and 1.884(2), Ga-N, 2.033(3) and 
2.042(3), and weighted mean Ga-C, 1.959(9) A. 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chern. 55, 
2540 (1977). 

Les cristaux du N,N-~thylenebis(salicylideneiminato)bis(dimethygalium) sont orthorhom- 
biques, a = 22.781(1), b = 9.4869(6), c = 19.700(2) A, Z = 8, groupe d'espace Pbca. On a 
resolu la structure par les methodes directes et on l'a affinee par la mtthode des moindres 
carrks (matrice complete) jusqu'a une valeur finale de R de 0.036 et R, de 0.029 pour 2248 
rtflexions avec 12 3cr(I). On donne les details pour la preparation ainsi que les propriktks 
physiques de (C16H14N202)(GaMe2)2 et (C16H15N202)(GaMe2). La rnoltcule (C16H14NZ02)- 
(GaMe2)2 est approximativement centrosymetrique A I'etat solide. Une unitt "GaMe2" est 
coordonnee a chacune des deux portions salicylidkneiminato du ligand N,N-ethylenebis 
(salicylideneiminato). Les atomes de gallium possedent une gtomttrie de coordination tCtraCdri- 
que dtformte avec des angles au niveau du gallium allant de 92.7(1) jusqu'i 124.6(3)". Les 
longueurs de liaison importantes (corrigtes pour la libration) sont: Ga-0, 1.886(2) et 1.884(2), 
Ga-N, 2.033(3) et 2.042(3) et la moyenne pondkree de Ga-C, 1.959(9) A. 

[Traduit par le journal] 

Introduction 
Gallium trimethyl reacts readily with com- 

pounds containing "active hydrogen", eliminat- 
ing methane to yield products containing either 
four- or five-coordinate gallium (1-9). These 

C16H16N202 2 (Cl6Hl5N2O2)GaMe~ 

products are often associated and frequently 
occur as dimers. The present study involves the 
reaction of gallium trimethyl with the "active 

q o \  

hydrogen" compound N,N-ethylenebis(salicy1i- 
deneimine), 1. Two products have been isolated. 

-NTI 
The 1 : 1 complex, 2, may contain an octahedrally Me2Ci< 

coordinated gallium atom, but the material is 0 0 
polycrystalline and thus unsuitable for X-ray 

"b 
3 (C16H14N202)(GaMe2)2 

analvsis. The crvstal structure of the 2: 1 com- 
plex, 3, has been determined to discover if Experimental 
oligomerization via Oxygen lone pair coordina- All solvents were dried and distilled before use and 
tion to gallium occurs to give five-coordinate reactions involving gallium trimethyl were initiated in a 
gallium. glove box filled with dry nitrogen, with subsequent 
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CHONG ET AL. 2541 

handling occurring under a blanket of dry nitrogen or on 
a high vacuum line. Gallium trimethyl was prepared as 
described previously (10) and N,N-ethylenebis(sa1i- 
cylideneimine), 1, was prepared from ethylenediamine 
and salicylaldehyde by standard methods. 

(Cl6H1~N202)(GaMe2), 2 
This 1 : l  compound was prepared by reacting 1 

(3.57 g, 13.32 mmol) with gallium trimethyl (1.53 g, 
13.34 mmol) in benzene solution at room temperature. 
Methane was briskly evolved and after completion of the 
reaction the solvent was removed to yield a yellow solid 
product. This was recrystallized from toluene to give an 
air-stable yellow material. Anal. calcd. for (C16H15- 
N202)(GaMe2): C 58.9, H 5.7, N 7.6; found: C 58.6, H 
5.6, N 7.59. Mass spectrum data (recorded on a Varian 
MAT CH4B mass spectrometer at 70 eV with an ion 
source temperature of approximately 70°C) are 

mle Intensity Assignment 

353 36.0 (Cl6HlSN2O2)GaMe+ 
351 55.0 
338 38.0 (C16HlsN202)Ga+ 
336 57.0 
267 100 ( C ~ C ~ H I S N Z ~ Z ) +  

'Hnmr (C6D6 soln.): T G ~ M ~ ~  = 10.06 pprn singlet, T,H = 
2.34 pprn singlet, ~ " C H ~ C H ~ ~ )  = 6.91 ppm "triplet" (J = 
6 Hz), T c ~ H ~  = 2.84 ppm. 

( C I ~ H I ~ N Z O Z )  (GaMe2)2,3 
A stoichiometric 1 :2 ratlo of reactants, N,N-ethylene- 

bis(sa1icylideneimine) and gallium trimethyl, failed to 
give the desired product, even under forcing conditions. 
It is necessary to react N,N-ethylenebis(sa1icylideneimine) 
with an excess of gallium trimethyl. 
N,N-Ethylenebis(salicy1ideneimine) (0.41 g, 1.53 mmol) 

was dissolved in xylene and transferred quantitatively 
into a break-seal apparatus. Gallium trimethyl (1.6 g, 
13.95 mmol) was condensed onto the frozen 1 solution 
at -196"C, and the apparatus evacuated and sealed. 
The reaction bulb was then maintained at 110°C for 
48 h. The methane evolved was measured (calcd. 34.5 ml; 
found 41.0 ml at STP). The solvent was removed to yield 
a yellow powdery solid as product. This was recrystallized 
from benzene to yield an air-sensitive yellow crystalline 
material. Crystals suitable for X-ray study were positioned 
in capillary tubes which were subsequently sealed to pre- 
vent atmospheric interference. Anal. calcd. for N,N-ethyl- 
enebis(salicylideneiminato)bis(dimethylgallium) : C 5 1.6, 
H 5.6, N 6.0; found: C 51.9, H 5.8, N 5.9. Mass spectrum 
data are 

mle Intensity Assignment 

' H  nmr (C6D6 soln.): TG,,,, = 9.96 pprn singlet, 
T-cH~cH~,, = 7.04 pprn singlet, T c ~ H ~  = 2.84 pprn. 

X-Ray Crystallographic Analysis of 
( C I ~ H I ~ N Z ~ Z ) ( G ~ M ~ Z ) Z ,  3 

The crystal chosen for study was mounted with c 
parallel to the goniostat axis and had dimensions of 
ca. 0.09 x 0.25 x 0.49 mm. Unit-cell and space group 
data were obtained from film and diffractometer measure- 
ments. The unit-cell parameters were refined by a least- 
squares on 2 sin B/h values for 20 reflections measured 
on a diffractometer with Cu K, radiation (h = 1.5418 A). 
Crystal data (at 22°C) are: 

C Z O H ~ ~ G ~ ~ N Z O ~  fw = 465.9 
Orthorhombic, a = 22.781(1), b = 9.4869(6), c = 
19.700(2) A, V = 4257.8(6) A3, Z = 8, p, = 1.4535(2) g 
~ m - ~ ,  F(000) = 1904, p(Cu K,) = 34.8 cm-I. Absent 
reflections: Okl, k # 2n, h01, I # 2n, and hkO, h # 2n 
define uniquely the space group Pbca (D::, No. 61). 

Intensities were measured with nickel-filtered Cu K. 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 9-20 scan at 2" min-' over a range of 
(1.80 + 0.86 tan 0) degrees in 20 was employed. Back- 
ground counts (10 s) were measured at each end of the 
scan. Data were measured to 20 = 140". The intensities 
of two check reflections, measured every 40 reflections 
throughout the data collection, remained constant to 
within k 5%. Lorentz and polarization corrections and 
batch check reflection scaling were applied, and the 
structure amplitudes were derived. An absorption cor- 
rection was applied by a computer program using a 
Gaussian integration method (11, 12). Transmission 
factors ranged from 0.395 to 0.744. Of the 4046 in- 
dependent reflections measured, 2263 (56%) had in- 
tensities greater than 30(1) above background where 
02(Z) = S + B + (0.06S)2 with S = scan count and B = 
time averaged background count. 

The solution and initial stages of refinement were 
carried out with 1443 observed reflections with 20 I 90". 
The structure was solved by direct methods (13). The 
positions of the two gallium atoms were determined from 
an E-map calculated from the set of signs with the second 
highest consistency index (0.94). Two cycles of full- 
matrix least-squares refinement of the coordinates and 
isotropic thermal parameters of the gallium atoms gave 
R = 0.323. The positions of the remaining non-hydrogen 
atoms were given by a difference map calculated at this 
point. The non-hydrogen atoms were refined isotropically 
for two cycles and then anisotropically for two cycles re- 
ducing R to 0.056. The hydrogen atom positions were 
given by a subsequent difference synthesis. The entire 
structure (hydrogen atoms with isotropic thermal param- 
eters) was refined using the full data set for six cycles 
giving a final R of 0.036 and R, of 0.029 for 2248 reflec- 
tions with 1 2  341) (15 reflections which had IF,I - 
IF,] > 3o(F) were treated as unobserved in the final 
stages of refinement; for all 4046 reflections R = 0.088 
and R, = 0.030). 

The least-squares refinement was based on the min- 
imization of Zw[JF,I - IFJ(1 + gI)]12 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 6.6 x lo-'. The scattering factors of 
ref. 14 were used for the non-hydrogen atoms and those 
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of ref. 15 for the hydrogen atoms. Anomalous scattering 
factors from ref. 16 were used for the non-hydrogen 
atoms. The weighting scheme: w = ((F01/55.0)2 for 
IFoI < 55.0, w = (55.0/lFoi)Z for IF,] 2 55.0, and w = 
0.01 for the unobserved reflections gave uniform average 
values of w(lF,J - (FcI)Z over ranges of IF, and was 
employed in the final stages of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.110 and the largest shift (0.940) was as- 
sociated with the thermal parameter of H(4). The mean 
error in an observation of unit weight was 0.742. The 
final positional and thermal parameters appear in Tables 1 
and 2 respectively.' Measured and calculated structure 
factors have been placed in the Depository of Un- 
published Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has 
been analysed in terms of the rigid-body modes of trans- 
lation (T), libration (L), and screw (5) motion (17) using 
the computer program MGTLS. The rms standard 
error in the temperature factors oUi ,  (derived from the 
least-squares analysis) is 0.0024 A2. Analyses were suc- 
cessful for the two Ga coordination groups (rms AUij = 
0.0027 A2 for Ga(l), 0(1), N(l), C(9), C(10) and 0.0032 
Az for Ga(2), 0(2), N(2), C(19), C(20)), and for the two 
11 atom groups Ga(l), 0(1), N(1), C(1)-C(8) (rms 
AUi, = 0.0051 A') and Ga(2), 0(2), N(2), C(l1)-C(18) 
(rms AU,, = 0.0046 A'). 

The appropriate bond distances have been corrected 
for libration (18, 19), using shape parameters qZ of 0.08 
for all atoms involved. Corrected bond lengths appear in 
Table 3' along with the uncorrected values. Bond angles 
changed by less than one standard deviation in all cases, 
thus only the uncorrected values are reported in Table 4.' 

Results and Discussion 
(C16Hl,N202)(GaMe2), 2, displays a broad 

voH vibration in its infrared spectrum and a 
signal due to the OH group in its 'H nmr 
spectrum with zo, at 2.34 ppm compared with 
z,, at 2.29 ppm in N,N-ethylenebis(salicy1i- 
deneimine) itself. The unsymmetrical nature of 
compound 2 was demonstrated by the "triplet" 
signal in its 'H nmr spectrum due to the "eth- 
ylene" protons, these protons giving a singlet in 
the 'H nmr spectra of the symmetrical com- 
pounds 1 and 3. 

As expected, (C16H1,N202)(GaMe2),, 3, dis- 
played no voH in its infrared spectrum and no 
z,, in its 'H nmr spectrum. The forcing reaction 
conditions needed to introduce a second 
"GaMe," moiety into the (C,6H1,N202)(Ga- 
Me,) compound suggest that some type of inter- 

TABLE 1. Final positional parameters (fractional x lo4, 
Ga x lo5, H x lo3), with estimated standard deviations 

in parentheses 

Atom x Y z 

Ga(1) 58346( 2) 46792( 4) 25092( 2) 
Ga(2) 39048( 2) 28823( 4) 46979( 2) 
o(1) 6423( 1) 3506( 3) 2165( 1) 
o(2) 3556( 1) 4121( 2) 5319( 1) 
N(1) 5670( 1) 3428( 3) 3321( 1) 
N(2) 4254( 1) 4486( 3) 4143( 1) 
c(1) 6589( 1) 2270( 3) 2391( 2) 
c(2) 6361( 1) 1617( 3) 2970( 2) 
c(3) 6577( 2) 298( 4) 3163( 2) 
C(4) 7009( 2) -379( 5) 2796( 3) 
c(5) 7233( 2) 282( 5) 2230( 2) 
C(6) 703 1 ( 2) 1548( 5) 2037( 2) 
c(7) 5934( 1) 2255( 4) 3411( 2) 
c(8) 5270( 2) 3921( 5) 3857( 2) 
c(9) 61 66( 4) 6418( 7) 2869( 3) 
C(10) 5183( 3) 4589(11) 1868( 3) 
C(11) 3413( 1) 5448( 4) 5209( 2) 
C(12) 3656( 1) 6285( 4) 4690( 2) 
C(13) 3485( 2) 7691( 5) 4636( 2) 
C(14) 3083( 2) 8262( 5) 5060( 2) 
C(15) 2846( 2) 7455( 5) 5562( 2) 
C(16) 3006( 2) 6089( 5) 5641( 2) 
C(17) 4067( 1) 5753( 4) 4202( 2) 
C(18) 4657( 1) 4145( 5) 3586( 2) 
C(19) 3332( 3) 2006( 8) 4088( 3) 
C(20) 4504( 3) 1841( 7) 5183( 3) 
H(3) 641( 1) -13( 4) 355( 2) 
H(4) 713( 1) -113( 4) 295( 2) 
H(5) 753( 2) -21( 4) 198( 2) 
H(6) 716( 1) 199( 3) 171( 1) 
H(7) 585( 1) 168( 4) 379( 2) 
H(8a) 538( 1) 488( 3) 399( 1) 
H(8b) 526( 2) 334( 4) 420( 2) 
H(9a) 633( 2) 625( 6) 326( 3) 
H(9b) 586( 3) 663( 8) 303( 4) 
H(9c) 627( 2) 688( 5) 254( 2) 
H(l0a) 485( 2) 501( 5) 207( 2) 
H(1Ob) 515( 2) 357( 6) 181( 3) 
H(l0c) 531( 2) 480( 5) 156( 2) 
H(13) 366( 1) 814( 3) 430( 2) 
H(14) 299( 1) 912( 3) 508( 2) 
H(15) 257( 2) 773( 4) 584( 2) 
H(16) 288( 1) 557( 3) 595( 1) 
H(17) 418( 1) 646( 3) 389( 1) 
H(18a) 455( 1) 321( 4) 341( 2) 
H(18b) 462( 1) 486( 4) 323( 2) 
H(19a) 358( 3) 162( 9) 388( 4) 
H(19b) 314( 3) 274( 6) 390( 3) 
H(19c) 304( 2) 180( 6) 430( 3) 
H(20a) 472( 3) 131( 6) 494( 3) 
H(20b) 481( 2) 232( 6) 539( 3) 
H(20c) 434( 2) 142( 6) 550( 3) 

'The structure factor table and Tables 2 (thermal 
parameters), 3(b) (bond lengths involving H), 4(b) 
(angles involving H), 6 (mean planes), and 7 (nonbonded 
distances) are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Re- 
search Council of Canada, Ottawa, Canada KIA 0S2. 

action of the "GaMe," group already present in 
2 with the OH group and/or the second N atom is 
already taking place. This is indicated by the 
dotted lines in 2. The introduction of the second 
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CHONG ET AL. 

FIG. 1. A stereo view of the N,N-ethylenebis(salicylideneiminato)bis(dimethylgallium) molecule. 
50% ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been given artifically 
small temperature factors for the sake of clarity. Hydrogen atoms labelled "b" and "c" in Table 1 
are represented above by 0 and @ respectively. 

"CaMe," moiety necessitates a drastic ligand 
rearrangement in which any interaction of the 
type posulated in 2 must first be broken and then 
the molecule rearranged to accommodate the 
second "GaMe,". In the arrangement illustrated 
by the X-ray structure of N,N-ethylenebis(sa1i- 
cylideneiminato)bis(dimethylgallium), 3 (see Fig. 
I), steric crowding is reduced to a minimum and 
the gallium atoms are tetrahedrally coordinated, 
there being no evidence of association via 
0 -t Ga type linkages. 

The mass spectra of the two compounds 2 and 
3 displayed amongst their most intense peaks 
signals due to the parent ions minus one methyl 
group (see Experimental section) viz. (Cl6HI2- 
N,O,)GaMe+ and (C,6H,,N202)Ga2Me, , 
respectively. The relative intensities of the peaks 
in the multiplet signals agree well with those pre- 
dicted from the isotopic distribution of the 
metal atoms (69Ga (60%); 71Ga (40%)). The 
parent ions themselves were not detected, but 
this is not unusual in the mass spectra of this 
type of compound containing the dimethyl 
gallium moiety (1, 7). 

The X-ray crystallographic analysis shows 
that the N,N-ethylenebis(salicylideneiminato)- 
bis(dimethylgal1ium) molecule (see Fig. 1) is 
somewhat distorted from Ci symmetry. This 
may be due to crystal packing forces, since the 
l H  nmr spectrum in solution (Me and "CH,- 
CH," singlets at T = 9.96 and 7.04 ppm re- 
spectively) requires the molecule to have at 
least Ci symmetry. The distortions from Ci 
symmetry are seen as differences between the 
two chelate rings (intraannular torsion angles 
are given in Table 5) and unequal torsion angles 
about the N(1)-C(8) and N(2)-C(18) bonds 
(C(7)[N(l)-C(8)]C(18) = - 122.0(3) and C(17)- 
[N(2)-C(18)]C(8) = 107.0(3)"). The torsion 
angle about the central bond, N(l)[C(8)- 
C(18)]N(2), is 173.8(3)", close to the value of 
180" required by a centre of symmetry, but 
quite different from the value of -30" expected 
for the quadridentate configuration of the N,N- 
ethylenebis(salicylideneimine) ligand postulated 
for 2. 

In the present structure, a "GaMe," unit is 
coordinated to each of the two salicylideneimine 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

Ga(1)-O(1) 1 .869(2) 1.886 Ga(2)-O(2) 1 .874(2) 1 .884 
Ga(1)-N(l) 2.026(3) 2.033 Ga(2)-N(2) 2.035(3) 2.042 
Ga(1)-C(9) 1 .948(6) 1 .957 Ga(2)-C(19) 1 .959(5) 1 .969 
Ga(1)-C(10) 1 .950(5) 1 .962 Ga(2)-C(20) 1 .938(5) 1 .947 
O(1)-C(1) 1.309(4) 1.315 O(2)-C(11) 1.318(4) 1.323 
N(l) -C(7) 1.277(4) 1.280 N(2) -C(17) 1 .280(4) 1 .284 
N(1) -C(8) 1.471(4) 1.473 N(2) -C(18) 1 .469(4) 1.471 
C(1) -C(2) 1.398(4) 1.411 C(11)-C(12) 1.407(4) 1.416 
C(l) -C(6) 1 .404(5) 1 .406 C(11)-C(16) 1.398(5) 1.401 
C(2) -C(3) 1 .397(5) 1 .400 C(12)-C(13) 1 .395(5) 1 .398 
C(2) -C(7) 1 .437(4) 1 ,441 C(12)-C(17) 1.434(4) 1.437 
C(3) -C(4) 1.380(6) 1.382 C(13)-C(14) 1.350(6) 1.353 
C(4) -C(5) 1 .376(6) 1 .387 C(14)-C(15) 1 .363(6) 1 .369 
C(5) -C(6) 1.340(5) 1.344 C(15)-C(16) 1 .355(6) 1.360 
C(8) -C(18) 1 .510(5) 1 .514 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Bonds Angle (dea) Bonds Angle (dea) 

moieties of the N,N-ethylenebis(salicy1idene- 
imine) ligand. Both gallium atoms have dis- 
torted tetrahedral geometry, the bond angles 
(listed in Table 4) ranging from 94.0(2) to 
124.6(3)" at Ga(1) and from 92.7(1) to 123.8(3)" 
at Ga(2). The mean2 Ga-0 (1.885(1) A) and 
Ga-C (1.959(9) A) bond lengths are close to 

'Here and elsewhere in this paper, mean values refer 
to weighted means with rms deviations from the mean 
in parentheses. 

the mean values observed for related structures 
containing tetrahedral gallium (Ga-0, 1.87 A 
(20 and references therein), and Ga-C, 1.954(4) 
A (7 and references therein)). The mean Ga-N 
bond length (2.038(5) A) is significantly longer 
than the mean value of 1.998(1) A for "long" 
Ga-N bonds in related molecules (7 and 
references therein). This lengthening is due, 
at least in part, to o-hybridization effects (21). 
The mean angle at Ga involving N (103.2") 
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CHONG ET AL. 

TABLE 5. Intraannular torsion angles (deg) 

Bond Observed Bond Observed 

Ga(1)-O(1) 5.1(2) Ga(2)-O(2) 23 .7(2) 
O(1) -C(l) -2.9(3) O(2) -C(11) - 20.8(3) 
C(l) -C(2) - 3.2(4) C(11)-C(12) 3.4(4) 
c(2) 4 3 7 )  5.7(4) C(12)-C(17) 2.7(4) 
C(7) -N(l) - 1.8(3) C(17)-N(2) 7.7(3) 
N(1) -Ga(l) -2.7(2) N(2) -Ga(2) - 17.0(2) 

FIG. 2. The packing arrangement viewed along b. 

implies that the bonding orbital of gallium 
(involved in the Ga-N bond) has a high degree 
of p-character which increases the bond length. 
The bond lengths in the remainder of the 
molecule are as expected. 

The five atom OCCCN segments of both 
chelate rings are nearly planar (mean and 
maximum displacements from the OCCCN 
mean planes being 0.012 and 0.029 A for the 
Ga(1) ring, 0.021 and 0.035 A for the Ga(2) 
ring), with Ga(1) and Ga(2) displaced 0.0951 
and -0.3887 A respectively from the OCCCN 
mean planes. Both aromatic rings are planar 
within experimental error. The ring containing 
Ga(1) is more nearly planar (resembling the 
GaO,C, chelate ring in the (salicyla1dehydato)- 
dimethylgallium dimer (9)) than that containing 
Ga(2) (which has a conformation similar to 
that of the BO,C, ring in (salicy1aldehydato)- 
diphenylboron (22)). Torsion angles in the 

The crystal structure (Fig. 2) consists of well- 
separated molecules of N,N-ethylenebis(sa1i- 
cylideneiminato)bis(dimethylgallium). The short- 
est intermolecular distances (listed in Table 7') 
correspond to normal van der Waals interactions. 

Acknowledgments 

We thank the National Research Council of 
Canada for financial support, the University of 
British Columbia Computing Centre for assist- 
ance, Mr. P. Borda for the C, H, and N analyses, 
and Mr. J. Nip for recording the mass spectra. 

1. A. ARDUINI and A. STORR. J.  Chem. Soc. Dalton 
Trans. 503 (1974). 

2. D. F. RENDLE, A. STORR, and J. TROTTER. Can. J. 
Chem. 53,2930 (1975). 

3. D. F. RENDLE, A. STORR, and J. TROTTER. Can. J.  
Chem. 53,2944 (1975). 

4. K. R. BREAKELL, D. J. PATMORE, and A. STORR. J. 
Chem. Soc. Dalton Trans. 749 (1975). 

5. D. F. RENDLE, A. STORR, and J. TROTTER. J. Chem. 
chelate rings are given in Table 5. Soc. Dalton Trans. 176 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2546 CAN. J. CHEM. 

6. D. J. PATMORE, D. F. RENDLE, A. STORR, and J. 
TROTTER. J. Chem. Soc. Dalton Trans. 718 (1975). 

7. R. T. BAKER, S. J. RETTIG, A. STORR, and J. TROT- 
TER. Can. J .  Chem. 54,343 (1976). 

8. S. J. RETTIG, A. STORR, and J .  TROTTER. Can. J. 
Chem. 53,58 (1975). 

9. S. J. RETTIG, A. STORR, and J. TROTTER. Can. J. 
Chem. 54, 1278 (1976). 

10. A. STORR and B. S. THOMAS. Can. J. Chem. 48,3667 
(1970). 

11. P. COPPENS, L .  LEISEROWITZ, and D. RABINOVICH. 
Acta Crystallogr. 18, 1035 (1965). 

12. W. R. BUSING and H. A. LEVY. Acta Crystallogr. 22, 
457 (1967). 

13. R. E. LONG. Ph.D. Thesis. University ofCaliforniaat 
Los Angeles, Los Angeles, CA. 1965. 

14. D. T. CROMER and J .  B. MANN. Acta Crystallogr. 
Sect. A, 24,321 (1968). 

VOL. 55 ,  1977 

15. R. F. STEWART, E. R. DAVIDSON, and W. T. 
SIMPSON. J. Chem. Phys. 42,3175 (1965). 

16. D. T. CROMER and D. LIBERMAN. J. Chem. Phys. 53, 
1891 (1970). 

17. V. SCHOMAKER and K. N. TRUEBLOOD. ActaCrystal- 
logr. Sect. B, 24,63 (1969). 

18. D. W. J .  CRUICKSHANK. Acta Crystallogr. 9, 747 
(1956); 9,754 (1956). 

19. D. W. J. CRUICKSHANK. Acta Crystallogr. 14, 896 
(1961). 

20. S. J. RETTIG, A. STORR, and J. TROTTER. Can. J. 
Chem. 53,753 (1975). 

21. S. J. RE~TIG.  Ph.D Thesis. University of British Col- 
umbia, Vancouver, British Columbia. 1974. 

22. S. J. RETTIG A N D  J. TROTTER. Can. J. Chem. 54, 1168 
(1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Juvabione and its analogues. IV.' Isolation, identification, and occurrence of 
juvabione, juvabiol, and epijuvabiol from the whole wood of Abies lasiocarpa 
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JOHN F. MANVILLE and CHARALYN D. KRIZ. Can. J. Chem. 55,2547 (1977). 
Juvabione (I), 1'2-dehydrojuvabione (IOU), 1'E-dehydrojuvabione (lob), juvabiol (3), 

epijuvabiol (6), and the epimeric 2'-dehydrojuvabi-1'-01s (11) occur in the whole wood of a 
number of North American Abies lasiocarpa trees. Wide variability of occurrence of these 
juvabione analogues and other previously characterized extractives is noted. The co-occurrence 
of 1 and 6, with opposite configurations at C-1', as shown by 13C nmr indicates the necessity of 
accurately determining the complete structure of naturally occurring compounds even if 
isolated from the same source. 

JOHN F. MANVILLE et CHARALYN D. KRIZ. Can. J. Chem. 55,2547 (1977). 
Les composCs suivants furent isolts du bois entier d'un certain nombre de Sapins subalpins 

(Abies lasiocarpa) nord-americains: le juvabione (I), le 1'Z-dehydrojuvabione (IOU), le 1'E- 
dehydrojuvabione (lob), le juvabiol (3), 1'6pijuvabiol (6) et un melange epimere de 2'-dehydro- 
juvabi-1'-01s (11). On remarque une grande variabilite de presence de ces composes analogues 
au juvabione. La co-presence de 1 et 6 avec les configurations oppostes C-1', tel que dkmontre 
par 13C rmn, indique la necessitb de determiner avec precision la structure compYte des com- 
poses qui apparaissent naturellement lorsque isolks d'une m&me source. 

Introduction alpine fir wood to determine if similar com- 
The wood of balsam fir (Abies balsamea (L.) pounds were present. 

Mill.) contains compounds exhibiting juvenile Alpine fir wood was previously shown to 
hormone activity on the hemipteran bug Pyr- contain both the 2- and E-a-atlantones (71, 
rhocoris apterus L. (1, 2). To date five active manool (8), and lasiocar~enone (9) ; the occur- 
insect juvenile hormone analogue (IJHA) corn- rence of other sesquiterpene ketones, which were 
ponents have been isolated and identified (3-5). not fully characterized, was also reported 
They are juvabione (I), 4'-dehydrojuvabione (2), (g-ll).3 
juvabiol (3), isojuvabiol (4), and 3'-dehydro- This paper reports the isolation and identifica- 
juvabi-5'-ol (5). These compounds and possibly tion of juvabione (1) and an unresolved mixture 
others (5) present in the whole wood of balsam of juvabiol (3) and e~ijuvabiol (6). Their vari- 
fir are responsible for the "paper factorn effect, ability of occurrence together with that for the 
first noted by Slama and Williams (I).' atlantones (7), man001 (8), lasiocarpenone (9), 

It is well known that balsam fir and alpine fir an isodehydrojuvabione (tentative structure 
(A. lasiocarpa (Hook.) Nutt.) are two closely 1 'E-dehydrojuvabione (lob)), and an unresolved 
related fir species found across Canada (7). The mixture of tertiary dcohols (11) in the whole 
balsam fir predominates in eastern Canada, wood of alpine fir is noted. 
whereas the alpine fir is found extensively in 
western Canada from the Pacific Coast to central Isolations 

Alberta. In view of the recently noted (4, 5) The petroleum ether extracts of the whole 
extensive occurrences of juvabione and related wood of nine alpine firs from three sites were 
sesquiterpenoids in the whole wood of balsam pale yellow mobile oils. The individual tree ex- 
fir, it was of interest to study the extractives of tracts were examined by gas-liquid chromato- 

graphic (glc) analysis, which revealed the pres- 
'For part I11 see ref. 13. ence of at least seven major components which 
2Naturally occurring C-1' epimers of 1 and 2 (epijuva- 

bione and 4'-dehydroe~iiuvabione) have been isolated did not any of the fatty 
from a ~zechoslo;ak fi; (4, 6) growing in an arboretum 
in Czechoslovakia; both are active IJHAs. 3EE. P. Swan, unpublished results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

84
.2

2.
46

.9
8 

on
 0

9/
08

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2548 CAN. J.  CHEM. VOL. 55, 1977 5 or was resin obtained acid methyl by combining esters. A wood composite from all sample nine 
I \ 5' 

2. I' trees and obtaining the petroleum ether extract 
,s' ,\,' *' .2" 

which was used for isolation and identification 
H H  H H  of components. Using procedures given in the 

experimental section, silicic acid column chro- 

1 matography effected separation of some of the 
major components from this extract mixture. 

Results and Discussion 
The first three major components were identi- 

fied by glc retention times (r,) (relative to 
internal I), thin-layer chromatogram (tlc) R, 
values, and color reactions. They had been 
previously characterized as constituents of the 
wood of alpine fir (8-10) and balsam fir (4), and 
are the atlantones (7) r, 0.24, man001 (8) r, 0.53, 
and lasiocarpenone (9) r, 0.63. 

Whereas previous studies (8-10) had identified 
these compounds as constituents of the wood of 
alpine fir, the present glc analyses (Table 1) 
indicated a considerable degree of variation in 
the amounts of these compounds in the nine 
trees sampled. Substantial, yet variable, amounts 
of the atlantones (7) (8-33%) were detected in 
all samples. Most wood samples contained only 
trace amounts of man001 (8) and lasiocarpenone 
(9); in contrast tree 4 had 4.7% 8 and 8.0% 9 and 
in tree 1, from a different site, we found 0.4% 8 
and 8.4% 9. No other trees examined had more 
than trace amounts of 9, while trees 5 and 6 
contained substantial amounts of 8. Site 2 (trees 
4-6) had consistently large amounts of 8 in com- 
parison with the other sites. The large degree of 
variation in the amounts of 9 supports the 
possibility of inconsistent or variable results in 
correctly identifying alpine fir wood as noted in 
the method proposed by Fraser and Swan (1 1). 

The combined fractions 15-32, which gave rise 
to glc peaks at r, 1.00 and 1.23 were studied 
next. Thin-layer chromatography indicated the 
presence of two ketones (yellow spots with 2,4- 
DNPH). Hydrogenation (4) of a portion of this 
mixture resulted in the formation of cis and trans 
dihydrojuvabiones, confirming only one mono- 
cyclic sesquiterpenoid skeleton to be present in 
this mixture (4). However, high performance 
liquid chromatography (hplc) of another portion 
of this mixture revealed the presence of three 
components by uv detection; one was juvabione 
(1) (r,' = 1.00); the other two (r,' = 0.86 and 
0.94) absorbed much more strongly than did 1 
(nmr indicated approximately 70% of the mixture 
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MANVILLE A N D  KRlZ 

was 1) indicating that they were a,P-unsaturated 
ketones, but neither was 4'-dehydrojuvabione (2) 
(r,' = 0.80 (4)). A portion of this mixture was 

,- i? 
isolated in pure form by rechromatographing on 5 

2 - a silicic acid column. This compound gave a glc 
peak at r, 1 .OO and had [a],, 'H nuclear magnetic .- o - 
resonance (nmr), infrared (ir), and mass spectra 2 

a 
(ms) in accord with those reported for 1 (3, 4). o 

5 The stereoconfigurations were proven by com- 2 

paring the 13C nmr chemical shifts observed for d 
3 

1 with those obtained from samples of previous 2 
isolations (13). Juvabione (1) was a major com- .g 
ponent in all nine petroleum ether extracts and 
appeared to range in amounts from 16 to 65%. .9 

9 
P: However, further examination of some inter- A 

mediate fractions from the above separation, 3 
which appeared to be pure 1 by glc, contained a a 

second component when observed by hplc and g 
'H nmr. This minor component had two 'H 
nmr resonances distinct from those observed for 
1. A vinyl methyl resonance was observed at 6 
1.82 (J = 1.6 Hz) (cJ 6 1.88 for trans methyl of 2 
(4)) and an olefinic proton at 6 6.08 (br s, coupled 
to above methyl). These were assigned to the 
C-1' methyl and C-2' hydrogen of 10a re- 
spectively. This proposed structure (10a) would 
account for the observations noted. Thus, re- 
ported (Table 1) amounts of 1 noted by glc may 
be due, in part (ca. 573, to 1 'Z-dehydrojuvabione 
(10~).  

A second (major) unsaturated ketone, re- 
sponsible for the observation of a glc peak, at 
r, 1.23 was isolated by silicic acid column chro- 
matography together with 1 and was therefore 
only partly characterized. The 'H nmr spectrum 
of this mixture revealed the presence of an 
additional olefinic resonance, at 6 6.08, and a 
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10 b ( E )  

vinyl methyl resonance at 6 2.13 (J = 1.25 Hz) 
(cf. 6 2.14 for cis methyl of 2 (4)), which was 
coupled to  this olefinic proton. The methyl ester 
protons were observed at 6 3.78 us. 6 3.77 for 1. 
This compound was tentatively assigned struc- 
ture lob, in accord with that proposed by Leach 
and Thakore (12). This I'E-dehydrojuvabione 
(lob) is a major constituent and accounts for 
from 5-25% of the petroleum ether soluble ex- 
tract of alpine firs. 

Next, the polar components (see isolations) 
were investigated and characterized by chro- 
matographic and spectroscopic techniques. One 
portion was recovered unaltered by acetylation 
attempts. It gave rise to a glc peak at r, 1.1 1 and 
proved to be identical with a mixture of tertiary 
alcohols (11) previously isolated by E. P. Swan3 
of this laboratory. The complete description of 
these alcohols, which account for up to 16% of 
the petroleun~ ether soluble material, will be 
reported separately. The acetylated portion was 
efficiently separated (5 )  into two major portions. 
The phytosterol acetates were isolated in the 
first portion and were not investigated further. 
The compounds present in the intermediate 
fractions had 'H nmr, r,, and R, values which 
were indicative of juvabiol(3) and/or isojuvabiol 

(4) acetates except that [a], was different to that 
found previously (5). 

The original alcohols were recovered by de- 
acetylating a portion of the above acetates, the 
'H nmr, r,, and R, values were indicative of 
juvabiol and/or isojuvabiol (3 and 4) but the 
[a], was different (5). High performance liquid 
chromatographic analysis of this alcohol fraction 
showed that it was a mixture and that the ratio of 
isomers (1 : 10) was different than observed pre- 
viously for balsam fir (approximately 1 : 1, (5)). 
The major alcohol corresponded with the 
4R,lfR,3'R isomer (4) obtained previously from 
sodium borohydride reduction of 1 (5). The 
minor alcohol co-chromatographed with the 
4R,11R,3'S configurational product (3). How- 
ever, 13C nmr showed that the major alcohol or 
its acetate was identical with the 4R,lrS,3'S 
isomer (6) obtained from sodium borohydride 
reduction of epijuvabione (13). (Table 2 lists the 
13C nmr shifts for the epimeric alcohols and their 
acetates, obtained previously from sodium boro- 
hydride reduction of 1 and epijuvabione (5, 13).) 
The minor alcohol (this study) was identified as 
3. These alcohols can account for up to 24% of 
the petroleum ether soluble material isolated 
from alpine firwood. 

The whole wood of alpine fir contains several 
juvabione-related compounds that are different 
from those found in balsam fir (3-5). Moreover, 
the fact that we observe both (R and S) C-1' 
epimers, but only one C-3' epimer (S), for this 
species, suggests a possible biosynthesis scheme 
as outlined in Scheme 1. 

In order to rationalize the synthesis of 6, the 
major alcohol isolated from alpine fir, one might 
postulate the stereoselective reduction of 10 to  
the allylic alcohol 12 with S stereochemistry at 
C-3' (not isolated, but see below). The latter 
could then be reduced to either 6 or 3. This 
scheme and the existence of 12 is supported by 
the isolation of the tertiary alcohols 11 (which 
could be formed in a manner analogous to that 
reported earlier for the formation of 5 (5)) and 
by the absence of any alcohols with the R con- 
figuration at C-3'. 

The results of this study contrast those found 
previously (4, 5) for balsam fir in two important 
respects. First, both the R and S epimers at C-1' 
were found in alpine fir, whereas only the R- 
epimer at C-1' was found in balsam fir. Second, 
whereas the alcohols in balsam fir were epimeric 
at C-3', only the S epimer at C-3' was observed 
in alpine fir. These results suggest two different 
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MANVILLE 

biosynthetic pathways, for alpine fir and balsam 
fir, to the various juvabione-type products. No 
evidence of the occurrence, in alpine fir, of 
4'-dehydrojuvabione (2) or 3'-dehydrojuvabi- 
5'-01 (5) was noted. 

Experimental 
The 'H nmr spectra were determined on samples 

dissolved in deuteriochloroform containing tetra- 
methylsilane as internal standard using a Varian XL-100 
spectrometer. Mass spectra were recorded in the Depart- 
ment of Chemistry, University of British Columbia, using 
Atlas-4 and AEI-DS-50 spectrometers. Accurate mass 
measurements were made by reference to appropriate ions 
of the perfiuorokerosene spectrum. Infrared spectra were 
recorded with a Perkin-Elmer 521 spectrophotometer. 
Samples were placed as liquid films on the surface of KBr 
discs. Optical rotations were recorded on a Perkin-Elmer 
141 polarimeter made available by the Department of 
Chemistry, University of British Columbia. Gas-liquid 
chromatographic analyses were performed on a Hewlett 
Packard model 7620A equipped with flame-ionization 
detector. The column used was a 6 ft x + in. 0.d. stainless 
steel packed with 10% EGSS-X on 100-120 mesh Gas 
Chrom. P. The column was held isothermally at 185'C. 
The carrier-gas flow rate was 25 ml/min. The detector and 
injector ports were maintained at 270°C. All glc retention 
times (r,) are relative to internal 1. 

The hplc analyses were performed on a Spectra-Physics 
3500B liquid chromatograph equipped with their 
chromatronix Model 230 uv (2801254 nm) detector. The 
column used was 3 x 250 mm Spherisorb ODs  (10 pn~) .  
The solvent system was water-acetonitrile; isocratic 
elution was used (40% acetonitrile); the flow rate was 
1 rnllmin at approximately 600 psi. All hplc retention 
times (r,') are relative to internal 1. Thin-layer chro- 
matograms were performed on Mallinckrodt Chromar 
plates 7GF using petroleum ether - diethyl ether (3: 1) as 
developer. 

Extraction 
In each case, debarked whole wood was air dried and 

ground in a Wiley mill to pass a 5-mm screen. Wood 
meal for each tree and a composite sample was first 
extracted over a 12-h period in an all-glass soxhlet 
apparatus with petroleum ether (bp 60-90°C) followed by 
benzene-ethanol extraction, prior to obtaining 0.d. wood 
weights. The extracted yellow-brown oil was dried 
(Na2S04) and the petroleum ether removed under 
reduced pressure. The petroleum ether soluble material 
obtained from a composite sample from all nine trees used 
for isolations of individual compounds contained 88% 
neutral components as determined by DEAE Sephadex 
A-25 chromatography using the method of Zinkel and 
Rowe (14). 

Separation 
Partial separation of the compounds present in the 

petroleum ether soluble material was achieved by repeated 
column chromatography using Woelm silicic- acih and 
petroleum ether - diethyl ether (PE-DE) as eluent. A 
total of 6.71 g of extract was applied to column 1 (Table 
3). 
- 1 .  

Fractions 33-52 were combined, concentrated to a 
syrup, and treated with acetic anhydride and pyridine, in 
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MANVILLE AND KRIZ 

TABLE 3. Separation of compounds in the petroleum ether soluble 
fraction 

Solvent ratio Volume Fractions Peak no. Weight 
(PE:DE) (ml) (19 ml) (glc) (g) 

Column I 
3: l  400 1-7 - - 
- - 8-14 1-111 1.89 
3:2 375 15-32 IV, VI 1.79 
1 : l  300 33-52 V, VII 1.32 
0: 1 250 53-end - 0.73 

Column 2 
3 : l  600 1'-14' - - 
- - 15'-24' New 0.63 
1 : l  300 42'47' V 0.19 
0: 1 300 48'-50' V 0.11 

the usual manner, to yield a syrup which was partly with those published (5) for the C-3' epimeric mixture of 
resolved by column chromatography (column 2) after most juvabiol (3) acetate and isojuvabiol (4) acetate. Again, the 
of the phystosterol acetates were removed by crystalliza- [a]Dz4 +68.6" (c 0.90, CH30H) was different from that 
tion. observed previously ([a]DZ3 + 54.3') (5). They had R, 0.53 

(incorrectly printed as 0.33 in ref. 5). The 13C nmr 6 
Deacetylation 170.4, 167.4, 139.2, 129.9, 71.3, 70.4, 51.0, 44.1, 43.2, 

Part (306 mg) 15'-24' was in 25 39.2, 38.8, 37.8, 37.3, 33.3, 32.8, 29.5, 27.9, 25.7, 24.7, 
ml to which was added lo8 mg of 24.4, 23.0, 22.6, 22.0, 20.8, and 15.5. The observed 
methoxide. The solution was heated under reflux for 12 h;  intensities were consistent with a 1 : 10 ratio of 3 and 6 
90% of the acetate groups were removed (glc). The reaction acetates (see Table 2 for comparison). Mol. Wt. calcd. for 
mixture was diluted with H 2 0 ,  neutralized (HzSO~), and c ~ ~ H ~ ~ ~ ~ :  310.2143; found (high resolution mass 
extracted with CHC1, (3 x 10 ml). The resulting syrup spectrometry): 310,2144. 
was re-chromatographed (column 2) to  recover a colour- 
less, viscous oil (139 mg). Acknowledgments 
Compound 1 (Juvabione (4R, I'R)) We wish to thank Mr. C .  R. Daniels for 

Compound 1 was a colourless oil, which by glc was Obtaining the hplc results and Dr. K. Bock for better than 90% pure; it had physical and spectral para- 
meters in accord with those published (4). The '3C nmr help in determining the 13C nmr assignments. 
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Compounds 3 and 6 (Juuabiol (4R,I'R,3'S) and Epijuva- 
biol (4R,I'S,3'S) 

Compounds 3 and 6, isolated together as a colourless 
oil and characterized as an epimeric mixture (at C-1'), 
had most physical and spectral parameters in accord with 
those published (5) for the C-3' epimeric mixture of 
juvabiol (3) and isojuvabiol (4). The [aIDz4 was + 57.1" 
(C 0.92, CH30H) (cf: [aIDz3 + 67.8" (5)). High performance 
liquid chromatographic analysis revealed a mixture of 
isomers (r,' 0.76 and 0.83) in a ratio of 1 : 10 (lit. 9: 11 (5)). 
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observed intensities were consistent with a 1 : 10 ratio of 
3 and 6 (see Table 2 for comparison). Mol. Wt. calcd. for 
Cl,H2,O3: 268.2038; found (high resolution mass 
spectrometry) : 268.2023. 
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The synthesis and thermal decomposition of bis(pheny1thio)methyi 
derivatives of mercury 

TRISTRAM CHIVERS AND RITCHWICK RAM 
Department of Chemistry, The University of Calgary, Calgary, Alta., Canada E N  IN4 
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TRISTRAM CHIVERS and RITCHWICK RAM. Can. J. Chem. 55,2554 (1977). 
The mercurials, [(PhS),CH],Hg and PhHgCH(SPh),, have been prepared from (PhS),CHLi 

and HgBr, or PhHgC1, respectively. The unsymmetrical compound decomposes readily both in 
the solid state and in various solvents. The symmetrical con~pound is more stable but also 
undergoes decomposition in certain refluxing solvents. The identity of the products suggests 
that the major decomposition route involves homolytic fission of the Hg-CH(SPh), bond 
and that PhS migration to mercury plays only a minor role. 

TRISTRAM CHIVERS et RITCHWICK RAM. Can. J. Chem. 55,2554 (1977). 
On a prepare les derives organomercuriques [(PhS),CH],Hg et PhHgCH(SPh), respective- 

ment a partir de (PhS),CHLi et HgBr, ou PhHgCI. Le compose non-symetrique se decompose 
facilement aussi bien a 1'6tat solide que dans divers solvants. Le compose symetrique est 
plus stable mais il subit aussi une decomposition dans certains solvants a reflux. La nature des 
produits formes suggkre que la principale route de ddcomposition implique une fission homo- 
lytique du lien Hg-CH(SPh)2 et que la migration du PhS vers le mercure ne joue qu'un rBle 
mineur dans le mkanisme. 

[Traduit par le journal] 

Introduction 
A number of investigations of organometallic 

derivatives containing p-sulfur substituents in- 
dicate that decomposition via the formation of 
M-SR bonds is a general feature of these com- 
pounds (1-4). By analogy with polyhalomethyl- 
mercurials (5),  RS migration to mercury in 
derivatives of the type PhHgCH,(RS),-, (n = 
1, 2) could provide a source of thio(a1k)aryloxy 
carbenes. To test this idea we have prepared 
the mercurials PhHgCH(SPh), and Hg[CH- 
(SPh),], and investigated their decomposition in 
various solvents. The synthesis of Hg(CH,SPh), 
and reactions with lithium and zinc to give 
LiCH,SPh and Zn(CH,SPh),, respectively, have 
been briefly reported (3). 

Experimental 
General 

All solvents were distilled from CaHz prior to use. 
Reactions involving lithium reagents were carried out 
under an atmosphere of dry, oxygen-free nitrogen. 

The following instruments were used to obtain 
spectroscopic data: Infrared Spectra (Perkin Elmer 
Models 337 and 467), 'H NMR Spectra (Varian HA 100), 
Mass Spectra (Varian CH5 operating at an ionising 
potential of 70 eV). 

Microanalyses were performed by Alfred Bernhardt 
Mikroanalytisches Lab., W. Germany. 

Synthesis of [(PhS) ,CHI2 Hg 
(PhS),CHLi (20 mmol) (6) in THF (20 ml) was added 

over 5 min to mercury(I1) bromide (3.6 g; 10 mmol) in 

THF (15 ml) at P C .  The turbidity of the initial suspen- 
sion rapidly gave way to the final greenish mixture. Addi- 
tion of ice-cold water ( w  200 ml) precipitated the product 
as white lumps which were collected, washed with water, 
and air dried. Analytically pure Hg[CH(SPh),], was ob- 
tained as a white powder (mp 92-94°C) by slow precipita- 
tion from a solution in THF upon addition of pentane. 
(Yield = 4.97 g; 75%.) Anal. Calcd. for C26H22HgS4: C 
47.13, H 3.32, Hg 30.21, S 19.34. Found: C 46.99, H 3.33, 
Hg 30.21, S 19.17. The 'H nmr spectrum (CS,) ex- 
hibited signals at z 2.58-3.03 (m, C6H5S) and r 5.72 (s, 
\ 
\ 

CH-Hg), 2 J ~ g s H g - ~ H  = 129 HZ, with the appropriate 
/ 
intensity ratios. 

The infrared soectrum showed a band at 462 cm-' - -- 

assigned to v,, HgC,. The mass spectral data are given in 
Table 1. 

Synthesis of PhHgCH(SPh), 
(PhS),CHLi (15 nlmol) in THF (25 ml) was added 

over 10 min to PhHgCl(4.7 g; 15 mmol) in THF (75 ml) 
at P C .  The turbidity of the suspension rapidly gave way 
to a pale yellow-green mixture. The crude product was 
precipitated from this mixture by the addition of ice-cold 
water (200 ml). Slow addition of n-pentane to a toluene 
solution of the crude product (dried over MgSO,) gave 
white crystals of analytically pure PhHgCH(SPh)z; mp 
107-108°C. Yield = 2.64 g; 43%. Anal. Calcd. for 
Cl,H16HgS2: C 44.90, H 3.15, Hg 39.40, S 12.60. 
Found: C 44.93, H 3.08, Hg 39.30, S 12.54. 

The 'H nmr spectrum (CDCI3) exhibited signals at 
r 2.27-2.49 (m, Hg-C6H5, m- and p-), T 2.49-2.97 (m, 
SC6H5), r 2.97-3.14 ("d of d", Hg-C6H5, o-) and T 5.30 

/ 
(s, Hg-CH ), 2J199Hg-1H = 113 HZ, with the appro- 

\ r' 1 
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TABLE 1. Mass spectra at 70 eV of PhHgCH(SPh), and 
Hg[CH(SPh)zlza 

Parent Ion Abundance (%) 

PhHgCH(SPh), PhHgCH(SPh)Z 1 
PhHgSPh 2 
PhzHg 30 
(PhS)ZCHPh 4 
PhHg 19 
PhSCH=CHSPh 5 
(PhS)2CH 100 
PhSSPh 4 
Hg 25 

Hg[CH(SPh)2]zb (PhS)2CHCH(SPh)2 < 1 
(PhS),CHCH(SPh) 5 
PhSCH=CHSPh 96 
(PhS)ZCH 100 
Hg 56 

.Ions in abundance above 1%; M+(%) (M > 200). 
bParent ion not observed. 

priate intensity ratios. In the infrared spectrum bands at 
450 and 580 cm-' are assigned to Hg-aryl and Hg- 
alkyl stretching frequencies, respectively. The mass 
spectral data are given in Table 1. 

Decomvosition o f  the Mercurials 
TheAexperimental results for the decomposition of 

Hg[CH(SPh),], and PhHgCH(SPh), in various solvents 
are summarized in Tables 2 and 3, respectively. A de- 
scription of the general procedure for the work-up of 
reaction mixtures and the identification of products 
follows. After the decomposition, mercury metal was 
filtered off and weighed. Solvents were removed in vacuo 
and the decomposition products were isolated, where 
possible, and identified by comparison of their infrared 
spectra and mp with those of authentic samples. For 
comparison purposes, Ph,Hg and PhHgCl were com- 
mercial samples (Alfa Inorganics). PhHgSPh and Hg- 
(SPh), (mp 150°C, cf. lit. 151-152°C) (7) were prepared by 
the reactions of benzenethiol with PhHgCl and HgO, 
respectively. (PhS)2CH2 was prepared from CH,12 and 
PhSNa using the literature procedure (6). (PhS),CH, 
[(PhS),CH],, and (PhS),C=C(SPh), were characterized 
by complete microanalytical data in addition to mp, 
infrared, 'H nmr, and mass spectra (Table 4). 

In cases where it was not possible to isolate pure 
organosulfur products, the molar composition of mix- 
tures of (PhS)#ZH2, (PhS)jCH, and [(PhS)2CH]Z could 
be estimated from the integrated intensities of the 
aliphatic -CH signals in their 'H nmr spectra. The 
progress of the decomposition was conveniently moni- 
tored by l H  nmr spectroscopy. 

Results and Discussion 
The mercurials Hg[CH(SPh),], and PhHgCH- 

(SPh), were obtained in fairly good yields from 
the readily available lithium reagent, (PhS),- 
CHLi (6), and HgBr, or PhHgC1, respectively. 
Two observations for the unsymmetrical mer- 
curial prompted us to undertake a detailed in- 
vestigation of the decomposition of these two 
compounds. First, solid samples darkened during 

several days at room temperature. Secondly, 
solutions in various solvents slowly deposited 
mercury. The results for the symmetrical mer- 
curial are presented first. 

Decomposition Pathways of Hg[CH(SPh),], 
Table 2 summarizes the experimental results 

for the decomposition of Hg[CH(SPh),], in 
various solvents and in vacuo. While the de- 
composition of the mercurial in low boiling- 
point solvents (e.g. CHCl,, THF) is very slow, 
the mercurial is quantitatively converted to 
mercury metal in refluxing toluene or in vacuo 
at 150°C. By analogy with the extensive literature 
(10, ref. 11, pp. 403-421) on the thermal de- 
composition of R2Hg compounds, the de- 
composition of Hg[CH(SPh),], can be rational- 
ised by postulating homolytic fission of the 
Hg-C bond in the initial rate-determining step. 

slow 
[I] Hg[CH(SPh)]z - (PhS)ZCH. + .HgCH(SPh)Z 

fast 
[2] .HgCH(SPh), d (PhS),CH. + Hg 

The decon~position products (PhS),CH, and 
[(PhS),CH], can then be formed from the 
radicals produced in [I] and [2] by (a) abstrac- 
tion of hydrogen from solvent or starting 
mercurial, or (b) dimerization, respectively. The 
detection of bibenzyl as a product in the de- 
composition in toluene solution provides sup- 
port for the proposed radical mechanism (12). 

[3] (PhS),CH. + CsHSCH3 + (PhS)ZCHZ 

+ CsHsCHz. + (C6HsCHz)z 

The formation of [(PhS),CH], by a radical- 
molecule encounter, as in [4], 

[4] (PhS),CH. + Hg[CH(SPh),], + [(PhS),CH]Z 
+ .HgCH(SPh), 

cannot, however, be ruled out on the basis of 
the available evidence. 

The purple radical (PhS),N., isoelectronic 
with (PhS),CH., has recently been characterized 
by Barton and co-workers and shown to have 
unusual stability (13). In this work, no direct 
evidence, e.g. by esr, could be obtained for 
radical formation possibly because the steady 
state concentration of (PhS),CH. radicals was 
too low. 

The origin of the predominant organosulfur 
product in the thermal decomposition of Hg- 
[CH(SPh),],, i.e. (PhS),CH is less certain. 
Seebach and co-workers have proposed the 
following sequence of reactions to explain the 
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TABLE 2. The decomposition of Hg[CH(SPh),12 in various solvents 

Solvent Conditions Products identifieda Comments 

I n  vacuo 15OoC, 5 h Hg, (PhS),CH (6), (PhS),CH2 Quantitative decomposition 
(41, [(PhS)zCHlz* (1) to mercury metal 

Toluene llO°C, 116 h Hg, (PhS),CH* (12), (PhS),CH2 Quantitative decomposition 
(71, [(PhS)zCHIz* to mercury metal 
(3), PhCHzCHzPh 

Chloroform 61°C, 138 h Hg, (PhS),CH (2), (PhS),CH2 > 85% recovery of 
(1) mercurial 

Tetrahydrofuran 64"C, 264 h Hg, (PhS),CH Only 32% decomposition 
(based on Hg formation) 

Cyclohexene 83"C, 117 h - No decomposition 

Acetone 56"C, 24 h Hg, (PhS),C=C(SPh),,* Almost quantitative 
(PhS),CH decomp. to mercury. 15% 

yield of olefin 

aProducts marked with an asterisk were separated and identified by mp, elemental analyses, and mass spectra. The relative 
composition of other products was determined by nmr (see Table 4). 

TABLE 3. The decomposition of PhHgCH(SPh), in various solvents 

Solvent Conditions Products identified" Mol Hg/mol PhHgCH(SPh), 

In vacuo 

Toluene 20"C, 66 days Hg, PhZHg,* PhHgSPh, 0.607 
(PhS)zHg,* (PhS),CH, 
(PhS)zCHz, [(PhS)zCHlz 

Tetrahydrofuran 20"C, 40 days Hg, Ph2Hg, (PhS),CH, 0.716 
(PhS)zCHz 

Methylene chloride 20°C, 36 days Hg, Ph,Hg, PhHgSPh,* 0.637 
(PhS)zHg,* PhHgCl,* 
(PhS),CH, (PhS)zCHz, 
CHC1, 

Cyclohexene 83"C, 161 days Hg, (PhS)2Hg,* PhHgSPh,* 0.312 
Unidentified PhHg- 
derivative 

GProducts marked with an asterisk were separated and identified by mp and ir spectra. Other products were determined by mass 
spectra (PhHg derivatives) or nmr (organosulfur compounds, see Table 4). 

TABLE 4. Characterization of organosulfur products of decomposition of Hg[CH(SPh)2]2 and 
PhHgCH(SPh)Z 

- 

Analysis %* 
Melting point 

Compounda ("c) C H S  'H nmr signals (7)' 

(PhS)zCHz 39.5-40.5 - - -  2.58-2.96(m) ; 5.80(s) 

(PhS),CH 34-36 66.83 4.64 28.45 2.40-3.10(m) ; 4.77(s) 
lit.40-40.5(8) [67.10 4.71 28.221 

[(PhS)zCHlz 104-106 67.63 4.79 27.48 2.70-3.OO(m) ; 5.52(s) 
[67.50 4.76 27.701 

(PhS)zC=C(SPh)2 144-145 67.67 4.50 27.92 2.93(m) 
lit. 152-153 (9) [67.95 4.39 27.821 

YAll compounds showed the expected parent ion peaks in their mass spectra. 
bCalculated values in square brackets. 
=In CC14. 
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products of thermolysis of (PhS),C-C(SPh), 
(14) (R = SPh). 

In the present work, reaction 5 (R = H) does 
not explain the formation of (PhS),CH since no 
carbene (PhSCH) derived products have been 
detected. Direct abstraction of PhS from the 
starting mercurial by (PhS),CH. appears to be 
the most likely explanation for the formation of 
(PhS),CH. 

Unexpectedly the decomposition of Hg[CH- 
(SPh),], in acetone produced the olefin (PhS),- 
C=C(SPh), in ca. 15% yield, in addition to 
(PhS),CH. Radical disproportionation followed 
by dimerization of the carbene formed would 
be a possible explanation, but the absence of 
(PhS),CH, among the products rules out this 
alternative. 

A second possibility involves transfer of H 
atoms from (PhS),CH. to the solvent followed by 
dimerization of the carbene, (PhS),C:, but it was 
not possible to detect 2-propanol by nmr in the 
solvent after decon~position. Thus we do not 
have a satisfactory explanation for the formation 
of the olefin in acetone but not in other solvents. 

Decomposition Pathways of PhHgCH(SPh), 
Table 3 summarizes the experimental results 

for the decomposition of PhHgCH(SPh), in 
various solvents. The decomposition of the un- 
symmetrical mercurial occurred more readily 
than the symmetrical mercurial and in most 
solvents took place at room temperature. The 
identification of the reaction products was con- 
siderably more difficult than in the case of the 
symmetrical mercurial due to the formation of 
PhHg- and PhSHg- derivatives, in addition to 
organosulfur compounds. In an attempt to 
rationalise the formation of the various products 
a number of competing decomposition pathways 
have been considered. 

(a)  Homolytic Fission 
By analogy with previously reported studies 

of the thermal decomposition of PhHgCH,Ph 
(15) and related molecules, homolytic fission of 
the Hg-CH(SPh), bond to give (PhS),CH. 
would explain the formation of (PhS),CH,, 
[(PhS),CH],, and (PhS),CH in the same way as 
for the symmetrical mercurial. 

slow 
[8] PhHgCH(SPh)z - PhHg + (PhS),CH. 

The fate of the phenylmercury radical can 
be either as shown in [9] or [lo]. 

Reaction 9 implies that equimolar amounts of 
diphenylmercury and mercury are formed and 
that the quotient mol Hg/mol PhHgCH(SPh), = 
0.5. This is true for PhHg radicals produced by 
the electrochemical reduction of dilute solutions 
of phenylmercury halides in ethereal solvents 
(16). In this work, the quotient was often >0.5 
(see Table 3) and mol Ph,Hg < mol Hg sug- 
gesting that reaction 10 is also an important 
route to metallic mercury. 

A third possible reaction pathway for the 
phenylmercury radical is reaction with solvent, 
which would explain the formation of PhHgCl 
in methylene chloride. Similarly, PhHgSPh could 
result from abstraction of a PhS- radical from 
the starting mercurial by PhHg.. 

[ll]  PhHg + PhHgCH(SPh), -+ PhHgSPh 
+ P ~ H ~ C H ( S P ~ )  

An alternative route to PhHgSPh viz. intra- 
molecular PhS migration to mercury is discussed 
below. 

(b)  PhS Migration to Mercury 
The migration of an RS substituent from a- 

carbon to a transition metal has been observed 
to occur readily (1-4) and, in the case of mercury 
derivatives, is a possible route to PhHgSPh. 

[i2] P ~ H ~ C H ( S P ~ ) ,  -+ P ~ H ~ S P ~  + P ~ S C H  

This intramolecular rearrangement invokes 
the formation of the carbene, PhSCH, previously 
trapped as an adduct with cyclohexene (17). 
When the decomposition of PhHgCH(SPh), was 
carried out in refluxing cyclohexene or in ben- 
zene/cyclohexene none of the expected adduct, 
7-phenylmercaptonorcarane, could be detected. 
It therefore appears that PhS migration to 
mercury plays an unimportant role in the de- 
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composition of PhHgCH(SPh), and the forma- 
tion of PhHgSPh is best explained by direct 
attack of PhHg on the mercurial. 

(c) Symmetrization of PhHgCH(SPh), 
The formation of (PhS),Hg is more difficult 

to rationalise. It is well known that unsym- 
metrical mercurials, RHgR', have a strong 
tendency to symmetrize to give R,Hg and 
R,'Hg (ref. 11, pp. 364-402). In the case of 
PhHgCH(SPh),, symmetrization followed by 
PhS migration to mercury is a possible source of 
(PhS),Hg. 

The unsymmetrical mercurial does not, however, 
form (PhS),Hg even in refluxing solvents 
(Table 2) and thus this route to (PhS),Hg can 
be discounted. Finally, it was shown in in- 
dependent experiments that (PhS),Hg is not 
formed by the disproportionation of PhHgSPh 
either in toluene or methylene chloride. 

Conclusion 
The products of the decomposition of the 

mercurials, Hg[CH(SPh),], and PhHgCH(SPh),, 
in various solvents are best rationalised by 
postulating initial homolytic fission of a Hg- 
CH(SPh), bond. In the case of the unsymmetrical 
derivative, the well-known affinity of mercury 
for sulphur is demonstrated, but the formation 
of Hg-S products apparently does not occur 
via intramolecular migration. Thus these mer- 
curial~, unlike the analogous haloalkyl com- 
pounds, are not useful as carbene transfer 
reagents. 
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Vibrational spectra and normal coordinate analysis of crystalline 
lithium metasilicate 
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V. DEVARAJAN and H. F. SHURVELL. Can. J. Chem. 55,2559 (1977). 
Infrared and Raman spectra of polycrystalline lithium metasilicate have been recorded. A 

vibrational assignment in terms of the various symmetry species of the unit cell group, CZ", has 
been made. A normal coordinate analysis of the unit cell vibrations at the centre of the Brillouin 
zone (k = 0) was carried out to support the assignment and provide descriptions of the vibra- 
tional modes. The results are discussed in the light of previous normal coordinate calculations 
on the isolated metasilicate chain. 

V. DEVARAJAN et H. F. SHURVELL. Can. J. Chem. 55,2559 (1977). 
On a enregistre les spectres infrarouges et Raman du metasilicate de lithium en phase poly- 

cristalline. Une analyse des coordonnees normales de vibration du cristal, dans I'approximation 
de k = 0, a permis de relier les bandes observees dans les spectres aux diverses espkces de 
symetrie du groupe de la maille Blkmentaire, tout en fournissant une description detaillee des 
modes normaux. Les rksultats des calculs sont comparks a ceux obtenus precedemment pour 
une chaine metasilicate isolCe. 

Introduction 
The vibrational spectra of metasilicate (SiO,) 

chains are of interest since they form the struc- 
tural unit of many glasses, and studies of these 
chains give an indication of structural disorders 
in the glasses. Recently, Brawer and White (1, 2) 
recorded the Raman spectra of a number of meta 
and disilicates in both crystalline and glassy 
states. By comparing the spectra obtained from 
these two states and carrying out simple force 
field calculations on isolated silicate chains and 
sheets, they were able to study the structural 
disorders in several alkali silicate glasses. Al- 
though the conclusions reached by Brawer and 
White are qualitatively correct, there is a need 
for a more complete investigation of the vibra- 
tional spectra and force fields of crystalline meta 
and disilicates. We are not aware of any previous 
detailed study on lithium metasilicate. 

In the present work, we have recorded the ir 
and Raman spectra of crystalline lithium meta- 
silicate (Li2Si0,) and have carried out a normal 
coordinate analysis of the vibrations at the 
centre of the Brillouin zone (k = 0) in order to 
support the vibrational assignments, and give 
qualitative descriptions of the normal modes. 

Crystal Structure and Vibrations 
Lithium metasilicate, Li2Si03, belongs to  the 

orthorhombic system with four molecules per 

crystallographic unit cell. The space group is 
C,': (Cmc2,) (3-5). However, the primitive 
(Bravais) cell contains only two molecules. The 
structure contains double (SiO,), chains running 
parallel to the c, axis. The projection of the 
orthorhombic unit cell along its c, axis is shown 
in ref. 3. Figure 1 illustrates an (SiO,), chain. 

There are twelve atoms per primitive unit cell 
giving rise to thirty-six vibrations including 
three acoustic modes. The factor group is C,, 
and the distribution of the thirty-six vibrations 
into the various symmetry species can be made 
using the procedures of Adams and Newton (6) 
and Fateley et al. (7). The result of this analysis 
is 

T,":$ = 10Al + 8A2 + 8B1 + 10B2 

Further division of the vibrations into internal 
and external vibrations of the SiO, double chain 
and the identification of their symmetry species 
can be made using the method due to Adams 
and Newton (6). The results are given below: 

Motion Species 

Internal vibrations 
(chain) 6A1 + 4A2 + 4B1 + 6B2 

Librations (chain) 1A2 
Translations (Li and 

chain) ~ A I  + 3Az + 3B1 + 3B2 
Acoustic modes 1.41 + lB1 + 1B2 

Total 10Al + 8A2 + 8B1 + 10B2 
'To whom all correspondence should be addressed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 5 5 ,  1977 

FIG. 1. An (SO3), chain in the Li2Si03 crystal. 

Excluding the acoustic modes we should be 
able to observe 9A, + 8A2 + 7B,  + 9B, vibra- 
tions in the spectra. All modes are Raman 
active, while the A, species modes are inactive 
in the infrared. Although longitudinal optical 
modes are allowed in the Raman spectrum of 
noncentrosymmetric crystals, it was not possible 
to identify any of these modes in the present 
work. 

Experimental 
Lithium metasilicate (LizSi03) was obtained in powder 

form from Alfa Products and used without further 
purification. The infrared spectra of the compound in 
Nujol mulls and KBr or CsI pellets were recorded using 
a Perkin-Elmer model 180 spectrometer. No important 
differences were observed between these spectra. The 
infrared spectrum is shown in Fig. 2. 

Raman spectra were recorded in the polycrystalline 
form as a powder and as a solid formed from slowly 
cooling a melt. The Raman instrument consists of a 
Jarrell-Ash 25-100 monochromator, a cooled RCA 
C3103-02 photomultiplier, and photon counting elec- 
tronics. The 514.5 nm line of an argon ion laser was used 
as the excitation line, at a power of 500 mW. A filter was 
not used, since plasma lines were not observed in the 
spectra. Although it was not possible to grow a single 
crystal of LizSi03, a Wollaston prism was mounted in 

1200 1000 800 600 400 200 c,,4 

FIG. 2. The infrared spectrum of a CsI pellet of Li,SiO,. 

FIG. 3. Raman spectra of solid Li2Si03 obtained by 
cooling a melt. Traces A and B were obtained by using 
parallel and perpendicular orientations, respectively, of 
a Wollaston prism analyser. Trace C was obtained using 
a different orientation of the sample with perpendicular 
orientation of the prism. 

front of the entrance slit of the monochromator to detect 
any polarization effects. In fact, some of the weaker 
bands did show some enhancement for certain orienta- 
tions of the prism, or the solid sample formed from the 
melt. These intensity effects can be seen in Fig. 3. How- 
ever, these partial depolarization measurements did not 
enable us to identify the A ,  modes. Table 1 contains a 
listing of the observed infrared and Raman wavenumbers. 
The selection of several very weak features for inclusion 
in Table 1 was based on their consistent appearance in a 
number of spectra obtained from different samples. 

Vibrational Assignment 
Lack of polarization measurements makes it 

difficult to assign the vibrational frequencies to 
specific symmetry species of the C,, factor group. 
However, it is possible to identify the A, species 
as they are present in the Raman spectra, but 
absent in the infrared. A possible assignment can 
be made in terms of group frequencies of the 
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TABLE 1. Observed and calculated wavenumbers (cm-'), descriptions of normal modes, and important contributing 
force constants for lithium metasilicate 

Observeda Important 
contributing 

Symmetry Raman Infrared Calculated Description force constantsb 

A1 1087 w 1080 vs 1092 Si-0 str 7, 12 
852 w 850 vs 870 Si-0 str 6  
610 vs 604 s 60 1 0-Si-0 bend 9, 10, 12, 31 
520 m 520 vs 540 Si-0 str, Si-0-Si bend 8 ,  11, 13 
450 vw 450 ms 439 Li-0 str 1 , 2  
410 m 410 s 398 0-Si-0 bend 1, 3,  7, 10, 11, 30 
273 vw 280 sh 290 Li-0 str 1, 3 , 4 ,  13 
210 w 214 vw 223 Li-0 str 3, 4,  10, 11,30 
186 w 196 w 180 0-Si-0 bend 9, 10, 12, 13, 31, 36 

A 2 1001 w.sh - 994 Si-0 str 6  
567 m - 569 0-Si-0 bend 11,12 
465 w - 448 Li-0 str, 0-Si-0 bend 2,11 
325 w - 333 Li-0 str 1 , 3  
291 sh - 304 0-Si-0 bend, Li-0 str 1, 2, 6 ,  12 
- - 224 Li-0 str, 0-Si-0 bend 4 ,11  
- - 187 Li-0 str 1, 2 , 3 ,  4  
- - 58 Libration 14 , lS  

BI 1034 w 1034 w.sh 1049 Si-0 str, 0-Si-0 bend 6 , 1 1 , 1 2  
587 w.sh 580 vw 599 0-Si-0 bend, Si-0 str 1, 2, 6 ,  11, 12 
398 w.sh 398 w 398 Li-0 str, 0-Si-0 bend 2, 11 
345 vw 345 w 342 Li-0 str 1 , 3  
297 m 305 s 302 0-Si-0 bend, Li-0 str 3, 4, 11, 12 
- 204 w 21 3 Li-0 str 1 , 2 , 3 , 1 1  
141 w - 172 Li-0 str, 0-Si-0 bend 4 , 1 1 , 1 2  

Bz 983 vs 980 s.sh 985 Si-0 str 7, 9  
945 w 950 vs 939 Si-0 str, 0-Si-0 bend 6, 7, 9  
731 w 735 s 746 Si-0 str 6 , 8 ,  11 
645 w.sh - 647 0-Si-0 bend 6 , 9 ,  11, 12 
496 w 505 s.sh 483 0-Si-0 bend, Li-0 str 2, 3,  10, 12, 30, 31 
398 w.sh 398 w 397 Li-0 str 1, 2,  10 
258 vw 248 vw 275 0-Si-0 bend, Li-0 str 1 , 3 , 1 0 ,  12,31 
234 w 230 w 259 Li-0 str, 0-Si-0 bend 4, 10, 11 
141 w - 169 0-Si-0 bend, Li-0 str 3, 4,  7, 8 ,  9, 11 

'v = very, s = strong, m = med~um, w = weak, and sh = shoulder. 
-'The numbering of force constants is given in Table 2. 

metasilicate chain and the Li-0 polyhedra. By 
using the concept of internal coordinates and 
the symmetry of the chain in the crystal, we can 
predict the distribution of stretching, bending, 
and torsional modes into various symmetry 
species of the factor group C,,. It is more 
difficult to identify the frequencies and symmetry 
species corresponding to the external modes 
involving the motion of lithium atoms. How- 
ever, some characteristic frequencies and force 
constants of the Li-0 polyhedra are available 
in the literature (8, 9) and these may be used 
for assignment purposes. 

General valence force constants for the SiO, 
tetrahedra and Li-0 polyhedra were taken 
from the literature (9, 10) and a preliminary 

normal coordinate analysis (see next section) 
was carried out on the unit cell. It was then 
possible to associate the observed frequencies 
with the corresponding calculated frequencies. 
The calculated frequencies were evaluated ac- 
cording to the symmetry species and this enabled 
us to assign the observed frequencies. Although 
the above-mentioned process appears crude, 
it is unlikely to produce any large error in the 
internal vibration region for the following 
reasons: (1) Although the force constants were 
transferred from similar molecules they are 
unlikely to be changed in any drastic way in the 
new environment. (2) The change in geometry, 
which is included in the kinetic energy term, can 
account for the observed splitting and shifts in 
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the frequencies. (3) Because there is only one 
chain per primitive unit cell there are no com- 
plications of correlation splitting. The tentative 
assignments thus made are given in Table 1. 

Normal Coordinate Analysis 
The normal coordinate analysis of the crystal 

vibrations at the centre of the Brillouin zone 
(k = 0) was carried out following the Wilson 
FG matrix procedure adapted to crystals by 
Shimanouchi et al. (11). The internal coordinates 
used are based on the SiO, chain and the Li-0 
polyhedra. The SiO, chain coordinates are 
shown in Fig. 1. In the Li-0 polyhedra, only 
Li-0 stretching coordinates were used. The 
cartesian symmetry coordinates corresponding 
to the C,, factor group, which help in reducing 
the dimensions of the secular equation to be 
solved, were constructed using the usual projec- 
tion operator techniques (11). 

The force constants used to set up the po- 
tential energy matrix were of the general valence 
type. As the SiO, chain is made up of SiO, 
tetrahedra, force constants for the SiO, group 
were taken from the work of Devarajan and 
Funck (10). The lithium atom is surrounded by 
five oxygen atoms. Of these, four lie at distances 
of approximately 2.0 A from the lithium atom, 
whereas the fifth is at a distance of 2.6 A. In the 
work of Jungerman (9), the value of the Li-0 
stretching force constant for a distance of 2.0 A 
is given as 0.3 mdyn kl. For 2.4 A, the value is 
practically zero. A total of thirty-six force con- 
stants were used for the preliminary calculations 
which were used for the assignment of the ob- 
served frequencies. In the next step, the force 
constants were adjusted on a trial and error 
basis, allowing for the different Si-0 bond 
lengths in the chain and the different Li-0 
distances. The Jacobian elements avlaf further 
aided the adjustment procedure by indicating 
the value and direction (positive or negative) 
by which the force constants should be changed. 
After several calculations, the agreement be- 
tween the observed and calculated frequencies 
improved to a satisfactory level, without in- 
troducing unrealistic values for any force con- 
stants. Considering the approximations and un- 
certainties involved, it was felt that it would not 
be worthwhile attempting any further refinement 
of the force constants. 

Potential energy distributions in terms of 
force constants were also calculated. All the 

TABLE 2. General valence force constants for lithium 
metasilicate 

Number Description of force constant Vauea 

fD,(Li-0 str, 2.02 A) 
fDz(Li-0 str, 1.96 A) 
fDs(Li-0 str, 2.03 A) 
fD4(Li-0 str, 2.11 A) 
fD5(Li-0 str, 2.60 A) 
fi(Si-0 str, 1.62 A) 
Lt(Si-0 str, 1.55 A) 
fi,,(Si-0 str, 1.65 A) 
fs(0-Si-0 bend) 
f.(O-Si-0 bend) 
fp(O-Si-0 bend) 
fBt(O-Si-0 bend) 
f,(Si-0-Si bend) 
f,,(Si-0 torsion) 
f,,(O-Si torsion) 
Ll 
A,, 

- - 

'Stretching and stretch-stretch interaction constants are in mdyn/A; 
bending and bend-bend interaction constants are in mdyn-A; stretch- 
bend interaction constants are in mdyn. 

above-mentioned calculations were carried out 
using the modified versions of computer pro- 
grams AXSMZ and LSMX of Shimanouchi 
(12). The final set of force constants and their 
values are given in Table 2. The observed fre- 
quencies, calculated frequencies with descrip- 
tions of the normal modes and important con- 
tributing force constants are given in Table 1. 

Discussion 
In a recent paper, Brawer (1) calculated the 

frequencies and intensities in the Raman spec- 
trum of the metasilicate chain in some alkali 
metasilicate glasses and crystals. He used a 
central Si-0 stretching force constant k = 

5.0 mdyn A-'  and a non-central Si-0 force 
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constant of 0.17k. The Si-0-Si bending force 
constant was neglected. Bilton et al. (13) used 
fs,-o = 4.0 mdyna- l ,  fo-si-o = 0.3 mdynAW1, 
and fsi -O-si = 0.03 mdyn in a simplified 
calculation on the silicate chains in the pyroxene 
minerals enstatite and augite. Another normal 
coordinate calculation on silicate chains was 
carried out by Etchepare (14) using force con- 
stants taken from the earlier work of Siebert (15). 

It is difficult to compare the results of the 
present complete unit cell calculation with the 
previous calculations on isolated chain models. 
However, it appears that our results do not 
agree at all well with this earlier work. There 
may be several reasons for this. The vibrational 
frequencies and assignments on which the 
previous workers based their calculatioi~s may 
not have been reliable. The simple force fields 
used are probably inadequate and the isolated 
metasilicate chain model may not be applicable 
to lithium metasilicate. 

It can be seen in Table 1 that the frequencies 
assigned to Si-0 stretching modes have con- 
tributions from bending force constants. This 
is expected in view of the chain structure. The 
Li-0 stretching modes all lie below 500 cm-I 
and couple with chain bending modes. 

Conclusions 
A fairly complete assignment of the unit cell 

vibrations of crystalline lithium metasilicate 
has been made. The observed coincidences be- 
tween Raman and infrared wavenumbers for the 
normal modes is in agreement with the reported 
C,, factor group. Although the results of the 
normal coordinate calculations reported here 
do not agree with previous calculations on 
isolated metasilicate chains, it is felt that the 
present results are more reliable, since they 
correlate well with experimentally observed 

frequencies and are based on a complete unit cell 
model. 

The simple short range general valence force 
field used in this work appears to be adequate. 
However, the inclusion of additional long range 
forces would no doubt further improve the 
calculation. It is hoped that the more complete 
force field reported here for the metasilicate 
chain structure might be useful for further 
studies of glasses containing this structural unit. 
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RODERICK E. WASYLISHEN and BRIAN A. PETTITT. Can. J. Chem. 55,2564 (1977). 
Deuterium nmr spin-lattice relaxation times have been measured for dilute solutions of 

adamantane-dl, in CH,12, CHBr,, CC14, CHCI,, and CH2C12. The reorientation correlation 
times, 72, calculated from the experimental data are used to calculate T,, the angular momentum 
correlation times, assuming both the J-diffusion and Hubbard relations. The derived TJ values 
suggest that adamantane executes small step diffusion in CH212 and CHBr,, and large step 
diffusion in CCI4, CHCI,, and CH,C12. The calculated TJ values do not appear to be related 
to the mean times between collisions calculated using a hard sphere model. Both variable 
solvent and variable temperature experiments indicate 1 ps/cP for the viscosity dependence of 
the adamantane reorientation time, about 1136th the value predicted using the familiar Stokes- 
Einstein equation. 

Carbon-13 and 'H nmr Tl data indicate that reorientation of hexamethylenetetramine in 
H 2 0  (28 ps/cP), CHCI, (27 ps/cP), and CHBr, (18 ps/cP) is severely hindered because of inter- 
molecular hydrogen bonding. 

RODERICK E. WASYLISHEN et BRIAN A. P E ~ I T T .  Can. J. Chem. 55,2564 (1977) 
On a mesure des temps de relaxation spin-reseau par rmn du deuterium pour des solutions 

diluees d'adamantane-d16 dans CH,I,, CHBr,, CC14, CHC1, et CH,C12. On a utilise les 
temps de correlation de reorientation, T,, calculCs a partir des donnkes experimentales, pour 
calculer, TJ, les temps de correlation de moment angulaire en utilisant a la fois les relations de 
diffusion J e t  de Hubbard. Les valeurs rJ suggerent que I'adamantane execute de petits pas de 
diffusion dans le CH,12 et le CHBr, et de grands pas de diffusion dans le CC14, le CHCI, et le 
CH2C12. I1 ne semble pas qu'il y ait de relation entre les valeurs de TJ calculees et les temps 
moyens entre les collisions calcules en utilisant un modele de sphere dure. Des experiences oh 
I'on a fait varier soit le solvant soit la temperature indiquent que la dependance qui existe entre 
la viscosite et le temps de reorientation de I'adamantane est de 1 ps/cP soit environ 1/36tme 
de la valeur predite utilisant 1'6quation bien connue de Stokes-Einstein. 

Des donnees de Tl obtenues par rmn du 13C et du l H  indiquent que la reorientation de 
I'hexam6thyl8net6tramine dans H,O (28 ps/cP), CHCI, (27 ps/cP) et CHBr, (18 ps/cP) est trBs 
empkhee a cause de liaison hydrogene intramol6culaire. 

[Traduit par le journal] 

Introduction 
Adamantane (Fig. la) and hexamethylenete- 

tramine, HMTA, (Fig. lb) belong to the mole- 
cular point group T,, but their approximate 
sphericity makes them especially suitable for 
studies on molecular rotation. Rotational and 
translational motions in the solids have been 
studied (1, 2) and 13C relaxation work on 
adamantane (3) in CS, at one temperature has 
been interpreted in terms of rotational diffusion. 
Results are presented here from experiments on 
the viscosity and temperature dependence of the 
spin-lattice relaxation times of these molecules, 
and interpreted in terms of some current 

FIG. 1. Structure of (a) adamantane, (b) hexamethy- 
lenetetramine. 

theoretical ideas on molecular rotations in 
liquids. 

Theory 
The simplest model for the rotation of 

spherical molecules, beginning with the original 
work of Bloembergen, Purcell, and Pound (4), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WASYLISHEN AND PETTITT 2565 

assumes that the sphere is embedded in a con- 
tinuous fluid medium and reorients in small, 
random jumps. A critical feature of the model is 
the boundary condition requiring that the fluid 
velocity at the surface of the sphere is equal to 
the velocity of the surface. The calculation can 
be repeated with the more general boundary 
condition requiring the fluid velocity at the 
surface to be some fraction, K, of the surface 
velocity. 

where r is a vector from the centre of the sphere 
to an arbitrary point on its surface, o is the 
angular velocity of the sphere, u is the velocity 
of the fluid, and K E [O, 11. The rotational friction 
coefficient is then calculated by pretending that 
the angular velocity is ~ o ,  and the usual ex- 
pression for the reorientation correlation time 
becomes 

C21 
4 nr3Kq z2 = -- 
3 IcT 

where 7 is the shear viscosity. 
The factor K has been introduced in other 

ways. Gierer and Wirtz (5) argued that the 
molecule changes the viscosity of the fluid in its 
neighbourhood to q ' = KII and give a procedure 
for calculating the 'microviscosity factor', K, 
which is not very successful in practice (6). 
Kivelson et al. (7) have given the expression 

relating K to the mean-square torque, ( T ~ ) ,  and 
mean-square force, ( F ~ ) ,  on the molecule; 
which is as yet untested due to the difficulties in 
determining the latter two quantities from 
realistic potentials. It seems best at this stage to 
regard K as an empirical parameter, with K = 1 
representing the usual 'stick' condition and 
K = 0 the 'slip', or inertial, condition. 

To determine whether or not a small step 
diffusion model is appropriate, Wallach and 
Huntress (8) examined the ratio of the observed 
to the inertial reorientation times. A variant of 
this idea is given here. The average (in a Max- 
wellian distribution of energies) of the time 
required for a spherical n~olecule to rotate 
through angle 0 is 

where 1 is the moment of inertia. In an unam- 
biguous case of small step diffusion, z2 = 1/6R, 
R = (A02)/2z2, and (A02)112 = 0 = d l 3  
radians is the root-mean-square angle diffused 
through in time z2. According to this argument, 
x = z2/zFR must be substantially greater than 
unity for rotations slow enough to be small step 
diffusion ; i.e. 

where z* = z(kT/Z)li2 is a reduced time. 
The work of Gordon (9) and McClung (10) 

extending the diffusion model to steps of 
arbitrary size appears to be quite successful for 
small molecules (11). In this theory, the mole- 
cule is assumed to rotate inertially in steps that 
are interrupted by instantaneous collisions that 
randomize the magnitude and direction of the 
angular momentum (J-diffusion), the time of a 
collision after the previous one being assumed 
to follow a Poisson distribution. The central 
feature of the J-diffusion model is a relationship 
between z2 and the angular momentum correla- 
tion time, z,, which for spheres is (10, 12) 

where 

[a] F(b) = n1I2b exp (b2) erfc (b) 

and erfc (2) is the complementary error function 
(13). 

One clear virtue of this theory is that it 
includes -the small step diffusion limit for 
7," >> z,*, in which case eq. 6 reduces to the 
Hubbard relation (14) 

In fact, it suggests placing the boundary between 
'small' and 'large' step angular diffusion in the 
neighbourhood of z2* = 2.5 where the Hubbard 
and J-diffusion relations begin to  diverge 
significantly (ref. 12, Fig. 1). Equation 5 shows 
that this is a stronger statement than the X-test. 

A model due to Ivanov (15, see also 16) allows 
for stochastic rotation in jumps of arbitrary 
size, but assumes that the time required to make 
a jump is small compared to the time between 
jumps; i.e. the rotation is severely hindered. The 
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TABLE 1. Characteristic times in the rotation of CCl, (ps) 

ZJ  
Temperature 

("c) (~xP)  Exp. J-diffusion Hubbard D - l  

important relationship here is 

where 0 is the jump rate and 

an average over a distribution of jump angle 0. 
Steele (16) calculated 

for a gaussian distribution of jump angle with 
rms value (02)1/2. This is a two parameter 
theory and thus a measured value of .r2 must be 
accompanied by an assumed value of P or 
(92)112. P can be identified with the collision 
frequency, but this is a doubtful concept for 
hindered rotation. 

The independent binary collision approxima- 
tion for a rough sphere fluid (17) provides a 
theoretical means for determining P. Within the 
terms of the J-diffusion model, the identification 
T, = P-', the mean time between collisions, 
can be made because collisions are responsible 
for changes in angular momentum. For col- 
lisions of molecules of type b on a molecule of 
type a, this theory gives 

where pub is the reduced mass of the (a,b) pair, 
n, is the number density of b, oab = 3(oa + o,) 
is the collision diameter, and g(oab) is the radial 
distribution function for b on a at the point of 
contact. 

Table 1 summarizes the work of Gillen et al. 
(11) on CCI, and includes values of P-' for 
which g(o) was calculated in the Percus-Yevick 
approximation for the hard sphere model (18) 
with o = 5.46 A calculated from atomic volume 
increments (19). The agreement with the 

J-diffusion predictions of T, is excellent, and the 
comparison between T, and p-' is quite reason- 
able considering the simplicity of the rough hard 
sphere model. For the continuous potentials of 
real fluids, a collision is not an instantaneous 
event and the correlated binary collisioils are 
important (17). 

Experimental 
Adamantane (99+%, Gold Label) and HMTA 

(99 + %) were obtained from Aldrich Chemical Company. 
Adamantane-d16 was purchased from Merck, Sharp 

and Dohme. 
All solvents were available commercially, and when 

available spectro-quality solvents were used. 
All spin-lattice relaxation rates were measured using 

the inversion-recovery pulse sequence (d - 180" - t - 
90"), where d is a delay time (d > ST,) and t is a variable 
time. TI values were calculated from the slope of a plot 
of In (<M,),, - <M,)) us. t (20). Deuterium relaxation 
rates of adamantane-d16 were measured at 10 MHz on a 
Bruker B-KR322 variable frequency spectrometer. 
Proton-decoupled 13C nmr spectra were obtained on a 
Varian CFT-20 spectrometer (8 mm variable temperature 
probe). Full nOe factors were measured for the methylene 
carbons of adamantane and HMTA in all solutions using 
the gated proton decoupler on the CFT-20 with d E 10Tl 
(21). - 

Viscosities were measured using an Ostwald viscometer 
and density bottles. 

Results and Discussion 
In Table 2, the 'H spin-lattice relaxation 

times of perdeuteroadamantane in five halo- 
methanes at 23°C are listed. 7,'s were calculated 
from the usual expression (20, 22) 

with e2qQ/h = 174 kHz, the value for cyclo- 
hexane (23); and T,'S were calculated from these 
according to the J-diffusion and Hubbard 
relations with I = 373.7 amu A2. These are 
accompanied by mean times between collisions, 
P-l, calculated from eq. 14 using Lebowitz's 
solution of the Perkus-Yevick equation for 
mixtures of hard spheres (24). For comparison, 
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TABLE 2. Characteristic times of halomethanes and 0.1 M adamantane-d16 at 23°C 

75 (PS) Pure solvents 

Solvent Viscosity (cP) Tl (s) 7, (ps) J-diffusion Hubbard B-' (ps) z2 (ps) TJ (ps) B - l  (ps) 

CHzIz 2.647 0.532 4.19 0.060 0.060 0.049 4.3" 0.077 
CHBr3 1 .903 0.693 3.22 0.081 0.078 0.063 4.2b 0.095 
CCI4 0.921 1.050 2.12 0.132 0.119 0.083 1.7' 0.13" 0.107 
CHC13 0.547 1 ,047 2.13 0.132 0.119 0.066 1.6d 0.07d 0.088 
CH2C12 0.416 1.190 1.88 0.150 0.135 0.049 0.7' 0.069 

the corresponding quantities for the pure 
solvents are included. A plot of the adamantane 
t2's us. viscosity gives a straight line with a slope 
of approximately 1 ps/cP, whereas eq. 2 with 
K = 1 and V = (4/3)nr = 147.2 A3 (19) gives 
36 ps/cP.' This indicates that the reorientation 
of adamantane in these solvents is in a near 'slip' 
condition, i.e, essentially inertial. In general, the 
t,'s of adamantane-dl, are similar to those of 
the solvents. It is a little slower than CH2C12, 
CHCI,, and CCI,, where it is only 1 to 1.5 A 
larger in diameter and has a larger moment of 
inertia; whereas it is a little faster than CHBr, 
and CH212, which have larger moments of 
inertia. 

The 7, data and the success of the J-diffusion 
model with CCI, (1 1) suggest that adamantane 
executes large angle inertial steps in CH2C12, 
CHCI,, and CCl,; but crosses the boundary into 
small step diffusion in the much more viscous 
CHBr, and CH212. The P-"s, which are strongly 
affected by the number densities, do not follow 
the trend expected from the J-diffusion model 
for adamantane. The hard sphere and J-diffusion 
models have numerous assumptions that could 
produce this discrepancy, and it would be 
foolhardy to attach significance to it. If experi- 
mental t,'s become more available in the 
literature, the general order of magnitude 
accuracy of p- l  should be encouragement to 
pursue better values of this quantity. 

In Table 3 deuterium TI values for 0.2 M 
adamantane-dl, in CCl, are given at several 

'In the disordered a-phase each adamantane molecule 
is in a cubic lattice (2, 25). If one assumes 74% of the 
available space in the cubic lattice is occupied by 
spheres, then V = 150.5 A3 from the measured density 
of a-adamantane (25). 

TABLE 3. Deuterium Tl values for 0.2 M 
adamantane-d16 in CC14 

Temperature ("C) TI a (s) 72 (PS) 
- 

71.6 1.38 1.62 
70.4 1.39 1.60 
59.2 1.34 1.66 
49.4 1.16 1.92 
37.7 1.15 1.94 
23.9 1.05 2.12 

'Error in TI is less than 10%. 

different temperatures. Plotting 7, us. i1/T gives 
a slope of approximately 1 ps/cP when applied 
to a temperature of 23"C, in agreement with the 
result obtained by varying the viscosity at 
constant temperature (Fig. 2). 

13C spin-lattice relaxation times for ~ 0 . 5  M 
solutions of adamantane and HMTA at 
24.5 + 2°C are given in Table 4. The t,'s 
obtained for adamantane in CDCI, and CHBr, 
are slightly less than those obtained from the 
deuterium data (Table 2). Although there are 
several sources of error in the t2's (the experi- 
mental error in the Ti's, the assumed quadrupole 
coupling constant, and r,,), the lower values for 
adamantane relative to adamantane-dl, are 
qualitatively consistent with the lower moment 
of inertia. 

The temperature dependence of 13C Ti's for 
0.5 M solutions of HMTA in D 2 0  and 0.4 M 
solutions of HMTA in CHBr, were measured. 
From plots of t2 us. q/T, straight lines were 
obtained and the slopes, when applied to 25"C, 
gave viscosity dependences of 27.8 + 3 ps/cP 
and 18.3 + 2 ps/cP, respectively. Atomic volume 
increments (19) gave V = 130.8 A3 for HMTA, 
which implies a viscosity dependence of 32 
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TABLE 4. Carbon-13 spin-lattice relaxation times for 5 0 . 5  M solutions of adamantane and HMTA 
at 24.5 + 2°C 

Solvent viscosity Approx. solution TI" 72 

Solute Solvent at  25°C (cP) viscosity at  25'C (cP) (s) (PS) 

Adamantane CDCI, 0.542 0 .62  (0.5 M )  13.0 2 . 0  
HMTA CDC13 0.542 0 .68  (0 .5  M )  1.89 12.3 
Adamantane CHBr3 1.89 2 . 0  ( 0 . 4  M )  9 . 2  2.8 
HMTA CHBr3 1.89 2 . 3  ( 0 . 4  M )  1.04 22 .4  

OMethylene carbon, error is less than 10%. 

chloroform compared to HMTA in bromoform 

/ 
suggests chloroform is a better proton donor 
than bromoform and hence forms stronger 
hydrogen bonds with HMTA. This suggestion 
is consistent with conclusions reached by 
Paterson and Cameron (29). 

FIG. 2. Plot of the reorientational correlation time, TZ, 
for 0.1 M adamantane us. solvent viscosity at  23'C. 

p ~ / c P . ~  A value of 27 ps/cP was calculated from 
the work of O'Reilly and Petersen (27) on 
HMTA in CDC1,. 

Thus, the observed 7,'s for HMTA in D,O 
and CDCI, suggest that the rotation obeys a 
near stick condition; that is, it is consistent with 
the small step diffusion model. However, the 
well known complexities of hydrogen bonding 
(28) are not adequately represented by such a 
simplistic model of the boundary. The rotation 
may be within the scope of the Ivanov jump 
model, but no reasonable argument was found 
for choosing jump rates or rms jump angles. 

The steeper slope observed for HMTA in 

'HMTA crystallizes in the body centered cubic space 
group (2, 26); assuming 689, of the available space is 
occupied by spheres gives V = 118.9 A3, significantly 
smaller than the value calculated using the parameters of 
Edward (19). Using the above value of V, and eq. 2 with 
K = 1 gives a viscosity dependence of 28.9 ps/cP. 
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Motion of the SO3 NH radical trapped in potassium sulfamate. Electron spin 
resonance dipolar coupling tensors for the motionless radical 
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L. BONAZZOLA, J. P. MICHAUT, and J. RONCIN. Can. J. Chem. 55,2570 (1977). 
The temperature dependence of the esr couplings in SO3-NH radical trapped in potassium 

sulfamate single crystals allows the study of the motion of this radical in the matrix and the de- 
termination of N and H dipolar tensors corresponding to the motionless radical. These values 
are compared with different theoretical calculations. 

L. BONAZZOLA, J. P. MICHAUT et J. RONCIN. Can. J. Chem. 55, 2570 (1977). 
Les mouvements du radical SO3-NH piCgt dans une matrice monocristalline de sulfamate 

de potassium sont CtudiCs a partir de la variation du couplage rpe avec la temptrature. On deter- 
mine les tenseurs dipolaires des H et N relatifs au radical immobile et on les compare aux valeurs 
obtenues par difftrentes methodes thtoriques. 

Introduction 
It  has been shown in a recent paper (1) on the 

study by epr of SO3-NH2+ radicals trapped in 
a single crystal of sulfamic acid, that the motion 
undergone by the radicals may be determined 
from the variations of the coupling tensors of H 
and N atoms as a function of temperature. The 
H and N tensors of the radical at rest may also 
be determined. A similar study on SO3-NH 
radicals trapped in a single crystal of potassium 
sulfamate is presented in this paper. The aim of 
this work was first to give another example of a 
coupling tensor for a radical at rest, for which 
the unpaired electron is borrowed by N atom. 
Secondly the knowledge of such coupling tensors 
from which contributions due to the motion of 
the radicals have been eliminated, making com- 
parison between experimental and calculated 
hyperfine anisotropic coupling tensors possible. 

Experimental 
Potassium sulfamate was obtained from the neutraliza- 

tion of sulfamic acid by potassium hydroxide. Single crys- 
tals were grown from aqueous solutions by slow cooling. 
SO3-NH radicals are formed by irradiating potassium 
sulfamate crystals with a 60C0 source. The spectra were 
recorded on a JEOL ME IX spectrometer at five tem- 
peratures (4, 87, 156, 223, 293 K). Since the variations of 
the couplings as a function of temperature are weak, 
and since the accuracy in the determination of the cou- 
pling tensors depends strongly on the degree of ortho- 
gonality of the reference frame axes, the orientation of the 
crystal has to be exactly the same at all temperatures. 
Therefore, we first recorded the spectra at all tempera- 
tures for a rotation around one particular axis, then the 
spectra at all temperatures around a second axis, and so 
on. At 4 K, for technical reasons, the experiments were 

performed on a different single crystal, which was rotated 
about its crystallographic axes. 

Results 
Our results are reported in Tables 1 and 2. 

The signs of the principal values of the total 
hyperfine tensors have been assigned in the fol- 
lowing way: 

All H couplings have been taken to be nega- 
tive as usual in the case of protons of 7c radicals. 

It  is generally assumed that the largest princi- 
pal value ( X )  of the N tensor is positive. It is less 
obvious how to attribute the signs of the two 
other principal values Y and Z of the N tensor. 
It  can be seen from Table 2 that the principal 
value Y does not vary significantly with tem- 
perature, within experimental errors. As shown 
previously (9, this indicates that torsional oscil- 
lations of the N-H group occur around an axis 
which is the principal direction corresponding 
to Y. This principal direction (0.900,0,0.435, 
Table 2) is parallel within 3" to the S-N bond 
of the undamaged molecule in the crystal 
(0.9202,0,0.3915, ref. 4). Let Xo and Zo be the 
values of X and Z for a rotation angle 0 = 0 
around the S-N bond. For a rotation angle 8, 
Z = Zo cos2 0 + Xo sin2 8, i.e. Z = Zo + 
(Xo  - 2,) sin2 8 ;  Xo - Zo is positive because 
JZoI < I XoI and Xo > 0 ;  when the temperature 
increases the experimental results show that IZI 
increases (Table 2). Consequently, Z has to be 
positive. 

Let us now assume that the N tensor has a 
nearly cylindrical symmetry when the radical is 
at rest. Then, Zo and Yo (i.e. the values of Z and 
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TABLE 1. Experimental and calculated H hyperfine coupling tensors for SO,-NH radical 
trapped in single crystal of potassium sulfamate 

Calculated 
Total Dipolar dipolar 

T Principal Principal directions coupling Isotopic coupling coupling 
(K) values in a, b, c axes tensor coupling tensor tensor 

TABLE 2. Experimental and calculated N hyperfine coupling tensors for SO3-NH radical 
trapped in a single crystal of potassium sulfamate 

Total Dipolar Calculated 
T Principal Principal directions coupling Isotopic coupling dipolar 

(K) value in X, Y, Z axes tensor coupling tensor tensor 

Y for the motionless radical) are equal. Since Y 
does not vary with temperature, Y = Yo. It is 
seen from Table 2 that IZJ < I YI;  as Z is pos- 
itive and decreases when the temperature de- 
creases, Zo and consequently Yo have to be 
negative. With the present choice of the signs of 
X,  Y, and Z, the N isotropic coupling (1 1.9 + 
0.15 G, Table 2) is smaller than the coupling 
found by Rowland (13.5 G, ref. 2) and Morton 
et al. ( 1  3.1 G, ref. 3) who postulated that the 

three principal values of the N tensor were pos- 
itive. 

Discussion 
Structure and Position of the Radical SO,- NH 

in the Crystal 
It is easy to determine the angle SNH in the 

SO,-NH radical from the directions of the 
S-N bond (i.e. the direction of the principal 
value Y of the N tensor), and the N-H bond 
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(i.e. the direction of the principal value C of the 
H tensor). The angle SNH is found to be 117". 
As shown previously (6), the angle HNH of 
NH, radical is 110" and the N isotropic coupling 
is 11.3 G. The spin density in the 2p, orbital of 
SO,-NH is only about 0.9 and N isotropic cou- 
pling of SO,-NH (to be compared to NH,) is 
11.9/0.9 = 13.2 G. This result confirms that the 
N isotropic coupling increases with the angle 
XNY as predicted previously on the basis of an 
INDO calculation (6). 

From crystallographic data (4) and esr results 
at 4 K, it can be shown that the H atom in the 
SO,-NH radical is in the plane determined by 
the S, N, and one 0 (say 0 , )  atoms of the parent 
n~olecule (Fig. 1). The S-N bond is a ternary 
symmetry axis for the SO, group in the mole- 
cule and hence, making the assumption that the 
skeleton of the molecule is not affected by the 
radiation process, there should be two other 
equivalent positions for the H atoms in the plane 
SNO,, or in the plane SNO,,, (see Fig. 1) The 
esr spectra show that these two positions are not 
occupied. The reason for this is the existence of 
steric hindrance in the crystal as shown by Fig. 
2, on which we have plotted the distance between 
H and its two closest neighbours in the crystal, 
an 0 atom of an adjacent molecule (O,,') and a 
K ion (K,), as a function of the angle 8 repre- 
senting the rotation of the NH group around the 
S-N bond (0 = 0 being the equilibrium posi- 

[CI 

FIG. 1. Projection on the (010) plane of the SO3-NH 
free radical and its nearest neighbours in the a, b, c ref- 
erence frame. The numbers correspond to the b coordi- 
nates of atoms. Steric hindrance occurs with O,,' and K. 

tion found experimentally). Because of the sym- 
metry in the crystal, only the region 0 < 8 < 
180" is illustrated. The sum of van der Waals 
radii is 2.6 A for the atoms 0 and H and 2.53 A 
for the atom H and the K cation. From Fig. 2, it 
can be seen that both the conditions OH 2 2.6 A 
and KH 2 2.53 A are satisfied only when - 30" 
< 8 < 30". It is clear that the radical cannot have 
more than one equilibrium position in the crystal 
but that torsional oscillalions around S-N are 
allowed. 

Motions of SO,-NH in the Crystal 
We have already remarked that esr results 

show that a torsional oscillation of N-H group 
occurs around the S-N bond, and that this 
N-H group has only one equilibrium position 
in the crystal. Therefore, the potential governing 
the oscillations of N-H around S-N may be 
represented by V(8) = (V0/2)(1 - cos 8), where 
Vo is the maximum barrier height. Using the 
method already described ( 9 ,  Vo and the cou- 
pling tensor of the motionless radical may be 
determined. Very good agreement between ex- 
perimental and calculated anisotropic tensor 
principal values is achieved (see Table 2) using 
the following parameters: V, = 6.5 kcal/mol; 
Xo = 30.1 G (principal direction parallel to the 
orbital); Yo = 14.9 G (principal direction paral- 
lel to the S-N bond). In the same way, the 
proton dipolar coupling is influenced by the 
torsional oscillations of the N-H group (5). 
Thus, Vo and the H dipolar tensor for the mo- 
tionless radical may also be obtained from the 
data relative to the H tensor (Table I): A, = 
- 15.5 G (principal direction along the N-H 
bond); Bo = 0.3 G (principal direction parallel 
to the n: orbital). The maximum barrier height 
Vo found from the data for the H tensor is 
slightly lower than from the N data. The first 
determination is very probably the more ac- 
curate because the variations of couplings with 
temperature are larger for N than for H. 

The physical meaning of the barrier V, in the 
formula V(8) = (V0/2)(1 - cos 0) is question- 
able. As shown on Fig. 2, the torsional oscil- 
lations are not forbidden by steric hindrance for 
-30" < 0 < 30". For small oscillations, the 
potential well has certainly an intramolecular 
origin. Because of the three possible equilibrium 
positions due to the symmetry of the radical, a 
better representation of the potential might be 
V(8) = (V0/2)(1 - 3 cos 8). For small values of 
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TABLE 3. Comparison between calculated and experimental N and H dipolar coupling tensors 
relative to motionless radicals for a unit spin density 

Experimental Calculated 
Dipolar tensor 
principal value Slater x ST0 

(G) SO3-NH2+* SO3-NH Ref. 7 orbital orbital? Ref. 10 

N 
Jl to orbital 34 to 36 32 to 34 34 26.5 34 29 

H 
I N H  bond 17 to 18 16.5 to 17.5 26.6 24 24.3 

11 orbital -0 - 0 -8.0 -6.6 -5.6 

*Reference 1. 
?With coefficients of ref. 9. 

FIG. 2. Distances between the H atom of SO3-NH 
free radical and its two closest neighbours (O,,' atom of 
the adjacent molecule and the K ion of Fig. 1) as a 
function of the rotation angle 0 around the N-S bond. 

0, the relation : 

is approximately valid, and the physically mean- 
ingful barrier would be in fact 6.519 = 0.75 
kcal/mol. This value is the height of the barrier 
which would hinder the free rotation of N-H 
bond if there were no steric hindrance in the 
trapping matrix. 

Dipolar Coupling Tensors for the Radical at Rest 
The N and H dipolar coupling tensors corre- 

sponding to motionless radicals have been de- 
rived from the temperature dependence of the 
couplings. They are respectively 30.1, - 14.9, 
-15.2 G for N and -15.5, 0.3, 15.2 G for 

H. These tensors are given in Table 3 for 
SO3-NH,' and SO3-NH radicals for a unit 
spin density. They may be compared to the cal- 
culated tensors. 

(a)  Nitrogen Coupling Tensor 
Let us neglect the small x density in the bonds 

and consider the nitrogen tensor to be cylin- 
drical. The theoretical principal values of N and 
H tensors given in Table 3 have been calculated 
by different methods: using Roothan and 
Clementi waves functions (7) (column 4, Table 
3); the Mc Connel and Strathdee formula (8) 
using a Slater orbital (column 5, Table 3); by 
the same formula using a linear combination of 
Slater type orbitals (column 6, Table 3); in a 
spin unrestricted LCAO-MO-SCF approach 
using contracted gaussian-type functions for the 
expansion of molecular orbitals (10) (column 7, 
Table 3). 

Good agreement between experiment and cal- 
culations is found only in the first and third cases. 
In the last calculation (column 7), the authors of 
ref. 10 claim to have found good agreement be- 
tween experimental and theoretical tensors but, 
in fact, it is because the motion of the radical has 
not been accounted for. 

(b) Proton Coupling Tensor 
In the same way, the calculated H tensors are 

given in Table 3. Columns 5 and 6 concern NH, 
radical, and column 7 concerns NH,'. Poor 
agreement is found between calculated and ex- 
perimental tensors. This may be due to the poor 
accuracy of the wave function as soon as the dis- 
tance from the N nucleus increases. 

Conclusion 
Measurements of the temperature dependence 

of the H and N couplings in SO3-NH radicals 
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trapped in a single crystal of potassium sulfa- 
mate allow the determination of the relative 
signs of the principal values of the N coupling 
tensor; the study of the torsional oscillations of 
the NH group around the S-N bond; the deter- 
mination of the N and H dipolar coupling tensors 
corresponding to the radical at rest. These are 
the tensors that are to be compared to the theo- 
retical calculations of the couplings. Let us note 
that these tensors, from which the contributions 
due to the motion of the radicals have been eli- 
minated, may only be obtained in cases when 
there is a measurable temperature dependence 
of the couplings. As seen from Tables 1, 2 even 
measurements at 4 K do not give directly the 
tensor of the motionless radical because the zero 
point residual motioils may give contributions 
of a few gauss (for N, Xo = 30.1 G,  Yo = 
- 14.9 G,  Zo = - 15.2 G to be compared to the 

experimental values at 4 K, Xo = 26.7 G, Yo = 
-14.9G,Zo = -11.8G). 
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Ring currents, local anisotropy, and the problem of the out-of-plane protons: 
a reinvestigation of the nuclear magnetic resonance 

spectrum of [lo]-paracyclophane 
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ARVIND AGARWAL, JOHN A. BARNES, JOHN L. FLETCHER, MICHAEL J. MCGLINCHEY, and 
BRIAN G. SAYER. Can. J. Chem. 55,2575 (1977). 

The 'H nmr spectrum of [lo]-paracyclophane has been recorded at 220 MHz and the 
methylene protons assigned on the basis of homonuclear decoupled spectra. Local anisotropic 
contributions to chemical shifts for protons sited above or near the aromatic ring of [lo]- 
paracyclophane have been calculated using a classical model previously proposed by Grant. 
The residual incremental shift was shown to follow the Waugh-Fessenden-Johnson-Bovey 
classical ring current model, but the loop separation originally invoked was shown to be 
unnecessary. These corrected ring current contributions also correlate very well with the 
quantum-mechanical approach of Haigh and Mallion. 

ARVIND AGARWAL, JOHN A. BARNES, JOHN L. FLETCHER, MICHAEL J. MCGLINCHEY et 
BRIAN G. SAYER. Can. J. Chem. 55,2575 (1977). 

On a enregistre le spectre rmn du proton du [lO]paracyclophane a 220 MHz et on a attribuk 
les protons methyltnes en se basant sur le spectre decouplt d'une f a ~ o n  homonucltaire. Des 
contributions anisotropes locales aux dkplacements chimiques des protons situes au-dessus 
ou pres du cycle aromatique du [lO]paracyclophane ont ttk calculees en faisant appel a un 
modele classique proposC anterieurement par Grant. On a montre que I'augmentation residuelle 
du dtplacement suit le modele classique de courant de cycle de Waugh-Fessenden-Johnson- 
Bovey mais on a trouvk qu'il n'est pas nkcessaire de faire appel a la skparation de boucle qui 
avait Bte invoquke originalement. Ces contributions de courant de cycle corrigtes offrent 
aussi une tres bonne correlation avec I'approche de mtcanique quantique de Haigh et Mallion. 

[Traduit par le journal] 

Introduction 
The deshielding of aromatic protons relative to 

olefinic protons has occupied the attention of 
nmr spectroscopists and theoreticians for almost 
20 years, and the collective wisdom of these 
deliberations has been the subject of a number of 
reviews (1-3). Following the ideas of Pauling (4), 
the ring current concept was applied to benzene 
by Pople (5) who treated the system as possessing 
a point dipole located at the centre of the ring 
and showed that this would account for the 
downfield shift of benzene relative to ethylene. 
In a now classic paper, Waugh and Fessenden (6) 
developed their "Free Electron Model" in which 
the E-electrons were regarded as being analogous 
to  a simple current loop and, using the well- 
established methods of classical electrodynamics 
(7), they were able to evaluate the induced field 
at any point whether in or out of the plane of the 

'To whom all correspondence should be addressed. 
'Revision received March 23, 1977. 

ring. The downfield shift of the benzene protons 
predicted by an in-plane current loop was 
2.79 ppm and, in order to correlate with the then 
accepted shift of - 1.5 ppm (i.e., the difference 
between benzene and the vinylic protons of 1,3- 
cyclohexadiene), Waugh and Fessenden sepa- 
rated the 7~ current into two loops, one above and 
one below the ring plane; the separation between 
the loops was empirically adjusted to be 1.28 A, 
and a very convenient tabulation of chemical 
shift increments calculated on this basis has been 
provided by Johnson and Bovey (8). Following 
the quantum mechanical treatment of McWeeny 
(9), Haigh and Mallion (10, 11) have presented a 
similar tabulation; both Johnson and Bovey (8) 
and Haigh and Mallion (11) approaches allow 
the evaluation of chemical shifts for out-of-plane 
protons. 

In their original paper, Waugh and Fessenden 
(6) applied their theory to out-of-plane protons 
and they presented experimental and calculated 
nmr shift data on [lo]-paracyclophane. Although 
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their 40 MHz spectrum clearly showed the 
presence of high field protons in the methylene 
chain, the resolution was insufficient to allow any 
deiinitive assignments to be made. We now pre- 
sent the 220 MHz spectrum of [lo]-paracyclo- 
phane (Fig. 1) in which the five aliphatic 
resonances are clearly resolved. These data allow 
a critical and comparative evaluation of both 
Johnson-Bovey (8) and Haigh-Mallion (1 1) ring 
current theories. 

Experimental 
Proton spectra were obtained on a Varian HR 220 

spectrometer operating at 220 MHz and 18°C. Proton 
homonuclear decoupled spectra were obtained on a 
Varian HA 100 spectrometer operating at 100 MHz at 
35°C using standard techniques. 

Concentrations of 0.1-0.2 M were used in CDCl, as 
solvent, and the peak positions were extrapolated to 
infinite dilution; TMS was used as an internal standard. 

A section of the 220 MHz spectrum is shown in Fig. 1, 
and the data are listed in Tables 1 and 2. 

Results and Discussion 
I .  The H Nuclear Magnetic Resonance Spectrum 

of [lo]-Paracyclophane 
As previously mentioned, a number of models 

have been proposed to account for the shifts of 
aromatic protons. The now widely accepted free 
electron model was used in an attempt to 
rationalize the shifts of the out-of-plane protons 
in [lo]-paracyclophane; however, the lack of 
resolution in the 40 MHz spectrum made quan- 
titative verification of the theory somewhat 
hazardous. Nevertheless, constant application to 
a variety of aromatic systems has almost be- 
stowed an imprimatur upon the theory. How- 
ever, with the technological advances of two 

FIG. 1. 220 MHz 'H nmr spectrum of high field 
resonances of [lo]-paracyclophane. 

VOL. 5 5 ,  1977 

TABLE 1. 'H nmr data for [lo]-paracyclophane 

8 values 

Calculated 
Experimental 

Position 220 MHz Ref. 8 J-B Ref. 11 H-M 

TABLE 2. Experimental vicinal coupling constants and 
calculated dihedral angles 

+ (Calculated, deg) 
J 

Positions (Hz) Karplus Refined 

decades, a number of discrepancies are now 
apparent. Thus, in 1957 there was no method of 
reliably determining the structure of [lo]-para- 
cyclophane (or at least the most populated con- 
formation in solution) and the authors had to 
estimate the proton positions relative to the 
aromatic ring by using Fisher-Hirschfelder 
models and trying to allow for the twisting 
motions of the decamethylene bridge. It is 
perhaps not surprising that the original assign- 
ment of the methylene protons as following the 
sequence: a, p, 6, y, E is incorrect. The 220 MHz 
spectrum, together with the homonuclear de- 
coupling data, unequivocably established the 
order of the proton resonances as: a, p, y, 6, E 

with the E protons at highest field. 

2. The Structure of [lo]-Paracyclophane 
The apparent inconsistency discussed above 

prompted us to direct our investigations toward a 
quantitative appraisal of the ring current tabula- 
tions (8, 11). Consequently, it was essential to 
know the structure of the molecule. In the ab- 
sence of crystallographic data, it is necessary to 
calculate the molecular conformation of lowest 
energy, and for such systems a high degree of 
success has been achieved using Allinger's 
molecular mechanics calculations (12, 13). Thus, 
the correlation between the predicted and ob- 
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served structures of [8]-paracyclophane is very 
good and so one can confidently use this ap- 
proach as the best available at present. Since the 
'H nmr spectrum shows only five methylene 
environments, the molecule is conformationally 
mobile on the nmr time scale; indeed Allinger 
calculated that the n~olecule would have a 
rather flat potential energy minimum allowing 
considerable amplitude of ring oscillation. The 
preferred conformation for [lo]-paracyclophane 
was calculated to have a non-planar aromatic 
ring in which the para-carbons were displaced 
upwards through 8.4,  while the a-carbons were 
displaced downwards through 4.4" (13). The 
molecular mechanics method also predicted the 
conformation of the decamethylene chain, and an 
attempt to  verify these predictions was under- 
taken using the Karplus theory (14, 15) relating 
vicinal coupling constants (3JHH) and dihedral 
angles which has been extensively used in 
structure determinations (16). 

The dihedral angles of the most populated 
conformation were determined from the coupling 
constants obtained from the homonuclear 
decoupled spectra using the following relation- 
ship : 

where A = 7 Hz, B = - 1 Hz, C = 5 Hz, a set 
of empirically derived parameters which refer to 
an H-C-C-H fragment in a carbon chain 
(17). The observed coupling constant is in fact an 
average of four coupling constants whose di- 
hedral angles of interaction are 4, 120 + 4, 4, 
and 1120 - $ 1 .  Then, 

C21 Jobs = 0.25(2J+ + J4+120 + J120-+) 

with this consideration, eq. 1 becomes: 

[3] Job, = 2.5 cos2 + - 0.25 cos 4 + 5.75 

The calculated dihedral angles are listed in 
Table 2. In this analysis it was assumed that each 
-CH,-CH2- unit could be regarded as an 
[AX], system, since the chemical shifts of the 
protons in a given methylene group are dynami- 
cally averaged to give only one value and the 
chemical shift differences between adjacent 
methylene groups are relatively large. While this 
simplification is justifiable for the JUp, JP,, and J,, 
couplings such is not the case for the J,, case 
which is more correctly regarded as [[AB],],; 
consequently the dihedral angle predictions from 

3JH,,e are distinctly less reliable than are the 
others. Of course, the dihedral angle between the 
aromatic ring and the cc-carbon-p-carbon bond 
is not evaluable directly as there is no appro- 
priate coupling constant. This angle was 
approximated from a Fieser model and refined as 
outlined below. Now, accepting the values for the 
non-planarity of the ring and C, atoms as calcu- 
lated by Allinger (13), use of molecular models 
made it relatively easy to decide the unique com- 
bination of dihedral angles which allowed the 
construction of the decamethylene bridge. 
Finally, a molecular geometry programme (18) 
was used empirically to adjust not only the 
dihedral angles (within the calculated error 
limits) but also the aliphatic C-C-C bond 
angles (to parallel the behaviour of the corre- 
sponding angles in [8]-paracyclophane) such that 
the &-carbon coordinates (x,y,z) corresponded to 
the E'-carbon coordinates (Z,j,z) as required by 
C, symmetry. Throughout these calculations, the 
aromatic ring carbon-carbon bond lengths were 
taken as 1.39 A, the exocyclic sp2-sp3 bond as 
1.50 A and the C-C and C-H bonds in the 
polymethylene chain as 1.54 and 1.08 A respec- 
tively. Each H-C-H plane was positioned 
orthogonally to  the appropriate C-C-C plane. 
It is gratifying that these experimental data, viz., 
coupling constants, reinforce Allinger's theore- 
tically predicted molecular geometry as shown by 
comparing Fig. 2 with Fig. 2 in ref. 13. 

3. Comparison of Ring Current Theories 
These structural data allow the evaluation of 

incremental shifts for the n~ethylene protons 
lying out of the aromatic ring plane using both 
the semiclassical (8) and quantum mechanical 
(11) approaches. In order to predict chemical 
shifts relative to TMS it is necessary to select the 
"standard methylene shift" appropriate to  the 
system. Typical values for large cycloalkanes 
average to 1.30 ppm (19), and this is the standard 
we have used. The chemical shifts thus predicted 
by the Johnson-Bovey (8) and Haigh-Mallion 
(11) tabulations for the a, P, y, 6, and E protons 
are presented in Table 1, and may be compared 
with the experimental values in the same table. 
I t  is apparent that, while both methods are 
qualitatively very useful, the quantitative agree- 
ment with the experimental shifts is not uniform 
throughout all positions which experience the 
effect of the ring current. The semi-classical 
method shows good agreement for protons held 
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(25, 26) using proton-enhanced nuclear induc- 
tion spectroscopy (27). Grant's data (24) clearly 
show that local anisotropic contributions cannot 
be ignored for in-plane protons in condensed 
aromatic  system^,^ and we now extend these 
calculations to out-of-plane protons. 

Using the analogy of a current circulating in a 
loop of wire (24), the proton shielding compo- 
nent, oiiH, is given by 

', 
\ I I"; ,Hi 

a 
[4] oiy = - 

1 
n. [(a + p)' + ~ ~ 1 " ~  

where a is the radius of circulation about each 

F?y  '6 

usual carbon cylindrical atom, taken coordinates, as 0.47 (24), and p K and and z are E are the 
H ,  complete elliptical integrals of the first and 

H;.. -..-Ye second type with the argument 

k2 = 4 a ~  
(a + P ) ~  + z2 

'i ' H .  

More simply, oi?  = GoiiC where oi? and oi ic  
are the Droton and carbon shielding components 

FIG. 2. Preferred conformations of [lo]-paracyclo- 
and GAis  a geometric factor. The isotropic 

phane: (a) plan, (b)  elevation, the hydrogen atom posi- as in is given 
tions are shown in perspective relative to the carbon averaging the components 
atom to which they are attached. 

over the centre of the ring, but becomes less 
reliable as the value of p increases and z decreases. 
However, the quantum mechanical approach 
gives adequate agreement in these latter regions 
but seriously underestimates the upfield shifts of 
the protons directly above the ring, as was 
originally inferred (10, 20). The work of Rose 
(21) on pyridylphenanthrenes also supports this 
generalization. 

4 .  Local Anisotropic Contributions 
It was apparent that the present ring current 

theories did not provide a complete rationale for 
the experimentally observed shifts and that some 
other important contribution had been over- 
looked. It had earlier been suggested by Pople 
(22,23) that local anisotropic effects were a large 
contributing factor to the deshielding of the 
protons in benzene. Furthermore Barfield, 
Grant, and Ikenberry (24) have now successfully 
demonstrated that local anisotropic contribu- 
tions to chemical shifts may be evaluated using 
the 13C chemical shielding tensors so pains- 
takingly obtained by Waugh and co-workers 

The 13C shielding tensors used in this study are 
taken from refs. 25 and 26; values used for 
aromatic carbons bearing alkyl chains are those 
listed by Waugh for hexaethylbenzene, while 
those for aromatic carbons with hydrogen sub- 
stituents are the average of the appropriate 
values from ventamethvlbenzene and durene. To  
convert the values from shifts relative to benzene 
into absolute shifts, it is necessary to add 71 ppm 
to each 13C shielding tensor (24). The local 
anisotropic contributions for each methylene 
proton brought about by circulations about each 
ring carbon in [lo]-paracyclophane are presented 
in Table 3. 

3A dipolar approximation presented in ref. 24 contains 
an algebraic error due to mis-evaluation of the elliptical 
integral power series. However, this does not materially 
affect the conclusions drawn previously, i.e., it is unsafe to 
calculate chemical shifts for proximate protons using only 
a dipolar formula. For the situation in ref. 24, the correct 
dipolar formula is 
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5. Experimentally Determined Ring Currents - I 

We can now define the ring current contribu- 
tion (ARC) to the chemical shift as the difference 0 

between the experimental shift (6)  and that 3 
calculated by adding the local anisotropic & 
contribution to the standard, i.e., o 

8 - 
151 (- 6),,,, = - 1.30 + LA term + ARC,,,, $ 

These "experimentally determined ring current 
shifts" are listed in Table 3 together with ring 
current shifts calculated using the equation 

[6] A = 
C 

[(a + p), + z2I1l2 

where C = ne2/6rc~,c2 = 8.970, where n is the 
number of circulating electrons of charge e and 
mass Me,  c is the velocity of light, p and z are the 
usual cylindrical coordinates, and a is the radius 
of circulation about the ring taken as 1.39 A. In 
this case p and z are measured in A rather than 
ring radii. 

The quoted shifts are the average of two shifts 
A, and A, obtained by taking z ,  = z + S/2 and 
z,  = z - S/2, where S is the separation of the 
current loops. It is necessary to accept that any 
ring current contribution calculated semi- 
classically must follow an equation of the type 
[6] where the only adjustable parameters are C 
and S.  Waugh and Fessenden chose to adjust the 
separation of the loops, while Barfield, Grant, 
and Ikenberry adjusted both C and S. Our 
approach was to adjust the separation between 
the loops to get the best correlation between the 
"experimental ring current shifts" and the 
calculated shifts, and then to evaluate C em- 
pirically. 

It is now apparent from our data that the 
arbitrary separation into two loops is not only 
unnecessary but is actually detrimental to the 
optimum fit. Now a plot (Fig. 3) of the ARC,,,, 
values us. calculated ring current by the Johnson- 
Bovey (8) method (ARC ,-,,, = ,) provides a 
value for C, and follows the equation 

Ct 
2 
I - 

3 N r - m  3 m  

00 
I I 

[7] ARC,,,, = 1.04 ARC J-B,S=O - 0.06 

- G 

f 8  " 
07 % -0 ., % 

2 L: g e 
2 2 
*od; s%% 
2 *.m, 

12, 5-g  
m .&p 
0 .g.j 

m *  g 
m 2, - 9 m c  

t - m  c a w  
t - m  
-- ' Z V  
00 4$; g@ The correlation coefficient, F, was found to be a d maximum (0.9928) at S = 0 ;  the correlation 

worsened very rapidly on invoking loop separa- 
tion. Typically, S = 1.0 A, F = 0.9461; S = 1.28 
A (ref. 6), F = 0.8883; S = 1.63 A (ref. 24), 2 g&- 

a c$ 
;; P@ .zAe 
?$$ 
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I I I I 

0.6 - 

- 
E :: 0.2 - - 
I- 
Z 
W 
a 
a 

a 

I- 
- 

CALCULATED RING CURRENT ( P P ~ )  

FIG. 3. Plot of experimental ring current (ARC,,,,) us. 
calculated ring current (ARC I - B . ~ = ~ ,  0 ; and ARCHpM, 
0). 

? = 0.7634; S = 2.0 A, i; = 0.6161. Therefore, 
the data force upon us the conclusion that the 
arbitary separation of the ring current into two 
loops is unnecessary; furthermore, the ring 
current increments derived by a semi-classical 
approach and those determined experimentally 
show good agreement. 

A plot of measured chemical shift (-6) us. 
calculated ring current (ARC ,-,,,. ,) also shows 
an interesting correlation, viz., 

[8] (-6) = 1.57 ARCJ-B,s=o - 1.36 
( i ;  = 0.9974) 

Combining eqs. 5, 7, and 8, we see that 

indicating that the ring current contribution to 
the incremental shift is of the order of 65%. 

This whole postulate receives strong support 
from Dailey's work on magnetic anisotropy 
which showed that the ring current only contri- 
butes to the extent of -60% to the chemical 
shifts of aromatic hydrocarbons (28). 

Having shown that the experimental ring cur- 
rent shifts are readily rationalizable from the 
semi-classical viewpoint, it is of interest to deter- 
mine whether any analogous correlation exists 
for the quantum mechanical theory. This latter 
theory has only one variable parameter which 

VOL. 55 ,  1977 

was obtained from a linear regression analysis of 
data for planar polycyclic aromatics. 

A plot of our experimental ring current shifts 
against those predicted from the quantum 
mechanical approach shows excellent agreement 
(F = 0.9932) and follows the equation 

[lo] ARC,,,, = 2.73 ARCH-, - 0.06 

It will be noted that the predictions of the 
Johnson-.Bovey (8) and Haigh-Mallion (11) 
tabulations differ by a factor of - 2.6 in the limit 
(11). Using our data (see Table 3) the following 
relationships were found 

where F = 0.9998 and 0.8938 respectively, thus 
reinforcing our earlier arguments dispelling the 
necessity for loop separation. 

It is especially gratifying to see that the two 
entirely different models are compatible with the 
experimental data. Previous statements (1 1, 21) 
that the two theories are only applicable to 
specific spatial regions of the aromatic molecule 
are nullified when the correct ring current incre- 
ments are evaluated. Thus previously published 
experimental ring currents which did not allow 
for the local anisotropic corrections would not be 
expected to fit either ring current model, except 
fortuitously. 

One would have anticipated that eqs. 7 and 10 
should have zero intercept since the overall 
chemical shift of any given methylenic proton is 
assumed to be a composite of only three terms 
viz., LA and RC terms, which are of course 
position dependent, and the standard shift, which 
is the same for all protons in the chain. Since one 
obtains the identical non-zero intercept from 
both the semi-classical and quantum mechanical 
approaches, we propose that the standard 
methylene shift in chloroform be taken as 1.36 
ppm rather than the initially chosen value of 
1.30 ppm. 

In the previous treatment of [lo]-paracyclo- 
phane (6), the predicted shifts of the protons a to 
the ring gave such poor agreement that they were 
ignored,-and these shifts were merely compared 
to the corresponding protons in ethylbenzene. 
However, the present approach adequately 
accounts for the a-CH, shift without invoking an 
inductive effect of the phenyl ring; that is, the 
inherent standard shift for the a-proton can still 
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be taken as 1.36 ppm. Thus, it would seem that 
the so-called inductive effect of the phenyl ring 
can be wholely attributed as being a manifesta- 
tion of the anisotropic nature of the electron 
distribution within the ring. 

In calculating incremental methylene proton 
shifts using a combination of local anisotropic 
and ring current contributions from the aromatic 
ring, we have assumed that local anisotropic 
contributions from atomic neighbours in the 
polymethylene chain are allowed for by suitable 
choice of a standard. One should point out4 that 
whilst our determination of the local currents 
involves the use of the total carbon shielding 
tensor (the effect of the delocalised current being 
ignored), comparison of the isotropic 13C shifts 
in benzene and for the C-2, C-3 resonances in 
cycloheptatriene shows that the delocalised effect 
must be relatively small. 

We feel that this approach to the problem of 
the ring currents is valuable in that the investiga- 
tion of the methylene protons is less hazardous 
than investigating the aromatic protons for which 
the choice of a standard shift is more difficult and 
controversial. An extension of the concepts 
developed here allows a study of ring currents in 
arene-metal n-complexes and this will be dealt 
with in a subsequent publication. 

Conclusions 
Present ring current tabulations do not allow 

for the local anisotropic contributions to the 
chemical shifts of protons in aromatic environ- 
ments; independent calculation of these local 
anisotropic contributions allows the evalua- 
tion of corrected (experimental) ring current 
shifts. These corrected shifts were found to show 
simple relationships to both the quantum mech- 
anical and semi-classical approaches; in each 
case, the correlation coefficients were excellent. 
However, the separation of the current loops in 
the semi-classical approach while aesthetically 
satisfying was shown to be unnecessary. 
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SURENDRA SINGH et Ross ELMORE ROBERTSON. Can. J. Chem. 55,2582 ( 1977). 
Dans cette etude sur l'effet des substituants vinyle et mtthyle sur les vitesses d'hydrolyse de 

bromures de cyclopropane dans l'eau, on examine les changements dans les ACp* en fonction 
de la substitution et de la configuration. On a montre que les valeurs inusitees de ACp* trouvees 
par Ong et Robertson (Can. J. Chem. 52,2660 (1974)) pour I'hydrolyse des bromures de vinyl-2 
cyclopropane cis et trans sont caracttristiques du substituant vinyle et sont un reflet soit d'un 
etat de transition qui correspond a un tres bas degre de separation de charge ou a une annula- 
tion interne due a la formation d'un cation ditnyle etendu. Le bromure de dimethyl-2,3 cyclo- 
propane cis-cis a une valeur de ACp+ = - 145 cal mol-' deg-' qui peut se comparer avec les 
valeurs limites obtenues pour l'hydrolyse des nitrates d'adamantyle-1 ou -2. La valeur corres- 
pondante du AC,' pour le bromure de dimethyl-2,3 cyclopropane cis-trans (-56 cal mol-' 
deg-') est moins negative que pour I'isomere 2,3 trans-trans (- 75 cal mol-' deg-'). On discute 
des implications mecanistiques de ces resultats. 

[Traduit par le journal] 

The hydrolysis of substituted cyclopropyl bromides in water. 
IV. The effect of vinyl and methyl substitution on ACP* 

SURENDRA S I N G H ~  A N D  ROSS ELMORE ROBERTS ON^ 
Department of Chemistry, The University of Calgary, Calgary, Alta., Canada T2N IN4 

Received August 27, 19764 

SURENDRA SINGH and Ross ELMORE ROBERTSON. Can. J. Chem. 55,2582 (1977). 
In this study of the effect of vinyl and methyl substitution on the rates of hydrolysis of cyclo- 

propyl bromides in water, we examine the changes in ACp* with substitution and configuration. 
The unusual values of ACp* found by Ong and Robertson (Can. J. Chem. 52,2660 (1974)) for 
the hydrolysis of 2-cis- and trans-vinylcyclopropyl bromide are shown to be characteristic of the 
vinyl substituent and reflect either a transition state which corresponds to a low degree of charge 
separation or to internal cancellation due to the formation of an extended dienylic cation. The 
2,3-cis,cis-dimethylcyclopropyl bromide gave a value of ACp* = - 145 cal mol-' deg-', com- 
parable to limiting values obtained for hydrolysis of 1- and 2-adamantyl nitrate. The corre- 
sponding value of ACp+ for 2,3-cis,tuans-dimethylcyclopropyl bromide (- 56 cal molt1 deg-') 
was less negative than for the 2,3-trans,trans isomer (-75 cal mol-I deg-I). The mechanistic 
implications are discussed. 

This report on the hydrolysis of substituted 
cyclopropyl bromides is an outgrowth of an 
earlier study of the hydrolysis of 2-vinylcyclo- 
propyl bromides (1). In that study, the values of 
AC,* for the hydrolysis of the cis and trans 
isomers were found to be -27 and -35 cal 
mol-I deg-l, respectively. Values of Ac,* in 
this range for displacement of a bromide ion (as 
opposed to displacement of tosylate or methane- 
sulfonate (2)) have been associated with a mini- 
mal charge development at the transition state 
for hydrolysis in water and in the absence of 
other evidence this was the interpretation pro- 
posed by Ong and Robertson. Certain theoretical 
calculations were seen to lend support to this 
hypothesis (3, 4), even though results obtained 

'Based in part on the Ph.D. Thesis of S. Singh, Uni- 
versity of Calgary, Calgary, Alta., 1975. 

ZPresent address: Department of Chemical Engineering, 
McMaster University, Hamilton, Ont. 

3Author to whom correspondence should be addressed. 
4Revision received March 4, 1977. 

in different solvents suggested that under other 
conditions a greater degree of charge develop- 
ment might be expected (5 ,6 ) .  Thus in a previous 
study on the solvolysis of substituted cyclopropyl 
bromides in acetic acid, Schleyer et al. had con- 
cluded that there was "considerable" charge 
development at the transition state (7). That dif- 
ferent degrees of charge development at the 
transition state will be found with different sol- 
vents is altogether reasonable unless the transi- 
tion state corresponds to a limiting case (8). 
However, the unusually "low" value of AC," 
for hydrolysis of the 2-vinylcyclopropyl bro- 
mides in water was unexpected, hence this earlier 
work was extended to include a study of the 
hydrolysis of other substituted cyclopropyl 
bromides. Some of these results have been pub- 
lished (9, 10) and these together with the results 
from the present study are collected in Table 1. 

As in the past, rate data were determined by a 
conductance method (2). The limiting factor in 
such a study is frequently the limited solubility 
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SINGH AND ROBERTSON 2583 

TABLE 1. Pseudo-thermodynamic activation parameters for the aqueous solvolysis of substituted cyclopropyl bromides 

Temp- AS* -AC,* 
erature AF* AH* (cal deg-I (cal deg-I 

Compound* ("C)t (callmol) (cal/mol) mol-') mol- l) References 

2,2-DMCpBr(1)t 56 249621 0 .3  26805k 9 5 .6010.02 5 2 k 2  
2,3-cis,tvans-DMCpBr(2) 56 25051i 0.4 26816i 10 5 .36k0.03 56k 2 
2,3-cis,cis-DMCpBr(3) 56 287221 9 32881k245 12.6310.72 145k8 
2,3-cis,cis-DMCpBr(3) 80 2 8 5 4 3 k 1 . 4  29388k60  2.39k0.17 145k8 
2,3-trans,trans-DMCpBr(4) 18 22533i 0.7 26670k 16 14.21+0.05 7 5 k 4  
2,3-trans,trans-DMCpBr(4) 56 22172k 10 23797k163 4.94k0.53 7 5 k 4  
2,2-cis-Methy1,trans-vinyl- 

CpBr(5) 56 24817k 0 .4  26271k 15 4 . 4 2 i 0 . 0 5  3 7 k 2  
2,2-cis-Viny1,trans-methyl- 

CpBr(6) 56 24871k 0 .7  26068k 20 3.64k0.06 2 7 2 4  
2,3-cis-Viny1,trans-methyl- 

CpBr(7) 56 24174k 0 .3  26080i 8 .7  5 . 7 9 i 0 . 0 3  36k 2 
2-cis-(1-Propenyl)CpBr(S) 56 258661 0 .3  262421 14 1.14k0.04 36k 1 
2-cis-Vinyl-CpBr(9) 75 276581 0.4  27957k 28 0.85k0.08 27+4 
2-trans-Vinyl-CpBr(l0) 75 25912i 0 .3  26363* 10 1.29_+0.03 3 5 k 2  

*Abbrev~ations: D dl-, M methyl Cp cyclopropyl. 
?About the mid-point of temperaiure range over which rate measurements were made where errors are m~nlmal. 

TABLE 2. Empirical constants for the equation loglo k = A, + A2/T + A3 log T 

Compound* A1 -A2 -A3 

*Abbreviations: D di-, M methyl, Cp cyclopropyl. 

of the substituted compound. Our attempt to 
extend the study to trans-2,2,3-trimethylcyclo- 
propyl bromide and cis-2,2,3-trimethylcyclo- 
propyl bromide was thwarted by low solubility 
while the dimethyl substituted cyclopropyl bro- 
mides were found sufficiently soluble for our 
purpose. 

The range of the temperature-rate study was 
about 30°C and the resulting data were fitted to 
the equation log k = A ,  + A,/T + A ,  log T. 
The constants are collected in Table 2 and pro- 
vide a means of interpolating rate constants 
and quasi-thermodynamic parameters.' Relative 
rates for hydrolysis in water are given in Table 

AS,' = ASo* + L T v d T  

with T  in Kelvins. 

9 
This work 

10 
10 

This work 
This work 

This work 
This work 

1 
1 

3. We accept the hypothesis (5,6, 11-14) that the 
activation process for the solvolysis of cyclo- 
propyl halides in water as in other solvents in- 
volves anchimeric assistance from o-bond inter- 
action and electrocyclic ring opening (15, 16). 

Substitution of carbonium ion stabilizing 
groups on the a-carbon of cyclopropyl bromide 
was known to have a relatively small effect on 
the rate of solvolysis (17, 18) and so was not 
investigated. In water, the relative effect of P-Me 
substitution on the rate of hydrolysis varied 
widely (Table 3). Such differences can be attri- 
buted to a combination of non-bonded interac- 
tion, facilitation of o-bond participation, and 
variation in the probability of nucleophilic inter- 
action (k,,, ref. 8) as a consequence of the special 
configurational considerations imposed by the 
cyclopropyl structure and the requirement for 
opening of the ring. Dispersal of electron defi- 
ciency by substituents will have two effects on 
the observed rate: (I) to delay nucleophilic in- 
teraction and (2) to enhance the external effects 
of the charge of Br-; the latter will result in 
more negative values of AC,', in water. Rate 
enhancement due to the vinyl group (280/3000) 
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2584 CAN. J. CHEM. VOL. 55, 1977 

TABLE 3. Relative rates for the solvolysis of substituted cyclopropyl bromides at 
100°C in H 2 0  

Compound* 
Relative 

k (s-') rate 

Cyclopropyl bromide 
2,2-DMCpBr(1) 
2,3-cis,cis-DMCpBr(3) 
2,3-cis,trans-DMCpBr(2) 
2,3-trans,tran~DMCpBr(4) 
2,2-cis-Methy1,trans-vinyl-CpBr(5) 
2,2-cis-Viny1,trans-methyl-CpBr(6) 
2-cis-Vinyl,3-trans-methyl-CpBr(7) 
2-cis-Methyl,3-trans-vinyl-CpBrt 
2-cis-(1-Propenyl)CpBr(S) 
2-cis-Vinyl-CpBr(9) 
2- trans-Vinyl-CpBr(l0) 

*Abbreviations: D di- M methyl Cp cyclopl 
tcomparable value fo; 7 is 2.79 ;( 10-4 s-1. 

may be attributed to stabilization of the acti- 
vated state by conjugation, but if the transition 
state resembled the extended ion: 

0-carbon atom 

-1 ,MI e p-carbon atom 
4 ti+.?. +-- a-carbon atom 'xs- 

the substitution of a methyl would be expected 
to cause a much larger increase in the rate, 
whereas dispersal of electron deficiency would 
result in large negative values of ACp* (10). 
Neither expectation is found (Fig. 1 A-IF and 
Table 2). The simpler explanation is that the 
presence of a P-vinyl substituent facilitates 
nucleophilic attack by water. The relative rate 
ratios are higher in C and D where methyl sub- 
stitution is on the other p-C but the difference is 
hardly remarkable. Methyl-substitution on the 
vinyl group (E, F) results in reduced ratios both 
here and by comparison with the allylic ~ y s t e m . ~  
Even in the latter where there is minimal steric 
hindrance to nucleophilic attack, substitution of 
Me in the a or y position results in a rate en- 
hancement of only 720 (cis) and 620 (trans), 
respectively (Table 4). We note also that the 
presence of a vinyl group per se does not result 
in abnormally 'low' Ac,* values here as is the 
case for the cyclopropyl system, although the 
value for 16 is somewhat less than that for 11. 
From Table 5, it is obvious that the relative effect 
of methyl substitution is virtually independent 
of the ionizing properties of the solvolyzing 

6E. C. F. KO, unpublished work (University of Cal- 
gary). 

medium. This fact is consistent with a small 
degree of charge development at the transition 
state. 

The kinetic a-deuterium isotope effects found 
(Table 6) appear to support the same conclusion. 
In general such isotope effects reflect changes in 
hybridization and to a lesser degree the nature 
of incoming and leaving groups (20). The k,/k, 
values for this series are small, but due to the 
fact that the exocyclic bond in the cyclopropyl 
system is already close to  being sp2 hybridized, 
no large effect is likely to accompany activation. 
Our limited results confirm this expectation and 
no attempt was made to determine this effect in 
every case, since it follows that in this series the 
a-deuterium isotope effect is unlikely to be a use- 
ful mechanistic indicator. 

Attempts to  attach physical significance to the 
negative temperature coefficient of AH* for 
ionogenic reactions in water began with a recog- 
nition of the unique nature of solvation of 
weakly polar solutes in water and the effect of 
charge development and temperature on what 
has been termed the hydrophobic solvation shell 
(2). Initially it was assumed that charge develop- 
ment in the activation process modified the com- 
plete solvent shell to a greater or lesser degree, 
depending on the degree of charge separation at 
the transition state. Such an interpretation is 
deficient in several respects. We have noted that 
a value of AC,* of about - 30 cal mol-' deg-I 
does not depend on water structure. Further, 
there is evidence that the major component of 
ACp* associated with modification of water 
structure is caused by charge development on the 
anion (9). There is the possibility, suggested by 
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SINGH AND ROBERTSON 

TABLE 4. Relative rates of solvolysis of substituted allylchlorides and the 
heat capacities of activation (19) 

Relative rate 
in water at -AC,* 

Compound 40°C (cal deg- mol- l) 

Ally1 chloride(l1) 1 50k 1 
p-Methylallyl chloride(l2) 8.16 49?5 
a-Methylallyl chloride(l3) 720 92+ 3 
cis-y-Methylallyl chloride(l4) 50 66+ 1 
trans-y-Methylallyl chloride(l5) 620 82k 3 
Ally1 nitrate*(16) 44+5 

*log k = 73.6795 - 8519.2761T - 20.9060 log T(20). 

Albery and Robinson (21), that ion-pair return 
could contribute a negative component to ACp*, 
while partitioning between two possible mechan- 
isms will make a positive contribution (22, 23). 
In spite of these possible con~plications this 
empirical coefficient is a useful indicator of 
mechanistic differences, particularly within a 
given series of related compounds (Table 2). 
While a value of ACp* z - 80 cal mol-' deg-' 
was considered limiting for displacement of a 
halide (2), and it was known that on destruction 
of the apparent water structure by the addition 
of >0.2 mole fraction of acetonitrile or ethanol, 
the corresponding ACP* now approached the 
'base value' of - 30 cal mol-I deg-I, large nega- 
tive contributions to AC,* from ion-pair return, 
as postulated by Albery and Robinson, did not 
seem important. However with the discovery 
that 1- and 2-adamantyl nitrate gave a value of 

ACp* more negative than - 130 cal mol- ' deg-' 
(24) and 2,6-dimethylbenzyl nitrate gave a value 
of this coefficient in the same range compared 
to - 101 cal mol-' deg-I found for 4-methyl- 
benzyl nitrate (which we had previously re- 
garded as reacting by an S,1 mechanism (25)), 
the limiting value of ACp* for displacement in 
water was seen to be much more negative than 
previously suspected. Even making allowance 
for the unexplained - 30 cal mol-' deg-' unre- 
lated to water structure, these new large values 
of ACp* seemed far too large to be related to 
charge development on the anion, alone. While 
some contribution from ion-pair return could 
not be excluded and seemed plausible, this ex- 
planation is not without objection (24). If values 
of ACp* more negative than - 130 cal mol- ' 
deg-' be taken to signal front-side (i.e. limiting) 
displacement in water, then less negative values 

A. Rate ratio 65 at 66°C B. Rate ratio 5.7 at 66°C 

C. Rate ratio 195 at 66°C D. Rate ratio 20 at 66°C 

E. Rate ratio 15 at 66°C F. Rate ratio 21 at 38°C 

FIG. 1. Relative rates of hydrolysis for methyl substitution in a series of cyclopropyl bromides. 
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TABLE 5. Relative rates of solvolysis of the dimethylcyclopropyl derivatives in water and 
acetic acid with different leaving groups at 100°C 

~ f l  M& Me M& 

Substituent 
Solvent X H  Me X  H H  H H  H X  

H z 0  Br * 1 12300 10630 83 492800 
HOAc Br (6) 1 - 9700 82 497000 
HO Ac c l (6 )  1 - 20000 167 13 30000 
HOAc OTs (5) 1 430 460 2.2 38000 

*The rate for cyclopropyl bromide in water was estimated to be 1.74 x 10-6 s-1. The observed value at 85'C is 
0.83 x 10-6 s-1. 

TABLE 6. Kinetic a-deuterium isotope effects for the solvolysis of substituted 
cyclopropyl bromides 

Temp. 
Compound* ("C) k~ (s-') k~ (s-') kalko 

2,2-DMCpBr 60.00 0.000299 0.000298 1 ,003 
66.31 0.000643 0.000637 1 ,009 

2,3-cis,tvans-DMCpBr 54.07 0.0001245 0.0001239 1.005 
60.21 0.000271 0.000269 1 ,007 

2,3-cis,cis-DMCpBr 78.48 0.0000129 0.0000217 1.016 

*Abbreviations: D di-, M methyl, Cp cyclopropyl. 

found in Table 2 for all save 3 are to be associ- 
ated with a transition state where bond making 
has been initiated. In such cases there seems no 
reason to reject the hypothesis that the values of 
ACp* reflect the relative degree of charge devel- 
opment on the anion at the transition state. Thus 
1 and 2 (Table 2) have values of ACp* about the 
same as found for MeBr (26) and hence reach 
the transition state at about the same degree of 
charge development while those reactants having 
a P-vinyl substituent (5-10) reach the transition 
state with a minimal charge separation. The 
2,3-trans,trans-homologue with a value of 
ACp* = - 75 cal mol- l deg- ' will have a charge 
development midway between 1, 2, and the 
4-methylbenzyl nitrate which previously had 
been considered to react by an S,1 mechanism. 

As an alternative to this simple interpretation 
of the low ACp* values which characterize vinyl 
substitution, Singh has suggested (27) that the 
presence of a 2-vinyl substituent provides the 
possibility of approach to a dienylic cation of 
several forms depending on the stereochemistry 
at the 3-4 and 4-5 bonds. If there is 'consider- 

able' charge development on Br- at the transi- 
tion state, it is conceivable that such an extended 
ion could shield or, through internal electrostatic 
interaction, largely reduce external effects. This 
balance between internal and external electro- 
static effects contains a possible explanation for 
the difference in ACp* between cis and trans con- 
figurations for hydrolysis of crotyl (19) and 
cyclopropyl halides. 

Cratyl chloride 

T.S. of 2 T.S. of 4 

Dimethylcyclopropyl bromide 

(AC,+ in cal mol-I deg-I) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SINGH AND ROBERTSON 2587 

Experimental 
In this work the monobromides were prepared by re- 

duction of dibromo derivatives with tri-n-butyltin hydride 
(28, 29). The dibromides were prepared by addition of 
dibromo carbene to the appropriate olefin (30). 

I ,I-Dibromo-trans-2,3-dimethylcyclopropane 
trans-2-Butene (100 g, 1.78 mol, K & K) and potassium 

tert-butoxide (76 g, 0.68 mol, Ventron Alfa Products) 
were placed in a 2 ! three-necked flask. Distilled bromo- 
form (130 g, 0.52 mol, Fisher Scientific Co.) was added 
dropwise at about - 30°C under a nitrogen atmosphere. 

The mixture was stirred for 2 h after addition was corn- 
plete. The temperature was raised slowly overnight and 
then the addition complex was hydrolyzed with 250 ml 
of water. The organic layer was separated and the aque- 
ous layer was extracted with two 50 ml portions of pen- 
tane. The combined organic extracts were dried over 
anhydrous Na2S04. The solvent was removed with a 
rotary suction evaporator and then distilled to give the 
product: bp 55°C /9 Torr. 

2,3-cis,trans-Dimethylcyclopropyl Bromide 
1,l-Dibromo-trans-2,3-dimethylcyclopropane (17.1 g, 

0.075 mol) was reduced with tri-n-butyltin hydride (21.6 
g, 0.075 mol) to give 2,3-cis,trans-dimethylcyclopropyl 
bromide: bp 40°C/20 Torr. It was further purified by 
preparative glc using a 30% FFAP column (20 ft, 3 in, on 
60-80 Chromosorb W). For preparative glc work, in gen- 
eral, the following conditions were used: flow rates, car- 
rier gas N2 - 25 ml/min, Hz  2: 20 ml/min; temperatures 
inlet 2: 150°C, oven 2: 9VC, collector 2: 120°C, detector 
E 250°C. 

Spectral data: nmrTMS(CCl4) 6 2.55-2.70 (m, lH ,  
CHBr), 1.04-1.22 (m, 6H, 2CH3), 0.55-0.85 (m, 2H, ring 
protons); ms parent peak at m/e 148, 150 (1 : I), base peak 
at m/e 69 and significant peaks at m/e 133, 135 (1: I), 82, 
81, 80, 79, 68, 67, 53, 41, 39. 

I-Deuterium-2,3-cis,trans-dimethylcyclopropyl Bromide 
Spectral data: nmrTMS(CCl4) 6 1.05-1.22 (m, 6H, 

2CH3), 0.55-0.85 (m, 2H, ring protons); ms parent peak 
at m/e 149, 151 (1 :I), base peak at m/e 70 and significant 
fragments at m/e 134, 136 (1 :I), 82, 81, 80, 79, 69, 68,54. 

I ,I-Dibromo-cis-2,3-dimethylcyclopropane 
cis-2-Butene (100 g, 1.78 mol, K & K) and potassium 

tert-butoxide (76 g, 0.68 mol, Ventron Alfa Products) 
were placed in a 2 ! three-necked flask. Distilled bromo- 
form (130 g, 0.52 mol, Fisher Scientific Co.) was added 
dropwise at about - 25°C under a nitrogen atmosphere. 
The mixture was stirred for 2 h after addition was corn- 
plete. The temperature was raised slowly overnight and 
then hydrolyzed with 250 ml of water. The organic layer 
was separated and the aqueous layer was extracted with 
two 50 ml portions of pentane. The combined organic 
solution was then dried over anhydrous Na2S04. The 
low boiling fraction was removed with a rotary suction 
evaporator and then the residual was distilled to give the 
product: bp 50-56°C/10 Torr. 

2,3-trans,trans-Dimethylcyclopropyl Bromide 
1,l-Dibromo-cis-2,3-dimethylcyclopropane (40 g, 0.17 

rnol) was reduced with tri-n-butyltin hydride (50.6 g, 0.17 
mol) to give the isomeric monobromides. The cis: trans 
ratio was 5: 1 (by glc) bp 34-36"C/30 Torr. These two 
isomeric monobromides were then purified and separated 

through preparative glc using a 30% FFAP column 
(20 ft x Q in. on Chromosorb 60-80). 

2,3-trans,trans-Dimethylcyclopropyl Bromide 
Spectral data: nmrTMS(CCl4) 6 2.13 (m, lH ,  CHBr), 

1.05-1.21 (m, 2H, ring protons), 1.09 (s, 6H, 2CH3); ms 
parent peak at m/e 148, 150 (1 :I) ,  base peak at m/e 69 
and significant fragments at m/e 133, 135 (1 :I), 82,81,79, 
68, 67, 53, 41. 

1,l-Dibromo-trans-2,3-methylvinylcyclopropane and 
I ,I-Dibromo-2- (I-propenyl) cyclopropane 

trans-Piperylene (93 g, 1.37 mol, Aldrich) and potas- 
sium tert-butoxide (100 g, 0.98 mol, Ventron Alfa Prod- 
ucts) were placed in a 2 e three-necked flask. Freshly dis- 
tilled bromoform (170 g, 0.67 mol, Fisher Scientific co.) 
was added dropwise at about - 20 to - 30°C under N2 
atmosphere. After complete addition of the bromoform, 
the reaction mixture was stirred for 2 h at about -25°C. 
The temperature was then raised slowly overnight and the 
addition product was hydrolyzed with water. The organic 
layer was separated and the aqueous layer extracted with 
two 50 ml portions of pentane. The combined organic 
layer was dried over anhydrous Na2S04 and the solvent 
was then removed by a rotary suction evaporator and the 
residual distilled to give the product: bp 60°C/7 Torr. 
This distillate on reduction gave four isomeric monobro- 
mides: (I) 2,3-cis-viny1,trans-methylcyclopropyl bromide, 
(2) 2,3-cis-methy1,trans-vinylcyclopropyl bromide, (3) 
2-cis- (I-propenyl) cyclopropyl bromide, (4) 2-trans- ( l -  
propenyl)cyclopropyl bromide. 

1 , l  -Dibromo- trans-2,3 -methylvinylcyclopropane and 
1,l-dibromo-2-(1-propenyl)cyclopropane (23 g, 0.09 mol) 
were reduced with tri-n-butyltin hydride (27.0 g, 0.09 
mol) to give the four isomeric monobromides: bp 4OoC/8 
Torr, which were then separated and purified through 
preparative glc using a QFI column (20 ft x 4 in. on 
45-60 Chromosorb W). 

2,3-cis- Viny1,trans-methylcyclopropyl Bromide 
Spectral data: nmrTMS(CCl4) 6 5.22-5.60 (m, lH ,  

-CH=), 4.79-5.08 (m, 2H, =CH2), 2.80-2.94 (m, IH, 
CHBr), 1.24 (d, 3H, CH,), 0.84-1.44 (m, 2H, ring pro- 
tons); ms parent peak at m/e 160, 162 (1 : I), base peak at 
mle 79, 81 (1 : 1) significant fragments at m/e 80, 77, 66, 
65, 53, 51, 41, 39. 

2,3-cis-Methy1,trans-vinylcyclopropyl Bromide 
Spectral data: nmrTMS(CCl4) 6 5.30-5.68 (m, lH ,  

-CH=), 4.92-5.1 6 (m, 2H, =CH2), 2.66-2.82 (m, lH,  
CHBr), 1.16 (s, 3H, CH,), 1.00-1.46 (m, 2H, ring pro- 
tons). The mass spectrum was almost identical to that of 
2,3-cis-viny1,trans-methylcyclopropyl bromide. 

2-cis-(I-Propenyl) cyclopropyl Bromide 
Spectral data: nmrTM,(CCI4) 6 5.36-5.72 (m, l H ,  

=CH-), 5.00-5.28 (m, 1 H, =CH-), 2.86-3.08 (m, lH ,  
CHBr), 1.56-1.82 (d, 3H, CH,), 1.16-1.82 (d, 3H, ring 
protons). The mass spectra were almost identical to that 
of 2,3-cis-viny1,trans-methylcyclopropyl bromide. 

2-trans-(I-Propenyl)cyclopropyl Bromide 
Spectral data: nmrTMS(CCl4) 6 5.26-5.66 (m, lH ,  

=CH-), 4.82-5.12 (m, lH,  =CH-), 2.50-2.68 (m, lH ,  
CHBr), 1.56-1.82 (m, 4H, CH3 and one ring proton), 
0.92-1.24 (m, 2H, CH2). 

The mass spectrum was almost identical to that of 
2,3-cis-viny1,trans-methylcyclopropyl bromide. 
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Product Analysis 
Approximately 0.05 g CaC03, 1 ml water, and a glass 

bead together with 5-6 p1 of the pure substrate were 
added to a small test tube and stirred. About 1 p1 of the 
aqueous solution was injected onto a glc (on FFAP 
column 6 ft x &in.). The test tube was sealed and 
placed in a bath at the appropriate temperature. After 
1-2 half-lives, 1 M I  of the solution was again injected on the 
glc under the same conditions. The solution was allowed 
to react for a further time corresponding to several half- 
lives and a further chromatogram obtained. The reference 
allylic alcohols were synthesized by standard reactions 
of alkyllithium on the appropriate aldehyde or ketone, 
and the resulting alcohols checked by mass spectrometry. 

2,3-Dimethylcyclopropyl Bromides 
The only product from the solvolysis of three isomeric 

monobromides (cis-cis, trans-trans, cis-trans) was found 
to be trans-a,y-dimethylallyl alcohol. cis-u,y-Dimethyl- 
ally1 alcohol was not detected. 

The trans and cis-u,y-dimethylally1 alcohols were pre- 
pared by adding methyllithium to a mixture of cis- and 
trans-crotonaldehyde. The commercially available a,y- 
dimethylallyl alcohol had similar retention time to those 
prepared in the laboratory. 

2,2-Methylvinylcyclopropyl Bromides 
The only product from both of these 2,2-methylvinyl- 

cyclopropyl bromides was found to be 3-methyl-1,4- 
pentadien-3-01. The corresponding primary alcohol was 
not detected. 
3-Methyl-l,4-dipenten-3-01 was prepared by the reac- 

tion of vinyllithium on methylvinylketone. 
2,3-cis- Viny1,trans-methylcyclopropyl Bromide 
The only product of solvolysis of 2,3-cis-vinyl,trans- 

methylcyclopropyl bromide was probably 3,Shexadiene- 
2-01. 

cis-2-(I-Propenyl) cyclopropyl Bromide 
The products of solvolysis of 2-cis-(1-propeny1)cyclo- 

propyl bromide were 1,4-hexadiene-3-01 and probably 
3,5-hexadiene-2-01. 

Before ending this section, it must be emphasized that 
in almost all the cases, only the corresponding allylic 
alcohols were observed. 
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Studies of the rearrangements of aminoalkylsilanes to alkylaminosilanes 

Department of Chemistry, University of Toronto, Toronto, Ont., Canada M5S 1Al 
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JAMES M. DUFF and ADRIAN G. BROOK. Can. J. Chem. 55,2589 (1977). 
A wide variety of aminoalkylsilanes (R3SiCR2NHR1) are rearranged to the isomeric 

alkylaminosilanes (R3SiNRfCHR2) by traces of n-butyllithium. It  is shown that an equilibrium 
exists between the isomeric amide ions (N-) and carbanions (C-) which are involved as 
intermediates in the rearrangement. The values of the equilibrium constants were determined 
for several systems and in one case the rates and activation parameters were obtained for 
both the forward and reverse directions. The overall kinetics were also investigated for several 
systems and kinetic parameters were obtained. In some cases anion isomerization was the 
rate-controlling step; in other cases the rate-controlling step was the proton transfer between 
the starting amine and the carbanion which leads to product. 

JAMES M. DUFF et ADRIAN G. BROOK. Can. J. Chem. 55,2589 (1977). 
On a montre qu'une grande vari6t6 d'aminoalkylsilanes (R3SiCR2NHR') se rearrangent 

en alkylaminosilanes isomeres (R3SiNR'CHR2) sous I'influence de traces de n-butyllithium. 
On a montre qu'il existe un Bquilibre entre les ions amides isomeres (N-) et les carbanions 
(C-) qui sont impliques comme intermediaires dans le rearrangement. On a determine les 
valeurs des constantes d'equilibre pour plusieurs systemes et dans un cas on a pu obtenir les 
vitesses et les parametres d'activation pour les deux directions de 1'6quilibre. On a aussi Btudie 
les cinetiques globales de plusieurs systemes et on a pu obtenir les parametres cinktiques. 
Dans quelques cas, I'isomerisation de l'anion est l'etape determinant la vitesse; dans d'autres 
cas, l'etape determinante est le transfert du proton entre l'amine de depart et le carbanion qui 
conduit au produit. 

[Traduit par le journal] 

The rearrangement of silyl groups from carbon 
to more electronegalive elements (0, S) is now 
well known, having been observed under thermal 
or photochemical conditions or where radical 
or anionic intermediates are involved (for 
general accounts of many of these reactions, 
see ref. 1). Following our investigations of the 
rearrangements of silylcarbinols to alkoxysilanes 
(2, 3) where isomeric oxyanions and carbanions 
have been shown to be intermediates, we turned 

our attention to the related nitrogen system and 
now wish to report on the rearrangement of 
aminomethylsilanes (silylmethylamines) to me- 
thylaminosilanes (for a- preliminary report, see 
ref. 4). 

whereas traces of di- or trialkylamines were 
sufficient to effect the rearrangement of many 
silylcarbinols to their related alkoxysilanes (3), 
the very fact that aminomethylsilanes are 

'Present address: Xerox Research Centre of Canada, 
Ltd., Mississauga, Ont. 

2Author to whom correspondence should be addressed. 

isolable and survive distillation at elevated 
temperatures indicates that the Si-C-NH + 
Si-N-CH rearrangement occurs much less 

I 

NHR'  

readily and is not effected by organic amines. 
However, it was found that 0.05 to 0.2 mol 
equiv. of n-butyllithium, added to a solution of 
the aminomethylsilane at 10-100°C led to a 
clean rearrangement at a convenient rate for 
many but not all of the compounds studied. 

The catalyzed rearrangement can be described 
in terms of the sequence of steps shown in 
Scheme 1. Butyllithium reacts rapidly and com- 
pletely with the parent amine, NH, to form a 
small amount of amide ion, N-, which may 
isomerize (step 2) to the isomeric carbanion, 
C-, by migration of the silyl group from carbon 
to nitrogen. Finally, the carbanion, C-, reacts 
with starting amine, NH, (step 3) to yield prod- 
uct, CH, and regenerate amide ion which sub- 
sequently isomerizes, an overall chain process 
converting starting amine, NH, to product, CH 
(for studies of the migration of silicon from 
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TABLE 1. Rearrangements of secondary aminomethylsilanes catalyzed by n-butyllithium 

Aminomethylsilane 

1 Me3SiCH2NHCH2Ph 
2 Me3SiCH2NHC6H11 
3 Ph3SiCH2NHCH2Ph 
4 Me3SiCHPhNHMe 
5 Me3SiCHPhNH-i-Pr 
6 Me3SiCHPhNHC6H11 

Equivalents of 
n-BuLi 

Reaction conditionsa 
- 

Temp. ("C) Time (h) Silylaminesb 
- 

100 40' Me3SiNMeCH2Ph (A) 
100 0.5" Me3SiNMeC6Hll (A) 
25 37 Ph3SiNMe(CH,Ph) (B) 
25 1 Me3SiNMeCH2Ph 
25 36.5 Me3SiN(CH2Ph)-i-Pr (B) 

100 0.2Sd Me3SiN(CH2Ph)-C6Hl, 

7 Me3SiCHPhNHCH2Ph 0.10 25 24 Me3SiN(CH2Ph), (B) 
(B) 

8 Me3SiCH2NHPh 0.10 100 40 N o  rearrangement 
observed 

9 Me3SiCHPhNHPh 0.10 100 40 N o  rearrangement 
observed- 

10 MeaSiCPh2NHPh 0.10 25 20 Silylamine not isolated 
11 Me3SiCPh2NHCH2Ph 0.10 25 8 N o  rearrangemente 

aRearrangements carried out in benzene solution in nmr tubes sealed under nitrogen. If THF used as solvent, rearrangements were much faster. 
bMethod of alternative synthesis: A ,  R3SiCl + R ' R M N H  + Et3N; B, R'R"NLi + R3SiCI. 
=Very slow at room temperature. 
dRearrangement required many hours at 25'C. 
eH~drolysis gave 0.9 equiv. of starting material and 0.1 equiv. of rearrangement product. 

nitrogen to nitrogen, see ref 5a; from oxygen to 
nitrogen, see ref. 5b). 

As might be expected, the ease of this cata- 
lyzed rearrangement was found to be very de- 
pendent on structural features, as reference to 
Table 1, which lists the compounds studied, 
will show. N-Alkylaminomethyltrin~ethyl- (or 
triphenyl-) silanes such as 1, 2, 3 rearranged 

I 
R,Si-C- 

I 
HNR 

(NH) 

trace 
n-BuLi 

(NH) starting 

either at room temperature or at somewhat 
elevated temperatures on treatment with butyl- 
lithium in hexane or benzene. This infers that 
the nucleophilicity of N- for silicon, the rel- 
ative stabilities of N- and C-, and the basicity 
of C- relative to N- in the final proton abstrac- 
tion step 3 were collectively compatible with the 
overall rearrangement process. When a phenyl 
group (which should effectively stabilize C-) was 
attached to carbon as in the aminobenzyl 
compounds 4, 5, 6, 7, the rearrangement oc- 
curred more readily, in general. However, if 
the N-alkyl group was replaced by N-phenyl as 
in 8 and 9, no rearrangement was observed, 
possibly because the N- was now too weak a 
nucleophile toward silicon. However, if two 
phenyls were attached to carbon (thereby 
greatly stabilizing the C- by delocalization as 
well as reducing its basicity) the N-phenyl 
compound 10 rearranged. In contrast, the 
N-alkylbenzhydryl compound 11 did not re- 
arrange, probably because C- was now too 
weak a base to be able to abstract a proton 
from NH, since it was subsequently shown that 
the anionic rearrangement N- ~f C- (step 2) 
had occurred (vide infra) under the reaction 
conditions. 

Fortunately, it was possible to cast further 
light on this behavior both by examining 
separately the anion equilibrium N- $ C -  
(step 2), including its kinetics in one case, and 
also by studying in detail the kinetics of the 
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catalyzed rearrangements of several of the 
N-alkylaminoalkyltrimethylsilanes. 

These more detailed kinetic studies were 
interpreted on the basis of Scheme 2, with 
which all data acquired were consistent for the 
compounds studied. In all cases studied, step 
3 appeared to be irreversible, a conclusion sup- 
ported by the failure of either N-methyl or 
N-benzyl silylamines to undergo metallation. 

n-BuLi 
trace 

NH Fast NC (step 1 )  

The reaction of amine with butyllithium 
appears to be fast and complete. The N- P C- 
isomerization has been found to be a reversible 
equilibrium whose position varies markedly 
with the structure of the compound involved, 
and which is the rate-controlling step in some 
catalyzed rearrangements. 

In other cases, step 3, the protonation step 
has been found to be rate-controlling. Thus 
it is clear that quite different kinetic behavior 
can be anticipated from different aminoalkyl- 
silanes. It is useful to describe the studies of 
the anionic equilibrium before discussing the 
kinetics of the catalyzed rearrangements. 

The Anionic Equilibrium 
The anionic equilibrium, step 2, was studied 

for several compounds by treating them with 
a full equivalent (or excess) of n-butyllithium, 
and then observing the nmr spectrum of the 
system. Table 2 reports the data obtained. 

TABLE 2. Equilibrium proportions of anionsa 

Compound %N- % c -  

'General conditions involved addition of 1.0 to 1.2 equiv. of n-BuLi 
in hexane to 1 equiv. of amine in hexane and then determining anion 
proportions by nmr. 

b25'C. 
C19'C. 

Under such conditions the nmr spectrum 
characteristic of Me3SiCH2NHC,H,,, for ex- 
ample, immediately disappeared and was re- 
placed by a similar spectrum attributable to the 
corresponding amide ion. No change in the 
latter spectrum occurred over 13 h at room tem- 
perature indicating that under these conditions 
the amide ion did not isomerize. Derivatization 
of the reaction mixture with methyl iodide gave 
essentially pure N-methyl derivative consistent 
with the exclusive presence of the amide ion. 011 
the other hand the benzhydryl compound 
Me3SiCPh,NHCH2Ph when metallated existed 
completely as the carbanion Me3SiN(CH2Ph)- 
C P ~ ,  as judged by the change in the nmr 
spectrum with time and from derivatization 
studies with MeOD. 

In contrast, aminobenzyl compounds Me3- 
SiCHPhNHR' (R' = alkyl) when metallated 
formed equilibrium mixtures containing sig- 
nificant amounts of both N- and C-, whose 
proportions could be measured. Thus, when 
N-methylaminobenzyltrimethylsilane (Me3%- 
CHPhNHMe) was treated with an equimolar 
amount of n-butyllithium, a rapid reaction oc- 
curred to give an equilibrium mixture of amide 
ion and carbanion. The proportions of the 

Me,SiCHPhNHMe w B U L i  + 

SiMe, SiMe, 

P h J H - N M ~  Phe-AMe 

two anions could be measured by nnir tech- 
niques and were about 70% 7,- to 30% CC- in 
hexane at room temperature. The proportions 
were approximately 50: 50 for the N-cyclohexyl 
and N-isopropyl derivatives. Attempts to mea- 
sure the rates of interconversion of the ions by 
variable temperature nmr techniques were un- 
successful since line broadening was observed 
up to 90°C by which tempkrature serious 
decomposition occurred. Attempts to study 
the equilibrium by C-metallation of N-methyl- 
N-benzylaminotrimethylsilane were inconclusive 
since reagents such as tert-butyllithium did not 
react at an appreciable rate. 

However, it was found that if the N-methyl- 
aminobenzvlsilane in hexane at - 78°C was 
treated with 1 equiv. of n-butyllithium a nearly 
colourless solution was obtained whose nmr 
spectrum indicated that only the amide anion 
was present. On warming, the spectrum started 
to change, with absorption due to the isomeric 
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carbanion appearing. Concomitant with the 
appearance of the carbanion, the solution 
changed colour, becoming deep red-orange. The 
rearrangement continued until equilibrium was 
reached. The rate of attainment of equilibrium 
could be conveniently studied in the tempera- 
ture range 10-40°C where Ke = C-/N- was 
found to lie between 0.44 and 0.52. Analysis 
of the data from this study permitted the de- 
termination of the rate constants for both the 
forward and reverse reactions at various tem- 
peratures, and the activation parameters Eact 
and AS*. The value for Eact of 17.0 kcal/mol 
for the isomerization of the amide ion to 
carbanion, was slightly smaller than the Eac, 
for conversion of carbanion to amide ion 
(17.4 kcal/mol) and the greater thermodynamic 
stability observed for the amide ion actually 
arose from small differences in AS*. 

It was found that the N- P C- equilibrium 
was very sensitive to small amounts of reagents 
such as THF and TMEDA, and Table 6 shows 
how the percentage of C- at 36°C changed 
from 23.5% C- with no TMEDA present to 
100% C- with 1.12 mol equiv. of added TMEDA 
for the N-methylaminobenzylsilane. Similarly, 
in a different experiment at 18"C, the percentage 
of C- changed irregularly with added THF, 
decreasing from 26.6% 7,- (no THF) to about 
18.7% CC- (with 1.23 mol equiv. of added THF) 
and then increasing to about 70% CC- with 
2.45 mol equiv. added THF. It was also found 
that if excess THF was added to the equilib- 
rium mixture of carbanion and amide anion in 
hexane at O°C, and then after 30 min the reaction 
mixture was drowned in MeOD prior to aqueous 
work-up, the N-methylbenzylamine isolated 
was monodeuterated on the benzylic carbon. 
The almost 100% monodeuteration must have 
arisen from ionic precursors which were essen- 
tially 100% carbanion in composition. 

It is clear that the N-  P C- equilibrium is 
very sensitive to added basic reagents. Both 
THF and TMEDA are known to coordinate 
with lithium cations and such solvation evidently 
favours the Li'C- ion pair relative to the 
Li'N- pair. It follows that traces of amine 
(either starting material or product) are liable 
to play a similar role in affecting the position 
of the ionic equilibrium, which may account 
for the small erratic variations in the value of 
the equilibrium constant observed in otherwise 
identical runs. In this connection it was demon- 

strated that addition of 1 or 2 mol equiv. of 
triethylamine to the system accelerated the rate 
of anion isomerization, and altered somewhat 
the position of the equilibrium. 

Kinetics of the Catalyzed Rearrangements of 
Aminoalkylsilanes to Alkylaminosilanes 

It was found possible to observe the overall 
kinetics of rearrangement of several alkylamino- 
alkylsilanes (R3SiCHRNHRf) to the isomeric 
dialkylaminosilanes (R3SiNRfCH2R) when cat- 
alyzed by small amounts of n-butyllithium. The 
kinetic scheme is not a simple one and inter- 
pretable results from a situation such as is 
given in Scheme 2 are only obtained if certain 
conditions concerning the relative magnitudes 
of the rate constants are fulfilled. In general, 
depending on the relative magnitudes of k,, k -  ,, 
and k2 it is possible for the overall rearrange- 
ment to be either complex, pseudo first-order, 
or pseudo zero-order in starting amine. In the 
latter two categories at least four possible cases 
can be recognized and these are described in the 
Appendix, where the relevant rate equations are 
derived. Examples of rearrangements which 
appear to fit three of these situations have been 
observed, and will be described. 

A. The Catalyzed Rearrangement of 
Me,SiCH2NHC6Hll in THF. Case 1 

The rate of rearrangement of Me3SiCH,- 
NHC6H,, could be followed by nmr spec- 
troscopy using THF as solvent in the tempera- 
ture range 3&50"C, but benzene or hexane 
could not be employed since unduly high 
temperatures (60-80°C) were required to obtain 
convenient rates. The concentrations of starting 
material and product were followed with time, 
and a plot of In percentage amine with time was 
a good straight line for at least 3 half-lives 
indicative of apseudo iirst-order reaction. Typical 
data are given in the Experimental section and in 
Table 10. 

Since it was known from the anionic equilib- 
rium studies that the N- $ C- equilibrium lay 
strongly to the left (vide supra), then k-,  >> k,, 
and reference to the Appendix suggests that 
case 1 is applicable, with k- ,  >> k2[NH]. 
Under these conditions proton transfer is the 
rate-determining step. A plot of In k2Ke us. 1/T 
gave a good Arrhenius plot from which EaCt = 
12.5 kcal/mol was obtained. AS* cannot be 
obtained directly since it depends on Ke whose 
value is not known. If Ke is assumed to be 
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<lo-', which is consistent with the failure of 
the system to show any evidence in the nmr for 
the presence of C- when the equilibrium was 
studied, then AS* > - 24 eu. 

B. The Catalyzed Rearrangement of 
Me,SiCH2NHMe. Case 2 

With N-methylan~inomethyltrimethylsilane 
difficulty was encountered in finding a solvent 
system that would give rearrangement at a 
reasonable rate and also yield reasonably 
separated nmr signals for the starting amine 
and rearrangement product. Thus rearrange- 
ment was virtually instantaneous in THF 
( < l  min at 20°C), and while THF-hexane 
(1 : 1) gave reasonable rates, the nmr signals 
(either Me3Si or NMe) of both reagent and 
product were superimposed. In 1 :3 THF- 
benzene rearrangement occurred at a reasonable 
rate at 30°C, and while the Me,Si signals were 
superimposed, the N-Me signals of reagent and 
product were separated by about 6 Hz. This 
latter system was investigated. 

The kinetics were in accord with a zero-order 
reaction since a plot of percentage amine us. 
time gave a straight line. The data for various 
temperatures are given in the Experimental 
section where the slopes were determined using 
the least-squares method. The data fit case 2 
(Appendix) where the anionic rearrangement of 
N- to C- is the rate determining step (i.e. 
k- , >> k,, k2[NH] >> k- ,). Thus k, listed in 
Table 9 could be calculated directly from k,,,, 
and the Arrhenius plot of In k, us. 1/T gave a 
straight line yielding the parameters E,,, = 
14.4 kcal/mol and AS* = -26 eu. The large 
negative AS* is consistent with the proposed 
cyclic transition state arising from intramolec- 
ular nucleophilic attack of N-  on silicon. 

C. The Catalyzed Rearrangement of 
Me,SiCHPhNHMe. Case 4 

When samples of N-methylaminobenzyltri- 
methylsilane in hexane were heated to 35-55OC 
with 0.05-0.15 mol equiv. of n-butyllithium the 
rearrangement could be conveniently followed 
by observing the trimethylsilyl peaks in the nmr 
spectrum of both the starting amine and the 
rearrangement product. The disappearance of 
starting material was first-order for up to about 
2 half-lives, after which time the reaction speeded 
up. This effect may be due to changes in solv- 
ation effects with the changing medium or to 
the assumptions made in the solution of the 

kinetic equations not holding rather than to a 
change in mechanism. Similar linear plots of 
In [amine] with time were obtained at other 
temperatures. 

Since the study of the anionic equilibrium 
for this amine showed k, % k-,  and since the 
observed kinetics are first order in amine, case 4 
appears to apply where k2[NH] << k, - k- ,. 
Thus there is relatively fast equilibration of ions, 
followed by a rate-controlling proton transfer. 

As appropriate to case 4, a plot of In k2/(l + 
l/Ke) derived from the k,,, at various tem- 
peratures us. 1/T gave a reasonably straight 
line which yielded an E,,, of 22.5 kcal/mol for 
the overall rearrangement. In the absence of 
knowledge about the actual values of Ke 
under the conditions of the catalyzed rearrange- 
ment it is not possible to calculate AS*. If 
Ke is assumed to be 0.5, then AS* - 1 eu. 

Summary 
The above material has clearly demonstrated 

that the rearrangement of secondary alkylamino- 
alkylsilanes to dialkylaminosilanes is a complex 
reaction, sensitive to the medium and to the 
structure of the reagents. While all aspects of 
the reactions have not been investigated in 
depth, the data obtained are clearly consistent 
with the mechanism proposed by steps 1-3 de- 
pending on the structure of the reagents and 
the nature of the medium either the anionic re- 
arrangement (eq. 2) or the protonation step 
(eq. 3) may be rate-controlling. 

Because of the demonstrated sensitivity of the 
reaction and particularly the ionic equilibrium 
to solvent effects, it is probably not meaningful 
to compare the activation parameters obtained 
for the systems studied in detail, since each was 
done in a different solvent system; however, the 
data are summarized in ~ a b i e  3. what  is clear is 
that the expected electronic effects are observed 
as far as general ease of rearrangement of various 
amines is concerned. Thus N-phenyl compounds, 
which might be expected to be weak nucleophiles 
due to electron delocalization, generally fail to 
rearrange, whereas N-alkyl compounds generally 
do rearrange. Similarly, C-phenyl compounds, 
where stabilization of the intermediate carbanion 
can be expected, generally rearrange readily at 
room temperature, with protonation of the 
carbanion (step 3) being the rate-determining 
step. 

The results obtained clearly reveal that the 
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TABLE 3. Kinetic data for alkylaminoalkylsilane rearrangements 

Rate 
Kinetic determining Ewt AS* 

Compound order obsvd. Rate constants step K, (kcallmol) (eu) 

Me3SiCHzNHC6Hl la 1st kz[NH] << k-l  >> kl Proton 12.5 > -24 
transfer 

Me3SiCHzNHMeb Zero kz[NH] >> k - l  >> kl Anion 14.4 - 26 
isomerization 

Me3SiCHPhNHMec 1st kl = kwl >> k2[NH] Proton ~ 0 . 5  22.5 NN 1 
transfer 

'?In THF from 32-56°C. 
Vn THE-benzene ( 1  : 3 )  from 20-50% 
=In hexane from 25-55'C. 

rearrangements of the aminomethylsilanes mech- 
anistically generally follow the behavior previ- 
ously described for the a-silylcarbinols. Major 
differences, resulting in the more complex 
mechanism are (a) the decreased nucleophilicity 
towards silicon of the amide ion us. an oxyanion 
and (b) the decreased reactivity of the carbanion 
toward NH as compared to the more acidic OH 
of a silylcarbinol. 

Experimental 
Reactions involving organometallic reagents were 

carried out under nitrogen, using solvents dried over 
sodium. The n-butyllithium was a commercial product 
(Ventron). Nuclear magnetic resonance studies normally 
employed a Varian T-60 or A-60 instrument equipped 
with a variable temperature probe. 

Synthesis of Silylmethylamines 
Most compounds were prepared by the method of 

Speier and co-workers (6). The data for the compounds 
prepared are summarized in Table 4 which lists con- 
ditions, yields, and analysis for new compounds, and 
Table 5, which lists the nmr spectral details of new 
con~pounds. Two typical procedures are described below. 

N-Methyl-N-cyclohexylaminomethyltrimethylsilane 
A stirred solution of 16.7 g (0.10 mol) of bromo- 

methyltrimethylsilane and 22.6 g (0.20 mol) of N- 
methylcyclohexylamine was heated in an oil bath at 
140-150°C for 30 min. The resultant two-phase liquid 
was worked up with ether and 5% sodium hydroxide and 
the organic layer was dried and distilled to give 13.1 g 
(64%) of N-methyl-N-cyclohexylaminomethyltrimethyl- 
silane, bp 216-218"C/760 Torr. 

N-Methylaminobenzyltrimethylsilane 
A. Anhydrous methylamine was bubbled through a 

sample of cr-bromobenzyltrimethylsilane (12.15 g, 0.05 
mol) stirred in an oil bath at 130°C. The entire system 
was maintained under a pressure of 100 Torr by bub- 
bling the effluent gas through a mercury column. After 
8 h a thick slurry was obtained. Work-up with ether and 
5% sodium hydroxide gave a mixture (ca. 4: 1, respec- 
tively) of the desired amine and starting bromobenzyl- 
silane. The amine was separated by precipitation of 
its hydrochloride salt from ether. The salt was treated 

with base and the amine was distilled to give 4.8 g 
(42%) of N-methylaminobenzyltrimethylsilane, bp 
44-45"C/0.1 Torr. 

B. A solution of cr-bromobenzyltrimethylsilane 
(12.15 g, 0.05 mol) in methylamine (15 ml, collected in a 
liquid nitrogen bath) in a sealed, thick-walled Pyrex 
tube was heated at 120°C for 1 h. The tube was cooled in 
liquid nitrogen before opening and the product was 
worked-up as above and distilled to give 7.55 g (79%) 
of product. 

When a solution of bromomethyltrimethylsilane and 
methylamine was prepared in a sealed tube, the tube 
exploded violently before the sample had warmed to room 
temperature. A safety shield was damaged in the process. 
Although the possibility of a badly prepared tube cannot 
be ruled out (a thick-walled, annealed, Pyrex Carius tube 
was used) the low temperature at which the explosion 
occurred and the violence of the explosion implies that 
a rather vigorous exothermic reaction may have occurred. 

Proportions of Equilibrated Anions 
Solutions in hexane of various N-alkylan~inoalkyl- 

trimethylsilanes in an nmr tube were treated with a slight 
molar excess of n-butyllithium. After about 15 min, the 
proportions of species present, as observed by the in- 
tensity of the trimethylsilyl signal in the nnlr spectra, 
were constant. Typical results are listed in Table 2. 

Thus, a solution of 0.13 g (0.5 mmol) of N-methyl- 
aminobenzyltrimethylsilane in 0.25 nll dry hexane under 
Nz in an nmr tube stoppered with a serum cap was 
treated with 0.25 ml (0.55 mmol) of n-butyllithium. The 
tube was shaken, and after the peak heights had ceased 
to change, the trimethylsilyl signals were recorded. A 
correction for the variation in peak widths was made since 
the signal from the nitrogen anion was broader than that 
of the carbanion signal (W,(N-)/ W,(C-) = 1.46 in the 
above case). It was found that the proportions of anions 
at 19°C were N- :C- = 71.5:28.5. 

Derivatization of the Equilibrating Anions 
When solutions of lithiated Me3SiCHPhNHR (R = 

Me, C,Hll) were treated with methyl iodide or tri- 
methylchlorosilane only a slow reaction occurred as 
judged by the rate of disappearance of the deep red 
colour of the anion. Because of this slow reaction it 
was considered that the trapping of anions by these 
reagents would not provide a reliable measure of the 
equilibrium mixture. Addition of deuterated methanol 
(MeOD) to the anion solutions resulted in instantaneous 
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TABLE 4. Preparation, percentage yield, physical and analytical data for aminomethylsilanes 

I I ( ( 1 )  A I I ../ 
-Si-C-Br + n -N-H ( h )  NaOH ' -Si-C-N\ I I / I I 

Amine 

Analytical data 
Reaction Conditions 

Calculated Found 
Temp. Time Yield bp/Torr 

n C'C) (h) (%I or mp C H N C H N 

Me3SiCH2NHMe 100" 60 6 65" 9&98/760 u 
Me3SiCH2NHC6Hl, 3" 140 8 74 201-203/760e 
Me3SiCH2NHCH2Ph 3 190 1% 44 230-2381760 68.32 9.90 7.24 

s 68.50 9.80 7.17 a 
Me3SiCH2NHPh 2 155 3 30 160/14j 
Me3SiCHzNMeCdHl 2 150 * 67 216-21 81760 66.25 12.64 - 66.55 12.55 - % 

- 
u 

Me3SiCH2NMeCH2Ph 4 190 4 20 132-134114 69.49 10.21 6.76 70.42 10.49 6.66 t, 

M ~ , S ~ C H , N ~  5 90 7 79 157-1581760 61.07 12.17 8.90 61.24 12.21 8.76 

Me3SiCHPhNHMe - 9  120 10 72' 44-4510.1 68.32 9.90 7.25 68.62 9.80 7.24 7? 

Me3SiCHPhNH-i-Pr 15 40 340 46 120113 70.52 10.47 6.33 71.21 10.62 6.43 
Me3SiCHPhNHC6Hl1 2 160 - 2 1 75 95-9910.25 64.50 9.47' 64.39 9.24 
Me3SiCHPhNHCH2Ph 3 140 1 95 134-14210.4 66.74 7.91' 66.74 8.33 
Me,SiCHPhNHPh 3 135 15 53 111-114/0.05 75.23 8.29 75.38 8.36 
Me,SiCHPhNMe2 3 100 1 66 120-125/15 69.49 10.21 6.76 69.47 10.16 6.89 
Me3SiCPh,NHCH2Ph 3 160 - 3 63 90-91 79.94 7.88 4.05 80.20 8.04 4.09 
Me3SiCPh2NHPh 3 135 * 68 102-1 03 79.70 7.60 4.23 79.91 7.67 4.11 
Ph3SiCH2NHCH2Ph 5 170 23 66' - 82.27 6.64 3.69 82.01 6.28 3.85 

'Chloride used instead of bromide. % 40$ solution of methylamine in methanol was used. =Isolated as the hydrochloride. dLit. hp 101.6"C (6). 'Lit. bp 21 1°C (6). fLit. bp242'C(6). $Gas passed 
over bromide under pressure. hSealed tube. JIsolated and analyzed as hydrochloride salt. 
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TABLE 5. Data for aminomethylsilanes 

Compound Nmr data (6 in ppm)" 

Me,SiCH,NHCH,Ph 7.2 (s, Ph), 3.72 (s, PhCHz), 2.00 (s, Si CH,), 1 .OO (br, NH), 0.01 (s, SiMe,) 
Me3SiCH2NHC6H1 2.5-0.5 (m, C6Hll), 1.88 (s, SiCH,), 0.03 (s, SiMe,) 
Me,SiCH,NHPh 7.4-6.4 (m, Ph), 3.13 (br, NH), 2.34 (s, SiCH,), 0.10 (s, SiMe,) 
Me,SiCH2NMePh 7.37 (s, Ph), 3.53 (s, PhCH,), 2.19 (s, NMe), 2.00 (s, SiCH,), 0.17 (s, SiMe,) 
Me3SiCH2NMeC6H1 2.27 (s, NMe), 1.97 (s, SiCH,), 2.3-0.8 (m, C6H11), 0.09 (s, SiMe,) 

M ~ , S I C H , N ~  2.45 (m, N-CH,), 1.97 (s, SiCHz), 1.74 (m, N-CH2CHZ), 0.07 (s, SiMe,) 

Me,SiCHPhNH-i-Pr 7.15 (br, Ph), 3.37 (s, SiCH), 2.67 (septet, J = 6 Hz, CHMe,), 1.14 (br, NH), 
0.95, 0.93 (2d, J = 6 Hz, CHMe2), - 0.05 (s, SiMe,) 

Me3SiCHPhNHC6H11 7.13 (br, Ph), 3.43 (s, SiCH), 2.5-0.8 (m, CbHll), -0.07 (s, SiMe,) 
Me3SiCHPhNHCHzPh 7.22, 7.17 (2s, Ph), 3.62 (AB, J = 14 Hz, PhCHz), 3.31 (s, SiCH), 1.62 (br, NH), 

-0.07 (s, SiMe,) 
Me,SiCHPhNHPh 7.3-6.4 (m, Ph), 3.95 (br, NH), 3.90 (s, SiCH), 0.03 (s, SiMes) 
Ph3SiCHZNHCH2Ph 7.6-7.0 (m, Ph), 3.80 (s, PhCH,), 2.84 (s, SiCHz) 
Me,SiCHPhNHMe 7.13 (m, Ph), 3.12 (s, 1H, PhCH), 2.30 (s, 3H, MeN), 1.28 (br s, lH,  NH), 

0.03 (s, 9H, Me,Si) 

'In CDCI,, relative to internal TMS. 

decolourization. The resulting deuterated product could 
be analyzed by nrnr spectroscopy. 

A. Lithiated Me3SiCHPhNHC6Hl in Hexane 
A solution of 0.52 g (2.0 mmol) of N-cyclohexylamino- 

benzyltrimethylsilane in 5 ml of hexane was allowed to 
react with 1.0 ml (2.2 mmol) of n-butyllithium in hexane 
( M  = 2.2). After 30 min at room temperature the deep 
red solution was treated with 2 ml of MeOD. The 
solution was evaporated to dryness and the residue was 
extracted with water (1 ml) and deuterochloroform (1 ml). 
An nrnr spectrum of the deuterochloroform solution 
indicated that three products, Me3SiCHPhNHC6H11, 
MesSiNC6H11(CHDPh), and C6HllNHCHDPh in the 
ratio 3 : 2: 1, respectively, were present. The mixture was 
stirred with methanol for 30 min to fully desilylate the 
aminosilane. Examination of the resultant product by 
nrnr indicated that a 55:45 mixture, respectively, of the 
starting aminobenzylsilane, Me3SiCHPhNHC6Hl ,, and 
N-cyclohexyl-a-D-benzylamine, PhCHDNHC6Hll, was 
present. The latter product showed a slightly distorted 
1 : 1 : 1 triplet (J = 1.9 Hz) as expected for the benzyl 
proton split by the a-deuteron. Both products were also 
identified by comparison of their gc retention times with 
authentic samples. The result is in close agreement with 
the nrnr study of the hexane solution of the anions which 
indicated a 53:47 ratio, respectively, of nitrogen anion 
and carbanion. 

B. Lithiated Me3SiCHPhNHC6H1 in Hexane-THF 
In a similar experiment to the above, the red solution 

of anions prepared in hexane was cooled to 0°C and was 
diluted with an equal volume of dry THF. Addition of 
MeOD and work-up as above gave, as the only significant 
product (> 90%), the deuterated amine, C6HI1NHCH- 
DPh. 

C. Lithiated Me3SiCHPhNHMe in Hexane-THF 
A solution of N-methylaminobenzyltrimethylsilane 

was metallated in hexane as above and the resultant deev 
red solution was cooled to 0°C and was treated with an 
equal volume of THF. After 30 min MeOD was added 
and the product was worked-up with ether and water. 
Removal of solvent at reduced pressure, with mild warm- 

ing, gave a liquid which was shown by nrnr and gc to 
contain only hexamethyldisiloxane and N-methyl-a-D- 
benzylamine. 

D. Lithiated MesSiCHPhNHMe in Hexane-THF; 
Isolation of the p-Toluenesulfonamide 

In a similar procedure to the above the anionic solution 
from 0.97 g (5.0 mmol) of N-methylaminobenzyltri- 
methylsilane and 1 equiv. of n-butyllithium in hexane- 
THF was deuterated. Solvent was removed and the 
residue was treated with 10 ml of 5% sodium hydroxide 
solution and 1.90 g (10 mmol) of p-toluenesulfonyl 
chloride. An insoluble oil was obtained when the sus- 
pension was warmed to ca. 60°C and shaken. This oil was 
separated by decantation. Treatment with 1Oml of 
ethanol gave 0.52 g (38%) of fine white crystals of N- 
methyl-N-(a-D-benzy1)-p-toluenesulfonamide mp 87- 
91°C. Recrystallization from ethanol gave mp 92-93°C 
(lit. (8) mp 95°C); nmr (CDCI,) 6 7.7-8.2 (m, 9H, aryl), 
4.88 (br t, J F 1.8 Hz, 1H, PhCHD) 2.55 (s, 3H, N-CH,), 
2.40 ppm (s, 3H, ArCH,). 

E. Lithiated N-Benzylaminobenzhydryltrimethylsilane 
The title amine, in ether or benzene was treated with 

an equimolar (or excess) amount of n-butyllithiurn in 
hexane and a single, deeply coloured lithiated species was 
formed, as indicated by the nrnr spectrum of the system. 
Hydrolysis followed by rapid work-up (to avoid cleavage 
of the Si-N bond) gave an almost quantitative yield of 
the rearrangement product N-benzyl-N-benzhydryItri- 
methylsilylamine. 

Effects of TMEDA and THF on the Anionic Equilibrium 
To a solution of Me,SiCHPhNHMe (96.5 mg, 105.5 p1, 

0.50 mmol) in hexane (165 ~ 1 )  at - 78'C under nitrogen in 
an nrnr tube fitted with a serum cap, was added 229 p1 
(0.55 mmol; M = 2.4) of a solution of n-butyllithium in 
hexane. The solution was mixed in the cold and then 
was allowed to warm to room temperature. After about 
15 min, when the equilibrium composition had been 
reached, the relative amounts of carbanion and nitrogen 
anion were measured by scanning the two Me3Si peaks 
at a sweep width of 100 Hz and a sweep time of 100 s. 
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(These conditions gave a reliable measurement of the TABLE 6. The effect of adding TMEDA and THF to a 
peak widths which varied considerably with added solution of metallated Me3SiCHPhNHMe (0.50 mmol) 
THF or TMEDA and for which corrections were made.) in hexane 
The equilibrium mixture was similarly measured follow- 
ing the addition of small amounts of TMEDA (at 36'C) 
or THF at 18°C (the low temperature was necessary to - 

TMEDA (36°C) THF (18°C) 

minimize decomposition in the presence of THF). The % mol results are summarized in Table 6. The measurements in equiv. 
% 

carbanion equiv. carbanion 
THF were not highlv reliable above 2 eauiv. because the 
nitrogen anion peak became very broad and decom- 0 23.5 0 26.6 
position products had appeared at this stage. 0.066 29.4 0.25 28.5 

Effect of Added Triethylamine on Rates of Anion 
Zsomerization 

Three nmr tubes were prepared as follows: tube A, 
0.13 g (145 11, 0.50 mmol) Me3SiCHPhNHMe and 0.25 
ml hexane; tube B, 0.13 g of amine, 0.18 ml hexane, and 
0.051 g (70 ~11, 0.5 mmol) Et3N; tube C, 0.13 g of amine, 
0.11 n ~ l  hexane, and 0.102 g (141 yl, 1.0 mmol) of Et3N. 
Each tube was cooled in liquid N,, 0.30 ml (0.66 mmol) 
of n-butyllithium in hexane was added, and the kinetics 
were then determined at 15.6-18.5"C. Plots of ln (ZN- - 
%N-,) us. time (9) gave linear plots from which the 
following data were obtained. A. (no Et3N) kobs = 
0.054min-l, K, = kl/k-l = 0.45. B. (1 equiv. Et3N) 
k,,, = 0.088 min-', K, = 0.39, C. (2 equiv. Et3N) k,,, = 
0.153 min-', K, = 0.48. 

Studies of Catalyzed Systems 
Catalyzed Rearrangement of Me3SiCHPhNH-i-Pr. 
A solution of 0.22 g (1.0 mmol) of the title amine in 

0.5 ml of dry benzene was treated with 0.lOmmol 
(50 y1, M = 2.0) of n-butyllithium in hexane and tightly 
sealed in a vial. The colour rapidly turned red-orange. 
After 2 weeks the vial was opened and the solvent was 
removed under reduced pressure. The nmr spectrum of 
the residue was identical to that of a pure sample of 
Me3SiN(i-Pr)CH,Ph, bp 56-57"C/0.1 Torr, prepared 
from PhCH2NH-i-Pr, PhLi, and Me3SiC1 in 60% yield. 
The glc retention times of the residue and of the authentic 
rearrangement product on a 20% SE 30 on Chromosorb 
G column were identical. 

Similarly a solution of 0.166 g (0.50 mmol) of N- 
phenylaminobenzhydryltrimethylsilane in dry benzene 
(0.50 nil) in an nmr tube under nitrogen at room tempera- 
ture was treated with 21 y1 (0.05 mmol) of n-butyllithium 
in hexane. The rearrangement at room temperature was 
followed by nmr spectroscopy. A new peak at 10 Hz to 
low-field of the trimethylsilyl peak of the starting amine, 
attributed to rearranged product was observed to grow 
steadily. The rearrangement was 30% complete in 2 h 
and was 100% complete after 20 h at room temperature. 

When N-benzylaminobenzhydryltrimethylsilane was 
treated with a catalytic amount (0.1 equiv.) of n-butyl- 
lithium in benzene or ether solvent a deep, dark-red 
solution was obtained. No evidence for extensive re- 
arrangement could be obtained from spectroscopic 
studies of the solutions. Hydrolysis after several hours 
at room temperature gave mainly starting material along 
with approximately 0.1 equiv. of the rearrangement 
product, N - benzyl - N - benzhydryltrimethylsilylamine 
which likely arose from protonation of the intermediate 
benzhydryl anion. 

Kinetics of the Anionic Equilibrium 
A solution of 96.5 mg (105.5 yI, 0.050mmol) of 

'The nitrogen anion peak was too broad to measure accurately and 
considerable decomposition had occurred by this time. 

Me,SiCHPhNHMe in hexane (166 y1) under nitrogen in 
a serum capped nmr tube was cooled to -78°C and was 
treated with 229 yl (0.55 mmol; M = 2.4) of n-butyl- 
lithium in hexane. The solution was mixed and the tube 
was quickly inserted into the pretuned nmr probe set at a 
selected temperature. The trimethylsilyl peaks of the 
nitrogen anion and carbanion were scanned at 3 or 1 min 
intervals using a sweep width of 500 Hz and a sweep time 
of 500 s. Following completion of a run the sample was 
left in the probe for a sufficient time to ensure that 
equilibrium [N-,] had been reached. 

The final peak width ratio was determined using a sweep 
width of 100 Hz and a sweep time of 100 s. The relative 
peak heights of nitrogen anion and carbanion were 
corrected for peak width differences and the results were 
tabulated as relative percentage of each anion. For the 
system 

ki 
N- - c- 

k- 1 

it is readily shown (9) that for a first order reaction the 
integrated rate expression has the form 

where [N-,] is the concentration of the nitrogen anion 
at equilibrium. For the present case where identical 
initial concentrations were used, the denominator of the 
log term may be neglected. The plot of In ([N-] - [N-,I) 
us. time was a good straight line and analysis by the 
least-squares method for the typical example shown in 
Fig. 1 at 9.4'C, gave k,,, = (0.432 f 0.003) x s-' 
with a correlation coefficient of 0.999. 

Table 7 lists the results of similar runs at different 
temperatures. The values of kl and k-l  were obtained 
from the relationships kl/k-l = C-,IN-, = K. and 
kobs = kl + k-1. 

The Arrhenius plots of In k1 and In k- us. 1/T, were 
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TABLE 7. Kinetic data for the equilibration of metallated Me3SiCHPhNHMe in hexanea 

Temp. kobs x lo3 kl  x lo4 k- l  x lo4 
(K) 6-I)  c .c .~  Kc (s-l)= (s-')e 

Standard solution: 105.5 p1 (96.5 mg, 0.50 mmol) amine; 166 p1 hexane; 229 pl (0.55 mmol; M = 2.4) 
n-hutyllithium in hexane. 

Torrelation coefficient for least-squares analysis of data. 
=From the relations, kobr = kl + k - l  and K. = kllk-I.  

TABLE 8. Kinetic data for the catalyzed rearrangement of 
Me3SiCHPhNHMe in hexane4 

2.0 I 1  I I I I 1 
10 20 30 40 50 

T I M E  ( r n l n )  

FIG. 1. Equilibration of metallated Me3SiCHPhNHMe 
in hexane at 9.4"C. 

good straight lines (correlation coefficients 0.994 and 
0.993, respectively). Analysis of the results yielded the 
following data (10) 

kl 
N- - C- E,,, - 17.0 kcal/mol 

AS* = -17.8 eu 

k-1 
C- - N- EaCt = 17.4 kcal/mol 

AS* = -15.1 eu 

It was noted in this experiment (and similar experi- 
ments) that there were random variations in the values of 
K,, from about 0.44-0.52, a range greater than that 
expected as a result of variations in temperature (if 
AG = 0.4 kcal/mol, then K, would range from 0.48 to 
0.52). The variation is attributed to inaccuracies in the 
measurements and to the pronounced effects (vide supra) 
of traces of amines and other basic species on the position 
of the equilibrium. 

Kinetics of the Rearrangement of Me3SiCHPhNHMe 
A solution of 145 p1 (131 mg, 0.678 mmol) of Me3- 

SiCHPhNHMe in hexane (419 pl) under nitrogen in an 
nmr tube stoppered with a serum cap was inserted in the 
nmr probe at a desired temperature. When the instrument 
had been tuned the sample was treated with 45.5 pl 
(0.10 mmol; M = 2.2) of a solution of n-butyllithium in 
hexane. The sample was quickly mixed and reinserted in 
the probe. The trimethylsilyl peaks of the starting amine 
and rearranged product, Me3SiNMe(CH2Ph) were 
scanned at 3 or 1 min intervals. 

Temp. kobs x lo3 
(K) (s-')b 

.Standard solution: 145 pl (131 mg, 0.678 mmol) amine; 419 p1 
hexane; 45.5 p1 (0.10 mmol; M = 2.2) n-hutyllithium in hexane. 
Molarity in amine (100%) = 0.949. Molarity in base [cat] = 0.164. 

bleast-squares correlation coefficient 0.999 or better in all runs. 
=From kobr = k2[catll(l + l/Ke). 

The results were tabulated as peak height us. time; 
since both peaks were sharp and of equal width there 
was no need to apply a peak width correction. The data 
for several temperatures are given in Table 8. A plot of 
In k2/(l + l/Ke) us. 1/T gave a straight line with a slope 
corresponding to E,,, = 22.5 kcal/mol, as shown in 
Fig. 2. 

Kinetics of the Rearrangement of Me3SiCHzNHMe 
A solution of 78.2 p1 (58.5 mg, 0.50rnmol) of Me3- 

SiCH2NHMe in benzene (300 p1) - THF (100 p1) under 
nitrogen in a serum-capped nmr tube was treated with 
20.9 p1 (0.05 mmol; M = 2.4) of n-butyllithium solution 
in hexane. The kinetics were followed by measuring the 
heights of the N-methyl peaks of the starting amine and 
rearranged product (6 Hz separation) at ) or 1 min 
intervals. A sweep width of 500 Hz and sweep time of 
100 s were employed. A peak width correction factor was 
applied to correct for the wider peak of the rearranged 
product and the height of the product peak was divided 
by two to account for the mass balance (N-Me 
NMe2). 

A plot of percentage amine us. time was a good straight 
line over more than 90% of the reaction (zero-order 
kinetics), and the slope, kobs, was obtained by the least- 
squares method. Data for various temperatures are given 
in Table 9, and an Arrhenius plot for this data gave 
E,,, = 14.4 kcal/mol and AS* = -26 eu. 

Kinetics of Rearrangement of Me3SiCH2NHC6Hl 
A solution of 109 p1 (92.5 mg, 0.5Ommol) of Me3- 
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DUFF AND BROOK 2599 

FIG. 2. Arrhenius plot for the catalyzed rearrangement 
of Me,SiCHPhNHMe in hexane. 

TABLE 9. Kinetic data for the catalyzed rearrangement of 
Me3SiCH2NHMe in 1 :3 THF-benzenea 

Temp. kobs k l  x lo4 
(K) (%imin) c.c.~ (s-')e 

293.6 0.4559 + 0.0053 0.996 6.84 
303.2 1.065 k 0.011 0.995 16.0 
311.0 1.956 k 0.016 0.998 29.3 
316.8 2 .834k  0.018 0.999 42.5 
322.0 4.256 + 0.038 0.999 63.8 
323.4 4.386 k 0.033 0.999 65.8 

"Standard solution: 78.2 ~1 (58.5 mg, 0.50 mmol) amine, 100 ~1 
THF.  300 ~1 benzene + 20.9 111 (0.050 mmol) of n-butyllithium in 
hexane ( M  = 2.4); molarity in n-butyllithium = 0.10; initial molarity 
in amine (100%) = 0.90. 

bCorrelation coefficient from least-squares analysis of data. 
C k ~  = (k,b,)(0.009)/([catl (60)). (0.009 = factor to convert percentage 

amine to concentration in moll P . )  

TABLE 10. Kinetic data for the catalyzed rearrangement of 
Me3SiCH2NHC6H1 in THFa 

Temp. kobs x lo4 k2 Ke 
(K) (s - c.cb (s-')c 

(filter bandwidth 0.2-0.4) to suppress ringing of the 
product peak, which tended to perturb the starting 
material peak. A peak width correction factor was ap- 
plied, the signal of the starting amine being slightly 
broader than that of the product. A plot of log percentage 
amine us. time was a good straight line from which kOb, 
was derived. The data are given in Table 10. An Arrhenius 
plot of In k2K, us. l / T  gave a good straight line (c.c. 
0.995) and the data gave E,,, = 12.5 kcal/mol, and 
AS* = -33.5 - 1.987111 KO. On the assumption that 
K, < AS* > -24 eu. 

Acknowledgements 
The authors acknowledge the financial sup- 

port of the National Research Council of 
Canada and of the Dow Corning Corporation, 
whose Post Doctoral Fellowship JMD held in 
1973-1975. 

1. A. G. BROOK. ACC. Chem. Res. 7,77 (1974); R. WEST. 
Advances in organometallic chemistry. In press. 

2. A. G. BROOK and J .  D. PASCOE. J .  Am. Chem. Soc. 93, 
6224 (1971). 

3. A. G. BROOK, G. E. LEGROW, and D. M. MACRAE. 
Can. J. Chem. 45,239 (1967). 

4. A. G. BROOK and J. M. DUFF. J. Am. Chem. Soc. 96, 
4692 (1974). 

5. (a) R. WEST. Pure Appl. Chem. 19, 291 (1969); ( b )  P. 
BOUDJOUK and R. WEST. J. Am. Chem. Soc. 93,5901 
(1971). 

6. J. E. NOLL, J. L. SPEIER, and B. F. DAUBERT. J. Am. 
Chem. Soc. 73,3867 (1951). 

7. V. R. SANDEL and H. H .  FREEDMAN. J. Am. Chem. 
Soc. 85,2328 (1963). 

8. R. L. SHRINER, R. G. FUSON, and D. Y. CURTIN. 
Systematic identification of organic compounds. 4th 
ed. J. Wiley and Sons, New York, NY. 1960. p. 288. 

9. A. A. FROST and R. G. PEARSON. Kinetics and 
mechanism. 2nd ed. J. Wiley and Sons. New York, 
NY. 1961. p. 186. 

10. J. F. BUNNETT. In Rates and mechanisms of reac- 
tions. Techniques of organic chemistry, Vol. VIII, 
Part. 1. Edited by A. Weissberger. Interscience, New 
York, NY. 1961. 

Appendix - - 
331.6 5.71 + 0.018 0.999 
337.9 7.65 k 0.09 0.997 

0.00571 The following outlines the mathematical 
0.00765 derivations of the equations used in the kinetic 

"Standard solution: 109 p1 (92.5 mg, 0.50 mmol) amine, 370 pl 
(0.050 mmol) n-butyllithium in hexane (M = 2.4). Concentration of studies : NH = amine, N- = anlide ion, C -  = 
catalyst [cat] = 0.10 M. 

b~orrelation coefficient from least-squares analysis of data. carbanion, CH = rearrangement product. 
<From kab. = k2K. [cat]. 

Solution of the Kinetic Scheme for the Catalyzed 
SiCH2NHC6H11 in dry T H F  (370 PI) under nitrogen in a 
stoppered, serum-capped nmr tube was used to pretune Rearrangement 
the nmr probe at  a given temperature. The solution was the system: 
then treated with n-butyllithiim solution (20.9 121, 0.050 very 
mmol; M = 2.4). The reaction was followed kinetically A N H  + n-BuLi - N -  + butane 
by measuring the Me3Si peaks using a sweep width of fast 

250 Hz and a sweep time of 500 s. Although these peaks 
were very close together (1 Hz separation) they were well B 

k l  
N- . c- 

resolved. It was necessary, however, to use filtering k -  1 
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C 
k2 

C -  f  N H d C H f  N -  

Rate = - d[NH] /d t  = k , [NH][C-]  

dCNH1 dt - k2Ke[NH][cat] Case I 

i.e. pseudo first-order with kobs = k2Ke[cat]. 
reaction A, and using no assump- This case involves proton transfer as the rate- 

tions, the scheme reduces to two differential determining step, and appears to apply to 
equations. SiCH2NHC6Hl ,. 
[I] - !Q!!!!J = k2[NH][C-] (b) If, however, k2[NH] >> k-, then 

d t 
--- d[NH1 - k,[cat] 

d t 
Case 2 

+ ~,[NHI[C-I i.e. pseudo zero-order with kobs = k,[cat], the 
kinetics tending to first order as [NH] becomes 

substitute [N-I = [cat] - [C-I in [21 ([cat] = small. Case 2 is a situation where the rearrange- 
[n-BuLi] added) ment of the anion is the rate controlling step, and 

appears to apply to M~,S~CH,NHM~.  
d[c-l = -k,[cat] + k,[C-] ~ 3 1  - ,, Approximation 11 

- k-,LC-] + k2[NH][C-] Instead of approximation I (k-, > k,), sup- 
pose k, % k-, as is known to be true for Me3- 

= k2 [NH] [C-] SiCHPhNHMe. 
+ (k, - k- ,)LC-] - k,[cat] (a) Now, if k2[NH] >> k,, k- , the steady state 

approximation will hold and the rate of the 
Approximation I ionic equilibrium determines the overall rate and 

If k-, >> k,, the steady state approximation 
will hold. (This situation is known to apply for d[NHl - Rate = - - - k,CNHlk,[catl 
Me3SiCH2NHMe and Me3SiCH2NHC6H,, .) dt k, + k-, + k2[NHI 
Then, 

and substituting for [C-] from [4] above into 

- = -kl[N-] + k-,[C-] [1I 
dt d[NH1 - k,[cat] Case 3 + k2[NH][C-] = 0 dt 

Using [N-] = [cat] - [C-] gives i.e. pseudo zero-order with kobs = k,[cat]. 
(b) Alternatively if k2[NH] << k,, k- ,, the 

kl[C-l - k-l[cat] + k-l[C-] + k2[NHI[C-] pre-equilibrium assumption will be applicable (a 
= 0 case where protonation is the rate controlling 

or step). Now 

(k, + k-, + k,[NH])[C-I = k,[cat] [C-]/[N-] = k,[k-, = Ke 

c41 LC-]= 
k1 [cat] Using [N-] = [cat] - [C-] gives 

kl  + k-1 + k2[NH] 
[C-] = Ke[cat] - Ke[C-] 

or when k-, >> k,, this reduces to 
K [cat] [cat] 

k l [cat1 - LC-] =L - 
1 + Ke 1 + l/Ke 

k-I + k2[NH] 
Substituting in the rate expression [I] gives 

Substituting for [C-] in the rate expression [I] 
gives dCNHl - k2CNHICcatl Case 4 

d[NH] - k2[NH] x k,[cat] dt 1 + 1/K, 
dt k-l  + k2[NH] 

i.e. pseudo first-order with kobs = k2[cat]/ 
(a) Now, if k-, >> k2[NH], and since Ke = (1 + l/Ke). This case appears to apply to Me3- 

k,[k-, then SiCHPhNHMe. 
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Reactions of the dipyrido[l,Za:2',1' -c]pyrazinium dication in basic solution 

DONALD J. NORRIS,' JOHN W. BUNTING, AND WILLIAM G. MEATHREL~ 
Department of Chemistry, University of Toronto, Toronto, Ont., Canada M5S 1Al 
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DONALD J. NORRIS, JOHN W. BUNTING, and WILLIAM G. MEATHRBL. Can. J. Chem. 55,2601 
(1977). 

The reactions of the dipyrido[l,2-a: 2',1'-clpyrazinium dication (1) in basic solutions have 
been investigated. In aqueous base, this cation is involved in two rapid pH-dependent equilibra- 
tion reactions associated with pK, values of 9.9 f 0.2 and 10.4 ? 0.2. Spectral studies indicate 
that pK, 9.9 is associated with pseudobase formation by the addition of hydroxide ion at 
C-2 or C-4 of one of the pyridinium rings. The pK, 10.4 is most probably attributable to the 
formation of a dipseudobase by addition of two hydroxide ions in the pyrazinium ring of 1. The 
kinetics of these pseudobase formation reactions have been investigated by stopped-flow 
spectrophotometry over the range pH 9-13. Similar methoxide addition reactions occur in basic 
methanolic solutions. 

The dication 1 also undergoes a slow decomposition reaction in aqueous base to initially form 
the 1-(formylmethy1)-2,2'-dipyridyl cation (2). The rate of this reaction, which has been measured 
as a function of pH at 2S°C for p H  8-12, passes through a maximum in the vicinity of pH 10.2. 
The cation 2 undergoes a further decomposition reaction in these solutions to give an unidenti- 
fied product. 

DONALD J. NORRIS, JOHN W. BUNTING et WILLIAM G. MEATHREL. Can. J. Chem. 55,2601 
(1977). 

On a Ctudit les rtactions du dication dipyrido[l,2-a:2',1'-c]pyrazinium (1) en solutions 
basiques. Dans la base aqueuse, ce cation est impliqut dans deux rkactions d'tquilibration 
rapide qui dependent du p H  et qui sont assocites avec des valeurs de pK, de 9.9 + 0.2 et de 
10.4 f 0.2. Des donntes spectrales indiquent que le pK, de 9.9 est associC avec la formation de 
la pseudobase par addition de l'ion hydroxyde au niveau des atomes C-2 ou C-4 de l'un des 
cycles pyridinium. On doit probablement attribuer le pK, de 10.4 a la formation de la dipseudo- 
base par addition de deux ions hydroxydes au niveau du cycle pyrazinium de 1. On a ttudit la 
cinttique des reactions de formation de ces pseudobases par spectrophotomttrie a flux stoppC 
a des p H  allant de 9 a 13. Des rtactions d'addition semblables impliquant le mtthylate se 
produisent dans des solutions mCthanoliques basiques. 

Le dication 1 subit aussi une rtaction de dtcomposition lente en solution aqueuse basique 
pour conduire au dtpart au cation (formylmtthy1)-1 dipyridyl-2,2' (2). La vitesse de cette rtac- 
tion, que l'on a mesurte a 25°C a des p H  allant de 8 jusqu'a 12, passe par un maximum autour 
depH 10.2. Le cation 2 subit une rCaction de dCcomposition substquente dans ces solutions pour 
conduire a un vroduit non-identifit. 

[Traduit par le journal] 

In continuing our studies (1) of the reactions position reactions3 in such solutions. We are not 
of heteroaromatic cations in basic solution, we gble at present to definitely identify all inter- 
have now investigated the dipyrido[1,2-a: 2', 1 ' -c]- mediates involved in these reactions from their 
pyrazinium dication 1 (2,3). This dication proved spectral properties. However, we have established 

rn m that in dilute aqueous base the dication 1 initially 
decomposes to 2 which in turn undergoes slow 
decon~position reactions in these solutions. We 

1 

to be involved in two rapid pH-dependent 
equilibria in both aqueous and methanolic basic CHzCHO 
solutions, and also to slowly undergo decom- 

2 
'National Research Council of Canada Postdoctoral 

Fellow, 1975-1977. 3The term 'decomposition' is used in this work to 
'Present address: Thomson Research Associates Ltd., conveniently distinguish slow irreversible reactions from 

Toronto, Ont. rapid equilibration reactions. 
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have also determined the pH-dependence of the 
rates of conversion of 1 into 2, and have rnea- 
sured rate and equilibrium constants for the 
pH-dependent equilibria in which 1 is involved. 

Results 
Rapid Equilibration Reactions 

The uv spectra of fresh aqueous solutions of 
the dication 1 are pH-dependent above p H  8 
(Fig. I). Acidification of fresh solutions of p H  < 
12 readily regenerates the spectrum of 1 indi- 
cating that these pH-dependent equilibria are 
readily reversible. Further spectral changes 
occur at p H  > 12. These changes appear to be 
the result of irreversible reactions since clean 
spectra of 1 are no longer obtained upon acidifi- 
cation of such solutions. The spectral changes in 
Fig. 1 are consistent with 1 being involved in 
acid-base equilibria having pK, values of 9.9 + 
0.2 and 10.4 + 0.2, respectively, for the inter- 
conversion of 1 and A and of A and B as 
indicated in Scheme 1. These pK, values are 

pK, = 9.9 pK, = 10.4 
1 ,  ' A .  'B 

sufficiently close together that the spectrum of 
pure A, uncomplicated by the presence of signifi- 
cant amounts of either 1 or B, is not observable 
directly. We have therefore calculated the 
spectrum of pure A from the spectra of p H  9.34, 
9.88, and 10.74 solutions by making use of the 
spectra of 1 (pH 7) and B (pH 11.76) and the 
pK, values. This calculated spectrum is presented 

Wavelength nrn 

FIG. 1. The pH-dependence o f  the uv-visible spectra o f  
fresh aqueous solutions o f  the dication 1: Curve I pH 7.0; 
2 pH 9.34; 3 pH 9.88; 4 pH 10.74; 5 pH 11.76. 

FIG. 2. Ultraviolet-visible spectra o f  1 (pH 7), A 
calculated as described in text; and B pH 11.76. 

in Fig. 2 along with the spectra of 1 and B for 
comparison. 

Similar spectral changes were observed when 1 
was dissolved in basic methanolic solutions. 
Thus, in neutral methanol the spectrum of 1, 
essentially identical to that in water at p H  7, is 
observed; addition of 1 equiv. of NaOCH, 
gives a spectrum similar to that calculated for A; 
in more concentrated NaOCH, solutions (up to 
1 M NaOCH,) a spectrum is obtained which is 
similar to that observed for B at p H  11.7. The 
similarities of the spectra in aqueous and 
methanolic solutions indicate that very similar 
species are present in both basic media, and we 
designate the species in methanolic solutions as 
A' and B' to correspond to A and B, respectively, 
in aqueous solutions. Upon acidification of 
these fresh basic methanolic solutions, the 
spectrum of 1 is again regenerated, and so these 
reactions in basic methanol are also readily 
reversible. 

The species A and B are not soluble in aqueous 
solutions at 'Hmr spectral concentrations. How- 
ever, 'Hmr spectra are obtainable in basic 
methanol. The 'Hmr spectra of 1 (a) in neutral 
CD,OD, (b) in the presence of 1 equiv. of 
NaOCD,, and (c) in the presence of 1 M 
NaOCD, are shown in Fig. 3. Acidification of 
solution b with DC1 in D 2 0  regenerates the spec- 
trum of 1. In this initially acidified solution, the 
spectrum of 1 is superimposed on a broad envel- 
ope signal which slowly disappears over about 
10 h to regenerate a clean spectrum of 1. This 
two-phase regeneration of 1 upon acidification 
suggests that the basic 'Hmr solution b actually 
contains a mixture of at least two species. One of 
these is presumably A' which has been shown 
above at uv spectral concentrations to immedi- 
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s 

FIG. 3. 'Hmr spectra of 1: (a) in neutral CD,OD; (b) in CD30D containing NaOCD, (1 equiv.); 
(c)  in CD,OD containing 1 M NaOCD,; ( d )  solution b at 10 h after acidification with DCI in D 2 0  
(all chemical shifts are 6 ppm). 
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ately revert to 1 upon acidification. The other 
species is only slowly reconverted, to 1 on acid- 
ification, and the fact that it is only apparently 
produced in the more concentrated 'Hmr spectral 
solutions suggests the possibility that this latter 
species is a product of reaction between two or 
more heterocyclic molecules related to 1. The 
broad, poorly defined, peaks in the spectrum of 
solution c (Fig. 3) also tend to suggest the pres- 
ence of a mixture of two or more species. 

Significantly, the complete 'Hmr spectrum of 
1 is regenerated upon acidification. This indicates 
that the acid-base equilibria involving A' do not 
involve anion formation by removal of a ring 
hydrogen atom from 1. If such were the case, 
this hydrogen atom would be replaced by 
deuterium upon acidification and would result 
in a modified spectrum for 1. 

The rate of equilibration of 1 with A and B 
was found to be amenable to investigation by 
stopped-flow spectrophotometry. When solutions 
of 1 are mixed with buffers in the range p H  
9.0-9.8 a single reaction, which is first-order in 
heterocycle, is observable at 305 nm. However, 
at p H  > 9.8 two absorbance changes are ob- 
served at 305 nm. These changes are consistent 
with the occurrence of two consecutive reactions 
(Fig. 4a). When this experiment is repeated at 
500 nm, initially there is no change in absorbance 
but eventually a reaction, which is first-order in 
heterocycle, is observed (Fig. 4b). These ob- 

0 200 400 600 800 

Time ms 

FIG. 4. Time-dependence of the absorbance of 1 
(2.0 x M) at p H  10.66 at 305 nm (a) and 500 nm 
(6). (Solutions of 1 in water were mixed on the stopped- 
flow apparatus with buffer p H  10.66.) 

servations are consistent with the rapid formation 
of A at all p H  values, and then a subsequent 
slower equilibration to B at p H  > 9.8 Pseudo 
first-order rate constants for the equilibration of 
1 with A (kAObs) and of 1 and A with B (kBObs) 
are plotted as a function of p H  in Fig. 5. 

Slow Decomposition Reactions 
Upon prolonged treatment of the dication 1 

with aqueous base, the pH-dependent uv spectra 
discussed above undergo further changes. Ex- 
amples of such time-dependent spectral changes 
are illustrated in Fig. 6 at p H  8.1 and 11.76. At 
both these p H  values the final uv spectrum has a 
single maximum in the vicinity of 280 nm. A 
similar final spectrum is observed over the entire 
p H  7-13 range, although there appears to be a 
slight shift in the position of this peak from 281 
nm in neutral solution to 277 nm in the most 
basic solutions. These spectral changes proved 
to be first-order in heterocycle, and the pH- 
dependence of the pseudo first-order rate 
constant (kl,,,) for this reaction is indicated in 
Fig. 7. This pH-profile passes through a maxi- 
mum in the vicinity of p H  10, and at lower and 
higher pHvalues kl,,, appears to become linearly 
dependent on [H'] and [OH-], respectively 
(lines of slope + 1 and - 1 in Fig. 7). The line in 
Fig. 7 is of the form 

with k = 1.04 x lop3  s-l ,  pK, = 9.9 and pK, 
= 10.4, and appears to give a reasonable fit to 
the experimental data. 

The uv spectrum of the decomposition product 
having I,,, in the vicinity of 280 nm is quite 
similar to the basic aqueous spectra of both 

FIG. 5. pH-dependence of log kAOb, (s-I) for equilibra- 
tion of 1 with A (0 272 nm; A 305 nm) and of log kBOb, 
(s-I) for equilibration of A with B (m). All data at 25"C, 
ionic strength 0.1. Curve is calculated from: kAOb, = 
1.3 x 104[OH-] + 1.4. 
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Wavelength nrn 

FIG. 6 .  Time-dependence of the uv-visible spectrum of 
solutions of 1 at p H  8.1 (a) and p H  11.76 (b). (25"C, 
ionic strength 0.1 .) 

FIG. 7 .  pH-dependence of the rate of decomposition of 
1 (k',,, S-') at 25"C, ionic strength 0.1. Curve is calcu- 
lated from the equation given in the text. 

2,2'-dipyridyl 3 (h,,, = 278 nm) and the cation 
2 (A,,, = 277 nm), which is an intermediate in 
the svnthesis of 1. Both these s~ecies would seem 
to be reasonable products to which 1 might 
decompose in basic solution. Although 2 and 3 
have quite similar spectra in basic solution, they 
are readily distinguishable on the basis of their 

uv spectra in acidic solution. Thus in aqueous 
acid 3 gives the protonated species 4 (A,,, = 

302 nm; pKa = 4.3 (4)) while 2 undergoes a 
rapid pH-dependent ring-closure ( 5 )  to give 5 
(A,,, = 321 nm; pKa = 4.35 + 0.04) which is 
actually a covaleilt hydrate of 1. Acidification to 
p H  0.5 of p H  9.3 solutions containing the de- 
composition product of 1 gave a spectrum that 
was almost completely superimposable on the 
spectrum of 2 in acidic solutions (i.e. 5), and 
which was quite different from the spectrum of 
the 2,2'-dipyridyl cation 3. However, similar 
acidification of p H  11.8 solutions containing the 
decomposition product of 1 gave only a slight 
shift to h,,, = 276 nm with no overall change in 
the shape of the spectrum. 

This apparent difference in the decomposition 
products of 1 at p H  9.3 and 11.8 was enlightened, 
when it was observed that the cation 2 also 
undergoes a slow decomposition in basic aqueous 
solutions. Thus when solutions of 2 were kept at 
p H  11.76 for about 30 min and then acidified, the 
spectrum of 5 was not regenerated; rather, the 
spectrum of a species of A,,, = 276 nm was 
obtained and this spectrum is similar to that ob- 
served upon acidification of a solution of 1 which 
had decomposed at p H  11.76. Similar acidifica- 
tion of a p H  9.3 solution of 2 after 30 min re- 
generated the spectrum of 5, however after pro- 
longed exposure (several days) of 2 to p H  9.3 
the uv spectrum of acidified solutions tended 
towards that observed at p H  11.76. These ob- 
servations suggest a pH-dependent decomposi- 
tion of 2, with the rate of decomposition in- 
creasing as the p H  is increased. The rate of this 
decomposition was followed at 25°C at several 
p H  values, and was found to be first-order in 
heterocycle. Pseudo first-order rate constants 
(k2,,,) for this process are given in Table 1 at 
several p H  values, and a comparison with k',,, 
for the rate of decomposition of the dication 1 at 
the same p H  values is given. The rate of decom- 

TABLE 1 .  Decomposition rates of the cations 
1 and 2" 

12.09 0.25 40.5 
11.41 1.5 6 .1  
10.74 3.1 0.95 
10.27 4 . 9  ( 0 .  47)b 

'At 25'C, ionic strength 0.1. 
bBy extrapolation, assuming reaction is first-order 

in [OH-]. 
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position of 2 appears to be approximately first- 
order in hydroxide ion. 

Although the above uv spectral studies rule 
out 2,2'-dipyridyl as a major product of the 
decomposition reaction of either 1 or 2, it was 
found that small amounts of 2,2'-dipyridyl 
(-5% yields) could be obtained from the de- 
composed solutions of these two species. Thus 
chloroform extraction of a solution of 1 which 
had been kept at p H  10.95 for 2 days gave a small 
amount of a species that had uv and 'Hmr 
spectral properties that were identical to those 
of an authentic sample of 2,2'-dipyridyl. 

The dication 1 was also observed by uv 
spectrophotometry to undergo decomposition 
upon standing in basic methanolic solutions. 
This reaction has not been studied in detail, but 
it is clear from the uv spectral data that the 
decomposition product in methanol is not the 
same as the product in basic aqueous solution. 

Discussion 
Rapid Equilibration Reactions 

Since the dication 1 has no readily ionizable 
hydrogen atoms, the pKa = 9.9 associated with 
the conversion of 1 to A must presumably re- 
present hydroxide ion addition to 1 to form a 
pseudobase species. Three such pseudobase 
species appear to be possible; these are 6,7,  and 
8 which would be formed by hydroxide ion 
addition to 1 at a carbon atom in either the 
pyrazinium ring or at C-2 or C-4 of one of the 
pyridinium rings, respectively. By virtue of the 

proximity of the two positively charged nitrogen 
atoms, the carbon atoms of the pyrazinium ring 
would be expected to be more electron-deficient 
than the carbon atoms in the pyridinium rings. 
However, the formation of 6 by hydroxide ion 
addition in the pyrazinium ring results in disrup- 
tion of the KekulC resonance structures of all 
three rings of 1, whereas in the formation of each 
of 7 and 8 one aromatic pyridinium ring is con- 
served. Consequently 7 and 8 would each be 
expected to be thermodynamically more stable 
than 6. 

The observed uv spectrum of A (Amax = 302 

nm) also tends to eliminate 6 as the structure of 
A. Thus, to a first approximation, one might 
consider a useful model for 6 to be six con- 
jugated C=C double bonds with a terminal 
amino group (i.e. (-CH=CH),-NH,). The 
spectrum of such a system would be expected to 
show absorption at much longer wavelengths 
than is observed for the major peaks of A (6). 
The intense peak in the vicinity of 302 nm for A 
is consistent with the presence of a substituted 
pyridinium cation as in 7 or 8. It is difficult to 
predict the complete uv spectra of 7 and 8 since 
there seem to be no useful models to indicate the 
spectral consequences of the interaction of the 
pyridinium and dihydropyridine ring systems 
both via the 2,2'-bond of the dipyridyl moiety 
and the C=C bridging the two ring nitrogen 
atoms. The absorption peak in the vicinity of 
370 nm may be indicative of the presence of a 
1,2-dihydropyridine ring system since even 
simple 1,2-dihydropyridines lacking other chro- 
mophoric substituents have Amax in the vicinity 
of 325 nm (7). 

The 'Hmr spectrum of A' in Fig. 3b is also 
indicative of methoxide adducts analogous to 7 or 
8 rather than the methoxide adduct related to 6. 
Thus the signals in the region F 8-9 in Fig. 3b are 
typical of protons on a pyridinium ring; e.g. for 
the N-methylpyridinium cation in D,O: 6 8.93 
H(2, 6); 8.61 H(4); 8.17 H(3, 5). In particular, 
the doublet in the vicinity of 6 8.9 in Fig. 3b is 
quite characteristic of the proton on the carbon 
atom adjacent to the pyridinium nitrogen atom. 
There does appear, however, to be an additional 
signal in this 6 8-9 region. This region integrates 
somewhat high for four protons relative to the 
rest of the spectrum. Possibly also located in this 
region is the signal from the proton on the 
bridge carbon atom adjacent to the positively 
charged nitrogen atom of the methoxide adducts 
related to 7 and/or 8. The presence of this 
characteristic pyridinium spectrum also tends to 
rule out the methoxide adduct corresponding to 
6, since aromatic character is lacking in this 
latter structure. The signals in the region 6 6-8 
are consistent with the presence of a dihydro- 
pyridine ring such as is present in 7 or 8. A 
simple analysis of this region does not seem to 
be possible, however, and so suggests the pos- 
sibility that a mixture of the methoxide adducts 
corresponding to 7 and 8 is actually present. 

We therefore tentatively conclude that A is 
either 7 or 8 or a mixture of these two species. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NORRIS ET AL. 2607 

The A' species in methanol solution would then 
consist of the corresponding methoxide adduct(s). 

The pH-dependence of kAobs in Fig. 5 is 
typical of that usually observed for cation- 
pseudobase equilibration reactions (11, 12). 
Separation of the pseudo first-order rate con- 
stants for formation (k,) of A from 1 and de- 
composition (k,) of A to 1 indicates that over 
the p H  range investigated these rate constants 
can be represented by k, = 1.3 x 104[OH-] s-' 
and k, = 1.4 s-l .  The line in Fig. 5 for kAobs is 
calculated from k, + k, using these relation- 
ships and gives an acceptable fit to the experi- 
mental data. The terms in k,,, for k, and in 
k, [H'] for k,, which are usually required (1 l,12) 
for a complete description of the pH-dependence 
of the rates of cation-pseudobase equilibration, 
are not observable over the p H  range that is 
amenable to investigation for 1 S A. 

The fact that the rate of formation of species 
B is readily observable on the stopped-flow 
spectrophotometer clearly indicates that B is not 
simply an alkoxide ion derived from A. Alkoxide 
ion formation is also not consistent with the 
occurrence of a similar reaction to generate B' 
in methanolic solution, nor with the drastic 
spectral change associated with the conversion 
of A to B. The intense long-wavelength band of 
Amax = 498 nm in the spectrum of B is suggestive 
of the presence of an extensively conjugated non- 
aromatic species. A number of such species can 
be generated by the addition of a second hy- 
droxide ion to 7 or 8 (e.g. 9). We feel that such 

species can be ruled out since simple pyridinium 
ions do not generate significant amounts of 
pseudobase species even in quite strongly basic 
aqueous solutions (e.g. in aqueous 1 M KOH) 
(8-10). A more likely structure for B is 10 in 
which two hydroxide ions have added to the 
carbon atoms of the pyrazinium ring of 1. 

ion addition to A. Such a reaction would be 
expected to be first-order in [OH-], whereas in 
fact kBobs seems to depend on less than the first 
power of [OH-] even at p H  > 11.5 where 
kBobs is not complicated by the rate constant for 
the reverse reaction. From Fig. 5 we estimate that 
kBobs is approximately linear in Such a 
fractional order suggests that no single step in 
the reaction under observation is entirely rate- 
controlling. Presumably 10 would be formed by 
hydroxide ion addition to a small amount of 6 
present in the equilibrium mixture A that is 
believed to be predominantly 7 and/or 8. Such a 
situation is described in Scheme 2. 

Slow Decomposition Reactions 
The above data clearly indicate that the cations 

1 and 2 both decompose to the same product in 
aqueous base. The formation of 2 as an inter- 
mediate in the decomposition of 1 is established 
at p H  9.3 from the uv spectra of acidified solu- 
tions of the initial decomposition product. At 
p H  > 11 it is not possible to unequivocally 
establish the presence of 2 from spectral data 
because 2 decon~poses faster than 1 in this region 
(Table 1). I t  seems likely, however, that 2 is an 
intermediate in the decomposition of 1 at all p H  
values since these two cations give identical 
decomposition products at all p H  values as 
judged by the uv spectra of decomposed solu- 
tions. The nature of this final decomposition 
product has not been unequivocally established? 
Although the uv spectrum of this product in 
basic solution (Amax = 276 nm) is very similar to 
the spectrum of 2,2'-dipyridyl (Amax = 278 nm), 
it does not undergo a bathochromic shift to  
Amax = 302 nm upon acidification. Such a shift 
is typical of the monocation of 2,2'-dipyridyl. 
In fact the apparent pH-independence of the uv 
spectrum of the decomposition product suggests 
that it undergoes no protonation of a pyridine 
nitrogen atom in the range p H  = 0-12. Since 
the spectrum seems to suggest that the dipyridyl 

4Attempts to isolate this product at higher concentra- 
The pH-dependence of kBobs for the formation tions of 1, produced brown oils which seemed to be 

of B is also not consistent with simple hydroxide complex mixtures. 
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unit is still intact in the decomposition product, 
the lack of a protonation in this region suggests 
that this dipyridyl unit already contains a 
pyridinium ring. In fact the similarity in the uv 
spectra of 2 and the decomposition product 
suggest that the decomposition of 2 in no way 
disrupts the electronic structure of the pyridyl- 
pyridinium moiety of 2. The simplest structure 
for the decomposition product that is consistent 
with the above consideration is that of the 
dimeric aldol condensation product 11. 

CHOH 
/ 

Since the conversion of 2 to 11 is kinetically 
first-order in 2 and also approximately first- 
order in hydroxide ion, the deprotonation of 2 
to generate the carbanionic zwitterion 12 must 
be considered to be the rate-determining step 
in the formation of 11. 

The observed pH-dependence for the de- 
composition of 1 (Fig. 7) suggests that the 
conversion of 1 to 2 actually occurs via either A 
or else another species which is present in a 
rapid pH-independent equilibrium with A. As 
discussed above, the most likely structures for A 
are 7 and 8. It is difficult to  conceive of 7 or 8 as 
being intermediate in the formation of 2, how- 
ever, the structure 6 which has been ruled out for 
A clearly is a likely candidate for an intermediate 
between 1 or 2. We therefore suggest that a 
small amount of 6 is present in solution in 
equilibrium with 7 and/or 8 and that decomposi- 
tion of 1 to 2 proceeds through 6.  The presence 
of a small amount of 6 was also inferred above 
from the pH-dependence of the equilibration of 
7 (or 8) and 10. The observed pH-dependence in 
Fig. 7 then requires a transition state in the same 

kW+I  protonation state as 6 (e.g. 13 - 2). Of 

slow 

13 

course, a kinetically equivalent mechanism would 
be rate-determining protonation prior to C-N 
bond-breaking, rather than the concerted re- 
action shown in 13. In this case, the alkoxide ion 
derived from 5 would be a reaction intermediate. 

Experimental 
The bromide salts of the cations 1 and 2 were syn- 

thesized as described by Calder and Sasse (2).  

Determination of pK. Values and Spectrum of A 
Inspection of the pH-dependence of the spectra of 

fresh aqueous solutions of the dication 1 (25"C, ionic 
strength 0.1) indicates that the peak at 271 nrn decreases 
in intensity with increasing p H  whereas a new peak at 
494 nm appears and increases in intensity with increasing 
p H  (Fig. 1). This latter long wavelength absorption maxi- 
mum results in high p H  solutions being red in colour. 
Consideration of the differences between the spectra at 
p H  7 and p H  11.76 allows estimates that 50% of the 
change in intensity at 271 nm is complete at p H  ~ 9 . 7  
whereas 50% of the total increase in intensity at 494 nm 
is not complete until p H  N 10.5. This suggests that these 
pH-dependent spectra do not merely reflect the equilibra- 
tion between two species, but rather two successive pH- 
dependent equilibria are involved. The fact that unique 
isosbestic points are not observed over the entire p H  
range further confirms that complex equilibria are 
involved. 

Assuming that the spectrum at p H  7.0 represented pure 
1 and that the spectrum at p H  11.76 represented pure B, 
the above estimates of the two pK, values were used to 
calculate an approximate spectrum for A from the 
observed spectra of each of pH 9.34, 9.88, and 10.74 
solutions. These estimated spectra were averaged to give 
an approximate spectrum of A. These spectra were then 
used to calculate the concentrations of each of 1, A, and 
B at each pH, and new pK, values were thus estimated. 
These new estimates for the pK, values were used to re- 
evaluate the spectra of A and B and the above procedure 
was repeated to give new pK, values. After several cycles, 
the spectra calculated for A and B from the observed spec- 
tra at each of p H  9.34,9.88, 10.74, and 11.76 were consist- 
ent to within 0.1 mM-' cm-l at all wavelengths. This 
self-consistency was attained with pK, values of 9.9 and 
10.4, respectively, for the equilibria in Scheme 1. 

Equilibration Kinetics 
The rates of equilibration of 1 with A and B were ob- 

served by mixing aqueous solutions of 1 (pH -7) with 
buffers of ionic strength 0.2 at 2S°C in a Durrum-Gibson 
stopped-flow spectrophotometer. The equilibration of 1 
with A was followed at 272 and 305 nm. At 272 nm, the 
absorbances of A and B are approximately equal and are 
also approximately 10% of the absorbance of 1 at this 
wavelength. Plots of log ( A  - A,) against time were 
linear over more than three half-times at p H  < 9.5 and 
were linear for 2-3 half-times at p H  > 9.5. The devia- 
tions from strict first-order kinetics after 3 half-times at 
p H  > 9.5 is presumably due to the equilibration of A 
with B. Pseudo first-order rate constants (kAOb,) were 
calculated from the linear region of the log ( A  - A,) us. 
time plot. At 305 nm, A ,  could not be obtained directly 
at p H  > 9.5 because of the large difference in absorbance 
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intensities of A and B at this wavelength. In this case, A, 
was calculated from the estimated extinction coefficient 
of A at 305 nm based on the calculated spectrum in 
Fig. 2. Values of kAOb, estimated in this way at 272 nm 
and 305 nm are in close agreement (Fig. 5). 

Rates of equilibration of 1 and A with B were followed 
at 500nm where neither 1 nor A has any significant 
absorbance. Values of the pseudo first-order rate con- 
stant kBOb, were estimated from the slopes of log (A, - 
A) us. time plots. 

Decomposition Kinetics 
Rates of decomposition of both 1 and 2 were deter- 

mined spectrophotometrically at 25°C in buffer solutions 
of ionic strength 0.1. For 1, the reaction was followed at 
304 or 310nm for p H  < 11, and at 500nm for p H  > 11. 
Rates of decomposition of 2 were obtained at 390 nm, 
which is a peak in the pH-dependent spectrum of 2. This 
decrease in absorbance at 390nm in basic solution, 
closely parallels the spectral change of acidified solutions 
of partially decomposed 2. Pseudo first-order rate con- 
stants (kdec) were calculated for both 1 and 2 from the 
slopes of linear plots of log (A - A,) us. time. 
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Structure and synthesis of a new cyclopentenone derivative from 
Trichoderma album 
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GEORGE M. STRUNZ, WU-YUN REN, MERLYN A. STILLWELL, and ZDENEK VALENTA. Can. J. 
Chern. 55, 1610 (1977). 

A dextrorotatory product isolated from cultures of Trichoderma album has been identified 
as 5-hydroxy-3-methoxy-5-vinyl-2-cyclopenten-l-one, and a synthesis of the latter in racemic 
form is described. The possibility that this compound might be an artifact produced during the 
isolation procedure, rather than a true metabolite, is not excluded. 

GEORGE M. STRUNZ, WU-YUN REN, MERLYN A. STILLWELL et ZDENEK VALENTA. Can. J. 
Chem. 55, 1610 (1977). 

Un produit dextrogyre isolt des cultures du Trichoderma album s'avkre etre l'hydroxy-5 
methoxy-3 vinyl-5 cyclopent-2 tm-1 one et on dkcrit la synthkse de celui-ci sous forme racemique. 
On n'a pas tlimine la possibilitt que ce compost soit un artefact produit au cours d'isolement 
au lieu d'un vrai mktabolite. 

Trichoderma album, in plate culture, exhibits ferred. The base peak in the mass spectrum, at 
antagonism to a variety of  microorganism^.^ m/e 55, corresponding to the ion (C3H30)+ pro- 
This prompted us to examine products extracted vides support for this structural feature. 
from the filtrates after growth of T. album in The combined spectral data can be accom- 
liquid-shake culture. From chromatography of modated by either of the isomeric structures 1 or 
extracted material, we have obtained, in low 2. (The geminal protons on the ring appear in the 
yield, a new optically active cyclopentenone 
derivative, C,H,,O,, the structure determination 
and synthesis of which are described herein. 

The compound displays ir absorption (CHCl,) 
at 1700 and 1592 cm-I (strong), and a uv chro- 
mophore h,,,(CH,OH) at 243 nm ( E  15 600). 
These features, together with nmr signals corre- 
sponding to an olefinic hydrogen at 6 5.36 
(poorly resolved doublet, J - 1.5 Hz), and 
methyl ether protons at 6 3.95 (3H, s) are readily 
interpreted in terms of a 3-methoxy-2-cyclopen- 
ten-1-one system (1-3). Infrared absorption at 
3555 cm-I indicates the presence of hydroxyl 
functionality: the latter is further manifested as 

nmr spectrum as a two-proton doublet at 6 2.83 
( J  - 1.5 Hz).) 

The remaining structural ambiguity was re- 
solved by synthesis. structure 2 was selected as 
the initial synthetic target since it appeared that 
it should be accessible by reaction of the known 
compound 3 with a vinyl Grignard reagent. 
Accordingly, 3 was prepared (5, 6), via 1,2,4-cy- 
clopentane trione 4 (7), from diethyl acetone- 
dicarboxylate and diethyl oxalate. Reaction of 3 
with vinyl magnesium bromide in tetrahydro- 
furan (8) afforded a complex mixture of prod- 
ucts, possibly as a result of anion formation a t  
C-5 (5). The desired product 2 was, however, 

an exchangeable one-proton signal at 6 3.19 in obtained in 32% yield (not optimized) on 
the nmr spectrum. A three-proton multiplet at F changing the solvent to ether, in which both re- 
5.14-6.20 resembles closely the 11-peak pattern actants were but sparingly soluble., That the 
displayed by the vinyl hydrogens of 3-methyl-1- compound obtained from the T. album fermen- 
buten-3-01 (4), and the presence of a (tertiary) tation was not 2 was immediately obvious on 
vinyl carbinol system can accordingly be in- 

3The Grignard reagent was prepared in tetrahydrofuran 
'Author to whom correspondence should be addressed. in the normal manner (8): it was suspended in anhydrous 
2J. L. Ricard: personal communication. We thank ether after removal of the former solvent (nitrogen 

Dr. Ricard for providing a culture of T. album. stream). 
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STRUNZ ET AL. 261 1 

comparison of their spectra (see Experimental). 
Thus, for example, though the nmr spectra 
showed some similarities, significant differences 
were evident in the signals corresponding to the 
C-2 vinyl proton, and the methylene protons 
(for 2, singlets at 6 5.33 and 2.68 ppm, respec- 
tively). 

While 3, derived from the more favorable 
enolic form of 4, is the sole product (80%) re- 
ported from acid-catalyzed reaction of the latter 
with methanol (6), it appeared that similar 
treatment of 2 might give rise to an equilibrium 
mixture containing both 1 and 2. In the event, 
when 2 was set aside at ambient temperature in 
methanol solution containing a catalytic quan- 
tity of sulfuric acid, tlc analysis revealed the 
gradual formation of a second, more polar prod- 
uct. After 4 h, 69 mg of 2 and 45 mg of 1 were 
recovered, starting from 150 mg of the former. 

Comparison of solution spectra and tlc be- 
havior of synthetic 1 thus prepared, with those 
of the T. album product established their identity. 
A biosynthetic pathway to 1 might comprise 
cyclization of a tetraketide precursor to a six- 
membered (orsellinic acid-type) intermediate, 
with subsequent loss of carboxyl, oxidation, 
and ring contraction. 

The possibility that 1 could be an artifact pro- 
duced from a metabolite during the isolation 
procedure was considered, on comparing its 
chromatographic characteristics with those of 
the crude extracts from which it was obtained. 
Since production of 1 has not been observed in 
subsequent fermentations, we have, as yet, no 
further evidence relating to the question of its 
authenticity as a 'true natural product'. 

Bioassays, using the disc method, showed 
that 1 was devoid of antif~~ngal activity against 
test organisms sensitive to  the crude T. album 
extracts. 

Experimental 
Melting points were determined on a hot-stage appa- 

ratus and are uncorrected. Infrared and ultraviolet spectra 
were recorded on a Beckman Acculab 2 and a Perkin- 
Elmer 402 spectrophotometer, respectively. Nuclear mag- 
netic resonance spectra were obtained for solutions in 
deuterochloroform using a Varian T-60 intrument, with 
tetramethylsilane as internal standard. Preparative thin 
layer chromatography was carried out on 0.5 mm layers 
of silica gel GF-254 (E. Merck); bands were detected by 
viewing under uv light (254 nm). 

Isolation of 5-Hydroxy-3-methoxy-5-vinyl-2-cyclopenten- 
I-one, I 

Material extracted with chloroform from filtered cul- 
ture medium4 that had supported growth of T. album 
(liquid shake culture, temperature ca. 15°C) for 3 weeks, 
was passed through a short column of silica gel using 
chloroform as eluent. After removal of solvent in vacuo, 
the residue was chromatographed on preparative layer 
plates of silica gel (benzene-acetone, 4:l). A distinct 
band at R, ca. 0.5 was isolated by extraction with meth- 
anol. On rechromatography using the same system, the 
principal band appeared to have shifted to lower R, 
(artifact?). The yield of crystalline product, 1, obtained 
from this band was less than 1 mg per litre culture me- 
dium. After crystallization from ether-n-hexane, 1 was 
sublimed at 0.1 Torr to give colorless crystals, mp 75- 
77°C; [a], + 63" (c 0.741 g/100 ml methanol); cd (7.433 x 

M in methanol, 1 mm cell) h nm (AE): 335(0), 281 
(+2.36), 263 (O), 238 (+4.32), 219 (O), <219 (negative); 
ir (KBr) inter alia 3400 (br), 3080, 2990, 2940, 2850, 1695, 
1575, 1355, 1250, 1190, 1110, and 975 cm-l; ir (CHCI,) 
3555, 1700, 1592 (s), and 1362 cm-'; uv h,,,(CH,OH) 
243 nm (E 15 600); nmr spectrum described in text; ms 
(peaks of relative abundance greater than 20%) mle 
154.0631 (73) (calcd. for C,Hlo03: 154.0630), 125(48), 
98(34), 97(26), and 55(100). 

Preparation of 4-Hydroxy-3-methoxy-4-vinyl-2-cyclo- 
penfen-I-one, 2 

Vinylmagnesium bromide was prepared in anhydrous 
tetrahydrofuran from magnesium turnings (300 mg: 
12.3 x lo-, g-atom) in the usual manner ( 8 r ~ h e  solvent 
was then removed with the aid of a stream of dry nitro- 
gen, and the solid residue was suspended in anhydrous 
ether (50 ml). To the stirred suspension of vinyl Grignard 
reagent (ambient temperature, nitrogen atmosphere) was 
added in several portions from a dropping funnel, 2-meth- 
oxy-2-cyclopentene-l,4-dione, 3, (1 g, 7.93 mmol) (5-7) 
suspended in ether (20 ml). The mixture was stirred under 
the same conditions for 4 h, after which saturated am- 
monium chloride solution was added. The material ob- 
tained on work-up (extraction with ethyl acetate etc.) 
was subjected to chromatography on preparative layer 
plates of silica gel (benzene-acetone 7 : 3), affording 98 mg 
of the cyclopentenedione starting material and 387 mg 
(32z) of 2. 

The product, 2, was a colorless gum, ir (neat film) inter 
alia 3380 (br), 3100, 3020, 2990, 2950, 2850, 1690, 1600, 
1332, 1252, 1206, and 1171 cm-'; uv h,,,(CH,OH) 238 
nm; nmr 6 2.68 (2H, s), 3.73 (lH, br, exchangeable) 3.90 
(3H, s), 5.33 (IH, s), and 5.14-6.23 (3H, m, cf. ref. 4); ms 
(peaks of relative abundance greater than 20%) m/e 

4The culture medium was the basal synthetic medium 
of Jennison et al. (9), but with sucrose as carbon source. 
Nitrogen was provided by L-glutamic acid. 
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154.0626(79) (calcd. for C8H1003 : 154.0630), 127(28), 
125(24), 109(57), 108(25), 97(23), 96(87), 95(29), 57(25), 
and 55(100). 

5-Hydroxy-3-methoxy-5-vinyl-2-cyclopenten-l-one, I ,  
Synthetic 

The cyclopentenone vinyl carbinol, 2, (150 mg, 0.97 
mmol) was dissolved in anhydrous methanol (30 ml), and 
concentrated sulfuric acid (2 drops) was added. The pale 
yellow solution was stirred at 21°C for 4 h. It was then 
poured into dilute sodium carbonate solution, and ex- 
tracted thoroughly with ethyl acetate. The extracts were 
washed with brine, dried over magnesium sulfate, and 
evaporated. Preparative layer chromatography of the 
residue on silica gel plates (benzene-acetone, 7 : 3) afforded 
starting material, 2, (69 mg) and the isomer 1 (45 mg). 
After recrystallization from ether-n-hexane, 1 was ob- 
tained as colorless crystals, mp 65-67°C; ir (CHCl,), uv 
(CH30H), and nmr (CDCI,) spectra, as well as tlc be- 
havior identical with those of the Trichoderma product; 
ir (KBr) inter alia, 3360 (br), 3100,3025, 3005,2980,2950, 
2850, 1680, 1575, 1355, 1250, 1195, 1150, 975, and 815 
cm-I; ms, mle 154.0622; calcd. for C8H1003, 154.0630. 
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In Table 1, the elements for which analyses are given should be in the order Cu, X, C,  H, N. 
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M. S. EL-EZABY, M. A. EL-DESSOUKY, and N. M. SHUAIB. Can. J. Chem. 55,2613 (1977). 
The interactions of Ni(I1) and Co(I1) with 2-pyridinecarboxaldehyde have been investigated 

in aqueous solutions at p = 0.10 M ( K N 0 , )  at 30°C. The stability constants of different 
complex equilibria have been determined using potentiometric methods. Spectrophotometric 
methods were also used in the case of the nickel(I1) - 2-pyridinecarboxaldehyde system. It was 
concluded that nickel(I1) and cobalt(II), analogous to copper(II), enhance hyrdation of 
2-pyridinecarboxaldehyde prior to deprotonation of one of the geminal hydroxy groups. Com- 
plex species of 1 : 1 as well as 1 : 2 metal ion to ligand composition exist under the experimental 
conditions used. 

M. S. EL-EZABY, M. A. EL-DESSOUKY et N. M. SHUAIB. Can. J. Chem. 55,2613 (1977). 
On a etudie, en solutions aqueuses, a une valeur de p = 0.10 M d e  (KN03)  et a 30°C, les inter- 

actions du nickel(I1) et du cobalt(11) avec le pyridinecarboxaldehyde-2. On a determine, faisant 
appel a des methodes potentiomttriques, les constantes de stabilitk des equilibres des differents 
complexes. On a aussi utilise des mkthodes spectrophotometriques dans le cas du systeme 
nickel(I1) pyridinecarboxaldthyde-2. On en conclut que le nickel(l1) et le cobalt(lI), comme le 
cuivre(II), augmentent I'hydratation du pyridine - carboxaldehyde-2 avant la deprotonation 
de I'un des groupes hydroxy gemints. Des especes complexes de composition ion mttallique/ 
ligand de 1 : 1 de m&me que 1 : 2 existent dans les conditions experimentales utilisees. 

[Traduit par le journal] 

Introduction 
Although few reports discuss the complex 

formation of aldehydic compounds with metal 
ions, they are involved in Schiff bases metal 
complexes (1). Their importance cannot be 
overshadowed in many biological processes. 
Pyridoxal and pyridoxal phosphate, a well 
known 4-pyridinecarboxaldehyde derivative, in 
the presence of metal ions was shown to catalyze 
model reactions in vitro alone by enzymes in 
vivo (2). 

In spite of the fact that some metal ions form 
quite stable complexes with some pyridineal- 
doximes (3), reports on the interaction of 

ITo whom correspondence should be addressed. 
'Revision received March 7, 1977. 

pyridinecarboxaldehydes with metal ions are 
scarce. The hydration of 2-pyridinecarboxal- 
dehyde is facilitated in aqueous solutions by 
metal ions and, furthermore, one of the geminal 
hydroxy groups is easily deprotonated by form- 
ing a 5-membered chelate (4-6). In this work, 
we report the interaction of nickel(I1) and 
cobalt(I1) ions with 2-pyridinecarboxaldehyde. 

Experimental 
Materials 

2-Pyridinecarboxaldehyde (2PA) was obtained from 
Fluka, and was redistilled under a reduced pressure of 
nitrogen and stored in dark at  0°C. Stock solutions of 
1.0 M of the compound in 1.0 M HCI or 1.0 M HNO, 
were stored at 0°C in dark and were stable by uv spectral 
criteria (h,,, 235 nm (E,,,, = 6.1 x lo3) for equilibrated 
aldehyde + hydrate, p H  6-10, p = 0.5 MKCI)  over a 
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TABLE 1. Protonation constants of 2-pyridinecarboxaldehyde and the stability constants 
of its complex reactions with Ni(I1) and Co(I1) metal ions, at 30°C, according to eq. 3 

(s is the standard deviation) 

Stoichiometric coefficients 
Number of titration 

4 j k M2 + log P + s points 
- 

1 0 - 1 - - 1 2 . 6 1 ' ~ ~  
1 0 1 - 3.29 0.01 98 
1 1 - 1 Ni -5.34 0.03 144 
1 1 - 2 Ni -13.85 0 .02 144 
1 1 - 3 Ni -24.74 0.08 144 
2 1 - 2 Ni -10.99 0.09 69 
1 1 0 Ni 1.23b 0.14 60 
2 1 0 Ni 1 .73b 0.10 60 
1 1 - 1 CO -6.02 0.01 230 
1 1 - 2 CO - 17.42 0 .04 183 
2 1 - 2 CO -14.28 0 .02 230 
1 1 - 1 CU" -1.94 
1 1 - 2 CU" -8.56 
2 1 - 2 CU" -4.72 
1 1 0 Cua 2.94 
2 1 0 cua  4.75 
3 1 0 Cua 6.32 
4 1 0 Cua 8.52 

nReference 4. 
bValues obtained from spectrophotometric methods. 

period of a month. The concentration of the stock 
solutions of NiCI, or Ni(N03), and C O ( N O ~ ) ~  were 
checked complexometrically by EDTA titrations. 

Radiometer pHmeter model 63 (accurate to f 0.01 p H  
units) provided with combined glass electrode type 
GK (301 c) was used to record the hydrogen-ion con- 
centration. The titrations were carried out in 25 ml 
thermostated cell. Sodium hydroxide carbonate-free 
titrant (0.102 M )  was added in small increments through 
Metrohm Herisau Multi-Dosimat E 415 microburette 
accurate to + 0.005 ml. The p H  meter was calibrated as 
previously reported (7). 

spectrophotometric measurements in the visible 
region (wavelength range 450-700 nm) were recorded 
on a Unicam SP 8000 double-beam spectrophotometer. 
The instrument was calibrated as described previously (7). 

All p H  metric and spectrophotometric measurements 
were taken at 30°C. The ionic strength was 0.10 M K N 0 3  
in potentiometric work and 0.5 M KC1 in the case of 
spectrophotometric study. In potentionletric study, 
solutions of different metal ions and ligand concentra- 
tions were used in the p H  range 2.75-1 1.00. The metal 
ions concentrations were in the range (1.0-4.0) x M 
and that of the ligand in the range of (1.0-6.0) x M. 
In spectrophotometric work, the range of concentrations 
of nickel(I1) ions was (0.006-0.015 M) and that of ligand 
was (0.1-0.5 M). 

Results 
Pyridinecarboxaldehydes may exist in different 

forms in aqueous solutions at various p H  values. 
The equilibrium reactions which involve these 
species and their corresponding protonation 
constants are represented as follows: 

where HP.H20f ,  P.H20, and POH- are the 
hydrated species of the protonated and depro- 
tonated species and the deprotonated form of 
the hydrated species, respectively. The protona- 
tion constants plOl ' and 8, ,,'can be determined by 
spectrophotometric methods (4). The protonation 
constant K ,  can also be determined by potentio- 
metric methods (4). The values of the constants 
are listed in Table 1. 

The titration curves of the 1 : 1 ligand to metal 
ion ratio show sharp inflection at a = 1 (pH 
range 5.0-7.0), Fig. 1, coinciding with that of 
ligand indicating that complex formation did 
not occur at p H  values lower than -7.0. An 
inflection point, however, occurs at a -- 3.0 in 
Ni system and 2.5 in Co system which may 
indicate that a 1 : 1 complex in addition to a 
hydrolysable complex species may exist.Titration 
curves of other mole ratios indicated that 1 : 2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



EL-EZABY ET AL 

FIG. 1. The dependence of a (the ratio of moles of base to moles of ligand) on pH. (A) Ni(I1)-2PA 
system; (B) Co(I1)-2PA system. 

complexes may occur with little possibilities of QUAD 75 have been used to test different 
forming other higher complexes or even hydroly- models. Initially guessed values of stability con- 
sable species, Fig. 1. stants pqj, for the following generalized reaction 

The color of the solutions of Ni(I1)-2PA and are subjected to refinement 
Co(II)-2PA changed during titration from light 

[31 qP.H20 + jM2+ + kH+ = (P,H20), MJ(H),2~+k 
green to light blue in the case of the former and 
purple to orange in the case of the latter. Slight The model which gave the best fit is 
precipitation occurs at p H  values greater than [41 P.H20 + MZ+ + (POH)M+ + H +  
10.5, particularly in solutions of low ligand 
to metal ions ratios. [5] P.H20  + M2+ + H ~ O  +(PoH)MOH + 2H+ 

Titration data of the I : 1 ligand to metal ions 
ratio have been treated alone to describe [6] P.H20  + M2+ + 2H2O+ (POH)M(OH)2- + 3H+ 

different equilibria in solutions. Programme The MINIQUAD log Pqj,'s for the above 
MINIQUAD and its modified versions MINI- model reactions are listed in Table 1. The 
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addition of one extra species or different model 
other than those shown above leads to an 
increase in the crystallographic R factor, greater 
X2 value, or both. Equilibrium reactions 4,5, and 
6 have shown to occur only in Ni-2PA system 
while 4 and 5 only occur in Co-2PA system. 

Titration data for other greater ligand to 
metal ions mole ratios indicated that only 2: 1 
complex species is further formed in solution. 
The equilibrium reaction which describes the 
experimental data is 

The MTNIQUAD log pqjk's for Ni(11) and Co(1I) 
systems are depicted in Table 1. The distribution 
diagram of the systems Ni(11)-2PA and Co(11)- 
2PA are shown in Fig. 2. 

Ni(I1)-2PA has been studied also by spectro- 
photometric methods. Figure 3 shows the spectra 
of Ni(1I)-2PA system at different pH  values in 
the wavelength range 450-700 nm. The band 
maxima shifted gradually to lower wavelengths 
as the pH  increases. Isosbestic point is observed 
at h 660 in the pH  range 6.0-8.0. By using 
graphical methods (9), it was found that two 
absorbing species are present in the p H  range 
2.0-5.0 and 7.1-9.5. The p H  dependence of 
absorbance (at a particular wavelength) on the 
initial concentrations of both metal ions and 
ligand is shown in Fig. 4. A unique formation 
curve was obtained when the average molar 
absorptivity (= A,/I TM) (where A,, TM,  and 1 are 
the absorbance, total metal concentration, and 
light path length, respectively) was plotted 
against - log [P.H20] in the p H  range 1.5-3.5, 
Fig. 5. The concentration of the free ligand, 
P.H20, was calculated by making use of the 
following equation 

Where kl  is the stepwise dissociation constant of 
the protonated ligand and T, is the total ligand 
concentration. The absorbance data were 
analysed by the least-squares procedures. The 
sum of the squared deviations, s, 

P" 

FIG. 2. Distribution of complex species. ( A )  Ni(I1)-2PA 
system; (B) Co(I1)-2PA system. 

(where E,, p,, N, are the molar absorptivity of 
the nth species, the overall stability constant, and 
number of experimental points) is minimized 
with respect to the average molar absorptivity. 
Initially guessed values for the stability con- 
stants are usually made to solve for the n + 1 
unknown by Gauss-Jordan elimination method. 
The method of steepest descents (10) is used to 
optimise the values of the stability constants to 
reduce s. The molar absorptivities and the sum 
of the squared residuals are then recalculated. 
The whole process may be repeated till refined 
p's could be obtained from the initial guesses. 
The plot of s us. Pn or log p, gives the optimum 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



EL-EZABY ET AL. 2617 

0.01 I I 
500 600 700 

A , n m  

FIG. 3. The spectra of Ni(I1)-2-pyridinecarboxaldehyde 
system at different pH values. 

FIG. 4. The absorbance of Ni(I1)-pyridinecarboxalde- 
hyde system as functions of pH at h 600 nm. 

value of p, which can be used to get P, (7). Initial 
guesses for the stability constants of the following 
reactions 

FIG. 5. The formations curve of Ni(I1)-pyridinecar- 
boxaldehyde system as functions of P.H,O species. 

the above procedure using programme MONO- 
NUC (11). Table 2 shows the values of the 
refined p's. Back calculations of the L from the 
obtained p's were in good agreement with the 
observed values within the allowed limits of 
experimental errors. At p H  higher than 6 the 
absorbance is dependent upon p H  when the 
metal concentration was kept constant while 
varying the initial concentration of the ligand, 
Fig. 4. This behaviour may be attributed to the de- 
protonation of the complex species Ni (P.H20)22f 
as the p H  increases, i.e., 

[lo] Ni2+ + P.H20 =$ NiP.H202+ [Ni(PH20)22f]  
p2 = [Ni(P0H),][Hf 1' 

[Ni P.H,O] 
= [ ~ i ,  '1 [P-H,O] The protonation constants of the complex 

species Ni(P.OH), can be calculated if first 
[I 11 Ni2' + 2P.H20 e Ni(P.H20),,+ estimates of the p,' and c0 call be determined at 

CNi(P.H,O),I 
a given wavelength using eq. 14 (7). 

"lo = [Ni2+][p-H2OI2 
C141 

- E =L-- A - Eo + ~ l P l [ H + l  
have been subjected to refinement according to 1% 1 + PI[H+I 
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TABLE 2. Summary of the values of log b' obtained from spectro- 
photometric methods for Ni(I1)-2PA system at h 600 nm 

T M X  10' TLx 10 log Pllo log ~ ~ Z I O  &I &2 

where E~ and E, are the molar absorptivities of 
Ni(POH), (they may be determined from the 
saturation value of absorbance in the p H  range 
9-10) and Ni(P.H,O)(POH)+ species. First 
approximations to E, and P, at the same wave- 
length were evaluated using eq. 15. 

where E, is the molar absorptivity of Ni(P.H,O), 
which was employed to refine P, and E, em- 
ploying eq. 16. 

The results were found to converge by the third 
cycle of iteration. The values of log P,' and log 
p,' are 9.52 and 16.95, respectively. 

Discussion 
Complexes of Ni(I1) and Co(I1) with 2-pyri- 

dinecarboxaldehyde seem to be facilitated by the 
formation of the stable five-membered ring 
chelates through N and 0 atoms of the ligand. 
The chelates formation enhances deprotonation 
of the hydrated species of 2-pyridinecarboxal- 
dehyde. The complex formation equilibria dis- 
cussed in the forementioned results can be 
written in another form 

[17b] M2 + + POH- + OH- e M(POH)(OH) 

[17c] M2+ + POH + 2 0 H -  * M(POH)(OH)2 

Table 3 lists the calculated values of the stability 
constants of these equilibria including those 
reported for copper(I1)-2PA system. It is clear 
that the order of complexing obeys the Irving- 
Williams series which, in turn, suggests high 

TABLE 3. Equilibrium constants for the equilibria 17 

Value 

Parameter Co2+ Ni2 + Cu2 + 

log Dl10 6 .52 7.26 10.67 
log I3210 10.94 14.23 20.50 
log 0 1 1 - 1  8 .94 12.51 17.80 
log B l  1 1  - 1.23 2 .72 
log B z l z  - 1.73 4 .75 

spin complexes in octahedral crystal field. How- 
ever, the data cannot be interpreted in terms of 
the formation of more than bis complexes with 
2PA. This conclusion strongly indicates that 
positive charge is essential for the complex 
species to attract another ligand species. In other 
words, neutral bis complex is incapable to 
deprotonate further a ligand species, P.H,O, to 
form a tris chelated complex. However, the 5th 
and 6th coordination sites may be coordinated 
to the neutral ligand species, P.H,O, or most 
probably to water molecules. 

The enhanced deprotonation of hydrated 
species of 2-pyridinecarboxaldehyde may give 
the notion that metal complexes with pyridinic 
nitrogen can also facilitate deprotonation of one 
of the geminal diol of aldehyde group in either 
the meta or para position of pyridine. In current 
studies on the interaction of 6pyridinecarboxal- 
dehyde with amphetamine, it was found that 
metal ions, specially Cu(II), facilitate rapid con- 
densation reactions at the ketone moiety at 
p H  5.0, a process which cannot be rapidly 
formed at pH's lower than 8 in the absence of 
metal ions (12). This kind of complex formation 
may raise the question of the possibility of other 
aldehydic compounds containing groups of 
complexing properties such as NH,, OH . . . etc., 
to behave more or less in a similar manner. 
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Ammonium fluorolanthanates: solid state synthesis, infrared spectral and X-ray 
diffraction data 
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KRISHNAN RAJESHWAR and ETALO A. SECCO. Can. J. Chem. 55,2620 (1977). 
Solid state synthesis of thirteen ammonium fluorolanthanates is reported. Two main types of 

fluorolanthanates appeared in the primary synthesis reaction, viz. NH4LnF4 and (NH4)3Ln2F9. 
The final decomposition product of the fluorolanthanates is LnF3 with NH4Ln2F, appearing 

as an intermediate in (NH4)3Ln2F9 decomposition. 
Infrared absorption spectra and X-ray diffraction data for the stable fluorolanthanates are 

presented. 

KRISHNAN RAJESHWAR et ETALO A. SECCO. Can. J. Chem. 55,2620 (1977). 
On rapporte la synthkse a 1'6tat solide de 13 fluorolanthanates #ammonium. I1 semble qu'il 

y a deux types principaux de fluorolanthanates qui apparaissent dans la reaction primaire de 
synthtse soit NH4LnF4 et (NH4),Ln2Fg. 

Le produit de decomposition final des fluorolanthanates est LnF, alors que NH4Ln2F, 
apparait comme un intermediaire dans la dCcomposition de (NH4),LnTFg. 

On prksente des spectres d'absorption infrarouge et des donnees de diffraction de rayons-X 
pour les fluorolanthanates stables. 

[Traduit par le journal] 

Introduction heating trace after ignition. NH4F was Fisher Certified 
grade. 

fluOrO1anthanate is a stable source Each Ln203-NH4F reaction mixture was thoroughly 
of anhydrous lanthanide fluoride (1); also it is a mixed and ground in a mortar. An excess of NH4F, 15: 1, 
member of a family of compounds exhibiting the was used to ensure the fluorolanthanate with the highest 
novel property of an "up-converter~ phosphor NH4F:LnF3 ratio expected. The mixture contained in a 

(2). 
covered Pt crucible was heated in a sealed oven, whose 
temperature was controlled within + l0C, in the range 

The synthesis of ammonium fluorolanthanate 130-150°C for a period 1-3 days. The progress of the 
in liquid medium has been reported (1, 3): reaction was noted by monitoring the weight loss as a 
aqueous solution precipitation yields the hydrate function of anneal time. Completion of reaction was 
while attempts to obtain the anhydrous indicated by a gravimetric arrest and the absence of any 

property (X ray, DTA, etc.) characteristic of the reac- 
pounds in non-aqueous media have tants. This gravimetric value was compared with the 
successful. Recently the feasibility of "dry theoretical value from the expected reaction scheme. The 
method" synthesis of anhydrous fluorolantha- validity of the reaction scheme was confirmed by the 
nate, u jz .  solid state reaction of L~,o,  and decomposition behavior of the isolated intermediate 

compounds and the internal consistency of the experi- 
NH,F had been shown (4). This paper is a more nlental results. 
comprehensive report on the "dry method" Thermal analyses (DTA, TG, DTG) were done with the 
synthesis of a new series of ammonium fluoro- instrumentation and platinum-ware already described 
lanthanates along with their physico-chemica~ (5, 6).  X-Ray powder diffraction patterns were obtained 

and structural properties. attempt is made to according to the procedure reported (7). Infrared spectra 
of the samples were recorded on Perkin-Elmer Model-180 

correlate the observed trends in behavior with instrument using Nujol and fluorocarbons as mulling 
lanthanide ion size. agents (8). 

Experimental Results 
La203, Pr203, SmZ03, GdzO3, Dy203, and YbzO3 The observed and theoretical quantitative 

were supplied by ~ l f a  Inorganics Inc., MA, U.S.A. while results for the various fluorolanthanates are 
Nd203, Eu203, Tb203, H0203, Tm203, L~2°3, and tabulated in ~ ~ b l ~  1.2  F~~~ these results the Y20q were obtained from American Potash and Chem~cal 
tori., IL, U.S.A.; the stated purities ranged from 99.9% 
to 99.999%. Each oxide was ignited to 800°C before using; 2Photocopies of Tables 1, 2, and 3 may be obtained, at 
no thermal effect was observed up to 850°C in the DTA a nominal charge, from the Depository of Unpublished 

Data, CISTI, National Research Council of Canada, 
'To whom correspondence should be addressed. Ottawa, Canada KIA OS2. 
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reactions may be classified into two groups: I 
Group A 
[ll Ln203(,) + nNH4F(,) -* 2NH4LnF4(,) 

+ (n - 2)NH3(,) + (n - 8)HFcg) + 3HzO(g) 

where Ln = Pr, Nd, Sm, Eu, Gd, and Tb for 
n 2 8; 

Group B 
[21 Lnz03(,) + nNH4F(,) + (NH4)3Ln2F9(s) 

+ (n - 3)NH3(,) + (n - 9)HF(,, + 3HzO(,) 

where Ln = Dy, Ho, Er, Tm, Yb, Lu, and Y for 
n 2 9. 

In addition to the above reaction equations, . 
the unusual behavior of the La203-NH4F reac- TEMPERATURE ( OC 

tion is to be noted where the stable solid product 
is a 1 : 1 mixture of NH4LaF4 and LaF, which 
results from the disproportionation of the un- 
stable intermediate NH4La,F7, viz. 

for n 2 7, and 

Thermal Analyses 
Group A 
The results on NH4LnF4 compounds, Table 2, 

are placed with the Depository of Unpublished 
Data.' NH4PrF4 is described below as a typical 
member. 

T E M P E R A T U R E  ( OC 1 
DTA, TG, and DTG curves for NH4PrF4 are 

given in Fig. lA, traces a, b, and c, respectively. FIG. 1. ( A )  Thermal analyses traces for NH,P~F,; 

A single step endothermic decomposition is (B) thermal analyses traces for NH4LaF4.LaF,. 

observed, i.e. 

[41 NH,P~Fw + PrF,,,) + NH3(,) + HF,,) 

The calculated weight loss of 15.8% agrees with 
the observed 16.0%. The solid product PrF, was 
confirmed by its characteristic X-ray diffraction 
(94.  

DTA, TG, and DTG traces for the La com- 
pound are given in Fig. 1B. The DTA trace 
reveals two endothermic effects assigned to [3b] 
and [3c], 

[3cl NH4LaF4(,) + LaF3(,) + NH3(,) + HF,,) 

The TG heating curve of the unstable inter- 
mediate showed a single step [3c] since [3b] does 
not involve a weight change. The arrest in the 
isothermal-time gravimetric experiments corre- 
sponded to 38.7% weight loss which is consistent 
with the loss of 38.4% calculated for n = 10 

according to [3a]. The observed weight loss of 
8.2% agrees with the calculated loss of 8.6% 
from [3c]. 

Group B 
The experimental data on (NH4),Ln2F, and 

NH4Ln2F7 compounds, Table 3, are placed with 
the Depository of Unpublished Data.' The 
dysprosium compound is described below as 
representative of this group. 

Figure 2A includes the DTA, trace a, TG, 
trace b, and DTG, trace c for (NH4),Dy2F9. 
Two step decomposition is observed in accor- 
dance with [5a] and [5b], 

Heating (NH4),Dy,F9 at 230°C permitted the 
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TABLE 4. Infrared absorption frequencies of NH4LnF4 compounds (cm-I)" 

Compound 

'vs, very strong; s, strong; m, medium; w, weak; b, broad; sh, shoulder; sp, sharp. 
bData taken from ref. 12. 
=Data taken from ref. 14. 

T E M P E R A T U R E  (OC 1 

FIG. 2. (A) Thermal analyses traces for (NH4)3DyZF9; 
(B) thermal analyses traces for NH4Dy,F7. 

isolation of NH4Dy,F7. Thermal analyses 
traces on NH4Dy2F7, Fig. 2B, confirm reaction 
[5b]. DyF, was confirmed by X-ray powder 
diffraction (9b). 

There was no evidence for the postulated 

ammine intermediates (I), viz. YF,.+NH, and 
ErF,.+NH,, during the thermal decomposition 
of (NH4),Y2F9 and (NH4),Er2F9, respectively. 

Infrared Spectral Data 
The infrared spectral results for NH4LnF4, 

(NH4),Ln2F,, and NH4Ln2F7 are presented in 
Tables 4, 5, and 6 ,  respectively. The number of 
active modes and their absorption frequencies 
display an internal consistency within each 
series. The assignments are based on the data of 
known ammonium fluorometallates. 

The sequence of spectra for each fluorolantha- 
nate, on stepwise heating to its decomposition 
temperature, reveals the progressive disappear- 
ance of bands characteristic of NH4+ leading to 
the final spectrum of Ln-F band characteristic 
of LnF,. 

X-Ray Dzffraction Data 
The X-ray powder diffraction data for 

NH4LnF4, (NH4),Ln2F9, and NH4Ln2F7 are 
tabulated in Tables 7, 8, and 9, respectively. The 
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TABLE 5. Infrared absorption frequencies of (NH4),Ln2F9 compounds (cm-')" 

NH4+ LnFs2 - 
- - 

Compound V4 V4 + V6 2 ~ 4  V2 + V4 V 3  V 4  V 3  

1403(s) 
1427(s) 

(NH4)3YzFg.H2Od 1463(m) - 292(s) 422(w) 
2900(m) 3062(s) 3188(m,b) 3216) 451(w) 

1471(m) 354(s) 

.vs, very strong; s, strong; m, medium; w, weak; b, broad; sh, shoulder; sp, sharp. 
bData taken from ref. 15. 
=Data taken from ref. 16. 
*Data taken from ref. 1.  

TABLE 6. Infrared absorption frequencies of NH4Ln2F7 compounds (em-')" 

Compound V4 V4 + v6 2 ~ 4  V2 + V4 V 3  V4 V3 

. . 

"vs, very strong; s, strong; m, medium; w, weak; b, broad; sh, shoulder; sp, sharp. 
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TABLE 7. X-Ray diffraction data for NH4LnF4 compoundsn 

NH4PrF4 NH4NdF4 NH4SmF4 NH4EuF4 NH4GdF4 NH4TbF4 

OCuKu radiation. 

TABLE 8. X-Ray diffraction data for (NH4)3Ln2F9 compoundsa 

-- -- 
d(A) 1/10 d(A) 1/10 d (A) 1/Z0 d(A) {/lo d(A) 111, d(A) z/zo d (A) 111, 

"CuKu radiation. 
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RAJESHWAR AND SECCO. 1 

TABLE 9. X-Ray diffraction data for NH4Ln2F7 compoundsa 

NH4Dy2F7 NH4H02F7 NH4Er2F7 NH4Tm2F7 NH4Yb2F7 NH4LuZF7 NH4Y2F7 

d(A) 1/10 d (A) 1/10 d(A) 1/10 d (A) 1/10 d(A) 1/10 d (A) 1/10 d (A) 1/10 

number of active planes and their distances 
exhibit internal consistency within each series. 
However, the NH4LnF4 series reveals a distinc- 
tion between Ln = Pr, Nd and Ln = Sm, Eu, 
Gd, Tb. Indexing the X-ray diffraction data by 
the Hesse-Lipson method (17, 18) shows 
a hexagonal system fit for NH4NdF4 and 
NH4PrF4 with unit cell dimensions a = 9.56 A 
and c = 12.37 A and a = 9.61 A and 12.45 A, 
respectively. On the other hand, NH4SmF4 and 
NH4GdF4 were indexed to  the cubic system 
with a = 11.80 A and 11.76 A, respectively. 

The close similarity of the diffraction data for 
the (NH4),Ln2F9 series suggests these com- 
pounds to be isostructural. (NH4),Yb2F9, 
selected as a representative member of this series, 
was indexed to the monoclinic system with unit 
cell dimensions a = 7.1 1 A; b = 7.3 1 A ;  and 
c = 12.54 A. 

The diffraction patterns for the NH4Ln2F7 
group of compounds also reveal an internal 
consistency associated with structural isotypes. 
The indexing of the diffraction data for 
NH4Dy2F7, selected as representative of this 
group, showed the best fit for a cubic system 
with a = 13.40 A. 

Discussion 
The members in the ionic radius range 1.35- 

1.55 A, La-Tb, formed only NH4LnF4 com- 
pounds; the members from Dy to Y, ionic radius 
1.58-1.69 A, yielded (NH4),Ln,F9 which in turn 
disproportionated to the corresponding NH4Ln2- 

F,. Our failure to detect certain (NH4),Ln2F, 
members, (NH4),Ln2Fl1 and NH4Ln3Fl, series 
reported elsewhere (1, 10) may be explained in 
terms of (i) the higher solid synthesis temperature 
exceeded the compound stability temperature 
and (ii) the stabilizing effect of the solvent on 
specific compound formation in wet synthesis. 

The known ammonium fluorolanthanates 
along with the ionic radius parameter p are listed 
in Table 10; p is defined as r N H 4 + / r M 3 + ,  where 
rNH4+  is the constant NH4+ radius and M3+ is 
the variable tervalent metal radius. The table 
reveals that lanthanides with p < 1.55 can form 

TABLE 10. Correlation of cation size with forma- 
tion of ammonium fluorolanthanates(II1) 

NH4F: LnF, ratio 
Ln3 + yNHa+/rLn3+ in compound 

'1This work. 
bReference 1. 
=Reference 10. 
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TABLE 11. Correlation of cation size with forma- 
tion of ammonium fluorometallates(I1I) 

NH,F: MFj ratio 
M3+ rNH4+/rLI13+ in compound 

Bi 1.490 l : l a  
In 1 ,765 1:1,  1:2 ,2:3 ,5:3 ,1:3b 
Sc 1.959 l : l ,  3: lC 
Fe 2.234 l : 1 , 3 : l d  
Ga 2.307 l : l ,  3: le  
Al 2.804 1 : l , 3 : l d  
B 6.217 1 : lf 

OReference 19. 
bReference 20. 
CReference 21. 
dReference 14. 
'Reference 22. 
JReference 12. 

NH,F : LnF, compounds in ratios of 1 : 1, 1 : 2, 
and 3: 2. For lanthanides with 1.55 < p < 1.69, 
a wider range of compounds, excluding 1 : 1 ratio, 
is in evidence. Table 11 lists other ammonium 
fluorometallates for comparison purposes. In3 + 

with p = 1.77 exhibits the widest range of com- 
pounds including 1 : 1 type. Bi3 + and B3 + with p 
values of 1.49 and 6.22, respectively, form only 
1 : 1 fluorometallate whereas the remaining M3+ 
elements with 1.96 < p < 2.81 form 1 : 1 and 3 : 1 
compounds. Two regions of stability for the 1 : 1 
compound in NH4F-MF, systems are noted, uiz. 
1.35 < p < 1.55 and p > 1.77; the 3 : l  com- 
pound is observed only for p > 1.77. 

Thoma (11) predicted ALnF, formation for 
1.40 > p > 0.77 and A3LnF6 formation for 
p > 1.43 in AF3-LnF, systems (A = alkali 
element). Obviously, the ammonium fluoro- 
metallates do not fit the simplified prediction by 
Thoma: hydrogen bonding from NH,' could be 
the critical factor responsible for the extensive 
range of stable composition in ammonium 
fluorometallates. 

The peak decomposition temperatures of the 
fluorolanthanates observed in this study along 
with NH,ScF, and NH4FeF4 are plotted 
against corresponding p values in Fig. 3. The 
thermal stabilities of NH,LnF, and NH4Ln2F7 
rise with increasing p value whereas (NH,),Ln2Fg 
becomes less stable at higher p values. The higher 
stability of NH4Ln,F7 relative to its parent 
(NH4),Ln2Fg is evident. The results also support 
the failure to observe NH,LnF, as a stable 
intermediate in the decomposition of its parent 
NH4Ln2F7. However, extrapolation of the linear 
dependence of the NH,Ln2F7 series to 
NH4La2F7 suggests that NH4LaF4 can be a 

FIG. 3. Plot of peak decomposition temperatures of 
fluorolanthanates versus p, ionic radius parameter. 

stable product of NH4La2F7 decomposition as 
observed. 

Hydrogen bonding in the ammonium fluoro- 
lanthanates is indicated in the infrared spectra by 
the splitting of the triply degenerate v4 of NH4+, 
the multiplicity of absorption peaks in 2900-3300 
cm-I regions and the appearance of the (v4 + v,) 
combination band (12). By analogy with Fe and 
A1 analogs (13, 14), the ammonium fluorolantha- 
nate structure may be visualized as layers of 
LnF, octahedra (built up by mutual sharing of 
corners and edges) with interleaving layers of 
NH, groups. The splitting of v3 and v, modes in 
the octahedral LnF,3- suggests a distorted con- 
figuration. It is to be noted that the triply 
degenerate v, does not split in NH4Ln2F,. A 
detailed discussion of these structures must 
await single-crystal structural data. 

NOTE ADDED IN PROOF : The assignment of 2300 
cm-I frequency to the combination v, + v, was 
questioned by one referee. We suggest therefore 
the combination band is more likely v, + v,, 
consistent with ref. 15. 
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calorimetry, and decomposition kinetics 
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KRISHNAN RAJESHWAR and ETALO A. SECCO. Can. J. Chem. 55,2628 (1977). 
The solid state reaction Eu203-NH4F leading to the formation of NH4EuF4 was studied by 

thermal analyses and X-ray diffraction. 
The heat of decomposition of NH4EuF4 and the kinetics of thermal decomposition of 

NH4EuF, are reported. 

KRISHNAN RAJESHWAR et ETALO A. S ~ c c o .  Can. J. Chem. 55,2628 (1977). 
On a ttudit, a l'aide d'analyses thermiques et de diffraction de rayons-X, la rtaction a l'ttat 

solide de Eu203-NH4F conduisant B la formation de NH4EuF4. 
On rapporte l'enthalpie de dtcomposition de NH4EuF4 et sa cinktique de dtcomposition 

thermique. 
[Traduit par le journal] 

Introduction 
The formation of ammonium fluorolanthanate 

as a stable intermediate was reported in the solid 
state reaction of Ln203-NH,F which yields 
LnF, as the final product (1, 2). No study has 
yet been reported on the steps leading to the 
fluorolanthanate formation and its subsequent 
mode of decomposition. 

This paper contains the results of thermal 
analyses, calorimetry, and thermal decomposi- 

Eu203 : NH4F, Fig. 1, reveals three endothermic 
effects. The first endotherm is attributed to over- 
lapping reactions, disproportionation of NH4F 
as reported (1, 5), and fluorination of Eu,O,, 
viz. 

[la1 nNH4F(,) * (n12)NH4HF2(,) + (n/2)NH3(g) 

and 

[lbl Eu203(,) + nNH4HF2(,) + 2NH4EuF4(,) 
+ (n - 2)NH3 + (n - 8)HF(,, + 3Hz0(,, 

tion kinetics on NH4EuF4, selected as a typical 
member of the NH4LnF4 series. where the symbols n, s, I ,  and g assume their 

normal usage. The second thermal effect is due 
Experimental to volatiliza~ion of unreacted bifluoride, i.e. 

The ELI203 used had a stated purity of 99.999% sup- [2] NH4HF2(1) G N H S ( ~ )  + 2HF(g) 
plied by American Potash and Chemical Corp., West 
Chicago, IL, U.S.A. and the NH4F was Fisher Certified which is confirmed by its peak intensity depen- 
grade. 

The procedure followed for the synthesis of ammonium 
tetrafluoreuropiate(II1) is described elsewhere (2). 

Thermal analyses (DTA, TG, DTG) were done with 
the instrumentation and Pt-ware already described (2). 

The heat of decomposition was determined using the 
DSC accessory to the duPont 990 Thermoanalyzer 
module; zinc fusion was used as standard. The specific 
heats of NH4EuF4 and EuF,, at constant pressure, were 
determined as a function of temperature using a sapphire 
disc as standard. Gold sample pans were used in DSC 
measurements. 

X-Ray powder diffraction patterns were obtained ac- 
cording to the procedure reported (3). Infrared spectra 
of the samples were recorded on Perkin-Elmer Model-180 
instrument using Nujol and fluorocarbons as mulling 
agents (4). 

Results and Discussion 
TEMPERATURE C OC ) 

The DTA heating trace for 1 : 10 molar ratio 
FIG. 1. Therinal analyses traces for 1 : 10 molar ratio 

'To whom correspondence should be addressed. EuZ03 : NH,F mixture. 
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dence on NH4F excess in the mixture. T G  and 
DTG traces, Fig. 1, exhibit the expected weight 
losses consistent with the assignments. 

The X-ray powder diffraction pattern of the 
residue after the second endothermic peak, 
180°C, is identified with the NH4EuF4 pattern 
(2). The diffraction pattern of the residue after 
the third endotherm is identified with EuF, in 
the orthorhombic modification (6). Infrared 
spectra of the residues are also consistent with 
the identification of NH4EuF4 and anhydrous 
EuF, (2) at the appropriate stages in heating. 
Accordingly, the third endotherm in DTA and 
the second peak in DTG traces are due to de- 
composition, viz. 

Figure 2 presents TG, DTA, and DTG heating 
traces a, b, and c, respectively, for NH4EuF4 
prepared under isothermal conditions (2). 

The AH of decon~position of NH4EuF4, reac- 
tion 3 in the range 235-265"C, is determined to be 
21.82 + 0.10 kcal/mol. Heat capacity measure- 
ments as a function of temperature indicate a 
heat capacity change of -0.004 kcal/mol deg 
associated with the decomposition, negligible 
within limits of the AH measurement. Using the 
literature values (7,s) for AH: of NH,(,,, HF(,,, 
and ELIF,(,,, that is, - 11.04 kcal/mol, - 64.80 
kcal/mol, and - 429 kcal/mol, respectively, the 
AH: of NH4EuF4(,, is computed as -526.6 
kcal/mol. 

The standard AH of reaction lc  is calculated, 

I 1 

TEMPERATURE ( O C  3 

FIG. 2. Thermal analyses traces for NH4EuF4. 

using literature data (9, 10) to be - 12.44 kcal. 
The absence of any exothermic effect in the DTA 
trace is due to the greater endothermic effect 
generated by reaction l a  with AH = -. + 16 
kcal. The first endotherm represents, therefore, a 
net thermal effect. Previous studies on arnmo- 
nium fluoride - metal fluoride complexes (1 1) 
have shown that thermal effects originating with 
NH4HF, formation frequently overshadow the 
effect arising from the actual con~plex formation. 

The standard enthalpy change for direct fluo- 
rination, reaction Id, uiz. 

shows a large positive value. The standard en- 
tropy changes for both [lc] and [Id] are assumed 
to be sufficiently positive at the reaction tem- 
perature to yield a negative free energy term to 
favor reaction lc, that is, formation of NH4EuF4 
intermediate. This interpretation suggests that 
NH4EuF4 resulting from the secondary reaction 
between EuF, and excess NH4F, i.e. 

is energetically unfavorable. 

Thermal Decomposition Kinetics 
The isothermal decomposition of ammonium 

tetrafluoroeuropiate(I1I) was studied in the 
range 160-225°C. The experimental fractional 
decomposition us. time (a - t) data were pro- 
cessed through all the known kinetic rate expres- 
sions. The a - t data, a 2 0.9 and over the 
temperature range studied, show the best linear 
relationship with the contracting-sphere equa- 
tion, Fig. 3. 

200 

T I M E  ( m ~ n  1 

FIG. 3 .  Plot of 1 - (1 - CX)''~ us. time. 
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2630 CAN. J.  CHEM. VOL. 55, 1977 

where "1/2 c" refers to a "half-crystal" site on 
the surface and "ad" refers to surface adsorbed 
state. The subsequent growth of the product 
layer of EuF, in a three dimensional manner 
follows. Support for eq. 6 and the proton- 
transfer step is based on the close correspondence 
of Ea for NH4EuF4 and ammonium perchlorate 
(14) where it is accepted that a proton-transfer 
step is operative in the perchlorate. 

8 n 

1 .  G. ADACHI, B. FRANCIS, K.  RAJESHWAR, E .  A. 
FIG. 4 .  Plots of log rate parameter us. 103/T (K). S ~ c c o , a n d  J. C.-S. WONG. 8th International Sym- 

posium on Reactivity of Solids, Gothenberg. 1976. 

The activation energy, E,, of 23 + kcal/mol 2.  K .  RAJESHWAR and E. A. S ~ c c o .  Can. J. Chem. This 
issue. 

is obtained from the slope of the Arrhenius plot, 3 .  E. A ,  sEcco. can. J. them. 42,2143 (1964). 
Fig. 4. 4 .  K. C. PATIL and E. A. S ~ c c o .  Can. J. Chem. 53,2426 

I I 1 "  

- 
Two additional independent evaluations of (1975). 

E,, ~ i ~ ,  4, yield values of 24 + 1 kcal/mol, from 5 .  H. REMY. Treatise on inorganic chemistry. Vol. 1 .  
Elsevier, London. 1956. p. 795.  

log t i p  (ti/, is half-life) 0s. 103/T(K) plot under 6 .  X - ~ a y  powder Data File, Am. Soc. Testing Materials 
isothermal conditions, and 26 + 2 kcal/mol, Index No. 5-0535. 
from log +IT2 US. 103/T(K) plot under continu- 7 .  M. A. MIKHAILOV, D. G. EPOV, V. I. SERGIENKO, E .  
ous, non-isothermal heating conditions where T G. RAKOV, and G. P. SHCHETININA. RUSS. J. 1norg. 

Chem. 18,794 (1973). is the peak temperature for the 'pecific heating 8 .  G, I. N o v l ~ o v  and 0. G. POLYACHENCK. RUSS. 
rate +, 2-50°C/min. The reproducible value for them. Rev. 33,342 (1964). 
E,, within experimental limits, obtained by three 9 .  C. E .  H~LLEY,JR.,E.J.HARBER,~R.,~~~F. B. BAKER. 
independent analytical methods establishes a Progress in the science and technology of the rare 
high confidence index for E,. earths. Vol. 3 .  Edited by L.  Eyring. Pergamon Press. 

1968. Chapt. 8 ,  p. 389. The cubic crysta1 structure NH4EuF4 may 10. R. C. WEAST (Editor). Handbook of Chemistry and 
be compared with its analogues NH4FeF4 and Physics. Chemical Rubber Co. Press, Cleveland, 
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JACOB J. HABEEB, LYNN NEILSON, and DENNIS G. TUCK. Can. J. Chem. 55,2631 (1977). 
Vanadium metal dissolves rapidly in a cell Pt/X2 in CH3CN/V (anode) (X = CI, Br, I) under 

applied voltages of 5-50 V. The solution phase yields crystalline VC1,. 2CH3CN, VBr2 . CH3CN, 
or VI,; the acetonitrile adducts decompose to VX, on heating in vacuo. Overall yields of VX,, 
based on weight of metal dissolved, are 80-90z. 

JACOB J. HABEEB, LYNN NEILSON et DENNIS G. TUCK. Can. J. Chem. 55,2631 (1977). 
Le vanadium mttallique se dissout rapidement dans une cellule PYX2 dans CH3CN/V 

(anode) (X = C1, Br, I) lorsque l'on applique des voltages de 5 a 50 V. De la phase liquide se 
forment le VC12.2CH3CN, VBrZ.CH3CN ou VI, a I'ttat cristallin; les adduits avec I'acttonitrile 
se dtcomposent en VX, par chauffage sous vide. Dans chaque cas le rendement global de VX,, 
bast sur le poids de mttal dissous, est d'environ 80 a 90%. 

[Traduit par le journal] 

Introduction 
Reviews of the chemistry of vanadium show 

that the lower oxidation states are the least acces- 
sible, and the chemistry of vanadium(I1) in par- 
ticular is relatively unexplored (1). Routes to this 
oxidation state is aqueous solution (2, 3) require 
the electrolytic or chemical reduction of vV, 
V'", or V"'. A number of preparations of anhy- 
drous VCl,, VBr,, and VI, have been reported 
(ref. 4, pp. 134-137); these have generally in- 
volved reduction of VX, with hydrogen at 
500°C, the reaction of VX, and HX (X = C1 
only) at 950°C, or the disproportionation of 
VX, at temperatures above 400°C. We now re- 
port that the acetonitrile adducts of VCl, and 
VBr, can be prepared in good yield at room tem- 
perature by -the electrochemical oxidation of 
vanadium metal in the presence of halogen in 
acetonitrile solution. The adducts are easily de- 
composed in vacuo to yield the parent dihalides. 
In the case of iodine, the method yields VI, 
directly. The preparative method is similar to 
that reported previously for complexes of in- 
dium f5), for anionic halogeno complexes of 
transition metals (6), and for organo-cadmium 
compounds (7). 

Experimental 
Materials 

Vanadium metal (99.7%) was supplied by Alfa Inor- 
ganic~ in the form of a rod, 5 mm diameter. Acetonitrile 
(reagent grade) was dried and redistilled before use. 
Halogens (reagent grade) were used as supplied. 

Voltages between 5 and 50 V (dc) were supplied from 
a Coutant 50150 power pack, delivering up to 50 V and 
0.5 A; any dc unit satisfying these conditions can be used. 

Electrochemical Procedure 
In a typical experiment, 50 cm3 acetonitrile containing 

lOmg of tetraethylammonium perchlorate and 2-3 g 
bromine (or iodine) formed the solution phase, which 
was deoxygenated by bubbling with nitrogen before elec- 
trolysis. In the case of chlorine, a stream of gas (-25 cm3 
per min) was bubbled through the solution together with 
diluent nitrogen. The vanadium anode had a surface area 
(in contact with the solution) of 1.5 cm2; the cathode was 
a coil of platinum wire (1 mm in diameter, 10 cm long). 
The electrodes were 1-2 cm apart. The voltage and cur- 
rent set out below are those actually observed in our ex- 
periments, and would no doubt be affected by changes in 
solution composition, etc. We have made no attempt to 
study the effect of such variables on the yield. 

Analytical Procedures 
Vanadium was determined by measuring the absorption 

at 450 nm following the addition of hydrogen peroxide 
(8). A standard solution was prepared by dissolving vana- 
dium metal in acid. 

Halogen was determined titrimetrically with potassium 
thiocyanate/silver nitrate, and by the Oakdale-Thompson 
method (9). 

Results and Discussion 
Vanadium (11) Chloride 

Vanadium dissolved readily at a voltage of 
28 V; the current was maintained at approxi- 
mately 150 mA for 1 h. The green solution 
formed in the first 10 min gave way to a dark 
brown mixture. After expulsion of excess chlo- 
rine with nitrogen at the end of the electrolysis, 
dry ether was added to bring down a dark green 
precipitate which was dried in vacuo for 30 min 
at 230°C. This compound, VCl, .2CH3CN (see 
Table I), on further heating (15 min at 350°C) 
formed the dark brown - black VCl,. The yield 
of VCl, .2CH3CN (1.8 g) was 90%, based on 
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TABLE 1. Analytical results for vanadium(I1) halides pounds is by no means established, and either 
one or both may involve metal cluster units. 

Vanadium Halogen Little is known about the adducts of VCl,, other 
than the hydrates (3, 12); the compounds 

Found Calcd. Found Calcd. 
Compound (%I (%I VCl, .2EtOAc (1 3), VC1, .4py (1 3), and a series 

(%) (%) of ammines (14) and methylammines (15) have 
VC12. 2CH3CN* 25.3 25.0 34.8 34.8 been reported, but no structural information is 
VCI, 41.8 41.8 58.2 58.2 available. Further work on this topic is planned. 
VBr2. CH,CN-f 20.3 20.2 63.9 63.5 
VBr2 24.3 24.2 75.1 75.8 Vanadium (11) Bromide 
VI 2 16.5 16.7 82.7 83.3 A voltage of 5 V gave a current of 45 mA, 

*The presence of CH3CN was confirmed by infrared absorptions which was maintained for 8 h, by which time (Nujol mull) at 2310 (v(C=N)) 998, 903, and 725 cm-'. 
tCH3CN, vibrations (Nujol mull) at 2320, 980, and 730 cm-I. 0.11 5 g of vanadium had dissolved. The black 

Both aceton~trlle adducts appear to react on grinding with alkali metal 
halides. crystals which had deposited in the vessel were 

vanadium dissolved (0.51 g). The current effi- 
ciency is surprisingly high; a total of 700 cou- 
lomb (7.2 x Faraday) caused 0.01 mol of 
vanadium to dissolve, to be compared with a 
quantity of 3.6 x l ou3  mol calculated on the 
assumption that the primary electrode process is 
V(,, -+ V2+(,,,, + 2e-. This efficiency (-275%) 
implies that substantial chemical reaction is oc- 
curring between vanadium and chlorine under 
the reaction conditions. Vanadium metal does 
not react with chlorine below 200-250°C, and in 
any case in such reactions the product (ref. 4, 
p. 120) is VCl, rather than VC1,. Hathaway and 
Holah (10) have reported that vanadium reacts 
with elemental chlorine, bromine, and iodine in 
acetonitrile (= L), but in each the product is 
a vanadium(TTT) species, which in the case of 
chlorine is formulated by these authors as 
[VCl,L,]L. 111 the present case, the precipita- 
tion of VCl, .2CH3CN from the reaction mix- 
ture establishes that the final product VC1, is not 
formed by thermal decomposition of some higher 
halide. 

One obvious explanation of the present results 
would involve the chemical and electrolytic oxi- 
dation V(,, + V3+(,,,,, followed by cathodic 
reduction to V2+(,,,). Against this, however, 
must be set the work of Suzuki (1 I), who showed 
that anodic dissolution of vanadium metal into a 
LiCl/KCl eutectic gave rise to V2+(,,,,, both 
immediately after dissolution and in equilibrated 
melts. We tentatively conclude that the direct 
electrolytic production of vanadium(I1) ac- 
counts for a fraction of the VC1, produced; the 
remainder, perhaps a substantial fraction, may 
result from electrolytic and/or chemical reduc- 
tion in situ. Whatever the detailed mechanism, 
the method is a rapid and simple route to VCl, 
and VC1,. 2CH3CN. The structure of these com- 

collected, crushed, and dried in vacuo at 120°C 
for 30 min. Analysis showed that this material 
was the adduct VBr, .CH,CN which on further 
heating (230°C, 10 min) lost acetonitrile to give 
the black VBr,. The yield of VBr,.CH,CN 
(0.47 g) is 84%, based on the vanadium dis- 
solved. The current efficiency, calculated as for 
the chloride, is 332, suggesting that in this case 
there is no significant chemical process over and 
above the electrochemical reaction. 

As in the chlorine system, there are previous 
reports in the literature on the direct reaction of 
vanadium metal and bromine. At high tem- 
peratures (ref. 4, p. 132) (400-550°C), the prod- 
uct is VBr,, whereas the reaction in hot ace- 
tonitrile (10) produces [VBr,L,](Br,). The elec- 
trochemical process therefore is unique in stab- 
ilising the vanadium(I1) state. 

Vanadium (11) Iodide 
Electrolysis for 2 h at 50 V and 40 mA caused 

0.063 g of vanadium to dissolve (current effi- 
ciency 83%). Black crystals were deposited in the 
cell; these were collected, washed with petroleum 
ether, and dried in vacuo (25-80°C). This solid is 
vanadium(I1) iodide (yield 100 mg; 26% based 
on vanadium consumption). We were not able 
to recover any further material from the reaction 
mixture. 

Again we may note the sharp difference be- 
tween the electrochen~ical product and that from 
direct reaction between vanadium and iodine in 
a sealed tube at 120-300°C (VI,) (ref. 4, p. 133), 
or in hot acetonitrile (10) ([VL,](I,),). 

General 
The preparations described lead to vana- 

dium(I1) halides and their acetonitrile derivatives 
in good yield. The method is quick and simple, 
although the mechanism and processes involved 
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are not yet clear. The adducts of VCl, and VBr, 6. J. J. HABEEB, L .  NEILSON, and D. G. TUCK. Synth. 
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Commun. 379 (1976). 
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The enthalpy of isomerisation of methyl isocyanide 

MOHAMMAD H. BAGHAL-VAYJOOEE, JOHN L. COLLISTER, AND HUW 0. PRITCHARD 
Chemistry Department, York University, Downsview, Ont. ,  Canada M3J 1P3 

Received March 2, 1977 

MOHAMMAD H. BAGHAL-VAYJOOEE, JOHN L .  COLLISTER, and Huw 0. PRITCHARD. Can. J. 
Chem. 55,2634 (1977). 

A controlled thermal explosion in which methyl isocyanide isomerises quantitatively to methyl 
cyanide has been studied in a calorimeter at 300 K. The enthalpy of isomerisation AH = -23.70 + 
0.14 (2 sdm) kcal mol-I, from which values of the enthalpies of formation of both gaseous and 
liquid methyl isocyanide are calculated. 

Similar measurements for ethyl isocyanide yield AH = 2 1 . 5  2 1.0 kcal mol-I. 

MOHAMMAD H. BAGHAL-VAYJOOEE, JOHN L.  COLLISTER et Huw 0. PRITCHARD. Can. J 
Chem. 55,2634 (1977). 

On a etudie une explosion' thermique contr6lee dans laquelle l'isocyanure de methyle 
s'isomerise quantitativement au cyanure de methyle; cette etude a ete effectuee dans un 
calorimetre a 300 K. L'enthalpie d'isomerisation AH = -23.70 + 0.14 (2 sdm) kcal mol-I ; apartir 
de cette donnee, on a pu calculer les valeurs des enthalpies de formation de I'isocyanure de 
methyle a I'ttat gazeux et a l'etat liquide. 

Des mesures semblables avec I'isocyanure d'ethyle conduisent a un AH = 21.5 ? 1.0 kcal 
mol-I . 

[Traduit par le journal] 

Introduction much too small for us to have exploited the full 
The currently accepted value for the enthalpy aCCUraCy of this calorinleter in these measure- 

of isomerisation of methyl isocyanide to methyl ments. 
cyanide is of the order of (minus) 15-16 kcal 
mol-l, this being the difference between the heat The Controlled Thermal Explosion of Methyl 
of combustion for methyl isocyanide measured Isocyanide 
by Guillemard (I) and by Lemoult (2), and the 
heat of combustion for methyl cyanide measured 
by Lemoult (2). It has now become important to 
know this quantity with greater precision, 
particularly in the analysis of thermal explosion- 
limit data for methyl isocyanide (3), but also in 
an analysis of the unimolecular fall-off data for 
this isomerisation (4). 

After some reflection, it will become clear to 
the reader that in this particular case, measure- 
ments of the high-temperature equilibrium for 
this isomerisation would be, to say the least, very 
difficult, and therefore a calorimetric technique 
would seem to be more tractable. Consequently, 

The basic design constraints are as follows: the 
maximum reaction vessel size is 200 ml and the 
vapour pressure of the product at 27°C is 100 
Torr; this corresponds to approximately 
n ~ o l  of the reactant, and an expected energy 
release of about 15 cal. The accuracy of the 
calorimeter is of the order of 0.01% for energy 
releases of the order of 350 cal. 

Our initial experiments showed that if a 
platinum wire suspended on the axis of the 
vessel was heated to a temperature of about 
375°C in the presence of about 100 Torr of 
methyl isocyanide, liquid condensed on the walls 
immediately, and a brown residue was produced. 

we undertook a study of the thermal isomerisa- However, if the initial pressure of isocyanide was 
tion of gaseous methyl isocyanide induced by an reduced to about 50 Torr, the pressure rise due to 
electrically heated filament, on a scale consistent heating in the centre of the vessel was insufficient 
with an accurate calorimetric determination of to cause condensation at the walls, and the iso- 
the energy released: our principal constraint was cyanide was converted cleanly and completely to 
the nature of the calorimeter available, a the cyanide in about 4 min: using a 0.003 in. 
diphenyl-ether isothermal calorimeter (5) opera- diameter platinum wire, the electrical energy 
ti& at 27°C. and the most severe limitation was release was of the order of 250 cal. com~ared  - 
the size of the reaction-vessel cavity, which was with the chemical energy release of now, about 7 
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BAGHAL-VAYJOOEE ET AL. 2635 

or 8 cal. On the other hand, if the wire was heated 
to  450°C, an explosion occurred after about 1 s :  
the isocyanide was completely consumed, the 
major product was methyl cyanide in about 98% 
yield, together with a small amount of non- 
condensable gas (about 0.2 Torr) and some slight 
discoloration of the vessel walls. Moderation of 
this explosion with about 50 Torr of carbon 
dioxide reduced the severity of the explosion 
somewhat, with the result that the coilversion of 
isocyanide to cyanide was between 99.97 and 
99.99% complete, and no non-condensable 
products were formed. 

Experimental Details 
As a result of this experimentation, the final experi- 

mental arrangement was as follows. A 35 cm length of 
0.001 in. diameter platinum wire was suspended in the 
form of a V (using a small glass bead as a weight to keep 
it taut) down the centre of the cylindrical reaction 
vessel, 19 cm long and 4 cm in diameter. The reaction 
vessel was completed with a small-bore Teflon stopcock 
with FETFE sealing rings (Ace Glass 8195-03), appro- 
priate current and potential leads for the platinum heating 
wire, and a pair of heat shields to prevent convection of 
heat up the main calorimeter tube (cf. Fig. 1 of ref. 5). 

The vessel was pumped out on a vacuum line and 
filled with about 50 Torr of pure methyl isocyanide, the 
pressure being measured with a Texas Instrument quartz 
spiral gauge (calibrated by cathetometer against a wide- 
bore mercury manometer) and a Hewlett-Packard 2802A 
thermometer (calibrated at 0°C and 327°C): these obser- 
vations were required to define the number of moles of 
reactant. Then about 50 Torr of inert gas, either carbon 
dioxide or argon, was added and the reaction vessel was 
isolated and placed in the calorimeter; great care was 
taken to ensure the rigorous exclusion of oxygen, since 
the heat of combustion of methyl isocyanide is of the 
order of 20 times the expected heat of isomerisation (1,2). 

The calorimeter was allowed to stand overnight and 

after a satisfactory fore-period had been established, the 
reaction was initiated using a 2 s dc pulse at about 
37-38 V, supplied from a Hewlett-Packard 6289A power 
supply operating in constant voltage mode. The voltage 
across the heater and the current through the heater 
(measured as the voltage across a standard 10 ohm 
resistor in series) were displayed on a Hewlett-Packard 
7100B two-channel recorder: the electrical energy input 
was calculated from these two traces by graphical inte- 
gration; the time for which the heater was switched on 
was derived from the movement of the chart paper 
(calibrated by supplying 0.5 s pulses to an event marker 
on the recorder). Figure 1 shows a typical recorder trace 
for the current and voltage, from which it can be deduced 
that the temperature at the wire at the peak of the ex- 
plosion was about 700°C. Following the recording of a 
satisfactory after-period, the reaction vessel was re- 
moved from the calorimeter and its contents analysed by 
gas chromatography to confirm the completeness of the 
reaction. 

The sample of methyl isocyanide was one used pre- 
viously (3) and was purified by preparative gas-phase 
chromatography: no impurities could be detected either 
using gas-phase chromatography or mass spectrometry. 

Results 
The results of four experiments, two using 

argon and two using carbon dioxide as the 
diluent, are shown in Table 1: the agreement 
between the results of the four experiments, 
calculated assuming that methyl isocyanide at 
50 Torr is a perfect gas, is excellent. We may 
combine the final result for the enthalpy of 
isomerisation with (preliminary) results from a 
new heat of combustion study of methyl cyanide 
by Barnes and Pilcher (6) to give the following 
enthalpy of formation values for methyl iso- 
cyanide (where the errors quoted are now 
+ 2 sdm). - 

AH, (liquid) AH",, AHf (gas) 
Compound (kcal mol-l) (kcal mol-') (kcal mol-l) Reference 

CH3CN 9.70+0.18 7.92k0.03 17.62+0.19 6 

CH3NC 33.95f0.35 7.37f0.25* 41.32 f 0.24 This work 

*The value of the enthalpy of vaporisation of methyl isocyanide quoted here is derived from two measure- 
ments of the vapour pressure (66.59 Torr at 0°C and 207.10 Torr at 24.9"C). 

These tentative results depend, of course, on 
our assumption that methyl isocyanide at 50 Torr 
and 35°C is a perfect gas. It is known that 
methyl cyanide is partly dimerised in the gas 
phase, and using the equilibrium constant of 
Rowlinson (7), we calculate that under these 
conditions, the compressibility factor (PVInRT) 
for methyl cyanide would be between 0.993 and 
0.995. We may surmise that methyl isocyanide is 

not so strongly dimerised from the observation 
that it has a much smaller pressure coefficient of 
thermal conductivity (8), by about a factor of 4. 
We attempted to measure the vapour density of 
methyl isocyanide, but at these low densities, 
with the equipment available to us, we were 
unable to do better than to show that the com- 
pressibility factor was within 0.5% of unity. A 
slightly more reliable indication comes from 
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TABLE 1. Calorimetric determination of the energy released in the explosive isomerisation 
of methyl isocyanide at 300.05 K 

Number of moles of reactant* 

P T n 
(Torr) ? c )  ( ~ m o l )  

56.08k0.01 35.60k0.02 576.4kO.l 
58.46k0.01 37.02+0.02 598.1+0.1 
58.94k0.01 36.70k0.02 603.6+0.1 
57.57k0.01 37.12+0.02 588.8+0.1 

Diluent 
P 

(Torr) 

54.0 (Ar) 
53.7 (CO,) 
52.3 (Ar) 
54.0 (CO,) 

Energy released 

Electrical 
A[? input 

(cm) (call 

2.131k0.002 3.278k0.040 
2.203k0.004 3.285k0.040 
2.105+0.003 2.392k0.030 
2.081k0.006 2.657k0.035 

-- 

Net chemical 
energy - A H  

(cal) (kcal mol-') 

13.65k0.04 23.68+0.07 
14.21+0.05 23.76k0.09 
14.33k0.04 23.73k0.06 
13.87+0.06 23.56+0.10 

*Volume of vessel = 197.93 k 0.01 cm" ideal-gas molar volume at STP = 22.4174 P (9). 
?Calibration constant of calorimeter (5): number of calories = (7 .9425f  0.0006)Al; 1 cal = 4.184 J. 
ZThe errors quoted in this table are calculated as follows: columns 1, 2,  5 ,  6 :  an estimate of the nfaxinfunf possible uncertainty in each in- 

dividual determination; columns 3, 7, 8 :  errors calculated by the normal rules for combining standard deviations; final mean value: mean 
calculated as a weighted mean of the four results listed in the final column. 

TIME IN SECONDS 

FIG. 1. Recorder traces of the current and voltage used 
to initiate the explosion, which occurs at  about the 1.5 s 
marker. The attendant rise in the mean temperature of the 
wire to 691°C is shown by the marked drop in current 
(since the voltage is held constant). Apart from the slight 
voltage ripple when the explosion occurs, the applied 
voltage is a square-wave pulse; however the distortion of 
the traces due to pen lag and overshoot were so repro- 
ducible that no difficulty was encountered in performing 
the desired integration. 

some auxiliary experiments in which we found 
that the reduction in pressure in the reaction 
vessel after isomerisation was usually of the 
order of 0.5 to l z  of the total initial isocyanide 
pressure. 

We attempted to repeat these experiments for 

ethyl isocyanide, but because the vapour pressure 
of ethyl cyanide at 27°C is only 50 Torr, we chose 
to work with an initial isocyanide pressure of 
about 45 Torr. Under these conditions the 
explosive isomerisation was clean, but conversion 
was incomplete. The results of four experiments 
with carbon dioxide as diluent were -21 . I ,  
-21.6, -22.2, and -21.7kca1m01~' (where 
correction had been made for 1.5, 22, 6, and 2 z  
of incomplete reaction respectively). It would 
seem reasonable to accept a tentative value of 
A H  = -21.5 + 1.0 kcalmol-' for this isomer- 
isation, and we also report an approximate en- 
thalpy of vaporisation of about 7.9 kcal mol-' 
(based on two vapour pressure measurements, 
30.76 Torr at 0°C and 104.66 Torr at 25.2"C) for 
ethyl isocyanide. 
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Linear free energy relationships. ~111.' Ionization potentials of 
aliphatic compounds 

Webster Research Center, Xerox Corporation, Webster, N Y ,  U.S .A.  14580 

Received January 28, 1977 

HARRY W. GIBSON. Can J. Chem. 55,2637 (1977). 
Ionization potentials (IP) of HX, CH3X, C2H5X, and i-C3H,X, where X is a substituent with 

non-bonded electrons, are directly proportional to ionization potentials of 4-substituted quinu- 
clidines. This is taken as evidence that in general the energy required to remove an electron 
from a substituent X, as is the case in HX, CH3X, C,H5X, and i-C3H7X, is directly proportional 
to the energy required to remove an electron from a site remote from the substituent, as in the 
quinuclidines in which an electron is lost from the ring nitrogen. Furthermore, the 1P's of the 
HX-i-C3H7X series are directly proportional to inductive substituent constants, o,, providing 
a valuable correlation between gas and solution phase behavior. 

HARRY W. GIBSON. Can. J. Chem. 55,2637 (1977). 
Les potentiels d'ionisation (IP) de HX, CH3X, C2H,X et i-C3H7X, ou X est un substituant 

comportant des electrons non-lies, sont directement proportionnels aux potentiels d'ionisation 
des quinuclidines substitues en position 4. On considere cette correlation comme une indication 
que, d'une facon gtnerale, I'energie requise pour enlever un electron d'un substituant X, comme 
dans le cas de HX, CH3X, C2H5X et i-C3H7X, est directement proportionnelle a l'energie re- 
quise pour enlever un electron d'un site eloigne du substituant comme dans les quinuclidines 
dans lesquelles un electron est perdu par I'azote du cycle. De plus, les potentiels d'ionisation de 
la serie HX CC3H7X sont directenient proportionnels aux constantes inductives des sub- 
stituants, o,, fournissant une correlation tres utile entre le comportemellt en phase gazeuse et 
en solution. 

[Traduit par le journal] 

Molecular orbital energy levels are deter- 
mining factors both for chemical reactivity and 
many physical properties, especially spectral and 
electrical properties. Our previous work using 
linear free energy relationships (1-7), including 
the Hammett equation (8), was aimed at quanti- 
tatively relating these energy levels to molecular 
structure (1-4,6,7) and in turn to electrical prop- 
erties (5) of aromatic compounds. In the first 
paper of this series it was shown that the ioniza- 
tion potentials (IP) of substituted benzenes are 
linearly related to the sums of the Hammett sub- 
stituent constants. To understand and predict 
the properties of aliphatic series a similar linear 
free energy relationship would be most helpful. 

A.  Linear Free Energy Relationships 
A number of correlations of ionization poten- 

tials of aliphatic compounds with Taft or induc- 
tive substituent constants have appeared (9). 
However, the substituents were restricted to hy- 
drogen or alkyl groups. The only exception is 
the study of some quinuclidines (1) (lo), in 
which sitbstituents with non-bonded electrons 
were examined. It was our objective to deter- 

'References 1-7 comprise parts I-VII of this series. 

mine if the ionization potentials of simple al- 
kanes substituted with groups bearing non- 
bonded electrons could be correlated with the 
ionization potentials of series 1 and more gener- 
ally with substituent constants. 

Table 1 contains the ionization potentials of 
such series of HX, CH,X, C,H,X, and i-C,H,X 
compounds; most are adiabatic, derived by 
photoelectron spectroscopy. Figure 1 is a plot of 
the 1P of CH,X us. the vertical IP of 1 for seven 
different X groups. As can be seen, with the ex- 
ception of the point for X = NO, (see below), 
an excellent linear correlation exists.' Similar 

ZThe inadequacy of the correlation coefficient r for 
goodness of fit has been pointed out (1 1). In this case the 
conclusion is based on comparison of the average devia- 
tion of points from the line with the precision of the data 
(estimated to be 0.2-0.3 eV for the data of Table I). 
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CAN. J .  CHEM. VOL. 55, 1977 

TABLE 1. Ionization potentials (eV)" of aliphatic compounds RX 

Ionization potential 
Point 
NO. X 01,x HX CH3X CzHsX i-C3H7X 

1 N(CH3)z 0.11 8.36 8.12 - - 
2 NHCH3 0.11 9.18 8.36 - 
3 NHz 0.13 10.15 9.18 9.19 8.86 
4 SCH3 0.22 9.44 8. 67b 8.55=.* 8.7's" 
5 CONHz 0.27 10.13 9.80 - - 

6 SH 0.28 10.43 9.Mb 9.29 9.05 
7 OH 0.30 12.61 10.85 10.46 10.18 
8 COOC2H5 0.30 10.62 10.24 10.OOCsd - 

9 OCH3 0.31 10.85 9.94 9. 8le*' - 

10 COOH 0.34 11.33 10.37 10. 24=vd 10. 02c9d 
11 COCH3 0.34 10.20 9.68 9.53 9.30 
12 COOCH, 0.35 10.82 10.27 10.15c-d 9 .9SCsd 
13 CHO 0.35 10.88 10.20 9.97 9.69 
14 OOCCH, 0.39 10.37 10.27 10.24 10.08 
15 I 0.43 10.75 9.86 9. 64b,h 9.44 
16 BP 0.50 11.87 10.69 10.46 10.26 
17 clq 0.51 12.80 11 .33h ll.Olb 10.78C3d 
18 F 0.56 16.06 12.54 12.00 - 

19 CN 0.61 13.60 12.21 11.85 11.6 
20 NO2 0.70 - 11.08 10.92 10.71 

.Adiabatic, by photoelectron spectroscopy, from ref. 14, pp. 257R unless otherwise indicated. 
bVertical. 
CFrom ref. 15, pp. E-74ff. 
dPhotoionization data. 
eElectron impact data. 
fFrom ref. 16 p. 301. 
gIP value given for these compounds is the average of the first two IP:s which are due to spin-orbit c ~ u p l i n g ( ~ E ~ i ~ .  

2El,2) of the non-bonding p-orbitals. The resultant splitting increases In the order C1 < Br < I and 1s not usually 
observed for F (see ref. 17). 

hFrom ref. 17. 

correlations exist for the data of HX, C,H,X, 
and i-C,H7X us. those of 1. 

In series 1 the ionization process corresponds 
to loss of a non-bonded electron from the nitro- 
gen atom; the energetics of the process are modi- 
fied by the substituents X either through space or 
through bonds or both. In contrast, in the HX, 
CH,X, C2H,X, i-C3H,X compounds it is gen- 
erally loss of a non-bonded electron from the 
substituent itself that comprises the ionization 
process. This can be seen by reference to Fig. 2 
in which the direct relationship2 between IP's of 
CH3X and HX is shown; the IP of HX is taken 
to be essentially that of X. (See below for dis- 
cussion of point 18.) Thus variation of X in- 
volves a change in the site and nature of the 
ionization and not merely a substituent effect. 
The correlation of Fig. 1 therefore indicates that 
the energy required to remove an electron di- 
rectly from a substituent is proportional to the 
energy required to remove an electron from a 
site remote from the substituent. 

To substantiate this conclusion the depen- 
dence of IP for these series on the inductive sub- 
stituent constant, o,,,, was determined. In Fig. 3 

FIG. 1. Ionization potentials of substituted methanes 
(CH,X) us. ionization potentials of 4-substituted quinu- 
clidines (1, QX). Linear least-squares line without X = 
NOz: IP,,,, = 6.61IPQX - 45.30; correlation coeffi- 
cient, r = 0.994; average deviation of IP,,,, from the 
line = 0.08 eV. 

the IP of CH3X is plotted us. o,,, (8a). As can be 
seen, with the exception of points for X = NO,, 
F, I, and OH (see below), a good linear relation- 
ship exisk2 Similar relationships exist for the 
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GIB 

I P o f  HX (eV)  

FIG. 2. Ionization potentials of substituted methanes 
(CH3X) us. ionization potentials of HX. Least squares fit 
without X = F: IPcH,x = 0.746 IPHx + 1.92; correla- 
tion coefficient, r = 0.957; average deviation of IPCHIX 
from the line, 0.24 eV. For point code see Table 1. 

HX, C,H,X, and i-C3H7X series. The fit param- 
eters are given in Table 2. The linear relation- 
ships demonstrate that in general the energy re- 
quired to remove an electron from non-bonding 
orbitals of a substituent X in the gas phase (IP) is 
directly proportional to the ability of the sub- 
stituent to stabilize a charge in a remote part of a 
molecule in solution (o,,,). 

B. Deviations 
As we have seen in Figs. 1 and 3, the points for 

X = NO, are anomalous. In fact, the deviations 
in CH,X, C,H,X, and i-C3H7X are systematic; 
NO, has an effective o, = 0.50 -1 0.01. In other 
words, for these compounds the nitro group is 
not as electron poor as it normally appears to be. 
In correlations of IP with Hammett substituent 
constants, however, nitro compounds do not 
deviate (2). Nor does X = NO, (o, = 0.70) de- 
viate from the line (IP = 0.9520,~~ + 8.07; cor- 
relation coefficient, r = 0.968; standard devia- 
tion of points from the line 0.07 eV) for series 1 
(X = C,H,, OH, OOCCH,, C1, Br, I, CN, NO,, 
CECH, H, CH,, C,H,, i-C3H7, and tert-C,H,) 
(10). Therefore, the deviation is not inherent to 
the gas phase. A possible explanation is that re- 

TABLE 2. Least-squares fits of ionization potential vs. 
inductive substituent constant" 

IP = rno , ,~  + b 

Series rn b (eV) nb r c  ADd (eV) 

HX 8.43 7.99 16 0.920 0.40 
CH3X 7.05 7.67 16 0.948 0.27 
CzHsX 5.99 7.89 13 0.909 0.27 
i-C3HTX 5.95 7.67 11 0.938 0.26 

sExcluding polnts 7, 15, 18, and 20 in each series. 
bNumber of polnts. 
CCorrelation coefficient (see footnote 2). 
"Average devlatlon of points from the line. 

FIG. 3 .  Ionization potential us. inductive substituent 
constant for CH3X. Solid line, points 1-6, 8-14, 16, 17, 
19. Dashed line, points 15-18. For point code see Table 1. 
For fit parameters see Table 2. 

mote substituents, as involved in the IP of 1 and 
ArX and o,,, in solution, are influenced pre- 
dominantly by the positively charged nitrogen 
atom of the nitro group, whereas electrons with- 
in the NO, group which are involved in the IP of 
CH,X, C,H,X, and i-C3H7X reside in a net 
neutral environment. This would lead to non- 
proportionalities between the energetics of the 
two situations, making X = NO, deviate below 
the line in correlations such as those of Figs. 
1 and 3. 

While the point for X = OH does not deviate 
significantly (less than the standard deviation) 
from the line of Fig. 1, X = OH is deviant in 
plots of IP us. oI  for HX, CH,X (Fig. 3), C,H,X, 
i-C3H7X, and 1 by 2-4 standard deviations, the 
IP's being higher than expected. For series 1 the 
effective o, = 0.43; for the other four series the 
effective 0, = 0.46 f 0.05. OH is thus effec- 
tively more electron withdrawing or less electron 
rich in the gas phase than in solution. This is 
also corroborated by the IP data for phenols 
which are up to 3.5 standard deviations higher 
than expected (2). Using the equation (8b) o f  = 
1.140, + o,, oRf = - 1.24 @a), and the effec- 
tive o, value (0.46), for OH we calculate of = 
-0.72. This can be compared to the solution 
value of -0.92 (8a) and the value of -0.59 as- 
signed on the basis of IP's of phenols (12). In 
fact, as has been pointed out (lo), the solution- 
derived o, for OH is less than that of OCH, (8a); 
this seems incorrect in view of the relative gas 
phase values. There is apparently a solvent effect 
operative which reduces the solution o, of OH 
relative to the gas phase and to other substit- 
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TABLE 3. Assignment of inductive substituent constants on the basis of ionization 
potentials of aliphatic compounds RX 

Ionization potential" (eV) 

X 

N(CH~)CBHS 
NHC6H5 
OCsHs 
0CH2C6H5 
CON(CH3)z 
COC6Hs 
NCS 
SCN 
NCO 
O N 0  

aAdiabatic, by photoelectron spectroscopy, from ref. 14, pp. 257ff unless otherwise indicated. 
bFrom ref 18 - . . . . . . . . . . . . 
=Photoionization data. 
Vertical. 

uents; hydrogen bonding of the hydroxyl hy- 
drogen with solvent would have this effect. 

In the case of the halogens, a separate straight 
line may be drawn (see dashed line, Fig. 3). This 
indicates an internal consistency in the halogen 
family. Interestingly, in substituted benzenes the 
fluoro substituent with consistency leads to high- 
er ionization potentials than expected on the 
basis of its substituent constant (2). The fewer 
examples of substituted iodobenzenes have lower 
ionization potentials than expected (2). This has 
led to assignment of a new ot  value for I (12). 
Also, 1, X = 1 deviates below the correlation 
line for 1 by two standard deviations (10). Thus 
the deviations of F and I are systematic in the 
gas phase. For series 1 the effective o, of I is 
0.29; for the other four series the effective o, = 

0.31 f 0.01 for I. Thus I is more electron rich in 
the gas phase than in solution. This may be the 
consequence of its polarizability, which in solu- 
tion would tend to lead to a more positive 
character by interaction with solvent. For F the 
effective o, = 0.69 f 0.01 from data for CH,X 
and C,H,X. From Fig. 2 it is apparent that 
there is a difference between the effect of F on 
HX and CH,X (point 18). From the data for 
HX the effective o, = 0.96 for F. This difference 
may be attributed to the inability of H to E-bond 
via hyperconjugation with F, in contrast to CH,, 
C2H5, and i-C,H, which can. It  may be that E- 

bonding of F is more important in the gas phase 
than in solution, where it can hydrogen bond, 
leading to a difference in the effect of F in the 
two states. The different slope of the halogen line 
may then reflect a regular change in these two 

properties (polarizability and E-bonding) pecu- 
liar to the halogens. 

Alternative rationalization of the deviations 
involves the size or 'hardness' of the X group. In 
small groups (OH, F) electron-electron repul- 
sion is relaxed during ionization, allowing the 
relatively high nuclear charge to cling more 
tenaciously to the leaving electron than would be 
expected. Another way of stating this is that the 
small groups appear more electronegative (high- 
er IP) than they should relative to large groups 
because they have no space to put the charge. 
The reverse is true for large soft groups (I, NO,). 
In this vein in the gas phase -OH has been 
shown to be more basic (more electron releasing) 
than -OCH, (13). 

C. Assignment of Substituent Constants 
Using the linear correlation equations it is also 

possible to assign new inductive substituent con- 
stants. A cogent argument can be made that the 
determination of all substituent constants, both 
aromatic and aliphatic, should be made from gas 
phase ionization potentials and that solvent ef- 
fects then be treated as perturbations associated 
with either the main group or the substituent. 
Table 3 summarizes a number of inductive sub- 
stituent constants estimated in this manner but 
not previously reported by other methods (8). 

NOTE ADDED IN PROOF: A report which 
appeared after acceptance of this paper describes 
the relationship between IP's of HX and CH,X 
in terms of orbital symmetry [n(E), E, n(o)] and 
hyperconjugative effects. 
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Conclusions 
There is a general correlation of gas phase 

ionization potentials of substituted alkanes con- 
taining non-bonded electrons with ionization po- 
tentials of quinuclidines bearing these substit- 
uent and also with substituent constants derived 
from solution phase reactions. These relation- 
ships are of value both for estimation of such gas 
phase energy levels from substituent constants 
and vice versa. 

Acknowledgment 
The author wishes to thank Drs. Frank Saeva 

and Gerald Ceasar for helpful discussions and 
constructive criticism of this manuscript, Pro- 
fessor M. J. S. Dewar for encouraging discus- 
sions, and the referees for helpful comments. 

1 .  H. W. GIBSON. Can. J. Chem. 51,3065 (1973). 
2 .  H. W. GIBSON and F. C. BAILEY. Tetrahedron, 30, 

2043 (1974). 
3 .  J. E. KUDER, H. W. GIBSON, and D. WYCHICK. J. Org. 

Chem. 40,875 (1975). 
4 .  H. W. GIBSON and F. C. BAILEY. Can. J .  Chem. 53, 

2162 (1975). 
5 .  H. W. GIBSON. J. Am. Chem. Soc. 9 , 3 8 3 2  (1975). 
6 .  H .  W. GIBSON and F. C. BAILEY. J. Chem. Soc. Per- 

kin Trans. 11, 196 (1976). 

7 .  H. W. GIBSON and F. C. BAILEY. J. Chem. Soc. Per- 
kin Trans. 11, 1575 (1976). 

8 .  N. B. CHAPMAN and J. SHORTER (Editors). Advances 
in linear free energy relationships. Plenum Press, New 
York, NY. 1972; (a) p. 37; ( b )  p. 38. 

9 .  H. F .  WIDING, B. W. LEVITT, and L. S .  LEVITT. 
Israel J. Chem. 13,69 (1975) and references therein. 

10. G. BIERI and E. HEILBRONNER. Helv. Chim. Acta, 57, 
546 (1974). 

1 1 .  W. H. DAVIS, JR. and W. A. PRYOR. J. Chem. Educ. 
53,285 (1976). 

12. T. W .  BENTLEY and R. A. W. JOHNSTONE. J .  Chem. 
Soc. B, 263 (1971). 

13. J. I. BRAUMAN and L. K. BLAIR. J. Am. Chem. Soc. 
92,5986 (1970). 

14. K .  SIEGBAHN, D. S. ALLISON, and J. H. ALLISON. In 
Handbook of spectroscopy. Edited by J. W. Robin- 
son. CRC Press, Cleveland, OH. 1974. 

15. Handbook of chemistry and physics. 57th ed. CRC 
Press, Cleveland, OH. 19761977. 

16. R.  W. KISER. Introduction to mass spectrometry and 
its applications. Prentice-Hall, Englewood Cliffs, NJ. 
1965. 

17. K .  KIMURA, S. KATSUMATO, Y. ACHIBA, H. MAT- 
SUMOTO, and S. NAGAKURA. Bull. Chem. Soc. Jpn. 
46,373 (1973). 

18. G. BRIEGLEB and J. CZEKALLA. 2. Elektrochem.63,6 
(1959). 

19. K .  N. HOUK, E. J. MCALDUFF, P. D. MOLLBRE, R .  
W. STROZIER, and Y.-M. CHANG. J. Chem. Soc. 
Chem. Commun. 141 (1977). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The effect of substituents on geminal proton-proton coupling constants. 111' 
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The effect of substituents at  the 3-position in a series of N-methyl 5,6-dihydro-7H,l2H-di- 
benzo[c,f]azocines on the geminal coupling constants of the C-12 methylene protons has been 
determined. The slope of the Hammett plot of 'J us. o has been found to be + 0.20. The orien- 
tation of the methylene protons with respect to the n orbitals of the benzene ring bearing the 
substituent is such that no hyperconjugative effect should be present. The value of +0.20 is in 
contrast to a previously measured slope of - 1.9 for compounds having a geometry ideal for 
hyperconjugative effects and substantiates the predictions of theoretical MO calculations. As a 
result, the reliability of this conformational dependence of p for use in conformational analysis 
has been strengthened. 

A comparison of the data for the azocines with those in the literature indicates the difference 
between the minimum and maximum effects of a phenyl substituent on a geminal coupling con- 
stant of an attached methylene group is 5.5 Hz. 

ROGER N. RENAUD, JOHN W. BOVENKAMP, ROBERT R. FRASER et RAJ CAPOOR. Can. J. Chem. 
55,2642 (1977). 

On a dttermint I'effet des substituants en position 3 d'une strie de N-mtthyle dihydro-5,6 
7H,12H-dibenzo[c,f]azocines sur les constantes de couplage geminales des protons mtthy- 
ltniques en position C-12. La pente de la courbe de Hammett de 'J en fonction de o est de 
+0.20. L'orientation des protons methyltniques par rapport aux orbitales n du noyau ben- 
ztnique portant le substituant est telle qu'il ne devrait pas y avoir d'effet d'hyperconjugaison 
dans ce systeme. La valeur de +0.20 est en opposition avec la pente mesuree anterieurement 
de - 1.9 pour des composts ayant une gkomttrie idtale pour des effets d'hyperconjugaison et 
apporte un support aux prtdictions des calculs theoriques d'orbitales n~olkculaires. Ces 
rtsultats renforcent la crkdibilite de la dkpendance conformationnelle de p pour son utilisation 
en analyse conformationnelle. 

Une comparaison des donntes pour les azocines avec celles rapporttes dans la litterature 
indique que la difference entre les effets minimum et maximum d'un groupement phknyle sur 
une constante de couplage gtminale d'un groupe methylene q ~ i i  y est attacht est de 5.5 Hz. 

[Traduit par le journal] 

We have previously shown (l,2) that the effect 
of para substituents on the geminal coupling 
constants of the methylene protons in several 
series of benzylic systems was proportional to 
the Hammett substituent constants and that the 
magnitude of change in '5, represented by p, the 
slope of the Hammett plot, depended upon the 
conformation of the methylene protons with 
respect to the adjacent aromatic ring. This 
angular dependence was attributed to the fact 
that hyperconjugation of a benzene ring with the 

'NRCC No. 15949. 
'Present address: Defence Research Establishment 

Ottawa, Ottawa, Canada. 

adjacent methylene group causes a negative 
shift3 in J which is itself angularly dependent. 
Both valence bond (VB) calculations (6) and 
molecular orbital (MO) calculations (7) pre- 
dicted a maximum effect on 'J when + = 0" and 
no effect when + = 90", where + is defined using 
the conformers shown in Fig. 1. However, in the 
calculations, there was a discrepancy between 
the predictions of the VB and MO methods in 
the region of + = 90". The former predicted a 

3Since the geminal coupling constants in benzylic sys- 
tems have been shown to be negative (3), it is most con- 
venient to describe the effect of, for example, the phenyl 
group in toluene ('J = - 14.8 HZ (4)) US. methane ('J = 
- 12.4 (5)) as causing a negative shift in 'J. 
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UD ET AL. 2643 

FIG. 1. The dihedral angle + is the angle between the n 
orbital and an imaginary line passing through both pro- 
tons of the methyleile group (7). In refs. 6 and 8 the geom- 
etry is described by a different angle 0, where 0 is the angle 
between the n orbital and a C-H bond. 

small negative influence on 'J,  the latter pre- 
dicted no effect. Since the previous studies on 
substituent effects were limited to several series 
of compounds having + = 0" and one in which 
&I = 72" (2). it seemed desirable to examine an 
additional series of compounds having 4 fixed 
in the region of 90". The substituent effects on 'J 
in such a series should provide a test of the con- 
trasting theoretical predictions and thereby 
substantiate the explanation for the conforma- 
tional dependence of p.4 

Recently the conformational properties of 
several N-alkyl 5,6-dihydro-7H, 12H-dibenzo- 
[ c  f lazocines (1 1, 12) were elucidated using pro- 
ton nmr spectroscopy. The predominant con- 
formation of the eight-membered ring was shown 
to be a rigid boat-chair form. Models indicated 
that the orientation of the methylene protons at 
C-12 with respect to each adjacent benzene ring 
was equivalent to 4 = 90". An X-ray diffraction 
study on l a  where X = H and I d  where X = Br 
revealed that, in the solid, both molecules exist 
in a boat-chair conformation with the N-methyl 
group in a pseudo-axial position (13). The angles 
4 for l a  and I d  were found to be 87.5 + 0.3" and 
86.9 + 1.2" (14), respectively. 'H nmr spectros- 
copy has established for l a  the presence, in 
solution, of a rapidly interconverting equilibrium 
between a boat-chair (BC) and a flexible twist- 
boat (TB) conformation. In CDCl, at 10°C, at 
which temperature interconversion of con- 
formers is slow in the nmr time scale, the ratio 
of BC to TB conformers was found to be 92: 8 
(1 I). The 'H nmr spectrum of I d  also shows the 
molecule to prefer the rigid conformation with 
the N-methyl group in the same ~rientat ion.~ 

- - 

4This conformational dependence of p has already 
given information regarding the conformational prop- 
erties of benzylic systems (9, 10). 

5The chemical shifts of the methyl protons were shown 
to differ by 1.2 ppm with the axial methyl signal being to 
high field (11). Since the chemical shifts of the methyl 
groups remained constant (k0.02 ppm) throughout the 
series, its orientation is therefore constant. 

Thus, in both the solid state and in solution, 
changing the substituent at C-3 does not affect 
the ring conformation nor the methyl groups 
orientation. Therefore, a series of 3-substituted 
N-methyl 5,6-dihydro-7H,12H-dibenzo[c Jlazo- 
cines 1 comprise an ideal system for the study of 
the x effect on the geminal coupling constant in 
the untested area of + = 90". 

1 
a X = H  f X = C02CH3 
b X = C H 3  g X = CONH, 
c X = OCH, h X = NHC02CH3 
d X = B r  i X = N H ,  
e X = C N  

The synthesis of the requisite compounds ( l a  
to l i )  was accomplished using the methods 
shown in Schemes 1 and 2. One specific aspect 
of interest is the synthesis of l i  from the amide 
lg. The normal Hofmann rearrangement on the 
amide l g  was not successful (15). However, the 
method of Radlich and Brown (16) gave the 
desired amine in good yield. In this method the 
Hofmann rearrangement is carried out on the 
amide using a solution of bromine and sodium 
methoxide in methanol producing the carbamate 
lh. Hydrolysis of lh  with refluxing hydrochloric 
acid gave the required amine li .  
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A typical 'H nmr spectrum of the compounds 
studied is presented in Fig. 2 showing the meth- 
ylene region of the spectrum of li .  The spectrum 
is simplified by the fact that the signals of the 
strongly dominant BC conformation are well 
separated. In deuterochloroform at 10°C, the 
spectrum of l i  shows three well-defined AB 
quartets in the ratio of 1 : 1 : 1. They are centered 
at 6 3.92 (2J = - 12.9 Hz), 4.05 (2J = - 14.8 
Hz), and 4.08 ( 2 ~  = - 14.8 Hz). The quartet 
having a 'J of - 12.9 Hz corresponds to the 
protons on C-12 while the two quartets with a 
'J of - 14.8 Hz are attributed to the protons on 
C-5 and C-7 (12). In two instances ( lc  and If) 
problems occurred with the overlapping of 
peaks. The high field doublet due to the protons 
on C-12 was not resolved adequately from the 
peaks due to the protons on C-5 and C-7 in order 
for accurate geminal coupling constants to be 
measured. Fortunately, a complete set of geminal 
coupling constants could be obtained from the 
low field doublets of the C-12 protons for each of 
the azocines in Table 1. 

The correlation between these geminal cou- 
pling constants and the Hammett o values for 
the substituents (17) is graphically shown in Fig. 
3. The slope of the best fitted line, calculated 
from a least-squares program (18), was +0.20 
with a standard deviation of 0.085. From this 
slope, along with the values obtained before for 
the rigid systems 3-phenylphthalans (+ = 0"; 
p = - 1.9), 2-methyl-1-phenylisoindolines (+ = 

0"; p = -1.7) and 5H-dibenzo[a,d]cyclohep- 
tene-l0,ll-oxides (4 = 72"; p = +0.19) (2), it 
can be concluded that the effect of the substitu- 
ents on the geminal coupling constants at C-12 
varies with the angle + in accordance with the 
predictions of MO theory (7). As Fig. 4 shows 
the perturbation of the negative increment to 2J 
follows a cos2 + relation (7) not the irregular 
double minimum curve predicted by VB calcula- 
tions (6). 

Another result of considerable significance is 
the value for 'J in the unsubstituted azocine. The 
geminal coupling constant between the protons 
at C-12 (- 12.7 Hz) is the least negative yet re- 
ported for a derivative of diphenylmethane. This 
is, of course, consistent with the fact that in this 
molecule + is estimated to be 86" in which case 
there is essentially no hyperconjugative effect of 
either benzene ring on the geminal coupling 
constant. 

It is now possible to reexamine the magnitude 
of the increment to 'J due to the hyperconjuga- 
tive interaction of a benzene ring. Previously 
Cookson et al. (19), from a variety of compounds 
having an unsaturated function (carbonyl, 
double bond or phenyl) adjacent to a CH,, esti- 
mated the hyperconjugative effect to be about 
6 Hz per adjacent unsaturated function group 
when 4 = 0". The increment to 'J for a CH2 
group a to a carbonyl has recently been esti- 
mated on the basis of further data (8), to be 
between + 3 and - 6 Hz depending on +. Data 
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FIG. 2. The absorption of all methylene protons in the 
100 MHz nrnr spectrum of l i  in CDCI, at 10°C. 

for estimating the effect of a phenyl group above 
was previously limited by (a)  lack of a value for 
2J in the region of 90" and (b) inaccuracy in the 
measurement of 2~ (for + = 0') at the 9-position 
of fluorene. The very careful study of Lehn and 
co-workers (4) showed that 2JH-D in fluorene, 
measured under conditions where quadrupolar 
relaxation effects were absent, was 3.5 Hz. Using 
the correction factor 2JtI-tI = 6.75, 2 ~ t 1 - D  as 
established earlier by one of us (9) and subse- 
quently adopted by Bothner-By (20), the value 
for 'J,-, in fluorene is -23.6 Hz. Thus a com- 
parison of this value (4 = 0") with that of the 

TABLE 1. The 'J-values* for the benzylic 
methylene protons at C-12 

In CDCI, at 10°C 

X Downfield 'J Upfield 'J 

*The values reported are the average o f  ten readings. 

I I I I 
-4 0 4 

 PARA 

FIG. 3. A plot of 'J (1s. o values. 

I I I I I I I 
0 30 60 90 120 150 180 

+ 
FIG. 4. A plot of the substituent effect us. the angle 6. 

stituents on 'J is 1 1  Hz. Two additional 2J's 
measured in diary1 methanes whose conforma- 
tions are known are also given in Table 2. All 
these data are coi~sistent with the assignment of 

azocine and the carbocycle given in Table 2 for an angularly dependent increment to J .  The value 
4 = 87", shows the difference between the mini- of this increment (per phenyl substituent) can be 
mum and maximum effects of the two aryl sub- expressed as A J  = - 5.5 cos2 4. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2646 CAN. J. CHEM. VOL. 55 ,  1977 

TABLE 2. The dependence of 'J on the angle 6 

Compound 6 -'J(Hz) Ref. 

45 * 21 
18.1 

R H 18.3 
R = CH,, C,H, 

18.8 
R = C,H,. C,H, 
R = C(CH3), 

*Although the angle may change with the nature of R (21), it has 
been determined for R = H by Ferrier and lball (22). 

?From a manuscript in preparation by R. R. Fraser, R. N. Renaud, 
and J. W. Boveukamp. 

Experimental 
All melting points are uncorrected. Infrared spectra 

were observed on a Perkin-Elmer model 267 spectro- 
photometer and only characteristic bands are reported. 
Unless specified routine nrnr spectra were taken in deu- 
terochloroform solution on a Varian Associates spec- 
trometer model E.M. 360 and the chemical shifts are re- 
ported on the 6 scale. Precise coupling constant deter- 
minations were carried out using a Varian HA-100 spec- 
trometer. All coupling constants were determined with 
0.2 M solutions in deuterochloroform at 10°C. The spec- 
tral line positions were always determined from an aver- 
age of at least ten measurements. 

Preparation of l a  
This compound has been synthesized previously (1 1) 

starting from the commercially available dibenzsuberone. 

Preparation of 26, 2c, and 2d 
The synthesis of 26, 2c, and 2d has been described in 

ref. 23. 

Preparation of 36 
Oxidation of 26 with potassium permanganate as de- 

scribed for the synthesis of 3a (11) gave a white solid 
(mp 213-217°C) in a yield of 58%. Upon recrystallization 
from methanol-water, a solid mp 224.5-225.S0C, was ob- 
tained; 'H nrnr (DMSO-d,) 8.08-6.79 (9H, m, aromatic 
and carboxyl hydrogens), 4.65 (2H, s, methylene), 2.32 
(3H, s, methyl). 

The dimethyl ester derivative of 36 was prepared by 
methylating the diacid with an excess of diazomethane in 
ether. The viscous oil obtained was purified by a bulb to 
bulb distillation under reduced pressure. Anal. calcd. 
for C18H1804: C 72.46, H 6.08; found: C 72.64, H 6.17. 

Preparation of 3c 
The olefin 2c was oxidized in the same manner as 26; 

however, a low overall yield of 3c was obtained because 
about one third of the crude oxidation product was the 
diacid with the bridgehead methylene group further oxi- 
dized to the ketone. After a careful fractional recrystal- 
lization from methanol-water, a 29% yield of the re- 
quired white solid was obtained (mp 227-228°C); 'H 
nrnr (DMSO-d,) 7.95-6.78 (9H, m, aromatic and carboxyl 
hydrogens), 4.60 (2H, s, methylene), 3.75 (3H, s, meth- 
oxyl). 

Preparation of 3d 
Oxidation of 2d (as described for 26) gave a white solid 

which after recrystallization from methanol-water had 
an mp of 240.5-242°C (63%); 'H nrnr (DMSO-d6) 8.11- 
6.74 (9H, m, aromatic and carboxyl hydrogens), 4.63 
(2H, s, methylene). 

The dimethyl ester derivative of 3d, obtained by methy- 
lation with diazomethane, had an mp of 40-42°C after a 
bulb to bulb distillation under reduced pressure. Anal. 
calcd. for Cl7HI5O4Br: C 56.22, H 4.16, Br 22.00; found: 
C 56.26, H 4.07, Br 22.07. 

Preparation of 46, 412, and 4d 
The diacids 36, 3c, and 3d were reduced in near quan- 

titative yields with diborane using the procedure of 
Schmitt et al. (24). A diagram of the apparatus used is 
given in ref. 25. Physical properties of: (i) 46: mp 134- 
136°C; 'H nmr: 7.59-6.63 (7H, m, aromatic), 5.09 and 
5.05 (2H, two equal t (J = 5 Hz), two OH, exchange with 
DzO), 4.48-4.43 (4H, two equal d ( J  = 5 Hz) two methy- 
lenes from the CH20H groups, two s in D,O), 3.94 (2H, 
s, methylene), 2.30 (3H, s, methyl). (ii) 4c: mp 140.0- 
140.5"C; nmr: 7.51-6.01 (7H, m, aromatic), 5.10 and 5.07 
(2H, two equal t ( J  = 5 Hz), two OH, exchange with 
D20), 4.46 and 4.41 (4H, two equal d, ( J  = 5 Hz), two 
methylenes of the CH,OH groups, two s in DzO), 3.86 
(2H, s, methylene), 3.70 (3H, s, methoxyl). (iii) 4d: mp 
142-144°C; 'H nmr: 7.68-6.57 (7H, m, aromatic), 5.14 
and 4.97 (2H, two equal t ( J  = 5 Hz), two OH, exchange 
with D,O), 4.41 (4H, d ( J  = 5 Hz), two methylenes of the 
CHzOH groups, two s in D20), 3.87 (2H, s, methylene). 

Preparation of 56, 5c, and 5d 
The diols 46, 4c, and 4d were converted to the corre- 

sponding dibromides with phosphorus tribromide using 
the same procedure used to obtain 5a (1 1). The yields of 
the crude products were nearly quantitative and analyt- 
ical samples were obtained by recrystallization from a 
mixture of benzene and ethanol. Physical properties of: 
(i) 56: mp 92-93°C; 'H nmr: 7.52-6.76 (7H, m, aromatic), 
4.50 and 4.48 (4H, two equal s, methylenes of the CH2Br 
groups), 4.24 (2H, s, methylene), 2.34 (3H, s, methyl). 
Anal. calcd. for C16H16Br2: C 52.20, H 4.38, Br 43.41; 
found: C 52.40, H 4.46, Br 43.27. (ii) Sc: mp 77.5-78.5"C; 
'H nrnr: 7.37-6.71 (7H, m, aromatic), 4.47 and 4.40 (4H, 
two equal s, methylenes of the CH2Br groups), 4.17 (2H, 
s, methylene), 3.77 (3H, s, methoxyl). Anal. calcd. for 
Cl6Hl6Br2O: C 50.03, H 4.20, Br 41.61; found: C 50.20, 
H 4.23, Br 41.44. (iii) 5d: mp 118.5-119.5"C; 'H nmr: 
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7.60-6.69 (7H, m, aromatic), 4.45 and 4.38 (4H, two 
equal s, methylenes of the CH2Br groups), 4.20 (2H, s, 
methylene). Anal. calcd. for C15H13Br3: C 41.61, H 3.03, 
Br 55.36; found: C 41.48, H 3.04, Br 55.21. 

Preparation of Ib, Ic, and I d  
The ring closure reactions of the compounds 56, 5c, 

and 5d were carried out with a 33% ethanolic solution of 
monomethylamine in 1-hexanol according to the pro- 
cedure of Casadio et al. (26) (method B). Somewhat 
better yields were obtained if, during the work-up, the 
residue obtained on removal of the solvent is made 
strongly acidic with hydrobromic acid and heated for a 
short time at 60°C to make sure that all of the azocine has 
been taken up. The crude products were purified either by 
sublimation (lb and lc) or by recrystallization from 95% 
ethanol (Id). Physical properties of: (i) lb:  mp 86-87.5"C; 
'H nmr: 7.42-6.82 (7H, m, aromatic), 4.89-3.48 (6H, m, 
methylenes at C-5, C-7, and C-12), 2.25 (3H, s, methyl 
at C-3), 1.95 (3H, s, N-methyl). Anal. calcd. for C17H19N: 
C 86.03, H 8.07, N 5.90; found: C 85.81, H 7.96, N 5.73. 
(ii) lc :  mp 101.5-102.5"C; 'H nrnr (CCI,): 7.21-6.41 
(7H, m, aromatic), 4.63-3.39 (6H, m, methylenes at C-5, 
C-7, and C-12), 3.63 (3H, s, methoxyl), 1.81 (3H, s, 
N-methyl). Anal. calcd. for C17H19NO: C 80.60, H 7.56, 
N 5.53; found: C 80.54, H 7.68, N 5.64. (iii) Id: mp 
142.5-143.S0C; 'H nmr: 7.39-6.86 (7H, m, aromatic) 
4.79-3.35 (6H, m, methylenes at C-5, C-7, and C-12), 
1.92 (3H, s, N-methyl). Anal. calcd. for C16H16NBr: C 
63.59, H 5.34, N 4.63, Br 26.44; found: C 63.44, H 5.22, 
N 4.65, Br 26.25. 

Preparation of l e  
The compound l e  was prepared from I d  according to 

the method described by Newman and Boden (27) with 
some modification. A stirred mixture of I d  (1.00 g, 3.33 
mmol), cuprous cyanide (0.685 g, 7.65 mmol), and freshly 
distilled N-methylpyrrolidone (35 ml) was refluxed for 
3 h. The reaction mixture was cooled and then poured 
into a solution of ethylenediamine (20ml) and water 
(60 ml). The complex was broken up by heating the mix- 
ture at 80°C for 1.5 h. The mixture was then twice ex- 
tracted with benzene. The combined extracts were washed 
with 10% aqueous sodium cyanide and then water. The 
benzene solution was shaken twice with 24% aqueous 
hydrobromic acid. Upon neutralization with aqueous 
sodium hydroxide 0.700 g (mp 172-175°C) of white solid 
was obtained. This solid was sublimed to give 0.643 g 
(78%) of a white solid (mp 174.5-176°C); 'H nmr: 7.47- 
6.87 (7H, m, aromatic), 4.85-3.50 (6H, m, methylenes at 
C-5, C-7, and C-12), 1.92 (3H, s, N-methyl). Anal. calcd. 
for Cl7HI6N2: C 82.22, H 6.49, N 11.28; found: C 82.23, 
H 6.54, N 11.33. 

Preparation of If 
The nitrile l e  (0.204 g, 0.823 mmol) and 5 ml of a mix- 

ture of concentrated sulfuric acid and methanol (33 wt.% 
concentrated sulfuric acid) were refluxed overnight. Water 
was added (20 ml) and the solution was neutralized with 
aqueous sodium hydroxide. The resultant white precipi- 
tate was collected (0.209 g, 91%) (mp 151-154°C). Recrys- 
tallization from a methanol-benzene mixture gave small 
white needles melting at 159-159.5"C; 'H nmr: 8.03-7.02 
(7H, m, aromatic), 4.89-3.59 (6H, m, methylenes at C-5, 
C-7, and C-12), 3.86 (3H, s, carbomethoxy), 1.95 (3H, s, 
N-methyl). Anal. calcd. for C18HlgN02: C 76.84, H 
6.81, N 4.98; found: C 77.01, H 6.81, N 5.10. 

Preparation of l g  
The nitrile l e  (0.333 g, 1.34 mmol) was slowly added to 

3.5 ml of a mixture of concentrated sulfuric acid and 
water (85 vol.% sulfuric acid) at 7S°C. The solution was 
heated at 85-90°C for 1.5 h. After being cooled, the reac- 
tion solution was added to a mixture of concentrated 
ammonium hydroxide (16 ml), ice, and water (30 ml). 
The solid that precipitated out was collected and ex- 
tracted with hot acetone several times. On removal of the 
acetone, 0.294 g (82%) of the amide l g  (mp 235.5-238°C) 
was obtained; 'H nrnr (DMSO-d6) 8.046.96 (9H, m, 
aromatic and amide hydrogens), 4.90-3.53 (6H, m, 
methylenes at C-5, C-7, and C-12), 1.88 (3H, s, N-methyl). 

Preparation of l h  
The compound l h  was prepared according to a modi- 

fied procedure described by Radlich and Brown (16). A 
solution of sodium methoxide in methanol (8.5 ml) was 
prepared from sodium (0.38 g) in a three-necked flask 
equipped with a reflux condenser (protected by a drying 
tube) and a separatory funnel. The solution was cooled 
to -45°C with a dry ice - acetone bath and then bromine 
(0.93 g) was added dropwise with vigorous stirring. When 
the colour had discharged, the amide l g  (0.294 g, 1.11 
mmol), dissolved in 3.5 ml of dioxane and 2.5 ml of meth- 
anol, was added slowly while maintaining the temperature 
at -40°C. After the addition, a further 2.5 ml of meth- 
anol was added. The temperature was then raised to 62°C 
for 1.25 h. The solution was cooled to 25'C. Water (30 
ml) was added and the mixture was extracted twice with 
chloroform. The combined chloroform layers were 
washed with sodium chloride solution and then dried 
with anhydrous MgSO,. On removal of the solvent 0.286 
g (87%) of a white solid (mp 144146°C) was obtained; 
'H nmr: 7.51-6.64 (8H, m, aromatic and NH hydrogens), 
4.87-3.47 (6H, m, methylenes at C-5, C-7, and C-12), 3.75 
(3H, s, carbamate methyl), 1.95 (3H, s, N-methyl). 

Preparation of l i  
The carbamate l h  (0.286 g, 0.96 mmol) was added to 

20 ml of 37% aqueous hydrochloric acid and the solution 
was refluxed for 17 h. At the end of the reflux period, the 
solution had become dark in colour. On neutralization 
with aqueous sodium hydroxide, a green precipitate was 
obtained which was collected by filtration and washed 
with water to leave 0.140 g (61%) of a solid melting at 
144-146.S0C. An analytical sample was obtained by 
recrystallization from benzene and then sublimed to give 
a white solid melting at 151.5-152°C; 'H nmr: 7.51-6.32 
(7H, m, aromatic), 4.86-3.10 (8H, m, methylenes at C-5, 
C-7, and C-12 and amine hydrogens), 1.96 (3H, s, 
N-methyl). Anal. calcd. for C16H18N2: C 80.63, H 7.61, 
N 11.76; found: C 80.51, H 7.49, N 11.59. 

Acknowledgements 
The authors are grateful to Mr. H. SCguin for 

elemental analyses. One of us (R.R.F) thanks 
the National Research Council of Canada for 
financial support. 

1. R. R. FRASER, P. HANBURY, and C. REYES-ZAMORA. 
Can. J. Chem. 45,2481 (1967). 

2. R. R. FRASER, R. N. RENAUD, C. REYES-ZAMORA, 
and R. B. SWINGLE. Can. J. Chem. 47, 2767 (1969); 
R. R. FRASER and R. N. RENAUD. Can. J. Chem. 49, 
755 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2648 CAN. J. CHEM. 

3. R. R.  FRASER. Can. J. Chem. 40, 1483 (1962). 
4. CH. BREVARD, J. P.  KINTZINGER, and J. M. LEHN. 

Tetrahedron, 28,2429 ( 1972). 
5. A. A. BOTHNER-BY. Adv. Magn. Reson. 1, 197(1965). 
6. M. BARFIELD and D. M. GRANT. J. Am. Chem. Soc. 

85, 1899 (1963). 
7. J. A. POPLE and A. A. BOTHNER-BY. J. Chem. Phys. 

42, 1339 (1965); G. E. MACIEL, J. W. MCIVER, N. S. 
OSTLUND, and J. A. POPLE. J. Am. Chem. Soc. 92, 
4151 (1970). 

8. D. MONTECALVO and M. ST-JACQUES. J. Org. Chem. 
40,940 (1975). 

9. R. R. FRASER, M. A. PETIT, and M. A. MISKOW. J. 
Am. Chem. Soc. 94,3253 (1972). 

10. Y. L. CHOW, S. BLACK, J. E. BLIER, and M. M. 
TRACEY. Can. J. Chem. 48,2134 (1970). 

11. R. N.  RENAUD, R. B. LAYTON, and R. R. FRASER. 
Can. J. Chem. 51,3380 (1973). 

12. R. R. FRASER, M. A. RAZA, R. N. RENAUD, and R. B. 
LAYTON. Can. J. Chem. 53, 167 (1975). 

13. A. D. HARDY and F. R. AHMED. Acta Crystallogr. 
Sect. B, 30, 1670 (1974). 

14. F.  R. AHMED. ActaCrystallogr. Sect. B, 31,26 (1975). 
15. E. MAGNIEN and R. BALTZLY. J. Org. Chem. 23,2029 

(1958). 

VOL. 5 5 ,  1977 

16. P. RADLICH and L.  R. BROWN. Synthesis, 290 (1974). 
17. D. H.  MCDANIEL and H. C. BROWN. J. Org. Chem. 

23,420 (1958). 
18. H.  H. JAFFE. Chem. Rev. 53, 191 (1953). 
19. R. C. COOKSON, T. A. CRABB, J. J .  FRANKEL, and J. 

HUDEC. Tetrahedron Suppl. 7,355 (1966). 
20. M. RAMARAO and A. A. BOTHNER-BY. Org. Magn. 

Reson. 8,329 (1976). 
21. A. W. BRINKMANN, M. GORDON, R. G. HARVEY, 

P. W. RABIDEAU, J. B. STOTHERS, and A. L.  TERNAY, 
JR. J. Am. Chem. Soc. 92,5912 (1970). 

22. W. G. F E R R I E R ~ ~ ~  J. IBALL. Chem. Ind. 1296(1954). 
23. R. R. FRASER and R. N. RENAUD. Can. J. Chem. 49, 

746 (1971). 
24. J. SCHMI r ~ ,  J .  J. PANOUSE,A. HALBOT, H. PLUCHET, 

P. COMOY, and P.-J. CORNU. Bull. Soc. Chim. Fr. 816 
(1963). 

25. G. ZWEIFEL and H. C. BROWN. Organic reactions. 
Vol. 13. J. Wiley, New York, NY. 1963. p. 1. 

26. S. CASADIO, G. PALA, E. CRESCENZI, E. MARAZZI- 
UBERTI, G. COPPI, and C. TURBA. J. Med. Chem. 11, 
97 (1968). 

27. M. S. NEWMAN and H.  BODEN. J. Org. Chem. 26, 
2525 (1961). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



'H and 13C dynamic nuclear magnetic resonance study of hindered rotation in 
thiobenzoylpiperidines and thiobenzoylmorpholines. Correlation between 

barrier heights of amides and thioamides 
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CARLA P~CC~NN~-LEOPARD~, OMER FABRE, DANIEL ZIMMERMANN, JACQUES REISSE, F. CORNEA, 
and C. FULEA. Can. J. Chem. 55,2649 (1977). 

The free energies of activation for hindered rotation around the C-N bond have been 
determined for a series of N,N-disubstituted thioamides by means of I3C and 'H dynamic nmr. 
A comparison between barriers for 20 amides and the corresponding thioamides, studied under 
similar conditions, has been drawn up using both our results and data obtained from the 
literature. An excellent linear correlation has been obtained. The same correlation also holds 
for primary (thio)amides and seems to be of general significance. Substituent effects on the 
barrier heights of thioamides and amides are discussed in connection with some particular 
cases. 

CARLA PICCINNI-LEOPARDI, OMER FABRE, DANIEL ZIMMERMANN, JACQUES REISSE, F. CORNEA 
et C. FULEA. Can. J. Chem. 55,2649 (1977). 

L'energie libre d'activation associCe a la rotation empechCe autour du lien C-N a CtC 
dtterminee pour une sCrie de thioamides en utilisant la rmn dynamique de 13C et 'H. Une 
comparaison entre les barrikres de 20 amides et des thioamides correspondants a CtC effectuCe 
en se basant non seulement sur nos donntes mais aussi sur des valeurs fournies par la IittCrature. 
Une excellente correlation lineaire a CtC obtenue. Cette correlation est valable Cgalejnent 
pour des (thio)amides primaires et semble donc de portte gkntrale. Les effets de substituants 
sur les hauteurs de barrikre de quelques thioamides et amides sont discutts. 

Introduction 
Our study of the physical properties of thio- 

amides and amides has led us to determine the 
barriers to rotation around the carbon-nitrogen 
bond of the thiobenzamides la-lf and 2b, 2d, 
and 2f 

~s"usua1, we had a choice of three possibilities 

R-C 
/ 

\\ 
S 

1 

/ 
R-C 

"s 
2 

'Author to whom correspondence should be addressed. 

for obtaining the chemical exchange rates from 
the shape of nmr signals : the use of approximate 
equations (i.e. the single parameter methods), 
the total line shape (TLS) method, and the ob- 
servation of coalescence phenomenon. The use 
of approximate equations, relating some features 
in the experimental nmr spectrum (such as line 
separation, linewidth, peak-to-valley ratio, or 
peak-to-peak ratio) to the exchange rate, may 
be the cause of appreciable errors at the level of 
AH* and AS*, as has already been demon- 
strated (1, 2). It may thus appear desirable to 
determine exchange parameters using informa- 
tion taken from the complete spectral lineshape. 
It has been demonstrated by Drakenberg et al. 
(2) and Shoup et al. (3), however, that the use 
of the complete lineshape is, per see, not neces- 
sarily a guarantee of accurate activation param- 
eters. AH* and AS* values can, in fact, be 
inaccurate because of unavoidable systematic 
errors due to 16vl and T, temperature dependence 
(16~1 is the chemical shift difference, in the 
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absence of exchange, between the two exchang- 
ing sites and T, the transverse relaxation time, 
assumed to be the same for nuclei at either site). 
On the other hand, when evaluated near 
coalescence, the free energy of activation (AG*) 
is found to be quite insensitive to systematic 
errors on these two parameters, and, con- 
sequently, the error for AG* may be assumed to 
be determined essentially by statistical random 
errors (if the accuracy of temperature measure- 
ment is optimized (4)). Accordingly, we pre- 
ferred to determine the free energies of activa- 
tion at the coalescence temperature (AG,'). I t  
may be objected that the determination of AGc* 
could preclude comparison between different 
thioamides and amides, because of the temper- 
ature dependence of this parameter. From this 
point of view AH* would appear at first sight 
to be a better kinetical parameter. Nevertheless, 
as will be discussed later, AG,' may be con- 
sidered to be a good measure of the intra- 
molecular enthalpy contribution to the barrier. 

Experimental 
13C chemical shifts have been reported previously for 

all the thiobenzamides studied (5), in CDCI3 solutions, 
the only exception being derivative la .  The 13C chemical 
shifts for this compound are the following (in ppm, 
downfield from TMS as internal standard): (i) thio- 
carbonyl carbon 198.5; (ii) aromatic carbons: C-1 136.3, 
ortho, meta, and para carbons 126.9, 127.9, and 128.8; 
(iii) heterocyclic carbons: a-N-methylene carbons 51.1 
and 51.6, p-N-methylene carbons 25.3 and 26.2, y-N- 
methylene carbon 23.9. 

The 13C dnmr measurements were carried out on a 
Bruker HX-90 spectrometer equipped with a B-ST 
100/700 variable temperature system and operating at 
22.63 MHz in the Ft mode. The spectrometer was in- 
ternally locked on a CsFs sample contained in a coaxial 
capillary. The precision in 16v( values is 1.5 Hz. 

The 'H dnmr spectra were recorded with a Varian 
A-60 spectrometer equipped with a variable temperature 
vrobe and a V-6040 variable temverature controller. 
kccurate frequency measurements- of the 'H nmr 
signals were performed by the audio sideband technique. 
Precision in /6vl values can be estimated to f 1 Hz, 
due to the shape of the signals. 

Solutions were 1 M in o-dichlorobenzene, unless 
otherwise stated. 

Temperatures, measured both before and after each 
spectrum, were determined from the temperature de- 
pendent chemical shift of ethylene glycol in the Varian 
A-60 probe and by mercury or alcohol thermometers in 
the Bruker HX-90 probe. All temperature sensors were 
calibrated independently by a melting point method 
(see ref. 4). The error for temperature measurements was 
estimated to be +0.5"C, including statistical and sys- 
tematic errors such as those due to temperature gradients. 
The error in AG,* due to an error of 1°C in T, is 50 cal 
mo1-l. 

Results 
By means of 'H and 13C dynamic nuclear 

magnetic resonance (dnmr) we have studied 
the hindered rotation around the C(S)-N bond 
in the molecules la-lf and 2b, 2d, and 2J: The 
free energies of activation (which are listed in 
Table 1) have been calculated at coalescence 
from [I] : 

[ l ]  AG,* = 4.576Tc(10.32 + log (T,/k,)) 

where kc, the rate constant for rotation at the 
coalescence temperature (T,), is given by [2] : 

16vl is the chemical shift difference in Hz between 
the two exchanging sites (in our case, the a-N- 
methylene protons or the a-N-methylene car- 
bons) in the condition of infinitely slow exchange 
rate. Attention must be drawn to the fact that 
the (6v( value which should be used in [2] is the 
16v( value at T,. The (6vl value we used in our 
calculations was the low temperature value 
measured for T < T,. However, it must be 
noted that IFvJ is relatively temperature in- 
dependent in the slow exchange region. Since 
AG,* is quasi-insensitive to small errors in 16~1, 
when the 16vl value is high (which is the case), 
this approximation is therefore perfectly admis- 
sible. In fact, AGc* values are essentially af- 
fected by errors in T, and we took care to min- 
imize this kind of error by using a method already 
described (4). 

Equation 2 is derived from the Gutowsky- 
Holm equation (6) describing exchange between 
two equally populated sites which are not 
coupled with each other or with other nuclei in 
the molecule. It  holds for cases where, in the 
absence of exchange, lineshapes are Lorentzian 
and linewidths are smaller than the non-exchang- 
ing chemical shift. Gutowsky and Holm (6) 
have shown that the overlap of the components 
of the doublet is negligible when the linewidth 
is smaller than about 5 of the true (i.e. assuming 
no exchange and no overlap) separation be- 
tween the components. In cases where the line- 
width is greater than 516~1, the rate constant 
cannot be calculated from the simplified [2] 
and the observed coalescence temperature is 
not equal to the coalescence temperature which 
would have been observed in the absence of 
overlap. 

a-N-Methylene carbons give well separated 
narrow signals with Lorentzian lineshapes in 
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TABLE 1.16~1 (Hz), T, (K) and AG, * (kcal mol-I) for the restricted 
rotation around the C-N bond in some thiobenzamides 
(1 mol in o-dichlorobenzene, unless otherwise stated) 

Thioamide Method* I6vlj Tc AG, * 

*A: 'H dnmr at 60 MHz; B: '3C dnmr at 22.63 MHz. 
?Saturated solution. 
ZThese values are determined at about 250 K for 'H nmr spectra and 280 K 

for I3C nmr spectra. 

the 13C noise-decoupled spectrum. Therefore, 
all the conditions are fulfilled to use [I]-[2]. On 
the other hand, a-N-methylene protons give 
broadened triplets (because of the coupling 
with P-N-methylene groups). The lineshapes are 
not Lorentzian, but the linewidths remain smaller 
than 316~1 and signals do not overlap. We were 
able to test the applicability of [2] in this 
particular case because, in the experimental 
conditions we used, and by chance, the 16vl 
values observed in 'H and in 13C nmr were the 
same for unsubstituted thiobenzoylpiperidine, 
i.e. compound Id. We were then able to com- 
pare the coalescence temperatures determined by 
'H and 13C nmr. As is shown in Table 1, the 
two coalescence temperatures compare very well 
within the limits of experimental errors. We 
were then justified in making use of [2] when 
we evaluated by 'H dnmr the rotational barriers 
of derivatives similar to Id, which we did for 
compounds la-lf. 

We determined the AG,* of thiobenzoyl- 
morpholines by I3C dnmr. For these molecules, 
coalescence could not be accurately obtained by 
'H dnmr because of interference from other 
spectral lines. 

Discussion 
Before starting a discussion concerning the 

structural effect on AG* values, it is necessary 
to consider the AH*, AS* problem. As has been 
stated previously, it may be argued that A H *  
(or E,) is a better kinetic parameter than AG*, 
since AG* is the sum of an enthalpy and an 
entropy factor. Nevertheless, it is well known 
that, because of the mutual compensating effect 

of the correlated errors on A H *  and AS* (7), 
AG* can be obtained with much greater ac- 
curacy than AH* and AS* (2, and see, for 
example, ref. 8). Moreover, A H * ,  like A S *  and 
AG*, can be described as the sum of an inter- 
molecular contribution and an intramolecular 
contribution (A Y * = A Y * inter + A Y* where 
Y = G, H, S) .  In some particular cases, it has 
been proved that the intermolecular contribu- 
tions to A H  * and AS*,  or A H 0  and AS0,  have 
a mutual compensating effect in a series of 
homologous systems (9). As Sandstrom noted 
(lo), it is very difficult to prove that such a 
situation exists for the activation parameters of 
(thio)amides but this possibility cannot be 
ruled out. We can also say that the intermolec- 
ular contributions to AH* and AS*,  whatever 
they may be, must be similar for similar systems. 
We may finally observe that the intramolecular 
contribution to AS* must be very small as is 
the case for all equilibria, or pseudo-equilibria, 
between two stereoisomers. This affirmation is 
based on an estimate of the difference between 
the partition functions of stereoisomers in the 
gas phase (1 1). The translational contribution to 
the entropy difference must be the same for two 
stereoisomers for obvious reasons, so the only 
possible differences arise from vibrational and 
rotational contributions. In our case, the sym- 
metry number of the two molecular species 
(fundamental state and activated state) is equal 
to one, so the only difference between the two 
rotational partition functions is originated by 
the difference between the products of principal 
inertia moments. This contribution is known to 
be very small (< 1 eu) in such systems (11). 
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Without any precise knowledge of the vibrational 
modes in the low frequency region, it is diffi- 
cult to  make an estimate of the vibrational 
contribution to the partition functions. Never- 
theless, it seems safe to assume that the low 
frequency regions are similar for the two molec- 
ular species if we consider the thioamides and 
the corresponding amides as being roughly 
constituted of two independent moieties linked 
by the four-atom system C-C(X)-N which is 
the only system strongly modified by the 2x14 
rotation around the C-N bond. It is clear that 
this group itself is characterized by some low 
frequency absorptions (torsional oscillation 
around the C-N bond in the fundamental 
state, out-of-plane and in-plane bending of the 
C(X) bond), but it is difficult to imagine that 
these contributions to the entropy of activation 
are larger than 2 or 3 eu and very different 
from compound to compound. This last point is 
the most important for a comparison of barriers 
obtained for various amides and thioamides. 

Therefore, for the reasons previously dis- 
cussed, we consider that AG* is a good measure 
of the intramolecular contribution to the en- 
thalpy of activation or, at  least, that the variation 
of AG* from one compound to another in a 
series of homologous molecules reflects the 
variation of the intramolecular contribution to 
AH*. We can then compare the AG* values 
obtained for these two kinds of molecules in 
order to see if the intramolecular structural 
features have similar consequences on the 
barrier in the two series. This kind of approach 
has already been used by measuring the in- 
crements (in terms of ~ A G * )  associated with the 
formal transformation amide + thioamide (12- 
14). We have preferred to use a slightly different 
approach based on a careful selection of many 
pairs of symmetrically disubstituted amides and 
thioamides recently studied in the literature. 
For each amide-thioamide pair we have selected 
barrier values determined in conditions which 
are as similar as possible (solvents, concentra- 
tions and temperatures). Our approach simply 
consists of the establishment of a linear correla- 
tion of the form 

AG*(thioamide) = a + bAG*(amide) 

A least-squares linear regression analysis gives 
the following equation: 

[3] AG*(thioamide) = 1.13 + 1.11 AG*(amide) 
Correlation coefficient, r = 0.97 

Number of points: 20 

represented in Fig. 1. The amide barriers chosen 
for this calculation are given in Table 2 and the 
corresponding values for thioamides are given in 
Table 3. 

The average difference between values of the 
experimental barriers for thioamides (given in 
Table 3) and values of the barriers calculated 
by means of [3] is 0.54 kcal mol-l, while the 
maximum and the minimum deviations are, 
respectively, equal to 1.73 and 0.09 kcal mol-l. 
In 15 of the 20 cases, the difference in absolute 
value is smaller than 0.6 kcal mol-l. 

All the (thio)amides, except three, are form- 
amides, alkyl-, or arylamides. The three excep- 
tions in each series (entries 1, 4, 7 in Tables 2 
and 3) correspond to derivatives with halogen 
or cyano substituents fixed on the (thio)carbonyl 
group. This small number of examples was 
selected in order to prove that even with such 
substituents the linear correlation holds very 
well. Moreover, and to test the generality of our 
relation, we added to the 20 points of the graph 
represented in Fig. 1 five further points corre- 
sponding to the barrier values of primary amides 
and thioamides studied by Walter et al. (24). 
Then the intercept and the slope become equal 
to 1.47 kcal mol-I and 1.10, respectively, the 
correlation coefficient remaining equal to 0.97. 
It seems therefore that the same linear correla- 
tion holds for a great variety of primary and 
tertiary amides and thioamides. 

FIG. 1. The linear correlation between barriers of 
thioamides and amides (AG*, in kcal mol-'; numbers 
refer to Tables 2 and 3). 
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TABLE 2. Free energies o f  activation for some N,N-disubstituted amides (kcal mol-')  

Entry Amide Method? Solvent** AG* (T): Ref.  

TLS TCE 21.4(298) 15 
TLS DMSO-d6 18.5(298) 16 
TLS 0-DCB 18.5(318) 12 
TLS cc14 18.1(298) 17 
T, det. Cyclohexane 16.8(311)* 18 

6.  [ ~ c ( o ) - N ( C H , ~  T, det. o-DCB 16.6(311.5)* 19 

TLS 
T, det. 
T,  det. 
T, det. 
TLS 
TLS 
TLS 
TLS 
TLS 
TLS 

17. C,HsCH,C(O>N 3 T, det. o-DCB 16.6(344.5)* 8 

18. p-NO,C,&C(O)-N T, det. o-DCB 14.9(297.5)* $ 3 
19. C , H ~ C ( O ) - N ~  T, det. o-DCB 14.1(281)* 5 

20. ~ocH,c,&-c(o)-N~ T, det. o-DCB 13.0(256)* 0 

**TCE: tetracbloroethane. DMSO: dimetbyl sulfoxide; o-DCB: o-dichlorobenzene. 
tTLS: total line shape anaiysis; T,  det.: coalescence temperature determination. For the amide of entry 6 only the AG* value 

obtained by an approximate method was available. In this case, we preferred to calculate the barrier to rotatlon at coalescence 
by [ I ]  from the lsvl and T,  data furnished in the original paper. 

$Temperature, in Kelvin. A temperature marked with an asterisk is a coalescence temperature. 
$C. Piccinni-Leopardi et a/ . ,  unpublished results. 

It is difficult to decide whether the experi- 
mental value for the slope b is significantly dif- 
ferent from unity or not. By the usual methods 
of correlation analysis, it is possible to cal- 
culate that the exact slope value is included, 
with a probability equal to  0.9, between the 
limits 1.0 and 1.2. The same treatment applied 
to the intercept proves without any doubt that 
this term is significantly different from zero. 
This conclusion reflects the fact that higher 
barrier values are generally observed for thio- 
amides as opposed to amides. Both this problem 
and other problems like those concerning the 
substituent effects on the barriers of amides and 
thioamides have already been extensively dis- 
cussed in the literature (see for example refs. 
10, 12-14, 22 and the references cited therein). 
Electron donors have a lowering effect on the 
barrier when attached to the thiocarbonyl (or 
carbonyl) carbon. Such an effect can be observed 
both with alkyl and phenyl substituents, and 
with chlorine and fluorine atoms acting as 7c 

donors. On the other hand, electron acceptors 
like CN have virtually no effect on the barrier 
which remains similar to that for the unsub- 
stituted system, i.e. N,N-dimethylthioformamide 
(12). Qualitatively, the electron donor effect can 
be justified in terms of the relative weight of the 
canonical structure I in the following scheme: 

- 

S S S 
\ /' \ / \ +/ 
C-N cr C-N o 

/ \ 
D 

= N\ 
D 

Any factor which increases the relative weight 
of I lowers the barrier. When D is a phenyl 
group, the donating effect can be increased or 
reduced by the substitution on the aromatic 
system. In the series of thiopiperidides and thio- 
morpholides studied during this work, we ob- 
served a decrease of the barrier for If (or 2f) 
but an increase for l b  (or 2b) relative to the 
unsubstituted derivative I d  (or 2d). We made 
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TABLE 3. Free energies of activation for some N,N-disubstituted thioamides (kcal mol-') 

Entry Thioamide Method? Solvent** AG* (T)$ Ref. 

TLS 
TLS 
TLS 
TLS 
TLS 

TCE 
DMSO-d6 
o-DCB 
TCE 
Decalin 

T, det. 

TLS 
T, det. 
T, det. 
T, det. 
TLS 
TLS 
TLS 
TLS 
TLS 
TLS 

T, det. 19.3(388)* This work 

T, det. 17.9(362)* This work 

T, det. 17.3(352)* This work 

T, det. 16.0(324)* This work 

**Abbreviations as in footnote ** Table 2. 
tTLS: total line shape analysis; ?c det.: coalescence temperature determination. For the thioamides of entries 6 and 9 only 

the AG* values obtained by ap roximate methods were available. In these cases we preferred to calculate the barriers to rotation 
at coalescence by [I ]  from the kvl  and T,  data furnished in the original papers. 

$See the footnote $, Table 2. 

the same observation in the case of the corre- 
sponding amides (C. Piccinni-Leopardi et al., un- 
published results). In the thiobenzoylpiperi- 
dines or -morpholines and in the corresponding 
amides, the phenyl ring in the preferred con- 
formation is not in the plane of the thioamide 
group. An X-ray diffraction study (25) on thio- 
carbamoyl-4-pyridine has shown that the di- 
hedral angle between the two planar moieties 
is 38". Nevertheless, such an angle is not suffi- 
cient to  completely suppress the conjugation 
between the two n systems (26) and the influence 
of the para subslituents on the barrier is proof 
of the existence of an interaction between the 
two systems. 

We will now point out the difference which 
exists between barriers of one thiopiperidide and 
the corresponding thiomorpholide ( lb  com- 
pared to 2b, I d  to 2d, and If to 2f ). Hirsch et 
al. (27), who observed the phenomenon in the 
case of benzoylpiperidine and benzoylmorpho- 

line, considered the difference to be of no 
significance. We disagree with this coilclusion 
since we have observed the same behaviour for 
three couples of thioamides and the analogous 
couples of amides. In all cases, the barrier in 
the (thio)morpholide is lower than the barrier 
in the corresponding (thi0)piperidide. Consider- 
ing the similarities between piperidine and mor- 
pholine it seems difficult to  invoke a steric effect. 
It is therefore tempting to correlate the lower 
barrier in the (thio)morpholide series with a 
lower availability of the nitrogen lone pair 
electrons in morpholine compared to piperidine. 
A measure of this lower availability is given 
by the first ionization potentials of these two 
molecules, i.e. 8.91 eV for morpholine and 
8.66 eV for piperidine (values obtained by 
photoelectron spectroscopy), since the first 
ionization potential may be safely assigned to 
the lone pair orbital on nitrogen (28). 

Work is now in progress in order to see if the 
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PICCINNI-LEOPARD1 ET AL. 2655 

barrier heights of amides and thioamides can be 
interpreted in terms of the electron-donating 
properties of the amine moiety and the electron- 
withdrawing properties of the acyl moiety as 
can be described in a HOMO-LUMO scheme 
(29).2 

Acknowledgments 
The investigation was supported by a grant 

from the Belgian "Fonds de la Recherche Fonda- 
mentale Collective". One author (C.P.-L.) is 
indebted to the Commission of the European 
Communities for a Euratom research grant. 

1. A. ALLERHAND, H.  S. GUTOWSKY, J.  JONAS, and 
R. A. MEINZER. J.  Am. Chem. Soc. 88, 3185 (1966). 

2. T. DRAKENBERG, K.-I. DAHLQVIST, and S. FORSEN. 
Acta Chem. Scand. 24,694 (1970). 

3. R. R. SHOUP, E. D. BECKER, and M. L.  MCNEEL. J .  
Phys. Chem. 76,71(1972). 

4. C. PICCINNI-LEOPARDI, 0 .  FABRE, and J. REISSE. 
Org. Magn. Reson. 8,233 (1976). 

5. C. PICCINNI-LEOPARDI, 0. FABRE, D.  ZIMMERMANN, 
J. REISSE, F .  CORNEA, and C. FULEA. Org. Magn. 
Reson. 8,536 (1976). 

6. H. S. GUTOWSKY and C. H. HOLM. J.  Chem. Phys. 25, 
1228 (1956). 

7. (a) R. S. PETERSEN, J. H. MARKGRAF, and S. D. Ross. 
J. Am. Chem. Soc. 83,3819 (1961); (b) K. B. WIBERG. 
Physical organic chemistry. Wiley, New York, NY. 
1966; (c) R. R. KRUG, W. G. HUNTER, and R. A. 
GRIEGER. J. P h y s  Chem. 80, 2335 (1976); ( d )  R. R. 
KRUG, W. G. HUNTER, and R. A. GRIEGER. J.  Phys. 
Chem. 80,2341 (1976). 

8. H. KESSLER. Angew. Chem. Int. Ed. Engl. 9, 219 
(1970). 

9. (a) K.  J .  LAIDLER. Trans. Faraday Soc. 55, 1725 
(1959); (b) L .  G.  HEPLER. J.  Am. Chem. Soc. 85,3089 
(1963). 

2The authors would like to  express their gratitude to  
Dr. Nguyen Trong Anh (Orsay) who, by his stimulating 
remarks, inspired their work in this direction. 

10. J .  SANDSTROM. J.  Phys. Chem. 71,2318 (1967). 
11. (a) G. J. JANZ. Thermodynamic properties of organic 

compounds. Academic Press, New York, NY. 1967; 
(b) S. W. BENSON. Thermochemical kinetics. Wiley, 
New York, NY. 1968; (c) J. REISSE. In  Handbook of 
stereochemistry. Vol. 11. Edited by H. Kagan. Georg 
Thieme Verlag, Stuttgart. In press. 

12. T. H. SIDDALL 111, W. E. STEWART, and F.  D. 
KNIGHT. J. Phys. Chem. 74,3580 (1970). 

13. W. E. STEWART and T.  H. SIDDALL 111. Chem. Rev. 
70,517 (1970). 

14. L. M. JACKMAN. In Dynamic nuclear magnetic reso- 
nance spectroscopy. Edited by L .  M. Jackman and F.  
A. Cotton. Academic Press, New York, NY. 1975. 

15. E. A. ALLAN, R. F. HOBSON, L. W. REEVES, and K. 
N.  SHAW. J .  Am. Chem. Soc. 94,6604 (1972). 

16. R. C. NEUMAN, JR. and V. JONAS. J .  Phys. Chem. 75, 
3532 (1971). 

17. L .  W. REEVES and K. N. SHAW. Can. J. Chem. 49, 
3671 (1971). 

18. T. DRAKENBERG, K. J. DAHLQVIST, and S. F O R S ~ N .  J. 
Phys. Chem. 76,2178 (1972). 

19. G. ISAKSSON and J. SANDSTROM. Acta Chem. Scand. 
21, 1605 (1967). 

20. R. C. NEUMAN, JR., D. N. ROARK, and V. JONAS. J.  
Am. Chem. Soc. 89,3412 (1967). 

21. W. WALTER, E. SCHAUMANN, and H. PAULSEN. JUS- 
tus Liebigs Ann. Chem. 727,61(1969). 

22. R. F .  HOBSON, L .  W. REEVES, and K .  N. SHAW. J .  
Phys. Chem. 77, 1228 (1973). 

23. R. C. NEUMAN, JR. and V. JONAS. J. Org. Chem. 39, 
929 (1974). 

24. W. WALTER, E. SCHAUMANN, and H.  ROSE. Org. 
Magn. Reson. 5, 191 (1973). 

25. J.-C. COLLETER andM. GADRET. Bull. Soc. Chim. Fr. 
3463 (1967). 

26. I. FISCHER-HJALMARS. Tetrahedron. 19. 1805 (1963) 
and references therein. 

27. J. A. HIRSCH, R. L. AUGUSTINE, G. KOLETAR, and 
H. G. WOLF. J.  Org. Chem. 40,3547 (1975). 

28. F. P. COLONNA, G. DISTEFANO, S. PIGNATARO, G. 
PITACCO, and E. VALENTIN. J. Chem. Soc. Faraday 
Trans. II ,71,  1572 (1975). 

29. S. INAGAKI, H. FUJIMOTO, and K.  FUKUI. J .  Am. 
Chem. Soc. 98,4054 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Aromatic substitutions with carbanion nucleophiles. 111. The kinetics of the 
reaction okpicryl chloride with diethylmalonate anion1 

KENNETH T.  LEFFEK AND ANNA E. MATINOPOULOS-SCORDOU 
Department of Chemistry, Dalhousie University, Halifax, N.S. ,  Canada B3H4J3 

Received August 3, 19762 

KENNETH T. LEFFEK and ANNA E. MATINOPOULOS-SCORDOU. Can. J. Chem. 55,2656 (1977). 
The reaction between 1-chloro-2,4,6-trinitrobenzene (picryl chloride) and diethylmalonate 

anion in benzene-DMSO 7: 1 v/v solvent has been investigated by means of stopped-flow and 
uv-visible spectrophotometers. The results support a simple bimolecular aromatic substitution 
with a fast formation of a Meisenheimer-like coloured intermediate, followed by a slower 
decomposition to the picryl ester. The latter is rapidly deprotonated by the excess base. The 
steps of the reaction were followed separately and the rate constants and activation parameters 
have been measured. 

KENNETH T. LEFFEK et ANNA E. M A T I N ~ P ~ ~ L ~ ~ - S ~ ~ R D ~ ~ .  Can. J. Chem. 55,2656 (1977). 
Travaillant dans un melange de solvant forme de benzene et de DMSO 7: 1 v/v et faisant appel 

a des spectrophotomttres a flux stoppe et uv-visible, on a etudie la reaction entre le chloro-1 
trinitro-2,4,6 benzene (chlorure de picryle) et l'anion du malonate d'ethyle. Les resultats 
supportent un mecanisme de substitution aromatique bimoleculaire simple avec la formation 
rapide d'un intermediaire colore ressemblant a ceux de Meisenheimer qui est suivie par une 
dCcomposition plus lente conduisant a un ester de picryle. Ce dernier est rapidement deprotone 
par un exces de base. On a suivi sCparCment les diverses etapes de la reaction et on en a mesure 
les constantes de vitesse et les parametres d'activation. 

[Traduit par le journal] 

Introduction 
Except for the attack of bases derived from 

ketones on nitroaromatics, yielding mainly 
stable Janovsky or Zimmermann complexes 
(1-7), few reactions between carbanions and 
aromatic molecules have been reported (3-1 1). 
They all involve active methylene groups and, in 
contrast to ketones, usually lead to aromatic 
nucleophilic substitution products. Also, con- 
trary to the case of oxygen nucleophiles where 
the kinetically controlled intermediate 1 is ini- 
tially formed and is followed by the thermo- 
dynamically controlled 2, with carbanion nucleo- 

2,4,6-trinitrocyclohexadienate with X = OCH, 
and Y = CH(COCH,)COOC,H, (12). 

In the present study, a development of pre- 
vious work on I-fluoro-2,4-dinitrobenzene (1 3- 
14), the reaction between picryl chloride and 
diethylmalonate anion has been investigated 
using stopped-flow and uv-visible spectro- 
photon~eters. The results support the mechanism 
shown in reaction 1, with k, ,  k ,  >> k ,  and 
k- ,  << k,, k-, << k,. 

Results and Discussioll 
Absorption Spectra 

When solutions of picryl chloride and diethyl- 
malonate sodium salt in DMSO are mixed, a red 
colour appears immediately which slowly changes 
to violet after about 4 h. This reaction cannot be 
studied kinetically because the formation of the 
red colour is too fast to be followed with a - 
stopped-flow spectrophotometer. An additional 

philes only one coloured intermediate has been inconvenience is that picryl chloride reacts 
observed in each reaction, which has been slowly with DMSO to yield picric acid (15), so 
assumed to have the structure 2. Direct observa- that stock solutions may not be used. The addi- 
tion nmr has been for the case tion of benzene to the DMSO solvent decreases 

the rate of formation of the intermediate and 
'Presented at the 59th Annual Chemical Conference of 

the Chemical Institute of Canada, London, Ont., June its rate decomposition. A mixture of 
6-9. 1976. benzene-DMSO of 7 :  1 vlv was found to be 

'kevision received March 28, 1977. suitable for measurement of both the formation 
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C1 C1 DEM DEM 

0 2 N ~ N 0 2  + DEM- 
w k - ,  0 2 N ~ N 0 2  -c1- k2 

and decomposition rates. The spectra observed 
at various times after mixing are shown in Fig. 1. 
The decomposition of the initial intermediate to 
the final stable anion (A,,, 523 nm) goes through 
an isosbestic point, but is quite fast so that only 
part of the initial form can be scanned (curve 1). 

With the excess of base, necessary to simplify 
the kinetic measurements, the reaction goes 
through to the final violet anion and if the con- 
version is assumed to be complete, the molar 
extinction coefficient of the peak at 523 nm is 
9700 M-I cm-I. A sample of 2,4,6-trinitro- 
phenyldiethylmalonate was isolated from the 
reaction carried out under preparative conditions 
and reacted with excess diethylmalonate anion in 
the same solvent. This gave a product peak at 
523 nm, E = 9600 M-I  cm-l. The anion of the 
ester, which was isolated in reasonable purity and 
a solution made up by weight, gave A,,, 522 nm, 
E = 9500 M - I  cm-l. Thus, the reaction under 
study goes essentially to completion and is free 
from side reactions. 

To obtain a spectrum of the initial inter- 
mediate a series of scans at fixed wavelengths and 
variable time were made on the stopped-flow 
spectrophotometer. From these, a series of 
spectra at definite times after mixing was obtained 
as shown in Fig. 2. It can be seen that there is an 
initial formation of an intermediate, essentially 
complete after about 20 ms, the spectrum of 
which closely resembles that of a Meisenheimer 
complex. A steady state exists from about 20 ms 
to about 2 s, after which decomposition of the 
intermediate takes place. Thus, by choosing the 
appropriate time base the rate constants for the 
formation and the decomposition of the inter- 
mediate of the reaction can be measured inde- 
pendently. 

The final deprotonation step can be studied 
separately, using 2,4,6-trinitrophenyldiethylma- 
lonate as substrate. 

Kinetic Measurements 
For an equilibrium in which the forward 

reaction is second order and the reverse reaction 
is first order, the integrated kinetic equation is 

where xe and x are the product concentrations at 
equilibrium and at time t, respectively, k, is the 
second-order rate constant for the forward 
reaction and k-, is the first-order rate constant 
for the reverse reaction and b is the reagent con- 
centration, diethylmalonate anion in this case. If 
the concentration b is in excess of that of the 
substrate to the extent that it undergoes no 
significant change during the reaction, [2] yields a 
pseudo first-order rate constant k,,, equal to 
(k,b + k-,). Thus, k l  and k-,  can be obtained 
from the slope and intercept of a plot of k,,, 
us. b. 

The results for the formation of the inter- 
mediate are given in Table 1, for seven different 
temperatures. At two temperatures the rate 
constants were measured at the two wavelengths 
of 445 and 495 nm to check that the two peaks 
observed in Fig. 2 were, in fact, due to the same 
species. The second-order rate constants are the 
same within experimental error, showing that 
this is the case. 

The half-lives for these runs ranged from 1 to  
5 nls, i.e. at the limit of the capability of the 
stopped-flow spectrophotometer, and although 
satisfactory correlation coefficients of 0.995 to 
0.999 were obtained for individual runs, the 
uncertainties in the observed rate constants were 
frequently large and the scatter in the second- 
order rate constants considerable. At all tem- 
peratures k-,  was approximately zero within 
experimental error. 

Table 2 shows the rate constants for the decom- 
position of the intermediate at five tempera- 
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Wavelength 

FIG. 1. Absorption spectra of the reaction mixture of picryl chloride and diethylmalonate anion in 
benzene-DMSO 7: 1 v/v at times after mixing of 1, 0.45 min; 2,  1.8 min; 3, 4.9 min; 4, 6.2 min; 5, 
15 min; 6 and 7, 29, 51, and 81 min. 

6- 4 io  ' 460 ' 5b0 ' 540 ' n m  
Wavelength 

FIG. 2. Absorption spectra of the reaction mixture of 
picryl chloride and diethylmalonate anion in benzene- 
DMSO 7:l v/v at times after mixing of @ 9.2 ms; 
A 13.8 ms; 23.0, 184, 460, 920 ms and 1.8 s; r 18.4 s. 

tures, which were measured on a standard uv- 
visible spectrophotometer. The first-order rate 
constant is independent of base concentration, 
indicating that this step is first-order as written in 
the reaction scheme, with no base catalysis. The 
half-lives for these reactions varied between 4 
and 3 min. 

The kinetics of the deprotonation step are 
shown in Table 3. This reaction was again very 
rapid, with half-lives of 1 to 5 ms and the plots of 
k,,, us. b had intercepts of zero within experi- 
mental error. 

The activation parameters for all three steps of 
the reaction are given in Table 4. These results 
indicate an almost irreversible formation of one 
coloured intermediate which decomposes to the 
substitution product and is finally converted to 
the anion of the product. The rate determining 

step is the decomposition of the intermediate to 
the product. The presence of an isosbestic point 
supports the absence of competing or sequential 
equilibria (16). The identity of the intermediate 
may be the C-1 complex 2 as shown in the reac- 
tion scheme [ I ] ,  or it may be the C-3 complex 1. 
If the latter is the case, then the C-1 complex is 
not observed at all, since we see only one 
coloured intermediate. The reaction would then 
follow the scheme in [3] ,  where ko >> k,. Since 
C-1 complexes are generally thermodynamically 
more stable than C-3 complexes, k - ,  must be 
small and k, large if the C-1 complex is not 
observed. Therefore, reaction schemes [ I ]  and [3] 
are indistinguishable kinetically. However, the 
rate constant for the back reaction, which on the 
basis of [3] would be equal to k-,k,/k0, is close 
to zero and if an upper limit of 1 s-I  is assumed, 
KO = ko2/(k-,k,) = 5.8 x M-' at 25°C 
for the C-3 complex. This represents the lower 
limit for KO. Since C-1 complexes are generally 
much more stable, K, should be at least of the 
order of lo7 M-I  and a second coloured inter- 
mediate should be observed. This suggests that 
the coloured intermediate which we observe is 
not the C-3 complex. 

Additional evidence may be obtained by 
examination of the reaction with trinitrobenzene. 
Under the conditions used in the reaction, 
diethylmalonate anion attacks trinitrobenzene to 
form a coloured complex at a rate which was too 
fast to measure with the stopped-flow spectro- 
photometer. Therefore, the attack on trinitro- 
benzene is considerably faster than that on picryl 
chloride. Since picryl chloride is activated 
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TABLE 1. Formation of the intermediate complex between picryl chloride and diethylmalonate anion 

kobs + S.E.* kl + S.E.* 
6 - l )  x 10-~(s- l  M-l) k-l  + s.E.* 

[Substrate] [Base] w l )  
T ("C) x lo5 (M) x lo4 (M) 445 nm 495 nm 445 nm 495 nm 445 nm 

14.6 1 . O  2.2 96+ 1 99+2 
4.4  204 + 7 219+3 
6.6 287 + 4 321 + 7 52+3 56+3 -25+23 
7.4 381+5 378 + 7 
8 .7  4061  7 423 + 7 

11.0 556+ 5 606+ 11 

19.9 1 . O  2 .4  118+2 134+2 
5.0 282 1 5 314+7 
7 .5  465+16 460+8 6 7 1 4  69+ 3 
8.4 479+ 17 575+ 16 
9.9 634 + 30 647+ 35 

*Standard error. 

towards nucleophilic attack relative to trinitro- 
benzene, and since the steric effect of the C1 on 
the NO, groups is not expected to be large, this 
is evidence supporting the formation of the C-1 
rather than the C-3 complex. 

The activation parameters of Table 4 are quite 
reasonable. The large activating power of the 
three nitro groups together with the strong 
nucleophilicity of the carbanion are expected to  
lead to a small enthalpy of activation for the 

formation of the intermediate. Its decomposition, 
involving the breaking of a carbon-chlorine 
bond, has a much greater enthalpy of activation. 
That both the formation and decomposition reac- 
tions should have negative entropies of activation 
would not have been predicted, since the latter 
would be expected to be much more positive, 
within the experimental error. However, negative 
entropies have been observed for other reactions 
(14, 18). The previously proposed explanations, 
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TABLE 2. Decomposition of the intermediate formed between picryl chloride 
and diethylmalonate anion 

[Substrate] [Base] k k S.E.* k,, k S.E.* 
T CC) x lo5 (M) x lo4 ( M )  x 103 (SKI) x 103 (s-I) 

*Standard error. 

that the incipient chloride ion enhances the acid, the negative entropies are again consistent 
solvation of the transition state of the decom- with many reports in the literature (19-24). . - 

position reaction, fits, in a qualitative sense, the 
present results. Experimental 

Materials 
The parameters for the proton Sodium diethylmalonate was prepared from sodium 

transfer step are quite reasonable for this carbon ethoxide and diethylmalonic ester. Sodium was dissolved 

N02+02 

NO2 

131 + DEM- 

NO2 
Cl DEM N02w02 
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TABLE 3. Reaction of picrylmalonic ester with diethylmalonate anion 

[Substrate] [Base] kl,,, k S.E.* k j  + S.E.* 
T CC) x lo5 (M) x lo4 (M) 6 - l )  x (s-I M-l) 

15.1 0.8 1.5 89 k 4 
2.9 166k6 
4.4 241 k 12 49k 1 
5.0 265 1 9 
5.9 307 + 7 

19.9 0.8 1.5 7811 
2.9 203 + 5 
4.4 248k 11 50+8 
5.0 290k 10 
5.9 301+12 

24.9 1.1 1.9 134k4 
2.6 223 k 5 
4.0 264 k 5 64+ 8 
4.5 287k7 
5.3 408k 16 
6.6 440k 14 

29.9 1.1 1.9 138+2 
2.6 167k4 
4.0 290 + 7 68 + 4 
5.3 376+11 
6.6 445 1 12 

35.2 0.8 1.5 126k4 
2.9 209 + 6 73 k 3 
5.0 371 k 3 
5.9 443 k 19 

*Standard error. 

TABLE 4. Activation parameters for the separate steps of the reaction of picryl chloride with diethylmalonate anion 

AH* + S.E.* AS* k S.E. AG* + S.E. E, k S.E. 
Reaction (kcal/mol) (cal mol-' deg-') (kcal/mol) (kcal/mol) 

Formation of complex (I) 2.2k1.3 -24.414.1 9.511.8 2.811.3 
Decomposition of complex (2) 14.5 + 0.7 -18.0k2.3 19.8k1.0 15.1k0.7 
Proton transfer step (3) 3.2k0.7 -21.3k2.4 9.5k1.0 3.8k0.7 

'Standard error. 

in absolute ethanol and then freshly redistilled diethyl- 
malonic ester was added in a 1 : 1 molar ratio. After 
shaking the mixture overnight at room temperature, the 
alcohol was removed under vacuum and the white salt 
dried at room temperature (yield 87% on a 0.05 mol 
scale). 

Picryl chloride (Matheson, Coleman & Bell) was re- 
crystallized from chloroform (mp 82.5-83.5"C). 

The sodium salt of picryldiethylmalonate (2,4,6-trini- 
trophenyldiethylmalonate) was prepared from sodium di- 
ethylmalonate and picryl chloride. Picryl chloride (0.02 
mol) in DMSO was added slowly to the diethylmalonate 
salt (0.04 mol) in DMSO. The mixture was stirred over- 
night at room temperature, then poured into ice water and 
the dark purple precipitate was filtered, washed with cold 
water and petroleum ether, and then dried at room 
temperature (yield 72%). 

For preparation of the ester, the salt was suspended in 

absolute ethanol, acidified with dilute sulfuric acid, 
heated to boiling, and filtered. The filtrate was allowed to 
cool slowly and colourless needle crystals were obtained 
(yield 50% on a 0.01 mol scale). The crystals were 
recrystallized from absolute alcohol, mp 57-58°C (lit. (25) 
mp 58°C). 

Dimethyl sulfoxide was dried over 4A molecular sieve 
and then distilled over CaH, under nitrogen at reduced 
pressure. The middle fraction was collected (bp 48"C/3.0 
Torr) and stored in a dark bottle under nitrogen. 

Thiophene-free benzene was dried over CaClz and then 
distilled over sodium (bp 80.5"C). For the kinetic runs, 
both solvents were used within 1 week after purification. 

Kinetic Procedure 
The absorption spectra were recorded on a SP800B 

spectrophotometer in cells of 1.0 c n ~  path length. The 
same instrument, connected to an external recorder 
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TABLE 5 
(a) Formation of intermediate from picryl 
chloride and diethylmalonate anion at  25.3"C; 
initial concentration picryl chloride = 1 x 
lo-' M; initial concentration diethylmalonate 

anion = 4.4 x M 

loZ x Absorbance 

Time (ms) Series I Series 2 

0 .0  2.27 4.02 
0.92 2.65 4.08 
1.85 2.97 4.11 
2.77 3.21 4.14 
3.70 3.40 4.16 
4.62 3.58 4.17 
5.55 3.70 4.19 
6.47 3.81 4.20 
7.40 3.91 4.21 

Pseudo first-order rate constant = 236 + 3 s-' 

(b) Decomposition of intermediate from picryl 
chloride and diethylmalonate anion at  19.9'C; 
initial concentration picryl chloride = 4.3 x 
lo-' M; initial concentration diethylmalonate 

anion = 1.35 x 10-3 M 

Absorbance 

Time (min) Series I Series 2 

0 .0  0.770 0.415 
0.20 0.700 0.400 
0.40 0.644 0.387 
0.60 0.595 0.376 
0.80 0.554 0.366 
1 .OO 0.523 0.358 
1.20 0.495 0.351 
1.40 0.470 0.342 
1.60 0.449 0.337 
1.80 0.430 0.331 

First-order rate constant = (11.8 + 0.4) x 
s-I 

allowing for expansion of the signal and choice of any 
region of absorbance between 0-2, was used for the slow 
kinetic runs. The temperature was controlled within 
0.05"C. 

The fast reactions were followed on a Durrum-Gibson 
stopped-flow spectrophotometer fitted with a 2 rnm light- 
path optical cell. The drive syringes, the mixing-jet, and 
the cell were kept within 0.05"C of the quoted temperature 
by means of an RTE-8 Neslab circulating bath. The dead 
time of the instrument was 1 ms checked by the standard 
reaction between Fe(N03)3 and KCNS. In  all the cases 
the solutions were prepared on the same day of measure- 
ment, the base in 3: 1 v/v benzene-DMSO, the substrate 
in benzene. The solutions of the base were prepared and 
handled in a glove bag, under nitrogen. The weighed 

amount of base was dissolved in DMSO corresponding to 
t of the volume required. Then, benzene was added to the 
mark in the volumetric flask. Dilutions were made by 
3 : 1 v/v benzene-DMSO prepared in the same way. 

For the stopped-flow, all the results reported corre- 
spond to at least three consecutive superimposed runs. 
The traces of percentage transmittance us. time, stored on 
a Tektronix 564 oscilloscope were photographed, the 
transmittance converted to absorbance, and the pseudo 
first-order rate constants calculated by the Guggenheim 
method (26). A least-squares calculation provided the 
best line. Standard errors and correlation coefficients were 
calculated at  the same time. Whenever possible scans 
were made at two or three time bases in which case the 
arithmetic mean of the rate constants was used. The 
errors reported refer to the standard error of the least- 
squares method. However, an  error of lo%, estimated by 
duplicate runs, should be taken into account due to the 
fact that the instrument was being used at  the limit of its 
capability with respect to the speed of the reaction. 

For the slow kinetic runs, absorbance readings us. time 
were obtained directly on the Unicam. The Guggenheim 
method was used again for the first order rates. Three 
runs were obtained for each base concentration and the 
arithmetic mean rate was calculated. This was repeated 
for various base concentrations and the average value 
obtained. Sample runs are given in Table 5. 
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Aromatic substitutions with carbanion nucleophiles. IV. The kinetics 
and mechanism of the reaction of picryl bromide 

with diethylmalonate anion 
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KENNETH T. LEFFEK and ANNA E. MATINOPOULOS-Scon~ou. Can. J. Chem. 55,2664 (1977). 
The reaction of picryl bromide with sodium diethylmalonate has been studied in benzene- 

DMSO 7: 1 v/v by means of stopped-flow and uv-visible spectrophotometers. A Meisen- 
heimer-like intermediate was detected, decomposing to yield the stable violet anion of the 
substitution product. The rate constants of the individual steps have been measured and the 
activation parameters calculated. Comparison with those obtained for picryl chloride support 
a bimolecular substitution via the 1,l-complex. The reaction with 1,3,5-trinitrobenzene is too 
fast to be measured in the same solvent system. The equilibrium constant is estimated to be 
of the order of lo4-lo5. 

KENNETH T. LEFFEK et ANNA E. MATINOPOULO~-SCORDO~. Can. J. Chem. 55,2664 (1977). 
Travaillant dans des solutions de benzene-DMSO 7: 1 v/v et faisant appel a des 3pectro- 

photometres a flux steppe et uv-visible, on a Ctudie la reaction du bromure de picryle avec le 
sel de sodium du malonate d'kthyle. On a detecte un intermkdiaire ressemblant a ceux de 
Meisenheimer qui se decompose pour conduire a I'anion violet stable du produit de sub- 
stitution. On a mesurt les constantes de vitesse pour chacune des ttapes et on en a calculC les 
parametres d'activation. Une comparaison de ces donnks avec celles obtenues pour le 
chlorure de picryle supporte un mecanisme de substitution bimolCculaire par I'intermCdiaire 
d'un complexe 1 : 1. La reaction avec le trinitro-1,3,5 benzene est tellement rapide que sa vitesse 
ne peut Etre mesuree dans le m&me systeme de solvant. On estime que la constante d'kquilibre 
est de I'ordre de lo4 jusqu'a lo5. 

[Traduit par le journal] 

Introduction DMSO 7: l v/v (1) led to mechanism [I] for 
The study of the reaction between picryl X = C1 with k,,k, >> k ,  and k - ,  << k,, k - ,  << k,. 

chloride and sodium diethylmalonate in benzene- 

In the present study the similar reaction of should be almost identical to that observed for 
picryl bromide is examined and the rate con- picryl chloride. 
stants and activation parameters compared with 
those of the chloro-compound. The work of Gan 
and Norris (2) predicts that if the above mech- 
anism is correct, the value of k ,  for picryl 
bromide will be clearly less than that of picryl 
chloride, whereas if we are actually observing the 

N02&~02~zH5)z  N02 

formation of the 1,3-complex 5, the rate constant 5 
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I I . I . . . , , . . . , . . . . . . . ,  

350 400 450 5 W  550 6 W  
I A tnm, 

FIG. 1 .  Absorption spectra of the interaction of picryl 
bromide (0.75 x M )  and diethylmalonate anion 
(2.1 x M) in benzene-DMSO 7:  1 v/v at times after 
mixing of 1, 0.43 min; 2, 0.70 min; 3, 1.37 min. 

Results and Discussion 
Picryl bromide in benzene, mixed in I :  1 v/v 

ratio with an excess of sodium diethylmalonate in 
benzene-DMSO 3 : 1 v/v gives rise to a red colour 
which changes very quickly to a violet stable 
product. The behaviour is similar to that of 
picryl chloride (1) with the difference that the 
decomposition is faster, so that observation of the 
visible spectrum on the conventional spectro- 
photometer shows only a shift towards higher 
wavelength, Fig. 1. The slow reaction of picryl 
bromide with DMSO does not interfere with the 
reaction under these conditions. 

A check in either DMSO or DMSO-benzene 
I : l v/v, where the intermediate is more stable, 
shows the transition through an isosbestic point 
more clearly, as can be seen in Fig. 2, for the 
latter case. 

The change of the spectrum at short times 
could be followed only by means of a stopped- 
flow spectrophotometer. Measurement at various 
wavelengths for different time bases showed that 
the two peaks initially formed at 447 and 492 nm 

increase up to a steady-state equilibrium after 
which the decomposition becomes dominant and 
the peak at the shorter wavelength gradually 
disappears whereas the other is shifted to higher 
wavelength due to the formation of the product 
as shown in Fig. 3. The product is similar in all 
respects with the one obtained from picryl 
chloride (1) and was thus identified as 4. Because 
of the fast decomposition of the intermediate, the 
true extinction coefficients could not be mea- 
sured. The assumption that the absorbance at 
equilibrium corresponds to the complete con- 
version of all the substrate gave good straight 
lines for A = f(c) from which the approximate 
figures of E,,, = 16 700 and &,,, = 14 800 
cm- M -  ' were calculated. 

The formation of the intermediate was 
followed on a stopped-flow spectrophotometer 
at 447 nm for six temperatures. A check of the 
rate at 492 nm at 15.2"C gave the same rate 
constants as those obtained at 447 nm indicating 
that both peaks belong to a single intermediate. 
The second-order reaction was reduced bv use of 
an excess of base, to pseudo first-order, ;he rate 
constant of which, k,,,, plotted against the base, 
[2], gave as slope k,, the second-order rate 
constant for complex formation. 

The results are given in Table 1 and all the 
kinetic runs correspond to correlation coefi- 
cients of 0.995-0.999. The rate constant for the 
decomposition to reactants (k- ,)  could not be 
obtained from the intercept but was very small 
and assumed to be approximately zero. 

The decomposition of the same complex, 
followed on a conventional spectrophotoineter at 

FIG. 2. Absorption spectra of the interaction of picryl bromide (0.63 x M )  and diethyl- 
malonate anion (2.2 x M )  in benzene-DMSO 1 : 1 v/v at times after mixing of 0.3 to 97 min. 
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TABLE 1. Formation of the intermediate complex in the reaction of picryl bromide with diethylmalonate anion 

Temp. [Substrate] [Base] kobs f S.E.? kl  f S.E.t k - l  + S.E.* 
("c) x 105 ( M )  x 104 ( M )  x ( s -I  M-')  ( S  - I )  

15.2 1 .O  2.4 39+1 
5.0 78 + 2 
7.4 131 + 1 20+ 1 -14+8 
8 .5  161+3 

10.0 188+3 
15.2* 1 .O 2.4 37+ 1 

5.0 81+1 
7.4 151+4 21+2 -15+11 
8 .5  156k4 

10.0 193 + 8 

19.9 1 .O 2.3 37+ 1 
4.7 73+1 
6.9 137+2 
7.9 148 * 2 
9.3 201 + 4  

11.6 224 + 5 

2.4 45+1 
5 .0  107 + 2 
7.4 172+2 
8.5 199+3 

10.0 237f7 

2.3 47k 1 
4.7 105+1 
6.9 150* 3 
7.9 180+3 
9.3 214+ 5 

11.6 261 + 4 

2.9 60+ 1 
4.1 96+ 1 
6.1 166+2 
6.9 18523 
8 .2  205 + 6 

10.2 249 + 7 

1 .O 2.9 66+ 1 
4.1 ] I l k 2  
6.1 172+2 
6.9 199+3 30+ 1 -13+7 
8 .2  234 + 4 

10.2 284 + 5 
*h = 492 nm. 
?Standard error. 

447 nm, was independent of the base concentra- 
tion. The results given in Table 2 are in accord 
with [3] in which K, is the equilibrium constant 
for the formation of the intermediate. This step 

is much slower than the formation of the inter- 
mediate and since the last deprotonation step has a 
second-order rate constant of k ,  = (64 + 8) x 
lo4 s - ~  M - ~  at 25°C (I), the decomposition is the 
rate-determining step of the overall reaction. The 

activation parameters for both the formation and 
decomposition of the intermediate are given in 
Table 3. These parameters are quite similar to 
those obtained for picryl chloride and may be 
rationalized in the same manner (1). 

An attempt was made to study the reaction of 
trinitrobenzene with the same carbanion under 
identical conditions. A complex with A,,, at 
460 (E 29 400) and 564 ( E  14 100) was observed. 
However, the rate of formation was too fast for 
.the stopped-flow method. For [TNB] = 0.2 x 
lo-' M and [DEM] = 0.11 x lop3  M, the reac- 
tion is over at approximately 4 ms. An attempt to 
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LEFFEK AND MATINOPOULOS-SCORDOU: I I  2667 

TABLE 2. Decomposition of the intermediate formed between picryl bromide and sodium 
diethylmalonate 

kobs + S.E.* kobs k S.E.* 
Temp. [Substrate] [Base] x lo3 (s-') x lo3 (s-') 
PC) x lo4 (M) x lo3 (M) (average of 3 runs) (average) 

*Standard error. 

FIG. 3. Change of absorption spectrum during the 
reaction of picryl bromide and diethylmalonate anion in 
benzene-DMSO 7: 1 v/v at  times after mixing of 9.2 ms, 
+ 23.1 ms, W 69.4 ms, A 18.5 s. 

calculate the equilibrium constant (K,,) using the 
Benesi-Hildebrand method (3) was equally un- 
successful because the ratio [TNB],/A,, where 
[TNB], = initial concentration of substrate, 

A,, = absorbance at equilibrium, was essentially 
constant. The slope of [TNB],/A,, = f(l/b), 
where b = base concentration, was estimated to 
be of the order of 10-8-10-9 which gives a KeS of 
the order of lo4-lo5 M - l .  The only conclusion 
which could be drawn from this reaction was the 
useful observation that the unsubstituted sub- 
strate reacts faster than the chloro- or bromo- 
substituted ones. The only visible spectrum of a 
diethylmalonate anion addition product reported 
is that of 6 which in DMF shows h,,, at 460 and 
568 nm (4). 

H CH(C02CzH5)2 

In the present work, the trinitrobenzene reac- 
tion shows h,,, at  459, 562 nm in pure DMSO; 
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TABLE 3. Activation parameters for the reaction of picryl bromide with 
diethylmalonate anion 

AH* + S.E. AS* k S.E. 
Step (kcal/mol) (calmol-' deg-') 

Formation of intermediate 1 . 9 k 0 . 6  -27.5k1.8 

Decomposition to products 12 .0k0 .5  -25.6k1.8 

TABLE 4. Summary of results regarding the intermediate formed in the reaction I-X-2,3,5-trinitrobenzene and 
diethylmalonate anion in benzene-DMSO 7: 1 v/v 

krorm kdec 
Intermediate x lo-4 x lo3 

at 25°C AH * r,,, ASqform at 25°C Aff*dec AS*dec 
X h,,, (nm) ( s  M )  (kcal/mol) (cal mol-' deg-') ( s  M i )  (kcal/mol) (cal mol-' deg-') 

458, 562 nm in benzene-DMSO 1 : 1 vlv; and 
460, 564 nm in benzene-DMSO 7 : 1 v/v. This 
suggests strongly that the product is actually the 
anionic complex 6. The ratio of the extinction 
coefficients at the two wavelengths is approxi- 
mately 2: 1 as expected from such complexes. 

A summary of the results in Table 4 shows that 
between the two halo-substrates picryl chloride 
forms the intermediate 2.3 times faster than the 
picryl bromide at 25"C, whereas the rate of 
decomposition of the same intermediate is slower 
by a factor of 1.4 than that of the bromo-complex. 
Gan and Norris (2) found that the rate constants 
for the formation of 7 and 8 in methanol 
differed by a factor of about 2 at 25"C, with that 
for 7 being the greater. In contrast they observed 
identical rate constants, within experimental 
error, for the formation of 9 and 10. 

Thus, for both picryl chloride and bromide, 
the assignment of the observed attack of the 
carbanion to the halo-substituted position of the 
substrate, yielding 2, gives the most satisfactory 
rationalization of the results, since it presents an 
interpretation of these reactions and those of Can 
and Norris (2) on a common set of criteria even 
though these criteria indicate a C-1 attack in the 

present case, whereas they fit a C-3 attack for the 
reaction of picryl chloride with methoxide (2). If 
the observed colour is accepted as the C-1 com- 
plex, the main factor on which the reactivity 

depends would be the electronegativity of the 
substituent present (5), the difference in the steric 
requirements of the chlorine and bromine not 
being large enough to account for such a differ- 
ence in rate (6). Chlorine being more electro- 
negative, facilitates the attack and leads to faster: 
formation of the intermediate. The decomposi- 
tion depends mainly on the ease with which the 
bond between carbon and the substituent is 
broken, and since bromine is the better leaving 
group, the faster decomposition of the bromo- 
complex is expected, as observed. Another 
factor supporting the mechanism shown in [l] is 
the fast reaction of trinitrobenzene. Since so far 
in aromatic nucleophilic substitutions, attack at 
unsubstituted positions has always been faster 
mainly because of steric reasons (7), the forma- 
tion of 11 would be expected to be faster than 
that of 6.  

Finally, for the overall rate represented by k,, 
the ratio kc,/kB, = 0.7 is obtained. The result 
agrees with the previous range of kc,/kB, = 0.5- 
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H CH(C02C2Hsh Purification of the other chemicals used, as well as the N02w procedure followed during the experiments, were 
described previously (1). 
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Reactions of some 2,s-dialkylpyridines with aldehydes and phenyllithium 
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JOHN A. FINDLAY and GREG C. LONERGAN. Can. J. Chem. 55,2670 (1977). 
The structure chemistry and stereochemistry of novel and complex adducts of type 3 obtained 

by reactions of 2,5-dialkylpyridines with aliphatic aldehydes and phenyllithium is discussed. 
A mechanism of formation is proposed. 

JOHN A. FINDLAY et GREG C. LONERGAN. Can. J. Chem. 55,2670 (1977). 
On discute de la chimie et de la sttrtochimie de la structure de nouveaux adduits complexes 

de type 3 obtenus par des rtactions de dialkyl-2,5 pyridines avec des aldkhydes aliphatiques et 
du phtnyllithium. Un mtcanisme pour la formation de ces composts est propost. 

[Traduit par le journal] 

In the course of preparing 4-methyl-1-(5- 
methyl-2-pyridy1)pentan-2-01, 2a (1) by phenyl- 
lithium catalyzed condensation of 2,5-dimethyl- 
pyridine l a  with isopentanal an unanticipated 
and remarkable by-product was recovered in 
18% yield. The structure 3a, 2,5-dimethyl-2- 
(5'-methyl-2'-picoly1)-3-(1 "-hydroxy-4"-methyl- 
buty1)-6-phenyl-4,5-didehydropiperidine dihydro- 
chloride, is assigned to it on the basis of chemical 
and spectroscopic evidence. 

Treatment of bromobenzene in ether with 2 
equiv. of lithium gave a solution containing 
phenyllithium which turned red-brown upon 
addition of 1 equiv. of 2,5-dimethylpyridine l a .  
Subsequent addition of isopentanal followed by 
acidic (HCI) work-up afforded an organic layer 
from which the white crystalline adduct sepa- 
rated. The elemental composition, C2,H,,0N2~ 
2HC1, ascertained by microanalysis and sup- 
ported by mass spectral data, is consistent with a 
dihydrochloride adduct derived from two mole- 
cules of 2,5-dimethylpyridine, one of benzene, 
and one isopentanal and possessing a total of ten 
sites of unsaturation. The presence of phenyl and 
5-methyl-2-picolyl features was learned from the 
nmr (CDCI,) spectrum which shows a total of 
eight protons in the aromatic region, two of 
which display chemical shifts and couplings 
appropriate for a 2,5-dialkyl substituted pyri- 
dinium moiety (2), 6 7.99 (s, lH,  W,,? = 4 Hz, 
C6H) and 7.12 (d, J = 8 Hz, C3H), wh~le signals 
corresponding to five phenyl hydrogens plus a C4 
pyridinium proton are accommodated in a com- 
plex multiplet centred near 6 7.5. Furthermore, 

'Publication was delayed 6 months at .the authors' 
request. 

1 
a R, ,R, = H; R, = CH, 
b R, ,R2,R,  = H 
c R, ,R, = H; R3 = CH, 
d R,,R3 =CH,;R,  = H 
e R,,R, = H; R, = C,H5 

2 

a R,,R, = H; R, = CH,; R4 = (CH,),CHCH, 
b Rl,R2,R3 = H; R4 = (CH,),CHCH, 
c R,,R3 = H; R2 = CHI; R4 = C6H5 
d R,,R2 = H; R, = CH,; R4 = (CH3),CHCH2 
e R1,R3 = CH,; R, = H; R, = (CH,),CHCH, 

the mass spectrum corroborates the 5-methyl-2- 
picolyl feature in displaying a strong ion mle 272 
(M - 2HC1 - C,H,N). In addition, nmr signals 
at 6 2.32 (3H, s) and an AB quartet at 6 3.63,3.48 
(J = 18 Hz) are consistent wit11 the 5-methyl-2- 
methylene pyridinium substituent attached via 
the 2-n~ethylene group to a fully substituted 
carbon. The presence of a secondary hydroxyl 
is confirmed by the broad singlet at 6 4.00 
(1H) transformed to a doublet of doublets after 
addition of D20.  This signal is displaced to 
6 5.15 in a monoacetate derivative 3b (vide infra). 
Additional methyl singlets are located at 6 1.81 
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FINDLAY AND LONERGAN 2671 

and 1.55 while a pair of doublets at 6 0.80 
(3H, J = 6 Hz) and 0.76 (3H, J = 6 Hz) are 
ascribed to an isopropyl feature. Furthermore, 
double irradiation near 6 1.5 ppm causes collapse 
of the 6 4.00 signal to a broad singlet (WlI2 = 
10 Hz) and the isopropyl methyl doublets to 
singlets thus confirming the sequence (CH3),- 
CHCH2CHOH-. 

R 2  

3 

u .2HC1 Rl,R, = CH,; R, = (CH3)2CHCH,; R3,R4 = H 
b .2HCI Rl,R, =CHI ;  R, = (CH3),CHCH2; 

R3 = COCH,; R4 = H 
c Rl,R, = CH,; R, = (CH3)2CHCH2; R3,R4 = H 
d Rl,RS = CHI; R2 = (CH3)2CHCH2; 

R, = COCH,; R4 = H 
e R,,RS = CH3; Rz = (CH3)ZCHCH,; 

R3,R4 = COCH3 
f .2HC1 R,,R, = CZH,; R, = (CH3),CHCHZ; R3,R4 = H 
g .2HC1 Rl,Rs = CZH,; RZ = (CH,),CHCH,; 

R3 = COCH,; R, = H 
h Rl,R, =C,H,:R, =(CH3),CHCH,;R3,R4 = H  
i .2HC1 R, ,R, = CH,; R, = (CH,),CH; R3,R4 = H 
.i R, ,R, = CHI; R, = (CH,),CH; R3,R4 = H 

Thus the adduct comprises four structural 
units; namely, phenyl, 5-methyl-2-picolyl, and 
1-isopentanol groups attached to a nitrogen 
containing framework originating from a second 
2,5-dimethylpyridine molecule. Assuming that 
this latter is an intact six-membered nitrogen 
containing ring, it remains to place the above 
identified appendages 011 a didehydro-2,5- 
dimethylpiperidinium nucleus. Initial difficulty 
in arriving at a unique structural conclusion 
based on spectral data was due to the fact that 
the nmr signals for the hydrogens attached to the 
presumed didehydropiperidinium system could 
not be assigned unambiguously. Thus, the rele- 
vant signals are displayed as broad singlets at 
6 2.45 (lH, Wll, = 8 HZ), 4.82 (lH, Wl12 = 
8 Hz), and 5.91 (lH, W1,, = 6 Hz). Decoupling 
experiments did not provide any useful informa- 
tion. Hence, apart from structure 3a, alternates 
such as 4, 5a, and 5b could not readily be 
excluded. 

The nmr (CDCI,) spectrum of the monoace- 
tate 3b of the dihydrochloride 3a shows new 
features consistent with a secondary acetoxyl 
function at 6 5.15 (1 H, apparent triplet, J -- 6 Hz, 
-CHOCOCH3) and 6 2.06 (3H, s, CH3COO-) 
while other non arodatic downfield hydrogens 
again appear as broad singlets and are located at 
6 2.93 (W,,, = 7 Hz), 4.89 (Wl12 = 7 Hz), and 
5.88 (Wl12 = 6 Hz) and defy unique assign- 
ments. 

Dehydration of the adduct 3a was readily 
accomplished using thionyl chloride and gave an 
anhydrodihydrochloride. Its nmr (CDCl,) spec- 
trum shows a 6 5.25 triplet (lH, J = 6.5 Hz) 
ascribed to the A part of a new AX, system while 
other downfield signal patterns remain essentially 
unchanged. The ultraviolet spectrum (EtOH) 
A,,, 250 (E 15 000) is reasonably consistent with a 
tetrasubstituted conjugated diene possessing an 
exocyclic double bond (calculated A,,, 242). 

The only structure for the adduct in agreement 
with the foregoing is 3a in which the double bond 
is located between carbons 4 and 5 of the piperi- 
dinium moiety, thus allowing for the generation 
of the tetraalkyl substituted diene 62 upon 
dehydration. Alternative structures, for example 
4, 5a, or 5b capable of featuring a new chromo- 
phore after dehydration would necessarily give 
rise to dienamine systems with quite different uv 
chromophores. Furthermore, structure 3a is fully 
supported by a detailed analysis of nmr spectral 
data. 

The free base 3c is readily obtained from 3a by 

T o r  stereochemical assignments, vide infra. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2672 CAN. J .  CHE :M. VOL. 55, 1977 

treatment with dilute sodium hydroxide solution 
at room temperature and can be converted back 
to the dihydrochloride by hydrochloric acid. 
Thionyl chloride converts the free base 3c 
directly to the anhydrodihydrochloride 6.  Acety- 
lation of the free base 3c with acetic anhydride - 
pyridine affords the monoacetate 3d and the 
0,N-diacetate 3e both of which can be hydro- 
lyzed back to 3c. The monoacetate dihydrochlo- 
ride obtainable by treatment of 3a with acetic 
anhydride - pyridine is now formulated as 3b. 
The structures of these transformation products 
are fully supported in detail by spectroscopic and 
analytical data. 

Attempts at selective hydrogenation of 3a and 
3c under a variety of catalytic conditions were 
unsuccessful and it was apparent from incom- 
plete reductions that the isolated double bond 
and the phenyl group are reduced simultaneously. 
Catalytic hydrogenation of 3a at room tempera- 
ture under pressure (40 psi) using Adam's 
catalyst gave in 75% yield a crystalline (mp 138- 
141°C) product devoid of ultraviolet absorption 
and displaying a molecular ion m/e 392 (M - 
2HC1) in its mass spectrum, corresponding to a 
tetradecahydro derivative formulated as 7.' 

Consistent with our structural assignment, 3a 
is the preparation of the homolog 35 CZ7H3,- 
0N2.2HC1 by parallel reaction of 5-ethyl-2- 
methylpyridine with phenyllithium and isopen- 
tanal. As anticipated, this adduct shows nmr 
(CDCI,) signals for two additional vinylic 
methylene groups, one at 6 1.85 (2H, q, J = 8 Hz) 
and 2.59 (2H, q, J = 8 Hz). The corresponding 
acetate 3g and free base 3h of this homolog were 
prepared and characterized and displayed the 
expected spectral features. 

When isobutanal was treated with a benzene 
solution of 2,5-dimethylpyridine in the presence 
of phenyllithium, the crystalline adduct 3 j  was 
obtained, isolated as the dihydrochloride 3i. 

No adduct of the type 3 could be isolated 

following parallel reaction involving 2-picoline 
l b  or 2,4-dimethylpyridine l c  and the alcohols 2b 
(60%) and 2d (25x1, respectively, were re- 
covered. Similarly, the reaction of 2,5-dimethyl- 
pyridine l a  with benzaldehyde in the presence of 
phenyllithium gave the expected compound 2c in 
25% yield and no novel adduct was detected. 
Product 2e was obtained in 75% yield in the same 
reaction system, employing 2,4,6-trimethyl- 
pyridine I d  and isopentanal. Thus the ready 
formation of novel adducts of type 3 occurs with 
2,5-dialkylpyridines and aliphatic aldehydes. 

While no firm conclusion can yet be reached 
concerning the complete stereochemistry of the 
system 3, the configuration contained in struc- 
ture 3 is suggested by the following considera- 
tions. Throughout the series 3a-3h, the C3H 
appears as a broad singlet indicating a dihedral 
angle near to 80" with its neighbours at C4 and 
Cl'. Thus the hydrogen at C3 is probably 
quasiaxial allowing the bulky alkanol side chain 
to be quasi equatorial. To best accommodate the 
sterically encumbered C2 the larger methyl- 
picolyl substituent is placed equatorial and trans 
to the large C3 substituent while the smaller 
methyl group occupies the axial site. To avoid 
serious steric crowding from the C2 axial 
substituent the C6 phenyl group should be 
disposed in the quasi equatorial position. 

The low nmr field position of the C2 methyl 
throughout the series 3a-3h is explained by its 
position p to the amine (or ammonium) nitrogen 
and its possible orientation with respect to the 
deshielding zone of the pyridine (or pyridinium) 
nucleus. Thus in the three ammonium salts 
(3a, 3i, 3f) this methyl's signal is found near 6 1.8 
while in the corresponding free bases it is 
located near 6 1.25 f 0.1. In all cases the 
chemical shifts are lower than anticipated (3) for 
the effect of a P-nitrogen alone, no doubt due to 
the deshielding by the appropriately oriented 
heteroaromatic nucleus. 

Support for the assignment of configuration at 
C1' comes from the ready dehydration of 3a to 6 
allowed by the easy attainment of a trans anti- 
parallel relationship of the C3 hydrogen and the 
C1' hydroxyl, together with the observation that 
such a configuration will lead, on dehydration, to 
the sterically feasible geometry at Cl '  in which 
the vinylic hydrogen is cis to the bulky C2 
substituents as in structure 6. 

Additional support for the stereochemical 
assignment 3 can be derived from mechanistic 
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B-H 
8 .t/ 9 

considerations (see Scheme 1). The generation of 
the 1-lithio-2-phenyl- 1 ,Zdihydropyridine system 
8 is well precedented (4). The dienamine 8 is 
visualized as attacking an aldehyde n~olecule via 
a transition state which for steric reasons re- 
quires orientation of the aldehyde alkyl group 
away from the C2 methyl and the formation of 
the intermediate quaternary lithioimmonium ion 
9 in which the substituents at C3 and C6 have 
the preferred trans relationship. Discharge of the 
cation 9 via least hindered approach of the 
anion 10 at C2 would result in the unique 
stereochemistry 3 for the adducts. Thus mech- 
anistic considerations indicate why a single 
stereoisomer results in a process in which four 
chiral centres are developed. 

Some support for the initial phase of this 
mechanism is found in the observations of Giam 
et al. (4) who obtained the unexpected product 13 
in 33% yield when a solution of Zphenylpyridine 
11 was treated with 1-lithio-2-phenyl-l,2-dihy- 
dropyridine 8. These authors suggest the inter- 
mediacy of 12 which undergoes further trans- 
formation to 13 (Scheme 2). Thus the nucleo- 

philicity of 8 at position 5 is precedented. In 
addition it is also known that 1-lithio-2-substi- 
tuted-1,2-dihydropyridines react with alkyl ha- 
lides to produce 2,5-disubstituted pyridines (5 ,6) .  

A variation of the mechanism proposed in 
Scheme 1 in which the anion 10 makes initial 
attack at the 2 position of the pyridine 1 can also 
be considered and could be expected to lead to 
product and stereochemistry 3 ;  however, it 
seems to be less likely in view of the above 
precedents. 

The reluctance of 3a to undergo selective 
reduction at the 4,5-double bond can be ex- 
plained on the basis of the stereochemistry 3. 
Steric impedance on the one side from the axial 
methyl and quasi equatorial isopentanol side 
chain and on the other from the presence and 
orientation of the phenyl ring. Once the phenyl 
ring is reduced, the isolated double bond 
becomes more accessible to the catalyst from the 
p side (to give stereochemistry 6)  which accords 
with the experience that the double bond is 
apparently reduced at approximately the same 
rate as the phenyl ring. 
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Experimental 
Melting points were determined on a Kofler hot stage 

apparatus and are uncorrected. High resolution mass 
spectra were obtained from the Mass Spectrometry 
Laboratory, University of Alberta. Other mass spectra 
were obtained with an Hitachi-Perkin-Elmer RMU-6D 
spectrometer. The 60 MHz spectra were recorded with a 
Varian T-60 instrument and 220 MHz spectra were 
recorded with a Varian HR 220 instrument. Line posi- 
tions are reported in ppm from tetramethylsilane which 
was used as internal standard. The ir spectra were 
recorded with a Perkin-Elmer 457 grating infrared 
spectrophotometer. The uv spectra were obtained with a 
Perkin-Elmer model 467 spectrophotometer. 

Adduct 3a 
Under nitrogen atmosphere, bromobenzene (39.5 g, 

0.25 mol) in absolute ether (50 ml) was added to a stirred 
suspension of lithium (3.45 g, 0.5 mol) in ether (200 ml) at 
a rate to maintain steady refluxing. After 4 h the metal had 
all dissolved and 2,5-dimethylpyridine (27 g, 0.25 mol) 
was added over 2 h. The flask was then cooled to O°C 
and isopentanal (23 g, 0.25 mol) in ether (25 ml) was 
added over 1: h at 0-+5'C. Then water (50ml) was 
added followed by 12 N HCl (50 ml). The aqueous layer 
was separated and treated with anhydrous sodium 
carbonate (55 g in H20,  100 ml). Chloroform extraction 
gave a crude brown oil (45 g) which yielded crystals upon 
heating. Filtration and recrystallization from CC14- 
CH2C12 (4:l) gave adduct 3a (9.9 g, 18.3%) as white 
needles, homogeneous on tlc, mp 178-190°C. Anal. calcd. 
for C2sH360N2C12: C 66.52, H 7.98, 0 3.55, N 6.21; 
found: C 66.04, H 7.71, 0 4.10, N 6.17. Mass spectrum: 
mle 378.26737(4) ( M  - 2HC1, calcd. 378.26711), 291(7), 
272(17), 230(26), 194(6), 186(33), 185(6), 184(13), 173(9), 
170(5), 150(7), 149(68), 145(8), 144(6), 139(6), 131(8), 
129(1 I), 128(8), 117(5), 115(5), 108(26), 107(27), 106(1 I), 
105(6), 91(23), 86(6), 85(100), 79(5), 77(5), 57(31), 43(12), 
42(5), 41(9). Zerevitinov active hydrogen determination: 
calcd. for 4 active H :  0.88%; found: 0.81%. The ir 
spectrum v,,, (CHCl,) 3400 cm-I (hydroxyl). The uv 
spectrum v,,, (EtOH) 218, 279, 277 nm (E 14 000, 3500, 
3100). 

From the mother liquors of 3a the expected amino 
alcohol 2a was recovered in 16% yield by preparative 
plate silica gel chromatography (CHC1,-MeOH, 9 : 1) as a 
yellow solid, mp 53-54"C, identical with an authentic 
sample of 2a characterized earlier (1). 

Monoacetate Dihydrochloride 3b 
A solution of 3a (0.2 g), pyridine (5 ml), and acetic 

anhydride (8 ml) was stirred at room temperature for 22 h. 
Excess reagent and solvent were evaporated yielding a 
crude solid (0.18 g). Recrystallization from CC14-CH2CI2 
(4: 1) gave product 36 (0.15 g, 7773, homogeneous on tlc, 
mp 175-183'C. Mass spectrum: mle 420.27739(18) 
(MC - 2HC1, calcd. 420.27768), 361(6) (420 - C4H9), 
272(33), 254(72), 230(31), 229(19), 212(41), 184(19), 
173(18), 170(21), 169(72), 157(29), 156(57), 155(56), 
149(64), 143(27), 129(25), 108(35), 107(34), 106(20), 
91(39), 85(100), 57(41), 43(89). The ir spectrum v,,, 
(CHCI,) 1740 cm-I (ester). The uv spectrum h,,, (EtOH) 
214, 270, 277 nm (E 11 000, 3200, 2700). 

Free Base 3c 
A solution of 3a (1.1 g) in ethanol (60 ml) and 2 N 

NaOH (10 ml) was stirred at room temperature for 22 h. 
Solvent evaporation, water (20 ml) addition, and extrac- 
tion with chloroform afforded a crude product (1.1 g), 
which on recrystallization from CC14-hexane (2: 1) gave 
product 3c (1.0 g), homogeneous on tlc, mp 143-143.5'C. 
Anal. calcd. for C2sH340N2: C 79.36, H 9.00, 0 4.31, N 
7.41 ; found: C 78.80, H 9.12, 0 4.51, N 7.28. Zerevitinov 
active hydrogen determination calcd. for 2 active H:  
0.53%; found: 0.45%. The ir spectrum v,,,(CC14) 3300 
cm-' (hydroxy/NH). The uv spectrum h,,, (EtOH) 217, 
270, 277 nm (E 11 500, 3500, 3100). Mass spectrum: mle 
378(52) (MC), 320(9) (MC - CsHil), 307(32), 291(33), 
272(93) (378 - C,H9N), 253(57), 252(58), 230(78), 
212(76), 210(32), 186(91), 184(67), 183(40), 180(100), 
108(41), 107(85) (C,H9NC), 106(42), 91(21). 

Monoacetate 3d and 0,N-Diacetate 3e 
A solution of the free base 3c (0.14 g) in pyridine (5 ml) 

and acetic anhydride (8 ml) was stirred at room tempera- 
ture for 40 h. Evaporation of solvent gave a crude 
mixture (0.13 g) which was separated by preparative tlc 
on silica gel (CHC1,-CH30H, 20:l) and afforded two 
major compounds; namely, monoacetate 3d (0.028 g) an 
oil, homogeneous on tlc and diacetate 3e, homogeneous 
on tlc, mp 128-130°C. 

Con~pound 3e: Anal. calcd. for C29H3803N2: C 75.29, 
H 8.28, 0 10.38, N 6.06; found: C 75.24, H 8.08, 0 10.72, 
N 5.71. Mass spectrum: mle 462.28809(1) (MC, calcd. 
462.28824), 345(10), 296(16), 255(7), 254(31), 184(5), 
108(19), 107(100), 106(7), 91(5), 43(32). The ir spectrum 
v,,, (CHC13) 1735 cm-' (ester), 1635 cm-' (amide). The 
uv spectrum h,,, (EtOH) 218,270,276nm (E 13 600,3000, 
2800). No active H (Zerevitinov). 

Compound 3d: Mass spectrum mle 420(49) (MC), 
361(21), 360(22), 343(23), 314(25), 272(78), 254(98), 
253(48), 252(49), 250(32), 230(52), 212(78), 210(49), 
196(63), 184(40), 182(41), 169(95), 157(39), 156(44), 
155(61), 143(42), 129(46), 108(50), 107(100), 106(50), 
91(57), 85(40). The ir spectrum v,,, (CHCI,) 1730 (ester), 
1640 cm-' (aromatic). The uv spectrum h,,, (EtOH) 218, 
279,275 nm (E 13 000, 3100, 2800). 

Adducts 3f and 3i 
The adducts 3f and 3i were prepared in 6.4 and 4% 

yield from l e  and la ,  respectively, via the same procedure 
employed for preparation of 3a and replacing isopentanal 
for isobutanal for 3i. 

Compound 3f: mp 177-186°C. Anal. calcd. for C27H40- 
0N2C12: C 67.64, H 8.35, 0 3.34, N 5.84; found: C 
67.53, H 8.30,O 3.65, N 5.93. Mass spectrum mle 406(24) 
(M' - 2HC1), 319(21), 286(35), 245(20), 244(50), 200(60), 
199(27), 198(30), 197(27), 196(75), 182(51), 170(40), 
163(95), 158(25), 153(46), 130(30), 129(60), 128(30), 
123(29), 122(91), 121(91), 120(22), 117(21), 115(20), 
107(3 I), 106(100), 105(20), 93(25), 91(71), 85(79), 84(70), 
79(40), 77(43). The ir spectrum v,,, (CHCI,) 3400 cm-' 
(OHINH). The uv spectrum h,,, (EtOH) 217,270,277 nm 
(E 13 000, 5000, 3900). 

Compound 3i: mp 185-198°C. Mass spectrum mle 
364(31) (MC - 2HC1), 291(29), 258(91), 224(22), 187(34), 
186(92), 185(58), 184(86), 183(45), 182(90), 174(33), 
173(100), 170(32), 150(31), 129(67), 128(25), 125(20), 
117(22), 115(100), 108(67), 107(85), 106(66), 105(20), 
92(25), 91(46), 79(32), 77(30), 71(40). The ir spectrum 
v,,,.. (CHCl,) 3370 cm-I (OH/NH). The uv spectrum h,., 
(EtOH) 215,270, 276 nm ( E  11 600,3700, 3070). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2676 CAN.  J. CHEM. VOL. 5 5 ,  1977 

Free Bases 3h and 3 j  
The free bases 3h and 3 j  were prepared from 3f and 3i 

in 95% and 93% yield, respectively, via the same pro- 
cedure used to prepare free base 3c from the dihydro- 
chloride adduct 3a. 

Compound 3h: mp 141-142°C. Mass spectrum m/e 
406(29) (M+), 320(27), 319(60), 287(21), 286(100), 
285(22), 284(22), 268(20), 267(43), 266(44), 265(18), 
251(35), 245(45), 244(72), 238(35), 227(34), 226(60), 
224(43), 215(20), 213(21), 210(28), 208(65), 201(20), 
200(75), 199(46), 198(65), ,197(58), 196(70), 194(30), 
187(42), 183(42), 182(75), 181(41), 172(34), 171(35), 
170(38), 169(68), 164(31), 163(85), 162(29), 161(26), 
159(26), 158(28), 157(26), 154(20), 153(75), 144(22), 
143(22), 141(25), 131(32), 130(33), 129(68), 128(32), 
123(40), 122(40), 121(76), 120(65), 117(60), 115(62), 
107(64), 106(90), 105(60), 104(47), 84(72). The ir spec- 
trum v,,, (CHCI,) 3300 cm-l (OH/NH). The uv spec- 
trum k,,, (EtOH) 218,270,276 nm (& 14 000,4900,4000) 

Compound 3j: mp 144-145°C. Mass spectrum m/e 
364(26) (M+), 331(29), 321(30), 291(41), 264(51), 259(44), 
258(76), 253(36), 225(60), 224(33), 216(22), 215(29), 
214(35), 187(55), 186(57), 185(40), 184(75), 182(100), 
181(41), 174(28), 173(86), 170(46), 158(21), 153(63), 
130(71), 129(30), 128(50), 108(60), 107(86), 106(41), 
91(36). The ir spectrum vma, (CHC13) 3300 cm-l (OH/ 
NH). The uv spectrum k,,, (EtOH) 217, 270, 277 nm 
(E 11 300,4900, 3300). 

Monoacetate 3g 
The monoacetate 3g was prepared from the dihydro- 

chloride adduct 3f in 63% yield via the same procedure 
used to prepare 3b from 3a and showed mp 175-185°C. 
Mass spectrum m/e 448(40) (M+ - 2HC1), 370(25), 
269(26), 268(80), 267(27), 266(32), 250(23), 226(43) 
224(4.1), 198(23), 183(64), 182(90), 170(49), 169(48), 
163(48), 157(22), 156(21), 155(22), 141(30), 129(36), 
128(35), 122(85), 121(85), 120(39), 112(23), 106(88). Their 
spectrum v,,, (CHCI,) 1730 cm-' (ester). The uv spec- 
trum k,,, (EtOH) 215, 270, 276 nm (& 13 800, 4420, 
3650). 

Hydrolysis of 0,N-Diacetate 3e 
A solution of 0,N-diacetate 3e (0.06 g) in ethanol 

(20 ml) and 20% NaOH (2 ml) was refluxed gently for 
24 h. After solvent evaporation, addition of water 
(10 ml), and chloroform extraction, a crystalline product 
(0.055 g) was obtained on evaporation, homogeneous on 
tlc, mp 142-143S°C, identical in all respects (including 
mixture mp) with free base 3c. 

Catalytic Hydrogenation of Adduct 3a to 7 
A solution of 3a (0.1 g) in ethanol (25 ml) containing 

P t02  (0.018 g) was shaken in a Parr apparatus under Hz  
at 40 psi at room temperature for 30 h. Filtration and 
evaporation gave 0.08 g of crystalline product, homo- 
geneous on tlc, mp 138-141°C. The mass spectrum m/e 
392(10) (M' - 2HC1), 310(30), 309(100), 305(36), 
280(91), 218(22), 212(23), 198(80), 194(68), 192(22), 
179(21), 160(20), 152(42), 113(45), 112(21), 111(40), 
110(38), 98(51). The ir spectrum v,,, (CHCI,) 3400 cm-l 
(OH/NH). No  uv chromophore. 

Compounds 2b, 2c, 2d, and 2e 
The compounds 2b, 2c, 2d, and 2e were obtained from 

experiments performed as for the preparation of 3a in 
which the substituted pyridines employed were lb, l a ,  lc,  
and Id, respectively, and in the case of 2c benzaldehyde 
was used instead of isopentanal. All were isolated by 
preparative layer chromatography on silica gel (CHC1,- 
CH,OH, 20:l). All except 2c (mp 76-83cC) were ob- 
tained as oils and all showed the expected (1) M +  and ir, 
uv, and nmr characteristics. 

Anhydro Adduct 6a 
A solution of 3a (0.2 g), pyridine (3 ml), and thionyl 

chloride (1 ml) was stirred at 0-5'C for 4 h. Careful 
evaporation of volatile materials gave a crude product 
(0.18 g). Purification by preparative tlc and subsequent 
recrystallization (CCI4-CHZClZ, 1 : 1) gave compound 6a 
(0.06 g, 3373, homogeneous on tlc, mp 142-144'C. Anal. 
calcd. for CZ5H,,N2ClZ: C 69.27, H 7.91, N 6.46; found: 
C 68.94, H 7.95, N 6.60. Mass spectrum m/e 360(8) 
( M  - 2HC1), 254(43), 253(60), 252(100), 251(46), 250(65), 
238(53), 236(43), 210(89), 197(48), 196(87), 182(79), 
155(71), 154(23), 153(22), 152(24), 141(20), 107(50), 
106(33). The nmr (60 MHz) spectrum (CDCI, ~ T M S :  0.60 
(d, J = 7 Hz, 3H, C3'Me,), 0.70 (d, J = 7 Hz, 3H, 
C3'Meb), 1.30 (m, lH,  C3H), 1.54 (bs, WliZ = 4 Hz, 
CSMe), 1.63 (s, 3H, C2Me), 1.9 (m, 2H, 2'HaHb), 2.23 
(s, 3H, CllMe), 3.27 (d, J = 18 Hz, lH ,  C7Ha), 3.60 
(d, J = 18 HZ, l H ,  C7Hb), 4.74 (bs, WllZ = 6 HZ, lH ,  
C6H), 5.26 (t, J = ~ H z ,  lH,Cl'H),7.015 (d, J = 7 Hz, 
lH ,  C13H), 7.4 (m, 6H, phenyl H's plus C12H), 8.10 
(bs, Wllz = 5 Hz, +lH, ClOH), 7.8 (bs, deuterium 
exchangeable 2H, -NH2-), 3.4 (bs, deuterium ex- 

+ 
changeable pyridinium -NH-). The uv spectrum k,,, 
(EtOH) 220 (s), 250 nm (E 10 000, 15 000). 
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I. P. HAJDU, I. NEMES, D. GAL, V. L. RUBAYLO, and N. M. EMANUEL. Can. J. Chem. 55, 
2677 (1977). 

The induced decomposition of a-phenylethylhydroperoxide (HROOH) has been investigated 
in three different systems: hydroperoxide + cyclohexene + AIBN + OZ (I); cyclohexene sub- 
stituted by isooctane (11), and cyclohexene substituted by chlorobenzene (111). The decomposi- 
tion products of the HROOH were in all cases acetophenone (RO) and methylphenylcarbinol 
(HROH). 

It was established that peroxy radicals induced the decomposition. The considerable 
material balance deficit in I is due to the addition of the peroxy radicals to cyclohexene the rate 
constant of which was estimated from the experimental data. No material balance deficit was 
observed with 11. Experiments supported the assumption that both RO and HROH were 
formed simultaneously in the interaction between peroxy radicals and HROOH. 

The rate constant of the reaction HROZe + HROOH + HROH + OZ + HRO' was 
measured as k = 1.03 x lo9 exp (- 13 100/RT).  It is suggested that in the autoxidation of 
ethylbenzene the induced decomposition of HROOH is fast enough to be the main source of 
RO and HROH. 

I. P. HAJDU, I. NEMES, D. GAL, V. L. RUBAYLO et N. M. EMANUEL. Can. J. Chem. 55, 
2677 (1977). 

On a ktudie la dkcomposition induite de l'hydroperoxyde d'u-phenylethyle (HROOH) dans 
trois systemes diffkrents: l'hydroperoxyde + le cyclohexene + AIBN + OZ (I); on substitue 
le cyclohexene par de l'iso-octane (11) et le cyclohexene par du chlorobenzene (111). On a trouve 
que les produits de dCcomposition de HROOH sont, dans tous les cas, I'acktophCnone (RO) 
et le methylphenylcarbinol (HROH). 

On a ktabli que la dCcomposition est induite par les radicaux peroxy. Le fait que la balance 
des matkriaux est considkrablement dkficitaire dans I est dB fi I'addition de radicaux peroxy au 
cyclohexene, reaction pour laquelle on a mesure la constante de vitesse. On n'a observe aucun 
deficit dans la balance des materiaux avec le systeme 11. Les expkriences supportent l'hypo- 
these que les produits RO et HROH se forment simultankment lors de l'interaction entre les 
radicaux peroxy et HROOH. 

La constante de vitesse de la reaction HROZ' + HROOH + HROH + O2 + HRO' est 
k = 1.03 x lo9 exp (-13 100/RT). On suggere que lors de l'autooxydation de l'kthylbenzkne, 
la decomposition induite de HROOH est suffisamment rapide pour &re la source principale 
de RO et de HROH. 

[Traduit par le journal] 

Hydroperoxides are primary products of 
hydrocarbon oxidation processes. The kinetics 
and routes by which they are decomposed to 
other products are of general interest. As indi- 
cated by Hiatt et al. (I), the difficulty of meas- 
suring true rates for the decomposition can be 
attested by several attempts referred to in the 
literature. 

Recently, we have shown by direct tracer 
experiments (2) that in the oxidation of ethyl- 
benzene the thermal homolysis of a-phenyl- 
ethylhydroperoxide, though very important as 
the degenerate branching process, cannot pro- 

vide the amounts of products formed from the 
hydroperoxide and observed experimentally. 
Since hydroperoxides are very labile toward 
attack by free radicals, we assumed that their 
decomposition, induced by peroxy radicals, was 
the main route for the formation of secondary 
products. 

In the case of secondary hydroperoxides, reac- 
tion 1 was suggested as an interaction between 
peroxy radicals and hydroperoxides (3) : 

[I]  HROz + HROOH + HROOH + .ROOH 

(where HRO;, HROOH, and .ROOH mean 
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peroxy radical, hydroperoxide molecule, and 
hydroperoxide radical, respectively) followed by 
the instantaneous decomposition of ROOH into 
ketone and an .OH radical. Similar reactions 
were suggested by Robertson and Waters (4), 
Benson ( 9 ,  and Martan et al. (6) for alkoxy and 
hydroxyl radicals. However, it is known that the 
alcohol is formed also. 

According to Dean and Skirrow (7), the in- 
duced decomposition might proceed by the 
following route : 

[2] HROz + HROOH + H R O  + O2 + HROH 

( H R O  and HROH are alkoxy radicals and 
alcohol, respectively). Skibida et al. (8) and 
Ingold (9) suggest different possibilities for the 
detailed mechanism of reaction 2.' The impor- 
tance of processes [l]  and [2] becomes especially 
striking if we take into account that the oxida- 
tion intermediates possess higher reactivity 
toward peroxy radicals than the parent hydro- 
carbon (10, 11). 

The possibility of an 0-H bond rupture also 
cannot be excluded. This type of reaction was 
studied thoroughly by Howard, Schwalm, and 
Ingold (3) as well as by Niki et al. (12) who 
determined the rate constants of the following 
hydrogen transfer reaction : 

[3 1 R'Oz + ROOH + R'OOH + R02.  

bonds. In addition, peroxy radicals were gener- 
ated also by the hydrogen transfer between 
radicals from the decomposition of an initiator 
and a-phenylethylhydroperoxide. 

Experimental 
Materials 

Commercial cyclohexene (purity higher than 99%) was 
distilled twice from metallic sodium, bp, 82.5"C. a-Phenyl- 
ethylhydroperoxide (HROOH) was prepared in our 
laboratory as described elsewhere (14). 2,2,4-Trimethyl- 
pentane (purity 99.2%) was used without further purifica- 
tion. Azobisizobutyronitrile (AIBN) was "Fluka" 
product and has been recrystallized four times from 
chloroform, mp, 101-101.5"C. Acetophenone (RO) and 
phenylmethylcarbinol (HROH) ("Fluka") were used 
without further purification. Cyanopropylhydroperoxide 
(CPH) was prepared by the AIBN-initiated oxidation of 
ethylbenzene according to Buligin et al. (15). 
2,6-Di-tert-butyl-4-methylphenol (ionol) and 2,4,6-tri- 

tert-butylphenol were used as commercial products 
("Fluka"). 

Analysis 
Molecular products were analyzed by glc as described 

earlier (16). 

Procedure 
Experiments have been carried out at atmospheric 

pressure in a glass reactor using an oxygen stream of 
1.8-3.0 dm3 h-l between 70-90°C. Neat cyclohexene 
was used while chlorobenzene was the solvent for studies 
with isooctane. 

Experimental Results 
Thermal Decomposition of HROOH 

Naturally, parallel to the induced decomposi- A chlorobenzene solution of HROOH (0.2 
tion, the termination reaction of the peroxy mol dm-3) was kept at llOoC for Measur- 
radicals yields alcohol and ketone molecules able quantities of products were not detected 

a Russe l l - t~~e  (I3): during this time and thus the thermal decompo- 
[4] H R 0 2  + HROz + RO + O2 + HROH sitionof the HROOH in the temperature range 

where RO means ketone. This latter process, of 70-90°C can be neglected.   either HROH nor 

however, becomes decisive as a source of RO added in amounts 0.1 mol dmp3 at 90°C 

products only at high initiation rates. affected these results. A chlorobenzene solution 

Consequently we studied the reactions between of HROOH (0.2 mol dm-3) and AIBN (0.03 

a-phenylethylhydroperoxide and different peroxy mol dm-3) was kept at 70-90°C in argon atmos- 

radicals, generated in situ by the initiated oxida- phere; no decomposition of the HROOH was 

tion of two hydrocarbons. The choice of cyclo- detected. 

hexene and isooctane as hydrocarbons was 
motivated by two reasons: ( i )  both can be oxi- 
dized at temperatures where the thermal decom- 
position of the a-phenylethylhydroperoxide can 
be neglected, and (ii) by their comparison we 
can obtain information with respect to the 
interaction of the peroxy radicals with double 

'One of the referees suggested a third possibility via a 
four centered transition state which seems acceptable to 
the authors. 

Study of the System HROOH + Cyclohexene 
+ AIBN + 0, 

The accumulated amounts of phenylmethyl- 
carbinol and acetophenone formed from the 
induced decomposition of a-phenylethylhydro- 
peroxide in the course of the initiated oxidation 
of cyclohexene us. time are shown in Figs. 1 
and 2. Separate experiments done with up to 
0.5 mol dmp3 HROOH content have shown that 
the addition of the hydroperoxide to the system 
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[HROH], mol dm-3 

I 

1 2 3 4 5 t, hours 

FIG. 1. Accumulation of HROH during the decompo- 
sition of a-phenylethylhydroperoxide induced by cyclo- 
hexenylperoxy radicals at 70°C. Initial HROOH con- 
centrations were 1, 0.25; 2, 0.50; 3, 0.75; and 4, 1.00 
mol dm-3. 

FIG. 2. The same as Fig. 1 for the accumulation of 
acetophenone. 

cyclohexene + oxygen does not affect the kine- 
tics of the accumulation of cyclohexenylhydro- 
peroxide and the kinetic parameters of the oxida- 
tion. Thus, e.g., at an initiation rate of 1.6 
x mol dm-3 s-l the kinetic chain length 

of the cyclohexene oxidation is about 70 which 
remains unchanged in the presence of cl-phenyl- 
ethylhydroperoxide. 

Figure 3 shows the consumption of the 
HROOH (its initial concentrations were 0.75 
and 0.50 mol respectively). The dashed 
lines refer to the consumed amounts of 
[HROOH] calculated from the product accumu- 
lation [HROH] + [RO]. It is evident that, in the 
system AIBN + cyclohexene + HROOH + O,, 
a material balance deficit exceeding 60% was 
observed. 

Study of the System HROOH + Isooctane + 
AIBN + 0, 

Figure 4 shows the accumulation of both RO 
and HROH for an initial concentration of 
HROOH of 0.50 mol dmT3, as well as the con- 
sumption of the HROOH obtained in two 
different ways: (i) by measuring it directly, 
and (ii) calculated from the product accumula- 

[HROOH], rnol 

I 

I I I I I 
1 2 3 4 5 t, hours 

FIG. 3. Consumption of HROOH at its two different 
initial concentrations at 70°C. I, calculated from the 
accumulation of products; 2, experimental data. 
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tion. It can be seen that the material balance is 
satisfactory, that is, amounts of HROOH de- 
composed are recovered exclusively in the form 
of RO and HROH. In this case the amount of 
RO accumulated exceeds that of the HROH 
while with cyclohexene as substrate the reverse 
was found. 

- 
x) 

0 

ok!!J'o 
0 

1 0 -  
0- ,J+' 

0.45 - / 

- 

I 

Decomposition of HROOH in the Presence of 
AIBN and Oxygen 

Three main products have been found: RO, 
HROH, and CPH. In order to determine the 
reaction order with respect to both HROOH and 
AIBN two series of runs were performed at 
80°C: ( i )  at constant [HROOH], = 0.2 rnol 
dm-3, [AIBN], has been varied between 0.015- 
0.060 rnol dm-3, and (i i)  at constant [AIBN], = 
0.060 rnol dm-3, [HROOH], has been varied 
between 0.020 and 0.35 rnol dmp3. The partial 
reaction order was 1 with respect to AIBN and 
zero with respect to HROOH. 

The temperature-dependence of the decompo- 
sition was studied between 70 and 90°C at 
[HROOH], = 0.20 rnol dm-3 and [AIBN], = 
0.030 rnol dm-3. Experimental data for the 
accumulation of HROH are given in Fig. 5. 

The separate determination of the accumula- 
tion of CPH was vital. Corresponding experi- 
mental data are plotted in Fig. 6 .  Unfortunately, 
curves in Fig. 6 should be regarded only as 
approximate, because of impurities in the CPH- 
standard. 

Determination of the Radical Yield ( f )  of the 
Decomposition of AIBN 

There are several data in the literature for 
chlorobenzene solvent, but they are contradic- 
tory and we could not exclude a priori that the 
addition of HROOH affecting the viscosity and 
the dielectric constant of the solution might 
affect the value off. Therefore, the value off has 
been determined at 80°C in an oxygen atmos- 
phere in the presence of 0.20 rnol dmp3 HROOH, 
and using 2,6-di-tert-butyl-4-methylphenol as in- 
hibitor.' We obtained f = 0.6, in good agree- 
ment with some literature values and this indi- 
cated that neither oxygen nor HROOH affected 
f. 

5 70 t,hours Using the decomposition rate constant and 

FIG. 4. Accumulation of RO and HROH during the radical yield of the AIBN we have calculated the 
decomposition of HROOH induced by isooctylperoxy an1ountS of CPH expected theoretically assuming 
radicals at 70°C. Consumption of HROOH in the same that all the 'escaped radicals' lead to CPH, and 
system. ~ u l l  circles, experimental data; open circles, compared them to the experimental values. The 
calculated from the accumulation of products. agreement was satisfactory. 

25. 

2 

Discussion 

1 

The material balance deficit observed during 
the decomposition of HROOH 'induced' by the 
oxidation of cyclohexene, and its absence if 
isooctane was used, can be easily explained by 
taking into account the addition of peroxy 
radicals to double bonds observed in the course 
of olefin oxidations (17). 

The existence of the balance deficit may be 
regarded as an indirect proof of the occurrence 

5 %  8 

$ 1  a:& * I 

ZIn this case the conditions for the gas chromatography 
were changed. Carrier: Chromosorb W; stationary 
phase, 10% Apiezon L; length of column, 80 cm; tern- 
perature, 150°C; internal standard, 2,4,6-tri-tert-butyl- 
phenol. 

700 Z W  3110 LOO 5~- 

FIG. 5. Accumulation of HROH us. time at different 
temperatures, [AIBN], = 0.030; [HROOH], = 0.20 rnol 
dm"3. Points correspond to experimental values; curves 
are calculated. 
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[CPH] mmol d K 3  

40 _ 

35 _ 

25 _ 

1 I 
700 200 300 COO 500 I, mtn 

FIG. 6. Accumulation of CPH us. time at different temperatures; [AIBNIo = 0.030; [HROOHIo = 
0.20 mol dm-3. 

of transfer process [3]. Namely, it must be radicals. This assumption yields the maximal 
assumed that the cyclohexenylperoxy radicals steady state concentration of [HRO;]Y from 
react with a-phenylethylhydroperoxide: wi  = k,([HR02.]y)2. Thus the minimal value 

[5] HR'02 + HROOH + HR'OOH i- HROZ. of k6 can be con~puted : 

that is, the chain carrier radicals of the oxidation [I2] k,"'" = 2.8 dm3 mol-I s-I 

are exchanged for a - ~ h e n ~ l e t h ~ l  PeroxY radicals in good agreement with literature data (IS), 
and consequently: giving 2.5 dm3 mol-' s-I. 

[61 
0 2  

HROZ. 4- R'H2 4 D O i  Figure 7 shows the initial accumulalioi~ rates 
of acetophenone and phenylmethylcarbinol us. 

where D is a radical formed by the addition of the initial concentration of the a-phenylethyl- 
HR02' to c~clohexene. The consumption of hydroperoxide. Two important conclusions can 
cyclohexene in process [6] is : be drawn: (i) the initial rates of the product 

accumulations exceed essentially the rates of 
[7] - (dC:y21) = k6[HRO;][RfH2] initiation for both products, and (ii) the initial 

6 rates of the accumulalion depend linearly on 
The left side of [7] can be easily obtained from [HROOH],. These experimental facts indicate 
Fig. 3, since that both products are formed primarily in the 

induced decomposition. The ratio of the slopes 
d[RfH21 = wl - w, AW 

18] - ( dt ) 6  
of the two straight lines shows that the rate of 
the accumulatioil of alcohol exceeds by approx- 

where imately 2.5 times that of the ketone formation. 

and 

[lo] wz = 
d([RO] + [HROH]) 

dt 

From [7] and [8] 

In eq. 11 [HRO;] is not known. However, it 
can be assumed that the rate determining ter- 
mination occurs between a-phenylethylperoxy 

Since with isooctane as substrate the accumu- 
lation rates of both acetophenone and phenyl- 
methylcarbinol are considerably lower than the 
rate of initiation, it is obvious that in this case 
the HRO, radicals cannot be considered the 
main chain carriers and that they react faster 
with HROOH than do the isooctylperoxy 
radicals. 

The calculations of the rate constants of reac- 
tions 1 and 2 were carried out from the experi- 
mental results obtained for the system HROOH 
+ AIBN + 0,. Since the kinetic chain length, 
expressed as the ratio of the accumulation rates 
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FIG. 7. The initial rates of accumulation of the HROH 
(open circles) and RO (full circles) us. initial concentra- 
tion of HROOH at 70°C during the oxidation of cyclo- 
hexene. 

of the products to the initiation rate (wi), is 
larger than unity: 

[13] v = 
d([RO] + [HROH]) 1 

d t 
.--> 1 
W i 

ketone and alcohol are formed also in reactions 
1 and 2. The values of v found in the range 
under investigation are: 70°C, v = 1.57; 75"C, 
v = 1.54; 80°C, v = 1.59; 90°C, v = 1.59. By 
knowing the rate of initiation, we can distinguish 
the two pathways of product formation (radical 
combination and induced decomposition). This 
is shown for one run in Fig. 8. 

HRO; radicals are generated in the inter- 
action between cyanopropylperoxy radical (rO;) 
and HROOH in a hydrogen transfer process: 

1141 r O z  + HROOH + rOOH + HROz 

According to literature data, HROH mole- 
cules yield ketone in the presence of oxygen 
(19, 20). Therefore, in order to obtain the actual 
formation rates of ketone and alcohol, the experi- 
mental rate values must be corrected by the 

FIG. 8. Formation of HROH in radical combination 
and in induced decomposition (dotted line) at different 
temperatures. 

consumption rate of the HROH. (Calculations 
of these corrections are deposited as supple- 
mentary material.3) 

The requirements to be fulfilled by the 
mechanism are as follows. Both RO and HROH 
should be formed by two different pathways, 
partly from the combination of HRO, (the 
validity of the Russell mechanism for the 
radical combination process (13) has been 
accepted) and partly in decomposition induced 
by HRO;. New radicals formed ill the induced 
decomposition are consumed by their reactions 
with HROOH. 

Consequently the mechanism suggested for 
the induced decomposition of HROOH besides 
reactions 1, 2, 4, and 14 includes the following 
processes : 

0 2  

[I51 AIBN t 2frOz. 

[16] HRO. + HROOH + HROH + HR02. 

[17] .OH + HROOH + H20 + HR02. 

[18] .OH + HROOH + HZO + RO + .OH 

[19] HRO + HROOH + HROH + RO + .OH 

Cross combination reactioils between rO; and 
HRO; have been neglected because the CPH 
concentrations found experinlentally were in 
good agreement with their expected values. 

With respect to the H-transfer reaction [16] 
Benson estimated k , ,  = lo8.' exp (-7 500/RT) 
for teut-butylhydroperoxide and the correspond- 
ing alkoxy radicals (5). Since the reactivities 
of alkoxy radicals and .OH do not differ greatly, 

3Photocopies of Table 1 may be obtained upon request, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 
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FIG. 9. The Arrhenius plot of the rate constant k2 

it can be assumed that reaction 17 is also fast. 
Since peroxy radicals are capable of abstracting 
tertiary hydrogen from the hydroperoxide mole- 
cules (reaction I), it was assumed that hydroxyl 
and alkoxy radicals (reactions 18 and 19) re- 
acted in a similar way. 

Assuming steady state concentrations for the 
radicals we obtain the following rates of forma- 
tion of the products: 

and 

where 

and 

Using our experimental data we have deter- 
mined wHRoH and wRo by the parabolic method 
and the corresponding constants : 

and 

Calculations have been carried out for runs 
performed at [HROOH], = 0.20 mol dmp3;  
results are given in Table 1 .3 

Corrections for the radical-initiated oxidative 
transformation of the alcohol to ketone were 
calculated in the following way. 

The rate of the transformation can be ex- 
pressed as 

- dCHROHl - - kHROH 
dt 

[HROH] [HRO;] 

Earlier we have reported (21) the value of the 
ratio kHRoH/kRH2 where kHRoH and kRH2 are the 
rate constants of the hydrogen abstraction from 
alcohol and ethylbenzene molecules by a- 
phenylethylperoxy radicals, respectively. Ac- 
cording to literature data (22) kRH2 = 9.6 x 10, 
exp (-8 500/RT) dm3 mol-l s-l and con- 
sequently the values of kHRoH are: 70°C, 32.2; 
75"C, 36.3; 80°C, 39.6; 90°C, 47.4 dm3 mol-' 
s-'. The calculations are correct only if the ratio 
of the formation rates of alcohol and ketone 
remains constant during one run (assuming that 
the mechanism remains unchanged). The ratios of 
the formation rates are given separately in 
Table 1. 

After taking into account these corrections for 
the alcohol-ketone transformation, we obtain 
the Arrhenius plot of k, given in Fig. 9. 

The following rate constants were used: k,, = 

1.737 x 1015 exp (- 30 800/RT) s- ' and k4 = 

1.9 x lo7 dm3 mol-l s f 1  (23). 
Knowing k,, wi, [HROOH], and the correc- 

tions to wHRoH we can calculate [HROH] = f(t) 
by graphical integration. The comparison with 
the experimental values gives satisfactory agree- 
ment as shown in Fig. 5. 
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Regiospecific horse liver alcohol dehydrogenase-catalyzed oxidations of 
some bishydroxycyclohexanes 
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J. BRYAN JONES and H. BRUCE GOODBRAND. Can. J. Chem. 55,2685 (1977). 
Horse liver alcohol dehydrogenase has been shown to be effective in catalyzing regio- 

specific oxidations of only the primary alcohol functions of several cyclohexane substrates 
possessing both primary and secondary alcohol substituents. The reactions, which were all 
performed on a preparative scale, were also enantioselective in some cases. 

J. BRYAN JONES et H. BRUCE GOODBRAND. Can. J. Chem. 55,2685 (1977). 
On a montrk que la dkhydrogknase d'alcool provenant du foie de cheval est eficace pour 

catalyser les oxydations rkgiospkcifiques des fonctions alcool primaire uniquement dans 
plusieurs substrats de cyclohexane posskdant a la fois des substituants alcool primaire et 
secondaire. Les rkactions qui ont toutes kt6 effectukes sur une base preparative sont aussi quel- 
quefois Bnantiosklectives. 

[Traduit par le journal] 

One of the consequences of the current high 
level of sophistication in organic synthesis has 
been an increased demand for reagents capable 
of effecting a transformation in a rigidly con- 
trolled manner. As a result of their individual 
specificities, many enzymes are uniquely suited 
to meeting the most exacting requirements 
in this regard, including catalysis of highly 
regiospecific and selective reactions which 
would otherwise involve several operations 
with traditional reagents (1) .  

Selective oxidation of one specified hydroxyl 
group only in a polyhydroxylated molecule 
is an example of the control that can be achieved. 
Oxidations of this type, whose synthetic value 
is self-evident, are catalyzed by the nicotinamide 
coenzyme-dependent alcohol dehydrogenases 
(1) .  The commercially available NADf /NADH- 
dependent enzyme from horse liver, HLADH, 
is currently the alcohol dehydrogenase of the 
most general preparative utility (1,2).' Recently, 
it was demonstrated that HLADH possessed 
the ability to mediate regiospecific, and often 
highly enantioselective, oxidation of only one 
alcohol function of chiral bishydroxycyclo- 
pentanes (2b). 

We have now extended our investigation of 
this aspect of HLADH catalysis to some cyclo- 

'Abbreviations used: NAD+ and NADH, oxidized 
and reduced forms, respectively, of nicotinamide adenine 
dinucleotide; HLADH, horse liver alcohol dehydro- 
genase; FMN, flavin mononucleotide (riboflavin phos- 
phate). 

hexyldiol substrates. Synthetically viable regio- 
specific oxidations were observed with each 
substrate evaluated and, as in the cyclopentyl 
series (2b), the results were in accord with 
diamond lattice analysis predictions. 

Results 
The substituted cyclohexanes 1-5 were ex- 

amined. They, or their immediate precursors, 
were synthesized in good yields largely by 

application of literature procedures. The race- 
mates 1-5 were all found to be substrates of 
HLADH; the results are summarized in Table 
1. In each case, the rate of oxidation was 
sufficiently rapid for preparative-scale reactions 
to be carried out. Accordingly, (+)-1-5 were 
subjected to HLADH-catalyzed oxidations with 
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TABLE 1. Relative rates 
of HLADH - catalyzed 
oxidation of (f )-1-5* 

Substrate vrel 

Cyclohexanol 1 .0 
(* )-I  0.39 
(5 )-2 0.43 
(+ )-3 0.30 
(+ 1-4 0.09 
( f 1-5 -0.05 

*Relative velocities were 
measured at 25°C in 0.05 M 
glycine-NaOH buffer, pH 9.0 .  

FMN being employed to effect in situ recycling 
(3) of catalytic amounts of the expensive 
NAD' coenzyme required. 

HLADH-mediated oxidation of (+)-I pro- 
ceeded as shown in Scheme 1. Oxidation was 

(+ ) - I  
HLADH, pH 9,25"C 

NAD+ recycling 
49% oxidation (7 h) 

(+)- lR.2R-6 
50% yield 

(3% optically pure) 
SCHEME l 

totally regiospecific for the primary hydroxyl 
group, with the aldehyde initially formed under- 
going subsequent enzyme catalyzed oxidation 
(2b,c) to give the observed product 6 directly. 
Some enantioselectivity was also manifest 
during the reaction but the preference for the 
previously characterized (4) 1 R,2R-enantiomer 
of 6 was marginal only. 

Complete regiospecificity for primary hy- 
droxyl oxidation was also observed with the 
unsaturated diols (+)-2 and -3 as substrates 
(Scheme 2). An encouraging degree of enantio- 
selectivity occurred during the oxidation of 
(+)-2, whereas for the isomeric substrate 3, 
the product lactone 8 was almost racemic. 

(+)-2  
HLADH, pH 9,25"C 

NAD+ recycling 
49% oxidation ( 1 0  h) 

(+)- lR,2S-7 
31% yield 

(21% optically pure) 

HLADH, pH 9.25"C 

(&)-3 NAD+ recycling 
52% oxidation (I0 h) 

(-)- IS,2R-8 
41% yield 

(4% optically pure) 
SCHEME 2 

The absolute configurations and optical pur- 
ities of the Scheme 2 lactones were assigned 
using the literature data available (4a). 

Although the more highly substituted cyclo- 
hexyldiol (+)-4 underwent HLADH-catalyzed 
transformation rather slowly, relatively ef- 
ficient oxidation of the hydroxyethyl function 
was again observed.' The lactone 9, enriched 
in the 1R,2S-enantiomer (5), was formed as 
shown in Scheme 3. 

(,,-, HLADH, pH 9,2S°C 
NAD+ recycling 

50% oxidation (72 h) C H ~  C H ~  

(-)-1R,2S-9 
40% yield 

( 14% optically pure) 
SCHEME 3 

Attention was then directed towards the 
1,3-disubstituted diol (+)-5. HLADH-catalyzed 
oxidation was very slow for this substrate but 
once more was completely specific for the 
primary alcohol, with cis-3-hydroxycyclohexane 
carboxylic acid (10) being the only product. 
As Scheme 4 indicates, the acid 10 was devoid 
of optical activity. 

OH 
I 

( +)-5 
HLADH. pH 9,25'C , 

NAD+ recycling 
30% oxidation (50 h) aCooH 

21% yield 
SCHEME 4 

Discussion 
The selection of structures 1-5 for evaluating 

the ability of HLADH to discriminate between 
unhindered primary and secondary alcohol 
groups attached to cyclohexane moieties was 
governed by several factors. A major con- 
sideration was our desire to choose compounds 
which were clearly of organic chemical interest. 
For example, the diols 1-3 lead to lactones 
6-8, which are of prostaglandin synthon value 
(4), while 4 is a precursor of cis-tetrahydro- 
actinodiolide 9, a member of a group of potent 
cat and beetle attractants (5, 6). In addition, 
structures 1-3 and 5 are cyclohexyl analogues 
of the cyclopentyldiols studied previously (2b). 

- 

ZIn this case it cannot be claimed that the process 
is a truly selective one in the chemical sense, since 
the hydroxyethyl group is the only oxidizable function 
present. 
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JONES AND GOODBRAND 2687 

Each of 1-5 was a substrate of HLADH 
(Table 1). While the rates of oxidation of 
4 and 5 were low, they were still marginally 
above the level (1% of Vr,, of cyclohexai~ol 
(1)) required for synthetic-scale reactions to 
remain viable. Each practical-mode enzymic 
oxidation was performed on preparatively- 
significant (0.6-0.8g) amounts of 1-5. All 
reactions were terminated as close to the 50% 
oxidation stage as was practical since, for 
enzyme-mediated transformations of racemates, 
this is the point at which pure enantiomers will 
be obtained if the stereospecificity is absolute. 
The course of each oxidation was monitored 
by glc and the reactions were conveniently 
worked-up using simple continuous solvent 
extraction procedures. The percentage yields 
cited in the schemes are of the purified isolated 
products and were calculated taking the extent 
of oxidation into account. No attempt was made 
to optimize the yields in this initial survey. 
As the experimental details indicate, much 
higher yields should be obtainable using modi- 
fied work-up procedures. Recrystallization of 
optically-active products was avoided in order 
to preclude the possibility of optical fraction- 
ation and all optical purities were determined 
from the specific rotations reported for the 
pure enantiomew3 

From analyses of the structures of 1-4 using 
the diamond lattice section (see below for 
details) it was predicted that HLADH would 
catalyze oxidation of the primary alcohol 
function exclusively. The results obtained 
(Schemes 1-3) are in complete accord with this 
projection. The hydroxyaldehydes, such as 
11, formed in the initial step were not detected 

in the final reaction mixtures owing to the 
facility with which their hemiacetals, e.g.,  
12, undergo HLADH-catalyzed oxidation (2b,c) 
to the lactones 6-9. The regiospecificities of 
these reactions parallel those observed for 
HLADH-mediated oxidation of the related 
cis-2-hydroxyethylcyclopentyl alcohols (2b). 

3Attempts to measure enantiomeric excesses directly 
using glc or hplc analyses of diastereomeric derivatives 
or by nmr in the presence of shift reagents were un- 
successful. 

In principle, selective enzymic oxidations of 
the above type could be accompanied by high 
enantioselectivity. However, the diamond lattice 
analyses of (+)- and (-)-1-4 gave no indi- 
cation that any significant enantiomeric pref- 
erences should manifest themselves. The very 
low to modest levels of enantiomeric enrich- 
ments observed in the Scheme 1-3 reactions 
were therefore not ~nexpected.~ As with the 
analogous cyclopentyl substrates (2b), the de- 
gree of enantiomeric enrichment is influenced 
by the presence and/or position of a double 
bond in the ring. Although no dramatic stereo- 
specificity was evident with (+)-1-4 as sub- 
strates, it is interesting to note that in each 
case, the lactone products 6-9 are of the same 
absolute configuration type. Furthermore, in 
keeping with the apparent proclivity of HLADH 
to favour 'unnatural' configurations (1, 2), 
the enzymically-preferred configurations of the 
prostaglandin synthons 6-8 and the actinolide 
9 are opposite to those of the 'natural' series. 

HLADH-catalyzed oxidation of the 1,3- 
diol 5 was also completely regiospecific for 
the primary alcohol function, with the aldehyde 
product produced first being further transformed 
into the corresponding acid 10. The latter 
reaction is presumably due to the aldehyde 
dehydrogenase content of HLADH (1). The 
hydroxymethyl specificity of the HLADH- 
catalyzed transforn~ation of (+)-5, the sluggish 
nature of the reaction, and the racemic nature 
of the product are in accord with the diamond 
lattice analysis detailed below. The course of 
the enzymic oxidation of 5 contrasts sharply 
with that of the related cis-3-hydroxyethyl- 
cyclopentanol substrate. In the latter case, 
the process was highly enantioselective, with 
oxidation of the secondary hydroxyl group 
predominating (2b). 

Diamond Lattice Section Analyses 
The diamond lattice (7) section used is an 

updated model (1,2a) based on those formulated 
previously (7, 8). 

The behaviours of 1-4 are interpretable in 
terms of one basic lattice analysis. This is 
depicted in Fig. 1 using the enantiomers of 

4No literature data on the individual enantiomers of 
1-4 are available. Accordingly, since the optical purities 
of the lactone products 6-9 were so low, no attempt was 
made to establish the absolute configurations and 
optical purities of the diols 1-4 recovered from the 
Scheme 1-3 reactions. 
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FIG. 1. Diamond lattice analysis of the regiospecificity of HLADH with respect to diols 1-4. The relevant portions of the lattice (described in detail in refs. 1 
and 2a), including the forbidden or unfavourable positions A, B, G, I, and U, are indicated by the dashed lines. The enantiomers of 1 (R = H) and 4 (R = Me) 
are used as the representative structures in the diagrams. When, as in (a) and (b), the hydroxyethyl groups of either enantiomer of 1 or 4 are oriented such that 
removal of the pro-R-hydrogen from the e-Re direction can occur as required by the model (I), there are no unfavourable lattice interactions. Oxidation of the 
primary alcohol group is thus an allowed process. Neither of the orientations in (a) and (b) appears more favoured than the other. There is thus no reason to 
expect any significant enantiomeric discrimination. On the other hand, oxidation of the secondary alcohol moiety is not allowed. Positioning of either enantiomer 
to permit hydride removal at C-1 in the required e-Re direction, as in (c)  and (d),  results in violation of forbidden position A (and possibly G), or B, by the re- 
spective hydroxyethyl groups. The introduction of double bonds into the cyclohexane ring, as for 2 and 3, does not alter the analysis in any significant manner. 
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JONES AND GOODBRAND 2689 

FIG. 2. Diamond lattice analysis of the regiospecificity of HLADH towards (+)-5. Oxidation of the 
primary alcohol function via removal of the pro-R hydrogen from the e-Re direction as shown in (a) 
and (6) are allowed processes since no forbidden positions are violated (position I is merely somewhat 
unfavoured relative to the other allowed lattice locations (1)). In contrast, oxidations of the secondary 
alcohol functions of either (+) or (-)-5 are not preferred processes. These would require axial ori- 
entation of the C-1 hydroxyl group in order to permit hydride removal from the required (1) e-Re 
direction. Such orientations of the substrate are disfavoured since they force the hydroxymethyl sub- 
stituents into the highly forbidden U region of the lattice as shown in (c) and (d). 

1 and 4 for illustrative purposes. As Fig. 1 
indicates, HLADH-catalyzed oxidation is a 
permitted process when the hydroxyethyl group 
of each enantiomer of 1-4 is positioned in the 
lattice in accordance with the known stereo- 
chemical requirements of the hydride removal 
step (1). Comparisons of the Fig. l a  and b 
orientations of each pair of enantiomers do 
not provide any reason to expect significant 
enantioselectivity during the hydroxyethyl group 
oxidation process. In contrast, when the secon- 
dary alcohol functions of (+)- and (-)-1-4 are 
in the transition state-like orientation required 
for oxidation, the hydroxyethyl substituents 
interact adversely with at least one forbidden 
lattice position, as shown in Fig. 1c and d. 
Accordingly, oxidation at C-1 is precluded. 
The experimental results of Schemes 1-3 are 
in total accord with this analysis. 

For the 1,3-diol 5, the lattice analysis also 
unambiguously predicts preferred oxidation 
of the hydroxymethyl groups (Fig. 2). The 
oxidation is, however, a slow process because 
both enantiomers of 5 are required to be in 
their thermodynamically disfavoured diaxial 
conformations in order for pro-R, e-Re-hydride 
removal (1) to take place. Position I is only a 
moderately unfavourable lattice location (1) 
and its violation as indicated in Fig. 2b is 

evidently not serious enough to result in the 
Fig. 2a orientation being preferred to a suf- 
ficient degree for enantiomeric distinctions 
to be manifest. 

Oxidation of the secondary alcohol function 
of 5 would require the C-1 hydroxyl group 
to be axially oriented (1). As shown in Fig. 
2c and d, oxidation in such orientations is 
precluded for both enantiomers since, in each 
case, the hydroxymethyl group is required 
to project into the highly forbidden U region 
of the lattice.' 

Conclusions 
From the current and previous (2b) results, 

it is now clear that HLADH can be used with 
confidence to effect regiospecific and selective 
oxidation of one only of two or more hydroxyl 
groups within the same substrate molecule. 
Such selectivity in a single step reaction can 
very rarely be achieved using chemical oxidizing 
agents (9, 11). Furthermore, the course of the 
enzymic oxidation is predictable and may also 
be enantioselective to a greater or lesser degree. 
However, it is clear that small structural 
changes in the substrate can have large in- 
fluences on both regiospecificity and enantio- 

5The reader is urged to use molecular models to 
confirm the analyses of both Figs. 1 and 2. 
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selectivity which cannot yet be explained. 
Further work on this aspect is in progress. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Nuclear magnetic 
resonance spectra were recorded in C2HC13 on a Varian 
T-60 instrument and ir data were obtained on liquid 
films (unless specified otherwise) using a Perkin-Elmer 
237 spectrometer. Gas-liquid chromatographic analyses 
were made on 3% QF-1 on Chromosorb G columns with 
an F & M 400 unit. NAD+ and FMN were purchased 
from Sigma and HLADH (EC 1.1.1.1, 3 x crystallized) 
from Worthington. 

cis-2-Hydroxyeth~~lcyclohexanol ((+)-I)  
cis-2-Hydroxycyclohexylacetic acid lactone ((&)-6) 

bp 130"C/15 Torr (lit. (12a) bp 140-14S0C/25 Torr); 
ir, 1775 cm-'; nmr 6 1.0-2.8 ( l lH,  m) and 4.55 (lH, m) 
ppm was prepared in three steps from cyclohexanone 
by the method of Klein (12). The lactone (+)-6 (10 g, 
0.071 mol) was added to a cooled (O°C), stirred, sus- 
pension of lithium aluminum hydride (2.71 g, 0.77 mol) 
in dry ether (200ml). The mixture was then kept at 
20°C for 2 days. Water (10 ml), followed by an excess 
of 15% aqueous sodium hydroxide, was then added 
cautiously. The dried (MgSO,) ether solution was evap- 
orated and the residual oil distilled to give the diol 
(+)-I (13) (7.5 g) bp 108"C/0.2Torr; ir 3600cm-'; 
nmr 6 1.6 ( l lH,  m) and 3.75 (SH, m) ppm. 

cis-2-Hydroxyethylcyclohex-3-en01 (( + ) -2) 
cis-6-Hydroxycyclohex-2-enylacetic acid lactone 

((f )-7) was prepared (three steps) from cyclohexa-1,3- 
diene by the procedure of Corey and Ravindranathan 
(4c). It had bp 105"C/O.l5Torr; ir 1775cm-'; nmr 
6 1.6-3.3 (7H, m), 4.95 (lH, m), and 5.8 (2H, m) ppm. 
Lactone (5)-7 (5.0 g, 3.6 mmol) was added with stirring 
to lithium aluminum hydride (1.37 g, 3.6 mmol) in 
dry ether (50 ml). The mixture was refluxed for 1 h 
and then worked-up with saturated aqueous ammonium 
chloride. The dried (MgSO,) solution was evaporated 
and distilled to yield the diol (f )-2 (1.4 g) bp 10S0C/ 
0.15 Torr; ir 3600, 3000, and 1645 cm-I ; nmr 6 1.4-2.5 
(7H, m), 3.7 (2H, s, OH), 3.8 (3H, m), and 5.5 (2H, m) 
ppm. Anal. calcd. for C8Hl4O2 : C 67.63, H 9.85, 0 22.52; 
found: C 67.80, H 9.83, 0 22.37. 

cis-6-Hydroxyethylcyclohex-2-en01 (( f )-3) 
Cyclohexene was converted in four steps to cyclo- 

hex-2-enylacetic acid bp 1 16"C/1 Torr (lit. (14) bp 
109-112"C/4Torr); nmr 6 1.2-2.9 (9H, m) and 5.7 
(2H, m) ppm as described by Youssef and Sharaf (14). 
This material was then converted via iodolactonization 
(12b) to cis-2-hydroxycyclohex-3-enylacetic acid lactone 
((+)-8) bp 87-89"C/0.4Torr (lit. (12b) bp 140-145"C/ 
20 Torr); ir 1770, 1660, and 1620 cm-'; nmr 6 1.2-3.0 
(7H, m), 4.85 (lH, m), and 6.0 (2H, m) ppm. The lac- 
tone (f )-8 (4.03 g, 0.029 mol) was added with stirring 
to lithium aluminum hydride (1 . l l  g, 0.029 mol) in 
dry ether (50 ml). After being stirred at 20°C for 14 h, 
the mixture was worked-up by the cautious addition 
of water and the ether layer dried (MgSO,) and evap- 
orated. Distillation yielded the diol (+)-3 (4.0 g) bp 
10l0C/0.4Torr; ir 3600cm-'; nmr 6 1.3-1.9 (5H, m), 

1.9-2.2 (2H, m), 2.85 (2H, s, OH), 3.8 (2H, t), 4.15 
(lH, m), and 5.85 (2H, m) ppm. Anal. calcd. for C8H1402 : 
C 67.63, H 9.85, 0 22.52; found: C 67.81, H 9.86, 
0 22.33. 

cis-2-Hydroxyethyl-l,3,3-trimethylcyclohexanol ( ( a ) -4) 
cis-Tetrahydroactinodiolide ((?)-9) was prepared 

from cyclohexanone in eight steps according to the pro- 
cedure of Sakan et al. (5b); it had ir (CHC1,) 1770 cm-'; 
nmr 6 0.9 (3H, s), 1.05 (3H, s), 1.53 (3H, s), and 1.0-2.5 
(9H, m) P P ~ .  

The lactone (+)-9 (5.0 g, 27.4 mmol) was added to 
lithium aluminum hydride (1.04 g, 27.4 mmol) in dry 
ether (200ml) and the mixture refluxed for 1 day. 
The reaction mixture was then quenched cautiously with 
a little water and anhydrous Na2S04 added. The fil- 
tered, dried (MgSO,), ether solution was evaporated 
and the resulting solid recrystallized from ether to 
give the diol (&)-4 (3.0g) mp 96-97°C; ir (CHCI,) 
3600 cm-'; nmr 6 0.8-2.2 (9H, m), 0.9 (3H, s), 1.0 
(3H, s), 1.2 (3H, s), and 3.7 (2H, t) ppm. Anal. calcd. 
for CllH2202: C 70.94, H 12.09, 0 16.97; found: 
C 70.90, H 11.93, 0 17.17. 

cis-3-Hydroxymethylcyclohexanol (( k )-5) 
Cyclohex-3-ene carboxylic acid was converted by 

the method of Grave and Heinke (14) into cis-3-hydroxy- 
trans-4-iodocyclohexane carboxylic acid lactone mp 
134°C (lit. (15) mp 134°C). This iodolactone (15.2 g, 
0.06 mol) was then added slowly over 30 min at 0°C 
to a solution of tri-n-butyltin hydride (20.34 g, 0.07 mol) 
in dry benzene. The reaction mixture was stirred at  
20°C overnight, and was then evaporated and distilled 
in vacuo. The crude lactone obtained was saponified 
directly with aqueous sodium hydroxide (7 g, 0.15 mol 
NaOH) at 20°C for 4 h followed by 2 h under reflux. 
The cooled solution was washed with ether, then acid- 
ified with concentrated hydrochloric acid and extracted 
with ethyl acetate. Evaporation of the dried (MgSO,) 
extract gave the hydroxy acid (+)-lo (2.5 g) n ~ p  131- 
132°C (lit. (16) mp 131-132°C). The cis-acid (+)-lo 
was reduced as described by Noyce and Denny (16) 
to give the diol (+)-5, bp 89"C/0.1 Torr (lit. (16) bp 
132-134"C/4 Torr); nmr 6 0.8-2.4 (9H, m), 3.0 (2H, s), 
and 3.4 (3H, m) ppm. 

Determination of Rates of HLADH-catalyzed 
Oxidations of 1-5 

The assay method used was as described previously 
(2a, 8) employing the following stock solutions: HLADH, 
0.5 mglml in 0.05 M tris-HC1 buffer, p H  7.4; NAD', 
10 mg/ml of 0.05 M glycine-NaOH buffer, p H  9.0. 
Substrates, 2 x M solutions in 0.05 M glycine- 
NaOH buffer, p H  9.0. 

HLADH-catalyzed Oxidation of (+) - I  
The diol (+)-I (600mg, 4.16mmol) was dissolved 

at 20°C in 0.05 M glycineNaOH buffer (300 ml, pH 9.0) 
and NAD+ (235 mg, 0.35 mmol) and FMN (3.11 g, 
6.5 mmol) added. The reaction was initiated by adding 
HLADH (45 mg) and the p H  periodically readjusted 
to 9. The oxidation was terminated after 7 h (glc showed 
49% conversion) and the p H  brought to 12 with 1 M 
aqueous sodium hydroxide. Continuous chloroform 
extraction yielded unchanged diol (287 mg). The aque- 
ous reaction mixture was then acidified to pH 3 with 
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1 M aqueous hydrochloric acid and reextracted with terminated after 50 h (30% oxidation). Continuous 
chloroform for 20 h. Evaporation of the dried (MgSO,), chloroform extraction at pH 13 for 3 days gave mainly 
decolourized (Norite) chloroform extract gave the unchanged 5 (511 mg). Subsequent continuous ethyl 
lactone 6 (146 mg), identical with the sample prepared acetate extraction at pH 3 yielded the racemic hydroxy 
previously. It had [aIDz7 + 1.5" (c 2.2, MeOH) (lit. acid (+)-lo mp 131-132°C (lit. (16) and previous mp 
(4a) for 1R,2R-6, +45.S0 (c 0.43, MeOH). 131-132°C). 

HLADH-catalyzed Oxidation of ( f ) -2 
The diol (+)-2 (700 mg, 4.9 mmol) was oxidized 

as described above for 10 h after which time glc analysis 
indicated 50% oxidation. Continuous chloroform ex- 
traction of the p H  13 solution gave unchanged diol 
(429mg) containing some lactone and hemiacetal. 
The p H  3 reaction mixture was then reextracted for 
10 h as before to give the lactone 7, which after chroma- 
tography on Woelm alumina (activity I, ether elution) 
gave material, spectrally identical with the racemate 
prepared above, [aIDz7 f5.78" (c 1.07, MeOH) (lit. 
(4a) for 1R,2S-7 [aID +28" (c, 0.6, MeOH). 

HLADH-catalyzed Oxidation of ( +) -3 
This experiment was performed using the general 

procedure described above with diol (+)-3 (630mg, 
4.4 mmol). After 10 h, when glc showed 52% oxidation, 
the reaction was worked-up as described above to give 
recovered diol (400 mg, containing some lactone and 
hemiacetal) and lactone 8 (130mg), [aIDz7 -0.033" 
(c 0.23, MeOH). The lactone in ethyl acetate (50ml) 
was hydrogenated in the presence of 10% Pd-on-C. 
Work-up gave the saturated lactone 6 (107 mg), identical 
with (1)-6 except that it had [aIDz7 +1.96" (c 1.07, 
MeOH) (lit. (4a) for 1R,2R-6, [E], f45.5" (c 0.43, 
MeOH). 

HLADH-catalyzed Oxidation of ( + ) -4 
The diol (+)-4 (700 mg, 3.7 mmol) was oxidized 

at 20°C in the usual way. After 48 h (33% oxidation) 
a further quantity of HLADH (15 mg) was added. 
After a total reaction time of 72 h (51% oxidation) 
the mixture was basified (pH 13) and continuously 
extracted with chloroform to give a mixture of recovered 
diol and lactone 9 (520 mg). The acidified (pH 3) mixture 
was then continuously reextracted to give an oil (140 mg) 
which, after chromatography on a short column of 
acidic alumina (ether elution), gave cis-tetrahydro- 
actinodiolide 9 mp 80-81°C [a]DZ2 - 8.8" (c 1.34, CHC13) 
(lit. (6) for 1S,2R-9, mp 81-82"C, [ E ] , ~ ~  + 64.5' (CHC13)). 
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The conformation of a ten-membered ring: the crystal and molecular structure 
of trans-syn-trans- 4,s: 9,lO-biscyclohexano- 1,3,6,84etraoxecane 

ARIS TERZIS,' T. BRUCE GRINDLEY , l  AND J. BRIAN FAUGHT 
Department of Chemistry, Dalhousie University, Halifax, N.S., Canada B3H4J3 

Received December 13, 1976 

ARIS TERZIS, T. BRUCE GRINDLEY, and J. BRIAN FAUGHT. Can. J. Chem. 55,2692 (1977). 
The crystal structure of trans-syn-trans-4,5: 9,IO-biscyclohexano-1,3,6,8-tetraoxecane (1) has 

been determined by X-ray diffraction. The crystals are monoclinic, a = 10.995(2), b = 5.291(1), 
c = 12.241(2) A, p = 114.68(1)", P2,/c, withZ = 2. The structure was solved by the application 
of symbolic addition procedures and refined with anisotropic thermal parameters for all atoms 
to a final R value of 0.039 (R, 0.062) for 1135 independent reflections. 

The ten-membered tetraoxecane ring is present in the crystal in a boat-chair-boat (BCB) 
conformation, which is somewhat different in geometry than the BCB confornlations observed 
for cyclodecane derivatives. The causes of these differences are discussed. Intramolecular non- 
bonded interactions cause one CH2 group to be significantly distorted from local C2, symmetry. 

ARIS TERZIS, T. BRUCE GRINDLEY et J. BRIAN FAUGHT. Can. J. Chem. 55,2692 (1977). 
On a determine la structure cristalline du trans-syn-trans-biscyclohexano-4,5:9,10 tetraox& 

cane-1,3,6,8 (1) par diffraction de rayons-x. Les cristaux sont monocliniques a = 10.995(2), 
b = 5.291(1), c = 12.241(2) A, P = 114.68(1)", groupe d'espace P2Jc et Z = 2. On a rtsolu 
la structure par l'application des mCthodes d'addition symbolique et on I'a affinte avec des 
paramktres thermiques anisotropiques pour tous les atomes jusqu'a une valeur finale de R de 
0.039 (R, = 0.062) pour 1135 reflexions indkpendantes. 

Le cycle tetraoxecane a dix chainons existe dans le cristal sous la conformation bateau- 
chaise-bateau (BCB) qui est quelque peu diffkrente, de par sa giomttrie, des conformations 
BCB observees pour les derives du cyclodecane. On discute des causes de ces differences. Des 
interactions non-liees intramoleculaires font que des groupes CH, sont passablement deformes 
de la symetrie C2, au niveau local. 

[Traduit par le journal] 

Introduction 
Strain minimization calculations on cyclo- 

decane, carried out by a large number of workers 
(1-4), have shown that there are a number of 
conformations which may be of comparable 
energy in the gas phase. An electron diffraction 
study (1) at 130" suggested that the following 
conformations were present: the boat-chair- 
boat2 (BCB, 49%); the twist-boat-chair (TBC, 
35%); the twist-boat-chair-chair (TBCC, 8%), 
and the boat-chair-chair (BCC, 8x1, although 
some possibilities including the conformation 
calculated to be the most stable by Engler ef al. 
(4), the twist-chair-chair-chair (TCCC), were 
not considered. In view of the above results, it is 
not surprising that there is little known about the 
conformational preference of cyclodecane itself 
in solution. 

In the solid state, the conformation suggested 
to be most stable in the gas phase by the electron 

'To whom correspondence should be addressed. 
2The nomenclature used is that devised by Hendrickson 

(2). 

diffraction study (I), the BCB, is strongly pre- 
ferred (5, 6) for cyclodecane derivatives. The 
BCB conformation has C,, symmetry which 
results in three different types of carbon atoms, 
termed I, 11, and 111. Other conformations have 
been observed only for derivatives (7, 8) with 
substituents which strongly disfavor this con- 
formation. 1,3,5,7,9-Pentaoxecane (8), the only 
ten-membered ring previously examined which 
contained a number of oxygen atoms, is one of 
the exceptions and it adopted the twist-chair- 
boat-chair (TCBC) conformation. Interestingly, 
nmr spectral evidence suggests that a sugar 
derivative which has a 1,3,6,8-tetraoxecane ring 
fused to two tetrahydropyran rings also adopts 
this TCBC conformation (9) in solution. 

A dynamic nmr study showed (10) that the 
10-membered ring in trans-syn-trans-4,5 : 9,lO- 
biscyclohexano-1,3,6,8-tetraoxecane (1) exists in 
solution in two degenerate sets of two diastereo- 
meric BCB conformations termed BCBl and 
BCB2 (see Fig. 1) which are formally neighbours 
(2) on the BCB pseudorotation itinerary. BCBl 
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TERZIS ET AL. 2693 

B C B ~  BCBI' 

FIG. 1. The conformations observed for trans-syn-trans- 
4,5 : 9,lO-biscyclohexano-1,3,6,8-tetraoxen in solution. 

is dominant at low temperatures in solution 
(below - 30°C), while BCB2 is favoured at room 
temperature. Recently there has been consider- 
able interest in the effects of the interactions 
between polar groups on conformations (1 1, 12) 
and BCB's 1 and 2 differ in the stereochemical 
relationships between their polar groups. In 
BCBl, models suggest that the two COCO 
torsional angles in each COCOC group are both 
60" and equal in sign whereas in BCB2, the 
torsional angles in each COCOC group are 180" 
and 60". Jeffrey et al. (1 1) have calculated that the 
latter arrangement would be 4.4 kcal/mol less 
stable than the former and have made predic- 
tions about bond length distortions expected in 
the two arrangements. In this publication we 
report the structure of trans-syn-trans-4,5 : 9,lO- 
biscyclohexano-1,3,6,8-tetraoxecane in the solid 
state. 

Experimental 
trans-syn- trans-4,5 : 9,lO-Biscyclohexano- 1,3,6,8- tetra- 

oxecane (I) was prepared according to the procedure of 
Brimacombe et al. (13). Crystals suitable for study were 
obtained by recrystallization from ethanol and had mp 
167-168°C (lit. (13) mp 166-167.5"C). Crystal data are 

Ci4Hz40, fw = 256.35 
Monoclinic, a = 10.995(2), b = 5.291(1), c=  12.421(2) A, 
B = 114.68(1)", V = 656.51 A3, Z = 2, Pcaloa = 1.296 g 
~ m - ~ ,  p,,, = 1.28 g ~ m - ~  (18"C, CuK,, h = 1.54051 A). 

Preliminary photographic data showed the crystals to 
be monoclinic with the following systematic absences: 
h01, I = 2n + 1 ; 0k0, k = 2n + 1, which indicated that 
the space group was P2,lc. 

A crystal (0.33 x 0.41 x 0.45 mm) was mouilted with 

the b axis nearly parallel to the $ axis of a Picker FACS-1 
automatic diffractometer with a graphite monochromator. 
Data were collected by the 8-28 scan technique from a 
point 0.95" below the calculated 28 position for CuK,, to 
0.95" above the position calculated for CuKm2 at a rate 
of lo  n~in-l .  Stationary-crystal stationary-counter back- 
ground counts of 20 s were recorded at each limit of the 
scan range. During the data collection, three standard 
reflections were measured at a period of 30 reflections. 
Their intensities decreased uniformly by 4%. A total of 
1170 intensity measurements were made in the form 
+ h, k, 1 in the region 28 < 127" and reduced to a set of 
1135 independent reflections. The integrated intensity was 
calculated as 

where I(scan) is the number of counts over the scan range, 
tT is the scan time, tg is the time for each background 
count B1 and B,. The standard deviations o(Z) were 
calculated according to the expression 

where NT is the total net integrated scan count obtained 
in time t,, C is a factor to account, among other things, 
for instrumental instability during data collection (for 
this structure, C was 0.04), I is the net intensity, and I, is I 
corrected for absorption. The last term in the expression 
is a factor accounting for errors in the absorption 
correction. 

An absorption correction3 (9) was applied and the 
calculated transmission coefficients based on a linear 
absorption coefficient of 7.7 cm-' for CuK, radiation 
ranged from 0.698 to 0.802. Lorentz and polarization cor- 
rections were applied. 1098 reflections with I > 241) were 
used in the refinement of the structure. 

Solution and Refinement 
The structure was determined by the application of 

symbolic addition procedures (18). The 9 non-hydrogen 
atoms were found in the E-map and a structure factor 
calculation based on this model gave a conventional 
R factor 0.276 where R = (El F,l - IEI I)/ZIF,J. Tem- 
perature and scale factors were taken from the Wilson 
plot. Four cycles of block-diagonal least-squares refine- 
ment with unit weights and isotropic thermal parameters 
for the non-hydrogen atoms converged at R = 0.1 16. The 
twelve hydrogen atoms were located in a difference 
Fourier synthesis calculated at this point. Block diagonal 
refinement was continued with anisotropic thermal 
parameters for the non-hydrogen atoms and isotropic 
parameters for the hydrogens. A weighting scheme was 
introduced (w = l/[02(Fo)]) as well as a secondary 
extinction correction (19). The R factor at convergence 

3The computer programs used were locally modified 
versions of the following: F. R. Ahmed and C. P. Huber, 
NRC-2 (data reduction) (14); F. R. Ahmed and B. Singh, 
NRC-3 (absorption correction) (14); A. Zalkin, 
FORDAP (Fourier, Paterson maps) (15); R. V. Doedens 
and J. A. Ibers, NUCLS (least-squares refinement with 
black-diagonal option introduced by J. Sygusch) (16); 
C. K. Johnson, ORTEP (drawings) (17). 
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r n 8  
N \N 'b 

:" 

FIG. 2. Numbering and structural parameters for trans-syn-trans-4,5:9,10-biscyclohexano-1,3,6,8- 
tetraoxecane. Bond lengths (A), with their errors in parentheses ( lo3 A), and the more significant 
calculated short intramolecular distances (- - -) are shown on the bottom half o f  the diagram. Bond 
angles (deg) and torsional angles (deg) between heavy atoms are shown on the top half. All errors in 
angles were 0.1". Roman numerals indicate the locations o f  the three different types o f  BCB positions 
on the structure. 

was 0.041. Inclusion o f  anisotropic thermal parameters Figure 3 shows an ORTEP diagram of the 
for the hydrogen atoms reduced R to 0.039 after 4 cycles crystal structure of 1. 
o f  refinement and R2 = ([C(wlF, 1 - IF,()Z]/[CwlF,IZ])llZ to 
0.062 for observed and unobserved data. The maximum Since compound is centrosymmetric, the syn 
shifts in the final least-squares refinement were 0.4 o. The configuration previously (21) assigned for the 
final 'goodness o f  fit', defined as i[Cw(lF,I - IF,I)Zllim - relative orientations of the cyclohexane rings in 1 
n))'12 was 2.88, where m = number of observations and on the basis of its nn1r spectrum is correct. In the 
n = number o f  refined parameters. The scattering factors 
for all atoms were from Cromer and Mann (20). solid state, 1 adopts the BCB conformation 

referred to as BCBl in the Introduction and this 
Results and Discussion 

Atomic positions and thermal parameters for 1 
are given in Table 1. The structure factor table 
and Table 2, which contains the bond angles 
involving hydrogen were put on deposit4 
Numbering, bond lengths, bond angles, torsional 
angles, and short intramolecular distances are 
shown in Fig. 2. To facilitate comparison with 
results from strain minimization calculations, the 
short intramolecular distances involving H were 
recalculated using a C-H bond length of 1.1 A. 

4This information can be obtained, at a nominal charge, 
from the Depository o f  Unpublished Data, CISTI, 
National Research Council o f  Canada, Ottawa, Canada 
K I A  0S2. 

conformation appears to have similar geometry 
to the average BCB conformation of cyclodecane 
derivatives (4, 6) although there are a number of 
important differences which will be discussed 
below. 

Bond Angles and Torsional Angles 
Bond angles in cyclodecane derivatives are 

normally large (see Table 3) presumably to  
relieve transannular non-bonded interactions 
between opposing hydrogen atoms. Since in this 
conforn~ation of compound 1, all of the trans- 
annular non-bonded CH-CH interactions have 
been replaced by CH-0 interactions, the angles 
at all carbons but particularly those at BCB type I 
and 11 carbons in 1 should be smaller than in 
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TABLE 1. Positional and thermal parameters (e.s.d.'s)* for trans-syn-trans-4,5:9,10-biscyclohexan0-1,3,6,8-tetraoxecane 

Atom x Y z u~l? u2 z u3 3 u12 u13 uz 3 

o(1) 0.9198(1) 0.7204(2) 0.5230(1) 349(4) 
o(2) 0.8811(1) 0.4295(2) 0.3234(1) 377(4) 
c(1) 0.8440(1) 0.4920(2) 0.5063(1) 308(5) 
c(2) 0.7852(1) 0.4332(2) 0.3749(1) 304(5) 
c(3) 0.7010(1) 0.1925(2) 0.3479(1) 378(6) 
c(4) 0.5900(1) 0.21 62(3) 0.3906(1) 329(6) 
c(5) 0.6473(1) 0.2809(3) 0.5221(1) 367(6) 
C(6) 0.7326(1) 0.5204(2) 0.5472(1) 374(6) 
c(7) 0.9804(1) 0.2407(2) 0.3614(1) 355(6) 

H(1) 0.909(1) 0.357(2) 0.550(1) 24(7) 
H(2) 0.726(1) 0.580(2) 0.329(1) 24(7) 
H(3A) 0.758(1) 0.054(3) 0.388(1) 29(7) 
H(3B) 0.667(2) 0.157(3) 0.261(2) 89(14) 
H(4A) 0.522(1) 0.361(3) 0.344(1) 3 l(7) 
H(4B) 0.543(2) 0.059(3) 0.376(1) 63(10) 
H(5A) 0.701(1) 0.133(3) 0.572(2) 40(8) 
H(5B) 0.578(1) 0.311(3) 0.547(1) 34(8) 
H(6-4) 0.675(1) 0.666(3) 0.503(1) 37(8) 
H(6B) 0.766(2) 0.567(3) 0.632(1) 64(10) 
H(7.4) 1.019(1) 0.251(3) 0.305(1) 28(7) 
H(7B) 0.948(1) 0.070(3) 0 .3  62(2) 26(7) 

*The form of the anisotropic vibration is exp [-2rr2(a*2h2Ull + . . . 2a*b*hkU12 + . . .)I. 
t U i j  x lo4 for non-hydrogen atoms and U,, x 103 for hydrogen atoms. 
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FIG. 3. Stereoscopic view of the solid state conformation of trans-syn-trans-4,s : 9,lO-biscyclohexano- 
1,3,6,8-tetraoxecane. 

TABLE 3. Comparison of bond angles and torsional angles between 1 and cyclodecane 
derivatives 

Angle (deg) 
BCB 

position Atoms Compound Average value 
type involved 1 in cyclodecane* Difference 

Bond angles 
I COC 118.2 118.6 (+2) -0.4 
I1 OCC 113.7 117.7 (k4)  -4.0 
I11 COC 115.3 114.5 (+3) +0.8 
I11 OCC 106.9 114.5 (+3) -7.6 
I1 CCO 114.3 117.7 (+4) -3.4 

Torsional angles 
I and I1 COCO 73 .O 65.8 ( k 6 )  +7.2 
I1 and I11 OCOC 60.9 55.5 (+ 4)t +5.4 
I11 and I11 COCC -158.2 - 152.4 (+ 1.6) - 5.8 
I11 and I1 OCCO 52.6 55.5 (+ 4)t -2.9 
I1 and I CCOC 65.4 65.8 (+6) -0.4 

*Average of values from refs. 5 and 6. 
?Two values were observed outside this range in an intramolecularly H-bonded molecule (6). 

cyclodecane. Table 3 compares the bond angles 
in 1 to those of cyclodecane and the observed 
bond angles at type I1 positions in 1 are both 
smaller, as predicted above. Although the COC 
angle at the type I carbon is not smaller, in 
compound 1 there is an intramolecular non- 
bonded interaction between C(7) and C(3) 
similar to the type between an axial methyl and 
the -OCH,O- groups in 4-methyl-1,3-dioxane 
(evaluated at 2.8 or 2.9 kcal/mol (22)) and this 
interaction presumably maintains the size of this 
angle at approximately the value observed in 
cyclodecane. In a closely related compound 
where this interaction is not present, the bond 
angle decreased in magnitude by 1.7" to 116.5" 
(23). 

The most notable difference between 1 and 
cyclodecane is the CCO bond angle of 106.9" at a 
BCB type I11 position. CCO bond angles are 
often small. For instance, in diethyl ether (24), 
CCO bond angles vary from 107.8" to 108.3", in 

1,5,9,13-tetraoxacyclooctadecane four CCO bond 
angles are below 109.6" with the smallest being 
106.4" (25). In the present case, intramolecular 
non-bonded interactions appear to be the main 
cause of the small bond angle, since a decrease in 
bond angle allows increase of both of the short 
intramolecular distances, H(7A)-H(6B)' and 
H(7B)-H(3A). 

The torsional angles of 1 are compared to 
those of cyclodecane in Table 3 and all of the 
gauche torsional angles fall within the ranges 
observed for cyclodecane derivatives or are just 
outside. The one anti torsional angle (- 158.21°), 
about the two BCB type I11 carbons, is con- 
siderably outside the observed range. The larger 
size of this angle contributes to the general 
narrowing of this tetraoxecane ring as compared 
to cyclodecane and is caused by the relief of 
transannular non-bonded interactions, particu- 
larly between hydrogens on opposing type I11 
carbons. 
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TERZIS ET AL 

TABLE 4. Extraannular intramolecular non-bonded interactions 

Atoms Involved Distance (A)? Distance E (kcal/mol)* 

C(7) C(6)' 3.138 (0.002) 0.02 
c(7) H(6B)' 2.937 (0.017) 2.934 -0.03 
H(7A) C(6)' 2.848 (0.015) 2.830 0.02 
H(7A) H(6B)' 2.365 (0.024) 2.263 0.28 

Total interactions between C(7)H2 and C(6)'H2 0.29 

c(7) c(3) 3.018 (0.002) 0.14 
C(7) H(3A) 2.780 (0.016) 2.772 0.07 
H(7B) '33) 2.729 (0.017) 2.715 0.13 
H(7B) H(3A) 2.245 (0.023) 2.093 0.71 

Total interactions between C(7)H2 and C(3)H2 1.05 

*Calculated using the force field of Hilderbrandt et al. (1). 
tFrom the X-ray structural determination. 
$Calculated using observed C positions and CCH or OCH bond angles but with the C-H distance 

assumed to be 1.10 A. 

Intramolecular Interactions while the short C-0 distances observed in 1 are 
The shortest intran~olecular transannular in- -2.9 and 3.0 A. However, here the oxygen is 

teractions are shown in Fig. 2. Since no force staggered between the atoms on the carbon, so 
fields are available with parameters for oxygen, this interaction is probably also only slightly 
the interactions shown in Fig. 2 have been repulsive. 
evaluated qualitatively by consideration of the Compound 1 also possesses intran~olecular 
van der Waals radii of Pauling. The van der extraannular non-bonded interactions between 
Waals radii are 2.0, 1 .4,5 and 1.2 A,5 for CH3, 0 ,  each OCH,O group in the ring (i.e. C(7)) and one 
and H respectively. The shortest 0-0 trans- methylene group on each cyclohexane ring 
annular distances are about equal to the sum of (i.e. C(3) and C(6)'). Table 4 gives the distances 
their van der Waals radii so non-bonded inter- between the atoms in these groups and the 
actions between oxygens should not make a corresponding repulsive energies calculated using 
large contribution to the energy. The shortest the force field of Hilderbrandt et al. (1). The 
0-H distances are somewhat less (-0.2 A) than larger part of the non-bonded repulsion arises 
the sum of their van der Waals radii. Dale (27) from interaction between the hydrogen atoms on 
has suggested that this latter type of interaction C(3) and C(6)' and different hydrogen atoms on 
is not repulsive and is perhaps attractive where C(7). Since the interactions are with different 
the hydrogen is on a carbon adjacent to oxygen hydrogen atoms, the effect of the resulting torque 
and therefore acidic. However, recent evidence should be observable in distortion of the CH, 
(28) shows that hydrogens geminal to methoxy group from local C,, symmetry. Distortion of 
groups on a carbon are only very slightly more this sort can be conveniently discussed (6) in 
acidic than those geminal to methyl groups. It terns of the following linear combinatioiis of the 
therefore appears more likely that the con- four HCO-angles, a,, a,, a,, a,, where m, w, r, 
formational effects observed by Dale (27) who and t stand for mean, wag, rock, and twist. 
compared ethers to alkanes are simply a con- 
sequence of the change of the sum of the van der 
Waals radii from 4.0 to 3.4 A when CH-CH 
interactions were replaced by CH-0 interactions. a l  = 110.0" a2 = 104.8" 

Accordingly, it is likely that the 0-H interaction 
in 1 is slightly repulsive; a H-H interaction 0.2 A 
less than the sum of the van der Waals radii can 

HA -IHB a3= 103.5O a4 = 115.4' 

be evaluated at 0.4 kcal/mol using the force field 
of Hilderbrandt et al. (1) and this 0-H inter- 0 2  

action is probably also small. The sum of the 
van der Waals radii of CH, and 0 is 3.4 A, 

w = (1/2)(a1 + a, - a, - a,) 
50ther values have been suggested including shorter 

(11) and longer (26) values for hydrogen and longer (11) r = (1/2)(al - a, $. a, - a,) 
values for oxygen. t = (1/2)(c(l - a2 - a3 + a4) 
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FIG. 4. Stereoscopic view 

The four angles of a,, a,, a,, and a, have values 
as shown and yield m, w, r, and t values of 
108.4", -2.0°, -3.4", and 8.6" respectively. For 
other cyclodecane derivatives, wagging and 
rocking distortions (but only slight twisting) of 
up to 4" at types I and 111 positions are common 
(6) to relieve non-bonded interactions but little 
distortion of any type has been observed at the 
relatively unhindered type I1 carbons. This 
observation of -the distortion of the C(7)H2 
groups (primarily twisting) confirms the im- 
portance of these extraannular interactions. It 
suggests that OCH,O groups are fairly easily 
distorted and that force field calculations which 
assume local C,, symmetry in CH, groups will 
give erroneous results. Each of the interactions of 
these hydrogens is also similar to that between 
the OCH,O group and a11 axial methyl in 
4-methyl- l,3-dioxane. 

Polar Efects 
The conforn~ation adopted by compound 1 is 

the BCB conformation (BCB1) in which both 
torsional angles about C-0 bonds in each 
OCH,O group are gauche and of the same sign; 
an arrangement calculated (1 1) to be 4.4 kcal/mol 
more stable than the gauche, anti relationship in 
the other BCB conformation observed in solution 
(BCB2). The C-0 bond lengths observed for 
this arrangement (1.41 1 and 1.408 A) are, as 
predicted (1 I), significantly shorter than normal 
C-0 bonds (1.429 and 1.435 A in this molecule) 
and approximately equal in length. 

Intermolecular Interactions 
The packing diagram for compound 1 is shown 

in Fig. 4. It is unlikely that intermolecular inter- 

of the molecular packing. 

actions affected the observed conformation to a 
large extent since there are only 5 intermolecular 
distances shorter than the sum of the van der 
Waals radii, none of which are H-H interactions 
and none of which are energetically important 
( > 0.1 kcal/mol) when the energy is calculated by 
the force field of Hilderbrandt et al. (1). 
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Nuclear analogs of p-lactam antibiotics. 111. Synthesis of 
1,3-dimethyl-~3-0-2-isocephems1 

TERRENCE WILLIAM D O Y L E , ~  BING-YU LUH, AND ALAIN MARTEL' 
Bristol Laboratories of Canada, 100 Industrial Boulevard, Candiac, P. Q., Canada J 5 R  1J1 

Received February 16, 1977 

TERRENCE WILLIAM DOYLE, BING-YU LUH, and ALAIN MARTEL. Can. J. Chem. 55,2700 (1977). 
The synthesis of I-a-methyl and 1-a-methyl isomers of 7-13-phenoxyacetamido-1,3-dimethyl- 

A3-0-2-isocephem-4-carboxylic acids (14a and 146) is described. Treatment of amine 2 with 
methacrolein followed by cycloaddition gave 4 which was ozonolyzed to yield the methyl 
ketones 6. Upon reduction of 6 there was obtained a mixture of isomeric alcohols 8 which were 
resolved by column chromatography, converted to their mesylates 9, and hydrolyzed to yield 
10a and 106. Conversion of each isomer to the corresponding 0-2-isocephems l l a  and 116 fol- 
lowed by azide reduction, coupling of the amines to phenoxyacetic acid, and removal of the 
ester blocking groups gave 14a and 146. An attempt to prepare the gem-dimethyl compound 
failed. The structural assignments to 14a and 146 are discussed. 

TERRENCE WILLIAM DOYLE, BING-YU LUH et ALAIN MARTEL. Can. J. Chem. 55,2700 (1977). 
On dtcrit la synthtse des acides isomeres mtthyl-1 a et methyl-1 p des acides phtnoxyact- 

tamido-7 p dimethyl-1,3-A3 isoctphem-0-2 carboxyliques 4 (14a et 146). La reaction de l'amine 2 
avec de l'aldehyde methacrylique, suivie par une cycloaddition, conduit a 4 qui peut &tre 
ozonolyse pour conduire aux rntthyl-cetones 6. La reduction de 6 fournit un melange d'alcools 
isomtres 8 qui peut &tre risolu par chromatographie sur colonne et chacun des alcools peut 
alors &tre transform6 dans son mesylate 9 et hydrolyst pour conduire a 1Oa et 106. On fait 
suivre la conversion de chacun des isomtres en isocephem-0-2 correspondants 11a et 116 par 
une reduction de l'azide, un couplage des amines avec l'acide de phenoxyacetique et l'enltve- 
ment des groupes esters bloqueurs pour donner 14a et 146. Un essai en vue de prtparer le 
compost gem-dimethyle n'a pas rkussi. On discute des attributions de structure de 14a et de 146. 

[Traduit par le journal] 

In the previous paper of this series the syn- 
theses of a number of 0-2-isocephem systems 
(Fig. 1, wherein R, = R, = H and R, = H, 

COPH 
1 

R, = R2 = H R3 = H,  CH3, CH2@, CH2CH2+ 
R, = H R2 = R3 = CH3 
R, = H R ,  = R3 = CH, 

Me, CH,+, CH,CH,+) were described (1). 
Encouraged by the promising biological activity 
of these systems the synthesis of 1-substituted 
0-2-isocephems was attempted next. In this 

'For part I1 of this series see ref. 1. 
2Author to whom correspondence concerning this 

paper may be addressed c/o Bristol Laboratories, P.O. 
Box 657, Syracuse, NY, U.S.A. 13201. 

3Holder of an NRCC Industrial Postdoctoral Fellow- 
ship, 1972-1974. 

paper we report the synthesis of the 1-a,3-di- 
methyl- and 1-P,3-dimethyl-0-2-isocephems 1 
(R, = H, R, = R3 = CH3 and R, = H, R, = 
R3 = CH3).4 

Treatment of amine 2 (Scheme 1) (1) with an 
excess of methacrolein in the presence of a cata- 
lytic amount of the hydrochloride of 2 gave the 
Schiff base 3 in 90% yield. The catalysis was 
necessary to ensure rapid formation of 3. Com- 
pound 3 was then treated with azidoacetyl chlo- 
ride followed by triethylamine to yield p-lactam 
4 (82.5%) as a mixture of diastereoisomers 

* 
(epimeric about the N-C(C0,Bz)-center). The 

I 
H 

isomers could be partially separated by column 
chromatography on silica gel using benzene as 
eluent. The nmr spectra of the two isomers 
(Table 1) indicated that the azido and isopro- 

4 ~ ~ r  an explanation of the trivial nomenclature used 
throughout this series of papers and a review of the litera- 
ture pertaining to the syntheses of nuclear analogs of 
a-lactam antibiotics see ref. 2. 
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DOYLE ET AL.: I 

,C02CH2@ 
+H2N-CH 

CHO 'c-CH, 
- 

9' 'p 
CHzPCH2 

COzCH24 
3 

P 2  

~ o c H 2 c o H N ~ o R 1  Compounds 8-13 (0) R,  = H R, = CH, 

0 N'f'CH3 ( h )  R, = CH, R, = H 

penyl groups were cis to one another as shown 
by the coupling constants for the protons at C, 
and C, in the azetidinone ring (3) J = 5.3 H z . ~  
Hydrolysis of either isomer of 4 gave a single 
en01 5 (82%). No trace of the trans isomer of 5 
could be detected by nmr spectroscopy. 

Ozonolysis of 4 (1 : 1 isomer mixture) and de- 

5The order of addition of azidoacetyl chloride and 
triethylamine to the Schiff base 3 had no effect on the 
stereochemistry of the products. The procedure described 
was found to be cleaner (4). 

composition of the ozonide gave a mixture of 
methyl ketones 6 in 95x yield. The product was 
chromatographed on silica gel with chloroform 
as eluent to give each isomer as a crystalline 
solid. When the isomer of 4 which was eluted 
first from the column was ozonized a single 
methyl ketone corresponding to the ketone 
which eluted second from the column was iso- 
lated. The stereochemistry of the isomers of 4 
and 6 about the chiral center in the side chain 
attached to the nitrogen has not been deter- 
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N 
TABLE 1. Nuclear magnetic resonance spectra" 4 

i3 
Aromatic and 

Compd. olefinic CH2+ CH3 O(CHZ)ZO 5 Other 

0' 

3 7.21(s, 5H) 5.12(s) 1 .52(s)" 3.90(s) 7.66(s, lH,  CH=N) 
5.54(m, lH)b 1 . 93(m)d.b 3.98(s, 1H)' 
5.33(bs, lH)b 

4f 7.27(s, 5H) 5 .09(s) 1.43(s)' 3.89(s) 4.69(d) 4.48(d, IH, J  = 5.3)h 
5 .OO(m, lH)b 1 . 69(m)d.b J =  5.3 4.49(s, 1H)" 
5.13(m, lH)b 

4g 7.25(s, 5H) 5.14(s) 1 .50(s)" 3.89(s) 4.62(d) 4.47(s, 1H)' 
5.04(m, lH)b 1 . 75(m)d*b J =  5.3 4.41(d, lH, J =  5.3)* 
5.14(m, lH)b 

5 7.34(s, 5H) 5.35(d, 1H)' 1 . 73(m)d.b 4.64(d) 4.57(d, J  = 6.0)h 
5. O8(mlb 5.08(d, 1H)' 2.17(s)j J  = 6.0 12.30(s, lH, OH) 
4.93(m)b J =  12.5 

6f 7.36(s, 5H) 5.18(s) 1 .45(s)' 3.80(m) 4.78' 4.47(s, 1H)' 
2 . 2 2 ( ~ ) ~  4. 56(d)m 4.40(d, IH, J  = 5.0)"9" 

J  = 5.0 
6@ 7.32(s, 5H) 5.08(s) 1 .35(s)" 3.84(s) 4.82' 4.67(s, 1H)" 

2 . 1 4 ( ~ ) ~  4.64(d) " 4.45(d, IH, J  = 6.0)"." 
J = 6.0 

7 7.28(s, 5H) 5.27(d, 1H)' 2.10(s) 4.79(d) 4.55(d, lH,  J = 6.0)" 
5.04(d, 1H)' 2.31(s) J  = 6.0 12.05(s, lH,  OH) 
J  = 12.0 

8b 7.32(s, 5H) 5.18(s) 1 .50(s) 3.92(m, 7H)" 4.54(d) 
1 .20(dr J  = 5.0 
J =  5.0 

9b 7.32(s, 5H) 5 .17(s) 2 . 9 2 ( ~ ) ~  3 .92(s) 4.82(d) 4.1O(dd, lH, Jl  = 5.5, J2 = 7.8)' 
1 .52(s)' J =  5.5 4.26(s, 1H)" 
1.53(d, J  = 6.0)q 5.00(m, lH)q 

10a 7.25(s, 5H) 5.10(m) 1.27(d, J  = 6.0)q 4.6qd) 4.75(m, lH)q 
1 .98(s)' J  = 5.5 3.95(dd, lH,  J ,  = 5.5, J2 = 6.5)' 
2.87(s)" 

lob 7.31(s, 5H) 5.36(d, 1H)' 1.40(d, J  = 6.0)q 
5.05(d,lH)' 2.13(s)' 
J = 12.0 2 . 7 9 ( ~ ) ~  

lla 7.32(m, 5H) 5.20(s) 2.24(s)" 
1.38(d)s 
.I = 6.0 . ..- 

llb 7.38(m, 5H) 5.24(s) 2.23(s)" 
1 .32(d)" 

. - 

12.0(s, IH, OH) 
4.72(d) 4.92(m, lH)q 
J =  5.5 4.03(dd, lH, J1 = 8.3, J2 = 5.5)' 

12.0(s, lH, OH) 
5.07(d) 3.25(dd, lH,  Jl = 8.5, J2 = 5.0)' 
J = 5.0 3.94(dq, lH, J1 = 6.0, J2 = 8.5)" 
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TABLE 1 (Concluded) 
-- - 

Aromatic and 
Compd. olefinic CHz@ C H B  O(CHz)zO Other 

12a 7.34(m, 5H)  5.22(s) 2.24(s)" 4.62(d) 3.92(dq, l H ,  Jl = 6.5, J2 = 8.5)S 
1 .42(d)S J = 5.5 3.14(dd, l H ,  Jl = 8.5, Jz = 5.0)' 
J = 6.5 1 . 6 0 ( ~ ,  2H,  N H 2 )  

12b 7.34(m, 5 H )  5 . 2 4 ( ~ )  2.22(~)" 4.68(d) 4.70(dq, l H ,  Jl = 6.5, Jz = 3.7)" 
1 .30(d)" J = 5.5 3.61(dd, l H ,  J l  = 5.5,  J2 = 3.7)' 
J = 6 .5  1 .70(s, 2H,  N H 2 )  

13a 7.26(m, 5H)  5.17(s) 2.24(s)" 5.56(dd) 4.43(s, 2H)" 
6.7-7.5 ( m ,  5H)  1 . 14(d)s J 1 = 8 . 0  4 .06(dq,1H,J l=6 .4 ,Jz=8 .5)"  

J = 6 .4  J ,  = 4.5 3.27(dd, 1H, J l  = 4.5, J2 = 8.5)' 
8.06(d, l H ,  J = 8.0, N H )  

13b 7.31(m, 5H)  5.24(s) 2.24(s)" 5.50(dd) 4.50(s, 2H)" 
0 
0 

6.7-7.5(m, 6H)  1.16(d)" J ,  = 4.7 4 . 6 5 ( d q , 1 H , J 1 = 6 . 5 , J , = 3 . 7 ) "  2 
J = 6 .5  Jz = 6.0 3.90(dd,1H,J1=4.7,J2=3.7) '  " 

14aX 6.7-7.5(m, 5H)  2.22(s)" 5.59(dd) 4.50(s, 2H)" m rl 

1 .17(d)" J 1 = 5 . 0  4 . 1 1 ( d q , 1 H , J , = 8 . 5 , J 2 = 6 . 4 ) "  > 
J = 6.4 J z z 8 . 5  3.29(dd,1H,J1=8.5,Jz=5.0) '  7 

8.31(d, l H ,  J = 8.5, N H )  - 
14bx*Y 6.7-7.4(m, 5H)  2.21(s)" 5.48(d) 4.51(s, 2H)" 

1 .15(d)v J =  5 .0  3.90(dd, 1H, J1 = 5.0, J2 = 3.9)' 
J = 6.3 4.63(dq, l H ,  Jl = 6.3, Jz = 3.9)" 

15 7.35(m, 5H)  5.21(s) 2.22(s)" 5.22(d) 3.42(d, l H ,  J = 5.50)' 
1 . 3 4 ( ~ )  J = 5.5  2.0-2.5(m, 2H,  C H 2  HgCI) 

 recorded at 60 MHz on a Varian A-60A spectrometer in CDCI, using tetramethylsilane as internal standard unless otherwise noted. The chemical shifts are in 6 (ppm) and the J's in 

n 
O\ /0 

Hz. bExhibited allylic coupling. eAssigned to CH,-C- .  dAssigned to CH3-GCHZ. 'Assigned to CH-C02R. flsomer 1. glsomer 2. *Assigned to CH-C(CH3)=CH2. ,Arms of AB 
I 

0 

quartet. jAssigned to =C(OH)CH,. &Assigned to COCH,. 'Signals for N3CH-CHA overlap as singlet. "On addition of benzene-ASIS. "Assigned to CHCOMe. OThe protons CH- 
I I 

CHOHCH, are obscured under the ketal resonance. PAssigned to 0-SOZCH,. qAssigned to CHOMesCH,. 'Assigned to CH-CHOMesCH3. "ssigned to C 1 - a - c ~ ,  and c,-~-H. 
'Assigned to C6-H. YAssigned to C3-CH,. "Assigned to C1-&CH3 and C1-a-H. wAssigned to 60CH2. XRecorded in CDCI,-DMSO-d,. yAfter D,O exchange. 
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mined. Hydrolysis of either isomer of 6 with 95% 
trifluoroacetic acid gave a single en01 7 as a crys- 
talline solid in 97% yield. 

Reduction of 6 (either as single isomers or 
isomer mixtures) with sodium borohydride led 
to complex mixtures of alcohols. Invariably the 
reduction of ketone isomer 2 was more sluggish 
than that of isomer Reduction of a 1 : 1 mix- 
ture of ketone isomers 6 gave, after chroma- 
tography, a recovery of - 10% ketone isomer 2, 
a mixture of alcohols 8a in 43% yield, and a 
single isomer 8b as a crystalline solid in 9.8% 
yield. The assignment of configuration to the 
alcohol mixture 8a and the single isomer 8b was 
made retrospectively on the basis of the subse- 
quent reactions of 8a and 8b. Reduction of the 
isomeric ketones 6 separately also gave complex 
mixtures, presumably due to epimerization under 
the reaction conditions. 

Treatment of 8a with methane sulfonyl chlo- 
ride and triethylamine gave 9a as a mixture of 
diastereoisomers in 89% yield. Hydrolysis of the 
ketal with 95% trifluoroacetic acid gave 10 (65%) 
as a mixture of 10a and lob (9: 1). Similarly 8b 
was converted to 9b (99%) and hydrolyzed to 
yield lob exclusively in 96% yield. 

Treatment of 100 with sodium hydride in 
dimethyl sulfoxide gave l l a  (38%) contaminated 
with - 10% l l b .  Recrystallization from ether 
gave pure l l a  (33%). When lob was refluxed 
with 1 equiv. of triethylamine in chloroform 
there was obtained l l b  in 80% yield. The assign- 
ments of configuration to l l a  and l l b  have been 
made on the basis of their nmr spectra (Table 
I). Compound l l a  exhibits a coupling constant 
of 8.5 Hz between the C, and C ,  protons. The 
only configuration which would be predicted to 
show such a J value is that illustrated in Fig. 2 

CHI R O * C $ ~  "ir CHI 

CH3 
l l a  l l b  

FIGURE 2 

for l l a  in the conformation shown. The coupling 
constant for compound l l b  was J, ,  = 3.7 Hz 
which could be accommodated by either of the 
two possible conformations for the A3-O-2- 
isocephem system (illustrated in Fig. 2). It is 

6The terms isomer 1 and isomer 2 refer to their order 
of elution on chromatography. 
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more probable, however, that l l b  adopts the 
conformation shown in Fig. 2 as this would re- 
lieve the steric interaction between the azido 
group at C, and the 1-P-methyl group. 

Reduction of the azido function in l l a  with 
hydrogen sulfide - triethylamine (2) followed by 
coupling of the amine 12a to phenoxyacetic acid 
using N-ethoxycarbonyl-2-ethoxy-1,2-dihydro- 
quinoline (EEDQ) (5) gave the amide 13a in 60% 
yield from l l a .  Similarly compound l l b  was re- 
duced to the amine 12b (74%) and coupled with 
phenoxy acetic acid to give 13b in quantitative 
yield. 

Hydrogenolysis of the benzylesters 13a and 
13b over 20% Pd(OH),/C in ethyl acetate gave 
the corresponding acids 14a and 14b in 84 and 
73% yields, respectively. Both 14a and 14b ex- 
hibited antibacterial activity the details of which 
will be published separately. 

The synthesis of the 1,1,3-trimethyl-A3-0-2- 
isocephem was attempted next via oxymercura- 
tion of compound 5 (Scheme 2). Treatment of 5 

with mercuric acetate in tetrahydrofuran (6) 
gave 15 in 66% yield. All attempts to reduce 15 
to the desired 1,1,3-trimethyl-A3-0-2-isocephem 
failed, compound 5 being isolated in its stead. 

Experimental 
The infrared spectra were recorded on a Unicam 

SP-200G grating, ir spectrometer. The nmr spectra were 
determined on a Varian A60-A spectrometer using tetra- 
methylsilane as an internal standard. Melting points are 
uncorrected and were determined on a Gallenkamp melt- 
ing point apparatus. The analyses were performed by 
Micro-Tech Laboratories, Skokie, IL. 

cis-N-(a-Carbobenzyloxy-S,a-ethylene ketal propy1)- 
3-azido-4-isopropenyl-2-azetidinone 4 

(A) Preparation of Schiff Base 3 
To a mixture of 50.0 g (0.20 mol) aminoketal2 and 35.0 

g (0.5 mol) freshly distilled methacrolein in 300 ml methyl- 
ene chloride was added 1.0 g of the amine hydrochloride. 
To this was added a large excess of anhydrous sodium sul- 
fate (100 g) and the whole vigorously stirred with a mag- 
netic stirrer. After 45 min an aliquot was removed and 
evaporated to dryness. The nmr spectrum of the residual 
oil indicated complete formation of the desired Schiff 
base. The remaining solution was filtered and the filtrate 
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passed through a pad of activity I11 silica gel (Woelm, 
50-100 g) to remove the amine hydrochloride. The filtrate 
was evaporated to dryness to yield 54.90 g (90.5%) of pale 
yellow oil, the nmr spectrum of which was consistent with 
the assigned structure; ir (film): 1740, 1640, 1617 cm-'. 

( B )  p-Lactam Formation 
The freshly prepared Schiff base 3 (54.90 g, 0.182 mol) 

in 500 rnl dry methylene chloride was cooled to - 15'C 
(in a methanol-ice bath). To this was added 21.60 g 
(0.182 mol) azidoacetyl chloride over 5 min. Following 
this 18.2 g (0.182 mol) TEA in 125 ml dry methylene 
chloride was added dropwise over 1 h while the tempera- 
ture was maintained at 0-5°C for 18 h and then evapo- 
rated at reduced pressure. The residual oil was triturated 
with 300 ml ether and the TEA hydrochloride removed 
by filtration. The filtrate was washed successively with 
10% hydrochloric acid (100 ml), saturated sodium bicar- 
bonate (100 ml), and brine (100 ml), dried over sodium 
sulfate, and filtered. This filtrate was in turn filtered 
through a pad of 150 g silica gel. The filtrate was evapo- 
rated to yield 57.8 g (82.5%) of the desired p-lactam 4 as 
a mixture of diastereoisomers. A sample of the crude 4 
was chromatographed on silica gel (15% water, w/w) 
using benzene as the eluting solvent to give each of the 
isomers -90% pure; ir (CHCI,): 2110, 1773, 1750 cm-'. 
Anal. calcd. for C,,H22N40,: C 59.06, H 5.74, N 14.50; 
found: C 59.20, H 5.84, N 14.23. 

cis-N-(ci-Carbobenzyloxy-~,~-ethyleneketalpropyl) -3- 
azido-4-acetyl-2-azetidinone 6 

A solution of 15.18 g (0.0394 mol) p-lactam 4 in 100 ml 
of methanol was prepared and cooled to -78°C in an 
acetone - dry ice bath. Ozone was passed through the 
solution until a distinct blue color due to excess ozone 
was observed. The solution was purged of excess ozone 
with a stream of dry nitrogen and 15 ml of dimethyl sul- 
fide (large excess) were added. The solution was allowed 
to come to ambient temperature (- 22°C) and evaporated 
at reduced pressure. The residue was taken up in ether and 
washed with water (50 ml) and brine (200ml in 4 por- 
tions). The organic layer was dried over Na2S04, filtered, 
and evaporated to yield 14.5 g of an oil (9573, the nmr 
spectrum of which indicated that a mixture of two dias- 
tereoisomeric ketones 6 had been obtained. Trituration 
of this oil with ether induced solidification of the mixture. 

A small sample of the mixture was chromatographed 
on silica gel (15% water, w/w) using chloroform as the 
eluting solvent. Each of the ketones was isolated as a 
crystalline solid. Isomer 1 (eluted first) had mp 96-96.5"C 
after recrystallization from chloroform-ether; ir (CHC13): 
2105, 1780, 1740, 1733(s) cm-'. Isomer 2 had mp 91- 
91.5"C after recrystallization from benzene-ether, ir 
(CHCI,): 2110, 1775, 1740, 1735(s) cm-I. Anal. calcd. 
for Cl,H2,N406: C 55.66, H 5.19, N 14.43; found (for 
isomer 1): C 55.47, H 5.25, N 14.44; found (for isomer 2): 
C 55.76, H 5.23, N 14.53. 

Hydrolysis of Compound 4 
To 3.70 g (10 mmol) of compound 4 (either isomer) 

was added 20 ml of 95% trifluoroacetic acid at 25°C. The 
solution was let stand 45 min at 25°C and poured into 
brine (100 ml). The solution was extracted with methylene 
chloride (3 x 50 ml), the extracts washed with water 
(2 x 50 ml) and brine (50 ml), and dried over sodium sul- 
fate. The extracts were evaporated and the residual oil 

taken up in 200 ml of ether. The organic layer was then 
extracted with 2% sodium hydroxide (3 x 25 ml) and the 
aqueous layer acidified to pH - 3 with 10% hydrochloric 
acid. The solution was extracted into ether (3 x 50 ml), 
the extracts dried over sodium sulfate, filtered, and evapo- 
rated to dryness. Trituration of the residual oil with 
ether - petroleum ether induced crystallization of the oil 
and gave 2.73 g (82%) of 5, mp 74-75°C. ir: 2115, 1780, 
1740, 1665, 1615 cm-'. Anal. calcd. for Cl7Hl8N4o4: 
C 59.64, H 5.30, N 16.37; found: C 59.53, H 5.15, N 
16.14. 

Hydrolysis of Compound 6 
To 1.75 g (4.7 mmol) of 6 (1 : 1 isomer mixture) was 

added 10 ml 95% trifluoroacetic acid at 25'C. The solu- 
tion was stirred 20 min at 25°C and worked-up as in the 
above example to yield 1.495 g (97%) of compound 7, 
mp 108-110°C after recrystallization from benzene- 
petroleum ether (30-60°C); ir (CHCI,): 2120, 1782, 1738, 
1660, 1615 cm-'. Anal. calcd. for Cl6Hl6N4o5: C 
55.81, H 4.68, N 16.27; found: C 55.77, H 4.72, N 16.17. 

Reduction of Compound 6 
To a solution of 11.16 g (0.0288 mol) of ketone mixture 

6 (- 1 : 1) in 100 ml THF (4% H20)  at 22°C was added 
0.450 g (0.0118 mol, 0.047 N in hydride) sodium boro- 
hydride and the solution was stirred 35 min. To the solu- 
tion was added 10% HCI to p H 4  and the solution was 
evaporated to dryness. The residue was taken up in ether, 
washed with 10% HCI and brine, and dried over Na2S04. 
Evaporation of the filtrate gave 10.0 g of an oil, the nmr 
spectrum of which indicated that the oil contained - 15% 
of ketone isomer 2. Thin layer chromatography of the 
mixture (on silica gel using 6H-EtOAc, 3: 2) showed 4 
spots at Rf's 0.22, 0.29, 0.44, and 0.51 the first and last of 
which were minor. The sample was coated on 50 g silica 
gel and chromatographed on 1 kg silica gel (preequili- 
brated with lOOml @H-EtOAc, 3:2) via dry column 
technique (7) using 4H-EtOAc, 3 : 2 as eluent. The column 
was eluted, 5 ml fractions being taken. The fractions 
corresponding to the Rf 0.51 spot (1.33 g) consisted of 
ketone isomer 2 and benzyl alcohol. The fractions corre- 
sponding to the Rf 0.44 spot (4.80 g) consisted of a mix- 
ture of alcohols epimeric about the ester -CH linkage, 
the relative configuration of which about the secondary 
alcohol was subsequently shown to be as in 8a. The yield 
of mixture 8a was 43%. An intermediate fraction con- 
sisting of the spots Rf 0.44 and 0.29 (0.75 g) was collected. 
Finally, 1.10 g (10%) of crystalline alcohol Rf 0.22 was 
collected, the configuration of which corresponded to 
8b. A total of 8 g was eluted from the column. 

The ir and nmr spectra of the crystalline alcohol were 
compatible with a single isomer, 8b. The configuration 
about the secondary alcohol was shown by subsequent 
reactions although the ester function's relative configura- 
tion is unknown. Compound 8b was recrystallized from 
6H-ether, mp 105-106°C. Anal. calcd. for C18H24N4O6 : 
C 55.38, H 5.68, N 14.38; found: C 55.45, H 5.76, N 
14.21. The ir and nmr spectra of 8a were compatible with 
a mixture of isomeric alcohols. The subsequent reactions 
of 8a indicate it to have the configuration about the 
secondary alcohol shown. This mixture was not analyzed 
but was used as such in the next reaction. 

Preparation of 9a  
To a solution of 4.80 g (0.0123 mol) of 8a in 50ml 
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CH2CI2 at 0-5°C was added 2.10 ml (0.015 mol) of TEA (CHCI,): 2115, 1780, 1715, 1613 cm-'; uv (EtOH, 3.4 
followed by 1.77 g (0.0156 mol) of methane sulfonyl chlo- mg/125 ml) h,,, 266 nm (E 13 900). Anal. calcd. for 
ride in 15 ml CH2C12 over 15 min. The solution was al- C16H16N404: C 58.53, H 4.91, N 17.06; found: C 58.50, 
lowed to stand 5 h at room temperature ( N  22"C), washed H 4.91, N 17.02. 
once with 10% HCI once with brine, dried over Na2S04, 
filtered, and evaporated to yield 5.15 (89%) of crude Benzyl 1-~,3-Dimeth~l-7-~-(aminophenox~acetoyl)-A~- 
mesylate 9a. The ir and nmr spectra of 9a were com- 0-2-isocephem-4-carboxylate 13a 

patible with the assigned structure. The oil was used as a of 470 mg (0.00143 mol) of ' l a  in 20 ml 

such in the next step without further purification. CH2C12 was added 0.5 ml TEA. A stream of H2S gas was 
bubbled in over 5 mi11 and the solution let stand 30 min 

Preparation oJ'9b 
To a solution of 370mg (0.00095 mol) of crystalline 

alcohol 5b in 10 ml CH2C12 at 0-5°C was added 0.154 ml 
(0.001 1 mol) TEA followed by 0.125 g (0.001 1 rnol) 
methane sulfonyl chloride. The solution was allowed to 
stand 18 h at 22"C, washed with 10% HCI and brine, 
dried over Na2S04, filtered, and evaporated to yield an 
oil which crystallized on trituration with ether to give 
445 mg (99%) pure mesylate 9b. A small sample was 
recrystallized from benzene-ether, mp 89-90°C. Anal. 
calcd. for Cl9HZ4N4O8S: C 48.71, H 5.16, N 11.96, S 
6.84; found: C48.79, H 5.17, N 11.93, S 6.65. 

Hydrolysis of 9a  
Compound 9a (5.15 g, 0.011 mol) was hydrolyzed with 

95% trifluoroacetic acid as in the procedure given for the 
hydrolysis of 4 to yield 3.05 g (65%) of 10a contaminated 
with - 10%lOb; ir(CHC1,): 2115,1780,1660,1620cm-'. 
The oil was not purified further but was used as such in 
the next step. 

at 22°C. The solution was washed with water (100 ml) 
and NaHCO, (saturated) (3 x 20ml portions), dried 
over Na2S04, and concentrated to give 430 mg (100%) 
crude amine. The ir and nmr spectra of 12a were com- 
patible with the assigned structure. Compound 12a was 
used as such in the next step. 

To a solution of the above oil in 25 ml CH2CI2 was 
added 220 mg (0.00143 mol) phenoxyacetic acid and 360 
mg (0.00143 mol) EEDQ. The solution was allowed to 
stand 18 h at 0-5"C, washed with 10% HCI, dried over 
Na2S04, and evaporated to yield an oil. The oil was chro- 
matographed on 10 g silica gel using benzene -ethyl 
acetate (3:2) as eluent to yield 372 mg (59.5%) of 13a, 
mp 120-121°C recrystallized from ether-cyclohexane; 
ir (CHCI,): 3430, 1778, 1770(s), 1703(s), 1695, 1615, 
1604, 1522, 1495 cm-'; uv (EtOH, 1.6 mg/50ml) h,,, 
269 (E 11 100), 275 nm (E 10800). Anal. calcd. for 
Cz4HZ4N2o6 : C 66.04, H 5.54, N 6.42; found: C 65.87, 
H 5.57, N 6.40. 

Benzyl I-~,3-Dimethyl-7-~-amitw-A3-O-2-isocephem- 
Hydrolysis of 9b  4-carboxylate 12b 

~ r o m  570 mg (1.21 mmol) of 9b was obtained 510 nlg TO a solution of 590 mg (0.0018 mol) of l i b  in 25 ml 
(96%) of the en01 lob  upon hydrolysis with trifl~~roacetic CH,CI, was added 0.5 ml TEA. A stream of H2S gas was 
acid; ir (CHCI,): 2110, 1781, 1670, 1620 cm-'. The oil passed through the solution for 2 min. Vigorous nitrogen 
was used as such in the subsequent experiment. evolution was observed. The solution was let stand 10 min 
Benzyl I-cc,3-Dimethyl-7-~-azido-A3-O-2-isocephem-4- 

carboxylate IIa  
To a suspension of 0.33 g sodium hydride (55% mineral 

oil dispersion washed three times with petroleum ether) 
in 25 n ~ l  DMSO was added 3.05 g (0.0072 mol) of enol 
10a. The solution was stirred for 1 h at 22°C at the end of 
which time all gas evolution had ceased. To this a solution 
of 10 ml10% HCI in 100 ml brine was added with cooling 
(exothermic). The solution was extracted with 200ml 
CH2C12 in four portions and the extracts washed twice 
with brine. The extracts were dried over Na2S04 and con- 
centrated to yield an oily residue, which on chromatog- 
raphy on silica gel (20 g) with benzene yielded 900 mg 
(38%) of crystalline 11. A sample was recrystallized from 
ether, mp 121-122°C; ir (CHCI3): 2120, 1782, 1715, 1615 
cm-l; uv (EtOH, 3.5 mg/125 ml) h,., 268 nm (E 11 100). 
Anal. calcd. for CI6Hl6N404: C 58.53, H 4.91, N 17.06; 
found: C 58.64, H 5.01, N 17.14. 

Benzyl I-~,3-Dimethyl-7-~-azidod3-0-2-isocephem-4- 
carboxylate I l b  

To a solution of 852 mg (0.002 mol) enol mesylate 
l o b  in 25 ml CHC1, was added 202 mg (0.002 mol) TEA. 
The solution was refluxed 3 h and let stand 18 h at 22°C. 
The solution was washed with 10% HCI and brine, dried 
over Na2S04, filtered, and evaporated. The residue was 
filtered through 3 g silica gel with benzene and the eluent 
evaporated to yield 520 mg (80%) of crystalline l l b .  A 
sample was recrystallized from ether, mp 119-120°C; ir 

at 22°C and evaporated to dryness. The residue was par- 
titioned between CH2C12 and 10% HCI. The aqueous 
layer was neutralized with Na2C03 and extracted into 
CH2CI2. The extracts were dried and evaporated to yield 
392 mg (74%) of a water white oil which crystallized on 
trituration with ether, mp 96-97°C; ir (CHCI,): 3430, 
1770, 1712, 1615 cm-'. Anal. calcd. for C16H~8NZ04:  C 
63.56, H 6.00, N 9.27; found: C 63.40, H 6.05, N 9.31. 

Benzyl 1-~,3-Dirnethyl-7-~-(aminophenoxyacetoyI)- 
A3-0-2-isocephern-4-carboxylate 136 

To a solution of 370 mg (0.00123 mol) of 12b in 25 ml 
CH2C1 was added 185 mg (0.00123 mol) phenoxyacetic 
acid and 302 mg (0.00123 rnol) EEDQ. The solution was 
let stand at 25°C and monitored by tlc (silica gel -ether) 
every 15 min. The reaction was complete in 45 min. After 
1 h the solution was washed once with 20 ml 10% HCI, 
dried over Na2S04, and concentrated to yield 535 mg 
(100%) crystalline amide 13b, mp 129-130°C recrystallized 
from benzene-cyclohexane; ir (CHCI,): 3440,1780,1770, 
1715, 1695, 1615, 1600, 1520, 1500 cm-'; uv (EtOH, 1.5 
mg/50 ml) h,,, 270 (E 12 300), 275(s) nm (E 11 600). Anal. 
calcd. for C24H24N206: C 66.04, H 5.54, N 6.42; found: 
C 66.02, H 5.43, N 6.45. 

1-a,3-Dimethyl-7-~-(aminophenoxyacetoyl)-A3-0-2- 
isocephern-4-carboxylic Acid 14a 

A suspension of 332 mg (0.00076 mol) of 13a and 
300 mg 20% Pd(OH),/C in 40 ml ethyl acetate was shaken 
under hydrogen at 50 psi for 54 min. The suspension was 
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filtered through Celite and evaporated. The residue crys- 
tallized on trituration with ether. Filtration of the solid 
gave 220 mg (84%) of 14a, mp 220°C (with decomposi- 
tion) recrystallized from CHC13; ir (CHCl,): 3440, 
1780, 1695, 1600, 1525, 1495 cm-l. Anal. calcd. for 
C17H18N206: C 58.95, H 5.24, N 8.09; found: C 58.85, 
H 5.32, N 8.01. 

I-~,3-Dimethyl-7-~-(aminophenoxyacetoyl)-A3-0-2- 
isocephem-4-carboxylic Acid 14b 

A suspension of 500 mg (0.001 15 mol) of 13b and 400 
mg 20% Pd(OH),/C in 50 ml ethyl acetate was shaken 
under hydrogen at 60 psi for 45 min. The suspension was 
filtered through Celite and evaporated to yield an oily 
residue which crystallized on trituration with ether to 
which a few drops of CH2C12 had been added. Filtration 
gave 282 mg (73.5%) acid 146, mp 154-155°C (with de- 
composition) recrystallized from CH,C12-Et20; ir 
(CHC13): 3440, 1775, 1695, 1600, 1520, 1495 cm-'. Anal. 
calcd. for C17H18NZ06: C 58.95, H 5.24, N 8.09; found: 
C 59.10, H 5.25, N 8.03. 

Preparation of 1 5  
To a solution of 102 mg (0.3 mmol) of 5 in 2 ml tetra- 

hydrofuran was added 104 mg (0.3 mmol) mercuric 
acetate in 2ml  of water at 0-5°C. The cooling was re- 
moved and the solution stirred at 25°C for 3.5 h. The 
solution was poured into 30 ml of brine and extracted 
with chloroform (5 x 15 ml). The extracts were washed 
with water (10 ml) and brine (25 ml), dried over mag- 
nesium sulfate and concentrated to give 115 mg (66%) 
of an oil which crystallized from chloroform-ether, mp 
130-132°C; ir (Nujol): 2110, 1785, 1715, 1600 cm-'. 
Anal. calcd. for Cl7H1,C1HgN4O4: C 35.36, H 2.96, N 
9.70; found: C 35.24, H 3.02, N 9.55. 
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Nuclear analogs of Phlactam antibiotics. IV. Synthesis of 
1-0x0- b3-0-2-isocephemsl 

TERRENCE WILLIAM D O Y L E , ~  ALAIN MART EL,^ A N D  BING-YU LUH 
Bristol Laboratories of Canada, 100 Industrial Boulevard, Candiac, P.Q., Canada J5R IJI 

Received February 16, 1977 

TERRENCE WILLIAM DOYLE, ALAIN MARTEL, and BING-YU LUH. Can. J. Chem. 55,2708 (1977). 
The synthesis of 7-~-phenoxyacetamido-3-methyl-l-oxo-A3-O-2-isocephem-4-carboxylic acid 

14 is described. Condensation of amine 2 followed by p-lactam formation and ozonolysis gave 
the acid 5. This was converted to its trichloroethyl ester 8 and the ketal was hydrolyzed to give 9. 
Reduction of the azido function followed by amide formation gave 11. The trichloroethyl group 
was removed and the en01 acid 12 closed to yield 13. Hydrogenolysis of the benzyl ester gave 14. 
The structural assignments to the compounds are discussed. 

TERRENCE WILLIAM DOYLE, ALAIN MARTEL et BING-YU LUH. Can. J. Chem. 55,2708 (1977). 
On dtcrit la synthese de l'acide phCnoxyac6tamido-7 p mtthyl-3 0x0-1 A3 isocephem-0-2 

carboxylique-4 14. La condensation de l'amine 2 suivie par la formation d'un p lactame et 
d'une ozonolyse, conduit a l'acide 5. Celui-ci peut Stre transform6 en ester trichlorotthyle 8 
et le groupement cktal peut Stre hydrolysk pour conduire a 9. La rtduction du groupe azido, 
suivie par la formation de l'amide, donne 11. On a tlimint le groupe trichloroethyle et on a 
cyclise l'anol acide 12 pour fournir 13. L'hydrogenolyse de l'ester benzylique conduit B 14. On 
discute des attributions de structure de ces composes. 

[Traduit par le journal] 

In the previous paper of this series the 
syntheses of the 1-a and 1-P isomers of the 
1,3-dimethyl-A3-0-2-isocephem systems (Fig. 1, 
wherein R, = H, R, = Me and R, = H, R, = 
Me) were described. In order to further explore 
the effect of substituents at C, on the biological 
activities of the 0-2-isocephem system the 
synthesis of the lactone, 1-0x0-A3-0-2-isocephem 
(R, = R, = O), was examined next.4 In addition 
to any purely steric effects of substituting the one 
position by a carbonyl, considerable enhance- 
ment of p-lactam reactivity due both to ring 
strain and electronic (conjugative) effects is to 
be expected. 

R1 R2 

4 o c H ; c o H N ~ &  N / R, R, = H  = CH, R, R, =CH3 = H 
0 CH3 R, = R, = 0 

C02H 
FIGURE 1 

Condensation of amine 2 (Scheme 1) (3) with 
a slight excess of furfural gave the Schiff base 3 in 
quantitative yield. Treatment of compound 3 
with an excess of azidoacetyl chloride and 
triethylamine gave cis-p-lactam 4 in 93% yield 
as a mixture of diastereoi~omers.~ The nmr 
spectrum of the isomer mixture indicated that 
no detectable amounts of trans isomer had been 
formed in the cycloaddition. Silica gel chroma- 
tography of the mixture using benzene as eluent 
gave partial separation of the two isomers, the 
nmr spectra of which are recorded in Table 1. 

Ozonolysis of 4 in acetic acid at 20-25°C gave, 
after work-up, the carboxylic acid 5 as a mixture 
of diastereoisomers (1 : 1) in 63.5% yield (9). 
Hydrolysis of 5 using 95% trifluoroacetic acid 
gave con~pound 6 in 94% yield as the enol, as 
was shown by the singlet in the nmr spectrum 
at 6 8.90 integrating for one proton. A number 
of attempts to convert en01 acid 6 to the lactone 
via the mixed anhydride of the acid failed; e.g. 

lFor part 111 of this series see ref. 1. treatment of 6 with 1 equiv. of triethylamine and 
ZAuthor to whom correspondence concerning this either methyl or isobut~l chloroformate gave 

paper may be addressed c/o Bristol Laboratories, P.O. the methyl and isobutyl esters of 6 respectively, 
BOX 657, Syracuse, NY, U.S.A. 13201. rather than the desired lactone 7. Attempted ring 

3Holder of an NRCC Industrial Postdoctoral Fellow- closure via reaction of the acid with dicyclo- 
ship, 1972-1974. 

4For an exolanation of the trivial nonlenclature used hexylcarbodiimide in pyridine also failed (4) as 
throughout this series of papers and a review of the 
literature pertaining to the syntheses of nuclear analogs 5While the compounds are illustrated as single entities 
of B-lactam antibiotics see ref. 2. they are, of course, racemic mixtures. 
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DOYLE ET AL.: I 1  

did refluxing 6 in benzene with a catalytic amount As a model for the position of the lactone 
of p-toluene sulfonic acid. The cyclization of carbonyl resonance we have used the lactone 
6 to 7 was finally achieved via conversion of 6 to (Fig. 2) 1-dehydro-10-deoxy-7,8-dihydrogenepin. 
its acid chloride using thionyl chloride. Treat- This lactone is reported to have the lactone 
ment of the acid chloride with 1 equiv. of carbonyl resonance at 1773 cm-' (5). A shift to  
triethylamine gave the desired lactone 7 as an 
oil. That compound 7 was indeed the lactone 
was shown by its infrared and nmr spectra. In Hxh the ir there were two high frequency carbonyl 
bands at 1785 and 1800 cm-' which we assign H 

to the lactone and p-lactam, respectively, C02CH3 
although these might conceivably be reversed. FIGLIRE 2 
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TABLE 1. Nuclear magnetic resonance spectraa 

Aromatic N$ 
Compd.  protons CH3 c H z $  Other 

3 7.36(s, 5 H )  1 .55(s) 5.22(s) 3.98(s, 4H)b 
7.53(d,  l H ,  J=2.0)  4.15(s, 1H)" 
6.88(d, l H ,  J= 3.5)  8.11(s, l H ,  C H = N )  
6.48(dd, 1 H )  
J i z 3 . 5 ,  J2=2.0 

4d 7 . 4 0 ( ~ , 5 H )  5.26(d) 4.77(d)  1 .33(s) 5.20(s) 4.26(s, 1H)" 
6.48(m, 2 H )  J=5.5 J=5.5  3.70(m, 4H)b 
7 .51(m,  l H )  

4e 7.30(m, 5 H )  5.20(d) 4.80(d) 1 .43(s) 4.91(s) 4.58(s, 1H)" 
7.38(d,  1 H ) J = 2 . 0  J=5.5  J= 5.5 3.88(s, 4H)b 
6.40(m, 2 H )  

5f 7.25(s)  5.20(m, 2 H )  1.33(s) 5.08(m) 3.90(m, 4H)b  
1 .46(s) 4.50,4.65(s, 1H)" 

6 7.24(s ,  5 H )  4.84(d)  4.53(d) 2.20(s) 5 .14(s) 8.90(s, l H ,  O H )  
J= 5.5 J= 5.5 

7 7.28(s ,  5 H )  5.22(d) 4.25(d) 2.34(s) 5.20(s) 
J=5.0  J=5.0  

gd 7.38(s, 5 H )  4.75(m, 3 H ) g  1 .36(s) 5 .17(s) 3.94(s, 4H)b 
4.99(s, 2H)* 

8. 7.38(s ,  5 H )  4.60(s, 2 H )  1 .48(s) 5.30(d, 1H)' 3 .78(m, 4H)" 
5.14(d, 1H)' 4.86(s, 2H)h 
.I= 8 - - 

9 7.30(s, 5 H )  4.88(d)  4.68(d) 2.28(s) 5.30(d,  1H)' 12.2(s, l H ,  O H )  
J=5.5  J=5.5 5.06(d, 1H)' 4.78(s, 2H)h 

J= 12.0 
11 7.24(s, 5 H )  5.45(dd) 4.70(d)  2.37(s) 5.04(d, 1H)' 12.0(s, l H ,  O H )  

6.7-7.4(m, 5 H )  J1=9.0 J=5.5 5.27(d. 1H)' 4.39(s. 2H)' 
J2=5.5  ~ = l 2 . 0  ' 4.51(s;2Hjh 

12k 7.43(s, 5 H )  5.42(dd) 4.81(d) 2.37(s) 5.39(s) 4.61(s, 2H)j  
6.7-7.4(m, 5 H )  J1=10 J=6.0  8.17(m, l H ,  N H )  

J z = 6 . 0  6.10(bs, 2 H ,  O H ,  C 0 2 H )  
13 7.38(s, 5 H )  5.06(dd) 4.16(d) 2.42(s) 5.26(s) 4.46(s, 2H)j  

6.7-7.4(m, 5 H )  J1=7.5 J=5.5 

4.47(s, 2H)j  
8.96(d, l H ,  J=7.0, N H )  

llRecorded at 60 MHz on a Varian A-60A spectrometer in CDCI, using tetramethylsilane as internal standard unless otherwise noted. The 
chemical shifts are recorded in 6 (ppm) and the J's in Hz. "signed to ketal protons 0-CH2-CHI-0. <Assigned to CH-C02R. *Isomer 1. 
eIsomer 2. f 1 : 1 isomer mixture. PAssigned to N3YH-FH and CHC02Bz. *Assigned to CH2CCI,. (Arms of AB quartet. ,Assigned to $OCH2. 

kRecorded in acetone-d,. 'Recorded in DMSO-d,. 
I I 

higher frequency of 10-12 cm-' for this reson- 
ance in compound 7 due to ring strain imparted 
to 7 by the fused p-lactam would not be un- 
expected. Similarly the p-lactam carbonyl 
resonance would be expected to be shifted to 
higher frequency than in the parent 0-2-iso- 
cephem. We have previously reported (3) the 
p-lactam carbonyl resonancg in the parent 
system to come at 1780cm-'. The shift to 
1800 cm-' with the substitution of the polar 
carbonyl group for the methylene at C, is as 
would be expected on the basis of electronic and 

steric  ground^.^ The nmr spectrum of compound 
7 showed doublets at 5.22 and 4.25 6 (J = 5.0 
Hz) which we assign to H, and H6, respectively. 
The coupling constant of 5 Hz is diagnostic of 
cis stereochemistry (6). Examination of the data 
in Table 1 shows that the proton a to the azido 
function underwent a shift of +0.38 6 on ring 
closure (compare 6 and 7). Similar shifts to 
lower fields were observed for the proton a to 

'jFor a discussion o f  factors influencing 0-lactam 
carbonyl resonance positions see ref .  7 .  
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DOYLE ET AL.: 11 

TABLE 2. Chemical shift changes for N3-CH upon ring closurea 
OMes 

C02R4 
COzR4 

RI  Rz R3 R4 c3 c, A6 Ref. 

H H H Et 
H H H Bz 
H H CH3 Bz 
H CH3 CH3 Bz 
CH3 H CH3 Bz 

aAll spectra were recorded in CDCI, at 60 MHz 

the azido function upon ring closure in our 
earlier work (Table 2). 

Compound 7 proved to be somewhat unstable, 
extensive decomposition occurring upon stand- 
ing at ambient temperature for a week. Attempts 
were made to reduce the azido function in 7 to 
no avail; instead polymerization occurred. In 
view of these problems it was decided to couple 
the eventual 7-side chain prior to ring closure. 

Treatment of 5 with thionyl chloride gave the 
corresponding acid chloride which was then 
converted to its 2,2,2-trichloroethyl ester as a 
mixture of diastereoisomers. The yield of 8 
from 5 was 99%. Hydrolysis of the ketal gave 
the en01 9 as a crystalline solid in 89% yield. The 
reduction of the azido function in 9 was carried 
out using hydrogen sulfide - triethylamine. In 
view of the potential amphoteric nature of the 
amino compound 10 only catalytic amounts of 
the base were used along with extended reaction 
times (2). The crude amine 10 was coupled to 
phenoxyacetic acid using N-ethoxycarbonyl-2- 
ethoxy-1,2-dihydroquinoline (EEDQ) (7) to give 
the amide 11 in 70% overall yield from 9. Cleav- 
age of the 2,2,2-trichloroethyl ester 11 using zinc 
in acetic acid gave 12 as a crystalline solid in 
quantitative yield (8). The conversion of en01 
acid 12 to the lactone 13 proceeded in 63% yield 
via the acid chloride. In view of the instability 
demonstrated by 7, compound 13 was character- 
ized by its ir and nmr spectrum and its sub- 
sequent conversion to 14. Hydrogenolysis of the 
benzyl ester in 13 using 20% Pd(OH),/C in ethyl 
acetate gave the acid 14 in 56% yield as a 
crystalline solid. The structure of 14 was shown 
via its ir, nmr, and uv spectra. 

5.01 5.34 +0.33 3 
4.86 5.25 +0.39 3 
4.84 5.05 +0.21 3 
4.60 5.07 +0.47 1 
4.70 5.15 +0.45 1 

using TMS as an internal standard. 

As was expected compound 14 showed en- 
hanced p-lactam reactivity as was indicated by 
the high p-lactam carbonyl at 1800 cm-l. This 
could also be seen from the uv spectrum in 
ethanol. The characteristic bands at 268 
(E 5500) and 275 nm (E 5300) disappeared rapidly 
with time indicating a half life of approximately 
1 h for 14 in ethanol. That the decomposition 
of 14 did not involve primary lactone ring open- 
ing was shown by the fact that appearance of a 
uv absorption at 257-262 nm did not occur 
concomitantly with loss of the absorptions at 
268 and 273 nm as would have been expected if 
14 were decomposing by lactone ring opening. 

The nmr spectrum of 14 was also in accord 
with assigned structure (Table 1). 

Experimental 
The infrared spectra were recorded on a Unicam 

SP-2OOG grating ir spectrophotometer. The uv spectra 
were determined on a Unicam SP-800 uv spectropho- 
tometer. The nmr spectra were determined on a Varian 
A60-A spectrometer using tetramethylsilane as an 
internal standard. Melting points are uncorrected except 
where noted and were determined on a Gallenkamp 
melting point apparatus. The analyses were performed 
by Micro-Tech Laboratories, Skokie, IL. 

cis-N-(a-Carbobenzyloxy-P,~-ethyleneketalpropyI)-3- 
azido-4(-2'-fury1)-2-azetidinone 4 

A. Preparation of Schiff Base 
A mixture of 28.0 g (0.113 mol) of arnine 2 and 11.6 g 

(0.12 mol) furfural in 150 ml methylene chloride was 
boiled at reflux for 5 min. After the initial reflux period, 
500ml of methylene chloride was distilled (with the 
simultaneous addition of 500 ml methylene chloride) over 
1.5 h (azeotrope with water). The residue was dried over 
NaZS04, filtered, and evaporated to dryness. The oil was 
heated at 40°C at 0.1 Torr pressure. The solid residue was 
used in the next step without further purification. The 
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2712 C A N .  J .  C H E M .  

nmr spectrum o f  3 indicated that Schiff base formation 
was quantitative; ir (CHCI,): 1743, 1643, 1495 cm-'. 
B. 0-Lactam Formation 
A solution o f  Schiff base (0.1 13 mol) in 300 ml methy- 

lene chloride was cooled to 0-5°C in an ice bath. T o  this 
was added 13.3 g (0.131 mol) TEA. A solution o f  14.4 g 
(0.12 mol) azidoacetyl chloride in 1OOml methylene 
chloride was added over 1 h. An aliquot was removed, 
washed with water, dried over Na2S04, and concentrated. 
The nmr spectrum o f  the residual oil indicated that the 
reaction was incomplete. T o  the reaction mixture was 
added a second equivalent o f  T E A  followed by 12.0 g 
(0.10 mol) azidoacetyl chloride in 100 ml methylene 
chloride as before. After the addition was complete, the 
solution was evaporated to near dryness and the residue 
triturated with 300 ml ether. The T E A  hydrochloride was 
removed by filtration. The filtrate was treated with 2 g 
activated charcoal, filtered, washed with water (twice) 
and brine (twice), and dried over Na,S04. 

The suspension was filtered and the solvent removed at 
reduced pressure to yield 42.6 g (93%) o f  0-lactam 4 as a 
mixture o f  diastereoisomers. The material was sufficiently 
pure to be used as such in the subsequent steps. A small 
sample was chromatographed on silica gel (deactivated 
with 15% w/w water) using benzene as an eluent to give 
a pale yellow oil; ir (CHCI,): 2120, 1775, 1748, 1640, 
1625 cm-'. Anal. calcd. for C20H20N406: C 58.25, H 
4.89, N 13.59; found: C 58.07, H 4.82, N 13.51. 

cis-N-(a-Carbobenzyloxy-0,S-ethyleneketalpropyl) -3- 
azido-2-azetidinone-4-cauboxylic Acid 5 

A solution o f  17.0 g (0.0422 mol) S-lactam 4 in 200 ml 
glacial acetic acid was prepared. A stream o f  ozone was 
passed through the solution for 2 h, while maintaining 
the temperature between 20-25°C. The solution was 
evaporated at reduced pressure, and the residue taken up 
in ether and extracted with 10% sodium bicarbonate. The 
aqueous layer was acidified with 10% hydrochloric acid 
and extracted several times with ether. The ethereal 
extracts were dried over Na2S04 and concentrated to 
give 10.2 g (63.5%) o f  a heavy oil which crystallized on 
scratching with a little ether. An analytical sample was 
recrystallized from ether, mp 114-115°C. This material 
was a 1 : l  mixture o f  diastereoisomers; ir (CHCI,): 
2800-3600, 2120, 1782, 1742 cm-' . Anal. calcd. for 
C17H18N407:  C 52.31, H 4.65, N 14.35; found: C 52.29, 
H 4.74, N 14.62. 

Hydrolysis of 5 
Ketal 5 (3.5 g) was treated with 95% T F A  for 0.5 h 

at room temperature. The mixture was cooled to 0°C 
and diluted with brine. It was extracted with CH2Cl, 
(3 x 30 ml). The methylene chloride extracts were com- 
bined, washed with brine (2 x 20 ml), dried over Na2S04, 
and evaporated to give the desired en01 6 in 94% yield 
(2.9 g); ir (CHCI,): 250C3600, 2120, 1780, 1745, 1660, 
1620 cm-l. 

Benzyl l-Keto-3-methyl-7-~-azido-A3-O-2-isocephem-4- 
carboxylate 7 

T o  a solution o f  377 mg en01 acid 6 in 25 ml dry 
CH2Cl, at &S0C was added dropwise 0.152 ml T E A  in 
3 ml CH2Cl,. The mixture was stirred at room tempera- 
ture for 60 min, then treated dropwise with a solution o f  
0.079 ml SOCl, in 5 ml CH2C12. It was stirred at P C  for 

1 h and refluxed for 5 h. After cooling to O°C, 0.152 ml 
T E A  in 10 ml CH2Cl, was added over a 20 min period. 
The mixture was allowed to warm slowly to room 
temperature and stirred for 18 h. The solvent was partially 
evaporated and the residue was diluted with ether. 
TEA.HC1 was removed by filtration and the solvent was 
evaporated to give the desired lactone in 63% yield 
(225 mg) as an oil; ir (film): 2120, 1800, 1785, 1725 
(s 1715), 1645 cm-'. 

2,2,2-Trichlouoethyl-cis-N-(n-carbobenzyloxy-~,~-ethyl- 
eneketalpropyl) -3-azido-2-azetidinone-4-cauboxylate 
8 

A solution o f  10.0 g (0.0256 mol) acid 5 and 10 ml 
thionyl chloride in 200 ml methylene chloride was re- 
fluxed 3 h. The solution was evaporated to dryness. The 
last traces o f  thionyl chloride were removed by pumping 
the residue at 0.1 Torr pressure, for 15 min; ir (film): 
1790, 1780(s), 1740 cm-'. 

The residue was taken up in 200 ml dry methylene 
chloride and 5.0 g (0.033 mol) trichloroethanol was 
added at 0-5'C. T o  this was added a solution o f  5 ml T E A  
in 25 ml methylene chloride over 0.5 h. The reaction was 
allowed to stand 60 h at 0-5"C, washed twice with 10% 
HCl and twice with 10% NaHC0, brine, and dried over 
Na2S04. Evaporation o f  the filtrate gave 13.30 g (99%) 
o f  8 as a mixture o f  diastereoisomers. An analytical 
sample was purified by chromatography on silica gel using 
benzene as the eluent; ir (neat): 2120, 1785 (1770s), 
1745 cm-'.  Anal. calcd. for Cl9Hl9CI3N4O7: C 43.74, 
H 3.67, N 10.74, Cl 20.38; found: C 43.61, H 3.57, 
N 10.65, C1 20.24. 

Hydrolysis of 8 
A solution o f  13.0 g (0.0249 mol) o f  ketal 8 in 50 ml o f  

95% trifluoroacetic acid was let stand 1 h at room 
temperature. The solution was diluted with 500 ml brine 
and extracted three times with ether. The organic phase 
was washed several times with 10% NaHC0, and once 
with brine, dried over Na2S04, and evaporated to give 
10.60 g (89%) o f  crystalline en01 9. An analytical sample 
was recrystallized from ether, mp 81.5-82.5"C; ir 
(CHCI,): 2120, 1780, 1663, 1618 cm-'; uv (EtOH) 
I,,, 258 nm ( E  5800). Anal. calcd. for C17H15C13N406: 
C 42.74, H 3.16, N 11.73, C1 22.27; found: C 42.61, 
H 3.07, N 11.89, C1 22.09. 

Preparation of 11 
A. Azide Reduction 
A solution o f  2.46 g (0.00515 mol) o f  azide 9 in dry 

CH2C12 (50 ml) was treated with a stream o f  H2S gas for 
20 min at 0-5°C. T o  this was added 3 drops T E A  and the 
mixture was allowed to stand 3 h at room temperature. 
The above process was repeated and the mixture allowed 
to stand an additional 3 h. The solution was evaporated 
to give an oil which showed no azide absorption in the ir 
and exhibited an absorption band for NH,; ir (neat) 
3340, 1770(b), 1660, 1615. 
B. Side Chain Couplinx 
T o  the crude amine in 50 ml CH2C12 was added 0.88 g 

(0.0058 mol) phenoxyacetic acid and 1.40 g (0.0057 mol) 
EEDQ at 0-5°C. The solution was allowed to stand 16 h 
at 4"C, washed once with 10% HC1, 10% NaHCO,, and 
brine, and dried over Na2S04. The residue obtained on 
evaporation o f  the solvent was chromatographed on 
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DOYLE ET AL.: I 1  2713 

silica gel (20 g, 15% w/w, water) using benzene as eluent 
to give 2.18 g (70%) of amide 11 ; mp 140-140.5"C recrys- 
tallized from ether; uv (EtOH), h,,, 222 (E 8900), 262 nm 
(E 10 000); ir (CHCI,): 3410, 1780, 1770s, 1695, 1663, 
1620, 1600, 1530, 1500 cm-'. Anal. calcd. for CzJHz3- 
C13N208: C 51.26, H 3.96, N 4.78, C1 18.16; found: 
C 51.03, H 3.92, N 4.71, C1 18.06. 

Preparation of I 2  
To a solution of 200 mg (0.352 mmol) of 11 in 10 ml 

of 90% acetic acid was added 1 g activated zinc dust at 
5°C. The suspension was stirred 4 h, filtered through 
Celite, and diluted with 40 ml ether. The solution was 
washed seven times with 10 ml portions of brine and 
dried over Na2SO4. Evaporation gave 170 mg (100%) of 
crystalline 12. An analytical sample was recrystallized 
from acetone-ether ; mp 142-143°C; uv (EtOH) h,,, 219 
(E 8500) 257 nm (E 7400); ir (CHCl,): 3410, 3600-2500, 
1780 (s 1770), 1745, 1695, 1665, 1620, 1605, 1535, 
1500cm-'. Anal. calcd. for Cz3HzzNZO8: C 60.79, 
H 4.88, N 6.16; found: C 60.54, H 4.85, N 6.10. 

Benzyl l-Keto-3-methyl-7-(~-phenoxyacetamido)-A3-O-2- 
isocephem-4-carboxylate 13 

To a solution of 380 mg (0.838 n~mol) en01 acid 12 in 
80 ml dry CH2CIz was added 80 mg (0.802 mmol) TEA 
at 0°C. The solution was let stand 1 h. A solution of 
0.12 ml (1.676 mmol) thionyl chloride in 3 ml CHzCIz 
was added dropwise over 15 min. The solution was 
stirred 2 h at 0°C then refluxed 15 min. The solution was 
cooled to 0°C and a solution of 0.140 ml(l.O mmol) TEA 
in 5 ml CHzClz was added dropwise over 20-30 min 
until the color of the solution darkened. The solution was 
stirred 17 h at room temperature, partially evaporated to 
5-10 ml volume, and diluted with 50 ml dry ether. The 
suspension was stirred 15 min with 200 mg charcoal, 
filtered through Celite, and evaporated to yield an oily 
residue. The residue was chromatographed on silica gel 
(activity I) (200 mg) using dry CHZCl2 as eluent to yield 
230 mg (63.3%) of lactone 13 as an oil. No further 
attempts to purify 13 were made and it was used as such 
in the next step; ir (CHCl,): 3410, 1805, 1790,1725, 1690, 
1650, 1609, 1525, 1495 cm-'. 

I-Keto-3-methyl-7-(P-phenoxyacetamido) -A3-O-2- 
isocephem-4-carboxylic Acid 14 

Compound 13 (230 mg, 0.528 mmol) and 400 mg 20% 
Pd(OH),/C in 50 ml ethyl acetate were shaken under 

Hz for 45 min at 50 psi. The suspension was filtered 
through Celite and evaporated to dryness. The residue 
crystallized from CH2C12-Et20 (1 : 1) to yield 100 mg 
(56%) of acid 14. An analytical sample was recrystallized 
from acetone-ether, mp 161-161.5"C; uv (EtOH) h,,, 
268 (E 5500), 275 nm (E 5300); ir (Nujol): 3360, 1800, 
1785, 1705, 1690, 1625, 1598, 1515, 1495 cm-'. Anal. 
calcd. for C16H14NZ07: C 55.49, H 4.08, N 8.09; found: 
C 55.58, H 4.09, N 8.20. 
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TERRENCE WILLIAM DOYLE. Can. J. Chem. 55,2714 (1977). 
The synthesis of 7-~-phenoxyacetamido-4'-hydroxybenzo[3,4]-0-2-isocephem 14 is de- 

scribed. Condensation of 5 with cinnamaldehyde gave 6 which was converted to the 3-azido-4- 
styrrylazetidinone 7. Ozonolysis and reduction of the resulting aldehyde 8 gave 9. Compound 
9 was converted to the mesylate 12 by reduction of the azide to the amine 10, coupling of 10 
with phenoxyacetic acid to give 11, and mesylation of 11. Removal of the benzyl groups of 12 
by hydrogenolysis and base catalyzed ring closure of the phenol gave 14. 

TERRENCE WILLIAM DOYLE. Can. J. Chem. 55,2714 (1977). 
On decrit la synthese du phenoxyacetamido-7 p hydroxy-4' benzo[3,4]isocephem-0-2 14. 

La condensation de 5 avec le cinnamaldehyde conduit a 6 qui peut &tre transforme en azido-3 
styrryl-4 azetidinone 7. L'ozonolyse et la reduction de I'aldehyde 8 qui en resulte donne 9. On 
peut tranformer le compose 9 en son mesylate 12 par reduction de I'azide conduisant a I'amine 
10, le couplage de 10 avec l'acide phenoxyacetique qui donne 11 et par mesylation de 11. 
L'enlkvement des groupes benzyles de 12 par hydrogknolyse et la cyclisation, catalyske par 
les bases du phenol conduit a 14. 

[Traduit par le journal] 

The previous papers of this series have de- hyde. Trituration of the reaction mixture with 
scribed the syntheses of a number of 0-2-isoce- petroleum ether induced crystallization of the 
phem systems (Fig. 1). In order to further ex- Schiff base and led to recovery of the excess alde- 

R3 
hyde. The yield of compound 6 was 80%. 

H H H Treatment of Schiff base 6 with azidoacetyl 
H CH3 chloride in the presence of triethylamine gave 7 
H C H , ~  in 70% yield. The nmr spectrum of 7 did not per- 

COzH H 
H (CH2)2+ mit an assignment of stereochemistry due to 

1 
Me C H 3  overlap of the signals of the protons on the azeti- 

Me H 
0 dinone. The assignment of cis stereochemistry 

was made retrospectively. Thus ozonolysis of 
FIGURE 1 com~ound  7 followed by treatment of the ozon- 

plore structure activity relationships in this se- 
ries the synthesis of a [3,4]benzo fused cephalo- 
sporin analog was carried out.3 

Thus nitration of dibenzylhydroquinone 3 ac- 
cording to the procedure of Burton and Praill 
(3) gave the desired nitro derivative 4 in 98% 
yield. Reduction of the nitro group to the amine 
was accomplished in 93% yield using aluminum 
amalgam in tetrahydrofuran. The efficient con- 
version of the amine 5 to  the Schiff base 6 re- 
quired the use of a sixfold excess of cinnamalde- 

'For part IV of this series see ref. 1. 
ZPresent Address, Bristol Laboratories, P.O. Box 657, 

Syracuse, NY, U.S.A. 13201 
3For an explanation of the trivial nomenclature used 

throughout this series of papers and a review of the liter- 
ature pertaining to the syntheses of nuclear analogs of 
p-lactam antibiotics see ref. 2. 

ide with dimethyl sulfidigave the aldehyde 8 as a 
crystalline solid in 60% yield. Compound 8 had 
carbonyl bands in the infrared spectrum at 1770 
and 1740 cm-l. The nmr spectrum of 8 (Table 1) 
indicated the stereochemistry of the 3-azido and 
4-formyl functions to be cis inasmuch as the pro- 
ton a to the azido function appeared as a doub- 
let with a coupling constant of 6 Hz (4). By in- 
ference, therefore, the stereochemistry of com- 
pound 7 was also cis. 

Compound 9 was prepared directly from com- 
pound 7 without isolation of the intermediate 
aldehyde 8. Ozonolysis of 7 in methylene chlor- 
ide - methanol followed by removal of the sol- 
vent, redissolution of the residual oil in ethanol, 
and reduction using sodium borohydride gave 
the desired alcohol 9 in 65% overall yield. As we 
contemplated removal of the benzyl groups by 
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DOYLE: 111 2715 

BzO 

BzO 

H H  y0S02CH3 

$ O C H ~ C O N H ~ H  + ( O C H 2 C O N H d  + 

0 D O B z  0 NmOBz 
BzO BzO 

hydrogenolysis it was decided to introduce the 
amido side chain at this time. Accordingly the 
azido function in 9 was reduced using triethyla- 
mine - hydrogen sulfide (2) to give the amine 10 
in 91.5% yield. Coupling of the amine 10 with 
phenoxyacetic acid was achieved using N-ethoxy- 
carbonyl-2-ethoxy-1 ,2-dihydroquinoline(EEDQ) 
in 65% yield (5). Mesylation of alcohol 11 pro- 
ceeded in 82% yield to give 12. Hydrogenolysis of 
12 using palladium hydroxide on carbon in ace- 
tic acid gave the substituted hydroquinone 13 in 
78% yield. Finally treatment of 13 with 1,5- 
diazobicyclo[4.3.0]non-5-ene (DBN) in dimethyl 

Experimental 
The infrared spectra were recorded on a Unicam SP- 

200G grating ir spectrophotometer. The nmr spectra 
were determined on a Varian A60-A spectrometer using 
tetramethylsilane as an internal standard. Melting points 
are uncorrected except where noted and were determined 
on a Gallenkamp melting point apparatus. The analyses 
were performed by Micro-Tech Laboratories, Skokie, 
IL. 

Dibenzyl2-Nitrohydroquinone 4 
( A )  To a solution of 110 g hydroquinone (1 mol) and 

280 ml benzyl chloride (2.05 mol) in 1 ! of ethanol at re- 
flux was added 80 g sodium hydroxide in 600 ml water. 
Reflux was continued for 4 h and the solution was al- 

sulfoxide followed by silica gel chromatography lowed to stand at 25'C for 18 h. The suspension was fil- 
afforded 7-~-phenoxyacetamido-4'-hydroxyben- tered and the filter cake washed with benzene. The filtrate 

zo[3,4]-0-2-isocephem 14 in 47% yield. was evaporated to a volume of 1 ! at reduced pressure 
and extracted with ether (5 x 100 ml). The extracts were 

l4 was only weakly biologic all^ dried over sodium sulfate and concentrated to give a 
active. white solid. The combined solids from filtration a i d  ex- 
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'I'ABLE 1 .  Nuclear magnetic resonance spectraa 

Other aromatic 
C o m p d  CsH5- protons 

3 7.91(s, 10H)  7.40(s, 4 H )  
4 7.46(bs, 10H)  7.46(m, 1 H )  

7.01(m, 2 H )  
5 7.33(s, 10H)  6.72(d, l H ,  J=8.5) 

6.37(d, l H ,  J=2.75)  
6.23(dd, l H ,  J l  = 8.5 

J2  = 2.75) 
6 6.5-7.7(m, 20H) 

Other 

9.80(d, l H ,  J =  3, C H O )  

2.0(s, l H ,  O H )  

3.83(m, 2 H ,  CH,-OH) 
2.33(s, 3 H ,  NH,, O H )  

8.25(d, l H ,  J =  10, N H )  
4 . 4 8 ( ~ ,  2 H ,  4 O C H z )  
3.96(dd, l H ,  J1= 13, 

J ,  = 3)* 
3.47(d, l H ,  J 1  = 13)b 
7.55(d, l H ,  N H ,  J= 10) 
2 . 5 5 ( ~ ,  3 H ,  SOZCH3) 
4.&4.5(m, 3 H ,  CH-CH,-OMes) 
3 .08(~ ,  3 H ,  S 0 2 C H 3 )  
4.5-5.0(m, 3 H ,  C H ,  CH,OMes)  
4 . 6 4 ( ~ ,  2 H ,  +OCH2) 
9.15(bs, 2 H ,  O H )  
9.0(d, l H ,  J=  10, N H )  
4 . 5 9 ( ~ ,  2 H ,  $ O C H 2 )  
3.9-4.4(m, 3 H )  
9.15(s, l H ,  O H )  
8.91(d, l H ,  J=9 ,  N H )  

ORecorded at 60 MHz in CDCIJ unless otherwise noted. The splitting constants are recorded in Hz. 
bAssigned to the two protons -CH,-OH. 
cRecorded in DMSO-d,. 
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traction were taken up in 1 ! of hot benzene and de- fate, and evaporated. The residual oil was taken up in 
canted from the residual sodium chloride. The benzene 250 ml benzene and filtered through a pad of silica gel 
solution was reduced to 800 ml in volume by evaporation (activity 111, 200 g). The residue after evaporation of the 
at reduced pressure. Following this, the solution was filtrate was triturated with 50-100 ml of ether and filtered 
brought to reflux and 300 ml petroleum ether (6690°C to give 17.0 g (63.5%) pure 7, mp 105-106°C. The mother 
boiling range) added slowly. On cooling white plates liquors from trituration were chromatographed on silica 
crystallized out of solution to give 230 g (68%) pure di- gel (100 g, activity 111) with chloroform as eluent to yield 
benzyl ether, mp 127.5-128°C (lit. (6) mp 128-129OC). an additional 1.71 g (6.4%) of 7; ir (CHCI,): 2110, 1760, 

(B) To a suspension of 38.7 g dibenzyl ether 2 (0.1145 1595, 1515 cm-'. Anal. calcd. for C31H26N403: C 74.09, 
mol) in 400 ml glacial acetic acid at 18OC was added 39 ml H 5.21, N 11.15; found: C 74.28, H 5.29, N 11.13. 
concentrated nitric acid (sg = 1.42 g/ml) dropwise over 
15 min. The temperature was maintained below 2 0 " ~  ci~-N-f2',5'-Dibenz~lox~~hen~l)-3-azido-4-form~l-2- 
with ice cooling. azetidinone 8 

The solution was stirred 45 min, diluted to 1.5 [ with A solution of 275 mg (0.55 mmol) of 7 in 25 ml methyl- 
water, and extracted into methylene chloride (5 100 ene chloride was cooled to - 78OC in a dry ice - acetone 
ml). The extracts were washed with water (4 x 100 ml), bath and an excess Ozone in Over min. 
brine (2 x 100 ml), dried over sodium sulfate, filtered, the solution was added 1 ml dimethyl sulfide. The solu- 
and concentrated to give a yellow solid. The solid was tion was evaporated to dryness and the residue taken up 
triturated with 200 n ~ l  ether and 50 ml petroleum ether in 10 ml ether. 011 standing 18 h at room temperature, 
(30-60"C boiling and filtered to give 43.1 (98%) the aldehyde crystallized out. Filtration gave 140 mg tan 
of the desired 2-nitro-1,4-dibenzy~oxy benzene 4, mp 81- crystals, mp 137-138°C (with decomposition); ir (CHCI,) : 
82.5"C; ir (CHCI,): 1540, 1508, 1463, 1390, 1360 cm-'. 2110, 1770, 1740 cm-'. Anal. calcd. for Cz4Hz0Nz04: 
Anal. calcd. for C2,,H17N04: C 71.63, H 5.11, N 4.18; 67.279 4.71y 13.08; found: 67.38y 4.91y 

found: C 71.81, H 5.09, N 4.16. 12.80. 

2-Amino-1,4-dibenzyloxybenzene 5 
Aluminum amalgam was prepared from 14.0 g alu- 

minum foil according to Vogel (see ref. 2). The amalgam 
was layered with 150 ml tetrahydrofuran and 20.0 g nitro 
compound 3 (60 mmol) added in 450 ml THF. After an 
induction period of 20 min, a vigorous reflux ensued 
which abated somewhat after 30 min. The suspension was 
stirred an additional hour and filtered. The filtrate was 
dried over sodium sulfate, filtered, and evaporated to 
yield 16.6 g (93%) crystalline amine 5 as white plates, mp 
101.5-102°C (on trituration with ether); ir (CHCI,): 3460, 
3380, 1670, 1680, 1520, 1460, 1387 cm-'. Anal. calcd. for 
CZ0Hl9NO2: C 78.66, H 6.27, N 4.59; found: C 78.76, H 
6.27, N 4.64. 

cis-N- (2',5'- Dibenzyloxyphenyl) -3-azido-4-styryl-2- 
azetidinone 7 

To 46.0 g (151 mmol) crystalline amine 5 dissolved in 
500 ml methylene chloride was added 93.0 rr~l cinnamal- 
dehyde. To this was added 50 g magnesium sulfate (not 
sodium sulfate!) and the suspension was stirred 1.5 h at 25 
"C. The suspension was filtered and the filtrate was evapor- 
ated. To the oil was added 1 ! petroleum ether (30-60°C) 
with vigorous stirring in two portions. The layers were sep- 
arated and the petroleum ether fraction set aside for re- 
covery of the excess cinnamaldehyde. The residue was 
slurried with petroleum ether (500 ml) which induced 
crystallization. The suspension was filtered and following 
pressing of the filter cake it was washed once with 50 ml 
of petroleum ether - ether (4: 1). Pure crystalline Schiff 
base 6 (45.4 g) was obtained. An additional 5.1 g was ob- 
tained from the mother liquors. The combined yield was 
80%. 

To a solution of 23.5 g (0.0505 mol) of Schiff base 6 in 
200 ml dry methylene chloride at - 10°C was added 7 ml 
triethylamine (0.096 mol). To this was added a solution of 
6.0 g (0.0504 mol) azidoacetyl chloride in 100 ml methyl- 
ene chloride dropwise over 30 min. The solution was al- 
lowed to come to 25°C over 30 min and evaporated. The 
residue was taken up in methylene chloride - ether, 
washed with water (3 x 100 ml), dried over sodium sul- 

cis-N- (2',5'-Dibenzyloxypheny1)-3-azido-4- 
hydroxymethyl-2-azetidinone 9 

A solution of 5.38 g (10.7 mmol) of 7 in 50 ml methyl- 
ene chloride - 2 ml methanol was ozonized at - 78°C 
(excess of ozone). The solution was evaporated to dryness 
and the residual oil taken up in 100 ml ethanol and 
cooled to 0-5°C in an ice bath. To this was added 400 mg 
sodium borohydride. The solution was stirred for 1 h. To 
the solution was added 10 ml 10% hydrochloric acid. The 
solution was evaporated to dryness and the residue par- 
titioned between water and methylene chloride. The 
organic layer was dried over sodium sulfate, filtered, and 
passed through a pad of silica gel (activity 111, 25 g). The 
filtrate was evaporated and the residual oil triturated 
with 10 ml ether. Filtration gave 3.0 g (65%) crystalline 
alcohol, mp 114-115"C, recrystallized from benzene - 
petroleum ether; ir (CHCI,): 2115, 1760cm-'. Anal. 
calcd. for Cz4H,zN404: C 66.96, H 5.15, N 13.02; 
found: C 67.09, H 5.16, N 12.90. 

cis-N- (2',5'- Dibenzyloxyphenyl) -3-amino-4- 
hydroxymethyl-2-azetidinone 10 

To a solution of 430 mg (1.0 mmol) azide 9 in 20 ml 
methylene chloride was added 0.20 ml triethylamine. Hy- 
drogen sulfide gas was passed through this solution for 
2 min and a vigorous gas evolution was observed. The 
orange solution was let stand for 20 min (gas evolution 
ceased) and then was evaporated to dryness at reduced 
pressure. The residue was taken up in 50 ml of methylene 
chloride and washed with water (1 x 50 ml) then brine 
(2 x 50 ml). The organic layer was dried over sodium 
sulfate, filtered, and evaporated to yield 370 mg (91.5%) 
solid amine on trituration with ether, mp 136-137°C; ir 
(CHC13): 3400,1750 cm-'. Anal. calcd. for CZ4Hz4N2O4: 
C 71.27, H 5.98, N 6.93; found: C 70.78, H 6.01, N 6.65. 

cis-N- (2',5'- Dibenzyloxyphenyl) -3-phenoxyacetamido-4- 
hydroxymethyl-2-azetidinone 12 

To 370 mg (0.915 mn~ol) amine 10 in 20 ml methylene 
chloride was added 139 mg (0.915 mmol) phenoxyacetic 
acid followed by 226 mg (0.915 mmol) EEDQ. The solu- 
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lion was let stand for 2 h at 25'C following which it was 
washed with 10% hydrochloric acid (10 ml), saturated 
sodium bicarbonate (10 ml), and brine (25 ml). The or- 
ganic layer was dried over sodium sulfate, filtered, and 
passed through a pad of silica gel (activity 111, 5 g). The 
solution was evaporated and the residue triturated with 
ether. Filtration gave 320 mg (65%) of 11, mp 155-156"C, 
recrystallized from benzene; ir (CHCl,): 3380,1760, 1685, 
1600, 1520, 1500 cm-'. Anal. calcd. for C32H30N20,: C 
71.36, H 5.61, N 5.20; found: C 71.20, H 5.58, N 5.07. 

cis-N- (2',5'-Dibenzyloxyphenyl) -3-phenoxyacetamido-4- 
mesyloxymethyl-2-azetidone 12 

To 2.45 g alcohol 11 (4.55 mmol) in 100 ml methylene 
chloride was added 0.75 ml TEA. To this 0.40 ml (5.0 
mmol) mesyl chloride was added. The solution was al- 
lowed to stand 18 h at 25°C. The solution was washed 
with 10% hydrochloric acid, saturated sodium bicarbon- 
ate, and brine. It was dried over sodium sulfate, filtered, 
and evaporated. The residue was triturated with 15 ml 
ether and the resulting crystals filtered to yield 2.30 g 
(82%) of 12, mp 125-126°C after recrystallization from 
ethanol; ir (CHCI,): 3420, 1760, 1690, 1600, 1520, 1500 
cm-l. Anal. calcd. for C33H32N208S.H20: C 62.44, 
H 5.39, N 4.42, S 5.05; found: C 62.10, H 5.04, N 4.35, 
S 4.80. 

methyl sulfoxide at 25°C was added 124 mg (1 mmol) 
1,5-diazobicyclo[4.3.0]non-5-ene in 1 ml dimethyl sulfox- 
ide. The solution was stirred 1.5 h and diluted to 50 ml 
with water. The solution was extracted into methylene 
chloride. The organic phase was washed with brine and 
dried over sodium sulfate. The residue obtained on evap- 
oration was chromatographed on 5 g silica gel (activity 
111) using methylene chloride as eluent followed by aceto- 
nitrile. The desired material eluted in the methylene 
chloride fraction. The residue on evaporation was re- 
crystallized from acetonitrile-ether to give 160 mg (47%) 
of 14, mp 212-213°C; ir (CH3CN): 3380, 1780, 1695, 
1604, 1540, 1515 cm-'. Anal. calcd. for C18HI6N2o5 : C 
63.52, H 4.73, N 8.23; found: C 63.37, H 4.79, N 8.24. 
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J. DECAZES, J. L. LUCHE, and H. B. KAGAN. Tet- 
H~~N208S:  52'28> 4'629 6'42, 7'35; found: rahedron Lett. 3661 (1970); (c) K. D. BARROW and T. 
52.23,H4.76,N6.68,S7.24. 

M. SPOTSWOOD. Tetrahedron Lett. 3325 (1965). 
7-p-Phenoxyacetamido-4'-hydroxybenzo[3,4]-0-2- 5. B. BELLEAU and G. MALEK. J. Am. Chem. Soc. 90 

isocephem 14 1651 (1968). 
To a solution of 436 mg (1 mmol) of 13 in 5 ml dry di- 6. J. DRUEY. Bull. Sot. Chim. Fr. 2, 1737 (1935). 
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Nuclear analogs of P-lactam antibiotics. VI .  Synthesis of N-2-isocephems' 

TERRENCE WILLIAM D O Y L E , ~  BING-YU LUH, DANIEL TIM-WU CHU , 3  AND BERNARD BELLEAU 
Bristol Laboratories of Canada, 100 Industrial Boulevard, Candiac, P .Q. ,  Canada J5R 1J1 

Received February 16, 1977 

TERRENCE WILLIAM DOYLE, BING-YU LUH, DANIEL TIM-WU CHU, and BERNARD BELLEAU. 
Can. J. Chem. 55,2719 (1977). 

The syntheses of N-methyl and N-carboethoxy-7-~-phenoxyacetamido-A3-N-2-isocephem-4- 
carboxylic acids 17a and 17b are reported. Treatment of aldehyde 3c with methylamine followed 
by reduction of the Schiff base gave 4d which was converted to its trifluoroacetamide 5c. Acid 
catalyzed elimination of a mole of ethanol from 5c, gave 8b which was converted to the en01 
lob  via the vinylogous pyrrolidino amide 9b. Reductive removal of the trifluoroacetamide 
function led to spontaneous ring closure to give 116. Alternatively treatment of bis-mesylate 
12b with ammonia or methylamine gave 13a and 136, respectively. Treatment of 13b with 
sodium hydride in DMSO gave l l b .  Attempted acylation of 13a gave 14. Reduction of the 
azido functions in l l b  and 14 followed by coupling of the amines to phenoxyacetic acid and 
reductive removal of the benzyl esters gave 17a and 176, respectively. The structural assign- 
ments are discussed. 

TERRENCE WILLIAM DOYLE, BING-YU LUH, DANIEL TIM-WU CHU et BERNARD BELLEAU. Can. 
J. Chem. 55,2719 (1977). 

On rapporte la synthkse des acides N-mCthyl et N-carboethoxy phCnoxyacetamido-7 p A3 
isockphem-N-2 carboxyliques-4 17a et 176. Le traitement de l'aldehyde 3c avec la methylamine, 
suivi par une reduction de la base de Schiff, donne 4d qui est transforme en trifluoroacetamide 
5c. L'Climination acido-catalysie d'une mole d'ethanol de 5c donne 8b qui est transforme en 
Cnol 106 par I'intermediaire de la pyrrolidino amide vinylogue 9b. L'enlevement rtducteur de 
la fonction trifluoroacCtamide conduit a la fermeture spontante de cycle pour donner l l b .  On 
peut aussi traiter le bis-mesylate 12b avec de I'ammoniac ou de la methylamine pour obtenir 
respectivement 13a et 136. Le traitement de 13b avec de I'hydrure de sodium dans le DMSO 
donne 116. Lorsque I'on a essay6 d'acyler 13a, on a obtenu 14. Les r6ductions des fonctions 
azido de l l b  et 14 suivi par un couplage des amines avec I'acide de phCnoxyacCtique et I'enleve- 
ment reducteur des groupes benzyles, conduisent respectivement a 17a et 176. On discute des 
attributions de structures. 

[Traduit par le journal] 

The preceding papers of this series have 
described the preparation by total synthesis of 
a number of 0-2-isocephem systems (1, 2).4 The 
high level of antibiotic activity in these systems 
encouraged us to explore the extension of this 
work to other systems in which the oxygen atom 
is replaced by another heteroatom. In this paper 
we wish to report the synthesis of the N-2-iso- 
cephem systems l h  and l i  (Fig. 1). 

Our first approach to the syntheses of these 
compounds involved conversion of the aldehydes 
3a-c (2a, b) to the appropriate 4-aminomethyl-2- 
azetidinones 4 followed by ring closure of these 

'For part V of this series see ref. 1. 
'Author to whom correspondence concerning this 

paper should be addressed. c/o Bristol Laboratories, P.O. 
Box 657, Syracuse, NY, U.S.A. 13201. 

3Holder of an NRCC Industrial Postdoctoral Fellow- 
ship 1971-1972. 

4For an explanation of the trivial nomenclature used 
throughout this series and a resume of the literature on 
nuclear analogs of p-lactam antibiotics see ref. 2a. 

derivatives to the desired con~pounds. Thus 
treatment of 3a with aniline to form the Schiff 
base 3d followed by reduction of the imine with 
sodium borohydride gave the amine 4a in 49.5% 
yield. Similarly, treatment of 3a with benzyla- 
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mine followed by reduction gave 4b in 55.5% 
yield. Attempts to prepare the primary amine 
(R, = H) via displacement of the mesylate or 
tosylates of 2 with azide ion followed by 
reduction failed. 

A number of attemDts were made to convert 
compounds 4a and 46 to the cyclic enamines 7 
by direct hydrolysis of the acetal followed by 
ring closure. In the case of 4a either complete 
decomposition of starting material occurred 
with no isolable product being produced or the 
starting material was recovered unchanged. 
Treatment of 4b with 70% trifluoroacetic acid 
gave a new product in approximately 10% yield 
which proved to be very unstable. Attempts to 
improve the yield or to isolate the material in a 
pure state led to extensive decomposition. We 
have tentatively assigned structure 7 to this 
material based on its ir and nmr spectra. The ir 
spectrum of 7 showed bands at 21 10, 1755, and 
a weak band at 1620 cm-l. The nmr spectrum 
of 7 (Table 1) showed the proton a to the azide 
as a doublet (J = 5.0 Hz). If rupture of the 
P-lactam had occurred the coupling constant for 
this proton as well as its chemical shift would be 
expected to be considerably different. In addition 
the appearance of a pair of protons in the 

olefinic region as doublets (J = 6.0  Hz) with 
loss of the signals in 4b for the CH,CH(OCH,), 
side chain and a shift of the signal of the benzyl 
group to lower field are all supportive of the 
assignment of structure 7 to the compound. 

In view of the low yield of 7 from 4b an 
attempt to prepare 7 via an alternate sequence 
was made. Treatment of 4b with trifluoroacetic 
anhydride gave the trifluoroacetamide 5a in 
84% yield. Hydrolysis of 5a using 90% trifluoro- 
acetic acid gave the aldehyde 6 which proved to 
be rather unstable. Attempts to prepare 7 via 
base catalyzed hydrolysis of the trifluoroaceta- 
mide in 6 with concommitant ring closure gave 
.only tars. Attempts to introduce functionality 
at C, via enamine condensation reactions of 7 
led only to decomposition of 7 with no isolable 
product being f ~ r m e d . ~  Consequently, this 
approach was abandoned. 

Our second approach was to start with the 
eventual 4-carboxyl group incorporated into the 
nitrogen side chain of the azetidinone. As in the 
case of 4a and 4b the desired amines 4c and 4d 
were prepared via the aldehydes 3b and 3c 
(2a, b). Thus condensation of either 3b or 3c with 
methylamine followed by reduction of the Schiff 

bases 3f or 3g with sodium borohydride gave 
4c or 4d in 59 and 43% yield, respectively. 

Treatment of 4c with a suspension of zinc 
chloride in trifluoroacetic anhydride gave the 

5e.g. The condensation of crude 7 with ethyl chloro- 
formate failed to give any of the 4-carboethoxy-N-2- 
isocephem. 
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amide 8a presumably via the acetal5b. The yield 
of 8a from 4c was 66.5%. On treatment of 4d 
with zinc chloride - trifluoroacetic anhydride 
the reaction stopped at the intermediate stage 
giving 5c in 82.5% yield. Prolonged reaction 
times gave 8b from 5c in 76% yield. 

Our earlier work (2b) had shown that the 
P-ethoxy acrylate system in compounds similar 
to 8 could be readily converted to the P-hydroxy 
acrylates via the pyrrolidine derivatives. Thus 
treatment of 8a with pyrrolidine acetate in 
refluxing benzene gave 9a in 97% yield. Similarly 
8b was converted to  9b in 90% yield. Hydrolysis 
of 9a with acetone - 10% hydrochloric acid gave 
the en01 10a in 60% yield. Attempted removal of 
the N-trifluoroacetyl group using the methods 
of Newman and Wolfrom and Bhat (3) failed, 
the starting material being recovered unchanged. 
Accordingly the reductive cleavage of the 
N-trifluoroacetyl group with sodium boro- 
hydride according to Weygand was used (4). 
Treatment of 10a with sodium borohydride in 
ethanol gave l l a  upon work-up. Similarly 
hydrolysis of 9b to lob (53%) followed by 
reductive cleavage of the amide gave l l b .  The 
yield in this latter case was only 14% and could 
not be improved upon. 

In view of the poor yield of l l b  and our desire 
to  prepare an analog of l l b  unsubstituted on the 

nitrogen atom a third approach to the synthesis 
of these molecules was made (Scheme 4). 

We had available to us a number of useful 
intermediates from our earlier work (2b). The 
en01 mesylate 12c was converted to the bis- 
mesylate 12b in 81% yield by treatment with 
mesyl chloride and triethylamine. Alternatively 
12b could be prepared in 80% yield from the 
diol 12a by the same procedure. Treatment of 
12b with ammonia in dimethyl sulfoxide gave 
the amine 13a in 92% yield. Alternatively com- 
pound 13a could be prepared from 12d (2b) by 
treatment with ammonium acetate in chloroform 
in 57% yield. The nmr spectrum of 13a indicated 
it to consist of a single isomer the geometry of 
which has not been determined. Treatment of 
12d with monomethyl ammonium acetate in 
benzene gave 13b in 81% yield as a mixture of 
geometrical isomers in the ratio of - 1 : 1. The 
isomers were separated by silica gel chromatog- 
raphy. We have tentatively made assignments 
to each of these isomers on the basis of their 
spectral characteristics. A comparison of the 
positions of the vinyl and amino protons 
between 13a and isomer 2 of 13b indicate that 
these compounds very likely have the same con- 
f ig~ra t ion .~  We have assigned the configurations 
shown in Fig. 2 to each of these isomers of 13b 
on the basis of the following evidence. In the 
nmr spectra of isomer 1 the vinyl proton appears 
at 6 6.96 while the nitrogen proton is at 6 7.69. 
In contrast the vinyl protons of 13b isomer 2 
and 13a appear at 6 7.40 and 7.54, respectively, 
while the nitrogen protons appear at 6 5.68 and 
5.52 respectively. One would predict that the 
vinyl proton in the Z configuration would appear 
at higher field than that in the E configuration. In 
addition, one would also predict that the nitro- 
gen protons in the Z configuration would appear 
at lower field than those in the E configuration 
(5). Thus, compounds 13a and 13b isomer 2 are 
assigned the E configuration while 13b isomer 1 
is assigned the Z configuration. The ir spectra of 
compounds 13a and the 2 isomers of 13b 
support this assignment. While 13a and isomer 
2 of 13b show both free and hydrogen bonded 
N H  bands (at 3500 and 3330 cm-' for 13a and 
at 3415 and 3335 cm-' for isomer 2 of 13b) 
isomer 1 of 13b exhibited only hydrogen bonded 
N H  bands in the ir (at 3340 cm-l). 

6The terms isomer 1 and isomer 2 with reference to 13b 
indicate their order of elution from a silica gel column. 
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TABLE 1 .  Nuclear magnetic resonance spectra" 

Compd. 
C02R 

CH24 Other 

4.44(t, 1H,J=5.0)b 
3.58(dd, l H ,  J ,  = 16, 

J2=4.7)' 
3.18(dd, 1H,J1=16, 

J2=5.5)' 
N 3.40(m, 2H)d 
4.10(s, l H ,  N H )  
2.92(d, 2H, J= 6.0)" 
4.50(t, l H ,  J =  5 .  O)b 
3.56(dd, l H ,  J1= 15, 

J2=5.0)e 
3.18(dd, 1H,J1=15, 

J2=5.5)C 
1.80(s, l H ,  N H )  
2.92,2.95(d, 2H,  J= 5.0)" 
3.58(m, 5H)g 
4.19(q, 3H,J=7.0)h 
4.62(m, 1 H)i 
1.55(s, l H ,  N H )  
3.57(m, 5H)g 
2.87(d, J= 5.5)' 
4.61,4.64(d, IH,J=5.0)' 
I .  60(s, l H ,  N H )  
3.50(m, 2H)d 
3.82(dd, I H ,  J1 = 15, 

J 2 ~ 4 . 5 ) '  
3.10(dd, l H ,  J1=15, 

J2=5.0)e 
4.54(t, l H ,  J=5.0)b 
3.20(m, 2H)k 
6 .OO(d, IH ,  J= 6 .O)' 
5.77(d, 1H,J=6.0)' 
4.27(q, 4H,  J=7.0)" 
3.80(m, 2H)e 

1.26,1.31 
( t ,  J=7.0) 
3.14(m, 3H)j 
3.15(m, 3H)' 

6, 1 H )  
7.42(s, 5H 

l l a  6.99(s, 1H)  

l l b  7.33(s, 5H)  
7.07(s, 1H)  
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OOYLE E'T AL.: IV 2723 

TABLE 1 (Concluded) 

CH2+ Other 

13b 
isomer 1 

13b 
isomer 2 

7.52(s, 5H)  
7.95(s, 1 H )  
7.41 (s, 5H)  
7.54(t, 1 H )  
J=12.0 
7.33(s, 5H)  
6.96(d, 1 H )  
J=14.5 
7.38(s, 5H)  
7.40(d,  1 H )  
J= 13.0 
7.38(s, 5H)  
7.78(s, 1 HO)  

4.50(m, 3H, C H C H 2 0 S 0 2 M e )  

5.52(d, 2H, J= 12.0, N H 2 )  
4.45(m, 3H, CHCH20Mes )  

7.69(m, 1 H ,  N H )  
4 .3(m,  3H)  

4.40(m, 3H) 
5.68(m, 1 H ,  N H )  

4.30(q, 2H, J= 7.0) 
4.51(dd, l H ,  J,=13.0, 

J2=3.5) 
3.14(dd, 1H,J1=13.0, 

J2=10.O) 
8.10(d, l H , J = 7 . 0 , N H )  
4.28(q, 2H, +OCH,) 
3.05(m, 2H)  
4.52(s, 2H, +OCH,) 
4.28(q, 2H, J= 7 . 0 )  
8.15(d, l H , J = 7 . 0 , N H )  
3.O(dd, lH,J1=13.0,  

J ,  = 10.0) - 3.5(m, 1H) obsc. 
4 . 4 8 ( ~ ,  2H, +OCH2) 

"Spectra were recorded at 60 MHz in CDCI, unless otherwise noted. bCH(OCH,),. <Arms of AB quartet for CH2-CH(OR)2. Partially 
obscured by OMe. dObscured, assigned CH2-N-6. CHI--N-R. IMixture of diastereoisomers. RCH(OCH2CH3) + CHC02R. hC02CH2- 

/H 
CHI + CH-CH-NS .CH(OEt).. JN-CHI. kAssigned to CH-CH2-N. [Assigned to ~\rl"\~ "'Assigned to=C . nAssigned to 

'OFt 
H 

C(C02Et)=CHOEt.  'Assigned to =CHOCH,-CH,. "Two isomers. 

Treatment of 13b (as a 1 : 1 mixture of isomers) 
with sodium hydride in dimethyl sulfoxide gave 
llb in 7.65% yield after chromatography. In a 
second experiment the yield was 16.7x. The 
material obtained by this method was identical 
in all respects with that obtained earlier. All 
attempts to improve the yields beyond the low 
levels reported failed. An attempt to ring close 
13a to give the corresponding N-demethyl 
N-2-isocephems also failed. 

In order to increase the acidity of the NH 
bond and presumably improve the chances of 
obtaining the ring closure an attempt was made 
to acylate 13a with ethyl chloroformate and 
triethylamine in chloroform. The only isolable 
product proved to be the N-carboethoxy N-2- 
isocephem 14 which was formed in 26.8% yield. 

Presumably compound 14 arose via formation 
of the intermediate urethane and subsequent 
ring closure of this urethane to 14 (Fig. 3). 
Attempts to isolate the intermediate have failed. 

The structures of compounds lla, llb, and 
14 were assigned on the basis of their mode of 
preparation, elemental analyses, and spectral 
characteristics. Formation of llb from both 
lob and 13b, the shift of the proton a to the 
azido group from 6 -4.90 to 5.10, and the 
bathochromic shift in the uv from 280 to 307 nm 
on ring closure establish the structure of llb 
as benzyl N-methyl-7-p-azido-N-2-isocephem-4- 
carboxylate. Earlier we have shown in the case 
of the 0-2-isocephems that ring closure invari- 
ably led to a shift of-from 20-50 Hz to lower 
field for the proton a to the azido function (2d). 
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12u R = R' = H 130 R = H l l h  R = Me 15 
h R = R' = S 0 2 C H 3  h R = C H 3  14 R = C02Et  
c. R = S 0 2 C H 3  R'  = H 
d R = SO,CH, R' = Et 

r;r H H I;I 

0 

Similarly ring closure leads to a bathochromic 
shift of - 30 nm in the 0-2-isocephem series (2b). 
While the nmr spectra of l l a  and l l b  do not 
permit a conformational assignment to the 
N-2-isocephem ring system (due to overlap of 
the C, and C6 protons), the nmr spectrum of 14 
was first order and permits one to assign the 'A' 

,co ,,,H 
BzO 0 

Z configuration E configuration 
136 

FIGURE 2 

conformation to this n~olecule (Fig. 4). The 
pattern of coupling constants for C,,, and Clp 
and C6 protons (Table 1) is consistent with that 
predicted from the Karplus relationship for 
conformer A (6).7 

0 S 0 2 C H 3  

I H 

C 0 2 B z  

FIGURE 3 

The conversion of l l b  to the appropriately 
substituted cephalosporin analog was carried 
out in the following manner. Reduction of the 
azido group in l l b  was accomplished using 10% 
palladium-on-carbon as catalyst. This gave 15a 

in 76% yield. The amine was converted to the 
phenoxyacetamide 16a using N-ethoxycarbonyl- 
2-ethoxy-l,2-dihydroquinoline (EEDG) and 
phenoxyacetic acid in 60.5% yield. On reduction 
of 16a with 20% palladium hydroxide on carbon 
there was obtained a 36% yield of 17a as an 
unstable solid. The spectral characteristics of 
17a were in accord with the assigned structure. 
Attempts to purify 17a led to decomposition 
The sample was screened for antibiotic activity 
as such even though it was estimated (by the 
extinction coefficient of the band at 308 nm) to 
be only 30-40% pure. The compound exhibited 
only a low order of antibiotic activity. 

The conversion of 14 to 17b was carried out 
analogously. Thus reduction of the azide gave 
15b in 90% yield. Coupling of 15b with phenoxy- 
acetic acid using EEDQ gave the amide 16b as 
an oil in 37% yield after chromatography. 
Reduction of 16b using 20% palladium hy- 
droxide on carbon gave 17b as a solid in 58% 
yield. Compound 17b proved to be relatively 
stable, nevertheless attempts to recrystallize 17b 
to obtain a sharp melting solid failed. The ir, 
nmr, and uv spectra of 17b were in accord with 
the assigned structure. Compound 17b was 
active as an antibiotic. Details of the antibiotic 
spectrum will be published separately. 

'For a detailed assignment in the case of the 0-2- 
isocephem systems see refs. 2b and 2c. 
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DOYLE ET AL.: IV 2725 

The instability of compounds 17a and 17b (to at 25°C. To this was added 10 ml 10% hydrochloric acid, 
a lesser extent) may be due to a greater tendency following which the solvent was evaporated at reduced 

pressure. The oily aqueous residue was adjusted to pH 8 
towards decarboxylation inasmuch as these with sodium bicarbonate and extracted with chloroform 
conlpounds are vinylogous carbamates. (5 x 25 ml). The extracts were dried (sodium sulfate) 

and evaporated to give an oil which was chromatographed Experimental on 100 g alumina (activity 111) using chloroform as the 
The infrared spectra were recorded on a Unicam eluting solvent. A total of 7.1 g (59%) of the desired 4c 

SP-200G grating, ir spectrometer. The nmr spectra were was obtained as an oil; ir (CHCI,): 2120, 1770 cm-'. 
determined on a Varian A60-A spectrometer using Anal. calcd. for C14H~5N505: C 48.97, H 7.33, N 20.40; 
tetramethylsilane as an internal standard. Melting points found: C 49.50, H 7.03, N 21.70. 
are uncorrected and were determined on a ~al lenkamp 
melting point apparatus. The analyses were performed 
by Micro-Tech Laboratories, Skokie, IL. 

cis-N- (p,p- Dimethoxyethyl) -3-azido-4-anilinomethyl-2- 
azetidinone 4a 

To a solution of 400 mg (1.75 mmol) of 3a in 20 ml 
benzene was added 0.5 ml of aniline. The solution was 
boiled at reflux and the water formed in the reaction was 
collected in a Dean-Stark trap. After 2.5 h the solution 
was evaporated to dryness to yield 3d as an oil. The oil 
was taken up in 15 ml of dioxane and 200 mg sodium 
borohydride added at 15°C. The solution was stirred for 
1 h and an aqueous ammonium chloride solution was 
added. The solution was partitioned between water and 
methylene chloride and the mathylene chloride was dried 
over sodium sulfate. Evaporation of the organic extracts 
gave an oil which was chromatographed on 10 g alumina 
(activity 111) with chloroform as eluent. There was 
obtained 287 mg (49.5%) of an oil which crystallized on 
standing, mp 54.5"C; ir (CHCI,): 3420, 2120, 1765, 
1601 cm-'. Anal. calcd. for Cl4HlgN5O3: C 55.07, 
H6.27.N22.94:found:C55.13,H6.30.N23.02. 

cis-N-(p,p-Dimethoxyethyl) -3-azido-4-benzylamino- 
methyl-2-azetidinone 4b 

Jn a manner analogous to that given for 4a treatment 
of 3a (300 rng, 1.31 mmol) with benzylamine (0.30ml) 
followed by reduction of the intermediate 3e with sodium 
borohydride (100 mg) gave 244 mg (55.5%) of 4b after 
chromatography; ir (neat): 2120, 1710 cm- '. Anal. 
calcd. for C15H21N503: C 56.42, H 6.62, N 21.94; found: 
C 56.26, H 6.65, N 21.75. 

Preparation of 5a 
A solution of 82 mg (0.257 nunol) of 4b in 1.5 ml 

trifluoroacetic anhydride was let stand 15 min at room 
temperature. The excess trifluoroacetic anhydride was 
removed at reduced pressure to give 95 mg of crude 
amide. The amide was filtered through a pad of alumina 
(activity 111) in CH,CI, and evaporated to yield 90mg 
of 5a as an oil; ir (CHCI,): 3520, 3420,2120, 1780, 1770 
1700 cm-'. Anal. calcd. for C17HZOF3N504: C 49.17, 
H 4.85, N 16.86, F 13.72; found: C 48.68, H 4.71, 
N 16.73, F 13.82. 

cis-N-(a-Carboethoxy-p,p-diethoxyethyl) -3-azido-4- 
methylaminomethyl-2-azetidinone 4c 

A mixture of 11.5 g (34.6 mmol) of 36 and 120 mmol 
of anhydrous methylamine in 60 ml benzene was stirred 
18 h over 10 g magnesium sulfate. The suspension was 
filtered and evaporated to dryness to yield 12.4 g of 
crude 3f as an oil. 

The crude Schiff base was taken up in 50 ml absolute 
ethanol and 1.31 g sodium borohydride added. The 
solution was stirred for 0-5 h at OS°C followed by 0.5 h 

cis-N- (a-Carbobenzoxy-0,P-diethoxy) -3-azido-4- 
methylaminomethyl-2-azetidinone 4d 

A mixture of 4.0 g (10.02 mmol) crude compound 3c 
and 80 mmol anhydrous methylamine in 80 ml dry 
benzene was stirred with l o g  anhydrous magnesium 
sulfate at 25°C for 2 h. The drying agent was removed 
by filtration and the filtrate was evaporated to dryness to 
yield 4.0 g (98%) crude Schiff base, 3g. To a solution of 
4.0 g (9.8 mmol) of 3g in 50 ml absolute ethanol at 0-5'C 
was added 500mg (13.13 mmol) sodium borohydride. 
The solution was stirred 1 h and acidified to pH 4 with 
10% HCI. The solution was then adjusted to pH8 with 
saturated sodium bicarbonate and solid sodium chloride 
added to saturation. The solution was extracted with 
chloroform (3 x 30 ml). The chloroform extracts were 
washed with brine, dried over MgS04, filtered, and 
evaporated to give 3.7 g of an oil which was chromato- 
graphed on 80 g silica gel (15% water) with chloroform 
then chloroform - 5% methanol as eluent to yield 600 mg 
of pure amine 4d (15%); ir (CHCl,): 2120, 1770 cm-l. 
An additional 1.4 g of amine contaminated with an 
unidentified im~uritv was also obtained. This material 
contained - 80% of 4d. The total yield was 43%. 

Preparation of 8a 
A suspension of 2.45 g (7.4 mmol) of 4c and 1.2 g zinc 

chloride in 10 ml trifluoroacetic anhydride was refluxed 
for 1 h. The solvent was removed at reduced pressure and 
the residual oil taken up in chloroform (40 ml). The 
solution was washed with water (10ml) and brine 
(3 x 20 ml) and the organic phase was dried (sodium 
sulfate) and evaporated. The residue was filtered through 
a pad of Florisil (5 g) and the filtrate (CH,Cl, solution) 
evaporated to give 1.9 g (66.5%) of 8a as an oil; ir 
(CHCl,): 21 10, 1777, 1698, 1647 cm-'. 

Preparation of 8b 
Upon treatment of 600mg (1.46mmol) of 4d with 

0.245 g zinc chloride in 8 ml trifluoroacetic anhydride as 
in the above example there was obtained 618 mg (82.5%) 
of 5c; ir (CHCI,): 2110, 1770, 1695 cm-'. 

The oil was taken up in 6 ml trifluoroacetic anhydride 
and treated with 310 mg zinc chloride for an additional 
72 h at 25°C. Work-up as in the previous example and 
chromatography of the resultant oil gave 427 mg (76%) 
of 8b as an oil; ir (CHCI,): 2120, 1780, 1700, 1645 cm-'. 
Anal. calcd. for ClgH,oF3N505: C 50.11, H 4.43, 
N 15.38; found: C 49.74, H 4.47, N 14.98. 

Preparation of 9a 
A solution of 1.45 g (3.75 rnmol) of 8a, 293 mg 

(4.13 mmol) pyrrolidine and 248 mg (4.13 mmol) acetic 
acid in 30 ml benzene was refluxed for 18 h. The 
solution was washed with water (25 ml) and brine (25 ml) 
and dried over magnesium sulfate. On evaporation there 
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was obtained 1.50 g of 9a (97%) as an oil; ir (CHCI,): 
2400, 21 10, 1770, 1695, 1630, 1610 cm-'. 

Preparation of 9b 
A solution of 427 mg (0.93 mmol) compound 8b, 

1 10 mg (1.5 mmol) pyrrolidine and 100 mg (1.5 mmol) 
glacial acetic acid was refluxed in 20 ml benzene for 18 h. 
The solvent was evaporated and the residue partitioned 
between chloroform (30 ml) - water (5 ml). The chloro- 
form solution was washed with water (5 ml) and brine 
(5 ml), dried over Na,SO,, filtered, and evaporated to 
give an oil which was filtered through 3 g silica gel 
(15% water) with chloroform to yield 347 mg (90%) 
compound 9b ;  ir (CHCl,): 2110, 1770, 1695, 1625 
(s, 1612) cm-'. 

Ethyl N-Methyl-7-fi-azido-A3-N-2-isocephem-4- 
carboxylate I f  a 

A solution of 1.50 g (3.65 mmol) of 9a in 10 ml 
acetone - 5 ml 10% hydrochloric acid was boiled at 
reflux for 15 min. The acetone was evaporated at reduced 
pressure and the oily aqueous residue extracted with 
chloroform (3 x 20 ml). The organic extracts were 
washed with water (20 ml) and brine (2 x 20 ml), dried 
over sodium sulfate, and evaporated. The residual oil was 
taken up in 30 ml of ether and the ethereal solution was 
extracted with saturated sodium bicarbonate solution 
(3 x 10 ml). The basic extracts were adjusted to pH 5 
with 10% hydrochloric acid and extracted with chloro- 
form (5 x 20 ml). The extracts were dried over mag- 
nesium sulfate, filtered, and evaporated to yield 788 mg 
(60%) of 100; ir (CHCI,): 21 10,1778,1695,1630(w) c m  '. 

To a solution of 447 mg (1.28 mmol) of 100 in 7 ml 
ethanol - 0.5 ml water was added 1 10 mg sodium boro- 
hydride at 25°C. The sol~~tion was warmed to 40-45'C 
for 1.5 h following which the p H  was adjusted to 4 with 
10% HCI to decompose the excess sodium borohydride. 
After 10 min, the solution was adjusted to p H  8 with 
sodium bicarbonate and diluted to 50 ml with brine. The 
solution was extracted with chloroform (4 x 10 ml). The 
extracts were dried over magnesium sulfate and evapor- 
ated to yield 247 mg of an oil which was chromato- 
graphed on 2 g of silica gel (15% water, w/w) using 
chloroform. There were obtained 120 mg (40%) of l l a  
as a crystalline solid, mp 147-148.5"C after recrystalliza- 
tion from chloroform-ether; ir (CHCI,): 2110, 1778(s), 
1768, 1690, 1680, 1618 cm-'. Anal. calcd. for CloH13- 
N,O,: C47.80, H 5.22, N 27.88; found: C47.71, H 5.17, 
N 28.13. 

Benzyl N-Methyl-7-fi-azido-A3-N-2-isocephem-4- 
carboxylate f f b  

A solution of 347 mg (0.78 mmol) compound 9b was 
refluxed for 15 min in 3 ml acetone - 3 ml 10% HCI. The 
reaction mixture was treated with 20 ml salt solution and 
extracted with chloroform (3 x 15 ml). The chloroform 
layer was washed with water and evaporated to dryness. 
The residual oil was dissolved into 10 ml ethyl ether. The 
ethyl ether solution was then extracted with saturated 
sodium bicarbonate solution (4 x 5 ml). Finally, the 
bicarbonate extract was acidified to p H  - 5 with 10% 
hydrochloric acid. Extracted with chloroform (3 x 
10 ml), dried over MgSO,, the drying agent was filtered 
off, and the filtrate was evaporated to dryness to yield 
175 mg (0.41 mmol) (53%) of compound 106 as an oil; 
ir (CHCI,): 2110, 1775, 1695, 1630(w) c m ' .  Anal. calcd. 

for Cl7Hl6F3N5O5.$HZO: C 46.79, H 3.93, N 16.05; 
found: C 46.56, H 3.82, N 15.63. 

To 174mg (0.41 mmol) of compound l ob  in 4 ml 
ethanol - 0.25 ml water was added 60 mg (1.58 rnrnol) of 
sodium borohydride at 25°C with stirring. After 5 min, 
the solution was placed into a warm water bath (45-54°C) 
for 1 h. The solution was acidified with 10% HCI to 
pH - 4, rebasified with sodium bicarbonate to pH - 8, 
diluted with water (25 ml), and extracted with chloroform 
(3 x 10 ml). The chloroform layer was washed with 
water and brine, dried over magnesium sulfate, filtered, 
and evaporated to yield 18 mg crystalline material (14%). 

The solid was recrystallized from ether-chloroform, 
mp 166-168°C; ir (CH,CI3): 21 15,1775,1695,1615 cm-'; 
uv (EtOH, 0.3 mg112.5 ml) h,,, 307 nm (E 12 850). Anal. 
calcd. for C ,  ,HI ,N,O, : C 57.50, H 4.83, N 22.35 ; found : 
C 57.40, H 4.95, N 22.21. 

From 13b 
A solution of 2.80 g (6.85 mmol) of 13b (as a mixture 

of isomers) in 10 ml dimethyl sulfoxide was added to a 
suspension of 165 mg sodium hydride (6.85 mmol). The 
solution was stirred at 25°C for 1 h at the end of which 
time all of the sodium hydride had reacted. The mixture 
was poured into a 1% hydrochloric acid solution (50 ml 
at 0°C) and the whole extracted with chloroform (3 x 
30 ml). The extracts were washed with brine (50 ml) and 
dried over magnesium sulfate. The solvent was evapor- 
ated to yield a dark red oil which was chromatographed 
on 15 g of silica gel (15% water w/w) to yield 162 mg 
(7.65%) of l l b  identical in all respects with that obtained 
from l ob .  In another experiment on smaller scale, the 
yield was 16.7%. 

Preparation o f  l 2 b  
From 12a 
To a solution of 2.40 g (7.55 mmol) of 12a in 50 ml of 

methylene chloride was added 3.14ml triethylamine 
(22.65 mmol) at 0-5°C. To this was added 2.58 g (22.65 
mmol) mesyl chloride in 5 ml methylene chloride over 
10 min. The solution was stirred 20 min at 25°C. The 
solution was diluted to 150 ml with ether and washed 
with 10% hydrochloric acid and brine. The solution was 
dried over sodium sulfate and evaporated. The residual 
oil was chromatographed on silica gel (15% water w/w) 
(50 g) using benzene (200 ml) then ether as eluent. The 
ethereal fractions from the column contained 2.858 
(80%) of 12b as a mixture of two isomers; ir (film): 2110, 
1780, 1620, 1640 cm-'; uv (EtOH, 7.0 mg/50 ml) A,,, 
242 nm (E 6300). 

From 12c 
Treatment of 13.37 g (33.7 mmol) of 12c with 11.1 n ~ l  

triethylamine (66 mmol) and 7.50 g (66 mmol) of 
methane sulfonyl chloride as in the above example 
furnished 12.80 g (81%) of 12b. 

Preparation of 130 
From 12d 
A solution of 201 mg (0.475 mmol) of 12d, 30 mg 

glacial acetic acid, and 20 mg ammonia in 10 ml of 
chloroform was heated in a Parr pressure vessel at 
48-52°C for 18 h. The solution was washed with water 
(10 ml) and brine (10 ml), dried over magnesium sulfate, 
and evaporated to yield an oil which was taken up in 
methylene chloride and filtered through a pad of silica 
gel to give 107 mg (57%) of 13a; ir (CHCI,): 3500, 3330, 
2110, 1770, 1760, 1695, 1650 cm-'. 
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From IZb 
To a solution of 2.30 g (4.85 mmol) of 12b in 30 ml of 

DMSO was added a stream of dry ammonia for 10 min 
at 25°C. The solution was let stand 30 min at 25'C, 
poured into brine (100 ml) and extracted with chloroform 
(5 x 20ml). The extracts were washed with water 
(2 x 20 ml) and brine (2 x 20 ml). The extracts were 
dried over magnesium sulfate and evaporated to yield 
1.75 g (92%) of 13a. 

Preparation of 136 
A solution of 5.25 g (12.4 mmol) of 12d, 560 mg 

(18.6 mmol) monomethylamine, and 110 mg acetic acid 
in 50 ml benzene was heated to 46'C for 18 h in a Parr 
pressure vessel. Work-up as in the previous example 
(preparation of 13a) gave an oil which was chromato- 
graphed on 30 g of silica gel (5% water, w/w) using 
chloroform as the eluting solvent. A total of 4.1 g (81%) 
of 13b was obtained in three fractions, 1.3 g of isomer 1 
(elutes first), 1.0 g of isomer 2, and 1.8 g mixed fraction 
(- 1 : 1). Isomer 1 : ir (CHCI3): 3340, 2110, 1777, 1769, 
1680, 1649, 1625 cm-' ; uv (EtOH, 0.3 mg/lO ml) h,,, 
284nm (E 21 100); isomer 2: ir (CHCI,): 3415, 3335, 
21 10, 1770 (1777sh), 1682, 1650, 1630 cm-' ; uv (EtOH, 
0.3 mg/lO ml) A,,, 280 nm (E 16 200). 

Benzyl N-Carboethoxy-7-p-azido-A3-N-2-isocephem-4- 
carboxylate 1 4  

To a solution of 1.75 g (4.43 rnmol) of 13a in 40 ml of 
chloroform was added 1.50 g (13.8 mmol) of ethyl 
chloroformate followed by 2.02 g (20 mmol) of triethyl- 
amine in 5 ml chloroform over 5 min at 25°C. An 
exothermic reaction was observed. The reaction mixture 
was let stand at 25'C for 18 h, following which it was 
washed with water (25ml) and brine (25 ml). The 
solution was dried (magnesium sulfate) and evaporated. 
The oil which resulted was chromatographed on 30 g 
silica gel using cl~loroform as eluent to give 440 mg 
(26.8%) of 14 as a crystalline solid, mp 133.5-134.S0C; 
ir (CHC13): 2110, 1780, 1727, 1710, 1625cm-'; uv 
(EtOH, 1.4 mg/50 ml) h,,, 288 nm (E 14 600). Anal. 
calcd. for C17H17N505: C 54.98, H 4.61, N 18.86; found: 
C 54.74, H 4.64, N 18.85. 

Benzyl 7-f3-(Aminophenoxyacetoyl)-N-methyl-A3-N-2- 
isocephem-4-carboxylate 16a 

A suspension of 313 mg (1 mmol) of l l b  and 100 mg 
10% P&C in 50ml ethyl acetate was shaken under 
hydrogen at 55 psi and 25°C for 1.5 h. Filtration of the 
suspension through diatomaceous earth and evaporation 
of the filtrate gave an oil which was filtered through a pad 
of silica gel (5% water, w/w) (2.0 g) in methylene chloride. 
Evaporation of the filtrate gave 220 mg (76.5%) of 15a 
as an oil; ir (CHCI,): 1764, 1685, 1615 cm-l. 

Treatment of 204 mg (0.71 mmol) of 15a with 178.2 mg 
(0.75 mmol) EEDQ and 110 mg (0.75 mmol) phenoxy- 
acetic acid in 30ml methylene chloride gave after 
work-up (2a) 181 mg (60.5%) of 16a, mp 180-182"C, 
recrystallized from chloroform-ether; ir (CHCI,): 3410, 
1767, 1695, 1685, 1615 cm-' ; uv (EtOH, 0.9 mg/50 ml) 
h,,, 308 nm (E 18 300). Anal. calcd. for C2,H2,N305- 
O.OSCHC1,: C 64.77, H 5.43, N 9.83; found: C 64.82, 
H 5.44, N 9.92. 

Benzyl 7-f3-(Aminophenoxyacetoyl)-N-carboethoxy-A3-N- 
2-isocephem-4-carboxylate 166 

Reduction of 420 mg (1.13 mmol) of 14 with 200 mg 
10% Pd/C in 40 ml ethyl acetate at 25°C at 57 psi and for 

1.5 h gave 350mg (90%) of 156 as an oil; ir (CHCI,): 
3000-3500b, 1777, 1725, 1712, 1625 cm-'. 

Treatment of 315 mg (0.92 mmol) of 15b with 242 mg 
(0.92 mmol) EEDQ and 140 mg (0.92 mmol) phenoxy- 
acetic acid in 10 ml methylene chloride gave after work- 
up (2a) 16b as an oil. This oil was chromatographed on 
silica gel using chloroform - 3% acetone as eluent to give 
164 mg pure 16b as an oil; ir (CHCI,): 3410, 3330, 1782, 
1728, 1712, 1692, 1625, 1602, 1505 cm-'. 

7-~-(Aminophenoxyacetoyl)-N-methyl-A3-N-2- 
isocephem-4-carboxylic Acid I7a  

A suspension of 158 mg (0.38 mmol) of 16a and 290 ing 
20% Pd(OH),/C in 50 ml ethyl acetate was shaken under 
hydrogen (58 psi) at 20°C for 3 h. The suspension was 
filtered through diatomaceous earth and the filtrate 
evaporated to yield an oil. Trituration of the oil with 
methyl isobutyl ketone gave 45 mg of a tan solid which 
decomposed above 158°C; ir (CHCI,): 3420, 2500- 
3600(C02H), 1757, 1680, 1613, 1530, 1495 cm-' ; uv 
(EtOH, 0.4 mg/lO ml) h,,, 302 (E 6200), 275 (E 5700), 
268 nm (E 5600). 

The material proved to be unstable, darkening rapidly 
on standing. 

7 4 -  (Aminophenoxyacetoyl) -N-carboethoxy-A3-N-2- 
isocephem-4-carboxylic Acid 17b 

A suspension of 158 mg (0.33 mmol) of 16b and 390 mg 
20% Pd(OH)2/C in 40 ml ethyl acetate was shaken under 
hydrogen (57 psi) at 25°C for 1.5 h. Work-up as in the 
above example yielded an oil which upon trituration with 
ether solidified, 74 mg. The solid failed to give a sharp 
melting point decomposing over the range 107-134°C; 
ir (CHCI,): 3410, 2500-3600b C02H,  1780, 1728, 1710, 
1694, 1628, 1600, 1520, 1495 cm-' ; uv (EtOH, 1.7 mg/ 
50ml) A,,, 284 nm (E 17 750). Anal. calcd. for ClsHI9- 
N307:  C 55.52, H 4.92, N 10.79; found: C 55.45, H 5.21, 
N 10.64. 
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Characterization of the triplet state of aromatic esters and nitriles. Evaluation of the 
steric effect on the triplet of methyl mesitoate1 
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D. R. ARNOLD, J. R. BOLTON, G. E. PALMER, and K. V. PRABHU. Can. J. Chem. 55,2728 (1977). 
The phosphorescence emission and electron spin resonance spectra of methyl mesitoate (1) 

and mesitonitrile (2) have been studied in order to assess the stericeffect (inhibition of resonance) 
in the former. The triplet energy of 1 (80.5 kcal mol-') is considerably higher than that of 
2 (74.2 kcal mol-') while the zero-field splitting parameters are very similar (1, Dlhc = 
0.127 cm-', Elhc = 0.013 cm-' ; 2, Dlhc = 0.127 cm-l, Elhc = 0.006 cm-'). The triplet 
energy and zero-field splitting parameters of o-, m-, and p-methyl toluate and o-, m-, and 
p-tolunitrile are also reported. 

D. R. ARNOLD, J. R. BOLTON, G. E. PALMER et K. V. PRABHU. Can. J. Chem.55,2728 (1977). 
On a etudit les spectres d'tmission phosphorescence et de resonance paramagnktique 

Blectronique du mesitoate de mtthyle (1) et du mtsitonitrile (2) afin de determiner I'effet 
sterique (inhibition a la rCsonance) dans le premier. L'tnergie de I'ttat triplet de 1 (80.5 kcal 
mol-') est beaucoup plus Clevte que celle de 2 (74.2 kcal mol-') alors que les parametres 
de couplage ti champ zCro sont tres similaires (1, Dlhc = 0.127 cm-', E/hc = 0.013 cm-'; 
2, D/hc = 0.127 cm-', E/hc = 0.006 cm-I). On rapporte aussi 1'6nergie de l'ttat triplet et les 
paramttres de couplage a champ zero pour les ortho-, mita- et para-toluates de mtthyle et les 
ortho, mkta et para-tolunitriles. 

[Traduit par le journal] 

Introduction 
Electron spin resonance (esr) spectroscopy 

can give useful information about the effects 
(steric and electronic) of substituents on 
electronically excited triplet states (1). The 
zero-field splitting parameters (D and E) 
obtained from the esr spectrum are intrinsic 
properties of the triplet. Furthermore, in 
the best of cases, hyperfine splitting may be 
discernible in which case information about 
the unpaired electron distribution can be 
obtained. In contrast, other sources of in- 
formation, for example, singlet-triplet ab- 
sorption, phosphorescence emission, and triplet- 
triplet absorption, of course, involve transitions 
between two states and substituent effects 
on these spectra result from perturbations 
of both initial and final states. The usefulness 
of esr for providing information on the effect 
of substituents on stable (ground state) triplet 
molecules is also well established (2). 

'Contribution No. 167 from the Photochemistry 
Unit. 

'On leave (1973) from Department of Chemistry, 
University of Prince Edward Island, Charlottetown, 
P.E.I. 

3Present address: Solar Laboratories, Inc., Costa 
Mesa, CA. 

We have reported (lc) results of a study on 
the esr and phosphorescence emission spectra 
of methyl benzoates with electron-withdrawing 
substituents (cyano- and carbomethoxy-) from 
which it was possible to conclude that the 
lowest triplet of these compounds has n,n* 
character. It was also clear, from the relatively 
small value of D (compared with that for 
benzene for example) that considerable spin 
density was distributed onto the carbomethoxy 
and cyano groups. We have now extended 
this study to include methyl mesitoate and 
mesitonitrile in an attempt to assess the steric- 
effect (inhibition of resonance) on the zero- 
field splitting parameters and triplet energy. 

It is well known that the carboxyl carbonyl 
of methyl mesitoate cannot be coplanar with the 
phenyl ring in the ground state and therefore 
resonance interaction is r e d ~ c e d . ~  On the other 
hand, the nitrile function, being linear, is not pre- 
vented from being planar with the ring in mesito- 
nitrile and resonance and inductive interaction 
with the ring are uninhibited. This classic con- 
cept, established over thirty-five years ago, has 

4X-Ray analysis of mesitoic acid (hydrogen-bonded 
dimer) indicates the carboxyl group is twisted out of 
plane of the ring by 48.4" (3) while o-toluic acid (hydro- 
gen-bonded dimer) is almost planar (4). 
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been used to explore the importance of steric 
effects in several diverse systems (5). 

An example of the difference in steric inter- 
action in methyl mesitoate and mesitonitrile 
which is most pertinent to the present dis- 
cussion is the comparison of the ultraviolet 
absorption spectra of these compounds, first 
reported by Fehnel and Wepster (6). These 
spectra are shown in Figs. 1 and 2. Figures 
l a  and lb allow a comparison of the absorption 
spectra of methyl benzoate and cyanobenzene 

FIG. 1. The primary band (a, left axis of ordinates) 
and secondary band (b, right axis of ordinates) of 
the ultraviolet absorption spectra of methyl benzoate 
and benzonitrile in ethanol solution. 

FIG. 2. The primary band (a, left axis of ordinates) 
and secondary band (b, right axis of ordinates) of 
the ultraviolet absorption spectra of methyl mesitoate 
and mesitonitrile in ethanol solution. 

in the primary ('Lo) and secondary ('L,) ab- 
sorption band regions. The similarity of the 
spectra indicates a resonance interaction in- 
volving the carbomethoxy and cyano sub- 
stituents in both compounds. Figures 2a and 
2b show the same absorption regions for 
methyl mesitoate and mesitonitrile. While the 
spectrum of mesitonitrile still indicates the 
strong resonance interaction between the cyano 
group and the phenyl ring, the spectrum of 
methyl mesitoate is very different from that 
of methyl benzoate and reflects the diminished 
resonance interaction. The lowest triplet has the 
'Lo configuration; therefore, the steric effect 
on the corresponding singlet evident in Fig. 
2a should be compared with that on the trip- 
let (7). 

Results and Discussion 
The spectral (electron spin resonance and 

phosphorescence emission) characteristics of 
the triplet states of the substituted methyl 
benzoate esters and cyanobenzenes studied 
here are summarized in Table 1. 

It is apparent, from the overall similarity 
of the data, that a E,E* triplet is involved 
in every case. In particular, the phosphorescence 
lifetime which varies between 1 and 5 s is too 
long for an n,n* state. We assume, therefore, 
that the differences that do exist can be con- 
sidered as substituent effects on the 3L, (or 
3B1L,) state (7). 

Since the triplet energy of methyl benzoate 
(77.9 kcal mol-l) and cyanobenzene (77.0 kcal 
mol-l) are similar, the difference in the triplet 
energy of methyl mesitoate (80.5 kcal mol-l) 
and mesitonitrile (74.2 kcal mol-I), that is, 
6.3 kcal mol-l, can be attributed to the steric 
effect in the former. The triplet energy of 
methyl mesitoate is in fact comparable to 
that of mesitylene (79.8 kcal mol-l) or isodurene 
(79.6 kcal mol-l) (8). 

The observed steric effect upon the absorp- 
tion and emission spectra are, of course, 
the combined influence on both the ground 
state and on the excited singlet and triplet 
states, respectively. The increase in triplet 
energy of methyl mesitoate relative to mesitoni- 
trile and methyl benzoate is interpreted to 
mean that while the ground state energy of 
methyl mesitoate may be raised by the lack 
of resonance interaction, the excited state 
energy is raised even more and the result 
is a net increase in the transition energy. 
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TABLE 1.  Zero-field splitting parameters and phosphorescence energies for the triplet of some substituted methyl 
benzoates and cyanobenzenes 

Compound T~~~~ (s) ET (kcal mol-l) Dlhc (cm-l) E/hc (cm-') D*/hc (cm-I)" Reference 

Methyl benzoate 2.7 77.9 0.133 0.011 0.134 b 

Methyl-o-toluate 2.2 77.5 0.120 0.023 0.126 e 

Methyl-m-toluate 4.2 75.9 0.120 0.035 0.134 e 

Methyl-p-toluate 3.8 76.4 0.123 0.009 0.124 e 

Methyl mesitoate 1 .2 80.5 0.127 0.013 0.129 e 

Cyanobenzene 3.7 77.0 0.135 0.005 0.135 e 

0.04 76.7 0.137 0.007 0.138 d .  e 
- - 0.134 0.019 0.138 f. s 
- - 0.136 0.006 0.139 h ,  i 

o-Tolunitrile 3.9 75.9 0.133 0.014 0.135 e 

m-Tolunitrile 4.7 75.3 0.130 0.022 0.135 c 

p-Tolunitrile 3.9 75.8 0.131 0.006 0.131 e 

- 76.1 0.136 0.005 0.136 d .  e 

- - 0.134 0.022 0.139 f, s 

Mesitonitrile - 74.2 0.127 0.006 0.127 e 
- - 0.127 0.019 0.132 f, s 

"Calculated [D* + (DZ + 3E2)'12]. 
bReference la. 
'This work. 

1,Cdibromobenzene crystals at 77 K. 
DReferences Ig, lh. 
JIn 2-methyltetrahydrofuran at 77 K. 
PReferences li, 1 j. 
hReference le. 
'In ethanol at 77 K. 

We look next to the zero-field splitting 
parameters for direct evidence on the structure 
of the triplet. 

The decrease in the D value from that for 
benzene (0.158 cm-I (9)) to that for methyl 
benzoate (0.133 cm-') is taken as an indi- 
cation of the greater average separation of 
the electrons in the triplet of methyl benzoate. 
Assuming the point dipole approximation, 
the D value of benzene is equivalent to an 
average separation of the electrons of 2.02 A; 
while that of methyl benzoate is equivalent to 
2.14 A.5 The same increase in the average separa- 
tion of the electrons is observed with cyanoben- 
zene. The trend to lower D values continues 
with mesitonitrile indicative of the ability of a 
methyl substituent to  take on spin density. 

If the carbomethoxy moiety is prevented 
from becoming coplanar with the phenyl ring 
in the triplet of methyl mesitoate, the D value 
should increase relative to that of mesitonitrile 
and approach that of mesitylene itself. Such 
is not the case; methyl mesitoate has the same 
D value as mesitonitrile (within experimental 
error) and the value is considerably smaller 
than that for mesitylene (Dlhc = 0.140 cm-I 
(10)). 

5The average separation of the electrons in the triplet 
was estimated using the equation D = (3/4)g2P2 x 
( l / r3)  (ref. la). 

There are several possible explanations for 
this result; one is that in the triplet the carbo- 
methoxy moiety is able to twist enough toward 
the plane of the phenyl ring so that electron 
delocalization can occur. That is, the steric 
interactions may not be severe enough to 
prevent the triplet of methyl mesitoate from 
becoming planar enough to allow delocalization 
of the electrons to an extent similar to that 
of mesitonitrile. This, of course, would be 
at the expense of energy reflected in the in- 
creased triplet energy. To test this possibility 
we attempted to obtain the esr spectrum from 
the triplet of methyl 1,3,5-tri-tert-butylbenzoate. 
However, the esr spectrum and the phos- 
phorescence emission spectrum of this coni- 
pound indicate that more than one species 
is present; we believe this ester to be photo- 
chemically reactive, and have thus far been 
unable to characterize the triplet. 

Experimental 
The procedure and apparatus used have been de- 

scribed previously (lc, 2c). 
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La pyrolyse de poly(adipate de butylkne-1,4) 

De'puvtemenf de Chimie, UniversitP de MontrPul, C.P.  6210, Succ. A ,  MontrPal, (QuP.), Canada H3C3V1 

R e ~ u  le 29 novembre 1976 

FRANCOIS MESSIER et DON C. DEJONGH. Can. J. Chem. 55,2732 (1977). 
Le poly(adipate de butylene-l,4) (1) a t t t  pyrolyse dans un bateau de porcelaine plact a 

l'inttrieur d'un tube de quartz chauffe a l'aide d'un four externe. Les produits volatils ont ett 
entraines dans un courant d'azote et conduits a I'exterieur de la zone chauffte. Le polyester 1 
fut pyrolysk prts de l'entree de la zone chauffte ainsi que pres de la sortie de la zone chauffte a 
des temperatures de 500 et 700°C avec ou sans vide. L'acide adipique (2) et la cyclopentanone 
(4) ainsi qu'un mtlange de mono (5) et diesters (6) du monomkre, du dimere et du trimere furent 
isolts comme produits de pyrolyse. 

La pyrolyse de 1 a 500°C pres de la sortie de la zone chauffte la pression atmosphtrique, a 
donnt un rendement de 14% de 2,10% de 4,40% de 5 et 18% de 6 ;  5 Btait constitut de 26% du 
monoester du monomere et 74% du monoester du dimere, tandis que 6 ttait constitut de 63% 
du diester du monomkre et 37% du diester du dimkre. Par contre, 700°C sous vide (0.2-0.3 
Torr) avec le polymere 1 pres de l'entrte de la zone chauffte, le rendement de 2 ttait plus tlevt 
( N  3573, et les trirneres Ctaient trouvts dans les monoesters 5 et les diesters 6, avec les dimeres 
et monomeres. 

FRANCOIS MESSIER and DON C. DEJONGH. Can. J. Chem. 55,2732 (1977). 
Poly(l,4-butylene adipate) (1) was pyrolyzed in a porcelain boat placed in a quartz tube 

heated by a furnace. Volatile products were carried out of the heated zone into traps by a flow 
of nitrogen. Polyester 1 was pyrolyzed both near the entrance and near the exit of the heated 
zone, at 500 and 700°C with and without a vacuum. Adipic acid (2), cyclopentanone (4), and a 
mixture of mono (5) and diesters (6) of the monomer, din~er, and trimer, were isolated as prod- 
ucts of the pyrolyses. 

The pyrolyses of 1 at 500°C near the exit of the heated zone at atmospheric pressure gave 14% 
of 2, 10% of 4, 40% of 5, and 18% of 6; 5 consisted of 26% monoester of monomer and 74% 
monoester of dimer, whereas 6 consisted of 63% diester of monomer and 37% diester of dimer. 
At 700°C, 0.2-0.3 Torr, with 1 near the entrance of the heated zone, the yield of 2 was higher 
( ~ 3 5 % ) ,  and trimers were found in the monoesters 5 and diesters 6, along with dimers and 
monomers. 

Introduction 
Plusieurs mtthodes existent pour caracttriser 

des polymbres (1); par exemple, on peut citer la 
spectroscopie infrarouge, qui est une des prin- 
cipales techniques pour connaitre la structure 
physique et chimique du polymbre, et la spec- 
troscopie de rtsonance magnttique nucltaire 
(rmn), qui permet de dtterminer la tacticitt 
du polymbre ainsi que sa distribution stquen- 
tielle. I1 existe tgalement des mtthodes de carac- 
ttrisation en solution telles que la mesure 
de la viscositt, ainsi que I'osmomCtrie, qui 
permettent de connaitre la masse moltculaire 
moyenne (M,)  des polymbres (2). On peut 
aussi faire l'ttude de polymbres B l'ttat solide 
B l'aide de la diffraction des rayons-X (I), 
mtthode qui donne un apergu de la cristallinitt 
des polymbres. Une autre mtthode permettant 

'A qui toute demande d'information devra &re 
adresste. 

de caracttriser un polym2re et d'avoir une idte 
sur sa stabilitt thermique est la thermogravi- 
mttrie (1). 

Une mCthode apparentCe B la thermogravi- 
mttrie existe pour dtterminer la stabiliti ther- 
mique d'un polymbre, la pyrolyse. Dans ce cas, 
on ttudie les produits formts lors de la pyrolyse, 
contrairement B ce qui se passe pour la ther- 
mogravimttrie. Avec cette dernibre mtthode, 
1'Ctude se porte sur le rCsidu, c'est-&-dire la perte 
de poids en fonctioii de l'augmentation de tem- 
ptrature. 

Depuis quelques anntes, on se sert du patron 
obtenu lors de la pyrolyse d'un polymkre pour 
l'identifier. En couplant un chromatographe en 
phase gazeuse (cpg) au pyrolyseur, les produits 
de la pyrolyse sont siparts et analysis par cpg. 
La distribution des produits vue sur le chro- 
matogramme devient une caracttristique du 
produit de dtpart (3, 4). I1 existe de nombreuses 
riftrences impliquant cette mCthode d'analyse 
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de polymbres. On peut citer, i propos de ce 
prisent travail, l'analyse par cpg des produits de 
la pyrolyse du poly(Cthylacry1ate d'kthylbne), du 
poly(viny1acCtate d't thylbne) (5),  du poly(mCtha- 
crylate de n-butyle) (6)  et du poly(mCthacry1ate 
de mCthyle) (7). Nombreuses autres rCfCrences 
concernant la pyrolyse de polymbres se trouvent 
dans la IittCrature (8).2 

Dans nos laboratoires on possbde une vaste 
expCrience de la py~olyse en phase gazeuse de 
moltcules aromatiques et volatiles (9, 10). Nous 
voulions acquCrir de I'expCrience dans la pyro- 
lyse de polymbres, et, a cette fin, nous avons 
dCcidC de mettre au point la pyrolyse de poly- 
mbres avec nos appareils en effectuant la pyro- 
lyse du poly(adipate de butylbne-1,4) (1). En 
gCnCral, la pyrolyse d'ester donne lieu la forma- 
tion d'acide carboxylique et d'olkfine via l'inter- 
mCdiaire d'un cycle A six membres (11). Par 
exemple, la dCgradation thermique du poly(oxy- 
carbonylCthyl6ne) donne en premier lieu la for- 
mation de deux fragments, un contenant un site 
d'insaturation et l'autre une fonction acide en 
bout de chaine (12). La partie portant la fonction 
acide en bout de chaine se fragmente B nouveau, 
toujours par le m2me mCcanisme, pour donner 
lieu 2 la formation de l'acide acrylique. 

Des dtgradations thermiques de polyesters 
aromatiques et aliphatiques ont CtC effectuCes 
aussi directement dans la source d'ionisation 
d'un spectrombtre de masse (13), sans passer 
par la cpg. Les polyesters de l'acide ttrkphtalique 
et diols aliphatiques se dCgradent par une Climi- 
nation-cis, ce qui donne l'acide tCrCphtalique. 
Dans le cas des polyesters des acides dicarboxy- 
liques aliphatiques, ce sont les liaisons 0-CO 
et CO-CH, qui se brisent. De plus, une petite 
quantitC de trimbre cyclique a CtC trouvCe dans 
un Cchantillon commercial de poly(tCrCphta1ate 
d'kthylbne) (14); ce trimbre se volatilise B 190°C, 
tandis que la pyrolyse du polyester commence 
vers 300°C. 

Aux diffkrents exemples citCs oh la pyrolyse se 
fait dans un pyrolyseur, l'appareil admet une 

quantitC d'un microgramme 2 un milligramme 
de produits, et est directement coup16 2 un 
appareil de cpg. Au contraire, dans notre cas, on 
isole le mClange de produits. Puis, on les identifie 
et on en dCtermine le rendement, ce qui demande 
une quantitC de polymbres au depart d'environ 
3 g 8  1 g. 

Partie thCorique 
Caracte'risation du poly(adipate de butylzne- 

194) (1) 
Nous avons dCterminC la masse molCculaire 

moyenne (a,) du poly(adipate de butylbne-1,4) 
(1) par la tonnomktrie (15). Une masse moyenne 
de 4700 g/mol a Ctt trouvke, correspondant a 
24 pour le nombre moyen dlunitCs de rCpCtition 
(2). 11 faut prCciser que la tonnomktrie ne donne 
aucune indication sur la courbe de distribution 
des molCcules de diffkrentes masses prCsentes 
dans le polymbre. Le spectre rmn du polymbre 
1 ne rCvble que trois pics, c'est-&-dire qu'il n'y a 
pas de pics provenant d'un groupe hydroxyle ou 
d'impuretks. 

Mkthode de pyrolyse 
Dans les cas des produits de dCpart volatils, il 

s'agit d'abord de les sublimer, et, puis, 2 l'aide 
d'un courant d'azote de les amener dans un four 
pour y 2tre pyrolysks (9, 10). Dans le cas de 1, 
au lieu de sublimer 1'Cchantillon dans u11 courant 
d'azote, on le place dans un bateau de porcelaine, 
et puis, il est amen6 dans la zone chauffCe A 
l'aide d 'ui~ dCplacement manuel (voir la fig. I), 
ou d'une tige de fer et d'aimants. Par cette 
mCthode, le polymbre sera pyrolysC en phase 

Tube de quartz bateau ovec palym\ere 
(diamttre 2.5 cm) ( 0 5  b 1 0  g )  

entre'e 
au four 

sartte 
du four 

'N.B.: cette derniere rkfkrence contient au-del8 de 500 FIG. 1 L'introduction du polymere dans la zone 
rkfkrences. chauffke. 
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solide, mais'dks qu'il y aura formation de pro- 
duits volatils, ceux-ci seront entrainCs dans le 
courant d'azote et amenCs B 17extCrieur de la zone 
chauffke. Si les produits primaires sont pyrolysCs 
en route, on obtiendra des produits primaires, 
secondaires, etc, de pyrolyse. 

I1 y a plusieurs parametres pouvant influencer 
la formation et la distribution des produits, tels 
que la pression, la tempCrature et le dCbit d'azote. 
En plus, il y a l'endroit oii est placC le bateau 
dans la zone chauffke. Lorsque la pyrolyse est 
effectuCe prks de l'entrie, la zone chauffie par- 
courue par les produits dans le courant d'azote 
est beaucoup plus longue, environ 30 cm, que 
lorsque cette pyrolyse est effectuCe prks de la 
sortie (environ 10 cm). De ce fait, dans les 
memes conditions de temptrature, de pression et 
de dtbit d'azote, la pyrolyse est plus complete 
lorsque celle-ci est effectuCe prks de 1'entrCe 
plutat que pres de la sortie de la zone chauffke. 

Pyrolyse du polymtre 1 prbs de la sortie de la 
zone chaufSe'e 

Le polyester 1 est amen6 dans la zone chauffCe 
pour y &re pyrolysC a une tempkrature de 700°C 
B la pression atmosphCrique. Un lCger dCbit 
d'azote permet aux produits formis d'&tre 
balayts de la zone chauffke et rCcuptrCs dans 
une sCrie de trappes. Le mtlange de produits 
obtenu est form6 de l'acide adipique (2), du 
butadikne-1,3 (3), de la cyclopentanone (4), 

ainsi que de deux groupes d'esters, soit les 
monoesters 5 et les diesters 6 de butene-3 (schtma 
1). La cyclopentanone (4) se forme de la pyrolyse 
de l'acide adipique (16). 

En injectant ce mClange brut de produits sur 
un chromatographe en phase gazeuse, i~ous  
avons pu isoler le monom2re du monoester (5 
ou x = 0). Sa formule et ses fragmentations 
caractCristiques ont kt6 dCterminCes a l'aide de 
ses spectres de masse B haute et basse rCsolution 
(tableau 1). 

Le spectre rmn permettait Cgalement l7Clucida- 
tion de la structure du monomkre 5 (x = 0). 

De plus, nous avons pu isoler le monomhe du 
diester (6 oii x = 0) par cpg. La structure du 
diester 6 fut ClucidCe B l'aide de son spectre de 
masse ainsi que par son spectre rmn. Cette 
fois-ci, l'ion molCculaire est prtsent B mle 254, 
mais en faible abondance relative, et les frag- 
mentations sont les m&mes que celles du monoes- 
ter 5 (tableau 1): mle 254(1%), 183(57%), 
129(50%), 5 101(15%), 83(13%)7 
55(100%) et 54(77%). 

Nous avons pris aussi le spectre rmn du 
mClange brut obtenu de la pyrolyse, aprks 
1'Climination de l'acide adipique par prCcipita- 
tion. Ce spectre rmn Ctait identique a la super- 
position de ceux des monomeres, sauf que la 
valeur de 17intCgration obtenue Ctait beaucoup 
plus ClevCe que celle attendue pour la presence 
des monomkres seuls. Le spectre de masse de ce 

- 
d e b c  b a a b  f 
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TABLEAU 1. Spectres de masse du monoester 5 (x = 0) 

Int. 
m/en rel.* Formulec InterprCtationd 

Ion mol&ulaire 
Perte de OH. 
Perte de H,O 
Perte de .OR 
mle 129 - HzO, m* 
mle 129 - CO 
mle 101 - HzO, m* 
R +  
Rkarrangement d'hydrogene-y 

'Les pics les plus importants. 
*Intensitts relatives a 70 eV. 
CObtenues a haute resolution. 
dLa presence de pics metastables est notbe par "m*". 
'Cette formule n'etait pas determinee. 

mClange brut contenait des pics correspondant 
aux monomeres, et, de plus, des pics indiquant 
le meme genre de fragmentations observCes dans 
le cas des monomkres, mais B des masses plus 
ClevCes de 200 unitCs. Ces pics devaient Stre dQs 
B un mClange du monomere (x = 0), du dimere 
(x = l), du trimere (x = 2), etc., de structures 
5 et 6. 

r o 1 
I I 

CH2=CH--CH CH2-0--C-CH2-CH,- - - 2-- - - 
d e b c  b a 

6 (x = 0) 

a(6 1.7,m,2H),b(62.4,m,4H),c(64.2,t,2H),d(65.2,m,2H), 
e(65.7,m,lH) 

Vu que rien de plus grand que les monomkres 
(5 et 6, x = 0) ne sortait du chromatographe en 
phase gazeuse, nous avons dCcidC de sCparer par 
extraction les monoesters 5 des diesters 6 et 
d'en dCterminer les masses moyennes. Les rende- 
ments de l'acide adipique (2), de la cyclopenta- 
none (4) et des esters 5 et 6, ainsi que la valeur 
de la masse moyenne des monoesters 5 et des 
diesters 6, sont prCsentCs au tableau 2. 

Les valeurs obtenues pour les masses moyen- 
nes indiquent que les monoesters et les dies- 
ters 5 et 6 consistent surtout en monom&re et en 
dimere, car ces valeurs se situent entre la masse 
du monom6re, qui est de 200 (5, x = 0) ou 254 
g/mol (6, x = 0), et celle du dimere, qui est de 
400 (5, x = 1) ou 454 glmol(6, x = 1). De plus, 
les valeurs d'inttgration des protons apparaissant 
sur les spectres rmn ne correspondent pas au 
monomere ou au dimere simplement et sont 
trop faibles pour correspondre au trimkre. Les 
valeurs d'inttgration se situent entre celle du 

monomkre et celle du dimere, confirmant 
I'tnoncC que les esters 5 et 6 consistent d'un 
mClange monomkre-dimere dans ce cas. 

Le partage en monomkre et en dimere dans les 
mClanges de 5 et 6 fut determink par la mCthode 
de tiitonnement a partir de la masse moyenne 
trouvCe exptrimentalement. Pour commencer, 
on choisissait un pourcentage du monomere et 
le pourcentage complCmentaire en dimere, d'une 
facon arbitraire. En multipliant le pourcentage 
par la masse molCculaire du monomkre ou du 
dimkre selon le cas, on obtenait alors une masse 
molCculaire moyenne que I'on comparait B celle 
obtenue expCrimentalement. On procCdait ainsi 
jusqu'h ce que la masse moyenne correspondant 
aux pourcentages de monomere et dimere soit 
Cgale B celle obtenue expkrimentalement. Les 
difftrents pourcentages en monomere (x = 0) 
et dimere (x = 1) des mClanges de 5 et de 6 
dCterminCs de cette facon sont Cgalemeilt 
prCsentCs dans le tableau 2. 

Nous avons alors pris les spectres rmn des 
monoesters 5 et des diesters 6. D'apres les 
pourcentages en monomere et dimkre des esters 
5 et 6 ,  tels que prCsentCs dans le tableau 2, 
I'intCgration des protons correspondant B chacun 
des pics devant apparaitre sur les spectres rmn 
pouvait Etre prCdite. I1 s'agissait de multiplier les 
pourcentages de x = 0 et de x = 1 par le nombre 
de protons prtsents dans le monomere et le 
dimkre et de les additionner. Les inttgrations 
trouvCes dans ces spectres rmn Ctaient tr&s 
voisines de celles dCduites des pourcentages de 
monom&re et dimere. 

Une autre pyrolyse du polyester 1 fut effectute 
mais & une temptrature de 500°C et avec un ltger 
dCbit d'azote. Les resultats obtenus pour cette 
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MESSIER ET DEJONGH 

TABLEAU 3. RCsultats de la pyrolyse de 1 prks de lYentrCe de la zone 
chauffke a 700°C sous vide (0.2-0.3 Torr) 

Rendt monomtre, dimtre, 
Compose Pyrolyse (%) M' [ trimkre 

2 1 37" 

I 
2 36 
3 40 
4 29 

4 1 7" 
2 7 
3 8 
4 5 

5 1 31b 482(x = 1, 59%; x = 2,41%) 
2 19 343(x = 0, 29%; x = 1,  71%) 
3 17 321(x = 0,40%; x = 1, 60%) 
4 33 468(x = 1, 66%; x = 2, 34%) 

6 1 9b 511(x = 1, 71%; x = 2, 29%) 
2 29 562(x = 1, 46%; x = 2, 54%) 
3 19 514(x = 1, 70%; x = 2, 30%) 
4 12 483(x = 1, 85%; x = 2, 15%) 

"Ces rendements sont calculis en supposant que tout le polymere est transformi en 
ce produit. 

bCes rendements sont calculks en faisant le rapport de la quantiti de 5 et 6 selon le 
cas sur la quantiti de polymkre au dkpart. 

=Les masses moyennes sont determinies par tonnomktrie, g/mol. 

5 et des diesters 6 ainsi que dans leurs rende- 
ments. 

Dans ces cas aussi, nous avons dCterminC les 
diffirents pourcentages de monomkre ( x  = O), 
de dimkre (x = 1) et de trimere (x = 2) pour les 
esters 5 et 6 en procCdant de la mEme f a ~ o n  que 
dCcrite pour les rCsultats prCsentCs dans le 
tableau 2. DG aux valeurs de ces masses moyen- 
nes qui sont assez ClevCes, nous avons calculi 
les pourcentages en termes du dimkre et du 
trimkre except6 pour la formation des monoes- 
ters 5 dans les pyrolyses 2 et 3 o c  nous avons 
determini les pourcentages en termes du mono- 
mkre et du dimkre. Ces rCsultats sont Cgalement 
prtsentCs au tableau 3. En prenant les spectres 
rmn de ces esters 5 et 6, nous Ctions capables de 
vCrifier les pourcentages en monomkre, dimkre 
et trimkre dCterminCs a partir des masses 
moyennes. 

A une tempkrature de 500°C, sous vide (0.2- 
0.3 Torr), nous avons isole de l'acide adipique 
(7%), de la cyclopentanone (973, ainsi que les 
esters 5 et 6. La ditermination de la masse 
moyenne du mClange des monoesters et des 
diesters donne une valeur de M,, de 518 glmol. 
Ce rCsultat laisse supposer la prCsence surtout 
de trimkres. Aussi, si on regarde le spectre rmn 
de ce mClange, on constate que les abondances 
des pics d et e sont trks faibles devant les pics 
c, b et a. 

Discussion 
On peut expliquer l'origine des diffkrents 

produits lors de la pyrolyse du poly(adipate de 
butylkne-1,4) (1) par la transposition de l'hy- 
drogkne-y. Ce micanisme trks bien connu lors 
de la pyrolyse d'esters a permis l'explication de 
la formation de l'acide acrylique lors de la 
dkgradation thermique du poly(oxycarbony1- 
Cthylkne) (12). Le micanisme de la formation 
des produits lors de la pyrolyse du composC 1 
est donnC au schCma 2. 

Le groupe carbonyle active les atomes d'hy- 
drogknes adjacents, ce qui permet de passer par 
un ttat de transition quasi-cyclique a six mem- 
bres. Par la suite, l'hydrogkne-y est transposC 
sur l'oxygkne du groupe carbonyle pour donner 
lieu B la formation de deux fragments : l'un com- 
portant un site d'insaturation B la fin de la chaine 
et I'autre fragment portant un groupement car- 
boxyle en fin de chaine. Ce mecanisme explique 
trks bien la formation de l'acide adipique (2), 
ainsi que celle des monoesters 5 et des diesters 
6, et Cgalement, celle du butadikne-1,3 (3). La 
cyclopentanone (4) proviendrait de la cyclisation 
de l'acide adipique (2). 

Dans les publications sur la pyrolyse de poly- 
mkres a l'aide d'un pyrolyseur directement 
coup16 au chromatographe en phase gazeuse, on 
ne note que la prtsence de monomkres (6, 7, 
17). Si les oligomkres ne sortent pas de la 
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6 + H,O + CO, 

colonne, ou se dCgradent sur la colonne, il de- 
vient impossible de savoir s'ils se sont form&. 
Par contre, un avantage de notre mCthode est la 
mise en evidence de grosses moltcules par les 
spectres rmn et de masse, ainsi que par les dCter- 
minations des masses moyennes. 

Dans nos interpretations des spectres et des 
masses moyennes, nous avons prtsumC que la 
distribution des oligomeres soit dCterminCe par 
leurs volatilitCs, c'est-&-dire, par leurs masses. 
I1 serait Cgalement possible d7interpr6ter ces 
r6sultats en proposant la formation de mono- 
mere et de trimere, ou mCme de tCtramere, mais 
au dCtriment, par exemple, du dimere. D'apres 
le mtcanisme de pyrolyse d'esters, nous n'avons 
pas de raison de prCfCrer cette derniere interprC- 
tation et nous pensons que la premiQe est plus 
probable. De toute f a ~ o n ,  nous voulons souli- 
gner que les oligomeres se forment avec notre 
mkthode et ne sont pas perdus dans le traite- 
ment. I1 serait possible de les Ctudier en dCtail si 
on le dCsirait. 

La quantitC du polymQe employCe est tres 
petite (-50 pg) avec un pyrolyseur coup16 au 
chromatographe, alors que nous pouvons faire 

la pyrolyse sur des quantitks pouvant aller 
jusqu'h 1 g de polymere. Ce parametre est tres 
important surtout si 011 avait I'intention de se 
servir de la pyrolyse pour la prCparation d'oligo- 
m6res. Par contre, cet avantage peut devenir un 
desavantage lorsqu'il n'y a qu'une petite quan- 
titi du polym2re disponible. Une autre com- 
paraison que 1'0n peut faire de notre mtthode 
par rapport B celle oh le pyrolyseur est directe- 
ment coup16 au chromatographe concerne le 
temps nCcessaire pour faire une pyrolyse et pour 
analyser les produits. Alors que dans notre cas 
ceci prend plusieurs heures, avec le pyrolyseur 
cela ne prend que quelques minutes. Donc, si on 
fait la pyrolyse de polym6res dans le but de 
former et d7Ctudier les grosses molecules ob- 
tenues de la pyrolyse, la mCthode mise au point 
dans ce laboratoire est beaucoup plus avan- 
tageuse dii B la quantitk du polymere que I'on 
peut pyrolyser a la fois. 

Le point de fusion a kt6 determink a l'aide d'un appareil 
Buchi: la valeur rapportee n'est pas corrigee. Le spectre 
infrarouge a ete enregistre sur un spectrophotom&tre 
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Beckmann n~odele IR-8 a double faisceau. Les spectres 
de resonance magnet~que nuclkalre ont ete prls sur des 
spectrometres de 60 MHz Varian modele T-60-A et JEOL 
modele C-60-H Les deplacements chlmlques rapportes 
sont exprlmes en ppm, le tetran~ethyls~lane Ctant ut~llse 
comme reference Interne. Ces spectres furent prls dans 
le CDC1, Les spectres de masse ont ete pris sur un spec- 
trometre AEI modkle MS-902 et/ou Hltachi-Perk~n- 
Elmer modkle RMU-6-D selon le cas. Les analyses par 
chromatographie en phase gazeuse ont it6 fa~tes sur un 
chromatographe analytique modele Hewlett-Packard 
5750 munl d'un detecteur a conductiv~te thermique. Les 
mesures des masses moyennes en nombre (M,,) par ton- 
nometrle (15) ont ete fa~tes a I'aide de l'appareil 301A 
vapor pressure osmometer de la compagnie Hewlett- 
Packard Le poly(ad1pate de butylkne-1,4) provlent de la 
compagnie Eastman Kodak. 

Mithode de pyrolj~se 
(a) Pyrolyse puss de I'entrie de la zone chaufie 
Le polymkre (environ 900 mg) est place dans un bateau 

de porcelaine (8.5 x 1 x 0.8 cm) et garde sous un cou- 
rant d'azote a l'interieur d'un tube de quartz non-garni 
(60 cm de long et 2.5 cm de diamktre interne) qui est 
place dans un four. Lorsque le four, de marque Linberg 
Hevi-Duty SB Type 167, a atteint la temperature desiree 
pour la pyrolyse, le bateau est amen6 a l'interieur de la 
zone chauffee A l'aide d'une tige de fer et d'aimants. A la 
sortie de la zone chauffee par le four, il y a trois trappes 
afin de rkcuptrer les produits de la pyrolyse; la premiere 
est refroidie a l'air ambiant alors que les deux autres sont 
refroidies l'azote liquide. Lorsque la pyrolyse est faite 
sous vide, il y a une pompe a vide et une jauge McLeod 
placees a la suite des trois trappes. Le debit d'azote est 
regle B l'aide d'un regulateur place au debut du systeme. 
D'habitude, le debit d'azote est ajustk a 0.2 Plmin. 

En faisant la pyrolyse de cette f a ~ o n ,  les produits ont 
une longueur d'environ 30 cm de la zone chauffee par le 
four parcourir. 

(b) Pjlrolj~se prds de la sortie de la zone chauffie 
Cette fois-ci, le bateau est place a l'exterieur du four 

dans le tube de quartz (voir la fig. 1). Lorsque la tem- 
perature desiree du four est atteinte, le tube de quartz est 
pousse de f a ~ o n  ce que le bateau de porcelaine contenant 
le polymere se retrouve maintenant a l'intkrieur de la 
zone chauffee par le four, mais cette fois-ci, prks de la 
sortie. Dans ce cas, le polymere dans le bateau est place 
environ 10 c n ~  a l'interieur de la zone chauffee, ceci Ctant 
par consequent la distance maximum parcourue par les 
produits volatils de pyrolyse. 

(c) Traifement des produits de la pyroljlse 
Lorsque la pyrolyse est terminke et que la temperature 

du four est en d e ~ a  de 1OOoC, les produits se trouvant 
dans le tube de quartz a la sortie du four ainsi que dans 
les trappes sont recueuillis a l'aide de solvants appropries. 
La colonne ainsi que les trois trappes sont lavees avec du 
CHCI,. Le CHC1, est par la suite Cvapore mais pas com- 
plktement. DeJa l'acide adipique commence a precipiter; 
ce precipite est filtre et la solution mere est placke au 
refrigerateur afin de continuer la precipitation de l'acide 
adipique qui demeure en solution. Apres avoir filtre a 
nouveau l'acide adipique, la solution restante est amenee 
B 10 ml en ajoutant du CHCI,. Cette solution est, par la 
suite, analysee sur un chromatographe en phase gazeuse 
contenant une colonne de 9 pied x 0.25 po. de SE-54 

10% sur Chromosorb W et programmee de 80 a 260°C a 
un taux de IOC par min. La temperature est maintenue 
a 260°C durant 10 min environ. La temperature d'injec- 
tion est de 260°C alors que celle du detecteur est de 
300°C; le debit d'helium est de 100 ml/min. 

Analyse des produits 
(a) Cjlclopentanone 
L'analyse quantitative de la cyclopentanone est effec- 

tuee en injectant une quantite connue d'une solution 
standard de cyclopentanone, et en comparant la surface 
enregistree pour ce compose sur le chromatogramme i 
celle obtenue en injectant une quantite connue de la solu- 
tion de pyrolyse. 

(b) Butadidne-I,3 
Pour mettre en evidence la presence du butadiene-1,3, 

la troisieme travve est refroidie a l'azote liauide afin . . 
d'isoler ce produit. La premiere trappe est toujours re- 
froidie l'air alors que la seconde trappe est refroidie a 
l'aide d'un melange acetone - glace seche qui laisse passer 
le butadiene-1,3. Le butadibne-1,3 Ctait identifie par son 
spectre de masse qui correspond bien avec celui dans la 
litterature (18). 

(c) Acide adipique 
L'acide adipique est obtenu sous forme de cristaux 

blancs: pf 152-153°C (litt. (19) pf 153°C) (recristallist 
dans l'eau). Le spectre infrarouge pris dans une suspen- 
sion de KBr rkvele une bande s'echelonnant entre 3300 et 
2500 cm-' caracteristique des acides carboxyliques. Une 
bande C=O a 1700 cm-I est notee Cgalement. Le spectre 
rmn fut pris dans la pyridine-d,, et il est similaire a celui 
donne dans la litterature (20). Le spectre de masse, qui 
montre un pic de base a mle 100 (CSH802 t ) ,  concorde 
bien avec celui donne dans la litterature (18). 

(d) Esters 5 ef 6 
Lorsque I'acide adipique est enlev6 par precipitation, 

le CHC1, est evapore autant que possible, ainsi que la 
cyclopentanone. Le residu, environ 500 mg, contenant 
les esters 5 et 6 est dissous dans 20 ml d'ether. Apres 
I'avoir extraite trois fois avec 5 n11 d'une solution de 
NaHCO, saturee, la phase organique est sechee sur du 
MgSO,, puis Cvaporee pour donner le melange de diesters 
6. La phase aqueuse est acidifike, puis extraite au CHCI,, 
afin de recuperer le melange de monoesters 5. 

Nous presentons aux tableaux 2 et 3 les pourcentages 
de produits rCcuper6s. Comme il nous a fallu determiner 
les masses moyennes des esters 5 et 6, nous presentons 
ces valeurs pour chacune des pyrolyses. 
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Hydride transfer reactions. Oxidation of N-methylacridan by 
7~ acceptors1 
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ALLAN K. COLTER, GUNZI SAITO, and FRANCES J. SHAROM. Can. J. Chem. 55,2741 (1977). 
The oxidation of N-methylacridan (1) to N-methylacridinium ion (2) by the n: acceptors 

p-benzoquinone (BQ), 7,7,8,8-tetracyanoquinodimethane (TCNQ), p-chloranil (CA), tetra- 
cyanoethylene (TCNE), and 2,3-dicyano-1,4-benzoquinone (DCBQ) has been investigated. 
Second-order rate constants in acetonitrile (AN) vary by a factor of more than lo7 for this 
series. The rate of reaction of 1 with BQ increases 45-fold as the solvent composition is varied 
from AN to 50% (v/v) AN-water, but is insensitive to changes in buffer ratio or concentration 
in 75% AN. Spectroscopic evidence for charge-transfer complexing between the reactants was 
obtained with BQ and CA, and kinetic evidence for complexing was obtained with BQ in 75% 
AN. The primary isotope effect, p, calculated from the rates of oxidation of 1, 1-9-d, and 
1-9,9-d2 (l(HH), l(HD), and l(DD)) in AN varied from 4.5 (TCNE) to 13 (BQ), while the 
secondary isotope effect, s, was approximately constant (- 1.1). Values of the isotope parti- 
tioning ratio, ipr (the ratio of 2(D) to 2(H) formed in reaction of l(HD)) were determined for 
BQ in three AN-water mixtures and for CA, TCNE, and DCBQ in AN. For all systems 
studied, except BQ in 90% AN, where determination of the ipr is complicated by isotopic ex- 
change between unreacted 1 and product (2), the ipr agrees with p/s from the kinetic measure- 
ments. These results are discussed in terms of mechanism and compared with those of other 
hydride transfer reactions involving dihydronicotinamide donors. 

ALLAN K. COLTER, GUNZI SAITO et FRANCES J. SHAROM. Can. J. Chem. 55,2741 (1977). 
On a etudit l'oxydation du N-methylacridane (1) en ion N-methylacridinium (2) par des 

accepteurs n: comme la p-benzoquinone (BQ), le tetracyano-7,7,8,8 quinodimkthane (TCNQ), 
lep-chloranil (CA), le tetracyanoethylene (TCNE) et le dicyano-2,3 benzoquinone-1,4 (DCBQ). 
Les constantes de vitesse du deuxieme ordre dans l'acetonitrile (AN) varient par un facteur de 
plus de lo7 pour cette s6rie. La vitesse de reaction de 1 avec le BQ augmente par 45 fois lorsque 
]'on fait varier la composition de solvant de AN jusqu'a un melange de 50% (v/v) de AN-eau; 
toutefois cette vitesse de reaction est insensible a des changements dans des rapports de 
tampons ou de concentrations dans AN a 75%. On a pu obtenir des donnees spectroscopiques 
indiquant qu'il y a une complexation de transfert de charge entre les reactifs avec BQ et CA et 
des donnees cinetiques suggerant qu'il s'effectue une complexation avec BQ dans AN a 75%. 
L'effet isotopique prima ire,^, calcule a partir des vitesses d'oxydation de 1, 1-9-d, et de 1-9,9-d2 
(l(HH), l(HD) et l(DD)) dans AN varie de 4.5 (TCNE) jusqu'a 13 (BQ) alors que l'effet 
isotopique secondaire, s, est approximativement constant (- 1.1). On a determine les valeurs 
de rapport de partition d'isotopes (ipr) (le rapport de 2(D) a 2(H) forme lors de la reaction de 
l(HD)) pour BQ dans trois melanges de AN-eau et pour CA, TCNE et DCBQ dans AN. Dans 
tous les systemes etudies, excepte BQ dans AN A 90% oh la determination de ipr est compliquee 
par un echange isotopique entre le compose 1 qui n'a pas reagit et le produit 2, les valeurs de 
ipr sont en accord avec les valeurs de pis obtenues a partir de mesures cinetiques. On discute 
de ces resultats en termes de mecanisme et on les compare avec ceux d'autres reactions de 
transfert d'hydrure impliquant la dihydronicotinamide comme donneur. 

[Traduit par le journal] 

Oxidations of dihydropyridines and related 
compounds by hydride acceptors are of interest 
as models for biological oxidation-reduction 
reactions involving the pyridine nucleotide co- 
enzymes (2) ,  and as reactions of n: donors with n: 
acceptors (3). Although generally viewed as one- 
step hydride transfers, several mechanisms in- 
volving sequential transfer of one or two elec- 

'For a preliminary account of a portion of .these 
results, see ref. 1. 

trons and a hydrogen atom or proton are possible 
in theory. In fact, arguments for a mechanism 
involving electron transfer followed by hydrogen 
atom transfer have been made (4), and evidence 
for free radical (5) and free radical chain ( 6 )  
mechanisms has been reported for certain sys- 
tems. More recently, isotope effects requiring one 
or more intermediates in the oxidation of N- 
substituted-l,4-dihydronicotinamides by trifluo- 
roacetophenone (7), N-methylacridinium ion 
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(a), and the Zn2' complex of 1,lO-phenan- 
throline-2-carboxaldehyde (9) have been re- 
ported. The kinetic deuterium isotope effect in 
these reactions is substantially smaller than that 
demanded by the isotope partitioning ratio (ipr) 
(i.e., the ratio of hydrogen to deuterium trans- 
ferred in reaction of the 4-d-dihydronicotin- 
amide) for a one-step mechanism. 

While it is clear that oxidation of dihydro- 
pyridines by compounds capable of reacting as 
either hydride or electron acceptors sometimes 
occurs by a stepwise mechanism, we know of no 
reaction where all of the evidence requires a 
synchronous transfer of a proton and two 
electrons. For example, kinetic deuterium iso- 
tope effects which establish C-H bond breaking 
in the rate-determining step (1, 7-10) are equally 
consistent with hydrogen atom transfer within 
a reversibly-formed radical ion pair. We have 
undertaken a systematic study of the oxidation 
of dihydropyridine analogs with n acceptors with 
the aim of elucidating the mechanisms of these 
reactions and the dependence of the mechanism 
on structural and environmental variables. 

For our initial studies we have chosen N- 
methylacridan (1) as hydride donor. This choice 

was based on several considerations. It is experi- 
mentally much simpler than the more extensively 
studied dihydronicotinamides, which are chemi- 
cally more labile and in which there is a possibility 
of concurrent scrambling of deuterium between 
the 2-, 4-, and 6-positions (11). More impor- 
tantly, both the lower ionization potential of 1 
(below) and the smaller gain in resonance energy 
accompanying loss of hydride (compared to the 
dihydropyridines) (12) was expected to increase 
the lifetime of a radical ion pair intermediate. 
This paper describes an investigation of the 
products and stoichiometry, kinetics, solvent 
effects, and deuterium isotope effects in reaction 
of 1 with the acceptors p-benzoquinone (BQ), 
7,7,8,8-tetracyanoquinodimethane (TCNQ), p- 
chloranil (CA), tetracyanoethylene (TCNE), and 
2,3-dicyano- l,4-benzoquinone (DCBQ). An 

BQ TCNQ C A 

0 

TCNE DCBQ 

earlier kinetic study of the oxidation of 1 with 
2,6-dichloroindophenol has appeared (1 3). 

Results 
The products of oxidation of 1 by the five 

acceptors were identified by direct spectral 
examination of reaction mixtures under condi- 
tions similar to those of the kinetic studies 
(below), and by spectral and elemental analysis of 
isolated crystalline products. In agreement with 
earlier work (13, 14), the oxidation product in all 
cases is the N-methylacridinium ion (2), identi- 

C H ~  

2 

fied by spectral comparison with authentic N- 
methylacridinium salts (A,,, = 359 nm), and by 
isolation as the chloride or perchlorate salt. 
Reaction of 1 : 1 molar quantities of 1 and BQ 
in buffered 90% (vlv) acetonitrile-water (90% 
AN) followed by addition of hydrochloric acid 
afforded 2'C1-, along with hydroquinone, as 
the only isolable products. Reaction of 1 
(2 x M) with TCNQ (1.5 x' M) in 
AN was accompanied by the appearance of 
absorption maxima at 670 and 740 nm charac- 
teristic of the radical anion TCNQ' (15). The 
spectra (above 400 nm) of solutions of the 
products of reaction of 1 with excess CA are con- 
sistent with those expected for mixtures of CA 
and its hydroquinone monoanion, CAH- in 
equilibrium with the radical anion CAT (A,,, 
415-420, 435-44.0 nm) (16). With TCNE and 
DCBQ the principal reduction products as indi- 
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cated by uv-visible spectra are the corresponding 
radical anions TCNE' (17), and DCBQS (18), 
respectively. Similar results have been reported 
by Wallenfels et al. (19) in reaction of dihydro- 
pyridines with TCNE. In the reactions of 1 with 
TCNQ, TCNE, and DCBQ the corresponding 
crystalline radical ion salts of 2 can be isolated in 
high yield, however the DCBQS salt rapidly 
decomposes on exposure to air. Details of the 
application of this method to the preparation of 
radical anion salts of quaternary heterocyclic 
cations will be published separately. 

Based on these observations, the stoichiometry 
of these reactions is best represented by [I] for 

BQ; with the other four acceptors the equili- 
brium represented by [2] (16, 20) occurs to vary- 

ing extents. With TCNQ, TCNE, and DCBQ 
the complete oxidation of 1 mol of 1 requires 
approximately 1.5 mol of acceptor. 

Hydroquinone isolated from reaction of 
l(HD) with BQ in 90% AN contained no excess 
deuterium (mass spectral analysis) indicating 
that the hydrogen is transferred to an oxygen 
rather than to a carbon. Intermediate formation 
of 3, as might be expected by analogy with other 

nucleophilic additions to quinones (21) would, 
in isomerizing to the hydroquinone monoanion, 
retain some excess deuterium bound to carbon. 
A second control experiment in which l(DD) 
was oxidized by BQ in 90% AN led to 2(D) 
having no detectable H in the 9-position, 
demonstrating the absence of any exchange of 
the hydrogens at this position with solvent 
during the course of the oxidation. This result 
rules out mechanisms in which the hydrogen is 
transferred as a proton from any intermediate of 
reasonable lifetime. 

Mixing of separate solutions of BQ and 1 in 
benzene, chloroform, ether, or AN is accom- 
panied by instantaneous appearance of a new 
broad long wavelength absorption band (A,,, in 

benzene 505 nm) which disappears as the com- 
ponents react. A transient long wavelength 
absorption could be observed for several other 
acceptors as well, but measurement of its posi- 
tion becomes increasingly difficult with in- 
creasing acceptor reactivity. In benzene solvent, 
in which the subsequent reaction is slowest, 
measurement of A,,, was possible with CA and 
less reactive acceptors. With acceptors more 
reactive than CA, the band was masked by 
absorption due to the rapidly-formed acceptor 
radical anion. 

In order to confirm that the new maxima were 
charge-transfer absorptions, A,,, was measured 
for a series of five acceptors with the donors 1, 
pyrene, and perylene (Table I). Plots of the 
absorption frequencies for 1 us. those for the 
corresponding pyrene and perylene complexes 
describe reasonably good straight lines with 
slopes of 0.95 +_ 0.07 (pyrene) and 0.97 + 0.07 
(perylene). 

It is noteworthy that the donor strength of 1 
(as measured by charge-transfer frequencies) is 
much closer to that of 10-methylphenothiazine 
(4) and phenoxazine (5) than diphenylamine. 
For example, the charge-transfer frequencies for 
complexes of 4, 5, and diphenylamine with CA 

are, respectively, 14.4 x lo3 cm-I (AN) (22), 
13.7 x lo3 cm-I (AN) (22), and 15.4 x lo3 
cm-I (chloroform) (23), compared to 13.7 x lo3 
cm-I (benzene) for 1. 

Spectroscopic evidence for charge-transfer 
complexing between the reactants in hydride 
transfer reactions involving dihydropyridine 
donors has been reported previously (lOc, 10e, 
24). While no quantitative comparison of the 
donor strengths of 1 and N-alkyl-l,4-dihydro- 
nicotinamides is presently available, N-2,4,6- 
trimethylbenzyl-l,4-dihydronicotinamide was 
shown to be a weaker donor than 1. Mixtures of 
TNB and 1 in chloroform showed a well-defined 
maximum at 51 5 nm, while chloroform solutions 
of the dihydronicotinamide and TNB showed no 
evidence for charge-transfer absorption above 
500 nm. 
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TABLE 1. Charge-transfer absorption maxima for complexes of n: 
acceptors with N-methylacridan (I), pyrene, and perylene 

Acceptor la Pyreneb Peryleneb 

BQ 19.8 22.6 19.0 
1,3,5-Trinitrobenzene 19.5 22.2 19.6 
2,3-Dichloro-1,4-naphthoquinone 17.9 19.5 16.8 
2,3-Dichloro-5-nitro-l,4- 

naphthoquinone 15.0 17.5 14.5 
C A 13.7 16.2 13.2 

'Benzene solvent. 
 chloroform solvent. 

TABLE 2. Rates of oxidation of N-methylacridan (1) by BQ in buffered aqueous ANa 

Run No. %ANb 10' x [HOAc] (M) 10' x [NaOAc] (M) lo3 x k (M-' s-l)' 

@Concentrations: 1. 1.0-1.3 x M; BQ, 1.01-1.09 x M. Temperature, 25.07"C unless otherwise 
indicated. 

*Percentage acetonitrile (v/v, 25'C). 
=Pseudo first-order rate constant t stoichiometric BQ concentration. Averages of two rate runs with average 

deviation. 
dValues in parentheses corrected to exactly 75% (v/v) acetonitrile-water. 
LTemperature, 54.95"C. 

All rate measurements were carried out under 
pseudo first-order conditions using a large excess 
of acceptor. The progress of the reaction was 
followed spectrophotometrically utilizing the 
acridinium absorption at 359 nm (BQ, TCNE) or 
420 nm (CA, DCBQ) or that of the radical anion 
(TCNQ, 680 nm). The TCNE and DCBQ rates 
were measured using stopped flow spectro- 
photometry. The kinetics are first-order in each 
reactant within experimental error at sufficiently 
low acceptor concentrations, with small devia- 
tions from strict second-order behaviour at 
higher acceptor concentrations (below). 

The first kinetic studies with BQ were carried 
out in buffered AN-water mixtures. Because of 
the possibility of general acid catalysis, the in- 
fluence of small changes in buffer ratio and con- 
centration was examined with acetic acid - 
sodium acetate buffers. Within the limited ranges 
studied, second-order rate constants (Table 2) 
vary only slightly with buffer ratio or concen- 
tration. A similar insensitivity to p H  and ionic 
strength has been observed in oxidations of N- 
alkyl-l,4-dihydronicotinamides with thiobenzo- 
phenone (lOa), BQ (25), and trifluoroaceto- 
phenone (26), all in mixed aqueous solvents. The 

difficulty in demonstrating general acid catalysis 
in mixed aqueous solvents has been noted (27) 
and our limited investigation does not exclude the 
possibility of a very small contribution from acid 
catalysis. The small decrease in second-order 
rate constant with increasing buffer concentra- 
tion is most likely a result of a salt-induced 
medium effect (28). The activation parameters 
for reaction of 1 with BQ in 75.12% AN, calcu- 
lated from runs 1 and 6, are AH* = 11.7 f 0.3 
kcal mol-' and AS* = -29.4 f 1.2 cal deg-I 
mol-l. 

The rate measurements with BQ are compli- 
cated by its photochemical instability, which 
becomes more serious with decreasing ratio of 
acetic acid to sodium acetate and increasing 
percent AN (slower rates). In the absence of a 
proton source the kinetic behaviour in 100% AN 
is complex. For these reasons, most of the sub- 
sequent rate measurements were carried out in 
the presence of 0.01 M acetic acid. 

Because of the expectation of molecular com- 
plexing between the reactants, second order rate 
constants (pseudo first-order rate constant 
+ stoichiometric acceptor concentration) were 
measured at several concentrations of BQ in 
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75% AN (Table 3). The reproducibility of in- 
dependently-determined rate constants is about 
+2% (e.g., compare runs 11 and 12). Never- 
theless, a fairly regular decrease in k with in- 
creasing BQ concentration is clearly discernible. 
Similar results have been observed in the oxida- 
tion of N-alkyl-1,4-dihydronicotinamides with 
flavins (lOc, 24c) and N-methylacridinium ion 
(24d). 

The data are consistent with any of several 
mechanisms involving equilibrium complexa- 
tion of the reactants, e.g., [3], where D H  is the 

K kc 
[3 1 DH + A =$ DH.A -t Products 

donor and A the acceptor. Under conditions 
where the acceptor is in large excess, this 
mechanism leads to [4] (3), where k is the 

observed second-order rate constant at a stoi- 
chiometric concentration of A = c,. A plot of 
the kinetic data in Table 3 according to [4] leads, 
by least-squares analysis, to K = 0.19 M-' 
(standard deviation 0.03) and k,K (the true 
second-order rate constant based on uncom- 
plexed reactants) = 5.88 + 0.05 x loe3  M- '  
s-'. Exclusion of the point for run 13, which lies 
furthest from the best fit straight line, leads to 
K = 0.20 + 0.02 M- '  and k,K = 5.88 + 0.04 

M - ~  ~ - l .  
While the kinetic results are consistent with 

1 : 1 complex formation between the reactants 
with an association constant of ca. 0.20 M-l ,  this 
interpretation must be viewed with some caution 
because of the very small decreases in k .  Non- 
specific medium effects resulting from 0.5 M BQ 

TABLE 3. Rates of oxidation of N-methylacridan 
(1) by BQ as a function of BQ concentrationa 

Run No. CBQ (M)* lo3 x k (M-l s-l)= 

 solvent 75:25 (vlv, 25°C) acetonitrile-water, 0.01 M 
acetic acid. Temperature, 25.0°C. Concentration of  1, 
0 . 5 - 1 . 4 ~  10-4M. 

b~toichiometric BQ concentration. 
CSee footnote c, Table 2. Averages of three measure- 

ments, except as noted, listed with standard deviations. 
dAveragebf two measurements 

TABLE 4. Solvent effect on the rate of oxidation of N- 
methylacridan (1) by BQ in AN-water mixtures" 

Run No. %ANb Z (kcal mol-')' lo3 x k (M-Is-') 

.Temperature, 25.0°C. Concentrations: 1, 0.7-1.2 x M; BQ, 
0.0986 M .  

Percentage A N  (vlv, 2S°C), 0.01 M acetic acid. 
CEnergy of the interionic charge-transfer band of 1-ethyl-4-carbo- 

methoxypyridinium iodide, 25'C (29). 

might easily produce changes in k comparable 
to  those observed. 

The effect of solvent on the rate of reaction of 
1 with BQ was examined in AN-water mixtures 
covering the range 50 to 100% AN (Table 4). In 
order to  obtain a more quantitative measure of 
the sensitivity of the rate to changes in ion- 
solvating ability, Z values (29) were measured 
for five of the seven solvents. Direct measurement 
of Z is not possible for AN-water mixtures 
containing more than about 30% water (29). A 
plot of log k us. Z is reasonably linear; least- 
squares analysis leads to  [5] (corr. coef. 0.985), 

[5] log k = 8.11 k 0.64 x 10V2 Z - 9.12 f 0.52 

where the stated uncertainties are standard 
deviations. 

An increase in rate with increasing ion- 
solvating ability has been noted previously in 
reactions of various 1,4-dihydropyridines with 
thiobenzophenone (lOa), riboflavin (lob), pyri- 
doxal (30), and hexachloroacetone (10e). The 
most extensive study of solvent effects is that of 
van Eikeren and Grier (26) who found that the 
rate of oxidation of N-propyl-1,4-dihydronico- 
tinamide by trifluoroacetopl~enone in dimethyl 
sulfoxide - water and 2-propanol-water mix- 
tures depended only on the mole fraction of 
water. If the same is true of AN-water mixtures 
(AN and dimethyl sulfoxide have almost iden- 
tical Z values) then log k for the reaction of 1 
with BQ is about 0.7 times as sensitive to  solvent 
changes as log k for the reaction of van Eikeren 
and Grier, betweenx,,? = 0.50 to 0.75. In con- 
trast, solvent effects in the oxidation of N- 
propyl- l,4-dihydronicotinamide with BQ in AN- 
water mixtures at 23.5"C2 are practically iden- 
tical to those found in the present work. 

'F. J. Sharom, unpublished work. 
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TABLE 5. Rates of oxidation of l(HH), l(HD), and l(DD) with various n acceptorsa 

k (M-' s-') 

Acceptor 

BQ 
BQ 
BQ 
BQ 
TCNQ 
TCNQ 
C A 
TCNE 
DCBQ 

Solvent [Acceptor] (M) 

9 . 8 7 ~  lo-' 
3.93 x 10-I 
5 . 0 0 ~  10-1 
5 . 0 0 ~  lo-' 
1 . 5 4 ~  
1 . 3 7 ~  
4 . 1 8 ~  
2.08 x  
2 . 0 2 ~  10-3 

'Temperature, 25.0°C. Concentration of 1, 0.8-2.0 x 10-4 M. Rate constants reproducible to i- 1% with BQ, TCNQ, 
and CA; i- 3z with TCNE and DCBQ. 

bContaining 0.01 M acetic acid. 

We next carried out a less detailed investiga- 
tion of the kinetics of reaction of 1 with the four 
stronger .n acceptors in AN. Under the condi- 
tions studied, the five acceptors cover a 1.5 
x lo7-fold range of reactivity (Table 5). With 
TCNQ, CA, TCNE, and DCBQ a proton 
source is not required for good pseudo first- 
order kinetics, however the presence of 0.01 M 
acetic acid was shown to have no significant 
effect on the observed rate with TCNQ (Table 
5). Spectroscopic evidence for complexing be- 
tween the reactants was observed with CA and 
complexing is expected for the other acceptors as 
well. However, at the low concentrations of 
acceptor used in the rate measurements, the 
calculated second-order rate constants were 
shown to be very close to the true second-order 
rate constants for uncomplexed reactants. For 
example, k for reaction of l(HH) with 5.0 x 
M TCNQ is 2.38 x 10-I M- '  s-' , close to 
the value observed with 1.5 x M TCNQ 
(Table 5). Similarly, a tenfold increase in TCNE 
concentration led to no significant change in k. 

Also listed in Table 5 are rate constants for 
reaction of l(HD) and 1(DD) with BQ in three 
AN-water mixtures and with all five acceptors 
in AN. 

Any mechanism in which the hydrogen is 
transferred in a rate-determining step involving 
the reactants or an intermediate in equilibrium 
with reactants leads to the relationships sum- 
marized in [6]. The rate constants kHH, kHD, and 
kDD are the experimental rate constants for 
l(HH), l(HD), and l(DD), respectively; k,, 
kH1, k,, and k,' are the corresponding rate con- 
stants for transfer of the four types of hydrogen 
and deuterium. The primary isotope effect, p, 

and the secondary isotope effect, s, defined by 
[7] and [8], are related to the experimental rate 

constants by [9] and [lo]. Primary and secondary 
isotope effects, calculated from the data in 
Table 5 using [9] and [lo], are listed in Table 6. 
With BQ, the experimental rate constants are 
slightly smaller than the true second-order rate 
constants (above). However, barring extra- 
ordinarily large secondary isotope effects on the 
complexation constants, K, such correctioi~s will 
have a negligible effect on the calculated values 
of p and s. 

For any of the mechanisms for which the 
relationships in [6] hold, the isotope parti- 
tioning ratio (ipr) that is, the ratio of 2(D) to 
2(H) formed from reactioii of l(HD), is given by 
kH1/k,, or pls. Values of the ipr were determined 
for four of the acceptors by mass spectral 
analysis of isolated N-methylacridinium chloride 
(2'Cl-) and are listed for comparison with the 
kinetically-determined values ofpls in Table 6. 
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TABLE 6. Kinetic isotope effects and isotope partitioning ratios 

Kinetic isotope effectsa 

Acceptor Solvent P s P I S  iprC 

BQ 
BQ 
BQ 
BQ 
TCNQ 
C A 
TCNE 
DCBQ 

aCalculated from the data in Table 5 using [91 and [lo]; errors based on i 1% uncertainties in ~ H H ,  f 3% in ~ H D ,  

and i2% in kDD for BQ, TCNQ, and CA, and f 3% in all rate constants for TCNE and DCBQ (See Exper~mental). 
bContain~ng 0.01 M acetlc ac~d. 
=Ratios of acceptor to 1 were 1000 with BQ, 50 with CA, 20 with TCNE and DCBQ. Averages of two to nine deter- 

minations, listed with standard deviations. The ipr's are corrected for contamination of l(HD) by l(HH). 

With BQ the measured ipr was found to in- 
crease toward an upper limit as the ratio of BQ 
to 1 was increased. For example, in 90% AN the 
ipr increased from 2.9 at 1 : 1 BQ-1, to approx- 
imately 9.4 at 1000: 1 BQ-1. This variation is 
believed to be a result of isotopic exchange 
involving unreacted N-methylacridan, 1, and the 
N-methylacridinium ion, 2, produced in the 
reaction, e.g., [1 11. 

ratios are impractical because of the consequent 
difficulty of isolating the product. Lower ratios 
of acceptor to 1 were required with the more 
reactive acceptors. In theory, exchange reactions 
[I 11 leading to isotopic scrambling should lead to 
curvature in the first-order rate plots for l(HD). 
However, under the conditions of the rate 
measurements no significant curvature was 
observed. 

The most significant results of the isotope 
effect studies are the uniformly high primary 
isotope effects and the agreement between p/s 
derived from kinetic measurements and product 

Reactions of this type provide a 'or analyses. Both results stand in striking contrast 
conversion of Llnreacted l(HD) to a mixture of to those for the dihydronicotinamide oxidations 

and Such scranlbling Of cited earlier (7-9). Dittmer et al. (10e) also found 
deuterium will have the effect of reducing the approximate agreement between kinetic and 
measured ipr, and if the true ipr is large even a product isotope effects in oxidation of N-benryl- 
very amount Of cause I,4-dihydronicotinamide with h~xac~lloro~ce- 
a large error. The N-methylacridinium ion is tone, pentac~]oroace~one, and s-tetrachloro- 
expected to be a much more reactive acceptor acetone. Significantly, the agreement between 
than BQ.3 The occurrence of rapid exchange was kineuc and product isotope effects in the present 
directly confirmed by nmr s ~ e c t r o s c o ~ i ~  moni- work holds for acceptors covering a 1.5 107- 
toring of solutions containing isotopically fold range in reactivity, and in spite of con- 
labelled 1 and 2. Complications due to isotopic siderable variation in the primary isotope effect. 
scrambling are expected to become more serious The very high primary isotope effects observed 
with increasing percent AN since the rates of the with BQ suggest a contribution from quantum 
exchange reactions should be less sensitive to mechanical tunneling (32). This possibility is 
solvent ion-solvating ability than that of the BQ llnder investigation. Secondary isotope effects 
reaction. In fact, it was not possible to are normal, and approximately constant. Al- 
pletely in 90 and loo% AN, though s appears to be somewhat smaller with 
even at a looo to ratio Of BQ to Higher BQ than with the more reactive acceptors, the 

3For example, Hajdu and Sigman (31) found C* to be difference may be less than the combined 
only 29 times as reactive as 2 in oxidation of N-benzyl- experimental uncertainties. 
1,4-dihydronicotinamide in AN, while the reactivity of 
CA relative to BQ observed in the present work is Discussion 
approximately 2 x lo4. The kinetic isotope effects observed in the 
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present work require a mechanism in which the 
C-H bond is broken in a step which is both 
rate- and product-determining. Two such mech- 
anisms, which we will describe as one-step 
hydride transfer and sequential electron-hy- 
drogen atom transfer mechanisms, are repre- 
sented by [12] and [13]. D H  represents hydride 

Rapid 
[I21 DH + A  + DH.A 

Charge-transfer 
complex 

Slow transfer D+ + AH- 
of H:- 

Rapid 
[I31 DH + A  . k ,  

DH.A DH?A7 
k - l  Radical-ion 

pair 
k2 

D+ + AH- 
Slow transfer ' 

of H .  

donor and A the hydride (or n) acceptor. Since 
some dihydronicotinamide oxidations require an 
intermediate such as DHtA '  (7-9) it is of 
interest to examine the extent to which the 
present results can be accomodated by a mech- 
anism such as [13].4 

The reactants are in rapid equilibrium with a 
charge-transfer complex and it is at  least reason- 
able to assume that subsequent electron or 
hydride transfer proceeds by way of a transition 
state resembling the complex in relative orienta- 
tion of the donor and acceptor. Substantial 
donor-acceptor interaction is expected between 
the two reactants (6) and the products of either 
electron (7) or hydride (8) transfer, the donor 

and acceptor roles reversing in the process. 
Although any charge-transfer interaction may be 
weaker in the transition state than in the reac- 
tants (6) or products (7 or 8), a face-to-face 
orientation will also be favored by electrostatic 
interaction between the developing positive and 

negative charges. However, further work is re- 
quired to establish the orientation of the donor 
and acceptor in the transition state. 

The somewhat smaller solvent effects in the 
oxidation of N-propyl- l ,4-dihydronicotinamide2 
(or 1) with BQ than with trifluoroacetophenone 
(26) may be a result of greater delocalization of 
the developing negative charge, or to donor- 
acceptor or electrostatic interaction in the transi- 
tion state for the BQ reaction. I t  is instructive to 
compare our solvent effects with those in the 
anchimerically-assisted ionization of p-methoxy- 
neophyl p-toluenesulfonate at 75°C (k,,,) (33). 
Using the extensive comparisons of the common 
solvent polarity parameters published by Rei- 
chardt and Dimroth (34), we can estimate that 

[14] log k (1 + BQ, 25°C) % 0.58 log ki,, + constant 

The observation that log k for reaction of 1 with 
BQ is less sensitive to ion-solvating ability than 
log k,,, seems more consistent with partially 
developed charges in the rate-determining tran- 
sition state (as in [12]) than with fully developed 
positive and negative charges (as in [13]). 

The isotope effects observed in the present 
work and those reported by Chipman and Sig- 
man and their co-workers in oxidations of N- 
alkyl-l,4-dihydronicotinamides (7-9) can both 
be accomodated by mechanism [13] (k = k,k2/ 
(k-, + k,)) provided that k-,  >> k2 for oxida- 
tion of 1 but that k - ,  % k2 for the dihydronico- 
tinamide oxidations. A priori we expect both k- ,  
and k, to be smaller, and k, to be larger, for the 
oxidation of 1 than for oxidation of a dihydro- 
nicotinamide with the same acceptor under 
similar conditions. This prediction follows from 
the lower ionization potential of 1 and the 
smaller gain in resonance energy accompanying 
aromatization. More specific comparisons of the 
present systems with those of Chipman and 
Sigman are difficult because of the different 
acceptors and solvents used. However, the re- 
activity of N-propyl-1,4-dihydronicotinamide is 
approximately lo3 times that of 1 for reaction 
with BQ in aqueous AN.' If both reactions pro- 
ceed according to [13], then given the relative 
magnitudes of k, and (k-, + k,) for the two 
systems (above), this difference in reactivity must 
reflect a greater than lo3-fold difference in k, in 
the expected direction. 

- 

4While it is convenient to picture [12] and [13] as dis- 
crete mechanisms for the purposes of this discussion, a It k 'lnderstand the large 
continuous spectrum of mechanisms intermediate between variation in P on the basis of [13]. The acceptors 
[12] and [13] is possible. studied are of two types: those in which hydro- 
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gen is transferred to oxygen (BQ, CAY DCBQ) 
and those in which hydrogen is presumably 
transferred to carbon (TCNQ, TCNE). Within 
each group, p decreases with increasing reac- 
tivity. To reconcile these results with [13] the 
transition state for the hydrogen transfer step 
must vary substantially from BQ' to DCBQ'. 
Specifically, since the hydrogen transfer step in 
[13] would have to be highly favorable ener- 
getically, the observed trends i np  seem to require 
that k, increase in the order BQz < CAT 
< DCBQT. While the observed dependence of 
the rate on acceptor and solvent are in line with 
expected changes in k,/k- ,, there is less reason 
to expect k2 to be greatly different for BQ', 
CAT, and DCBQz, or for BQ' in the four 
solvents investigated. However, a more con~plete 
understanding of the dependence of the rate 
on acceptor structure is required before we can 
comment further. On the other hand, the varia- 
tion inp  is easily accomodated by [12], where the 
large differences in reactivity result from differ- 
ences in the rate of the step in which the C-H 
bond is broken. 

Either mechanism predicts a correlation of 
acceptor reactivity with the stability of AH- 
relative to A. Unfortunately, no independent 
measure of hydride acceptor strength is presently 
available. Acceptor reactivity parallels the ease 
of one-electron reduction (as measured, for 
example, by the polarographic half-wave poten- 
tials, E , , ~  (red), for reversible one-electron re- 
duction) within each group but not necessarily 
when comparing a cyanocarbon to a quinone. 
For example, the reactivities of CA and TCNQ 
are in the opposite order to that predicted by 
their ease of one-electron reduction (E, ,2 (red) = 
+0.01 and 0.19 V, respectively, us. S.C.E. in 
AN) (35). A more extensive investigation of 
reactivity as a function of acceptor structure is 
in progress. 

In summary, the results of the present investi- 
gation are completely consistent with a one-step 
hydride transfer mechanism [12]. While the 
results do not conclusively exclude a sequential 
electron-hydrogen atom transfer mechanism such 
as [13], solvent effects and trends in primary 
isotope effects are less easily accomodated with 
such a mechanism. 

Experimental 
Reagents and Solvents 

N-Methylacridan, l(HH), was prepared by reduction 
of N-methylacridinium chloride, iodide, or perchlorate 

with sodium borohydride. In a typical reaction, a solution 
of 0.386 g (0.01 mol) of sodium borohydride (98%) in 
15 ml of water was added dropwise to a stirred, cooled 
(O°C), solution of 2.30 g (0.01 mol) of 2+Cl- in 25 ml of 
methanol. After stirring for 1 h at P C  and 3 h at room 
temperature, the methanol was evaporated under reduced 
pressure and the product extracted into ether. The com- 
bined extracts were dried over &COB, filtered, and the 
ether evaporated to yield 1 in quantitative yield. The 
product was purified by crystallization from absolute 
ethanol or methanol and sublimation, to give colourless 
crystals, mp 89-91°C (lit. (36) mp 95°C). The p-toluene- 
sulfonate and iodide salts of 2 were prepared by standard 
methods (37). The chloride salt was prepared by heating 
an aqueous solution of 2+I-  with an excess of AgCl in 
suspension, filtration, and evaporation to dryness under 
reduced pressure. The residue was dissolved in ethanol, 
precipitated by addition of ether, and recrystallized from 
80:20 ethyl acetate - ethanol, mp 165-168°C. The per- 
chlorate salt was obtained by dropwise addition of 70% 
perchloric acid to a solution of 5 g of the p-toluenesul- 
fonate salt in 30 ml of ethanol until precipitation was 
complete, filtration and crystallization from methanol, 
mp 243-247°C (dec.). 

N-Methylacridan-9-d, l(HD), was prepared and puri- 
fied as described for l(HH) using NaBD, (> 98% isotopic 
purity). The product ordinarily contained about 5% 
l(HH) (nmr). 

N-Methylacridan-9,9-d2 was prepared from l(HD) by 
oxidation with 2,3-dichloro-5,6-dicyano-1,Cbenzoqui- 
none (DDQ), isolation as 2+C104-, re-reduction with 
NaBD,, and so on. In a typical oxidation, a solution of 
1.71 g (7.5 x mol) of DDQ in 125 ml of ether was 
added dropwise to a stirred solution of 1.42 g (7.2 x lo-, 
mol) of 1 in 25 ml of ether, at room temperature. Addi- 
tion of 2 ml of 70% perchloric acid resulted in precipita- 
tion of 2+C1O4-, which was filtered, washed with ether, 
and dried. Yield, 2.14 g (100%). Starting from 7.03 g of 
l(HD), six oxidations and six reductions, followed by 
crystallization from methanol, led to 1 in 26% overall 
yield, containing 98.8% D at the 9-position, i.e., 97.6% 
l(DD). The product was sublimed before use. 

BQ, TCNQ, CA, and TCNE were obtained from com- 
mercial sources and were carefully purified before use. 
BQ was purified by repeated crystallization from CCI, 
and sublimation, TCNQ was crystallized three times from 
AN and once from tetrahydrofuran, CA was crystallized 
four times from benzene, and TCNE was sublimed twice. 
DCBQ was prepared as described by Brook (38) and 
purified by sublimation, mp 177-179°C (lit. (38) mp 
178-180°C). 

Pyrene, perylene, 1,3,5-trinitrobenzene, and 2,3-di- 
chloro-1,4-naphthoquinone were obtained from com- 
mercial sources and, where necessary, purified by crystal- 
lization and/or sublimation until their melting points 
agreed with published values. 2,3-Dichloro-5-nitro-1,4- 
naphthoquinone was prepared by nitration of 2,3-di- 
chloro-1,4-naphthoquinone following the procedure of 
Wilbur and Day (39), and purified by crystallization from 
CHCI,, mp 175.5-176°C (lit. (39) mp 174-175°C). 1- 
Ethyl-4-carbomethoxypyridinium iodide was prepared by 
refluxing a benzene solution of methyl isonicotinate and 
ethyl iodide in 1 :4 molar ratio, filtration, and crystalliza- 
tion from acetone, mp 109-1 10°C (lit. (29) mp 11 1-1 12°C). 

Reagent grade acetonitrile was purified by successive 
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distillations over sodium hydride, concentrated sulfuric 
acid, phosphorus pentoxide, and anhydrous potassium 
carbonate, and stored over a molecular sieve (40). Water 
and reagent grade acetic acid were further purified by 
distillation over potassium permanganate. 

Tracer Studies 
A solution containing l(HD) (0.100 g, 5.1 x low4 mol) 

and BQ (0.0554 g, 5.1 x mol) in 20 ml of 90% AN, 
0.01 M in acetic acid and sodium acetate, was allowed to 
stand at room temperature, protected from light, for 
approximately 24 h. The AN was evaporated under 
reduced pressure, 5.1 ml of 0.1 M hydrochloric acid and 
5 ml of water added, and the resulting mixture extracted 
several times with ether. The combined ether extracts 
were washed with aqueous bicarbonate, dried, filtered, and 
the ether evaporated off. The solid residue was dissolved 
in 20 ml of 0.1 M aqueous NaOH and the alkaline mix- 
ture washed several times with ether to remove unreacted 
1 and BQ. After acidification with hydrochloric acid, the 
hydroquinone was isolated by extraction into ether, 
drying, filtration, and evaporation. The solid residue was 
sublimed yielding about 10 mg of pure hydroquinone. 
Mass spectral analysis (comparison with hydroquinone) 
revealed no excess deuterium. As a control, a sample of 
hydroquinone containing 67.1% of the hydrogen re- 
placed by deuterium was taken through the reaction and 
isolation procedure. Mass spectral analysis showed no 
loss of deuterium. 

In a similar reaction of equimolar amounts of l (DD) 
and BQ in buffered 90% AN, the aqueous solution re- 
maining after the first ether extraction was evaporated to 
dryness under reduced pressure, and the residue dissolved 
in the minimum amount of 95% ethanol and cooled to 
deposit yellow crystals of 2+C1- which were washed with 
ether and dried. The product contained no detectable 
hydrogen at  the 9-position (nmr, D20) .  

Spectroscopic Measurements 
Charge-transfer maxima were measured using a Cary 

model 116 recording spectrophotometer. Z values were 
determined from the average of four or five successive 
measurements of the wavelengths of the absorption 
maxima of freshly prepared solutions of I-ethyl-4- 
carbomethoxypyridinium iodide (1.66 x M )  in the 
appropriate solvent. Standard deviations in h,,, measure- 
ments were 0.4 nm or less. 

Kinetic Measurements 
Kinetic measurements utilized Guilford model 200 and 

Cary model 116 spectrophotometers, with thermostatted 
cell compartments, for the BQ, TCNQ, and CA rates, 
and a Durrum stopped flow spectrophotometer for the 
TCNE and DCBQ rates. The progress of the reaction was 
followed at 359 nm (BQ, TCNE), 420 nm (CA, DCBQ), 
or 680 nm (TCNQ). Measurements were carried out 
under pseudo first-order conditions using a 20 to 5000- 
fold molar excess of acceptor (Table 5). First-order rate 
plots were linear through at  least 3 half-lives and pseudo 
first-order rate constants were determined both graph- 
ically and by computer. Duplicate rate measurements 
utilizing the same stock solutions of 1 and acceptor were 
reproducible to & 1% (BQ, TCNQ, CA) or t 3% (TCNE, 
DCBQ), while completely independently-determined rate 
constants were reproducible to +2-3%. Errors in kHD 
and kDD due to contamination of l(HD) and l (DD) by 

l(HH) and l(HD), respectively, were minimized by 
calculation of the rate constant from the limiting slopes 
after at  least one half-life. Such errors are most serious 
for kHD,  where, for example, the rate constant calculated 
from the average slope between 50 and 75% reaction 
would be approximately 1.9% high. In  calculation of the 
uncertainties i n p  and s, uncertainties ink,, and kDD were 
therefore taken as + 3% and + 2%, respectively, for BQ, 
TCNQ, and CA. 

Isotope Partitioning Ratios 
Isolation of 2+Cl- was carried out as follows. The 

reaction mixture was evaporated under reduced pressure 
in a flask protected from light. The acridinium salt was 
dissolved by addition of hydrochloric acid and the un- 
reacted quinone removed by repeated ether extractions. 
The 2+Cl- was isolated by evaporation and purified by 
repeated solution in methanol followed by addition of 
ether. The proportions of 2(D) and 2(H) were determined 
by mass spectral analysis of 2+Cl- at 40 and 70 eV, 
utilizing the relative intensities of the mle 194 and 195 
peaks and the mle 179 and 180 peaks, by comparison 
with the mass spectra of a series of known mixtures 
containing 0 to 25% 2(H)+Cl-. The measured ratios of 
2(D) to 2(H) were corrected for contamination of the 
l (HD) starting material by l(HH). 
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R. A. SMITH, M. TORRES, and 0. P. STRAUSZ. Can. J. Chem. 55,2752 (1977). 
tert-Butyl ethyldiazoacetate mercury(I1) is monoclinic with the following unit cell data at 

20°C: P2,/n, a = 8.089(3), b = 18.720(10), c = 7.893(3) A, = 93.20(3)", V = 1193.3 A3, 
po = 2.09(1), p, = 2.06, Z = 4. The structure was solved by heavy atom methods and refined 
to R = 6.6% for 1003 reflections. The diazoacetate portion is planar; the CNz portion is linear. 

R. A. SMITH, M. TORRES et 0. P. STRAUSZ. Can. J. Chem. 55,2752 (1977). 
Le tert-butyle diazoacktate d'ethyle mercure(I1) est monoclinique et les parametres de la 

maille a 20°C sont: P21/n, a = 8.089(3), b = 18.720(10), c = 7.893(3) A, = 93.20(3)", 
V = 1193.3 A3, p, = 2.09(1), p, = 2.06, Z = 4. On a resolu la structure par la mkthode des 
atomes lourds et on l'a affinee jusqu'a une valeur de R = 6.6% pour 1003 rkflexions. La portion 
diazoacktate est planaire; la portion CN2 est linkaire. 

[Traduit par le journal] 

Introduction 
Photolysis of Hg(CN,CO,Et),, 1, has been 

reported to be a usable source of the novel 
carbon radical carbethoxymethyne and detailed 
mechanistic studies have been reported for the 
photolysis of 1 in olefins and paraffins (I), 
chloroalkanes (2), and pentacarbonyl man- 
ganese bromide (3). 

Recently, the photolysis of the source com- 
pound tert-butyl ethyldiazoacetate mercury(II), 2, 
has been investigated (4). The ir spectrum of 2 in 
CCl, solution exhibits bathochromic shifts of 
ca. 75 cm-l in the diazo and carbonyl stretching 
regions of the spectrum, relative to ethyldiazo- 
acetate. Similar shifts are observed in mercurybis- 
(a-diazoketones) (5 ) ,  indicative of large electron 
delocalization in these portions of the molecule. 

Little is known about the crystal structures, 
molecular geometries, or the nature of .the bonds 
in these diazomercurials. This kind of informa- 
tion, apart from its inherent interest, would be 
helpful in the elucidation and interpretation of 
the chemical reactivity of this class of molecules. 
For this reason an X-ray diffraction study of 2 
has been undertaken, the details of which are 
reported here. 

Experimental 
The title compound was prepared following the method 

reported for the methyl analog (6). The resulting pris- 
matic yellow crystals were suitable in terms of size and 
shape for an X-ray study. 

C S H I ~ H ~ N Z O Z  fw = 370.8 
Monoclinic, P2,/n, a = 8.089(3), b = 18.720(10), c = 
7.893(3) A, a = 93.20(3)", V = 1193.3 A3, po = 2.09(1), 
Z = 4, p, = 2.06 (20°C; M o K l  h = 0.7093 A). 

Preliminary photographs showed systematic absences, 
h01, h + I = 2n + 1, OkO, k = 2n + 1, the non-standard 
space group was maintained since the standard setting 
had a fl value close to 60'. Twelve high angle reflections 
were carefully centered on a Picker FACS 1 diffractometer 
( M o k ,  radiation, no monochromator) and accurate cell 
constants were derived. 

A unique set of data with 0 < 28 5 47" (MoK. 
radiation, graphite (002) monochromator) was collected 
by the coupled 8/28 scan method. The crystals decom- 
posed rapidly under the experimental conditions and 
three separate crystals were necessary to collect all the 
data. Decomposition was monitored by measurement of 
standards every 100 reflections. A total of 1840 reflections 
were measured and corrected for Lorentz-polarisation, 
decomposition, and absorption (7) (p, MoK, = 121 
cm-'; crystal 1, 0.13 x 0.06 x 0.06 mm; crystal 2, 
0.13 x 0.10 x 0.06 mm; crystal 3, 0.10 x 0.08 x 0.06 
mm) and then merged to one data set on the basis of 
common reflections. The data were reduced to F, o(F), 
and o(Z) using a p value of 0.06 (8). Using an acceptance 
criterion I 2 3o(Z), 1003 reflections had significant in- 
tensity and were used in subsequent calculations. 

Conventional heavy atom methods were used to locate 
the mercury atom. A difference Fourier map for data of 
the form h + k + I = 2n showed the expected molecule 
and one related to it by a two-fold axis along b and 
passing through the mercury atom, but none of the peaks 
overlapped and an immediate distinction between real 
peaks and their symmetry-related ones was possible for 
all non-H atoms. Using full-matrix least-squares pro- 
cedures on all 1003 reflections, R was reduced to 6.6% with 
anisotropic thermal parameters for all atoms. A weight 
of 4FZ/02(F2) was applied to every reflection. Scattering 
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SMITH ET AL. 2753 

TABLE 1. Final parameters (esd's) (Hg x lo4; others x lo3) 

k Ix,y,z; 112 + x, 112 - y, 112 + z( 

t.f. = exp (-2x2{a*2h2Ull + . . . + 2a*b*hkU12 + . . . } 

Atom x Y z UI 1 uz 2 u3 3 UI z u13 UZ 3 

Hg 146(1) 1504(1) 141(2) 41 l(10) 506(8) 548(9) 19(8) 16(4) 17(1) 
o ( l )  -234(3) 155(1) - 307(3) 89(15) 59(16) 63(15) 39(14) - 19(13) - 34(15) 
O(2) -424(2) 236(1) -247(3) 33(11) 70(17) 86(17) lO(10) - 19(11) 14(15) 
N(1) -26q3) 250(2) 53(4) 38(16) 82(25) 61(20) 4(15) 8(14) -1(20) 
N(2) -310(5) 287(3) 153(7) 79(26) 139(43) 152(47) 20(26) - 5(28) - 41(36) 
C(1) 233(5) 87(2) 61(6) 63(22) 53(25) 11 l(35) 27(19) -48(24) -7(24) 
c(2) 377(4) 142(3) 81(6) 48(19) 129(41) 94(29) 3(24) 5(19) 67(32) 
c(3) 226(6) 49(4) 234(7) 108(36) 213(63) lOO(39) 96(45) 35(30) 62(48) 
C(4) 248(6) 37(3) - 72(9) 106(34) 107(41) 272(73) 73(32) - 25(41) - 139(48) 
c(5) -207(3) 207(2) - 54(4) 36(14) 35(18) 42(19) 22(13) 9(14) ll(15) 
C(6) - 3OO(4) 203(2) - 207(5) 44(18) 45(21) 67(26) - 2(15) - 25(18) 21 (1 8) 
c(7) - 314(6) 144(3) - 473(5) 129(37) 14q46) 49(25) 37(37) - 22(27) - 16(33) 
C(8) - 205(6) 106(3) - 577(6) 97(34) 206(68) 60(31) - 32(37) - 37(29) lO(37) 

w 
FIG. 1. Atomic numbering, bond angles, and distances 

in tert-butyl ethyldiazoacetate mercury(I1). 

factors for neutral atoms were used (9) and anomalous 
dispersion corrections were applied to the mercury atom 
(10). A final difference Fourier map was calculated and 
contained peaks of the order of 1.0 e/A3 in the vicinity of 
the mercury atom and up to 0.75 e/A3 elsewhere. Con- 
sequently no attempt was made to determine the hydrogen 
atom positions. 

Results and Discussion 
The atomic numbering scheme and important 

bond angles and distances are given in Fig. 1. 
Final atom parameters are given in Table 1 and 
the table of structure factors has been placed in 
the Depository of Unpublished Data.' 

It is interesting to note the planar cis structure 
with respect to the carbonyl and azo groups of 
the diazoacetate because this configuration which 
is generally more stable than the trans (ll) ,  has 
been claimed for diazoketones which are capable 
of undergoing the Wolff rearrangement (12) yet 
mercury diazo compounds do not isomerize to 
ketenes (13). All 7 atoms of the HgCN2C02 
portion of the molecule lie within 0.02 A of the 
mean plane. The standard deviations for the 
observed bond lengths and angles are, as ex- 
pected, nearly twice as large as those for similar 
molecules reported recently (14) because the 
data from three separate crystals had to be 
merged. This precludes detailed discussion of the 
bonding scheme, but it is probably a resonance 
hybrid of the structures shown below. 

'The Structure Factor Table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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Bis(ethy1diazoacetate) mercury(I1) is currently 
under investigation, it will be interesting to 
compare the azocarbonyl moiety in this com- 
pound to that found in the title compound. 
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Theoretical studies of the chemistry of singlet and triplet species. 11. 
Cycloaddition reaction1 
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R. F. W. BADER, M. E. STEPHENS, and R. A. GANGI. Can. J. Chem. 55,2755 (1977). 
Ab initio SCF potential energy surfaces for the cycloaddition reactions C2H4(tAlg) + O(ID, 

3P) are reported. The lowest energy singlet path corresponds to the symmetric, concerted addi- 
tion reaction yielding ethylene oxide. The lowest energy triplet path corresponds to an asym- 
metric approach of the reactants to form an open ring adduct (LCCO = 105"). The spatial 
distribution of the spin density in this adduct conforms to that expected for a diradical. The 
barrier to internal rotation of the terminal methylene is calculated to be N 5 kcal mol-'. The 
lowest intersystem crossing from the triplet to the singlet surface, as required for ring closure to 
yield ground state product, is found to occur ~ 3 6  kcal mol-I above the energy of the triplet 
reactants. 

The differences in singlet and triplet charge distributions and energies for similar approach 
geometries may be rationalized in terms of the additional restraints imposed on the course of the 
triplet reaction by the Pauli principle, restraints which are made evident by the spatial distribu- 
tion of the spin density. Two principal mechanisms of spin polarization, spin unpairing and 
spin decoupling, are found to provide a rationale for the observed differences of singlet and tri- 
plet reactants in abstraction, insertion and addition reactions. The favoured course of a triplet 
reaction is found to be governed by the axiom that localized distributions of spin density are to 
be maximally separated in space. 

R. F. W. BADER, M. E. STEPHENS et R. A. GANGI. Can. J. Chem. 55,2755 (1977). 
On rapporte des surfaces d'energie potentielle calculees par la methode SCF ab initio pour les 

reactions de cycloaddition de C2H4('A1J + O('D,3P). Le chemin singulet d'energie la plus 
basse correspond ti la reaction d'addition concert& symetrique conduisant a I'oxyde d'ethylene. 
Le chemin triplet de plus basse Cnergie correspond B une approche asymetrique des reactifs 
pour former un adduit a cycle ouvert (LCCO = 105'). La distribution spatiale des densitts 
de spin dans cet adduit est en conformite avec celle attendue pour un diradical. On a calcul6 
que la barriere a la rotation interne du methylene terminal est d'environ 5 kcal mol-I. La con- 
version intersystkme la plus basse entre la surface triplet et la surface singulet, telle que requise 
pour la fermeture du cycle conduisant a un produit dans 1'Btat fondamental, se produirait 
environ 36 kcal mol-' au dessus de 1'6nergie des reactifs triplets. 

On peut rationaliser les differences dans les distributions de charge des etats singulet et triplet 
et les energies pour les geometries d'approches similaires en termes de contraintes addition- 
nelles imposQs sur I'evolution de la reaction triplet par le principe de Pauli, restrictions qui 
sont rendues evidentes par la distribution spatiale des densites de spin. On a trouve que deux 
mecanismes principaux de polarisation de spin, de depairage de spin et de dtcouplage de spin 
peuvent fournir une explication rationnelle pour les differences observees dans les reactions 
d'enlevement d'insertion et d'addition des reactifs singulet et triplet. On a trouve que le chemin 
favoris6 pour une reaction a 1'6tat triplet est gouverne par I'axiome voulant que les distributions 
localisees de densite de spin doivent &re separees au maximum dans I'espace. 

[Traduit par le journal] 

Introduction bond. Ab initio SCF potential surfaces are re- 
This paper presents a theoretical study and ported for the cycloaddition reactions of o('D, 

comparison of the mechanisms of the addition of 3 P )  with C2H4(1Alg).  In a previous publication 
singlet and triplet states of a reactant to a double (1) We obtained a qualitative interpretation of 

the differing tendencies of singlet and triplet spe- 
cies to undergo insertion and abstraction re- " 

'For paper I, see ref. 1. actions in terms of the spatial distributions of 
=Centre de Mecanique Ondulatoire Appliquee, 23, rue 

du Maroc, 75019 Paris, France. the electronic charge density p(v), and spin den- 
3Gloucester County College, Sewell P.O., NJ, U.S.A. sity ~ ( v ) .  It was observed that the spin density of 

08080. a triplet adduct is spatially localized in separate 
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distributions on neighbouring nuclei in a man- 
ner dictated by the molecular geometry. There is 
a characteristic pattern for the polarization and 
localization of o(r )  induced by the approach of 
a triplet species along the bisector of a singlet, 
bonded pair of atoms (insertion approach), a 
pattern which is different from that obtained 
when the triplet species approaches one atom of 
the bonded pair to yield an abstraction reaction. 
The present study shows that the same two pat- 
terns of polarization and localization of the spin 
density are operative for the corresponding ge- 
ometries of approach of a triplet species to a 
doubly bonded pair of atoms. The differences in 
singlet and triplet charge distributions and ener- 
gies for motion along reaction paths of identical 
nuclear geometries may be rationalized in terms 
of the additional restraints imposed 011 the 
course of the triplet reaction by the Pauli prin- 
ciple, restraints which are made evident by the 
spatial distribution of the spin density. The 
favoured course of a triplet reaction is found to 
be dictated by the simple axiom that localized 
distributions of spin density (of the same sign) 
are to be maximally separated in space. 

Since the studies of Skell et al. (2) on methyl- 
ene addition of olefins, much debate has ensued 
over the relationship between the reaction mech- 
anisms and the spin-multiplicity of open-shell 
reactants (3, 4). 

It has been experimentally established, for in- 
stance, that 0('D) (5), s ( ' ~ )  (6), and CH,('A,) 
(7) insert into paraffinic CH bonds, while 0(3P) 
(8) and CH2(3Z,-) only abstract H atoms and 
S(3P) is unreactive with paraffins under the same 
conditions. The three singlet species add stereo- 
specifically to olefin double bonds (7, 9-11), 
whereas triplet oxygen or methylene addition 
results in some loss of the reactant's geometrical 
isomeric purity. Thus studies on olefin-oxygen 
reactions in gas (12), liquid (13), and solid (14) 
phases indicate an electrophilic character (12) of 
triplet oxygen and temperature-dependent ste- 
reospecificity of triplet addition (1 5). Addition to 
cis-2-butene is non-stereospecific at 77 K and 
300 K, but addition to trans-Zbutene produces 
trans- and cis-1,2-dimethyloxirane in the ratio of 
17 : 1 at 77 K (liquid phase) but only 2 : 1 at 300 K 
(gas phase). 

The most detailed theoretical studies of the 
potential surfaces for the reactions of CH, (3), 
S (16), and NH (17) all indicate clearly differen- 

tiable energetically preferred symmetric lowest 
singlet and asymmetric lowest triplet paths (with 
a barrier to rotation of the terminal methylene 
in the sulphur case sufficient to preserve reactant 
stereochemistry). 

The qualitative interpretation of the CH, re- 
sults originally proposed by Skell (2) has been 
extended to the other cases as well (8, 12). Briefly, 
his description is as follows. The singlet species 
insert into paraffinic CH bonds through con- 
certed formation of CX and XH bonds (X = ' 0 ,  
IS, or 'CH,), and add to olefinic double bonds 
through concerted formation of two CX bonds. 
The triplet species, on the other hand, cannot 
undergo such a 'spin-forbidden' concerted for- 
mation of two bonds in either case, and instead 
initially forms only one bond to an exposed 
paraffinic hydrogen or to an olefinic carbon 
(forming an open-ring diradical capable of in- 
ternal rotation around the now formally 'single' 
carbon-carbon bond). The result is H-atom ab- 
straction from paraffins and non-stereospecific 
cycloaddition to olefins (after intersystem cross- 
ing from the triplet to singlet surface). 

These mechanisms have been criticized (4) and 
an alternate, symmetric path for the triplet cy- 
cloaddition reaction proposed on several theo- 
retical grounds (18-20). The existence of an 
open-ring triplet diradical in the cycloaddition 
reactions has been proposed (12) to account for 
the loss of stereospecificity, to provide paths to 
the other reaction products observed, and as an 
explanation for the observed increased produc- 
tion of addition at the expense of fragmentation 
products for larger substituted olefins (9, 13). 

Pauli Principle and Localization of Spin and 
Charge Densities 

The Hamiltonian used in the calculation of 
molecular energies (in the absence of external 
magnetic fields or spin-orbit coupling) is inde- 
pendent of the spin variables of the electrons. 
Yet the energy so calculated is dependent upon 
the spin multiplicity of the system. The reason 
for this result is, of course, a consequence of the 
antisymmetry requirements imposed on the wave 
function of the system by the Pauli exclusion 
principle. The Pauli principle exerts a strong in- 
fluence on the allowable charge and spin (21) 
distributions for states of a molecule. One may 
interpret the effect of the Pauli principle on a 
system as being one which imposes a correlation 
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on the motions of electrons with identical spins, 
the so-called Fernli correlation. 

In particular it has been shown that the extent 
to which some number of electrons N(R) are 
localized in a well-defined region of real space 
R is determined by the fraction of the total 
Fermi correlation contained in this same region 
of space (22). One finds the degree of localization 
of the charge density to be significantly greater 
along the triplet than along the corresponding 
singlet reaction paths. The increased localization 
of the total charge density of the triplet is re- 
flected in the even more localized nature of the 
density of the unpaired electrons, i.e., of the spin 
density. Since the course of a triplet reaction may 
be rationalized in terms of the extent and separa- 
tion of localized regions of spin density, it is 
necessary to understand fully the origin of the 
localization and its effect upon the energy of a 
system. 

An oft-quoted statement of the Pauli principle 
is that no electron can occupy the same spatial 
point as that of another electron with the same 
spin. However, the restrictions of the exclusion 
principle are not confined to the single point in 
space occupied by a given electron. Rather, the 
probability of finding other electrons with the 
same spin as that of the reference electron is de- 
creased from the uncorrelated distribution by 
varying amounts throughout all of space. When 
this decreased probability is expressed in terms 
of a decrease in the value of the corresponding 
pair density referenced to the position of a single 
electron, it is called the Fermi hole. As the refer- 
ence electron moves through space, the Fermi 
hole changes in shape and spatial extent. How- 
ever, the magnitude of the hole (i.e., the total 
reduction in the number of pairs over all space) 
remains equal to one. Thus by its definition, the 
net effect of the Fermi correlation is to correct 
for the pairing of an electron with itself. The 
Fermi hole integrated over all space therefore, 
equals - 1 per electron or - N for a system con- 
taining N electrons. 

The antisymmetry requirement on the wave 
function corrects for this self-pairing of the elec- 
trons in a very special and nontrivial manner. 
What one finds is that in certain systems, the 
Fermi hole is very localized around the position 
of the reference electron and it remains so for 
motion of the reference electron throughout a 
given region (R) of space (22). If the Fermi hole 

for an electron is so localized that it integrates to 
- 1 over just the region (R), rather than over all 
space, for any position of the reference electron 
within the region (R), then this electron is totally 
localized within the region (R). Thus an electron 
has a doppelganger, its Fermi hole, which goes 
wherever the electron goes. Conversely, the elec- 
tron may go only to regions of space in which its 
Fermi hole is non-vanishing. If the Fermi hole is 
localized to a given region of space, so is the 
electron (22). 

In summary, if we label the magnitude of the 
total Fermi correlation (or Fermi hole) of a re- 
gion (R) as IF(R,R)l, then L(R), the percentage 
localization of the N(R) electrons in (R), is given 
by (22) 

L(R) = 100 x IF(R,R)l/N(R) 

corresponding to 100% localization of the N(R) 
electrons in (0) when IF(R,R)J obtains its maxi- 
mum value of N(R). 

Consider the ethylene molecule, in its ' A , ,  
ground and 3B3, excited states, to be bisected by 
a planar surface at the bond midpoint to yield 
two methylene fragments, each with an average 
population of 8 electrons. An integration of the 
Fermi hole over such a CH, fragment in the 
ground state n~olecule indicates that the charge 
in each fragment is 86% localized. If there were 
no Fermi correlation (over and above the simple 
statistical correction for self-pairing) then the 
charge would be equally localized in each frag- 
ment, i.e., there would be no preferred spatial 
localization. 

The localization of the charge in a CH, frag- 
ment increases to 927 when the molecule is ex- 
cited to its triplet ;{ate, retaining the planar 
geometry, and undergoes a further increase to 
94% when the triplet molecule is twisted into its 
lowest energy geometry of D,, symmetry. This 
increase in the localization of the electronic 
charge in each of the CH, fragments on excita- 
tion from a singlet state of one electronic con- 
figuration to the triplet state of another is the 
result of the very localized nature of the distri- 
butions of the unpaired electrons. 

The spin density at a point r in positional 
space is equal to the excess density of the a or P 
electrons at that point 

When o(r) > 0, there is an excess of a spins at r 
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and when o(u) < 0, there is an excess of p spins 
at v. The integral of o(u) over all space yields the 
total number of unpaired a electrons Nu, or 
minus the total number of unpaired P electrons 
N B ,  in the molecule. 

fo(r) du = Nu (or - NB) 

The spin densities portrayed in this paper are ob- 
tained from (spin) unrestricted SCF wave func- 
tions, wave functions which allow different or- 
bitals for different spins. This extra variational 
flexibility is necessary to obtain good representa- 
tions of o(r), and is essential for a prediction of 
the polarizations within the spin distribution. In 

- a restricted SCF calculation, o(r) for the M, = 1 
component of a triplet reduces to the sum of the 
densities of the two singly occupied orbitals 
which describe the excess a electrons. In this 
approximation o(r) is everywhere greater than 
zero for a M, 3 1 state. In a spin unrestricted 
calculation, all of the orbital densities contribute 
to o(r), from both the a and P sets of electrons, 
and o(u) may exhibit negative values, corre- 
sponding to a local predominance of spin den- 
sity in a system with a net excess of a spins, i.e., 
there is a polarization of o(v). 

The difference in the descriptions provided by 
the restricted and unrestricted methods of cal- 
culation are illustrated by the example of the 
lowest triplet (3B3,) state of ethylene. Figures 1 d 
and e portray the spin density distributions for 
this molecule from an unrestricted calculation 
for the M, = 1 component. The spin density dis- 
tribution contains significant differences from 
that obtained from a RHF calculation. 

This state of ethylene may, in simplest terms, 
be considered to result from a simple n* c n ex- 
citation from the ' A , ,  ground state of the mole- 
cule. To a first approximation, the unpaired spin 
density is due to the occupation of the n and n* 
molecular orbitals by one a-electron each. Con- 
sidering the spin density map Fig. Id, one sees a 
distribution which is an apparent sum of such 
orbital densities. However, considering the sec- 
ond plot, Fig. le, that of the spin density in the 
plane of the nuclei, other features are seen. Sur- 
rounding each hydrogen nucleus is a region of 
excess P-density, and this in a n~olecule con- 
strained to have a net spin excess of two a- 
electrons. Integration over the regions of excess 
a-density would yield a total of more than two 
a-electrons. There has been a 'polarization' of 
the molecular spin density with excess a-density 

being localized on the two carbons and excess P- 
density on the four hydrogens (and to a small 
extent along the line joining the two carbon 
nuclei). The polarization effects predicted by 
UHF functions have been shown (1) in several 
examples to agree qualitatively with the results 
of more detailed calculations. The maps reported 
here may be expected to faithfully reproduce the 
pattern of the primary spin polarizations opera- 
tive in the system studied. Since the spin distri- 
butions for the levels of an electronic term differ 
only by a multiplicative constant (23), MJS, we 
base our interpretation on the properties of the 
distribution for the (computationally convenient) 
level of highest M, value (= 1 for the triplet 
term). 

The excess a spin density is very localized in 
the region about each carbon nucleus (Fig. Id). 
In the plane perpendicular to the plane of the nu- 
clei, only contours of relatively low value (less 
than 0.02 au) encompass both nuclei. For com- 
parison with a related but delocalized two- 
electron system, one finds that contours with 
values in excess of 0.04 au encompass both nu- 
clei in the density distribution derived from the n 
orbital of ground state ethylene. Thus the in- 
crease in the degree of localization of the charge 
in each (CH,) fragment upon excitation of ethyl- 
ene to its triplet state may be explained in terms 
of the mutual avoidance of the two a spin dis- 
tributions, as shown by the separate localization 
of the spin density on each of the two carbon 
atoms. The mutual avoidance of the two local- 
ized a spin distributions is maximized, as is the 
extent of localization of the total charge in each 
CH, fragment, when the triplet molecule is 
twisted into its lowest energy geometry of D,, 
symmetry (Fig. If). The behaviour of the spin 
density in the twisting motion of ethylene illus- 
trates the axiom that the geometry of lowest 
energy is the one which maximizes the spatial 
separation of localized spin distributions of like 
sign. 

The increased localization of the Fermi cor- 
relation on excitation to a triplet is reflected in a 
corresponding increase in the spatial localization 
of the charge density. Figure la shows a wide 
belt of density, defined by the 0.2 au contour, en- 
compassing the carbon nuclei in ground state 
ethylene. This same contour is very much re- 
duced in width between the same nuclei in the 
triplet state in both planar (Fig. 1b) and twisted 
(Fig. 1c) geometries, indicating a significant re- 
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FIG. 1. Total electronic charge, p(r), and spin, o(r),  distributions for ethylene. (a) p(r) for ground 
state ('Al,) in plane containing protons. R(C-C) = 2.5304 au. (b) p(r) for lowest triplet state (3B3u) 
in plane containing protons. R(C-C) = 2.8346 au, the calculated equilibrium separation. (c) p(r) for 
lowest energy (twisted) geometry of triplet state (3Az,) .  R(C-C) = 2.8346 au. (d) ~ ( r )  for 'B,, in plane 
containing C-C, perpendicular to plane of protons. (e) o(r )  for 3B3, in plane containing protons. 
(f) o(r) for 3Az,. In all charge density maps, the contours increase in value from the outer contour, in 
steps of 2 x lon, 4 x lo", 8 x 10" au for increasing integer n starting at n = -3. In all spin density 
maps, the contours vary similarly, regions of excess a-density being denoted by solid contours and 
excess a-density by dashed contours. The first solid contour adjacent to a dashed one is the zero con- 
tour line. 
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FIG. 2. Spin density maps for the 0 ( 3 P )  + Hz('Z,+) 
system (1). (a) Illustrative of the spin unpairing mech- 
anism, is for the symmetric insertion approach at a point 
where the separation between oxygen and the mid-point 
of H-H equals 1.11 au, the separation in ground state 
water. (6) Illustrative of the spin uncoupling mechanism, 
is for the abstraction approach. 

duction in charge density and in binding between 
them. In the ' A , ,  ground state the value of the 
charge density at the midpoint of the C-C inter- 
nuclear axis (the point of maximum p(r) in the 
partitioning surface) is 0.3187 au. In the 3B3, ex- 
cited state this value decreases to 0.2350 au and 
in the twisted equilibrium geometry, it decreases 
further to 0.2345 au. Thus the localization of 
identical net spin densities on two neighbouring 
nuclei in a molecule leads to a decrease in the 
density accumulation, and hence to a decrease in 
the binding, between them. 

The same axiom and associated observations 
on the behaviour of the total charge density ap- 
ply to the determination of the geometries of 
lowest energy which define the triplet reaction 
path. This is illustrated by the spin distributions 

in Fig. 2 for the reaction of 0 ( 3 ~ )  with H2('Xg'). 
They illustrate the two basic patterns of spin 
polarization which characterize triplet reaction 
paths (1). Figure 2a is representative of the spin 
polarization obtained for triplet insertion, the 
spin unpairing mechanism. The spin density is for 
a point on the symmetric reaction path for in- 
sertion of 0(3P) into H,('X,+). The approach of 
the oxygen causes an unpairing of the initially 
paired electrons binding the hydrogen nuclei. As 
the reaction proceeds the degree of unpairing in- 
creases and the resulting spin density becomes 
increasingly separately localized in the region 
about each proton. In effect, the spin polariza- 
tion caused by the approach of 0 ( 3 ~ )  corre- 
sponds to a quasi-excitation of H, from its sing- 
let ground state to its unbound 3X,f state, a 
state characterized by a localization of p(r) on 
each nucleus and to a depletion of the charge 
density in the region between the nuclei. Indeed 
o(v )  > 0 in the regions of all three nuclei, and 
the electronic charge is depleted in all three in- 
ternuclear regions (relative to the singlet state in 
the same geometry) corresponding to an inter- 
mediate in which the substrate bond has been 
broken and no new bonds to the oxygen have 
been formed. Thus the triplet insertion approach 
is one of rapidly increasing energy, the energy 
rising monotonically to a value 124 kcal mol-' 
above that of singlet ground state water at the 
equilibrium position of the latter. 

The second spin polarization is that charac- 
teristic of triplet abstraction, the spin uncoupling 
mechanism. In this case the initial (a,P) sub- 
strate bonding pair is polarized so as to localize 
separate a and p spin distributions on the two 
centres of the substrate; the spins are uncoupled. 
Because of the alternation in the sign of the local- 
ized spin distributions, increased binding be- 
tween 0 and the adjacent H proceeds simulta- 
neously with the decrease in binding in the sub- 
strate and the reaction proceeds with a much 
smaller energy of activation. Thus the spin un- 
coupling mechanism is the preferred mechanism 
of spin polarization for the approach of a triplet 
reactant to a singlet substrate. The same mech- 
anisms of spin polarization with the same ener- 
getic consequences are found to apply to the ap- 
proach of 0 ( 3 ~ )  to a doubly bonded system in 
cycloaddition reactions. 

SCF Calculations 
The H F  method requires three determinants 

to provide a limiting description of 0(' D) of cor- 
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TABLE 1. Final atomic basis set 

Atom Type Basis function expansion in primitive gaussiansa 

H S 0.817238(0.65341) + 0.231208(2.89915) + 0.032828(19.24060) 
S 1 . OOOOOO(0.17758) 

C S 0.904751(159.62740) + 0.121599(781.64950) + 0.029314(2548.72600) 
S 1.053375(0.47350) - 0.146302(4.93440) 
S 1 . 000000(0.14800) 
S 1 .000OOO(0.045) 
S 1 . 000000(0.014) 
S 1 . 000000(0.00426) 
P 0.640080(0.35945) + 0.386200(1.14293) + 0.11 5440(3.98040) + 0.018533(18.15570) 
P 1 . 000000(0.037) 

0 S 0.243991(31.31660) + 0.458240(12.86070) + 0.264438(4.60370) + 0.152763(76.23200) 
S 0.0904785(290.78500) + 0.121603(1424.06430) + 0.029225(4643.44850) 
S 1.051534(0.92110) - 0.140314(9.70440) 
S 1 . OOOOOO(0.28250) 
S 1 . OOOOOO(O .089) 
S 1 . OOOOOO(0. 0028) 
S 1 . 000000(0.00882) 
P 0.627380(0.71706) + 0.394730(2.30512) + 0.124190(7.90403) + 0.019580(35.18320) 
P 1 . 000000(0.064) 

"Each basis expansion is written as Cl(a,) + C2(a2) + . . . + CN(UN) where C,  is the expansion coefficient of the gaussian function exp ( - a , R Z ) .  

rect spatial symmetry (1, 24), but only one de- 
terminant for the final product, ethylene oxide in 
its ground state. In this study, a limited three- 
state configuration (CI) was included wherever 
technically possible to take this into account. 

The 0 ( 3 ~ )  reaction species can be consistently 
described by one determinant throughout the 
paths (1). However, because of the UHF ap- 
proximation used, there is a possibility of 'con- 
tamination' of the triplet wavefunction by states 
of higher multiplicity. The degree of contamina- 
tion was monitored by evaluation of (s2) for all 
points computed on the surface. For the sym- 
metric cycloaddition path, (S2) is approximately 
2.023 for all points, and for the asymmetric path, 
(S2) decreases from 2.43 at long range to ap- 
proxin~ately 2.08 for geometries approaching the 
equilibrium bond lengths of the ground state 
ethylene oxide product. The unwanted contri- 
butions from quintet; etc., states are thus negli- 
gible for the compact geometries of most interest. 

The LCAO-SCF wavefunctions were calcu- 
lated in a basis set derived from the sp-gaussian 
set used by Basch et al. (25) in studies of the low- 
lying electronic states of several small molecules. 
The basis is of best-atom double-zeta quality. 
Preliminary studies indicated that the addition 
of more diffuse orbitals to the basis was neces- 
sary to satisfactorily describe the highest occu- 
pied molecular orbitals of the three lowest-lying 
excited triplet states of possible interest. This 

was accomplished by the addition of three s- and 
one set of three p-type functions (left uncon- 
tracted) per heavy nucleus, continuing the trend 
in the ratio of the orbital exponents in the ori- 
ginal set. The final basis set used for the sur- 
faces is reported in Table 1. The net contraction 
is (13 614) + [7 3/21 yielding a 56-function set. 
A basis of this size may be expected to reproduce 
rotational barriers to within 1 kcal mol-' (26) 
and charge densities to + 10% (27). 

The Potential Surfaces 
The energy hypersurfaces for the seven-nu- 

cleus C2H, + 0 system are functions of 15 in- 
ternal coordinates. Accordingly, a complete ge- 
ometry search could not be contemplated. 1n- 
stead, restricted searches were made to answer 
several specific questions. The first was whether 
or not the energetically preferred singlet and/or 
triplet cycloaddition paths are symmetric with 
respect to the carbon nuclei of the substrate ole- 
fin. An alternative is an unsymmetrical binding to 
one carbon only. In the former case a symmetric 
ring product may be expected, and in the latter an 
open-ring product or intermediate. The second 
question was the height of the energy barrier to 
rotation of the terminal methylene for open-ring 
geometries, as this may determine the degree of 
retention of stereochemistry of a final closed- 
ring product. Finally, the minimum energy bar- 
rier (assumed to be rate-determining) leading to 
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TABLE 2. Experimental bond lengths and bond angles of 
ground state ethylene (28) and ethylene oxide (29) 

Value 

Parameter (au or deg) Ethylene Ethylene oxide 

Rco( = R2) - 2.7164 
Rcc(= R1) 2.5304 2.7817 
RCH 2.052 2.045 

L CCO(= a) - 59.2 
L HCH 117.6 116.7 

a transition or intermediate state on the singlet 
and triplet paths was to be determined. 

Each of these questions necessitated a geome- 
try search with respect to variation of one or 
more of four independent nuclear geometry pa- 
rameters of the C,H4 + 0 adduct: R1, the car- 
bon-carbon distance; R2, the shorter of the two 
carbon-oxygen distances; a, the angle between 
R1 and R2; and y, the torsion angle of the ter- 
minal methylene group. For a symmetric oxy- 
gen approach (along the bisector of the carbon- 
carbon axis), it was useful to further define R3, 
the distance between the oxygen nucleus and 
midpoint of the carbon-carbon axis. The geome- 
tries of the two methylene groups were assumed 
to vary between the (very similar) limiting ge- 
ometries of reactant ground state ethylene (28) 
and product ground state ethylene oxide (29). 
(See Table 2.) The difference in energy caused by 
this assumption is less than 5 kcal mol-'. 

Symmetric Path 
The variations in total singlet and triplet ener- 

gies versus R3 were followed for oxygen ap- 
proaching the olefin in the plane perpendicular 
to that of the ethylene nuclei and equidistant 
from the carbons (C,,  approach). 

The paths computed are presented in Fig. 3 
and define the following symmetric cycloaddition 
reactions : 

[I I CZH~( 'AI~) + + CZH~O('AI) 
AE = -55 kcal mol-' 

[21 C2H4('Alg) + 0(3P) -+ C2H40(3BI) 
AE = +I45 kcal mol-I 

The singlet surface is seen to be strongly 'down- 
hill' attractive leading to the potential well 
around the ground state equilibrium geometry. 
The triplet surface is purely repulsive. The energy 
increase quoted for reaction 2 is for the forma- 
tion of the (unstable) triplet adduct with the 

equilibrium geometry of the singlet adduct, 
C2H40. This differing behaviour of the singlet 
and triplet potential energy curves for the sym- 
metric addition of oxygen is the same as that ob- 
tained for the corresponding symmetric in- 
sertion of 0('D) and 0 ( 3 ~ )  into H2('Zgf); the 
singlet curve being monotonically decreasing, 
leading to the formation of stable ground state 
water and the triplet being repulsive, crossing the 
singlet curve at a value of R3 greater than its 
equilibrium value in the ground state (1, 24). 
For several values of R3, the singlet energy was 
optimized with respect to R1. A smooth in- 
crease from the limiting value of 2.53 au (for re- 
actant ethylene) to 2.78 au (for product ethyl- 
ene oxide) was found for decreasing R3, reflect- 
ing the weakening of the carbon-carbon binding 
with approach of the oxygen. The singlet path is 
accurate to better than + 5 kcal mol-' with re- 
spect to R1 variation along the complete range of 
R3 values. 

The effects of the configuration interaction 
correction to the singlet is also shown in Fig. 3. 
For the extended geometry with R3 = 10 au, 
wavefunctions for the lowest singlet state were 
computed by three methods. The lowest single 
determinantal energy is - 152.68075 au. A CI 
was performed using as a basis the three lowest 
individually converged SCF closed-shell func- 
tions at this geometry. The lowest CI energy was 
found to be - 152.72013 au, only 0.08 kcal 
mol-' less than the sum of the energies of 
separated C2H4('A,,) (- 78.00643 au) and 0('D) 
(- 74.71357 au) when the O('D) energy is itself 
obtained from a separate three-state CI. The 
O('D) energy is from a basis of reconverged SCF 
functions, yielding an O('D) - 0(3P) energy dif- 
ference of 53 kcal mol-'. The spectroscopic 
energy difference between the oxygen 'D and 
3P terms is 45 kcal mol-'. Finally, a CI was per- 
formed using a virtual orbital (VO) description 
of the first and second excited closed-shell states. 
This yielded a lowest singlet energy of 
- 152.68888 au, 18 kcal 11101- ' above the pre- 
vious CI result and recovering only 6 kcal mole' 
of the 24 kcal mol-' error incurred by the de- 
scription of O('D) by a single determinantal 
function. 

The importance of configurational mixing is 
expected to decrease as the nuclear structure 
closes to that of the equilibrium ground state of 
ethylene oxide. (There the energies of two of the 
three determinants diverge from that of the low- 
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\ B ~  
3-SCF-state-Cl s i n g l e t  energ) 

I I I , A  I L I 
2 . 0  3.0 4 . 0  5 . 0  ' 10.0  - 

R3(a .u . )  

FIG. 3. Symmetric singlet and triplet potential energy paths. 

est determinantal function and thus become un- 
important contributors to the description of the 
lowest state.) At R3 = 5 au, a VO-CI calculation 
yielded an energy decrease of 1.3 kcal mol- l .  
Assuming a roughly proportional relationship of 
the energy corrections recovered by the VO and 
reconverged-function basis CI's, there may thus 
exist an activation barrier to the singlet reaction 
of the order of 10 kcal mol-' at R3 = 5 au. 

The symmetric triplet path consists of a 
smooth energy increase on approach of the re- 
actants. For each value of R3, the UHF triplet 
function was computed for the optimal R1 value 
of the singlet. 

Figure 4 displays the singlet and triplet charge 
distributions for three points on the synln~etric 
surfaces. For R3 = 4.0 au, the charge distribu- 
tions for both states show apparently similar 
overlap of the reactant charge densities. At R3 = 
3.0 au, while the regions of high density in the 
binding regions of the ethylene moiety in the two 
states are still almost superin~posable, the charge 
density of this fragment in the triplet state has 
extended into its nonbonded region in the form 
of a diffuse distribution. For R3 = 2.31 au 
(ground state equilibrium geometry), the singlet 
distribution contains wide belts of high (>0.2 
au) density in the binding regions between the 
three heavy nuclei indicative of the strong ring 
binding of the conventional bond description. 

In contrast, the triplet density plot shows much 
lower charge between the nuclei. The 0.2 au con- 
tours are still separately localized around the 
oxygen and ethylene fragments indicating the 
lack of any significant binding between oxygen 
and the carbons of ethylene. Furthermore, the 
0.2 au contour encompassing the carbon nuclei 
at this geometry has contracted indicating a sub- 
stantial decrease in the charge density in the C- 
C internuclear region and hence a decrease in the 
C-C binding. These observations regarding the 
charge distributions of the symmetrical singlet 
and triplet adducts apply equally to the corre- 
sponding insertion reactions of oxygen with H, 
(1). 

The potential energy and nlolecular charge 
distribution exhibit the same characteristic prop- 
erties along the singlet path for both the in- 
sertion and addition reactions, and both differ 
from the corresponding triplet paths in identi- 
cal ways with regards to the behaviour of the po- 
tential energy and charge density distributions. 
The differences between the singlet and triplet 
paths may in each case be related to a common 
cause, the added restrictions placed on a system 
with two or more unpaired electrons. In the de- 
scription of a singlet pair of electrons, the anti- 
symmetry requirement is imposed in spin space. 
For a triplet pair, the spin function is symmetric 
and the consequences of the antisymmetry are 
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SINGLET TRIPLET 

FIG. 4. Total singlet and triplet charge distributions (in the plane of the heavy nuclei) for the syrn- 
metric path. 
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made manifest in real space. Its effect on the 
energy and charge distribution may be under- 
stood and predicted in terms of the spin density, 
the spatial distribution of which provides a di- 
rect display of the consequences of the antisym- 
metry requirement in real space. 

Figure 5 contains plots of o(v) for the first two 
points of Fig. 4, based on the M,v = 1 UHF 
wavefunctions. One of two unpaired electron 
distributions remains largely localized on the 
oxygen, in the plane perpendicular to the plane 
illustrated. At R3 = 4.0 au, a spin 'polarization' 
is already apparent. There is a n-like distribution 
of a-density on the ethylene carbons and small 
regions of excess P-density near the oxygen. For 
R3 = 3.0 au, these effects are more pronounced, 
and in addition a small region of excess P- 
density appears between the carbons. A large a- 
density excess has been localized in the carbon 
n-regions. The polarization pattern is strongly 
reminiscent of that of the triplet ethylene mole- 
cule (Fig. Id) modified, of course, by the presence 
of the oxygen. Thus, as in the insertion approach 
of 0(3P) into H,('Z,+), the spin polarization ob- 
tained in the symmetric addition approach of 
triplet oxygen corresponds to the quasi-excita- 
tion of the singlet substrate to its lowest triplet, 
with the related consequences on its charge den- 
sity and energy. The spin polarization at R3 = 

3.0 au is characteristic of the spin unpairing 
mechanism illustrated in Fig. 2a for the sym- 
metrical triplet insertion. They differ only in the 
spatial nature of the electron pair so affected, a o 
pair in one case, a n pair in the other. 

Thus a symmetric approach to a pair of 
bonded 'n' electrons results in a localization of 
spin density of like sign on each nucleus, with 
the consequence that charge density cannot be 
accumulated in any of the internuclear regions. 
The binding between the carbon atoms arising 
from the charge density in the n-like distribution 
is reduced and no new binding with the ap- 
proaching oxygen is possible. The symmetric ap- 
proach is an energetically unfavourable one for 
both triplet addition and triplet insertion. 

As the angle of approach of the oxygen as 
measured by P is increased, the spin polarization 
changes smoothly from that characteristic of a 
spin unpairing (for P = 90") to that characteris- 
tic of a spin decoupling. The latter polarization, 
since it yields an alternation in the signs of the 
localized spin distributions, in this case C(u)- 

FIG. 5. Triplet spin density distributions (in the plane 
of the heavy nuclei) for the symmetric oxygen approach 
points of Fig. 4. 

C(P)-0(2a), allows for simultaneous binding 
between all three nuclei. Thus one finds a CCO 
angle such tha,t an uncoupling, that is, a spatial 
separation of the spin densities of the a,P 
bonded pair is obtained. This occurs at an angle 
u(= LCCO) equal approximately to the tetra- 
hedral angle (Fig. 8). 
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Q s ing le  determinantal  energy 

A VO-CI s i n g l e t  energy 

9. 3 SCF s t a t e 4 1  s i n g l e t  energy 

FIG. 6.  C, (a = 109.47') singlet and triplet potential energy paths. 

Asymmetric Path and Spin Transfer 
To define the energetics of unsymmetrical oxy- 

gen approach, which has been variously (2, 8, 30) 
suggested to be a particularly likely path for the 
triplet reaction, computations of the singlet and 
triplet energy variation versus R2 were made for 
a fixed a t  109.47" (tetrahedral C-C-0 angle). 
The oxygen was constrained to lie in the plane 
containing the carbon-carbon axis perpendicu- 
lar to that of the ethylene nuclei. The terminal 
methylene was fixed in its planar geometry in 
ethylene, and the internal methylene given the 
almost tetrahedral geometry of the ground state 
ethylene oxide equilibrium geometry. For such 
molecular geometries, the point group is C, and 
the lowest singlet and triplet states are now 'A' 
and 3A" respectively. 

The paths computed are shown in Fig. 6. The 
lowest (closed-shell) singlet state is repulsive to 
the extent of 30 kcal mol-' at ground state 
ethylene oxide equilibrium bond lengths, 25 kcal 
mol-' with inclusion of VO-CI. For R2 = 
2.814 au, the energy of the lowest open-shell 'A' 
state was computed (by addition of the 2K 
energy difference to the lowest 3 ~ '  RHF state 
(24, 25)) to be 18 kcal mol- ' above that of the 
lowest single-determinantal closed-shell 'A' 

state. A VO-CI calculation (including the lowest 
open-shell 'A' state as well as the lowest three 
closed-shell determinants) showed only negligi- 
ble contributions to the single-determinantal de- 
scription of the lowest singlet, and left the singlet 
path still repulsive to the extent of 20 kcal mol-' 
a t  the ground state equilibrium bond lengths. 
(This is equivalent to finding the lowest singlet 
state to have no significant diradical character 
at such geometries.) 

There are two triplet states, slightly repulsive 
(15 kcal mol-' at  the ground state equilibrium 
bond lengths) and designated 3A' and 3 ~ "  (the 
latter lower by 1-3 kcal mol-' over the whole 
path). Because of the shallow minimum found at 
R2 = 3.0 au, the path in that region of the sur- 
face was optimized with respect to a, then with 
respect to R1 for fixed a at R2 = 3.5 and 3.0 au. 
The originally observed dip, less than 1 kcal 
mol-', is not meaningful in itself because of the 
approximations and constraints imposed by the 
method of calculation used. However, the a- 
and Rl-optimizations defined the lowest energy 
approach angle to be 104 + 2" and Rl  = 2.75 + 
0.05 au, respectively, in this R2 range with the re- 
mainder of the molecular geometry rigid. The 
full curves are possibly within 2 kcal mol-', and 
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SINGLET 

BADER ET AL 

TRIPLET 

FIG. 7. Total singlet and triplet charge distributions (in the plane of the heavy nucbi) for asym- 
metric (a = 109.47") oxygen approach to C,H,. 
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certainly 10 kcal mol-l, of the unconstrained 
path. The singlet asymmetric surface is energetic- 
ally downhill to the symmetric path for all R2 < 
4.0 au. In contrast, the triplet surface is uphill 
for a both higher and lower than 10.5" all along 
the path. 

The singlet and triplet charge distributions for 
three points on this unsymmetric path are shown 
in Fig. 7. For R2 = 4.0 au the oxygen and ethyl- 
ene fragment distributions are still clearly identi- 
fiable. For R2 = 2.81 au the 0.2 au contour en- 
circles all the heavy nuclei in both the singlet and 
triplet adducts, indicating some degree of CO 
bonding. However, not only is there binding be- 
tween just one carbon and the oxygen in this re- 
gion of the singlet surface, the binding which is 
present is very weak. This is reflected in the ellip- 
soidal nature of the distribution of charge along 
the C-0 a x k 4  In the triplet plot for R2 = 
2.81 au the charge distribution in the region of 
the terminal methylene is essentially superim- 
posable on that of triplet ethylene (Fig. lc). 

Figure 8 shows the spin density for three 
points along the triplet surface; in the CCO 
plane (first column) and in the plane perpendicu- 
lar to this one along the C-0 axis. Even for 
R2 = 4.0 au, a spin polarization is strongly in 
evidence. In addition to the (slightly perturbed) 
oxygen atom containing an a-density torus 
(around the CO axis) there are large pn-like 
accumulations of excess a- and P-density on 
the terminal and internal methylene carbons, 
respectively. The approach of oxygen is ac- 
companied by an 'uncoupling' of the a,P-density 
of the ethylene. The mechanism of spin polari- 

4The three states of the O('D) term which describe the 
state of oxygen which interacts with ethylene, yield an el- 
lipsoidal charge distribution with its major axis perpen- 
dicular to the axis of approach (see Figs. 4 and 7); there 
is a deficit of charge along the direction of approach. In 
an orbital description of this 'prepared' state, there are 
one and two-third orbital vacancies in the plane contain- 
ing the carbon and oxygen nuclei and one-third of a 
vacancy in the oxygen orbital perpendicular to this plane. 
In the symmetric approach, these vacancies are filled by 
the i~ electrons of ethylene and the deficit in charge den- 
sity along the C, symmetry axis is not present in the 
equilibrium geometry. However, in a corresponding close 
approach in an asymmetric geometry, the ellipsoidal 
nature of the charge distribution on oxygen is still very 
much in evidence, indicating that the orbital vacancies in 
this plane are not filled and that considerably less density 
is accumulated along one C-0 axis than in the sym- 
metric geometry. 

zation is the same as that for the linear abstrac- 
tion reaction (I) (Fig. 2b). Throughout the path 
there is less P-density induced on the internal 
carbon than a-density on the terminal carbon. 
Thus there has also been a net transfer of a-spin 
from oxygen to terminal methylene. The trans- 
fer effect increases along the reaction path until 
for R2 = 2.81 au, the excess a-spin distribution 
near the terminal methylene is essentially super- 
imposable on that of the ethylene triplet state 
(Fig. Id). 

By referring as well to the second column of 
plots in Fig. 8 one sees that for large C-0 
separations the distribution of spin density on 
oxygen has a directional character (p-like) di- 
rected along the C-0 axis and near spherical 
character in the perpendicular plane. As the 
C-0 separation is decreased the amount of a 
spin density in the nuclear plane and its directed 
nature along the C-0 axis are decreased and the 
spin distribution becomes increasingly localized 
and directed in the perpendicular plane. Clearly, 
as the localization of excess a spin density on the 
terminal carbon increases, the remaining spin 
density on oxygen is increasingly localized along 
an axis which is perpendicular to the axis of 
localization on the terminal carbon. In this man- 
ner the two localized distributions of a spin den- 
sity are maximally separated in space. 

The first two columns of Fig. 9 contain the 
triplet charge and spin density maps for three 
planes of an asymmetric geometry with R2 fur- 
ther reduced to 2.71 au. At this geometry, the 
triplet has an energy only 22 kcal mol-I above 
that of the separated reactants (compared to 
148 kcal mol-I for the corresponding symmet- 
rical geometry). There is a charge accun~ulation 
between the oxygen and internal methylene al- 
most as great as for the singlet equilibrium 
geometry (Fig. 4), indicative of strong CO bond- 
ing. The three planes illustrate the localization of 
alternating regions of excess a- or P-density on 
all the nuclei in the incipient molecule. Thus 
there has been a spin polarization of the o- 
bonding density of the reactant ethylene. The 
amounts of P-density induced on the internal 
carbon and of a-density remaining on the oxy- 
gen in the C-C-0 plane are smaller than a t  
long range (cf. Fig. 8) corresponding to a short- 
range spin 'recoupling' and formation of paired 
CO binding density. The dominant spin struc- 
ture in the resulting molecule consists of two 
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BADER ET AL. 

FIG. 8. Triplet spin density distributions; (a) in the plane of the heavy nuclei and (b) the plane per- 
pendicular to (a) and also containing the CO axis, for the points on the triplet asymmetric path in 
Fig. 7. 
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SPIN DENSITY SPW DENSITY 

FIG. 9. Total charge and spin density distributions for ethylene oxide 3A" state at R2 = 2.71 au. 
The first column contains charge plots for (from top to bottom) the plane containing the three heavy 
nuclei, the plane containing the carbons and terminal hydrogen nuclei, and the plane containing the 
internal carbon-oxygen bond and also perpendicular to the first plane. The second column contains 
the corresponding spin distributions. The third column contains the spin density plots in the same 
three planes for the same state and geometry, except that the terminal methylene group is rotated into 
the plane of the heavy nuclei. 

separate distributions of excess cc-spin with the former. Also shown, in the third column of Fig. 
axes of their maxima mutually perpendicular; a 9, are the spin distributions for the same three 
pn-like distribution on the terminal methylene planes of the molecule with the same geometry, 
and another such distribution on the oxygen di- except that the terminal methylene has been ro- 
rected along an axis perpendicular to that of the tated 90". It  can be seen that the perpendicularity 
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of the two terminal a-density distributions per- 
sists. That is, the rotation of the terminal methyl- 
ene group induces a rotation of the localized spin 
distribution on oxygen, such that the mutual 
avoidance of the two localized a spin distributions 
is maintained. Recalling that the distribution of 
charge and spin density localized on the terminal 
methylene is essentially superimposable on that 
for the same fragment of triplet ethylene, the trip- 
let adduct described here has the characteristics 
of a diradical of the form CH2(a)-C-O(a) 
with the added understanding that the localized 
a spin distributions are localized in mutually 
orthogonal directions. 

For these open-ring structures, the barrier to 
rotation of the terminal methylene around the 
carbon-carbon axis (i.e. variable y) was com- 
puted to be 6 kcal mol-' for a = 109.47" and 
5 kcal mol-' for a = 90°, a maximum for y = 
90" in both cases.' This barrier is nearly twice 
the value for rotation about the C-C bond in 
ethane. 

The spin polarization accompanying an asym- 
metric triplet reaction path can be described as 
proceeding in the following manner; (i) initial 
uncoupling of the olefin x-bonding density and 
counter-migrations of the a- and P-components 
to the two carbon nuclei, accompanied by a de- 
crease in the carbon-carbon binding density and 
thus weakening of the carbon-carbon bonding; 
(ii) recoupling of .the P-density on the internal 
carbon to the a-distribution on the oxygen nu- 
cleus, associated with accumulation of carbon- 
oxygen binding density, hence bonding; (iii) lo- 
calization of the two excess a-spins in two mu- 
tually perpendicular distributions of one a-spin 
each at opposite ends of the structure; (iv) simul- 
taneous counterpolarization of the o-binding 
density on adjacent nuclei throughout the re- 
sultant open-chain structure similar to that of 
the triplet state of ethylene itself. Thus the de- 
crease in .the extent of carbon-carbon binding 
occurs simultaneously with an increase in the 
extent of carbon-oxygen binding, thereby ac- 
counting for the much lower energy barrier to 
asymmetric rather than symmetric triplet attack. 

'The rotation barrier for ethylene in its lowest triplet 
state was computed to be 15 kcal mol-' (for R1 = 2.961 
au) in the basis set used, the energy for y = 90" being a 
minimum. The experimental (28) barriers for singlet and 
triplet ethylene are respectively 66 kcal mol-' (minimum 
for coplanar methylenes) and 31 kcal mol-' (minimum 
for perpendicular methylenes). 

The lowest energy triplet reaction path is the one 
which allows for a polarization of the spin den- 
sity corresponding to the spin uncoupling 
mechanism : abstraction or ring-opened adduct. 

All along the asymmetric path the incipient 
molecule is unstable to redissociation into 
C2H, + 0 ;  it is thus not a chemical intermedi- 
ate. This path is the lowest triplet reactive chan- 
nel found. To reach the (dilute, gas-phase) prod- 
uct of interest, ethylene oxide in its ground 
state, the triplet species must at some point un- 
dergo a radiationless transition to the singlet sur- 
face. To obtain an estimate of the triplet activa- 
tion barrier, it suffices to find the geometry of 
lowest energy at which the singlet and triplet 
surfaces cross. The singlet surface lies below that 
of the triplet for symmetric geometries for R2 < 
3.6 au (Fig. 3); for the asymmetric path (a = 

109.47", Fig. 6), the triplet surface lies below that 
of the singlet for all values of R2. Thus the sur- 
faces must cross at intermediate a-values and at 
R2 < 3.6au, linking the surfaces at a lower 
crossing energy than on the symmetric path. 
Optimization of the crossover energy (31) with 
respect to R2 (with the remainder of the mole- 
cule fixed in the geometry of Fig. 9) yielded an 
energy barrier of 36 + 2 kcal mol-' above the 
energy of the separated reactants for R2 = 2.9 
au and a = 83". In comparison, for the sym- 
metric approach, the triplet encounters a barrier 
of 49 + 5 kcal mol-' (Fig. 3) before intersecting 
the singlet surface. 

Conclusions 
The potential energy surfaces computed for the 

singlet cycloaddition reaction are in accord with 
the suggestions of CvetanoviC (32); that singlet 
oxygen undergoes a symmetric, concerted reaction 
to form an ethylene oxide ring product. The con- 
clusions that the triplet reaction proceeds via the 
formation of an open-ring diradical with concur- 
rent rotation of the terminal methylene followed 
by a ring-closing cross-over to the singlet surface 
are also in agreement with the experimentally 
based suggestions of CvetanoviC (32, 33). We do 
not find a potential minimum on the triplet sur- 
face which would correspond to the formation of 
an intermediate K-complex as postulated by 
CvetanoviC (34). Our calculated results for the 
triplet path differ from the experimental findings 
in one important aspect. The experimental re- 
sults are interpreted as indicating that 0(3P) adds 
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to olefins with small (< 2 kcal mol-') energies of 
activation (12, 33, 34), while the lowest cross- 
over from the triplet to singlet surfaces to yield 
ground state ethylene oxide is calculated to occur 
at an energy -36 kcal mol-' above the energy 
of the reactants. Thus while the geometry, be- 
haviour, and properties of the theoretically de- 
termined triplet adduct agree well with the ex- 
perimentally based proposals regarding the 
mechanism of triplet addition, theoretical and 
experimental proposals of the activation ener- 
gies are in serious disagreement. In both the 
6 ( 3 ~ )  + HZ('Zg+) (1) an; 0 ( 3 ~ )  + C,H,( 'A,~  
calculations, we did not find an approach geom- 
etry which was not repulsive with regaids to 
energy. 

It is the principal purpose of this investiga- 
tion to draw attention to the potential use of the 
spin density in the understanding of the mech- 
anisms of reactions involving unpaired electrons. 
A more complete knowledge of the manner in 
which the spatial localization of the spin density 
varies with nuclear geometry in systems of ex- 
perimental interest would provide a theoretical 
and physical basis for predicting the course of a 
reaction for a system with a net spin angular mo- 
mentum. 
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BRIAN ALSPACH and S. ARONOFF. Can. J. Chem. 55,2773 (1977). 
The number of structural isomers obtainable from all possible substitutions in an alicyclic 

hydrocarbon is found by the use of Burnside's Lemma. Four classes of compounds exist ac- 
cording to the number of vertices of the ring, and the number and type of substituents on the 
carbons. The theory is also applicable to other types of compounds in which paired substituents 
occur, e.g. in the biologically-synthesisable porphyrins. Where the pairing is not mandatory, 
Polya's Theorem is utilized for enumeration. Examples are provided for each of the classes of 
compounds. 

BRIAN ALSPACH et S. ARONOFF. Can. J. Chem. 55,2773 (1977). 
Le nombre d'isomeres de structure que l'on peut obtenir par toutes les substitutions possibles 

dans un hydrocarbure alicyclique peut Ctre obtenu en utilisant le Lemma de Burnside. I1 existe 
quatre classes de composes suivant le nombre de sommets du cycle et le nombre et le type de 
substituants sur les carbones. On peut aussi appliquer la theorie a d'autres types de composes 
dans lesquels des substituants existent sous forme de paires, par exemple dans des porphyrines, 
qui peuvent Ctre synthktists d'une f a ~ o n  biologique. Quand I'existence sous forme de paires 
n'est pas obligatoire, le theorzme de Polya peut Ctre utilise pour ]'enumeration. On fournit des 
exemples pour chacune des classes des compos6s. 

[Traduit par le journal] 

For purposes of stereoisomer calculations, alicyclic hydrocarbons may be considered as polygons 
analyzable by graph theory (1). The use of graph theory has been employed in chemical enumeration 
(2, 3), using exhaustive techniques to produce all possible isomers with a given generic formula. 
These are then searched (e.g., by computer) to find those with certain prescribed properties. In this 
paper we count directly the number of isomers with prescribed properties. 

Let the polygon have n vertices. Then the carbon at each vertex will be homo- or heterosubstituted 
(=CXX or =CXY, respectively). Each n-gon will then have mi homosubstitutents (e.g. m, of 
=CXX, m, of =CYY, and m, of =CZZ. Similarly, anlong the heterosubstituents, there will be 
k, of =CXY (or its enantiomer, =CYX), k, of =CXZ (or its enantiomer, =CZX), etc. Then, if 
K = k, + ... + k,, n = K + m, + ... + m,, the n-gons may be described by the notation (ki,kj; 
mi,mj), so that chlorobromocyclohexane would be (1,1;4), and 1,l-dimethylcyclopentane would be 
(0;1,4). 

Equation 1 is based on Burnside's Lemma (4) (cf. below) involving the number of elements in a 
permutation group and the number of configurations left fixed on making all possible permutations. 
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I t  can be shown (see the Appendix) that the number of isomers, F, is given by 

where the following definitions stand. +(n) is the number of positive integers relatively prime to n in 
the interval (1, ..., n). In the set (1,2,3,4,5,6), the integers 1 and 5 are prime to 6 so that 4(6) = 2. g is 
the greatest common divisor (gcd) of the set of integers (a,, ..., a,). The gcd(2,6) is 2 (2  divides 2 and 
6) ,  while that of (3,6) is 3 (3 divides 3 and 6). d is a divisor of g. If g = 6, d = 1 ,  2, 3, and 6. 

The residual term, L, has values depending upon whether n, k, and m are even or odd. Four cate- 
gories may be distinguished : 

Category I 
n is odd; one of the mi's (say m j )  is odd; all the other mi's and ki's are even. 
In this case, 

Category 2 
n is even; all of the ki's are even; two of the mi's (say m,, m j )  are odd. 
In this case, the value of the numerator is identical with that of category 1 ,  but the denominator 

has the value 

Category 3 
n is even; all k's and m's are even. 
In this case the value of the denominator is identical with that of category 1 ,  but the numerator 

has the value 
(n/2)(n/2)!2Ki2 + (n/2)[(n - 2)/2)!(n/2) - ( ~ / 2 ) ] 2 ~ / ~  

Category 4 
In all other cases, L = 0. 
In the above, where m's are absent by virtue of the generic description of the molecule or its formal 

deletion (e.g., if m j  = 1 ,  then m j - ,  = O), the formulae are abbreviated accordingly, i .e., the rn's are 
not formal zeros. 

The following examples illustrate the application of this equation. 

Example 1 
Find the number of isomers of hexahydroinositol, i.e., 1,2,3,4,5,6-hexahydroxyhexane. The isomerism 

arises, of course, from the axial or equatorial position of the substituent on each carbon. 
The molecule is described generically as F(6,O;O) or simply as F(6;0), as the k's are single-valued 

and the m's are vacant. Then as n and k are even, we are in category 3. The gcd is 6 and the divisors, 
d, of 6 are 1,2,3,  and 6. The numerical equivalence of n and K results in the existence of only a single 
numerator for L. Then 

For d = 2,4(2)  = 1 ,  P2 = 
( 1 ) ( 6 / 2 ) ! 2 ~ ' ~  = 2 3 = 8  

(612) ! 

For d = 3,443) = 2, F3 = (2)(6/3)!2613 
(613) ! 

= 2 x 2 2 = 8  

For d = 6,4(6) = 2, F6 = 
(2)(6/6)!2616 

(6/6)! 
= 2 x 2 , = 4  

and 
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ALSPACH AND ARONOFF 2775 

Consequently, 
F(6;O) = (112 x 6)(64 + 8 + 8 + 4 + 24) = 108112 = 9 

Example 2 
Find the number of stereoisomers of the myoinositols, i.e., the trihydroxycyclohexanes. The molecule 

is F(3;3), g = 3, and L is category 4. 

Example 3 
~ i n d  the number of stereoisomers of 1,2,3,4,5-pentachlorocyclopentane. Here, L = 0, g = 5, and 

d =  1.5. 

Example 4 
Find the number of isomers of tetrachlorocyclopentane. In this case, n = 5, k = 4, and m = 1, so 

that the generic description is F(4;l) and L is category 1. Then, 

Example 5 
Find the number of stereoisomers of 1,l-dimethyltetrachlorocyclohexane. In this case, the generic 

description is F(4;1,1), and where g = 1, d = 1, L is category 2. Consequently, 

Example 6 
Find the number of stereoisomers of mesoporphyrin. The mesoporphyrins are tetramethyl, diethyl, 

dipropionic acid porphines. In this example we distinguish between two possible classes, (a) those in 
which the substituents are not constrained with regard to pairing at the P,P1-positions, and (b) those 
where, as in mesoporphyrins of possible biologic origin, the ethyls and propionic acids are each ac- 
companied by methyl groups. In all of the 15 known isomers of this class (5, 6), each pyrrole ring is 
substituted by either a methyl (m), ethyl (e), or a methyl, propionic acid (p). If the porphyrin is 
thought of as a square plane, then there is formal substitution at the vertices of a rectangle. The 
isomerism arises from the position of substitution of m, e, and p, recognizing that the order of sub- 
stitution must be considered, i.e. that m,e # e,m. 

We first consider the porphyrins of possible biological origin. The generic description is F(2,2;0), 
with L in category 3, g = 2 and d = 1. Then, 

In contrast with the biologically-possible mesoporphyrins, the chemically-possible mesoporphyrins 
involve no constraint of the m, e, and p substituents. In this case there are 60 isomers (5), a result 
which can be derived from Polya's Theorem as follows. 

If the cyclic decomposition of a permutation is the product of a, cycles of length k, then the term 
xlal, xZa2, ... xnlClrn corresponds to the permutation. The corresponding terms for all the pern~utations 
are added together and divided by the order of the group, to form what is called the cycle index (7) 
of the group. For example, the cycle index of a square (P,) is (l/8)(x18 + 5~~~ + 2 ~ ~ ' ) .  Thus, the 
four 2-cycles (xz4) may undergo four reflections and one 90" rotation, providing the coefficient, 5. 
Similar reasoning leads to the coefficients of x18 and x4'. 

Assume that the porphyrin is such a square, with the P,P' substituents meeting at each of the four 
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vertices. At each vertex we may substitute any pair of methyl, ethyl, or propionic acid. We may have, 
as an extreme, octamethylporphine or, less extremely, tetramethyl, tetraethylporphine. We want to 
know how many exist as tetramethyl, diethyl, dipropionic acid-substituted. According to Polya's 
Theorem, this number is the coefficient of the m4e2p2 term in the expansion of the cycle index poly- 
nomial where (m + e + p) is substituted for x,, (m2 + e2 + p2) for x2, and (m4 + e4 + p4) for x4, 
to give 

(1/8)[(m + e + p)8 + 5(m2 + e2 + p2) + 2(m4 + e4 + p4)1 

Obviously, the term m4e2p2 cannot arise from the last term. The number arising from the second 
term is 4!/2!, and from the first is 8!/4!2!2!. The coefficient of m4e2p2 is then 

(1/8)[(8!/4!2!2!) + 5(4!/2!)] = 60 
as noted earlier (5). 
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Appendix 
When discussing permutations we have used the so-called cyclic notation. For example, 

(1 3 4 5)(2 6)(7) denotes the permutation in which 1 goes to 3, 3 goes to 4, 4 goes to 5, 5 goes to 1, 
2 goes to 6, 6 goes to2,  and 7 goes to itself. We say that this permutation is a product of a 4-cycle, a 
2-cycle, and a 1-cycle (a 1-cycle is also called afixed-point). We are particularly interested in the cycle 
structure of the powers of a given permutation o when o is an n-cycle. For example, in cyclohexane, 
where o = (1 2 3 4 5 6), then 02 = (1 3 5)(2 4 6), 03 = (1 4)(2 5)(3 6), etc. Notice that gcd{2,6) = 2 
and o2 is a product of two 3-cycles while gcd{3,6) = 3 and o3 is a product of three 2-cycles. This 
pattern holds in general. If o is an n-cycle, then or is a product of g (n/g)-cycles if g = gcd{r,n). 

Let P, denote a regular n-gon. At each of the vertices of P, we shall substitute one of the ordered 
pairs a,A,, A,a,, a2A2, A2a2, ..., arAr, Arar, xlxl ,  x2x2, ..., x,x,. The resulting structure will be 
called a configuration. Arbitrarily label the vertices of P, as 1, 2, ..., n in a clockwise manner. 

Consider the group D, on P, consisting of o = (1 2 ... n) and its distinct powers and the n reflec- 
tions of P, about the central axes. D, is commonly called the dihedral group of degree n and contains 
2n permutations. We shall say two configuratioils are equivalent if one can be obtained from the other 
under the action of D,. By an isomer we shall mean a collection of configurations all of which are 
equivalent to each other and none of which are equivalent to any configuration not in the collection. 
In terms of permutation groups an isomer is an orbit of D, acting on the set of all configurations. 

Under a power of o the order of an ordered pair is not altered; however, a reflection sends an 
ordered pair of the form aA to Aa. For example, l-aA,2-bB,3-XX,4-bBcyclobutane, under the re- 
flection (1)(3)(2 4) goes to l-Aa,2-Bb,3-XX,4-Bbcyclobutane. Under the rotation (1 3)(2 4), it goes 
to l-XX,2-bB,3-aA,4-bBcyclobutane. A further restriction placed on the configurations relates to the 
number of paired substituents. We specify that altogether there must be k, of alAl,  k2 of a2A2, ..., kr 
of arAr and Arar, m, of x,x,, m2 of x2x2, ..., and m, of x,x,, appearing on the n-gon with k,, k,, ..., kr, 
m,, ..., m, each at least one. 

The proof of the theorem is based on a counting result known as Burnside's Lemma [4], which 
states that if G is a permutation group, the number of orbits of G is given by the formula 

[GI denotes the number of elements in G, f (o) is the number of objects left fixed by the permutation 
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ALSPACH AND ARONOFF 2777 

o, and the sun~nlation is taken over all o in G. Since the order of D, is 2n, the 1/2n is accounted for 
in the formula (1). It now remains to count the number of configurations left fixed by each of the 2n 
permutations. 

Let o = (1 2 3 ... n), that is, o is the rotation of the n-gon through an angle of 2nln. We saw earlier 
that any power of o is a product of nldd-cycles for some divisor d of n. Such a permutation will leave 
a configuration fixed if, and only if, each substitution in a given d-cycle is the same. Hence, d must 
divide each of k,, ..., k,, m,, ..., m,, that is, d must divide g. Now we need to choose k,/d d-cycles to 
give us k, of a ,  A, and A,a,, k,/d d-cycles to give us k, of a,A, and A2a2, etc. Thus we can choose 
the d-cycles to fill up with aiAi's or Aiai's and XjXj's in 

ways. But for each choice of k,/d d-cycles we can put either all a,A, or all A,a, in each d-cycle. This 
can be done in 2k11d ways. Similarly for a,A, or A2a2 through a,A, or Arar. Thus there are 

ways of filling up any selection of d-cycles. Moreover, there are exactly +(d) powers of o tliat are 
products of d-cycles. Therefore, the first term in formula 1 is accounted for and the n permutations 
that are powers of o have been considered. 

We now consider the n reflections of P,. If n is odd, then every reflection has its axis passing 
through a single vertex, that is, the cycle structure is (n - 1)/2 2-cycles and a fixed vertex. So a re- 
flection leaves a configuration fixed if, and only if, there is a substitution of the form XX at the fixed 
vertex, aA is substituted at one vertex of a 2-cycle when Aa is substituted at the other, and Y Y  is sub- 
stituted at one vertex of a 2-cycle when Y Y  is substituted at the other. First of all we see that exactly 
one of the mi's is odd (say mj) and all other mi's as well as all ki's are even if L # 0 is to be possible. 
If all except mj are even, then there are 

ways of choosing 2-cycles for the substitution of alAl and A,a,. Moreover, the a,A, and Alal can 
be put into the k1/2 2-cycles in 2 ways. Sinlilarly, there are 

ways of choosing 2-cycles for a2A2 and A,a, and 2k212 ways of putting them into the 2-cycles. Con- 
tinuing in this way we find that any reflection fixes 

configurations. As there are n such reflections, .the formula for L in category 1 follows. 
The formulas for L in categories 2 and 3 follow from the fact that, when n is even, half of the re- 

flections have an axis passing through no vertices and the remaining reflections have an axis passing 
through two opposite vertices. The rest of the calculations are similar to the above. 
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Molecular orbitals from group orbitals. IV. Quantitative perturbational 
molecular orbital analysis of the methyl rotational barriers in (CH,),X molecules. 

Effect of the fragmentation mode upon the results of the analysis 
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MYUNG-HWAN WHANGBO and SAUL WOLFE. Can. J. Chem. 55,2778 (1977). 
A quantitative perturbational molecular orbital (PMO) analysis has been performed on ab 

initio SCF-MO wavefunctions associated with the rotation of the methyl groups in a series of 
(CH3),X molecules (X = CH,, 0 ,  S, C=O, C=CH2). Two fragmentation modes have been 
investigated: Method a, in which the system is dissected into X and (CH,),; and Method b, in 
which the system is dissected into CH3X and CH,. Both fragmentation modes reproduce the 
principal property of these molecules, viz., that the more crowded SS conformation is preferred. 
However, whether this conformational preference is controlled by two-electron stabilizing 
effects or four-electron destabilizing effects is found to depend upon both the mode of fragmen- 
tation and the nature of the substituent X. The quantitative results are supplemented by a 
detailed qualitative description of the nature of the group orbitals associated with the two 
fragmentation modes and the various types of orbital interactions. It is shown that orbital 
energy differences control the qualitative discussion of Method a, and overlap effects control 
that of Method b. Although the final result, i.e., the preference for the SS conformation, and the 
behaviour of individual orbital interactions are anticipated correctly by the qualitative argu- 
ments, these are unable to assess the relative contributions of the stabilizing and destabilizing 
interactions. 

MYUNG-HWAN WHANGBO et SAUL WOLFE. Can. J. Chem. 55,2778 (1977). 
On a effectue une analyse quantitative d'orbitale molkulaire perturbationnelle (OMP) a 

l'aide de fonctions d'onde SCF-MO ab initio associees avec la rotation des groupes methyles 
dans une skrie de molec~~les (CH3)2X (X = CH,, 0, S, C d ,  C=CH,). On a etudie deux 
modes de fragmentation: methode a,  dans laquelle le systtme est divist en X et (CH,),; la 
methode b dans laquelle le systtme est divise en CH3X et CH,. Les deux modes de fragmenta- 
tion reproduisent la proprittk principale de ces molCcules a savoir que la conformation SS la 
plus empCchee est celle qui est preferee. Toutefois, on trouve que la conformation prkferentielle 
qu'elle soit contrBlCe par des effets stabilisants dus a deux electrons ou des effets dtstabilisants 
dus a quatre electrons depend a la fois du mode de fragmentation et de la nature du substituant 
X. On a ajoutt un complement aux resultats quantitatifs en faisant une description qualitative 
detaillee de la nature des groupes d'orbitales associes avec les deux modes de fragmentation et 
les divers types d'interaction entre orbitales. On a montrt que les differences d'energie entre les 
orbitales contralent la discussion qualitative de la mtthode a et que les effets de recouvrement 
contralent celle de la methode b. Quoique les resultats finals, a savoir la preference de la 
conformation SS et le comportement des interactions orbitales individuelles, peuvent Ctre 
anticipks d'une f a ~ o n  correcte par des arguments qualitatifs, ces derniers ne permettent pas de 
determiner les contributions relatives des interactions stabilisantes et destabilisantes. 

[Traduit par le journal] 

Introduction 
In Part 111 of this series (I), a method was 

developed for the quantitative perturbational 
molecular orbital (PMO) analysis of ab initio 
SCF-MO wavefunctions. This PMO method 
reproduces rather well the total energy rotational 
behaviour of the small hydrocarbon molecules 
ethane and propylene. 

Regardless of the details of the procedure 

'Present address: Department of Chemistry, Cornell 
University, Ithaca, NY, U.S.A. 14853. 

employed, any PMO analysis of a conforma- 
tional effect begins with a dissection of the 
molecule into fragments. Although there is, in 
principle, no restriction concerning the specific 
fragmentation scheme which should be used, in 
practice it is customary to work within the 
framework of chemically 'reasonable' functional 
groups. Thus, for example, it is 'reasonable' to  
dissect ethane into two methyl fragments, and to 
dissect propylene into methyl and vinyl frag- 
ments. However, for larger molecules, more 
than one 'reasonable' fragmentation scheme can 
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often be conceived. In such a case, it is important 
to know whether the results of the PMO 
analysis depend upon the mode of fragmentation 
of the system. The purpose of the present paper 
is to examine this problem by a consideration of 
the rotational behaviour of systems (CH,),X 
(X = CH,, 0 ,  S, C=O, C=CH,). A detailed 
examination of four of these compounds at the 
4-31G level has been presented by Pople and 
co-workers (2). To rationalize their results, 
these workers have suggested that a x-electron 
or hyperconjugative effect is operative in these 
molecules and leads to aromatic stabilization 
involving bonding between methyl groups when 
the central atom is a n-donor (as in dimethyl 
ether), and to a corresponding antiaromatic 
destabilization when the central atom is a n- 
acceptor (as in acetone). These qualitative ideas 
have been developed further by Epiotis and 
Yates (3), in the course of a study of overlap 
repulsion as a contributor to aromaticity. 

The present quantitative PMO analysis has 
been performed using two different fragmenta- 
tion modes: Method a, in which the system is 
dissected into X and (CH,),; this is the method 
employed by Epiotis and Yates (3). In Method b 
the system is dissected into CH3X and CH,. The 
first objective of the work is to determine 
whether both methods lead to the same con- 
clusions concerning the total energy behaviour 
of (CH,),X molecules. Since this behaviour is 
calculated by a summation of the contributions 
of stabilizing and destabilizing n-type orbital 
interactions, a second objective of the work is to 
determine whether one or the other of these is 
the major contributor to the total energy. A 
third and most important objective is to demon- 
strate that the quantitative results can be under- 
stood in terms of simple qualitative arguments. 
Such a demonstration would generate consider- 
able confidence in the use of such arguments for 
the discussion of conformational effects. 

It is known (ref. 2 and references cited therein) 
that (CH,),X molecules exist 'in the more 
crowded SS conformation, and that the ob- 
served rotational barriers refer to the process 
SS SE. 

The present discussion has, therefore, been 
restricted to these two conformations. 

Results and Discussion 
Ab initio SCF-MO calculations were per- 

formed using the STO-3G basis set (4) of 
Gaussian 70 (5). The methyl rotational barriers 
of the various (CH3),X molecules refer to the 
process SS -t SE, and were obtained by rigid 
rotation of one methyl group. The PMO 
analysis was performed after each SCFlMO 
calculation by evaluation of the two-electron 
stabilizing and four-electron destabilizing inter- 
action energies. These energy terms are defined 
by eqs. 1 and 2 respectively (1). 

[I] Aeij = 2(Aij - e," gij)'/(e," - e:) 

2gij [-2Aij + (e," + e;)Sij] 
[2] beij = 

(1 - gi;) 

where A,, is the interaction matrix element 
between (he fragment orbitals 4; and $;, and 
gij is the overlap integral between them. In the 
discussion which follows, only interactions be- 
tween n-type fragment orbitals have been taken 
into account. 

Table 1 summarizes the results of the present 
SCF-MO calculations. The experimental values 
for the rotational barriers of these systems and 
the results of Pople's 4-31G computations (2) 
are included for comparison. The agreement 
between calculated and ex~erimental barriers is 
reasonable. In particular, variations in the 
barrier as X is varied are reproduced by the 
computations. 

Quantitative Analysis by Method a 
The results of the PMO analysis based upon 

Method a are summarized in Tables 2-4. The 
n-type fragment orbitals of X and (CH,), on 
which the analysis is based are shown schematic- 
ally in Fig. 1. The butadiene-like character of 
the (CH,), group orbitals is clearly evident, and 
their nodal properties can be regarded as the 
result of in-phase (leading to n+  and n +  *) and 
out-of-phase (leading to n- and n-*) combina- 
tions of methyl n and n* group orbitals. 

The orbital energies eo collected in Table 2 
reveal that the energy gap between n +  and n- 
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TABLE 1. Computed total energies and methyl rotational barriers of (CH,),X moleculesa 

Total energy (au) Rotational barrier (kcal/mol) 

X SS SE Calculated Experimeiltal 

'In each molecule, the geometrical parameters adopted for the methyl groups are r,, = 1.09 .& and 
LHCH = 109.5'. Other geometrical parameters are as follows: X = CH,: r c ,  = 1.526 A, L CCC = 

112.4". For the methylene group, rcH = 1.09.&, LHCH = 109.5". X = 0: r,, = 1.417.&, LCOC = 
111.5". X = S: rcs = 1.802& LCSC =99". X = C O :  rcc = 1.515.&, r o  = 1.215A, LCCC= 
116'. X = C=CHz : rcc (single bond) = 1.507 A, rcc (double bond) = 1.330 A, L CCC = 115.3'. For the 
methylene group, rc" = 1.09 A, LHCH = 120". 

bNumbers in parentheses refer to the results of 4-31G computations (see text). 
<Reference 6. 
dReference 7. 
'Reference 8. 
YReference 9. 
QReference 10. 
*Reference 11. 

and between n+* and n-* is greater in the SS 
conformation, as expected (3) from a recognition 
that the overlap between the methyl groups is 
greater in the SS conformation. A comparison 
of the eio values of nX and nx* reveals that the X 
fragment orbitals are nearly transferable from 
one conformation to the other within the same 
n~olecule. 

The gross populations Qi collected in Table 3 
are consistent with the assumption that, prior to 
orbital interaction, the fragment orbitals n,, 
n-, and nX are doubly occupied, and n+*, n-*, 
and n,* are unoccupied. With this assignment 
of electron occupancies, the orbital interaction 
energies Aeij can be calculated, using eqs. 1 and 
2, to give the results summarized in Table 4. 

In the SS conformations, interactions (n, - 
n-), (nX - n-*) and (n,* - n-) are zero by 
symmetry. Although this symmetry restriction is 
removed in the SE conformations, these three 
interactions remain small. In each molecule, the 
sum of the four-electron destabilizing interactions 
is more positive, and the sum of the two-electron 
stabilizing interactions is less negative in the SE 
conformation. This is in harmony with the 
qualitative prediction by Epiotis and Yates (3) 
that the SS  conformation will be more stable 
because it is stabilized more by the two-electron 
interaction and destabilized less by the four- 
electron interactions. For X = CH,, C=O, and 
C=CH,, the four-electron factor is greater than 

The differences in the total orbital interaction 
energies, CAeij, of the SS and SE conformations 
are 2.68, 2.14, 0.80, 1.20, and 2.18 kcal/mol, for 
X = CH,, 0, S, C=O, and C=CH2, respec- 
tively. The corresponding methyl rotational 
barriers obtained from the total energies of the 
SCF-MO computations are 3.75,2.98, 1.80, 1.20, 
and 2.18 kcallmol, respectively. 

Qualitative Analysis by Method a 
Our calculations reveal that, for a given inter- 

action, -Aij and gij vary in the same way.' 
Therefore, it is valid to approximate Aij by 
kSij, with k a negative constant. It then follows, 
from eqs. 1 and 2, that the magnitude of an 
interaction energy beij increases as Sif in- 
creases, regardless of whether such an interaction 
is stabilizing or destabilizing. On the other hand, 
the orbital energy dependence of an interaction 
energy depends upon the nature of the inter- 
action. A two-electron stabilizing interaction in- 
creases as the orbital energy difference (eo - 
ey) decreases; and a four-electron destabilizing 
interaction increases as the absolute value of the 
orbital energy sum (eio + e;) decreases. These 
qualitative simplifications are, of course, well 
known (3). 

Since n +  and n+* lie lower in the SS con- 
formation than in the SE conformation, an 
argument based upon orbital energies predicts 
that the destabilizing interaction (n+ - nx) will 

the two'e1ectron factor In dimeth~isulfide. the 'More detailed data concerning bj, Jij, and other 
two effects are almost the same; however, in quantities generated in the quantitative PMO analysis, 
dimethyl ether, the two-electron effect is greater. are available from the authors. 
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be smaller, and the stabilizing interaction (n, - 
n +  *) will be larger in the SS conformation. This 
is confirmed for all X. When X is CH,, C=O, or 
C=CH,, there is also a (n, - n,) stabilizing 
interaction; the orbital energy argument now 
predicts greater stabilization in the SE conforma- 
tion. This is observed when X is C=O and 
C=CH,, but not when X is CH,. 

The discrepancy is caused by the (secondary) 
overlap effect, which is difficult to assess qualita- 
tively when X is a single atom, but cannot be 
ignored when X is a group. As shown in Fig. 2, 
the (n+ - nX) overlap is snialler in the SS con- 
formation, but the (n, - n+*) and the (n, - 
nX*) overlap is smaller in the SE c~nformat ion .~  
An overlap argument would, therefore, predict 
more stabilization and less destabilization in the 
SS conformation. Thus, for the destabilizing 
(n, - n,) and the stabilizing (n, - n +*) inter- 
actions, the overlap and the energy gap argu- 
ments operate in the same direction. However, 
in the case of the stabilizing (n, - n,*) inter- 
action, they lead to different predictions, and 
qualitative arguments alone cannot determine 
which of the two effects should be dominant. 
Nevertheless, it can be predicted that the con- 
formational dependence of this (n, - n,*) 
interaction should be small, as is observed. 

It follows from the discussion just presented 
that the most appropriate qualitative rational- 
ization of the total energy behaviour of (CH,),X 
molecules within the framework of fragmenta- 
tion Method a is the one that emphasizes the 
energy gap argument (3), because this approach 
encompasses all X. However, it is not possible 
with such a procedure to probe the relative con- 
tributions of the stabilizing and destabilizing 
interactions. 

Quantitative Analysis by Method b 
The orbital interaction energies b e i j  calculated 

by Method b are summarized in Table 5. The n- 
type fragment orbitals of CH,X and CH, that 
are employed in this analysis are shown sche- 
matically in Fig. 3. 

,A possible conceptual problem arises at this point, 
since one might reasonably ask why a repulsive CH,. . . 
CH, interaction, greater in the SS conformation than in 
the SE conformation, can be ignored. The reason for 
this is that Method a treats CH,. . .CH3 as a single unit 
(group), and only interactions between the (CH,), and X 
groups are meaningful in the PMO analysis. Furthermore, 
the CH,. . .CH3 interaction has already been taken into 
account in the energy gap argument. 
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TABLE 3. The gross populations Qi of the X and (CH,), fragment orbitals in (CH,),X 

0 0 0 
*x' 0 0 0 

0 0 0 
";0 0 0 0 0 

1 
x A, A\ 'S, 

R 'F' 
,c, 'C, 

FIG. 1. The n-type fragment orbitals in (CH3),X 
molecules which correspond to fragmentation Method a:  
(a) the CH,. . .CH, group; (b)  the X group. 

The nature of the CH3X group orbitals re- 
quires comment. When X is oxygen or sulfur, the 
nodal property of the CH3X group is like that of 
the ally1 system, because the two methyl hydro- 
gens, the methyl carbon, and X each contribute 
one p-type atomic orbital. The lowest-lying 

FIG. 2. The overlap between the (CH,), and X groups 
in the SS and SE conformations. Several stabilizing and 
destabilizing interactions are shown. The primary overlap 
between the fragments is shown as a dotted line. Second- 
ary overlap is indicated by a double-headed arrow. 

CH,X group orbital (n,) is the in-phase com- 
bination of n,,, andp,, and the highest occupied 
CH,X group orbital (nv) is the out-of-phase 
combination of ncH3 and p,. Since n,,, lies 
lower than p,, it has greater weight in n,, and 
px has greater weight in nv. The unoccupied 
CH3X group orbital, designated n,*, is mainly 
the out-of-phase combination of ncH3* and p,, 
and is, therefore, weighted heavily on carbon 
and hydrogen. 

When X is CH,, C=O, or C=CH,, the nodal 
property of CH3X is like that of butadiene, 
because four p-type atomic orbitals are used to 
form the group. The two occupied CH,X 
orbitals (n, and np)  result mainly from the in- 
phase and out-of-phase combinations of n,,, 
and n,; the two unoccupied CH3X orbitals 
(n,* and n,*) result mainly from the in-phase 
and out-of-phase combinations of ncH3* and n,*. 
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TABLE 4. The orbital interaction energies Aeij (kcal/mol) between the n-type orbitals in (CH,),X, according to fragmentation Method a 

CH2 0 S C=O b C H 2  
Interaction 
(b?-b?)  5,s SE SS SE SS SE SS SE SS SE 

TABLE 5. The orbital interaction energies Aeij (kcal/mol) between the n-type orbitals in (CH,),X, according to fragmentation Method b m 

Interaction 
(4i0 - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 55, 1977 

I I 

b 

FIG. 3. The K-type fragment orbitals in the CH,X and CH, groups of (CH,),X molecules: (a) the 
CHSX group, when X = 0, S; (b) the CH3X group, when X = CH2, CO, and C=CH,; (c) the CH, 
group. 

Since the energies of zcH3 and nCH3* are not cules, since the ejo values calculated for these 
very different from those of KC,, and TI,-,,*, two orbitals are almost exactly the same in the 
respectively, the weights on CH, and CH2 in the two conformatioi~s.~ Therefore, the qualitative 
four CH,CH2 group orbitals are all about the description of fragmentation Method b will be 
same. However, when X is C=O or C=CH,, based upon overlap considerations. 
n, lies higher than xCH3 and IC," lies lower than 
ncH3*. Consequently, nu and TI,* are weighted ( n - n m )  Interaction 
in favour of CH,, and np and n,* are weighted in This interaction is show11 in Fig. 4. Figure 4 a 
favour of X. and b indicates that the overlap 1 is large in SS, 

In each molecule, the sum of the two-electron and the overlap 2 is large in SE. A prediction 
stabilizing interactions is less negative in the SE requires knowledge of which of these two over- 

conformation, as in the analysis by Method a. laps is larger. This is not possible in the case of 
However, in contrast to the analysis by Method X = CH2 without quantitative results. However, 

a, the sum of the four-electron destabilizing for = Co and C=CH2, in SS will 
interactions is more positive in the SS conforma- be greater than 1 in SE, because the XU 

tion in dirnethyl ether and dimethyl sulfide. The orbital is more heavily weighted on the methyl 
differences in the total orbital interaction energies group CH3X. Figure 4c shows that the 
of the SS and SE conformations indicate that overlap is greater in the SS conformation. Four 
the SS is more stable by 1.98, 0.82, 0.26, 0.64, the five are therefore predicted to 
and 1.64kcal/mol for x = CH,, 0 ,  S, C-0, exhibit greater destabilization in the SS con- 
and C==CH2, respectively. formation in terms of the (IC - nu) interaction. 

Qualitative Analysis by Method b The (IC - no) Interaction 
We begin this discussion with the observation This interaction is shown in Fig. 5. In this 

that the methyl group orbitals (IC and n* of Fig. case, Fig. 5 a and b leads to the same prediction, 
3 and Table 5) are almost quantitatively trans- viz., that the overlap in SS is less than that in 
ferable from SS to SE in each of the five mole- SE, because overlap 2 in SS is negative, and 
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WHANGBO AND WOLFE 2785 

FIG. 4. The phase relationships between the CH3X and 
CH, fragment orbitals in the SS and SE conformations 
for the (n - 71%) interaction: (a) X = CH,; (b) X = CO, 
C=CH,; (c) X = 0 ,  S. The primary overlap between 
the fragments is shown as a dotted line. Secondary over- 
lap is indicated by a double-headed arrow. 

overlap 1 in SE is positive. Figure 5c also shows 
a more negative contribution from overlap 1 in 
the SS conformation. In terms of the (n - nB) 
interaction, all five molecules are predicted to 
exhibit greater destabilization in the SE con- 
formation. In the cases of C H 3 0  and CH3S, the 
(n - n,) interaction outweighs the (n: - nB) 
interaction because the methyl group of C H 3 0  
and CH3S is more heavily weighted in n, than 
in na. Thus, the net destabilization is greater in 
the SS conformatioil in these two molecules, 
even though the higher orbital energy of nB 
would lead to the opposite prediction, as is 
found in the other three molecules. 

The (n - n,*) Interaction 
This interaction is shown in Fig. 6. Figure 6 a 

and b shows that the overlap 2 is smaller in SS,  
and the overlap 1 is smaller in SE. As with the 
(n - n,) interaction, no qualitative prediction 

FIG. 5. The phase relationships between the CH3X and 
CH, fragment orbitals in the SS and SE conformations 
for the (n - np) interaction: (a) X = CH,; (b)  X = CO, 
C=CH,; (c) X = 0 ,  S. The primary overlap between 
the fragments is shown as a dotted line. Secondary overlap 
is indicated by a double-headed arrow. 

is possible in the case of X = CH,. However, 
for X = CO and C=CH,, the negative overlap 
in SS will be less than that in SE, i.e., the total 
overlap will be larger in SS,  because the n,* 
orbital is more heavily weighted on the X group 
of CH3X. Figure 6c also shows that the overlap 
is greater in the SS conformation. Thus, four of 
the five n~olecules are predicted to show greater 
stabilization in the SS  conformation. 

The (np - n*) Interaction 
This interaction is shown in Fig. 7. In all cases, 

the overlap is greater in the SS conformation. 
The (nB - n*) interaction therefore predicts 
greater stabilization in the SS  conformation. 

The (n, - n*) and (n - n:,*) Interactions 
These interactions can be depicted and ana- 

lysed in an analogous manner, but it is already 
clear that the qualitative PMO analysis based 
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FIG. 6. The phase relationships between the CH3X and 
CH, fragment orbitals in the SS and SE conformations 
for the (n - n,) interaction: (a) X = CHz; (b) X = CO, 
C=CH,; (c) X = 0 ,  S. The primary overlap between 
the fragments is shown as a dotted line. Secondary over- 
lap is indicated by a double-headed arrow. 

upon Method b is much more cumbersome than 
that based upon Method a. A simplifying 
assumption seems to be necessary for Method b 
to be useful as a qualitative procedure. A 
reasonable simplifying assumption is that only 
interactions associated with the frontier orbitals 
be considered, i.e., interactions (n - np), (np - 
z*), and (n - z,*). With this simplification it is 
readily shown that the SS conformation is more 
stable than the SE conformation for all X. 
However, as with Method a, it is not possible 
using qualitative arguments alone to state the 
relative contributions of the stabilizing and 
destabilizing interactions to the overall result. 

Conclusions 

Both fragmentation modes reproduce the 
principal fact, that the SS conformation is more 

FIG. 7. The phase relationships between the CH3X and 
CH, fragment orbitals in the SS and SE conformations 
for the (np - n*) interaction: (a)  X = CH2; (b) X = CO, 
C=CH,; (c) X = 0 ,  S. The primary overlap between 
the fragments is shown as a dotted line. Secondary overlap 
is indicated by a double-headed arrow. 

stable than the SE conformation in (CH,) ,X 
molecules. In terms of the orbital interaction 
energies, the total energy behaviour of these 
molecules is reproduced more closely by Method 
a. However, neither mode of analysis supports 
the notion (3) that overlap repulsion effects play 
a dominant role in deciding the conformational 
behaviour of dimethyl ether and dimethyl sulfide. 

Regardless of the mode of fragmentation, the 
sum of the gross populations Qi of all n-type 
fragment orbitals in a (CH,),X system is 6. It is 
understandable, therefore, that an analogy has 
been drawn (2, 3) between the greater stability of 
an SS  conformation and the aromaticity of 
cyclic 67c-electron systems. However, as has 
been noted, whether such 'aromaticity' is 
caused by a minimization of repulsive effects or 
a maximization of attractive effects depends on 
X. 
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On the blue complexes of ruthenium. Part 11. The structure of 
fac- trichlorotriammineruthenium(III) 
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FRANK BOTTOMLEY. Can. J. Chem. 55,2788 (1977). 
The structure of [RuCI,(NH~)~] prepared from the blue chloro-amniine complex of ruthen- 

ium is described. The crystals are orthorhombic, a = 9.933(3), b = 6.522(2), c = 5.475(2) A, 
Z = 2, space group Pw~n2~.  The structure analysis used 283 observed reflections, whose 
intensity was measured on a Picker FACS-1 diffractometer. The structure was refined (full- 
matrix) to R = 0.029. The crystal is composed of chains of fa~-[RuCl~(NH,)~l ,  and is dis- 
ordered, approximately 10% of the chains being reversed in direction and displaced one-half 
in z. The Ru-ligand distances and angles are normal. 

FRANK BOTTOMLEY. Can. J. Chem. 55,2788 (1977). 
On dtcrit la structure du [RuC13(NH3),] prepare partir du complexe bleu de chloreammine 

du ruthenium. Les cristaux sont orthorhombiques a = 9.933(3), b = 6.522(2), c = 5.475(2) A, 
Z = 2 groupe d'espace Pmn2,. L'analyse structurale a fait appel aux 283 reflexions observees 
dont l'intensite a ete mesuree sur un diffractometre Picker FACS-1. On a affink la structure par 
la mtthode des moindres carres (matrice complete) jusqu'a une valeur de R = 0.029. Le cristal 
est compose de chaines defac-[RuCI3(NH3),] et est desordonne; environ 10% des chaines sont 
dans une direction renversee et dtplacee de moitie suivant l'axe des z .  Les distances et les angles 
du ruthenium avec le ligand sont normaux. 

[Traduit par le journal] 

Introduction 
In a previous paper we outlined our investiga- 

tions of the blue species obtained by treating 
hexaammii~eruthenium(11) with hydrohalic acids 
(1). We found that the blue complexes were 
ruthenium(I1)-ruthenium(II1) dimers of em- 
pirical formula Ru2X,(NH3),H20 (X = C1, 
Br), and suggested the dimeric cation contained 
a single halo-bridge, i.e. had a formula [C1,- 
(NH,) ,R~C~RU(H~O)(NH~)~CI]+.  Later work 
by Mercer and Gray on the chloro-complex con- 
firmed the dimeric Ru(1I)-Ru(II1) nature of the 
cation, and suggested a triply chloro-bridged 
structure, i.e. a formula [(NH,),RuCl,Ru- 
(NH3),12+ (2). To finally confirm the structure 
we repeatedly attempted to obtain crystals of 
the blue cation with various anions but obtained 
microcrystalline material at best. In the absence 
of these crystals we turned our attention to 
[RuCl,(NH,),], which was the product obtained 
when the blue chloro-complex was treated with 
HCI. Our tentative conclusion, on the basis of 
the infrared spectrum, was that this product had 
the mer-configuration, a structure incompatible 
with a triple chloro-bridge (1). Mercer and Gray 
concluded [RuCl,(NH,),] was cis- (fac-), which 
geometry, while compatible with either bridging 

structure, is clearly more probable from reaction 
of a triply chloro-bridged cation (2). Hence the 
structure of [RuCI,(NH,),] provides good 
evidence for the structure of the blue complex. 
We were also interested in this structure in 
connection with our studies of the trans- 
influence in octahedral complexes of this type 
(3, 4). 

Experimental 
[RuCI,(NH,)~] was obtained, as long needles, from 

Ru~CI , (NH~)~H,O by the method described previously 
(1). Crystal data are as follows 

[RuClj(NH3)31 mw = 258.5 
Orthorhonibic, a = 9.933(3), b = 6.522(2), c = 5.475(2) 
A, U = 354.7 A3, D, = 2.49 for Z = 2, Dm = 2.46 g 
cm-3 (by flotation in CHC13/C2H2Br,); Zr-filtered 
Mo-K, radiation, h = 0.70926 A; (Mo-Kt) = 31.7 
cm-l. h0-21 Weissenberg and 0-2kl and hk0-2 precession 
photographs showed systematic absences compatible 
with space groups Pmn2,, PZlnm, or Pmnm. The first is 
correct from the refinement. 

The crystal used for the intensity determination was the 
tip cut from a long needle, and had dimensions 0.08 x 
0.35 x 0.15 mm. It was mounted with shellac in a glass 
tube with the b axis deliberately mis-set with respect to 
the 4 axis of the Picker FACS 1 diffractometer. Cell 
dimensions were deterniined from 12 accurately centered 
reflections of 20 > 30". Data were collected using the 
following instrumental settings: Zr-filtered Mo-K, 
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radiation; 2.0" scan, corrected for KeI-Ka2 dispersion; 
0-20 scan of rate lo min-' in 20 in the range 2 < 20 < 
50"; stationary 20 s background counts on either side of 
the peak; take-off angle 2.0"; pulse-height analyser set 
for 97% of the Mo-K, window; no attenuators needed 
since count rate was always less than 1 x lo4 s-'; the 
121 reflection was monitored every 20 reflections as 
standard; its intensity varied by about 6% during data 
collection, and this was corrected for in processing. A 
group of reflections of high h could not be measured 
because of the position of the crystal in the tube; their 
presence or absence (less than minimum observable 
intensity), was established from the photographic record, 
but they were treated as unobserved and not used in the 
refinement. In processing, the data reflections having a 
net count less than 20 or less than 0.05 times the back- 
ground count were considered unobserved. The process- 
ing, including Lorentz and polarisation corrections, gave 
88 unobserved and 283 observed reflections. A trial 
absorption calculation showed the transmission factors 
varied from 68 to 76%, and hence no absorption correc- 
tion was applied. In the refinement, which minimized 
Zw(lF,I - JFc1)2, scattering factor curves for Ru(3+), 
C1-, and N were taken from refs. 5 and 6 and were 
corrected for both the real and imaginary parts of the 
anonlalous dispersion. A weighting scheme of the form 
given earlier (7) with A = 35, B = 0.02, and C = 1.0 x 

was used. All calculations used the XRAY 76 
package (8). 

Results and Discussion 
A Patterson function was readily interpretable 

in terms of Ru3+ and three C1- ions in space 
group Pmn2,. Because of the short c axis no 
solution in P2,nm was chemically reasonable 
(there was no room for the C1- ions along z). 
The Patterson solution was confirmed by a 
Fourier phased on Ru3+ alone; this showed the 
three C1- ions and four light atoms, three of 
which, with the C1-, completed a facial octa- 
hedral co-ordination around the Ru3+. The 
fourth was sandwiched between the three C1- 
ligands of one [RuCl,(NH,),] molecule and the 
three NH, of the next. Neither microanalysis 
(Found: C140.2, N 16.1. Calcd. for CI,H,N,Ru: 
C141.1, N 16.2) nor the infrared spectrum of the 
crystals indicated the presence of water of 
crystallization, but as a preliminary model the 
additional atom was assumed to be oxygen. Full 
matrix refinement of this model with all atoms 
having isotropic temperature factors proceeded 
to R = 0.12. At this stage it was clear that the 
additional atom was apparently octahedrally 
coordinated by the three C1- and three NH,, 
with a co-ordination geometry very similar to 
that of the ruthenium. The atom was approx. 
2.7 A from the ruthenium. The only reasonable 
explanation for this unlikely geometry was a 

disordered crystal. A large number of disordered 
models were tested, reasonableness of the thermal 
parameters, R value, bond distances, and 
chemical sense being used to evaluate the results. 
The model finally adopted may be visualised, 
with the aid of Fig. 1, as chains whose fac- 
[RuCl,(NH,),] links are connected together by 
hydrogen bonds (because of the disorder no 
attempt was made to find the hydrogen atoms in 
the structure analysis, but the intern~olecular 
N. . .C1 distances within the chains are 3.25 
(N(1). . .C1(1,)); 3.53 (N(1'). . .C1(2,)) ; and 3.56 
(N(2). . .C1(1,)) A (for numbering scheme see 
Fig. 1) indicative of hydrogen bonding (9). There 
are two almost linear chains running through the 
unit cell with the idealized threefold axis of 
fac-[RuCl,(NH,),] (which passes through the 
midpoints of the trichloro and triammine faces) 
parallel to c, one chain at x = 0, y = 0.2773 
and the other at x = 0.5, y = 0.7227. The two 
chains are held together by hydrogen bonds (the 
interchain N. . .Cl distances are 3.39 (N(2). . . 
Cl(1)); 3.51 (N(1). . .C1(2)); and 3.54 (N(1). . . 
Cl(1)) A. For both chains the vector running 
along the threefold axis from C1 through Ru to 
NH, points in the direction -z to +z. The 
disorder arises because about 10% of the chains 
are displaced 0.5 in z (the ruthenium, Ru(2), now 
being at position A in Fig. I), and they run in 
the opposite direction (the vector points from 
+ z to - z), so that the NH, and C1- ligands are 
approximately coincident in position with the 
NH, and C1- of the 90% of 'undisordered' 
chains. The 10% figure was arrived at after 
refining models with various percentages of the 
displaced chains, and allowing them to run in 
both directions. The site occupancy of the Ru3+ 
of the 'undisordered' chains (Ru(1)) was held 
invariant at 0.9, and of the Ru3+ of the 'dis- 
ordered' chains (Ru(2)) invariant at 0.1. This 
model, with anistropic thermal parameters for 
Ru(1) and the three C1- ions, and isotropic 
thermal parameter for the N and Ru(2) atoms 
refined to a final R of 0.029 (R, = 0.044). 
Finally, since Pmn2, is a polar space group 
refinement of a model using the data in the LEI 
form was tried. This made no significant differ- 
ence, as would be expected since the Ru(3 +) ions 
are extremely close to being centric, and the same 
applies to the Cl(2) atom in the special position. 
A final difference Fourier synthesis showed 
nothing unusual, neither did statistical tests on 
R and R,. The final parameters are listed in 
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FIG. 1. The chains of f a c - [ R ~ C l ~ ( N H ~ ) ~ l  projected onto a plane normal to b containing Ru(1). 
Dashed lines indicate hydrogen bonding. The asymmetric unit is the fac-[RuC13(NH3)1 (containing 
9/10 Ru) and the 1/10 Ru at position A. Subscripted atoms belong to repeat asymmetric units (e.g. 
Cl(1) and CI(1,)). Superscripted atoms are related to the corresponding non-superscripted ones by 
space group symmetry (e.g. (Cl(1) and Cl(1')). 

Table 1, and the final table of Fo and Fc (Table 2) 
has been deposited.' 

The results show definitively that the product 
of the reaction of HC1 with Ru2C1,(NH3),H,0 
is fac-[RuCl,(NH,),], and not the mer-isomer. 
While this is compatible with from one to three 
bridging C1- in the blue complex, it tends to 
support the triply chloro-bridged structure pro- 
posed by Mercer and Gray rather than the other 
possibilities. We also note that we have now 
prepared the blue salts [ R u ~ C ~ , ( N H , ) ~ ] I ~ ~ H , O  
and [Ru,CI,(NH,)~]Z~CI,, characterised by 
conductivity, analysis, spectroscopy, and re- 
actions, which provide further and almost con- 
clusive evidence for a triple chloro-bridge (10). 

The intramolecular dimensions in [RuCl,- 
(NH,),] are listed in Table 3. Because of the 
disorder only the distances and angles around 

'Photocopies of Table 2 are available upon request, at 
a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA 0S2. 

Ru(1) can be compared to those in other ruthen- 
ium complexes, and even then no detailed com- 
parison is worthwhile. The ruthenium ion is 
octahedrally co-ordinated, with angles accept- 
ably close to 90°, by the three C1- and three NH, 
groups. The Ru-N distances (2.10(1) and 2.13(1) 
A) are similar to those observed in [Ru(NH,),]- 
(BF,), (2.104(4) A (1 1)) and [Ru(en),]C1,.3H20 
(en = ethylenediamine; 2.10(2) and 2.12(2) A 
(12)), and the Ru-Cl distances (2.37(1) and 
2.39(1) A) are in the same region (2.34-2.38 A 
(13)) as observed previously for such bond 
distances. 

It is interesting to speculate briefly on the 
reason for the disorder. The intran~olecular 
distance between the trichloro and triammine 
faces of the fac-[RuCl,(NH,),] unit (2.5 A) is 
similar to the intermolecular distance between 
the same faces (2.9 A). This must be the con- 
sequence of the strong NH,. . .Cl hydrogen 
bonding. The disorder arises because the initial 
orientation of a fac-[RuCI,(NH,),] is determined 
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TABLE 1. Final positional and thermal parameters for f ~ c - [ R u C l ~ ( N H ~ ) ~ l *  

Site 
Atom occupancy x Y 

Anisotropic thermal parameters? 

Atom Ull x lo4 UZ2 x lo4 U33 x lo4 U12 x 104 UI3 x lo4 Uz3 x lo4 

Ru(1) 184(10) 226(6) 166(6) 0 0 3(11) 
Cl(1) 301(25) 444(18) 272(15) 77(14) -70(15) - 5(14) 
Cl(2) 359(34) 320(22) 467(33) 0 0 - 66(23) 

*Standard deviations relating to the least significant figures are given in parentheses. 
?The form of the' thermal ellipsoid is exp [ 2 n 2 ( ~ l l h i a * 2  + U22k2b*2 + U 3 3 / 2 ~ * 2  + U12hka*b* + 

UI3hla*c* + U23klb*c*)]. 

TABLE 3. Distances (A) and angles (deg) in f a c - [ R ~ C l ~ ( N H ~ ) ~ l *  

Bond Length (A) Bonds Angle (deg) 

Around Ru(1) 
Ru-CI(1) 2.369(5) N(1)-Ru-CI(1) 89.93(38) 
Ru-Cl(2) 2.392(5) N(1)-Ru-Cl(l ') 176.71(44) 
Ru-N(l) 2.105(13) N(1)-Ru-Cl(2) 90.60(34) 
Ru-N(2) 2.127(15) N(2)-Ru-Cl(1) 88.96(31) 
N(1)-Ru-N(l ') 87.76(52) N(2)-Ru-Cl(2) 178.96(67) 
N(1)-Ru-N(2) 88.65(43) CI(1)-Ru-Cl(1 ') 92.29(17) 

CI(1)-Ru-Cl(2) 91 .76(15) 
Around Ru(2) 
Ru(2)-Cl(1) 2.323(28) N(1)-Ru(2)-Cl(1) 91.3(4) 
Ru(2)-Cl(2) 2.529(30) ( 1 - ( 2 - C l ( 1 )  172.0(2.0) 
Ru(2)-N(1) 2.21 6(36) N(1)-Ru(2)-Cl(2) 96.0(5) 
Ru(2)-N(2) 2.467(38) N(1)-Ru(2)-Cl(1) 95.9(5) 
N(1)-Ru(2tN(l') 82.3(1.6) N(2)-Ru(2)-Cl(2) 172.1(1.8) 
N(1)-Ru(2)-N(2) 78.1(1.4) Cl(1)-Ru(2)-C1(lf) 94.7(1.5) 

Cl(1)-Ru(2)-Cl(2) 89.5(1.3) 

*Standard deviations, relating to the least significant figures in parentheses. 

only by the direction in which the hydrogen 5. L. H. THOMAS and K .  UMEDA. J. Chem. Phys. 26,293 
(1957). bonds the strength of the bonds is the same 6. International tables for X-ray crystallography. 
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Double salts of indium trichloride with the alkali chlorides, 
with ammonium chloride, and with indium sulfate 

ELINOR M. KARTZMARK 
Department of Chemistry, University of Manitoba, Winnipeg, Man., Canada R3T2N2 

Received January 31,1977 

ELINOR M. KARTZMARK. Can. J. Chem. 55,2792 (1977). 
From a determination of the phase diagrams, at 25"C, the following double salts were shown 

to exist: 3LiCl~InCl3+3H2O in the system LiCl-InC13-H20, 2KC1.InCl3.H2O and 3KCl.InC1,. 
2H20 in the system KC1-InC1,-H20, 2RbC1~InCl,~H20 in the system RbCl-InC1,-H,O, 
2CsC1~InC1,~H2O in the system CsCI-InC1,-H20, 2NH4C1.InCl3.H2O in the system NH4CI- 
InC1,-H20, In2(SO4),~InCl3~(17 f l)H,O in the system In2(S04)3-InC13-H,0. No double 
salt was found in the system NaC1-InC1,-H,O, studied previously (1). All the double salts 
except the two involving potassium chloride are congruently saturating at 25°C. 

ELINOR M. KARTZMARK. Can. J. Chem. 55,2792 (1977). 
A partir de dkterminations de diagrammes de phase a 25"C, on a dCmontrC que les sels 

doubles suivants existent : 3LiC1.InCl3.8H,O dans le systeme LiC1-InC1,-H20, 2KC1~InC13~H20 
et 3KC1.InCl3.2H2O dans le systeme KCl-InC1,-H20, 2RbCI.InCI3.H2O dans le systeme 
RbCI-InC1,-H20, 2CsCI~InCI3~H2O dans le systeme CsCI-InC13-H20, 2NH4CI.InCI3.H2O 
dans le systerne NH4C1-InCI3-H20, In2(S04)3~InC13~(17 f 1)H20 dans le systeme In2(S04)3- 
InC13-H,O. On n'a trouvC aucun sel double dans le systeme NaC1-InCI3-H20 qui avait BtC 
Ctudi6 antkrieurement (1). Tous les sels doubles a l'exception des deux impliquants le chlorure 
de potassium se saturent d'une f a ~ o n  congruente a 25°C. 

[Traduit par le journal] 

Introduction 
Many double salts between indium trichloride 

and the alkali metal halides were reported in the 
early literature but no systematic study of the 
aqueous systems has been undertaken. Only a 
systematic phase rule study can prove the 
existence or non-existence of compounds in a 
given system and this is the reason for the present 
work. 

Two of the binary salt systems were studied by 
Kley (2) using a microscopic technique which 
did not involve a proper analysis: the double 
salts Rb31nC16 and Cs31nC1, were reported. An 
analogous compound K31nC16 was found by 
Fedorov (3) who did a thermal analysis which 
also showed the existence of a double salt, 
K21nCl ,. 

Meyer (4) reported a compound between 
lithium chloride and indium trichloride, but did 
not determine its composition. Ensslin et al. (5) 
gave this double salt the formula 3LiCl.InC1,. 
9H20.  An incongruently saturating compound 
of formula K,InCl,-2H20 was found by 
Wallace (6). He also studied the rubidium 
chloride, cesium chloride, and ammonium 
chloride systems with indium trichloride and 

water and reported conlpounds of formulae 
M,InC1,.H20. He failed to find an analogous 
compound with potassium chloride which in the 
present study has been found to occur with an  
excess of indium trichloride. It is incongruently 
saturating and decomposes with addition of 
water to form the compound K31nC16-2H,O, 
found by Wallace. The compound (NH4),- 
InCl,.H20 was also reported by Klug, Kummer, 
and Alexander (7). 

In the earlier papers by this author on the 
double salts of indium trichloride the assumption 
was made that the stable hydrate of indium tri- 
chloride, at 25"C, was the trihydrate, since it was 
reported as such on the label from the BDH 
supplier. A paper by Ensslin et al. ( 9 ,  which gave 
the formula InC1,.4H20 was discounted because 
of their experimental method: they refer to re- 
moving the solid phase by filtration, pressing it 
dry with filter paper, and analysing. Recently, 
however, Wignacourt (8) gave the formula as the 
tetrahydrate and based a Raman study on that 
formula. This caused the author of this paper to 
pay more particular attention to this matter. 
The problem arises because the invariant point 
on the indium trichloride side of the ternary 
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KARTZMARK 2793 

systems usually has less than 5% of the second nature of the solid phases for the six systems. The com- 
salt and the tie-lines through the "wet residue" plete solubility data are to be found in the Depository.' 

do not have sufficient slope to distinguish be- The data are plotted in Figs. 6. 

tween three and four moles of water on a total Discussion 
molecular weight near 300. The system: indium 
trichloride - indium sulfate - water, was chosen The system indium trichloride - lithium chlor- 

in the hope that the invariant point would lie ide - water shows the existence of a congruently 

nearer to the middle of the diagram. This system saturating double salt containing 3 mol of lithium 

has not previously been studied but Seward (9) chloride to 1 mol of indium trichloride (Table 

gave the formula In2(S0,),~9H20 to the la). This salt was reported by Ensslin to have 9 

hydrate of indium sulphate. rnol of water of hydration but none of the com- 
pressed wet solids with compound as solid 

Experimental phase contained this amount of water (31.8%). 

Materials The six pairs of points containing compound as 
Indium trichloride was obtained from Cominco in the solid phases were plotted on a triangular dia- 

form of a concentrated solution in water. To study the gram, 55 cm to a side, using a width of tie-line 
indium-rich regions, anhydrous indium trichloride ob- equal to + 1%. The intersections of the six tie- 
tained from J. T. Baker was used. The alkali chlorides lines enclosed a circle of percentage points in and ammonium chloride were reagent grade and used 
without further purification. Anhydrous indium sulfate diameter, centred at 29.5% water. The 
was obtained from Alfa Inorganics of Beverly, MA. is undoubtedly 3LiCl to lIn(Cl),: the water 

Analysis 
Systems were equilibrated by stirring at 25.0OoC for a 

period of 2 to 3 days. The indium-rich solutions were very 
viscous and required lengthy stirring to ensure equilibrium. 
The phases were separated by filtration through sintered 
glass and were analysed for chloride by precipitation as 
silver chloride and for alkali halide using a Perkin-Elmer 
flame photometer, Model 146, which gave an accuracy of 
L- 1%. The presence of indium trichloride affects this 
estimation, so the indium trichloride was removed by 
adding ammonia and centrifuging to settle the indium 
hydroxide. Ammonium ion was estimated to F 1% by 
distillation from strong sodium hydroxide solution and 
absorption in boric acid solution, followed by conducti- 
metric titration with standard hydrochloric acid. Indium 
chloride was determined by difference. 

The technique of separation of the phases in the 
indium trichloride - indium sulfate - water system had 
to be changed because filtration proved to be impossible. 
The saturated solution together with solid phase was 
transferred to a closed centrifuge tube and rotated for 
from 5 to 6 h. The clear solution was decanted and the 
remaining wet residue treated as described below. The 
centrifuging was done at room temperature, 24 ? 1°C. 
Sulfate was determined as barium sulfate, with an 
accuracy of L- 1%. 

The composition of the compounds was obtained by the 
method of the 'wet rest'. This method requires that the 
solid phase and the adhering mother liquor be as dry as 
possible, without preferential loss of water. The simple 
procedure of placing it, after filtration, between pads of 
filter paper and submitting it to hydraulic pressure pro- 
duced a 'wet rest' whose composition was so close to that 
of the compound, that error in extrapolation was mini- 
mized. This is important in high molecular weight com- 
pounds containing water if the true degree of hydration 
is to be obtained. 

The experimental data are summarized in Table 1 
which gives the composition of invariant solutions and 

content of the circle corresponds to 7 to 9 mol 
of water. The formula 3LiCl.InCl3.8H,O rep- 
resents 29.2% water and in all probability is 
the correct formula of the double salt. 

A second interesting feature of this phase 
diagram (Fig. 1) is the appearance of anhydrous 
lithium chloride in equilibrium with solution of 
very high indium trichloride content. This de- 
hydration of a salt hydrate by a second salt is 
not uncommon. (Under normal laboratory con- 
ditions lithium chloride monohydrate loses its 
water of hydration around 98°C.) 

The three systems of indium trichloride with 
ammonium chloride, rubidium chloride, and 
cesium chloride present very similar phase dia- 
grams (Figs. 2, 3, 4): the congruently saturating 
double salts 2RbCl~InCl,.H20 and 2CsCl.InC1,. 
H,O occupy the major area of the diagrams, the 
invariant points lying very close to the water- 
salt edges and the solubilities being quite small. 
The double salt 2NH,Cl~Ii~C13~H20 is also 
congruently saturating but the solubility is much 
greater. Thus the double salts first reported by 
Wallace are the only ones to be found in these 
systems. 

The potassium chloride - indium trichloride - 
water system (Fig. 5) features two double salts. 
The first, of formula analogous to those above, 

'Complete set of data may be obtained at a nominal 
charge, upon request, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Canada KIA OS2. 
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2794 CAN. J .  CHEM. VOL. 55 ,  1977 

TABLE 1. Compositions of invariant solutions at 25.00°C and nature of the 
solid phases 

(a) System LiCI-InC13-H20 

Wt% LiCl ~ t %  I ~ C I ~  Nature of solid phase 

(b) System NH4CI-InC1,-H20 

Wt% NH4Cl Wt% InC13 Nature of solid phase 

28.63 - NH4Cl(,) 
24.66 28.80 NH4Cl(,) + 2NH4C1.InCl3.H20 
- 67.60 InC13.4H20 

(c) System RbCI-InC13-H20 

Wt% RbCl Wt% InCl, Nature of solid phase 

47.92 - RbC1,s) 
48.98 0.56 RbCI(,, + 2RbCI.InC13.H20 

1.44 67.78 2RbC1.InCl3.H20 + InCI3.4H20 
- 67.60 InC13.4H20 

( d )  System CsCl-InC13-H20 

Wt% CsCl Wt% 1nCl3 Nature of solid phase 

65.67 - cschS) 
67.21 1.62 CsCl + 2CsCI.1nCl3.H20 
- 67.60 InC13.4H20 

(e)  System KCl-InC1,-H20 

Wt% KC1 Wt% InC13 Nature of solid phase 

(f) System In2(S04)3-InC13-H20 

Wt% 
In2(S04)3 Wt% InC13 Nature of solid phase 

7.92 65.30 InCI3.4H20 + InC13.1n2(S04)3(17 If. 1)H20 
49.91 10.25 In2(S04)3.9H20 + InC13.1n2(S04)3(17 k 1)H20 

*Estimated from rectangular graph. 

i.e. 2KC1~InCl3~H,O, occurs in equilibrium with in turn on addition of water decomposes to give 
indium trichloride-rich solution and is in- KCI. The compositioil of the invariant solution 
congruently saturating: on addition of water it in equilibrium with both double salts was 
reverts to a second incongruently saturating estimated by plotting the solubility data on 
compound of formula 3KC1.InCl3.2H,O which rectangular co-ordinates as g KC1 per 100 g 
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KARTZMARK 

FIG. 1. System LiCl-InC1,-H,O at 25.00°C. 

FIG. 2. System NH,Cl-InC1,-H,O at 25.00"C. 
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FIG. 3. System RbC1-InC1,-H20 at 25.00°C. 

FIG. 4. System CsCl-InC1,-H20 at 25.00°C. 
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KARTZMARK 

FIG. 5. System KC1-InC1,-H,O at 25.00°C. 

FIG. 6.  System InCl,-In,(S0,)3-H20 at 24 ? 1°C. 
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water and g InCl, per 100 g water. This treat- 
ment may be found in the Depository of Un- 
published Data.' 

This system has recently been studied by 
Wignacourt (8) who also finds the two double 
salts from a phase rule study at 21°C. He gives 
the formula InC1,.4H20 to hydrated indium 
trichloride and draws an analogy between it and 
thallium trichloride tetrahydrate. The tie-lines in 
his phase diagram are not conclusive as to the 
degree of hydration of indium trichloride, be- 
cause the wet residue contained a large amount 
of mother liquor. 

Figure 6, which gives the phase diagram at 
24 + 1°C, for the system indium trichloride - 
indium sulfate - water, shows without doubt 
that the formula of the hydrate of indium tri- 
chloride is InC1,.4H,O. This system also shows 
the existence of a hvdrated double salt of indium 

been estimated as 17 f 1H20.  The indium 
sulfate side of the diagram has been taken from 
Seward (9) because, as with the double salt, the 
hydration of indium sulfate cannot be firmly 
established by the wet residue method. 

In conclusion, indium trichloride forms at 
least one double salt with all of the alkali metal 
chlorides (except sodium chloride) and with 
ammonium chloride. Also, the stable hydrate 
at 25"C, of indium trichloride is InC1,.4H20. 

1 .  E. M. KARTZMARK. Can. J.  Chem. 52,3457 (1974). 
2. P. KLEY. Ch. Ztg. 25,563 (1901). 
3. P. I. FEDOROV and N .  I. IL'INA. Zh. Neorg. Khim. 9, 

1207 (1964). 
4. R.  E. MEYER. Lieb. Ann. 150, 152 (1869). 
5. F. ENSSLIN, B .  ZIEMECK, and L. DE SCHAEPDRYVER. 

Z. Anorg. Chem. 254,305 (1947). 
6.  R .  C. WALLACE. Z .  Krystallogr. 49,424 (1911). 

trichloride and sulfate, in the molar 7.  H. P. KLUG, E. KUMMER,  and^. ALEXANDER. J. Am. 
Chem. Soc. 70,3064 (1948). ratio of I : I '  The exact degree of hydration of the 8. J .  P. WIGNACOURT. M.Sc. Thesis, University of Lille, 

double salt cannot be obtained by this method, France. 1974. 
because the molecular weight is so high; it has 9. R. P. SEWARD. J.  Am. Chem. Soc. 55, 2741 (1933). 
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Mechanism of L-ascorbic acid oxidation and dehydro-L-ascorbic acid reduction 
on a mercury electrode. I. Acid medium 

JUAN JOSE RUIZ, ANTONIO ALDAZ,~ AND MANUEL DOM~NGUEZ 
Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Sevilla, Spain 

Received January 21, 1977 

JUAN Josh RUIZ, ANTONIO ALDAZ, and MANUEL DOM~NGUEZ. Can. J. Chem. 55,2799 (1977). 
A polarographic study of the oxidation mechanism of L-ascorbic acid and of the reduction 

mechanism of dehydro-L-ascorbic acid was carried out in an acid medium. 
For L-ascorbic acid, the oxidation process involves a two electron transfer and obeys the 

overall reaction 
AH2 + B + 2e + 2H+ 

The polarographic curve shows that the limiting current is governed by diffusion. On the 
rising portion of the wave, the two electron oxidation process consists of two consecutive one 
electron transfers, the second being the rate determining step (rds). The reaction orders, to- 
gether with the Tafel slopes, were calculated. 

The reduction of dehydro-L-ascorbic acid at the limiting current is kinetically controlled and 
involves a two electron transfer. The reaction kinetic pathways were studied and the reaction 
orders and Tafel slope were calculated. It is deduced that, for low overvoltages, the second one 
electron transfer is the rate determining step. 

JUAN Josb RUIZ, ANTONIO ALDAZ et MANUEL DOM~NGUEZ. Can. J. Chem. 55,2799 (1977). 
On a effectue, dans un milieu acide, une etude polarographique du mecanisme d'oxydation 

de I'acide L-ascorbique et du mecanisme de reduction de I'acide dthydro-L-ascorbique. 
Pour I'acide L-ascorbique, le processus d'oxydation implique un transfert de deux tlectrons 

et est soumis a la reaction gtnerale 

La courbe polarographique montre que le courant limitant est gouvernt par la diffusion. Sur 
la portion montante de la vague, le processus d'oxydation a deux tlectrons implique deux 
transferts successifs d'un tlectron, le deuxieme ttant l'ttape detern~inante de la vitesse de la 
rtaction. Les ordres de la rtaction ainsi que les pentes de Tafel ont t t t  calcults. 

La rtduction de I'acide dthydro-L-ascorbique, a courant limitant, est contrBlke cinktique- 
ment et implique un transfert de deux tlectrons. On a ttudie les chemins reactionnels cinttiques 
et on a calcult les ordres de la reaction et la pente de Tafel. On en dtduit qu'a de bas survoltages, 
le deuxieme transfert d'un Clectron est l'ttape dtterminante de la vitesse de la rtaction. 

[Traduit par le journal] 

Introduction damping circuit completely suppressed. The potentials 
were measured vs. s.c.e. with a Beckman -~esearch 

Several studies have been carried out (1-4) on potentiometer, which was also used as a pH-meter. 
the electrochemical oxidation of L-ascorbic and Electrolysis was carried out with an Amel potentiostat, 
dehvdro-L-ascorbic acids on a mercurv electrode. model 541. 

However, as far as we know, there exists no 
detailed study on the mechanism of these reac- 
tions. The aim of this study is, therefore, to 
determine the reaction mechanism for the two 
acids using direct current polarography. 

Experimental 
Apparatus 

The i-E curves were registered either automatically or 
traced point by point using a PO4 Radiometer with the 

'Present address: Departamento de Investigaciones 
Quimicas, Centro Coordinado del C.S.I.C., Universidad 
Autbnoma, Canto Blanco, Madrid 34, Spain. 

Cells and Electrodes 
The polarographic measurements were carried out 

using a thermostated Radiometer V519 cell. A saturated 
calomel reference electrode was used. The working 
electrode was a mercury capillary with the following 
characteristics: m = 2.005 mg/s, t = 4.32 s ,  open circuit, 
in our buffered solution at pH 1.80 and h = 40 cm. 

Electrolysis was carried out using a mercury electrode 
as a working electrode and a platinum auxiliary electrode. 

Solutions, Products, and Measurements 
All reagents used were Merck p.a. grade. As a suppor- 

ting electrolyte solution, a buffered solution was used 
with the following components and concentrations: 
0.04 M acetic acid, 0.04 M phosphoric acid, 0.04 M 
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ammonium nitrate, and 0.2 M NaOH which were mixed 
in varying proportions according to the pH desired. The 
ionic strength was adjusted with NaN03 to 0.2 M for the 
ascorbic acid study and to 0.5 M for the dehydro-L- 
ascorbic acid study. 

All measurements were carried out in an atmosphere of 
nitrogen and at a temperature of 25 k 0.05"C. 

The Mapson and Partridge technique (5) was used to 
identify products by paper chromatography. 

The Tafel curves were taken on the rising portion of the 
polarographic wave ( i / i , i ,  < 0.2) and, to avoid depleting 
the solution, the maximum current for plotting the 
polarographic curve point by point was taken with each 
first drop (6). 

Results 
General Behaviour 

The L-ascorbic acid oxidizes over the DME 
producing either one or two polarographic waves 
depending on the p H  of the solution. The first 
wave is visible throughout the p H  range 2-14, 
whilst the second is only visible from p H  8. Only 
the first wave was studied to p H  7. 

The dehydro-L-ascorbic acid gives a stable 
reduction in an acid medium (pH 0.5-6), Fig. 2, 
only for solutions much more concentrated than 
those norn~ally used in polarography ; e.g. for a 
concentration of 4 x lo-' M currents of less 
than 1 pA are obtained. This is due to the fact 
that the acid in solution forms a polarographic- 
ally active hydrate (1). 

FIG. 1. First wave of L-ascorbic acid. Concentration 
5 x M. pH = 5.24. 

Microcoulometric Measurements 
The number of electrons taking part in the 

overall reaction was calculated from the decrease 
of the limiting current with the time of electrol- 
ysis (7). The average value obtained was 1.8. 

Polarographic Behaviour 
In the case of L-ascorbic acid, the limiting 

current is independent of the p H  whilst El,, 
varies with the pH. The values of the slopes of 
the linear sections were - 59 and - 27 mV/H+ 
decade. 

El ,, is independent of the concentration of the 
L-ascorbic acid. The logarithmic analysis of the 
polarographic wave gave straight lines with a 
slope of 30 mV per decade that are practically 
independent of the pH. 

The limiting current is controlled by diffusion 
as: log i,,, vs. log h (corrected for the back 
pressure) is linear with a slope of 0.5; i,,, has a 
temperature coeflicient of 1.1% per "C, and is 
proportional to the concentration of the L- 

ascorbic acid in the bulk of the solution. 
In the case of dehydro-L-ascorbic acid, the 

limiting current is independent of the p H  and the 
variation of El,, with the p H  is shown in Fig. 4. 
The values of the slopes were -44 and -72 
mV/H + decade. 

The limiting current is controlled kinetically 
(i,,, independent of h and with an elevated tem- 
perature coefficient). 

FIG. 2. Wave of dehydro-L-ascorbic acid. Concentra- 
tion 4 x M. p H  = 2.81. 
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RUIZ ET AL. 

FIG. 3. L-Ascorbic acid. Variation of Ell ,  with pH. 

Tafel Curves and Reaction Orders 
(a)  Influence of pH. With L-ascorbic acid, the 

Tafel curves are independent of the p H  and their 
slopes have an average value of 34 mV per 
decade. 

The reaction orders with respect to the H+ 
concentration are : 

The order is independent of the potential in 
the area where Tafel's law is obeyed. 

For dehydro-L-ascorbic acid, the Tafel slopes 
are equally independent of the p H  with a mean 
value of 43 mV. The reaction orders with respect 
to the H +  concentration are: 

(b) Influence of the concentration. The reac- 
tion order with respect to the concentration of 

FIG. 4. Dehydro-L-ascorbic acid : variation of El ,, 
with pH. 

the depolarizing agent was 1 in the case of both 
acids and was independent of the potential at 
which measurements were taken. 

Electrolysis and Identification of Products 
The first product of the oxidation of L-ascorbic 

acid was identified by paper chromatography of 
a solution of L-ascorbic acid at p H 4  which had 
undergone electrolysis at a controlled potential. 

From the chromatogram, two zones were 
observed with the R,  characteristics (0.07 weak 
and 0.49 strong) of dehydro-L-ascorbic acid. As 
the position of the weak zone coincides exactly 
with that assigned to 2,3-diketogulonic acid, it 
can be assumed that there is a rupture of the 
lactone ring of the dehydro-L-ascorbic acid 
during the period of the electrolysis or during 
the chromatography. 

Conclusion 
In previous papers (2-4) it appeared to be 

established that the overall oxidation mechan- 
ism of L-ascorbic acid takes place through a 
reversible transfer of charge followed by a rapid 
chemical reaction of the product formed with 
water to form a very stable hydrate. 

Our polarographic results confirm that the first 
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FIG. 5. L-Ascorbic acid: representation of Tafel's law. 

wave of L-ascorbic acid is produced by a polaro- 
graphically reversible two electron transfer 
(Tomes slope 30 mV/H+ decade) in which two 
protons intervene in the interval p H  2-5 (slope 
- 59 mV/H+ decade) and another between p H  
5-9 (slope -27 mV/H' decade). Thus, the 
overall reaction in the p H  2-9 interval would be: 

substituting AH, by AH- for pH's larger than 
the pKl of L-ascorbic acid. 

The presence of a free radical (8) in the oxida- 
tion process of L-ascorbic acid clearly indicates 
that the transfer of two electrons is realized 
electron by electron. 

With the aforementioned conclusions, the 
mechanism can be represented by the following 
reaction kinetic pathways, as shown in Fig. 7 
where reaction 1 represents the dissociation of 
H +  from the carbon 3, reactions 2 and 3 repre- 

FIG. 6. L-Ascorbic acid: reaction orders. 

sent the one electron transfers with the formation 
of a free radical. Reactions 4 and 5 represent the 
normal hydration mechanism of carbonyl 
groups (9). 

Assuming reaction 3 as being the rds and 
applying the approximation of equilibrium state, 
the value of the anodic current intensity on the 
rising portion of the wave can be expressed as 
(taking the electrokinetic potential to be neg- 
ligible) : 

x Cr , exp ((2 - ~ ) F E / R T )  
KICH + C" 

where C, is the total concentration of L-ascorbic 
acid in the bulk of the solution; C, is the con- 
centration of the H +  ions; Kl and K, are the 
equilibrium constants of reactions 1 and 2;  
k ,  is the rate constant of the rate controlling 
step. Table 1 gives a comparison between the 
theoretical values deduced in the aforementioned 
reaction kinetic pathways and the experimental 
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RUIZ ET AL. 

do 
HO-C-C, 

fiO 
HO-C-C, 

I 1  /O k ,  I I  /o 
[I] HO-C-CH - -0-C-CH + Ht 

1 k-1 I 

//O 
Oi - - - . - - - . - -. A/ 

HO-C-C, / ,  I '0-C-C,; 
( 1  / O  k 2 & :  I /  --jO 

121 -0-C-CH I-o-c L - . - - . - . . - 7fc~  - - 
I k-2 1 + H +  + le- 

I I 
HOCH HOCH 

I 
CH20H CH20H 

FIG. 7. L-Ascorbic acid: reaction kinetic pathways. 

TABLE 1. Comparison between theoretical values (based on mechanisms in 
Fig. 7) and experimental results 

Value 
- - 

Theoretical 
Parameter (b cz 0.5) Experimental 

Tafel slope 39 mV 34 mV 

Order with respect to 
L-ascorbic acid concentration 1 

Order with respect to H+ ion -2 for Kl c< CH -1.9 (pH2-4) 
- 1 for K, >> C, -0.9 (pH 6-9) 
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//O HOC-C\ 
//O 

HOC-C\ 
I1 /o k 5 1 1  /o 

[5] -0C-CH + H+ HOC-CH 
I k-5 I 

FIG. 8. Dehydro-L-ascorbic acid: reaction kinetic pathways. 

results (where p is assumed to have a value of the reaction rate at those potentials corres- 
0.5). ponding to the limiting current. 

As is logical, in the case where pK, is less than The electron transfer is not a reversible process 
the p H  of the medium, the reaction: as no linearity is observed in the plot E vs. log 

AH2 F?. AH- + H +  i/(iL - i). 
The low value of iL (< 1 FA) compared with 

should not be taken into account. the dehydroascorbic acid concentration (4 
The close agreement between the experimental x M) indicates that the preceding reaction 

and theoretical results clearly indicates that the is shifted towards the formation of an electro- 
oxidation process takes place as shown in Fig. 7. chemically inactive substance. This substance 

could be the compound produced during the 
Dehydro-L-ascorbic Acid hydration of one of the two carbonyl groups of 

The polarographic study shows that the re- the dehydroascorbic acid (1, 2). 
duction process includes a chemical stage which From these results and granted that, in this 
precedes the electron transfer and which controls case, it is virtually impossible for a simultaneous 
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RUIZ ET AL 

TABLE 2. Comparison between theoretical values (based on mechanisms in 
Fig. 8) and experimental results 

Value 

Parameter Theoretical Experimental 

Tafel slope - 39 mV -43 mV 

Order with respect to dehydro- 
L-ascorbic acid concentration 1 

Order with respect to H+ ion 1 for l>>KICH 1 . 1  (pH0.5-5) 
0 for l<<KICH 

TABLE 3. Comparison between theoretical values (based on mechanism in Fig. 9) 
and experimental results 

Value 

Parameter Theoretical Experimental 

Tafel slope -39 mV -43 mV 

Order with respect to dehydro- 
L-ascorbic acid concentration 1 

Order with respect to H+ ion 2 for 1>>(1+ K2K3)K1CH 2 

two electron transfer to take place by the tunnel 
effect (the probabilities being extremely low), 
reduction mechanism is proposed as shown in 
Fig. 8, where reactions 1 and 2 represent the 
dehydration of the carbonyl group, 3 and 4 the 
one electron transfers, and 5 the recon~bination 
with the H +  ion to form L-ascorbic acid. 

Assuming reaction 4 as the rds, the function 
i = f(E) in the rising portion of the wave would 
be : 

[2] i = 2Fk41C1K2K3 CTCH 
1 + KlK2 + KlCH 

x exp (-(1 + P)FE/RT) 

where C, = total concentration of L-ascorbic 
acid, CH = concentration of hydrogen ions, 
K,, K2, K3 = equilibrium constants, k3 = rate 
constant. 

Table 2 shows the close agreement between the 
theoretical and experimental results and permits 
us to assume that our mechanism is correct. 

Near p H  5 a variation in the slope of the 
El,, vs, p H  plot (Fig. 2) is observed together 
with a change in reaction order with respect to 
the H +  ion which varies from 1.1 to 2. A poten- 
tiometric titration of dehydro-L-ascorbic acid 
gives a first point of complete neutralization at 
p H  5.3. It is assumed that this is caused by the 
rupture of the lactone ring of the dehydro-L- 

ascorbic acid and produces the 2,3-diketo- 
gulonate anion according to (9). Therefore, after 
this pH, the dehydro-L-ascorbic acid in solution 
is in the form of the 2,3-diketogulonate and the 
first reaction of the reduction mechanism would 
be as shown in Fig. 9. 

coo- 
HO. I HO, 

I 
HOCH 

FIG. 9. First reaction on the reduction mechanism of 
the dehydro-L-ascorbic acid for p H  > 5. 

Once the dehydro-L-ascorbic acid is formed, 
the subsequent reactions will occur as before. 

Assuming, once again, the last transfer reac- 
tion to be the rds, the i-E function is now 
expressed by: 

x exp (-(1 + P)FE/RT) 
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Complex formation between sulfur dioxide and halide ions 

Dipartement de chimie, Universitk de Montre'al, C.P.  6210, Montreal (Que'), Canada H3C3V1 

Received February 28, 1977 

ETELA MILANOVA and ROBERT L. BENOIT. Can J. Chem. 55,2807 (1977). 
Complex formation between sulfur dioxide and iodide ions in acetonitrile (AN) has been 

studied by vapour pressure measurements. The enthalpy changes AH0 for 1: l  association 
reactions between SOz and halide (X-) ions in AN and between SO2 and C1- in dimethylsulf- 
oxide (DMSO) have been determined at 25°C by calorimetry. The AH0 values (kcal mol-') 
are respectively -4.1 (Cl-), - 3.4 (Br-), - 3.0 (I-) in AN and -0.7 (Cl-) in DMSO. In 
contrast to previous literature data there is a linear relationship between these AH0 and reported 
AGO values for the formation of the S0,X- complexes in AN. The difference between the AH0 
values for SOZC1- in the solvents AN and DMSO is accounted for by the more exothermic 
enthalpy of solution of SO, in DMSO which is the more basic solvent, and by the expected 
minor difference in the enthalpies of transfer of C1- and S02C1 - from AN to DMSO, both 
dipolar aprotic solvents. Some of the problems connected with the stability order of the S0,X- 
complexes are discussed in relation to solvent effects and properties of X-. 

ETELA MILANOVA et ROBERT L. BENOIT. Can. J. Chem. 55,2807 (1977). 
On a etudie par mesure de pression de vapeur la formation de complexes entre l'anhydride 

sulfureux et les ions iodures dans l'acktonitrile (AN). On a determine par calorimetric a 25°C les 
changements d'enthalpie AH0 des rtactions d'association 1 :1 entre SO2 et les ions halogenures 
X- dans I'AN et entre SO2 et C1- dans le dimethylsulfoxyde (DMSO). Les valeurs de AH0 
(kcal mol-l) sont respectivement -4.1 (Cl-), -3.4 (Br-), -3.0 (I-) dans I'AN et -0.7 (Cl-) 
dans le DMSO. Contrairement aux donnees publiees, on observe une relation lineaire entre ces 
valeurs de AH0 et les valeurs connues de AGO pour la formation des complexes SO,X- dans 
I'AN. La difference entre les valeurs de AH0 pour S02C1- dans les solvents AN et DMSO 
s'explique par une chaleur de solution de SO, plus exothermique dans le DMSO, le solvent le 
plus basique, et une faible difference, comme prevu, des enthalpies de transfert de C1- et 
S02C1- entre I'AN et le DMSO, tous deux des solvants dipolaires aprotoniques. On examine 
quelques uns des probltmes lies a l'ordre de stabilitt des complexes S02X- en relation avec 
l'effet de solvant et les proprietes de X-.  

Early studies on sulfur dioxide solvates of salts, pret the spectral data and second, the prop- 
and data on solubility of salts in liquid sulfur agation of experimental errors from K to AH0 
dioxide (refs. 1, 2 and references cited therein) in the narrow temperature range used. A direct 
suggested specific interactions between SO,, a calorimetric method should give more reliable 
Lewis acid, and basic inorganic anions. Complex AH0 values. 
formation between SO, and halide ions X- in We are therefore presenting here the results of 
non-aqueous solvents is also evidenced in the a calorimetric determination of the enthalpy 
presence of a strong uv absorption band which, change AH'(s) for reaction 1 in two dipolar 
in turn, is indicative of the charge transfer nature aprotic (dpa) solvents s. 
of the SO, - X- interaction. Spectrophoto- 
metric data were used to determine formation S02(s) + X-(s) s S0,x-(s) 

constants K for some SO,X- complexes in ace- 
= Cl, Br, I with = AN, and = Cl tonitrile (AN) (3? 4, and in dimeth~lsulfoxide with = DMSO. This work is of further interest (DMSo) (4)' The corresponding enthalpies of because it our current study of the sol- complex formation AH' in AN were also de- vent influence on anion-molecule type reactions. rived from of between l 5  and 350C (3y We have recently discussed the effect of solvent 4).' The rather poor agreement between both sets on two related reactions, namely that between of reported AH values in AN is not too surpris- HR, BrDnsted acids, and CI - (5), and that ing in view of first, the difficulties involved in the 

use of the Benesi-Hildebrand equation to inter- between I,, a Lewis acid, and I-  (6). Although 
in principle calorimetric data on a reaction such 

'The AH0 values reported are not corrected for thermal 1 yield and 
expansion of the solvent (20). (7, 8), this was not the case here as the volatility 
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TABLE 1. Vapor pressure data for acetonitrile solutions at 25'C 

SO, partial 
c s a ~ t  cso K 

(Me -I) Salt (MC 'I) Tody!FG psoP~mUrAg) (M-l C) 

of SO, made it difficult to vary the SO2/XP ratio 
over a wide range, a condition necessary to get 
meaningful A H 0  and K values. The values of K 
needed to obtain AH0 were taken from Norris 
et al. (3). We also estimated K from SO, vapour 
pressure measurements in the case of S0,I- in 
AN as a check on conflicting reported values. 

Experimental 
Materials 

Tetraalkylammonium halides and tetraethylammonium 
perchlorate were Eastman Kodak white label products. 
The salts were dried under vacuum in presence of phos- 
phorus pentoxide for several weeks. The solutions were 
prepared by weighing. The solvents were reagent grade 
acetonitrile (Fisher) and dimethylsulfoxide (BDH). Both 
solvents were dried and stored over activated 4A molec- 
ular sieves. Concentrated solutions of SO, in AN and 
DMSO were prepared by bubbling anhydrous (99.98%) 
gas (Canadian Liquid Air). The stock solutions were then 
diluted as required. 

Apparatus and Procedure 
The LKB Model 8725-2 isoperibol calorimeter and the 

calorimetric procedure have been described previously 
(8). The heats of mixing of 0.2-3.0 M SO, solutions with 
27 ml of 0.1-0.2 M halide solutions were determined at 
25°C. The volume of SO, solution (0.3-0.8 ml) in the 
glass ampoules was obtained from the density of the 
solvent and the weight of solution. The concentration of 
these SO, solutions was determined by addition of a 
known volume dispensed from a Gilmont micropipette 
to an excess of aqueous standard iodine solution, and 
back titration with standard thiosulfate. The SO, con- 
centration was checked at the end of the calorimetric 
runs and the runs were discarded if the final SO, con- 
centration was more than 3% lower than the calculated 
'initial' concentrations. 

Total vapor pressures were measured with a quartz 

spiral (Texas Instruments). The apparatus and procedure 
used have been described elsewhere (9). 

Results 
The vapor pressure data for acetonitrile solu- 

tions containing SO, and/or electrolytes at 25°C 
are given in Table 1. The SO, partial pressures 
P,,, are calculated from the experimental total 
pressures P by subtracting the solvent partial 
pressures PAN. These latter pressures are derived 
from the pure solvent vapor pressure PAN = 
88.63 mm Hg by assuming that Raoult's law 
applies for the solute mole fractions used (x I 
0.033). The PAN data for 0.2-0.4 M NBu41 
solutions in absence of SO, do not support fully 
this assumption. However, looking at the solu- 
tions containing 0.1 M or 0.2 M NEt4C104 and 
SO,, when we subtract PAN calculated by using 
Raoult's law, we obtain Pso, values such that the 
corresponding Henry's law constant H = Pso,/ 
(SO,) (a tm/MC1)  agrees within 1% with the 
same constant (0.104) determined for six 
(0.3-1.5 M) SO, solutions in absence of electro- 
lyte. This result brings some justification to our 
method of calculation of PAN and also implies 
that the salting effect of 0.1-0.2 M NEt4C104 on 
solute SO, is negligible. We have then assumed 
that these conclusions could be extended to 
NBu41 solutions containing SO, so that we at- 
tributed the observed lowering of Pso, in 
these latter solutions to complex formation 
between SO, and I-:Values of K, the formation 
constant of S0,I-, given in Table 1, are calcu- 
lated from the known total concentrations 
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MILANOVA AND BENOIT 

TABLE 2. Calorimetric data for the systems SO2($ + X-(s) $ S02X-(s) 

Total 
volume 

(mu 

27.39 
27.39 
27.40 
27.72 
27.38 
27.68 
27.51 
27.29 
27.37 
27.48 
27.71 

27.40 
27.69 
27.67 
27.53 
27.52 
27.51 
27.68 
27.65 
27.37 
27.38 
27.43 
27.64 

27.75 
27.25 
27.36 
27.61 
27.59 
27.72 

27.44 
27.56 
27.45 
27.56 
27.41 
27.54 
27.52 
27.64 
27.76 
27.45 
27.62 
27.63 
27.32 
27.44 

Final SO2 Final X- 
concentration concentration - Q,,, - Qdil 

(Me-') x lo2 (Me-') (call (cal) 

(a) X = C1, solvent: acetonitrile 
0.3870 0.10 0.454 0.037 
0.5984 0.10 0.720 0.043 
0.9055 0.10 1.039 0.051 
1.066 0.10 1.295 0.070 
1.352 0.10 1.529 0.067 
1.558 0.10 1.770 0.083 
1.769 0.10 2.005 0.084 
2.062 0.10 2.322 0.077 
1.282 0.20 1.420 0.073 
1.698 0.20 1.936 0.082 
3.916 0.20 4.306 0.182 

(b)  X = Br, solvent: acetonitrile 
0.09584 0.249 
0.09751 0.416 
0.09758 0.400 
0.09807 0.650 
0.0981 1 1.263 
0.09815 1.435 
0.09754 2.189 
0.1953 1.992 
0.1973 2.200 
0.1972 2.344 
0.1969 3.274 
0.1954 3.819 

(c)  X = I, solvent: acetonitrile 
0.7637 0.09565 0.479 0.041 
0.9592 0.09564 0.576 0.048 
1.361 0.09523 0.803 0.067 
1.856 0.09440 1.109 0.090 
2.231 0.09446 1.271 0.105 
2.730 0.09440 1.569 0.127 

(d) X = C1, solvent: dimethylsulfoxide 
1.254 0.08551 0.208 0.081 
1.604 0.08513 0.258 0.103 
2.004 0.08546 0.342 0.103 
2.468 0.08513 0.347 0.161 
4.323 0.08559 0.862 0.349 
5.639 0.08519 1.029 0.457 
0.5919 0.3154 0.152 0.047 
0.7250 0.3140 0.184 0.055 
0.8531 0.3127 0.259 0.058 
1.936 0.3163 0.473 0.122 
2.669 0.3143 0.702 0.169 
3.321 0.3143 0.796 0.213 
1.355 0.4863 0.455 0.158 
1.839 0.4842 0.592 0.194 

- A H 0  
(kcal mol-' ) 

C,,, and C,-, the two corresponding mass for the following reasons. First, because the 
balance equations and [SO,], the free SO, S0,X- con~plexes are relatively stable and be- 
concentration deduced from P,,, and Henry's cause the presence of (SO,),X- species cannot 
law constant H. be ruled out, the range of CSO2 and C,- con- 

The usefulness of the vapour pressure method centrations studied was restricted to values of 
to study reaction 1 in AN proved to be limited Cso2/Cx- near 1. Second, owing to the high 
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TABLE 3. Comparison of thermodynamic parameters for reaction 1 in acetonitrile 
(Kin Me- ' ,  AHOin kcal mol-l) 

K -AH0 K -AH0 K - AH0 Reference 

361 2.32 99 3.08 27.4 2.52 3 

372 3.603 161 5.360 3 8 4.179 4 
4.11+0.18 3.42k0.18 33+ 10 3.05+0.09 This work 

solvent vapour pressure PAN, Cso2 and hence 
C, -, had to be relatively high to obtain meaning- 
ful values of P,,, = P - PAN, but then the 
calculation of PA, was approximate because the 
solutions were no longer dilute. The use of 
DMSO instead of AN, as solvent, was pre- 
cluded because though this time p,,,, is 
favourably low, Pso2 values are also unfavour- 
ably low, the Henry's law constant H being now 
only 0.0076. 

The calorimetric results are presented in 
Table 2. The measured heat effects, Q,,,, cor- 
respond to the reaction between 0.3-0.8 ml 
(0.2-3.0 M)  SO, solutions with a known excess 
of halide solutions. The final SO, concentrations 
varied between 3 x and 4 x lo-' M 
whilst the halide concentrations ranged from 
9 x lo-' to 5 x 10-I M. The lower limits for 
the SO, concentrations were dictated by the 
magnitude of the AH0 and K values for the parti- 
cular reaction investigated and the fact that the 
values of Q,,, once corrected had to be reason- 
ably accurate. Since the heat changes observed 
are relatively small, corrections for dilution 
effects were applied. For this purpose, the molar 
heats of dilution of SO, were estimated from 
data obtained on separate calorimetric runs in 
which SO, solutions were mixed with the pure 
solvents. The minor heat effect on mixing of pure 
solvent with the halide solutions was also taken 
into account. The corrections Qdi, are entered in 
Table 2. The enthalpies AH'(s) for reaction 1 
were then obtained from corrected heat effects, 
the S0,X- concentrations calculated from mass 
balances, and the values of the equilibrium con- 
stant K listed in Table 3 (3). 

Attempts to study the SO,-F- system in AN 
proved unsuccessful because of the very low 
solubility of dried (CH3),NF and KF. 

Discussion 
First we will discuss briefly our K values for 

S0,I- in AN, as determined from vapour pres- 

sure measurements. Considering the assumptions 
involved in the calculation of P,,, and [SO,], 
there is a fair agreement between our average 
value, 33, and the values of Norris et al., 21.4, 
and of Wasif et al., 38. These latter values were 
deduced from spectrophotometric data for very 
dilute solutions (8 x 10-4-5 x l ob3  M). Our 
Pso2 data for two solutions with a high ratio 
Cso2/C,- lead either to a high value for K or 
a value of i i , the average number of SO, moles 
bound per mole of I-, which is above 1. These 
results are thought to be indicative of the pres- 
ence in these SO,-rich solutions of an additional 
species (SO,),I-. In this respect, it is worth 
noting that solid SO, solvates of halide salts 
containing up to 4S0, per halide are known (1). 

The formation of S0,I- and S0,Br- in 
aqueous solution has been reported, although 
the available supporting data are sketchy (4, 10). 
Taking into account the known decrease in 
stability of related complexes such as I,- and 
HC1,- when passing from a dipolar aprotic sol- 
vent, such as AN, to water (&, l l ) ,  the quoted 
stability of S0,I- in aqueous media was 
unexpected. We therefore attempted to estimate 
a value for KsO2,- in water from our K,,,,- value 
in AN. The procedure used followed that which 
led us to account for the known weak stability of 
HC1,- in water (8). Combining the AN values 
Kso2,- = 30 and Pso2 = 0.104[S02], gives [S021- I/ 
[I-] = 300 x P,,,. If we now assume that the 
free energies of transfer of the related anions 
S0,I- and 1,I-, from water to AN, are about 
the same, then the calculated ratios [I3-]/[I-] = 
K,,- x S,, = 107.3 x in AN (S, ,  is the 
I, solubility) and [I3-]/[I-] = K,,- x S,, = 
lo2.' x lo-'.' in water (ll) ,  lead to [SO,I-I/ 
[I-] - 300 x P,,, x Since for aqueous 
solutions Pso2 = 0.80[S02] at 25°C (12), we 
finally get Kso2,- = [SO,I-]/[SO,] [I-] - lo-,? 
This very low value is to be contrasted with 
much higher values obtained from spectro- 
photometric data, respectively 0.35 (4) and 0.8 
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(10). We tend to attribute the large discrepancy 
to difficulties in the spectrophotometric measure- 
ments, possibly due to the susceptibility to 
oxidation of I -  (catalyzed by light) (13), and of 
SO,. That the determinations on the system 
SO,-I- may be subject to errors, even in AN, 
has been pointed out (3) and it is also apparent 
when the spectrophotometric data of Wasif et al. 
(4) are compared with those of Norris et al. (3). 
It is difficult to predict from our results in AN 
what the S0,X- complexes stability order is in 
water. Considering the small differences in the K 
values in AN, the stability order in water might 
well be reversed, S0,I- > S0,Br- > S0,Cl-. 
We have shown that for the related series 1,X-, 
the order is I,- - 1,Br- = 1,Cl - in sulfolane 
(14) another dpa solvent but1,- > 1,Br- > 12C1- 
in water (11). These changes in relative stabili- 
ties, when passing from dpa solvents to water, 
are mainly due to the increasingly stronger sol- 
vation by water of the halide ions in the order 
I -  < Br- < C1-. 

Turning now to our enthalpy data (Tables 2 
and 3), the AH0 values for reaction 1 in AN are, 
as expected, at variance with those derived 
indirectly from spectral data at 15, 25, and 35°C 
(3, 4). The exothermicity of [I] decreases slightly 
from X = C1 to Br and I just as the stability 
constants K do. The relationship between AH0 
and AGO = - RT In K is approximately 
linear as is often the case for donor-acceptor 
type reactions (15). The enthalpy-based halide 
basicity order C1- > Br- > I- we observe here 
in AN, with SO, as the acid A, is the same as 
that obtained in sulfolane, another dpa solvent 
with A = HCl (8). From estimates of solvation 
enthalpies of gaseous ions X- and AX- (8), 
it is expected that the halide basicity order for 
A = SO, remains the same in the gas phase, 
with differences between the three individual 
AH0 values larger in the gas phase than in AN. 

The analysis of the solvent effect on reaction 1 
(X = C1) from our AH0 values in AN and in 
DMSO, respectively - 4.1 and - 0.7 kcal mol- I, 
is best carried out by taking into account the 
basicity-related solvent interaction with SO,. 
We have therefore calculated AHO(s,g) for 

by adding to AH'(s) the heat of solution of 
gaseous SO, in AN and DMSO, respectively 
- 6.8 and - 11.5 kcal mol-' (16). The obtained 
AHO(s,g) values are - 10.9 (AN) and - 12.2 kcal 

mol-I (DMSO). The difference, AAHO(s,g), 
between these values, which is equal to 1.3 kcal 
mol-I, represents the difference of the enthalpies 
of transfer between both solvents of the anions 
pair C1--S02C1-. The value found for AAHO 
(s,g), 1.3 kcal mol-' is in line with what we 
expected since we have recently established that 
the differences between the enthalpies of transfer 
of a number of pairs of anions X--AX- are 
small and mainly governed by non-coulombic 
interactions when the transfers are between dpa 
solvents (6). These results make it possible to 
estimate, within 1-3 kcal mol-', the enthalpy 
change AH'(s) of any X--A anion-molecule 
reaction such as [ l ]  in a dpa solvent, from the 
value of AHO(s,g) in a reference dpa solvent 
and the value of the enthalpy of solution of A in 
the dpa solvent of interest. We can now relate the 
acid strength of SO, to that of I,, another Lewis 
acid, by comparing both AH(s,g) values for the 
reaction A(g) + I-(s) + AI-(s) where s is AN. 
The corresponding AHO(s,g), -9.8 kcal mol-' 
(A = SO,), and -20.0 kcal mol-I (A = I,) 
(6), indicate that in the gas phase SO, is a much 
weaker acid than I,, with respect to the base I-.  
The AHO(s) values in AN for A(s) + I-(s) + 
AI-(s), - 3.0 kcal mol-' (A = SO,), -9.7 
kcal mol-I (A = I,), give the same acidity 
order. Drago's compilation of data (17) also 
rank SO, as a weaker acid than I, with respect 
to any molecular base in inert media, since the 
enthalpy of adduct formation between a base B 
and an acid A is given by the four-parameter 
equation: AH = EAEB + CACB with EA = CA 
= 1 for A = I, and EA = 0.92, CA = 0.81 for 
A = SO,. 

Finally, in view of the probable charge-trans- 
fer (CT) character of the S0,X- complexes, it is 
interesting to see to what extent these complexes 
follow some of the general correlations relating 
properties of such donor-acceptor complexes 
with those of the donors or acceptors. A linear 
relationship has been established (3) between the 
energies hv,,, corresponding to the frequencies 
of the uv-visible absorption maxima of the three 
S0,X- complexes and the ionization potentials 
(I,) of the donors X-. However, this linear cor- 
relation raises some unanswered questions. 
First, as pointed out by Norris et al. (3), the slope 
has not the expected unit value, and the calcu- 
lated differences in binding energies between 
ground and excited states have a sign which is 
opposite to that found for CT complexes between 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2812 CAN.  J. CHEM. VOL. 55. 1977 

neutral species. Second, because of the abnormal 
value of the electron affinity of F in the halogen 
series which gives I, = 3.45 eV for F-, the 
linear correlation would predict for S0,F- an 
absorption band (A,,, - 310 nm) between 
those of S0,Br- and S0,Cl- whilst Norris 
et al. found no such band above 220 nm but a 
tail of an absorbance band at shorter wavelengths 
(3). Another type of general correlation sought 
for CT complexes involving a series of struc- 
turally related donors and a common acceptor is 
that between the stability of the complexes and 
the donor ionization potential Id (15). The trend 
observed here for the S02X- complexes is an 
increase in stability, as measured with AH0 or K, 
in the order S0,I- < S0,Br- < S0,Cl- which 
is the order of increasing Id, I -  < Br- < Cl - .  
Surprisingly this trend is opposite to that 
usually observed for CT con~plexes with neutral 
donors in non-polar solvents (15). This reversal 
cannot be attributed to the polar nature of the 
solvent AN since we have seen that the stability 
order of the S0,X- complexes would be the 
same in the gas phase. The observed order is 
that of the proton affinity of the halides and is in 
line with predictions made from Drago's 
equation and the EBCB values calculated for 
gaseous X- from gas phase ionic reactions (1 8). 
The sequence C1- > Br- > I- is also that of 
nucleophilic reactivity of halides in dpa solvents 
but, interestingly enough, not in liquid SO, (19). 
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HELMUT BEIERBECK, JOHN K. SAUNDERS, and JOHN W. APSIMON. Can. J. Chem. 55,2813 
(1977). 

Substituent parameters were derived for the semiempirical determination of 13C chemical 
shifts in saturated hydrocarbons, alcohols, amines, ketones, and olefins. The olefin parameters 
are valid for six-membered rings and the remaining parameters for six-membered rings in chair 
conformations. The use of these parameters for the calculation of carbon resonances is illus- 
trated with a number of examples. 

HELMUT BEIERBECK, JOHN K. SAUNDERS et JOHN W. APSIMON. Can. J. Chem. 55,2813 (1977). 
On a pu dQiver des parametres pour les substituants permettant la determination semiempi- 

rique des dkplacements chimiques du carbone 13 d'hydrocarbures satures, d'alcools, d'amines, de 
cktones et d'ol6fines. Les paramttres des olefines sont valables pour les cycles a six chainons et 
les autres paramttres pour des cycles a six chainons dans des conformations chaises. On 
presente des exemples de I'utilisation de ces parametres pour le calcul des resonances du 
carbone dans un certain nombre d'exemples. 

[Traduit par le journal] 

We have shown that P-carbon substituent double bond subslituent effects suggested that 
effects on 13C resonances are related to the the y-group has not introduced a new shielding 
number of hydrogen-carbon (HC) and carbon- mechanism which fortuitously cancels the HC 
carbon (CC) gauche interactions (1). Similarly, shift increment, but rather that it has eliminated 
P-heterosubstituent effects depend on the num- the HC shift contribution (3).' In other words, 
ber of hydrogen-heterosubstiluent (HX) and the observed gauche y-effect is not associated 
carbon-heterosubstiluent (CX) gauche inter- with the y-group but with the elimination of the 
actions (2). If a gauche y-substituent is added to H 
an HC configuration, one observes a displace- 
ment which is equal in size, but opposite in sign, 
to the HC shift increment. An investigation of Shielding 

I No effect 

lAfter submission of our manuscript (ref. 3) we 
became aware of a publication by Boaz (4), in which 
the author shows that downfield shifts in 13C and upfield 
shifts in proton spectra are related to the number of 
1,3-diaxial hydrogen alignments. 
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The first sequence indicates hydrocarbon para- 
meters and the second block functional group 
parameters, in this case hydroxyl parameters. 
The references for sp2 and heterosubstituted sp3 

0-hydrogen. This conclusion is based on the 
following observations (3). 

(I) Elimination of y-hydrogens by y,6-double 
bond formation has no noticeable effect on 
carbon resonances, i.e. nonbonded interactions 
with a y-hydrogen cannot be responsible for the 
gauche y-effect. 

(2) The gauche y-substituent effect is virtually 
independent of the nature of the y-group X. 

(3) The substituent effect of a P,y-double bond 
depends on the number of displaced 1,3-diaxial 
hydrogen interactions. 

(4) P-heterosubstituent shifts are found to 
depend on bond polarity, if 1,3-diaxial hydrogen 
alignments H-OC-C,-Xp-Hp are taken into 
account. 

(5) Deviations from the cyclohexane chair 
conformation in heterocyclic systems lead to 
large anti y-shifts only at carbons which are 
engaged in 1,3-diaxial hydrogen interactions, 
presumably because the HC shift contribution 
is sensitive to changes in hydrogen alignment. 

(61 It seems more reasonable that the more , , 
severe syn-axial &interaction should give rise to 
larger shifts than the gauche y-interaction. In the 
original interpretation of gauche y-effects the 
y-parameter was larger than the &parameter. 

The general P-parameter HX therefore has to 
be redefined as the sum of contributions from 
1,3-diaxial hydrogen interactions and from the 
C-X bond polarity. A gauche y-parameter is 
now only required if the observed gauche y-shift 
exceeds the magnitude of the eliminated H C  
contribution. With this revision the additivitv 
parameters for saturated hydrocarbons, al- 
cohols, and amines were redetermined, and new 
parameters were derived for ketones and olefins. 

Results 
The experimental data used in the derivation 

of the predictive parameters are found in 
Tables 1-5. The first two entries in Table 2 may 
serve to explain the symbols and abbreviations 
in the tables. Items 1/32 and 2/32 refer to 
carbons C(1) and C(2) in substrate 32, lp- 
hydroxy-trans-decalin. There are two parameter 
sets : 

1132-300 T 10000 

carbons are indicated by letters at the beginning 
of the second parameter sequence. For example 
C(l) in 32 is a tertiary carbinyl carbon and the 
hydroxyl parameter series therefore begins with 
the letter T. The remaining carbon references are 
indicated at the beginning of the hydrocarbon 
parameter series. Thus, C(2) in 32 is an unsub- 
stituted secondary sp3 carbon and the hydro- 
carbon parameter sequence therefore begins with 
the letter S. The reference shifts, like the 
structural parameters, were treated as variables. 
The number sequences indicate the number of 
occurrences of structural features. The hydro- 
carbon parameters are given in the sequence HC, 
CC, and 6, the hydroxyl parameters in the 
sequence OC, HO, CO, y, and 6, etc. The 
definitions of the references and structural para- 
meters, their numerical values, and standard 
errors are found in Table 6 ,  in the same se- 
quence as in Tables 1-5. The parameter 
sequences are also indicated in the footnotes of 
Tables 1-5. The symbols 6,,, and 6,,, - 6 ,,,, 
indicate observed resonances and deviations 
between observed and calculated shifts. The 
carbon and compound numbers, and the 
literature references for the experimental data 
are given in Chart 1. Experimental results which 
were obtained in this laboratory are collected 
in Table 7. 

The hydrocarbon, hydroxyl, amine, and 
carbonyl parameters were derived from, and 
are only valid for, six-membered rings in chair 
conformations. The olefin parameters are valid 
only for six-membered rings. The eventual 
extension of this predictive scheme to the deri- 
vation of 13C resonances in other conformations 
will require reference shifts, y- and 6-parameters 
which are explicit functions of dihedral angles 
etc., similar to the generalized P-parameters 
2 x HX x cos 4 and 2 x CX x cos 4 (2). 

The use of these parameters for the derivation 
of 13C resonances will now be demonstrated 
with a few examples. 

Hydrocarbon Parameters 
The hydrocarbon parameters in Table 6 are 

derived from the data in Table 1. P, S, T, and Q 
are the starting values for the derivation of 
primary, secondary, tertiary, and quaternary 
carbon resonances. The HC shift increment is 
associated with 1,3-diaxial hydrogen-hydrogen 
interactions, the CC parameter with exocyclic 
carbon-carbon gauche interactions, and the 6 
parameter with syn-axial 6-interactions. 
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TABLE 1. 13C chemical shifts and structural parameters for some saturated hydrocarbonsa 

Carbon/ Carbon/ 
substrate Parametersb sobs Gcalc - sobs substrate Parametersb tiob, 6,,,, - sobs 

113 S 400 34.7 1.1 12/11 S 200 27.1 -0.4 
213 S 200 27.2 -0.5 13/11 S100 21.8 0.4 
913 T 400 44.2 -1.8 14/11 S 310 33.1 0.0 
114 T 310 38.4 1.3 1/14 S 410 39.7 -2.0 
214 S 400 37.1 -1.3 2/14 S 000 19.4 -1.8 
914 S 300 31 .O 0.3 3/14 S 510 42.3 -0.3 

1014 T 510 50.6 -1.8 4/14 Q040 33.5 0.4 
Me14 P 300 19.7 1.4 5/14 T 550 55.2 1 .O 

S 510 
S 100 

42.4 -0.2 19/14 P 301 22.5 1.1 
215 22.2 0.0 1/15 S 410 38.8 -1.1 
3 /5 S 200 27.4 -0.7 7/15 S 300 32.6 -1.3 
415 S 300 29.4 1.9 9/15 T 530 55.1 -2.6 
515 T 420 46.2 -0.1 10/15 Q060 36.4 1.2 

Q 040 
915 P 200 

34.8 -0.9 11/15 S 100 20.9 1.3 
Me15 15.8 0.7 19/15 P 100 12.3 -0.3 

116 T 420 44.3 1.8 9/23 T 430 48.8 -0.9 
T 310 

2i6 S 400 
39.3 0.4 10123 Q060 37.2 0.4 

316 35.8 0.0 11/23 S 100 20.1 2.1 
916 S 300 31 .0 0.3 19/23 P I 0 1  13.9 0.6 

1016 T 510 49.4 -0.6 6/28 S 000 18.5 -0.9 
Me-216 P 200 16.1 0.4 7/28 S310 33.1 0.0 
Me-316 P 300 20.9 0.2 10/28 Q060 37.0 0.6 

117 S 600 44.2 0.7 16/28 S 210 28.2 0.4 
217 T 310 39.8 -0.1 20128 T310 39.7 0.0 

Me-217 P 300 20.3 0.8 21/28 S 300 31.3 0.0 
118 T 210 34.0 1.1 22/28 S510 41.6 0.6 
2/8 S 400 35.6 0.2 28/28 P 400 28.8 -3.2 
518 T 300 36.8 1 .O 29/28 P 200 17.5 -1.0 
718 S 100 21 . O  1.2 30128 P 300 21.4 -0.3 
8/8 S 310 34.6 -1.5 20129 Q020 31 .O -0.8 
918 T 030 28.5 1.2 21/29 S 410 34.7 3 .O 

10/8 T 530 52.4 0.1 22/29 S410 37.1 0.6 
Me-118 P 300 19.2 1.9 25/29 P 102 15.6 1.5 
Me-918 P 100 12.5 -0.5 26/29 P 101 16.7 -2.2 

119 S 300 30.1 1.2 29/29 P 600 33.3 1.4 
519 T 400 43.6 - 1.2 30129 P 400 23.6 2.0 
719 S 400 35.0 0.8 6/30 S 000 18.2 -0.6 

1019 T 510 48.2 0.6 7/30 S310 34.6 -1.5 
1/10 S 300 30.4 0.9 8/30 Q 080 40.7 0.6 
6/10 S 300 29.8 1.5 9/30 T 450 51.2 0.4 
7/10 S 310 32.9 0.2 10130 Q 060 37.3 0.3 
8/10 T 220 38.0 -1.0 11/30 S100 21.1 1.1 
9/10 T 330 42.3 1.1 15/30 S 210 27.4 1.2 

10/10 T 310 38.5 1.2 25/30 P 102 16.7 0 .4  
11/10 S 200 27.2 -0.5 26/30 P 101 16.1 - 1.6 
12/10 S 100 20.7 1.5 27/30 P 100 14.6 -2.6 
14/10 S 200 27.0 -0.3 6/31 S 410 41.3 -3.6 
1/11 S 300 31 . O  0.3 7/31 SO00 18.3 -0.7 
5/11 T 300 36.5 1.3 9/31 Q 060 37.5 0.1 
7/11 S 200 26.1 0.6 11/31 S 310 35.6 -2.5 
8/11 T 220 38.4 -1.4 12/31 S 210 30.5 - 1.9 
9/11 T 330 42.4 1 .O 13/31 Q 060 39.7 -2.1 

10/11 T 420 47.7 -1.6 24/31 P 101 14.7 -0.2 
11/11 S 100 21.8 0 .4  25/31 P I 0 2  18.0 -0.9 

"For substrate number, carbon numbering system, and literature references see Chart 1.  
bParameter definitions: Letters: P = primary, S = secondary, T = tertiary Q = quaternary. Numbers: n,,, nee, ns. Root- 

mean-squares deviation between observed and calculated resonances IS 1.28 ppm. 
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TABLE 2. 13C chemical shifts and structural parameters for some alcoholsa 

Carbon/ Carbon/ 
substrate Parametersb tiabs ticalc - tiabn substrate Parametersb tiobs 6calc - &bs 

"For carbon numbering substrate number and literature references see Chart 1. 
bPararneter definiti0ns:'first sequence givls hydrocarbon parameters (see footnote b, Table 1); second group gives hydroxyl parameters: 

T = tertiary carbinyl reference shift. Numbers: noc, n " ~ .  nco, n,, and n,. Root-mean-squares deviation between calculated and observed res- 
onances is 1.49 ppm. 
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TABLE 3. 13C chemical shifts and structural parameters for some saturated N-heterocyclesa 

Carbon/ Carbon/ 
substrate Parametersb Sobs Scale - Sobs substrate Parametersb s o b s  ~ C ~ I C  - s o b S  

OFor carbon numbering, substrate number, and literature references see Chart 1. 
*Parameter definition: first sequence gives hydrocarbon parameters (see footnote b, Table I), second group gives amine parameters: P, S, T, 

Q = references for primary, secondary, tertiary, and quaternary nitrogen-bearing carbons. Numbers: nH,, no, ~ H N C ,  ny. Root-mean-squares 
deviation between calculated and observed resonances is 1 .67 pprn. 
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TABLE 4. I3C chemical shifts and structural parameters for some ketonesa 

Carbon/ 
substrate 

Carbon/ 
substrate 

- 

-OOO C 000 
S 200 -100 
S 100 -001 
-010 C OOO 
S 100 -100 
S 100 -001 
T 320 -001 
T 430 -010 
Q 060 -100 
P 000 -001 
S 410 -100 
-OOO C 000 
S 200 -100 
S 200 -001 
Q 060 - 4 1  
S 310 -001 
S 100 -100 
-000 C 000 
S 300 -100 
T 320 -001 
S 000 -001 
S 200 -100 
- 0 0 0  C 000 
T 420 -100 
S 100 -010 
Q 060 -001 
S 100 -010 

Parametersb 

T 420 -100 
- 0 0 0  C 000 
S 300 -100 
Q 060 -001 
T 320 -001 
S 300 -100 
-000 C OOO 
T 430 -001 
T 530 -100 
4060 -010 
-000 C 000 
S 510 -100 
T 430 -001 
S 100 -100 
-010 COO0 
P 100 -001 
S 000 -100 
-010 C OOO 
Q040 -100 
P 300 -010 
P 201 -001 
S 000 -001 
S 200 -100 
-000 C 000 
T 330 -100 
Q 060 -001 
P 000 -010 

'For carbon numbering, substrate number, and literature references see Chart 1. 
*Parameter definitions: first sequence gives hydrocarbon parameters (see footnote b, Table I), second block gives carbonyl parameters: C = 

carbonyl reference. Numbers: np,  n,,, n,,. Root-mean-squares deviation between calculated and observed resonances is 1.79 ppm. 

A few examples may serve as illustration. The 
C(19) resonance in saturated steroids, e.g. item 
19/15 in Table 1, is calculated to be 7.44 + 4.55 
= 12.0 ppm, since C(19) is a primary carbon 
and there is one HC contribution from the 
gauche interaction between a methyl C-H and 
the C-H(1e) bonds. In lanostanol the C(19) 
methyl group has a syn-axial 6-interaction with 
the C(30) methyl group, as well as the gauche 
HC interaction. The C(19) resonance in lano- 
stanol, item 19/23, is therefore predicted to be 
7.44 + 4.55 + 2.56 = 14.5 ppm. The steroidal 
C(9) resonance (item 9/15) is calculated to be 
24.17 + 5 x 4.55 + 3 x 1.85 = 52.5 ppm, since 
C(9) is a tertiary carbon and there are five HC 
and three CC shift contributions. The five HC 
contributions arise from the alignment of the 
C(9)-H bond with the axial C-H bonds at 
positions 1, 5, 7, 12, and 14. The three exocyclic 
carbon-carbon gauche interactions are C(11)- 
C(9)-C(1O)-C(1), C(11)-C(9)-C(l0)-C(19), and 
C(8)-C(9)-C(l0)-C(19). 

Hydroxyl Parameters 
The hydroxyl parameters in Table 6 are based 

on the data in Table 2. Only resonances for 
secondary alcohols are included in the table and 
therefore only a reference shift T for tertiary 
carbinyl carbons was derived. The OC, HO, and 
CO shift increments are associated with oxygen- 
carbon, hydrogen-oxygen, and carbon-oxygen 
gauche interactions. The y parameter is used for 
gauche as well as for anti y-interactions, provided 
the anti y-hydroxyl group is equatorial. The 6 
parameter refers to syn-axial 6-interactions. 

In monofunctional substrates the carbinyl 
carbon may only be engaged in HC, CC, or 6 
hydrocarbon interactions and in OC interactions. 
Of these structural features the HC interactions 
are the single most important factor determining 
the position of carbinyl carbon resonances, since 
the HC parameter has the largest value. For 
example, the axial C(2)-H bond in 2a-hydroxy,- 
10-methyl-trans-decalin is engaged in one H C  
interaction with the axial C(4)-H bond, and 
the C(2) signal is found at 66.9 ppm (item 2/38). 
The axial C(2)-H bond in 2a-hydroxy-trans- 
decalin is engaged in two HC interactions, with 
the axial C(4)-H and C(l0)-H bonds, and the 
C(2) resonance is found at 70.2 ppm (item 2/34). 
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TABLE 5. 13C chemical shifts and structural parameters for some olefinsa 

Carbon/ Carbon/ 
substrate Parametersb Sobs Gcale - Sobs substrate Parametersb Sobs G c a ~ c  - Gobs 

.For carbon numbering substrate number and literature references see Chart 1. 
bParameter definiti0ns:'first group gives hydrocarbon parameters (see footnote b, Table I), second block gives olefin parameters: T and 

Q = tertiary and quaternary sp2 carbon references. Numbers: n ~ ,  na, n,,, n.,.. Root-mean-squares deviation between calculated and observed 
resonances is 2.19 ppm. 
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CHART 1. Definition of chemical structures and numbering systems for Tables 1-5 and 7. (Literature references)/ 
structures: (7)/1; (8)/2; (9)/3-8; (10)/9-11; (1 1)/12-14; (12)/15,4249; (13)/16; (14)/17-19; (15)/20; (16)/21,22; (17)/23, 
26, 28; (18)/3241; (19)/50-57; (20)/5843; (21)/64-75, 80-82; (22)/76-79; (Table 7)/24, 25, 27, 29, 30, 31. Note, in 
Table 1 of ref. 13 the C(5) resonance of cholesterol should be 139.9 ppm and not 130.9 ppm. 

1 Cyclohexene c21 

2 Cyclohexanone 
2 

24 
10 8 

9 ,e=7 
3 trans-Decalin 
4 1 (3-Methyl-trans-decalin 16 Cholest-5-en-3P-01 
5 10-Methyl-trans-decalin 17 Ergosta-7,22-dien-30-01 
6 1 P,2u-Dimethyl-trans-decalin 18 Ergosta-5,7,22-trien-30-01 
7 2u,30-Dimethyl-trans-decalin 19 Ergosta-7,9,22-trien-30-01 
8 1 P,9u-Dimethyl-trans-decalin 20 Cholesta-3,5-diene 

21 7u-Hydroxydesoxycholic acid 
22 6a-Hydroxydesoxycholic acid 

15 Androstane 
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31 Friedelin 
32 113-Hydroxy-trans-decalin 
33 la-Hydroxy-trans-decalin 
34 2a-Hydroxy-trans-decalin 
35 213-Hydroxy-trans-decalin 
36 1P-Hydroxy,lO-methyl-trans-decalin 
37 la-Hydroxy,lO-methyl-trans-decalin 
38 2a-Hydroxy,lO-methyl-trans-decalin 
39 213-Hydroxy,lO-methyl-trans-decalin 
40 4a-Hydroxy,lO-methyl-trans-decalin 
41 4P-Hydroxy,lO-methyl-trans-decalin 
42 1 P-Androstanol 
43 la-Androstanol 
44 2P-Androstanol 
45 7P-Cholestanol 
46 7a-Cholestanol 
47 1 la-Androstanol 
48 11 P-Androstanol 
49 12P-Androstanol 
50 1-Androstanone 
51 2-Cholestanone 
52 3-Androstanone 
53 4-Androstanone 
54 6-Androstanone 
55 7-Cholestanone 
56 1 1-Androstanone 
57 12-Androstanone 

58 Quinolizidine 
59 113-Methylquinolizidine 
60 la-Methylquinolizidine 
61 3a-Methylquinolizidine 
62 4a-Methylquinolizidine 
63 10-Methylquinolizidine 
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TABLE 6 .  Parameter definitions, numerical values, and standard errors 

Hydrocarbons Alcohols Amines Ketones Olefins 

HNC 
-0.80 0.45 

The axial C(1)-H bond in lp-hydroxy-trans- 
decalin has three HC interactions, with the axial 
C(3)-H, C(5)-H, and C(9)-H bonds, plus 
the O(1)-C(1)-C(10)-C(9) OC gauche inter- 
action, and the C(l) resonance occurs at 74.6 
ppm (item 1/32). 

The 2a- and 2P-hydroxy,lO-methyl-trans- 
decalins may serve to illustrate the use of the P-, 

y-, and 6-hydroxyl parameters. In the 2a isomer 
both C(1) and C(3) experience two HO gauche 
interactions, in addition to the hydrocarbon 
contributions (items 1/38 and 3/38). C(4) and 
C(1O) experience an anti y-hydroxyl interaction 
(items 4/38 and 10138). In the 2P isomer both 
C(l) and C(3) are engaged in one HO and one 
CO interaction (items 1/39 and 3/39), C(4) in 
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a gauche y-interaction (item 4/39), and the 
methyl group in a syn-axial 6-interaction 
(item Me/39). 

Amine Parameters 
The amine parameters in Table 6 are based on 

the data in Table 3. The P, S, T, and Q para- 
meters in the second block of parameters in 
Table 3 are the references for primary, second- 
ary, tertiary, and quaternary nitrogen-bearing 
carbons. The HN parameter denotes a shift 
increment associated with a hydrogen-nitrogen 
gauche P-interaction, if a hydrogen or a lone pair 
electron at the nitrogen atom is aligned with a 
hydrogen on the carbon in question. However, 
if the 1,3-diaxial group is a carbon atom, the 
parameter HNC is used. The CN parameter 
denotes an increment associated with exocyclic 
carbon-nitrogen gauche P-interactions. The 
y-parameter denotes the y-nitrogen effect at both 
gauche and anti positions, exocyclic as well as 
endocyclic. 

The derivations of the N-methyl, C(2) and 
C(10) resonances in N-methyldecahydroquino- 
line and of the C(10) resonance in 10-methyl- 
quinolizidine start from the P, S, T, and Q 
references, respectively (items Me/72, 2/72, 
10172, and 10163). The remaining shift contri- 
butions arise from hydrocarbon interactions. 
For example, the alignment of the methyl C-H 
bonds with the two C(2)-H groups and with 
C(10)-H adds 3 x 4.55 ppm to the N-methyl 
reference of 28.82 ppm, for a total value of 
42.5 ppm (item Me/72). 

The C(3), C(5), and C(9) resonances in 
decahydroquinoline and its N-methyl and 
N,9a-dimethyl derivatives may illustrate the 
application of the HN and HNC parameters. It 
is assumed that the N-methyl group is exclusively 
equatorial in the monomethyl con~pound and 
exclusively axial in the dimethyl derivative. The 
HN interaction contributes 1 x 4.01, 1 x 4.01, 
and 2 x 4.01 ppm to the C(3), C(5), and C(9) 
resonances in decahydroquinoline, since the 
axial C-H bonds in positions 3 and 5 and both 
C-H bonds at position 9 are aligned either 
with a lone pair or a hydrogen on nitrogen (items 
3164,5164, and 10164). In the N-methyl derivative 
the alignment of the axial C(9)-H bond with 
the lone pair on nitrogen again contributes one 
HN increment, but the equatorial C(9)-H bond 
is now aligned with an N-C bond, resulting in 
an HNC contribution (item 9/72). The calcula- 
tion of the C(3) and C(5) resonances is un- 

changed by the introduction of the equatorial 
N-methyl group. In the 9a,N-dimethyl derivative 
the C(3), C(5), and C(9) resonances each receive 
an HNC contribution since all three axial C-H 
bonds are aligned with the axial N-C bond. In 
addition the exocyclic Me(9)-C(9)-C(l0)-N 
carbon-nitrogen gauche interaction adds one 
CN increment to the C(9) resonance (items 
3/75, 5/75 and 9/75). The y increment is added, 
for example, to the resonances of C(4) in deca- 
hydroquinoline (item 4/64, endocyclic gauche 
y-interaction), to the methyl resonance in the 
3P-methyl derivative (item Me/68, exocyclic 
gauche y-interaction), to the C(6) resonance in 
decahydroquinoline, and to the methyl reson- 
ance in the 3a-methyl derivative (items 6/64 and 
Me/67, anti y-interactions). 

Carbonyl Parameters 
The carbonyl parameters in Table 6 are based 

on the data in Table 4. The parameter C is the 
reference for the carbonyl carbons. There is 
only one j3 parameter, but a syn and an anti y 
parameter, y, and y,. 

Since the carbonyl carbons do not bear any 
hydrogen, the only hydrocarbon interactions 
which may occur are the CC interactions. Thus, 
the parameter C itself is the predicted shift for 
the carbonyl carbons in the 2, 3, 4, 6, 7, and 11- 
ketosteroids. The carbonyl resonances in the 1- 
and 12-ketosteroids, on the other hand, receive 
additional downfield shift contributions of 
1.85 ppm from the exocyclic C(2)-C(1)-C(10)- 
C(19) and C(1 1)-C(12)-C(13)-C(18) carbon- 
carbon gauche interactions, respectively (items 
1/50 and 12/57). The P increment of 14.70 ppm 
is added to the resonances of all carbons 
adjacent to the carbonyl group. The syn y-inter- 
action y, occurs, for example, at C(9) in 1- 
ketoandrostane (item 9/50) and at C(10) in 
1 1-ketoandrostane (item 10156). The anti y, 
interaction may occur at exocyclic or endocyclic 
carbons. C(19) in 1-ketoandrostane and C(18) 
in 12-ketoandrostane are examples for the 
exocyclic case (items 19/50 and 18/57), and C(3) 
and C(5) in the I-ketone for the endocyclic case. 
There are obviously two y, positions in every 
cyclohexanone ring. 

OleJin Parameters 
The olefin parameters in Table 6 are based on 

the data in Table 5. The parameters T and Q are 
the references for tertiary and quaternary sp2 
carbons. The increment R is added to the 
references T and Q if the second sp2 carbon is 
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quaternary. There is only one P parameter, but 
there is a syn and an anti y parameter. The P 
and y parameters are not applied at quaternary 
sp3 and sp2 carbons. The hydrocarbon para- 
meter HC is used for all 1,3-diaxial hydrogen 
interactions, whether the hydrogen is on an sp2 
or an sp3 carbon. Exocyclic carbon-carbon 
gauche interactions at angles close to 0" are 
taken to make two CC contributions, in accord- 
ance with the cos + dependence of the generalized 
p parameters 2 x HC x cos + and 2 x CC x 
cos $ on the dihedral angle + (2). Exocyclic 
carbon-carbon gauche interactions at angles 
4 2 90" are ignored (2). 

A few examples may serve to demonstrate the 
derivation of sp2 carbon resonances. 

Item Calc~~lated resonances Obsvd. 

7/17 125.99-8.47+0~4.55=117.5 117.1 
7/12 125.99-8.47+1~4.55=122.1  121.6 

14/14 125.99-8.47+2~4.55=126.6 128.1 

8/12 137.80 +0x1.85=137.8  135.2 
5/20 137.80 + lx1 .85=139 .6  141.7 
8/18 137.80 +2x1.85=141.5  140.4 
9/19 137.80 +3x1.85=143.3  143.4 

Carbons 7/17, 7/12, and 14/14 are tertiary sp2 
carbons and therefore the reference shift of 
125.99 pprn is used. The second sp2 carbon, 
C(8) in all three cases, is quaternary and the R 
increment of -8.47 ppm is added. The sp2 
C-H bond at C(7) in cholest-7-en-3P-01 is not 
engaged in HC interactions (item 7/17). The 
sp2 C-H bond in the A7-pimaradiene has one 
HC interaction with the equatorial C(14)-H 
bond (item 7/12), and in the A8(14)-pimaradiene 
it has two HC interactions, with the equatorial 
C(7)-H and one C(17)-H bond (item 14/14). 
Items 8/12, 5/20, 8/18, and 9/19 are examples of 
quaternary sp2 carbons and the reference value 
of 137.80 pprn is used. In these four examples 
the second sp2 carbon is tertiary and the R 
parameter is not required. The only hydro- 
carbon parameters which may contribute to 
quaternary sp2 carbon resonances are the CC 
shift increments. C(8) in the A7-pimaradiene is 
not engaged in exocyclic carbon-carbon gauche 
interactions along any of its three CC-bonds, 
and the predicted shift is simply equal to the 
reference value (item 8/12). The 60" C(6)-C(5)- 
C(10)-C(19) interaction in cholesta-3,5-diene 
makes one CC contribution to  the C(5) resonance 
item (5120). The segment C(7)-C(8)-C(14)-C(15) 
forms an angle of close to 0" and two CC con- 

tributions are added to the C(8) resonance in 
cholesta-5,7-dien-3P-01 (item 8/18). Segment 
C(11)-C(9)-C(l0)-C(l) in cholesta-7,9-dien-3 P- 
ol forms a dihedral angle of close to O", contri- 
buting two CC increments to the C(9) resonance, 
and the 60" C(8)-C(9)-C(10)-C(19) fragment 
accounts for the third CC parameter (item 9/19). 
In spite of obvious conformational problems in 
the olefin series the experimental values reflect 
this downfield shift with increasing number of 
HC and CC interactions. 

The P parameter is added to the resonances of 
carbons adjacent to C=C double bonds, with 
the exception of quaternary or other sp2 carbons. 
For example. the P parameter is included in the 
calculation of the C(2) and C(7), but not the 
C(4), C(5), or C(10) resonances in cholesta-3,5- 
diene (items 2120-10120). The y, and y, incre- 
ments are also not used for quaternary and sp2 
carbons. For example, a y, contribution is added 
to the tertiary C(9), but not to the quaternary 
C(8) resonance in P-amyrin (items 8/29 and 
9/29). The two anti positions are treated as being 
equivalent. For example, the geometric relation 
of C(19) relative to the double bond in lanost-9- 
en-3P-01 is essentially equivalent to the orienta- 
tion of C(5) or C(7) relative to the same bond. 
C(7) and C(19) are therefore taken to receive the 
same y, contributions (items 7/25 and 19/25). 

The data bases for the substituent parameters 
require some comments. The assignments in 
Table 7 are based on off-resonance decoupling, 
relaxation and shift reagent experiments, and on 
comparison with related compounds. Our 
assignments for lanost-8(9)-en-30-01 and lanost- 
9-en-3P-01 differ from those in ref. 17 by the 
interchange C(7) + C(16), C(12) + C(7), and 
C(16) + C(12). Our P-amyrin assignments agree 
with ref. 17 and ref. 23 (according to our own 
results and those in ref. 24, the C(8) shift for 
P-amyrin in ref. 17 is in error by 1 pprn). 

The C(3) and C(4) resonances of cholesta-3,5- 
diene in ref. 15 are interchanged (items 3/20 and 
4/20 in Table 5). C(3) is neither engaged in HC 
or CC gauche interactions, nor is the parameter 
R required. Its predicted shift is therefore equal 
to the tertiary sp2 carbon reference of 126.0 ppm, 
and the 124.6 pprn band, rather than the 
129.9 pprn signal, is assigned to C(3). 

The assignment of C(4) and C(7) of hydroxyde- 
soxycholic acid in ref. 16 is also interchanged 
(items 4/22 and 7/22 in Table 2). Introduction of 
an equatorial hydroxyl group at position 6 in 
steroids with cis A/B ring junctions causes the 
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TABLE 7. 13C chemical shifts for some tetra- and pentacyclic triterpenoids"~~ 

- - 

Carbon 24 25 27 29 30 31 

aThe spectra were recorded on a Bruker HX 90 FT nmr spectrometer, with 0.1 M solutions in 
CDCI,. The chemical shifts are given in ppm relative to internal TMS. 

bEntries marked with * may be interchanged. 
<For chemical structures, see Chart 1 .  

following changes at C(4) and C(7). At C(4) the 
HC interaction between C(4)-H(4P) and 
C(6)-H(6a) is eliminated and one gauche 
y-hydroxyl interaction is introduced, for a sub- 
stituent effect of - 4.55 + (- 1.28) = - 5.8 ppm. 
At C(7) two HO interactions are introduced for 

carbonyl group at C(7) eliminates the HC 
interaction between C(9)-H and C(7)-H(7a) 
and introduces an anti y-carbonyl shift, for a 
substituent effect of -4.55 + 5.16 = + 1.6 ppm. 
At C(14) the HC interaction between C(14)-H 
and C(7)-H(7a) disappears, but here a gauche 
y-carbonyl interaction is added, for a substituent 
shift of - 4.55 + (- 0.22) = - 4.8 ppm. There- 

a substituent effect of 2 x 4.41 = 8.8 ppm. H 

Therefore the signal at 30.6 ppm is assigned to 
C(4) and the 35.3 ppm band to C(7). 

Finally, the assignment of C(9) and C(14) of 
7-cholestanone in ref. 19 is interchanged (items 
9/55 and 14/55 in Table 4). Introduction of the 
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fore the 55.1 ppm band is due to  C(9), and the 
49.1 ppm signal is assigned to C(14). 

Discussion 
In the dian~ond lattice all a-  and all P-posi- 

tions, relative to any given lattice point, are 
equivalent. There are two nonequivalent y- and 
four nonequivalent 6-positions, etc. The simplest 
possible parameter set for the derivation of 13C 
resonances in saturated hydrocarbons would 
therefore consist of one reference value, one a-, 
one p-, two y-, four 6-parameters, etc. Such a 
parameter set is insufficient for several reasons. 
Firstly, a-substituent effects are not additive. 
Thus, the shift increments caused by the 
successive replacement of the methane hydrogens 
by methyl groups are not constant. The simplest 
parameter modification to allow for this lack of 
additivity is the replacement of the one reference 
and one a-parameter by four separate reference 
values for primary, secondary, tertiary, and 
quaternary carbons. Secondly, the 0-substituent 
effect depends on the a-substitution pattern at 
the carbon under observation. The simplest 
parameter modification to allow for this inter- 
dependence is the replacement of the one 
P-parameter by two parameters associated with 
hydrogen-carbon and carbon-carbon gauche 
interactions. Thirdly, the shifts observed upon 
replacement of a directly bonded hydrogen by 
an a-carbon, an a-hydrogen by a P-carbon, a 
P-hydrogen by a y-carbon, a y-hydrogen by a 
6-carbon, etc., are in principle differences 
between shifts associated with the incoming 
group and increments associated with the 
eliminated hydrogen. The distinction between 
the two contributions is obviously important 
for an understanding of the relation between 
chemical structure and 13C resonances. How- 
ever, this question is particularly difficult to 
resolve since two steps, namely the removal of 
a hydrogen and the insertion of a methyl group, 
give rise to only one observation. An investiga- 
tion of shielding in ketones and olefins led us to 
believe that the shift caused by the replacement 
of a p-hydrogen by a gauche y-methyl group is 
essentially entirely due to the removal of the 
P-hydrogen (3). If the second step, the introduc- 
tion of the gauche y-methyl group, is of no 
consequence, it follows that the shift due to the 
replacement of a y-hydrogen by a syn-axial 
&methyl group is associated with the 6-methyl 

group and not with the removal of the y- 
hydrogen. The effect of removal of directly 
bonded and a-hydrogens on the observed a- and 
P-carbon shifts has not been investigated yet, 
but will undoubtedly become of considerable 
importance for an understanding of the con- 
formational dependence of 13C resonances. 

In alcohols, anlines, ketones, and olefins, 
polar and double bond effects create further 
complications. These contributions are equally 
difficult to resolve since they again increase the 
number of parameters without increasing the 
number of observations. Furthermore, polar and 
double bond substituents are more likely to 
cause substantial conformational changes, which 
in turn may lead to complex changes in chemical 
shifts. Thus, some of the parameters in Table 6 
presumably represent combinations of (de)- 
shielding effects. 

In the alcohol series the P-parameters HO and 
CO very likely contain polar shift contributions 
which are impossible to extract at this level of 
approximation. The anti y-hydroxyl parameter is 
almost certainly a function of conformation. It 
seems that only equatorial hydroxyl groups 
cause upfield shifts at anti y-carbons, whereas 
axial and bridgehead substituents give rise to 
downfield shifts (3). Since bridgehead sub- 
stituents are least likely to cause conformational 
changes, for reasons of symmetry, the anti y-shift 
in bicyclic compounds would be expected to 
correspond most closely to the genuine sub- 
stituent effect, i.e. the anti y-effect is probably 
positive. However, the antiperiplanar OC-C,-Cp- 
0, arrangement occurs most frequently in 
equatorially substituted rings, since there are 
always two ring carbons in an anti orientation. 
Therefore, a negative anti y-hydroxyl parameter 
is required for most predictive purposes. All 
examples of anti y-hydroxyl shifts in Table 2 
occur in equatorially substituted rings. The y, 
parameter was found to be close to the y, value 
and the gauche and anti y-hydroxyl parameters 
were combined to a general y-hydroxyl para- 
meter. It was noted (6) that the anti y-hydroxyl 
shift is positive in tertiary hydroxides. However, 
axial hydroxyl groups in the secondary la-  and 
12a-hydroxysteroids also shift the methyl carbon 
resonances downfield (12). 

The P-nitrogen parameters HN and CN, like 
the HO and CO parameters, presumably contain 
polar shift contributions. One would expect 
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different HN parameters for secondary and 
tertiary amines, since 1,3-diaxial hydrogen 
alignment is only possible in secondary amines. 
However separate analyses of chemical shifts for 

I 

l a 4 H  C(19) +0.6ppm 
5a--OH C(19) +3.9ppm 

12a--OH C(18) + l . l  ppm 

secondary and tertiary amines did not lead to 
significantly different HN parameters, and there- 
fore no distinction between hydrogen-hydrogen 
and hydrogen - lone pair alignments is made in 
the present scheme. The expected parameter 
difference is possibly obscured by conforma- 
tional effects. The HNC parameter has the 
following origin. If C(5) in 10-methyl-trans- 
decalin is replaced by nitrogen, the methyl 
carbon resonance is shifted upfield from 15.8 
ppm (9) to 10.1 ppm (20). One might have 

ex~ected the insertion of the more electro- 
negative nitrogen to deshield the angular methyl 
carbon. In other words, the magnitude of this 
shielding effect, whatever its origin, should 
exceed the observed upfield shift by the size of 
any dipolar nitrogen substituent effect. It is 
tentatively assumed that such a shielding effect 
arises whenever a OC-H bond is aligned with 
an Np-C, bond. 

The y-carbonyl parameters are open to a 
number of interpretations. For example, it is 
possible that the-carbonyl group only causes a 
downfield shift at the anti, but not at the gauche 
y-position. It is equally possible that the keto 
group causes a general downfield shift at  both 
gauche and anti y-positions, of the order of 
magnitude of the y, parameter, and that an 
additional shielding mechanism in the gauche 
configuration cancels this general y-effect. A 
distinction between these different interpreta- 
tions is not possible at this moment. 

The most striking observation in the olefin 
series is the apparent insensitivity of quaternary 

carbon resonances to the presence of p- or 
y-double bonds. It is possible to find some 
dependence of quaternary carbon resonances on 
y-double bond orientation, within a series of 
isomeric olefins (3). However, an examination of 
a larger number of olefins, and particularly the 
resonances of carbons adjacent to C=C bonds, 
suggests that, to a first approximation, quater- 
nary carbon resonances may be assumed to be 
unaffected by the presence of olefinic double 
bonds. A plausible explanation for this observa- 
tion might be that the double bond does not 
affect carbon nuclei directly, but rather C-H 
bonds. In other words. 0-and Y-olefin sub- , . 
stituent effects seem to depend on'the presence 
and orientation of OC-H bonds relative to the 
C=C group. 

Conformational effects have been invoked a 
number of times in the discussion, and there is 
little doubt that conformational changes in- 
fluence chemical shifts. However. it is obviouslv 
difficult to demonstrate that a given substituent 
effect is conformational in origin. Nevertheless, 
there is an important difference between a 
(de)shielding substituent effect and a con- 
formational substituent effect which in turn 
modifies other (de)shielding mechanisms. The 
analysis of conformational effects on carbon 
resonances requires the development of sub- 
stituent parameters which are explicit functions 
of internal coordinates such as dihedral angles. 
Conformational effects will then be expressed 
by modifications of these (de)shielding para- 
meters, and parameters which only represent 
conformational effects will disappear. 
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Etude en rksonance magnktique nuclkaire du 13c des parametres de substitution 
de la fonction azide 
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A. PANCRAZI, I. KABOR~., B. DELPECH, A. ASTIER, Q. KHUONG-HUU et G. LUKACS. Can. 
J. Chem. 55,2829 (1977). 

En rmn du 13C, les difftrents effets-a, p, y et 6 de 16 azido-steroides ont ett  mesures. Les 
effe3.s-a ont 6tt CvaluCs a 33.6 et 31.2 ppm pour des azides cyclohexaniques de configurations 
bloqutes, tquatoriale et axiale. Les effets-y ainsi que les effets-6 ont des amplitudes voisines de 
ceux des groupes OH et NHZ. Par contre, l'effet-p des azides est sensiblement plus faible que 
celui des hydroxyles ou amines, son amplitude ttant atttnute par un effet-y du second atome 
d'azote de l'azide; cet effet-y suppltmentaire est fonction de la disposition spatiale de la liaison 
Cp-H et du groupe azide. 

A. PANCRAZI, I. KABORE, B. DELPECH, A. ASTIER, Q. KHUONG-HUU, and G. LUKACS. Can. 
J. Chem. 55,2829 (1977). 

The various effects (a, p, y and 6) on the I3C nmr of azido steroids have been measured. For 
cyclohexane azides constrained to equatorial and axial configurations, the a-effects were de- 
termined to be 33.6 and 31.2 ppm. Both y- and &effects have magnitudes near those for OH 
and NH, groups. On the other hand, the b-effect of the azides is slightly smaller than those of 
hydroxyls or amines as its magnitude is reduced by a y-effect of the second nitrogen atom of 
the azide group. This additional y-effect is a function of the spatial arrangement of the Cp-H 
bond with respect to the azide group. 

[Journal translation] 

Les composes qui possbdent une fonction 
azide constituent des intermkdiaires importants 
du point de vue de la synthbse de produits 
naturels complexes (amino-sucres, amino-stt- 
roldes et alcaloldes). La rmn du I3C est une 
technique de choix pour 1'Ctude structurale 
de ces composCs; cette mCthode nCcessitant 
une bonne connaissance des diffkrents effets 
de type a ,  P, y et 6 de la fonction azide, nous 
avons entrepris une Ctude systkmatique d'un 
certain nombre d'azido-stCroldes antkrieure- 
ment synthttisCs (1)'. 

RCsultats et discussion 
Azides saturks 

Les dkplacements chimiques en rmn du I3C 
des azido-st6roi'des de 1 B 10 sont indiquts 
dans le tableau 1. L'attribution des signaux 
a CtC effectuCe selon les rtgles gCnCrales de la 
rmn du 13C (2), appuyCe par des exptriences 
de dCcouplage partiel; 17interprCtation des 
rtsultats est obtenue Cgalement par comparaison 
avec les spectres de modtles bien connus: 
androstane-5a (3b, 4), cholestane-5a (3a, 5), 

'Aussi, I. Kabork, Q. Khuong-Huu et A. Pancrazi, 
rtsultats non publits. 

cholestane-5P (4, 6) et hydroxy-5a et -5P 
pregnane (7). 

L'examen du tableau 1 permet de dCgager 
les conclusions suivantes. 

(A) L'effet-a d'un azide Cquatorial (1 a = 
+33.5 ppm) est plus important que celui 
d'un azide axial (2, a = + 31 . l  ppm) (cf. 
tableau 1); la diffirence entre les deux effets 
A(Sa(eq.) - &(ax)) = 2.4 ppm semble Etre tou- 
tefois 1Cgbrement infkrieure a celle observCe 
dans le cas des alcools A(Fa(eq.) - Fa(ax.)) = 
4.6 pprn (3, 5). 

I1 est a remarquer dans le cas de l'azido-6P 
pregnane-5a, 10, un effet-a de 34.3 pprn relative- 
ment important pour un azide axial, ce qui 
est B rapprocher de l'effet-a d'un groupe hy- 
droxyle en 6P (3b), Cgalement au dessus de 
la valeur attendue pour une fonction alcool 
axiale, ce qui doit Etre en rapport avec un change- 
ment de gComCtrie de la molCcule. 

En ce qui concerne les azides-17a et 17P, 
5 et 6,  l'effet-a est pratiquement identique 
pour les deux Cpimtres (31.2 et 30.9 pprn 
respectivement) alors que pour les deux hy- 
droxy-17a et -17P la diffbrence entre les deux 
effets-a est de 2 pprn environ (3b). 

En position tertiaire les effets-a des azides 
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TABLEAU 1. Deplacements chimiques en rmn du 13C d'azido-steroides* 

*a, b, c, les attributions B I'intkrieur d'une colonne verticale peuvent &re inverdes. 
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5a, 4 et 5P, 3 sur le carbone quaternaire C-5 
sont respectivement de 22.6 et 24.4 pprn donc 
considCrablement attCnuCs par rapport aux 
azides secondaires ou primaires; dans le cas 
des hydroxy-5a et -5P prCgnanes (7), ces effets 
sont Cgalement trts attCnuCs (26.0 et 29.9 pprn 
respectivement). 

Pour les azides aliphatiques comme les azido- 
20(R), 7, et -20(S) prCgnane 8, on observe des 
effets de 35.9 et 37.8 ppm; il semble donc que 
l'effet-a soit plus important en sCrie aliphatique 
qu'en sCrie alicyclique. 

(B) L'effet-P dQ a un groupe azide est en 
gCnCral nettement plus faible que celui dfi 
B une fonction alcool ou amine de stCrCochimie 
identique. Cette observation s'explique aisCment 
en considirant que I'effet-P dQ a l'azote fix6 
au site de substitution est attCnuC par un effet-y 
dont l'origine est l'azote central de I'azide. 

Y 1 a1 

En sCrie Cquatoriale, cet effet-P est de 4.9 
B 5.4 pprn et d'environ 2.5 3.5 pprn en sCrie 
axiale (cf. tableau 2). 

La diffirence A(6Po, - 6PN3) est de 3.9 
a 4.2 pprn pour une substitution Cquatoriale et 
de 3.2 a 3.4 pprn en sCrie axiale, ceci apparais- 
sant comme constant dans tous les modtles 
CtudiCs. 

NCanmoins, dans certains cas trts particuliers, 
l'effet-y supplCmentaire de l'azote central est 
inexistant, l'effet-P observC se trouve alors 
voisin et mCme parfois supCrieur a l'effet-P 
de l'hydroxyle de stCrCochimie identique. 

C'est ainsi que, pour l'azide-6P, 10, l'effet 
sur le C-7 est de 4.3 ppm, soit un A(6Po, - 
6PN3) = 3.1 ppm, ce qui est attendu pour une 
substitution axiale, mais en C-5, I'effet-P 
de l'azide est de 2.5 ppm, ce qui correspond 
a un A(6Po, - 6PN,) de 0.2 ppm. 

De la mCme facon, pour les azido-17a 
et -178 androstane-5a, 5 et 6,  la diffirence 
A(6Po, - 6PN3) au niveau du C-16 est de 
3.7 et 3.9 pprn respectivement, donc en accord 
avec les valeurs attendues, mais pour le C-13 
le A(6Po, - 6PN,) est de -1.4 et -0.6 pprn 
respectivement, ce qui conduit a admettre un 
effet-8 plus important pour l'azide que pour 
l'hydroxyle. 

Au niveau des azides tertiaires-5a et -5P 

??=? ?c?\qh!?\q ? 
+ m r z  0 - m - b m  
m m m  m m m m m m  8 + + +  + + + + + +  + 
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TABLEAU 3. Effets de substitution des azides A(6POH - 8PN3) 

(C-2)(A) + 3 .9 
(C-2) ( A )  + 3.4 
(C-4)(A) + 3 . 5  
(C-4)(A) + 3.5 
(C-16)(A) + 3.7 
(C-16)(A) + 3 .9  
(C-8)(B) + 1 .9 
(C-5)(C) + 0.2 

prtgnanes 4 et 3, les effets observes en C-4 
et C-6 ont des valeurs attendues (tableau 3) 
mais en C-10, les valeurs de A(6Po, - tipN3) 
sont respectivement de 0.4 et 0.6 ppm. 

Compte-tenu que d'un point de vue purement 
sttrique, I'enchainement des atomes d'azote 
de l'azide doit Ctre dirigt vers l'exttrieur du 
reste sttroidique, donc de f a ~ o n  "exo", (8), 
des conformations priviltgites de I'azide sont 
B envisager. A l'examen des modi.les moltcu- 
laires et des projections de Newman, les faits 
suivants apparaissent le long des difftrents 
axes Ca-CP. 

Lorsque le carbone-p possi.de un atome d'hy- 
drogine tel que la liaison C-P-H se trouve 
paralli.le a la liaison N,-N,, l'effet-y sup- 
pltmentaire de l'azote central est maximum 
(situation A ) ;  cet effet peut Ctre apparent6 
a un effet-y d'origine sttrique; cette situatioil 
est dtterminte par les conformations priviltgites 
du groupe azide, par rapport au sttrolde, qui 
imposent essentiellement un enchainement des 
trois atomes d'azote dtrivt vers l'exttrieur 
du sttrolde, donc de f a ~ o n  'exo' (8). 

C'est ainsi que dans le cas ou il existe un 
hydrogene sur le carbone-[), et que les con- 
formations priviltgites du groupe azide ne 
permettent pas que les liaisons CP-H et 
N,-N, soient parallPles (situation B: azido- 
14P 9 C-14 4 C-8), l'effet-y suppltmentaire 
observt est d'amplitude plus faible que dans 
la situation A (A(6Po, - 6P,,) = 1.9 en C-8). 

Pour les autres situations dans lesquelles 
le carbone-P prtsente un atome d'hydrogi.ne 
antiptriplanaire A l'azide (situation C), ou 
que le carbone-P ne prtsente aucun atome 
d7hydrog&ne (situation D), l'effet-y suppltmen- 
taire ne s'exerce plus; ceci est tout a fait com- 
parable B l'interprttation des effets sttriques 
de type 6, le remplacement d'une liaison 
Cy-H par une liaison Cy-C6 ayant pour con- 

stquence de supprimer l'effet de blindage sur 
le carbone-y (9). 

Dans les situations A et D, le nombre 
d'exemple prtsentt est suffisamment important 
pour l'interprttation du phtnom2ne; par contre, 
pour les situations C et B notre explication ne 
repose que sur un seul cas et doit donc Ctre 
confirmte par l'analyse spectrale d'autres com- 
posts. 

(C) L'effet-y de type 1-3 diaxial de la fonction 
azide est tout a fait comparable a celui d'un 
groupe hydroxyle ou amine, les faibles variations 
observtes devant Ctre attributes B des modi- 
fications mineures de la gtomttrie de la molt- 
cule; I'effet-y antiptriplanaire (10) (-1.5 a 
-2ppm) est tgalement observt dans nos 
exemples et possi.de la mCme amplitude que 
pour les alcools (36). 

Un nouvel effet-y antiptriplanaire provoqud 
par un groupement X en position tertiaire 
a t t t  rtcemment observt par Stothers et ses 
collaborateurs (11); cet effet dtblinde le C-19 
de +3.2 ppm dans le cas de l'azide-5a, 4 
et pour l'azide-5P, 3, un dtblindage des C-7 
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PANCKAZI ET AL. 

TABLEAU 4. Deplacements chimiques* en rmn du 13C d'azides allyliques 

11 R = - r N ,  15 R = N, 
12 R = r N H ,  16 R = NH, 
13 R = o ~ ~ ~ N ,  
14 R = ~ ~ ~ o N H ,  

17 R = N, 
18 R = NH, 

20 R = NH,  

*Les deplacements chimiques des carbones de C-11 B C-18 et de C-20 et C-21 sont en accord avec des valeurs attendues pour un squelette non substitub. 

et C-9 de 1.8 et 2.9 ppm2 est observC; cet et un 6, de + 1.8 pprn sur le C-1; pour l'azide 
effet est gCnCral et son amplitude varie entre 3P, les effets-6, en C-6, 6, en C-10 sont de 
les groupes -CH,, -OH, -NH, et -N,. - 0.5 ppm et - 0.8 ppm; pour l'azide-3a, 2, 

I1 a CtC vCrifiC sur d'autres exemples la validitt l'effet-6, en C-6 est de -0.7 pprn et en C-10 
de l'effet observC par Stothers. l'effet-6, est d'environ - 0.2 ppm. 

(D) Les effets de type-6 dCfinis par Stothers 
(12) pour les hydroxyles se retrouvent Cgale- 
ment pour les azides; on notera par exemple un 
effet-6, (effet stCrique de type syn-diaxial) 
de +2.8 pprn sur le C-19 de l'azide-6P, 10 

'Variation en pprn par rapport au derive non sub- 
stitue X = H. 

Azides allyliques et homoallyliques 
Pour les azides homoallyliques, les diplace- 

ments chimiques sont comparables B ceux des 
alcools homoallyliques (13), compte-tenu des 
particularitCs de la fonction azide, prCcCdem- 
ment dCfinies. 

Dans le cas d'azides allyliques (cf. tableau 4), 
on pourra observer pour le carbone-P, Cthylt- 
nique, un dCplacement vers les champs forts, 
par rapport B l'alcool allylique correspondant 
(effet-p des azides); par contre, le carbone-y 
Cthyltnique subit un dCblindage de 3 B 4 ppm. 
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Cette propriCtC surprenante des azides st6- 4 .  B. BALOGH, D. M. WILSON et A. L. BURLINGAME. 

roi'diques s'observe pour tous les compos6s Nature, 233, 261 (1971). 
5 .  H. J .  REICH, M. JAUTELAT, M. T. MESSE, G. J .  CtudiCs sauf 19; cette influence due B l'azote 

WEIGERT et J. D, ROBERTS, J ,  Am, Chem. Sot. 91 ,  
central de l'azide est un effet de type-6 de 7445 (1969). 
d6blindage et pourrait Ctre apparent6 l'effet 6 .  D .  LEIBFRITZ et J. D. ROBERTS. J .  Am. Chem. SOC. - 

de "17ac~tylatibn allylique", de direction et 95,4996 (1973). 

de dimension tout B fait comparables (14). 7 .  Q .  KHUONG-HUU, A. PANCRAZI et I. KABORE. Tet- 
rahedron, 30,2579 (1974). 

Conclusion 8 .  A. PANCRAZI et Q. KHUONG-HUU. Tetrahedron, 31, 
2041 (1975); 31,2049 (1975). 

L'effet-fj des azides est infkrieur celui 9 .  H. BEIERBECK et J. K. SAUNDERS. Can. J. Chem. 54.  

des grouies OH et NH, et prCsente une varia- 
tion A(6poH - SP,,) de 3.9 B 4.2 ppm en 
strie Cquatoriale et 3.2 B 3.4 ppm en sCrie 
axiale; ceci est expliquC par l'existence d'un 
effet-y supplCmentaire dQ B l'atome d'azote 
central de l'azide. I1 apparait sans conteste 
B l'examen des modbles molCculaires que cet 
effet-y supplCmentaire n'existe que si le carbone- 
p considCrC possbde un hydrog2ne au voisinage 
du groupe azide. 
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Long-range spin-spin coupling constants as an indicator of conformational 
preferences in ethyl and trifluoroethyl vinyl ethers 

TED SCHAEFER AND WILLIAM J. E. PARR' 
Department of Chemistry, University ofManitoba, Winnipeg, Man., Canada R3T2N2 

Received March 7, 1977 

TED SCHAEFER and WILLIAM J. E. PARR. Can. J. Chem. 55,2835 (1977). 
The observed and calculated, negative, long-range spin-spin coupling constants over five 

bonds between olefinic and methylene protons in ethyl vinyl ether and in 2,2,2-trifluoroethyl 
vinyl ether are consistent with predominant s-cis planar conformations. The five-bond couplings 
are sensitive to the proximity of the bonds containing the coupled nuclei and are unobservably 
small in 1-butene where the H,H distances are somewhat larger than in the ethers. The present 
results concur with the arguments based on other spectroscopic techniques. 

TED SCHAEFER et WILLIAM J. E. PARR. Can. J. Chem. 55,2835 (1977). 
Les constantes negatives observees et calculCes pour les constantes de couplage spin-spin a 

longue distance a travers cinq liaisons entre les protons olkfiniques et methyltniques de I'ethoxy- 
ethylene et du trifluoro-2,2,2 Cthoxy-ethylene sont en accord avec des conformations pre- 
dominantes s-cis-planaires. Les couplages 5 travers cinq liaisons sont sensibles a la proximite 
des liens contenant le noyau couple et sont trop faibles pour Ctre observes dans le butene-1 ou les 
distances H,H sont passablement plus grandes que dans les ethers. Les rCsultats obtenus dans 
le present travail sont en accord avec les arguments basks sur d'autres techniques spectros- 
copiques. 

[Traduit par le journal] 

Introduction defined by the two dihedral angles, 8 and 4, i.e. 

The stable conformation of methyl vinyl ether by 0,180. Other plausible conformations would 
is the s-cis form, 1, defined by a dihedral angle, be described by 0,60; 180,180; and 180,O. 

The vibrational spectra imply the additional 
H2\ /c=c /H3 e ( ~ ~ c - 4 - c )  = o" presence of two other conformers for EVE in the 
H 1 \ 0 

/ 
liquid and gaseous states (3). Their enthalpies 

CH3 
are again higher than that of 2 by about 1.5 

1 kcal/mol (3). It was suggested on the basis of 
normal frequency calculations that the less 

8, of 0" (1-3). A second, skew, conformation is stable forms both correspond to 8 = 120" and 
described by a 8 of 90 + 10". In the liquid form that + = 120" and 180" distinguishes these two 
1 has a lower enthalpy than the skew form of isomers. In any event, the conformer 2 is pre- 
about 1.5 kcal/mol(3). Consequently 1 is present dominant. 
to about 90% on the assumption that the The microwave spectrum of F,-EVE corre- 
entropies of the two conformers are equal. sponds to 0,180, i.e. form 2. No other species is 

Again, infrared (1, 3) and low resolution observed and therefore the 180,180 conformation 
microwave (5) data are consistent with a stable can be excluded. The dipole moment and the 
form, 2, for ethyl vinyl ether (EVE) and for liquid phase spectra are consistent with this 

HZ\ /H3 exclusion (4). Any other species in the vapor 
/C=C X = H o r F  

'0 
would be relatively nonpolar, having + < 90" (5). 

HI o(C=Cq-C) = O" 
H4\ / In summary, the most stable forms of all three 

,'c,c~x8 
6(c--o--c-cx3) = 18'" ethers in the liquid and gaseous states are those 

in which the carbon and oxygen atoms are 
H; I "'x, 

X6 
coplanar and 8 = 0°, + = 180". In this con- 

2 formation the C-H bonds of the methylene 
2,2,2-trifluoroethyl vinyl ether (F3-EVE). 2 has group in EVE and F3-EVE are staggered about 
coplanar carbon and oxygen atoms and is the 0-C= bond. In the proton magnetic 

resonance spectrum of methyl vinyl ether the 
'Postdoctoral fellow, 1974-1976. proximity of the C-H bonds and the C-HI 
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TABLE 1. Proton chemical shiftsa and coupling constantsb 

5 JtH.CHz 

5 J H,CHz 

5 JH.CH3cF)s 

6JtH,CH3(F)3 

6JCH,CH3(F)3 

rms error 

Hz at 100 MHz and 305 K to low field of internal tetramethylsilane; 10 m o l z  solutions in CS2. 
Hz, numbers in parentheses representing the standard deviations in the last place. 

CSubscripts c,  t ,  g, and v represent cis, trans, geminal, and vicinal, respectively; subscripts 4 and 5  refer 
to CHI and CH3(CF3) groups, respectively. 

dThese are the couplings from Table 2 averaged over the values calculated for protons or  fluorine 
nuclei within the CH,CHq or  CH,CF. grbuo for conformation 2 of the text, 8 = 0". 6 = 180". 

bond is thought to account for the relatively 
large, negative, spin-spin coupling, 5 J H , C H 1 ,  of 
- 0.32 Hz (6). The INDO-MO-FP~ calcula- 
tions of the long-range couplings involving the 
methyl protons are in semiquantitative agree- 
ment (6) with the hypothesis that 5 J c H , C H 1  con- 
tains a contribution from a direct coupling 
mechanism arising from interactions between 
electrons in the orbitals of the C-H bonds con- 
taining the coupled nuclei. For the trans con- 
formation, 0 = 180°, 5 ~ c H 3 C H 1  is calculated as 
positive. 

It follows that 5 ~ : , C H 1  should be negative in 
EVE and in F3-EVE if the conformer popula- 
tions based on vibrational and microwave 
spectroscopy are correct. In this paper, full 
analyses of the proton magnetic resonance 
spectra of EVE and F3-EVE in CS, solution are 
reported. The long-range couplings between the 
olefinic protons and the protons or fluorine 
nuclei in the saturated fragments are discussed 
in terms of the conformational preferences and 
are compared with the couplings calculated by 
INDO-MO-FPT. 

Experimental 
Solutions (10 rnolz) of EVE and F3-EVE in CS2, con- 

taining a small amount of tetramethylsilane, were 
degassed by the freeze-pump-thaw technique. Proton 
magnetic resonance spectra were calibrated in the 

frequency sweep mode on an HA 100 spectrometer at 
305K. Double resonance experiments (7, 8) established 
the relative signs of the coupling constants. 

Results and Discussion 
Spectral Analysis 

The spectra were analyzed with the computer 
program LAME (9, lo), extended to cope with 
an 8 spin system. The spectral parameters are 
given in Table 1. The signs of the coupling 
constants assume that the vicinal couplings are 
positive. The standard deviations in the coupling 
constants imply an accuracy of 0.01 to 0.02 Hz 
in their magnitudes. 

INDO-MO-FPT Calculations ( 1  1) 
Because of the previous experimental data 

(3-5) and of the expense of these calculations, 
the latter were carried out for the 0 = 0, + = 180 
conformations of EVE and F3-EVE; and for 
one other form of EVE, that described by 
0 = 120, + = 180. The calculated long-range 
coupling constants involving the olefinic protons 
are given in Table 2. The average values involving 
the protons of fluorine nuclei within a CH,, 
CH,, or CF, group correspond to the observed 
couplings in Table 1 and are tabulated there. 
The 0 = 120, + = 180 conformer of EVE is 
calculated as 0.67 kcal/mol less stable than 2, in 
qualitative agreement with the vibrational 
data (3). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SCHAEFER AND PARR 2837 

TABLE 2. INDO-MO-FPT coupling constants in ethyl vinyl ether and in 2,2,2-trifluoroethyl vinyl ether 

Valueb Valueb 

EVE EVE 

Parametera 8 = 0" 8 = 120" F3-EVE Parametera 8 = 0" 8 = 120" F3-EVE 

5J1,4 -0.283 0.019 -0.284 6J2, 6 0.068 0.190 0.220* 
'J1.5 -0.283 0.027 -0.284 6J2,7 -0.003 -0.021 -0.019* 
6J1,6 0.120 -0.064 0.318* 6J2, 8 -0.003 -0.013 - 0.020* 
6 J ~ , 7  0.031 -0.018 0.065* 4J3,4 -0.555 -0.067 -0.677 
6J1,8 0.031 -0.020 0.064* 4J3,5 -0.555 0.234 -0.677 
5J2,4 -0.136 - 0.003 -0.141 5J3,6 1.614 -0.125 5.354* 
'J2,, -0.136 -0.125 -0.141 5J3,7 0.199 -0.008 0.131* 
- - - - 

5J3,8 0.200 -0.018 0.132* 
"For the numbering see structure 2 In the text. 
bThese are proton-proton couphngs In Hz, and, ~f starred, are proton-'QF couplings. 

The Long-range Couplings to the Methylene 
Protons 

The agreement between observed and cal- 
culated s ~ c H 3 C H 2  and s ~ , H $ C H 2  is satisfactory for 2 
(Table I), the more negative value of sJF,CH2 
arising from the proximity of the coupled pro- 
tons in 2. In view of the calculated values for 
0 = 120, c$ = 180 and of the previous calcula- 
tions on methyl vinyl ether, in which negative 
values of these couplings were obtained only 
for 0 values near 0 (61, it may be concluded that 
the coupling constant data a i d  the INDO-MO- 
FPT calculations concur with the other spectro- 
scopic conclusions that 2 is the predominant 
form for EVE and F3-EVE in the liquid and 
gaseous states. 

The observed and calculated values of 
4JH3CH2 for 2 are in quantitative agreement for 
EVE but differ by 0.2 Hz for F3-EVE. For 
0 = 120, c$ = 180 in EVE, 4 ~ H , C H 2  is calculated 
as much larger than that observed. 

The Long-range Couplings to Methyl Protons and 
Fluorine Nuclei 

sJH,CH3 and 5JH,CF3 are considerably smaller 
than their calculated magnitudes for 2. The large 
predicted values can be attributed to the over- 
estimate involving H, and F, (Table 2), INDO- 
MO-FPT being known to exaggerate couplings 
over five bonds in the all-trans arrangement 
(12, 13). 

The calculations reproduce the positive signs 
of 6~$:CH3 and of 6~$:CF3 but underestimate the 
magr&des by aboui0.1 Hz, except for 6 ~ T 3 c F 3 .  

Comparison with Butene-1 
'JCHjCH3 and sJ,H3CH3 are both f 0.02 Hz or 

less in butene-1 (6), yet the microwave data (14) 

suggest that 3 is populated to a significant 
extent. It is interesting to note that INDO-MO- 
FPT calculations for the microwave geometry of 
3 yield a 5 ~ c H y C H 3  of -0.01 HZ. The contrast with 

the corresponding couplings in 1 and 2 is attri- 
butable to the different H,,H4 distances. In 3, 
the H,,H4 distance is 2.4 A and is less than 2.0 A 
in 1 and 2. The direct interactions (6, 15-18) 
giving rise to a net negative 5 ~ c H , C H 3  are very 
sensitive to these distances. The observation and 
calculation of s ~ c H 3 C H 3  for 1-butene call be taken 
as a partial corroboration of the conformational 
deductions based on this coupling for the vinyl 
ethers. 
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W. S. G. MAASS, A. G. MCINNES, D. G. SMITH, and A. TAYLOR. Can. J. Chem. 55,2839 (1977). 
Physciosporin, a new chlorinated depsidone, has been isolated from the lichen Pseudocy- 

phellariaphysciospora and identified as methyl 2-chloro-4-formyl-3,8-dihydroxy-l,6,9-trimethyl- 
ll-oxo-l1H-dibenzo[b,e][l,4]dioxepin-7-carboxylate (methyl 5-chlorovirensate), 1. 

W. S. G.  MAASS, A. G. MCINNES, D. G. SMITH et A. TAYLOR. Can. J. Chem. 55,2839 (1977). 
On a isole la physciosporine, une nouvelle depsidone chloree, ti partir du lichen Pseudo- 

cyphellaria physciospora et on I'a identifite comme etant le chloro-2 formyl-4 dihydroxy-3,8 
trimCthy1-1,6,9 0x0-11 11H dibenzo[b,e][l,4]diox6pincarboxylate-7 de mCthyle (chloro-5 
virensate de methyle), 1. 

[Traduit par le journal] 

Introduction trum (in CCl,) at 1748 cm-', as well as ester 
Our survey for unusual lichen constituents in bond cleavage via methanolysis or saponification 

the genus Pseudocyphellaria by means of two- to give the corresponding biphenylether deriva- 
directional thin layer chromatography (1, 2) tives 2 and 3, respectively, confirmed this con- 
revealed the presence of several unidentified con- clusion. The mass spectrum showed the Presence 
stituents reacting withp-phenylenediamine (PD). of one chlorine atom and an apparent n~olecular 
One of these, tentatively named physciosporin, formula of C19H15ClOa confirmed by elemental 
gave a deep orange color with this reagent and analysis. The 'Hmr spectrum (in CDCl3) re- 
was found in two species of the Southern Hemi- vealed three aromatic methyls, one methoxyl, and 
sphere, p .  physciospora (Nyl.) Malme and p, three sharp one-proton singlets attributable to an 
granulata (Bab.) Malme. Physciosporin was aldehyde function and either two h ~ d r o x ~ l s  or 
extracted and purified in amounts sufficient for one h ~ d r o x ~ l  and one carbox~l.  The assumption 
chemical identification from thalli of P. physcio- of the Presence of at least one aldehyde group is 
spora collected on Campbell Island, N.Z., on the consistent with the PD + reaction as well as the 
occasion of the Swedish-Antarctic Expedition Presence, in the ir spectrum (in CCI4), of an 
1929, by the late Professor G. Einar DuRietz of absorption at v 1647 cm-' (H-bonded aromatic 
the University of Uppsala and Dr. Margareta aldehyde C=O). An ortho h ~ d r o x ~ a l d e h ~ d e  
DuRietz. grouping would also account for the solubility in 

sodium bicarbonate solution which is normally 
Results indicative of carboxylic acids. Short methylation 

Physciosporin, 1, was isolated in a yield of of physciosporin with diazomethane resulted in 
5.3% of the dry lichen via column chromatog- the formation of a product, 4, which was corn- 
raphy in benzene. The compound was slightly pletely insoluble in sodium bicarbonate solution 
soluble in 5% sodium bicarbonate solution and and gave an extra methox~l signal in the 'Hmr 
readily so in 5% sodium carbonate, although spectrum at 6 3.95, replacing the OH singlet at 
excessive saponification occurred, especially in 6 12.81 observed in the 'IiImr spectrum of 
the latter case. The two absorption maxima in the ~ h ~ s c i o s ~ o r i n .  High resolution mass SPectrom- 
ultraviolet spectrum (in dioxane) at 248 and etrY showed that this derivative, C,oHt,C10a, no 
323 nm are typical of depsidones. The presence lollger had the chlorinated fragments at m/e 211 
of a non-bonded ester carbonyl in the ir spec- (corres~onding to C9H4ClO4) and 213 (corre- 

sponding to CgH,C104) obtained from physcio- 
'This study formed Part of a symposium Paper Pre- sporin, but a fragment at m/e 227 corresponding 

sented by one of us (Wolfgang Maass) at the XIIth to CloH8C10,. On the other hand, the non- International Botanical Conference in Leningrad, 1975. 
'NRCC No. 15945. chlorinated fragment at mle 194 (corresponding 
3Revision received March 28, 1977. to CloHlo04) was the same as in the parent 
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compound. Significantly, the biphenylether 3 
obtained by cleavage of the depsidone bond gave 
molecular and daughter ions corresponding to 
ClgH17C10g and C18H17C107 (M - 44), respec- 
tively, together with the chlorinated fragment 
ions found in the spectrum of physciosporin and 
a nonchlorinated fragment at mle 212 (corre- 
sponding to Cl,Hl,O,). The smaller ions may be 
interpreted as shown in Fig. la-e or as isomers 
thereof. The mle 2 1 1 and 2 13 ions resemble those 
found in the mass spectrum of pannarin, 5 (3), a 
closely related monochlorodepsidone known 
from species of Pannaria, Bombyliospora and 
Lecanora (4, 5). Ions a-c would thus be derived 
from ring A and ion radicals d and e from ring B 
of a depsidone, clearly accounting for all func- 
tional groups implied by the spectral data and in 
particular ruling out the presence of a free 
carboxyl group in ring B. The observation of a 
loss of 32 mass units from the molecular ion of 
physciosporin supports a carboxymethyl sub- 
stituent adjacent to a free hydroxyl and/or 
methyl group (6), and the relatively strong ion at 
mle 44 (CO,, 9% of the base peak) must then 
arise by fragmentation from the depside linkage. 
The biogenetically correct position of the pheno- 
lic hydroxyl in ring B of physciosporin follows 
from the positive calcium hypochlorite reaction 
of the saponified product in which the hydroxyl 
group must be located meta to that liberated 
from the ester bond (7). Typical absorption for 
an intramolecularly hydrogen-bonded ester func- 
tion at 1665 cm-' in the ir spectrum (in CCl,) 
provides supporting evidence for the proposed 
locations of substituents on ring B. 

On the basis of the above evidence, as well as 
on biogenetic grounds, physciosporin was likely 
to possess structure 1. All presently known 
monochloro derivatives of naturally occurring 
depsides and depsidones (3, 5) have the chlorine 
in position 5 of ring A. However, alternative 
structures are possible, such as the 3-chloro, 5- 
formyl isomer, 6. 

Catalytic hydrogenation of physciosporin 
using platinum oxide as a catalyst and tetra- 
hydrofuran as a solvent yielded hypophyscio- 
sporin, 7 or isomer, as the main product, as well 
as small amounts of the corresponding alcohol 
intermediate dihydrophysciosporin, 8 or isomer, 
and of deschlorohypophysciosporin, 9 or isomer. 
Hypophysciosporin was quantitatively converted 
to deschlorohypophysciosporin by hydrogeno- 
lysis using 10% palladized charcoal as a catalyst, 
triethylamine to neutralize the hydrochloric acid 
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HO OH HO 
CHO C 

a mle 2131215 1 1 0 
C9H6CI04 b m/e 2111213 

C9H4CI04 
+ 

H3C0 OH COOCH3 
CHO CH3 

c m/e 2271229 d m/e 194 

C I O H E C ~ O ~  C I O H I O ~ ~  

CH3 
e mle 212 

C10H1205 

FIG. 1. Composition of important ions in the electron 
impact mass spectrum of physciosporin. 

formed, and methanol as a solvent. The correct 
structure of deschlorohypophysciosporin was 
established by comparison with methyl hypopro- 
tocetrarate, 9, prepared by methylation of 
naturally occurring hypoprotocetraric acid, 10, 
according to Culberson (8), by catalytic hydro- 
genation and subsequent methylation of fumar- 
protocetraric acid, 11, isolated from Cladonia 
rangiferina, as well as by catalytic hydrogenation 
of the methylester of virensic acid, 12 (9). The 
physical data of all of these reduction products 
were in close agreement with each other and they 
all gave identical 4-0-methyl derivatives, 13, and 
permethyl derivatives, 14. The latter showed no 
depression of their melting points when mixed. 
Furthermore, the structure of naturally occurring 
4-0-methylhypoprotocetraric acid, 15, has re- 
cently been verified by synthesis (10) and shown 
to yield the methylester 13 (1 1). A comparison 
of 4-0-methyldeschlorohypophysciosporin with 
the methylester prepared from synthetic 4-0- 
methylhypoprotocetraric acid revealed their 
identity on the basis of an undepressed mixture 
mp and 'Hmr spectroscopical data. 

The conversion of physciosporin to the tetra- 
methyl depsidone 9 confirmed a regular P- 

orcinol type of substitution pattern for rings A 
and B of physciosporin and fixed the chlorine 
and hydroxyl groups of ring A at the C-5 and C-4 
positions, respectively. As a consequence, the 
intramolecularly hydrogen-bonded aldehyde 
group had to be placed on C-3 as usual. This 
assignment accounts for the loss of hydrogen 
bonding of the aldehyde C=O upon methylation 
of the C-4 hydroxyl group (v,,,,, for KBr 1700 
cm-' in 4 instead of 1648 cm-' in 1) and was 
substantiated by 'Hmr studies as follows. Seven- 
bond spin-spin coupling between the two methyl 
groups (6 2.28,2.58) on ring B of 1 was visible in 
the 'Hmr spectrum and confirmed by spin- 
decoupling experiments. Irradiation of the signal 
at 6 2.58 resulted in a nuclear Overhauser en- 
hancement (25%) of the resonance for the hydro- 
gen of the aldehyde group. This result requires 
that C-3 bears the aldehyde group, and permits 
the methyl groups at C-3' (6 2.28), C-6' (6 2.58), 
and C-6 (6 2.60) to be assigned. Physciosporin is 
therefore firmly identified as methyl 5-chloro- 
virensate, 1. 

Experimental 
Infrared (ir) spectra were recorded on a Perkin-Elmer 

model 521 spectrometer, ultraviolet (uv) spectra on a 
Unicam SP 8000 instrument, nmr spectra on a Varian 
HA-100D nmr spectrometer and mass spectra on a 
DuPont 21-491 or (for high resolution work) DuPont 
21-110 B spectrometer. Chemical shifts are reported 
downfield from tetramethylsilane used as an internal 
standard. Precise mass measurements were obtained by 
the peak matching method using a suitable ion in the 
spectrum of perfluorokerosene as a standard. For 
chromatography, silicic acid (Mallinckrodt) and silica gel 
(Merck 60 F-254 plates) were used. 

Methyl 2-Chloro-4-forrnyl-3,8-dihydroxy-l,6,9-trimethyl- 
I I-0x0-IIH-dibenzo[b,e][l,4]dioxepin-7-carboxy- 
late (1 ,  Physciosporin) 

Thalli of Pseudocyphellaria physciospora were selected 
that contained a bright greenish yellow fluorescent, PD + 
orange constituent. These (21 g, air dry) were extracted 
exhaustively with benzene. The benzene solution was 
chromatographed on silicic acid. The main crystalline 
fraction eluted with benzene (1.12 g or 5.3%) was recrys- 
tallized from chloroform-ether and acetone-ether to 
give fluffy colorless needles, mp 201-202°C; h,,,(dioxane) 
248 (log E 4.52), 323 (log E 3.75), 351 (sh) nm, hmi, 229, 
296 nm; v,,,(KBr) 2994w (br, OH), 2956w and 2929w 
(CH), 2850 sh(CHO?), 1739 (depsidone C=O), 1658 
(H-bonded ester C=O), 1648 (H-bonded aldehyde C=O) 
cm-l; v,,,(CHCI3) 1739, 1655 sh, 1643 cm-'; v,,,(CC14) 
1748, 1665 sh, 1647 cm-'; 6 (CDCI,) 2.28,2.58 and 2.60 
(3 aromatic CH,), 3.97 (1 COOCH,), 10.73 (1 CHO), 
11.41 and 12.81 (2 OH); mle 408 (M+, 3473, 406 (M+, 
100, found 406.0448, calcd. for C,9H1535C108 406.0456), 
376(15), 374(40), 348(24), 346(73, found 346.0242, calcd. 
for C17H1135C10s 346.0245), 321(10), 319(29, found 
319.0003, calcd. for C15H835C106 319.0010), 308(13), 
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HO COOH 

I 
CHO CH3 

12 

C H ~  
15 

306(38, found 306.0288, calcd. for C15H1135C105 
306.0296), 294(17), 292(54, found 292.0138, calcd. for 
C14H935C105 292.0139), 281(5), 279(14, found 279.0062, 
calcd. for C13H835C105 279.0061), 215(4), 213(12, found 
212.9952, calcd. for CgH635C104 212.9955), 211(7, found 
210.9804, calcd. for CgH435C104 210.9799), 194(27, found 
194.0578, calcd. for CloHl0O4 194.0579), 164(6), 83(25), 
44(9). Anal. calcd. for C19H15C108 (mw 406.77): C 56.10, 

VOL. 5 5 ,  1977 

H 3.72, C18.71, 0 31.46; found: C 56.22, H 3.69, CI 8.48, 
0 31.38. 

Methyl 2-Chlouo-4-foumyl-8-hyduoxy-3-methoxy-l,6,9- 
tuimethyl-ll-oxo-11H-dibenzo[b,e][l,4]dioxepin-7- 
cauboxylate (4,4-0-Methylphysciospouin) 

Physciosporin (180 mg) was dissolved in acetone and 
treated with ethereal CH2N2 for 1 min. Excess reagent 
was destroyed by the addition of a few drops of acetic 
acid, and concentration of the solvent afforded a massive 
crystalline precipitate which was filtered off and washed 
with a minimum of ice-cold acetone to give 4 (100 mg), 
mp 242-243°C. Further purification via column chroma- 
tography raised the mp to 244'C (with slight decomposi- 
tion); v,,,(KBr) 3010w, 2955m, 2880w and 2860w (CH), 
1732 (depsidone C=O), 1700 (non-bonded aldehyde 
C=O), 1671 (H-bonded ester C=O) cm-'; 6 (CDCl,) 
2.25, 2.50 and 2.57 (3 aromatic CH,), 3.95 and 3.97 
(2 OCH,), 10.64 (1 CHO, non-bonded), 11.45 (1 OH); 
m/e 422(Mt 3473, 420(Mi, loo), 390(19), 388(43), 
362(28), 361;20), 360(79), 335(11), 333(27), 322(14), 
320(43), 308(16), 306(50), 229(5), 227(16, anal. calcd. 
for CloH835C104: 227.0112; found 227.0111), 225(8), 
194(33), 83(36), 67(22), 44(16), 28(24). Anal. calcd. for 
C20H17C108 (mw 420.81): C 57.09, H 4.07, C1 8.43, 
0 30.42; found C 56.84, H 4.11, C18.69, 0 29.85. 

3-Chlouo-5-foumyl-4-hyduoxy-2-methyl-6- (3'-caubo- 
methoxy-4',6'-dihyduoxy-2',5'-dimethy1)phenoxy- 
benzoic Acid (3, Saponified Physciospouin) 

When the ether extract from 5 g lichen was carefully 
fractionated into sodium bicarbonate, sodium carbonate, 
and neutral fractions as usual (2), physciosporin was 
isolated from the sodium bicarbonate fraction via column 
chromatography although only in poor yield (25 mg or 
0.5% of the air-dry lichen). The sodium carbonate fraction 
consisted of 240 mg 3 which formed a very slow moving 
band on columns as compared to physciosporin. The 
same compound was obtained in quantitative yield by 
treatment of pure physciosporin with 5% aqueous solu- 
tions of either sodium carbonate or sodium hydroxide a t  
room temperature for 10 min, followed by acidification. 
It was recrystallized from chloroform, mp 225°C dec. 
(with foaming); v,,,(KBr) 3471s (non-bonded OH), 3135 
(br, COOH), 3075w, 3005w, and 2955m (CH), 2850sh 
(CHO?), 1724 (non-bonded carboxyl C=O), 1656sh 
(H-bonded ester C=O), 1643 (H-bonded aldehyde C=O) 
cm-'; 6 (THF-dB) 2.03, 2.30 and 2.32 (3 aromatic CH,), 
3.87 (1 COOCH,), 8.87 (br, 1 non-bonded OH), 10.43 
(1 CHO), 11.83 and 12.63 (2 OH), COOH not found; m/e  
426(Mt, 2%), 424(Mi, 6, found 424.0567, calcd. for 
C19H1735C109 424.0561), 408(4), 406(11), 394(2), 392(4), 
382(11), 380(30, found 380.0665, calcd. for C18H1735C107 
380.0662), 376(7), 374(20), 351(8), 350(26), 349(20), 
348(64), 346(31), 321(9), 3 19(18), 308(5), 306(15), 294(9), 
292(23), 215(4), 213(11, found 212.9954, calcd. for 
CgH635C104 212.9955), 212(12, found 212.0684, calcd. 
for CloH1205 212.0685), 211(9), 194(9), 186(29), 185(39), 
184(26), 180(26), 165(37), 164(36), 136(24), 85(51), 83(83), 
77(34), 67(63), 51(36), 44(100), 43(29), 39(36), 32(16), 
31(64), 29(26), 28(33). 

Methyl 3-Chlovo-5-foumyl-4-hyduoxy-2-methyl-6- (3'- 
carbomethoxy-4',6'-ilihyduoxy-2',5'-dimethyl)phen- 
oxybenzoate (2)  

Short treatment of saponified physciosporin, 3 (384 
mg), with ethereal CH2N2 in acetone (1 min at room 
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temperature) gave a mixture of products which was 
separated over silicic acid. From the first fraction eluted 
with chloroform, 2 (115 mg) was obtained as colorless 
needles after two recrystallizations from ether, mp 226- 
227°C dec. (melt dark brown;4 v,,,(KBr) 3280 (br, non- 
bonded OH), 2950w, 2846 sh, 1708 (non-bonded ester 
C=O), 1650 sh (H-bonded ester C=O), 1638 (H-bonded 
aldehyde C=O) cm-'; 6 (CDCI,) 2.16, 2.28 and 2.31 
(3 aromatic CH,), 3.45 and 3.93 (2 COOCH,), 6.44 
(1 OH, lion-bonded), 10.35 (1 CHO), 11.73 and 12.68 
(2 OH, bonded); mle 440(M +, 7%),438(M +, 18), 408(15), 
406(35), 348(41), 346(100). Anal. calcd. for C20H19C109 
(mw 438.82): C 54.74, H 4.36, CI 8.08, 0 32.81; found 
C 54.94, H 4.56, Cl 8.02, 0 32.79. 

The main fraction from this methylation (236 mg, nip 
162.5-163°C) has not been fully characterized yet and 
will be reported elsewhere. 

The methyl ester 2 was also formed upon methanolysis 
of physciosporin. The latter (100 mg) was suspended in 
10% methanolic potassium hydroxide (50 ml) and stirred 
with heating for 30 min. The solution obtained was poured 
into ice-cold 10% hydrochloric acid (100 ml). The crude 
crystalline product was filtered off and dissolved in ether, 
which was shaken with a cold 5% sodium bicarbonate 
solution and then with dilute hydrochloric acid. Evapora- 
tion of the ether and purification by column chroma- 
tography gave creamy yellow needles (35 mg) from 
chloroform, mp 207°C (melt initially yellow, needles 
formed after cooling melted at 221-223°C with decom- 
position). Two recrystallizations from ether afforded a 
colorless product, mp 226-227°C dec. (melt dark brown)? 
Infrared, nmr, and mass spectral data were in good agree- 
ment with those of 2 prepared via saponified physcio- 
sporin (mixture mp undepressed). 

Catalytic Hydrogenation of Physciosporin 
Physciosporin (137 mg) was dissolved in tetrahydro- 

furan (300 ml) and the solution stirred for 5 h in a hy- 
drogen atmosphere in the presence of platinum oxide 
(50 mg). After removal of the catalyst and evaporation of 
the solvent, the mixture of products was applied to a 
short (10 cm) silicic acid column packed in chloroform. 
Elution with chloroform gave the following fractions in 
the order mentioned: starting material, hypophyscio- 
sporin, 7 (incompletely separated from the former), and 
several constituents that moved slowly as a glossy band. 
The mixture of physciosporin and hypophysciosporin was 
fully resolved by rechromatography on a longer column 
(30 cm), yielding a total of 25 mg and 53 mg, respectively. 
The constituents from the glossy band were separated by 
preparative tlc in benzene - dioxane - acetic acid 90: 25 : 1. 
Three bands were formed as detected by ultraviolet light 
(2200 A). They were scraped off and eluted with acetone. 
After evaporation of the filtrates, the residues were 
redissolved in chloroform. The solutions thus obtained 
were washed with water, dried over anhydrous sodium 
sulphate, and passed through beds of silicic acid. The tlc 
eluate from the upper band thus purified gave 4 mg of an 

40ne recrystallization of highly purified 2 from boiling 
chloroform gave the lower mp (207°C without decom- 
position) due to the formation of traces of a yellowish 
decomposition product not detectable in the nmr spec- 
trum and preferentially soluble in ether. Mass spectrom- 
etry of the ether mother liquor gave ions at mle 404 and 
372 in addition to those obtained from highly purified 2. 

unidentified material, that from the middle band 9 mg 
deschlorohypophysciosporin, 9, and that from the lower 
band 22 mg dihydrophysciosporin, 8. 

Methyl 2-Chloro-3,8-dihydroxy-1,4,6,9-fetramethyl-I1- 
0x0-IIH-dibenzo[b,e] [1,4/dioxepin-7-carboxylate 
(7, Hypophysciosporin) 

Colorless crystals were obtained from chloroform and 
washed with ether, mp 240-241°C dec.; v,,,(KBr) 3413s 
(OH), 2954w, and 2925w (CH), 1721 (depsidone C=O), 
1656 (H-bonded ester C=O) cm-'; 6 (acetone-d6, assign- 
ments on the basis of decoupling experiments) 2.20 (1 aro- 
matic CH,, ring B), 2.45 (2 aromatic CH3, both on 
ring A), 2.68 (1 aromatic CH,, ring B) 4.01 (1 COOCH,), 
hydroxyl protons not found; mle 394(M+, 21%),392(M+, 
56), 362(24), 360(59), 335(10), 334(40), 333(28), 332(98), 
307(22), 306(24), 305(61), 304(43), 294(21), 292(65), 
280(26), 279(23), 278(74), 277(30), 276(37), 267(11), 
265(25), 199(17, ring A fragment), 198(11), 194(40, ring B 
fragment), 170(11), 166(35), 91(22), 89(20), 83(100), 
77(31), 67(61), 65(24), 63(24), 55(25), 51(28), 44(18), 
43(27), 39(41), 28(47). Anal. calcd. for C19Hl,CI0, 
(mw 392.80): C 58.10, H 4.36, C1 9.03, 0 28.51 ; found 
C 57.90, H 4.50, Cl 9.04, 0 28.84. 

Hydrogenolysis of Hypophysciosporin 
Hypophysciosporin, 7 (39.2 mg or 0.1 mmol) was dis- 

solved in methanol (150 ml). 10% Palladized charcoal 
(40 mg) was added and an excess of triethylamine (2 equiv. 
or 28 p1) for neutralization of the hydrochloric acid to be 
formed. The reaction mixture was stirred for 5 h in an 
atmosphere of hydrogen. The catalyst was filtered off and 
washed with methanol, and the combined filtrates were 
taken down to dryness. The residue was recrystallized 
from chloroform to give deschlorohypophysciosporin, 9 
(30 mg). 

Methyl 3,8-Dihydroxy-I ,4,6,9-tetramethyl-1 I-0x0-I IH- 
dibenzo[b,e][l ,4]dioxepin-7-carboxylate 
(9, Deschlorohypophysciosporin) 

The compound isolated from among the products of 
catalytic hydrogenation of physciosporin and the hydro- 
genolysis product from hypophysciosporin gave identical 
physical data; mp 264-265°C dec. (melt dark reddish 
brown); v,,,(KBr) 3346s (OH), 2958w and 2926w (CH), 
1703 (depsidone C=O), 1663 (H-bonded ester C=O) 
cm-'; 6 (acet0ne-d6, assignments by decoupliiig experi- 
ments) 2.19 (1 aromatic CH,, ring B), 2.35 (2 aromatic 
CH,, both on ring A), 2.67 (1 aromatic CH,, ring B), 3.98 
(1 COOCH,), 6.70 (1 aromatic H), hydroxyl protons not 
found; 6 (THF-d8) 2.18, 2.31, 2.35 and 2.65 (4 aromatic 
CH,), 3.92 (1 COOCH,), 6.45 (1 aromatic H), hydroxyl 
protons not found; mle 358(M+, 57%),326(53), 298(100), 
271(53), 270(41), 258(56), 244(62), 243(37), 242(38), 
231(33), 194(19), 149(34), 91(39), 83(63), 67(39), 44(9), 
43(21), 39(38), 28(30). 

Methyl 2-Chloro-3,8-dihydroxy-4-hydroxymethyl-l,6,9- 
trimethyl-11-0x0-IIH-dibenzo[b,e] [I,l]dioxepin-7- 
carboxylate (8 ,  Dihydrophysciosporin) 

Colorless crystals were obtained from chloroform and 
washed with n-hexane, mp 181-182°C; v,,,(KBr) 3200 
(OH), 2958w and 2830 (CH), 1700 (depsidone C=O), 
1664 (H-bonded ester C=O) cm-l; 6 (CDCI,, assign- 
ments based on decoupling experiments and similar 
derivatives) 2.25 (C-3' methyl), 2.50 (C-6 methyl), 2.64 
(C-6' methyl), 3.95 (1 COOCH,), 4.48 (br, 1 OH, non- 
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bonded), 5.14 (2H, CH,OH), 7.51 (IH, CH,OH), 11.42 
(1 OH, bonded); mle 408(M - 2, 673, 406(M - 2, 15), 
394(M- 16, 6), 392(M- 16, 13), 348(8), 346(18), 
334(12), 332(29), 308(6), 307(7), 306(15), 305(15), 294(9), 
292(27), 280(7), 278(20), 194(16), 44(41), 38(57), 36(100), 
32(19), 31(28), 28(37). Anal. calcd. for CI9Hl7C1O8 (mw 
408.80): C 55.83, H 4.19; found C 55.34, H 4.36. 

Methylation of Deschlorohypophysciosporin 
Deschlorohypophysciosporin, 9 (30 mg), in acetone 

was treated with ethereal CH,N, for 10 h. After evapora- 
tion of the solvent, the residue was taken up in chloroform 
and passed through a column of silicic acid. The 4-0- 
methyl derivative 13 (10 mg) was eluted first and then the 
fully methylated product 14 (21 mg). 

Methyl 8-Hydroxy-3-methoxy-1,4,6,9-tetramethyl-11-0x0- 
IIH-dibenzo[b,e] [I ,4]dioxepin-7-carboxylate 
(13,4-0-Methyldeschlorohypophysciosporin) 

The crystals obtained from chloroform were washed 
with a minimum of ether-n-hexane, mp 211-213"C, and 
recrystallized from benzene, mp 219"C, mixture mp with 
synthetic methyl 4-0-methylhypoprotocetrarate (mp 
219°C) undepressed; v,,,(KBr) 2960 sh, 2927m and 
2852w (CH), 1742 (depsidone C=O), 1656 (H-bonded 
ester C=O) cm-'; 6 (CDCI,, assignments on the basis of 
decoupling experiments) 2.25 (C-3' methyl), 2.32 (C-3 
methyl), 2.49 (C-6 methyl), 2.65 (C-6' methyl), 3.84 
(1 OCH,), 3.94 (1 COOCH,), 6.56 (1 aromatic H), 11.42 
(1 OH, bonded); mle 372(M+, 48Y,), 340(47), 312(100). 

Methyl 3,8-Dimethoxy-1,4,6,9-tetvamethyl-11-0x0-IIH- 
dibenzo[b,e][l,4]dioxepin-7-carboxylate 
(14, Fully Methylated Deschlorohypophysciosporin) 

The crystals obtained from chloroform were washed 
with a minimum of ether-n-hexane, mp 140-142°C 
(needle form, lit (8) mp 144-145'C), and recrystallized 
from methanol, mp 171-172°C (rhombic plate form, 
lit (8) mp 172-173"C), mixture mp with fully methylated 
hypoprotocetraric acid (mp 171-172°C) prepared from 
virensic acid as well as from fumarprotocetraric acid (9) 
undepressed; v,,,(KBr) 3000w, 2980w, 2960m, 2935m, 

and 2851w (CH), 1740s (depsidone C=O) and 1730s 
(non-bonded ester C=O), 1671w, 1612 cm-I ; 6 (CDCI,) 
2.29, 2.31, 2.38, and 2.50 (4 aromatic CH,), 3.74, 3.86, 
and 3.91 (3 OCH,), 6.58 (1 aromatic H); mle 386(M+, 
56Y,), 358(67), 180(100). 
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Photoisomerization of some bicyclooctanones in solution 
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SUSAN C. CRITCH and ALEX G. FALLIS. Can. J. Chem. 55,2845 (1977). 
The ketene derived products and unsaturated aldehydes produced upon solution photolysis 

of a series of bicyclooctanones (bicyclo[2.2.2]octan-2-one (I), bicyclo[3.2.1]octan-2-one (6), 
1,8,8-trimethylbicyclo[3.2.l]octan-2-one (12)) are reported. Estimated strain energies of the 
approximate transition states involved and conformational analysis are utilized as guides to 
rationalize the results. This approach should assist more accurate predictions of photolysis prod- 
ucts from related systems in the same solvent(s). The product ratios are solvent sensitive and 
preliminary experiments indicate that a primary amine (cyclohexylamine) in the photolysis 
solution enhances the production of ketene derived product. 

SUSAN C. CRITCH et ALEX G. FALLIS. Can. J. Chem. 55,2845 (1977). 
On rapporte les produits dkrivks de ctttnes et les aldkhydes non-saturks qui sont formks par 

photolyse en solution d'une skrie de bicyclooctanones (bicyclo[2.2.2]octanone-2 (I), bicyclo- 
[3.2.l]octanone-2 (6) et trimkthyl-1,8,8 bicyclo[3.2.1]octanone-2 (12)). On utilise les energies de 
tension estimkes des ktats de transition approximatifs impliquts et l'analyse conformationnelle 
comme guide pour rationaliser les rtsultats. Cette approche devrait permettre de meilleures 
predictions concernant les produits de photolyse de systtmes qui sont reliCs dans les m&mes 
solvants. Les rapports de produits sont tres sensibles aux solvants et des expkriences prk- 
liminaires indiquent qu'une amine primaire (cyclohexylamine) dans des photolyses en solution 
augmente la production de produit dkrive de cetene. 

[Traduit par le journal] 

Introduction fer. Thus substituents and conformational pref- 
l-he photochemical reactions of saturated erences exert a significant influence on the prod- 

cyclic ketones in solutioll have been studied ex- uct distribution. This product ratio is also sen- 
tensively (for pertinent reviews see ref. I), never- sitive to solvent and these effects may alter con- 
theless many facets are still imperfectly under- formational factors. The study of relatively rigid 
stood, and as chapman and weiss have pointed bridged-ring ketones facilitates a better under- 
out -the factors determining the relative yields standing of the conformational factors which 
of aldehyde to ester are ... subtle (and) small hfluence aldehyde and ketene (4). 
changes in molecular structure ... cause drastic We report herein a study of the product 
alterations in product ratiosH (2). - ~ - h ~ ~ ,  due in distributions upon photolysis of bicyclo[2.2.2] 
part to the difficulty of predicting product ratios 0ctan-2-one (11, bic~clo[3.2.1loctan-2-one (6), 
accurately, the use of simple, photoinduced and 1,8,8-trimethylbicyc10[3.2.1]octan-2-one (12, 
cleavage reactions of cycloalkanones in organic homocamphor) in methano1 and tetrahydro- 
synthesis has been limited. furan-water solutions. Since completion of this 

~t is well established that photochemical study investigations of closely related systems 
a-cleavage (Norrish type I) of most cyclic ketones have been 'published. Agosta and WO1ff ( 5 )  have 
affords discrete acyl-alkyl diradicals (3) which utilized a series of bicyclo[3.2.1]octan-6-ones and 
partition themselves between three major path- Hammol~d and Yeul1g (6) have examined a deu- 
ways: (i) disproportionation to yield alkenal(s), terated bic~clo[2.2.2loctan-2-o~e. 
(ii) disproportionation to yield ketene, and (iii) 
recoupling to yield ground state ketone. The Results 
relative importance of recombination (ring ~ h ~ ~ ~ l ~ ~ i ~  of endo-5,6-dideuteriobicyclo- 
closure) us. hydrogen abstraction is influenced [2.2.2]octane-2-one in benzene containing added 
by radical stability and the ease of formation of ,ethahol was recently reported (6) to afford the 
the transition states required for hydrogen trans- aldehyde as the only isolated product, while 

in part from the M.Sc. Thesis of S. C. Critch, under similar conditions (benzene containing 
Memorial University of Newfoundland, 1975. 3.5% methanol) others (5) detected both ester 2 
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TABLE 1.  Relative product formation on the photolysis of 1, 6, and 12 

Relative yields 

Ketone Solvent Aldehyde Ketene 

MeOH 4 1 

THF-Hz0 10 1 
0 

syn-8 endo-7 

MeOH 7 2 1 

THF-Hz0 8 2 1 
0 

MeOH 4 1 

THF-H20 30 1 

and aldehyde 4 upon photolysis of bicyclo[2.2.2]- 'Hmr characteristics, a triplet at 6 9.75 and a 
octan-2-one (1). Under our conditions using signal at 6 5.55 suggesting two equivalent vinyl 
either methanol or tetrahydrofuran-water, both protons in a symmetrical environment. Thus 
the ketene derived product 2 (7) or 3 (8) and the H 
unsaturated aldehyde 4 (9) were produced. Ir- 
radiation of 1 in methanol afforded the aldehyde 
4 and ester 2 in a 4:  1 ratio. The structure of the 
aldehyde was confirmed by silver oxide oxidation H 

to 3-cyclohexenylacetic acid (5), a sample of 
which was prepared by homologation of 3-cyclo- 

' 6 vcHo eH0 zOzR 
7 8 9 R = H  

10 R = C H ,  

hexenylcarboxylic acid (lo).' I t  may be seen 
from Table 1 that photolysis of 1 in tetrahydro- 
furan-water (1 : 1) afforded an aldehyde-acid 
(4:3) ratio of 10: l .  

Irradiation of a 0.1 M methanol solution of 
bicyclo[3.2.1]octan-Zone (6) gave a mixture, 
shown by glc analysis to contain three compo- 
nents in a ratio of 7 : 2: 1 (8 : 2: 1 in THF-H,O) 
which were separated by preparative glc. The 
' H n ~ r  spectrum of the major component (an 
aldehyde) possessed a triplet (J = 2 Hz) at 6 
9.74 due to an aldehydic proton adjacent to a 
methylene group and a multiplet representing 
two protons at 6 5.63 indicating the presence of 
two vinyl hydrogens. 

The second component displayed similar 

'We are grateful to E. R. Benson for preparing this 
sample. 

tentatively the major aldehyde can be assigned 
structure 7 and the second component structure 
8 (9). Silver oxide oxidation of 7 followed by 
hydrogenation (5% Pd/C) provided 3-cyclo- 
pentylpropionic acid (9) (1 1). This was repeated 
on a mixture of 7 and 8 and confirmed that these 
photoproducts were cyclopentene isomers arising 
from the same mode of a-cleavage. The minor 
component from the photolysis mixture was 
identified as the methyl ester 10 (12). 

The exact position of the double bond in the 
aldehyde isomers, to prove which hydrogen was 
abstracted preferentially after a-cleavage, was 
established as follows. The benzene induced sol- 
vent shifts indicate that the vinyl hydrogens of 
8 are in a symmetrical environment and also 
experience less shielding than those in 7 due to 
their greater separation from the carbonyl func- 
tion. Additional support for the non-identity of 
the olefinic hydrogens in 7 was provided by the 
'Hmr spectrum recorded in the presence of a 
molar equivalent of Eu(fod),. 

Ozonolysis of 7 followed by oxidative work-up 
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(30% H202) and in situ methylation with dia- 
zomethane provided the ester 11 (13) which was 
identified by comparison with an authentic 
sample prepared from pentane-1,3,5-tricarbox- 
ylic acid (13), confirming the structural assign- 
ment. 

H3C02C T~~~~~~ 

Prior to this work the only photochemical 
study of a bicyclo[3.2.l]octan-2-one was that of 
homocamphor (12) (14). Irradiation of homo- 
camphor in diethyl ether containing cyclohexyl- 
amine had afforded only the ketene derived 
product (as the amide) and no aldehyde was de- 
tected. Based on the results above one would 
anticipate that the aldehyde 13 should be the 
major product upon photolysis of homocamphor 
in methanol. We have found this to be the case. 

0' LCHO LCO~R 
12 13 14 R = CH3 

15 R = H  

The 'Hmr spectrum of the total photolysis mix- 
ture contained a triplet at 6 9.67 (J - 1.5 Hz) 
due to the aldehydic proton and a singlet at 6 
3.60 due to the methoxyl function. Integration 
of these signals indicated an aldehyde-ester ratio 
(13 : 14) of 4 : 1. As in the previous cases the 
THF-H,O solvent system resulted in an en- 
hancement of the aldehyde-ketene ratio (30: 1). 
In view of these results it is surprising that in the 
earlier photolytic study of homocamphor in 
diethyl ether - cyclohexylamine no aldehyde 
was encountered (14). This solvent effect is very 
marked, for no aldehyde was detected when the 
photolysis was repeated under Quinkert's con- 
ditions nor was it present as the imine. In a pre- 
liminary study, with diethyl ether - cyclohexyl- 
amine, bicyclo[3.2.l]octan-2-one afforded an 
aldehyde-amide ratio of 1 : 1, and bicyclo[2.2.2]- 
octan-2-one, a ratio of 1 :2. The aldehydes are 
partly converted to their imines as indicated by 
the 'Hmr spectrum of the total crude photolysis 
mixture and could be freed by washing with 
aqueous acid. This solvent effect which enhances 
the production of ketene derived product (as the 
amides) should be of synthetic utility although 

further work is required and the exact role of 
amine is not clear at present. 

Discussion 
As expected, photolysis products arise from 

these ketones by cleavage of the bond between 
the carbonyl group and the bridgehead carbon 
to afford the most stable of the two possible acyl- 
alkyl diradicals. In these short lived 1,6-diradical 
systems the accurate prediction of their be- 
haviour is difficult because of the multiple reac- 
tion pathways available. Their fate is also influ- 
enced by a variety of steric, conformational, and 
electronic factors. Nevertheless to rationalize 
the product distribution and to help improve the 
predictability and synthetic potential for photo- 
induced a-cleavage it is instructive to examine 

u 

the conformatio~lal preferences of these inter- 
mediates. Chart 1 lists estimated 'strain energies' 
for the approximate transition states involved. 
Used in concert with steric considerations thev 
provide a guide for predicting the major product 
from a given photolysis in the same solvent 
system. 

For bicyclo[2.2.2]octan-2-one (I), as pointed 
out recently (5), neither product "can arise from 
the stable chair conformation of the biradical" 
since for hydrogen abstraction to be geometrically 
feasible the acyl side chain must be axial. The 
aldehyde 4 is the expected major product since 
a-cleavage releases the cyclohexane ring of 1 
from its enforced boat conformation placing one 
of the geometrically equivalent syn-hydrogens 
in close proximity to the acyl radical for facile 
abstraction (A). The geometry of this system is 
clearly more easily achieved (less strained) than 
the competing transition state B for ketene for- 
mation which requires a boat cyclohexane incor- 
porated into a bicyclo-octane-heptane type inter- 
mediate bearing an acyl substituent (Chart 1). 

Similarly for bicyclo[3.2.l]octan-Zone it is 
apparent that the major aldehyde will arise from 
a hydrindanone type intermediate C which 
clearly involves less strain than either of the two 
competing pathways D and E (R = H). Cyclo- 
heptanones and bicyclo[3.3.l]nonan-3-one are 
know11 to be more stable than their parent hydro- 
carbons (1.5-3.4 kcal) (17). This feature increases 
the stability of D due to the presence of the car- 
bony1 function while the axial acyl substituent in 
E introduces a destabilizing nonbonded interac- 
tion. In addition, the reduced freedom of the side 
chain increases the difficulty of approach to the 
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CHART 1. Estimated strain energies (kcal/mol); based on averages of hydrocarbon strain energies determined by 
Allinger (15), Schleyer (16), and their co-workers for the two bicyclic hydrocarbons being considered. 

planar alkyl radical confined in the cyclopen- 
tane, and makes ketene formation more diffi- 
cult. Indeed molecular models suggest that the 
required conformation is less easily achieved 
than diagram E implies. Thus in total these in- 
fluences appear sufficient to tip the balance in 
favour of aldehyde formation via D over ketene 
formation via E. 

Homocamphor (12) provides a measure of the 
direct competition between these aldehyde and 
ketene pathways. In this case also, product from 
D (R = CH,) predominates, enhanced slightly 
by the syn-C, methyl function which introduces 
a further 1,3 interaction which appears more 
severe in E than D. 

These considerations therefore account for 
the predominance of aldehydes over ketenes 
upon photolysis of these bicyclic ketones in 
methanol and THF-water solvents. The solvent 
plays a separate role from structure in radical 
disproportionations and generally the effects are 
poorly understood. I t  is possible that the amine 
solvates the acyl radical preferentially so that it 
is not able to abstract hydrogen as readily, per- 
mitting the ketene pathways to compete more 

efficiently. However as pointed out above, fur- 
ther work is required with simpler systems in 
order to fully understand this phenomenon. 
Bicyclo[5.2.1]decan-10-one may represent a pre- 
vious example of this 'amine effect' (18). 

A referee has recommended inclusion of a 
general conclusion to facilitate future predictions 
of major ketone photolysis products. There is at 
present insufficient data and understanding for 
predictions of this sort to be made with com- 
plete assurance. However based on this study 
and related examples in the literature (1-5) the 
following guidelines may be given for compari- 
sons of photolyses of bridged-ring ketones in the 
same solvent system. The diradical intermediates 
will disproportionate preferentially by the lowest 
energy pathway consistent with the most geo- 
metrically feasible transition state for hydrogen 
abstraction. As a guide to determining the pre- 
ferred conformation for the transition state it is 
useful to consider the approximate strain energy 
of the system, steric influences of substituents 
and their non-bonded interactions, the preferred 
orientation of the acyl radical side chain, and 
conformational equilibria. In addition the first 
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example of stereoelectronic control in a hydrogen 
transfer leading to aldehyde has recently been 
reported (19). This preference for abstraction of 
axial hydrogen adjacent to a radical centre may 
operate in other systems as well but its presence 
can only be ascertained at present by studying 
specifically deuterated ketones. 

Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus or with a Thomas-Hoover Uni- 
Melt apparatus and are uncorrected. Elemental micro- 
analyses were performed by Alfred Bernhardt, West 
Germany. 

Infrared spectra were recorded on a Perkin-Elmer 
237B grating spectrometer, and were calibrated against 
the 2850 and 1601 cm-' bands of polystyrene film. Nu- 
clear magnetic resonance spectra were determined with a 
Varian model A-60, Varian model EM-360, or Varian 
model HA-100 spectrometer; band positions are reported 
in parts per million downfield from tetramethylsilane as 
an internal standard. Mass spectra were recorded on a 
Hitachi-Perkin-Elmer model RMU-6E mass spectrom- 
eter at an ionization potential of 70 eV unless otherwise 
specified. 

Gas-liquid chromatographic analyses were conducted 
on a Varian Aerograph model 1720 gas chromatograph 
using helium as the carrier gas. Column A refers to an 
8 ft x in., 13% SE-30 column supported on Chromo- 
sorb W (AW-DMCS) (70-80 mesh); column B refers to a 
8 ft x fin.,  20% Carbowax 20M column supported on 
Chromosorb W (AW-DMCS) (70-80 mesh). 

Irradiations were carried out in stoppered Pyrex con- 
tainers, using a water-cooled Hanovia 450-W medium 
pressure mercury arc lamp, on solutions ( ~ 0 . 0 1  M )  
which had been thoroughly flushed with nitrogen. 

Solutions in organic solvents were dried over anhy- 
drous magnesium sulphate and evaporated by means of 
a Biichi rotary evaporator under reduced pressure. 
Bicyclo[2.2.2]octan-2-one (1) mp 177-178°C (lit. (20) 

mp 178.5-179°C) was prepared from bicyclo[2.2.2]oct- 
2-ene (Chem. Sample Co.) by hydroboration and oxida- 
tion with chromic acid (21). 

Photolysis of Bicyclo[2.2.2]octan-2-one (1) 
(i) In Methanol 
A solution of bicyclo[2.2.2]octan-2-one (0.200 g, 

0.0016 mol) in absolute methanol (20 ml), to which so- 
dium bicarbonate (0.020 g) had been added, was irradi- 
ated for 4 h. After removal of the solvent and addition of 
petroleum ether, the solution was filtered and concen- 
trated to afford a colourless oil (0.200 g, 100%). Gas- 
liquid chromatographic analysis indicated essentially 
complete reaction of the ketone. Comparison of aldehyde 
and methoxyl peaks of the nmr spectrum indicated an 
aldehyde-ester ratio of 4: 1 ; 'Hmr (CCI,) 6 2.62 (s, 3H, 
0CH3), 9.68 (t, J 2 Hz, lH, CHO) ppm. 

A sample (0.167 g) from the methanol photolysis was 
added to a solution of silver nitrate (0.0170 g, 0.001 mol) 
and sodium hydroxide (0.080 g, 0.002 mol) in water 
(3 ml). After stirring at room temperature for 1.5 h, the 
solution was filtered, the residue washed several times 
with hot water, and the filtrate extracted with ether 

(twice). The combined organic extracts were washed with 
water, dried, filtered, and concentrated. The methyl ester 
2 (7) was isolated as a colourless oil (0.045 g, 36%) which 
was purified by tlc on silica gel (5% ether - petroleum 
ether); ir (CCI,): 1735 cm-'; 'Hmr (CCI,): 6 3.60 (s, 
3H, OCH,) ppm. 

The combined aqueous layers were acidified and ex- 
tracted with ether to yield the unsaturated carboxylic 
acid 5 (0.075 g, 53.5%) which was purified by tlc on silica 
gel (30% ether - petroleum ether); ir (CCI,): 3500-2400 
(br OH), 1710 (C=O) cm-'; 'Hmr (CCI,): 6 1.1-2.5 
(complex), 5.57 (br s, 2H, CH=CH), 11.77 (br s, lH, 
COOH) ppm. An authentic sample was prepared by 
Arndt-Eistert homologation of 3-cyclohexenyl carboxylic 
acid (10). 

(ii) In Tetrahydrofuran- Water 
A solution of bicyclo[2.2.2]octan-2-one (0.278 g, 

0.0022 mol) in a 1 : 1 mixture of THF-water (22 ml) was 
irradiated for 7 h and extracted with ether (twice). The 
combined extracts were washed with aqueous 10% sodium 
bicarbonate solution (twice) and water, dried, filtered, 
and concentrated to provide the aldehyde 4 (0.243 g, 
87.5%) (9) which was further purified by preparative glc 
(column B, 200°C) ; ir (CCl,) : 2700 (CHO), 1725 (C=O) 
cm-' ; 'Hmr (CCI,): 5.57 (br s, 2H, CH-CH), 9.63 (t, 
J = 2 Hz, lH,  CHO) ppm. 

The combined aqueous layers were acidified and ex- 
tracted with ether to yield 3-cyclohexylacetic acid (3) 
(0.013 g, 4.15%) (8) which was homogeneous by glc 
analysis (column A, 150°C); ir (CCI,): 3500-2400 (br 
OH), 1705 (C=O) cm-'; 'Hmr (CCl,): 5.60 (br s, 2H, 
CH-CH), 11.35 (br s, lH,  C02H) ppm. An authentic 
sample was prepared by the hydrogenation (5% Pd/C, 
EtOAc) of synthetic 5. Treatment of 3 with ethereal 
diazomethane afforded the ester 2 (7). 

Photolysis of Bicycloj3.2.ljoctan-2-one (6) 
(i) In Methanol 
A solution of bicyclo[3.2.1]octan-2-one (0.150 g, 0.0012 

mol, Aldrich) in absolute methanol (13 ml), to which 
sodium bicarbonate (0.040 g) had been added, was ir- 
radiated for 6 h. After removal of the solvent, carbon 
tetrachloride was added and the solution filtered and con- 
centrated to yield a colourless oil. Gas-liquid chroma- 
tographic analysis (column A, 140°C) revealed two major 
peaks in a ratio of 9: 1. Analysis on column B allowed a 
resolution of the principal peak into two components in 
a ratio of 7.2 (7:8) which were separated by preparative 
glc (column B, 207°C). The major product 7 had the fol- 
lowing spectral properties: ir (CCI,): 2810 (CHO), 2705 
(CHO), 1725 (C=O) cm-'; 'Hmr (CCI,): F 9.74 (t, J = 2 
Hz, 1H CHO), 5.63 (m, 2H CH=CH); (benzene-d6): 
5.53 (m, 2H CH=CH), 9.25 (br s, 1H CHO); (CCI, + 
E ~ ( f o d ) ~  mol equiv.): 6 9.74 (t, J = 6.5 Hz, 2H), 6.68 (m, 
lH), 6.43 (q, J =  6.5 Hz, 2H), 5.50 (m, lH), 5.07 (br m, 
lH),4.10(t ,J= 7Hz, lH) ,3 .88(d , J=  6Hz)ppm.This 
material was further characterized as its semicarbazone 
derivative mp 126-126.5"C. Anal. calcd. for C9H,,0N3: 
C 59.63, H 8.35, N 23.19; found: C 59.65, H 8.16, N 
23.37. 

The minor aldehyde 8 (9), collected by preparative glc 
as a colourless oil, had the following spectral properties: 
ir (CCl,): 1710 (CHO), 1725 (C=O) cm-' ; 'Hmr (CCI,): 
6 9.75 (t, J = 2 Hz, IH, CHO), 5.55 (s, 2H, CH=CH); 
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(benzene-d,): 5.58 (br s, 2H, CH=CH), 9.70 (br s, lH, 
CHO) ppm. The material was further characterized as its 
semicarbazone derivative mp 123-123.5"C. Anal. calcd. 
for CgHl50N,: C 59.63, H 8.35, N 23.19; found: C 
59.55, H 8.43, N 23.34. 

Methyl 3-cyclopentylpropionate (10) (12) was also col- 
lected from the glc; ir (CCI,): 1738 (C=O) cm-'; 'Hmr 
(CCI,): 6 3.60 (s, 3H, OCH3) ppm. An authentic sample 
was prepared from 3-cyclopentylpropionic acid (Aldrich) 
by esterification with ethereal diazomethane and purified 
by glc (column A, 140°C). 

(ii ) In Tetrahydrofuran- Water 
A solution of bicyclo[3.2.l]octan-2-one (8.0 g, 0.064 

mol) in a 1 : 1 mixture of THF-water (64 ml) was irradi- 
ated until glc analysis indicated the photolysis was 85% 
complete. The solution was extracted twice with diethyl 
ether and the combined organic layers washed with 
aqueous 10% sodium bicarbonate solution and water 
until the washings were neutral, dried, and concentrated 
to give a mixture of isomeric aldehydes, 7 and 8, and 
starting ketone as a colourless oil (6.2 g, 78%). Gas- 
liquid chromatographic analysis indicated the aldehydes 
were present in a ratio of 8 : 2 (7: 8). 

The combined aqueous layers were acidified and ex- 
tracted with ether to yield an acid (0.6 g, 7.5%) which was 
purified by preparative tlc on silica gel (30% ether - 
petroleum ether) and identified as 3-cyclopentylpropionic 
acid (11) by comparison with an authentic sample; ir 
(CCl,): 3500-2400 (br OH), 1710 (C=O) cm-'. 

Silver Oxide Oxidation of Aldehyde 7 
A cold (0°C) aqueous solution (5 ml) of silver nitrate 

(0.350 g, 0.002 mol) and sodium hydroxide (0.04 g, 0.01 
mol) was added to a dioxane solution (5 ml) containing 
the aldehyde 7 (0.100 g, 8.1 mmol). The reaction was 
stirred for 24 h at room temperature, filtered, and the 
residue washed with hot water until these washings were 
neutral. The filtrate was extracted with ether, acidified 
with 6 N hydrochloric acid, and extracted with ether 
(twice). These latter extracts were combined, washed with 
water, dried, filtered, and concentrated. The oil so ob- 
tained was purified by tlc on silica gel (1% acetic acid - 
benzene) to give 2-cyclopenten-1-propionic acid, (0.091 
g, 80%) (22); ir (CCl,): 3400-2400 (br, OH), 1710 (C=O) 
cm-l; 'Hmr (CCI,): 5.50 (m, 2H, CH=CH), 10.45 (br s, 
lH, COOH) ppm. 

Hydrogenation of this material (5% Pd/C, EtOAc) 
afforded 3-cyclopentylpropionic acid. The same result 
was obtained when the oxidation and reduction were 
conducted on a mixture of 7 and 8. 

Ozonolysis and Methylation of 2-Cyclopenten-l- 
propionic Acid: Formation of Dimethyl 4-Car- 
bomethoxyheptane-1,7-dioate (11) 

A methanol-dichloromethane solution (1 : 1) con- 
taining 2-cyclopenten-1-propionic acid (0.090 g, 6.5 
mmol) was cooled to -78°C (solid C0,  - acetone bath) 
and a stream of oxygen containing ozone (-6%) passed 
through the solution until it retained a blue colour. The 
reaction mixture was allowed to warm to room tempera- 
ture, aqueous 30% hydrogen peroxide (0.5 ml) added, 
and the solution stirred for 12 h. An ethereal solution of 
diazomethane was then added at 0°C until the solution 
retained a yellow colour and the solvent was removed 
under reduced pressure. Water and ether were added and 

the ether extract washed with water, dried, filtered, and 
concentrated to give the triester (0.138 g, 86%) which was 
purified by preparative glc (column A, 150°C). 

This material was identified as dimethyl 4-carbo- 
methoxyheptane-1,7-dioate (11) (13) by comparison with 
an authentic sample prepared by treating 1,3,5-pentane- 
tricarboxylic acid (Aldrich, recrystallized from CH,CN, 
mp 112.5-113°C; lit. (13) mp 113-114°C) with ethereal 
diazomethane at 0°C; ir (CCI,): 1740 cm-'; 'Hmr 
(CCI,): 6 1.86 (br t, J - 6.5 Hz, 4H, CH,-), 2.1-2.6 (m, 
5H, a to C=O), 3.61 (s, 6H, CH,O), 3.65 (s, 3H, CH3O) 
ppm. 

Similar ozonolysis of the mixture of cyclopentenylpro- 
pionic acids from 7 and 8 afforded a 7: 1 mixture (glc, 
column A, 180°C) of two triesters and permitted identifi- 
cation of the minor component as dimethyl-3-(carbo- 
methoxymethy1)pentane-1,5-dioate. 

Photolysis of l,8,8-Trimethyl[3.2.l]octan-2-one 
(Homocamphor) (12) 

( i )  In Methanol 
A solution of homocamphor (0.055 g, 3.2 mmol) (12) 

in absolute methanol (3.5 ml) containing sodium bicar- 
bonate (0.010 g) was irradiated for 7 h. After evaporation 
of the solvent and the addition of petroleum ether, the 
solution was filtered and concentrated to yield a colour- 
less oil (0.054 g, 9973, shown by glc analysis (column A, 
187°C) to be a mixture of two new components (ratio 
4: 1) in addition to 12 (- 10%). The aldehyde-ester ratio 
of 4: 1 was confirmed by the 'Hmr spectrum (CCI,): 3.60 
(s, OCH,), 9.67 (t, J 1.5 Hz, CHO) ppm. 

(ii) In Tetrahydrofuran- Water 
A solution of homocamphor (0.035 g, 2 mmol) in 1 : 1 

THF-water (2 ml) was irradiated for 4 h. Gas-liquid 
chromatographic analysis (column A, 185°C) indicated 
an aldehyde-acid ratio of 30:l. After extraction with 
diethyl ether (twice), the combined extracts were washed 
with aqueous 10% sodium bicarbonate solution (twice), 
then water until the washings were neutral. The extracts 
were then dried, filtered, and coilcentrated to afford a 
colourless oil (0.028 g, 80%), from which the aldehyde 
was separated by tlc on silica gel (10% ether-hexane); 
ir (CC1,): 2710 (CHO), 1720 (C=O) cm-'; 'Hmr (CCl,): 
6 0.80(s, 3H, CH,), 1.00(s, 3H, CH3), 1.60 (br s, 3H, 
CH,C=C), 5.16 (br s, lH, CH=C), 9.67 (t, lH,  J - 1.5 
Hz, CHO) ppm. 

Acidification of the combined aqueous phases (6 N 
HCl) followed by extraction with ether, washing the 
combined extracts with water until the washings were 
neutral, drying, filtering, and concentrating provided the 
carboxylic acid 14 (0.008 g, 2.1%) (23) which was homoge- 
neous by glc (column A, 150°C); ir (CCI,): 3500-2400 
(br, OH), 1712 (C=O) cm-'. 

Isolation of ( ) -Homocamphor (12) 
To a 1 : 1 mixture of (&)-homo- and (+)-homoepicam- 

phor (1.01 g, 0.006 mol) obtained by ring expansion of 
(&)-camphorquinone (24) followed by reduction (24) 
was added aqueous semicarbazide hydrochloride solution 
(1.5 ml, 0.5 mol equiv.) and enough methanol (-3 ml) 
to produce a clear solution. After the addition of pyridine 
(0.38 ml, 0.005 mol), the mixture was heated gently on a 
steam bath for 10 min, cooled, and the semicarbazone 
filtered. The filtrate was acidified with 6 N hydrochloric 
acid, the layers separated, and the aqueous layer ex- 
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tracted with ether (twice). The combined organic extracts 
were washed with water until the washings were neutral, 
dried, filtered, and concentrated to afford a colourless oil 
which crystallized on the addition of a few drops of ben- 
zene. Purification of homocamphor was achieved by 
preparative glc (column A, 18706) or  by thin layer chr& 
matography on silica gel (10% ether-hexane). The melting 
point of (+)-homocamphor was 178-179°C (sealed tube) 
(lit. (24) (-)-homocamphor mp 187-190°C);3 ir (CCI,): 
1706 cm-I; 'Hmr (CCI,): 6 0.79 (s, 3H, CH,), 0.85 (s, 
3H, CH,), 0.88 (s, 3H, CH,) ppm. 

Photolysis of Ketones 1 and 6 in Diethyl Ether - 
Cyclohexylamine 

Solutions (-0.3 M) of the individual ketones were 
prepared in diethyl ether - cyclohexylamine (20: I), 
flushed with nitrogen, and irradiated in Pyrex containers 
until glc analysis indicated 20-30% of the original ketone 
had reacted. (Prolonged irradiation altered the ratios, 
the aldehydes giving rise to a more volatile component, 
presumably oxetane(s), and the amide afforded nitrile.) 
The ether was removed under reduced pressure and the 
'Hmr spectra recorded, the imine hydrogens appearing 
as triplets J - 5 Hz at 6 7.50 and 7.49 for 1 and 6, respec- 
tively. These samples were dissolved in chloroform, 
washed with dilute aqueous hydrochloric acid, dried, and 
the spectra rerecorded. The imine signals had disappeared 
and the characteristic triplets for the aldehydic protons 
were now present. Integration of these signals and the 
amide N-C-H signals indicated an aldehyde-amide ratio 
of 1 : 2 for 1 and 1 : 1 for 6. The accuracy of this determina- 
tion was compared with a synthetic mixture in the case of 
6 prepared from the aldehydes 7 and 8 and authentic 
cyclohexylamide prepared below. The individual com- 
ponents from the photolyses were separated by tlc on 
silica gel (30% ether-hexane). 

3-Cyclopentylpropionatecyclohexyl amide was prepared 
from 3-cyclopentylpropionic acid (Aldrich) via its acid 
chloride (thionyl chloride) and recrystallized from etha- 
nol-water mp 99-101°C; ir (CHCI,): 3425 (N-H), 3300 
br (N-H), 1665 (C=O), 1515 (C=O) cm-'; 'Hmr 
(CDCI,): 6 3.73 (br complex, 1H, H-C-N), 5.48 (br, l H ,  
N-H) ppm. 
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Reaction of 4-nitrobenzofuroxan with methoxide ion in methanolic dimethyl sulphoxide 
solution gives rise to 7-hydroxy-4-nitrobenzofurazan (as the anion) and 7-methoxy-4-nitro- 
benzofurazan (as the methoxide C-7 adduct); the proposed reaction mechanism invokes the 
formation of several transient intermediates. The results bear on the postulated mechanism for 
the antileukemic activity of 4-nitrobenzofuroxan. 

ERWIN BUNCEL, NOEMI CHUAQUI-OFFERMANNS, BRIAN K. HUNTER et ALBERT R. NORRIS. 
Can. J. Chem. 55,2852 (1977). 

La reaction du nitro-4 benzofuroxanne avec l'ion mkthylate dans une solution de dimkthyl- 
s~~lfoxyde methanolique conduit i I'hydroxy-7 nitro-4 benzofurazanne (sous forme d'anion) et 
au methoxy-7 nitro4 benzofurazanne (sous forme d'adduit methylate en C-7); le m h n i s m e  
propose pour la reaction implique la formation de plusieurs intermediaires de courte dur6e de 
vie. Ces rksultats ont des implications sur le mecanisme postule pour I'activite antileucemique 
du nitro-4 benzofuroxanne. 

[Traduit par le journal] 

Introduction In our studies of the interaction of aromatic 
The discovery (2) that certain benzofuroxan nitro compounds with bases, we have elucidated 

and benzofurazan derivatives act as powerful the structures of a variety of o-com~lexes and 
inhibitors of nucleic acid and protein biosyn- have also derived kinetic and thermodynamic 

thesis in many types of animal cells has heightened Parameters to their formati0n and 
interest in these classes of compounds (3-11). decomposition (13-19). Thus, we have extellded 
Especially iloteworthy was the observation that these studies the 4-nitr0benz0fur0xan - 
4-nitrobenzofuroxan a toxic effect on the methoxide ion system in dimethyl sulfoxide - 
metabolism of leukocites in vitro (3), suggesting we have 
the possibility that such compounds may act as that the initially formed o-com~lexes undergo 
potential antileukemic and immunosuppressive some unusual transformations which lead, over- 
drugs. Since 4-nitrobenzofuroxan readily formed all, to deoxygenation of the N-oxide function and 
~ ~ i ~ ~ ~ h ~ i ~ ~ ~  type o-complexes with nucleo- to substitution of an aromatic hydrogen by the 

philes, and since drug action was abolished by methOx~ Or h ~ d r O x ~  
preincubation with aliphatic thiols, it was con- 
cluded (2) that drug action was related to the Results 
interaction of 4-nitrobenzof~~roxan with intra- The interactioll of 4-nitrobenzofuroxall (1) 
cellular thiol groups, leading to 0-complex with potassium methoxide in methanolic di- 
formation (10-12). methyl sulphoxide solution was investigated over 

a temperature range between -20 and +35"C. 
Five minutes after mixing, when the first spec- 
trum could be taken, the solution of 1 (0.40 M )  

t / + / and CH,OK (0.44 M)  in DMSO-d,-CH,OD 
N (70 : 30 v/v) at - 20°C showed the absence of 
I RS H 1 

0- 
signals characteristic of 1, and the appearance of 

0- a species which is identified as 2. The identifica- 
tion was made on the basis of the following 

'For part I see ref. 1. assignment for the ABC spin system (chemical 
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shifts, 6, quoted in ppm, relative to tetraniethyl- 
silane as internal standard, coupling constants in 
HZ): H-5 5.52, H-6 6.43, H-7 6.68; J5, ,  4.7, 
J,,, < 1, J,,, 9.8. On further monitoring of the 
reaction solution at - 20°C new resonances 
developed which after 30 min were found to be 
sufficiently intense to allow for their identifica- 
tion as resonances due to complex 3. The nrnr 
spectrum presented an ABC pattern which was 
assigned as follows: H-5 7.19, H-6 5.23, H-7 5.32; 
J5 ,, 10.3, J,,, < 1, J6 ,, 4.4. The computer simu- 
lated spectra (20) of 2 and 3 agreed well with the 
experimentally obtained nrnr spectra.' Our data 
are also in agreement with the work of Simonnin 
and co-workers (10). 

Further changes in the nrnr spectrum are 
observed on allowing the temperature of the 
solution to rise, first to - 10°C (25 min) then to 
O°C, corresponding to the formation of a new 
species, X; after 5 min at 0°C the species 2,3, and 
X are present in about equal concentrations. A 
further rise in temperature causes the signals due 
to 2 to disappear entirely so that after 45 min at 
10°C only 3 and X are present, in about equal 
concentration. When the temperature is then 
raised to 35°C for 10 min, 3 also disappears and 
X remains as the sole product. The species X is 
identified as the nitronate derivative 4. The nrnr 
spectrum consisted of a simple AX doublet, 
assignable as H-5 at 7.27 and H-6 at 5.70 
(J5 , ,  = 8), and in addition there was a signal at 
low field (6 10.5) assignable to the NOH func- 
tion. The CH30  resonance is obscured by the 
methanol of the medium. 

The reaction solution on standing 24 h at 30°C 
developed new sets of peaks in the nrnr spec- 
trum, this process becoming complete after 48 h 
at 30°C. The new resonance signals could be 
___L 

ZThe species 3 could be obtained essentially free o f  2 
(and also o f  X )  when the experiment was performed under 
the conditions [4-nitrobenzofuroxan] = [CH,OK] = 
0.2 M. However this solution on standing developed a 
green color, with concurrent loss o f  the proton resonances. 
Initial studies show that the course o f  the reaction is 
strongly influenced by the ratio o f  substrate to base and 
this aspect will be further investigated. 

identified unambiguously as resulting from a 
mixture of the substances 7 and 9 (present in 
ratio of 3:  l), both of which were prepared by 
authentic routes (7, 9) and were found to have 
concordant spectral characteristics under the 
reaction conditions. For 7, H-5 occurs a t  8.35 (d) 
and H-6 at 5.90 (d), J5, ,  = 10. For 9, H-5 
appears at 7.32 (d) and H-6 at 5.32 (d), J,,, = 11 
(see Experimental section for complete charac- 
terization of 7 and 9). 

Discussion 
The results which we have observed are inter- 

preted as follows. Addition of methoxide ion to 1 
leads to the initial formation of complex 2 as the 
product of a kinetically controlled reaction (21- 
26). In time 2 is replaced by complex 3 which is 
the thermodynamically controlled p r ~ d u c t . ~  The 
latter is unstable, as shown by further changes in 
the nrnr spectra, and the products which are 
formed can be explained by the mechanisms 
given in Scheme 1. Initially there is a transfer of 
the sp3 hydrogen in 3 to the N-oxide function 
yielding the nitronate derivative 4. This inter- 
mediate is also unstable and becomes the pre- 
cursor of the observed reaction products 7 and 9. 
The former arises essentially via an intraniolecular 
shift of the 0- function following deprotonation 
of 4, i.e. 5 + 6. This process is analogous to the 
Smiles rearrangement (for a review see ref. 28), 
though to our knowledge such has not been 
observed previously in the benzofuroxan system. 
The product 7 is obtained by loss of CH,O- 
from 6. The second product, 9, is obtained from 4 
by expulsioii of OH- from the furoxan ring to 
yield 8, followed by addition of CH30-.  Alter- 
natively, attack of CH30e  on C-7 of 4 with 
concerted expulsion of OH- would yield 9 
directly. 

In previous work on the interaction of 1 with 
methoxide ion, the complexes 2 (10) and 3 (2, 10) 
have been identified, but not their subsequent 
transformations. It is noteworthy that formation 
of complexes analogous to 3, derived by attack of 
intracellular sulfhydryl and/or amino groups at 
C-7 of 1, has been invoked in order to account 
for the observed antileukemic reactivity of 4- 
nitrobenzofuroxan (2, 3). This hypothesis must 
be reexamined in view of our findings that the 
complex 3 is unstable and decomposes through 

3Alternatively, it is possible that the transformation o f  2 
to 3 occurs by means o f  the Boulton-Katritzky rearrange- 
ment (27). This possibility is currently being investigated. 
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calcium hydride under nitrogen. Methanol was distilled 
from magnesium metal. The deuterated solvents were 
dried over molecular sieves. A stock solution of 
CH30K/CH30D was prepared from freshly cut potas- 
sium metal and CH30D, stored under nitrogen, and 
standardized immediately before use. 

4-Nitrobenzofuroxan was prepared according to ref. 4 
(method B) mp 143°C. 7-Methoxy-4-nitrobenzofurazan 
was prepared from 7-chloro-4-nitrobenzofurazan and 
sodium methoxide, mp 115-116°C (29). Reaction of 7- 
methoxy-4-nitrobenzofurazan with hot aqueous NaOH 
yielded 7-hydroxy-4-nitrobenzofurazan, mp 200°C (29). 
The uv-visible spectrum of this compound was obtained 
in DMSO-methanol (70: 30 v/v) containing trifluoroace- 
tic acid (2.2 M): h,,,,,, 395 nrn, E 9500; h ,,,,,, 285 nm, 
E 5000 M-' cm-l. The spectrum of the anion (7) was 
obtained in this medium with added CH30Na: h,,,,,, 
466 nm, E 20 000; hma.(2) 366 nm, E 11 000 M-I cm-'. 
The nmr spectrum of 7-hydroxy-4-nitrobenzofurazan in 
DMSO-d6: H-5 8.60, H-6 6.72 (J5,6 8 HZ), OH 11.6. 

Complex 9 was obtained as a yellow-orange solid on 
treatment of 7-methoxy-4-nitrobenzofurazan in acetoni- 
trile solution with sodium methoxide in methanol. 
Spectral data: nmr in DMSO-d6: H-5 7.25, H-6 5.18 
(J5.6 11 HZ), 0CH3 3.30; uv in DMSO-methanol (80:20 

N v/v): h,,, 354 nm, E 22 000. Acidification of the solution 
CH30 (CF3C02H) regenerated 7-methoxy-4-nitrobenzofuran: 

h,,, 380 nm, E 11 500 M-' cm-l. 

the involvement of several transient intermedi- 

Methods 
The reaction of 4-nitrobenzofuroxan (1) with methoxide 

ion was performed in DMSO-d6-CH30D by the follow- 
ing procedure. A solution of 1 (72.4 mg) in 0.60 ml of 
DMSO-d6-CH30D (70:30v/v) was placed in a 5 ml 
round bottom flask sealed with a rubber septum, the 
flask immersed in a cryostat bath at -2O0C, and the 
contents were stirred magnetically. To this cooled, stirred, 
solution 0.40 ml of a 1 .l M potassium methoxide solution 
in DMSO-d6-CH30D (70: 30 v/v) was added very slowly 
by means of a cooled syringe. A 0.5 ml portion of the 
resulting deep orange coloured solution was transferred 
under nitrogen to an nmr tube, which was then cooled to 
-80°C and stored until the nmr measurements could be 
made. A Bruker 60 MHz HFX-60 instrument was used, 
varying the temperature of the probe between -20 and 
+ 35°C. 
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of this research by the National Research Council 
of Canada, the McLean Foundation (A.R.N.) 
and the Advisory Research Committee of 
Queen's University (A.R.N.). - .  
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Derivatives of 2-pyrazolin-5-one. V.' Preparation and properties of 
1 ' ,2'-dihydrospiro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one 

derivatives and related compounds 
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RONALD T. Courrs and ABDEL-MONAEM EL-HAWARI. Can. J. Chem. 55,2856 (1977). 
1',2'-Dihydro-3-methyl-l-phenylspiro[[2]pyrazoine-4,3'(4'H)-quinoline]-5-one (8q), the 

structurally related 1,3-diphenylspiro[pyrazolone-quinoline] 8r and numerous 2'-substituted 
derivatives of 89 and 8r are readily accessible from catalytic reduction of 3-methyl-1-phenyl- or 
1,3-diphenyl-4-(2-nitrobenzyl)-2-pyrazolin-5-one (la, lb, respectively) in alcohols (with the 
incorporation of the alkylidene moiety) or by interaction of the corresponding 2-aminobenzyl 
precursors (3a, 3b) with appropriate aldehydes and ketones. All spiro compounds were char- 
acterized by mass, ir, and 'Hmr spectra. The products obtained by reducing the spiro com- 
pounds with sodium borohydride and with lithium aluminum hydride are described. Reduction 
of l a  and l b  with zinc and acetic acid gave 3-methyl-1-phenyl- and 1,3-diphenyl-lH-pyrazolo- 
[3,4-blquinoline (2a, 2b, respectively). 

RONALD T. COUTTS et ABDEL-MONAEM EL-HAWARI. Can. J. Chem. 55,2856 (1977). 
La dihydro-1',2' methyl-3 phenyl-1 spiro[[2]pyrazoline-4,3'(4'H) quinoline] one-5 (8q), la 

diphenyl-1,3 spiro[pyrazolone-quinoline] qui lui est reliee d'une faqon structurale (8r) et 
plusieurs dCrivCs substitues en positioil2' de 89 et 8r sont facilement accessibles par la reduction 
catalytique des methyl-3 phenyl-1 ou diphenyl-1,3 (nitro-2 benzy1)-4 pyrazolin-2 ones-5 
(la, l b  respectivement) dans l'alcool (avec I'incorporation de la portion alkylidirne) ou par 
interaction des precurseurs amino-2 benzyle correspondants (34 3b) avec les aldehydes ou 
cttones appropries. On a caracttrisk tous les composCs spiro par spectrometric de masse, ir 
ou rmlH. Les produits obtenus en reduisant les composCs spiro avec le borohydrure de sodium 
et I'hydrure double de lithium et d'aluminium sont dkcrits. La reduction de l a  et de l b  avec le 
zinc et I'acide acktique conduit aux methyl-3 phenyl-1 et au diphenyl-1,3 1H-pyrazolo[3,4-b]- 
quinolines (2a et 2b respectivement). 

[Traduit par le journal] 

Our previous studies (1, 2) have shown that 
the products of palladium-charcoal catalyzed 
sodium borohydride reductions of 3-methyl-4- 
(2-nitrobenzyl)-1-phenyl-2-pyrazolin-5-one (la), 
the 3-phenyl analog lb, and structurally related 
2-i~itrobenzylidene compounds, vary according 
to the nature of the solvent employed. In further 
attempts to prepare cyclic hydroxylamines or 
related nitrones, we have continued our studies 
on the reduction of l a  and l b  using alternative 
reducing systems. 

Initially, the 3-phenylpyrazolone l b  was 
reduced with zinc and acetic acid and yielded a 
yellow crystalline product, C2,H15N,, the ir 
spectrum of which lacked NH, OH, and CO 
absorption bands. The mass spectrum of the 
product had a strong molecular ion (mle 321) 
and only three additional ions of appreciable 
intensity of mlc 320,244, and 218, which resulted 
from the expulsion of a hydrogen atom, a 

phenyl radical, and a phenyl cyanide molecule, 
respectively, from the molecular ion. The prod- 
uct's 'Hmr spectrum showed no signals other 
than those of aromatic protons. The compound, 
C2,H15N,, is identified, therefore, as the hitherto 
unknown 1,3-diphenyl-1 H-pyrazolo[3,4-blquin- 
oline (2b). 

When the 3-methyl analog l a  was similarly 
reduced with zinc and acetic acid, the product 
obtained proved difficult to purify but possessed 

'For part IV, see ref. 3. 
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properties similar to those described for 2b and 
is identified as 3-methyl-1-phenyl-lH-pyrazolo- 
[3,4-blquinoline (2a) which was obtained pre- 
viously (4) by heating together 5-chloro-4-forn~yl- 
3-methyl-1-phenylpyrazole and aniline. The 
mechanism of formation of 2a and 2b from l a  
and l b  proceeds presumably via the amines 
3a,b since prolonged heating of solutions of 
these amines in acetic acid produced 2a and 2b. 

Catalytic hydrogenation of the o-nitrobenzyl- 
pyrazolone derivatives l a  and b was then 
attempted to determine whether N-hydroxy 
compounds could be obtained by this route. 
Reduction was initially carried out using pla- 
tinum oxide or palladium-charcoal as a catalyst 
and absolute ethanol as solvent. When the 3- 
phenylpyrazolone l b  was reduced under these 
conditions, the product obtained, CZ4H2 ,N,O, 
designated compound A, was not the expected 
one. It was a weak base, but, unlike compound 
3b, product A was insoluble in dilute sodium 
hydroxide solution. Its ir spectrum showed NH 
and C=O absorption bands, the latter at 1712 
cm-I. The presence of C=O absorption at this 
frequency in addition to the insolubility of 
product A in dilute alkali solution, indicated 
that the pyrazolone ring was no longer capable 
of enolization, i.e. the hydrogen atom a to the 
C=O group was no longer present. The 'Hmr 
spectrum of compound A indicated the presence 
of a CHCH, group which undoubtedly originated 
from the ethanol employed as the solvent in the 
catalytic reduction of lb. To verify this, the 
same reaction was repeated in dioxane, in 
methanol, in propanol, and in benzyl alcohol. 
With dioxane, 4-(2-aminobenzy1)-l,3-diphenyl- 
2-pyrazolin-5-one (3b) was obtained in good 
yield, but when the other solvents were employ- 
ed, the products obtained (B-D) in each case 
differed, and elemental analyses suggested that 
the alkyl or aryl group of the alcohol used had 
been incorporated into the molecule. The ir 
spectra of all products (A-D) were very similar. 
Their 'Hmr and mass spectra confirmed that the 
alcohols used as solvents were involved in the 
formation of A-D. 

From all these data, each of the compounds 
A-D was suspected to be a 2'-substituted- 
1 ', 2' - dihydro - 1,3 - diphenylspiro [[2] pyrazoline- 
4,3'(4'H)-quinolinel-5-one (4). A mechanism for 
the formation of spiro[pyrazolone-quinoline] (4) 
can be envisaged (Scheme 1). The nitro com- 
pound l b  is partially reduced to a hydroxylan~ine 

(5) which then interacts with the alcohol present; 
the former is reduced to the amine 3b while the 
latter is oxidized to the aldehyde. Both the amine 
and the aldehyde react to form a carbinolamine 
(6) which cyclizes to the spiro[pyrazolone-quino- 
line] derivatives (4). This suggested oxidation- 
reduction process, and subsequent interaction of 
the products, is another example of solvent/prod- 
uct interactions known to occur during cata- 
lytic hydrogenation (5). 

mph 
NHOH 0 NxN 

5 Ph 

R C H 2 0 H  
(solvent) 

A 
+ RCHO f H 2 0  

4 

Product R 
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The spiro[pyrazolone-quinoline] structure (4; 
Scheme 1) is isomeric with the imine (Schiff 
base) structure 7 but the ir and 'Hmr data from 
compounds A-D are not compatible with these 
compounds being imines. Further evidence of the 
suitability of structure 4 was obtained from an 
analysis of the mass spectra of the four com- 
pounds A-D. None fragmented under electron 
impact in the manner that Schiff bases do. Mass 
spectral studies of some Schiff bases have re- 
cently been reported (6) and it has been shown 
that the molecular ion undergoes simple fission 
at the ring-nitrogen and ring-carbon bonds, the 
former fragmentation being more facile than the 
latter. No fragment ions due to ring-nitrogen 
fission were present in the mass spectra of ally 
of the products isolated. On the other hand, the 
fragment pathways observed were reminiscent of 
the behaviour of tetrahydroquinoline derivatives 
under electron impact (7) (Scheme 2). 

A final argument against the imine structure 7 
was based on the fact that such a structure 
should not be isolated under these reduction 
conditions. Schiff bases are known to be reduced 
in virtually quantitative yields either by catalytic 
hydrogenation or by chemical reagents (8) and 
accordingly, the imine if it were formed would 
be reduced to the related secondary amine. The 
imine, however, may have a transitory existence 
in the formation of the spiro-compounds (4) 
(see Scheme 1). It is possible that the aldol 6 
dehydrates directly to the spiro-compound, but 
literature evidence is available (9) in support of a 
Schiff base intermediate. The formation of the 
spiro-compounds (4) thus involves the addition 
of a C-H group to the C=N f~~nct ion  of the 
Schiff base. Similar cyclizations of Schiff bases 
involving the addition of 0-H across the 
C=N group to give 2H- 1,3-benzoxazines, and 
the addition of S-H across the C=N group to 
yield thiazolidines have been reported (10, 11). 

If the postulated mechanism depicted in 
Scheme 1 is factual, liumerous compounds of 
general structures 8 and 9 could be prepared in 
the manner shown (Scheme 3) and this has 
proved possible. Eighteen spiro[pyrazolone- 
quinoline] derivatives (Table 1) were obtained 
from the interaction of the amines 3a and 36 
and an appropriate aldehyde or ketone in re- 
fluxing ethailolic solution. The phenolic com- 
pounds 8d, e,  f, g and o and the carboxylic acid 
derivatives 8k and p were prepared in particular 
because of their ability to dissolve in dilute 

SCHEME 2. Percentage relative abundance of ions: 

M t a b c d e f g  

8a 96 7 21 6 100 21 17 7 
8c 100 7 4 4 76 54 8 9 
81 76 8 14 6 100 9 6 4 
80 100 9 5 4 62 33 - - 

9b* 47 - 9 - 100 43 5 6 
8q 85 16 - 11 87 35 16 25 
8r 100 19 - 7 42 9 14 22 

*For compound 9b, replace the -NHCHRZ- group in general 
structure 8 with -NHCMez-; in fragment ions b, d and e derived 
from 96, a methyl group, therefore, replaces the hydrogen atom in- 
dicated (-NHCHRZ). 
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TABLE 1. 1',2'-Dihydr0~piro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one derivatives (8, R3 = H; 9, R3 = M e )  

Ph 

*These compounds are included for completeness and are identical with compounds A, C, and D respectively (see Scheme 1). 

alkaline solution, a property which was required 
to facilitate a planned pharmacological evalu- 
ation. 

Aliphatic ketones are known to react with 
amines more slowly than aldehydes to form 
imines. This was the case here; it necessitated the 
use of higher reaction temperature and longer 
reaction times to obtain the spiro-derivatives 9a 
and 9b in the absence of catalyst or dehydrating 
agent. Attempts to crystallize the isolated prod- 
uct 9a were unsuccessful, but the ir and 'Hmr 
spectra of this product agreed with the proposed 
structure. The reaction between the phenyl 
analog 3b and acetone was more facile and the 
product 9b was easily characterized. 

When the amines 3a and 3b were reacted with 
formaldehyde, they failed to form spiro-com- 
pounds. The required spiro[pyrazolone-quino- 
lines] (89, 8r) were readily obtained, however, 
when the nitro compounds la ,  b were catalyt- 
ically hydrogenated over platinum using meth- 
anol as a solvent. 

All the spiro-compounds (8,9) prepared in this 

study were identified by their correct elemental 
analysis and by the similarities between their ir 
and 'Hmr spectra and those described earlier for 
compounds A-D. The mass spectra of some of 
these derivatives were recorded and possible 
fragmentation pathways are suggested in Scheme 
2. Deuteration of compound 8c as well as an 
examination of the spectrum of 1',2'-dihydro- 
2', 2' - dimethyl - 1,3 - diphenylspiro[[2]pyrazoline- 
4,3'(4'H)-quinolinel-5-one 96 were helpful in 
accounting for the origin of some of the fragment 
ions. Each compound gave a strong molecular 
ion which expelled a hydrogen atom as well as the 
radical (R2) from C-2 of the tetrahydroquinoline 
ring giving rise to weak fragment ions (Scheme 
2). 

An interesting fragment found in all the 
spectra (except the dimethyl derivatives 9a, b) was 
due to the expulsion of an OH radical from the 
molecular ion. This expulsion was supported by 
metastable ions present at appropriate m/e 
values in most spectra. The origin of this ion is 
not known. Deuterium labelling ruled out any 
contribution from the amine proton since the 
ion at m/e 350 in 8c was located at m/e 351 in the 
deuterated compound. 

A strong fragmentation ion (d) was present in 
the spectra of all compounds. This resulted from 
the expulsion of a pyrazolone radical from the 
molecular ions; appropriate metastable ions 
were present in the spectra in support of this 
assertion. Depending on which hydrogen is 
involved in the expulsion of the pyrazolone 
radical, three structures (d'-d"') can be en- 
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visaged for the ion formed. I t  seems, however, 
that the amine hydrogen is more involved in the 
proposed migration than a C-2' or a C-4' hydro- 
gen atom. That was indicated by examining the 
spectra of both the deuterated compound (8c, 
N-D replaces N-H) and the 2',2'-dimethyl 
derivative 9b. The former showed a ma.jor loss of 
174 mass units from the molecular ion instead of 
173 mass units lost in the non-deuterated com- 
pound 8c. The 2,2-dimethyl derivative 9b molec- 
ular ion also expelled a pyrazolone radical to 
give a fragment ion at mle 146 (which retained 
both C-2' methyl groups) thus implicating 
migration of the NH hydrogen atom, or alter- 
natively, a hydrogen atom from the ring methy- 
lene group. Non-involvement of the protons at 
C-4' was suggested, however, by the presence of 
similar strong ions resulting from the loss of a 
pyrazolone radical in the spectra of structurally 
related spiro-dihydrobenzothiazines (10)~ in 
which the methylene group is replaced by a 
sulfur atom. Mechanisms for the formation of 
ions dl-d"' are readily suggested. The mech- 
anism preferred, for the reasons just expounded, 
is given in Scheme 4. 

Ph r Ph 1 

Fragment d 

Another diagnostic fragmentation pathway is 
the decomposition of the molecular ion to give 
ions identified as f and g in Scheme 2. The inter- 
mediate ion h (Scheme 4) is also thought to be 
the origin of the fragment e which is present in 
relatively high abundance in the mass spectra of 
spiro[pyrazolone-quinolines] which possess aro- 
matic substituents at the C-2' position. A com- 
parison of the spectrum of 8c with N-deuterated 
8c confirmed that the amine hydrogen atom was 
expelled in the formation of this ion. Of the two 
possible structures for this ion (e' and e"), the 

2R. T. Coutts and A.-m. El-hawari, work to be pub- 
lished. 

latter is preferred since e is located at mle 131 in 
the spectrum of 9b, indicating the loss of a methyl 
radical from C-2' in its formation. 

A difference between the o-aminobenzyl- 
pyrazolone 3a and its phenyl analog 3b was 
demonstrated in their reactions with salicylalde- 
hyde. Whereas 3a was successfully converted to a 
spiro[pyrazolone-quinoline] (8e), the phenyl ana- 
log reacted to give a yellow crystalline product 
C,,H,,N,O,, which had an ir spectrum that 
was devoid of both the lactam C--0 and NH 
absorptions present in the spectra of all the 
spiro-compounds (8). The spectrum contained 
absorption bands comparable to those in the ir 
spectrum of the Schiff base, salicylideneaniline 
(11) which was prepared for comparison pur- 

8 10 
q R '  = Me 
r R 1  = Ph (product B) 

11 

poses. Accordingly, the Schiff base structure 12 
is suggested for the compound C,,H,,N,O,. 
Its mass spectrum was in agreement with the 
proposed structure. Although this spectrum dis- 
played some similarities with the spectra of the 
spiro[pyrazolone-quinoline] (8e), it also showed 
strong fragment ions resulting from cleavage at 
ring-nitrogen or ring-carbon bonds of the imine 
group (Scheme 5). Both these fissions are known 
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(6, 12) to occur in the mass spectra of Schiff 
bases. 

Reduction of 12 by means of sodium boro- 
hydride in aqueous dioxane did not yield a 
crystalline product. Methylation with dimethyl 
sulfate gave an alkali-insoluble product which 
was difficult to purify. The mass spectrum of the 

crude methylated product displayed a weak 
molecular ion at mle 473 which indicated a 
dimethyl derivative in agreement with a Schiff 
base precursor (12) rather than a spiro-com- 
pound (13), since in 12, methylation of the pyra- 
zolone nucleus, could also occur. Interpretation 
of the ir and mass spectra of the isolated prod- 
ucts showed that methylation occurred at the 
N-2 position of the pyrazolone ring. The ir 
spectrum displayed a C=O band at 1660 cm-I 
which is expected only when the pyrazolone 
nucleus has an a,gunsaturated carbonyl group 
(13). The mass spectrum displayed, in addition 
to the M - 1 and M - 15 ions, a fragment ion 
(the base peak) at mle 118. A similar ion was 
identified earlier (1) in the mass spectrum of the 
N-2 methylated pyrazolone 15 as the fragment 
(Ph-c&-CH,++P~-&=N-CH,). Accord- 
ingly, the structure 14 was assigned to the di- 
methyl derivative obtained from 12. 

Ph 
I 

%eh OH meh 
H / \  N=CHO N M N \ ~ e  

- OMe Ph 

13 

8 '  14 

0 ' 

MeCO 

The Schiff base 12 is readily cyclized to the 
isomeric spiro-compound 13. When the former 
was dissolved in DMSO-d6 for a 'Hmr study, a 
spectrum very similar to that of the spiro[pyra- 
zolone-quinoline] 80 was obtained. In particular, 
the spectrum displayed a doublet of doublets for 
the methylene group. Such a signal was dem- 
onstrated, throughout the present study, 
solely in spiro-compounds (8). This case of 
conversion (12 -t 13) supports the earlier sug- 
gestion that Schiff bases are intermediate prod- 
ucts in the formation of spiro[pyrazolone- 
quinolines] in the manner illustrated in Scheme 1. 
Cyclization also occurred when the Schiff base 
12 was acetylated. This is discussed further 
below. 

In order to characterize further the spiro- 
compounds described in this study, some (8b, c, 
e, M, and o) were acetylated with acetic anhy- 
dride. Compound 8n was converted to a mono- 
acetyl derivative identified as 16a. This structure 
was confirmed by elemental analysis (C,,H,,N,- 
O,), ir (carbonyl bands 1666 and 1720 cm-I), 
and 'Hmr spectra. When 8e was acetylated, it 
yielded a diacetylated product identified as 16b. 
It analyzed correctly for C,,H,,N,O, and its ir 
spectrum showed three C=O absorption bands 
at 1766 (ester), 1700 (lactam), and 1670 cm-' 
(cyclic amide). The nmr spectrum of this com- 
pound had three methyl signals at 6 0.78, 1.86, 
and 2.18. The first of these signals was surpris- 
ingly far upfield, a position not expected for any 
of the methyl groups in compound 16b. In order 
to assist in deciding its origin, the acetyl de- 
rivatives 16c and 17' were prepared. The results 
of a 'Hmr study on these compounds are sum- 
marized in Table 2 and indicate that it is the 

TABLE 2. The 'Hmr chemical shifts (relative to TMS) of 
the methyl and C,-H signals in some acetyl derivatives of 

spiro[pyrazolone-quinolines] 

I 
Compound NCOCH3 0COCH3 N=C-CH3 C,-H 

*Located within aromatic multiplet. 
?Presented for comparison. 
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methyl group on the pyrazolone ring which 
produces the upfield methyl signal in compound 
16b. A tentative explanation, based on an 
examination of Dreiding models, is that the 
N-C-CH, group is forced to align itself on 
top of the phenyl ring at C-2 of the tetrahydro- 
quinoline ring (or C-3 of the dihydrobenzo- 
thiazine ring in 17) and thus is greatly shielded. 
In addition, the hydrogen atom attached to the 
same carbon atom as the phenyl ring is forced 
into the plane of this phenyl ring, adopting 
'aromatic-like' character and therefore a down- 
field position. This explanation is supported by a 
study of the spectrum of the acetyl derivative 
16f which lacks an aromatic substituent at C-2 of 
the tetrahydroquinoline ring. In the 'Hmr 
spectrum of this compound, the pyrazolone 
methyl signal came to resonance at 6 1.74. This 
signal was found to be at 6 1.88 in the non- 
acetylated tetrahydroquinoline Sb. 

Compound 16e (Table 2) was the product 
obtained when the Schiff base 12 was acetylated 
with acetic anhydride, again indicating the ease 
with which 12 is cyclized to 13. Analysis (C,,- 
H2,N304) confirmed the diacetate structure. 
Similarities in the ir and 'Hmr spectra of the 
isolated product and the isomeric diacetate 16d 
obtained from SO suggested two related struc- 
tures. The ir spectrum of 16d had three carbonyl 
absorption bands at 1765 (ester), 1715 (lactam), 
and 1668 cm-' (cyclic amide) which are closely 
related to those in the ir spectrum of acetylated 
12. The 'Hmr spectrum of 16d displayed two 
methyl signals at 6 2.10 (OCOCH,) and at 2.23 
(NCOCH,), a doublet of doublets centered at 
3.37 (CH,), and an aromatic multiplet which 
included the C-2 proton signal. The corres- 
ponding signals in acetylated 12 were located at 
6 1.93,2.24, and 3.26. 

To complete this study on spiro[pyrazolone- 
quinolines] the effect of reducing these com- 
pounds was investigated. Whereas sodium 
borohydride reduction of the amine 12 in 
aqueous dioxane gave no crystalline products, 

similar reductions of the isomeric spiro-com- 
pounds (8a, b, and c) yielded amphoteric prod- 
ucts which analyzed correctly for C18H18N3- 
OR. The ease of solubility of these products in 
aqueous sodium hydroxide suggested the pres- 
ence of an enolizable hydrogen at C-4 of the 
pyrazolone nucleus. Structure 18 is suggested for 
the reduction products; this suggestion is sup- 
ported by the ir spectral characteristics. Their ir 
spectra displayed an N-H absorption band 
around 3300 cm-', lacked C=O absorption, 
and showed broad absorption between 2100 and 
3300 cm-' which could be attributed to a bond- 
ed OH stretching band. The 'Hmr spectra of 
these products were very informative. In addition 
to the pyrazolone methyl signal and the aro- 
matic signal, two deuterium-exchangeable pro- 
tons and two methylene signals were also present 
in all spectra. One methylene signal was a singlet 
while the other was a singlet or multiplet de- 
pending on the adjacent substituent R. The mass 
spectra of the amphoteric products were also 
indicative of the suggested structure 18. Im- 
portant fragment ions in these spectra (i.e. molec- 
ular ion and three fragment ions of greatest 
mass) are identified in Scheme 6. The presence of 
ions i and j are of special interest since both con- 
tained an intact NHCH,R unit. Unlike com- 
pounds 1Sa and b which expelled the substituent 
R as a radical and gave fragment k, compound 
1Sc lacked this ion, but instead expelled a 
C7H7 radical to give an ion of mle 278. 

Reductions of the spiro-compounds Sa, b, and 
c were also performed using lithium aluminum 
hydride in ether. Two products were isolated 
from each reduction mixture; the minor product 
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- ~ H ~ R  - mle 278 
(R = Ph) 

SCHEME 6. Percentage relative abundance of ions: 

was basic while the major one was amphoteric. 
The proportion of these compounds was vir- 
tually reversed when the reduction of 8a was 
carried out in tetrahydrofuran. In contrast, only 
the amphoteric product was obtained, when 8c 
was reduced with lithium aluminum hydride/ 
aluminum chloride in ether. 

The amphoteric products were identical to the 
compounds obtained by sodium borohydride 
reduction of 8a, b, and c, respectively. The basic 
products analyzed for Ci8H,,N3R (R = CH,, 
C,H,, or Ph) and their mass spectra displayed 
molecular ions at appropriate m/e values for 
these formulae. This indicated that the lactam 
C=O groups in 8a-c had been reduced by the 
action of lithium aluminum hydride, a reagent 
which is known to reduce pyrazolones to pyra- 
zoline and pyrazolidine derivatives (14-17). The 
basic properties, the elemental analyses, and the 
mass spectra of these products suggested that 
they were pyrazoline derivatives (19). Their ir 
spectra lacked carbonyl absorption bands but 
each had two absorption bands near 3400 
(sharp band) and 3300 cm-' (broad band) 
which is a puzzling observation since only one 
N-H stretching band was expected. The 
identity of the basic products, C1,Hl8N,R, as 

compoui~ds 19a-c is therefore tentative until 
further studies of these compounds are made. 

Experimeiital 
Infrared spectra were recorded for Nujol mulls with a 

Beckman IR-10 spectrophotometer. Proton magnetic 
resonance spectra were recorded with a Varian A60 
spectrometer, with tetramethylsilane as internal standard, 
and mass spectra were measured with an A.E.I. MS9 
spectrometer at 70 eV (direct insertion technique). Melt- 
ing points (capillary) are uncorrected. Deuterated com- 
pounds were prepared by repeated crystallization of the 
non-labelled precursor from dioxane-D20. Where 
elemental analyses are indicated, analytical results ob- 
tained for those elements were within +0.45% of the 
theoretical values. Complete analyses are compiled in 
two tables (Table 3: elemental analyses of spiro[pyrazo- 
lone-quinolines] and related compounds; Table 4: 
elemental analyses and physical properties of spiro- 
[[2]pyrazoline-4,3'(4'H)-quinolinel-5-ones (8, 9) prepared 
by a general method) which are available from the 
Depository of Unpublished Data.j 

Reduction of 1,3-Diphenyl-4-(2-nitvobenzyl)-2-pyrazolin- 
5-one (lb) 

(a) Zinc dust (1.0 g) was added in small quantities to a 
stirred solution of the title compound (1) (2.0 g) in boiling 
glacial acetic acid (20 ml). The mixture was heated under 
reflux for 6 h then filtered. On cooling, a yellow solid 
(0.8 g), mp 158-160°C crystallized from the filtrate. An 
additional quantity (0.5 g) of product was obtained by 
diluting the filtrate with water. Crystallization from 
ethanol gave 1,3-diphenyl-1H-pyrazolo[3,4-blquinoline 
(2b), mp 162-163°C; ir v,,, 1618 (C=N) cm-', NH and 
OH bands absent; 'Hmr (CDC1,) 6 7.00-8.90 (aromatic 
protons); ms mle (% relative abundance) 321(M+, loo), 
320(30), 244(1 I), 218(9). Anal. (CZZHl5N3) C,H,N. 

The same product (26) was obtained by heating a 
solution of 1,3-diphenyl-4-(2-aminobenzy1)-2-pyrazolin- 
5-one (1) (3b, 0.5 g) in glacial acetic acid (10 ml) for 2 h. 
On cooling, 1,3-diphenyl-1 H-pyrazolo[3,4-blquinoline 
(0.35 g) separated as yellow crystals, mp 158-16O0C, with 
properties identical to those described immediately above. 

(b) The title compound (1.0 g) in methanol (200 ml) 
was hydrogenated over platinum oxide (30 mg) at room 
temperature and atmospheric pressure. When the cal- 
culated amount of hydrogen was taken up, the catalyst 
was filtered off and the solvent evaporated to give a 
yellow solid. Crystallization from methanol yielded pale- 
yellow crystals (0.35 g) of lf,2'-dihydro-l,3-diphenyl- 
spiro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one (8r, prod- 
uct B), mp 188-189°C; ir v,,, 1700 (C=O), 3365 (NH) 
cm-'; 'Hmr (CDCI,) 6 3.34 (2H, s, CH,), 3.57 (2H, br 
s, CH,), 3.95 (lH, br s, NH), 6.50-8.30 (14H, m, aro- 
matic protons); ms: see Scheme 2 caption; measured 
mass 118.0653 (calcd. for C8H8N, 118.0657). Anal. 
( C ~ ~ H I ~ N ~ O )  C,H,N. 

(c) Reduction of l b  by method b was repeated except 
that ethanol (200 ml) was used as solvent. This gave 1 ',2'- 

3Copies of Tables 3 and 4 are available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA OS2. 
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dihydro-1,3 -diphenyl -2'-methylspiro[[2]pyrazoline-4,3 '- 
(4'H)-quinoline]-5-one (81, product A) (0.75) g), as color- 
less crystals, mp 174-175°C; ir v,,, 1712(C=0), 3405 (NH) 
cm-'; 'Hmr (CDCI,) 6 1.15 (3H, d, J = 6.5 Hz, CH,), 
3.50 (2H, d of d, J = 17 Hz, CH,), 3.60 (IH, q, J = 6.5 
Hz, CH), 3.63 (lH, br s, D-exchangeable, NH), 6.40- 
8.30 (14H, m, aromatic protons); ms: see Scheme 2 
caption; measured masses 367.1680 (calcd. for C,4H21- 
N30,  367.1685), 352.1450 (calcd. for C2,Hi8N30, 
352.1450), 132.0813 (calcd. for Ci9HloN, 132.0813). 
Anal. (C24HZ1N30) C,H,N. 

(d) Reduction of l b  by method b was repeated except 
that propanol (200 ml) was the solvent. This gave 
1 ',2'-dihydro - 1,3 -diphenyl- 2'-ethylspiro[[2]pyrazoline - 
4,3'(4'H)-quinolinel-5-one (8m, product C) (0.59 g) as 
colorless crystals, mp 159-160°C; ir v,,, 1710 (C=O), 
3415 (NH) cm-'; 'Hmr (CDCl,) 6 0.90-1.50 (5H, m, 
J =  6.5 Hz, CH,CH,), 3.35 (2H, d of d, J =  17.5 Hz, 
CH,), 3.64 (lH, br s, D-exchangeable, NH), 6.35-8.30 
(14H, m, aromatic protons); ms mle (% relative abun- 
dance) 381(M*, loo), 364(2), 352(42), 146(78); measured 
masses 381.1837 (calcd. for CZ5H2,N30, 381.1841), 
146.0966 (calcd. for CloH12N, 146.0970). Anal. (Cz5HZ3- 
N30) C,H,N. 

(e) Reduction of l b  by method b, but using benzyl 
alcohol (200 ml) as solvent gave lf,2'-dihydro-1,2',3- 
triphenylspiro[[2]pyrazoline- 4,3'(4'H)-quinoline] - 5 -one 
(8n, product D) (0.28 g) as a pale yellow solid, mp 207- 
209°C; ir v,,, I698 (C=O), 3380 (NH) cm-'; 'Hrnr 
(CDC13) 6 3.45 (2H, d of d, J = 17 HZ, CH,), 4.68 (lH, 
s, CH), 4.07 (lH, br s, D-exchangeable, NH), 7.00-7.80 
(19H, m, aromatic protons); ms mle (% relative abun- 
dance) 429(M+, loo), 412(2), 352(3), 194(67), 193(25). 
Anal. (CZ9Hz3N30) C,H,N. 

(f) Reduction of l b  by method b was repeated using 
dioxane (100 ml) as solvent and 4-(2-aminobenzy1)-l,3- 
diphenyl-2-pyrazolin-5-one (0.78 g, mp 151-152°C) was 
obtainea as colorless crystals. The properties of this 
product were identical to those reported earlier (1). 

Reduction of 3-Methyl-4-(2-nitrobenzyl) -1-phenyl-2- 
pyrazolin-5-one (la) 

(a) When the title compound (1) (2.0 g) was reduced 
with zinc dust in glacial acetic acid as described in the 
preparation of l b  by method a, a yellow solid (1.33 g), 
mp 166-168°C (from aqueous ethanol) was obtained and 
is identified as 3-methyl-1-phenyl-1H-pyrazolo[3,4-b]- 
quinoline (2a) (lit. (4) mp 178°C); ir v,,, 1618 (C=N) 
cm-', NH and OH bands absent; 'Hmr (CDCI,) 6 2.78 
(3H, s, CH,), 7.30-9.05 (lOH, m, aromatic protons); 
ms mle (% relative abundance) 259(Mf, loo), 258(27), 
244(33), 218(21). Anal. (Ci7Hi3N3) N. 

(b) The same product (2a) was obtained in low yield 
(0.15 g) when 4-(2-aminobenzy1)-3-methyl-1-phenyl-2- 
pyrazolin-5-one (1) (3a, 0.5 g) was heated under reflux in 
glacial acetic acid (10 ml) for 3 h. 

(c) A solution of the title compound (1.0 g) in methanol 
(150 ml) was hydrogenated in the manner described in the 
reduction of compound 16, method b. Crystallization of 
the product from methanol gave colorless crystals (0.28 
g), mp 153-154"C, of lf,2'-dihydro-3-methyl-l-phenyl- 
spiro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one (89); ir 
v,,, 1692 (C=O), 3425 (NH) cm-I; 'Hrnr (CDCI,) 
6 2.01 (3H, S, CH,), 3.00 (2H, d of d, J = 17.5 Hz, CH,), 
3.91 (lH, br s, D-exchangeable, NH), 6.60-8.30 (9H, m, 

aromatic protons); ms: see Scheme 2 caption. Anal. 
(Ci8Hi7N30) C,H,N. 

General Method of Preparing 1'2'-Dihydrospiro- 
jj2lpyrazoline-4,3'(4'H)-quinolinel-5-ones (8,9)-  
(See Tables 1 and 4) 

A hot solution of the 4-(2-aminobenzy1)-1-phenyl-2- 
pyrazolone 3a or 3b (1) (0.5 g) in either methanol or 
ethanol (15 ml) was mixed with a quantitative amount of 
the appropriate aldehyde. The reaction mixture was 
heated under reflux for 1 h. Upon cooling, many of the 
title compounds separated and were recrystallized from 
ethanol. In some cases, the reaction mixture was con- 
centrated to about half its volume then diluted with water. 
The precipitate was washed with water, dried, and re- 
crystallized from either methanol or ethanol as colorless 
crystals. 

A similar reaction was carried out using acetone 
instead of an aldehyde. In this instance, the solvent used 
was either ethanol or butanol. Suitable reaction times 
were found to be 24 h when ethanol was the solvent, or 
4-6 h when butan01 was employed. 

The compounds prepared by this method were obtained 
in 73-96% yields. Melting points are listed in Table 1. 
Individual yields and elemental analyses of all compounds 
are compiled in Table 4., Their ir spectra displayed 
N-H absorption bands around 3400 and C=O bands 
around 1700 cm-'. Each 'Hmr spectrum showed, in 
addition to the signals ascribable to the aromatic protons 
and the different substituents at C-3 of the tetrahydro- 
quinoline ring, a 2-proton doublet of doublets around 6 
3.2 with J  value^ 17 Hz (CH2), a one proton signal near 
6 4.5 (-CHR) and a D-exchangeable N-H signal of 
variable chemical shift. The spectra of 3-methylpyra- 
zolone derivatives also contained a methyl signal around 
6 2.0. The mass spectra of some of these compounds were 
recorded and interpreted (see Scheme 2). 

Preparation and Reactions of 1,3-Diphenyl-4-[2-(2- 
hydroxybenzylidene) aminobenzyll-2-pyrazolin-5- 
one (12) 

(a) Preparation 
A solution of 4-(2-aminobenzy1)-l,3-diphenyl-2-pyra- 

zolin-5-one (1) (3b,0.5 g) and salicylaldehyde (0.18 g) was 
heated under reflux for 1 h during which time the solution 
turned dark yellow. On cooling, a yellow solid separated 
from solution. Crystallization from ethanol gave the title 
compound (0.55 g), mp 199-200°C; mass spectrum mle 
(% relative abundance) 445(M+, loo), 444(44), 428(4), 
352(18), 325(20), 248(7), 220(13), 210(41), 209(26); see 
also Scheme 5. Anal. (CZ9Hz3N3OL) C,H,N. 

(b) Zsomerization 
A solution of 12 in DMSO-d, gave 'Hrnr 6 3.30 (2H, 

d of d, J = 16 Hz, CH,), 5.31 (lH, s, CH), 6.20 (lH, br s, 
D-exchangeable, NH), 6.50-8.25 (18H, m, aromatic 
protons), 9.38 (lH, br s, D-exchangeable, OH), consistent 
with the formation of 1',2'-dihydro-1,3-diphenyl-2'-(2- 
hydroxyphenyl)spiro[[2]-pyrazoline-4,3 '(4'H)-quinolinel- 
5-one (13). 

(c) Illethylation 
To an ice-cooled solution of the title compound (0.5 g) 

in dilute sodium hydroxide (15 ml), dimethyl sulfate (1.0 
ml) was added dropwise with stirring and then the 
mixture was heated on a water bath for 1 h. The resulting 
oil which separated was extracted into chloroform. This 
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extract was washed with dilute sodium hydroxide then 
with water and dried. Evaporation of the organic solvent 
yielded an off-white solid (0.45 g), mp 128-132"C, which 
could not be purified by fractional crystallization from 
various solvents but which consisted mainly of 1,3- 
diphenyl-4- [2-(0 -methoxybenzylidene)aminobenzyl] -2- 
methyl-3-pyrazolin-5-one (14); ir v,,, 1660 (C=O) 
cm-'; 'Hmr (CDCI,) 6 2.98 (3H, s, NCH,), 3.37 (2H, s, 
CH,), 3.87 (3H, s, OCH,), 6.40-7.90 (18H, m, aromatic 
protons); ms m/e (% relative abundance) 473(M+, 4), 
472(9), 458(8), 383(80), 118(100). 

(d) Acetylation 
A solution of the title compound (0.3 g) in acetic 

anhydride (5 ml) was heated under reflux for 15 min then 
poured into ice-water (30 ml). The resulting precipitate 
was crystallized from ethanol and yielded lf-acetyl-2'- 
(2-acetoxypheny1)-l',2'-dihydro- 1,3-diphenylspiro [[2]- 
pyrazoline-4,3'(4'H)-quinolinel-5-one (16e) as colorless 
needles (0.22 g), mp 240-241°C; ir v,,, 1764 (ester C=O), 
1720 (lactam C=O), 1666 (amide C=O) cm-' ; 'Hmr 
(DMSO-d,) 6 1.93 (3H, S, OCOCH,), 2.24 (3H, S, 
NCOCH,), 3.26 (2H, d of d, J = 15 HZ, CH2), 6.30- 
8.30 (14H, m, C-2' proton and aromatic protons). Anal. 
(C33H27N304) C,H,N. 

Reactions of l',2'-dihydrospiro[[2]pyrazoline-4,3'(4'H) - 
quinoline]-5-ones ( 8 )  

(a) Acetylation 
Each of the spiro[pyrazolone-quinolines] (8b, c, e, n, 

and o) (0.3 g) was acetylated in the manner described 
above for the acetylation of compound 12. Products 
were 16f, mp 220-221°C; 16c, mp 223-224°C; 16b, mp 
205-206°C; 16a, mp 218-219°C; and 16d, mp 188-189"C, 
respectively. They were crystallized from ethanol as 
colorless compounds in 78-91% yields. Elemental ana- 
lyses of the acetylated products are listed in Table 3., 
The ir spectra of all five acetamides contained C=O 
absorption bands near 1665 (cyclic amide) and 1710 
cm-' (lactam) and were devoid of N-H bands. Com- 
pounds 166 and 16d contained an additional C=O band 
near 1765 cm-' (ester). Important signals in the 'Hmr 
spectra of these acetyl derivatives are listed in Table 2. 

(b) Reduction with Sodium Borohydride 
(i) A solution of lf,2'-dihydro-2',3-dimethyl-1-phenyl- 

spiro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one (8a, 0.5 g) 
in dioxane (15 ml) was added dropwise to a stirred 
solution of sodium borohydride (0.5 g) in water (5 ml). 
After addition was completed, stirring was continued for 
30 min then the reaction mixture was acidified with 
dilute acetic acid and diluted with water. Crystallization 
of the resulting precipitate from ethanol gave 4-(2-ethyl- 
aminobenzyl)-3-methy1-1-phenyl-2-pyrazolin-5-one (18a) 
as a white crystalline powder (0.33 g), mp 181-182°C; 
ir v,,, 2100-3500 (OH) with maximum at 3380 (NH), 
1620 (bonded C=O) cm-'; 'Hmr (CDCl,) 6 1.02 (3H, t, 
CH,), 1.91 (3H, S, CH,), 3.40 (2H, S, CH,), 3.62 (2H, q, 
CH,), 6.40-7.40 ( l lH,  m, aromatic protons overlapping 
NH and pyrazoline ring protons); ms, see Scheme 6. 
Anal. (C19H21N30) C,H,N. 

(ii) 1 ',2'-Dihydro-2'-ethyl-3-methyl- 1 -phenylspiro [[2]- 
pyrazoline-4,3'(4'H)-quinolinel-5-one (86, 0.5 g)  was 
similarly reduced to give 3-methyl-1-phenyl-4-(2-n- 
propylaminobenzy1)-2-pyrazolin-5-one (18b, 0.31 g) as 
white crystals, mp 149-150°C; ir v,,, 2040-3400 with 

maximum at 3380 (OH and NH), 1617 (C=O) cm-'; 
'Hmr (CDCI,) 6 0.70-1.75 (5H, m, CHzCH3), 2.05 (3H, 
S, CH,), 3.30 (2H, S, CH,), 3.45 (2H, t, NCHz), 6.30- 
7.60 (lOH, m, aromatic protons and pyrazoline ring 
proton), 9.02 (lH, br s, D-exchangeable, NH); ms, see 
Scheme 6. Anal. (C2,,HZ3N30) C,H,N. 

(iii) l',2'-Dihydro-1,2'-diphenyl-3-methylspiro[[2] pyra- 
zoline-4,3'(4'H)-quinolinel-5-one (Sc, 0.5 g) was similarly 
reduced and yielded 4-(2-benzylaminobenzyl)-3-methyl- 
1-phenyl-2-pyrazolin-5-one (18c, 0.39 g) as white crystals, 
mp 155-156°C; ir v,,, 2000-3360 with maximum at 
3305 cm-' (OH and NH), 1612 (C=O) cm-'; 'Hmr 
(CDCI,) 6 1.88 (3H, S, CH,), 3.33 (2H, S, CH,), 4.25 
(2H, s, CH,), 6.40-7.80 (16H, m, aromatic protons 
overlapping NH and pyrazoline ring protons); ms, see 
Scheme 6. Anal. (CZ4H2,N30) C,H,N. 

(c) Reduction with Lithium Aluminum Hydride 
(i) A solution of 1',2'-dihydro-2',3-dimethyl-1-phenyl- 

spiro[[2]pyrazoline-4,3'(4'H)-quinoline]-5-one (8a, 0.75 
g) in ether (50 ml) was slowly added, with stirring, to a 
mixture of lithium aluminum hydride (0.15 g) and ether 
(20 ml). After heating under reflux for 10 h, water was 
added dropwise to the cooled reaction mixture until the 
evolutioa of hydrogen ceased. The solution was made 
alkaline by the addition of 30% aqueous sodium hydroxide 
(-20 ml) then the mixture was extracted with ether 
(2 x 50 ml). Evaporation of the dry (Na2S04) combined 
ether extracts gave a white powder which crystallized 
from ethanol as a white solid (0.14 g), mp 178-179°C. 
This compound is tentatively identified as lf,2'-dihy- 
dro-2',3-dimethyl-l-phenylspiro[[2]pyrazoline-4,3'(4'H)- 
quinoline] (19a); ir v,,, 3470, 3390 br, 1595 (NH) cm-', 
C=O absorption absent; ms m/e (% relative abundance) 
291(M+, 2), 263(97), 248(10), 171(100). Anal. (C19HZ1N3) 
C,H,N. 

The basic aqueous solution which remained was 
neutralized with dilute sulfuric acid then extracted with 
ether (3 x 50 ml). The combined ether extracts were 
dried (Na2S04) and evaporated to give 4-(2-ethylamino- 
benzyl)-3-methyl-l-phenyl-2-pyrazolin-5-one (Ma, 0.29 
g), identical (mp, ir, mass spectrum) to the product 
obtained by reducing 8a with sodium borohydride as 
described above. 

(ii) 1',2'-Dihydro-2'-ethyl-3-methyl-l-phenylspiro[[2]- 
pyrazoline-4,3'(4'H)-quinolinel-5-one (8b, 0.8 g) was 
reduced with lithium aluminum hydride in a manner 
similar to reaction i above. The basic product was a white 
solid (0.12 g), mp 170-171°C and is tentatively identified 
as 1',2'-dihydro-2'-ethy1-3-methyl-l-phenylspiro[[2] pyra- 
zoline-4,3'(4'H)-quinoline] (19b); ir v,,, 3405, 3290 
br, 1600 (NH) cm-', C=O absorption absent; ms m/e (% 
relative abundance) 305(M +, 25), 303(9), 276(13), 274 
(34), 263(43), 171(65), 118(100). Anal. (C2,,HZ3N3) C,H,N. 

The product isolated from neutral solution was 3- 
methyl-l-phenyl-4-(2-n-propylaminobenzyl)-2-pyrazolin- 
5-one (186, 0.21 g), identical (mp, ir, mass spectrum) to 
the product formed by reducing 8b with sodium boro- 
hydride (see above). 

(iii) Reduction of lf,2'-dihydro-1,2'-diphenyl-3-me- 
thylspiro[[2] - pyrazoline- 4,3'(4'H)-quinoline]- 5 -one (8c, 
1.0 g) with lithium aluminum hydride as described in 
reaction i gave basic material which was fractionally 
crystallized from ethanol and yielded starting material 
(8c, 0.21 g) and another product (0.09 g), mp 205-206°C 
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which is tentatively identified as 1 ',2'-dihydro-1,2'- 
diphenyl - 3 -methylspiro[[2]pyrazoline-4,3'(4'H) -quino - 
line] (19c); ir v,,, 3380, 3290 br, 1597 (NH) cm-l;  ms 
mle (% relative abundance) 353(M+, 7), 351(100), 
350(29), 336(8), 274(22), 193(36); accurate mass measure- 
ments: 353.1888 (Cz,HZ3N3 requires 353.1892), 351.1730 
(CZ4HZ1N3 requires 351.1736). Anal. (CZ4Hz3N3) C,H,N. 

The product (0.32 g) isolated from the neutralized 
solution was identical (mp, ir) to the previously identified 
(see above) 4-(2-benzylaminobenzy1)-3-methyl-1-phenyl- 
2-pyrazolin-5-one (18c). 
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Etude conformationnelle par spectroscopie photoeIectronique de dihydro 
"Cpinnes" 
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P. MEUNIER et G. PFISTER-GUILLOUZO. Can. J. Chem. 55,2867 (1977). 
Les dithitno[c,e] dihydro aztpines, oxtpinnes et thikpinnes ont fait l'objet d'une ttude par 

spectroscopie phototlectronique. L'analyse de ces donntes experimentales a permis de conclure 
pour ces composCs, B l'existence en phase vapeur d'une conformation croiste. 

P. MEUNIER and G. PFISTER-GUILLOUZO. Can. J. Chem. 55,2867 (1977). 
Dithieno[c,e]dihydroazapines, oxepines, and thiepines have been studied by photoelectron 

spectroscopy. The results of this work are reasonably well interpreted in terms of a twisted con- 
formation in the vapor phase. 

Introduction 
Les dithiCno[c,e] dihydro azCpines, oxipinnes 

et thitpinnes peuvent Ctre considCrCes soit 
comme des dCrivCs de substitution des dihydro- 
2,7 azCpine, oxipinne et thiCpinne, soit comme 
des bithiinyls hCtCropontCs. 

Selon la prCfCrence conformationnelle de l'hC- 
tCrocycle a sept chainons (forme "semi-bateau" 
ou "croisCe"), et I'encombrement stCrique pro- 
voquC par la substitution, le squelette bithiCny- 
lique prCsentera une conformation cis, plane ou 
twistCe. 

A notre connaissance, les dihydro "Cpinnes" 
envisagCes n'ont pas CtC isolCes. Seules les don- 
nCes de diffraction Clectronique recueillies pour 
leur homologue carbonk, le cycloheptadiine-1,3 
(1, 2) avaient permis de conclure en la prCpon- 
dCrance en phase vapeur de la forme "semi- 
bateau" de ce composC. Par contre, le cyclohep- 
tadiine-1,3 et diverses dihydro "Cpinnes" benzo 
substituies ont fait l'objet d'une Ctude rmn (3, 
4). Les auteurs proposent pour tous ces dCrivCs 
l'existence d'une forme "croisCe" en solution, 
les barriires d'inversion Ctant d'environ 15 
kcal/mol. 

Des travaux rkcents ont mis en evidence l'ap- 
port de la spe B 1'Ctude de nombreux problimes 
conformationnels (5). Dans ce travail, nous 
avons appliquC cette technique B une s6rie de 
dithiCno "Cpinnes" de type 1 et 2 afin d'en prC- 
ciser la conformation privilCgiCe A 1'Ctat vapeur. 
Nos conclusions sont vCrifiCes par l'examen de 

certains de ces composCs gem dimCthylts en a et 
a' de 1'hCtCroatome. 

Derives de type 1 et 2 

ComposCs de type 1 
Ces composCs peuvent Ctre considCrCs comme 

des dCrivCs du bithiCnyl-3,3' hCttropontCs en po- 
sition 2 et 2'. 

Pour le bithiCny1-3,3' lui-mCme (5f), nous 
avons attribuC les potentiels d'ionisation 8.2, 
9.15 et 10.03 eV B l'ionisation des Clectrons n des 
quatre orbitales molCculaires schCmatisCes sur la 
fig. 1. Celles-ci correspondent respectivement aux 
combinaisons antisymitrique et symCtrique des 
deux orbitales A, et B, du thiophine. Les Ccarts 
observCs (approximativement 1 eV et 0.9 eV) 
correspondent a une interaction moyenne entre 
les deux noyaux qui s'interprite bien compte 
tenu de l'angle de twist d'environ 30" dCterminC 
par diffraction Clectronique (6). 

Pour les composCs de type 1, oil peut envisager 
des interactions similaires entre les deux noyaux 
thiophkniques lites directement a la conforma- 
tion du cycle heptagonal. Ces interactions sont 
ainsi attendues nettement plus importantes pour 
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FIG. 2. Spectre photo6lectronique du dithitno[2',3'-c; 
3",2"-el 4H, 5 tthyl, 6H aztpine. 

FIG. 1. Orbitales moltculaires du bithitnyl-3,3'. 

une conformation "enveloppe" que pour une 
conformation "croisCe". 

Par ailleurs, la prCsence de I'hCtCroatome X 
entraine un lCger effet de polarisation auquel 
doit s'ajouter compte tenu de la symCtrie de la 
molCcule, une interaction possible entre la paire 
n de cet hCtCroatome et les combinaisons symC- 
triques des orbitales A, et B, du thiophbne (no- 
tamment cette dernibre, compte tenu du recouv- 
rement entre la paire n de 1'hCtCroatome et les 
paires n des atomes de soufre dans les cycles 
thiophCniques relativement plus important). 

Spectres expe'rimentaux 
Les spectres sont reportis dans les figs 2 a 5, 

et les valeurs des potentiels d'ionisation verticaux 
ont t t t  rassemblCes dans le tableau 1 avec celles 
observCes pour le bithiknyl-3,3'. 

On note pour tous les composCs CtudiCs des 
spectres dont l'allure est trbs voisine de celle du 
spectre du bithiCny1-3,3'. La prCsence de I'hCtC- 
roatome se traduit par une bande supplCmen- 
taire dont nous prCcisons la position avant de 
discuter des bandes caractkristiques du syst2me 
bithiCny1. 

Dithikno[2',3'-c;3",2"-e] 4H, 5 e'thyl, 6 H  
azkpine et dithikno[2',3'-c;3",2"-el 4H, 5 
phknyl, 6H azkpine 

Dans le cas du dCrivC N-CthylC, on observe une 
bande B 8.3 eV qui peut &tre associCe B l'ionisa- 

FIG. 3. Spectre phototlectronique du dithitno[2',3'-c; 
3",2"-el 4H, 5 phknyl, 6H aztpine. 

tion de la paire libre de l'atome d7azote. Cette 
valeur peut Stre rapprochke de celle observCe a 
8.5 eV dans la trimkthylamine (7). 

Pour le dCrivC N-phCnylC on observe comme 
pour les dCrivCs de l'aniline (8) une interaction 
entre la paire libre de I'azote et les orbitales dC- 
gCnCrCes el, du benzbne. Ces ionisations sont B 
l'origine (i) de 1'Clargissement de la premibre 
bande B 7.9 eV, (ii) d'une bande dans la rCgion 
de 10 eV comme pour la N,N-dimCthylaniline, 
(iii) de la bande a 9 eV (ionisation des tlectrons 
de l'orbitale el, antisymktrique). 

Dithie'no[2',3'-c;3",2"-el 4H, 6 H  oxe'pinne 
Pour ce con~posC, l'ionisation d'un Clectron de 
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TABLEAU 1. Potentiels d'ionisation verticaux du bithitnyl-3,3' et des dtrives type 1 

Composts type 1 

Attribution Symttrie Bithitnyl-3,3' X = NC2H5 X = NC6H5 X = 0 X = S 

FIG. 4. Spectre phototlectronique du dithitno[2',3'-c; 
3",2"-e] 4H 6H oxtpinne. 

A 
C I S  

FIG. 5. Spectre phototlectronique du dithitno[2',3'-c; 
3",2"-e] 4H 6H thitpinne. 

la paire n de l'oxygkne correspond a la bande 
large et intense observCe a 10.1 eV, valeur A rap- 
procher de celle observCe B 10.04 eV dans le di- 
mCthyl Cther (9). 

Dithidno[2',3'-c;3"2,"-e] 4H, 6H thikpinne 
L'ionisation de la paire n de l'atome de soufre 

intervient dans la mCme rCgion que les deuxibme 
et troisi&me bandes du syst&me bithiCnyl. Le mas- 
sif est large et l'on peut observer trois potentiels 
d'ionisation verticaux a 8.65, 8.75 et 9.05 eV. 

L'ionisation de la paire n de l'atome de soufre 
intervenant A 8.7 eV dans le dimCthyl sulfure (9) 
et 8.5 eV dans le pentamCthylkne sulfure (lo), il 
semble raisonnable de proposer pour les pre- 
mi&res et deuxibme bandes du bithiCny1, celles a 
8.15 et 8.75 eV. L'ionisation de la paire n du 
soufre interviendrait donc B 8.65 eV. 

On observe de plus dans ce cas une bande de 
faible intensit6 apparaissant A 11.2 eV sous 
forme d'un Cpaulement d'une bande plus in- 
tense. On peut associer cette bande B l'ionisation 
des paires o des atomes de soufre thiophiniques. 
Nous en apporterons d'ailleurs une confirmation 
ultkrieurement. 
Discussion des rdsultats 

Les positions respectives des quatre potentiels 
d'ionisation associCs au systkme bithiCnyl s'in- 
terprktent de f a ~ o n  qualitative par les interac- 
tions mises en jeu entre les paires libres de 1'hCtC- 
roatome central et les combinaisons symitriques 
des orbitales des noyaux thiophkniques. Celles-ci 
sont schCmatisCes sur la fig. 6. 

L'effet de polarisation du pont CH2-X-CH, 
tend a destabiliser les premi6res bandes du 
spectre de f a ~ o n  similaire.' Pour les trois com- 
pods, 1'6cart entre les premier et deuxibme po- 
tentiels d'ionisation en premibre approximation 
permettra d'ivaluer l'angle existant entre les 
deux noyaux thiophiniques. 

Ces Ccarts sont de 0.9, 0.85 et 0.6 eV respec- 
tivement pour l'azCpine, I'oxCpinne et la thiC- 
pinne. 

Si l'on rapproche ces donnCes de celles recueil- 
lies pour le bithiknyl-3,3' (Ccart entre le premier 

'Cet effet varie dans I'ordre NR > S > 0, il peut &tre 
estimt pratiquement ntgligeable dans le cas de l'oxtpinne. 
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X-NR X= 0 X=S 

7- f t 

FIG. 6. Diagramme qualitatif des interactions orbitalaires mises en jeu entre le syst6me bithienyl et 
l'h6teroatome X. 

TABLEAU 2. Potentiels d'ionisation verticaux du bithienyl-3,3' et des derives de type 2 

Composes type 2 

Attributions Symetrie Bithienyl-3,3' X = NC,H, X = 0 X = S 

Ec=c A 8.2 8.15 8 .3  8 . 4  
Zc=c B 9.15 8.9  8 .9  8 .9  
71s A 9.15 8.9  8.9 8.9 
71s B 10.0 10.0 9 .5  9.75 
nx B 7.5 10.0 8 . 4  
ns A 8.9  11.2 11.1 

et le deuxiPme potentiels d'ionisation: approxi- 
mativement 1 eV) prCsentant en phase vapeur un 
angle twist d'environ 30" (6), on remarque que, 
dans le cas de I'azCpine et de I'oxCpinne, les 
Cclatements observCs sont sensiblement du meme 
ordre, quoique un peu plus faibles, ce qui laisse 
prCsumer d'un angle de twist entre les deux no- 
yaux de 30 B 40". Pour la thiCpinne, les faibles 
Cclatements observCs ne s'interprPtent que par 
une rotation plus importante des cycles. 

Dans tous les cas, l'existence privilCgiCe d'une 
forme "semi bateau" du cycle heptagonal ou les 
deux cycles thiophkniques seraient coplanaires 
conduirait une interaction plus forte entre les 
cycles thiophkniques que celle observCe dans le 
bithiCny1-3,3', hypoth&se incompatible avec les 
valeurs expkrimentales observCes. 

sociCe aux bandes suivantes: 

7.5 eV pour I'azCpinne 

10.0 eV pour I'oxCpinne 

Dans le cas de la thiCpinne, la forte intensit6 
de la premiPre bande a 8.4 eV laisse prCsumer du 
recouvrement de deux ionisations. Compte tenu 
de la 1CgPre destabilisation observCe pour les 
paires de l'oxygene et de l'azote comparative- 
ment aux dCrivCs de type 1, il semble bien que 
1'011 puisse attribuer a l'ionisation des Clectrons 
de la paire libre du soufre une valeur aux en- 
virons de 8.4 eV. 

Dans le cas de l'azCpine, la bande correspon- 
dant l'ionisation des Clectrons du cycle ben- 
zCnique (el, antisymktrique) peut &tre attribuCe 
a celle observCe a 8.9 eV, cette bande rCsultant 

ComposCs de type 2 du recouvrement de trois ionisations. 

Les spectres sont report& dans les figs 7, 8 et 9 Discussion des r6sultats 
et les valeurs des potentiels d'ionisation verticaux Comme dans le cas des dCrivCs de type 1, les 
sont rassemblCs dans le tableau 2. Cclatements observes entre les deux premiers po- 

L'ionisation des Clectrons des paires libres des tentiels d'ionisation associCs aux orbitales A, du 
hCtCroatomes du cycle heptagonal peut Etre as- thiophPne suivent le meme classement: NR > 
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MEUNIER ET PFISTER-GUILLOUZO 2871 

FIG. 7. Spectre photo6lectronique du dithikno[3',4'-c; FIG. 9. Spectre photoClectronique du dithikno[3',4'-c; 
3",4"-el 4H, 5 ph6ny1, 6H azkpine. 3",4"-el 4H, 6H thikpinne. 

Les spectres sont reproduits sur les figs 10 et 1 1  
et les valeurs des potentiels d'ionisation sont ras- 
semblCes dans le tableau 3. 

C I S  

ljbF 

On constate pour les deux composCs CtudiCs: 
(i) une destabilisation de toutes les premiires 
bandes du spectre, (ii) une destabilisation plus 
importante (0.5 0.6 eV) de la derniire bande 
associCe aux Clectrons o des atomes de soufre 
thiopheniques. Dans ce cas, on n'observe plus 
un Cpaulement mais une bande bien dCfinie. 

Pour ces deux compods, l'allure des spectres 
et les Cclatements observCs conduisent a con- 
clure & I'existence d'une conformation trks voi- 

6 8 l o  12 14 16 I'PLVI sine de celle existant pour les dCrivCs non m ~ -  

FIG. 8. Spectre photo6lectronique du dithitno[3',4'-c; 
3",4"-el 4H, 6H ox6pinne. 

0 > S. Cet Cclatement est nettement plus faible 
que pour les dCrivCs de type 1 : 0.75, 0.6 et 0.5 eV. 
Les interactions entre les orbitales semi-locali- 
sCes du thiophkne qui sont likes a la position dif- 
fkrente des cycles thiophkniques n; permettent 
pas d'interpriter a elles seules ces donnCes. I1 
semble logique de conclure pour les composCs de 
type 2 a un angle de torsion 1Cgirement plus im- 
portant entre les deux cycles thiophtniques que 
pour les dCrivCs de type 1. Comme prCcCdem- 
ment I'azCpinne et I'oxCpinne auraient un angle 
de torsion voisin tandis que la thiCpinne serait 
sensiblement plus twistCe. 

ComposCs tCtramCthyles 
Afin de complCter cette Ctude, i~ous avons 

examink les spectres des composCs dCrivCs des 
oxCpinnes prCcCdentes et substituCs en a et a' de 
l'oxygkne par deux groupements mCthyles. 

thylCs. Le fait que ces composCs fortement en- 
combres stkriquement prksentent le mEme type 
de conformation que ceux non substituCs est 
cohCrent avec les conclusions que nous avons 

4 
C I S  

FIG. 10. Spectre photo6lectronique du t6tram6thyl- 
4,4,6,6 dithikno[2',3'-c;3",2"-el 4H, 6H ox6pinne. 
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FIG. 11. Spectre phototlectronique du tttramtthyl-4,4,- 
6,6 dithiino[3',4'-c;3",4"-e] 4H, 6 H  oxtpinne. 

TABLEAU 3. Potentiels d'ionisation verticaux des tktramt- 
thyloxkpinnes de type 1 et 2 

Attribution 
Oxtpinne de Oxtpinne de 

Svmktrie t y ~ e  1 type 2 

formulCes prCckdemment quant B l'existence 
d'une forme "croisCe" en phase gazeuse. 

Conclusion 
L'analyse des spectres photoClectroniques des 

diverses dihydrokpinnes 6tudiCes met en Cvidence 
pour tous les composCs une interaction entre les 
deux systbmes thiophkniques plus faible que 
celle observCe dans le cas du bithiknyl-3,3'. Ce 
composk prCsentant d'aprbs les donnCes de dif- 
fraction klectronique un angle de twist d'en- 
viron 30°, il semble raisonnable de proposer pour 
tous les composCs examinks une conformation 
privilCgiCe en phase gazeuse correspondai~t B une 
forme "croisCe". Cette hypoth6se est confirmCe 
par l'examen des spectres d'oxkpinnes substi- 
tuCes par des groupements mkthyles en position 
ma' pour lesquels une forme semi bateau n'est 
pas envisageable compte tenu de l'encombre- 
ment stCrique. 

De f a ~ o n  qualitative on peut estimer que pour 
les composks de type 1 l'angle de torsion entre 
les cycles est sensiblement identique (de l'ordre 
de 30 B 40") pour les dCrivCs azotCs et oxygknCs 
et comparable B celui observk pour le bithiCny1- 

3,3' tandis que cet angle est nettement supkrieur 
pour les dCriv6s sulfurCs. 

Par contre la conformation des dCrivCs pour 
lesquels les thiophbnes sont reliCs par leur chai- 
non (c) prCsente vraisemblablement un angle de 
torsion des cycles supCrieur. 

Conditions expkrimentales 
Les spectres ont t t t  enregistrts sur un spectrophoto- 

mbtre Perkin-Elmer PS 18 muni d'une source B h8ium I 
(584 A, 21.21 eV). L'ttalonnage a tt6 effectui avec les pics 

et 2P3,z du xenon (12.127 et 13.427 eV) et de l'argon 
(15.755 et 15.933 eV). 

Les potentiels d'ionisation thkoriques ont e t t  calcules 
a I'aide de la mtthode CNDO/S (11) dans le cadre du 
theorbme de Koopmans (12). 

Les orbitales d des atomes de soufre n'ont pas kt6 
prises en considkration. 

Les parametres gtomttriques utilists sont ceux dtt tr-  
mints thkoriquement par optimisation knergitique B 
l'aide de la mkthode PCILO (13). 
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Nuclear analogs of p-lactam antibiotics. VII. Synthesis of 2-isocephemsl 
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TERRENCE WILLIAM DOYLE, JAMES LESLIE DOUGLAS, BERNARD BELLEAU, JACQUES MEUNIER, 
and BING-YU LUH. Can. J. Chem. 55,2873 (1977). 

The synthesis of 7-~-phenoxyacetamido-3-methyl-A3-2-isocephem-4-carboxylic acid 14b and 
its corresponding a-sulfoxide 15 and sulfone 17 is described. Treatment of the bismesylates 4a, 
4b, and 10 with hydrogen sulfide triethylamine gave the corresponding 7-13-amino-A3-2-isoce- 
phems 12a-c which were coupled with phenoxyacetic acid to yield the amides 13a-c. Hydro- 
genolysis of 136 and c gave the acids 14a-b which were active as antibiotics. Compound 14b 
was oxidized to its sulfoxide 15 with sodium metaperiodate and to its sulfone 17 with m-chloro- 
perbenzoic acid. Conversion of 13c to its sulfoxide 16b followed by halogenation gave the la -  
chloro sulfoxide 18 which was converted to the acid 19. The stereochemical assignments in the 
2-isocephem series are discussed. 

TERRENCE WILLIAM DOYLE, JAMES LESLIE DOUGLAS, BERNARD BELLEAU, JACQUES MEUNIER 
et BING-YU LUH. Can. J. Chem. 55,2873 (1977). 

On decrit la synth6se de l'acide phenoxyac6tamino-713 methyl-3 A3 isocephem-2 carboxyli- 
que-4 (14b) et de ses sulfoxyde a (15) et sulfone 17 correspondants. La reaction des bis- 
mesylates 4a, 4b et 10 avec le sulfure d'hydrogene dans la triethylamine conduit aux amino-713 
A3 isocephems-2 (12a-c) correspondants qui peuvent reagir avec l'acide phenoxyacetique pour 
produire les amides 13a-c. L'hydrogenolyse de 13b et de 13c fournit les acides 14a-b qui sont 
actifs comme antibiotiques. On a oxydk le compose 14b en sulfoxyde 15 a l'aide du metapkrio- 
date de sodium et en sulfone 17 en faisant appel & l'acide metachloroperbenzoique. La trans- 
formation de 13c en sulfoxyde correspondant 166 suivie par une halogenation donne le chloro- 
l a  sulfoxyde 18 qui peut dtre transforme en acide 19. On discute des attributions stereochimi- 
ques dans la skrie des isockphems-2. 

[Traduit par le journal] 

In our earlier communications the synthesis of 
a number of 0-Zisocephems and N-Zisocephems 
were described (1, 2). We now wish to describe 
the synthesis of the 2-isocephem system as well 
as its sulfoxide and sulfone (Fig. 1, X = S, SO, 

To date there has been only one report of a 
synthesis of the 2-isocephem system by-~runwin 
and Lowe (4). They have described the synthesis 
of the 7-a-methyl-7-P-phenylacetamido-2-isoce- 
phem-4-carboxylic acid 1 (R, = +CH,, R2 = 
CH,, R, = H, Y = CH,, X = S). This mate- 
rial was reported to be devoid of antibiotic ac- 

'For part VI of this series see ref. 1. 
'Authors to whom correspondence concerning this 

paper may be addressed. 
3Present address: Bristol Laboratories, P.O. Box 657, 

Syracuse, NY 13201. 
4For an explanation of the trivial nomenclature used in 

this series of papers see ref. 2. Alternatively the nomen- 
clature suggested by Bose might be used. Under such 
nomenclature the A3-2-isocephem system would be named 
as a 2-thia-3-octem (3). 

C02H 

FIGURE 1 

tivity, which result was not surprising in view of 
the fact that substitution of the 6 position in 
penicillins or the 7 position in cephalosporins by 
a methyl group results in extensive loss of ac- 
tivity (5). In addition Woodward and co-workers 
have reported the syntheses of a number of ce- 
phalosporins containing disulfide linkages (1, 
X = Y = S) in which biological activity has 
been retained (6). 

Our approach to these compounds is an ex- 
tension of our synthesis of the 0-Zisocephem 
system which we have reported earlier (2b). The 
key intermediates in our synthesis were the bis- 
mesylates 4a, 4b, and 10. Compounds 4b and 10 
were prepared in the same manner as 4a (1) 
(Scheme 1). Thus treatment of 2a (2b) with p- 
nitrobenzyl chloroformate followed by heating 
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gave the ester 2b in 85% yield. Hydrolysis of the 
acetal function using 95% trifluoroacetic acid 
gave the en01 3 in 36% yield. Treatment of the 
en01 3 with methane sulfonyl chloride and base 
gave the desired bismesylate 4b in 93% yield. 

The synthesis of 10 was carried out as follows. 
Treatment of the acid 5a (2b) with p-nitrobenzyl 
chloroformate followed by heating as in the 
preparation of 2b gave the ester 5b in quantita- 
tive yield. Ozonolysis of 5b followed by decompo- 
sition of the ozonide with dimethyl sulfide gave 
the aldehyde 6 in 41% yield when isolated. Gen- 
erally the crude aldehyde was directly reduced 
with sodium borohydride in tetrahydrof~~ran at 
low temperature to give 7. The crude alcohol 
was converted to its mesylate 8 which was iso- 
lated as a solid in 36% overall yield from 5a. 
Hydrolysis of 8 with trifluoroacetic acid (95%) 
gave the en01 9 in quantitative yield. Finally 
treatment of 9 with methane sulfonyl chloride - 
triethylamine gave the desired bismesylate 10 as 
an oil (85%). 

Our initial experiment on the ring closure of 
bismesylate to 2-isocephem was carried out on 
40. Treatment of 4a with potassium acid sulfide 
in dimethyl sulfoxide gave l l a  in 44% yield as a 
crystalline solid. The structure of l l a  was indi- 
cated by its ir, nmr, and uv spectra as well as its 
correct elemental analysis. The nmr spectrum of 

l l a  in CDCl, was deceptively simple (Table 1) 
showing a simple doublet of triplets for the C,  
proton and a doublet for the C, protons. When 
the spectrum was recorded in either deuterodi- 
methyl sulfoxide or deuterobenzene the more 
complex ABX spectrum for these three protons 
was observed. An analysis of the coupling con- 
stants for the C,, C,, and C, protons of l l a  per- 
mits one to assign each proton as well as to de- 
termine the conformation of l l a  in solution. An 
examination of Dreiding models of the 2-isoce- 
phem system showed that l l a  could exist in 
either of two possible conformations A or B 
(Fig. 2). The coupling constants of HI,-H, and 
Hip-H, are 3.5 and 9.5 Hz, respectively, in 
(C,D,). Conformer A is the only conformer con- 
sistent with this observation. In addition the 1 
Hz long range coupling constant between H, 
and Hi, confirms this assignment, these protons 
being properly aligned in the W configuration in 
this particular conformation (7). This assign- 
ment is in accord with that reached in the 0-2- 
isocephem and N-2-isocephem systems (1, 2b). 
The uv spectrum of l l a  showed a band at 303 nm 
with an extinction coefficient of 13 400. This is in 
contrast to the value of 296 nm with an extinc- 
tion coefficient of 4300 reported by Lowe (3) for 
his 2-isocephem 1  (Fig. 1, X = S, Y = CH,, 
R, = +CH,, R, = Me, R, = H). It is apparent 
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TABLE 1. Nuclear magnetic resonance spectraa 

Aromatic 
and vinyl 

Compd. protons CH3 Other 

5.03(s) 3.04(s) 3.60(m, 5H, CHCOzR and 
3.08(s) CH2Me) 
1.14(t, J = 7.0) 4.5(m, 4H, CHCHzMes 
1.20(t, J = 7.0) CH(0Et)z) 

5.23(m) 3.0(s) 4.40(m, CH-CH,OMes, 3H) 

4.82(m, 2H) 5.20(~) 1.52(~) 4.34, 4.66(~, CHCOzR) 
5.35(s) 3.96, 3.98(s, 4H, ketal) 

4.75(s, CHCOzR) 
3.88(m, 4H, ketal) 
9.66(d, lH,  CHO) J = 4 

3.90(m, 4H, ketal) 
4.4-5.0(m, 6H, CH20H, 

CHC02R, azetidinone 
protons) 

3.90(4H, m, ketal) 
4.65(s, lH, CH-C02R) 
4.50(m, 3H, CHCHZ-OMes) 

4.40(m, 2H, CH2-OMes) 
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TABLE 1 (Continued) 

% 
Aromatic .l m 
and vinyl 

Compd. protons ArCHZ - CH3 Other 

l l a  

l lac 

l lad 

1lbC 

12a 

12c 

13a" 

13b 

13c 

14a" 

2.25(s) 1.67(bs, 2H, NH2) 
3.17(dd, IH, Jl = 9.0, 

J2 = 12.0) 
2.90(dd, IH, Jl = 4.5, 

J, = 12.0) 

4.55(s, 2H, $OCH,-) 
3.15(m, 2H) 
8.77(d, IH, NH, J = 9.0) 

2.90(m, 2H, CH,-S) 
4.47(s, 2H, $OCH,) C
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that the material obtained by these workers can- 
not have been of much greater than 33% purity 
inasmuch as it is highly unlikely that substitution 
of the 7a-proton by methyl would produce such 
a difference in the extinction coefficient for the 
two compounds. The values for the extinction 
coefficients for all 2-isocephems prepared in this 
work ranged from 11 400 to 15 000. 

Reduction of the azido function lla was ac- 
complished using hydrogen sulfi de - triethyl- 
amine to give 12a in 77% yield. The amine was 
coupled to phenoxyacetic acid using N-ethoxy- 
carbonyl-2-ethoxy- l,2-dihydroquinoline (EEDQ) 
(8) to give 13a (78%). Attempted conversion of 
the ester to the desired acid 14a by hydrogenoly- 
sis failed due to poisoning of the catalyst. Ac- 
cordingly it was decided to prepare 14a via the 
p-nitrobenzyl ester. 

Treatment of 4b with hydrogen sulfide and 2.2 
equiv. of triethylamine followed by immediate 
work-up gave the desired 2-isocephem llb in 
55.5% yield. Reduction of llb with triethyl- 
amine - hydrogen sulfide gave the amine 12b in 
quantitative yield. Coupling of 12b and phenoxy- 
acetic acid with EEDQ proceeded in 64% yield 
to give 13b. The preparation of the 3-methyl sub- 
stituted 2-isocephem was carried out similarly. 
Thus treatment of the bismesylate 10 with hydro- 
gen sulfide - triethylamine for an extended peri- 
od (45 min vs. 10 min) accomplished both the 
ring closure and azide reduction in one step 
giving the amine 12c in 77% yield from 10. The 
conversion of the amine 12c to its phenoxyacet- 
amide was carried out in the usual fashion to 
give 13c in 74% yield. 

Hydrogenolysis of 13b over palladium-on- 
carbon gave the desired acid 14a in 40.5% yield. 
Similarly hydrogenolysis of 13c gave 14b in 70% 
yield. The structures of 14a and 14b were estab- 
lished by their mode of synthesis, elemental 
analyses, and spectral properties. Both 14a and 
14b exhibited significant antibiotic activity. 

Treatment of 14b with 1 equiv. of sodium me- 
taperiodate gave the sulfoxide 15 in 77% yield as 
a single isomer. Alternatively 15 could be pre- 

pared by conversion of 13c to its sulfoxide 16b 
using m-chloroperbenzoic acid followed by re- 
duction of 16b to 15 on 10% palladium-on-car- 
bon. The overall yield of 15 from 13c was 84%. 
The material was identical in all respects with 
that obtained from 14b, thus indicating the 
stereochemistry of the sulfoxide to be the same 
in each case. Treatment of 14b with an excess of 
m-chloroperbenzoic acid gave the sulfone 17 in 
25% yield. 

Chlorination of the sulfoxide 16b using tert- 
butyl hypochlorite gave the monochloro deriva- 
tive 18 as a single isomer in 67% yield. Com- 
pound 18 was converted to the acid by hydro- 
genolysis over 10% palladium-on-charcoal. Thus 
19 was prepared in 56% yield. 

Inasmuch as only a single sulfoxide isomer 
was produced in the oxidations of 14b to 15, 13a 
to 16a, and 13c to 16b the assignment of con- 
figuration to these compounds (15, 16a, 16b) 
rests upon the assumption that oxidation of the 
sulfur should occur from the least hindered face 
of the molecule thus producing the a-sulfoxide 
in each instance. Unfortunately the nmr spectra 
of compounds 15, 16a, 16b did little to resolve 
the question of their stereochemistry although 
the down field shift of the C6 proton was sug- 
gestive of the formation of an a-sulfoxide with 
the pseudoaxial configuration (Fig. 3). 

In order to help resolve this question the oxi- 
dation of lla to its sulfoxide 20 was carried out. 
Treatment of lla with 1 equiv. of m-chloroper- 
benzoic acid gave 20 in 74% yield as a single 
isomer. Prolonged treatment of lla with an ex- 
cess of m-chloroperbenzoic acid gave the sulfone 
21 in 86% yield. Several attempts to convert 20 
to 16a via the amine 22 failed. 

A comparison of the nmr spectra of com- 
pounds lla, 20, and 21 permits the configura- 
tional assignment to 20 to be made and by in- 
ference to 15, 16a and 16b. In the nmr spectrum 
of 20 a down field shift of 0.35 ppm for the C6 
proton was observed typical of the shift usually 
observed for a proton syn-axial to an axial sulf- 
oxide group (9). Conversion of 20 to 21 results 
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DOYLE ET AL. 

H H ?S02CH3 H I !  I? H 

~ O ~ R ~  C O ~ R L  C02RL 
11 12 

4rr R  = H  R1 = B z  o R = H  R 1 = B z  (I R  = H  R' = $CHI 
4 b R = H  R 1 = p - N B z  b R = H  R 1 = p - N B z  h R = H  R 1 = p - N B z  

10 R = CH, R1 =p-NBz c R  = Me R1 = p-NBz 

in no shift of the C, proton. From the coupling oxide configuration is assigned to 20. This is 
constants for the C,, and Clp protons to the C, also borne out by the size of the geminal coupling 
proton both l l a  and 20 are in the same confor- constant for C,, and Clp protons in 20 vs. l la .  
malion as shown for 20 in Fig. 3. Thus based on In compound l l a  Jgem = 12.5 Hz while in 20 
the down field shift of the C, proton the a-sulf- Jgem = 14.5 Hz. The increased J,,, is diagnostic 
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of an axial sulfoxide (10) although in the ab- 
sence of the p-isomer this assignment must be 
viewed cautiously. 

The stereochemical assignment to the a-chlo- 
rosulfoxide 18 is uncertain. Recent reports on 
the stereochemistry of a-halogenation of sulf- 
oxides (11) and the mechanism of the reaction 
suggest that the chlorination of 17 probably 
proceeds via the intermediates 23 (Scheme 4) and 
24. A priori one would expect attack of the chlo- 
ride ion on 24 to proceed from the less hindered 
a face to  give the a-chloro sulfoxide. The nmr 
spectrum of 18 is in accord with this expectation, 
there being an - 1.5 Hz coupling constant be- 
tween the proton a to chlorine and the C,  pro- 
ton. The only isomer in which such a small 
coupling is to be expected is the a-chloro isomer 
in the conformation shown. 

IHR 

While the configuration of the a-chloro group 
may be thus assigned that of the sulfoxide is less 
certain. a-Halogenation has been shown to 
involve both retention and inversion of con- 
figuration at sulfur depending on the nature of 
the sulfoxide and the halogenating agent (11). 
Spry has reported that a-chlorination of the P- 
sulfoxide 25 proceeded with retention of con- 
figuration at sulfur although no details of the 
stereochemical assignment were given (12). In- 
asmuch as this chlorination of 25 probably pro- 
ceeds via an intermediate 26 similar to 24, by 

analogy the conversion of 16b to  18 may well 
involve retention at sulfur (Fig. 4). 

Experimental 
The infrared spectra were recorded on a Unicam SP- 

200G grating, ir spectrometer. The nmr spectra were de- 
termined on a Varian A60-A spectrometer using tetra- 
methylsilane as an internal standard. Melting points are 
uncorrected and were determined on a Gallenkamp melt- 
ing point apparatus. The analyses were performed by 
Micro-Tech Laboratories, Skokie, IL. 

Preparation of 46 
To a solution of 23.0 g crude acid 2a in 150 ml CH2C12 

at 0-5°C was added 15.4 gp-nitrobenzylchloroformate. A 
solution of 8.5 ml triethylamine in 50 ml CHZCl, was 
added dropwise. Vigorous gas evolution and darkening of 
the solution was observed. The solution was refluxed 15 
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min and diluted to 300 ml with ether. The solution was 
washed with 10% HCI (2 x 50 ml), 1% NaOH (1 x 50 
ml), and brine (100 ml), dried over Na2S04, and filtered 
through a pad of activity 3 alumina (- 50 g). The filtrate 
was evaporated to give 26.6 g of crudep-nitrobenzyl ester 
2b. 

The crudep-nitrobenzyl ester 26 was taken up in 100 ml 
of 95% TFA and evaporated to dryness at 50°C under 
vacuum (rotary evaporator). This procedure was repeated 
once and the residual oil taken up in CH2C12. The solu- 
tion was washed with brine (3 x 100rn1), dried over 
Na2S04, filtered, and evaporated. The residual oil was 
taken up in ether and extracted with 1% NaOH. The 
aqueous fractions were acidified and extracted into 
ether - methylene chloride (3 x 100 ml). The extracts 
were dried over Na2S04, filtered, and evaporated to give 
8.0 g of en01 3; uv (EtOH) A,,, 238 (e 9900). 

To a solution of 6.5 g (14.7 mmol) of 3 and 224 ml tri- 
ethylamine in 75 ml CH2CI2 was added 1.25 ml methane- 
sulfonyl chloride in 10 ml CHZC12 at 0-5°C. The solution 
was stirred at 0-5°C for 30 min, washed with 10% HCI, 
saturated NaHCO,, and brine, dried over NaZS04, fil- 
tered, and evaporated to yield 7.08 g (93%) of 4b. The 
nmr and ir spectra of 46 were compatible with the as- 
signed structure (as a mixture of geometrical isomers). 
The oil was used without further purification in the next 
step. 

Preparation of 20 
A solution of the acid 5a (89.5 g, 0.25 mol) and tri- 

ethylamine (27.8 g, 0.275 mol) in 1.35 ! of CH2C12 was 
placed in a 2 ! flask equipped with magnetic stirrer, a ni- 
trogen inlet, and a dropping funnel. A solution of p-ni- 
trobenzylchloroformate (59.3 g, 0.275 mol) in 275 ml of 
CHZCl2 was added slowly while the reaction mixture was 
maintained at 0-5". After completion of the addition, the 
reaction mixture was maintained at 25°C for 30min, 
then heated under reflux until gas evolution ceased (45 
min). The resulting solution was washed with brine, 10% 
HCI (2 x 500ml), and brine, then dried (Na2S04) and 
evaporated in vacuo (35°C) to  give ester 56 as an orange 
oil, 123 g (100%) which was used in subsequent reactions 
without purification. 

A solution of compound 5b (123 g, 0.25 mol) in 1.7 ! 
of CH2C12 was cooled to -78°C and ozone passed 
through until a blue color persisted (3 h). The excess 
ozone was flushed out with nitrogen. Dimethyl sulfide 
(100 ml) was added over 30 min to the solution at -78"C, 
which was then allowed to come to 25°C over 1 h. The 
solution was evaporated in vacuo and the residue redis- 
solved in 1.7 ! of CH2CIz. This solution was washed with 
brine (2 x) ,  dried (Na2S04), filtered through a pad of 
alumina (500 g, grade 111), and evaporated in vacuo. The 
final evaporation was done at 4045°C and 0.3 Torr for 
24 h. The resulting oil, 93.3 g, was shown by nmr to be 
approximately 35% benzaldehyde and 65% aldehyde 6 
(rnol%). The oil was triturated with cold ether and the 
resulting solid was collected by filtration to give 42.5 g of 
6 as a white solid, mp 143-146°C; ir (neat) 1785, 1735 
cm-'. Anal. calcd. for Cl7H,,N5O8: C 48.69, H 4.09, N 
16.70; found: C 48.71, H 4.16, N 16.52. 

The crude aldehyde was generally used as such in sub- 
sequent reactions. 

Sodium borohydride (4.2 g, 0.111 mol) was added in 
three portions to a stirred solution of crude aldehyde 6 
(93.3 g, 0.222 mol) in 775 ml of THF at -5 to - 10°C. 

The reaction was maintained at - 5 to - 10°C for 2 h, 
then acidified to pH 3 with 10% HC1, saturated with 
NaCI, and evaporated in vacuo (35°C). The resulting 
residue was mixed with 500 ml of brine and extracted 
(3 x 400ml) with CH2CI2. The extracts were dried 
(Na2S04), filtered through a pad of alumina (500 g, grade 
111), and evaporated in vacuo to give a yellow oil, 80.0 g. 
The nmr and ir spectra of this oil were consistent with the 
major portion of the oil being the desired alcohol 7 plus 
some impurities, including benzyl alcohol. 

A solution of 80.0 g (0.19 mol) of alcohol 7 and 30.7 g 
(0.304 ml) of triethylamine in 825 ml of CH2C12 was 
cooled to 0°C and a solution of methane - sulfonyl chlo- 
ride (32.6 g, 0.285 mol) in 240 ml of CH2C12 was added 
over 45 min. The reaction mixture was stirred at 25°C for 
5 h, then washed with brine (3 x 500 ml) and 10% HCI 
(3 x 500 ml). The resulting solution was dried (Na2S04) 
and evaporated in vacuo to a red oil. The oil was crystal- 
lized from benzene-ether to give pure mesylate 8 as a 
colorless solid, 44.5 g, mp 133-136°C. The overall yield 
from 5a to 8 was 36%; ir (Nujol mull) 2110, 1775, 1742 
cm-'. Anal. calcd. for CI8H~1N5o10S: C 43.29, H 4.24, 
N 14.02, S 6.42; found: C42.85, H 4.38, N 14.24, S 6.35. 

A solution of ketal 8 (43.4 g, 87 mmol), trifluoroacetic 
acid (380 ml), and water (20 ml) was left at 25°C for 2.5 h, 
then evaporated in vacuo at 35°C. The residue was mixed 
with 400 ml of brine and extracted (3 x 200ml) with 
CH2C12. The organic extract was washed (2 x 100 ml) 
with brine, dried (Na2S04), and evaporated in vacuo to 
give the en01 9 as a yellow oil, 44.8 g; ir (neat) 2110,1785, 
1755, 1660, 1605 cm-'. 

A solution of en01 9 (32.0 g, 74 mmol) and methane- 
sulfonyl chloride (9.32 g, 81.4 mmol) in 950 ml of CH2C12 
was added over 1 h. The reaction mixture was stirred 
another 1 h at O°C, then washed with brine (2 x 500 ml), 
10% HCI (2 x 500 ml), and brine (500 ml). The solution 
was dried (Na2S04), filtered through a pad of alumina 
(200 g, grade 111), and evaporated in vacuo (35'C) to give 
the dimesylate 10 as an orange oil, 33.45 g; ir (neat) 2110, 
1780, 1735, 1645, 1610 cm-'. 

Benzyl 7-P-Azido-A3-2-isocephem-4-carboxylate l l a  
To a solution of 497.5 mg (1.05 mmol) of compound 

4a in 9 ml dry DMSO at 25°C was added a solution of 
160 mg (2.10 mmol) potassium acid sulfide in 5 ml 
DMSO in a dropwise fashion. As each drop was added a 
transient green color was observed. After approximately 
50% of the KSH solution had been added, the green color 
faded to yellow (rather than colorless as previously ob- 
served). Addition was stopped and the solution was 
stirred 5 min. The solution was poured into 50 ml of brine 
to which 10 ml 10% HCI had been added. The solution 
was extracted with CH2C12-Et20, the extracts washed 
with water (3 x 50 ml) and brine (1 x 25 ml), dried over 
Na2S04, filtered, and evaporated to yield 255 mg par- 
tially crystalline oil. The oil was passed through 2 g silica 
gel with CH2C12 and evaporated. Trituration with ether 
(5 ml) and filtration gave 145 mg of l l a ,  mp 97°C; ir 
(CHC13): 2110, 1782, 1715, 1580cm-'; uv (EtOH) h,,, 
303 (e 13 400). Anal. calcd. for CI4H1ZN4O3S: C 53.15, 
H 3.82, N 17.71; found: C 53.19, H 3.75, N 17.94. 

p-Nitrobenzyl 7-P-Azido-A3-2-isocephem-4-carboxylaie 
1lb 

Into a solution of 2.90 g (5.6 mmol) bismesylate 4b in 
50 ml CH2CI2 was b~~bbled H2S gas for 3 min. To this 
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was added 1.35 g (13.3 mmol) triethylamine in 10 ml 
CH2C12 dropwise over 10 min. The solution was purged 
with a stream of N2 and washed with 10% HCI, NaHCO,, 
and brine. The solution was dried over Na2S04 and con- 
centrated. Trituration of the oil with CH2C12 induced 
crystallization. Filtration gave 1.12 g (55.5%) crystalline 
l l b ,  mp 187.5-188.5"C; uv (EtOH) h,,, 303 (E 14 970); ir 
(CHCI,): 2110, 1782, 1720, 1608, 1573, 1525 cm-'. Anal. 
calcd. for C14HllN505S: C 46.53, H 3.07, N 19.38, S 
8.87; found: C 46.69, H 3.07, N 19.65, S 9.18. 

Benzyl 7-b-Amino-A3-2-isocephem-4-carboxylate 12a 
To a solution of 316 mg (1 mmol) of l l a  in 20 ml 

methylene chloride was added 101 mg (1 mmol) triethyl- 
amine. A stream of hydrogen sulfide was passed through 
the solution for 3 min and the solution was let stand 1 h 
at 25°C. The solvent was evaporated at reduced pressure 
and the residue was partitioned between 10% hydro- 
chloric acid and ether. The aqueous layer was neutralized 
using sodium bicarbonate and extracted with methylene 
chloride. The extracts were dried over sodium sulfate and 
evaporated to yield 223 mg (77%) of 12a, mp 1 19-12O0C, 
recrystallized from benzene; ir (CHCI,): 3400, 1770, 
1715, 1577 cm-'; uv (EtOH) h,,, 305 (E 14 060). Anal. 
calcd. for C14H14N203S: C 57.91, H 4.86, N 9.65, S 
11.04; found: C 58.32, H 4.81, N 9.70, S 11.17. 

Reduction of 525 mg (1.45 mmol) of l l b  in methylene 
chloride using triethylamine - hydrogen sulfide as in the 
above example gave 486 mg (100%) of 126, mp 181.5- 
183°C recrystallized from acetonitrile-ether; ir (CHCI,): 
1775, 1720, 1610, 1580, 1530 cm-'; uv (EtOH) h,,, 301 
(E 15 200). Anal. calcd. for C14H13N305S: C 50.14, H 
3.91, N 12.53, S 9.56; found: C 49.85, H 3.85, N 12.67, 
S 9.59. 

p-Nitvobenzyl 3-Methyl-7-b-aminod3-2-isocephem-4- 
carboxylate 12c 

Hydrogen sulfide was passed into a solution of dimesyl- 
ate 10 (4.4 g, 8.24 mmol) in 90 ml of CHzC12 at 0-5°C for 
15 min. With the temperature maintained at 0-5"C, a 
solution of triethylamine (2.5 g, 24.7 nimol) in 50 ml of 
CH2C12 was added over 10 min. The reaction mixture 
was stirred at 25°C for 45 min. The resulting solution was 
washed with brine (2 x 100ml), dried (Na2S04), 
treated with charcoal, and evaporated in vacuo to give a 
yellow oil. The oil was dissolved in a minimum volume of 
CH2C12 (an insoluble gum was removed by filtration) and 
saturated with HCI (gas). Ether was added to near opal- 
escence and the solution was cooled to 0°C. The hydro- 
chloride salt of 12c was obtained as a pale yellow solid, 
2.5 g (77x1, mp 194-195°C (dec.). The amine 12c was 
stored as its HCl salt; the free base was prepared as fol- 
lows. The salt was suspended in water, NaHC0, added 
until basic, and the mixture extracted (3 x )  with CH2C1,. 
The extracts were dried, treated with charcoal, and evap- 
orated in vacuo to  give the free base 12c as a pale yellow 
foam; ir (Nujol mull on HCl salt): 1782, 1695, 1610, 
1580,1530 cm-'. Anal. calcd. for Cl5Hl5N3O5S.HC1: C 
46.70, H 4.18, N 10.89, C1 9.19, S 8.31; found: C 46.50, 
H 4.20, N 10.85, CI 9.08, S 8.18. 

Benzyl 7-b-(Phenoxyacetamido)-A3-2-isocephem-4- 
carboxylate 13a 

To a solution of 223 mg (0.77 mmol) of 12a in 25 ml 

methylene chloride was added 123 nig (0.81 mmol) phe- 
noxyacetic acid followed by 200 mg (0.81 n~mol) EEDQ. 
The solution was let stand 18 h at 25°C and washed with 
10% hydrochloric acid, 5% sodium bicarbonate, water, 
and brine. After drying over sodium sulfate, the extracts 
were evaporated and the residual oil triturated with ether- 
chloroform. There was obtained 254.5 mg (78%) of 13a, 
mp 184-185°C with decomposition; ir (CHCI,): 3430, 
3350, 1770, 1712, 1690, 1601, 1590, 1575, 1530, 1500 
cm-'; uv (EtOH) h,,, 303 (E 12 850). Anal. calcd. for 
C22H20N205S: C 62.26, H 4.75, N 6.60, S 7.55; found: 
C62.32,H4.98,N6.63,S7.50. 

p-Nitvobenzyl7-8- (Phenoxyacetamido) -A3-2-isocephem-4- 
cavboxylate 13b 

The coupling of 335 mg (1 mmol) of 12b with phenoxy- 
acetic acid using EEDQ as in the above example gave 
295.7 mg (64%) of 13b, mp 180°C after recrystallization 
from benzene; ir (CHCI,): 3420, 1778, 1720, 1692, 1598, 
1573, 1523, 1492 cm-'; uv (EtOH) h,,, 302.5 (E 15 060). 
Anal. calcd. for Cz2HI,N3O7S: C 56.28, H 4.07, N 8.95, 
S6.83;found: C55.93,H4.06,N9.05,S6.62. 

p-Nitvobenzyl 3-Methyl-7-b-(phenoxyacetamido)-A3-2- 
isocephem-4-cavboxylate 13c 

Treatment of 4.0 g (1 1.4 mmol) of 12c with phenoxy- 
acetic acid and EEDQ as in the above example gave after 
work-up 13c as a foam. The foam was recrystallized from 
benzene to yield 4.75 g (74%) of 13c as a beige solid; ir 
(Nujol mull): 3340, 3310, 1755, 1715, 1680, 1600, 1590, 
1575 cm-'. Anal. calcd. for C2,H2,N307S: C 57.14, H 
4.38, N 8.69; found: C 57.46, H 4.44, N 8.20. 

7 4 -  (Phenoxyacetamido) -A3-2-isocephem-4-cavboxylic 
Acid 14a 

Compound 136 (469 mg, 0.001 mol) in 2 ml D M F  and 
20 ml methanol (to which 5 drops 10% HC1 had been 
added) were stirred with 700 mg of 10% Pd/C at atmos- 
pheric pressure and ambient temperature (20°C) under 
hydrogen. Rapid uptake of 3 equiv. of hydrogen was ob- 
served (35 min). The uptake of the fourth equivalent of 
hydrogen required an additional 2 h. The suspension was 
filtered through Celite (filter cake washed with CH2C12) 
and the filtrate evaporated. The residue was taken up in 
50 ml CH2C12 and the filtrate evaporated. The solution 
was dried over Na2S04 and filtered. The filtrate was 
evaporated to give a yellow solid. Trituration with 5 ml 
ether and filtration gave 135 mg (40.5%) of 14a, mp 209- 
210°C with decomposition (after recrystallization from 
acetone-ether); ir (KBr disc): 2400-3600, 3340, 1770, 
1750, 1665, 1575 cm-'; uv (EtOH) h,,, 298 (E 12 750). 
Anal. calcd. for C15H14N20,S: C 53.87, H 4.22, N 8.37, 
S 9.59; found: C 53.43, H 4.23, N 8.45, S 9.38. 

3-Methyl-7-a- (Phenoxyacetamido) -A3-2-isocephem-4- 
carboxylic Acid 14b 

A solution of 13c (2.0 g, 3.57 mmol) in dioxane (50 ml) 
and methanol (25 ml) containing 1.0 g of 10% palladium- 
on-charcoal was hydrogenated on a Parr shaker at 25°C 
and 50 psi for 3 h. The catalyst was filtered off and the 
solution evaporated to dryness in vacuo. The residue was 
dissolved in ethyl acetate (EtOAc) and washed with 10% 
HC1 (3 x ), then with brine. The aqueous layers were ex- 
tracted (2 x ) with EtOAc and each extract washed with 
brine. The combined organic layers were treated with 
charcoal and evaporated in vacuo to a solid. The solid was 
dissolved in very dilute NaHC0, containing slightly more 
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than 1 equiv. of base. This aqueous solution was washed brine, dried, and evaporated in vacuo to give 149 mg 
with EtOAc, acidified to p H  2 with 10% HCI, and ex- (84%) of 15, the ir and nmr spectra of which were identi- 
tracted 2 x with EtOAc. The organic solution was dried cal with the sample prepared from 146. 
(Na2S04) and evaporated in vacio to give the acid 146 as 
an off-white solid, 865 mg (70% yield). The product could 
be recrystallized from EtOAc, mp 219-220°C; ir (Nujol 
mull): 3340, 1755(s), 1745, 1705, 1660, 1590 cm-'; uv 
(MeOH) h,,, 294 (E 11 400). Anal. calcd. for C16H16N2- 
O5S: C 55.16, H 4.63, N 8.04, S 9.20; found: C 55.03, H 
4.62, N 7.98, S 9.07. 

Benzyl2-Oxido-7-P- (Phenoxyacetamido) -A3-2- 
isocephem-4-carboxylate 16a 

To a solution of 215 mg (0.51 mmol) of 13a in 15 ml of 
methylene chloride was added 107 mg (-0.51 mmol) of 
m-chloroperbenzoic acid in 5 ml methylene chloride at 
0-5°C over 15 min. The solution was stirred 15 min at 
25°C and washed with 5% sodium bicarbonate solution. 
The solution was dried over sodium sulfate and concen- 
trated to yield a semisolid which crystallized on tritura- 
tion with ether to give 157.0 mg (70%) of 16a, mp 203- 
204°C; ir (CHCI,): 3410, 1795, 1735, 1695, 1609, 1595, 
1520,1495 cm-'. Anal. calcd. for C22HzoNz06S: C 59.98, 
H 4.58, N 6.36, S 7.27; found: C 59.91, H 4.40, N 6.44, S 
7.05. 

p-Nitrobenzyl2-Oxido-3-methyl-7-P- (phenoxyacetamido) - 
A3-2-isocephem-4-carboxylate 16b 

A solution of m-chloroperbenzoic acid (103 mg, con- 
taining 0.505 mmol) in 11 ml of CH2CI2 was added over 
75 rnin to a stirred solution of 13b (280 mg, 0.50 mmol) in 
11 ml of CH2CI2 at P C .  After a further 15 min at O°C, the 
solution was washed (3 x )  with 10% NaHCO, containing 
several drops of Na,C03, dried, and evaporated in vacuo 
to give the sulfoxide 16b as a colorless foam, 281 mg. 

2-Oxido-3-methyl-7- P- (phenoxyacetamido) -A3-2- 
isocephem-4-carboxylic Acid 15 

From 14b 
The isocephem 14b (454 mg, 1.30 mmol), 45 ml of 

water, NaHC03 (1 10 mg, 1.31 mmol), and sodium meta- 
periodate (280 mg, 1.30 mmol) were stirred together at 
25°C for 24 h. The resulting solution was saturated with 
NaCl and 10% HCI added until p H  2 reached. This mix- 
ture was extracted (3 x )  with EtOAc containing some 
MeOH. The combined extracts were washed with brine, 
dried, and evaporated in vacuo to give the sulfoxide 15, 
363 mg (77% yield), as a beige solid. Recrystallization 
from EtOAc-MeOH gave a colorless solid, mp 229- 
232°C (dec.); ir (Nujol mull): 3360, 3310, 1775, 1720, 
1635,1600,1595,1545, 1495 cm-'; uv (MeOH) A,,, 270, 
275 (E 9100). Anal. calcd. for Ci6H16Nz06S: C 52.75, H 
4.43, N 7.69, S 8.80; found: C 52.65, H 4.45, N 7.64, S 
8.60. 

From 166 
A mixture containing the sulfoxide ester 16b (280 mg, 

0.485 mmol), THF (28 ml), dioxane (14 ml), MeOH 
(2.8 ml), and 10% palladium-on-charcoal was hydrogen- 
ated on a Parr shaker at 25°C and 50 psi for 4 h. Thecata- 
lyst was filtered off and the solution evaporated in vacuo. 
The residue was mixed with EtOAc and + ml of 10% HCI 
and enough MeOH added to make a nearly homogeneous 
solution. The filtered solution was extracted (2 x 20 ml) 
with 1% NaHC03. The aqueous layer was acidified with 
10% HCI, saturated with NaCI, and extracted (2 x )  with 
EtOAc/MeOH. The organic layers were washed with 

. . .  

2,2- Dioxo-3-methyl-7-P- (phenoxyacetamido) -A3-2- 
isocephem-4-carboxylic Acid 17  

A solution of m-chloroperbenzoic acid (542 mg, con- 
taining 2.66 mmol) in 5 ml of EtOAc was added to a 
slurry of isocephem 146 (440 mg, 1.26 mmol) in 44 ml of 
EtOAc. The mixture was stirred at 25°C for 40 h, then 
evaporated to dryness under a nitrogen stream. The re- 
sulting solid was triturated with small volumes of EtOAc 
several times, then recrystallized from EtOAc-MeOH 
(3 x ) to give the sulfone 17 as a colorless solid, mp 203- 
204°C (dec.), 118 mg (25% yield); ir (Nujol mull): 3380, 
2400-3600, 1795, 1735, 1665, 1620, 1600, 1590, 1520, 
1495 cm-'; uv (MeOH) h,,, 267 (E 11 100). Anal. calcd. 
for Cl6Hl6NZO7S: C 50.53, H 4.24, N 7.37, S 8.43; 
found: C 50.38, H 4.25, N 7.38, S 8.60. 

p-Nitrobenzyl I-a-Chloro-2-oxido-3-methyl-7- 
p (phenoxyacetamido) -A3-2-isocephem-4-carboxylate 
18 

To a slurry of sulfoxide 16b (889 mg, 1.78 mrnol) and 
potassium acetate (465 mg, 4.74 mmol) in 70 ml of 
CH2C12 at P C  was added a solution of tert-butyl hypo- 
chlorite (0.213 ml, 1.92 mmol) in 4 ml of CH2C12. The 
mixture was stirred at 0°C for 3.5 h. Water (70 ml) was 
added and the mixture shaken and separated. The water 
was extracted with more CH2C12 and the combined or- 
ganic layers were washed with brine, dried (Na2S04), and 
evaporated in vacuo to give a yellow oil. A CHCI3 solu- 
tion of the oil deposited crystals on standing 24 h. The 
mother liquors were chromatographed on silica (15% 
water) with CHCI,, the second fraction giving desired 
product and the third fraction, starting material. Total 
yield of chlorosulfoxide 18 was 635 mg (67%). The prod- 
uct could be recrystallized from CHCI, to give material 
with mp 182-184°C (dec.); ir (Nujol mull): 3330, 1780, 
1733, 1675 cm-'. Anal. calcd. for C23H20C1N30~S: C 
51.74, H 3.78, N 7.87, CI 6.63, S 6.01; found: C 51.47, H 
3.66,N7.74,C16.48,S5.85. 

I-a-Chloro-2-oxido-3-methyl-7-P- (phenoxyacetamido) - 
A3-2-isocephem-4-carboxylic Acid 19 

A mixture of 18 (600 mg, 1.125 mmol), 10% palladium- 
on-charcoal (600 mg), dioxane (30 ml), and methanol 
(15 ml) was hydrogenated on a Parr shaker at 50 psi and 
25°C for 3.5 h. The catalyst was filtered off and the fil- 
trates evaporated in vacuo. The resulting oil was dissolved 
in ethyl acetate and this solution was washed with 10% 
HCI (2 x 50 ml) and brine (2 x 50 ml) and then ex- 
tracted with 10% NaHC03 (3 x 50 ml). The basic ex- 
tracts were washed with ether (2 x ), acidified to pH 3 with 
10% HCI, and extracted with ethyl acetate (3 x 75 ml). 
The combined extracts were washed with brine, dried 
(NazS04), and evaporated in vacuo. The resulting oil was 
crystallized from ethyl acetate to give the acid 19,250 mg 
(56%), mp 204-205°C (dec.); ir (Nujol mull): 3400, 3600- 
2400, 1790, 1778, 1710, 1670, 1660 cm-'; uv (MeOH) 
h,,, 275 ( E  9500) 286 (E 9400). Anal. calcd. for C16H15- 
ClN,O6S: C 48.19, H 3.79, N 7.02, Cl 8.89, S 8.04; 
found: C 48.11, H 3.77, N 6.95, C1 8.77, S 7.94. 

Benzyl 2-Oxido-7-P-azido-A3-2-isocephem-4- 
carboxylate 20 

To a solution of 2.005 g (6.35 mmol) of compound l l a  
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in 45 ml CHCl, at  0-5°C was added 1.35 g (6.45 mmol) of 
m-chloroperoxybenzoic acid (85%) in 25 ml CHCI3 over 
15 min. Thin layer chromatography showed complete re- 
action after addition was complete. The solution was 
stirred 15 min, diluted to 400 ml with CHCI,, extracted 
with Na2C03 (2 x 50ml of saturated aqueous solu- 
tion), dried over Na2S04, and concentrated to give com- 
pound 20 as a solid. Trituration with 25 ml EtzO and fil- 
tration gave 1.5 g sulfoxide 20 (74%); mp 159-160°C 
(dec.) recrystallized from CHC13-Et20; ir (CHCI,) 21 10, 
1800, 1738, 1580cm-'; uv (EtOH) h,,, 279 (E 12 100). 
Anal. calcd. for C14H12N404S: C 50.59, H 3.64, N 
16.86; found: C 50.28, H 3.34, N 16.81. 

Benzyl 2,2-Dioxido-7-~-azido-A3-2-isocephem-4- 
carboxylate 21 

T o  a solution of 158 mg (0.5 mmol) of l l a  in 20 ml me- 
thylene chloride was added 220 mg (1.10 mmol) of 85% 
m-chloroperbenzoic acid. The solution was stirred at  
25°C for 18 h and then washed with 5% sodium bicarbon- 
ate solution. The organic phase was dried over sodium 
sulfate and evaporated to give an  oil which crystallized on 
trituration with ether. Filtration gave 150 mg (86.5%) of 
21, mp 113.5-1 14.5"C after recrystallization from chloro- 
form-ether; ir (CHCI3) 2110, 1803, 1740 cm-l ;  uv 
(EtOH) h,,,, 274 (E 10 100). Anal. calcd. for CI4Hl2N4- 
0,s: C 48.27, H 3.47, N 16.09, S 9.21; found: C 48.38, 
H 3.31, N 16.08, S 9.42. 
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GERALD W. BUCHANAN et FREDERICK G. MORIN. Can. J. Chem. 55,2885 (1977). 
On rapporte les dkplacements chimiques en rmn du 13C et les constantes de couplage '3C-3'P 

& travers un, deux et trois liens pour douze hydroxyphosphonates carbocycliques et pour leurs 
dCriv6s alkylks; les cycles de toutes les grandeurs allant de quatre & douze chainons sont reprk- 
sentCs & l'exception du systkme cyclodkcyle. Sur la base des constantes de couplage vicinales et 
des blindages des carbones, on tire des conclusions concernant les conformations privilCgikes. 
On prbsente des donnkes concernant l'aplatissement du cycle dans quelques composks cyclo- 
hexaniques. Pour une grandeur de cycle donnbe, on dCmontre que 'JCp devient plus positive a 
mesure que le degrC de congestion stkrique autour du lien C-P augmente. 

[Traduit par le journal] 

Introduction Results and Discussion 

Approaches toward the conformational analysis of carbocyclic hydroxyphosphono 
compounds: 13C-31~ couplings and carbon shieldingsl 
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GERALD W. BUCHANAN and FREDERICK G. MORIN. Can. J. Chem. 55,2885 (1977). 
13C nmr chemical shifts and 13C-31P couplings through one, two, and three bonds are re- 

ported for twelve carbocyclic hydroxyphosphonates and alkyl derivatives with all ring sizes from 
four to twelve, except the cyclodecyl system. On the basis of the vicinal couplings and carbon 
shieldings, inferences regarding preferred conformations are drawn. Evidence for ring flattening 
in some cyclohexyl compounds is presented. For a given ring size, it is demonstrated that 'Jcp 
becomes less positive as the degree of steric congestion about the C-P bond increases. 

Recent publications from these laboratories 
(1, 2) have dealt with the stereochemical de- 
pendence of 13C-31P couplings and 13C chemical 
shifts for phosphonates of known geometry. 
For the direct 13C-31P interactions, some indi- 
cations of a configurational dependence are 
evident (2), and there appears to be a Karplus- 
type relationship for the 13C-C-C-31P couplings, 
except when transmitted through a three- 
membered ring (1). Electronegative groups such 
as OH bonded to the carbon bearing the phos- 
phorus have been shown to reduce the absolute 
value of Jcccp substantially. 

Presently we report the results of an investi- 
gation of twelve carbocyclic l~ydroxyphosphono 

Spectral Assignments 
Routinely the carbon spectra were obtained 

using complete 'H noise decoupling. Subse- 
quently the single frequency off-resonance de- 
coupling technique was employed to identify 
CH,, CH,, CH, and quaternary carbons. 
Selective 'H decoupling was used occasionally. 
Approximate signal intensities were an aid in 
cases where the molecules possessed obvious 
symmetry properties. Also the model compounds 
studied previously (1, 2) were valuable in many 
instances. The chemical shift data are collected 
in Table 1, while the one, two, and three bond 
l3CP3lP J'S are presented in Tables 2, 3, and 4 
respectively. 

compounds and some methylated derivatives 
with ring sizes ranging from four to twelve. Conformational Implications 

Using 13C-31P couplings and 13C chemical In general the 13C shifts and the vicinal 

shifts as stereochemical probes, attempts to  de- couplings are the most useful for obtaining in- 

fine preferred ring geometries are made. Where sight into conformational preferences. For the 

possible, comparisons with available X-ray data cyclobutyl system 1, it is instructive to compare 

are presented. the C-3 shift (6 13.4) with that of cyclobutane 
itself (6 22.1) (3). In a puckered 1,l-disubstituted , ~, 

'Presented in part at the International Symposium on c~clOdutane (4)3 One AOf the be 
Stereochemistry, Kingston, Ont., Canada. June 27 - axial and one equatorial. The axial substituent 
July 2, 1976. experiences two gauche-butane type interactions 
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TABLE 1 .  13C chemical shifts for cyclic hydroxyphosphonates (6 from TMS +0.1)* 

Position 
- -  

Compd. C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-12 OCHj 

'0.2-0.3 M solutions in CDCI,. 

with the C-3 ring carbon and should, therefore, 
induce substantial upfield shifts at this site (5). 
Our recent work (1, 2) indicates that an axial 
P(O)(OCH,), function induces a gauche-y 
shielding effect of 2-3 ppm at C-3,5 of a cyclo- 
hexane, whereas an axial OH causes a shielding 
of 5-6 ppm at these sites (6). On this basis, it 
appears that the preferred conformer of 1 has 
an axial OH and an equatorial dimethylphos- 
phono group. This is consistent with the obser- 
vation in cyclohexyl systems that dialkylpl~os- 
phono groups are sterically bulky (-AGO 
5 3 kcal/n~ol) (2). 

Electron diffraction of cyclobutane (7) gives 
a dihedral angle of 157" between C-3 and the 
equatorial H at C-1. In 1, the ring may well be 
flattened more than in the hydrocarbon due to 
the axial OH, and the vicinalJ of 6.5 Hz reflects 
this. The expected 3~ for 0 = 180' is about 16 Hz 
(see discussion below). If the phosphorus were 
axial, the dihedral angle would be nearly 90" 
and minimal (< 0.6 Hz) coupling is predicted (1). 

For the cyclopentyl compound 2, the chemical 
shifts at C-2,5 and C-3,4 are similar to those for 

TABLE 2. One bond 13C-31P couplings ( f0 .2  HZ)* 

Compd. J(Hz) Compd. J (Hz) 

*Sign assumed to be positive (24). 

cyclopentanol (36.0 and 24.1, respectively) (8) 
and C-3,4 of 2 are close to cyclopentane (25.3) 
(3). The large vicinal coupling of 13.0 Hz 

suggests that the conformer with equatorial 
phosphorus is highly favoured. In this form, the 
dihedral angle can be estimated from models at 
ca. 170". 

OH 

The fact that the axial OH of 2 does not 
perturb the y-ring carbon shifts of cyclopentane 
has been noted earlier (8) and is attributed to the 
lesser amount of ring puckering in the five- 
membered case than in cyclohexane. Further- 
more it is apparent that the influence of the 
equatorial dimethylphosphono moiety on C-2,5 
is minor (presumably due to the offsetting effect 
of the P-phosphorus atom and the y-oxygens 
bonded to it). 

For the cis-dimethylcyclopentyl compound 3, 
the large three-bond J from 31P to C-3,4 (16.1 
Hz) suggests additional ring puckering to permit 
the CH,'s to become staggered with respect to  
the OH and the dimethylphosphono group. We 
envisage the preferred form of 3 to be that 
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BUCHANAN A N D  MORIN 2887 

TABLE 4. Vicinal 13CF31P couplings (+ 0.2 Hz) 

Compd. Path J (Hz) 
- - 

6.5 
13.0 
16.1 
N.R. (i.e. < 0.6 Hz) 
11.1 
11.2 
11.6 

1.8 
11.9 
12.7 
15.6 

FIG. 1. Structures and numbering scheme for hydroxy- 8 34-C-C-P 10.9 

phosphonates. 9 3.7~-c-c-p 8.8 
10 3.8C-C-C-p 6.7 

TABLE 3. Geminal 13G31P couplings (+ 0.2 Hz)* 11 3.10~-c-c-p 6.7 
12 3.1 1 C-C-C-P 5.7 

Compd. Path J (Hz) 

N.R. (i.e. < 0.6 Hz) 
8.4 
8.7 
2.8 
4.2 
N.R. 
2.0 
N.R. 
4.6 
4.4 
4.6 
4.5 
5.2 
4.9 

*13CH3-0-31P J'S for 1-12 are all 7.2 + 0.4 Hz, and are 
not listed individually. 

depicted below. In such a conformation, the 
dihedral angle between phosphorus and C-3,4 
is approximately 180" and accordingly the en- 
hanced is noted. The population of the ring 
inverted form of 3 should be even lower than for 
2 since 1,3-diaxial CH,---CH, interactions 
would arise. 

The non-resolvable coupling between phos- 
phorus and the C-2,5 CH,'s of 3 (0 z 60") is 
reminiscent of the results for 4-tert-butylcyclo- 
hexylhydroxyphosphonates with axial phos- 
phorus where no coupling to C-3,5 of the ring 
was found (1). It is notable that the CH,'s of 3 
are shielded by 2 ppm relative to the CH, of 
cis-2-methylcyclopentanol (8, 9) as a conse- 
quence of the gauche-y P(O)(OCH,), group in 3. 

For the series of cyclohexyl compounds 4-7 
the magnitudes of the vicinal coupling between 
the C-3 and C-5 ring positions and 31P indicate 
the predominance of conformers with equatorial 
phosphorus. The methyl stereochemistry in 5, 
6, and 7, however, remains to be elucidated. Our 
approach to this problem involves the use of the 
methylcyclohexanols (6) as models and con- 
sideration of the effect of introducing an equa- 
torial P(O)(OCH,), moiety on the chemical 
shifts. Comparison of cis-4-tert-butylcyclohex- 
an01 and the corresponding dimethylphosphono 
compound yields a set of substituent parameters 
outlined below (1, 6). 

OH OH 

cr = +6.1 ppm y = -0.2 ppm 
p = - 1 . 2 p p m  & = - 0 . 7 p p m  

Model compounds selected were the cis-2- 
methyl, trans-3-methyl and cis-4-methylcyclo- 
hexanols. Equilibration data (10) indicate that 
the latter two exist at least 85% with axial OH 
and equatorial CH,. Assuming approximate 
additivity of conformational energies (1 l), the 
2-methyl case should be similar. With the alcohol 
data (6) and the a, p, y, and 6 effects of the 
equatorial dimethylphosphono group, predicted 
values for 5, 6, and 7 (assuming equatorial CH,) 
are presented in Table 5. Observed shifts are in 
parentheses. Clearly, agreement is excellent for 
6 and 7, between predicted and observed 
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TABLE 5. Predicted and observed* 13C shifts 

*In parentheses. 

parameters, lending credence to our conforma- 
tional assignments. Poorer agreement at all 
positions except C-3,5 is noted for 5.' For the 
alcohol model, for which no equilibration data 
are available, there may be more axial CH, than 
predicted using additivity of -AGO values. If 
this were the case, the axial 2-CH, which tends 
to shield C-4,6 (12) would lead to predicted 
shifts which are too high field (too low 6) for 
C-4,6 of 5 than would be the case if the CH, 
were exclusively equatorial in the alcohol. 

The most interesting result in the series 4-7 is 
the vicinal coupling of 15.6 Hz in 7 which is 3 Hz 
larger than that found in the corresponding 4- 
tert-butylcyclohexyl compound (I) and 3-4.5 Hz 
larger than in 4, 5, or 6. In view of the results for 

OH 
I 

3Jcccp = 12.6 

3, we interpret the findings for 7 as indicative of 
close to 180' dihedral angle between C-3,5 and 
the equatorial phosphorus. The attenuated 

'Comparing the predicted and observed shifts for 5, 
6, and 7 at all sites indicates comparable differences. 
Carbons of 5 are, on the average, slightly less shielded 
4an predicted, mhereas carbons of 6 and 7 are sligh~ly 
more shielded than predicted. 

coupling in the 4-tert-butyl compound call be 
attributed to ring flattening induced by the 
bulkier substituent at C-4, which may reduce the 
dihedral angle to near 170". 

Compound 4 which has been discussed pre- 
viously (2) is no doubt a mixture of conforn~ers, 
but the 1 1.1 Hz vicinal coupling of C-3,5 to 
phosphorus suggests a preponderance of the 
conformer with equatorial phosphorus. For 5 
the vicinal couplings of 11.2 and 1 1.6 Hz to C-3 
and C-5, combined with the 1.8 Hz vicinal 
coupling to the CH, indicate either ring flat- 
tening or measurable contributions from the ring 
inverted form. Low temperature experiments 
have been performed and we have not detected 
two conformers, thus we favor the former 
rationale. Similar arguments apply to the 3- 
methyl compound 6,  although it is interesting to 
observe that there appears to be more ring 
flattening in the vicinity of the substituent 
(3Jto C-3 is 11.9) than at the other vicinal carbon 
(,J to C-5 is 12.7). 

For the cycloheptyl compound 8, variable 
temperature experiments (to - 1OO"C) gave no 
spectral changes. It can be argued, however, that 
none would be expected until much lower tem- 
peratures since the substituent sites in seven- 
membered rings are known to equilibrate 
rapidly by pseudorotation and ring inversion 
even at very low temperatures (13). In fact, no 
nmr techniques have succeeded in freezing out 
conformers of cycloheptane to date (13). Several 
coilformational energy calculations have been 
published for cycloheptane (13-15) and Hen- 
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BUCHANAN AND MORlN 2889 

drickson (16) has carried out calculations for 
several methyl-substituted cycloalkanes. The 
latter results are most relevant for our purposes 
since the molecule of interest here is a gem- 
disubstituted cycloheptane. There seems to be 
general agreement (13-16) that the twist chair 
form represents an energy minimum. When 
methyl groups are considered in the calculations 
(16) the lowest energy form is the twist chair 
shown. 

Recently3 we have determined the X-ray 
crystal structure of 8. The results indicate that 
the major form (93 _+ 1%) is a twist chair, 
depicted below, in which the dihedral angles 
P-C,-C,-C, and P-C,-C2-C3 are - 168.7" and 
+90.0", respectively. In addition, a minor con- 
tribution (7 + 1%) from a chair form of 8 is 
present, for which the angles P-C1-C2-C, and 
P-Cl-C,-C, are - 168.7" and - 173.0". On the 
basis of the crystal structure and using nlodels 
for coupling through angles of 90" ( J  ca. 0.5 Hz) 
and 170" ( J  ca. 13 Hz), the 'predicted' value for 8 
is near 7 Hz. The observed value of 10.9 Hz 
suggests that in solution there may be an in- 
crease in the amount of chair cycloheptane 
leading to the enhanced vicinal 'P COUP- 

P A' 

ling. It is notable that Hendrickson's calcula- 
tions (14) give an energy difference of only 1.4 
kcal/mol between twist chair and chair cyclo- 
heptane. Subtle factors of solvation in 8 may lead 
to a substantially larger amount of chair form in 
solution than in the solid phase. 

The situation for the cyclooctyl derivative 9 
will also be complicated by ring inversion and 
pseudorotation. The latter process has a very 
low barrier, measured to be 4.9 kcal/mol in the 
1,l-difluoro derivative of cyclooctane (17). 
Although several conformations will be popu- 
lated appreciably at room temperature, it is 
most likely that the favored ring geometry is a 
boat-chair form (1 8). Hendrickson (16) calculated 
that the methyl strain energies are lowest in the 

3Unpublished observations with G. I. Birnbaum. 

4a,4e(6a,6e) sites of the boat-chair form (each 
0.5 kcal/mol). If one assumes that these sites 
will also be favored for the introduction of the 
OH and P(O)(OCH,), functions then a low 
energy form of 9 would be the boat-chair 
d e p i ~ t e d . ~  In this form the dihedral angles 

P-4C-5C-6C and P-~C-~C-*C are ca. 175" and 
75", respectively. Using models discussed earlier 
3J for 0 = 175" can be estimated at ca. 14-15 Hz 
and that for 75" at ca. 0.5 Hz. On this basis the 
predicted 3J is 7-8 HZ, in reasonable agreement 
with the observed value of 8.8 Hz. The possi- 
bility that the phosphorus and the OH have 
reversed stereochemistry cannot be disregarded 
since the calculations (16) indicate no difference 
in methyl strain energy between the 4a and 4e 
positions. In this conformer, the dihedral angles 
P-4C-5C-6C and P-4C-3C-2C are ca. 55" and 
165", respectively. For 0 ca. 60°, J is less than 1 
Hz (1, 2) while for 165" no reliable models exist, 
except perhaps a highly flattened cyclohexyl 
case ( J  z 11 Hz). Using these crude models, the 
3~ for this conformer would be predicted to  be 
somewhat smaller than for the first case, i.e. in 
poorer agreement with experiment. To date we 
have not been able to slow down ring inversion 
of 9 sufficiently at low temperature to obtain 
spectra of separate conformers, but efforts to do 
so are continuing. This should be feasible since 
ring inversion barriers are ca. 7-8 kcal/mol in 
cyclooctyl compounds (18). 

For the cyclononanyl system 10 the X-ray 
crystal structure determination has been carried 
out (19) and the preferred form is the twist-boat- 
chair (TBC) shown which possesses D3 sym- 
metry. In this form, the dihedral angles P-'C- 

10 

4The numbering scheme used above denotes particular 
positions of Hendrickson's boat-chair form. Data in 
Tables 1-4 for 9 are based on the IUPAC numbering 
system. 
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'C-'C and P-'C-2C-3C are 176" and 56", 
respectively. Employing models for these angles, 
namely ca. 14-15 Hz and 0.5 Hz, again the 
predicted value for 3J is 7-8 Hz in reasonable 
agreement with the experimental value of 6.7 Hz. 
Of course the usual problem of extrapolation of 
crystal structures to solution phase applies here. 

The fact that only five ring carbon resonances 
are obtained in the 13C spectrum of 10 is con- 
sistent with rapid ring inversion occurring at 
room temperature. From high frequency 'H 
nmr (251 MHz) and 13C (63 MHz) at low tem- 
perature, Anet and Wagner have measured a 
barrier of ca. 6 kcal/mol in the hydrocarbon (20). 
The high field position for the C-3,8 resonance 
of 10 (6 18.1 ppm) reflects the averaged gauche-y 
relationship of these positions to the OH and 
P(O)(OCH,), groups in the preferred con- 
former. 

For the cycloundecanyl compound 11, the 
observation of only six ring carbon resonances 
again indicates rapid conformational inter- 
conversions. In the hydrocarbon the 13C spec- 
trum is still one line at - 135°C indicating rather 
low barriers (21). Dale (22) has calculated that 
there are four conformations of cycloundecane 
within I kcal/mol of each other. Accordingly 
for the hydroxyphosphonate 11 we feel that it is 
not meaningful to attempt to analyze the 
value of 6.5 Hz in terms of any preferred form. 

The X-ray structure of the cyclododecyl com- 
pound 12 has been published (23). The n~olecule 
adopts a 'square' conformation in the crystal, 
with the substituents at a corner position. 
Observation of seven ring carbon signals again 
indicate rapid conformational interconversion. 
For the hydrocarbon (21), the 'square-square' 
interconversion barrier has been determined as 
7.3 kcal/mol. The square form of 12 as found in 
the crystal (23) is depicted in Fig. 2. In the 
crystal, the dihedral angles P-'C-2C-3C and 
P-'C-~~C-''C are 56" and 172", respectively. 
Employing 0.5 Hz as a value for 56" and ca. 12- 
13 for the latter, the predicted vicinal coupling is 
6-7 Hz, compared to the experimental value of 
5.7. 

To summarize, it is evident that vicinal 
13C-31~ couplings provide a useful, albeit 
somewhat local, probe for molecular conforma- 
tions in these systems. The major drawback at 
present is the paucity of compounds with well 
defined geometries to serve as models. 

FIG. 2. The square form of 12 as fouild in the crystal. 

Direct Couplings and Steric Congestion 
From the data for compounds 2-7 in Table 2 

and those published earlier (2), it is evident that 
for a given ring size, lJCp is to some extent a 
measure of steric crowding about the C-P 
bond. It was noted earlier (2) for cyclohexyl- 
phosphonates and hydroxyphosphonates that 
lJCp for compounds with axial phosphorus is 
5-7 Hz less than when the dialkylphosphono 
function is equatorial. Comparing 4 and 5 it is 
clear that introduction of the 2-methyl group 
equatorially (i.e. gauche to the C-P bond) 
reduces 'JCp substantially. For 6 and 7 when the 
methyl is more remote, the 'JCp values increase, 
although the value for 7 seems anomalously low. 

For the cyclopentyl systems 2 and 3, 'JCp is 
reduced by 4.9 Hz in 3 where there are gauche 
interactions between phosphorus and the neigh- 
bouring methyl groups. 

It is interesting that in PI1' compounds steric 
hindrance about the phosphorus also reduces 
'J,, (25). For example in trimethyl phosphine, 
lJCp is - 13.6 Hz, while in the tri-tert-butyl 
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phosphine, lJC, is -33.9. For hydroxyphos- 
phonates, 'J,, is positive (24), therefore the 
trends upon increase in steric congestion are 
consistent in P"' and PV systems. 

Recently Gorenstein (28) has noted the 
generality of such trends in directly bonded 
couplings as a function of stereochemistry. An 
interpretation involving the Fermi-contact mech- 
anism and bond angle distortions was presented. 

Experimental 
Spectra 

13C spectra were obtained by techniques described 
previously (I), with the exception that sample tube size 
was 5 mm in the present study. 

Materials 
I- Dimethylphosphono- I-hydroxycyclobutane ( I )  
To cyclobutanone (0.5 g, 7.1 mmol) and dimethyl 

phosphite (0.9 g, 8.2 mmol) dissolved in benzene (2 ml) 
was added 2 drops of a saturated sodium methoxide 
solution. The reaction mixture was left at room tempera- 
ture for 1 week and the solvent removed by rotary 
evaporator. The oily product was placed under vacuum 
before spectra were taken. The product remained an oil 
but showed no extraneous peaks in 'H or 13C nmr. 
Previously reported (26) as an oil, 1 1 , ~ ~  = 1.4630. 

I-Dimethylphosphono-I-hydroxycyclopentane (2) 
Cyclopentanone (1.5 g, 17.8 mmol), dimethylphosphite 

(2.2 g, 20.0 mmol), and 15 drops of sodium methoxide 
solution were refluxed in benzene (10 ml) overnight and 
the solvent removed by rotary evaporator. The product 
was recrystallized (cyclohexane) mp 74.0-75.5"C (lit. mp 
78°C) (27); yield 0.91 g (26%). 

I-Dimethylphosphono- I-hydroxy-cis-2,5-dimethyl- 
cyclopentane (3) 

2,5-Dimethylcyclopentanone (a mixture of cis- and 
trans-isomers, 5.0 g, 44.6 mmol), dimethyl phosphite 
(5.0 g, 45.4 mmol), and 10 drops of sodium methoxide 
solution were refluxed for 3 days. The reaction mixture 
was chromatographed on 100 g silica gel (Baker Analyzed 
Reagent 60-200 mesh) using benzene as eluent. The small 
amount of hydroxy phosphonate obtained was shown to 
be the one isomer by 13C nmr. The product remained an 
oil and could not be crystallized, but was characterized 
by nrnr and ir spectra; lH nrnr (CDCl,): 6 1.08 (d, 
J = 6.5 Hz, CH,), 1.3-2.7 (bm, ring -CH2-), 3.84 (d, 
J = 10.3 HZ, CH30-P). 

I-Dimethylphosphono- I-hydroxycyclohexane (4) 
The synthesis has been previously described (I). 
I-Dimethylphosphono-I-hydroxy-2-methylcyclohexune 

( 5 )  
2-Methylcyclohexane (2.0 g,  18.0 mmol), dimethyl 

phosphite (2.2 g, 20.0 mmol), and 10 drops of a saturated 
sodium methoxide solution were refluxed in benzene 
(5 ml) for 5 h. At this point five more drops of base were 
added and reflux continued for another + h. The solvent 
was removed and the flask placed in a freezer to induce 
crystallization of the resulting oil. The crystals obtained 
were recrystallized (ethyl acetate) mp 114-115°C. 'H nrnr 
(CDCI,): 6 1.04 (d, J = 6 Hz, CH3-), 1.3-2.3 (massive, 

ring -CH2-), 3.1 (bs, -OH), 3.88 (d, J = 11.1 Hz, CH,- 
0-P). Anal. calcd. for C9H1904P: C 48.64, H 8.62; 
found: C 48.63, H 8.54. 

I-Dimethylphosphono-1-hydroxy-3-methylcyclo- 
hexane (6) 

3-Methylcyclohexanone (6.0 g, 53 mmol), dimethyl 
phosphite (6.6 g, 60 mmol), and 25 drops of a saturated 
NaOCH, solution were refluxed in benzene (15 ml) for 
1 h at which time 10 more drops of base were added. 
Reflux was continued overnight (ca. 18 h). The product 
obtained was recrystallized (ethyl acetate) mp 121.5- 
123°C; yield 10.1 g (86%); 'H nrnr (CDC1,): F 0.90 (d, 
J = 6 Hz, CH,-), 1.4-2.3 (massive, ring -CH2-), 3.3 
(bs, -OH), 3.88 (d, J = 10.6 Hz, CH30-P). Anul. calcd. 
for C9H1905P: C 48.64, H 8.62; found: C 48.76, H 8.70. 

I-Dimethylphosphono- I-hydroxy-4-methylcyclo- 
hexane (7) 

The same procedure and amounts were used as for 6 to 
yield 3.6 g (31%) of the product, recrystallized (ethyl 
acetate) mp 120-122°C. 'H nrnr (CDCl,): 6 1.0 (d 
J = 6 Hz, CH3-), 1.3-2.4 (massive, ring -CH2-), 4.02 
(d, J = 10.9 Hz, CH30-P), 4.4 (bs, -OH). Anal. calcd. 
for C9Hl,0,P: C 48.64, H 8.62; found: C 48.70, H 8.72. 

I-Dimethylphosphono-I-hydroxycycloheptane (8)  
Cycloheptanone (2.24 g 20.0 mmol), dimethyl phos- 

phite (11.0 g, 100 mmol), and 20 drops of a saturated 
NaOCH3 solution were refluxed in benzene (10 ml) 
overnight. The product was recrystallized (ethyl acetate) 
mp 106.0-107.5"C; yield 1.2 g (27%); 'H nrnr (CDC13): 
6 1.4-2.5 (massive, ring -CH,-), 4.00 (d, J = 10.8 Hz, 
CH30-P), 5.0 (bs, -OH). Anal. calcd. for C9HI9O4P: 
C 48.64, H 8.62; found: C 48.50, H 8.54. 

I-Dimethylphosphono-I-hydroxycyclooctane ( 9 )  
Cyclooctanone (3.8 g, 30 mmol), dimethyl phosphite 

(3.6 g, 33 mmol), and 15 drops of a saturated NaOCH, 
solution were refluxed in benzene (10 ml) for 3 h. The 
solvent was removed to give a liquid residue. After 1 week 
in a freezer at -25"C, white crystals had formed. Re- 
crystallized (cyclohexane) mp 92-93°C; yield 0.42 g (6%); 
'H nrnr (CDCI,): F 1.5-2.1 (massive, ring -CH2-), 3.95 
(d, J = 10.8 Hz, CH30-P), 3.7 (bs, -OH). Anal. calcd. for 
C10H2104P: C 50.84, H 8.96; found: C 50.78, H 8.91. 

I-Dimethylphosphono-I-hydroxycyclononane (10) 
To cyclononanone (0.25 g, 1.78 mmol) dissolved in a 

minimum amount of benzene was added dimethyl phos- 
phite (0.22 g, 2.00 mmol) and 1 drop of a saturated 
NaOCH, solution. The mixture turned pale yellow and 
then faded after 1 h, at which time another drop of base 
was added. This resulted in no colour change and the 
reaction mixture was placed in a freezer. The crystals that 
formed (66 mg, 15%) had mp 106.5-107.5"C (lit. (19) mp 
105-106°C). 

I-Dimerhylphosphono-I-hydroxycycloundecane (11) 
To cycloundecanone (1.14 g,  6.8 mmol) and dimethyl 

phosphite (1.77 g, 16 mmol) dissolved in benzene (3 ml) 
was added 10 drops of saturated NaOCH, solution. The 
mixture was placed in a freezer for 5 min until cool and 
the solvent removed by rotary evaporator to leave a liquid 
residue. After several days in a freezer crystals had 
formed. Recrystallized (cyclohexane) mp 79.0-80S°C; 
yield 0.66 g (35%); 'H nrnr (CDC13): 6 1.4-2.1 (massive, 
ring -CH2-), 4.02 (d, J = 10.8 Hz, CH,O-P), 4.0 (bs, 
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-OH). Anal. calcd. for CI3HZ7O4P: C 56.09, H 9.78; 
found: C 56.13, H 9.85. 

I-Dimethylphosphono-I-hydroxycyclododecane (12) 
To cyclododecanone (3.1 g, 17 mmol) and dimethyl 

phosphite (2.2 g, 20 mmol) dissolved in benzene (5 ml) 
was added 15 drops of a saturated NaOCH3 solution. 
This mixture was placed in a freezer until cool, and then 
removed. After 5 min at  room temperature, 12 crystal- 
lized. Recrystallized (cyclohexane) mp 131-132.5"C (lit. 
(26) mp 127°C); yield 3.1 g (62%). 
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isomeric butenesl 
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JEAN-POL DODELET and GORDON R. FREEMAN. Can. J. Chem. 55,2893 (1977). 
Electron mobilities are similar in all four isomeric butenes near the critical region, N 10 

cm2/V s at -420 K, and again in the low temperature liquids, - cm2/V s at -- 150 K, but 
not at intermediate temperatures. The Arrhenius temperature coefficient of the mobility 
decreases with increasing temperature in cis-butene-2 and isobutene, and increases with temper- 
ature in butene-1 and trans-butene-2. This difference in behavior is reflected in the temperature 
dependence of the dispersion parameter o in the assumed Gaussian distribution of transition 
energies between localized and extended states. The extreme cases are trans-butene-2, for which 
do/dT = 0, and cis-butene-2, for which do/dT z (2kCp)'12. Mobilities in mixtures of cis- and 
trans-butene-2 do not display ideal solution behavior; the transition energies Eo go through a 
maximum. The mobility in liruid cis-butene-2 under its vapor pressure goes through a maxi- 
mum value of 17 cm2/V s at 426 K, decreases to 14 cm2/V s at T, = 433 K, then increases with 
temperature in the constant density supercritical gas. Maxima are not observed in the other 
butenes. Electron migration in each of the supercritical gases is an activated process with an 
activation energy of ~ 0 . 3  eV. The present results emphasize the large role played by phase 
structure in electron migration. 

JEAN-POL DODELET et GORDON R. FREEMAN. Can. J. Chem. 55,2893 (1977). 
Les mobilitts Blectroniques des quatre isomeres du butene sont semblables pres de la region 

critique: - 10 cm2/V s a -420 K, ainsi qu'en phase liquide a basse temperature: N 

cm2/.V s a - 150 K. Toutefois, ces mobilitks different dans la region des temperatures inter- 
mediaires. Pour ces mobilitks, le coefficient de temperature d'Arrh6nius decroit en augmentant 
la temperature du cis-butene-2 et de l'isobutene tandis qu'il augmente en Blevant la temperature 
du buthe-1 et du trans-buthe-2. Cette difference de comportement se refl&te dans la variation 
de o avec la temperature. o est le parametre de dispersion dans la distribution, supposk gaus- 
sienne, des transitions entre les Btats localises et Btendus d'energie. Les cas extrsmes sont le 
trans-buttne-2 pour lequel do/dT = 0 et le cis-butene-2 pour lequel do/dT % (2kCP)'l2. Les 
mobilites dans les melanges de cis- et trans-buttne-2 ne presentent pas le comportement d'une 
solution idkale; les energies de transition E, passent par un maximum. La mobilite dans le cis- 
butene-2 liquide, sous sa propre tension de vapeur, passe par un maximum de 17 cmZ/V s a 
426 K pour ensuite dkroitre a 14 cmZ/V s a T, = 433 K. Dans le gaz supercritique, a densite 
constante, cette mobilitB augmente avec la temperature. Aucun maximum n'est observe pour les 
autres butbnes. La migration Blectronique pour tous ces gaz au dessus de la temperature critique 
est un processus accompagnk d'une Bnergie d'activation de -0.3 eV. Ces rksultats mettent 
l'accent sur le rBle joue par la structure de la phase dans la migration Blectronique. 

Introduction Experimental 
The Arrhenius temperature coefficient of Materials 

electron migration in liquids is temperature The hydrocarbons were Phillips Research Grade, with 
initial purities 99.82% for butene-I, 99.57% for isobutene, dependent The causes Of the temperature 99.94% for cis-butene-2, and 99.92% for trans-butene-2. 

dependence ill different types of systems are not Thev were treated in a vacuum auuaratus as follows: 
all the same (2. 5. 6). although none is under- stirred several hours with lithium Aaluminum hydride , , - 
stood in detail. To obtain more information powder and sodium hydroxide pellets, then degassed and 

about this phenomenon, electron mobilities have distilled onto sodium-potassium alloy, stirred for several 
hours, then degassed and condensed into the conductance 

been measured in the isomeric butenes Over a cell at 77 K. The cell was sealed after reducing the gas 
wide range of temperatures, from near the melt- pressure in it to < 5 x ~ o r r .  
ing point to beyond the critical temperature. and Techniques 
The butenes were chosen because Of the extra- The conductance cell and temperature bath used for 
ordinary difference between the mobilities in studies above room temperature were similar to those 
cis- and trans-butene-2 at room temperature (7). described in ref. 6. The cell could contain a pressure of 

60 atm. 
'Assisted by the National Research Council of Canada. The cell used at low temperatures had larger electrodes 
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FIG. 1. Oscilloscope traces of transient electron and ion conductances in butene-1 after a 1 ps pulse 
of X rays. Dose/pulse z 5 x 1010 eV/g. (a) and (b) show the decay of the electron conductance on two 
time scales; applied field = 34 kV/cm, T = 216 K. (c)  and (d) show the decay of the ionic conductance 
at 17 kV/cm averaged over 16 pulses; T = 293 and 192 K, respectively. 

to compensate for the lower mobilities and lower ion 
yields. It was described earlier (8). 

The low temperature bath was a Styrofoam box with 
walls 3 cm thick and a net inner volume -(lo 
Cold nitrogen gas from a 50 ! Dewar flask was piped into 
the center of the bottom of the box through a 13 mm di- 
ameter stainless steel tube that was insulated with a 5 cm 
layer of polystyrene. The cold gas was generated by 
putting controlled electric power into a 600 W heating 
element immersed in liquid nitrogen. The heater was fixed 
in a 20 cm long metal pipe attached to the bottom of a 5 
cm diameter PVC tube. The pipe was near the bottom of 
the Dewar and the plastic tube conducted the cold gas up 
through the 10 cm wide neck. 

Temperature gradients were reduced by having the cold 
nitrogen hit a 1 cm thick Styrofoam false bottom of the 
box with holes in the four corners, and by having the gas 
exit through a 15 mm inside diameter, 30 cm high 
chimney on the flanged lid of the box. The cell sat on the 
false bottom and was supported by Styrofoam projections 
from the sides of the box. 

The Styrofoam box was placed inside an aluminum 
(0.5 mm thick) Faraday cage. 

Two copper-constantan thermocouples were glued to 
the cell with silicone rubber. One thermocouple was con- 
nected to the temperature controller (LFE Corp. model 
226-A21), and the other to a digital thermometer (Fluke 
2100A). The best copper and constantan wire came from 
Thermoelectric Co., and it conformed to the 1974 ASTM 
standards. 

The technique for measuring electron mobilities is de- 
scribed in refs. 7 and 9. The electron mobilities in the low 
temperature butenes are nearly as small as those of the 
heavy ions. The method of measurement gives the sum 
(u- + u,), where u- is the average mobility of the 
negative species and u, is that of the positive species. 

Immediately after the 1 ps radiation pulse u- corresponds 
to the electron mobility u,. The electron conductance 
transient decayed in microseconds (Fig. 1 a,b), probably 
due to reaction of the electrons with trace impurities. 
The remaining ion conductance transient decayed in 
milliseconds (Fig. 1 c,d). 

Values of the sum (u- + u,) for the heavy ions were 
obtained from the signal remaining at the right hand ends 
of pictures such as l a  and b. If the signals in l c  and d had 
decayed in two linear portions it would have been possible 
to obtain separate values of u- and u+ (5). The curvature 
in these traces indicates the presence of more than two 
types of ion. However, the total decay time td at high field 
strengths is the time required for the slowest ion to drift 
the distance 1 = 0.30 cm between the two electrodes. The 
value of us, ,,.,, was obtained from [I]. 

where V is the applied voltage. Comparing this to the 
value of (u- + u+) just after the decay of the electron 
transient, the ratio [(u- + u+)/u,,,,,,,] z 3 at 400-200 K, 
then appeared to increase to -- 5 at 140 K. The apparent 
increase may not have been real. There was considerable 
uncertainty in the ion mobility values at the lowest 
temperatures. 

An Arrhenius plot of (u- + u,) is not linear at the 
higher temperatures (Fig. 2). The upward curvature is 
probably associated with the decreasing liquid density and 
concomitant increasing fluidity (inverse viscosity) as the 
critical temperature is approached. The Arrhenius 
temperature coefficient of the ion mobilities is similar to 
that of the fluidity (lo), 1.1 k 0.2 kcal/mol, where the 
two types of measurement have been made over the same 
temperature range (Fig. 2). 

The mobilities of the slowest ions may be roughly 
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FIG. 2. Plots of (u- + u,) and inverse viscosity against 
T - l .  Liquid phase only. For the upper curves the negative 
species is the electron, while in the hatched region it is a 
heavy negative ion. 0, cis-butene-2; 0, trans-butene-2; 
0, butene-1; ., isobutene. The viscosities of cis- and 
trans-butene-2 are the same (10). 

approximated by [2] 

[21 u s,,,,,, FZ 0.01 exp (-700/T) 

Physical Properties of the Liquids 
The densities d were obtained from refs. 10 and 11. 
The dielectric constants E of the three polar butenes 

were calculated from Onsager's formula (12a): 

where n is the refractive index, N is Avogadro's number, 
1-1 is the dipole moment (13), M is the molar weight, k is 
Boltzmann's constant, and T  is the absolute temperature. 
The value of n at a given temperature was obtained from 
ref. 14 and the variation with temperature was calculated 
from the Lorenz-Lorentz equation (126). The dielectric 
constant of cis-butene-2 was measured at temperatures 
between 197 and 296 K (15) and the values are 1% 
greater than those given by [3]. The latter were used in 
the present work for the sake of consistency over the 
entire liquid range and through the critical region. 

The dielectric constant of trans-butene-2, which is 
nonpolar, was taken equal to nZ, with n determined in the 
manner described above. 

The critical properties of the butenes are summarized 
in Table 1. 

TABLE 1. Critical and other properties of the butenes * 

T, PC d, 1-1 
Butene (K) (atm) (g/cm3) E ,  Jr n,Z t (D) 

Isobutene 418 39.5 0.234 1.33 1.27 0.50 
Butene-1 419 39.7 0.233 1.29 1.27 0.34 
trans-Butene-2 428 41.5 0.238 1.28 1.28 0.0 
cis-Butene-2 433 40.5 0.238 1.30 1.28 0 .3  

'References 10, 11, and 14. 
?See text. 
$Gas phase dipole moment, ref. 10. 

Results 
The pressure on the liquids was the vapor 

pressure and the density of the supercritical gases 
was equal to the critical density. 

Pure Compounds 
Electron mobilities are similar in all four 

isomeric butenes near the critical region (-420 
K) and again in the low temperature liquids 
( -  150 K), but not at intermediate temperatures 
(Fig. 2). The behavior in isobutene is similar to 
that in cis-butene-2, while in butene-1 it is 
similar to that in trans-butene-2. The mobilities 
range from cm2/V s at -150 K to --lo 
cm2/V s at -420 K. 

The relatively high melting point of trans- 
butene-2, 168 K, prevented measurements from 
being made at the lowest temperatures in that 
liquid. 

The mobility in liquid cis-butene-2 goes 
through a maximum value of 17 cm2/V s at 426 
K, decreases to 14 cm2/V s at the critical temper- 
ature 433 K, then increases with temperature in 
the supercritical gas (Fig. 3). Mobilities in the 
other butenes increase continuously with temper- 
ature, although there appears to be a change of 
slope when the system attains constant density in 
the supercritical gas (Fig. 3). 

The mobilities were independent of field 
strength up to 30 kV/cm at T < 300 K and up to 
10 kV/cm at the highest temperatures. Experi- 
mental difficulties prevented measurements at 
higher fields. 

Mixtures of cis- and trans-Butene-2 
To investigate the cause of the great dif- 

ference between the behavior in cis- and trans- 
butene-2, mobilities were measured in mixtures 
of the two isomers. Addition of trans- to cis- 
butene-2 has a relatively greater effect on electron 
mobility at low than at high temperatures (Fig. 
4). 

As expected the ion mobilities in the solutions 
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were similar to those in the pure compounds 
(Fig. 4). 

Discussion 
To obtain values of the electron mobilities it 

was necessary to subtract u+ from (u, + u+). 
The value of u+ was taken as one third of the 
sum of the heavy ion mobilities (u- + u+). This 
is consistent with reports that u-/u+ % 2 for 
ions in inany hydrocarbons (6, 16, 17). Although 
there is some doubt about the validity of this 
approximation in the butenes at T < 200 K 
(see earlier), shifting the fraction to reach 
u+ z 0.2(u+ + u-) at 140 K would have in- 
creased the estimated values of u, only slightly. 

The model of electron mobilities that was 
derived for ether solvents (18) has been applied 
to the present results. The model involves two 
types of transport, one important at low temper- 
atures and another at higher temperatures. The 
low temperature type has been called ion-like, 
because the activation energy is similar to that 
for heavy ions and the magnitude of the mobility 
is a small factor greater than that of anions.' 
The transport mechanism at higher temperatures 
appears to involve electron transitions to a higher 
mobility state. The equations are as follows (18). 

[4] u, = (1 - x)uiI0 exp (-Eil/kT) + xuhO 

where x is the fraction of electrons that are in the 
higher mobility state at a given instant, ui10 and 
Eil are respectively the pre-exponential factor and 
activation energy for ion-like mobility, k is 
Boltzmann's constant, T is the absolute temper- 
ature, and uhO is the mobility in the higher state. 

The fraction x is given by [5]. 

where N(E) d E  is the fraction of solvated elec- 
trons that require energies between E and 
(E + dE) to  be excited into the high mobility 
state, and [I + exp (E/~T)] - I  is the fraction of 
electrons, for which the transition energy is E, 
that occupy the upper state. It has been assumed 
for simplicity that the entropy change of the 
transition is negligible. 

The distribution function N(E) is assumed to 

2The ion-like mechanism is conceptually similar to 
thermally assisted tunnelling to nearest neighbor centers 
(19) and small polaron hopping (20). It does not involve 
migration of the solvation shell of the electron. 

VOL. 55 ,  1977 

I' 1 ' 1 1  1 .I 1 1  

FIG. 3. Electron mobilities in the isomeric butenes near 
the critical region. The arrows mark T,-'. 0, cis-butene- 
2; 0, trans-butene-2; 0, butene-1; M, isobutene. The 
dashed lines were calculated from eqs. 4-9, using the 
parameter values in Table 2. Where the calculated curve 
deviates greatly from the experimental the latter is 
indicated by a full curve. 

be a Gaussian with a most probable energy Eo 
and a dispersion parameter o .  

[6] N(E) = n-"'o-' exp [-(E - E0)'/o2] 

The present data permit evaluation of ui: and 
Eil for butene-1 only. Similar values of these 
parameters were used in the four butenes, be- 
cause the mobilities of heavy ions are similar in 
all the liquids (Fig. 2). 

It was assumed that Eo and o vary linearly 
with temperature (6, 18). 

where E(0) and o(0) are the values extrapolated 
to zero Kelvin. Finally, uh0 was assumed to vary 
inversely as the temperature and the square of 
the fluid density (6). 

where u,,,O is the value of uhO at density d,,, and 
temperature TI,, . 

Unique values of the parameters Eo, o, and 
u,,: cannot be obtained by fitting eq. 4 to the 
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FIG. 4. Plots of (u- + u,) against T- l  for mixtures of 
cis- and trans-butene-2. For the upper curves the negative 
species is the electron, while in the hatched region it is a 
heavy negative ion. 0, cis-butene-2; a, trans-butene-2; 
A, 25 mol% cis; H, 50 molx cis; A, 75 molz cis. The 
hatched portion marks the same region as that in Fig. 2. 

observed mobilities, but lower limits can be 
estimated. Below certain values of the param- 
eters, disagreement between the calculated and 
observed mobility curves becomes progressively 
greater. Thus for T,,, = 295 K we obtained 
urefO 2 15 cm2/V s for isobutene, butene-I, 
and trans-butene 2, and 2 30 cm2/V s for cis- 
butene 2. Lower limits of E(0) and a were 0.5 eV 
and 0.001 eV/K in trans-butene-2 and butene-1, 
and about 0.3 eV and 0.0005 eV/K in isobutene 
and cis-butene-2. Corresponding values of o 
were such that the ratio Eo/o equalled 3-4 at 
150 K and 0.5-1.3 at 400 K, depending on the 
liquid. As long as the minimum acceptable 
values of the parameters are equalled or exceed- 
ed, the electron mobility - temperature plot is 
governed mainly by the value of Eo/o and its 
variation with temperature, and to a smaller 
extent by the absolute magnitude of Eo. 

To facilitate comparison of the relative 
values of the parameters we chose for all the 
liquids urefO = 30 cm2/V s at T,,, = 295 K, and 
E(0) = 0,6 eV. This makes the values of Eo 
similar to the optical absorption energies of 
electrons in hydrocarbons at the lower temper- 
atures (21, 22). The values of E(O)/a that were 
required to fit the mobilities in the butenes were 
similar to the ratio of the analogous parameters 
for the optical absorption energies of electrons 
in alkyl ethers (18), E(O)/a w 600 K. 

Within the framework of the present model, 
the change of shape of the mobility curves in 
Fig. 5 is embodied mainly in the temperature 
dependence of o (Table 2). In cis-butene-2 o has 
the form that would be expected if the width of 
the distribution of electron trap depths were 
governed by thermal energy fluctuations in .the 
liquid (23, 24): 

1000/~ ( K )  

FIG. 5. Experimental (points) and calculated (curves) 
electron mobilities in cis-butene-2, 0; isobutene, .; 
75/25 cisltrans, * ; 50150 cis/trans, x ; 25/75 cis/trans, + ; 
butene-1, ; trans-butene-2, a. The curves for isobutene, 
50150 cisltrans and trans-butene-2 are dashed for clarity. 
The parameter values used to calculate the curves are 
given in Table 2. 
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TABLE 2. Parameter values for eqs. 4-9* and Fig. 5 

ui1° Ei 1 E(O> ~1 d o )  P 
Solvent (cmz/V s) (meV) (meV)$ (meV/K) (meV) (meV/K) 

cis-Butene-2 
Isobutene 
Butene-1 
trans-Butene-2 
n-Pentane 5 
75c + 25t I( 
50c + 50t 
25c + 75t 

*urero = 30 cm2/V s at T,., = 295 K was used for all liquids. 
tAssumed, by comparison with butene-1. 
$These values are not unique, but have been placed at slightly larger than the minimum acceptable value for butene-I. To 

obta~n larger values that fit the results E(O), a ~ ( 0 )  and P are multiplied by approximately the same factor. 
$The calculated curve is essentially the saAe as ;bat in Fig. 5 of ref. 6. 
1175% cis i 25% trans-butene-2 mixture. 

where C,, is the constant pressure heat capacity 
of the "cell" that contains the electron and 
exchanges energy with it. The magnitude of P for 
cis-butene-2, 1.08 meV/K, is equivalent to the 
thermal fluctuations in a cell that contains about 
four butene  molecule^.^ At the other extreme, o 
in trans-butene-2 appears to be independent of 
temperature. This implies that the localized state 
is more stable in trans- than in cis-butene-2, 
perhaps through anion formation in the former. 
However, the full implications are not known. 
The stability might be related more to entropy 
changes than to enthalpy changes. 

Equation 9 for u: was devised to approximate 
the mobility in n-pentane (6), which increases 
rapidly as the critical temperature is approached. 
It is also adequate for the results in trans- 
butene-2 and butene-1 (Fig. 5). It does not 
however, reproduce the maximum and subse- 
quent decrease of the mobility in high temper- 
ature cis-butene-2 (Fig. 3). The decrease is pre- 
sumably due to the break up of the conduction 
band, caused by the rapidly decreasing fluid 
density in this region (4, 6). A similar process 
must occur also in isobutene, because the 
calculated mobilities are much too high in the 
critical region (Fig. 3). All of the approximations 
[7]-[9] might be expected to fail at the high 
temperatures where the liquid density changes 
rapidly. However, in trans-butene-2 the net 
effect of the approximations remains reasonable 
right through the critical region (Fig. 3). An 

3The number of butene molecules that interact ap- 
preciably with an electron in the liquid is probably 10-20, 
so the solvated electron "cell" would be that large. The 
o for the electronic state would be smaller than that for 
the total thermal energy fluctuation in the cell. 

alternative to [9] is required for cis-butene-2 and 
other liquids which display a maximum in the 
plot of electron mobility against temperature. 

It should be stressed that electron migration 
in each of the supercritical gases is an activated 
process with an activation energy of -0.3 eV. 
The similarity of behavior in the supercritical 
gases, and the great difference of that in the 
liquids at 300 K, emphasizes the large role played 
by phase structure. 

Mixtures of cis- and trans-Butene-2 
The experimental and calculated values of the 

mol % cis 

FIG. 6. Mobility parameter values in mixtures of cis- 
and trans-butene-2. 0, a; A, (3; U,o(O). 
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mobilities are compared in Fig. 5. The param- 
eter values are listed in Table 2. 

Although one cannot obtain the absolute 
values of E,, and o from mobility measurements 
alone, the relative values provide interesting 
information. The temperature coefficie~lts of E, 
for the loo%, 75%, 50%, 25%, and 0% cis 
solutions are, respectively, a = 0.98, 0.98, 0.84, 
0.90, and 1.08 meV/K. The lack of a linear 
variation between the two pure compounds 
indicates that the solutions are not ideal. 

The parameters that change the most with 
solution composition are o(O), which ranges 
from 0 to 117 meV, and P, which ranges from 
1.08 to 0.00 meV/K (Fig. 6) .  

The results from the mixtures confirm the 
unexpected behavior of o. More work is needed 
to interpret it. 
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FLORA T. T. NG and PATRICK M. HENRY. Can. J. Chem. 55,2900 (1977). 
The kinetics of the oxidation of acetone, Zbutanone, 2,4-dimethyl-3-pentanone, 3-methyl-2- 

butanone, and 3-pentanone by tris(1,lO-phenanthroline)Fe(III) (ferriin) were determined in 
aqueous solutions containing either sulphuric or perchloric acid in the presence or absence of air. 
The kinetics are consistent only with a mechanism involving oxidation of the en01 tautomer by 
ferriin. The rate constants of enolization calculated from this kinetic analysjs agree well with 
the literature values. Relative reactivity of the four enols from symmetrical ketones were found 
to be in the order: 2,4-dimethyl-3-pentanone 3-pentanone > cyclohexanone > acetone. The 
rate of oxidation of the en01 form of 2,4-dimethyl-3-pentanone is approximately 1000 fold 
larger than that of the en01 form of acetone, indicating that electron-donating methyl sub- 
stituents enhance the rate of electron transfer from the en01 tautomer to ferriin. 

Kinetics of the oxidation carried out in air were generally the same as in its absence; the 
rates of oxidation were found to be slower by a factor of 2 in most cases. This suggests that the 
initially formed en01 radical reacts with O2 rather than a second ferriin to give the oxidized 
product. At high [ferriin] in air, pseudo zero-order kinetics were observed initially as in its 
absence. However, above about 50% reduction of ferriin, the reaction appears to involve auto- 
catalysis and was not studied further. 

FLORA T. T. NG et PATRICK M. HENRY. Can. J. Chem. 55,2900 (1977). 
On a determine, en solutions aqueuses d'acide sulfurique ou d'acide perchlorique en presence 

ou en absence d'air, les cinetiques d'oxydation de I'acetone, de la butanone-2, de la dimethyl-2,4 
pentanone-3, de la methyl-3 butanone-2 et de la pentanone-3 par le tris(phenanthro1ine-1,lO)- 
Fe(II1) (ferriine). Les donnees cinetiques sont en accord uniquement avec un mecanisme impli- 
quant l'oxydation du tautomere Cnolique par la ferriine. Les constantes de vitesse d'Cnolisation 
calculees a partir de cette analyse cinktique sont en bon accord avec les valeurs de la litterature. 
La rtactivite relative des quatre enols provenant des cetones symetriques est dans I'ordre 
suivant: dimethyl-2,4 pentanone-3 > pentanone-3 > cyclohexanone > ac&tone. La vitesse 
d'oxydation de la forme Bnolique de la dimethyl-2,4 pentanone-3 est approximativement 1000 
fois plus grande que celle de la forme Bnolique de I'acetone et ces resultats indiquent que les 
substituants methyles electro-donneurs augmentent la vitesse du transfert d'tlectron du 
tautomere Cnolique vers la ferriine. 

Les rbultats cinttiques des oxydations effectues dans I'air sont generalement les memes que 
pour les reactions effectuees en son absence; on a trouvt que les vitesses d'oxydation sont plus 
lente par un facteur de 2 dans la plupart des cas. Ces resultats suggerent que le radical enolique 
form6 initialement rtagit avec O2 plut8t qu'avec une seconde molecule de ferriine pour donner 
le produit oxyde. A des taux Cleves de ferriine dans l'air, on observe initialement un ordre 
cinetique pseudo zero; et c'est aussi le cas en I'absence d'air. Toutefois une fois que 50% de la 
ferriine a ete reduite, il semble que la reaction implique une autocatalyse et elle n'a pas ete 
etudiee plus loin. 

[Traduit par le journal] 

Introduction 
The oxidation of ketones by two electron 

oxidants such as Hg(Il), Tl(IIl), Mn(VII), and 
Cr(V1) has been shown to proceed via the en01 
tautomer (1-3). However, there has been some 
discussion as to the mode of oxidation of ketones 
by one electron oxidants (4, 5). Although it has 
been suggested that one electron oxidants attack 

'Revision received March 25, 1977. 

the keto form there is recent kinetic evidence 
that the oxidation of ketones by Mn(OAc), in 
acetic acid occurs via the en01 form (6), a route 
previously suggested for ketone oxidation by 
Ce(1V) (7) and Mn(II1) pyrophosphates (8). 
Thus the rate of oxidation of ketone by Mn- 
(OAc), is independent of concentration of 
Mn(II1) indicating the rate determining step is 
the formation of enol. Recently the authors re- 
ported similar kinetic evidence indicating that, 
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contrary to previous proposals (9), the oxidation 
of cyclohexanone in aqueous solution by tris- 
(1, 10-phenanthroline)Fe(III) (Ferriin) occurs by 
way of the en01 tautomer (10). The proposed 
mechanism is given in reactions 1-3. 

0 OH 
11 k 

[ I ]  RCH,-4-R' + H+ & RCH=h-R' + H+ 
k- , 

k'\ AH 
Yl 

RCH-C-R' + Fe(l1) 

;/I 
RCH-C-R' + Hi 

[3] RCH-C-R' + Fe(II1) 

0 
+ II 

RCH-C-R' + Fe(ll) 

Thus the complete rate expression is given by [4], 

dCFe(II)I Rate = -- 
dt 

~ 4 1  
- - 2k,k2 [ketone] [H + ] [Fe(III)] 

k -  , [H'] + k,[Fe(III)] 

[Fe(III)] = [Ferriin], where k, is the rate con- 
stant for enolization and k, the rate constant for 
oxidation of en01 by Fe(II1). This rate expression 
has two limiting forms. At low [Fe(III)] where 
k-,[H+] >> k,[Fe(III)] the rate expression is 
given by [5] where k,' = k,k,/k-, = Kk,, K 
being the keto-en01 equilibrium constant. 

d[Fe(II)] - 2k,k2[Fe(III)] [ketone] 
- 

~ 5 1  dt k- 1 
= 2k2'[Fe(III)] [ketone] 

This is the form of the rate expression reported 
earlier (10). 

If high [Fe(III)] and low [Hi] are used such 
that k, [Fe(III)] >> k -  , [H + ] the expression be- 
comes zero order in [Fe(III)] as shown by 161. 

At low [Fe(III)] and high [Hf ] [5] was obeyed 
while at high [Fe(III)] and low [H+] [6] was 
followed. Furthermore, the value of the enoliza- 
tion rate constant, k,, calculated from these 
studies agreed with those previously reported. 
This result requires that the en01 tautomer is the 
reactive species. We also found, by using sub- 
stituted ferriins, that the rate of electron transfer 
from the en01 to the Fe(1II) depended on the 
reduction potential of the ferriin in the manner 
predicted by the Marcus relationship (10). 

This paper describes a study of the oxidation 
of several additional ketones. Its main purpose 
was to see if the en01 mechanism held for ketones 
other than cyclohexanone with different struc- 
tures and rates of enolization. Also it was hoped 
to find how k, varied with en01 structure. 
Finally we wished to test the effect of oxygen on 
the reaction mechanism. Earlier it was reported 
that 0, increased the rate of cyclohexanone 
oxidation by ferriin (9), a result which was not 
duplicated in the later study (10). 

Results 
The kinetics of reduction of ferriin by acetone, 

2-butanone, 2,4-dimethyl-3-pentanone, 3-methyl- 
2-butanone, and 3-pentanone were determined 
at 25°C in aqueous solution containing either 
HCIO, or H2S04. The kinetics were studied 
with either (i) solutions in which the oxygen had 
been removed by degassing and which were run 
under a nitrogen and argon atmosphere or (ii) 
with solutions containing air. The H2S04 
solutions were employed when high concentra- 
tions of ferriin were required, as ferriin is more 
soluble in aqueous H,SO, than in aqueous 
HCIO,. Actually, it makes little difference which 
is used, as rates of enolization and oxidation are 
nearly the same in the two solvents (11). 

Air Free System 
Kinetic Dependence at Low [Fe(ZII)] and 

High [H + j 
Kinetic studies were carried out under pseudo 

first-order conditions with excess ketone. A 
first-order dependence on [Fe(III)], first-order 
dependence on [ketone], and zero-order de- 
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TABLE 1. Oxidation of ketones by ferriin at 25°C under argon or nitrogen at high [H + ]  and low [Fe(III)] 

[Ketone] [Ferriinl [HCIOLI [H2S041 kobs 2k2' 
Ketone x lo2 (M) x lo4 (M) (M) (M) x lo3 (s-l) x lo2 (M-I s-l) 

* [NaC104] = 0.8 M. 
?Peroxide free. 

pendence on [H'] was found. This corresponds 
to [5]. The values of 2k2' for 2-butanone, 3- 
methyl-2-butanone, 3-pentanone, and 2,4-di- 
methyl-3-pentanone are shown in Table 1. 3- 
Methyl-Zbutanone is known to form peroxides 
readily. However, the same value of k,' was 
found for a peroxide free solution under N, 
(Table 1). 

The rate of oxidation of acetone by ferriin at 
high acetone concentration is so slow that the 
rate of decomposition of ferriin was con~parable 
to the observed rate of oxidation. Thus the rate 
could not be accurately measured. The value of 
k,' was actually measured using 5-chloroferriin 
which is a more vigorous oxidant than ferriin. 
Avalue of 1.3 x M - I  s-I at 1.3 M H2S04 
for 2k2' was found (Table 2). Assuming that the 
Marcus relationship holds as it does for cyclo- 
hexanone, a value of 1.3 x M - l  s-I can be 
calculated to be the value of 2k2' for ferriin. 

Kinetic Dependence at Low [H']  and High 
[Fe (111) I 

With excess ketone, pseudo zero-order kinetics 
were observed for more than 50% of the reaction 
followed by a gradual decrease in rate. Some 

TABLE 2. Oxidation of acetone by 5-chloro- 
ferriin at 25°C in aqueous sulfuric acid* 

[Acetone] [5-Chloroferriin] kOb, 
( M )  x lo4 (M) x lo3 

*[HzSOd] = 1.3 M ,  
?Degassed with argon. 

reactions were carried out in H2S04 because 
ferriin is more soluble in H2S04 .than in HClO,. 
The rate expression in the linear region was 
found to be first-order in [ketone], first-order in 
[H'], and zero-order in [Fe(III)], This cor- 
responds to [6]. Values of 2k1 for 2-butanone, 3- 
methyl-2-butanone, 3-pentanone, and 2,4-di- 
methyl-3-pentanone are shown in Table 3. No 
k, values for acetone were obtained since the 
rate expression corresponding to [6] could not 
be achieved under experimentally accessible 
conditions (see calculation in Discussion). 

Since the products in the oxidation of ketones 
by ferriin are known to be 2-hydroxy ketones 
(initially) which are further oxidized, little 
product identification study was carried out. 
However, the oxidation of Zbutanone was shown 
by vapour phase chromatography to initially 
give 3-hydroxy-2-butanone. This was further 
oxidized to 2,3-butanedione. 

Air Containing System 
Kinetic Data at Low [Fe(III)] and High 

[ H + l  
~ h e s e  runs were carried out essentially in the 

same way as the air free system except that no 
attempt was made to remove the air. Runs at 
low [Fe(III)] and high [acid] gave well behaved 
kinetics, first-order in [Fe(III)], first-order in 
[ketone], and zero-order in [H']. Values of 
2k2', given in Table 4, are usually about one half 
those in the absence of air (see Table 1). An 
exception is 3-methyl-2-butanone for which 2k,' 
was found to be 1.2 M- I  s-I or three times 
larger than in the absence of air. 

Kinetic Data at High [Fe(III)] and Low 
[ H + I  

The runs at high [Fe(III)] and low [acid] were 
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TABLE 3. Oxidation of ketones by ferriin at 25°C under argon or nitrogen at low [H+] and high [Fe(III)] 

Initial rate 
[Ketone] [Fe(III)] [HZS04] [HC104] [H+]* x lo7 2kl x lo5 

Ketone x 10' (M) x lo4 (M) (M) (M) ( M )  (M-I S-l) (M-I S-l) 

*Dissociation constant of HS04-  is taken to be 0.012 M, ref. 12. 
't[NaHS041 = 0.24 M. 
$Peroxide free. 

TABLE 4. Oxidation of ketones by ferriin at 25°C in air at high [H+] and low [Fe(III)] 

[Ketone] [Ferriin] [HC1041 [HzSO~I k,,, 2kZ' x 10' 
Ketone lo2 (M) lo4 (M) (M) (M) x lo3 (s-11 (M-I s-11 

*Initial rate data, peroxide free. 
tAutocatalytic region, peroxide free. 

also kinetically well-behaved initially. At a given 
acid and ketone concentration they gave pseudo 
zero-order plots for the reduction of [Fe(III)] to 
[Fe(II)]. However, at about 50% of the reaction 
the linear rate of [Fe(III)] reduction suddenly 
increased, giving a reduction plot for the re- 
mainder of the reaction which resembled that 
expected for a reaction first-order in [Fe(III)] 
(Fig. 1). The latter part of these plots indicate a 
complicated secondary reaction resulting from 

the build-up of some reactive species during the 
course of the ketone oxidation. Since the reaction 
scheme must be very complicated no kinetic 
analysis was attempted. Measurement of the 
initial rate yielded a rate expression correspond- 
ing to [6]; first-order in [ketone], first-order in 
[Hf] ,  and zero-order in [Fe(III)]. Values of 
2 k I f  for all ketones but acetone are given in 
Table 5. 

As the products from the oxidation in the 
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TABLE 5. Oxidation of ketones by ferriin at 25°C under air at low [Hf ] and high [Fe(III)] 

Initial rate 
[Ketone] [Fe(III)] [H2S041 [HC1041 [Hf I x lo7 2kl x lo5 

Ketone x lo2 (M) x lo4 (M) (M) (M) (M) (M-I s-I) (M-I s-I) 

*(0.8 M )  NaC104 added. 
tPeroxide free. 

0 1 " " " " ' ~  100 200 300 400 500 600 700 

Time, s 

FIG. 1. Reaction profile for oxidation of 2-butanone by 
ferriin at 25"C, 0.24 M H2S04 and in air. Rate of forma- 
tion of ferroin vs. time at 510 nm. [Ferriin] = 9.6 x 

M, [2-butanone] = 0.1 M. 

presence of oxygen would result from formation 
and decomposition of peroxides in chain re- 
actions they might be expected to be quite 
complicated. For that reason no product studies 
were carried out in this system. 

Discussion 
The air-free system is n~echanistically the 

simplest and will be discussed first. The data are 
summarized in Table 6 .  The most important 

point is that four ketones in addition to cyclo- 
hexanone have now been shown to have a rate 
equation of the form of [4] clearly indicating 
they are oxidized via the en01 mechanism. The 
five include ketones of quite different structure 
whose rates of enolization vary by a factor of 
170. The agreement between calculated and 
literature values for the rates of enolization are 
quite good for cyclohexanone (13) and 2,4- 
dimethyl-3-pentanone (14) whose rates of enol- 
ization are well established (Table 6). The rest 
were obtained by determining relative rates of 
enolization as compared with acetone and are 
probably not as accurate. The values for 3- 
methyl-2-butanone agree well but those for 2- 
butanone and 3-pentanone are not as close. How- 
ever, even with the worst case, 3-pentanone, the 
difference of a factor of ca. three in the two rates 
is not unreasonable, considering the difference in 
method of measurement. However, the value of 
k, for acetone could not be obtained because the 
limiting case of [4] when k,[Fe(III)] >> k-,[H+] 
is not experimentally accessible. This is readily 
verified by the following considerations. Values 
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TABLE 6. Values of kl  and kZ for several ketones in air-free aqueous solutions at 2S°C* 

Ketone 

Acetone 
2-Butanone 
Cyclohexanone$ 
2,4-Dimethyl-3-pentanone 
3-Methyl-2-butanone 
3-Pentanone 

Enolization rate constant? 

Calcd. (kl) Literature 
(M-I s-l) (M-I s-l) 

- 2.7 x 10-5 (11) 
6.2 x 2.8 x low5 (7) 
3.0 x 3.1 x (13) 
1.5 x 1.8 x 10-6(14) 
1.5 x 10-5 1.9 x 10-5 (7) 
6.8 x 2.0 x (7) 

*All values of kl except that for 2,4-dimethyl-3-pentanone were de te~  
values of kz ' ,  were determined In aqueous HC104. 

?Numbers m parentheses are hterature references. 
$Data from ref. 10. 

of k2 and k- ,  were calculated to  be 4.3 x lo3 
M - l s - l  and 1.8 x lo3 M - I  s-I from the litera- 
ture values of K (1.5 x lo-') (15), k, (2.7 x 

M - I  s- I) (1 l), and the experimentally 
determined value of 2k,' (1.3 x M - I  s-I) 
(Table 2). Using these values it can be shown 
that for k2[Fe(III)] to be 10 times larger than 
k-,[Hf], the ratio of [Fe(III)] to [Hf ]  must be 
about 4. The lowest [H'] which can be used is 
0.2 M since ferriin is readily hydrolyzed at lower 
[ H f ]  (17). This would require a [Fe(III)] of 0.8 
M but it is not possible to make a ferriin solution 
more concentrated than 0.02 M when [Hf ]  is 
0.2 M. 

One objective of this work was to establish a 
correlation between en01 structure and reactivity. 
Fortunately, for the symmetrical ketones, values 
of the equilibrium constant, K, for enolization 
have been determined (15). In making such a 
correlation we will assume that acetone reacts by 
way of the en01 tautomer although this has not 
been proven kinetically. This is a reasonable 
assumption since all the other ketones studied 
are oxidized via the en01 tautomer. However, it 
is possible that acetone is oxidized via the keto 
tautomer. 

The values of the rate constants, k2, for 
electron transfer from en01 to ferriin are given in 
Table 6. The order of reactivity, 2,4-dimethyl-3- 
pentanone > 3-pentanone > cyclohexanone > 
acetone, indicates a methyl substituent increases 
the rate of electron transfer from enol. Correla- 
tions between en01 structure and relative rates 
are shown in Table 7. This is reasonable if, as 
previously proposed for the oxidation of cyclo- 
hexanone (lo), electron transfer occurs to give a 
radical cation (reaction 2). The electron donating 
substituents would stabilize such an intermediate. 

mined in aqueous sulfuric acid. Value of kl for this ketone, as well as all 

To our knowledge, this is the first quantitative 
correlation between en01 structure and re- 
activitv. 

 he^ oxidation rates of the unsymn~etrical 
ketones 2-butanone and 3-methyl-2-butanone 
are also listed in Table 6. It is of interest to note 
that the values of 2k2' = 2Kk, for the two un- 
symmetrical ketones, 2-butanone and 3-methyl- 
2-butanone, are similar to the next more sub- 
stituted symmetrical ketone, 3-pentanone and 
2,4-dimethyl-3-pentanone (Table 6). Enols 
formed from unsymmetrical ketones exist in two 
tautomeric forms which differ in their degrees of 
substitution. The rates with svmmetrical enols 
indicate the more highly substituted en01 is the 
more reactive. Thus the rate of oxidation of the 
ketone will be determined by the rate of reaction 
of the more substituted en01 if its eauilibrium 
concentration is not much less than t6at of the 
less substituted enol. The values of K for 3- 
pentanone and 2,4-dimethyl-3-pentanone are 
within a factor of two indicating that the 
equilibrium concentration of en01 is not strongly 
dependent on structure. Actually bromination 
studies with unsymmetrical ketones (7) suggest 
that the more substituted en01 is the more abun- 
dant enol. On the basis of these considerations it 
would be predicted that the value of 2k' = 2Kk2 
of unsvmmetrical ketones would be close to that 
of the i e x t  more substituted ketone since the re- 
active en01 for both is identical. This is the 
observed result. 

The opposite order of reactivity was found for 
the oxidation of para-substituted benzyl phenyl 
ketones by Mn(OAc), in acetic acid (6). Electron- 
withdrawing groups increased the rate of oxida- 
tion. Also unsymmetrical ketones gave products 
which indicated that CH2=C(OH)- was more 
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TABLE 7. Relative rates of electron transfer from several enols to ferriin 

Ketone Enol structure Relative rate 

Cyclohexanone 

Acetone 

H O H H  
I l l  

CH3-C=C-C-CH3 
I 

110 

H 

reactive than (CH,),C=C(OH)-. This system 
is quite different from the aqueous system con- 
sidered in this paper and the mechanisms could 
be quite different. Thus Mn(OAc), could be an 
inner-sphere oxidant and the radical anion 
could be the more reactive species which would 
explain the order of reactivity. Also in the 
Mn(OAc), system it is not clear if the rate 
determining step is the rate of electron transfer 
from the en01 or the rate of enolization. 

Earlier reports on the rates of oxidation of 
ketones by other oxidants deserve some com- 
ment. Petit found that in the oxidation of a series 
of methyl ketones by chromic acid, the rate of 
oxidation increased from acetone to 2-nonanone 
(18). Shorter found a linear correlation between 
the apparent rate of oxidation of ketones by 
ceric sulphate and the rate of enolization. He 
interpreted this result by suggesting that all enols 
have approximately the same reactivity since 
there is likely a Brnnsted type of correlation 
between rate of enolization and the keto-en01 
equilibrium constant. Acetone was found to 
react much slower than would be expected on 
the basis of its rate of enolization. He attributed 
this lack of stabilization to hyperconjugation in 
the oxidation product of acetone. No correlation 
between rates of enolization and rates of oxida- 
tion of ketones by Mn(II1) pyrophosphate was 
found; acetone was oxidized faster than 2,4- 

dimethyl-3-pentanone (8). Ceric sulphate, Mn- 
(OAc),, chromic acid, as well as Mn(II1) pyro- 
phosphate are most likely inner-sphere oxidants 
and hence not comparable to ferriin. In addition, 
the rates of oxidation quoted by the above 
workers includes the keto-en01 equilibrium 
constant and hence do not refer to the reactivity 
of the en01 towards the oxidant. 

Although detailed product distribution studies 
were not carried out, 3-hydroxy-2-butanone and 
2,3-butanedione products were the expected 
ones, if the more substituted en01 is reactive. 
Thus oxidation of 2-butanone by Fe3+ (19) and 
[Fe(III)(X)(H20)phen2] (X = H20 ,  OH-) (20) 
were reported to give 2,3-butanedione as the 
final product. Almost certainly, this product 
arose from further oxidation of the hydroxy 
ketone. 

The most striking feature of the values k ,  and 
k ,  for the air containing system is that they are 
about the same or lower than those in the air-free 
system for all ketones but 3-methyl-2-butanone. 
In fact for three; 2-butanone, 2,4-dimethyl-3- 
pentanone, and 3-pentanone, the values of both 
k ,  and k,  are roughly one-half of the cor- 
responding values in the air-free system. This 
result can be explained by a change in stoichi- 
ometry of the reaction. Thus in the absence of 
0, the reaction would be given by [I] to [3]. 

In the presence of oxygen [3] could be re- 
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placed by reactions such as those shown in 
reactions 7 and 8. 

I 
0 0 
I II 

[7] RCH--C-R' + O2 - R-CH-C-R' 

HOO 0 
I I1 etc. - R-CH-C-R' + .R" d 

0 2  

Thus, in the presence of O,, only one Fe(II1) 
is reduced per electron transfer from enol, i.e. the 
autoxidation chain reaction must be terminated 
without further reduction of Fe(II1). This would 
have the effect of halving the rate of Fe(II1) 
reduction. A similar argument has been put 
forward by Littler and co-workers on the effect 
of 0, on rate in the oxidation of cyclohexanone 
by Ir(1V) (21). 

The increase in 2k2' in air for 3-methyl-2- 
butanone is apparently real. It could be that the 
rates of the steps in reactions 1-3, 7-8 are 
different, or alternatively that other reaction 
paths are operative for this ketone and some 
species which reduces Fe(II1) is produced in high 
enough concentrations to become important. 
Thus in the oxidation of 2-butanone by Fe(III), 
oxygen is reported to increase the rate (19) while 
in the oxidation of cyclohexanone by Ir(IV), 
oxygen decreases the rate (21). Thus whether 
retardation or acceleration is observed will 
depend on the system and in fact may depend on 
reaction variables. As discussed next, apparently 
[Fe(III)] is an important variable. 

Since Fe(II1) reduction rather than oxygen 
uptake is measured, no information about the 
autocatalytic reaction sequence is obtained other 
than that Fe(II1) takes part in the autocatalytic 
sequence by reacting with some of the products 
formed. This apparently happens in the runs at 
high [Fe(III)] and low [H'] used to measure k,, 
since the rate of Fe(II1) reduction suddenly 
departs from linearity at about 50% reduction of 
Fe(II1). Since we were measuring the rate of 
formation of Fe(I1) species the autocatalytic 
plot shows that in the autocatalytic region, there 
is a rapid build up of a certain species that is 
active in reducing Fe(II1). The nature of this 

species is highly speculative; it could be a 
radical, or peroxide, or even Fe2+(aq)2 formed 
due to hydrolysis of ferroin (22). On the basis of 
present evidence further speculation does not 
seem warranted. 

As reported previously, the values of k, and k, 
for cyclohexanone are altered little in the pres- 
ence of air, suggesting Fe(II1) reacts very fast 
with the en01 radical (reaction 3) in this case. 
The value of k, for acetone is also little altered 
by oxygen but because of the uncertainty of 
mechanism little can be said about this case. 

Since the product distribution would likely be 
very complicated in the air containing systems 
no product analysis was carried out. 

Experimental 
Materials 

1,lO-Phenanthroline, ferrous sulphate heptahydrate, 
and perchloric acid were purchased from G.  Frederick 
smith Chemical ~ o m ~ a n ~ . - ~ u l ~ h u r i c  acid was purchased 
from Matheson, Coleman and Bell Manufacturing 
Company. 

2-Butanone, 3-pentanone, 3-methyl-2-butanone, and 
2,4-dimethyl-3-pentanone were all reagent grade from 
J. T. Baker Chemical Company and were distilled before 
use. In some instances, peroxides were removed from the 
ketone by addition of Fez+ to the ketone before distilla- 
tion. This treatment did not alter the rates. Acetone was 
reagent grade from J. T. Baker Chemical Con~pany and 
was used without purification. 
Tris(1,lO-phenanthro1ine)FeOI) (ferroin) was prepared 

from a published procedure (23) which consisted of 
adding 1,lO-phenanthroline to a solution of FeSO4.7HZO 
in a 3 : 1 molar ratio. Ferriin was obtained by oxidation of 
ferroin with PbOz in 1 MH,SO,. Ferriin was precipitated 
as a perchlorate salt. Stock solutions of ferriin were made 
up in concentrated or HC104 medium. Such 
solutions were diluted with water to appropriate acid 
strength immediately before each kinetic run. 

Kinetic Studies 
The rate of oxidation of ketones was monitored by 

following the increase in optical density at 510 nm with 
time. Ferroin has an extinction coefficient of 1.1 x lo4 
M-' cm-' at 5 10 nm while that of ferriin is 500 M-' 
cm-' (23). Kinetic studies were carried out on a Durrum 
stopped-flow spectrophotometer and a Cary 118 spectro- 
photometer. The reaction was carried out under pseudo 
first-order conditions with excess ketone. The pseudo 
first-order rate plots were analyzed by plotting log 
(OD, - OD,) against time from which kobs was found. 

2Ferroin is known to hydrolyze with a rate constant 
s-I at 0.2 M [Ht] to give Fe2+(aq). Since oxida- 

tions in air are slower than in its absence, we might 
expect a higher accumulation of [Fez+(aq)] which sub- 
sequently undergoes a rapid outer-sphere electron transfer 
with ferriin to give ferroin (22) and thus produces auto- 
catalytic behavior. 
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The k,,, values for pseudo zero-order kinetics were ob- 
tained by measurement of the slope of the linear region. 

Reactions under argon or nitrogen were carried out by 
degassing solutions of Fe(II1) in acid and ketone separ- 
ately. Reaction was started by injecting the degassed 
solution of ketone into a solution of Fe(II1) in a 1 c n ~  
optical cell fitted with a serum cap. Since degassing 
cannot be performed easily inside a I mm cell, such 
reactions were carried out by degassing solutions of 
Fe(1II) and ketone separately. Mixing and transferring the 
reactants into the 1 mm cell were carried out under N, 
in a glove box. 

The oxidation of acetone was studied at 2.4 x M 
ferriin and 0.6 M HZSO4 and at 6 x M ferriin and 
6.3 M H2SO4. Even at acetone concentrations of 0.91 M 
and 1.82 M and at low [Fe(III)] no change in OD over a 
2 h period was observed. At high [Fe(III)] and low [acid], 
pseudo first-order kinetics were observed with excess 
[acetone]; k,,, is ca. 2 x s-I which is about the same 
as the dissociation rate constant of ferriin in absence of 
acetone (22). Also, the rates changed little as the acetone 
concentration was doubled. 

The rates of oxidation of acetone by 5-chloroferriin are 
given in Table 1. From the slope of the k,,, vs. acetone 
plot, kZ' was determined to be 1.3 x M-'  s-'. If 
the Marcus relationship is obeyed 5-chloroferriin would 
be 10 times more reactive than ferriin (10). This gives an 
oxidation rate of 1.3 x M- '  s-' for ferriin. 

Product Analysis 
2-Butanone (0.2 ml) was added to a suspension of 

0.008 g of ferriin in 0.1 ml of 2 M H2S04. The reaction 
was carried out under N2. After stirring the solution for 
5 min samples were taken at 1 min intervals for analysis 
on a Hewlett Packard 5750 research gas chromatograph 
on a t i n .  diameter 12 ft Carbowax column. Products 
were identified by retention times. 3-Hydroxy-2-butanone 
was identified as the initial product. With time, butane- 
2,3-dione was formed. 
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(1977). 

The photoreactions of 1- and 2-naphthonitriles with tetramethylethylene have been studied 
in the solvents hexane, benzene, dimethoxyethane, methanol, and acetonitrile. In hexane, 
benzene, or dimethoxyethane, the exclusive products are the cyclobutanes I-cyano-7,7,8,8- 
tetramethyl-2,3-benzobicyclo[4.2.0]octa-2,4-diene (from I-naphthonitrile and tetramethyl- 
ethylene), and 6-cyano-7,7,8,8-tetramethyl-2,3-benzobicyclo[4.2.0]octa-2,4-diene (from 2-naph- 
thonitrile). In methanol, products of photoreduction are formed. From 2-naphthonitrile and 
tetramethylethylene in methanol are obtained 1-(2'-methoxy-l',l',2',2'-tetramethyl)-3-cyano- 
1,4-dihydronaphthalene, l-(2'-methoxy-l',l',2',2'-tetramethyl)-2-cyano-2,4-dihydronaphthal- 
ene, and 1,2-dihydro-2-naphthonitrile. Deuterium incorporation is observed with CH30D 
as solvent, and the stereochemistry of solvent incorporation is discussed. Reaction in 2,2,2- 
trifluoroethanol proceeds similarly. In methanol, 1-naphthonitrile and tetramethylethylene 
give products of reductive dimerization, whose exact structures were not determined. In aceto- 
nitrile, both naphthonitriles give complex mixtures of products on reaction with tetramethyl- 
ethylene. It is proposed that the cyclobutane formation in non-polar solvents involves exciplex 
intermediates, while in polar media electron transfer occurs and results in photoreduction. 

JOHN J. MCCULLOUGH, RODERICK C. MILLER et WEI-SAI WU. Can. J. Chem. 55,2909 (1977). 
On a Ctudie les photoreactions des naphtonitriles-1 et -2 avec le tCtramCthylCthylkne dans 

l'hexane, le benzkne, le dimkthoxyethane, le methanol et I'acktonitrile comme solvants. Dans 
I'hexane, le benzene ou le dimethoxyethane, les produits exclusifs sont les cyclobutanes, cyano-1 
tktramkthyl-7,7,8,8 benzo-2,3 bicyclo[4.2.0] octadiene-2,4 (a partir du naphtonitrile-1 et du 
tCtramCthylCthylene) et le cyano-6 tetramethyl-7,7,8,8 benzo-2,3 bicyclo[4.2.0] octadikne-2,4 
(a partir du naphtonitrile-2). Dans le methanol il y a formation de produits de photor6duction. 
A partir du naphtonitrile-2 et du t6tram6thylCthylene dans le methanol on obtient le (mkthoxy- 
2' t6tramCthyl-l',l',2',2')-1 cyano-3 dihydro-1,4 naphtalkne, le (m6thoxy-2' tCtramCthyl-l',l',- 
2',2')-1 cyano-2 dihydro-2,4 naphtalkne et le dihydro-1,2 naphtonitrile-2. On observe une 
incorporation de deuterium lorsque le CH,OD est utilisk comme solvant et on discute de la 
st6reochimie de I'incorporation du solvant. La reaction dans le trifluoro-2,2,2 ethanol se 
produit d'une manikre similaire. Dans le methanol, le naphtonitrile-1 et le tCtramCthylethylkne 
donnent des produits de dimerisation reductive dont on n'a pas determine les structures exactes. 
Dans I'acktonitrile, les deux naphtonitriles conduisent k des melanges complexes de produits de 
reaction avec le t6tram6thyl6thylkne. On propose que la formation de cyclobutane dans des 
solvants non-polaires implique des intermediaires exciplexes alors que dans des milieux 
polaires, il se produit des transferts dYClectrons et il en resulte une photorkduction. 

[Traduit par le journal] 

The formation, structure, and behaviour of 
exciplexes is an area of research attracting con- 
siderable current interest. Exciplexes and ion- 
pairs have been studied by a variety of physical 
(1-13) and chemical (14-21) approaches, and a 
great deal is now known about the factors af- 
fecting their formation and behaviour. The 
earlier work employed amino compounds (1-4, 
6, 7, 14-16) as electron donors to study the 
physical and chemical effects of charge transfer. 
It was also shown, however, that simple alkyl 
substituted ethylene derivatives could act as 
electron donors, giving rise to exciplex and ion 
pair formation with various excited aromatic 

compounds (8-13, 18-21). We have given pre- 
liminary accounts of our physical and chemical 
investigations on exciplexes and ion pairs from 
the naphthonitriles and tetramethylethylene (18, 
19). In the present paper, we describe the isola- 
tion and identification of products of these 
reactions, run in various solvents. In a later 
paper, the details of photokinetics and lifetime 
measurements on these systems will be described. 

Results 
Reactions in Non-polar Solvents 

Products and Structural Assignments 
Irradiation of 1-naphthonitrile and tetra- 
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methylethylene in benzene with 313 nm light 
results in the efficient formation of a 1 : 1 adduct, 
1. This was separated from residual l-naphtho- 
nitrile by column chromatography and vpc. On 
sublimation at 1 Torr, crystals, mp 69-71°C 
were obtained. The nmr spectrum showed 
resonances as follows. Four singlets at 1.40, 
1.32, 1.00, and 0.8 1 6 (each area 3) were assigned 
to the methyl groups. A doublet of doublets 
(area 1) with J = 4.5 and 2.0 Hz at 3.20 6 was 
assigned to the bridgehead methine proton. An 
AB system at 5.71 6, J = 10.0 and 4.5 Hz and at 
6.31 6, J = 10.0 and 2.0 Hz was attributed to 
the vinylic protons. Protons of the benzene ring 
gave two multiplets, centered at 7.1 (area 3) and 

at 6.9 6 (area 1). The ultraviolet spectrum of 1 
had h,,,(hexane) at 270 nm, log E = 3.84. This 
is in good agreement with the spectrum of endo- 
7-cyano-2,3-benzobicyclo [4.2.0]octa-2,4-diene, 
whose structure is known from X-ray work, 
which had h,,,(hexane) at 268 nm, log E = 3.86. 
In contrast, o-xylene has h,,,(EtOH) at 262 nm, 
log E = 2.42. On the basis of this data, the adduct 
1 is assigned the structure 1-cyano-7,7,8,8-tetra- 
methyl-2,3 - benzobicyclo[4.2.0]octa- 2,4-diene. 
The same adduct was found to be by far the 
major product of this photoaddition in hexane 
or dimethoxyethane as solvents. 

Irradiation of Znaphthonitrile and tetra- 
methylethylene in benzene also gave a single 
1 : 1 adduct, 2. The latter was difficult to separate 
from Znaphthonitrile because it was thermally 
unstable to preparative vpc conditions, and 
moved at the same rate as Znaphthonitrile on 
adsorption chromatography. Purification was 
achieved by high pressure liquid-liquid chro- 
matography. This adduct is assigned the struc- 
ture 6-cyano-7,7,8,8-tetramethyl-2,3-benzobicy- 
clo[4.2.0]octa-2,4-diene (2). The nmr spectrum 
agrees with that reported by Cantrell (22). 
Singlet resonances were noted at 0.78, 1.07, 
1.09, and 1.48 6 (each area 3) due to the methyl 
groups, and at 3.72 6 (area l), assigned to the 
methine proton. The vinyl protons showed at 
6.52 ( J  = 10.0 Hz) and at 5.72 6 ( J  = 10.0 Hz 
and 1.5 Hz). The smaller coupling constant is 
apparently due to coupling with a proton in the 

benzene ring. The protons of the benzene ring 
gave multiplets at 7.15 (area 3) and at 6.85 6 
(area 1). Note that the product of 1,Caddition to 
the 2-naphthonitrile would have just one vinyl 
proton signal in the nmr spectrum. The same 
adduct was the only significant product of ir- 
radiation of 2-naphthonitrile and tetramethyl- 
ethylene in dimethoxyethane. 

Reactions in Polar Solvents 
Irradiation of 2-naphthonitrile and tetra- 

methylethylene in methanol gave products as- 
signed the structures 3, 4, and 5 shown in 
Scheme 1. 

The products 3 and 4 (ratio 3:2) were iso- 
lated by silica gel chromatography. Compound 3 
had mp 89.5-91.5"C. The nmr spectrum showed 
singlet resonances at 3.24 (area 3), due to the 
methoxy group, and at 0.56, 0.82, 1.10, and 
1.26 6 (each area 3), due to the two pairs of 
diastereotopic methyl groups. The methylene 
and methine protons gave resonances between 
3.30 and 3.80 6, partly overlapping the singlet 
at 3.24 6. A resonance at 7.05 6 was attributed to 
the vinyl proton, but detail was obscured by the 
resonance of the benzenoid protons at 7.08 6 
(area 4). These resonances did have quite dif- 
ferent chemical shifts on treatment with euro- 
pium tris(dipivaloy1methide) (23). The resonance 
(area 1) of the vinyl proton showed a doublet, 
J = 5.0 Hz. As a final confirmation of structure, 
3 was dehydrogenated with palladium-on-char- 
coal to give the naphthalene derivative 6. The 
latter showed singlet resonances at 3.07 (area 3), 
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of the methoxy group, and at 1.12 and 1.66 6 
(each area 6), due to the two pairs of side chain 
methyl groups. Most of the benzenoid protons 
resonated between 7.2 and 8.0 6, except for a 
multiplet (area 1) at 8.9 6. The latter is assigned 
to the proton at the peri-position, nearest to 
the side-chain, because of its low-field position 
(24). The structure 1-(2'-methoxy-1 ',lf,2',2'-tetra- 
methylethyl)-3-cyano- 1,4-dihydronaphthalene is 
thus assigned to compound 3.' 

Compound 4, n ~ p  96.5-9S°C, showed singlet 
resonances in the nmr spectrum at 7.08, for' 
benzenoid protons (area 4), at 3.24 for the 
methoxy group (area 3), and at 0.71, 0.73, 
1.12, and 1.35 6 (each area 3), for the side- 
chain methyl groups. A doublet at 3.75 6, 
(area 1) with J = 0.5 Hz identified the methine 
proton, while the methylene group gave a multi- 
plet from 3.24-3.50 6, overlapping the methoxy- 
group singlet at 3.24 6. The vinyl proton gave a 
doublet of doublets at 6.75 6, (area 1) with J = 
7.0 and 3.0 Hz. 

Attempted dehydrogenation as described for 3, 
resulted in loss of the side-chain to give 2- 
naphthonitrile. The structure 1-(2'-methoxy- 
1 ',11,2',2'-tetramethylethyl) - 2 - cyano - 1 , 4  -di - 
hydronaphthalene is assigned to compound 4. 
In the above reaction, there was also formed 1,2- 
dihydro-2-naphthonitrile 5. This was isolated by 
distillation and characterized by its spectral 
properties. 

Reaction of 2-Naphthonitrile and 
Tetramethylene in Methanol-0-d 

Use of deuteroxylated methanol (CH,OD) as 

crease in areas of the methylene group resonances 
in the nmr spectra. 

By determining which proton-proton coupling 
constants were affected by the labelling, it was 
possible to deduce the stereochemistry of the 
deuterium label in 4D. It was assumed that the 
reduced ring of the 1,4-dihydronaphthalene 
system adopts a shallow boat conformation (25) 
with the bulky substituent axial, as shown in 
Fig. 1. 

The substituent apparently keeps the di- 
hydronaphthalene system locked in one boat con- 
formation, as shown by the proton spin-spin 
splitting pattern (25c). In 4 (unlabelled) the 
signal of the vinyl proton (H,) shows as a doublet 
of doublets, with J = 3.0 and 7.0 Hz. Splitting 
of the H, signal by H, is assumed to have J = 

3.0 Hz (25d) and the splitting by He  is assumed 
to have the larger ( J  = 7.0 Hz) coupling con- 
stant (25c). 

In the spectrum of 4D the signal of H, ap- 
pears as a doublet with J = 7.0 Hz. Thus, the 
deuterium in 4D has apparently replaced Ha and 
not He and the deuterium label is cis to the side- 
chain substituent. Interestingly, the splitting of 
H, in 3 has J = 5.0 Hz, which is consistent with 
He  being equatorial with the bulky substituent 
axial. The above data are summarized in Fig. 1. 
Irradiation of 2-naphthonitrile and tetramethyl- 
ethylene in formic acid - methanol gave the 
same products as with pure methanol (Scheme I), 
although the ratio of 3 :4  did appear to change. 
Irradiation of 2-naphthonitrile and tetramethyl- 
ethylene in 2,2,2-trifluoroethanol gave a mixture 
of products from which compound 7 was iso- 
lated by preparative vpc. This compound had 
mp 150-152"C, and was identified by its nmr 
spectrum. This showed singlets at 0.73, 0.87, 
1.19, and 1.36 (each area 3), due to the methyl 
groups, a quartet, J = 9.0 Hz (area 2), at 3.79 
due to the methylene group of the trifluoroethyl 
substituent, and a partially resolved doublet at 

solvent gave 3, 4, and 5 with deuterium incor- 3 Hz 

porated in the methylene groups, as shown in 
Scheme 1. These labelled products will be re- 
ferred to as 3D, 4D, and 5D, respectively. 

The presence of the deuterium label was 
evidenced by the weak M+ ions of 3D and 4D 
with m/e = 270 (C,,H,,DON), and by the de- 3 4 

R = C H ~ O C ( C H ~ ) ~ C ( C H ~ ) ~ -  

'The ultraviolet spectra of 3 and 4 also agreed with FIG. 1. Conformations of the 1,4-dihydro-2-naphtho- 
these assignments (see Experimental). nitrile derivatives 3 and 4. 
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7.05 6 due to the vinylic proton. Multiplets at 
3.53 (area l), 3.73 (area 2), and 7.1-7.3 6 (area 4) 
corresponded to the methine, ring methylene, 
and aromatic ring protons respectively. The 19F 
spectrum showed a triplet at 74.6 6, (J = 9.0 Hz) 
from CFCI, confirming the presence of the tri- 
fluoroethyl group. 

Irradiation of 1-naphthonitrile and tetrame- 
thylethylene in methanol gave two crystalline ad- 
ducts, which were separated by chromatography 
over silica gel. In spite of an intensive investiga- 
tion of the structures of these products by 
chemical and spectroscopic techniques, their 
structures are still undetermined. They appear 
to be products of reductive dimerization of the 
naphthonitrile, and one of them contains the 
side chain which is present in 3 and 4. This 
shows that solvent (methanol) has been in- 
corporated. 

Irradiation of 1- or 2-naphthonitrile and tetra- 
methylethylene in acetonitrile gave an extremely 
complex mixture of products, shown by vpc 
analysis. No attempt was made to separate or 
characterize these compounds. 

Discussion 
It is clear from the above results that the 

photoreactions of the naphthonitriles and tetra- 
methylethylene proceed by quite different mech- 
anisms in the non-polar (hexane, benzene, di- 
methoxyethane) and polar (alcohols, aceto- 
nitrile) solvents. The non-polar media give highly 
specific reactions, the products being the cyclo- 
butanes, 1 and 2, formed by a formal 2ns f 2ns 
addition.' There is evidence, presented pre- 
viously, that the cycloaddition involves exci- 
plexes of the naphthonitrile and the olefin (19). 
The exciplex emission from 1-naphthonitrile and 
certain olefins is now well-known (10, 11). 

Quenching of exciplex emission by polar sol- 
vents is also a widely recognized process. This 
quenching generally gives rise to ion-pairs, which 
are non-fluorescent. The photoreactions of many 

'In a recent communication, Yang et al. (27) report the 
formation of 1-azetines on irradiation of the naphtho- 
nitriles or benzonitrile with olefins. We did not observe 
these products. However, as the authors point out (27), 
the cyclobutane ring system of 1 and 2 is photochemically 
labile (17), and under their reaction conditions (high 
conversion of reactant, Corex filter) the labile cyclo- 
butanes are gradually replaced by the apparently stable 
1-azetines. In contrast, our reactions giving 1 and 2 were 
always taken to low conversion, and Pyrex filters and 
300 nm light were used. Under these conditions the 
initially formed cyclobutanes would be stable. 

amino-compounds in polar solvents have been 
satisfactorily interpreted in terms of ion pairs, 
formed by electron transfer. 

The products formed from the 2-naphtho- 
nitrile and tetramethylethylene in methanol are, 
by their nature, strongly suggestive of an electron 
transfer reaction pathway. In fact, all the pro- 
ducts in Scheme 1 are dihydronaphthalenes, 
clearly formed by photoreduction of the naph- 
thalene ring. The following mechanistic scheme 
(Scheme 2) is suggested to account for these 

products. The stages are (i) electron transfer 
from olefin to the naphthonitrile ring, forming a 
pair of radical ions; (ii) collapse of the ion pair 
to a zwitterion; (iii) capture of solvent by the 
zwitterion to give products 3 and 4. This is a 
rationale for the reaction, which accounts for 
the general features, e.g., it explains the forma- 
tion of l ,2-dihydro-2-naphthonitrile which could 
be formed by escape of the radical anion from 
the ion-pair (26)., 

We have one piece of evidence which gives 
insight into the timing of the above steps in the 
reaction. The cis arrangement in 4 of the proton 
(deuterium label) which comes from the solvent, 
and the side chain means that  roto on at ion can- 
not precede formation of the new carbon-carbon 
bond. If it did, a mixture of cis and trans deute- 

jLibman has observed reduction of 1-naphthonitrile on 
photoreaction with phenylacetic acid derivatives (26). 
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rium labelled 4 would result. Apparently, 
protonation cis to the bulky substituent (axial 
protonation) occurs preferentially. 

The formation of 7 in trifluoroethanol may 
mean that this solvent, in spite of its much 
lower nucleophilicity, can be captured in the 
same way as methanol. This is consistent with 
the ion-pair mechanism, since the radical cation 
should be a powerful electrophile. Alternatively, 
protonation of the naphthonitrile ring may pre- 
cede bonding of the side chain in this solvent (in 
contrast to methanol). We also note that the 
reduction product 1,2-dihydro-2-naphthonitrile 
5 appears to be formed in trifluoroethanol. A 
final point can be made concerning product 5. 
Since 5 is formed by reduction of the naphthoni- 
trile, there must be an equivalent amount of 
products, from oxidarion of the tetramethylethy- 
lene. We have not characterized these products, 
but note that Sakurai and co-workers (13) have 
reported a dimeric ether derivative in the photo- 
reaction of 9-cyanophenanthrene with tetra- 
methylethylene in methanol. 

The reaction in acetonitrile is very complex, 
many products being formed, and a detailed 
analysis would involve an extensive investigation. 

In conclusion, the results are consistent with 
the proposal (18, 19) that cycloaddition in non- 
polar solvents proceeds via exciplexes, while 
electron-transfer in polar media leads to a 
totally different spectrum of photoreduction 
products. This scheme has been used to interpret 
the widely-studied photochemistry of amines and 
related compounds (14). 

Experimental 
Instruments 

The nuclear magnetic resonance spectra were obtained 
with a Varian HA-100 or A-60 spectrometer. The 
chemical shifts are given as ppm (6) and tetramethylsilane 
(6 = 0) was used as internal standard. Infrared and ultra- 
violet spectra were determined with a Perkin-Elmer 521 
and Cary model 14 spectrophotometer respectively. Mass 
spectra were recorded on a Hitachi-Perkin-Elmer RMU 
6A or a CEC 21-llOB instrument. The vapor-phase 
chromatography (vpc) was performed, unless otherwise 
specified, with a Varian 204B dual column instrument 
with the flow rate of helium 30 ml/min. Two kinds of 
silica gel (Grace, 923,100-200 mesh, and MN-silica gel G )  
were used as adsorbents in the adsorption column chro- 
matography. For thin layer chromatography (tlc), East- 
man plastic sheet precoated with silica gel was used. 
Melting points were measured on a Kofler hot stage and 
are uncorrected. Nitrogen was Canadian Liquid Air, 
certified grade. Preparative scale irradiations were gener- 
ally performed either with a 450 W Hanovia type L 

mercury vapor lamp, using a Pyrex filter, or in sealed, 
deaerated Pyrex ampoules, irradiated with RPR-3000 A 
lamps in a Rayonet reactor. 

Microanalyses were determined by the Spang Micro- 
analytical Laboratory, Ann Arbor, MI, by the Gygli 
Microanalysis Laboratory, Toronto, or by Galbraith 
Laboratories, Inc., Knoxville, TN. 

Materials 
All solvents for reactions were distilled before use. 
1-Naphthonitrile from Eastman Organic Chemicals 

was recrystallized from light petroleum, mp 36537°C. 
2-Nauhthonitrile was also from Eastman Organic Chem- 
icals -and was crystallized from 95% ethanol, mp 67- 
68°C. Tetramethylene was from Aldrich Chemicals 
("Gold Label" grade) and was distilled at atmospheric 
pressure, bp 70.5"C. Deuterium oxide was from Columbia 
Organic Chemicals, and was specified at 99.7% D 2 0 .  
Dimethyl carbonate was from the British Drug Houses, 
Ltd., and was used to prepare methanol-OD by the 
method of Streitwieser et al. (28). 

Photoaddition of I-Naphthonitrile and Tetramethylethylene 
in Benzene 

1-Naphthonitrile (3.0 g, 0.020 mol) and tetramethyl- 
ethylene (8.0 g, 0.095 mol) in benzene (420 ml) were ir- 
radiated under argon with the Hanovia 450 W lamp for 
50 h. The extent of reaction was determined from the 
nmr spectrum. The mixture was filtered through a 7 x 3 
cm column of Grace 923 silica gel, using 1 f of benzene 
to elute, and the solution was evaporated. The residue 
was chromatographed on a 3 x 35 cm column of silica 
gel (Machery-Nagel, type G) which was eluted with 
ether - benzene - light petroleum mixture in the ratio 
15:15:70. The first 300ml were discarded, and 25 ml 
fractions were collected. Fractions 1-10 contained mainly 
1-naphthonitrile; fractions 11-70 contained a mixture 
of 1-naphthonitrile and cyclobutane 1. The residue from 
fractions 11-70 was distilled at 0.1 Torr, at 1lO"C (oil 
bath). The distillate (0.621 g) when combined with 
fractions 1-10 gave 1.495 g of 1-naphthonitrile (50%). 
The residue from this distillation was chromatographed 
on 3 x 10 cm of silica gel, and 25 ml fractions were 
collected. Fractions 1-5 contained 1-naphthonitrile, 
while fractions 11-70 contained mixtures of l-naphtho- 
nitrile and the cyclobutane 1. The latter fractions were 
evaporated and a sample of 1 was isolated by preparative 
vpc on 10 ft x $ in. of 30% SE-30 on Chromosorb W at 
210°C. The sample crystallized on cooling in ice, and the 
crystals were used to seed the residue from fractions 11- 
70. An analytical sample of 1 (0.420 g) mp 69-71°C from 
methanol, was obtained. Anal. calcd. for CI7H19N: C 
86.03, H 8.07, N 5.90; found: C 86.22, H 8.29, N 5.90. 

Photoaddition of 2-Naphthonitvile and Tetramethylethylene 
A solution of 2-naphthonitrile (0.536 g, 3.5 mmol) and 

tetramethylethylene (6.312 g, 0.075 mol) in benzene 
(50 ml) was degassed by three freeze-pump-thaw cycles 
and was sealed in a Pyrex tube. The sample was irradiated 
for 48 h using the Rayonet reactor and 11 RPR-3000 
lamps. Analysis on 5 ft x Bin. of 5% SE-30 on Chromo- 
sorb W at 175°C showed one major peak of retention 
time 5.1 min. In these runs, approximately half of the 
2-naphthonitrile was unreacted. The adduct 2 was 
separated from 2-naphthonitrile by 'reverse phase' high 
pressure liquid chromatography. A Waters Associates 
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ALC-100 instrument was used with a 4 ft x 4 in. column 
of Durapak n-octanelPorasi1 C. Elution was with 50:50 
acetonitrile-water at 700 psi and elution rate of 2.0 
mllmin. The 2-naphthonitrile was eluted first; the frac- 
tions containing the second component 2 were collected, 
extracted with nlethylene chloride, and dried over Naz- 
SO4. Evaporation gave an oil (115 mg) which declined to 
crystallize. Analytical vpc showed one peak corresponding 
to photolysis product. This showed a parent ion of mle 
237.1515, corresponding to C1,H19N. The structure was 
established from the nmr spectrum (22). 

Irradiation of 2-Naphthonitrile and Tetramethylethylene in 
Methanol 

A methanolic solution (400ml) of 2-naphthonitrile 
(6.0 g, 0.039 mol) and tetramethylethylene (18.0 g, 
0.214 mol) was irradiated under nitrogen with a Hanovia 
type L 450 W lamp (Pyrex filter) for 36 h. The progress 
of the addition was monitored by nmr spectroscopy and 
by vpc on 10 ft x in. of 5% QF-1 at 200°C. Two pro- 
ducts were observed with retention times of 10min 
and 8.3 min in a ratio of 60:40. The solvent was removed, 
and the crude mixture (8.14 g) was chromatographed on 
silica gel (Grace, 923), in a 27 x 3 cm column, slurry 
packed in and eluted with 30% ether - light petroleum, 
bp 30-6O0C, and 400 ml fractions were collected. Frac- 
tions 1 and 2 contained 0.136 g of unidentified material; 
fractions 3 and 4 were 2-naphthonitrile (3.34 g), and 
fractions 5-10 contained products 3 and 4 (4.20g), 
determined by vpc analysis. Fractions 5-10 were com- 
bined and chromatographed on a second column of silica 
gel (MN-silica gel G), (65 x 4.0 cm); elution was with a 
mixture of ether, benzene, and light petroleum in the 
ratio 10: 10: 80. The first litre of eluate was discarded, and 
thereafter 20 ml fractions were collected. Fractions 1-9 
contained 0.355 g of unidentified material; fractions 13-23 
contained a 5030  mixture of 3 and 4 (2.128 g); fractions 
24 and 25 were 4 contaminated with 3 (0.198 n),  and 
fractions 26-37 contained 4 (1.184g).   he latter'frac- 
tions were combined and crystallization from ethanol 
afforded 4, 0.351 g, mp 96.5-98°C. Anal. calcd. for 
Cl8HZ3NO: C 80.25, H 8.61, N 5.20; found: C 80.38, 
H 8.62, N 5.22. 

Fractions 13-23 from the above column were com- 
bined and chromatographed on a third column of MN- 
silica gel G (25 x 3.0cm), and elution was with 3% 
ether - light petroleum, bp 30-60°C. Fractions of 25 ml 
were collected, and fractions 15-25 contained 3 and 5 
(1.064 g) which gave 3, 0.387 g, mp 89.5-91S0C, from 
ethanol. Anal. calcd. for Cl8HZ3NO: C 80.25, H 8.61, 
N 5.20; found: C 80.31, H 8.55, N 5.31. The ultraviolet 
spectrum of 3 showed h,,,(EtOH) at 263 nm, log E = 
2.52, and that of 4 had h,,,(EtOH) 270 nm, log E = 2.42 
(compare o-xylene, above). The mother liquors from the 
crystallization of 3 were evaporated and distilled at 
0.05 Torr (oil bath temperature 130°C) to afford 5, 
(0.723 g) as an oil. 

For the deuterium labelling experiment, the above 
reaction was repeated using methanol-OD as solvent. 
Deuterated 3, 4, and 5 were isolated as above and 
characterized by mass and nmr spectra. 

Irradiation of 2-Naphthonitrile and Tetramethylethylene in 
2,2,2-Trij7uoroethanol 

A solution of 2-naphthonitrile (77 mg, 0.5 mmol) 

and tetramethylethylene (2.1 g, 25 mmol) in freshly dis- 
tilled trifluoroethanol (50 ml) was transferred to a Pyrex 
ampo~~le and degassed by purging with argon. The sample 
was irradiated at 300 nm for 25 h using 16 RPR-3000 
lamps in the Rayonet reactor. Analysis by vpc on 
5 ft x +in. of SE-30 at 180°C showed peaks with re- 
tention times 1.6, 2.0, 7.6, 9.2, 11.5, and 17.5min. The 
peak of longest retention time was isolated by preparative 
vpc on 8 ft x 4 in. of 15% SE-30 on Chromosorb W at 
197°C. This gave compound 7 as a yellow solid from 
which crystals, mp 150-152°C were obtained from 
ethanol. The mass spectrum showed mle = 337.1663 
corresponding to Cl9HZzNOF3. Anal. calcd. for 
Cl9HZZNOF3: C 67.64, H 6.57, N 4.15; found: C 67.43, 
H 6.63, N 4.30. 

The two peaks at shortest retention time were col- 
lected together and the nmr spectrum showed that 1,2- 
dihydro-2-naphthonitrile and 2-naphthonitrile were 
present. 

Irradiation of 2-Naphthonitrile and Tetramethylethylene in 
Acetonitrile 

Irradiation of 2-naphthonitrile (2.0 g, 13 mmol) and 
TME (6.0g, 71 mmol) in acetonitrile in the same way 
as for methanol, for 12 h resulted in the formation of 
many products, according to vpc analysis (10 ft x + in. 
of 5% SE-30 at 185"C), and the mixture was not in- 
vestigated further. 

Dehydrogenation of Compound 3 
A mixture of 0.2g of compound 3 and 0.15 g 10% 

palladium-charcoal in 15 ml p-xylene was refluxed for 
3 days. The catalyst was filtered and the solution dis- 
tilled under aspirator pressure. The residue was crystal- 
lized from ethanol-water. The dehydrogenation product 
6, mp 124-126"C, was obtained (0.06g, 30% yield). 
Anal. calcd. for Cl8HZ1NO: C 80.86, H 7.92, N 5.24; 
found: C 80.88, H 7.99, N 5.24. 

Dehydrogenation of Deuterio-5 
Deuterio-5 and 10% palladium-charcoal (0.2 g) in 10 ml 

toluene were refluxed for 8 h. The solvent was removed 
and the residue chromatographed on a silica gel (MN- 
silica gel G) column (7 x 3 cm). First elution was with 
0.5 f light petroleum and this was discarded. Elution 
with 5% ether in light petroleum (1 e )  gave a residue 
which crystallized, giving 2-naphthonitrile, mp 65-68°C 
(lit. (29) 66°C) on removal of solvent. The product con- 
sisted of a 50:50 mixture of 2-naphthonitrile and 1- 
deuterio-2-naphthonitrile according to nmr and mass 
spectral analyses. 
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COMMUNICATIONS 

Pyrromethenes in the synthesis of polypyrranesl 

AREND ROWOLD A N D  S. FERGUSON MACDONALD 
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AREND ROWOLD and S. FERGUSON MACDONALD. Can. J. Chem. 55,2916 (1977). 
A new method makes appropriate 5-bromo-5'-methoxymethyl-pyrromethenes available for 

synthesizing polypyrranes related to uroporphinogens. In chloroform at 20°C, they react with 
a-free pyrroles (normally) and with 5-free pyrromethanes (losing the methoxymethyl-pyrrole 
ring) to give tripyrrenes which reduce to unblocked tripyrranes. Likewise, but in dioxane at 
20°C and more cleanly, 5-bromo-5'-methylpyrromethenes convert pyrromethanes to tripyrrenes, 
and a tripyrrane to a tetrapyrrene (bilene). 

AREND ROWOLD et S. FERGUSON MACDONALD. Can. J. Chem. 55, 2916 (1977). 
Une nouvelle methode perrnet de preparer quelques bromo-5 mtthoxymethyl-5' pyrro- 

meth6nes utilises dans la synthese de polypyrranes apparent& aux uroporphinogbnes. Les pyrro- 
methenes reagissent (normalement) dans le chloroforme a 20°C avec des pyrroles de position 
a libre et avec des pyrromethanes de position 5 libre (perdant le cycle mCthoxym6thyl-pyrrole) 
conduisant a des tripyrrenes lesquels sont reduits en tripyrranes non empkhks. De la meme 
fa~on ,  les bromo-5 methyl-5' pyrromkthknes, dans le dioxane a 20°C, transforment plus propre- 
ment les pyrromkthanes en tripyrrenes et un tripyrrane au tktrapyrrene (bilene). 

[Traduit par le journal] 

The unknown 5-bromo-5'-bromomethyl-pyr- 
romethene (2) was promising for the synthesis 
of porphyrins via a,c-biladienes, and of amino- 
methyl-polypyrranes related to uroporphino- 
gens. It was obtained from the pyrrole l2 and 
bromine in ethanol-free chloroform at O°C, a 
new method, and converted to the more stable 
methoxymethyl-pyrromethene 3 in methanol at 
20°C. Three analogues of both, with alternating 
substituents (PAPA, MePMeP, and the known 
PMePMe (I)), were obtained likewise. 

Pyrromethane-5-carboxylic acids with ana- 
logues of 3 in boiling benzene had given tetra- 
pyrrenes (bilenes) and mixtures of porphyrins 
(2, cf. ref. 3). It was suggested that the latter 
were formed through an intermediate like 11 
(R = CH20Me) which lost two pyrroles then 
self-condensed to the porphyrin. 

'Issued as NRCC No. 16087. 
'When it is not indicated that identification was by 

tlc or 'Hmr, all con~pounds gave satisfactory analyses, 
etc. 

3Such reactions were followed by tlc on alumina (MN, 
Brinkmann cat. 66130207) with CHC13-MeOH, ca. 95:5. 
Concentrated solutions of the products in CHCl, were 
filtered through alumina (Woelm, grade l), washing with 
reagent CHCl,, eluting with ca. 97:3 CHC13-MeOH. 
The dried residue usually crystallized when stirred with 
methanol. 

In chloroform or methanol at 20°C, the 
bromomethyl- and methoxymethyl-pyrrometh- 
enes 2 and 3 both condensed rapidly with the a- 
free pyrrole 4. The resulting tripyrrene was iso- 
lated as its free base 5 ( ~ 4 0 % ) , ~  which was re- 
duced to the tripyrrane 6. Unexpectedly, the 
methoxymethyl-pyrromethene 3 and the 5-free 
pyrromethane 7 in chloroform also gave 5, 
but this retained some impurity (possibly the 
expected tetrapyrrene, cf. 10). In boiling benzene, 
3 and the 5-carboxylic acid of 7 again gave 5 
(tlc), but still less cleanly. 

On the face of it, the second electrophilic 
center in 3 reacted with 7, resulting in 11 
(R = CH20Me) and thence 5. As suggested by 
this, the 5'-methylpyrromethene 8 (!) and 7 gave 
5 exclusively. This reaction was slow in chloro- 
form, and the tripyrrene was hard to separate 
from unreacted 7. In dioxane, still at 20°C, the 
reaction was fast and pure 5 (530%) easily ob- 
tained. The methyl ester corresponding to 8 
and the tripyrrane 6 gave the tetrapyrrene 10 
(20%) analogously. 

Thin layer chromatography of the products 
from 7 and 8 showed a pyrrole spot (cold 
Ehrlich's reaction: red) running as both 9 and 
its methyl ester. In the more complex and now 
devalued reaction between 7 and 3 the lost 
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COMMUNICATION 

A - P A  P A  P A  P 

j B r C H 2 w B r  M e O . C H 2 w B r  

H HBr H H Br H 

1 2 3 

P  A  P A P AM" PMe 
6 + 8 (methyl ester) - B,. + 9 (methyl ester) 

pyrrole was not accounted for. However, the 
'Hmr spectra of tripyrrenes from methoxy- 
methyl-pyrromethene methyl esters and pyrro- 
methane ethyl esters showed that it was the 
methoxymethyl-pyrrole ring in the former which 
was lost. 

If isoporphobilinogen derivatives behave like 
those of porphobilinogen, the above reactions 
may represent general routes to the tripyrranes 
(from pyrroles or pyrromethanes via tripyrrenes) 
and the tetrapyrranes (from tripyrranes via tetra- 
pyrrenes). Other routes to the relevant poly- 
pyrranes have all required acid-catalyzed con- 
densations (4-7), and usually an element of 
symmetry (4) or the removal of carbobenzoxy 
groups (5, 6). 

These reactions of 8 are typical pyrrole re- 
distribution reactions. Although long indispens- 
able in the rationalization of mishaps, such 
reactions have been useless in rational synthesis 
with one possible exception: the use of formyl- 
pyrroles as substitutes for formic acid (8). 
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N-Nitromethylphthalimide. A formyl anion equivalent 
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FRANK G. COWHERD, MARIE-CARMEN DORIA, EDVIGE GALEAZZI, and JOSEPH M. 
MUCHOWSKI. Can. J. Chem. 55,2919 (1977). 

It is shown that the exclusive 1,Caddition of N-nitromethylphthalimide 4a to unhindered 
u,s-unsaturated ketones and esters can be effected by non-nucleophilic bases, such as sodium 
hydride or potassium fluoride, in dimethyl sulfoxide. The phthalimido moiety can be removed 
from the adducts with hydroxylamine or 1,Zdianilinoethane to give the oximes or diphenyl- 
imidazolidines of 1,Cketoaldehydes. The ethylene ketal 5 of 3-formylcyclohexanone could 
easily be recovered from the imidazolidine 10, but it was not possible to transform 11 into 
3-formylcyclohexanone under similar conditions. It is further shown that reactions, such as the 
Knoevenagel condensation, or the Paal-Knorr synthesis of pyrroles, can be achieved directly 
on the adducts without the need for isolating the unstable Cformyl carbonyl compounds. 
N-Nitromethylphthalimide thus serves as a new formyl anion equivalent. 

FRANK G. COWHERD, MARIE-CARMEN DORIA, EDVIGE GALEAZZI et JOSEPH M. MUCHOWSKI. 
Can. J. Chem. 55,2919 (1977). 

On dernontre que I'addition-1,4 exclusive de la N-nitromethylphtalimide 4a aux cCtones et 
aux esters u,(3-non-satur6s non-empkhes peut &re effectue par des bases non-nuclCophiles 
telles que l'hydrure de sodium ou le fluorure de potassium dans le dimethylsylfoxyde. La 
portion phtalimido peut dtre enlevee des adduits avec I'hydroxylamine ou le dianilino-1,2 
ethane pour conduire aux oximes ou aux diphenylimidazolidines de cCtoald6hydes-1,4. On 
peut rtcupkrer facilement 1'Cthylkne ccCtal5 de la formyl-3 cyclohexanone a partir de l'imidazo- 
lidine 10 mais il n'est pas possible de transformer 11 en formyl-3 cyclohexanone dans de telles 
conditions. On montre de plus que des reactions, telles que la condensation de Knoevenagel 
ou la synthese de Paal-Knorr des pyrroles, peuvent dtre realisees sur les adduits sans qu'il soit 
necessaire d'isoler les 'composks formyl-4 carbonyles instables. La N-nitromethylphtalimide 
sert donc de nouvel equivalent de I'anion formyle. 

[Traduit par le journal] 

1,4-Diketones are compounds of immense 
synthetic importance and numerous useful pro- 
cedures have been devised for the preparation 
of such substances (1-4, and refs. therein). A 
considerable number of 4-keto aldehyde syn- 

'Contribution No. 473 from the Syntex Institute of 
Organic Chemistry. 

%yntex post-doctoral fellow, 1972-1973. 
3A~thor  to whom enquiries should be addressed. 
4Revision received April 25, 1977. 

theses (2, 3, 5-11, and refs. therein) have also 
been reported, but many of these are inconve- 
nient and new practical syntheses of these useful 
intermediates are required. A conceptually very 
attractive route to the latter class of compounds 
is based on the conjugate addition of a formyl 
anion (4), or an equivalent thereof (2, 8-10), 
to an a,e-unsaturated carbonyl moiety. Nitro- 
methane (9) and hydrogen cyanide (lo), which 
historically are two of the oldest known formyl 
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anion equivalents, still remain the most versatile 
members of this group of reagents to be used for 
the synthesis of 4-keto aldehydes. An important 
characteristic of both of these reagents is that 
1,Caddition to an a,P-unsaturated carbonyl 
system generally occurs in preference to 1,2-ad- 
dition, even when the latter might be expected 
to be competitive (e.g., for nitromethane see ref. 
12). To be useful, any new formyl anion equiva- 
lent should retain this desirable property, and in 
addition, the latent formyl group should be 
easily unmasked after the desired reaction has 
been effected. It was with these points in mind 
that a study of N-nitromethylphthalimide 1 as a 
formyl anion equivalent was ~nde r t aken .~  

N-Nitromethylphthalimide has previously 
been prepared in 27% yield from the corre- 
sponding N-bromomethyl compound and silver 
nitrite in acetonitrile solution (13). The yield of 
this product was more than doubled when the 
reaction was effected with sodium nitrite in 
acetone solution (this work). 

A convenient source of the nitro compound 
was thus at hand, and consequently a study was 
undertaken to determine the optimum conditions 
for the Michael addition of this substance (1 
equiy.) to activated olefins (1 equiv.) such as 
cyclohexenone and methyl vinyl ketone. For 
these acceptors it was found that the 1,Caddition 
of 1 occurred most readily in dipolar aprotic 
solvents (preferably dimethyl sulfoxide) in the 
presence of weakly nucleophilic bases (1 equiv.) 
such as sodium hydride or potassium fluoride. 
These conditions (see Experimental section) 
were then applied to the preparative scale (5-100 
mmol) reaction of 1 with various activated ole- 
fins 2. 

The data presented in Table 1 show that the 
addition of 1 to a,P-unsaturated ketones and 
esters occurred in satisfactory yields in those 
cases where the acceptor was unhindered. These 
yields are particularly notable in view of the fact 
that a 1: 1 olefin-nitro compound ratio was 
utilized in all of the experiments. Non-cyclic 
P-substituted acceptors (e.g., benzalacetone and 
methyl crotonate) reacted rapidly with the anion 
of 1 to give an equilibrium mixture of the prod- 
uct and the reactants which was strongly in 
favour of the latter. The expected Michael ad- 
ducts were isolable in low yields from the reac- 

5Presented in part at the 57th Canadian Chemical Con- 
ference of the Chemical Institute of Canada, Regina, 
Saskatchewan, June 1974. 

tion mixtures, More highly substituted acceptors 
such as mesityl oxide, 1-acetylcyclohexene, 
neosterol, and neosterol acetate did not react at 
all with 1, undoubtedly for steric reasons. 

Whereas a,P-unsaturated ketones gave the 
best adduct yields when the anion of 1 was gen- 
erated with sodium hydride, a,&unsaturated 
esters and acrylonitrile, under the same con- 
ditions, gave complex mixtures which did not 
contain the desired products. The expected ad- 
ducts were formed with a,P-unsaturated esters 
when the reaction was initiated with potassium 
fluoride, but no characterizable products were 
isolable when acrylonitrile was the acceptor, 
even though 1 was rapidly consumed. The addi- 
tion of 1 to acrylonitrile was not examined 
further. 

The adducts derived from the cyclic enones 
and the other P-substituted acceptors were ob- 
tained as mixtures of threo and erythro isomers. 
This was evident both from the broad melting 
points and the nmr spectra (see Table 3) of the 
crude products. For example, the nmr spectrum 
of the crude adduct from cyclohexenone 
showed a pair of doublets, of approximately 
equal intensity, centered at 6 6.24 and 6.25 (J = 
10.6 and 8.4 Hz, respectively) for the proton a to 
the nitro group. In some cases (adducts from 
benzalacetone and methyl crotonate) one of the 
isomers could be obtained pure by fractional 
crystallization, and in one instance (ethylene 
ketal of adduct from cyclohexenone), both 
isomers were isolated in pure form by this tech- 
nique. The resolution of these mixtures is, of 
course, unimportant because the centre of asym- 
metry which was created during the formation 
of the adducts is destined for destruction when 
the formyl group is unmasked. 
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TABLE 1. Addition of N-nitromethylphthalimide to activated olefins" 4-:; 
Calcd. Found 

Reaction Yield Cryst. 
R Base time (h) (%) mP v-3 solvent C H N C H N 

NaH 1 43-63 108-109b Benzene-hexane 56.52 4.38 10.14 56.58 4.45 10.19 

NaH 1 15-28" 49-51 Hexane 62.41 6.40 8.09 62.50 6.22 8.14 

NaH 4gd 7-8 149-151' Ether 64.76 4.57 7.95 64.42 4.64 7.90 2 
E 
n 

NaH 1 47-68 96.5-102.5 Hexaneether 58.23 4.20 9.72 58.27 4.47 9.45 
m 
4 * 
r 

NaH 1 50-67 138.5-168 Benzene-hexane 59.60 4.67 9.27 59.75 4.56 9.12 

K F  2.5 43-64 139.5-141.5 Hexane 53.43 4.14 9.59 53.34 4.25 9.60 

K F  72d 14 151-152f Hexane 54.89 4.60 9.14 54.78 4.70 9.16 

'All reactions were carried out at room temperature. 
bThe crude product had mp 100.5-103.5°C. 
=The low yield is a reflection of the poor quality of the enone (purity 540%). 
#The reaction rapidly reached a steady state and did not progress further during the time indicated. 
eThe mp of the isomer obtained by fractional crystallization of the crude (mp 132-151°C) product. 
fThe mp of the isomer obtained after purification by thin layer chromatography on silica gel and crystallization. C
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TABLE 2. Ethylene ketals of adducts from enones and 1 
0 

Calcd. Found 
mP Cryst. - 

R ("c>.l solvent C H N C H N 

A 
0, P 

CH,-C-CH~CH~ 121-123 Acetone 56.24 5 .03 8 .74  56.11 5 .00 8 .73 

127-128.5 Hexane 58.95 5 .24 8 .09 58.87 5 .32 8 .16  

151-152 Ether 58.95 5.24 8 .09 58.73 5 .28 8.13 

n 

151-153* Ether 57.83 4.85 8.43 57.94 4 .97  8.41 

'The yields of the ketals were quantitative. 
bThe mp of the isomer obtained by fractional crystallization of  the crude product. 

Phthalimido protecting groups can be re- 
moved under basic or acidic conditions (14), but 
since the latter are generally very vigorous the 
use thereof was not considered feasible for the 
deprotection of the compounds described herein. 
In order to avoid the problems potentially asso- 
ciated with the use of basic reagents such as 
methylamine (pyrrole formation) or alkaline 
carbonates (internal aldolization), the enone 
adducts were converted into the corresponding 
ethylene ketals (Table 2) for the initial deprotec- 
tion studies. The ketalized adduct 4a reacted 
rapidly with aqueous methanolic potassium car- 
bonate at room temperature, boiling aqueous 
methanolic potassium bicarbonate, or aqueous 
methylamine (1 5) at room temperature, but in no 
case was the desired aldehyde 5 isolated after 
work-up, presun~ably because of the instability 
(e.g., aldolization) of this substance under the 
basic conditions of these reactions. Compound 
4a was therefore subjected to the action of 

alkaline sodium borohydride with the expecta- 
tion that the liberated aldehyde would be reduced 
before self condensation could occur. A mixture 
of products was then obtained, but the alcohol 
6 was not present therein. The spectral prop- 

n 

erties and the elemental analysis of the major 
component of the mixture were fully consistent 
with the carbinolamide 7a. The yield of this 
compound was considerably improved when the 
reduction was effected in the absence of external 
alkali. This substance was considered to have 

n n been formed by the reduction of the very reactive 
acyl imine 9, the intermediate occurrence of 

4 N - y Z  - O& which is readily explicable by the loss of the ele- 

CHO 
ments of nitrous acid from the primary reduction 
product 8a. The above observations suggested 

0 NO2 that the removal of the phthalimido group might 
4 a 5 be achieved by the inclusion of a weakly basic, 
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TABLE 3. Spectral properties of the activated olefin-N-nitromethylphthalimide adducts and the corresponding ethylene 
ketals 

R 

R Infrared (cm-') Nuclear magnetic resonance 6 (ppm)" 

CHzCH2COCH3 1794, 1742, 1727 sh, 1573 

(CHZ)ZCO(CHZ)~CH~ 1797, 1742, 1725 sh, 1572 

"Recorded in deuterochloroform unless soecified otherwise. 
bMeasured in perdeuteroacetone. ' 

=Isomer with mp 127-128.5"C. 
dlsomer with mp 151-152°C. 

nucleopl~ilic, aldehyde trapping agent, such as 
the Wanzlick base (16; dianilinoethane), in the 
hydrolytic medium. This supposition was con- 
firmed by the rapid formation of the imidazol- 
idine derivative 10 when an aqueous methanolic 
solution of 4a (1 mol), dianilinoethane (1.5 mol), 
and potassium carbonate (1.1 mol) was stirred 
at room temperature. The application of these 
conditions to the other adducts gave the corre- 
sponding imidazolidine derivatives (Table 4) in 
acceptable yields. Even sodium bicarbonate (at 
reflux temperature) could be used for the trans- 
formation, but dianilinoethane alone did not 

- -  

2.17 (s, 3H), 2.53-3.18 (m, 4H), 6.17 (q, lH,  J  = 8.2, 
8.6 Hz), 7.82 (m, 4H) 

0.83 (m, 3H), 1.22 (m, 8H), 2.17-3.15 (m, 6H), 6.17 
(t, 3H, J = 8.2 Hz), 7.78 (m, 4H) 

2.07 (s, 3H), 3.12-3.29 (m, 2H), 4.97 (m, lH), 6.52 
(d, lH,  J  = 10.4 Hz), 7.16 (m, 5H), 7.70 (m, 4H) 

3.02-3.59 (m, 4H), 3.13 (s, 3H),'6.06 (t, lH,  J  = 7.2 
Hz), 7.55 (m, 4H) 

1.30(d, 3H, J =  7.2 Hz), 3.25 (s, 3H), 6.22 (d, lH, 
J  = 7.8 Hz), 7.57 (m, 4H) 

1.67-2.87 (m, 6H), 3.84 (m, lH), 6.02, 6.03 (d's, total 
l H , J =  9.0,9.6Hz),7.84(m,4H) 

1.67-2.67 (m, 8H),b 3.50 (m, lH), 6.24, 6.25 (d's, 
total lH,  J  = 10.6, 8.4 Hz), 7.93 (s, 4H) 

1.48 (s, 3H), 1.77 (q, 2H, Z J  = 6.4 HZ), 2.68-3.05 
(m, 2H), 3.92 (s, 4H), 6.18 (t, lH,  J  = 7.8 Hz), 
7.82 (m, 4H) 

1.35-2.47 (m, 6H), 3.70 (m, lH), 3.80 (s, 4H), 5.95 
(d, lH, J  = 10.6 Hz), 7.82 (m, 4H) 

1.15-2.20 (m, 8H), 3.45 (m, lH), 3.87 (m, 4H), 6.05 
(d, lH,  J =  11.6 Hz), 7.83 (m, 4H) 

1.07-2.27 (m, 8H), 3.45 (m, lH), 3.92 (s, 4H), 6.02 
(d, lH,  J  = 9.6 Hz), 7.78 (m, 4H) 

effect the cleavage of the phthalimido com- 
pounds. 

The aldehyde 5 was easily recovered in good 
yield by treatment of 10 with 2 equiv. of p-tolu- 
enesulfonic acid monohydrate in dichloro- 
methane-acetone (1 : 1) solution at 10°C. Decom- 
position of the imidazolidine 11 under the same 
conditions did not give a trace of the 4-ketoalde- 
hyde 12, even though the bis-toluenesulfonic 
acid salt of dianilinoethane was formed in high 
yield. The results were similar when the decom- 
position of 11 was effected at - 30°C. The failure 
to isolate 12 under such mild conditions prob- 
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A The alcohols (43-66% overall from the oximes) 
0 0 0 were characterized as the crystalliile 4-nitro- 4~-yfi ~ - H ? H  ,phenylazobenzoates The intermediacy 15 of (1 the 8). acyl imines implied 

NO2 
NO2 

OH 0 n 
0 0 

8a 

-HY' 
86 d N - C H f i H 2 I n  

I 

7a 

ably is a reflection of the known6 instability of 
this type of 1,4-dicarbonyl compound. 

Hydroxylamine could also be used to remove 
the phthalimido moiety from the adducts. For 

4a + C6HSNHCH2CH2NHC6H5 

example, the oximes 13a and 13b were readily 
formed from 4a and 4b, and a method was de- 
vised whereby these oximes were transformed 
into the stable primary alcohols 14a and 14b 
without isolation of the intermediate aldehydes. 
This was accomplished by the addition of the 
oxime bisulfite adducts (17) to aqueous sodium 
carbonate containing sodium borohydride, the 
aldehydes thus being reduced immediately upon 
liberation from the bisulfite addition products. 

(2) NaBH, / ( I )  NaHSO, 

6Professor B. Fraser-Reid (personal communication), 
University of Waterloo, also has observed that 1,Cketo- 
aldehydes are exceedingly unstable substances. 
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TABLE 4. 1,3-Diphenylimidazolidine derivatives of some Cketoaldehydes and derivatives thereof 

Y H 5  

Calcd. Found 
Time Yield 

R Base (h) (%) mp ("(2 Cryst. solvent C H N C H N 

Ether 

Ether 

Hexane 

Ether 79.79 7.74 7.69 75.71 7.83 7.71 
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that for some reactions the isolation of the alde- 
hyde would be unnecessary. This was confirmed 
by the direct formation of 1-phenyl-2-methyl- d N - i H d  + & 
pyrrole 17 from the adduct 16 and aniline in the CH=C(C02CZH,), 

presence of sodium bicarbonate. Furthermore, it 0 NO2 
21 22 

0 0 

was possible to effect a Knoevenagel type con- 
densation (19) of diethyl malonate with 4a in the 
presence of sodium ethoxide. A mixture, which 
consisted of the expected unsaturated ester 18 
and the Michael adduct 19 thereof with diethyl 
malonate, was obtained. The structures of the 
components of this mixture were assured by 
transformation into a single unsaturated ester 
20 with sodium chloride in hot dimethyl sulf- 

oxide (20). A Knoevenagel condensation of 21 
with diethyl malonate gave a mixture of 22 and 
23 analogous to that described above. 

In summary, it has been shown that N-nitro- 
methylphthalimide can be used as a formyl 
anion equivalent, but that the utility thereof is 
severely limited by the fact that 1,4-addition is 
successful only to those activated olefins which 
are unhindered. Nevertheless, the information 
described herein can be used as a basis upon 

which the design of new formyl anion equiva- 
lents, devoid of the above limitation, can be 
commenced. 

Experimental 
The melting points were determined in a Mel-Temp 

melting point apparatus and are corrected. The ir spectra 
were measured with a Perkin-Elmer model 237 grating 
infrared spectrophotometer. The uv spectra were recorded 
with a Perkin-Elmer 402 uv spectrophotometer as solu- 
tions in methanol. The nmr spectra were measured with a 
Varian T-60 spectrometer. The mass spectrum was mea- 
sured with an Atlas CH-4 spectrometer. 

All of the activated olefins except n-hexyl vinyl ketone 
were uurchased from commercial sources. The above 
mentioned unsaturated ketone was prepared from n-hep- 
tanoic acid and vinyl lithium (21) and was used without 
purification. 

N-Nitromethylphthalimide 2 
Sodium nitrite (12.5 g, 0.181 mol) was added at 0°C 

with stirring to a solution of N-bromomethylphthalimide 
(22) (25.0 g, 0.104 mol) in acetone (250 ml). After 0.5 h 
at this temperature, the reaction was left at room tem- 
perature for 1.5 h and then it was poured into water (500 
ml). The product was extracted with ether (5 x 100 ml) 
and the extract was evaporated in vacuo. Benzene was 
added to the residue and the resultant was evaporated 
in vacuo (to remove water). The residue was purified by 
column chromatography on silica gel using 2.5% ether in 
benzene as the eluant. The product thus obtained (12.5 g, 
58%) had mp 108-1 10°C (lit. (13) mp 110.5-11 1°C) after 
crystallization from benzene-hexane; A,,, 218, 237, 
293.5 nm ( E  45 700,9560,2900); v,,, (CHC1,) 1790,1740, 
1580, 1370 cm-'; 6 (CDCI,) 6.10 (s, 2H), 8.07 (s, 4H). 
Anal. calcd. for CgH6N2O4: C 52.43, H 2.93, N 13.59; 
found: C 52.29, H 2.98, N 13.61. 

Reaction of N-Nitromethylphthalimide with Activated 
Olefins 

(a) Sodium Hydride as the Base 
To a stirred mixture of sodium hydride (lOmmol; 

from a 50% suspension in mineral oil which had been 
washed with dry hexane) and anhydrous dimethyl sulf- 
oxide (50 ml), maintained in an atmosphere of dry nitro- 
gen, was added N-nitromethylphthalimide (9.7 mn~ol). 
After 1 h at room temperature gas evolution had ceased 
and the solution was cooled to 18°C. The a$-unsaturated 
ketone (9.8 mmol) was added in one portion (exotherm 
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in some cases) and the solution was then left at room 
temperature until the reaction no longer advanced or the 
starting nitro compound was absent (see Table I), as 
judged by thin layer chromatography (tlc) on silica gel. 
The solution was poured into a large excess of 10% hy- 
drochloric acid and the product was extracted into ethyl 
acetate. The extract was washed with water until neu- 
trality was achieved, it was dried over sodium sulfate, 
and then evaporated in vacuo. The adducts derived from 
cyclohexenone, cyclopentenone, and methyl vinyl ketone 
were purified by column chromatography on Fluorisil 
using benzene-ether (5:l) as the eluant. The adducts 
from benzal acetone and n-heptyl vinyl ketone were ob- 
tained pure by tlc on silica gel using hexane-ether (1 : 1) as 
the developing solvent. The yields and physical constants 
of these compounds are recorded in Tables 1 and 3. 

(6 )  Potassium Fluoride as the Base 
To a stirred solution of potassium fluoride (5.5 mmol, 

dried in vacuo at 60°C for 24 h) in dry dimethyl sulfoxide 
(30 ml), maintained in an atmosphere of nitrogen, was 
added the nitro compound (5.0 mmol) and then the a,S- 
unsaturated ester (5.5 mmol). The reactions were followed 
and worked-up as described for sodium hydride as the 
base. The methyl acrylate adduct was purified by column 
chromatography on Fluorisil using benzene as the eluant. 
The product from methyl crotonate was obtained pure 
by tlc on silica gel using benzene-ether (80:20) as the 
developing solvent. The yields and physical constants of 
the adducts are recorded in Tables 1 and 3. 

Preparation of the Ketals 
The adduct (5 g), ethylene glycol (10 ml), andp-toluene- 

sulfonic acid (0.125 g) were heated in benzene solution at 
reflux temperature for 1-3 h. The water evolved was col- 
lected in a Dean-Stark apparatus. The solution was left 
to cool, pyridine (2.0 ml) was added, and the solution was 
washed successively with water, 10% hydrochloric acid 
solution, and water. The solution was dried over sodium 
sulfate and the solvent was removed in vacuo. The residue 
was crystallized from a suitable solvent. The ketal of the 
adduct from cyclohexenone 4a was separated into two 
isomers by crystallization first from ether. The substance 
which separated from soliltion was recrystallized from 
the same solvent to give an isomer with mp 151-152°C. 
The mother liquors from these crystallizations were 
evaporated in vncuo and the residue was crystallized from 
hexane to give the isomer with mp 127-128.5"C. The 
physical constants of these compounds are recorded in 
Tables 2 and 3. 

Reduction of 4a with Sodium Borohydride 
To a stirred solution of the ketal4a (1.038 g, 3.0 mmol) 

in dry tetrahydrofuran (60 ml) was added sodium boro- 
hydride (0.150 g, 4 mmol). After 6 h at room temperature 
the mixture was poured into water and the products were 
extracted into ethyl acetate. The extract was washed with 
water, dried over sodium sulfate, and evaporated in vacuo. 
The residue (0.910 g) was separated by tlc (hexane -ethyl 
acetate; 1 : 1) into a less and a more polar fraction. The 
more polar fraction (7a, 0.370 g) was crystallized from 
ether to give a solid mp 142-145°C. This material had 
h,,, 220, 228, 250nm (E  9120, 6620, 4370); v,,, 3585, 
3340, 1690, 1622 cm-'; 6 (CDC13) 0.5-2.40 (m, 8H; 
H-2,4,5,6 of cyclohexane), 2.87-3.33 (m, 3H; H-3 of 
cyclohexane and N-CH2), 3.80 (m, 4H; 0CH2CH20), 

4.42 (d, 1 H, J = 11.3 Hz, OH, exchanged with D,O), 
5.72 (d, lH,  J = 11.3 Hz, CH-OH, singlet with D20),  
7.50 (m, 4H; aromatic H's). Anal. calcd. for Cl,H2,N04: 
C67.31,H 6.98,N4.62;found:C67.39, H7.05,N4.73. 

Synthesis of the Diphenylimidazolidine Derivatives 
(a )  Potassium Carbonate as the Base 
A solution of the nitro compound (1 mmol), dianilino- 

ethane (1.5 mmol), and potassium carbonate (1.1 mmol) 
in methanol (25 ml) and water (5 ml) was stirred at room 
temperature for the time specified in Table 4. The imid- 
azolidine derivative which had separated from solution 
was collected by filtration, washed with water, dried, and 
then crystallized from a suitable solvent. The yields and 
physical constants of these compounds are given in 
Table 4. 

( b )  Sodium Bicarbonate as the Base 
A solution of the nitro compound (1 mmol), dianilino- 

ethane (1.5 mmol), and sodium bicarbonate (1.1 mmol) 
in methanol (25 ml) and water (5 ml) was boiled under 
reflux for 45 min. The solution was cooled and the crys- 
talline product was separated by filtration. 

Synthesis of the Aldehyde 5 by Decomposition of the 
Zmidazolidine lo7 

To a solution of the imidazolidine 10 (1.00 g, 2.5 mmol) 
in 1 : 1 dichloromethane-acetone (100 ml), cooled to 
1O0C, was added p-toluenesulfonic acid monohydrate 
(1.06 g, 5.6 mmol). After 7 min the precipitated solid was 
removed by filtration, it was washed with dichloro- 
methane (20 ml), and the combined filtrates were evapo- 
rated in vacuo. Ether was added to the residue, the resul- 
tant was washed with dilute sodium bicarbonate solution 
and then with water. The organic phase was dried over 
sodium sulfate, and evaporated in vacuo. The residual oil 
was purified by tlc on silica gel using ether-hexane (70: 30) 
as the developing solvent. The oily aldehyde (0.32 g, 69%) 
was distilled in vacuo at 86-88"C/0.05 Torr; v,,, (CHCI3) 
2720,1715 cm-'; 6 (CDCI,) 1.20-2.12 (m, 8H; H-2,4,5,6), 
2.48 (m, 1H; H-3), 3.80 (s, 4H; 0CH2CH20), 9.54 (s, 
1H; CHO); ms (relative intensity) 170(1), 142(7), 141(33), 
113(7), 99(29), 86(7), 73(100), 55(11), 45(19), 41(15). Even 
though this substance appeared to be pure by tlc and 
nmr a satisfactory microanalysis could not be obtained. 
Anal. calcd. for C9H1403: C 63.50, H 8.28; found: C 
62.73, H 8.10. The identity of this substance nevertheless 
was assured by sodium borohydride reduction to the al- 
cohol 14a (88%) which was converted into the crystalline 
4-(4-nitro)phenylazo benzoate 15a (809,) described below. 

Conversion of 4a and 4b into the Alcohols I4a and I4b 
(a )  Synthesis of the Oximes 13a and 13b 
A solution of 4a (1.384 g, 4 mmol) in methanol (75 ml) 

and water (15 ml) containing hydroxylamine hydrochlo- 
ride (0.562 g, 8.1 mmol) and potassium carbonate (1.133 
g, 8.2 mmol) was boiled under reflux for 2 h. The solution 
was concentrated to a small volume in vacuo, ethyl acetate 
was added, and the resultant was washed with water. The 
organic phase was dried over sodium sulfate and evapo- 
rated in vacuo. The residue was purified by tlc on silica gel 
using benzeneether (75:25) as the developing solvent. 
The oxime was obtained as an oily mixture of syn and anti 

7We thank Dr. G .  Jones for providing us with these 
experimental details. 
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isomers 13a in 70-100% yield; v,,, (CHC1,) 3605, 3350, 
1660 cm-' ; 6 (CDCl,) 1.12-2.00 (m, 8H; H-2,4,5,6), 2.50 
(m, 1H; H-3), 3.90 (s, 4H; 0CH2CH20), 6.52, 7.31 (d's, 
total lH, J = 6.8 and 5.4 Hz, respectively; CH=N), 
8.31 (m, lH,  WH = 24 HZ; N-OH). Anal. calcd. for 
C9H15N03: C 58.36, H 8.16, N 7.56; found: C 58.24, H 
8.20, N 7.37. 

Compound 46 was transformed into the oxime mixture 
136 in 57% yield in the manner described for 4a. This 
material was used directly in the next step. 

( b )  Synthesis o f  the Alcohols 14a and 14b 
A solution of the oxime (1.3 mmol) and sodium bisul- 

fite (1.8 mmol) in 50% aqueous ethanol (20 ml) was boiled 
under reflux for 2 h. The solvent was evaporated in vacuo 
and the residue was dissolved in methanol (10 ml). This 
methanol solution was added slowly to a stirred solution 
of sodium borohydride (3 mmol) and sodium carbonate 
(1.2 mmol) in water (2 ml). After 1.5 h at room tempera- 
ture, the solution was poured into a saturated sodium 
chloride solution and the product was extracted into 
ethyl acetate. The extract was washed with water, dried 
over sodium sulfate, and evaporated in vacuo. 

The alcohol 14a was obtained in 43-65% yield; v,,, 
(CHC1,) 3640,3490 cm-'; 6 (CDC1,) 0.68-2.00 (m, 10H, 
H-2,3,4,5,6, OH), 3.46 (d, 2H, J = 5.4 HZ; CH2-OH), 
3.89 (s, 4H; 0CH2CH20). This alcohol was converted 
into the crystalline 4-(4-nitro)phenylazo benzoate 15a for 
analysis in the manner described below. 

The alcohol 14b was prepared in 57% yield; v,,, 
(CHCI,) 3635, 3480 cm-'; 6 (CDCI,) 1.08-2.92 (m, 7H; 
H-2,3,4,5), 2.17 (s, 1H; OH, exchanged with D20), 3.52 
(d, 2H, J = 5.6 Hz; CH20H), 3.87 (s, 4H; 0CH2CH20). 
This alcohol was converted into the 4-(4-nitro)phenylazo 
benzoate 15b for analysis. 

( c )  Synthesis of the 4-(4-Nitro)phenylazo Benzoates 
15a and 156 

To a stirred solution of the alcohol (1.0 mmol) in dry 
benzene (50 ml) containing pyridine (2.0 mmol) was 
added 4-(4-nitro)phenylazo benzoyl chloride (1.0 mmol). 
After 1.5 h at room temperature the solvent was removed 
in vacuo, the residue was taken up in benzene and passed 
through a short column of alumina (Fluka, neutral, 
Activity I). Evaporation of the solvent gave a red solid 
which was crystallized from a suitable solvent. 

The ester 15a had mp 129-131°C after crystallization 
from hexane; h,,, 329.5 nm (E 30 200); v,,, 1719, 1610, 
1527, 1346 cm-'; 6 (CDCI,) 0.75-2.52 (m, 9H; 
H-2,3,4,5,6), 3.93 (s, 4H; 0CH2CH20), 4.22 (d, 2H, 
J = 5.6 Hz; CH,), 7.48-8.40 (m, 8H; aromatic H's). 
Anal. calcd. for C22H23N30,: C 62.10, H 5.44, N 9.87; 
found: C 62.28, H 5.41, N 9.86. 

The ester 15b had mp 130-133°C after crystallization 
from hexane; h,,, 329 nm (E 30 200); v,,, (CHCl,) 1720, 
1610, 1528, 1346 cm-'; 6 (CDCI,) 1.48-2.78 (m, 7H; 
H-2,3,4,5), 3.89 (s, 4H; 0CH2CH20), 4.27 (d, 2H, J = 
6.4 Hz; CH,), 7.84-8.40 (m, 8H; aromatic H's). Anal. 
calcd. for C21H21N30,: C 61.30, H 5.14, N 10.21; found: 
C 60.99, H 5.26, N 10.67. 

I-Phenyl-2-rnethylgyrrole 17 
A solution of the adduct from methyl vinyl ketone 16 

(4.45 g, 16.0 mmol) in methanol (400 ml) and water (80 
ml) containing aniline (2.22 ml, 24.0 mmol) and sodium 
bicarbonate (1.47 g, 17.0 mmol) was boiled under reflux 

in an atmosphere of nitrogen for 30 min. The solution 
was concentrated to a small volume in vacuo and the 
residue was diluted with 10% hydrochloric acid. The 
product was extracted into ethyl acetate and the extract 
was washed with water and dried over sodium sulfate. 
The solvent was removed in vacuo and benzene was added 
to the residue. The mixture was filtered to remove 
phthalimide, silica gel was added to the residue, and the 
mixture was evaporated to dryness in vacuo. This solid 
was placed on top of a column of silica gel (250 g) and 
the column was developed with hexane (500ml) and 
hexane-benzene (95:5, 750 ml). The product (0.500 g, 
19.8%) was found in the hexane-benzene eluate; A,,, 
241 nm (E 9330); 6 (CDCI,) 2.17 (s, 3H; CH,), 5.97 (m, 
1H; H-3), 6.08 (t, lH, ZJ = 3.5 Hz; H-4), 6.64 (m, 1H; 
H-4), 7.24 (m, 5H; phenyl H's). This compound had pre- 
viously been prepared by Yurev and Minkina (23). 

Reaction of 4a with Diethyl Malonate 
To a stirred solution of sodium ethoxide (prepared 

from 50% sodium hydride in mineral oil (0.610 g, 12.7 
mmol)) in absolute ethanol (50 ml) was added diethyl 
malonate (2.02 g, 12.7 mmol) and then the adduct 4a 
(2.2 g, 6.35 mmol). After 3 h at room temperature the 
solvent was removed in uacuo, water was added to the 
residue, and the mixture was extracted with ethyl acetate. 
The extract was washed with water, dried over sodium 
sulfate, and evaporated in vacuo. Benzene was added to 
the residue, the phthalimide was filtered off, and the sol- 
vent was evaporated in vacuo. The residual oil was chro- 
matographed on a column of Fluorisil (200g). The 
column was first eluted with benzene (200ml) and then 
the product was removed with benzene-ether (1 : 1). The 
product (1.90 g) was then evaporatively distilled at 
100°C/0.02 Torr. This oil was a 1 :3 mixture of 18 and 19. 
The separation of these esters was achieved by tlc on 
silica gel using hexane - ethyl acetate (85:15) as the 
developing solvent. In this way, samples of 18 and 19 of 
about 90% purity were obtained. 

Compound 18 had the following spectral characteris- 
tics: h,,, 214 nm (E 7220); v,,, (CHCI,) 1733 cm-'; 6 
(CDCI,) 1.27 (m, 6H; ester CH3's), 1.65 (m, 8H; 
ring CH2's), 3.55 (m, 1H; allylic CH), 3.89 (s, 4H; 
0CH2CH20), 4.22 (m, 4H; ester CHZ1s), 6.68 (d, lH,  
J = 10 Hz; olefinic CH). This material was not charac- 
terized further. 

Compound 19 had the following spectral properties: 
v,,, (CHCl,) 1757, 1734 cm-'; 6 (CDCI,) 1.25 (m, 12H; 
ester CH3's), 1.77 (m, 8H; ring CH2's), 3.02 (m, 2H; 

I I 
-CH-CH-), 3.73 (m, 2H; CH-a-to ester), 3.85 (s, 4H; 
0CH,CH2-0), 4.14 (m, 8H; ester CHZ7s). This ester was 
not characterized further. 

Preparation of the Unsaturated Ester 20 
A solution of the mixture of 18 and 19 (0.47 g) in 

dimethyl sulfoxide (10 ml) containing sodium chloride 
(0.064 g) and water (0.036 g) was heated at 150-170°C for 
5 h. The solution was poured into water and the product 
was extracted into ethyl acetate. The extract was washed 
with saturated sodium chloride solution, dried over 
sodium sulfate, and evaporated in vacuo. The residue 
(0.280 g) was purified by tlc on silica gel using hexane - 
ethyl acetate (75:25) as the developing solvent. The oil 
(0.080 g) thus obtained was evaporatively distilled at 
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JAMES P. KUTNEY, WILLIAM H. BAARSCHERS, OSCAR CHIN, YUTAKA EBIZUKA, LAURENCE 
HURLEY, JEFFREY D. LEMAN, PHILLIP J. SALISBURY, IGNACIO H. SANCHEZ, TREVOR YEE, and 
ROBERT J. BANDONI. Can. J. Chem. 55,2930 (1977). 

A study involving the biodegradation of (+)-usnic acid (1) by the microorganism Mortierella 
isabellina is described. Three metabolic products, 6-acetyl-8,9ba-dimethyl-1,9b,2,3-tetra- 
hydro-la,7,9-trihydroxy-3-oxodibenzofuran (2, (+)-la-hydroxy-2-desacetylusnic acid), (+)-2- 
desacetylusnic acid (3), and (+)-6-acetyl-8,9ba-dimethyl-l,9b-dihydro-2-acetoxy-3,7,9,tri- 
hydroxy-1-oxodibenzofuran (4, (+)-2-acetoxyusnic acid) are isolated and characterized. By 
means of radioactively labelled precursors, some information about the biodegradation 
sequence is derived. 

JAMES P. KUTNEY, WILLIAM H. BAARSCHERS, OSCAR CHIN, YUTAKA EBIZUKA, LAURENCE 
HURLEY, JEFFREY D. LEMAN, PHILLIP J. SALISBURY, IGNACIO H. SANCHEZ, TREVOR YEE et 
ROBERT J. BANDONI. Can. J. Chem. 55,2930 (1977). 

On dCcrit une ttude impliquant la biodegradation de l'acide (+) usnique (1) par le micro- 
organisme Mortierella isabellina. On a is016 et caractkrise trois produits metaboliques soit 
l'acktyl-6 dimtthyl-8,9ba tttrahydro-1,9b,2,3 trihydroxy-la,7,9 0x0-3 dibenzofuranue (2, l'acide 
(+) hydroxy-la dCsacetyl-2 usnique), l'acide (+) dCsacCty1-2 usnique (3) et le (+) acCtyl-6 
dimethyl-8,9ba dihydro-1,9b acCtoxy-2 trihydroxy-3,7,9 0x0-1 dibenzofuranne (4, l'acide (+) 
acetoxy-2 usnique). Faisant appel a des prtcurseurs marques par des radioisotopes actifs, on a 
obtenu quelques informations sur les chemins de biodegradation. 

[Traduit par le journal] 

As part of our studies on the microbial degra- 
dation of the lichen antibiotic (+)-usnic acid (1) 
(1, 2) the fungal isolate Mortierella isabellina 
(Oudemans and Konig, 1902) (3, 4), a micro- 
organism originally screened by Bandoni and 
Towers (5 ) ,  was chosen as a promising candidate 
for a more comprehensive examination. 

Thus a sample of the isolate identified as 
Mortierella isabellina (UBC culture collection 
#129) was used for the present study. The actual 
fermentation was carried out over a 10 day 
period at room temperature in shake culture 
flasks employing 3-4 day old cultures of the 
isolate. The representative extraction procedure 
indicated in Fig. 1 was developed in order to 
separate the complex product mixture into two 
main categories: (i) Neutral Fraction, and (ii) 
Acid Fraction. Moreover, this procedure allows 

'Part VII. See ref. 18. 

for the facile recovery of any unreacted starting 
material by benzene extraction of the filtered 
solids. 

Although the presence of several usnic acid- 
derived materials has been detected in both the 
Neutral and Acid Fractions, at the present time 
only those components which have been fully 
characterized will be discussed. Furthermore, 
approximately one-third (by weight) of the total 
biodegradation mixture resides in the Neutral 
Fraction, with the remaining two-thirds appear- 
ing in the Acid Fraction, as can be seen from 
Table 1. 

In the initial phase of our program, experi- 
ments designed to evaluate the sequential pro- 
duction of metabolites according to varying 
time periods were performed in the hope that 
the results would allow a differentiation of the 
several possible biodegradation pathways which 
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Medium and cells 
(3200 ml, pH 9.2) 

(I) Filter 
(2) Wash cells 

(3 x 100 ml water) 

Cells Filrrare 

( I )  Air-dry 
(2) Extract with 

benzene (2 x 100 ml) 
(3) Filter 

(3500 ml, pH 9.2) 

(1) Extract with 
EtOAc (3 x 1000 ml) 

Cells Benzene Neutrcrl Aqueous phase 

Recovered 
usnic acid 
(0.6968, 13.9%) 

I extra( 1 froc iron 

FIG. 1. A representative extraction procedure 
Movtierella isabellina. 

D~scard 

TABLE 1. Representative product distribution for the 
biodegradation of (+)-usnic acid (1) with Movtievella 

isabellina* 

Neutral fraction Acid fraction 

( I  .233 g) 
(1) Dry 
(2) Evaporate 
(3) Recrystallize 

Component Weight (g) Component Weight (g) 

0.940 1.250 
A(N) 0.075 A(A) 0.060 
B(N) 0.124 B(A) 0.700 
C(N) 0.010 C(A) 0.150 

Total: 1.149 Total: 2.160 

*Starting amount of (+)-usnic acid (1) = 5.0 g ;  FA = fatty acid 
ester residue; A, B, C = components (according to polarity). 

may be involved. Our results indicate (Tables 2 
and 3) that after a brief induction period of 
about 1-2 days, some biodegradation products 
begin to appear in the fermentation broth, which 
grows increasingly alkaline until days 9-10 when 
it reaches its final p H  value of -9.20. Whereas 
( f  )-usnic acid (1) is being effectively incor- 
porated throughout the time interval considered 
(20 days) (Fig. 2), the first product observed is 
the compound coded as B(A) (see Table 1) 
appearing initially on the second day (Table 3). 
After 5 days, detectable amounts of A(A) can 

(I) Acidify with 
(+)-tartaric 
acid (to pH 3) 

(2) Extract with 
EtOAc (3 x 1000 ml) 

Acid Aqueous phu.se 
fruction 
(2.25 g) 

for .the biodegradation of (+)-usnic acid (1) by 

be isolated from the growth medium (Table 3). 
It is interesting to note that the con~posite se- 
quential production of these two materials ap- 
proximately accounts for the overall behavior of 
the total Acid Fraction, as seen from Figs. 2 and 
3. On the other hand, the Neutral Fraction, con- 
sisting mainly of two con~ponents, increases 
more slowly and seems to be at least partially 
dependent on the behavior of the Acid Fraction, 
with both reaching a maximum almost simul- 
taneously about the 12-14 day period. Although 
it was not possible at this stage of the investiga- 
tion to put forward a biodegradation pathway 
that would incorporate all the observations at 
hand, subsequent experiments with radioactively 
labelled precursors (see later) did shed some 
light on this aspect. 

Purification of the Neutral Fraction afforded 
besides a fatty acid ester residue (see Table l), 
which was not further studied at this time, two 
main components. The least polar of them, 
coded as A(N), has not been fully characterized 
due to its great instability although there appears 
little question of its derivation from usnic acid. 
The second component, designated as B(N), was 
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TABLE 2. Sequential study on the biodegradation of (+)-usnic acid (1) by 
Movtievella isabellina 

Recovered Total weight of Total weight of 
(+ )-usnic acid p H  of acid fraction neutral fraction 

Day (mg) medium (mg) (mg) 

TABLE 3. The biodegradation of (+)-usnic acid (1) by 
Movtievella isabellina. Product distribution in the acid 

fraction 

Total weight Compound A(A) Compound B(A) 
Day* (mg) (3) (mg) (4) (mg) 

1 18 - - 
2 19 - 4 
3 26 - 9 
4 30 - 12 
5 52 0 .5  20 
6 56 2 16 
7 111 6 28 
8 86 3 12 
9 95 5 19 

10 137 11 18 
11 164 15 17 
12 245 17 35 
13 277 16 27 
14 289 22 21 
15 324 20 20 
16 22 1 20 25 

*After 16 days the fermentation mixture is too complex to allow 
proper isolation of the desired materials. 

obtained crystalline, mp 236-238"C, [aID2, 
+ 187" (CH3CN), and had the molecular for- 
mula C,,H,,O,, the latter differing from that 
of usnic acid (C,,H,,O,) by 40 mass units. 
While its ultraviolet spectrum (h,,,(CH,OH) 
324, 282, 215 nm) suggested the presence of a 
methylphloroacetophenoi~e system, its infrared 

. . 
\ . . . . 
\ 

\ '....acid f roction 
\ 

\ 

..... + 
0 10 20 

lime, days 

FIG. 2. Sequential study on the biodegradation of 
(+)-usnic acid (1) by Movtievella isabellina. 

spectrum indicated chelated hydroxyl groups 
(3300-3000 cm-I) and a chelated o-hydroxy- 
aryl-methyl ketone group (1625 cm-I), in addi- 
tion to a new band at 1658 cm-I attributed to 
an a,j3-unsaturated ketone system. At this point 
it became clear that the normal bands assigned 
to the ring C j3-triketone system (1680 and 1540 
cm-I) of the usnic acid series were absent, thus 
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KUTNEY ET AL. 2933 

FIG. 3. Product distribution in the acid fraction of the 
biodegradation of (+)-usnic acid (1) by Mortierella 
isabellina. 

providing the first firm indication that the micro- 
bial transformation involves ring C of the usnic 
acid molecule. 

The 'Hmr spectrum of B(N) showed, as ex- 
pected, the characteristic signals corresponding 
to the angular and aromatic methyl groups and 
the aromatic methyl ketone at 6 1.48, 2.04, and 
2.66 ppm, respectively, although that corre- 
sponding to the angular substituent had ex- 
perienced a considerable upfield shift. The one- 
proton singlet at 6 5.75 ppm was in agreement 
with an olefinic proton at the a-position of an 
E,P-unsaturated ketone while the low field re- 
gion of the spectrum indicated the presence of 
three hydroxyl groups, two of which appeared 
as a very broad band centered at 6 8.76 ppm and 
the other being typical of the chelated hydroxyl 
group at the 7-position (6 13.32 ppm) in the 
usnic acid series. 

The remaining proton signals in the 'Hmr 
spectrum of B(N) were observed in the 6 2.50- 
4.30 ppm region and were clearly due to protons 
in ring C of an usnic acid derivative. The splitting 
patterns approximated an ABX system and the 
coupling constants obtained suggested the stereo- 
chemical assignment made to the C2- and C1- 
protons as shown in A. Thus the methylene 
protons HA and HB at C, (6 2.82, J = 16.5 Hz) 
appear as a multiplet and are coupled to the 
methine proton at C, (6 4.41, q, J = 16.5 Hz) 
with the magnitude of the coupling constant 

being consistent with a pseudoaxial orientation 
for the latter proton as shown. 

HA bo 
A 

A previous detailed mass spectrometric in- 
vestigation of a large number of usnic acid de- 
rivatives (6) was invaluable in applying this tech- 
nique to the structural elucidation of B(N). The 
nature of the functionality in ring C of this 
metabolite, as suggested above, was fully sub- 
stantiated by the fragmentation pattern ob- 
served and summarized in Fig. 4. The complete 
assignment of structure for B(N) or (+)- la-  
hydroxy-2-desacetylusnic acid as shown in 2 was 
now possible. 

Coniirn~ation of this structural assignment 
was obtained when 2 was converted to a tri- 
acetate 5, mp 92-93'C, [ E ] , ~ ~  + 152' (CH3CN). 
This substance revealed the expected infrared 
absorptions for both phenolic (1770 cm-') and 
saturated acetate (1720 cm-l) groups while in 
its 'Hmr spectrum new signals at 6 2.23, 2.33, 
and 2.40 ppm were assigned to the C,,-, C,-, 
and C,-acetate groups, respectively. The proton 
at C, in 5 was observed at 6 5.50 ppm ( J  = 16.5 
Hz, q) and as expected had shifted downfield in 
the conversion to the acetate derivative (6 4.41 
in 2 + 6 5.50 in5). 

We then turned our attention to the structure 
elucidation of the metabolites present in the 
Acid Fraction. The least polar component desig- 
nated as A(A) was crystalline mp 221-222"C, 
[aIDz6 + 630" (CH,CN), with molecular for- 
mula Cl6H1,O6. This compound proved to be 
identical with (+)-2-desacetylusnic acid (3) iso- 
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FIG. 4. Postulated fragmentation pattern for (+)-la-hydroxy-2-desacetylusnic acid (2). 

lated and characterized in a complementary 
series of investigations involving fermentations 
with Mucor globosus (7). 

After successive ~urifications the second com- 
ponent, B(A), was jsolated as an unstable bright 
yellow glassy material with molecular formula 
CI8Hl6O7, or 16 mass units higher than (+)- 
usnic acid (1). It was shown that the ultraviolet. 
infrared, a i d  mass spectral data of B(A) were 
identical with those of synthetic (+)-2-acetoxy- 
usnic acid (4), a compound which had already 
been prepared in our laboratory during studies 
relating to the synthesis of (+)-2-desacetylusnic 
acid (3) (7). 

Further chemistry which substantiated the 
structural assignment 4 and which would be re- 
quired for futire experiments with radioactively 
labelled precursors was also developed. Acetyla- 
tion of 4 and ozonolysis of the acetate provided 
the known (8, 9) a-coumaranone derivative 6 ,  
thereby revealing that ring A of the usnic acid 

system had not been modified during the micro- 
bial transformation. Hydrogenation of 4 af- 
forded the dihydro derivative 7 while chromous 
chloride reduction (1 1) allowed the conversion 
to the known (+)-2-desacetylusnic acid (3), thus 
providing a facile chemical interrelation between 
these two metabolites. 

The conversion of usnic acid (1) to the metab- 
olite 4 can be effectively carried out by reaction 
of 1 with hydrogen peroxide whereupon 4 is 
obtained in 83% yield. This latter experiment 
suggested a possible biological relationship be- 
tween 1 and 4 (see later). 

The above experiments have provided some 
evidence concerning the microbial degradation 
of usnic acid (1) with Mortierella isabellina 
(Fig. 5 )  and it was now desirable to substantiate 
these results and to define more accurately the 
sequential nature of the biodegradation pathway 
by the use of radioactively labelled precursors. 

The preparation of appropriately labelled 
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usnic acid and related derivatives, quite unex- 
pectedly, became a difficult chemical problem. 
The most desired site of label in the usnic acid 
system was ring A since, as indicated above, the 
metabolic products retain this portion of the 
molecule. The most direct synthetic route was 
the introduction of the aromatic methyl ketone 
side chain via a Friedel-Crafts reaction or Fries 
rearrangement employing 6-desacetylusnic acid 
(8) as starting material, as shown in the sequence, 
8 + 9. Although the extensive chemistry of the 

(I) Ac,O COCH, 

OAc 

6 

OAc 

7 

usnic acid series was recorded in the literature, 
the earlier workers had not recognized the facile 
rearrangement of the 'normal' usnic acid series, 
as shown above, to the 'iso' or isousnic series. 
In the numerous experiments which followed, it 
became essential to reinvestigate and clarify the 
chemistry relating to the synthesis of 8 and the 
results thus obtained form the subject of a num- 
ber of recent publications (12-18). Fortunately 
the desired synthesis of 8 was eventually achieved 
in an efficient manner without the complicating 

FIG. 5. A summary of metabolic products obtained from the biodegradation of usnic acid (I) with 
Mortierella isabellina. 
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rearrangement to the 'iso' series and the con- 
version of 8 to (+)-usnic acid (1) via the Fries 
method could be effectively employed (18). 
Repetition of this latter stage with acetyl chlor- 
ide-2-14C provided the desired usnic acid (9) 
with label in the methyl group of the aromatic 
ketone side chain (see Experimental). This 
material was then employed in the fermentation 
studies with Mortierella isabellina. 

H 

Various fermentations with [6-14CH,CO]-(+) 
usnic acid as the precursor were performed and, 
in each instance, the three metabolites (2, 3, and 
4) were carefully purified and their radioactivity 
evaluated. These results left no doubt that these 
compounds were derived from (+)-usnic acid 
in the biodegradation process. The efficiency of 
utilization of this precursor by the microor- 
ganism varied depending upon the rate of shak- 
ing, volume of growth medium, and time period 
(usually 11-16 days). Under optimum conditions 
high levels of conversion (generally 70-90%) 
were obtained (see Experimental). 

As mentioned earlier, the chemical conversion 
of (+)-usnic acid to (+)-2-acetoxyusnic acid (4) 
could be achieved in high yield by an oxidative 
process (hydrogen peroxide). Such a process 
could have significance in the biological trans- 
formation as well and therefore 4 could be an 
early stage metabolite serving as a precursor for 
2 and/or 3. For this purpose, radioactively 
labelled 4 obtained from a synthetic conversion 
of radioactive 1 and hydrogen peroxide, was 
added to the fermentation broth in the normal 
manner. Isolation and separation of the fermen- 
tation mixture provided unchanged 4 as a major 
component (about 60%) and an insignificant 
amount of the other metabolites. 

In order to eliminate the possibility that the 

fungus requires usnic acid to induce the forma- 
tion of enzymes responsible for the observed 
biodegradation, a fermentation experiment with 
radioactive 4 in the presence of non-radioactive 
usnic acid was carried out. Again no detectable 
amounts of the metabolites 2 and 3 were found. 
On this basis it is assumed that (+)-2-acetoxy- 
usnic acid (4) does not serve as a precursor for 
2 or 3. 

The relationship between 2 and 3 could be 
conclusively established from fermentation ex- 
periments with radioactive forms of these metab- 
olites. When radioactive 3 was em~loved as the 
precursor it could be demonstrate2 that radio- 
active 2 is formed. On the other hand fermenta- 
tion with radioactive 2 produces no evidence of 
active 3. In summary these results provide defini- 
tive information about the biodegradation path- 
ways involved. It appears that two independent 
pathways have been recognized, one involving 
the sequence, 1 -. 4, and the other, 1 -t 3 -. 2. 
The intermediates involved in these conversions 
have not been established and further experi- 
ments will be required. The chemical instability 
associated with the anticipated intermediates 
may provide considerable difficulty since the in- 
stability of 4 has already prevented any more 
detailed studies with this metabolite. 

Experimental 
Melting points were determined on a Kofler block and 

are uncorrected. 
Ultraviolet (uv) spectra were recorded on a Cary 15 

spectrophotometer in methanol solution (unless other- 
wise noted). The wavelength of the absorption maxima 
are reported in nanometres (nm). 

Infrared (ir) spectra were measured routinely on a 
Perkin-Elmer model 710 spectrophotometer. Analytical 
or comparison spectra were recorded on a Perkin-Elmer 
model 457 spectrophotometer using matched cells with 
a cell path of 0.2 n1m in chloroform solution. Calibration 
was achieved using the 16C! cm-I absorption band of 
polystyrene. The absorption maxima are quoted in wave 
numbers (cm-I). 

Proton magnetic resonance (IHmr) spectra were mea- 
sured at 60 or 100 MHz in deuterochloroform (CDCI3) 
solution (unless otherwise indicated) at room tempera- 
ture. Line positions are given in the 6 (ppm) scale using 
tetramethylsilane (TMS) as internal standard. The inte- 
grated peak areas, multiplicity, and proton assignments 
are indicated in parentheses. 

Low resolution mass (ms) spectra were determined on 
either an AEI-902 or an Atlas CH-4B mass spectrometer, 
with high resolution mass spectra being recorded ex- 
clusively on an AEI-MS-902 mass spectrometer. 

Optical rotations ([aID) were measured on a Perkin- 
Elmer model 141 polarimeter at the sodium D line in 
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chloroform solution (unless otherwise noted) using cells 
with a 0.1 dm path. 

Microanalyses were performed by Mr. P. Borda of the 
Microanalytical Laboratory, University of British 
Columbia. 

Merck silica gel G (acc. to Stahl) impregnated with 
oxalic acid (2%) and with 2% fluorescent indicator added, 
was used as adsorbent for thin layer chromatography (tlc), 
unless otherwise noted. The tlc plates were activated in an 
oven at 90°C for 4 h before use. For qualitative chroma- 
tography, layers of 0.3 mm thickness were used and the 
spots were visualized by viewing under ultraviolet (uv) 
light or spraying with a 1% ethanolic ferric chloride 
solution. For preparative (plc) chromatography, large 
(20 x 20 and 20 x 60 cm) plates with a thicker layer 
(0.7 mm) were used. The developing systems were A, 
petroleum ether (30-60°C) - acetone (4: I), and B, chloro- 
form - ethyl acetate (3 : 2), unless otherwise indicated. 

Column chromatography was performed on either 
Mackerey-Nagel (0.2-0.5 mm grain size) or Merck 60 
(0.063-0.2 mm grain size) silica gel. 

(+)-Usnic acid was obtained from Koch-Light Labora- 
tories, England. 

In experiments involving radioactive precursors, the 
radioactivity was determined by the liquid scintillation 
counting method utilizing a Nuclear-Chicago Mark I1 
Scintillation Counter. All specimens were counted in 
duplicate. 
- A  sample of the isolate used and identified as Mor- 

tierella isabellina #I29 was maintained on modified malt 
agar plates (18) by transfer every 2 weeks from a two- 
week old agar plate growth to a fresh sterile plate. 

Maintenance, Growth, and Fermentation Conditions 
A 'stock culture' of the purified fungal isolate was 

stored on modified malt agar in culture tubes placed in 
the refrigerator. 

Aseptic techniques were used throughout in handling 
the cultures. To ensure proper aeration, the volume of the 
nutrient solution (18) should never exceed about two- 
fifths of the total volume of the flask. 

Media and stock solutions utilized have been fully 
reported in ref. 18. 

Fermentation Conditions and Extraction Procedure 
Inoculation of shake culture flasks is carried out by 

transferring a small segment (about t i n .  square) of 
active growth (not older than 2 weeks) and agar to a 
sterile Erlenmeyer flask containing an appropriate volume 
of nutrient medium. 

Large scale production of biodegradation products is 
carried out in 6 P Erlenmeyer flasks, each containing 3 P 
of growth medium. Inoculation of these flasks is achieved 
by transferring the contents of a liquid culture of Mor- 
tierella isabellina (200 ml) which had been grown for 
3-4 days in a shake culture flask (vide supra) and crystal- 
line (+)-usnic acid (5 g, 14.534 mmol) into each fer- 
mentation flask. The flasks were then agitated on a 
rotary shaker at room temperature for 10 days. A typical 
extraction procedure routinely employed is summarized 
in Fig. 1. 

Neutral Fraction 
Purification by column chromatography on silica gel 

Woelm (activity 11, 50 g) produced the following com- 
ponents. 

Component FA(N) 
Fatty acid ester(s) (940 mg). Not investigated. 
Component A ( N )  
Usnic acid derived unstable compound (75 mg). Not 

investigated. 
Component B ( N )  : (+)-la-Hydroxy-2-desacetylusnic 

Acid (2 )  (6-Acetyl-8,9ba-dimethyl-l,9b,2,3,-tetra- 
hydro-la,7,9-trihydroxy-3-oxodibenzofum) 

Colorless plates from acetone - petroleum ether (30- 
60°C) (124 mg, 0.408 mmol; 373, mp 236-238°C; [aIDz6 
(CHSCN) + 187" ( C  0.123); UV: h,,, (log E )  324 (3.74), 
282 (4.13), 215 (4.19); ir: v,,, 3300-3000 (OH, chelated), 
1658 (C=O, a,B-unsaturated), 1625 (C=O, chelated 
aromatic acetyl; C=C); 'Hrnr: 6 1.48 (3H, s, Cgb-CH,), 
2.04 (3H, S, C8-CH,), 2.60 (lH, ABX q, JAB = 18 HZ, 
C2-H (axial)), 2.66 (3H, s, C6-COCH,), 2.82 (lH, ABX q, 
JAB = 18 Hz, C2-H (equatorial)), 4.30 (lH, ABX q, 
JAx + JBX = 16.5 HZ, C1-H (axial)), 5.75 (lH, s, C4-H), 
8.76 (2H, b, C1-OH and Cg-OH), 13.32 ppm (lH, s, 
C7-OH); 'Hmr (60 MHz, CD30D) 6 1.58 (3H, s, Cgb- 
CH3), 2.13 (3H, S, CS-CH,), 2.76 (3H, S, C6-COCH,), 
2.82 (2H, ABX multiplet, JAx + JBX = 16.5 HZ, C2-Hz), 
4.41 (lH, ABX q, JAX + JBX = 16.5 HZ, C1-H (axial)), 
5.98 ppm (lH, s, C4-H); ms: mle 304 (M'), 289, 261, 
260 (base peak), 247, 243,233,232, 217,205, 115,91, 83, 
77, 69, 43. Anal. calcd. for CI6H1606: C 63.15, H 5.30; 
found: C 63.05, H 5.28. High resolution molecular weight 
determination calcd. : 304.095 ; found: 304.096. 

Component C ( N )  
Base line material (10 mg). Not investigated. Total 

weight of recovered materials from Neutral Fraction is 
1.149 g. 

Acid Fraction 
Upon concentration of the ethyl acetate extract a 

yellow crystalline solid precipitated and was filtered. This 
material (40 mg) constitutes component A(A) and was 
combined with the one obtained during the purification 
of the mother liquors by preparative layer chromatog- 
raphy (silica gel - oxalic acid, 20 x 60 cm plates, solvent 
system A, developed three times). The following com- 
ponents were obtained. 

Component FA(A) 
Fatty-acid ester(s) (1.250 g). It showed an identical 

'Hrnr spectrum with the one obtained for component 
FA(N) of the Neutral Fraction; ir: v,,, 1720,1700,1680, 
1610, 1500, 1410. It was subsequently shown with radio- 
actively labelled precursors that this component is not 
derived from usnic acid and it was not investigated 
further. 

Component A ( A )  : ( + )-2-Desacetylusnic Acid (3 )  
Bright yellow plates from ethyl acetate (60 mg, 0.198 

mmol; 1.5%), mp 221-222°C; mixture mp with an 
authentic sample of (+)-2-desacetylusnic acid (7), 220- 
222°C; [ c ( ] ~ ~ ~  (CH3CN) +630° ( C  0.0755). This sample 
showed identical chromatographic and spectroscopic 
properties with those of the authentic product; uv: h,,, 
(log E) 330 (3.53), 287 (4.02), 219 (4.33); ir (Nujol): 
v,,, 3300-2300 (OH, chelated), 1670 (C=O, enone sys- 
tem), 1630 (C=O, chelated aromatic acetyl; C=C), 
1600 (C=C); 'Hrnr: 6 1.71 (3H, s, Cgb-CH,), 2.02 
(3H, S, C8-CH,), 2.65 (3H, S, C6-COCH,), 5.37 (lH, d, 
J = 2 HZ, C2-H), 5.88 (lH, d, J = 2 HZ, C4-H), 11.94 
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(1H, b, C,-OH), 13.32 ppm (1H, s, C,-OH); ms: mle 302 
(M'), 287, 260 (base peak), 233, 232, 217. Anal. calcd. 
for C16H14O6: C 63.57, H 4.67; found: C 63.51, H 4.72. 
High resolution molecular weight determination calcd. : 
302.079; found: 302.077. 

Component B(A)  : ( + ) -2-Acetoxyusnic Acid ( 4 )  (6- 
Acetyl-8,9ba-dimethyI-I,9b-dihydro-2-acetoxy-3,7,9- 
trihydroxy-I -oxodibenzofuran) 

After three successive purifications by preparative chro- 
matography (silica gel - oxalic acid plates, solvent A, 
developed twice) this material presented the following 
characteristics. 

Unstable yellow glassy material that could not be in- 
duced to crystallize (700 mg, 1.944 mmol; 15.5%); [a]DZ6 
(CH,OH) +392" (c,  0.025); uv: h,,, (log E) 335 (3.35), 
291 (3.83), 221 (4.15); ir: v,,, 3400-2500 (OH, chelated), 
1765 (C=O, acetate), 1720, 1690 (C=O, (3-diketone), 
1625 ((2x0, chelated aromatic acetyl; C=C); 'Hmr: 
6 1.80 (3H, s, Cgb-CH,), 2.06 (3H, S, CE-CH,), 2.30 (3H, 
S, C2-OCOCH,), 2.65 (3H, S, C6-COCH,), 5.85 (lH, s, 
C4-H), 9.00 (2H, b, C3-OH and C9-OH), 13.26 ppm (1H, 
s, C7-OH); ms: mle 360 (M+), 318, 302, 290, 272, 262, 
260 (base peak), 232, 217, 88, 73, 70, 60. High resolution 
molecular weight determination calcd. for C18H1608: 
360.084; found: 360.083. This compound seems to be 
stable for 1-2 weeks if stored at 0°C in ethyl acetate 
solution. 

Compound C ( A )  
Unstable usnic acid derived product (150 mg). Not 

investigated. Total weight of recovered materials from 
Acid Fraction is 2.160 g. 

~ovha t ion  of ( + ) -la-Hydroxy-2-desacetylusnic Acid 
Triacetate ( 5 )  (6-Acetyl-8,9ba-dimethyl-I ,9b,2,3- 
tetrahydro-la,7,9-triacetoxy-3-oxodibenzofuran) 

A solution of (+)-la-hydroxy-2-desacetylusnic acid (2) 
(20 mg, 0.065 mmol) in a 1: l  mixture of pyridine - 
acetic anhydride (1 ml) was allowed to stand at room 
temperature for 5 h. The resulting pale brown reaction 
mixture was then poured onto crushed ice (10 g) and 
extracted with chloroform (3 x 5 ml). The combined ex- 
tracts were washed with water, dried over anhydrous 
sodium sulfate, and evaporated under reduced pressure 
to yield a colorless semi-crystalline glass (22.8 mg). Puri- 
fication by preparative layer chromatography (silica gel 
plates, (4: 1) chloroform -ethyl acetate) produced pure 
(+)-la-hydroxy-2-desacetylusnic acid triacetate (5) (16 
mg, 0.0372 mmol; 579,). Although this material could 
not be induced to crystallize, upon sublimation (19OoC, 
0.03 Torr) colorless droplets (mp 93-95°C) were obtained; 
[aIDz6 (CH3CN) + 152' (c 0.052); UV: h,,, (log E) 272 
(3.87), 246 (3.78), 208 (4.29); ir: v,,, 1770 (C=O, 
aromatic acetates), 1720 (C=O, saturated acetate), 1690 
(C=O, aromatic acetyl), 1660 (C=O, a,(3-unsaturated 
ketone), 1605 (C=C), 1240 (C-0, saturated acetate), 
1205 (C-0, aromatic acetates); 'Hmr: 6 1.60 (3H, s, 
Cgb-CH,), 1.94 (3H, S, Cs-CH,), 2.23 (3H, s,  Ci-a 
OCOCH,), 2.33 (3H, S, Cs-0COCH3), 2.40 (3H, s, 
C9-0COCH3), 2.51 (1H, ABX q, JAB = 18 HZ, C2-H 
(axial)). 2.63 (3H, s, C6-COCH,), 2.98 (1H, ABX q, 
JAB = 18 Hz, C2-H (equatorial)), 5.50 ( lH,  ABX q, 
JAX + JBX = 16.5 HZ, JAx = 10 HZ, JBx 6.5 HZ, C1-H 
(axial)), 5.86 ppm (lH, s, C4-H); ms: m/e 430 (M'), 
388, 346, 328, 317, 313, 302, 287, 286, 271, 260 (base 
peak), 232,217,83,74,59,43. Anal. calcd. for C22H2209: 

C 61.39, H 5.15; found: C 61.14, H 5.33. High resolution 
n~olecular weight determination calcd.: 430.126; found: 
430.128. 

Ozonolysis of (+)-2-Acetoxyusnic Acid ( 4 ) .  Isolation of 
( + ) -7-Acetyl-4,6-dihydroxy-3,5-dimethylcoumaran- 
2-one Diacetate (6) 

Freshly isolated (+)-2-acetoxyusnic acid (4) (60 mg, 
0.166 mmol) was dissolved in a 1 : 1 mixture of pyridine - 
acetic anhydride (2 ml) and allowed to stand at room 
temperature overnight. The resulting solution was poured 
onto ice (10 g), extracted with ethyl acetate (3 x 5 ml), 
and the combined extracts washed with water, dried over 
anhydrous sodium sulfate, and evaporated under re- 
duced pressure to produce an orange glass (67 mg). The 
residue was dissolved in dry carbon tetrachloride (8 ml), 
cooled to O°C (ice bath), and ozonized oxygen (26 mg 
03/min) bubbled through until a pale blue color was 
observed. The reaction mixture was diluted with distilled 
water (10 ml) and heated to reflux in a steam bath for 
20 min. The organic layer was then separated, washed 
with 2.59, sodium bicarbonate solution and water, dried 
over anhydrous sodium sulfate, and evaporated under 
reduced pressure. The residue was recrystallized from 
ethyl alcohol - water to produce (+)-7-acetyl-4,6-dihy- 
droxy-3,5-dimethylcoumaran-2-one diacetate (6) (20 mg, 
0.0625 mmol; 3779, colorless crystals, mp 131-132'C 
(lit. (2) mp 130-132°C); mixture mp with authentic 
material, 131-132°C. The sample showed identical chro- 
matographic and spectroscopic properties with those of 
the material obtained from (+)-usnic acid. 

Preparation of ( + ) -Dihydro-2-acetoxyusnic Acid ( 7 )  
(2-Acetoxy-6-acetyl-8,9ba-dimethyl-l,9b,4,4a-tetra- 
hydro-3,7,9-trihydroxy-I-oxodibenzofuran) 

(+)-2-Acetoxyusnic acid (4) (110 mg, 0.305 mmol) in 
absolute ethyl alcohol (10 ml) was hydrogenated at room 
temperature and atmospheric pressure over 5% platinum- 
on-carbon catalyst (50 mg). After the uptake of 1 mol 
equiv. of hydrogen (7.45 ml H2 at 25°C) the reaction 
mixture was filtered through Celite, the Celite cake 
washed with absolute ethyl alcohol (2 x 5 ml), and the 
combined filtrates evaporated under reduced pressure to 
afford a colorless foam (83 mg). Purification by prepara- 
tive layer chromatography (silica gel - oxalic acid plates, 
solvent A) yielded (+)-dihydro-2-acetoxyusnic acid (7) 
(41.3 mg, 0.114 mmol; 379,), colorless glassy material 
that could not be induced to crystallize [aIDz6 (CH30H) 
+45" (c  9.11); uv: I,,, (log E) 322 (3.66), 286 (4.30),222 
(4.15); ir: v,,, 3500-3100 (OH, chelated), 1775 (C=O, 
acetate), 1730 (C=O, (3-diketone), 1630 (C=O, chelated 
aromatic acetyl; C=C); 'Hmr: 6 1.67 (3H, s, Cgb-CHs), 
2.03 (3H, S, C8-CH,), 2.20 (3H, s, C2-OCOCH3), 2.54 
(3H, S, C6-COCH3), 3.06 (2H, d, J = 5 HZ, C4-Hz), 
4.84 (lH, t, J = 5 HZ, C4,-aH), 7.13 (2H, b, C3-OH and 
C9-OH), 13.20 ppm (lH, s, C7-OH); ms: mle 362 (M'), 
334, 320,305,260,233,220,219,217,215,205,201, 191, 
149, 91, 83, 69, 57, 55, 43 (base peak). High resolution 
molecular weight determination calcd. for C l ~ H l s O s :  
362.100; found: 362.098. 

The Chromium(ll) Chloride Reduction of Natural ( + ) - 2 -  
Acetoxyusnic Acid ( 4 ) .  Isolation of (+ )-2-Des- 
acetylusnic Acid ( 3 )  

A solution of (+)-2-acetoxyusnic acid (4) (21 mg, 
0.0583 mmol) in dry acetone (10 ml) was saturated at 
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0°C (ice bath) with carbon dioxide and treated under a 
stream of carbon dioxide with a freshly prepared chro- 
mium(I1) chloride solution (10 ml). The reaction flask 
was properly sealed to exclude air (Parafilm) and allowed 
to stand at room temperature in the dark for 3 days. The 
resulting green reaction mixture was then concentrated 
under reduced pressure, diluted with distilled water 
(10 ml), and extracted with ethyl acetate (3 x 5 ml). The 
combined extracts were washed with water, dried over 
anhydrous sodium sulfate, and evaporated under reduced 
pressure. The yellow semicrystalline residue (18 mg) was 
purified by preparative layer chromatography (silica 
gel - oxalic acid plates, solvent A) to produce (+)-2- 
desacetylusnic acid (3) (13 mg, 0.043 mmol; 73x1, bright 
yellow crystals from ethyl acetate, mp 220-222°C; mix- 
ture mp with authentic material, 221-222°C. The sample 
showed identity with the authentic material in all spectro- 
scopic and chromatographic properties. 

Sequential Biodegradation of (+)-Usnic Acid (1) by 
Mortierella Isabellina 

A sequential study of the biodegradation of (+)-usnic 
acid (1) by Mortierella isabellina was set up by using 
20-1000 ml Erlenmeyer flasks, each containing an ade- 
quate volume of growth medium (250 ml) and crystalline 
(+)-usnic acid (1) (500 mg, 1.453 mmol). Inoculatioil of 
these flasks was carried out by transferring aliquots 
(25 ml) from a 6-day old liquid culture of M. isabellina 
(500 ml). 

Extraction of the fermentation mixture according to 
the scheme outlined in Fig. 1 was performed every day 
by processing the contents of one flask. The variations 
of pH, amount of recovered usnic acid, total weight of the 
Neutral and Acid Fraction, and individual weight of 
components present in each fraction were recorded. The 
results are presented in Tables 2 and 3. 

Synthesis of 16-14CH3CO]-(+)-Usnic Acid 
To a solution of aluminum chloride (63.1 mg) and 

[2-14C]acetyl chloride (29.5 11; total activity 1.0 mCi) in 
anhydrous nitrobenzene (1.2 ml) was added 6-desacetyl- 
usnic acid (30.3 mg) and the mixture was stirred for 1.5 h 
at 60°C under a nitrogen atmosphere. After cooling with 
ice, the mixture was diluted with chloroform (5 ml) and 
freshly prepared 1 N sodium hydroxide solution (5 ml) 
and stirred at room temperature for a further 0.5 h. The 
two layers were separated and the organic layer was ex- 
tracted with 1 N sodium hydroxide (5 ml). The combined 
aqueous layers were carefully acidified with 1 N hydro- 
chloric acid and thoroughly extracted with ethyl acetate 
(3 x 15 ml). These extracts were washed with brine, then 
with water, dried over anhydrous sodium sulfate, and 
evaporated in vacuo to provide the crude product 
(25.6 mg). Preparative layer chromatography (silica gel, 
2% oxalic acid, petroleum ether -acetone 4: 1) and crystal- 
lization from chloroform-ethyl alcohol afforded the 
radioactive usnic acid (1l.Omg). This material was 
diluted with inactive usnic acid to give a specimen 
(74.0 mg) with activity of 1.23 x lo6 dpm/mg. 

For the large scale fermentations this sample could be 
fi~rther diluted with inactive usnic acid to provide the 
required quantities and activities as noted below. 

Fermentation with [6-14CH3CO]-( + ) -Usnic Acid (1) 
Radioactive usnic acid (4.55 g, activity 1.56 x lo4 

dpm/mg) was reacted in eight flasks innoculated with 

Mortierella isabellina and fermented in the manner al- 
ready described earlier. Isolation according to the earlier 
described procedure provided a Neutral Fraction (654 
mg) and an Acid Fraction (1.20 g). 

Purification of the Neutral Fraction by preparative 
layer chromatography afforded radioactive 2 (30.2 mg, 
activity 1.78 x lo4 dpm/mg) while the Acid Fraction 
afforded 3 (77.7 mg, activity 1.78 x lo4 dpm/mg) and 4 
(355 mg, activity 1.68 x lo4 dpm/mg). In addition, 1.3 g 
of usnic acid was recovered. 

This type of experiment was repeated on numerous 
occasions to provide similar results. 

Fermentation with [6-14CH3CO]- ( + ) -2-Desacetylusnic 
Acid (3) 

Radioactive (+)-2-desacetylusnic acid 3 (159.8 mg 
activity 0.57 x lo3 dpm/mg) was exposed to fermenta- 
tion in the normal manner over a 17 day period. Isolation 
of the resultant mixture provided a Neutral Fraction 
(63.4 mg) and an Acid Fraction (98.6 mg). 

Purification of the Neutral Fraction provided an in- 
active oily material (19.6 mg) which was not characterized 
further and radioactive 2 (activity 0.60 x lo3 dpm/mg). 
Blank experiments with inactive 2 gave values of 81 
dpm/mg. 

The Acid Fraction, upon purification, afforded un- 
changed 3 (27.5 mg, activity 0.50 x lo3 dpm/mg) as the 
only radioactive components. 

Fermentation with [6-14CH3CO]-(+)-Ia-Hydroxy-2- 
desacetylusnic Acid (2) 

Radioactive (+)-la-hydroxy-2-desacetylusnic acid 2 
(162 mg, activity 1.46 x lo3 dpm/mg) was exposed to 
fermentation over a 2 week period. Isolation of the mix- 
ture afforded a Neutral Fraction (96.3 mg) which upon 
thin layer chromatographic purification gave unreacted 2 
(74 mg) and an Acidic Fraction (31 mg) which on tlc 
revealed only very polar material. No detectable amounts 
of any of the other metabolites (3 or 4) were observed. 

Synthesis of 16-14CH3CO]-( t. ) -2-Acetoxyusnic Acid (4) 
[6-14CH3CO]-(+)-Usnic acid (500 mg, activity 1.35 x 

lo4 dpm/mg) was dissolved in warm pyridine (8.5 ml) 
and treated at room temperature with 30% hydrogen 
peroxide (0.35 ml). After stirring for 1 h, the reaction 
mixture was cooled to O°C, acidified with 0.1 N hydro- 
chloric acid, and then extracted with ethyl acetate (3 x 
35 ml). The extract was washed with water, dried over 
anhydrous sodium sulfate, and evaporated in vacuo to 
provide a brown oily residue. Thick layer chromatog- 
raphy (silica gel - oxalic acid, petroleum ether - acetone 
(3:l)) of the latter provided pure 4 (480mg, activity 
1.29 x lo4 dpm/mg). 

Fermentation with 16-14CH3CO]- ( + ) -2-Acetoxyusnic 
Acid (4) 

Radioactive 4 (350 mg, activity 1.29 x lo4 dpm/mg) 
was exposed to fermentation over a 2 week period. Isola- 
tion and purification of the Acid Fraction (315 mg) pro- 
vided unreacted 4 (210 mg) while the Neutral Fraction 
(1 1.5 mg) did not reveal any of the expected metabolites 
2 or 3. 

Fermentation with [6-14CH3CO]-(+)-2-Acetoxyusnic 
Acid (4) in the Presence of Non-radioactive Usnic 
Acid 

Radioactive 4 (128 mg, activity 1.29 x lo4 dpm/mg) 
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and non-radioactive usnic acid (150 mg) were exposed to Brandenburg. Pilze 11. Verlag von Gebriider 
fermentation over a 2 week period. Preparative layer Borntraeger, Leipzig. 1935. p. 197. 
chromatography of the Neutral Fraction (30 mg) pro- 5. R. J. BANDONI and G. H. N. TOWERS. Can. J. 
vided only unchanged 4 (78 mg) and no evidence of the Biochem. 45, 1197 (1967). 
other metabolites. The normal unlabelled metabolites 6. J.  P. KUTNEY, I. H. SANCHEZ, and T.  YEE. Org. Mass 
2 and 3 formed from the non-radioactive usnic acid were Spectrom. 8, 129 (1974). 
noted in the medium. 7. J .  P. KUTNEY, I. H. SANCHEZ, T.  YEE, J.  D. LEMAN, 

and L. HURLEY. In vrevaration. 
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Transition state determination by the X-method 
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PAUL G. MEZEY, MICHAEL R. PETERSON, and IMRE G. CSIZMADIA. Can. J. Chem. 55, 2941 
(1977). 

A simple direct procedure to locate saddle points (transition states) on energy surfaces is 
described. The advantage of the method is that it may utilize effective unconstrained optimi- 
zation techniques while convergence may occur only to saddle points and not to minima. Thus 
no further tests are needed to decide the nature of the critical point located. Both the simplex 
and conjugate gradients optimization techniques were applied within the framework of the 
proposed method (the X-method) and numerical tests were carried out on both 'mathematical' 
and 'chemical' model surfaces. 

PAUL G.  MEZEY, MICHAEL R. PETERSON et IMRE G. CSIZMADIA. Can. J. Chem. 55,2941 (1977). 
On decrit une methode directe et simple pour localiser les points d'knergie maximale (Ctats de 

transition) sur des surfaces d'knergie. L'avantage de la methode est qu'elle peut utiliser des tech- 
niques d'optimisation non-contraintes et effectives alors que la convergence peut n'apparaitre 
qu'au niveau maximum sans apparaitre au niveau minimum. I1 n'est donc pas necessaire d'avoir 
d'autres verifications pour decider de la nature du point critique localist. On a applique les 
methodes simplex et conjuguees d'optimisation des gradients dans le cadre de la methode 
proposke (la methode X) et on a effectue plusieurs verifications numeriques sur les surfaces 
modkles 'mathkmatiques' et 'chimiques'. [Traduit par le journal] 

Introduction 
The determination of saddle points is of 

considerable importance in chemistry as they 
represent transition states between the stable 
species, which occur at local minima on energy 
surfaces. The energy difference between the 
transition state and the minimum is the energy 
barrier of the reaction. 

Transition states are extremely difficult to 
observe experimentally and hence only few 
transition state geometries are even approxi- 
mately known. The theoretical determination of 
saddle points also presents great difficulties 
(1-6), as the calculation of the total energy of a 
chemical system using the Hartree-Fock method 
is itself a laborious procedure. In addition, tradi- 
tional geometry optimization methods, that is, 
direct unconstrained minimization of the cal- 
culated total energy, can lead only to minima of 
energy hypersurfaces. While these minima are 
characterized by a positive definite Hessian 
matrix H with elements 

i.e., all eigenvalues of H are positive, for saddle 
points an indefinite Hessian is characteristic with 
one (or for higher order saddle points several 
negative eigenvalues). Consequently, at a saddle 

point H has at least one eigenvector along which 
the energy decreases, hence any unconstrained 
energy optimization should fall back into one 
of the minima (7). .. , 

Constrained optimization of the energy can be 
utilized if the reactant and product of the reac- 
tion or conformational change are of a sym- 
metry different from the symmetry of the transi- 
tion state, as for the planar (D,,) transition state 
for the pyramidal inversion of ammonia (C,,) .  
The energy may be minimized within a given 
symmetry which may lead to a saddle point (or a 
minimum). However, this method is not generally 
applicable. 

One previously proposed method (3, 6) is 
based on the fact that all saddle points are among 
the solutions of the equation 

To find these solutions, a direct minimization 
method may be applied to S,. The difficulty with 
this method, however, is that any critical point 
(i.e, any point where grad E = 0) is a solution of 
[2] ,  and H must also be evaluated to decide 
whether the solution found is a minimum, 
saddle point of some order, or a maximum. The 
method requires many energy and (more costly) 
grad E evaluations. 
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Method 
The method of the present paper was designed 

to utilize the effectiveness of direct optin~ization 
methods, assuring, however, that convergence 
may occur to saddle points only. 

The basic idea of the method is intuitively 
transparent and simple. After suitable rotation 
and translation of the coordinate frame, the 
equation of the simplest saddle surface, the 
hyperbolic paraboloid, shown in Fig. 1, becomes 

At the saddle point x, = x2 = 0 and f(0,O) = 
0. For all points with x3 = 0 eq. 3 becomes 

Consequently, there are two horizontal lines that 
lie completely on the surface : 

The crossing point of these lines is the saddle 
point, x, = x2 = 0. This result is general for any 
quadratic saddle surface. Taking coordinate x, 
as the calculated energy, the horizontal lines are 
of constant energy. Also there is only one pair of 
horizontal lines that lie wholly on the surface, 
necessarily the pair that cross at the saddle point. 
Consequently, the determination of the saddle 
point is equivalent to the determination of the 
best fitting horizontal line pair on the surface, 
which can be accomplished by simple least 
square fitting. 

FIG. 1. Hyperbolic paraboloid: xlz /az  - xZZ/b2 = cx3 ; 
horizontal lines: x l /a  = k xz/b.  

For saddle surfaces of chemical reactions only 
a neighbourhood of the saddle point can be 
regarded as quadratic, consequently the fit of 
line pairs is not perfect. As may be seen from 
Fig. 2, which is a contour plot of Fig. 1, two 
horizontal line segments that form an X (hence 
the name X-method) are needed to fit onto the 
surface. An attractive feature of the method is 
the fact that, after finding the two line segments, 
one of the two bisectors of the X gives a tangent 
to the reaction path. Consequently, a single 
determination of the saddle point also gives the 
direction of the reaction path at this point. 

The concept of n - 1 linearly independent 
horizontal lines fitting to the saddle point is 
general for quadratic hypersurfaces in n dimen- 
sions (S), and may be utilized for the determin- 
ation of saddle points. In this paper we present a 
simplified formulation of the general technique 
(S), that is suitable for the chemically most 
important n = 3 case, i.e. for saddle surfaces. 

The actual formulation of the method for the 
determination of ordinary saddle points is out- 
lined below. In the case of three dimensional 
saddle surfaces the energy may be written as 

[61 Energy = E(x) = E(x,,x2) 

To define two line segments a reference vector xu 
(the coordinates of the crossing point) and two 
direction vectors, v(a) and v ( P )  are required. Let 
'reference energy' E 0  be the energy of the cross- 
ing point. For any point of the 'horizontal X' the 
coordinate x3 = EO. The deviatioi~ of the line 
segment from the surface point E(x) is 

[71 d = E(X)  - EO 

The points xPu and x P ~  along the arms of X are 

FIG. 2. Contour plot of a hyperbolic paraboloid show- 
ing the X of constant energy. 
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defined as 

Vectors v(a) and v(P) are unit vectors, z is a 
suitably chosen positive scalar. The factors p, 
and pB give the multiples of zv(a) and zv(P) to 
add to x0 in order to obtain a set of points on 
the lines defined by angles a and P with respect 
to the x, coordinate axis. The vectors v(a) and 
v(P) may be generated by simple rotations, 

In order to fit an X to the saddle region of a 
surface the following function is to be mini- 
mized : 

where p, and p p  take on values between - k and 
k (k integer). The reference energy E O  = x? 
may be restricted to E 0  = E(X,~,X,~) ,  although 
faster convergence was achieved leaving x,' = 
EO, a free parameter just as the coordinates of 
points xPa and xPp. For quadratic surfaces, if x0 
converges to the saddle point the reference 
energy E 0  becomes E(X,',X~~), for intermediate 
x0 points, however, E 0  may deviate from 
E(xI0,x,O). For non-quadratic saddle surfaces, 
even if x10 and x,' are the coordinates of the 
saddle point, the E 0  value of the best fitting line 
segments is not necessarily equal to E(X,~,X,~). 
Since x0 involves three parameters, with a and p 
there are five parameters to be optimized. 

In the course of the optimization the two 
angle parameters a and P must be different, since 
a = p would correspond to two coincident lines, 
that is, the X would collapse into one single line. 
If this single horizontal line fits onto the surface 
then the saddle point must fall on this line, 
nevertheless, the location of the saddle point 
along this line is still undetermined. Conse- 
quently, if the two angles approach each other 
beyond a preset limit, e.g. ( a - P ( < lo, then 
the optimization should be restarted with at 

least one of the angles altered. The choice of 
anew = mold, Pnew = sold + 90' appears to be 
appropriate, since then one well fitting line, 
u(a), is preserved while the second line, v(P), 
fits rather poorly on the surface. The expected 
result of the new p in the next step is a trans- 
lation along v(a). 

Two procedures to optimize these parameters 
were used: the simplex method (9) and the 
method of conjugate gradients (10-12). As the 
latter method requires the gradient of D, the 
following partial derivatives must be calculated : 

Note that a similar application of the conjugate 
gradient method for the minimization of S, 
(eq. 2) would require the evaluation of .the 
second derivatives of the energy. For economy, 
during the testing of the X-method, the surfaces 
used were fitted by an analytic equation gener- 
ated by a least-squares fitting procedure,' there- 
fore, the explicit forms of [13] were available. 

Results and Discussion 
As would be expected, the conjugate gradients 

method generally converged to the minimum of 
D, i.e, to the saddle point in fewer function 
evaluations than the simplex method. However, 
in the simplex optimization procedure there is no 
need to evaluate the gradients and the actual 
optimization procedure follows a rather simple 
alogorithm. Consequently the conjugate gradient 
method appears to be more efficient in the most 
common cases of chemical applications, i.e., 
whenever the function evaluation is by far the 
most time consuming step. However, for func- 
tions that are readily calculable the simplex 
method is recommended. It appears that a 
rather crude approximation to the saddle point, 
based on chemical intuition, may yield a satis- 
factory starting point for the X-method. 

As may be seen from Fig. 3, there are two 
additional 'parameters' in the X-method: (1) the 
number of points (NP) taken along each line 
segment, and (2) the distance (z) between those 
points. Both of these factors control the size of 
the X. A judicious choice of N P  and z is neces- 
sary for, if the X is too small it may fit onto the 
surface reasonably well almost everywhere, while 

'Programs SURFIT and SURFPLOT are available 
from the authors. 
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TABLE 1. A comparison of the simplex and conjugate gradients methods for the 
propanetriketone surfacea 

D evaluations 

Angle between the Conjugate 
z NP wl (rad) w2 (rad) arms of the X (deg) Simvlex gradientsb 

"2, NP, a,, and a2 are defined in the text. 
'D evaluation' includes calculation of both D and grad D. 

if it is too large, the approximation that the sur- 
face can be represented by a hyperbolic para- 
boloid is, in general, no longer valid. 

As a chemical example, the calculated rota- 
tion-rotation surface of propanetrione (l3), a sur- 
face of two coordinates, were taken. The con- 
formational surface was calculated using the 
CNINDO program (14). An actual analytic ap- 
proximation of this E(o,,o,) surface by trigono- 
metric functions is published elsewhere (13). The 
o, = o, = 0 conformation is defined by 1. One 
saddle point occurs for o, and o, equal 1.5928 
and 3.1950 rad (91" and 183"), respectively,, 
with a 90" angle between the arms of the X. 
The (91",91°) and (89",271°) conformations are 
minima. 

The results for this molecule are summarized in 
Table 1. They bear out the conclusions drawn 
above. It is also apparent from the table that the 
X-method performs almost equally well for 

FIG. 3. Dependence of the size of the X on (a) the dis- 
tance between the points and (b) the number of points per 
line segment. 

z, however, the correct angle was obtained 
consistently. 

Due to the large number of D evaluations, 
each involving 5 (for NP = 3) or 9 (for NP = 5) 
energy calculations, the computational costs 
appear too high to apply the method as an inte- 
gral part of ab initio MO programs, such as the 
GAUSSIAN 70 program system (15). Instead, 
determination of saddle points on analytic 
surfaces fitted to the points calculated by such 
ab initio programs is recommended. 

NP = 3 or NP = 5, indicating that the number 
of function evaluations may be reduced to 3 per Acknowledgements 
line. A proper choice for z seems to be important The authors express their thanks to the 
since for a z value of 0.02 the angle between the National Research Council of Canada for con- 
arms of the X is about 25" too small. For larger tinuous One us (M.R.P.) 

would like to thank the National Research 
2The saddle point has been determined previously by Council of Canada for 'the award of a Post- 

the S, method. graduate Scholarship. 
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Polarographic studies of the interaction of boric acid with l-hydroxy- 
and 1,2-dihydroxy-9,lO-anthraquinones and -anthrahydroquinones 
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ARTHUR D. BROADBENT, W. DONALD HEWSON, HEATHER A. MCDONALD, and RONALD J. 
MELANSON. Can. J. Chem. 55,2946 (1977). 

The interaction of 1-hydroxy-9,lO-anthrahydroquinones (1-HOAHQ) with boric acid in 
aqueous borate buffer solutions at pH 9.5 causes a decrease in the anodic limiting current of the 
1-HOAHQ and the simultaneous appearance of a new diffusion-controlled anodic wave at more 
positive potentials. This is attributed to the formation of a cyclic borate ester of the 1-HOAHQ 
involving the peri-hydroxyl groups. Ester formation is much slower but still complete when the 
boric acid - borate to 1-HOAHQ molar ratio exceeds 10-15. These esters are most stable at p H  
7.5-9.5 and completely unstable above pH 12. 1,2-Dihydroxy-9,lO-anthraquinones (1,2- 
diHOAQ) react with boric acid to give cyclic esters involving the 1- and 2-hydroxyl groups, but 
of lower stability than those from 1-HOAHQ. On reduction of a 1,2-diHOAQ in the presence 
of boric acid at pH 9.5, cyclic borate esters involving the peri-hydroxyl groups are rapidly pro- 
duced in preference to those involving the ortho-hydroxyl groups. 

ARTHUR D. BROADBENT, W. DONALD HEWSON, HEATHER A. MCDONALD et RONALD J. 
MELANSON. Can. J. Chem. 55,2946 (1977). 

L'interaction d'hydroxy-1 anthraquinones-9,10 (1-HOAHQ) avez de l'acide borique en 
solutions aqueuses de borate tamponees a un p H  de 9.5 produit une diminution du courant 
limitant anodique du 1-HOAHQ et l'apparition simultanee d'une nouvelle vague anodique 
contrBlee par la diffusion des potentiels plus positifs. On attribue ces resultats a la formation 
d'un ester borate cyclique du I-HOAHQ impliquant les groupes hydroxyles en peri. La forma- 
tion d'ester est beaucoup plus lente mais elle demeure complete quand les rapports molaires 
acide borique - borate/l-HOAHQ depassent 10-15. Ces esters sont les plus stables a des pH 
allant de 7.5-9.5 et completement instables au dessus d'un pH 12. Les dihydroxy-1,2 anthra- 
quinones-9,10 (1,2-diHOAQ) reagissent avec I'acide borique pour conduire a des esters cycli- 
ques impliquant les hydroxy-1 et -2 mais ces derniers ont une stabilite plus faible que ceux du 
1-HOAHQ. Lors de la reduction d'un 1,2-diHOAQ en presence d'acide borique a un p H  9.5, 
des esters boriques cycliques impliquant les groupes hydroxyles en perie se forment rapidement 
de preference a ceux impliquant les groupes hydroxyles en ortho. 

[Traduit par le journal] 

Introduction 
The formation of chelated esters of boric acid 

and 1,2-diols is well-known (1-3). The rings in 
the cyclic esters are limited to five or six atoms, 
and the boron: diol ratio is usually 1 : 1 or 1 : 2. 

1-Hydroxy-9,lO-anthraquinones (1-HOAQ) 
form esters with boric acid in H2S04 solution, 
but the esters readily hydrolyze in the presence 
of water, despite chelation between the boron 
and carbonyl oxygen atoms as in 1 (4). Russian 
workers have reported formation of chelated 
esters of boric acid and 1,2-dihydroxy-9,lO- 
anthraquinones (1,2-diHOAQ) in aqueous solu- 
tion, chelation occurring between the ortho- 
hydroxy groups as in 2 (5 ,  6). 

Specific interaction between boric acid or 
borate ion and AQ derivatives was proposed by 

Furman and Stone (7) to account for anomalous 
polarographic results, but was subsequently 
repudiated by Gill and Stonehill (S), who ob- 
served normal polarographic behavior for such 
con~pounds in borate buffers. Polarographic 
studies of 1-HOAQ-4-S03H in ethanolamine and 
borate buffers of identical pH, and of the corre- 
sponding 9,lO-anthrahydroquinone obtained by 
reduction (1-HOAHQ-4-S03H), indicated that 
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the AQ did not interact with boric acid while the 
AHQ gave an anodic wave at more positive 
potentials in the borate buffers attributed to oxi- 
dation of the ester 3 (9). 

The purpose of the present study was to un- 
dertake a broader and more detailed study of the 
effect of boric acid on the polarography of hy- 
droxyanthraquinone derivatives. 

Results 
The polarographic behavior of various 

I-HOAQ, and the corresponding 1-HOAHQ 
generated by reduction with Na2S,04, was 
examined in borate and ethanolamine buffers of 
identical pH. After reduction of the AQ in borate 
buffer, or after addition of borate to an ethanol- 
amine buffer solution of the AHQ, the anodic 
limiting current (id) for polarographic oxidation 
of the AHQ of half-wave potential (Ell,) ident- 
ical to that for polarographic reduction of the 
AQ, decreased with increasing time and simul- 
taneously an anodic wave appeared at more 
positive potentials. The decrease in id for the 
1-HOAHQ and the appearance of the new 
anodic wave were usually quite rapid in the 
borate buffer solution, total reaction taking only 
a few minutes or less with a 780-fold molar 
excess of boric acid- borate (except for 
1-HOAHQ-4-S0,H). The conversion was much 
slower but still complete when a 10-15-fold 
molar excess of boric acid - borate was added 
to the 1-HOAHQ. For ethanolamine buffer 
solutions of the 1-HOAHQ containing an equi- 
molar quantity of boric acid - borate, the de- 
crease in id for the 1-HOAHQ was very slow and 
when id became stable after several hours, both 
the anodic wave of the AHQ and the new anodic 
wave could be observed, the E!/, of the latter 
being about 10-20 mV more positive than in the 
presence of excess boric acid. 

In the case of 1,5-diHOAHQ, no anodic wave 
was observed in the presence of excess borate 
buffer but the yellow solution had an intense 
green fluorescence. On adding a 10-fold molar 

excess of boric acid - borate to an ethanolamine 
buffer solution of 1,5-diHOAHQ (2.0 x 
mol dm-3), its anodic limiting current (El,, = 
- 58 1 n1V) decreased with simultaneous ap- 
pearance of a new anodic wave with El,, = 
-438 mV. However, as id for the AHQ ap- 
proached zero the limiting current of the new 
anodic wave ceased increasing and then grad- 
ually decreased to zero with development of the 
green fluorescence, indicating a stepwise reac- 
tion. 

For every 1-HOAHQ, the decrease of id for 
the AHQ in the presence of borate buffer was 
accompanied by simultaneous changes in the 
visible absorption spectrum (Table 2). These 
changes were only slight and did not result in any 
observed colour changes. For 1,5-diHOAHQ, a 
stepwise reaction was again evident since addi- 
tion of borate buffer to an ethanolamine buffer 
solution of the AHQ resulted in an initial in- 
crease in absorption at 399 nm followed by a 
decrease in absorption at this wavelength. 

Addition of 2 mol K,Fe(CN), per mol of 
1-HOAHQ in the borate buffer caused immedi- 
ate oxidation and disappearance of the new 
anodic wave. The only observed oxidation prod- 
uct within 10 s was the corresponding 1-HOAQ, 
detected by its characteristic cathodic wave and 
absorption spectrum. 

For the 1-HOAQ in borate buffer, and for 
both the I-HOAQ and 1-HOAHQ in ethanol- 
amine buffer, graphs of log (id - i)/i vs. E were 
linear, but the slopes, although all constant for a 
given compound, were usually larger than the 
29.7 mV expected for an electrode process in- 
volving transfer of 2 electrons per molecule, 
which was indicative of sen~iquinone formation 
(8, 9). For the ethanolamine buffer solutions, 
Ell, was identical with E,' determined by redox 
potentiometry. Similar logarithmic analysis of 
the new anodic waves for the 1-HOAHQ in 
borate buffer gave linear graphs but the slopes 
were quite variable ranging from 29 mV for 
l,&diHOAHQ up to 45 mV for l-HOAHQ-6- 
S0,Na. In all cases, observed limiting currents 
were found to be directly proportional to the 
initial concentration of the 1-HOAQ and to the 
square root of the effective mercury height above 
the dropping mercury electrode. 

Previous polarographic studies (10) indicated 
that 2-HOAQ and 2-HOAHQ and derivatives 
do not interact with boric acid as described 
above, and a similar result was found for 
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TABLE 1. Polarographic data for I-HOAQ (2.0 x mol dm-3) and 1,2- 
diHOAQ (1.0 x 10-3 mol dm-3) derivatives in ethanolamine and borate buffer 

solutions (pH 9.55, 25°C) 

AQ cathodic wave AHQ anodic wave 

1-HOAQ-4-S03H 
(Ethanolamine) 
(Borate) 

I-HOAQ-6-S03Na 
(Ethanolamine) 
(Borate) 
(Ethan~lamine/PhB(OH)~) 

I-HOAQ 
(Ethanolamine/NaOH) 
(Ethanolamine) 
(Borate) 

1,8-diHOAQ 
(Ethanolamine/NaOH) 
(Ethanolamine) 
(Borate) 

1,s-diHOAQ 
(Ethanolamine/NaOH) 
(Ethanolamine) 
(Borate) 

13-diHOAQ (35") 
(Ethanolamine/NaOH) 
(Ethanolamine) 

I-NHZAQ-6-S03Na 
(Ethanolamine) 
(Borate) 

1 ,2-diHOAQ 
(Ethanolamine) 
(Borate) 

1 ,2-diHOAQ-3-S03Na 
(Ethanolamine) 
(Borate) 

*Insoluble at pH 9.55. 
tDisappears on standing. 
$Small irregular anodic currents unaffected by boric acid 

1-NH2AHQ-6-S0,Na (Table 1). It was observed 
that 1-NH2AHQ-6-S0,Na is not stable at p H  
9.55 and its id decreases slightly with increasing 
time to a lower steady value with simultaneous 
appearance of two new cathodic waves with El!, 
of - 1124 and - 1285 mV. This behavior is 
typical of tautomerism of the AHQ to the corre- 
sponding 10-hydroxy-9-anthrone derivative (10, 
11) and no new anodic wave at potentials below 
680 mV was observed in the presence of boric 
acid. 

The variation of id for the new anodic wave 

with change in p H  was examined for one com- 
pound (Fig. 1) and the optimum p H  for its for- 
mation was established as 7.5-9.5. The El,? data 
also provided information on acidic dissociation 
constants. 

The rate of decrease of id for l-HOAHQ-4- 
SO,H, in the presence of a large molar excess of 
boric acid - borate, was sufficiently low that it 
could be conveniently measured. Graphs of log 
id vs. time were linear. The preliminary pseudo 
first order rate constant increased with increasing 
concentration of borate buffer at constant p H  
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BROADBENT ET AL. 

TABLE 2. Visible absorption spectra of HOAQ derivatives at p H  9.55* 

Borate buffer Ethanolamine buffer 

hm,, hma, 
Compound (nm) E,,, (nm) E,,, 

*sh = shoulder. 
TEthanolamine buffer plus PhB(OH)2. 

and decreased on increasing the p H  of the borate 
buffer in the range 8.9-10.3, with the tentative 
conclusion that the rate is first order with respect 
to boric acid. 

The polarographic behavior of the 1,2- 
diHOAQ in the ethanolamine buffer appears 
quite normal. In the borate buffer, the 1,2- 
diHOAQ exhibits two overlapping cathodic 
waves, but only a single anodic wave was ob- 
served after reduction and this had Ell, corse- 
sponding to the first cathodic wave for the AQ. 
For the 1,ZdiHOAQ in both buffer solutions, 
the total limiting current is diffusion controlled 
and corresponds to the transfer of two electrons 
per molecule. The first of the two cathodic waves 
observed in borate buffer, however, has a pro- 
nounced positive temperature coefficient, while 
the second cathodic wave decreases slightly with 
increasing temperature. 

A more detailed examination of the polarog- 
raphy of 1,2-diHOAQ-3-S0,Na in the borate 
buffer established that the first of the two cath- 
odic waves (Ell, = - 652 mV) was only present 
in concentrated borate buffer solutions (Table 
3). Such solutions of 1,2-diHOAQ-3-S03Na are 
yellow-range, while solutions in the ethanol- 
amine buffer are violet (Table 2). In the solution 

composed of 60% of the ethanolamine buffer 
mixed with 20% of the borate buffer, 1,2- 
diHOAQ-3-S03Na did not give an observable 
cathodic wave at Ell, = - 655 mV, even though 
visible absorption spectra showed 50% conver- 
sion of the violet AQ to the yellow-orange che- 
lated borate ester, e.g. 2. Reduction of the AQ in 
this solution, however, gave a single allodic 
wave at Ell, = - 650 mV. With a 10-fold molar 
excess of boric acid - borate present, the visible 
absorption spectrum of 1,2-diHOAQ-3-S0,Na 
was essentially identical with that of an ethanol- 
amine buffer solution of the AQ with boric acid 
absent, but after reduction to the AHQ the spec- 
trum of the latter rapidly changed to that typical 
of the AHQ in the presence of excess borate 
buffer. This coincided with a decrease in id of the 
AHQ anodic wave at Ell, = -735 mV and the 
simultaneous growth of the new anodic current 
at El,, = -655 mV. 

Discussion 
The decrease of id of the AHQ, and the simul- 

taneous appearance of a new anodic wave at 
more positive potentials, occurs only for 
1-HOAHQ in the presence of boric acid. The 
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FIG. 1. Dependence of Ell, on p H  for l-HOAQ-6- 
S0,Na (2.0 x mol dm-3) at 25°C (C)  and the 
effects of pH on Ell, for the cyclic borate ester of 
1-HOAHQ-6-SO,Na (B)  and upon the conversion (b) of 
1-HOAHQ-6-S03Na to the ester ( A )  in the presence of 
boric acid - borate (2.0 x mol dm-3). = 100 
iesterlianOdlc. 

new wave most probably arises because of anodic 
oxidation of a chelated borate ester (reaction 1). 

Chelated esters of o-diols are well-known but 
some involving peri-diols have been reported 
(12, 13). Polarographic and spectrophotometric 
examination of 1-HOAQ in the ethanolamine 
and borate buffers did not reveal any measure- 
able interaction between the 1-HOAQ and boric 
acid. Borate esters of 1-HOAQ (e.g. 1) are readily 
hydrolyzed in aqueous solution (4). 

Reduction of a 1-HOAQ in the presence of 
excess borate buffer results in conlplete con- 
version of 4 into 5 and the observed changes in 
polarographic behavior of the 1-HOAHQ are 

quite specific for these compounds. The id of the 
new anodic wave is controlled by diffusion of 5 
to the electrode surface but the electrode process 
is not polarographically reversible, possibly be- 
cause the product of anodic oxidation of 5, 1, is 
rapidly hydrolyzed to the 1-HOAQ on the elec- 
trode surface. 

Additional support for reaction 1 is provided 
by the observation of the analogous interaction 
of 1-HOAHQ-6-S03Na with benzene boronic 
acid, and by the obvious stepwise reaction of 
1,5-diHOAHQ with boric acid, this being the 
only AHQ for which two rings involving boron 
could form. The observation of fluorescence to- 
wards completion of the reaction between boric 
acid and 1,5-diHOAHQ would be consistent 
with the rigid polycyclic structure of a dichelated 
ester. 

In solutions containing equimolar boric acid, 
the formation of esters with a 1:2 boron: 
1-HOAHQ ratio is possible, but no significant 
change in El,, was observed. 

The 1-NH,AHQ-6-S03Na did not react with 
boric acid, in agreement with Boeseken's obser- 
vations on o-aminophenols (14). There was also 
no indication of reaction of boric acid with re- 
duced 1,CdiHOAQ. In strongly alkaline solu- 
tion, the polarographic results for this com- 
pound seem quite normal, but at p H  9.5 1,4- 
diHOAHQ presumably exists as the tautomer 
1,4-dioxo- 1,2,3,4-tetrahydro-9,lO-dihydroxyan- 
thracene (15), which would account for the ir- 
regular behavior at this pH. 

The variation of Ell, with changing p H  for 
1-HOAHQ-6-S03Na gave pK, values of 5.2 and 
10.2 for the AHQ and 9.4 for the AQ, these 
values being very similar to those found for 
1-HOAHQ-4-S03H and 1-HOAQ-4-S03H (9). 
A pKa of 5.33 for 1,s-dihydroxynaphthalene-3,6- 
disulfonate has been reported (16). Peri-diph- 
enols exhibit enhanced acidity because of intra- 
molecular hydrogen bonding, the non-hydrogen 
bonded proton at position 1 or 8 being most 
acidic. 

Changes in slope in the plot of Ell, vs. p H  
for the chelated borate ester of l-HOAHQ-6- 
S03Na (Fig. 1) must be considered with caution 
because of the polarographic irreversibility of 
the anodic oxidation process. These data did not 
give reliable pKa values for the borate ester, 
which would have been valuable for interpreta- 
tion of the dependence of the degree of chelate 
formation (p) on p H  (Fig. 1). For l-HOAHQ-6- 
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TABLE 3. Polarographic data for 1,2-diHOAQ-3-S03Na and 1,2-diHOAHQ-3-S03Na 
(4.0 x mol dm-3) at p H  9.55 and 25°C 

1 ,2-diHOAQ-3-S03Na 1 ,2-diHOAHQ-3-S03Na 
Buffer comvosition* 

-El12 -El12 
Ethanolamine Borate (mv) id (PA) (mV) id (PA) 

*% by volume. 

SO,Na, optimum formation of 5 occurs at p H  
7.0-8.5, where the maximum concentrations of 
4 and boric acid exist. The decreased concentra- 
tion of boric acid at p H  > 9 must contribute to 
the decrease in p in alkaline solution. The step- 
wise decrease in p at p H  < 7 must be a conse- 
quence of the acid-base equilibria of the reac- 
tion partners and products, or possibly of a non- 
cyclic borate ester, which is a likely intermediate 
in the formation of 5. Since p was determined 
using only a 10-fold molar excess of boric acid - 
borate, the values may be influenced by forma- 
tion of chelate esters with a 2: l AHQ:boron 
ratio. 

Spectrophotometric measurements on the 
1,ZdiHOAQ showed that relatively high boric 
acid concentrations were required to give the 
chelated ester 2. For 1-HOAHQ, total conver- 
sion to 5 was found at much lower boric acid 
concentrations. These results indicated that 
chelated esters such as 5 are formed more readily 
than 2. A11 identical result was found for chelated 
esters of 1,8-dihydroxynaphthalene, when com- 
pared with those of 2,3-dihydroxynaphthalene 
(13, 16). The polarographic behavior of the 
1,ZdiHOAQ and 1,2-diHOAHQ can be inter- 
preted in terms of the difference in stability of 
1,2- (6) and 1,9-chelated borate esters (7) of 
1,2-diHOAHQ. Reduction of 2 in the presence 
of boric acid results in preferential formation of 
7 rather than 6 because in 7 the 1,9-oxygen atoms 
are closer together than the 1,Zoxygen atoms in 
6. The ester 7 is more stable as its formation in- 
volves less strain. 

In the presence of a 10-fold molar excess of 
boric acid - borate, the 1,ZdiHOAQ gave a 
single cathodic wave, with El,, essentially ident- 
ical to that in the ethanolamine buffer. On re- 
duction, id for the 1,ZdiHOAHQ rapidly de- 
creased with simultaneous increase in the id for 
.the anodic wave at more positive potentials, a 
process which proceeded to completion at boric 
acid concentrations insufficient to give detectable 
formation of 2. The new anodic wave can be 
attributed to oxidation of 7 rather than 6. 

The occurrence of two cathodic waves on 
polarography of 1,2-diHOAQ at higher borate 
buffer concentrations can also be related to 
preferential formation of 7. In such solutions, 
the 1,ZdiHOAQ exist largely as 2, but both spe- 
cies are polarographically active, being reduced 
to 1,2-diHOAHQ and 6, respectively, with essen- 
tially identical El,, values (- 740 mV). At poten- 
tials corresponding to the foot of the first cath- 
odic wave (-64.0 my), the Nernst equilibrium 
concentration of 1 ,ZdiHOAHQ at the electrode 
surface is very low, but, at high boric acid con- 
centrations rapid conversion to 7 would disturb 
the redox equilibrium and result in further elec- 
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tron transfer to 2. Thus, a significant current can 
arise at potentials more positive than anticipated. 
At lower boric acid concentrations, the rate of 
conversion of 1,2-diHOAHQ to 7 is insufficient 
to disturb the Nernst equilibrium. The pro- 
nounced positive temperature coefficient for .the 
first cathodic wave indicates that its limiting 
current is controlled by a reaction rate. Although 
the exact pathway leading to 7 cannot be dis- 
tinguished, the conversions 2 to 1,2-diHOAQ, 6 
to 1,2-diHOAHQ or 1,2-diHOAHQ to 7 could 
be rate-controlling, assuming rapid electron 
transfer at the electrode surface. The El , ,  of the 
first cathodic wave corresponds to that of the 
1,2-diHOAHQ in borate buffer because of the 
redox equilibrium between 7 and its oxidation 
product. The situation is somewhat analogous 
to that where adsorption of the electrode product 
results in a polarographic wave at more positive 
potentials. 

Experimental 
The compounds examined were available from pre- 

vious studies (18) or were commercial samples which 
were purified by chromatography on Al2O3 and recrys- 
tallization from ethanol and/or acetic acid. Solutions of 
the hygroscopic sulfonates were standardized by poten- 
tiometric titration of the AHQ with K3Fe(CN)6 solution. 

Ethanolamine was dried by distillation of added ben- 
zene and purified by vacuum distillation. The buffer solu- 
tions were composed of 0.200 mol dm-3 ethanolaminel 
0.100 mol HCI and of 0.078 mol dm-3 B203/0.100 
mol dm-3 NaOH. 

A known aliquot of the AQ solution was placed in the 
flat-bottomed, flanged reaction vessel, which was clamped 
to an aluminum plate fitted with sealed-in DME, salt 
bridge to the SCE, N2 inlets and outlet for anaerobic 
operation, and burettes for N2-saturated titrant solutions. 
The AQ were reduced by titration with freshly prepared, 
concentrated Na2S20, solution in the appropriate buffer. 
HOAQ insoluble at pH 9.5 was dissolved in NaOH or 
NaOH-ethanolamine solution and, after reduction, the 

solutions were buffered to p H  9.5 by addition of B203 or 
HCI solution. 

Polarograms were recorded on a Sargent Model XV1 
polarograph at 25°C. 
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Effect of the hexadecapole moment on the translational 
vibrational absorption by carbon-dioxide-type crystals1 
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E. WHALLEY. Can. J. Chem. 55,2953 (1977). 
The effect of a hexadecapole moment on the absorption by the translational vibrations of 

carbon-dioxide-type crystals has been calculated. If the qudrupole and hexadecapole moments 
have the same sign the absorption is relatively insensitive to the hexadecapole moment and the 
hexadecapole moment may reduce the integrated absorptivity to a minimum of about 0.85 of the 
value for the quadrupole moment alone. If the moments have opposite signs, the absorptivity 
can be increased significantly by a hexadecapole moment of the expected magnitude. 

E. WHALLEY. Can. J. Chem. 55,2953 (1977). 
On a calcult l'effet d'un moment hexadecapolaire sur l'absorption par des vibrations de 

translation de cristaux de type dioxyde de carbone. Si les moments quadrupolaires et hexadt- 
capolaires ont le mtme signe l'absorption est relativement insensible au moment hexadtcapo- 
laire; le moment hexadecapole peut reduire I'absorptivitt inttgree vers une valeur minimale 
d'environ 0.85 de la valeur du moment quadrupolaire seul. Si les moments ont des signes 
opposts, il peut y avoir une augmentation importante de l'absorptivite par un moment hexa- 
dkcapolaire de grandeur attendue. 

[Traduit par le journal] 

A part of the interaction between molecules at absorption intensity of solid nitrogen (4) is about 
relatively large distances is frequently described one quarter of the calculated value, perhaps (4) 
as being due to the permanent electrostatic because the large vibrational motion reduces the 
moments acting according to classical laws. The effective quadrupole moment. The theory is not 
electric field of dipole and successively higher adequate for all molecular crystals; for example, 
moments decreases with increasing distance r 
from the molecule by the factors r3, r4, r5, etc. 
Most observable effects are due either to the 
square of the field, when the observed effects 
should decrease by the factors r6, r8, r lo, etc., or 
to the square of the field gradient, when the 
effects should decrease by the factors r8, r lo, r 12, 
etc. A particularly elegant way of studying this 
interaction is to measure the intensity of absorp- 
tion of electromagnetic radiation by the trans- 
lational vibrations of the n~olecules. For some 
crystals, such as those having the carbon-dioxide 
or halogen structures, symmetry requires that 
only the non-spherical part of the intermolecular 
interaction can contribute to the intensity, and 
so it can be studied in isolation. 

the absorption intensity of crystalline chlorine is 
(5) about 94 times that calculated by the theory 
adapted to the halogen structure.' This paper is 
concerned only with the crystals for which the 
multipole moment theory is an adequate ap- 
proximation. 

It is not clear that the multipole expansion 
converges rapidly at the intermolecular distances 
in the crystals, as the following arguments show. 
For approximate purposes, the charge distri- 
bution in a linear molecule like carbon dioxide 
can be represented by two equal and opposite 
point dipoles of moment p, counted as positive if 
the positive end is on the inside, situated on the 
axis, and parallel to it a distance a from the 
center of the molecule. The nth moment of charge - 

Schnepp (1) has worked out the theory for the for such a distribution, when n is even, is 
infrared intensity of crystals having the carbon- characterized by the quantity -2nan-'p. The 
dioxide structure assuming that the quadrupole integrated infrared intensity due to the nth even 
moment dominates, and it seems to-agree rea- 

'The calculations in this paper were made with the 
with measurements On inaccurate published quadrupole moment of chlorine. A 

dioxide (2, 31, although the corrected value (6) results in the exmrimental integrated 

'NRCC No. 16002. 
absorption intensity being 94 times greater insteadif the 
published 35 times. 
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TABLE 1 .  Field derivatives ( I )  for carbon-dioxide-type crystals due to  hexadecapole moments" 

H 
aE,'(p3 q, = --(1365d12d3'4 - 2520dld3'311 - 315d3I4 - 90d12d3'2 + 420d3'2112 
ax(p, q )  8r7 

+ 840dld3'11 - 75d12 + 210d3I2 - 60112 - 15)p,q 

"r is the nearest-neighbor distance and the other symbols are defined by Schnepp (1). 

moment is (I) 4n2aZ(n+1)p2/r2(n+2) where r is the moments to the field derivatives aEy/aS4 have 
intermolecular distance, apart from an angular opposite signs, and the contributions to aEz/aS4 
factor of the order unity and the product of some and aE,/aS, have the same sign. If the relatively 
fundamental parameters. The ratio of the inten- small effect of the anisotropy of the polariza- 
sities due to, say, the quadrupole and hexadeca- bility is neglected, the integrated intensity A of 
vole moments. without the angular factor, is the two bands is 
4(a1r)~. An intermolecular distance is typically 
twice an intramolecular distance, and so this [l] A K 3081602 + 28651 1H2/r4 - 733870H/r2 

ratio is about 4. The effects of quadrupole and 
hexadecapole moments may therefore be of the 
same magnitude. Furthermore, because the fields 
due to quadrupole and hexadecapole moments 
on the same molecule interfere destructively in 
some regions of space and constructively in 
others, it is not clear whether the effect of adding 
a hexadecapole moment is to increase or de- 
crease the absorptivity from that of a quadrupole 
alone. 

To determine if the hexadecapole moment of 
carbon dioxide and related molecules contributes 
significantly to the absorption intensity it is 
therefore necessary to work out the theory. This 
has been done following Schnepp's (1) procedure 
for the effect of the quadrupole moment. The de- 
rivatives of the field at the center of a molecule, 
due to the hexadecapole moment H of a linear 
neighboring molecule, with respect to the dis- 
placement of the molecule, are given in Table 1. 
The symmetry coordinates for the infrared- 
active vibrations of carbon-dioxide-type crystals 
are (7) 

S4(T,) = $(x, - x2 + X, - ~ 4 )  

where x, is the x cartesian displacement of 
molecule q, and molecules 1,2,3, and 4 are on the 
sites 000, ++0, Of*, and +0+. The derivatives of 
the fields at the centers of the molecules q are 
listed in Table 2, and the sums of the derivatives 
caused by the quadrupole (I) and hexadecapole 
moments are listed in Table 3. 

If the moments have the same sign, the con- 
tributions of the quadrupole and hexadecapole 

where r is the nearest-neighbor distance. For a 
given 0, this expression has a minimum value as a 
function of H at 

and the minimum value is 26 11202 or 0.8475 of 
the absorption with zero hexadecapole moment. 
The experimental intensity for nitrogen is about 
one fourth of the calculated intensity (1, 4) and 
it appears that the effect of the hexadecapole 
moment cannot lower the absorption enough to 
account for more than a small fraction of the 
discrepancy. The integrated intensity is within 
15% of the value for zero hexadecapole moment 
if HIOr is between - 0.27369 and + 0.78597. 

The intensity of absorption due to  the quad- 
rupole moment of a molecule with an insigni- 
ficant hexadecapole, and that due to  the hexa- 
decapole moment of a molecule with an insigni- 
ficant quadrupole, are equal, if the distance r is 
the same in both cases, when 

A typical intermolecular distance in a crystal of 
small molecules is 4 A, and then a pure hexa- 
decapolar molecule having a moment of 5.25 x 

esu cm4 would have the same absorption 
intensity as a pure quadrupolar molecule having 
a moment of esu cm2. If the same molecule 
has a hexadecapole moment between -4.4 and 
12.6 x esu cm4 its absorption intensity 
would be within 15% of that of the quadrupole 
acting alone. 

The quadrupole moment of nitrogen is (8) 
- 1.4 x esu cm2 and the hexadecapole 
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WHALLEY 2955 

TABLE 2. The variation of the cartesian components of the electric field at  the molecular centers 
with the symmetry coordinates S4 and S7 for carbon-dioxide-type crystals. The quantities listed 

are the coefficients of H/r7N1:'  

Value for a = 

Field 
derivative 1 2 3 4 

TABLE 3. Sum of the contributions of the quadrupole and hexadecapole moments to the effect of the symmetry 
coordinates S4 and S7 on the electric field a t  the site of the qth atom. The factor l / r5N1: '  is omitted 

Value for q = 

Field 
derivative 1 2 3 4 

moment is (9) about 2 3  x esu cm2. If 
these acted independently, the hexadecapole 
would cause an absorption intensity of 0.1656 of 
the quadrupole, but if the two moments have the 
same sign the intensity due to the combined 
moments is 0.8454 of that of the quadrupole 
alone, which is nearly the smallest possible, and 
if they have the opposite sign, the absorptivity is 
1.486 of the quadrupole acting alone. The quad- 
rupole moment of carbon dioxide is -4.1 x 

lovz6  esu cm2, and if the charge distribution is 
represented by two point dipoles located on the 
oxygen atoms the hexadecapole moment is 2a20 
where a is the C=O distance. The estimated 
hexadecapole moment is therefore - 14 x 
esu cm4. The intensity of the combined quad- 
rupole and hexadecapole moments is then 0.922 
of that of the quadrupole alone. If the hexadeca- 
pole moment were 14 x esu cn14, the 
intensity would be about twice as high. An 
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accurate measurement of the intensity should 
therefore determine the sign of the hexadecapole 
moment if the effective quadrupole moment (4) 
were known. 

The principal conclusions of this note are: 
(1) The hexadecapole moments of molecules like 
nitrogen and carbon dioxide contribute signi- 
ficantly to the fluctuation of the electric fields at 
the molecular centers in the crystal, but if the 
quadrupole and hexadecapole moments have the 
same sign, interference of the fields can reduce 
the absorption intensity of the translational 
vibrations to about 85% of that due to the 
quadrupole alone. The hexadecapole moment 
cannot therefore explain the difference between 
the experimental and theoretical absorption 
intensity of crystalline nitrogen. (2) Accurate 
infrared intensity measurements should allow 

VOL. 55 ,  1977 

the hexadecapole moment to be determined if 
~ / 8 r ~  is significantly less than about -0.3 or 
greater than about 0.8. 
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ESCA investigations of Group IV derivatives. Part 111. Binding energies for 
methyl substituted disilyl and digermyl chalcogenide series 

JOHN E. DRAKE, CHRIS RIDDLE, H. ERNEST HENDERSON, AND BORIS GLAVINCEVSKI 
Department of Chemistry, University of Windsor, Windsor, Ont., Canada N9B3P4 

Received February 3, 1977 

JOHN E. DRAKE, CHRIS RIDDLE, H. ERNEST HENDERSON, and BORIS GLAVINEEVSKI. Can. J. 
Chem. 55,2957 (1977). 

Core-level binding energies of all atoms are reported for the methyl substituted disilyl and di- 
germyl chalcogenides, (Me.MH3_,J2E; where M = Si, Ge; E = 0 ,  S, Se, Te; n = 0, 1, 2, 3. 
Binding energies are also reported for the dimethyl series Me,E; where E = 0 ,  S, Se, Te; for 
the hydrides H2E; where E = 0 ,  S, Se; and for the methylhydrides MeEH; where E = 0 ,  S. 
Binding energy trends throughout these closely related series of compounds are discussed. The 
similarity of atomic charge patterns, deduced from the binding energies, for all molecules of a 
given silicon or germanium series are consistent with their ability to redistribute charge. The 
bonding mechanisms that make this possible are assessed. 

JOHN E. DRAKE, CHRIS RIDDLE, H. ERNEST HENDERSON et BORIS GLAVINEEVSKI. Can. J. 
Chem. 55,2957 (1977). 

On rapporte les Cnergies des liaisons au niveau du noyau de tous les atomes pour les chal- 
cogenicides de disilyl et de digermyl substituks par des mkthyles, (Me.MH3-n)2E; ou M = Si, 
Ge; E = 0 ,  S, Se, Te; n = 0, 1, 2, 3. On rapporte aussi les Cnergies de liaisons pour les skies 
dimethyles MeZE; oh E = 0 ,  S, Se, Te; pour les hydrures H2E oh E = 0 ,  S, Se; et pour les 
methylhydrures MeEH; oh E = 0 ,  S. On discute des tendances des energies des liaisons i? 
travers toutes ces series de composes extrgmement relies. La similarit6 dans les repartitions des 
charges atomiques, deduite des energies de liaison pour toutes ces moltcules d'une serie donnee 
de silicium ou de gernlanium, est en accord avec leur habilite a redistribuer les charges. On 
&value les mdcanismes de liaison qui rendent ces propriCtts possible. 

[Traduit par le journal] 

Introduction 
I11 earlier publications (1, 2) we reported core- 

level binding energies for various halogeno(me- 
thy1)-germanes and -silanes. Few ESCA studies 
of related Group VI B derivatives have appeared 
in the literature. Van Wazer et al. (3) reported 
silicon 2p level binding energies of several sili- 
con-oxygen containing species and of the poly- 
meric sulfide (SiS,),; all recorded with solid or 
liquid samples. Their work was extended to simi- 
lar derivatives of other Group IV B elements (4). 
Unfortunately, correlations between data col- 
lected from condensed phase samples are liable 
to be poor. Perry and Jolly have made extensive 
correlations between vapor-phase determined 
binding energies and calculated charge (5). In 
discussing the importance of d-orbital participa- 
tion they concluded that "the data offer little 
support for the participation of d-orbitals in the 
bonding of silicon and germanium compounds" 
(6). Although they mainly reported binding 
energies for simple hydrides and halides, two 
Group VI derivatives, Me20 and (SiH,),O, 
were included (5, 6). 

A communication by Pignataro et al. (7) re- 
ported sulfur 2p312 binding energies for a series of 
compounds C6H5-S-MMe, (M = C, Si, Ge, 
Sn, Pb). These were compared with the 13C nmr 
chemical shifts of the ring carbon attached to sul- 
fur. The authors concluded that the concept of 
(p + d )  n-bonding, from sulfur to the metal, M, 
is supported because the ionization energy of 
the sulfur 2p312 level increases along the series 
Si < Ge < Sn < Pb. However, the value of the 
binding energy of sulfur for C6H5-S-CMe, 
falls between those of the germanium and tin 
derivatives. 

The hydrides (MH,),E (M = C, Si, Ge; E = 
0 ,  S, Se, Te) have been the subject of a PES study 
(8) which assigned the observed bands to ex- 
pected valence shell levels and concluded that the 
results were consistent with the existence of (p -, 
d) K-bonding for all compounds where M = Si 
or Ge. Glidewell (9) reconsidered these data, 
taking into account that the ionization energies 
for the lone-pairs of the Group VI B atoms in- 
crease in the order (CH,),E > (GeH,),E > 
(SiH,),E. This leads him to conclude that the 
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SiH, and GeH, groups are not electron accep- 
tors by means of (p + d) n-interactions but are, 
in fact, net electron donors, relative to hydrogen. 
He suggested that a n-perturbation, caused by 
mixing of the pn lone-pair orbital of M with 
another, more tightly bound, orbital of n-sym- 
metry, is operative. 

Bock et al. have published the results of ex- 
tensive molecular orbital calculations assigning 
the PES of the two series (CH,),E-(SiH,),-,; 
where n = 2, 1, 0 and E = 0 (10) and S (11). 
For the ether series they concluded that confor- 
mational changes are surprisingly important and 
that the bond-angle widening on substitution of 
silyl groups "may as much be a mechanism to 
relieve coulombic repulsions ... as it is partially a 
result of oxygen-silicon pn-dn interaction" (10). 
For the sulfide series, they conclude that (p  -t 
d) n-interactions from sulfur to silicon play a 
significant role in increasing the binding-energy 
of the sulfur "lone-pair" in the 2b, molecular 
orbital ; also the concentration of localized charge 
in the sulfides is far less critical than in the 
ethers (1 1). 

With this limited background of ESCA and re- 
lated studies, we decided to investigate a large 
number of silicon and germanium derivatives of 
Group VI B. As in our previous work (1, 2) we 
have measured core-level binding energies of all 
atoms in closely related series of compounds. In 
this way we can study the changes in binding 
energy and thence in charge throughout each 
molecule, as stepwise substitutions of atoms or 
groups occur. The series reported in this paper 
are the methyl substituted disilyl and digermyl 
chalcogenides, (Me,MH, -,),E ; where M = Si 
or Ge; E = 0 ,  S, Se, Te; n = 0, 1, 2, 3. Binding 
energies are also reported for the dimethyl series 
Me,E; where E = 0 ,  S, Se, Te; for the hydrides 
H,E; where E = 0 ,  S, Se; and for the methyl 
hydrides MeEH; where E = 0 ,  S. 

Results and Discussion 
Table 1 gives a complete listing of the binding 

energies observed in this work. The previously 
reported values for H,O, MeOH, H,S (12) and 
for Me,O and (SiH,),O (5, 6) agree well with 
our values, allowing for minor calibration dif- 
ferences. 

The quality of the peaks observed was de- 
pendent upon the stability of the samples under 
the instrumental operating conditions. All the 
tellurides had a tendency to decompose in the 

instrument and frequent cleaning of the system 
was necessary. Peak quality suffered slightly, due 
to the count rates being reduced. It is possible, 
however, that some of the minor anomalies in 
the data result from the effects of sample decom- 
position. Digermyl ether is known to be of low 
stability (13) and we were only able to  obtain a 
weak spectrum, unsuitable for computer treat- 
ment, but of sufficient intensity to be able to fix 
the peak positions to f 0.2 eV. 

The most striking feature of the binding 
energy data is the lack of any substantial shifts. 
Intuitively, large differences might be expected 
between binding energies of oxygen compounds 
and those of the other Group VI B elements; or 
at least consistent trends along the series. Such 
is not generally the case. 

Consider first the carbon 1s levels. Although 
it is true that in these levels the least change 
might be expected; along any series the value of 
the C 1s binding energy hardly varies, regardless 
of the nature of E. For example, in the series 
(Me,Ge),E the C 1s values are: 289.79 (E = 0 ) ;  
289.81 (S); 289.82 (Se); 289.84 eV (Te). A few 
individual values do vary within some series. For 
example, the sulfur compound has a value ca. 
0.15 eV higher (A = +O. 15 eV) than the mean 
in the (MeSiH,),E series; the oxygen compound 
has A = -0.13 for the (Me,Si),E series and 
A = +0.23 for the (Me,GeH),E series. The few 
exceptions are random and could result from 
aberrations in the experimental determinations. 
Thus, the postulate that the R,Ge- and R,Si- 
groups (R = Me or H) behave as invariant 
moieties regardless of whether they are attached 
to oxygen, sulfur, selenium, or tellurium is 
generally upheld. Any changes in partial charges 
with a change in the central atom should there- 
fore be most noticeable in the changing binding 
energies of the M and E atoms that are involved 
in mutual bonding. (The slight general increase 
in the value of the C 1s level as H atoms replace 
methyl groups in the R,M moieties is possibly 
the result of changes in relaxation effects. In our 
studies on Me,MX (X = C1, Br, I) compounds 
(I) we noted a small but consistently higher 
value for corresponding C 1s levels when M = 
Ge compared with M = Si. In these Group VI 
B series, of the twelve possible corresponding 
pairs of compounds, the germanium compound 
has the higher C 1s value in all four (Me,M),E 
pairs of compounds, in three of the (Me,MH),E 
pairs, but only in one of the (MeMH,),E pairs. 
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DRAKE ET AL. 

TABLE 1. Observed binding energies of Group VI B derivatives 

E 
General 
formula Core level* 0 S Se Te 

H2E 

MeEH 

*The core levels observed and their average widths (eV) at half maximum height are: Si 2p (1.52). Ge 3d 
(1.53), C 1s (1.26), 0 1s (1,.21), S 2p3I2 (1.04), Se 3d (1.68), and Te 4d (1.35). 

?These values compare w ~ t h  the following reported in Siegbahn e ta[ .  (10): H20,  0 1s 539.7; MeOH, C Is 
292.3, 0 1s 538.9; HIS, S 2 ~ 3 1 2  170.2. 

$These values compare with the following reported by Perry and Jolly (5, 6) and referenced to Ar 2p'I2 at 
248.46 eV: Me2O, C 1s 292.14, 0 1s 538.86; (SiH,)20, Si 2 ~ 3 1 2  107.68, 0 1s 538.46. 

This could be related to the changes noted above 
on the introduction of H atoms into the R3M 
moiety.) 

In the Me,E series the C Is binding energies 
are close for E = S, Se, Te but for E = 0 a con- 
siderably higher value results A = + 1.5 eV. A 
large shift, A = + 1.0 eV, occurs between MeOH 
and MeSH also. This is discussed later. 

We next consider the silicon 2p and german- 
ium 3d binding energies. Again, along a series, 
there is no dramatic change or general trend. All 
sixteen silicon values are contained within a 
1.2 eV spread and all the germanium values are 
within a 1.4 eV spread. Thus for the (Me3Si),E 
series the experimental value for Si 2p is constant 
for E = 0 ,  S, and Se and rises for E = Te, 
whereas for the (MeSiH,),E series it is lowest for 

E = Te. The normal expectation, based on the 
relative Pauling electronegativities of 0 ,  S, Se, 
and Te would be for the silicon or germanium 
atoms to be relatively the most positive when 
attached to oxygen and therefore to have the 
highest binding energy for the (R3M),0 species 
with a fairly regular decrease along the series 
(R3M),0 >> (R3M),S > (R3M),Se > (R3M),Te. 
Clearly the relative electron-withdrawing powers 
of the Group VI B elements are being 
equalized by some mechanism. Our studies on 
the halogeno(methy1)-silanes and -germanes also 
led to the conclusion that the halogens (Cl, Br, 
and I) all 'behave' as though they had similar 
electronegativities. On the basis of simple charge 
calculations, we rationalized that this comes 
about by the halogen s-orbitals being utilized to 
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varying degrees in the bonding between the halo- 
gen and the Group IV B element. Indeed, if the 
s-orbital participation is only ca. 5% greater for 
C1 than for Br and a further 3-5% greater for Br 
than for I, then the similarity of binding energies 
of the Me,MX3-, series can be explained (1, 2). 
It seems reasonable to assume a similar argu- 
ment applies to the Group VI B elements. The 
increase in s-character would not be so large as 
to require a dramatic increase in the M-E-M 
angle, although it would require an angle greater 
than 90". For example, the introduction of 10% 
s-character requires an increase in angle from 90 
to 96", which is approximately the angle at S or 
Se where known (12). 

The same mechanism cannot be used for the 
(R3M),0 compounds. It is well established (12) 
that the M-0-M bond angles are appreciably 
larger than the corresponding M-E-M angles 
(E = S, Se, Te). This wide angle requires an 
even larger involvement of the s-orbital of oxy- 
gen and hence a much higher binding energy is 
expected for the silicon and germanium atoms. 
However, bond angles of 120" and more are 
those required to maximize (p -+ d) x-bonding 
(10, 11, 14, 15). Where this is extensive, a signifi- 
cant redistribution of charge back from oxygen to 
silicon and germanium is expected, thus reducing 
the electropositive nature of the atoms and 
hence the value of their binding energies; exactly 
the situation that we have here. The fact that the 
binding energies are so close is possibly fortui- 
tous because relaxation effects have been ig- 
nored. Nonetheless, a model that suggests that 
there are varying degrees of small s-orbital par- 
ticipation by S, Se, and Te to make the binding 
energies similar in (R3M),E compounds, with- 
out invoking d-orbital participation, is consis- 
tent with the observations. However, for (R3- 
M),O species, where s-orbital participation must 
be large, the occurrence of (p -+ 6) x-bonding 
appears to be the most logical rationalization. 
In the compounds MeOH and Me20, where 
(p -+ d) n-bonding cannot occur, there are in- 
deed considerable binding energy shifts, the car- 
bon atom being considerably more electroposi- 
tive in the oxides than in the sulfides, selenides, 
or tellurides. 

Finally, we examine the binding energies of 
the central atoms themselves. With three ex- 
ceptions, (MH,),S, (Me3M),S, and (Me3M),- 
Te), all of the silicon compounds have higher 
binding energies for the core-level of the Group 

VI B elements than do the germanium analogues. 
In this respect the results parallel those found for 
the lone-pair orbitals in the two series (SiH3),E 
and (GeH3),E (E = 0 ,  S, Se) (5). Within the 
silicon and germanium compounds, as hydrogen 
atoms successively substitute for methyl groups, 
within the R3M moieties, there is a correspond- 
ing general increase in the binding energies of 
all levels measured. Such changes could be the 
result of relaxation effects, however, the changes 
are as predicted if it is assumed that the hydro- 
gen atom is 'behaving' as a weakly electronega- 
tive halogen atom. This is not unreasonable as 
the Si-H and Ge-H bonds are polarized with 
H" (16). Thus the successive introduction of the 
more electronegative hydrogen atom increases 
all the binding energies within the molecule. For 
example, the binding energy increases in the 
(R3Si),0 column as R = Me -+ H are: A 0 
1s = +1.07; A Si 2p = +1.22; and A C 1s = 
+0.70 eV. With few exceptions, all columns 
show the same trend. This is exactly as we found 
for the Me,GeX,-, (X = C1, Br, I) series (1, 2). 

The collected data do not allow a definitive 
analysis of bonding mechanisms in the Group 
VI B compounds. Assuming that the changes in 
binding energy reflect the overall changes in 
charge distribution that result from a variety of 
competing 'mechanisms', such as (p  -+ d) x- 
bonding, varying s-orbital participation, and in- 
ductive effects, then only the dominant mecha- 
nism, and not the relative importance of com- 
peting mechanisms, will be reflected in the data. 

Experimental 
Core-electron binding energies were determined on a 

McPherson ESCA-36 photoelectron spectrometer using 
magnesium K. X-radiation (1253.6 eV) for photoelectron 
excitation. Samples were introduced in the vapor phase 
at pressures close to 5 x Torr. Argon gas was bled 
in to form 2 0 z  of the total sample. Binding energies in 
excess of 120 eV were referenced to the argon 2p3/' level at 
248.63 eV (17). All other binding energies were referenced 
indirectly. via Ar 2u3/2. to the neon 2s level at 48.47 eV - .  - .  
(17). 

Details of the data accumulation procedures adopted 
and of the curve-fitting program used to compute the 
binding energies are given in Part I (1). The reproduci- 
bility from separate runs was such that binding energies 
are quoted to f0.05 eV for C Is, Si 2p, 0 Is, and S 
2p3I2 and to f 0.10 eV for Ge 3d, Se 3d, and Te 4d. 

The observed binding energies are listed in Table 1. 

Materials 
Hexamethyldisiloxane and hexamethyldisilthiane were 

obtained commercially (Petrarch Systems) as were di- 
methyl ether (Matheson Gas Products), dimethyl sulfide, 
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methanol, methanethiol (Aldrich Chemical Co.), dimethyl 
selenide, and dimethyl telluride (Research Organic/In- 
organic Chemical Corp.). Hydrogen sulfide, hydrogen 
selenide, and hydrogen telluride were prepared by hydro- 
lysis of the corresponding aluminum compound, A12E3 
(E = S, Se, Te) (18, 19). The remaining methyl sub- 
stituted disilyl and digermyl chalcogenides, (Me,- 
MH,-,),E (M = Si, Ge; E = 0, S, Si, Te; n = 0, 1 ,2 ,  3) 
were prepared either by reaction of the corresponding si- 
lyl or germyl halide with a solution of the requisite lithi- 
um salt, Li2E (20-23), or by cleavage of the corresponding 
bismethylgermanium carbodiimide with the appropriate 
Group VI hydride, H2E (21, 24, 25). 

All samples were distilled on the vacuum line and their 
purity checked by ir, Raman, and nmr spectroscopy. 
Where appropriate, vapor pressure determinations were 
also made. 
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Liquid-junction potentials in ethylenediamine: Attempted calculations 
and evaluations using concentration cells 

SURAJ P. MAKHIJA' 
Department of Chemistry, Indiana University, Bloomington, IN ,  U.S.A. 47401 
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SURAJ P. MAKHIJA. Can. J. Chem. 55,2962 (1977). 
Concentration cells of the type M(Hg)lMX(l)I(MX(2)/M(Hg), where M(Hg) is potassium 

amalgam or sodium amalgam, were investigated with three electrolytes, potassium bromide, 
potassium iodide, and sodium iodide. An attempt was made to determine the necessity and 
magnitude of liquid-junction potential corrections. Only in the case of sodium iodide are the 
ionic mobilities of cation and anion quite different in ethylenediamine, and liquid-junction 
potential corrections are necessary to obtain agreement between observed and calculated 
data. The limiting equations of Nernst and of Lewis and Sargent were found to be appropriate 
for calculating liquid-junction potentials in ethylenediamine, provided that calculated activities 
were used in these e~uations. 

SURAJ P. MAKHIJA. Can. J. Chem. 55,2962 (1977). 
On a etudit, a l'aide des trois Blectrolytes, bromure de potassium, iodure de potassium et 

iodure de sodium, des cellules de concentration de types M(Hg)l MX(1)( I MX(2)I M(Hg), oh 
M(Hg) est un amalgame de potassium ou de sodium. On a effectue des essais pour determiner 
la necessitk et l'amplitude des corrections pour les potentiels de jonction-liquide. I1 n'y a que 
dans le cas de I'iodure de sodium oh les mobilites ioniques du cation et de I'anion sont tres diffk- 
rentes dans l'ethylenediamine et o~ des corrections de potentiel de jonction-liquide sont 
necessaires pour obtenir une bonne concordance entre les valeurs observkes et les valeurs 
calcul6es. On a trouvC que les equations limites de Nernst et de Lewis et Sargent sont appro- 
priees pour calculer les potentiels de jonction-liquide dans 1'6thylenediamine a condition 
que I'on utilise une activite calculee dans ces equations. 

[Traduit par le journal] 

Introduction anion, (Mf), and (M'), are the activities 
Whenever solutions containing various elec- of the cation in the two solutions, and the 

trolytes are brought into contact a potel~tial other terms have their usual meanings. It is 
develops at the interface. This potential is obvious from the above equation that E~ = 0 
known as liquid-junction potential, Ej, and if t -  = 0s5. 
develo~s due to mobilities of various ions across the type 
the interface. There are three types of liquid 
junctions. The simplest of all involves the same 
electrolyte at different activities, such as 
0.1 M NaBr(O.01 M NaBr. Both sodium and 
bromide ions diffuse from more concentrated 
to less concentrated solution with a driving 
force proportional to the concentration gradient: 
the sign and magnitude of Ej are independent 
of which ion of the salt is involved in the 
electrode reaction. 

This type of liquid-junction potential is 
approximated by an equation due to Nernst 

were studied and an attempt was made to 
estimate the necessity and magnitude of cor- 
rections for liquid-junction potentials in non- 
aqueous solvents. Three electrolytes, KBr, 
KI, and NaI, were investigated. 

The overall potential of a concentration 
cell is the difference between the potentials 
of the two electrodes, i.e., 

and 
RT 

E2 = E,+,(H., + nf-1" (Mi)2 

where t -  is the transference number of the Therefore 
R T  (M') 'Present address: Department of Chemistry, Alabama [2] Eol1 = El - E - -In+ - Ej  

State University, Montgomery, AL, U.S.A. 36101. - nF (M )2 
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The potential of the concentration cell 
is thus seen to be independent of the standard 
potentials of the electrodes, but to depend upon 
the ratio of the activities of metal ion in the 
two solutions and the liquid-junction potential. 

In this study, an attempt was made to test 
out theories for the calculation of activities 
and liquid-junction potentials. If the exact 
expressions (1) for ionic activities are sub- 
stituted into eq. 2, we get 

in which X,, is the stoichiometric concen- 
tration of 1 : 1 electrolyte, fi is the activity coef- 
ficient, and Kmx is the ion-pair association 
constant. Conductance studies (2) have shown 
that the cations and anions of KBr and KI  
have approximately equal ionic mobilities in 
ethylenediamine, while NaI has a cation and 
anion with appreciably different mobilities. 
If the theories for liquid-junction potentials 
are correct, then only sodium iodide among 
the above three electrolytes should require 
liquid-junction potential corrections in order 
to obtain a reasonable fit of the experimental 
data to theoretically calculated curves. 

As the system 

involves only the simple type liquid-junction 
potential, the corrections were made using 
eq. 1. Since t' - t -  for K', Br-, and I-  
ions and t +  and t -  = 1, eq. 1 shows that the 
Ej correction will approach zero for solutions 
containing KBr or KI. In case of Na' and I-, 
however, t + < t - and the Ej corrections 
become significant. 

Experimental 
Material 

Commercially available 98-100% ethylenediamine 
was doubly distilled from calcium hydride under re- 
duced pressure in an atmosphere of purified nitrogen 
and was stored in a glass stoppered bottle. All alkali 
metal halides were of analytical reagent grade quality 
and were dried for 6 to 8 h in a vacuum at approximately 
100°C. Sodium amalgam and potassium amalgam (both 

two-phase) were prepared by electrolyzing 5% solutions 
of NaOH or KOH in methanol with a mercury pool 
as cathode and a platinum wire as anode. Excess hy- 
droxides were washed with methanol. 

The dissolution of alkali metal halides was hastened 
by grinding the salts finely and using a rotatory disk 
for continuous shaking of the solution. 

The reference electrodes were prepared by adding 
an ethylenediamine solution containing a fixed concen- 
tration of the alkali metal halide into compartments of 
the demountable H-shaped cell which also contained 
the two-phase alkali metal amalgam. 

Instruments and Cells 
An H-shaped cell of the following type was used for 

carrying out the experimental work. 

Reference Salt bridge Salt bridge Indicating 
1 2 compartment 

In the above cell, M refers to potassium or sodium 
and X to bromide or iodide. MX(i) denotes the potassium 
or sodium salt solution having a constant concentration 
while MX(ii) refers to the solution with varying con- 

LOG EKI ( ~ O I  I - ' )  

FIG. 1. Plot of potential (mV) of concentration cell 
K(Hg)IKI(I)I IKI(2)IK(Hg) as a function of log Z,,. Open 
circles: experiment; solid line: potentials calculated with 
eq. 3. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2964 CAN. J. CHEM. VOL. 55 ,  1977 

centration of MX. Contact to the metal amalgam in the 
reference and indication electrode compartments were 
made by fusing a platinum wire through the glass at 
the bottom of each compartment 

The indicating electrode and reference electrode were 
separated by two salt bridges, one of which (S.B.1) 
contained a standard solution of alkali metal halide 
in ethylenediarnine and the other of which (S.B.2) 
contained the same stoichiometric concentration of 
alkali metal halide as the indicating electrode. The 
concentrations of the alkali metal halide in salt bridge 
2 and in the indicating electrode compartment were 
changed simultaneously and equally by adding approp- 
riate amounts of a concentrated solution of MX to 
both compartments with a buret. Two bridges con- 
taining MX were introduced in order to avoid any direct 
mixing of the solutions in the reference and indicating 
electrode compartments. Dry, prepurified nitrogen gas was 
bubbled through the indicating compartment to achieve 
good mixing and to remove any oxygen which might 
have been dissolved. 

A null-type Rubicon potentiometer was used to 
measure all the potentials. A Honeywell high-gain elec- 
tronic null-indicator, Model No. 104 WIG, was used 
with the potentiometer. 

LOG I ~ e r  ( m o l  I-') 

FIG. 2. Plot of potential (mV) of concentration cell 
K(Hg)lKBr(l)l IKBr(2)JK(Hg) as a function of log T,,,. 
Open circles: experiment; solid line: potential cal- 
culated with eq. 3. 

FIG. 3. Plot of potential (mV) of concentration cell 
Na(Hg)lNaI(l)/ INaI(Z)INa(Hg) as a function of log Z,,,. 
Open circles: experimentally observed potentials; half- 
shaded circles: experiment corrected for liquid-junction 
potentials; solid line: potential calculated with eq. 3. 

Results and Discussion 
The potentials obtained with KI, KBr, 

and NaI were measured over a wide range of 
c~ncentration.~ Theoretical potentials, E,,,,, 
are shown as solid lines in Figs. 1, 2, and 3 
and were calculated as a function of electrolyte 
concentrations using eq. 3. 

Experimental points as observed and after 
correction for liquid-junction potential, if any, 
are plotted for comparison with theoretical 
points. It is observed that liquid-junction 
potential corrections are necessary in the case 
of sodium iodide, i.e., for a concentration cell 
in which the cations and anions have different 
mobilities. In the cases of potassium bromide 
and iodide, where t f  and t -  are very close 

ZComplete set of the actual experimental data is 
available, at a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 
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to 0.50, the liquid-junction corrections are 
not necessary and good agreement between 
the theoretical lines and uncorrected experi- 
mental points is observed over a reasonably 
wide range of concentration. 

A careful examination of Figs. 1, 2, and 3 
shows that calculated curves fit the experi- 
mental data best at intermediate stoichiometric 
concentrations (between 1 x to 1 x 
10-I M) of alkali metal halides. Deviations at 
higher concentrations (i.e., 1 x 10-'M) are 
an indication of the probable formation of 
triple and perhaps quadruple ions (3). 
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Oxygen-18 isotope effects in the liquid water-pyridine system as a 
probe of intermolecular forces 
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55, 2966 (1977). 

Oxygen-18 exchange between gaseous carbon dioxide and water in liquid water-pyridine mix- 
tures is used as a probe for changes in intermolecular forces when the composition of the 
system is changed from pure water to pure pyridine. In agreement with results obtained pre- 
viously by other methods, it is found that the interaction energy of an 'average' water molecule 
with the medium decreases when the mole fraction of pyridine is varied from zero to unity. The 
experimental results are related to the vapour pressure isotope effect, P(H2180)/P(H21W), of 
the binary mixtures. The utility of the Stern - Van Hook - Wolfsberg equation for vapour 
pressure isotope effects has been investigated. In addition, a plot of the equilibrium constant of 
the oxygen-18 exchange reaction vs. the mole fraction of pyridine presents no evidence of the 
formation of stoichiometric pyridine-water complexes. 

ROBERT H. BETTS, JAN BRON, WAYNE D. BUCHANNON et KWOK-YING D. WU. Can. J. Chem. 
55, 2966 (1977). 

On utilise I'echange d'oxygene-18 entre le dioxyde de carbone et l'eau dans des melanges 
liquides eau-pyridine comme sonde pour des changements dans les forces intermolkculaires 
alors que la composition du systeme varie de l'eau pure jusqu'h la pyridine pure. En accord avec 
les rksultats obtenus antkrieurement par d'autres mkthodes, on a trouvk que l'knergie d'interac- 
tion d'une molkcule "moyenne" avec le milieu diminue quand la fraction molaire de pyridine 
varie de zkro jusqu'a unitk. On relie les resultats expkrimentaux a l'effet isotopique de pression 
de vapeur, P(H2180)/P(H2160) des mklanges binaires. On a ktudik l'utilitk de l'kquation de 
Stern - Van Hook - Wolfsberg pour les effets isotopiques de la tension de vapeur. De plus, une 
courbe de la constante d'kquilibre de la rkaction d'kchange de l'oxygene-18 par rapport a la 
fraction molaire de la pyridine ne prksente pas de donnkes permettant de conclure a la formation 
de complexe stoechiomktrique pyridine-au. 

[Traduit par le journal] 

Introduction 
The properties of liquid mixtures of water and 

pyridine have been the subject of numerous in- 
vestigations. Amongst the properties examined 
have been the vapour pressures of binary 
mixtures (1) and the infrared (2, 3) and Raman 
(4) spectra. A recent very comprehensive paper 
by Chan and Van Hook (5) reports vapour 
pressure isotope effects for the C5D5N-H20 and 
C5H5N-H,O systems. An earlier related study 
by Rabinovich (6) involved measurements of 
enthalpy of mixing of water (both H,O and D20)  
with pyridine, as well as a comparison of the 
relative vapour pressures of the H,O-C,H5N 
and D,O-C5H5N systems. In addition there have 
been many papers published of systems in- 
volving the H,O-pyridine pair in which a third 
component is present as the solvent (7-9). Much 
of this latter work is summarized in a review by 
Christian et al. (10). While three-component 
systems are of intrinsic interest, they are not 

directly relevant to our i~lvestigations and we 
shall not enlarge on this aspect. 

Broadly speaking, the following picture 
emerges from earlier work. The system is 
characterized by complete miscibility over the 
entire range of composition and over all tem- 
peratures examined above the melting points of 
the pure components. Positive deviations from 
Raoult's law are observed, i.e., the excess Gibbs 
free energy of mixing is positive, whilst AG(mix- 
ing) is of course negative. The latter quantity 
reaches a minimum value at 65 molz  of pyridine. 
Rabinovich (6) suggests that this minimum cor- 
responds to the formation of molecular com- 
plexes involving hydrogen bonding of two pyri- 
dine molecules to a single water molecule. Similar 
conclusions are drawn by Chan and Van Hook 
from their vapour pressure isotope effect measure- 
ments. Spectral studies, usually involving a third 
component, also support the view that complexes 
containing two pyridine molecules per water mol- 
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ecule are present, especially for systems rich in 
pyridine relative to water (2, 8). The recent spec- 
tral work of Bonner and Choi (3) provides partic- 
ularly strong evidence for the 1 : 1 complex as well. 
These authors interpret the absorption spectra in 
terms of a water molecule, singly hydrogen 
bonded to the 7c electrons of the aromatic ring. 
This conclusion is supported by experimental 
and theoretical studies by Hussein et al. (1 1) of 
the three component system water - pyridine - 
carbon tetrachloride. 

Some years ago, O'Neil and Adami (12) 
measured the distribution of ''0 between gaseous 
CO, and liquid water in a search for evidence of 
discrete polymolecular species of water in the 
liquid phase. At that time, certain temperature 
dependent anomalies, or "kinks", in the physical 
properties of water were suspected and O'Neil 
and Adami indicated how 180 distribution 
studies could be used to learn more about these 
anomalies and the molecular complexes re- 
sponsible. We have adapted their method to the 
pyridine-water system in an attempt to learn 
more about the molecular interactions in this 
system. 

The purpose of this paper is twofold: (I) To 
apply and test 180 isotope effects as a probe of 
intermolecular forces and changes therein; 
abrupt changes, due to formation of complexes 
of definite composition, will lead to discontinu- 
ities in plots of physical properties vs. mole 
fraction. (2) To examine the general applicability 
of the SVHW (13) equation for vapour pressure 
isotope effects. For example, Chan and Van 
Hook found that a 15% decrease in the external 
frequencies for water on solution in pyridine 
could explain their results (5). Therefore, since 
the SVHW equation should be generally 
applicable and independent of the isotopes 
involved, measurements of the 180 isotope 
effects in the water-pyridine system should give 
results which are consistent with the data in (5). 

Experimental 
Pyridine (0.04% water, Baker Analyzed Reagent) was 

distilled from p-toluene sulfonyl chloride to remove 
secondary and tertiary amines, and then redistilled from 
calcium hydride to remove final traces of water. It was 
stored over Linde Type 3A molecular sieve. A single 
supply of doubly-distilled water was used in all experi- 
ments. 

Mixtures of pyridine and water of the desired com- 
position were prepared by weight in a clean dry equilibra- 
tion flask of approximately 110 ml volume. The flask was 
attached to a vacuum line, and the contents outgassed by 

repeated cycles of freezing, pumping, and thawing, using 
liquid nitrogen as a refrigerant. 

A single batch of carbon dioxide was used for all 
experiments. It was first freed of permanent gases and 
water by distillation between traps using liquid nitrogen 
and dry ice - acetone as the refrigerants. 

The same amount (0.00055 mol) CO, was added to each 
flask of pyridine-water, after which the flask was trans- 
ferred to a water bath maintained at 298.1 K. The flasks 
were shaken mechanically for at least 9 h, a time found 
sufficient to reach isotopic equilibrium amongst the 
oxygens of CO, and H20.  

After equilibration was complete, the CO, was re- 
moved quantitatively from the system by vacuum transfer, 
and freed from traces of pyridine and water by trap-to- 
trap distillation. We emphasize that all the C 0 2  was 
collected, i.e., the CO, in the gas phase, as well as that 
dissolved in the pyridine-water liquid phase. This was 
done to avoid possible errors arising from fractionation 
of the isotopic carbon dioxides between the two phases; 
such effects are likely to be small, but have been observed 
in other liquid-vapour distributions involving C 0 2  (14). 

Both the H,O and CO, used in this work were of normal 
isotopic composition. 

A Varian-Mat GD-150 isotope ratio mass spectrometer 
was used for isotopic analysis of the recovered COz.l 
The relative abundance of ''0 in each sample was 
measured as the ratio of mass 46 (12C160180) to the sum 
of masses (44 + 45 + 47 + 48). The relative "0 content 
of each sample was compared repeatedly with that in the 
original purified but unequilibrated CO,, which was 
taken as a reference. This is discussed further below. 

Results 
This isotope exchange equilibrium we are 

concerned with may be written as 

H2l80(e)  + 5; C160z(g) H2l60(e) + + C1802(g) 

and the equilibrium constant, K, has the form 

The square brackets denote the number of moles 
of the indicated species at equilibrium. Provided 
that the isotopes 160 and 180 are distributed 
statistically amongst C160,, C160180, and 
Cl8O2, which may be confidently expected, the 
following relation applies : 

'This spectrometer measures the ratio of the abundance 
of mass 46 (12C160180) to the sum of the abundances of 
the masses + 2  mass units on each side of mass 46, i.e., 
masses (44 + 45 + 47 + 48). The first two of these terms 
contribute >99.5% of the denominator, whilst the last 
term is negligibly small. In the text we refer to this ratio 
as R. Variations in R faithfully reflect variations in the 
180/160 ratio of the CO,. 
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The expression on the right hand side of [2] is 
clearly a quantitative measure of the ratio 180/ 

160 in CO,. 
We now proceed to relate K, which is defined 

by [I], to measured quantities. The mass 
spectrometrically determined ratio R, where 

is a good measure of the ratio shown in [2]. Let 
R,, = '80/160 for reference CO, and R, = 
180/160 for C0,  after equilibrium with H,O in 
pyridine. If 6 ,  is defined as 

it follows that 

Let R1 be equal to 

and let 6 ,  be defined by 

it then follows that 

The equilibrium constant K can now be expressed 
in the following way 

the factor R,, cancelling out. An equation 
identical to [3] was used by O'Neil and Adami 
in the work already cited (12). In the following 
we shall use a as a measure of K. 

In each experiment 6 ,  is a measured quantity 
from which cl can be evaluated by means of [3], 
provided that we know 6,. This latter quantity 
is obtained in the following way. For the H,O- 
CO, system alone at 298 K, a is equal to 1.04073 
(12) and measurement of 6 ,  for this system 
therefore gives directly 6 ,  for the equilibrated 
water (see entry 1 in Table 1). From this infor- 
mation, the value of 6,0, where the superscript 
refers to the value of this quantity for our stock 
water before its equilibration with CO,, is 
obtained from [4] 

In [4], n refers to the number of moles; 6: is of 
course equal to zero by definition. 

In summary, to evaluate a for each C0,- 

TABLE 1. Isotopic composition of equilibrated CO, and 
equilibrium constant for ''0 distribution between C 0 2  

and H 2 0  in H20-pyridine solutions at 298.1 K 

Moles H 2 0  Moles pyridine 6C02 c1 

0.111 0.000 14.77 (1 .04073)* 
0.111 0.0106 15.76 1.0417 
0.111 0.0117 15.45 1.0414 
0.111 0.0125 15.21 1.0412 
0.111 0.0172 14.92 1 .0409 
0.111 0.0616 16.19 1 ,0422 
0.0555 0.0539 16.62 1 .0428 
0.0555 0.0568 16.62 1 .0428 
0.0222 0.0389 17.16 1.0439 
0.0222 0.0406 17.33 1.0441 
0.0278 0.0684 17.87 1 .0444 
0.0278 0.0695 17.81 1 .0449 
0.0278 0.0819 17.99 1 .0446 
0.0278 0.0846 18.00 1.0446 
0.0222 0.0818 18.66 1.0455 
0.0222 0.0899 18.52 1 .0454 
0.0222 0.1039 18.69 1 ,0456 
0.0222 0.1834 18.94 1.0459 
0.0222 0.1984 19.02 1 . a 5 9  
0.0222 0.2030 19.42 1 .0463 
0.0222 0.2049 19.02 1.0459 

*Normalizing value (see text). 

FIG. 1. A plot of cc, defined by [I] in text, vs. the mole 
fraction of pyridine, X,, at 298 K. 

pyridine-H20 system investigated, we measure 
F,, and from [4] evaluate 6,, since 6: is known. 
With these quantities, a is calculated by means 
of [3]. The relevant data are given in Table 1 and 
summarized in Fig. 1. 

Discussion 
Figure 1 displays the results of measurements 

of a as a function of the mole fraction, X,, of 
pyridine. It may be observed that, within experi- 
mental error, no 'kinks' in the estimated line 
connecting the experimental points occur and 
that this line shows slight curvature. In order to 
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explain the variation of a with Xp a theoretical 
digression is required. 

The equilibrium constant a can be written in 
terms of molecular partition functions 

[51 a = (q'/q)112 ( q / g t )  = k1I2r 

In [5] the prime refers to the 1 8 0  labelled species. 
The molecular canonical partition function for 
CO, in the ideal gas phase is q. The relationship 
between q and the total partition function, Q, 
is q = (N! QlN-'.  The partition function g ,  which 
refers to the condensed phase of H 2 0 ,  is the 
average partition function as defined by Bigeleisen 
(15): ij = QN-' .  The constant k is equal to (q'lq) 
and r is equal to (q/qf) .  It is possible to calculate 
k ,  within the harmonic approxin~ation, from the 
data for CO, given by Bottinga (16). At 298 K ,  
k is equal to 1.783. Therefore, from a knowledge 
of a and k, r can be calculated by means of [5]. 
The value obtained for r will then be an 'experi- 
mentally observed' quantity; it quantifies the 
partition function ratio of the average isotopic 
water species in the condensed phase. 

A relationship between r and a and the vapour 
pressure isotope effect can be obtained readily. 
Bigeleisen and Mayer (17) defined a reduced 
vartition function as 

A similar definition has been given for q. By 
using [6] and after making several simplifying 
assumptions SVHW (13) obtained an expression 
for the vapour pressure isotope effect: 

In this case the subscripts 1 and g refer to the 
condensed and gas phase of water respectively. 
The vapour pressure ratio Pf /P  is then P(H,'~O)/ 
P(H,160). Note the following relationships 

f i  = r(18/16)312 

[8 1 and 
f ,  = [(4/q1)/(1 8/16)3121,'H20) 

The reduced partition function f ,  may be 
calculated from literature data (1 8 ) :  at 298 K f ,  
is equal to 0.940. It follows, by means of [5], 
[6],  [7],  and numerical values for the quantities 
required, that 

Hence, P'IP is directly proportional to a and, 
in this case, almost equal to a. By means of [9] 

and the experimental results for a, it can be 
concluded that the vapour pressure of H2180 
increases, relative to P(H2160), as X p  increases. 

The variation of P1/P or a as a function of X p  
can be explained as follows. Application of the 
SVHW expression and the assumption that the 
ratios of the internal partition functions of the 
H2I60  and H2180 species in the condensed 
phase do not change considerably in going from 
pure water to pure pyridine, results in the 
following expression 

(+ui) sinh (&uil) 
[ l o ]  P'IP = constant x n ( f u i1 )  sinh (+ui) 

In [ lo]  the number 6 represents the six external 
degrees of freedom: three hindered translations 
and three librations. The quantities ui are equal 
to hcoi/kT, in which all symbols have their usual 
meaning. Equation 10 states that the variation 
in P1/P at a particular temperature with Xp is 
caused only by a change in the six frequencies 
corresponding to the external degrees of freedom. 
Since the values of ui are usually small at room 
temperature, [ lo]  can be written as (19) 

Ell] P'/P - A x:,, Aui2 + B 
The constants A and B are vositive. The differ- 
ence Aui2 is equal to (ui" - u t ) .  

The change in the sum CAU' accounts for 
variations in Pr/P as the medium is changed from 
pure water to pure pyridine. As P'IP is linearly 
related to a and a plot of a vs. Xp is almost 
linear, the sum C A U ~  should be an (almost) 
linear function of X,. The sum CAu? is always 
negative in the condensed phase, since Au' is 
always negative or zero. It may be noted that 
A u ~  can only be zero for some librational modes. 
The sign of Aui can be rationalized in the follow- 
ing way (13, 20). For translation 

The force constant of hindered translation is 
V2V( ' ) .  It has been assumed that V2v ("  is 
independent of isotopic substitution. Because by 
definition M' > M and V 2  v(') > 0,  Aut2 for the 
hindered translational modes is always negative. 
It can be shown by similar arguments that for the 
three librational modes the contributions to  the 
sum in [ l l ]  must be negative or zero. 

For the experimental results and [ l l ]  to be 
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consistent, CAU? must increase with increasing 
X,. Since the sum is always negative it should, 
therefore, become less negative (approach zero 
from the negative direction) when X,  is changed 
from zero to unity. The sun1 in [ I l l  can only 
change via the (positive) force constants of 
hindered translation and libration and it may be 
concluded that these force constants for the 
average water n~olecule should decrease with 
increasing X,. Also, a decrease in force constants 
of the external modes of vibration signifies a 
decreased interaction energy of the water 
molecule with the medium. 

From [9], [l l] ,  and the experimental results it 
can be deduced that in our work we 'observed' 
a 15z increase in the sum CAU:, which is not 
the same result as the one by Chan and Van Hook 
(see above) but points in the same direction: a 
lowering of the force constants of the external 
degrees of freedom. It follows from [9] and the 
data in Table 1 that the vapour pressure ratio 
P(H,180)/P(H,'60), in solutions where X, 
approaches unity, is 0.995 (0.951 x 1.046). This 
value is virtually the same as that reported by 
O'Neil and Adami (12) for concentrated di- 
oxane-water mixtures. Hence, the external forces 
on the water molecule, when X, li 1, should be 
very similar in these two solutions. 

Finally, by considering Fig. 1, the spread of 
experimental results does not allow us to draw 
any firm conclusions about the ambience of 
discrete molecular complexes of pyridine and 
water. Thus there are no plateaus or peaks in 
the values of a, corresponding to unique values 
of this quantity for particular molecular entities. 
This is perhaps not entirely unexpected, as there 
are undoubtedly a very large number of co- 
existing molecular environments for water and 
the nature and proportions of these will change 
as pyridine is added. Only some of these can be 

described as stoichiometric complexes. The ''0 
equilibration method is evidently responding to 
the weighted chemical environment of all the 
water molecules in the system. 
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Acid-catalysed hydrolysis of bis(trifluoroethy1)sulfite in water 
and 60.7% p-dioxane in water 
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MARK SALOMON. Can. J. Chem. 55,2971 (1977). 
The rates of the catalysed hydrolysis of bis(trifluoroethyl)sulfite have been measured in con- 

centrated acid solutions at 25 and 35°C in water and in an aqueous mixture containing 60.79, 
p-dioxane by weight. The results are analyzed in terms of a solvation model similar to that 
proposed by Bunnett, and the kinetic medium effect. The data indicate that the mechanism of 
the acid-catalysed hydrolysis is bimolecular and that catalysis by halide ions occurs only in 
acidified solutions. 

MARK SALOMON. Can. J. Chem. 55,2971 (1977). 
On a mesure les vitesses d'hydrolyse catalysee des sulfites de bis(trifluoro6thyle) dans des 

solutions acides concentrees, a 25 et 35'C, dans l'eau et dans des melanges aqueux contenant 
60.7% de p-dioxanne par poids. On analyse les resultats en termes d'un modele de solvatation 
similaire a celui propose par Bunnett et d'un effet cinktique de solvant. Les donnees indiquent 
que le mecanisme de l'hydrolyse acido-catalysee est bimoleculaire et que la catalyse par des ions 
halogenures ne se produit que dans des solutions acidifiees. 

[Traduit par le journal] 

Introduction 
The acidlbase-catalysed hydrolysis of alkyl 

sulfites has been studied in detail by Bunton 
and co-workers (I), Tillett (1, 2), and Davis 
(3). The overall reaction has been shown to be 

which occurs by cleavage of the S-0 bond in 
both acid and base. The mechanism of reac- 
tion 1 has been determined by these investiga- 
tors to be bimolecular (Type A-2): i.e. in acid 
solution, 

Pal + H +  $ (R0)2SOH+ rapid 
equilibrium 

[2bl (RO)zSOH+ + HzO -, products slow 

The unimolecular or A-1 mechanism, which has 
not been confirmed for any of the alkyl sulfites, 
can be written as 

[3a] (R0)2S0 + H +  + (R0)2SOH+ rapid 
equilibrium 

[3b] (RO),SOH+ -+ products slow 

The present paper is concerned with the hydrol- 
ysis of bis(trifluoroethyl)s~~lfite, (CF,CH,O),SO, 
in water and in an aqueous-dioxane mixture 
containing 60.7% p-dioxane by weight. The ob- 
jective of this study is to elucidate the mech- 
anism of the hydrolysis of this fluorinated ester 
by investigating the dependence of the rate upon 

(1) the concentrations of various solutes, (2) the 
effect of temperature, and (3) the effect of 
solvent composition. 

Experimental 
(a)  Materials 

All salts and the ester (CF,CH,O),SO were purified as 
described previously (4). The ester was stored in an argon- 
filled dry box and all salts were stored in a desiccator over 
P205.  Reagent grade p-dioxane was distilled from acti- 
vated alumina and type 4A molecular sieves. Reagent 
grade acids were used as received. Acid solutions for the 
water-dioxane mixture were prepared by mixing standard 
(aqueous) acid with the purified dioxane such that the 
wt% of dioxane was always 60.7 (this corresponds to the 
60.0 vol% mixture used in related studies 2b, 5). The 
acid solutions were analyzed by titration with Fisher 
certified standard alkali. All titrations, both for stan- 
dardization and product analysis (see below), were 
carried out at  25°C using water-jacketed burets. 

(b) Rates of Hydrolysis 
Since the acid hydrolysis of sulfite esters results in the 

production of SOz (cf. reaction I), the rate of reaction is 
conveniently measured by iodometric titration (1-3). A 
hydrolysis cell with -- 10 ml capacity is shown in Fig. 1. 
In each run, 3-5 cells were thermostated in series to 
within +0.l0C. 5.0ml of ester + acid solution were 
pipetted into each cell and, at specified times, the solutions 
were rapidly drained by N, pressure into small flasks 
containing excess 0.01 N I, (as I,-). The excess 1,- was 
back-titrated with 0.01 N Na2S203 and the first order 
rate constant was calculated from 

[41 k1  = {In [a/(a - x)l)/t 

where a is the initial concentration of (CF3CH20)2S0 
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micro-stopcock, J = water jacket, T = Teflon micro- 
stopcock. 

coefficients, y,, for HC1 in water and 60.7% dioxane 
were obtained from Harned and Owens' compilations (8) 
(the latter values were interpolated from the data for 20, 
45, 70, and 82% dioxane solutions). Values of y ,  for 
aqueous HC104 solutions and the activity of water in 
these solutions were obtained from the molal activity 
coefficients, y,, of Robinson and Baker (9). The density 
data of Markham (10) were used to make the conversions 
to the molar scale. 

There are additional kinetic data in 60.7% dioxane 
which were not placed in the tables. In neutral solutions 

and x is the mol of SO2 liberated after t min. The experi- 
mental k' values were reproducible to within + 3%. Zero 
time for the kinetic runs was taken at the start of mixing 
the ester with the acid solutions. Typical initial concen- 
trations of the sulfite ester in water were around 5 x 

M and around 3 x 10-'M in 60.7% dioxane. 
Several runs were carried out at 35°C and the majority 
of the runs were carried out at 25°C. 

- 

(c) Results 
The results are summarized in Tables 1-5.' In Tables 2, 

4, and 5, the rate constant k,' is the observed rate 
constant for the acid-halide-catalysed reaction, and is 
obtained from the observed first order rate constant, kl, 
by subtracting the value the rate constant would have in 
the absence of halide; i.e. as in HC104 solutions. Denot- 
ing this latter quantity as k1(HC104), we have 

- containing 0.274 and 0.512 M LiC1, the first order rate - 
constant was too small to be determined by the present 
method (k' < min-'); in 0.407 M KOH the second 

,J 
order rate constant was much too large to be accurately 
determined (k2 > 10 ! mol-' min-I). 

The enthalpies of activation, A H * ,  were estimated 
from the data at 25 and 35"C, and the entropies of 
activation were calculated from the data at 25'C using the 
relation 

The values of k1(HC104) were obtained either graphically 
by interpolation or from a least squares fit to a suitable 
rate equation (see eqs. 11 and 14 below). Additional data 
given in these tables are the acidity functions, H,, for 
HClO, in water (6) and 60.7% dioxane (9, and for HCI 
in water (6) and 60.7% dioxane (7). The molar activity 

[6] AS* = R In (k/T) + AH*/T - 47.216 

where k is in units of s-l. The results are given in Table 6 
along with those for diethylsulfite (lb, 2b) which are 
presented for comparison. 

Discussion 
(a )  Overall Kinetics 

The observed rate constant may be written as 

t / [7] k1 = kN + k,[H+] + k,[H+][X-] 

FIG. 1. Diagram of the hydrolysis cell. S = greased + ~OH[OH-1  

'Tables 1-5 are available, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 

where k, is the rate constant in neutral solution 
and k,, is that for alkaline solution which, for 
the present experimental conditions, need not be 
considered. The data in Tables 1-5 indicate: (I) 
there is specific catalysis by H +  ; (2) there is no 
catalysis by Li', Na', or C10,-; and (3) there 
is catalysis by halide ions only in the presence of 
H'. The existence of catalysis by halide ions 
appears to be unique as no such behaviour is 
observed for the h;drolysis of carboxylic esters 
(1 I). The reason for the existence the k, term in 
eq. 7 is due to the fact that the sulfinyl sulfur is 
highly electrophilic (12, 13). It has also been 
suggested (14) that the sulfinyl sulfur can be 
classified as a hard Lewis acid in the Pearson 
sense (15), and on this basis, one would expect 
its reactivity towards anions would decrease 
according to OH-  > C1- > Br- > C10,-. 
The alkaline hydrolysis of alkyl sulfites and of 
(CF,CH,O),SO is faster than the H+-X-- 
catalysed hydrolysis, but the latter decreases 
according to Br- > C1- which suggests that the 
sulfinyl sulfur is a soft Lewis acid (4, 12). This 
acidic behaviour of the sulfinyl sulfur originates 
partly from an inductive effect (4) and partly 
from the possibility that the sulfinyl sulfur 
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SALOMON 2973 

TABLE 6. Enthalpies and entropies of activation for the hydrolysis of (CF3CH20)2S0 and (CH3CH20)2S0 in water 
and in 60.7% dioxane* 

Sulfite Solvent Acid [Acid1 Salt [Saltl A H *  A S  * 

Hz0 
Hz0 

60.7% diox 
60.7% diox 
60.7% diox 

(CH3CHzO)zSO Hz0 
Hz0 
Hz0 
Hz0 

60.7% diox 
60.7Z diox 

HC104 
HClO4 
HCI 
HCI 
HCIO4 
HCIO4 
HCl 

HClO4 
~ ~ 1 0 ~  
HClO4 
HC104 
HClO4 
HC10, 

0.961 15.74 
3.004 18.37 
0.500 12.21 
1 .COO 10.38 
0.872 14.49 
0.872 LiCl 0.128 14.56 
0.411 15.23 

1.030 17.86 
3.090 20.06 
1 .OW NaCl 0.250 18.33 
1 .OOO NaBr 0.100 18.30 
1 .OW 19.29 
1 .500 18.91 

*AH* units are kcal/mol; AS* units are eu. 

possesses d orbitals of low enough energy to 
undergo d-p x-bonding and d-d back-bonding 
with suitable anions (i.e. of appropriate synl- 
metry) such as the halides, but not with C10,- 
(12, 14). The two major terms involving k, and 
k, in eq. 7 are discussed below. 

(b) The Acid-catalysed Reaction 
For acid-catalysis, the first order rate con- 

stants for the A-1 and A-2 mechanisms are 
given by 

[8] log k,-,' = log k0 + loga,+ + log(y,/y*) 

and 

[9] log k,-,' = log k0 + log ([H'la,) 
+ log (Y*Y,/Y '1 

In these equations, y is the true (measurable) 
molar activity coefficient for the indicated 
species: s for the substrate (RO),SO, and =I for 
the activated complex. Explicit forms of eqs. 8 
and 9 can be derived by using theoretical and/or 
empirical relations for the activity coefficients 
(16). One such relation is the extended Debye- 
Hiickel equation 

[lOa] logy, = + p1I2) + bip 

When the species i is a molecule (zi = 0), eq. 
10a reduces to 

[lob] log yi = hip 

Substituting eqs. 10 into eq. 9 gives 

[I la] log {k1/[H+][H20]} = log k0 + b'p 

where b' = b,+ + b,,, + b, - b*. For the 
range of concentrations over which eqs. 10 are 
valid, the variation in [H,O] is small and the 

log [H20] term can be incorporated into the 
log k0 term: i.e. 

[I lb] log (kl/[H+]) = log k' + b'p 

where 

1121 k' = kOxw 

The thermodynamic reference state for ions and 
uncharged solutes is the hypothetical 1 M solu- 
tion, whereas the reference state for the solvent 
is, by convention, that of the pure solvent: thus 
the terms in [H20] in the above equations can 
be replaced by the mole fraction of water, x,. 

A major problem associated with the use of 
eqs. 10 over a large range of concentrations is 
that the constant b is not constant. The varia- 
tion in b for infinitely dilute aqueous solutions 
to 0.5 M solutions is -25%, and from 1.0 to 
3.0 M, b changes by -9%. Bunnett (17) has 
shown that in concentrated solutions, satis- 
factory empirical relations for the activity coeffi- 
cients should account for ionic/molecular hydra- 
tion. In aqueous solutions for concentration 
< 6 M, an accurate rate equation can be derived - 

by use of the empirical equation (18) 

[13] log y, = - A z ~ ~ ~ ' / ~  - 12 log a, 
1 + Baop 

where n is the average solvation number, do and 
d are, respectively, the densities of pure water 
and the solution, MW is the molecular weight of 
the solute whose concentration is c moll e ,  and 
all other terms have their usual significance. 
Combining eqs. 9 and 13 yields 
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TABLE 7. Least squares fit to the various rate equations for the hydrolysis of 
(CF,CH20)zS0 in water and 60.7% dioxane at 25°C 

System Equation Slope Intercept (T 

HzO; HC104 
H20; HCIO4 
H20; HC104 
HzO; HC104 
H20; HClO4 
H2O; HC1 
H2O; HCl 
60.7% diox; HC104 
60.7% diox; HC104 
60.7% diox ; HC10, 
60.7% diox ; HC1 
60.7% diox; HCl 

18 0.579 
19 3.50 
lla* 0.0631 
llb* 0.0422 
14 - 2.471 
18 1.59 
17 0.9585 
18 0.635 
1 la 0.324 
llb 0.309 
18 1 ,772 
17 0.938 

*Based on data in solutions for which [HCI04] 2 3 M. 
!To obtain k0 from this intercept, k '  is divided by X ,  (0.760) for the pure solvent (cf. eq. 12) 

wh~ch y~elds log k0 = - 3 ,402. 

+ log ( i [ d  - O.OOl(36.03 - MW)[Ht]] 1 
= w* log a, + log ko 

where w* is the "Bunnett" slope defined by 

Taking n,+ = 4 (19) and n* - n, -- 0, 1, the 
slope w* is expected to  have values around -2 
to -3. The above treatment assumes that the 
average solvation number is constant over the 
entire concentration range studied. This is a 
reasonable assumption for solutions in which 
there are an excess of solvent molecules, but for 
concentrations greater than 2 to 3 M, this 
assumption is not valid (20). 

(c) The Acid-Halide-catalysed Reaction 
This reaction can be treated in a simple 

fashion since the mechanism appears to be (cf. 
also ref. 3b) 

[16a] (RO)2S0 + H+ $ (RO)zSOH+ rapid 
equilibrium 

[I661 (R0)2SOH+ + X- + ROSOX + ROH 
slow 

[16~] ROSOX + Hz0 + ROH + H' + X- + SO, 
fast 

Since both the substrate and activated complex 
are neutral species, it is assumed that ys/y* = 1 
and the first order rate constant (i.e, the ob- 
served quantity) can be written as 

eq. 17 is obeyed within experimental error: i.e. 
log (k1/ak2) is constant. 

(d) Analysis of the Data 
The data for hydrolysis in HClO, solutions 

can be analyzed in several ways as shown in 
Table 7. The data for 25°C in this table were 
treated by the least squares method and the o's 
are the statistical standard deviations in log 
kl.  In aqueous solution, the Bunnett slope w* 
(eqs. 14, 15) is -2.5 which leads to the reason- 
able values of n* - 1 and n, - 0. An attempt 
was made to determine if the rates of these 
reactions could be fit to  a first order mechanism. 
Use was made of the Zucker-Hammett (21) 
relation 

[I81 log k1 = log k0 - Ho 

and the Bunnett (17) relation 

[19] log k1 + Ho = w log a, + log ko 

and the results are also given in Table 7. The 
rate data for the fluorinated ester studied here 
are complementary to those for the non-fluorin- 
ated esters (1-3): i.e. the reaction mechanism 
appears to be bimolecular in both cases. 

The energetics of the catalysed hydrolysis of 
(RO),SO can offer additional insights as to the 
mechanism. Using the data in Table 7 for the 
k0 terms; the standard enthalpies and entropies 
of activation (AHo* and ASo*) have been 
evaluated and are presented in Table 8 with 
corresponding data for (CH,CH20)2S0. These 

1171 log k: = log k0 + log a+2  'It is to be noted that k" = k2Ke. where k2 is the true - 
second order rate constant in units of ! mol-' min-' 

The data for hydrolysis in acidified C1- and and Ke is the equilibrium constant for protonation of the 
Br- solutions (Tables 2, 4, and 5) show that substrate (eqs. 2a and 16a). 
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TABLE 8. Standard enthalpies and entropies of activation for the hydrolysis of (CF3CH20)2S0 and 
(CH3CHZO)ZSO 

Sulfite Solvent Acid Salt AHo* ASo * kO (25°C) 

(CF3CH,0),S0 Hz0 HClO, 
Hz0 HCI 

60.7% diox HClO, 
60.7Z diox HCIOd 
60.7% diox HCI - 

(CH3CH20)ZSO Hz0 HClOL 
Hz0 HC10, 
HZ0 HC104 

60.7% diox HClO, 

data are not completely unambiguous, but 
several factors can be used to lend support to 
the A-2 mechanism. The fact that ASo* and 
AS* are large and negative has been interpreted 
by Long and co-workers (22) as being due to the 
large loss in entropy on forming the activated 
complex which, by virtue of its mechanism, is 
more solvated than its A-1 counterpart. Con- 
sidering the hydrolysis of (CF3CH20),S0, 
Tables 6 and 8 indicate that in aqueous solution, 
AS* is more negative for the H f  -C1--catalysed 
hydrolysis than it is for the acid-catalysed reac- 
tion; the reverse behaviour is noted in 60.7% 
dioxane. In aqueous HCl, the loss in entropy in 
forming the activated complex, (RO),SOHCI, 
may be augmented by a large net ordering effect 
of the solvent since in the initial state, C1- is a 
"structure-breaking" ion and the large activated 
complex may embody the "structure-making" 
properties typical of large non-polar solutes (23). 
In 60.7% dioxane, the increase in AS* for the 
H+-C1--catalysed reaction compared to the 
acid-catalysed reaction is almost certainly due to 
the more negative entropy of solvation of the 
C1- ion in the mixed solvent. This follows from 
the general observations of Criss and co-workers 
that entropies of ions are most positive in those 
solvents which have a greater degree of internal 
order in the pure state (24-26). For the aqueous 
(CH,CH,O),SO system, AS,' is larger for the 
acid-catalysed reaction than for the Hf-CI-- 
catalysed reaction. The reason for this is not 
clear, but may be attributed to a con~bination of 
effects such as a weaker S-Cl interaction com- 
pared to that involving (CF,CH,O),SO, and (2) 
the activated complex (CH3CH2O),SOHC1 may 
be a structure-breaker since it is expected to be 
more polar than its fluorinated analog. It is of 
course possible that this decrease in ASo* for 
(CH,CH,O),SO hydrolysis in the presence of 
halide is an artifact of the extrapolations used to 

17.9 
11 .o 
15.4 

LiCl 14.6 
12.8 

17.9 
NaCl 18.9 
NaBr 18.8 

19.2 

obtain kO, but a large error seems unlikely since 
the differences cannot be attributed to experi- 
mental error. 

Despite several uncertainties in the above 
treatments, there is no evidence supporting the 
A-1 mechanism. Another straightforward ap- 
proach in mechanism confirmation involves the 
medium effect. In general, the ratio of standard 
rate constants for reactions in water (kW0) to 
that in solvent s (k:) is given by (26b) 

[20] k:/k: = exp {[AG:(+) - CAGP(r)lIRT) 

where AG:(f) and AG:(r) are, respectively, the 
standard free energies of transfer of the acti- 
vated complex and reactants from water to sol- 
vent s. For large neutral molecules or for large 
ions where the charge is diffusely distributed 
over the molecule, AG: approaches zero (27, 28) 
and eq. 20 can be greatly simplified. From eqs. 
8 and 9 for the A-1 and A-2 mechanisms in the 
absence of halide, eq. 20 reduces to 

L2l1 (k2/k:)H(A-l) = exp {-AGP(H+)~RT) 
and 

- [221 (k:lk,o)H(A-2, - 
exp {[-AG:(H+) - AG:(H,O)]/RT) 

For the H+-C1--catalysed reaction, eq. 20 re- 
duces to 

[231 (k:/k:),(~-~, = exp {-AG:(HCI)IRT] 

The terms in AG;(HCI) and AGP(H20) can be 
unambiguously evaluated from emf studies on 
cells of the type H,/HX (in solvent s)/AgX,Ag 
(8, 29-31), and from equilibrium constants for 
the ionization of H 2 0  in water and mixtures 
withp-dioxane (32, 33) and the activities of water 
in these mixtures (34). For the transfer from 
water to 60.7% dioxane, the values of AG:(HCI) 
and AG:(H,O) are, respectively, 2.45 and 3.96 
kcal/mol. The evaluation of AGP(H+) requires 
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an extrathermodynamic assumption which is 
always subject to uncertainty (26-29). The 
method of Feakins and co-workers (29, 35) ap- 
pears to be consistent with other techniques (26) 
and using the emf data (8,29-3 l), it is found that 
AG;(H+) = - 6.0 kcal/mol. Substituting these 
values into the above equations yields 

Experimentally the specific rate ratios for 
(CF,CH,O),SO hydrolysis are (kwO/k:) = 4.5, 
and (kwo/k:), = 0.010. Similarly, for the hy- 
drolysis of (CH,CH,O),SO, it is found that 
(kW0/k,O), = 3.1. 

Summary and Conclusions 
The mechanism of the acid-halide catalytic 

hydrolysis of (CF,CH,O),SO follows closely 
that of (CH,CH,O),SO : both are bimolecular, 
characterized by a large negative value for the 
entropy of activation, and exhibit analogous be- 
haviour when the medium is changed from water 
to an aqueous-dioxane mixture. The obser- 
vations that the acid-halide-catalysed reactions 
are faster for (CH,CH,O),SO than for 
(CF,CH,O),SO is attributed to a large inductive 
effect at the carboxylic oxygens which are the 
sites of the initial protonation (cf. eqs. 2a, l6a). 
A large inductive effect at the sulfinyl sulfur 
would lead to a stronger S-C1 interaction with 
the fluorinated ester which might conceivably 
lead to more rapid kinetics. There is some evi- 
dence that there is a stronger S-Cl interaction 
with the fluorinated ester: for the hydrolysis of 
(CF,CH,O),SO in water, AS* and AS,* are 
smaller for the acid-halide-catalysed reaction 
than it is for the acid-catalysed reaction. The 
reverse behaviour is observed for the hydrolysis 
of (CH,CH,O),SO as seen in Tables 6 and 8. 
The effect of fluorination of diethyl sulfite thus 
appears to give rise to two major effects: the de- 
crease in electron density at the carboxylic oxy- 
gens and the sulfinyl sulfur results in a decrease 
in K ,  (the equilibrium constant for protonation 
of the substrate) which acts to decrease the rate 
of hydrolysis, while the increase in the S-Cl in- 
teraction acts in an opposing fashion. 
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Molar excess enthalpies of acetonitrile + chloroform 
and of acetonitrile + chloroform-d, at 298 K 
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YASH PAUL HANDA and DAVID EDWARD JONES. Can. J. Chem. 55,2977 (1977). 
Molar excess enthalpies of acetonitrile + chloroform and of acetonitrile + chloroform-dl 

were measured at 298 K. The results for the former system were discussed in terms of an ideal 
associated solution model and the deuterium isotope effect was discussed. 

YASH PAUL HANDA et DAVID EDWARD JONES. Can. J. Chem. 55,2977 (1977). 
On a mesure, a 298 K, les enthalpies molaires d'exces de l'adtonitrile + chloroforme et de 

l'acetonitrile + chloroforme-dl. On discute des resultats obtenus dans le premier systeme en 
termes d'un modele de solutions associees idkales et on discute de l'effet isotopique du deutt- 
rium. 

[Traduit par le journal] 

Introduction 
There has been a revival of interest recently 

in the thermodynamic study of liquid mixtures 
of A and B in which association takes place. 
Often, the "physical" contribution, x:,,,,, and 
the "chemical" contribution, X z  ,,,,, to the 
molar excess function XE are assumed inde- 
pendent (there is experimental evidence for this 
assumptioii (I)) i.e. 

[l l  E Xz = Xz,phys  + Xm,chem 

IfEXE,,hy, is negligibly small compared with 
X,,,,,, or, alternatively, if XE, ,,,,, can be esti- 
mated (see, for example, ref. 2), the mixture can 
be treated as an ideal associated solution. The 
application of this model to calorimetric mea- 
surements on mixtures with AB association has 
been reviewed (3). 

Triethylamine + chloroform and diethyl ether 
+ chloroform have been exhaustively investi- 
gated by thermodynamic methods as a result of 
independent evidence for AB association in these 
systems. The earlier calorimetric studies in the 
former system at 298 K (4, 5) have been sup- 
plemented by vapour pressure measurements at 
283 K (6) and 298 K (7) and by measurements of 
the molar excess volumes at 298 and 308 K (8). 
The ideal associated solution model has been 
extended and applied to these results. Similarly, 

'Present address: Department of Chemistry, Wright 
State University, Dayton, OH, U.S.A. 45431. 

'To whom correspondence should be addressed. 
Present address: Environment Ontario, P.O. Box 487, 
Bracebridge, Ont., Canada POB 1CO. 

the ideal associated solution model has been 
applied (3) to the results of calorimetric mea- 
surements at 298 K (9), to vapour pressure 
measurements at 298 K (7), and to the results 
(10) for the temperature dependence of the 
molar excess volumes of diethyl ether f chloro- 
form (7). 

For the system acetonitrile + chloroform 
vapour pressures at 313 K (ll) ,  constant pres- 
sure vapour liquid equilibria (12) and molar 
excess volumes at 293 and 313 K (13) have been 
measured. Spectroscopic measurements on this 
system (14, 15) have been interpreted in terms 
of AB association and the values of the equilib- 
rium constants at 299 and 310.5 K have been 
calculated. However, it appears that the AB 
associated model is too simple and that a model 
which includes self-association (see accompany- 
ing paper) is required to interpret the thermo- 
dynamic results. We have measured the molar 
excess enthalpies of acetonitrile + chloroform 
at 298 K. 

The deuterium isotope effect on thermo- 
dynamic measurements in liquid mixtures has 
been reviewed (16). The molar excess enthalpies 
of triethylamine + chloroform and of tri- 
ethylamine + chloroform-dl at 298 K (17) have 
been interpreted in terms of a larger value of the 
equilibrium constant for the former system and 
a more exothermic enthalpy of AB association 
for the latter, assuming no difference in the 
physical contributions in the respective systems. 
No deuterium isotope effect was detected from 
comparison of the molar excess enthalpies of 
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diethyl ether -t- chloroform and of diethyl 
ether $ chloroform-d,, and this may be attri- 
buted to a compensation of the respective 
differences in the equilibrium constants and the 
standard enthalpies of AB association (17). In 
order to assess the deuterium isotope effect in 
this study, we report the molar excess enthalpies 
of acetonitrile $ chloroform-dl at 298 K. 

Experimental 
Materials 

Chloroform (B.D.H. Analar) was purified as reported 
previously (7). 

Chloroform-dl (Merck, for spectroscopy) was purified 
by a procedure similar to that for chloroform (7) except 
that the initial shaking with water (to remove ethanol) 
was omitted. A high amplification nmr study indicated a 
purity of 99.7 molz ,  with chloroform being the only 
proton-containing impurity. 

Acetonitrile (B.D.H. Analar) was refluxed over phos- 
phorous pent oxide for 4 h, and subsequently fractionally 
distilled in a dry and oxygen-free nitrogen atmosphere 
using a column of 15 theoretical plates at a reflux ratio 
of 20. The distillation apparatus was wrapped in black 
cloth to exclude light. The middle fraction was degassed 
by vacuum sublimation (18) and the degassed sample was 
stored over freshly activated molecular sieve (Union 
Carbide, type 13X) in a sealed ampoule. A high amplifica- 
tion nmr study indicated that the sample was at least 
99.5 m o l z  pure. 

results were fitted by a least-squares computer 
program to the expression 

where x, is the mole fraction of chloroform or of 
chloroform-dl. For both systems the results in 
Table 1 were adequately fitted with k = 3 in 
eq. 2. The parameters h i  and their respective 
standard deviations are given for both systems 
in Table 2. Table 2 also gives the standard 
deviations u(H:) defined by 

where HE(calcd), HZ(expt) are respectively the 
calculated (from the parameters h i  given in 
Table 2) and experimental values of the molar 
excess enthalpies for N experimental values. 

Discussion 
Both the magnitude and asymmetry of the HE 

results suggest the inadequacy of the AB 
association model used to intermet the nmr 

Calorimeter results. There is evidence (21) for silf-association 
The calorimeter was similar to that described by Larkin in acetonitrile for which T~~~~~~~~ constant is 

and McGlashan (19) and has been described elsewhere 
(20). Tests with the I.U.P.A.C. recommended system 96.4 mol-l K-l .  In the for 
n-hexane + cyclohexane have previously been carried Gf, are positive (1 1) which is not consistent with 
out and compared with literature values (22). an AB association model. Hence, it appears that 

Results 
The molar excess enthalpies, HE of acetoni- 

trile + chloroform and of acetonitrile -t chloro- 
form-d, at 298 K are given in Table 1. The 

TABLE 1. Molar excess enthalpies HE of xACH3CN + 
xBCHCI~ and of xACH3CN + xBCDCI3 at 298 K 

a more complex model is required to interpret 
the thermodynamic results for this system (see 
accompanying paper). 

At 313 K Gfi;(x, = +) = 131 J mol-I and use 
of the Gibbs-Helmholtz equation gives GE(x, = 
4) = 164 J mol-I and TSE = -974 J mol-' at 
298 K. 

From constant pressure liquid vapour equilib- 
rium results (12) it appears that Gfi; is slightly 
more positive at higher temperatures and con- 
sequently that H z  changes sign. This is in 
accordance with the expectation that C;,, will be 
positive for mixtures in which AB association 
takes place. Consequently, measurements of 
C;,, would be of interest. 

Both Vf and (aV:/aT), are negative (13), the 
former fact consistent with AB association and 

0.6923 809.0 the latter as observed for triethylamine + 
0.7444 735.6 
0.8198 606.4 chloroform (8). 

Although there is no significant deuterium 
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HANDA AND JONES 2979 

TABLE 2. Coefficients in eq. 2, the standard deviations of these coefficients, and standard devia- 
tions o(Hg) defined by eq. 3 

System h~ hz h3 o(HE)/J mol- ' 
Acetonitrile + chloroform -3250k 11 1505k21 319252 4 . 8  

Acetonitrile + chloroform-dl -3317216 1611+39 153k97 6 . 8  

isotope effect on V: (13), the molar excess en- 
thalpies of acetonitrile + chloroform-d, are 
more exothermic (by 16 J mol- ' at xB = 4) than 
those of acetonitrile + chloroform. The differ- 
ence is beyond the experimental uncertainty 
(Table 2) and is therefore consistent with the 
idea that the strength of the hydrogen bond in 
the AB associated system i s  increased on sub- 
stitution by deuterium. However, a different 
value of the physical contribution in the hydrogen 
and deuterium systems (23) may account for 
such a small difference in the values of H:. It 
appears that there will be some interest in similar 
experimental results for acetonitrile-d3 + chloro- 
form and acetonitrile-d3 + chloroform-dl. 

Further treatment of the thermodynamic 
results for the binary systems formed by carbon 
tetrachloride, chloroform, and acetonitrile will be 
found in the following paper. 
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application to systems containing acetonitrile 
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JOHN W. LORIMER and DAVID E. JONES. Can. J. Chem. 55,2980 (1977). 
Equations for enthalpies and volun~es of mixing are derived from thermodynamic associa- 

tion theory for complex binary liquid mixtures containing self-associating species and binary 
complexes. The various species can interact through general non-specific interactions of the 
simple mixture type. 

The equations, along with equations for the excess Gibbs energy, are applied to experimental 
data on excess Gibbs energies, heats, and volumes of mixing for the three binary systems 
formed from acetonitrile, carbon tetrachloride, and chloroform. The data require a theoretical 
model that involves two types of self-association of acetonitrile, one type of self-association of 
chloroform and formation of a binary complex CH3CN.2CHC13. Thermodynamic parameters 
for the various types of association and interaction are derived by constrained least-squares 
methods, and provide a unified picture of the thermodynamic properties of these mixtures. 

JOHN W. LORIMER et DAVID E. JONES. Can. J. Chem. 55,2980 (1977). 
On a derive des Cquations pour les enthalpies et les volumes de melange A partir de la theorie 

d'association thennodynamique pour des melanges liquides binaires complexes contenant des 
especes auto-associees et des complexes binaires. Les diverses especes peuvent interagir par 
l'intermediaire des interactions generales non specifiques d'un type de melange simple. 

Les equations de mCme que les equations pour I'knergie d'excts de Gibbs peuvent Ctre appli- 
qutes A des donnees experimentales concernant les energies d'exces de Gibbs, les chaleurs et les 
volumes de melanges pour les trois systemes binaires formes a partir de l'a&tonitrile, du tetra- 
chlorure de carbone et du chloroforme. Les donnees necessitent un modele theorique qui 
implique deux types d'auto-association de l'acetonitrile, un type d'auto-association du chloro- 
forme et la formation d'un complexe binaire CH3CN.2CHCI3. On a pu deriver les parametres 
thermodynamiques pour les divers types d'association et &interaction par la methode des 
moindres carrts restreints et l'on obtient ainsi une image unifiee des propriktes thermo- 
dynamiques de ces melanges. 

[Traduit par le journal] 

Introduction 
Much recent interest in formation of com- 

plexes in binary liquid mixtures has emphasized 
the extraction of thermodynamic parameters 
from heats and volumes of mixing for systems in 
which simple complexes are assumed to form 
between non-associating components (1). In 
systems such as mixtures of alcohols and alkanes, 
self-association is extensive and it has proved 
difficult to construct a quantitative theory that 
correlates the experimental data (2). Recently, 
Lorimer et al. (3) combined thermodynamic 
association theory (4-6) with experimental Gibbs 
energies to find thermodynamic parameters for 
systems that involve self-association, formation 
of binary complexes, and non-specific inter- 
actions among the various species present. The 

lPresent address: Ministry of the Environment, P.O. 
Box 487, Bracebridge, Ont., Canada POB 1CO. 

theory, except in the case of simple complex 
formation between two non-associating com- 
ponents (4), has not been extended to include 
heats and volumes of mixing. This extension is 
described in the first part of this paper. 

Extensive data are available for the three 
binary mixtures formed from acetonitrile, carbon 
tetrachloride, and chloroform. Handa and Jones 
(7) and Handa (8) have presented data on the 
heats and volumes of mixing for mixtures of 
acetonitrile and chloroform, and excess Gibbs 
energies have been obtained from measurements 
of total vapour pressures (9). Excess Gibbs 
energies (10, l l ) ,  heats of mixing (1 1, 12), and 
volumes of mixing (10, 11) have been measured 
for the systems acetonitrile - carbon tetra- 
chloride and carbon tetrachloride - chloroform. 
Interpretation of the properties of liquid mix- 
tures containing acetonitrile must take into 
account the high degree of association in pure 
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LORIMER AND JONES 2981 

acetonitrile, evidence for which has been sum- diagram (17); the phase diagram for acetonitrile- 
marized by Saum (13). It has also been con- chloroform (18) will be discussed below. Associ- 
sidered that chloroform is an associated liquid ation theory would appear, therefore, to be a 
(14) and that acetonitrile and chloroform form reasonable approach to a comprehensive theory 
complexes (9, 15, 16). There is no evidence for of the thermodynamic properties of these binary 
formation of complexes between acetonitrile and mixtures, an approach that is discussed in the 
carbon tetrachloride in the solid-liquid phase second part of this paper. 

Theory 
(a) General Relations and Excess Gibbs Energies 

Saum (13) has indicated that both antiparallel and head-to-tail association of acetonitrile dipoles 
is significant, with a larger energy of association for the antiparallel case. Thus, two association 
reactions for acetonitrile are assumed: a one-step association (corresponding to roughly antiparallel 
alignment of CN bond dipoles): 

I 2A1 = Azl KA1 = x ~ ~ ~ ~ x ~ ~ ~  
and chain association (corresponding to head-to-tail alignment of acetonitrile dipoles) with the same 
association constant for all steps (3, 6): 

Chloroform molecules (B) are assumed to associate in chains, with the same equilibrium constant 
for each association step : 

Acetonitrile and chloroform molecules are assumed to form simple complexes containing one or 
two CHC1, molecules : 

The symbols A i  and Bi represent i-mer molecules, x,,, xBi are the species mole fractions based on 
the total amount of all species in the mixture and xA,' refers to  head-to-head dimers. These various 
species are assumed to form a mixture that is ideal except for a general non-specific interaction term 
involving all species (3-5). The quantities Ki+ l, KAf, KA, KB are mole fraction equilibrium constants. 

The stoichiometric mole fractional activity coefficients can be calculated by methods described 
elsewhere (3, 6), and are given by (cf. ref. 3): 

Here, xAL*, xB1* are the mole fractions of monomers in the pure liquids A, B respectively, and the 
exponent~al terms allow for non-specific interactions among all species. The species mole fractions 
are related by 

Equations 8 with either [5] or [6] constitute two simultaneous equations in xA, and xB, that may be 
solved by iteration if the interaction parameter w and the equilibrium constants are known. To  
estimate these parameters, it is convenient to use the limiting values of the activity coefficients (3) : 
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[ l o ]  l B ( g )  = lim fB = e w { 2 x A l * 3 ~ A '  + ( 1  - x ~ , * ~ K ~ ' ) ~ ) / x A , * x ~ ~ * ( ~  + xA1*K1) 
xe*O 

In deriving these limiting relations, the following relations derived from eq. 8 have been used (3) : 

[ I  11  KA = l/xA1* - 1 / ( 1  - xA1*'KAf) 

[12I KB = I/xBl* - I 

Note that, if KA = 0 ,  eq. 1 1  becomes 

If experimental data on excess Gibbs energies are fitted to the usual polynomial expansion 

where R is the ideal gas constant and T the thermodynamic temperature, then it is found that (3) 

1,") = exp { gr} 
r =  1 

It  will be shown below how experimental values of and can be used to find values of the 
association parameters. Once these have been found, data on excess enthalpies and volumes can be 
analyzed. 

(b) Excess EnthaIpies 
Well-known thermodynamic relations (19) give 

and 

[I81 

where HmE is the molar excess enthalpy and HA, HA* are the partial molar enthalpies of A in the 
mixture of composition xB and in the pure liquid, respectively. Analogous equations for component 
B are found by interchanging the subscripts A and B. Differentiation of eq. 17 with respect to 1/T 
gives eq. 18. It  follows that 

[l91 = R a ln I A ( g l / a ( l / ~ )  

and that a similar relation holds for where I B ( h )  are the limiting partial molar heats of 
mixing of components A and B. From eqs. 9, 10, and 19, 

[21] = u - AHB* - AHA* - xAI*K1(AHA* -  AH^')/(^ XA,*KI)  
+ 2 ~ ~ , * ~ ~ ~ ' { ( 1  - xA1*KAf - x ~ ~ * ) A H ~ ' '  + (3xA1* -k 2xAI*KAf - ~)AHA*) /Q'  

where 

In these equations, standard values of AH (indicated by superscript 0) are the usual derivatives 
- Ra/a( l /T)  of the appropriate equilibrium constants. The starred quantities are (cf. (3)) 

-- -- - 
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LORIMER AND JONES 

and 

The enthalpy terms connected with self-association of acetonitrile are connected by the following 
relation derived from eq. 1 1  : 

[26] x,,*K~AH~' = ( 1  $ 2 ~ ~ , * ~ ~ ~ ' / ( 1  - x ~ , * ~ K ~ ' ) ~ ) A H ~ *  - x ~ , * ~ K ~ ' A H ~ " / ( ~  - x ~ ~ * ~ K ~ ~ ) ~  

For the special case KA = 0, eqs. 26 and 13 give: 

~271  AHA* = ( 1  - xA1*)AHA"/(2 - xAl*) 

From eq. 14, the experimental enthalpies can be represented as a series 
n 

U s ]  HmE = X A X B  x hr(xA - X B ) ~ - '  
r = l  

and from eq. 17, 

~291 hr = ~ a g , / a ( l / ~ )  

From [28], [ 1 5 ] ,  and [16], 

The limiting partial molar heats of mixing can therefore be obtained from experimental data ex- 
pressed in the form of eq. 28, and it will be shown below how these values can be used to evaluate 
the enthalpy parameters for association. 

Once the enthalpy parameters have been determined, the excess enthalpy - composition curve 
can be calculated as follows. From eqs. 5, 6, 17, and 18, 

and similarly for component B. The molar excess enthalpy is then 

[331 H , ~  = xA(HA - HA*) + xB(HB - HB*) 

Differentiation of eqs. 5 (or 6) and 8 gives two simultaneous linear equations in the temperature 
derivatives of x,, and x,,, with solutions 

[341 a x ~ , / a ( l I T )  = ( Q 2 Q 6  - Q ~ Q ~ ) / ( Q I  Q 5  - Q 2 Q 4 )  

[351 ax~ , la ( l lT )  = ( Q 3 Q 4  - Q I Q ~ I < Q I Q ~  - Q,Q4> 

where 
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[401 Q5 = l /<l  - XB,KB)~ + X A ~ K I ( ~  f ~ x B ~ K ~ )  

[41] RQ, = - X , , ~ K ~ A H ~ ~ / ( ~  - X,,K,)~ - xB 1 2 ~ B A ~ B ' / ( 1  - X,~K,)~ - x ~ ~ ~ K ~ ' A H ~ ' ~  
- XAIXBIKIAHle - x ~ ~ x ~ ~ ~ K ~ K ~ ( A H ~ ~  + AH2') 

For each pair of calculated values of xAl and xBl, the derivatives and the excess enthalpy can be 
calculated. 

The significance of xA,*, xBl*, AHA", AHB" (and, as defined below, AVA* and AVB*) should be 
recalled (3): R T  ln xA,* is the change in molar Gibbs energy for formation, in the pure liquid, of 
the equilibrium distribution of self-associated complexes from monomers, and AHA", AVA" are 
the accompanying changes in enthalpy and in volume. The standard quantities (superscript Q) 
specify as usual that all species are in their reference states, here the hypothetical pure liquid for 
each species in the mixture. 

fc) Excess Volumes 
Equations ailalogous to [17] to [19] may be 

derived by differentiating with respect to pres- 
sure instead of temperature. Thus, 

where VmE is the molar excess volume and VA, 
VA* are the partial molar volumes of A in the 
mixture of composition x, and in the pure liquid, 
respectively. Differentiation of eq. 17 with 
respect to pressurep gives eq. 42. It follows that 

and that a similar equation holds for I,('), where 
I,('), 1,") are the limiting partial molar volumes 
of mixing of components A and B. Analogues of 
eqs. 20 through 41 hold for the excess volumes, 
and are obtained from these equations by re- 
placing H with V, h, with v,, u with v, and 
Ra/a(l/T) with RTa/ap. 

Although the relations above have been 
developed for a specific model for association, 
analogous relations can be developed by the 
same method for other models. 

(d) The Non-speci$c Interaction Parameters 
Relations among the interaction parameters 

are useful for interpretation of available data on 
systems involving acetonitrile. If the interaction 
parameters wij refer to simple mixtures, the 
approxinlate relation of Malesinski (9, 20) con- 
necting the values of wij for the three different 
binary systems that can be formed from com- 
ponents 1, 2, 3 is 

From this equation and eq. 25 it follows that (9) 

and that, analogously, v = RTawlap, giving 

For a series of systems that show formation of 
conlplexes between componei;ts 2 and 3, Kreg- 
lewski (9) assumed that w12 and w13 could be 
replaced by the appropriate experimental values 
of 4GmE/RT (i.e., at mole fraction i), and argued 
that self association effects for one component 
(3, say) would largely cancel. The value of w2, 
calculated in this way was taken to be the con- 
tribution of non-specific interactions to the total 
excess Gibbs energy of mixtures of components 
2 and 3. However, it is clear from eqs. 5 and 6 
that the effects of self-association and binary 
association are not additive, and here relations 
[44]-[46] are considered to apply only to the 
interaction parameters, and not to the excess 
Gibbs energies at mole fraction +. 

McGlashan et al. (21) discussed formation of 
simple complexes from the point of view of 
lattice theory, pointing out that wRT is a Gibbs 
energy and that for many simple mixtures 
w = A / T ~  and u = 2wRT hold approximately, 
where A is a constant. Bertrand (22) assumed 
that a non-specific interaction term existed for 
each species in a mixture containing simple 
complexes, and by a series of approxinlations 
reduced the problem to finding a single w that 
was estimated from solubility parameters. 
Bertrand's method is clearly a crude version of 
the correct lattice theory that ignores entropic 
contributions to w and that cannot be applied 
either to self-associating components or to polar 
molecules (23). 

Applications and Discussion 
(a) Excess Gibbs Energies 

For analysis of conlplexes in mixtures of 
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LORIMER AKD JONES 

TABLE 1. Coefficients for calculation of excess Gibbs energies (eq. 14) 

System TIK gl a(gd g 2  ~(672) g3 ~ ( 8 3 )  g4 484) 

*GmE/RT = xAxB {I  11.9(0.24)/T - 0.202(0.010)); standard deviations in parentheses. 

acetonitrile and chloroform, available data on 
binary mixtures of carbon tetrachloride, chloro- 
form, and acetonitrile are used, where it is 
assumed that carbon tetrachloride takes no part 
in complex formation, but that both chloroform 
and acetonitrile are self-associated. The three 
possible systems are indicated by Roman 
numerals : CC1,-CHCI,(I), CH3CN-CCI,(II), 
CH3CN-CHC13(III), and the first-named com- 
ponent is component A. For these three systems, 
eight parameters w,,, w13, w2,, xA,*, xBl*, K,, K2, 
and KA' appear in eqs. 9 and 10. 

Excess Gibbs energies have been calculated 
from isothermal liquid-vapour equilibrium data 
for both CC1,-CHC1, (11) and CH,CN-CCI, 
(10). For CC1,-CHCI,, a one-constant equation 
of type [14] represents the data, with g, = 
h,/RT + go. The value of h, is that recom- 
mended by McGlashan et a/. ( l l ) ,  and its stan- 
dard deviation was estimated from the summary 
of heats of mixing given by them. The constant 
go and its standard deviation were found from 
least-squares evaluation of the GmE data at three 
temperatures; its value differs slightly from that 
of McGlashan et a/. (11). For CH3CN-CCI,, 
the data (10) were fitted by least squares to an 
equation of type [14] in order to find estimated 
standard deviations. The coefficients differ 
slightly from those given by Brown and Smith 
(10). 

Excess Gibbs energies for CH3CN-CHCI, 
have been obtained at 40°C from measurements 
of total vapour pressures (9) by Barker's method 
(24), and by neglecting the second virial cross- 
coefficient for the vapour. It is known (3) that 
this coefficient is of considerable importance, 
and the data have been recalculated using virial 
coefficients estimated by the method2 of Praus- 
nitz et al. (25, 26). The necessary data (26) give 
the values BAA = - 3256, BAB = -698, BBB = 

'The sign of the association term in the equation for 
the virial coefficients is incorrect in refs. 25,  26, but cor- 
rect in the computer program in ref. 26. 

- 1115 cm3 mol-' at 40°C (A-acetonitrile) on 
calculation. The values for BAA and BBB are in 
good agreement with the average of tabulated 
values (27). The results of all recalculations of 
g, are given in Table 1, along wit11 estimated 
standard deviations o. Correlation coefficients 
for the g, values are necessary to find standard 
deviations for derived quantities such as activity 
coefficients, but are not listed here. The coeffi- 
cients for CH3CN-CHCI, at 45°C were esti- 
mated from the values at 40°C and the enthal- 
pies of mixing (7), assuming that the enthalpies 
of mixing are independent of temperature over 
this range. For each system, the number of 
coefficients g, tabulated is the number that gave 
the smallest standard deviation or that gave a 
variance ratio that indicated the minimum 
number of coefficients required. 

Since the limiting activity coefficients for 
CC1,-CH,CI are equal, there are only five 
limiting activity coefficients that can be used to 
find the eight association parameters. Estima- 
tion of the parameters proceeds as follows. For 
system I1 (CH3CN-CCI,), K, = K2 = KB = 0 
and the ratio IB(g'/lA'g' (eqs. 9, 10) gives a 
quadratic equation in KA' for a given value of 
xAIY The value of xAl* is a maximum for 
KA = 0, and, for this value of KA, determines 
the values of KA' and w,, througl~ eqs. 9 and 13. 
These parameters are then used for an iterative 
solution of eqs. 5 and 8 by computer to find 
X~ I and x,,, using initial values of these quanti- 
ties found by setting the stoichiometric activity 
coefficiei1ts equal to unity. The activity coefficients 
and GmE are then calculated. The parameters 
found in this way reproduced the experimental 
GmE-X, curve very well, the maximum deviation 
being only 4.2% at x, = 0.5. Calculalioi~s of the 
enthalpy of mixing(see be1ow)using these param- 
eters were less successful, and, in fact, a better fit 
to the excess Gibbs energies was found by using 
a non-zero value of KA. Values of KA' were 
chosen, and the corresponding values of xAl*, 
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w,,, and KA were found from eqs. 9, 10, and 11. 
The value of KAf that gave the minimum x2 for 
nine values of GmE calculated from the experi- 
mental polynomial at equally-spaced mole frac- 
tions was taken as the final value (Table 4). The 
estimated standard deviation in KAf was found 
by finding the values of KA' that produced twice 
the minimum X2, while the standard deviations 
in KA and in xAl* were calculated from this 
value and (through eqs. 9 to 11) the error matrix 
for the experimental polynomial. Agreement 
between the theoretical and experimental excess 
Gibbs energy cuxves (Fig. 1) is excellent, with an 
estimated standard deviation (28) of only 19 J 
mol-l. 

Non-specific interactions contribute 71 8 J 
mol-I to GmE at mole fraction one-half. The re- 
maining positive contribution to the almost 
symmetrical curve is due to self-association. 
Kreglewski's method (9) gives the much larger 
value 1082 J mol-I for non-specific interactions 
at equal mole fractions. 

Saum (13) has estimated xA,* = 0.04 at 30°C 
by consideration of heats of vapourization and 
viscosities of a homologous series of nitriles. His 
value of the enthalpy of association gives 
xA,* = 0.12 at 45°C from eqs. 23 and 27, in 
reasonable agreement with the value found here 
when the highly approximate nature of Saum's 
estimate is considered. 

For mixtures of CH,CN and CHCI,, the rela- 
tion of Malesinski (eq. 44), the ratio lA(g)(III) x 
lA(g ) (~ ) / lA(g ) (~~)  and the corresponding ratio for 
the lB(g)-values give an equation that relates 
X~ 1 * to xAl*, if K, = 0. Numerous trials showed 
that K, < K, was a condition that was incom- 
patible with the experimental data, that K, was 
at least 100 times smaller than K,, and that xB,* 
was smaller than unity. The final values of the 
parameters and their standard deviations were 
found by the constrained least-squares procedure 
outlined above, this time setting K, = 0 and 
choosing a value of xB,* that gave a minimum 
x2. Agreement between the theoretical and ex- 
perimental GmE-composition curves is again 
excellent, with a standard deviation of 3.9 J 
mol-I (Fig. 1). 

Non-specific interactions contribute - 21 5 J 
mol-I to GmE at equal mole fractions. This con- 
tribution and the negative contribution from 
complex formation are overbalanced by self- 
association of acetonitrile. The skewness of the 
curve results mainly from formation of a com- 

0.0 0.2 0.4 0.6 0.8 1.0 
X B  

FIG. 1. Excess Gibbs energies at 318 K. Upper curve: 
CH,CN-CCI,; lower curve: CH3CN-CHC13. Lines: 
experimental polynomials; open circles: values from 
association theory. 

plex containing two molecules of CHCI,. Use of 
volume fractions instead of mole fractions in the 
non-specific interaction term would also skew 
the curve in the same direction. However, the 
heat of n~ixing curve (Fig. 2) is skewed in the 
opposite direction. 

Values of K, for formation of AB-type corn- 
plexes between acetonitrile and chloroform have 
been derived from nmr measurements (15,16) by 
assuming that only these complexes are formed 
and that self-association of acetonitrile does not 
affect the calculations, or is included in a solvent 
shift. The nmr data, however, can be interpreted 
equally well by assuming that only an AB, 
complex is formed. The method of doing this is 
outlined in the Appendix, and gives K, = 1.9 at 
297 K,  which is the same value found for this 
temperature by extrapolation from 3 18 K using 
the enthalpy of complex formation (Table 4). 
From the constants in Tables 1 and 4 it is cal- 
culated that the fraction of CH,CN molecules 
that is self-associated is 0.73 at x, = 0.336 (the 
most concentrated solution of CHCl, used by 
Lin and Tsay (16)) and 0.86 at x, = 0, while the 
fraction of CH,CN molecules in AB, complexes 
varies from 0.063 to zero over the same range of 
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LORIMER AND JONES 2987 

FIG. 2. Excess enthalpies and entropies (as TSmE). 
Upper curves: CH,CN-CC14, 318 K;  lower curves: 
CH3CN-CHCl,, 298 K for HmE, 318 K for TSmE. Lines: 
experimental polynomials; open circles: values from 
association theory. 

composition. At x, = 0.0290 (the lowest con- 
centration of Lin and Tsay (16)), a fraction 0.85 
of CH,CN molecules are self-associated and a 
fraction 8.8 x is in AB, complexes. Even 
at this low concentration it is estimated that the 
mole fraction of AB complexes is not more than 
one-quarter that of AB, complexes. The assump- 
tions that self-association of acetonitrile is 
roughly constant and that AB complexes are 
negligible over the range of conlposition used in 
the nmr studies thus appears to be justified. 

The solid-liquid phase diagram for CHC1,- 
CH,CN (1 8) shows no evidence for complex for- 

mation, while CHC1,-propionitrile shows an AB 
complex and CHC1,-butyronitrile shows both 
AB and AB, complexes. Murray and Schneider 
(18) proposed that self-association in acetonitrile 
was so extensive that formation of binary com- 
plexes was prevented. This question can be in- 
vestigated by extrapolating the coefficients in 
Tables 1 and 4 to 183 K (where a solid compound 
might exist) and calculating the fraction of aceto- 
nitrile molecules that are self-associated. This 
fraction varies from 0.9 at xB = 0 to 0.74 at x, = 0.5 
to 0.46 at x, = 0.67 and is probably an over- 
estimate; the enthalpy terms have been assumed 
independent of temperature, but there is prob- 
ably a significant positive heat capacity of associ- 
ation. Thus, there should be sufficient oppor- 
tunity for binary compounds to form at low 
temperatures, and a reinvestigation of the phase 
diagram is desirable. 

The coefficient g ,  for CC1,-CHCI,, with the 
value of x,,*, yields the value of w,, in Table 2. 
This non-specific interaction term contributes 
60 J mol-I to GmE at equal mole fractions of 
CHCI, and CCl,, or 61% of the total. Proton 
nmr measurements (14) give KB = 0.16 for a 
one-step self-association of chloroform at 25"C, 
a value that corresponds to x,,* = 0.88. At 
45"C, the value of x,,* should be closer to unity, 
and at the normal boiling point (61°C) the 
Trouton constant AS,'/R = 10.67 has the "nor- 
mal" value for an unassociated liquid (3). The 
value x,," = 0.94 (Table 4) is in good agreement 
with these considerations. The fact that CCI,- 
CHCI, mixtures have equal limiting activity 
coefficients in the range 298-328 K is incom- 
patible with the assumption made in interpreting 
the nmr data that only CHC1, dimers are 
formed. 

(b)  Enthalpies of Mixing 
In Table 2, the least-squares coefficient in the 

polynomial equation [28] is taken from values 
in the literature for CC1,-CHC1, (11). For 
CH,CN-CHC1, the tabulated coefficients (7) 
were recalculated to find the error matrix, and 
for CH,CN-CCl, (12) the data were fitted to a 
least-squares polynonlial. The same number of 
coefficients for polynomials [28] and [14] was 
found to give satisfactory fits in all cases and all 
coefficients are given in Table 2. It is assumed 
that, for CH,CN-CHC1, mixtures, the enthal- 
pies of mixing are independent of temperature 
between 25 and 45°C. This is a good assumption 
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LORIMER A N D  JONES 2989 

TABLE 3. Coefficients for calculation of excess volumes (cf. eq. 28) in cm3 mol-I 

System T/K 0 1 ~ ( u I )  02 ( ~ ( v z )  v3 ~ ( 0 3 )  04 o(u4) 

ment between the experimental and theoretical 
curves for CH3CN-CC1, is only qualitative. The 
most striking discrepancies are that the curves 
are skewed in opposite directions and that the 
two points of inflection in the experimental curve 
are not found by theory. Non-specific interac- 
tions account for -65 J mol-' at equal mole 
fractions, so that there is a large negative con- 
tribution from self-association. 

For CH3CN-CHCI,, the calculated and ex- 
perimental curves agree closely. Non-specific 
interactions contribute -535 J mol-I at equal 
mole fractions, and there is a negative contribu- 
tion due to self-association and complex forma- 
tion that is considerably larger than in CH3CN- 
CCl,. The excess entropy for CCI,-CHCI, is 
always positive. At equal mole fractions, non- 
specific interactions contribute 140 J mol-I to 
TSmE, or 104% of the total, leaving a contribu- 
tion of - 5 J mol-I for self-association of 
chloroform. 

Standard entropy changes can be calculated 
for each corresponding equilibrium constant 
and enthalpy of association, and are given in 
Table 4. It has been suggested (5,  6) that the de- 
crease in entropy on association arises mainly 
from the loss of orientational degrees of freedom, 
i.e., 

[471 q = exp (- ASOIR) 

where q is the number of nearest-neighbour con- 
tacts that are lost by a monomer on association. 
The values of q calculated from the data in 
Table 4 are 3 for reaction 1 ,  14 for reaction 2, 
2 for reaction 3, and 27 for reaction 4, compared 
to the value of 6-10 expected for freely-rotating 
molecules in a liquid. Clearly, other contribu- 
tions to the entropy of association are present, 
among them a change in entropy involving dipole 
orientation. 

(d)  Volumes of Mixing 
Polynomial least-squares fits according to the 

volume analogue of eq. 28 were recalculated on 

the data for excess volumes of CC1,-CHCl, 
( 1  1 )  and CH3CN-CHCl, (8) in order to estimate 
errors. For CH3CN-CCI,, excess volumes were 
calculated from density data (10) and fitted to a 
least-squares polynomial. The coefficients of all 
polynomials are given in Table 3. 

Analysis of the experimental data by associa- 
tion theory proceeds exactly as for the analysis 
of the heats of mixing. For CC1,-CHCl, and 
CH3CN-CCI,, the experimental data are for 
298 K, and values of the required association 
parameters were calculated at this temperature 
using the enthalpy data in Table 4. For CH3CN- 
CHCl,, data are available at 293 and 313 K (8 ) ,  
permitting a linear extrapolation (33) to 318 K .  
The resulting parameters are given in Table 4. 
The volume changes for association are all nega- 
tive, and are small compared to the molar 
volumes of the components (52.9, 97.1, and 
80.7 cm3 mol-I at 298 K for CH3CN, CCl,, and 
CHCI,, respectively). The theoretical excess 
volume-composition values (Fig. 3) agree well 
with the experimental values; the standard de- 
viations are 0.01 1 cm3 mol-' for CH3CN-CCI,, 
and 0.015 cm3 mol-I for CH,CN-CHCI,. The 
predominantly negative excess volume for 
CH3CN-CCI, becomes zero at x, = 0.962, then 
reaches a positive maximum of 9.9 x 
cm3 mol-I at x, = 0.982, according to the 
polynomial equation (cf. 10, 33). One positive 
value has been measured (10): VmE = 0.0015 
cm3 mol-' at x, = 0.9535. The association 
theory curve also shows reversal of sign, which 
occurs at x, = 0.994 and reaches a maximum of 
1.6 x l o p 4  cm3 mol-' at x, = 0.997. While the 
quantitative agreement between these two sets of 
values is poor, they are both subject to large 
errors. The limiting partial molar volume of 
mixing is negative at x, = 0 and positive at 
x, = 1 ,  so that the theoretical curve is con- 
strained to undergo a change in sign. That this 
change in sign occurs at a mole fraction close to 
the experimental value is an indication of the 
high degree of consistency anlong the theoretical 
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FIG. 3. Excess volumes. Upper curve: CH,CN-CC14, 
298 K;  lower curve: CH3CN-CHCl,, 31 8 K. Lines : 
experimental polynomials; open circles: values from 
association theory. 

parameters for the excess Gibbs energy and the 
excess volume. For this system, non-specific in- 
teractions contribute -0.183 cm3 mol-' at 
equal mole fractions, the contribution from self- 
association being positive. 

The excess volume-composition curve for 
CH3CN-CHCl, has a point of inflection at 
x, = 0.2367 that is reproduced well by the 
theory. Non-specific interactions contribute 
-0.235 cm3 mol-' at equal mole fractions, the 
balance being the net result of self-association 
(positive contribution) and complex formation 
(negative contribution). 

For CC1,-CHCI,, non-specific interactions 
contribute 0.167 cm3 mol-I or 96% of the 
excess volume at equal mole fractions. The 
remaining positive contribution is from self- 
association of chloroform. For all three systems, 
the product pVmE is negligible compared to 
GmE or HmE. 
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( e )  Relations Among the Parameters 
The data in Table 4 indicate clearly that eqs. 

44-46 are poor approximations; the correct sign 
for the 2-3 interaction is obtained only for the 
volume interaction term v,,. The ratios uij/  
RTwij have the values 3.32, 0.91, and 3.49 for 
CC1,-CHCI,, CH3CN-CCl,, and CH3CN- 
CHCI,, respectively, all of which are close to  the 
average value of 2 suggested by McGlashan et 
al. (21). The values of AS' for self-association 
decrease roughly linearly with A H e  ; it follows 
that AGe increases roughly linearly with A H e .  
The values found for chain self-association of SO, 
(3) fit these correlations as well, and are very 
close to the values for chain self-association of 
acetonitrile. 

(f) General Remarks 
The power series equations and association 

theory both represent the experimental data well 
(except for the heats of mixing of CH,CN- 
CCI,), and both representations satisfy the 
Gibbs-Duhem equation. The two representa- 
tions are not, however, identical. The limiting 
curvatures of the excess Gibbs energy - compo- 
sition curves can be calculated from association 
theory and from the series equations. Despite 
the exact agreement imposed on the limiting 
slopes, and the general good agreement between 
experiment and theory at intermediate composi- 
tions, the calculated and experimental curva- 
tures differ markedly in magnitude but have the 
same sign. The association theory equations for 
heats and volumes of mixing involve derivatives 
of GmE, and thus resemble the equations for the 
curvature. Enthalpies and volumes of associa- 
tion and complexing are available as disposable 
parameters, however, so that the temperature 
and pressure derivatives of the limiting slopes are 
chosen to agree with experiment. 

Hildebrand and Scott (34) have pointed out 
that in many cases both association theory and 
regular solution theory give equally satisfactory 
fits to experimental data. A similar equivalence 
between association theory and Barker's statis- 
tical mechanical theory of associated mixtures 
(35, 36) has been found by Smith and Brown (2) 
for alcohol-alkane mixtures. From a rigorous 
statistical mechanical point of view, it would be 
desirable to calculate thermodynamic properties 
from suitable molecular interaction parameters 
and then to look for statistical mechanical 

interpretation of the parameters found from 
thermodynamic association theory. In this paper, 
the separation of iilteractions into specific and 
non-specific types is to some extent arbitrary, 
and thus simple correspondences between mo- 
lecular and thermodynamic parameters may not 
exist. This problem will be the subject of future 
work. We note, however, that association theory 
gives a self-consistent, if limited, picture of 
interactions in these complex systems. 
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Appendix 
If only AB2-type complexes form, the nmr 

data can be analyzed by standard methods (16). 
If A is the observed chemical shift of complexed 

chloroform relative to that of pure chloroform, 
6B, and AAB, = 6,,, - 26, is the relative 
chemical shift of the complex, then it is found 
readily that 

This equation can be rearranged in the form of 
the equation for AB complexes (1 6) : 

where A, is the value of A at x, = 0. If K2 - 2, 
A,,, - -0.6, the third and fourth terms in eq. 
49 have opposite signs, and at the highest xB 
used by Lin and Tsay (16) total about 20% of the 
second term. Thus, approximately, A/(1 - x,) is 
a linear function of x,A/(l - x,). This is indeed 
the case for the results of Lin and Tsay (16), and 
the slope and intercept yield K2 = 1.87, AAB2 = 
-0.60. The latter value is close to the value 
AAB = -0.65 (16). Inclusion of a solvent shift 
would alter these values slightly (16). The nmr 
data cannot, therefore, discriminate between the 
two cases K, << K2 and K2 << K ,  unless chemical 
shifts are measured over the whole range of 
compositions of the mixture. 
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C-Nucleosides and related compounds. XIII. Synthesis of 
D,L-2'-deoxyshowdomycin (Id)  

GEORGE JUST AND MU-ILL LIM 
Department of Chemistry, McGill University, Montreal, P .Q. ,  Canada H3C3GI 

Received September 23, 1976l 

GEORGE JUST and MU-ILL LIM. Can. J. Chem. 55,2993 (1977). 
Starting from the Diels-Alder adduct of furan and methyl P-nitroacrylate, the synthesis of 

the title compound is described. 

GEORGE JUST et MU-ILL LIM. Can. J. Chem. 55,2993 (1977). 
Partant de l'adduit de Diels-Alder du furanne avec le P-nitroacrylate de mkthyle, on dCcrit 

une synthkse du composC mentionnk dans le titre. 
[Traduit par le journal] 

We have recently described the synthesis of 
the 2'-epimer l b  of D,L-showdomycin l a  (I), and 
of the carbocyclic analogues of D,L-show- 
domycin l c  (2) and D,L-2'-deoxypyrazofurin A 
(3), starting from the Diels-Alder adducts of 
methyl P-nitroacrylate and furan or P-bromo- 
acrylic acid and cyclopentadiene, respectively. 

We now should like to describe a similar 
sequence of reactions leading to D,L-2'-deoxy- 
showdomycin Id  (see Scheme 1). 

Because of some variability in the ratio of 
adducts 2 and 3 obtained in the initial Diels- 
Alder reaction, the reaction was studied in some 
detail. At 45"C, the concentration of the endo- 
nitro adduct 2 reached a maximum after 8 h 
(2:3 = 2). After 4 days, an equilibrium was 
reached in which the exo-nitro adduct 3 pre- 
dominated (2:3 = 0.5). 

Konig and co-workers reported the similar 
result that the endo-nitro isomer predominated 
in early stages of the Diels-Alder reactions of 
furan or 2,5-dimethyl furan with nitroethylene 
(4). 

Hydroboration of the exo-nitro adduct 3 and 
oxidation of the resulting organoborane with 
alkaline hydrogen peroxide (5) was unsatis- 
factory. However, reaction of 3 with diborane in 
tetrahydrofuran at O°C, followed by oxidation 
with triethylamine N-oxide dihydrate as reported 
by Kabalka and Hedgecock (6), resulted in the 
formation of the isomeric mixture of the al- 
cohols 4a in 42% yield after chromatography on 
silicic acid. 

The resulting isomeric alcohols 4a could not 
be separated. Direct acetylation of the alcohol 

'Revision received April 21, 1977. 

using acetic anhydride and p-toluenesulfonic 
acid monohydrate afforded the acetates 4b in 
good yield. All attempts to separate the isomeric 
acetates failed. It is interesting to note here that 
acetylation with acetic anhydride in pyridine led 
to decomposition products, as already noted for 
similar bicyclic systems (1). 

The acetates 4b were treated with diazabi- 
cyclo[5.4.0]undec-5-ene (DBU) in methylene 
chloride under reflux for 1 h to give the olefin 
esters 5 (7). The products consisted of a 1 :1 
mixture of isomers according to the nmr spectral 
data and could not be separated. 

The above synthetic route was repeated start- 
ing with the endo-nitro adduct 2. Hydroboration 
of 2 and oxidation of the resulting borane with 
triethylamine N-oxide dihydrate, under con- 
ditions identical to those described above, gave 
the isomeric alcohols 6a and 7a which were 
obtained in 46% yield after column chromatog- 
raphy on silicic acid. Without separation of the 
isomers, the mixture was acetylated with acetic 
anhydride and p-toluenesulfonic acid mono- 
hydrate in 82% yield. Both isomers were formed 
in approximately equal amounts, based on the 
nmr spectral data of 6b, 7b. 

It was possible to separate the two isomers by 
fractional crystallization from hexane - carbon 
tetrachloride. One isomer, mp 113-1 14"C, was 
later identified to be the desired acetate 6b and 
the other, mp 67-6B°C, to be the undesired 
acetate 7b. At this stage, we were unable to 
confirm the struclures by nmr spectroscopy. 

Elimination of nitrous acid from the acetate 
6b by means of DBU in refluxing methylene 
chloride gave the 2-acetate olefin ester 9 in 91% 
yield. Using the same conditions as above, 
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C O O M ~  
I 

COOMe 
5 4 

a R = H  
b R = A c  

1 COOMe 

Aco&~e + . . d o "  9 

2 
6 

AcO AcO 
9 10 11 

a R = R 1 = H  
b R = R '  = A c  
c R = Si(CH3),C(CH3),, R' = H 

+ do --+ 

AcO HO 
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nitrous acid elimination from the acetate 7b 
afforded, after chromatography, a good yield of 
the 3-acetate olefin ester 8. Both isomers had 
virtually identical ir and mass spectra but dif- 
ferent nmr spectra. 

In the nmr spectrum of the 2-acetate 9, the 
C-4 proton gave a doublet at 6 5.16 ( J  = 4 Hz) 
due to coupling with the C-3 exo proton. A 
doublet for the C-6 proton at 6 6.92 resulted from 
J6,, = 2 Hz. Decoupling of the C-6 proton 
readily allowed identification of the C-1 proton 
at 6 5.00 ( J  = 2 Hz) because irradiation of the 
doublet for the C-6 proton collapsed the doublet 
for the C-1 proton to a singlet. The C-2 proton 
signal was split into a doublet of doublets with 
J2,3endo = 6 HZ and J2,,,,, = 2 Hz (X part of 
AMX). The C-3 protons appeared as a complex 
multiplet at 6 1.73-2.20. The remaining two 
singlets for the carbomethoxy and acetyl protons 
were found at 6 3.70 and 2.03, respectively. 

In the case of the acetate 8, a singlet for the 
C-4 proton could be expected since there is no 
coupling between the C-4 proton and C-3 endo 
proton. In fact, a one-proton singlet overlapped 
with a one-proton multiplet at 6 4.90-5.10. 
Irradiation of the multiplet collapsed a doublet 
for the C-6 proton at 6 7.03 ( J  = 2 Hz) to a 
singlet. Therefore, it was obvious that a singlet 
arose from the C-4 proton and a multiplet from 
the C-1 proton which coupled with the C-6 and 
C-2 protons. Like the C-2 endo proton in the 
2-acetate, the C-3 endo proton showed a doublet 
of doublets with J,,,,,,, = 6 Hz and J3,,,,, = 2 
Hz. 

Ozonolysis of the olefin ester 9 in methylene 
chloride at low temperature, followed by mild 
reduction with dimethyl sulfide (7), afforded the 
crude aldehydo keto ester and its hydrated form 
in a ratio of 1 :3, as established by nmr. 

Since we knew from previous experience that 
the aldehyde could not be reduced selectively 
(I), the aldehydo keto ester was treated with 4 
equiv. of lithium tri-tert-butoxyaluminum hyd- 
ride in tetrahydrofuran at 0°C for 4 h to give the 
diol ester 10a in 62% yield after column chroma- 
tography on silicic acid. The structure of the diol 
ester was confirmed by acetylation to lob. 

Selective silylation of the diol ester 10a with 1 
equiv. of tert-butyldimethylsilyl chloride and 
imidazole in dimethylformamide (9) at room 
temperature for 20 h provided the hydroxy ester 
10c in 77% yield after purification by column 
chromatography on silicic acid. 

Several different methods were examined for 
the oxidation of the hydroxy ester 10c to the 
keto ester 11. By far the best results were ob- 
tained using dimethyl sulfoxide - acetic anhyd- 
ride (10). 

The keto ester 11 obtained by oxidation with 
dimethyl sulfoxide - acetic anhydride was treated 
with 1 equiv. of carbamoylmethylenetriphenyl- 
phosphorane (11) in chloroform at room 
temperature for 2 h. The reaction gave a single 
major product together with a considerable 
amount of polar products. By chromatography 
of the products on silica gel plates, the maleimide 
12 was isolated in an overall yield of 38% from 
the hydroxy ester 10c. In agreement with the 
maleimide structure, this product showed a 
strong uv absorption characteristic for the 
maleimide chromophore at 222 nm in ethanol. 
The ir spectrum showed a broad absorption at 
3420 cm-' (NH) and the typical absorptions at 
1780,1740,1725, and 1655 cm-' (C=O, C=C). 
In the mass spectrum the major peak was found 
at mle 3 12 (M' - C(CH,),). The nmr spectrum 
displayed a single NH proton at 6 6.55. Similar 
reaction sequences in related systems indicate 
that no epimerization took place at the 'ano- 
meric' center.' 

The protected 2'-deoxyshowdomycin 12 was 
subjected to treatment with 0.1 N methanolic 
hydrochloric acid at room temperature for 26 h 
to remove the acetyl and silyl groups. Subse- 
quent purification by a column of silicic acid 
using acetone - ethyl acetate (3 :7) led to crystal- 
line~,~-2'-deoxyshowdomycin Id, mp 122-124°C 
in 68% yield. Kalvoda (13) and Nakagawa et al. 
(14) used the same conditions to remove the 
acetyl groups of 2',3',5'-tri-0-acetylshowdo- 
mycin. The mass spectrum clearly indicated the 
complete removal of the protecting groups. A 
molecular ion was found at m/e 213 (M ') and a 
major fragment corresponding to loss of water 
from the molecular ion at mle 195 (M' - H20). 
The uv spectrum showed an absorption at 222 
nm (log E 4.18) like showdomycin and 2'-epi- 
showdomycin and the molar extinction coeffi- 
cient was also in accordance with that of known 
examples (1, 14), thus confirming the structure of 
the aglycon moiety of Id. Furthermore, the 
elemental analysis confirmed the purity of the 
final product. 

The synthetic route described seems to be 

'From ref. 12 and unpublished results of T. J. Liak. 
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quite simple and straightforward, and should be 
applicable to other 2'-deoxy-analogues of C- 
nucleosides. No further work is at present being 
undertaken in this area. 

Experimental 
Melting points were determined on a Gallenkamp 

block and are uncorrected. Mass spectra were obtained 
on an AE1-MS-902 mass spectrometer at 70 eV using a 
direct-insertion probe. Nuclear magnetic resonance 
spectra were recorded on a Varian Associates T-60 
spectrometer. Infrared spectra were obtained on a 
Unicam SPlOOO and a Perkin-Elmer 257 ir spectropho- 
tometer. Ultraviolet spectra were determined with a 
Unicam SP-800 spectrophotometer. Microanalyses were 
carried out by Dr. C. Daessle, Montreal. 

A Mixture of 2-exo-Carbomethoxy-5-exo-hydroxy-3- 
endo-nitro-7-oxabicyclo[2.2.I]heptane and 2-exo- 
Carbomethoxy-6-exo-hydroxy-3-endo-nitro-7- 
oxabicyclo[2.2.I]heptane (6a, 7a) 

A solution of 2 (858 mg, 4.3 mol) in dry tetrahydro- 
furan (10 ml) was cooled to 0°C by means of an ice-water 
bath. To the reaction mixture was added 3 ml of 1 M 
diborane solution (3 mmol) in tetrahydrofuran and the 
mixture was stirred for 2.5 h under nitrogen. After 
eva.poration to dryness in vacuo the residue and triethyl- 
amine N-oxide dihydrate (658 mg, 4.3 mmol) were dis- 
solved in dry tetrahydrofuran (20 ml). The reaction 
mixture was heated under reflux for 2.5 h. The solvent was 
evaporated and the residue was dissolved in ethyl acetate, 
washe'd with 0.1 N hydrochloric acid, water, and with 
brine, dried, and evaporated. Chromatography of the 
residue on a column of silicic acid using chloroform 
afforded 416 mg (46%) of the isomeric mixture of 6a and 
7a as an oil; ir (CHCI,) 3650, 3500 (OH), 1735 (C=O), 
1735 (C=O), 1578 cm-' (NOz); nmr (CDCl,) 6 1.33- 
2.40 (m, 2H), 2.90 (m, lH), 3.26 (m, lH), 3.73 (s, 3H), 
4.03 (m, lH), 4.60-5.10 (m, 2H), 5.10-5.30 (m, 1H). 
Anal. calcd. for CsHlINO6: C 44.24, H 5.11, N 6.45; 
found: C 44.35, H 5.10, N 6.78. 

5-exo-Acetoxy-2-exo-carbomethoxy-3-endo-nitro-7- 
oxabicyclo[2.2.l]heptane (6b) and 6-exo-Acetoxy-2- 
exo-carbomethoxy-3-endo-nitro-7-oxabicyclo[2.2.1]- 
heptane (7b) 

A mixture of the isomeric alcohols 6a and 7a (504 mg, 
2.32 mmol) and acetic anhydride (4 ml) containing 1 
equiv. of p-toluenes~~lfonic acid monohydrate was stirred 
overnight at room temperature. The reaction mixture was 
evaporated to dryness and the residue was dissolved in 
chloroform, washed with water, and dried over sodium 
sulfate. Following evaporation of the solvent chroma- 
tography of the residue on a column of silicic acid using 
chloroform afforded 495 mg (82%) of the isomeric mixture 
of 6b and 7b as an oil. 

One isomer, the 5-acetoxy heptane 66, was crystallized 
from hexane - carbon tetrachloride to give 220 mg, n1p 
113-114°C; ir (KBr) 1735 (C=O), 1550 cm-' (NOz); 
nmr (CDCI,) 6 1.70-2.60 (m, 5H), 3.36 (d, lH,  J = 4 
Hz), 3.70 (s, 3H), 4.70-5.03 (m, 3H), 5.30 (m, 1H); ms 
m/e 228 (M+ - OCH,), 213 (M+ - HNO,), 171, 153, 
128, 43. Anal. calcd. for C10H13N07: C 46.33, H 5.06, 
N 5.40; found: C 46.53, H 5.26, N 5.43. 

Upon evaporation the residue contaminated with 6b 
was chromatographed on a column of silicic acid using 
chloroform-hexane (1 :I), giving 121 mg of the 6-acetoxy 
heptane 7b as an oil. The product solidified on standing, 
mp 67-68°C; ir (KBr) 1735 (C==O), 1550 cm-l (C- 
NOz); nmr (CDCl,) 6 1.70-2.30 (m, 5H), 3.37 (d, lH,  
J = 4 Hz), 3.70 (s, 3H), 4.70-5.06 (m, 3H), 5.20 (m, 1H); 
ms m/e 228 (M+ -OCH,), 213 (M+ - HNO,), 169,127, 
81. Anal. calcd. for CIoHl3NO7: C 46.33, H 5.06, N 
5.40;found: C46.23,H5.30,N5.21. 

2-exo-Acetoxy-5-carbomethoxy-7-oxabicyclo[2.2.I]hept- 
5-ene (9) 

A solution of 6b (605 mg, 2.34 n ~ n ~ o l )  and DBU (444 
mg, 281 mmol) in methylene chloride (20 ml) was re- 
fluxed for 1.5 h. The mixture was diluted with methylene 
chloride, washed with 0.1 N hydrochloric acid and water, 
dried, and evaporated. Chromatography of the residue 
on a column of silicic acid using chloroform-hexane 
(3:l) afforded 453 mg (91%) of 9 as an oil which solidi- 
fied on standing, mp 62-63°C; ir (KBr) 1725, 1710 
(C=O), 1610 cm-' (C=C); nmr (CDCI,) 6 1.73-2.20 
(s + m, 5H),3.70(s, 3H),4.76(q, lH, J=  3 Hz, H-2), 5.00 
(d, lH,J1,6 = 2Hz, H-1), 5.16(d, lH,  J4,3exo = 4 Ha, H-4), 
6.92 (d, lH,  .Isvl = 2 Hz, H-6); ms m/e 212 (M+), 181 
(M+ - OCH,), 169 (M+ - COCH,), 152 (M+ - 
CH3COOH), 137, 127, 109. Anal. calcd. for C10H1205: 
C56.50, H5.70;found: C56.45,H5.36. 

3-exo-Acetoxy-5-cavbomethoxy-7-oxabicyclo[2.2.I]hept-5- 
ene (8) 

A mixture of 7b (189 mg, 0.73 mmol) and DBU (122 
mg, 0.8 mmol) in methylene chloride was heated under 
reflux for 1.5 h. After the usual work-up chromatography 
of the residue on a column of silicic acid using chloro- 
form-hexane (3 :1) gave 108 mg (70%) of 8 as an oil which 
was crystallized from hexane - carbon tetrachloride, 
mp 119-120°C; ir (KBr) 1725, 1710 (C=O), 1610 cm-I 
(C=C); nmr (CDCI,) 6 1.70-2.10 (s + m), 3.70 (s, 3H), 
4.75 (q, lH ,  J = 3 Hz, H-3), 4.90-5.10 (s + m, 2H, H-4 
and H-l), 7.03 (d, lH,  J6,1 = 2 HZ, H-6); ms m/e 197 
(M+ - CH3), 181 (M+ - OCHs), 169 (M+ - COCHs), 
152 (M+ - CH3COOH), 127, 95, 43. Anal. calcd. for 
C10H1205 : C 56.50, H 5.70; found: C 56.46, H 5.58. 

Methyl 2-(3-0-Acetyl-2-deoxy-p-D,L-ribofuranosy1)- 
glycolate (IOU) 

To a solution of 9 (483 mg, 2.28 mmol) in dry merhyl- 
ene chloride at -78°C was bubbled ozone until a blue 
color persisted. Excess ozone was flushed with nitrogen 
and dimethyl sulfide (0.5 ml) was added. The reaction 
mixture was allowed to come to room temperature over a 
period of 5 h. The solution was then washed with brine 
three times, dried over magnesium sulfate, and evapor- 
ated. To a solution of the residue in dry tetrahydrofuran 
(20 ml) at 0°C was added lithium tri-tert-butoxyalu- 
minum hydride (2.3 g, 9.1 mmol). The reaction mixture 
was stirred at 0°C for 4 h and a solution of ammonium 
sulfate (1.5 g) in water (2 ml) was added. After filtration 
over a layer of Celite and evaporation, the residue was 
dissolved in ethyl acetate, washed with water, dried, and 
evaporated. The residue was chromatographed on a 
column of silicic acid using chloroform - ethyl acetate 
(1 :2), giving 349 mg (62%) of 10a as an oil; ir (CHCl,) 
3500 (OH), 1750 cm-I (C=O); nmr (CDCI,) 6 1.73- 
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JUST AND LIM 2997 

2.56 (s + n ~ ,  5H), 3.43-4.16 (m, 7H), 4.16-4.80 (m, 3H), 
5.10 (m, IH). Anal. calcd. for C10H1607: C 48.38, 
H 6.50; found: C 48.49, H 6.28. 

Methyl 2-O-Acet~~l-2-(3,5-di-O-acetyl-2-deoxy-~-~,~- 
ribofuranosyl)glycolate (lob) 

The diol 10a (157 mg) was acetylated with acetic 
anhydride (1 rill) and pyridine (2 ml). After the usual 
work-up chromatography of the crude product on a 
column of silicic acid using chloroform-hexane (1 :I) 
afforded 149 mg (70%) of 106 as an analytically pure oil; 
ir (neat) 1745 cm-l (C=O), no hydroxyl group; nmr 
(CCI,) 6 1.80-2.70 (m, 1 lH), 3.63 (m, 3H), 3.76-4.06 (m, 
3H), 4.30 (m, lH), 4.73-5.06 (m, 2H); ms mle 332 (M+), 
301 (M' - OCH3), 273 ( M +  - CH3COO), 259, 201, 
152, 81. Anal. calcd. for C14HZ009: C 50.60, H 6.07; 
found: C 50.38, H 6.26. 

Methyl 2- (3-0-Acetyl-5-O-tert-butyldimethylsilyl-2- 
deoxy-p-D,L-ribofuranosyl)glycolate (1Oc) 

To a solution of 10a (242 mg, 0.98 mmol) in dimethyl- 
formamide (5 ml) was added tert-butyldimethylsilyl 
chloride (148 mg, 0.98 mmol) and imidazole (166 mg, 
2.45 mmol). The reaction mixture was stirred at room 
temperature for 20 h. The solvent was evaporated in 
vacuo. The residue was dissolved in chloroform, washed 
with water, dried over sodium sulfate, and evaporated. 
Chromatography of the residue on a column of silicic 
acid using chloroform gave 276 mg (77%) of 10c as an 
oil; ir (neat) 3450 (OH), 1740 cm-' (C=O); nmr (CDC13) 
60.13(~,6H),O.93(~,9H),  1.76-2.53 (s + m, 5H), 3.23 
(m, lH), 3.53-3.97 (m, 6H), 4.10-4.46 (m, 2H), 5.03 (m, 
1H). Anal. calcd. for C16H3007Si: C 53.04, H 8.29; 
found: C 53.27, H 8.05. 

2-(3-0-Acetyl-5-O-tert-butyldimethylsilyl-2-deoxy-~-~,L- 
ribo furanosyl) maleimide (12) 

A mixture of 10c (152 mg, 0.42 mmol) and acetic 
anhydride (1 ml) in dry dimethyl sulfoxide (4 ml) was 
stirred overnight at room temperature. The mixture was 
diluted with chloroform and washed with an aqueous 
sodium bicarbonate solution, water, and brine. The 
organic layer was dried over magnesium sulfate and 
evaporated to dryness, leaving the crude keto ester 11 as 
an oil which was contaminated with minor amounts of 
impurities. Without any further purification this material 
was directly used in the next step. A solution of the result- 
ing keto ester and carbamoylmethylenetriphenylphos- 
phorane (121 mg, 0.38 mmol) in dry chloroform was 
stirred at room temperature for 2 11. The solvent was then 
evaporated. The residue was chromatographed on a 
silica gel plate using ethyl ether - hexane (1 :I), giving 58 
mg (38% from 10c) of 12 as an oil; ir (CHCI,) 3420 
(NH), 1780, 1740, 1725 (C=O), 1645 cm-l (C=C); uv 
h,,, (EtOH) 222 nm; nmr (CDCI,) 6 0.06 (s, 6H), 0.86 
(s, 9H), 1.70-2.76 (s + m, 5H), 3.70-3.90 (m, 2H), 4.10 

(m, IH), 4.83-5.23 (m, lH), 5.33 (m, lH), 6.55 (t, lH,  
C=CH), 8.20 (m, lH, NH); ms mle 312 (M+ - 
C(CH3)3), 253, 129, 117, 75, 73. Anal. calcd. for 
Cl7HZ7NO6Si: C 55.28, H 7.32, N 3.79; found: C 55.12, 
H 7.35, N 3.68. 

2- (2- Deoxy- p-D,L-ribo furanosyl) maleimide (Id) 
A solution of 12 (102 mg, 0.28 mmol) in 0.1 M meth- 

anolic hydrochloric acid (15 ml) was stirred at room 
temperature for 26 h. After evaporation to dryness, 
chromatography of the residue on a column of silicic acid 
using acetone - ethyl acetate (3 :7) afforded 40 mg (68%) 
of Id  as an oil which was crystallized from acetone- 
benzene; mp 122-124°C; ir (KBr) 3510, 3320, 3280, 
3100 (OH, NH), 1770, 1700 (C=O), 1640 cm-' (C=C); 
uv h,,, (EtOH) 222 nm (log E 4.18); ms mle 214 (M+ + 
I), 213 (M+), 195 (M+ - H20), 182, 165, 153, 136, 124, 
81, 53, 44, 43, 39, 31, 29. Anal. calcd. for CgHllNOs: 
C50.70,H5.20,N6.57;found: C 50.85,H5.40,N6.64. 
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C-Nucleosides and related compounds. XIV. 
The synthesis of a nitrogen analogue of showdomycinl 
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GEORGE JUST and G. PAUL DONNINI. Can. J. Chem. 55,2998 (1977). 
Starting from teloidinone 5a, 2-(2'a,3'a-dihydroxy-4'[3-hydroxymethyl-N-carbomethoxypyr- 

rolidin-lP-y1)maleimide lb ,  a showdomycin analogue in which the ribofuranosyl ring oxygen 
is replaced by an N-carbomethoxy group, has been synthesized in 7% overall yield. 

GEORGE JUST et G. PAUL DONNINI. Can. J. Chem. 55,2998 (1977). 
Utilisant la tkloidinone 5a, on a synthetisk, avec un rendement global de 7%, la (dihydroxy- 

2'a,3'a hydroxymethyl-4'P N-carbomethoxypyrrolidinyl-la)-2 maleimide l b ,  un analogue de 
la showdomycine dans lequel I'oxygene du cycle ribofurannosyle est remplacC par un groupe N- 
carbomethoxy. 

[Traduit par le journal] 

We wish to report the synthesis of an analogue 
of showdomycin (la), in which the ring oxygen 
is replaced by an N-carbomethoxy group. This 
ring oxygen seems to play an important role in 
the mechanism of action of showdomycin and 
pyrazofurin A, since its replacement by a methyl- 
ene group leads to virtually complete disap- 
pearance of antiviral, antibacterial, and anti- 
fungal activity (1). The transformation of a 
ketoester of type 2 to showdomycin (la) (2) or 
its analogues (1, 3) being a relatively simple 
matter using Moffatt's procedure (2), we set out 
to synthesize the analogous ketoester 3 or 4. 
However, the Diels-Alder approach that had 
been used successfully in the synthesis of the 
carbocyclic analogue of showdomycin (1) and 
other nucleoside analogues (4, 5) failed in this 
instance due to the unreactivity of N-substituted 
pyrroles towards the appropriate dienophiles. 

Accordingly, we prepared the known teloidi- 
none acetonide 5b (6) from teloidinone 5a (7). 

B 

@o C O O R  I 

HO OH RO OR 
la X = O  2 X = O  
l b  X = N A O O M e  3 x = N-R"' 
l c  X = N-H 4 X =N-H 

'Abstracted from the Ph.D. thesis of G. P. Donnini. 
'Holder of an NRCC postgraduate scholarship, 

1973-1976. 

It was hoped that by selective oxidation, the two 
methylene groups adjacent to the carbonyl func- 
tion could be differentiated. Thus, in order to 
protect the tertiary amine in 5b against oxida- 
tion, it was converted in high yield to  the ethyl 
carbamate 6a by boiling with excess ethyl chloro- 
formate (8) in toluene. An analogous reaction 
with methyl chloroformate in benzene gave, in 
addition to a 75% yield of the expected methyl 
carbamate 6b, a 15-20% yield of methochloride 
7. The structure of these products was supported 
by the usual spectroscopic and analytical data. 
Methochloride 7 could also be converted cleanly 
to the 8-thiatropan-3-one 8 by treatment with 
sodium sulphide in aqueous ethanol. The 'Hmr 
spectrum of 8 clearly indicated a reversal of 
stereochemistry at C-6 and C-7. This arose from 
a double displacement of the nitrogen bridge of 
7, and attack by the sulfhydryl group from the 
least hindered side of the bicyclic system, as 
shown in Scheme 1. The methyl carbamate 6b 
was further characterized by hydrolysis with 
aqueous trifluoroacetic acid to diol 9a, which 
was converted to the diacetate 96. 

Oxidation of 9b with thallium trinitrate (9) 
gave the a-hydroxy ketone 10 in 40% yield. 
However, all attempts to oxidize 10 to an ct- 
diketone by means of Cu(OAc), . H 2 0  (lo), 
DMSO - acetic anhydride (1 I), or Ru02-KIO, 
(12) met with failure. Direct oxidation of the 
carbamate 6b with such reagents as selenium di- 
oxide (13) was not attempted, because of the low 
yields of such transformations (13). 

We next tried to form an a-monofurfurylidene 
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JUST AND DONNINI 

ketone derivative in order to ozonize it to an 
a-diketone. Unfortunately, all such attempts 
(14) afforded the di-substituted derivatives (11 
and 12), even when only 1 equiv. of furfuralde- 
hyde was utilized. We also prepared the mor- 
pholine enamines 13a, 13b, and 13c in the hope 
of converting them to a ,  P-unsaturated ketones of 
type 14 by the method of Birkofer et al. (15). 
The enamines were formed in high yield with a 
TiC1, catalyst (16), but once isolated they proved 
to be quite unstable, and they did not undergo 
clean reactions. 

We next attempted to carry out a Baeyer- 
Villiger oxidation of ketone 6a. Prolonged treat- 
ment (36 h, 90°C) of ethyl carbamate 6a with 
m-chloroperbenzoic acid (MCPA) in refluxing 
1,2-dichloroethane in the presence of a free radi- 
cal inhibitor (17) gave impure lactone 15 in rela- 
tively good yield, as established by 'Hmr, ir and 
mass spectra. However, it proved difficult to 
isolate in the pure state. On the other hand, the 
methyl carbamate 6b could be oxidized cleanly 
by treatment with MCPA at 60°C for 22 h. 
The crystalline D,L-lactone 16 was isolated in 
about 60% yield. It appears that the ethyl group 
in 6a possesses enough steric bulk to impede the 
approach of the oxidizing agent to  the carbonyl 
group. This finding precluded the use of bulkier, 
more selectively removable N-protecting groups 
such as benzyl (18), phenyl (18, 19), and 2,2,2- 
trichloroethyl (20) ~a rbama te s .~  

3We feel that this problem may be circumvented by 
the use of trifluoroperacetic acid (21). Unfortunately, 
90-98% hydrogen peroxide used for its routine prepara- 
tion is not commercially available anymore, thus pre- 
cluding, for the time being, the synthesis of showdo- 
mycin analogue l c  by the scheme outlined. 

Since conversions of lactones to their a- 
methylene derivatives with lithium diisopropyl- 
amide (22) have been reported to proceed in high 
yields, we hoped to convert lactone 16 to the 
a-methylene lactone 17a. The latter could be 
oxidized to the a-keto lactone 17b, which would 
be formally equivalent to the desired a-keto- 
ester 3. When the reaction of 16 with lithium 
diisopropylamide was carried out, substantial 
decomposition occurred, probably due to ring 
opening of the bicyclic structure. Thus, it was 
decided to open up the lactone and attempt to 
form an a-ketoester from the resulting ester. 

Accordingly, lactone 16 was treated at room 
temperature with 1 equiv. of sodium methoxide 
in methanol, producing the hydroxy methyl 
ester 18a. The alcoholic function of 18a was 
protected with tert-butyldimethylsilyl chloride 
(23), affording the oily silyl ether 18b in greater 
than 85% yield, based on the lactone. This ether 
18b was then treated with lithium diisopropyl- 
amide and carbon dioxide (22). The resulting 
malonic acid 19a could either be isolated as its 
methyl ester 19b (24) or directly decarboxylated 
in aqueous formaldehyde and diethylamine (22). 
In this way, an 80% yield of the a-methylene 
ester 20 was obtained, based on ether 18b. The 
ir spectrum of 20 exhibited a strong, broad car- 
bony1 band between 1735 and 1720 cm-', plus 
a weaker olefinic absorption at 1650 cm-l. Its 
lHmr spectrum displayed two well-separated ole- 
finic multiplets at 6 6.10 and 5.70 ppm, two 
carbomethoxy methyl singlets at 3.72 and 3.60, 
as well as gem-dimethyl singlets at 1.45 and 
1.29 ppm. 

Ozonolysis of the olefinic bond of 20 at 
- 78"C, followed by reductive work-up with di- 
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U 

b R = COOEt 5b R'  = CHJ, RR = C(CH3), 
c R = COOMe 6a R'  = COOEt, RR = c(cH,), 11 R = CH, 

6b R' = COOMe, RR = C(CH,), 12 R = COOMe 
9a R' = COOMe, R = H 
9b R' = COOMe, R = COCH, 

COOR COOCH3 

15 R = CH2CH3 
16 R = CH, 

17 
a X = CH, 
b X = O  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JUST AND DONNINI 300 1 

FIG. 1. 'Hmr spectrum of the blocked azacyclic analogue 22 of showdomycin in deuterochloroform. 

methyl sulphide (25), afforded the crude a-keto- 
ester 21. This was reacted directly with carba- 
moylmethylenetriphenylphosphorane (2) in 
chloroform, yielding maleimide 22 in 40% yield 
based on the a-methylene ester 20. The crystal- 
line product (22) displayed ultraviolet and in- 
frared absorptions extremely similar to those of 
showdomycin itself (26), and a 'Hmr spectrum 
(Fig. 1) that was nearly superimposable on that 
of authentic, similarly blocked showdomycin 
234 (Fig. 2). The presence of an N-carbomethoxy 
methyl absorption at 6 3.66 ppm was the only 
major difference. Furthermore, the similarity of 
the separation between the gem-dimethyl singlets 
(0.18 ppm in Fig. 1 and 0.22 ppm in Fig. 2) 
supported the correct stereochemistry at C-I' 
(27). 

The protected maleimide 22 was deblocked 
with 50% aqueous trifluoroacetic acid, affording 
the trio1 l b  in 75% yield after purification by 
preparative thin layer chromatography. The pro- 
duct would not crystallize, but all spectral data 
supported the proposed structure. Biological 
testing of this compound has not yet been 
undertaken. 

4Prepared by T. J. Liak. Removal of the protecting 
groups afforded showdomycin identical to that obtained 
in ref. 2. 

Since malonic esters were known to undergo 
condensation with ethyl diazoacetate to produce 
4-hydroxypyrazoles (28), we attempted to con- 
vert malonic ester 19b to an analogue of pyrazo- 
furin A (24) by this scheme. However, no such 
conversion was observed. Substantial decomposi- 
tion of the starting material always occurred. It 
should be noted, however, that Ohrui and Fox 
(29) successfully utilized a similar malonic ester 
of a C-glycoside to produce an analogue of 
pseudouridine. 

Finally, we selectively reduced the ester func- 
tion of ester 18b with borane-tetrahydrofuran, 
isolating the oily alcohol 25a in good yield. This 
was converted quantitatively to the mesylate 
25b. But all attempts to eliminate methanesul- 
phonic acid from this compound, in order to 
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FIG. 2. 'Hmr spectrum of blocked showdomycin 23 in deuterochloroforn~. Top scan is 100 Hz offset. 

form a terminal olefin, failed. A terminal olefin 
would be an extremely useful dipolarophile for 
the production of many heterocyclic bases via 
1,3-dipolar additions. 

We have also been unable to remove efficiently 
the N-carbomethoxy group from any of our 
compounds, and as yet a reagent capable of 
cleaving simple N-carbalkoxy groups has not 
been reported in the literature. 

Preliminary evaluation of the showdomycin 
analogue l b  failed to show any activity against 
15 strains of bacteria and four strains of fungi up 
to levels as high at 256 pg/ml. Nine viral strains, 
including both DNA and RNA types, were not 
significantly affected by these drugs in tissue 
culture. 

Experimental 
Solvents were reagent grade unless otherwise specified. 

All evaporations were done under reduced pressure (water 
aspirator) with a bath temperature of 25-45" C unless 
otherwise noted. 

Melting points were determined on a Gallenkamp block 
in open capillary tubes and are uncorrected. Mass spectra 
were obtained on an AEI-MS-902 mass spectrometer at 
70 eV using a direct insertion probe. Infrared (ir) spectra 
were obtained on a Unicam SPlOOO and a Perkin-Elmer 
257 spectrophotometer. Ultraviolet (uv) spectra were 
obtained on a Unicam SP-800 and a Cary 17 spectro- 
photometer. Proton magnetic resonance ('Hmr) spectra 
were recorded on a Varian T-60 instrument using tetra- 
methylsilane (TMS) as an internal standard unless other- 
wise stated. Chemical shifts are given in the 6 scale in 

parts per million (ppm). Doublets (d), triplets (t), 
quartets (q), and multiplets (m) were recorded at the 
centre of the peaks; other abbreviations used: singlet (s) 
and broad (b). 

Analytical thin layer chromatography (tlc) was per- 
formed on silica gel-coated plates (Eastman Kodak or 
Machery-Nagel Polygram G) and on a preparative scale 
(plc) on silica gel (Merck UV254,366) coated glass plates. 
Woelm alumina (neutral) and silica gel were used for 
column chromatography. 

Elemental analyses were performed by C. Daessle, 
Montreal, and Heterocyclic Chemical Corporation, 
Missouri. 

6p,7p-Dihydroxy-0-isopvopylidene-tropan-3-one 
(Teloidinone Acetonide) (56) 

To a suspension of 4.71 g (27.5 mmol) teloidinone 5a 
(7) in 500 ml acetone was added 19.0 ml concentrated 
hydrochloric acid with vigorous stirring. This mixture 
was stirred at room temperature for 20 h, by which time 
it had become a clear. vellow solution. It was then neu- 
tralized by bubbling in inhydrous ammonia (to pH 8-9), 
and the resulting ammonium chloride filtered off. The 
precipitate was washed with another 100 ml acetone, and 
the filtrates were evaporated to dryness in vacuo. The 
yellow solid residue was recrystallized from petroleum 
ether (60-80" C); the product was obtained as white 
needles, mp 84-86°C (lit. (6) mp 87-90°C). The yield was 
5.25 g (90%) in three crops; 'Hmr (CDCI,) F 1.34 (s, 3H), 
1.55 (s, 3H), 2.06 (bs, 0.67H), 2.34 (bs, 1.33H), 2.61 (d, 
1.33H), 2.75 (s, 3H), 2.87 (d, 0.67H), 3.55 (m, 2H), 4.41 
ppm (s, 2H); ir (KBr) 3025, 2980, 2945, 1720 (C=O), 
1395 and 1390 (gem-dimethyl), 1220, 1080, 1055, 873 
cm-' ; ms mle 21 1 (M+), 196 (Mf - CH3). 

6p,7p-Dihydvoxy-0-isopvopylidene-N-carbethoxy- 
tropan-3-one (6a) 

Freshly distilled ethyl chloroformate (6.2 ml, 76.3 
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JUST AND DONNINI 3003 

mmol) was added to a solution of 805 mg (3.8 mmol) of 
teloidinone acetonide 56 in 15 ml dry toluene. This solu- 
tion was heated to gentle reflux for 30 h, then evaporated 
to dryness under reduced pressure. The solid residue was 
recrystallized from petroleum ether (60-80°C) - ether, 
affording an 85% yield of white crystals, mp 77-78°C; 
'Hmr (CDCI,) 6 1.23 (s, 3H), 1.27 (t, 3H), 1.40 (s, 3H), 
2.48 (bm, 4H), 4.15 (q, 2H), 4.40 (s, 2H), 4.46 pprn (bm, 
2H); ir (KBr) 1720 (ketone), 1705 (urethane), 1395 and 
1385 cm-' (gem-dimethyl); ms mle 269 (M+), 254 
(M+ - CH,), 169, 168. Anal. calcd. for CI3Hl9NO5: 
C 57.98, H 7.11, N 5.20; found: C 57.82, H 7.09, N 5.22. 

60,7p-Dihydvoxy-0-isopvopylidene-N-cadomehxy- 
tvopan-3-one (66) 

Freshly distilled methyl chloroformate (29.6 ml, 0.384 
mol) was added to a solution of 4.05 g (0.0192 mol) of 
teloidinone acetonide 5b in 50 ml dry benzene. This solu- 
tion was warmed to 60°C and stirred for 20 h. Then the 
white precipitate (methochloride 7) was filtered off, and 
the filtrate was evaporated to dryness. The white solid 
residue was recrystallized from anhydrous ether, mp 
123-123.5"C. Further crops were obtained by adding 
petroleum ether (30-60°C) until the solvent was a 1 : 1 
mixture. Total yield 3.6 g (75%) in four crops; 'Hmr 
(CDCI,) 6 1.30 (s, 3H), 1.46 (s, 3H), 2.56 (bm, 4H), 
3.79 (s, 3H), 4.47 (s, 2H), 4.52 pprn (bm, 2H); ir (CCI,) 
2980, 2950, 2890, 1730 (C=O's), 1460, 1395 and 1385 
cm-' (gem-dimethyl); ms (150°C) mle 255 (M+), 240 
(M+ - CH,), 155, 154. Anal. calcd. for ClZH17N05: 
C 56.46, H 6.71, N 5.49; found: C 56.34, H 6.66, N 5.52. 
Evaporation of the last filtrate left 275 mg (6.3%) un- 
reacted starting material. 

6~,7~-Dihydvoxy-O-isopv0pylidene-tvopan-3-0ne 
Methochlovide (7) 

The side product isolated above was quite pure, and it 
was obtained in 17% yield (875 mg). An analytical sample 
was prepared by dissolving in methanol and adding anhy- 
drous ether until partial reprecipitation had occurred, 
then cooling; mp 168-170°C with charring; lHmr (DzO) 
S 1.53 (s, 3H), 1.79 (s, 3H), 2.80 (bs, 0.67H), 3.14 (bs, 
1.33H), 3.43 (d, 1.33H), 3.60 (s, 3H), 3.70 (bm, 0.67H), 
3.80 (s, 3H), 4.70 (d, 2H), 5.25 pprn (bs, 2H); ir (KBr) 
3120, 3025, 3005, 2950, 1730 (C=O), 1395 (gem-di- 
methyl), 1215, 1160, 1065 cm-l; ms (150°C) mle 225 
(M+ - HCI, Hofmann elimination), 210 (M+ - HCl 
- CH3), 167. Anal. calcd. for C12H2,N03: C 55.06, H 
7.70,N5.35;found:C55.01,H7.52,N5.07. 

6cc,7cc-Dihydroxy-O-isopvopylidene-8-thiatv0pan-3-0ne ( 8 )  
Sodium sulphide hydrate (Na2S . 9H20,  1.04 g, 4.3 

mmol) was dissolved in 15 ml ethanol-water (2: I), and 
to this was added 378 mg (1.44 mmol) methochloride 7 
in 15 ml ethanol-water (2: 1). The solution was heated 
30 min at 50°C, then stirred 1 h at room temperature. 
The ethanol was removed under reduced pressure, and 
the resulting aqueous mixture was extracted with methyl- 
ene chloride (3 x 15 ml). Drying (Na2S04) and evapora- 
tion afforded 200 mg of a yellow solid which consisted of 
a 6: 1 mixture of 8-thiatropan-3-one 8 and teloidinone 
acetonide 56 by 'Hmr. Purification by chromatography 
on 20 x 20 cm silica gel plates, using ether-hexanes (3: 2) 
as the solvent system, afforded 145 mg (47%) of a white 
powder, mp 114-115.5"C. An analytical sample was 
obtained by recrystallization from petroleum ether 
(60-8O0C), mp 115.5-1 16.5"C; 'Hmr (CDCl,) 6 1.35, 1.37 

(s, S, 6H), 2.40 (d, 0.4H), 2.69 (d, 1.6H), 2.87 (d, 1.6H), 
3.16 (d, 0.4H), 3.46 (bm, 2H), 4.88 pprn (q, 2H); ir 
(KBr) 3000, 2940, 1720 (C-0), 1390 and 1383 cm-' 
(gem-dimethyl); ms (130°C) mle 214 (M+),  199 (M+ - 
CH,). Anal. calcd. for ClOHl4O3S: C 56.07, H 6.59; 
found: C 56.10, H 6.53. 

6~,7~-Diacetoxy-N-carbomethoxy-fvopan-3-0ne (9b) 
Urethane 66 (255 mg, 1 mmol) was dissolved in 10 ml 

30% trifluoroacetic acid- water and heated to 55°C. 
After 4 h, its 'Hmr spectrum showed the almost complete 
disappearance of the isopropylidene group, so the solu- 
tion was evaporated to dryness, using benzene as chaser. 
Acetylation of the resulting diol 9a was carried out with 
1 ml pyridine and 1 ml acetic anhydride for 4 h at room 
temperature. The solution was then evaporated to dryness 
and passed through a small silica gel column, eluting with 
methylene chloride. The eluate was evaporated to near 
dryness, and excess ethyl ether was added to precipitate 
the product 9b. Cooling the filtrate afforded a second 
crop; total yield 175 mg, 60%; mp 157-159°C; 'Hmr 
(CDCI,) 6 2.03 (s, 6H), 2.61 (bm, 4H), 3.73 (s, 3H), 4.47 
(bm, 2H), 5.02 pprn (s, 2H); ir (KBr) 1755-1745 (ace- 
tates), 1720-1710 cm-' (urethane and ketone); ms 
(150°C) mle 299 (M+), 239 (M+ - CH,COO), 197, 154. 
Anal. calcd. for C13H17N07: C 52.17, H 5.73, N 4.68; 
found: C 52.03, H 5.51, N 4.73. 

2-Hydvoxy-6p,7p-diacetoxy-N-cavbomethoxy-tvopan- 
3-one (10) 

Diacetate 9b (205 mg, 0.685 mmol) was dissolved in 
2 ml glacial acetic acid, and a solution of thallium tri- 
nitrate trihydrate (400 mg, 0.9 mmol) in 1.3 ml acetic acid 
was added. Five drops of concentrated nitric acid were 
then added, and the solution was stirred overnight at 
room temperature. The solid was filtered off, and the 
filtrate was neutralized with 10% sodium bicarbonate 
and with solid sodium bicarbonate. The resulting mixture 
(approximately 35 ml) was allowed to stand at room 
temperature overnight, then the precipitate was filtered 
off. The aqueous filtrate was extracted with 3 x 30 ml 
methylene chloride. Drying (MgSO,) and evaporation 
afforded a white foam. This was dissolved in carbon tetra- 
chloride and excess ethyl ether was added. On cooling, 
80 mg (38z yield) of a white powder was recovered, mp 
160-161.5"C; 'Hmr (CDCI,) 6 2.06 (s, 3H), 2.15 (s, 3H), 
2.70 (m's, 2H), 3.88 (s, 3H), 4.60 (m, lH), 4.82-5.63 pprn 
(m's, 5H; 1H at 5.4 moved downfield by CF,COOH); 
ir (KBr) 1780 and 1760 (acetates), 1720 and 1705 (ure- 
thane), 1650 cm-I (a-hydroxy ketone); ms (155°C) mle 
315 (Mt), 314 (M+ - H), 272 (M+ - H - CH2CO), 
235.7 (M*, 314 + 272), 212, 196, 184. Anal. calcd. for 
C13H17N08: C 49.52, H 5.44, N 4.44; found: C 49.38, 
H 5.21, N 4.49. 

2,4-Difuvfuvylidene-6~,7~-dihydvoxy-O-isopropylidene- 
tvopan-3-one (11) 

Teloidinone acetonide 56 (422 mg, 2 mn~ol) was dis- 
solved in 4 ml of 95% ethanol and cooled in ice. A solu- 
tion of 88 mg (2.2 mmol) sodium hydroxide in 1 ml water 
was added, followed by a solution of 200 mg (2.1 mmol) 
freshly distilled furfuraldehyde in 1 ml ethanol. A yellow 
precipitate was soon formed. The mixture was stirred 30 
min, 5 ml water was added, and the precipitate was 
harvested. The bright yellow product was recrystallized 
from chloroform - absolute ethanol as yellow crystals 
in 50% yield, mp 218-221°C with charring; 'Hrnr (CDCI,) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3004 CAN. J. CHEM. VOL. 5 5 ,  1977 

6 1.34 (s, 3H), 1.66 (s, 3H), 2.50 (s, 3H), 4.60 (s, 2H), 
4.86 (s, 2H), 6.58 (q, 2H), 6.80 (d, 2H), 7.66 ppm (bm, 
4H); ir (KBr) 3160,3120, 1675 (ketone), 1615, 1590, 1550, 
1480 cm-'; ms (200°C) mle 367 (M+), 352 (M+ - CH,), 
267, 238. 

7P,8P-Dihydroxy-0-isopropylidene-N-carbomethoxy- 
3-oxa-9-azabicyclo[4.2.11~6]nonan-4-one (16) 

Ketone 6b (2.52 g, 9.9 mmol) was dissolved in 60 rnl 
1,2-dichloroethane, and to this was added 5.0 g (25 
mmol) of 85% m-chloroperbenzoic acid and 20 mg 
2,4,6-tri-(tert-buty1)phenol. This mixture was heated to 
55°C and followed by gas chromatography (Hewlett- 
Packard 700 Laboratory Chromatograph, SE-30 Ultra- 
phase (10% w/w) with Chromosorb W support in 6 ft x 
3 in. column). After 22 h the starting material had dis- 
appeared, and the solution was cooled to -15°C for 30 
min to precipitate out most of the m-chlorobenzoic acid. 
The acid was filtered off, and the filtrate was washed 
successively with cold 10% sodium bisulphite (15 ml), 
cold 10% sodium bicarbonate (3 x 15 ml), and saturated 
salt solution (20 ml). The organic phase was dried 
(MgSO,) and evaporated off, leaving a partially solidified 
oil. This was dissolved in anhydrous ether and allowed to 
crystallize out at - 15"C, mp 117-1 18°C. More product 
was obtained by adding petroleum ether (30-60°C) and 
cooling, total yield 1.6 g (60%); 'Hmr (CDCl,) 6 1.26 
(s, 3H), 1.40 (s, 3H), 2.93 (m, 2H), 3.73 (s, 3H), 4.33 
(bm, 4H), 4.53 (d, lH), 4.86 ppm (d, 1H); ir (CCI,) 3000, 
2960, 1755 (lactone), 1725 (urethane), 1455, 1392 and 
1382 cm-' (gem-dimethyl); ms (150°C) mle 271 (M'), 
256 (M' - CH3), 240 (M' - CH30), 214 (M' - 
CH3'- CHZ=C=O), 179.0 (M*, 256 -t 214), 142. 
Anal. calcd. for C1~H17N06: C 53.13, H 6.32, N 5.16; 
found: C 53.29, H 6.41, N 5.11. 

Methyl-2- (2cc,3cc-dihydroxy-0-isopropylidene-4P- 
hydroxymethyl-N-carbomethoxypyrvolidin-1 P-yl) - 
acetate (18a) 

The lactone 16 (2.38 g, 8.8 mmol) was dissolved in 
40 ml dry methanol under an atmosphere of dry nitrogen, 
and to this was added a solution of 223 mg (9.7 mmol) 
sodium in 20 ml dry methanol. The resulting yellow 
solution was allowed to stand at room temperature for 
18 h, then cooled in ice and neutralized with 5 N hydro- 
chloric acid. The resulting solution was evaporated to 
dryness, and the residue triturated with methylene chlor- 
ide. The inorganic salt was filtered off and washed well, 
and the filtrate was dried (MgSO,) and evaporated to 
dryness. The oily orange residue (2.4 g) was quite pure 
by 'Hmr, and was used directly in the next step. 'Hmr 
(CDCI,) 6 1.30 (s, 3H), 1.47 (s, 3H), 2.71 (d, 2H, CHz- 
COOMe), 3.50 (bm, 2H, exch. with DzO), 3.70 (s, 6H, 
2 x COOCH,), 3.70 (bm, 2H), 3.924.85 ppm (m's, 
4H); ir (film) 3480 (0-H), 1740-1710 (C=O's), 1460, 
1390 cm-'; ms (110°C) mle 303 (M+), 288 (M+ - CH,), 
286 (M+ - OH), 285 (M+ - HzO), 272 (M+ - CH,O), 
256, 240, 230. 

Methyl-2- (2cc,3a-dihydroxy-O-isopropylidene-4~-te~t- 
butyldimethylsiloxymethyl-N-carbomethoxypyrrolidin- 
I p-yl) acetate (18b) 

The crude alcohol 180 (2.4 g, 8 mmol) was dissolved in 
dry N,N-dimethylformamide (15 ml), and to this was 
added 1.6 g (10.5 mmol) tert-butyldimethylsilyl chloride 
(23) and 1.43 g (21 mmol) imidazole. This solution was 

stirred at room temperature overnight, then evaporated 
to dryness in uacuo. The residue was partitioned between 
methylene chloride (35 n~l )  and water (25 ml), and the 
organic layer was further washed with water (3 x 20 ml), 
dried (MgSO,), and evaporated. The crude silyl ether 
was purified by passage through a short silica gel column, 
eluting with ethyl ether. The product was obtained as a 
slightly yellow oil, yield 3.0 g (85% based on lactone 16); 
'Hmr (CCI,, external TMS) 6 0.14 (s, 6H, dimethylsilyl), 
0.96 (s, 9H, tert-butylsilyl), 1.30 (s, 3H), 1.46 (s, 3H), 
2.55 (m, 2H, CH2COOMe), 3.66 (s, 6H, 2 x COOCH,), 
3.68 (bm, 2H), 3.77-4.66 ppm (m's, 4H); ir (film) 2960, 
1750 (ester), 1720 (urethane), 1460, 1390 cm-'; ms 
(100°C) mle 402 (M+ - CH,), 386 (M' - CH30), 360 
(Mt - (CH3)3C), 302, 272, 228. Anal. calcd. for C,,- 
H3,N07Si: C 54.65, H 8.45, N 3.35; found: C 54.52, 
H 8.27, N 3.38. 

I p-yl)acrylate (20) 
A three-necked 50 ml flask equipped with a septum, 

stopcocks, and a mercury bubbler was flushed with dry 
nitrogen and charged with 11.5 ml of a 0.26 M solution 
of lithium diisopropylamine in dry tetrahydrofuran. This 
was cooled to -78°C in an acetone - dry ice bath, and a 
solution of 1.015 g (2.45 mmol) of ester 18b in 15 ml 
tetrahydrofuran was added with a syringe over a 3 min 
period. The flask was allowed to slowly warm up to 
-25"C, and then dry carbon dioxide was bubbled into 
the solution for 10 min via a syringe needle. The resulting 
yellow solution was neutralized to pH 6 with 10% hydro- 
chloric acid, and the precipitated diisopropylamine hydro- 
chloride was filtered off. The filtrate was evaporated to 
dryness, and the residue 19a was used in the next reaction 
without further purification. 

The crude malonic acid was heated to 50°C with 1.3 11-11 
(12.25 mmol) diethylamine and 2.5 ml of 37% aqueous 
formaldehyde for 30 min, then 250 mg sodium acetate 
and 2.5 ml glacial acetic acid was added. The mixture 
was heated to 50°C for 20 min, then allowed to cool. 
Water (20 ml) was added, and the aqueous mixture was 
extracted with methylene chloride (3 x 25 ml). The 
organic extracts were dried (MgSO,) and evaporated, 
and the crude product was chromatographed on silica gel. 
Elution with ether-hexane (2: 1) afforded the product as a 
clear, colorless oil in 80% yield. An analytical sample was 
obtained by preparative tlc on a 20 x 20 cm silica gel 
plate using ether-hexane (1 : 1) as the solvent system; 
'Hmr (acetone-d6) 6 0.12 (s, 6H), 0.92 (s, 9H), 1.29 (s, 
3H), 1.45 (s, 3H), 3.60 (s, 3H), 3.72 (s, 3H), 3.75 (bm, 
lH), 3.83-4.33 (m's, 2H), 4.40-4.85 (m's, 3H), 5.70 (m, 
lH, C=C-H), 6.10 ppm (m, 1H, C=C-H); ir (film) 
2975, 2950, 2875, 1735-1720 (C=07s), 1650 (C=C), 
1460, 1390 cm-'; ms (130°C) mle 414 (M+ - CH,), 398 
(M+ - CH,O), 372 (M+ - (CH,),C), 360. Anal. calcd. 
for C2,H3,N07Si: C 55.92, H 8.21, N 3.26; found: C 
55.65, H 8.44, N 3.47. 

2- (2'a,3'cc-Dihydroxy-O-isopropylidene-4'~-tert- 
butyldimethylsiloxymethyl-N-carbomethoxypyr- 
rolidin-I'D-y1)maleimide (22) 

The olefin ester 20 (280 mg, 0.65 mmol) was dissolved 
in 45 ml dry ethyl acetate and treated with ozone at 
-78°C. Dry nitrogen was bubbled through the solution 
to remove excess ozone, and dimethyl sulphide (0.1 ml, 
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1.3 mmol) was added. The mixture was stirred for 30 min 
at - 60"C, then allowed to warm up to room temperature 
and stand 5 h. It was washed with 3 x 25 ml of saturated 
salt solution, dried (Na2S04), and evaporated to dryness. 
The residue (270 mg) displayed no olefinic absorption in 
the ir spectrum, but appeared impure by 'Hmr. 

The crude product was dissolved in 10 ml dry chloro- 
form and 208 mg (0.65 mmol) of carbamoylmethylenetri- 
phenylphosphorane (2) was added. The yellow solution 
was stirred for 3 h at room temperature, then evaporated 
to dryness. The oily residue was separated on 20 x 20 cm 
silica gel plates using ether-hexane (3: 1) as the solvent 
system, and 150 mg of a clear, colorless oil was recovered. 
The product was crystallized from ether-hexane, mp 
88-89°C in 40% overall yield based on olefin ester 20; 
'Hmr (CDCI,) 6 0.07 (s, 6H), 0.87 (s, 9H), 1.33 (s, 3H), 
1.52 (s, 3H), 3.66 (s, 3H), 3.72 (bm, 2H), 4.22 (m, IH), 
4.50-4.90 (m's, 3H), 6.25 (t, lH,  C=C-H), 8.06 ppm 
(bm, N-H); ir (KBr) 3250 (maleimide N-H), 2970, 
2950, 2870, 1787, 1738, 1695 (urethane), 1655 (maleimide 
C=C), 1460, 1390 cm-'; uv (EtOH) h,,, 221.3 nm 
(E 18 OOO), shoulder N 275 nm (E 1000) ; ms (170°C) mle 
425 (M+ - CH,), 383 (M+ - (CH,),C), 325 (M+ - 
(CH3)3C(CH3)2Si). Anal. calcd. for C20H32N201Si: 
C 54.52, H 7.32, N 6.36; found: C 54.54, H 7.52, N 6.50. 

2- (2'a,3'u-Dihydroxy-4'j3-hydvoxymethyl-N-cavbo- 
methoxypyrvolidin-113-yl) maleimide (Ib) 

Blocked showdomycin analogue 22 (130 mg, 0.30 
mmol) was dissolved in 3 ml of 50% aqueous trifluoro- 
acetic acid. After standing at room temperature for 5 min, 
the solution was evaporated to dryness. Separation on a 
20 x 20 cm silica gel plate, eluting with ethyl acetate, 
afforded 70 mg (75%) of a clear colorless oil which 
would not crystallize; 'Hrnr (acetone-d6, external TMS) 
6 3.15 (bm, 2H), 3.60 (s, 3H), 3.65-4.80 (bm's, 7H), 6.60 
(d, lH), 9.5 ppm (bm, 1H); ir (film) 1780, 1730-1700, 
1650 cm-' (C=O, C=C), 3350 cm-' (OH); ms (150°C) 
mle 268 ( M t  - H20), 255 (M+ - CH30), 237 (Mt  - 
C H 3 0  - H20), 220 (M*, 255 + 237), 205, 117, 59. 

Methyl-2- (2a,3a-dihydroxy-O-isopropylidene-4j3-tert- 
butyldimethylsiloxymethyl-N-carbomethoxypyr- 
volidin-18-yl) malonate (196) 

The crude malonic acid 19a in 30 ml ethyl ether was 
esterified with etheral dlazomethane generated from 
nitrosomethylurea (24). After reaction for 1 h at room 
temperature, the solution was evaporated to dryness, and 
the residue was purified by chromatography on a silica 
gel column, eluting with ether-hexane (1: 1). The oily 
product was obtained in 60% yield based on methyl ester 
1Sb. 'Hmr spectrum (CDCI,) G 0.1 1 (s, 6H), 0.93 (s, 9H), 
1.30 (s, 3H), 1.43 (s, 3H), 3.60-3.70 (3 x S, 9H), 3.7-4.3 
(m's, 4H), 4.3-4.7 ppm (rn's, 3H); ir (film) 2920, 2890, 
2820, 1730 (malonic ester), 1700 (urethane), 1440, 1375 
cm-'; ms (160°C) mle 460 (M+ - CH3), 444 (M+ - 
CH30), 418 ( M t  - Me3C), 386 (M+ - Me3C - 
MeOH), 360 (M+ - Me3C(Me2)Si), 356.5 (M*, 418 -, 
386), 228, 189. Anal. calcd. for CZ1H3,NO9Si: C 53.03, 
H 7.84, N 2.95; found: C 52.74, H 8.05, N 2.98. 

3,4-0-Isopropylidene 2j3-(2'-Hydvoxyethyl)-5(3-tert- 
butyldimethylsiloxymethyl-N-cavbomethoxypyv- 
volidine-3~,4a-diol (25a) 

Ester 18b (526 mg, 1.26 mmol) was dissolved in 10 ml 
dry tetrahydrofuran in a 50 ml 3-neck flask equipped 

with septum, stopcocks, and mercury bubbler. The ap- 
paratus was flushed with nitrogen, cooled to O°C, and 
4.2 ml of a 1 M borane-THF solution was added with a 
syringe. The ice was allowed to melt, and the solution 
was allowed to stand at room temperature for 2 days. 
Then 1 ml methanol was added, and the solution was 
evaporated to dryness. Coevaporation with methanol 
(2 x 15 ml) left an oily residue which was chromato- 
graphed on silica gel. Elution with ethyl acetate- 
methylene chloride (1 : 5) recovered unreacted ester, then 
elution with a 1 : 1 mixture of the same solvents afforded 
350 mg (70% yield) of alcoholic product as a clear, 
colorless oil; 'Hmr (CCI,) 6 0.08 (s, 6H, dimethylsilyl), 
0.91 (s, 9H, tevr-butylsilyl), 1.27 (s, 3H), 1.42 (s, 3H), 
1.60 (bm, 2H, CH-CH2-CH2), 3.24-4.17 (bm's, 7H, 
1H exch. with D,O at about 3 3 ,  3.60 (s, 3H), 4.24 (bd, 
lH,  CH-0), 4.51 ppm (bd, lH,  CH-0); ir (film) 3490 
(0-H), 1710 and 1695 (urethane), 1460, 1390 cm-I ; 
ms (95°C) mle 374 (M+ - CH,), 332 (M+ - Me,C), 
300 (M+ - Me3C - CH30H), 274 (M+ - Me3C- 
(CH3)2Si), 271.0 (M*, 332 + 300). 

3,4-0-Isopvopylidene 2(3- (2'-Mesyloxymethyl) -5j3-tert- 
butyldimethylsiloxymethyl-N-carbomethoxypyv- 
volidine-3a,4u-diol (25b) 

To a solution of 100 mg (0.257 mmol) of alcohol 25a 
in 6 ml dry methylene chloride was added 2.35 ml of a 
0.167 Msolution of triethylamine in dry dichloromethane. 
This solution was cooled to -50°C (dry ice - acetone), 
and 0.92 ml of a 0.32 M solution of methanesulphonyl 
chloride in methylene chloride was added to it dropwise. 
The solution was allowed to warm up to room tempera- 
ture then stirred I h. It was then washed with 2 x 10 ml 
cold water. The organic layer was dried (MgSO,) and 
evaporated, leaving the clear, colorless mesylate in nearly 
quantitative yield; 'Hmr (CCI,) 6 0.09 (s, 6H), 0.92 (s, 
9H), 1.29 (s, 3H), 1.42 (s, 3H), 1.97 (bm, 2H), 2.93 (s, 3H, 
0S02CH3), 3.60 (bm, 2H, CH20Si), 3.62 (s, 3H), 3.7-4.6 
ppm (rn's, 6H); ir (film) 1710 (urethane), 1460, 1365 and 
1180 cm-' (mesylate); ms (130°C) mle 410 (M+ - 
Me&), 322 (Mt  - Me3C(CH3),SiOCH2). Anal. calcd. 
for C19H37NS08Si: C 48.80, H 7.97, N 3.00; found: 
C 48.52, H 7.81, N 2.83. 
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A critical evaluation of Lennard-Jones and Stockmayer potential parameters 
and of some correlation methods 
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FRANK M. MOURITS and FRANS H. A. RUMMENS. Can. J. Chem. 55,3007 (1977). 
Published values for the potential parameters (T and &/k of the Lennard-Jones (12-6) and 

Stockmayer (12-6-3) potentials as based on viscosity measurements are reviewed, with partic- 
ular reference to the problem of indeterminacy inherent to such calculations. A number of 
correlation techniques, calibrated on viscosity-based potential parameters, are critically re- 
viewed; where possible, priority rules for the use of these correlations have been developed. In 
addition, several other criteria (i.e. not based on viscosity data) for the acceptance or rejection of 
o and ~ / k  parameter values are also discussed. Upon application of the various criteria and 
priority rules it has been possible to give recommended o and elk parameter values for 75 
molecules. 

FRANK M. MOURITS et FRANS H. A. RUMMENS. Can. J. Chem. 55,3007 (1977). 
On passe en revue les valeurs publiks pour les parametres o et &/k des potentiels de Lennard- 

Jones (12-6) et de Stockmayer (12-6-3); les potentiels sont basks sur des mesures de viscositk 
et on tient particulierement compte des probltmes &indeterminations inhkrents aux tels calculs. 
On fait aussi une revue critique d'un certain nombre de techniques de corrklation, calibrkes sur 
des parametres de potentiel basks sur la viscositk; on a dkveloppk, dans les cas qui s'y preterit, 
des rkgles de prioritk pour I'utilisation de ces corrklations. De plus, on discute de plusieurs autres 
criteres (qui ne sont pas basks, c'est-a-dire, sur la viscositk) pour I'acceptation ou le rejet de 
valeurs des parametres o et &/k. Par l'application de divers criteres et de rtgles de prioritk, il est 
possible de prksenter des valeurs recornmandees pour les paranktres o et ~ / k  pour 75 molkcules. 

[Traduit par le journal] 

Introduction 
The prediction of bulk properties of matter 

from molecular level models appears to be a 
well-developed science. Particularly in gases, 
properties like the second virial coefficient, vis- 
cosity, thermal conductivity et cetera can be 
molded into a unifying framework based on 
molecular pair interactions (see in particular 
Hirschfelder, Curtiss, and Bird's book (la)). 
These models of pair inteiactions all start with 
the assumption that there exists a general poten- 
tial function, different only for the various differ- 
ent molecules through one, two, or more para- 
meters. Many such functions have been pro- 
posed (lb), but perhaps the one most commonly 
used is the Lennard-Jones (12-6) function of [1 ] : 

mass of the two molecules, E is the maximum 
depth of the potential well, and o is the distance 

'Revision received May 11, 1977. 

at which V(pair) = 0. Equation 1 can, strictly 
speaking, only be used for non-polar molecules, 
but in practice [I] is also used for polar mole- 
cules. However, for the latter the Stockmayer 
(12-6-3) potential of [2] should be preferred : 

where 6 = 6 p2/403~,  <(01,02,$) being a function 
to describe the angular dependence of the 
dipole-dipole interaction energy. Used in their 
proper integrated forms, [I] or [2] can lead to 
expressions for transport properties (lc) and 
equation of state and thermodynamic properties 
(Id); data-fitting with accurate experimental 
data on these properties can be used to determine 
the parameters &/k and o. Mixing rules exist (le) 
to predict macroscopic properties of binary 
mixtures. Particularly in engineering the pos- 
sibility of calculating transport properties of 
gases has been explored and applied extensively. 
In our own attempts to construct a molecular 
model to account for the medium nmr shift of 
gases and liquids (see following paper (2)) we 
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have been confronted (as have many others 
before us) with several major drawbacks of the 
above outlined approach. 

(i) Methods to extract the parameters &/k and 
o from different macroscopic properties often 
lead to substantially different values; this may 
happen even if the same property is employed. 

(ii) All too often the &/k and o for the mole- 
cules of interest are not known, and even the 
required macroscopic properties may not have 
been measured. In these cases one has to resort 
to estimation methods, of which a bewildering 
collection is available in the literature, thus 
leaving one with the difficult task of deciding 
which approximation to believe most. 

In this paper we will exclusively discuss ~ / k  
and o parameters either directly obtained from 
gas viscosities or estimated by correlation 
methods which have been calibrated on such 
viscosity-based parameters. This restriction is a 
pragmatic one; more parameters are known 
from viscosity than from all other sources com- 
bined. Second virial coefficients apply to a state 
of equilibrium and therefore potential param- 
eters based on second virial coefficients should, 
in principle, be more relevant to nmr medium 
shift'applications than those based on viscosity. 
Second virial coefficient data fits are, however, 
very sensitive to the choice of potential; in 
particular shape- and higher-order polarity terms 
are needed to obtain physically meaningful pa- 
rameters (3). At present only Lennard-Jones pa- 
rameters have been calculated from 2nd virial 
coefficients in any great number and these are 
notably poor for polar and large non-polar 
molecules (If). 

Directly viscosity-based parameters and their 
reliability are discussed first. Next some of the 
more prominent correlation methods will be 
discussed and several priority rules for the use of 
these will be proposed. A few extra tests will also 
be discussed; these are crude correlation guides 
for &/k and o which are nevertheless useful be- 
cause even the best of the correlation techniques 
can on occasion produce extremely erroneous 
results. Finally, this critical analysis has enabled 
us to recommend best values for o and &/k. A 
list of such recommended parameters for 75 
molecules concludes this paper. 

Discussion 
~ / k  and o Parameters Directly Obtained From 

Gas Viscosities 
Before comparing in detailed fashion the 

various sets of parameters, it should be pointed 
out that for some molecules greatly varying 
parameter values have been reported. Reid and 
Sherwood (4a) have already discussed this in 
connection with the parameter values for n- 
butane as calculated by Flynn and Thodos and 
by Svehla, whose calculations were based on the 
same experimental viscosity data. 

The explanation of these erratic results has 
recently been given by Kim and Ross (5). These 
authors noted that the Lennard-Jones collision 
integral R(2,2)* in the reduced temperature 
range 0.4 < T* < 1.4 reduced to 1 . 6 0 4 ( ~ * ) - ' ~ ~  
with an error of less than 0.7%. This has the 
effect (since T* = kT/&) that the Chapman- 
Enskog equation for the viscosity q is reduced to 
a simple proportionality with T, out of which 
only the product 02.sli2 can be deduced: 

Reichenberg (6) has also studied this matter, 
reaching virtually the same conclusion, albeit 
with a slightly different indeterminacy range of 
0.39 < T* < 1.55. Halkiadakis and Bowrey (7) 
have applied the same ideas to the Stockmayer 
potential and its parameters; they found that the 
range of indeterminacy increases slowly with 
polarity to become 0.2 < T* < 1.8 when F,,, 
reaches F,,, = 2.5 (ti,,, = iy* '  , where y*2 = 
J . L ' / ~ ~ E ) .  Our own analysis confirmed the above, 
but it was found that in the indeterminate range 
R(2,2)* for polar molecules reduces to A(T*)-", 
where A and n depend strongly on the value of 
F,,,, with the result that q then becomes in- 
versely proportional to the product P(n) = 
02(&/k)". Such indetermii~acy is not really serious 
when viscosities are recalculated; any combina- 
tion o, &/k such that the product P(n) is equal to 
the experimental value will reproduce viscosities 
to good precision. Greater errors occur when 
viscosities of mixtures or other properties are 
calculated. Such errors take on catastrophic 
dimensions when a property like the nnlr Van der 
Waals intermolecular shift ow is calculated, 
because o, is approximately proportional to 
o - 3 ~  (8); a o which is too large combined with 
too small an E now add up to give a much too 
small ow value. 

Kim and Ross (5) also showed that the 
collision integral in the range 0.9 < T* 
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MOURITS AND RUMMENS 3009 

< 5 can be written, with an error of less than 
O.l%, as: 

C41 

Equation 4 makes the Chapmann-Enskog equa- 
tion (eq. 3) equivalent to the empirical Suther- 
land formula, which can be written as follows: 

In the above stated T* range the parameters in 
[3] and [5] are thus related as follows: 

[6 1 o = 1.1460, &/k = 0.917C 

Through [6], therefore, the large compilation by 
Franck (9) of om and C parameters can be con- 
verted to o and ~ / k  parameters; the latter being 
just as much subject to indeterminacy, however, 
as when obtained directly through [3]. 

The indeterminacy problem thus obliges one 
to make a judgement on the quality of the experi- 
mental viscosity data. In Table 1 the viscosity- 
based parameters o are listed as originating from 
Franck (abbrev. F) (9), Hirschfelder et al. 
(abbrev. HCB) ( I f ) ,  Flynn and Thodos (abbrev. 
FT) (lo), Svehla (abbrev. S) ( l l ) ,  Tee, Gotoh, 
and Stewart (abbrev. TGS) (12), Linakis and 
Bowrey (abbrev. LB) (13), and Halkiadakis and 
Bowrey (abbrev. HB) (7). In the column marked 
HB we have also indicated the total number of 
viscosity points (N , )  used by HB as well as the 
number (N,)  of viscosity points outside the 
indeterminate range. The parameters values of 
HCB and FT were obtained by a multiple two- 
point numerical fitting technique, whereas those 
given by S, TGS, LB, and HB were obtained by 
direct least-squares fitting on [3]. In Table A the 
corresponding &/k values are listed., 

For polar molecules (Tables 2 and B), a 
distinction must be made between parameters 
calculated following a Lennard-Jones potential 
[I], and those calculated according to a Stock- 
mayer potential [ 2 ] .  Only Monschick and Mason 
(referred to as MM), using a graphical curve- 
shifting procedure, have used [I] and [2] on the 
same set of viscosity data (14). 

Because of the important role of the product 
P(n) = 02(&lk)", the values of P(n) for all param- 
eter sets listed in Tables 1, 2, A, and B have 
been calculated; these are given in Tables 3 and 4. 
In Table 4 the calculated P(n) values based on 
the Stockmayer potential are given both for the 
correct value of n (varying between 0.49 and 
0.54) as well as for n = 0.50. The latter allows 
comparison with the Lennard-Jones based prod- 
ucts P(n), where n = 0.50. As will be shown, 
these products P(n) can be used as a guide in 
analyzing and judging the various parameter 
sets. As expected, the P(n) values for indeter- 
minate parameter sets are fairly constant (k 1% 
or less), although the individual o and &/k 
parameters may vary strongly between the 
various authors. For determinate situations P(n) 
is only constant, when the individual o and ~ / k  
parameters are the same. The P(n) values based 
on the data of Franck (eq. 6 and ref. 9) were 
found to be systematically higher than all other 
P(n) values; hence the corresponding o and ~ l k  
values were omitted from further consideration. 

For the noble gases, N,, O,, CO,, CH,, 
C,H,, and H,O the viscosities are known over a 
very large temperature range; therefore a high 
percentage of viscosity points falls outside the 
indeterminate range. Indeed the parameters 
from HCB, FT, S, TGS, and MM show a good 
mutual agreement for these molecules. The o 
parameters of LB and HB seem to be system- 
atically lower for the noble gases, N,, O,, and 
CO, in spite of a high percentage determinacy. 
We have traced this discrepancy back to their 
use of presmoothed viscosity data (15), even 
extrapolating outside the original experimental 
temperature range (0,). In the HB study vis- 
cosity points outside the indeterminacy range 
were given a statistical weight 10 times larger 
than those inside the range, whereas in the LB 
study virtually the same data points were used 
but with equal statistical weight. The product 
P(n) is a useful quantity to discuss the differ- 
ences between the results of HB and LB. As the 
tables show, for highly determinate cases the 
products P(n), as well as the individual o and 
&/k parameters are very similar in the HB and 
LB studies. The tables show also that the HB 
and LB products P(n) are almost the same, but 
with widely different individual o and &/k 

2Copies of Tables A, B, and C are available, at a 
values, for -those molecules where the param- 

nominal charge, from the Depository of Unpublished eters are indeterminate. For whose 
Data, CISTI, National Research Council of Canada, experimental points are partly inside, partly out- 
Ottawa, Canada KIA 0S2. side the indeterminate range, several sub-cases 
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TABLE 1 .  The Lennard-Jones parameters o (in A) for non-polar molecules, based on viscosity and 
calculated by empirical correlations, and recommended values for o and &/k (in K) 

I I I 

32 i-butene 5.191 4.776 5.451 5.282 5.282 299.6 

# 

35 C6H6 5.397 5.270 5.628 5.349 5.443 5.398 5.340 30 0 5.699 5.455 5.455 401.2 

36 C6H5CH3 6.210 5.932 6.284 5.923 5.923 407.8 

37 mesitylene 8.525 7.706 6.995 6.760 6.760 400.5 

' S e e  ref. 9. b ~ e e  ref. lf. 'See  ref. 10. d ~ e e  ref. 11. e ~ e e  r e f .  12. f ~ e e  ref. 13. g ~ e e  ref. 7. h ~ t  i s  

the total  number of v iscos i ty  points used by H B ;  N is the number of v iscos i ty  points outside the indeterminate 

range. See text for further d e t a i l s .  

need to be considered. If the HB and LB pro- temperature points) is inconsistent with the 
cedures result in substantially different products complete set. In fact insuch a case the HB param- 
P(n), then the set of experimental points favored eters should be considered less reliable since 
by the HB weighting method (normally the high- even their product P(n) does not optimally fit the 

1 Ne 2.578 2.824 2.820 2.664 2.745 2.796 2.822 32.0 

2 A r  3.426 3.442 3.542 3.434 3.320 3.302 13 13 3.460 3.432 3.465 113.5 

3 Kr 3.690 3.61 3.655 3.721 3.563 3.539 13 10 3.741 3.677 3.662 178.0 

4 Xe 4.068 4.055 4.047 4.049 3.909 3.890 13 9 4.111 4.019 4.050 230.2 

a .  
vlsc 

pa H C B ~  F T ~  s d  TGS@ L B ~  H B ~  

N 

'talc 

ST TGS 

Eq.7 Eq.12 

o e lk  
(recmended)  
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MOURITS A N D  RUMMENS 301 1 

TABLE 2. The Lennard-Jones and Stockmayer potential parameters o (in A) for polar molecules, based 
on viscosity and calculated by empirical correlations, and recommended values for o and ~ / k  (in K) 

I 
0 .  0 .  

I 
visc,~.~. v x s c , ~ t .  Ocalc  o c/k 

(recommended) 

4 0  COS 

41 NO 

42  HI 

43  HBr 

44  HC1 

45  HF 

46 H2S 

47 SO2 

48 HCN 

'see ref. 9.  b ~ e e  ref. I f .  'see  ref. 11. dLennard-~ones parameters of ref. 14 .  @stoc!amyer parameters of 

ref. 14.  f ~ e e  ref 13. g ~ e e  r e f .  7 .  h ~ e e  footnote k of Table  1 .  ' ~ o t a l  number of data p o i n t s  used l e s s  than Nt. 

data points in the indeterminate range. On the 
other hand the LB product P(n) is more reliable. 
It would have been better to employ the HB 
method, but with the LB product P(n) kept as a 
fixed constant. Examples are C,H,, C,H,, N,O, 
NH,, and SO,. If the HB and LB products P(n) 
are essentially the same, when the individual o 
and &/k parameters are difYerent, then one should 
prefer the HB parameters. Examples are F, and 
CCl,. If the HB and LB products P(n) and the cr 
and &/k parameters are virtually the same, then 
apparently the case is already effectively deter- 
minate (noble gases, N,, O,, CO,, NO). The 
fourth possibility relates to cases where N, is very 

small. If these few points fall in a narrow T* 
range (as they normally will do), then the ex- 
tracted HB parameters may become effectively 
indeterminate (constant P(n)) again, as was 
pointed out already by Reichenberg (6). Ex- 
amples are CH,Cl, CHCI,, C,H,OH, CH,OH, 
and (C,H,),O. Although the degree of in- 
determinacy as indicated in Tables 1 and 2 
refers, strictly speaking, only to the work of HB, 
it gives in general also a good indication of the 
indeterminacy of the parameters of the other 
authors for these same molecules, since the 
sources of viscosity data were largely the same. 
In addition, the latter data are for the most part 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 55,  1977 

TABLE 3. The product P(n) for the non-polar molecules of Table 1 with n = 0.50 

32 i-butene 475 470 481 483 470 483 - 2 . 7  

O ~ o r  references see Table 1. 

fairly old and are consequently not likely to be determinacy range. Except for the noble gases, 
more accurate than 0.7%. It should be kept in N,, O,, and CO, no such accurate data appear 
mind, however, that recent viscosity data, to be available at this time. 
particularly when measured with the rotating As far as the fit on viscosity data of polar 
disc technique may be as precise as O.lX (15), molecules is concerned, no significant improve- 
thereby narrowing or even eliminating the in- ment is obtained by replacing the Lennard-Jones 
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MOURITS AND RUMMENS 3013 

TABLE 4. The product P(n) for the polar molecules of Table 2 

Pcalc Prec % dev. 
pp 

ST S T  TGS MS 
Eq.7 E q . 8  Eq.12 Eq.15 

40 COS 318 312 313 0.50 327 305 331 337 312 331 -6.2 

41 NO 136 127 132 136 134 0.50 130 117 125 129 131 131 

42 HI 313 306 301 302 299 0.50 303 316 304 288 302 304 -0.6 

43 HBr 224 0.49 
243 238 237 0.50 248 255 243 262 238 249 -4.6 

%or references see T a b l e  2. 

(12-6) potential by a Stockmayer (12-6-3) within the range 2.0 < T* < 5.0 little can be 
potential (14). Indeed as MM stated (14), even learned about the precise nature of the potential 
more primitive potentials would have been f~~nction. One must have viscosity data of at 
equally successful. Klein and Hanley (16) least 0.5% accuracy and then either at T* < 
analyzed this problem from a theoretical view- 2.0 or T* > 5.0 or both in order to distinguish 
point and came to the important conclusion that between the various proposed potential func- 
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tions. The above does not imply, however, that 
the parameter sets for the Lennard-Jones and 
Stockmayer potentials would have to be the 
same. Inspection of the two MM columns of 
Tables 2 and B reveals in fact considerable, but 
non-systematic differences. Comparing each of 
the corresponding MM P(n) values with the 
other P(n) values for the same potential (Table 4), 
it is evident that all cases except SO, are effec- 
tively indeterminate. Although therefore no con- 
clusion can be drawn regarding the relative 
merit of the two potentials with respect to 
their o and &/k parameters, it is evident from 
Table 4 that the Stockmayer P(n) values are 
systematically smaller than the Lennard-Jones 
P(n) values. Analysis of the collision integral 

as a function of 6,,, has shown us that 
there are, to a good approximation, explicit 
relations between Stockmayer and Lennard- 
Jones parameters. Up to 6,,, = 0.25 the differ- 
ences are negligible. Going from 6,,, = 0.25 to 
6,,, = 2.5 the Stockmayer o values decrease up 
to 5%, while the Stockmayer ~ / k  values de- 
crease up to 51% relative to the Lennard-Jones 
&/k;  as a result Stockmayer P(n) values are sub- 
stantially smaller than Lennard-Jones P(n) 
values for 6,,, > 0.25. This latter trend can be 
clearly observed in Table 4. The general con- 
clusion therefore is, that, apart from indeter- 
minacy problems, Stockmayer potential param- 
eters are to be preferred for molecules with F,,, 
larger than 0.25. 

&/k and o Parameters Obtained by Correlation 
Techniques 

Stiel and Thodos (abbrev. ST) (17) have 
developed the following empirical relationship 
for non-polar molecules : 

and similarly for polar, but non-hydrogen 
bonding molecules (18) : 

Here Vc is the critical volume (cm3), T, is the 
critical temperature (K) and Zc is the critical 
compressibility. Selected values for Z,, Vc, PC, 
T,, as well as for the dipole moment p are given 
in Table C.2 Equation 7 was calibrated on the 
viscosity-based Lennard-Jones (12-6) param- 
eters of FT (10) and of HCB (If). Equation 8 
was calibrated on the viscosity-based Stock- 

mayer parameters of MM (14). More recently, 
HB (7) have developed similar relations. For 
non-polar molecules only, they find: 

whereas for non-polar and polar molecules 
combined, they find: 

HB calibrated [9] and [lo] on their own set of 
calculated viscosity-based Lennard-Jones (12-6) 
and Stockmayer (12-6-3) potential parameters. 

For non-polar molecules an alternative was 
recently introduced by TGS (12). The method 
does not require knowledge of the often in- 
accurate V, parameter, but utilizes PC, T,, and 
Pitzer's acentric factor o, where o is defined by 

with P being the vapour pressure at the reduced 
temperature T, = 0.7. Calibrating on their own 
set of viscosity-based Lennard-Jones (1 2-6) 
parameters, they found: 

The parameter o can be calculated (eq. 11) from 
vapour pressure data or, if the latter are not 
available, be estimated within 5% from the 
following semi-empirical relation (19): 

where Tb (K) is the boiling point temperature. 
Malek and Stiel (abbrev. MS) (20) have 

attempted to expand the TGS method to polar 
compounds, introducing a fourth parameter x 
to account for the polar interactions: 

[14] x = log,, - I + 1.700 + 1.552 
Pc T , = 0 . 6  

Calibrating on MM's set of Stockmayer param- 
eters (14), they obtained the following relations: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MOURITS AND RUMMENS 3015 

We have calculated o and x values for all 
molecules concerned, directly from the best 
vapour pressure data available. These are given 
in Table 5. The right-hand side of Tables 1-4, 
A and B sl~ow calculated values of o ,  elk and 
P(n) as based on the critical values of Table C 
and our own set of o and x parameters of 
Table 5.' 

Critical Comparison of elk and o Parameter 
Values 

In Tables 1-4, A, and B we have italicized 
those values which we have used to arrive at the 
recommended values. For the values of o(visc) 
and e/k(visc) this judgement was arrived at by 
searching the original literature on the viscosity 
measurements as used by the various authors. 
Generally, when about 30% or more of the 
experimental points were outside the indetermin- 
ate range, the parameters were considered 
reliable, at least if and when the latter conformed 
with the criteria regarding P(n) as discussed in 
the previous section. These preferred o(visc) 
and e/k(visc) values form a basis set against 
which the o(ca1cd) and elk(ca1cd) can be com- 
pared. 

Discussing first the non-polar molecules (Table 
I), it may be seen that the ~(calcd)  values accord- 
ing to [7] are not unreasonable but nevertheless 
slightly too large on the average. It  is believed 
that this is due to the calibration of [7], which 
included many o(visc) values now considered to 
be unreliable. Re-calibrating would be a possi- 
bility, but at this stage this would be rather un- 
satisfactory due to the lack of reliable o(visc) 
data for larger molecules. Furthermore the 
strong dependence on the, usually inaccurately 
known, parameter Vc makes the ST method less 
attractive, particularly since the TGS method 
(see below) does not require Vc at all. The cor- 
relations given by HB (eqs. 9 and 10) show a 
lesser dependence on Vc. The ~(calcd)  values ob- 
tained by [9] are reasonable, but in general 
somewhat too small. Equation 10 has in principle 
the great advantage of avoiding the discrimina- 
tion between polar and non-polar molecules, but 
for non-polar molecules at least the results are 
often much too low. 

The TGS results (eq. 12) show a very good 
agreement with our selected o(visc) and e/k(visc) 
parameters despite the fact that the original TGS 
calibration included some indeterminate param- 
eters. Since the TGS method does not require 

knowledge of Vc but rather of the vapour pres- 
sure, which is usually accurately known, we prefer 
the TGS method over those of ST and HB. 
Based on this preference we have accepted as 
best values for those molecules, for which no 
sufficiently determinate o(visc) and e/k(visc) 
were available, the o(ca1cd) and elk(ca1cd) cal- 
culated with [12]. The last two colun~ns of Table 
1 show the selected parameters o and elk for all 
non-polar molecules; the elk values have, in all 
instances, been selected in conformity with the 
selection of o values (see Table B).' Where more 
than one acceptable value was available, the 
average of these is given. 

For slightly polar molecules (i.e. p* 1 0.3) 
[7] gives ~(calcd)  values which are too high (as 
was already noticed for non-polar molecules), 
whereas the ~(calcd)  values according to [8] are 
too low. Taking the aoerage of the results of [7] 
and [8] gives good agreement for this y *' range. 
However, the HB method of [9] gives also good 
results, comparable with the above mentioned 
average. For polar molecules with p'$' > 0.3 
reasonably good values are obtained with [8]. 
This is rather remarkable since the calibration 
of [8] included only one molecule (SO,) with a 
large degree of determinacy in its parameters. 
Equation 10, being a correlation for non-polar 
and polar moiecules combined shows systematic 
deviations; o(ca1cd) is generally too low for 
slightly polar molecules and too high for polar 
molecules. It follows therefore that it is im- 
possible to find a universal correlation based on 
critical constants, which gives good results for 
molecules of both low and high polarity. The 
claim of HB that [lo] is superior to ST'S [7] is 
irrelevant as far as polar molecules are con- 
cerned because the latter equation is designed to 
correlate non-polar molecuies only ! 

The o,x method of MS (eq. 15) is potentially 
the most powerful correlation, since it relates 
directly the potential parameters to the size and 
the degree of polarity of the molecule. However, 
because of the way in which o and x are defined, 
these size and polarity factors are not separated, 
resulting in the need for a cross-term o x  and 
higher order terms such as 0'. Ideally, such a 
method wit11 well-separated parameters would 
correlate polar and non-polar molecules without 
discontinuity. However, because of the noted 
non-separation, one has to arbitrarily set o2 and 
x equal to zero for non-polar molecules (to 
reduce [IS] to [12]), but also for slightly polar 
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MOURITS AND RUMMEKS 

N-ALKANES,  N -  ALKENES 

4gA N - A L K A N  - I - OLS 

FIG. 1. Empirical correlation between the molar volume VmZ5 and 03(rec) values of Tables 1,2 ,  and 
6 .  o(rec) values, based on determinate o(visc) values are indicated by A ; filled circles @ indicate o(rec) 
values based on correlation techniques. Solid lines tie points within classes of compounds. 

molecules (the limit appears to be at p*' = 0.3). 
Another disadvantage of the MS method is that 
it requires extremely accurate vapour pressure 
data (vide infua). Finally it appears that for 
n~olecules with 1x1 > 0.035 grossly erroneous 
results may occur. Examples are HF, HCN, 
CH,NO,, and CH,CN. In conclusion we prefer 
the MS method of [15] for polar molecules with 
p"2 > 0.3 whenever very accurate vapour 
pressure data are available. If with [15] physically 
unacceptable results are obtained according to 
supplen~entary tests (vide infua) (for example due 
to inaccurate vapour pressure data), it is recom- 
mended to use the ST method of [8]. For slightly 
polar molecules (p:" 2 0.3) it is recommended 
to use the TGS method of [12], to be consistent 
with the preference expressed with respect to 
non-polar molecules. Based upon the above 
recommendations, preferred o and &/k values 
(or their average) are given in the last columns 
of Table 2. Table B gives all the correspoilding 
&/k values for polar  molecule^.^ 

In Table 3 (non-polar molecules) P(av) is the 
average of all P(visc) values (except those of F), 

while P(rec) is the product based on o(rec) and 
~/k(rec). For the indeterminate cases (where q is 
only a function of P(n)), P(av) will give the best 
fit on all viscosity data combined. The deviation 
of P(rec) from P(av) is therefore a direct measure 
of the error if viscosities were recalculated on the 
basis of P(rec). These percentage deviations have 
been given in the last column of Table 3. In the 
determinate cases P(rec) is always taken from 
one or more P(visc) data and therefore will, of 
course, already constitute the best fit over the 
combined viscosity data. 

For polar molecules (Table 4) with 6,,, < 
0.25, P(av) is the average over the Lennard-Jones 
and Stockmayer P(visc) values; Stockmayer 
P(visc) values were used to calculate P(av) when 
6,,, > 0.25. For reasons of coilsistent compari- 
son all P(calcd), P(av),and P(rec)values have been 
calculated with n = 0.50. It should be noted that 
for indeterminate cases the determinate product 
P(n) may have a value of n, different from 0.50; 
in these cases also P(visc) values for n = 0.50 
were calculated to make comparison possible. 
As before, the Y,  dev. column indicates the error 
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level in viscosities, recalculated on the basis of 
the recommended parameters. 

Supplementary Test Methods for o 
In addition to already existing non-viscosity- 

based correlation techniques (1, 11) we have 
found three additional estimation methods. 
Figure 1 shows that there is a reasonable cor- 
relation between 03(rec) and V,25, the molar 
volume at 25°C. In fact, for chemically closely 
related molecules (such as the n-alkanes, the 
methyl benzenes and the n-alkan-1-01s) very 
good straight-line relationships exist. In prin- 
ciple a correlation between o3 and Vmb (molar 
volume at boiling point) would be better; how- 
ever, Vmb is not available in many cases, whereas 
Vm2' is much more often available from litera- 
ture sources. For low-boiling compounds the 
reverse is often true. An application of the above 
correlations is ethyl acetate which with the MS 
method appeared to give too high a value for o .  
Using Fig. 1, an estimated o(rec) = 5.65 was 
arrived at. Points which would fall clearlv out- 
side the indicated correlation band of k g .  1 
must be considered erroneous. In fact this 
criterion was used in the foregoing discussions; 
it did confirm that certain o(visc) values (such 
as for mesitylene, n-hexane, neopentane, cyclo- 
hexane, CCl,, and propanal) were not only 
indeterminate, but indeed erroneous. 

A second test is based on the o and ~ / k  param- 
eters obtained by Wilhelm and Battino (abbrev. 
WB) (21) from the solubility of certain gases 
(He, Ne) in liquids. As Fig. 2 shows, there is an 
excellent straight-line relation between the WB 
o values and our o(rec) values. This relation 
formed an additional argument to accept the 
TGS method, particularly because of the excel- 
lent correlation for the higher n-alkanes. The 
only deviating point is that for acetone; since 
o(rec) is based on highly accurate PC, Tc, and 
vapour pressure data and since in Fig. 1 acetone 
falls well inside the correlation band, it is sus- 
pected that this deviation is caused by an error 
in the solubility measurements. The WB method 
in principle provides also ~ / k  values, but these 
seem to be rather inaccurate. 

A third test is provided by the o values, ob- 
tained by Goldman (22) by fitting a thermo- 
dynamic perturbation theory to experimental 
vapour pressure data. Figure 3 shows an ex- 
cellent correlation between Goldman's o and 
our o(rec) values. 

FIG. 2. Empirical correlation between the o values 
based on noble gas solubility as given by Wilhelm and 
Battino (21) and the o(rec) values of Tables 1, 2, and 6. 
o(rec) values, based on determinate o(visc) values are 
indicated by A;  filled circles 0 indicate o(rec) values 
based on correlation techniques. 

Whenever these test methods are used to 
estimate o values, the problem of finding the 
corresponding ~ / k  value still remains. However, 
in these cases an accurate product P(n) may 
be available, from which, in combination with 
the estimated o value, the ~ / k  value can be 
abstracted (example : ethyl acetate). 

Auxiliary Parameters 
In all correlation techniques discussed above, 

critical constants are needed. Compilations of 
experimental critical constants are available 
(23-26). For molecules where such experimental 
data are not available, these can be calculated 
with good precision according to a method 
described by Curl and Pitzer (27). This method 
requires knowledge of the boiling temperature, 
the temperature at which the vapour pressure is 
100 Torr and the density at some temperature 
below the boiling point, all of which data are 
usually easily accessible. 

The TGS and MS methods require in addition 
knowledge of vapour pressures for the calcula- 
tion of o (and x). The potential parameters 
calculated according to TGS are not very 
sensitive to small (L- 5%) changes in o. Therefore 
almost any source of vapour pressures (26, 
28-32) at T,  = 0.7 is normally accurate enough 
as are.values of o estimated with the Edmister 
formula [13]. The situation is more complicated, 
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MOURITS AND RUMMENS 

FIG. 3. Empirical correlation between the IS values of Goldman (22) and the o(rec) values of Tables 
1, 2, and 6. ~ ( r e c )  values based on determinate ~(visc) values are indicated by A; filled circles 
indicate ~ ( r e c )  values based on correlation techniques. 

however, when the o and x parameters of the of the extreme sensitivity of o and ~ / k  towards 
MS method are to be determined. I11 their o and x. In order to find the needed vapour 
original paper, MS calculated Stockmayer pa- pressures at reduced temperatures T, = 0.6 and 
rameters for 13 molecules for which, in their T, = 0.7, it is necessary to fit experimental data 
words, "reliable values of o and x were avail- into a vapour pressure equation. One of these is 
able", without disclosing either their methods or the Antoine equation [16] : 
their sources. In Table 5 we have listed the most 
recent values of o and x used in other work of ~ 1 6 1  

B 
log,, P = A - - 

Stiel and co-workers. The fact that some of these t + C  
values were revised several times reflects already 
the problems encountered when determining 
such parameters. With the above o and x pa- 
rameters we calculated o and ~ / k  according to 
[15], but many of these were clearly unacceptable 
on the basis of the vm2' or vmb test (example 
ethanal) or on the basis of a lacking consistency 
in homologous series (for example the o(MS) 
for HBr and HCl). Partly because of the above 

Several compilations of Antoine parameters are 
available (28, 29, 31). The closeness of the data 
fit over the experimental range should be 
f 0.03% or less and the calculated critical 
pressure should be about 8% too low (33). If 
raw vapour pressure data were available, or if 
the Antoine equation was not adequate, we have 
successfully en~ployed the following expression : 

we felt compelled to re-evaluate the w,x method B 
[I71 log,, P = A - -+ Clog T + DT 

and to develop suitable criteria. Extensive trials T 
have shown us that, in order to obtain reasonable 
o and ~ / k  parameters through the MS method, In our experience, [17] is at least equivalent in 
one needs vapour pressures accurate to k0.01 quality to the Antoine equation and in certain 
Torr (corresponding to a temperature accuracy cases (such as alcohols) definitely superior; in 
of +O.OOl°C), over an extended pressure range addition, [17] is more easily adaptable to com- 
(normally between 0.1 and 2 atm) covering at puterized least-squares fitting. Most of our own 
least the T,  = 0.6 point but preferably also the o ,x  values (last two columns of Table 5) were 
T,  = 0.7 point. The requirement of highly obtained through the vapour pressure equation 
accurate vapour pressure data is a direct result [17]. 
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TABLE 6. Potential parameters o and ~ / k  calculated by correlation techniques for some selected molecules 

Vca Tca PCa ~ / k  
No. Compound p*' (cm3) (K) (atm) me xC (K) 

#Taken from ref. 24, unless indicated otherwise. bCalculated by method of Curl and Pitzer (27). =Vapour pressures were fitted with [17] 
exceot where indicated otherwise. dP(fl data from J. G. Aston et al. J. Am. Chem. Soc. 63.2343 (1941). *From Antoine constants of ref. 28. 
~~' (r fdnta  tiom ref. 29. YFrom ~ntoiniconst;~nts of'ret' 31. hFrom Antoine constiints gi\e" by J .  lleiniich and J. Surovy. Sb. Pr. Chim ~ i k .  
SVS1'. 207 (1966). 'P(r) data of McCuIlough: see ref. 30. ~l'(rJ data of Heim: see ref. 30. *P(r) data of 7nl;lckz)mski; see rel: 30. 'P(r) data 
of Brown and of Mnksiniov: see ref. 30. "Cnlculated according to T<;S method, eq. 12. "Calculated according to ST method, c4. 8 ;  MS 
method rejected on the basis of VmZs and WB tests. "Calculated according to MS method, eq. 15. OMS and ST methods rejected on the 
basis of VmZ5 and WB tests; o estimated from Figs. 1 and 2, &/k  calculated from product a2&11Z. 
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Intermolecular interactions in nuclear magnetic resonance. XI. The and proton 
medium shifts of CH, in the gas phase and in solution 
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FRANS H. A. RUMMENS and FRANK M. MOURITS. Can. J. Chem. 55,3021 (1977). 
The 'H and 13C resonances of methane have been measured at 298 K, both as pure CH, in 

the gas phase as function of the density as well as at low concentration in solution, using polar, 
non polar, isotropic, as well as magnetically anisotropic solvents. It is found that both the gas 
and the solution proton shift data can be readily understood in terms of the Vander Waals 
shielding ow and the mean-square field due to the dispersive interactions: o w  = - BF2. Either a 
macroscopic reaction field model or a binary collision statistical mechanical model for F2 can 
be used with an approximately equal degree of success. Whereas the 13C gas phase shifts of CH, 
are also proportional to the density, the 13C gas-to-solution shifts indicate that, apart from 5, 
there exists even in non-polar isotropic solvents another effectyhich is not proportional to F2.  
The present study also includes a new proposal regarding F2,  a discussion of anisotropy 
shielding o, in magnetically anisotropic solvents and a discussion of the effective B parameters 
('H and 13C) of CH4 in the gas and the solution state. 

FRANS H. A. RUMMENS et FRANK M. MOURITS. Can. J. Chem. 55,3021 (1977). 
On a mesurk les rksonances de 'H et 13C du mkthane a 298 K sous forme de CH, pur en 

phase gazeuse en fonction de la densitk ainsi qu'a faible concentration en solution utilisant des 
solvants polaires, non-polaires, isotropes aussi bien que magnktiquement anisotropes. On a 
trouvk que les donnkes de dkplacement chimique des protons pour le gaz et les solutions peu- 
vent etre facilement expliqukes en termes du blindage de Van der Waals ow et du moyen du 
carrk du champ dB a des interactions dispersives: ow = - BF2. On peut utiliser soit un modele 
de champ de &actions macroscopiques ou un modele de mkchanique statistique par collision 
binaire pour F 2  et l'on a alors des chances approximativement kgales de succes. Alors que les 
dkplacements 13C en phase gazeuse du CH4 sont aussi proportionnels a la densitk, les dkplace- 
ments de 13C qui se produisent lorsque I'on passe du gaz vers des solutions indiquent qu'il existe, 
en plus de o,mtme dans des solvants isotropes non-polaires, un autre effet qui n'estpas pro- 
portionnel a F2. L'ktude actuelle inclut aussi une nouvelle proposition concernant FZ soit une 
discussion du blindage anisotropique o, dans des solvants magnktiquement anisotropes et une 
discussion des parametres B effectifs ('H et 13C) du CH4 a l'ktat gazeux et en solution. 

[Traduit par le journal] 

Solvent effect studies on nmr shifts have been 
studied hitherto mostly by proton spectroscopy. 
In view of the recent tremendous expansion of 
13C nmr it is surprising that very few 13C solvent 
studies have appeared (for brief reviews see ref. 1 
and the literature cited in ref. 2 therein). Apart 
from very recent work by Tiffon and Doucet (2) 
on 13C gas-to-liquid shifts of n-pentane and by 
Cans et al. (3) on the 13C solution shifts of a 
number of olefins, no other systematic study 
seems to have been undertaken. This situation 
appears precarious, because 13C solvent shifts 
can now be estimated as being of very con- 
siderable magnitude; lack of knowledge of these 
effects can well precipitate errors of interpreta- 

'Publication was delayed at the author's request. 

tion in general 13C work. It was decided to study 
the medium shift effects of CH, to help fill in 
the aforementioned gap. Methane was chosen for 
several specific reasons. Firstly, it allows a study 
in the gas phase as function of density as well as 
in the liquid phase as gas-to-solution shifts. 
Secondly, the carbon being at the centre of 
mass, the site factor complications (ref. 4; see 
also pp. 46-50 of ref. 1 for a further discussion of 
this effect) are eliminated for the 13C shifts. 
Finally, by measuring at the same time the 
proton shifts, a comparison between nuclear 
species would be feasible. 

In general one can write for the shielding of a 
molecule in a medium: 

[I] (3 + (3b f (3, + 0, + 0 E 2  + OEz + ... 
where the symbols have their usual meaning (5). 
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3022 CAN. J .  CHEM . VOL. 55 ,  1977 

The medium shift can be defined as om = o - 
o, - o,; om then contains exclusively the inter- 
molecular effects. Since CH, is non polar, the 
reaction field term o,, will be taken as zero. In 
addition the term o , ~ ,  the direct field effect of 
polar solvents will also be taken as zero, since it 
has been estimated (6) that this effect, if it exists 
at all, is negligible in comparison to ow, at least 
for non polar solutes. For the Van der Waals term 
ow, most present theories start with Stephen's 
proposal (7) that ow is proportional to the mean- 
square electric field due to the spontaneous 
moments; ow = -BF2. Of these only the 
binary collision statistical mechanical model of 
Raynes, Buckingham, and Bernstein (abbreviated 
RBB) (5) and the macroscopic reaction field 
model of Rummens (6) have shown quantitative 
promise. In the latter model one has: 

The cavity radius a can be estimated from a3 = 
3Vl/4xNA but this has been shown (6) to be a 
poor approximation. Using proton shifts, Rum- 
mens has used the above model in reverse to 
determine the cavity radius; with a value of 
KB('H) = 4.71 x lo-" esu he found a3(CH4) 
= 13.9 x cm3. The site factor (1 - 
q2)-3 contains the parameter q which is defined 
as q = d/r12, d being the distance from nuclear 
site to the centre of mass of the solute while 
r,, = r, + r,, r, and r, being molecular radii. 
For I3C of CH,, d = 0 and therefore the site 
factor is unity. The parameter B is certainly 
much larger for I3C than for 'H; the parameter 
K contains only model approximations and can 
be expected to be independent of the nuclear 
species investigated. Following [2] one has 
therefore 

In the virial model of RBB, and allowing only 
binary interactions, one has (5) 

=(31w 
" V  

c41 
= IS (ow)pair exp (- u/kT)  dr v 

'The value a3 = 34.3 given in ref. 6 is in error; also 
the (ro1/2)3 value quoted should read 6.80 x ern. 

where u is the intermolecular potential, for which 
the Lennard-Jones (6-12) potential is conveni- 
ently chosen: 

The same authors (5) took as mean-square field 
on the solute the field of a (solvent) n~olecule at 
distance r 

Rummens et al. (4, 8) introduced a site factor, 
which in the integrated form of [4] is given by 

- 

where go = dlr,. Using (ow) pair = - BF2, [4] 
combined with [ 5 ]  and [6] becomes 

where y = 2 ( E / ~ T ) ' ~ ~  and &,(y) is an integral 
whose numerical values are known (9). For gas- 
phase work KGg = 1 by definition. A value of 
K6' = 1.46 + 0.0064t has been proposed (8) 
for gas-to-liquid shifts. Apparently ow in liquids 
or in high pressure gases can be understood in 
terms of an effective binary collision, higher 
order collision contributions being apparently 
proportional to the binary effect. In this inter- 
pretation K6' represents this proportionality 
constant; its value should be independent of 
nuclear species. Analogous to [ 3 ] ,  this model 
therefore predicts that 

Theory 
A modification in the use of the binary colli- 

sion model will be discussed here. It concerns the 
mean-square field F2, several criticisms having 
been made recently (ref. 1, pp 41-42) regarding 
the approach of [6]. At the rather short distances 
of interest (ow is nearly entirely determined by 
the nearest neighbors), it would seem that solute 
and solvent molecule would interact and that 
therefore a field in empty space would not be 
adequate For the dispersion energy +diSp of two 
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RUMMENS AND MOURITS 3023 

molecules one may write; 

This follows from the Drude model, but the 
same result can be obtained by London's per- 
turbational method (10) or by variational 
methods (11, 12). 

The energy of a polarizable particle in an 
electric field being -aE2/2, one has for a system 
of two particles in each other's mean-square 
field : 

where Fi(j ,  is the field at i, caused by j. Equating 
[lo] and [ l l ] ,  one has as a possible solution: 

together with a similar expression for p,(,). 
For ow this results in: 

Comparing [12] and [6] one notes that I, has 
been replaced by 1112/2(11 + I,), so that even if 
the ionization potentials are equal, [12] gives a 
4 x smaller field and therefore a 4 x smaller ow. 

Many approximations were made in the 
derivation of the London dispersion energy, 
given by [lo]. One may well wonder if its use 
is justified. Hirschfelder et al. (16) compared the 
sum of the first three terms in the dispersion 
energy with the r -6  coefficient in the Lennard- 
Jones potential as determined from viscosity and 
found that the latter coefficients were between 
1.5 and 2.0 times larger. However, if one com- 
pares the r -6  coefficients of [lo] with the results 
of other quantum-mechanical calculations, such 
as the variational methods of Slater and Kirk- 
wood (11) and Buckingham (12), the uncoupled 
Hartree-Fock calculations of Karplus and 
Kolker (13) or the coupled version of Dalgarno 
and Victor (14), one can generally see a reason- 
able agreement. As Dalgarno and Davison have 
pointed out (15), one should not compare the r - 6  

coefficients based on viscosities, because the 
viscosity data are usually obtained at tempera- 
tures where the short-range repulsion forces play 
a significant role. One should extrapolate these 
viscosity data to absolute zero in order to get 
correct results. Atomic beam small-angle scatter- 

ing at thermal energies is potentially the most 
valuable source of information about long-range 
forces. The few results obtained so far agree well 
with the above mentioned calculations (15). Bell 
(17) has calculated the r -6  coefficients for a 
number of gases, using a semi-empirical method 
which can be considered the best available. His 
results are somewhat larger than those of [lo], 
but only about 5 to 20%. Thus, we have decided 
to adopt [lo] because of its general applicability 
and its relatively good accuracy. As a corollary, 
[12] then must also be assumed correct, but this 
can be checked in an independent manner. If one 
takes the r -6  coefficient of ow = -BF2 withF2 
asper [6] and equate this to the r - 6  coefficient of 
ow for two interacting H atoms, as calculated by 
Marshall and Pople (18), one arrives at B = 
0.20 x 10-l8 esu for an H atom, in poor agree- 
ment with B = 0.74 x 10-l8 esu for an H aton1 in 
an electric field, as calculated also by Marshall and 
Pople (19). However, if [12] is used rather than [6] 
then a value of B = 0.80 x 10-l8 esu emerges, 
which shows a very good correspondence with 
the direct calculation of an H-atom in a field. In 
addition it has also been established empirically 
by Mohanty and Bernstein in their 19F gas 
phase work (20) and by Rummens and De 
Meyer (ref. 1, p. 45) on gas-to-liquid shifts of 
X(Me), that a form 1112/(1, + I,) or, what is 
almost the same, m, gives much better 
coherence of ow data than does I, alone. Also a 
considerable improvement in constancy of B 
(though not enough) would be obtained if the 
data of Jameson et al. on lZ9Xe in various sol- 
vent gases (21) would be treated according to 
[12] rather than [6]. 

The replacement of [6] by [12] has an effect 
that all B parameters obtained from gas phase 
studies would have to be recalculated; they will 
all become larger by a factor close to 4. 

Experimental and Calculational Details 
The lH and 13C spectra were recorded on a Bruker 

HX-90 spectrometer by pulse Fourier transform tech- 
niques, using a 19F field lock. Hexafluoroacetone - 
1.6 D,O (HFA) in a separate capillary was employed as 
the locking compound. The CH4 proton resonance fre- 
quencies were derived directly from the offset frequency 
and from the spectral width employed. The 13C resonance 
frequencies of I3CH4 were measured relative to the 13C 
resonance of HFA. The 13C spectra were narrow-band 
proton decoupled. The probe temperature was maintained 
at 298 + 0.5 K for all spectra. The CH4 used for all gas 
phase measurements was supplied by Matheson of 
Canada, Ltd. (ultra high purity, CH4 > 99.95%); for the 
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solution measurements, enriched 13CH4 was used, 
supplied by Merck, Sharp and Dohme Canada, Ltd. (90 
at.% 13C). The various solvents were high purity chemical 
reagents, used without further purifications. A single 
nmr tube was used for all experiments. Its design 
followed closely that of Mohanty and Bernstein (20). 
A 5 mm od medium wall nmr tube (Wilmad Glass Co. 
Inc. #524-PP) was used, the open end of which was 
ioined to the glass bodv of a Fischer and Porter Teflon 

CH4 (obtained by extrapolation on a plot of V1I3 
us. yo for the halo me thane^)^ and r2 (A) = [0.293 V2 
(ml)]113 (8) were used in the calculation of q = d/rl + 
rZ). The r0 and ~ / k  parameters used have been given in the 
foregoing paper (31). Mixing rules (32) (rO(12) = (ro(') + 
r0('))/2 and c12 = a2 were used. A Hewlett Packard 
model 97 calculator was used for all calculations. 

Results and Discussion 
Lalve, the side arm o f t h e  latter having been removed. cas phase Measurements 
The original Teflon valve was replaced by a modified Both for 1~ and isc the medium shift was valve which has an axial hole for the passage of the gas 
and a top designed to fit a 10/30 female glass joint on the found to be proportional to the density P. The 
vacuum system. A capillary (1.5 mm 0.d.) containing the results are given in Table 2. The experimental o, 
lock and reference compound HFA was placed in the value for 'H(CH,) compares well with earlier 
nmr tube before-the latter's assemblage; it was per- data (ref. 1, p. 34). ~h~ ratio B ( ~ ~ c ) / B ( ~ H )  is 
manently centered by two Teflon washers. Tests have 
shown us that this kind of tube assembly can withstand 52 according to 2. is reason- 
pressures of over 100 atm. Alignment of the tube assembly ably close to similar ratios B(Ne)IB(He) of 75 
bn a precision lathe was found to be necessary in order and 25 as calculated by Jameson et al. (21) and 
that it will spin smoothly. Kromhout and ~ i n d e i  (24), respectivdly.' The 

In order to enable the calculation of the CH4 density large value for ~ ( 1 3 ~ )  indicates that is likely 
in the nmr tube, a gas transfer system, which included a 
Toepler pump, was constructed. The design and operation dominated by the paramagnetic shielding term. 

- A -  - 
of such systems have been described by Meinzer (22) and ~ ~ ~ - ~ ~ - ~ ~ l ~ ~ i ~ ~  M~~~~~~~~~~~ 
by Mohanty and Bernstein (20). Once all volumes con- 
cerned (nmr tube, Toepler pump, and manifold line) Table 3 gives the zero-pressure gas-to-solution 
were calibrated, the amount of gas transferred could be shifts. The Proton data can be compared with 
calculated from itsp V product. those at 30°C of Buckingham et al. (25). In 

 he proton gas ~ h a s e  spectra of CH4 were recorded on general there is reasonable agreement, although 
samples ranging in density from 1.5 mg to 35 mg there are sizeable differences. -JJ-,~~ is due in part 
cm-3 (i.e. 2.4-53 atm). Below 2.4 atm the proton res- 
onance line became too broad (because of spin-rotation Our extrapolation gas pressure (in (25) 
relaxation) to be accurately measured. The corresponding a 10 atrn CH, sample was used as the zero point) 
13C Spectra (of the natural abundancy CH4) in the gas and to better xm data in the present study. Dif- 
phase were recorded in the density range 5.9-35 mg ~ m - ~ ,  ferences remain even after these corrections ; 
the lower limit being determined by the low signal 
strength. The accuracy of the calculated gas densities was Our present indicate om which are 
checked gravimetrically and found to be within 0.1Z. st111 0.01 to 0.06 PPm larger. This systematic 
The limits of error o i t h e  chemical shift measurements difference could be due to the lower m robe 
were k 0.5 Hz for 'H and + 1.2 Hz for 13C. For the gas-to- 
solution measurements the 'H and 13C shifts of 13CH4 
(90%) were determined in 18 solvents, which are listed in 
Table 1. The preparation of these samples was similar to  
the method described by Rummens and Louman (23); 
the solvent is brought into the nmr tube; it is then de- 
gassed by several freeze-pump-thaw cycles, followed by 
condensing an amount, equivalent to a pressure of 5 atm 
at  298 K, of 13CH4 into the tube. The 12CH4 proton 
resonance frequency was found by taking the center of 
the recorded doublet of the 13CH4 and correcting this 
value for the isotope effect of 0.002 ppm. (This technique 
is more accurate than using the weak central line due to 
the 10% 12CH4.) 

The chemical shifts of CH4 in the gas phase were found 
to be linear to the density, both for 'H and 13C. Extra- 
polation to p = 0 gave the values of o0(lH) and oO(l3C), 
while the slopes provided the parameters ol(lH)/M and 
ol(' 3C)/M, respectively. 

Table 1 lists the physical properties used in the calcu- 
lation of the medium shifts. All temperature dependent 
parameters were calculated at the temperature of the 
experiment. In the calculation of the site factors d = 1.09 
A was taken. Values of rl  of CH4 of rl  = 2.442 A for 

temperature (25°C) of the present study. 
A plot of -om(H) for 'isotropic' solvents vs. 

(n2 - 1)'/(2n2 + 1)'(1 - y2)3 for the proton 
data is given in Fig. 1. An unbiased least- 
squares straight line fit gave an intercept well be- 
low the standard deviation limit; a best straight 
line forced through the origin resulted in a slope 
of 8.05 ppm which is slightly different from a 
similar slope published earlier (6); this new slope 
value is henceforth adopted. A similar plot of 
- om(H) us. O,/K,~B of [13] gives also a reason- 
able straight line through the origin (see Fig. 2) 
although with somewhat larger scatter. However, 
if the binary collision model is subsequently used 
to extract o, values for the anisotropic solvents 
(by taking the difference of the experimental om 

3This value is different from the earlier used r, = 
2.068 (6) because of re-calibration using better ro values 
(28). 
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TABLE 1. Physical properties of solvent and solute molecules 

No. M Density (g/cm3) 
- X m  x lo6 a x loz4 I x io12 p 

(esu)j (cm3)* (erg)' (D)"S~ 

CH4 
TMS 
c-CsHio 
c-CgHi2 
CCI, 

CH;I~ 
cs2 
Ethyl ether 
Ethyl acetate 
DMSO 
Acetone 
CH3NOZ 
CH3CN 
CsHs 
p-Xylene 
C6H5CI 
C ~ H ~ N O Z  
- -  

sT. Timmermans. Physico-chemical constants of pure organic compounds. Elsevier, New York, NY. Vol. 1. 1950 and Vol. 2. 1965. *Physical properties of chemical compounds. Advances in 
chemistrv series. The American Chemical Societv. Washineton. DC. Vol. 29. 1961: Vol. 22. 1959: Vol. 15. 1955. CBeilstein. Handbuch der Chemie. Third and Fourth Su~olement. "American 
~i;riieu6%ititute-~e&rch Project 44. * ~ m e l i r . ' ~ e i l  C, !%ci;m. 1958. fH. i-~chiaefer and W. ~chaffernkht. Angew. ~ h & .  17, 618 (1960). 91. Heinrich and J. ~u rovy . -~h .  Pr. Chem. Fak. 
SVST 207 (1966). hR. Grzeskowiak, G. H. Jeffery, and A. I. Vogel. J. Chem. Soc. 4728 (1960). 'V. Griffing, M.A. Cargyle, L. Corvese, and D. Ehy J. Phys. Chem. 58, 1054 (1954). jS. Broersma. 
3.  him. Phys. 17, 873 (1949). 'Landolt- Barnstein. Zahlenwerte and Functionen. Vol. 2, 1967. 'E. W. Abel, R. P. Bush, C. R. Jenkins, and T. Zobel. Trans. Faraday Soc. 60, 1214 (1964). "M. W. 
Lister and R. Sarson. Can. J. Chem. 42, 2104 (1964). "J. R. Lacker. J. Am. Chem. Soc. 69. 2067 (1947). oG. Robinet. P. Dagnac-Amans. and J. F. Laharre. J. Chim. Phys. Physiochim. Biol. 66, 
63 (1969). PM. B. Kennedy, M. W. Lister, R. Marson, and R. B. Poyntz. Can. J. Chem. 51, 674 (1973). gCalculated at 298 K from the Lorentz-Lorenz equation. 'U.S. National Bureau of 
Standards. NSRDS-NBS 26 (1969). SG. G. Hess, F. W. Lampe, and L. H. Sommer. J. Am. Chem. Soc. 87, 5327 (1965). 'D. I. MacLean and R. E. Sacker. J. Organometal. Chem. 74, 197 
(1974). "Y. Tanaka, A. S. Jursa, and F. J. LeBlanc. J. Chem. Phys. 32, 1199 (1960). YG. Distefano, A. Foffani, G. Innorta, and S. Pignataro. Int. J. Mass Spectrom. Ion Phys. 7, 383 (1971). '"K. 
Watanabe T. Nakayama and J. Mottl. U.S. Dept. Com. Office Tech. Serv. PB Rept. 158, 317 (1963). XLandolt-B6rnste1n. New series. Group 11, Vol. 4 (1967) and Vol. 6 (1974). W.S. 
National Bureau of standards. NSRDS-NBS 10 (1967). =A. L. McClellan. Tables experimental dipoleinoments. W. H. Freeman, London. 1963. 
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TABLE 2. Proton and 13C medium shift of CH4 in the gas phase at 25'C 

B x 1018 (esu) 
o1 (exptl) 

Nucleus (ppm cm3 mol - l) QIW Eq. 13 Eq. 8 

TABLE 3. Proton and 13C gas-to-solution shifts of CH4 at 24"C, corrected for susceptibility 

-om + o, - o m  + o, 
-om (H)exptl ---- -om (13C)exptl 

Solvent No. ( P P ~ )  scan s.5 ( P P ~ )  -om + oa 

TMS 
c-CsHio 
c-CsHlz 
CCI, 
CHC13 
CH31 
CHzIz 
csz 
EtzO 
MeCOOEt 
DMSO 
Acetone 
CH3N02 
CH3CN 
C6H6 
P-C,H,(CH~)Z 
C6H5CI 
C,H,NOz 

values and ow contributions calculated on the 
basis of the straight line of Fig. 2), quite unac- 
ceptable values for o, result (see column 3 of 
Table 4). The o, values for acetone, acetonitrile, 
and nitromethane seem much too high, the one 
for acetonitrile even having the wrong sign, 
whereas those for the aromatics appear unrealis- 
tically low. The aberrations appear outside the 
limit of the errors due to uncertainties in r ,  and 
&/k,  but no alternate explanation can be offered. 
Because of this we have used the o, data based 
on [2] and the best straight line of Fig. 1; they 
are given in column 2 of Table 4. 

The o,(13C) data were corrected, using this 
newly adopted set of o, values, (note that the 
site effect for 0, is unity for spherical solutes 
(26, 27), independent of nuclear species) and 
subsequently tested against the expressions of 
[2] and [13]. As Figs. 3 and 4 indicate, neither of 
these plots goes through the origin while in 
addition the scatter is very large. The possibility 
of model or parameter errors can be eliminated 
by plotting (om - o,) for 13C against (om - o,) 

or (om - o,)/S,,, for 'H. As [9] and [3] indicate 
this should result in perfect straight lines through 
the origin with a scatter no larger than that due 
to experimental error (note that SGg and S,,, are 
close to unity in this particular case). As Fig. 5 
shows, however, this is not the case at all (using 
S,,, rather than Sg6 results in an almost-identical 
plot). This can only mean that ow = B F ~  is not a 
sufficient basis for the Van der Waals shifts of 

TABLE 4. Neighbour anisotropy shifts o,, determined 
as the vertical deviation from the best straight 

line of Figs. 1 and 2 

Q, ( P P ~ )  

Solvent From Fig. 1 From Fig. 2 

CsHs 0.595 0.515 
C6H5Cl 0.509 0.368 
C,H,NO, 0.753 0.619 
p-Xylene 0.467 0.278 
Acetone 0.080 0.212 
CH3N0z 0.090 0.317 
CH3CN -0.144 0.096 
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RUMMENS A N D  MOURITS 

FIG. 1. Proton gas-to-solution shifts at 25OC of CH, corrected for ob,  plotted against f(n,q) of [2] for 
isotropic solvents. Slope of solid line is 8.05 ppm; standard deviation is + 0.045 ppm. 

FIG. 2. Proton gas-to-solution shifts at 25'C of CHI, corrected for ob,  plotted against G,/BK,~,  
calculated according to 1131. Slope of solid line is K6=B = 4.92 x 10-ls (esu); standard deviation 
is f 0.07 ppm 

13C. Beyond dispersion forces there is clearly definite explanation of this new effect can be 
another effect at work, which is not proportional offered at this stage. 
to F 2 .  Apart from the suggestion that repulsive The slope of Fig. 2 K,gB = 4.92 x 10-l8 esu 
forces may be at the origin of this problem no is in very satisfactory agreement with KB = 
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FIG. 3. 13C gas-to-solution shifts at 25OC of 13CH,, corrected for ob and cr,, plotted against f(n) of 
[2]. Best straight line is given by y = 9 9 . 5 ~  + 2.61 ppm with a standard deviation of f 0.84 ppm. Best 
line through the origin is y = 151 .4~  with a standard deviation of + 1.15 ppm. 

- -cw x ( ppm esu-I) - 
K: B 

FIG. 4.  13C gas-to-solution shifts at 25'C of 13CH,, corrected for ob and o,, plotted against O , / K ~ ~ B  
calculated according to [13]. Equation of solid line is y = 5 0 . 0 ~  + 3.74 ppm; standard deviation is 
f 1.28 ppm. Best line through the origin is y = 9 9 . 4 ~  with a standard deviation of f 1.69 ppm. 

4.71 x 10-l8 esu determined previously (6). 
With a value of B(CH,) = 1.68 x 10-18 esu 
(Table 2), this leads to K = 2.80 and K6g = 
2.93. Although both these figures are somewhat 
larger than the KGg(25"C) = 1.62 (a), the close 
agreement shows again that both the con- 
tinuous model and the binary collision model are 
essentially measuring the same property. Using 

the 'forced-through-the origin' lines of Figs. 3 
and 4, combined with B(CH,) = 88.1 x lo-" 
esu (Table 2) one finds K = 1 .O1 and K6g = 1.13 
respectively. Again the two K values are very 
similar but both are substantially lower than 
when determined from the proton shifts. If the 
slopes of the lionbiased best straight lines are 
used, the discrepancy becomes worse ( K  = 0.66 
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RUMMENS AND MOURITS 3029 

FIG. 5. I3C Van der Waals shift (-G,, + G,) of 13CH4 
plotted against site-factor corrected proton Van der Waals 
shifts of I3CH4. Best straight line is y = 2.77 + 12.92~;  
standard deviation is k0.71 ppm. Best line through the 
origin is y = 2 0 . 2 ~  with a standard deviation of + 1.14 
ppm. 

and K6g = 0.57, respectively). This shows that 
the unidentified contribution to the 13C Van der 
Waals shifts is not a constant term, but is 
definitely solvent dependent but with a depen- 
dency which is neither a smooth function of 
solvent refractive index, nor of the combined 
solvent factor of the binary collision model. 
Another way to look at the consistency between 
the models and the experimental facts is to 
calculate the B('~C)/B('H) ratios (eqs. 3 and 9). 
This ratio is 18.9 for the continuum model, 20.2 
for the binary collision model, and 20.2 for the 
experimental ratio as given by Fig. 5. 

In the 13C work of Tiffon and Doucet on n- 
pentane (2) no nonzero intercepts, larger than the 
standard deviation, were observed in plotting 
om vs. (n2 - 1)2/(2n2 + This is probably due 
to the fact that these medium shifts are much 
smaller than for 13CH4, but it also is possible 

that the particular choice of solvents has played 
a role in this. Calculating the site factors for pure 
n-pentane as S,,, (CH,) = 1.67, S,,,(CH,) = 
1.20 and S,,, = 1.00 for the central carbon 
respectively and dividing these into the observed 
slopes (see above), shows that the two types of 
CH, groups must have virtually the same KB 
values, whereas that for the CH, group must still 
be substantially larger. Using a ,  = 10.12 x 

cm3, 1, = 16.9 x 10-l2 erg and a3 = 
34.5 x cm3 (this is actually the value for 
neopentane (6)) the KB parameters can be 
calculated using [2]. The om us. (n2 - I)'/ 
(2n2 + 1)' slopes reported by Cans et al. (3) on 
the 13C shifts of a number of olefinic hydro- 
carbons are not so easy to interpret because of 
the variety of solute molecular shapes. Taking the 
average observed slopes, assuming all a l ~ , / a 6  to 
be constant, assuming also a site factor for CH, 
groups, which is 1.2 x larger than for all other 
aliphatic groups, the ratios of KB factors 
KB(CH,R) : KB(CH2R2) : KB(CHR,) : KB(CR,) 
can be found, however. The first ratio, 
KB(CH,R) : KB(CH2R2), agreed very well with 
that same ratio found for n-pentane (see above). 
Anchoring on the n-pentane data, the KB values 
for the other aliphatic groups could thus be 
obtained. The final results are as follows 

KB(CH,) = 89 x 10-l8 esu 

KB(CH,R) = 55 x lo-'' esu 

KB(CH2R2) = 27 x 10-'a esu 

KB(CHR,) = 17 x 10-l8 esu 

KB(CR,) = 38 x 10-l8 esu 

Although some of the above assumptions may 
seem drastic, the qualitative aspects of the above 
data are, in our opinion, nevertheless beyond 
reasonable doubt. The general trend of decreas- 
ing KB with increasing alkylation shows that this 
is not caused by a decrease in a presumed inter- 
molecular repulsion effect (such an effect would 
have the opposite direction; see above), but that 
it is more likely a real bond effect. However, as 
the result for CR, shows, this cannot be the only 
effect. The three carbon types CH,R, CH2R,, 
and CHR, are non-symmetrical, however, which 
makes these groups susceptible to electric field 
effects. Whereas the o,, term cancels out to zero 
for CH, and CR,, there could be a residual 
reaction field term o,, in the other three sub- 
stitution types. 
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Reaction of xenon difluoride. Part 1IP.Oxidative-fluorination and 
a-fluorination of sulfur(I1) compounds 
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RONALD KIRK MARAT and ALEXANDER F. JANZEN. Can. J. Chem. 55,3031 (1977). 
The reaction of XeF, with aryl and alkyl sulfides and thiols has been investigated. Oxi- 

dative-fluorination of diphenyl sulfide and tert-butylphenyl sulfide ,gives diphenylsulfur di- 
fluoride and tert-butylphenylsulfur difluoride, respectively. The presence of an a-hydrogen 
substituent leads to a-fluorination and, in some cases, to olefin formation while reaction of 
XeF, with .thiols gives disulfides. H F  catalyzed deconlposition of products and intermolecular 
fluorine exchange is inhibited by the addition of [(CH,),Si],NH. 

RONALD KIRK MARAT et ALEXANDER F. JANZEN. Can. J. Chem. 55,3031 (1977). 
On a Ctudit la reaction de XeF, avec des sulfures et des tl~iols d'aryles et d'alkyles. La 

fluoration oxydative du sulfure de diphenyle et du sulfure de tert-butylphCnyle conduisent 
respectivement au difluorure de diphCnylsulfure et au difluorure de tert-butylphCnylsulfure. 
La presence d'un hydrogene comme substituant en a conduit a une a fluoration et dans quelques 
cas a la formation d'olkfine; la reaction de XeF, avec les thiols conduit aux disulfures. La 
decomposition catalysee par H F  des produits et l'echange intermolCculaire du fluorure sont 
inhibes par l'addition de [(CH,),Si],NH. 

[Traduit par le journal] 

Introduction 
Xenon difluoride readily converts phosphorus- 

(111) to phosphorus(V) (1, 2) and iodine(1) to 
icdine(II1) (2-4) derivatives. We now report a 
similar oxidative-fluorination of sulfur(I1) com- 
pounds. The presence of an a-hydrogen leads to 
a-fluorination and, in some cases, to olefin for- 
mation while reaction with thiols gives disul- 
fides. Very recently, Zupan reported the XeF, 
fluorination of C6H5SCH3 to C6H5SCFH, and 
C6H,SCHF2 and the dehydrogenation of thio- 
pyrone and thiochromanone (5). Previous meth- 
ods of fluorination of sulfides include electrolytic 
fluorination in anhydrous H F  and fluorination 
with F, or metal fluorides (6). a-Fluorination, 
accompanied by oxidative-fluorination, is often 
encountered in such reactions, as illustrated by 
the electrochemical conversion of CH3SCH3 to 
CF3SF5 and CH3SF4CFH, (7) and the forma- 
tion of CSHF, (CHF2SF5 ?) (8) and C4H,FSF3 
(C3H,CHFSF3?) (9) during fluorination of 
CH3SH and (n-C4HgS),. Perfluoroalkyl-sulfides, 
-disulfides and -sulfenyl chlorides react with 
ClF to give sulfur(1V) and sulfur(V1) deriv- 
atives (10). Sulfides and CF30F  give sulfur(1V) 
and sulfur(V1) derivatives, e.g. (C6H5),SF, and 
(C6H5)2SF4 

Results and Discussion 
XeF, and Diphenyl Sulfide and t-Butylphenyl 

Sulfide 
Oxidative-fluorination of diphenyl sulfide oc- 

curred under mild conditions, eq. 1, to give 
diphenylsulfur difluoride which is stable in- 
definitely at room temperature if stored in a 
Teflon container. The product was characterized 
by elemental analysis, 'H, lgF,  and 13C nmr and 
by its hydrolysis to (C6H5),S0. The absence of 

intermolecular fluorine exchange in (C6H5),SF2 
was confirmed by 13C nmr since ring carbons 
C,, C,, and C, showed triplet fine structure due 
to carbon-fluorine coupling. 

Under the mild conditions employed in this 
study, (C6H5),SF2 was found to be stable to- 
wards further oxidative-fluorination by XeF,. 

Reaction of t-butylphenyl sulfide with XeF, 
gave C6H5SF2C(CH3),, identified by 'H and 
19F nmr. The product was too unstable for 
elemental analysis. 

XeF, and Alkyl Sulfides 
The presence of methyl, ethyl, isopropyl, or 
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benzyl substituents prevented the isolation of 
dialkylsulfur difluorides; instead, the products 
were a-fluorinated sulfides, eq. 2, as listed in 
Tables 1 and 2. 

Some reactions of C6H5SCH(CH,), pro- 
duced only C6H5SCF(CH3), but others gave 
olefin, C6H5SC(CH,)=CH2, as well. The ratio 
of a-fluoride to olefin depended on reaction 
conditions; lower temperature (- 10°C) fa- 
voured a-fluoride while higher temperature 
(0°C) favoured olefin. Once formed, the ratio of 
a-fluoride to olefin did not appear to vary, even 
at +40°C, suggesting that the olefin is not 
formed by simple loss of H F  from C6H5SCF- 
(CH3)2. 

XeF, and Thiols 
Reaction of XeF, with CH,SH, (CH,),CHSH, 

or C6H5SH (thiol: XeF, = 2: 1) gave the corre- 
sponding disulfide, HF, and Xe as the only 
detectable products, eq. 3. 

[3] 2RSH + XeF, + RSSR + 2HF + Xe 

If the reaction is carried out with thiol: XeF, = 
1 : 1 the same products are formed but only half 
of the XeF, is consumed. CH,SSCH, is stable 
in the presence of excess XeF,, however, after 
3 days decomposition gives a very complex mix- 
ture of products. 

Thiophene did not react with XeF, below 
+80°C; above that temperature decomposition 
occurred to give a black residue. 

HF Catalyzed Decompositions and Exchange 
Reactions 

The technique of removing H F  by chemical 
reaction with silicon-nitrogen compounds, eq. 4, 
thereby slowing down H F  catalyzed decom- 

positions and exchange reactions (12), proved 
useful in this work. For example, (C6H5),SF2 
gave a broad 19F nmr signal on several occasions, 
however, the addition of a small amount of 
[(CH,),Si],NH produced a sharp peak; at the 
same time some of the [(CH,),Si],NH was con- 
verted to (CH,),SiF thereby strongly sug- 
gesting that H F  catalyzed intermolecular flu- 
orine exchange, perhaps involving intermediates 
(C6H5),SF3H or (C6H5),SF+FHF-, was the 
cause of line broadening. 

Initial attempts to prepare C6H5SF,C(CH3), 

were unsuccessful because of rapid decomposi- 
tion, however, when the procedure was modified 
to include the addition of a small amount of 
[(CH,),Si],NH immediately after the reaction 
of XeF, with C6H5SC(CH,), then the product 
was stable for at least 3 h at +40°C. 

The reaction of XeF, with sulfides produced 
equivalent amounts of HF, eq. 2, but the a-  
fluorinated sulfides RSCFR, decomposed in the 
presence of HF, for example, CH,CH,SCFH- 
CH, decomposed within 15 min at +40°C 
while C6H5CH,SCFHC6H5 decomposed after 
one week at -20°C. If a stoichiometric amount 
of [(CH,),Si],NH was added to remove HF, 
then the products appeared to be stable in- 
definitely. 
Possible Intermediates in Fluorination Reactions 

Our results are consistent with initial oxida- 
tive-fluorination of diaryl(alky1) sulfides to give 
sulfur(1V) difluorides which are stable unless an 
a-hydrogen is present. Perhaps H F  is lost via a 
4-center step to give intermediate(i1 i-2 followed 

I 3-Center 
F transfer 

/ R  
R-S-C-R 

'F 
3 

by fluorine transfer via a 3-center step to give 
a-fluorinated sulfide 3. Since the olefin C6H5SC- 
(CH,)=CH, is not formed by simple loss of H F  
from 3, it is possible that 1 or i-2 is the olefin 
precursor. Other intermediates could also be 
formed by reaction of H F  with 1 or i-2, in that 
ease, the mechanism of a-fluorination would be 
more complex than indicated here. 

Attempts to identify intermediates in the re- 
action of XeF, with thiols were unsuccessful. 

Experimental 
Safety Note 

Although no violent reactions were encountered in this 
work, the technique of destroying excess H F  with 
[(CH3)3Si]2NH at the completion of the XeF, reactions 
is potentially hazardous because XeF, reacts explosively 
with some silicon-nitrogen compounds (2). 
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TABLE 1. Reaction of XeF, with sulfur(I1) compounds 

Sulfur(11) XeFz 
compound (mmol) (mmol) Reaction conditions Products 

(C6Hs)zS 1.09 1.09 - 5"C, 10 min (C6HS)ZSF2, Xe 
CsHsSC(CH3)3 0.42 0.42 O°C, 10 min C6HsSFzC(CH3)3, Xe 
(CH3)zS 0.80 0.66 -20°C, 10 min CH3SCFH2, Xe, H F  
(CH3CH2)2S 0.40 0.40 - 5"C, 3 min CH3CH2SCFHCH3, Xe, H F  
(C6HsCHz)~S 0.40 0.40 P C ,  5 mi11 C6H5CHzSCFHC6Hs, Xe, H F  
C6HSSCH(CH3)Z 0.40 0.40 - 1O0C, 30 min C6H5ScF(CH3), (> 90%), Xe, H F  

0.40 0.40 -5"C, 10 min C6HsSCF(CH3)2 (60%), C6HsSC(CH3)=CH, (40%) 
0.40 0.40 O0C, 2 min C6H5SC(CH3)=CHz (> 90%) 

Thiophene 0.45 0.45 + 20 to + 80°C No reaction; dec. above + 80°C 
(CH3),CHSH 0.55 0.27 - 1O0C, 20 min [(CH3),CHSIZ, Xe, H F  
C6H5SH 0.59 0.55 O°C, 10 min [CSH5SI2, Xe, HF 
CH3SH 0.45 0.43 +20°C, 10 min [CH3SI2, Xe, H F  
(CH3)3CSH 0.80 0.80 - 1O0C, 30 min (CH3)3CF, Xe, HF, Ss 
CH3SSCH3 0.35 0.35 + 2OoC, 60 min No reaction; very complex mixture after 3 days 

TABLE 2. Proton, fluorine, and carbon nmr chemical shifts and coupling constants of some a-fluoroalkylsulfides and 
sulfur(1V) difluoridesa 

Chemical shift Coupling constant 
( P P ~ )  (J, Hz) 

Compound F H(CF) HCF HCCF HCSCF Additional nmr data 

CHSSCFHZ +188.6 -5.63 54.0 2.6 6CH3 -2.26 
CH3CHZSCFHCH3 + 142.2 - 6.05 59.0 21.2 1.8 6CH3(CFH) - 1 .59, FCH3(CHz) - 1 .27, 

GCHz(CH3) -2.77, 3J(CH3CH2) = 7.6, 
3J(CH3CH) = 6.4 

C6H5CH2SCFHCsH5 + 149.7 - 6.78 57.2 1.9 
C~HSSCF(CH~)Z +107.8 19.2 6CH3 - 1.69 
(C~HS)ZSFZ~ -5.43 FCl -145.5, FC2 -128.6, 6C3 -129.1, 

FC4 -131.4, 'J(C1, F) = 4.55, 
3J(Cz, F) = 6.70, 4J(C3, F) - 0.5, 
'J(C4, F) = 1.78 

CsHsSFzC(CH3)3 +26.6 6CH3 - 1 .45, 4J(CH3CSF2) = 2.8 
@Proton and carbon chemical shifts are relative to internal (CH&Si; fluorine chemical shifts are relative to internal CFCI,. Positive values 

indicate shifts to high field. 
bSample for proton-decoupled '3C nmr spectrum contained 1.0 mmol (C6H,)2SFz and 10 u1 [(CH,)JS~]~NH in CD2C12. 

General 
XeF, (PCR), CD3CN (Aldrich), [(CH3)3Si]2NH (Ald- 

rich). thiols. and dialkvl and diarvl sulfides were com- 
mercial samples and were used without further purifica- 
tion. Volatile compounds were handled in a conventional 
glass vacuum system. C6H5SCH(CH3)2 and C6H5SC- 
(CH,), were prepared on a 0.1 mol scale (13). tert-Butanol, 
instead of isobutene, was used in the C6H5SC(CH3), 
synthesis. 

Proton and fluorine nmr spectra were recorded on a 
Varian A-56/60A spectrometer and carbon nmr spectra 
were obtained on a Varian CFT-20 spectron~eter (8 mm 
probe). Mass spectra were recorded on a Finnigan 1015 
quadrupole mass spectrometer coupled to a Varian 1700 
gas chromatograph. Thiols. sulfides, sulfoxides, Sn, HF, 
and Xe were identified by nmr and/or gc-ms by compari- 
son with authentic samples. C6H5SC(CH3)=CH2 was 
identified by its known nmr and mass spectrum (14). 

Elemental analyses were carried out by Alfred Bern- 
hardt Laboratories, West Germany. 

Diphenylsulfur Difluoride and tert-Butylphenylsulfur 
Difluoride 

Diphenyl sulfide, in a microsyringe, was added to a 
solution of XeF, in CH3CN (quantities given in Table 1) 
at - 30°C in a 100 ml Teflon bottle. Reaction occurred on 
warming to about - 5°C. After 10 min, all volatile com- 
ponents were removed under vacuum and the white 
residue (slightly purple coloured) was washed with three 
10 ml portions of isopentane. The solid was again dried 
under vacuum to give (C6H5)2SF,, white needle-like 
crystals, mp 66-74"C, isolated yield 74%. Hydrolysis gave 
(C6HS),SO. Anal. calcd. for C12HloSF2: C 64.27, 
H 4.49, F 16.94; found: C 64.20, H 4.62, F 16.71. 

Using the procedure above, t-butylphenyl sulfide was 
added to XeF, in CH3CN. Reaction occurred on warm- 
ing to 0°C. After 10 rnin, 5 p1 [(CH3)3Si]2NH was added 
and the solution transferred to a silylated and dried 
(210°C) quartz nmr tube. The nmr spectra were recorded 
at -20°C and the product was stable indefinitely at 
-20°C but decomposed within 18 h at +20°C to give 
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The kinetics of the reaction of boric acid with salicylic acid 

ALAN QUEEN 
Parker Chemical Laboratory, University ofManitoba, Winnipeg, Man., Canada R3T2N2 

Received May 10, 1976l 

ALAN QUEEN. Can. J. Chem. 55,3035 (1977). 
Salicylic acid forms a 1 : 1 complex with boric acid, the reaction involving both the fully pro- 

tonated ligand, and the salicylate ion. The kinetics of this reaction have been studied by the 
stopped-flow method. The stability constant for the reaction involving salicylate ion has been 
calculated from measurements of the absorbances of solutions at equilibrium and is the same as 
that obtained from the kinetic data. The kinetic results at pH values in the range 3.45-4.63 sug- 
gest that, when salicylic acid is the ligand, the complex is formed in two steps. A similar process 
may also occur with salicylate ions. 

ALAN QUEEN. Can. J. Chem. 55,3035 (1977). 
L'acide salicylique forme un complexe 1 :I avec I'acide borique; la reaction implique et le 

ligand completement protone et I'ion salicylate. On a etudie la cinetique de la reaction par la 
methode des flux stoppes. On a calcule la constante de stabilitt pour la rkaction impliquant I'ion 
salicylate; ces calculs ont ttk effectues a partir de mesures d'absorption de solutions en Cquilibre 
et cette constante de stabilite est la mCme que celle obtenue a partir de donnees cinetiques. Les 
rtsultats cinetiques, a de valeurs de pH allant de 3.45 a 4.63, suggerent que lorsque I'acide 
salicylique agit comme ligand, le complexe se forme en deux &tapes. Un processus similaire peut 
aussi se produire avec les ions salicylates. 

[Traduit par le journal] 

Introduction 
Boric acid forms 1 : 1 and 1 : 2 complexes with 

cis diols (1, 2), a-hydroxy acids (3), dicarboxylic 
acids (4) and nucleosides (5) as well as other 
compounds such as a-diketones (6). Most of the 
previous work has been concerned with equi- 
librium studies but recently Pizer and his co- 
workers have published the results of a series of 
kinetic studies of the reactions of boric acid with 
tartaric acid and phenylboronic acid with lactic, 
oxalic, and malonic acids (4, 7-10). The appear- 
ance of this work prompts the publication of 
results that have been obtained using boric and 
salicylic acids. 

Pizer has interpreted his data in terms of sev- 
eral factors that influence the rate of complex 
formation. These are the acidity of the ligand 
and interactions that stabilize a four coordinate 
species. The first of these effects seems to be well 
established but the other effects are less easily 
identified. I11 particular, a proposal that in some 
cases there may be attractive interactions be- 
tween the aromatic ring of phenylboronic acid 
and the carboxylate group of the ionized ligand 
is quite vague. 

Salicylic acid was chosen for the present 
studies because complex formation could be fol- 

'Revision received March 1, 1977. 

lowed spectroscopically in the absence of indi- 
cators and because the rates could be conve- 
niently measured by the stopped-flow method. 

Experimental 
Salicyclic acid and boric acid were Fisher Certified 

Reagents and were used without further purification after 
drying in vacuo over phosphorus pentoxide. 

Buffered solutions were made up by volume from stan- 
dard solutions of acetic acid, sodium acetate, and sodium 
chloride, the final volume of the mixture being adjusted 
to give an ionic strength of 0.1 M. These solutions were 
used to prepare solutions of salicyclic acid and boric acid 
of known strength. pH measurements were carried out 
at 25°C on mixtures of equal volumes of the salicylic acid 
and boric acid solutions. 

All kinetic experiments were carried out at 25"C, using 
a stopped-flow apparatus that has been described pre- 
viously (ll) ,  except that it was fitted with a quartz cell 
having a bore of 2 mm square section and length of 
20 mm. The flexible light pipes were discarded and light 
was passed from the monochromator to the cell by means 
of mirrors. By changing the position of a mechanical 
shutter, either transmitted light or fluorescence could be 
measured. In the fluorescence mode, light measurements 
were made at right angles to the exciting beam, which 
illuminated a 12 mm length of the reaction cell, starting 
8 mm from the mixing chamber. Rate measurements were 
carried out by following the changes in fluorescence in- 
tensity using exciting light at a wavelength of 335 nm. 
Son~ewhat larger changes in fluorescence were observed 
when the exciting light was at 320 nm, but a better signal- 
to-noise ratio was obtained at the longer wavelength, 
where the output of the 200 W quartz-iodine lamp was 
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3036 CAN. J .  CHEM. VOL. 55, 1977 

TABLE 1. Rates of reaction of boric acid and salicylic acid at 25°C. The effects of wavelength 
changes 

[Salicyclic acid] [H3B03] h Absorbance Fluorescence 
pH (M  x lo3)  (MI (nm) method method 

TABLE 2. Stability constants for the complexation of boric acid and salicylate ions, 1.043 x 
M ,  at pH 5.34 and 25°C 

CBoa Absorbance KHA-b" Absorbance KHA-bsd 
(MI at 322 nm ( M - l )  at 332 nm ( M - l )  

0C.O is the initial concentration of  boric acid. 
bKHA-  = 10.61 + 0.29 M - I .  

- E I  = 1610, where and E>  are the extinction coefficients of the complex 1 and salicylate ion, re- 
snectivelv. 

much greater. The apparatus used a Bausch and Lamb ments of the absorbances of ten different solu- 
high intensity monochromator set at a bandwidth of tions of boric acid and salicylic acid. l-he p~ 
15 nm. It was shown that identical rate constants were 
obtained using either fluorescence or absorbance mea- the was 5.34 and measurements were 
surements. The fluorescence method was preferred be- made at 25°C using a Gilford s~ec t ro~hotom-  
cause considerable loss of transmitted light occurs in our eter. model 2400-2. For these conditions less than - 
apparatus below 400 nm, resulting in a poor signal-to- 
noise ratio. The rate constants were calculated by an 
on-line method (12) and the results are sun~marized in 
Table 1. Each value is the mean of at least ten indepen- 
dent experiments. Good first-order rates were obtained 
over at least four half lives. 

Results 
Stability constants, KHz, and KHA-, for the 

formation of the complex 1 from salicylic acid 
and salicylate ion, respectively, are defined ac- 
cording to [I] and [2]. Values of KHA- have been 
obtained at 322 and 332 nm from the measure- 

0.5% of the ligand is in the protonated form. 
Calculations were based on the method of Rose 
and Drago (13) and the results are summarized 
in Table 2. The average value of KHA- = 10.6 
can be compared to the approximate value of 
17 , 3, previously obtained at an ionic strength 
of 3 M and an unknown temperature using in- 
frared data (14). Rose and Drago's method as- 
sumes that only two absorbing species are pres- 
ent in solution. Support for this assumption is 
gained from the convergence of the KHA--' 
values in the Rose-Drago plots and from the 
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QUEEN 3037 

fact that excellent isosbestic points were observed Within the range of p H  used, boric acid is 
at 258 and 299 nm when the p H  of the solutions virtually undissociated and only the first ionisa- 
was 5.34. tion of salicyclic acid needs to be considered. 

[complex] [H '1 The boric acid was always in large excess over 
[I] = [H2A][boric acid] salicyclic acid but at concentrations where the 

formation of dimers and larger aggregates could 

c21 
[complex] KHA- = be neglected (15). For these conditions, the 

[HA-] [boric acid] simplest reaction scheme is given by [3]. It can 

be readily shown that the observed rate constants 
are given by [4]. 

In agreement with this scheme, plots of k,,, 
against boric acid concentration at constant p H  
were linear. The slopes and intercepts of these 
plots were obtained by a least-squares method 
and the values are given in Table 3. The values 
of the intercepts, A, varied linearly with hydro- 
gen ion concentration, as required by [4]. The 
corresponding slopes, B, also increased linearly 
with hydrogen ion concentration, within the 
limits of the experimental errors, which is not 
inconsistent with [4], depending on the values of 
the constants and the range of hydrogen ion 
concentrations used. K,, the acidity constant of 
salicylic acid, has been accurately measured in 
these laboratories by Dunn and Kung (16) at 
25"C.and an ionic strength of 0.1 M, the value 
being 1.02 x Values of k, and k,' were ob- 
tained from the variation of A with hydrogen 
ion concentration by a least squares method. k, 
was similarly calculated from the hydrogen ion 
dependence of B. Values of k,, k,', and k, ob- 
tained in these ways are shown at the bottom 
of Table 3. The results obtained at p H  5.29 were 
not included in these calculations, being used 

instead to check the validity of using [4] to 
obtain k, and k,. It can be seen that the values 
of these rate constants are in good agreement 
with those of A and B, respectively, obtained at 
low hydrogen ion concentration (pH = 5.29). 
Using these values of the rate constants, the 
ratio k,/k, = 10.7 + 0.8 M- I  is in good agree- 
ment with the value of KHA- given in Table 2. If 
k,/k, is calculated from the data obtained at p H  
6.29, it equals 11.1 -t 0.3 M - l .  The best value of 
k,' leading to calculated values of B in agreement 
with those observed is 135 s- ' M -  l. 

The simple mechanism shown in [3] requires 
that K, = kf1kb/kb'k, = 1.02 x However, 
the rate constant quotient equals 2.8 x lop3, 
which suggests that the simple mechanism is 
either incorrect or incomplete. A logical expan- 
sion of this scheme allows for stepwise formation 
of the final complex 1 from both salicylate ion 2 
and salicylic acid 4, as shown in [6]. 

It might be argued that k, and k-, should be 
associated with the quantities k,' and k,', so that 
K, in [4] should be replaced by a composite-K,', 
possibly equal to k-,K,/k3. However, it is not 
possible to choose a value for K,* which will 
simultaneously yield k,' and a fit to the observed 
values of B. We have not attempted a full kinetic 
treatment of [6]. Instead we have preferred to 
argue from a consideration of a treatment in- 
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TABLE 3. Rates of reaction of boric acid and salicylic acida at 25°C and an ionic strength of 0.1 M 

B =  
K,kr + [H+]k f J  

[ H B B O ~ I  kobs A = (kb + kbf[H+I)  Ka + [H+l 
PH (MI (s - I) (s-l) (s-I M - I )  B c a i c ,  

5.290 0.03380 4.90 3.55k0.06 39.4k0.8 39.4 
0.05995 5.90 
0.07453 6.48 
0.09387 7.18 
0.1143 8.01 

4.625 0.03333 4.98 
0.05615 6.07 
0.07314 6.68 
0.09284 7.50 
0.1156 8.33 

3.969 0.03679 5.86 
0.05662 6.74 
0.07636 7.63 
0.09115 8.39 
0.1170 9.50 

3.648 0.03623 6.71 
0.05472 7.79 
0.07557 9.02 
0.09570 10.2 
0.1231 11.9 

3.450 0.03688 7.63 5.25+_0.03 64.1k0.4 63.7 
0.05725 8.88 
0.07352 9.96 
0.09261 11.2 
0.1148 12.6 

"[Salicylic acid] = 1.5 Y 10-3 M, K ,  = 1.02 x 10-3, k, = 3.62 i 0.d8 s - I ,  kr = 38.9 + 2.6 s - I  M-' ,  k; = 4483 + 
360s-I M-I ,  kr' = 135 s - I  M - l .  

volving only the species 1, 2, and 3; i.e. for the In this equation, Ye = (C," - C,'), Y = 

situation that would hold when the p H  > 5. (C,' - c,~), Ze = (Cle - ClO). The C values 
If all three species change concentration are concentrations at times 0, t ,  and equilibrium, 

simultaneously, then they will also contribute to as indicated by the superscripts 0,  t ,  and e, 
the changes in fluorescence. It can then be shown respectively. The quantities P, Q, and R are the 
that the value of k,,, is given by [7]. fluorescence coefficients of the species 2,3, and 1, 

respectively. These are likely to be different at a 
(Ye + Ze) ? given wavelength and to change differently with 

C ~ I  kobs = ln { (Ye+ZeI - (Y+Z)  wavelength. Hence, kobs would be expected to 
vary with the wavelength of the incident light in 

- (Q Ye RZe)l( Ye + 'e) a given experiment where the boric acid concen- 
Q(Ye - Y )  + R(Z= - Z) tration and pH are fixed. If the reaction is fol- 

(Ye + Ze) - (Y + 2) lowed by monitoring changes of absorbance, 
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QUEEN 3039 

the P, Q, and R values are extinction coefficients. 
It is likely that there will not be a 1 : 1 relation 
between these quantities for fluorescence and 
absorbance, so that kobs might be expected to 
vary depending on the method used to measure 
it. The data in Table 1 show that neither of these 
differences are observed when the p H  is 5.29. 
Indeed, the values of k,,, are independent of 
wavelength at p H  4.63, where the salicylic acid/ 
salicylate ion ratio is 0.023. This suggests either 
that the complex 3 is not formed at all or that it 
reaches a low steady-state concentration early 
in the course of the reaction. The possibility that 
Q and R are equal is considered to be less likely. 
When the concentration of the complex 3 is 
small, Y and Ye are small causing the second 
term of [7] to become zero. The steady state ap- 
proximation may be applied to complex 3 and 
kobs is then given by [8]. 

C81 kobs = 
k -  1k2 k1k2 [boric acid] 

k - ,  + k ,  + k - ,  + k ,  
Hence, 

This is consistent with the observation that the 
kinetic and equilibrium values of KHL- are the 
same. 

The conclusion that complex 3 does not con- 
tribute significantly to changes in fluorescence 
suggests that the inequality of K, and the quo- 
tient kf 'kb/kbfkf  may require that complex 5 is 
not in low or steady state concentration during 
the course of the reaction. If this is so, the values 
of k,,, at low pH, when no salicylate ion is pres- 
ent, should be given by an equation similar to 
[7] and so should be wavelength dependent. No 
changes in light absorption or fluorescence could 
be detected at p H  1 and were too small to be use- 
ful at p H  2. A similar, but more complicated 
equation than [7] should apply to kobs for inter- 
mediate p H  values where both salicylic acid 
and salicylate ion react with boric acid. Table 1 
shows that kobs is indeed wavelength dependent 
at p H  3.45. It is therefore proposed that the re- 
sults for the boric acid, salicylic acid system sup- 
port a stepwise formation of the complex 1 from 
salicylic acid and probably from salicylate ion 
also. For this system, complex 3 is in low concen- 
tration during the reaction but complex 5 is not. 

Pizer has previously assumed the formation of 
complexes corresponding to 3 and 5 in the reac- 
tions he has studied. However, he also assumes 
that these intermediates are formed at diffusion 
controlled rates, so that k, and k,' are considered 
to measure the rates of ring closure on loss of 
H,O and H,O+, respectively. Although the 
present data have not been interpreted in the 
same way, mechanism [6] would appear to be 
capable of accommodating a variety of different 
possibilities since the various steps would be 
expected to be sensitive to the effects of sub- 
stituent groups in the ligands. Indeed, it may 
be possible on this basis to explain the fact that 
k, is larger than k,' for the complexation of lactic 
and boric acids, this reaction being the only one 
so far reported where the fully protonated acid 
reacts more slowly than its conjugate base. It is 
worth noting that lactic acid is the only ligand 
having an electron donating group close to the 
reaction sites. Moreover, it is not certain that the 
same group acts as the nucleophile towards the 
boron atom in all cases. It may well be that the 
phenolic group acts in this way in the fully pro- 
tonated ligands but that the carboxylate group is 
the reactive centre in the corresponding ionized 
ligands, at least in some cases. 
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Definition of bond paths and bond directions in terms of the n~olecular 
charge distribution 

G. R. RUNTZ, R.  F. W. B A D E R , ~  AND R. R. MESSER 
Department of Chemistry, McMaster Universio, Hamilton, Ont. ,  Canada L8S 4Ml 

Received March 3. 1977 

G. R. RUNTZ, R. F. W. BADER, and R. R.  MESSER. Can. J. Chem. 55,3040 (1977). 
The virial partitioning of a molecular electronic charge distribution, p(r), divides a molecule 

into a collection of chemically identifiable atomic-like fragments. When two fragments interact 
strongly the distribution of charge in the region between their nuclei contains a saddle point 
(Vp(r) = 0). The gradient paths (paths of steepest ascent through p(r), as traced by the vectors 
Vp(r)) which terminate at this internuclear saddle point, define the virial partitioning surface 
which lies between the fragments. The two gradient paths which originate at the internuclear 
saddle point and terminate at each of the fragment nuclei define a bond path: the path which 
follows the ridge of maximum charge density between a pair of bonded nuclei. When the 
internuclear axis does not coincide with a symmetry axis, the internuclear stationary point will, 
in general, lie off the axis, and the bond path joining the nuclei will deviate or curve from this 
axis. The magnitude and direction of this 'bond curvature' as determined by the bond path agrees 
well with chemical expectations. 

G. R. RUNTZ, R. F. W. BADER et R. R. MESSER. Can. J. Chem. 55,3040 (1977). 
La departition virielle d'une distribution de charge electronique moleculaire, p(r), divise une 

moltcule en une collection de fragments du genre atomique qui sont identifiables d'une f a ~ o n  
chimique. Lorsque deux fragments interagissent fortement la distribution de la charge dans la 
region entre les noyaux contient un point selle (Vp(r) = 0). Les chemins gradients (les chemins 
qui ont la pente d'ascension la plus grande pour p(r), lorsqu'on les trace en fonction des 
vecteurs Vp(r)) qui aboutissent a ce point maximal internucleaire, definissent la surface de 
dtpartition virielle qui existe entre les fragments. Les deux chemins gradients quiprennent origine 
au point selle internucltaire et qui se terminent aux noyaux des fragments definissent un chemin 
de liaison: le chemin qui suit les hauteurs maximales de densitt de charge entre une paire de 
noyaux lies. Quand l'axe internucleaire ne cdincide pas avec l'axe de symetrie, le point station- 
naire internucleaire ne se situera genkralement pas sur l'axe et le chemin de liaison joignant les 
noyaux dbiera ou sera en courbe par rapport a cet axe. L'amplitude et la direction de cette 
'courbature de liaison', telles que dtterminees par le chemin de liaison, sont en bon accord avec 
les rksultats attendus sur une base chimique. 

[Traduit par le journal] 

Introduction divides a molecule into a collection of chemically 
rn the virial of a molecular system identifiable atomic-like fragments. Each frag- 

and its properties the top~grapl~ical features of ment so defined Possesses a unique set of quan- 
the (observable) molecular charge distribution tum properties; the hypervirial and virial theor- 
p(r) define the partitioning surfaces (1-4). ems are obeyed and all properties of the frag- 
Specifically, p(y) is partitioned by those closed ment, including its total energy are rigorously 
surfaces through which the flux of Vp(r) is defined. Thus any Property of the total system 
everywhere zero, may be equated to a sum of contributions from 

spatially defined fragments. The properties of 
[I]  Vp(r).n(r) = 0 V~ES(Y)  the fragments coincide with expectations based 

where n(v) is the vector normal to the surface On chemistry (2-43 6). 

S(r). Equation 1 is derived as a boundary con- 1" this attempt to find a quantum mechanical 

dition through the application of the variational basis for the observations upon which descriptive 

prillciple in the definition of a quantum subspace chemistry is founded, the unit which emerges as 

(5).  ~h~ virial partitioning of a molecular system the fundamental carrier of chemical information 

is obtained by constructing for the system all is atomic-like in nature and not bond-like. Thus 

surfaces which satisfy eq. This set of surfaces the subspace variational principle demonstrates 
that the physical basis for additivity and near 

'To whom correspondence should be addressed. constancy of (functional) group properties has 
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RUNTZ ET AL. 3041 

its origin in a constancy or near constancy, re- 
spectively, of the charge distribution and proper- 
ties of the atomic-like (virial) fragments as 
defined in real space (5 ,  7). The only property of 
the observable charge distribution of a molecular 
system which is 'bond-like' in nature (that is, of 
bi-nuclear character) is the path defining the line 
of maximum charge density linking certain pairs 
of neighbouring nuclei. This paper is concerned 
with the definition of such a 'bond path' and 
with the delineation of its properties. 

Topography of a Molecular Charge Distribution 
The bond path linking two nuclei is defined in 

terms of the same topological property of the 
charge distribution used to define the virial 

surface which lies between the same 
two nuclei. For this reason we first discuss and 
illustrate the general topological features of a 
molecular electronic charge distribution. 

Stationary Points 
Stationary points in a charge distribution p(r) 

are points at which Vp(v) = 0. In an isolated 
molecule, these are generally saddle points (i.e., 
points at which p(r) is a minimum with respect 
to certain directions, and a maximum with re- 
spect to others). There are two types: inter- 
nuclear and ring saddle points. Internuclear 
saddle points normally occur 011 or near the 
internuclear axes joining pairs of so-called 
'bonded' nuclei. Such stationary points are 
illustrated in Fig. 1 for the cyclopropane mole- 
cule, labelled as A, B, and C. When the inter- 
nuclear axis is a rotational symmetry axis, the 
saddle point lies on the axis and is coincident 
with the density minimum on it. Otherwise it 
normally lies off the axis a short distance from 
this minimum. For example, the internuclear 
stationary point C lying between the out-of- 
plane carbons is displaced by 0.11 au from the 
point of intersection of the corresponding C-C 
internuclear axis with the o, plane (Fig. 1). 
Ring saddle points lie at or near the centres of 
ring compounds (e.g., point D in Fig. I). 

Stationary points at which p(r) is a minimum 
or maximum with respect to all directions are less 
common. An example of true minima would be 
the intermolecular stationary points in p(r) for a 
collectioil of molecules (i.e., in a liquid or a 
solid). Another example, as pointed out by 
Collard and Hall (8), is the density minimum 
near the centre of a cage compound. As far as 

we are aware2 there are no examples of stationary 
points which are true maxima in p(v). One must 
remember that the maxima which occur at nuclei 
are not stationary points, as p(r) exhibits a cusp 
at a nuclear position and hence Vp(r) is un- 
defined (9). 

Gradient Paths 
A single gradient path (GP) passes through 

each point r, in p(r), providing Vp(r,) is both 
defined and non-zero (i.e., providing r, is not a 
nuclear cusp or a stationary point). The GP  
through r, is the combination of the path of 
steepest ascent with the path of steepest descent 
from that point (as traced by the vectors Vp(r) 
and - Vp(r), respectively). 

A number of GP's are illustrated in Figs. 1 
and 2. Such two-dimensional representations of 
GP's are possible only in symmetry planes (as 
Vp(v) has a zero component perpendicular to 
symmetry planes). In this case, GP's always 
intersect contour lines at right angles. The more 
general three-dimensional picture may be men- 
tally constructed if one visualizes shells of con- 
stant density instead of contours. GP's can then 
be readily visualized as they must run normal to 
all density shells. 

All GP's must originate and terminate at 
either a nuclear cusp (where Vp(v) is undefined) 
or at a stationary point (where Vp(r) = 0). (By 
origin and terminus of a GP we refer to the 
points of minimum and maximum p(r), re- 
spectively, on that path.) In an isolated molecule 
most GP's originate at infinity (where both p(r) 
and Vp(v) tend to zero) and terminate at nuclei 
(e.g., all GP's represented by solid lines in Fig. 
1). It is those which do not that are of particular 
interest. 

Definition of Molecular Fragments and 
Bond Paths 

In the virial partitioning of a molecular sys- 
tem, molecular fragments are objectively and 
unambiguously defined by those closed surfaces 
through which the flux of Vp(r) is everywhere 
zero (7). The restriction that the flux of Vp(r) be 

ZThe only known possible exception is Li2(X1X,+) for 
which the Hartree-Fock p(r) exhibits a maximum at the 
bond midpoint (10). This molecule has an extremely long 
equilibrium bond length ( N  5.0 au) and apparently has a 
double minimum in p(r) along the internuclear axis. 
Whether this is a true feature of the charge distribution, 
or simply a shortcoming of the approximate wavefunction, 
is not known. 
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FIG. 1.  Contour plot of the charge distribution in a o, symmetry plane of C3Hs. Nuclei in the plane 
are denoted by plusses (+), and out-of-plane nuclei by broken plusses. The stationary points in p(r) 
in this plane are denoted by x and labelled A through D. All gradient paths of p(r) which lie in a 
partitioning surface are denoted by dashed lines; the two unique pairs of gradient paths which terminate 
at A and B denote the intersection with the o, plane of the partitioning surface between (C) and each 
(H); the gradient paths which terminate at stationary points C and D denote the partitioning surface 
between the out-of-plane carbons. All other gradient paths terminate at a nucleus. The contours in- 
crease inwards in the steps 2 x lo", 4 x lo", 8 x 10" with n beginning at - 3 and increasing in steps of 
unity. 

everywhere zero is important in that it excludes 
surfaces which contain nuclei, since Vp(r) is 
undefined there (9). The closure condition 
simply ensures a well-defined (not open-ended) 
fragment. Partitioning surfaces in an isolated 
molecule are generally closed by the zero-flux 
surface at infinity, where both p(r) and Vp(r) 
tend to zero. 

The portions of the partitioning surfaces 
which occur at finite values of the coordinates 
are traversed by GP's which originate and 
terminate (both conditions are important) at  
stationary points in p(r). Thus, a virial partition- 
ing surface may be equivalently defined by the 
collection of allgradientpaths which both originate 
and terminate at stationary points in p(r). In Fig. 
1, GP's which have this property are indicated 
by dashed lines. The GP's which terminate at 
stationary points A and B define the intersection 
with the cr, symmetry plane of the partitioning 
surfaces which lie between the carbon and 
hydrogen fragments. There are actually six such 
surfaces. Only two of them intersect the plane 
illustrated. Those GP's which originate at infinity 

and terminate at stationary points C and D, 
together with the single gradient path which 
originates at D and terminates at C, define the 
partitioning surface which lies between the two 
out-of-plane carbon nuclei. There are actually 
three such surfaces. The two GP's which termin- 
ate at point D lie along the common intersection 
of these three surfaces (the C ,  rotational sym- 
metry axis). The GP's denoted by dashed lines in 
Fig. 2 lie along the intersection of these surfaces 
with the cr, symmetry plane. 

Gradient paths may be used to define bond 
paths which link certain pairs of nuclei, as well 
as the partitioning surfaces which separate them. 
In a molecule, an internuclear saddle point may 
exist between a pair of neighbouring nuclei. The 
gradient paths which terminate at this saddle 
point define the partitioning surface which lies 
between them. The two gradient paths which 
originate at this same saddle point and terminate 
at each of the two nuclei define the bond path. 
Thus, whereas the paths of steepest descent from 
an internuclear saddle point define the partition- 
ing surface, the two paths of steepest ascent from 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



RUNTZ ET AL. 3043 

FIG. 2. Contour plot of p(r) in the plane of the carbon 
nuclei in C3H6. Partitioning surfaces are denoted by 
dashed lines, the bond paths by solid lines joining the 
nuclei, and stationary points by x . The directions of 
steepest ascent along the gradient paths in the partition- 
ing surface and in the bond path are denoted by arrows 
for one pair of nuclei. 

this same point to  the nuclei define the bond 
path: the path which follows the ridge of maxi- 
mum charge density between a pair of bonded 
nuclei. In those cases where an internuclear axis 
does not coincide with an axis of symmetry, the 
internuclear stationary point will not, in general, 
lie on the axis, and the bond path joining the two 
nuclei will deviate or curve from the internuclear 
axis. The magnitude and direction of this 'bond 
curvature' as reported below for a number of 
examples, agrees well with chemical expecta- 
t i o n ~ . ~  

Properties of the Bond Path 
In cyclopropane (Fig. 2) the internuclear 

stationary points do not lie on the C-C inter- 

3Martenson and Sperber (11) have previously suggested 
that one define "bond lines" as tracks of maximum 
charge density. However, no analytical definition of bond 
line was given and the authors expressed uncertainty as 
to which "density" function should be used to determine 
it. Qualitative bond lines were traced for cyclopropane 
using the density of a single bonded molecular orbital, 
and using the density difference distribution obtained 
from the valence electrons only. Neither distribution ex- 
hibits features common to the total charge distribution. 
Thus Martenson and Sperber found two maxima in these 
density functions lying off a C-C internuclear axis. 
These maxima determined the direction of the bond line. 
They concluded that any definition of bond line would be 
arbitrary. The definition of the bond path as given here 
in terms of a particular topological property of the total 
electronic charge distribution is nonarbitrary. 

nuclear axes. They are displaced outwards by 
0.1 1 au. The line froin a carbon nucleus to such 
a stationary point is called the bond direction, 
and the angle a formed by this line and the 
internuclear axis is 4.46". The bond paths are 
curved out in this example. An experimental 
Apx, density difference map shows that the 
bond density (lob) in a three-membered ring 
compound peaks outside the nuclear triangle 
(13). Stevens et al. (14) have also noted that the 
ridge of maximum charge density obtained from 
an SCF wavefunction for cyclopropane is out- 
wardly displaced from the internuclear axis. 

The concept of 'ring strain', introduced to 
account for the increased reactivity of small ring 
compounds relative to that of their acyclic 
analogues, is given physical embodiment in the 
observed behaviour of the bond path in cyclo- 
propane. The binding between a pair of nuclei is 
maximized when the bond path is coincident 
with the internuclear axis (lob, 15). In this case, 
the forces of attraction exerted on the nuclei by 
the charge density are maximized, as is the 
binding energy. In cyclopropane, not only does 
the ridge of maximum charge density lie off the 
internuclear axis, thereby resulting in a decrease 
in the binding energy, its displacement is such 
that it exerts a component of force on the 
nuclei tending to open the ring. 

A ring structure may also exhibit an enhanced 
stability relative to its acyclic analogue. All 
nuclei comprising the ring are simultaileously 
attracted and bound by charge density lying 
within the geometrical boundary of the ring (16). 
If the bond path is displaced off each inter- 
nuclear axis towards the interior of the ring, 
each nucleus will experience an increase in the 
force required to open the ring. An example of 
this behaviour is found for the benzene mole- 
cule, where the internuclear stationary points of 
the carbon ring are displaced off the axes to- 
wards the interior of the ring by 0.012 au with 
bond directions of 0.51". 

The recognition and definition of a bond path 
in an electronic charge distribution, together 
with the obvious electrostatic consequences its 
behaviour has on the forces which the electronic 
charge density exerts on the nuclei, provide a 
common explanation for the differing behaviour 
of cyclic compounds relative to their acyclic 
analogues: from 'ring strain energy' to 'reso- 
nance stabilization energy'. 

In general, the bond direction (and its implied 
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angle, a), as defined here in terms of a property 
of the charge density, is not expected to yield 
values as large as those obtained by models 
which both define and equate a 'bond' to some 
property of a localized or hybrid orbital. In their 
classic paper dealing with strain energy in 
cyclopropane, Coulson and Moffitt (17) ob- 
tained a value of 22" for the angle formed 
between the direction of the maximum in a 
hybrid orbital on carbon and the carbon- 
carbon internuclear axis. 

There are preferred directions of bonding in a 
polyatomic system. The behaviour of the bond 
path offers a direct, quantitative measure of the 
importance, and with f~~ r the r  study, of the 
energetic consequences of such geometrical 
restraints on the formation of a molecule. 

The bond path, since it measures the real 
response of the electronic charge distribution to 
a particular nuclear arrangement, is not limited 
in its applicability or usefulness to systems 
where one postulates on a priori grounds the 
presence of strain or enhanced stability. Thus one 
finds the internuclear stationary points in the 
equilibrium geometries of H,O and NH, to be 
displaced towards the interiors of these mole- 
cules, and their bond paths curved inwards. The 
bond direction, as measured in terms of the 
angle a with 0 or N at the apex, is 0.25" for H,O 
and 0.24" for NH,. In BH, with tetrahedral 
HBH angles, the bond paths are curved out- 
wards and a, with B as apex, equals 6.26". 

The equilibrium geometry of BH, is planar 
and the charge distribution of pyramidal BH, 
is such that the ridge of maximum density is dis- 
placed off each B-H axis in a direction so as to 
exert an electrostatic force opening the bond 
angle. In H,O (or NH,), which is bent (or 
pyramidal) because of its ability to concentrate 
charge density in the binding region between the 
nuclei (16, IS), the ridge of maximum density is 
displaced so as to oppose an increase in the bond 
angles. Thus, information paralleling the relaxa- 
tion of p(r) caused by a change in bond angle, 
whether it facilitates or retards such a motion, is 
built into the static charge distribution as 
determined by the bond paths (19, 20). 

If two fragments interact strongly within a 
molecular system, p(u) in the region between 
their nuclei will exhibit a saddle point, and the 
nuclei will be linked by a bond path. This link 
will exist whether the strong interaction is a 
bonded one or a repulsive one, as in He, for 

example. Thus the existence of a bond path is a 
necessary (but not sufficient) condition for two 
atomic fragments to be bonded to one a n ~ t h e r . ~  
In the charge distribution of H,O for example, 
there are only two stationary points: internuclear 
saddle points between oxygen and each hydro- 
gen. Thus, bond paths link the oxygen nucleus 
to each proton but no such link exists between 
the protons. The hydrogen fragments are not 
bonded to one another in the equilibrium water 
molecule. Alternatively, the two hydrogen frag- 
ments in H,O do not share a common partition- 
ing surface (12). 

Bond path and bond direction are further 
examples of how chemically important concepts 
may be given rigorous definitions in terms of a 
property of the observable charge distribution. 

Calculations 
The electronic charge distributions used in the 

present study were calculated from the following 
wavefunctions : C3H6 : a double-zeta function 
obtained by Snyder and Basch (21); C6H6: a 
minimal Slater function obtained by Stevens 
et al. (14); H,O: a function of near Hartree- 
Fock quality obtained by Neumann and Mosko- 
witz (22); NH, : a function of near Hartree-Fock 
quality obtained by Rauk et al. (23); BH,: a 
function of near Hartree-Fock quality obtained 
by Runtz and Bader (6). 
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V. KRISHNASAMY and L. M. YEDDANAPALLI. Can. J. Chem. 55,3046 (1977). 
The influences of nitrogen, hydrogen, and pyridine on the conversion of 3-carene into various 

products over chromia catalyst at 450°C and over chromia-alumina at 400°C have been in- 
vestigated. Nitrogen acts as a diluent over these catalysts; hydrogen at low partial pressures 
enhances the formation of cymenes over chromia, but suppresses its formation over chromia- 
alumina. Increase of the partial pressure of hydrogen increases the proportion of menthanes over 
chromia-alumina, but decreases it over chromia catalyst. Pyridine suppresses the over-all con- 
version of 3-carene and the formation of cymenes over chromia and chromia-alumina ; however, 
it increases the formation of menthadienes over chromia-alumina. These observations are 
explained in terms of the acidity of chromia and chromia-alumina, the diluting effects of 
nitrogen, hydrogen, and pyridine, and their ability to adsorb and desorb over the catalyst 
surfaces. 

V. KRISHNASAMY et L. M. YEDDANAPALLI. Can. J. Chem. 55,3046 (1977). 
On a Btudie I'influence de l'azote, de I'hydrogene et de la pyridine sur la conversion des 

carenes-3 en divers produits par passage sur un catalyseur de chrome a 450°C et sur un cataly- 
seur de chrome-alumine a 400°C. L'azote agit comme un diluant sur ces catalyseurs; l'hydro- 
gene, a des pressions partielles peu Clevees, augmente la formation des cymenes sur le chrome 
mais supprime leur formation sur les complexes de chrome-alumine. Une augmentation de la 
pression partielle d'hydrogene augmente la proportion des menthanes sur le catalyseur de 
chrome-alumine mais la diminue sur le catalyseur de chrome. La pyridine supprime la con- 
version globale des carknes-3 et la formation des cymtnes sur les catalyseurs de chrome et de 
chrome-alumine; toutefois elle augmente la formation des menthadienes sur les catalyseurs de 
chrome-alumine. On explique ces observations en termes d'acidite des catalyseurs de chrome et 
de chrome-alumine, des effets diluant de I'azote, de l'hydrogene et de la pyridine et de leur 
habilitk a s'adsorber et a se desorber sur les surfaces des catalyseurs. 

[Traduit par le journal] 

Introduction 
Alumina, chromia, and chromia-alumina cata- 

lysts and their modified forms obtained by 
treating with hydrofluoric acid, potassium nitrate, 
sodium carbonate, etc. have been employed in 
this laboratory for the vapour-phase catalytic 
transformation of terpene hydrocarbons from 
Indian turpentine, with a view to convert them 
into stable useful intermediates. Isomerization 
and aromatization of p- and a-pinenes were 
already reported (1-4). Recently, the dehydro- 
genation of 3-carene over chromia and chromia- 
alumina catalysts, impregnated with potassium 
and fluoride ions, has been reported (5) with 
special reference to the ratio of p-cymene to m- 
cymene formed from 3-carene. The present 

'Present address: Reader in Chemistry, A.C. College of 
Technology, University of Madras, Madras 600 025, 
India. 

ZDeceased. 

study deals with the effect of nitrogen, hydrogen, 
and pyridine on the dehydrogenation of 3-carene. 
In the presence of these added substances the 
ratio between the cymenes does not show any 
appreciable change from that obtained in their 
absence; hence, this aspect is not reported here. 

Experimental 
Preparation of Materials 

Alumina 
Alumina was prepared by hydrolysing aluminium iso- 

propoxide with distilled water (6). The precipitated 
aluminium hydroxide was filtered, washed thoroughly 
with water, and dried at 120°C for 24 h. It was activated 
at 500°C in dry air for 24 h, crushed into powder, and 
made into 4 x 4 mm cylindrical pellets. 

Chromia Gel 
The chromia gel catalyst was prepared and activated 

according to procedure described elsewhere (4, 7). The 
activated material was powdered and pelletized (4 x 4 mm 
cylindrical size). Prior to each run, the catalyst was re- 
activated by heating for 8 h in a current of dry air at 
500°C until no oxides of carbon were detected in the exit 
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gas, and then reduced by passing pure dry hydrogen for psi. Para- and rneta-cymenes were separated and estimated 
6 h at the same temperature. ~n a specially prepared 2-m column filled with 40-60 mesh 

Chrornia-Alumzna acld-washed kiesulguhr, coated with the statlonary 
Chromia-alumina was prepared according to the llquld, conslstlng by weight of 9% Bentone-34 and 4% 

methods of Selwood and Elschens (8) and Yeddanapalli A~lezon-L, heated at  108°C with hydrogel1 passed at a 
et al. (9). The %Cr was estimated (9) to be 5.78. pressure of 28 p s ~  

3-Carene For the identification of different peaks in a chromato- 
Flrst-quallty Indian turpentine (Government gram, retention times for the different compounds were 

T~~~~~~~~~ and R~~~~ company,  ill^, ~ ~ d ~ ~ )  con- found by lntroduclng Pure substances k l n d l ~  donated by 

taining 50% 3-carene, 40% a-pinene, and 10% P-pinene Powder Company' A' For quantitative 
was used. 3-Carene was obtained from this by frat- quantltles s~n the t l c  
tlonatlon at 10 rnm, a 152 cm glass column containing the In varying 

wlth stamless steel helices equivalent to 22 theoretical proportions were 1ntroduced3 and curves 

plates. The purity was found by gas chromatography to the concentration with the peak were 

be better than 99% drawn. Slnce the peaks obtalned were sharp and sym- 
metrical, peak heights were used as a measure of con- 

Pyrzdzne centration. Inltial experiments, in which both peak 
Analar ~ ~ r l d l n e  (E. Merck) was r e f l ~ e d  over KOH helghts and the total areas were compared using m~xtures 

pellets and fractionally distilled with careful exclusion of kllown concentrations, gave ]dentical results The 
moisture, and the nlaterlal dlstllllng at 115 5 C/760mm formation of the various products in this investlgatlon 
was collected Its Purity by gas chromatography was can be accounted for by schemes presented earller ( 5 )  
found to be better than 9 9 z  

Nztrogen and Hydrogen Results and Discussion 
Nitrogen and hydrogen (Indian Oxygen C o )  were Results obtained over chromia alld cllromla- 

purified by passlng successively through a slllca gel drying 
tower, a tube containing freshly reduced copper lurnlngs 'lumina in the presence Of nitrogen, hydrogen, 
at  400°C, another silica gel tower, and finally through a and ~ ~ r l d i n e  are given In Figs. 1 to 3. To estimate 
trap cooled In liquid oxygen. the extent to which hydrogen and pyridine in- 

Apparatus and Procedure hibit or enhance the over-all conversion of 3- 
The reactions were carried out at atmospheric pressure carene, as well as the distribution of the products, 

in a fixed-bed flow-type reactor The catalyst (5 g) was the results were compared with those obtained 
 laced ~n a ~ y r e x  reactlon tube, 25 cm long and 3 cm using nitrogen as a diluent. The effects of partial 
internal dlameter Above the catalyst bed, Pyrex glass 
beads (4 mm dlameter) were placed to a helght of 5 cm. pressures of nitrogen, hydrogen, and pyridine on 
The tube was inserted 1nt0 the furnace, a cylindrical steel the conversion Of 3-carene Over chromia and 
tube of internal dlameter 4 cm, coated with a thln layer of chromia-alumina are presented in Fig. 1. Figure 
asbestos and wound uniformly with nlchrome wire, and 2 illustrates the influence of these substances on 
heated electrically to the required temperature 3-Carene the formation of cymenes over chromia and 
was passed over the catalyst using a constant feed rate 
syrlnge pump that could be operated at dlfferent feed chrOmia-alumina. The proportions Of men- 
rates The hydrogen and nltrogen supplles were controlled thadienes and menthanes formed over these 
through precision 'Hoke' valves, and thelr flow rate was catalysts are shown in Fig. 3. 
measured inltlally using a soap bubble flow meter, which when 3-carene mixed with nitrogen at various 
was cut off durlng the experiment to avoid contamination 
of the catalyst with moisture The flow rate was checked partial pressures was passed Over chromia 
agaln at the end of the experiment. Various ~ a r t i a l  catalyst, its conversion and product formation 
pressures of pyrldlne were achieved by mixlng pyridlne were reduced. The same effect of nitrogen was 
and 3-carene ~n different proportions. observed over chromia-alumina catalyst, but the 

The llquid products collected for the first 15 min of formation of mellthadienes increased directly 
each run, which normally covers an hour, were discarded, 
and analysls was made only of the products collected with the partial pressure nitrogen. The 
after this time Thls was done to ensure the attainment of acidities of chromia and chromia-alumina were 
a steady state for the reaction over the catalyst, and also 0.14 and 0.64 milliequivalent of n-butylamine, 
to allow any temperature fluctuations due to the startlng ( 5 ) .  ~h~ higher of chromia- 
of the reactlon to dlsslpate After the reaction, the catalyst 
was regenerated as described earlier alumina may be responsible for the increased 

The liquid products of dehydrogenallon were identified formation of nlenthadienes. 
and estlmated uslng a Perkln-Elmer Infracord Model-137 
and a Perkln-Elmer Vapour Fractometer Model 154-D. Effect of Hydrogen 
Products other than cymenes were quantitatively esti- ~ h ,  increase in pressure of hydrogen, 
mated by a Perkin-Elmer Colun~n K, consisting of a 2-m 
column of carbowax on chromosorb The column temper- like that of nitrogen, decreased the total con- 
ature for the best resolution within a reasonable tlme was version of 3-carene. But, the decrease due to 
found to be 115 C with a hydrogen lnlet pressure of 15 hydrogen was less pronounced at all partial 
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Nitrogen o rn 
Hydrogen o 
Pyridine A A 

Par t ia l  Pressure of 3- Carene, atm 

FIG. 1. Effect of partial pressure of nitrogen, hydrogen, 
and pyridine on the overall conversion of A3-carene over 
chromia gel catalyst at 450°C and over chromia-alumina 
catalyst at 400°C. LHSV = 2. 

pressures, as compared to nitrogen (Fig. I). It 
may be noted that the formation of cymenes 
increases even though there is a decrease in the 
conversion of 3-carene. 

The above observations may be explained as 
follows. Hydrogen over chromium oxide is easily 
desorbed (10) and therefore its presence on the 
surface of the catalyst does not seriously affect 
the conversion of 3-carene. It is presumed that 
hydrogen reduces the unsaturated compounds 
that precede the formation of polymers and of 
coke which would deposit on the active centers 
of the catalyst as in an earlier scheme (5) .  On 
suppressing the formation of polymers and coke, 
the formation of cymenes goes up. The fall in the 
activity of chromia at higher partial pressures of 
hydrogen may be due to further reduction of 
catalyst surface available for reaction. 

Hydrogen has a different effect over chromia- 
alumina compared to chromia. Hydrogen de- 
creases both 3-carene conversion and the forma- 
tion of cymenes, but the level of reduction is 
much below that due to nitrogen (Figs. 1 and 2). 
Formation of menthadines does not vary 
significantly, but that of menthanes increases 
with the partial pressure of hydrogen. The de- 
crease in the conversion of 3-carene and the for- 
mation of cymenes may be attributed to the pre- 

Nitrogen o 
Hvdroaen 0 : 1 

m 
O I 0.8 0.6 0.4 0.2 0.0 

Part ial  Pressure of 3 -  Carene,atm 

FIG. 2. Effect of partial pressure of nitrogen, hydrogen, 
and pyridine on the formation of cymenes from A3- 
carene over chromia catalyst at 450°C and over chromia- 
alumina catalyst at 400°C. LHSV = 2. 

ferential adsorption over chromia-alumina of 
hydrogen compared to 3-carene. The observed 
results are in agreement with the findings of 
Selwood (1 1) and Greensfelder (12). Presumably 
the adsorbed hydrogen is transferred to the 
adsorbed menthadines and hydrogenates them 
to menthanes, thus increasing the yield of 
menthanes. 

Effect of Pyridine 
Pyridine markedly reduces the conversion of 

3-carene over chromia while only a small reduc- 
tion is noted over chromia-alumina. In either 
case, the poisoning influence of pyridine is 
greater compared to nitrogen as diluent. These 
observations can be related to the acidity of these 
two catalysts. The alumina used as a support for 
chromia in this investigation was found (13) to 
contain strong, medium, and weak acid sites. 
Pyridine being a strong base can neutralise the 
strong and medium sites preferentially, without 
affecting the weak sites, which are still capable 
of isomerizing 3-carene to menthadienes. Parry 
(14) has also reported that pyridine does not 
affect the weak sites on alumina. The acid sites in 
chromia possibly may not be active in an 
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Chrornta Chromta- 
G e l  Alumlna 

1.0 0.8 0.4 0 2  0 

Partial Pressure of 3 -  Carene, atm 

Chrornio Chromia- 

Nitrogen o 
Hydrogen o 
Pyr~d ine  A 

Par t ia l  Pressure of 3- Carene, atm 

FIG. 3. Effect of partial pressure of nitrogen, hydrogen, 
and pyridine on the formation of menthadines and 
menthanes from A3-carene over chromia catalyst at  
450°C and chromia-alumina catalyst at 400°C. LHSV = 
2. 

atmosphere of pyridine, thus accounting for the 
observed reduction in the conversion of 3-carene. 

Though there is a notable difference in the 
conversion of 3-carene over chromia and 
chromia-alumina, as discussed above, there is 
not much difference in the reduction of cymenes 
over these catalysts. For instance, cymenes 
formed over chromia and chromia-alumina in 
the absence of pyridine are 52 and 76% respec- 
tively; the amounts are reduced to 35 and 56% 
when the partial pressure of pyridiile is 0.04 atm 
(Fig. 2). This effect may be attributed to the 
tendency of pyridine to interact with the chrom- 
ium ions. This is supported by the findings of 
Stanislaus and Yeddanapalli (4) on the de- 
hydrogenation of a-pinene over chromia- 
alumina. Quinoline is also found to reduce the 
dehydrogenation and the dehydration activity 
of chromia (15). 

Over chromia pyridine suppresses the forma- 
tion of both menthanes and menthadienes, but 
over chromia-alumina it favours the formation 
of menthadienes; menthanes, however, show 

only an initial increase. Heats of combustion (16) 
and of hydrobromination (17) show that cyclo- 
propane ring has double bond character, and 
that the ring may undergo fission via addition. 
Hence, the cyclopropane ring in 3-carene can 
isomerize (5) to p- and m-menthadienes by the 
weak acid sites, which are left unaffected by 
pyridine. The menthadines formed may not 
possibly be dehydrogenated, since the dehydro- 
genation sites may have interacted with the 
pyridine molecules as mentioned above. Krish- 
nasamy and Yeddanapalli (5) have observed a 
similar increase of menthadienes in the presence 
of potassium ions. 

Pyridine at low concentrations may catalyse 
hydrogen transfer reactions among the mentha- 
dienes to form rnentl~anes. Pines and Kolobielski 
(18) have also noted hydrogen transfer reactions 
among cyclic diolefins in the presence of base 
catalysts. 
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Transition state activity coefficients in the acid-catalyzed hydrolysis of amides 

TOMASZ A. MODRO, KEITH YATES, AND FRAN~OISE BEAUFAYS 
Department of Chemistry, University of Toronto, Toronto, Ont., Canada M5S IAI 

Received March 8, 1977 

TOMASZ A. MODRO, KEITH YATES, and FRANCOISE BEAUFAYS. Can. J. Chem. 55,3050 (1977). 
The transition-state activity coefficient (&+) approach has been applied to the acid-catalyzed 

hydrolysis of benzamide and its N-alkyl derivatives. For all systems (with the exception of the 
N-tert-butyl derivative which reacts via carbon-nitrogen bond cleavage) a uniform type of 
medium dependence of log f $+ is observed. The reaction shows a pronounced destabilization 
of S* over the whole region of acidity studied, practically identical to that found for the AA,-2 
type of ester hydrolysis. This is interpreted in terms of an AoT2 mechanism of amide hydrolysis, 
that is the rate-determining formation of the oxonium-type tetrahedral intermediate from the 
0-protonated form of substrate conjugate acid. 

TOMASZ A. MODRO, KEITH YATES et FRANCOISE BEAUFAYS. Can. J. Chem. 55,3050 (1977). 
On a applique le coefficient d'activite des Ctats de transition(&) 8 I'hydrolyse acido-catalysk 

de la benzamide et de ses dkrivks N-alkyles. Pour tous les systkmes (a I'exception du derive 
N-tert-butyle qui reagit par I'intermediaire d'une coupure du lien carbone-azote), on a observe 
un type uniforme de relation entre le milieu et le log f *s+. La rkaction presente une dkstabilisa- 
tion prononcte de S* a toutes les valeurs d'aciditk 6tudikes et cette dkstabilisatioll est pratique- 
ment identique a celle trouvke pour l'hydrolyse d'esters de type A,,-2. On interprtte ces resultats 
en termes d'un mecanisme AoT2 pour I'hydrolyse des amides qui implique la formation, dans 
I'etape determinante, d'un intermediaire tetraedrique de type oxonium a partir de la forme 
0-protonke de I'acide conjuguk du substrat. 

[Traduit par le journal] 

The controversial question of the predominant 
protonation site in amides now seems to be 
definitely resolved in favour of oxygen-protona- 
tion;' this holds in both regions of moderate 
and low concentrations of aqueous acids (I). 
The 0-protonated conjugate acid probably re- 
presents the major intermediate on t l ~ e  reaction 
path in the acid-catalyzed hydrolysis of amides, 
but this is not established. Recent results of 
Williams (2) on the acidic hydrolysis of N,N- 
dialkylacetamides indicate that the percentage 
of reaction proceeding via the N-protonated 
form of conjugate acid (existing in very low 
concentration but possibly highly reactive) is 
less than 0.02%. However, this conclusion in- 
volves necessary assumptions about the com- 
pounds used as models for N-protonated amides. 
The only reported example of amide hydrolysis 
via SN2 displacen~ent in the N-conjugate acid is a 
special case of acid-catalyzed collapse of N- 
nitrosoamides (3). 

The present work concerns the hydrolysis of 
benzamide and a series of its N-alkyl and N,N- 
dialkyl derivatives in moderately concentrated 
aqueous sulfuric acid, and was undertaken to 

'See however the recent article of M. Liler in ref. 18. 

provide possible support for the mechanism 
involving 0-protonated amide as the reactive 
intermediate. The approach used has been suc- 
cessfully applied previously in mechanistic 
studies of acid-catalyzed ester hydrolysis (4) and 
aromatic substitution (5). It is based on expected 
differences in solvation requirements of different 
types of transition state and involves examination 
of the behaviour of the activity coefficients of 
transition states as a function of the acidity (or 
water activity) of the reaction medium. For the 
acid-catalyzed hydrolysis of amides there are 
principally four distinct mechanistic schemes 
that have to be taken into account (6). Three of 
them involve bimolecular rate-determining nu- 
cleophilic attack of water on the substrate con- 
jugate acid (A-2 mechanisms). The fourth 
scheme represents unimolecular rate-determining 
cleavage of the N-protonated amide (A-1 
mechanism). The first of the A-2 reaction paths 
(designated as the AoT2 mechanism (6)) involves 
rate-determining formation of the tetrahedral 
intermediate from the 0-protonated substrate; 
in the second (designated as ANT2) the tetra- 
hedral intermediate is formed in a rate-determin- 
ing step from the N-protonated substrate. The 
mechanism designated as AND2 involves a rate- 
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3 ET AL.  305 1 

determining, synchronous displacement of am- 
monia (or amine) by water from the N-pro- 
tonated conjugate acid, and the last scheme 
(designated as AND1) involves a unimolecular 
rate-determining cleavage of the N-protonated 
substrate to give the ammonia (or amine) 
molecule and an acylium ion. The possible 
transition states (and intermediates which 
directly follow them) for these four mechanistic 
schemes can be represented by the structures 
i-iv. Since the reactivity of the amides studied is 

very low, 011 the basis of the Hammond postulate 
a 'late' transition state can be assumed for the 
hydrolysis pathway. The transition states i, ii, 
and iv would be therefore expected to resemble 
the intermediates which follow (tetrahedral 
structures or acylium ion); for iii a high degree 
of charge dispersion would be expected. The 
AoT2 scheme corresponds closely to the AAc2 
nlechanisnl of acid-catalyzed ester hydrolysis (4) 
and the transition state, due to advanced charge 
localization and a considerable degree of oxon- 
ium ion character, should be characterized by 
strong requirements for hydrogen-bonding type 
of solvation. By analogy with the AA,2 process 
(4), the transition state for AOT2 mechanism 
should exhibit a marked salting-out effect (or 
destabilization) when the availability of water 

in the reaction medium is decreased. By contrast, 
in the AND2 and AND1 mechanisms, the cor- 
respondiilg transition states are characterized by 
significant charge dispersion and at least partial 
ammonium ion character. This should result in 
much lower hydration requirements and there- 
fore in lower sensitivity to changes in the com- 
position of the reaction medium. Moreover, 
since the nitrogen in iii and iv has a partially 
ammonium ion character, it would be expected 
to show different hydration (hydrogen bonding) 
requirements depending on the number of 
hydrogen atoms present on nitrogen (R' = H 
or alkyl). In consequence, a decrease in the 
salting-out effect should be observed in the series 
primary > secondary > tertiary amides (7). 

It is difficult to predict the behaviour of the 
transition state corresponding to the poly- 
charged intermediate ii in the ANT2 process. At 
any rate, it should be distinctly different from 
that for the AOT2 mechanism, for which a close 
resemblance to the transition state of the bi- 
molecular ester hydrolysis is expected. In 
summary, essentially different behaviour is 
anticipated for the transition state activity co- 
efficients for the alternative hydrolysis mechan- 
isms as a response to the variation of the aqueous 
acid composition. 

The transition state activity coefficient f *,, 
(relative to a standard tetraethylammonium 
ion)' can be expressed as a sum of the following 
quantities (4) : 

[I] log f*,* = log ko - log k+corr + pKsHt 

+ log& + log a*,+ 

In [ l ]  k, is the rate constant for the slow step 
and the log k, term can be separated as the 
intercept of a plot of log (f *,+/k,) vs. acid con- 
centration. k+""" is the observed pseudo-first- 
order rate constant, corrected for partial pro- 

- klO:(l + tonation of the substrate; i.e. kJrCorr - 
I), where I is the ionization ratio [SH ]/[S]. 
pKsHt is the amide acidity constant and can be 
obtained from conventional ionization ratio mea- 
surements. f ,  represents substrate activity co- 
efficient and can be determined by means of 
solubility or distribution measurements. Finally, 
a*,, is the proton activity (expressed as relative 
- 

ZSince the activity coefficients of single ionic species 
are not directly accessible, they are usually expressed as 
relative to the standard, tetraethylammonium ion (8): 
f *z+  f z + l f ~ ~ a + .  
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FIG. 1. Activity coefficient variation for benzamides. 

to the TEA' ion) and its values are available (9) 
for various aqueous acid solutions. 

We have determined the required quantities 
(eq. 1) for some amides of the structure PhC(0)- 
NRR' (R,Rf = H, alkyl) in order to examine 
the log f*,, dependence on the acidity of the 
reaction medium and to compare this behaviour 
with that of log f *,, for related reactions and of 
log f+*  of some stable model cationic species. 

Results and Discussion 
Activity Coeficient Data 

The distribution method (7) was employed in 
all cases, using chloroform as the inert organic 
solvent. The distribution coefficients were cor- 
rected for the partial ionization of amides in the 
aqueous phase. The activity coefficients deter- 
mined for eight benzamides at different con- 
centrations of sulfuric acid are represented 
graphically in Fig. For all compounds, 
similar behaviour was observed; an initial mild 
salting-out (destabilization) followed by a 
moderate salting-in (stabilization) effect. The 

- 

3The values of activity coefficients (Table 4) are 
available, at a nominal charge, from the Depository of Un- 
published Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0S2.  

variations in the individual values off, over the 
acidity range employed never exceed one loga- 
rithmic unit (usually ca. 0.5 log unit) and there- 
fore the log f, term in [I] does not contribute 
very significantly to the over-all calculation of 
the transition state activity coefficients. 

Basicity of Amides 
Ionization ratios ( I  = [SH+]/[S]) for the five 

N-alkyl derivatives of benzamide were obtained 
spectrophotometrically by conventional methods 
(10). Plots of log I values against the amide 
acidity function HA showed good linearity (cor- 
relation coefficients >0.99) over a wide range of 
acidity. The slopes m and intercepts of those 
plots for the series of benzamides discussed are 
presented in Table 1. The values of the slope m 
show significant deviations from 'ideal' be- 
haviour (slope of unity) for some of the N-alkyl 
derivatives. For secondary amides these devia- 
tions are not large, although slightly greater 
than those (m = 1.03-0.93) reported by Barnett 
and O'Connor (12) for a series of ring-sub- 
stituted N-alkylbenzamides. For the N,N-dialkyl 
substituted system, a systematic decrease in the 
d log I/d(-HA) value was observed with an in- 
crease of the size of the alkyl groups (0.90, 0.73, 
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TABLE 1. Protonation behaviour in aqueous H2S04 

m 
(slope of log I vs. -HA)  pKs, + 

Amide (corr, coef.) (intercept) 

.Taken from ref. 11. 

0.57, respectively). The reason for this steric 
effect on the acidity dependence of the ratio 
f,,+/f, (which increases with diminishing water 
activity more rapidly for bulky tertiary than for 
primary and secondary amides) is not quite clear. 
In the conjugate acid Ph-C(OH)NR, + the 
oxonium-like OH group is always syn to one of 
the alkyl groups R and its solvation is probably 
subject to significant steric hindrance. When 
water is removed from the medium, the (partly) 
compensating solvation by bisulfate ions may be 
less effective for steric reasons and the cation is 
more rapidly salted-out relative to the conjugate 
acids derived from primary and secondary 
amides4 

Rate Constants 
Rates of hydrolysis were measured spectro- 

photometrically by a conventional method (13). 
For all compounds there is a sufficiently large 

'Since the value of pKs,+ is included in [I] as a con- 
stant, any possible error in its determination does not 
affect the behaviour of log f+* as a function of acidity. 

difference in the uv spectrum of the substrate 
and product (benzoic acid) for the reaction to 
be followed by measuring the change of the 
absorbance of the reaction mixture in the range 
210-240 nm. The hydrolysis is slow and all 
kinetic runs were carried out at elevated tem- 
peratures. In Table 2 are listed pseudo-first-order 
rate constants for the five amides as a function of 
acidity. In Fig. 2 some typical rate profiles, 
determined at 70.g°C, are displayed, together 
with data previously obtained (1 3) for benzamide 
and its N,N-dimethyl derivative, interpolated to 
the same temperature. All compounds show 
similar rate-acidity dependence, with a broad 
rate maximum at about 30% HH,S04, typical of 
amide hydrolysis in acidic solutions (cf. ref. 14). 
The only exception is N-tert-butylbenzamide, 
which will be discussed later. The overall hydrol- 
ysis rate is markedly suppressed by alkyl sub- 
stitution at nitrogen particularly for the N,N- 
dialkyl derivatives. A systematic decrease in kJ, 
values with an increase of the bulk of the alkyl 
groups is observed with the N,N-diisopropyl 
derivative being 3 to 4 x lo3 times less reactive 
than the parent benzamide. This sensitivity of the 
rates to steric effects in itself argues against the 
mechanistic models of hydrolysis involving C-N 
bond cleavage in the rate-determining step 
(mechanisms AND2 and AND1). If these mechan- 
isms were operating, some rate enhancement due 
to the relief of steric crowding would be expected 
with increasing substitution at nitrogen. 

The behaviour of N-tert-butylbenzamide is 
quite different ; spectrophotometrically measured 
rate constants increase with acidity more rapidly 
than those for other substrates, and at ca. 40% 
H,SO, the rate profile merges into that of 
benzamide itself. Close similarity of rate pro- 
files for acid-catalyzed hydrolysis of 4-chloro- 
benzamide and its N-tert-butyl derivative has 
also been observed by Hyland and O'Connor 
(15). It was demonstrated some time ago by 
Lacey (16) that the hydrolysis of various N-tert- 
alkyl substituted amides in strong mineral acids 
proceeds with an alkyl carbon - nitrogen bond 
fission, giving first the tertiary alcohol and un- 
substituted amide. We have confirmed this 
observation for the N-tert-butylbenzamide; the 
nmr analysis of the reaction mixture showed the 
exclusive formation of tert-butyl alcohol, no 
tert-butylamine being detected in the products. 
In this case the hydrolysis can be therefore 
described by [2a] and [2b]. The uv spectro- 
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TABLE 2. Rates of hydrolysis in sulfuric acid 

photonletric method enables one to follow only 
step [2b], since the spectroscopic changes ac- 
con~panying the conversion secondary + pri- 

O/O H, SO, 

FIG. 2. Rate profiles for hydrolysis of benzamides. 

mary benzamide are insignificant. It can be seen 
from the rate profiles in Fig. 2 that up to ca. 
40% H2S04 the step [2a] (de-tert-butylation) is 
slower than step [2b] (benzamide hydrolysis) 
whereas this order is reversed above that acidity. 
The alkyl-nitrogen cleavage step [2a] can be 
followed by nmr due to the different chemical 
shifts for the tert-butyl hydrogens of the sub- 
strate and the alcohol. We have determined the 
half-life of N-tert-butylbenzamide in 96% H2S04 
by the nmr method, and the corresponding value 
of kJ, at 25°C is ca. 1.9 x s-l. This value 
can also be estimated indirectly from the uv 
measurements. From the rates determined at 
three different temperatures (Table 2), the cor- 
responding rate profile for the hydrolysis of N- 
tert-butylbenzamide at 25OC could be obtained. 
The linear section of this log k* - acidity plot 
(up to 30% H2S04) has been extrapolated to 
higher acidities, giving approximate value of k* 
(25°C) in 96% H2S04 equal 2 x s-l. The 
good agreement with kJ, value obtained by nnlr 
indicates that the spectrophotometrically (uv) 
determined rate profile at acidities below 40% 
H2S04 (Fig. 2) indeed corresponds to the acid- 
catalyzed de-tert-butylation step [2a]. Hydrolysis 
involving prior alkyl-nitrogen cleavage seems to 
operate only for tertiary alkyl derivatives. 
Nuclear magnetic resonance analysis of the 
reaction mixture for the hydrolysis of N,N-di- 
isopropylbenzamide (the least reactive member 
of the series) showed the formation of diiso- 
propylamine as the exclusive product, that is by 
the 'normal' acyl-nitrogen cleavage pathway. 

The hydrolysis of the N-tert-butylbenzamide 
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TABLE 3. Transition stateaactivity coefficients for amide hydrolysis in sulfuric acid solutions at 25°C 

logf  *s* 

H2S04 (M) Benzamidea N- Methylbenzamidea N-Isopropylbenzamide N,N-Dimethylbenzamide" 

.Values of log k* taken or extrapolated from data in ref. 13. 

must be considered as a distinct type of acid- were available for benzamide (13), and for re- 
catalyzed cleavage of an amide system. This maining substrates were obtained by extrapo- 
process by itself presents some interesting lating the Arrhenius plots determined at higher 
mechanistic problems, such as the role of water temperatures. The values of log f *,, (eq. 1) in 
in the dealkylation step, and the structural re- the 0.5-5.0 M sulfuric acid region are listed in 
quirements for the mechanistic change from the Table 3. 
acyl-nitrogen to the alkyl-nitrogen bond fission The data in Table 3 show the remarkable 
pattern. These questions can only be answered similarity in log f *,+ values for all four substrates 
by more comprehensive studies on the rate- over the whole range of acidity, despite the large 
acidity and rate-structure dependence for this variations in observed rate. This is evidence of 
type of hydrolysis and work on acid-catalyzed the close structural parallel of the transition 
amide hydrolysis proceeding via alkyl-nitrogen states involved, which in turn implies a uni- 
cleavage is in progress in this laboratory. For formity of mechanism of hydrolysis for these 
the purpose of this work, however, the N-tert- derivatives. Since all systems are salted-out 
butyl derivative has been excluded from the (destabilized) with an increase of acidity to 
transition state activity coefficient treatment.' approximately the same extent, it appears that 

Log f *,, for Amide Hydrolysis 
Values of log f *,, as a function of sulfuric 

acid concentration have been calculated for 
benzamide and its N-methyl, N,N-dimethyl, and 
N-isopropyl derivatives. These models have been 
chosen in order to examine the behaviour of the 
log f*,, values for primary, secondary, and 
tertiary systems, as well as for secondary amides 
substituted at nitrogen by alkyl groups of 
different size. The necessary rate data at 25°C 

=It is worth pointing out that the log f *,+ values for the 
N-tert-butylbenzamide calculated from the rate data up 
to 35% H2S04 (Fig. 2) show that the transition state 
activity coefficient behaviour is indeed different from that 
of remaining amides. A weaker salting-out effect is 
observed, as might be expected for the essentially different 
mechanism not involving an oxonium ion-like transition 
state. However, this log f *,+ behaviour for the N-tert- 
butyl derivative is also different from that of tert-butyl 
acetate hydrolysis (4) indicating that the reaction does 
not represent the typical A-1 process in which the forma- 
tion of the tert-butyl carbonium ion constitutes the rate- 
determining step. 

the number of hydrogen atoms at the 
nitrogen is not important in determining the 
overall solvation requirements of the transition 
state. Such a result indicates that only a minor 
fraction of the positive charge is localized on the 
nitrogen in the transition state. In Fig. 3, values 
of log f*,, are plotted as a function of water 
activity in the aqueous solutions of sulfuric acid. 
The behaviour of log f *,, for the amide hydrol- 
ysis is compared in Fig. 3 with the behaviour of 
the activity coefficients of some relevant systems, 
the transition state for the AAc2 type of ester 
hydrolysis (4) and two stable cationic species: 
the conjugate acids of alcohols (17) (oxonium 
ion with localized charge and high hydration 
requirements) and amides (7). The values of log 
f *,, for benzamide and its N-alkyl derivatives 
parallel closely the plot characteristic for the 
AAc2 mechanism of ester hydrolysis. This is well 
illustrated by comparison of the behaviour of 
one of the amides studied with the log f*,, - 
acidity plot for the hydrolysis of p-nitrobenzyl 
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FIG. 3. Activity coefficients of cationic molecules and 
transition states (relative to TEA+). 

acetate, an ester which is believed to react 
according to the A,,2 mechanism over the 
whole range of sulfuric acid concentrations (4). 
Such a comparison, made for the N-methyl- 
benzamide, is presented in Fig. 4. An examina- 
tion of the log f*,+ behaviour for hydrolysis of 
amides and esters leads to the obvious con- 
clusion that for both systems the transition states 
must resemble each other very closely in solva- 
tion requirements, and in the degree of develop- 
ment of oxonium ion character. This can be 
interpreted in terms of highly advanced transition 
states, resembling in both cases the correspond- 
ing tetrahedral intermediate : 

I 
NR2 ' 

I 
OR' 

We believe therefore that the generally ob- 
served behaviour of the log f*,, for amide 
hydrolysis as a function of medium composition 
is only compatible with the AoT2 mechanistic 
pattern. 

Experimental 

Materials 
N,N-Diethylbenzamide was prepared from benzoyl 

FIG. 4. Transition state activity coefficients for hydrol- 
ysis of p-nitrobenzyl acetate and N-methylbenzamide. 

chloride and diethylamine in benzene; bp 99"C/0.6 Torr. 
Anal. calcd. for CllHl,NO: C 74.54, H 8.53, N 7.90; 
found: C 74.64, H 8.55, N 7.93. Remaining amides were 
commercially available, and were purified by recrystalliza- 
tioa6 Acid solutions were prepared by diluting the con- 
centrated sulfuric acid with distilled water. The con- 
centrations of these solutions were determined from their 
densities; densities were measured with a DMA 02C 
digital precision density meter at 25.O"C. 

Activity Coefficient Measurements 
All activity coefficients were determined by the dis- 

tribution method (7): a 10-2-10-3 M solution of the 
amide in chloroform (ACS Grade) was shaken mechan- 
ically with 5 ml of water or the aqueous sulfuric acid 
solution for 5 min in a thermostatically controlled (25 f 
0.5"C) box. The aqueous layer was transferred to the uv 
cell and the absorbance of the amide was measured at the 
wavelength maximum (Table 5), using a Cary 14 spectro- 
photometer. The concentration of the amide in acidic 
solution was corrected for partial ionization of the 
substrate. The values of the activity coefficients were 
calculated from the ratio of the distribution coefficient in 
pure water to that in an acid solution. 

Measurements of Basicity Constants 
A stock solution of the substrate in methanol (0.5 p1) 

was introduced into 3.0 ml of the aqueous acid in a uv 
cell by means of a Hamilton Precision Syringe, and the 
uv spectrum was measured immediately. The range of 
acid concentrations generally included at least ten 

6The uv characteristics of the substrates and their 
conjugate acids (Table 5) are available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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samples in the region -1.0 I log 15 1.0, as well as 1 .  R. A. MCCLELLAND and W. F. REYNOLDS. J. Chem. 
solutions in which the substrate is unprotonated and fully Soc. Chem. Commun. 824 (1974). 
protonated. 2. A. WILLIAMS. J. Am. Chem. Soc. 98,5645 (1976). 

Rate Determinations 
A stock solution of amide was prepared in the appro- 

priate sulfuric acid and 12-14 samples were prepared for 
each kinetic run by sealing 3 ml of the solution in glass 
ampoules. The ampoules were allowed to equilibrate in 
an oil bath thermostatted to + 0.l0C, and were quenched 
in ice when withdrawn. Runs were followed to ca. 2 
half-lives. Infinity points A ,  were obtained in duplicate 
or triplicate and were reproducible to + 1.0%. Rate 
constants were obtained in the usual way from plots of 
In (A ,  - A,) vs. time. 

Product Determination 
The substrate was dissolved in aqueous sulfuric acid 

and the hydrolysis was followed by recording the nmr 
spectrum of the solution in the range of 0-3 6 .  For the 
N-tert-butylbenzamide the initial signal of the tert-butyl 
group (6 - 1.8) disappeared gradually and was replaced 
by the signal corresponding to the tert-butyl group of 
tert-butyl alcohol (6 - 1.1); no signal corresponding to 
the tert-butylamine was detected. The cleavage product 
was identified by adding authentic samples of tert-butyl 
alcohol and tert-butylamine to the sample tube. Similar 
experiments for N,N-diisopropylbenzamide demonstrated 
exclusive formation of diisopropylamine; no traces of 2- 
propanol were observed. 

The rate of the de-tert-butylation of N-tert-butyl- 
benzamide was determined in a similar way. The progress 
of reaction was followed by measuring the ratio of the 
integrated peak areas for the tert-butyl group of the 
substrate and product as a function of time. 
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Comment: Lifetimes of the solvated electron in liquid alcohols 

J. H. BAXENDALE AND PETER WARDMAN' 
Chemistry Department, University of Manchester, Manchester M13 9PL, England 

Received February 22, 1977 

J. H. BAXENDALE and PETER WARDMAN. Can. J. Chem. 55,3058 (1977). 
The solvated electron, e,-, decays with first-order kinetics in pulse-irradiated aliphatic alco- 

hols, attributed to reaction 1 : e,- + ROH + products. It is suggested that a recent report of 
curved Arrhenius plots for the temperature dependence of the rate constants for reaction 1 can 
be ascribed to reaction of e,- with impurities. 

J. H. BAXENDALE et PETER WARDMAN. Can. J. Chem. 55,3058 (1977). 
Dans des alcools aliphatiques irradies par pulsation, l'electron solvate e,- se decroit avec 

une cinetique du premier ordre par une reaction attribute 9: e,- + ROH + des produits [I]. 
On attribue a la reaction de e,- avec des impuretes la nature recourbee des traces d'Arrhtnius, 
decrivant la relation entre les constantes de vitesse et la temperature, pour la reaction 1 qui ont 
ete rapportees dans un travail recent. 

[Traduit par le journal] 

Recently, Bolton, Jha, and Freeman (1) mea- lo3 KIT 
sured the lifetimes of the solvated electron pro- 3 4 5 6 
duced by pulse radiolysis of liquid alcohols, and 1 0 ~ ~  I j - - 
compared their values of the first-order rate 

- - - 
constants, k, - 

- 

[I1 e,- + ROH -+ products - - - - 
at various temperatures with the data previously - - 
reported by Baxendale and Wardman (2). Bolton k,l;' I 

- - 
et al. (1) observed an order of magnitude shorter 

- 

lifetimes of e,- at low temperatures than Baxen- loL? 
dale and Wardman, and also shorter lifetimes 

- - - 
than are predicted from the Arrhenius extra- - 

- 
polation of their higher temperature values. In 
fact, their Arrhenius plots were curved, and they lo3 

- 
stated that "the earlier reported linearity (2) is - - 
questionable". No basis for this statement was - 

- 
given. 

Our data were published (2) in the form of the lo' 
6 , equation 

3 4 5 6 

[21 k, = A, exp (- E,/RT) lo3 K / T  

with values of log,, ( ~ / ~ - l )  and E,/kJ rnol-1 FIG. 1 .  Arrhenius plots for the exponential decay of 

together with the least-squares standard devia- e c  in alcohols containing 1 mmol dm-3 sodium alkoxide. 
0, ethanol (lower abscissa). a, methanol (upper ab- 

tions from measurements at 12-1 5 temperatures ,,i,,,,. - . . - - .. 1 -  

between ca. 170 and 340 K. We present some 
details in Fig. 1, which shows that for changes in Electron decay studies in 'pure' liquids have 

k, of three orders of magnitude, "Our direct always been bedevilled by the question of liquid 

measurements. . . . . .are closely described by the purity and hence we would hesitate to claim that 

Arrhenius expression. . . . . . . " (2). our results are the last word on this matter. 
However, we found that impurities which 

'Present address: Cancer Research Campaign Gray shorten the lifetime es- had 
Laboratory, Mount Vernon Hospital, Northwood, effect at lower temperatures, i.e. the apparent 
Middlesex HA6 2RN, England. E,  increased with purification. Clearly, curved 
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,a8 10-7 10-6 10-9 
time / s 

FIG. 2. Absorption of e,- after nanosecond pulse 
radiolysis of ethanol at 163 and 293 K. Dose -600 rad. 

Arrhenius plots may also arise in this way and 
the higher values of k ,  at low temperatures re- 
ported by Bolton et al. (1) suggest that impurities 
in the alcohols are the reason for their curves. 
We purified ethanol by the borohydride tech- 
nique (3) and methanol by fractional distillation 
from basic solution under nitrogen. 

Our values of k ,  were derived from analysis of 
the final, exponential portion of the decay of 
e,- after nanosecond pulse radiolysis of alcohols 
containing 1 mmol dm-3 base. Prior to this 
exponential 'free ion' decay, there is a more rapid 
decay process due to recombination with gemi- 
nate ions or radicals in the spur. We showed (2) 
that in pure alcohols at low temperatures the 
whole of the 'free' and 'spur' e,- could be ob- 
served, and presented time-concentration data 
for methanol and 1-butanol at 187 K demon- 
strating the amounts of these two contributions. 
In Fig. 2 we give the corresponding data for 
ethanol at 163 and 293 K. The dotted line is the 
'free ion' contribution to the total e,-, obtained 
by extrapolation of the exponential decay. The 
kinetic separation of 'free' and 'spur' ions can 
easily be made at both temperatures even in 
neutral alcohols, and is made easier by the addi- 
tion of base. Values of k ,  and the ratio of gemi- 
nate to free ions (2) were obtained from analyses 
of the final, exponential portion of the decay of 
e,-, over ca. 3 half-lives. The initial - 10% of 
the free-ion decay was ignored in this analysis 
(i.e. the whole of the data in Fig. 2 would be 
excluded) to eliminate possible contributions 
from a small amount of spur decay still occurring 
on this timescale. 

1. G. L. BOLTON, K.  N. JHA, and G. R. FREEMAN. Can. 
J. Chem. 54, 1497 (1976). 

2. J. H. BAXENDALE and P. WARDMAN. Chem. Com- 
mun. 429 (1971). 

3. J. H. BAXENDALE and P. WARDMAN. J. Chem. Soc. 
Faraday Trans. I, 69,584 (1973). 

Reply: Lifetimes of the solvated electron in liquid alcohols 

GORDON R.  FREEMAN 
Chemistry Department, University ofAlberta, Edmonton, Alta., Canada T6G2G2 

Received March 7, 1977 

GORDON R. FREEMAN. Can. J. Chem. 55,3059 (1977). 
A reply is given to the preceding Comment concerning the kinetics of the decay of e,- in 

alcohols. 

GORDON R. FREEMAN. Can. J. Chem. 55,3059 (1977). 
On fait une reponse au commentaire qui prbckde concernant la cinbtique de la decroissance 

du e,- dans des alcools. 
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,a8 10-7 10-6 10-9 
time / s 

FIG. 2. Absorption of e,- after nanosecond pulse 
radiolysis of ethanol at 163 and 293 K. Dose -600 rad. 

Arrhenius plots may also arise in this way and 
the higher values of k ,  at low temperatures re- 
ported by Bolton et al. (1) suggest that impurities 
in the alcohols are the reason for their curves. 
We purified ethanol by the borohydride tech- 
nique (3) and methanol by fractional distillation 
from basic solution under nitrogen. 

Our values of k ,  were derived from analysis of 
the final, exponential portion of the decay of 
e,- after nanosecond pulse radiolysis of alcohols 
containing 1 mmol dm-3 base. Prior to this 
exponential 'free ion' decay, there is a more rapid 
decay process due to recombination with gemi- 
nate ions or radicals in the spur. We showed (2) 
that in pure alcohols at low temperatures the 
whole of the 'free' and 'spur' e,- could be ob- 
served, and presented time-concentration data 
for methanol and 1-butanol at 187 K demon- 
strating the amounts of these two contributions. 
In Fig. 2 we give the corresponding data for 
ethanol at 163 and 293 K. The dotted line is the 
'free ion' contribution to the total e,-, obtained 
by extrapolation of the exponential decay. The 
kinetic separation of 'free' and 'spur' ions can 
easily be made at both temperatures even in 
neutral alcohols, and is made easier by the addi- 
tion of base. Values of k ,  and the ratio of gemi- 
nate to free ions (2) were obtained from analyses 
of the final, exponential portion of the decay of 
e,-, over ca. 3 half-lives. The initial - 10% of 
the free-ion decay was ignored in this analysis 
(i.e. the whole of the data in Fig. 2 would be 
excluded) to eliminate possible contributions 
from a small amount of spur decay still occurring 
on this timescale. 

1. G. L. BOLTON, K.  N. JHA, and G. R. FREEMAN. Can. 
J. Chem. 54, 1497 (1976). 

2. J. H. BAXENDALE and P. WARDMAN. Chem. Com- 
mun. 429 (1971). 

3. J. H. BAXENDALE and P. WARDMAN. J. Chem. Soc. 
Faraday Trans. I, 69,584 (1973). 

Reply: Lifetimes of the solvated electron in liquid alcohols 
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The preceding comment by Baxendale and 
Wardman (I) focusses attention on the im- 
portant and difficult problem of interpreting data 
when the kinetics of the reaction are not simple. 
The decay of electrons in irradiated alcohols 
follows noi~homogeneous kinetics inside the 
spurs and homogeneous kinetics outside the 
spurs. The decay outside the spurs is generally 
accepted to occur by pseudo-first-order reactions 
which. in a ~urified-alcohol. are much slower 
than the spu; reactions. ~ h e ' r a t e  of the former 
is obtained from the tail of the optical absorption 
signal at long times. However, it is not always 
clear at what point the contribution of spur 
electrons to the absorption signal becomes 
negligible (see Fig. 2 of ref. 1). The earlier (2) 
discussion of this problem may have been ob- 
scured by the mass of other data in that paper. 

As a basis for questioning the linearity of the 
Arrhenius plots (I) we gave a full column of dis- 
cussion (2). It is also difficult to assess data for 

which the pulse dose has not been given. Qualita- 
tively, Wardman lowered the dose as the tem- 
perature was lowered, because the longer decay 
times permitted greater electronic smoothing.' 
The resulting smaller amount of secondary 
reaction at lower pulse doses might tend to 
straighten the Arrhenius plot of the electron 
decay rate. On the other hand, we have stated 
(2) and Wardman has emphasized (I) that arti- 
facts might also have caused the curvature we 
observed. 

Solution to the problem requires further 
work. 

1. J. H. BAXENDALE and P. WARDMAN. Can. J. Chern. 
This issue. 

2. G. L. BOLTON, K.  N. JHA, and G. R. FREEMAN. Can. 
J. Chern. 54, 1497 (1976). 

lP. Wardman and J. H Baxendale. Private comrnuni- 
cation. May 1977. 
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d r r a t u n l :  Electronic excited states of small ring compounds. IV. 
Bicyclo[2.1.0]pentanes by the photocycloaddition of cyclopropenes to olefins 

D. R. ARNOLD A N D  R. M. .MORCHAT 
The Photochemistry Unit, Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 5B7 

Received May 19, 1977 

(Ref.: Can. J. Chem. 55,393 (1977)) 

Our inconsistent use of units on page 398 may cause confusion. The rate constants listed in 
Table 1 are given in units of s-I as indicated. In the Arrhenius plot (Fig. 5) and for the kinetic 
parameter given, the rate constants are in units of min-' (not indicated). The preexponential term 
is log A = 12.9 + 0.4 s-l. 
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COMMUNICATIONS 

A template synthesis of nickel 6,8,15,17-tetramethyldibenzo[b,i][1,4,8,11]- 
tetraazacyclotetradeca-2,4,7,9,12,14-hexaene 

A. R. CUTLER AND D. DOLPHIN 
Department of Chemistry, The University of British Columbia, Vancouver, B.C.,  Canada V6T 1 W5 

Received April 21, 1977 

A. R. CUTLER and D. DOLPHIN. Can. J. Chem. 55,3062 (1977). 
The title macrocyclic nickel complex has been conveniently prepared in moderate yield using 

2,s-dimethyl-3H-1,s-benzodiazepine, or a mixture of o-phenylenediamine and pentane-2,4- 
dione in a template synthesis using nickel salts. The previous low yield synthesis of this macro- 
cycle required condensation of nickel bisacetylacetonate in molten o-phenylenediamine. 

A. R. CUTLER et D. DOLPHIN. Can. J. Chem. 55,3062 (1977). 
Le complexe macrocyclique du nickel du titre est prepark avec un rendement moyen en utili- 

sant la dimkthyl-2,s benzo[3H]diazCpine-l,5 ou un mClange de o-phCnyltnediamine et de 
pentanedione-2,4 dans une synthtse modttle faisant intervenir des sels de nickel. La synthtse 
antCrieure, a bas rendement de ce macrocycle, consiste en la condensation du bis-acCtylacCto- 
nate de nickel dans la o-phtnyltnediamine fondue. 

[Traduit par le journal] 

Metal complexes of the fully conjugated 
macrocycle (1) are but one example of synthetic 
tetraaza macrocyclic complexes (1) that have 
gained importance as n~etalloporphyrill models 
(2). Synthetic entry into complexes of type 1 has 

been limited by the availability of its nickel com- 
plex (2), which had previously been prepared in 
low yield from the reaction of nickel bisacetyl- 
acetonate in excess molten o-phenylenediamine 
(3). Removal of the nickel from 2 with acid, fol- 
lowed by remetallation, has then provided other 
metal complexes of 1 (4). We report here a con- 
venient template synthesis of 2. 

The reaction of 2,4-dimethyl-3H-1,5-benzo- 
diazepine (3) (5) and nickel(I1) acetate (2: 1) in 
refluxing aqueous ethanol gave a 31% yield of 
the emerald green nickel complex (2). Removal 
of solvent from this reaction mixture and washing 
with water left a green residue containing 2 and 
a magenta filtrate which contained nickel corn- 

plexes of 2-methylbenzimidazole (6).' Similar 
work-up of a refluxing aqueous ethanol solution 
of o-phenylenediamine, pentane-2,4-dione, and 
nickel(I1) acetate (2 : 2 : 1) provided a somewhat 
lower yield (15%) of 2. 

Similar reactions between the 2,4-dimethyl- 
1,5-benzodiazepinium salt (5) (R = CH,) and 
nickel salts afforded only nickel complexes of 
2-methylbenzimidazole. In contrast, the parent 
benzodiazepinium salt (5) (R = H) has been 
shown to undergo a stepwise template reaction, 
via the uncyclized nickel tetradentate complex 
of N , N f  - di -(a-aminophenyl) - 1 -amino -3 - imino- 
propene, to give the related nickel macrocyclic 
complex of 6,8,15,17-tetramethyldibenzo[b, i ]- 
[I, 4 ,8, l l ]  tetraazacyclotetradeca-2,4,7,9, 12,14- 
hexaene. 

Formation of the nickel macrocyclic complex 
(2) under the above critical conditions involves 
two competing pathways via the monoanil inter- 
mediate (4). The monoanil (4) is the postulated 
intermediate for both the hydrolytic ring con- 

'The yield of this reaction was evidently concentration 
dependent. Thus a decrease in the concentration of the 
reagents from that in the Experimental section greatly 
diminished the yield of 2. In addition the choice of sol- 
volytic conditions was critical and although this had not 
been optimized, substitution of either ethanol or water 
alone afforded only minor amounts of 2. 
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COMMUNICATIONS 

traction of 3 to 2-methylbenzimidazole as well as 
for the condensation of o-phenylenediamine and 
pentane-2,4-dione to 3 (5, 8). Thus the monoanil 
(4) generated in our reactions either degrades 
to 2-methylbenzimidazole or undergoes a metal 
template cyclization to 2. 

It is hoped that the straightforward template 
synthesis of 2 and analogous macrocyclic com- 
plexes (7, 9) will increase their availability. 

Experimental 
Nickel acetate (12.443 g, 0.050 M )  was added as a hot 

aqueous solution (40 ml) to an  ethanolic solution of 2,4- 
dimethyl-3H-l,5-benzodiazepine (17.223 g, 0.100 M). The 
resulting magenta solution changed to an  emerald green 
suspension after refluxing 4 h. Removal of solvent under 
reduced pressure and washing the greenish brown residue 
with water (200ml) afforded a green solid. After air 
drying, the green solid, in a minimum volume of methyl- 
ene chloride (60 ml), was added to a column of dry alu- 
mina (18 x 6 cm; Camag neutral, activity I, 160 g). 
Elution of this column with methylene chloride cleanly 
removed a dark green band containing the desired 
nickel macrocycle (2) (6.323 g, 31.5%). The nmr spec- 
trum of the highly soluble 2 was especially diagnostic, 
CDCl,(TMS) G 2.19 (s, 12H, CH,), 4.73 (s, 2H, CH), 6.61 
(multiplet, 8H, Ar-H). 
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Crystal and molecular structure of 1,l  '-bi(3,3,4,4-tetrafluoro- 
2diphenylphosphinocyclobutene) 

STEVEN J .  RETTIG AND JAMES TROTTER 
Department of Chemistry, University of British Columbia, 2075 Wesbrook Mall, Vancouver, B.C.,  Canada V6T 1 W5 

Received February 2, 1977 

STEVEN J. REITIG and JAMES TROTTER. Can. J.  Chem. 55,3065 (1977). 
Crystals of 1,1'-bi(3,3,4,4-tetrafluoro-2-diphenylphosphinocyclobutene) are monoclinic, a = 

10.398(1), b = 18.484(1), c = 15.984(1) A, b = 107.76(1)", Z = 4, space group P2,lc. The 
structure was solved by direct methods and was refined by full-matrix least-squares procedures 
to a final R of 0.042 and R, of 0.057 for 4226 reflections with I 1 3o(I). The molecule has a 
cisoid configuration about the central C-C bond, the angle between the two cyclobutene rings 
being 34.3". The overall molecular symmetry is approximately C,  with a P...P separation of 
3.661(1) A. Bond lengths and angles in the molecule are generally in good agreement with 
accepted values. 

STEVEN J .  RETTIG et JAMES TROTTER. Can. J. Chem. 55,3065 (1977). 
Les cristaux du bis-(tktrafluoro-3,3,4,4 diphenylphosphino-2 cyclobut6ne)-1,l' sont mono- 

cliniques, a = 10.398(1), b = 18.484(1), c = 15.984(1) A, = 107.76(1)", Z = 4, groupe 
d'espace P2Jc. On a rksolu la structure par les mkthodes directes et on I'a affinkepar la methode 
des moindres carrts (matrice complete) jusqu'5 une valeur finale de R de 0.042 et de R, 0.057 
pour 4226 reflexions avec I I 3o(I). La molecule a une configuration cisoide autours du lien 
C-C central; I'angle entre les deux cyclobut&nes est de 34.3". La symetrie molkculaire globale 
est approximativement C ,  avec une skparation P...P de 3.661(1) A. Les longueurs de liens et les 
angles dans la molkcule sont generalement en bon accord avec les valeurs accepttes. 

[Tradiut par le journal] 

Introduction 
The preparation and physical properties of a 

series of ditertiary phosphines and arsines with 
bialicyclic, 'butadiene', bridging groups, 1, have 
recently been reported (1). This work was in.-. 
itiated by the discovery that a complex with this 
type of bridging group can be isolated when. 

but turn bright orange-red when exposed to 
sunlight. The process is reversible (at a slower 
rate) provided the exposure has not been too 
great. A crystal structure analysis of l b  has been 
undertaken in the hope that the photochromic 
nature of the molecule might be explained by 
some feature of the ~ t r u c t u r ~ .  

[(cH,)~A~&cA~(CH,),CF,CF~]CO~(CO), is 
warmed in solution (2,3). Several metal carbonyl 
complexes were obtained from these new 
ligands and one of them, (bif,,fars)Mo(CO),, 
2, has been characterized by X-ray analysis (1). 

Compound lb, the ditertiary phosphine, has 
the unusual property of photochromism in the 
solid state. In the dark, the crystals are yellow, 
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Experimental 
The crystal chosen for study was mounted with (1 0 

- 6) normal to the goniostat axis and had dimensions of 
ca. 0.4 x 0.5 x 1.0 mm. Unit-cell and space group data 
were obtainedfromfilmand diffractometer measurements. 
The unit-cell parameters were refined by a least squares 
on 2 sin 0/h values for 21 reflections measured on a 
diffractometer with CUKE radiation (h = 1.5418 A). 
Crystal data (at 22°C) are: 

C3zHzoFePz fw = 618.5 
Monoclinic, a = 10.398(1), b = 18.484(1), c = 15.984(1) 
A, a = 107.76(1)", V = 2925.4(4) A3, Z = 4, pc = 
1.4041(2)g~m-~, F(000) = 1256,  CUKE) = 20.1 cm-'. 
Absent reflections: h01, I # 2n and OkO, k # 2n define 
uniquely the space group P2Jc (Czh5, No. 14). 

Intensities were measured with nickel-filtered CUKE 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 8-28 scan at 4" min-I over a range of 
(1.80 + 0.86 tan 0) degrees in 20 was employed; 10 s 
background counts were measured at each end of the 
scan. Data were measured to 20 = 146". The intensities of 
the check reflections, measured every 50 reflections 
throughout the data collection, decreased uniformly to 
final values which were 80% of the initial values. Lorentz 
and polarization corrections and batch check reflection 
scaling were applied, and the structure amplitudes were 
derived. No absorption correction was made (maximum 
error in lFol about 5%, apart from a few planes with 
extreme path lengths). Of the 5846 independent reflections 
measured, 4246 (73%) had intensities greater than 341) 
above background where 02(Z) = S + B + (dS)' with 
S = scan count, B = time averaged background count, 
and d = 0.06 (the relatively high value of d was required 
to give a satisfactory weighting scheme in the final 
refinement). 

The structure was solved by direct methods. Eight sets 
of signs for 500 reflections with IEl 2 1.69 were deter- 
mined by a computer program which uses Sayre relation- 
ships in an iterative procedure (4). One set of signs was 
outstanding in that it converged in six cycles to a set 
having the highest consistency index (0.93). Forty of the 
42 non-hydrogen atoms were located on an E map 
calculated from this set of signs. 

The 40 atoms located on the E map were refined by 
full-matrix least-squares procedures giving R = 0.179. 
An electron density difference map gave the positions of 
the two remaining carbon atoms. All 42 non-hydrogen 
atoms were refined isotropically for two cycles, and then 
anisotropically for two cycles reducing R to 0.065. A 
second difference map, calculated at this point, gave 
positions for all 20 hydrogen atoms which were included 
in all subsequent cycles of refinement with isotropic 
temperature factors. The entire structure (460 variables, 
full-matrix) was refined for four cycles giving a final R of 
0.042 and R, of 0.057 for 4226 reflections with I >  3o(z) 
(20 reflections which had IF,I - IF,I > 3o(F) were 
treated as unobserved in the final stages of refinement; 
instrumental error was suspected for these reflections, 
but it seemed unwise to bias the data by remeasuring 
them; none of the disagreements were exceptionally bad). 
For all 5846 reflections R = 0.060 and R, = 0.066. 

The least-squares refinement was based on the mini- 

mization of Zw[l F,I - I F,/(I + gZ)llz where g is -the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 6.3 x The scattering factors of 
ref. 5 were used for the non-hydrogen atoms and those of 
ref. 6 for the hydrogen atoms. Anomalous scattering 
factors from ref. 7 were used for the non-hydrogen atoms. 
The weighting scheme w = l/oZ(F) where oZ(F) is 
derived from the previously defined oZ(Z) gave uniform 
average values of w(lFol - Fc1)2 over ranges of 1 Fol and 
was employed in the final stages of refinement. 

On the final cycle of refinement some parameter shifts 
(particularly for hydrogen atoms associated with the 
C(27)-C(32) phenyl ring) were significant. The mean 
error in an observation of unit weight was 1.277. A final 
difference map showed maximum fluctuations of + 0.28 
e A-3 in the vicinity of the phosphorus atoms and k0.16 
e A-3 elsewhere. The final positional and thermal pa- 
rameters appear in Tables l and 2' respectively. Measured 
and calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the riqid-body modes of translation 
(T), libration (L), and screw (S) motion (8) using the 
computer program MGTLS. The rms standard error in 
the temperature factors oUij (derived from the least- 
squares analysis) is 0.0015 A2. Analyses were physically 
reasonable for the four phenyl groups C(9)-C(14) and 
P(l), C(15)-C(20) and P(l), C(21)-C(26) and P(2), 
and C(27)-C(32) and P(2) (rms AU,, = 0.0017, 0.0023, 
0.0020, and 0.0031 AZ respectively) and for the 10 atom 
group P(l), P(2), C(1)-C(8) (rms AUij = 0.0029 A'). 

The appropriate bond distances have been corrected for 
libration (9, lo), using shape parameters qZ of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 
3' along with the uncorrected values. 

Results and Discussion 
Figure 1 shows a general view of the molecule 

with the crystallographic numbering scheme and 
Fig. 2 shows the packing arrangement viewed 
along a*. Bond angles are given in Table 4' and 
deviations of atoms from weighted least squares 
mean planes in Table 5.l Selected inter- and 
intramolecular non-bonded distances are listed 
in Table 6. ' 

The 1,l'-bi(3,3,4,4-tetrafluoro-2-diphenylphos- 
phinocyclobutene) molecule, l b ,  has a cisoid 
configuration about the central C(2)-C(6) 
bond; the angle between normals to the two 
cyclobutene mean planes being 34.3". The over- 

'The structure factor table and Table 2 (thermal 
parameters), 36 (bond distances involving hydrogen), 
46 (bond angles involving hydrogen), 5 (mean planes), 
and 6 (non-bonded distances) are available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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RETTIG AND TROTTER 3067 

TABLE 1. Final positional parameters (fractional x lo4, all molecular symmetry is approximately C2, the 
P x lo5, H x 10" with estimated standard deviations most obvious departure from c2 symmetry 

in parentheses 
being the orientation of the phenyl rings (torsion 

Atom x Y z angles about the P-Ph bonds are: C(l)[P(l)- 

p(1) 36201( 5) 53805( 3) 10573( 3) 
C(g)]C(14), 34.5(2), C(1) [p(l)--C(15)]C(20), 

p(2) 62955( 6) 4481 5( 3) 27787( 4) 77'3(2)3 C(5) [p(2)-C(27)1C(32), 12. (2), and 
F(1) 667( 2) 5194( 1) 2862( 1) C(5) [P(2)-C(21)]C(26), - 75.8(2)"). The arsine 
F(2) 2237( 2) 5909( 1) 360% 1) ligand in 2 has exact C2 symmetry and an As ... 
F(3) 2095( 3) 6666( 1) 
F(4) 493( 2) 5967( 1) 2164( 1416( 1) AS separation of 3.636 A, close to the value of 
F(5) 3021( 2) 4149( 1) 4360( 1) 3.661(1) A for the P...P distance in the present 
F(6) 2336( 2) 3452( 1) 3231( 1) structure. 
F(7) 5553( 2) 3677( 1) 4634( 1) 
F(8) 4879( 2) 2978( 1) 3511( 2) 

Both cyclobutene rings are slightly, but signi- 
C(1) 2747( 2) 5458( 1) ]867( 1) ficantly, nonplanar (see Table 5), with bond 
C(2) 2846( 2) 5088( 1) 2620( 1) angles ranging from 85.9 to 94.8". The mean2 
c(3) 1814( 3) 5529( 2) 
c(4) 1715( 3) 5968( 2) 2851( 2018( 2, 2) bond lengths (averaged assuming C2 symmetry) 
C(5) 4940( 2) 4266( 1) 3210( 1) in the cyclobutene rings (1.362(1), 1.490(4), 
C(6) 3651( 2) 4493( 1) 3077( 1) 1.537(3), and 1.507(1) A) may be compared to 
c(7) 3322( 3) 3924( 2) 
c(8) 4766( 3) 3654( 2) 3639( 3787( 2, 2) those in gaseous perfluorocyclobutene (1.342(6), 
C(9) 3178( 2) 4462( 1) 656( 1) 1.508(3), and 1.595(assumed) A) (11). The 
C(10) 4124( 3) 4087( 1) 380( 2) ~ ( s p ~ ) - ~ ( s p ~ )  single bond (1.537 a) is short 
C(11) 3822( 3) 3407( 2) 
C(1 2) 2599( 3) 3096( 1) 

8( 2, compared to the values of 1.55-1.60 A usually -72( 2) 
C(13) 1667( 3) 3453( 1) 219( 2) found in four-membered rings (see e.g. ref. 12 
C(14) 1945( 2) 4134( I)  577( 2) for numerous examples). The mean C-F bond 
c(15) 2598( 2) 5966( 1) 
C( 16) 1773( 2) 

I8O( distance of 1.350(5) A is as expected. The 5708( 1) -617( 2) 
C(17) 1129( 3) 6192( 2) -1271( 2) geometry of the bi(cyc1obutene) moiety indicates 
C(18) 1297( 3) 6923( 2) - 1143( 2) essentially localized double bonds. The shorten- 
c(19) 2119( 3) 
c(20) 2775( 3) 6705( 1) 295( 2) 

7179( 2, -358( 2, ing of the C(2)-C(6) (1.445(3) A), C(1)-P(l) 
C(21) 7746( 2) 4083( 1) 3604( 1) (1.804(2) A), and C(5)-P(2) (1.798(2) A) bonds 
C(22) 8293( 3) 3458( 1) 3371( 2) relative to the distances of 1.485 and 1.828 A (13) 
C(23) 9429( 3) 3 152( 2) 
C(24) 10039( 3) 3461( 1) $:;: i; usually expected for C(sp2)-C(sp2) and C(sp2)- 
C(25) 9501 ( 2) 4070( 1) 4985( 2) P(tertiary) single bonds is believed to result 
C(26) 8359( 2) 4385( 1) 4423( 2) primarily from 0-hybridization effects (14). 
C(27) 6524( 2) 5450( 1) 2958( 1) 

7290( 4) 5800( 2) 2514( 2) 
One of the four phenyl rings is rigorously 

c(28) ~ ( 2 9 )  7498( 5) 6542( 3) 2593( 3) planar within experimental error while the other 
C(30) 6922( 5) 6934( 2) 3103( 3) three show small, but significant, deviations from 
c(3 1) 61 59( 4) 6599( 2) 
C(32) 5954( 3) 5862( 1) 

planarity (see Table 5). Bond lengths and angles 
H(10) 502( 3) 431( 1) 46( 2) in the C,H,P groups are equal, within experi- 
H(I1) 447( 3) 314( 2) -21( 2) mental error, to the mean values quoted for 
H(12) 240( 2) 258( 1) 
H(13) 88( 3) 323( 2) - phenyl derivatives of trivalent phosphorus and 
H( 14) 128( 2) 440( 1) 77( 1) their coordination compounds (13). The mean 
H(16) 170( 3) 519( 2) -73( 2) C(ar)-H distance of 0.95(8) A is as expected 
H(17) 64( 2) 

84( 3) 
603( for X-ray data. 
729( 2) - 162( 2) 

H(19) 222( 3) 763( 2) -24( 2) The crystal structure of 1,l'-bi(3,3,4,4-tet- 
H(20) 339( 3) 690( 2) 86( 2) rafluoro-2-diphenylphosphinocyclobutene) (see 
H(22) 782( 3) 322( 2) 
H(23) 976( 3) 267( 2) :; Fig. 2) consists of well-separated molecules. The 
H(24) 1083( 3) 320( 2) 519( 2) shortest intermolecular distances (listed in Table 
H(25) 991( 3) 429( 2) 554( 2) 6) correspond to normal van der Waals inter- 
H(26) 803( 3) 483( 2) 463( 2) 
H(28) 761( 3) 554( 2) 

219( 2) actions. 
H(29) 808( 3) 672( 2) 232( 2) 
H(30) 703( 4) 744( 3) 314( 3) 2Here and elsewhere in this paper, mean values refer to 
H(31) 566( 4) 690( 2) 

566( 2) ::;: :1 weighted means with rms deviations from the mean in 
H(32) 538( 3) parentheses. 
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C 24 

FIG. 1. A stereo view of the 1,1'-bi(3,3,4,4-tetrafluoro-2-diphenylphosphinocyclobutene) molecule; 
50% ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been omitted for clarity. 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bond Uncorrected Corrected Bond Uncorrected Corrected 
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RETTIG AND TROTTER 

FIG. 2. The packing arrangement viewed along a*. 

TABLE 4. Bond angles (deg) with esrimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 
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The crystal structure reveals no unusual 
features which could definitely explain the photo- 
chromic behavior of the compound. Crystals of 
the orange-red material obtained by irradiation 
(with light or X rays) gave the same diffraction 
pattern as the original yellow crystals, so that 
any structural change must be small. One of the 
phenyl rings, C(27)-C(32), exhibits fairly large 
thermal vibration, which might suggest a possible 
rotation of the four-membered rings about the 
C(2)-C(6) bond, with consequent increase in 
electron delocalization, and hence color change. 
The lone-pair electrons of P(l) point towards the 
phenyl group, and the bis(phosphine oxide) of 
l b  is colorless, suggesting that the phosphorus 
lone pairs are involved. However, it is not yet 
understood why the compound should be colored 
at all (1). 
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Crystal and molecular structure of phenylboronic acid, C6H5B(OH), 
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STEVEN J. RETTIG and JAMES TROTTER. Can. J. Chem. 55,3071 (1977). 
Crystals of phenylboronic acid are orthorhombic, a = 17.9049(7), b = 15.3264(5), c = 

9.8113(2) A, Z = 16, space group Zba2. The structure was solved by direct methods and was 
refined by full-matrix least-squares procedures to a final R of 0.031 and R, of 0.041 for 1409 
reflections with I >  341). The asymmetric unit consists of two independent molecules linked 
by a pair of 0-H ... 0 hydrogen bonds. Each dimeric unit is also hydrogen bonded to four 
other such units (at z + 3) to form an infinite array of layers which stack along the c axis. Mean 
bond lengths corrected for libration (rms deviations from the mean in parentheses) are: 0-B, 
1.371(7), B-C, 1.565(3), and C-C(phenyl), 1.394(11) A. 

STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 55,3071 (1977). 
Les cristaux de I'acide phCnylboronique sont orthorhon~biques, a = 17.9049(7), b = 

15.3264(5), c = 9.8113(2) A, Z = 16, groupe d'espace lba2. On a resolu la structure par des 
methodes directes et on I'a affinee par la mCthode des moindres carrks (matrice complete) 
jusqu'a une valeur finale de R de 0.031 et R, de 0.041 pour 1409 rkflexions avec I > 341). 
L'unitk asymktrique comprend deux molkules independantes likes par une paire de ponts 
hydrogene 0-H ... 0. Chaque unite dimere est aussi like par des ponts hydrogene a quatre 
autres unit& semblables (avec z + 3) pour former un arrangement infini de couches qui sont 
superposkes le long de I'axe c. Les longueurs moyennes de liaison corrigkes pour la libration 
(les dhiations rms a partir de la moyenne sont entre parentheses) sont 0-B, 1.371(7), B-C, 
1.565(3) et C-C(phenyle), 1.394(11) A. 

[Traduit par le journal] 

Introduction least squares on 2 sin 8/h values for 17 reflections mea- 
sured on a diffractometer with CuKa radiation (h = 

The structures of a number of esters and other 1.5418 A). crystal data (at 2 2 0 ~ )  are: 
derivatives of the organoboron acids R,BOH C6H,B02 fw = 121.93 
and RB(OH), have recently been reported (1-9). Orthorhombic, a = 17.9049(7), b = 15.3264(5), = 
Two of these structures contain trigonally co- 9.8113(2) A, V = 2692.4(1) A3, p,,, = 1.18 (flotation in 
ordinated boron atoms (1, 2) while the other aqueous KI), 2 = 16, p. = 1.203 g ~ m - ~ ,  ~ ( 0 0 0 )  = 

1024, p(CuKa) = 7.18 cm-'. Absent reflections: hkl, molecules feature tetrahedrally coordinated bo- + + # 2n; Okl, # 2n; and hOl, # 2n. Space 
ron, occurring via intramolecular N -+ B (3, 4, 6, group Zba2 (c::, N ~ .  45). 
8' 9, Or O -t (5' 7, interactions' There 

Intensities were measured with nickel-filtered CuKa 
however, little structural information available radiation on a Datex-automated Genera] Electric XRD-6 
on the parent acids. Only one structure, that of diffractometer. A 8-20 scan at 4' min-I over a range of 
4-BrC,H,B(OH), (lo), has been determined, (1.80 + 0.86 tan 8) degrees in 28 was employed; 10 s 

but the presence of bromine obscures the background counts were measured at each end of the 
scan. Data were measured to 28 = 160". The intensities 

of the boron coordination of two check reflections, measured every 50 reflections 
group. In order to provide accurate geometrical throughout the data collection, decreased slowly to a 
parameters for a free organoboron acid the value which was 0.91 times the initial value. Lorentz and 
crystal structure of phenylboronic acid, C,H,- polarization corrections and batch check reflection scal- 

B(OH),, has been determined. ing were applied, and the structure amplitudes were 
derived. An absorption correction was applied by a 

Experimental computer program using a Gaussian integration method 
(11, 12). Transmission factors ranged from 0.631 to 

Crystals of phenylboronic acid (Alfa Inorganic) suit- 0.794. Of the 1563 independent reflections measured, 
able for X-ray analysis were obtained by recrystallization 1419 (91%) had intensities greater than 341) above back- 
from water. The crystal chosen for study was mounted ground where ~ ' ( 1 )  = S + B + (0.06s)' with S = scan 
with c parallel to the goniostat axis and had dimensions count and B = time averaged background count. These 
of ca. 0.36 x 0.40 x 0.93 mm. Unit-cell and space reflections were used in the solution and refinement of the 
group data were obtained from film and diffractometer structure. 
measurements. The unit-cell parameters were refined by a The systematic absences allow space groups Zba2 or 
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Ibam, the former being indicated by the E statistics. 
The structure was solved by direct methods (13-15). 
The positions of the 18 non-hydrogen atoms were located 
among the 19 highest peaks on an E map calculated from 
the set of phases with the lowest value of Rk. 

Two cycles of isotropic followed by three cycles of 
anisotropic full-matrix least-squares refinement of the 
non-hydrogen atoms gave R = 0.064. The z coordinate of 
O(1) was fixed to determine the origin. The positions of 
all 14 hydrogen atoms were located on a difference map 
at  this point. The entire structure (including hydrogen 
atoms with isotropic thermal parameters) was refined for 
six cycles giving a final R of 0.031 and R,  of 0.041 for 1409 
reflections with 12  3a(I) (10 reflections which had 
IFoI - IFc] > 30(F) were treated as unobserved in the 
final stages of refinement; for all 1563 reflections R = 
0.036 and R,  = 0.044). 

The least-squares refinement was based on the mini- 
mization of Zw[(F,I - IFc/(l + gI)/I2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 9.0(6) x lo-'. The scattering 
factors of ref. 16 were used for the non-hydrogen atoms 
and those of ref. 17 for the hydrogen atoms. Anomalous 
scattering factors from ref. 18 were used for the non- 
hydrogen atoms. The weighting scheme: w = 1.0 if 
IF,( < 10.0, w = (10.0/(Fo1)2 if IF,( 2 10.0, and w = 
0.0625 for the unobserved reflections gave uniform 
average values of w((F,I - over ranges of IFoI and 
was employed in the final stages of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.090, with no shift greater than 0.650. The 
mean error in an  observation of unit weight was 0.3556. 
A final difference map showed maximum fluctuations of 
+ 0.3 e A-3. The final positional and thermal parameters 
appear in Tables 1 and 2' respectively. Measured and 
calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The positive z direction (for the particular crystal 
used) has been determined through the anomalous scat- 
tering of the non-hydrogen atoms. Structure A is repre- 
sented by the coordinates in Table 1 referred to a right- 
handed axial system and structure B, the mirror image of 
A, was generated by changing the z coordinates of A to  
1 - z. Both structures were refined and Hamilton's test 
(19) applied to the resulting R factor ratios. The ratios 
(B/A) and the percentage probabilities that A is the cor- 

TABLE 1. Final positional parameters (fractional x lo5, 
H x lo3) with estimated standard deviations 

in parentheses 

Atom x Y z 

The appropriate bond distances have beencorrected for 
libration (21,22), using shape parameters qZ of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 
3' along with the uncorrected values. Corrected bond 
angles differ by less than 1 standard deviation from the 
uncorrected values listed in Table 4.' 

rect structure are: 1.0069 (90%) for R (all data), 1.0002 Results and Discussion 
(50%) for R (30 data), 1.0017 (95%) for R, (all data), and 
1.0017 (95%) for R, (30 data). Figure 1 shows a view of the asymmetric unit 

The ellipsoids of thermal motion for the non-hydrogen with the crystallographic numbering scheme and 
atoms are shown in Fig. 1. The thermal motion has been Fig. 2 shows a view down b of the basic repeating 
analysed in terms of the rigid-body modes of translation 
(T), libration ('), and screw (S) motion (20) using the unit. of the bonding 
computer program MGTLS. The rms standard error in scheme are given in Table 5. 
the temperature factors a U i j  (derived from the least- The asymmetric unit (Fig. 1) consists of two 
squares analysis) is 0.0011 Az. Analyses were successful molecules of phenylboronic acid linked by a pair 
for each of the two independent molecules (rms AUIj = of o-H...o hydrogen bonds. ~~~h of these 
0.0024 and 0.0025 A2 for molecules 1 and 2 respectively). 

dimeric units is hydrogen bonded to four other - - 
'The structure factor table and Tables 2 (thermal such units (at z + +) to form an infinite array of 

parameters), 3b (individual bond lengths involving H), layers which stack along c. The basic repeating 
and 4b (individual angles involving H) are available, at a 
nominal charge, from the Depository of Unpublished structural unit, including the interlayer hydrogen 
Data. CISTI. National Research Council of Canada. bonding, is shown in Fig. 2. The two dimeric 
~ t t a w a ,  can ida  K I A  OS2. 

' 

units which make up each layer are related by the 
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RETTIG A N D  TROTTER 

FIG. 1. A stereo view of the asymmetric unit of phenylboronic acid; 50% ellipsoids are shown for 
the non-hydrogen atoms. Hydrogen atoms have been assigned artificially small thermal parameters 
for the sake of clarity. 

FIG. 2. The basic repeating structural unit of phenylboronic acid viewed down b. Unshaded bonds 
represent hydrogen bonds. 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Bonds Bond lengths Mean bond length 

0-H 
C-H 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(6) Angles involving hydrogen atoms 

Bonds Bond angle Mean bond angle 

B-0-H 110-1 13(2-3) 111(1) 
C-C-H 1 16-1 24(2-3) 120(2) 

TABLE 5. Hydrogen-bond data* (distances in a and angles in deg) 

D-H ... A H...A D...A L DHA L XAH 

'Superscripts refer to atoms at positions: ' x,  1 - y,  f + z ;  1 - x,  y,  z - f .  

twofold axis (5, 3, z) and are not directly hydro- separated 'stacks' of molecules in the unit cell, 
gen bonded to one another. Alternate layers are related by the Icentering. 
related by c glide planes and the dimers in each The most obvious difference between the two 
layer are bridged (via hydrogen bonds) by both molecules is in the orientation of the phenyl 
dimers in the adjacent layers. There are two well- ring, twisted 6.6" with respect to the boron co- 
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VD TROTTER 3075 

ordination group in molecule 1 and 21.4" in 
molecule 2. The phenyl rings and boron co- 
ordination groups of both molecules are slightly, 
but significantly, nonplanar. B(l) and B(2) 
deviate by 0.009(2) and 0.012(2) A from the 
respective OOC planes, and by 0.061(2) and 
0.021(2) A from the phenyl mean planes. 

The bond angles at the trigonal planar boron 
atoms are distorted from ideal values in a man- 
ner which makes all of the hydrogen bonds more 
linear. The ( 1 - ( 1 - 0 1  and C(7)- 
B(2)-O(4) angles (1 18.7(2) and 1 19.7(2)") are 
significantly smaller than C(1)-B(1)-O(2) 
and C(7)-B(2)-O(3) (1 25.0(2) and 124.0 
(2)"). The two independent 0-B-0 angles 
(1 16.3(2) and 116.2(2)") are equal within experi- 
mental error. The two B-0 distances in mole- 
cule 1 are significantly different while those in 
molecule 2 are not. The mean2 B-0 distance of 
1.371(6) A is somewhat shorter than the bond in 
2-phenyl-1,3,2-benzodioxaborol (1.394(3) A (I)), 
between the values of 1.337(2) and 1.404(2) A in 
8,8 -dimethyl-3,5-diphenyl-2,4,6-trioxa-1-azonia- 
3-bora-5-boranatabicyclo[3.3.0]octane (2), and 
in good agreement with the mean value of 1.36 A 
in BrC,H,B(OH), (10). The B-C distances in 
the present structure (1.563 and 1.568 A) lie 
between those in the above-mentioned molecules 
(1.537(6), 1.557(2), and 1.54 A respectively) and 
those in Ph,B (23) of 1.571(3) and 1.589(5) A. 

The corrected C-C distances in the phenyl 
rings range from 1.374(5) to 1.410(3) A with a 
mean value of 1.394 A. As in related molecules 
(e.g. ref. 2), the bond distances in the phenyl 
rings decrease as they are removed from the 
boron substituent (mean values are 1.405(4), 
1.392(3), and 1.381(6) A). This variation of bond 
lengths, as well as the pattern of bond angles in 
the phenyl rings, is consistent with that in related 
compounds (24). Distances and angles involving 
hydrogen atoms are as expected for X-ray data. 
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parentheses. 
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' " ~ e  Miissbauer spectra of the polyatomic cations of tellurium 

C. H. W. JONES 
Deprrrtment of Chemistry, Simon Fruser University, Burnnby, B .C. ,  Cnnnda V5A 1S6 

Received March 14, 1977 

C. H. W. JONES. Can. J. Chem. 55,3076(1977). 
lZ5Te Mossbauer data for frozen solutions of tellurium in HS03F and in oleum are reported 

together with data for solid samples which may have contained the TeaZ+, Tenn+, and Te6'+ 
cations. The data demonstrate that the quadrupole splitting reflects the sequential oxidation of 
the tellurium through the steps Te + TeaZ+ + Tenn+ + Te(I1) + Te(1V) + TeOz. The quad- 
rupole splittings for samples identified as containing TeaZ + are consistent with a unit quadrupole 
splitting of 12 mm s-I for lZ5Te. 

C. H. W. JONES. Can. J. Chem. 55,3076 (1977). 
On rapporte des donnees de Mossbauer du lZ5Te pour des solutions congelees de tellure 

dans HS03F et dans l'oleum de mkme que des donnees pour des Cchantillons solides qui 
pourraient contenir des cations Te4Z+, Tenn+ et Te6Z+. Les donntes demontrent que les cou- 
plages quadrupolaires sont un reflet de I'oxydation en sequence du tellure par I'intermCdiaire des 
&tapes Te + Te4Z+ + Tenn+ -+ Te(I1) + Te(1V) + TeOz. Les couplages quadrupolaires pour 
les echantillons qui sont identifies comme contenant du Te42+ sont en accord avec un couplage 
quadrupolaire unitaire de 12 mm s-' pour le lZ5Te. 

[Traduit par le journal] 

Introduction of the compounds Te4(A1Cl4), and Te,(A12- 
The formation and properties of the poly- C17)2 referred to above and also to that of the 

cations of the Group VI elements have been Te6(A1C14)2 (9). 
reviewed by Gillespie and Passmore (1, 2). ln The present work was initiated to determine 
particular, tellurium is known to form the red whether or not 125Te Mossbauer sPectroscoPY 
cation Te42+ in sulphuric and fluorosu~phuric could be used to distinguish between these dif- 
acid solutions (3, 4) and also on reaction with ferent tellurium ~ o l ~ c a t i o n s  and perhaps throw 
sulphur trioxide (5). Crystallographic studies of light on the nature of the bonding in the 
Te4(A1C14), and Te,(A12C17)2 have established Ten"+ and Te62+ The Mossbauer Param- 
that the T e 2 +  ion is square-planar in geometry eters for the Te42+ ion Were also of some con- 
(6). on oxidation of the Te42+ ion in acid solu- siderable interest because the structure of this 
tion or i n  SO,, a yellow diamagnetic ion Ten"+, ion is known and it was important to establish 
which is possibly ~ ~ , 4  + , ~~~6 +, or ~~~8 + , is whether or not the data for this simple ion would 
formed. Further oxidation produces a colorless the previous n~odels that we have used 
Te(IV) species in solution and finally, in su]- in interpreting quadrupole splittings in 125Te 
phuric acid solution, TeO, precipitates out (3). Mossbauer spectra (109 1 1). 
More recently the preparations and crystal 
structures of the compounds Te2Se8(AsF6),.S02 Results and Discussion 
and Te,,,Se6,,(AsF6), have been reported (7). Typical spectra are shown in Fig. 1 and the 

The reaction of tellurium with arsenic and computed Mossbauer parameters are given in 
antimony pentafluorides yields a number of solid Table 1. Where more than one result is reported 
derivatives of the Te42+ and Te,,"' ions (3,4) and for any one compound or ion these represent 
the compound with the empirical formula independent measurements on separately pre- 
Te3AsF6 has also been identified. The latter is pared samples. For the solutions of tellurium in 
diamagnetic and hence may be formulated as HS03F, the first sample prepared gave rather 
Te62+(AlF6-), (3). A single crystal X-ray broad line-widths and the subsequent samples 
diffraction study (8) of the compound Te6- studied were prepared with less lz5Te present. 
(AsF6),.2AsF, has shown the presence of the This was also the case for the spectrum of the 
cation Te64+, which is a trigonal prismatic oxidation product of tellurium formed on 
cluster cation. warming in oleum. 

The study of the phases formed in the system It  is clear from Table 1 that on dissolving 
Te-TeC1,-AIC1, has led to the identification (6) tellurium in cold HS03F, the Mossbauer spec- 
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TABLE 1. 2sTe Mossbauer parameters 

s* A r 
Compound (mm s-l) (mm s-') (mm s-') x ~ / N §  

Te +0.35 (5) 7.8 (1) 7 .2  2461240 
Te in cold HS0,F +0.39 (7) 6 .2  (1) 8.3 2301240 

+0.51 (6) 6.0 (1) 6.8 2371240 
+0.46 (3) 5.91 (5) 6.3 2451240 

Te4(Sb2Fl 1 ) ~  +0.59 (8) 5.9 (2) 7.3 2471240 
Te4(AICl4)~ +0.37 (8) 5.9 (2) 7.7 2321240 
Te4(A1C14)2t +0.40 (5) 6.5 (1) 6.8 2611248 
Te4(AsF6)~t + 0.34 (lo) 6 .3  (3) 9 .2  2571248 
Te in cold H2S04 +0.49 (6) 4.8 (1) 7.0 2421240 
Te in 40% oleum +0.67 (4) 4.5 (1) 6.0 2651240 
Te SbF6t f 0 . 7 4  (12) 4.4 (2) 5.6 2431248 
Te,(AsFd,t +0.50 (13) 4.6 (3) 6.7 2171248 
Te.,(AsFd,t +0.52 (12) 4.9 (3) 6.7 2501248 
Te in oleum on warming +0.68 (4) 10.4 (1) 10.8 3091240 

+0.71 (3) 10.1 (1) 10.7 4521240 
Te in oleum on further +0.90 (3) 6 .3  (1) 7.9 2321240 

warming +1.01 (4) 5.6 (1) 6.4 23 11240 
Te02  +0.67 (5) 6 .2  (1) 7.5 2 1 11240 
Te6(AIC14)2 +0.30 (5) 8.7 (1) 8.6 2441240 
*S with respect to PblzsmTe, source and absorbers at 4.2 K. 
?For these samples the source was at 80 K and the absorbers at 4.2 K. 
SThe line-widths were constrained as being equal in the computed fits of  the doublets. 
5x2 divided by the number of  degrees of freedom, N. 

oleum, which on prolonged standing turned 
orange, also gave a quadrupole splitting com- 
parable with the H2S04 solution and this is 
again tentatively identified as corresponding to 
the Te,"' ion. There is little question that the 
quadrupole splittings of these latter samples 
were all consistently smaller than those cor- 
responding to the ~ e 2 '  ion, and that the iso- 
mer shift was consistently more positive, cor- 
responding to an increase in oxidation state and 
a net removal of 5p-electron density from the 
tellurium. 

A number of possible structures for the Te,"' 
ion are discussed in ref. 3. In the light of the 
known structure of the Te:' ion, which is a 
trigonal prismatic cluster cation, it has been 
proposed that Te,"' is probably TeG6' and has 
the structure shown in Fig. 2i. The presence of a 
small quadrupole splitting in the Mossbauer 
spectrum is not inconsistent with that structure. 
The 60% bond angles within the triangular ring 
suggests the presence of bent bonds which lie off 
the interatomic axes. The bonding could be 
predominantly p in character and the small 
p-orbital imbalance would derive from the 
difference between the bonding within and 
between the triangular rings. The small increase 
in F over that in tellurium and the Te42' cation 
is consistent with the presence of predominantly 
p-character in the bonds. 

FIG. 2. Proposed structures (8) for Tennf (i.e. Te66f) 
and Teszf. For the latter, 3 resonance forms may con- 
tribute to the structure. 

On warming a solution of tellurium dissolved 
in oleum, a very marked increase in the quad- 
rupole splitting was observed for the frozen 
solution, together with an increase in line-width. 
Attempts to fit the spectra to more than one pair 
of doublets yielded poorer fits to the data than 
that reported here. The broad line-widths and the 
poor X2 values suggest the presence of a spec- 
trum of products with varying hyperfine param- 
eters. The increase in A is consistent with oxida- 
tion of the tellurium to a Te(II) derivative, com- 
pounds which in general exhibit quadrupole 
splittings from 10 to 15 mm s-I. 

Following further heating, the spectrum of the 
frozen solution exhibited a significant decrease 
in A and an increase in F, consistent with further 
oxidation of the tellurium to a Te(IV) species. 
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JONES 3079 

The decrease in A reflects the participation of all 
three 5p orbitals in bonding, in contrast with 
Te(I1) compounds, and the increase in 6 the 
increased withdrawal of p-electron density and a 
concomitant increase in the s-electron density at 
the nucleus. 

Finally, TeO, precipitated out and the some- 
what smaller isomer shift for this compound is 

consistent with that generally found for Te(1V) 
oxides and oxyanions in the solid state, reflecting 
some stereochemical activity of the 5s electrons 
(10). 

From these experiments it appears that the 
Mossbauer quadrupole splitting reflects the step 
by step oxidation of the tellurium: 

Te -r Te41t -+ Tennt -+ Te(I1) -P Te(1V) -+ TeOz 

Value 

Parameter Te Te4' + Tennt Te(I1) Te(1V) TeO, 

A (mm s-') 7.8 6.1 4.6 10.3 6.0 6.2 

6 +0.35 0.43 0.58 0.70 0.96 0.67 

The isomer 'shifts for lZ5Te are small because 
of the small value of ARIR for this transition. As 
a result the changes in 6 are less useful in 
characterizing the change in chemical form of 
the tellurium. However, with the exception of 
TeO,, the 6 values show a trend to increasing 
(more positive) 6 values with increasing oxida- 
tion state. This suggests that the 5s electrons are 
predominantly stereochemically inactive and that 
the electrons removed are primarily 5p in 
character. 

Prince et al. (9) have prepared the compound 
Te6(AlC14), through the reaction 

A lZ5Te enriched sample prepared in this way 
yielded the parameters shown in Table 1. The 
quadrupole splitting is again significantly dif- 
ferent from that of the other tellurium ions 
studied. While the line-width was rather broad, 
there is no conclusive evidence for the presence 
of more than one tellurium site in the sample. 
The broad line-width for this sample may have 
arisen from the presence of tellurium. A struc- 
ture which has been suggested for this ion is 
shown in Fig. 2ii. 

A crvstal structure of TeA2+ has not been re- 

vironments. A similar situation has been found 
to hold for Te64+ (12). 

The isomer shift of +0.3 mm s-' (Table 1) is 
consistent with a small charge on the tellurium. 
The quadrupole splitting of 8.7 mm s-' is 
greater than that proposed for tellurium in the 
Te,"+ ion. Assuming the Te,"' and Te,'+ ions to 
have the structures shown in Fig. 2(i) and (ii) 
respectively, a greater p-orbital imbalance 
would be expected for Te,'+. 

With regard to the experiments where frozen 
solutions were studied, there is clearly some un- 
certainty as to whether the species being studied 
was present in a frozen glass or whether a com- 
pound had crystallized out of solution. How- 
ever, since the Mossbauer parameters for lZ5Te 
appear to be primarily determined by the valence 
orbital populations of the tellurium, and that 
lattice terms do not appear to be important, the 
similarity between the results for the frozen 
solutions and the solid compounds for the same 
tellurium cation was to be expected. 

Experimental 
The HS03F solutions were prepared by stirring 10 mg 

70% enriched dry lZ5Te with 2 ml of ice-cold HS03F (3). 
The solutions were transferred to Teflon holders with 

ported-but Te,Se4,+ and -T~ ,S ,~+  have been O-ring seals and frozen and stored in liquid nitrogen until 

demonstrated (12) to have a six-membered boat- such time as the Mossbauer spectra were run. The sample 
referred to as Te4(SbzF1,), was prepared by reacting 

shaped ring structure with a Te-Te crOss-ring 20 mg of 70% enriched, dry '25Te with an excess of SbF, 
bond, similar to that of Fig. 2(ii). The Te64+ ion (vacuum distilled) in liquid SOZ at -23°C (3). The SO2 
may be viewed as a boat-shaped ring with two solution was drawn off and on evaporation of the SOz 

cross-ring bonds (8). the ~ ~ , 2 +  ion three the resulting red solid was sealed in a Teflon holder and 
stored in liquid nitrogen. The samples referred to as 

structures of the form shown in Fig. Te4(AIC14)Z and Te6(AIC14)z were prepared (6, 9) by 
2ii may contribute to the structure, in which case reacting 200 mg of unenriched tellurium, to which 50 mg 
all six tellurium atoms would have similar en- of 70% enriched lz5Te was added, with the stoichiometric 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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quantities of vacuum sublimed TeCl, and AlCl, accord- 
ing to the equations: 

The reactions were carried out in the molten phase under 
vacuum in sealed Pyrex tubes. On cooling, the purple- 
black solids were then mounted and stored as before. 
The solutions in oleum and the subsequent oxidation steps 
were studied using 10 mg portions of 70% enriched lZ5Te. 
Preparations and sample-mounting were carried out in a 
dry-box. 

None of the above samples were further purified or 
characterized. However the consistency of the Moss- 
bauer data within any one set of experiments lends sup- 
port to  the identification of tellurium species present. 

The compounds T~,(ASF,)~, TeSbF,, Te,(AsF,),, and 
Te,,,(AsF,), were kindly provided by Dr. R. J. Gillespie. 
The latter samples were prepared by reaction of tellurium 
with excess AsF5 in SO2 and may have corresponded to 
TeAsF,, although they were not analysed. 

The bulk of the Mossbauer spectra were recorded with 
the source and absorbers at 4.2 K at the PCMU Harwell 
using a PblZ5"Te source prepared by neutron irradiation 
of a PblZ4Te sample prepared in our laboratory. The re- 
maining spectra were recorded in our laboratory at  
Simon Fraser University, again using a PblZSmTe source 
but with the source at 80 K and the absorbers at 4.2 K 
(Table 1). The prepared absorbers had a thickness of 
5-10 mg cm-l of lZ5Te. The general procedures used in 
recording the Mossbauer spectra have been reported 
elsewhere (10). The spectra were computer fitted to 
Lorentzians using a program described in ref. 13. The 
spectrometers were routinely calibrated using an iron 
foil and a 57Co/Pd source and the standard parameters 
quoted in ref. 14 were used. A sample of Te(thiourea),- 
C12.2H20 was used as  an internal calibrant and gave 
parameters on both spectrometers in excellent agreement 
with previous measurements (10) (aPbTe = 0.78 mm s-', 
A = 15.6 mm s-I). 
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Crystal structure studies of Group V chalcogenide compounds. I. The structure 
of tricyclohexylphosphine sulphide 

K. ANN KERR, P. M. BOORMAN, B. S. MISENER, AND J. G. H. VAN ROODE' 
Chemistry Department, The University of Calgary, Calgary, Alta., Canada E N  IN4 

Received November 22, 1976 

K. ANN KERR, P. M. BOORMAN, B. S. MISENER, and J. G. H. VAN ROODE. Can. J. Chem. 55, 
3081 (1977). 

Crystals of tricyclohexylphosphine sulphide, C18H33PS, are orthorhombic, a = 10.906(2), 
b = 15.836(2), c = 10.362(2) A, Z = 4, space group P t ~ 2 ~ a .  The structure was solved by direct 
methods and refined by full-matrix least-squares procedures to a final R, of 0.058 for all 1209 
reflexions with sin 8/h 5 0.5377. 

Although second harmonic generation unambiguously established the correct space group as 
P t ~ 2 ~ a ,  parameters reported here refer to the centrosymmetric space group Pnma. The geometry 
at phosphorus is approximately tetrahedral with an average P-C distance of 1.838(2) A. Angles 
at phosphorus range from 105.4' to 113.2". The P=S bond length of 1.966(2) A is one of the 
longest bonds of this type so far reported. Rigid body analysis of thermal parameters suggests 
that the 'true' bond lengths are even longer. 

K. ANN KERR, P. M. BOORMAN, B. S. MISENER et J. G. H. VAN ROODE. Can. J. Chem. 55,3081 
(1 977). 

Les cristaux du sulfure de tricyclohexylphosphine, C18H,3PS, sont orthorhombiques, 
a = 10.906(2j, b = 15.836(2), c = 10.362(2) A, Z = 4, groupe d'espace Pn2,a. On a resolu 
la structure par des mtthodes directes et on I'a affink par la mkthode des moindres carrts 
(matrice complete) jusqu'a une valeur finale de R, de 0.058 pour les 1209 rtflexions avec 
sin 0/h I. 0.5377. 

Quoique la generation d'harmoniques secondes permet d'ttablir d'une f a ~ o n  non-ambigue 
le groupe d'espace correct Pn2,a, les parametres qui sont rapportts ici se rtferent au groupe 
d'espace centrosymttrique Pnma. La geomttrie au niveau du phosphore est approximativement 
tttrakdrique avec une distance P-C moyenne de 1.838(2) A. Les angles autour du phosphore 
varient de 105.4" a 113.2". La longueur du lien P=S est de 1.966(2) A et correspond a la plus 
longue liaison de ce type qui ait etC rapportte jusqu'a maintenant. Une analyse selon les corps 
rigides des parametres thermiques suggerent que les "vraies" longueurs de liaison sont mEme 
plus longues. 

[Traduit par le journal] 

Introduction 
Until recently the study of phosphine sulphide 

complexes was a neglected area of coordination 
chemistry. Although this situation has been 
rectified to some extent (1-3), discussions of 
P-S bonding in both free and complexed forms 
have been based mainly on studies of vibrational 
spectra. Since few crystallographic data are 
available and since there is wide variation in 
reported bond lengths among different structures 
and among 'chemically equivalent' bonds in the 
same structure, we are studying a group of 
ligands containing the P-S bond in both 'free' 
and 'bound' states. We are interested in the 
multiple bond character of the P-S bond and in 
the nature of the interaction that occurs when 
phosphine sulphides bond to different classes of 

'Present address: Memorial University of Newfound- 
land Regional College at Cornerbrook, Cornerbrook, Nfld . 

metals. Our current structural studies comple- 
ment our previous synthetic and spectroscopic 
work (4-6). 

Experimental 
Thc compound tricyclohexylphosphine sulphide was 

prepared byhirect reaction between elemental s"lphur and 
tricvclohexvl~hosohine in a sealed tube at 150°C. followed . 
by kxtraction with ethanol (7). ~ecr~stallizaiion from 
ethanol gave clear, plate-like crystals. The sample chosen 
for analysis had dimensions ca. 0.30 x 0.14 x 0.40 mm 
(b-axis perpendicular to plate face) and was mounted 
about the a-axis. Preliminary unit cell and space group 
data were obtained by film methods. Unit cell parameters 
were refined by least-squares treatment of the sin2 0 values 
of 12 high-angle reflexions measured on a 4-circle 
diffractometer with CuK. radiation. Crystals data are: 

C18H33PS fw = 312.5 
Orthorhombic, a = 10.906(2), b = 15.836(2), c = 10.362 
(2) A, v = 1789.7(3) A 3 , z  = 4, p, = 1.160 g ~ m - ~ ,  h = 
1.5418 A; p = 22.75 cm-l, F(000) = 172. Absent re- 
flexions: Okl, k + 1 # 2n and hkO, h # 2n, space group 
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TABLE 1 .  Atomic parameters of heavy atoms* 

Atom X Y Z UI 1 u2 2 u3 3 u12 u13 u2 3 

'Coordinates ( x  lo4) and their standard deviations expressed as fra 
form T = exp { - 2 ~ ~ ( h ~ a * ~ U , ~  + . . . + 2hka*b*U12 + . . .)). Those 
are indicated with a dash. 

Pnma or PnZla. Strong second harmonic generation 
@a, b) unequivocally confirms that the correct space 
group is P n 2 , ~ . ~  Intensity data were measured at room 
temperature on a Picker four-circle diffractometer in the 
8-28 scan mode with a scintillation counter and Ni- 
filtered CuK, radiation using a scan rate of l" min-l. The 
scan range was determined by the expression A28 = 1.0" 
(0.93 + 0.285 tan 8 )  and background counts were mea- 
sured for 40 s at either end of the scan. The three standard 
reflexions that were measured after every 75 reflexions 
throughout the data collection showed no systematic 
trend. Both hkl and hkidata were collected to a maximum 
28 value of 112". These reflexions were averaged to give 
1209 independent reflexions of which 271 had intensities 
less than 3a(I). These were included in the structure factor 
calculation but given zero weight in the refinement if 
F, I F,. 

Structure Analysis 
The structure was solved in space group Pn2,a using 

the program MULTAN (9).  The 300 reflexions with E > 
1.18 were used in a symbolic addition procedure which 
generated 128 sets of phases of which 64 had identical 
figures of merit. One of these sets was used to calculate 
an E-map which revealed the positions of all heavy atoms 
in the molecule. 

The structure was refined to convergence in the centro- 
symmetric space group Pnma using full-matrix least- 
squares with weights based on counting statistics. During 
the final cycles of refinement the 167 parameters refined 
included scale, extinction, positional parameters for all 
atoms, anisotropic temperature parameters for the heavy 
atoms and isotropic temperature parameters for hydro- 
gen. The refinement converged with R, = ZwllF,I - 
IF,II/ZolF,( = 0.0581 for the 966 reflexions of non-zero 
weight. The conventional R-value was 0.0472 for the 
'observed' reflexions only and 0.0787 for the full data set. 

21n this technique, laser light of wavelength 1.06 pm 
with peak pulse power in the kW range is used to irradiate 
the sample. The fundamental beam is eliminated with 
appropriate filters placed after the sample and any second 
harmonics of wavelength 0.53 pm are then detected with 
a photomultiplier. This provides a highly sensitive test for 
the absence of centres of inversion. 

.ctions of the cell edge. Anisotropic temperature factors ( x  IO3)have the 
temperature factors that must have zero value in space group Pnma 

Since the correct space group is Pn2,a we attempted 
refinement in this space group at two stages, once at the 
end of isotropic refinement and once after convergence 
of the anisotropic refinement. In both cases, the approach 
to convergence was slow, estimated standard deviations 
of parameters were high and agreement between chemi- 
cally equivalent bonds became worse than in the preceding 
centrosymmetric refinement. For these reasons the 
results reported here refer to refinement in the centro- 
symmetric space group Pnma. 

The quantity minimized was Zo(lF.1 - where 
= {aZ(F)  + 0.001 FZ}-'I2 and a(F)  was derived from 

counting statistics. When the refinement was terminated 
the mean parameter shift was 0.0760 and no parameter 
shift was larger than 0.4070. The standard deviation of an 
observation of unit weight was 1.56. Scattering factors 
and anomalous scattering corrections from ref. 10 were 
used for all atoms. A table of observed and calculated 
structure factors has been placed in the Depository of 
Unpublished Data.3 

Results and Discussion 
Positional and thermal parameters for the 

heavy atoms are given in Table 1 while those for 
hydrogen atoms are in Table 2. General features 
of the molecular structure are shown in Fig. 1. 
Molecular packing is illustrated in Fig. 2. 
In the centrosymmetric refinement, the mirror 
plane at y = 0.25 bisects the molecule so that 
atoms S, P, C(l), and C(4) lie on the mirror. The 
three cyclohexyl rings are in the chair form with 
bond angles close to the expected tetrahedral 
values. 

The geometry at phosphorus is slightly but 
significantly distorted. The S-P-C angles and 
the C-P-C angle across the mirror plane are 

3Complete set of data is available at a nominal charge, 
upon request, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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larger than the expected tetrahedral value, while 
the other C-P-C angles are significantly 
smaller than tetrahedral. This may well be a 
steric effect since the direction of the distortion 
is consistent with relief of very short intra- 
molecular S---C(5) contact of 3.120(3) A. The 
S---C(l) contact of 3.162(4) A is not as severe. 
The only other short contacts of note are between 
the phosphorus atom and the hydrogens on the 
lead carbons of the cyclohexyl rings. The 
P---H(1) distance is 2.33(4) A and the P---H(5) 
distances are 2.24(3) A. There are no unusual 
inter-molecular contacts. 

A comparison of bond lengths with other 
values in the literature demands that the values 
compared be measurements of the same quantity 
and be drawn from the same pool. The P=S 
and P-C values of 1.959(2) A and 1.798(2) A 
given for an X-ray determination of (CH3),PS 
(12) are too scantily reported to allow a reader 
to assess their reliability. The results for tri- 
orthotolyl phosphine sulphide (3) (P=S 1.953(6) 
A, 1.942(5) A with P-C ranging from 1.773(9) A 
to 1.870(9) A) are much less precise than the 
present determination. The electron diffraction 
results on (CH,),PS give a P=S of 1.940(2) 
with an average P-C distance of 1.812(2) A. 
These results have the desired accuracy and 
precision but are not strictly comparable with 
the X-ray results since the two experiments 
measure different time-average distances. How- 
ever, it can be noted that our value of l .966(2) A 
TABLE 2. Atomic parameters of hydrogen atoms, frac- 
tional coordinates, and isotropic temperature factors 

( X  lo3) 

Atom x Y z u (A2) 

H 1 348(4) 250 641(4) 33(10) 
H2A 463(3) 377(2) 670(3) 45(10) 
H2B 573(3) 330(2) 700(3) 49(10) 
H3A 363(3) 332(2) 859(3) 59(11) 
H3B 489(3) 383(2) 888(3) 55(9) 
H4A 489(5) 250 1003(7) 82(18) 
H4B 587(5) 250 907(5) 67(17) 
H5 475(3) 390(2) 443(3) 47(9) 
H6A 378(3) 321(2) 211(3) 51(9) 
H6B 51 9(3) 346(2) 238(3) 43(9) 
H7A 427(3) 454(2) 129(4) 61(11) 
H7B 470(3) 486(2) 259(3) 63(11) 
H8A 21 9(4) 436(2) 207(4) 68(12) 
H8B 259(3) 529(3) 231(3) 67(11) 
H9A 168(3) 462(2) 409(3) 55(11) 
H9B 302(3) 496(2) 440(3) 52(10) 
HlOA 227(3) 330(2) 388(3) 56(11) 
HlOB 263(3) 360(2) 518(4) 52(10) 

E T  A L .  

r'7 

FIG. 1 .  A perspective view of tricyclohexylphosphine 
sulphide with hydrogen atoms omitted for clarity. The 
atoms S, P, C(l), and C(4) lie on the mirror plane. H-C 
bond lengths range from 0.90(4) to 1.04(4) A with a mean 
value of 0.96(5) A. Bond angles involving hydrogen range 
from 100(3)" to 117(2)" with a mean of 109(3)". Bond 
angles not shown in the diagram: C(1)-P-S, 112.2(1); 
C(5tP-C(5), 113.2(1). 

TABLE 3. Bond distances corrected 
for rigid-body thermal motion 

Bond Distance 

is the longest bond of this type so far reported. 
The two independent P-C bonds are identical 
within the precision of the experiment, and very 
close to the value of 1.84 A calculated from 
Schomaker-Stevenson single-bond radii with 
electronegativity correction. 

Orientation of the thermal ellipsoids in Fig. 1 
suggests that the molecule may be librating as a 
rigid body (1 1). Thermal vibration analysis has 
been carried out using the method of Schomaker 
and Trueblood (13) with the rigid-body para- 
meters constrained to have the same mirror 
symmetry as the individual Uij's. Although the 
analysis was successful in that the fit was reason- 
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FIG. 2. A stereoscopic view of the crystal structure of tricyclohexylphosphine sulphide. 

TABLE 4. Rigid-body parameters, tensor elements, and their esd's* 

Tensor 1 1  22 3 3 12 13 23 

T (Az) 0.038(1) 0.041(1) 0.033(1) - 0.003(1) - 

Rms amplitudes? Principal axes? 

0.2020 ( A )  tl 0.00 1 .000 0.000 
T 0.1988 t z  0.906 0.000 0.423 

0.1776 13 0.423 0.000 0.906 

2.817 (deg) 11 0.044 0.000 0.999 
L 2.626 Iz 0.000 -1 .00 0.000 

1 .420 1, 0.999 0.000 -0.042 

'Tensor elements Esve been calculated with respeet to inertial tensors with origin at  
0.4298, 0.2500, 0.4713, with I I  and t ,  defined as vectors of the libration tensor L and the 
translation tensor T .  

tRms discrepa& in U j j  = 0.0037 A2. 
$Referred ro crystal coordinate system. 

able, the corrections to the bond lengths are not 
significant. The systematic shortening in C-C 
bond length with distance from the centre of the 
molecule suggests that internal modes of vibra- 
tion may be important in the cyclohexyl rings. 
Corrected bond distances are shown in Table 3. 
Rigid-body parameters and their esd's are shown 
in Table 4. 

There are too few structure determinations 
on this class of compounds to allow a meaningful 
comparison with spectroscopic work. We are 
currently studying several related ligands in both 
free and bound states. 
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Structural effects on reactivity in the oxymercuration reaction 
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I. C. AMBIDGE, STEPHEN K. DWIGHT, CAROLYN M. RYNARD, and THOMAS T. TIDWELL. Can. 
J. Chern. 55,3086 (1977). 

The kinetics of the reaction of mercuric acetate with alkenes in methanol can be measured 
directly by observing the ultraviolet absorbance of the solution at 265 nrn. For more reactive 
alkenes stopped flow techniques are required, but for less reactive substrates conventional 
spectrophotorneters are adequate. The measured rates are in satisfactory agreement with 
values obtained by other methods. The rates of several cyclopropylalkenes were measured in this 
way, and relative reactivities of some of the same substrates were obtained by the competition 
method. Rates obtained by both methods are in qualitative agreement, and show very high 
reactivity for the cyclopropylalkenes. These rates are analyzed by comparison with model 
reactions involving open ions (acid-catalyzed hydration) and bridged ions (sulfenyl halide 
addition). The comparisons suggest that the oxyrnercuration of alkenes not substituted with 
strongly resonance electron-donating substituents, for example ethylene, proceeds through 
bridged rate-determining transition states that put very little positive charge on carbon, but that 
when strongly resonance electron-donating substituents such as cyclopropyls are present, the 
rate-determining transition state resembles an open carboniurn ion. 

I. C. AMBIDGE, STEPHEN K. DWIGHT, CAROLYN M. RYNARD et THOMAS T. TIDWELL. Can. J. 
Chern. 55,3086 (1977). 

On peut rnesure la cinetique de la reaction de I'acetate mercurique avec les alcenes dans le 
methanol d'une manitre directe en observant l'absorption dans I'ultraviolet d'une solution a 
265 nrn. Pour les alcenes reactifs, on doit faire appel aux techniques de flux stoppes mais pour 
des substrats moins reactifs, des rnethodes spectrophotornCtriques conventionnelles sont 
adequates. Les vitesses mesurtes sont en bon accord avec les valeurs obtenues par d'autres 
rnethodes. De cette rnaniere on a rnesure les vitesses de reaction de plusieurs cyclopropylalkenes 
et des reactivitks relatives de quelques uns des mCrnes substrats ont pu Ctre obtenues par des 
methodes cornpktitives. Les vitesses obtenues par les deux methodes sont en bon accord 
qualitatif et indiquent une tres grande reactivite pour les cyclopropylalkenes. On a analyse ces 
vitesses par cornparaison avec des reactions rnodkles impliquant des ions ouverts (I'hydratation 
acido-catalyske) et des ions pontes (addition de l'halogenure de sulfenyle). Ces comparaisons 
suggerent que l'oxyrnercuration des alcenes non-substitues par des substituants agissant 
comrne electro-donneurs puissants par resonance, par exernple l'kthylene, procede par des 
Ctats de transition dkterrninant la vitesse de la reaction qui sont pontes et qui induisent trts peu 
de charge positive au niveau du carbone; toutefois lorsque des substituants agissant forternent 
cornrne des Clectro-donneurs a cause de la resonance tel que le cyclopropyle, sont presents, 
I'Ctat de transition determinant la vitesse ressernble a un ion en forme ouverte. 

[Traduit par le journal] 

The oxymercuration reaction has been exten- X  I 
[ I ]  R,R,C=CR,R, + HgX, Complex 

sively studied and has been the subject of fre- X - ,  
1 querh reviews (1-1 1). Nevertheless -it appears 

from the most recent surveys (9-1 1) that there R, R3 
k z  I I is still dissension regarding the mechanism of 121 I + N - R ~ - C C - R ,  

this important reaction, although there is general k - ,  I 1 
agreement that its broad features can be des- HgX N 
chbed as in [I] and [2]. mercury species is unknown in most cases. For 

It has been established that the rate of oxy- reactions in 0.01 M HClO, the reaction involves 
mercuration is first order in both alkene and the fully dissociated Hg2+ reagent (12), but for 
mercuric salt. but there are a number of other reactions utilizing mercuric acetate in methanol - 
aspects of the reaction that are open to question. solution, the most common medium for kinetic 
For example, the identity of the attacking studies (13-21), it has been proposed that a 
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number of possible electrophiles must be con- 
sidered (14, 16). These include various acetato- 
mercury(I1) complexes (eq. 3) (16), as well as 

131 Hg(OAc),- 

protonated forms of these and complexes with 
other ligands (14). It has been suggested that 
attack by HgOAc' is of primary kinetic im- 
portance (16, 22), and in agreement with this 
hypothesis added acetate ions usually slow the 
reaction (13, 14, 16, 19, 20b,c), whereas added 
mineral acids (14, 16, 20) increase the rate. 
Added acetic acid has been reported to increase 
the rate in some cases (16, 20b,c), and decrease 
it in others (13, 19, 20a). 

There is also some disagreement as to which 
step in [l]  and [2] is rate-limiting, as both forma- 
tion of the olefin-mercury complex (12, 16, 20), 
and attack of the nucleophile N (usually solvent) 
(7, 9, 17, 23) have been proposed as the slow 
step in the reaction. Finally, there is sharp dis- 
agreement about the structure of the alkene- 
mercury(I1) complex 1. 

One proposal is that the complex is a rather 
symmetrical cyclic 'mercurinium' ion 2. This 
view is endorsed in recent reviews (7-9) and 

papers (14, 16, 17, 23). For example, the authors 
state "Such n-complexes were . . .  called mer- 
curinium ions. This intermediate is a commonly 
accepted tenet in the oxymercuration mechan- 
ism" (7); "It may well be that two polar mech- 
anisms can operate; in one, a four-center 
transition state involving only the reagent and 

. the olefin. . .  while.. a mercurinium ion or some 
kinetically equivalent species may be the more 
usual mode of reaction" (8); and "Studies of 
oxymercuration are generally consistent with the 
rapid and reversible formation of mercurinium 
ions" (9). 

An opposing mechanistic interpretation is 
that oxymercuration occurs to give an un- 
bridged open carbonium ion 3. Recent examples 
of this view are "We discard the symmetrical 

mercurinium ion in interpreting our results. We 
prefer the concept of electrophilic attack by the 
mercury species 'HgX at the least substituted 
carbon atom of the double bond" (226) and 
"oxymercuration . . .  of olefins (is) considered to 

. . .  be electrophilic addition passing through a 
classical carbenium ion" (24). 

A viewpoint intermediate between the ex- 
tremes of a symmetrical cyclic mercurinium ion 
(2) and an open 0-mercuri carbonium ion (3) is 
an unsymmetrical ion (4) with partial charge on 
one carbon and on mercury (25). The positive 
charge in such an ion is partly delocalized onto 
mercury by hyperconjugation (25). It may be 

that the energy difference between transition 
states 2-4 are small and that structural differ- 
ences in the alkenes determine which is involved 
in each case. Other more complex ions have been 
proposed for some special cases (26). 

Most of the discussions in the literature have 
tacitly assumed that the olefins under considera- 
tion are symmetrically substituted and have 
neglected the role of unsymmetrical substitution 
on the double bond. It has been pointed out (27) 
that unsymmetrical substitution would of neces- 
sity require mercurinium ions to be unsym- 
metrical, and some of the kinetic data have been 
interpreted in terms of such intermediates (18). 

The evidence for the different formulations of 
the oxymercuration intermediate has been 
thoroughly reviewed (1-1 1) and it is only briefly 
summarized here. 

It would be anticipated that a reaction in- 
volving a bridged species would occur in an anti 
fashion, and oxymercuration usually (28-30), 
but not always, fulfils this expectation. The 
reverse reaction, deoxymercuration, also occurs 
in an anti fashion (28). Furthermore alkenes 
such as tert-butylethylene (186) and l-methyl- 
norbornene (22b), which are prone to rearrange- 
ment during reactions involving carbonium 
ions, give unrearranged products in oxymercura- 
tion. Kinetic studies have been interpreted as 
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favoring a bridged intermediate (14, 16, 17, 
20a,b), as have theoretical studies (25a,b, 31), 
and an nmr examination of stable ion complexes 
of Hg" and alkenes (27). 

Evidence that oxymercuration involves open 
ions includes the fact that many strained species, 
such as norbornene (6) (32a), bicyclo[2.1.1]- 
hexene (7) (33), and cyclopropene (8) (34) add 
mercuric salts in a cis fashion. We discovered 
that even when there are syn-7 substituents in 

the norbornyl nucleus the addition still occurs 
cis,exo, [4] (22b, 32b), and a general correlation 
has been proposed that such behaviour is 
diagnostic of unbridged intermediates (22b). 

Further evidence that bridging is not a dominant 
factor in oxymercuration comes from the com- 
parison of the oxymercuration and arylsulfenyl 
halide additions to the cis- and trans-1,2-di-tert- 
butylethylenes. The latter reaction is generally 
accepted to involve a strongly bridged inter- 
mediate, and occurs in an anti fashion to each of 
these compounds (35). Oxymercuration however, 
leads to the same product from each of these 
isomeric alkenes (17b). Although the results of 
the oxymercurations were interpreted in terms 
of a bridged intermediate the contrast with the 
arylsulfenyl halide results strongly suggests that 
bridging is less significant in the former reaction. 

Some authors also conclude that the kinetic 
results do not provide compelling evidence for 
bridged ions (12, 22). Others believe that an 
asymmetrically bridged ion is implicated by the 
kinetics (18). Also the investigators of the long- 
lived ions stated "While these observations do 
lend credence to those reports in which mercur- 
inium ions have been implicated as reaction 
intermediates, they do not prove that mercur- 
inium ions are present under any other set of 
conditions" (27). 

In view of the conflicting views and con- 
tradictory experimental findings regarding the 
oxymercuration reaction, as well as continuing 

interest in this reaction (36-38), it appeared that 
further studies were warranted. 

Previous kinetic methods applied to this 
reaction have not been completely satisfactory. 
Because of the great rate of~the  reaction direct 
kinetic measurements have been confined to the 
less reactive alkenes (14-16, 19, 20, 39). More 
recently competition methods have been-utilized 
(17, 18, 22a) but these are more subject to un- 
certainties in interpretation, and do not allow 
examination of the effects of variables such as 
concentration, solvent, and added ions. Direct 
measurement by ultraviolet absorption has been 
applied to rates in aqueous HCIO,, but the 
reactions in this medium are so fast that no 
alkene more reactive than isobutene could be 
measured, even using stopped flow techniques 
(12). 

It appeared highly desirable therefore to 
develop an ultraviolet method for measuring 
rates in methanol solution. It was h o ~ e d  that the 
use of both conventional and stopped flow 
spectrophotometers would allow the complete 
range of alkene reactivities to be observed, and 
furthermore the rates could be compared to all 
of the previous kinetic studies carried out in 
methanol solution (1 3-2 1). 

In order to probe the possible structures of the 
methoxymercuration transition state it was of 
particular interest to test the influence of a 
strong resonance electron-donating substituent 
on the reaction. We have previously found the 
cyclopropyl substituent is a useful probe for the 
examination of the transition states of electro- 
philic additions to alkenes (40). Accordingly this 
investigation deals with the development and 
testing of the ultraviolet method for direct 
measurement of methoxymercuration and the 
use of this method to examine cyclopropyl- 
alkenes. To establish the validity of the method 
we began with a comparison with rates obtained 
by the competitive method and with rates 
measured by direct methods which have pre- 
viously been reported. 

Results 
Relative rate constants for methoxymercura- 

tion of alkenes have been obtained by two 
different methods. Pritzkow and co-workers (18) 
reacted a mixture of alkenes with a smaller 
amount of mercuric acetate and analyzed the 
amounts of residual olefins by gas chromatog- 
raphy. Bach and Richter (17) carried out the 
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reaction in a similar fashion, but reduced the 
product organomercurial with NaBH, and 
analyzed the resultant ethers by gas chromatog- 
raphy PI. 

M e 0  
\ / Hg(OAc), I 1 - -c-c- 

IS] ?=$ MeOH I 1 
HgOAc 

I NaBH, 

In our work competitive rates of vinylcyclo- 
propane(9), 1-methyl-1-cyclopropylethylene (lo), 
1-phenyl-1-cyclopropylethylene ( l l ) ,  and 1,l- 
dicyclopropylethylene (12) were measured rela- 
tive to cyclohexene by analysis of the yields of 
methyl ethers. The authentic methyl ethers cor- 
responding to Markovnikoff addition were pre- 
pared by oxymercuration-demercuration or by 
reaction of the alkoxides with methyl iodide. 
Preparative scale oxymercuration-demercura- 
tion~s were also carriedout and in every case the 
product expected from Markovnikoff addition 
without rearrangement was isolated and identi- 
fied. Relative rates were calculated from the 
observed relative yields of methyl ethers when 
equimolar amounts of two different alkenes were 
allowed to react with a deficient amount of 
Hg(OAc12. 

The relative rates obtained are compiled in 
Table 1. The cyclopropylalkenes 9, 10, and 12 
were very reactive and no suitable standard 
more than one-tenth as reactive was available. 
Therefore, the rates of these compounds relative 
to cyclohexene are subject to error. The relative 
rates among these three compounds were mea- 
sured independently and should be more 
precise. 

The reactivities of several compounds in 
metha~ol  which had previously been examined 
in other laboratories were also measured as a 
test of the reproducibility of the method. These 
data are also included in Table 1, along with 
data for some crowded alkenes. In general the 
agreement between methoxymercuration rates 
from different laboratories is quite satisfactory, 
although some discrepancies exist (cf, norborn- 
ene 6). 

In order to measure directly the rate of 
methoxymercuration it appeared that spectral 
measurements using fast-mixing techniques 
would be most suitable. The ultraviolet spectrum 
of mercuric acetate in methanol (Fig. 1) is 
characterized by a very strong absorption but no 
maximum above 200 nm (at 200 nm E = 7000) 
which decreases smoothly and becomes im- 
perceptible near 300 nm. Gowenlock and Trot- 
man (41) in an aside reported a maximum for 
mercuric acetate in ethanol at 212 nm but we do 
not observe this feature in either methanol or 
ethanol, although we did confirm the maxima 
they report for mercuric halides in this region. 

The ultraviolet spectra of l-methyl-l-cyclo- 
propylethylene (10) and the reaction product of 
10 with equimolar Hg(OAc), are also shown in 
Fig. 1. Above 210 nm it may be seen that the 
absorptivity of the alkene and the reaction 
product are lower than that of Hg(OAc),. We 
elected to follow the reactions by the decrease in 
absorbance at 265 nm. 

Rates were monitored at 25'C using two 
different Durrum Dl10 stopped flow spectro- 
photometers, and Cary 14 and 118 spectro- 
photometers. Standard reaction conditions 
(0.035 M Hg(OAc),, alkene, and HOAc) were 
adopted for most runs. In some cases a 10-fold 
excess of alkene was present to give pseudo first- 
order conditions, and lower reagent concentra- 
tions were used in some of the stop-flow runs. 
Within the limits of reproducibility the second- 
order rate constants were independent of the 
concentrations of Hg(OAc), and alkene, and 
were about 20% lower in the presence of 0.035 M 
HOAc. Equimolar NaOAc or NaOMe decreased 
the rates by factors of about 5. 

The end-point absorptions of many of the 
reactions, especially for alkenes with allylic 
hydrogens, were unstable and drifted continually 
downward. For these cases the rate constants 
were calculated using estimated infinity points 
or by the Guggenheim method. Excellent linear 
rate plots for 1-2 half-lives were generally ob- 
tained by second-order or pseudo first-order 
calculations as appropriate. However the re- 
producibility of the rate constants was not good, 
despite extensive efforts at purification of re- 
agents and solvents, and degassing of the solu- 
tions. The failure to reduce some of the average 
deviations below f 20% eliminated the possi- 
bility of a more detailed study of the effect of 
reaction variables. However relative reactivities 
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TABLE 1. Relative rates of methyoxymercuration of alkenes by 
H ~ ( O A C ) ~  in MeOH at 25°C 

Alkene kre, k,,, (literature) 

Cyclohexene 
Norbornene 
1-Octene 
c-PrCH=CH2 (9) 
c-PrCMe=CH2 (10) 
c-PrCPh=CH2 (11) 
c-Pr,C=CH2 (12) 
cis-4-Octene 
cis-3-Hexene 
tert-BuCH=CH2 
tert-BuCMe=CH2 
tcrt-Bu2C=CH2 

'Reference 170. 
bFrorn direct measurement, this work. 
=Reference 18. 
*No reaction observed. 

Reaction Product 

A 

Wave length (nm) 

FIG. 1. Ultraviolet absorption of Hg(OAc),, c- 
PrCMe=CH2, and c-PrMeCOMeCH2HgOAc, each 
1.0 x M in MeOH, 1 mm cell. 

of different substrates were consistently re- 
produced and the rate constants presented in 
Table 2 appear reliable for that purpose. 

In the case of the isomeric 1,2-dicyclopropyl- 
ethylenes an extremely rapid increase in uv 

absorbance was observed, so rates of addition 
for these substrates are not reported. 

Discussion 
The relative rate constants obtained for 

alkenes by the direct and competitive methods 
are compared in Table 1. These are in reasonable 
agreement but some deviations are apparent. One 
serious difficulty with the competitive rates is 
that the reactions do not proceed quantitatively 
to single products, and often several unidentified 
peaks are visible in the gas chromatograms. 

Hg(OAc12 
[6] -CH,CH=CH- A 

-CHOAcCH=CH- 

Allylic oxidation (eq. 6), alkene exchange, and 
vinyl mercurial formation are well known ex- 
amples of side reactions that occur in oxy- 
mercurations (42-44). The lack of agreement be- 
tween some of the competitive rates from differ- 
ent laboratories is probably a consequence of 
these and other experimental problems. 

The direct rate measurements suffer from the 
fact that their degree of reproducibility is only 
fair, and they may also be affected by side re- 
actions. However, we believe the rate constants 
obtained by this method are reasonable indi- 
cators of the relative reactivities of the alkenes 
as the differences in reactivity were reproducible 
and were quite large in some cases. Qualitative 
agreement of rates obtained by competitive and 
direct methods lends considerable confidence 
that these reactivities can be reliably used for 
mechanistic interpretations. 

In the introduction the possibility of reversi- 
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TABLE 2. Direct measurement of rates of methoxymercuration of alkenes by uv spec- 
troscopy in MeOH at 25°C and comparative rates of hydration and sulfenyl halide 

addition 

Methoxymercuration 

Alkene k2 (M-' S-')  he, H,O+ (k,,db ArSCl (kre3" 

CH2=CH2 1.04 0.50 3.4 x lo-' 0.49 
n-BuCH=CH, (2.06)" 1 .O 1 .O 1 .O 
tert-BuCH=CH, 0.058 0.028 - 0.71 
tert-BuCMsCH, 0.50 0.24 4.7 x lo4 1.11 
c-PrCH=CH2 840 410 5.9 x lo4 4.8 
c-PrCMe==CH2 4300 2100 4.6 x lo7 14.1 
c-Pr2C==CH2 5500 2700 2.5 x lo9 23 
c-PrCH=CHMe (Z) 1.37 0.67 1.4 x lo4 6.4 
c-PrCH=CHMe (E) 0.64 0.31 6.3 x lo3 2.1 
Cyclohexene 0.50d 0.24 10.3 2.2 
Norbornene 5.3 2.6 7.9 x lo3 20 

#Derived by multiplying the cyclohexene rate by thecyclohexene-1-hexene competitive relative rate of 4.13. 
bReference 40. 
C T .  Cerksus, V. Csizmadia, G. H. Schmid, and T. T. Tidwell. Unpublished work, and ref. 45. 
*A value of 0.29 M-I s-' has been found by a different method (136). 

bility of the different steps of the reaction was 
raised. The results available do not allow the 
assignment of the individual rate constants in 
[I] and [2]. In the discussion that follows it is 
assumed that the observed rates reflect the 
stability of the intermediate ion, so that k,,, is 
proportional to k, in [I]. A consistent interpreta- 
tion does emerge on the basis of this assumption, 
but a detailed analysis of the kinetics, including 
the various mercury electrophiles (eq. 3), 
remains an unsolved problem. 

Protonation is the best example of a reaction 
which proceeds with attack on one carbon of a 
double bond to form an open carbonium ion, 
and we have thoroughly examined the effects of 
structure upon reactivity in this case (40). The 
most clear-cut example of an electrophilic 
addition proceeding through rate-determining 
formation of a bridged three-center ion is 
sulfenyl halide addition to alkenes, and the 
structural effects on this reaction have also been 
well documented (45). Therefore the effect of 
structure on the rate of oxymercuration may be 
compared to these two reactions as a suitable 
guide to the mechanism of this reaction. The 
relevant data are compiled in Table 2. 

It is apparent from Table 2 that there is not a 
direct correlation of the oxymercuration rates 
with the rates of hydration or of sulfenyl halide 
addition. However, inspection of the individual 
data does reveal some salient structural features 
that affect the rates. Most noticeably ethylene is 
extremely unreactive in hydration relative to 1- 
hexene or cyclohexene, but these three alkenes 

are of comparable reactivity in oxymercuration 
or sulfenyl halide addition. This rate comparison 
is what would be expected if protonation gave 
the very unstable open ethyl cation (eq. 7), but 
the other electrophiles led to bridged structures 
(eq. 8). 

On the other hand oxymercuration of the 
vinylcyclopropanes c-PrCR=CH2 are acceler- 
ated relative to I-hexene by factors of about lo3, 
whereas the corresponding sulfenyl halide 
additions only increase by factors of 5 to 23. In 
these cases the behavior of the oxymercuration 
reactions resembles the hydrations much more 
than the sulfenyl halide additions and supports 
the formation of open ions for hydration and 
oxymercuration [9]. The more than 103 greater 

reactivity of 2-cyclopropylpropene relative to 
the isomeric 1-cyclopropylpropenes strongly 
implicates an open ion in the former case. 

In addition to these effects it is also apparent 
that steric factors are much more significant in 
the case of oxymercurations than in the other 
reactions. Thus the tert-butylethylenes show 
decreased reactivities in oxymercuration, as do 
the 1,2-disubstituted alkenes. 
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As pointed out in the introduction oxy- 
mercuration of the isomeric cis- and trans-1,2- 
di-tert-butylethylenes leads to the same product, 
a result which was interpreted in terms of 
bridged ions (17). However we believe the fact 
that sulfenyl halide additions to the same alkenes 
proceeds with anti attack in each case to give 
isomeric products indicates that bridged ions are 
involved in the latter case and a different 
mechanism in the former. The oxymercuration 
product was assigned threo stereochemistry by 
'H nmr but the erythro isomer was not available 
for comparison. The threo product could be 
formed by syn addition to a common open ion 
with anti tert-butyl groups formed directly by 
attack of the electrophilic mercury species on the 
trans-olefin and attack on the cis-olefin followed 
by rotation around the central C-C bond. 

The overall picture that emerges is that the 
oxymercuration occurs by either open or bridged 
ions depending upon the particular substitution 
pattern. If strongly resonance electron-donating 
substituents are present then open ions are 
favored, and in the absence of electronic factors 
that would stabilize open carbonium ions bridg- 
ing occurs. An alternative way of viewing the 
situation is in terms of hyperconjugatively 
stabilized ions such as 4 in which the degree of 
hyperconjugative electron donation depends on 
the electron demand placed on the C-Hg bond. 
This latter interaction in the intermediate would 
also give some bias towards anti-addition with- 
out rearrangement, as is frequently observed. 
We agree with the view (27) that a 'continuum' 
of ions is involved, and believe that the ion from 
ethylene resembles the bridged extreme and that 
the ion from 12 resembles the open ion structure. 

The rapid increase in absorbance observed in 
the reaction of the 1,2-dicyclopropylethylenes 
indicates that some other reaction is occurring 
instead of addition to the double bond. The 
probable pathway is cleavage of the cyclo- 
propane ring by electrophilic attack of mercury 
(eq. 10). This is a well documented reaction that 

occurs under rather mild conditions (46) that 
should be particularly facile in this case because 
of the very stable carbonium ion intermediate 
that can be formed (eq. 10). An alternative route 
involving rate-determining attack of electro- 
philic HgOAc+ on the double bond and then 
ring opening would be expected to be much 
slower, inasmuch as the 1,2-dicyclopropyl- 
ethylenes are slower than the l-cyclopropyl- 
propenes in hydration and of about the same 
reactivity in arylsulfenyl halide addition. 

We were successful in analyzing rates of 
hydration in terms of substituent parameters 
(40) so it was of interest to test this approach for 
oxymercuration. 

There have been several attempts to define the 
rate-determining transition state by correlation 
of the rates with substituent parameters. Halpern 
and Tinker (12a) plotted log k vs. o* and re- 
ported an 'excellent' correlation for monosub- 
stituted alkenes. They interpreted the plot as 
"implying a high degree of positive charge 
localization (approaching carbonium ion char- 
acter), in the transition state, on the carbon 
adjacent to the substituent R, i.e." 

Kreshkov et al. (16), also correlated rates in 
terms of o* parameters but interpreted their 
results in terms of a cyclic mercurinium ion 
intermediate. 

Charton and Charton (47) correlated part of 
the data of Halpern and Tinker with the equation 
log klk, = ao, + Po, and found an 'excellent' 

. . .  fit but stated "We conclude therefore that the 
. . .  reaction proceeds by way of the bridged 

intermediate." 
Finally, Pritzkow and co-workers (18b) ex- 

amined the correlation of the rates of methoxy- 
mercuration of 20 alkenes with o* and Es 
parameters, and concluded that the transition 
state for the addition resembled an unsym- 
metrically bridged mercurinium ion. 

We have examined the ability of each of these 
previously published correlations to accommo- 
date the data for the cyclopropylalkenes, and in 
each case there is a very large deviation from the 
predicted rate. For example, the treatment of 
Halpern and Tinker (12a) predicts that vinyl- 
cyclopropane will have a reactivity of 0.4 
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relative to 1-butene in water, whereas the actual 
rate (in methanol) relative to 1-hexene is 400. 
The Charton correlation (47) derived from the 
same data also predicts the rate ratio as 0.4. The 
Pritzkow equation (log k = a + p*o* + FEs) 
(18b) predicts rates relative to cyclohexene of 
2.2 and 4.9 for c-PrCH=CH2 and c-PrCMe= 
CH,, respectively, compared to the observed 
values of lo3. Insufficient information was given 
in the work of Kreshkov and co-workers (16) to 
test for the quantitative agreement with the 
experimental results on vinylcyclopropanes, but 
qualitatively their treatment using o* is also 
unsatisfactory. 

One reason for the inadequacy of these pre- 
vious correlations is their failure to include the 
op+ parameter to account for the strong 
resonance electron donation by cyclopropyl. We 
were able to obtain a better correlation of the 
rates of 1,l-disubstituted alkenes with the 
equation log k/ko = p C o p +  + aCE,, but the 
correlation coefficient (R = 0.64) was not 
satisfactory. 

The complexity of the steric interaction in 
oxymercuration contributes to the trouble in 
effecting a good correlation. Pritzkow, and co- 
workers used the multiparameter equation log 
klko = p l*Co l*  + p2*Co2* + 62CEs1 + 
F,CEs2 to account for the reactivities of tetra- 
substituted alkenes (18b). This equation takes 
into account the unequal electronic and steric 
effects at the two alkene carbons due to the 
unsymmetrical structure of the transition state. 
The fact that the ratio k,lk, for oxymercurations 
ranges between 2 and 8 (1 1, 18c, 22a) shows that 
even a more complicated equation would be 
required to account for this effect. However, 
this approach appears to us to have exceeded 
the limits of usefulness of the substituent varam- 
eter method and we have not pursued it hrther.  

In summary the rates of the oxymercuration 
reaction show a dependence on structure that 
support a variable geometry for the rate- 
determining transition state and the inter- 
mediate as the substrate changes. At one extreme 
is the case of ethylene, whose rate determining 
transition state may best be represented as 
bridged, and at the other is 1,l-dicyclopropyl- 
ethylene, which leads to a species closely re- 
sembling an open ion. 

Experimental 
Cyclopropylalkenes were obtained as in ref. 406,~. 

Other alkenes were commercial samples, purified where 
necessary by gas chromatography before use. Mercuric 
acetate was crystallized twice from MeOH containing a 
little HOAc to give material completely soluble in MeOH 
under the kinetic conditions mp 175-177"C, lit (48) 178- 
180°C. Methanol was distilled from Mg(OMe)z (49). 
Nuclear magnetic resonance spectra were run on a 
Varian T60 instrument with tetramethylsilane as an 
internal standard. Gas chromatograph separations 
(glpc) were carried out using a Varian Aerograph 2440 
flame ionization instrument, and 1420 and 920 thermal 
conductivity instruments. 

Authentic methyl ethers for use as standards in the 
competition experiments were prepared by preparative 
oxymercuration-demercuration (50) of cyclohexene 3- 
hexene, 4-octene, norbornene, tert-butylethylene, and 1- 
cyclopropyl-1-phenylethylene. Methyl ethers of 2- 
octanol, cyclopropylmethylcarbinol, dicyclopropyl- 
methylcarbinol, and cyclopropyldimethylcarbinol were 
prepared by treatment of the alcohols in dry THF with 
NaH followed by the addition of excess Me1 and reflux. 
After work-up the ethers prepared by both methods were 
isolated by glpc and the structures confirmed by their 
nmr spectra. 

Relative Rates by Competition 
The conditions were designed to duplicate a published 

procedure (17a). Ten millilitres of a methanol solution, 
0.33 M in each of two olefins, was stirred in a round 
bottom flask with a magnetic stirrer at room temperature 
and 10 ml of a 0.033 M solution in mercuric acetate was 
added in one portion. After 10 min 10 ml of a solution 3 
M in NaOH and 0.5 M in NaBH, was added and the 
solution was stirred for 30 min. For the cyclopropyl- 
alkenes 2 ml of each solution was used. In all cases the 
solutions were freshly prepared to prevent loss of 
alkenes and deterioration of the mercuric acetate. The 
solution was suction filtered through Celite with the 
receiver in a dry ice bath. The filtrate was partitioned 
between water and ether and the ether layer was washed 
with saturated NaCI, dried over Drierite, concentrated to 
2 ml by slow distillation through a Vigreaux column, and 
the relative amounts of the product ethers formed were 
determined by glpc. Relative rates were calculated from 
the peak areas using the measured glpc response factors 
from authentic samples. 

Direct Rate Measurements 
The slower rates were monitored by observing the 

decrease in absorbance at 265 nm usin; Cary 14 or 118 
instruments. In a typical experiment 1.5 ml of a fresh 
MeOH solution 0.07 M in both alkene and acetic acid 
equilibrated at 25°C was injected into 1.5 ml of 0.07 M 
H ~ ( O A C ) ~  in MeOH equilibrated at 25OC in a 1 cm cell 
in a thermostatted cell compartment and the absorbance 
change was monitored vs. time. When NaOMe or 
NaOAc were also present these were contained in the 
alkene solution. For pseudo first-order runs the alkene 
concentration was increased 10-fold. 

More rapid reactions were followed using a Durrum 
Dl10 stopped flow spectrophotometer. The cyclopropyl 
alkenes were run at final concentrations between 0.005 
and 0.035 M, and the others were measured at final 
concentrations of 0.035 M. The kinetic points were 
measured from the oscilloscope traces and used to 
calculate the second-order rate constants. 
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FIG. 2. Flask for dissolving ethylene in solvents. The 
flask is stirred magnetically and ethylene is passed 
through A and bubbled through the frit and vented at B. 
After 30 min A and B are closed, stirring is halted, and 
the flask left undisturbed for I5 min. Then the long 
needle of a syringe is inserted through a septum at D and 
through the bore of C into the solution. A pressure of 
gas is applied through B forcing the syringe to  fill. 

Rate constants obtained under pseudo first-order 
conditions (at least a 10-fold excess of alkene over 
mercuric acetate) were calculated graphically from plots 
of log (Ao - A)/(Ao - A,) vs. time. These were con- 
verted to second-order rate constants by division by the 
initial alkene concentration. Rate constants obtained 
under second-order conditions (equimolar mercuric 
acetate and alkene) were calculated from the formula 
kt = (Ao - A)/(A - A,)c where c is the reactant con- 
centration. 

In the reactions of the 1,2-dicyclopropylethylenes the 
absorbance at 265 nm of solutions 0.035 M in each 
reagent on mixing immediately increased off the scale, 
whereas at 273 nm (with the trans olefin) the absorbance 
immediately increased from 0.5 to 1.3, then successively 
decreased for 90 min, increased again, and then began 
another decrease. 

A solution of ethylene in MeOH was prepared by 
bubbling the gas into the stirred solution for about 30 min 
at  25°C. Samples were removed by applying a slight 
pressure of ethylene to the solution to fill the transfer 
syringe. These samples were either analyzed for ethylene 
content by injection into standard Br, solutions or were 
injected into the uv cell containing a H~(OAC)~-HOAC 
solution for kinetic determinations. Ethylene concentra- 
tions of about 0.09 M were obtained in this way. The 
apparatus for these transfers is shown in Fig. 2. 

Usually excellent linearity in the rate plots was 
followed for 1-2 half-lives. However the reproducibility 
of the rate constants from day to day was sometimes 
erratic, and could not be improved despite strenuous 
attempts at degassing of the solutions and purification of 
the reagents. At least two and usually many more rate 
determinations were made on each alkene, with average 
deviations of as much as 20%. 
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Etude par spectroscopie infrarouge de l'ion diacCtylacCtylium. 
R61e de AlCl,, AlBr, et GaCl, sur sa formation et sa structure. 

Mise en Cvidence d'une liaison hydrogkne intramolCculaire 
dans le tCtrachloroaluminate de diacCtylacCtylium 

ALAIN GERMAIN 
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ALAIN GERMAIN, JEAN-LOUIS PASCAL et JACQUELINE POTIER. Can. J. Chem. 55,3096 (1977). 
L'Ctude des reactions de formation de I'ion diacOtylacCtylium B partir de CH,COX (X = C1 

ou Br) et des acides de Lewis AlCl,, AIBr, et GaCl, montre que l'anion form6 est un t6tra- 
halog6nomttallate. Dans le cas du tCtrachloroaluminate de diacityladtylium le cation est un 
monomere avec une liaison hydrogene intramolCculaire B potentiel B double minimum: 
v 0-H-0 = v 0-D-0 = 1400 cm-l; d 0-0. = 2.48 A. Un comportement identique 
s'observe pour le tetrabromoaluminate mais est plus complexe dans le cas du tCtrachlorogallate. 

ALAIN GERMAIN, JEAN-LOUIS PASCAL, and JACQUELINE POTIER. Can. J. Chem. 55,3096 (1977). 
The study of the reaction of formation of the diacetoacetylium ion from CH,COX (X = C1 

or Br) and the Lewis acids AICl,, AIBr,, and GaCI, shows that the counterion is always the 
tetrahalogenometallate. In the solid tetrachloroaluminate the cation is a monomer with a 
double minimum type of intramolecular hydrogen bond: v 0-H-0 = v 0-D-0 = 
1400 cm-l; d 0-0 = 2.48 A. An identical behaviour is observed with the tetrabromoalumi- 
nate, but the structure of the diacetoacetylium tetrachlorogallate is more complicated. 

Introduction 
Les intermtdiaires d'acylation de Friedel et 

Crafts ont fait l'objet de nombreuses etudes, en 
particulier spectroscopiques (1, 2) (ir, rmn, 
esca, rayons X) et thtoriques (3, 4). Ainsi, il est 
bien ttabli que le melange d'un halogtnure 
d'acide carboxylique avec un acide de Lewis 
conduit, suivant la nature des especes en cause 
et les conditions exptrimentales, a deux types 
de composts: soit un compost de coordination 
(I), soit un sel d'acylium (11). 

Rtcemment, avec le chlorure d'aluminium 
comme acide de Lewis, en prtsence d'un excis 
de chlorure d'acttyle, Germain et al. (5) ont 
observt que l'ion acttylium (Ac), initialement 
formt, tvolue lentement pour conduire au 

R - C y O - M X n  (1) 

0 
R - c 4  + MX, 

'x 
' x 

\RCO++ MX,+,- (n) 

cation "trimere": l'ion diacttylacttylium (DAA) 
(6).  

3CH,CO+ + (CH3C0)2CHCO+ + 2H+ 

(Ac) (DAN 

Les deux cations (Ac) et (DAA) sont carac- 
ttrists par des frtquences v CO bien distinctes: 
2300 cm-' pour (Ac), 2200 cm-' pour (DAA). 

Les auteurs ont propost pour (DAA) la 
forme tnolique chtlatte (fig. 2), I'abaissement de 
la frtquence v CO de 100 cm-' est ainsi expliqut 
par la participation importante de la forme 
mbomhe  ctttnique. 

L'hypothese de la structure tnolique se trouve C
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Nous analyserons d'abord les syntheses des 
difftrents sels et simultantment, nous caractt- 
riserons les difftrents anions presents a partir des 
donntes de la bibliographic (1 I, 13, 14) et ensuite 
nous ttudierons le cation diacttylacttylium. Sur 
la fig. 4 nous reproduisons les spectres ir ob- 
tenus dans ce travail.' 

confirmte par la rmn du I3C, qui montre l'ab- CH, 

'c = 0 

Analyse des rCactions et caractCrisation 
des anions formCs 

(a) CH,COCl + AICI, 
SynthPse 
Le produit solide est obtenu comme prtct- 

demment (5). Rappelons que I'addition de 
chlorure d'aluminium a un large exces de 
chlorure d'acttyle (rapport molaire > 3) con- 
duit a la formation instantante de I'ion acktylium 
(v CO = 2300 cm-l) suivie par I'apparition 
lente de I'ion diacttylacttylium (v CO = 2180 
cm-l) (fig. 5a). 

Apres 6 h a temptrature ambiante, I'ion 
acttylium est pratiquement totalement trans- 
formt. Le sel de diacttylacttylium est alors 
prtcipitt par addition de dichlorotthane. 

Caracte'risation de I'anion 
A priori deux anions sont possibles, AIC1,- 

ou AI,CI, -. L'analyse des spectres infrarouge du 

sence d'hydrogene sur le carbone C, du car- 
o - ; ~ - c /  

bonyle (6). Pulfer et Whitehead (7), partir de \c-" 

calculs CNDO ont aussi adoptt cette structure CH 

H. / 
tnolique plane. = c 

[a) 
Cependant, bien que la forme monomere 

'Malheureusement il n'a pas CtC possible d'enregistrer 
de spectres Raman par suite de diffusion parasite. 

cH, 

+ ,c=u. 

O E C - C  - H 

$C-0 
/ 'H. 'c-,C- 

CH, 
-0-C'  

(b) 'm, 

sel cristallist enregistrts a temptrature ambiante 
est susceptible de caracttriser ces anions. En 
effet, Manteghetti (1 1) a montrt que la principale 
difftrence entre les spectres des ions AI,CI,- 
et AIC1,- est l'existence dans ceux du premier 
d'une bande & 300cm-': v,, AICIAI. Sur le 
spectre (fig. 4a) on note l'absence de cette bande 
ce qui permet de rejeter l'existence de Al,CI,- 
dans ce sel. Par contre la prtsence des bandes 
intenses a 490 et 180 cm-' sont compatibles 
avec la prtsence de AIC1,-, elles correspondent 
aux vibrations v, et v, (11). Le sel obtenu est 
donc le te'trachloroaluminate de diace'tylace'tylium. 

chilatte reprtsente la structure tnolique la plus +, /a- C\ Ct4. 

simple, aucun rtsultat ne permet d'tliminer la 
possibilitt de formation de dimeres ou poly- 

-1 
meres avec liaison hydrogene intermoltculaire 0 0 

t . C + C 

selon les moddes de la fig. 3. I I 
QI. c QI, 

Une ttude par spectroscopie de vibration doit \c/ \c/ QLI\c/C\c/QLI 

permettre de rtsoudre cette ambiguitt et de ! d I I 

' \ P O\ 

prtciser la force et la nature de la liaison hydro- .I +I , ,4 
/ / 

+I. 

gene (8-10). En plus de ce probleme il parait O I O I ' O  o 
7' 

I I 
inttressant de rechercher le type de l'anion anta- 

a+!'\C J C.,/C\C R~\QLI 

goniste en fonction de la nature de l'acide de + C  I + C I 
Lewis (MX,) et de I'halogenure d'acttyle t I 

utilist. Ceci doit permettre tgalement de (c 1 

gtntraliser la reaction de trimtrisation et de FIG. 3. (a) Dimere ouvert avec une seule liaison intra- 
prtciser le r6le de I'acide de Lewis choisi dans molCculaire. (b) Dimere fermC avec deux liaisons hydro- 
le dtroulement de cette rtaction. gene intermoleculaire. (c) Polymere en chaines. 

(b) CH,COBr + AlBr, 
SynthPse 
Bien que rtaliste dans des conditions ex- 

ptrimentales identiques celles des chlorures, la 
rtaction se dtroule difftremment. La premiere 
espece qui apparait sur le spectre infrarouge 
(fig. 4c) est le compost de coordination sur 
I'oxygene 

CH3C Ph 
' ~ r  

dont la vibration v CO se situe a 1640 cm-I. 
A p r b  8 h a temptrature ambiante la forma- 

tion des ions acttylium et diacttylacttylium est 
t r b  faible. Au bout de 5 jours, la formation de 
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l'ion diacttylacttylium est nette mais loin 
dY&tre totale et mCme apres 10 jours, il reste 
une grande proportion de composts de coordina- 
tion. (fig. 4c, 4d). En ce qui concerne l'ion ackty- 
lium sa prtsence est toujours tres faible. Pourtant 
ce cation doit &tre form6 intermtdiairement, il 
faut donc admettre que dans ce cas l'ion actty- 
lium se forme lentement et se trimtrise relative- 
ment rapidement (fig. 5b), comportement dif- 
ftrent de celui observt prtctdemment. L'explica- 
tion de ce phtnomine peut Ctre trouvte dans la 
difftrence de stabilitt des composts de coordina- 
tion du type L -+ AIX,. En effet, pour un m&me ' 
ligand L, le compost formt avec le bromure 
d'aluminium est gtntralement plus stable que 
celui formt avec le chlorure (1 2). Dans ce travail, 
cette difftrence est certainement accentuke du 
fait que la base est aussi un bromure. 11 est, de 
plus, raisonable de penser que l'oxygene de 
I'halogtnure d'acttyle est plus basique dans le 
cas du bromure que dans celui du chlorure. 

Par tvaporation sous vide de l'excb de 
bromure d'acttyle ou par addition de solvants, 
aucune cristallisation ne se produit. 

Caractdrisation de I'anion 
Comme dans le cas du dtrivt chlort deux 

anions peuvent Ctre envisagks a priori : AlBr4- et 
AI2Br7-. Cependant, la bande observte a 
400 cm-' se situe a une frtquence trop faible 
pour correspondre a la vibration de valence des 
groupes AlBr, terminaux de A12Br7- (11) et 
de plus, nous ne retrouvons pas dans les spectres 
de bandes entre 280 et 350cm-' (fig. 4c, 4d) 
caractkristiques des vibrations v, et v,, AlBrAl. 
L'anion est donc, dans ce cas aussi, le plus 
simple c'est a dire AlBr,-. La bande large a 
400 cm-' correspond a ce qui est attendu pour 
la vibration triplement dtgtntrte v, de cet anion. 
Le sel obtenu est donc le tdtrabromoaluminate de 
diacdtylacdtylium. 

(c) CH,COCl + GaCl, 
Synthhe 
Comme avec le chlorure d'aluminium, l'ion 

acttylium (v CO = 2300 cm-') se forme rapide- 
ment, suivi immtdiatement de l'ion diacttyl- 
acttylium (v CO = 2180 cm-'). Apr6s 6 h a 

temptrature ambiante la trimtrisation est com- 
plete. Un liquide visqueux est alors obtenu 
apres tvaporation sous vide de l'exces de 
chlorure d'acttyle. 

Caractkrisation de I'anion 
Dans le domaine de frtquence de l'anion, de 

profondes modifications du spectre se produisent 
selon que l'ion acttylium est prtsent ou non 
(fig. 6a, 6b). 

Lorsque la rtaction de trimkrisation est totale 
(fig. 6a) nous relevons dans ce domaine la 
prtsence d'une bande A 380 cm-l, mais cons- 
tatons l'absence de bandes vers 270cm-' 
(v,, GaClGa). Dans ce cas, comme pour les 
sels d'aluminium nous concluons a la formation 
de l'anion le plus simple GaC1,- (13). Le sel de 
diacdtylacdtylium obtenu est donc un tktrachloro- 
gallate. 

Par contre, lorsque le monom&re et le trimere 
coexistent (v CO a 2300 et 2200 cm-I), le 
spectre est difftrent (fig. 6b): la bande a 380 
cm-' (v, GaC1,-) kclate en plusieurs com- 
posantes et deux nouvelles bandes moyenne- 
ment fortes apparaissent a 280 et 255 cm-'. Si 
l'tclatement v, GaC1,- peut &tre dfi A la forma- 
tion d'un compod de coordination 

un tel complexe ne peut expliquer l'apparition 
des bandes a 280 et 255 cm-' (14). Ces bandes 
sont analogues a celles observtes pour Ga,Cl,- 
(15) (fig. 6c). 

Rappelons qu'elles ont kt6 attributes res- 
pectivement aux vibrations v,, et v, du pont 
GaClGa, l'abaissement de la frtquence v, de 
20 cm-' a dtja t t t  observt pour KGa2C17 
l'ttat fondu (250 cm-') (15b). Ceci permet 
d'envisager que l'anion antagoniste du cation 
acktylium est Ga2C17-. On est apparemment 
en contradiction avec l'observation par analyse 
thermique du compost solide du type 1-1 
(F = 86°C) (16), ainsi qu'avec la dttermination 
de la structure aux rayons X du compost 
CH,CO+GaCl,- (17). Toutefois, en solution il 
n'est pas illogique d'observer CH,CO+G~,CI,- 

FIG. 4. Spectres ir. (a, b) Tetrachloralurninate de diadtyladtylium solide (poudre), normal (a) et 
totalement deutbid (b). (c, d) Solutions de bromure d'aluminiurn dans du bromure d'a&tyle aprb 
8 h (c) et 10 jours (d). (Les bandes hachurtes appartiennent au bromure d'adtyle en exc&s.) (e, f )  
Melanges de chlorure d'acttyle et chlorure de gallium aprirs Bvaporation de l'exds de chlorure 
d'acttyle 2 stades difftrents de I'avancement rtactionnel (20 min (e) et 6 h (f)). 
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0 500 , 4 0  ,;;;.c~~~~, 

O - AICll rapmde 
C H C O C I  . A l c ! , ' ~ ~ c H , c ~ c l  ]= CH,CO*AICI; 

lent 
~ ( cH ,  C o t +  AICII- ) ---r (CH,CO)~ CHCO'~+A~CI;+~HCI + z A l C I 3  

cH,- C ,/0--A1Br3 lsnt 4 CH, CO'I A1 Br; 
\Br 

- 

lent 
~(cH,co*+ G~,cI;) -(CH,CO)~CHCO++ G~CI;+ZHCI+ 5GaC13 

car Mascherpa-Corral (15b) a montrt que 
I'existence d'ions condensts Ga2X7- en solution 
est beaucoup plus gtntrale que dans I'ttat 
cristallin et Waddington et coll. (18) ont identifit 
par spectroscopie infrarouge I'existence du com- 
post similaire CH,CO+A12C17 - . 

Le fait que l'anion associt a l'ion diacttyl- 
acttylium soit GaC1,- est en accord avec la 
plus grande stabilitt du cation trimere qui ne 
ntcessite pas un anion de charge tres dtlocaliste. 

Structure de l'anion diacCtylacCtylium 
Nous avons dtja tcrit que la forme tnolique 

de l'ion diacttylacttylium permettrait d'en- 
visager plusieurs types de composts, suivant la 
nature de la liaison hydrogene. 

Afin de prtciser la structure de ce cation nous 
allons analyser plus en details les spectres in- 
frarouge des composts obtenus ainsi que ceux 
de composts enoliques voisins comme le dia- 
cttylacttate d'tthyle (DAAE) et l'acttylacttone 
(AA), en se reftrant, pour ce dernier, au travail 
de Nakamoto ( I  9). 

La nature de la liaison hydrogene sera 
analyste pour les trois sels synthttists, mais ce 
n'est que pour le tttrachloroaluminate de dia- 
cttylacttylium, seul compost cristallin isolt, que 
nous proposerons une attribution plus complete 
du spectre. 

FIG. 6. Spectre ir dans la region des basses frequences 
des derives du gallium. (a) TCtrachlorogallate de diadtyl- 
acetylium. (b) Melange avant la formation complete de 
l'ion diacetylacetylium. (c)  Heptachlorodigallate de potas- 
sium solide (avec la permission de Mme D. Mascherpa- 
Corral, Laboratoire des Acides MinCraux, Montpellier). 
I: v3 GaCI4-. I1 et 111: v,, et v, GaClGa. 

Etude de la liaison hydrogZne 
Sur la fig. 7 sont reprtsentts 1es spectres de 

DAAE liquide (a), en solution dilut dans CCl, 
(6) et deuttrit stlectivement sur le proton 
tnolique (c). Ces spectres sont semblables a ceux 
des difftrents tttrahalogtnomttallates de dia- 
cttylacttylium (fig. 4). Mis a part le spectre du 
sel de gallium (fig. 4f) on note en particulier, 
l'absence de forte absorption autour de 3000 
cm-'. Ce fait semble indiquer que la vibration 
de valence v OH dans les divers composts est 
perturbte par une liaison hydrogene. En 1966 
Nakamoto (19) a etudit I'acttylacttone, com- 
post voisin. Les spectres reproduits par cet 
auteur sont comparables h ceux observts dans ce 
travail, notamment absence d'absorption autour 
de 3000 cm-', Nakamoto positionne v OH a 
2750 cm-'. Cependant l'intensitt de cette bande 
est tres faible. Par contre on relke sur les dif- 
ftrents spectres une absorption large autour de 
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GERMAIN ET AL. 3101 

FIG. 7. Spectres ir de (CH3CO)2CHC02C2H,. (a) Liquide pur. (b) 0.2 M dans CCI,. (c) (CH3CO)2- 
CDC02C2H, 0.2 M dans CCl,. 

1500 cm-' caracttristique d'une liaison hydro- 
gene de forte (d 0-0 = 2.50 A) liaison plus 
compatible avec la gtomttrie de cette moltcule 
que celle dtduite de l'attribution de Nakamoto 
(2.65 A). 

Pour notre part, quelque soit le compost 
ttudit a l'exception du sel de gallium nous 
n'observons pas d'absorption sensible a la 
deutkriation au-dessus de 2000 cm-' qui puisse 
&tre attribut A la vibration v OH. Par contre 

nous relevons une bande t r b  large centrte vers 
1400 cm-' attribuable a la vibration v OH0 
d'une liaison hydrogene forte. L'absence de 
dtplacement par deuttriation est en accord 
d'apr2s Novak (10) avec l'existence d'une 
liaison hydrogene avec un potentiel a double 
minimum et une distance 0-0 de 2.48 A. 
Cette valeur est parfaitement compatible avec la 
distance de 2.46 A calculte pour un modele 
d'ion diacttylacttylium plan posstdant des 
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angles C2-C3-0 de 120" et des longueurs de 
liaison Cl-C2 comprises entre celles d'une 
simple et d'une double liaison (1.42 A). 

Cette constatation est donc tout a fait 
favorable a I'existence d'une liaison hydrogkne 
intramoltculaire forte (9, 10, 20). Le seul argu- 
ment dtfavorable est que, gtntralement la 
vibration v OH d'une liaison hydrogkne intra- 
moltculaire est peu visible en infrarouge; toute- 
fois, dans le cas des maltates acides, Hadzi2 
a trks rtcemment montrt la prtsence de la 
bande de vibration v OH de faible intensitt. De 
plus dans le cas de DAAE, on observe aussi 
bien sur le spectre du liquide pur que sur celui 
de la solution dans CCl, (0.2 M), une absorption 
large centrte a 1520 cm-'. Puisque cette bande 
est insensible A la dilution on peut admettre 
qu'elle prouve l'existence d'une liaison hydrogPne 
intrarnolkculaire et non interrnolkculaire. 

En ce qui concerne le spectre du tttrachloro- 
gallate, le fait le plus marquant est la coexistence 
de deux bandes v OH I'une centree a 3200 cm-I 
caracttristique d'un hydroxyle libre ou trks 
faiblement lit, l'autre centree vers 1500 cm-I 
caracttristique d'une liaison hydrogkne forte. 
Notons aussi la ~r t sence  d'une bande 1790 
cm-' attribuable a un carbonyle pratiquement 
libre. 

Deux hypotheses peuvent expliquer ces faits; 
soit l'existence d'une forme dimkre ouvert pos- 
stdant ainsi un OH et un CO pratiquement libre3 
et un OH et un CO fortement lits; soit un 
tquilibre conformationnel en phase liquide 
entre la forme like intramoltculairement et la 
forme libre. Bien que la force de la liaison 
hydrogene soit un argument thermodynamique 
dtfavorable a l'existence d'un tel tauilibre. rien 
ne permet de conclure dtfinitiveme;. 

Outre la vibration v,, O H 0  qui traduit le 
mouvement du proton le long de l'axe 0-0 
toute liaison hydrogkne conduit a I'existence de 
deux vibrations de dtformation et d'une autre 
vibration de valence : v, OHO. Cette dernikre qui 
appartient au domaine des basses frtquences 
n'est gtnkralement visible qu'en Raman. Les 
deux dtformations 6 OH et y OH sont sensibles 
a la deuttriation et a la force de la liaison 
hydroghe: plus la liaison est forte, plus leurs 

frtquences sont tlevtes. Dans le cas de I'ester, 
DAAE, la deuttriation stlective du proton 
tnolique entraine une Cvolution au niveau de la 
bande a 1560 cm-', qui glisse de 60 cm-' vers 
les hautes frtquences. Simultantment on relkve 
dans le compost deuttrit une nouvelle bande a 
1280 cm- '. Ces deux bandes sont attribuables a 
6 OH et 6 OD. La faiblesse du rapport isotopique 
(p = 1.22) et le dtplacement vers les hautes frt- 
quences (1 620 cm-') de la bande a 1560 cm- ' 
sont significatifs de I'existence d'un couplage. 

La bande forte a 1240 cm- ' qui disparait par 
deuttriation stlective, est attribute a y OH. La 
vibration y OD, attendue vers 925 cm-I 
(p = 1.34) est peu discernable. 

Pour ce qui est de l'ion diacttylacttylium nous 
observons un phtnomkne analogue bien que 
par deuttriation l'tvolution du domaine vers 
1600 cm-' soit peu spectaculaire. La bande 
centrte 1580 cm-' diminue d'intensitt (partici- 
pation de 6 OH) tandis que 6 OD est positionnte 

1260 cm-' (p = 1.25). Pour y OH et y OD 
trois couples de bandes sont sensibles a la 
deuttriation totale et sont dans un domaine de 
frtquence trks convenable. I1 s'agit de 1230- 
91 5 cm-' (p = 1.34) 1205-865 cm-' (p = 1.39) 
et 937-680 cm-' (p = 1.38). Le premier couple 
est trks proche de celui attribut a ce mouvement 
dans l'ester deuttrit stlectivement, nous pensons 
que cette attribution est plus compatible avec la 
force de la liaison hydrogkne que celle proposke 
par Nakamoto; 945 cm-' est en effet une frt- 
quence bien trop faible pour une liaison hydro- 
gkne de cette force. 

Vibrations du squelette 
I1 n'est pas ntcessaire de revenir sur la vibra- 

tion v CEO de I'ion diacttylacttylium (2180 
cm-'). La vibration v C=O du groupement ester 
du diacttylacttate d'tthyle se situe a 1710 cm- '. 
En ce qui concerne la vibration v C1-C2, nous 
devons nous attendre une diffirence importante 
entre le cation et I'ester. En effet, pour le cation la 
participation notable de la forme ctttnique con- 
fkre un caractkre partiellement double a cette 
liaison, qui ne se retrouve pas dans l'ester. La 
bande intense A 1375 cm-' (1353 dans le cas du 
compost totalement deuttrit) est attribute a 
v C,-C, dans l'ion diacttvlacttvlium. Pour 

1 A 

2Communication personnelle. 
311 est possible de considtrer une association faible 

I'ester nous la situons a 1080 cm-', bande intense 

intermoltculaire entre l'hydroxyle "libre" d'un dimtre qUe nous ne retrouvons pas dans le 
et le carbonyle "libre" d'un dirntre voisin, permettant Pour leS autres vibrations du squelette 
ainsi la constitution d'un enchalnement polymtrique. Nakamoto (19) distingue dans l'acttylacttone, 
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GERMAIN E T  AL. 

TABLEAU 1. Frequences cornparkes des vibrations de I'ac6tylac6tone, de 
l'ion diacktylacktyliurn et du diadtyladtate d'ethyle* 

AA (19) DAA+A1CI4- DAAE 

do ds do d7 do dl Attributions 

1623 1627 1580 1580 1560 1620 va, C=O 
1432 1380 1430 1425 1450 1440 v, C e O  
1623 1535 1540 1540 1570 1570 vaS CZ-C3 
1250 1258 1260 1262 1280 1300 V, Cz-C3 
1432 1107 1390 1045 1470 1470 6,, CH3 
1368 1042 1340 1018 1420 1415 6, CH3 
1170 795 1155 (784) 1170 1170 y CH3 
- - 1375 1353 1080 1080 v CI-Cz 
908 902 937 900 925 920 v,, C-CH3 
810 788 800 800 830 830 V, C-CH3 

2750 1960 1400 1400 1520 1520 v 0-H-0 
1460 1076 1580 1160 1560 1280 6 OH 
945 684 1230 915 1240 (925) y OH 

*AA: acktylacktone; DAA: diacktylacktyliurn; DAAE: diacktylacktate d'kthyle; 
d: deutknatlon. 

v C=0 et v C-0 et v C=C et v C-C. Pour prtsence d'une charge positive partielle sur le 
notre part, nous pensons que la dtlocalisation carbone C,. Le tableau 1 reprtsente l'ensemble 
des tlectrons le long du squelette conduit des vibrations choisies. 
raisonner en terme de vibrations symttriques et 
asymitriques. Pour DAAE l'attribution de la MCthodes expCrimentales 
bande a 1560 cm-' a la vibration v,, C-0 Produits utilisis 

I semble ividente. ~~~~~l~~~ que par deuttriation Le chlorure d'aluminium Schuchardt est purifie par 
sublimation sous vide. Le bromure d'alurninium et le partielle, cette bande glisse a 1620 cm-', chlorure de gallium sent synthetises selon les methodes 

proche de celle trouvte par Nakamoto. Pour deja decrites (11, 13). 
v,, C-0 le couplage signal6 lors de l'ttude de Les chlorure et bromure d'acetyle sont des produits 
6 OH est done celui de 6 OH ++ v,, C-0. Pour Prolabo, ils ont et6 bidistillks. Le chlorure d'acetyle 

deuterik est obtenu a partir de l'acide acktique d4 (CEA) le cation DAA, par attribuons a et PCI3, selon la methode decrite par Vogel (21). Le 
la bande 1580 cm- ' a ce mouvement. diadtyladtate d'Cthyle est prepare par acktylation de 

Dans certains spectres de DAA solide nous I'adtate d'6thyle selon la mCthode de Spassow (22). La 
pouvons relever deux bandes faibles a des frt- deuteriation selective sur l'hydrogene Bnolique du 
quences plus tlevtes (1630 et 1680 cm-l) et dent diac6tylacktate d'bthyle en solution dans le tetrachlorure 

de carbone est obtenu par Bchange avec l'eau lourde. les intensitts varient suivant l'tchantillon. Elles Les tetrachloroaluminates de diadtylacetylium, non 
proviennent vraisemblablement d'impuretts deuteriC et deutkrik, cristallises sont obtenus selon (5). 
comme par exemple I'acCtylacttone (1 630 cm-') La meme technique utiliske avec AIBr3-CH3COBr et 
due a une hydrolyse partielle: GaCI3-CH3COCI n'a pas permis d'obtenir de produits 

cristallis8s. Apres Cvaporation sous vide du solvant et 
Hz0  6ventuellernent de I'exces d'halogtnure d'adtyle, des 

(CH3C0),CHCO+ d [(CH3CO),CHCO2H] + huiles jaunes ou rouges sont obtenues. 
instable 

Etude spedroscopiqrre 
(CH3C0)zCH2 + COzf Les spectres infrarouges sont enregistrks sur un ap- 

Pour les trois autres mouvements du squelette pareil Perkin-Elmer 180. Les produits solides pulv6rulents 
sont plads entre faces en CsI et les liquides entre faces en de DAA: v, C-0, v,, C2-C, et v, C2-C, silicium. 

nous avons retenu les attributions 1430, 1540 et 
1260 cm-', valeurs proches de celles propostes Conclusion 
pour AA (19). La rtaction d'un halogtnure mttallique sur un 

Enfin, nous situons v,, C-CH, et v, C-CH, grand excks d'halogtnure d'acttyle conduit a un 
a 937 et 800 cm-'. Ces valeurs peuvent Ctre sel de diacttylacttylium dont l'anion est du 
compartes a celles trouvtes pour AA (908 et type M,X,,+ ,-. Dans le cas du tttrachloroa- 
810 cm-I). Les frtquences Itg2rement plus luminate obtenu cristallist, le cation est un 
tlevtes pour le cation DAA s'expliquent par la monomkre a liaison hydrogkne intram016 
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culaire forte a potentiel a double minimum. La 
distance 0-0 de 2.48 A, estimCe a partir des 
donnCes de la IittCrature, est compatible avec la 
gComCtrie attendue pour un tel edifice. 
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Syntheses in the group of Nuphar alkaloids. 111.' Total synthesis 
of (+)-nupharamine and (+)-3-epinupharamine2 

JERZY SZYCHOWSKI, JERZY T.  WROBEL, A N D  ANDRZEJ LENIEWSKI 
Department of Chemistry, University of Warsaw, 02-093 Warsaw, Poland 

Rece~ved August 12, 19763 

JEKZY SZYCHOWSKI, JERZY T. WROBEL, and ANDRZEJ LENIEWSKI. Can. J. Chem. 55,3105 
(1977). 

The alkaloids (*)-nupharamine and (2)-3-epinupharamine were synthesized using 3- 
acetylfuran as the starting material. The conditions for stereoselective reduction of pyridine 
derivatives are described. 

JERZY SZYCHOWSKI, JERZY T. WROBEL et ANDRZEJ LENIEWSKI. Can. J. Chem. 55,3105 (1977). 
Utilisant l'acttyl-3 furanne comme produit de depart, on a synthetist les alcalo~des (+) 

nupharamine et (&) tpi-3 nupharamine. On decrit les conditions permettant la reduction 
stCreosClective de derives de la pyridine. 

[Traduit par le journal] 

Deoxynupharidine 1 and castoramine 2 are The main steps of the synthetic procedure are 
the only alkaloids of the Nuphar type which shown in Scheme 1. All the synthetic steps were 
have been totally synthesized (1). An attempted checked to obtain first the model 2-furan and 
synthesis of a piperidine alkaloid, nupharamine then the 3-furan derivatives. 
3, resulted in deoxynupharamine 4 (2) since the The Claisen condensation of the initial 
synthetic procedure used excluded the possibility material, acetylfuran 5 with ethyl formate re- 

1 of introduction of the hydroxyl group, charac- sults in a purple salt of furoylacetaldehydes 6. 
teristic of this alkaloid. The common feature of Condensation of this salt 6a with ethyl 3-amino- 

! 
I 

the syntheses mentioned above was the con- crotonate in the presence of piperidine acetate 
'struction of the A ring, or A and B rings in the (3) yields enamine 7 as the only basic product. 
first stages and the introduction of the furan The Hantzsch condensation of furoylacetalde- 
nucleus in one of the last steps. hydes 8 with 3-aminocrotonate in benzene re- 

sults in ethyl esters of 2-methyl-6-furylnicotin~c pcH2R p acids 9. In view of the instability of free P-keto- 
aldehydes 8 they were prepared from their 
sodium salts in situ in the reaction medium. In 
this way fury1 derivatives 9 were obtained in 
satisfactory yields, namely 40% and 35% for 
compounds 9a and 9b, respectively. 

1 R = H  3 R =OH The carboethoxy group was reduced to the 
2 R = O H  4 R = H  hydroxymethyl group by the usual procedure 

The syntheses of the carbon skeletons of the with llthium aluminium hydride. Alcohols 10 
piperidine Nuphar alkaloids reported here were were obtained in a quantitative yield. The re- 
carried out using a 3-furan derivative as a sub- moval of the hydroxyl group in 10a by treatment 
strate. Construction of the nitrogen ring was with thionyl chloride and subsequent reduction 
followed by that of a side chain suitable for with zinc in 80% ethanol resulted in a very low 
piperidine alkaloids or serving as a precursor of yield of the expected dimethyl derivative lla. The 
the B ring in the quinolizidine system. All chiral main product was a compound containing 
centers were formed in the reduction step in chlorine in position 4 of the furan ring 12, as 
order to ensure a high stereoselectivity. determined by 'Hmr. 2,3-Dimethyl-6-furylpyri- 

dines lla and llb were obtained in 85% and 63% 
'For part I1 see ref. 10. yield, respectively, by brief (few minutes) treat- 
'Preliminary communications: Bull. Acad. Polon. ment of alcohols 10 with boiling 60% H B ~  and 

Sci. Ser. Sci. Chim. 22, 383 (1974); IUPAC, 9th Inter- 
national Symposium of Chemistry of Natural Products, subsequent reduction with zinc in 
Abstracts 4A, Ottawa, 1974. The above conditions ensure maximum yields. 

3Revision received March 3, 1977. The completion of the carbon skeleton of the 
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5a.b 7 

I HCOOEtlNa 
Piperidine CH3 

acetate 
+ l l a  

e C O C H = C H O N a  

6a.b 

COOEt CH20H 

NH* 
I 

H3CC=CHCOOEt f C H 3  - .iA1H4 tCH3 
Benzene 

8a,b 

18a 19 R1 = H R2 = CH, 
186 3 20 R1 = CH, R2 = H 

piperidine Nuphar alkaloids requires the deriva- lyl chloride contains an active chlorine atom 
tive l l b  to be extended by an isobutene side favouring the C-alkylation, moreover its struc- 
chain. This was achieved by the reaction of 11 ture prevents the formation of unwanted com- 
with P-methallyl chloride resulting in 13. Methal- pounds as a result of a possible allylic rearrange- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SZYCHOWSKI ET AL.  3107 

ment. The presence and position of the ethylene 
bond makes possible the introduction of a 
hydroxyl group as well as ring closure to form 
the quinolizidine system. Compound 13 with the 
desired structure was obtained together with a 
dialkylated derivative 14. The yield of the latter 
decreases with decreasing temperature and 
shorter rate of the methallyl chloride addition 
reaction. 

The synthesis of 13b paved the way to the total 
synthesis of C,, piperidine Nuphar alkaloids. 
Compound 136 used as precursor required a 
chemically and stereochemically selective re- 
duction of the pyridine ring and introduction of 
the tertiary hydroxyl group to the side chain. The 
latter reaction seemed to be relatively simple in 
view of the ethylene bond present in 13b. Con- 
versely, a selective reduction of pyridine, which 
would retain unaffected both the furan ring and 
ethylene bond, presented serious difficulties. 

Compounds 13a,b were reduced with sodium- 
ethanol in xylene. The resulting products con- 
sisted of a mixture of epimers at C3, 15 and 16. 
Their R, values were virtually identical in tlc on 
alumina but differed on silica gel. The ratio of 15 
to 16 was determined by 'Hmr spectroscopy. 
The 3-epi isomer 15 was usually the main 
product. 

Epimers 15a and 16a were separated by 
chromatography on alumina (although their R, 
values were virtually identical in tlc). 

The stereochemistry of 15a was determined by 
ir and 'Hmr spectroscopy by a method similar to 
that used in the case of piperidine Nuphar 
alkaloids (7). 

Bohlmann bands in the ir spectrum show the 
presence of two axial hydrogen atoms in position 
2 and 6 thus indicating the equatorial conforma- 
tion of the furan ring and side chain. The 
chemical shift of the proton signal at C2 (6 = 
2.78 ppm) and the value of the coupling constant 
with the proton at  C3 (J = 2.5 Hz) indicated the 
presence of an equatorial hydrogen atom and an 
axial methyl group at  C3. 

The tertiary hydroxyl group was introduced 
by the addition of formic acid in the presence of 
HClO, and by subsequent gentle alkaline 
hydrolysis of the resulting ester. This method 
proved superior to  the hydration in dilute HCI 
(8). The hydration was accompanied by a side 
reaction of isomerization of the ethylene bond 
to nuphenine 19. 

Anhydronupharamine 16b and 3-epianhydro- 
nupharamine 15b were hydrated as a mixture. 

The mixture of (f)-nupharamine 186 and 
(+_)-3-epinupharamine 17b thus obtained was 
separated by chromatography on alumina. 

The identity of the synthetic and natural 
nupharamine was proven by direct comparison 
with a sample obtained from Professor Y. Arata. 
The identity of the synthetic (f )-3-epinuphara- 
mine with the natural alkaloid was demon- 
strated by comparison of spectroscopic data (8). 

Experimental 
All melting points and boiling points are uncorrected. 

Spectra were obtained as follows: uv in 95% ethanol on 
Jena-Specord UV-VIS spectrophotometer; ir on a UR-20 
or UR-10 spectrophotometers (KBr pellets for solids or 
films for liquids); 'Hmr at  100 MHz on a JOEL JNM- 
4H-100 spectrometer in CDCI, using TMS as internal 
standard, unless otherwise indicated (6 0.0; symbols s, 
d, t, q, qu, br, m, stand for singlet, doublet, triplet, 
quartet, quintet, broad, multiplet, respectively); ms on an 
LKB-9000 low-resolution instrument with a direct inlet 
system operating at  70 eV. Fluka AI2O3 type H was used 
for tlc and BDH neutral alumina (activity 111) for column 
chromatography. 

Sodium Salts of the Enolic Forms of Furoylacetaldehydes 6 
These compounds were obtained from the corre- 

sponding acetylfurans by condensation with ethyl formate 
in the presence of powdered sodium in ether, as in the 
case of the reaction with 2-acetylselenophene (5). 2-Acetyl- 
furan (0.5 mol) and 3-acetylfuran (0.14 mol) gave in 
quantitative yields 6a and 66, respectively, in the form 
of brown amorphous powders which were used for 
condensation with ethyl 3-aminocrotonate. 

Condensation with EthyI3-Aminocrotonate in the Presence 
of Piperidine Acetate. Enamine 7 

The procedure used in this reaction was similar to that 
employed in the condensation of acetone with ethyl 
formate and cyanoacetamide (3). 2-Acetylfuran 5a (0.2 
mol) gave 8.5 g of 7 as the only basic reaction product; 
mp 8687°C (from a mixture of ether and ethanol); 
picrate mp  134-136°C (ethanol). Anal. calcd. for 
C12H15N02 (rnol. wt. 205.3): C 70.37, H 7.03, N 6.83; 
found (M+ 205(100%)): C 70.32, H 7.23, N 6.48. Spectral 
data: uv h,,,(log E): 208(3.37), 233(3.41), 277(3.86), 
360(4.49) nm; ir v,,,: 3131, 3105, 1650, 1588, 873cm-' ; 
'Hmr 6 :  1.63 (6H, br t, P- and y-piperidine protons), 
3.32 (4H, br t, or-piperidine protons), 5.77 (IH, d, J = 13 
Hz, CO-CH=), 6.42 (IH, m, H4-furan), 7.01 (IH, m, 
H3-furan), 7.45 (IH, m, H5-furan), 7.73 ( lH ,  d, J = 13 
Hz, N-CH=) ppm. 

Ethyl Esters of 2-Methyl-6-furylnicotinic Acids 9 
Ethyl 2-Methyl-6-(2-fiiry1)nicotinate 9a 
The en01 salt 6a (80 g) was added portionwise at 

room temperature to  a vigorously stirred solution of 
ethyl 3-aminocrotonate (64.5 g) and glacial acetic acid 
(30 g) in 500 cm3 of benzene. The mixture was stirred for 
1 h. The resulting precipitate was filtered and washed 
twice with benzene. The filtrates were evaporated to  
about 300 cm3 and were distilled azeotropically with a 
water-benzene separator for 10-15 h until the evolution 
of water ceased. The solvent and the excess ethyl 3- 
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aminocrotonate were distilled off and the residue was dis- 
tilled collecting the fraction boiling at 11 1-1 12"C/0.04 
Torr. Alternatively, the residue was dissolved in 200 cm3 
of acetone and the hydrobromide was precipitated by 
addition of 50 cm3 of 40% HBr. The first method gave 
40-46 g (35-40% yield) of a light yellow oil which crystal- 
lized on cooling. After recrystallization from n-hexane 
the product melted at 40-41°C. The second method gave 
45.5 g (29% yield) of yellow hydrobromide 9a which 
crystallized from ethanol in the form of needles mp 
182-184°C; picrate 9a mp 154-1 55°C (ethanol). Anal. 
calcd. for C13H13N03 (mol. wt. 231.2): C 67.52, H 5.67, 
N 6.06; found (M+ 231(100%)): C 67.73, H 5.65, N 6.04. 
Spectral data: uv h,,,(log E): 210(3.52), 229(3.73), 
287(3.98), 319(4.39) nm; ir v,,,: 3160, 3129, 1730, 1604, 
1594, 1500, 1277, 890 cm-'; 'Hmr 6: 1.43 (3H, t, J = 7 
HZ, 0-CHz-CH,), 2.88 (3H, S, C2-CH,), 4.37 (2H, q, 
J = 7 Hz, 0-CH2-CH3), 6.50 (lH, m, H4-furan), 7.15 
( lH,  m, H3-furan), 7.51 (IH, d, J = 8 Hz, C5-H), 7.55 
(1 H, m, H5-furan), 8.20 (IH, d, J = 8 Hz, C4-H) ppm. 

Ethyl 2-Methyl-6-(3-fury1)nicotinate 9b 
This compound was obtained by a method analogous 

to  the preparation of 9a. From 0.14 mol of sodium salt 
of en01 6b, after removal of the excess of ethyl 3-amino- 
crotonate, the remaining dark oil was dissolved in ben- 
zene and the solution was filtered through alumina 
(50 g). The product 9b (11.5 g, 35% yield) was a light 
yellow oil which crystallized on cooling; mp 4243°C 
(n-hexane); hydrobromide 9b mp 202-203.5"C (acetone- 
ethanol); picrate 9b mp 157-159.5"C (ethanol). Anal. 
calcd. for Cl3HI3NO3 (mol. wt. 231.2): C 67.52, H 5.67, 
N 6.06; found (M+ 231(100%)): C 67.87, H 5.92, N 5.95. 
Spectral data: uv h,,,(log E): 206(4.19), 248(3.91), 
300(4.18) nm; ir v,,,: 3140, 1728,1280,881 cm-' ; 'Hrnr 
6: 1.41 (3H, t, J =  7 HZ), 0-CHZ-CH,), 2.88 (3H, S, 
C2-CH3), 4.35 (2H, q, J = 7 HZ, 0-CHZ-CHB), 6.91 
( lH,  m, H4-furan), 7.31 (IH, d, J = 8 Hz, C5-H), 7.51 
(IH, m, H5-furan), 8.13 (IH, m, HZ-furan), 8.21 ( lH,  d, 
J = 8 Hz, C4-H) ppm. 

2-Methyl-3-hydroxymethyl-6-furylpyridine 1 0  
Aminoesters 9 were reduced with LiAlH, in the usual 

way adding it dropwise to a 1.5 molar excess of the 
hydride suspended in ether and then refluxing the mixture 
for 3 h. 

2-Methyl-3-hydroxymethyl-6-(2-fury1)pyridine I O U  
9a  (49.7 g) gave 39.5 g (97% yield) of 10a in the form of 

a solid. An analytical sample was crystallized from ether 
and gave needles, mp 8485°C; picrate 10a mp 191- 
193°C (ethanol). Anal. calcd. for C11H11N02 (mol. wt. 
189.2): C 69.83, H 5.86, N 7.40; found (M+ 189(100%)): 
C 69.54, H 5.83, N 7.26. Spectral data: uv h,,,(log E): 
206(3.62), 269(4.06), 276(4.05), 305(4.14) nm; ir v,,.: 
3400 br, 3182, 1601, 1503, 1052, 893 cm-'; 'Hmr 6: 
2.48 (3H, s, C2-CH3), 6.44(1H, m, H4-furan), 6.99(1H,m, 
H3-furan), 7.42 (lH, d, J = 8 Hz, C5-H), 7.46 ( lH,  m, 
HZ-furan), 7.60 (IH, d, J = 8 Hz, C4-H), and 2.7 ( lH,  
br s, OH), 4.57 (2H, s, -CH2-0) ppm. 

2-Methyl-3-hydroxymethyl-6-(3-furyljpyridine IOb 
9b (9.3 g) gave 7.6 g (100% yield) of lob; mp 78-79°C 

(benzene); picrate lob mp 196-198°C (ethanol). Anal. 
calcd. for CllH1,NOz (mol. wt. 189.2): C 69.83, H 5.86, 
N 7.40; found (M+ 189(100%)): C 70.01, H 5.63, N 7.51. 
Spectral data: uv h,,, (log E): 203(4.02), 213(3.98), 

218(4.00), 247(3.95), 289(3.89) nm; ir v,,, : 350G3000 
br, 1610, 1595, 1514, 1053, 870 cm-'; 'Hmr 6: 2.45 (3H, 
s, C2-CH,), 4.55 (2H, s, -CHz-O), 6.81 ( lH ,  m, H4- 
furan), 7.14 ( lH,  d, J = 8 Hz, C5-H), 7.43 (lH, m, H5- 
furan), 7.52 (IH, d, J = 8 Hz, C4-H), 8.00 (IH, m, H2- 
furan), and 3.75 ( lH,  br s, OH) ppm. 

2,3-Dimethyl-6-furylpyridines 11 
2,3-Dimethyl-6-(2-fury1)pyridine I l a  
Hydrobromic acid (60%, 110 cm3) was added to amino 

alcohol 10a (30 g) and the mixture was refluxed for 5 min. 
After cooling the resulting dark red solution was added 
dropwise to a stirred hot suspension of zinc dust (50 g) in 
glacial acetic acid (600 cm3). 

The mixture was refluxed for 15 min and then it was 
stirred without heating for 30 min. The resulting, almost 
colourless solution was decanted from zinc, the precipi- 
tate was washed with glacial acetic acid (2 x 50 cm3), the 
decanted liquid and the washings were combined, and 
after evaporation to a small volume under reduced 
pressure they were added slowly to 500 cm3 of concentra- 
ted ammonia solution. An oil separated which was 
extracted with benzene (4 x 200 cm3). The extract was 
washed with water and the solvent was evaporated. The 
remaining red oil (26 g) was distilled and the fraction 
boiling at  139-140°C/8 Torr was collected (23.4 g, 85% 
yield). On cooling the colourless product crystallized 
mp 6G61°C; hydrobromide l l a  mp 206-207°C; picrate 
I l a  mp 204-206°C (ethanol). Anal. calcd. for C1 lHl  ,NO 
(mol. wt. 173.2): C 76.28, H 6.40, N 8.09; found (M+ 
173(100%)): C 76.79, H 6.54, N 7.71. Spectral data: 
uv h,,.(log E): 204(3.94), 268(4.15), 276(4.13), 306(4.20) 
nm; ir v,,,: 3152, 3122, 1605, 1562, 1501, 890 cm-'; 
'Hmr 6: 2.23 (3H, s, C3-CH,), 2.49 (3H, s, C2-CH3), 6.45 
(IH, m, HCfuran), 6.94 (IH, m, H3-furan), 7.38 (2H, s, 
C4-H and C5-H), 7.45 ( lH,  m, H5-furan) ppm. 
2,3-Dimethyl-6-(3-fury1)pyridine I l b  
Analogous to the preparation of l l a ,  7.3 g of lob gave 

4.2 g (63% yield) of l l b ;  bp 133-136"C/8 Torr, mp 
2G22"C; picrate l l b  mp 212-215°C (ethanol). Anal. 
calcd. for C l lHl lNO (mol. wt. 173.2): C 76.28, H 6.40, 
N 8.09; found (M+ 173(100%)): C 76.38, H 6.65, N 7.96. 
Spectral data: uv h,,.(log E): 203(3.96), 213(3.85), 
218(3.87), 245(3.81), 252(3.81), 289(3.80) nm; ir v,,.: 
3153, 3140, 3125, 1608, 1580, 1564, 880 cm-'; 'Hmr 6 :  
2.25 (3H, s, C3-CH3), 2.52 (3H, s, C2-CH,), 6.86 (lH, m, 
H4-furan), 7.16 ( lH,  d, J = 8 Hz, C5-H), 7.35 (lH, d, 
J = 8 Hz), 7.46 ( lH ,  m, H5-furan), 8.01 (IH, m, H2- 
furan) ppm. 

Reaction of Amino Alcohol I O U  with Thionyl Chloride 
and Reduction with Zinc and 80% Ethanol I 2  

A solution of 10a (19 g) in 30 cm3 of benzene was 
added dropwise to SOCI2 (47 g) at 0 to  5'C. The mixture 
was refluxed for 15 h, the excess SOCI, and benzene were 
evaporated, and the dark viscous residue was dissolved 
in 130 cm3 of 80% ethanol. The solution was added 
dropwise during 30 min to  a hot suspension of zinc dust 
(40 g) activated with CuSO, in 100 cm3 of 80% ethanol, 
the mixture was refluxed for 3.5 h and was left to  stand 
overnight. The excess of zinc was filtered off, the precipi- 
tate was washed with 80% ethanol and then ethanol and 
a part of water were evaporated from the acidic filtrate. 
One third of the residue was made alkaline with NaOH 
and was steam distilled. The remaining part of the residue 
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was made alkaline with concentrated ammonia solution 
and was extracted with ether. Both the semisolid distill- 
ation product and the ether extract were identical mixtures 
of two substances with similar Rr values in tlc, but their 
purity was different. The components of the mixture were 
separated by crystallizat~on and distillat~on. The products 
were: 1.3 g of solid substance identical with l l a  and 1.8 g 
of 12. 12 had rnp 98-100.5"C (n-hexane) and bp 147- 
165"CIll Torr. Anal. calcd. for C,lH,oCINO (rnol. wt. 
207.7): C 63.70, H 4.87, N 6.75; found (M+ 207(100%), 
209(34%)): C 63.67, H 5.15, N 6.43. Spectral data: 
uv h,,,(log E): 205(3.94), 267(4.12), 275(4.10), 303(4.21) 
nm; ir v,,,: 3153, 3112, 1595, 873 crn-I; 'Hrnr 6:  2.24 
(3H, s, C3-CH,), 2.48 (3H, s, C2-CH,), 6.93 (lH, rn, 
H3-furan), 7.35 (2H, s, C4-H and C5-H), 7.41 (lH, m, 
HS-furan) ppm. 

Alkylation of2,3-Dimethyl-6-furylpyridines I1 with 
0-Methallyl Chloride in the Presence oj'Sodium 
Amide in Liquid Ammonia 

Alkylation of 2,3- Dimethyl-6-(2-fury1)pyridine I l a .  
13a and I4a 

A solution of l l a  (6.06 g) in 25 cm3 of ether was added 
at - 33°C to a suspension of NaNH, in liquid ammonia 
prepared from 100 cm3 of dry NH3 and sodium (1.21 g). 
The dark red solution was stirred for 15 min, then it was 

I cooled to -50°C and p-methallyl chloride (4.75 g) was 
added dropwise as rapidly as possible. The mixture became 
colourless. It was decomposed with 10 cm3 of water, 

I ammonia was evaporated, and the residue was extracted 
I 

I with ether. The product was 8.67 g of red oil which, after 
chromatography on alumina (700 g), gave 4.75 g (60% 
yield) of 13a, 0.14 g of 14a, and 2.1 g of unchanged l l a .  

13a is an oil bp 101-106"C/0.085 Torr; picrate rnp 
143.4"C (ethanol - ethyl acetate). Anal. calcd. for 
C15H17N0 (mol. wt. 227.3): C 79.26, H 7.54, N 6.16; 
found (M+ 227(45%)(213 = 100%)): C 79.58, H 7.54, 
N 5.86. Spectral data : uv A,,,(log E) : 205(4.06), 268(4.12), 
276(4.06), 304(4.04) nm; ir v,,,: 3125, 3084, 1654, 891, 
880 cm-'; 'Hmr 6: 1.84 (3H, s, CH3-C=), 2.32 (3H, s, 
C3-CH3), 2.5-3.1 (4H, rn, -CH2-CH2-), 4.77 (2H, s, 
C=CH2), 6.53 (lH, m, H4-furan), 7.07 (lH, m, H3- 
furan), 7.49 (2H, s, C4-H and C5-H), 7.54 (IH, m, H5- 
furan) pprn. 

14a is an oil bp 116"C/0.1 Torr; picrate rnp 156-158°C 
(ethanol). Anal. calcd. for C19H2,N0 (mol. wt. 281.4): 
C 81.09, H 8.24, N 4.98; found (M+ 281(18%)(226 = 
100%)): C 81.38, H 8.90, N 4.48. Spectral data: uv 
h,,,(log E): 205(4.06), 268(4.12), 276(4.06), 304(4.04) 
nrn; ir v,,,: 3152, 3125, 3079, 1653, 893, 880 cm-I; 
'Hmr 6: 1.70 (6H, s, 2CH3-C=), 2.32 (3H, s, C3-CH,), 
2.42.6 (4H, rn, 2-CH2-C=), 3.39 (lH, qu, J = 7 Hz, 
C2-CH), 4.60 (2H, m, C=CH2), 4.66 (2H, s, C=CH2), 
6.50 (lH, rn, HCfuran), 7.08 (lH, m, H3-furan), 7.43 
(2H, s, C4-H and C5-H), 7.49 (lH, m, H5-furan) ppm. 

Alkylation of2,3-Dimethyl-6-(3-fury1)pyridine 116. 
136 and I46 

Analogous to the preparation of l l a  4.0 g of 116 gave 
5.6 g of a mixture of products from which 2.36 g (45% 
yield) of 136 and 0.43 g of 146 were isolated by chroma- 
tography on alumina. 

136 is an oil. Anal. calcd. for C15H17N0 (rnol. wt. 
227.3): C 79.26, H 7.54, N 6.16; found (M+ 227(48%) 
(213 = 100%)): C 79.16, H 7.96, N 6.01. Spectral data: 
uv h,,,(log E): 204(4.20), 219(3.96), 251(3.90), 291(3.84) 

nm; ir v ,,,,: 3155, 3140, 3081, 1643, 893, 880 cm-I; 
'Hmr 6: 1.84 (3H, s, CH3-C=), 2.50 (2H, d, d, J, =10 
HZ, J 2  = 5 HZ, -CH2-C=), 2.92 (2H, d, d, J1 = 10 HZ, 
J 2  = 5 HZ, C2-CH2-), 2.31 (3H, S, C3-CH3), 4.78 (2H, 
s, C-CH,), 6.92 (lH, rn, H4-furan), 7.17 (lH, d, J = 8 
Hz, C5-H), 7.38 ( lH,  d, J = 8 Hz, C4-H), 7.50 (IH, m, 
H5-furan), 8.05 (IH, rn, H2-furan) pprn. 

146 is an oil. Anal. calcd. for C19H2,N0 (rnol. wt. 
281.4): C 81.09, H 8.24, N 4.98; found (M+ 281(79%) 
(226 = 100%)): C 81.16, H 8.50, N 5.11. Spectral data: 
uv h,,,(log E): 205(4.27) 220(3.91), 253(3.83), 300(3.65) 
nrn; ir v,,,: 3157, 3139, 3079, 1651, 896, 879 cm-'; 
'Hmr 6: 1.70 (6H, s, 2CH3-C=), 2.32 (3H, s, C3- 
CH3), 2.42.6 (4H, m, 2-CH2-C=), 3.40 (lH, qu, 
J = 7 Hz, C2-CH), 4.60 (2H, br s, C=CH2), 4.66 (2H, 
s, C=CH2), 6.93 (lH, m, H4-furan), 7.17 (IH, d, J = 8 
Hz, C5-H), 7.38 (lH, d, J = 8 Hz, C4-H), 7.51 (IH, m, 
H5-furan), 8.07 (lH, rn, HZ-furan), ppm. 

Reduction of Bases 1 3  with Sodium and Ethanol 
Reduction of l 3 a  
A solution of 13a (4.54g, 0.02 mol) in 20cm3 of absolute 

ethanol was added dropwise during several minutes to a 
suspension of sodium (9.2 g, 0.4 rnol) in 100 cm3 of 
boiling xylene. During the reduction three further 2 cm3 
portions of ethanol were added. When the yellow-green 
colour of the solution disappeared, the metal was dis- 
solved with water. The solution was diluted with water 
and extracted with benzene. The extract was washed 
with water and with dilute HC1 in order to remove basic 
substances. The acid extract was washed with benzene 
and after making alkaline with concentrated NaOH it was 
reextracted with benzene. On evaporation the benzene 
extract gave 3.91 g of a light-red oil which was chroma- 
tographed on alumina column to isolate a mixture of 
epimers 15a and 16a (ratio about 1 : 1); yield 1.28 g 
(27%). Thin layer chromatography on silica gel showed 
the presence of two compounds of similar Rr values. The 
'Hmr spectrum of the mixture was compared with that 
of 15a and showed the presence of an additional signal 
at 6 2.3 corresponding to the C2-H proton of epimer 
16a. The ratio of these two compounds was determined 
on the basis of integration of signals at 6 2.8 and 3.7 
pprn. The crude products from several experiments (2.8 g) 
were chromatographed on alumina (330 g) and gave 15a 
(0.475 g) and 16a (0.425 g). 

15a: A Colourless Oil-ir v,,,: 3330, 3120, 3075, 2790, 
2728, 1653, 886 cm-'; 'Hmr 6: 0.98 (3H, d, J = 6 Hz, 
C3-CH3), 1.73 (3H, s, =C-CH3), 1.42.2 (9H, m), 2.5 
(IH, br s, NH), 2.78 (IH, d, t, J, = 2.5 Hz, J2 = 7 Hz, 
C2-H), 3.72 ( lH,  m, C6-H), 4.68 (2H, s, =CH2), 6.12 
(lH, m, H3-furan), 6.23 ( lH,  rn, HCfuran), 7.27 (IH, m, 
H5-furan) pprn; 'Hmr (C6D6) 6: 0.92 (3H, d, J = 6 Hz, 
C3-CH3) pprn; ms: 233(11%)(M+), 164(64%), 107(100%), 
94(79%) mle. 

Ida: A Colourless Oil-ir v,,,: 3330, 3130, 2810,2740, 
1659, 889 cm-'; 'Hrnr 6:  0.92 (3H, d, J = 5.5 Hz, C3- 
CH3), 1.74 (3H, s, =C-CH3), 1.2-2.1 (10H with NH, m), 
2.26 (IH, m, C2-H), 3.73 (IH, m, C6-H), 4.70 (2H, s, 
=CH2), 6.12 ( lH,  rn, H3-furan), 6.26 (IH, m, H4-furan), 
7.32 ( lH,  m, H5-furan) pprn; 'Hmr (C6D6) 6: 0.78 
(C3-CH3) pprn; ms: 233(17%)(M +), 164(69%), 107- 
(loo%), 94(75%) mle. 

Reduction of Base 136 
Analogous ti, the preparation of 13a, 0.73 g of 136 
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gave 89 mg (yield 12%) of a mixture of 156 and 166 (ratio 
about 3: 1). The product was used for hydration without 
previous separation of epimers. 

Hydration of 15a, 16a and Mixture of 156 and I66 
General Procedure 
A mixture of unsaturated compound 15a, 16a, or 

mixture of 156 and 166, 99% formic acid, and 72% 
perchloric acid in the ratio 1 : 10: 1 (wt./wt.) was allowed 
to stand at room temperature for about 40 h (optimal 
time) and then it was diluted with about 5 times its 
volume of 80% methanol. The mixture was gently boiled 
and solid sodium bicarbonate was added portionwise until 
the evolution of C 0 2  ceased and the solution became alka- 
line. Then methanol was evaporated, water was added in 
order to dissolve the salts, and the mixture was extracted 
with ether. On drying with anhydrous MgSO, and 
evaporation the extract gave a viscous yellow oil. The 
amino alcohols can be readily separated from the sub- 
strates by column chromatography on alumina using 
first benzene and then ether as eluting solvents. The 
substrates (benzene fraction) always contain the isomeri- 
zation products having the structure of natural com- 
pounds nuphenine 19 (7) and anhydronupharamine 20 (9) 
('Hmr of the mixture: br t, at 6 = 5.1 and methyl groups 
singlets at 1.6 and 1.7 ppm). An unsatisfactory result was 
obtained by the HCI hydration method (8). 

Hydration of 15a 
15a (0.47 g) treated by the method described above 

gave 0.45 g of an oil which, on chromatography on 
alumina (40 g), gave 47 mg of substrate and 0.27 g 
(yield 54%) of 17a in the form of a colourless oil. Spectral 
data: ir v,,, (CCI,): 3610, 3400, 3200, 2817, 2790, 2728, 
888 cm-'; 'Hmr 6 :  0.96 (3H, d, J = 7 Hz, C3-CH,), 1.20 
and 1.24 (6H, s, s, gem-dimethyl), 1.1-1.9 (9H, m), 2.76 
( lH,  d, t, J1 = 2.5 HZ, J 2  = 7 HZ, C2-H), 2.95 (2H, br S, 
N H  and OH), 3.70 (IH, m, C6-H), 6.12 ( lH,  m, H3- 
furan), 6.24 (IH, m, H4-furan), 7.32 (LH, m, H5-furan) 
ppm; 'Hmr (C6D6) 6: 0.87 (C3-CH,) ppm; ms: 251- 
(7%)(M+), 236(12%), 164(100%), 107(48%), 94(60%) mle. 

Hydration of l 6 a  
16a (0.42 g) gave 0.23 g (yield 51%) of 18a in the form 

of a colourless oil which crystallized on standing; mp 
90-90.5"C (n-hexane). Spectral data: ir v,,, (KBr): 
3270, 3142, 3120, 2800, 2740, 868, 2717 cm-'; 'Hrnr 6: 
0.92 (3H, d, J = 7 Hz, C3-CH,), 1.21 (6H, s, gem- 
dirnethyl), 1.0-2.0 ( l lH ,  with NH and OH, m), 2.39 
(1 H, rn, C2-H), 3.72 (IH, d d, JI = 2.5 Hz, J 2  = 10 Hz, 
C6-H), 6.11 (lH, m, H3-furan), 6.24 ( lH,  m, H4-furan), 
7.29 (lH, m, H5-furan) ppm; 'Hmr (C6D6) 6: 0.76(C3- 
CH,) ppm; ms: 251(6%)(M+), 236(11%), 164(100%), 
107(56%), 94(54%) mle. 

Hydration of Mixture of 156 and I66 
The mixture of epimeric anhydronupharamines ob- 

tained by reduction of 136 (142 mg) on hydration fol- 
lowed by preliminary chromatography gave 86 mg of 
mixture of synthetic alkaloids 176 and 186 (in tlc separate 
spots having similar R, values). A quantity of 69 mg was 
rechromatographed on 15 g of alumina collecting 15 cm3 
portions of the eluate (4 benzene fractions, 4 fractions of 
the ether-benzene mixtures containing 2%, 5%, lo%, and 
25% ether and 2 ether fractions, making the total of 22 
fractions). Fraction 15 contained 6 mg of pure (*)- 
nupharamine 186, which by ir, ms, and tlc were identical 
with those of natural (-)nupharamine isolated from 
picrolonate. 

Combined fractions 17-21 gave 50 mg of pure (+)-3- 
epinupharamine 176. Spectral data: ir v,., (CCI,): 
3400, 3170, 2976, 2934, 2862, 2805, 2738, 1507, 1457, 
1386, 1368, 1225, 1159, 1120, 1069, 1032, 984, 969, 930, 
913,877 cm-'; 'Hmr 6: 0.96 (3H, d, J = 7 Hz, C3-CH,), 
1.18 and 1.23 (6H, s, s, gem-dimethyl), 1.0-2.0 (9H, m), 
2.42 (2H, br s, NH and OH), 2.78 ( lH,  d t, J1 = 2.5 Hz, 
J2 = 6Hz,C2-H),3 .56(1H,dd,JI  = 3Hz , J2  = ~ H z ,  
C6-H), 6.39 (lH, m, HCfuran), 7.32 (2H, m, HZ-furan 
and H5-furan) ppm; 'Hrnr (C6D6) 6: 0.79 (C3-CHa) ppm 
ms : 251(1.5%)(M+), 236(6%), 164(100%), 136(7%), 
107(27%), 94(38%), 8 1(9%) mle. 

Hydrobromide of 176 
Hydrobromic acid (0.1 cm3 of 40%) was added to 33 

mg of synthetic 3-epinupharamine in 0.5 cm3 of acetone 
and the mixture was allowed to stand in a refrigerator. 
After two crystallizations from acetone the product gave 
colourless needles mp 179-1 8 l°C. 
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Syntheses in the group of Nuphar alkaloids. 1V.l Crystal structure 
and stereochemistry of synthetic ( f )-3-epinupharamine 
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MICHAE SABAT, TADEUSZ G~OWIAK, JERZY SZYCHOWSKI, JERZY T.  WROBEL, and ANDRZEJ 
LENIEWSKI. Can. J. Chem. 55,3111 (1977). 

Racemic 3-epinupharamine hydrobromide (C15H26BrN02) crystals are monoclinic, space 
group @2/c, with a = 18.163(3), b = 13.346(2), c = 13.847(2) A, a = 100.36(1)", Z = 8. 
The X-ray analysis proved the structural identity of the compound obtained by the total 
synthesis with the natural 3-epinupharamine. The empirical criterion indicating the axial or 
equatorial orientation of the C-methyl group on the basis of the direction of changes of the 
chemical shifts recorded in benzene solutions does not hold for the piperidine system inves- 
tigated. 

M I C H A ~  SABAT, TADEUSZ GLOWIAK, JERZY SZYCHOWSKI, JERZY T. W R ~ B E L  et ANDRZEJ 
LENIEWSKI. Can. J. Chem. 55,3111 (1977). 

Les cristaux du bromhydrate d'Cpi-3 nupharamine racemique (Cl5HZ6BrNO2) sont mono- 
cliniques, groupe d'espace C2/c avec a = 18.163(3), b = 13.346(2), c = 13.847(2) A, a = 
100.36(1)", Z = 8. L'analyse par rayons-X a dCmontrC I'identite structurale du composk obtenu 
par synthese totale avec I'Cpi-3 nupharamine naturel. Les criteres empiriques permettant de 
determiner l'orientation axiale ou Cquatoriale des groupes C-methyles en se basant sur la 
direction des changements dans les dCplacements chimiques enregistrks en solutions ben- 
zCniques ne peuvent &re utilises dans le systeme pipCridine CtudiC. 

[Traduit par le journal] 

Introduction 
The total synthesis of two stereoisomers: 

nupharamine and 3-epinupharamine was de- 
scribed previously (1). The identity of the syn- 
thetic and natural nupharamine was proved by 
a direct comparison of the respective samples. 
The comparison of the synthetic and natural 
3-epinupharamine was carried out only on the 
basis of nmr, ir, and ms spectra obtained for the 
synthetic compounds with those reported in the 
literature for the natural alkaloid (2). 

The structure of the natural 3-epinuphar- 
amine1 was established (2) on the basis of the 
chemical correlation with another Nuphar alka- 
loid, nuphenine (3), and by a similar interpreta- 
tion of the spectroscopic data for both com- 
pounds. The stereochemistry of the piperidine 
ring was established by analysis of nmr and ir 
spectra. The signal of the C2-H proton at 

'For part I11 see preceding paper. 
'Address for X-ray analysis problems. 
3Revision received May 9, 1977. 

6 = 2.78 characteristic of all 3-epipiperidine 
Nuphar alkaloids has been found in the nmr 
spectra. Its structure indicates a coupling with 
two equivalent side chain proton; as well as a 
coupling with the C3-H proton. In the latter 
case the value of the coupling constant J = 2.5 
Hz, shows that the C2-H and C3-H protons can 
be in axial-equatorial or equatorial-equatorial 
positions with respect to each other. The presence 
of Bohlmann bands in the ir spectra lead to the 
conclusion that the side chain is in the equatorial 
and the methyl group in the axial position. 

This conclusion was confirmed by the ob- 
served changes of the chemical shift of the 
C3-CH, group of 3-epinuphamine (4) in benzene 
solution. According to an empirical criterion 
found for the quinolizidine system (5) the signal 
of the axial methyl group is shifted downfield in 
benzene as compared to the chloroform solution. 

The nmr spectra of the synthetic 3-epinu- 
pharamine show an opposite direction of the 
changes of the chemical shift of the C3-CH, 
group; in benzene the difference with respect to 
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TABLE 1 .  Final atomic coordinates ( x  lo4,  Br- x lo5 )  and anisotropic thermal parameters ( x  10) for non-hydrogen atoms with e.s.d.'s in parenthesesa 

x Y z B11 Bz 2 B3 3 BL 2 Bi 3 Bz s 

'Anisotropic thermal parameters are defined by exp [- f(Bllh2a*2 + B22k2b*2 + B3312~*2 + 2B12hka*b* + 2B13hla*c* + 2Bz,klb*c*)]. C
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SABAT ET AL. 3113 

the chloroform solution is 17 Hz upfield, thus 
indicating the equatorial methyl group. Similar 
effects were found for 3-epianhydronupharamine 
and analogous compounds of the a-furan series 
(1). Thus, either (i) the synthetic compound 
differs from the natural 3-epinupharamine, or 
(ii) the empirical criterion which establishes the 
orientation of the C-methyl group in quinolizi- 
dine systems on the basis of the changes of 
chemical shifts in benzene solution does not 
hold for the piperidine system. 

In order to solve this problem the X-ray 
structural analysis of the hydrobromide of the 
synthetic racemic 3-epinupharamine was carried 
out. 

Experimental 
Crystals suitable for X-ray analysis were prepared 

using a method described elsewhere (1). Preliminary 
weissenberg photographs established that the crystals 
were monoclinic. The persistent absence of hkl reflections 
for h + k = 2n + I, and of h01 reflections for I = 2n + 1, 
showed that the space group is either Cc or C2/c. The 
centrosymmetric space group C2/c (No. 15) (6) was de- 
termined from the statistics of I El values and satisfactory 
structure refinement. The cell parameters were determined ' by a least-squares refinement of the setting angles of 15 , reflections found by automatic centering routine of 
Syntex P2, diffractometer (MoKa radiation, h = 
0.71069 A). 

C I ~ H ~ ~ B ~ N O ~  mw 332.3 
Monoclinic, C2/c, a = 18.163(3) A, b = 13.346(2), c = 
13.847(2), fi = 100.36(1)", V = 3301.8 A3, Z = 8, d,, = 
1.34 g cme3, d, = 1.35, p(MoKa) = 26.4 cm-I. 

The density of 1.34 g ~ m - ~  as determined by flotation 
in CHC13-benzene mixture agrees well with that cal- 
culated for a unit cell containing eight molecules of the 
compound. 

Intensity data for a crystal of approximate dimensions 
0.15 x 0.15 x 0.20 mm were collected, using MoKa 
radiation, on a Syntex P21 computer-controlled four- 
circle diffractometer equipped with a scintillation counter 
and graphite monochromator. A total of 1658 inde- 
pendent reflections were measured up to 28 = 45" by 
the 8-28 scan technique. The scan rate varied from 2.0 
to  20.O0/min depending on the reflection intensity. The 
1122 reflections, for which F > 3.92o(F) were used in 
the subsequent calculations. The intensity of the standard 
reflection (040) was monitored at  15 reflection intervals. 
No significant varlation of this intensity was observed. 
The intensities of reflections were corrected for the 
Lorentz and polarization effects. No absorption or ex- 
tinction corrections were made. 

Structure Determination and Refinement 
The structure was established using the heavy- 

atom method. The bromine atom position was 
determined from a three-dimensional Patterson 
map. The remaining non-hydrogen atoms were 

located using a three-dimensional Fourier syn- 
thesis, which was phased on the bromine atom 
(R, = 0.45). Full-matrix least-squares refine- 
ment of the obtained structure model with iso- 
tropic thermal parameters yields the value of 
R ,  = 0.164. Several cycles of refinement with 
anisotropic temperature factors result in the 
agreement factor 

and 

At this stage coordinates of the hydrogen atoms 
were derived from a difference synthesis. A 
further five cycles of full-matrix refinement with 
isotropic temperature factors for hydrogen atoms 
gave the final values R ,  of 0.040 and R2 of 0.026. 
The subsequent difference synthesis showed no 
unexpected features. The function minimized 
during the refinement was defined as Cw((FoI - 
lF,I)', where the weight w = l/02(F). The atomic 
scattering factors were those listed by Cromer 
and Waber (7). The anomalous dispersion cor- 
rection for Br- was made according to Temple- 

TABLE 2. Atomic coordinates ( x  lo3) and isotropic 
thermal parameters for the hydrogen atoms with e.s.d.'s 

in parentheses 

H(01) 
H(N1a) 
H(N1b) 
H(2) 
H(3) 
H(4a) 
H(4b) 
H(5a) 
H(5b) 
H(6) 
H(8) 
H(9) 
H(1O) 
H(l la) 
H(l1 b) 
H(1 lc) 
H(12a) 
H(12b) 
H(13a) 
H(13b) 
H(15a) 
H(15b) 
H(15c) 
H(16a) 
H(16b) 
H(16c) 
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FIG. 1. ORTEP drawing illustrating the packing i n  the unit cell. 

ton (8). The structure calculations were carried 
out using the Syntex XTL Structure Determina- 
tion System (NOVA 1200 computer and addi- 
tional external disk m e m ~ r y ) . ~  The figures were 
prepared with Johnson's ORTEP plotting pro- 
gram. 

Table 1 contains the final atomic coordinates 
and anisotropic temperature factors with their 
standard deviations for non-hydrogen atoms. 

The final positional and isotropic thermal par- 
ameters for hydrogen atoms are listed in Table 2. 

Description of the Structure and Discussion 
The arrangement of molecules in the unit cen 

is shown in Fig. 1. The structural features of the 
molecule are illustrated in Fig. 2, while bond 
distances and angles are collected in Table 3. The 
furan ring and the side chain are equatorial, 

4The table of structure factors is available, at a nominal 
whereas the methyl group is axial (compare the 

charge, from the Depository of Unpublished Data, distances the plane 2, 
CISTI. National Research Council of Canada, Ottawa. Table 4). Thus the stereochemistry of the syn- 
canada KIA OS2. thetic alkaloid established by x-ray analysisre- 
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SABAT ET AL. 

TABLE 3. (a) Bond lengths (A) with e.s.d.'s in parentheses 

Bond Distance (A) Bond Distance (A) 

O(1)-C(14) 1 .464(9) C(6)-C(7) 1.483(13) 
0(2)-C(8) 1.359(19) c(7)-c(8) 1.353(16) 
0(2)-~(9) 1 .327(17) C(7)-C(10) 1.410(15) 
N(1 )-C(2) 1.513(9) C(9)-C(10) 1.356(18) 
N(l)-C(6) 1 .504(10) C(12)-C(13) I .526(13) 
C(2)-C(3) 1.516(12) C(13)-C(14) 1.519(12) 
C(2)-C(12) 1 .506(11) C(14)-C(15) 1 .523(13) 
c(3)-c(4) 1.519(14) C(14)-C(16) 1 .542(13) 
C(3)-C(l1) 1 .528(12) O(1)-H(01) 0.84(5) 
c(4)-c(5) 1.539(17) N(1)-H(N1a) 0.96(6) 
C(5)-C(6) 1 .524(13) N(1 )-H(N1 b) 1 .01(5) 

(b) Bond angles (deg) with e.s.d.3 in parentheses 

Bonds Angle (deg.) Bonds Angle (deg.) 

N(1)-C(2)-C(3) 109.6(6) C(8)-C(7)-C(10) 105.3(9) 
N(1)-C(2)-C(12) ll0.7(6) C(7)-C(8)-O(2) 109.9(1.0) 
C(3)-C(2)-C(12) 114.0(6) C(8)-O(2)-C(9) 108.1(1.0) 
C(2)-C(3)-C(4) 110.1(7) O(2)-C(9)-C(10) 109.2(1.1) 
C(2)-C(3)-C(l1) 114.1(7) C(9)-C(10)-C(7) 107.6(1.0) 
C(4)-C(3)-C(l1) 112.2(8) C(2)-C(12)-C(13) 116.2(7) 
C(3)-C(4)-C(5) 112.2(9) C(12)-C(13)-C(14) 119.5(7) 
C(4)-C(5)-C(6) 111.2(8) C(13)-C(14)-C(15) 112.0(7) 
C(5)-C(6)-N(1) 107.0(7) C(13)-C(14)-C(16) 112.6(7) 
C(5)-C(6)-C(7) 116.5(7) C(l3)-C(l4)-O(1) 111.1(6) 
N(1)-C(6)-C(7) 110.1(7) C(15)-C(14)-C(16) 111.1(8) 
C(6)-N(1)-C(2) 113.8(6) C(l5)-C(l4)-O(1) 106.3(7) 
C(6)-C(7)-C(8) 127.0(9) C(l6)-C(l4)-O(1) 103.3(6) 
C(6)-C(7)-C(10) 127.8(9) 

mains in good agreement with the results of 
spectroscopic measurements for natural 3- 

epinupharamine 1. Therefore, it must be con- 
cluded that the empirical criterion correlating 
the changes of chemical shifts with the orienta- 
tion (axial or equatorial) of the methyl group 
does not hold for the piperidine system. 

The piperidine ring of 3-epinupharamine has 
a chair conformation with C(6)-N(1)-C(2)-C(3) 
and C(3)-C(4)-C(5)-C(6) torsion angles being 
of 55.8" and -56.5", respectively. The furan 
ring is planar (within one standard deviation, 
Table 4) and the dihedral angle between the 
plane of furan ring and that through C(2), C(4), 
C(5), and N(l) atoms is 29.8". 

The bond lengths in 3-epinupharamine are 
similar to those reported in crystal structure 
determination of related quinolizidine systems 
(9, 10) and dimeric sulphur Nuphar alkaloids 
(1 1). The observed valence angles of the piperi- 
dine and furan rings do not differ significantly 
from those expected for such systems. On the 
other hand, the C(2)-C(12)-C(13) and C(12)- 
C(13)-C(14) angles from the side chain are con- 
siderably larger than the value characteristic for 
a tetrahedral arrangement. The distortion found 
seems to be caused by the strains in seven- 
membered system formed by N(1), C(2), C(12), 
C(13), C(14), 0(1), and H(N1a) atoms. 

The strain imposed by strong, almost linear 
hydrogen-bonding interaction N(1)-H(N 1 a). - . 
O(1) results in the increase of bond angles inside 
this system with the C(2)-C(12)-C(13) and 
C(12)-C(13)-C(14) angles being the most af- 
fected. A similar effect was observed in the maleic 
acid molecule (12) where the analogical angles 
differ from the value expected for unstrained 
molecule by ca. 10". 
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fP 

FIG. 2 .  A molecule of 3-epinupharamine hydrobromide with thermal ellipsoids scaled to include 
50% probability. The hydrogen atoms are drawn with an arbitrary isotropic temperature factor. 

TABLE 4. Equations of planes and deviations (in A) of 
atoms from those planes" 

Plane I :  C(7), C(8), C(9),  C(10), O(2) 
Equation: 0.4427X + 0.0534Y + 0.89512 = 1.8857 

Atom Deviation Atom Deviation 

Plane 2: N( l ) ,  C(2), C(4),  C(5) 
Equation: 0.0406X + 0.0908 Y - 0.99502 = - 1.9590 

Atom Deviation Atom Deviation 

N(1)* - 0.004(5) c (11 )  -2.187(9) 
c(2)* 0.006(7) c (12)  -0.588(8) 
c(4)* -0.014(10) C(13) 0.337(8) 
c(5)* 0.013(9) c (14)  0.538(7) 
C(3) - 0.669(8) C(6) 0.716(7) 

OThe angle between plane I and plane 2: 29.8'. Standard deviations 
are given in parentheses. Atoms used to define the planes are indicated 
by an asterisk. 

There are three unique hydrogen bonds in the 
structure (Table 4). Each nitrogen atom is linked 
by an N-H.. .Br- bond to the Br- ion of the 
nearest neighbour molecule related by the glide 
plane c. The parameters characterizing the geom- 
etry of this bond are as follows: N-H 1.01(5) A, 
N .  . .Br- 3.317(5) A, N-H-Br- 176(4)". An- 
other reasonably strong interaction consisting 
of the Br- ion is O(1)-H(01). . .Br-, where both 
donor and acceptor atom are from the same 
molecule. The hydroxyl bond length is 0.84(5) a 
and the donor-acceptor distance is 3.244(5) A 
with an 0-H-Br- angle of 159(4)". 

The O(1) atom is also involved in the intra- 
molecular N(1)-H(Nla) .0(1) bond with the 
N ( l )  . . O(1) coztact being 2.751 (8) A and the 
N(1)-H(N1a)-O(1) angle (165") not too much 
deviated from linearity. 

1 .  J .  SZYCHOWSKI, J .  T. WROBEL, and A .  LENIEWSKI. 
Can. J .  Chem. This issue. 
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Crystal and molecular structure of dodecamethylcyclohexaphosphazene, (NPMe,), 
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RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG, and JAMES T R O ~ E R .  Can. J. 
Chem. 55,3118 (1977). 

Crystals of dodecamethylcyclohexaphosphazene are triclinic, a = 13.898(1), b = 8.690(1), 
c = 10.790(1) A, cr = 109.84(1), P = 92.01(1), y = 106.39(1)", Z = 2, space group Pi. The 
structure was solved by direct methods and was refined by full-matrix least-squares procedures 
to a final R of 0.034 and R, of 0.042 for 4217 reflections with 1 2 3o(Z). The unit cell contains 
two independent centrosymmetric molecules which are virtually identical. The 12-membered 
rings have the 'double tub' conformation. Bond lengths not involving hydrogen have been 
corrected for libration. Weighted mean bond lengths (rms deviations from the mean in paren- 
theses) are: P-N, 1.593(6), C-P, 1.808(4), and C-H, 0.95(6) A. 

RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. R E ~ I G  et JAMES T R O ~ E R .  Can. J. 
Chem. 55,3118 (1977). 

Les cristaux du dod~cam~thylcyclohexaphosphaz~ne sont tricliniques, a = 13.898(1), 
b = 8.690(1), c = 10.790(1) A, cr = 109.84(1), P = 92.01(1), y = 106.39(1)", Z = 2, groupe 
d'espace Pi. On a resolu la structure par les methodes directes et on I'a affinee par la methode 
des moindres carres (matrice complete) jusqu'a une valeur finale de R de 0.034 et de R, de 
0.042 pour 4217 reflexions avec 12 3a(Z). La maille unitaire contient deux molecules centro- 
symetriques independantes qui sont pratiquement identiques. Les cycles ki 12 chainons ont la 
conformation "double bateau". On a corrige les longueurs de liens n'impliquant pas les hydro- 
genes pour la libration. Les longueurs de liaison moyennes (la deviation rms de la moyenne est 
indiquee entre parenthese) sont P-N, 1.593(6), C-P, 1.808(4) et C-H, 0.95(6) A. 

[Traduit par le journal] 

Introduction 
This report is the third in a series dealing with 

the crystal structures of large ring methylphos- 
phazenes (NPMe,), (n 2 6). The two previous 
papers in this series dealt with the structures of 
the heptameric (1) and octameric (2) methyl- 
phosphazenes (NPMe,), and (NPMe,),. The 
structure of the hexamer, (NPMe,),, is the topic 
of the present report. 

Experimental 
Dodecamethylcyclohexaphosphazene was prepared as 

previously described (1). Crystals suitable for X-ray 
analysis were obtained by recrystallization from p- 
xylene. The crystal chosen for study was mounted with 
(1 1 1) perpendicular to the goniostat axis and had dimen- 
sions of ca. 0.30 x 0.44 x 0.56 mm. Unit-cell and space 
group data were obtained from film and diffractometer 
measurements. The unit-cell parameters were refined by a 
least squares on 2 sin 0/h values for 50 reflections mea- 
sured on a diffractometer with CuKcr radiation (h = 
1.5418 A). Crystal data (at 22.Q are: 

CizH36N~P.s fw = 450.3 
Triclinic, a = 13.898(1), b = 8.690(1), c = 10.790(1) A, 

= 109.84(1), P = 92.01(1), y = 106.39(1)", V = 1164.4 
(2) A3, pm = 1.26 (flotation in aqueous KI), z = 2, 
p, = 1.284 g c m 3 ,  F(000) = 480, p(CuKa) = 43.0 

cm-l. Absent reflections: none. Space group Pi (Cil, 
No. 2). 

Intensities were measured with nickel-filtered CuKcr 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 8-28 scan at 4' min-' over a range of 
(1.80 + 0.86 tan 0) degrees in 20 was employed; 10 s 
background counts were measured at each end of the 
scan. Data were measured to 20 = 160". The intensities 
of the check reflections, measured every 50 reflections 
throughout the data collection, decreased slowly to a 
value which was 0.758 times the initial value. The struc- 
ture amplitudes were derived and an absorption cor- 
rection was applied by a computer program using a 
Gaussian integration method (3, 4). Transmission factors 
ranged from 0.190 to 0.410. Of the 5086 independent 
reflections measured, 4242 had intensities greater than 
3a(Z) above background where aZ(Z) = S + B + (0.06s)' 
with S = scan count and B = time averaged background 
count. These reflections were used in the solution and 
refinement of the structure. 

The centrosymmetric space group Pi was indicated by 
the E statistics. The structure was solved by direct 
methods (5). All the P and N atoms and 4 of the 12 carbon 
atoms were located on an E map. The structure was 
found to consist of two independent molecules lying 
around inversion centres. These atoms were refined 
isotropically for two cycles giving R = 0.248. The re- 
maining carbon atoms were found on a difference map 
at this point. The non-hydrogen atoms were refined 
isotropically for two cycles, and then anisotropically for 
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two cycles, reducing R to 0.079. The positions of all 35 
hydrogen atoms were determined from a difference map. 
The entire structure (full-matrix, including hydrog-n 
atoms with isotropic thermal parameters) was refined 
for eight cycles giving a final R of 0.034 and R, of 0.042 
for 4207 reflections with I 2  30(1) (35 observed reflec- 
tions which had IF,/ - 1F.I > 3 4 F )  were treated as 
unobserved in the final stages of refinement; instru- 
mental error was suspected for these reflections, but it 
seemed unwise to bias the data by remeasuring them; 
none of the disagreements were exceptionally bad). For 
all 5086 reflections R = 0.044 and R, = 0.045. 

The least-squares refinement was based on the mini- 
mization cf Zw[(F,I - JF,/(l + g1)1l2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 1.56(8) x The scattering factors 
of ref. 6 were used for the non-hydrogen atoms and those 
of ref. 7 for the hydrogen atoms. Anomalous scattering 
factors from ref. 8 were used for the non-hydrogen atoms. 
The weighting scheme w = 1.00 if IF,/ < 16.0, w = 
(16.0/IF01)2 if IF,] 2 16.0, and w = 0.0625 for the 
unobserved reflections gave uniform average values of 
w(l F,/ - I Fc/)2 over ranges of /F,I and was employed in 
the final stages of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.040, with no shift greater than 0.40. The mean 
error in an observation of unit weight was 0.4819. The final 
positional and thermal parameters appear in Tables I and 
2' respectively. Measured and calculated structure factors 
have been placed in the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (9) using the 
computer program MGTLS. The rms standard error in 
the temperature factors aU,, (derived from the least- 
squares analysis) is 0.0012 A2. Analyses of the entire 
molecules as rigid bodies were unsuccessful, but each of 
the independent phosphorus tetrahedra behaves as a 
rigid body (rms AU,, = 10, 10, 10, 10, 9, and 9 x 
A2 for P(1) to P(6) respectively). 

The appropriate bond distances have been corrected 
for libration (10, ll) ,  using shape parameters qZ of 0.08 
for all atoms involved. Corrected bond lengths appear in 
Table 3 along with the uncorrected values. Corrected 
angles differ by no more than +O.1° from the uncorrected 
values given in Table 4. 

Results and Discussion 
Figure 1 shows general views of the two inde- 

pendent molecules with the crystallographic 
numbering scheme and Fig. 2 shows the pack- 
ing arrangement viewed down the b* axis. The 
unique intra-annular torsion angles in the 12- 
membered rings are given in Table 5 and the 
mean structural parameters for (NPMe,), are 
compared with those of the related molecules 
(NPM~,), (121, (NPMe,), (131, (NPMe,), (11, 
and (NPMe,), (2) in Table 6. 

'The structure factor table and Table 2 (thermal 
parameters) are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA 0S2. 

TABLE I. Final positional parameters (fractional, N, and 
C x lo4, P x lo5, H x lo3) with estimated standard 

deviations in parentheses 

Atom x Y z 

H(1Oc) 
H(l la) 
H(l1 b) 
H(l1 c) 
H(12a) 
H(12b) 
H(12c) 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Distance Distance 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

P(l)-N(l) 1.577(2) 1.585 P(4)-N(4) 1.582(2) 1.588 
P(1)-N(3) ' 1.591(2) 1.598 P(4)-N(6) ' 1.595(2) 1 .600 
P(2)-N(l) 1 .575(2) 1 .584 P(5)-N(4) 1 .579(2) 1.586 
P(2)-N(2) 1.590(2) 1 ,599 P(5)-N(5) 1.590(2) 1 .597 
P(3)-N(2) 1.587(2) 1.594 P(6)-N(5) 1 .588(2) 1.594 
P(3)-N(3) 1 .592(2) 1 ,599 P(6)-N(6) 1.590(2) 1.596 
P(l)-c(l) 1 .794(3) 1 .804 p(4)-c(7) 1 .794(3) 1 .801 
p(1 )-c(2) 1.799(3) 1.810 P(4)-C(8) 1 .799(2) 1 ,807 
p(2)-c(3) 1.803(3) 1.814 p(S)-c(g) 1.801(2) 1.809 
p(2hC(4)  1.798(3) 1.808 P(5)-C(10) 1.797(3) 1.805 
P(3&C(S) 1 .797(3) 1 ,806 P(6)-C(11) 1 .799(2) 1 .806 
p(3)--c(6) 1.806(3) 1.814 P(6)-C(12) 1.808(2) 1.815 

(b) Bonds involving hydrogen atoms 

Bond Range Weighted mean 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Range Weighted mean 

P-C-H 104--113(2-3) 107(2) 
H-C-H 103-121(2-4) 11 l(4) 
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OAKLEY ET AL 

FIG. 1. Stereo views of the dodecamethylcyclohexaphosphazene molecules 1 (top) and 2 (bottom); 
50% ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been assigned artificially 
small thermal parameters for the sake of clarity. 

The crystal structure consists of well-separated 
molecules of dodecamethylcyclohexaphospha- 
zene (see Fig. 2). The shortest non-bonded inter- 
molecular distance (H(2a) ... H(7c)[l + x, y, z] 
= 2.46(5) A) corresponds to a normal van der 
Waals interaction. The unit cell contains two 
independent centrosymmetric molecules. Mole- 
cule 1 is located at the crystallographic centre of 
symmetry (3, +, 3) and molecule 2 at (0, +, 0). 
The two independent molecules are virtually 

identical; corresponding bond lengths are equal 
within experimental error while there are some 
small, but significant, differences between cor- 
responding bond angles and torsion angles. The 
corresponding parameters are listed side by side 
in Tables 3-5 for comparison. Packing forces are 
believed to be responsible for the minor dif- 
ferences between the two molecules. 

Both molecules have a 'double tub' conform- 
ation closely resembling that of the centro- 
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FIG. 2. The packing arrangement viewed down b*. 

TABLE 5. Intra-annular torsion angles (deg) 

Bond Observed Bond Observed 

TABLE 6. Mean structural parameters for (NPMe2). (n = 4-8) (distances 
in A and angles in deg)* 

n = 4 n = 5  n = 6  n = 7  n = 8  

P-C 1 .804(3) 1 .801(4) 1 .808(4) 1 .804(11) 1.811(2) 
P-N 1 .596(5) 1.586(4) 1 .593(6) 1 .592(6) 1 .590(13) 
N-P-N 1 19.8(2) 118.7(18) 118.3(18) 117.1(16) 117.2(21) 
P-N-P 132.0(2) 132.9(17) 133.1(34) 132.9(20) 139.9(84) 
C P - C  104.1(2) 104.3(8) 104.2(5) 103 .9(5) 103.5(10) 

*Root mean square deviations from the mean (in units of  the last figure shown) in parentheses. 

symmetric molecule [NP(OMe),], (14). The 
mean intra-annular torsion angles in (NPMe,), 
differ from those in [NP(OMe),], by no more 
than 17.2" (mean deviation = 7.3"). The con- 
formation of the 12-membered rings is qualita- 
tively similar to that found for [NP(NMe,),], 
(15) which has 3 symmetry and torsion angles 
which are alternately 17 and 97". The local 
conformations (14, 16) at the phosphorus atoms 
are CT for P(l) and P(4), G G  for P(2) and P(5), 
and GT for P(3) and P(6). The energetically less 
favorable CT conformation (14) does not occur in 

the larger, less-restricted rings of (NPMe,), .,,, , 
(1,2). 

The mean structural parameters of the methyl- 
phosphazenes in Table 6 show that the P-C and 
P-N bond lengths and the C-P-C angles are 
nearly the same in all five molecules. The N- 
P-N angles appear to be decreasing toward a 
limiting value with increasing n. The mean 
P-N-P angles span a range of about 8" for 
(NPMe,),-, and show large variations between 
the independent values found for each molecule 
(with the exception of the tetramer which has 
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crystallographic 4 symmetry). Ring strain result- 
ing from steric and/or electronic forces in the 
phosphazenes is relieved primarily by distortions 
of the P-N-P angles. The o-bonding orbitals 
at N have a high s component (confirmed by X, 
calculations2), which would make them less 
directional. Large angles at nitrogen are therefore 
often associated with a large variability of the 
angle, as found in the structure of [NP(NMe,),], 
(17) where the P-N-P angles range from 145.9 
(4) to 170.2(5)". 

The geometry involving hydrogen atoms is as 
expected for X-ray data. The weighted mean 
C-H distance is 0.95(6) A and weighted mean 
P-C-H and H-C-H angles are 107(2) and 
11 l(4)" respectively. 
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Behavior of hydrogen atoms in the fragmentation of CH3CD3 
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ISAO H. SUZUKI and KOGORO MAEDA. Can. J. Chem. 55,3 124 (1977). 
The behavior of hydrogen atoms in the fragmentation of CH3CD3 has been studied by use 

of a monoenergetic electron beam. Ionization efficiency curves for ions (mle 3,4, 15 to 18,26 to 
33) from CH3CD3 have been measured over ranges of 12 to 30eV near their appearance thresh- 
olds. Mass spectra over various ranges of mle have been measured at several electron energies. 
It has been found that at least two processes participate in the formation of CzX4+ and CH3+ 
(X = H or D) and the rates of these processes depend on the energy of electron beam. The 
formations of C2X2+ and X2+ are independent of the electron energy. 

ISAO H. SUZUKI et KOGORO MAEDA. Can. J. Chem. 55,3124 (1977). 
On a CtudiC le cornportement des atomes d'hydrogkne dans la fragmentation de CH3CD3 e l  

faisant appel a un faisceau d'electrons monotnergCtiques. On a mesure les courbes d'efficac~te 
d'ionisation pour les ions (3,4, 15 a 18, 26 a 33 mle) pour CH3CD3 5 des potentiels d'ionisation 
de 12 2 30 eV prks de leur point d'apparition. On a mesurC les spectres de masse a diverses 
valeurs de mle a plusieurs Cnergies des electrons. On a trouvC qu'au moins deux processus 
participent a la formation de C2X,+ et CH3+ (X = H ou D) et les vitesses de ces processus 
dCpendent de 1'Cnergie du faisceau d'electrons. Les formations de C2Xz+ et X2+ sont indk- 
pendantes de I'Cnergie des Clectrons. 

[Traduit par le journal] 

Introduction 
Many studies have been carried out on the 

ionization and fragmentation of ethane using 
mass spectra and appearance potentials (AP) of 
the fragment ions. Photoionization mass spec- 
trometry provided reliable AP's for ions pro- 
duced at relatively low energy (I) and a photo- 
electron-photoion coincidence method (2, 3) ex- 
amined the quasi-equilibrium theory (4, 5) with 
respect to the fragmentation of the ethane ion. 
The theory was also compared with the break- 
down curve obtained by an ion impact tech- 
nique (6). 

Amenomiya and Pottie measured mass spectra 
of normal and nine deuterated ethanes generated 
by 70 eV electrons and found that at least two 
processes contribute to the formation of C2X4+ 
(X = H or D) and of CX,' (7,8). By observing 
metastable transitions Lohle and Ottinger re- 
ported that C2X,+ is produced only through 
the detachment of two hydrogen atoms from 
different carbon atoms near the threshold and 
that CX,+ is produced from C2X6+ via two 
processes: simple breaking of the C-C bond 
and hydrogen scrambling followed by bond 
breaking (9). The former finding is in agreement 
with the result by Lifshitz and Sternberg (10). 
Von Koch observed C2HD3+ and C2H3D+ 
from CH,CD, by impact of Ar+ but was 

unable to detect these ions with ground state 
Xe+(6). Moreover, he found that the intensity 
ratios of CX,+ (m/e 15-18) by Ne+ and He+ 
impacts were different from each other (6). 

The above results are summarized as follows. 
The mechanism of C2X4+ formation depends 
upon the internal energy of C2X6+ ; at least two 
processes participate and the thresholds of the 
two processes are different. The mechanism of 
CX,+ formation also depends on the internal 
energy. 

In order to obtain more precise information 
on the formation of these ions, it is important to 
determine the thresholds more accurately and to 
clarify the energy dependence of the fragmenta- 
tion mechanisms. In the present study ionization 
efficiency curves of C2X4+ and CX,+ from 
CH,CD, were measured over ranges of about 
15 eV near their appearance thresholds by use of 
a monoenergetic electron beam. Mass spectra 
were measured at several electron energies and 
over several ranges of m/e. The formation of 
these ions was discussed on the basis of their 
energy dependences and isotope distributions. 
Similar studies were carried out on the formation 
of C2X2+ and X,+. A total ionization efficiency 
curve of CH,CD, was calculated from the in- 
tensity ratio and ionization efficiency curves for 
all ions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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Experimental 
Measurements were made using the apparatus de- 

scribed in previous papers (1 l,12). In observing the ioniza- 
tion efficiency curve each memory channel in the pulse 
height analyzer was assigned to each electron energy, 
while in observing the mass spectra the memory channels 
were used as a mass scale. The energy of the bombarding 
electron beam (f.w.h.m.: 0.15 eV) was scanned from 10 
to 23 eV with 0.05 eV intervals for most ions measured 
(mle 15, 18,26 to 33). The energy was scanned from 12 to 
30 eV with 0.1 eV intervals for ions of mle 16 and 17, 
and scanned from 20 to 50 eV with 0.2 eV intervals for 
ions of mle 3 and 4. Ion counts of about 40 cps were 
obtained for ions of mle 30 at 23 eV and noise counts 
were less than 0.05 cps. 

The electron energy was calibrated by using the 14.00 
eV threshold of Kr. Ionization efficiency curves were 
processed by a computer to check reproducibility and to 
estimate a standard deviation at every energy (13). Error 
bars in the figures given in this paper were calculated 
from these standard deviations. 

The ethane-l,l,l-d, (Merck Sharp & Dohme Co., 
Ltd., isotopic purity 98%) was introduced at about 1.7 x 

Torr. No correction for isotopic purity was carried 
out in this study. 

Results 
Total Ionization EfJiciency Curve 

A total ionization efficiency curve of CH3CD3 
is shown over a range of bombarding electron 
energy from 11 to 22 eV in Fig. 1. This curve is a 

1 sum of the intensities of the ions m/e 15, 18, and 
26 to 34. The mass discrimination effect in the 
present experimental system was not taken into 
account for the lack of established mass spectrum 
of CH3CD3 but the effect on the curve is 
expected to be quite small (1 3). The upper curve 
with an expanded scale indicates an onset at 11.5 
eV followed by breaks at 12.2, 12.7, and 13.5 eV, 
slightly different from those of C2H6 (13). Breaks 
at 14.7 and 20.1 eV are supposed to correspond 
to third and fourth electronic states of ethane 
ion as seen in the case of C2H6 (1 3-1 6). 

Ionization and Appearance Potentials 
Table 1 shows IP's of CH3CD3 and AP's of 

the fragment ions including two carbon atoms 
from CH3CD3 as well as the corresponding 
values for C2H6 (13). There is no indication of an 
ion-pair process in the ionization efficiency 
curve for C2H3D2+ (m/e 31). This is probably 
due to the smearing out by the tailing of C2HD3+ 
toward low energy and by the ethylene ion 
1 3 C C H 2 ~ 2 + .  The AP's of the ions of mle 29 and 
30 indicate those by C2X4+ (X = H or D) 
because the vinyl ion C2H3+ has a considerably 
higher AP (13). It is important to note that the 

Electron Energy l e v )  

FIG. 1. Total ionization efficiency curve of CH3CD3. 
The curve near threshold is shown with an expanded 
scale in the upper part of the figure. Bars indicate statis- 
tical errors calculated from the standard deviations 
obtained in the data-processing of ionization efficiency 
curves. 

C2H3D+ produced through the detachment of 
two hydrogen atoms from the same carbon atom 
has a higher AP than the C2H2D2+ produced 
through the detachment of two hydrogen atoms 
from different carbon atoms. (The difference 
between these AP's was suggested to be 0.8 eV 
by Lorquet and Lorquet (22).) The AP of 
C2HD3+ (mle 31) is assumed to be equal to that 
of C2H,D+ because both ions are produced 
through the same detachment process. Since 
C2H3+ is responsible for the AP of 14.9 eV for 
m/e 27, the AP for C2HD+ is presumed to be 
close to that for C2H2+, 15.5 eV. 

Table 2 shows AP's of the fragment ions in- 
cluding one or no carbon atom from CH3CD3 
and from C2H6 (13). Since CX2+ and CX4+ are 
lower in intensity and have higher AP's than 
CX3+, the CX3+ ion is responsible for AP's of 
ions of m/e 15 to 18. There is no indication of an 
ion-pair process in the ionization efficiency 
curve for CH3+ unlike that for CD3+. The two 
ions CH3+ and CD3+ produced through the 
simple breaking of C-C bond have lower AP's 
than CHD2+ and CH2D+ produced through the 
breaking of C-C bond after rearrangement of 
hydrogens. D'Or and co-workers measured the 
AP's of CX3+ from CH3CD3 by using the 
vanishing current method and found that the 
AP's of CX3+ from CH3CD3 and also from 
C2H6 were all equal to one another within their 
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TABLE 1. Ionization potentials of CH3CD3 and appearance potentials for the fragment ions with two carbon atoms 
from CH3CD3 (in units of eV). The table includes the corresponding values for CzH6 given in ref. 13 

CH3CD3 C2H.s 

m/e Species IP or AP Species IP or AP 

33 C2H3D3+ 1 1 . 5 k 0 . 1  1 4 . 7 k 0 . 1  2O.IkO.2 CzH6+ 11.5+0.1  1 4 . 6 k 0 . 1  20 .0k0.2  
32 C Z H ~ D ~ +  12.2 k 0.1* 12.6 + 0.1 C2H5+ 12.0 + 0.1* 12.5 + 0.1 
31 CzH,DZ+, CzHD3' 12.1 -1 0.1 
30 CzD3+, C2H2D2+ 12.1 + 0.1 C2H,+ 12.1 + 0.1 
29 CzHD2+,C2H3D+ 12.5k0.15 
28 CzHzD+, CzDz+ 14.9 k 0.15 CzH3+ 14.6 k 0.1 
27 C2H3+, C2HD+ 14.9 + 0.2 ' C2H2+ 14.7 _+ 0.1 
26 CzD+, CzH2 + 15.5 k 0.3 
25 C2H+ CzH+ 25.6 + 0.2 
24 C2+ C2+ 31.5 + 0.2 

- - - 
*Denotes ion-pair process. 

TABLE 2. Appearance potentials for the fragment ions with one or no carbon atom from CH3CD3 (in units of eV). 
The table includes the corresponding values for CzH6 given in ref. 13 

m/e Species AP Species AP 

'Denotes ion-pair process. 

experimental accuracy (17). In the present study, intensity of m/e 26, mostly C2H2+, is close to 
all ions of CX,' from CH3CD3 have slightly 25% of that of C2HD+ because C2H3+ should 
higher AP's than CH,+ from C2H6. Appear- be much lower than C2HD+ in intensity. The 
ance potentials for X2+ from CH3CD3 agree m/e 16 and 17 ions are due to CH2D+ and 
with that for Hz+ from C2H6 within experi- CHD,', not due to CD2+ and CH3D+. 
mental accuracy. 

Behavior of Hydrogen Atoms in the 
Intensity Ratio of Ions Fragmentation Process 

Several measurements have been reported on 
the mass spectra of CH,CD3 at 50-75 eV, but 
the results are not always in agreement with one 
another (7,9,18-20). In the present study mass 
spectra of CH3CD3 were measured at several 
electron energies and over various ranges of 
m/e. Our results are the closest to those of Stief 
and Ausloos (20). The intensity ratio of ions 
obtained at 22.7 eV is shown in Table 3 as well 
as that of C2H6 at 22.6 eV without correction for 
mass discrimination. Most intense is the ion of 
m/e 30 which consists mostly of C2H2D2+. The 

Formation of C2X4+ 
Several investigators studied the formation of 

C2X4+ (X = H or D) from C2X6+ using 
deuterated ethanes and concluded that the ion is 
produced through detachment of two hydrogen 
atoms from different carbon atoms in the parent 
ion near the threshold (9,10,17). 
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TABLE 3. Relative intensities of the ions produced from CHBCDB at 22.7 eV and from CZH6 at 
22.6 eV over ranges from mle 14 to 34. Intensities of other ions are extremely low and neglected 

Intensity Intensity 
mle Species ratio Species ratio 

C2D+, C2H2+ 
C2H+ 
CHD3+ 
CHZD2+, CD3+ 
CH3D+, CHD2+ 
CD2+, CH2D+ 
CHD +, CH3 + 

CH2 + 

In process 1 the X2 is expected to form a hydro- 
gen molecule, but the present method of analysis 
is not altered even if the X2 is two atomic 
hydrogens. Von Koch measured C2H3Df and 
C2HD3 + from CH3CD3 + with excess internal 
energy by use of the charge exchange collision 
with ions which have higher recombination 
energies than the IP of CH3CD3 (6). Amenomiya 
et al. proposed the possibility of C2X4+ forma- 
tion through the detachment of two hydrogen 
atoms from the same carbon atom in the parent 
ion in order to reproduce mass spectra of nine 
deuterated ethanes at electron impact of 70 
eV (7, 8). 

where the X2 is similar to that of process 1. 
Those results are consistent with the result 

shown in Table 1 ; the threshold for process 1 is 
lower than that for process 2. These suggest that 
the fragmentation of the ion proceeds through at 
least two processes and that the mechanism of 
the formation depends on the excess internal 
energy of the parent ion. 

Apart from the two processes shown above, 
there is a possibility that a scrambling process 
participates in the formation of the ion (8, 12). 
In this process the exchange of hydrogen atoms 
is presumed to occur through an intermediate 

bridged structure 

However this process is not considered in the 
present study, because it includes the ambiguous 
assumption of the intermediate; moreover the 
formation of the ion can be explained by adopt- 
ing only two processes 1 and 2. 

In the case that only process 1 participates in 
the formation of the ion, the intensity ratio of 
C2H3Df, C2H2DZC, and C2HD3+ (m/e 29 to 
31) is 0:2:0, while in the case that only process 2 
participates, the ratio is 1 :0: 1. Since the ratio 
estimated from the data observed at 22.7 eV is 
0.14:1:0.12, two processes take part in the 
formation at this energy. When the intensity 
ratio is described as ct:l:ct at a bombarding 
electron energy, the rate at which process 1 
participates is 1/(2ct + 1) at that energy. (In the 
present study the term 'rate' does not mean the 
velocity at which a reaction proceeds, but only 
the fraction of ion product formed by the pro- 
cess in question.) The participating rate of 
process 2 is 2ct/(2ct + 1). 

In Fig. 2 are shown the energy dependence of 
the latter rate. The contribution of C2D3+ to the 
intensity of m/e 30 is negligible because C2D3+ is 
estimated to be less than 0.01 of C2H2D2+ 
(mle 30) in intensity. In the calculation of the 
intensity of C2HD,+ (m/e 31), the intensity of 
C2H3D2+ (m/e 31) was assumed to be 0.55 of 
that of C2H2D3+ (m/e 32) in all regions of 
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Formation of C,X,+ 
In the formation of C2X2+ from C2X6+, 

C2X4+ has been proposed to be an intermediate 
by several authors (4,9,10,21). The relevant ion is 

8 assumed to be produced from C,H,D,+ through 
the two following processes: 

d 
Eklron Erergy (eV ) 

FIG. 2. Energy dependences of the participating rates of 
the same carbon atom-detachment process in C2X4+ 
formation. The rates calculated from the intensity ratios 
of C2HD3+ (mle 31) to C2H2D2+ (mle 30) and C2H3D+ 
(mle 29) to C2H2D2 + are shown in the upper and lower 
parts, respectively. The rates were calculated at 0.05 eV 
intervals and plotted at 0.5 eV intervals. Bars indicate 
statistical errors calculated from the standard deviations 
obtained in the data-processing of ionization efficiency 
curves. See the text with respect to Z3~* and ZZ9*. 

energy.' Although the factor was varied from 
0.5 to 0.7, the rates calculated have similar 
trends. The intensity of C2H2D2+ including 13C 
was considered in the calculation. In the cal- 
culation of the intensity of C2H3D+ (m/e 29), 
C,HD,+ (m/e 29) was assumed to have the same 
energy dependence as that of C2H3+ from 
C2H6 and the intensity at 22.7 eV was assumed 
to be 0.069 of that of m/e 30. 

The plots in Fig. 2 indicate that both rates are 
lower than 0.1 below 13 eV and gradually 
approach a plateau of about 0.2 around 20 eV. 
Amenomiya and Pottie estimated that the rate 
was 0.13 at 70 eV (8). Their rate is lower than 
that of the present study provided that the 
plateau continues towards higher energies. Most 
of C2X4+ is produced from C2X6+ through pro- 
cess 1 in all regions of energy with a slight con- 
tribution from process 2, at most 20%, above 
12.5 eV. 

On account of the AP for C,H,D+ in Table 1, 
the state in which process 2 participates in 
C2X4+ formation is assumed to be related to the 
upper state of the doublet which is caused by 
the Jahn-Teller effect in ,E, of C2X6 + (14, 15). 
The lower state probably corresponds to 
process 1. 

'Amenomiya and Pottie estimated the factor to be 0.57 
in ref. 8. 

where X, is similar to that of the former section. 
When the intensity ratio of C,HD+ to C,H,+ 

is described as l : a  at a given electron energy, 
the participating rate of process 4 is 2a/(2a + 1) 
at that energy. The energy dependence of the 
rate is shown at the lower part of Fig. 3. Since 
the intensities of C2H3+ and C,D+ are expected 
to be extremely low over the range of the energy 
studied, contributions of the two ions were 
ignored in the calculation of the rate. The 
energy dependence of the intensity ratio of 
m/e 26 to 27 is shown at the upper part, with the 
scale indicated at the right side. Both are inde- 
pendent of the electron energy within the 
indicated accuracy. 

The result suggests that processes 3 and 4 have 
the same threshold energy. This is, however, 
somewhat doubtful because the product ions 
differ considerably in stability (about 3 eV in a 
rough estimation)., If the present result is inter- 
pretable as a scrambling process (22), the scheme 
of C,X,+ formation can be simplified to a single 
process. 

x-x+ 
\ / 

[5] C=C (scrambling state) + CXCX+ + X2, 
/ \ 
x-x 

2The energy difference is roughly estimated from trans- 
fer of a hydrogen atom, 

Thus the energy difference is calculated from an equation, 
AE = {AP(C2H+ from C2H2) - IP(C2H2)) - 
{AP(C2H3 + from C2H4) - IP(C2H3). 
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SUZUKI AND MAEDA 3 129 

h Electron Energy ( e V )  

FIG. 3. Energy dependences of the participating rate of 
the same carbon atom-detachment process and of the 
intensity ratio of mle 26 to 27 in CzXZ + formation. The 
ratio and the rate were calculated at 0.05 eV intervals 
and plotted at 0.5 eV intervals in the upper and lower 
parts, respectively. Bars indicate statistical errors cal- 
culated from the standard deviations obtained in the data- 
processing of ionization efficiency curves. 

As in the case of the fragmentation of ethylene 
ion, C,X,+ is produced through process 5 over 
all ranges of energy, in which the intensity ratio 

, of C,H,+ to C,HD+ is 1:4 (12). Figure 3 is 
consistent with this interpretation; the indicated 
ratio of about 0.2 is a little smaller than the 
expected value 0.25 in all the energies observed. 
The difference of the ratios is due to the fact that 
the lighter neutral isotopic species departs faster 
than the heavier from the scrambling ion (9, 10, 
12). If scrambling occurs in C2X6+, the ratio is 
calculated to be 0.33. Therefore, the most 
probable interpretation for C,X,+ formation 
from C2X6+ is as follows: firstly C2X6+ decom- 
poses into C2X4+ through process 1 and further 
C2X4+ decomposes into C2X2+ through pro- 
cess 5. 

The state in which C2X6+ decomposes at  the 
first step described above is supposed to be re- 
lated to the lower state of the doublet which is 
caused by the Jahn-Teller effect in 'E,  (14, 15). 

Formation of X,+ 
The present authors are unaware of any 

papers in which the mechanism of X,+ forma- 
tion from C2X6+ was studied. By analogy with 
former sections, it is assumed that X,+ forma- 
tion proceeds through two processes. 

' k;', 
+---I-,' 

[a X-C-C-x + X2+ + CX2CX2 
I I 

In the X, + formation, there are possibilities that 
C2X4+ and other ions are intermediate ions. 
Tentatively, however, these processes were not 
taken into account in the present analysis be- 
cause no information on these intermediate 
ions exists. When the intensity ratio of HDf to 
D, + is described as I :a at an energy, the partici- 
pating rate of process 7 is 2 ~ / ( 2 a  + 1) at that 
energy. The energy dependence of the rate is 
shown over a range of bombarding electron 
energy from 36 to 50 eV in Fig. 4. The rate is 
independent of energy within the indicated 
accuracy. The scrambling process, however, 
cannot be ruled out for the following reasons. 
The threshold energies for HD+ and D,+ are the 
same, as seen in Table 2. The observed intensity 
ratio of these ions, 1 :0.4, is close to the calcu- 
lated one on the assumption of the scrambling in 
C2X6+, 1 :0.33. (The calculated ratio is 1 :0.25 
in the scrambling of C2X4+.) 

Formation of CX3+ 
Lohle et al. measured CX,+ (m/e 15 to 18) 

produced through metastable transition from 
CH3CD3 and concluded that the scrambling 
in C2X6+ occurs incompletely before metastable 
C-C bond breaking (9). This finding isconsistent 

2 Electron Energy (eV ) 

FIG. 4. Energy dependence of the participating rate of 
the same carbon atom-detachment process in Xzt 
formation. The rate was calculated at 0.2 eV intervals and 
plotted at 1 eV intervals. Bars indicate statistical errors 
calculated from the standard deviations obtained in the 
data-processing of ionization efficiency curves. 
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calculated using process 10 instead of process 9 
is the same as the one discussed above. 

The rate of the scrambling process in Fig. 5 is 
interpreted to be the summed rate of processes 
9 and 10. It is still uncertain which process is the 
main contributor to the scrambling process in 
CX,+ formation. Determination of the appear- 
ance threshold energy for each metastable peak 
should provide a clue to this question. 

The state in which process 8 participates in 
CX,' formation is supposed to be related to the 
lower state of the doublet which is caused by the 
Jahn-Teller effect in 2 ~ ,  of C2X6+. The upper 
state probably corresponds to the process 9 or 
10 because the tail of the second band in the 
photoelectron spectrum extends to about 17 
eV (14-16). 
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Received March 7, 1977 

COOPER H. LANGFORD and GAY WIN QUANCE. Can. J. Chem. 55,3132 (1977). 
The photolysis of Co(EDTA1- in the ultraviolet is unlike analogous reactions of Fe(II1) 

complexes. The ratio of products Co(I1) to CO, is 1 : 1 but we find only + as much CH,O. For 
Fe(EDTA)-, yields of photolysis products Fe(I1): C02: CH,O are 2: 1 : 1. This is consistent 
only with a mechanism where primary photolysis yields Co(II), CO,, and a radical which attacks 
EDTA inpreference to reduction of the slowly reducible metal oxidation state, Co(II1). Use of 
2-propanol as a scavenger diagnostic of primary radicals is questioned because it is shown that 
LMCT excited states of Co(II1) complexes exhibit the same outer sphere oxidations of alcohols 
earlier recognized in the photochemistry of a variety of Fe(II1) complexes. 

COOPER H. LANGFORD et GAY WIN QUANCE. Can. J. Chem. 55,3132 (1977). 
La photolyse de Co(EDTA)- dans l'ultraviolet ne ressemble pas a la reaction analogue des 

complexes du Fe(II1). Le rapport des produits Co(I1) et C 0 2  est de I : 1 mais on ne trouve que 
la moitiC de la quantite equivalent de CH20. Dans le cas du Fe(EDTA)-, les rendements de 
produits de photolyse Fe(II):CO,:CH,O sont de 2: 1:  1. Ceci est en accord uniquement avec 
un mecanisme dans lequel la photolyse primaire conduit a du Co(I1) et du C 0 2  et un radical qui 
attaque I'EDTA depri.fe'rence a une reduction lente de 1'Ctat d'oxydation I11 du Co. L'utilisa- 
tion du propanol-2 comme piegeur pouvant servir de diagnostic pour les radicaux primaires 
est mise en question parce qu'il est connu que les etats excites LMCT des complexes du Co(II1) 
agissent dans l'oxydation des alcools aux spheres extkrieures de la mCme facon que l'on a 
reconnu antkrieurement dans la photochimie d'une vari&tC de complexes Fe(II1). 

[Traduit par le journal] 

Introduction which hydrolyses to the observed organic 
Photochemical decomposition of aminopoly- products, CHzO, and a secondary amine. 

carboxylates coordinated to metals in reducible The case of Co(EDTA)- (EDTA = N,N,N',N'- 
oxidation states has attracted considerable 1,2-ethanediaminetetraacetate) is anomalous (1). 
interest both for the mechanistic photochemistry Explanation of this anomaly is the last out- 
(1-3) and because photodecomposition may be standing question in this area to which our 
environmentally important for aminopolycar- Program has been addressed and we Present in 
boxylates in detergents and industrial wastes (4, this article evidence showing the relation of this 
5). In the case of all the Fe(II1) complexes System to the environmentally important cases 
examined (2-5), the oxidative decomposition of We have studied earlier. The yields of CO, and 
the aminopolycarboxylate yields CO, with a C~(l l )  are in the ratio ~ ) C O , : ~ ) C O ( I I ,  = and 
stoichiometry with respect to metal reductions addition of 2-propan01 increases the relative 
of d)C02:d)Fe(II) = 112 (4 = quantum yield in yield of Co(I1). The organic products have not 
rnol einstein-l). This is expected. Organic oxi- been well characterized and the significance of 
dations are two electron processes and that the the 2 - ~ r o ~ a n o l  effect is rendered ambiguous by 
primary radical formed reduces the second the recent discovery that charge transfer excited 
Fe(II1) is not surprising. In fact, pathways are States7 including that of Fe(EDTA)-, can oxidize 
well documented (3,4). A radical of the type primary and secondary alcohols in an outer 

\ 
sphere reaction (6). (Whereas it was assumed 

/N-CH; earlier (1) that 2-propanol only scavenges radi- 

appears to form following decarboxylation. This cals from the primary photoprocess.) 

reduces a second Fe(II1) to give 
The earlier work (1) has clearly established 

that photoreaction of Co(EDTA)- arises from 
the Ggand to metal chaige transfer (LMCT) 
excited state with an absorption maximum near 
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L A N G F O R D  A N D  Q U A N C E  3133 

240 nm. It also clearly establishes the 1 : 1 ratio Co(EDT.4- or N a 2 H ~ E D T A  were also prepared. 
of ~ ~ ( 1 1 )  and CO, yields. ~h~ present is Authentic samples of N,N,N'-1,2-ethanediaminetriacetate 

(ED3A) and N-methyl-N,N1N'-l,l-ethanediaminetriace- 
addressed questions: under- ,ate (MeED3.4) were not available but they would be 
standing of the fate of EDTA especially quanti- expected to be very similar and probably chroma- 
fying CH20  yield, and testing for outer sphere tographically unresolvable since ED3A and EDDA 
oxidation of 2-propanol has previously (N,N'-1,2-ethanediarninediacetate) are only minimally 

resolved (4). The difficulty of distinguishing these two 
been assumed to be simply a scavenger for free compounds is a problem, but the key stoichiotnetvic 
radicals. question turns on CHzO yield. 

Experimental Results and Discussion 
Crude KCoEDTA was generously supplied by Dr. 

J. H. Carey. It was recrystallized twice from distilled 
water. The spectrum agrees with earlier reports (1). 
C O ( N H ~ ) ~ C I , - W ~ S  prepared by conventional procedures 
(7). It was converted to the perchlorate by precipitation 
with HC104. Alcohols were spectro grade-materials used 
as supplied. 

Stock solutions for photolysis were prepared in 
aqueous HC104 (0.15 M HC10,). Co(II1) concentrations 
were chosen to insure 100% absorption of incident light 
in a 1.8 cm diameter cylindrical quartz irradiation vessel 
which was inserted for irradiation a t  254 nm in a Nuclear 
Supplies, Inc. photoreactor. The solutions irradiated 
were prepared by pipetting 1.0 ml of stock solution into 
the irradiation cell and diluting this to 5.0 ml with water 
or an  alcohol-water mixture. The cell was then sealed 
with a rubber serum cap and deaerated by bubbling 
purified N, for 20 min with the aid of stainless steel 
needles. That this procedure did not alter Co(II1) or 
alcohol concentrations significantly was confirmed. 

The basic quantum yield determined was that for 
reduction to Co(I1). The photolyte was analyzed by a 
modification of the procedure of Caspari et al. (8). A 
4.0 ml aliquot of photolyte was mixed with 8.0 ml of 50% 
NH4SCN in a 25.0 rnl volumetric flask. Redistilled re- 
agent grade acetone was added up to  the mark. The 
absorbance of this solution was monitored at  625 nrn 
(extinction coefficient 7.50 x lo3 M-' cm-I). Thermal 
blanks were performed for each set of irradiations and 
thermal production of Co(I1) was negligible in all sys- 
tems. Irradiations were limited to 5% conversion or less 
to  minimize product absorption and secondary pho- 
tolysis. Light intensity was measured by ferrioxalate 
actinometry (9). 

The other product assayed quantitatively in parts of 
this study was formaldehyde. The chromotropic acid 
method of Houle et  al. (10) was employed. In this case, 
thermal blanks were of more significance because 
Co(EDTA)- has a distinct absorbance at the analytical 
wavelength of 570 nm. 

Given a knowledge of yields of Co(II), CO,, and CH20 ,  
the remaining products are dictated by stoichiometry 
and the need to remain within transformations having a 
precedent. However, the gas chromatographic procedure 
developed by Lockhart and Blakeley (4) can provide 
confirmation. This method used N-fluoroacetyl-n-butyl 
esters. Minor modifications of the procedure included use 
of 0.02 ml aliquots of solutions irradiated for 0, 2, and 
30 min, immediate addition of the internal standard, 
4-arninobutyric acid, and use of a 6 ft x in. column of 
3% QF-1 on 100/120 mesh Chromosorb W mounted in 
an  F and M Scientific 402 gas chromatograph with the 
oven temperature programmed from 110 to 250°C at 
S0C/rnin. Thermal blanks and spiked samples containing 

I. The Outer Sphere Oxidation of 2-Propanol 
The occurrence of outer sphere oxidation of 

primary and secondary alcohols by charge trans- 
fer excited states in contrast to the unreac- 
tivity of tertiary alcohols was established on the 
basis of the observation (6) of a limit to quantum 
yield as rert-butanol (2-methyl-2-propanol) con- 
centration increases, whereas quantum yield in 
the presence of methanol, ethanol, or 2-pro- 
panol increases linearly with alcohol concentra- 
tion in the high alcohol concentration region. 
This is to be understood in terms of the fact that 
tert-butanol scavenges free radicals (11) but 
reaches a limit when it captures all free radicals. 
The other alcohols also react with the charge 
transfer excited state itself and, therefore, do not 
approach a limiting reactivity at moderate con- 
centrations because LMCT excited state life- 
times are shorter than radical lifetimes. 

The outer sphere LMCT excited state reaction 
has been shown to be general over a range of 
oxidizable organic molecules including alde- 
hydes, formic acid, and dicarboxylic acids as 
well as primary and secondary alcohols (12). 
It was shown to occur for the excited states of 
a diverse set of Fe(II1) complexes including 
Fe(OH2);+, Fe(OH2),C12+, Fe2(OH)2(OH2),4+, 
and FeEDTA-. Whether the analogous LMCT 
states of Co(II1) complexes are similarly reactive 
is an interesting question. Figures 1 and 2 show 
the dependence of Co(I1) quantum yields on 
alcohol concentration for Co(NH,),, + and 
Co(EDTA)- respectively. These figures confirm 
that the direct outer sphere reaction of the excited 
state is also occurring in Co(II1) systems. 

This result contains the subsidiary point that 
2-propanol is an unreliable choice as a scavenger 
for study of the primary radical products of 
photolysis; for example, reduction to Co(I1) 
could occur without leading to decarboxylation 
of EDTA (except perhaps in secondary reac- 
tions). Indeed, the curves in Fig. 2 where yields 
in the presence of tert-butanol are larger at low 
alcohol concentration than those in the presence 
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0.15 leads to the reduction of two Co(EDTA)- mole- 
cules and release of 2 mol CO,. However, only 
one -CH,- group from an acetate of the 
aminopolycarboxylate is lost. In Fe(II1) photo- 

0.10 chemistry the result is +Fe(lI)  : +C02 : +CH20 = 

#to2+ 2: 1 : 1 (3, 4, 12). This is explained (3, 4) by the 
reaction sequences of eq. 1. (In the equation, 
partial decomposition of EDTA is indicated by 

0.05 writing a formula representing only the part of 
the molecules involved in the reaction.) 

Scavenger, m/l I l b l  *Fe1l1(E~TA)- - Fe" kH2 + CO, 
FIG. 1. The quantum yield for Co(I1) production as a 

function of concentrations of various alcohols in the 
>N< 

254 nm irradiation of CO(NH,)~,+: 0, methanol, Fe" 6 H 2  
A, ethanol, 0, isopropanol, A, tert-butanol. [Ic] \N/ + Ferl'(EDTA)- 

/ \ 

Scavenger, m /  l 

FIG. 2. The quantum yield for Co(I1) production as a 
function of concentrations of two alcohols in the 254 nm 
irradiation of Co(EDTA)-: 0, isopropanol, A, tert- 
butanol. 

of 2-propanol suggest a plausible interpretation 
where the radical initially formed from photo- 
chemical decarboxylation of Co(EDTA)- reacts 
much more rapidly with tert-butanol than 2- 
propanol. The report (1) that ratios of Co(I1) 
formation to CO, formation increase from 1 .O- 
1.6 in 50% 2-propanol could be explained by 
decreases in EDTA decarboxylation associated 
with outer sphere reactions. 

2. Stoichiometry of Photolysis of Co(EDTA)- 
The central result of our study is the CH,O 

yield which has not previously been examined. 
Several runs in the absence of scavenging alco- 
hols and using the chromotropic acid method for 
C H 2 0  determination gave +,,(,,, : +,,,, = 2 : 
1.01 + 0.03. In conjunction with the results of 
Natarajan and Endicott (I), this establishes the 
stoichiometry +,,(,,, : +,,, : ,.,, = 2: 2 : 1. The im- 
plication of this is that each effective photon 

Fe" CH, + Fe"(EDTA)2- 
Q 4 
-N 

\ 

The step which dlferentiates Co(II1) from 
Fe(II1) is [Ic]. The thermal reduction of low 
spin Co(II1) complexes is known to be much 
slower than reductions of Fe(II1). Thus, it is 
likely that the electron transfer step in Co(II1) 
cases analogous to [lc] is to the EDTA ligand 
and initiates decomposition of a second mole- 
cule of EDTA which yields the second CO,. We 
can write eqs. 2 to describe this mechanism. 
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LANGFORD AND Q U A N C E  3135 

Mechanism [2] with electron transfer to EDTA 
preceding the reduction of the second Co(II1) 
accounts for the anomalous stoichiometry of 1 : 1 
CO,:Co(II) and the clear accompanying re- 
quirement for only one CH,O. (Inspection of as 
many alternative pathways as our research 
group could invent left no plausible alternative 
to the mechanism in [2] to account for the 
stoichiometry.) There is only one remaining re- 
quirement. The other organic products must be 
ED3A and MeED3A. In ref. 1 some nmr evi- 
dence for MeED3A was presented. (We have 
had some difficulty confirming these experiments 
and could not express confidence in this prod- : uct, if the stoichiometry allowed us to ignore it.) 

I 

3. Gas Chromatography 
The only acceptable mechanism (eq. 2) re- 

quires that ED3A and MeED3A be the only 
other products. Figure 3 shows the chromato- 
gram of photolytes of Co(EDTA)- in the 
presence of the internal standard, 4-amino- 
butyric acid, and unreacted EDTA. The only 
product peak is a relatively broad one marked 
Q. EDTA and Caminobutyric acid appear at 

solvent 

(CH2Cl& 
4-aminobutyric acid 

EDTA 

110 130 I 5 0  170 190 210 230 2 5 0  

p r o g r a m  t e m p e r a t u r e ,  O C  

FIG. 3. Chromatogram of the photodegradation prod- 
ucts of EDTA isolated as described in the text following 
254 nm irradiation of Co(EDTA)-. 

exactly the positions reported by Lockhart and 
Blakeley in their study of Fe(II1) complexes (4). 
Q corresponds to the reported (4) ED3A posi- 
tion. But, in the context of evidence for Me- 
ED3A and the expected difficulty of resolutions 
of ED3A from MeED3A (vide supra) the chro- 
matogram is consistent with production of both 
and the mechanism in eq. 2. 

Conclusion 
Free radical scavenging is not the only role for 

alcohols. Thus, some earlier photochemical 
literature must be interpreted with caution. A 
mechanism consistent with the established as- 
pects of reaction stoichiometry does provide a 
reasonable explanation of the anomalous reac- 
tion of Co(EDTA)- compared to Fe(II1) com- 
plexes. It draws attention to the role of the well 
known kinetic barrier to Co(III) reduction in 
thermal radical pathways following photo- 
chemical initiation. Clearly, an attack on a 
second EDTA ligand is indicated and this is the 
critical point. The determination of aminopoly- 
carboxylate products by nmr and gc remains 
somewhat ambiguous but is consistent with the 
proposed mechanism. Wide ranging exploration 
suggested no attractive alternatives to eqs. 2. 
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Reaction of the fluoroantimony(V) and fluoroarsenic(V) salts of the 
polyatomic cations of sulphur with tetrafluoroethylene and hexafluoropropylene. 

Reaction of tetraselenium bis(hexafluoroarsenate(V)) with tetrafluoroethylene 

C. DAVID DESJARDINS AND JACK PASSMORE 
Department of Chemistry, University of New Brunswick, Frederiction, N.B. ,  Canada E3B 5A3 

Received August 13, 1976' 

C. DAVID DESJARDINS and JACK PASSMORE. Can. J. Chem. 55,3136 (1977). 
Ss(AsF6), reacts with CzF4 in SOZ to form (CzF5),Sx (x = 2 + 6), C,F5SxCFzC(0)F (x = 

2 + 5), Sx(CFzC(0)F)2 (x = 2 + 4), CF3SxCF,C(0)F (X = 3, 4), CF3S,C,F5 (X = 3 + 5), 
and (CF3),S3. Solid S S ( A S F ~ ) ~  reacts with C3F6 to form (C3F7),SX (x = 2 + 5). In SOz solu- 
tion, the same reactants yield the additional products 

CF3\ 7% 
CF- S,-CF (x = 2 + 5) 

CF3 
/ \C(O)F 

and related species incorporating the C(0)F moiety. Solid S4(SbZF11)2 reacts with C2F4 to 
yield (CzF5)zSx (x = 1 + 4), 

CF3 CF3 CFKF2\ /\ /CF3 

I I C C 
CF3CF2CF-SrCF2CF3 (x = 1,2), (CF3CF,CF),S2, and / \ S ' \ C F 2 - c ~ ,  CF3 

and with C3F6 to give (C3F7)~Sx (X = 1 -t 3), and 

CF3\ /Sx, /CF3 

/C\s/C\cF3 (x = 1,2)  
CF3 

Solid Se4(AsF6), reacts with C2F4 to form (C,F5)zSex (x = 1 -t 3) and in SO2 solution, the 
species CzF5SezCFzC(0)F, Se2(CF2C(0)F)z, CF3SezCFzC(0)F, C2F5SezCF3, and CF3Se2- 
CF3 are also formed. 

Products were identified by mass spectroscopy and the major species were isolated by vpc 
and further characterized by 19F nmr. The mechanisms of these reactions are discussed. 

C. DAVID DESJARDINS et JACK PASSMORE. Can. J. Chem. 55,3 136 (1977). 
Le Ss(AsF6), rtagit avec CzF4 dans le SO, pour former (CzF5)2Sx (x = 2 -t 6), CzF,S,CF2- 

C(0)F (x = 2 -t 5), Sx(CFzC(0)F)2 (X = 2 -t 4), CF3SxCF2C(0)F (X 3, 4), CF3SxC,F5 
(x = 3 -t 5) et (CF3),S3. Le SS(AsF6), a l'ktat solide rtagit avec C3F6 pour former (C3F7)2Sx 
(x = 2 + 5). En solution dans le SO,, les m&mes rtactifs conduisent aux produits additionnels 

et aux entitts apparentkes incorporant le groupement C(0)F. Le S4(Sb2Fl ?I l'ttat solide rtagit 
avec le CzF4 pour conduire au (C,F5)zSx (x = 1 -t 4) 

'Revision received April 7, 1977. 
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DESJARDINS AND PASSMORE 

et avec le C3FG pour donner (C3F7),Sx (X = 1 + 3) et 

Le Se4(AsFG)z a 1'6tat solide reagit avec le CzF4 pour former (C2F,),Sex (X = 1 + 3) et, 
en solution dans le SO,, il y a aussi formation des entites CzF5Se2CFZC(0)F, SeZ(CFZC(0)F),, 
CF3Se2CF2C(0)F, C2F5Se2CF3 et CF3SezCF3. 

On a identifie les produits par spectrometric de masse et les produits majeurs ont ett isoles par 
chromatographie en phase gazeuse et caracttrises par rmn du 19F. 

On discute des mtcanismes de ces reactions. 
[Traduit par le journal] 

Introduction 2 to 4. SbF, (Ozark-Mahoning) was purified by distilla- 
tion in vacuo. Ss(AsFG), (5) and Se4(AsF6), (1) were various reactions of the Group prepared by reported methods. S4(SbZF11)Z was prepared 

~o l~ca t ions  (1) with C2F4 have been studied. according to reaction 1 by a modification of the reported 
Tetrafluoroethylene reacts with S16(AsF6), and method (5). 
S8(AsF6), (2) t o  form (c,F,),s, (x = 2 + 6) ,  
with Se,(AsF6), (3) to give (C,F,),Se, (x = 2, 
3), and with Te4(AsF6), and Te6(AsF6), (4) to 
give (C,F,),Te, (x = 1, 2). In SO, solution, 
C(0)F-containing species were also formed 
(i.e., Se,(AsF,), reacts with C2F4 in SO, 
solution (3) to yield (C,F,),Se, and C,F,Se,- 
CF,C(O)F as the major products). However, 
only preliminary evidence for the carbonyl 
fluoride species was obtained for the reaction of 
S,(AsF6), with C2F4 in SO, solution (2). In this 
paper we have identified the C(0)F sulphur 
compounds and extended our work to reactions 
of S,(AsF6), with F,C==CFCF, and CF,FC== 
CFCF,, as well as to reactions of S4(Sb,Fl1),, 
S8(Sb,F11),, and Se4(AsF6), with C2F4 and 
S4(Sb,F1,), with C3F6 in order to add to an 
understanding of the mechanism and reactivity 
of this system. 

Experimental 
A. Apparatus 

Techniques used in this work have been described 
elsewhere (24). 19F nmr were obtained using a Varian 
Associates HA-60 spectrometer operating at 56.4 MHz 
or with a Varian HA-100 at 94.1 MHz. Vapour phase 
chromatographic analysis and preparative separations 
were obtained as in ref. 4 but with a helium gas flow of 
60 ml min-l. Raman spectra were obtained using liquid 
samples in sealed melting point tubes and a Spex Ramalab 
RS2 spectrometer with a Spectra Physics 164 2W Ar-Kr 
ion laser as the exciting source (6471 A). Spectra were 
calibrated (error + 2 cm-l) using appropriate lines from 
carbon tetrachloride and indene. 

B. Reagents 
Tetrafluoroethylene, hexailuoropropylene, octailuoro- 

butene-2 (Columbia Organic Chemicals), selenium 
(Fisher Scientific Co., contains 0.1% sulphur determined 
by analysis), sulphur (McArthur Chemical Co.), tri- 
phenylphosphine (Eastman) were used without further 
purification. SOz, HF, and AsF, were purified as in refs. 

The products were mixtures of S4(SbZFll)2 and reduced 
species (i.e., SbF3.SbF, and/or SbF3). 

Prep. A: Ss (0.52 g, 2.03 mmol) was reacted with excess 
SbF5 (7.19 g, 33.17 mmol) in AsF3 solution for 3 days at 
100°C under reflux. Volatiles were removed at room 
temperature under dynamic vacuum for 1 day. A Raman 
of the light blue solid (6.81 g) (681(s), 672(m), 646(s), 
608(s), 582(vs), 540(s), 374(s), 286(m br)) contained peaks 
attributable to S4'+, Sb(V) fluoroanion and reduced 
products. 

Prep. B: Ss (2.0 g, 7.8 mmol) was reacted with SbF, 
(22.25 g, 102.65 mmol) at 140°C for several days under 
reflux, and treated as in A to give 18.77 g solid. 

Prep. C: (S8 (0.53 g, 2.07 mmol), SbF, (7.18 g, 33.12 
mmol)) and Prep. D: (Sg (2.4 g, 9.36 mmol), SbF5 
(24.75 g, 114.19 mmol)) were reacted as in Prep. B. We 
were, like earlier workers (5), unable to isolate pure 
S4(SbzFi 112. 

S8(Sb2F11)Z was prepared (5), according to reaction 2. 

Prep. E: S, (1.49 g, 5.6 mmol) and SbFS (6.3 g, 29.2 
mmol) gave 6.41 g SOz soluble solid (6.55 g, expected for 
Ss(SbzF1 I),). 

Prep. F: Sg (0.37 g, 1.44 mmol) and SbF, (2.05 g, 9.46 
mmol) in SO, yielded a blue solid. Half of the material 
obtained wasfiitered using SO, as in Prep. E. 

Prep. G: In a typical reaction Ses(SbF6),.xSbF, was 
made by reacting (6) selenium (3.50 g, 5.54 mmol 8Se) 
with excess SbF, (7.10 g, 32.76 mmol) in SO, solution 
for several days at room temperature. The soluble green 
solid (5.0 g) was filtered and dried. Insoluble products 
were antimony(II1) containing species and a black solid. 

C. Reactions 
Volatile species obtained from reactions were isolated 

and characterized by previous methods (24). In SO, 
reactions, a small loss of AsF3 and to a lesser extent 
perfluoroalkyl sulphides occur on removal of SO, 
solvent and therefore weights of products recovered are 
lower than the total produced in the reaction. Unless 
otherwise specified the reactions were carried out in 40 cm3 
Monel reaction vessels at room temperature. The dis- 
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3138 CAN.  I. CHEM. VOL. 5 5 ,  1977 

TABLE 1. Vapour phase chromatographic retention times 

Retention Retention Retention 
time time time 

Compound (min) Compound (min) Compound (min) 

tribution of the various sulphides and selenides was distribution of products. Ss(AsF6)z (5.60 g, 8.83 mmol) 
established by vpc analysis. A combination of vpc was also reacted with excess C2F4 (ca. 22.5 mmol) in 
analysis and mass spectra data of different volatile SO2 (7.45 g) at -78°C. The liquid polysulphides obtained 
fractions and various components isolated from prepara- (1.60 g, contains AsF3) were predominantly (CF3)2S2, 
tive vpc confirmed the identity and retention times (Table CF3S2C2Fs, and traces of (CZF5)zS3, CF3S3C2F5. A red 
1) of the major species. solid mixture (4.52 g) remained that contained an un- 

( I )  Reaction of Solid Sa(AsF6)2 with C2Fd identified reactive red volatile component. 
S . ~ ( A S F ~ ) ~  (5.29 g, 8.34 mmo1)- was reacted with an 

excess of C2F4 (31.6 mmol) for 3 days. The volatile 
products at room temperature included CZF4 (26.40 
mmol consumed), C2F6, AsF3 (1.4 g, 62% of the available 
arsenic) and a clear liquid (4.32 g), consisting of 4% 
(CzF5)~Sz, 68% (CzF5)~S3, 27% ( C Z F ~ ) Z S ~ ,  and traces of 
(CZFs)2Sx, x = 5, 6 detected by mass spectroscopy. 
(CZF5),S was not detected in the infrared or mass 
spectrum of the volatile products of this reaction. The 
clear liquid incorporates 82% of the available fluorine 
from AsF6- (i.e. 3 fluorines per As&-) and 61% of the 
available sulphur. An unidentified green solid (1.9 g) 
remained. Previously reported reactions (2) gave measur- 
able amounts of (C2F5)ZSS (ca. 0.5%) under conditions 
of low pressure of C2F4. S8(AsF6), was also reacted with 
CzF4 at -78°C for several weeks. A very low yield of 
similar products was obtained. 

(2) Reaction of Ss(AsF6)2 with C2F4 in SOZ 
S8(A~F6)2 (6.36 g, 10.02 mmol) was dissolved in SO2 

(3.7 g) and treated with an excess of CzF4 (42.1 mmol) 
for 3 days. 

The volatile products were C2F4 (27.30mmol con- 
sumed), CzF6, SOz, traces of CO, OSF,, and a carbonyl- 
containing species, CF3C(0)F, as identified by its infra- 
red spectrum, AsF3 (1.1 g, 41% of the available arsenic) 
and a clear liauid (3.95 a). a mixture of ~o~vsu l -  
phides containing 6% C ~ S ~ C Z F ~ ,  19% (C;FS~ZS~, 
34% CZF~S~CFZC(O)F, 18% (CZFS)ZS~~ 14% CzFs- 
S4CFzC(0)F, CF3S3CFzC(0)F, S3(CFzC(0)F)~, and 
CF3S4C2F5 (the latter three compounds constitute 9 Z  
of the liquid polysulphides). ~o lecu la r  ions attributable 
to the above species were observed as well as less intense 
molecular ions and fragments attributable to (C2F5)2S5, 
(CzFs)zS6, (CzF5)zSz, CZF~S~CFZC(O)F, S4tCFzC(O)- 
F)zr CF3SsCzF5, CzFsSzCFzC(O)F, (CF3)zS3, SZ(CFZ- 
C/5)F),, and CF3S4CF2C(0)F. 68% of the available 
fluorine and 51% of the available sulphur were incorpor- 
ated into the liquid polysulphides. An unidentified purple 
solid (3.75 g) remained. In other reactions similar prod- 
ucts were obtained with some change in the percentage 

(3) Reaction of Solid Sa(AsF6JZ with C J F ~  
The results of the reactions of solid S8(AsF6), with 

C3F6 neat and in SO2 solvent are summarised in Table 2. 
(4) Reaction of Solid Ss (As&) with C4F8 
Perfluorobutene-2 (28.8 mmol) was added in excess to 

solid S8(A~F6)2 (5.03 g, 7.93 mmol) for 13 days. Volatiles 
contained C4F8 and a slightly coloured liquid (0.25 g). 
A vpc showed it to be essentially AsF3. AsF3 and traces 
of unidentified perfluoroalkyl sulphides were detected in 
the mass spectrum. A brownish blue solid mixture (4.94 g) 
remained. 

(5) Reaction of Se4(AsF6), with C2 F4 
The results of this reaction, neat, and in SOz solvent 

are summarised in Table 2. A reaction of Se8(SbF6)2 . 
xSbF5 (5.21 g; see Prep. G) with C2F4 (2.61 g, 26.1 
mmol) in SOz solution (2.93 g) for several weeks gave a 
mixture of polyselenides (3.49 g; CF3Se2CZF5 and (CZ- 
F&SeZ were major components, also contains traces of 
(CF3),Se2 and carbonyl containing species). An uniden- 
tified solid was obtained. 47% of selenium was incorpor- 
ated into the liquid polyselenides. 

(6) Reaction of Solid S4(Sb2Fl ,) with C Z F ~  
Solid S4(Sb2F1 (2.21 mmol; see Prep. C) (number 

of mmoles S4(Sb2F11)2 was computed assuming l m %  
conversion of sulphur to S4(Sb2F11)2 according to 
reaction 1) was placed in a Kel-F reaction vessel on a 
50 cm3 Monel vacuum line. An initial pressure of C2F4 
(ca. 1.5 atm) was maintained. After one week, no further 
pressure drop was observed. Unreacted C2F4 (14.0 mmol 
consumed) was removed at - 130°C leaving a light blue 
liquid (1.42 g) containing 4% C8F16S3, 26% (CZFS)ZSZ 
(contains shoulder due to C4F,SCzF5), 43% C~F~SZCZFS, 
16% (C4F9)2S2 (peak includes traces of (CzF5)2S4), 3% 
C8Fl6SZ, 4% ( C Z F ~ ) ~ S ,  and 4% unidentified component 
(possibly C6FlZS2). Less intense molecular ions and 
fragments were attributable to C4FgS3CZF5, C4F8S2, 
CAFES, and (C2F5)2S3. Due to fragmentation patterns of 
higher molecular weight species in the mass spectra, 
unambiguous evidence could not be obtained for the 
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TABLE 2. Reactions of S8(AsF6), with C3F6, and Se,(AsF,), with C2F4 

Reactants Products 

(1) Ss(AsF6), (5.97 g, 9.42 mmol) 
C3F6 (34.53 mmol consumed, 
34.73 mmol added) 

(2) S8(AsF6), (4.82 g, 7.60 mmol) 
C3F6 (22.0 mmol consumed, 
51.0 mmol added) 

(3) Se4(AsF6), (7.24 g, 10.42 mmol) 
(i) C2F4 (19.60 mmol consumed, 

45.6 mmol added) 

(ii) Low pressure reaction (cn. 
1 atm in a 50 cm3 Monel line) 

(4) Se4(AsF6), (7.38 g, 10.63 mmol) 
C2F4 (22.20 mmol consumed, 
45.5 mmol added) 

3 days, neat 

3 days 
SO, solvent 
(6.3 g) 

14 days, neat 

14 days, 
SO, solvent 
(7.2 g) 

AsF3 (1.73 g), 7.45 g polysulphides (85% 
(C3F7)2S3, 15% (C3F7I2S4 traces 
(C3F7),S, (x  = 2, 5)) and a yellow solid 
(1.94 g) 

SOF,, AsF3 (0.9 g), 4.74 g polysulphides 
(22% ( C ~ F ~ ) Z S ~ ,  38% *03F7S3CF(CF3)C(O)F), 
12% SS,(CF(CF~)(C(O)F))Z, 7% ( C ~ F ~ ) Z S ~ ,  
15% C3F7S4CF(CF3)(C(0)F), 5% unidentified 
component (possibly (C3F7),S5 or 
S4(CF(CF3)(C(0)F)),, and traces of 
C3F7s,CF(CF3)(C(o)F), (C3F7)zSz7 
C~F~SZCF(CF~) (C(O)F) ,  SZ(CF(CF~)(C(O)F)Z, 
(CF3)(C(0)F)CFS3CF(C(O)F)~, and S3(CFC(0)F)~)~)  
and a yellow solid (2.47 g) 

C2F6, AsF3 (1.25 g), 3.46 g polyselenides 
(9% (C2F5)~Se, 87% (C2F5)~Se2. and 4% 
unidentified component (mle 350, possibly 
(C2F5)2SSe), traces of (C2F5),Se3) and a 
yellow solid (3.9 g) 
Gave a similar distribution of polyselenides to that 
in 3 (i). 

Traces of SOF,, CO, CF3C(0)F, and AsF3 (0.6 g), 
polyselenides (1.71 g; 1% (C2F5),SSe, 
16% CF3Se2C2F5, 42% (C2F5)~Se2, 
31% C2F5Se,CF2C(0)F, and 9% unidentified 
components (possibly CF3Se2CF2C(0)F and 
Sez (CF,C(O)F),), and traces of 
( C Z F S ) ~ S ~ ~ .  (C2F5)2Se, (CF3)2Se2) 
and a yellow solld (6.1 a) 

'Room temperature throughout. 
bFor definition of yields see section 1. 
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TABLE 3. Reactions of S8(Sb2Fll)2 and ~a(SbzFi1)~ with C2F4 

Reactants Conditionsa Products Yieldb 
-- 

(a) S ~ ( S ~ Z F I I ) Z  
(1.40 g, 1.36 mmol) 
(See Prep. D) 
C2F4 (4.76)" 

(b) S4(SbzFl 112 
(4.45 g, 4.31 mmol) 
(See Prep. A) 
C2F4 (16.10)C 

(c) S8(SbzFi I)Z 
(1.05 g, 0.90 mmol) 
(See Prep. F)  
C2F4 (3.06)" 

(d) Unfiltered 
S8(Sb2FI l)z.xSbF3.ySbF5 
(4.22 g) 
(See Prep. F)  
CzF4 (21.8)" 

14 days, 
pressure C2F4 
< ca. 0.2 atrn 

7 days, 
pressure C2F4 
ca. 17 atrn 

7 days, 
pressure C2F4 
ca. 1 atrn 

7 days, 
pressure C2F4 
ca. 1 atrn 

0.44 g liquidd 44% s 
1 .98 g orange solid 

1 .43 g liquidd 49% s 
5.94 g yellow solid 

0.19 g liquidd 17% s 
1.17 g green solid 

1 .90 g liquidd 42% s 
6.12 g green solid 

'=Room temperature throughout. 
bFor definition of yield see section 1. 
=C2F4 consumed in mmol. 
dLight blue colour. 

possible molecular ions C6F12S2, C4F8S2, and C4F8S. 
83% of the available sulphur was incorporated into the 
liquid polysulphides. An amount of 3.14 g unidentified 
solid remained. 

Reactions were also carried out at various pressures 
of C2F4. In one reaction (Table 3, part a) the polysul- 
phides contained: 6% C8F16S3, 35% C2F5S2C4F9, 17% 
(C4F9)2S2; 3% unidentified component (possibly C6F12- 
SZ), 25% (CIF~)~S, ,  13% CC49SC2F5, and 2% (C2F5)2S. 
Traces of other species were not identified. Under the 
conditions of high pressure of C2F4, the reaction (Table 
3, part b) gave polysulphides containing 58% (the sum of 
(C2F5)~SZ and C4FgSC2F5), 37% C4FgSzC2F5, 2% 
(C4F9)2SZ, 2% CsF16S2, and 2% (C2F5),S. Less intense 
molecular ions and fragments were attributable to 
( C Z F ~ ) Z S ~ ,  ( C Z F ~ ) Z S ~ ,  CsF16S3, and probably CsFizSz, 
C4F8S2, and C4F8S. 

(7) Reaction of Solid S8 (Sb2Fl with C2F4 
S8(Sb2FI1)2 (4.37 g, 3.76 mmol; see Prep. E) was 

reacted with excess CZF4 (23.95 mmol) in a 30 cm3 glass 
vessel and allowed to stand at room temperature for 4 
days. Volatiles removed at -78°C contained CzF4 (13.54 
mmol consumed) and traces of C2F6, SiF,, OSF,, and 
(C2F5),S3. A volatile clear liquid (2.23 g) was removed 
at room temperature containing 22% (C2F5),Sz, 71% 
(C2F,),S3, and 7% (C2F5),S4. A grey-green solid (3.49 g) 
remained. 64% of the available sulphur was incorporated 
into the liquid polysulphides. 

A reaction was carried out at low pressure of C2F4 
(3.10 mmol consumed) (i.e., pressure maintained at ca. 1 
atrn in a 50 cm3 Monel vacuum line)(Table 3, part c). The 
light blue liquid (0.19 g) contained 80% (C2F5),S2, 8% 
C ~ F ~ S Z C Z F J ,  5% (CZF~)ZS~, 4% C8F16S2, and 4% un- 
identified components. A reaction (Table 3, part d) was 
also undertaken using unpurified S8(SbZF11)2 with C2F4 
(21.80 mmol consumed) at low pressure (ca. 1 atrn). The 
sulphides contained 88% (C2F5)2SZ, 4% C4F9SZC2F5, 4% 

C8F16S2, 2% (C2F5)2S3, 1% (C2F5)2S as well as traces of 
C8F16S3, and unidentified components (possibly con- 
taining C6Fl2S2, C4F8S2, and C4FsS). 

(8) Reacrion of Solid S4(Sb2FI1) with C3F6 
Solid S4(Sb2Fll)2 (3.86 g, 2.7 mmol) (Prep. B) was 

reacted with excess C3F6 (5.8 mmol) for 3 days. A yellow 
liquid (0.88 g) contained 60% (C3F7)2S2, 28% C6FlzS3, 
5% unidentified component (probably C6F12S4), and 7% 
of components possibly containing (C3F7)2S and 
C6F12S2. 43% of the available sulphur was incorporated 
into the liquid polysulphides. An amount of 3.9 g un- 
identified solid was also obtained. The solid product 
(11.29 g) obtained from a similar reaction was further 
reacted with C3F6 (3.53 mmol) at 100°C for 3 days. The 
liquid polysulphides (1.98 g) obtained contained 91% 
(C3F7),S, 9% C6F12S,, and small amounts of (C3F7)2S2. 
An unidentified solid (9.84 g) remained. 

(9) Reacrion of Solid Triphenyl Phosphine with CGF12S3 
C6FI2S3 (0.19 g, 0.48 mmol) obtained from the pre- 

vious reaction and purified by preparative vpc (96% 
pure) was reacted with excess triphenylphosphine (0.26 g, 
0.99 mmol) at room temperature in a 10 cm3 glass reaction 
vessel. After 3 h, a clear liquid (0.16 g) was distilled from 
the reaction mixture. Vapour phase chromatography and 
mass spectrum analysis of the product showed 55% 
conversion to C~F,ZS,. 

Results and Discussion 
The reactions of S,(AsF,), and C2F4 in SO2 

solution at room temperature yield (CZF5)2S4, 
C2F5S4CF2C(0)F, CF3S4C2F5, (CZF5)zS3, 
C2F5S3CF2C(0)F, CF3S3CF2C(0)F, S3(CF2- 
C(O)F),, CF3S3C2F,, and traces of related 
species. This confirms our preliminary results (2). 
The major carbonyl species, C,F,S,CF,C(O)F, 
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DESJARDINS AND PASSMORE 

TABLE 4. Schematic representation of the I9F nmr spectraa of 
(C2Fs)2Sx ( X  = 2, 3, 4), C~FSS~CF~C(O)F,  (C3F7)2S3, and 

C3F7S3CF(CF3)(C(O)F) 

Shift 

Compound CF3 CFz J C F ~ - C F ~ *  

(i) ( C ~ F S ) ~ S ~  83.2 95.0 1.2 
(CzFs)2S3 83.2 96.0 2.7 
(CzFs)zS, 83.1 94.3 2.8 

'CFC13 internal standard, all chemical shifts quoted are in ppm, coupling con- 
stants are in cps. 

bApparent coupling constants are given, although spectra are complex. 
<Chemical shifts obtained under low resolution scan (accuracy f 1 ppm). Other 

chemical shifts accurate to + 0 . 1  ppm. 

was isolated and characterized by 19F nrnr (Table 
4) and mass spectroscopy (Table 5). The 19F nrnr 
of S,(CF,C(O)F), (7) and the related sulphide 
CF,S,C(O)F (8) have been reported. Similar 
products were observed in the reaction of 
Se8(AsF6), and C2F4 in SO, solution. S,- 
(AsF,), reacts with C2F4 in SO, at -78°C to 
give (CF,),S, and CF,S,C,F,. Compounds 
containing the carbonyl fluoride moiety were not 
observed. Low temperatures may favour in- 
creased formation of (C,F,S,CF,C(O))+ (As- 
F6)- involving participation of the solvent SO, 
in the reaction. Such salts may readily lose CO 
via routes outlined in ref. 3 yielding CF, deriv- 
atives (i.e., C,F,S,CF,). Knunyants et at. (9) 
have reported a reaction of sulphur, the stronger 
acceptor SbF, and C2F4 in SO, to give (C,F,),S, 
and CF,S,C,F, (x = 2, 3). 

Solid S8(AsF6), reacts with C2F4 at ambient 
temperature and at -78OC to yield AsF,, 
(C,F,),S,, x = 2, 3, 4. Reevaluation of the 
previous data (2) shows that the vpc distributions 

were in error due to misassignment of AsF, for 
(C,F,),S, and therefore (C,F,),S, was identified 
as (C,F,),S, (i.e., 80% (C,F,),S, (2) should 
read 80% (C,F,),S,). High resolution 19F nrnr 
spectra are given in Table 4. Coupling constants 
are quoted although the spectra are complex. 
Similar complexity was observed for bis(per- 
fluoroethy1)selenides and tellurides (3, 4). The 
19F nrnr spectra of perfluorobutane (10) has 
been analysed as a (AA'X,), system and the 
complexity of our spectra may, in part, be of 
similar origin. The 19F nrnr spectrum of 
(C,F,),S, has been previously reported (2,9,11). 
Previous results (2) were incorrect due to mis- 
assignment (see above). 

Reaction of S8(AsF6), and C3F6 
Solid S,(AsF6), reacts with perfluoropro- 

pylene to yield AsF,, S,[CF(CF,),], x = 3, 4, 
and traces x = 2, 5. A mass spectrum (Table 5) 
and 19F nrnr spectrum of isolated (C,F,),S, 
(Table 4) was consistent with the presence of 
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TABLE 5. Mass spectra of CsFl6S3, ( C J F ~ ) ~ S ~ ,  (CZFS)ZS~, CZFSS~CFZC(O)F, C3F7S3- 
CF(CF3)(C(0)F), CsFlzS3, C~F~SZCZFS ,  ( C ~ F ~ ) Z S Z ,  CsF16S2, (CzFs)zSz, (C3F7)zS 

based on 32S and "C" 

Compound Mass spectra 

496 CsF16S3 (47), 427 C7F13S3 (20), 413 CsFlsS (34), 
377 C6F11S3 (84), 281 C ~ F I ~  (241, 264 C4FsSz (33), 
245 C4F7SZ (SO), 232 C4FsS (28), 231 CsFs (54), 195 
C3F5SZ (loo), 181 C3F7 (65), 163 C3F5S (98), 145 
C2F3Sz (loo), 119 CzF5 (99), 113 CzF3S (loo), 94 
CzFzS (96j, 76 CSz (51), 69 CF3 (100) 

434 C ~ F ~ S S C ~ F ~  (29), 265 C3F7S3 (86), 233 C3F7Sz 
(27), 96 Sg (65), 69 CF3 (100) 

334 C2F5S3C2F5 (64), 215 CzFsS3 (64), 183 CzFsSz 
(40), 132 C2F4S (61), 119 CzFs (23), 82 CFzS (40):69 
CF3 (100) 

312 C2F5S3CF2C(0)F (38), 215 C2F5S3 (89), 193 
S3CF2C(0)F (25), 183 CzF5S2 (39,161 S2CF2C(0)F 
(19), 119 CzFs (76), 96 S3 (25), 83? (58), 82 CFzS 
(loo), 69 CF3 (100) 

412 C3F7S3CF(CF3)(C(0)F) (27), 265 C3F7S3 (loo), 
243 S3CF(CF3)(C(0)F) (251, 233 C3F7Sz (101, 182 
C3F6S (lo), 132 CzF4S (28), 113 C2F3S (27), 96 S3 
(47), 69 CF3 (100) 

396 C6F1ZS3 (54), 327 CsF9S3 (60), 313 CsFllS (36), 
214 C3F6S2 (53), 195 C3FsS2 (25), 164 CzF4Sz (26), 
145 CZF3S2 (58), 113 C2F3S (58), 94 CzFzS (20), 76 
CSz (IS), 69 CF3 (100) 

402 C4F9S2C2FS (26), 283 C4FgSz (151, 245 C4F7S2 
(1 I), 183 CzF5SZ (92), 164 CZF4S2 (16), 131 C3F5 (16), 
119 CzF5 (loo), 113 CzF3S (loo), 100 CZF4 (19), 82 
CF2S (65), 69 CF3 (93) 

402 C3F7SzC3F7 (34), 233 C3F7Sz (loo), 164 CzF4Sz 
(lo), 113 C2F3S (47), 100 CzF4 (13), 69 CF3 (83) 

464 CsF16Sz (4), 445 CsFlsSz (46), 395 C7F13Sz (loo), 
345 CrjF1iS2 (loo), 232 C4FsS (66), 213 C4F7S (56), 
163 C3FsS (loo), 144 C3F4S (46), 131 C3F5 (33), 125 
C3F3S (82), 119 CzFs (loo), 113 CzF3S (loo), 94 
C2F2S (loo), 69 CF3 (100) 

302 C2FsSzCzF5 (99), 283 CzF4SzCzFs (28), 183 
CZF5SZ (74), 164 CzF4Sz (27), 119 CzFs (99), 82 CFzS 
(28), 69 CF3 (100) 

370 C3F7SC3F7 (23), 351 C3F7SC3F6 (43), 301 
C3F7SCZF4 (78), 182 C3F6S (26), 169 C3F7 (loo), 119 
C2F5 (55), 100 CzF4 (26), 69 CF3 (100) 

'Obvious impurity peaks were deleted. Peaks ol 

the isopropyl isomer, and chemical shifts are 
very similar to those reported for bis(perfluor0- 
isopropyl) monosulphide (12) (78 ppm (CF,), 
166 ppm (CF)) and bis(heptafluoroisopropy1) 
disulphide (75 ppm (CF,), 164 ppm (CF)) (9). 

The reactions carried out in SO, solution gave 
additional products incorporating the carbonyl 
fluoride moiety. The structure of the major 
carbonyl species isolated from the reaction 

. . 
Intensity < 10, and mle < 69 were excluded. 

products, C3F7S3CF(CF3)(C(0)F), has been 
established from its mass spectrum (Table 5) and 
I9F nmr (Table 4). Species involving elimination 
of CO were not detected. Carbonyl species ob- 
tained from reactions of S,(AsF6), with C2F4 
and C3F6 in SO, solution (i.e., C,F,S,CF,- 
C(O)F, C,F,S,CF(CF,)(C(O)F), etc.) have not 
been previously reported with the exception of 
S,(CF,C(O)F), (7). 
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Reaction of Se4 (AsF6), with C2F4 
C2F4 reacts with solid Se4(AsF6), to yield 

(C2F5),Se2, small amounts of (C2F5),Se, and 
probably traces of (C2F5),SSe and (C,F,),Se,. 
(Sulphur is an impurity in the selenium used to 
make Se4(AsF6),.) The reaction carried out in 
liquid SO, gives additional products containing 
carbonyl fluoride groups as well as those in- 
volving elimination of CO (i.e., CF,Se2C2F5). 
The carbonyl fluorides and related species are 
similar to those obtained in reactions of C2F4 
and Se8(AsF6), in SO, (3). 

pressure and temperature. A blue liquid is ob- 
tained containing C8F16S3, (C2F5),S2, C4FgS2- 
C2F5, (C4F9)2S2, C8F16S2, (C2F5)2S, and 
an~ounts of (CzF5)zS4, (CzF5)zS,, C~F,S,CZF,, 
C4FgSC2F5. C4F9S2C2F5, CsF16S2, and C8F16- 

S, were isolated by preparatlve vpc and further 
characterized by their "F nmr and mass spectra. 
Structural identification of C4FgS2C2F, as per- 
fluoro(3-methyl propyl, ethy1)disulphide 1 is 
based on its mass spectrum (Table 5) which gives 
a molecular ion and major fragments C4FgS2, 

Reactions of S4(Sb2F11), and C2F4 1 
CF3-CF2-CF-S-S-CF2-CF3 Solid S4(Sb2Fl1), containing SbF3.SbF5 and/ 

or SbF, reacts vigorously with C2F4 at ambient 1 

TABLE 6 .  19F nmr spectra of C2F5CF(CF3)S2C2F5, 
C2F5S2, and its "F nmr spectrum (Table 6) 

C8Fi6S2, and C ~ F I ~ S ~ ~  which shows the presence of the CF3CF2Sx and 
CF3 

I 
CF,CF,CF-S, groups. The related species 

CF3 
I 

(i) CF~-CFZ-CF-SZ-CFZ-CF~ 
118.1 162.5 *,,, (cF,-CF,-CF-s), has been reported (13). 

Structural formulation of C8F16S2 as perfluoro- 
(2,4-dimethyl, 2,4-diethy1)-1,3-dithietane 2 is 

I I I 

I . . .  \ 

104.1 105.8 

'CC13F internal standard, chemical shifts in ppm, coupling constants 
in cps. 

bRelative area in parentheses. 
=cis and trans isomers were both present, although we are unable to 

determine which data correspond to which isomer. 
dHigh resolution spectra for one isomer was poor and only partial 

coupling constants were obtained. 

based on its mass spectrum which gives a 
molecular ion and fragments (Table 5) and its 
19F nmr spectrum (Table 6) which is consistent 
with the related compound 3 (14). 

Chemical shift in ppm relative to CCIF, (relative area 
in parentheses) 

High resolution 19F nmr spectra of 2 reveal a 
complex, asymmetrical spectrum for the CF, 
group possibly due to restricted rotation about 
the CF, to ring carbon bond. Irradiation of the 
CF3-C group (71.5 ppm) in a decoupling 
experiment resulted in collapse of the CF, 
group (114.3 ppm) to a singlet. Irradiation of 
the other CF, group (79.2 ppm) did not change 
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the complex structure of the CF, peak (114.3 
pprn). 2 is designated as having the trans con- 
figuration although this has not been proved. 
Synthesis of 2 via dimerization of perfluoro- 
butene-2-thione has been reported (13). 19F nrnr 
and mass spectra however were not given. 
C,F16S3 assignment as perfluoro(3,5-dimethyl, 
3,5-diethy1)-1,2,4-trithiolane, 4, is consistent with 
its fragmentation pattern in the mass spectrum 
(Table 5). 

High resolution 19F nrnr of 4 (Table 6) com- 
bined with a series of irradiation experiments 
has established the presence of two sets of data 
consistent with the existence of two (probably 
cis and trans) isomers. Irradiation of the CF,-C 
(66.5 ppm) group resulted in collapse of the 
CF3-CF, (79.4 ppm) quartet and partial 
collapse of the CF, (104.5 ppm, 103.0 ppm) 
multiplet. Irradiation of the CF3-CF, (79.4 
ppm) group resulted in partial collapse of the 
CF3-C (66.5 ppm) multiplet. Irradiation of the 
103.0 pprn nuclei of the CF, group resulted in 
partial collapse of the CF,-C (66.5 ppm) and 
104.5 nuclei (CF, group) multiplet. Comple- 
mentary experiments with the second isomer gave 
similar results and in both cases establish which 
nuclei are coupled. Related examples of non- 
equivalent methylene fluorines and hydrogens 
have been discussed by Mislow and Raban (15). 
The 'H nrnr of 3,5-dialkyl-1,2,4-trithiolanes (16) 
shows two isomers for each trithiolane as well as 
different conformers of each isomer at low 
temperatures. 

Reaction of S, (Sb,F, ,), and C,F4 
In one reaction solid S,(Sb2Fll), reacts with 

C,F4 to yield (C,F5),Sx, x = 2, 3, 4. Other 
reactions gave mainly (C2F5),S2 and small 
amounts of C4FgSzCzF5, (CzF5)zS,, (CzF5),S, 
and C,F16S,. Similar products were observed 
for reactions with S4(Sb2Fl,), and C2F4 but in 
larger yields. In cases where C4FgS2C2F5 and 
C,F16S, type products were found the amount 
of antimony pentafluoride consumed in pre- 
paring S,(Sb2Fll), was greater than that for the 
stoichiometric reaction. These products are there- 
fore attributed to the presence of S4(Sb2Fl1), 

in S,(Sb,F,,), reactant or more likely to some 
S,(Sb3F16), which accounts for the formation 
of these species (see below). 

Reaction of S4(Sb,F, ,), with C3F6 
Solid S4(Sb,Fl ,), reacts with perfluoro- 

propylene at room temperature to yield pre- 
dominantly ((CF3),CF),S, and C6F,,S3. At 
100°C S4(Sb,F,,), and C3F6 react to yield 
largely ((CF,),CF),S and smaller amounts of 
(C,F,),S2 and C6FlZS2. ((CF,),CF),S was 
characterized by its mass spectrum (Table 5). 
"F nrnr spectra (Table 6) of perfluoro(3,3,5,5- 
tetramethy1)-1,2,4-trithiolane (C6Fl,S3), 5, gave 
a singlet at 66 (f 1) pprn suggesting rapid equi- 
librium between ring conformers thus rendering 
the CF, groups equivalent. The mass spectrum 
gave a fragmentation pattern (Table 5) quite 
similar to 4 suggesting their structures are 
similar. 

Raman spectra obtained for 2, 4, and 5 are also 
quite similar (Table 7). Based on C-S stretch 
assignments for (CF3),Sx (x = 1, 2) (17), 
(C,F5),Sx (x = 2 + 4) (18), and tetrafluoro- 
1,3-dithietane (19), it is probable that peaks 
observed at 420 (C,F,,S,, 4), 424 (C6Fl,S3, 5), 
and 472 cm-I (C,F16S,, 2) are of similar origin. 

It is expected that C,F16S3, 4, should give a 
strong S-S stretch in the 500-550 cm-I region 
(17, 18) and the medium, polarized band ob- 
served at 541 cm-I is given this tentative 
assignment. The band at 538 cm- ' for C6F12S3 
may also be an S-S stretching vibration. Bands 
centered at about 750 cm-I for 2, 4, and 5 are 
assigned as CF, deformation modes consistent 
with other CF3-containing molecules (17). Com- 
plexity of this mode for the fluoroalkyl trithiolane 
4 (754,750, and 740 cm-I) suggests the presence 
of different isomers confirmed by its l9F nrnr 
spectrum (Table 6). Raasch (20) has reported that 
similar compounds (i.e. trithiolanes) undergo 
reaction with triphenylphosphine resulting in 
sulphur abstraction and conversion to 1,3- 
dithietanes. A similar reaction with 5 gave 
perfluoro(2,2,4,4-tetramethy1)-l,3-dithietane, 6, 
identified by a singlet (73.4 f I ppm) in the 
19F nmr. 
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TABLE 7. Rarnan spectra in cm-' of C8FI6S3, C6FI2S3, C8F16S2 

Compound Raman spectra 

This is consistent with 19F nmr data reported by 
Knunyants and co-workers (21) (singlet + 70.4 
ppm; CC1,F external standard; recalculated) 

l 

and Middleton et al. (13) (singlet +74.8 ppm; 
CC1,F external standard). The perfluoroalkyl 
1,2,4-trithiolanes 4 and 5 have not been pre- 
viously reported. 

Solids obtained from all the reactions were 
not identified. In most cases they are mixtures 
probably containing unreacted polycation and/or 
the respective element. They also may contain 
material related to the products of the reaction 
of bis(perfluoroethy1) diselenide and antimony 
pentafluoride (22). 

The reactions previously described complete 
a series of reactions of S, Se, and Te polycations 
with C2F4. The mechanism postulated for these 
reactions (2-4) and those of Knunyants and 
co-workers for a related system (9), are applic- 
able to the formation of the straight chain 
products of the type (C,F5),Sx. We note the 
intermediate SxC,F5' is similar to the recently 
characterised S71+ (23). The reactivity of the 
polyatomic cations towards C,F4 appears to 
increase as its size decreases (e.g. Seh2' is more 
reactive than Sea2' and Te,,'). 

Reactions involving electrophilic addition of 
C2F4 which is typical for olefins are much less 
common for perfluoroolefins and have been 
recently reviewed (24,25). It has been established 

by Knunyants and Polishchuk (26) that in- 
creased replacement of fluorine on C,F4 by 
fluorocarbon alkyl groups leads to decreasing 
ease of electrophilic attack. We observe a 
reaction scale consistent (see [3]) with these 
observations. 

Products of type C4FgSxC,F5, (C4Fg),Sx 
(x = 1, 2, 3), and CaF,,Sx (x = 2, 3) which 
account for 50% of the liquid polysulphides 
obtained from reaction of S4(Sb,Fll), and 
C,F4 cannot be accounted for by previous 
mechanisms. In the presence of antimony 
pentafluoride C,F4 may dimerize to give 
CF,=CF-CF,-CF, which may then react 
with the polyatomic cations leading to branched 
chain products. 

Precedence for the electrophilic dimerization 
of a perfluorolefin in the presence of antimony 
pentafluoride has been established for hexa- 
fluoropropylene (27). Knunyants and co-workers 
have reported a reaction of Se, SbF,, and CzF4, 
C,F, in SO, solution (28) to give (C,F,),Se, 
(C2F4 reaction); (C3F7),Sex (x = 1, 2) and 7 
(C,F, reaction). However, products of type 
C4FgSxC,F,, (C4Fg),SX, and dithietanes were 
not reported for the analogous sulphur system 
(9). 

CF3 Se CF3 
\-/ \-/ 

7 
The mechanism for formation of 1,3-dithietanes 
may be similar to that outlined by Knunyants 
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and co-workers (28) and involve thioketones. 
One fraction of the volatile components from 
our reaction products was a deep blue liquid 
which decolourized on standing consistent with 
the presence of perfluorobutane-2-thione, C4F,S 
(13). 1,2,4-Trithiolanes may be formed by a 
related route. Reactions involving C3F6 and 
C2F4 presumably occur in a similar manner. 

In reactions with four membered rings, 
Se4(AsF6), and S4(Sb2Fll),, some (C,F,),Se 
and (C,F,),S are formed. These species were 
not detected even in trace quantities by mass 
spectra for reactions of S,(AsF6),, S16(AsF6),, 
and Se,(AsF,), with C2F4. This is probably a 
consequence of the greater oxidizing potential 
in the S4(Sb2Fll), and Se4(AsF6), systems 
leading to more extensive S-S, Se-Se bond 
cleavage. Yakobson and co-workers (29, 30) 
have shown that bis(perfluoropheny1) poly- 
sulphides and +elenides react with SbF, in the 
presence of C6F,H to form bis(perfluoropheny1) 
monosulphide and -selenide. A similar reaction 
may be operative for our system involving 
intermediates of the type (C,F,Se),' or (C,F,- 
Se),,"' identified in our recent work (22) and 
related sulphur compounds by Yakobson and 
co-workers(31). These intermediates may further 
react with perfluorolefin followed by fluoride 
ion abstraction to give bis(perfluoroalky1) 
monosulphide and -selenide. Breakdown of long 
chain perfluoroalkyl polysulphides and -selen- 
ides may proceed by a similar mechanism to 
give shorter chain products rather than direct 
cleavage of S-S, Se-Se bonds by AsF, or 
SbF, as previously suggested (2-4). 
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RCaction oscillante de Belousov. 2. Etude d'un nouveau modele cin6tique1 

GUY S C H M I T Z  
FacultP des Sciences Appliq~rPes, UniversitP Libre de  Br~xeIIes,  Bruxelles, Belgium 

R e ~ u  le 28 janvier 19762 

GUY SCHMITZ. Can. J .  Chern. 55,3147 (1977). 
Sur base de nos resultats concernant la reaction brornate4reux nous proposons et discutons 

un nouveau rnodele cinetique pour la reaction oscillante de Belousov-Zhabotinskii. L'existence 
d'un cycle lirnite est prouvk ti l'aide d'un calculateur analogique pour un choix semi-ernpirique 
des pararnetres cinetiques. 

GUY SCHMITZ. Can. J .  Chern. 55,3147 (1977). 
On the basis of our results dealing with the brornateerous reaction we propose and discuss 

a new kinetic model for the Belousov-Zhabotinskii oscillating reaction. The existence of a lirnit- 
ing cycle is shown with an analog computer for a set of semi-empirically chosen kinetic pararn- 
eters. 

Introduction 
Dans la premiQe partie de ce travail (1) nous 

avons ttudit la cinttique de l'une des com- 
posantes de la reaction oscillante de Belousov 
(2): l'oxydation du sulfate ctreux par le bromate 
de potassium en solution sulfurique. Le modele 
cinttique adoptt nous a permis de rendre 
compte de nos rtsultats exptrimentaux dans un 
tr&s large domaine de concentrations initiales et 
est en accord avec les observations des autres 
auteurs (3, 4). Notre but est maintenant de 
montrer que ce modile, complttt par les rtac- 
tions de reduction des ions ctriques par les 
acides maloniques et bromomaloniques, peut 
expliquer les oscillations de concentrations ob- 
servtes pendant la rCaction de Belousov. 

Apris une brive partie exptrimentale nous 
detaillons le modile propost et discutons la 
cinttique des rtactions qui le composent. Nous 
indiquons ensuite comment on peut com- 
prendre intuitivement le comportement du 
systime au cours d'une oscillation. Ce raisonne- 
ment intuitif ne suffisant pas a prouver que le 
modile posside des caracttristiques impliquant 
de telles oscillations, nous avons tenu a ttudier 
le systeme d'tquations differentielles associt. 
Une ttude tris dttaillte n'est cependant pas 
possible, trop de constantes cinttiques Ctant 
encore inconnues. Bien plus, malgrC l'important 
travail de Jwo et Noyes ( 9 ,  le mecanisme de 
rtduction des ions ctriques par les acides 

'La publication de cet article a ete retard& ti la 
dernande de la redaction. 

'Revision reGue le 26 aotit 1976. 

maloniques et bromomaloniques n'est pas 
entiirement tlucidt. I1 faut donc renoncer 
retrouver par calcul le dttail des courbes ex- 
ptrimentales. Notre but moins ambitieux a 
cependant t t t  atteint: pour un choix semi- 
empirique des paramitres cinttiques en variables 
rtduites nous avons vtrifit, a l'aide d'un cal- 
culateur analogique, qu'un cas particulier de 
notre modile conduit ii des oscillations des con- 
centrations des ions bromures et ctriques. 

Plusieurs caracttristiques de la reaction de 
Belousov sont actuellement bien Ctablies (3, 6- 
11). Les oscillations se produisent en phase 
homogene et ne rtsultent pas de phtnomines de 
transport. Les principaux produits de la rtaction 
sont I'acide bromomalonique et le dioxyde de 
carbone. Les ions bromures jouent un r81e 
cinttique important et leur concentration oscille 
avec la mCme frCquence que le rapport Ce(III)/ 
Ce(1V). On peut Cgalement obtenir des systimes 
oscillants en rempla~ant l'acide malonique par 
d'autres acides carboxyliques; de mCme le 
cerium peut Ctre remplact par le manganise ou 
la ferroine. 

En solution non agitte le couplage entre la 
cinttique de ce type de rtaction et la diffusion 
peut conduire a l'apparition de bandes de con- 
centration se propageant dans le systime ou 
structures spatiales (12-15). 

Les aspects thtoriques et exptrimentaux des 
oscillations chimiques ont t t t  passts en revue 
par Nicolis et Portnow (16) et tout rtcemment 
par Gray (17). 
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En utilisant la technique exptrimentale dtcrite 
anttrieurement (1) nous avons enregistrk quel- 
ques exemples d'oscillations en phase homogene. 
Dans l'ensemble les courbes obtenues sont 
analogues celles obtenues par d'autres auteurs 
et, en particulier, A celles de Noyes et coll. (10). 
L'avantage de notre technique est de donner 
simultantment et avec une tres bonne prtcision 
les concentrations en ions bromures et ctriques. 
Un exemple k une tchelle montrant les dttails 
d'une oscillation est donnt par la fig. 1. On 
remarque qu'il n'y a pas concordance exacte 
entre les positions des extrema des deux con- 
centrations. 

Le comportement des solutions en fin de 
rkaction est tout a fait difftrent selon que l'on a 
initialement un exces de bromate ou d'acide 
malonique (figs 2 et 3). Avec un exces de bromate 
les oscillations s'amortissent et leur ptriode 
s'allonge suite i la diminution de la concentra- 
tion des rtactifs. Par contre avec un exces 
d'acide malonique on a un comportement plus 
surprenant : l'amplitude et la frtquence des oscil- 
lations varient peu mais lorsque la concentration 
en bromate devient trop faible les ions ctreux 
ne sont plus oxydts. Les oscillations s'arrCtent 
brusquement sans amortissement alors qu'il 
reste k la fois du bromate et de l'acide malonique 
dans le systeme. L'addition d'une petite quantitt 
de bromate k ce moment les fait redtmarrer 
immtdiatement. Zhabotinskii (7) avait dtjk 
signalt cet arr&t brutal des oscillations mais 
sans le relier k un niveau critique de la concentra- 
tion en bromate. 

FIG. 1. DBtails d'une oscillation: - [KBr03] = 2 x lo-' 
M, [CH2(COOH)2] = 3 x M, [Celtotal = M, 
[H2S04] = 1 M, 23°C. 

Modhle cinhtique 
Le cerium Ctant prksent en petites quantitts 

comme catalyseur, la rtaction considtrte corres- 
pond globalement A l'oxydation de l'acide 
malonique par le bromate. Elle rtsulte de trois 
rtactions partielles que nous envisagerons suc- 
cessivement, l'oxydation du Ce(II1) par le 
bromate, la formation de l'acide bromomaloni- 
que et la rtduction du Ce(1V) par les acides 
malonique et bromomalonique. La stoechio- 
mktrie du systeme ttudit ne rksulte pas cependant 
d'une simple somme des stoechiomttries de ces 
trois rtactions partielles prises isolkment. Par 
exemple l'acide formique qui semble &tre un 
produit final de la rtduction du Ce(1V) par 
l'acide malonique ne se retrouve pas parmi les 
produits de la rtaction oscillante (18). Jwo et 
Noyes ont ttudit les rtactions possibles du 
Ce(1V) et mis en evidence leur complexitt (5). 
11s sont cependant d'avis que cela a peu d'im- 
portance pour expliquer l'existence des oscilla- 
tions (19). C'est ce que nous pensons Cgalement 
k condition de se limiter A l'aspect qualitatif du 
phtnomene. 

1. Oxydation du Ce(II1) par le bromate 
Le mtcanisme de cette rtaction a t t t  ttabli 

dans la premiere partie de ce travail (I). 

[I] Br03- + Br- + 2Ht e BrzOz + H,O 

[21 BrzOz + HzO e HBrOz + HOBr 

[31 HBrOz + Br- + H t  + 2HOBr 

[41 HBrOz + BrzOz $ 2BrOZm + Br- + Ht  

L'acide hypobromeux formt peut &tre converti 
en brome suivant l'tquilibre 

HOBr + Br- + Ht  $ Br2 + Hz0 

Rappelons les caracttristiques principales de 
ce mtcanisme. Lorsque la concentration du 
bromure dans le syst8me est tlevte elle maintient 
celles de HBrO, et de BrO,' tr&s petites et le 
cerium n'est pas oxydt. La stoechiomttrie est 
alors 

La concentration du bromure diminuant 
celle de HBrO, augmente. Lorsque l'on atteint 
une concentration critique la vitesse des pas [4] 
et [5] cesse dY&tre ntgligeable et la rtaction 
d'oxydation des ions ctreux prend une allure 
autocatalytique. La concentration en bromure 
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FIG. 3. Evolution de la fr6quence et de I'arnplitude des oscillations avec un exces d'acide malonique: 
- [KBrO,] = 5 x 10-'M, [CH,(COOH),] = 0.1 M, [Celtotal = M, [H2S04] = 1 M, 23°C. 

( c e 4 * ) x  1 0 '  l o n g ,  I 

chute rapidement et la stoechiomttrie principale 
devient 

8 - 

6 - 

4 

2 

[El Br03- + 4Ce3+ + 5H+ + 
HOBr + 4Ce4+ + 2 H z 0  

_ 

_ 

I I 

\\\AN - 
I 

2. Formation de l'acide bromomalonique 
En milieu acide le brome et l'acide hypo- 

bromeux rtagissent avec l'acide malonique pour 
donner de l'acide bromomalonique. On peut 
tgalement obtenir de l'acide dibromomalonique 
mais suivant les rtsultats de Field et coll. (10) 
cette formation est ntgligeable dans les condi- 
tions de la rtaction oscillante. Par contre il est 
possible que l'on forme un peu d'acide mono ou 
dibromoacttique (19). 

La rtaction de l'acide malonique avec le 
brome obtit la loi cinttique (20, 21) 

1 2  2 W C o  7  1 7 2  t ( r n ~ n )  

FIG. 2. Evolution de la frequence et de l'amplitude des oscillations avec un ex& de bromate: 
- [KBr03] = 6.6 x lo-' M, [CHz(COOH)2] = 3.3 x l o w 2  M, [Celtotal = M, [HzS04 ] = 
1 M, 23°C. 

Son ttape dtterminante est l'tnolisation de 
l'acide catalyste par les ions H+.  Par analogie 
avec les autres reactions de ce type (22) nous 
admettons que l'tnol rtagit ensuite avec le 
cation Br+ ce qui implique que les rtactions 
avec le brome ou avec l'acide hypobromeux 
obtissent a la meme loi cinttique. 

Zhabotinskii (7) a rechercht mais n'a pas 
trouvt de brome dans la solution oscillante. 
D'autre part les mesures d'absorbance a 400 et 
500 nm de Franck et Geiseler (23) laissent 
prtsumer, mais ne prouvent pas, sa presence 
dans ce milieu complexe. Quoi qu'il en soit, 
il rtsulte de ce qui a t t t  dit ci-dessus qu'au point 
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de vue cinttique on peut se borner a ne considkrer 
que la rtaction [6] pour la formation de l'acide 
bromomalonique. 

[6] HOBr + CH2(COOH)2 -t BrCH(COOH)2 + H 2 0  

3. Rkduction du Ce(IV) par les acides maloniques 
et bromomaloniques 

Les stoechiomttries de ces deux rtactions sont 
vraisemblablement (10, 24) 

[7] CH2(COOH)2 + 6Ce4+ + 2Hz0 -t 
6Ce3+ + HCOOH + 2COz + 6H+ 

[81 BrCH(COOH)2 + 4Ce4+ + 2H20 -+ 
4Ce3+ + HCOOH + 2C02 + Br- + 5H+ 

Explication intuitive de I'Cvolution 

Lorsque l'on introduit le cerium initialement 
sous la forme Ce(1V) on observe d&s l'instant 
initial sa rkduction rapide (figs 2 et 3), ce qui 
correspond tvidemment a la rtaction [7]. 
Simultanbment si l'on a des traces de bromure 
elles sont oxydtes par le bromate. Lorsque la 
concentration en bromure est devenue suffisam- 
ment faible le Ce(II1) produit par la rtaction [7] 
commence a &tre oxydt par le bromate suivant 
la stoechiomttrie [B]. La compttition entre ces 
deux rtactions donne une ptriode oh le rapport 
Ce(III)/Ce(IV) varie lentement. Que cette varia- 
tion lente soit due 5 une compttition et non pas 
a la petitesse des vitesses de reactions est 

I1 est possible que le rapport C02/HC00H soit dtmontri par la production importante de CO, 
un Peu su~tr ieur  a (25) Ou meme, la concentra- observte par Degn (8) au tours de cette ptriode. 
tion en Ce4+ restant trts faible au cours de la L'acide hypobromeux produit par la rtaction 
rtaction oscillante, un peu inftrieur B 2. Cela [B] brome l'acide malonique suivant [6]. La 
n'aurait cependant aucune incidence notable concentration de 19acide ~ romoma~on~que  aug- 
sur la suite de notre raisonnement. On sait mentant, la rtduction du Ce(IV) ne rbsulte plus 
tgalement qu'en prtsence d'ions brOmures seulement de [7] rnais tgalement de [8]. C'est 5 
l'acide formique Peut &tre Ox~d t  Par le Ce(IV) ce moment qu'apparait le phtnom&ne fonds- 
(5) mais cette rtaction est lente et probablement mental permettant de comprendre l ~ ~ ~ ~ ~ ~ i ~ i ~ ~  
ntgligeable a l'tchelle de temps d'une oscillation. des oscillations : si dans un syst&me sitge la 

La cinttique de la rtaction [7] a t t t  ttudite fois des rtactions [B] et [8] la vitesse de cette 
par Sengupta et A d i t ~ a  (24) qui, avec un excC% dernikre est assez grande, la concentration du 
d'acide malonique, trouvent un ordre 1 Par rap- bromure augmentera et finira par inhiber la 
port . , au Ce(lV). Kas~erek et Bruice (3) Ont rtaction [B]. Degn (8) a montrt que la ptriode 
ttudie les deux rtactions. Ils concluent que le d3induction est raccourcie par l~introduction 
Ce(IV) est en partie complex6 par l'acide et dans le syst&me d'acide bromomalonique ou 
obtiennent dans les deux cas une loi cinttique d,autres dtrivbs bromts, ce qui que la 
de la forme fin de cette ptriode soit like a la production de 

[A1 Ce(IV), bromure par la rtaction [8] ou par une rtaction 
r = k  

K m  + CAI analogue. 
A la fin de la ptriode d'induction la situation 

A dtsignant l'acide malonique ou bromomaloni- est identique a celle existant au point A de la 
que et Ce(IV), la concentration totale du Ce(1V). fig. 1. La rtaction bromate-ctreux [B] se dtroule 
Jwo et Noyes (5) trouvent un ordre 1 dans des avec une vitesse importante et tend a maintenir 
conditions ou Km >> [A] mais observent une des concentrations quasi-stationnaires, trkspetite 
cassure dans leurs courbes cinttiques pour la pour Br- et relativement grande pour HBrO,. 
rtaction [8]. Cependant la rtaction [8] produit du bromure ce 

Lorsque les deux acides sont prtsents simul- qui perturbe de plus en plus vite ces concentra- 
tantment la situation est certainement beaucoup tions: l'augmentation de [Br-] provoque la 
plus complexe (5), la prtsence d'acide malonique diminution de [HBrO,] et de la vitesse de la 
modifiant fortement la vitesse de production du rtaction [B] qui s'oppose donc de moins en 
bromure par la rtaction [8]. I1 subsiste donc une moins A l'augmentation de [Br-1. On voit que 
incertitude quant aux lois a adopter au cours de I'allure autocatalytique prise par la courbe don- 
la rtaction oscillante. Cela ne modifie certaine- nant la concentration du bromure ne provient 
ment pas notre description qualitative du pas de l'augmentation de sa vitesse de production 
phtnom&ne mais bien sa description quantita- (la vitesse de [8] varie peu) mais bien de la chute 
tive. de sa vitesse de consommation par le pas [3]. 
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Au point B de la fig. 1 le bromure a atteint 
une concentration telle que la rtaction [B] est 
inhibte et remplacee par la rtaction [A]. Le 
cerium n'est plus oxydt et la concentration 
[Ce4+] diminue du fait des rtactions [7] et [8]. 
Entre les points B et C la vitesse de ces rCactions 
diminue et la production de CO, tend vers son 
minimum (8). 

Lorsque la formation de Br- par la rtaction 
[8] est devenue suffisamment petite l'ttat du 
systtme est comparable a celui existant a la fin 
de la ptriode d'induction de la rtaction bromate- 
ctreux. La seule reaction importante est la 
rtaction [A] qui fait diminuer [Br-] jusqu'i une 
valeur critique permettant le dCmarrage de la 
rtaction [B]. [HBrO,] augmente de f a ~ o n  auto- 
catalytique du fait des pas [4] et [5], [Br-] chute 
rapidement et les ions Ce3+ sont A nouveau 
oxydts par le bromate. L'acide hypobromeux 
formt brome l'acide malonique suivant [6]. 

Au point D de la fig. 1 le cerium est oxydt 
rapidement par le bromate et est rtduit par les 

, acides maloniques et bromomaloniques. La rtac- 
tion [8] provoque l'augmentation de [Br-] et 
l'on se retrouve dans la m&me situation qu'au 

I point A. 

Systkme diffirentiel associi au 
modkle cinCtique 

Pour dtmontrer que le modele propost impli- 
que des oscillations du type de celles que nous 
venons d'expliquer intuitivement il faut ttudier 
le systtme difftrentiel qui lui est associt. Sa 
complexitt est cependant telle que dans le cas 
gtntral et avec les moyens de calcul dont nous 
disposons cette Ctude est irrtalisable. Face a ce 
probltme on peut chercher A construire un 
modtle chimique moins rtaliste mais plus simple 
dont la forme est suggtrte par le modtle initial. 
On en trouve de nombreux exemples dans la 
litttrature aussi bien pour la rtaction de Belou- 
sov que pour d'autres rtactions o~cillantes.~ 
Cette approche, utile sur le plan de la thtorie 
des systtmes oscillants, ne constitue cependant 
pas un test sOr du modtle initial. En effet en 
groupant certains pas, en rtduisant le nombre 
d'intermtdiaires etc. . . . on introduit et l'on sup- 
prime certaines caracttristiques cinttiques pou- 
vant Stre importantes. Nous avons donc prCftrt 

conserver le modtle gtntral mais en limitant les 
dtveloppements mathtmatiques a des cas parti- 
culiers du systhme difftrentiel associC, choisis en 
fonction de leur sens physique. Si l'on peut 
dtmontrer qu'un cas particulier ainsi obtenu 
admet des solutions ptriodiques non amorties 
il est tvident que le cas gtntral en admet 
Cgalement. 

Un autre rCsultat important de notre ttude 
mathtmatique sera l'explication de la difftrence 
de comportement du systtme la fin des oscilla- 
tions suivant que l'on a initialement un excts de 
bromate ou d'acide malonique. 

En dtsignant par r i  la vitesse globale vers la 
droite du pas i, le systtme difftrentiel associt A 
notre modtle cinttique s'tcrit : 

d [HOB r] 
d t 

= r, + 2r3 - r, 

Le nombre d'oscillations observtes Ctant 
toujours grand les concentrations du bromate 
et de l'acide malonique varient trts peu au cours 
de chaque oscillation. Mis a part les premiers 
temps de la riaction, il en est de m&me de la 
concentration de l'acide bromomalonique Enfin 
on constate exptrimentalement que la concentra- 
tion [H+] est quasi-constante. Nous n'tcrivons 
donc pas d'tquation difftrentielle pour ces con- 
centrations et les incluons dans les constantes 
cinttiques. 

La vitesse des pas [I] a [4] est donnte par 

r4 = k4[HBr02:I[Br202] - k-4[Br02']2[Br-] 
3Des modkles dans des domaines tres divers ont ett 

passes en revue recemment par Gray (17). Pour la reaction Pour que la rtversibilitt du pas [51 apparaisse 
de Belousov voir les refs 26-28. on sait (1) qu'il faut non seulement que [Ce4+] 
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soit grand mais tgalement que [Br-] soit tres 
petit. Bien que manquant d'indjcations quantita- 
tives prtcises, nous pensons que cette rtversibilitt 
n'influence pas le dtroulement de la rtaction 
oscillante. 

r, = k,[Br02'l[Ce3 + ] 

Si I'on tient compte de la rtversibilitt de ce pas 
on fait apparaitre un nouveau point singulier ins- 
table tandis que la stabilitt de celui qui nous 
inttressera est peu influencee. 

Le pas [6] ttant d'ordre zero par rapport A 
HOBr sa vitesse s'tcrit simplement: 

Les lois cinttiques et m&me la stotchiomttrie 
des rtactions [7] et [8] prises simultantment sont, 
comme nous I'avons vu, ma1 connues. Pour des 
concentrations en acides malonique et bromoma- 
lonique quasi-constantes nous admettons : 

Le coefficient g dans l'expression de d[Ce4+]/dt 
correspond au nombre d'ions Ce4+ consommts 
par les reactions [7] et [8] lorsque la rtaction 
[8] produit un ion bromure. Sa valeur peut &tre 
comprise entre 1 et 6 (5). Nous adopterons 
g = 4. 

1. Explication de 1'arre"t des oscillations 2 IaJig. 3 
On sait que des oscillations ne peuvent se 

produire qu'autour de points singuliers du 
systkme diffkrentiel. Les concentrations en ces 
points, que nous dksignerons par des valeurs 
surligntes, sont obtenues en annulant toutes les 
dtrivtes par rapport au temps. En posant 

c,  = Concentration totale en ctrium 

on obtient notamment 

Le parametre cl ttant donnt par l'tquation [9] on 
obtient deux points singuliers4 que nous dt- 
signerons par cl(+) et cl(-). 

Pour qu'ils aient un sens physique il faut que 
les trois conditions suivantes soient satisfaites. 

La condition [lo] impose une valeur minimum 
du rapport [acide bromomalonique]/[acide malo- 
nique] pour une concentration totale en cerium 
donnte. Si elle est satisfaite A un moment de 
1'Cvolution du systeme, elle le restera ensuite. 
La condition [ l l ]  impose une valeur minimale 
de la concentration en bromate. Dans les 
syst6mes ttudits il est probable qu'elle est 
toujours satisfaite et que, comme lors de I'ttude 
de la rtaction bromate-ckreux (l), on a m&me 
a >> 1. La condition [12] est beaucoup plus 
critique car elle cessera d'&tre satisfaite si le 
rapport [bromatel/[acide malonique] devient 
trop petit. A ce moment les deux racines de 
13tquation donnant cl deviennent complexes, les 
points singuliers du systeme difftrentiel perdent 
leur sens physique et dans le cas oh il existait un 
cycle limite, il disparait. Ceci explique la dif- 
ference de comportement du systeme en fin de 
rtaction montrte par les figs 2 et 3. Si l'on a 
initialement un excis de bromate, le rapport 
[bromate]/[acide malonique] augmente au cours 
de la rtaction et si la condition [12] est satisfaite, 
elle le reste. Si l'on a initialement un exds  
d'acide malonique ce rapport diminue ce qui 
finit par provoquer la disparition brutale du 
cycle limite. Une explication aussi simple d'un 
fait expkrimental A priori assez Ctonnant nous 
parait &tre un argument solide en faveur de 
notre modele. 

2. Stabilite' des points singuliers 
Nous avons ttudie cette stabilitk par la 

premitre mtthode de Liapounov (17): on 
linearise le systeme difftrentiel au voisinage 

k 
k3k6 a 1 + 3 2 ( a  - [HOBr] = -- 

5klk-, 1 k- I  
4Bien qu'ayant toujours un sens physique le point 

singulier correspondant a des concentrations nulles 
n'apparait pas ici a cause de la loi de vitesse admise pour 
le pas [6] .  Si la concentration en acide hypobromeux 
tend vers zkro cette loi ne reste kvidemrnent pas valable 
et l'on doit avoir r6 -+ 0. 
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SCHMITZ 3153 

d'un point singulier et l'on ttudie le signe de la Les valeurs surligntes se rapportent au point 
partie rtelle des racines de son tquation carac- singulier a(+). On obtient ainsi le systeme dif- 
ttristique en utilisant les criteres de Routh- ftrentiel que nous avons ttudit. 
Hurwitz (29). Les calculs, tres laborieux, mon- 

dx trent que le point singulier correspondant a a(-) A -  = - a,x + 1.6(1 + a,)uy - 12ux + 0.42 
est toujours instable et que celui correspondant dz 

a a (+)  peut I'&tre dans un domaine de valeurs dy 
des constantes cinttiques. Dans ce domaine il Bh,  = a2x - 1.6(1 + az)uY + 2 4 ~ ~  
est possible que les solutions du systeme dif- 
ftrentiel admettent un cvcle limite et donc aue - O.~Y/(Y + 4 
son integration fasse apparaitre des oscillations CdU = - 1 . ~ 1  + - 12ux 
des concentrations. dz 

3. Intbgration du systbme dzffkrentiel dans un cas 
particulier 

L'inttgration de systemes difftrentiels corres- 
pondant i des moddes cinttiques tels que celui 
ttudit ici est rendue particulikrement dificile 
par la prtsence de constantes cinCtiques d'ordres 
de grandeur tres difftrents. Pour ces systemes 
ma1 conditionnks, (stiff tquations) il existe des 
mtthodes numtriques (30, 31) mais les calculs 
sont longs et couteux. Comme de plus notre 
systeme comporte de nombreuses constantes 
inconnues, ce qui rend illusoire une tentative de 
reproduire les courbes exptrimentales, nous nous 
sommes bornt a prouver I'existence de solutions 
oscillantes en utilisant un calculateur analogique 
avec des variables rtduites et l'approximation de 
l'ttat quasi-stationnaire pour les intermtdiaires 
tres rtactifs BrO,' et Br,O,. 

Lors de notre ttude de la rtaction bromate- 
ctreux (1) nous avons considirk que l'tquilibre 
du pas [4] n'ttait quasi pas perturbt. Nous ad- 
mettons qu'il en est de m&me au cours des 
oscillations. En outre, ne connaissant les valeurs 
ni de k, ni de k-,, nous admettons Cgalement 
1'Cquilibre du pas [I.]. Cette hypothese simplifi- 
catrice implique, outre la condition a >> 1 
d t j i  connue, que I'on oscille autour du point 
singulier a (+ )  - a/c >> 1. Elle devrait &tre 
abandonnte pour un calcul plus tlabort car nous 
savons que l'tquilibre du pas [I] peut etre per- 
turbt pendant la ptriode AB de la fig. 1. 

On pose: 
- 

[Br-] = 10x[Br-] [HOBr] = 4y[HOBr] 

FIG. 4. Exernple d'oscillations obtenues par le calcul 
analogique: a2 = 0.1; b = 8; A = 5 x lo-'; B = 0.5; 
C = 0.25; E = 0.01. 
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I" 

FIG. 5. Plans des phases 

Nous avons du introduire le facteur y/(y + E) 

car sinon y tendait devenir nCgatif. Cela 
rCsulte de l'ordre zero admis pour le pas [6], 
ordre qui ne se maintient tvidemment pas si y 
tend vers ztro. E influence la position et la 
stabilitk du point singulier mais cette influence 
peut Ctre rendue ntgligeable en prenant E suffi- 
samment petit. Nous avons vtrifiC par le calcul 
analogique que pour E = 0.01 la stabilitC du 
point singulier correspond correctement aux 
rksultats des calculs tvoquts au paragraphe 2. 
Lorsque ce point est instable on obtient, comme 
prtvu, des oscillations entretenues dont un 
exemple est donnt par les figs 4 et 5. Les valeurs 
de A et b correspondent B des ordres de grandeurs 
exptrimentaux, celle de a, B 1'idCe que le pas [2] 
est rCversible mais pas llCquilibre, celles de B 
et c ne sont pas connues expkrimentalement et 
ont ttk prises sans autre considtration que 
I'instabilitC du point singulier. 

Le cas particulier CtudiC pouvant donner des 
oscillations il en est de mCme du cas gkntral 
mais son Ctude qui devrait permettre de mieux 
reproduire les courbes exptrimentales ntckssi- 
terait la connaissance B priori de plusieurs cons- 

correspondants i la fig. 4. 

tantes cinttiques ainsi que des moyens de calcul 
beaucoup plus puissants. 

Conclusions 
Sur base de nos rCsultats cinCtiques anttrieurs 

relatifs a la rtaction bromate-ctreux, nous 
proposons un nouveau modble pour la rtaction 
oscillante de Belousov. Aprbs avoir montrt in- 
tuitivement l'origine des oscillations nous avons 
CtudiC le systbme diffkrentiel associt a notre 
modble. Nous avons montrt d'une part qu'il 
rend compte de la difftrence de comportement 
des solutions oscillantes en fin de rtaction selon 
le rapport initial des concentrations du bromate 
et de l'acide malonique, d'autre part qu'il peut 
admettre des points singuliers instables. Face a 
la difficult6 que prCsente l'ktude de systbmes 
aussi complexes nous n'avons pas chercht a 
construire un modble cinttique simplifik mais 
nous avons prCfCrt ktudier un cas particulier du 
systbme diffbrentiel correspondant au modble 
dans son intkgralitt. Le calcul analogique a 
montrC que ce cas particulier peut admettre un 
cycle limite. 

Les courbes cinttiques obtenues par le calcul 
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SCHMITZ 3155 

ne correspondent que qualitativement aux 
courbes exptrimentales. Des essais d'ajustement 
quantitatifs nous sembleraient prCmaturCs tant 
que l'on ne connait pas certaines constantes 
cinitiques ainsi que les lois de rtduction du 
Ce(1V) par les acides maloniques et bromomalo- 
niques simultantment. 
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A comparison of mechanisms for the oxidation of cerium(II1) 
by acidic bromate' 

RICHARD M.  NOYES 
Department of Chemistry, University of Oregon, Eugene, OR,  U . S . A .  97403 

AND 

K .  BAR-ELI 
Department of Chemistry, University of Tel-Aviv, Tel-Aviv, Israel and Department of Chemistry, 

University of Oregon, Eugene, O R ,  U.S .A.  97403 
Received January 14, 1977 

RICHARD M. NOYES and K. BAR-ELI. Can. J. Chem. 55,3156 (1977). 
The preceding paper by Schrnitz suggests a mechanism of the oscillating Belousov-Zhabo- 

tinsky reaction that differs significantly from the mechanism previously proposed by Field, 
Koros, and Noyes. The most important differences are associated with the mechanism assumed 
for the oxidation of cerium(II1) by bromate. The alternative mechanisms for this oxidation are 
examined and compared with relevant experimental information on similar systems. We con- 
clude the mechanism developed by Schmitz and associates is inconsistent with several observa- 
tions and that it is doubtful it can be the correct interpretation of this reaction. 

RICHARD M. NOYES et K. BAR-ELI. Can. J. Chem. 55,3156 (1977). 
La communication prkedente par Schmitz suggere un mecanisme pour la reaction oscillante 

de Belousov-Zhabotinsky qui differe d'une f a ~ o n  importante du mecanisme propose anterieure- 
ment par Field, Koros et Noyes. Les differences les plus importantes sont relikes au mecanisme 
prbumk pour I'oxydation du ckrium(II1) par le bromate. On fait un examen des mkcanismes 
alternatifs pour cette oxydation et on les compare avec les informations experimentales dispo- 
nibles pour des systemes similaires. On conclut que le mecanisme dheloppk par Schmitz et ses 
associes n'est pas en accord avec plusieurs observations et qu'il est peu probable qu'il puisse 
expliquer correctement cette rkction. 

[Traduit par le journal] 

Introduction 
The Belousov-Zhabotinsky (2, 3) reaction is 

of interest because it is one of very few known 
oscillating chemical reactions taking place in 
homogeneous solution. Schmitz (4) has pro- 
posed a mechanism for this reaction that differs 
significantly from that previously proposed by 
Field et al. (5). Both mechanisms generate un- 
stable steady states for certain combinations of 
rate constants, but they differ primarily in their 
explanation of the oxidation of cerium(II1) by 
bromate ion. The purpose of this paper is to 
compare the two mechanistic proposals for this 
critical component of the oscillating system. 

are consumed and no cerium(II1) is oxidized. If 
the initial bromide ion concentration is no more 
than about 1% that of bromate, the appropriate 
stoichiometry is that of equation [Tl]. If more 
bromide is present initially, Br, will be produced 
in amount comparable to or greater than that of 
HOBr. 

[TI] Br03- + 2Br- + 3H+ -t 3HOBr 

After the induction period is over, reaction 
with the stoichiometry of equation [T2] is 
suddenly initiated. Thermodynamic calculations 
confirm that this is the principal stoichiometry 
to be expected in systems containing a con- 
siderable excess of bromate ion. However, the 
final product should be mostly Br, when 

General Characteristics of Reaction cerium(II1) is in considerable stoichiometric 

There have been several recent experimental excess. Nevertheless, Thompson (8) reports the 

studies of this reaction (6-10). It starts with an final product is HOBr even under these condi- 

induction period of difficultly reproducible tions; the reasons the system does not react 

length during which initial traces of bromide ion further must be kinetic rather than thermo- 
dvnamic. , -- 

'This is paper No. 20 in the series "Oscillations in [T2] Br03- + 4Ce3+ + 5H+ -+ HOBr + 4Ce4+ 
Chemical Systems" ; for part 19 see ref. 1. + 2H20 
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Assignment of Elementary Processes 
Reactions [TI] and [T2] certainly do not take 

place in single steps. There have been two de- 
tailed efforts to devise a set of elementary pro- 
cesses generating the observed experimental 
facts (9, 11). They agree in ascribing significance 
to the three steps with [C] designations. 

[C2] HOBr + Br- + H +  P Br2 + H 2 0  

[C3] Br02 + Ce3+ + H +  8 HBr02 + Ce4+ 

The mechanism of Noyes et al. (1 I), hereafter 
designated NFT, includes the four other steps 
with [A] designations. 

[All Br03- + Br- + 2H+ F? HBr02 + HOBr 

[A21 Br03- + HBr02 + H +  P 2Br02- + H 2 0  

[A31 Br02- + Ce4+ + H 2 0  F? Br03- + Ce3+ + 2H+ 

[A41 2HBrOZ P Br03- + HOBr + H +  

These seven elementary processes include only 
one species for each oxidation state of bromine 
and assume proton transfers to and from 

I 

I 
oxygen and bromine are so rapid that acid-base 

I equilibria are maintained at all times. Four 
: species contain one bromine atom in each odd 
I oxidation number from - 1 to + 5, and steps 

[Cl], [All, and [A41 represent the only ways 
they could be interchanged by oxygen atom 
transfers. Steps [C2] and [A21 represent the ways 
even oxidation numbers 0 and +4  could be 
formed reversibly from the species with adjacent 
odd oxidation numbers. Cerium ions can only 
undergo one-equivalent changes, and steps [C3] 
and [A31 represent the only ways they could 
react with BrO,. radicals. Step [A31 was 
originally (1 1) proposed to explain the dramatic 
slowing of the reaction long before the equilib- 
rium of process [T2] is approached. It involves 
formation of a Br-0 bond, while step [C3] is a 
simple electron transfer. The modeling calcula- 
tions of Barkin et al. (10) subsequently demon- 
strated that step [A31 could be omitted entirely 
and that the slowing of reaction rate arose 
because the equilibrium constant for step [C3] is 
not much over 0.01 M-'. 

The alternative mechanism of Herbo et al. 
(9), hereafter designated HSV, omits the [A] 
steps and proposes three others with [B] desig- 
nations. 
P I ]  Br03- + Br- + 2H+ F? Br202 + H 2 0  

[B21 Br202 + H 2 0  P HBr02 + HOBr 

IB31 HBr02 + BrZ02 P 2Br02- + Br- + H +  

All three steps involve the intermediate Br,O,, 
which is inferred from kinetic data without 
direct spectroscopic or other evidence. Two 
hydrolysis reactions are included for this 
species, and it is postulated that step [-Bl.] is 
much faster than [B2]. Step [B3], which pro- 
duces BrO,. radicals, is chemically unprece- 
dented and contains three bromine atoms in the 
transition state. This high order in intermediate 
bromine oxidation states appears to be necessary 
if the HSV mechanism is to generate an unstable 
steady state in the Belousov-Zhabotinsky re- 
action (4). 

General Comparison of Mechanisms 
Both mechanisms can easily account for the 

stoichiometry of process [Tl]. The NFT mech- 
anism uses [All + [Cl] with HBrO, the only 
intermediate species. The HSV mechanism re- 
places [All with [Bl] + [B2] and considers 
Br,O, another intermediate. The predictions of 
the two mechanisms are not significantly dif- 
ferent during the induction period. 

When the principal reaction commences, the 
NFT mechanism can generate the stoichiometry 
of process [T2] by combining three steps that 
treat HBrO, and BrO,. as the only inter- 
mediates. 

2HBr02 + Br03- 
+ HOBr + H +  

The HSV mechanism requires a combination 
of five steps to generate the same stoichiometry, 
and Br,O,, Br-, and HOBr are also species that 
are both created and destroyed during the 
reaction. 

[Bll Br03- + Br- + 2H+ + Br20z + H 2 0  

1-B21 HBr02 + HOBr -, Br20Z + H z 0  

We can identify at least three ways in which 
the two mechanisms lead to different predictions 
that can be tested by means of experimental data 
presently available. 
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(a) The NFT mechanism regards HOBr as a 
product formed almost irreversibly in step [A4], 
while the HSV mechanism both forms this 
species in step [Cl] and consumes it in step 
[- B2]. Therefore, the NFT mechanism predicts 
deliberate manipulation of [HOBr] should have 
no effect on the rate of oxidation of cerium(III), 
while the HSV mechanism predicts an effect. 

(b) The NFT mechanism assumes that any 
Br- initially present is destroyed by process [Tl] 
during the induction period, and this species is at 
negligibly small concentration during all of the 
principal reaction. The HSV mechanism requires 
that Br- is both created and destroyed at  signi- 
ficant rates during most of the reaction. This re- 
quirement leads to predictions that can be tested. 

(c) The NFT mechanism produces BrO,. 
radicals by potentially reversible step [A2], and 
the HSV mechanism produces them by step [B3]. 
Information available on analogous systems 
permits definite conclusions about the relative 
plausibilities of these two mechanisms. 

Detailed Comparison of Mechanisms 
Effect of HOBr 

We are not aware of any deliberate manipula- 
tions of [HOBr] during the oxidation of cerium- 
(111), but Knight and Thompson (12) did 
examine effects on the analogous oxidation of 
neptunium(V) by bromate. They found that 
added HOBr shortened the induction period as 
would be predicted by both mechanisms. How- 
ever, they found the rate of the principal reaction 
was not affected by addition of ally1 alcohol, 
which is an effective scavenger for HOBr. This 
result is consistent with the predictions of the 
NFT mechanism but is inconsistent with the 
HSV predictions. 

Effect of Br- 
Reaction [C2] has been studied kinetically by 

Eigen and Kustin (13). It is so rapid that equi- 
librium is established in much less than 1 s. If we 
accept the equilibrium constant used by Herbo 
et al. (9), then at all times we may assume 

As indicated above, the data of Thompson (8) 
in 1 M acid indicate that [HOBr] >> [Br,] at 
least near the end of a reaction with cerium(II1) 
in stoichiometric excess, and thermodynamic 
considerations suggest the inequality would be 

even more severe during the intermediate stages 
when Br0,- is still present in significant amount. 

These restrictions create no difficulty for the 
NFT mechanism which considers [Br-] to be 
negligibly small during all of the principal 
reaction. However, the HSV mechanism pre- 
dicts that Br- is being produced at a rate equal 
to $d[Ce4+]/dt. It is difficult to see how the 
inequality [Br-] << 6 x lo-' M can be main- 
tained toward the end of the reaction unless 
steps [BI] and [Cl] are much more rapid than is 
permissible even for diffusion control (14). 

Mechanism of BrO,. Formation 
One of the greatest differences between the 

two mechanisms relates to the alternative steps 
[A21 and [B3] by which oxybromine radicals are 
proposed to be formed. We are not aware of any 
other chemical system for which a reaction like 
[B3] has been proposed. However, step [A21 is 
an exact analogue of a reaction that Taube and 
Dodgen (1 5) studied directly in the oxychlorine 
system. The thermodynamic estimates of Field 
et al. (5) indicate the equilibrium constant of 
step [A21 is not greatly different from that for 
the oxychlorine reaction (16), although Taube 
and Dodgen (1 5) do find the chlorine reaction is 
much slower than the analogous bromine one is 
predicted to be. An attempt to devise a mech- 
anism for the oscillating iodate catalyzed de- 
composition of hydrogen peroxide (17) indi- 
cated the oxyiodine analogue of step [A21 had 
very similar rate and equilibrium parameters to 
[A21. 

Further support for our rate estimates for 
[A21 is provided by the radiation chemical 
observations of Buxton and Dainton (18) on the 
reverse reaction. Their experiments were con- 
ducted in alkaline solution. However, if their 
interpretations may be extrapolated to the 
strongly acidic solutions employed for the 
oxidation of cerium(III), step [- B3] must have 
been much slower than step [- A21 at the very 
low bromide concentrations prevailing. The 
HSV mechanism regards step [B3] as reversible, 
and it then appears difficult to justify their 
ignoring of step [A2]. It also seems significant 
that Buxton and Dainton (18) found no effect of 
bromide ion on the rate of BrO,. dispropor- 
tionation even though step [B3] suggests that a 
large effect should have been observed. 

The isotopic exchange studies of Betts and 
MacKenzie (19) provide still stronger evidence 
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for step [A21 of the NFT mechanism for radical 
formation. A small amount of tracer Br- was 
added to an acidic solution prepared from Br, 
and Br0,-, and the rate of appearance of tracer 
in BrO,- was followed. The bromine species 
were not initially in equilibrium, and the ratio 
[HOBr]/[Br-] increased greatly over a period of 
days. During the same period, the rate at which 
Br03- was gaining radioactivity changed by less 
than a factor of two. These observations seem to 
require that the rate-determining step for 
exchange of BrO,- and Br, does not involve 
either HOBr or Br-; HBrO, is the only non- 
radical species left for consideration. It is the 
contention of Field et al. (5) that step [A21 of the 
NFT mechanism is also rate-determining for the 
isotopic exchange. 

Further support for this interpretation is pro- 
vided by the kinetic data of Betts and Mac- 
Kenzie (19). They made a number of runs in 
which tracer was not added until the BrO,- and 
Br, had been in contact for 100 h. Although these 
systems had not yet attained equilibrium con- 
centrations of HOBr, they had moved a con- 

1 siderable distance in that direction. Rates of 
1 exchange in those systems were proportional to 
I [Br03-]1.7[Br2]0.3. If a single step were rate- ' determining for the exchange, and if all bromine 

species were in equilibrium, the rate of exchange 
would be proportional to [Br03-]a[Br2]e where 
cr + 2P would equal the number of bromine 
atoms in the transition state and 5cl/(a + 2P) 
would equal the average oxidation number of 
those bromines. The experimental data suggest a 
transition state with 2.3 bromine atoms having 

I an average oxidation number of $3.7. Step [A21 
has a transition state with 2 bromine atoms 
having an average oxidation number of + 4  and 
predicts kinetics [Br03-]1.6[Br2]0.2. Step [B3] 
has 3 bromine atoms in a transition state having 
an average oxidation number of +2.33 and pre- 
dicts kinetics [Br03-]1.4[Br2]0.8. The NFT pre- 
diction certainly comes much closer to fitting the 
experimental observations. No other step in the 
HSV mechanism has an average oxidation 
number greater than + 2  for the average oxida- 
tion number of bromines in the transition state. 

Summary 
Overall stoichiometries like [TI] and [T2] can 

be established precisely if the necessary free 
energies are known. We can never determine with 
certainty the precise elementary processes by 

which a complicated chemical change is accom- 
plished. It is difficult even to prove with absolute 
certainty that a particular mechanistic proposal 
is invalid. However, the accumulation of evi- 
dence can often generate a strong preference for 
one of two alternative mechanistic proposals. 
We believe such a situation applies to the 
present case. 

The NFT (11) mechanism includes all of the 
possible oxygen atom transfer processes between 
bromine species with odd oxidation number. It 
includes the possible hydrolysis reactions of 
Br(0) and Br(1V); we have argued elsewhere 
(ref. 5, p. 8655) why reversible hydrolysis of 
Br(I1) is also fast even though this process does 
not need to be included in the NFT mechanism. 
The possible reactions of cerium species with 
bromine dioxide free radicals are both con- 
sidered, although we show (10) that only one 
contributes significantly. The proposed steps and 
rate constants for bromine reactions are also 
consistent with what is known about the 
chemistry of chlorine (1 5, 16) and of iodine (1 7), 
with independent studies of radiation chemistry 
in alkaline solution (1 8), and with the kinetics of 
isotopic exchange reactions between bromine 
and bromate (19). The resulting mechanism has 
been subjected to computer simulation (10) and 
found to be consistent with experimental in- 
formation. We are not aware of any serious dis- 
crepancies with any known experimental facts. 
We therefore believe this mechanism can 
appropriately be applied with confidence to the 
still more complicated Belousov-Zhabotinsky 
reaction (5). 

The HSV (9) mechanism omits oxygen transfer 
and hydrolysis steps like [All, [A2], and [A41 
for which there is considerable precedent, and it 
includes a peculiar [B3] step that differs from 
any we have seen proposed for an oxyhalogen 
system. This mechanism has not been subjected 
to computer simulation, but it predicts effects of 
[HOBr] manipulation different from those ob- 
served in an analogous system (12) and seems to 
require some bromide ion reactions to proceed 
at rates greater than would be permitted even for 
diffusion control (14). It also seems to us to be 
inconsistent with the results from radiation 
chemical (1 8) and isotopic exchange (19) studies. 
Unless these apparent inconsistencies can be 
explained, and unless the NFT mechanism can 
be proved inconsistent with some experimental 
fact, we believe a definite choice between the two 
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mechanistic proposals should strongly favor the 8. R. c .  THoMPsoN. J .  Am. Chem. Sot. 93,7315 (1971). 

NFT or some minor modification 9. C. HERBO, G. SCHMITZ, and M. VAN GLABBEKE. Can. 
J.  Chem. 54,2628 (1976). 

of it. 10. S. BARKIN,M. BIXON. R. M. NOYES. and K.  BAR-ELI. -- ~ 
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Substituent effects on the 13c chemical shifts of monosubstituted twistanes 

HELMUT BEIERBECK AND JOHN K. SAUNDERS 
Dipartement de chimie, Universiti de Sherbrooke, Sherbrooke (Qui . ) ,  Canada JZK 2RZ 

Received December 2, 1976 

HELMUT BEIERBECK and JOHN K. SAUNDERS. Can. J. Chem. 55,3161 (1977). 
The I3C chemical shift data for some hydroxy, chloro, bromo, and 0x0 twistane derivatives 

are presented and compared to the shifts observed in corresponding adamantanes. The sub- 
stituent effect at the ci and p carbons is more pronounced in twistanes than in adamantanes. The 
substituent shift induced at an antiperiplanar y carbon is shown to depend on the presence or 
absence of 1,3-diaxial hydrogen-hydrogen interactions between the substituted and y carbons. 
If such an interaction is present the effect is of shielding whereas if it is absent, the effect is of 
deshielding. The deshielding effect appears to occur via a through bond interaction. 

HELMUT BEIERBECK et JOHN K. SAUNDERS. Can. J. Chem. 55,3161 (1977), 
Les dCplacements chimiques du 13C pour quelques hydroxy, chloro, bromo et 0x0 twistanes 

sont donnks et sont comparCs aux dCp1acement.s chimiques observes dans les derives d'adaman- 
tane correspondants. L'effet d'un substituant sur les carbones ci et P est plus grand dans les 
twistanes que dans les adarnantanes. On demontre que le deplacement induit sur le carbone y 
antiperiplanar, par un substituant, depend de la presence ou de l'absence d'interactions 
hydrogene-hydrogene 1,3 diaxiales entre les hydrogenes sur le carbone substitue et le carbone 
y. Si une telle interaction est presente, on observe un effet de blindage tandis que si elle est 
absente, le carbone y est dCblind6. I1 semble que I'effet de dCblindage soit dfi a une interaction 
a travers les liaisons. 

I 

Substituent effects on 13C chemical shifts have 
received a lot of attention since the earliest 13C 
nmr studies (1). These studies have led to the 
development of empirical correlations between 
'the substituent induced shift and the stereo- 
chemistry of the compound. Also such correla- 
tions can give insight into the fundamental 
interpretation of 13C chemical shifts with respect 
to molecular and electronic structural character- 
istics. Molecular systems of well defined and 
rigid geometry provide good models for a study 
of the electronic effects on carbon shieldings. 
Adamantane is such a system, and thus the 
effect of substitution at either carbon 1 or 2 has 
been studied (2-4). 

The difference in substituent induced shift at 
the a and p carbons between 1- and Zsubstituted 
adamantanes is readily explained in terms of 
differences in gauche interactions (5). However, 
the effect at the y carbon appears anomalous in 
that, for example, substitution of an OH at 
carbon 1 deshields the y carbon by 2.4 ppm 
whereas substitution of an OH at carbon-2 
results in shielding of both carbons by 6.7 and 
1.2 ppm for the y carbon syn and anti to the OH, 
respectively. For the carbon syn, the C,-OH, 
Cp-C, bonds are in a gauche orientation, an 
orientation well known to give rise to shielding 
at the y carbon, whereas for the carbon anti, the 

Cp-C, bond is antiperiplanar to the C-0 
bond, a relative orientation found for the y 
carbon in 1-adamantanol. 

Another class of compounds which have well 
defined geometry and which are relatively rigid 
are the twistane derivatives. However, the six 
membered rings in these compounds exist in a 
twist boat conformation in comparison with the 
chair conformation of adamantanes, hence the 
relative bond orientations are quite different in 
the two series of compounds. In this paper, we 
report the 13Cmr data of a number of twistane 
derivatives and compare this data with that 
obtained in the corresponding adamantane 
derivatives. 

Results and Discussion 
The 13C chemical shifts for twistane (I), 1- 

substituted twistanes (2-4), and Csubstituted 
twistanes (5-7) are given in Table 1 as are the 
data for the disubstituted adamantanes 8 and 9. 
The resonances for 1 were readily assigned from 
the single-frequency, off-resonance decoupled 
(SFORD) spectrum and the relative intensities. 
For 2, carbons l ,2 ,6 ,  and 10 were assigned from 
the SFORD spectrum. The remaining reso- 
nances could be assigned as corresponding to 
either CH or CH, carbons but could not be 
assigned to a particular carbon. Consequsntly, 
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the effect of the addition of Pr(fod), was used in 
order to complete the assignments. The Pr(fod), 
induced shifts were treated using the McConnell 
equation as described previously (6). The 
calculated and observed induced shifts are given 
in Table 1. The observed resonances for 3 and 4 
were assigned using the respective SFORD 
spectra and the recorded data for 2. The spectra 

0  u 

,A for the Csubstituted twistanes were assigned 
s using the corresponding SFORD spectrum and 
9 
3 the Pr(fod), induced shift data given in Table 1. 
bp The spectrum for 8, was assigned on the basis 
.- 
s of relative intensities, the SFORD spectrum, 
P .- and the Pr(fod), induced shift data included in 
i; Table 1. The spectrum of 9 was assigned using 

g CH, 
6 L 8 R = O H  - 
2 9 R = B r  
m .  >- 
.s z the relative intensities, the SFORD spectrum, 
B; and by comparison with the spectrum of 8. 
2: 

z Inspection of Table 1 indicates that the com- 
5"" 
n o 2 bination of SFORD spectra and Pr(fod), 
u.32 c.= o induced shifts leads to relatively unambiguous 

5: g assignments of all carbons with the possible 
- " , A  

*S  E exception of carbons 9 and 10 for compound 6. 
: g i  
. E k  

In Table 2 the chemical shift difference, A6, 
g w - 0  c . E u  i due to the introduction of each substituent for 
;2+: 
..a W ' Z  

the twistane derivatives is compared to that 
~ : 2 t i  
gz; 

observed in the corresponding. adamantanes. 
c=  u 

22s 2 
The relative shift at the P carbon resulting from 

o m ( .  
.:s ;j+ the introduction of the substituent depends on 
2% os! > the dihedral angle between the C-X and C-H 
0-r c : 
;."';2 n 5 s ! ~ ~  and/or C-C bonds (5). The y carbons of the 1- 

twistane derivatives are deshielded, with the 2 m e  GBdil ..%" 

exception of C-5, by the introduction of a sub- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BEIERBECK AND SAUNDERS 

stituent, as are the y carbons of 1-adamantanes 
although the magnitude is somewhat smaller in 
the case of the twistanes. In the adamantane 
compounds an approximative correlation be- 
tween substituent induced shift at the y carbon 
and o* was observed (2) and thus it was con- 
cluded that the dominant factor causing the 
deshielding at this carbon was the through-bond 
interaction. If the transmission of this effect 
occurs by a hyperconjugative interaction (7) 
between the electrons of the CB-C, bonds and 
the back lobe of the carbon sp3 orbital of the 
C-X bond then this interaction will be a maxi- 
mum when the Cp-C, and C,-X bonds are 
trans antiperiplanar as is the case in adaman- 
tanes. The smaller shifts in twistanes are a con- 
sequence of the angle between the Cp-C, and 
C,-X bonds differing from 180". Although only 
a limited number of substituents have been 
studied, the same trend is apparent for both 
series of compounds i.e. bromine > chlorine > 
OH > H. Carbon 5 has a C-H bond in a 
pseudo 1,3-diaxial interaction with the C-X 
bond and will thus be shielded. For each sub- 
stituent, the a shift is larger for twistanes than 
for adamantanes. This could also be a con- 
sequence, at least in part, of the lack of co- 
planarity between the CB-C, and ca-X bonds. 
Since the hyperconjugative effect which de- 
shields the y carbon will tend to shield the a 
carbon and, as mentioned above, this interaction 
will be a maximum when the Cp-C, and Ca-X 
bonds are coplanar. 

The twistanols 5 and 6 exhibit both shielding 
and deshielding at the y carbons whereas in 2- 
adamantanol both y carbons are shielded. 
Recently, it has been suggested (8) that the -5 
ppm shielding of the y carbon for C-X and 
Cp-C, in a gauche orientation is not a con- 
sequence of a steric interaction between the 
group X and a proton on the y carbon but 
rather is due to the replacement of the hydrogen 
of the a carbon i.e. 

Shielding 

-- h h h  h 

2 2  c s ~  sss 
P 1'9 ??"?  ' 9 ? ?  1 
P m -  , - -  N o -  0 m - -  - I I I  

s s  s s s  sss g 
d: ? ?  09T .1  2 2 2  2 8 a =  w o o  

I  I  I l l  

h h  h h h  
h 

cgE =.FZ 2 
. . .  r - w m  . . .  F T T  5 

w  w -  - 0 -  a 0 0  0 
d - I I  I I  

h 
h h O  h h h h  h h  

8Sc 2 3 C 8  SE 
? 976. " ? 0 1 " ' 9  1? 
0, O N N  * - N O  0 -  
O - - -  I I 

h 
h h O  h h h h  h h  

OZZ 2 2 C 8  SE 
- - P  - ? O F ?  * N .  

I  I I  
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Thus the chemical shift will depend on the 
relative orientation of the C,-H and C,-H 
bonds. Introduction of an electronegative sub- 
stituent causes changes in valency angles of the 
substituted carbon and it is quite possible that 
the distance between the hydrogen on the a 
carbon and that on the y carbon anti is increased 
upon substitution of X at the a carbon which 
would lead to a relative shielding of they carbon. 
The observed shift will then be a function of the 
through bond effect plus the effect due to a 
decrease in the 1,3-diaxial hydrogen-hydrogen 
interaction. In twistane, the two hydrogens of 
C-4 have pseudo 1,3-diaxial interactions with 
the hydrogens of carbons 2 and 8. Introduction 
of an OH at C-4 causes shielding of both of these 
carbons for both orientations of the OH group 
with the effect being more pronounced when the 
C-OH and CB-C, bonds are in the pseudo 
gauche orientation. The third y carbon, C-6, is 
in an orientation such that the angles between 
its C-H bond and the carbon-hydrogen bonds 
of C-4 are 90" or greater and thus introduction 
of an OH at C-4 results in deshielding. 

The effect of introduction of an OH or Br on 
the chemical shift of the y carbons in adamantane 
derivatives is given in Table 3. The y carbon 
syn to the OH in 8 is shielded by 6.9 pprn relative 
to 2-methyladamantane (3) whereas the y carbon 
anti is deshielded by 2.6 ppm. Thus the OH has 
a similar effect on the carbon syn to that ob- 
served in adamantan-2-01. However, the effect 
on the carbon anti does not correlate with that 
observed in adamantan-2-01, but rather to that 
found in adamantan-1-01. The effect of the Br is 
similar in that the y carbon anti is deshielded by 
4.2 pprn which resembles the induced shift in 
1-bromoadamantane. Thus, it appears that in 
order to observe an upfield shift of the y carbon 
anti, the substituted carbon must bear a hydro- 
gen. Eliel et al. (7) found that electronegative 
substituents on secondary or tertiary carbons 
shielded the y carbon anti whereas Ayer et al. 
(9) observed deshielding at this carbon when the 
substituted carbon was quaternary. 

The effect at the y carbon (C-3) on sub- 
stitution of a keto group in cyclohexane is a 
combination of two effects, namely a polar 
effect (either a through bond or a through space 
effect) which deshields, and the removal of one 
1,3-diaxial hydrogen-hydrogen interaction which 
shields. This can be seen from the comparison 

TABLE 3. Substituent induced shifts for adaman- 
tanea derivatives 

y Carbon 

Compound SYn anti 

- - 

OShifts of mono substituted adamantanes taken from ref. 3. 

of the chemical shifts recorded for 3,3,5-tri- 
methylcyclohexanone (10) and 1,1,3-trimethyl- 
cyclohexane~(l1). For the former the quaternary 
carbon resonance appears at 35.1 pprn and the 
tertiary carbon at 29.5 ppm, whereas in the latter 
these carbons absorb at 31.4 and 28.9 pprn re- 
spectively. Thus the quaternary carbon is de- 
shielded by 3.7 pprn whereas the tertiary carbon 
is only deshielded by 0.6 ppm. In 7, the y 
carbons (C-2 and 8) whose hydrogens had 1,3- 
diaxial interactions with the C-4 hydrogens in 
twistane, are shielded whereas the y carbon 
(C-6), which did not have such an interaction, 
is deshielded. The results parallel those observed 
for OH substitution. The polar effect is probably, 
at least in part, a through bond effect and con- 
sequently will depend on the relative orientation 
of C-C and C==O bonds. Thus the magnitude 
of the observed shift caused by the introduction 
of the carbonyl group will depend on the severity 
of the replaced 1,3-diaxial interaction as well as 
the angle between the C-C and C=O bonds. 

The effect of the OH group on the chemical 
shift of the 6 carbon is of shielding, with the 
exception of C-7 in 5. This is in the same direc- 
tion as that observed in adamantane derivatives 
although, for the twistane, the numerical value 
is less due to lack of coplanarity between the 
C-X and CB-C, bonds. The steric interaction 
between a substituent and the hydrogen of the 
6 carbon has been shown to deshield the 6 
carbon (12) which explains the downfield shift 
observed for C-7 in 5. The substituent shifts for 
the 6 carbons in 7 are somewhat larger and can 
in part be attributed to polar effects. Also, 
inclusion of an sp2 carbon at C-4 changes the 
relative orientations of a number of C-H 
bonds and this will also influence the observed 
shift. 
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Conclusion 
The shifts recorded at  the y carbons of the 1- 

substituted twistane derivatives agree in direction 
though not in magnitude to  the corresponding 
1-substituted adamantanes. This is interpreted 
as evidence for a through bond type mechanism 
since the substituent effect is a maximum where 
the C,-X and Cp-C, bonds are trans anti- 
periplanar. The relatively larger a substituent 
effects in twistane are in agreement with this 
statement. The substituent shifts on y carbons 
observed in 4-twistanols, 4-twistanone, and 2- 
adamantanols are shown to  be a combination of 
field effects and conformational changes. 

Experimental 
All spectra were recorded on a Bruker HX-90 spec- 

trometer equipped with a Nicolet 1083 computer operat- 
ing in the Fourier transform mode. The compounds were 
analyzed as approximately 1 M CDC13 solutions with 
TMS used as internal reference. The experimental pro- 
cedure for determining the effect of P r ( f ~ d ) ~  as well as 
the data analysis has been reported elsewhere (6). The 
calculated Pr-0 internuclear distances varied between 

2.8 and 3.5 A. A typical position for the Pr is shown. The 
syntheses and structure proof of all twistane derivatives 
have been given elsewhere (13). Compound 8, 2-methyl- 
adamantan-2-01, was prepared by the reaction of CH3Li 
on adamantanone (14). Compound 9 was prepared by 
reacting 8 with PBrJHBr (15). 
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The comparative chemistry of ammine and methylamine complexes of 
rhodium(II1) and cobalt(II1) 
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THOMAS WILSON SWADDLE. Can. J. Chem. 55,3166 (1977). 
For the aquation of (CH3NH2)SRhC12+, the first order rate coefficients are represented by 

AH,,* = 101.9 kJ mol-' and AS,,* = -50.2 J K-' mol-' in 0.1 M HCIO,, while for base 
hydrolysis the rate is first order in [(CH3NH2),RhC12+] and [OH-] at ionic strength 0.10 M 
and the rate coefficients (in M- '  s-') are represented by AHOH* = 108.6 kJ mol-' and ASoH* 
= 74.1 J K-I mol-'. Acid dissociation constants are reported for (RNH2),MOHZ3+ (R = H 
or CH,; M = Rh or Co), and these, combined with spectral data, show CH3NH2 to be a 
poorer electron donor than NH3 in complexes of this type, contrary to expectations. The com- 
parative kinetics of reactions of (RNH2),MC12+ support the assignment of an I ,  mechanism to 
aquation when M = Rh or Cr, Id to aquation when M = Co, and D,, for base hydrolysis in 
all these cases. 

THOMAS WILSON SWADDLE. Can. J. Chem. 55,3166 (1977). 
Pour l'aquation de (CH3NH2),RhC12+, dans HC104 0.1 M, les coefficients de vitesse du 

premier ordre sont reprCsentks par AHa,* = 101.9 kJ mol-' et ASa,* = -50.2 J K-'  mol-', 
et pour l'hydrolyse basique a force ionique de 0.10 M la vitesse est du premier ordre en 
[(CH3NH2),RhC12+] et en [OH-] et les coefficients de vitesse (en M- '  s-') sont reprCsentCs 
par AHoH* = 108.6 kJ mol-I et ASoH* = 74.1 J K-I mol-'. On rapporte les constantes de 
dissociation acide pour (RNH2),MOHZ3+ (R = H ou CH3; M = Rh ou Co) et ces valeurs, 
combinkes avec des donnees spectrales, montrent que le CH3NH2 est un plus mauvais donneur 
dlClectron que le NH, dans des complexes de ce type et ceci contrairement aux anticipations. 
Les cinCtiques comparees des rkactions de (RNH2),MC12+ sont en accord avec l'attribution 
d'un mkcanisme I, pour l'aquation quand M = Rh ou Cr, d'un mkcanisme Id pour l'aquation 
quand M = Co, et Dcb pour I'hydrolyse basique dans tous ces cas. 

[Traduit par le journal] 

Introduction 
The hypothesis has been advanced (1, 2) that 

simple ligand substitution reactions of cationic 
octahedral complexes in solution occur by an 
associative interchange (I,) mechanism for tri- 
valent transition metals in general, with the im- 
portant exception of cobalt(III), for which a 
dissociative interchange (I,) mechanism evi- 
dently operates. The term 'simple' implies exclu- 
sion of special cases, notably conjugate-base 
solvolysis pathways in which a dissociative 
(D,,) mechanism is considered to be generally 
applicable. 

If this hypothesis is valid, then the effects of 
replacing R = H by R = CH, in (RNH2),- 
MC12' (hereinafter called 'N-methylation') on 
the rates of chloride aquation 

[l] (RNHZ)5MC12+ + H z 0  + (RNH2),MOHZ3 + 

+ Cl- 

should be qualitatively different for M = Co 
relative to M = Cr, Rh, etc. Indeed the methyl- 
amine complex aquates 22 times more rapidly 

than the ammine for M = Co, but 33 times more 
slowly when M = Cr, at 298 K (3-5). In the 
simplest view, this can be attributed to the dif- 
ferent roles of steric effects in the mechanistic 
dichotomy (1, 6-8), since it is known (9) that 
marked steric compression exists in both of these 
methylamine complexes, although there are 
fewer nonbonded contacts in the chromium one 
(as expected, since the ionic radius of Cr3' is 
61.5 pm as opposed to 52.5 pm for Co3' (10)). 
We may therefore naively predict that (CH3- 
NH2),RhC12' should aquate more slowly than 
(NH3),RhC12+, if the mechanism is indeed I,, 
but that the rates should be more nearly equal 
than in the chromium(II1) analogues, since the 
relatively large radius of Rh3' (67 pm) (10) 
should reduce the number of nonbonded con- 
tacts in (cH,NH,),MC~~' still further. 

On the basis of a common conjugate-base 
mechanism for the alkaline hydrolysis of 
(RNH2),MC12' 

[2] (RNH2),MC12+ + OH- e (RNH,),M(NHR)Cl+ + H z 0  
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one can similarly predict a marked steric ac- 
celeration of reaction 3 in all cases on N-methyla- 
tion (6), but the decline in the number of non- 
bonded interactions in (CH,NH2),MC12+ on 
going from M = Co to Cr to  Rh should reduce 
this effect rather sharply. Thus, if it can be shown 
that the effect of N-methylation on reaction 2 is 
not very much different for the various M, it can 
be predicted that the acceleration of base hydrol- 
ysis on N-methylation will fall in the sequence 
M = Co >> Cr > Rh. 

The purpose of this study was to  test these 
predictions experimentally, especially since Bu- 
chacek and Harris (1 1) have recently pointed out 
anomalies in the assignments of mechanism in 
octahedral rhodium(II1) complexes. The predic- 
tions are based on the more obvious steric con- 
sequences of N-methylation, such as have been 
considered by many authors both recently (12, 
13) and in the formative years of inorganic 
mechanistic studies (14). Consideration must be 
given, however, to possible indirect influences of , N-methylation on reactivity such as through 
solvational and electronic effects, especially since 
the latter are of an unexpected kind in the com- 
plexes considered here. 

Experimental 
Materials 
Chloropentaamminerhodium(III), aquopentaammine- 

rhodium(III), and aquopentaamminecobalt(1II) perchlo- 
rates were made as described previously (15, 16). Chloro- 
pentakis(methylamine)wbalt(III) chloride was made from 
dichlorotetrapyridinecobalt(II1) chloride (17) by the 
method of Mitzner et al. (18), with minor variations in 
reagent quantities and reaction conditions between suc- 
cessive preparations. 

Preparation of Chloropentakis(methylamine)rhodium (111) 
Perchlorate 

Liquid methylamine (30 cm3) was obtained by adding 
the 40% aqueous solution dropwise to NaOH pellets with 
warming, drying the liberated gas over sodalime, and 
condensing it under reduced pressure at -78'C. To this 
liquid, 0.5 g RhCl3.3H20 (freshly prepared from Rh 
residues) was added, a little at a time, allowing the solid 
to dissolve after each addition. The red solution was 
allowed to evaporate, the yellow residue was dissolved in 
the minimum amount of hot dilute HCl, and the solution 
was filtered. On cooling, yellow crystals of [Rh(NHz- 
CH3)5CI]Clz (0.4 g) separated, and were converted to the 
perchlorate salt by dissolving them in 10 cm3 water at 
65"C, adding about 8 cm3 60% HC104, and cooling the 
solution to 0°C. The resulting pale yellow needles were 
filtered, washed with 2-3 cm3 ice-wld water, and dried 
in a vacuum desiccator over silica gel. Anal. calcd. for 

[Rh(NHzCH3)sCll(ClO,), : C 12.2, H 5.1, N 14.2, C121.6, 
Rh 20.9; found: C 12.3, H 5.2, N 14.1, C1 21.5, Rh 20.9. 

Preparation of Aquopentakis(methylamine)rhodium(III) 
Perchlorate 

[Rh(NHzCH3)5Cl](C10,), (0.702 g) in 150 cm3 
HC1O4 (0.01 M ;  M = mol dm-9  was heated with 
AgC104 (0.305 g, a 3% excess) for 24 h at 95°C. The pale 
yellow solution was filtered, evaporated on the steam 
bath to about 15 cm3, and again filtered. The solution 
was treated with 5 cm3 60% HC104, evaporated to 10 cm3, 
filtered, and kept overnight at 0°C. The resulting pale 
yellow crystals were filtered, washed quickly three times 
with ice-cold water, and dried under vacuum over fresh 
NaOH pellets. Yield, 0.36 g. Anal. calcd. for [Rh(NH,- 
CH3)50HZ](C104)3: C 10.5, H 4.7, N 12.2, C1 18.5 
(formula weight 575); found: C 10.6, H 4.5, N 12.3, 
C1 18.7 (formula weight by p H  titration (see below) 
580 k 6). 

Spectra 
All spectrophotometric measurements were made using 

a freshly serviced Cary 15 spectrophotometer. The spectra 
of the pure compounds in acidic aqueous solution are 
listed in Table 1. 

Kinetics 
The kinetics of the aquation reactions were followed 

by thermostatting (+0.0l0C) 10 cm3 aliquots of a solu- 
tion of the rhodium(II1) complex in HC1O4 in Pyrex 
ampoules in a darkened oil bath, quenching these to 
room temperature at appropriate times t, and measuring 
the optical density A, of the solution at 200 nm. At this 
wavelength, the molar absorptivities E of Rh(NHZCH3),- 
C12+, Rh(NHzCH3)50H23+, Rh(NH3)5ClZ+, and Rh- 
(NH3)50Hz3+ in aqueous HC1O4 are 35 400, 18 000, 
11 200, and 300 M-' cm-I respectively, while E for C1- 
is negligible, and the final absorbance values A, of the 
reaction mixtures after 10 half-lives were compared to 
these to show that the reactions being followed were 
indeed chloride aquations (reaction 1) and went to com- 
pletion under the experimental conditions. 

For the base hydrolysis reactions (reactions 2 and 3), 
accurately measured aliquots were pipetted from the 
thermostatted bulk reaction mixtures at appropriate in- 
tervals and quenched in a measured excess of 0.5 M 
HC104 at room temperature. The absorbances of the 
resulting solutions were measured at 200 nm, and again 
the final values A, verified that the products were indeed 
(RNH2)5RhOHZ+ (identified in acid as the aquo com- 
plex). 

All temperature measurements were made with calibra- 
tions traceable to NBS. 

Acid Dissociation Constants of Aquo Complexes 
For Rh(NHzCH3)50Hz3 +, Rh(NH3)50HZ3 +, and 

C O ( N H ~ ) ~ O H ~ ~ + ,  aliquots of 0.0100 M solutions made 
from the solid perchlorates were thermostatted in a 
jacketted beaker and titrated with standardized 0.1 M 
NaOH solution from a microburette, while monitoring 
the p H  with a Beckman 39502 combination electrode in 
conjunction with an Orion 801A potentiometer. This pro- 
cedure gave both the acid equivalent weights of the com- 
plexes (which agreed with the theoretical values within 
the experimental uncertainty in all cases) and the pK. 
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TABLE 1. Spectra of (RNH2)5MX'3-n)+ in dilute perchloric acid" 

M X" - R hl A2 h3 Reference 

This work 
This work 
This work 
This work 

19 
19 

16,20 
This work, 20 

21 
2 1 

OWavelengths h. of maxima in nm are followed by molar 

values at the ionic strength I of the midpoint of the 
titration curve. 

This procedure was inapplicable to CO(NH,CH~)~- 
0Hz3+,  which was not obtained as a solid salt and which 
decomposed slowly with methylamine release in the 
course of a p H  titration. Instead, solutions of [Co(NH2- 
CH3),CI]C12 in dilute standard HC1O4 with the stoichio- 
metric amount of AgCIO, were kept at 22°C in the dark 
for 44 to 68 h, i.e., for times corresponding to over 99% 
chloride aquation even in the absence of the anticipated 
Ag+ catalysis (3, 5). The solutions were then chilled to 
0°C to ensure maximum precipitation of AgCl, filtered, 
and made to 100 cm3 at 22°C such that [HC1O4] = 
[(CO(NH~CH~),OH~)(CIO,)~] = 0.0100 M. These freshly 
prepared solutions were used to obtain the spectrum of 
C O ( N H ~ C H ~ ) ~ O H ~ ~ + ,  given in Table 1, which agrees 
well with that reported by Mitzner and Blankenburg (20). 
Aliquots of these solutions were placed in the darkened, 
thermostatted beaker as above but at a low temperature 
(2"C), and enough 0.1 M NaOH was added under 
thorough stirring to neutralize all the HCIO, and pre- 
cisely one-half of the aquo complex. The p H  of the mix- 
tures (=pK, of the aquo complex) was then measured 
as above, arranging for the momentary pH meter reading 
immediately before immersion into the test solution to 
be within 1 pH unit of the anticipated pK, value so as to 
expedite the attainment of a stable final reading without 
decomposition of the complex. 

Results 
Aguation of Rh(NH2R) ,c12+ 

Plots of In (A, - A,) vs. t were linear over 
at least 87% reaction (correlation coefficients 
r 2  > 0.9994), and the corresponding pseudo- 
first-order rate coefficients k,, are collected in 
Table 2. For R = CH,, standard errors in k,, 
were typically +0.8%, and reproducibility was 
+ 1.8%. Precision was better than this for R = H 
because the final absorbances A, were much 
smaller than for R = CH,. The rate coefficients 
were the same in 0.01 M as in 0.10 M HClO,, 
and over a twofold range of initial complex 
concentrations: within these limits of uncertainty. 

The Eyring plot for R = CH, is linear (r2 = 

absorptivities E in M-1 cm-'. 

TABLE 2. Pseudo-first-order rate coefficients k,, for 
the aquation of Rh(NH2R),C12+ in 0.1 M HCIO, 

Complex T ("c) loSk,, (s-l) 

Rh(NH2CH3)sClzt a 113.59 32.6 
108.00 20.5 
100.25 10.5 
92.36 4.90 
84.90 2.40 

Rh(NH3)sC12 + b  100.21 20.5 
84.90 4.80 

0.9998) and leads to AHa,* = 101.9 + 0.9 kJ 
mol-', withAS,,* = -50.2 + 2.3 J K - '  mol-'. 
The data for R = H indicate AH,,* - 102 kJ 
mol-' and AS,, * - - 44 J K-' mol-' ; the k,, 
values agree well with those interpolated from 
the work of Poe e t  al. (22) and Lalor and 
Bushnell (23), and all these data taken together 
give AH,, * = 101.5 f 1.2 kJ mol- ' and AS,, * 
= -45.6 + 3.4 J K-' mol-' with r 2  = 0.9992 
(the activation parameters calculated by Lalor 
and Bushnell are in error). 

Base Hydrolysis of Rh(NH2R) ,CI2+ 
Plots of In (A, - A,) vs. t were linear to at 

least 86% reaction, with r 2  always exceeding 
0.995 for R = CH, and 0.999 for R = H. The 
corresponding pseudo-first-order rate coefficients 
kobs were seen to be directly proportional to 
[OH-] at constant I, and accordingly Table 3 
lists koH = kobs/[OH-1, together with the stan- 
dard errors. The temperature dependence of 
koH gives AHoH* = 108.6 f 1.8 kJ mol-' and 
ASoH* = 74.1 f 6.1 J K-'  mol-' with r2  = 
0.9995 for Rh(NH2CH3),C12+, and AHoH* = 
114.8 f 0.7 kJ mol-' and ASoH* = 66.4 f 2.1 
J K-' mol-' with r 2  = 0.99997 for Rh(NH,),- 
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TABLE 3. Specific rate coefficients koH for the base hydrolyses of (RNHZ),- 
RhC12+ at ionic strength 0.100 M (NaOH/NaC104) 

Complex T("C) [OH-] (M) 103kon (M-' S-') 

Rh(NHzCH3)sCIZ+a 35.00 0.0251 18.6 k 0 . 4  
30.00 0.0251 9 . 0  k O . l  

0.0497 9 . 0  k O . l  
0.0989 9 . 3  k 0 . 3  

20.01 0.0989 2 . 1 4 k 0 . 0 5  
13.43 0.0989 0 . 6 9 k 0 . 0 1  

Rh(NH3)sCIZ+b 50.42 0.0497 5 . 7 7 k 0 . 0 2  
44.98 0.0497 2 . 6 6 k 0 . 0 1  
45.00 0.0989 2 . 8 7 k 0 . 0 3  
34.99 0.0989 0 . 6 5 k 0 . 0 1  
34.99 0.0873' 0 . 6 5 k 0 . 0 1  

O[Rh] = 3.2 X 10-5 M. 
b[Rh] = 1.2 X M. 
=Ionic strength 0.088 M. 

TABLE 4 .  Acid dissociation constants for the ions (RNH2)sMOH23+ in aqueous solutiona 

Complex T ("C) pKab AH0 (kJ mol-') AS0 (J K-' mol-l) 

10.4 6.27 
Rh(NH3)s0Hz3 + 35.0  6.24' 25 + 4' -38k12' 

22 .0  6 . 5 3 k 0 . 0 2  
9 . 4  6.63' 

Co(NH2CH3)s0HZ3 + 1.9  5 .73k0 .01  
5 .  6gd 

Co(NH3)50HZ3+ 30.0  5.97" 33 + 2 - 5 k 6  
22 .0  6 .08  

1 .9  6 . 5 3 k 0 . 0 2  

"Counterions Na+, C10,-; ionic strength 0.047 M except where indicated. 
bTriplicate measurements where error ranges cited; otherwise, single determinations. 
<Reference 22; ionic strength 0.2 M. 
*Using solution kept 24 h at 22'C after filtration. 
=Extrapolated from higher ionic strengths (ref. 25). 

C12+, at I = 0.100 M. The latter parameters 
give k,, = 1.39 x M-' s-' for Rh(NH3),- 
C12+ at 40.16"C, in excellent agreement with the 
value reported by Bushnell et al. (24) for this 
temperature and similar ionic strength. 

Acid Dissociation Constants Ka of the Aquo 
Complexes 

Values of pKa (Table 4) obtained by the pH 
titration and the direct half-neutralization 
methods were equally reliable, according to 
experiments using CO(NH,),OH,~+, were in- 
dependent of variations in the mode of prepara- 
tion of the complexes, and agreed well with litera- 
ture values (22, 25, 26), allowing for ionic 
strength differences. The p H  values of solutions 
of the pure solid salts were in good agreement 
with those calculated from the measured pKa 
data. 

Discussion 
The retardation ( x 0.50 at 85°C) of the aqua- 

tion of (RNH2),RhC12+ on N-methylation, 
though modest, originates in ASaq* rather than 
AHaq * and so persists over the entire temperature 
range of interest. It is opposite in direction to the 
acceleration ( x 2 2  at 25°C) observed for the 
cobalt(II1) analogues (3, 5, 6), and the simplest 
explanation is that the mechanism is I, for M = 
Rh and I, for M = Co, as previously contended 
(1, 2, 15). Steric effects can account for the con- 
sequences of the presumed mechanistic differ- 
ence, and indeed the retardation is less striking 
for Rh than for Cr (3, 5) ,  as expected on steric 
grounds. Steric factors in aliphatic substitution 
produce much larger effects than these, but 
organic S,2 reactions involve attack remote from 
the replaced ligand with stereochemical inversion 
of the entire molecule, whereas octahedral sub- 
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stitution by an I, process evidently involves 
flanking ('cis') attack with little disturbance of 
the ligands other than the one being replaced 
(1). Similarly, the large kinetic effects of steric 
decompression associated with organic S,1 re- 
actions, in which the geometry goes from tetra- 
hedral to trigonal planar, may be matched in 
octahedral substitutions of the D type, in which 
the five-coordinate intermediate survives long 
enough to undergo major rearrangement (27), 
but will be less striking in I, processes in which 
the configuration of the intermediate is less likely 
to change prior to resumption of six-coordina- 
tion. 

In the base hydrolysis of Rh(NH2R),C12+, we 
observe an acceleration (x29 at 35°C) on N- 
methylation. If a conjugate base mechanism 
(reactions 2 and 3) is operating, part of this 
acceleration could be due to an increased acidity 
of the N protons (reaction 2), but Rh(NH,CH,),- 
OH2,+ is only 2.7 times more acidic than 
Rh(NH3),OHZ3+ (Table 4), so that an accelera- 
tion of about 10-fold still needs to be accounted 
for, if N-proton and 0-proton acidity trends are 
at all similar. This acceleration contrasts with 
the retardation displayed in the aquation re- 
actions of the same compounds, but is in ac- 
cordance with the assignment of a D,, mechan- 
ism to base hydrolysis reactions in general, on 
the basis of steric acceleration of reaction 3. This 
argument applies much more forcefully when 
M = Co (6); Co(NH2CH3),OHZ3+ is 6.3 times 
more acidic then Co(NH3),OHZ3+ (Table 4) but 
this still leaves an acceleration factor of about 
2 x lo3 to be attributed to N-methylation in 
reaction 3. The overall acceleration factors as- 
sociated with N-methylation in base hydrolysis 
of M(NH2R),C12+ are 1.5 x lo4, 225, and 29 for 
M = Co, Cr, and Rh respectively, as expected 
for a common D,, mechanism, for which the 
steric acceleration of reaction 3 will decline with 
the decrease in the number and severity of the 
nonbonded interactions as the ionic radii of M3+ 
increase (9, 10). 

While the above analysis explains the pheno- 
mena on the basis of steric effects alone, consi- 
deration must be given to the contributions of 
the rather unusual electronic effects revealed by 
Tables 1 and 4, and to solvational factors, even 
though these contributions will be similar for all 
the three M considered and hence do not seriously 
affect the foregoing conclusions. Table 1 shows 
that N-methylation in (RNH2),MC12+ decreases 

the energy of the lowest spin-allowed ligand field 
band in every case, i.e., it decreases the ligand 
field strength of the nonreacting ligands, which 
in (RNH2),MC12+ is a measure of o electron 
release from N to M. This is surprising, since the 
methyl group is invariably electron releasing in 
organic molecules, yet Table 4 shows that the 
(CH,NH2),MOHz3+ are more acidic than the 
corresponding (NH3),MOH23+ even though 
CH3NH2 itself is 25 times more basic than NH, 
(28). Parris and Feiner (29) noted a similar spec- 
troscopic effect in M(NH,R),~+, and attributed 
the anomaly to steric constraints on six-coordina- 
tion when R = CH,. The work of Foxman (9) 
suggests that the distortion of metal-to-ligand 
bond angles from 90" may account for the re- 
duced effectiveness of N + M o-electron dona- 
tion in the methylamine complexes. 

It is difficult to gauge the effect of reduced 
electron release from RNH, on the aquation 
rates of (RNH,),MC~~+. A lowered rate would 
be expected for an I, process, on the basis of 
the lowered electron density at M, yet marked 
acceleration is observed when M = Co, where 
the I, mechanism is almost certainly operative 
(1, 14); the steric effects discussed above are 
evidently much more important than these elec- 
tronic factors. Furthermore, the replacement of 
NH, by H 2 0  in (NH3),CrC12+ results in a de- 
crease of over 3000 cm-' in the wavenumber 5, 
of the first ligand field band and a 31-fold de- 
crease in the chloride aquation rate (30), whereas 
replacement of NH, by CH3NH2 decreases V, 
by only 410 cm-' yet k,, is reduced 33-fold. 
These observations also run counter to the expec- 
tation that increasing the ligand field should de- 
crease the reaction rate of d6 (spin-paired) or d3 
complexes (ref. 14, pp. 145-158). For M = Rh 
and Co, Vl decreases on N-methylation of 
(NH3),MC12+ by amounts that are sufficiently 
small and similar (810 and 640 cm-', or 2.8 and 
3.4z7 respectively) to indicate that electronic 
effects cannot account for the differences in the 
kinetic consequences of N-methylation between 
M = Co, Rh, and Cr (compare ref. 14, p. 161). 

Qualitatively, however, the spectroscopic data 
can be taken as evidence for a general electronic 
destabilization of (RNH,),MC~~+ through geo- 
metrical strain, leading to an expectation of 
labilization of the complexes in the order Co >> 
Cr > Rh, on N-meth.ylation. Viewed in this way, 
the deactivation of the Cr and Rh complexes to- 
wards aquation becomes all the more significant. 
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Finally, solvational factors cannot account 
satisfactorily for the different kinetic conse- 
quences of N-methylation for M = Co, Cr, and 
Rh, since they will be rather similar in each case. 
Progress from R = CH, to R = C2H,, n-C3H,, 
etc. (the chief consequence of which will be 
desolvation) leads to modest stepwise accelera- 
tions of the aquations of (RNH2),MC12+ for 
both Co and Cr (4-6), indicating that the re- 
tardations of aquation observed in N-methylation 
of (NH3),RhC12+ and (NH3),CrCIZf would be 
more striking if solvational factors could be al- 
lowed for. Again, this effect can be viewed as one 
of general labilization through destabilization of 
the complexes. 

In summary, then, the kinetic phenomena 
observed in reactions 1-3 can be rationalized in 
terms of steric effects if aquation proceeds by an 
I, mechanism for M = Rh or Cr but I, for M = 
Co, and base hydrolysis by a D,, process in all 
these cases. 
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A. B. P. LEVER, G. LONDON, and P. J. MCCARTHY. Can. J. Chem. 55,3172 (1977). 
We have measured the polarized crystal spectra at 10 K of Ni(s-Et,en),X,, where X = C1, 

Br, NCS, and H 2 0  (with C1, Br, and I counterions) and s-Et,en is N,N1-diethylethylenediamine, 
and of Ni(s-Me,en),X,, where X = NCS and NO3, and s-MeZen is N,N'-dimethylethylene- 
diamine. Transition energies were calculated for Dab symmetry using symmetry adapted 
functions and a normalized spherical harmonic Hamiltonian. When the differences between cal- 
culated and observed band positions are minimized, the ligand-field and angular overlap param- 
eters listed in Table 2 are obtained. The criteria for the band assignments are discussed. The prin- 
cipal conclusions are: (I) The x interactions between Ni(I1) and the axial ligands are small in 
contrast to tetragonal Cr(II1) complexes. (2) Equatorial and axial parameters are relatively inde- 
pendent, in contrast to tetragonal Cu(I1) complexes. (3) The more basic s-Et,en exerts a 
stronger ligand field than s-MeZen. (4) The o-bonding strength of the axial ligands follows the 
spectrochemical series. (5) DQ for the axial ligands in the ethyl complexes is lower than anti- 
cipated, probably due to steric hindrance of the bulky ethyl groups. (6) B values are all near 
850 cm-I, except for an anomalously low value for Ni(s-Et,en),(NCS),. 

A. B. P. LEVER, G. LONDON et P. J. MCCARTHY. Can. J. Chem. 55,3172 (1977). 
On a mesure les spectres polarisks de cristaux i 10 K de Ni(s-Et,en),X, oh X = C1, Br, 

NCS et H Z 0  (alors que C1, Br et I agissent comme contrions) et s-Et2en = N,N1-diCthyltthyltne- 
diamine et de Ni(s-Me,en),X, oh X = NCS et NO3 et s-MeZen = N,N'-dimkthylethyltne- 
diamine. On a calc.ul6 les Cnergies de transition pour la symktrie DGh utilisant des fonctions 
adaptkes pour la symktrie et un hamiltonian harmonique sphkrique normalisk. Lorsque I'on 
minimise les diffkrences entre les positions calculees et observks des bandes, on obtient les 
pararnktres de champ de ligand et de recouvrement angulaire qui sont rapportes dans la 
tableau 2. On discute des crittres pour I'attribution des bandes. Les principales conclusions sont : 
(1) Les interactions x entre le Ni(I1) et des ligands axiaux sont plus petites que celles observks 
dans les complexes tktragonaux du Cr(II1). (2) Les paramttres kquatoriaux et axiaux sont 
relativement indkpendants, ce qui est en opposition avec les observations effectuks avec les 
complexes tetragonaux du Cu(I1). (3) Le groupe s-Et,en qui est plus basique exerce un champ 
de ligand plus fort que celui exercC par le groupe s-MeZen. (4) La force de liaison o des ligands 
axiaux est en accord avec la serie spectrochimique. (5) Les valeurs de DQ pour les ligands axiaux 
dans les complexes d'ethyle sont plus basses que celles anticipks et I'on attribue ce resultat 
i un empechement stkrique qui est probablement plus grand dans les groupes kthyles volu- 
mineux. (6) Les valeurs de B sont toutes prts de 850 cm-I except6 pour la valeur qui est basse 
d'une facon anormale pour Ni(s-Et,en),(NCS),. 

[Traduit par le journal] 

The study of electronic spectra has played a 
dramatic role in our understanding of the nature 
of the metal-ligand bonds in coordination com- 
plexes. Much effort has been concentrated in 
studying complexes of high symmetry, generally 
containing only one kind of ligand. Numerous 
models exist to convert these data into chemical 
information. They range from simple crystal- 
field models through more sophisticated ligand- 
field approaches and various molecular orbital 

methods ranging from ab initio to semi-empirical 
(1). Most of these methods can adequately de- 
scribe the behaviour of molecules of high sym- 
metry, but generally are of less utility with mo- 
lecules of lower symmetry, a direct consequence 
of the increase in the number of parameters re- 
quired to describe such systems. However, since 
the number of obse~vables also increases, 
generally, to a greater degree, this is not a 
serious drawback. Indeed, by using the extra 
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information contained within the spectrum of a 
low-symmetry complex much can be learned 
about how one metal-ligand bond interacts with 
another in the molecule. Such information is 
not generally available, at least from electronic 
spectra, because of some skepticism about the 
chemical significance of individual parameters 
in any given model, and because there has been 
little concentrated effort to obtain a large body 
of data particularly from closely related series of 
complexes. Moreover, the lack of any standard- 
ized approach to a study of low-symmetry sys- 
tems makes it difficult to compare the results of 
one study with those of another (2). 

We have recently introduced the normalized 
spherical harmonic (nsh) Hamiltonian approach 
as a means of standardizing spectroscopic analy- 
sis of low-symmetry systems (2-4). This method 
provides numerical values of DQ, DS, DT, DM, 
DN, etc., which have precise group theoretical 
significance and whose numerical values are in- 
dependent of the choice of coordinate axes. Such 
a procedure standardizes the collection of data, 
but does not necessarily preclude its further 
analysis by means of other models, in particular 

1 the orbital angular overlap model (5 and ref- 
erences cited therein). 

I , Useful information can only be derived satis- 
factorily from highly resolved electronic spectra, 
obtained preferably from polarized-light, single- 
crystal studies at cryogenic temperatures. While 
such studies are now routine, they are usually 
carried out on complexes of known structure 
(X ray), and thus tend to involve isolated in- 
dividual complexes rather than closely related 
series. 

We report here the polarized single-crystal 
spectra of the closely related series Ni(s- 
Et2en),X2 where X is C1, Br, NCS, and H,O 
(with C1, Br, and I counterions) and s-Et,en is 
N,N1-diethylethylenediamine. We also report the 
spectra of Ni(s-Me,en),X2 (X = NCS, NO,) 
which contain N,N1-dimethylethylenediamine. 
In due course we will report data for complexes 
containing chloroacetate, NO,, and NO, ligands, 
as well as those for several analogous cobalt(I1) 
complexes. X-ray structures are not generally 
available for this series. If the spectral data are 
interpreted with care, however, useful chemical 
information can be derived. Publication of such 
spectra without X-ray data is not common (see, 
however, refs. 6, 7), but can nevertheless be ex- 
ceedingly useful, and is certainly preferable to 

conventional solution or diffuse reflectance or 
transmittance spectra of solids. 

Spectra are obtained by lining up extinction 
axes of the crystal parallel to the electric vec- 
tor of the polarized light. Where the crystal 
morphology permits, spectra can be obtained 
along each of three orthogonal extinction axes. 
In general, for this series of compounds one 
expects that all or most of the spin-allowed 
bands will appear in every polarization, but not 
necessarily with the same intensity. The reasons 
for this are several: (1) The selection rules for 
D,, symmetry do not strictly apply to the chro- 
mophores in this study, since the latter possess 
no true C,. The rather small distortions from 
this symmetry could be a cause of finite intensity 
in bands which would be symmetry forbidden in 
D,,. It is quite clear, however, from the observed 
spectra, that the designation of the split states 
with D,, labels remains a rather good approxi- 
mation. (2) Since the bands in the spectra studied 
here almost uniformly decrease in size upon 
cooling, vibronic mechanisms must contribute 
significantly to the intensity. When this situation 
obtains even bands which are symmetry for- 
bidden could be vibronically allowed and appear 
in the spectra with significant intensity. (3) Since 
we have no information about the orientation 
of the chromophores, we cannot assume that 
their axes are collinear with the extinction axes. 
In this situation each of the observed polariza- 
tions will be a mixture of the spectra expected 
with light polarized along the three molecular 
axes. When one or more bands in the spectra 
are strongly polarized, the extinction axes may 
be assumed to be more nearly coincident with 
the molecular axes. In this case the selection 
rules may be used by induction (see Discussion). 

In summary, we demonstrate below that un- 
ambiguous assignments can be made and useful 
chemical information obtained from spectra 
without the benefit of X-ray structural informa- 
tion. 

Experimental 
Preparation of the Compounds 

The anhydrous complexes described here have been 
previously reported (8, 9). In growing the halo complexes 
from ethanol open to the atmosphere for a prolonged 
period, the hydrated versions were obtained. N o  problem 
of dehydration was experienced in obtaining electronic 
spectra at cryogenic temperatures even though the sam- 
ples were evacuated in the Dewar assembly. 

Analysis of the halo aquo complexes gave the following 
results : N i ( ~ - E t ~ e n ) ~ ( H ~ 0 ) ~ ~  2CI. 2H20  requires C1 16.3 ; 
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found C1 16.1%. Ni(~-Et,en)~(H,0)~ .2Br requires Br 
32.8; found Br 32.5%. Ni(s-Et2en),(H2O),.21 requires 
I 43.7; found I 44.5%. 

Spectral Measurements 
The polarized absorption spectra of single crystals of 

all the compounds in this study were measured at room 
temperature (-295 K) and at approximately 10 K using 
an Air Products Displex cryogenic refrigerator. A Cary 
14 spectrophotometer was employed, and the full range 
available (2500-185 nm) was scanned until complete ab- 
sorption of light by the crystal occurred. The light was 
polarized by means of a pair of Glan-Thompson prisms, 
and spectra were recorded with the electric vector of the 
light parallel and perpendicular to an extinction axis of 
the crystal. The extinction axes are generally not coinci- 
dent with any of the prominent crystal edges. Although 
we interpret the spectra in terms of D,, symmetry, the 
chromophores have only an approximate C4 axis, and 
so in principle three distinct spectra should be observable. 
In some cases we have obtained three distinct spectra, 
while in other cases the shape and size of the crystals 
permitted only two spectra. In all cases we are confident 
that we have observed all major features of the spectra. 
Tomlinson et a/. (10) have measured the spectra of 
(Zn, C O ) ( P + ~ ) ~ I ~  and of the corresponding bromide, the 
first along the a, b, c axes of the crystal, the second along 
the extinction axes. All the features appeared in each set, 
but in the former, the polarization of the bands is more 
complete, as expected. Similar measurements were made 
on Ni(en)2(NCS), by Bertini et a/. (1 1). Again all major 
features could be seen both in the spectra taken along 
two of the crystal axes and in those taken along two 
extinction axes. 

In calculating the band positions for the complexes, 
we have employed the symmetry adapted functions and 
a normalized spherical harmonic Hamiltonian for D4, 
(2). A fitting program was used to minimize the differences 
between the calculated and observed positions for the 
spin-allowed bands. 

Experimental Results 
Structure of the Chromophores 

In a previous study infrared spectra were used 
to demonstrate that the complexes under discus- 
sion here have a trans configuration (8). This 
conclusion was based on the close similarity of 
the finger-print region of the infrared spectra of 
each complex of a given amine, with each other, 
and with analogous copper complexes for which 
X-ray structural data had indicated a trans struc- 
ture. Emphasis was also placed on the N-H 
stretching region and on the lack of splitting of 
the v(C-N) mode of the thiocyanate complexes 
even at low temperature. A preliminary X-ray 
study of Ni(s-Me,en),(NO,), (9) revealed that 
the molecule possesses a centre of symmetry and 
must therefore be trans. In this fashion we can 
conclude with confidence that the compounds in 
this study are all trans. As shown below, the 

electronic spectra of these complexes also confirm 
this assignment. 

Criteria of Assignment 
The splitting of the F and P terms of the nickel 

ion in a tetragonal field are shown in Fig. 1. Six 
spin-allowed transitions may be anticipated and 
in practice at least five are observed. The 'A,, 
component of the 'Tl,(P) term is rarely seen as 
a discrete band but may be observed as a 
shoulder. In addition, some spin-forbidden 
bands will appear and may be fitted. 

In the absence of crystal structures and there- 
fore the absence of an unambiguous use of selec- 
tion rules, we have developed some criteria to 
aid in the assignment of these spectra. These are : 

(a) Similarity to previous assignments. The 
spectra of tetragonal nickel complexes have been 
treated many times in the past (1, 2, 6, 12-14). 
Comparison of these new data with those pre- 
viously reported often leads to a direct, essen- 
tially unequivocal assignment of the spectra. The 
transitions to the doubly degenerate 'E, levels 
are usually the most intense features. The highest 
energy d-d band near 28 kK may safely be as- 
signed to the highest 'E, transition (from 
'Tl,(P)), and the most intense feature near 
17 kK to the second highest 'E, transition (from 
'Tl,(F)). The 'A,, (from 'T1,(F)) seems in these 
complexes usually to lie as a well-defined feature 
to lower energy of the latter E band. The 'T,, 
level generally splits to a greater degree than the 
other orbital triplets, and one of its components 
may lie at a sufficiently high energy to lead to 
some doubt as to the identity of the lowest 
energy 3A,,. Spin-singlet transitions in this 
region often steal enough intensity from nearby 
spin-allowed bands (1) that these also cause 
some ambiguity in the assignment. In particular 
the 'B,, transition may lie very close to, and 
appear very similar to, the 'B,, transition, which 
may be a weak feature. The main peak near 
9-11 kK is likely to be the lowest energy 'E, 
level (from 'T,,). 

The sense of the 'T,, splitting also provides 
information, in that tetragonal complexes with 
axial field weaker than equatorial field split 
'E, < 'B,,, whereas the reverse is true for com- 
plexes whose axial field is stronger (12). 

(b) In comparing data from two orthogonal 
polarizations, we observe that the energies of 
the 'E, transitions usually differ slightly, whereas 
transitions to orbital singlet states have essen- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEVER ET AL. 3 175 

FIG. 1. Energy diagram for NiZ+ (ds) in a tetragonal 
field. 

tially the same energy in both polarizations. 
I This may be due to some splitting of the E mode 

by lower symmetry and/or spin-orbit coupling. 
I Whatever the mechanism, this observation pro- 

vides a means of identifying transitions to E 
1 levels. 

(c) Generally speaking, transitions dependent 
upon DQ increase significantly in energy upon 
cooling, whereas those independent of DQ are 
less temperature sensitive. This provides a mech- 
anism for distinguishing spin-allowed transitions 
(always dependent upon DQ) from certain 
spin-singlet transitions. 

(d) While selection rules cannot be used 
directly, we must require consistency in our as- 
signments. In general d-d bands increase in in- 
tensity as their energy increases because they 
are closer to higher energy (uv) charge-transfer 
bands to which they are coupled. It would, there- 
fore, be unreasonable to assign identical sym- 
metry labels to two bands in the same polariza- 
tion if the higher energy band were the weaker. 
Likewise, if a given band appears only in one 
polarization while another appears in two po- 
larizations, it is unlikely that the two bands have 
the same symmetry label. 

(e) There must be an acceptable fit between 
the observed energy levels and those calculated 
from the energy matrices (3). We are dealing 
basically with a four-parameter theory (DQ, DS, 

DT, and B). These four parameters should pre- 
dict the six (or often only five) observed bands 
with a deviation in any given band of less than 
about 300 cm-l. Often fits much better than 
this can be achieved. A good fit is not in itself 
an indicator of a correct assignment. However, 
the theory is now sufficiently well developed that 
even though vibrational and spin-orbit contri- 
butions are omitted, a really poor fit is an indi- 
cator of an incorrect assignment. 

(f) The resulting parameters must make 
chemical sense. Thus, for example, it is well 
established that the crystal-field strength of the 
chloride ion is less than the crystal-field strength 
of the diamine. An assignment which failed to 
reproduce this would have to be rejected. How- 
ever, one of the main purposes of this work is to 
gain further chemical insight into the nature of 
the metal-ligand bond. It is therefore to be 
hoped that some of the results will extend our 
chemical thinking and will not be rejected be- 
cause they have not hitherto been observed. 

Results for the Individual Compounds 
The room temperature and 10 K spectra for 

the compounds used in this study are shown in 
Figs. 2-9. The band energies at 10 K, their prob- 
able assignments, and the parameters used in 
obtaining the best fits between observed and 
calculated energies are listed in Table 1. The 
root mean square deviations of the calculated 
from the observed energies are listed to give an 
indication of goodness of fit. Measurements of 
band areas for five compounds which show that 
the 18 and 28 kK bands are only 68 k 10% and 
50 + 3% as intense at 10 K as they are at room 
temperature are indicative of vibronic coupling. 
The values for the 18 kK band vary between 
57 and 88%, and so may involve different en- 
abling vibrations in the different compounds. 
The value for the 28 kK band is quite constant, 
and seems to indicate a single enabling vibration, 
which on the basis of the coth law (lb) is calcu- 
lated to be 225 + 17 cm-'. Many Ni(diamine),- 
X, complexes have a fundamental vibration in 
this range (8). A band in the spectrum of 
Cu(en),(SCN), at 230 cm-' has been assigned 
to an N-Cu-N deformation mode (18). It is 
probably the N-Ni-N deformation which is 
the activating vibration for the 28 kK band in 
the nickel complexes. 

(a) Ni(s-Et,en), (NCS) , 
The reflectance spectrum of this complex has 
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TABLE 1. Assigned absorption energies, normalized spherical harmonic parameters, Racah parameters, and rms valuesa 

Complexb 

Et Et Et Et Et Et Me H Me 
NCS C1 Br H20(Cl) H20(Br) H20(I) NCS NCSc N03d Ni(NH3)4(NCS)2e 

3E 
3Bz 
'B1 
3A2 
3E 
' E 
'A2 
'B2 
3 ~ 2  

3E  
Singlets? 

aAll data are in cm-l ;  they represent the band peaks a t  10 K. Bands in parentheses were not used in obtaining the best fit. The ground state of all compounds is 3B1. Weak bands which are 
found in some spectra (see Figs. 2-9) above 30 kK are probably triplet-singlet transitions. 

bNi(s-R2en)2XZ; the aquo complexes are [ N i ( ~ - E t ~ e n ) ~ ( H ~ 0 ) ~ X ~ ] .  Et  = ethyl; Me = methyl. 
=Data are from ref. 11. 
dA shoulder at 26.64 kK is probably due to triplet-singlet transitions; no reasonable parameters allow its assignment to the 3B1 -+'A2 transition. 
.Data are for room temperature. from ref. 23. 
,The number of bands used in calculating the rms deviation is given in parentheses. 
T h e  sign of DT follows the convention used in ref. 4;  it is the opposite of that given earlier in refs. 2 and 3. 
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LEVER ET AL. 

FIG. 2. Polarized crystal spectra of N~(S-E~,~~) , (NCS)~ .  Polariation I11 is not shown; it is very 
similar to 11, but also shows a weak band at 13 245 cm-I and veiy weak absorptions at 34 150 and 
34 560 cm-l. The band positions in Table 1 are the averages of-*the three polarizations except that 
the value listed for 3A, (28 285 cm-l) is the band maximum in FfI. f i e  weak absorption at 21 340 
cm-' is a multiplet that contains up to six irregularly spaced bands. The Appendix contains a com- 
plete listing of the energies of all peaks and shoulders shown in Figs. 2-9. 

been reported by Goodgame and Hitchman (15). the NiN, departs from effective D,, symmetry 
The polarized spectra (Fig. 2) show little dic principally by the unequal N-Ni-N angles 
chroism, and the spectroscopic details are very (82" and 98") in the Nkn, group. A similar 
much like those of Ni(en),(NCS), (11). The s t r u c t e  may be assumed fbr the present com- 
latter molecule has a trans configuration, and p o d .  
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The polarized spectra of three different crystals 
were recorded, and three distinct spectra were 
obtained, as was ascertained by the very different 
intensities of two sharp vibrational bands at 
6464 and 6330 cm-'. These have relative heights 
of 0.42 to 1, 1.56 to I, and 37.5 to 1 in the three 
polarizations. The assignments of the triplet 
states agree completely with those made by 
Bertini et al. (1 1) for Ni(en),(NCS),. In addition, 
several spin-forbidden bands are observed. Of 
special interest is a group of weak bands starting 
at about 21 340 cm-'. Similar bands with vary- 
ing degrees of sharpness and complexity appear 
in the spectra of several of the compounds 
studied in this series. The bands are best as- 
cribed to the 3B1 + 'A1 spin-forbidden transi- 
tion plus various associated vibronic bands. 

(b) Ni(s-Et,en), CI, 
Because of the habit of the crystals of this 

complex, spectra along only two of the extinction 
axes were recorded (Fig. 3). The spectra in the 
two polarizations are very similar, the principal 
difference being in the intensities of the lower 
energy bands. At low temperature the band at - 17 kK shows a real difference of -300 cm-' 
between the two polarizations. The band at 
8.6 kK also shows a difference of about 120 
cm-I, which may be beyond the limits of experi- 
mental error. As noted above, these splittings 
suggest the assignment of these bands to E states. 

The spectra of this compound (as well as the 
others studied) show some features below 10 kK 
which from their intensity, position, and sharp- 
ness are readily assigned to overtones of the 
N-H and C-H stretching modes. In some cases 
the assignment is confirmed by the appearance 
of the band at an identical place in the spectra 
of the Co(I1) analog (unpublished data). 

(c) Ni(s-Et,en),Br, 
The polarized spectra (Fig. 4) of this complex 

are quite similar to those of the analogous 
chloro compound, and again only two polariza- 
tions were recorded on the two crystals studied. 
The rapidly rising base line appears to be caused 
by light scattering due to the rather small 
crystals used in the study. Similar spectra on a 
third crystal at 77 K showed a more normal 
base line. 

(d) The Halo-Aquo Complexes 
Recrystallization of the halo complexes from 

aqueous ethanol or water yields crystals whose 

ir spectra and chemical analysis indicate the 
presence of water. The electronic spectra (Figs. 
5-7) are similar to those of the anhydrous com- 
plexes with the bands in general shifted to higher 
energy, as expected if H,O replaces a halogen 
in the coordination sphere. It is most probable 
that we have the trans diaquo complexes rather 
than complexes containing water and halogen 
bonded to the nickel. For example, substitution 
of bromine for chlorine in the anhydrous com- 
pounds causes D S  to change significantly 
(- 5072(C1) to -6777(Br)). The change in D S  
for the analogous hydrated compounds is very 
much smaller. The iodo complex shows no low- 
lying charge-transfer absorption associated with 
coordinated iodine; so it cannot have iodide ions 
as ligands. It appears therefore that in all three 
compounds both halogens are replaced by H,O 
in the coordination sphere. The different ap- 
pearance of the three halo-aquo spectra and the 
rather significant differences in some band posi- 
tions may then be attributed to variations in 
hydrogen bonding, and possibly to lattice effects 
due to the different sizes of the halo ions. 

Both the bromo-aquo and iodo-aquo com- 
plexes show an absorption of moderate intensity 
-36-38 kK. Attempts to assign this to one of 
the components of the third d-d band result in 
quite unacceptable parameters and fits of ob- 
served and calculated data. It may be a spin- 
forbidden band which shows rather large in- 
tensity because of its position as a shoulder on 
the charge-transfer rise. The chloro-aquo com- 
plex shows a similar band but it is poorly repro- 
ducible. 

Two crystals of the chloro-aquo complex and 
two of the bromo-aquo complex were studied, 
and only two distinct spectra were observed in 
each case. A single robust crystal of the iodo- 
aquo complex was used to obtain three distinct 
spectra. 

(e) Ni(s-MeZen), (NCS), 
The polarized spectra of three crystals were 

recorded and three distinct polarizations were 
obtained (Fig. 8). The band positions in the 
polarizations are quite similar except for the 
lowest d-d band where a difference of 860 cm-' 
between two polarizations is seen. 

(f 1 Ni(s-Me,en), (NO,), 
The spectra of two crystals were recorded 

(Fig. 9). A unique feature of the spectra is the 
appearance at room temperature of a clear band 
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LEVER ET AL. 

FIG. 3. Polarized crystal spectra of N i ( ~ - E t ~ e n ) ~ C l ~ .  The bands at 8400 and 9470 cm-' appear in 
the spectra of the analogous Co(I1) complex, and so are probably ligand vibration second overtones. 
Stronger bands corresponding to the first overtones are found in the expected regions. 
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FIG. 4. Polarized crystal spectra of Ni(s-Et,en),Br,. The weak features at ca. 8.4 kK and 9.4 kK 
appear on other spectra also and are probably due to ligand vibrations. 

in polarization I at 28.3 kK, which is reduced to DisrYtssion 
a shoulder at .la K. So tbe position of the %bird A complete listing of the experimental results 
spin-allowed tmmition at 1-0 K is less cerhin ( t m  or more sets of polarized data at room 
for this compound. temperature and at 10 K) is given in the Ap- 
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LEVER ET A L .  

FIG. 5. Polarized crystal spectra of Ni(s-Etzen)z(Hz0)22+ .2C1- .2Hz0. The weak features at 10.4 kK 
(10 K) and 8.4 kK (room temperature and 10 K) are not shown in the spectra; they are probably 
ligand vibrations. 

pendix. The energies cited in Table 1, used to 
derive the parameters shown in Table 2, are the 
average of the energies seen in each polarization 
at 10 K. In some cases several sets of data were 
obtained from different crystals. These data are 
included in the average; however, the Appendix 
cites data relating to the specific measurement 
shown in the appropriate figure. 

In some cases there is doubt concerning the 
distinction between the transitions to 'B,, and 
3B2,, the alternate assignments both giving good 
fits. This need not be a serious cause of concern 
in that these two states are mixed together (I), 
and therefore the true parameter set is an 
average. The same general trends are observed 
using either set. Furthermore, since we are more 
interested in well-defined trends in parameters, 
the absolute values, in view of the approxima- 

tions involved, are of less import. Since the upper 
band, in several spectra, has associated vibronic 
structure, and since the lower band often shows 
a greater shift to higher energy on cooling, we 
are assuming 3B1, < 'Big for all the complexes. 
Accordingly we list in Tables 1 and 2 only the 
energies and parameters based on this assign- 
ment. 

As previously noted, we have neglected spin- 
orbit coupling and vibrational contributions to 
the energies. This is likely to introduce an error 
of up to +200 cm-' into the energies of the 
observed electronic transitions used to calculate 
the parameters. Since most of the orbital de- 
generacy has been removed in the energy levels 
of concern, first-order spin-orbit coupling 
should have little effect on the calculated ener- 
gies. Second-order spin-orbit couplingwill cause 
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FIG. 6. Polarized crystal spectra of Ni(~-Et~en)~(H~O)~~+.2Br-. The 17.9 kK band (10K) in 
polarization I shows some very weak structure beginning at ca. 16.9 kK which may be a progression 
in about 260 cm-'. The bands at 8.4 kK (polarization I) and 10.4 kK (polarization 11) appear to be 
ligand vibrations. 

mixing, in particular, of the 3B2, and 'Big levels of better than + 100 cm-' but larger errors may 
alluded to previously, resulting in a small un- result for the broader bands and particularly the 
certainty in the value of DS (16). shoulders. Gaussian analysis of the 18 kK band 

Most bands can be measured with an accuracy for Ni(s-Et2en),(NCS), yields, however, band 
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LEVER ET AL 

FIG. 7. Polarized crystal spectra of N i ( ~ - E t ~ e n ) ~ ( H ~ 0 ) ~ ~ +  .21-. Polarization 111 is not shown, 
since it is very similar to 11. The positions listed in Table 1 are the averages of the three polarizations. 
The weak band at 8.4 kK (10 K, polarization I) consists of four closely spaced components, all 
probably ligand vibrations. 

maxima not substantially different from those For these reasons no attempt has been made 
measured directly from the spectra. Trial cal- to obtain a perfect fit to the observed energies, 
culations reveal that DS is most sensitive to though with enough computer time this may be 
these possible errors, the variations in DT and possible. Instead, a root mean square deviation 
DQ being rather smaller. Thus, discussion of any of about 200 cm-' or less is considered a thor- 
trends in DS would be futile at this stage and oughly acceptable result. Once the spin-allowed 
must await a more complete analysis of the data. transitions have been fitted, the positions of the 
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FIG. 8. Polarized crystal spectra of Ni(s-Me,en),(NCS),. Polarization 111 is not shown; it is very 
similar to I1 except that the 13.2 kK band is more clearly resolved in 111. This band probably repre- 
sents the transition to the 'B ,  state. 

spin-forbidden transitions are computed and a 
value of C determined which will reproduce the 
dominant spin-singlet transitions observed in 
the spectra. These data are also shown in Table 1. 

The orbital angular overlap parameters1 
e o ~  ' and e,,', which convey potentially the most 
chemical insight, are much less sensitive to the 
possible errors indicated above. Trends in these 
parameters are well defined and seem to make 
chemical sense. It has been pointed out that the 
angular overlap parameters refer only to the 
nonspherical part of the ligand field, and further- 
more only to that part of it which is associated 
with bonding to the metal d orbitals (5). Thus 

'e,' and en' represent respectively the nonspherical 
a-antibonding and n-antibonding (or bonding) effects 
exerted on the metal d orbitals by interactions with the 
ligand orbitals (5). The additional subscript N refers to 
the four arnmine nitrogens in the equatorial plane, while 
Z refers to the two axial ligands. 

they may possess chemical significance, yet not 
be very important with regard to total metal- 
ligand bond energy. For the complexes in this 
study, e,,' is assumed equal to zero. Values for 
the parameter e,,' are for the most part close 
to zero. So it appears that n interactions between 
nickel(I1) and the axial ligands are of relatively 
little importance, in contrast to tetragonal chro- 
mium(111) complexes, where this parameter can 
be quite large (17). This is explicable if the n 
interactions are largely ligand to metal n dona- 
tion, since Cr(II1) has a half-filled t,,(O,) shell, 
whereas that of Ni(I1) is full. Moreover, the 
higher positive charge of Cr(II1) will cause 
greater ionic polarization of the ligand n pairs 
effectively increasing the magnitude of the e,,' 
parameter. 

The directional covalent contribution to the o 
bond between the s-Et,en ligand and the metal, 
as demonstrated by the magnitude of e,,' (or 
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LEVER ET AL.  

FIG. 9. Polarized crystal spectra of N i ( ~ - M e ~ e n ) ~ ( N 0 , ) ~ .  A weak feature at ca. 8.4 kK in both 
polarizations and one at ca. 9.3 kK in I1 have been omitted. They probably represent ligand vibra- 
tions. 
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o m m t . * t .  2 m ~ Y t * ~ m  
DQ,,), has an average value of 4132 cm-I (or 

m m m w o *  * 
N 1 Z g * *  !- 34 087 for DQ,,) in this series with rather small 

I C4 variation from one complex to another. This 
0 * 

B provides further support for the validity of the 
5 assignment made, and reflects the relative in- 

m b m m m t .  a 
z%g%FFi  5 dependence of the equatorial and axial param- - I O O * - *  u eters for these nickel complexes. This is in con- 

I - m  m - s trast to similar copper(I1) complexes, in which - 
e the two parameters are quite dependent on one 
0 - another (19). Gazo and Bersuker (20) describe 

%gGgfg B this as the plasticity of the copper coordination - I F * - *  2 sphere (see also ref. 24). 
I -* $ An infrared study of several Ni(diamine),X, 

g 
e compounds indicates that for a given X the * 
* - v(Ni-N) mode is higher for the s-Et'en complex 
a .- 

* * w m  
than for the s-MeZen complex (9). This should 

Z n r a R ?  .; be reflected by a larger DQ,, for the former. We - I O * N *  = 
I N m  

find DQ,, to be about 9% greater for Ni(s- 
4 Et,en),(NCS), than for the corresponding Me 
a 
O complex. For the trichloroacetate complexes it 
3 is about 2% greater in the Et complex (unpub- 

zsgt; ;F?n Q 
 OW^^-^ a lished data). While more data are needed in 
rn I 2 2 - m  j 

1 
order to verify this as a general trend, the values 

* 
m 

LE 
correspond to what one would expect from the 

a 
A 

greater basicity of the s-Et2en ligand. An earlier 
m 

\DN3t.t.m : c? study (21) using data of much poorer quality - 1 F N - ~  L4 c 
1 ** 

8 led to the reverse conclusion. An apparent de- 
X I  2 
5 
aL5 3 crease in Dq for the s-Et2en complexes was 
E.e ascribed to increased steric hindrance. The im- 

~ N N N O O  
g y 8 g z z  : portance of obtaining high quality data cannot 

I z z m *  ?-5 - - ; be overemphasized. 
x- 
$4 5 The a bonding strength of the axial ligand 

1 1 %  " naturallv depends uvon the nature of this lipand. - ." - " 
* m o b a m  53 ,U 2 The parameter e,,' varies in the sequence: 
C o N - m N z  
- - N ~ w  e 

g s , m  
x: 3 
2 % [I] NCS >> H 2 0  > C1 > Br > NO, 
o,; E 
z.5 $ 3536' 1979 1712 1178 1064 cm-l 
-0 

gs-n:zg 3; .5 certainly the anticipated order on the basis of 
I m ~ m m m  0, the spectrochemical series. Recall that the crys- 

m m m m  2: 
N m  g.2 - tal-field strength is related to the orbital angular 

3 overlap parameters by the relationship (3): 
U .. N 

The spectrochemical series reflects a relative 
order of DQ. Since in the case of nickel, the 
en' parameter is usually small, the spectro- 
chemical series will also reflect the value of e,'. 

In general, the axial field strengths are rather 
low. The conventional DQ values for an un- 
hindered Ni(II)L, hypothetical complex would 

'Average for the methyl and ethyl complexes. 
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be: 24.47 kK for L = H,O, 19.58 for L = C1, 
and 18.60 for L = Br (22). The calculated DQ 
values for these axial ligands (L) in the s-Et,en 
complexes are: 17.81 to 20.73 kK for H,O, 
17.16 for C1, and 16.80 for Br. The reduced 
values observed in these complexes may reliably 
be attributed to a weakened axial interaction as 
a consequence of steric hindrance by the N- 
ethyl groups. In the case of the thiocyanates 
shown in Table 2, the field strength of NCS in 
the less sterically hindered s-Me,en complex is 
markedly greater than in the s-Et,en complex. 
Curiously, however, the field strength of the 
NCS group in trans-Ni(en),(NCS), is much 
smaller (Table 2). This is attributed by Bertini 
et al. (11) to a somewhat longer than normal 
Ni-NCS bond length. It is certainly not clear 
why en should behave so differently from its 
N-substituted derivatives in this respect. In this 
last complex the Ni-NCS bond is bent (140") 
and this may be the reason for the low DQ 
value through decreased overlap. The equatorial 
field strength of this ethylenediamine complex is 
the same as that of the s-Me,en complex. 

In the sterically unhindered trans-Ni(NH,),- 
(NCS), complex (23) the o-bonding strength of 
ammonia is seen to be below that of the diamines 

with parameters very similar to those reported 
here, but further supporting evidence, in partic- 
ular magnetic circular dichroism data, are neces- 
sary to confirm the assignments. These cobalt 
data and those for other nickel(I1) complexes will 
be reported in due course. At that time a more 
detailed analysis of the variation of the param- 
eters as a function of both metal and stereo- 
chemistry will be attempted. 
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Appendix 
Parameters 

The various parameters are calculated from 
the following equations (4). Note change in 
sign of DT effective in our publications dating 
from 1976. 

[6] DQ,, = DQ - J ~ / ~ D T  

en,' is assumed to be zero; therefore e,,' = dn. 
The relationships with the conventional 

parameters are (2): 

[11] DS = -7Ds 

R.T.-I. 8 405,9 470sp, 11 785,12 545,14 350sh, 
16 690, 26 710 cm-'. 

10 K-I. 8 545, 9 476sp, 11 905, 12 640, 14 685, 
17 435, 20 940, 27 350, 32 595sh cm-l. 

R.T.-11. 8 490,9 470sp, 11 730, 12 420, 16 450, 
26 775 cm-l. 

10 K-11. 8 382sp, 8 660, 9 473sp, 11 920, 
12 615,13 100sh, 14 660,17 130,20 940,25 480sh, 
27 375, 32 850sh cm-l. 

In Fig. 4. 
R.T.-I. 7 660, 8 415sh, 11 800, 12 360, 13 650, 

16 830, 26 320 cm- '. 
10 K-I. 8 065, 8 41 5sp, 9 435, 11 840, 12 725, 

13 825, 17 550, 20 245, 23 585sh, 27 030 cm-l. 
R.T.-11. 8 115, 8 375, 11 680, 12 370, 13 195, 

13 495sh, 16 350, 26 300 cm-l. 
10 K-11. 8 370, 9 425sp, 11 695, 12 175sh, 

12 415sh, 12 590, 13 OOOsp, 13 310sh, 13 800, 
14 165sh, 17 210,20 000, 24 965sh, 27 025 cm-l. 

In Fig. 5. 
R.T.-I. 9 560, 12 080, 13 100, 15 150sh, 17 495, 

26 315sh, 28 280 cm- l. 
10 K-I. 9 830, 12 525, 13 210sp, 13 395, 

13 705sh, 14 005sh, 14 320sh, 14 560sh, 16 000, 
18 165, 27 030sh, 29 000 cm-l. 

R.T.-11. 9 390, 12 300, 13 330, 17 720, 28 275 
cm-l. 

10 K-11. 9 760, 12 675, 13 430, 13 740, 15 750, 
18 310, 28 965 cm-'. 

In Fig. 6. 
R.T.-I. 8 400sh, 8 990, 12 060, 13 140, 17 405, 

27 950 cm-l. 
10 K-I. 9 240, 12 505, 13 300sp, 13 472sp, 

13 830sh, 14 105sh, 14 465sh, 14 715sh, 15 440sh, 
17 950, 21 550,28 415, 37 700 cm-l. 

R.T.-11. 8925, 10410sp, 12150, 13080, 
13 420sh, 13 710sh, 17 350, 27 915 cm-l. 

Experimental Energies 10 K-11. 9 150, 12 505, 13 300sp, 13 554sp, 

Listed here are the energies observed for all 13 836sp, 14 142sp, 14 390, 14 450, 14 735sh, 

shoulders (sh) and peaks illustrated in Figs. 2-9. 15 440sh, 17 680, 21 550sh, 26 200sh, 28 415, 
R.T.-I and R.T.-I1 are the two room temperature 38 000 cm-l. 

orthogonal polarizations, 10 K-I and 10 K-11, In Fig. 7. 

the corresponding data at 10 K. Sharp spikes R.T.-I. 8 420sp, 8 840, 12 335, 13 280, 14 710, 

are indicated by sp. 17 820, 28 210 cm- l .  

In Fig. 2. 10 K-I. 8 420sp, 9 360, 12 650, 13 255sh, 

R.T.-I. 10 810, 17 525, 27 645 cm-l. 13 485, 13 780sh, 14 095sh, 14 400, 14 665sh, 
10 K-1. 11 240, 13 050, 16 650sh, 18 155, 15 295, 18 375, 21 385, 28 610, 35 400sh cm-'. 

21 340sp, 24 1 10, 28 460 cm- l. R.T.-11. 8 405sp, 9 020, 12 480, 13 320, 

R.T.-11. 10 835, 17 445, 27 745 cm-l. 14 570sh, 17 765, 27 815 cm-'. 
10 K-11. 9 480sp, 11 405, 13 050sh, 13 730sh, lo  K-ll. 410sp, 155, lo  440sh9 l 2  5709 

18 050, 21 340sp, 24 110, 28 460 cm-l. 13 485, 13 780, 15 520,- 18 375, 21 385sh, 28 810, 

In Fig. 3. 35 200sh, 36 185 cm-l. 
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LEVER ET AL. 3 189 

In Fig. 8. 
R.T.-I. 10945, 12 560sh, 13 090sh, 18 185, 

28 715 cm-'. 
10 K-I. 11 135, 12 750sh, 13 200sh, 18 525, 

24 935sh, 29 250 cm-l. 
R.T.41. 11 190, 17 970, 28 475 cm-l. 
10 K-11. 11 990, 12 895sh, 13 200sh, 18 410, 

29 110 cm-l. 
In Fig. 9. 
R.T.-I. 8 590, 12 500, 13 380, 14 255, 18 020 

cm-l. 

10 K-I. 9 055, 12 590, 13 200sh, 13 475, 
13 655sh, 13 980sh, 14 350, 14 835sh, 18 765, 
26 165sh cm-'. 

R.T.-11. 8 620, 12 360, 13 120, 14 270sh, 
17 560, 28 310 cm-I. 

10 K-11. 9 210, 12 585, 13 330, 13 800sp, 
14 050sp, 14 385sp, 14 565, 14 870, 18 375, 
26 315sh, 28 985sh cm-l. 

All data, except spikes, are rounded to the 
nearest 5 cm- l.  
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JOHN F. RICHARDSON and NICHOLAS C. PAYNE. Can J. Chem. 55,3203 (1977). 
The acetylene complex Pt(P(cyc10-C6H,,),),(F3CC=CCF3) crystallizes in the monoclinic 

space group P21/c with four formula units in a cell of dimensions a = 10.902(2), b = 21.766(3), 
c = 19.808(3) A, and = 116.52(1)". Three-dimensional X-ray data were collected on a four 
circle automatic diffractometer using Cu radiation. The structure was solved by the heavy atom 
method, and refined by full-matrix least-squares methods on F. A conventional agreement 
factor of 0.062 was achieved, employing 6678 observations for which I > 0. The coordination 
geometry at the platinum atom is essentially planar, for the acetylene triple bond makes an 
angle of 6.5(5)" with the plane formed by the Pt and the two P atoms. The triple bond length is 
1.260(10) A.  The acetylene adopts a cis-bent geometry, with a mean bend-back angle of 45.5(8)". 
The ligand is considerably perturbed upon coordination to the Pt atom, as is evident from the 
A v ( b C )  value of 578 cm-'. 

JOHN F. RICHARDSON et NICHOLAS C. PAYNE. Can. J. Chem. 55,3203 (1977). 
Le complexe acetylene Pt(P(cycl0-c6Hl l)3)2(F3CC=CCF3) cristallise dans le groupe d'espace 

monoclinique P2,/c avec quatre unites dans la maille de dimensions a = 10.902(2), b = 
21.766(3), c = 19.808(3) A et = 116.52(1)". On a recueilli les donnies de rayons-X en trois 
dimensions a I'aide d'un diffractometre automatique a quatre cycles utilisant la radiation Cu. 
On a resolu la structure par la methode des atomes lourds et on I'a affinee par la methode des 
moindres c a d s  (matrice complete) autour de F. On a pu obtenir un facteur de R de 0.062 
utilisant 6678 reflexions pour lesquelles I > 0. La gkomttrie de la coordination au niveau de 
l'atome de platine est essentiellement planaire puisque le lien triple de I'acetylene fait un angle 
de 6.5(5)" avec le plan form6 par le platine et les deux atomes de phosphore. La longueur de la 
liaison triple est de 1.260(10) A. L'acBtyl&ne adopte une geometric cis-dCformCe avec un angle 
de deformation de 45.5(8)". Le ligand est tres perturb6 par la coordination avec l'atome de 
platine et ceci est mis en evidence a I'aide d'une valeur de Av(C=C) de 578 cm-I. 

[Traduit par le journal] 

Introduction 
The interaction between a metal atom and an 

acetylene molecule results in a i-bonded complex 
in which the acetylene ligand adopts a cis-bent 
geometry. The magnitude of the deviation from 
linearity may be determined from the bend-back 
angle. Such effects have been successfully ex- 
plained by a modification of the Chatt-Dewar- 
Duncanson synergic bonding scheme (1, 2). The 
crystallographic studies completed to date sug- 
gest that, except in cases where the acetylene is 

cyclic, for example cyclohexyne or cycloheptyne 
(3), the maximum bend-back angle observed is 
around 40" (2). For example, a value of 39.9(5)" 
was found in the complex bis(tripheny1phos- 
phine)(hexafluorobut-2-yne)platinum(O) (2). 

Thus the preparation and characterization (4) 
of the complex bis(tricyclohexy1phosphine)- 
(hexafluorobut-2-yne)platinum(O) provided an 
opportunity to examine the geometry of the 
same acetylene ligand in the presence of phos- 
phine ligands of greater basicity than triphenyl- 
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phosphine, and hence presumably greater elec- 
tron-donating abilities (5, 6). 

Further interest in the title compound is 
provided by the increased steric bulkiness of the 
tertiary phosphine ligand. In 1969 Tolman 
introduced the concept of a cone angle as a 
measure of the steric properties of a phosphine 
ligand (5). The value of 179(10)" given for tri- 
cyclohexylphosphine, later revised to 170(10)", 
suggests that the acetylene complex should not 
exist. It was thus of interest to examine the inter- 
ligand steric interactions with a view to deter- 
mining the relative importance of the electronic 
and steric effects. The results of the study are 
presented herein. 

Experimental 
Colourless crystals of Pt(P(C6H11)3)2(F3CC=CCF3) 

were kindly supplied by Attig and Clark (4). A pre- 
liminary photographic study using Weissenberg and 
precession techniques showed the crystals belonged to 
the monoclinic svstem. The svstematic absences observed. 
I odd for hOl and k odd for 0-k~, uniquely define the space 
group as P2,/c, C:,,, NO. 14 (7). 

The crystal chosen for data collection was carefully 
measured with a microscope fitted with a filar eyepiece to 
permit an absorption correction. Approximate dimen- 
sions of 0.41 rnm x 0.23 rnm x 0.17 mm were observed. 
The crystal possessed nine faces, namely {OlO), (TlO), 
(lie), (TiO), (loo), (OOl), and (011) as determined by 
optical goniometry. A fractured face was best approxi- 
mated as (106). The crystal was mounted on a Picker 
FACS-1 diffractometer with the long dimension [loo] 
offset from coincidence with the spindle axis by approxi- 
mately 5". 

Unit cell dimensions were determined from a least- 
squares refinement1 of the angular settings for 20 re- 
flections centered using CuKal radiation. The crystal 
density, determined by the flotation method using carbon 
tetrachloride and n-hexane, was 1.46(1) g ~ m - ~ .  This is in 
good agreement with the density of 1.450 g cm-3 cal- 
culated assuming four molecules per unit cell. There are 
no crystallographic symmetry constraints imposed upon 
the molecule. 

Crystal data and the conditions for data collection are 
summarized in Table 1. Intensity data were recorded over 
a period of 8 days giving a total of 7301 reflections. Of 
these 186 were standards, which were recorded every 150 
reflections for the range 2.5' 5 20 5 60°, and then every 
250 reflections up to the maximum 20 of 125" as a check 

'Computing was performed on the CDC Cyber 73-14 
at the University of Western Ontario. Programs used 
include local modifications of: orientation matrix and cell 
refinement, a version of Hamilton's MODE1 ; absorption 
correction, AGNOST, as modified by Cahen and Ibers; 
Fourier syntheses, FORDAP, by Zalkin; least-squares 
refinements and structure factor calculations, a version 
of NUCLS, by Ibers; error calculations, ORFFE, by 
Busing, Martin, and Levy; and molecular illustrations, 
ORTEP, by Johnson. 

on the crystal quality and electronic stability. These were 
found to increase with time, the increase being relatively 
constant for each standard. This increase was attributed 
to an increase in crystal mosaicity, and a correction was 
therefore applied to the data. The intensity of the nth 
reflection, observed at I, was adjusted to I,,, where 

I,, = I,/(l.O + n(3.789 x 

The raw data were then corrected for background and 
Lorentz-polarization effects, and standard deviations 
were assigned according to the expression 

where Tc is the integrated count over the scan range, 
measured in time t,, Bh and Bl are background counts, 
each measured in times t,. I, the corrected intensity, is 
given by Tc - t(t,/tb)(Bh + El). A series of absorption 
correction trials using u = 70.72 cm-' for CuKa radia- 
tion showed transmisiibn factors varying from 0.185 to 
0.321, so an absorption correction was applied. The 
analytical method of de Meulenaer and Tompa was 
used.' There were 5672 reflections regarded as observed 
( I  r 341)) and used in the structure solution and pre- 
liminary refinement. 

Structure Solution and Refinement 
The positions of the Pt atom and the two P 

atoms were readily located from a three-dimen- 
sional Patterson synthesis. One cycle of full- 
matrix least-squares refinement on F, varying 
positional parameters and isotropic temperature 
factors, and minimizing the function Cw(lFol - 
 IF,^),, led to the agreement factors 

The weight w is defined as 4F:/02(~,'). 
The atomic scattering factors for neutral Pt, 

P, F, and C atoms were those of Cromer and 
Waber (8), while that of H was taken from 
Stewart et al. (9). Anomalous dispersion con- 
tributions to the scattering factor were included 
for Pt, P, and F atoms, and were taken from 
Cromer and Liberman (10). 

The remaining 46 non-hydrogen atoms were 
located by means of a difference Fourier syn- 
thesis. Subsequent least-squares refinements 
were carried out with the Pt, P, and F atoms 
assigned anisotropic thermal parameters and the 
acetylene C atoms isotropic Debye factors. The 
cyclohexyl rings were treated as rigid groups, 
having the chair conformation with C-C bond 
lengths of 1.54 A and C-C-C angles of 109.47" 
(11). Ten cycles of refinement gave agreement 
factors R,  = 0.048 and R, = 0.052 (5672 obser- 
vations, 190 variables). 
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RICHARDSON AND PAYNE 

TABLE 1. Surnlnary of crystal data and conditions for data collection 

P~PZFSC~OHSS fw = 918.0 
Crystal description Colourless prisms 
Cell constants a = 10.902(2) A, b = 21.766(3) A, 

c = 19.808(3) A, 8 = 11 6.52(1)" 
Cell volume 4205.7 A3 
Radiation CUKE, Ni foil (0.01 8 mm thick) prefilter 
Temperature 21 "C 
Mean o scan width at half height O.OgO 
Scan speed 2" min-I 
Stationary background count time 10 s at scan limits 
Standard reflections 100, 020,002, 100, 020 
Take-off angle 1.4" 
Crystal-counter distance 34 cm 
Aperture size 5 x 5 inm 

An analysis of the structure at this point 
revealed a probable disorder of one of the CF, 
groups, as indicated by C-F bond distances 
ranging from 1.203 to 1.362 A and F-C-F 
bond angles from 87.1 to 1 16.8'. An examination 
of a difference Fourier synthesis indicated six 
F-atom sites. This disorder apparently occurs as 
a result of a 60" rotation of the group around the 
C-CF, bond. To account for this disorder a 
rigid group having D,, symmetry and F-F non- 
bonded distances of 1.215 A was refined with 
each F having a multiplicity of 0.5. Least- 
squares refinement of the group parameters 
proved successful, resulting in an acceptable 
model geometry and a slight increase in the 
agreement factors to R1 = 0.055 and R2 = 
0.057 (5672 observations, 247 variables). 

The positions of the 66 H atoms were calcu- 
lated assuming a C-H distance of 1.00 A, and 
sp3 hybridization at the C atoms. All were found 
to correspond to regions of positive electron 
density (0.4-0.8 e AP3) in a difference Fourier 
synthesis. The H-atom contributions were hence- 
forth included in structure factor calculations. 

In the final stages of refinement the group 
constraints were lifted from the cyclohexyl sub- 
stituents, and each C atom was allotted an 
isotropic thermal parameter. Idealized H-atom 
positions were recalculated. For the final cycle 
only the disordered hexagonal F entity was re- 
fined as a group with an overall group thermal 
parameter. The 36 cyclohexyl C atoms were 
allotted isotropic thermal parameters. Only 
unique data with I > 0 were used, and with 6678 
observations and 247 variables, the refinement 

standard deviation, and a statistical analysis 
of R2 in terms of IFoI, indices, ?,F1 sin 8, and the 
diffractometer setting angles x and 4 showed no 
unusual trends. The standard deviation on an 
observation of unit weight was 2.73 electrons. A 
final difference Fourier synthesis was calculated 
and showed no areas of significant positive 
electron density. The largest residual peak 
(1.85(18) e A-3) occurred at (- 0.1279, 0.1212, 
0.1662) and was associated with the F6 rigid 
group. No evidence was observed for secondary 
extinction. 

The final positional and thermal parameters 
of the nongroup atoms are given in Table 2. The 
group parameters and the derived atom posi- 
tional and isotropic thermal parameters for the 
F atoms in the F6 group are given in Table 3. 
Cyclohexyl H-atom parameters are given in 
Table 4 and final values of 10IFOI and 10IFc( in 
electrons are given in Table 5.2 

Description of the Structure 
The structure consists of discrete molecular 

units with the closest intermolecular distance of 
approach being 2.30A between cyclohexyl H 
atoms bonded to 4C5 and 5C6. Selected bond 
lengths and bond angles are given in Table 6. 
The inner coordination sphere of the Pt atom, 
showing the atom-labelling scheme and signifi- 
cant bond lengths and angles, is given in Fig. 1. 
A stereoview of the molecule is found in Fig. 2. 

The coordination geometry around the Pt 
atom is essentially planar. A weighted least- 
Squares plane was calculated using the Hamilton 
method1 and results are shown in Table 7. The 

converged at Rl = 0'0624 and R2 = 0'0631 ' No 2Tables 4 and 5 are available, at a nominal charge, from 
Parameter shifts other than those associated the Depository of Unpublished Data, CISTI, National 
with the F6 group exceeded 0.14 of an estimated Research Council of Canada, Ottawa, Canada KIA 0S2. 
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TABLE 2. Atomic positional and thermal parameters*,?,$ 

Atom x Y z u(1,1) u(2,2) u(3, 3) u(1, 2) u ( l ,  3) u(2,3) 

Pt 995.5(3) 2188.41(13) -2467.4(2) 41 O(2) 392(2) 5 14(2) 5(1) 21 6(1) - 34(1) 
p(1) 1 152(2) 11 58.5(8) -2698.0(10) 443(9) 396(9) 475(10) 0(7) 188(8) - 27(8) 
p(2) 3131(2) 2636.3(8) - 1971.9(11) 453(9) 43 l(10) 467(10) - 25(7) 208(8) - 47(8) 
F(1) - 28 14(5) 1750(3) - 3745(5) 498(31) 1588(65) 2151(84) O(36) 116(40) - 995(63) 
F(2) - 3098(6) 2126(4) - 2898(4) 763(41) 301 8(117) 1088(53) - 283(52) 540(40) 88(61) 
F(3) - 3226(6) 2667(3) - 3764(5) 858(42) 1271(57) 1643(71) 85(39) 32(44) 509(52) 
'31) - 2527(9) 2232(4) - 3316(6) 509(47) 709(58) 996(73) 156(45) 329(50) -47(56) 
'72) - 1053(8) 2377(3) - 2885(5) 553(45) 440(42) 804(57) 51(34) 365(42) 7(39) 
'33) - 399(8) 2860(4) -2586(5) 520(45) 672(56) 846(64) 85(42) 301(44) - 8(48) 
'34) - 772(10) 3500(5) - 2489(6) 799(72) 980(80) 1028(84) 195(59) 298(63) - 82(68) n 

Atom x Y z u (AZ) Atom x Y z (A2) 5 
? 

1C1 551(7) 680(3) - 21 34(4) 54(2) 4C1 3340(7) 3067(3) - 2721 (4) 49(2) n 
1 C2 - 876(8) 839(4) - 2240(5) 65(2) 4C2 2132(8) 3505(4) - 3146(5) 67(2) 

x 

1 C3 - 1303(9) 41 l(4) - 1760(5) 73(2) 4C3 2242(9) 3848(4) - 3787(5) 73 (2) 
4C4 2436(10) 3395(5) -4327(6) 

! 
1 C4 -289(9) 45 l(4) -931(5) 80(3) 86(3) < 
1C5 1 146(9) 294(4) - 818(5) 75(2) 4C5 3686(9) 2988(4) - 3894(5) 71 (2) 0 

1 C6 1580(8) 71 4(3) - 1296(4) 58(2) 4C6 3502(7) 2634(3) - 3285(4) 5x2) 
r 
VI 

2C1 - 128(7) 1036(3) -3691(4) 49(2) 5Cl 3224(7) 3252(3) - 1308(4) 53(2) VI 

2C2 - 323(8) 390(4) - 401 7(5) 61 (2) 5C2 4493(10) 3660(4) - 986(5) 8 1(3) - 
w 

2C3 - 1567(9) 375(4) - 4799(5) 72(2) 5C3 4264(11) 4222(5) - 577(6) 99(3) 4 
4 

2C4 - 1432(9) 832(4) - 5331(5) 79(3) 5C4 3957(1 I) 4006(5) 44(6) lOO(3) 
2C5 - 1215(8) 1472(4) - 50 1 l(5) 67(2) 5C5 2724(11) 3590(5) - 223(6) 94(3) 
2C6 23(8) 1497(4) - 4234(4) 59(2) 5C6 2868(10) 3042(5) - 688(6) 83(3) 
3C1 2775(7) 758(3) - 2542(4) 49(2) 6C 1 4697(7) 2153(3) - 1526(4) 5 
3C2 3298(7) 951(3) -3109(4) 51(2) 6C2 4824(9) 1841 (4) - 809(5) 69(2) 
3C3 4747(8) 705(4) - 2882(5) 64(2) 6C3 5982(10) 1360(4) - 526(6) 84(3) 
3C4 4772(9) 12(4) -2823(5) 73(2) 6C4 7330(10) 1661(5) - 409(6) 

4229(9) - 194(4) - 2279(5) 73(2) 
89(3) 

3C5 6C5 7225(9) 1980(4) - 1086(5) 76(2) 
3C6 2796(8) 54(4) - 248 l(5) 62(2) 6C6 6052(8) 2452(4) - 1385(5) 66(2) 

*Estimated standard deviations in this and other tables are given in parentheses and correspond to the least significant digits. 
tPositional parameters are multiplied by 104. 
$U. - $ -1(2rr2a-*a *) A2. Values have been multiplied by lo4. The thermal ellipsoid is given by exp [ - (P l lh2  + [ jz2k2 + P33i2 + 2PI2hk f 2PI3hl + 2P23kl)l. ISO- 

tropid'therga~ parsmiters are multiplied by 10'. 
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RICHARDSON AND PAYNE 

TABLE 3. Group parameters and derived atom positional and thermal parameters* 

Atom x Y z B ( A ~  x 10) 

F1 - 2064(6) 3533(3) -2598(6) 57(2) 
F2 - 1197(10) 3546(4) - 1944(5) 130(5) 
F3 - 53(8) 3735(4) - 1788(4) 120(5) 
F4 224(6) 3912(3) - 2286(5) = ( a  
F5 - 643(10) 3900(4) - 2939(4) 125(5) 
F6 -1787(8) 3710(4) -3095(4) 117(4) 

*x, ,  y,, and zg are the fractional coordinates o f  the group centre; 6, E, and q 
(in rad~ans) are the group orientation angles. 

TABLE 6. Selected bond distances and bond an'gles 

Bond Distances (A) 

Pt-P(1) 2.309(2) 
Pt-P(2) 2.301 (2) 
Pt-C(2) 2.047(7) 
Pt-C(3) 2.045(8) 

P(1)-1 C1 1 .848(8) 
P(1)-2C1 1 .854(7) 
P(1)-3C1 1 .871(7) 
P(2)-4C1 1 .854(7) 
P(2)-5C1 1 .849(8) 
P(2)-6C1 1 .859(7) 

c(1 )-c(2) 1 .478(11) 
C(2)-C(3) 1 .260(10) 
c(3)-c(4) 1 .487(13) 

Atoms Angle (deg) Atoms Angle (deg) 

P(1)-Pt-P(2) 110.23(6) C(1)-C(2)-C(3) 133.7(8) 
P(1)-Pt-C(2) 106.1(2) C(4 )-C(3)-C(2) 135.4(8) 
P(2)-Pt-C(3) 107.7(2) C(2)-Pt-C(3) 35.87(29) 

Pt-P(1)-I C l  110.5(2) Pt-P(2)-4C1 109.6(2) 
Pt-P(1)-2Cl 105.2(2) Pt-P(2)-5C1 109.5(2) 
Pt-P(1)-3Cl 124.6(2) Pt-P(2)-6C1 120.2(2) 
ICI-P(1)-2Cl 105.0(3) 4C1-P(2)-5C1 102.5(3) 
ICI-P(1)-3CI 101.6(3) 4C1-P(2)-6C1 104.6(3) 
2C1-P(1)-3CI 108.5(3) 5C1-P(2 j 6 C 1  109.0(3) 

dihedral angle between planes defined by the Pt, 
P(l), P(2) and Pt, C(l), C(2) indicates only a 
small deviation from planarity of 6.5(5)". 

The Pt-P distances of 2.301(2) and 2.309(2) 
A may be considered statistically equivalent. The 
Pt-C distances to C(2) and C(3) of 2.047(7) 
and 2.045(8) A respectively are also equivalent, 
and comparable to the values of 2.024(5) and 
2.047(7) A found in the triphenylphosphine 
complex (2). The two P atoms of the tricyclo- 
hexylphosphine ligands subtend an angle of 
110.23(6)" at the Pt atom and the acetylene C 

atoms C(2) and C(3) form an angle of 35.9(3)" 
with the Pt atom. The angle of 36.1(2)" sub- 
tended in the triphenylphosphine complex by 
the acetylene ligand is comparable, but the 
P-Pt-P angle of 100.17(4)" is much less than 
that in the complex containing the bulkier tri- 
cyclohexylphosphine ligand. 

The disorder of the CF, group bonded to C(3) 
renders comparisons of the CF, groups doubt- 
ful, but it should be noted that the ordered CF, 
group has dimensions comparable to those in 
the triphenylphosphine complex. Thus the mean 
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FIG. 1. Inner coordination sphere, showing the atom- 
labelling scheme and selected bond distances and angles. 

C-F distance is 1.282(10) A, and the mean 
F-C-F angle is 104.6(9)". Mean values of 
1.327(10) A and 105.0(8)" respectively resulted 
from the refinement of the hexagonal F group. 
The mean P-C distance in the tricyclohexyl- 
phosphine ligands is 1.856(6) A and the mean 
angle subtended by the cyclohexyl C1 atoms at 
the P atoms is 114.1(5)". Within the C,H,, rings 
a mean C-C bond length of 1.524(10) A was 
observed, with an average C-C-C angle of 
1 10.9(7)". 

Upon coordination to the Pt atom the 
v(C_C) is reduced by 578 cm-l, an extent 
significantly greater than the value of 525 cm-I 
observed for the triphenylphosphine complex 
(2). That the acetylene has been greatly per- 
turbed upon coordination is shown by a mean 
bend-back angle of 45.5(8)", also significantly 
larger than that found in the triphenylphosphine 
case (39.9(5)"). The acetylenic triple bond length 

TABLE 7. Weighted least-squares plane 

Distance from 
Atom plane (A) 

Equation of plane 

- 3 . 4 9 1 ~ -  4.750y+ 19.172 + 6.118 = 0 

Dihedral angle 
between planes 

Atoms (deg) 

Pt P(l) P(2) - 173.5(5) 
Pt C(2) C(3) 

of 1.260(10) A is indistinguishable from the tri- 
phenylphosphine complex value of 1.255(9) A, 
but significantly larger than the average value of 
1.202(5) A found in free acetylenes (12). 

Discussion 
Differences between the title compound and 

the triphenylphosphine complex are summarized 
in Table 8. As indicated, the relative basicities of 
the phosphine ligands were determined by two 
independent means. Thus Tolman (5) showed 
that in the complexes Ni(CO),L the value of 
v(C=O) was a sensitive indicator of the ligand 
basicities. The infrared stretching frequency of 
the CEO was found to decrease with increasing 
basicity of the ligand L, and thus tricyclohexyl- 

FIG. 2. A stereoview of the molecule. Thermal ellipsoids are drawn at the 50% probability level. 
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RICHARDSON AND PAYNE 3209 

TABLE 8. A comparison of bis(tricyclohexylphosphine)- 
(hexafluorobut-2-yne)platinum(O) and bis(tripheny1phos- 

phine)(hexafluorobut-2-yne)platinum(O) 

P(CfiHii)3 P(CfiHs)3 

Basicity v(C=O) in 2056 
Ni(CO),L (cm- l) 1973 

P K ~  9.70 
C k C  bond length (A) 1 .260(10) 
Bend-back angles (deg) 45.5(8) 
Av(C=C) (cm- l) 578 
Tolman cone angles (deg) 170(10) 
Cone angles 

Minimum 128 
Maximum 168 

phosphine was considered a stronger electron 
donor than triphenylphosphine. Similarly, pK, 
values determined by Trogler and Marzilli (6) 
show tricyclohexylphosphine to be the stronger 
base. 

A greater basicity in the phosphine ligands is 
expected to cause a greater distortion in the 
acetylene due to increased back donation from 
the metal atom (1). An increase is indeed found, 
as the bend-back angle of the title compound is 
5.6(8)" larger than that found in the triphenyl- 

.phosphine analogue. The triple bond lengths do 
not indicate this as clearly, for the increase is 
0.005(13) A, a difference of only 0.40. However, 
a greater distortion of the bond is indicated by 
the larger reduction in the infrared stretching 
frequency v(C_C) which occurs for the acety- 
lene in the title compound compared to that 
observed for the triphenylphosphine complex 
(4). 

The greater distortion from linearity of the 
acetylene ligand might therefore be explained 
solely on the basis of electronic effects. However, 
it is apparent that steric considerations play a 
major role in this complex. That a symmetric 
cone angle is not applicable to the tricyclo- 
hexylphosphine ligand is evident from the 
disposition of the cyclohexyl groups in this 
complex. Thus cyclohexyl groups 'bracket' the 
CF, substituents on the acetylene ligand. The 
distances of approach noted are 2.325 A (F(1)- 
2ClHl), 2.434 A (F3-5C5H2), and 2.34 A 
(F4--5ClH1) and steric constraints could be 
causing the large bend-back angle observed. In 
an analogous way the presence of the acetylenic 
triple bond within a small cyclic organic mole- 
cule (3) introduced steric constraints which 
resulted in bend-back angles of 52.7" and 41.3" 

respectively for the cyclohexyne and the cyclo- 
heptyne complexes. At present we cannot un- 
ambiguously attribute the magnitude of the 
bend-back angle observed in this complex to an 
electronic rather than a steric effect. 

Modified cone angle calculations have also 
been performed, based upon the geometry of 
this ~ o m p l e x . ~  In these calculations the conical 
symmetry has been removed, and maximum 
and minimum cone angle values determined for 
the phosphine ligand. The maximum value 
agrees well with Tolman's values, as is to be 
expected from the original hypothesis. The 
minimum values are more applicable to com- 
plexes of this type. It is apparent that the tri- 
cyclohexylphosphine ligand is significantly larger 
than triphenylphosphine, and thus sterically more 
demanding. 

However, the phosphine interactions do not 
dictate the conformation of the com~lex. If the 
plane containing the Pt and the two P atoms is 
taken as a reference in each complex, then 
different ligand orientations are observed. In the 
triphenylphosphine complex, one phenyl ring on 
P(2) lies closest to the plane, while two rings on 
P(l) lie above and below the plane, 'bracketing' 
the ring on P(2). Such a conformation results in 
a relatively close approach between one CF, 
group and the third phenyl ring on P(1). By 
contrast, in the tricyclohexylphosphine complex, 
a cyclohexyl group on each phosphorus atom lies 
close to the reference plane, with a resulting 
unfavourable interligand interaction. The greater 
P-Pt-P angle (1 10.23(6)" for this study, com- 
pared to 100.17(4)" for the triphenylphosphine 
complex) could result from this interaction. Also 
the mean Pt-P distance is longer, being 5.40 
greater in the title complex. As a result of this 
close approach of the cyclohexyl groups to the 
reference plane, each CF, group is 'bracketed' 
by the two remaining cyclohexyl groups on each 
phosphorus atom. These observations would 
seem to indicate that the interactions between 
the CF, groups on the acetylene ligand and the 
phosphorus substituents are of major importance 
in the tricyclohexylphosphine complex. These 
interactions will of course affect the bend-back 
angles observed, and at present we are unable to 
distinguish conclusively between electronic and 
steric effects. Further studies are underway on 
complexes of hexafluorobut-2-yne with phos- 

3N. C. Payne and R. F. Stepaniak. Unpublished results. 
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phines of varying steric properties with a view to 5. C. A. TOLMAN. J. Am. Chem. Soc. 92,2953 (1970); 92, 
identifying the relative importance of these 2956(1970). 
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'Breaking' and formation of hydrogen bonds by proton donor anesthetics 
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RACHEL MASSUDA and C. SANDORFY. Can. J. Chem. 55,3211 (1977). 
It has been shown pl.eviously that halofluorocarbons having anesthetic potency hinder the 

formation of hydrogen bonds (HB) of the N-H - - - N, 0-H - - - 0 ,  N-H - - - O=C types 
and it has been suggested that this is linked to a competitive mechanism involving another 
type of association. Since some of the most potent and widely used fluorocarbon anesthetics 
contain a mobile hydrogen atom the question arises if in such molecules the competitive 
mechanism involves the formation of HB's with the anesthetic as the proton donor instead of, 
or in addition to, association due to  the electron acceptor properties of the higher halogens as 
seems to  be the case for those fluorocarbon anesthetics which contain no hydrogen. Chloro- 
form, halothane, methoxyflurane, enflurane, and 4,5-dichloro-2,2-difluoro-1,3-dioxolane have 
been studied from this point of view with the result that both mechanisms appear to operate. 

RACHEL MASSUDA et C. SANDORFY. Can. J. Chem. 55,321 l(1977). 
Nous avons montre antirieurement que les fluorocarbures contenant des halogenes superieurs 

et ayant un pouvoir anesthesique entravent la formation des liaisons hydrogene (LH) de types 
N-H - - - N, 0-H - - - 0 et N-H - - - O=C. Nous avons suggerk, en outre, que cela est dii a 
une association de type different qui entre en competition avec I'association par LH. Comme 
quelques uns des anesthesiques les plus puissants et les plus utilises contiennent un hydrogene 
mobile, on peut se demander si cette association competitive implique la formation d'une autre 
LH avec I'anesthesique comme donneur de proton, ou en plus des associations qui font 
intervenir les proprietes electron-accepteur des halogenes superieurs, comme cela semble &tre le 
cas des fluorocarbures anesthesiques ne possedant pas d'atome d'hydrogene, ou les deux a la 
fois. Nous avons examine le cas du chloroforme, de I'halothane, du methoxyflurane, de 
I'enflurane et du dichloro-4,5 difluoro-2,2 dioxolanne-1,3 et nous concluons que les deux 
mkcanismes contribuent a la dissociation des LH de types N-H - - - N, 0-H - - - 0 et 
N-H - - - O=C par ces molCcules anesthesiques. 

Introduction potency are efficient HB breakers. The large 
It has been observed in our laboratory through changes observed at low temperatures made it 

infrared spectroscopic measurements that fluor;- easier to observe the smaller effects occurriilg at 
carbon anesthetics containing higher halogens room temperature. Similar low temperature 
hinder the formation of ('break') hydrogen measurements have been carried out in the course 
bonds of the N-H - - - N, 0-H - - --0, and 

/ N-H - - - O=C type (1-3). Such hydrogen 
\ 

bonds (HB) are Gpical of the most frequently 
occurring HB's in the living organism. This effect 
can become very pronounced at low tempera- 
tures. While low temperatures normally favor 
association, in the presence of such halofluoro- 
carbons the opposite is observed : a large relative 
decrease in the infrared intensities of the 'associ- 
ated' NH or OH bands and an increase in the 
intensity of the 'free' band or bands due to less 
associated species. A qualitative correlation has 

of the work reported in the present paper. 
In order to explain the hindering of HB forma- 

tion by halofluorocarbon anesthetics it is natural 
to stiuulate that there exists in these solutions a 
competitive mechanism of association which, 
under given circumstances, might be energetically 
favored over HB formation. This mechanism 
might be the formation of another hydrogen 
bond, charge transfer complex formation, Van 
der Waals interactions, or a combination of 
these. Many of the most potent anesthetics 
contain a mobile hydrogen atom as well as 
chlorine or bromine. In our previous work, 

been found between anesthetic potency and this the emphasis was laid on the role of the halo- 
HB 'breaking' property by Di Paolo and gens. In this paper, we concentrate on the role 
Sandorfy (2) who have shown by infrared of the mobile hydrogen atom. The following 
spectroscopic measurements that, in general, anesthetic compounds have been studied : chloro- 
halofluorocarbons known to have anesthetic form CHCI,, halothane CF,CHCIBr, enflurane 
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CF,HOCF,CHFCI, methoxyflurane CH,OCF,- 
CHCI,, and 4,5-dichloro-2,2-difluoro-1,3-dioxo- 
lane henceforth abbreviated as DDD : 

This latter compound has been recently prepared 
and proposed as an anesthetic by Denson et a1. 
(4). Our aim has been to ascertain if a competitive 
formation of HB's of the C-H - - - N or 
C-H - - - 0 type takes place when these mole- 
cules are added to solutions of amines, amides, 
or alcohols which are engaged in HB's of the 
N-H-- -N,  N-H---O=C, or 0 - H - - - 0  

Experimental 
The solvents used were 1:l mixtures of Freon-11 

(CFC13) and methylcyclohexane (FM), or methylcyclo- 
hexane-d14; the latter was needed for the investigation of 
the C H  stretching bands. These solvents set to  a glass at  
about -150°C; they are still glasses at liquid nitrogen 
temperature. The nondeuterated solvents were dried over 
P 2 0 5  and distilled. Chloroform was washed several 
times with water, dried, and distilled. The other anesthetic 
compounds were high purity commercial products 
(Ayerst Laboratories for halothane, Abbott Laboratories 
for enflurane, and Pitman-Moore for methoxyfiurane). 
The absence of any major impurity was verified by gas 
chromatography. The sample of 4,5-dichloro-2,2-difluoro- 
1,3-dioxolane (DDD) was supplied to  us by D. D. 
Denson. All samples were stored over molecular sieves. 
The samples of amines, amides, and alcohols were all 
purified by distillation. The deuterated ones were ob- 
tained from Merck, Sharp and Dohme of Canada Ltd. 
and were used without purification. Halothane-d and 
methoxyfiurane-dl were prepared by the method of 
Hine et al. (6). The disappearance of the C H  bands was 
observed by infrared and nmr spectroscopy. The esti- 
mated yield was 97 and 89%, respectively. All prepara- 
tions of solutions and the filling of cells were carried out 
in a dry box under nitrogen atmosphere. 

The spectra were measured with a Perkin-Elmer model 
621 infrared spectrophotometer at  temperatures ranging 
from room to liquid nitrogen temperature. The low 
temperature cells were described previously (5). 

The limits of error affecting the intensity measurements 
in these low temperature spectra are hard to estimate. 
Although every effort has been made to  standardize the 
conditions of the cooling down procedure as much as 
possible the variations between repeated measurements 
remained nonnegligible. For this reason, we refrain from 
presenting quantitative results. However, we indicate the 
observed trends where they are clearly beyond possible 
experimental error. By 'intensity' we mean roughly 
estimated integrated intensities obtained by planimetering 
out the area under the bands taking approximate account 
of mutual overlapping between bands. A new series of 

works is underway in our laboratory using a nearly 
free-standing combination band with all spectra measured 
at  room temperature. 

Results 
Our results indicate that HB formation takes 

place between our five anesthetic compounds 
and the amines, alcohols, and amides with the 
anesthetics as proton donors. The evidence is as 
follows. 

Association with Amines 
Figure la  shows the NH stretching band for a 

0.6 M solution of diethylamine in FM. The 
associated band which appears at 3268 cm-' at 
22°C increases in intensity on lowering the tem- 
perature and shifts to lower frequencies. At 
- 180°C, a weak free NH band is still present at 
3310 cm-' and the much stronger associated 
band moves to 3224 cm-l. Figure lb shows the 
NH stretching band for a similar amine solution 
with 1.4 M chloroform added. It is observed 
that the growth of the associated band on lower- 
ing the temperature is much slower. At - 150°C, 
for example, the free band is still more intense 
than the associated band indicating the much 
lesser extent of N-H - - - N association. Thus 
the HB 'breaking' property of chloroform 
appears clearly. 

Similar observations have been made on 
chloroform-d, halothane, halothane-d, methoxy- 
flurane, methoxyflurane-dl, enflurane, and DDD. 
To illustrate these conditions in Fig. 2 the 
apparent molar extinction coefficient (computed 
with the initial room temperature concentration 
but corrected for changes in volume on lowering 
the temperature) has been plotted against tem- 
perature for the NH stretching band of diethyl- 
amine, first with no anesthetic present (curve A, 
concentration 0.6 1 M) and then for an equimolar 
(0.48 M) mixture of diethylamine and enflurane. 
At moderately low temperatures the difference 
is slight but from about -50°C it becomes 
rather sizeable. Similar plots have been obtained 
for the other four anesthetics. 

The next step naturally consists of looking at 
the CH stretching band of chloroform and the 
other anesthetics. In order to avoid interference 
from the CH vibrations of diethylamine and 
from the methylcyclohexane component of the 
solvent (FM) we had to use (CD,),NH in a 1 : 1 
mixture of CFCl, and methylcyclohexane-dl,. 
The associated CH stretching band appeared 
clearly in all cases between 2950 and 2900 cm-' 
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MASSUDA AND SANDORFY 

FIG. 1. (a) The infrared NH stretching band of a 0.6 M solution of diethylamine in a 1 :1 mixture of 
CFCI, and methylcyclohexane (FM) at different temperatures. (b) The same with a 1.4 M CHCI, added 
to the solution. (Note the change of scale.) Apparent molar extinction coefficients ( e  mol-' cm-') 
against wave numbers in cm-'. - - 50°C; - - - - 120°C; . . . - 150°C; -.-.- - 180°C. 

FIG. 2. Plot of the apparent molar extinction coefficient 
of the associated NH stretching band of diethylamine 
against temperature, from -50 to -180°C. Curve A:  
0.61 M in FM, no anesthetic present. Curve B: equimolar 
mixture (0.48 M)  of diethylamine and enflurane in FM. 

(Table 1). The intensity of this band increases 
gradually for all our anesthetics with decreasing 
temperature and the band shifts to lower fre- 
quencies. For chloroform the intensity increased 
by a factor of six on lowering the temperature to 
- 100°C and the band shifted to 2909 cm-'. 
Enflurane which has two CH groups has also two 
free CH stretching bands, at 3023 and 2998 cm- '. 
The latter is believed to correspond to the associ- 

ated band at 2932 cm-'. For methoxyflurane the 
presence of the methyl group gives rise to addi- 
tional CH bands and we see four of these at 2960, 
2910, and 2860 cm-' while the band related to 
the tertiary CH group is at 3006 cm-'. The 
increases in the intensity on lowering the temper- 
ature were in the order chloroform > halothane 
> methoxyflurane > enflurane > DDD. At the 
same time the intensity of the NH stretching 
band increased but much less than for diethyl- 
amine in solutions containing no anesthetics. 
This slowing down of the rate of increase was 
greatest for chloroform, > halothane > en- 
flurane. 

The first overtone of the CH bending mode is 
observed at 2398 and 2500 cm-' for the free and 
associated species, respectively. The associated 
band increases in intensity, lowering the tem- 
perature as does the associated CH stretching 
band. 

The free CD stretching band of CDCl, 
appears at 2250 cm-'. In the presence of diethyl- 
amine an associated CD band appears at 2187 
cm-' at room temperature (Av = 63 cm-'). The 
intensity of this band increases on lowering the 
temperature and it broadens on its low frequency 
side. Figure 3 shows the associated CD stretching 
band at different temperatures. 
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TABLE 1. CH stretching frequencies of anesthetic molecules 

Anesthetic 

CHC1, 
Halothane 
Methoxyflurane 
Enflurane 

DDD 
CDC13 
Halothane-d 

Methoxyflurane 

Association with: 

Diethylamine or 
dimethylamine-d6 

N,N-Dimethyl- 
acetamide 

vcH(assoc)* A~ 

FIG. 3. The associated CD stretching band of CDCI, 
(0.88 M) at different temperatures in a solution of FM 
containing 0.50 M of diethylamine. Only the free band is 
seen in the absence of diethylamine. Apparent molar 
extinction coefficients against wave numbers. - -20°C; 
. . .  - 80°C; ... - 120°C; ..... - 1 5o"c. 

The apparent increase in the intensity of the 
free band is largely due to overlap with the 
strong associated band. The weak band at the 
low frequency side of the associated band 
belongs probably to a more highly associated 
species (possibly a trimer) but we made no 
attempt to ascertain this. 

Halothane-d exhibits two free CD stretching 
bands, at 2260 and 2218 cm-I, respectively. The 

splitting is probably due to Fermi resonance. In 
the presence of diethylamine two additional 
bands appear, one at 2203, the other at 2150 
cm-' (Av = 57 and 68 cm-I). 

For methoxyflurane-dl the free CD band 
appears at 2245 cm-I, the associated band at 
2175 cm-I (Av = 70 cm-I). For both halo- 
thane-d and methoxyflurane-dl the associated 
band increases in intensity on lowering the 
temperature. 

In all cases the increase in the intensity of the 
CH (or CD) bands was accompanied by the 
decrease of the NH bands showing that 
C-H - - - N and N-H - - - N HB formation 
compete with each other in these systems. 

Association with Alcohols 
In these studies we chose tert-butanol. In an 

FM solution its well known (composite) associ- 
ated OH stretching band, centered at 3380 cm- l, 
increases in intensity regularly with decreasing 
temperature. This increase is strongly reduced 
in the presence of chloroform or our other 
anesthetics (Fig. 4). At the same time the 
associated CH or CD band of the anesthetics 
appears and its intensity increases with decreas- 
ing temperature. In the presence of the anes- 
thetics the f ree OH band is still seen at -20°C 
while it has disappeared in their absence. 

The wave numbers of the free and associated 
CH bands are given in Table 1. The associated 
CD stretching band of CDCI, also increases in 
intensity on lowering the temperature, with a 
slight shift to lower frequencies (2230 cm-' at 
-50°C and 2218 cm-I at - 180°C; its intensity 
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MASSUDA AND SANDORFY 

FIG. 4. (a) The infrared OH stretching band of tert-butanol in a 0.2 M solution in FM at different 
temperatures. (b) The same with 0.80 M CDC1, added to the solution. Apparent molar extinction co- 
efficients against wave numbers. - -50°C; - - - - 100°C; . . . - 120°C; -.-.- - 150°C. 

increases about seven-fold). Deuterated halo- 
thane and methoxyflurane gave similar results. 
For deuterated halothane the associated CD 
stretching band is again split into two (2210 and 
2182 cm- I). 

Association with Amides 
The chosen amide, N-methylacetamide, pre- 

sented us with some problems due to its insolu- 
bility in FM although the solubility increased in 
the presence of the anesthetics. This makes the 
determination of the concentrations more un- 
certain than in the previous case. We studied its 
association with chloroform-d, halothane-d, and 
methoxyflurane-dl. 

With CDCl, the free CD stretching band is at 
2248 cm-l (room temperature) (Table 1). On 
lowering the temperature, a slightly shifted 
associated band appears, first as a shoulder at 
2238 cm-', then it increases in intensity and 
eventually becomes predominant. At room tem- 
perature the frequencies of free and associated 
NH stretching bands were measured as 3475 and 
3312 cm- ' respectively. The latter shifted to 
3268 cm-l at - 150°C. The first overtone of the 
bending band was measured as 31 10 cm-I at 
-20°C and shifted gradually to higher wave 
numbers on lowering the temperature. In general 
the CD bands were broader and less well defined 
for amides than for association with amines and 
alcohols. 

With halothane-d again two free and two 

associated CD stretching bands are found but 
the lower free and the higher associated band 
coalesce into one broad band near 2220 cm-'. 
The higher free band is at 2260 cm-l and the 
lower associated band at 2182 cm-'. The associ- 
ated bands increase in intensity on lowering the 
temperature. With methoxyflurane the free CD 
stretching band is at 2248 and the associated one 
is at 2230 cm-l and behaves similarly, but at 
- 80°C precipitation occurred. 

As in the case of amines and alcohols the 
increase in CH association is accompanied by a 
decrease in NH association. The intensity of the 
CD bands followed the order chloroform > 
halothane > methoxyflurane while the slow- 
down in the temperature increase of the 
N-H - - - O=C band followed the order 
chloroform > methoxyflurane > halothane. 

We also studied a tertiary amide, N,N-di- 
methylacetamide and its deuterated analog 
against our five anesthetics. The wave numbers 
of the CH and CD stretching bands are included 
in Table 1. On lowering the temperature, the 
associated bands increase in intensity and shift 
to lower frequencies (Fig. 5) in a way similar to 
that observed for N-methylacetamide. The free 
and associated CD bands of CDCI, were 
mutually overlapped with an apparent maximum 
at 2245 cm- l.  

In all the cases discussed above, we checked 
our spectra for the self-association of our anes- 
thetic molecules. Even at the lowest tempera- 
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FIG. 5. The CD stretching band of methoxyflurane 
(0.28 M)associated with N,N-dimethylacetamide (0.25 M) 
at different temperatures in FM. Apparent molar ex- 
tinction coefficients against wave numbers. - 25°C; 
... - 10°C; ... -80°C; ..... -120°C. 

tures it caused only a slight broadening and 
intensification and a very slight shift of the free 
bands and no new bands due to self-association 
were ever found. In no case could it have inter- 
fered with the associations discussed above. 

Discussion and Conclusions 
It has been known for many years that the 

frequencies, intensities, and shapes of infrared 
absorption bands due to species associated by 
HB's are affected by solvent effects in addition 
to being affected by the formation of the HB 
itself (see, for example, refs. 7-1 1). The nature of 
these solvent effects has been investigated in the 
case of halogenated solvents by a number of 
different methods and various types of inter- 
actions, contact pair formation, charge transfer, 
'electrostatic' interactions have been invoked 
(12-15). 

The formation of HB's involving chloroform 
and similar molecules as proton donors was also 
established a long time ago (16-20), including, 
among many others, HB formation between 
chloroform and trimethylamine (21-25). 

The investigation reported in this paper con- 
cerned five compounds widely used as anes- 
thetics. Like the many fluorocarbons containing 
higher halogens which were studied previously 
in our laboratory, these compounds have been 
found to be potent hydrogen bond breakers. It 

has been shown that the remaining hydrogen 
atoms in these anesthetics do enter HB's. 
Brown and Chaloner (26) reported nmr evidence 
to the same effect. 

The main point emerging from these observa- 
tions is the following. Many of the fluorocarbon 
molecules which were studied by Di Paolo and 
Sandorfy (2, 3) do not contain hydrogen at all 
yet they are efficient HB breakers (CF3Br, 
C3F,Br, CF2Br-CF2Br, and several fluoro- 
iodides). Actually, when the work reported here 
was undertaken, we were wondering if chloro- 
form's action is through proton donation or 
through interactions involving its chlorines or 
both. Combining the previous results of Di Paolo 
and Sandorfy and those presented in this paper 
leads to the conclusion that both mechailisms 
must be operating in halofluorocarbon anes- 
thetics which contain a mobile hydrogen. The 
relative importance of the two is likely to vary 
from one anesthetic to the other. At the present 
stage, this cannot be assessed quantitatively 
because of the difficulties involved with the 
experimental techniques, but it seems that the 
mechanism by proton donation is the prepon- 
derant mechanism for chloroform while both 
mechanisms are important for halothane, meth- 
oxyflurane, enflurane, and DDD. 

In a recent work, Martire et al. (14) applied 
nmr and gas chromatographic methods to in- 
vestigate the thermodynamics of the association 
between chloroform and an ether, a thioether, 
and an amine. They found evidence to the effect 
that chloroform enters associations with these 
molecules both by forming HB's as a proton 
donor and by interacting with the chlorine 
atoms, although the latter interaction is probably 
not of the charge transfer type. This is entirely 
in line with the above interpretation of our 
results. 

Although our work was done on model com- 
pounds the HB's they form are similar in type 
and energy to those which the living organism 
uses most. For this reason, we continue to believe 
that our observations do have relevance to the 
problem of the mechanism of anesthetic action. 

Inhalation anesthetics are known to exert 
their action without undergoing chemical re- 
actions (although they might be metabolized 
later) and recent theories of anesthesia (27, 28) 
concentrate on the perturbation of the perme- 
ability of the nerve cell membrane by the anes- 
thetics. Since the permeability depends on the 
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conformation of the proteins and lipids which 
constitute the membrane and the right con- 
formation is insured by intermolecular associ- 
ations both within these macromolecules them- 
selves and with the molecules forming their 
environment, the study of the possible perturba- 
tions of these intermolecular associations by 
anesthetics appears to be necessary and impor- 
tant for the elucidation of the mechanism of 
anesthesia. 

We plan to present in subsequent publications 
the results of our efforts to obtain more quantita- 
tive relationships, our work done on systems 
representing in vivo conditions more closely as 
well as studies on ailesthetics other than those 
of the fluorocarbon type. 
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ARLEN VISTE and DONALD E. IRISH. Can. J. Chem. 55,32 18 (1977). 
Raman and infrared spectra have been recorded for polycrystalline samples of TlClO,, 

TlBrO,, and TlIO, at room temperature. The vibrational spectra of these rhombohedra1 
(R3m, C3,5) crystals are closely related to each other, and to single crystal Raman spectra of 
isomorphous RbC103 and KBrO, reported by others. Spectral assignments are made. The uni- 
molecular unit cell yields no correlation field splitting, but lack of a center of inversion leads to 
TOIL0 splitting of each active mode in these uniaxial piezoelectric crystals. Relationships 
between the thallium(1) halates and the NaN, and MXY, perovskite structures are considered. 

ARLEN VISTE et DONALD E. IRISH. Can. J. Chem. 55,3218 (1977). 
On a enregistre les spectres Raman et infrarouges d'echantillons polycristallins de TlClO,, 

de TlBrO, et de TlIO, a temperature de la piece. Les spectres vibrationnels de ces cristaux 
rhomboedriques (R3m, C32) se ressemblent beaucoup entre eux et ressemblent aussi aux 
spectres Raman de cristaux uniques de RbC103 et KBrO, isomorphes rapport& par d'autres. 
On effectue des attributions spectrales. La maille unitaire unimolCculaire ne fournit aucun 
couplage de correlation de champ mais le fait qu'il lui manque un centre d'inversion conduit i 
une division TOIL0 de chaque mode actif dans ces cristaux uniaxiaux piCzotlectriques. On 
considere les relations entre les halates de thallium(1) et les structures perovskite de NaN, et 
de MXY,. 

[Traduit par le journal] 

Introduction 
Thallium halates, TIXO,, with X = C1, Br, 

or I, are isomorphous, each having the KBrO, 
structure, the space group R3m (C,:), and one 
formula unit per unit cell (1). Both KBrO, (2) and 
the isomorphous RbClO, (3-5) have been studied 
by single crystal Raman techniques. The present 
investigation concerns the observation and inter- 
pretation of the Raman and infrared spectra of 
polycrystalline thallium halates. These are struc- 
turally related, to various degrees, with NaN,, 
space group R3m (D3,5), with linear azide ions 
rather than pyramidal halate (6) and with cubic 
perovskite, for which comparison is made by 
Wyckoff (1). Existing interpretations of the vi- 
brational spectra of KBrO, (2), RbC10, (3-9, 
NaN, (7-9), and perovskite MXY, (lo), have 
aided us in the present study. 

Experimental 
The thallium halates were prepared by simple precipi- 

tation from aqueous solution, as follows: TlI0, from 
TlN03 and KIO, solutions (ll) ,  TlBr03 from TINO, and 
KBr03 (12), and TlC103 from TlNO3 and NaC10, by 
an adaptation of the TlBrO, preparation (12) and 
solubility data (13). TlC103, the most soluble of the three 
(14), was recrystallized from water. The chemicals used 

in the preparations were TINO,, Laboratory BDH 
Reagent; KI03, Baker Analyzed Reagent 99.7%; 
KBrO,, Fisher Certified Reagent; NaClO,, Baker 
Analyzed Reagent. 

Raman spectra, excited by the 514.5 nm or 488.0 nm 
line of a Coherent Radiation Model 52G argon ion laser, 
were recorded with a Jarrell-Ash 25-100 1.0-m double 
Czerny-Turner monochromator equipped with an SSR 
model 1105/1120 photon-counting system. Spectral slit 
widths of 2.4 or 1.2 cm-' were used. Polycrystalline 
samples were generally in glass melting point capillaries. 
Low laser power was necessary with THO3 and TIBr0, 
because of a tendency toward decomposition in the beam 
when at full power. TlClO, appeared to be more stable 
in this regard. A trace of NO,- impurity in the first 
T1C103 product, prior to recrystallization, was suggested 
by the appearance of a Raman line at about 1039 cm-'; 
the strongest line of NO,- (v,) appears at 1042 cm-' in 
pure TlNO3 (15). This trace impurity was largely re- 
moved by recrystallization. Infrared spectra were also 
recorded, principally as Nujol mulls between AgCl or 
polyethylene windows, with the Perkin-Elmer , 180 
spectrophotometer. Except for shoulders and perhaps 
broad bands, the frequencies reported should be reliable 
to about + 2  cm-' for Raman and about + 5  cm-' for 
infrared spectra. All measurements were carried out at 
room temperature, LZ 22°C. 

Results and Discussion 
Infrared and Raman data for TlClO,, TlBrO,, 

and TlIO, are presented in Tables 1 and 2. The 
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TABLE 1. Rarnan and infrared frequencies (crn-') of the internal modes of TlXO,* 

TICIO, RbClO, (5) TlBrO, KBrO, (2) THO, 
- - - 

Mode? Rarnan Infrared Rarnan Rarnan Infrared Rarnan Infrared Rarnan Infrared 

598 (sp) 612 406 
- 621 426 

$ 928 777 
- 935 784 

472 (sp) 486 343 
- 492 356 

900 (br) 943 749 
- 1013 808 

415 
- 

-z 767 (br) 
- 

348 (SP) 
- 

~ 7 4 0  (br)$ 
- 

*sp = sharp; br = broad. 
tThe modes are numbered in a manner consistent with ref. 5. 
tOverlapping bands make placement difficult. 
BToo weak to determine with confidence. 

TABLE 2. Rarnan frequencies (crn-') of the lattice modes of TlX03 

Mode TlCIO, TlBrO, TIIO, RbClO, (5) KBr03 (2) 

*Near coincidence of two bands (see text). 
TApparently too weak to identify. 

bands are identified by numbers which increase 
with increasing cm-' for a given species; this 
scheme is identical to that used by Hwang and 
Solin (5) and thus facilitates comparison. Data 
for RbClO, (5) and KBrO, (2) are also tabulated. 
Photographs of Raman spectra of TIXO, (X = 
C1, Br, 1) are shown in Figs. 1-4; photographs 
of infrared spectra of these thallium halates, as 
Nujol mulls, are presented in Fig. 5. It is clear 
that the infrared spectra exhibit the distortion 
characteristic of strongly absorbing crystals and 
thus the frequencies of minimum transmission 
could differ from the frequencies of the TO 
modes. In fact, however, they agree closely with 
the Raman frequencies. 

The free halate ion X03-,  of C,, symmetry, 
has stretching modes v, (A,) and v, (E), and 
bending modes v, (A,) and v, (E). In solution, 
the Raman frequencies for C10,-, Br0,-, and 
10,- respectively are as follows (16): v, (Al),,61O, 
421, 390 cm-'; v, (A,), 930, 806, 779 cm- ; v, 
(E), 479, 356, 330 cm-'; v, (E), 982, 836, 826 
cm- '.The irreducible representations of the point 
group, site group, and factor group are correlated 
in Table 3. There is one molecule of TIXO, per 
unit cell, and for the XO,- halate ion the point 

group of the free ion as well as the site group and 
the factor group are all C,,. Similarly for the 
Tlf cation, C,, is both the site group and the 
factor group. Thus, treatment by standard 
methods (10, 15, 17-20) indicates that correla- 
tion field splitting should not occur in this system. 

Vibrational modes of a crystal which are 
infrared active are split into transverse and 
longitudinal components: TOIL0 splitting (21). 
For a thallium halate TIXO,, A, and E modes 
are active in both the infrared and the Raman 
spectra, prior to TOIL0 splitting, whereas the 
A, mode is inactive. As a result, the number of 
bands in the Raman spectrum should be doubled 
by this TOIL0 splitting (Table 3). However, for 
the thallium halates, as for KBrO, and RbClO, 
( 9 ,  even though infrared-active modes are sub- 
ject to TOIL0 splitting, in first approximation 
only the TO modes appear in the infrared spec- 
trum (2, 5, 21). Table 3 indicates this. For direc- 
tions of phonon propagation other than parallel 
or perpendicular to the C, or optic axis (0" < 0 
< 90°), the phonon frequencies vary smoothly 
between their 0" and 90" limiting values (5, 20, 
22). For such intermediate directions of phonon 
propagation, if short-range anisotropy forces 
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FIG. 1. Portions of the Raman spectrum of polycrystallineTlClO,, for the internal mode region. 
Counting rates are designated. The relative sensitivity of the lower left spectrum is 0.3 that of the 
other three. 

FIG. 2. Portions of Raman spectra of polycrystalline TIBr03, for the internal mode region. 

(SRAF) predominate then the phonon may be 
idealized as having definite symmetry (A, or E)  
but mixed polarization (TO, LO), whereas if 
instead long-range electrostatic forces (LREF) 
predominate then the phonon may be idealized 
as of definite polarization (TO or LO) but mixed 
symmetry (A,, E) (5, 23). The corresponding 
phonon dispersion curves of frequency vs. 0 have 
been determined through single crystal Raman 
measurements for RbClO, by Hwang and Solin 

(5) and for KBrO, by Unger and Haussiihl (2). 
As a further cautionary note, Hwang and Solin 
(5) have pointed out that in the general (real) 
case, strictly speaking "at oblique angles, each 
polar phonon mixes with every other polar 
phonon in the crystal". 

In the present study, polycrystalline samples of 
the thallium halates have been observed because 
single crystals of suitable size and quality could 
not be grown. The relation of Raman spectra of 
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VlSTE AND IRISH 

FIG. 3. Portions of Raman spectra of polycrystalline TIIO,, for the internal mode region. 

FIG. 4. Stokes and anti-Stokes Raman spectra of polycrystalline TlX03 (X = C1, Br, I), for the 
lattice mode region. From the top, spectra are TIIO, (two), TIBrO,, and TICIO,. 

such polycrystalline substances to dispersion 
curves of single crystals has been discussed by 
Burns and Scott (22). The availability of single 
crystal phonon dispersion curves for RbClO, (5) 
and KBrO, (2) is valuable because they have 
provided model systems for comparison. For 
these two systems, the ordering of levels agrees 
except for the order and composition of the 
states associated with the 3A, and 4 E  TO and 

LO modes (2, 5). Beyond the ordering of levels, 
one notes that only the lE(TO), 2E(TO), 
3E(TO), and 4E(TO) frequencies are indepen- 
dent of direction of phonon propagation (5). For 
the other phonon dispersion curves, one antici- 
pates a tendency for the directions with large 0 
(approaching 90") to appear more prominently 
in the spectrum than those with small 0, due in 
part to simple statistics since the random distri- 
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FIG. 5. Portions of infrared spectra of polycrystalline T1XO3 (X = C1, Br, I). The upper spectrum 
in each panel is that of Nujol. A, From the bottom: TICIO,, TiBrO,, TIIO,. B, TICIO,. C, T1BrO3. 
D, ~ 1 1 0 ~ .  

TABLE 3. Correlation table for TIXO, (X = CI, Br, I); space group R3m (C3v5), 1 molecule 
per unit cell 

Point group Site group Factor group TOIL0 
Mode C3 v c3 v c3, splitting 

bution of orientation population varies as sin 
e (22). 

Using these considerations as helpful guides, 
the observed bands for the Raman and infrared 
spectra of TlXO, (X = C1, Br, I) have been 
assigned, as summarized in Tables 1 and 2. The 
assignments are quite compatible with the order- 
ing of levels in the isomorphous model com- 
pounds RbC10, (5) and KBrO, (2). The latter 
two systems differ in the order of the upper four 
levels. In RbClO,, the order is given by 3A1(TO) 
< 3Al(LO) < 4E(TO) < 4E(LO), whereas in 
KBrO, 4E(TO) < 3A1(TO) < 3Al(LO) < 
4E(LO). Unger and Haussiihl(2) note that in the 

phonon dispersion curves, a symmetry selection 
rule prevents a quasi E [4E(TO) + 4E(LO:)] 
curve from crossing a quasi A ,  [3Al(LO) + 

3A1(T0)] curve. In consequence of this and the 
level ordering, in this region in KBrO, the 
curves may be described as quasi TO [4E(TO) + 

3A,(T0)] and quasi LO [3A1(LO) + 4E(L0)], 
whereas in RbClO, the corresponding phonon 
dispersion curves are instead quasi 3A1 [3A,(LO) ' 
+ 3A,(TO)] and quasi 4E [4E(TO) + 4E(L0)] 
as the phonon direction 0 varies from 0" to 90" 
(2, 5). Thus, for these four modes, it appears that 
there is dominance by LREF in KBrO, but by 
SRAF in RbClO, (2, 5). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



I 

VISTE A 

In the case of the thallium halates, the KBrO, 
order of these upper four levels appears to hold 
at least for TIIO, and TlBrO,, and probably for 
TlClO, as well. This conclusion is based on the 
following considerations. First, on the basis of 
the two alternative patterns of phonon disper- 
sion curves (2, 5) and their relationship to the 
polycrystalline Raman spectrum (22), it is anti- 
cipated that the band intensities will be related as 
3Al(LO) < 3Al(TO) and 4E(LO) < 4E(TO). 
Second, as noted earlier, to a first approximation 
the infrared spectrum is expected to display the 
TO rather than the LO component of each mode 
(2, 5, 21). Third, for Cl0,- in RbCIO, (5) as for 
the planar NO3- (15) the symmetric stretch v, 
appears more intense in the Raman than the 
antisymmetric stretch v,, and similarily 3A1(TO) 
will be more intense than 4E(TO) in TlXO, thal- 
lium halates. 

To illustrate the application of these interpre- 
tive principles, consider the case of TIIO,. For 
the lower two bands in the v,, v, region, the in- 
tensity of the 711 cm-' Raman band is sub- 
stantially less than that of the 740 cm-' Raman 

1 band. This is compatible with the KBrO, order 
I but not with the RbC10, order, since for the 
I. latter it would imply a greater intensity for 3A1- 

(LO) (as 0 4 0") than for 3A,(TO) (as 0 -, 90°), 
which is unlikely. Similar arguments apply to 
TlBrO,. The resulting KBrO, order of levels for 
TIIO, and TlBrO, also leads to a greater Raman 
intensity for 3Al(TO) (v,) than for 4ECTO) 
(v,), a reasonable result. In going from TIIO, to 
TlBrO,, the intensity of 4E(TO) and 4E(LO) fall 
off in comparison with that of 3A,(TO) and 
3Al(LO). In addition the separation between 
3Al(TO) and 3A1(LO) decreases from about 20 
cm-' to about 7 cm-'. Apparently these trends 
continue, in going further to TICIO,. The re- 
sulting spectrum (Fig. 1) is less clearcut in this 
region than that of TlBrO, (Fig. 2) or TIIO, 
(Fig. 3). However, it appears that TlClO,, like 
TlBrO, and TIIO,, conforms to the KBrO, level 
ordering in this v,, v, region. The magnitude of 
the LO/TO splitting has been related to the 
square of the dipole derivative, (ap/aQ),, and 
thus a large separation of the components im- 
plies an intense infrared absorption (2427). Al- 
though infrared band overlap is severe, the in- 
frared intensities suggest that the splitting 
4E(LO) - 4E(TO) should be greater than 
3Al(LO) - 3A1(TO), as assigned. 

The assignment of the levels arising from the 
other internal modes of XO,- (v, and v,) is 

straightforward, since these occur reasonably 
well separated from other modes. However, the 
falling off in Raman intensity of these bending 
modes in TlBrO, and TlIO, in comparison with 
TlClO, is worth noting. The Raman intensities 
of 2A1(TO) and 2Al(LO) in particular drop to 
almost vanishingly small magnitudes. 

The lattice modes of the TlXO, thallium ha- 
lates are assigned in Table 2. The close relation- 
ships and smooth frequency trends for the lattice 
modes are clearly exhibited in the Raman spectra 
for the lattice mode region, displayed in Fig. 4. 
The order of levels utilized in the band assign- 
ments is as in RbClO, (5) and KBrO, (2). The 
approximate accidental degeneracy of lA,(TO) 
and 1 E(T0) in TlIO, cited in Table 2 is inferred 
from the trend toward coalescence of these two 
bands observed in TlClO, and TlBrO,. The mis- 
sing lA,(LO) is expected to be of low intensity 
and probably a shoulder on the low frequency 
side of the lE(L0) band, on the basis of the 
phonon dispersion curves of RbC10, (5) and 
KBrO, (2). However, the intensity of this missing 
lAl(LO) is apparently too low to confirm this 
expectation in the present case. 

Comparison of frequencies within Table 2 indi- 
cates that the expected inverse dependence of fre- 
quencies of translatory modes on ionic mass is 
borne out. (Formula weights of the various ions 
are: Tlt 204.4, Rbt 85.5, K +  39.1, Cl0,- 83.5, 
BrO,- 127.9, 10,- 174.9.) From Table 3 it fol- 
lows that lA,(TO), lAl(LO), lE(TO), and 
lE(L0) are essentially translatory modes, and 
2E(TO) and 2E(LO) are rotatory modes. There 
is a trend toward decreasing frequency for each 
of the translatory modes with increasing anion 
mass in the sequence TlClO,, TlBrO,, TlIO,, 
and with increasing cation mass in the pairs 
RbCIO,, TlClO, and KBrO,, TIBrO,. The de- 
pendence on cation mass is considerably stronger 
for the translatory modes than for the rotatory 
modes, as seems reasonable. In connection with 
such mass comparisons, it is helpful that the ca- 
tion radii are rather similar. For coordination 
numbers 12 and 8 respectively these are: Tlt 
1.76, 1.60; Rbt  1.73, 1.60; K +  1.60, 1.51 A (28). 
Moreover, in contrast to the translatory modes, 
the proposed rotatory modes 2E(TO) and 2E- 
(LO) actually increase slightly in frequency in 
the series TlClO,, TlBrO,, TIIO, (Table 2). 
Such an increase would be quite out of character 
for a translatory mode. At first sight it also 
seems surprising for a rotatory mode, in view of 
the expected inverse dependence of rotatory 
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TABLE 4. Correlation diagrams* 

NaN3 (7)t TIX03 (X = C1, Br, I) Perovskite MXY3 (10) 
D3d c3 u 0, 

*R = Raman active; I = infrared active; ia = inactive. 
tNaN3 has no modes of A,.  or A z P  symmetry. 

mode frequency on XO,- anion moment of 
inertia, and in turn the involvement in this of the 
atomic weight of X for (R,, R,). However, it is 
pertinent to note that the Yatsimirskii thermo- 
chemical radii of the anions are Cl0,- 2.00, 
Br03- 1.91, 10,- 1.82 A (29, 30), with the 
counterintuitive decrease in size due in part per- 
haps to differences in bond angles (3 1). Since the 
trends in atomic weight of X and Yatsimirskii 
thermochemical radii of XO,- tend to result in 
opposing influences on the rotatory mode fre- 
quencies, the slight increase in frequency from 
TICIO, to TlIO, does not appear to be un- 
reasonable for the rotatory modes. 

Bhagavantam and Venkatarayadu argue that 
among lattice modes, rotatory modes should 
normally tend to be more intense than trans- 
latory modes in the Raman spectrum (32). This 
appears to be the case in RbCIO, for the 2E(TO) 
mode in particular ( 9 ,  and similarly for the 
Raman-active rotatory mode (E,) of the planar 
NO,- ion in LiNO, and NaNO, (15). For 
TIXO, thallium halates, however, the rotatory 
mode Raman intensities do not seem to be as 
prominently enhanced. For example in TlClO, 
and TIBrO, the 2E(TO) mode is considerably 
more intense than the translatory 1 E(LO), but 
roughly comparable to the translatory 1 E(T0) 
(Fig. 4). The significance of this more moderate 
Raman intensity of the rotatory modes in the 
TIXO, thallium halates is not clear. It may for 
example simply serve as a reminder that a con- 
ceptual distinction between translatory and ro- 
tatory lattice modes, while very useful, is not 
without its limitations (33). Since in our assign- 
ments the lE(T0) translatory mode and the 
2E(TO) rotatory mode in particular are of the 
same symmetry, some mixing of translatory and 
rotatory character is allowed by symmetry. It is 

conceivable that the admixture of a limited 
amount of rotatory character in the nominally 
translatory 1 E(T0) might appreciably enhance 
its intensity, along the lines of the observations. 

Isotope splitting of vibrational bands by 35C1 
and 37C1 has been observed in RbClO,, with 
2Al(TO) split by 4 cm-' and 3A,(TO) split by 
7 cm-' (5). In TlC103, isotope splitting of 2A1- 
(TO) is indicated by the appearance of a shoulder 
on the low-frequency side of the band; the mag- 
nitude of the splitting is about 5 cm-' (Fig. 1). 
Splitting of the 3Al(TO) band is not apparent, 
due perhaps to band overlap by 4E(TO) and the 
quasi TO phonon dispersion curve connecting 
4E(TO) and 3A,(TO). 

The TIXO, thallium halates are related to  
some extent to two other crystal types: NaN, 
(6, 8, 9) and perovskite MXY, (10). 

NaN, (6, 7) belongs to space group ~ 3 r n  
(D3,5). Placement of the Na' and N,- ions is 
similar to that of T1' and X0,- in TIXO,, with 
the C, axis of N,- and the C, axis of X03-  
aligned along the C, axis of the unit cell. How- 
ever, NaN, has a center of inversion which is not 
present in TlXO,. A correlation diagram relating 
the D,, factor group of NaN, and the C,, factor 
group of TIXO, is shown in Table 4. Since C,, 
is a subgroup of D,, and since both NaN, and 
TIXO, have one molecule per unit cell, the re- 
lationship between them is rather close. A 
thorough study of the lattice dynamics of NaN, 
has been carried out by Rafizadeh and co- 
workers (7), involving both theoretical calcula- 
tion of dispersion curves within the Brillouin 
zone, and experimental neutron scattering with 
polycrystalline NaN,. At k = 0, in NaN, the 
rotatory E, mode occurs at 122 cm-', below the 
translatory modes E,(TO) and A,,(TO) at about 
175 cm-' and E,(LO) and A,,(LO) at about 250 
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cm-' (7). The formula weights of the ions are 
quite low (Na' 23.0, N,- 42.0) in comparison 
with TI+ and X0,-,  and so the position of the 
translatory modes above the rotatory E, in 
NaN, is not surprising. The A,,(TO) and E,(TO) 
translatory modes in NaN, are nearly accidental- 
ly degenerate (7), similar to the behavior of the 
corresponding lAl(TO) and 1 E(T0) translatory 
modes in the TIXO, thallium halates (Table 2). 
The frequency of the rotatory E, mode in 
NaN, is actually not greatly different from the 
2E(TO) rotatory component in TIXO, (Table 2); 
it is slightly lower, due perhaps to a somewhat 
larger moment of inertia for linear N,- than the 
corresponding moment of inertia of pyramidal 
X0,-. 

Finally, consider the MXY, perovskite struc- 
ture with space group Pm3m (Oh1) (10). Both 
perovskite MXY, and TIXO, have one molecule 
per unit cell. The C,, factor group of TIXO, is a 
subgroup of the factor group Oh of the perovskite 
MXY,, and the corresponding correlation dia- 
gram appears in Table 4. From one perspective 

I 
the thallium halates TIXO, may be regarded as 
distorted perovskite structures (1, 32, 34), par- 
ticularly in the case of the iodate. The relation- 
ship involves a trigonal distortion of the perov- 
skite unit cell, together with a transition from an 
octahedral XO, unit to pyramidal XO, by the 
shortening of three X-0 bonds and lengthening 
the other three. (An alternative C,, distortion of 
the perovskite structure is also known in other 
systems (22).) The perovskite structure has only 
lattice modes, which (apart from acoustic modes) 
consist only of translatory modes: three TI, and 
one T,,, of which the TI,, are infrared active and 
the T,, inactive; there are no Raman active 
modes. Trends in the TIXO, spectra from 
TICIO, to TIIO, appear to be compatible in 
part with a trend in the direction of the perov- 
skite structure. Thus in the sequence TICIO,, 
TIBrO,, TIIO, the v, and v4 bending modes 
[2A1(TO), 2A1(LO), 3 E(TO), 3E(L0)] are ap- 
proaching one another and becoming markedly 
less intense, as if collapsing into the perovskite 
TI, band. Similar movement of the TO and LO 
frequency components of lA, and 1E can be 
seen. The 2E(TO) and 2E(LO) modes would pre- 
sumably coalesce with the inactive rotatory mode 
A,, into the perovskite T,, mode. 

and TlIO, have been investigated, and the bands 
assigned. Although there is no correlation field 
coupling in these crystals, since there is only one 
molecule per unit cell, the existence of TOIL0 
splitting is important to the analysis of the spec- 
trum. The band assignments are in accord with 
the Unger and Haussiihl order of levels for 
KBrO, (2), though agreeing also in the majority 
of cases with the RbC10, order of levels found 
by Hwang and Solin (5). 3 5 ~ 1 ,  ,'C1 isotope 
splitting was observed for the 2A1(TO) band of 
TICIO,. Relationships between the results for 
the TIXO, thallium halates and the related 
systems NaN, and MXY, perovskite have been 
discussed. 
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Detailed investigations involving the electrophilic attack of various reagents on the 3,4-double 
bond of catharanthine derivatives (e.g. 3, R = 0) furnished a series of novel derivatives of 
potential use in the syntheses of naturally occurring bisindole alkaloids. These studies include 
such reagents as peracid, osmium tetroxide, and positive iodine. 

JAMES P. KUTNEY, GORDON H.  BOKELMAN, MASAHIRO ICHIKAWA, EDWIN JAHNGEN, ALUM- 
MOOTTIL V. JOSHUA, PING-HUANG LIAO et BRIAN R. WORTH. Can. J. Chem. 55,3227 (1977). 

Des Ctudes dCtaillCes impliquant l'attaque Clectrophile de divers rCactifs sur la double liaison- 
3,4 de dCrivCs de la catharanthine (e.g. 3, R = O),  permettent d'obtenir une sCrie de nouveaux 
dtrives susceptibles d'stre utilisCs pour la synthese d'alcaloides bisindoles trouves dans la 
nature. Ces Ctudes comportent des reactifs tels que les peracides, le tetroxyde d'osmium et de 
l'iode positif. 

[Traduit par le journal] 

The bisindole or 'dimeric' alkaloids of which ' vinblastine (VLB, 1) may be cited as one of the 
best known members, are an important class of 
natural products (for a recent review see ref. 1). 
Vinblastine and vincristine (1, N-CH, replaced 
by N-CHO) are already well known as clinically 
important anti-tumor agents (2), while other 
members within this family exhibit considerable 
potential in this regard. A number of these al- 
kaloids for example, leurosine (3-5), leurosidine 
( 5 ) ,  and vincadioline (6) differ in the nature of 
their oxygen functionality at the C,, and C,, 
positions of the indole unit (see 1). Thus any 
research program directed at the synthesis of 
such bisindole alkaloids via coupling of appro- 
priate indole and dihydroindole units (7-1 1) 
must consider, as one of its important phases, 
the preparation of requisite 3,4-oxygenated in- 
dole units. The results of such investigations 
form the subject of this publication. 

Catharanthine (2), a major alkaloid in Catha- 
ranthus roseus G. Don (Vinca rosea L.) for which 
several total syntheses are now available (12, 
13), was selected as the starting material in our 
experiments. 

The high reactivity of the indole system and 
the basic nitrogen atom in 2 toward a variety of 

'For part IX, see ref. 9. 
'For a preliminary report on a portion of this work, see 

ref. 17. 

electrophilic reagents necessary for addition to 
the olefinic linkage dictated appropriate protec- 
tion of these sites in 2. An electron-withdrawing 
group present in the indole ring would be ex- 
pected to reduce its reactivity while removal of 
the basic nitrogen, perhaps via lactam forma- 
tion, seemed desirable to remove any undesirable 
interference at this site of the molecule. 

Reaction of catharanthine (2) with potassium 
hydride in anhydrous tetrahydrofuran at 0°C to 
form the indole anion and subsequent reaction 
of the latter with methyl chloroformate provided 
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H , ( I )  KOH. CHIOH 
\ (2) BzH6 N :  N .  I i 

d o 2 ~ e : \  Me02C do2Me'\ 

8 7 

( I )  K H  CIC0,Me ( I )  KOH, CHIOH 

(2) I,, base 

14 H : 

(1  ) BzH6 

(2) KOH 

H : 
Co2Me\ 

I ( I )  (n-Bu),SnH 1 
(2) KOH, EtOH 
(3)  CHzN, 

15 14 

FIG. 1. The synthesis of a series of novel oxygenated catharanthine derivatives. 

N,-carbomethoxycatharanthine (3, R = Hz) in (ir: 1735, 1670, 1650 cm-'; nmr: 6 6.24 (m, lH,  
91% yield. This intermediate, upon reaction with olefinic), 3.95, 3.62 (2s, 2 x C02CH3); ms: 
iodine in a basic medium (14) undergoes a facile m/e 408 (M', C,,HZ,N2O,)). As expected, this 
conversion to the lactam 3 (R = 0 ,  70% yield), compound possessed the required properties for 
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further studies toward the synthesis of various 
novel oxygenated catharanthine derivatives. A 
summary of the various synthetic pathways is 
provided in Fig. 1. 

The alkaloid leurosine, already noted above, 
possesses an epoxy group at the 3',4' positions 
of the fundamental bisindole skeleton and it 
was essential to develop synthetic routes to the 
3,4-epoxy catharanthine series so as to utilize 
such derivatives in the eventual synthesis of this 
bisindole alkaloid. Direct epoxidation of lactam 
3 (R = 0 )  with m-chloroperbenzoic acid 
(m-CPBA) in refluxing dichloromethane pro- 
vided the crystalline epoxide 4 in 80% yield. Its 
characteristic spectral data (ir: 1720, 1665 cm- ; 
nmr: 6 3.7 (s, 3H, C,,-C02CH3), 3.98 (s, 3H, 
N-C02CH3); Ins: m/e 424 (M+, CZ3H2,N2O6), 
285 (base peak)) left little doubt about the gross 
structure although the p-orientation assigned to 
the epoxide ring was established with certainty 
only after a comparison of this compound with 
the isomeric epoxide 10 prepared in an unam- 
biguous manner (see later). 

Removal of the lactam carbonyl in 4 (R = 0 )  
1 could be accomplished in two ways. Initial in- 

vestigations involved reduction with diborane in 
I tetrahydrofuran but the yields of the desired 

amine 6 were generally low (approximately 30%). 
Reductive opening of the epoxide ring became a 
serious side reaction in these studies. A prefer- 
able route involved the conversion of 4 to 3p,4p- 
epoxy-19-oxodihydrocatharanthine (5, R = 0 )  
by alkaline hydrolysis and reaction of the latter 
with phosphorus pentasulfide in refluxing ben- 
zene to provide the crystalline thiolactam 5 
(R = S) in 73% yield (ir: 1730, 1480, 1455, 1440 
cm-I; nmr: 6 7.98 (bs, lH, NH), 3.72 (s, 3H, 
C,,-C02CH3); ms: m/e 382 (M', C2,H2,- 
N203S), 227, 195). Raney Nickel desulfurization 
of 5 (R = S) provides 3P,4P-epoxydihydrocatha- 
ranthine (6). 

Vincadioline has been recently shown (6) to 
contain a vicinal diol system in the indole unit 
and consequently studies directed at the syn- 
thesis of 3,4-dihydroxy catharanthine derivatives 
were undertaken. For this purpose the inter- 
mediate 3 (R = 0 )  was treated with osmium 
tetroxide in tetrahydrofuran at low temperature 
(- 78°C) and the resultant product characterized 
as N,-carbomethoxy-3P,4P-dihydroxy-l9-oxodi- 
hydrocatharanthine 7 (ir: 3700-3150, 1735, and 
1660 cm-'; nmr: 6 4.87 and 4.28 (2bs, 2H, 2 x 
OH), 3.92 and 3.62 (2s, 6H, 2 x CO,CH,); ms: 

m/e 442 (Mt ,  C2,H2,N2O,, base peak), 410, 
384, and 285). These spectral data do not allow 
unambiguous stereochemical assignment of the 
hydroxyl groups but since, as will be shown later, 
electrophilic attack at the double bond in 3 
(R = 0 )  by iodine (see iodolactone 9) and 
peracid (see 4) have occurred from the p face of 
the molecule, a similar assumption appears rea- 
sonable here. Molecular models of catharanthine 
or any of its derivatives carrying the double bond 
clearly reveal less hindrance, to attack at the P 
face. 

A considerable amount of research was per- 
formed in developing conditions for removal of 
the indole protecting group and the lactam car- 
bony1 in 7. Alkaline hydrolysis of the indole ester 
group could be achieved in high yield (97%) but 
diborane removal of the lactam carbonyl group 
provided a relatively low yield (39%) of the de- 
sired 3P,4P-dihydroxydihydrocatharanthine 8 
(ir: 3560-3400, 1720 cm- ; nmr : 6 7.79 (bs, IH, 
NH), 3.73 (m, 2H, C3H and C,H), 3.67 (s, 3H, 
C02CH3); ms: m/e 370 (M+, C2,H26N,04, 
base peak)). 

An improved procedure for the preparation of 
the catharanthine glycol derivatives was obtained 
when catharanthine hydrochloride (12) was 
reacted at low temperature (0°C) with osmium 
tetroxide in tetrahydrofuran. Two products, the 
lactam diol 13 (R = 0 )  and the diol 8 were ob- 
tained as the major and minor components, 
respectively. 

It is clear from structure 1, that vinblastine 
and vincristine both possess a tertiary hydroxyl 
group in the indole unit and the preparation of 
C,-hydroxy derivatives of catharanthine would 
be required for eventual coupling with vindoline 
to provide these bisindole alkaloids. Experi- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3230 CAN.  J .  CHEM. VOL. 55, 1977 

ments directed to the synthesis of such interme- 
diates were not only successful for this purpose 
but were important in terms of allowing stereo- 
chemical assignments to all of the novel oxy- 
genated catharanthine derivatives shown in 
Fig. 1. 

The above investigations have already demon- 
strated the facile electrophilic addition of per- 
acids, for example, to the olefinic linkage in 3 
(R = 0) .  Consequently it was felt that the addi- 
tion of 'positive' iodine should proceed equally 
well and the intermediate iodonium ion could 
undergo reaction with the C,, carboxyl function 
to provide an iodolactone (see 9). The highly 
rigid bicyclic quinuclidine system present in 3 
clearly demands a particular stereochemistry in 
the resultant lactone as shown in 9. Further 
elaboration of such a system would impart 
definite stereochemistry to any functional groups 
at C, and C,. Indeed this synthetic strategy has 
resulted in the successful syntheses of various 
catharanthine derivatives and an opportunity to 
interrelate their stereochemical differences. 

Basic hydrolysis of the N-carbomethoxy group 
in 3 (R = 0 )  provided 19-oxocatharanthine (3, 
R = 0 ,  N-C02CH3 replaced by NH) in 74% 
yield (ir: 1740, 1668 cm-' ; nmr: 6 3.68 (s, 3H, 
C18-C02CH3); ms: m/e 350 (M', C2,H,,- 
N203)). Further hydrolysis of the C,, ester 
group in the latter provides 19-oxocatharanthinic 
acid which, without purification, is subjected to 
reaction with potassium iodide and iodine in a 
basic medium. The product obtained, in overall 
75% yield, is the desired iodolactone 9 (ir: 3435, 
1770, 1690 cm- ' ; nmr: F 9.45 (bs, lH, NH), 4.6 
(dd, lH, J = 3.5 and 1.5 Hz, CHI); ms: mle 462 
(M', C2,H,,N2031)). Clearly the successful 
formation of the iodolactone demands initial 
attack of iodine from the p face of the molecule 
and, in turn, the stereochemical assignments 
portrayed in 9. 

Deiodination of 9 with tri-n-butyltin hydride 
in tetrahydrofuran furnished the desired 4cr-hy- 
droxy-19-oxodihydrocatharanthinic acid lactone 
(9, I replaced by H) in 89% yield (ir: 1765, 1680 
cm-I; ms: m/e 366 (M' C2,H2,N20,)). This 
intermediate provides a direct route to the re- 
quired C,-hydroxy dihydrocatharanthine series 
which, as noted above, could be employed in the 
eventual synthesis of vinblastine or vincristine. 

Hydrolysis of 4cr-hydroxy-19-oxodihydro- 
catharanthinic acid lactone under alkaline con- 
ditions and subsequent esterification of the re- 

sulting acid provided 4cr-hydroxy-19-oxodihy- 
drocatharanthine (11) in 54% yield (ir: 1725, 
1635 cm-'; nmr: F 3.6 (s, 3H, CO,CH,), 1.85 
(q, 2H, J = 7.5 HZ, CH2CH3), 1.15 (t, 3H, J = 
7.5 Hz, CH2CH3). Thus the overall sequence, 
3 -+ 9 + 11, provides an effective method for the 
stereospecific introduction of an hydroxyl func- 
tion at C, starting with the alkaloid, catharan- 
thine. 

The reductive removal of the lactam carbonyl 
in 11 appeared, in view of our previous success, 
to be a routine reaction. However contrary to 
expectation, reaction of 11 with diborane in the 
above-mentioned procedures provided instead, 
4cr-hydroxydihydrocatharanthinic acid lactone 
(14, R = Hz) as a crystalline product, mp 142- 
143°C (78% yield) (ir: 1750 cm-' ; ms: m/e 322 
(M', C20H22N20)). Clearly the close proximity 
of the ester and hydroxyl groups in 11 have al- 
lowed a facile lactonization reaction to occur. 

The lactone 14 was remarkably stable and 
showed no reaction even under rather drastic 
hydrolytic conditions (sodium methoxide in 
methanol or potassium hydroxide in refluxing 
aqueous ethanol). 

It was hoped that lactone formation could be 
suppressed by converting 11 into its thiolactam 
derivative and then performing the desulfuriza- 
tion in the manner described earlier for the 
epoxide series. Unfortunately reaction of 11 
with phosphorus pentasulfide under mild con- 
ditions (benzene, room temperature) provided 
the thiolactam lactone derivative 14 (R = S) 
again indicating the rapid lactonization reaction 
in this series. The structure of 14 (R = S) (ir: 
1775, 1460 cm-I; ms: m/e 352 (M', C2,H2,- 
N202S)) was confirmed by reacting the lactone 9 
(I replaced by H) under similar conditions with 
phosphorus pentasulfide whereupon the product 
isolated was shown to be identical with that ob- 
tained earlier. 

The final series of reactions which were per- 
formed involved the synthesis of the 3cr,4a-epoxy 
derivatives, which would be isomeric to the com- 
pounds derived from m-CPBA addition. The 
iodolactone 9 was an important starting material 
in these investigations. Reaction of 9 with so- 
dium methoxide in methanol, at room tempera- 
ture, provided 3cr,4a-epoxy-19-oxodihydroca- 
tharanthine 10 (79% yield) (ir: 1725, 1665 cm-I; 
nmr: 6 8.17 (s, lH, NH), 3.8 (s, 3H, COOCH,); 
ms: mle 366 (M+, C2,H,,N2O4)). It is obvious 
that this conversion involves a methoxide-cata- 
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lyzed ring opening of the lactone with subsequent 
displacement of iodide ion by internal attack of 
the resultant alkoxide ion. Such a process de- 
mands cr-orientation of the resulting epoxide and 
serves to substantiate the earlier statements con- 
cerning p attack of electrophilic reagents onto 
the olefinic linkage of catharanthine derivatives. 

Removal of the lactam carbonyl group in 10 
was accomplished via the thiolactam procedure 
already described. The final product, 3a,4a- 
epoxydihydrocatharanthine (15, R = H,) was 
crystalline and revealed chromatographic as 
well as spectral characteristics which were clearly 
different from those of the isomeric epoxide 6. 

In conclusion, these investigations have pro- 
vided a series of novel 3,4-oxygenated catharan- 
thine derivatives which we hope will prove useful 
in the syntheses of various bisindole alkaloids. 
Some results in this direction are described in the 
accompanying publication (1 5). 

After our studies in this area were completed 
and published in preliminary fashion, (17) an 
independent investigation by Ban and co- 

1 workers was published (16). 
I 

Experimental 
Melting points were determined on a Kofler block and 

are uncorrected. Ultraviolet (uv) spectra were recorded 
I on a Cary 15 spectrophotometer in ethanol solution. The 

wavelengths of absorption maxima are reported in 
nanometres (nm) with log E values in parentheses. In- 
frared (ir) spectra were measured on a Perkin-Elmer 
model 710 or 457 spectrophotometer in chloroform solu- 
tion The absorption maxima are reported in wavenum- 
bers (cm-'), calibrated with respect to the absorption 
band of polystyrene at 1601 cm-'. Proton magnetic reso- 
nance ('Hmr) spectra were measured in deuterochloro- 
form (CDC13) solution at  ambient temperature on either 
a Varian HA-100 or XL-100 spectrometer. Chemical shift 
values are given in the 6 (ppm) scale relative to tetra- 
methylsilane (TMS) used as internal standard. The inte- 
grated peak areas, signal multiplicities, and proton assign- 
ments are given in parentheses. Low resolution mass 
spectra (ms) were determined on either an AEI-MS-902 
or an Atlas CH-4B spectrometer. High resolution mass 
spectra were measured on an AEI-MS-902 intrument. 
Microanalyses were carried out by Mr. P. Borda of the 
Microanalytlcal Laboratory, University of British Colum- 
bia. 

Thin layer chromatography (tlc) utilized Merck silica 
gel G (acc. to Stahl) containing 2% fluorescent indicator. 
For preparative layer chromatography (plc), plates (20 x 
20 or 20 x 60 cm) of 1 mm thickness were used. Visuali- 
zation was effected by viewing under ultraviolet light 
and/or by colour reaction with ceric sulphate spray re- 
agent. Column chromatography utilized Merck silica gel 
60 (7Ck230 mesh) or Merck aluminum oxide 90 (neutral). 

As a matter of routine, all reagents and solvents were 
recrystallized or distilled prior to use. 

No-Carbomethoxycatharanthine (3, R = Hz) 
A suspension of potassium hydride (KH), oil dispersion 

(0.6 ml, 24%, 2.0 mmol) in dry tetrahydrofuran (THF), 
(20 ml) was cooled to  ca. - 5°C under an atmosphere of 
nitrogen. Catharanthine 2 (500 mg, 1.35 mmol) in dry 
T H F  (2 ml) was added and the mixture stirred at -5'C 
for 1 h. Methyl chloroformate (190 mg, 2 mmol) was 
added and after 30 min, alumina (ca. 1 g of grade 111) to 
quench excess KH.  The mixture was filtered and the fil- 
trate evaporated in vac[lo. The oily product was triturated 
with hexane (3 x 15 ml) to  remove the oil and yield 
No-carboniethoxycatharanthine (487 mg, 92%) as a white 
foam, homogeneous by tlc (silica gel; hexane-acetone, 
3 : 2) ; uv : h,,, 293 (3.67), 28 1 (3.80), 263 (4.13), 226 (4.32) ; 
ir: v,,, 2950, 2850, 1730; 'Hmr: 6 7.45 (IH, m, C14-H), 
7.35-7.2 (3H, m, aromatic protons), 5.70 ( lH ,  m, C3-H), 
3.93 (3H, S, N-COZCH,), 3.70 (3H, S, C02CH3), 1.13 
(3H, t, J = 7 Hz, -CHzCH3); ms: m/e 394 (M+,  base 
peak), 305, 188, 155, 121. High resolution molecular 
weight determination calcd. for Cz3HZ6NZo4: 394.463; 
found: 394.457. Anal. calcd. for C 2 3 H ~ 6 N z 0 4 :  C 70.03, 
H 6.64, N 7.10; found: C 70.23, H 6.80, N 7.00. 

No-Carbomethoxy-19-oxodihydrocatharanthine (3, R = 0) 
(i) Mercuric acetate (108 mg, 0.34 mmol) and EDTA 

disodium salt (125 mg, 0.34 mmol) were dissolved in 1% 
aqueous acetic acid (3 ml). A solution of 3 (R = Hz) 
(50 mg, 0.127 mmol) in dioxane (3 ml) was added and the 
mixture stirred for 24 h, diluted with water (20 ml), and 
extracted with ethyl acetate (2 x 20 ml). The organic 
phase was washed with 5% HCI solution (2 x 10 ml) 
then with saturated NaCl solution (2 x 10 ml), dried 
(NaZSO4), and evaporated in vacuo. The residue was 
chromatographed on silica gel (ca. 10 g) to  yield the 
lactam 3 (R = 0 )  as a white foam (39.5 mg, 76%), mp 
166167°C; uv: h,,, 294 (3.90), 282 (3.99, 260 (4.33), 
227 (4.51); ir: v,,, 2940, 2890, 1735, 1670, 1650; 'Hmr : 
6 6.24 (IH, m, C3-H), 4.88 ( lH,  d, J = 1 Hz, C,-H), 4.0 
( lH ,  m, Cz-H), 1.92 (2H, m, -CHzCH3), 1.00 (3H, t, 
J = 7 Hz, -CHzCH3); ms: mle 408 (M+), 285 (base 
peak), 286, 226, 168, 167. High resolution molecular 
weight determination calcd. for Cz3HZ4NZOI: 408.168; 
found: 408.171. Anal. calcd. for Cz3HZ4NZO5: C 67.63, 
H 5.92, N6.86; found: C67.56, H 5.93, N 6.73. 

(ii) Sodium bicarbonate (680 mg, 8 mmol), water (40 
ml), 3 (R = Hz) (1 10 mg, 0.28 mmol), and benzene (5 ml) 
were stirred vigorously at  ambient temperature. A solu- 
tion of iodine (354 mg, 1.4 mmol) in benzene (20 ml) was 
added and stirring continued for 1 h. Sodium bicarbonate 
(1 g) and sodium thiosulphate (500 mg) were added, the 
organic layer was separated and the aqueous phase 
washed with dichloromethane (3 x 20 ml). The extracts 
were combined, dried (NaZS04), and evaporated in vacuo. 
Chromatography on silica gel afforded the lactam 3 
(R = 0 )  (81 mg, 71%), identical with that obtained 
above. 
N,-Carbomethoxy-3~,4~-epoxy-I9-oxodihydrocatharan- 

thine (4) 
The lactam 3 (R = 0 )  (816 mg, 2 mmol), purified 

m-CPBA (850 mg, 5 mmol), and 3-tert-butyl-4-hydroxy- 
5-methylphenylsulphide (ca. 10 mg) were stirred in re- 
fluxing 1,2-dichloroethane (50 ml) under an  atmosphere 
of dry nitrogen for 5 h. The cooled solution was washed 
successively with saturated Na2S03 solution and satu- 
rated NaHC03 solution, dried (Na2S04), and filtered 
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through a small plug of Celite. Evaporation of the filtrate 
gave the epoxide 4 (677 mg, 80%); mp 234-236OC (ace- 
tone - petroleum ether (40-60°C)); uv: h,,, 294 (3.71), 
285 (3.74), 282 (3.76), 267 (4.17), 259 (4.18), 232 (4.31), 
227 (4.33); ir: v,,, 1720, 1665; 'Hmr: 6 4.59 (IH, d, 
J = 1 Hz, C5-H), 4.15 (IH, m, C2-H), 3.98 (3H, s, 
N,-C02CH3), 3.72 (3H, s, C02CH3), 1.4-2.2 (2H, m, 
-CH2CH3), 0.94 (3H, t, J = 7 Hz, -CH2CH3); ms: 
mle 424 (M+), 285 (base peak), 192 (metastable peak). 
Anal. calcd. for C23H24N206: C 65.08, H 5.70, N 6.60; 
found: C 65.14, H 5.80, N 6.56. 

313,413-Epoxydihydrocatharanthine (6) 
The epoxide 4 (42 mg, 0.1 mmol) in dry T H F  (2 ml) 

was treated with a solution of borane in T H F  (0.2 rnl, 
1 M, 0.2 rnmol) in dry T H F  (2 ml). The solution was 
stirred at O°C under an atmosphere of dry argon for 30 
min, then at ambient temperature for 1 h. Acetone (0.5 
ml) and triethylamine (2 ml) were added, followed by 1% 
methanolic KOH solution (1 ml). After 30 rnin the mix- 
ture was poured into dichloromethane (50 ml), washed 
with water, dried (Na2S04), and evaporated in vacuo. 
Chromatography on silica gel afforded the lactan1 5 
(R = 0 )  (1 1.4 mg, 31%) plus the epoxide 6 (5.3 mg, 15%); 
uv: h,,, 292 (3.91), 284 (3.96), 277 (3.93), 225 (4.66); ir : 
v,,, 3450,1725; 'Hmr: 6 7.60 (IH, bs, D 2 0  exchangeable, 
N-H), 4.18 (IH, S, CS-H), 3.79 (3H, S, COZCH,), 1.00 
(3H, t, J = 7 Hz, -CH2CH3); ms: mle 352 (M+,  base 
peak), 323, 138. Hlgh resolution molecular weight deter- 
mination calcd. for C21H24N203: 352.1787; found: 
352.1790. Anal. calcd. for C21H24N203: C 71.57, H 6.86, 
N 7.95; found: C 71.52, H 6.77, N 7.75. 

313,413-Epoxy-19-oxodihydrocatharanthine (5, R = 0) 
A solution of 4 (340 mg, 0.8 mmol) in 1% methanolic 

KOH (20 ml) was stirred at ambient temperature for 20 
min, diluted with dichloromethane (30 ml), and filtered 
through a short plug of silica gel. Evaporation of the fil- 
trate gave 5 (R = O), (300 mg, quantitative), mp 276- 
278OC dec. (acetone - petroleum ether (40-60°C)); uv: 
h,,, 292 (3.91), 283 (3.96), 275 (3.91), 222 (4.56); ir: v,,, 
3460,1725, 1665; 'Hmr: 68.3 ( lH,  bs, D 2 0  exchangeable, 
N-H), 4.76 ( lH,  d, J = 1 Hz, Cs-H), 4.3 ( lH,  bm, C2-H), 
3.64 (3H, s, C02CH3), 2.22 (6H, s, acetone), 1.4-2.2 (2H, 
bm, -CH2CH3), 0.97 (3H, t, J = 7 Hz, -CH2CH3); 
ms: mle 366 (M+,  base peak), 228,227,214,195,168,167, 
154. Anal. calcd. for C21H22N204.C3H60: C 67.91, H 
6.65, N 6.60; found: C 67.63, H 6.46, N 6.77. 

3a,4(3-Epoxy-19-thionodihydrocatharanthine (5, R = S) 
The lactam 5 (R = 0 )  (366 mg, 1 rnmol) and excess 

phosphorous pentasulphide (366 mg) were stirred in re- 
fluxing benzene (40ml) under an atmosphere of dry 
nitrogen for 30 min. Water (5 ml) was added to  the cooled 
mixture and stirring continued for 5 min. The mixture 
was diluted with dichloromethane (60 ml), washed with 
NaHCO, solution, dried (Na2S04), and evaporated in 
vacuo. Recrystallization from methanol gave the thiolac- 
tam 5 (R = S) (278 mg, 7373, mp 259-260°C; uv: h,,, 
291 (4.13), 279 (4.38), 272 (4.45), 222 (4.66); ir: v,,, 3450, 
1730, 1480, 1455, 1440; 'Hmr: 6 7.98 (lH, bs, D 2 0  ex- 
changeable, N-H), 5.2 ( lH,  bm, C2-H), 5.10 (lH, s, 
Cs-H), 3.72 (3H, s, C02CH3), 1.4-2.2 (2H, bm, 
-CH2CH3), 1.00 (3H, t, J = 7 Hz, -CH2CH3); ms: 
mle 382 (M+,  base peak), 227, 195. Anal. calcd. for 
C21H22N203S: C 65.95, H 5.80, N 7.32, S 8.38; found: 
C65.89, H 5.90, N7.20, S 8.22. 

313,413-Epoxydihydrocatharanthine (6) 
The thiolactam 5 (R = S), (76 mg, 0.2 mmol) and a 

large excess of Raney Nickel (pre-washed with distilled 
water and ethanol) were stirred in ethanol (10 ml) at am- 
bient temperature for 8 rnin. The mixture was diluted 
with dichloromethane (10 ml), filtered, and evaporated 
in vacuo. Chromatography on silica gel gave the epoxide 
6 (37 mg, 5373, identical with that obtained above. A 
sample recrystallized from ether had mp 214-215'C. 

No-Carbomethoxy-313,413-dihydroxy-19-oxodihydro- 
catharanthine (7) 

The lactam 3 (R = 0 )  (325 mg, 0.796 mmol) in dry 
T H F  (1.7 ml) and pyridine (3.25 ml) was treated at  - 7e°C 
with osmium tetroxide (210 mg, 0.826 mmol) in dry T H F  
(1.7 ml). After 2 h at  -7g°C, the mixture was diluted 
with ether (130 ml) and the resultant precipitate collected 
by filtration. This product was dissolved in dichloro- 
methane, saturated with hydrogen sulphide, filtered, and 
evaporated in vacuo. Chromatography on silica gel af- 
forded the diol7 (201 mg, 57%) as an amorphous solid; 
uv: h,,, 294 (3.73), 285 (3.79), 282 (3.83), 261 (4.21), 228 
(4.34); ir: v,,, 3700-3150, 3620, 1735, 1660; 'Hmr: 6 4.87 
(IH, bs, D 2 0  exchangeable, -OH), 4.50 ( lH,  s, CS-H), 
4.28 ( lH,  bs, D 2 0  exchangeable, -OH), 3.92 (3H, s, 
N,-COZCH~), 3.87 (IH, d, J = 2 HZ, C3-H), 3.62 (3H, S, 
COZCH,), 0.91 (3H, t, J = 7 Hz, -CH2CH3); ms: m/e 
442 (M+,  base peak), 410, 384, 285, 100. High resolution 
molecular weight determination; calcd. for C2,H,,N207: 
442.1739; found: 442.1693. Anal. calcd. for C2,H2,N207: 
C 62.43, H 5.92, N 6.33; found: C 62.19, H 6.00, N 6.47. 

3j3,4!3-Dihydroxy-19-oxodihydrocatharanthine 
The diol 7 (60 mg, 0.136 mmol) was stirred in 3 N 

methanolic KOH solution (3 ml) for 1 h. The mixture was 
diluted with water (15 ml) and extracted with dichloro- 
methane (3 x 10 ml). The organic phase was dried 
(Na2S04) and evaporated in vacuo to  yield 3a,4P-dihy- 
droxy-19-oxodihydrocatharanthine (50.5 mg, 9773, mp 
207-209°C dec. (acetone); uv: h,,, 292 (3.90), 284 (3.95), 
278 (3.89), 222 (4.51); ir: v,,, 3540-3400, 3460, 1725, 
1665; 'Hmr: 6 8.02 ( lH,  bs, D 2 0  exchangeable, N-H), 
4.62 ( lH,  s, C5-H), 4.42 (IH, bs, D 2 0  exchangeable, 
-OH), 4.08 ( lH,  bs, D 2 0  exchangeable, -OH), 3.78 
( lH ,  d, J = 3 HZ, C3-H), 3.65 (3H, S, COzCH,), 0.96 
(3H, t, J = 6 Hz, -CH2CH3); ms: mle 384 (MC, base 
peak), 298, 228, 227, 215, 214, 195, 168, 167, 154, 143. 
High resolution molecular weight determination calcd. 
for CzlH24N20s:  384.1685; found: 384.1685. This com- 
pound decomposes during attempted removal of solvent. 
Anal. calcd. for CZ1H24N205.3H20: C 64.11, H 6.40, 
N 7.12; found: C 64.00, H 6.41, N 7.20. 

313,413-Dihydroxydihydrocatharanthine ( 8 )  
313,413-Dihydroxy-19-oxodihydrocatharanthine (21.9 mg, 

0.057 mmol) in dry T H F  (3.5 ml) was treated with a 
solution of borane in T H F  (0.29 ml, 1 M, 0.29 mmol) at  
ambient temperature under an atmosphere of dry argon 
for 2 h. The solution was djluted with dry acetone (1.5 
ml), refluxed for 5 min, and evaporated in vacuo. The 
residue was stirred in 3 N HCI (10 ml) at  ambient tem- 
perature for 30 min, the solution basified with N H 4 0 H  
to  p H  9-10 and extracted with dichloromethane. The 
extract was dried (Na2S04) and evaporated. Chromatog- 
raphy on silica gel gave 8 (8.2 mg, 39%) as a colourless 
oil; uv: h,,, 293 (3.77), 284 (3.81), 276 (3.77), 224 (4.44); 
ir: v,,, 3560-3400, 3460, 1720; 'Hrnr: 6 7.79 (IH, bs, 
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D 2 0  exchangeable, N-H), 3.73 (2H, rn, C3-H and C5-H), 
3.67 (3H, s, C02CH3), 0.99 (3H, t, J = 7 Hz, 
-CH2CH3); rns: mle 370 (M+, base peak), 353, 313, 
282, 228, 168, 165, 156, 100. High resolution molecular 
weight determination calcd. for CZ1H2.5N2O4: 370.1892; 
found: 370.1896. 

3(3,4(3-Dihydroxy-19-oxodihydrocatharanthine 
Osmium tetroxide (179 mg, 0.704 rnmol) in dry T H F  

(2 rnl) was added to a slurry of catharanthine hydro- 
chloride (150 rng, 0.403 rnmol) in dry THF (5 rnl) at 
- 10°C under an atmosphere of argon. Dry pyridine 
(118 mg, 0.12 rnl, 1.49 rnrnol) was added and the mixture 
stirred at ca. - 10 to -5OC for 2 h. Hydrogen sulphide 
was bubbled through the cool mixture for 5 rnin. The 
mixture was diluted with ethyl acetate and washed with 
dilute NH40H solution. The aqueous phase was ex- 
tracted wlth ethyl acetate, the extracts combined, dried 
(Na2S04), and evaporated in vacuo. Chromatography 
on silica gel afforded: 8 (5.4 rng, 4x1, catharanthine 2 
(40 rng), and 313,413-dihydroxy-19-oxodihydrocatharanthine 
(52 mg, 48%) identical with that obtained above. 

19-Oxocatharanthine 
Potassium hydroxide (3 N, 1 rnl) was added to a solu- 

tion of 3 (R = 0 )  (300mg, 0.735 mrnol) in methanol 
(3 ml). The mixture was stirred at ambient temperature 
for 1 h, carefully neutralized with Amberlite IR-120 at 
ca. O°C, filtered, and evaporated in vacuo. Trituration of 
the oily residue gave 19-oxocatharanthine (234 rng, 91x1, 
rnp 231°C (methanol). 

I 19-Oxocatharanthinic Acid 
19-Oxocatharanthine (870 mg, 2.49mrnol) and 6 N 

KOH solution (5 rnl) were heated in refluxing ethanol 

, (15 rnl) under an atmosphere of dry nitrogen for 6 h. The 
solution was cooled to O°C, carefully neutralized with 
Arnberlite IR-120, filtered, and evaporated in vacuo to 
give crude 19-oxocatharanthinic acid (835 rng, quantita- 
tive), which was used, without further purification, in the 
next reaction. 

4a-Hydroxy-313-iodo-19-oxodihydrocatharanthinic Acid 
Lactone (9) 

19-Oxocatharanthinic acid (101 rng, 0.3 rnrnol) was dis- 
solved in the minimum required amount of 3 N NaOH 
solution and water (30 rnl) added. Powdered iodine (305 
mg, 1.2 rnrnol) and potassium iodide (75 mg, 0.45 rnmol) 
were added and the mixture stirred in the dark, under an 
atmosphere of nitrogen for 24 h. Sodium thiosulphate 
(1 g) was added and the mixture extracted with dichloro- 
methane (5 x 20 rnl). The organic extract was dried 
(Na2S04) and evaporated in vacuo to yield crude iodolac- 
tone 9 (135 rng, 97.5%). Purification by chromatography 
on silica gel gave 9 (75.5%) as an amorphous solid; uv: 
h,,, 288 (3.84), 280 (3.89), 272 (3.88), 222 (4.54); ir: 
v,,, 3435, 1770, 1690; 'Hrnr: 6 9.45 (IH, bs, D 2 0  ex- 
changeable, N-H), 4.66 (IH, dd, J = 3.5, 1.5 Hz, C3-aH), 
4.454.70 (lH, rn, C2-H), 4.34 (lH, s, C5-H), 2.22 (2H, m, 
-CH2CH3), 1.06 (3H, t, J = 7 Hz, -CH2CH3); rns: 
mle 462 (M+, base peak), 169, 168, 167, 128. High resolu- 
tion molecular weight determination calcd. for CZOH19- 
N2031: 462.0440; found: 462.0462. 

4a-Hydroxy-19-oxodihydrocatharanthinic Acid Lactone 
The iodolactone 9 (615 rng, 1.33 mrnol) and tri-n-butyl- 

tin hydride (744 rng, 2.66 mrnol) were stirred in anhy- 
drous THF (5 ml) under a nitrogen atmosphere for 72 h. 

Evaporation in vacuo and chromatography on silica gel 
gave 4a-hydroxy-19-oxodihydrocatharanthinic acid lactone 
(400 rng, 90%) mp 196-196.S°C (dichlorornethane-pen- 
tane); uv: h,,, 288 (3.86), 280 (3.91), 272 (3.89), 221 
(4.65); ir: v,,, 3440, 1765, 1680; 'Hrnr: 6 9.56 (lH, bs, 
D 2 0  exchangeable, N-H), 4.4M.65 (lH, brn, C2-H), 
4.20 ( lH,  s, C5-H), 1.06 (3H, t, J = 7 Hz, -CH2CH3); 
ms: mle 336 (M+, base peak), 195, 168, 167. High resolu- 
tion molecular weight determination calcd. for CZOHZ0- 
N 2 0 3 :  336.1474; found: 336.1471. Anal. calcd. for 
CZOHZON203:  C 71.40, H 6.00, N 8.33; found: C 71.23, 
H 6.25, N 8.03. 

4a-Hydroxy-19-oxodihydrocatharanthine (11) 
4a-Hydroxy-19-oxodihydrocatharanthinic acid lactone 

(33.6 rng, 0.1 rnrnol) and 6 N KOH solution (1 rnl) were 
heated in refluxing ethanol (2 rnl) under an atmosphere 
of nitrogen for 6 h. The solvents were removed in vacuo 
and the residue dissolved in water (2 rnl). The solution 
was carefully neutralized a t  O°C with oxalic acid, and 
extracted with dichlorornethane (5 x 10 rnl). The extract 
was dried (Na2S04) and evaporated in uacuo. The residue 
was dissolved in anhydrous THF (2 rnl) and treated with 
an excess of diazornethane in ether at O°C for 30 rnin. 
Evaporation and trituration with chloroform-hexane 
(1 : 1) afforded 11 (20 rng, 5573, decomposes without 
melting above 200°C; uv: h,,, 291 (3.82), 282 (3.88), 275 
(3.84), 221 (4.48); ir: v,,, 3400, 1725, 1635; 'Hrnr: 6 
(pyridine-d5) 4.98 (IH, s, C5-H), 4.6-4.9 (lH, rn, C2-H), 
3.60 (3H, S, COZCH,), 1.85 (2H, q, J = 7 HZ, -CHZCH3), 
1.15 (3H, t, J = 7 Hz, -CH2CH3); rns: mle 336 
((M - CH30H)+,  base peak), 195, 168,167. High resolu- 
tion molecular weight determination calcd. for CzoHz0- 
N20, :  336.1474; found: 336.1471. Anal. calcd. for 
CzIHz4N204.2H20: C 62.38, H 6.93, N 6.93; found: C 
62.74, H 6.65, N 6.86. 

4a-Hydroxydihydrocarhnvanthinic Acid Lactone 
(14, R = H z )  

A solution of 11 (340 rng, 1.01 rnrnol) in anhydrous 
THF (25 rnl) was treated with borane/THF solution (10 
ml, excess). The solution was stirred a t  ambient ternpera- 
ture under an atmosphere of dry nitrogen for 4 h. Acetone 
(5 ml) was added and the solution refluxed for 5 min, 
triethylarnine (5 rnl) was added, and reflux continued for 
1+ h. The solvents were removed in vacuo and the residue 
partitioned between dichlorornethane (20 ml) and water 
(10 rnl). The p H  was adjusted to ca. 10 with 6 N NaOH 
and saturated NaCl solution (10 rnl) added. The organic 
layer was separated and the aqueous layer extracted with 
dichlorornethane (4 x 20ml). The extract was dried 
(NaZSO4) and evaporated in vacuo. Chromatography on 
silica gel afforded the lactone 14 (R = Hz) (255 rng, 
78%), mp 142-143OC (pentane); uv: h,,, 288 (3.77), 280 
(3.80), 273 (3.77), 222 (4.47); ir: v,,, 3420, 1750; 'Hrnr: 
6 9.60 (IH, bs, D 2 0  exchangeable, N-H), 3.54 ( lH,  s, 
C5-H) 1.04 (3H, t, J = 7 Hz, -CH2CH3); ms: mle 322 
(M+, base peak), 263, 130. High resolution molecular 
weight determination calcd. for CZOHZZNZOZ : 322.1 681 ; 
found: 322.1678. Anal. calcd. for CZ0HZ2NZO2: C 74.50, 
H 6.88, N 8.69; found: C 74.43, H 6.70, N 8.86. 

4a-Hydroxy-19-thionodihydrocatharanthinic Acid Lactone 
(14, R = S) 

(i) Phosphorous pentasulphide (I0 rng, 0.045 rnrnol) 
was added to a suspension of 11 (5 rng, 0.0135 mrnol) in 
dry benzene (1 ml). After 24 h at ambient temperature, 
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the mixture was filtered and the filtrate evaporated in 
vacuo. Chromatography on silica gel gave the thiolactam 
14 (R = S), (3.9 mg, 82%) as an  amorphous solid; uv: 
h,,, 288 (4.04), 278 (4.13), 272 (4.14), 219 (4.42); ir: 
v,,, 3420, 1775, 1460; 'Hrnr: 6 9.54 ( IH,  bs, DzO ex- 
changeable, N-H), 5.2-5.4 (IH, m, C2-H), 4.43 (IH, s, 
C5-H), 1.15 (3H, t, J = 7 Hz, -CH2CH3); rns: mle 352 
(M+), 248, 195, 168, 167, 140. High resolution molecular 
weight determination calcd. for C20H20N202S: 352.1246; 
found: 352.1253. 
(ii) Phosphorous pentasulphide (50 rng, 0.23 mmol) 

and 4a-hydroxy-19-oxodihydrocatharanthinic acid lactone 
(26 mg, 0.077 rnmol) were stirred in dry benzene (2 rnl) 
for 24 h. Filtration, evaporation, and chromatography on 
silica gel gave 14 (R = S), (23 mg, 85%) identical with 
that obtained above. 

3a,4a-Epoxy-19-oxodihydrocatharanthine (10) 
The iodolactone 9 (35 mg, 0.075 rnmol) was added to  a 

solution of sodium methoxide in methanol (sodium metal 
ca. 2 rng in 3 rnl of dry methanol). The solution was 
stirred at ambient temperature for 3 h, evaporated in 
vacuo, and the residue chrornatographed on silica gel. 
Recrystallization from methanol gave the epoxide 10 
(21 mg, 7973, rnp 278-280°C; uv: h,,, 292 (3.92), 282 
(4.02), 272 (3.99), 219 (4.60); ir: v,,, 3425, 1725, 1665; 
'Hrnr: 6 8.17 (IH, bs, D 2 0  exchangeable, N-H), 4.82 
(IH, s, C,-H), 4.214.53 (IH, m, C2-H), 3.80 (3H, s, 
C02CH3), 1.02 (3H, t, J = 7 Hz, -CH2CH3); rns: mle 
366 (M+,  base peak), 308, 195, 164, 137. High resolution 
molecular weight determination calcd. for Cz1HZ2N2O4: 
366.1579; found: 366.1586. Anal. calcd. for C21HzzNz- 
04 .CH30H:  C 66.33, H 6.53, N 7.03; found: C 66.27, 
H 6.21, N 7.35. 

3a,4a-Epoxy-19-thionodihydrocatharanthine 
(15, R = S) 

The epoxide 10 (38 rng, 0.1 rnrnol) and phosphorous 
pentasulphide (44 mg, 0.2 mrnol) were stirred in dry ben- 
zene (3 rnl) for 4 h at  ambient temperature. The mixture 
was filtered and the filtrate evaporated in vacuo. The 
residue was chromatographed on silica gel to yield 
starting material (8 mg) and the thiolactarn 15 (R = S), 
(17 rng, 5573, mp 118-121°C (ethyl acetate - hexane); uv: 
h,,, 292 (4.13), 278 (4.36), 272 (4.38), 220 (4.59); ir: v,,, 
3425, 1725, 1450, 1430; 'Hrnr: 6 8.17 ( lH ,  bs, D 2 0  ex- 
changeable, N-H), 5.09-5.40 ( lH,  m, Cz-H), 5.01 (IH, 
S, C5-H), 3.82, (3H, S, CO2CH3), 1.02 (3H, t, J = 7 HZ, 
-CH2CH3); ms: mle 382 (M+ base peak), 227,195, 178, 
166, 149. High resolution molecular weight determination 
calcd. for Cz,HzzNz03S: 382.1331 ; found: 382.1341. 

3a,4a-Epoxydihydrocatharanthine (15, R = Hz) 
The thiolactarn 15 (R = S) (40 mg) and excess Raney 

Nickel (pre-washed with distilled water and ethanol) 
were stirred in ethanol (5 ml) for 1.5 h. After filtration 
and evaporation in vacuo, the residue was chrornato- 
graphed on silica gel to  yield the epoxide 15 (R = Hz), 
(26 rng, 7473, rnp 67-70°C (acetone-hexane); uv: h,,, 
292 (4.02), 282 (4.19), 273 (4.08), 222 (4.61), ir: v,,, 3425, 
1725; 'Hmr: 6 8.04 (IH, bs, DzO exchangeable, N-H), 
3.91 (IH, S, C5-H), 3.80 (3H, S, COzCH,), 0.99 (3H, t, 

J = 7 Hz, -cH,cH,); rns: mle 352 (M+), 293 (base 
peak), 167, 166, 149, 138. High resolution molecular 
weight determination calcd. for C2,H2,N203: 352.1787; 
found: 352.1793. Anal. calcd. for C Z , H Z ~ N ~ O ~ ~ : H , O :  
C 69.81, H 6.91, N 7.76; found: C 69.75, H 7.18, N 7.69. 

Acknowledgement 
Financial aid from the National Research 

Council of Canada and from Contract NO1-CM- 
23223, National Cancer Institute, National In- 
stitutes of Health, Bethesda, Maryland, is grate- 
fully acknowledged. We are grateful to the Lilly 
Research Laboratories for supplies of catharan- 
thine and vindoline. 

1. G. H. SVOBODA and D. A. BLAKE. In The catharan- 
thus alkaloids. Edited by W. I. Taylor and N. R. 
Farnsworth. Marcel Dekker, New York, NY. 1975. p. 
45. 

2. R. C. DE CONTI and W. A.  CREASY. I n  The catharan- 
thus alkaloids. Edited by W. I. Taylor and N.  R. 
Farnsworth. Marcel Dekker, New York, NY. 1975. p. 
237. 

3. N. N ~ u s s ,  M. GORMAN, N. J. CONE, and L. L. 
HUCKSTEP. Tetrahedron Lett. 783 (1968). 

4. D. J.  ABRAHAM and N. R. FARNSWORTH. J.  Pharrn. 
Sci. 58,694 (1969). 

5. E. WENKERT, E. W. HAGSMAN, B. LAL, G. E. 
GUTOWSKI, A. S. KATNER, J.  C. MILLER, and N .  
N ~ u s s .  Helv. Chirn. Acta, 58, 1560 (1975). 

6. W. E. JONES and G. J. CULLIVAN. U.S. Patent No. 
3,887,565 June, 1975;Chern. Abstr. 83,97687d (1975). 

7. J. P. KUTNEY, J .  BECK, F. BYLSMA, J. COOK, J.  W. 
CRETNEY, K. FUJI,  R. IMHOF, and A. M. TREA- 
SURYWALA. Helv. Chirn. Acta, 58, 1690 (1975). 

8. J. P. KUTNEY, A. H .  RATCLIFFE, A. M. TREA- 
SURYWALA, and S. WUNDERLY. Heterocycles, 3,639 
(1975). 

9. J. P. KUTNEY, T.  HIBINO, E. JAHNGEN, T. OKUTANI, 
A. H. RATCLIFFE, A. M. TREASURYWALA, and S.  
WUNDERLY. Helv. Chirn. Acta, 59,2856 (1976). 

10. P. POTIER, N. LANGLOIS, Y. LANGLOIS, and F .  
GUERITTE. Chern. Cornrnun. 670 (1975). 

11. N. LANGLOIS, F .  GUERITTE, Y. LANGLOIS, and P. 
POTIER. J .  Am. Chern. Soc. 98,7017 (1976). 

12. G. BUCHI, P. KULSA, K. OGASAWARA, and R. L. 
ROSATI. J .  Am. Chern. Soc. 92,999 (1970). 

13. J. P. KUTNEY and F. BYLSMA. J .  Am. Chern. Soc. 92, 
6090 (1970); Helv. Chirn. Acta, 58, 1672 (1975). 

14. V. C. AGWADA, Y. MORITA, Y. RENNER, M. HESSE, 
and H .  SCHMID. Helv. Chirn. Acta, 58, 1001 (1975). 

15. J .  P. KUTNEY, G. H. BOKELMAN, A. V. JOSHUA, P. 
LIAO, and B. R. WORTH. Can. J.  Chern. This issue. 

16. Y. HONMA and Y. BAN. Heterocycles, 6,285 (1977). 
17. J. P. KUTNEY, G. H. BOKELMAN, M. ICHIKAWA, E. 

JAHNGEN, A. V. JOSHUA, P. LIAO, and B. R. WORTH. 
Heterocycles, 4, 1267 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Total synthesis of indole and dihydroindole alkaloids. ~ 1 . " ~  
The synthesis of leurosine and the coupling of 

3a ,4a-substituted catharanthine derivatives with vindoline 
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JAMES P. KUTNEY, ALUMMOOTTIL V. JOSHUA, PING-HUANG LIAO, and BRIAN R. WORTH. Can. 
J. Chern. 55,3235 (1977). 

A detailed study involving the Polonovski-type coupling of vindoline (2) with several novel 
catharanthine derivatives is described. Coupling of vindoline (2) with the N-oxide intermediate 
of 3p,4p-epoxydihydrocatharanthine (1) provides a laboratory synthesis of the bisindole 
alkaloid leurosine (3, R = C02CH3) and an uilarnbiguous proof of the stereochemistry of the 
epoxide function in that alkaloid. The coupling of 2 with the N-oxides of 3a,4a-epoxydihydro- 
catharanthine (4) and 4a-hydroxydihydrocatharanthinic acid lactone (6) provide the rearranged 
bisindole products 5, 7, and 8. 

JAMES P. KUTNEY, ALUMMOOTTIL V. JOSHUA, PING-HUANG LIAO et BRIAN R. WORTH. Can. 
J. Chern. 55,3235 (1977). 

On decrit en detail 1'Ctude irnpliquant un couplage du type Polonovski de la vindoline (2) avec 
quelques derives de la catharanthine. Le couplage de la vindoline (2) avec I'intermediaire 
N-oxyde de l'Cpoxy-3p,4p dihydrocatharanthine (1) permet de poursuivre la synthese de la 
bis-indole leurosine (3, R = C02CH3) et apporte une preuve tres nette de la stCrCochirnie du 
pont Cpoxyde dans I'alkalolde. Le couplage de 2 avec les N-oxydes de I'epoxy-3a,4a dihydro- 
catharanthine (4) et d'hydroxy-4a dihydrocatharanthinolactone (6) conduit aux bis-indoles 
rearrangks 5, 7 et 8. 

[Traduit par le journal] 

In the previous publication in this series (14) 
we presented a discussion of the experiments 
which provided a variety of novel oxygenated 
catharanthine derivatives. It was noted that such 
intermediates could prove valuable in the syn- 
thesis of various bisindole alkaloids and their 
derivatives. The present discussion exemplifies 
some of our studies in this direction. 

The bisindole alkaloid leurosine (3, R = 
C02CH3) was isolated some years ago and its 
structure has been investigated by several 
groups (1-3). These studies provided a struc- 
tural assignment but the stereochemical assign- 
ment of the epoxide function remained un- 
settled. Analysis of proton magnetic resonance 
data provided a tentative assignment of a P 
orientation to this function (2) while more 
recent studies involving I3C magnetic resonance 
and an acid-catalyzed rearrangement of leuro- 
sine assumed an cl orientation (3). Since N- 
formyl leurosine (3, R = C02CH3, N-CH, 
replaced by N-CHO) is presently in clinical 
studies in Hungary, it appeared particularly 

'Part X, see ref. 14. 
'For preliminary reports on a portion of this work, see 

refs. 15 and 16. 

important to provide an unambiguous proof for 
the stereochemical orientation of the e~oxide 
ring since this feature of the bisindole system 
may be important in terms of its antitumor 
activity. Consequently our initial studies with 
the oxygenated catharanthine derivatives (4, 14) 
were directed toward this objective. The two 
possible 3,4-epoxydihydrocatharanthine deriva- 
tives available from the previous studies (4, 14) 
were utilized in coupling experiments with vindo- 
line (2) according to procedures developed in- 
dependently in our laboratories (5, 6) and else- 
where (7, 8). 

The N-oxide derivative of 3P,4P-epoxydi- 
hydrocatharanthine (I), prepared from the 
epoxide and m-chloroperbenzoic acid, was 
coupled with vindoline (2) in the presence of 
trifluoroacetic anhydride at - 50°C (5, 6) to 
provide the alkaloid leurosine (3, R = C02CH3) 
in 20% yield. This study not only provided a 
laboratory synthesis of this bisindole alkaloid 
but, most importantly, settled unambiguously 
the stereochemistry of the epoxide function at 
C3,-C,, as shown in 3. It is also of interest to 
note that, unlike the earlier studies involving the 
coupling of catharanthine derivatives lacking 
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oxygen functionality at the C,-C4 positions (5, 
6), other bisindole products, particularly those 
bearing unnatural configuration at C,,,, are 
not isolated. The other byproducts obtained are 
monomeric in nature clearly arising from trans- 
formations of the catharanthine and indole 
systems. 

It was now of particular interest to compare 
the results obtained when the isomeric 301,401- 
epoxide 4 was employed in the coupling studies. 
Indeed an unexpected result was obtained in 
that the only isolated bisindole product (51% 
yield) possessed spectral data which were not 
consistent with the 3',4'-epileurosine structure 
which would be formed if normal fission of the 
C,,-C5 bond in 4 had occurred. Careful analysis 
of the spectral data allowed the assignment of 
structure 5 to this product. The 'dimeric' nature 

of this compound was evident from the high 
resolution mass spectrum (mle calcd. for 
C4,HS4N4O, : 806.409 ; found : 806.402) while 
the uv spectrum (h,,, 222, 255, 285, 292 nm) 
clearly revealed the presence of indole and di- 
hydroindole units. The point of attachment of the 
indole unit at C15 of the vindoline ring system 
was readily ascertained from the 'Hmr spec- 
trum (singlets at F 6.48 and 6.12 for the C14 and 
C,, protons, respectively). As in the previous 
studies (6, 9), this spectrum was highly infor- 
mative, being essentially a summation of the 
appropriate signals for the indole and di- 
hydroindole portions, and virtually on its own 
established the postulated structure 5. Although 
the normal proton signals attributed to the 
vindoline unit were clearly evident in the 'Hmr 
spectrum of 5, several important differences in 

Vindoline 
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KUTNEY 

the signal patterns for the indole unit were 
noted. The absence of the indole NH signal, so 
characteristic in all the previous bisindole 
products isolated previously (5, 6, 9) and in 
leurosine prepared above, was immediately 
noted and a new two-proton AB quartet cen- 
tered at 6 5.02 ( J  = 11 Hz) never observed in any 
of the 'Hmr spectra of the previously studied 
bisindole products, was noted. This quartet was 
attributed to the methylene group at C,' in 5, 
a product arising from a rearrangement of the 
N-oxide 4 prior to coupling with vindoline 
(see later). 

In a complementary series of investigations 
involving the coupling of the N-oxide inter- 
mediate of 4a-hydroxydihydrocatharanthinic 
acid lactone (6) (4, 14) with vindoline, a similar 
series of rearrangement products were isolated 
and characterized. Thus when 6 was coupled 
with vindoline in the presence of trifluoroacetic 
anhydride (methylene chloride, - 50°C), three 
products resulting from the coupling of these 
units could be isolated. On the basis of careful 
spectroscopic analyses two of these products 

1 were assigned the bisindole structures 7 and 8 
I 

(R = COCH,) while the third was a trimer re- 
sulting from the reaction of two vindoline units 
with an indole system. 

I The major component (62% yield) was as- 
signed the bisindole structure 7 on the basis of 
the following spectral data. The molecular 

I 

formula, C,,H,,N,O, as determined by high 
resolution mass spectrometry (calcd : 776.388 ; 
found: 776.376), was consistent with the pres- 
ence of an indole and dihydroindole unit and 
this was supported by the uv (A,,, 223,250,285, 
292 nm) and 'Hmr data. With respect to the 
latter, all the normal vindoline proton signals 
were evident in the spectrum but again the 
indole NH was absent and an AB quartet 
centered at 6 4.95 (2H, J = 12 Hz) could be 
assigned to the C,,-methylene group. In this 
instance the 'Hmr spectrum also revealed clearly 
a second new two-proton AB quartet (6 4.43, 
J = 16 Hz) attributed to the methylene group 
(C,.) linking the indole and dihydroindole units. 
The presence of the y-lactone in 7 was clear from 
its ir spectrum (1775 cm-I). Chemical experi- 
ments to substantiate the structural assignment 
are discussed later. 

The second component (10% yield) differed 
from 7 in several respects. Its mass spectrum 
established a molecular formula, C,,H,,N,O,, 

E T  AL. 2 3237 

(calcd.: 778.394; found: 778.394) which was 
two mass units higher than that of 7 while its ir 
spectrum indicated that the y-lactone system was 
absent. The remaining spectral features were 
consistent with the structural assignment 8 
(R = COCH,) for this product. It was tempting 
to speculate that 8 (R = COCH,) could arise 
via sodium borohydride reduction of the lactone 
carbonyl group since this reagent is employed 
prior to isolation of the coupling products from 
the reaction mixture. Indeed when 7 was ex- 
posed to such reduction (methanol, 0°C) lactol 
8 (R = COCH,) is obtained in 75% yield. The 
stereochemical assignment to the chiral center 
C,,, in 8 remains an open question. 

The third product (6% yield) obtained from 
the coupling of 6 with vindoline is a trimer 
corresponding to a structure derived from one 
indole unit and two vindoline units. The thermal 
lability of this compound in the mass spectrom- 
eter made it difficult to obtain the true molec- 
ular ion, but under carefully controlled condi- 
tions peaks in the desired mass range (mle 1232 
and 1234) corresponding to the molecular for- 
mulae C7,H8,N6014 and C,,H,6N6014, re- 
spectively, were observed. The ir spectrum of 
trimer 9 does not show the y-lactone absorption 
at 1775 cm-' observed in the spectrum of 7 
but possesses a strong carbonyl absorption at 
1740 cm-'. In the uv spectrum, the absorption 
bands due to the dihydroindole chromophore (for 
example, 313 nm) were of significantly higher 
intensity than normally observed in spectra of 
the bisindole alkaloids. The 'Hmr spectrum 
clearly revealed two vindoline units as evidenced 
by two sets of aromatic singlets (6 6.82, 6.38, 
6.08, 6.02), two N-CH, signals (6 2.66, 2.64) and 
two methyl triplets (6 0.28 and 0.0, J = 7 Hz) in 
addition to the proton signals for the indole 
unit. In summary the above data are insufficient 
to allow a definitive assignment of structure for 
trimer 9. 

The bisindole products 7 and 8 (R = COCH,) 
were of more direct interest to this study so 
further experiments were conducted to sub- 
stantiate the assignments made. For this purpose 
the lactone 7 was reacted with sodium methoxide 
(methanol, room temperature) and the product 
obtained in 77% yield was the hydroxyester 10 
(R = CO,CH,) [ir: no y-lactone absorption; 
'Hmr: 6 3.87, 3.84 (2s, 6H, OCH, and C,- 
COOCH,), 3.54 (s, 3H, CI8,-COOCH,), no 
acetyl; ms: mle calcd. for C,,H,,N,O,: 
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7' 

Trimer 
9 

766.394; found: 766.3991. Under identical con- 
ditions, catharanthine lactone (4a-hydroxydi- 
hydrocatharanthinic acid lactone, 12) is not 
converted to the corresponding hydroxyester 
thereby revealing a significant difference in re- 
activity of the lactone system when the rigid 
Iboga alkaloid skeleton is intact. Similarly lactol 
8 (R = COCH,) is stable to these conditions, 
the only reaction being hydrolysis of the acetate 
group to provide 8 (R = H). 

The close relationship between 7 and 8 was 
confirmed when lithium aluminum hydride re- 
duction of each compound provided the identical 
product. Thus when 7 or 8 (R = COCH,) were 
reacted with LiAlH, in tetrahydrofuran at room 
temperature, the expected product 11 [ir: 3540, 
3390 cm-', no carbonyl absorption; 'Hmr 6 
3.86 (s, 3H, OCH,), 2.98 (s, 3H, NCH,), no 
acetyl or carbomethoxy methyl signals; ms: 
m/e calcd. for C,,H,,N,O,: 710.404; found: 
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710.401) was isolated in 94% yyleld from the lac- 
tone 7 and 60% yield from the lactol 8 (R = 
COCH,). 

It was again of interest to compare the re- 
activity of catharanthine lactone (12) toward 
hydride reducing agents in order to evaluate the 
relative differences in reaction of this carbonyl 
system in the normal Iboga series with that of 
the rearranged system shown in 7. For this 
purpose 12 was reacted under mild conditions 
with sodium borohydride and more severe 
conditions with lithium aluminum hydride. With 
the former reagent in methanol at room tem- 
perature, 12 was converted to the lactol 13 in 
86% yield [ir: no carbonyl absorption; ms: 
mle calcd. for C2,H2,N202 : 324.184; found : 
324.18441. This product was a 1: 1 mixture of 
the isomeric lactols as evidenced by the appro- 

priate signals in the 'Hmr spectrum. Thus two 
indole NH signals (6 8.32, 7.99), two singlets 
(6 5.29, 5.24) attributed to C,,-H, and two 
methyl triplets (6 0.97, 0.94, J = 7 Hz) of 
essentially equal intensity were observed. This 
mixture was not separated into its pure com- 
ponents. 

Somewhat surprisingly, the lactone 12 pro- 
ceeded to the lactol 13 (77% yield) with lithium 
aluminum hydride even under rather severe 
conditions (refluxing tetrahydrofuran). These 
results portray, on the one hand, a similarity in 
reaction of the bisindole lactone 7 and 12 with 
borohydride (7 4 8 and 12 + 13) but a distinct 
difference with LiAlH, (compare 7 and 8 + 11 
vs. 12 + 13). 

The isolation of the rearranged bisindole 
products 5, 7, and 8 was of considerable interest 
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since it portrayed the first instance in our exten- 
sive studies of the Polonovski-type coupling 
process (5, 6) where such substances had been 
observed as the predominant, if not exclusive, 
products. All previous coupling products were 
shown to arise from initial fragmentation of the 
C,,-C, bond in the N-oxide intermediate and 
subsequent reaction of this intermediate with the 
dihydroindole unit. The bisindole products 5, 
7, and 8 clearly arise from fragmentation of the 
C7-C, bond and subsequent reaction of the 
intermediate thus formed with vindoline as 
shown in the sequence 14 -+ 15 -+ 7. 

A comparison of the results in the isomeric 
epoxide series is particularly striking with the 
normal C,,-C, bond fragmentation process 
being predominant in the 3P,4P-epoxide (1 + 3) 
while with the 3a,4a-isomer only the alternative 
C7-C, bond fragmentation is observed (4 -+ 5) 
under identical conditions of coupling. This 
latter fragmentation process has been recently 
observed in other laboratories (8, lo), although 
there are differences in their experimental pro- 
cedures when compared to ours. 

It is interesting to note that in all of our 
studies thus far which are internally consistent 
in terms of the reaction conditions employed, 
the two examples which have led to the re- 
arranged products are catharanthine derivatives 
containing C, and/or C, oxygen functionality 
in the a orientation as shown in 4 and 6.  Whether 
this pattern will continue in our future studies is 
of considerable importance since one of the 
obvious extensions of the Polonovski-type 
coupling to the synthesis of the clinical drugs 
vinblastine and vincristine would involve a 

W e  are grateful to Professor Ban for communicating 
his results to us prior to publication. 

L 

C,a-oxygenated catharanthine derivative (1 1). 
Studies in this direction are presently underway. 

It should be noted that the synthesis of 
leurosine, as reported herein, is less efficient 
than the first synthesis of this alkaloid reported 
earlier from these laboratories (12). Another low 
yielding synthesis of this alkaloid has been 
reported from another laboratory (13). 

Experimental 
All details concerning spectral measurements, chro- 

matographic separations, etc. are provided in the 
accompanying publication (14). 

Coupling of 3p,4p-Epoxydihydrocatharanthine-N-oxide 
(I) with Vindoline (2) : Leurosine 3 (R = C02CH3) 

3p,4p-Epoxydihydrocatharanthine (34 mg, 0.1 mmol) 
and rn-CPBA (19 mg, 0.1 1 mmol) were stirred in di- 
chloromethane (1 ml) at -20°C for 20 min under an 
atmosphere of dry argon to form the oxide 1. The solu- 
tion was cooled to - 50°C and vindoline 2 (50 mg, 0.1 1 
mmol) followed by redistilled trifluoroacetic anhydride 
(60 p1, 0.5 mmol) were added. The mixture was stirred at 
-45 to -55°C for 4 h, quenched with excess NaBH, 
slurry in ethanol, and extracted with dichloromethane. 
The extracts were dried (Na2S0,) and evaporated in 
vacuo. Chromatography on silica gel afforded the pre- 
viously described (6) isomers of 15-(2,2,2-trifluoro-I- 
hydroxyethy1)-vindoline, together with leurosine 3 
(R = C02CH3) (16 mg, 2073, identical with an authentic 
sample. 
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Coupling of3a,4a-Epoxydihydrocatharanthine-N-oxide 
(4) with Vina'oline (2) : the Bisindole Product 5 

3a,4a-Epoxydihydrocatharanthine (62 mg, 0.176 mmol) 
and m-CPBA (33 mg, 0.193 rnmol) were stirred in di- 
chloromethane (2 ml) at -20°C for 2 h under an atmos- 
phere of dry argon to form the oxide 4. The solution was 
cooled to -50°C and vindoline 2 (56 mg, 0.123 mmol) 
followed by redistilled trifluoroacetic anhydride (120 HI) 
were added. The mixture was stirred at ca. - 50°C for 5 h, 
quenched with excess NaBH4 slurry in ethanol, and 
extracted with dichloromethane. The extracts were dried 
(,Na2SO4 and evaporated in vacuo. Chromatography on 
s~lica gel afforded an unidentified catharanthine deriva- 
tive (14 mg), vindoline (14 mg), and the bisindole 5 (41 
mg, 51%) as an amorphous solid; uv: A,,. 292 (4.61), 
285 (4.52), 255 (4.05), 222 (3.91); ir: v,,, 1740; 'Hrnr: 
6 6.80-7.41 (4H, m, aromatic protons), 6.48 (IH, s, 
C14-H),6.12 (lH, S, CI7-H), 5 78 (lH, dd, J  = 10, 4 HZ, 
C7-H), 5.39 (lH, s, C4-H), 5.18 (IH, d, J  = 10 HZ, 
C6-H), 5.02 (2H, 2d, J  = I1 HZ, C7,-H2), 3.95 (3H, S, 
-OCH3), 3.81 (3H, S, -OCH3), 3.62 (3H, S, -OCH3), 2.02 
(3H, S, -OCOCH3), 0.98 (3H, t, J  = 7 HZ, -CHzCH,), 
0.09 (3H, t, J  = 7 Hz, -CH2CH3); ms: mle 806(M+), 
790, 737, 736, 731, 730, 718, 714, 684, 680, 658, 648, 647, 
646, 645, 630, 624, 538, 351, 338, 282, 200, 188, 169, 149, 
and 135 (base peak). H~gh resolution molecular weight 
determination calcd. for C46H54N409 : 806.4090; found : 
806.4022. Anal. calcd. for C46H54N409: C 68.48, H 6.69, 
N 6.94; found : C 68.28, H 6.35, N 6.76. 

I 
I Coupling of 4a-Hydroxydihydrocatharanthinic Acid 

Lactone-N-oxide ( 6 )  with Vindoline (2) : the Bisindole 
Products 7 and 8 and the Trimer 9 

4a-Hydroxydihydrocatharanthinic acid lactone (100 
mg, 0.31 mmol) and m-CPBA (56 mg, 0.325 mmol) were 
stirred in dichloromethane (3 ml) at -25°C under an 
atmosphere of dry nitrogen for 45 min. The solution was 
cooled to -50°C and vindoline 2 (100 mg, 0.219 mmol) 
followed by redistilled trifluoroacetic anhydride (216 HI) 
were added. The mixture was stirred at -50 to -60°C 
for 5 h, poured into a slurry of NaBH4 (500 mg) in 
methanol (10 ml), shaken for 5 min, and extracted with 
dichloromethane. The combined extracts were dried 
(Na2S04) and evaporated in vacuo. Chromatography on 
silica gel and crystallization from ethyl acetate - pentane 
afforded the following. 

(i) The bisindole lactone 7, mp 182-187°C (105 mg, 
62%); uv: h,,, 292 (3.92), 285 (3.92), 250 (4.05), 223 
(4.52), 211 (4.61); ir: v,,, 1775, 1740; 'Hrnr: 6 9.44 (lH, 
s, D 2 0  exchangeable, -OH), 6.90-7.45 (4H, m, aromatic 
protons), 6.60 (lH, s, C14-H), 6.09 (lH, s, Cl,-H), 5.73 
(lH, dd, J =  10,4 HZ, C7-H),5.38 (IH, s ,C~-H),5.13 
(IH, d, J  = 10 HZ, C6-H), 4.95 (2H, 2d, J  = 12 HZ, 
C7,-Hz), 4.43 (2H, 2d, J = 16 HZ, C8,-H), 3.83 (3H, S, 
-OCH,), 3.73 (3H, S, C02CH,), 2.62 (3H, S, N-CH3), 
2.00 (3H, S, -OCOCH3), 1.03 (3H, t, J  = 7 HZ, C4,- 
CH2CH3), 0.10 (3H, t, J  = 7 Hz, C5-CH2CH3); ms: 
mle 776(M+), 717, 716, 702,701, 700, 630,629,617,616, 
615, 509, 508,494, 321, 323, 322, 309, 308,296, 282,269, 
267,263,236,235, 234, 222, 209, 202, 200, 188, 139, 135 
(base peak), 122, 121. High resolution molecular weight 
determination calcd. for C45H52N408: 776.388: found: 
776.376. Anal. calcd. for C45H52N408: C 69.59, H 6.70, 
N 7.22; found: C 69.71, H 6.87, N 6.99. 

(ii) The bisindole lactol 8 (R = COCH,), mp 176- 
182°C (18 mg, 11%); uv: h,,, 292 (3.97), 285 (3.96), 
250 (4.08), 223 (4.55), 210 (4.64); ir: v,,, 3575, 3450, 

1740; 'Hmr: 6 6.9-7.4 (4H, m, aromatic protons), 6.69 
(lH, S, C14'H), 6.09 (lH, S, C17-H), 5.88 (lH, dd, J  = 10, 
4 HZ, C7-H), 5.39 (2H, S, CIgf-H, C4-H), 5.18 (IH, d, 
J  = 10 HZ, C6-H), 4.97 (2H, 2d, J  = 12 HZ, C,,-H), 3.81 
(3H, S, -OCH,), 3.75 (3H, S, C02CH3), 2.65 (3H, S, 
-NCH3), 2.03 (3H, S, -OCOCH3), 1.01 (3H, t, J  = 7 HZ, 
C4.-CH2CH3), 0.25 (3H, t, J  = 7 Hz, C5-CH2CH3); ms: 
mle 778(M+), 776, 762, 719, 718, 702, 701, 700, 698, 
660, 659, 658, 657, 644, 619, 618,617, 512, 511, 510, 509, 
497, 496, 495, 494, 481, 470,469, 338, 324, 323, 322, 321, 
310, 309, 307,283,234,222,202,200, 188, 188, 174, 171, 
154, 149, 136, 135 (base peak), 122, 121, 107. High reso- 
lution molecular weight determination calcd. for 
C4,H5,N408: 778.394; found: 778.395. Anal. calcd. for 
C45H54N408: C 69.41, H 6.94, N 7.20; found: C 69.73, 
H 6.68, N 7.21. 

(iii) The trimer 9, mp 205-21 1°C (9 mg, 7%); uv: h,,, 
313 (4.34), 293 (4.30), 286 (4.26), 250 (4.49), 226 (5.01), 
211 (5.07); ir: v,,. 1740; 'Hmr: 6 6.82, 6.38, 6.08, 6.02 
(4H, 4 s, vindoline aromatic protons), 3.80 (6H, s, 
2 x -OCH3), 3.75 (6H, S, 2 x -OCH3), 2.66 (3H, S, 
-NCH3), 2.64 (3H, S, -NCH3), 2.01 (6H, S, 2 x -0COCH3, 
0.76 (3H, t, J  = 7 HZ, C4,-CH2CH,), 0.29 (3H, t, 
J = 7 Hz, -CH2CH3), 0.00 (3H, t, J  = 7 HZ, -CHZCH,); 
ms: mle 1235, 1234, 1233, 1232, 1231, 1151, 1150, 1149, 
1148, 1066, 802, 516, 475, 441, 440, 360, 359, 327, 287, 
283, 239, 169, 149. Anal. calcd. for C70H84N6014: 
C 68.18, H 6.82, N 6.82; found: C 68.30, H 6.71, N 6.84. 

NaBH4 Reduction of (7) : the Lactol8 (R = COCH3) 
A solution of 7 (20 mg) and trifluoroacetic anhydr~de 

(100 1.11) in dichloromethane (2 ml) was added dropwise 
to NaBH, (50 mg) in methanol (2 ml) at 0°C. Excess 
NaBH, (50 mg) was added in two portions at 15 min 
intervals. The mixture was stirred at 0°C for 30 min, 
diluted with water (1 ml), saturated NaCl solution (5 ml), 
and extracted with dichloromethane. The combined 
extracts were dried (NaZSO4), and evaporated in vacuo. 
Chromatography on silica gel gave 7 (9.8 mg, 49%) and 8 
(R = COCH,) (7.7 mg, 38%) identical with that ob- 
tained above. 

Reaction of (7) with NaOMe: the Hydroxyester I 0  
A solution of 7 (10 mg, 0.013 mmol) in anhydrous 

methanol (1 ml) was added to sodium methoxide in 
methanol (10 mg of sodium metal in 1 ml of anhydrous 
methanol) and the mixture stirred under an atmosphere 
of dry nitrogen for 20 h. The reaction mixture was cooled 
to O°C, carefully neutralized with Amberlite IR-120, and 
filtered. The filtrate was evaporated in vacuo. Chroma- 
tography on silica gel and crystallization from ethyl 
acetate - methanol pentane afforded the hydroxyester 10 
mp 170-177°C (7.6 mg, 77%); uv: I,,, 293 (4.03), 
288 (4.00), 250 (4.13), 224 (4.59), 212 (4.68); ir: v,,, 3550, 
1720; 'Hmr: 6 6.8-7.25 (4H, m, aromatic protons), 
6.47 (lH, S, C14-H), 6.14 (IH, S, C17-H), 5.62-5.86 (ZH, 
m, C7-H, C,-H), 5.06 (2H, 2d, J = 12 Hz, C7,-H), 3.87 
(3H, s, -OCHs), 3.84 (3H, S, -C02CH3), 3.54 (3H, S, 
-C02CH3), 2.73 (3H, S, -NCH3), 0.96 (3H, t, J  = 7 HZ, 
C4,-CHzCH3), 0.42 (3H, t, J =  7 HZ, CS-CH2CH3); 
ms: mle 766(M+), 735,734, 702, 701, 700, 675, 674, 619, 
618, 617, 615, 536, 509, 508, 495, 494,481, 354, 321, 308, 
297,263, 248,246, 240, 234, 202, 200, 188, 174, 172, 170, 
154, 149, 135 (base peak), 122, 121, 108, 107. High reso- 
lution molecular weight determination calcd. for 
C44H54N408 : 766.394; found: 766.399. Anal. calcd. for 
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C44H54N408.CH30H: C 67.66, H 7.27, N 7.01; found: 
C 67.80, H 7.30, N 6.66. 

NaOMe Opening of the Lacto18 (R = COCH,) : the 
Lactol 8 (R = H )  

A solution of 8 (R = COCH,) (8 mg) in anhydrous 
methanol (1 ml) was added to sodium methoxide (from 
10 mg of sodium metal) in anhydrous methanol (1 ml) 
and the mixture stirred at ambient temperature under a 
nitrogen atmosphere for 17 h. Work-up, as described for 
the preparation of 10, gave the lacto18 (R = H), (5.8 mg, 
77%); uv: h,,, 292 (3.89), 287 (3.88), 250 (4.014), 222 
(4.40), 212 (4.45); ir: v,,, 3550, 3450, 1725; 'Hmr: 6 
6.9-7.4 (4H, m, aromatic protons), 6.72 (lH, s, C14-H), 
6.12 (lH, s, C,7-H), 5.76 (2H, m, C7-H, C6-H), 5.45 and 
5.42 (lH, 2s, Clg,-H), 5.08 (lH, d, J = 12 HZ, C7,-H), 
4.99 (lH, d, J = 12 HZ, C7,-H), 3.86 (3H, S, OCH,), 
3.84 (3H, S, OCH,), 2.74 (3H, S, -NCH,), 1.04 (3H, t, 
J = 7 HZ, C4!-CH2CH,), 0.46 (3H, t, J = 7 HZ, C5- 
CH2CH3); ms: m/e 736(M+), 734, 703, 702, 701, 700, 
677, 676, 674, 660, 620, 619, 618, 617, 538, 511, 510, 
509, 508, 497, 495, 494, 393, 354, 337, 336, 321, 308, 277, 
265, 263,248,240,234,202,200, 195, 188, 168, 154, 149, 
135 (base peak), 122, 121, 107. High resolution molecular 
weight determination calcd. for C43H52N407: 736.384; 
found : 736.388. 

LAH Reduction of Lactone 7: the Pentahydroxy Bisindole 
11 

Lithium aluminum hydride (30 mg) was added to a 
solution of the lacrone 7 (20 mg) in anhydrous THF (1.5 
ml). The mixture was stirred at ambient temperature for 
18 h, treated with a few drops of water, and filtered. The 
filtrate was concentrated in vacuo, chromatographed on 
silica gel, and crystallized from ethyl acetate - pentane to 
afford 11, mp 188-197°C (dec) (17 mg, 94%); uv: h,,, 
294 (3.96), 288 (3.91), 250 (4.05), 226 (4.43), 213 (4.46); 
ir: v,,, 3540, 3390; 'Hmr: 6 8.62 (lH, s, -OH), 6.8-7.4 
(4H, m, aromatic protons), 6.48 (lH, s, C14-H), 6.15 
(IH, S, C17-H), 5.75 (lH, dd, J = 10, 4 HZ, C7-H), 5.56 
(IH, d, J = 10 Hz, C6-H), 5.04 (lH, d, J = 12 HZ, 
C7.-H), 4.86 (lH, d, J = 12 HZ, C7.-H), 3.86 (3H, S, 
-OCH,), 2.98 (3H, S, -NCH,), 0.96 (3H, t, J = 7 HZ, 
C4,-CH2CH3), 0.38 (3H, t, J = 7 HZ, C5-CH2CH3); ms: 
m/e 710(M+), 709,708, 692, 679, 677, 676, 675, 674, 662, 
660, 658, 622, 621, 542, 541, 513, 512, 511, 498, 494,429, 
399, 398, 381, 380, 366, 365, 364, 363, 355, 354, 352, 325, 
324, 312, 311, 297, 295, 294,281, 278,233, 229, 226, 223, 
221, 210, 202, 200, 188, 169, 168, 167, 149 (base peak), 
135, 124, 122, 115, 107. High resolution molecular 
weight determination calcd. for C42H54N406: 710.404; 
found: 710.401. 

LAH Reduction of Lacto18 (R = COCH,) : the Penta- 
hydroxy Bisindole 11 

Reaction of 8 (R = COCH,) (7 mg) with LAH (10 mg) 
as described above, gave 11 (3.8 mg, 60%) identical with 
that prepared earlier. 

Reduction of 4a-Hydroxydihydrocatharanthinic Acid 
Lactone 12: the Lactoll3 

(a) The lactone 12 (10 mg) was added to a solution of 
NaBH, (50 mg) in methanol (2 ml) at 0°C. Excess NaBH, 
(50 mg) was added in two portions at ca. 15 min inter- 
vals. The mixture was stirred at ambient temperature for 
2 h. Work-up, as described above for the reduction of 7, 
gave the lactol 13 (8.7 rng, 87%) as a mixture of di- 
astereomers; uv: h,,, 283 (3.80), 280 (3.84), 274 (3.83), 

222 (4.273); ir: v,,, 3550, 3425, 3340; 'Hmr: 6 8.32 and 
7.99 (IH, 2 bs, -NH), 6.9-7.6 (4H, m, aromatic protons), 
5.29 and 5.24 (lH, 2s, Clg-HI, 0.97 and 0.94 (3H, 2t, 
J = 7 Hz, -CH2CH3); ms: m/e 324 (M+,base peak), 322, 
307, 306,278, 277,263, 249,236,235,234,221,209,205, 
204, 193, 184, 168, 167, 159, 154, 144, 141, 135, 130, 128, 
122, 121, 115, 108, 105. High resolution molecular 
weight determination calcd. for C2,H2,N202 : 324.184; 
found : 324.184. 

(6) Lithium aluminum hydride (10 mg) was added to 
a solution of 12 (10 mg) in anhydrous THF (1.5 rnl) 
and the mixture stirred at ambient temperature for 18 h. 
Work-up, as described above for the preparation of 11, 
gave the lactol 13 (7.8 mg, 78x) identical with that 
described above. 
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WILLIAM J. E. PARR, T. SCHAEFER, and K. MARAT. Can. J. Chem. 55,3243 (1977). 
Analysis of the proton magnetic resonance spectrum of phenyltrifluorosilane yields the spin- 

spin coupling constants between the fluorine nuclei and the protons. These are compared with 
the analogous long-range coupling constants in benzotrifluoride, toluene, and phenylsilane and 
are rationalized in terms of coupling mechanisms. The coupling over six bonds is assessed as a 
base point for the estimation of hindered rotation about the carbon-silicon bond. 

WILLIAM J. E. PARR, T. SCHAEFER et K. MARAT. Can. J. Chem. 55,3243 (1977). 
L'analyse du spectre de resonance magnetique du proton du phCnyltrifluorosilane nous 

fournit les constantes de couplage spin-spin entre le noyau fluor et les protons. Celles-ci sont 
comparees a des constantes de couplage analogues a longue distance pour le trifluorobenzyle, le 
toluene et le phenylsilane et sont rationalistes en termes de mecanisrnes de couplage. Le 
couplage au deli de six liaisons est assigne comrne reference pour I'estimation de la rotation 
empkhke autour du lien carbone-silicium. 

[Traduit par le journal] 

Introduction 
The long-range spin-spin coupling oonstants 

I between ring protons and protons or fluorine 
nuclei in the sidechain of benzene derivatives 

I have been investigated in some detail (1-17). In 
addition to providing tests of theories of the 
transmission of spin state information, the cou- 
plings are often sensitive to the conformation of 
the molecule and have been employed in the 
empirical determination of free energy dif- 
ferences between conformational isomers (17, 
18). It has also proved possible to extend their 
application to the derivation of twofold rota- 
tional barriers of magnitudes between about 0.2 
and 2.2 kcal/mol (19, 20), such values being 
inaccessible to lineshape methods. For example, 
a careful comparison of the long-range coupling 
over six bonds, 6JpH,CH, in toluene and in phenyl- 
ethane, combined with a hindered rotor treat- 
ment, yields a twofold barrier of 1.2 _+ 0.1 kcall 
mol to rotation about the C-CH, bond in the 
latter molecule in solution. In addition it is clear 
that 1 is the low-energy conformation (19). 

7 H 3  

the sidechain, 6JpH,CF, are useful in finding small 
twofold internal barriers in C6HsCHF2 and 
C6HsCH2F. 

An attempt to extend the approach to phenyl 
derivatives of the third row of the periodic table 
was partially successful when the barriers to 
rotation about the C6Hs-Si bond were found 
for C,H,SiH(CH,), and C6H,SiHC12 and were 
estimated for C6HsSiH2CI and C6HsSiH2CH3 
(22). 

All this work depends on having reliable 
values for couplings over six bonds to protons in 
the para position. These are now known for 
C6HsCH3, C,H5CF3, and C6HsSiH3. 

This paper reports the analysis of the proton 
magnetic resonance spectrum of C6H5SiF3 and 
the determination of the long-range couplings 
from the ring protons to 19F nuclei. The latter 
are compared with the analogous couplings in 
the three molecules above and are assessed for 
their possible use in the measurement of barriers 
to internal rotation. The magnitudes of i he cou- 
pling constants are rationalized in terms of o, 
o-n, and direct (through-space) mechanisms. 

.----- C------rrplane 
/ \  Experimental 

Antimony trifluoride (50 g, 0.28 mol) and tetra- 
methylenesul~hone (50 ml) were  laced in a 250 rnl flask 

It has also been seriously (20, 21) equipped wiih a reflux condense;, dropping funnel, and 
thermometer. Phenyltrichlorosilane (14.1 g, 0.067 mol) 

that to fluorine On was added from the d ro~p ing  funnel at a rate such that 

'Postdoctoral fellow, 1974-1976. 

- -  - 
the reaction temperature never exceeded 100°C. The 
phenyltrifluorosilane was distilled through a 15 crn 
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TABLE 1. Proton chemical shifts* and spin-spin coupling constants? for a 20 v/v %solution 
of C6HsSiF3 in C6D6. Includes data for C6HsCF3, CsHsCHs, C6HsSiF3 

Parameter Value Parameter Value 

VF 1216.853 - (I + 0.090(5) 4J H.SIF3 

Vz.6 738.70 744.858 m 0.829(4) SJ H.Sif3 

V3.s 703.21 718.92 P - 0.278(4) 6~ H.SIf3 

v4 717.36 725.71 4J H.CF3 -0.74 
3J2,3 7.541(5) 7.91 SJ H . C F ~  0.82 
='J3.4 7.648(4) 7.59 6JH,Cf3  -0.64 
4J2.4 1.358(5) 1.24 4J H . C H ~  -0.75 
4Jz,6 1.345(6) 1.99 SJ H . C H ~  0.36 
4J3. s 1 .200(5) 1.30 6 J H . C H ~  -0.62 
'J2.s 0.760(5) 0.62 o -0.14 4J H.SiH3 

'J(29Si, F) 267.0" - SJ ,m H . S ~ H ~  0.20 
rms error 0.026 Hz - u -0.34 6 J H,SiH3 

'In Hz at 100 MHz at 305 K to low field of internal tetramethylsilane. 
t i n  Hz, numbers in parentheses giving the standard deviation in the last place. 
$In Hz to low field of internal CsF6 at 301 K and 56.443 MHz. 
§This column refers to CaH,CF3, ref. 8. 
!JThe sign is taken as posltlve. See ref. 36. 

column, collecting the portion that boiled at 95-98°C. 
The yield was 10.7 g (98%). 

Due to the air sensitivity of the phenyltrifluorosilane, 
it was necessary to prepare the sample under anhydrous 
conditions. C6D6, C6F6, and TMS were all dried for 24 h 
over a molecular sieve. Sufficient phenyltrifluorosilane 
for a 20 vo1.z solution was condensed into a dried nmr 
tube from a bulb on the vacuum system. C6D6 and small 
quantities of C6F6 and TMS were condensed into the 
tube which was then flame sealed under dynamic vacuum. 

The proton magnetic resonance spectrum was cali- 
brated on a HA 100 spectrometer a t  305 K. Calibration 
lines were placed at approximately 5 Hz  intervals and the 
sweep and manual oscillator frequencies were recorded 
for each such line. The spectral dispersion was 1 Hz/cm, 
the sweep rate was 0.02 Hz/s, and the other instrumental 
parameters were adjusted to minimize distortion from 
saturation or filtering phenomena. The l g F  resonance 
spectrum was recorded in a similar way on a DA601 
spectrometer at 301 K, employing C6F6 as an internal 
lock. The peak positions determined in this manner had 
rms deviations near 0.02 Hz. 

Ab initio calculations at the STO-3G level of molecular 
orbital theory (23) employed a standard geometry (24) 
for the phenyl group, tetrahedral angles at silicon, and 
C-Si, Si-F bond lengths of 1.843 and 1.561 A, respec- 
tively. 

Results and Discussion 
Spectral Analysis 

The proton magnetic resonance spectrum was 
analyzed with the computer program LAME 
(25,26). The spectral asymmetry was sufficient to 
establish the sign sequence given in Table 1. 
Figure 1 illustrates the sensitivity of the calcu- 
lated spectrum to the sign of the small coupling, 
4 j  H,SiF 

3. The meta and para proton peaks could 
oi ly be fitted if 5 ~ m H , S i F 3  and 6 ~ T , s i F 3  had op- 
posite signs. The 19F spectrum was consistent 
with a positive sign for 5 ~ m H , S i F 3  and a negative 

sign for 6~pH,S iF3 .  The sign sequence in Table 1 is 
firmly established. The standard deviations of 
0.004 to 0.005 Hz (Table 1) in the long-range 
couplings suggest an accuracy of 0.02 Hz. 

The Spectral Parameters within the Phenyl 
Group 

The chemical shifts are no doubt influenced 
by the anisotropy of the benzene solvent mole- 
cules, but a comparison with the shifts for neat 
benzotrifluoride (8) is partially valid. It suggests 
that the CF, group withdraws slightly more 
charge from the ring than does the SiF, group. 
A similar conclusion follows from the 13C chem- 
ical shifts (27). 

In benzene, 3J,H,H, 4JmH7H, and 5 J p H p H  are 7.54, 
1.37, and 0.69 Hz, respectively (28). Comparison 
with the data in Table 1 indicates a very small 
perturbation of these values by the SiF, group. 
In fact, the sum of the six coupling constants in 
Table 1 is 19.86 Hz as compared to the 19.88 Hz 
for the corresponding sum in benzene. This sum 
is 20.65 Hz for C6H5CF,. 
Long-range Coupling Constants 

H,XH and 6JpH,XF (X = C or Si) JP 
The sixfold barrier to internal rotation is 0.014 

kcal/mol in toluene (29) and 0.010 kcal/mol in 
benzotrifluoride (30). Consequently their cou- 
pling constants in Table 1 represent averages 
over the essentially free rotation about the 
C-CH, and C-CF, bonds. The barrier to 
rotation about the C-SiH, bond in phenylsilane 
is 0.018 kcal/mol (31) and, on the assumption 
that it is no higher in phenyltrifluorosilane, the 
coupling constants for these two compounds in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PARR ET AL 

FIG. 1. The ring proton magnetic resonance spectrum at 100 MHz of a 20 vol.% solution of phenyl- 
trifluorosilane in benzene-ds is shown in a. In b the spectrum calculated with the parameters in Table 1 
is presented. The appearance of the calculated spectrum of the ortho protons, under conditions where 
4J0H9S'F3 is negative, is illustrated in c.  

Table 1 may also be taken as averages over free 
rotation. 

On the basis of INDO-MO-FPT calculations 
(7) and of measurements of 6~pCH3.CH3 (3, 4) it is 
apparent that 6 ~ p H 9 C H 3  is proportional to sin2 0, 
where 0 is the angle by which a C-H bond of 
the methyl group twists out of the plane of the 
aromatic ring. The calculations agree quantita- 
tively with the observed value of -0.62 Hz. 
This number is a base point in the derivation of 
barriers to internal rotation in a- and a,a-sub- 
stituted toluene derivatives (1 9). 

Similar calculations on 6JpH,CF3 (32) also sug- 
gest a sin2 0 dependence but predict a magnitude 
almost twice as large as the observed one of 
0.64 Hz. 

When the sidechain carbon atom is replaced 
by a silicon atom a o-n: hyperconjugative model 
suggests that the increased bond lengths may 
well reduce the overlap between the orbitals in 
the sidechain and the pn: orbitals in the phenyl 
group, thereby reducing the magnitude of the 
o-TC parameters. Indeed (see Table I), 6 ~ p H , S i H  is 

just over half as large in magnitude as 6 ~ p H , C H .  

Similarly, 6 ~ p H , S i F  is just under half as large in 
magnitude as 6~pH,CF. 

6~ H,SiF is -0.28 Hz in C6H5SiF3, so small a 

modulus that use of it as a base in determining 
barriers to rotation about the C-Si bond be- 
comes relatively difficult for the following rea- 
sons. 6~,,H,SiF is -0.56 Hz. Now, for example, 
in C6H5SiF(CH3), it seems reasonable that the 
low-energy conformation is 2 and that the high- 
energy conformation is 3. In 2, sin2 0 is zero. 
For free rotation, (sin2 0) is 0.5 so that the ob- 

,CH3 
F 

..-- F-Si ----  I 
-. --si ----  

\ / \  
CH3 CH3 CH3 

8=0° 8 = 9 V  
2 3 

served 6JpH3SiF would be -0.28 Hz. For a bar- 
rier lying between 0 and about 3 kcal/mol, 
(sin2 0) would vary between 0.5 and 0.05. An 
error of 0.02 Hz in the measurements of 6 ~ p H , S i F  
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in C6H5SiF3 and of C6H5SiF(CH3), would in- 
troduce an error of about 20x into the deter- 
mination of the barrier (33). Furthermore, small 
perturbations of 6~ by the substituents attached 
to silicon may introduce a further uncertainty 
into the barrier. It appears that the value of 
6 J H.SiF is near the limit at which significant 
deductions about conformational preferences 
and rotational barriers are still possible in com- 
pounds of formula C6H5SiFX,. 

5~,nH,XH and 5~ ,nH,XF  (X = C or Si)  
The n. electron contribution to 5 ~ m H , C H 3  is 0.21 

Hz (3,4), leaving 0.15 Hz to the o electron mech- 
anism. The 0.20 Hz observed for 5Jn,H,SiH can be 
attributed to reduced magnitudes of both cou- 
pling mechanisms. Clearly, both 5 ~ m H , C F  and 
5 j  H,SiF have a large o component and, in view 
of their equality and of the relative magnitudes 
of the corresponding six-bond couplings, this 
component is larger in the silicon compound. 
INDO-MO-FPT calculations overestimate 
5~ H,CH and 5 ~ m H , C F  (7, 32). 

4 ~ f 9 X H  and 4 ~ f , X F  (X = C or Si)  
The magnitudes of 4 J 0 H 9 C F 3  and 4~oH,CH3 are 

equal (Table I). According to INDO-MO-FPT 
calculations, the equality is coincidental. In 
addition to the o-n. and o electron mechanisms 
common to both 4J0H9CH3 and 4J0H,CF3, the latter 
contains in addition a contribution from a direct 
interaction dependent on the proximity of the 
bonds carrying the coupled nuclei (7, 32). 

The relatively small magnitude of 4J0H,SiH3 
can plausibly be attributed to a decrease in the 
magnitude of the o-n. mechanism (see 6~pH,CH3) 
combined with a small positive o electron con- 
tribution. The decrease in the former and the 
change in sign of the latter contributions relative 
to their role in determining 4J0H3CH3 (7) could 
well be a consequence of the C-Si and Si-H 
bond lengths. 

The positive sign of 4 ~ 0 H . S i F 3  can be rational- 
ized by assigning a lesser importance to the 
direct (through-space) mechanism which de- 
pends critically on the 19F, 'H internuclear dis- 
tance (34), combined with a positive o electron 
contribution which outweighs the expected 
negative o-n. mechanism (compare 6~pH.SiF3). 

STO-3G Calculations 
These gave a barrier of 0.005 kcal/mol to rota- 

tion about the C-Si bond. Although such a 

small value is below the level of significance of 
these ab initio MO calculations (39, it is consis- 
tent with the very small barriers measured for 
the other three compounds. 
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Cupric ion binding by coal humic acids at pH's 1-3 
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JOHN B. GREEN and STANLEY E. MANAHAN. Can. J. Chem. 55,3248 (1977) 
The extent and mechanism of cupric ion binding by humic acid (HA) at low pH's where the 

material was insoluble in aqueous media was investigated. It was shown that significant amounts 
of Cu(I1) were bound by HA even at pH's as low as 1.35. Two major types of HA-CuZ+ binding 
were observed. Binding which was accompanied by exchange of H +  was more prevalent at high 
pH's and [CuZ+]. Nonexchange bonding occurred at all pH's, but assumed greater importance 
at  low pH's. Since the pattern of Cu(I1) uptake could not be interpreted in terms of basic ion 
exchange or surface adsorption theory, a new model was proposed which qualitatively explained 
the dependence of Cu(I1) on p H  and [CuZ+]. The model assumed that the intermolecular 
bonding in flocculated HA was determined by the relative amounts of H +  and CuZ+ available 
for forming bridging bonds between the H A  molecules. The model suggested that at high 
concentrations of Cu(I1) and/or high pH's, the floc structure was such that the formation of 
copper bridge bonds was maximized. 

JOHN B. GREEN et STANLEY E. MANAHAN. Can. J. Chem. 55,3248 (1977). 

On a Ctudie l'etendue et le mkcanisme de liaisons de l'ion cuprique par I'acide humique (AH) a 
de bas p H  oh les mattriaux sont insolubles dans un milieu aqueux. On a pu montrer que des 
quantites importantes de Cu(I1) sont liees en A H  mCme a des pH aussi bas que 1.35. On a 
observe deux types majeurs de liaisons AH et Cu2+. La liaison qui est accompagnee par un 
Cchange de H+ est plus importante a des pHeleves et des concentrations de [Cuz+] elevees. La 
liaison sans tchange se produit a tous les pH, mais elle est plus importante a des p H  plus bas. 
Puisque l'on ne pouvait pas interpreter l'holution de l'absorption de [Cu2+] en termes 
d'echange d'ions basiques ou de la theorie de I'adsorption par la surface, on propose un nouveau 
niodele qui explique qualitativement la relation entre le Cu(I1) et le p H  et la concentration en 
[CuZ+]. Dans ce modkle, on fait l'hypothese que la liaison intermoleculaire dans du AH floccule 
est determinee par les quantites relatives de H+ et de CuZ+ disponibles pour la formation de 
liens effectuant des ponts entre les molecules de AH. Le modele suggere qu'a des concentrations 
&levees de Cu(I1) et/ou des p H  Clevts, la structure flocculee est telle que la formation des liens 
pontes de cuivre est maximale. 

[Traduit par le journal] 

Introduction reaction is usually symbolized in the following 
A large portion of the recent literature on way for synthetic cation resins in hydrogen form : 

humic acids-(HA) extracted from soil, peat, and [I]  nHR + Mn+(,,, = MR + nH+(,,) 
coal has been devoted to study of their metal ion 
binding properties (1, 2). However, practically HR and MR are resin-bound H +  and Mn+.  
all work has been at values where appreciable The quotient for 
ionization of acidic functional groups on HA 1'1 
occurs. One mechanism of binding at the com- 

C21 K = 
CMIrCH+Isn 

monly studied pH range is thought to involve CHIrnCMn'Is 
chelation by ortho phenolate and carboxylate 
groups on aromatic rings (1-5). This type of Davies et al. (5) referred to equations analo- 

binding at acidic pH's is unlikely, however, due gous to [I] and [2] in their work on retention of 

to intense competition by hydrogen ion for very low levels of Cu(I1) on HA. They found, how- 

weakly acidic phenolate groups. ever, that the quotient (K) varied with the extent 

Two plausible mechanisms for interaction of of cupric ion saturation of HA. Also, Szalay ( 6 )  

HA and Cu(I1) under acidic conditions are explained U 0 2 2 +  uptake by HA in terms of 

adsorption and ion exchange. A cation exchange ion exchange. 
Adsorption isotherms have also. been used in 

IAuthor to  whom correspondence should be addressed. ~on jun~ i ion  with metal binding HA precipi- 
zRevision received May 5, 1977. tates. For example, sorption of Cu(I1) (7) and 
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Cd(I1) (8) reportedly follows the well-known 
Langmuir equation. Log-log plots corresponding 
to the Freundlich isotherm were used to describe 
Ga3+ sorption on peat and HA (9). Titanium's 
interactions with peat have been interpreted in 
terms of an adsorption model (10). Adsorption 
isotherms have also been used to describe binding 
of organic molecules to HA. For example, ad- 
sorption to linuron (a herbicide) is best repre- 
sented by a Freundlich isotherm (1 1). Hayword 
and Trapnell(12) describe adsorption isotherms 
in detail, hence they need not be discussed here. 

Both ion exchange and adsorption equations 
were tested by the authors using Cu(I1)-HA 
equilibration data taken in acidic media. Neither 
was found to be satisfactory. 

Experimental 
The HA's used in these experiments were prepared from 

Illinois No. 6 coal by oxidation with nitric acid followed 
by extraction with NaOH (13). The different batches were 
designated by their date of preparation and were stored 
in plastic bottles under slightly alkaline conditions. The 
HA's were characterized with regard to their gravimetric 
concentration (mg dry weightjml) using a straightfor- 
ward technique (14). Also, the hydrogen exchange capa- 
city was determined by potentiometric titration; and the 
Cu(I1) exchange capacity was determined by adding 
excess CuSO, at p H  5.0, filtering off the copper humate, 
and titrating an aliquot of the filtrate with EDTA (14). 
Prior to equilibration with CuZ+ at low pH, the pH- 
dependent solubility behavior of each HA was deter- 
mined to ensure that the equilibration experiments would 
be performed at  pH's where the HA was insoluble. 

I. Procedure for the Determination of the Precipitation p H  
A series of tared 15 cm3 centrifuge tubes was filled with 

8.00 ml of sodium humate (NaHA) from a single batch. 
The pH's of the humate solutions were adjusted to p H  
values between 8 and 2 at  0.3-0.5 p H  intervals with HCI 
and NaOH allowing 15 min equilibration time. The ad- 
justed solutions were centrifuged for 0.5 h and the liquid 
decanted. The entire collection of tubes was vacuum 
dried and weighed. A plot of mg dry solid vs. p H  des- 
cribed the solubility behavior of the given batch of HA. 

II. Procedures for Cu(II) Binding a t  Low pH ' s  
A. Equilibration ofHA and Cu(II)atLowpH's 
The equilibration experiments were carried out in the 

following manner. Two millilitres of NaHA was pipetted 
into each of several vials. Various amounts of standard 
copper solutions were measured into the vials in order to 
obtain the desired concentrations of Cu(I1). Deionized 
water was added to make the total volume of 10 ml. Then, 
the entire series of solutions was adjusted to within 0.02 
units of the desired p H  with small additions of HC1 or 
NaOH. The samples were analyzed for soluble Cu after 
standing overnight by centrifuging, removing an aliquot 
of the clear liquid, diluting if necessary, followed by 
atomic absorption analysis. In a few samples (especially 
at  low concentrations of CuZ+ and at  p H  3), incomplete 

H A  precipitation after centrifugation was observed. In 
those cases, approximately 0.05 g of NaCl solid was 
added, the solution stirred, and recentrifuged. Usually, 
the sample would precipitate out quantitatively after this 
treatment. If incomplete precipitation was still obtained, 
the sample was discarded. 

B. Measuretnent of thepH Drop Upon Addition of CI~SO, 
In order to determine if H +  was released upon the up- 

take of CuZ+ by insoluble HA, the following procedure 
was followed. Five millilitres of NaHA stock was pipetted 
into a centrifuge tube and acidified. The solution was 
centrifuged and washed once. HC1 and/or NaOH plus 
deionized water was added for p H  adjustment and dilu- 
tion, and the HA solid in the centrifuge tube was shaken 
vigorously until it was in suspension. The suspension was 
diluted to 10 ml, transferred to a beaker, and the p H  was 
measured precisely. Twenty-five millilitres of standard 
CuSO, was added, and the new p H  measured. Attain- 
ment of a steady p H  was achieved in a few seconds, al- 
though this did not necessarily imply that equilibrium 
was reached in such a short time. After a t  least 1 h of 
equilibration, the contents of the beaker were then gravity 
filtered through medium porosity paper. An aliquot of 
the filtrate was titrated for Cu(I1) using EDTA and 
Murexide indicator after a procedure by Flaschka (15). 
At the end of each series of experiments, the p H  of the 
CuS0, standard solution was measured precisely. The 
p H  expected on the basis of dilution of the HA with 
25.00 ml of CuSO, of known pHassuming no interaction 
between CuZ+ and HA was calculated and compared with 
the observed pH. The hydrogen ion released (Ammol H + )  
through CuZ+ uptake was calculated from that pHdiffer- 
ence. The cupric ion bound by the HA (Ammol CuZ+) 
was calculated from the initial concentration of CuSO, 
and the EDTA titration results. A comparison of Ammol 
H +  and Ammol CuZ+ enabled determination of the extent 
of H +  exchanged for CuZ+ bound by HA. 

Results 
I. pH-dependent Solubility Behavior 

Figure 1 shows a typical solubility curve for 
coal HA's. The exact range of precipitation for a 
given preparation was observed to vary with the 
concentration of HA and the concentrations of 
cations present. The very narrow p H  range be- 
tween onset and completion of precipitation 
shown in Fig. 1 is typical of coal HA's. 

I I .  Analytical Data 
The analytical data for two different batches 

of HA appear in Table 1. The near equivalence 
of the mmol titratable H +  and mmol Cu(I1) 
bound at p H  5 for both HA's tends to support 
the ortlzo carboxylate-phenolate binding model 
mentioned in the Introduction. It should be 
noted, however, that Cu(I1) uptake at p H  5 was 
considerably higher than at pH's 1-3, and that 
considerable ionization of carboxylate groups on 
HA occurred at p H  5.  Hence, caution is war- 
ranted in drawing analogies between Cu(I1) 
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TABLE 1. Analytical data for two H A  preparations* 

Hydrogen ion Cupric ion Precipitation p H  
Preparation Gravirnetric exchange capacity exchange capacity 

date concentration (mmol/ml) (mmol/g) (mrnol/ml) (rnrnol/g) Onset Completion 

*Uncertainties given are average deviations for 3-5 determinations. 

TABLE 2. Ratio of H A  bound and aqueous Cu(I1) at  three pH's 

At p H  (k0.02) :  

Initial [Cu2+] 
( P P ~ )  

1.37 2.00 3.00 

Final [Cu2+] Final [CuZ+] Final [CuZ+] 
( P P ~ )  X* ( P P ~ )  X ( P P ~ )  X 

0.20 610 0.05 2900 0.20 610 
0.55 400 0.14 1980 0.30 870 
0.84 400 0.27 1530 0.51 750 
1.35 310 0.53 990 0.40 1370 
1.77 270 - - 0.51 1340 
2.37 230 0.97 760 0.80 990 
2.93 210 1.32 660 0.71 1360 
3.37 210 1.51 660 0.98 1100 
3.65 230 1.38 840 1.11 1080 
4.38 200 1.64 780 1.37 960 

- 

*X = [ C U ~ + I H ~ / [ C U ~ + J , ,  (rnmol/g HA M ) .  A 2.00 rnl H A  suspension containing 65.5 mg H A  was added to each sample. Total volume = 
10.0 ml. 

binding under the acidic conditions studied here, failure of ion exchange quotients is especially 
and at pH's where HA is soluble. obvious in the relatively small p H  dependence of 

I I I .  Results of Equilibration Experiments 
The insoluble HA was observed to bind signifi- 

cant amounts of Cu(I1). This binding depended 
on the initial concentration of Cu(I1) to a large 
extent and on p H  to a sinaller extent. In general, 
linear least-squares regression of log (mg Cu2+ 
absorbed) vs. log ([Cu2 + 1,) ([CuZ + 1, = [Cu2 + ] 
before absorption of Cu2+ by HA) yielded sig- 
nificantly smaller slope standard deviations than 
any other method of plotting the data. For 
example, Fig. 2 is linear within 2.02% over four 
orders of magnitude of [Cu2'], (0.1-700 ppm). 
Figures 3 and 4 show the same data plotted on 
linear axes. Other methods of plotting the data 
included attempts at fitting the Freundlich and 
Langmuir equations to the data, and fitting equa- 
tions analogous to [I] and [2] in the Introduc- 
tion. Langmuir plots were nonlinear even over 
small concentration ranges. Ion exchange equi- 
librium quotients (see [2]) were also not constant 
over small Cu(I1) concentration ranges. The 

Cu2+ uptake, as seen in  able 2.   or example, 
eq. 2 predicts that the ratio of bound to free 
Cu(I1) should increase 100-fold as the pH is 
raised 1 unit. However, inspection of Table 2 
reveals that the ratio changes only about a factor 
of 4 as the pH increases from 1.37 to 3.00. It 
should be noted that the term [Hf I," in [2] did 
not change significantly under conditions em- 
ployed in taking data for Table 2. In other words, 
the H +  exchanged from HA by 1-10 ppm Cu(I1) 
solutions was small compared to the total H +  
capacity. Table 3 summarizes slopes and inter- 
cepts of log (mg Cu2' adsorbed) vs. log [ c u ~ ' ] ~  
plots and Freundlich isotherm plots. The relative 
standard deviations in Table 3 show the su- 
periority of the empirical log-log relation over 
the Freundlich relation for all data sets. 

I V. Results Comparing Ammo1 H + to Ammo1 Cu2+ 
Table 4 shows sample data and calculated 

quantities obtained from procedure II(B) in the 
Experimental. Surprisingly little variation in the 
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TABLE 3. Comparison of empirical and Freundlich linear regression analysis for HA-Cu(I1) equilibration data 

Empirical 

Concentration Log (mg Cu(I1) absorbed) vs. log ([Cu(II)In$) (ppm) 
Humic* range of 

acid PH Cu(II) ( P P ~ )  Slope rsd (%I y intercept + sdt  

Freundlich 

Log (mol Cu(I1) adsorbedlequiv. HA 
Concentration vs. log ([Cu(II)Ie,§) (MI 

Humic* range of 
acid PH CU(II) ( P P ~ )  Slope rsd (%I y intercept + sd 

a 1.35 1-8 0.8 27.7 2 k 1  
a 2.00 0.1-700 0.76 2.78 2.3+0.1 
b 1.37 1-10 0.63 2.87 1 .5k0 .1  
b 2.00 1-10 0.58 5.19 1.6+0.2 
b 3.00 1-10 1.2 11.9 4 . 7 k 0 . 7  

* (a )  1 :5 diluted HA prepared 5/24/74, 2.00 ml = 13.1 mg (b) Stock HA prepared 5/24/74, 2.00 ml = 65.5 mg. 
tsd = standard deviation, rsd = relat~ve standard deviat~on. A11 pH's i 0.02 unlts. 
~[Cu(ll) l ,  was the inltlal [Cu(Il)l. 
§[Cu(IL)],, was the equll~brlum soluble [Cu(Il)l. 

TABLE 4. Comparison of mmol CuZ+ bound and mmol H +  released 
at different initial pH's* 

Ammo1 H +  Ammo1 CuZ+ 
Initial Predicted Observed released bound by 
PH final p H  final p H  by HA HA 

*pH CuS04 = 3.29, [CuS041 = 0.03468 F, 5.00 ml (1 11 i 1 mg) of HA prepared 9/21/73 used 
per run. 

amount of Cu2+ bound occurred throughout the 
p H  range studied. (Variation was larger for some 
other HA's studied, but was never greater than 
a factor of 3 over three orders of magnitude of 
hydrogen ion concentration.) However, the con- 
siderable increase in the mmol H +  exchanged as 
the initial p H  increased shows that the Cu(I1) 
binding mechanism approached an ion exchange 
type at p H  3 and above. 

Discussion 
The results clearly indicate that two major 

types of Cu(I1) binding occur under acidic con- 
ditions: (1) binding where at least one proton is 

exchanged and (2) binding where no protons are 
exchanged. The relative importance of each type 
appears to be p H  dependent. For example, Table 
4 shows fairly consistent amounts of Cu(I1) bound 
between p H  1.84 and 3.06, but shows considerable 
increase in hydrogen ion exchange with in- 
creasing pH. In addition, the overall increase in 
amount of Cu(I1) bound with increasing p H  
(Table 2) tends to substantiate the idea of greater 
hydrogen ion exchange with increasing pH. 

On the other hand, considerable evidence exists 
for Cu(I1) binding without exchange throughout 
the p H  range studied. For example, Table 4 shows 
the amount of Cu(I1) bound to be always in 
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pH 

FIG. 1. Solubility VS. pHcurve for HA prepared 5130174. 

FIG. 2. Log-log plot of mg Cu(I1) bound by HA vs. 
initial concentration of Cu(I1) (HA prepared 5/24/74, 
p H  = 2.00 + 0.02). 

excess of H+ exchanged, especially at lower p H  
values. Also, the consistency of y intercepts ob- 
tained from the empirical least-squares fits 
(Table 3) indicates that nearly the same amount 
of Cu(l1) would be bound at any p H  value from 
1-3 from a 1 ppm Cu(I1) solution. (This con- 
clusion follows from the fact that y intercept = 

I n i t i a l  [CU(II)] ( m g / l )  

FIG. 3. Linear plot of data in Fig. 2 ([CuZ+Io = 0-9 
P P ~ ) .  

I n i t i a l  [CU(II)] (mg/l) 

FIG. 4. Linear plot of data in Fig. 2 ( [ C U ~ + ] ~  = 10-700 
P P ~ ) .  

log (mg Cu2+ absorbed) when [Cu(II)], = 1 
ppm.) Such a pH-independent uptake of Cu(I1) 
would, of course, indicate a nonexchange mode 
of binding. 

Since both exchange and nonexchange binding 
occur simultaneously, it is not surprising that 
neither ion exchange nor surface adsorption 
theory alone adequately account for the pattern 
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of Cu(I1) uptake by HA. And, although the 
empirical equation described in the Results sec- 
tion fits the data within 2% except in one case 
(see Table 3), it unfortunately yields no direct 
clues to the mechanism(s) of the HA-Cu(I1) in- 
teraction. However, the fact that the Cu(I1) 
bound by HA can be related to the initial con- 
centration of Cu(I1) present does suggest at 
least one model which is consistent with that 
fact plus the observations mentioned above. 

I .  Proposed Binding Model 
The fact that HA can be precipitated by adding 

hydrogen ion or other cations indicates that they 
are important links in the intermolecular bonding 
resulting in HA flocculation. The importance of 
hydrogen bonding in HA structure has been 
widely recognized (1, 16, 17), but the similar in- 
fluence of metal cations has only recently become 
apparent in the literature. For example, sub- 
stantial molecular size increases with increasing 
hydrogen ion (18, 19) and/or other cation (20) 
concentrations indicate their intermolecular 
bridging function. Formation of metal ion linked 
molecules is also consistent with recent com- 
plexation studies (21, 22). Thus, it appears that 
if aggregation occurs beyond a given point for 
HA, flocculation is induced and a solid HA 
results. Intuitively, the concentration and chemi- 
cal properties of a given cation should determine 
the extent to which it participates in intermolecu- 
lar bonding between flocculated HA molecules. 
For example, calcium ion is much more effective 
than magnesium or sodium ions in flocculating 
HA (23). The concentration dependence for in- 
termolecular bonding by a given ion is suggested 
by the following example. Addition of excess 
cupric ion to NaHA at pH 5 causes precipitation 
of Cu(I1)-humate; and evidence such as Table 1 
indicates that most hydrogen ions are displaced 
from HA by Cu(I1). However, addition of excess 
Cu(I1) to NaHA at p H  4.5 (assuming that the 
HA is soluble at that pH) also causes precipita- 
tion of HA; yet the Cu(I1) bound is less than that 
at p H  5.0.3 Assuming that approximately the 
same number of bridge bonds are formed in each 
case, the obvious conclusion is that the p H  4.5 
precipitate is a mixed hydrogen-copper linked 
floc. 

Given the above points, one can postulate that 
the same process is operable in the p H  range 1-3. 

3Typical values are 0.0426 (pH 4.93) and 0.0353 (pH 
4.34) rnrnol Cu(I1) bound/rnl HA. 

Hence, the pattern of Cu(I1) binding observed 
can be explained in terms of Cu(I1) and H +  com- 
petition for intra- and for intermolecular bonding 
in the HA solid. At low pH's and low [Cu(II)], 
hydrogen bonding is the dominant form of 
bonding. Cu(I1) incorporated in HA under these 
conditions is largely without ion exchange and 
thus is most likely to be at sites where hydrogen 
bonding does not occur. At higher pH's and 
[Cu(II)], it appears that Cu(I1) replaces hydrogen 
bonding at many sites as evidenced by the 
observed increase in H +  exchange and Cu(I1) 
uptake under those conditions. Incorporation of 
Cu(I1) may involve changes in floc structure, 
which is suggested by the stair-step pattern evi- 
dent in Figs. 3 and 4. That is, Cu(I1) uptake 
levels off until sufficient amounts are present to 
cause a shift in floc structure, which allows for 
increased Cu(I1) absorption. Thus, the empirical 
relation between the Cu(I1) bound by HA and the 
initial concentration (amount) of Cu(I1) present 
can be explained in terms of HA forming a solid 
structure which best utilizes available H t  and 
Cu2+ for bonding. 

The observed deviation of Cu(I1) uptake from 
that predicted by ion exchange theory is consistent 
with the above model. For example, if the hydro- 
gen on a carboxylate group is bonded to another 
polar group on the same or another HA mole- 
cule, two bonds must be broken in order for the 
Cu(I1) ion exchange to occur. Because of its in- 
creased size and charge, the incorporation of 
Cu(I1) in place of H f  may also necessitate a 
shift in HA structure. Finally, a multiple intra- 
or intermolecular Cu(I1) bond may form in 
place of the hydrogen bond, along with the added 
possibility of HA bonding with Cu(I1)'s waters 
of hydration or other coordinated ligands. Thus, 
such a complicated exchange would not be 
expected to follow a simple ion exchange quo- 
tient (eq. 2). In light of the model, deviation from 
surface adsorption theory is not surprising since 
incorporation of CuCII) is not a surface type of 
phenomenon. Surface chemistry concepts such 
as 'adsorbed monolayer,' etc. do not apply. 

The last feature of the model is the question of 
anion incorporation into the HA floc to maintain 
the electrical neutrality of the precipitate. Since 
all evidence indicates that on the average at most 
one proton is exchanged for each CuZ+ incor- 
porated into HA, anions must accompany the 
bound copper. Chloride ion was present in all 
samples, and thus was probably incorporated 
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into the floc. Bergseth et al. (24) have shown that 
SrC1' instead of Sr2+ was bound by humus, 
hence it seems reasonable that CuCl' was also 
bound. 

I I .  Comparison of Findings with Previous Work 
The 'binding model' presented here incorpor- 

ates the concepts of ion exchange and adsorption, 
but goes beyond both in that cupric ion is as- 
sumed to be an integral part of the HA structure. 
The findings presented here are consistent with 
some previous work, yet contradict other papers. 
For example, Davies et al. (5) also found that ion 
exchange quotients were not constant in their 
work with Cu(I1) and HA, but explained the 
variation in terms of different functional groups 
on HA having different affinities for Cu(I1). From 
this work, it appears that variation of Cu2+ 
binding by HA would be more pH dependent 
than actually observed if variation was simply 
due to interaction with carboxylate groups with 
different acidities, for example. Guy et al. (7) 
observed no Cu2+ binding in the pH range 
studied here; this may be due to differences in 
HA's used in the two works: Porphyrin rings in 
HA have also been implicated in the binding of 
small amounts of Cu(I1) (25). The importance 
(or existence) of such in our HA preparations is 
unknown; however, infrared spectra of the coal 
HA's indicate that most of the N is in the form 
of nitro groups. Participation of nitro groups in 
hydrogen and metal ion bonding is likely, but as 
yet unconfirmed. 
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Nuclear magnetic resonance studies of the solution chemistry of metal 
complexes. XIV. The aqueous chemistry of trimethylleadflv) 

and its carboxylic acid complexes 
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T. L. SAYER, S. BACKS, C. A. EVANS, E. K. MILLAR, and D. L. RABENSTEIN. Can. J. Chem. 
55,3255 (1977). 

The aqueous solution chemistry of the trimethyllead(1V) species and the trimethyllead(1V) 
complexes of six carboxylic acids of pK, values ranging from 2.75 to 4.95 has been investigated 
by proton magnetic resonance spectroscopy. Equilibrium constants for the reaction of (CH,),- 
Pb+ with hydroxide ion to form (CH,),PbOH and ((CH3)3Pb)20H+, and the formation 
constants of the carboxylic acid complexes were determined from the p H  dependence of the 
chemical shift of the methyl protons of trimethyllead. The formation constants of the complexes 
increase as the pK, of the ligand increases. The lead-207-proton coupling constant was found 
to be insensitive to complexation. 

T. L. SAYER, S. BACKS, C. A. EVANS, E. K. MILLAR et D. L. RABENSTEIN. Can. J. Chem. 
55,3255 (1977). 

On a CtudiC par resonance magnetique du proton la chimie aqueuse des solutions d'esptces 
trimCthylplomb(1V) et de complexes trimCthylplomb(1V) de six acides carboxyliques de pK, se 
situant de 2.75 a 4.95. Les constantes d'kquilibre pour la reaction de I'esptce (CH,),Pb+ avec 
I'ion hydroxyde pour former (CH3),PbOH et ((CH3)3Pb)20H+ ainsi que les constantes de 
formation des complexes d'acid carboxylique ont ete determinees a partir de la dtpendance du 
p H  du deplacement chimique des protons mkthyliques du trimtthylplomb. Les constantes de 
formation des complexes augmentent a mesure que croit la valeur des pK,. I1 apparait que la 
constante de couplage proton-plomb-207 soit insensible a la complexation. 

[Traduit par le journal] 

Introduction 
Inhalation or absorption of tetraalkyllead 

compounds results in the presence of lead in 
the fluids and tissues of the body, primarily as 
dissolved trialkyllead salts (1). Also, recent re- 
search by Wong, Chau, and Luxon (2) has re- 
vealed the methylation of certain organic and 
inorganic lead compounds by microorganisms 
in lake sediments. Although the organometallic 
chemistry of the trialkyllead compounds has 
been the subject of much study (3-6), their 
aqueous solution chemistry and coordination 
chemistry have not been characterized. In re- 
sponse to the need for such information, we have 
initiated a program directed towards charac- 
terizing the aqueous solution chemistry of tri- 
methyllead and its complexes. For example, 
chelation therapy, a common form of treatment 
for inorganic lead poisoning (7), has thus far 
proven to be rather ineffective in the treatment of 
organic lead poisoning because of the lack of an 
effective chelating agent for organic lead salts (1). 

In this paper, results are presented which pro- 
vide the first characterizati,on of the aqueous 

solution species and equilibria of (CH,),Pb' 
and of the coordination chemistry of (CH,),Pb' 
with carboxylic acid ligands.' The equilibrium 
constants for the acid-base equilibria of 
(CH,),Pb+ and the formation constants of the 
carboxylic acid complexes were determined by 
proton magnetic resonance spectroscopy. 'H 
nmr is a direct method for studying the solution 
chemistry of (CH,),Pb+ and its complexes; the 
chemical shift of the methyl protons of (CH,),- 
Pb+,  the coupling constant for spin-spin cou- 
pling between '07Pb ( I  = 3, natural abundance = 
2 1.1 %) and the protons of the methyl group, and 
the chemical shift of the ligand protons all pro- 
vide information about the complexes at the 
molecular level. The type of detailed informa- 
tion 'H nmr can provide about the binding of 
organometallic ions by polydentate biological 
ligands is illustrated by the study of the binding 
of methylmercury by glutathione (8). 

'For simplicity, waters of hydration are omitted from 
the formula throughout this paper. Hydrated (CH,),Pb+ 
is assumed to be trigonal bipyramidal with water mol- 
ecules in the axial positions. 
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Experimental Solution Preparation 

Chemicals 
The carboxylic acids were of the highest grade com- 

mercially available and were used without further puri- 
fication. Sodium formate was used as the source of for- 
mate ligand. The trimethyllead - acetic acid studies were 
carried out using trimethyllead acetate (Alfa Inorganics) 
as the source of both (CH3),Pb+ and acetate. 

Trimethyllead acetate was the only water soluble form 
of trimethyllead commercially available and was con- 
verted to  a stock solution of trimethyllead perchlorate 
prior to use in the acid-base and complexation studies. 
An initial at tehpt to  extract (CH,),PbOH from benzene, 
using a method developed for triethyllead chloride (9), 
yielded only an insoluble, gelatinous mass of unknown 
composition. Ion exchange has been used to remove 
acetate from methylmercuric hydroxide solutions (lo), 
and a similar method was developed for the conversion 
of (CH3)3PbOZCCH3 to trimethyllead perchlorate. 

A solution of trimethyllead acetate (-0.25 M )  was 
passed two or three times through a column containing 
anion exchange resin (Dowex 2 x 8) in the hydroxide 
form. The column was regenerated between passes with 
1 M NaOH. The 'H  nrnr spectrum, at high amplitude, 
of an aliquot was then checked to  ensure the absence of 
acetate (in basic solution the resonance of the methyl 
protons of acetate is located approximately 0.67 ppm 
downfield from the tevt-butyl resonance of tertiary 
butanol and is detectable at  concentration levels of 
~ 0 . 0 0 1  M). The solution was filtered twice through 
Nalgene filter units, 0.2 pm pore, and then neutralized 
with concentrated perchloric acid (to p H  - 5) and 
stored in the dark. Before use, this solution was stand- 
ardized as described below. 

pH Measurenients 
All p H  measurements were made at  25 + 1°C using 

an  Orion Model 701 digital p H  meter equipped with a 
standard glass electrode - porous ceramic junction elec- 
trode pair. Initially a saturated calomel reference elec- 
trode was used; to avoid precipitation of KC104 in the 
liquid junction, electrical contact between the solution 
and the reference electrode was made in a salt bridge 
containing 4.0 M NaCl solution. In later experiments, 
NazS04 was used as the reference solution in a Ag/AgCI 
electrode. The p H  meter was calibrated using Fisher 
certified standard solutions of p H  4.01, 7.00, and 10.00. 

'H Nucleav Magnetic Resonance Measurements 
'H nmr spectra were obtained on a Varian A-60-D 

high resolution spectrometer a t  a probe temperature of 
25 k 1°C. Spectra were recorded at  sweep rates of 0.1 Hz  
s-'. Reported results are the average of 2-3 scans. 
Chemical shifts were measured relative to  the tevt-butyl 
resonance ortert-butanol (TBA) or the central resonance 
of the tetramethylammonium (TMA) cation, but are re- 
ported relative to  the methyl resonance of sodium 2,2- 
dimethyl-2-silapentane-5-sulphonic acid (DSS). Positive 
shifts correspond to resonances of protons less shielded 
than the methyl protons of DSS. The t>rt-butyl resonance 
of TBA is 1.243 ppm downfield from the methyl res- 
onance of DSS; the central triplet of the methyl res- 
onance of TMA is 3.175 ppm downfield from DSS. 

(i) ' H Nuclear Magnetic Resonance Studies 
Solutions for the 'H nmr studies were prepared from 

an aliquot of stock (CH3),PbC104 solution and the ap- 
propriate amount of sodium perchlorate and/or car- 
boxylic acid. All solutions were prepared using doubly 
distilled water. 

For the studies of the acid-base chemistry of trimethyl- 
lead, the initial sample was taken at  a p H  no higher 
than 5. Samples were taken approximately every 0.3 p H  
unit t o  a maximum p H  between 11 and 12. The ionic 
strength was kept constant at  0.3 M with NaC10,. 

The initial p H  of the (CH3),Pb+ -carboxylic acid 
solutions was reduced to  a value about 3.0 p H  units 
below the pK, of the acid in order t o  obtain the chemical 
shift of the fully protonated acid and of the free (CH3),- 
Pb+ ion. For acids with a pK, below 3.75, a minimum 
p H  of 0.75 was used. Samples were take11 every 0.3 of a 
p H  unit to a p H  value 3.0 p H  units- above the pK, of the 
acid and then every p H  unit to a maximum p H  of 11.00. 

All p H  adjustments were made with concentrated 
HC10, or carbonate-free NaOH solution. The tempera- 
ture was maintained at  25 + 1°C using a water bath. 

(ii) Standardization of Trin~ethyllead Stock Solutions 
The ion exchanged (CH3),Pbf stock solutions were 

standardized by potentiometric titration using a glass 
electrode. The titrations were carried out using carbonate- 
free NaOH and the ionic strength was controlled using 
NaC10,. To  ensure complete neutralization of all the 
(CH,),PbOH present in solution, the initial p H  was re- 
duced to a value between 2 and 3 using concentrated 
HC1O4. The solution is thus a mixture of a strong acid 
(HCIO,) and a weak acid ((CH3),Pbf) and the titration 
yields two inflection points. Titration of the added per- 
chloric acid yields a sharp inflection point at  p H  5 and 
the (CH3),Pb+ an inflection point at  p H  10.5. The 
exact position of the (CH3),Pb+ endpoint was deter- 
mined using a second derivative plot of the titration 
curve.(l I). The titration with base converts the trimethyl- 
lead from (CH3),Pbf to  (CH,),PbOH, so that the 
amount of NaOH added between the first and second 
endpoints provides the concentration of trimethyllead 
in the stock solution. 

The potentiometric method was verified by determining 
the trimethyllead concentration of several stock solutions 
using both atomic absorption spectroscopy, and EDTA 
titration of aliquots following conversion to PbZ+ .  

The atomic absorption measurements were made at  
the 282.3 nm line using a Perkin-Elmer 290-B atomic 
absorption spectrophotometer. A working curve was pre- 
pared using Pb(NO& and a 0.1 M solution of the di- 
sodium salt of ethylenediaminetetraacetic acid was used 
as  a common matrix. Standard solutions were prepared 
cofltaining 10-40 pg/ml of lead and an aliquot of the 
trimethyllead stock solution was diluted to yield a solu- 
tion of approximately 20-30 pg/ml of lead. Although the 
atomic absorption results tended t o  be slightly higher 
than the trimethyllead concentrations obtained by po- 
tentiometry, the agreement is sufficient to support the 
potentiometric standardization. 

Further confirmation of the validity of potentiometric 
titrations as a convenient and rapid method of standardiz- 
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ing the (CH3)3PbC104 stock solutions was obtained of the satellite lines. A typical spectrum is shown 
from EDTA titrations of the Pb(N03)2 solutions result- in ~ i ~ .  1. ~ ~ t h  of these quantities are p~ 
ing from digestion of portions of the stock solution with 
aqua regia. Aliquots (typically 5.00 ml) of the stock solu- dependent; the variation of the chemical shift as 
tion were digested with aqua regia (15 ml) and then with a function of P H  is shown by the bottom curve in 
nitric acid to  remove chloride which causes separation of Fig. 2, and the variation of the cou~ling constant - u 

PbC12. The solution was adjusted to  about neutral with i n - ~ i g .  3. This p H  dependence is caused by 
solid sodium hydroxide, and the aliquots titrated with formation of hydroxy] complexes as the p~ of an 
standard EDTA, using hexamine and xylenol orange 
indicator (1 2). acidic solution is increased above ca. p H  6. There 

is no evidence for the addition of more than one 
Results and Discussion 

The Stability of Trimethyllead in Aqueous Solution 
The stability of the carbon-lead bonds to- 

wards hydrolysis has been considered to estab- 
lish that the trimethyllead moiety is stable on 
the time scale of these experiments. Acidic, neu- 
tral, and alkaline solutions of trimethyllead were 
tested periodically for the presence of Pb(I1) 
using chemical spot tests. Sodium rhodizonate 
was used as detailed by Feigl and Anger (13), 
and is sensitive to inorganic lead at concentra- 
tions greater than approximately M. The 
results, after 7 months of monitoring, indicate 
that the concentration of inorganic lead is not 
greater than M in solutions at neutral or 
alkaline p H  and is approximately M in 
solutions at p H  1 .O and 2.0. 

The Acid-Base Chemistry of Trimethyllead 
The acid-base chemistry of trimethyllead has 

been characterized by fitting of proton magnetic 
resonance data to various acid-base models. 
The chemical shift of the methyl protons is given 
by the position of the central resonance and the 
lead-proton coupling constant by the separation 

2.5 2.0 1.5 1.0 0.5 

ppm vs. DSS 

FIG. 1. 'H nmr spectrum of the methyl groups of tri- 
methyllead in 0.140 M solution at approximately neutral 
pH. 

hydroxide ion per trimethyllead cation LIP to 
p H  12, at which point essentially all of the tri- 
methyllead has been converted to (CH,),PbOH. 

Of various models tested, the best fit was ob- 
tained with the model described by eqs. 1-4, 

[I]  (CH3)3Pb+ f OH- rf (CH3)3PbOH 

FIG. 2. p H  dependence of the methyl protons of tri- 
methyllead in a 0.140 M aqueous solution (open circles), 
in an  aqueous solution containing 0.153 M trimethyllead 
and 0.071 M pivalic acid (closed circles), and in an 
aqueous solution containing 0.102 M trimethyllead and 
0.093 M pivalic acid (triangles). 
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FIG. 3. pH dependence of the lead-207 - proton cou- 
pling constant in a 0.140 M aqueous solution. 

, 79.0 
I 

+- z 78.6 
9 
V) z 78.2 

8 
(3 77.8 

z 
2 77.4 
2 

8 77.0 

where K, and K2 are the formation constants 
for the mononuclear and dinuclear hydroxyl 
complexes, respectively, and a,,- represents the 
activity of hydroxide ion. 

K, and K2 were evaluated from chemical 
shift data of the type shown in Fig. 2. Since the 
exchange of the trimethyllead moiety between 
its various solution forms is fast on the nmr 
scale, the observed chemical shift (or coupling 

[6] Pa = [(CH,),Pb+]/TMLT 

[7] Pb  = [(CH,),PbOH]/TMLT 

[8] PC = 2[((CH3),Pb),0H+]ITMLT 

where TMLT represents the total concentration 
of trimethyllead. Manipulation of these equa- 
tions leads to an expression for Fobs, viz. 

L91 'obs = 'ass + K l a ~ H P a F b  + 2K1K2a0HP,2Fc 

where 

6 8 10 12 are defined as 
pH 

- 

- 

- 

- 

- _ 

- 
I , I I I 

K,, K,, and 6, were evaluated from chemical 
shift data, over the p H  range 0.5-13.0 and tri- 
methyllead concentrations in the range 5 x lo-, 
M to 2 x lo-' M, using the nonlinear least- 
squares fitting program described by Dye and 
Nicely (14). Fa and Fb were measured directly on 
solutions sufficiently acidic and alkaline, respec- 
tively. The values obtained are K, = 7.34 (f 0.1) 
x 104 M-'  and K2 = 3.12 (f 0.1) x 10' M-', 
where the uncertainties are linear estimates of 
the standard deviation. The ionic strength was 
0.3 M. The chemical shifts of the species are 
1.535 ((CH,),Pb+), 1.253 ((CH,),PbOH), and 
1.327ppm (((CH,),Pb),OH+), quoted from 
DSS. 

Attempts to fit the observed chemical shift 
data to models involving either the species 
((CH3)3Pb)20 or ((CH,),PbOH), in addition to 
(CH,),Pb+ and (CH,),PbOH gave poor fits. 
The model giving the best fit is analogous to that 
for methylmercury (10, 15, 16) and in view of 
the low value estimated for the formation con- 
stant of the oxonium species, (CH,Hg),O+ (16), 

constant), Fobs, is an average of the chemical 
shifts of the various molecular forms present in 
solution, weighted proportionally to their in- 
dividual populations. For the system described 
by eqs. 1-4 

[51 sobs = pasa + pbsb + pc?jc 

where a, b, and c refer to the species (CH,),Pb+, 
(CH,),PbOH, and ((CH,),Pb),OH+ respec- 
tively, P refers to the fraction of the total tri- 
methyllead present in each of the forms, and F 
is the chemical shift of that form. The fractions 

such a species is not considered in the present 
system. 

Because of the unsymmetrical nature of eq. 3, 
the importance of ((CH,),Pb),OH+ is dependent 
on the total concentration of trimethyllead. The 
species distribution, calculated using the above 
values of K, and K2 and a trimethyllead con- 
centration of 0.100 M is shown in Fig. 4. At 
0.005 M the maximum fractional concentration 
of trimethyllead as ((CH,),Pb),OH+ is 0.07. 

Carboxylic Acid Complexes of Trimethyllead 
The formation constants have been derived 

for binding of trimethyllead by the carboxylate 
group of carboxylic acids with a range of acid 
dissociation constants. The results are listed in 
Table 1. Representative chemical shift data for 
the trimethyllead protons in the presence of a 
carboxylic acid are shown in Fig. 2, in this case 
for the trimethyllead - pivalic acid system. Quali- 
tatively the effect of complexation can be ob- 
served as the upfield displacement of the tri- 
methyllead resonance in the p H  region below 
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TABLE 1. Acid ionization constants and formation constants of the trimethyllead and the 
methylmercury complexes of selected carboxylic acids, and the trimethyllead chemical 

shifts of their trimethyllead complexes 

Carboxylic Log Kr48b.e Log Kr"#b,d 
acid pKaa ~c~~~~~~~ (CH3)J'b+ CH3Hg+ 

Pivalic 4.95 1.436 1.22 3.53 
Propionic 4 .80  1.449 1.08 3.37 
Acetic 4.65 1.450 0 . 9 7  3 .16  
Formic 3.55 1 ,492 0.86 2.65 
Acetylglycine 3.40  1.479 0 .82  2 .61  
Chloroacetic 2.75 1.493 0 .52  2.19 

O25'C. 
bMixed activity-concentratibn constant. 
<Chemical shift of the methyl protons of trimethyllead, ppm vs. DSS, +0.005. 
dFrom Libich and Rabenstein (10). 
'Standard deviation 0.05, except for formic acid, 0.1. 

FIG. 4. p H  depecdence of the trimethyllead species 
distribution in a 0.100 M aqueous solution calculated 
using K1 and K, as in the text. 

p H  7 when the solution contains a carboxylic 
acid. Above p H  7 the hydroxide ion competes 
effectively with the carboxylate ligand for tri- 
methyllead and by a p H  of 11 the great majority 
of the trimethyllead is present as a hydroxide 
complex. The small plateau in the 1 : 1 plot at 
approximately p H  6 indicates that complexation 
by the pivalic acid has reached its greatest extent 

(43% of the trimethyllead is as the pivalate com- 
plex) in this p H  region. 

The formation constant of the trimethyllead- 
carboxylate complex is defined by eqs. 11 and 12 : 

Exchange of the trimethyllead moiety among the 
various species in solution is fast on the nmr 
time scale and thus the formation constant and 
chemical shift of the complex were determined 
by procedures similar to those outlined pre- 
viously for the trimethyllead hydroxide equi- 
libria. 

The upper curves in Fig. 2 are described by 
the equation 

where Pd and 6, represent respectively the frac- 
tional concentration of trimethyllead complexed 
by carboxylate and the chemical shift of the 
trimethyllead protons of this complex, and other 
symbols are as defined in connection with eq. 5. 
In this case, the polynomial in Pa is a cubic in 
which the coefficients are expressions in K,, K,, 
K,, and K,; this was solved by an iterative 
method (SSP Library Subroutines, DRTMI). 
Values for P,, PC, and Pd were then calculated 
using modified versions of eqs. 2, 4, and 12, 
yielding the values for Kf and Fcompl,, listed in 
Table 1. The distribution of trimethyllead among 
the various species is shown as a function of p H  
in Fig. 5 for the trimethyllead - pivalic acid 
system. 

There are no formation constants for tri- 
methyllead complexes available for comparison 
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sible, then, that complex formation with the 
carboxylic acids studied does not bring about 
any significant change in the geometrical con- 
.figuration or in the hybridization of the lead ion 
in trimethyllead. 
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FIG. 5. p H  dependence of the trimethyllead species 
distribution in an aqueous solution containing 0.102 M 
trimethyllead and 0.093 M pivalic acid. 

with the results in Table 1. Comparison is made 
in the table with the previously reported forma- 
tion constants for the methylmercury complexes 
of the same carboxylic acids, which are consis- 
tently larger than those for trimethyllead by a 
factor of approximately lo2 (10). The logarithms 
of the formation constants of Pb2+ with formate 
and acetate, respectively, are reported as being 
0.85 and 2.33 (17); that for formate is close to 
the value reported here for the trimethyllead 
complex. 

By analogy to methylmercury (8, lo), it was 
expected that the 2 0 7 ~ b - ' ~  coupling constant 
would be sensitive to complex formation. How- 
ever, the coupling-constant data presented in 
Fig. 3 for hydroxyl complexes and the even 
smaller changes in J ~ o ~ ~ ~ - L ~  observed for the 
carboxylic acid complexes indicates that the 
lead-207 proton coupling constant is not sensi- 
tive to the complexation of trimethyllead by the 
ligands studied. Any changes in the hybridization 
of lead, due to complexation, which involve the 
bond angles at the lead atom should be reflected 
in changes in J 2 0 7 p b - l ~  (18). Shier and Drago (18) 
have shown, however, that J ~ o ~ ~ ~ - I ~  changes 
from 77.5 Hz for (CH,),PbBF, in water to 85.0 
for (CH,),PbClO, in hexamethylphosphoramide 
and that the change is not solely dependent upon 
any apparent geometrical change in the planar 
(cH,),P~+ ion. Raman spectroscopy studies 
(19) have indicated that (CH,),Pb+ is planar in 
aqueous solutions of perchlorate salt. It is pos- 

2.  P. T.-S. WONG, Y. K. CHAU, and P. L. LUXON. 
Nature, 253,263 (1975. 

3. H. SHAPIRO and F. W. FREY. The organic compounds 
of lead. Interscience Publishers, New York, NY. 
1968. p. 248. 

4 .  G. J.  M. VAN DER KERK. Third International Confer- 
ence on Lead. Vol. 3. Pergamon Press, London. 1969. 
p. 409. 

5. M. GIELERN and M. SPRECHER. Organomet. Chem. 
Rev. 54, 101 (1954). 

6. I. P. BELETSKAYA, K. BUTIN, A.  N. RYABTSEV, and 
0. H.  REUTOV. J. Organomet. Chem. 59, l(1973). 

7 .  N. I .  SAX. Dangerous properties of industrial mate- 
rials. Reinhold Publishing Corporation, New York, 
NY. 1968. p. 886. 

8. D. L. RABENSTE~N and M. T. FAIRHURST. J. Am. 
Chem. Soc. 97,2086 (1975). 

9. G. CALINGAERT, F .  J. DYKSTRA, and H. SHAPIRO. J. 
Am. Chem. Soc. 67, 190 (1945). 

10. S. LIBICH and D. L.  RABENSTEIN. Anal. Chem. 45, 
118 (1973). 

11. A. I .  VOGEL. Quantitative inorganic analysis. 3rd ed. 
John Wiley and Sons Inc., New York, NY. 1961. p. 
931. 

12. A. I. VOGEL. Quantitative inorganic analysis. 3rd ed.  
John Wiley and Sons Inc., New York, NY. 1961. p. 
443. 

13. F.  FEIGL and V. ANGER. Spot tests in inorganic 
analysis. Elsevier Publishing Co., Amsterdam, Neth- 
erlands. 1972. p. 284. 

14. J. L. DYE and V. A. NICELY. J. Chem. Educ. 48,443 
(1971). 

15. G. SCHWARZENBACH and M. SCHELLENBERG. Helv. 
Chim. Acta, 48,28 (1965). 

16. D. L. RABENSTEIN, C. A. EVANS, M .  C. TOU- 
RANGEAU, and M. T. FAIRHURST. Anal. Chem. 47,338 
(1975). 

17. Stability constants. Chemical Society Special Publica- 
tions No. 17 (1964) and No. 25 (1971). The Chemical 
Society, London. 

18. G. D. SHIER and R. S. DRAGO. J. Organomet. Chem. 
6,  359 (1966). 

19. I. R. BEATTIE. Q .  Rev; Chem. Soc. 17,382 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



13c chemical shifts in medium ring and macrocyclic ketolactones 

JASWANT R .  MAHAJAN A N D  HUGO C. ARAUJO 
Universidade de Brasilia, Dept. de Quimica, 70.000 Brasilia, DF. Brasil 

Received March 28, 1977 

JASWANT R. MAHAJAN and HUGO C. ARA~JO. Can. J. Chem. 55,3261 (1977). 
Natural abundance 13C Ft  nmr spectra of four different series of title compounds have been 

examined. Unambiguous chemical shift assignments could be made for all the carbons of the 
11-membered cis-3,3-dimethyl-5-keto-6-alkyl-8-decenolides. In the rest of the 9- t o  16- 
membered ketolactones, unique as well as logical assignments have been made using the 
standard 13C chemical shift rules. In the case of two benzo- and naphthoketolactone series 
examined, the available shielding parameters for the substituted benzenes were employed with 
success to the naphthalene series for the assignment of aromatic carbons. 

JASWANT R. MAHAJAN et HUGO C. A R A ~ J O .  Can. J. Chern. 55,3261 (1977). 
On a examine les spectres rmn en tf du 13C en abondance naturelle de quatre series differentes 

de composCs mentionnks dans le titre. On a pu faire l'attribution non-ambigue des deplacements 
chimiques de tous les carbones des dimethyl-3,3 ceto-5 alkyl-6 dtcen-8 olides-cis i onze 
chainons. Dans le cas des ~Ctolactones possedant de 9 a 16 chainons, on a pu faire des attribu- 
tions aussi precises que logiques en faisant appel aux reglements standards de deplacements 
chimiques du 13C. Dans le cas de deux series de benzo- et naphtocetolactones qui ont Cte 
examinees, on a utilise avec un certain succts les parametres de blindage disponibles pour les 
benzenes substitues afin de faire l'attribution des carbones aromatiques en serie naphthalenique. 

[Traduit par le journal] 

We have recently reported the synthesis of 
several medium ring and macrocyclic ketolac- 
tones 2, 4, 6, 9 by the intramolecular reverse 
Dieckmann reaction of 2,2-dialkyl-1,3-cyclo- 
hexanediones (1) as well as by the oxidative 
procedures (2, 3), as shown in Scheme 1. These 
ketolactones are related to some of the macrolide 
antibiotics (4, 5). Recently, 13C nmr spectral 
studies have been reported for some of the 14- 
and 16-membered macrolides (6, 7). It seemed 
likely that 13C spectral examination of our 
synthetic polyfunctional large ring lactones 
would be valuable in the spectral interpretation 
of the more complex natural products. We now 
report the results of this study. 

The proton noise decoupled as well as 
the single-frequency off-resonance decoupled 
(SFORD) natural abundance 13C Ft  nmr 
spectra of 0.3-1.0 M solutions of the ketolactone 
in CDCI,, containing 1 0 z  TMS (v/v), were re- 
corded on a Varian CFT-20 (20 MHz) spectrom- 
eter using standard parameters, with pulse width 
of 30-37.5" (8-10 ps) and aquisition time of 0.75- 
0.91 s, without any pulse delay. The line posi- 
tions and intensities were obtained relative to 
internal TMS. The reported values (6 ppm) have 
been rounded to the nearest first decimal place 
for simplicity. 

Results and Discussion 
cis-3,3-Dimethyl-5-keto-6-alkyl-8-decenolides 

(2; R = CH,, CH2-CH=CH,, CH2C,H,) 
The chemical shifts of the carbon atoms of 

three ketolactones examined in this series, in- 
cluding those of the substituent at C-6, could be 
unambiguously assigned on the basis of chemical 
shift rules (8), aided by the lower relative inten- 
sity of the quaternary carbon atom and further 
confirmed by the observed multiplicity in the 
SFORD spectra. These assignments, along with 
the SFORD results, are recorded in Table 1. 

A close examination of Table 1 reveals that all 
the functionalities in these I 1-membered ketolac- 
tones, except for the diversely substituted C-6, 
show constant chemical shifts and appear around 
the expected values. For instance, the observed 
chemical shifts for the carbonyl and lactonic 
carbons in these compounds, -210.5 and 171.5 
ppm, respectively, compare very favorably with 
the corresponding chemical shifts of 2-methyl- 
cyclohexanone (210.3) @a), cycloundecanone 
(211.1) (86) and medium to large ring lactones 
(172.2 ppm) (8c). Similarly, the C-6 substituent is 
expected to occupy a quasi equatorial position in 
the more stable conformation, e.g. 2a. Accord- 
ingly, the C-6 methyl group appearing at 16.8 
ppm compares favorably with that of 2-methyl- 
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NOH 0 
HONO 

( C a  -+ 

NaHS0,-H20 

0 0 

cyclohexanone at 13.8 ppm, (8d), bearing in 
mind that the I I-membered ring is more flexible 
than the 6-membered one. It indicates that the 
C-6 substituent is occupying a quasi equatorial 
position, partially eclipsed by the carbonyl 
group (9), as depicted in the chair-boat-boat 
conformation 2a. Moreover, this chemical shift 
of 16.8 ppm compares very favorably with that of 
the similarly situated methyl group at C-8 of the 
14-membered (6) as well as the 16-membered (7) 
macrolides: erythromycin A 16.2, erythromycin 
B 15.6, magnamycin A 17.1, magnamycin B 17.3, 
tylosin 17.4, and cirramycin A 17.5 ppm, despite 
the greater functional complexity of these 
molecules. 

In the case of 14-membered macrolides (ery- 
thromycins A, B) 'H and 13C nmr studies have 

suggested the presence of a single conformation 
in the solution of these compounds, with the ring 
atoms occupying cyclohexane-like positions (6). 
In the case at hand, a stable conformation could 
be represented by 2a and would lead to non- 
equivalent axial and equatorial methyl groups at  
C-3. The observed chemical shifts for these two 
methyl groups, in the three lactones, are very 
close to one another and are separated by only 
I .l-1.5 ppm. Usually, the geminal axial and 
equatorial methyl groups in a frozen conforma- 
tion are expected to appear about 8 ppm apart. 
For example, the axial and equatorial methyl 
groups of 1,1,3-trimethylcyclohexane appear at 
25.5 and 34.3 ppm, respectively (8e). Similarly, 
the corresponding values in the case of 3,3,5- 
trimethylcyclohexano1 are 25.7 and 33.1 ppm 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MAHAJAN A N D  ARAUJO 

TABLE 1. 13C chemical shifts of cis-3,3-dimethyl-5-keto-6-alkyl-8-decenolides 2a 

35.6t 116.9t 37.6t 129.0d*128.4d* 

CH3 CHZ-CH=CH2 
Carbon Multiplicityh 16.8q 135.9d 

C H Z ~  1262d; 
139.8s 

C- 1 s 171.5 171.4 171.6 
C-2 t 43 .4  43.4  43.4 
C-3 s 34.7 34.7 34.6 
C-4 t 51.7 52.8 52.2  
C-5 s 210.9 210.0 210.2 
C-6 d 44.7 50.1 53.4  
C-7 t 34.9 32.5 32.5 
C-8 d 136.0 135.9 135.9 
C-9 d 125.9 126.1 126.0t 
C-10 t 57.3 57.3 57.4  
C-1 1 9 30.2 30.2 30.2 
C-12 9 29.1 28.9 28.7 

O *  t :  indicate interchangeable values. 
bs'= singlet; d = doublet; t = triplet; q -- quartet, as observed in SFORD spectra. 

(10). The small difference (1.1-1.5 ppm) between 
the two methyl groups in the present case could 
probably arise due to two factors: (a) the 
absence of hydrogen atoms at the y-positions, 
which has thus eliminated the major cause of 
lowering the chemical shift of the axial methyl 
group (8f); and (b) the presence of chirality at 
C-6, in a conformationally equilibrating system. 
This reasoning is supported by examining the 
13C spectra of several conformationally mobile 
2,2-dialkyl-5,5-dimethyl-1,3-cyclohexanediones.1 
It has been found that while the 5,5-dimethyl 
groups become equivalent (-28.5 ppm) in com- 
pounds bearing two identical substituents at C-2, 
they are separated by a small difference (- 1 ppm) 
in the compounds bearing a chiral carbon atom. 
For example, the chemical shifts for the C-5* 
methyls in 2-methyl-2-allyldimedone 10 and 
2-methyl-2-benzyldimedone 11 are 27.9, 29.1 
pprn and 28.0, 28.9 ppm, respectively. A few 
more chemical shifts relevant to the present case 
are shown along with the structures 10 and 11. 

4-Acetoxybenzo- and 4-Acetoxynaphthoketolac- 
tones 4a,b (Table 2) 

The ketonic, lactonic, and the acetate car- 

'Our unpublished results. 

bonyls as well as the methylenes adjacent to the 
ketone (C-a) and lactone (C-a') carbonyls could 
be easily assigned due to their unambiguous and 
well-separated chemical shifts. The acetate 
methyl was distinguished from the other upfield 
signals as a quartet in the SFORD spectra, which 
also confirmed all the quaternary carbons which 
had been assigned on the basis of their lower 
relative intensities in the noise-decoupled spec- 
tra. Although there is as yet no unequivocal way 
of assigning all the carbons in a large cyclo- 
alkanone (9, 11) or a large-ring lactone, we have 
attempted to assign the remaining methylenes in 
the present investigation guided by the following 
two main arguments. Firstly, the known p-effect 
of a ketone (1 ppm) is smaller than that of the 
ester carbonyl (3 pprn), while their y-effects are 
equal (-2 ppm) (12a); the shielding effect of the 
carbonyl at the y-position (-2 ppm) cannot 
override the increased substitution effect at that 
position. Secondly, the chemical shift should 
increase from the p- to the y-position, from each 
functional group, while the 6- and &-carbons are 
expected to show a slight successive decrease and 
increase, in their respective values. Although 
relevant bifunctional model compounds have not 
yet been examined, the observed trends in the 
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TABLE 2. 13C chemical shifts of 4-acetoxybenzo- and 4-acetoxynaphthoketolactones 4a,b 

Ar-CO- 201.9 198.0 202.3 199.7 - 198.5 
Ar-OCO- 171.7 171.6 172.0 172.2 - 172.1 
CH3C02- 168.9 169.0 168.9 168.9 - 169.1 
C-a 41.5 39.5 40.9 41 . O  - 39.1 
C-a' 33.7 34.5 34.8 33.0 - 34.5 
c- p 23.6 20.3 23.3 21.6 - 20.7 
C-p' 24.9 22.4 23.3 22.9 - 22.0 
c-Y - 26.7 25.6 27 .O - 26.7 
C-y' - - 26.1 27.1 - - 
C-6 - - 25.5 - - 
C-6 ' - - - 25.5 - - 
C-E - - - 25.8 - - 
C-E' - - - 26.1 - - 
CH3 C02- 20.9 20.9 20.9 20.9 - 20.8 
C-1* (147.9) 147.0 146.9 145.8 146.0 (147.5) 144.9 
C-2*(131.2) 134.6 131 .O 134.6 133.4 (128.6) 128.6 
C-3 (122.1) 121.9 123.6 122.3 122.2 (119.5) 117.8 
C-4* (147.9) 148.5 148.6 148.3 148.0 (147.5) 145.8 
C-5(126.0) 125.7 126.8 125.5 125.5 (125.8) 123.7 
C-6 (122.1) 124.4 125.7 124.7 124.5 (127.5) 127.5 
C-7 - - - - (123.6) 121.8 
C-8 - - - - (129.7) 129.1 
C-9* - - - - (127.3) 126.8 
C-lo* - - - - (131.2) 130.0 

a*Indicates quaternary carbon. Calculated values in parenthesis; for explanation see text. 

dibasic acids are consistent with this reasoning 
(8g). This leads to the prediction of slightly lower 
chemical shifts for the methylenes on the ketonic 
side (C-P to C-E) than those on the lactonic side 
(C-P' to C-E'). The observed chemical shifts can 
thus be assigned in a self consistent way for 
all the polymethylenic ketolactones reported in 
Tables 2-4. 

It is interesting to note that the highest ob- 
served chemical shifts for the aliphatic methylenes 
in these compounds (Tables 2-4) are very close 
to those in the 10- to 16-membered cycloalkanes. 
This could lead to an alternative way of assign- 
ing the y-E methylenes, assuming a decreasing 
shielding effect of each functional group along 
the chain. Thus the highest chemical shift, 
among the y to E methylenes, would be assigned 
to the farthest position from the functional group 
(C-E and C-E') and the decreasing trend followed 

to the y-position. These alternative assignments 
are illustrated only for the ketolactone 4b 
(n = lo), in Table 2. 

The aromatic carbons of both the benzene and 
naphthalene series could be assigned on the 
basis of proton noise-decoupled and SFORD 
spectra, aided by the calculated values. As the 
required shielding parameters for substituted 
naphthalenes are not available (13); the values 
reported for OAc and COC,H, for the substi- 
tuted benzenes (8h) were also used for the naph- 
thoketolactones. The base values used for a, P, 
and junction carbons in the naphthalene series 
were 128.3, 126.1, and 133.9 ppm, respectively. 
The substituent was counted as para or meia to a 

'For the 13C spectra of some substituted naphthalenes 
(OH, 0CH3, CH3, F ,  CN, and NO2) see ref. 13 and 
references cited therein. We thank the referees for bring- 
ing this report to our notice. 
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TABLE 3.  13C chemical shifts of benzo- and naphthoketolactones 6a,b 

"Indicates quaternary carbon. Calculated values in parenthesis; for explanation see text. 

position in the unsubstituted part of the naphtha- 
lene molecule (C-5 to C-8), depending on whether 
it was conjugated or not to that position. It is 
gratifying to note a close correspondence be- 
tween the calculated and observed chemical 
shifts for both the series (Table 2). 

Benzo- and Naphthoketolactones 6a,b (Table 3) 
All the assignments in these compounds were 

also made on the basis established in the pre- 
ceding series. The chemical shifts of benzenic and 
naphthalenic carbons were calculated using the 
available data for the closely resembling substi- 
tuents, OAc and CH,, as compiled by Wehrli and 
Wirthlin (12b). In this case, the recommended 
value of 128.5 ppm was used for benzene, instead 
of 128.7 ppm employed by Stothers (8h). The 
base values used for C-1, C-2, and C-9 of the 
naphthalene system were the same as in the 
previous case: 128.3, 126.1, and 133.9 ppm, 

respectively. An examination of the aromatic 
carbons in Table 3 reveals that, but for C-1 and 
C-2, there is a remarkable agreement between the 
calculated and observed chemical shifts. The 
lower observed values for C-1 and C-2 are un- 
doubtedly, in part, due to the shielding influence 
of the ketonic carbonyl, which has not been 
taken into account, while 1,8-peri interactions 
may also contribute to the excessive shielding of 
the C-1 in the naphthalene series. Moreover, it is 
well known that the additive relationship does not 
work very well when the substituents are ortho to 
each other. 

Ketolactones 9 and their Corresponding Oximes 8 
(Table 4) 

In these compounds, apart from the unique 
assignments for the carbonyl functions and the 
two methylenes adjacent to the lactonic carbonyl 
and the oxygen atom, the P-carbon in the three 
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TABLE 4. 13C chemical shifts of ketolactones 9 and their oximes 8 

0 

n = 4  n = 5  n = 6  n = 10 

Carbonb Ketone Oxime Ketone Oxime" Ketone Oxime Ketone Oxime 

 two oximes were observed only in this case and could not be separated by repeated fractional crystallization. 
bA = (Chemical shift of ketone- chemical shift of oxime). 

carbon chain was unambiguously assigned the 
highest field value, because it carries the least 
number of substituents among the methylenes P 
to the functional groups. The most difficult 
choice was between the two methylenes adjacent 
to the ketone carbonyl. However, as the three 
carbon chain remains constant while successive 
methylenes are added to the other side of the 
ring, one would expect comparatively constant 
chemical shift for the a-methylene in this chain. 
Thus the higher chemical shifts varying over 1.2 
ppm only (40.7-41.9 ppm) were allotted to this 
carbon (C-a), while the upfield values (38.6-40.4 
ppm) ranging over 1.8 ppm were assigned to the 
other methylene (C-a'). Although these assign- 
ments are arbitrary, the chemical shift comparison 
with the corresponding oximes (described below) 
seems to support them. The rest of the methy- 
lenes (y,yl to .E,E') were assigned on arguments 
already elaborated in the previous two series. 

In the ketoximes the a-methylenes syn to the 
oxime OH are known to be upfield by about 
14-16 ppm, while the a-methylene anti to this 
hydroxyl should be shielded by only 8-10 ppm, 
as compared with the corresponding ketone (1 I). 
So the observed chemical shifts for the a-methy- 
lenes of the oximinolactones 8 (n = 4, 5, 6, 10) 
were allotted to fit the expected trend. An 
examination of Table 4 shows that the observed 
shieldings in these oximes indeed correspond very 
nicely to the expected values. 

The shielding parameters at the P-carbons in 
oximes are not well defined and can be either 
positive or negative (11). So the rest of the 
methylenes were assigned to afford the closest fit 
to that of the corresponding ketolactone. 

In conclusion, we may point out that molec- 
ular models reveal that the 9- to 16-membered 
ketolactones examined in the present study are 
conformationally very flexible molecules. It is 
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Tricyclic aromatic hydrocarbons. 111. Isomerically pure 
meta-bis-annelated benzenes: a simple synthesis 

M. ELAINE~SABELLE, DARRYL H. LAKE,' AND ROBERT H. WIGHT MAN^ 
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M. ELAINE ISABELLE, DARRYL H. LAKE, and ROBERT H. WIGHTMAN. Can. J. Chem. 55,3268 
(1977). 

A short, general synthetic sequence has been developed, involving cycloaddition and a new 
decarboxylation/aromatization step, to prepare isomerically pure meta-bis-annelated benzenes. 
Some new bis annelated benzoic acids were isolated as by-products. Examples of a new decar- 
boxylation of (annelated) benzoic acids catalyzed by Pd/C are reported. 

M. ELAINE ISABELLE, DARRYL H. LAKE et ROBERT H. WIGHTMAN. Can J. Chem. 55,3268 
(1977). 

On a dCvelopp4 une sequence synthktique gCn6rale et courte irnpliquant une cycloaddition et 
une nouvelle Ctape de dCcarboxylation/aromatisation afin de preparer des benztnes meta-bis 
accoles isombiquement purs. Des nouveaux acides benzolques bis accoles sont isolCs cornme 
sous-produits. On rapporte aussi des exemples d'une nouvelle decarboxylation d'acides ben- 
zoi'ques (accolCs) qui est catalyske par le Pd/C. 

[Traduit par le journal] 

Introduction synthetic sequence (Scheme 1) which can pro- 
~ ~ i ~ ~ ~ l i ~  hydrocarbons in which a central duce isomerically pure 'angular' hydrocarbons 

benzene ring has been fused to two saturated (2) with various combinations of ring sizes. We 
carbocyclic rings have been prepared for their have tested ring sizes from 5-8 carbons and 
contribution to bonding studies (1-31, as re- believe the method to be quite general. It also 
arrangement products of macrocyclic annulenes nicely the ap- 
(4) or as intermediates in the synthesis of ana- proach for ring (I3). 
logues with extended unsaturation (5, 6). The 
two most commonly encountered configurations 
involving two annelations on the benzene ring 
are the so-called para- or 'linear' (1) and meta- 
or 'angular' (2) isomers, neither of which has a 
generally applicable synthetic approach. 

Previous synthetic attempts to obtain com- 
pounds of type 2 have been rather cumbersome 
(7, 8), specific for one type of saturated ring (9, 
10) or complicated by the presence of the cor- 
responding linear isomer (1) (11, 12). One 
recently published approach seems best suited to 
meta annelations of small (4- or 5-membered) 
rings (13). 

In this paper we wish to outline a four step 

'Present address: Department of Chemistry, Cambrian 
College of Applied Arts and Technology, Sudbury, Ont. 

2Author to whom correspondence should be addressed. 

Results and Discussion 
The General Sequence 

As outlined in Scheme 1 the most direct 
approach to the carbocyclic skeleton corre- 
sponding to 'angular' compounds of type 2 
would appear to  proceed via some Diels-Alder 
cycloadduct, e.g. 5 or 6, derivable from bicyclic 
dienes (4). The dienes can be obtained directly by 
dehydration of the corresponding diols (3) using 
phosphorus oxychloridelpyridine to avoid re- 
arrangements (14, 15). The diols 3 are now 
available from the cyclanones in excellent 
yield by employing the titanium tetrachloride 
modification of the pinacol reduction as re- 
cently reported by Corey et al. (16). Bicyclic 
dienes 4 are known to react readily with a variety 
of dieneophiles (15, 17, 18) but it is the efficient 
conversioil of these cycloadducts to hydro- 
carbons such as 2 that has presented the syn- 
thetic problem. 

We have been unable to obtain practically 
useful conversions of the anhydrides 6 or the 
corresponding diacids to unsaturated hydro- 
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ISABELLE ET AL. 3269 

COOH 

6 7' 

a X = Y = (CH,),; b X = Y = (CH,),; c X = (CH,),, Y = (CH,),;d X = Y = (CH,),; e X = Y = (CH,), 

SCHEME l 

carbon products employing traditional decar- 
boxylation reagents such as lead tetraacetate 1 (19), electrolysis (20), or bis(tripheny1phosphine)- 

1 nickel dicarbonyl (21). Similarly neither halo- 
decarboxylation of the acids 5 with lead tetra- 
acetatellithium chloride (22) plus base-promoted 
elimination nor Diels-Alder reactions of the 
dienes 4 with ethylene (22) followed by dehydro- 
genation produced 2 in acceptable yields. 

In an earlier publication we had observed that 
the Diels-Alder anhydride 6 could be directly 
converted into the corresponding 'angular' 
hydrocarbon 2 by pyrolytic (-350°C) decar- 
boxylation/dehydrogenation in the presence of 
an excess of 10% palladium-on-carbon (1 I). At 
the time the large amounts of Pd/C seemed to 
preclude this method as practical for the prepar- 
ative synthesis of these hydrocarbons. We now 
find that the monocarboxylic acids 5, obtained 
from Diels-Alder addition of the dienes 4 with 
acrylic acid (5a (18a), 56 (18b), 5d (18c), 5a 
and 56 (18d)), on pyrolytic decomposition with 
small amounts of 10% Pd/C lead directly to the 
isomerically pure meta-bis-annelated benzenes 2. 
Absence of any 'linear' isomers (1) can be 
readily verified by 13Cmr (23). Furthermore 
either of these catalytic aromatizations, i.e. of 5 
or 6, can be effected with catalyst which has been 
'recovered' by simply filtering and drying in an 
oven at 110°C. This now makes the method 
economically feasible for preparative scale runs. 

Reaction Parameters 
A representative list of specific reaction con- 

ditions are included in Tables 1 and 2 to indicate 
the variations in yield of 2 (and 7) which can be 
encountered by altering such parameters as 
substrate structure, activity (source) of catalyst, 
ratio of reactants, and time or temperature of 
reaction. However, several points should be 
noted. 

(a) We have found the activity of the catalyst 
drops significantly during storage on the 
laboratory shelf interspersed with frequent 
usage. A brief period of heating, e.g. 110°C for 
24-48 h or 300°C for 30 min, appears to re- 
juvenate the catalyst or suffice for recycling. 

(6) All cyclohexane rings were completely de- 
hydrogenated in the process, i.e. 56 or 66 
produced only phenanthrene. 

(c) An interesting variation on the method is 
the formation of the tetracyclic hydrocarbon 10 
from diacid 9 in 25% yield via the sequence out- 
lined in Scheme 2. In contrast the corresponding 
dianhydride produced no 10 on pyrolysis with 
10% Pd/C and only 6% of 10 on heating with 
phosphorus pentoxide (24). 

The above example emphasizes the conclu- 
sion that the acids 5 generally afford better 
conversions to 2 than the corresponding anhy- 
drides 6. Such 'aromatizations' have been noted 
before on similar types of anhydrides (ref. 17, 
p. 455) but we believe this to be the first report of 
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TABLE 1. Typical 'aromatizations' of Diels-Alder acids 5 

Substratelweight Weight of 10% Pd/C Yield of 2 (%) 
(mg) (mg) Temp. ("C)/Time (min) (Yield of 7 (%)) 

5~1500 100 200130 (83) 
5~1200 100 390115 33 
5~1200 40 350130 26 (41) 
561200 40 350115 86 of phenanthrene 
5~1200 40 390115 44 
5d/200 40 350115 55-68 
5d/200 40 350115 61 

(recycled) 
5d1200 20 350130 55 (10) 
5d1200 67 300130 55 (10) 
5d/200 67 200130 6 (83) 
5d/1000 200 360115 45 (31) 
5e/200 40 350130 24 (67) 
5e1200 40 390115 60 
5e1500 100 200130 (90) 
7d/200 0 360130 < 1 
7d/130 30 390115 47 
7~1200 40 390115 13 
7e/200 40 390115 60 
91500 200 350115 25 of 10 

such a process occurring directly from the cyclo- 
hexene carboxylic acids 5 with Pd/C. Addition- 
ally we report the first examples of the Pd/C 
catalyzed decarboxylation of aromatic acids 
(e.g. 7a,d,e). The method could be considered a 
viable alternate to traditional methods for 
aromatic decarboxylations (25) and somewhat 
resembles the reported Pd/C catalyzed decar- 
boxylations of aromatic aldehydes (26). Thus the 
formation of 2 from 5 may well involve initial 
dehydrogenation to 7 followed by decarboxyla- 
tion. 

Experimental 
Melting points were obtained on a Buchi SMP-20 

melting range apparatus. Infrared spectra (v,,, in cm-') 
were recorded on a Perkin-Elmer 237B spectrophoto- 

meter. Ultraviolet spectra (h,,, in nm ( E ) )  were obtained 
in 95% EtOH on a Perkin-Elmer-Coleman-124 spectro- 
photometer. l3Cmr data were obtained on a Varian 
XL-100 (100 MHz) instrument and proton nmr spectra 
were recorded on a Varian T-60 (60 MHz) instrument; 
all values are recorded in ppm ( 6 )  with reference to TMS. 
All nmr spectra were taken in CDC1, with 1% TMS. 
Band shape is indicated by  singlet), d(doublet), t(triplet), 
m(multiplet), b(broad). Thin layer chromatography was 
performed using silica gel G (0.25 mm layers) on glass 
plates (Merck). Petroleum ether with boiling range 
30-60°C was used exclusively. Microanalyses were ob- 
tained from Organic Microanalyses, Montreal, Canada, 
and Spang Microanalytical Laboratory, Ann Arbor, 
USA. 

Preparation of Diols 3a-e 
A typical procedure modified from the method of 

Corey et al. (16) is as follows. Magnesium turnings (24.3 g, 
1.0 mol) were amalgamated and treated with TiCI, 
(42.7 g, 24.8 ml, 0.225 mol) at O°C in dry THF under a 
nitrogen atmosphere. To this mixture at -10°C was 
slowly added a solution of cyclopentanone (21.0 g, 
0.25 mol) and cycloheptanone (28.0 g, 0.25 mol) in THF 
then the cooling bath was removed and the temperature 
rose to 42°C over a period of 30 min, then dropped. The 
usual work-up produced a viscous oil (47.5 g) which con- 
tained only the diols (3a, 3c, and 3d) as indicated by tlc. 
Such mixtures cannot be separated by conventional 
column chromatography (11, 14); however, the short, 
wide column (35 cm x 10 cm diameter) technique (27) 
using silica gel H (1000 g, Merck, particle size 10-40 x 

m) and ethyl acetate - benzene (3 :7 v/v) produced 3a 
(1.8 g, mp 107-109"C), 3c (6.3 g, mp 62-63"C), and 3d 
(4.0 g, mp 76-77°C) from 15.0 g of the crude mixed diols. 
Similarly 3a, 36, 3d, and 3e could be prepared in yields 
285% from the corresponding ketones and the crude 
product used directly for preparation of the dienes. 
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TABLE 2. Typical 'aromatizations' of Diels-Alder anhydrides 6 

Substratelweight Weight of 10% Pd/C 
(mg) (mg) Temp. ("C)/Time (min) Yield of 2 (%) 

900 
400 

(recycled) 
400 
100 
400 
400 
67 

30 
22 
7 

74 
(phenanthrene) 

52 
68 

Preparation of Bicyclic Dienes 40-e 
Essentially the method of Greidinger and Ginsberg 

(15) was followed involving heating the diols with freshly 
distilled phosphorus oxychloride and dry pyridine. Re- 
action times of 2 4  h and a temperature of 90°C were 
found to be sufficient. Yields of the dienes (4) were 80- 
95% and as before (11, 15) the crude dienes were found 
to  be of sufficient purity for direct use in the ensuing 
Diels-Alder reactions. 

Preparation of Tricyclic Acids 5a-e 
Following the procedure of Christ01 et al. (18) diene 

4e (5.7 g, 0.026 mol) and acrylic acid (1.87 g, 0.026 mol) in 
refluxing benzene for 9 h produced unreacted diene 4e 
(1.63 g), mp 41°C, and 5e (4.89 g, 90% when corrected for 
recovered diene), mp 125OC; ir 3300-2600,1700 (-COOH) ; 
'Hmr 11.31 ( lH,  bs, COOH) 2.90-1.90 (7H, bm, allylic 
H's), 1.90-1.00 (22H, m, all other H's). Anal. calcd. for 
ClsH3,Oz: C 78.57, H 10.41; found: C 78.72, H 10.30. 

We have found that extended reflux times (up to 30 h) 
or temperatures (e.g. refluxing toluene) may be required 
depending on the reactivity of the dienes. Thus the 
following acids were prepared (mp, corrected yield, (lit.) 
mp): 5a (1 18-122"C, 87%, (18a) 128"C), 5b (172-176"C, 
90%, (18b) 185"C), 5d (80-92"C, 92%, (I&), 75-90"C), 
and 5c (72%, presumably as a mixture of the two regio- 
isomers which were not sevarated). The acids 5 were 

and the contents rinsed out with CHzCIz. The catalyst 
was filtered (to be oven dried at  110°C and reused), the 
filtrate stripped of solvent, and the crude product either 
separated into acidic and neutral fractions or adsorbed 
directly onto a short column of silica gel. The hydro- 
carbon 2 was eluted with petroleum ether and easily 
identified by 'Hmr and 13Cmr (23). The major by-product 
from 5 at lower temperatures proved to be the benzoic 
acid 7 which could be eluted from the column with 
benzene-ether (19: 1 v/v). These acids were crystallized 
from petroleum ether and characterized as follows. 

7a: mp 203-204OC; lit. mp 202-204°C (28); ir: 3300- 
2700, 1680 (aryl COOH); uv: 244 (14 833), 290 (3 300); 
'Hmr, 11.00 ( lH,  bs, COOH), 7.64 ( lH ,  s, ArH), 2.95 
(8H, m, benzylic H), 1.53 (4H, m, other H). Anal. calcd. 
for Cl3H1,O2: C 77.19, H 6.98; found: C 77.20, H 6.94. 

7d: mp 141°C; ir: 330-2700, 1680 (aryl COOH); uv: 
245 (2466), 288 (304); 'Hmr: 11.50 ( lH,  bs, COOH), 
7.63 ( lH,  s, ArH), 3.00 (8H, m, benzylic H), 1.70 (12H, 
m, other H). Anal. calcd. for Cl7HzZOz: C 79.02, H 8.59; 
found: C 79.30, H 8.58. 

7e: mp 151°C; ir: 3300-2800, 1680 (aryl COOH); 
uv: 244 (8375), 298 (1175); 'Hrnr: 11.13 ( lH,  bs, COOH), 
7.64 ( lH,  s, ArH), 2.95 (8H, m, benzylic H), 1.53 (16H, 
m, other H). Anal. calcd. for C19H2602: C 79.67, H 9.16; 
found: C 79.86, H 9.30. 

crystalljzed from petroleum ether. Preparation of Tetracyclic Hydrocarbon 10 

Preparation of Tricyclic Anhydrides 6a-e 
Again the method of Greidinger and Ginsberg (15) was 

employed, namely heating the dienes 4 with maleic 
anhydride for 2-5 h depending on the reactivity of each 
individual diene. Yields of anhydrides (6) were 2 85% and 
all compounds agreed by mp  with previously reported 
values (1 1, 15). 

Preparation of Hydrocarbons 2a-e and Benzoic Acids 7a-e 
For specific conditions of time, temperature, and 

amounts, see Tables 1 and 2. 
The acid 5 or anhydride 6 was intimately mixed with a 

certain amount of 10% Pd/C and this mixture placed in a 
glass tube ( N  50 cm x 0.10 cm diameter) open at  one end. 
This tube was placed vertically in a preheated (usually 
350-400°C) furnace (25 cm x 8 cm diameter) for a short 
period of time. The tube was removed, allowed to  cool, 

Tricyclic diene 8 (8.0 g, 0.022 mol) (24), acrylic acid 
(3.4 g, 0.061 mol), and hydroquinone (0.1 g) in dry 
benzene (50 ml) were heated at  reflux under a nitrogen 
atmosphere for 54 h. After the benzene was removed and 
the residue triturated with petroleum ether to  remove any 
unreacted diene, there remained an amorphous glass 
(10.0 g) which could not be induced to  crystallize but 
appeared to be diacid 9 (perhaps a mixture of regio- 
isomers) on the basis of the following spectral data; 
ir: 3300-2600, 1720 (COOH); nmr: 10.65 (2H, bs, 
COOH), 3.10-2.40 (6H, m, H a to  C=C and C=O), 
2.4-1.0 (16H, m, other H). When this crude diacid 9 was 
subjected to the usual decomposition in the presence of 
10% Pd/C, the hydrocarbon 10 mp 140-142'C, lit. mp 
143°C (24), could be isolated in 25% yield after chroma- 
tography on alumina (Woelm, neutral, activity I). In 
preparation for the reaction a concentrated solution of 9 
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3272 C A N .  J. C H E M .  

in CH,CI, was added to the catalyst in the reaction tube 
and the solvent then carefully evaporated. Specific con- 
ditions are outlined in Table 1 .  
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Sterically hindered aromatic compounds. VII. Deoxygenation of 2,s-di-tert-butyl- 
and 2,4,6- tri-tert-butylnitrosobenzene 
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AND ELAINE REID 
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L. Ross C. BARCLAY, PRABHAKER G. KHAZANIE, KENNETH A. H. ADAMS, and ELAINE REID. 
Can. J. Chem. 55,3273 (1977). 

Deoxygenation of 2,5-di-tert-butylnitrosobenzene (1) by triethylphosphite gave a complex 
mixture containing 2,5-di-tert-butylaniline, 2,5,2',5'-tetra-tert-butylazobenzene, N-(2,5-di- 
tert-butylphenyl)-~ert-butyl-a-2-(5-tert-butypyridyl)nitrone, and diethyl N-(2,5-di-tert-butyl- 
phenyl)phosphoramidate. In contrast deoxygenation of 2,4,6-tri-tert-butylnitrosobenzene (2) 
yielded mainly 3,3-dimethyl-5,7-di-tert-butyl-2,3-dihydrondoe (80%), together with small 
amounts of 2,4,6-tri-tert-butylaniline and a product of side chain rearrangement, 2-(2-methyl-3- 
propeny1)-4,6-di-tert-butylaniline. Reaction pathways involving nitrenoid intermediates account 
for the various products. The different types of products from 1 and 2 are explained in terms of 
differential steric and conformational effects. 

L. Ross C. BARCLAY, PRABHAKER G. KHAZANIE, KENNETH A. H. ADAMS et ELAINE REID. 
Can. J. Chem. 55,3273 (1977). 

La deoxygination du di-tert-butyl-2.5 nitrosobenzene (1) par la triethylphosphite donne un 
melange complexe de di-tert-butyl-2,5 aniline, tetra-tert-butyl-2,5,2',5' azobenzene, N-(di-tert- 
butyl-2,5 phCny1)-cr tert-butyl-cr (tert-butyl-5 pyridy1)-2 nitrone et N-(di-tert-butyl-2,5 phenyl) 
phosphoramidate de diethyle. Par contre, la deoxygenation du trl-tert-butyl-2,4,6 nitroso- 
benzene (2) conduit principalement au dimethyl-3,3 di-tert-butyl-5,7 dihydro-2,3 indole (80%), 
avec un faible pourcentage de tri-tert-butyl-2,4,6 aniline contenant un produit de rearrangement 
de la chaine laterale, le (methyl-2 propenyl-3)-2 di-tert-butyl-4,6 aniline. Les sentiers reaction- 
nels impliquant des intermediaires nitrknoi'de sont responsables des composes divers. Les 
differents type de produit obtenus B partir de 1 et 2 sont expliques en terme d'environnement 
sterique et d'effets conformationnels. 

[Traduit par le journal] 

Introduction exist as the m o n o m e r s  and preferentially w i t h  

Deoxygena t ion  o f  a r o m a t i c  nitro and n i t roso  the n i t roso  g r o u p  in  the c o p l a n a r  a n t i  (1) and 

c o m p o u n d s  by  tervalent  p h o s p h o r u s  reagents Out-of-~lane (2) (I2). 
results i n  react ions  indicative o f  the presence o f  
n i t renes  as discrete in termedia tes .  The genera-  

0 v v 
t i on  and react ions  o f  aryl  n i t renes  h a v e  been 
reviewed (1-5). T h e y  are o f  con t inu ing  in teres t  
i n  the synthesis of heterocyclic c o m p o u n d s  (3, 
6-8), and the deta i led  nature o f  the in ter-  

@N=O * 
mediates  involved in react ions ,  such  as cycliza- 
tions o f  2-azidobiphenyl to carbazole ,  is still an Results and Discussion 
interesting ques t ion  (9). (a)  Deoxygenat ions  of I a n d  2. Analysis of 

Or tho  tert-butyl groups are k n o w n  to affect Products  
the lifetimes of va r ious  types  of radicals (10, 11) Deoxygena t ion  of 1 yielded f o u r  identifiable 
i n  a r o m a t i c  c o m p o u n d s .  As part of our con- products a s  i l lustrated in Scheme 1 and T a b l e  1. 
t inuing s tudy  of s ter ic  influences on react ions  The major product, diethyl N-(2,5-di-tert- 
and reactive intermediates,  we have  examined butylpheny1)phosphoramidate (3) (35%) was 
the steric effect o f  one and of two or tho  tert-  identified from its spect roscopic  proper t ies  and 
butyls on the react ions  of aryl  nitrenes der ived hydrolys is  t o  the k n o w n  amine (5). The struc- 
from 2,5-di-tert-butylnitrosobenzene (1) and ture o f  the rea r rangemen t  p roduc t ,  t h e  pyr id ine  
2,4,6-tri-tert-butylnitrosobenzene (2) b y  triethyl derivative or n i t rone  (4) (29%) was determined 
phosph i t e  deoxygenat ion.  These  convenient ly  from its analytical  and spectroscopic proper- 
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H 0 
P(OC2H,), 1 11 

1 - Ar-N-P(OEt), + Ar-N=C (Ar = 2,5-di-tert-butylphenyl) 
C , b .  25'C 

3 C 

ties.' The elemental and mass spectroscopic data 
agreed with the formula C,,H,,N,O. A peak at 
m/e 407 is assigned to M - CH,, one at mle 406 
to M - oxygen, and the base peak at m/e 365 to 
M - tert-C,H,. The structure assigned to 4 is 
based mainly on its nmr spectrum, especially the 
low field portion of the aromatic absorption. In 
addition to a multiplet at 7.64 6 (5-hydrogens), a 
weakly coupled peak at 8.70 6 (doublet, J 1. 1 
Hz) is attributed to the a-H of a 2,5-disubstituted 
pyridine ring. 

Deoxygenation of 2 with triethyl phosphite 
required elevated temperature and longer reac- 
tion times. However, the product mixture was 
not so complex as in the reduction of 1 (com- 
pare Scheme 2 and Table 2), in that reduction of 
2 gave a high yield of 3,3-dimethyl-5,7-di-tert- 
butyl-2,3-dihydroindole (7). The cyclic amine 7 
was identified by its spectroscopic properties and 
by preparing it through hydride reduction of 
$7-di-tert-butyl-3,3-dimethyloxindole (101, a 
known photolysis product from 2,4,6-tri-tert- 
butylnitrobenzene (13). 

The rearranged unsaturated amine 8 is an 
unexpected product from the reduction of 7. Its 
infrared spectrum indicated a primary amine. 
The structure assigned is based mainly on the 
nmr spectrum, especially the bands for the re- 

arranged side chain, Ar-CH2-C-CH, (see 
Experimental). The broad nature of these bands 
is presumably due to weak allylic coupling. 

TABLE 1. Deoxygenation products of 
2,5-di-tert-butylnitrosobenzene (1) by 

triethyl phosphite 

Compound Isolated yieldsa 

@The percent yields actually isolated from two 
separate runs by column and tlc. 

*The yield of 4 was increased to  70% from a 
run using direct nmr observations. 

polar intermediate 11 (14) should account both 
for products arising directly from an aryl nitrene 
(e.g., 3,5, and 6) and also for products of molec- 
ular rearrangement and recombination !e.g., 
the nitrone 4). The amine 5 and the azo com- 
pound 6 would form from the aryl nitrene 13 by 
hydrogen abstraction and dimerization respec- 
tively. There is also precedent for the reaction of 
aryl nitrenes with triethyl phosphite to form a 
phosphoramidate via an N-aryl phosphorimi- 
date intermediate (15); in our case for the 
sequence 13 + 14 + 3. 

Several suggestions have been made for the 
reaction pathway to account for intermolecular 
reactions and rearrangements of aryl nitrenes 
leading to pyridine derivatives (16-19). Phenyl- 
nitrene and 2-pyridylcarbene are known to inter- 
convert, at least in the gas phase (19), and one 
could formulate nitrone formation as simply a 
combination of a 2-pyridylcarbene with a 

(6)  Proposed Reaction Pathways nitroso compound (i.e., in this case 18 and 1). 

A pathway (Scheme 3) for deoxygenation of The exclusive formation of isomer 4 is an 

2,5-di-tert-butylnitrosobenzene through the di- interesting example of the directional specificity 
of the rearrangement. This presumably occurs 

lUn]ike a aryl nitrone containing an a-methyl preferential ring migra- 
substituent (16), nitrone 4 failed to undergo acid-cata- tion of the unsubstituted carbon ortho to the 
lyzed hydrolysis. The a-tert-butyl group of 4 evidently electron deficient nitrogen. This kind of speci- 
results in steric hindrance to nucleophilic attack at the ficity has been observed before in the triethyl 

-I?=/ goup. 
phosphite deoxygenation of o-nlethylnitroso- 

I \ benzene (16), in the photochemical, deoxygena- 
0 tion of aromatic nitro-compounds in triethyl 
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BARCLAY ET AL. 

TABLE 2. Deoxygenation products of 
2,4,6-tri-tert-butylnitrosobenzene (2) by 

triethyl phosphite 

Compound Relative yield" Isolated yieldb 

7 8 1 . 3  79 
8 11.4 9 
9 7.3 7 

nDetermined by glc methods. 
bActually isolated by tlc methods. 

phosphite (17), and in the photolysis of ortho- 
substituted aryl azides in diethylamine (20). 

The specificity in the present deoxygenation- 
rearrangement of 1 may be explained on the 
basis of conformational or steric control. The 
preferred anti conformation for 1 is presumably 
retained in the more bulky dipolar intermediate 
(11). We speculate that the preferential bonding 
at the ortlzo site on the same side of the benzene 
ring as the leaving group ((EtO),P=O) may be 
a result of polarization of the ortlzo position by 
the electrophilic phosphorus in 11. This could be 
formulated in terms of a cyclic intermediate such 
as 12 which could preferentially form the 
azirine (15). Alternatively 15 could be the pre- 
ferred azirine simply due to steric inhibition of 
attack of the nitrene centre at the tert-butylated 
site-2. The rearrangement can be formulated as " 
proceeding via ring expansion of 15 in the 
direction indicated leading to 16 then 17 (or 18). 
Reaction of the aryl nitroso compound with the 
latter would yield the nitrone 4. This pathway 
has the advantage of accommodating both the 
directional specificity and the required C-1 to 
C-3 shift (17). 

The major product (7) from deoxygenation of 

2,4,6-tri-tert-butylnitrosobenzene (2) resulted 
from reductive cyclization into an o-tert-butyl 
group. The marked difference in behaviour of 1 
and 2 can be attributed to differential conforma- 
tional or steric effects. The dipolar intermediate 
from 2 is expected to retain the out-of-plane 
conformation (Scheme 4, 19). This would 
inhibit the coplanar conformation of the charged 
leaving group which may be preferred for the 
rearrangement of the aromatic ring, as suggested 
above for the deoxygenation-rearrangement of 
1. Alternatively, and more simply, the different 
products from 2 could be a result of steric inhi- 
bition of attack of the nitrene (20) at both tert- 
butylated ortlzo positions coupled with steric 
hindrance to intermolecular reactions, such as 
dimerization and reaction with triethyl phos- 
phite. As a result, cyclization into a methyl 
group of an o-tert-butyl leading to 7 in high 
yield is the predominant reaction. Such cycliza- 
tions can be formulated via insertion involving 
an initial singlet nitrene or through hydrogen 
abstraction by triplet nitrene followed by radical 
coupling (2, 4). The latter is the suggested route 
to account for the cyclization yielding 7 because 
a radical intermediate2 can also account for the 
interesting side product (8), where an o-tert- 
butyl group has undergone skeletal rearrange- 
ment (21 -, 22 -, 8) leading to a nonconjugated 

Z N o ~ ~  ADDED IN PROOF: The esr spectrum measured 
directly on the deoxygenation reaction of 2 showed a very 
persistent 1 : 1 : I triplet (a, = 10.0 G) with unresolved fine 
structure. This js probably due to an anilino radical of 
the type Ar-N-OR (Ar = 2,4,6-tri-tert-butylphenyl) 
formed by spin trapping of radical intermediates by 
unreacted 2 (see Terabe and Konaka (22)). 
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double bond in the side chain. This result provides 
an interesting contrast to results of Sundberg 
(16) who found a selectivity in H-abstracting for 
ortho alkyl aryl nitrenes derived from o-azido- 
propylbenzene pyrolysis and from triethyl 
phosphite reduction of ortho propyl or butyl- 
nitrobenzene. The formation of only the non- 
conjugated alkene in those cases was an argu- 
ment against any mechanism involving a radical 
or carbonium ion at the p and y carbon. That 
particular concerted pathway is not open for the 
intermediate 20 since it lacks a y carbon. The 
formation of the nonconjugated double bond in 
8 may be a result of kinetic control in elimination 
of hydrogen in the rearrangement 21 -, 22. 
Alternatively the second hydrogen atom might 
be abstracted from they position as illustrated in 

23, although the latter involves a relative un- 
favourable seven-membered cyclic transition 
state. 

It is of interest to note that the nitro com- 
pounds, 2,5-di-tert-butylnitrobenzene and 2,4,6- 
tri-tert-butylnitrobenzene, failed to undergo 
triethylphosphite deoxygenations, even on pro- 
longed treatment at elevated temperatures. 

Experimental 
The nmr spectra were recorded on a Varian A-60 nrnr 

spectrometer using carbon tetrachloride solvent con- 
taining tetramethylsilane as an internal reference. The ir 
spectra were recorded on a Perkin-Elmer model 467 
grating infrared spectrophotometer using potassium 
bromide pellets for solids and films for liquids. Mass 
spectra were determined on a Varian MAT-11 I GC/MS 
system using a direct probe. Gas-liquid chromatography 
(glc) analysis were determined on a F & M model 500 gas 
chromatograph equipped with a dual column attach- 
ment, using 8 ft x 14 in. columns packed with 20% 
Carbowax on Chromosorb P and helium flow rate of 
60 ml/min at 175'C. Thin layer chromatographic (tlc) 
preparative separations were carried out on plates 
(20 x 20 cm x 0.5 mm thick) prepared from Woelm 
Silica Gel F with 10% calcium sulfate binder added. 
Melting points were determined on a hot stage equipped 
with a microscope and are uncorrected. Elemental 
analyses were determined by Alfred Bernhardt, West 
Germany. 

(a )  Deoxygenation Procedure 
The deoxygenations were carried out in dry benzene 

under a nitrogen atmosphere. The solutions were pre- 
pared from 2-3 mmol of the nitroso compound (1 or 2) 
(21) and excess (20-30 mmol) triethyl phosphite (Aldrich 
Chemical Co.) in 15-25 ml of benzene. It was convenient 
t o  follow the progress of the reductions by measuring the 
decrease in the visible absorbance readings at 790 nm for 
1 and 750 nm for 2. The reduction of 1 was complete in 
approximately 11 h at  room temperature. The reduction 
of 2 did not appear to  take place at  room temperature 
but was complete after 20 h at  the reflux temperature of 
benzene. 

The relative ease of reduction of 1 and 2 was also 
followed by direct nrnr observations of the aromatic 
proton region using equimolar solutions of the nitroso 
compound and triethyl phosphite in carbon tetrachloride. 
Under these conditions, the reduction of 1 was complete 
in 6 h. In contrast, the reduction of 2 was only 3 com- 
plete after 1 week. 

The reaction mixtures were worked up by first evapor- 
ating the solvent and excess triethyl phosphite under 
reduced pressure. The residues were dissolved in ethyl 
ether, washed with water, the ether extract dried over 
anhydrous calcium chloride, and the ether evaporated. 
The crudes obtained were analyzed by chromatographic 
methods as described below. 

(b )  Product Analysis 
( I )  Deoxygenation Products from 2,5-Di-tert- 

butylnitrosobenzene ( I )  
The crude product from reduction of 1 (0.657 g) was 
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BARCLAY ET AL.  

I 
H-C-H 

A b s t r a c t i o n  20 

Cyclization 
7 4 

( I )  Rearrangement 
(2) -H. / I Rearrangement 

found to be a complex mixture by tlc analysis. It was (near the solvent front) yielded, on extraction with ethyl 
dissolved in petroleum ether (bp 30-60°C) and separated ether, 197 mg (31%) of near colorless crystalline material 
into various fractions by column chromatography on a identified as the nitrone (4). The analytical sample was 
2.5 x 28 cm column of neutral alumina as outlined in obtained by sublimation in vacuo and gave a mp 189°C. 
Table 3. Pure compounds were isolated by further separa- The nmr spectrum showed four singlets of equal intensity 
tion of the column chromatograph fractions by means of at 1.39, 1.41, 1.47, and 1.536 (36H, three aryl tert-butyls 
preparative tlc. 1 I 
2,5,2',5'-Tetra-tert-butylazobenzene (6)-Theazocom- and tert-butyl in (CH3),C-C=N-0), a multiplet at 

pound (6) was purified by preparative tlc using cyclo- 7.53-7.78 (5H, three hydrogens on benzenoid ring plus 
hexane solvent. The compound separated as a narrow hydrogens 3,4 of pyridine ring), and a doublet at 8.70 
orange-red band by rapid elution near the solvent front. ( J  N 1 Hz, lH,  a-pyridyl hydrogen). 
Sublimation in vacuo gave orange crystals, mp 227°C. The The mass sDectrum showed a molecular ion peak at mle 
nmr spectrum showed a singlet at 1.38 (18H, 2 tert- 
butyls) and 1.64 (18H, 2 tert-butyls) and multiplets at 
7.61 (4H, aryl) and 7.94 6 (2H, aryl). The mass spectrum 
showed a molecular ion peak at mle 406 expected. Anal. 
calcd. for C28H42N2: C 82.70, H 10.41, N 6.89; found: 
C 82.59, H 10.30, N 6.95. 

N- (2,5-Di-lert-bulylphenyl) -a-tert-butyl-a-2-(5-terf- 
butybyridy1)nitrone (4)-Fractions 4-6 from the column 
chromatography (Table 3) yielded 305 mg of crystalline 
material. This material was chromatographed on five 
preparative tlc plates using benzene as the developer. 
There resulted two well-separated bands. The first band 

422 and an accurate mass measurement indicated the 
formula C28H42N20 (calcd. mass 422.3297; found 
422.3288). Anal. calcd.: C 79.59, H 10.02, N 6.63; found: 
C 79.62, 79.47, H 9.96, 9.86, N 6.63, 6.56. 

The nitrone (4) was recovered unreacted from an 
attempted hydrolysis by treatment in boiling ethanol - 
hydrochloric acid for 2 days. 

The second band from the above tlc separation yielded 
66 mg (11%) of 2,5-di-tert-butylaniline identified by a 
mixture melting point and comparison of its nmr spec- 
trum with an authentic sample. 

Diethyl N- (2,5 - Di- tert - butylpheny1)phosphoramidate 
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TABLE 3. Column chromatography of deoxygenation 
products from 2,5-di-tert-butylnitrosobenzene (I) 

Yield Identity of 
Fraction Solvent (ml)" (mg) productsb 

1 .PE (20) 44 Di-tert-butylazo- 
benzene (6) 

2, 3 PE (20) 19 Unidentified 
mixture 

4-6 PE-bnz (80) 305 Di-tert-butylaniline 
(5), nitrone (4) 

7-8 bnz (80) 7 Unidentified 
polymeric 

9-14 bnz (300) 31 1 Phosphoramidate 
(3), traces of TEP 

OPE = petroleum ether (bp 3&6OnC), bnz = benzene. 
bProducts were further separated and purified by preparative tlc. 

(3)-Fractions 9-14 from the column chromatography 
(Table 3) contained 311 mg (31%) of the crude phos- 
phoramidate (3). It was separated from traces of a 
colored (violet) impurity by preparative tlc on four plates 
using 20% ethyl ether in benzene as developer. The ester 3 
developed very slowly and was readily separated in this 
way. It was isolated as a colorless, thick, oily material. 
The nmr spectrum showed a singlet at 1.32 superimposed 
on a triplet between 1.47-1.22 ( J  in Hz) (15H, a tert-butyl 
and two CH3-Qf the CH,CH,O- groups), a singlet at 
1.50 (9H, a tert-butyl), a multiplet at 3.9-4.5 (4H, J = 7 
Hz, two -CH2-s of CH,CH,O- groups), a doublet, 

I 
exchangeable with D,O at 5.28 ( lH,  -N-H), and an abc 
type of multiplet at 7.2-7.7 6 (3H, Jab = 9 Hz, Jbc = 2 HZ, 
aryl). The ir spectrum showed a band at 3480 cm-' 
attributed to N-H. A strong band at 1250 cm-' is 
assigned to P=O and very strong absorption at 970-1060 
to P-0-ethyl. The mass spectrum showed a molecular 
ion peak at mle 341 as expected. Anal. calcd. for ClsH3,- 
NP03:  C 63.32, H 9.45, N 4.10, P 9.07; found: C 63.13, 
H 9.44, N 4.15, P. 8.99. 

A sample (39 mg) of the phosphoramidate (3) was 
hydrolyzed by refluxing in a mixture of ethanol (10 ml) 
and concentrated hydrochloric acid (5 ml) for 2 days. 
The alcohol was distilled, the solution neutralized with 
sodium carbonate and the product extracted with ether. 
There was obtained 19 mg (81%) of 2,5-di-tert-butyl- 
aniline, identified by its nmr spectrum and melting point. 

The deoxygenation of 1 with triethylphosphite was 
repeated in order to test the reproducibility of the rather 
complex reaction. The work-up and separation of 
products by a combination of column chromatography 
and tlc was carried out in a similar manner to the first 
run. The yields of the main products from this second 
run were azo compound 6 3%, nitrone 4 29%, amine 5 
13%, and the phosphoramidate 3 35%. These results are 
in reasonably good agreement with those described 
above. When an equimolar mixture of 1 and triethyl- 
phosphite was used as described in the direct nmr obser- 
vation, the yield of 4 (tlc) was increased to 70%. 

(2) Deoxygenation Products from 2,4,6-Tri-tert- 
butylnitrosobenzene (2) 

The crude product from reduction of 2 (0.550 g) was 

separated into three main bands by preparative tlc using 
benzene as developer. The first band gave 37 mg (6.9%) of 
2,4,6-tri-tert-butylaniline (9) identified by its ir and nmr 
spectra. The second band yielded the major product, a 
colorless solid material (482 mg, 90%) which was shown 
by the nmr spectrum to be a mixture of the two amines 7 
(mainly) and 8 described below. This mixture was 
separated on preparative tlc plates prepared from acid- 
treated silica gel. For this purpose, the plates were pre- 
pared from a slurry of the silica gel and binder in 1:  1 
ethanol-acetone containing 5% concentrated hydro- 
chloric acid. The minor component (8) (48 mg, 9%) of this 
mixture eluted first with benzene followed by the major 
reaction product (7,424 mg, 79%). 

This deoxygenation of nitroso compound 2 was re- 
peated in order to determine more precisely the percent 
composition of the products by glc. The compounds 
eluted from the column in the order 7 ,9 ,  and 8 and in the 
relative yields of 81.3%, 7.3%, and 11.4% respectively. 
3,3-Dimethyl-5,7-di-tert-butyl-2,3-dihydroidol (7)- 

The major product 7 from the deoxygenation of 2 was 
sublimed in vacuo for analysis. It was a colorless crystal- 
line compound, mp 105-106°C. The nmr and ir spectra 
established this compound to be identical to 7 obtained 
earlier (13) from hydride reduction of 5,7-di-tert-butyl- 
3,3-dimethyloxindole. It gave a parent mass at mle 259 as 
expected. Anal. calcd. for C18H29N: C 83.33, H 11.26, 
N 5.40; found: C 83.52, 83.48, H 11.27, 11.25, N 5.20, 
5.16. 

2- (2-Methyl-3-propyl) -4,6-di-tert-butylaniline (8)-  
The amine 8 from the deoxygenation was isolated as an 
oil and distilled in uacuo for analysis. The nmr spectrum 
showed sharp singlets at 1.32 and 1.47 (9H each, tert- 

I 
butyls), a broad singlet at 1.78 (3H, methyl of CH,=C- 
CH,), a broad singlet at 3.37 (2H, benzylic methylene of 

CH2 
I I 

Ar-CH,-C-CH,), two broad singlets at 4.92-5.00 

(2H, nonequivalent olefinic Hi of 'c=cH,), a singlet at 
/ 

3.80 (2H exchangeable, -NH,), and doublets at 7.11 and 
7.37 6 ( J  -- 3 Hz) ( IH  each, meta aryl hydrogens). The 
ir spectrum showed bands at 3520 and 3420 cm-' 
attributed to N-H stretching absorption of a primary 
amine and a band at 3090 cm-' to the C-H stretching 

\ 

absorption of the 'C=CH, group. The mass spectrum 
/ 

showed a parent'mass at m/e 259 as expected. Anal. 
calcd. for Cl8HZgN: C 83.01, H 11.22, N 5.38; found: 
C 83.21, H 11.09, N 5.53. 
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Synthesis of enantiomers of sulcatol 
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HERMANN R. SCHULER and KEITH N. SLESSOR. Can. J. Chem. 55,3280 (1977). 
The synthesis of R-(-)- and S-(+)-6-methylhept-5-en-2-01 (sulcatol) is reported from 

commercially available carbohydrate precursors. The synthesis of the R-(-) enantiomer 
utilizes the four hydroxy function of 2-deoxy-D-ribose as a preformed precursor of the chiral 
secondary alcohol centre. The five hydroxy group of L-fucose provides the basis for a similar 
synthesis of the S(+)  enantiomer. These isomers are to be used to test the aggregation response 
of Gnatho~ricus sulcatus, a northwestern American timber pest. 

HERMANN R. SCHULER et KEITH N. SLESSOR. Can. J. Chem. 55,3280 (1977). 
On rapporte la synthise des R-(-)- et S-(+)-methyl-6 heptene-5 01s-2 (sulcatol) a partir de 

precurseurs carbohydrates disponibles commercialement. La synthbe de l'enantiomere R-(-) 
utilise la fonction hydroxyle quatre du deoxy-2 D-ribose comme des precurseurs preformes du 
centre alcoolique secondaire chiral. Le groupe hydroxyle cinq du L-fucose fournissent la 
base pour une synthese similaire de I'knantiomere S(+). Ces isomkres seront utilises pour 
determiner une rkponse d'agrtgation de Gnalhotricus sulcatus, un insecte des bois du nord 
ouest de I'AmCrique. 

[Traduit par le journal] 

The ambrosia beetle, Gnathotricus sulcatus, a their absolute configuration and optical purity 
widely occurring timber pest in western North are well established. 
America, has been found to possess an aggrega- In the course of our synthetic work we learned 
tion pheromone (I) ,  identified as 6-methylhept- of another preparation of the isomers of sulcatol 
5-en-2-01 (sulcatol). Furthermore, it was shown by Mori (5), whose approach was similar as it 
to consist of a 65:35 mixture of the (S)-(+) and uses optically active precursors, namely the two 
the (R)-(-) enantiomers (2). This finding was enantiomers of glutamic acid. Both of these 
rather unexpected as racemic sulcatol, which can enantiomers were subjected to the same reaction 
be readily obtained by borohydride ieduction of sequence leading to the two enantiomers of sul- 
6-methylhept-5-en-2-one, produced a beetle res- catol. Initial studies, using Mori's enantiomers, 
ponse comparable to the 65:35 mixture. Thus 
the question arose whether one or both enanti- 
omers are needed to trigger an aggregation res- 
ponse by the beetle. 

To investigate this question, pure enantiomers 
of sulcatol were required. Initially attempts were 
made to resolve racemic sulcatol by counter 
current distribution of diastereoisomeric sulcatol 
esters of 2,3:4,6-di-0-isopropylidene-L-xylo-hex- 
ulofuranosonic acid (3, 4). Although resolution 
was possible using this method, its quantitative 
aspects were unfavorable and led us to look for 
an alternative approach. We decided to design 
synthetic routes which utilize as starting materials 
compounds already containing the stereochemi- 
cal requirements of the desired isomeric products. 
Sugars seemed well suited for this approach as 

'Present address: Halifax Laboratory, Fisheries and 
Marine Service, Department of the Environment, P.O. 
Box 429, Halifax, N.S. B3J 2R3. 

gave evidence that G. sulcatus would not respond 
to either pure enantiomer, only to a mixture of 
the isomers. To our knowledge this is the first 
report (6) of a synergistic response to optical 
isomers. To further study this response, more 
pheromone was necessary, preferably from a 
different route to establish the weak, but possibly 
real response of the S (+ )  isomer. 

In this paper we wish to describe the synthesis 
of the two pure enantiomers of sulcatol by two 
different routes starting from two different sugar 
precursors, namely L-fucose 1 and 2-deoxy-D- 
ribose 13 which are both commercially available. 
In 1, the centre C-5 with its (S)-configuration 
was intended to become the chiral centre C-2 
in (S)-sulcatol 12. Great care was taken to 
maintain this configuration throughout the re- 
action sequence by keeping the C-5 oxygen of 1 
fixed in a pyranose ring and by working under 
basic or very weakly acidic reaction conditions. 
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CHO 
I 

HOL-H 
I 

H-C-OH 
I + pOcH3 + R0@0cH3 + @OCH3 

H 4 - O H  HO 

OH 
H O 4 - H  

0 R 

I 

CHO CH3\C/CH3 

A-(3 
I /ro CH. 

I I  
CH 

I 
OCHO-C-H 

The obvious transformations to be carried out 
on the sugar moiety were the removal of the 
hydroxy functions and the introduction of a 
double bond and a methyl branch. The latter 
two changes appeared to be most easily effected 
by a Wittig reaction. This gave the framework 
for the conversion of 1 to 12 as shown in reaction 
Scheme 1. 

L-Fucose was converted to the methyl a,P- 
pyranoside 2 (7). As for the products of the sub- 
sequent reactions no attempts were made to 
isolate pure anomers. Treatment of 2 with 
acetone and zinc chloride led to the 3,4-0-iso- 
propylidene derivative 3 which was then benz- 
oylated to 4. Hydrolysis with 50% aqueous 
acetic acid removed the isopropylidene group to 
give methyl 2-0-benzoyl-a,P-L-fucopyranoside 5. 
Mesylation yielded the 3,4-di-0-mesyl derivative 
6 which was used to introduce 3,4-unsaturation 
by the Tipson-Cohen method (8). Refluxing a 
mixture of 6, sodium iodide, and zinc dust in 
dimethylformamide for I h thus gave the un- 
saturated derivative 7 in a yield of 52%. Catalytic 
reduction furnished the saturated compound 8. 
The benzoyl group was then removed by reaction 
with methanolic potassium hydroxide to produce 
9. This was followed by hydrolysis to the pyran- 
ose 10, which was carried out with a cation 
exchange resin, Dowex 50[Hf], as catalyst. 

Subsequent oxidation with sodium periodate 
afforded 2,3,5- trideoxy - 4- 0 - formyl-L-glycero - 
pentose 11. In the final step, 11 was treated with 
isopropylidenetriphenylphosphorane in THF. 
The product of this Wittig reaction was purified 
by column chromatography and distillation. 
Dextrorotatory (S)-sulcatol 12 was thereby ob- 
tained in a yield of 57%. The overall yield from 1 
amounted to 13%. 

The same sequence of reactions can be fol- 
lowed in order to synthesize (R)-sulcatol starting 
from D-fucose. However, the fact that D-fucose 
is not as readily available as its L-enantiomer led 
us to search for another starting material and an 
alternative synthetic route. Our choice of 2- 
deoxy-D-ribose 13 as such a precursor rested 
upon its availability and its synthetic potential. 
The centre C-4 in 13 with its (R)-configuration, 
its oxy and methyl functions appeared appropri- 
ate for becoming the chiral C-2 centre in (R)- 
sulcatol 19. Furthermore, the aldehyde function 
of 13 seemed to allow the necessary elongation 
and modification to the sulcatol skeleton via a 
Wittig reaction. Another change to be brought 
about on the route from 2-deoxy-D-ribose to 
(R)-sulcatol was the removal of the two hydroxy 
groups attached to C-3 and C-5 of the sugar pre- 
cursor. Primary hydroxy groups such as the one 
attached to C-5 can be readily removed by the 
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following method which has been widely used 
in carbohydrate chemistry for the preparation of 
deoxy sugars (9, lo): 

The hydroxy function to be removed is converted 
into a sulfonyloxy group which serves as leaving 
group in the subsequent substitution by halogen. 
Reductive dehalogenation then furnishes the 
deoxy compound. The displacement of a secon- 
dary sulfonyloxy group has in most cases proved 
to be rather difficult, if not impossible. However, 
there are reports describing the successful 
removal of the secondary hydroxy group bound 
to C-3 of 2-deoxy-D-ribose forming the glycone 
part in thymidine and other nucleosides (1 1, 12). 
This gave encouragement for our synthetic 
approach outlined in Scheme 2. 

As in the synthesis of (S)-sulcatol, it was of 
utmost importance to retain the configuration 
at the carbon which was to become the chiral 
centre in (R)-sulcatol. This was again achieved by 
forming and maintaining a glycoside ring 
throughout the synthesis. 2-Deoxy-D-ribose 13 
was first refluxed in 0.01% methanolic hydrogen 
chloride to furnish the methyl a,P-furanoside 14 
(13). In view of the intermediacy of product 18, 
it did not appear necessary to separate the 
anomeric mixture obtained. Similarly no attempts 
were made in the following steps to obtain pure 
anomers and therefore optical rotations were not 
determined. Reaction of 14 with an excess of 
methylsulfonyl chloride yielded syrupy dimesyl- 
ate 15a. Treatment of 15a with sodium iodide in 
DMF at 70°C resulted in the effective displace- 
ment of the primary methylsulfonyloxy group at 
C-5 within 5 h. In contrast, the substitution of 
the secondary sulfonyloxy function at C-3 pro- 
ceeded much more slowly and was still incom- 
plete after 5 days at this temperature. Higher 
temperatures did not so much accelerate the 
formation of the diiodide 16 but promoted dis- 
coloration and gradual decomposition of the 
reaction mixture. So, even at 70°C, undesirable 
side reactions became noticeable from the 5th 
day onwards, and it was necessary at this point 
to isolate the diiodide from the reaction mixture 
and subject the unreacted 5-deoxy-5-iodo-3- 
mesylate to further reaction with sodium iodide. 
A 51% yield of diiodide was thus obtained after 
two recycling steps. Earlier attempts to prepare 
the diiodide via the ditosyl analogue of 15a were 

VOL. 55, 1977 

CHO 

I 
H-C-OH 

H-C-OH 

I 17 R = CH3 
I 
CH2 

1 8 R = H  
16 H-C-OH 

even less successful. This was mainly due to the 
thermal instability of the ditosylate 15b. After 
twofold recrystallization from petroleum and 
chloroform, 15b could be obtained as a white 
crystalline solid with a melting point of 88°C. In 
pure form it decomposed shortly after melting. 
Likewise, heating of 15b with sodium iodide and 
dimethylformamide at 60°C resulted in extensive 
charring before any sizeable amount of diiodide 
16 could be detected. 

Hydrogenolysis of 16 using a Raney nickel 
(W-7) catalyst in methanolic potassium hydrox- 
ide furnished the volatile methyl 2,3,5-trideoxy- 
a,P-D-glycero-pentofuranoside 17. This was hy- 
drolyzed in the presence of a cation exchange 
resin catalyst, Dowex 50[H+]. Serious difficulties 
were encountered in the isolation of the hydro- 
lysis product 18 as this hemiacetal was found to 
be soluble not only in various organic solvents 
but also in water and, moreover, appeared to be 
rather unstable. These solubility characteristics 
as well as the instability had already been pointed 
out in the case of the optically inactive 4-hy- 
droxypentanal (14). The crude hemiacetal 18, 
which was recovered in a 52% yield, was there- 
fore used in the following step without further 
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purification. Treatment with isopropylidene- 
phosphorane in T H F  produced the (R)-sulcatol 
19 which was purified by column chromatog- 
raphy and distillation. The yield of laevorotatory 
(R)-sulcatol was 30% in this Wittig reaction and 
5% overall from 2-deoxy-D-ribose. 

The purity of our sulcatol products was 
examined by glc and found to be greater than 
99% for both the (R)- and the (S)-isomers. The 
spectroscopic characteristics were in good agree- 
ment with the data reported for natural sulcatol 
(2). The optical rotations [a],20 for ethanolic 
solutions of our (R)- and (S)-sulcatol were 
- 13.9" and +14.0°, respectively. They differ 
somewhat from Mori's determinations of - 14.5" 
and + 14.4" (5). I t  should be pointed out that the 
absolute rotation values do not differ significantly 
for our stereoisomers which, in contrast to the 
ones prepared by Mori, have been synthesized 
from chemically different precursors and by 
different routes. 

In order to assess the optical purity we reacted 
both sulcatol isomers with (R)-(+)-a-methoxy- 
a-trifluoromethylphenylacetyl chloride (15). The 
nmr spectra (60 MHz) of the two diastereomeric 
esters (20a and 20b) exhibited significant differ- 
ences which are in line with the correlation of 
configuration and nmr shifts for diastereomeric 
MTPA esters derived by Dale and Mosher (16). 
The methyl group attached to the chiral centre 
of the sulcatol appeared as doublets at  6 1.35 
and 1.25 for the (S,R)- and the (R,R)-MTPA 
esters, respectively. 

Both MTPA esters appeared free of any cross 
contamination by the alternate diastereoisomer, 
thus proving the optical purity of our two sul- 
cat01 enantiomers. Since the (R,R)- and (S,S)- 
like the (R,S)- and (S,R)-MTPA esters are 
enantiomers having identical nmr spectra, a 
comparison is possible between the above- 
mentioned methyl absorptions and the corres- 
ponding shifts in (S)-MTPA esters of (S)- and 
(R)-sulcatol prepared by Mori (5) .  This shows 
good agreement between our results and Mori's 
values of 6 1.34 and 1.23 for his (R,S)- and 
(S,S)-MTPA esters. Our shift values are also 
in accord with the recently published results of 
the nmr study (100 MHz) which established the 
enantiomeric composition of natural sulcatol 
(17). In the (R)-MTPA ester of (S)-sulcatol, the 
C-1 methyl signal appeared at  6 1.33 whereas 
the corresponding absorption for the diaster- 
eomeric ester of (R)-sulcatol was found at 6 1.26. 

Preliminary results of the biological testing of 
our sulcatol isomers in the laboratory as well as 
in the field seem to corroborate our purity 
assessment. The biological work will be published 
elsewhere. 

Experimental 
All solvents were dried and distilled before use. Silica 

gel O,  E. Merck, type 60, was used for tlc. The following 
solvent systems were employed: A:  ethyl acetate- 
ethanol, 10: l ;  B: toluene - diethyl ether, 1 :2; C :  pet- 
roleum (boiling ranges 30-60°C)-diethyl ether, 2:3; 
D: petroleum - diethyl ether, 7:3; E :  butanone-water, 
9 : l .  Spots were visualized by spraying with aqueous 
sulfuric acid (10%). Colun~n chromatography was per- 
formed using Silica gel powder, 60-200 mesh. Symbols 
like PElO stand for a 90:10 (vol) mixture of petroleun~ 
(boiling range 30-60°C) and diethyl ether. 

All nmr spectra, unless stated otherwise, were recorded 
at 60 MHz on a Varian A-56/60A. All shift values are 
given in ppm downfield from TMS (6 = 0). Coupling 
constants (J )  are given in Hz. Mass spectra were recorded 
on a Hitachi-Perkin-Elmer RMU-6E spectrometer using 
an ionization potential of 80 eV. Optical rotations were 
determined on a Perkin-Elmer P22 spectropolarimeter. 

L-Fucose and 2-deoxy-D-ribose were commercially 
obtained from Sigma Chemical Company. 

Methyl a$-L-Fucopyrnnoside 2 
L-Fucose (1, 7.60 g, 46.3 mmol) was dissolved in 

niethanolic hydrochloric acid (0.5 M,  150 ml) and stirred 
under reflux. The course of the reaction was followed by 
tlc (solvent A) which showed the disappearance of 1 (Rf 
0.14) and the appearance of the product (R, 0.21) and 
traces with Rf values of 0.27 and 0.40. After 1.5 h, the 
acid was neutralized with methanolic sodium methoxide 
(2.4 M,  30 ml). The precipitate was filtered and the 
filtrate was evaporated. The solid residue was triturated 
with dry acetone. Filtration and removal of acetone gave 
a white solid (8.82 g) which was used in the following step 
without further purification. 

Methyl 3,4-O-Isopropylidene-a,(3-L-fircopyrmoside 3 
A solution of zinc chloride (8.82 g) and concentrated 

phosphoric acid (0.05 ml) in dry acetone (80 ml) was 
added with stirring to a suspension of crude product 2 
(8.82 g) in dry acetone (80 ml). After a few minutes an 
only slightly turbid solution was obtained. Stirring at 
room temperature was continued for 1.5 h. Then tlc (A) 
indicated complete conversion to a product of Rf 0.56 
with two minor components corresponding with Rf 
values of 0.27 and 0.40. The reaction solution was 
neutralized by stirring in sodium methoxide (7.0 g) and 
was filtered. The filtrate was evaporated. The residue was 
taken up in aqueous ammonia (1 M,  100 ml) and extracted 
with chloroforni (5 x 50 ml). The chloroforni layers were 
washed with water (3 x 40ml), combined, and dried 
over anhydrous magnesium sulphate. Filtration and 
evaporation yielded a viscous liquid (10.0 g) which was 
pure by tlc giving a single spot (Rf 0.56). Spectral data: 
nmr: 6 1.26-1.54 (m, 9H), 3.2 (bs, IH), 3.46 and 3.55 (two 
s, total of 3H), 3.7-4.2 (ni, 4H), 4.73 (d, J = 3.5, lH), 
ms: n7/e 203(M - CH3, 21), 187(M - 0 C H 3 ,  5), 143(5), 
129(16), 101(69), 100(74), 99(71), 87(53), 85(50), 83(35), 
71(74), 59(90), 42(C(CH3),, 100). 
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Methyl 2-0-Benzoyl-3,4-0-isopropylidene-a$-L-fuco- 
pyranoside 4 

Benzoyl chloride (8.39 g, 59.7mmol) was run into a 
stirred and ice cooled solution of 3 (10.0 g, 45.9 mmol) in 
dry pyridine (130 ml) over a period of 1 h. After stirring 
at room temperature for 1 h, the reaction mixture was 
concentrated in uacuo and partitioned between aqueous 
sodium hydroxide (1 M, 70 ml) and chloroform (3 x 100 
ml). The chloroform extracts, after washing with brine 
and drying over anhydrous magnesium sulphate, yielded 
a viscous liquid (14.2 g, 95% from 1). It had no ir absorp- 
tion for 0-H and ran on tlc (B) as two spots with R, 
values of 0.76 and 0.79. Spectral data: nmr: 6 1.36-1.63 
(m, 9H), 3.37 and 3.48 (two s, total of 3H), 3.9-4.6 (m, 
3H), 4.92-5.4 (m, 2H), 7.2-7.7 (m, 3H), 7.95-8.25 (m, 
2H); ms: mle 307(M - CH,, 1 l), 291(M - OCH,, 2), 
205(10), 200(M - C6H5COOH, 17), 185(200 - CH3,7), 
156(8), 147(17), 122(22), ~ ~ ~ ( C ~ H S C O ,  loo), 100(44), 
99(61), 86(35), 85(63), 84(48), 83(72), 77(CsH5, 49). 

The two compounds (4a and 46) corresponding with the 
two tlc spots (R, 0.79 and 0.76) could be separated by 
chromatography through silica gel column eluting with 
PE 15. In contrast to their mass spectra, their nmr spectra 
exhibited significant differences indicating that 4a and 46 
were anomers: 4a (R, 0.79): 6 1.37 (s, 3H), 1.42 (d, J  = 7, 
3H), 1.57 (s, 3H), 3.37 (s, 3H), 4.92-5.28 (m, J l  = 7, 
J2 = 3.5,2H); 46 (Rr 0.76): 6 1.36 (s, 3H), 1.47 (d, J  = 7, 
3H), 1.63 (s, 3H), 3.47 (s, 3H), 5.16 (d, J  = 7, lH), 5.29 
(d, J = 7, 1H). 

Methyl 2-0-Benzoyl-a$-L-fucopyranoside 5 
A solution of 4 (14.2 g) in aqueous acetic acid (50%, 

150 ml) was stirred for 1 h at 70°C. Evaporation and re- 
peated coevaporation with toluene left a white solid 
residue (11.91 g). The product gave two major spots (R, 
0.14 and 0.23) on tlc (C) along with traces of 4 (R, 0.71 
and 0.82). The nmr spectrum indicated the anomeric 
nature of product 5 :  6 1.32 and 1.37 (two d, J  = 6.5, 
total of 3H), 3.36 and 3.47 (two s, total of 3H), 3.63-4.52 
(rn, 3H), 5.05, 5.28, and 5.45 (three d, J  = 4, 2H), 7.18- 
7.68 (m, 3H), and 8.00-8.18 (m, 2H). 

Methyl 2-0-Benzoyl-3,4-di-0-(methylsulfonyl) -a$-L- 
fucopyranoside 6 

A solution of crude product 5 (1 1.91 g) in dry pyridine 
(125 ml) was cooled in ice and rnethanesulphonyl chloride 
(11.91 g) was slowly added. The reaction mixture was 
stirred at room temperature overnight. After evaporation 
aqueous sodium hydroxide (1 M, 50 ml) was added to 
the residue. Extraction with petroleum (bp 30-6O0C, 
2 x 70 rnl) removed the small amount of 4 carried over 
by the preceding reaction as well as traces of other by- 
products. Chloroform (4 x 70 rnl) extracted a viscous 
brown liquid which was decolorized by treatment with 
charcoal. The product (19.2 g) had the same mobility on 
tlc (C) as the starting material 5 but showed no 0-H 
absorption in the ir. The nrnr spectrum indicated a mix- 
ture of two anorners in equal amounts. This was con- 
firmed by comparison of the spectra obtained for com- 
pounds 6a and 66 which had been derived separately 
from 4a and 46: 6a: 6 1.38 (d, J  = 6.5, 3H), 3.02 (s, 3H), 
3.21 (s, 3H), 3.40 (s, 3H), 4.18 (m, J =  6.5, lH), 5.12 
(m, 2H), 5.37 (rn, 2H), 7.40-7.65 and 8.00-8.26 (two m, 
total of 5H); 66: 6 1.43 (d, J  = 6.5, 3H), 2.98 (s, 3H), 
3.23 (s, 3H), 3.50 (s, 3H), 4.62 (d, J = 7, lH), 5.13 and 

5.35 (two m, total of 4H), 7.40-7.65 and 8.00-8.26 (two 
m, total of 5H); ms: mle 315 (M - CsHSCO, H20; 3), 
299(M - C6H5CO0, H 2 0 ,  I), 283(1), 238(1), 226(6), 
199(15), 122(CsH5COOH, 32), 105(CsHsCO, loo), 
77(C&5, 69). 

Methyl 2-0-Benzoyl-3,4,6-trideoxy-a$-L-erythro-hex-3- 
enopyranoside 7 

Product 6 (19.0 g, 43.4 mmol) in D M F  (150 ml) was 
added to a hot solution of sodium iodide (90 g) in D M F  
(450 ml). Zinc powder (35 g) was added and the mixture 
was refluxed for 1 h. Removal of the solvent was followed 
by addition of water (200 rnl) and extraction with chloro- 
form (4 x 200 ml). The chloroform layers were washed 
with aqueous sodium thiosulphate (ca. 2 M, 200 ml) and 
brine (200 ml) and evaporated to yield a brown liquid 
(11.0 g). It was shown by tlc (D) to consist of several 
components corresponding with R, values of 0.63, 0.52, 
0.23, 0.12, and 0.02. The main component with R, 0.63 
(5.58 g, 22.5 rnmol, 52%) was eluted from a silica gel 
column with PE 10. Its anomeric nature was again evident 
from its nmr spectrum: 6 1.28 and 1.33 (two d, J  = 7, 
total of 3H), 3.47 and 3.52 (two s, total of 3H), 4.38 (m, 
J =  7, lH), 4.72 (d, J =  5) and 5.18 (d, J =  3.5) (both 
4.72 and 5.18 corresponding with I H  in total), 5.50 (m, 
lH), 5.82 (rn, 2H), 7.32-7.62 and 7.98-8.22 (two rn, total 
of 5H); ms: mle 248(M, I), 217(M - 0CH3,  7), 188(M - 
CHOOCH,, 47), 143(8), 127(7), 105(C6H5CO, loo), 
77(C6H5, 71). 

Methyl 2-0-Benzoyl-3,4,6-trideoxy-a$-L-erythrohexo- 
pyranoside 8 

A Parr hydrogenator was used to hydrogenate 7 
(5.51 g, 22.2 rnrnol) dissolved in methanol (75 ml) with 
Pd (10% on charcoal, 0.30 g) as a catalyst. An atmosphere 
of hydrogen (ca. 70 psi) was maintained at room ternper- 
ature for 12 h. Filtration and evaporation left the product 
(5.39 g, 21.6 rnrnol, 97%) which on tlc (D) gave two 
spots with R, values of 0.62 and 0.71 apparently being 
an anorneric mixture. Spectral data: nmr: 6 1.18 and 
1.28 (two d, J  = 7, total of 3H), 1.43-2.32 (4H), 3.43 and 
3.50 (two s, total of 3H), 3.58-4.10 (m, lH), 4.45 and 5.12 
(two m, total of lH), 7.17-7.55 and 7.60-8.30 (two m, 
total of 5H); ms: mle 249(M - H, I), 219(M - 0CH3,  
18), 190(M - CHOOCH,, 20), 165(20), 162(22), 148(10), 
134(14), 128(M - CsH5COOH, 48), 105(C6H5C0, loo), 
77(C6H5, 68). 

Methyl 3,4,6-Trideoxy-a,P-L-erythrohexopyranoside 9 
A solution of 8 (5.33 g, 21.3 rnrnol) in methanolic 

potassium hydroxide (0.5 M, 150 ml) was refluxed for 1 h. 
The solution was cooled and neutralized with rnethanolic 
hydrogen chloride (ca. 1 M). Filtration and evaporation 
left a residue which was taken up in water (100ml). 
Extraction with chloroform (5 x 100 ml) yielded a crude 
product (3.78 g) which contained some methyl benzoate 
as indicated by its smell. Methyl benzoate was eluted 
from a silica gel column by PE 2, whereas PE 10 was 
used to elute product 9 (2.14 g, 14.7 rnrnol, 69%). The 
product 9, an anomeric mixture, appeared on tlc (D) as a 
double spot with R, values of 0.09 and 0.16. The ir spec- 
trum had a strong &H peak but no carbonyl absorption 
as had the ester 8. Spectral data: nmr: 6 1.13 and 1.21 
(two d, J  = 6, total of 3H), 1.35-1.92 (rn, 4H), 2.69 (bs, 
lH), 3.42 and 3.51 (twos, total of 3H), 3.60-3.99 (rn, lH),  
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4.07 (d, J = 7) and 4.61 (d, J = 3.5) (both 4.07 and 4.61 
corresponding with a total of 1H); ms: mle 146(M, 2), 
144(3), 115(M - OCH,, 27), 104(M - C3H6, 80), 97(6), 
75(41), 61(CHOHOCH,, loo), 57(41), 44(CH,CHO, 78). 

2,3,5-Trideoxy-4-0-formyl-L-glyceropentoe 11 
A mixture of 9 (2.10 g, 14.4 mmol), distilled water 

(50 ml), and Dowex 50[Ht] (prepared from 10 g of resin) 
was stirred and heated to 60°C. After 3 h, tlc (C) showed 
the conversion of 9 (Rf 0.34) to product 10 (Rf 0.10) to be 
complete. The resin was filtered off and washed with 
distilled water (50 ml). This washing solution was used 
to dissolve sodium periodate (3.39 g j  15.8 mmol) for the 
subsequent oxidation. The solution containing the hydro- 
lysis product 10 was cooled to 0°C and mixed with the 
ice cooled solution of sodium periodate. The oxidation 
appeared to  be complete after 10 min as indicated by a 
single spot (Rf 0.44) on tlc (C). In order to  remove the 
excess sodium periodate, the reaction mixture was run 
through an anion exchange column (25 ml) of Dowex 1 
X-4[C1-] which was then washed with distilled water 
(50 ml). The aqueous solution was extracted with chloro- 
form (5 x 701111). The combined chloroform extracts 
were dked over anhydrous magnesium sulphate, filtered, 
and evaporated at  atmospheric pressure. The liquid 
product (1.46 g) had a smell reminiscent of an aldehyde. 
As indicated by its nmr spectrum it consisted of compound 
11 (1.32g, 10.2 mmol, 71%) and a small amount of 
chloroform (0.14 g). For the use in the subsequent 
Wittig reaction, the contaminating chloroform was 
removed by repeated coevaporation with THF. Spectral 
data: nmr: 6 1.30 (d, J =  6.5, 3H), 1.72-2.15 (m, 2H), 
2.38-2.73 (m, J1 = 6, J2 = 1.5, 2H), 5.09 (sextet, J = 6, 
lH),  8.05 (s, lH), 9.80 (t, J = 1.5, 1H); ms: mle 129(M - 
H, I), 101(M - CHO, 7), 84(M - CHOOH, 56), 72(37), 
71(36), 69(36), 67(13), 56(ChH,, loo), 45(CHOZ, 78), 
29(CHO, 69) ; ir : 1720 cm- ' (s) and 1185 cm- ' (vs). 

(S) - (+ ) -6-Methylhept-5-en-2-01 [(S) -( + ) -Sulcatol, 121 
Care was taken to  exclude moisture and to maintain an 

atmosphere of dry nitrogen throughout the following 
Wittig reaction. T o  a suspension of isopropyltriphenyl- 
phosphonium iodide ((18) 15.1 g, 35 mmol) in dry T H F  
(60 ml) was slowly added a solution of n-butyllithium in 
hexane (2.1 M, 16.7 ml, 35 mmol). The resulting red- 
brown solution of the ylide was stirred at  room tempera- 
ture for 0.5 h and then cooled in an  ice bath. A solution 
of 11 (1.30 g, 10 mmol) in dry T H F  (7.5 ml) was slowly 
added with stirring. After 1 h, the excess ylide was 
quenched by addition of ice (60g). The product was 
extracted with petroleum (bp 3CL60°C, 3 x 100 ml). The 
extracts were washed with water (50 ml), combined and 
dried over anhydrous sodium sulphate. Filtration and 
evaporation gave a crude product (5.5 g) which tlc (D) 
showed to conslst of several components with Rf values 
of 0.04, 0.23, 0.34, 0.39, 0.69, 0.76, and 0.82. The tlc 
spot of racemic sulcatol coincided with the component 
with Rf 0.34. The product was purified by eluting from 
a silica gel column. PE 2.5 and PE 5 were used to  elute 
the components with Rf values larger than 0.34. (S)-Sul- 
cat01 (1.09 g), eluted with PE 10, was subjected to vacuum 
distillation (29 Torr, bath temperature 12CL130°C) to 
give a clear, colorless liquid (0.73 g, 5.7 mmol, 57%); 
[a]D3' +13.20°, [aIDzo +13.96" (c 4.56, EtOH); nmr; 
6 1.19 (d, J = 6.5, 3H), 1.35-1.75 (m, J = 7, 2H), 1.65 

(s, 3H), 1.72 (d, J = 1.3, 3H), 2.09 (q, J = 7, 2H), 2.53 
(bs, lH), 3.80 (sextet, J = 6 . 5 ,  lH), 5.17 (m, J , = 7 ,  
J2 = 1.3, 1H); ms: mle 128(M, 14), 113(M - CH,, 4), 
llO(M - H20, 29), 95(110 - CH,, loo), 85(27), 
83(M - CH,CHOH, lo), 81(12), 71(26), 69(CH,CH= 
C(CH,)z, 581, 67(30), 55(CH=C(CH,)2, 36), 43(33), 
42(C(CH3),, 36). Gas-liquid chromatography (column: 
5% Carbowax 20 M on Chromosorb G70/80, 12 ft x 4 
in; 150°C; carrier gas, He 40 mllmin): Rt  5.7 min, 99%; 
impurity Rt 2.3 min, 1%. Anal. calcd. for C8H160: 
C 74.94, H 12.58; found: C 74.78, H 12.63. 

Methyl 2-Deoxy-a$-D-ribofuranoside 14 
A solution of 2-deoxy-D-ribose (13, 11.6 g, 87.6 mmol) 

in methanolic hydrogen chloride (0.01 M, 250 ml) was 
stirred at  room temperature. Monitoring by tlc (E) 
showed the conversion of 13  (Rf 0.26) to  a single product 
with Rf 0.40 to be complete after 0.5 h. This solution was 
neutralized by addition of methanolic sodium methoxide 
(0.5 M). Evaporation gave a syrup which was taken up in 
dry acetone. A white precipitate formed and was filtered 
off. The filtrate was evaporated and coevaporated (2 x ) 
with drv ~vr idine  to give 14 (12.5 g). - A -  - . -, 

Methyl 2-Deoxy-3,5-di-0-(methylsu[fonyl)-a$-D-ribo- 
furanoside 15a 

Product 14 (12.5 g) was dissolved in dry pyridine (150 
ml) and cooled in an ice bath. A solution of methane- 
sulfonyl chloride (24.0 g, 210 mmol, ca. 25% excess) in 
dry pyridine (50 ml) was slowly added. The reaction 
mixture was stirred at room temperature for 15 h. The 
salt formed was filtered off and washed with pyridine 
(50 ml). The filtrate and washing solution were combined 
and evaporated. After addition of aqueous sodium hy- 
droxide (1 M, 100 ml), the product was extracted with 
chloroform (4 x 100 ml). The chloroform layers were 
washed with water (2 x 50 ml), combined, and decolor- 
ized with charcoal. Removal of chloroform gave product 
15a (24.6 g, 80.9 mmol, 92% from 13) which on tlc (B) 
ran as a double spot with Rf values of 0.17 and 0.19. 
There was no 0-H absorption in the ir spectrum but 
two strong peaks at  1350 and 1180 cm-'. Spectral data: 
nmr: 6 2.23-2.55 (m, 2H), 3.10 (s, 6H), 3.37 and 3.39 (two 
s, total of 3H), 4.334.48 (m, 3H), 5.07-5.28 (m, 2H); 
ms: mle 304(M, I), 273(M - OCH,, 2), 209(M - 
0S02CH3,  7), 195(M - CH20S0,CH3, 34), 149(15), 
117(13), 113(1 I), 111(13), 109(11), 99(100), 87(70), 81(83), 
79(98), 71(43), 59(57), 52(55). 

Methyl 2,3,5-Trideoxy-3,5-diiodo-a,W-glyceropento- 
furanoside 16 

Compound 15a (24.3 g, 80 mmol) in D M F  (40 ml) 
was added to  a solution of sodium iodide (75 g) in D M F  
(300 ml). The reaction mixture was kept stirred and 
heated to 70°C. Higher temperatures caused the gradual 
decomposition of the starting material and of the products 
formed. Frequent checking by tlc revealed that all 
starting material had reacted within the first 5 h. The 
product appeared on tlc (B) as a double spot with Rf 
values of 0.48 and 0.53. I t  was accompanied by a com- 
ponent (R, 0.80) whose concentration increased up to  the 
fifth day when the reaction mixture started to turn dark 
brown. At this point the solvent was removed and water 
(300 ml) was added. The product was extracted with 
petroleum (bp 3CL6OoC) followed by chloroform (3 x 
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200 ml). The organic layers were washed with aqueous 
sodium thiosulphate (5z ,  2 x 100 ml) and brine (50 ml). 
The combined chloroform extracts yielded a crude pro- 
duct (14.0 g) which consisted mainly of the component B 
with R, values 0.48 and 0.53 and of small amounts of 
more polar by-products. The petroleum extracts (13.1 g) 
contained the component A (R, 0.80) as well as compon- 
ent B. These were separated by percolation through a 
column of silica gel (200 g). PE 15 eluted the component A 
(6.0 g) being the pure diiodide 16. Component B (6.4 g, 
methyl 5-deoxy-5-iodo-3-O-(methylsulfonyl)-a,(3-~-ribo- 
furanoside) was eluted with PE 50. It was combined with 
the chloroform extract for further reaction with sodium 
iodide which was carried out and worked-up as described 
above giving another 5.8 g of diiodide. A second repeti- 
tion of the reaction and extraction cycle made a further 
contribution (3.4 g) to the total of 15.2 g of 16 (41.0 mmol, 
51z).  Attempts to  improve this yield by further recycling 
failed as charring occurred. 

Component A, i.e. 16, had the following spectral 
features: nmr: 6 2.23-2.68 (m, 2H), 3.23-3.57 (m, 2H), 
3.40 (s, 3H), 3.75-3.95 (m, IH), 4.034.38 (m, IH), 
4.95-5.18 (m, 1H); ms: m/e 368(M, 15), 337(M - OCH,, 
6), 241(M - I, 7), 227(M - CHzI, 89), 209(241 - 
CH,OH, 13), 181(100), 128(15), 127(13), 114(1 I), 113(9), 
100(94), 71(51), 59(66). 

Component B, nmr: 6 2.21-2.60 (m, 2H), 3.10 (s, 3H), 
3.27-3.48 (m, 2H), 3.40 (s, 3H), 4.00-4.60 (m, IH), 
5.05-5.17 (m, 2H); ms: tn/e 336(M, 5), 305(M - OCH,, 
2), 240(M - HOSO2CH3, 18), 227(6), 209(M - I, 72), 
195(M - CHZI, 16), 181(15), 179(31), 166(84), 149(39), 
139(8), 128(3), 127(5), 113(62), 99(71), 87(100), 82(50), 
81(34), 79(56), 71(57), 59(82). 

Methyl 2,3,5-Trideoxy-a,(3-o-glycer.opentofur0noside 17 
The catalytic hydrogenation of 16 to  17 was carried out 

in a Parr hydrogenator. A mixture of 16 (14.9 g, 40.5 
mmol) and Raney Nickel (W-7) (freshly prepared from 
10 g NiAl alloy) in methanolic potassium hydroxide 
(1.0 M, 85 ml) was vigorously shaken at room tempera- 
ture in a hydrogen atmosphere of 70 psi. After 14 h, the 
mixture was filtered. Most of the solvent was removed by 
slow distillation through a Vigreaux column (12 cm) at  
atmospheric pressure. The residue was then partitioned 
between water (25 mi) and petroleum (bp 30-6O0C, 
4 x 50 ml). Evaporation of the petroleum left product 17 
(3.16 g, 27.2 mmol, 67z )  which ran on tlc (D) as a single 
spot R, 0.52). Spectral data: nmr: 6 1.23 and 1.31 (two 
d, J = 6, total of 3H), 1.67-2.20 (m, 4H), 3.33 (s, 3H), 
2.52 (sextet, J = 6, lH), 2.93-3.09 (m, IH). 

2,3,5-Trideoxy-a,(3-o-glyceropentofumnose 18 
A mixture of product 17 (3.10 g, 26.7 mmol), water 

(40 ml), and Dowex 50[H+] (from 15 g resin) was stirred 
at  50°C. The hydrolysis was monitored by tlc (D) which 
after 1 h showed complete conversion of 17 to a product 
consisting of a major component with R, 0.11 and small 
amounts of by-products (R, 0.15 and 0.18). The resin 
was then filtered off and the filtrate extracted with ether 
(G x 75 ml). The ether extracts yielded the crude product 
18 (1.40 g). Earlier attempts to purify product 18 by 
column chromatography had proved unsuccessful due to 
its instability. The crude product 18 was therefore em- 
ployed in the subsequent Wittig reaction. 

(R)-(-)-6-MethyIhept-5-en-2-01, (R)-(-) -Sulcatol, 19 
Isopropyltriphenylphosphonium iodide (17.8 g, 41.1 

mmol) was suspended in dry T H F  (80 ml) and reacted 
with n-butyllithium in hexane (2.1 M, 19.6 ml, 41.1 mmol). 
After stirring for 0.5 h, the red-brown ylide solution was 
cooled in an ice bath. Crude compound 18 (1.4 g) in T H F  
(5 ml) was slowly added. After 1.5 h, the excess ylide was 
destroyed by addition of ice (100 g). Extraction with 
petroleum (bp 30-6O0C, 6 x 100 ml) yielded a crude 
product consisting of several components (R, 0.10, 0.34, 
0.43, 0.53, 0.68, 0.75, and 0.81) as indicated by tlc (D). 
The product was purified by column chromatography 
(silica gel). The components with R, values larger than 
0.34 were eluted with PE 1, 2.5, and 4.0, whereas PE 7.5 
was used to elute (R)-sulcatol (0.71 g, R, 0.34). Vacuum 
distillation (29 Torr, bath temperature 130°C) gave color- 
less clear (R)-sulcatol(0.524 g, 4.1 mmol, 15.4z) from 17. 
[aID2O - 13.89", [a]D32 - 13.24" (c 4.76, EtOH). Gas- 
liquid chromatography (for operating conditions see 
preparation of (S)-sulcatol 12) Rt 5.7 min, impurity less 
than l z ,  Rt 9.2 min. The nmr, ms, and ir data were 
essentially the same as for (S)-sulcatol. Anal. calcd. for 
C8H160: C 74.94, H 12.58; found: C 74.97, H 12.48. 

(R) -(+ ) -a-Methoxy-a-tri~omethylphenylaceta of 
Sulcatol (S)-Sulcatol-(R)-MTPA Ester 20a 

(S)-Sulcatol 12, (32 mg, 0.25 mmol) dissolved in carbon 
tetrachloride (0.7 mi) was added to  a solution of (R)- 
MTPA chloride (15) (65.6 mg, 0.26 mmol) in dry pyridine 
(0.7 ml). The mixture was stirred for 12 h, added to dilute 
aqueous hydrochloric acid (0.5 M, 10 ml) and extracted 
with chloroform (3 x 10 ml). The chloroform extracts 
were washed with saturated aqueous sodium bicarbonate 
foll5wed by water. The product obtained after drying and 
removal of the solvent was purified by preparative tlc 
(PE 40) to  give 200 (81.7 mg, 0.24 mmol, 96z) .  Spectral 
data: nmr: 6 1.35 (d, J = 6, 3H), 1.54(s, 3H), 1.68 (s, 3H), 
1.54-2.21 (m, 4H), 3.58 (t, J = 1, 3H), 4.86-5.37 (m, 
2H), 7.21-7.73 (m, 5H); ms: m/e 262(M - CsHl0, 1 I), 
232(M - C8H16, 18), 189(CsH8F30, loo), 139(22), 
127(C~H150, 23), 119(32), l lO(CsH14, 49), 105(41), 
95(C7Hi 1, 371, 69(CsHs. 39). 

(R) -Sulcatol-(R) -MTPA Ester 206 
The conversion of (R)-sulcatol 19 to  the (R, R)-MTPA 

ester 206 was carried out in the same way. The mass 
spectrum of 206 did not differ significantly from that of 
20a. However, distinction of the two diastereomeric esters 
was possible on the basis of their nmr spectra. The nmr 
spectrum of 206 contains the following features: 6 1.25 
(d, J = 6.5, 3H), 1.58 (s, 3H), 1.69 (s, 3H), 1.58-2.33 (m, 
4H), 3.57 (t, J = 1, 3H), 4.85-5.37 (m, 2H), 7.22-7.75 
(m, 5H). 

No sign of cross contamination could be detected in the 
nmr spectrum of either diastereoisomer. 
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Radiation chemistry of acetylene at high intensity: the initial product distributions1 
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C. WILLIS, R. A. BACK, and R. H. MORRIS. Can. J. Chem. 55,3288 (1977). 
The distribution of products observed in the radiation chemistry of acetylene at  high dose 

rate is dramatically different from that observed at  low dose rate. The dominant products 
observed at high dose rate are vinyl acetylene and diacetylene with C3 to  Cg compounds having 
smaller but significant yields. At low dose rate benzene and cuprene are the exclusive products. 
The difference in product distribution is attributed to the suppression of secondary attack on 
products at  high dose rate so that the observed distribution approximates more closely the 
'zero dose' or 'initial' distribution. 

C. WILLIS, R. A. BACK et R. H. MORRIS. Can. J. Chem. 55,3288 (1977). 
La repartition des produits observes dans la chimie du rayonnement de IYacc5tylene grande 

intensite est tres differente de celle observee a faible intensite. Les principaux produits observes a 
grande intensite sont le buttne-3 yne-1 et le butadiyne-1,3, des composCs en C3 jusqu'a C9 ayant 
des rendements plus faibles mais importants. A faible intensite, les seuls produits formis sont le 
benzene et le cuprene. La difference dans la repartition des produits est attribuee B I'absence, 
a grande intensite, d'une attaque secondaire sur les produits form&. I1 en rksulte que la rkparti- 
tion observee est plus proche de la repartition de "I'intensitC zero" ou "initiale". 

[Traduit par le journal] 

Introduction 
The radiation-induced polymerization of acet- 

ylene has been a subject of study almost since it 
was first recognized that ionizing radiation could 
induce chemical change (1). Several groups have 
shown that at conventional low dose rate, about 
1016 eV g-' s-', two major products are formed, 
benzene and an acetylenic polymer loosely called 
cuprene, with a yield of disappearance of 
acetylene, G(-C2H,), of between 50 and 100 
molecules per 100 eV of energy absorbed (2). 
Trace amounts of vinyl acetylene, diacetylene, 
and butadiene, have been observed but with very 
small yields (3,4). 

It has been difficult to suggest a reasonable 
mechanism for the radiation chemistry of 
acetylene and indeed it is uncertain whether the 
predominant processes are ionic, involve free 
radicals, or are more comparable to those 
occurring in the thermal pyrolysis where it is 
thought that polymerization takes place via a 
triplet biradical species (5). 

We decided to investigate the radiation 
chemistry of acetylene at very high dose rates in 
an attempt to map out the general features of 

'NRCC No. 161 15. 
'NRCC Summer Student 1975. Present address: 

Chemistry Department, University of British Columbia, 
Vancouver, B.C. 

the system. The high dose rate should reduce 
the length of both ionic and free radical chains, 
which have bimolecular termination steps, but 
should have a lesser effect on biradical chains, 
which have ~redominantlv unimolecular ter- 
mination steps. Furthermore, the short lifetime 
of ions and free radicals at high dose rates 
should also tend to reduce consumption of 
primary products by secondary attack by these 
species. 

Experimental 
The source of radiation was a Febetron 706. This gives 

short (- 3 ns) pulses of approximately 600 keV electrons 
at  high currents (- 10 000 A) which correspond to a dose 
rate of the order of loz8 eV g-' s-'. Samples were irra- 
diated in a cylindrical aluminum cell, 5 cm long and 4 cm 
in diameter. The front face of the cell had a 2.5 cm 
diameter electron window which had been machined 
down to a thickness of approximately 0.025 cm. The dose 
per pulse averaged over the cell volume was about 0.1 
Mrad which was determined by irradiating COz in the 
cell and assuming G(C0) = 7.8 (6). The cell was also 
fitted with a thermal syphon so that the gas could be 
circulated through a U-trap. In some experiments this 
trap was held at  dry-ice temperature to  maintain a low 
partial pressure of the higher molecular weight products. 
N o  differences were noted in the product distribution 
between experiments with the low temperature trap and 
experiments where the trap was at  room temperature. 

Products were analyzed by gas chromatography with 
flame ionization detection. The irradiated sample was 
condensed in the U-trap in the thermal syphon which was 
then used as part of the injection system of the gas 
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c h r o m a t o ~ r a ~ h .  Because of the larere number of ~ e a k s  scatter. A similar behaviour was observed for - .  
observed a mass spectrometer was-interfaced with the C, products where again the yields appear 
chromatograph so that part of the exit flow was injected to be independent of irradiation dose over the directly into the mass spectrometer. Peaks were identified 
from standard tables of mass spectra. Two different range pulses. 
column packings were used. poropak Q, programmed 
between 80 and 160°C, was used for C3-C, species and 
Durapak OPN/Poracil C, programmed between 30 and 
120"C, was used to separate C,-C, species. Stainless steel 
column tubing was used to avoid the possibility that 
copper tubing mlght distort the observations by acetylenic 
reactions. 

Acetylene (Matheson, C.P. Grade) was passed through 
a trap at dry-ice temperature followed by a U-tube, 
packed with activated charcoal and also held at dry-ice 
temperature. These remove all traces of acetone con- 
tamination. The final purification stage involved several 
bulb-to-bulb distillations using alternately liquid nitrogen 
and dry-ice temperatures (3). 

Results 
Yield of Disappearance of Acetylene, G ( -  C,H,) 

We attempted to measure the yield for dis- 
appearance of acetylene by the change in pres- 

I sure. The aluminum cell was connected directly 
I to a high precision quartz spiral gauge (Texas 
I 

i Instruments) and the average temperature of the 
1 cell was monitored by an array of 10 iron- 
I constantin thermocouples taped to the cell body. 
I This should have allowed measurement of 

pressure differences of about 20 pm. Unfor- 
tunately pressure changes were dominated by 
small geometry changes associated with flexing 
of the thin electron window of the cell and this 
allowed only measurement of an upper limit of 
G(- C,H,) < 50 for the disappearance of 
acetylene. 

Products Observed 
Table 1 gives a summary of the gas chromato- 

graph peaks and their probable assignments as 
determined by mass spectrometry. Although 
compounds having up to six carbon atoms were 
assigned with reasonable certainty, above this it 
became increasingly difficult to determine more 
than a carbon count. The yields given in Table 1 
are taken relative to benzene on the basis of 
peak areas assuming that relative sensitivities 
depend only on the number of carbon atoms 
in the species. 

Effect of Pressure and Dose 
The yields of benzene obtained for different 

acetylene pressures and for different numbers of 
irradiation pulses are given in Table 2. There is 
no apparent dependence on either pressure or 
dose within the rather large experimental 

Yield of Polymer 
Only qualitative observations on polymer 

formation were made. In a series of experiments 
acetylene was irradiated in glass cells of a similar 
size and shape to the aluminum cell and a He-Ne 
laser beam was shone through the cell. About 
2 s after a single irradiation pulse scintillations 
were observed, and the beam became clearly 
visible. Despite this evidence for light-scattering 
particles, we did not observe settling out of a 
cuprene-like polymer even after more than a 
hundred pulses. In fact, only a slight blooming 
of the glass thermal syphon trap on the alu- 
minum cell was noted after more than a 
thousand pulses had been used to irradiate 
different samples of acetylene at atmospheric 
pressure. This is in direct contrast to the low 
dose rate behaviour where cuprene is seen to 
settle out after a dose of a few megarads. 

Discussion 
In an earlier paper (7) a four stage mechanism 

for the low dose rate radiation chemistry of 
acetylene was presented. This was: (i) A primary 
polymerization of acetylene to form polyun- 
saturated hydrocarbons with molecular weights 
in the C, to C,, range. (ii) A secondary poly- 
merization of the polyenes initially formed. (iii) 
A physical condensation of the polyenes formed 
by primary and secondary polymerization. (iv) 
Rapid and extensive polymerization and cross- 
linking in the liquid polyene droplets, induced by 
radiation and leading to the final intractable 
cuprene product. 

The present results lend some support to this 
mechanism. The observation that the yield per 
pulse was independent of the number of pulses 
for all of the products examined implies that no 
secondary reactions of these products were 
occurring. Thus the second stage of the mechan- 
ism is suppressed and we are seeing the products 
from the first stage alone, the primary polymeri- 
zation. This is to be expected at high dose rate 
since the lifetimes of ions, atoms, and radicals 
will be greatly reduced because of their high 
concentrations and consequent fast second order 
combination reactions. The average ion lifetime 
in the present experiments is estimated to be of 
the order of 3 x lo-' s which will limit even the 
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TABLE 1. Yields of observed products in acetylene radiolysis 

Yield as Total 
Carbon Probable Relative Yield acetylene for 
number Formula structure yield (G-units) loss group 

5.63 1.75 
2.81 0.87 
trace - 

5.24 
- 

trace - - 

0.05 0.02 0.08) 

0.04 0.01 0.05 
0.03 0.01 0.05\  O.1° 

Total 4.43 - 10.88 

primary polymerization of the acetylene sub- 
strate to only a few steps. Product concentrations 
were always much less than 1% of that of 
acetylene so that secondary ionic polymerization 
of products, stage 2 in the low intensity mechan- 
ism, was quite negligible. At typical gamma ray 
dose rates, on the other hand, ion lifetimes 
would be 10-100 ms and the kinetic chain length 
in both primary and secondary polymerization 
would be much longer. 

Very similar arguments apply to free-radical 
polymerization reactions which are also prob- 
ably operative in acetylene radiolysis. A poly- 
merization propagated by biradicals, however, 
might still be efficient at high dose rate if 
termination were first order (e.g. by ring closure, 
isomerization to a stable molecule, or by internal 
conversion of a triplet state) rather than second 
order. Biradical polymerization reactions initi- 
ated by the triplet state have been postulated in 
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TABLE 2. Yield of benzene as a function products. Both the product distribution and the 
of pressure and dose G-value of about 4.4 for the total of all the 

volatile products observed demonstrate the 
Acetylene absence of long chain reactions. 
pressure Number of 
(Torr) pulses G(benzene) It is difficult to account quantitatively for the 

products observed although some generaliza- 
72 15 0.15 tions can be offered. Table 3 shows the main 
80 30 0.48 ion-molecule sequences which will occur follow- 

260 15 0.44 
502 25 0.31 ing the initial generation of primary species. The 
545 5 0.28 yields are derived from the W-value of 24 eV per 

Average yield = 0.31 + 0.10 

the pyrolysis of acetylene (5) and are not unlikely 
in the radiolysis, but the independence of the 
product yields on dose indicates again that 
reaction with products was negligible. It is 
possible that triplet-triplet annihilation becomes 
an important loss process which reduces the 
biradical lifetime at high intensity. 

In low intensity radiolysis of acetylene benzene 
was the only volatile product of any importance. 
This was confirmed in the present work by a few 
experiments in which acetylene was irradiated 
with gamma rays, which showed that even at the 
lowest conversions, only negligible traces of 
other products were detectable with the same 
analytical techniques used in the Febetron 
experiments. It was suggested previously that 
benzene was the only volatile product not 
because it was the only one formed but because 
it is relatively unreactive towards secondary 
polymerization. The present results support this 
suggestion as it seems probable that many of the 
volatile polyunsaturated products observed in 
the present study were also transient inter- 
mediates in the low intensity radiolysis. It should 
be noted, however, that the distribution of the 
primary products was probably quite different 
in the two systems, as the primary polymeriza- 
tion may have been much attenuated at high 
intensity as noted earlier. 

The average yield of benzene, G(benzene) = 
0.31 f 0.10, is very much smaller than the value 
of 5 + 1 observed at low dose rate, perhaps 
reflecting the reduced extent of primary poly- 
merization. Many reaction sequences were 
apparently limited to a single step, yielding C ,  
products, which at low dose rate might have 
proceeded further to yield benzene or higher 

ion pair (8) and mass spectral abundances (9). 
The various reaction sequences were identified 
by Derwish et al. (9) using high pressure mass 
spectrometry. Although the rates of the first 
stage reactions are reasonably well known, with 
values of the order of 3 x lo-'' cm3 mole- 
cule- '~- ' ,  the rates of subsequent stages are 
much less certain although it is apparent that the 
reaction rates decrease as polymerization pro- 
ceeds. For ion lifetimes with respect to charge 
neutralization of approximately 3 x lo-* s it 
seems very doubtful that any primary ions or 
those produced in the first stage took part in 
neutralization which probably involved ions of 
C ,  and higher carbon numbers. What is clear 
from the suggested reaction sequence is that the 
ions all tend to be less hydrogenated than the 
substrate, an effect which will be enhanced since 
neutralization will tend to decrease rather than 
increase the hydrogen content. The yields of 
species predicted from the data given in Table 3 
are very much larger than were observed and 
either our yield measurements are very wrong or 
the majority of products formed by ion-molecule 
sequences are not being detected. 

Similar problems are encountered with a 
quantitative accounting for products from 
neutral processes. The ion-molecule sequence 
given in Table 3 will generate a yield of H-atoms 
in excess of 6 G-units and presumably more are 
formed by dissociative excitation processes, 

A series of workers have investigated the 
reactions of H-atoms with acetylene and suggest 
that the main ultimate products are benzene and 
polymer (see, for example, ref. 10). Quantitative 
rate data are not available, but simple arguments 
suggest that yields of these products are much 
lower than expected from the estimated yield of 
H-atoms. Again, if chain reactions are involved, 
they may be minimized at the high dose rates 
employed, accounting for the low yields. 
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TABLE 3. Main ion-molecule sequences in acetylene radiolysis 

Yield Primary event First stage reaction* Second stage Third stage 

*Yields are given in parentheses. 

The production of vinyl acetylene and diacety- 
lene can most easily be attributed to reactions 
of excited states, 

CZHZ* + CZHz -) C4H4 and C4H2 + HZ 

but it is difficult to assess the possible con- 
tribution from other sources. Reaction of 
triplet C,Hz* formed by cadmium photo- 
sensitization (1 1) yielded only benzene and vinyl 
acetylene. The mercury-photosensitized decom- 
position, which can form both free radicals 
and the triplet state (12) gave benzene, vinyl 
acetylene, Hz, CzH4, diacetylene, cyclooctate- 
trene, and polymer (13). Direct photolysis (14, 
15) which would proceed through the singlet 
C2HzX and probably free radicals gave relatively 
large amounts of diacetylene. It is clear that a 
variety of concurrent processes could be and 
probably are operating in the high-intensity 
radiolysis and there is no difficulty in writing 
plausible sequences of addition, combination, 
and abstraction reactions of free radicals and 
excited molecules leading to the products 
observed. 

There is about a 20% deficit of hydrogen in 
the observed products which probably lies 
beyond the errors in analysis. Low limits can be 
put on the yields of Hz and CH, as the irradiated 
samples were totally condensible in liquid 
nitrogen and ethane and ethylene were not 
detected by gas chromatography. One possible 
explanation of the hydrogen deficit is the dehy- 
drogenation of some unstable polyunsaturated 
compounds in the heated inlet of the gas 
chromatograph, a process previously observed 
with vinyl acetylene, and it must be recognized 

that some of the highly unsaturated compounds 
reported (e.g. C,Hz, C4H2) may not be entirely 
true primary products of the radiolysis. How- 
ever, it is also possible that hydrogen-rich higher 
hydrocarbons, undetected by our analysis, could 
account for the deficit. 

Finally, despite our conclusions that at high 
dose rate secondary polymerization is virtually 
eliminated and primary polymerization much 
attenuated, physical condensation, probably of 
liquid droplets, was observed within a couple of 
seconds after a single pulse of radiation. These 
droplets persisted for several hours, suspended 
in the gas, only detectable by their scattering 
.of a laser beam. We have not been successful in 
further characterizing this high molecular weight 
fraction. It probably accounts for the product 
deficit noted in conjunction with the ion- 
molecule chemistry and with the H-atom 
chemistry. It can be shown on the basis of 
simple vapor pressure arguments that the 
molecular weight of these condensing species 
must be above CIz,  and they were not observed 
by our analytical procedure. 
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The crystal structure of bis(diethylamino)dithiaboretane, a compound with a 
four-membered alternating boron-sulfur ring 
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G. W. BUSHNELL and G. A. RIVETT. Can. J. Chem. 55,3294 (1977). 
' 

The crystal structure of bis(diethylamino)dithiaboretane, C8Hz0B2N2S2, is determined by 
single crystal X-ray diffraction and refined to R = 0.120, R, = 0.091 for 373 independent re- 
flections. The tetragonal cell dimensions are a = 10.396(3), c = 25.589(7). The space group is 
P 4 , Z 1 2  (NO. 92) or its enantiomorph (No. 96); Dm = 1.08(8), D, = 1.10 g cmM3; n = 8. The 
asymmetric unit is one half of a pair of molecules. Both molecules have approximate symmetry 
222 with one of these symmetry elements being a crystallographic axis. The latter passes through 
all the B and N atoms of molecule 1, and is perpendicular to the B,S ring of molecule 2. The 
four-membered B,S rings are planar. The nitrogen coordination is trigonal, planar, and set at 
< 10" to the ring planes within each molecule. The mean bond lengths are: B-S = 1.84(4), 
B-N = 1.38(5) a, and the mean bond angles: S-B-S = 105(3)", B-S-B = 76(2)". The 
results suggest single B-S and double exocyclic BN bonds. 

G. W. BUSHNELL et G. A. RIVETT. Can. J. Chem. 55,3294 (1977). 
La structure cristalline du bis(diCthylamino)dithiaborCtane, C8HZOB2N2S2, est dCterminCe a 

I'aide d'un seul cristal par diffraction aux rayons X et affinee a R = 0.120, R, = 0.091 pour 373 
reflections indkpendantes. Les dimensions de la cellule tetragonale sont a = 10.396(3), c = 
25.589(7). Le groupe spatial est P41212 (No. 92) ou son Cnantiomorphe (No. 96); Dm = 1.08(8), 
D, = 1.10 g ~ m - ~ ;  n = 8. L'unitC asymetrique est la moitiC de la paire de molCcules. Les deux 
molCcules ont une symetrie approximative de 222 dont I'un des ClCments de symetrie est un 
axe cristallographique. Cet axe passe par tous les atomes B et N de la molCcule 1 et est perpen- 
diculaire au cycle B,S de la molCcule 2. Les cycles B,S a quatre chainons sont planaires. La co- 
ordination de l'atome d'azote est trigonale, planaire et fait un angle de 10" avec les plans des 
cycles a I'interieur de chaque moltcule. La longueur moyenne des liaisons principales ainsi que 
les angles formts entre ces liaisons sont : B-S = 1.84(4), B-N = 1.38(5) A, S-B-S = 105(3)", 
B-S-B = 76(2)". Les r6sultats suggtrent une simple liaison B-S et une double liaison BN 
exocyclique. 

[Traduit par le journal] 

Introduction A dry box was used for all manipulations, as the 
The dithiaboretane ring system has been compound is unstable in air. 

known for many years, but no X-ray structure 
determination has been done. In 1966, Forstner 
and Muetterties (1) reported a synthesis of bis- 
(diethylamino)dithiaboretane, 1, by the reaction 
of H2S with triethylamine borane. The crystal 
structure of 1 was undertaken to confirm the 
structure and investigate the geometry and 
bonding of the four-membered ring system. 

Preparation 
The literature method (I) yielded (Et,NBS),, 

(mle),,, = 347 in the mass spectrum. To obtain 
1, conditions were modified as follows: molar 
ratio H2S: Et3NBH3 = 4.3, reaction time = 24 h 
at 175"C, sublimation temperature = 75"C, yield 
50%. Identification was by mass, infrared, and 
proton magnetic resonance spectra. Crystals 
were obtained by cooling a solution in n-pentane. 

Experimental Crystallography 
The crystal data are shown in Table 1. Compound 1 

formed tetragonal tablets showing the faces (1 10),{001). 
A large single crystal was measured and weighed to 

obtain the density. Smaller crystals were wedged into 
Lindemann tubes and sealed in with black wax. Over 40 
crystals were mounted, of which 4 were single crystals. 
Three of these were used for photography, while the best 
crystal with dimensions 0.4 x 0.4 x 0.1 mm (shortest 
dimension along C) was used on the diffractometer. The 
crystals were mounted with the 1,1,0 planes approximately 
parallel to the axes of the Lindemann tube and the 
goniometer head. The space group P41212 (NO. 92) is 
enantiomorphous with P432,2 (NO. 96) and no attempt 
to distinguish between these alternatives was made. The 
unit cell was refined by least-squares using diffractometer 
measurements at +28 for 28 reflections. A C-centred 
tetragonal cell was used for the intensity measurements 
only, which were done on a manual Picker 4-circle 
diffractometer using Zr-filtered Mo radiation (h = 
0.71069 A). All reflections in one octant up to 28 = 30" 
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BUSHNELL AND RIVETT 3295 

TABLE 1. Crystal data for bis(diethy1amino)dithiaboretane 

System 
Space group 

Molecular weight 
Cell dimensions 

Cell volume 
Density (measured) 
Density (calculated) 
Molecules per cell 
Absorption coefficient (MoK,) 

Tetragonal 
P4,z12, NO. 92 
(0rP4~2,2. NO. 96) 
230.01 g mol-' 
a = 10.396 + 0.003 A 
b = 10.396 + 0.003 A 
c = 25.589 + O . O O ~ A  
a =  = y = 90.00" 
2765 x 10-24cm3 
1.08 + 0.08 g cm-3 
1.10 g ~ r n - ~  
8 
3.43 cm-' 

were measured. Scans were in the 8/28 mode for 1 min, 
at 2" in 20 min-*. Background measurements were for 
30 s at each extremity of the scan. Reflection 8,0,0 which 
was measured hourly as the standard reflection, had an 
intensity of 45 200 counts initially, falling to 9600 counts 
at the end of the data collection 59 h later. In the X-ray 
beam the material lost crystallinity in 2-5 days by a 
process which seemed to start where the crystal touched 
the glass. The crystal orientation was checked frequently 
and adjustments were necessary. Lorentz and polariza- 
tion factors were applied and the intensities were corrected 
for crystal deterioration using the current intensity of the 
standard reflection. The indices were transformed to 
correspond to the primitive unit cell. As the Laue sym- 
metry was 4/mrnm, pairs of equivalent reflections were 
averaged. Four pairs of reflections showed differences in 
lFol greater than 59, and were rejected. The final data set 
contained 373 reflections. 

Structure Determination 
The structure was solved by conventional 

Patterson and Fourier methods. All atomic 
scattering curves were from the International 
Tables for X-Ray Crystallography (2) with the 
atoms assumed to be uncharged. The programs 
used were supplied by Penfold (3). The refine- 
ment minimized w(JF,,( -  IF,^)^ by full matrix 
least squares initially with unit weights. In the 
final stages of refinement, through analysis of 
wA2, a weighting scheme w = (25/IF01)2 was 
employed. No significant shifts in positional or 
thermal parameters were observed. The final 
agreement factors were R = 0.120, R, = 0.091 
for all reflections and R = 0.109, R, = 0.088 
when those reflections for which I < o(I) were 
omitted. The final difference synthesis, with a 
maximum of 0.38 e A T 3  and o(p) = 0.18 e A-j,  
gave no evidence of misplaced atoms. The struc- 
ture factor table has been deposited.' The frac- 

'Copies may be obtained, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 

tional atomic coordinates and isotropic tem- 
perature factors are given in Table 2. 

Results 
One unit cell and its contents are shown in Fig. 

1 with the atoms of the asymmetric unit labelled. 
For descriptive purposes, consider the twofold 
rotation axes in space group P4,,,, lying di- 
agonally in the planes Z = 0, Z = $, Z = 4, and 
Z = $. A pair of molecules occurs at each Z 
level, and the asymmetric unit is one-half of such 
a pair. In one molecule the twofold axis passes 
through the atoms NBBN and in the other 
molecule this same axis is perpendicular to the 
plane of the four-membered ring and passes 
through its centre. The symmetry of both mole- 
cules is approximately 222. All intramolecular 
S-S vectors are at a small angle (< 10") to the c 
axis. The bond lengths and angles are given in 
Table 3 and the mean planes in Table 4. Assum- 
ing the covalent radii for B, N, and S to be 0.85, 
0.70, and 1.04 A, respectively, the single bond 
length for B-N is 1.55 A, and B-S 1.89 A. 

A suitable reference compound for the single 
B-S bond is (BrBS), (4) B-S = 1.74-1.88 (3). 
A double bond length of 1.5994(4) for B=S has 
been measured by microwave spectroscopy on 
thioborine H-B=S (5). The mean bond length 
of 1.84(4) in compound 1 indicates single 
bonding. 

Single B-N bonds have been observed in 
many compounds, a good example being cyclo- 
triborazane (6) B-N = 1.576(2) A corrected for 
thermal motion. In borazine (7), where multiple 
bonding is expected, BN = 1.4355(21) A. The 
microwave spectrum (8) of aminodifluoroborane 
F2B=NH2, shows that the molecule is planar 
and gives 1.402(24) A for B=N. The BN lengths 
for compound 1 indicate double bonding. 

Table 4 shows the planarity of the four- 
membered rings and of the nitrogen atom co- 
ordination. Where x2 = 0, crystallographic sym- 
metry ensures perfect planarity. The nitrogen 
planes are rotated by + 9.4" from the ring plane 
in the case of the molecule containing S1. In the 
molecule containing S2, the ring plane is only 
2.9" from the nitrogen plane. Near-coplanarity 
of the ring plane and the nitrogen coordination 
plane is necessary for N-B n-bonding. The B 
octet is thus completed by pn-pn-bonding be- 
tween first row elements, rather than by B-S 
n-bonding. 

The mean angles are 76(2)" for BSB and 105(3)" 
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TABLE 2. Fractional atomic coordinates and isotropic thermal parameters 
for bis(diethylamino)dithiaboretane* 

- - - - - - 

Atom X Y Z uis0 (A2) 

. . . . 

*Temperature factor -- exp (-8n2U,,. sinZ 9lh2). Standard deviations are given in the 
units of the last decimal place. 

TABLE 3. Bond lengths and angles 

Bond Length (A) Bonds Angle (deg) 

Sl-Bl 1.83(4) SI-BI-SI' 106(4) 
S1-B2 1.81(4) SI-B2-SI' 108(3) 
S2-B3 1.85(4) S2-B3-S2' 101(2) 
S2-B3' 1.87(4) BI-SI-B2 73(2) 
Bl-NI 1.39(6) B3-S2-B3' 79(2) 
B2-N2 1.44(5) SI-BI-NI 127(2) 
B3-N3 1.32(3) S1-B2-N2 126(2) 
N I-CI 1.55(3) S2-B3-N3 130(3) 

S2'-B3-N3 130(3) 
N2-C3 1 .54(3) BI-NI-CI 122(2) 
N3-C5 1.48(3) B2-N2-C3 122(2) 
N3-C7 1.54(3) B3-N3-C5 119(3) 

b CI-C2 1 .52(4) B3-N3-C7 1 19(3) 
C3-C4 1.49(4) NI-CI-C2 1 16(3) 
C5-C6 1 .59(4) N2-C3-C4 116(3) 
C7-C8 1.55(4) N3-C5-C6 105(2) 

N3-C7-C8 114(3) a 
u3 TABLE 4. Mean planes in bis(diethylamin0)- 

dithiaboretane* 
IC7 

Plane Defining atoms x2 

1 N1, B1, SI, N2, B2, S1' 0 
2 C1, Cl', N1, B1 0 
3 C3, C3', N2, B2 0 
4 S2, B3, S2', B3' 5.9 
5 C5, C7, N3, B3 1.8 

*Angles between planes 1,2 = 9.4O; 1,3 = -9.4'; 
4.5 = -2.9'. xZ = ~(p;2/[oj(p)21), where pi = the per- 

FIG. I .  The unit cell of bis(diethy1amino)dithiaboretane. 1 
pendicular distance of the atom ( i )  from the mean plane. 
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BUSHNELL AND RIVETT 3297 

for SBS and seem to be strained equally and by 
approximately 15" from 90" and 120". The bond 
angles at the nitrogen atoms are very close to 
120". 

Conclusion 
The structure proposed by Forstner and 

Muetterties (1) is confirmed. The accuracy of 
the structure is limited by experimental diffi- 
culties but the molecular geometry and the bond 
lengths taken in conjunction suggest double 
bonding in the exocyclic BN bonds and single 
bonding in the ring. 
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Structures of toxic constituents in kraft mill caustic extraction effluents from 13C 

and 'H nuclear magnetic resonance 
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A. N. THAKORE and A. C. OEHLSCHLAGER. Can. J. Chem. 55,3298 (1977). . . 
Arguments based on I3C and 'H nmr spectroscopy are presented to  elucidate the structures 

of 3,4,5- and 4,5,6-trichloroguaiacol, 12- and 14-monochlorodehydroabietic acid, and 12,14- 
dichlorodehydroabietic acid. These compounds were recently isolated and tentatively identified 
as major components toxic to  fish in kraft mill caustic extraction effluents. 

A. N. THAKORE et A. C. OEHLSCHLAGER. Can. J. Chem. 55,3298 (1977). 
On presente une discussion b a s k  sur la spectroscopic rmn du carbone I3C et du proton 'H 

afin d'klaircir la structure des composes suivants: les trichloro-3,4,5 et -4,5,6 guaiacols, les 
acides monochloro-12 et -14 dehydroabietiques et l'acide dichloro-12,14 dkhydrobietique. Ces 
composes ont kt6 recemment isolCs des eaux s'koulant d'une usine de p5te et papier et identifies 
comme etant les produits toxiques majeures responsables de l'empoisonnement des poissons. 

[Traduit par le journal] 

Introduction 
In a typical pulping process, the unbleached 

pulp becomes fully bleached in five or six 
sequential stages designated CEHDED, where 
C is chlorination, E is caustic extraction, H is 
hypochlorite, and D is chlorine dioxide. 
Effluents produced by washing the pulp after 
each stage are combined into acid and caustic 
streams before being sewered. In the present 
work the elucidation of the structures of chlo- 
rinated compounds previously isolated from the 
caustic stream and found to be responsible for 
a major part of the effluent toxicity to fish (1) 
are presented. The compounds discussed were 
isolated from the caustic effluent by the frac- 
tionation procedure outlined in Fig. 1 and ex- 
plained in detail in previous reports (1). Toxicity 
of the effluent was traced during the fractionation 
by 96 h bioassays with juvenile rainbow trout as 
previously described (1). Since exact structures 
of several of the compounds isolated have not 
been reported in the literature we wish to present 
arguments based on 13C and l H  nmr spectral 
data which lead to structural assignments. 

Results and Discussion 
Column and thin layer chromatographic 

fractionation of the acidic portion of the effluent 

(Fig. 1) yielded two apparently fish-toxic com- 
pounds (1 and 2, never isolated from the same 
sample of effluent) mass spectral analysis of 
which showed each had a molecular ion peak 
mle 226, together with (M+ + 2) and (M+ + 4) 
peaks, in the ratio of 3 : 3 : 1. Methylation of 
these effluent derived toxicants (1 and 2) with 
diazomethane gave the same dimethoxy deriva- 
tive (3, M+ = 240), which had methoxyl reso- 
nances at 6 3.93 and a downfield signal due to an 
aromatic proton at 6 6.88. The proton magnetic 
resonance spectrum of the least polar isomer (1) 
contained signals due to one methoxyl group (6 
3.92), one exchangeable hydrogen (6 5.90), and 
one aromatic hydrogen (6 6.88), whereas the 
more polar isomer (2) gave resonances at 6 5.08 
(D,O exchangeable), and 6 7.05 (aromatic), and 
a methoxyl signal at 6 3.92. On this evidence 
effluent derived 1 and 2 were believed to be tri- 
chloroguaiacol isomers. 

Controlled chlorination of guaiacol gave only 
one crystalline trichloroguaiacol which was 
identical by mass and nmr spectroscopy to 1 
isolated from caustic effluent. Methylation of 
the synthesized trichloroguaiacol gave a veratrol 
derivative that was identical to 3. Attempts to 
synthesize 2 by chlorination of guaiacol failed. 

An additional toxic constituent isolated from 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THAKORE AND OEHLSCHLAGER 

Caustic extraction effluent (160 P) 
(toxic) 

XAD-2 resin 

I 
Adsorbate 

I 
Filtrate 

10: 1 Diethyl ether - methanol 

Extract 
(95% of toxicity) 

NaOH extraction 

I I 

A c ~ d ~ c  fractlon (6.49 g) Nonacldic fraction 
(-80% of tox~city) (- 15% of toxicity) 

Fract~on No 
1 2 3 

3,4,5,6-Tetrachloroguaiacol Dichlorodehydroabietic acid 12 
(0.2-1.1 mgle (0.1-2.5 mg10 

FIG. 1. Fractionation scheme for caustic extraction effluent and calculated concentrations of toxicants (1). U = un- 
identified constituents. 

Silica gel 
chromatography 

4 5 6 7 8 9 10 

Trichloroguaiacols 1 and 2 
(0.2-1.1 mglo 

the same fraction of effluent as 1 and 2 was found 
by mass spectroscopic analysis to have a molec- 
ular weight of 260 with a M + : (M' + 2) : (M' + 
4) : (M' + 6) peak ratio of 1 : 1.3 : 0.6 : 0.1 indica- 
ting the presence of four chlorines. The proton 
magnetic resonance spectrum of this compound 
(4) contained signals due to one exchangeable 
hydrogen (6 6.00) and one methoxyl group (6 
3.97). On the basis of the above data it was con- 
sidered likely that 4 was tetrachloroguaiacol. 
Chlorination of guaiacol under vigorous condi- 

~onoch lo rodeh~dr~ab ie t i c  acids 10 and 11 
(0 .14.3  mgle 

tions according to the method of Sarkanen and 
Dence (3) yielded a tetrachloroguaiacol, which 
was identical to 4 on the basis of nmr and mass 
spectroscopic analysis and by mixture melting 
point. Methylation of both the synthetic and 
isolated tetrachloroguaiacol 4 gave the same 
veratrole derivative 5 (M' = 274). 

Structure determination of trichloroguaiacols 
1 and 2 involved comparison of the 'H and 13C 
magnetic resonance spectra of 1-5, guaiacol 6, 
and veratrole 7. A priori four trichloroguaiacol 

I 
I 
I 

I 
I 

1 

A 

87 mg 10. 11 9.10- 
+ U Epoxy- 

9.10- 9.10- 9,lO- 
Epoxy- Epoxy- Epoxy- 
- 

Preparative 
U silica gel 

(trace) tlc9: I 
CHCI,: petroleum 
ether 

Not tox~c 
(382 mg) stearic 9,10- stearic stearic stearic ( 1520 mg) 

ac~d  + U Epoxy- acid, acid + U a c ~ d  + U 
(605 mg) stearlc resin (498 mg) (356 mg) 

a c ~ d  acid, + U 
(80 1 mg) (320 mg) 

Silica gel ( I  94.7mgle) 
chromatography 

B C D 

l ,2 ,4 ,  
lo, 11,12 

Methylatlon (Diazomethane), 
preparative gc Silar 
1OC on Chrom P 150+ 220°C 
at 2"lmin 
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TABLE 1 .  l H  and 13C chemical shifts*? of guaiacol derivatives 

Compound 
NO. OCH3 ClOCH3 C20CH3 C1 C2 C3 C4 C5 C, 

'Shifts pertain to nuclei underlined at the top of each column. 
tShifts reported in ppm relative to tetramethylsilane. 

isomers 1, 2, 8, 9 are possible. Although it is 
known (4) that substitution patterns influence 
the 'H chemical shift of aromatic bound meth- 
oxyls, no significant differences were observed in 
the chemical shifts of the methoxyls of 1,3, and 
4 which would allow us to deduce the substitu- 

I 

CI 
1 R, = H, R2 = CH3 4 R = H  
2 R, = CH,, R2 = H 5 R = C H 3  
3 R, = Rz = CH3 

tion patterns in 1 and 3. However, examination 
of the 13C magnetic resonance spectra of 1-7 
revealed correlations in the chemical shifts of 
the methoxyl carbons as reported in Table 1. 

The data show that in tetrachloroguaiacol 4 
and tetrachloroveratrole 5 the methoxyl carbons 
are deshielded relative to their nonchlorinated 
analogs (6 and 7 respectively). This observation 
is analogous to that of Stothers et al. (5) who 
observed a downfield chemical shift of aromatic 
alkoxyl carbon resonances upon di-ortho sub- 
stitution. The methoxyl carbon resonance of 1 

does not indicate this deshielding effect whereas 
one of the methoxyl resonances in its methylated 
derivative 3 is deshielded. From these observa- 
tions one can deduce that 1 possesses an aroma- 
tic hydrogen adjacent to its methoxyl and a 
chlorine adjacent to its hydroxyl. This uniquely 
defines the structure of 1. 

The carbon resonance attributable to the 
methoxyl of 2 is deshielded compared to 1, 
guaiacol 6, or veratrole 7. This suggests that a 
chlorine is situated adjacent to the methoxyl of 2. 
Since treatment of 2 with diazomethane yields a 
chlorinated veratrole identical with 3 (derived 
from 1) compound 2 is uniquely defined. 

The assignment of the aromatic 13C resonances 
for 1-7 given in Table 1 are based on internal 
comparisons within the series and not on cal- 
culation, which for ortlzo substituted aromatics 
gives approximate results at best (6). 

Since several unsuccessful attempts were made 
to synthesize 2 by chlorination of guaiacol it is 
considered unlikely that 2 is produced by direct 
chlorination of guaiacol during pulp bleaching. 
A more likely route for formation of 2 is con- 
sidered to be dealkylation of chlorinated alkyl 
guaiacols present in the pulp slurry during the 
bleaching stage. The present experimental re- 
sults indicate that a likely route for formation of 
1 is chlorination of guaiacol during the first 
bleaching stage. 

As shown in Fig. 1 silica gel chromatography 
of the acidic fraction of caustic extraction effluent 
yielded fractions containing both mono- (10 and 
11) and dichlorodehydroabietic (12) acids. 
Methylation (diazomethane) of the fraction con- 
taining the chlorinated resin acids followed by 
preparative glpc facilitated separation of the 
mono- from dichloro derivatives. Gas-liquid 
partition chromatography also revealed that the 
methyl monochlorodehydroabietate was a sepa- 
rable 2: l mixture of two isomers. 
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Controlled chlorination of dehydroabietic 
acid gave a 2 : 1 mixture of two crystalline mono- 
chlorodehydroabietic acids. Methylation of this 
mixture with diazomethane gave a mixture of 
methyl monochlorodehydroabietates which by 
nmr and gclms was identical to the mixture of 
10 and 11 isolated from caustic extraction 
effluent. 

Chlorination of dehydroabietic acid with 
excess chlorine gave only one dichlorodehydro- 
abietic acid which was identical to 12 by mixture 
melting point, nmr, and mass spectroscopic 
analysis. Methylation of both synthetic and 
effluent derived 12 gave methyl esters that were 
identical when examined by gclms. The struc- 
tures of 10 and 11 as well as that of the methyl 
dichlorodehydroabietate 12 were determined by 
comparison of their 'H nmr spectra with those 
of dehydroabietic acid 13 and trichlorodehydro- 
abietic acid 14. The latter derivative was pre- 
pared by halogenation of 13 with an excess of 
chlorine. Integration of the aromatic region in 
the 'H nmr spectra of 10-14 indicated that chlo- 
rination of 13 (to produce 10, 11, 12, and 14) 
occurred exclusively in the aromatic ring. 

Examination of data in Table 2 indicates 
significant deshielding (6 1.22 -t 6 1.52) of the 
C-10 methyl in 14 (compared to the C-10 methyl 
of dehydroabietic acid, 13) due to the chlorine 
atom at C-11. The observation that this de- 
shielding does not occur in the dichloro deriva- 
tive, 12, uniquely defines the position of chlorine 
atoms to be C-12 and C-14. Structures can be as- 
signed to the monochlorodehydroabietic acid 
isomers on the basis of the above deductions and 
the observation that the aromatic resonances of 
the methyl ester of one monochloro isomer ap- 
pear as a two hydrogen singlet (6 7.14) and the 
corresponding resonances in the other occur as 
two single hydrogen singlets (6 7.03, 6.89). These 
latter signals cannot be due to two ortho hydro- 

TABLE 2. 'H nmr chemical shifts* of methyl groups in 
dehydroabietic acid and its chlorinated derivatives 

Compound 
NO. Cd-CH, Cio-CH3 Ci,(CH3),t 

10 1.28 1.22 1.24 
11 1.28 1.22 1.26 
12 1.28 1.22 1.41 
13 1.28 1.22 1.23 
14 1.32 1.52 1.41 

'Shifts reported in ppm relative to tetramethylsilane internal stan- 
dard. 

+Doublet, J = 7 Hz. 

gens (no coupling observed) hence they must be 
due to two para hydrogens. The isomer yielding 
the methyl ester with aromatic resonances at 6 
7.03 and F 6.89 must therefore be 11. The se- 
quence of chlorination of dehydroabietic acid in 
the kraft mill bleach plant and in the laboratory 
synthesis can therefore be deduced as shown in 
Scheme 1. 

Bleach plant or CI, + FeCI, \ 

Bleach plant or C1, + FeCI, 

F 
COOH 

Experimental 
General 

Gas-liquid partition chromatography (glpc) was car- 
ried out on a Perkin-Elmer Model 881 instrument fitted 
with dual flame ionization detectors. Stainless steel (ss) 
columns (6 ft x 4 in.) were used containing 10% (w/w) 
Silar-10C on 100-120 mesh Gas Chrom P. 

Gas chromatography - mass spectrometry was carried 
out using a 10% Silar-10C column in a Varian Associates 
Model 1400 Aerograph G C  connected via a glass inter- 
face to a Hitachi Perkin-Elmer RMU-GE mass spec- 
trometer. 

Proton nuclear magnetic resonance ('H nmr) spectra 
were obtained on a Varian A 56/60 spectrometer in deu- 
teriochloroform solution using tetramethylsilane (TMS) 
as an internal standard. 13C magnetic resonance spectra 
(13C nmr) were taken at 25.2 MHz on a Varian XL-100 
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Fourier transform spectrometer. Chemical shifts for 13C 
nmr spectra are in ppm downfield from TMS. In deuterio- 
chloroform solution 6(TMS) = 6(CDC13) + 77.6 ppm. 

Melting points (mp) were measured on a Kofler hot 
stage apparatus. 

Synthesis of Toxicants 
Guaiacol6 was purchased from MCB Chemicals. Pure 

dehydroabietic acid 11 was isolated from a commercial 
preparation of dehydrogenated wood resin according to 
the method described by Halbrook and Lawrence (2). 
Methylations were carried out on guaiacol and dehydro- 
abietic acid derivatives with diazomethane (in ether) 
which was generated by base treatment of N-nitroso-N- 
methyl urea. 

4,5,6-Trichloroguaiacol 1 
Trichloroguaiacol 1 isolated from caustic extraction 

effluent (1) had mp 105-107°C. A melting point of 107- 
108°C is given (7) for one trichloroguaiacol isomer gen- 
erated on methylation of 3,4,5-trichlorocatechol. 

An authentic sample was obtained by treating guaiacol 
(0.1 mol) with chlorine (0.3 mol) in acetic acid (500 ml) at 
room temperature for 1 h. The product was isolated by 
concentration of the reaction mixture in vacuo and crys- 
tallization three times from petroleum ether to give 4,5,6- 
trichloroguaiacol (1, yield 30%); mp 105-107°C; 'H nmr 
6 6.88 (lH, s, aromatic), 5.90 (lH, s, D 2 0  exchangeable 
hydrogen), and 3.92 (3H, s, OCH,); ms m/e 226 (M+), 
228 (M+ + 2), 230 (M+ + 4), ratio 3: 3: 1 for M+,  
(M+ + 2), (M+ + 4) peaks. Mixture melting point of 1 
from both sources was undepressed. 

3,4,5-Trichloroguaiacol 2 
Trichloroguaiacol 2 isolated from caustic extraction 

effluent had mp 127-128°C. A melting point of 127-128°C 
is reported (7) for one trichloroguaiacol isomer generated 
on methylation of 3,4,5-trichlorocatechol; 'H nmr 6 7.05 
(lH, s, aromatic), 5.08 (lH, s, D 2 0  exchangeable), and 
3.92 (3H, s, 0CH3); ms m/e 226 (M+), 228 (M+ + 2), 
230 (M+ + 4) (ratio 3:3: I), 211, 183, 147, 113. 

4,5,6-Trichlorovevatrole 3 
Synthesization by methylation with diazomethane (75% 

yield) of 1 and 2 isolated from caustic extraction effluent 
gave 3; mp 68-69°C (lit. (7) mp 68-69°C); 'H nrnr 6 6.88 
(lH, s, aromatic) and 3.93 (3H, s, OCH3); ms m/e 240 
(M+, base peak), 242 (M + + 2), 244 (M+ + 4), 225,162, 
197, 147. 

Methylation of 1 synthesized from guaiacol gave a 
crystalline veratrol, mp 68-69°C; nmr and ms identical 
to the veratrol derived above from 1 and 2. 

3,4,5,6-Tetrachloroguaiacol4 
Guaiacol (0.01 rnol) was reacted with chlorine (0.04 

rnol) in 50 ml of acetic acid. After 1 h the solvent was 
removed in vacuo and the crude product was crystallized 
once from MeOH-H20 and twice from petroleum ether 
to yield 32% of 4. Mixture melting point of this sample 
and that of material isolated from caustic extraction 
effluent was undepressed; mp 1 19-120°C (lit. (3) mp 119- 
121°C); 'H nmr 6 6.00 (lH, s, D 2 0  exchangeable), 3.97 
(3H, s, OCH,); ms m/e 260 (M+), 262 (M+ + 2), 264 
(M+ + 4), 266 (M+ + 6) (ratio 1 :1.3; 0.6:0.1), 246 
(base peak), 244, 219, 183. 

Tetrachloroguaiacol 4, isolated from the effluent had 
the same spectroscopic characteristics as synthetic 4. 

3,4,5,6-Tetrachloroveratrole 5 
Methylation of 4 with diazomethane gave 5 (yield 

70%); nrnr 6 3.97 (3H, s, OCH,); ms m/e 274 (M+, base 
peak), 276 (M+ + 2), 278 (M+ + 4), 206, 261, 218. 

Monochlorodehydroabietic Acids 
The monochlorodehydroabietic acids were obtained 

from effluent as a 2: 1 mixture of 10 and 11 (1). The same 
2: 1 mixture was generated upon chlorination (0.24 g) of 
dehydroabietic acid (1.00 g) and a crystal ( - 5  mg) of 
FeCI, in carbon tetrachloride for 1 h at room tempera- 
ture with the exclusion of light. The solvent was removed 
in vacuo and the crude product was treated with 2-amino- 
2-methyl-1-propanol. The resulting salt was crystallized 
three times from acetone. Acid hydrolysis of the salt gave 
monochlorohydroabietic acids (0.4 g) as a 2: 1 mixture 
of 10 and 11 (yield 36Z)revealed by gas chromatography - 
mass spectrometry of the methyl esters. The methyl esters 
of the isolated compounds were separated by prepara- 
tive glpc. 

The methyl ester of the major isomer 10 (shorter reten- 
tion time) had the following spectral characteristics: 'H 
nmr near C1 6 7.14 (2H, s, aromatic), 3.70 (3H, s, 
C02CH3), 1.28 (3H, S, C4CH3), 1.23 (6H, d, J = 7 HZ, 
C(CH,),), 1.20 (3H, s, C10CH3); ms m/e 273 (base peak), 
275, 348 (M+), 333, 207, 181, 350 (M+ + 2); mass mea- 
surement, M+ calcd. for CzlH,,02CI: 348.193; found: 
348.184. 

The spectroscopic characteristics of the methyl ester 
of 11 were 'H nmr 6 7.03 (IH, s, aromatic), 6.89 (lH, S, 
aromatic), 3.70 (3H, s, C02CH3), 1.28 (3H, s, C4CH3), 
1.23 (6H, d, J = 7 HZ, C(CH,),), 1.20 (3H, S, CloCH3); 
ms mle 273 (base peak), 275, 219, 348 (M+), 221, 207, 
181, 165, 333. M+ calcd. for CZ1HZ9O2C1: 348.193; 
found: 348.184. 

I2,14-Dichlorodehydroabietic Acid 12 
This compound was isolated from caustic extraction 

effluent (1) and also synthesized by addition of chlorine 
(0.7 g), dissolved in CCl,, to a solution of dehydroabietic 
acid (1.5 g) and FeCI, (-5 mg) in CCI, at 20°C for 1 h 
in the dark. The mixture was worked up according to the 
procedure described for monochlorodehydroabietic acid 
to give 0.6 g of dichlorodehydroabietic acid (yield 33%); 
both isolated and synthesized samples had identical spec- 
troscopic properties; nmr 6 7.14 (lH, s, aromatic), 1.41 
(6H, d, J = 7 HZ, C15(CH3)2), 1.27 (3H, S, C4-CHs), 
1.20 (3H, s, Clo-CH,); spectral details of the methyl ester 
were 'H nmr 6 7.18 (IH, s, aromatic), 3.68 (3H, s, 
C02CH3), 1.41 (6H, d, J = 7 Hz, C(CH,),), 1.27 (3H, s, 
C4, CH,), 1.20 (3H, S, C10CH3); ms m/e 307 (base peak), 
309, 382 (M+), 241, 308; mass measurement, M+ calcd. 
for C21H2802C12 : 382.146; found: 382.144. 

II,I2,14-Trichlorodehydroabietic Acid 14 
This compound was obtained by addition of chlorine 

(0.8 g) and -5 mg of FeCI, to a solution of dehydro- 
abietic acid (1 g) in CC1, at 20°C for 1 h in the dark. After 
the usual work-up procedure, trichlorodehydroabietic 
acid (0.66 g) was obtained; nrnr 6 1.52 (lH, s, C10-CH3), 
1.41 (6H, d, J = 7 HZ, C15(CH3)2, 1.32 (lH, S, C4-CH3). 
Spectral details for the methyl ester were 'H nrnr 6 3.70 
(3H, s, COOCH,), 1.52 (3H, s, CloCH3), 1.41 (6H, d, 
J = 7 Hz, C(CH3)2), 1.32 (3H, s, C4CH3); ms m/e 341 
(base peak) 343, 345, 416 (M+), 418 (M+ + 2), 420 
(M+ + 4). 
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13C nuclear magnetic resonance spectra of the spirobenzylisoquinoline alkaloids 
and related model compounds 
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DONALD W. HUGHES, BALA C. NALLIAH, HERBERT L. HOLLAND, and DAVID B. MACLEAN. 
Can. J. Chem. 55,3304 (1977). 

The natural abundance 'T nuclear magnetic resonance spectra of a number of spirobenzyl- 
isoquinoline alkaloids and related model compounds have been recorded. The carbon reson- 
ances of the alkaloids were assigned by comparison with the spectra of other isoquinoline 
alkaloids and with those of the model compounds. It has been shown that 13C nmr spectroscopy 
may be used to differentiate between diastereomers in this series. 

DONALD W. HUGHES, BALA C. NALLIAH, HERBERT L. HOLLAND et DAVID B. MACLEAN. Can. 
J. Chem. 55,3304 (1977). 

On a enregistre par resonance magnetique nucleaire 13C Ies spectres de plusieurs alkaloldes 
spirobenzylisoquinol~iques ainsi que d'autres composes de structure analogue. Par comparaison 
avec d'autres spectres d'alkaloldes isoquinoleiques et de composCs analogues, on assigne les 
valeurs trouvees chaque carbone des alkaloldes. On a montre que la spectroscopie rmn 13C 
peut Ctre utilisee pour differencier entre diastCreoisom&res dans ces series. 

[Traduit par le journal] 

Several classes of isoquinoline alkaloids have 
been examined recently by 13C nuclear magnetic 
resonance spectroscopy. In a recent review (1) 
Wenkert has reported spectra of a simple benzyl- 
isoquinoline, several tetrahydroprotoberberines, 
several aporphines, the pavine alkaloid arge- 
monine, and cularine. Other reports have 
appeared on the protoberberines (2, 3), the 
phthalideisoquinolines (2), and the protopines 
(4). We report here on our investigation of the 
spirobenzylisoquinoline system in which we 
have examined several model systems, some 
synthetic analogues, and alkaloids of this family. 

We have made use of what are now standard 
techniques in 13C magnetic resonance spectros- 
copy. The spectra of all compounds were 
recorded using broad band decoupling, and 
where applicable the off-resonance technique 
was used to determine the substitution at 
carbon. In some cases the alternately pulsed 
or gated decoupling method (5-7) was employed. 
Deuterium labelling and selective proton de- 
coupling have also been used to make unequi- 
vocal assignments of several carbon resonances. 
Reference is made to model systems in which 
the assignments are already secure and in other 

'Present address: Department of Chemistry, Brock 
University, St. Catharines, Ontario. 

appropriate cases calculated chemical shifts of 
model systems have been used. 

The spirobenzylisoquinoline alkaloids are a 
relatively small group of alkaloids within the 
isoquinoline family. Their structure and chemis- 
try are the subject of several recent reviews (8, 9). 
Ochotensimine l a  was the first member of this 
family to be investigated and it and ochotensine 
(8, 9) are the only alkaloids that carry an 
exocyclic methylene on the spiro ring. More 
common are the alkaloids that are oxygenated 
in the five-membered ring and carry the oxygens 
in the form of carbonyl, hydroxy, or acetoxy 
groups on one or both of carbons 8 and 13. The 
structures of alkaloids of this group and 
synthetic analogues used in this study are shown 
as the formulas In-lj in Fig. 3. 

The appropriately substituted 1,2,3,4-tetra- 
hydroisoquinolines and indanes serve as models 
for rings A and B, and rings C and D, respec- 
tively, of the spiro alkaloids. A discussion of the 
13C spectra of the former has already appeared 
(2) and the information is used here in making 
assignments in rings A and B in this series. 
Several indane derivatives have been prepared 
in this study and their spectra have been recorded 
and interpreted to aid in the assignment of the 
13C resonances in rings C and D of the spiro 
compounds. 
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HUGHES ET AL. 

FIG. 1. 13C resona 

The spectra of indane 2 and of 1,3-dimethyl- 
indane 3 have been published (10, 11), and the 
indane assignments recently verified (12). By 
using the indane spectra and the already reported 
spectrum of methylenecyclopentane 4 (13) as 
models, we assigned the spectrum of l-methyl- 
eneindane 5 as shown in Fig. 1. Of the two sub- 
stituted aromatic carbons, C-7a has been 
assigned at lower field because of P substitution 
at C-1. Of the four signals associated with un- 
substituted aromatic carbons that at 120.6 was 
assigned to C-7 because of the y-steric effect of 
the C-1 substituent. While the signal at 125.3 
could not be unambiguously differentiated from 
that at 126.4, it was assigned to C-4 since this 
carbon is in an environment analogous to that 
in indane. Of the two remaining signals, that at 
lower field is tentatively assigned to C-5 because 
it is para to the double bond system. The aro- 
matic spectrum of 4,5-methylenedioxy-I-methyl- 
eneindane 6 was then calculated using the sub- 
stituent parameters already derived for a 
methylenedioxy group (2) and it served as model 
for rings C and D of ochotensimine. 

The spectrum of 1-indanone 7a and several 
derivatives were examined to serve as models for 
the alkaloids bearing a carbonyl group in ring C 
(Table 1). In the case of indanone itself assign- 

nces of indanes 2-6. 

ments were made initially by comparison with 
the spectrum of phthalide (2) and verified by 
examination of the spectrum of 6-deuterio-l- 
indanone 7b. In the latter the signal at 127.1 had 
virtually disappeared so that the assignment at 
C-6 was secure. Carbon 5 follows from con- 
sideration of the substituent effect for a carbonvl 
group on a para carbon. The remaining positions 
C-4 and C-7 were determined from the gated 
decoupled spectrum since deuterium substitution 
at C-6 removes the 7.0 Hz rneta coupling between 
C-4 and the C-6 hydrogen. With the spectrum of 
I-indanone established it was a simple matter to 
assign the resonances in the substituted 1- 
indanones 8 and 9 by making use of the sub- 
stituent parameters for o-dimethoxy and methy- 
lenedioxy groups (2). The calculated chemical 
shifts show a resonable agreement with observed 
values except for the expected deviation at C-3a 
in the dimethoxy compound (2). The assignments 
of the protonated aromatic carbons were verified 
in all cases by selective proton decoupling. 

Another series of models, the 1,3-indandiones, 
was also ' studied. No 1.3-diones have vet been 
found in nature among the spiro alkaloids but 
since the diols and the hydroxyketones are 
well known they may be present but undetected. 
The diones have been prepared, however, as 
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I intermediates in several synthetic approaches to 
the spiro alkaloids (8, 9) and their spectra are 
also reported here. The compounds examined 

I are also shown in Tables 1 and 2. In two of them 
1 the complete skeleton of the spiro alkaloids is 

present. 
I The spectra of the 1,3-indandiones 10, 11, and 

12 were used in the interpretation of the spectra 
of the spiro compounds 13 and 14. Assignment 
of the resonances of 10 was made without 
difficulty because of the molecular symmetry of 
the system and by taking into account the sub- 
stituent effects of the two carbonyl groups. As 
C-2 becomes more substituted in going from 10 
to 12, its chemical shift moves downfield as 
expected. Substitution at C-2 also deshields the 
carbonyl carbons but has very little influence on 
the aromatic carbons of the indandione system. 

In the spiro compounds, 13 and 14, the 
indandione part of the molecule retains its 
symmetry and chemical shifts are observed 

I which are similar to the models 10, 11, and 12. 
The resonances of the ring A carbons are very 
similar to those found in other tetrahydroiso- 

I quinolines (2). The assignments made for C-4a 
and C-14a are based on the argument that C-14a 

I 

has a greater number of B substituents. In the 
I proton spectrum of 14 the hydrogen at C-1 is 

TABLE 2. 13C chemical shifts of the spiro 
diones 13 and 14 

Carbon 13 14 

shielded relative to that at C-4 (14) and it was 
through selective proton decoupling that the 
resonances of these carbon atoms were estab- 
lished. The major difference between 13 and 14 
lies in the chemical shifts of C-6 and C-14, both 
of which are deshielded as expected in the 
N-methyl relative to the N-H compound. Cal- 
culations, using the p equatorial methyl para- 
meter derived from methylcyclohexane (1 1, 1 9 ,  
work well for C-6 but because of the highly 
substituted nature of C-14 there was a deviation 
between the observed and calculated chemical 
shift. 

We turn now to (+)-ochotensimine l a  (Fig. 3) 
which is distinguished from the other alkaloids 
of the series examined here by the presence of an 
exocyclic methylene at C-13. The assignments 
(Table 3) in rings A and B were made by com- 
parison with the spectrum of 15 (2) (Fig. 2). 
Carbons 1,2,3,4, and 4a are not greatly different 
from the model and the assignments of C-1 and 
C-4 were differentiated from C-11 and C-12 by 
selective proton decoupling. Since carbons 2 and 
3 are separated by only 0.2 ppm unambiguous 
assignments could not be made. C-14a and C- 12a 
cannot be differentiated but it is noteworthy that 
relative to the model C-14a has shifted con- 
siderably downfield. This shift is attributed to 
greater substitution at C-14 in l a  relative to 15. 

1 105.3 105.2 
2 146.4 146.3 
3 147.3 147.2 
4 110.1 109.5 
4a 131.0 129.9 
5 29.4 29.1 
6 40.1 48.1 
8,13 200.0 202.8 
8a, 12a 142.0 142.4 

g: 
CY 

9,12 124.5 123.8 38 .0  20 .0 
10,ll 136.3 136.6 
14 66.2  71.7 
14a 136.1 137.7 
OCHZO 101.6 101.1 

16 
N-CH 3 40.5 FIG. 2. I3C chemical shifts of model compounds 15 

and 16. 
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IC Rl + R, = CH,; R, = R4 = CHI 
l e  R, + R, = R, + R4 = CH, 
Ig R, = Rz = CHI; R, + R4 = CH, 

Id R, + R, = CH,; R, = R4 = CHI l i  Rl + R, = R, + R4 = CH, 
lf R, + R2 = R, + R4 = CH2 V R, = R, = CHI; R, + R4 = CH, 
fi R, = R, = CHI; R, + R4 = CH, 

FIG. 3 .  Structures of the spirobenzylisoquinoline alkaloids la-lj .  (The absolute stereochemistry is not 
implied in this figure.) 

In ring B the changes between 15 and l a  are 
as follows: C-14, + 14.3; C-6, -4.9; C-5, +0.3 ; 
N-CH,, -7.0. The shielding of both C-6 and 
the N-methyl group may be attributed to the 
combined y-gauche effect of both C-8 and C-13. 
Creation of the spiro ring junction at C-14 
causes a significant deshielding in a manner 
analogous to that observed for the spiro carbon 
in spiro[4.5]decan-1-one 16 (1 6) relative to 
cyclohexane. 

Chemical shift assignments for rings C and D 
were determined with the aid of the model com- 
pounds 5 and 6, already discussed. The chemical 
shifts assigned to 6 served as a guide in assigning 
the substituted aromatic carbons of ring D. 
Selective proton decoupling was used to 
differentiate between C-11 and C-12. The 
exocyclic methylene of ring C was identified in a 
gated decoupling experiment. This resonance 
appears at 106.7 with ' J  13C 'H = 160.6 Hz. 

The synthetic spiro ketone l b  was examined 
as a model for the sibiricine type alkaloids where 
we have examined three diastereomeric pairs, 
the compounds l c  and Id, sibiricine l e  (17) and 

corydaine If (IS), and raddeanone l g  (19) and 
yenhusomidine l h  (20), all of established 
stereochemistry (Fig. 3 and Table 3). The 
resonances of the carbon atoms of rings A and B 
of l b  were assigned through comparison with 
other benzylisoquinoline alkaloids that carry 
methylenedioxy substitution in ring A, e.g. 
hydrastine and berberine (2). The resonances of 
C-1 and C-4 were confirmed through selective 
proton decoupling. The fact that C-1 and C-4 
are not equivalent as they are in ochotensimine 
may be a reflection of the difference in aniso- 
tropic shielding between the exocyclic methylene 
in l a  and the carbonyl in lb. C-4a and C-14a 
follow the same trend observed in l a  but C-14a 
is less deshielded. 

The chemical shifts of the aliphatic carbons of 
l b  are virtually identical with those of la .  The 
indanone 8 serves as an excellent model for the 
carbons of rings C and D of l b ;  however, one 
cannot differentiate between C-8a and C-9 
because of their similar resonances. 

Alkaloids of the sibiricine group differ from 
l b  by the presence of a hydroxy function at C-8 
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TABLE 3. 13C chemical shifts of the spirobenzylisoquinoline alkaloids 

I 
I Compound 

Carbon l a  l b  l c  I d  l e  I f  l g  lh  1 i 11 
I 

1 110.5 104.8 1 0 7 2  105.7 106.9 105.8 110.7 110.7 109.7 110.1 
i 2 147.5 146.5 1 4 6 9  146.8 147.4 146.9 147.2 148.5 146.2 147.3 

3 147.7 146.5 146.9 146.8 147.4 146.9 148.9 148.6 146.8 148.3 
4 110.5 108.5 109.1 108.2 109.6 108.2 112.5 111.4 110.0 113.0 
4a 126.1 128.3 125.9 129.3 125.0 129.3 124.0 128.7 126.0 124.9 
5 29.1 29.4 28.9 29.4 29.2 29.5 28.5 29.3 22.8 22.0 
6 48.1 48.4 48.7 50.3 48.9 50.2 48.9 50.3 47.6 47.8 
8 37.0 37.3 70.5 75.9 70.3 75.0 70.1 75.1 73.4 73.4 
8a 123.8 145.4 145.4 146.7 132.7 134.3 132.9 134.6 121.5 121.5 
9 143.0 145.6 145.5 147.0 146.1 144.4 145.0 144.4 144.7 144.9 

10 148.2 158.5 159.2 159.3 154.8 154.5 154.5 154.6 148.6 148.4 
11 108.0 113.8 114.5 114.3 110.9 110.6 110.4 109.5 107.1 109.7 
12 113.6 121.1 120.6 120.4 119.9 119.6 119.5 119.6 116.1 115.7 
12a 136.1 131.0 130.0 130.1 132.5 131.2 132.5 131.3 140.0 140.9 
13 155.5 206.4 202.4 202.7 201.5 202.2 201.7 202.7 79.5 79.0 
14 71.9 71.2 76.8 72.0 77.2 72.0 76.9 72.0 75.2 75.2 
14a 137.2 131.8 130.9 130.1 130.6 129.8 129.7 128.7 129.5 128.3 
NCH3 39.0 39.2 39.4 41.8 39.7 41.7 39.6 41.9 37.7 37.9 

1 2,3 OCHzO 100.9 100.9 101.0 101.3 101.1 101 .O 
9,10 OCHZO 101.3 103.2 103.1 103.1 103.2 101.9 101.8 

1 2* OCHj 56.1 56.1 56.1 56.0 
3* OCHj 55.8 56.0 56.5 55.5 
9 OCH3 60.4 61.3 61.2 
10 OCHj 56.3 56.4 56.5 

i 13 =CH2 106.7 
I *These assignments may be reversed. 

and may exist in diastereomeric forms. The Ochrobirine l i  and yenhusomine lj (20) carry 

I 
chemical shift assignments for the synthetic hydroxy groups in each of C-8 and C-13 and 
compounds l c  and I d  follow directly from the they represent another structural variation. We 
model l b .  The ring D assignments for the pairs wished to determine if 13C nmr could differen- 
l e  and lfand l g  and l h  were made by selective tiate between C-8 and C-13 in these compounds 
proton decoupling and by comparison with and be used to assign the configuration of the 
chemical shifts calculated for 4,5-methylene- hydroxy groups. 
dioxy-I-indanone: C-30, 135.2; C-4, 145.8; C-5, The data presented in Table 3 show that a 
153.6; C-6, 107.3; C-7, 116.6; C-7a, 130.2. number of significant chemical shift changes 

In lc, C-8 and C-14 show the expected down- occur when corydaine If is transformed to 
field shifts relative to l b  because of the a- and ochrobirine l i .  Upon replacement of the 
P-OH substituent effects, respectively. The carbonyl function by hydroxy, the aromatic 
carbonyl group is shielded by -4.0 ppm. In I d  carbon C-1 is deshielded by 3.9 ppm relative to 
there are a number of significant changes corydaine while C-12 is shielded by -3.5 ppm. 
relative to its diastereomer. Hydrogen bonding Examination of the aliphatic carbons of l i  
between the hydroxy group and the nitrogen (18) indicates a distinct difference between C-8 and 
causes slight conformatioilal and electronic C-13. Selective proton decoupling was used to 
changes in the system resulting in a deshielding resolve these assignments since in the 'H nmr 
of C-8, C-6, and the N-methyl. At the same time spectrum of l i ,  C-8 and C-13 hydrogens appear 
C-14 is appreciably shielded. Differences of at 4.88 and 5.42 ppm, respectively (8). Although 
similar sign and magnitude are also observed C-8 is shielded relative to that in corydaine If, 
between sibiricine (le) and corydaine (If) and C-8 is still downfield from the corresponding 
raddeanone (lg) and yenhusomidine (lh). It is carbon in sibiricine (le) which indicates a 
apparent then that 13C nmr may be used to retention of the corydaine relative configuration. 
differentiate between diastereomers in this series Of the ring B carbons of ochrobirine li ,  only 
of compounds. C-14 has undergone a downfield shift whereas 
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C-5, C-6, and the N-methyl are shielded by - 6.7, 
- 2.6, and - 4.0 ppm respectively, relative to 
corydaine If. The y steric effect of the sp3 centre 
at C-13 accounts for the shielding of C-6 and the 
N-methyl. Examination of molecular models 
demonstrates that the C-13 hydrogen and both 
the N-methyl and pseudo-axial C-6 hydrogen 
are quite sterically crowded when ring B adopts 
a half-chair conformation. Distortion of the 
B ring half-chair to a slightly more flattened 
conformation partially relieves these steric inter- 
actions while maintaining the internal hydrogen 
bond. This conformational change may con- 
tribute to the upfield shift of C-5. 

Yenhusomine lj is a trails diol like ochrobirine 
with the hydroxy at C-8 hydrogen bonded to 
nitrogen. The changes that occur in going from 
yenhusomidine l h  to yenhusomine exactly 
parallel those that take place in the corydaine 
to ochrobirine transformation. Unfortunately 
the cis diols were not available for examination. 
It is apparent that 13C nmr is of value in the 
assignment of both gross structure and relative 
stereochemistry of the spirobenzylisoquinoline 
alkaloids. 

Experimental 
Apparatus, Methods, and Materials 

Natural abundance 13C nuclear magnetic resonance 
spectra were recorded on a Bruker WH-90 Fourier 
transform spectrometer at  22.62 MHz and a temperature 
of + 35.0°C. Samples were 0.16 M to 0.41 M in CDCI,; 
TMS was used as an internal reference. Fieldlfrequency 
locking was provided by the deuterium signal of CDCI,. 

'H nuclear magnetic resonance spectra were obtained 
on either a Varian HA-100 or a Varian EM-390 spectrom- 
eter in the frequency sweep mode. CDCI, and TMS were 
again used as solvent and internal reference, respectively. 

Mass spectra were determined on a C.E.C. 21-llOB 
mass spectrometer at an ionizing voltage of 80 eV and a 
source temperature of 200-250°C. Melting points were 
determined on a Kofler hot stage and are uncorrected. 
Infrared spectra were recorded on a Perkin-Elmer 337 
spectrometer. Thin layer chromatography was performed 
either on silica gel (F-6025,) or alumina. 1-Indanone and 
1,3-indandione were obtained commercially. All other 
compounds were synthesized in this laboratory by 
standard procedures or isolated from natural sources: 
1-methyleneindane 5 (21), 4,5-dimethoxy-1-indanone 8 
(22), 6,7-methylenedioxy-1-indanone 9 (23), 2-phenyl- 
1,3-indandione 11 (24), 2-methylamino-2-phenyl-1,3- 
indandione 12 (25), spiro diones 13  and 14 (14), spiro 
ketone l b  (26), (+)-sibiricine l e  (27), ( f  )-corydaine I f  
(27), ( f  )-raddeanone l g  (27), (+)-yenhusomidine l h  
(27), (,)-ochrobirine l i  (27), (f)-yenhusomine l j  (27), 
(+)-ochotensimine l a  (28). 

6- Deuterio-I-indanone 
6-Amino-1-indanone (29) was diazotized and converted 

to its diazonium fluoborate (30). The solid fluoborate 
(210 mg) was added with vigorous stirring in portions to  
4 ml of hypophosphorous acid-d3 (4 ml) at -5 to  0°C. 
Stirring of the mixture was continued for 15 min after 
addition was complete and the mixture was allowed to  
stand in a refrigerator for 48 h before work-up. D 2 0  
(10 ml) was added to the reaction mixture and the mix- 
ture was extracted with chloroform, the extract dried and 
evaporated, and the residue purified by tlc on alumina 
using CHCI, as eluent. The 6-deuterio-1-indanone (40 
mg, 35%) so obtained gave the following analysis by mass 
spectrometry: do 31%; d l  69%; 'H nmr 6 2.75 (2H, m, 
CH,CO), 3.21 (2H, m, benzylic CH,), 7.62 (3H, m, aro- 
matic H's). 
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Competitive adsorption of urea and Et4NBr at the electrode/electrolyte interface 
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FRANK M. KIMMERLE and HUGUES MENARD. Can. J. Chem. 55,33 12 (1977). 
The simultaneous adsorption of urea and tetraethylammonium bromide has been investi- 

gated in ternary solutions varying in composition from to 1 mol P - l .  The adsorption of 
urea at the electrode/electrolyte interface can be described at low surface coverage by a 
Langmuir isotherm taking into account the surface unoccupied by the ionic components of 
the Et4NBr salt. At high surface coverage, perturbation of T,,,, by the simultaneous adsorp- 
tion of the electrolyte is explained in terms of the lateral attractive forces previously observed 
in concentrated bulk solutions. 

FRANK M. KIMMERLE et HUGUES MENARD. Can. J. Chem. 55,33 12 (1977). 
Nous avons etudie I'adsorption simultanee de I'uree et du bromure de tetraethylam- 

monium a I'interface Blectrodelelectrolyte dans des solutions ternaires de composition 
variant de a 1 mol P- ' .  L'adsorption de l'urke a I'interface ~lectrode/electrolyte suit, ti 
faible recouvrement de surface, I'isotherme de Langmuir en tenant compte de la surface non 
occupee par les composants ioniques du sel Et4NBr. A recouvrement eleve, la perturbation 
du terme T,,c, par I'adsorption simultanke de l'electrolyte, est expliquee par des forces 
d'attraction lattrales antirieurement observees en solutions concentrees. 

[Traduit par le journal] 

Introduction 
The interfacial region separates two regions : 

one which can be described by the bulk electro- 
lyte properties, the other by the bulk electrode 
properties. While the anisotropic distribution of 
cations and anions in this 'electrical double layer 
region' may depend to a large degree on the 
electron charge density on the metal surface, the 
distribution of solvent molecules and neutral 
solutes can be expected to strongly reflect the 
bulk electrolyte properties. Knowledge of the 
bulk thermodynamic properties is thus essential 
for the study of the structure of the interfacial 
region; not only in order to calculate correctly 
the thermodynamic parameters of the interfacial 
region, but also in order to postulate models of 
the anisotropic structure in agreement with this 
experimentally accessible thermodynamic data. 

The thermodynamics of aqueous urea solu- 
tions have been reviewed by Stokes (I), the 
thermodynamics of aqueous tetraalkylammon- 
ium solutions by Wen and Hung (2), and recently 
the ternary aqueous - urea - tetraalkylammonium 
bromide solutions have been examined by a 
number of workers (3-5). Schrier et al. (5) have 
succinctly summarized the Friedman cosphere 
model (6) as it applies to these results. Within 

'Revision received May 25, 1977. 

slightly different frameworks, e.g. that of 
Desnoyers and Jolicoeur (7), or that of Parker 
(8), it is also taken for granted that urea salt 
solutions have less structure than pure water. 
Furthermore, it is admitted that entropy con- 
siderations are largely responsible for the 
negative free energy of transfer of R4NBr to a 
more highly concentrated urea solution as well 
as the spontaneous transfer of urea to a R4NBr 
solution. 

The adsorption of Et,NBr at the mercury1 
aqueous electrolyte interface has been studied by 
Verdier et al. (9), Piro et al. (lo), and MCnard 
and Kimmerle (1 1). Piro et al. interpreted the 
adsorption over a range of 0.04 C m-2 at high 
negative potentials in terms of specific cation 
adsorption and postulated monolayer coverage 
by the cations ( r  + -4 A) in contact with each 
other. Just as Sarma and Ahluwalia (12) con- 
tend that the quaternary ammonium salts behave 
as soluble hydrocarbons with respect to the free 
energy of transfer, we have contended that 
Et4NBr behaves in the interfacial region quite 
unlike the ionic alkali salts whose anionic and 
cationic attributes can be readily identified. 
Therefore, we have insisted (11) that Br- and 
R4Nf ions are not adsorbed as separated 
entities and that one might treat instead the 
adsorption of an entity 'R,NBr'. 
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The adsorption of urea had received little 
attention until Parsons et al. (13) recently under- 
took an experimental and theoretical study of 
the adsorption of urea from aqueous 1.0 M 
KNO, solutions. Although they neglected the 
activity coefficients of urea and employed in- 
stead the concentration terms in their data 
analysis, some very useful information was 
obtained. Weak lateral interactions of the 
adsorbed urea molecules and a Langmuir fit 
corresponding to a molecular area at saturation 
coverage of 24 W2 were reported. It was suggested 
that adsorbed urea molecules displace about 
three water molecules and that the urea is most 
strongly adsorbed at an electrode charge q, = 
+0.08 C m-2 in a configuration with its dipole 
at a small angle to the surface. They also suggest- 
ed that the nitrate ion modifies substantially the 
neighbouring water structure but in their 
numerical calculations did not explicitly con- 
sider interactions between the solvent shell of 
urea and the nitrate ion at the interface or in 
solution. The interpretation of the simultaneous 
adsorption of urea and Et4NBr presents two 
challenges. (i) It is necessary to take into ac- 
count the variation of activity coefficients of urea 
with vary,ing salt concentration and vice versa. 
(ii) It is necessary to use a simple model of the 
interfacial region which will allow for the com- 
petitive adsorption. The first condition has only 
recently been examined for a ternary solution by 
Nakadomari et al. (14) who arranged to keep the 
activity of a Na2S04 base electrolyte constant 
while varying the concentration of the 2-butanol 
solute. We chose to vary the concentrations of 
both the salt and neutral solute and to calculate 
both rurea and T,,,,,, by use of the appropriate 
relationship (viz. eq. 4 b and c below). In order to 
meet condition (ii) the results presented here will 
emphasize the solution compositions where 
rure, predominates, i.e., high urea and low 
Et4NBr concentrations. We will extrapolate 
these results to Et4NBr concentrations where the 
ionic population of the interfacial region is given 
by electrostatic considerations only. We will thus 
distinguish between three different types of 
phenomena in the interfacial region: (1) The 
adsorption of urea molecules on the electrode 
surface. (2) The attraction of Et,NBr into the 
interfacial region. (3) The interaction between 
adsorbed urea molecules and adsorbed ionic 
components of the electrolyte. 

Theory 
A general electrocapillary equation for an 

ideally polarized electrode at constant pressure 
and temperature, where the indicator electrode is 
reversible with respect to the anion of a uni- 
univalent electrolyte can be written as: 

where the subscripts 1 and 2 refer to the neutral 
and the ionic solute, respectively. The relative 
surface excess parameters can be given in terms 
of the mole fractions Xu ,,,, XEl,NBr, XHzO and 
the experimentally inaccessible absolute surface 
excess, e.g. 

V 

C21 
"urea 

r l , h  = r u r e a  - r~ 20 
X~ z 0  

and 

Differentiating [l  ] with respect to the activity 
of one solute at constant activity of the second 
solute will immediately yield the relative surface 
excess values : e.g. 

and 

This approach used by Nakadomari et al. (14) 
is very inconvenient to realize experimentally if 
both Tl,h and T2,,+ are sought but it could be 
used with surface tension values interpolated 
from data obtained at fixed concentrations. Dif- 
ferentiating [ l ]  with respect to the activity of 
one solute at constant molarity or molality of the 
second solute will yield two terms: 

and 

C5bl - ($1 = rZ1 = r2,h+ 
2 E - , c l  or1111 

where rl' and r2' are apparent surface excess 
values. Differentiating [I ] with respect to the 
logarithm of the concentration will yield terms 
involving the activity coefficients fl and f,,,. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3314 CAN. J .  CHEM . VOL. 55 ,  1977 

and 

The latter approach has frequently been used 
in the past but all terms involving the activity 
coefficients have generally been neglected. 

Activity coefficients can be calculated from 
potentiometric results, although isopiestic results 
lead to unequivocal iilterpretations and are to be 
preferred (5),  particularly if solute 1 may be 
thought to influence one ion of the solute 2 
differently than its counterion. Such data were 
not available for aqueous urea Et,NBr solu- 
tions, although Wen and Chen (3)  have calcu- 
lated the activity coefficients of the ternary 
solutions of urea, Me4NBr, or Bu,NBr. Inter- 
polation from these systems is necessary in 
order to estimate p,,,,,, at varying urea con- 
centrations and pure, at varying Et4NBr concen- 
trations. Furthermore, it is necessary to estimate 
the derivative of the activity coefficients of one 
solute at fixed concentration with respect to con- 
centration of the second solute. 

As can be expected, the activity corrections 
given by the second terms on the right-hand side 
of [4b] and [5b] become important at high 
solute concentrations. Increasing the urea con- 
centration depresses the activity of Et,NBr and 
vice versa. ( a ~ z l a ~ , ) , ~  or  m 2  and ( a ~ l / a ~ , ) c ,  0 ,  "I, 

are therefore both negative quantities. For 
ternary solutions involving strong salting out 
(e.g. the butanol solutions (14)) the opposite 
trends are observed. Neglecting these changes in 
bulk solution activity and retaining only the first 
term of [4c] or [5c] would lead to erroneous high 
r values for solutions having less structure than 
bulk water and to erroneous low r values for 
ternary solutions having greater structure. 

Experimental 
The surface tension values were calculated from drop- 

time measurements using the computational techniques 
and instrumentation described previously (1 1). 

Solutions were used within 24 h of preparation from 
water twice distilled from alkaline permanganate, 

Et4NBr (Eastrnan Kodak Co.) recrystallized twice from 
ethanol, and urea (Baker Chem. Co.). We recorded drop- 
time for eight concentrations of urea varying from 0.005 
to 2 M and for nine concentrations of Et4NBr varying 
from 0.0025 to 1 M over 1.4 V intervals. Eighty-one 
different solution compositions were thus investigated in 
order to determine simultaneously the surface excess of 
the ionic species l - E t 4 ~ +  and TB,- and the surfaceexcess 
of the neutral molecule, r.,.,. Electrode potentials, E-, 
were calculated with respect to a reversible Br- electrode 
and verified by measuring the potential difference be- 
tween a saturated calomel and a specific Br- electrode 
(Orion 94-35A) in the urea-Et4NBr solutions. All 
experiments were carried out at 25.0 + 0.05"C. 

Results and Discussion 
Interpolation of Activity Coeficients 

Wen and Chen (3) have shown that the molal 
activity coefficient of the nonelectrolyte y, and 
the mean molal activity coefficient of the electro- 
lyte y ,, in a ternary system urea - tetraalkylam- 
monium bromide - water may be expressed as a 
function of the concentration of the nonelectro- 
lyte m l  and the electrolyte m,. Schrier et al. (5) 
used a somewhat simpler expression : 

[61 log yl/y10 = -m2{g12(0)  + +g,,(') rn2'lZ 
+ g12(,) m1)  

to express y,  in terms of the activity coefficient in 
the binary solution, y I 0 ,  and a correction term, 
the right-hand side of [6].  Although log yl/y10 
and also log y + ,,/y, ,,O differ somewhat with the 
nature of the electrolyte, as illustrated in Fig. 1, 

FIG. 1. Mean molal activity coefficient of Et4NBr vs. 
activity of urea in a ternary Et4NBr-urea-H20 solution: 
W 0.01 M Et4NBr, 1.0 M Et4NBr. 
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I 

for (log y,,,/y,,,O) in Me4NBr and Bu4NBr 
solutions, this variation is surprisingly small. The 

1 correction terms become appreciably large for 
m, > 0.1 m and vary slightly more as a function 

1 of urea concentration at low electrolyte con- 
centrations. The difference in the behaviour of 

1 the two salts becomes more apparent at high 
urea concentrations. Similarly, the differences in 
the behaviour of the urea molecule in Me4NBr 
or Bu4NBr solutions become somewhat more 
appreciable at high electrolyte concentrations. 
Since these correction terms reflect the effects of 
the interactions between the nonelectrolyte and 
electrolyte solutes it is to be expected that the 
chemical nature of the species would manifest 
itself when three or more solute particules are 
likely to interact. 

Nevertheless, even at the highest concentra- 
tions employed, 2 m urea and 1 n1 R4NBr, the 
differences in the correction terms for Me4NBr 
and Bu4NBr, Fig. 1, are less than 0.08 units. 

I We therefore suggest that 
I 

1 [71 (In Y, , 2 / ~ &  ,20)Et4NBr = 

1 3{(ln Y + , ~ / Y  f ,Z0)Me4NBr 
0 1 + (In yf.2lyf.2 )BU,NB~} 

and 

constitute approximations for the activity coef- 
ficients in the ternary system Et4NBr-urea-water 
to within 0.04 units. When y,,,,,' and the right- 
hand sides of [7] and [8] are calculated from the 
data of Wen and Chen (3), and yo, ,,,,,,, taken 
from the work of Lindenbaum and Boyd (15), 
yUrea and y, ,Et4NBr are likely to be correct to 
within 1% for all but the most concentrated 
solutions examined. 

Calculation of Relative Surface Excess Values 
In order to verify that adsorption equilibrium 

had been attained within less than 5 s, we re- 
examined by the droptime technique the urea - 1 
M KNO, solutions recently studied by Parsons 
et al. (13). The surface pressure curves as cal- 
culated from droptime data are in agreement 
with those calculated from differential capaci- 
tance data as are the surface excess results up to a 
concentration of 2 M in urea. 

Typical electrocapillary results in Et4NBr 
solutions containing up to 2 M urea are not re- 
markably different from those containing no urea. 

The influence of electrolyte concentration on the 
electrocapillary curves at varying urea concentra- 
tions is much more remarkable. At the lower 
Et4NBr concentrations, 0.01 M Et4NBr, the 
series of curves resemble that found for 1.0 M 
KNO,. At higher concentrations, 0.1 M Et4NBr, 
the family of curves has shrunk and at 1.0 M 
Et4NBr the curves at different urea concentra- 
tions become practically indistinguishable. The 
surface pressure curves for the adsorption of 
urea are congruent with respect to charge in 1 M 
KNO, and in Et4NBr at the concentrations 
below 0.01 M. Above these concentrations, 
charge congruency is not observed and the 
surface pressure values have considerably dimin- 
ished. 

This behaviour is even more clearly illustrated 
in Fig. 2 by the variation of T,,,,,,,, with surface 
charge. Whereas in Fig. 2a at 0.01 M Et,NBr, the 
adsorption of urea tends toward a maximum at 
qM = +0.08 C m-2  and resembles that found for 
1.0 M KNO, solutions, no maximum is attained 
in Fig. 2b at 0.1 M Et4NRr. At intermediate and 
high Et4NBr concentrations, Tare ,,,,, is de- 
pressed considerably showing little charge 
dependency, Fig. 2c. Both the incongruency of 
the surface pressure curves, and the variation of 
charge dependence illustrated in Fig. 2b indicate 
strong lateral interactions involving adsorbed 
urea molecules. These interactions evidently also 
involve the adsorbed ionic species. It is generally 
accepted that adsorbed solute molecules replace 
adsorbed water molecules and that adsorbed 
ions replace adsorbed water molecules or at least 
influence their orientation. The free surface area 
open for this competition thus diminishes if the 
fractional surface coverage, 9,,,,, or the surface 
excess of ionic components increase. 

As indicated, apparent and relative surface 
excess values differ by the term T2,,+ (i3p2/i3pl). 
In Fig. 3, T' at 0.1 M Et4NBr is given to illus- 
trate this point. The apparent values are consis- 
tently lower and in error by as much as 50% at 
negative charges with respect to the true values, 
Fig. 2b. At yet higher Et4NBr concentrations 
this difference is even more important. In the 
past, calculations of apparent surface excess 
values have been made using the solute concen- 
tration instead of the solute activity in [2]. Since 
a,,,,,, is normally less than [solute] even smaller 
values of apparent surface excess values would be 
obtained if such an erroneous data treatment 
were adopted here. 
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KIMMERLE 

FIG. 3.  Apparent surface excess T,,.,' vs. surface 
charge at 0.1 M Et,NBr. Scale and symbols as in Fig. 2a. 

I 
i It  cannot be denied that the injudicious treat- 

ment of thermodynamic data can lead to 
I erroneous results difficult to interpret in terms of 
i simple microscopic models. We should therefore 

view with caution any explanation of double 
layer phenomena in ternary systems unless it is 
established that the activity corrections have 

I 

been applied or that they are indeed of negligible 
I 

magnitude. 
The ternary system urea-R4NX-water reflects 

the behaviour of two binary systems: urea-water 
and R4NX-water. Whereas the adsorption of 
R4NX at different electrode charges can be 
studied, the system urea-water cannot be 
investigated directly without an electrolyte. 
However, extrapolating the surface excess value 
rurea,H20 to low electrolyte concentrations 
should yield results corresponding to the binary 
urea-water system. Thus 

However, plotting Tl ,, as a function of a, does 
not permit a linear extrapolation and involves 
highly curved regions at low Et4NBr concen- 
trations. Indeed, it would be surprising if the sur- 
face activity of urea varied linearly with the bulk 
Et4NBr electrolyte activity. It is more useful to 
carry out the extrapolation with respect to the 
Et,NBr population of the interfacial region 
itself. 

AND MENARD 3317 

It is possible (1 1) to divide the ionic surface 
excess T,,,' into electrostatic and nonelectro- 
static contributions : 

[lo] T,,,+ = Tz+ Electrostatic + TZA 

where 

T,+ Electrostatic = A [exp -(sinh-' (qM/2A)) 

- 11 
and 

A = ( R T E C / ~ ~ C ) ~ / ~  

Extrapolating the surface excess T,,,a,,,20 to a 
double layer composition where anions and 
cations are found only in the Outer Helmholtz 
region, i.e., where rA ,,,,,, = 0, was carried out 
as in Fig. 4. The extrapolation is fairly linear, 
and the intercepts 

[1 l] lim { r l  ,,) = rl ,,0 (T,' = 0) 
r2A-0 

It now becomes possible to plot the isotherms 
for the adsorption of urea at different electrode 
charges without needing to consider the nature 
of the electrolyte. Such a plot is given in Fig. 5.  

FIG. 4. Surface excess T ,,.,, HzO VS. surface excess 
r A E 1 4 N B r  at qm = 0.04 C m-Z at fixed urea concentrations: 
1 7 0 . 1 M , A 0 . 3 M , ~ l . O M , A 1 . 5 M ,  2.0Mureaand 
at fixed Et4NBr concentrations (left to right) 0.005, 0.01, 
0.025, 0.05, 0.1, 0.5, 1.0 M Et4NBr mol m-Z) vs. 

molm-'). 
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FIG. 5. Surface excess rO,,,,,H,o extrapolated to 
a,,,*,, = 0 vs. activity of urea: q, = 0.08, 0.04, 0.0, 
-0.04, -0.08 C m-2. 

Although different adsorption isotherms have 
been used (16) the Langmuir isotherm and 
variations thereof describe adequately the ad- 
sorption of simple molecules at the electrodel 
electrolyte interface. For the adsorption of a 
neutral solute (I) we may write: 

C121 Plal = 8111 - 81, 81 = r1/r1 max 

where p, = exp -(AG,OIRT) exp - (g,/RT)and 
where AG10 is the free energy of adsorption of 
solute 1 and g, is a function of electrode charge, 
and where T, ,,, is the surface excess correspond- 
ing to monolayer coverage. 

Although we recognize that the Langmuir 
isotherm is unlikely to describe adequately the 
adsorption of the ionic components of an 
electrolyte, it is useful to employ this mathe- 
matical framework in order to describe the 
competitive adsorption of two solutes. For the 
simultaneous adsorption of two solutes (I) and 
(2) we may suppose that: 

C131 Pl'al = 
81 

1 - 8, - 8, 
where 

Pz t  = PI exp - (AG,,,IRT) 

and where AG,,, refers to the lateral interaction 
energy between two adsorbed solutes (1) and (2). 

The surface coverage 8, will diminish when 8, 

VOL. 55, 1977 

or P,'a, becomes appreciably large, even in the 
absence of intersolute interactions. Since the 
surface activity of urea is considerably less than 
that of the tetraalkylammonium salt, 8,,,, is 
expected to diminish by the simultaneous 
adsorption of the electrolyte. 

The free energy terms PI and P, are normally 
charge dependent .variables. The variation with 
charge of 8, will therefore be influenced by the 
variation of 8,. If A G, ,, = 0,8, should decrease 
most appreciably at those values of qM where 8, 
becomes most significant because of increased 
competition for the space occupied by adsorbed 
water molecules. If AG, ,, < 0, the adsorption of 
the more weakly adsorbed species, here species 
(I), will be somewhat enhanced, particularly so 
at charges where solute (2) is strongly adsorbed. 

We hesitate to identify 8, in the case of 
electrolytes although we recognize that the 
accepted mathematical treatment separates the 
ions into 'specifically' or 'contact' adsorbed and 
electrostatically adsorbed species. Different as- 
sumptions concerning the relative strength of the 
specific adsorption of the cation and anion will 
lead to different anion and cation profiles as a 
function of the distance from the electrode (17). 
At qM = 0, the use of FA,,, ,,,, the quantity of 
Et4NBr adsorbed beyond that predicted from 
electrostatic behaviour, does not in itself pre- 
sume any particular concentration profile. The 
use of 8, = F,A/T,maxA in a Langmuir type 
isotherm does however presume adsorption of 
anion-cation pairs on the electrode surface. We 
shall examine the results for the ternary urea- 
Et,NBr-water system to see to what degree this 
simplification is justified. A Langmuir type 
isotherm, [12], was imposed on the data given in 
Fig. 6 by a least-squares fit, varying T, ,,, from 
4 x to6 x r n ~ l r n - ~  to obtainaconcen- 
tration independent value of PI. The results plot- 
ted in Fig. 6 indicate clearly, in agreement with 
Parson's conclusions (13), that little interaction 
exists between adsorbed urea molecules. We find 

- 4.96 x mol m-', significantly r,,,Urea - 
less than that calculated by Parsons by neglecting 
activity coefficients in 1 M KNO,. Our value in 
infinitely dilute electrolyte would allow full 
rotational freedom for the adsorbed molecule. In 
the absence of nonelectrostatic adsorption of 
Et4NBr, the adsorption of urea follows a 
relatively simple pattern with a free energy of 
adsorption symmetrical about qMmax = +0.08 C 
m-'. A parabolic charge dependence was ob- 
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1.5- 

1 0- 

- 
A GI - .  
R T  

0 5 

I 

0- 

. q M  =-0 08 cm2 

. q M = - 0  04 

qM=o . . . . .  qM = O  04 

qM ~0.08 

0.25 0.5 0.75 

81 
FIG. 6. Free energy of adsorption of urea vs. Our.,. 

I Calculated for T,,,""" = 4.96 x mol m-2: q, = 
0.08,0.04,0.0, -0.04, -0.08 Cm-2. 

I 00 1.0 2.0 30 
I served with g,/RT cc -(q - q,,,a,)2, as expected r A ~ i 4  NBr ( I O - ~ ~ O I  m-'1 

I if urea replaces absorbed water molecules. FIG. 7. Surface excess Turea.s20 vs. surface excess 
I Equation 12 constitutes a satisfactory des- pEtANBr at qM = -0.04 c m - ~ .  symbols as in ~ i ~ .  4. 
I cription of the binary system. We can now 

examine Figs. 4 and 7 to see to what extent [13] calculated from the theoretical model of the sur- 
describes the ternary system. face occupied by the voluminous cation (1 8). 

At any given urea activity a linear relationship From these two values, T,,,,,urea and T m a t ,  

I exists between TUrea,,,, and TAE,,,,, at low obtained in 'binary' solutions, we can calculate 
I Et4NBr concentrations. Similarly, at any given 0, and 0, and evaluate [13] in the ternary solu- 

salt activity a quasi-linear relationship is found, tions. Competition for the number of sites 
although the variations of TAE,,,,, are slight and available is probably the underlying cause for the 
of the same magnitude as the experimental un- linear portions in Figs. 4 and 7. At low surface 
certainty. Extrapolation of TAE,,,,, to T,,,, = 0 coverage AG,,, - 0 and little lateral interaction 
yields values unaffected by the presence of between adsorbed urea and adsorbed Et4NBr is 
adsorbed urea molecules and identical to those evident. Thus (0, + 8,) remain relatively constant 

1 
I observed in binary solutions. Extrapolation of provided that a,  or a, is held fixed. At high sur- 

rurea,H20 to rAEIdNBr = O yields r0u,,a,,,20 whose face coverage e,, and fixed activity a,, the lateral 
numerical value is thought to be relatively little interaction term exp - (AG,,,/RT) (eq. 13) is re- 
influenced by the chemial nature of the quater- sponsible for attracting increased amounts of 
nary ammonium salts. species (1). Similarly, at high surface coverage 0,, 

The intercepts ~ 0 u r e , , , 2 0  (TA = 0) at values of and fixed activity a,, more species (2) are attracted 
qM from qM = +0.08 to -0.08 C m-2 were than would be predicted if no lateral interactions 
used to establish an unique value of T,,,""" as existed. Again, the overwhelming surface activity 
indicated above. An attempt to evaluate TmaXA of Et4NBr vs. urea is such that the lateral urea- 
from a Langmuir isotherm at different values of Et4NBr interactions have a more prominent effect 
qM was not successful. Obviously the Langmuir (at all surface charges) on the adsorption of urea 
model which supposes monolayer coverage and than on the adsorption of Et4NBr. 
absence of lateral interactions is inadequate to Interactions between adsorbed urea molecules 
describe the adsorption of an electrolyte. The are minimal, perhaps because appreciably large 
value = 3.15 x mol rn-, obtained surface coverages were not attained, Our,, < 0.6. 
by linear extrapolation of data such as in Figs. 4 The perturbation due to adsorbed ionic com- 
and 7 is nevertheless in good agreement with that ponents of Et4NBr can be rationalized in a 
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manner analogous to the free energy of transfer 
of urea from a binary aqueous solution to a 
ternary Et4NBr-urea-water solution. The over- 
lap of a structure breaking type II,, cosphere (5) 
of the Br- ion with that of urea will lead to a 
relaxation of unstructures water to bulk water 
and a concomitant loss of enthalpy and entropy. 
In homogeneous solution this overlap leads to 
negative values of the free energy. In homogene- 
ous solution a similar contribution due to the 
Et4N+ is thought to be minor. At the interface 
the analogous overlap of the hydration shells 
could also be responsible for the negative value of 
AG,,,. For any given rA,,,,,,, this effect is 
relatively charge independent (viz. Figs. 4 and 
7) and is consistent with the underlying assump- 
tion for the adsorption of Et4NBr, namely that 
both anion and cation are found in the Inner 
Helmholtz Layer. 

Conclusions 
For ternary systems, surface excess values, 

r,,,,,, obtained at fixed concentration of 
species (2) should be calculated according to 
[4] and [5]. Neglect of the activity corrections 
would lead to erroneous results for urea-Et4NBr 
-H20 solutions. Since Et4NBr is much more 
readily adsorbed than urea at the mercurylelec- 
trolyte interface, it competes most successfully 
for vacant sites and displaces adsorbed urea 
molecules at all but the highest concentrations 
and for qM >> 0. At high surface coverage, 
lateral attractive forces between adsorbed urea 
and Br- species are probably due to overlap of 
hydration cospheres~~ similar to that found in 
concentrated ternary solutions. 
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Arrhenius parameters for the reactions of 0 ( 3 . P )  atoms with several aldehydes and 
the trend in aldehydic C-H bond dissociation energies1 
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D. L. SINGLEKIN, R. S. IRWIN, and R. J. CVETANOVI~. Can. J. Chem, 55,3321 (1977). 
The phase-shift technique has been used to determine the temperature dependence of the 

reaction of ground state oxygen atoms with several aldehydes. Oxygen atoms were generated by 
modulated photosensitized decomposition of nitrous oxide and were monitored by the chemilu- 
minescence from their reaction with nitric oxide. The Arrhenius expressions determined over 
the temperature interval 298-472 K are: k,(acetaldehyde) = (7.21 k 1.49) x lo9 exp (- 1960 + 
153/RT); kl(propionaldehyde) = (7.78 _+ 0.75) x lo9 exp (- 1727 k 66/RT); k,(butyralde- 
hyde) = (9.99 f 0.56) x lo9 exp (-1702 + 40/RT); k,(isobutyraldehyde) = (7.92 + 1.02) 
x lo9 exp (- 1445 k 91/RT), where the units are f mol-' s-' and cal mol-'. The indicated 
uncertainties are one standard dev~ation. After small corrections were made for the potential 
abstraction of alkyl hydrogens, the activation energies of aldehydic hydrogcn abstraction were 
used to  estimate the aldehydic C-H bond dissociation energies, D(RC0-H). The trend of 
slightly decreasing values of D(RC0-H) thus obta~ned for the sequence H2C0,  CH3CH0, 
C2H5CH0, n-C3H7CH0, I-C3H7CH0 was also indicated by the aldehydic C-H stretching 
frequencies. 

D. L. SINGLETON, R. S. IRWIN et R. J CVETANOVIC. Can. J. Chem. 55,3321 (1977). 

I 
La technique de dkphasage est utilisCe afin de dkterminer l'effet de la temperature sur 

la reaction de I'oxygene atomique a 1'Ctat fondamental avec plusieurs aldehydes. Les atomes 
d'oxygene sont formis par dCcomposition photosensibilile de I'oxyde nitreux. Ces atomes 
sont ensulte mesurks par chemiluminescence resultant de leur reaction avec l'oxyde nitrique. 
Les expressions d'Arrhenlus determinees pour l'ecart de tempbature 298-472 K sont: kl(ac6- 
taldkhyde) = (7.21 + 1.49) x lo9 exp (-1960 f 153/RT); kl(propionaldChyde) = (7.78 + 

I 
0.75) x lo9 exp ( 1 7 2 7  + 66/RT); kl(butyrald6hyde) = (9.99 ? 0.56) x lo9 exp (- 1702 + 

1 40/RT); kl(isobutyraldChyde) = (7.92 f 1.02) x lo9 exp (- 1445 + 91/RT), avec les unites 
exprimkes en f mol-' s-' et cal mol-'. Les incertitudes indiqukes correspondent a I'kart type. 
Apres avoir fait les corrections pour l'abstraction possible des hydrogenes d'un groupe alkyle, 
les energies d'activation de I'abstraction d'un hydrogene aldkhydique sont utilisee afin d'evaluer 
les energies de dissociation du lien carbone hydrogkne D(RC0-H). La tendance qu'ont les 
valeurs a decroitre legkement dans la sCrie H2C0, CH3CH0, C2H5CH0, n-C3H7CH0, 
i-C3H7CH0 est indiquke aussi par les frkquences d'dongation du lien C-H. 

[Traduit par le journal] 

Introduction sociation energies of the aldehydic hydrogen are 
The reactions of ground state oxygen atoms about the same, within 1 or 2 kcal m0l-l (6). 

with aldehydes occur in the initiating stages of However, the rep0rted rate and 

photochemical smog and in the combustion of Arrhenius Parameters for the 0(3P) + aldehyde 
aldehydes. In the primary step for the reaction reactions are significantly different for the 
of 0(3P) with acetaldehyde at 298 K, reactive simpler aldehydes and do not appear to follow a 

acetyl and hydroxyl radicals are formed by consistent trend. The preferred room temper- 
abstraction of hydrogen from the aldehydic ature rate constant for has 
group (1, 2). An analogous mechanism should recently been given as 0.9 lo8¶ and for ace- 

occur for the other aldehydes, and has indeed taldehyde, 3.1 lo8 .! mO1-' s-' (7). 

been shown to occur for the simplest member of identical values of 1.4 and 1.5 x 10' have been 

the series, formaldehyde (3-5). reported for propionaldehyde (8) and butyralde- 

Kinetically obtained thermochemical data for hyde (9). Activation energies of 2.6, 2.39 and 3.8 
various aldehydes indicate that the bond dis- kcal mol-' have been reported for formalde- 

hyde (lo), acetaldehyde (ll) ,  and propionalde- 
'NRCC No. 16096. hyde (8). 
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Almost all the available values of the rate 
constants for the reactions of 0(3P) with alde- 
hydes have been determined by the discharge- 
flow technique. It is desirable to verify the values 
of these rate constants by an independent tech- 
nique in order to establish the actual sequence of 
reactivity and the trends in the values of the 
Arrhenius parameters. 

The modulated chemiluminescence ('phase- 
shift') technique has been used previously in this 
laboratory to determine rate constants and 
Arrhenius parameters for the addition of 0 ( 3 ~ )  
atoms to several olefins (12). The rate constants 
determined with this technique were precise, and 
the agreement with the flash photolysis - reson- 
ance fluorescence results and the competitive 
(product analysis) results was generally very good. 
In the present work we use the modulated 
chemiluminescence technique to determine the 
temperature dependence of the rate constants for 
the abstraction reactions of 0(3P) with acetalde- 
hyde, propionaldehyde, butyraldehyde, and iso- 
butyraldehyde. Estimates of the aldehydic C-H 
bond dissociation energies are made, based on 
correlations with (I) the activation energies for 
abstraction by 0 ( 3 ~ )  and (2) the aldehydic 
C-H stretching frequencies. 

Experimental 
Details of the experimental technique have been given 

previously (13-15). Ground state oxygen atoms are 
generated by modulated mercury photosensitized de- 
composition of nitrous oxide in a flowing mixture of 
Hg, N 2 0 ,  NO, and aldehyde. The 0(3P)  atoms react 
with both nitric oxide and aldehyde. 

The reaction with NO produces the well known NO2 
cherniluminescence, the intensity of which is also modu- 
lated. The phase difference between the 254 nm light, 
which initiates the reaction sequence, and the chemilu- 
minescence is the primary measurement and is related to 
the rate constants k ,  and k2 for reactions 1 and 2, 

2nv -- 
tan 4 - k,[RCHO] + k2[NO][M] 

(Dynisco DPT 85-2 or Decker 306) in the case of the 
aldehydes. Flows of the aldehydes were controlled by 
stainless steel bellows sealed needle valves. Teflon stop- 
cocks with which the aldehydes came in contact were 
provided with ethylcne propylene rubber O-rings. 

At each of the experimental temperatures between 
298-472 K, the following conditions were used. The 
modulation frequency was usually varied by a factor of 
two within the range 1500-8000 Hz. Experiments were 
done at  both 30 and 60 Torr, except for butyraldehyde 
and isobutyraldehyde for which experiments were done 
only at  30 Torr because of difficulties associated with 
their lower volatilities. The NO concentration was 5 to 
10% of the N 2 0  concentration, and the aldehyde con- 
centration was varied from about 1-10% of the N 2 0  
concentration. 

The rate of absorption of 254 nm radiation, less than 
1 x 1012 quanta ~ m - ~  s-', was determined by gas 
chromatographic analysis of the products of the reaction: 
0(3P)  + 1-butene. 

All the aldehydes were obtained from Eastman 
Organic Chemicals, except isobutyraldehyde which was 
obtained from Anachemia. The aldehydes were distilled 
into a storage reservoir with care being taken always to 
maintain the aldehydes above their melting points to 
reduce polymerization. Gas chromatographic analysis 
on 0,P'-thiodipropionitrile and 0,P'-thiodipropionitrile 
+ squalane capillary columns gave the following 
detectable impurity levels: acetaldehyde, <0.01%; 
propionaldehyde, 0.09% (0.05x as butyraldehyde); 
butyraldehyde, 0.01% (as isobutyraldehyde); isobutyral- 
dehyde, 0.01%. Nitrous oxide and nitric oxide were 
obtained from Matheson. The nitric oxide was passed 
through Linde 13X molecular sieve to remove traces of 
NO,. 

Results 
In the present experiments, an emission signal 

could be detected when only Hg, N,O, and 
aldehyde were irradiated with the modulated low 
pressure mercury lamp. The intensity of the 
emission signal was proportional to the aldehyde 
concentration. A Corning 2-61 filter effectively 
blocked the extraneous emission, and transmitted 
the longer wavelength portion of the NO, 
chemiluminescence. The measured chemilu- 
minescence intensity was decreased by about a 
factor of 2.5, relative to the intensity detected 
with the vreviouslv used 3-70 filter. This caused a 
corresponding decrease in the signal to noise 
ratio. It was estimated that the extraneous 
emission signal contributed less than 5% error to 

where 4 is the phase shift and v is the modulation 
frequency. The phase shift is measured with photo- the measurement of tan $' The approached 
multi~liers and a lock-in am~lifier. this value for only three points; usually it was 

 he flow rate of N 2 0  was determined by a frequently much less. 
calibrated rotameter. The flow rates of NO and the The extraneous emission proved to be fluores- 
aldehydes were determined by calibrated capillaries. cence from the excited by absorption The pressure drops across the capillaries were measured 
with a DC-704 silicone oil manometer in the case of the 313 nm line from the low 
nitric oxide, and with an  electronic pressure transducer Pressure mercury lamp. The spectrum of the 
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TABLE 1. Rate constants for the reactions of ground state oxygen atoms with aldehydes (k,), and with nitric oxide (k,)" 

T Rate 
(K) constant Acetaldehyde Propionaldehyde Butyraldehyde Isobutyraldehyde Nitric oxideb 

298 k I 2.59k0.08 4.21k0.11 5.71k0.15 7.15k0.17 
kz 4.69kO. 18 4.72k0.13 4.97k0.17 5.00k0.20 4.84 

339 k l  4.11 20.08 6.04k0.10 7.90k0.21 9.00k0.19 
k2 2.92k0.12 3.57k0.11 3.89k0.20 4.27k0.18 3.80 

396 k ,  5.83k0.08 8.32k0.26 11.3 k0 .35  12.3 k 0 . 4  
kz 2.67rt0.21 3.07k0.23 2.96k0.31 3.27k0.24 2.92 

472 k~ 9.54+0.28 12.6 k 0 . 4  16.5 k 0 . 5  17.4 L 0 . 4  
kz 2.31 k0 .20  2.52k0.19 2.75k0.31 2.63k0.21 2.27 

OUnits are: k, x 10-8  t mol-1 s-1; kz x 10-lo C2moIk2 S-'. The 
Values were calculated from the Arrhenius expression, determined 

emission from irradiated isobutyraldehyde + 
mercury, determined with a Bausch and Lomb 
monochromator and EM1 9558 photomulti- 
plier, extended from 364 nm to beyond 500 nm 
with a maximum at about 418 nm. Also, the 
extraneous emission was eliminated when the 
313 nm line was removed by placing an inter- 
ference filter (center wavelength -254 nrn) 
between the Hg lamp and the reaction cell. The 
emission spectrum is similar to the reported 
fluorescence spectrum of acetaldehyde excited at 
313 nm (16). However, in the present work, 
emission is detected at even longer wavelengths, 
(using Corning filters in place of the mono- 
chromator) up to about 600 nm, for all four 
aldehydes. This probably reflects somewhat 
greater sensitivity in the present experiments. 

Rate constants of reactions 1 and 2 were 
obtained from plots of 2nv/[aldehyde]tan $ vs. 
[NO][M]/[aldehyde]. The intercepts of linear 
least-squares lines through the points gave 
the values of k , ,  and the slopes gave the 
values of k, .  The plots for the four aldehydes are 
given in Fig. 1 for T = 298 K. The slopes of 
the plots are the same, as they should be, and are 
within 47, of the value of k ,  determined pre- 
viously in the absence of aldehyde. Also, the 
precision of the points indicates that the rate 
constants, k , ,  of the four aldehydes are signi- 
ficantly different. 

Several points were obtained for isobutyralde- 
hyde at 298 K with a 254 nm interference filter 
placed in front of the reaction cell to block the 
313 nm light in order to eliminate fluorescence of 
the aldehyde. In these additional experiments, 
the Corning 2-61 filter in front of the photo- 
multiplier monitoring the chemiluminescence 
was replaced by a 3-70 filter. As shown in Fig. 1, 

I uncertainties are one standard deviation. 
for k2 in  mixtures of Hg, N20, and NO, reported in ref. 15 

FIG. 1. Plots of 2nv/[aldehyde] tan $ vs. [NO:I[M]/ 
[aldehyde] for the reactions of 0 ( 3 P )  atoms with alde- 
hydes at  298 K. A Acetaldehyde; 1 propionaldehyde; 

butyraldehyde; 0 isobutyraldehyde; isobutyralde- 
hyde with a 253.7 nm interference filter between the lamp 
and the reaction cell. 

elimination of the 313 nm line had no significant 
effect on the results. 

The rate constants, k , ,  determined for the 
aldehydes at four temperatures are listed in 
Table 1. Also listed are values of k ,  determined 
from the slopes of plots similar to those in Fig. 1. 
With one exception (acetaldehyde at 339 K) the 
values of k2 are in good agreement with the 
values of k2 determined previously in the ab- 
sence of aldehyde. (The Arrhenius parameters 
for acetaldehyde would be altered only slightly 
if the value of k ,  at 339 K were excluded.) 

The rate constants, k , ,  are plotted in Ar- 
rhenius form in Fig. 2. The points can be 
adequately represented by the Arrhenius equa- 
tion. The least-squares Arrhenius parameters 
are given in Table 2. 
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TABLE 2. Comparison of the present room temperature rate constants and Arrhenius parameters with previously 
reported values for 0(3P) + aldehyde reactions4 

kZ,, x lo-, A x 1 0 4  E 
Reference Method ( e  mol-' s-I) ( e  mol-' s-I) (kcal mol-l) 

Acetaldehyde 
This work Hg sensitization - 2.59 7 .21k1.49 1.960+0.153 

Chemiluminescence 

Mack and Thrush (17) Discharge flow - 2.88 
Chemiluminescence 
and esr 

Cadle and Powers (1 1) Discharge flow - 2.7 1 4b 2.36* 
Cherniluminescence 

CvetanoviC (I) Hg sensitization - 3.0" 
Product analysis 

Propionaldehyde 
This work Hg sensitization - 4.21 7.78k0.75 1.727+0.066 

Chemiluminescence 

Cadle and Allen (8) Discharge flow - 1 .4  85 3 .8  
Chemiluminescence 

Butyraldehyde 
This work Hg sensitization - 5.71 9 .99k0.56 1.702+0.040 

Chemiluminescence 

Jaffe and Wan (9) NOZ photo-oxidation - 1 .5  
Quantum loss of NOz 

Isobutyraldehyde 
This work Hg sensitization - 7.15 7 .92k1.02 1.445+_0.091 

Chemiluminescence 

*The uncertainties indicated in the present work are lo. 
bcalculated by least-squares treatment o f  the rate constants reported in ref. 11 .  
<The reported relative rate was converted to an absolute rate using the O ( V )  + CIHj rate constant of ref. 12. 

20 residence time of the aldehydes in the reaction 
cell. 

Discussion 
Comparison of the Rate Constants with Literature 

Values 
Q 4 
,‘ A comparison of the present results with other 

reported-values of k,  is made in Table 2. The 

FIG. 2. Arrhenius plots of the reactions of 0(3P) atoms 
with aldehydes. A Acetaldehyde; propionaldehyde; 

butyraldehyde; 0 isobutyraldehyde. 

On the basis of a previously suggested 
generalized reaction scheme (14), it is estimated 
that less than 0.5% of the oxygen atom con- 
sumption in the presence of the aldehydes was by 
secondary reactions with primary reaction pro- 
ducts. Less than 0.1% of the aldehydes were 
consumed by oxygen atoms, as estimated from 
the rate of oxygen atom production and the 

agreement among all the reported values for 
acetaldehyde is good. The value of Cadle and 
Powers (1 l j  at  476 K is about 25% larger than 
the present value at 472 K, and their room 
temperature value is within 5%. The value 
determined by CvetanoviC (1) for acetaldehyde, 
measured relative to ethylene, is also in good 
agreement, as is the value by Mack and Thrush 
(17). 

The present Arrhenius expression for pro- 
pionaldehyde differs considerably from that 
reported by Cadle and Allen (8), who used the 
same technique as was used by Cadle and Powers 
(11) with acetaldehyde. They determined the 
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rate constants from the initial 0(,P) decay rate 
in a discharge flow system, using the chemilu- 
minescence from reaction 2 to monitor the 
0(3P) concentration. At higher temperatures 
their values are in reasonable agreement with the 
present values (the ~rrheniusyines intersect at 
433 K), but at room temperature their value is 
only 3 of the present value. It is not clear why 
such a discrepancy occurs, but it may not be 
significant when the scatter in the experimental 
values is taken into account. 

There is apparently only one previously 
reported value of k ,  for butyraldehyde. Jaffe and 
Wan (9) reported a value, which is $ the present 
value, in a study of the photochemical reaction 
of NO, with butyraldehyde. The value of k ,  was 
obtained from the quantum yield for NO, loss 
as a function of [aldehyde)/[NO,]. Within the 
experimental error, the results of Jaffe and Wan 
for acetaldehyde and butyraldehy de suggested 
that both aldehydes react with similar rates in 
the photochemical reactions with NO,, implying 
similar values of k,. However, these are indirect 
determinations of k,, and various complicating 
factors may be involved. 

Allowances for Ab.~traction of H Atoms from the 
Alkyl Groups 

At room temperature the mechanism of the 
0 ( 3 ~ )  f acetaldehyde reaction involves ab- 
straction of the aldehydic hydrogen atom. 
There is no evidence of other reactive paths, such 
as abstraction of hydrogen from the methyl 
group (1, 2). However, abstraction of hydrogen 
from the alkyl group of the aldehydes will be- 
come more significant (1) as the C-H bonds 
become weaker on going from primary to 
secondary to tertiary, (2) as the temperature 
increases, and (3) as the number of alkyl C-H 
bonds increases. 

I t  is possible to estimate the contributions to 
the observed rate constants made by alkyl 
hydrogen abstraction by assuming that the rate 
constants for abstraction (per C-H bond) from 
primary, secondary, and tertiary C-H bonds in 
the compounds C,H,, n-C,H,,, and (CH,),- 
CHCH(CH,),, respectively, as reported in ref. 
18, are transferable to the alkyl groups in the 
aldehydes. The percentages estimated in this way 
for abstraction from the alkyl group relative to 
the total observed rate at 298 and 472 K are: 
acetaldehyde 0.1, 1.4; propionaldehyde 1.8, 
12; butyraldehyde 2.6, 18; isobutyraldehyde 0.9, 

TABLE 3. Estimated" Arrhenius parameters for the 
reaction 0(3P) + RCHO -, OH + RCOh 

A x E 
Aldehyde (e  mol-I s-I) (cal mol-') 

CH3CHO 7.00k 1.40 1941+148 
CH3CHzCH0 5.6720.51 15432 62 
CH3(CH2)2CH0 6.23k0.13 34282 15 
(CH3),CHCHO 7.18k0.87 1390+ 86 

aThe estimated rate of H abstraction from the alkyl group is sub- 
tracted from the total measured rate. 

bThe indicated uncertainties are one standard deviation. 

4.2. These estimates show that abstraction from 
the alkyl groups probably becomes significant at 
the higher temperatures used in the present work 

\ as the number of alkyl /CH, groups increases. 
Rate constants corresponding to abstraction 

of the aldehydic hydrogen by 0(,P) are esti- 
mated by substracting from the observed rates 
the calculated rates of abstraction of hydrogen 
atoms from the alkyl groups. The Arrhenius 
parameters for abstraction of the aldehydic 
hydrogen were evaluated from these 'corrected' 
rate constants. The least-squares values of the 
Arrhenius parameters, obtained using the statis- 
tical weights of the observed rate constants, are 
given in Table 3. The pre-exponential factors are 
the same, within about one standard deviation, 
for the four aldehydes, and are comparable to 
values, per C-H bond, for the 0(3P) t alkane 
reactions (1 8). The Arrhenius activation energies 
are significantly lower (by 1 to 8 kcal mol-') 
than the activation energies for the 0(,P) + 
alkane reactions, consistent with the weaker 
aldehydic C-H bond. There is a trend of 
decreasing activation energies in the series ace- 
taldehyde-propionaldehyde-butyraldehyde-iso- 
butyraldehyde. A question of considerable 
interest is whether this trend signifies that there 
is a corresponding trend in the bond dissociation 
energies of the aldehydic hydrogen, D(RC0- 
H); for the four aldehydes. 

Therrnochemical Values of D(RC0-H) 
The aldehydic C-H bond dissociation ener- 

gies reported for formaldehyde, acetaldehyde, 
and propionaldehyde are very similar. Some 
recent values, in kcal mol-', are: C H 2 0  88.5 
(19), 87 (20), 76 (21); CH3CH0 87.7 (22), 87 
(20), 87.3 (21); CH,CH,CHO 87.4 (23). To our 
knowledge there are no values reported for the 

ZThe bond dissociation energies in this paper refer to 
D02g8 values. 
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butyraldehydes. All of the values except Fletcher 
and Pilcher's value (19) for formaldehyde are 
based on kinetic data (i.e., differences in acti- 
vation energies for various forward and reverse 
reactions). Within the experimental errors of 
about 1 or 2 kcal mol-', the bond dissociation 
energies are the same. The thermochemical data 
are not sufficiently precise to ascribe the small 
variation in activation energies in Table 3 to 
changes in D(RC0-H). Thus it is necessary 
to examine other physical properties of the 
aldehydes that might provide a more precise 
relative ordering of D(RC0-H). 

Estimates of D(RC0-H) front the Trend in the 
Arrhenius Activation Energies 

In a review of reactions of 0 ( 3 ~ )  atoms with 
hydrocarbons, Huie and Herron (18) correlated 
C-H bond dissociation energies with the 
activation energies for O(jP) abstraction reac- - \ ,  

tions. Although the correlation is not necessarily 
linear, as they discussed, we have used their plot 
to estimate D(RC0-H) for the aldehydes in the 
present study and also for formaldehyde, for 
which the temperature dependence of the rate 
constant of reaction with 0(3P) has been re- 
ported (10) as 3.7 x lo9 exp (-2.4 kcal mol-'/ 
RT) e mol-' s-'. Values of D(RC0-H) were 
calculated from the line in Huie and Herron's 
plot of D vs. E using the values of E in Table 3 
and Cadle's activation energy for H,CO. The 
values D(RC0-H) thus obtained are given in 
Table 4 under the ' E  vs. D' heading. The most 
significant decreases in D(RC0-H) occur going 
from formaldehyde to acetaldehyde (1.5 kcal 
mol- ') to propionaldehyde (1.3 kcal mol- '), 
but there is little further change on going to the 
butyraldehydes. 

&cause the  correlation of bond energy with 
activation energy is not necessarily linear, and 
because the 'corrections' for abstraction from 
the alkyl portion of the aldehydes are estimates, 
the above correlation must be made advisedly. 
However, in support of this correlation, C-H 
stretching frequencies also indicate a similar 
trend in D(RC0-H). 

and CH, and estimate D(RC0-H) for each 
aldehyde using the C-H stretching frequencies 
in Table 4. The trend in the D(RC0-H) values 
obtained from the stretching frequencies is 
similar to the trend obtained from the activation 
energy correlation, and in fact, the absolute 
values are in fairly good agreement, as shown in 
Table 4. However, only the relative values are 
sought, and the values are therefore normalized 
to D(CH,CO-H) = 87.3 kcal mol-', the mean 
of the values in refs. 20-22. The trend in D- 
(RCO-H) is perhaps shown more convincingly 
by comparing these normalized values, which are 
enclosed in parentheses in Table 4. It is interest- 
ing to note that Bernstein (27), in an earlier 
correlation of C-H stretching frequencies, pre- 
dicted values of 88 and 85 kcal mol-' for 
D(RC0-H) for formaldehyde and acetalde- 
hyde, respectively. 

Discussion of the Trend in D(RC0-H) 
It should be emphasized that the trend in 

D(RC0-H) values suggested by the present 
work and by the C-H stretching frequencies is 
relatively small, and is within the uncertainties 
in the thermochemical results based on kinetic 
techniques such as iodine atom reactions. The 
near constancy of the aldehydic hydrogen bond 
dissociation energies has been discussed by 
Solly and Benson (28). Within the precision of 
the thermochemical data available, they con- 
cluded that there was no effect of alkyl group 
substitution of the magnitude exhibited by 
CH,-H (104 kcal mol-') and C2H,-H (98 
kcal mol-'). It would be interesting to compare 
the aldehydes with the isoelectronic series 

CH2 
I I  

RC-H, but unfortunately there does not 
appear to be much thermochemical data on 
vinylic hydrogen dissociation energies. 

The difference of --20 kcal mol-' in the dis- 
sociation energies of the vinylic (- 108 kcal 
mol-' in C2H,) and the analogous aldehydic 
C-H bonds is very striking. The potential 
electronic interactions which mav affect the 

Estimates of D(RC0-H) from the Trend in the strength of the aldehydic C-H bonds and the 
Aldehydic C-H Stretching Frequencies stability of the radicals formed after removal of 

The stretching frequencies of C-H bonds H have been discussed (28-30). The fact that 
have been correlated recently with the bond dis- the C-H stretching frequencies are low, and 
sociation energies for a variety of molecules that they predict fairly well the observed values 
(24). We arbitrarily use the line drawn by of D(RC0-H), would seem to indicate that the 
McKean et al. (24) connecting the data for HCN bond weakening factors are operative in the 
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TABLE 4. Estimates of the aldehydic C-H bond dissociation energies, D(RC0 
-H), from the correlations E vs. D and v vs. D, i.e., of activation energies, E, and 

of vibrational frequencies, v, with the C-H bond dissociation energies, D 

D(RC0-H) from correlations4 

Eb 
Aldehyde (kcallmol) 

Formaldehyde 2.4" 
Acetaldehyde 1 .94 
Propionaldehyde 1.54 
Butyraldehyde 1 .43 
Isobutyraldehyde 1 .39 

v E vs. D 
(cm-') (kcal/mol) 

v vs. D 
(kcal/mol) 

'The values in the parentheses are normalized taking D(CH3CO-H) = 87.3 kcal mol-1, i.e., the 
mean of the values quoted in refs. 20-22. 

bThe activation energies have been corrected for the potential contribution of alkyl hydrogen 
abstraction. 

<Reference 10. 
*Average of the symmetric and asymmetric stretches (25). 
.Average of the Fermi doublets (26). 

aldehyde, and not solely through stabilization 
(28) of the radical, because the stretching 
frequencies are expected to be sensitive to 
properties of the aldehyde rather than to the 
separated radical and H atom. This is exempli- 
fied by comparing benzaldehyde and toluene. 
For the former, the aldehydic C-H stretch 
(average) is the same as that in acetaldehyde, 
2770 cm-' (24), as is the bond dissociation 
energy, 86.9 kcal mol-' (28). Benzyl radical, on 
the other hand, exhibits about 15 kcal mol-' 
stabilization. The value of D(C6H,CH2-H) 
that would be predicted by the C-H stretching 
frequency is 99.9 kcal mol-' (24), whereas the 
observed value is only 85 kcal mol- ' (20). 
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Metal-ion oxidations in solution. Part XV1II.l Characterization, rates, and 
mechanism of formation of the intermediates in the oxidation of thiols 

by chromium(V1) 

ALEXANDER MCAULEY~ AND M. ADEGBOYEGA OLATUNJI~ 
Department of Chemistry, University of Glasgow, Glasgow GI2 8QQ, Scotland, 

and Department of Chemistry, University of Victoria, Victoria, B.C. ,  Canada V8W 2Y2 
Received March 7, 1977 

ALEXANDER MCAULEY and M. ADECBOYECA OLATUNJI. Can. J. Chem. 55,3328 (1977). 
The stopped-flow technique has been used to study tlie reactions of [HCr04-] and penicil- 

lamine, glutathione and 13-mercaptoethylamine (RSH) in perchlorate media, [H+ 1 = 0.02-0.100 
M, I = 1.00 M over the temperature range 1CL30cC. The transient orange species formed as 
intermediates are 1 : 1 chromate esters, 

K' 
RSH + [(HO)Cr03]- e [(RS)CrO,]- + H,O 

with h,,, - 42CL430 nm and K, - 700 (DL-penicillamine) to 1440 M-' (glutathione) at T = 
25°C. Thermodynamic parameters for complex formation have been derived from initial ab- 
sorbance data and the evidence for sulphur bonding is discussed. Kinetics of the reactions con- 
form to the rate law 

d[Complex]/dt = (k, + kfH'[H+ :I)[HCr04-:l[RSH] 

Activation enthalpies lie in the range 6-10 kcal/mol but AS*  values vary considerably possibly 
reflecting solvation effects. The rate constants kfH' are several orders of magnitude lower than 
those found for this parameter in other reactions of this type. The complex formation mechan- 
isms are discussed and the possibility of some associative character in the present reactions is 
considered. 

ALEXANDER MCAULEY et M. ADEGBOYEGA OLATUNJI. Can. J. Chem. 55,3328 (1977). 
On a employe la technique du "flux stoppC" pour Ctudier les reactions de [HCr04-] avec la 

penicillamine, le glutathion et la [3-mercaptoethylamine en milieu perchlorique, [ H f ]  = 0.02- 
0.100 M, I = 1.00 M, entre 10-30°C. Les especes transitoires de couleur orange ont Cte iden- 
tifiees comme etant des esters chromiques 1 : 1 (h,,, - 420-430 nm), 

K1 

RSH + [(HO)CrO,]- $ [(RS)CrO,]- + H,O 

avec K, = 700 M-' (DL-penicillamine) jusqu'a 1440 M-' (glutathion) a 2SoC. Les parametres 
therrnodynarniques pour la formation de ces complexes ont Cte obtenus a partir des rnesures 
d'absorption initiale. On suggere un liaison soufre-metal pour ces especes. Les vitesses de ces 
reactions obeissent i I'expression 

Les enthalpies d'activation se situent entre 6-10 kcal mol-', rnais les valeurs de AS' presentent 
une grande variation refletant probablement des effets de solvatation. 

Les constantes de vitesse krH' sont plus petites, par plusieurs ordres de magnitude, que celles 
mesurees pour d'autres,reactions cornparables. Les micanismes de formation d'un complexe 
interrnkdiaire sont discutes, ainsi que la possibilite d'un caractere associatif pour les reactions 
prCsentCes. 

Whilst oxygen-bonded chromate esters are the corresponding sulphur-bonded complexes. 
well characterized (2-4), having been identified Recent kinetic studies using rapid reaction tech- 
as intermediates in the oxidation of organic sub- niques (5-9) have demonstrated the existence of 
strates by chromium(VI), much less is known of these transient species, but they are very much 

more susceptible to oxidation than the 0-bonded 
'For part XVII see ref. 1. analogues. Also, the formation constants and 
'Author to whom correspondence should be addressed. spectra of the oxygen- and thioesters show 

Present address: Department of Chemistry, University 
of Victoria, Victoria, B.C., Canada V8W 2Y2. marked differences, e.g. in the reaction with acid 

3Present address: Department of Chemistry, Ahrnadu th io~ul~hate  (7, 81, a complex is formed with 
Bello University, Zaria, Nigeria. HCr0,- with an equilibrium constant of - lo4 
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M c A U L E Y  A N D  OLATUNJI .  I 3329 

M-' compared with -4 M - '  for the bisulphate 
system (10). The red shift of about 30 nm of the 
charge-transfer band in the near uv (h  = 350 
nm) has been interpreted as evidence for an 
S-bonded intermediate. Changes in the absorp- 
tion maxima of this magnitude have also been 
observed with thiocyanate (11) and thioureas 
(12) whilst the displacement is even greater (to 
420 nm) for cysteine (6). In all cases, however, 
the extinction coefficients are - 1.2-1.4 x lo3 
M - '  cm-', substantially in excess of that for the 
hydrogen chromate ion or the 0-bonded esters. 
In view of the need for more information on 
these systems and of the importance of the sul- 
phydryl group in electron-transport processes an 
extension of these studies into more biologically 
important substrates was undertaken. 

Experimental 
DL-Penicillamine (puriss), glutathione, and p-mercap- 

toethylamine hydrochloride (Koch Light) were used with- 
out further purification. Potassium dichromate (Analar 
grade) was used for kinetic runs, the sodium salt (BDH 
Reagent) being used where concentrations were such as 
to have caused precipitation of potassium perchlorate. 
Perchloric acid (A.R.) and sodium perchlorate (Fluka, 
puriss) were used to maintain a constant ionic strength 
of 1 .OO M a t  varying hydrogen ion concentrations. Stock 
solutions of perchloric acid were analysed by titration 
against weighed quantities of sodium tetraborate. 

Kinetic Studies 
The complex formation reactions of glutathione and 

P-mercaptoethylamine were investigated using the 
stopped-flow apparatus described previously (13). Oscil- 
loscope displays of transmission curves were photo- 
graphed using a Polaroid camera and by comparison with 
a known reference voltage, the optical density of any 
point on the trace could be calculated using a Nova 1200 
computer. The slower reaction with penicillamine was 
monitored using a hand driven (two jet glass mixer) 
stopped-flow system which utilized a Unicam SP800 
spectrophotometer both as monochromatic light source 
and detection system (6) .  Experiments were carried out 
using a I cm flow-through cell, the dead time being 
0.30 + 0.05 s. For the formation reactions conditions 
were carefully chosen such that a state of equilibrium was 
reached prior to the subsequent redox reactions. 

Results and Discussion 
Interpretation of the kinetic data is strongly 

dependent on a detailed knowledge of the reac- 
tant species. The concentration of chromium(V1) 
was such that the predominant species was 
HCr0,- throughout the acidity range used 
(4, 5). For the thiols, the pK, values correspon- 
ding to the loss of a proton from -SH and 
+ 
NH, are > 8  (14, 15). The carboxyl group pK 

values, on the other hand, are much lower, 2.44 
for penicillamine and 2.1 and 3.5 for glutathione 
(14, 16). Under the conditions used in these in- 
vestigations ([H'] = 0.040.10 M), the carbox- 
ylic acid is the predominant species although a 
small proportion of zwitterion is also present. 
Attempts were made to determine the effects of 
these proton equilibria on the actual concentra- 
tion of hydrogen ions present. This was achieved 
by measuring the pH's of various solutions of the 
ligand prepared under conditions identical to 
those used for kinetic runs. Using a calibration 
curve derived from measurements of accurate 
dilutions of perchloric acid (0.01-0.10 M) at 
I = 1.0 M, the pH's of mixed solutions at the 
start and completion of reaction were compared 
with those of the ligand alone. ~e~ re sen t a t i ve  
data are presented in Table 1 where it is seen that 
no differences were observed. Interestingly, no 
trend was observed between the lowest and 
highest ligand concentrations at constant [H']. 
Hence, although a small proportion of depro- 
tonated carboxylate may be formed the effective 
conce~itration of hydrogen ion is the initial value 
[ ~ + l , .  

In all the kinetic measurements carried out for 
the determination of the formation rate con- 
stants, the initial absorbance ( t  = 0) was found 
to be identical with that of chromium(V1) con- 
taining no ligand. By measuring the optical 

TABLE 1 .  The pH's of solutions of penicillamine and gluta- 
thione (RSH) at differing [Hilo as used in kinetic experi- 

ments, I = 1 .O M (NaC104) 

End of 
[H+Io/M 1O3[RSH]/M Ligand Mixture reaction 

Glutathione 
2.0 1.10 
2.0 0.91 
2.0 0.79 
2.0 0.70 
8.0 0.92 
8.0 0.69 

Penicillamine 
2.0 1.08 
8.0 1.10 
2.0 0.90 
2.0 0.78 
5.0 0.80 
8.0 0.80 
2.0 0.70 
8.0 0.72 
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CAN. J. CHEM. VOL. 55,  1977 

FIG. 1 .  Spectra of intermediate complexes. 0, HOCr03- ; 0, Cr(V1)-glutathione ester; A, Cr(V1)- 
p-mercaptoethylamine ester; x , Cr(V1)-penicillamine ester. 

density changes, AOD, at various wavelengths 
under normal reaction conditions it was possible 
to compile the spectra of these complexes. In all 
cases A,,, was found to be 420-430 nm as is 
shown in Fig. 1. Kinetic and equilibrium mea- 
surements were carried out at this wavelength. 
Repeated spectroscopic scans of the relatively 
slowly reacting mixtures of Cr(V1) and penicil- 
lamine show an absorbance decrease at h = 
350, an increase at h - 420, and an initial iso- 
bestic point at 390 nm. 

In the acid concentration range 0.02-0.10 M 
the formation of the intermediate was sufficiently 
rapid compared with the subsequent decay that 
an equilibrium condition was achieved. Since 
HCr0,- is generally considered to form only 1 : 1 
complexes under the conditions employed in this 
study, eq. 1 may be derived where [RSH] is the 

[Ill 
CCr(VI)IoCRSHI - -- CRSHl 1 

AOD A + KT 
ligand concentration and K the equilibrium con- 
stant. Plots of [Cr(VI):I,[RSH]/AOD against 
[RSH] showed good linearity at all temperatures 
studied (Fig. 2). The absence of any variation of 
intercept with [Hf], is an indication of little or 
no net uptake of protons on complex formation. 

In addition the linearity supports the assumption 
of only a monoester being formed. 

Equilibrium data are presented in Table 2 
where the associated thermodynamic parameters 
for complex formation are also reported. The 
magnitude of the formation constants when 
compared with the oxygen-bonded esters pro- 
vides evidence for the Cr-S linkage in these sys- 
tems (8). Also, the similarity of the spectroscopic 
and thermodynamic parameters of the a-amino- 
carboxylic acids and mercaptoethylamine sug- 
gests that there is little influence of oxygen as a 
donor atom in a possible chelate. In these sys- 
tems where the amino group is protonated, any 
chelation via the nitrogen atom would require 
a preliminary deprotonation. In the oxidation 

+ 
of the hydrazinium ion, NH3NH,, there is evi- 
dence (17) for a very weakly bonded Cr(V1)-N 
complex (K, = 3 + 0.3 M - I ) .  Again the signi- 
ficant difference between this value and that of - lo3 M-' observed in the Dresent case would 
argue in favour of the Cr-S linkage as contri- 
buting to the heat and entropy effects. If, in fact, 
the site of attack by the metal is the sulphydryl 
group it would appear that the equilibrium con- 
stants for the (carboxylate) protonated and 
anionic forms of the ligand with Cr(V1) are iden- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



McAULEY AND OLATUNJI. 1 

16 - 

14 - 

11 - 

I D ~ C C ~ ( V I I I ,  C R S H I  

I I I I I I I I 
1 1 3 5 6 7 8 

IO'CRSHI/M 

FIG. 2. Plots of [Cr(VI)],,,[RSH]/AOD against [RSH] (eq. 1). ( A )  Penicillamine, T = 12.O"C; (B) 
glutathione, T = 25.O"C; ( C )  13-mercaptoethylamine, T = 20.O"C. [H+]  = 0.04 M 0; 0.06 M A; 
0.08 M 0; 0.10 M x .  

TABLE 2. Thermodynamic parameters for (OD,,, - OD,) against time showed good linear- 
complex formation ity to greater than 80% of reaction. Pseudo-first- 

order rate constants, kobs, were derived from the 
T/"C KIM-' E/(M-' cm-') slopes of such plots and representative data at 

DL-Penicillaminea 25°C are presented for each ligand in Table 3. 
12.0 1150k50 1248 Plots of kobs as a function of [ligand], at con- 
17.0 889 k 40 1248 stant [Hf ], were linear with positive intercepts. 
25.0 700 k 40 1228 If the total ligand concentration is [RSH], the 
30.0 510k30 1268 various reactions contributing to the complex 

Glutathioneb formation may be formulated as in eqs. 2 and 3. 
15.0 1643 L 100 1338 
20.0 1550k 100 1288 kc 
25.0 1436 + 50 1290 [2] HCr04- + RSH =$ RSCr03- + HzO 

30.0 1180k80 1367 kb 
kcH + 

0-MercaploethylamineC [3] HCr04- + RSH + H +  + RSCr03- 
20.0 1470k 100 1328 kbH+ 
25.0 1300 & 100 1328 + H z 0  + H +  
30.0 1170+ 100 1308 

On the basis of this scheme, [4] may readily be 
' A H ,  = -6.8 + 0.6 kcal mol-I; ASr = -9 9 + 

5 cal deg-1 ~ O I - 1 .  derived 
"H, = -4.5 + 1.2 kcal mol-1; AS,  = -1 + 

2 cal deg-1 rnol-1. 
'AH( = -3.7 + 1.5 kcal mol-1; AS, = 2 + 2 cal 

deg-' mol-1. 
141 ko,, = {kfH+[RSHIO + kbH+)[H+l, 

+ kf[RSHIo + kb 
tical to within the limits of experimental error in Rearrangement of [41 leads to an expression of 
this study. the form 

The formation kinetics were measured in con- 
ditions of excess of the ligands. Plots of log [51 kobs = a[RSHlo + p 
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3332 CAN. J .  CHEM. VOL. 55 ,  1977 

TABLE 3. Rate constants" for the formation of Cr(V1)- rate law 
thiol complexes. T = 25.0°C, [Cr(VI)],,, = 2.0 x 

M, I = 1.00 M, h = 420nmb [6] R = kfH'[H+][L-:I[HOCr03-] 

kabs/s-' for [H+]/M of 

103[Pen]/M 0.02 0.04 0.06 0.08 

2.00 0.79 1.26 1.76 2.21 
3.00 1.02 1.59 2.13 2.63 
5.00 1.53 2.21 2.69 3.64 
6.00 1.79 2.56 3.42 3.90 
8.00 2.22 3.42 4.46 4.88 

Ic,,,/s-' for [H+]/M of 

k,,,/s-' for [H+]/M of 

'Individual rate constants reproducible to + 3%. 
b~~-Penicillarnine, Pen; glutathione, Glut; 8-mercaptoethylamine, 

Merc. 

where 

a = (k, + k?'[H+],) and P = (kb + kbH'[H+],) 

On plotting the slope (a) and intercepts (P) de- 
rived from [5] against [H'], good straight lines 
were obtained (Figs. 3, 4) from which the rate 
constants kfH', kf, and kbH' were derived. In all 
cases the constant k, was too small to be deter- 
mined with any certainty and was taken to be 
negligible. Overall rate constants are shown in 
Table 4 where thermodynamic parameters for 
the principal (hydrogen-ion dependent) pathway 
are also presented. 

Several interesting conclusions derive from the 
data and from the observed hydrogen-ion depen- 
dence which differs from many other reactions 
of this type (e.g. for the reaction with (H3N),- 
CoOHz3+ the expression corresponding to the a 
above is of the form (18, 19) kf + kfl[H],-I and 
may be interpreted in terms of the prior dis- 
sociation of a proton before the attack on the 
HOCr0,- unit). In previous studies one reac- 
tion pathway has been observed (9) involving the 

and the constancy of the kfH' ( ~ 5  x lo5 M P 2  
s-I) has led to the suggestion that a weak 
L-Cr(OH)03 species is formed which reacts with 
H +  to liberate water. An alternative postulate 
has been advanced by Haim (20) who reasoned 
that since the pathway is proton dependent the 
H +  must be incorporated prior to the rate- 
determining step and so protonation of the 
HCr0,- would be the first step with rate of loss 
of water as rate determining. 

In the present study the kfH' values for sub- 
stitution on HCr0,- are all - lo3-lo4 lower 
than the values obtained previously. The similar- 
ity of the rate for mercaptoethylamine with those 
of the aminocarboxylic acids is significant. In 
these systems either formation of the Cr-S bond 
or dissociation of the S-H bond is rate deter- 
mining. Protonation occurs prior to the slow 
step and coordination of the sulphur is either 
rate determining or occurs before it. Following 
the mechanism preferred by Haim (20), water 
loss, which is not rate determining in this reac- 
tion, takes place with a specific rate of - 5 x lo5 
s-I as the equilibrium constant for [(H20)Cr03] 
is almost certainly less than unity. If protonation 
at sulphur is diffusion controlled (21) and the 
strength of the S-H bond is unaffected by a 
weak Cr---S linkage, then the rate of dissociation 
may be estimated from the dissociation constant 
of the thiol group. 

kd 
RSH RS- + H +  

k - d  

Since K,' - 10-7-10-8 (14, 22), values of k, 
obtained in this way are of the order of 10'-lo3 
s-I. The mechanism of reaction may then be 
written as 

HOCr03- + H +  e (H20)Cr03 

OH2 

RSH + (H20)Cr03 e R-S . . . Cr03 

H 

where the water loss is more rapid than proton 
dissociation which is the final step. The activa- 
tion energies for the systems studied so far all 
fall within the range 6-10 kcal/mol. The entro- 
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McAULEY AND OLATUNJI. 1 

FIG. 3. Dependence of slope (a) (eq. 5) on [H+]. 0, Glutathione, T = 25.0°C; A, P-mercapto- 
ethylamine, T = 30.0°C; m, penicillarnine, T = 17.0°C (right-hand ordinates). 

FIG. 4. Plots of p (eq. 5) as a function of [H+]. A, Glutathione, T = 25.0°C; 0, p-mercaptoethyl- 
amine, T = 30.0°C; 0, penicillamine, T = 12.0°C (right-hand ordinates). 

pies of activation differ markedly, however, and 
may reflect differing degrees of solvation, a re- 
sult not altogether surprising considering the 
differences in the nature of the substrates. 

Desolvation of the transition state may be 
approximated to a melting process. This process 
with the attendant change in geometry has a 
marked influence on AS* and AH* and the 
effects work in opposition to one another (23). 
The free energy of solvation is considered to 

contribute only a fraction of the rate. Differences 
in TAS* which roughly parallel differences in 
AH* thus confirm the solvational effects in this 
study. 

The hydrogen-ion independent pathway, k,, is 
detectable only in the reactions of penicillamine 
and mercaptoethylamine, the values being of the 
same order of magnitude (-1-2 M-Is - ' )  as 
that of cysteine (6). Values of k, tend to vary 
with the acidity of the H-L bond and an inter- 
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TABLE 4. Rate constantsa for the formation of the intermediate complexes at  differing tem- 
peratures (I = 1.00 M )  

DL-Penicillamine 
0.188k0.005 0.75k0.4 0.037k0.02 
0.25 kO.01 1.20k0.7 0.066k0.03 
0.338k0.02 1.82k2.0 0.160+0.10 
0.463k0.06 2.1 k 1 . 0  0.219k0.15 

AH* 5.9+2 kcal mol-'; AS* -31.9k12 cal deg-' mol-' 

Glutathione 
4.40 kO.10 - 0.36 k0.15 
5.33 k0.20 - 0.68 k0.40 
7.06 k0.50 - 0.98 k0.60 
9.60 k0 .50  - 1.29 k0.80 

AH* 10.2k4kcal mol-'; AS* -11.3k6caldeg- 'mol- '  

0-Mercaptoethylamine 
3.22 kO.10 0.50k0.30 0.32 kO.10 
3.79 k0.15 1.70k0.60 0.44 k0.20 
4.88 k0.20 2.0 k 1 . 0  0.68 k0.35 

AH* 7.2f 3 kcal mol-I; AS* -25k 10 cal deg-' mol-' 

L-Cysteineb 
1.30 k0.20 2 k  1 

AH* 7 k 3  kcal mol-'; AS* -24+ 11 cal deg-' mol-' 

"Derived from an unweighted least-squares analysis. Errors quoted represent twice the standard mean, 
bReference 6. 
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Metal-ion oxidations in solution. Part XIX.' Redox pathways in the oxidation of 
penicillamine and glutathione by chromium(V1) 

ALEXANDER MCAULEY~ A N D  M. ADEGBOYEGA OLATUNJI~ 
Department of Chemistry, The University of Glasgow, Glasgow GI2 8QQ, Scotland, 

and Department of Chemistry, University of Victoria, Victoria, B.C. ,  Canada V8W2 Y2 
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ALEXANDER MCAULEY and M. ADECBOYECA OLATUNJI. Can. J. Chem. 55,3335 (1977). 
Three moles of penicillamine or glutathione are required to reduce chromium(V1) to 

chromium(I1I). The kinetics and mechanism of the redox reaction have been studied using the 
stopped-flow method. The reaction proceeds via the formation of a transient intermediate (K1) 
which decomposes either in a proton-catalyzed pathway or by reaction with a second mole of 
thiol. The rate law 

K, [RSH](k,[Hf]" + k,[RSH])[Cr(VI)] 
-d[Cr(VI)]/dt = - 1 + K,  [RSH] 

where n = 1 for penicillamine and 2 for glutathione has been shown to hold over a range of 
thiol and hydrogen-ion concentrations. At 25°C kz = 14.3 + 1.0 M- '  s-I for penicillamine 
(AH* = 9 + 2 kcal mol-', AS* = - 33 f 6 cal K- '  mol-') and 12.1 + 0.4 M-' s-' forgluta- 
thione (AH* = 7 + 2 kcal mol-I, AS* = -40 + 5 cal K-' mol-I). Several chromium(I1I) 
products have been identified by ion-exchange methods. The significance of the second-order 
pathways in these reactions is discussed. 

ALEXANDER MCAULEY et M. ADEGBOYECA OLATUNJI. Can. J. Chem. 55,3335 (1977). 
La penicillamine ou le glutathion present dans un rapport 3:l reduit le chrome(V1) en 

chrome(II1). La cinktique et le mecanisme de ces reactions d'oxydo-reduction ont Bte etudiks 
au moyen d'un appareil de "flux-stoppe". Le mecanisme de ces rkactions implique la formation 
d'un complexe intermediaire (K1) qui peut, soit se dBcomposer selon une voie catalysee par les 
protons, soit rCagir avec une deuxikme mole de thiol. La vitesse de la reaction obeit a l'expression 

dans laquelle n = 1 pour la penicillamine et n = 2 pour le glutathion. Cette expression est 
valable pou! une varittk de concentrations de thiol et de [Hf] .  A 25"C, kz = 14.3 + 1.0 M - '  
s-' pour pe~licillamine (AH* = 9 f 2 kcal mol-', AS* = - 3 3  + 6 cal K- '  mol-I) et 12.1 +_ 
0.4 M- '  s-' pour le glutathion (AH* = 7 + 2 kcal mol-', AS* = -40 + 5 cal K- '  mol-I). 
Plusieurs complexes du chrome(II1) ont kt6 identifies au  moyen de colonnes Cchangeuses d'ions. 
On discute de l'implication d'un terme du second ordre en thiol pour ces reactions. 

The oxidation of nonmetallic substrates by 
both metal ions and oxy-anions is often accom- 
plished by way of inner-sphere complexes (2-5), 
presumably since they provide a low energy 
pathway for electron transfer. The ability of 
HCr0,- to form esters with electron pair 
donors, particularly those with -OH groups, 
is already well established (6) and an increasing 
amount of data is now being provided on the 
corresponding thiol complexes. For these tran- 

sient sulphur-bonded esters the formation 
constants are significantly higher than the 
oxygen-bonded species (7-10). Most metal-ion 
oxidants require only a one-electron transfer to 
attain a lower stable oxidation state; chromium- 
(VI), however, requires three electrons for this 
purpose and only in a relatively small number 
of instances has a simultaneous three-electron 
transfer been reported (1 1). In other cases both 
one- and two-electron redox reaction pathways 
are important. Identification of the final products 

'For Part XVIII see ref. 1 .  which- usually include various inert- Cr(II1) 
ZAuthor to whom correspondence should be addressed. complexes yields information on the elementary 

Present address: Department of Chemistry, University 
of Victoria, Victoria, B.C., Canada V8W 2Y2. steps which take place after the transition 

3Present address: Chemistry De~artment.  Ahmadu State (12). - 
Bello University, Zaria, Nigeria. The oxidation of thiols to disulphides is an 
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important biological process and the role of 
metal ions in the reactions of penicillamine, 
glutathione, and P-mercaptoethylamine (RSH) 
is of significance in view of the nature of 
electron-transport enzymes which often incor- 
porate sulphydryl groups of this type. The 
reactions of penicillamine with heavy metal ions 
have been extensively studied and characteristic 
reductive chelate formation with Cu(II), Fe(III), 
etc. has been observed (13). Few data are avail- 
able for the Cr(V1) reactions. One reference (14) 
to the reaction at p H  7 has described the 
characterization of a 1 : 3 Cr(II1)-penicillamine 
complex. The significance of this study was 
related to the effectiveness of various chelating 
agents for the removal of chromium bound to 
haemoglobin. The present investigation deals 
with the kinetics and mechanism of the redox 
processes involving these systems in the context 
of the reaction of intermediate S-bonded esters 
characterized previously (1). 

Experimental 
Details of the preparation and purification of reagents 

are available elsewhere (1). Kinetic studies were carried 
out using stopped-flow spectrometers described pre- 
viously (10, 15) over a temperature range 12-30°C with 
the thiol ligand in excess. The redox reactions were in all 
cases a t  least a factor of 10 slower than the formation of 
the intermediate complexes and pseudo-first-order rate 
constants were derived from plots showing linearity to  
greater than 90%. Data were reproducible to  f 2%. 

Stoichiometry 
Attempts to determine the stoichiometries of the 

overall redox reactions by spectrophotometric titration 
were unsuccessful as has been observed in the corre- 
sponding reaction with thiosulphate (16). For this reason 
and because it was considered desirable to  measure the 
stoichiometry under conditions related directly to the 
kinetic data, acidimetric titration of the sulphydryl group 
was used (17). In this analysis, 50 ml of 0.2 M thiol was 
mixed with 25 ml of 4 x M chromium(V1) and the 
requisite volumes of NaClO, and HC10, to  give [H+]  = 
0.10 M and I = 1.0 M on dilution of the mixture to 
100 ml. After completion of the reaction a 50 ml sample 
of this mixture was used to  charge a Dowex 50W x 8, 
100-200 mesh cation-exchange column. Rinsing first 
with water, then with 0.10 M HCIO,, and finally a 
solution containing 0.10 M HClO, and 1.0 M NaClO, 
until the first coloured complex had reached the lower 
part of the resin ensured the removal of all excess free 
ligand. The fraction collected was analyzed as outlined 
(17). 

Products 
After the excess ligand had been removed, continued 

elution with various HC10,-NaC10, mixtures resulted in 
a separation of the Cr(II1) complexes. In order to 
minimize aquation, the ion-exchange column was 
maintained at  0°C during the separation procedure. The 

chromium content was determined by bromine oxidation 
in basic media with spectrophotometric measurement of 
the resulting [CrO,lz- (E = 4814 M-I cm-I at  h = 
372 nm) (1 8). 

Results and Discussion 
The electron-transfer reactions of the penicil- 

lamine and glutathione systems were studied. 
Under the experimental conditions used, the 
redox reactions involving P-mercaptoethylamine 
were found to be very slow. In order to simplify 
the kinetics, a sufficient excess of the thiol was 
present so that no [HCrO,-] was present in 
the redox step. Representative rate data at 
various [H+] and [RSH] at 25°C are presented 
in Table 1. Degassing the reactant solutions had 
no effect on the reaction rates. Also, no difference 
was observed in experiments where 0.0416 M 
Mn(I1) was present. 

Plots of kob, as a function of [RSH], yielded 
straight lines with positive intercepts. The 
gradients of these lines were acid independent 
although in each case the thiol-independent 
pathway showed a dependence on [H']. 

For the reaction of penicillamine, the data are 
consistent with the rate scheme 

K1 
[I]  RSH + [HOCr03-I + [RSCr03-I + H z 0  

kz 
[3] [RSCrO,-] + RSH + Cr(1V) 

The rate law [4] may thus be derived. 

- d[Cr(VI)I tot - 
c41 - - 

dt 

Rearrangement of the observed rate constant 
(k,,,) in [4] yields the expression 

[51 a = kob,(l + Kl[RSHI)IK,[RSHl 
= kl[H+] + k,[RSH] 

From a knowledge of the equilibrium constants 
at the various temperatures (I), plots of ci 

against [RSH] were made (Fig. 1) from which 
the rate constant k, was derived directly from 
the gradients. The thiol-independent rate con- 
stant was derived from a plot of intercepts (I) of 
such plots against [Hf ] (Fig. 2). In the reaction 
of penicillamine only one proton is required in 
the one-electron reduction to Cr(V) (eq. 2). 
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McAULEY AND OLATUNJI. 2 

TABLE 1. Rate constants for the redox reactions 
[HCr04-Itot = 2 x M, I = 1.0 M 

[H+ ]/M 1 02[RSH]/M 1U3k,b,/s-1 [H+]/M 102[RSH JIM 1O3kOb,/s-I 

DL-Penicillamine (T = 25.0°C) 
0.020 2.00 0.85 0.040 2.00 1.55 

3.00 1.01 3.00 1.90 
5.00 1.42 5.00 2.47 
6.00 1.60 6.00 2.62 
8.00 2.04 8.00 3.01 

0.060 2.00 2.20 0.080 2.00 2.67 
3.00 2.75 3.00 3.37 
5.00 3.50 5.00 4.36 
6.00 3.628 6.00 4.73 
8.00 3.84 8 .OO 5.02 

Glutathione (T = 15.0°C) 
0.040 5.0 0.51 0.060 5.0 0.74 

8.0 0.. 82 8.0 1.06 
10.0 1 .oo 10.0 1.20 
12.0 1.21 12.0 1.36 
14.0 1.40 14.0 1.60 

0.080 5.0 1.19 0.10 5.0 1.48 
8.0 1 .SO 8.0 1.80 

10.0 1 .80 10.0 1.95 
12.0 2.01 12.0 2.20 
14.0 2.15 14.0 2.40 

FIG. 1. Plots of ci against [RSH] (eq. 5) for penicillamine reaction. T = 250°C. 0, [H+] = 0.02 M; 
0, [H+] = 0.04 M. Plots of j3 against [RSH] (eq. 7) for glutathione oxidation. T = 15.O"C. El , [H+ I = 
0.080 M; x , [Ht ] = 0.10 M (upper and right-hand ordinates). 

Using a similar treatment for glutathione, it scheme leads to [7]. PIots of P against [RSH] 
was found that no single proton pathway was 
present. The thiol-independent rate derived from [71 I3 = k,,,(l + KI[RSHI)/KI[RSH~ 
the reaction = k3[H+I2 + k2[RSH] 

again showed good linearity (Fig. 1) and the rate 
constant k, was derived from plots of the inter- 

and incorporation of this pathway into the rate cept (1') of such curves against [H']' (Fig. 3). 
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FIG. 2. Plot of intercepts (I) derived from graphical evaluation of eq. 5 against [H+]. Slopes yield 
rate constant k ,  : 0, T = 12.O'C; 0, T = 25.O"C (right-hand ordinates). 

FIG. 3. Plots of intercepts (1') derived from eq. 7 
against [H+I2. 0, T = 15.O"C; 0, T = 25.0°C. 

Individual rate constants and thermodynamic 
parameters are presented in Table 2. It is known 
that the reduction from Cr(V1) to Cr(V) is often 
accompanied by proton dependences (6) (usually 
two are required) and it is probable that the 
penicillamine itself provides one of the protons 
required for reduction. Why the same process 
does not take place with the glutathione is not 
certain at present but it may be that conforma- 
tional changes in the tripeptide require an 
external rather than an internal proton transfer 
for reduction to take place. 

The reaction mechanisms for 121, [3], and [6] 
may be discussed in terms of single and multiple , 

TABLE 2. Dependence of kl and k2 on temperature 

DL-Penicillamine 
12.0 1.95k0.2 
17.0 2.90k0.5 
25.0 5.7k1.0 
AH*/(kcalmol-l) 14.1-13 
AS*/(cal K-I mol-l) 17 -1 5 

Glutathione 
15.0 11.2 -12" 
25.0 25.0 k4" 
30.0 26.6  _+So 
AHf/(kcal mol-l) I l k 3  
AS*l(cal K-'mol-l) -24+7 

Third-order rate constant, units M - =  S-I. 

electron-transfer reactions. In steps 2 and 6 the 
rate-determining step is envisaged as the first of 
three consecutive one-electron transfers which 
have been well documented previously (6). 
Second-order ligand dependences (k, pathway) 
have been encountered in a number of systems, 
some of which involve sulphur centres. In Table 
3 are listed the activation parameters for such 
reactions involving essentially similar processes 
with negligible dissociative character. In these 
systems the expansion of the chromium CO- 

ordination sphere from four to six may be 
important. For sulphur-containing one-electron 
substrates, such as those under consideration, 
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McAULEY AND OLATUNJI. 2 3339 

TABLE 3. Activation data for chrornium(V1) oxidation The results obtained by the acidimetric 
paths involving second-order ligand dependences titration method are consistent with a ligand- 

chromium(V1) ratio of (3.0 + 0.1): 1 in the 
AH*/  AS*/  reactions involving penicillamine and gluta- 

Reductant (kcal rnol- I) (cal K-I rnol- I) Ref. thione, consistent with the overall reaction 
Penicillarnine 
Glutathione 
Thiourea 
L-Cysteine 
Thiosulphate 
Sulphite 
Iodide 
Oxalic Acid 

='This work. 
bFirst-order acid pathway, 

cysteine, thiourea, and thiocyanate (19), routes 
corresponding to such terms may also provide a 
low energy pathway for the formation of a 
disulphide via a 'template' reaction with a 
transition state of the form 

Such a system would be formally similar to 
chromyl chloride Cr0,C12 but the differences in 
electronegativities of the halide and sulphur 
atoms are probably responsible for the differing 
stabilities. A similar incipient RS-SR bond 
formation has been observed (20) in the redox 
reactions of iron(II1)-thiolate complexes in 
which a rate-determining dimerization involving 
the formation of a Fe2S2 four-centre electron- 
transfer transition state is observed rather than 
the unimolecular decomposition of the complex 
to yield Fe(I1) and the RS' radical. The fact that 
a two-electron transfer to Cr(1V) is possible thus 
facilitates disulphide formation. 

The lack of an effect of Mn(I1) on the reaction 
rate is similar to that observed in reactions with 
other thiols (10, 21) and with iodide (21). This 
transition metal ion has been used successfully 
as a trapping agent for Cr(1V) thus rendering 
impossible reaction of a second Cr(V1) species 
with either chromium(1V) or the radical pro- 
duced if the latter reacts with another substrate 
molecule. Thus participation of a second mole 
of complex [RSCr03-] in the reduction of 
Cr(1V) to CrCIII) complexes is eliminated and 
support is Ient to the view that it is the ligand 
which is involved in this (rapid) step. 

The thiol acts as a one-equivalent reductant 
under conditions of excess ligand. In spectro- 
photometric titrations solutions having Cr(V1) 
in excess were found to undergo further reaction, 
presumably overoxidation of the thiol to sulph- 
oxide or sulphone. 

Using the conditions referred to in the 
Experimental section, ion-exchange procedures 
indicated several complexes as products in the 
reaction of each thiol. With penicillamine, the 
first complex to be eluted was purple in colour. 
Comparison of elution rates with those of known 
complex ions showed the species to be doubly 
charged and containing about 60% of the total 
chromium. The second species had a more 
intense purple colour and could not be eluted 
even under extreme conditions of eluant con- 
centration (2 M HCIO, - 4 M NaCIO,). The 
complex did appear to aquate on prolonged 
elution to yield [Cr(H20),I3+. This latter species 
is presumably a dimeric 4 + charged ion which 
could have resulted from the parallel reaction of 
Cr20,2- which was present in the original 
solution. The results are similar to those obtained 
for cysteine where it was concluded (10) that the 
monomeric complex ion has cysteine coordinated 
to the chromium(111) centre via an a-aminocar- 
boxyl binding site. Product mixtures from the 
glutathione reactions yielded three species, 
Cr(H20)63+ - 50x, a green second complex 
(containing about 40% of the total chromium) 
also $3 in charge, and approximately 10% of 
the dimeric complex which was difficult to 
isolate. Although the presence of sulphur in the 
green species was confirmed by BaSO, pre- 
cipitation after oxidation of the complex the low 
concentrations involved prevented an accurate 
determination of the Cr-S ratio. It is of interest 
to note that similar products were identified in 
the reaction of P-mercaptoethylamine with 78% 
of the aquo complex, -20% of the green mono- 
meric ion with little trace of the dimer. The fact 
that green chromium(111) complexes are ob- 
served as products in the oxidation of thioureas 
(21) is consistent with a postulate of nitrogen 
coordination in these species. It may be that (1) 
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in the case of the glutathione only the amine 
groups are accessible for binding to the metal 
centre. 

Oxidations of thiols by chrornium(V1) appear 
to be a route to chromium(111) species with co- 
ordinated disulphides. Before the mechanism of 
such reactions can be established with certainty 
more work is required on the nature of the 
radical intermediates and of the concentrations 
of chromium(V) generated. Flow esr will be of 
use in this regard and such studies are in 
progress. 
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Chemistry of chelocardin 11': chemical modifications at Cztl and C,,, 
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DANIEL T. W. CHU, STUART N. HUCKIN, and EDITH BERNSTEIN. Can. J. Chem. 55,3341 
(1 977). 

A selective reduction of chelocardin has been developed leading to 12a-deoxychelocardin 
which retains much of the antibacterial potency of the parent antibiotic, unlike the analogous 
reduction of tetracycline. Reaction of an N-protected chelocardin with amide acetals leads ex- 
clusively to products in which the condensation has occurred at the methyl group of the acyl 
side chain. 

DANIEL T. W. CHU, STUART N. HUCKIN et EDITH BERNSTEIN. Can. J. Chem. 55,3341 (1977). 
On a realise une reduction selective de la chelocardine qui a donne la 12a-deoxychelocardine. 

Ce dernier retient en grande partie I'activitC antibiotique de la chelocardine, contrairement a la 
reduction similaire de la tetracycline. La rCaction des chelocardines N-bloquees avec certains 
amidoac6tals a donnC des composis dont la condensation s'est produite uniquement sur le 
groupe methylique de I'acetyle. 

Chelocardin, a broad spectrum antibiotic that 
was first described in 1962 (1) and subsequently 
shown to be 1 (2), bears a marked structural 
resemblance to the tetracycline (2) and specif- 
ically to the anhydrotetracycline (3). 

[ 
R' = R = H. R" = a-OH tetracycline 

2 R'  = H. R = O H .  R" = a-OH oxytett-ecycline 
R' = CI, R = H,  R" = cc-OH chlorotetracycline 

4 R' = R = H, R" = H 

Since the discovery of the tetracycline class of 
antibiotics in 1948 (3) much effort has been ex- 
pended to elucidate the structure-activity rela- 
tionship of this class of compounds and con- 
siderable progress toward this end has been made 
(for a review of the structure-activity relation- 
ship see ref.4a; for a more recent but less compre- 
hensive review, see ref. 46). However, during the 
course of our studies in the chemical modifica- 
tion of chelocardin, it became increasingly ap- 
parent that this body of literature concerning the 
tetracycline structure-activity relationship did 
not apply to chelocardin despite their structural 
similarities. 

This divergence was first noted when the 
structure of chelocardin was elucidated (3) in 
that all of the modifications of the tetracycline 
ring system toward chelocardin are individually 
correlated with a decrease in antibiotic activity. 
For example, 2-acetyl-2-decarboxamidotetracy- 
cline possesses (depending upon the species of 
bacteria) between 6 and 15% of the activity of 
tetracycline (5), anhydrotetracycline has only 
slight antibacterial activity (6), 4-epitetracycline 
has only slight antibacterial activity in vitro (6), 
whereas the introduction of a methyl group at 
C, in deoxycycline gives an analogue with less 
than 10% of the parent antibiotic's antibacterial 
activity (7). 

We now wish to report our chemical investiga- 
R ' = R = H  anhydrotetracycline tion on the modifications of chelocardin at CIza 
R'  = H, R = OH anhydrooxytetracycline and C,,,. It appears that there is a further dif- 
R'  = CI. R = H anhydrochlorotetracycline ference between chelocardin and tetracyclines, 

'For Part I of this series, see ref. 12. namely the retention of antibacterial activity 
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upon removal of the 12a-hydroxyl function of 
chelocardin. 

Modifcation at  C, ,, 
12a-Deoxytetracycline (4) has been prepared 

by hydrogenolysis of 012a-formyltetracycline (8) 
and by direct reduction of tetracycline with zinc 
and aqueous ammonia (9). Chelocardin, without 
protection of the amine functionality, would not 
withstand prolonged basic treatment. Even with 
the amine converted to the benzyl urethane, 
strong base causes epimerization at C4 of chelo- 
cardin derivatives. However, it was found that 
treatment of N-carbobenzoxychelocardin (5) 
with zinc under acidic conditions gave a mixture 
of products, the major of which was charac- 
terized as the desired N-carbobenzoxy-12a- 
deoxychelocardin (6). 

The removal of the hydroxyl functionality 
from the 12a position in both chelocardin and 
tetracycline permits the two, normally isolated, 
n-systems to interact, and this is reflected in the 
appearance of a new absorption band in the uv 
spectrum of 6 at 382 nm (cf. the additional band 
at 378 nm in the uv spectrum of anhydro-12a- 
deoxytetracycline (8) compared to anhydrotetra- 
cycline (10)). Further evidence for the assign- 
ment of the reduction products as 6 is the pr&- 
ence in its Hmr spectrum of two additional reso- 
nances; one at 6 4.0 ppm, assignable to the 
C,,,-hydrogen, and one in the en01 region (6 
15-17 ppm) which together account for one pro- 
ton (indicating that 6 in chloroform solution 
exists as a mixture of keto and en01 forms). The 
13C nmr of the product is also compatible with 
reduction at the 12a position showing substantial 
shifts in the resonances previously assigned t o  
C12, C12a, C4a, and Cl., 

The carbobenzoxy group could be easily re- 
moved from 6 by treatment with hydrobromic 
acid in acetic acid to give 12a-deoxychelocardin 
as its hydrobromide salt (7) which could be puri- 
fied more readily than 6. Whereas reduction of 
the 12a-hydroxyl group of tetracycline reduces 
the antibacterial properties substantially (4 is 
reported to possess only 2% of the activity of 
tetracycline toward Staphylococcus aureus (8)), 
12a-deoxychelocardin possesses comparable effi- 
cacy toward Gram-positive bacteria as chelo- 
cardin and shows about one quarter of the 
latter's activity toward Gram-negative bacteria. 

2R. S. Egan, R. S. Stanaszek, E. Bernstein, D. T. W. 
Chu, and S. N. Huckin, manuscript in preparation. 

Modification at  C,. . 
Modification of the acyl side chain was initially 

achieved by substitution at the carbonyl group 
of the acyl side chain to give hydrazones (1 la,b) 
and anils (1 lc), but subsequent indirect attempts 
at this modification via reacylation of 2-deacetyl- 
chelocardin (8) (12) have not been promising 
(19, 12). 

Direct reaction at the 2" methyl group ap- 
peared to be chemically infeasible, as the enoliza- 
tion of the tricarbonyl system occurs initially 
with loss of the proton at C2.3 Subsequent enoli- 
zation occurs by loss of the C, proton as evi- 
denced by the epimerization of the amino groups 
in a wide variety of chelocardin derivatives under 
moderately basic conditions (for example see 
preparation of 9). Modification of the tricarbonyl 
system by formation of the enamine at C,,, to 
give 9, also failed to allow reaction at C,,,, either 
directly or formally via acylation-deacylation at 
C,. Compound 9 being a vinylogous imide was 
inert to the usual enamine alkylation and acyla- 
tion conditions4 and the presence of the other 
acidic groups in chelocardin precluded the prep- 
aration of the carbanion at C,,, (14). 

It is well known that N,N-disubstituted amide 
acetals (e.g. 1,l-dimethoxy-N,N-dimethylmethyl- 
amine 10) undergo condensation with acid 
groups, such as a methyl ketone giving in this 
instance enamino-ketone (1 5). Although chelo- 
cardin contains several acidic groups with which 
a highly reactive compound such as 10 might 
r e a ~ t , ~  it was hoped that conditions which fa- 
vored reaction at the 2" methyl group could be 

3However, no indication of reaction at Cz was observed 
in a variety of acylations of chelocardin and derivatives 
even under forcing conditions (12). 

4Vinylogous amides are somewhat deactivated (13) 
toward alkylation and acylation compared to enamines, 
9 having two carbonyl groups in conjugation with the 
enamine can be expected to be even less reactive. 

'For example, trans ketalization could occur involving 
the phenolic groups or the 12a hydroxyl and Cf en01 of 
chelocardin. For a review of amide acetals see ref. 20. 
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found. Accordingly, N-carbobenzoxychelocardin 
(5) was treated with an excess of 10 in refluxing 
benzene and tlcs taken after only 5 min reaction 
time indicated the complete conversion to a more 
polar product, subsequently shown to be the 
desired compound l l a .  

CH3 NHR 
54.4 

1 8 0 . 8 7 '  / 
w & N ( c H 3 ) 2  

(333 0-H -156.8 
O H O H O  0 0 R' 

l l o  R = C02CH,C6HS and R '  = H 
l l b  R = C02CH2C6H, and R' = CH, 
11c R = H HBr and R' = H 
l l d  R = H.HBr and R' = CH, 

(13C nmr data refer to l l o  only) 

Reaction at C,. , was indicated by the presence 
in the Hmr spectrum of the product of a pair of 
doublets at 6 6.67 and 6 8.02 (J = 1 1 Hz) charac- 
teristic of trans vicinal vinylic protons and by 
the absence of the signals analogous to those 
assigned to the 2" methyl group of N-carbo- 
benzoxychelocardin. Compounds 11 possess a 
new band in their uv spectra at ca. 377 nm, and 
the model compounds 12, derived from 2-acetyl- 
dimedone and the corresponding amide acetal, 
exhibit similar uv spectra. 

The structure of l l a  is further confirmed by its 
I3C nmr spectrum which shows a striking parallel 
to that of 12a in that the corresponding carbon 
resonances for the side chain in both compounds 
are almost coincident. The relevant 13C nmr 
data in ppm downfield, from internal TMS for 
l l a  and 12a, are shown in their structures. 

120 R = H 
12b R = CH, 

(I3C nmr data refer to compound 120 only) 

All attempts to hydrolyze the enamine moiety 
of the side chain in the formamide condensation 
products l l a ,  l l c ,  and 12a to produce the corre- 
sponding P-aldehydoketones failed. However, 
the corresponding ketamine compounds l l b  and 
12b derived from the dimethyl acetal of dimethyl- 
acetamide could be hydrolyzed to the corre- 
sponding carbonyl compounds 13 and 14, by 
aqueous sodium carbonate. 

Hydrolysis of compound 12b was very facile, 
even occurring during attempted purification by 
column chromatography on silica. If acidic 
hydrolysis conditions were employed, cycliza- 
tion to the pyrone 15 occurred. Attempts to ob- 
tain the corresponding cyclization of 13 under 
similar conditions were not successful. 

Unfortunately, the extension of conjugation 
of the 2' carbonyl group away from the 1 and 3 
carbonyls alters the electronic environment of 
the tricarbonyl system sufficiently that most of 
the antibacterial activity of chelocardin is lost 
and the nitrogen deprotected compounds l l c  
and l l d  have only weak inhibitory effects on 
Gram-positive bacteria and are ineffective 
against Gram-negative bacteria at concentra- 
tions up to 100 pg/ml. 

Experimental 
The Hrnr spectra were recorded on a Varian Associates 

EM-360 spectrometer in CDC13 solutions, resonance 
positions were reported using the 6 scale relative to inter- 
nal tetramethylsilane. The abbreviations used in reporting 
the signals are: s, singlet; d, doublet; m, multiplet, and 
b, broad. The mass spectra were recorded on an AEI 
MS-902 double focussing mass spectrometer. The uv 
spectra were recorded on a Unicam SP800A spectrometer 
in 0.1 N methanolic HCI solutions. Melting points were 
determined on a Thomas Hoover capillary melting point 
apparatus and are uncorrected. The 13C nmr spectra were 
recorded on a Varian Associates XL-100-15/TT-100 
spectrometer system in DMSO; resonance positions are 
given in ppm relative to internal tetramethylsilane. 

Preparafion of N-Carbobenzoxychelocardin ( 5 )  
Chelocardin hydrochloride (10 g, 0.022 mol) and benzyl 

chloroformate (201111) were dissolved in a mixture of 
tetrahydrofuran (300 ml) and water (60 ml), and a solu- 
tion of sodium bicarbonate (15 g) in water (250 ml) was 
added, with vigorous stirring, over 15 min. The mixture 
was acidified with concentrated hydrochloric acid to p H  
2.0 and the organic layer was separated and concentrated 
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to approximately 50 ml, before being dissolved in chloro- 
form (250 ml). The chloroform solution was washed with 
saturated brine (2 x 30 ml) and dried over anhydrous 
sodium sulfate. Evaporation at reduced pressure gave 
10.7 g (88%) of yellow amorphous solid which was essen- 
tially pure N-carbobenzoxychelocardin. Recrystallization 
from glacial acetic acid (6 ml/g) gave crystalline material, 
mp 206211°C; Hrnr 6 2.22 (s, 3H, Cg-CH,), 2.30 (s, 
3H, C6-CH,), 2.56 (s, 1.4H, C2,-CH3), 2.62 (s, 1.6H, 
Cz.-CH,), 3.C3.6 (m, 3H, C5-Hz and C4,-H), 5.03 
(m, IH, -NH), 5.17 (m, 2H, -0-CHz-C6H5), 6.05 
(m, lH, -C4-H), 7.0-7.6 (m, 7H, C7-H, c~-H, and 
C,H5), 9.85 (s, IH, Clo-OH), 15.1 (bs, lH, Cl,-OH), 
18.1 (vbs, lH, ring A en01 -OH); uv A,,, 226, 275, and 
435 nm; ms m/e 545 M+.. Anal. calcd. for C3,,HZ7NO9: 
C 66.06, H 4.99, N 2.57; found: C 65.78, H 5.29, N 2.55. 

N-Carbobenzoxy-12a-deoxychelocardin (6) 
Zinc dust was activated by vigorous agitation with 1 N 

hydrochloric acid (10 ml/g), rapidly filtered, washed with 
water (3 x 25 ml/g) and acetone (2 x 10 ml/g), and dried 
under high vacuum. 

N-Carbobenzoxychelocardin 5 (10 g, 18.2 mmol) was 
dissolved in glacial acetic acid (500 ml) and freshly acti- 
vated zinc dust (30 g, 0.46 g-atom) added. The mixture 
was stirred at ambient temperature for 18 h and filtered. 
The filtrate was diluted with water (250 ml) and the re- 
sulting precipitate collected by filtration. The precipitate 
was dissolved in chloroform (500ml) and the solution 
was washed with saturated brine (3 x 100 ml), dried over 
anhydrous sodium sulfate, and evaporated at reduced 
pressure to give 7.3 g (74%) of crude 6 as a red solid. 
Purification of 6 was achieved by chromatography on 
Sephadex LH20 using chloroform as eluent to give an 
amorphous solid having a melting point of 175-183°C; 
uv h,,, 226,275,382, and 445 nm; Hrnr (CDCI,) G 2.27 
(s, 6H, C6-CH3 and Cg-CH,), 2.60 (s, 3H, Cz,-CH,), 
2.9-3.4 (m, 3H, C5-Hz and C4,-H), 4.0 (d, 0.5H, 
C12,-H), 4.6 (m, 1 H, N-H), 5.17 (s, 2H, -0-CHz- 
C6H5), 6.1 (m, lH, C4-H), 7.0-7.6 (m, 7H, C7-H, 
C8-H and C6H5), 10.1 (s, OSH, Clo-OH), 10.2 (s, 
0.5H, Clo-OH), 15.1 (s, 0.5H, C11-OH), 16.1 (s, 0.5H, 
Cll-OH or C12-OH), 16.3 (s, 0.5H, Cll-OH or 
C12-OH), 17.7 (bs, 0.5H, ringA en01 OH) and 18.1 (bs, 
0.5H, ring A en01 OH); 13C nmr (DMSO-d,) 6 197.2 (s, 
C3), 193.6 (s, Cz-CEO), 185.7 (s, C12), 174.5 (s, C1), 
160.4 (s, Cil), 156.6 (s, N-COz), 154.5 (s, Clo), 137.0 
(s, C,,), 136.4 (s, C1 of C6H5), 133.5 (d, C8), 129.6 (s, 
C1,,), 128.2 (d, Cz and C6 of C6H5), 127.7 (d, C4 of 
C6H5), 127.5 (d, C, and C5 of C6H5), 119.8 (s, C5,), 
118.4 (s, Cg), 114.3 (d, C7), 112.0 (s, Cz), 108.1 (s, C6), 
105.8 (s, Cl,,), 99.6 (s, Clz,), 65.6 (t, 0CH2), 58.6 (d, 
C4), 31.9 (d, C4=), 29.0 (t, C5), 25.6 (9, CO-CH,), 15.1 
(q, CB-CH,), 13.7 (q, Cg-CH,); ms: m/e 529 M+.. 
~ i a l .  calcd. for c ~ ~ H ~ ~ N ~ ~  : C 68.04, H 5.14, N 2.64; 
found: C 68.75, H 5.43, N 2.63. 

I2a-Deoxychelocardin Hydrobromide (7) 
Crude N-carbobenzoxy-l2a-deoxychelocardin (5 g) 

was dissolved in hydrobromic acid (30% solution in gla- 
cial acetic acid, 75 ml) and the solution stirred for 5 min. 
The solution was poured into ether (500 ml) and the re- 
sulting precipitate collected by filtration and dried under 
high vacuum. The solid was dissolved in methanol (27 
ml) and after 0.5 h, filtered. The filtrate was diluted to 
50 ml with methanol and charcoal (2 g) added. The re- 

sulting suspension was stirred for 1 h, filtered, and con- 
centrated to approximately 20 ml. Addition of ethanol 
(30 ml) and evaporation under reduced pressure gave 
2.2 g (45%) of semicrystalline 7, mp 232-236°C (dec.); uv 
h,,, 225, 275, and 440 nm; Hrnr (DMSO-d,) 6 2.17 (s, 
6H, C6-CH, and Cg-CH,), 2.67 (s ,  3H, CO-CH,), 
3.C3.5 (m, 3H, C5-2H and C4,-H), 5.0 (m, lH,  
C4-H), 7.0-7.5 (q, 2H, C7-H and C8-H), 9.0 (bs, 
3H, -NH3), 10.0 (bs, lH,  Cia-OH), 16.3 (bs, lH,  
C,,-OH); ms m/e 395 Mf.. Anal. calcd. for CZ2HZ2- 
NOaBr: C 55.47, H 4.65. N 2.94. Br 16.78: found: C 

2'-Pyrrolidine Enamine o f N-Carbobenzoxychelocardin (9) 
Pyrrolidine (35 pl, 0.42 mmol) was added to a solution 

of N-carbobenzoxychelocardin (200 mg, 0.37 mmol) in 
benzene (10 ml) and the mixture was refluxed for 10 min. 
After cooling to room temperature, the mixture was 
poured into a large excess of hexane (-75 ml) and the 
resulting precipitate was filtered off, washed with a little 
hexane, and dried under high vacuum to give 210 mg 
(96%) of 9 as a mixture of epimers at C4. Hrnr 6 2.0 (m, 
4H, pyrrolidine B-H), 2.26 (s, 3H, C2,-CH,), 2.40 (s, 
3H, C9-CH,), 2.47 (s, 3H, CB-CHd, 3.0-3.9 (m, 7H, 
C4,-H and C5-Hz and pyrrolidine a-H), 4.2 (m, 0.6H, 
N-H), 4.6 (m, 0.4H, N-H), 5.1 (d, 2H, -OCH2C6H5), 
5.5 (d, 0.4H, p-C4-HI, 6.05 (d, 0.6H, a-C4-H) and 
7.0-7.7 (m, 7H, C-I-H, C8-H, and C6H5); high resolu- 
tion mass spectrum calcd. for C34H34NZ08: m/e 
598.2315; found : m/e 598.2357. 

N-Carbobenzoxy-2"-ditnethylaminomethylene- 
chelocardin (110) 

Dimethylformamide dimethyl acetal(70 PI, 0.65 mmol) 
was added to a refluxing solution of carbobenzoxychelo- 
cardin (100 mg, 0.18 mmol) in benzene (5 ml) and reflux 
was continued for 5 min. The mixture was cooled, washed 
with water (2 x 2ml), dried by percolation through a 
small amount of anhydrous sodium sulfate, and poured 
into a large excess of hexane (40 ml). The resulting preci- 
pitate was collected by filtration, washed with a small 
quantity of ice-cold hexane, and dried under high vacuum 
to give 104 mg (95%) of pure l l a ;  Hrnr 6 2.20 (s, 3H, 
C9-CH3), 2.30 (s, 3H, Cs-CH,), 2.93 (s, 3H, N--CH3), 
3.13 (s, 3H, N-CH,), 3.2-3.5 (m, 3H, C4,-H, C5-Hz), 
4.2 (m, 1 H, N-H), 5.20 (s, 2H, -0-CHz-C6H,), 6.0 
(d, lH, C4-H), 6.67 (d, J = I I HZ, 1 H, HC=CH-N- 
(CH3)2), 7.37 (m, 7H, C7-H, C8-H, and C,H5), 8.02 
(d, J = I1 HZ, lH, CO-CH=CH), 10 (bs, lH,  
Cl0-OH); uv h,,, 223, 271, 377, and 430 nm; high 
resolution mass spectrum calcd. for C33H30N208(lla- 
HzO): m/e 582.2002; found: m/e 582.2004. The relevant 
13C nmr data are given in the text. 

N-Carbobenzoxy-2"-(I-dimefhylaminoethy1idene)- 
chelocardin (Ilb) 

Dimethyl acetamide dimethyl acetal (100 p1, 0.65 
mmol) was added to a refluxing solution of carbobenz- 
oxychelocardin (100 mg, 0.18 mmol) in benzene (5 ml) 
and reflux was continued for 8 min. The mixture was 
cooled and poured into a large excess of hexane (40 ml). 
The resulting precipitate was collected by filtration, 
washed with a small quantity of ice-cold hexane, and 
dried under high vacuum to give 100 mg (98%) of pure 
l l b ;  Hrnr 6 2.17 (s, 3H, Cg-CH,), 2.23 (s, 3H, 
C6-CH,), 2.43 (s, 3H, C=C-CH,), 2.83 (s, 3H, 
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N-CH,), 2.90 (s, 3H, N-CH,), 3.2 (m, 3H, C5-Hz 
and C4,H), 4.9 (m, lH,  N-H), 5.2 (s, 2H, -0- 
CH2-C6H5), 6.03 (m, lH,  C4-H), 6.87 (s, lH,  CH=C), 
7.33 (m, 7H, C7-H, C8-H and C6H5); uv h,,, 225,271, 
377, and 420 nm; high resolution mass spectrum calcd. 
for C33H32N09(llb-CH2NO): mle 570.2128; found: 
mle 570.2139. 

2"-Acetyl-N-carbobenzoxychelocardin (13) 
A solution of sodium carbonate (40 mg) in water (4 ml) 

was added to l l b  (100 mg, 0.16 mmol) dissolved in THF 
(20 ml) and the resulting mixture was stirred at room tem- 
perature for 2 h. The mixture was acidified to p H  2.0 
with 1 N hydrochloric acid and the THF removed by 
evaporation under reduced pressure. The aqueous sus- 
pension was extracted with chloroform (2 x 15 ml) and 
the extract dried over sodium sulfate and concentrated to 
about 5 ml before being poured into hexane (30 ml). The 
resulting precipitate was collected by filtration and dried 
under high vacuum to give 76 mg (81%) of 13; Hrnr 6 
2.05 (s, ISH,  CH3-C(OH)=C), 2.12 (s, 1.5H, CH3- 
C=O), 2.30 (s, 3H, C9-CH,), 2.35 (s, 3H, C6-CH,), 
3.1 (m, 3H, C5-Hz and C4,-OH), 4.05 (s, 1.5H, CO- 
CH2-CO), 5.2 (s, 2H, -OCH2-C6H5), 5.4 (m, IH, 

I N-H), 5.9 (d, lH,  C4-H), 6.8 (s, 0.5H, CO-CH= 
COH), 7.3 (m, 7H, C7-H, C8-H, and C6H5), 9.9 (bs, 
0.5H, Clo-OH), 10.3 (bs, 0.5H, Cl0-OH), 14.8 (bs, 

I 
OSH, Cll-OH) and 15.4 (bs, 0.5H, Cll-OH); uv h,,, 
228, 272, and 425 nm; high resolution mass spectrum 

I calcd. for C32H29N010: mle 587.1791; found: mle ~ 587.1 820. 

5,5-Dimethyl-2-(3-dimethylaminopropenoyl) -1,3-cyclo- 

I hexanedione (I2a) 
Dimethylformamide dimethyl acetal (0.24 ml, 1.75 

I mmol) was added to a solution of 2-acetyl dimedone (16) 
(100 mg, 0.55 mmol) in benzene (10 ml) and the solution 
was quickly heated to reflux which was maintained for 
2 min. The solution was concentrated to ca. 2 ml under 
reduced pressure and chromatographed on a silica gel 
(25 g) column using chloroform - ethyl acetate (9: 1) as 
eluent. The first component eluted from the column was 
12a 98 mg (7573, mp 121-122°C; Hrnr 6 1.03 (s, 6H, 
C,-(CH,)Z), 2.32 (s, 2H, C=C(OH)-CH2), 2.40 (s, 
2H, -CO-CHz), 2.97 (s, 3H, N-CH,), 3.17 (s, 3H, 
N-CH,), 6.77 (d, J = 12 HZ, lH ,  CO-CH=CH), 7.93 
(d, J = 12 Hz, CO-CH=CH), 18.7 (s, lH,  C=C-OH); 
uv h,,, 270 and 370 nm; ms mle 237 Mi. ;  Anal. calcd. 
for C13H19N03: C 65.80, H 8.07, N 5.90; found: C 
66.05, H 8.34, N 5.72. 

5,5- Dimethyl-2- (3-dimethylamino-2-butenoyl) -1,3- 
cyclohexanedione (I2b) 

Dimethylacetamide dimethyl acetal(0.25 ml, 1.6 mmol) 
was added to a refluxing solution of 2-acetyldimedone 
(16) (100 mg, 0.55 mmol) in benzene (10 ml) and reflux 
was maintained for 10 min. The solution was cooled and 
concentrated, under reduced pressure to ca. 1 ml. The 
mixture was purified by preparative thin layer chroma- 
tography on a 20 x 20 cm silica gel plate (Quantagram 
PQIF 1000) using chloroform - ethyl acetate (9: 1) as 
eluent. The band, visualized under uv light, at  R, 0.35 
was removed and extracted with ethyl acetate. Upon 
concentration of this ethyl acetate solution, the product 
12b crystallized yielding 94 mg (68%) of pure product, 
mp 132-134°C; Hrnr 6 1.05 (s, 6H, C5-(CH3)2), 2.39 

(s, 2H, CHz-C-(OH)=C), 2.57 (s, 2H, CH2-C=O), 
3.17 (s, 6H, N-(CH,),), 7.05 (s, lH,  C=CH), 13.4 (bs, 
IH, C=C-OH); uv h,,, 265 and 371 nm; high resolu- 
tion mass spectrum calcd. for CI4Hz1NO3 : mle 251 .I521 ; 
found: mle 251.1530. 

Hydrolysis of (I2b) 
(a) Basic Hydrolysis 
A solution of sodium carbonate (50mg) in water 

(2 ml) was added to a solution of 12b (60 mg, 0.24 mmol) 
in THF (10 ml) and the mixture was stirred a t  room tem- 
perature for 2 h. The THF was removed by evaporation 
under reduced pressure and the aqueous residue extracted 
with chloroform (2 x 30 ml). Concentration of the dried 
(sodium sulfate) extract gave 42 mg (85%) of pale yellow 
crystals of 5,5-dimethyl-2-(1,3-dioxobuty1)-1,3-cyclohex- 
anedione (14), mp 59-60°C (lit. (17) mp 60-61°C). The 
Hrnr of 14 was essentially the same as the previously re- 
ported (17) differing only in the proportion of en01 form 
present. 

(b) Acidic Hydrolysis 
Aqueous hydrochloric acid (5 ml, 1 N) was added to 

a solution of 12b (160 mg, 0.63 mmol) in THF (25 ml) and 
the mixture stirred at room temperature overnight. The 
THF was evaporated under reduced pressure and the 
aqueous residue extracted with chloroform (2 x 30 ml). 
Concentration of the dried (Na2S04) extract gave 110 mg 
(84%) of colourless crystals identified as 7,s-dihydro- 
2,7,7-trimethyl-4H-I-benzopyran-4,5-(6H)-dione (15); mp 
118-120°C (lit. (17) 121-122°C; lit. (18) 207-208°C) which 
exhibited an identical Hrnr to that previously re- 
ported (17). 
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COMMUNICATIONS 

Benzannelated annulenes. 11.' The synthesis of trans-12b, 12-dimethyl-12b, 1 2 -  
dihydrobenzo(e)pyrene. An indication of the exceptional aromaticity of the 

15,16-dimethyldihydropyrene2 system 

REGINALD H. MITCHELL~ A N D  JOSEPH SHUE-HEN YAN 
Department of Chetnistty, University of Victoria, Victoria, B.C., Canada V8W 2Y2 

Received June 22, 1977 

REGINALD H. MITCHELL and JOSEPH SHUE-HEN YAN. Can. J. Chem. 55,3347 (1977). 
The synthesis of trans-126,12c-dimethyl-126,12c-dihydrobenzo(e)pyrene 4, in 10 steps from 

o-dibromobenzene and 2,6-dichlorotoluene utilizing a Wittig rearrangement - Hofmann elimi- 
nation sequence on the benzothiacyclophane 6 is described. The diatropicity of 4 is compared 
to the parent trans-10b,10c-dimethyl-10b,lOc-dihydropyrene 1, and to other benzannelated 
annulenes. 

REGINALD H. MITCHELL et JOSEPH SHUE-HEN YAN. Can. J. Chem. 55,3347 (1977). 
On decrit la synthkse comportant 10 Ctapes du dimethyl-12b,l2c dihydro-126,12c benzo(e)py- 

rene trans 4 a partir du o-dibromobenztne et dichloro-2,6 toluene en utilisant une sequence 
comportant un rearrangement de Wittig et une elimination d'Hofmann sur le benzothiacyclo- 
phane 6.  La diatropicite de 4 est comparee a une molCcule analogue le dimethyl-106,lOc dihy- 
dro-106,lOc pyrene trans 1 et ti d'autres annulenes benzanneles. 

[Traduit par le journal] 

I Like benzene, trans-15,16-dimethyl-15,16-di- 
hydropyrene 1 has both a (4n + 2)-n electron 
periphery and two identical KekulC structures 
and, moreover, since models indicate the macro- 

I 

ring of 1 to be nearly planar, it could reasonably 
be expected to be aromatic. The synthesis of 1 
by Boekelheide and Phillips (2) confirmed this 
point, and in its 'H nmr spectrum, 1 showed its 
internal methyl protons to be exceptionally 
shielded at z 14.25 by the strong diamagnetic 
ring current. A more recent (3) synthesis of 1, 
utilizes the ready conversion of [2,2]metacyclo- 
phane-1,9-diene 2 into the thermodynamically 
(4) more stable photoisomer 1. In this conver- 
sion, the delocalization of the electrons in both 
the benzene rings has to be interrupted in order 

'For part I, see ref. I .  
2Chemical Abstract name is now trans-106,lOc-di- 

methyl-106,lOc-dihydropyrene. 
3To whom correspondence should be addressed. 

to achieve conjugation in the macro-ring of 1. 
In light of the fact that many tri and higher ben- 
zannelated annulenes have been known for a 
considerable number of years (see, for example, 
ref. 5) and none of them show any detectable 
delocalization in the macro-ring at the expense 
of the benzene rings, we thought it worthwhile to 
prepare the tribenzo compound 3 to determine 
whether it is possible to partially disrupt three 
benzene rings to form the macrocyclic system 4 
which can be considered to be a benzannelated 
derivative of 1. 
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The synthesis of 3 required the dibromide 5, 
which we prepared (mp 129-130°C)4 in six steps5 
from a-dibromobenzene and 2,6-dichlorotol- 
uene. Treatment of 5 under high dilution con- 
ditions (3) with sodium sulphide gave ca. 40% 
of the anti-thiacyclophane 6, mp 201-202°C 
(along with a nearly equal amount of syn-isomer, 
mp 251-253°C). Separation was readily accom- 
plished by chromatography on silica gel, the 
anti-cyclophane 6 being eluted first. Anti-6 was 
readily distinguishable from syn-6 by its 'H nmr 
spectrum in which the shielded internal methyl 
protons appear at T 9.1, whereas in syn-6 they 
are in the normal toluene region (T 7.9). Appli- 
cation of our Wittig rearrangement - Hofmann 
elimination sequence (6) to 6 then gave an 80% 
overall yield (from 6) of the deep purple hydro- 
carbon 4, mp 137-138"C, no detectable amount 
of the photoisomer 3 being present. The presence 
of a strong diamagnetic ring current in 4 was 
clearly evident from its 'H nmr spectrum in 
which the internal methyl protons were strongly 
shielded at T 11.85 and the external protons 
strongly deshielded at T 1.0-3.6. The position of 
the internal methyl protons of 4 indicates6 that 

4The structure of all new compounds was fully sup- 
ported by mass and nmr spectral data, and elemental 
analyses. 

5Reaction of Mg with 2,6-dichlorotoluene in dry THF 
yielded the mono-Grignard reagent which on addition 
of o-dibromobenzene and 0.1 mol% Ni(aca& gave 60% 
of 3,3"-dichloro-2,2"-dimethyl-o-terpheny which was 
then converted through the dinitrile, dialdehyde, dial- 
coho1 to  the dibromide 5 in 59% yield using the same 
reagent sequence (3) as for 2,6-bis(bromomethy1)toluene. 

'This assumes that shielding is proportional to  ring 
current. Calculated by comparison to a nonaromatic 
cyclic model, where methyl protons in a similar environ- 
ment are at  r 9.0 (2). 

4 sustains about 55% of the ring current of 1. 
This is much greater than for benzo[l4]annulene 
itself (7) or benzodidehydro[14]annulene (S), 
and must reflect on the considerably greater 
aromaticity of the rigid dihydropyrene nucleus 
of 1 than that of [14]annulene. Indeed 4 must be 
a contender for sustaining the largest ring current 
of any monobenzoannulene yet r e p ~ r t e d . ~  

This together with the fact that to disrupt the 
delocalization of each benzene ring of 3 may cost 
up to 36 kcal/mol (9) must point to the excep- 
tional aromatic stability of the dihydropyrene 
system. We have not yet succeeded in converting 
syn-6 into the corresponding syn-isomer of 4. 
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Photochemistry of oxalate esters as a route to free radicals. Decay routes of crowded 
free radicals1 

SIDDIK IGLI , 2  VINCENT J. NOWLAN , PARVIZ M. RAHIMI , 
CHACKO THANKACHAN, A N D  THOMAS T. TIDWELL 

Deparrmenf of Chemisrry, Universio of Toronto, Toronto, Ont., Canada M5S 1Al 
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SIDDIK I ~ L I ,  VINCENT J. NOWLAN, PARVIZ M. RAHIMI, CHACKO THANKACHAN, and THOMAS T. 
TIDWELL. Can. J. Chem. 55,3349 (1977). 

Photolysis of suitable oxalate esters leads to alkyl radicals which in the case of di- and tri- 
tert-butylmethyl abstract hydrogen and for triisopropylmethyl-d18 gives an esr spectrum con- 
sistent with the 'cogwheel' conformation for this species. 

SIDDIK I ~ L I ,  VINCENT J. NOWLAN, PARVIZ M. RAHIMI, CHACKO THANKACHAN et THOMAS T. 
TIDWELL. Can. J.  Chem. 55,3349 (1977). 

La photolyse d'oxalates appropries conduit a des radicaux alkyles qui, dans le cas des di-, et 
tri-tert-butylmCthyles, enlevent un hydrogtne, et du tri-isopropylmCthyle-dig, prksentent un 
spectre rpe compatible avec une conformation "roue dentee". 

[Traduit par le journal] 

Oxalate esters have been used to prepare free 0 
11 Itv radicals by pyrolysis (1) and (2)~ but (21 ( I - B ~ ~ C H O C ) ~  - t - ~ ~ ~ &  --, t-Bu2CH2 (16%) 

although the photochemistry of esters has been 
a topic of intense recent interest (3), only scat- 2 5 
tered reports of oxalate photolysis have appeared 
(4). Oxalate esters have an attractive potential 0 

11  hv stoichiometry for photolysis to give only rad- [3] (~-Bu,coc)~ - r-Bu,k + r - B U , C H ( ~ ~ % )  
icals and carbon dioxide, and absorb light at 
lower energies than ordinary esters (A,,, ethyl 3 6 
oxalate = 244 nm). 

We now have found that photolysis of the 
oxalates 1-3 in cyclohexane with a medium 
pressure Hg lamp through quartz gave the prod- 
ucts shown in eqs. 1-3 which implicate the rad- 
icals 4-6 as  intermediate^.^ The esr spectrum of 
6 was also observed during the photolysis (5). 
Oxalates with reactive P-hydrogens such as tert- 
butyl and cumyl gave mostly photoelimination 
(3a) to alkenes. 

'Presented in part at  the 59th Congress of the Chemical 
Institute of Canada, London, Ontario, June, 1976. 

'Present address: Department of Chemistry, Middle 
East Technical University, Ankara, Turkey. 

3The new oxalates 3 (mp 114-1 15°C) and triisopropyl- 
carbinyl oxalate (mp 51-52°C) were identified by spectral 
and elemental analysis. 

The isolation of t-Bu,CH, and t-Bu,CH from 
the corresponding radicals establishes hydrogen 
abstraction as an important decay route for 
these long lived radicals (64). This point has been 
unsettled (5), and the current results suggest 
these radicals may be very much longer lived in 
the absence of abstractable hydrogens. 

i-Pr3C. Me2C=C-i-Pr2 
7 8 

A well resolved esr spectrum of 7 (7) was ob- 
served on photolysis of the oxalate, but inter- 
estingly the only volatile product observed was 
8 (91% by vpc). This product may arise partly 
from photoelimination but studies of 7 from the 
perester (7) show that it can also arise from dis- 
proportionation reactions of 7 with cyclohexyl 
radicals. A sample of 7 fully deuterated in the 
methyl groups was prepared (eq. 4). Irradiation 
gave 7-dl, whose esr spectrum in cyclopropane 

4Also H. H. Lee and M. Stiles. University of Michigan. 
Unpublished data. 
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was a simple quartet (Fig. 1). The aHP values 
were found to vary with temperature as pre- 
viously suggested in our interpretation of the 
spectrum of the undeuterated material (7). This is 
consistent with a planar geometry for the radical 
(Fig. 2), with small aHP values arising from the 
methine C-H bonds being orthogonal to the p 
orbital carrying the unpaired spin. The increase 

FIG. 1. Electron spin resonance spectrum of triisopro- 
pylmethyl-dI8. 

4 (Gauss) 

in aHP with temperature would arise from an 
increased amplitude of the torsional vibrations 
of the C-C bonds from the sp2 carbon. The esr 
spectrum of undeuterated 7 is not fully resolved 
due to the y splittings. 

Thus this procedure provides improved routes 
to radicals such as 5-7 and the theoretically 
interesting tri-tert-butylmethane (6) ,  and also 
resolves the questions as to the decay routes of 5 
,and 6 and the structure of 7. 
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metal cation -electron pairs in ethers1 
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WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER, FRED CHARLES SOPCHYSHYN, and 
RON CATTERALL. Can. J. Chern. 55,3356 (1977). 

Pulse radiolysis of tetrahydrofuran (THF), dimethoxyethane (DME), diglyme (DG), and 
triglyme (TG), results in the formation of solvated electrons, e,-, with optical band maxima 
h,,. 2 1840 nm. In the presence of alkali metal salts transient optical bands are observed with 
h,,. at -900 and 2 1600 nm. The latter bands are assigned to the formation of 'monomeric' 
species of stoichiometry M considered to be 'tight' and 'loose' ion-pairs, respectively. The 
proportion of 'loose' ion-pairs increases with decreasing temperature and increasing coordin- 
ation of the solvent in the order THF << DME < DG < TG. These results demonstrate a good 
correlation with established electron spin resonance data in alkali metal solutions and sub- 
stantiate the coexistence of at least two 'monomeric' species in DME and the glymes. 

WILLIAM ARTHUR SEDDON, JOHN WALLACE FLETCHER, FRED CHARLES SOPCHYSHYN et 
RON CATTERALL. Can. J. Chem. 55,3356 (1977). 

La radiolyse par impulsion du tktrahydrofuranne (THF), dimkthoxyethane (DME), diglyme 
(DG) et triglyme (TG) conduit a la formation d'klectrons solvatks e,- ayant des bandes optiques 
de maxima I,.. 2 1840 nrn. En prksence de sels de rnktaux alkalins on observe des bandes 
optiques transitoires ayant des h,,, a - 900 et 2 1600 nm. Ces dernitres bandes sont attribukes a 
la formation d'espttces "monom~res" de stoechiomktrie M que I'on considere comrne ktant 
respectivement des ions-pairks "prts" et "loin". La proportion d'ions-pairks "loin" croit avec 
la diminution de la temperature et l'augmentation des sites de coordination du solvant: 
THF << DME < DG < TG. Ces rksultats dkmontrent une bonne corrklation avec les donnkes 
ktablies par resonance de spin Clectronique en solutions de mktaux alkalins et justifient la co- 
existence d'au moins deux esptces "monorntres" dans le DME et les glymes. 

[Traduit par le journal] 

Introduction 
The nature of the blue solutions of alkali 

metals in ethers has aroused considerable 
interest since their original discovery in 1957 
(1, 2). Optical (3), electron spin resonance (esr) 
(4, 5), conductivity (6), flash photolysis (7-9), 
and pulse radiolysis (10-12) techniques have 
now clearly established the contribution of 
solvated electrons, e,-, cation-electron aggre- 
gates (M', e,-), and alkali metal anions M- to 
the chemistry of such solutions. 

Nevertheless, considerable controversy re- 
volves around the precise identity of the (M+, 
e,-) species. Pulse radiolysis of alkali metal salts 

in several amines and tetrahydrofuran (THF) 
(13) has established the formation of transient 
optical bands of stoichiometry M, resulting from 
the reaction of the cation M', with e,-. 

[1 1 e,- + M +  + (M+, e,-) or M 

Such bands exhibit a distinct blue shift from that 
of e,- observed in the same solvent. The magni- 
tude of this shift shows a clear correlation with 
the percent atomic character, deduced from the 
esr hyperfine splitting constants, A,,,, for the 
corresponding 'monomeric' M species produced 
in alkali metal solutions (14-16). The value of 
A,,, is markedly temperature dependent and two 
different models have been proposed to explain 
this behaviour. In a static orcontinuum model, a 

'AECL No. 5886. 
ZVisiting scientist, May-September 1976. Permanent sing1e 'pecies is proposed whose structure is 

address: Chemistry Department, University of Salford, temperature dependent while a dynamic or 
Salford M54WT, England. multistate model envisages a temperature- 
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dependent equilibrium between two (or more) 
species of the same stoichiometry whose struc- 
tures are relatively insensitive to temperature 
(1 7-23). 

The observation of a single optical absorption 
band, and its correlation with esr (16), would 
appear to contradict the multistate theory. 
However, in progressing along the series THF, 
dimethoxyethane (DME), and the polyglycoldi- 
methyl ethers (glymes), evidence was obtained 
for the existence of two distinct optical bands 
resulting from the reaction of es- with Naf (24). 
Glymes have the general formula CH,O[CH,- 
CH,O],CH, and for n = 1,2, and 3 correspond 
to DME, diglyme (DG), and triglyme (TG), 
respectively. In this series the chelating or cation 
solvating ability is well established (25) and 
increases markedly in the order THF < DME < 
DG < TG. This paper expands our preliminary 
account (24), compares our results with esr, 
and presents our conclusions with respect to the 
influence of solvent structure on the nature of 
(Mf ,  es-). 

Experimental 
Details of the pulse radiolysis equipment, flow systems, 

and general techniques have been discussed elsewhere 
(26, 27). In this work all experiments were conducted 
using a 1.0 cm cell and 0.3 ps pulses of 2.25 MeV electrons. 
Solution preparation and purification of THF were as 
described previously (12). DME (Eastman) and the 
glymes (Matheson, Coleman and Bell, and Aldrich 
Chemicals) were purified by refluxing over calcium 
hydride in an inert atmosphere followed by fractional 
distillation. The middle fractions were degassed and 
allowed to stand over Na/K alloy until a stable blue 
color was obtained. This solution was then cooled and 
decanted, under vacuum, from the alloy and the ethers 
subsequently redistilled into the appropriate flow system. 
Sodium and potassium tetraphenylboron salts were used 
to give solutions of the alkali metal cations (12). 

Results and Discussion 
Solvated Electrons 

Figure 1 shows the optical absorption spectra 
of e,- observed at 21°C immediately after the 
pulse in pure DME, DG, and TG. In each case 
there is good agreement with the normalized 
spectra (solid lines) observed previously having 
band maxima of 2050, 1915, and 1840 nm, 
respectively (10). As in other work (11, 28, 29) 
both the yield, GeS- molecules per 100 eV, and 
extinction coefficient E,,, at the band maximum, 
were determined by comparison with GE 
(anion) in the presence of 1 5  x M 

FIG. 1. Optical absorption spectra of e,- in ethers at 
21°C. The solid lines represent the normalized spectra 
obtained previously (10). The DG and DME spectra are 
successively displaced vertically by two units for clarity 
in presentation. 

biphenyl (B) as an electron scavenger. Assuming 
E ~ -  = 4 x lo4 M-I  cm-I at 410 nm (29) yields 
were calculated from linear plots of optical 
density against the energy absorbed per pulse for 
doses I 1  x loz0 eV ( - I .  On this basis we 
obtain G, - = 0.40 + 0.03 and E,,, = 3.8 f 
0.3 x lo4 'M-' cm- for each ether. Again this 
is in good agreement with previous work in 
DME and THF where E,,, = 3.4 + 0.7 (10) and 
4.0 + 0.8 or 5.0 f 0.5 x lo4 M-I  cm-l, 
respectively (10,12). 

With increasing temperature the absorption 
maxima shift toward lower energies with tem- 
perature coefficients of - 17 + 2, - 19 + 3, and 
-20 f 3 cm-I deg-I from - 50, - 64, and 
-40°C to 21°C for DME (mp -58"C), DG 
(mp - 64"C), and TG (mp - 45"C), respectively. 
At temperatures close to the melting point (mp) 
where the band maxima are more clearly resolved 
the corresponding widths at half height, Avlli, 
are found to be -5200, 5500, and 5900 cm- . 
Using the approximation f - 4.32 x lop9 E,,, x 
Avll, (30), and substituting the appropriate 
values from above the oscillator strengths, f, of 
the e,- absorption bands are estimated as 0.85, 
0.90, and 0.97, respectively. 

Solvated Electron - Cation Aggregates 
Optical Spectra 
Figure 2 shows the optical spectra observed at  

the end of the pulse in DG solutions containing 
7.2 x and 9 x M sodium tetra- 
phenylboron (NaB4,). The dotted line shows 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 55 ,  1977 

1 

A (nrn) o C L  I I I I I d  

400 800 1200 1600 2000 2400 

FIG. 2. Transient optical spectra observed immediatelv k (nm)  
after the pulse in DG at 21%. Dotted line, e,-; 0 and 

solutions containing 7.2 10-4 ~~~d 9 lo-3 FIG. 4. Transient optical spectra observed immediately 
NaB,+4, respectively, Doses/pulse were 1 0 2 ~  eV after the pulse as a function of temperature in N M 

- I with the optical dellsities normalized to a dose of NaB4, solutions in DME. Optical densities correspond to 

4.1 x 101seV !-I. a dose of 2.66 x 10ls eV !-I at 71°C and 2.96 x 1018 
eV e at - 51°C. Typical doses/pulse were N 6 x 10lg 

FIG. 3.  Transient optical spectra observed immediately 
after the pulse in lo-' M N ~ B I $ ~  solutions in THF, 
DME, DG, and TG. For THF and DME the spectra are 
normalized to a peak height of five units for the 900 and 
850 nm band maxima, respectively. In DG and TG the 
spectra are normalized with respect to the 1600 nm band 

FIG. 5. Transient optical spectra observed immediately 
after the pulse as a function of temperature in N 

M NaB,+, in DG. Optical densities correspond to doses 
of 2.3,4.1, and 3.61 x 10" eV !-' at -64,21, and 6g°C, 
respectively. Doses/pulse ranged from 0.7 to 1.0 x loZ0 
-x7 # -1 

with the ordinate for the DG spectrum displaced two 
G v  ' 

units (right hand scale). The dotted line shows the 
spectrum of e,- in TG. the end of the pulse in- 1OW2 M KB+, solutions 

in THF, DG, and DME along with the spectrum 
of e,- in DG for comparison. 

The spectra, extinction coefficients, and 
oscillator strengths for es- are in good agreement 
with previous work (10) and require no further 
comment. The blue shifts in band maxima with 
decreasing temperature are also typical of es- in 
other systems (31). 

With the addition of NaB+, the optical bands 
show a progression from a single peak at 900 
nm in THF, through a composite spectrum in 
DME and D G  with peaks at -900 and 2 1600 

the spectrum of es- in D G  from Fig. 1. Figure 3 
shows the corresponding normalized spectra 
obtained in -lo-' M NaB4, solutions in DME 
and TG together with those observed in D G  and 
THF for comparison. Similar spectra are ob- 
tained in solutions containing NaAlH,. Figures 
4, 5, and 6 show the effect of temperature on the 
DME, DG, and TG spectra presented in Fig. 3. 
Corresponding temperature studies from 21 to 
- 17°C in THF gave no change in the spectrum. 
Figure 7 shows the optical spectrum observed at 
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SEDDON ET AL. 3359 

FIG. 6. Transient optical spectra observed immediately 
after the pulse as a function of temperature in lo-' M 
NaB+4 in TG. Optical densities correspond to doses of 
3.24,4.20, and 2.95 x 1018 eV e-' at -40,21, and 68"C, 
respectively. Doses/pulse ranged from 0.6 to 1.0 x loz0 
eV e-l. 

a ' 

BOO 1200 1600 2000 

A (om) 

FIG. 7. Transient optical spectra observed immediately 
after the pulse in -lo-' M KB44 solutions in THF, 
DME, and DG. The dashed line shown for DME re- 
presents a calculated composite spectrum containing 25% 
of the THF species and 75% of the DG species (see text). 

nm, until finally only the latter band is observed 
in TG. It can be seen in Figs. 2, 3, and 7 that 
although small, there is in the presence of NaB4, 
or KB+,, a distinct blue shift in the long wave- 
length maximum from that of the corresponding 
e,- band in the same solvent. 

In THF it is well established that [2] produces 
the 900 nm band with a second order rate 
constant k, = 7.9 x 10'' M-'  s-' (10, 12) 

Because of spectral overlap it is not possible to 
measure the corresponding rate constants in 

DG, DME, or TG. However, changes in spectra 
such as depicted in Figs. 2 and 3 are observed 
immediately after the pulse at concentrations of - lo-, M NaB4,. Since, as in THF (32, 33), it is 
likely that NaB4, is only weakly dissociated 
this indicates that the corresponding values of 
k, are 25 x 10'" M-'s-'. 

On the basis of the optical-esr correlation 
(15, 16) we propose that in these ethers the 900 
nm (r band) corresponds to the formation of a 
'tight' ion-pair structure, whereas the 1600 nm 
(ir band) relates to a 'loose' ion-pair aggregate. 
By 'tight' we envisage a structure which allows a 
significant degree of interaction between e,- and 
the outer s-orbital of M+ resulting in an appre- 
ciable atomic character of 230% as found in 
THF (4). By 'loose7 we imply a greater degree of 
solvent separation between M +  and e,- resulting 
in less hyperfine interaction and an atomic 
character 12-5%. In both DME and DG (and 
THF) we suggest that the 'tight' aggregates 
represent coordination of M+ with a single 
oxygen lone-pair whereas the ir bands reflect 
cation solvation by coordination with more than 
one site. In the latter case the glyme effectively 
shields the outer s-orbital of the cation from 
overlap with the e,-. These two types of aggre- 
gates we designate as (M', e,-),i,ht and (Mf,  
e,-),,,,,, analogous to the well established ion- 
pair concepts in organic anion systems (34).3 

From spectra such as shown in Fig. 2 it is 
apparent that the relative intensities of the r and 
ir bands remain the same over a 25-fold range of 
NaB4, concentration. This indicates that any 
contribution from e,- to the overall optical 
spectrum must be very small and a rapid equili- 
brium, predominantly in favour of 'loose7 and 
'tight' ion pairs, is established during the pulse. 

Such an interpretation is in accord with esr 
multistate models which require the existence of 
two or more distinct cation-electron aggregates 
in equilibrium (19). 

In KB4, in THF, DG, and DME solutions 
(Fig. 7) only a single broad absorption band is 
observed. This again is consistent with the esr- 
optical correlation (16) in that the corresponding 

3After submission of our original manuscript essentially 
the same description for the M species in alkali metal 
solutions appeared elsewhere (35). 
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potassium 'tight' ion-pair is expected to be red 
shifted by -200 nm from that observed in 
NaB4, solutions. The lack of any obvious 
shoulder at --1100 nm suggests that the equili- 
bria in [3] lie more in favour of the 'loose' 
structure potassium solutions than for sodium. 
For example in DME the dashed line in Fig. 7 
corresponds to a composite spectrum containing 
25% of the 'tight' structure, as observed in THF, 
and 75% of the 'loose' structure observed in DG. 
For the corresponding sodium species at 21°C 
we estimate the fraction of 'tight' ion-pairs to be - 50% (see below). 

In general the percent atomic character 
observed in alkali metal solutions for a given 
solvent increases in the order Na < K < Rb < 
Cs (16). The above observation is therefore not 
necessarily inconsistent with this trend since the 
expected increase in atomic character for K may 
compensate for the relative difference in equili- 
bria from Na to K. 

Another well established feature of the esr 
spectra is the marked temperature dependence of 
the metal hyperfine splitting constants, Aiso 
(3, 4). Increasing the temperature increases Aiso 
(and hence the percent atomic character) and 
vice versa. For organic anions and ethereal 
solvents the formation of loose ion-pairs is 
usually exothermic and is determined by the 
coulombic interaction between anion and cation 
in the tight and loose configurations and by the 
solvation energy of the two ion-pairs (25). In 
general the exothermicity and degree of solvent 
separation increases in the more polar solvents. 
Therefore, as suggested previously (36), a 
decrease in temperature is not inconsistent with a 
shift of [3] to the left. It can be seen from Figs. 
4-6 that a clear shift in the optical spectrum 
corresponding to the formation of (M+, es-)lOO,, 
is observed at low temperatures and vice versa at 
high temperatures. It is difficult to make precise 
quantitative comparisons with esr because of the 
corrections for spectral overlap and the un- 
certainty in relating esr data for potassium 
solutions with optical spectra for the corres- 
ponding sodium species. However, relative 
contributions of the 'tight' and 'loose' species 
can be estimated provided the extinction coef- 
ficients are known. The latter were estimated by 
comparison of the appropriate GE values ob- 
tained in -lo-' M NaB4, solutions with the 
corresponding values for B- produced via [4] 
(12). 

TABLE 1. Molar extinction coefficients for the tight and 
loose ion-pair species in ethers 

Solvent Cation Tight Loose 
-- 

THF* Na + 2.4 + 0.2 
K+ 2.9 + 0.2 
Cs + 2.5 + 0.2 

DME Na + 2.7 + 0.4 2.9 + 0.4 
K+ 2.8 f 0.4  

DG Na + 2.4 + 0.4  2.4 + 0.4 
K+ 2.4 & 0.4 

TG Na + 2.2 k 0 .4  2.4 f 0.4 

'See refs. 10 and 12. 

For DME, DG, and TG at 21°C we find G(B-) 
= G(Na+, es-)tight + G(Na+, es-)loose = 0.9 f 
0.1. For DME this value was independent of 
temperature from - 50 to 70°C. At - 50°C only 
the ir band is observed from which we deduce 
E~~~~~ = 2.9 + 0.3 x lo4 M-' cm-l. However, 
at 71°C the r band predominates. Assuming the 
contribution of the r band to the ir band maxi- 
mum to be negligible, and taking the above 
E~~~~~ to calculate the fraction of 'loose' ion-pairs, 
we then estimate = 2.7 + 0.3 x 10, M-' 
cm- l. This value is corrected for the overlap due 
to the ir band. At intermediate temperatures 
corrections for spectral overlap are more signi- 
ficant but adopting the same technique we 
obtain values in good agreement with the above. 
A similar procedure was utilized for DG and 
TG. However, at temperatures close to the 
mp the yield is approximately twice that ob- 
served at 21°C, presumably due to the enhanced 
escape probability of es- from the spur (37). 
The appropriate extinction coefficients in each 
of the ethers are summarized in Table 1. 

Utilizing the fraction tight/(tight + loose) and 
taking Aiso(r) = 30 G (by comparison with 
THF) and Aiso(ir) = 0.3 G as representative of 
splitting constants for the 'tight' and 'loose' ion- 
pairs in this series of ethers we can, since [3] is 
established in 10 .3  ps, estimate the observed esr 
parameters from the weighted average of each 
form (38). These values are summarized in Table 
2. Although the comparison is not exact the 
trend, particularly in DME, is remarkably good. 
We believe this adds further weight to the esr 
models in which the observed A,,, is thought to 
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TABLE 2. Optical ratio of tight and loose ion-pairs as a 
function of temperature for sodium species in ethers 

A,,, (GI* 
Temperature Tight 

Solvent ("C) (Tight + Loose) Calc. Expt. 

DME -51 
- 20 

21 
71 

DG - 64 
- 44 
- 21 

21 
69 

TG - 40 
21 
68 

*Calculated values based on optical ratios for sodium species as 
described in text. Experimental values are for potassium solutions 
interpolated from a linear extrapolation of data in refs. 41 and 5 for 
DME and DG, respectively. 

?Reference 42. 

arise from a rapidly fluctuating hyperfine inter- 
action between two discretely different solvated 
cation - electron aggregates. 

In contrast it is interesting to note that in 
THF no shift or change in the (Naf, es-) 
spectrum was observed from 21 to -17°C. 
However, esr studies in potassium solutions show 
a decrease in A,,, over this temperature range of - 5 G (4), indicative of a looser structure. Since 
both the es- and Na- shift to the blue with 
decreasing temperature the relative position of 
the (Naf, es-) band is therefore closer to that of 
es- and consequently we would predict a lower 
A,,, and a somewhat looser structure. This 
observation would imply a somewhat enhanced 
degree of cation-solvation with decreasing 
temperature compatible with the static model. 
For the multistate model to apply one might also 
consider an equilibrium between two slightly 
different 'tight' species (21) rather than a distinct 
contribution from a 'loose' species characteristic 
of the glymes. 

This situation would also seem to apply in the 
glymes as a lower order effect in that there 
appears to be no shift in the position of the 
corresponding r band maxima with change in 
temperature. Furthermore, for the ir band, blue 
shifts of -4, 7, and 9 cm-' deg-I observed in 
Figs. 4-6 for DME, DG, and TG, respectively, 
are significantly less than observed for es- (this 
work) or M- in the same solvents (31). Again 
this can be interpreted in favour of a slightly 

looser structure for the ir species. We suggest 
therefore that a combination of both the static 
and dynamic models are applicable in these 
systems either one of which can predominate 
according to the nature of the solvent. Such a 
conclusion is analogous to that suggested 
previously in the interpretation of esr spectra for 
organic radical anions (38). 

Reaction Kinetics 
No detailed kinetic studies of the subsequent 

ion-pair decay processes were investigated since 
the bulk of the decay probably occurs by reaction 
with other radiolytically produced radicals (12). 
However, in each case for solutions containing - M NaB4, or KB4, and doses per pulse 
of - 1 x lo2' eV t -', the decay at wavelengths 
2 1150 nm is complete with - 10 ys. At lower 
wavelengths the absorption initially decays at the 
same rate but is then followed by a slow build up 
which reaches its maximum intensity some 30 ys 
after the pulse. The spectrum observed on this 
time scale peaks at 900 nm, reaches a maximum 
intensity - 30% of that observed initially at 2000 
nm, and decays completely after - 500 ys. This 
additional absorption is not produced in NaAlH, 
solutions. A weak absorption observed -7 ps 
after the pulse in NaB4, solutions peaks at - 700 nm and is undoubtedly due to Na- (13). 

We have been unable to identify the inter- 
mediate long-lived absorption at 900 nm but the 
available evidence indicates that this results from 
a reaction involving the tetraphenylboron anion. 

Comparisons with Flash Photolysis 
In an earlier study on the flash photolysis of 

Na- in DG at -60°C (8, 39) the immediate 
formation of an ir band, with a maximum at 
1600 nm, was followed by the slow (t,,,,, = 0.1 s) 
formation of an intense absorption peaking at 
830 nm and the subsequent regeneration of Na-. 
Similar results were observed in DME containing 
NaCl dissolved in potassium solutions. These 
observations were attributed to the formation of 
es- (ir band) and (Naf, es-) as precursors of 
Na-. 

Comparing this work with our pulse radiolysis 
results it is clear that at low temperatures the ir 
band observed by flash photolysis is consistent 
with the formation of (Naf, es-),oo,e or es-. 
However, the 830 nm band cannot be identified 
with (Na', es-),,,,, since the latter is absent, or is 
seen only as a minor component, at low tem- 
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peratures. Furthermore the pulse radiolysis 
results (see earlier) show that the formation of 
the ion-pair in [2] is diffusion controlled whereas 
the flash photolysis interpretation indicates -the 
contrary (8, 39). Further experiments are in 
progress in an attempt to rationalize these 
puzzling discrepancies. 

Non-chelating Solvents 
In the non-chelating amine solvents such as 

methylamine MA (40), ethylamine EA (25), and 
isopropylamine IPA (14) only a single optical 
band attributed to ion-pair formation is observed. 
In MA we would consider such ion-pairs to be of 
a 'loose' type which, with decreasing solvent 
polarity, become progressively tighter in the 
order MA < EA < IPA (16, 35). In this respect 
one cannot refer to distinct 'tight' and 'loose' 
entities but must instead consider a continuous 
range of ion-pair species. Likewise in THF/EA 
mixtures the species varies between the 'tight' 
and the 'loose' as a function of solvent com- 
position suggesting again a successive replace- 
ment of solvent molecules and the formation of 
an intermediate type of ion-pair consistent with 
the static model (15). For a dynamic equilibrium 
to be applicable it would seem that any two 
species would have to be structurally very similar 
but necessarily intermediate in character to our 
conception of 'tight' and 'loose' pairs in the pure 
solvents. Practically, this situation is impossible 
to distinguish from the static model. 

In contrast mixtures containing a chelating 
solvent such as in THF/DG solutions4 clearly 
show a change in the proportion of 'tight' and 
'loose' species with increasing DG and are 
qualitatively, at least, consistent with the dyna- 
mic model. 
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Volumes and heat capacities of some amino acids in water at 25°C 
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JAGDISH C. AHLUWALIA, CLAUDE OSTIGUY, GERALD PERRON, and JACQUES E. DESNOYERS. 
Can. J. Chem. 55,3364 (1977). 

The apparent molal volumes and heat capacities of nine amino acids were measured in water 
a t  25°C with a flow densimeter and a flow microcalorimeter. It is shown that the poor additivity 
of the standard partial molal quantities of amino acids in water are attributable to the ioniza- 
tion of the two groups NH2 and COOH. The hydration of these ionic groups interfere with 
each other when they are separated by less than three carbon atoms. 

JAGDISH C. AHLUWALIA, CLAUDE OSTIGUY, GERALD PERRON et JACQUES E. DESNOYERS. 
Can. J. Chem. 55,3364 (1977). 

Les volumes et capacitks calorifiques molaires apparents de neuf acides aminbs ont kt6 
mesurks dans l'eau k 25°C avec un densimktre et un microcalorim&tre dynamiques. On peut 
dkmontrer que la pauvre additivitb de groupe que I'on observe avec les acides aminbs peut &re 
attribuke a l'ionisation des deux groups NH2 et COOH. L'hydratation de ces groupes se g&ne 
lorsqu'ils sont sbparbs par moins de trois atomes de carbone. 

Introduction 
In recent years there has been a large effort to 

accumulate thermodynamic data on model 
organic molecules in water with the aim of 
devising simple additivity schemes for the pre- 
diction of the properties of biochemical systems. 
Volumes and heat capacities have drawn par- 
ticular attention, since their standard partial 
molal quantities readily lead themselves to such 
an analysis. 

Nichols et al. (1) have proposed a very simple 
group additivity scheme which predicts sur- 
prisingly well the standard partial molal heat 
capacities C; of aliphatic nonionic solutes in 
water. However, parallel work by Spink and 
Wadso (2) and by Prasad and Ahluwalia (3) 
shows that the additivity is far from being as 
good with amino acids. As a check of the re- 
liability of the data by the integral heat method 
used by Prasad and Ahluwalia, concurrent mea- 
surements were made on nine amino acids with 
the flow microcalorimetric technique. The pur- 
pose of this paper is to report these heat capaci- 
ties and the accompanying standard partial molal 

'Permanent address: Department of Chemistry, 
Indian Institute of Technology, Delhi, New Delhi, 110029, 
India. 

'Author to whom correspondence should be addressed. 

volumes Ve.  As it will be shown, the present data 
on C: and P support the interpretation of 
Cabani et al. (4) that the poor additivity with 
amino acids is related to the ionization of the 
NH, and COOH groups. 

Experimental 
The flow microcalorimeter (5, 6) and flow densimeter 

(7) used in this study have been described elsewhere. 
Essentially heat capacities per unit volume and densities 
of the solution were measured relative to pure water and 
from these differences the apparent molal quantities +, and +y were calculated. 

The amino acids studied were the following: DL-& 

alanine (Fisher Scientific), ~~-P-a lan ine  (BDH chemicals, 
99%), DL-a-aminobutyric acid (Sigma Chemical Co.), 
L-leucine (Anachemia Chemicals Company), DL-nor- 
leucine (Sigma Chemical Co), DL-p-amino-n-butyric acid 
(Sigma Chemical Co.), DL-y-amino-n-butyric acid (Sigma 
Chemical Co., 9973, DL-5-amino-n-valeric acid (Aldrich 
Chemical), and DL-6-amino-n-caproic acid (Sigma 
Chemical Co.). The amino acids were not purified but 
dried under vacuum for 48 h. The solutions were pre- 
pared by weight with distilled deionized water (Con- 
tinental Deionizer). 

Results 
For each amino acids about 8 to 15 data 

points were taken for m above 0.02 mol kg-', 
the highest concentration depending on the solu- 
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TABLE 1. Volumes and heat capacities of some amino acids in water at 25°C 

Compound 

a-Alanine 
CH3-CH(NH2)COOH 
P-Alanine 
NHz-CH2-CH2COOH 
DL-a-Amino-n-butyric acid 
CH3CHz-CH(NH2)-COOH 
DL-P-Amino-n-butyric acid 
CH3-CH-(NH2)-CH2-COOH 
DL-y-Amino-n-butyric acid 
NHz-CHz-CHz-CHz-COOH 
5-Amino valeric acid 
NHz-CH2-CH2-CHz-CH2-COOH 
2-Amino caproic acid 
(DL-Norleucine) 
CH3-CHz-CHz-CH2-CH2(NH2)COOH 
L-Leucine 
(CH3)2-CH-CH2-CH(NHz)COOH 
6-Amino caproic acid 
HzN-CHz-CH2-CH2-CH2-CH,COOH 

TABLE 2. Standard partial molal heat capacities of DL-a-alanine at 2SoC 

Reference* Cpe (J K-I mol-') Method 

Present results 142.5k 1 Flow microcalorimetry 
Prasad and Ahluwalia (3) 150 k25  At 3WC, integral heat method 
Spink and Wadso (2) 146 + 5  Drop heat capacity calorimetry 

141 k 4  Integral heat method 
Cabani et al. (4) 147.7k2 Mean value, adiabatic calorin~etry 
Zittle and Schmidt (8) 167 
Gucker and Allen (9) 140 

*Numbers in parentheses are the corresponding reference numbers from which data are quoted. 

b i l i t ~ . ~  In general the amino acids show little 
concentration dependence. The standard partial 
molal quantities, CPe and Ve, and slopes, Ac and 
A,, derived by least-squares analysis of the 
equations 

are summarized in Table 1. 
The heat capacities for DL-a-alanine are com- 

pared with other data in Table 2. Most results 

3Complete set of the actual experimental data is avail- 
able, at a nominal charge, from the Depository of Un- 
published Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

agree inside the experimental uncertainty of each 
technique. The agreement with the other amino 
acids is also good in most cases where literature 
values were available (see refs. 2-4 for a survey 
of C i  values). In addition to the uncertainties 
attached to a different technique, some errors 
probably result from the impurities of the 
amino acids. Impurities of 1% can probably 
cause uncertainties of 5 to 10 J K-' mol-l. Most 
of the amino acids used were guaranteed to 99% 
and attempts to determine by chromatography 
the extent of residual impurities failed. 

The volumes of a-alanine, p-alanine, and 6- 
amino caproic acid are also compared with those 
of other authors in Table 3. The agreement is 
quite good with a-alanine and p-alanine but less 
so with p-alanine. Here again the disagreement 
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TABLE 3. Standard partial molal volumes of some amino acids at 25'C 

Ve (cm3 mol-') 

Referencea cc-Alanine P-Alanine 6-Amino caproic acid 

Present results 60.47k0.1 58.28k0.1 104.02+0.1 
Jolicoeurb 60.45 
Papela and Dunlop (10) 59.65 
Devine and Lowe (1 1) 57.9 103.9 
Daniel and Cohn (12) 58.6 104.35 

'Numbers in parentheses are the corresponding reference numbers from which data are quoted. 
bC. JoHcoeur, unpublished data. 

might be reflecting more the purity of the samples 
than the precision of the techniques. 

Discussion 
A comparison of the present C; with those of 

the literature (2-4) shows that the CH, contri- 
bution of the a-amino acids are similar to those 
of other homologous n-alkyl solutes but are 
significantly different with o-amino acids. To 
find the origin of this difference, C; of the 
amino acids were calculated from the additivity 
scheme of Nichols et al. (1). The difference be- 
tween the experimental and predicted values are 
about -40 to - 50 J K-'  mol-I for the a-amino 
acids, -90 to - 100 for the p-amino acids and 
- 140 to - 170 for the y and higher amino acids. 
Cabani et al. (4) have recently shown that the 
change in heat capacity for the reaction 

[3] RCOOH + RNHz + RCOO- + RNH3+ 

is between - 160 to - 170 J K-I  mol-l. There- 
fore, the present observations suggest that the 
amino acids when the amino group is separated 
from the carboxylate group by more than two 
carbons, act as two independent ions. When the 
groups are closer together the hydration of the 
groups interfere with each other and the experi- 
mental C; are intermediate to those for fully 
ionized and unionized amino acids. This inter- 
pretation is essentially the same as that offered 
by Cabani et al. (4). 

The same reasoning can be applied to volumes. 
From the work of Jolicoeur and Lacroix (13), 
Hailand and Vikingstad (14), and Cabani et al. 
(15), the group contribution to V e  in cm3 mol-I 
for neutral molecules in water at 25°C are: CH,, 
26.4; COOH, 25.8; CH,, 16.0; NH,, 15.3; CH, 
6.5; OH, 12.2. Here the mean differences be- 
tween measured and predicted V e  for a, 0, and 

higher amino acids are - 13, - 14, and - 17 cm3 
mol-I. The change in volume for reaction 3 can 
be estimated from the data of King (16), Cabani 
et al. (16), Palma and Morel (17), and Desnoyers 
and Are1 (18) to be about - 18 cm3 mol-I. This 
AVfor different alkyl groups is not as constant as 
AC, since the values for CH, near ionic groups 
are usually different from 16.0 cm3 mol-I (19). 
Still, the difference between the measured and 
predicted V e  can be largely attributed to the 
ionization of the amino acids: the effect is com- 
plete if the groups are far apart and partial if 
they are close together. This effect is less spec- 
tacular with V e  than with C; since the hydration 
contribution to V e  is mostly electrostatic while 
that to C; is mostly structural in origin. The 
interference between the hydration cospheres of 
the two ionic groups will thus be more important 
with C; since the structural hydration effects 
are of longer range than the electrostatic ones. 
This higher sensitivity for C,e results from the 
fact that it is a second derivative with respect to  
free energies while V e  is a first derivative. 
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CLAUDE OSTIGUY, JAGDISH AHLUWALIA, GERALD PERRON, and JACQUES E. DESNOYERS. 
Can. J. Chem. 55,3368 (1977). 

The heat capacities per unit volume at 25°C and densities from 10 to 55°C of sodium phenyl 
carboxylates were measured with a flow microcalorimeter and a flow densimeter. The ap- 
parent molal heat capacities and volumes were used to derive standard partial molal heat 
capacities C:, volumes Ve, and expansibilities Ee. The CH, contribution to Ve is the same as 
that usually observed for aliphatic solutes but the contribution to C/ and Ee is not constant 
and significantly different. No simple explanation can be offered for this anomaly. 

CLAUDE OSTIGUY, JAGDISH C. AHLUWALIA, GERALD PERRON et JACQUES E. DESNOYERS. 
Can. J. Chem. 55,3368 (1977). 

Les capacitks calorifiques par unit6 de volume a 25°C et les masses volumiques de 10 A 55°C 
des phenyl carboxylates de sodium ont kt6 mesurks avec un microcalorimetre dynamique 
et un densimetre dynamique. Les capacitks calorifiques et volumes molaires apparents ont 
6tk utilisks pour calculer les valeurs molaires partielles standard pour les capacitks calorifiques 
C / ,  les volumes Ve et les expansibilitks Ee. La contribution de chaque CH2 a Ve est essentielle- 
ment la meme que celle des solutks aliphatiques mais la contribution a Cpe et Ee n'est pas 
constante et est t r b  diff6rente. Aucune explication simple n'a pu Stre propos6e pour expliquer 
ces anomalies. 

Introduction 
There is much interest in the group additivity 

of organic molecules in water. In particular 
Nichols et al. (1) have shown that a very simple 
group additivity scheme can predict the standard 
partial molal heat capacities, Cpe, of many 
aliphatic nonionic molecules in water with a 
precision which is often comparable with the 
experimental uncertainty. Similarly, the work 
of Yalkowsky and Zografi (2), Jolicoeur and 
Lacroix (3), Hariland and Vikingstad (4), and 
Cabani et al. (5) indicates that reasonably good 
additivity schemes can be devised for standard 
partial molal volumes, Be, although the presence 
of charged groups can have a significant con- 
tribution on the adjacent groups (6). Cabani 
et al. (7) have also been accumulating data on 
standard partial molal expansibilities, Ee, from 
which it will eventually be possible to obtain 
group additivity contributions. 

Recent work in our laboratory (8) has shown 
that it is also possible to get an excellent addi- 
tivity scheme of Cpe and Be of aromatic mol- 

'On leave of absence from the Indian Institute of 
Technology, Delhi, New Delhi, 110029, India. 

'Author to whom correspondence should be addressed. 

ecules in water. These group contributions are 
fairly similar to those of aliphatic molecules for - 
Ve but significantly different with cpe. Also, 
Nichols and Wadso (9) found that the methylene 
contribution to Cpe of homologous aromatic 
alcohols and amines are different from the 
normal aliphatic compounds. Similar differences, 
although less important, were also observed 
with diol (1). 

In an attempt to find the origin of this lack 
of additivity of homologous aromatic solutes in 
water we determined CDe, ve, and Ee of a series 
of aromatic carboxylate salts. 

Experimental 
The flow microcalorimeter (10,ll) and flow densimeter 

(12) used in this study have been described elsewhere. 
The expansibilities were obtained from the temperature 
dependence of the volumes, Ee = dBe/dT. All acids 
except phenyl pentanoic acid (Ash Stevens) were pur- 
chased from J. T. Baker Chemicals. The salts were pre- 
pared by neutralization of the acids in water followed by 
dry evaporation. The salts were then recrystallized in 
ethanol adding acetone to initiate the crystallization. 

All solutions were prepared by weight with deionized 
distilled water (Continental Deionizer). The temperature 
was measured to O.Ol°C with a Hewlett-Packard Quartz 
Thermometer, calibrated at the factory. 
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OSTIGUY ET AL. 3369 

TABLE 1. Volumes and heat capacities of sodium phenyl carboxylates in water; parameters of eq. 1 

- 
Ve Bv C/ Bc 

T C'C) Solute (cm3 mol- ') (cm3 mol-, kg) (J K-' mol-l) (J K-l mol-2 kg) 

RDesnoyers et ol. (14): c,e corrected as indicated in ref. 11. 
bold data: probably impure salt. 

Results 
The apparent molal volumes 4, and heat 

capacities 4, are obtained from the relative 
change in heat capacities per unit volume (11) 
and from the change in densities (12) in the 
usual way. The standard values, $ye = Ye,  are 
then obtained from a least-squares analysis with 
the general equation 

where Ay is the limiting slope of the Debye- 
Hiickel law and has been given elsewhere (13) 
for 4, and 4,. About 8 to 12 data points were 
measured for each sy~ tem.~  The parameters 
Be, Cpe,  Bv, and Bc are given in Table 1. The 
expansibilities obtained from the differences 
A Ve/AT are given in Table 2. It became apparent 
that the data for sodium phenyl propanoate 
were definitely out of line. A new sample was 
therefore purified and Be was remeasured at 
25°C. The anomalies with Be and Cpe then 
disappeared. The temperature dependence of 
Ve was not repeated however, and it will be 
apparent later on that the derived Ee are too 
large for this salt. 

3Complete set of the actual experimental data is 
available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Canada KIA 0S2. 

TABLE 2. Standard partial molal expansibilities 
Ee (cm3K-'mol-') of sodium phenyl car- 

boxylates in water at 25 and 40°C 

Solute At 25°C At 40°C 

Discussion 
The values of Cpe,  Be, and Ee at 25°C are 

plotted against the number of methylene groups 
of the homologous sodium phenyl carboxylates 
in Fig. 1. The CPe of phenylamines and alcohols 
(9) are also given for comparison. The expected 
slope from the CH, contribution of aliphatic 
solutes in water, 90 J K- l  mol-' (I), 16.0 cm3 
mol-' (4), and 0.023 cm3 K-' mol-' (7) are also 
given in Fig. 1. With Be the predicted and experi- 
mental slopes coincide. Only sodium benzoate 
falls slightly out of line as with aliphatic car- 
boxylates (6). On the other hand the CH, 
coiltribution to Cpe is not constant and is ap- 
proaching the expected value only when there 
are more than 4 carbon atoms in the chain. The 
alcohols and amines also show a smaller con- 
tribution per CH, but here the deviation from 
the expected slope is much smaller. In the case 
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n u m b e r s  of m e t h y l e n e  g r o u p s  

FIG. 1. Dependence of standard partial molal functions 
of aromatic solutes in water at 25°C on the number of 
methylene groups : 0, +(CH,),COONa; , +(CH,)OH; 
0, +(CHz),NHz. 

of Ee the carboxylates seem to fall oil a straight 
line if we assume that the value of sodium phenyl 
propanoate is erroneous (see Results), and this 
experimental slope is, as with Cpe, significantly 
lower than the expected one for aliphatic 
solutes. 

The interaction between the two groups in- 
creases significantly as the number of CH, 
groups between NH,' and COO- decreases. 
These interactions have a large effect on Cpe 
but a smaller one on Ve.  By analogy with the 

amino acids it would seem that there are some 
interactions between the phenyl group and the 
ionic or polar end groups. These relatively weak 
interactions mostly affect second derivative 
functions, such as CDe and Ee,  implying that 
they are very temperature dependent or related 
to some shift in equilibrium with temperature. 
The exact nature of these interactions is still 
unknown. 
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13C and 33934S isotope effects on the vapor pressure of liquid carbon disulfide 
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GLBOR J A N C S ~  and W. ALEXANDER VAN HOOK. Can. J. Chem. 55,3371 (1977). 
Prompted by the experimental investigation of Betts and Buchannon a thorough analysis of 

CS2 vapor pressure isotope effects has been made in the context of the theory of isotope effects 
in condensed phases and the available spectroscopic information. The agreement between the 
calculated and experimental results is satisfactory. The calculated results may be empirically 
described by the equations 

-0.529 
In (PIICJIS2/PIJCJIS2) = + 0.00035 

and 

The analysis indicates that the principal contribution to the 13C isotope effect is due to the shift 
on condensation of the asymmetric stretching frequency Av3, and quantitatively corroborates 
the theoretical conclusion reached earlier by Akopyan, Girin, and Bakshiev and others of the 
magnitude of the dielectric correction for this band. The 34S effects are principally determined 
by the hindered rotation and translation in the liquid and the shift in the symmetric stretching 
motion Av,. 

GABOR J A N C S ~  et W. ALEXANDER VAN HOOK. Can. J. Chem. 55,3371 (1977). 
A la lumitre des rksultats expkrimentaux obtenus par Betts et Buchannon, on a fait une 

analyse compltte des effets isotopiques de la pression de vapeur du CS, en tenant compte de la 
thtorie des effets isotopiques en phase condenstes et des informations spectroscopiques 
disponibles. Les valeurs calculkes sont en bon accord avec les rksultats expkrimentaux. Les 
rksultats calculks peuvent Ctre empiriquement dtcrits par les kquations; 

L'analyse indique que la contribution principale a l'effet isotopique 13C est due au dtplacement 
sur la condensation de la frkquence assymetrique d'tlongation Av3 et confirme entierement la 
conclusion thkorique postulk antkrieurement par Akopyan, Girin et Bakshiev puis d'autres, 
sur I'ampleur de la correction diklectrique de cette bande. Les effets du 34S sont determines 
principalement par la rotation et la translation empCchke dans le liquide et par le dtplacement 
dans le mouvement d'klongation symktrique Av,. 

[Traduit par le journal] 

Introduction 
The theory of isotope effects on the properties 

of condensed phases as formulated in 1961 by 
Bigeleisen (1) has been successfully applied in the 
quantitative interpretation of the vapor pressure 
isotope effect (vpies) of a large number of dif- 
ferent molecules. The literature in this field has 
been critically analyzed by Jancsh and Van Hook 
(2) who conclude (in agreement with previous 

lpermanent address: Central Research Institute for 
Physics, Hungarian Academy of Sciences, Budapest. 

authors (1, 3-6)) that the measurement of the 
vpie is a useful tool for determining the effects of 
molecular structure and the influence of inter- 
molecular forces on the motions of molecules in 
condensed phases. The appearance of new data 
on a simple molecular system is therefore of 
considerable interest, because in such a case the 
spectroscopic parameters are often defined to 
relatively high precision, and the data can be 
used in a straightforward test of the theory. The 
recently reported measurements of Betts and 
Buchannon (7) therefore attracted our interest 
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for this reason, and also because of their claim 
that the measured 13C/12C and 34S/32S effects 
were independent of the temperature over .the 
range -20 to +60°C. This was puzzling for 
theoretical reasons. Earlier workers have also 
noted the inverse carbon isotope effect in this 
system but there is no other mention in the 
literature of sulfur isotope studies or of the 
temperature dependencies of the effects (2). 

Background 
The vapor pressure ratio between two iso- 

topic isomers of a given molecule has been 
related to the reduced partition f~~nction ratio of 
the n~olecules by Bigeleisen (1). Following 
Jancsb and Van Hook (2) we write 

P ' + (RT)-'(P'Vr - PV) 
P 

The logarithmic vapor pressure ratio, In (Pr/P) 
(the prime denotes the lighter isotope), is given 
by the difference in quantum effects for the 
condensed and gaseous states (the first term) 
and correction terms which account for the dif- 
ference between the Helnlholtz and Gibbs free 
energies for the condensed phase (second term), 
gas imperfection (term 3), and the difference in 
the condensed phase molar volumes of the iso- 
topic isomers. We have estimated the correction 
terms from available data 011 the virial coefficient 
(8) and molar volume (9) (neglecting the isotope 
effects on these parameters) and find them 
negligible in comparison with the experimental 
error (7). The reduced partition function ratio is 
then well approximated by the vapor pressure 
ratio. Following Stern et al. (3) we have elected 
to make a calculation in the harmonic approxi- 
mation obtaining for a working equation, 

1 - exp (-u') 
ex t 1 - exp (- U) I 

where ui = hvi/kT. In the derivation of eq. 2 a 
harmonic cell model has been assumed where the 
average condensed phase n-atom molecule is 
assigned 3n degrees of freedom. Of these, the 
3n- 5 internal modes are treated in a fashion 
analogous to that used in the gas phase and the 
remaining hindered translations and rotations 
are assumed to be subject to harmonic restoring 
forces. In the calculation of the condensed phase 
frequencies due account is to be taken of terms 
which couple the internal and external motions of 
the molecules. These are often isotope dependent 
and give rise to interesting effects. In the pre- 
sentation of eq. 2 we have not written the small 
correction which accounts for the effect of non- 
classical rotation in the gas phase. We have, 
however, calculated this correction and found it 
to be negligible within the experimental pre- 
cision of the results discussed in this paper. 

In the next section of the paper, which de- 
scribes the results of the calculation, our ap- 
proach will be to present isotope independent 
force constant matrices which reproduce the 
spectroscopically observed frequencies in the gas 
and liquid phases. These will then be employed 
to calculate frequencies and isotopic frequency 
shifts in both phases which are then substituted 
into eq. 2 to obtain the calculated vapor pressure 
ratios. 

It  is clear for such a simple molecule as CS, 
the approach outlined above can be refined so 
that a calculation which takes account of 
anharmonic corrections in both phases can be 
made. However, the additional complexity and 
the marked increase in the number of param- 
eters (as well as the additional labor) is not 
warranted, either by the precision of the pres- 
ently available spectroscopic data, or by the 
precision of the vapor pressure results. 

Analysis 
A selection of spectroscopic data for the 

condensed and vapor phases of CS, is presented 
in Table 1. We note that the data are unusually 
complete and can be used to define effective 
harmonic gas and liquid force fields in a relatively 
unequivocal fashion. In the gas phase the recently 
reported high precision measurements of Smith 
and Overend (10) are in excellent agreement with 
the best of the earlier work. They have been 
used to define the gas phase force field reported 
in Table 2. In the liquid phase we have selected 
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TABLE 1. Spectroscopic properties of 12C32S2 

(A) Recent observed and calculated gas phase frequencies (cm-l) 

vl Ref. v2 Ref. v3 Ref. 

Observed 658.01 10 396.09 10 1535.35 10 
657.98 33 396 35 1535.35 36 
658 34 1535.5 37 

1535 38 

Calculated 658.003 396.090 1535.350 

(B) Recent observed liquid phase frequencies (cm-') 

VI Ref. v2 Ref. v3 Ref. 

Observed 652.8ir 11 390.6 ir 11 1508.3 ir 11 
655 ir 41 392 ir 35 1510 ir 35 
654 ir 39 390 R 39 1508.5 ir 27 
656 R 40 393 ir 39 1515 R 39 
656.5 R 12 1510 ir 41 
655.713 13 
656 R 14 

(C) Observed condensed phase lattice frequencies 

Solid 
Translation (ir) 66 (18, 79 K) (ref. 22); 66 (130 K) (ref. 15) 
Libration (R) 73, 83 (79 K) (ref. 21); 75, 79, 85 (18 K) (ref. 21); 

73,83, 145 (74 K) (ref. 19); 85-90 (293 K) (ref. 17); 
74, 83.8 (74 K) (ref. 20) 

Liquid 70 (ref. 15); 70 (ref. 16); 52,55 (ref. 21); 70 (ref. 17); 
71 (ref. 18) 

(D) Calculated and observed frequency shifts 

Frequency Degeneracy (v, - vdobs (vg - ~ J c a ~ c  

v1 1 5.2 5.2 
v2 2 5.5 5.5 
v3 1 27 .05a(10-15)b 13.1 
Vtr 3 - 52 - 52 
Vtibr 2 - 70 - 70 

'Observed. 
bcorrected for dielectric effect; see text. 

the results of Ribnikar and Puzi6 (11) thereby 
obtaining the set of experimental internal fre- 
quency shifts on condensation reported in the 
second part of Table 1. The observed shifts 
in the asymmetric stretching frequency, v,, and 
the bending mode, v,, are in general agreement 
among the different laboratories (Table 1) but 
Ribnikar's value for v, lies 2 -1 1 cm-l below 
values reported by other workers. We are 
inclined, however, to accept his value as it is 
based on a thorough study of the entire ir 
spectrum of the liquid, including the assignment 
of many overtone and combination bands, and a 

complete anharmonic analysis. In the Raman 
spectrum the band around 650-660 consists of an 
overlapped doublet including the fundamental 
and a satellite assigned to the (11'0), (030) t 
(01 '0) transition which has tended to complicate 
the assignment. Some authors (1 2- 14) have 
reported the shifts on condensation in v, for 
34S12C32S variously at 2.3,3.5, and 7.2 cm-I and 
this also indicates the difficulty of the assign- 
ment problem. (For CS, the phase frequency 
shift of this internal mode is much larger than is 
its isotope dependence, so to first order Av E 
Av'.) We note that the shift calculated from 
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TABLE 2. Gas and liquid force fields (mdyn/A) and 
molecular parameters of CS2 

Gas and liquid force fields for CS2 

Force fields Gas Liquid 

fl l, f Z 2  C-S stretch 7.585717 7.461838 
f i z  Stretch-stretch 0.569683 0.564927 
f33, f44 S-C-S bend 0.233472 0.227045 
fs5, f66, f7, Translation 0 0.120978 
fss, fg9 Libration" 0 0.445149 

The molecular parameters of CS2 

Parameters Value Ref. 

rc=s 1.5529 A 33 
m1zC 12.00000 amu 
m 1 3 ~  13.00335 amu 
m3zS 31.97207 amu 42 
rn33s 32.97146 amu 
rn34s 33.96786 amu 

Omdyn A. 

Ribnikar's assignment, Av = 5.2 cm-I, is 
certainly good to +2 cm-l (i.e. even if the 
alternative assignment is accepted), and most 
probably is good to better than f 1 cm-l. The 
other two phase frequency shifts Av, = 5.5 and 
Av, = 27.1 cm-' we also estimate as good to 
better than f 1 cm-I. All shifts are to the red on 
condensation. 

We now turn attention to the hindered external 
translational and rotational modes. The 70 cm-' 
frequency observed in the liquid (15-18) has 
been assigned to the doubly degenerate libration. 
The 70 cm-' frequency has been observed in the 
solid phase at liquid nitrogen temperature blue 
shifted to the region between 73 and 85 cm-' 
where the librational assignment is much more 
certain (19-21). The magnitude of the red shift 
observed on melting and lattice expansion is 
reasonable. The assignment is further sub- 
stantiated by the ir high pressure studies of 
Bradley et al. (17) who found that by applying 
pressure to the liquid at room temperature the 
70 cnl-I peak shifted to a value of 85-90 cm-I 
in the solid at 12-13 kbar. 

The liquid frequency observed at 52 cm-I (21) 
near the melting point has been assigned to the 
triply degenerate hindered translation. Although 
the authors (21) did not discuss the origin of this 
band we note that in the solid at 77 K these 
frequencies are observed at 66 cm-' (15, 22) and 
have been assigned to the translational modes. 

By employing the known volume expansion on 
melting (23) together with a reasonable estimate 
of the Griineisen constant using the method of 
Slater (24) and Mizushima (25) we calculate a 
liquid frequency of about 45 cm-I (300 K) 
which is in fair agreement with the observed 
band at 52 cm-l. We conclude that the assign- 
ment is reasonable. In any event the details of the 
results are not very sensitive to the choice of the 
translational frequency. 

The gas phase frequencies and phase fre- 
quency shifts as assigned above have allowed the 
definition of gas and liquid force fields which are 
presented in Table 2. The phase frequency shifts 
as calculated for 12C32S2 from these force fields 
have already been presented at the bottom of 
Table 1. For the asymmetric stretching motion, 
v,, an important correction must be applied to 
the spectroscopic data. This is discussed in detail 
in the material on 13C/12C which follows. 

The 13C/12C Effect 
The interpretation of the carbon isotope vpie 

is considerably simplified by virtue of the sym- 
metry of the molecule. Since the carbon is located 
at the center of mass there is no isotope shift on 
the symmetric stretch, v,, nor is there any isotope 
effect on the moments of inertia and the libra- 
tional frequencies. The observed effect is there- 
fore due to a combination of the triply degener- 
ate translations and the isotope dependencies of 
the phase frequency shifts in the doubly de- 
generate bending motion and the single asym- 
metric stretch. The isotope dependence of the 
translational and bending modes is small and 
cannot begin to explain the magnitude of the 
unusually large inverse vpie for this isomer. 
The value of the phase frequency shift, Av,, 
required to fit the experimental data at - 14.8"C 
(where the experimental scatter is at its minimum) 
is 13.09 cm-l. This compares to the experi- 
mentally observed shift of 27 cm-' which is 
independent of temperature (26). However, it is 
now well established that the observed shift must 
be corrected for dielectric effects which take 
account of the difference between the mean field 
and the effective field of the light wave acting on 
the molecule in the condensed phase. This point 
has been discussed in considerable detail by 
Akopyan et al. (27), Lefranc et al. (28), and 
Clifford and Crawford (29). The correction is 
only important for very intense bands such as the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



one under discussion. The value of the corrected 
shift (i.e. that portion due to the effect of inter- 
molecular forces on the motion) has been vari- 
ously estimated as 10-15 cm-I (27), 8 cm-I 
(Onsager correction following ref. 30), and 15 
cm-I (Lorentz correction following ref. 30). The 
value of 13 cm-I obtained from the vpie measure- 
ments via the present interpretation is com- 
fortably in the middle of these theoretical esti- 
mates. The result is one of useful precision 
(+ 2 cm-I if the error in the vpie at - 14°C can 
be taken as + 1 x (7) and the uncertainties 
in the frequency phase shifts are those discussed 
above). It can be usefully employed to test 
theories of the spectroscopic corrections to the 
contours of very intense bands (43). 

The 34S/32S Effect 
The vpie, R,, = P 1 2 ~ ~ ~ ~ ~ / P 1 ~ ~ 3 2 ~ 3 ~ ~ ,  is now 

defined in terms of the parameters developed 
above. The rotational and translational contri- 
butions predominate for this isomer and deter- 
mine the sign of the positive (normal) effect. 

Results 
The results of the calculation are plotted in 

Fig. 1 where they are compared with the data 
points reported by Betts and Buchannon (7). 
The temperature dependence of the calculated 
effects is evident and in our opinion the cal- 
culations are in satisfactory agreement with the 
experimental data. The calculated results can 
be satisfactorily described by the relations 
In (P,,/P,,) = -0.5291T + 0.00035 and In R,, = 
0.1851T - 0.00040. These equations are purely 
empirical and should not be used to extrapolate 
the results outside the temperature limits of 
the calculation. We have not reported fits to 
the more commonly employed approximation, 
In R = A/T2 + BIT because the frequency dis- 
tribution of the CS, molecule is such that this 
relation is not a good approxin~ation to the 
complete eq. 2 in the liquid temperature range. 
We have also calculated the vpies for other 
isotopic isomers of CS, and find (as expected) 
that the results are reasonably well described by 
the law of the geometric mean (certainly well 
within the precision of the data under discussion). 
Thus, for example, (In R,,/ln R,,) - 2.0 r 0.06. 

Discussion 
The vpies of the isotopic isomers of CS, are 

FIG. 1 .  Vapor pressure isotope effects of CS,. Upper 
line R = (Pl~Ca~sz/P13C3zs2) (calculated). Lower l~ne 
R = (P1z~32~~/P34~1~~3z~) (calculated). The data points 
are from ref. 7. 

amenable to interpretation with the theory of 
isotope effects in condensed phases as applied in 
the harmonic approximation. Both carbon and 
sulfur effects show decided temperature de- 
pendences in accord with experiment. The large 
inverse carbon isotope effect is due principally to 
the red shift in thevery intense asymmetric stretch- 
ing frequency near 1535 cm-'. Its magnitude 
offers confirmation of the theoretical conclusion 
that only about half of the observed spectro- 
scopic shift is due to the influence of inter- 
molecular forces on this motion. Our calculated 
value of the carbon vpie is in good agreement 
with the earlier estimate of Baertschi and Kuhn 
(31) of the inverse contribution to this effect, 
- 1.6 x lo-,, made from other (but related) 
considerations. 

Earlier in a qualitative interpretation Betts and 
Buchannon (7) leaned heavily on comparisons 
between the CO, and CS, systems. Isotope 
effects in CO, have been recently reinterpreted 
by Bikladi et al. (32) using the same kind of 
approach as that employed here. Most of their 
attention was focused on vpies in the solid, but 
the liquid phase effects were also considered. 
Certainly comparisons between the two mole- 
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cules are pertinent and interesting but it must be 
emphasized that important differences between 
the molecules exist. These markedly influence the 
choice of parameters and the nature of the re- 
sults. First, and most importantly, the spectro- 
scopic information on the liquid phase is much 
more nearly complete for CS, than for CO,. 
The phase frequency shift of the CO,, and 
additionally the intensity change, is also smaller, 
so dielectric effect corrections are not as im- 
portant. The 13C vpie is therefore much larger 
for CS, than C0,. The difference in intensity 
changes in the v, band has been correlated with 
the difference in the crystal structure of the two 
solids (39) and it has been further indicated that 
the intermolecular forces in the liquid and .the 
'liquid structure' of the materials are different in 
kind (38), due to the same effect. The sulfur or 
oxygen effects are relatively independent of the 
asymmetric stretching motion and are pre- 
dominantly determined by the hindered rotation 
and translational modes. Comparisons between 
the two materials for these effects are therefore 
more useful. 
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Studies on metal hydroxy compounds. XV. Electrical conductivity 
measurements on Cd(OH)Cl, Cu(OH)Cl, and PbOHCl 

MAHADEVA NATARAJAN AND ETALO A. SECCO' 
Chemistry Department, St. FrancisXavier University, Antigonish, N.S. ,  Canada B2G 1CO 

Received April 28, 1977 

MAHADEVA NATARAJAN and ETALO A. SECCO. Can. J. Chem. 55,3377 (1977). 
The electrical conductivity dependence on temperature measurements for three metal basic 

chlorides are reported. The conductivity results yield energy values which are interpreted in 
terms of active solid state processes leading up to, and including, the decomposition step. 

MAHADEVA NATARAJAN et ETALO A. SECCO. Can. J. Chem. 55,3377 (1977). 
On ttudie la dtpendance de la conductivitt tlectrique sur les mesures de la temptrature pour 

trois chlorures de mttaux basiques. Les rtsultats obtenus pour la conductivitt, nous amene a 
des valeurs d'tnergie qui sont interprettes en termes de processus actifs de 1'6tat solide se rap- 
prochant et incluant I'ttape de dtcomposition. 

[Traduit par le journal] 

Introduction chosen on the probable basis of a constant over- 
Thermal decomposition of a metal hydroxyha- all 

lide usually occurs via dehydroxylation (1, 2). 
The dehydroxylation step was speculated to be Experimental 
effected by (i) OH abstraction by a mobile H or All hydroxyhalides were prepared by the ~rocedures 

(ii) H abstraction by a mobile OH (3). since already described (1-3); each compound was identified 
by its characteristic thermal analysis trace and X-ray 

these species are expected to be electrically pattern. 
charged it was thought that electrical conducti- Electrical conductivity measurements were done on 
vity data on hydroxyhalide compounds might 
lead to a better understanding of the decom- 
position reaction. 

Electrical conductivity, by its nature, can be 
more sensitive, than gravimetry, to the elemen- 
tary or microscopic solid state effects. Therefore, 
conductivity has the added potential of providing 
a more detailed preview of the solid state pro- 
cesses leading up to the decomposition step. 
On the other hand, in the region of active de- 
composition conductivity data can be less 
reliable in view of the measurement's suscepti- 
bility to con~posite or masking effects arising 
from product presence. 

This report contains electrical conductivity 
measurements done on three hydroxychlorides, 
viz. CuOHCl, CdOHCl, PbOHCl, selected as 
representative members of hydroxyhalide corn- 
pounds which undergo first-order, second-order, 
and diffusion rate decomposition kinetics, 
respectively. The chloride derivatives were 

'To whom correspondence should be addressed. 

compressed polycrystalline discs held between Pt plates 
in a stainless steel conductivity cell (4) using Gr-1608A 
Impedance bridge; disc measurements were recorded 
both in ambient air and flowing N2 (2SCFH). The 
normal heating rate was 20°C h-' but lower heating rates 
were maintained as the cell temperature approached the 
region of active decomposition. 

Results and Discussion 
Plots of the logarithm of conductivity o vs. 

1/T K for CuOHCl, CdOHCl, and PbOHCl are 
presented in Figs. 1, 2, and 3, respectively. The 
activation energy values determined from the 
regional slopes on each plot are tabulated in 
Table 1; the activation energy E, for each 
decomposition reaction obtained from gravi- 
metric kinetic data is also included for compari- 
son. Although the conductivity results obtained 
in air atmosphere are assumed to be valid, our 
discussion will be restricted to N, atmosphere 
conductivity results in view of their consistent 
nature and in the expectation that meaningful 
comparisons or correlations can be made with 
the gravimetric kinetic results. 
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c 

FIG. 1 .  Logarithm of conductivity, o, vs. 103/T K for 
Cu(0H)Cl in air 0, and in N, 0. 

FIG. 2. Logarithm of conductivity, 0, vs. 103/T K for 
Cd(0H)Cl in air 0, and in N2 0. 

The conductivity plots of Table 1 reveal (i) 
ON, > oair; (ii) ~ ( C U O H C I )  ~ ( C ~ O H C I )  < O(P~OHCI) 
at -200°C; (iii) common low temperature El 
= 43 f 2 kcal; (iv) CuOHCl energies pass 
through minimum to attain E, in agreement 
with its Ea, PbOHCl energies drop to E, con- 

VOL. 55, 1977 

T7 

FIG. 3. Logarithm of conductivity, o, vs. 103/T K for 
Pb(0H)Cl in air 0, and in N, 0. 

sistent with its Ea, and E values for CdOHCl 
jump to E, much higher than its E,. 

The common El value is attributed to the 
migration energy of OH- species in some form 
of con~plexes (5, 6). These complexes are expect- 
ed to break up at higher temperatures accom- 
panied in the absence of secondary effects, by 
lower energies as in CuOHCl and PbOHCl. The 
E, values consistent with their Ea values, viz. 
PbOHCl and CuOHCl, suggest active decom- 
position whereas E2 represents the stage prior to 
the onset of decomposition. The agreement 
between E2 for CdOHCl and its Ea suggests 
decomposition to be active under these condi- 
tions and the high E, value results from the high 
conductivity contribution by the product CdO. 

The suggested condition of Hf  mobility 
governing first-order rate kinetics in the decom- 
position of hydroxyhalides requires o(CuOHC1) 
to be much greater than o(PbOHC1). The con- 
ductivity data do not support this condition. 
The initial fundamental step in a solid state 
decomposition reaction is most likely a nuclea- 
tion process. The observed overall rate kinetics 
and activation energy is eventually determined by 
the specific boundary condition, if any, imposed 
on the reaction relative to the nucleation process. 
The first-order rate can be interpreted in terms of 
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TABLE 1. Regional energies (kcal) from conductivity vs. temperature data ("C) 

Compound Medium El EZ E3 Ea Rate 

CuOHCl Nz 42(190-210) 23(210-245) 46( > 246) 41.0(230-280) First order 
Air 16(200-220) - 53(> 231) 

PbOHCl Nz 46(120-135) 39(135-150) 23(150-175) 20.0(150-200) Diffusion 
Air 21(125-155) 46(155-165) 30(> 180) 

CdOHCl Nz 42(175-220) 55(215-255) - 110(>255) 54.3(300-350) Second order 
Air 42(250-310) - 1 lO(310-325) 46(> 325) 

a limiting case of the A-E type equation, 
-In (1 - a) = (kt)", with the boundary con- 
dition n = 1. This condition implies a collapse of 
the interface between the product and reactant 
-phases leaving: isolated blocks of solid with each - 
molecule possessing equal probability for reac- 
tion. 

In summary, the conductivity measurements 
provided more details regarding the solid state 
processes leading up to the decomposition stage 
and a basis for the interpretation of first-order 
rate in hydroxyhalide compounds. 
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Strong amide-halothane hydrogen-bonding observed by nuclear 
magnetic resonance 

JOHN M.  BROWN AND PENNY A. CHALONER 
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JOHN M. BROWN and PENNY A. CHALONER. Can. J. Chem. 55, 3380 (1977). 
The widely-used halothane anaesthetic CF,CHBrCI exhibits a proton magnetic resonance 

signal in CCI, solution which is strongly deshielded by addition of N-methylpyrrolidone. This 
is interpreted as a hydrogen-bonding interaction with halothane C-H as donor and carbonyl 
as acceptor. From the temperature dependence of the halothane C-H proton chemical shift 
in the presence of varying concentrations of N-methylpyrrolidone, thermodynamic parameters 
AHo = -4.7 kcal mol-' and ASo = -14 cal mol-' deg-' were obtained. The carbon 
magnetic resonance spectrum of the two components in CCI, shows deshielding of the carbonyl 
carbon at higher concentrations of CF,CHBrCI. The halocarbons (I-H)undecafluorobicyclo- 
heptane and (I-H,4-H)decafluorobicycloheptane show similar H-bonding behaviour which is 
comparable with that exhibited by CHC13. 

These results are discussed in relation to their possible relevance to the mechanism of action 
of halocarbon anaesthetics. 

JOHN M. BROWN et PENNY A. CHALONER. Can. J. Chem. 55, 3380 (1977). 
L'halothane anesthesique grandement utilisk CF,CHBrCl presente un signal dans son spectre 

rmn, enregistre dans le CCI,, qui est fortement deblinde par addition de N-methylpyrrolidone. 
Ceci est explique par une interaction hydrogirne-lie avec le C-H de I'halothane comme donneur 
et le carbonyle comme accepteur. A partir de I'effet de la temperature sur le deplacement 
chimique du proton C-H en presence de differentes concentrations de N-methylpyrrolidone on 
obtient les paramttres thermodynamiques suivants: AHo = -4.7 kcal mol-I et ASo = -14 
cal mol-' deg-'. Le spectre de resonance magnetique nucleaire du carbone des deux compods 
en solution dans le CCI, montre un deblindage du carbone du groupe carbonyle L fortes con- 
centrations en CF,CHBrCI. Les hydrocarbures halogenes (I-H) und6cafluorobicycloheptane et 
(1-H,4-H) d6cafluorobicycloheptane presentent un comportement similaire H-lie, ce qui est 
comparable avec celui observe pour le CHCI,. 

Ces resultats sont discutes en fonction d'un rapprochement possible avec le mecanisme 
d'action des hydrocarbures halogenes anesthesiques. 

[Traduit par le journal] 

Introduction halothanes at a concentration of 0.16 mM 
The mechanism and site of action of inhalant 

anaesthetics have been the subject of much dis- 
cussion (I), without evidence of any general 
agreement. Anaesthetic potency correlates more 
satisfactorily with lipid solubility than with 
other physicochemical properties (2) although 
there is some suggestion that a "polar factor" 
may also be important (3). Anaesthesia can be 
reversed by high pressures of inert gases (4) which 
corroborates the idea that dissolution of the 
anaesthetic in a lipid membrane, or its inter- 
action with the hydrophobic region of a nerve 

or 0.32 mM increase the order parameter S 
determined by esr, in palmitoyllauryllecithin 
vesicles containing ketostearate-derived spin- 
labels, but cause a decrease at 9.3 mM (5). The 
effect on membrane fluidity in these and related 
experiments is slight, leading to criticism of the 
membrane-expansion model. A more specific 
role may be inferred from the effect of anaes- 
thetic fluoroethers on the crab neuromuscular 
junction (6) which preferentially block the 
action of glutamate receptor sites, whereas con- 
vulsants of related structure act at y-amino- 

protein causes a local volume expansion and butyrate receptors. 
neurotransmitter inhibition. Attempts to simu- In view of the long-standing emphasis on the 
late these effects in simple systems have proved solubility characteristics of inhalant anaesthe- 
equivocal. One group of workers suggest that tics, and a chemically non-specific mechanism of 
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interaction, some recent findings are of par- 
ticular interest. The effect of CF,CHBrCI on the 
nmr spectrum of haemoglobin has been studied 
in detail, and the major perturbation involves a 
small number of histidine H-2 resonances on 
residues remote from the site of oxygenation, 
together with (unassigned) hydrophobic reso- 
nances (7). Sandorfy (8) has shown that a 
variety of halocarbons, both fluorocarbon anaes- 
thetics and others, perturb intermolecular 
hydrogen-bonding in amides, phenols, and 
amines. The dominant role is assigned to donor- 
acceptor complex formation between the halo- 
carbon and addend, there being a correlation 
between hydrogen-bond breaking potency as 
observed by infrared spectroscopy and the 
lowest lone-pair ionisation potential of the 
halocarbon. Whilst this must be important in 
several cases (e.g., CF,I, CF2BrCF21) it seemed 
to us that many others might be better explained 
by competitive hydrogen-bonding by the C-H 
bond of the halocarbon. More recent infrared 
studies by Sandorfy (9) support this idea, and in 
the present paper we demonstrate the existence 
of strong hydrogen-bonds between CF,CHBrCl 
and N-methylpyrrolidone by nmr spectroscopy. 

Experimental 
Chloroform was purified before use by passage through 

a short column of Laporte type 'H' chromatographic 
alumina, and carbon tetrachloride was freshly distilled. 
Trifluorochlorobromomethane was a gift from the 
Department of Pharmacology, Oxford University and 
fluorobicycloheptanes were donated by Dr. R. Stephens 
of Birmingham University. The purity of all samples was 
checked by nmr. 

'H nmr spectra were obtained on a Perkin-Elmer R32 
spectrometer equipped with variable temperature ac- 
cessory which was calibrated with a standard methanol 
sample. Solutions were prepared by addition of aliquots 
of neat acceptor to standard solutions of donor in carbon 
tetrachloride. Frequencies are recorded in ppm downfield 
from an internal tetramethylsilane lock. The shift param- 
eter (A) and binding constants K for a given system were 
calculated by the iterative procedure of Higuchi (10) 
using a Hewlett-Packard 91 desk calculator. Carbon 
magnetic resonance spectra were recorded on a Bruker 
WH-90 instrument with a D,O external lock. Frequencies 
are recorded in ppm downfield from tetramethylsilane. 

Results and Discussion 
l,l,l-Tri~uorobromochloroethane/N-methyl- 

pyrrolidone 
The lH nmr spectrum of 1 in carbon tetra- 

chloride shows a quartet, JH-, = 5.2 Hz, at 
5.75 ppm. The position is slightly temperature 

FIG. 1. Chemical shift changes induced by addition of 
2 to solutions of 1 (0.38 M in CCI4). 

dependent, there being a shift to lower field of 
0.03 ppm between 35 and - 20°C. Addition of 
portions of 2 to standard solutions of 1 produces 
a substantial downfield shift, and Fig. 1 shows a 
series of runs at different concentrations of 2 and 
various temperatures between 35 and - 20°C. 
Under these conditions complex formation is in- 
complete, and an iterative procedure was em- 
ployed to derive A, defined as the chemical shift 
difference between 1 and the 1 : 1 association 
complex, and the complexation equilibrium con- 
stant K. The thermodynamics of complexation 
were derived from a standard Arrhenius plot in- 
corporating data from runs at five different 
temperatures (Fig. 2). 

The 13C nmr spectrum of 2 (1.1 M in CCI,) 
has absorbances at 178.9 (C=O), 54.9 (CH2-N), 
36.1 (CH2-CO), 35.3 (CH,-N), and 23.9 
(CH2-CH2-CH,) ppm. Addition of portions 
of 1 to the solution causes downfield shifts of the 
carbonyl carbon resonance of up to 1 ppm at 
2 M addend, without affecting other resonances 
by more than 0.15 ppm (Fig. 3). The C-1 carbon 
of 1 (127.0 ppm, Jc-, = 278 Hz) is slightly de- 
shielded in mixed solutions but the C-2 carbon 
(55.8 ppm, Jc-, = 41 Hz) is more substantially 
affected. 

Taken together, this evidence strongly sug- 
gests that hydrogen-bonding is the major inter- 
action leading to complexation. The data may 
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FIG. 2. Arrhenius plot and least-squares line correla- 
ting complexation data for mixtures of 1 and 2 in CC14. 

molar ratio 1 : 2 

FIG. 3. Concentration dependence of the 13C nmr 
carbonyl chemical shift of 2 in mixtures of 1 and 2 in 
CCI,. 

be compared with more extensive studies on 
hydrogen-bonding by chloroform to a variety of 
carbonyl compounds (1 1). For example, recent 
work on mixtures of chloroform and 2 (12), 
studied by 'H nmr in cyclohexane, gave AH, = 
-3.99 kcal mol-' and AS, = - 10.9 cal mol-I 
deg-l, which may be compared with our values 
for 1 and 2 of AH, = -4.7 kcal mol-I and 
AS, = - 14 cal mol-' deg-l. Miller found the 

limiting chemical shift for complexation of 
chloroform and 2, A, to be 84 Hz at 28°C as com- 
pared with our value of A = 132 Hz for 1 and 2 
in CC1, at 35°C. Insofar as this parameter reflects 
changes in charge-density at the hydrogen- 
bonding proton, it provides a measure of the 
tightness of the hydrogen-bond. 

These results demonstrate that halothane 1 
hydrogen-bonds strongly to a typical model 
tertiary amide. It  would clearly be useful to cor- 
relate the hydrogen-bonding ability of this and 
other halothane anaesthetics with some readily 
measurable molecular property. Allen (1 3a), in a 
recent theoretical study of hydrogen-bonding, 
found that donor reactivity correlated well with 
the C-H bond dipole moment y,-,.' This is, 
however, difficult to evaluate in unsymmetrical 
organic molecules. Nevertheless, the electro- 
static properties it represents may be reflected in 
the acidity of that C-H bond provided that the 
carbanion is charge-localized and of similar 
geometry to the hydrocarbon. It  is particularly 
interesting that the pKa7s of 1, 3, and chloroform 
in cyclohexylamine (14) are 24.0, 24.4, and 24.4, 
respectively, that pentafluorobenzene, which has 
significant anaesthetic properties (15), has a pKa 
of 24.2, and that 4 and 5 are extremely powerful 
anaesthetics (16), and have pK,'s of 20.5 and 22.3. 
Less acidic fluorocarbons (CF,H, pK,, 30.5; 
CF,CF,H, pK, 28.2) are much less potent 
anaesthetics than 1 (1). 

'Compare more recent theoretical studies of hydrogen- 
bonding (1 36,c). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BROWN AND CHALONER 3383 

I,l,l-Trijluorobromochloromethane/pyrrolidone 
It was of interest to determine whether 

hydrogen-bonding of 1 to a secondary amide 
might compete with inter-amide association (17) 
in CCl, solution. 'H nmr measurements were 
carried out with mixtures of 1 and 6 as before, 
and the data treated to give AH, = -2.2 kcal 
mol-I and AS, = -6.5 cal deg-I mol-I for 
hydrogen-bonding association. This may be 
compared with literature values (17) of AH, = 
- 6.73 kcal mol- ' and AS, = - 13.1 cal mol-I 
deg- for self-association of 6. 

Amide dimers in solution may have a doubly 
hydrogen-bonding structure 7 (17), and our data 
do not distinguish between structures 8 and 9 
for the halothane complex. They do, however, 
demonstrate that the hydrogen-bond between 1 
and 6 is qualitatively similar in strength to a 
single inter-amide hydrogen-bond, one of the 
strongest known between organic molecules. 

Fluorobicycloheptanes/N-Methylpyrrolidone 
The polyfluorinated bicyclic con~pounds 4 and 

5 are both highly acidic (14) and potent anaes- 
thetics (16) and it was of interest to determine 
their C-H donor properties. Unlike 1 the 
chemical shift of the C-H in 4 is strongly tem- 
perature dependent, implying considerable self- 
association. Quantitative temperature depen- 
dence studies were therefore not attempted, but 
we have established that considerable deshielding 
of the C-H resonance in 4, which is a complex 
multiplet centred at 3.50 ppm (0.26 M, CCl,) 
occurs on addition of portions of 2. The com- 
plexation chemical shift, A, is 122 Hz and 
K = 1.9 MI-' at 35°C. Similar results were ob- 
tained with 5, showing that both of these 
fluorocarbons are capable of forming strong 
hydrogen bonds to amides. 

Overall, these results suggest that halothane 
anaesthetics such as 1 may operate in vivo by a 
mechanism involving hydrogen-bonding, which 
may augment the more generally accepted role 
of lipid solubility (1). 
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An electron impact study of the two isomeric tricarbonylchromium complexes of 
N- benzylideneaniline 
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EBERHARD W. NEUSE. Can. J. Chem. 55,3384 (1977). 
Under electron impact, the two isomers resulting from tricarbonylchromium complexation 

of N-benzylideneaniline decarbonylate completely before the chromiunl-ring bond is broken 
and the azomethine ligand undergoes further fragmentation. The loss of two CO molecules is 
favored over the competitive process involving elimination of a single CO molecule, especially 
at high ionizing voltage. In both cases the highly stable benzylideneanilinechromium cations 
decompose primarily through fission of the metal-ring bond, although additional fragmentation 
vathwavs of minor imvortance are also observed. The decav vatterns of the benzvlideneaniline 
iigand cation are iden6cal in the spectra of both c o n ~ ~ l e x e s ~ a ~ d  very nearly coincide with that 
shown by benzylideneaniline itself under the same conditions of electron impact. 

EBERHARD W. NEUSE. Can. J. Chem. 55,3384 (1977). 
Sous impact Blectronique, les deux isomkres provenant de la complexation du tricarbonyl- 

chrome avec le N-benzylidtneaniline se dkarbonylent complktement avant que le lien chrome- 
cycle soit brisk et le ligand azomCthine subisse des fragmentations subsequentes. La perte de 
deux molecules de CO est favorisee par rapport au processus compktitif impliquant 1'Climina- 
tion d'une seule molkule de CO specialement B des hauts voltages d'ionisation. Dans chaque 
cas, les cations benzylidtneanilinechromes trks stables se decomposent en premier lieu par la 
fission du lien metal-cycle, quoique des chemins additionnels de fragmentation d'importances 
mineures ont aussi pu &re observ6s. Les patrons de decomposition du cation ligand-benzyli- 
deneaniline sont identiques dans chacun des spectres des deux complexes et coincident presque 
completement avec celui present6 par le benzylidkneaniline lui-mSme dans les m&mes conditions 
d'impact Clectronique. 

[Traduit par le journal] 

Introduction 
The synthesis of mono- and bis(7c-tricarbonyl- 

chromium) complexes of N-benzylideneaniline 
was first reported by Mostardini et al. (I), and 
their spectroscopic behavior was investigated 
more recently (2). In the following, we examine 
the fragmentation under electron impact of the 
two isomeric mono-complexes, (1,2,3,4,5,6-hexa- 
hapto - benzylideneaniline) tricarbonylchromium, 
1, and (1',2',3',4',5',6'-hexahapto-benzylidene- 
aniline)tricarbonylchromium, 2. 

Results and Discussion 
(1 ,2,3,4,5,6-q6-Benzylideneaniline) tricarbonyl- 

chromium ( I )  
The mass spectral fragmentation charac- 

teristics of arenetricarbonylchron~ium com- 

'Permanent address : Department of Chemistry, 
University of the Witwatersrand, Johannesburg, Republic 
of South Africa. 

Cr 

co' J ~ C O  

co' g c o  

plexes (3) depend primarily on the relative 
strength of the bonds between the chromium 
atom and the various ligands, as well as on the 
type and inherent stability of the arene ligand 
involved. Two factors deserve attention here: 
(i) fission of the Cr-CO bonds entails the 
elimination of carbon monoxide molecules as 
uncharged, stable entities, and (ii) the metal-to- 
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NEUSE 3385 

carbonyl backdonation as a contributor to 
Cr-CO bonding, brought about by the pro- 
nounced n* acceptor properties of carbon 
monoxide, is appreciably reduced on ionization, 
because the electron removed, stemming from a 
high-energy chromium d orbital with predomi- 
nant metal character(4), leaves a cation character- 
ized by an effectively lowered metal d electron 
population involved in the backbonding2 Both 
factors combine to cause Cr-CO dissociation 
energies in the various metal carbonyl ions to be 
lower than the Cr-arene dissociation energy and 
thus generally render carbon monoxide elimina- 
tion a facile and preferred process. We find this 
trend confirmed in the 70 eV mass spectrum of 
complex 1 : initial degradation proceeds through 
carbon monoxide loss, and no other parent ion 
fragmentation steps, such as C,,,,C, Cring-N, 
or C=N fission, are indicated in the spectrum. 
As a result, both the parent ion, P + .  (mle 317), 
and the carbonyl-containing fragment ions are 
less abundant than the carbonyl-free mle 233, the 
benzylideneanilinechromium cation. 

The successive removal of CO ligands from 
metalpolycarbonyl ions entails a concomitant 
increase in the dissociation energies of the 
remaining M-CO bonds in the product ions 
(3, 8). In the fragmentation of 1, simple stability 
arguments should, therefore, predict an increase 
in peak intensity as one follows the cascade 
sequence P+.(m/e 317) + [P - CO]+.(m/e 289) + 

[P - 2CO] + .(m/e 261) + [P - 3COI' .(m/e 233). 
At low ionizing voltages this is seemingly the 
case, relative intensities at 15 eV increasing in the 
order 18 (mle 317), 20 (mle 289), 58 (mle 261), 

'While it is recognized (5, 6 )  that ionization will 
generally lead to immediate electronic reorganization, 
which is unaffected by the site of the original electron 
removal, the resultant charge distribution in the product 
cation must be consistent with the tendency for the lower- 
lying electronic states to be more highly populated at a 
given internal energy (in comparison with higher-lying 
states) because of the greater number of vibrational 
quanta present and concomitantly greater vibrational 
degeneracy (7). The increased population and enhanced 
vibrational energy of the lower-lying electronic states both 
combine to render further fragmentation more probable 
from these lower states than from the higher-lying ones. 
The lower-lying states, however, are precisely those 
characterized by reduced occupancy of the high-energy 
antibonding n* orbitals of the Cr-CO bond system. 
Abandoning the concept (now somewhat outdated (6)) of 
charge localization and concomitant selective bond 
fission does, therefore, not invalidate the argument 
presented. 

100 (mle 233). At 70 eV, however, a different 
pattern obtains; while the order of increasing 
yields still holds for the ions mle 317, 261, and 
233 (and, similarly so, for their doubly charged 
counterparts), the peak at mle 289 is drastically 
attenuated (mle 289 to mle 261 abundance ratio, 
0.14). This suggests that, a t  the higher ionizing 
voltage, the parent ion prefers to convert 
directly to mle 261 through the expulsion of two 
CO molecules, either concertedly or in a fast 
consecutive two-step process, and indeed we find 
the process m/e 317 + mle 261 + 2C0 un- 
ambiguously confirmed as a metastable transi- 
tion. Although this process requires a higher 
activation energy than does the reaction m/e 
317 -t mle 289 + CO (otherwise, the mle 289 to 
mle 261 ratio should decrease, rather than 
increase as the ionizing voltage is lowered to the 
more selective 15 eV level), it must proceed with 
a higher frequency factor in order to account for 
its absolute predominance at  both voltage limits. 
Within the framework of quasi-equilibrium 
theory (9-1 l), the relationship between the uni- 
molecular rate constant of decomposition, k(E), 
and the total internal energy, E, imparted to the 
ion by the applied ionizing voltage can be 
expressed in simplified form by eq. 1, in which v 
represents a frequency factor, E, is 

the energy of activation of the decay process, and 
s indicates the effective number of weakly 
coupled harmonic oscillators (i.e. vibrational 
modes) operating in the n~olecule.~ The relation- 
ship has been used extensively, notably by 
Williams (1 1, 15) and Shapiro (16, 17) with their 
collaborators, in the analysis of concurrent 
decomposition mechanisms under electron im- 
pact. With the aid of eq. 1, the trend of rate 
constants in two competitive parent ion decom- 
positions can be depicted schematically (ref. 14, 
Chapt. 8, 18-20) by diagrams of the type shown 
in Fig. 1, in which log k(E) is plotted against E 

3For large molecules, the number of oscillators is given 
by 3n - 6 (n = number of atoms). The effective number 
of modes is usually taken as one-half to one-third (one- 
fifth near threshold) of that value (11, 12). The more 
rigorous Rice-Ramsperger-Kassel-Marcus formulation 
(13) employs an exact enumeration of states and is, there- 
fore, sometimes preferred (ref. 14, Chapt. 8) over the 
simple quasi-equilibrium theory formulation of eq. 1 and 
modified forms. Qualitatively, however, both theories 
lead to the same conclusions presented in the text. 
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I 
I I ! process b 

FIG. 1. Log k VS. E curves (schematic) for two com- 
petitive, unimolecular parent-ion degradation reactions. 

for both reactions. In such systems of competing 
decay steps, in which AE,, the difference in 
activation energy between the two reactions, 
determines their relative rates at low E, while AV 
becomes the controlling factor at high E (16), 
process b (high v, E,) passes through a relatively 
loose activated complex (ref. 14, Chapt. 8, 18) 
and so generally represents a direct bond 
cleavage. Process a (low v, E,), on the other 
hand, passing through a tighter (and perhaps 
anchimerically assisted) transition state, tends to 
involve arearrangement (ref. 14, Chapt. 8,16-19). 
The observed energy dependence of the reactions 
m/e 317 + mle 289 and m/e 317 -, mle 261 sug- 
gests these two processes to be congruent with 
the depicted model, the former reaction being 
represented by a, and the latter by b. (Appearance 
potential measurements for the two daughter ions, 
not feasible with our present spectrometer set-up, 
will be necessary to confirm the implicit assump- 
tions.) It appears, therefore, that the loss of two 
carbon monoxide molecules proceeds by direct 
breaking of Cr-CO bonds, whereas the com- 
peting expulsion of a single monoxide molecule 
proceeds through a transition state with a 
reduced number of active rotational modes as 
exemplified in a structure comprising pentacova- 
lent chromium through coordinate bonding 
interaction with the C=N system. This question 
requires further study. 

The benzylideneanilinechromium cation, mle 
233, is the most stable intermediate in the overall 
decay pattern of 1 and so, if one excepts C r '  as 
the highly abundant terminal fragmentation 
product ion, represents the base peak in the m/e 
50-317 range, reflecting the higher arene- 
chromium bond dissociation energy (2.4 eV in 

benzenechromium cation (21)) relative to the 
various M-CO dissociation energies associated 
with the preceding CO expulsion steps (1.2- 
2.0 eV in benzenetricarbonylchromium decar- 
bonylation (21)). The subsequent decay processes 
are straightforward. Arene-chromium bond 
fission, as the principal path, leads to chromium 
cation and probably also (albeit not associated 
with a detectable m*) to benzylideneaniline 
~ a t i o n . ~  Loss of chromium hydride, supported by 
the increased intensity ratio of m/e 180 to m/e 18 1 
(1.03) in the spectrum of 1 relative to that of 
benzylideneaniline (0.88), and elimination of 
benzene (subsequent to a hydrogen migration) 
with generation of m/e 155 both represent low- 
abundance steps. The benzene elimination path 
is paralleled by the even less significant transition 
mle 233 + mle 78 involving loss of benzonitrile- 
c h r ~ m i u m , ~  the benzene ion peak intensity being 
only moderately enhanced relative to the corre- 
sponding peak in the benzylideneaniline spec- 
trum (measured against mle 181 in both cases). 
Further fragmentations of mle 155 give rise to 
Crf and to CrCNf, in the latter case through 
rearrangement and ejection of phenyl free radical 
(allowed by the even-electron rule). The transi- 
tion mle 155 + mle 77, the species eliminated 
being neutral C ~ C N , ~  is suggested by the obser- 
vation of a metastable peak, whose abundance, 
however, is too low to permit an unambiguous 
assignment. Should this latter reaction indeed 
occur, it would represent the only observed 

4We are grateful to one of the referees for suggesting 
the possibility of benzylideneaniline cation formation 
through loss of neutral Cr(CO), from RCr(CO),+. 
(R = benzylideneaniline). In view of the prominence of 
rnle 181, this proposal appears quite valid, although we 
were unable to find corroboration by metastable peaks. 

SAlthough the m* associated with mle 233 -t mle 78 
also holds for mle 317 + mle 91 (C=N fission), we 
neglect this latter transition on energetic grounds; 
indeed, we were unable to detect metastable peaks for the 
corresponding C=N fission steps in m/e 289,261, or 233, 
all of which should be energetically more amenable to 
such fission than the parent ion, and even in the un- 
complexed benzylideneaniline the incidence of azomethine 
double bond fission is remarkably low (22). 

6There is precedence in the literature for the generation 
of ions of the type CrX+ by the reaction: CrC6H5X+. -t 
CrX+ + C6H5., provided only that X represents a 
substituent of higher electronegativity (21). The analogous 
process in which the positive charge remains with the ring 
ligand, whereas a neutral species CrX departs, is feasible 
in cases where the resultant organic cation exhibits high 
stability (23). 
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metastable transition originating from Cr-con- 
taining fragment ions that would contribute 
directly to the phenyl cation7 peak; the latter, 
only moderately intensified relative to its mle 77 
counterpart in the benzylideneaniline spectrum, 
appears to derive most of its intensity from frag- 
mentations of the azomethine cation, although a 
minor additional contribution from mle 233 
decomposition by a rapid (and therefore not 
necessarily metastable) direct bond cleavage 
cannot be discounted. 

The phenylchromium cation, manifested by a 
peak of low abundance at mle 129, is probably 
(no m*) formed in part by C,,,,-C bond 
cleavage in mle 233. Yet the principal mode of 
formation, substantiated by a relative ion yield 
increase with rising source pressure, involves 
phenyl radical capture by Crf .. The phenyl- 
chromium ion decays through fission of the 
C-Cr bond and so contributes to the ion yield 
of mle 52. The spectrum shows a peak of low 
intensity at mle 80, identified as [CrCO]'. by an 
accurate mass number determination. The peak's 
observed intensity increase at higher source 
pressure or inlet temperature suggests [CrCO]'. 
formation to be due to an ion-molecule reaction 
involving CO capture by Cr+.. 

In addition to the fragment ion peaks dis- 
cussed in the foregoing, which are derived from 
chromium-containing species, the spectrum in the 
lower mass-number range extending up to mle 
181 shows the typical fragmentation pattern of 
benzylideneaniline (22, 25) as verified by com- 
parison with the mass spectrum of this compound 
recorded separately under identical conditions. 
Additionally, the characteristic [C,H,lf peak at 
mle 51 (through expulsion of acetylene from 
phenyl cation) should be mentioned, as should 
the low-intensity peaks at mle 63, 64, 78, and 89. 
The ion of mle 63 most probably is a fragment of 
mle 77 (expulsion of methylene); a contribution 
may reasonably be ascribed to [C7H,lf -t 

[C,H,]+ + HCECH. Loss of HCN from the 
ion of mle 91 (identified as [C,H,N]+. by 
accurate mass number determination) accounts 
for mle 64. The benzene cation peak, mle 78, 
derives most of its intensity from the fragmenta- 
tion mle 181 + mle 78 + 103. (The minor transi- 
tion mle 233 -t mle 78 was mentioned above.) 

'Both [CsH5]+ and [CsH,]+., although for convenience 
designated here as phenyl and benzene cations, respec- 
tively, may well possess non-cyclic isomer structures (24). 

We expected a contribution from the reaction 
mle 77 + H. -+ mle 78; however, the injection of 
D,O into the ionization chamber failed to 
produce a significant peak at mle 79, suggesting 
hydrogen capture by the phenyl cation to be a 
negligible process. The benzene cation undergoes 
further breakdown in a straightforward manner 
through elimination of acetylene. No reasonable 
mode of formation of the ion of mle 89 is 
apparent from the spectrum. Although the ion 
could result from mle 181 by a hydrogen 
migration, followed by azomethine bond clea- 
vage, the involved rearrangement should provide 
kinetic conditions conducive to the appearance 
of a metastable peak; this, however, was not 
observed. 

In the previous papers (22, 25) the generation 
of mle 77 in the fragmentation of benzylidene- 
aniline was accounted for in terms of loss of 
C,H6N' from mle 181 (m* reported at mle 32.8). 
However, we find the metastable peak more 
accurately at mle 32.9, reflecting the transition 
mle 180 + mle 77, and this step in fact appears 
more plausible than mle 181 -t mle 77 on ener- 
getic grounds. The species expelled from mle 180 
represents a stable molecular entity (benzo- 
nitrile), which on account of its high IP shows 
little tendency to accept the positive charge. In 
contrast, the species C,H6N that would be 
ejected in the corresponding fragmentation of 
mle 181 represents a free radical of low stability; 
hence, the preferred path originating from mle 
18 1 clearly comprises the formation of the highly 
stabilized even-electron cation [C7H,N]+ (mle 
104) as indeed observed, and the elimination of 
the C7H,N free radical is likely to constitute at 
best a competitive process of very low abundance. 

(1',2',3',4',5',6'-~6-~enzylideneaniline) tricar- 
bonylchromium (2)  

The mass spectrum of 2, as would be expected, 
closely resembles that of isomer 1, showing the 
mle 317 parent ion and fragmentation peaks at 
all the positions cited in the foregoing section. 
The peaks and their relative abundances are 
juxtaposed in Table 1 to their counterparts 
derived from 1, and the overall fragmentation 
patterns proposed for both compounds are 
depicted in Fig. 2. Table 2 lists the metastable 
transitions observed; it is seen that, with few 
exceptions, the respective m* signals appear at 
virtually identical positions. On comparison of 
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TABLE 1. Significant peaks in the mass spectra of complexes 1 and 2" 

Relative intensityb 

m/e Ion Complex 1 Complex 2 

"Within ranee mle 50-317. 
bAverage o f 3 4  scans, normalized for 
<Increases to 4.8 at 5 x 10-5 Torr. 
%Suspected contamination. 
<Maximum range. 
fIncreases to 7.9 at 5 x 10-5 Torr. 
Contains contribution by CrCN+. 
hcontains contribution by [C4H4]+'. 

the spectra of 1 and 2, several features deserve 
comment as detailed. 

(1) The breakdown pattern from mle 181 down 
to mle 50 is about the same, which is, of course, 
in accord with the common ion intermediate role 
of the benzylideneaniline cation and needs no 
further discussion. 

(2) Resulting from differences in both stability 
and ionization potential, the abundance of the 
parent ion in relation to the carbonyl-free com- 
plex ion (mle 233) is distinctly lower in 1 than in 2. 
The stability of 1, in terms of resistance to the 
primary steps involving Cr-CO bond fission, is 
probably lower than that of 2 because of in- 
creased backbonding from Cr to ring ligand 
(and accordingly reduced Cr-CO backdona- 
tion), brought about by the lower charge density 
on the complexed ring of 1 (mildly electron- 
withdrawing -CH=N-Ph substituent (2)) as 
compared to the situation in 2 (weakly electron- 
donating -N=CH-Ph substituent (2)). In 
contrast, 1 can be expected to possess the higher 

Peaks with abundances neglected. 

IPS for the very same reason of electron with- 
drawal by the substituent on the complexed ring 
in this compound. Lower stability and higher 
ionization potential both will combine to render 
P f  . of 1 the less abundant one (ref. 14, pp. 35, 36) 
of the two parent ions. 

(3) The decarbonylation pattern of 2 differs 
from that of 1 insofar as the [P - 2COIf. species 
is of noticeably lower relative intensity than the 
isomer ion derived from 1, and the [P - COIf. 
daughter ion peak is effectively absent (<0.5%) 
in the spectrum at 70 eV, becoming significant 
only as the electron beam energy is lowered 
(2.9% at 20 eV, 6.0% at 15 eV). This indicates 

8Accordingly, by plotting IP (by electron impact (26)) 
against kco, the carbonyl stretching force constant (from 
vco (27)), for 12 representative arenetricarbonylchrom- 
ium complexes as previously done by Miiller (26), we 
obtain a least-squares fit, from which for 1 (k = 15.000 x 
lo5 dyn cm-' (2, 27)) and 2 (k = 14.867 dyn cn1-I (2, 
27)), respectively, IP values of 7.38 and 7.26 eV can be 
derived. 
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TABLE 2. Metastable transitionsa in the fragmentation patterns of complexes 1 and 2 

m* observed 
Transition 
m/e -+ m/e m* calcd. Complex 1 Complex 2 

263-264 vs, br 
-215 w-m 

235.7 w-m 
-208 vs 

139.2 w 
103-104 w, br 
26.1 w 
11.6 vs 

179-180 s, br 
-59.5 w,br 
-33.7 vs 

-130 w-m, br 
32.9 vs 
39.2 vw 
38.3 vw 
17.4 s 

-151 m 
20.9 m-s 

44.6-45 w, brf 

-33.7 vs 
34.8 w 
51.8 m-s 

-33.7 vs 

263.5 w 
-215 w-m 

- 
-208 s 

- 
103-104 w br 
26.1 w 
11.6 vs 

179-180 vs, br 
59.6 w 

-33.7 vs - 130 w-m, br 
32.9 vs 
39.2 vw 
38.3 vw 
17.4 s 

151 m 
20.8 m-s 

44.6-44.9 w, brf 

-33.7 vs 
34.7 w 
51.7 m 

-33.7 vs 

"See Experimental for recording conditions. vw = very weak; w = weak; m = medium; s = strong; 
vs = very strong; br = broad. 

b[CrCNl+, ascertained by accurate mass number determined. 
'Tentative. 
dNot unambiguous because of coincidence with transitions mle 181 --t mle 78 and mle 77- mle 51; see 

text. 
e[C4H41+'. 
*Tail at mle 44.64l.7 vw. 

that the velocity curve for the transition mle 
317 + mle 289 (Fig. 1) is even shallower, and 
approaches a lower limiting value of k(E),  in the 
decarbonylation of 2 than holds for the analo- 
gous step in the decarbonylation of 1. For 2, 
hence, the monodecarbonylation step is associ- 
ated with a lower frequency factor, and thus 
passes through a tighter transition state, than in 
the case of 1. Anchimeric assistance by the 
proximate N donor atom in a suitably adapted 
transition-state geometry, resulting in further 
rotational restrictions, may be responsible for 
this trend. 

(4) The mle 181 to mle 233 ion yield ratio is 
higher, and so indicates a more favored Cr-ring 
bond cleavage, in mle 233 (2) than in mle 233 (1). 
This is not what one would expect on the basis of 
stability considerations: in the former ion, the 
more powerful n donating effect exerted by the 
complexed ring, brought about by the electron- 
releasing -N=CH-Ph substituent, should 

result in a stronger Cr-ring bond and, thus, in a 
correspondingly reduced relative mle 181 ion 
yield. Possibly, competitive degradation reac- 
tions, at the expense of Cr-ring bond fission, are 
faster in the mle 233 ion stemming from 1 than 
in the isomer derived from 2. It can be argued, 
for example, that the higher stability of the 
benzonitrilechromium ion (possibly further stabi- 
lized by rearrangement to the N-substituted 
tropylium isomer) arising from mle 233(1) 
decon~position, as compared to the isonitrile- 
type isomer resulting from degradation of mle 
233(2), should render benzene expulsion from 
m/e 233 a relatively more favorable hrocess in the 
fragmentation sequence of 1, and indeed the 
slightly enhanced abundance of mle 155(1) rela- 
tive to 155(2) corroborates this proposition. 
However, in view of the possibility of isomeriza- 
tions at the more advanced stages of fragmenta- 
tion, the difference in abundances is not signifi- 
cant enough to permit any rationalizations, which 
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must await the availability of appearance poten- 
tial data on all fragment ions involved. 

Experimental 
Compounds 

Complexes 1 and 2, obtained from precomplexed 
starting materials (I), were further purified by repeated 
recrystallization from dry, deoxygenated heptane under 
rigorously controlled anhydrous conditions in the dark; 
1, mp 106.5-107.5"C; 2, mp 109-1lO"C (sealed). Failure 
to observe these precautions resulted in samples giving 
noticeably variant mass spectra. N-Benzylideneaniline 
(28) was recrystallized from dry methanol (moisture 
protection); mp 50.5-52°C. 

Instrumental Conditions 
Mass spectra of 1, 2, and N-benzylideneaniline were 

obtained on a Varian Mat CH5 single-focusing mass 
spectrometer operating at 15-70 eV ionizing voltage, 
3 kV (nominal) accelerating voltage, 6 x Torr 
source ion gauge pressure, and 150°C source temperature. 
Unless specifically stated otherwise, information was 
retrieved from the 70 eV spectra. Samples were admitted 
through a direct inlet system. Within the probe tempera- 
ture range of 60-80°C no temperature sensitivity of 
relative peak intensities was observed; probe tempera- 
tures were therefore maintained at 71 + 1°C. At this 
level, satisfactory intensities were obtained without the 
risk of thermal decomposition. Peaks and relative 
intensities are recorded in Table 1 for both 1 and 2; for 
each compound, the abundance values represent averages 
of 24 scans taken on 12 samples individually prepared and 
admitted (i.e. two scans per sample), with normal bake- 
out procedures interposed between successive sample 
applications. Metastable peaks were recorded at the 
Inorganic Chemistry Laboratory, Technical University, 
Munich, with the aid of an Atlas-CH4 mass spectrometer 
equipped with a TO 4 ion source; ionizing voltage, 50 eV; 
probe temperature, 75 + 2°C. The peaks are listed in 
Table 2. 
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Organic electrode processes: generalized reduction mechanisms1 
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PHILIP J. ELVING. Can. J. Chem. 55,3392 (1977). 
Prototype formulations are considered for the reaction pathways commonly encountered 

for the electrolytic reduction of organic compounds in aqueous and nonaqueous media on the 
basis that the essential feature is severance of a chemical bond which requires transfer into the 
reaction site of one or two electrons; multiple electron processes result from instability at the 
applied potential of initially produced species or their chemically altered products. To ob- 
tain electrical neutrality, uptake of electrons may have to be accompanied by that of a cation, 
generally a proton. Pertinent factors in the path followed in the overall electrode process may 
include a sequence of free radical or radical anion going to dimeric or carbanion species (de- 
pending on the relative rates of chemical and charge-transfer steps), possible interaction of 
intermediate products with their progenitors, proton donor activities, medium properties 
(e.g in respect to rates of chemical reactions accompanying charge-transfer and control of 
the chemical states of reactants and intermediates), stereochemical factors inherent in reactant 
and intermediate species, and chemical interaction with the electrode material. Application 
of the general mechanistic considerations are illustrated by various types of electrolytic re- 
ductions: aromatic hydrocarbon, nitrogen heterocycle, carbon-halogen bond, ketone carbonyl 
group, and beta halogenated and/or unsaturated acids. 

PHILIP J. ELVING. Can. J. Chem. 55,3392 (1977). 
Des formules modkles sont considerees pour des chemins rkactionnels souvent rencontres 

dans la reduction tlectrolytique de composks organiques en milieu aqueux et non aqueux. 
On se base sur le fait que la rupture du lien chimique exige le transfert d'un ou deux Blectrons 
au site rtactionnel. Les processus multi-electroniques resultent de I'instabilite au potentiel 
appliquk des espkces initialement produites ou de leurs produits transformks. Afin d'obtenir 
une neutralitk Blectrique, le transfert d'un Blectron doit &tre accompagne par celui d'un cation, 
gknkralement un proton. Les facteurs appropriks dans ce chemin rkactionnel suivi, tout au 
long du processus prenant place aux klectrodes, peut impliquer : (a) la sequence d'un radical libre 
ou d'un radical anionique donnant des dim&res ou carbanions (dkpendant des vitesses relatives 
des Btapes chimiques et celles de transfert de charge) ; (b) I'interaction possible des intermkdiaires 
avec les produits initiaux, (c) des activitks proton-donneur; (d) des propriktes de milieu (i.e. 
par rapport aux reactions chimiques accompagnant le transfert de charge ainsi que du contrBle 
des Btats chimiques des rkactifs et intermkdiaires); (e) des facteurs stkrtochimiques propres 
aux rtactifs et intermkdiaires; (f) l'interaction chimique avec I'klectrode. L'application des 
considkrations mkcanistiques generales est illustrte par diffkrents types de reduction tlectro- 
lytique, un hydrocarbure aromatique, un hkterocycle contenant un atome d'azote, un lien 
carbone-haloghe, le groupe carbonyle d'une cktone et des acides beta-halogtnks ou insaturks. 

[Traduit par le journal] 

Introduction perhaps the addition for reactions in aqueous 
The prototype formulation for the half-cell media of hydrogen ions and/or water, and in 

reaction mechanism for the electrolytic reduction nonaqueous media of proton donors and/or 
of an organic compound, can be expressed in acceptors, the actual course of the reaction is 
its simplest form as often quite complex since it is heterogeneous 

[ll  Ox + ne- = Red in nature, involving electron transfer between a 
solution species (or its adsorbed or otherwise 

Although the stoichiometric form of eq. 1 is altered form) and the electrode, and occurring 
usually quite simple, involving small integral in the interfacial region between bulk solution 
ratios of oxidized and reduced forms with and bulk electrode. 

%Presented at the International Conference on Modern 
In 1961, Elving and Pullman (1) discussed 

Electrochemical Techniques for Investigating Chemical three genera' approaches the description of 
Systems, Carleton University, Ottawa, Canada, July organic electrode reaction pathways: (a) the 
13-16, 1976. chemical reaction mechanism as stated in terms 
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of the species involved, following the format and enzymatic means; often, periodic examina- 
usually used in describing organic reaction tion of the test solution during electrolysis 
mechanisms in honlogeneous solution; (b) the provides helpful information. 
electrochemical reaction mechanism, which in- 
volves a more detailed analysis of the physical 
situation at the solution-electrode interface; 
(c) the energetic reaction mechanism, in which 
a more precise (if possible) mathematical state- 
ment is attempted. This sequence was con- 
sidered to be a logical development in the 
elucidation of a mechanism and its interrelations 
with the factors involved. 

Since 1961, much work has been done on the 
elucidation of organic electrode reaction paths 
with extensive examination of the behavior of 
free radical and other intermediate species as 
well as of the roles of adsorption and kinetics in 
guiding the overall reaction in one direction in 
preference to another. The magnitude of the 
available literature and the complexity of effects 
involved can be seen from the compendia by 
Baizer (2), Tomilov et al. (3), and Mann and 
Barnes (4), two Faraday Society Discussions 
(5, 6), and the discussions on basic concepts in 
organic electrochemical reaction paths by 
Cauquis (ref. 7, pp. 13-91) and methods for 
such reaction elucidation by Cauquis (ref. 7, 
pp. 93-1 54) and by Fleischmann and Pletcher (8). 

The present discussion, consequently, at- 
tempts to bring prototype formulations for the 
general reductive mechanism up to date by 

Basic Mechanistic Considerations 
Because an electrochemical reaction is a 

heterogeneous process, a completely satisfactory 
mechanistic description must await a detailed 
understanding of phenomena in the electrical 
double layer and the immediately surrounding 
solvent region, e.g. ref. 11. Meanwhile, elucida- 
tion of a mechanism for an organic electrode 
reaction optin~umly includes specification of (a) 
state of the compound in solution and on ap- 
proaching the interface, (b) redox reaction sites 
in the nlolecule, (c) adsorption sites (and evalua- 
tion of adsorption in relation to electron- 
transfer), ( d )  the sequence of charge-transfer and 
coupled chemical steps, and (e) kinetic and 
energetic parameters for these steps. Where 
possible, the effects should be specified of 
variation in experimental conditions which may 
alter, for example, nature of the electroactive 
and intermediate species and extent of participa- 
tion of other solution species, and attempts 
should be made to describe possible structures 
for the transition states involved, including 
orientation of the compound relative to the 
electrode when electron transfer occurs. 

These goals are often approached with many 
descriptions stating in more or less detail the 

explicating possible alternate paths, particularly sequence of steps including the presence of 
as these may cast light on reactive configurations accompanying chemical reactions, the revers- 
at the solution-electrode interface and on the ibility of electron-transfer processes, the roles 
interplay of thermodynamic and kinetic effects. of free radical and other short- and long-lived 
Stress is placed on the 'chemical reaction intermediate species, the product ratio if more 
mechanism'. To conserve space, correlations of than one product is formed, the extent and 
proposed mechanistic schemes with theoretical manner of adsorption and orientation of reactant 
calculations, e.g. of the HMO type (cf. refs. 9 
or lo), will not be explored. Similarly, correla- 
tion of reaction schemes with heterogeneous 
rate constants for electron-transfer (charge- 
transfer) steps will be largely omitted due, in 
this instance, to the paucity of k,,, data for 
organic compounds. 

The discussion is largely focussed on data 
obtained by polarography, derived technics 
(e.g. cyclic voltan~metry and ac polarography), 
and related approaches (e.g. controlled electrode 
potential electrolysis). Frequently, solutions of 
products prepared by the latter approach have 
been examined and products identified by diverse 
electrochemical, spectrophotometric, chemical, 

and products at the interface, and any changes 
produced at the electrode surface, e.g. film 
formation. 

A limiting factor is the ability of the experi- 
mental technics used to discriminate between 
the various steps in the electrode process, and 
to follow these steps adequately, i.e., the relative 
time scales of reaction sequence and experi- 
mental approach. An obvious example is the 
increasing amount of information available 
from cyclic voltammetry as the potential scan 
rate (dE/dt) is increased; variation in initial and 
reversal potentials, and nonsymmetrical and 
repeated scanning may further amplify the in- 
formation obtainable. 
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Bond Rupture 
Electrolytic reduction of both organic and 

inorganic species involves the net transfer of 
electrons from electrode to electroactive species; 
an essential difference is that in inorganic 
reductions 'normal' largely covalent chemical 
bonds are only apt to be broken in cases where 
the electroactive element is present as an oxy- 
genated species or has a lesser coordination 
number in the reduced than in the oxidized 
state. In contrast, the fundamental process in 
an electrolytic organic reduction is a change in 
the structure of a functional group due to bond 
rupture, which requires only one electron to 
produce a free radical species; addition of a 
second electron completes rupture of the bond. 
Accordingly, from the mechanistic viewpoint, 
only one-electron (le) or two-electron (2e) 
processes need to be considered; apparent 
multiple electron processes result from the 
instability at the potential of its formation 
of the initially produced species, perhaps 
following an intermediate chemical reaction, 
and, consequently, its immediate further re- 
duction, i.e., multiple electron processes are 
due to combinations (simultaneous and/or 
successive) of le and/or 2e processes. Polaro- 
graphic waves, for example, may also overlap 
due to a succession of electrode processes at 
only small potential separation from each other, 
e.g. behavior of nicotinamide in alkaline solution 
(12). 

It is reasonable to assume on the basis of the 
evidence accumulated on the mechanisms of 
homogeneous and heterogeneous (including 
electrode) reactions, both inorganic and organic, 
that the occurrence of an electrode reaction 
involving the actual simultaneous transfer of 
more than two electrons is likely to be small. 
Indeed, a question might be raised as to whether 
observed sin~ultaneous 2e transfer processes are 
not actually two le processes which follow each 
other, for example, within less than either the 
lifetime of an intermediate species or the time 
of a single molecular vibration (cf. suggestion 
by Jacq, Cavalier, and Bloch (13)). Since the 
previous argument often is a nonoperational 
one and since dimers indicating the presence of 
le processes are found, we may safely assume 
that a simultaneous 2e process is the rapid 
succession of the le reactions represented in 
Fig. 1 with the proviso that electrons may follow 
each other so rapidly that the transition state 

L 

Rearrangement 
product 

FIG. 1. Generalized chemical reaction mechanism 
(discussed in the text). If R and X were connected by 
npdtiple bonds, the initial reaction product may be 
[R-X-Z] (from ref. 1). 

effectively represents a combination of the 
electroactive species and two electrons. 

General Mechanism 
Based on the previous discussion, a general 

mechanistic pattern for organic reductions 
(Fig. 1) can be proposed, which permits rational- 
ization of the course of such processes and of 
variation in mechanism with experimental 
conditions or between members of a homologous 
series (cf. ref. 1). The pattern assumes a reaction 
site, R-X, where R may be a reactive carbon 
center (or another atom, e.g. nitrogen, oxygen, 
or sulfur), X another carbon, oxygen, nitrogen, 
halogen, or other atom, and the bond an 
electron pair; there may be more than one bond 
between R and X, e.g. C=N in a heterocyclic 
ring. (In the subsequent discussion and equa- 
tions, H+ or (H') represents a proton source, 
e.g. HA; hydrogen, hydroxide ions, and water 
are not usually shown except where necessary 
to indicate final establishment of an electrically 
balanced species.) 

In the primary charge-transfer reaction, which 
is generally potential-determining, a single 
electron enters the reaction site to form pre- 
sumably an activated complex, which can dis- 
sociate to a free radical precursor and an 
anionic species (step 1); if a multiple bond was 
originally present between R and X, a radical 
anion could be formed. The exact nature of 
species will be modified by the extent of participa- 
tion of protons, solvent molecules, other solution 
constituents, and the electrode surface (participa- 
tion of these species in subsequent steps is not 
explicitly indicated but may be involved), e.g. 
H+ can participate by chemical polarization of 
the R-X bond through formation of an H-X 
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bond; H +  is the most common third participant 
in the initial step, although another Lewis 
acid may act similarly. 

The free radical precursor can either im- 
mediately (or after rapid chemical rearrange- 
ment) accept a second electron to form a car- 
banion (step 2b) or can exist as a discrete free 
radical (step 2a), which eventually either 
dimerizes (step 3a) or is reduced at more nega- 
tive potential to the equivalent of a carbanion 
(step 3b). The charge on the carbanion, formed 
by either path, is usually neutralized either by 
acceptance of a Lewis acid, e.g. H +  derived from 
a solution species (step 4a), or by electronic 
rearrangement (step 4b) with the charge being 
transferred to another part of the molecule 
where it can be suitably handled, e.g. elimination 
of an atom or group from an atom adjacent to 
the original reactive site with consequent 
formation of a double bond between this 
atom and that of the reactive site. 

Completion of the initial electron addition 
(and perhaps displacement of the X moiety) 
by step 2a or 2b, depends on which route re- 
quires the less activation energy, i.e., on the 
difference in free energies of the transition states. 
Chemical reactions such as protonation, dimer- 
ization, rearrangement and elimination, which 
precede, accompany and/or follow charge- 
transfer, often play significant roles in the overall 
process, as has been noted and will be sub- 
sequently discussed. 

Eflect of the Medium 
The effects of solution composition and ex- 

perimental conditions on electrochemical be- 
havior have been abundantly discussed, e.g. 
refs. 2-4 and 14-19, typically in respect to inter- 
action of solvent and background electrolyte 
components with participants in the electrode 
process. 

The principal effect of the medium is generally 
related to the sensitivity of the mechanistic 
pathways to proton availability. Thus, pyri- 
midine and nicotinamide are each initially re- 
duced in a le process to the neutral free radical 
in acidic aqueous solution and to the radical 
anion in aprotic media; however, their behavior 
in aqueous solution differs markedly as the pH 
is increased, e.g. pyrimidine undergoes an 
initial 2e reduction by p H  6 and a 4e reduction 
by p H  9, whereas nicotinamide undergoes an 
initial le  reduction up to p H  12. Furthermore, 

many initial le  reactions in aprotic media may 
(in the presence of sufficient proton activity) 
become overall multiple electron reactions, e.g. 
reduction of aromatic hydrocarbons (2e reac- 
tions), nitro groups (4e or 6e reactions), and 
purines (2e, 4e, or 6e reactions). 

Hydrogen ion can affect the reduction mech- 
anism by (a) direct interaction with the chemical 
system and electrons at the reaction site, e.g. 
via polarization of the bond to be ruptured, 
(b) control of the nature of chemical participants 
in various steps via, for instance, acid-base 
equilibria, (c) effect on species behavior at the 
electrode in terms of adsorption and/or steric 
phenomena, and (d) alteration of relative reac- 
tion rates for electrochemical and chemical 
reactions. 

Among the specific effects seen are the fusing 
of consecutive electron-transfer steps, the 
splitting of multiple electron-transfer steps, and 
the removal or formation of reduction sites such 
as double bonds as a result of tautomeric shifts 
and intramolecular chemical reactions, e.g. 
deamination and dehydration. 

As previously noted, in many subsequent 
equations, H +  can represent hydrogen ion 
furnished by dissociation of a sufficiently strong 
acid (e.g. HClO,) or a slightly dissociated 
proton donor, e.g. H,O. The latter is frequently 
the case in nonaqueous media, where reaction, 
for example, of an anion or radical anion, R-, 
with a proton donor, HA, is likely to follow the 
course. 

Multiple bond reductions frequently involve an 
additional reactant, e.g., a solution component, 
Z, such as hydrogen ion, 

Succeeding reactions of the intermediate species 
can still be depicted by the equations of Fig. 1. 

Referring, then, to Fig. 1, the pH-dependence 
of organic electrolytic reductions is commonly 
associated with step 1 ; there are few well-defined 
exan~ples of steps 2 and 3 being pH-dependent. 
For example, in the reduction of nitrogen 
heterocycles or ketones, where two polarographic 
waves are observed with wave I being due to 
formation of a free radical and I1 to its reduction, 
wave I may be pH-dependent but wave I1 rarely 
is. The pH-dependence of wave I may then be 
associated with hydrogen ion being involved in 
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formation of the energy-determining activated 
complex or transition state, regardless of whether 
hydrogen ion is involved in the final stoichio- 
metry of the first step (eq. 3) or not. This does 
not necessarily mean that every first reaction 
step representable by eq. 3 is pH-dependent. The 
importance of H+ in determining the state of the 
electroactive species and, consequently, the 
energy of the reaction is considerable in many 
situations, e.g. those involving acid-anion and 
keto-en01 systems. For example, Ell,  for the 
2-bromoalkanoic acids is pH-dependent in the 
pH region where the shift from anion to more 
readily reduced acid form is appreciable; the 
fundamental carbon-bromine bond fission pro- 
cess is pH-independent throughout the pH 
range involved. 

The argument is general, since other solution 
components may also affect the reactive species, 
e.g. the effect of ammonia and amines on car- 
bony1 group reductions. An analogous argument 
concerns the effect of ion pair formation be- 
tween, for example, a carbanion or other anion 
and a metallic cation. 

An important reason for examining com- 
pounds in nonaqueous media has to do with their 
nonreducibility in aqueous media (20). If non- 
availability of potential range is the cause, the 
use of solvents such as N,N-dimethylformamide 
(DMF), acetonitrile (AN), and dimethylsul- 
foxide (DMSO) provides at least a limited 
answer as the available potential range is a volt 
or more greater than in aqueous alkaline 
medium. 

Reversibility and Characteristic Potentials 
The energy level at which an electrode process 

occurs is indicated by a potential characteristic 
of the faradaic reaction, e.g. the half-wave 
potential, Ell,, which (for a thermodynamically 
reversible redox half-reaction system) corre- 
sponds to the formal potential, E:, for the 
specified experimental conditions, corrected for 
diffusion coefficient differences. For an irrevers- 
ible system, El,, corresponds to the formal 
potential plus terms involving the diffusion 
coefficient ratio, the activation energy-for the 
electron-transfer, certain experimental condi- 
tions, and, at times, rate constants for chemical 
steps in the overall electrode process (cf. refs. 
16, 18, 19, 21, and 22) for a summary of the 
nature of El,, and related potentials, and the 
factors which enter into their measured values. 

It is important to characterize the kinetics 
of both heterogeneous electron-transfer and 
homogeneous chemical reaction steps in the 
overall electrode process, since irreversible 
redox behavior may be shown, for example, by 
electrode processes involving either slow elec- 
tron-transfer or rapid electron-transfer coupled 
to a subsequent (follow-up) rapid but irre- 
versible chemical reaction; such a distinction 
is crucial for proper mechanistic evaluation. 
In the case of the compounds to be discussed, 
irreversibility is often associated with follow-up 
chemical reactions. In order to apply various 
approaches for calculating the rates of chemical 
reactions coupled to an electron-transfer reaction, 
it is essential to know that the latter is reversible, 
e.g. that the standard formal heterogeneous 
rate constant, k,,,, is 0.1 cm s-I or greater. 

Signs of the potentials for the half-reactions 
discussed are determined by their being for- 
mulated as reductions with the usual thermo- 
dynamic conventions. Numerical potential values 
for aqueous media are based on comparison with 
the saturated calomel electrode (sce). Where 
possible, potentials for processes in nonaqueous 
media are also given vs. aqueous sce and, con- 
sequently, include liquid junction potentials of 
unknown magnitude. 

Kinetics as a Factor in Electrode Reaction 
Mechanisms 

If a compound can be transformed by dif- 
ferent reactions into different products, the 
relative amounts of the products formed will be 
proportional to the relative rate constants (k). 
Thus, a free radical (or radical anion) can under- 
go a variety of reactions with the products 
formed being dependent on the relative rates, 
which are affected by medium composition and 
applied potential : 

+e- (kh) 
reduction product 

-hydrolysis product 
+ H2O (kh,,) 

Enough studies have been made, for example, 
on electrode processes involving nitrogen hetero- 
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cyclic compounds of the pyridine, pyrimidine, 
and purine types to allow reasonable estimates 
to be made of rate constants and reaction 
sequences (22-24), e.g. k,,, for the initial le and 
2e reductions seems to exceed 0.1 cm s- ' ; the 
free radical reduction rate seems to be com- 
parable. In any event, reduction of a free radical 
is rapid if the potential is sufficiently negative; 
as would be expected, it is more difficult to 
reduce an anionic free radical, R-, than the 
corresponding neutral radical, RH. Dimeriza- 
tion rate constants (k,) for anion radicals in 
nonaqueous media are about lo4 or lo5 M- l  s-' 
and for neutral free radicals in aqueous or non- 
aqueous media are about lo6 or lo7. 

Protonation rates of anionic species are quite 
rapid (25); those of neutral species are often 
slower but still rapid. The effective rate depends 
on the proton donor activity, e.g. whether it is 
water, a slightly ion-paired Brsnsted acid, or a 
slightly dissociated acid. The protonation rate 
constant for pyrimidine anion radical by residual 
water (k,,,) in AN is about 7 M-I  s-'. Pseudo 
first order protonation rate constants at p H  3-5 
for pyrimidine, cytosine, and purine carbanions 
are about lo4 s-l ;  those for adenine species are 
about an order of magnitude more rapid. 

Thus, if a free radical can dimerize or hydro- 
lyze, dimerization will predominate unless solu- 
tion conditions increase the hydrolysis rate by 
several orders of magnitude. The dimer, once 
formed, may itself hydrolyze but the rate would, 
again, be much less than that of dimerization. 

Chemical reactions, other than dimerization 
and protonation, are generally relatively slower. 
Pseudo first order rate constants for the acid- 
catalyzed hydrolytic decomposition of the di- 
hydropyridine nucleotides in aqueous solution 
are about s-' at p H  4 and 10-5s-' at 
p H  7 (26). The deamination rate constant of 
reduced cytosine is about 10 s-'; that of re- 
duced adenine is much less (27, 28). Con- 
sequently, deamination to produce a species 
reducible at the potential of its formation is a 
factor in the reduction of cytosine at the dme 
but not in that of adenine. 

The multitude of theoretically possible reac- 
tion paths is well exemplified for the case of the 
reaction, 

by Fig. 2, which scheme was originally proposed 
by Jacq (29) and has been discussed by Kastening 

FIG. 2. Generalized scheme of theoretically possible 
reaction paths for a two-electron, two-proton reduction, 
i.e., R + 2e + 2Ht = RH,. Based on Jacq's formula- 
tion (29) (cf. ref. 7, pp. 13-91, and ref. 30). 

(30) and Cauquis (ref. 7, pp. 13-91). In Fig. 2, 
horizontal reactions involve electron transfer; 
vertical reactions hydrogen ion transfer. The 
left column represents the original electroactive 
species in various states of protonation; the 
center column similarly represents the free 
radical species; the right column represents the 
fully reduced (2e process) product. It is apparent 
that the course of the reaction in an actual 
situation (for example, double bond reduction) 
will be critically dependent on the electron 
activity (i.e., the potential), the pK, magni- 
tudes for the various acid-base equilibria, the H+ 
activity, and the relative rates of the various 
charge-transfer and chemical reactions in- 
volved. (Some subsequently discussed reaction 
paths, e.g. that for aromatic hydrocarbons (Fig. 
4), involve a portion of the general scheme of 
Fig. 2.) 

Such rates must be taken into account when 
considering possible alternate reaction paths. 
The variety of factors, which can effect rate and 
rate constants, have been amply considered in 
the literature. For example, due to the easier 
reducibility of the protonated member (con- 
jugate acid) of a conjugate acid-base pair, the 
conversion of base to acid by a fairly rapid 
protonation will affect the observed polaro- 
graphic pattern (25) : 

An example of the effect of rates on the 
products obtained is provided by Mairanovsky's 
comparison (31) of two studies (32, 33) on the 
electrolytic reduction of carbon-oxygen bonds 
in unsaturated alcohols and related compounds. 
One paper (32) cited the mechanism as being 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 5 5 ,  1977 

where DH represents a proton donor. The 
mechanism described in the other paper (33) was 
considered to be identical : 

where k >> k'. Mairanovsky et al. (32) pointed 
out that change in direction of the overall 
process to favor alcohol (ether) or hydrocarbon 
formation by variation in proton donor content 
(and the resulting effect on kinetics) has been 
used for selective syntheses. 

Electrode Oriented Reaction Mechanisms 
Since the electrode reaction locus is the solu- 

tion-electrode interface, the structure of the 
electrical double layer is important in electro- 
chemical kinetics and, therefore, in the po- 
tentials of many organic electrode reactions 
because of its influence, inter alia, on the ef- 
fective potential difference which favors the 
electrochemical reaction and on the effective 
concentration of the electroactive species (34). 

Furthermore, in many instances, adsorption 
of reactant, intermediate, and/or product is an 
important factor. A preferred orientation of the 
organic species in the interphase may often be 
necessary before electron transfer occurs; the 
energy for such a process woud be apt to vary 
similarly to that for an adsorption process. 
Many investigators have considered the energy 
of adsorption, if involved, to be negligible com- 
pared to the other energies acting, although 
adsorption energy has been suggested as the 
possibly significant factor in the variation of 
El,, for an aliphatic homologous series (35). 

Attempts to define the physical path for the 

overall electrode reaction usually lead to a 
more detailed geometric description, as is sub- 
sequently illustrated by considering those for 
two fundamentally different types of electro- 
chemical bond rupture : (a) sigma bond breaking 
in single bond systems as in carbon-halogen 
bond fission and (b) pi bond rupture in multiple 
bond systems as in ketone carbonyl reduction. 
The geometrical treatment outlined is essentially 
descriptive but does help to define kinetic and 
energetic factors which must be considered. 

Reduction of aromatic hydrocarbons, carbon- 
carbon double bonds in C, dibasic acids, and 
carbon-nitrogen double bonds will also be used 
to illustrate mechanistic generalities. 

Digital Simulation of Reaction Mechanisms 
In recent years, there has been increasing 

activity in the use of computer digital simulation 
studies, using ranges of reaction rate constants 
for the various reactions which may be in- 
volved if experimental rate constant data are not 
available, to generate the experimental results 
that would be expected for a particular in- 
vestigative technic for postulated electrode 
reaction mechanisms. The general approaches 
involved have been described by Feldberg (36) 
and others, e.g. Bard and collaborators in 
papers in the Journal of the Electrochemical 
Society from 1970 to the present. In Feldberg's 
words, 

"The simulation approach to problem solving 
no doubt tends to abort the search for an 
analytical solution. It can, however, greatly 
facilitate this search by providing the correct 
quantitative relationships and by indicating 
valid approximations (e.g., steady-state ap- 
proximations)." 

"Accessibility to the quantitative aspects of 
any system would seem to be greatly ad- 
vantageous to the experimentalist. Paradoxically, 
he may actually find his task more difficult be- 
cause of the variety of theoretical mechanisms 
that may seemingly describe a given experi- 
mental system. The mechanistic subtleties will 
take on added importance; a significant decrease 
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in the radius of Frost's "ring" will require ut- 
most effort in development, selection, and ap- 
plication of experimental techniques." 

Father-Son Reactions 
Since mother-daughter reaction is a well 

established designation for a sequence in 
which the product of an initial reaction becomes 
a reactant in a second reaction, the term, 
father-son reaction, will be used to describe the 
situation where the principal product of a 
reaction reacts with the original reactant, e.g. 

[9] R + reagent = R' 

[lo] R' + R = products 

where the reagent may be an electron. (The 
term, father-son reaction, is obviously based on 
the frequently discussed conflict which arises 
from competition between father and son with 
the offspring (here, for example, a radical anion) 
attacking its immediate progenitor (here, the 
parent compound). An alternative term would 
obviously be the "Oedipus reaction".) 

Reactions of this general type are not in- 
frequently encountered (or, at the least, postu- 
lated) in connection with the electrochemistry 
of inorganic and organic species, e.g. the 
reverse disproportionation sequence such as the 
following: 

For example, the following reaction sequence 
has been invoked to explain the presence of 
coupled products (dimers) on electrolysis of 
halides, R-X, where SH represents the solvent 
or a solution species: 

+ 6- - 
[131 R-x + e- = k---X ] 

+ 6- - rapid 
,141 [i---X ] + e- + R- + X- 

ti51 R- + SH = R-H + S-  

[I61 R - + R - X = R + R + X -  

[171 2~ = R-R 

[I81 R + s H = R H + S  
In electrochemical studies of heterocyclic nitro- 
gen bases in nonaqueous media, we have en- 
countered a number of cases where a com- 
pound, RH, can serve as a proton source for 
neutralization of the radical anion, which it 

forms on le reduction, i.e. 

Since such father-son reactions may account 
for many situations, where, for example, polaro- 
graphic wave heights and coulometric faradaic 
n values are less than expected for a le process, 
the mechanistic paths possibly involved will be 
considered. The patterns seen with some pyri- 
midines, e.g. 2-hydroxypyrimidine, in non- 
aqueous medium are illustrated in Fig. 3; dme 
polarographic waves and hmde cyclic voltam- 
metric peaks are designated by a Roman 
number with addendum c indicating a cathodic 
faradaic reaction and a an anodic rea~t ion.~  

2-Hydroxypyrimidine (2-HP) is reversibly re- 
duced (le process; Ic) to a radical anion, whose 
dimerization is slower than its attack (it is a 
strong base) on unreduced pyrimidine to ab- 
stract a proton, producing the neutral free 
radical, which dimerizes much more rapidly 
than the radical anion, and the anion of 2-HP. 
(The radical anion of pyrimidine itself dimerizes 
in AN at about 0.1 of the rate of the neutral 
free radical produced in water (37, 38).) The 2- 
HP anion is involved in a Hg(1)-Hg(0) couple 
(IVa-IVc). 

On addition of strong base (hydroxide ion) to 
a 2-HP solution, all of the 2-HP is converted to 
the anion and the only electrochemical activity 
seen is that due to the mercury couple (IVa- 
IVc). 

On strong acid addition, the protonated 
pyrimidine formed is more easily reduced (IIc) 
than the neutral pyrimidine (Ic); the current 
(IIc) considerably exceeds that for the neutral 
pyrimidine; the couple ascribed to the pyrimi- 
dine anion - mercury reaction (IVa-IVc) is 
not seen. The neutral free radical can dimerize 
or, when the proton/pyrimidine ratio exceeds 1, 
can be protonated and reduced in an ECE 
reaction. 

Addition of a weak acid apparently causes 
formation of an adduct as a result of hydrogen 
bridging between acid anion and pyrimidine 
reduction site, since reduction is facilitated 
(IIIc); the free radical produced can dimerize 
or can hydrogen-bond another molecule of acid 
to form an adduct reducible to a dihydropyrimi- 
dine within the available potential range. The 

'T. Wasa and P. J. Elving, unpublished results. 
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Hg, -e 
Va,c 7 HgA 
I 

+ 
L RH2+ i ~ ,  --t 0.5 Dimer 

IIc 

I 0.5 Dimer anion I HgR 

1 BOH, -B+, - H 2 0  I 
FIG. 3. Pattern for a 'father-son' reaction sequence and accompanying reactions in nonaqueous media 

in absence of added acid or base and on addition of a strong base (BOH), of a strong acid (H+), and 
of a weak acid (HA). In the case of 2-hydroxypyrimidine in DMSO (0.1 M TEAP), the approximate 
potentials (dme polarography and hmde cyclic voltammetry) are as follows (vs. aqueous sce): Ic, 
- 1.7 V; IIc, - 0.8 V (HCI; HC104); IIIc, - 1.2 to - 1.3 V (benzoic and chloroacetic acids); IVa-IVc, 
-0.2 V; Va-Vc, 0.2 to -0.1 V. 

acid anion can be involved in a Hg(1)-Hg(0) in presence of excess donor, most aromatic 
couple (Va-Vc) at a potential characteristic for hydrocarbons show a single 2e wave. The mech- 
the acid used; the mercury-pyrimidine anion anism is usually considered to be 
couple (IVa-IVc) occurs at a potential character- 

[231 R + e- = R- 
istic of the pyrimidine. 

[241 R- + H +  = &H 
Reduction of Aromatic Hydrocarbons 1251 RH + e- = RH- 

Much of our mechanistic conception of how 
the electrochemical reduction of hydrocarbons 
(largely, aromatic) occurs (39-42) is due to 
Hoytink. The relationships between redox po- 
tentials, ionization potentials, electron affinities, 
and solvation energies of alternant aromatic 
hydrocarbons for the initial le  reduction or 
oxidation in aprotic media have recently been 
well reviewed by Parker (43) on the basis of 
the pioneering approach df Hoytink and van 
Schooten (44). 

In nonaqueous media (commonly necessary 
to obtain the desired potential range), reduction 
generally proceeds through two successive le  
additions, producing two waves : 

[21 I R + e- = R- 

Proton donor addition increases the wave I 
height with a corresponding decrease in wave 11; 

- - 

Since protonated RH has a higher electron 
affinity than R itself, it is reduced at the same 
potential as R, resulting in a typical ECE 
process. Anion RH- can be protonated by an 
available proton source. A possible reaction is 
reduction of the free radical RH by the radical 
anion R-, which is the homogeneous equivalent 
of heterogeneous reaction [25] (45-47) : 

The radical anion may disproportionate, 

[271 2R- = R + Rz' 
followed by protonation of the dianion (48, 49). 

Based on extensive studies of electrochemical 
aromatic hydrocarbon reduction (due, at least 
in part, to the ready application of HMO 
theory to these compounds and the resulting 
feasibility of comparing experimentally measured 
and theoretically calculated ease of reduction for 
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HA.  -# \ 

FIG. 4. Alternative patterns for reduction of aromatic hydrocarbons and other organic compounds 
containing unsaturated double bonds. Modelled after reaction sequences given in refs. 50 and 51. RH 
represents the parent compound; HA represents a potential proton donor. 

compound sequences), the interrelated equili- 
bria and reactions involved in aromatic hydro- 
carbon reduction (as well as for other highly 
conjugated compounds such as aromatic ketones 
and amines) have been frequently sunlnlarized 
in general schemes; Fig. 4 is a composite of 
those by Janata et al. (50) and Fry and Reed 
(51) (the parent hydrocarbon is represented as 
RH to indicate its availability as a proton donor). 

As Janata et al. (50) and Fry and Reed (51) 
point out, Fig. 4 illustrates the major influence 
of proton availability on the courses of reaction. 
In media of high proton donor concentration 
(EtOH; aqueous organic solvent; added donor 
such as phenol), initially formed RH- radicals 
will be rapidly protonated. Since E, for reduc- 
tion of RH2 is generally less negative than El 
for reduction of the parent RH, RH2 will be re- 
duced as formed (ECE process). In media of 
low proton availability (aprotic solvent; alkaline 
aqueous solution), the lifetime of radical anion 
RH- is sufficiently long that l e  reduction to a 
dianion is observed at more negative potential 
E2 on dme polarography as well as on hmde 
cyclic voltammetry; the dianion can abstract 
protons from the medium. The importance of 
the relative magnitudes of the rate constants, k , ,  
for the various protonation steps is discussed in 
the references cited (50, 51) (cf. Jacq's general 
formulation (29), (Fig. 2), and the provocative 
study by Wightman et al. (52) of the protonation 
kinetics and mechanism of the 2e quinone re- 
duction, which parallels that for aromatic 
hydrocarbons in aprotic media). 

Dietz (39) has reviewed possible mechanistic 
paths (chemical and electrochemical) for the 
electrogenerated anions and dianions. 

Carbon-Halogen Bond Fission 
The voluminous data on reduction of organic 

halogen-containing compounds in aqueous and 

nonaqueous media have been interpreted from a 
variety of viewpoints, e.g. refs. 53-55; ref. 4, 
pp. 201-244. Any attempt to force all of the data 
into a strict ionic or free-radical mechanism 
leads to a formulation of limited utilitv because 
of the essentially dual nature of the process (cf. 
subsequent discussion of the dibromosuccinic 
acids). 

In electrochemical carbon-halogen (C-X) 
bond fission, the carbon to which the halogen 
is attached can be considered as an electrophilic 
reaction center, on which nucleophilic dis- 
placement occurs with electrons from the 
electrode acting as displacing agent. As the 
com~ound  diffuses towards the electrode. the 
C-x bond or dipole is increasingly oriented, 
finally approaching in a direction normal to the 
electrode plane with the halogen as the more 
negative portion of the C-X bond oriented 
away from the electrode. In immediate vicinity 
of the electrode, electrostatic repulsion causes 
elongation of the C-X bond; a state is finally 
reached where the attractive forces between 
carbon and electrode, and between carbon and 
halogen are in balance; this may be considered 
as the transition state since movement of carbon 
towards the halogen tends to reform the C-X 
bond, whereas movement towards the electrode 
results in the forces between carbon and halogen 
being insufficient to retain the halogen, which 
separates as the negative halide ion since the 
electron pair constituting the C-X bond has 
been driven even closer to it during the process 
described. Departure of the halogen with the 
electron pair makes the carbon even more 
electropositive and an electron (or two) will 
flow to it from the electrode to form a free radical 
(or carbanion); the free radical normally rapidly 
adds a second electron to form a carbanion. 
which then neutralizes its charge by abstracting 
a proton from a solution or interfacial region 
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c 6 5  - (C) ---. -.. 

2e- 1 C=O 
/ 

H2C: HF 

(Hf) 

FIG. 5. Reaction path for the fission of the carbon-fluorine bond in phenacyl fluoride at a mercury 
electrode. The approach of the phenacyl fluoride to, and its orientation at, the electrode is represented 
by (a); polarization and subsequent reduction of the bond are represented by (6) and (c), respectively 
(from ref. 56). 

species, or by electronic rearrangement and 
expulsion of an anion (cf. subsequent discussion 
of vicinal dihalides). 

Final products of the 2e C-X fission are 
normally halide ion and an organic compound 
in which hydrogen has replaced halogen. In the 
case of compounds with halogens on adjacent 
carbons, R,R,CX-R3R4CX, the products of 
the initial 2e reaction are the halide ions and a 
more unsaturated species, R, R2C=CR3R4. 

Since proton acquisition is not part of the 
rate-determining step in the C-X bond fission, 
it is clear why the process per se is normally 
pH-independent. The effect of p H  on carbon- 
fluorine bond fission in aqueous solution further 
illuminates the process (56). El,, for C-F 
fission is pH-independent above p H  6, but shows 
a sigmoidal dependence below p H  6. This is 
due to H A  being able to assist the electrode in 
polarization of the C-F bond by H-F bonding 
in the transition state (Fig. 5). With decreasing 
H+ concentration, the effect decreases and the 
fission becomes pH-independent. The marked 
tendency for ion pairing between fluoride and 
hydrogen ions is evident from the aqueous 
pK, for hydrofluoric acid (HF = H+ + F-) of 
3.17. 

Sease (57) and Lambert and co-workers (58, 
59) discuss whether electrochemical reduction 
of bridgehead bromides proceeds through back- 
side attack on carbon, as described, or through 
front-side attack on bromine. Alternate mech- 
anisms involving, for example, attack by an 
electron from the electrode surface in a direction 
perpendicular to the C-X bond (9), have also 
been proposed (cf. pp. 885-891 of ref. 60 for a 
succinct summary). 

Ketone Reduction 
In aqueous acidic solution, aromatic ketones 

exhibit a pH-dependent le  wave I and a pH- 
independent le  wave 11; these merge at about 
p H  6 to form a single pH-dependent wave 111; 
the latter reaches 2e magnitude at about p H  9 
and then decreases with increasing p H  to near 
le magnitude; a more negative wave IV appears 
above p H  9 (61, 62). (In the case of some 
aromatic alkyl ketones, waves I1 and/or IV are 
obscured by background discharge.) 

The proposed mechanism postulates (a) 
formation of a free radical as the fundamental 
process, (b) modification of this process with 
change in pH, i.e., anion radical formation in the 
alkaline region, and (c) possible reduction of the 
radical before dimerization occurs. 

The process producing wave I can be explained 
as follows (Fig. 6) (61): (a) As the ketone dif- 
fuses into the field of the electrode, the latter 
initiates polarization of the carbonyl group. 
(b) Simultaneously, the carbonyl oxygen at- 
tracts neighboring protons, favoring increased 
polarization (the negligible effect of ionic 
strength indicates that little, if any, of the 
diffusing material is charged before it enters 
the electrode field). (c) The ketone, under in- 
fluence of both proton and field completes dif- 
fusion (now supplemented by electromigration) 
into the interphase and acquires an electron. 
These steps are continuous and involve a transi- 
tion state in which, as an electron is transferred 
to the carbonyl carbon, a proton is simul- 
taneously bonded to the carbonyl oxygen. 

The free radical produced dimerizes until a 
potential is reached at which it is reducible; 
it can then dimerize or be reduced; the latter 
reduction (wave 11) is pH-independent. 

The pH-dependency seen in the alkaline re- 
gion, even though lessened, indicates conlinued 
proton participation in the potential-determining 
step. Since the decreased H+ concentration 
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ELVING 3403 

outlined. The benzophenone is reduced in 
successive le steps, first to the radical anion 
and then to the benzhydrol dianion. Proton 
addition causes the second le step to merge with 

- R'Rq-oH the first since the neutral free radical is reduced 
u.3 I 

R'RC-OH 
at the potential of initial benzophenone re- . duction. 

T Further formulations of reduction paths for 
e - 

-H+ -+ RIR?-OH the carbonyl group are given by Zuman et al. 
(64) and Feoktistov and Lund (65). 

t R 
H t  
d R'RCHOH 

FIG. 6. Electrochemical reduction of a ketone in'acidic, 
neutral, and slightly alkaline media: (a) initial diffusion- 
polarization process; (b) formation of the carbinol free 
radical (wave I); (c) reduction of the carbinol free radical 
(wave 11) and subsequent acquisition of a proton. In 
neutral and slightly 'alkaline media, the combined se- 
quence of electron-transfer steps represented by (b) and 
(c) produces the combined wave (from ref. 61). 

greatly diminishes the probability of forming an 
0-H bond simultaneously with electron trans- 
fer, increasing amounts of carbinolate radical 
anion are formed (Fig. 7b). The latter, which is 
more difficultly reducible than the neutral 
radical, dimerizes until its reduction potential 
is reached. The needed additional energy for 
its reduction arises from the coulombic repulsion 
between it and the electrode, and from the 
electron having to enter an area of increased 
electron density. If the carbinolate radical 
anion is at the electrode when it acquires a 
proton, the resulting radical will be reduced to 
carbinol, thereby contributing to the wave 111 
magnitude. Conversely, if the radical anion has 
diffused away from the electrode, the carbinol 
free radical subsequently formed will not be 
reduced but will dimerize. 

Formation of the radical anion decreases the 

SigniJicance of pH-Dependence of El!, 
Based on the foregoing discussion, a pH- 

dependent potential for an electrochemical bond 
fission may be due to Hf aiding the electrode 
in polarization of the bond to be broken, i.e., 
a concerted push-pull attack on that bond by 
both electrode and Hf  (or proton donor). 
Thus, as shown in Figs. 6 and 7, the pH- 
dependence of carbonyl group reduction is 
ascribable to a transition species analogous for 
that described for C-F bond fission (Fig. 5) : 

- 
-I 6 +  6 -  

[281 Electrode ---C---0---Hi 

All multiple bond reductions in neutral 
organic compounds in aqueous or partially 
aqueous solutions are likely to be pH-dependent 
in the region of appreciable Hf  activity. Un- 
fortunately, reduction of some types of multiple 
bonds (such as those of the phenyl-substituted 
olefins) occur at such negative potentials that, 
in solutions of appreciable H f  activity, Hf 
would be reduced at less negative potential than 
the multiple bond. However, El,, for some such 
compounds in nonaqueous media is shifted to 
more positive potential on addition of a proton 
source with often an increased current flow due 
to the change from a le to a multielectron 
process. Thus, on proton donor addition, the l e  
wave shown by purine, adenine, and other 6- 
substituted purines in nonaqueous media gener- 
ally shifts positively and grows in magnitude to 
that expected for a 4e process (two 2e waves for 
purine itself and 6-methylpurine) (20). 

magnitude of wave 111 above p H  9, while its 
reduction produces wave IV. Since reduction of Effect of Substitution: Reduction of Nitrogen 
the carbinol free radical is unaffected by pH, Heterocycles 
the wave 111 height increases to a maximum at The alteration of reaction path by substitution 
about p H  9 even though free radical formation can be illustrated by the electrochemical reduc- 
becomes more difficult with increasing pH. tion of azabenzene ring systems, e.g., the three 

Electrochemical reduction of benzophenone in classes of nitrogen heterocycles: pyridines in 
aprotic medium (63) supports the mechanism the form of nicotinamides; pyrimidines; purines 
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R' 
e- Ie R'RC-OH 

--.- ,+ + R ~ R ~ L O H  + 0.5 I 
R'RC-OH 

t 

FIG. 7. Electrochemical reduction of a ketone in alkaline media (above pH 9): (a) and (b) processes 
producing the combined wave; (c) reduction of carbinolate radical anion (wave 111); the steps shown 
should be considered as continuous. The position of the equilibrium between carbinol free radical 
(a) and its anion (b) is dependent on p H  (from ref. 61). 

(cf. refs. 24 and 66 for a review of the electro- 
chemistry of these compounds). A general re- 
duction path can be schematically formulated 
as follows, where RN represents an electro- 
active nitrogen heterocycle: 

R N  + e- = RN- = product(s) 

R N  + ne- + mH+ = product(s) 

pRN = (RN), 

R N  + R'N = RNR'N 

R N  + electrode = RN,,, 

9RN,d. = (RN.,,), 

RNad, + ne- + mH+ = product(s) 

product + electrode = product,,, 

Equations 29 and 30 refer to the initial and over- 
all electron-transfer processes; eq. 35 refers to 

reduction of an adsorbed reactant (eq. 33), which 
may associate in the adsorbed state (eq. 34). 
Adsorption of product is indicated by eq. 36. 
Possible association of reactant, e.g. formation 
of a complementary purine-pyrimidine pair, is 
accounted for by eqs. 31 and 32; the associated 
species may then be the reactant of eqs. 29, 30, 
and 33. In proton-containing media, the electro- 
active reactant may be protonated RN or 
corresponding species. Complications may be 
introduced in nonaqueous media by father-son 
reactions (cf. supra). 

The polarographic and allied chemical be- 
havior of the 1-substituted nicotinamides and 
the equivalent protonated nicotinamides in 
aqueous media is exemplified by that of NAD+ 
(nicotinamide adenine dinucleotide), which can 
be summarized as follows (approximate po- 
tentials are shown) (67): 

+ e- + H+ 
[371 NAD+ L N ~ D  A N.ADH+ + e  b 1,4- and l ,&NADH 

-0.9 V -1.6V 

0.5 ( N A D ) ,  
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ELVING 3405 

Reduction occurs in the cationic pyridinium 
ring. The first le reduction is pH-independent. 
The free radical rapidly dimerizes, largely to the 
4,4' isomer, reflecting the transition from the 
6,6' isomer in the case of nicotinamide itself 
to the 4,4' form as the substituent on the pyri- 
dinium nitrogen increases in size. At more 
negative potential, NAD' is reduced to a di- 
hydropyridine via le reduction of the free 
radical; the dimer is not reduced at this po- 
tential. The free radical reduction must be 
preceded by a protonation, e.g. in nonaqueous 
media in absence of a suitable proton donor, 
a second charge transfer is not seen. The dimer 
can be oxidized to NAD' at a potential con- 
siderably more positive than that for the initial 
reduction; NADH is oxidized to NAD' at 
still more positive potential in a nearly pH- 
independent process. 

Reduction of Pyrimidine 
Electrochemical reduction of the pyrimidine 

(1,3-diazine) ring differs markedly from that 
of the nicotinamide (3-carbamoylpyridine or 3- 
carbamoyl-I-azine) ring, which, within the 
available potential range, shows at most two 
separate le steps, which fuse only in rather 
alkaline aqueous medium. Pyrimidine, how- 
ever, can be reduced in a series of le, 2e, and 4e 
steps depending on proton availability. 

In aqueous media, pyrimidine exhibits five 
cathodic waves over the p H  range (38, 68, 69) 
(Fig. 8). In acid solution, only pH-dependent 
le wave I is seen. At about p H  3, nearly pH- 
independent le  wave emerges from background 
discharge. Because of the difference in pH- 
dependence, waves I and I1 merge at about p H  5 
to form pH-dependent 2e wave 111. Near p H  7, 
pH-independent 2e wave IV emerges from 
background and, due to the differing pH- 
dependencies, merges at about p H  9 with wave 
111 to form p~-dependent 4e wave V. This wave 
pattern can be readily explained on the basis 
of the general electrode reaction mechanism 
(Fig. I), as indicated in Fig. 9, which also shows 
the relation between reaction paths in protic 
and aprotic media. 

Wave I results from le reduction of the 3,4 
N=C bond with simultaneous (or prior) 
acquisition of a proton at N(3) to form a free 
radical, which may dimerize to 4,4'-bipyrimidine 
or be reduced (le process) at more negative 

FIG. 8. Variation with p H  of half-wave potentials 
solid lines) and diffusion current constants ( I ;  

dashed lines) for pyrimidine. Roman numerals refer to 
the waves (cf. text). 

potential (wave 11) to a carbanion, which then 
acquires a proton to form 3,4-dihydropyrimidine. 
Wave 111 results when the potential necessary to 
transfer the first electron into the 3,4 N=C bond 
becomes, as a result of decreasing proton 
activity, more negative than that required to 
reduce the free radical. Wave IV results from a 
probably stepwise 2e reduction at still more 
negative potential of the 1,2 N=C bond in the 
dihydropyrimidine to form a tetrahydropyrimi- 
dine. When the energy necessary to transfer the 
first electron into the 3,4 N=C bond exceeds 
that necessary for a similar addition to the 1,2 
N=C bond, wave V (4e process) results as an 
example of the cascading effect mentioned in 
connection with the general mechanism, i.e., 
separate faradaic processes may merge into a 
single wave due to the instability of the various 
products at the potential required to introduce 
the first electron. 

Reduction of Substituted Pyrimidines 
Substitution may alter the prototype pyrimi- 

dine reduction path, e.g. the initially produced 
free radical or a chemically altered form of it 
may be unstable at the potential of its formation 
and, consequently, would be immediately re- 
duced to produce a 2e wave. 

Tautomeric shifts due to substituents having 
divalent oxygen singly bonded to carbon, e.g. 
C-0-H, may result in migration of double 
bonds out of the ring to form less readily re- 
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Dimer 

FIG. 9. Interpretation of the electrochemical behavior observed for pyrimidine in aqueous media. 
The lower reaction sequence involving electron addition to unprotonated pyrimidine is that in 
aprotic media. The reactions involved in the reduction of the 1,2 N=C bond are analogous to those in- 
dicated for the 3,4 N=C bond reduction (from ref. 38). 

ducible external double bonds, thus limiting the 
extent of reduction or making it more difficult. 
Two commonly occurring nucleic acid pyrimi- 
dines, uracil (54-dihydroxypyrimidine) and thy- 
mine (2,4-dihydroxy-5-methylpyrimidine), are 
not reducible in aqueous media but are reduced 
in nonaqueous media at very negative p~ ten t i a l .~  

Chemical reactions such as deamination or 
hydrolysis, which follow electron-transfer, may 
generate electroactive species, e.g. reduction of 
4-aminopyrimidines hydrogenates the 3,4 N=C 
bond to produce a gem diamine on C(4); re- 
sulting deamination regenerates the 3,4 N-C 
bond, which is reduced as formed since presence 
of the C(4) amino group made reduction of the 
original 3,4 N=C bond more difficult. 

Effects may be compounded. Presence of a 
hydroxyl group on C(2) removes the 1,2 N=C 
bond, facilitates 3,4 N=C bond reduction, and 
increases markedly the dimerization rate of the 
initially produced free radical; its presence also 
seems to accelerate deamination of a C(4) 
diamine. Thus, 2-hydroxypyrimidine undergoes 
only a le  reduction over the entire p H  range to 
produce a bipyrimidine. 

The result of such substitution effects is 

evident in the reduction path observed for cyto- 
sine, which is the most important pyrimidine 
occurring in nucleic acids. 

Reduction Path: Cytosine 
At p H  3.7-5.7, cytosine (4-amino-2-hydroxy- 

pyrimidine) gives a well defined dme reduction 
wave (27, 28, 68). Cyclic voltammetric and ac 
polarographic data support at the least a 
CECCEC process. 

The proposed mechanism (Fig. 10) for the 
overall 3e process involves reduction of the 
protonated 3,4 N=C bond in cytosine (Cy) to 
a carbanion, protonation of the latter, deamina- 
tion of the resulting gem diamine to Zhydroxy- 
pyrimidine (2-HP), protonation of the latter 
followed immediately by a le  reduction, and 
dimerization of the resulting free radical : 

kda 
3T. E. Curnrnings and P. J. Elving, unpublished results. [41] CyHz -2-HP + NH3 
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ELVING 

0.5 Dimer 

FIG. 10. Proposed reaction pathway for the reduction of cytosine in aqueous media (from ref. 27). 

where k,, k,,, and k, are rate constants for 
homogeneous chemical reactions involving pro- 
tonation, deamination, and dimerization, re- 
spectively. Protonation reactions 38 and 42 
are very rapid and do not affect the equilibria 
of the other reactions. Deamination is some- 
what slow on the time scale involved in dme 
polarography but occurs completely on pro- 
longed electrolysis. 

Structural Effects on Mechanistic Paths 
The influence of structure on electrode mech- 

anisms can be illustrated by phenomena ob- 
served on reduction of carbon-halogen (C-X) 
bonds and C, dibasic acids. The stereochemistry 
of organic electrode processes has been reviewed 
by Eberson and Horner (62). 

Steric Effects and Steric Hindrance 
Little or no steric hindrance is evident to 

electron transfer from electrode to carbon 
center in C-X fission, e.g. contrary to behavior 
of such groups to OH- attack, a C-Br bond 
is more readily broken electrochemically in a 

tribromomethyl group than in a dibromomethyl 
and more readily in the latter than in mono- 
bromomethyl. However, steric effects may be 
manifest through adsorption or orientation of 
the nlolecule at the interface relative to the 
distance between electrode and reactive center 
(39, and possible interference with electrode- 
compound overlap by the bulk of the com- 
pound, e.g. due to side chains on the reactive 
center. 

In reductibn of the 2-bromoalkanoic acids, 
the shift of El,, in the alkaline region to more 
negative values than expected for acids having 
ethyl or larger groups on the same carbon as the 
halogen was ascribed to the tendency towards 
stable ring formation in compounds having 
chains of at least six members with terminal 
atoms differing in electronegativity (35, 70, 71). 

Steric Control of Products 
Control of product structure by external con- 

ditions is indicated by the effect of pH on 
reduction of meso- and racemic-%a'-dibromo- 
succinic acids (72). 

Although some maleic acid production might 
be expected in the p H  range where each acid 
exists as the monoanion, as a result of the 
cis configuration being maintained during re- 
duction due to chelation between undissociated 
carboxyl group hydrogen and carboxylate 
group oxygen, polarographic and macroscale re- 
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ductions of the meso acid and the diethyl 
esters do not yield any detectable maleate 
species; the sole product formed in the single 
2e wave is fumerate. However, the racemic 
acid yields a varying amount of maleic acid in 
the p H  range of 1-7 with a maximum yield 
(70%) at pH 4; the remainder of the product is 
fumaric acid. These results can be explained in 
terms of a hydrogen bonding whose strength is 
influenced by p H  and steric factors irrespective 
of the mechanistic route proposed. 

Examination of molecular models of the meso 
and racemic acids (both carboxyl groups un- 
dissociated; one group ionized; both groups 
ionized) and consideration of other pertinent 
factors indicate that, of the six species, in only 
one (singly ionized racemic acid) do the charge 
and steric factors combine energetically to favor 
cyclic hydrogen bond formation. The stability 
of this cyclic form is supported by the fact that 
steric factors alone tend to keep both meso- and 
rac-2,3-dibromobutane (73) in the trans position. 
This, coupled with the added energy of inter- 
action between hydroxyl hydrogen and car- 
boxylate ion, should lead to a relatively stable 
configuration. 

In reduction of the meso acid over the whole 
p H  range and of the racemic acid in the inter- 
mediate pH range, step 2b (Fig. 1) is followed 
by step 4b since the conformation of the mol- 
ecules is such that the two Br atoms are es- 
sentially trans and coplanar so that, as an 
electron pair is added to one C atom as its Br 
departs as a bromide ion, rearward displacement 
of the second Br atom as a bromide ion and 
formation of the C-C double bond can occur 
simultaneously due to electronic rearrangement, 
i.e., the electron pair on the original reactive 
center shifts towards the adjacent more positive 
C which still has a halogen attached to it. Such 

c., 

an action would have a relatively low activation 
energy. 

The preferred configuration for the racemic 
acid at high pH and probably also at low pH, 
however, has the Br atoms constrained in a cis 
position and single step rearward elimination 
is not ~ossible. In such a situation. a reaction 
involviAg step 2a is postulated; a 'planar free 
radical is formed and the second electron is so 
added .that the remaining Br can be displaced 
at the same time (rotation of the sigma bond 
joining the two carbon centers in the anion 
produced on the second electron addition would 

help give the thermodynamically favored fume- 
rate product). 

Stereospecijic Reduction 
Dibromomaleic and dibromofumaric acids 

are quantitatively reduced (2e process) to 
acetylenedicarboxylic acid (ADCA) (Fig. 11); 
their diesters behave similarly (74). Between p H  
0.4 and 3, ADCA is reduced in a 3e process to 
rac-a,a'-dimethylsuccinic acid; its monoester 
yields diethyl rac-a,al-dimethylsuccinate in a 
3e process; however, its diethyl ester is reduced 
to diethyl fumarate (2e process). The stereo- 
specificity of these reductions is due to structural 
factors inherent in the compounds involved and 
not to interaction between them and the 
electrode. 

The ADCA reduction mechanism is mod- 
erately complex (Fig. 11). Addition of two H + 

(one is formally the lost carboxyl group hydro- 
gen) and one electron converts ADCA to ful- 
genic acid (enclosed in square in the figure) 
with loss of CO,. The nature of the activated 
state is uncertain; however, comparison of acid, 
monoester and diester behavior shows that the 
second carboxyl group plays no direct role in 
the decarboxylation. A possible path would be 
addition of one e and one Hf  to form the free 
radical, HOOC-CCH-COOH, which could 
then decarboxylate as such structures often do 
to yield HoOC-C-CH,, whose dimerization 
would produce fulgenic acid. Reduction of the 
latter produces dimethylmaleic acid which, in 
turn, is specifically reduced to rac-a-a1-dimethyl- 
succinic acid. This mechanism indicates why the 
monoester with one unprotected carboxyl 
group also forms the rac-succinate, whereas the 
diester, both of whose carboxyl groups are 
esterified, goes to the fumarate. 

The reduction of dimethylmaleic and di- 
methylfumaric acids by single 2e waves to rac- 
and meso-a,a'-dimethylsuccinic acids, respec- 
tively (Fig. 1 l), is direct evidence that reduction 
of the double bonds at the electrode proceeds 
through trans hydrogen addition. Evidence ex- 
cluding certain intermediates, as indicated in 
Fig. 11, is discussed in the original paper (74). 

The effects of structure and rates on electrode 
reaction stereochemistry are further indicated by 
polarographic and macroscale electrolysis of 
the monobromo C, dibasic acids and their 
esters (75), although in this case interaction with 
the electrode may be a significant factor. Be- 
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II II 
COH COH 
I  I  

0 0 
I  I 

HOC Br 

C C  __+ HOCC=CCOH t 
11  II I  I  

C=C 

tween p H  0.5 and 10.5, the diethyl esters of bond fission occurs before C--C bond reduc- 
monobromomaleic acid (MBMA) and mono- tion); MBFA is reduced (2e process) to fumaric 
bromofumaric acid (MBFA) are quantitatively acid. MBMA, however, is reduced to maleic 
reduced (2e process) to diethyl fumerate (C-Br and fumaric acids, and a dimer, butadiene- 

1 I  
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I I  
Br COH 

II 
0 
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1 I  

C=C 
I  I  

Me C=O 

I  
OH 
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Me Me 

0 C H 2 C H 2 0  

HOC-C-C-COH 

0 0 
II / I  

EtOCC=CCOH 

0 0 
I  I  

HC-CH 

II II 
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H3C CH3 
I I  

HO OH 
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0 0 

3elmol 
EtOC Me 

I  I  
0 0 HOC Me 
II I I  

EtOCC=CCOEt 
I  I I  I  
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HC-CH 

I I I  I  
H3C CH3 Me COEt 

I  I  
Me COH 

0 0 II 
0 

I1 
II / I  0 
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0 not reducible 
1 1  f+ over potential 

Zelmol HCECCOH range used 

OH OH OH OH OH OH OH OH 
O H H O  
II I  I II 

I l l 1  
C=O c=o C=O C=O 

I  I I  I  
+ C=O C=O C=O C=O 

EtOC-C=C-COEt 1 / 1 1  
HC---C---C-CH 

1 / 1 1  
H C C - C C H  

fumarate I I I I  
H H H H  

FIG. 11. Interrelation and proposed mechanisms for the electrochemical reduction of acetylene- 
dicarboxylic acid (ADCA) and related compounds. Compounds enclosed in rectangles are postulated 
intermediates. The superscript a indicates that the electron transfer shown is calculated on the basis 
of the constituent (ADCA) acid or ester. A crossed arrow indicates that the reaction does not proceed 
under normal polarographic conditions (from ref. 74). 
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I #~urnaric Acid I 

FIG. 12. Variation with p H  of relative amounts of 
reduction products of monobromomaleic acid produced 
on coulometric (macro scale) electrolysis (from ref. 75). 

1,2,3,4-tetracarboxylic acid; the relative amounts 
of these products are dependent on p H  (Fig. 12), 
but the maleic-fumaric ratio at any p H  is the 
same as that found on reduction of rac-a,al- 
dibromosuccinic acid (cf. supra). 

The mechanism outlined in Fig. 13 was 
proposed to explain the product observed (the 
structures drawn are meant not to define rigidly 
the structures but to aid the discussion). Electron 
addition to MBMA (I) liberates a bromide ion 
and forms a radical (11). The latter can dimerize 
to IV or add a second electron to form 111, 
which is the intermediate common to the di- 
bromosuccinic acid reduction. During the 
formation and/or existence of I1 or 111, rotation 
can occur to form the trans product as obtained 
from the unionized, doubly ionized and ester 
species. With the singly ionized form, an 
intramolecular hydrogen bond between the 
carboxyl groups hinders rotation. 

The same general mechanism can be applied 
to MBFA reduction, whose intermediate struc- 
tures, however, are stable to rotation. Single- 
bonded intermediates I1 and 111 exist for an 
extremely short time and, if the species has no 
great need to rotate, the reaction will proceed 
and refreeze to the original structure without 
rotation. The energy diagrams for species I1 and 

+ e- 0.. 
HOOC-C=C-COOH HOOC-C-C-COOH 

I I I 

HOOC-C4-COOH 
I I 

H H 

(VII) 

FIG. 13. Reaction mechanism proposed for electrochemical reduction of monobromomaleic and 
monobromofumaric acids (from ref. 75). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ELVING 3411 

I11 with regard to orientation show one energy 
minimum for the ionized, double ionized, and 
ester species of both acids, corresponding to a 
trans conformation, and two minima for the 
singly ionized species, corresponding to trans 
and cis (hydrogen bound species) configurations. 
An energy barrier exists between the latter 
forms, so that, interconversion to the cis 
structure requires time and energy, which the 
reaction makes unavailable. 

As to why only MBMA reduction yields a 
dimer, intermediate structure I1 can undergo 
two opposing reactions, whose rates, in the 
case of the cis form, are nearly equal up to 
p H  3 (Fig. 12). The double bond in maleic 
acid reacts with mercury while that in fumaric 
acid does not (76); the effect of this reaction and 
that of a free radical with mercury (77) will be 
to stabilize the cis form of intermediate 11, thus 
slowing its reaction to 111 and resulting in a 
large free radical concentration at the interface. 
These effects enhance dimerization with the cis 
form. 

Since dimer production is strong, if not con- 
clusive, evidence for the existence in the course 
of a reaction of a free radical intermediate, 
formation of a dimeric product on MBMA 
reduction offers the strongest experimental sup- 
port for electrochemical carbon-halogen bond 
fission in aqueous media proceeding, at least in 
part, through a free radical intermediate. 

A potentially important approach is that of 
asvmmetric reduction as a result of addition 
oP suitable chemical reagents to the solutions 
being electrolyzed (78) or covalent attachment 
of such reagents to the electrode surface (79). 
Thus, addition of alkaloids has been found to 
induce optical activity in some electrolytic re- 
ductions, e.g. of acetyl pyridines at a mercury 
electrode. Recent studies are listed in ref. 78. 

Acknowledgment 
The author thanks the National Science 

Foundatioii for helping to support the present 
study. 

1 .  P. J .  ELVING and B. PULLMAN. In Advances in chem- 
ical physics. Vol. 111. Edited b y  I .  Prigogine. Intersci- 
ence Publishers, New York, NY. 1961. pp. 1-31. 

2.  M. M. BAIZER (Editor). Organic electrochemistry. 
Marcel Dekker, New York, NY. 1973. 

3 .  A. P. TOMILOV, S. G. MAIRANOVSKII, M. YA. 
FIOSHIN, and V. A. SMIRNOV. Electrochemistry of 
organic compounds. Halsted Press, New York, NY. 
1972. 

4 .  C. K. MANN and K. K. BARNES. Electrochemical 

reactions in nonaqueous systems. Marcel Dekker, 
New York, NY. 1970. 
Electrode reactions of organic compounds. Discus- 
sions of the Faraday Society. No. 45. 1968. 
Intermediates in electrochemical reactions. Discus- 
sions of the Faraday Society. No. 56. 1973. 
G. CAUQUIS. In Organic Electrochemistry. Edited b y  
M. Baizer. Marcel Dekker, New York, NY. 1973. 
M. FLEISCHMANN and D. PLETCHER. In Reactions of 
molecules at electrodes. Edited by  N. S. Hush. 
Wiley-Interscience, New York, NY. 1971. pp. 
347-402. 
A. STREITWIESER, JR. and C. PERRIN. J. Am. Chem. 
Soc. 86,4938 (1964). 
B. J. TABNER and J. R. YANDLE. In Reactions of 
molecules at electrodes. Edited b y  N. S. Hush. 
Wiley-Interscience, New York, NY. 1971. pp. 
283-303. 
A. A. V L ~ E K .  In Progress in inorganic chemistry. Vol. 
5 .  Edited b y  F. A. Cotton. Interscience Publishers, 
New York, NY. 1963. p. 216. 
C. 0 .  SCHMAKEL, K. S. V. SANTHANAM, and P. J. 
ELVING. J. Electrochem. Soc. 121,345 (1974). 
J. JACQ, B. CAVALIER, and 0 .  BLOCH. Electrochim. 
Acta, 13, 1 1  19 (1968). 
W. J .  BLAEDEL and R. A. JENKINS. Anal. Chem. 47, 
1337 (1975). 
W. M. CLARK. Oxidation-reduction potentials of or- 
ganic systems. Williams and Wilkins, Baltimore. 1960. 

16. P. 5. ELVING. Pure Appl. Chem. 7 , 3 2 4  (1963). 
17. J. HEYROVSKY and J. KUTA. Polarography. Academic 

Press, New York, NY. 1966. 
18. L. MEITES. Polarographic techniques. 2nd ed. Inter- 

science Publishers, New York, NY. 1965. 
19. P. ZUMAN. In Progress in polarography. Vol. 111. 

Edited b y  P. Zuman and L. Meites. Wiley- 
Interscience, New York, NY. 1972. pp. 73-156. 

20. K. S. V. SANTHANAM and P. J. ELVING. J. Am. Chem. 
Soc. 96,  1653 (1974). 

21. P. J .  ELVING and S. J. PACE. ExperentiaSuppl. 18,35 
(19711. 

22. E. R.'BROWN and R. F. LARGE. In Physical methods 
of chemistry. Part IIA. Edited b y  A. Weissberger and 
B. W. Rossiter. Wiley-Interscience, New York, NY. 
1971. pp. 423-530. 

23. P. J. ELVING, C. 0 .  SCHMAKEL, and K .  S. V. SANTH- 
ANAM. Crit. Rev. Anal. Chem. 6 ,  l (1976).  

24. P. J .  ELVING. In Topics in bioelectrochemistry and 
bioenergetics. Vol. 1 .  Edited by  G .  Milazzo. John 
Wiley and Sons, London, England. 1976. pp. 180-286. 

25. R. B R D I ~ K A ,  V. HANUS, and J. KOUTECKY. In Prog- 
ress in polarography. Vol. 1. Edited b y  P. Zuman. 
Interscience Publishers, New York, NY. 1962. pp. 
145-199. 

26. R. D. BRAUN, K. S .  V. SANTHANAM, and P. J. ELV- 
ING. J. Am. Chem. Soc. 97,2591 (1975). 

27. J. W. WEBB, B. JANIK, and P. J. ELVING. J. Am. 
Chem. Soc. 95,991 (1973). 

28. J .  W .  WEBB, B. JANIK, and P. J. ELVING. J. Am. 
Chem. Soc. 95,8495 (1973). 

29. J. JACQ. J .  Electroanal. Chem. 29, 149 (1971). 
30. B. KASTENING. Chem. Ing. Tech. 44,199 (1972). 
31. V. G .  MAIRANOVSKY. Electrochim. Acta, 20, 807 

(1975). 
32. V. G .  MAIRANOVSKY, L.  A. VAKULOVA, and G. I. 

SAMOKHVALOV. Elektrokhimiya, 3 ,23  (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3412 CAN. J .  C H E M .  VOL. 55, 1977 

33. H. LUND, H. DOUPEUX, M. A. MICHEL, G. MOUSSET, 
and G. SIMONET. Electrochim. Acta, 19,629 (1974). 

34. M. BREITER, M. KLEINERMAN, and P. DELAHAY. J. 
Am. Chem. Soc. 80,5111 (1958). 

35. P. J. ELVING, C. H. ALBRIGHT, and I. ROSENTHAL. J. 
Electrochem. Soc. 99,227 (1952). 

36. S. W. FELDBERG. In Electroanalytical chemistry. 
Vol. 3. Edited by A. J. Bard. Marcel Dekker, New 
York, NY. 1969. pp. 199-296. 

37. J. E. O'REILLY and P. J. ELVING. J. Am. Chem. Soc. 
93, 1871 (1971). 

38. P. J .  ELVING, S. J. PACE, and J. E. O'REILLY. J. Am. 
Chem. Soc. 95,647 (1973). 

39. R. DIETZ. In Organic electrochemistry. Edited by M. 
Baizer. Marcel Dekker, New York, NY. 1973. pp. 
253-277. 

40. G. J.  HOYTINK. In Advances in electrochemistry and 
electrochemical engineering. Vol. 7 .  Edited by P. De- 
lahay. Interscience Publishers, New York, NY. 1970. 
pp. 221-281. 

41. M. E .  PEOVER. In Electroanalytical chemistry. Vol. 2. 
Edited by A. J. Bard. Marcel Dekker, New York, NY. 
1967. pp. 1-51. 

42. M. E. PEOVER. In Reactions of molecules at elec- 
trodes. Edited by N. S. Hush. Wiley-Interscience, 
New York, NY. 1971. pp. 259-281. 

43. V. D. PARKER. J. Am. Chem. Soc. 98,98 (1976). 
44. G. J .  HOIJTINK and J. VAN SCHOOTEN. Recl. Trav. 

Chim. Pays-Bas, 71,  1089 (1952). 
45. M. D.  HAWLEY and S. W. FELDBERG. J. Phys. Chem. 

70,3459 (1966). 
46. S. W. FELDBERG. J.  Phys. Chem. 75,2377 (1971). 
47. L. NADJO and J. M. SAVEANT. J. Electroanal. Chem. 

33,419 (1971). 
48. S. W. FELDBERG. J. Phys. Chem. 73,1238 (1969). 
49. M. MASTRAGOSTINO, L .  NADJO, and J. M. SAVEANT. 

Electrochim. Acta, 13,721 (1968). 
50. J .  JANATA, J .  GENDELL, R. G. LAWTON, and H. B. 

MARK. J. Am. Chem. Soc. 90,5226 (1968). 
51. A. J. FRY and R. G. REED. J. Am. Chem. Soc. 91,6448 

(1969). 
52. R. M. WIGHTMAN, J. R. COCKRELL, R. W. MURRAY, 

J. N. BLIRNETT, and S. B. JONES. J. Am. Chem. Soc. 
98,2562 (1976). 

53. N. S. HUSH and G. A. SIEGAL. Discuss. Faraday Soc. 
45,23 (1968). 

54. M .  R. RIFI. In Organic electrochemistry. Edited by M. 
Baizer. Marcel Dekker, New York, NY. 1973. pp. 
279-314. 

55. M. R. RIFI and F. H. COVITZ. Introduction to organic 
electrochemistry. Marcel Dekker, New York, NY. 
1974. pp. 194-219. 

56. P. J. ELVING and J. T. LEONE. J. Am. Chem. Soc. 79,  
1546 (1957). 

57. J. W. SEASE, P. CHANG, and J.  L. GROTH. J. Am. 
Chem. Soc. 86,3154 (1964). 

58. F. L. LAMBERT and K. KOBAYAS. J. Am. Chem. Soc. 
82,5324 (1960). 

59. F. L. LAMBERT, A. H. ALBERT, and J. P. HARDY. J. 
Am. Chem. Soc. 86,3155 (1964). 

60. L. EBERSON and L. HORNER. In Organic elec- 
trochemistry. Edited by M. Baizer. Marcel Dekker, 
New York, NY. 1973. pp. 869-903. 

61. P. J. ELVING and J. T. LEONE. J. Am. Chem. Soc. 80, 
1021 (1958). 

62. M. SUZUKI and P. J. ELVING. J.  Phys. Chem. 65, 391 
(1961). 

63. R. F .  MICHIELLI and P. J. ELVING. J. Am. Chem. Soc. 
90, 1989 (1968). 

64. P. ZUMAN, D. BARNES, and A. RYVOLOVA- 
KEJHAROVA. Discuss. Faraday Soc. 45,202 (1968). 

65. L. G. FEOKTISTOV and H. LUND. In Organic elec- 
trochemistry. Edited by M. Baizer. Marcel Dekker, 
New York, NY. 1973. pp. 372-375. 

66. P. J. ELVING, J. E. O'REILLY, and C. 0. SCHMAKEL. 
In Methods of biochemical analysis. Vol. 21. Edited 
by D. Glick. Interscience Publishers, New York, 
NY. 1973. pp. 287-465. 

67. C. 0. SCHMAKEL, K. S. V. SANTHANAM, and P. J. 
ELVING. J. Am. Chem. Soc. 97,5083 (1975). 

68. D. L. SMITH and P. J. ELVING. J. Am. Chem. Soc. 84,  
2741 (1962). 

69. J .  E. O'REILLY and P. J.  ELVING. J. Electroanal. 
Chern. 21, 169 (1969). 

70.  P. J .  ELVING, J.  M. MARKOWITZ, and I. ROSENTHAL. 
J. Electrochem. Soc. 101, 195 (1954). 

71 .  P. J .  ELVING, J. M. MARKOWITZ, and I. ROSENTHAL. 
Chem. Ind. (London), 1192 (1959). 

72 .  P. J .  ELVING, I. ROSENTHAL, and A. J. MARTIN. J. 
Am. Chem. Soc. 77,5218 (1955). 

73.  D. P. STEVENSON and V. SCHOMAKER. J. Am. Chern. 
SOC. 62,3173 (1939). 

74 .  I .  ROSENTHAL, J. R. HAYES, A. J. MARTIN, and P. J. 
ELVING. J. Am. Chem. Soc. 80,3050 (1958). 

75.  P. J. ELVING, I. ROSENTHAL, J. R. HAYES, and A. J. 
MARTIN. Anal. Chem. 33,330 (1961). 

76 .  F. C. WHITMORE. Organic compounds of mercury. 
Chemical Catalog Co., New York, NY. 1929. p. 150. 

77 .  H. GILMAN (Editor). Organic chemistry. Vol. I. 2nd 
ed. John Wiley and Sons, New York, NY. 1943. p. 
549. 

78.  J. KOPILOV, S .  SHATZMILLER, and E. KARIV. Elec- 
trochim. Acta, 21,535 (1976). 

79 .  B. F .  WATKINS, J. R. BEHLING, E. KARIV, and L. L. 
MILLER. J. Am. Chem. Soc. 97,3549 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Vibrational analysis of alkyl bromides. 11. Secondary bromides 
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G. A. CROWDER and MAURICE IWUNZE. Can. J. Chem. 55,3413 (1977). 
Infrared and Raman spectra were obtained for 2-bromopentane, 3-bromopentane, 2-bromo- 

hexane, and 3-bromohexane. Vibrational assignments were made for several conformers of each 
compo;nd with the aid of normal coordinate calculations. A 48 parameter modified valence 
force field was obtained that fit 221 frequencies of three conformers of Zbromopentane, 4 
conformers of 3-bromopentane, and 1 conformer of 2-bromobutane with an average error of 
4.1 cm-l. This force field was transferred to the bromohexanes, with good results. 

G.  A. CROWDER et MAURICE IWUNZE. Can. J. Chem. 55,3413 (1977). 
On a obtenu les spectres infrarouge et Raman des composts suivants: bromo-2 pentane, 

bromo-3 pentane, bromo-2 hexane et bromo-3 hexane. L'attribution des vibrations est dtter- 
minte pour plusieurs conformeres de ces composes grlce a des calculs de coordonntes normales. 
Un champ modifit de force de valence est obtenu et celui-ci comporte 48 paramttres, lequel 
s'adapte a 221 frtquences pour trois conformeres du bromo-2 pentane, quatre conformeres 
du bromo-3 pentane et un conformere du bromo-2 butane avec une erreur moyenne de 
4.1 cm-'. Ce champ de force appliqut aux bromohexanes donne de bons rtsultats. 

[Traduit par le journal] 

Introductioii 
Infrared spectra have been reported for 2- 

bromopentane and 3-bromopentane only in the 
400-800 cm-I region by Gates, Mooney, and 
Willis (1). Carbon-bromine stretching bands 
were assigned to four conformers of 2-bromo- 
pentane and five conformers of 3-bromopentane. 
These authors made analogous assignments for 
2-chloro- and 2-iodo~entane and 3-chloro- and 
3-iodopentane, whicL included assignment of 
bands to the C-X stretch of a 'c is X-H' con- 
former of Zhalopentane and the Scc conformer 
of 3-halopentane. These bands have been inter- 
preted by other authors as being due to the 
other conformers present for the chloro- (2) and 
iodo- (3) pentanes, rather than to the cis X-H 
and Scc conformers. 

Since the previous study (1) included only the 
400-800 cm-' region of the infrared spectra and 
did not include any Raman data, infrared and 
Raman spectra have been obtained in this 
laboratory in order to make vibrational assign- 
ments and to learn more about the conforma- 
tional behavior of these compounds. Normal co- 
ordinate calculations were made for three con- 
formers of 2-bromopentane and for four con- 
formers of 3-bromopentane to aid in making 
vibrational assignments and identifying confor- 
mations and to develop a force field that will be 
useful for interpretations of the spectra of other 
secondary bromides. 

No spectra have been published for 2-bromo- 
hexane or 3-bromohexane, so infrared and 
Raman spectra have been obtained for these two 
compounds and vibrational assignments were 
made with the aid of normal coordinate calcula- 
tions that utilized the force constants obtained 
from the bromopentanes. The first paper of this 
series presented results for a series of primary 
bromides (4). 

Experimental 
Infrared spectra were obtained with a Beckman IR12 

spectrophotometer, and Raman spectra were obtained 
with a Beckman Model 700 spectrometer equipped with a 
Coherent Radiation Model 54 argon laser. The 488.0 nm 
line was used. The samples were obtained from K & K 
Laboratories or Aldrich Chemicals, and were used with- 
out further purification. Gas chromatographic analysis 
showed no appreciable amounts of impurity. 

Calculations 
Normal coordinate calculations were made 

with a PDP-I0 computer and utilized programs 
written by Schachtschneider (5, 6 )  for calculation 
of the G-matrix (GMAT), solution of the vibra- 
tional secular equation (VSEC), and for the 
least-squares refinement of designated force 
constants to fit the calculated to the observed 
frequencies (FPERT). These references should 
be consulted for details of the calculations, 
treatment of the redundancy problem, etc. The 
molecular parameters used were C-C = 1.54 
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A, C-H = 1.09 A, C-Br = 1.94 A, and all 
angles were assumed to be tetrahedral. 

Results and Discussion 
Normal Coordinate Calculations for 

2-Bromobutane 
In order to obtain force constants to use 

initially for the bromopentanes, calculations 
were first made for the three conformers of 2- 
bromobutane, i.e., S,,, SHHr, and S,,. A 48 
parameter modified valence force field was used, 
with initial values being taken from the second- 
ary iodides (3), except for the C-Br stretch 
force constant, which was taken from the force 
field of 2-bromobutane developed by Benedetti 
and Cecchi (7). 

The band assignments made by Benedetti and 
Cecchi were used in our initial calculations. 
Seventeen force constants were refined by the 
least-squares program, and 69 frequencies of the 
three conformers were fitted with an average 
error of 5.4 cm-I, as compared with an average 
error of 6.75 cm-I obtained by Benedetti and 
Cecchi (7). The present calculations resulted in a 
change of only two of the band assignments given 
by those authors, both for the S,, conformer. 
We have assigned the 1360 and 1120 cm-I 
bands to this conformer, rather than those ob- 
served at 1346 and 1145 cm- l. Our calculated 
values are 1363 and 11 18 cm-l, whereas the 
calculated values of Benedetti and Cecchi are 
1345 and 1 143 cm- l. The difference between the 
present results for this compound and those of 
Benedetti and Cecchi are not significant enough 
to warrant listing our results here. 

2-Bromopentane and 3-Bromopentane 
Liquid-state ir and Raman spectra of 2- 

bromopentane were obtained with salt plates. 
Solid-state spectra were obtained by cooling a 
liquid film held between salt plates, in hopes that 
some simplification from the liquid-state spec- 
trum would be observed, as a result of the dis- 
appearance of some of the conformers upon 
crystallization. However, crystallization did not 
take place, even with annealing for 1 h. Gates 
et al. (1) also reported only the amorphous 
solid. The solid-state spectrum is essentially 
identical to that for the liquid. There were, how- 
ever, two bands observed in the solid-state 
spectrum that were not present in the spectra of 
the liquid. 

As an aid in assigning the observed bands to 

VOL. 5 5 ,  1977 

the appropriate conformers, normal coordinate 
calculations were made for the S,,, S,,,, and 
ScH conformers of 2-bromopentane (carbons 2, 
3, 4, and 5 are coplanar in all three conformers) 
and for the S,,, SHH,, S,,, and S,,, conformers 
of 3-bromopentane. Initially, zero-order calcula- 
tions were made for the three conformers of 2- 
bromopentane and for the SHH, SHH,, S,,, and 
So, conformers of 3-bromopentane. Initial cal- 
culations were made for the three conformers of 
2-bromopentane, using the values of the force 
constants that had been obtained for 2-bromo- 
butane. Band assignments were made by com- 
parison of the observed and calculated wave 
numbers, and then a least-squares refinement 
was made to simultaneously fit the frequencies 
of the three conformers of 2-bromobutane and 
the three conformers of 2-bromopentane. Fifteen 
force constants were adjusted and 144 wave 
numbers of the six conformers were fit with an 
average error of 5.5 cm-l. 

The next step in the development of the force 
field was to make preliminary calculations for 
the four conformers of 3-bron~opentane, using 
the force constants that were determined as 
described in the preceding paragraph. Again, 
band assignments were made by comparison of 
observed and calculated wave numbers. Our 
computer facility was limited to inclusion of 
eight molecules in the FPERT program, and 
several combinations of eight of the ten con- 
formers of the butane and two pentanes were 
used, with essentially the same results for the 
conformers common to all the calculations. In 
the final computer run reported here, 16 force 
constants were refined to provide the best fit for 
221 wave numbers below 1500 cm-' of the 3 
conformers of 2-bromopentane, the 4 confor- 
mers of 3-bromopentane, and the SHH conformer 
of 2-bromobutane. The average difference be- 
tween observed and calculated wave numbers for 
the 221 values was 4.1 crne1. The calculated 
wave numbers are available on request from the 
authors, and the force constants are given in 
Table 2. Comparison of the values of the force 
constants listed in Table 2 with those obtained 
for secondary iodides (3) shows 30 values used 
for both bromides and iodides and several 
others that are quite close. Of course, quite a 
few of those iodide values were transferred from 
a hydrocarbon force field. 

The calculated wave numbers strongly support 
the presence of the three conformers of 2-bromo- 
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TABLE 1. Observed wave numbers (cm-l) of 2-bromopentane and 3-bromopentane 

Infrared 

Liquid 

1462s 
ca. 1450s 
ca. 1430m 

1382s 
1340vw 

ca. 1330vw 
1303m 
1288mw 
1269m 
1254s 
1203s 
1150s 

ca. 1135sh 

ca. 1080sh 
1071mw 
1051w 
1027m 
1 ooow 
981m 
928m 

1459m 

1439m 
1382ms 

1341 w 

1303s 
1285w 
1273w 
1254w 

1201vs 

1144s 
1123w 
1105w 
1082vw 

1055w 
1036w 

ca. 1030sh 
1020vw 
415w 

Solid 

1467s 
ca. 1450s 

1426m 
1379s 
1344vw 
1333vw 
1305m 
1287w 
1269m 
1254s 
1204s 
1153s 
1144w 
1133vw 
1121w 

ca. 1079vvw 
1072mw 
1051mw 
1027m 
1 ooow 
980m 
927m 

Infrared 
Raman - 

Liquid Liquid Solid 

2-Bromopentane 
916mw 917m 

1449m 873m 871m 
864m 861mw 

1379vw 843mw 843w 
814mw 812m 

1331vw 805mw 801w 
1305w 753ms ca. 755sh 

ca. 1285sh 743ms 745ms 
1268vw 616m 61 3m 
1254w 578w 
1200m 536ms 

512mw 
1145w 490w 

ca. 1133vw 430w 
1120w 

ca. 1080sh 361w 
1073w 
1053vw 293m 
1028w 
1002vvw 
981w 

ca. 930sh 

3-Bromopentane 

1457m 

1438m ca. 980sh 
1380vw 969w 
1360vw 955w 958w 

923mw 928mw 
1327vw 914mw 915w 
1301w 870ms 870s 

863ms 862w 
1275w 843s 844m 

814s 811vs 
124Ovvw 801s 800m 
1199m 786vw 

774w 
1143w 753vw 
1123w 744vw 745vw 
1104vw 616w 

604ms 
ca. 596sh 

1060vw 532ms 
1028m 

491m 

Raman 
Liquid 

845mw 
813vw 
802vw 
753vw 
745w 
617m 
580mw 
537vs 
517w 
491w 
431m 

ca. 420sh 
359mw 
314w 
294vs 

ca. 275sh 
225vw 
181vw 
144vw 

ca. 616sh 
607m 

ca. 595sh 
534m 

ca. 520sh 
491m 
450vw 
278mw 

ca. 265sh 
ca. 208sh 

190mw 
ca. llOvw 

pentane for which calculations were made. There (1135, 578, 512, and 314 cm-I), and two bands 
are seven observed bands assigned solely to the assigned to the S,, (743 and 616 cm-l). Several 
S,, conformer (1340, 1150, 1071, 928, 536, 420, other bands were assigned to different pairs of 
and 181 cm-I), four bands assigned to the S,,, conformers, i.e., S,, and S,,,; S,, and SCH; 
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TABLE 2. Force constants for secondary bromides 

Force Coordinate(s) Common Standard 
constant Group involved atom(s) Valuea errorb 

Stretch 
Kr 
Kd 
Ks 
KR 
KR(X) 
Kx 

Bend 

He 
HP 
HdX) 

CH3 
CHz 
CHI 
CHZ-CH3 
C-CHBr-C 
CHBr 

C-H 
C-H 
C-H 
C-C 
C-C 
C-BS 

CH3 
CHz-CH, 
CHBr-CH3 
CHz 
C-CHZ-C 
C-CHBr-C 
CHBr 
C-C-C 
C-CHBr-C 

H-C-H 
C-C-H 
C-C-H 
H-C-H 
C-C-H 
C-C-H 
Br-C-H 
C-C-C 
C-C-Br 

Torsion 

H T 
HT 

C-C 
C-C 

CH3 
CHz 
C-CHZ-C 
C-CHBr-C 
C-CHBr-C 

CH, CH 
CH, CH 
CC, CC 
CC, CC 
CC, CBr 

C-CH-C 
C-CH-C 
C-c-C 
C-C-Br 
C-CHBr-C 
C-C-Br 
C-CBr-C 

C-C, CCH 
C-C, CCH 
C-C, CCC 
C-C, CCBr 
C-Bs, CCH 
C-Br, CCBr 
C-Bs, CCC 

C-C 
C-C 
C-Rr 
C-BS 
C 

Bend-bend 

FB 
F,(X) 
FY 
F,' = F,' 
FE, 

C-CH3 
CBr-CH3 
C-CHZ-C 
C-CH-C 
CH3-CHBr-CH, 
CHZ-CHBr-CHZ 
C-CHZ-C 
C-CHBr-C 
C-CHBr-C 
-CH-CH- 

CCH, CCH 
CCH, CCH 
CCH, CCH 
CCH, CCH 
CCH, BrCH 
CCH, BrCH 
CCH, CCC 
CCC, CCBr 
CCBr, CCBr 
HCC, CCH 

gauche 
HCC, CCH 

trans 
C*CC, ccct 

gauche 
C*CC, ccct 

trans 
HCC, CCC 

gauche 
HCC, CCC 

trans 

C-C 
C-C 
C-C 
C-H 
C-H 
C-H 
c-C 
C-C 
C-Br 
C-C 

Fie' 
Fym = Fcm 
Fo E 
FE 
f,' 

f,' 

faE 

fw' 

f,"" 

f,,' 

C-C 

C-C 

c-C 

c-C CH-C-C 

CH-C-C C-C 
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TABLE 2 (Concluded) 

Force Coordinate(s) Common Standard 
constant Group involved atom(s) Valuea errorb 

fy2 CH-C-Br HCC, CCBr C-C -0.037 - 
gauche 

fki CH-C-Br HCC, CCBr C-C 0.054 0.020 
trans 

f W z g  C-C-C-Br CCC, CCBr C-C -0.024 - 
gauche 

f o x i  C-C-C-Br CCC, CCBr C-C -0.174 - 
trans 

nStretchlng constants are in units of mdyn/A; stretch-bend constants are in u n ~ t s  of mdynlrad, bending constants are in units 
of mdyn A/(rad)z. 

OForce constants for which no standard error IS given were constrained to the transferred values. 

S,,, and S,,. The assignment of the C-Br 
stretch bands by Gates et al. (1) to these three 

H\ 7 H 
conformers was confirmed. However, these c@3/7 

authors assigned the band they observed at 515 
cm-' to the C-Br stretch of a 'cis X-H' 

C, H, /C\c/ H 
conformer, whereas our calculations indicate C 
assignment of this band to the S,,, conformer. 
The potential energy distribution shows this 

4 %  A HPA 
band to be due to a mixture of skeletal bending 
and C-Br stretching modes. This interpretation H 
is identical to that for 2-iodopentane (3). CH3/ H, j H 3  

Table 1 lists several observed bands that were 
unassigned to the three conformers for which 

C\ 

calculations were made. This probably indicates Br 
PC\,/ H 

the presence of one or more additional con- 4')) 
formers. 

The S,,, S,,,, and S,, conformers of 2- B 
bromopentane are interconverted by internal FIG. 1. Additional conformers o f  2-bromopentane for 

rotation about the C,-C3 bond. Rotation about which calculations were made. 

the C3-C, bond leads to additional conformers, was made to try to determine the source of 
two of which are shown in Fig. 1. These seem to these bands. 
be the conformers most likely to be present, in Gates et al. (1) show the liquid-state infrared 
addition to the three already discussed. In an spectrum and list the observed bands of 3- 
effort to determine if these two conformers are bromopentaiie only for the 425-700 cmF1 
present, normal coordinate calculations were region. The liquid-state infrared and Raman 
made for them, using the force constants given spectra of this compound were obtained in this 
in Table 2. These calculated wave numbers are laboratory. Solid-state infrared spectra were also 
available from the authors. Comparison of the obtained for this compound, but crystallization 
calculated values with the observed values given did not take place. The solid obtained by Gates 
in Table 1 shows that the conformer shown in was also amorphous. 
Fig. l a  can account for the band observed at Evidence has been given for the presence of 
490 cm-', and the other calculated values are in four conformers of 3-chloropentane (8) and 3- 
good agreement with observed values. None of iodopentane (3), and the present results indicate 
the bands previously unassigned can be un- the same behavior for 3-bromopentane. There 
ambiguously assigned to the conformer shown are seven bands assigned solely to the S,, con- 
in Fig. lb, and there is therefore no evidence to former (1254, 1151, 1082, 1068, 532, and 415 
indicate the presence of this conformer, although cm-l), three bands to the S,,, (597, 374, and 
this conformer seems as probable as that of Fig. 265 cm-I), six bands to the S,, (1 123, 870, 604, 
la.  There are still four unassigned bands listed 450, 359, and 294 cm-I), and three to the S,,, 
in Table 1, and at least two of these can be ex- (616, 520, and 278 cm-l). 
plained as summation bands. No further attempt Gates et al. assigned the band they observed 
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TABLE 3. Observed wave numbers (cm-') for 2-bromohexane and 3-bromohexane 

Infrared Infrared 
Raman Raman 

Liquid Solid Liquid Liquid Solid Liquid 

2-Bromohexane 
1466m 1467m 98 1 n? 980s 986vw 
1461m 1457m 915mw 913m 
1454m 1456m 905m 904m 907mw 
1428w 1427w 9OOmw 892m 
1380s 1378s 1386vvw 886mw 881mw 

1355w 874w 
1346w 829w 830w 837w 
1326w 1327w 81Ow 81Ow 818w 

1310m 1312w 791m 79Om 
1301w 1305w 748m 
1291111 1290111 731s 733s 744w 
1260w 1261m 614s 611n1 619m 
1253w 579w 586w 
1239s 1240s 1245 w 540s 543vs 
1195s 1197s 1201w 508w 
1149s 1151s 1155w 475vw 
1131w 1133w 1136w 455vw 

1123m 437w 
1090w 1091w 1096vvw 415vw 421w 
1066w 1067m 1075w 402vw 
1045m 1045ms 359vw 363w 

1029vvw 347vw 347m 
1019w 1019w 325w 

lOllw 1007vvw 295w 295s 
1 ooom 998mw 222mw 

3-Bromohexane 
1461s 1464m 911w 
1455sh 1454m 1454111s 903m 902ms 898m 
1437mw 1435111 1441ms 889m 890ms 
1381s 1380s 1382vw 873ms 872s 872m 
1358w 1356mw 829mw 830m 832w 
1346w 1346w 791s 788vs 792m 
1325w 1328w 747ms 742s 750w 
1310mw 1310s 1308m 612s 608m 612s 
1300w ca. 590sh 
1282s 1280s ca. 535s 538s 
1259m 1260ms 1260w ca. 520sh 
1240111 1239s 508w 
1232w 1233w 1235w 495w 496m 
1 196vs 1200vs 1197m 430w 432mw 

1148111 398mw 403m 
1143s 1142s 1142w 352w 
1 1 17w 1116m 1120w 343mw 
1081w 1082m 1084w 316m 

1066w 285w 283s 
1055w 1057111 245" 
1047w 1047ms 1048mw 227" 
1028w 1025w 1029m 212" 
lOOlw 1007111 158" 
98Omw 98Oms 980w 

OThe existence of these bands is uncertain. 

at 491 cnl-' to the Scc conformer. Moore and Therefore, calculations were not made for the 
Krimm (8) found no evidence for the presence of Scc conformer of 3-bromopentane. Calculation 
Scc 3-chloropentane, nor was any evidence found shows that the 491 cm-' band is due to both SHH 
for the presence of Scc 3-iodopentane (3), as and SHH, conformers. 
would be expected from steric considerations. In order to conserve space, the potential 
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energy distributions will not be given here, but 
they are available from the authors. 

2-Bromohexane and 3-Bromohexane 
Liquid and solid-state infrared spectra and 

liquid-state Raman spectra for these compounds 
were obtained, and the observed wave numbers 
are listed in Table 3. The solid-state spectra for 
these compounds were due to all conformers and 
aided in the analysis only by the presence of 
some bands that were not resolved in the liquid- 
state spectra. 

In order to make vibrational assignments, 
preliminary normal coordinate calculations were 
made for both compounds, using the force con- 
stant values given in Table 2. For 2-bromohexane, 
calculations were made only for the three con- 
formers that differ by rotation about the C,-C3 
bond, so the C, through C, carbons are all 
coplanar. The calculated wave numbers indicate 
five bands due solely to the SHH conformer (1312, 
1066, 900, 540, and 475 cm-'), five bands to the 
SHH, (981, 579, 508, 402, and 347 cm- l), and 
five bands to the ScH (1260, 915, 791, 614, and 
455 cm-I). Not all of these band assignments are 
unambiguous, however. For example, the band 
observed at 540 cm-' can be confidently assigned 
to the SHH conformer and not to the other two, 
but the calculated value of 13 16 cm- ' for the 
SHH could be due to either the 13 10 or 1326 cm- 
observed band. Nevertheless, we believe these 
results justify the conclusion that all three of 
these conformers are present. There are several 
unassigned bands listed in Table 3, which prob- 
ably indicates the presence of additional con- 
formers. However, the number of conformers 
possible from internal rotation about the other 
C-C bonds is relatively large and no attempt 
was made to identify additional conformers. 

There are nine possible conformers of 3- 
bromohexane that differ in the trans-trans en- 
vironment of the bromine atom as a result of 
rotation about the C,-C3 and C3-C, bonds, 
and calculations were made for all but the S,, 
and S,,,,. The calculated wave numbers for this 
compound are available from the authors. There 
are only two observed bands assigned solely to 
one conformer (1310 and 483 cm-'); but this is 
not surprising because major overlapping of 
bands is expected when seven conformers are 
involved. However, there are several bands 
assigned to only two or three conformers (1346, 
1325, 1240, 1232, 1148, 1066, 1047, 1001, 911, 
903,889,590, 508,430,398, 352, and 245 cm-'). 

Torsional Modes 
Only the CH3-CHI torsion was included in 

the calculations of the secondary iodides (3) 
because observed torsional frequencies were 
available only for 2-iodopropane and it was 
thought that neglect of the other torsions would 
not affect the calculations appreciably. Therefore, 
all torsions except CH,-CHBr were neglected 
in the initial calculations of the secondary bro- 
mides. During the time this work was in progress, 
calculations were completed for a series of n- 
alkyl bromides that showed the necessity of 
including the torsional coordinates in order to 
fit certain low frequencies (4). Therefore, calcula- 
tions were repeated for the secondary bromides, 
including all torsional coordinates. 

Comparison of the calculations that included 
the torsional coordinates with those that ex- 
cluded them shows only minor differences. How- 
ever, the overall average error was lowered by 
0.5 cm-'. The major effect involves the lowest- 
frequency CH, rocking frequency of 2-bromo- 
pentane and 2-bromohexane. The calculated 
wave number was 20-30 cm-' too low for all 
conformers of these two compounds, and could 
not be increased by the least-squares program. 
Inclusion of the other torsions increased the 
calculated wave numbers of this mode in all 
conformers. Examination of the Jacobian matrix 
showed that force constant HT has a very large 
effect on this frequency. 
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Semi-empirical non-adiabatic potential energy curves for hydrogen, deuterium, 
and their molecule-ions 
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MARY KURIYAN and Huw 0. PRITCHARD. Can. J. Chem. 55,3420 (1977). 
Effective non-adiabatic potential curves were constructed for the ground states of the 

deuterium molecule and of the hydrogen and deuterium molecule-ions by scaling our empirical 
non-adiabatic coupling correction for hydrogen according to the approximate rules given by 
Bunker. These effective potentials were refined by the techniques we have described previously, 
and were then used to generate the rotation-vibration energy-level spectra for Hz+ and Dz+ ; 
tables of these energy levels, which we consider to be the best available at the present time, are 
presented. 

MARY KURIYAN et Huw 0. PRITCHARD. Can. J. Chem. 55,3420 (1977). 
Des courbes effectives de potentiel non-adiabatique sont construites pour les etats fonda- 

mentaux de la molCcule de deuterium et des ions-moleculaires d'hydrogene et de deuterium en 
calibrant notre correction du couplage empirique non-adiabatique pour l'hydrogene selon les 
regles approximatives rapportees par Bunker. Les potentiels effectifs sont affinCs par les 
techniques decrites prkcedemnlent. Pour chacun de ces ions-mol6culaires H z +  et D2+,  ces 
calculs engendrent une serie de niveaux d'energie de rotation-vibration. On presente plusieurs 
tables des niveaux d'energie que Yon considere les mieux realisees jusqu'a maintenant. 

[Traduit par le journal] 

We have recently used an RKR-like pro- TABLE 1. Effective non-adiabatic correction terms for 

cedure to invert the rotation-vibration energy- Hzi, D 2 + ,  Hz, and D2 used to construct Fig. 1 

level spectrum of H, to an accuracy approaching 
f 0.1 cm-' (1). This procedure made use of the - AV(R) (cm-I) 

best available theoretical adiabatic potential (au) HZ + DZ + HZ D2 
V(R) tabulated by Bishop and Shih (2) as the 
starting approximation, and an effective correc- .6  0.11 0.04 0.88 0.18 

1.8 tion function AV(R) was deduced which would 2.0 
0.33 0.13 2.41 0.53 
0.69 0.26 3.95 1.54 

INTERNUCLEAR SEPARATION (R1 IN ATOMIC UNITS 

FIG. 1. Effective corrections required for Hz +, Dz+, 
Hz, and Dz in order to make the best available adiabatic 
potential curves for these molecules yield the known 
energy-level spectra. For use in future conlputations, 
the corrections are also listed in Table 1. 
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KURIYAN AND PRITCHARD 342 1 

TABLE 2. Rotation-vibration energy levels for Hz+ in cm-I 

V < C >  < 1 >  < 2 >  <3>  t4 > < E >  < F >  < 7 >  < P >  
J 

regenerate the experimental energy-level spec- 
trum for all J. It is widely believed (see ref. 1) 
that the inability of the function V(R) to generate 
the known energy-level spectrum of H, arises 
from the neglect of non-adiabatic effects, and if 
this is so, our effective correction term AV(R) 
represents an approximate way of incorporating 
the non-adiabatic coupling. However, as Bunker 
has shown (3), the non-adiabatic effects at small 
internuclear separation should be about four 
times as large for H, as they are for H,', and 

consequently the addition of 0.25AV(R),, to the 
exact adiabatic potential curve for H,' (4) 
should give a good representation of the energy- 
level spectrum for the hydrogen molecule-ion. 
The known spectrum consists principally1 of 
some experimental observations by Herzberg 
and Jungen (5) for most members of the group 

'Six quasibound levels for Hz+ and five for Dz+ have 
also been observed (14), but their accuracy is not such 
that they are suitable as calibration points in our energy- 
level inversion scheme. 
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TABLE 3. Rotation-vibration energy levels for Dz+ in cm-I 

V <0> <1>  <2>  <3> <4> < C >  <6> <7> <a> 
J 

of states 0 v 5 3, 0 5 J  < 4, and the non- 
adiabatic calculations by Bishop (6) for 0 I 
U I  1 1 , J = O .  

It  should be noted at the outset that no single 
potential can reproduce exactly all the rotation- 
vibration levels reported by Herzberg and 
Jungen (5),  and irregularities somewhat larger 
than the estimated uncertainties (k0 .2  cm-I) 
are apparent. However, there is no guarantee 
that a single potential curve will be able to 
regenerate all the known levels, since it may be 
necessary to construct one effective potential 
curve for each vibrational state: this would 
represent an inherent limit in our effective 
potential method, but although the associated 
errors are not known at this time, they are 
certainly small (2, 7). 

Figure 1  shows the effective correction to the 
known adiabatic potential (4) required to pro- 
duce the best fit to the experimental data (5 )  and 
an exact iit to the theoretical data (6) for Hzf .  
In the region of 2 I R I 3a,, the required 
correction is roughly one quarter of that re- 
quired for H,, as predicted by Bunker (3), but it 
becomes progressively larger relative to the Hz 
correction term as the internuclear separation 
increases : this manifests itself in the calculation 
in that the first guess of 0.25AV(R),2 for the 
correction term reproduces quite well the low- 
lying states of H z f ,  but not the higher ones; 
however, having established the magnitude of 
the correction term at small R, it is a simple 
matter to generate the whole correction function 
by the method we described previously (1). 
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KURIYAN AND PRITCHARD 

TABLE 3 (Concluded) 

Again, following from the earlier work of 
Bunker (S), we may argue that to a first order of 
approximation the effective corrections for D, 
and D,+ will be respectively about one half of 
those appropriate to H, and H,' (cf. also the 
results of Bishop and Shih (2)). These correction 
functions are also shown in Fig. 1, and it can be 
seen that for both  airs a factor of two is 

experimental values of Bredohl and Herzberg (9) 
for 0 I v 5 2 1 ,  0 I J I  9; for D,', the non- 
adiabatic theoretical results of Bishop (6) for 
0 I u I 11, J  = 0, and of Hunter and Pritchard 
(10) for 0 I v I 3, 0 l J  I 2. It is worth 
remembering here that for HD', a more com- 
plicated theoretical problem than either H,' or 
D,'. non-adiabatic calculations (10. 11) are in 

. . A ,  

remarkably close to the truth. The data fitted in virtually exact agreement with experiment (12). 
these two cases are as follows: for D,, the In general, the correction functions shown in 
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Fig. 1, when applied to the existing adiabatic 
potentials, will reproduce the known bound- 
state energy levels to within about k0.2 cm-'. 
We may draw two conclusions from this obser- 
vation. (i) That the correspondence of the 
effective correction terms shown in Fig. 1 with 
the relative ~agni tudes  expected from Bunker's 
analyses (3, 8) identifies these correction terms 
more positively than ever with non-adiabatic 
coupling effects. (ii) That in the absence of 
costly and time-consuming non-adiabatic cal- 
culations for about 1400 individual states of 
H2+  and D z f ,  the best energy-level spectra 
available at the present time are those derived 
using these effective correction potentials. Hence, 
the complete energy-level spectra for these two 
species are reproduced in Tables 2 and 3. Com- 
parison with an earlier tabulation of these 
energy levels (13) based on adiabatic internuclear 
potentials shows that the inclusion of non- 
adiabatic effects lowers most states of H z +  by 
some 1-3 cm-', with the lowerings for D2+ 
being somewhat less.2 I t  should also be noted 
that we have not included resonance widths for 
the quasi-bound states in the present tables, for 
two reasons. (i) It is not clear to us that our 
effective potential method, although yielding 
good answers for the energies of the levels, need 

2Throughout these calculations 1 au = 219 474.72 
cm-', but the present tables use a slightly different value 
for the mass of the deuteron viz. MD = 3673.17me (15) 
from that used previously (13). Missing from the table for 
Hz  + is an entry corresponding to v = 19, J= 0, which has 
been reported by other workers (16, 17); we searched 
extensively for an eigenvalue corresponding to such a 
state, both in this work and previously (13), but our 
potential does not support such a state. Also, we have 
omitted from the present tables a few of the topmost 
quasi-bound levels whose positions are rather difficult to 
locate and consequently cannot be quoted with the 
accuracy claimed. 

represent the tunnelling properties at all well. 
(ii) The tunnelling lifetimes are very sensitive 
indeed to small changes in the assumed potential, 
and the level widths quoted previously (13) 
change by as much as a factor of four when the 
effective potential is used instead of the adiabatic 
one; hence, numerical values of resonance 
widths can only have qualitative significance at 
the present time. 
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Mkcanisme d'apparition de la coloration jauniitre dans les poudres de sulfate 
stanneux' 

G .  VERVILLE 
Division Sources d'e'nergie hlectrique, Centre de recherches pour la De'fense, Ottawa, Ont., Canada K I A  024 

Recu le 13 janvier 1977 

G. VERVILLE. Can. J. Chem. 55,3425 (1977). 
Une etude spectrophotometrique des poudres de sulfate stanneux nous a permis de definir le 

mecanisme d'apparition de la coloration jaunbtre dans ces poudres. La formation des com- 
plexes de transfert de charge lSn(I1)-4Sn(IV) dans le film d'eau adsorbte et acidifike entou- 
rant certains grains de sulfate stanneux est a la base du mtcanisme propost. Ces complexes sont 
form& par fixation d'ions SnZ+.xH20 ou SnHS04+ a la surface des colloi'des Sn(OH)4.xH,0 
obtenus par oxydation et hydrolyse du sulfate stanneux. 

G. VERVILLE. Can. J. Chem. 55,3425 (1977). 
A spectrophotometric study of stannous sulphate powders has enabled the mechanism of the 

yellow coloration of these powders to be defined. It is shown that the yellow coloration results 
from the formation of charge transfer complexes of the type lSn(I1)-4SnOV) in a film of 
adsorbed and acidified water which surrounds some stannous sulphate particles. The charge 
transfer complexes are formed by the adsorption of Sn2+.xH20 or SnHS04+ ions onto the 
surface of colloidal Sn(OH),.xHzO that is formed by the oxidation and hydrolysis of the 
stannous sulphate. 

Introduction poudres sont mtlangtes et broykes dans un mortier 
pendant 5 min. Les poudres sont ensuite analystes par 

Les poudres de stanneux prCsentent spectromttrie de masse (spectre d'Ctincelles) afin de 
sous forme de cristaux aciculaires iilcolores qui dkceler les imvuretts mttalliaues et la concentration en 
laissts au repos en presence d'air se colorent i n  
jaune avec le temps. Donaldson et Moser (I) 
attribuent cette coloration a I'apparition pro- 
gressive de composts stanniques dans les poudres 
de sulfate stanneux. D'apr&s ces auteurs, lorsque 
les premiers signes de coloration apparaissent, 
les tchantillons contiennent plus de 2% de com- 
posts stanniques. 

Mis a part le sulfure stannique, a notre 
connaissance il n'existe pas de composCs stan- 
niques purs ayant une coloration jaune el1 soi 
et a premitre vue, la prtsence de composCs 
stanniques ne semble pas constituer une con- 
dition suffisante pour donner aux poudres leur 
aspect jauniitre. Nous avons donc entrepris une 
ttude spectrophotomttrique des poudres et celle- 
ci nous a permis de prtciser les rtsultats 
anttrieurs et de dtfinir le mtcanisme d'apparition 
de la coloration jaundtre dans les poudres de 
sulfate stanneux. 

etain (stanneux, stannique, totale) est determinee. 
A la suite de ces analyses, les spectres de reflectance 

uv-visible des poudres sont enregistrts sur un spectro- 
photometre SAFAS 1700 a l'aide d'un accessoire de 
reflectance diffuse 45R0 ou les poudres sont plackes en 
vrac dans le comvartiment tchantillon et de l'oxvde de 
magntsium en poudre dans le compartiment reftrence. 
Les etudes dans le domaine infra-rouge sont effectuees sur 
un appareil Perkin-Elmer 137, par pastillage dans le 
bromure de potassium. 

Les analyses par spectromttrie de masse n'ont 
pas permis de dtceler de difftrence fondamentale 
au niveau des impuretCs mktalliques, par con- 
sCquent la coloration jaundtre n'apparait pas lite 
B la prtsence d'impuretts mttalliques dans les 
poudres. 

Par contre, nous avons enregistrt des Ccarts 
importants, entre les poudres, dans la con- 
centration en composCs stanniques et stanneux. 
Dans la majorit6 des cas, les poudres ayant une 
concentration suptrieure a 2% en composCs 

Mode opCratoire stanniques prtsentaient d t j i  un aspect jauniitre 
Les poudres de sulfate stanneux sont obtenues de lors de la r~ception. L~~ analyses des poudres 

diverses sources dans le commerce. Aprks reception, les Dar rtflectance diffuse nous ont vermis d'ktablir 

'Travail effectue a 1'Ecole Nationale Superieure d'Elec- ia raison de ce crit6re de 2%. La kg. 1 montre les 
trochimie et d ' ~ l ~ ~ ~ ~ ~ ~ t ~ ~ l l ~ ~ ~ i ~  de Grenoble lors du spectres de reflectance diffuse uv-visible d'une 
'travail de these de I'auteur. poudre blanche, courbe a, et d'une poudre 
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LONGUEUR D'ONDE (nm) 

FIG. 1. Spectres de rkflectance diffuse de poudres SnS04. 
a, Poudre blanche, 1.8% d'ktain stannique; b, poudre 
jaunztre, 2.8% d'ktain stannique. 

jaundtre, courbe b. Ces poudres contiennent 
respectivement 1.8 et 2.8% dd'Ctain stannique. Les 
spectres prCsentent la m&me allure gCnCrale et 
sont caractCrisCs par une bande d'absorption 
dans l'ultra-violet qui se prolonge vers le visible. 
Bien que tres ressemblant, le spectre de la poudre 
jauniitre se distingue du spectre de la poudre 
blailche par une absorption beaucoup plus 
intense dans l'uv et le proche uv. I1 apparait que 
la coloration jaundtre est due a un seuil continu 
d'absorption entre 400 et 600 nm et que la 
diffkrence d'absorbance entre 400 et 600nm 
dCtermine l'absence ou la prCsence de la colora- 
tion jaungtre dans les poudres. Par exemple, sur 
le spectre a, la diffkrence d'absorbance entre 400 
et 600 nm est trop faible pour &tre p e r p  par un 
oeil de sensibilitC moyenne, et par conskquent la 
poudre apparait blanche (u11 oeil d'une sen- 
sibilitC supkrieure pourrait Cventuellement dC- 
tecter des signes de coloration sur cette poudre). 
Aux concentrations supkrieures ii 2% en Ctain 
stannique, la diffkrence d'absorbance entre 400 et 
600 nm devient suffisamment importante pour 
permettre B l'oeil de percevoir la coloration 
jaundtre qui devient de plus en plus intense B 
mesure que la concentration en Ctain stannique 
augmente dans les poudres. Cette observation 
a pu etre relite a une augmentation de la 
diffkrence d'absorbance entre 400 et 600 nm et 
au dCplacement progressif du seuil d'absorption 
vers les grandes longueurs d'onde. 

Les rCsultats antCrieurs sont donc bien con- 
firmCs et la coloration apparait bien like A la 
presence d'itain stannique dans les poudres. 

Cependant, comme Donaldson et Moser (I), 
nous avons constat6 que l'apparition de la 
coloration jaundtre au cours du temps, sur les 
poudres initialement blanches, n'itait pas uni- 
forme. Les premiers signes visibles de coloration 
apparaissent souvent sur les parois des con- 
tenants. Nous avons recueilli et analysC les grains 
provenant de ces zones jaundtres. Certains 
Cchantillons ont pr6sentC des concentrations de 
l'ordre de 30-40% en Ctain stannique. A la suite 
de ces constatations nous avons CtC amen6 a 
considirer 1'humiditC atmosphtrique comme un 
ClCment essentiel dans le processus d'obtention 
de la coloration jaunstre. 

Influence de l'humidite' atmosphe'rique 
Les Cchantillons jaun2tres contenant 3040% 

d'6tain stannique sont placCs dans un four B 
200°C pendant 24 h. Les Cchantillons perdent 
leur coloration et sont ensuite remis a la tem- 
pCrature ambiante sous l'atmosphere du labora- 
toire. Les poudres redeviennent progressivement 
jaundtres en adsorbant de l'eau qui est mise en 
Cvidence par spectrophotomttrie infra-rouge 
(ir). Les spectres ir ont Cgalement rCvClC la 
presence de groupements hydroxyles liCs B 
1'Ctain stannique (doublet entre 3500 et 3600 
cm-l) (2, 3) et la prCsence du groupement 
HS04- (bande situCe B 2900 cm-l) dans ces 
Cchantillons. 

Apres un sCjour prolong6 ii l'air libre les 
Cchantillons se transforment en boue dont le p H  
est infkrieur a zCro. Ceci est rtvklateur d'une 
hydrolyse d'ions qui conduit a la formation 
d'ions H,Of. Quel que soit le degrC de trans- 
formation de ces poudres, la diffraction des 
rayons X ne rCv&le que la presence de sulfate 
stanneux. Les composCs stanniques rCsultant de 
l'oxydation se trouvent donc B 1'Ctat colloi'dal. 

Me'canisme d'apparition de la coloration 
L'ensemble de ces constatations nous am&ne 

A proposer, pour l'apparition de la coloration, 
trois Ctapes principales : 
1. Oxydation de sn2  + en sn4+ a la surface de 

certains grains de poudre 
Cette Ctape est nCcessaire mais non suffisante. 

2. Formation d'unfifilm d'eau adsorbe'e sur ces 
grains 

Les Sn4' B la surface des grains jouent le r6le 
d'acide de Lewis et l'adsorption de la vapeur 
d'eau se fait prCfCrentiellement sur ces sites. Les 
Sn4'.xH,0 isolCs sur la surface servent ensuite 
de germes B la formation d'un film d'eau qui 
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entoure finalement les grains qui commencent 
alors B s'agglomkrer entre eux. Le film form6 est 
le sitge de la prochaine Ctape conduisant B la 
coloration jaunltre. 
3. Formation des colloi'des Sn(OH),.xH20 et des 

ions Sn2+ .xH2 0 et SnHSO,+ dans le film : 
apparition de la coloration 

Le film d'eau Ctant formC, les ions Sn4+-xH20 
et Sn2+ a la surface des grains se dissolvent dans 
le film. La poursuite de l'hydrolyse des ions 
stanniques conduit principalement a la formation 
des collo'ides Sn(OH),.xH,O (4) qui ont CtC mis 
en Cvidence par spectrophotomCtrie infra-rouge 
alors que I'hydrolyse des ions stanneux conduit 
a la formation des ions SnOH', Sn2(OH)22+, 
Sn,(OH)2' (5). Cette hydrolyse augmente 
I'aciditC du film d'eau adsorbie. Lorsque 
l'aciditk devient sufisante les ions Sn2+.xH20 et 
SnHSO,' prCdominent sur les autres ions 
stanneux (6). La prCsence simultanke de com- 
posCs stanneux et des colloides stanniques dans 
le film d'eau acidifiCe conduit a la forma- 
tion des complexes de transfert de charge 

lSn(I1)-4Sn(IV) dCja CtudiCs dans les mClanges 
de solutions stanneuses et stanniques par Paul 
et al. (7) et Feldstein et al. (8). Ces complexes 
sont caracttrids, comnle l'illustre les spectres de 
la fig. 2 par une absorption intense dans I'uv qui 
s'Ctend parfois jusqu'au visible pour confCrer 
aux n~Clanges une coloration jaunltre. Durant 
nos travaux (9) nous avons confirm6 les rCsultats 
de ces auteurs et nous avons montrC que les 
complexes 1 Sn(I1)-4Sn(IV) sont observCs chaque 
fois que l'on met en prCsence des colloides 
stanniques et des complexes stanneux du type 
Sn2+.xH20 ou SnX+ o i ~  X reprCsente les anions 
usuels a l'exception de F-. 

Une vtrification du micanisme propost 
nous est fournie par la mise en solution des 
poudres de sulfate stanneux contaminkes; la 
fig. 3 prCsente les spectres d'absorption uv- 
visible de trois solutions SnSO, 30 g/e ,  en milieu 
H2S04 10% V. Ces spectres ont CtC rCalisCs 
immCdiatement aprks la dissolution des poudres 
qui contenaient respectivement 0.8, 1.5 et 2.6% 
d'impuretis stanniques. On constate que l'ab- 
sorption se prCsente sous la forme d'un seuil qui 

LONGUEUR D'ONDE (nm) 

FIG. 2. Spectres d'absorption uv-visible d'une solution 
stanneuse, d'une solution stannique et de leurs melanges 
en milieu HCl, pH = 0.6. a, Solution stanneuse fraiche- 
ment preparee (SnC12.2H20, 5 x M); 6 ,  solution 
stannique vieillie pendant 24 h (SnCI4.5H20, 5 x 
M); c, melange Bquimolaire, 2.5 x M Sn total; d, 
melange Cquimolaire, 5.0 x M Sn total; e, melange 
Bquimolaire, 1.0 x M Sn total. 

LONGUEUR D'ONDE (nm) 

FIG. 3. Spectres d'absorption uv-visible de solutions 
SnS04 30 g/!, H2S04 10%. a, Poudre contenant 0.8% 
d'etain stannique; b, poudre contenant 1.5% d'dtain 
stannique; c, poudre contenant 2.6% d'etain stannique. 
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se dtplace vers le visible lorsque la concentration 
en impuretts stanniques augmente. L'allure de 
ces spectres dans le proche uv est comparer 
avec l'allure des spectres des solutions jaunltres 
rtsultant des mtlanges des solutions stanneuses 
et des solutions contenant des colloi'des stan- 
niques de la fig. 2 et avec I'allure des spectres des 
poudres de la fig. 1. La dissolution du sulfate 
contenant 2.6% d'impuretb stanniques a entraTn'nC 
l'apparition immediate de la coloration jaunltre 
de la solution (spectre c). 

Conclusion 
La coloration qui apparait progressivement 

sur les poudres blanches de sulfate stanneux est 
attribuable a la formation de complexes de 
transfert de charge lSn(I1)-4Sn(IV) dans le film 
d'eau adsorbte et acidifite entourant certains 
grains. Ces complexes solit formts par la fixation 
d'ions Sn2+.xH20 ou SnHSO," a la surface des 
colloi'des Sn(OH),.xH,O obtenus par oxydation 
et hydrolyse du sulfate stanneux. Le mkcanisme 
propost rend compte des rtsultats observes et 
met bien en tvidence le r61e de l'oxydation et de 
l'humiditt dans l'obtention de la coloration; 
pour qu'apparaisse cette coloration les con- 
ditions d'obtention des constituants du complexe 
de transfert de charge doivent Ctre respecttes, 
c'est-&dire que Sn(OH),.xH,O d'une part et 
Sn2+.xH2O ou SnHSO," d'autre part puissent 

exister. Ainsi en chauffant a 200°C une poudre 
jauniitre, celle-ci contient toujours les colloi'des 
stanniques mais la disparition du film d'eau 
adsorbke entraine la disparition des complexes 
stanneux et cause la disparition de la coloration. 
La dissolution en milieu acide de cette poudre, 
entraine l'apparition immtdiate de la coloration 
jaunltre de la solution. 

Dans un cadre plus gtntral, nous pensons que 
la coloration jauniitre rapportte dans les poudres 
des composts stanneux et stanniques autres que 
les sulfures pourrait Ztre due a une seule et mCme 
cause, c'est-a-dire a la prtsence des complexes 
de transfert de charge dans ces poudres. 
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A detailed assignment of the 0 - H  stretching bands of ice 1' 
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E. WHALLEY. Can. J.  Chem. 55,3429 (1977). 
A detailed assignment of the infrared and Raman 0-H stretching bands of disordered ice Ih 

and Ic is proposed. It is based on the assumptions that the spectra of disordered ice Ic are closely 
related to those of ordered ice Ic, and that the spectra of the as yet unrealized ordered ice Ic can be 
predicted from the spectra of ice VIII. The supposed similarity between the spectra of ordered 
and disordered ice Ic is justified by the observed similarity of the spectra of ice VIII and VII, 
which are respectively ordered and disordered forms of the same structure and are closely related 
to ordered and disordered ice Ic. The assignment takes into account the intermolecular coupling, 
which is particularly strong for the v, vibrations but weak for the v,, and the TO-LO splitting, 
particularly of the v, vibrations, which is shown to be required by the high infrared intensity. The 
infrared and Raman bands of amorphous ice have been assigned by analogy with the assignments 
ofice I .  

E.  WHALLEY. Can. J .  Chem. 55,3429 (1977). 
On propose une attribution detaillee des bandes d'elongation 0 -H en ir et en Raman des glaces 

desordonnees Ih et Ic. Cette attribution est basee sur l'hypothese que le spectre de la glace 
desordonnee Ic resemble beaucoup A celle de la glace ordonnee Ic et que le spectre qui n'a pas 
encore kt6 obtenu pour la glace ordonnee Ic peut 2tre predit A partir du spectre de la glace VIII. 
Les similarites supposees entre les spectres des glaces Ic ordonnee et dtsordonnee sont justifiees 
par la similarite observee dans les spectres des glaces VIII et VII qui sont respectivement les 
formes ordonnees et desordonnees de la mCme structure et sont tres reliees aux glaces Ic 
ordonnee et desordonnee. L'attribution rend compte du couplage intermoleculaire, qui est par- 
ticulierement fort pour les vibrations v ,  mais faible pour v,, et le dedoublement TO-LO, en 
particulier des vibrations v,, qu'on demontre Ctre necessaire par consequence de la grande 
intensite du spectre infrarouge. On a attribue les bandes infrarouges et Raman de la glace 
amorphe par analogie avec les attributions de la glace I. 

[Traduit par le journal] 

1. Introduction 
The detailed origin of vibrational bands in 

crystalline solids can usually be determined by 
using techniques such as the infrared or Raman 
intensities and polarizations, transferability of 
force constants, normal coordinate calculations, 
etc. These techniques can be applied because 
there is always a high symmetry (even if it is only 
the translational symmetry) which restricts the 
number of spectroscopically active bands to a 
countable number. The vibrational bands of 
solids with a high degree of disorder cannot be so 
easily assigned in detail because or more 
vibrations per mole are actually observed, and 
because polarization does not provide much 
information. 

The spectra in the 3-ym region in ice are un- 
doubtedly due to the 0-H stretching vibrations, 
but in spite of many discussions, little real pro- 
gress has been made in assigning them in detail, 

'NRCC No. 16037. 

as is described in Section 2. Many of the assign- 
ments are based on ad hoc assumptions that 
cannot be justified by appeal to other evidence. 
One reason for this lack of progress is that 
nearly all discussions have concentrated on the 
vibrations of a single water molecule, and have 
ignored the strong intermolecular coupling. To 
understand the spectrum of ice in detail, it must 
be approached from the point of view of solid- 
state spectroscopy, not isolated-molecule spec- 
troscopy. A start has already been made in this 
program (I), and the strong 0-H stretching 
Raman band at 3083 cm-I at 100 K has been 
firmly assigned to intermolecularly coupled v, 
vibrations moving in phase with one another, 
and it has been shown (2) that at least 25 mole- 
cules take part in each vibration. 

The purpose of this paper is to propose a 
detailed assignment based on the following 
assumptions. 

1. The spectra of ice Ic are closely related to 
the spectra of orientationally ordered ice Ic. 
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2. The spectra of ordered ice Ic can be pre- 
dicted by analogy with the spectra (3-5) of ice 
VIII ( 6 4 ,  whose crystal is made (9, 10) of two 
interpenetrating ice Ic structures oriented anti- 
parallel to one another. 

3. The spectra of ice Ih can be assigned by 
direct analogy with the spectra of ice Ic, with 
which they are identical within experimental 
uncertainty. 

2. Previous Assignments 
The vibrational spectrum of ice has probably 

been studied more than the spectrum of any 
other crystal, but its interpretation is still in a 
primitive state and the purpose of this section is 
to review the progress that has been made so far 
as an introduction to the proposals of this paper. 
A number of papers that report experimental 
measurements without an interpretation have 
been omitted; the earlier ones are reviewed by 
Ockman (1 1). 

The absorption of ice in the 3-pm region has 
been known for many years (12, 13) but it was 
not until 1940 that films thin enough to show 
the structure were examined (14), and the peak 
at 3256 cm-I at -9°C was identified. Typical 
spectra are reproduced in Fig. 1 in the 5th and 
7th frame from the top. 

Ice was studied (15, 16) in the very early days 
of Raman spectroscopy, and three bands were 
observed near 3200 cm-I. They have been 
assigned in many ways. Rao (15, 17, 18) thought 
they were due to  the water monomer, dimer, and 
trimer, which had been supposed to occur by W. 
Sutherland (19). G.B.B.M. Sutherland (20) dis- 
missed the trimer but assigned the strong low- 
frequency peak to the dinier, and the two higher 
frequency peaks to Fermi resonance between the 
stretching and the overtone of the bending 
vibrations. Sutherland was influenced by Denni- 
son's (21) (correct) finding of a hexagonal unit 
cell and proposal that it was a hexagonal close 
packed arrangement of dimers. Although the 
proposal is not entirely incorrect, Bragg (22) 
soon showed that the correct configuration 
allowed no unique choice of dimers, aiid this 
was later fully confirmed by Barnes (23). Rao 
(17) and Cross et al. (24) introduced a distinction 
between the symmetric v, and asymmetric v, 
stretching vibrations in discussing the spectrum 
of ice, and Ellis (25) had discussed the spectrum 
of the liquid in these terms several years earlier, 
before in fact the symmetric stretching had been 

identified in the vapor (26). However, Rao (17) 
interpreted the spectrum in terms of polymers 
and Cross et al. (24) made their interpretation in 
terms of differently hydrogen-bonded water 
molecules although it had been known (22, 23, 
27) for some years that the water molecules are 
crystallographically equivalent. This interpreta- 
tion has been revived (28) recently, but with no 
greater cogency. Venkatesh et al. (29)' have 
made a related suggestion that the 3370-crn-' 
Raman band of amorphous ice is due to v, of 
molecules with bent hydrogen bonds. There 
appear to be no arguments that strongly support 
this assignment, but there are two strong argu- 
ments against it. The first is that ice Ih and Ic 
(30) have a similar band which probably has the 
same origin, but have only one kind of hydrogen 
bond. The second is that the resolution proposed 
by the authors assigns about 30% of the Raman 
intensity to the bent hydrogen bonds, whereas 
the supposed contribution of the bent hydrogen 
bonds to the uncoupled 0-H stretching band is 
only 12% of the band. 

Fox and Martin (14) assigned the strongest 
Raman band to v, and the strongest infrared 
band to v,. The only significant improvements 
on this assignment are the recognition (3 1) of the 
fact that intermolecular coupling is responsible 
for a large part of the breadth of the band aiid 
that disorder would result in broadened bands, 
and specifically (32) that all loz4 or SO normal 
vibrations are infrared and Raman active, and 
a more precise assignment (1) of the low- 
frequency Ramaii band to the v, vibrations that 
are intermolecularly coupled in phase with one 
another. 

Hornig et al. (3 1) dismissed assignments based 
on different coordinations, and suggested that 
the three principal infrared bands were, in order 
of increasing frequency, 2v2, v,, and v,. The 
strongest Raman band was identified as 2v,, an 
impossible assignment as the stronger com- 
ponent of a Fermi doublet is principally the 
fundamental, and they were apparently unaware 
of Sutherland's (20) different assignment of 
2v2. Ockman (1 1) reversed this assignment of v, 
and 2v, to the Raman bands, and this reversal 
was accepted by Haas and Hornig (33), and by 
many later workers (34, 35). 

Val'kov and Maslenkova (36) assigned the 

'Since this paper was submitted Dr. Rice has told me 
that this suggestion is withdrawn in a paper accepted by 
Chem. Phys. Lett. 
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FIG. 1. Infrared and Raman spectra in the 0-H 
stretching region of ice VIII (Raman only), VII (Raman 
only), Ih, and amorphous ice under various conditions as 
indicated. 

3323- and 3400-cm-I Raman bands to com- 
binations of 3083-cmF1 and the 230- and 310- 
cm-I lattice vibrations respectively. Ockman 
(11) suggested other combinations, and Hardin 
and Harvey (37) accepted that the 3340-cm-I 
infrared band is a combination. But the bands 
seem too strong for this, and the corresponding 

difference bands are not observed in the Raman 
even at 0°C (1 I). White (38), Miller (39), Maisch 
(401, and Ockman (41) were the first to take 
account of coupling between water molecules, 
although the work was never fully published, 
and although the work was important in con- 
tributing to our general understanding, it did 
not lead to any significant advance in the assign- 
ment of the spectra. Maisch (40), Ockman (411, 
and Ockman and Sutherland (42) took specific 
account for the first time of the orientational 
disorder which had been known for nearly 20 
years (43, 44aI3 and calculated the Raman (40) 
and infrared (41, 42) polarizations. Bertie and 
Whalley (32) argued that because of the strong 
intermolecular coupling and the lack of selection 
rules caused by the disorder, the number of peaks 
and shoulders could not be predicted from the 
vibrations of an uncoupled water molecule, and 
that there was no strong evidence that 2v2 con- 
tributed significantly. These points were made 
again later (451, and it was emphasized that the 
observed absorption or scattering intensity is 
the density of vibrational states multiplied by an 
absorption or a scattering intensity function. 
Venkatesh et al. (29) found no evidence for 2v, 
in the Raman spectrum of amorphous ice. Little 
further progress was made until Wong and 
Whalley (1) assigned the 3083-cm-I Raman 
band to the particular group of v, in-phase 
vibrations in which the molecules move in phase 
with one another. 

A theoretical investigation by Shawyer and 
Dean (46) showed that the orientational disorder 
ensured that the vibrations were much more 
localized than in a perfect crystal, but used too 
little intermolecular coupling and so obtained 
too narrow v, and v, bands. The calculated 
degree of localization is therefore unreliable. 
Recently (2), a lower limit of about 25 molecules 
to the extent of the coupling has been obtained 
from the width of the strong Raman band. 

Gurikov (47) assigned the 3210-cm-I infrared 
band to the vibrations of 0-H bonds parallel 
to the c axis and the 3450-cm-I band to the 
vibrations of bonds inclined to the c axis. 
Mikhailov and Zolotarev (48) described a more 
elaborate assignment based on the same distinc- 
tion between the bonds. There are two strong 
reasons for not accepting this assignment. The 
first is that the infrared spectrum of dilute 

3See ref. 446 for a summary. 
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solutions of HDO (32, 33, 37) are not consistent 
with two significantly different kinds of 0-H 
bond, and the ratio (49, 50) of the unit cell 
edges is only 0.3% from the ideal value for 
perfect tetrahedral coordination. The second is 
that all the bonds in ice Ic are crystallographically 
identical, but nevertheless its infrared (32, 37)4 
and Raman spectra (30) are identical with the 
spectra of ice Ih within experimental error. 

The present state of knowledge can be sum- 
marized by saying that the strong Raman band 
is due to v, vibrations (14) in which the molecules 
are vibrating largely in phase with one another 
(I), and the strong infrared band is due to v, 
vibrations (14) in which the molecules are 
vibrating largely in a phase correlated with their 
orientation (1). 

3. Spectra of Ice VIII and VII 
3.1. Ice VIII 

Ice VIII forms a tetragonal crystal consisting 
of two interpenetrating ice Ic structures, one 
with the axes of its water molecules parallel to 
the c axis, and the other with the axes anti- 
parallel to the c axis (9, 10). The primitive cell 
contains four translationally inequivalent mole- 
cules, which are illustrated in Fig. 2. The crystal 
space group is I4,/amd, D$ and the water 
molecules are on sites of symmetry C,,. Con- 
sequently the v, (symmetric stretching) and v, 
(antisymmetric stretching) motions do not 
couple with each other at the center of the 
Brillouin zone. The v, vibrations of the individual 
molecules couple to form Raman-active A,, and 
B,, vibrations, an infrared-active A,, vibration, 
and an inactive B,, vibration. The v, vibrations 
form a Raman-active E, and an infrared-active 
E, vibration (3). 

The Raman spectra of H,O and D,O ice 
VIII (3) at 100 K and zero pressure are shown in 
Fig. 1, and the bands are labelled by their form 
and species. The spectrum agrees well with an 
earlier spectrum (51) using mercury excitation. 
The infrared spectrum has not been reported; 
there should be two bands in this region, v,a,, 
and v,e,. v,e, should be close in frequency to 
v,e, for the following reason. If the coupling 
between molecules in the same substructure of 
ice Ic can be described by a coupling constant 
between two 0-H bonds that are hydrogen 

4Hardin and Harvey (37) relied on making cubic ice 
by warming amorphous ice, and did not verify indepen- 
dently that ice Ic was formed. 

bonded together, as in 0-H---0-H, the 
contribution to the potential energy of the 

/ .  
interaction 0-H---0 1s zero because in the 

'i 
H 

v, vibration one 0-H expands and the other 
contracts. For a similar reason the coupling 
between the near-neighbor nonbonded molecules 

,Hp 0-H 0 is zero. Consequently, v,e, and 
Y 

H 
v,e, have approximately the same frequency, 
and that frequency is approximately the same as 
that of a water molecule uncoupled from the rest 
of the crystal (3). 

This conclusion can be stated more formally 
in terms of group theory. Each ice Ic substruc- 
ture belongs to the space group I4,md, Ci,1, and 
molecules 1 and 2 are related by the operation 
+ C4 and a z-axis translation. The character of 
+ C4 for the E species is zero, and consequently 
if coupling of the v, vibrations with translational 
and rotational motions is neglected, the two 

FIG. 2. The relationship between the four molecules in 
the primitive unit cell of ice VIII. Molecules 1 and 2 form 
an ice Ic structure with its dipole moment upwards, and 
molecules 3 and 4 form one with its dipole moment 
downwards. 
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components of the v,e normal coordinate can is given by the generalized Lyddane-Sachs- 
be considered as the v, vibration of molecule 1 Teller relation (53) 
and the v, vibration of molecule 2. The v, 
vibrations are therefore coupled only between v1azULO - noz 
molecules having their planes parallel to one v1azUTO n,, 
another, i.e. only between second, fourth, etc. 
neighbors. 

v3egLO - no, 

In D 2 0  ice VIII, the weak vlbl, band is at a v3egT0 n,, 

lower frequency than the medium v,e,, whereas where no and n ,  are the limiting low-frequency 
in H,O ice VIII it is at a higher frequency. The and high-frequency refractive indices of the 
separation between them in H 2 0  ice VIII is 
29.8 cm-' at -100 K and zero pressure. The 
hydrogen-deuterium isotope ratios for the v, and 
v, vibrations are respectively 1.365 and 1.342 
(3), which are close to the values in the vapor 
(52), and arise from the different reduced masses. 
The effect of these ratios is to change v,b,,- 
v,e, from 29.8 cm-I in H 2 0  to -20.7 cm-I in 
D20 .  At 103 kbar and 118 K the intermolecular 
coupling has increased so much that the ya , ,  
band of H,O has decreased to -3030 cm- (as 
read from Fig. 1 of ref. 4) or about 53 cm-I 
below the corresponding ice Ih band at zero 
pressure, and the distance between the vial, and 
v,b,, bands is -400 cm-l, which is comparable 
to the breadth of the ice Ih band. At the same 
time, the separation of v!b,, and v,:, has in- 
creased to 185 cm-', and it is very unlikely that 
the isotope effect can reverse the order. In fact, 
if the isotope ratios that occur at 100 K and zero 
pressure (3) occur at 103 kbar, which seems 
likely as at zero pressure they are only 0.4% 
below the value in the vapor, the frequencies are 
-2454 and -2358 cm-l, a separation of 95 
cm-l.  In Section 4, the Raman spectrum of ice 
VIII will be used to assign the Raman spectrum 
of ice Ic. A reversal of order is unlikely to 
occur in ice Ic, where the intermolecular coupling 
is of comparable magnitude to that in ice VIII 
at 103 kbar and 118 K, but the two bands may 
be much closer together in D 2 0  than in H 2 0 .  

Away from the zone center, the v,aZu and 
v3eu vibrations should be split by the long-range 
electric field arising from the transition moments 
of the molecules. The vlazU vibrations propa- 
gating along the z direction, which are longi- 
tudinal optic (LO) vibrations, should be raised 
in frequency by the long-range field, while the 
v,a2, vibrations propagating along the x,y 
directions, which are transverse optic (TO) 
vibrations, would not be affected. The de- 
generacy of the v3eu vibrations is split by a 
similar process. The ratio of the two frequencies 

infrared band, and subscripts x and z indicate 
the x and z principal values. 

The change of refractive index across the 0-H 
stretching bands of ice VIII is not known, but 
the contribution of all the infrared bands is. The 
mean permittivity at 10 kHz extrapolated to  
100 K and 22 kbar, which is +(2n0,2 + no:), is 
4.32 (8). The effect of pressure is not known; 
increasing the pressure will increase the per- 
mittivity by increasing the density and probably 
the infrared absorption intensity, and decreasing 
some frequencies, and will decrease it by in- 
creasing some frequencies. It will be neglected. 
The mean permittivity at visible frequencies is 
2.59, calculated assuming that the electronic 
polarizability of the water molecule is the same 
in ice I and ice VIII (8). The change of the mean 
refractive index across the infrared bands is (8)  
therefore 0.47 which is the same as the cor- 
responding value for ice I (54). Because nothing 
further is known, it seems not too unreasonable 
to assume that the 0-H stretching region con- 
tributes the same proportion of the infrared 
contribution to the refractive index in ice I and 
ice VIII. Then the change of the mean refractive 
index across the 0-H stretching bands in ice 
VIII is (54) about 0.0308. 

The v, band contributes to the z component 
of the refractive index and the v, band to the x 
and y components, which are equal. We have 
then 

[ I ]  2(no, - n,,) + (no, - n,,) = 0.0924 

The contribution of a band to the change of 
refractive index across it is proportional to the 
Kramers-Kronig integral J KvP2 dv across it. If 
the changes of dipole moment when the two 
0-H bonds stretch independently are at the 
tetrahedral angle to one another, the integrated 
intensity of the v, band is a half that of the v, 
band. If the difference of the frequencies is 
ignored, as they must be at present because they 
are not known, then because of the Kramers- 
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Kronig integral, 

[21 n0x - nmx = 2(noz - nmz) 

From eqs. 1 and 2 

no, - n,, = 0.037 
[3 I 

no, - n,, = 0.019 

As the optical birefringence of ice VIII is not 
known, it will be neglected. We then find 

There is in the Raman spectrum of ice VIII (3) 
an unreported weak band at - 3524 cm-I in 
H 2 0  and -2625 cnl-' in D,O. If these are the 
v3euL0 vibrations, the corresponding TO vibra- 
tions are at 3445 and 2566 cm-' respectively. 
These frequencies are 2 and 3 cm-' respectively 
below the v,e, vibrations. The e, vibrations 
should be similar in frequency to the e, because 
the first-neighbor intermolecular coupling of the 
v, vibrations sl~ould be small (3), as was shown 
earlier. The e, vibrations should of course be 
Raman inactive, and if this assignment is correct 
they must be activated by some as yet un- 
recognized disorder. In any case, it seems likely 
that they are close to the v3euL0 frequencies 
because v3eu and v,e, are close and eq. 4 holds. 
The assignments are summarized in Table 1. 

3.2. Ice VII 
The Raman spectra of ice VIII at  31 kbar and 

- 17.4"C and of ice VII at 25 kbar and 16.1°C 
according to Hawke et al. (5)5 are also shown in 
Fig. 1. The spectrum of ice VIII is broadened 
from that at -100 K, no doubt because of 
thermal excitations, and vial, is displaced down- 
wards in frequency from 3358.8 cm- ' to  - 3277 
cm-l, v,b,, from 3477.4 cm-' to -3436 cm-I, 
and v3es from 3447.6 to -3368 cm-'. No doubt 
the decrease of frequency due to increased 
pressure dominates the increase due to increased 
temperature. Bands corresponding to v3euL0 
cannot be clearly identified because of overlap, 
but there is a high-frequency tail at  -- 3460 cm-' 
that might be caused partly by LO vibrations. 

When ice VII is formed, the spectrum, which 

5The frequencies were read from a photocopy of the 
original of ref. 5, Fig. 6. 

is shown in Fig. 1 at 25 kbar and -292 K 
retains6 its character except that the bands 
broaden enough to cause the two higher fre- 
quency peaks to merge, and the frequencies of 
all the peaks increase by about 30 cm-'. At 73 
kbar (4), all the bands shift to lower frequency 
and the lower the frequency the more the shift, 
no doubt for reasons similar to those causing a 
related temperature effect in ice I (I). Because of 
this, the two higher frequency peaks again 
separate. 

The orientational disorder that is produced 
(6-8) when ice VIII is converted to ice VII 
destroys all the selection rules that limit the 
spectrum of the crystal, and all vibrations be- 
come active. The normal vibrations can no 
longer be characterized by wave vectors, and 
they presumably become more localized. They 
do not shift much in frequency so they do not 
become localized enough to seriously reduce the 
effect of the intermolecular coupling on the 
frequency. It has been concluded (2) that in ice 
Ih more than about 25 molecules take part in 
the v, in-phase stretching vibrations, and per- 
haps the increase in frequency and band width 
from ice VIII to VII is partly due to  a reduced 
extent of intermolecular correlation. 

The similarity of the spectra of ice VII and 
VIII indicates that the vibrations of ice VII 
retain a good deal of the v, or v, character that 
they had in ice VIII. The 3130-cm- ' band (at 
73 kbar) is therefore due largely to coupled v, 
oscillatjons with the molecules moving nearly in 
phase; the 3350-cm-' band is due largely to v, 
oscillations in which neighboring molecules 
move out of phase; and the 3260-cm-' band is 
due largely to v, oscillations whose frequencies 
are expected to be little influenced by inter- 
molecular coupling, as was argued above. This 
assignment is summarized in Table 2. 

The similarity of the Raman spectra of ice 
VIII and VII suggests that the Raman spectra of 
orientationally ordered and disordered ice Ic 
should also be similar to one another. Therefore, 
a detailed assignment of disordered ice Ic can be 
based on an assignment of ordered ice Ic. By an 
extension of this argument, it seems likely that 
the spectra of orientationally ordered and dis- 
ordered ice Ih are also closely related to one 
another. This argument will be pursued in 
Section 4. 

6Similar spectra are reported at this pressure and 295 K 
in ref. 4 and 289 K in ref. 5. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WHALLEY 

TABLE 1. Summary of assignments of the 0-H stretching Raman bands of ice 
VIII 

Vibrational 
form and 

species 

H2O D20 
- 

0 kbar, 100 K 31 kbar, 256 K 103 kbar, 118 K 0 kbar, 100 K 

UWong and Whalley (3). 
bcalculated in this paper. 
=From the spectra of Wong and Whalley (3). 
#From Fig. 6 of Hawke et  a / .  ( 5 ) .  
=From Fig. 4 of Holzapfel et  a1..(4). 

4. Ice Ic and Ih 
The Raman spectrum of ice VII is very similar 

to that of ice l h  and Ic. This is shown in Fig. 1 
for ice VII and Ih, and the Raman spectra of ice 
Ih and Ic are identical to one another within 
present accuracy in both the Raman (30) and the 
infrared (32, 37).4 However, the mercury- 
excited Raman (30) spectrum did not contain 
the bands at  3420 (1) and 2515 cm-I (1) in H,O 
and D 2 0  respectively, so it can only be inferred 
that they are present in ice Ic. The similarity of 
the structures of ice VII and Ic suggests that the 
bands of ice Ic can be assigned by analogy with 
the bands of ice VII. The assignment of ice Ih 
can then be made by analogy with ice Ic. 

4.1. Ordered Ice Ic 
Before discussing the actual disordered ice Ic 

it is worth discussing the hypothetical ordered 
structure in which the molecular dipoles are 
parallel to one another. The unit cell is repre- 
sented by molecules 1 and 2 (or alternatively 3 
and 4) in Fig. 2. It  is tetragonal and belongs to 
space group I4,md, Ci,1 with two molecules in 
the primitive cell and four in the conventional 
body-centered cell. I t  forms one of the inter- 

TABLE 2. Assignment of 0-H stretching bands 
of ice VII 

v/cn~- la 

25 kbar, 16°C 73 kbar, 22°C Assignment 

- 3305 3130 s vl in-phase - 340Ob 3260 m v3 - 3450b 3350 w vl out-of-phase 

UFrom Fig. 6 of Holzapfel et al. (4). 
*These bands are not resolved. 

penetrating substructures of ice VIII, the other 
being the same structure with its polarity 
reversed. The molecular site symmetry is C,,, so 
that the v, and v, vibrations do not couple a t  
the center of the Brillouin zone. 

The v, vibrations are split by intermolecular 
correlation into a v,a, and a v,b, vibration, and 
v, forms a degenerate v,e vibration. Each of 
these is of course split into a gerade and an un- 
gerade vibration when two such structures are 
combined to form ice VIII (3) and the cor- 
responding gerade vibrations are active in the 
Raman s~ectrum. All the vibrations of ordered 
ice Ic are active in the Raman, and v,a, and 
v,e but not v,b, are active in the infrared. 

The effective charge for the stretching of an 
0-H bond is (54, 58) 4.0 D A-1  or about 0.8 
of an electronic charge, and the direction is 
uncertain. The zone-center vibrations of ordered 
ice Ic then s ~ l i t .  as one moves from the zone 
center, into a TO branch whose frequency is 
little changed from the zone center, and an LO 
branch, whose frequency is increased by the 
long-range electric field generated by the vibra- 
tion. Both the a, and the e vibrations have a 
finite infrared activity and so generate a TO-LO 
splitting. 

The change of refractive index across the 0-H 
stretching vibrations of disordered ice 11.1 is 
0.0308 (54). It  will be assumed that the same 

\ z 

change of refractive index occurs in disordered 
ice Ic, whose infrared (32, 37) and Raman (30) 
spectra are identical within present experimental 
error with that of ice Ih. and in ordered ice Ih 
and Ic, which have not yet been prepared. 

If the dipole-moment changes caused by 
stretching the two 0-H bonds in ice I are at the 
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tetrahedral angle to one another, the integrated 
infrared intensities of the v, and v, bands are 
the ratio 1 to 2. This implies that the change of 
refractive index across the v,a, band is 0.019 
and across the v3e band is 0.037, where the 
difference in frequencies has been neglected. The 
optical refractive index of ice Ih is nearly iso- 
tropic, and hence that of ordered ice Ic will be 
assumed to be so. Then 

The v,a, vibration of ordered ice Ic will surely 
have a frequency similar to  that of the strong 
Raman band of disordered ice Ih, which is due 
to v, in-phase vibrations (I). It is therefore at 
3083 cm-I. The v,e is surely the second peak, at 
3209 cm-l. It almost coincides with the infrared 
maximum at 3220 cm-I, as it should because v, 
is much stronger than v, in the infrared. The 
v,b, frequency can be estimated as follows. 
Holzapfel et al. (4) have plotted the vlalg, 
vlblg, and v,e, frequencies of ice VIII against 
the 0 - - 0  bond length. When v,a,, is at  3083 
cm-I, vlblg is at 3390 cm-' and v3e, is at 3210 
cm-'. In ordered ice Ic, it is expected therefore 
that when v,a,TO is at 3083 cm-' and v3eT0 at 
3209 cm-l, then vlbl would be about 3390 cm-'. 
From eq. 5 v,a,LO is predicted to  be at 3129 
cm-I and v,eLO at 3299 cm-l. These bands 
and the corresponding bands for D,O and the 
methods of obtaining them are listed in Table 3. 

4.2. Disordered Ice Ic 
The similarity between the spectra of ice VII 

and VIII suggests that the spectra of disordered 
and ordered ice Ic will be similar and that the 
bands of disordered ice Ic can be assigned by 
analogy with those of ordered ice Ic. 

It is important to be clear about what is 
meant by an assignment of the bands of a highly 
disordered material; it is not quite the same as 
the assignment of a perfect crystal. Of course, 
all the 1.2 x loz4 0-H stretching vibrations per 
mole of ice are optically active, and so the bands 
are usually broader than the bands of the crystal. 
The spectrum is the density of states at each 
frequency multiplied by a mean intensity func- 
tion at that frequency. The identification at- 
tempted in this paper is a description of the 

TABLE 3. Predicted infrared and Raman bands of ordered 
ice Ic in space group 141md, Ci: 

v/cm -I 
Form and Optical - Isotope 

species activity H 2 0  D 2 0  ratio 
- 

vlalTO R, ir 3083" 2295a 1.343" 
vlalLO R, ir 3129b 2329b 1.343 
vlb, R 3390" 2524* (1.343)= 
vJeTO R, ir 3209" 2429" 1.321 
vaeLO R,  ir 3299b 24Wb 1.321 

"By analogy with ice Ih (1) and Ice VlII (3, 4). 
bCalculated from eq. 5. 
CBy analogy with ice VIII (3, 4). 
dCalculated from the frequency for H 2 0  and the quoted isotope 

rntin 

"Assumed the same as for vlalTO. 

kinds of vibration that dominate the absor~tion 
or scattering at a particular frequency and that 
give rise to recognizable features. No doubt 
other vibrations overlap in frequency with the 
recognized features and also contribute to the 
spectrum and no doubt there is some coupling 
between v, and v3 vibrations, at least in some 
regions. To identify these more precisely is both 
an experimental and theoretical problem for the 
future. 

The observed infrared and Raman frequencies 
of ice Ih and Ic are summarized in Table 4 along 
with their assignments. The basis of the assign- 
ments is as follows. 

There seems little doubt that the 3083-cm-I 
band is due to coupled v, vibrations moving in 
phase, and corresponds to the v,a,TO vibration 
of ordered ice Ic. The corresponding band in ice 
l h  has already been assigned to these motions 
(1). The TO-LO splitting is predicted to be only 
46 cm-l, and the LO band may be hidden in the 
high-frequency end of the 3083-cm- band. The 
v, in-phase infrared band has its maximum at 
3150 cm-l, which is 67 cm- ' higher than the 
Raman maximum. In ordered ice Ic they would 
coincide. The difference of frequency is no doubt 
due to the different rules for adding the polar- 
izability-derivative scalars, which determine the 
Raman intensity, and the dipole-moment- 
derivative vectors. which determine the infrared 
intensity. In the vibrations having the maximum 
infrared intensity, the n~olecules vibrate in 
phases that are as much as possible correlated 
with their orientations, whereas the maximum 
Raman intensity occurs when the molecules are 
all in phase (1). The intermolecular coupling 
constant is negative (33), so the maximum in- 
frared intensity should be somewhat higher than 
the maximum Raman intensity. 
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TABLE 4. Assignment of the 0-H stretching infrared and Raman bands of ice I 

H z 0  D2O Isotope ratio 

Vibration Ramanb Infrared" Ramanb Infraredc Raman Infrared 

vi in-phased 3083 3150 2295 2332 1.343 1.349 
v,TO 3209 3220 2427 2425 1 .322 1.328 

nFrequencies are at 100 K. 
&From Wong and Whalley (1). References to earlier work are given in that paper. 
<Many authors have observed these bands. The frequencies quoted are from Bertie and Whalley (32). 

The 3150-, 3380-, and 2485-cm-1 bands are shoulders and the characteristic frequency is to  some extent 
arbitrary. 

dThe adjectives 'in-phase' and 'out-of-phase' mean that the molecules are moving, by and large, in phase 
and out of phase respectively with their immediate neighbors. 

*Calculated frequencies using the quoted isotope ratios. They are not experimentally resolved and the 
Raman maximum is at 2482 cm-1. 

fAssumed Isotope ratlos. 
m o t  observed In Ice lc, probably because lt 1s too w 

of Ice Ih. 

The strongest infrared band is at 3220 cm-' 
and undoubtedly corresponds to the v,e band of 
ice Ic. The v, vibrations probably occupy a much 
narrower band than the v, except for the TO- 
LO splitting, as was shown in Section 3. Accord- 
ingly, the 3209-cm-' Raman band is assigned to 
the same vibration. The difference between the 
infrared and Raman bands is 11 cnl-', about + 
of the difference between the infrared and Raman 
v, in-phase bands. This is as expected if the 
v, vibrational band is much narrower than the 
v,. Because the Raman peak corresponds to 
vibrations that are nearly in phase it will be 
taken as the v,TO band. The corresponding LO 
band is therefore predicted to be at 3299 cm-I. 
There is a weak Raman peak at 3323 cm-' 
which is therefore identified with v,LO. The v, 
out-of-phase band, corresponding to v,b, of 
ordered ice Ic, should be weak in the Raman 
spectrum and is assigned to the 3420-cm-I 
Raman band. A frequency of 3390 cm-' was 
predicted earlier in this section for ordered ice Ic 
by analogy with the spectrum of ice VIlI. In the 
infrared spectrum, only a single high-frequency 
shoulder at 3380 cm-I can be identified with 
overlapping v,LO and v, out-of-phase bands. 
These assignments are summarized in Table 4. 

For a model of ordered ice Ic which includes 
only nearest-neighbor coupling, the mean of the 
v,a, and v,b, frequencies would be the frequency 
of an uncoupled v, vibration. If this is also true 
for disordered ice I, as it should be, at least 
approximately, the uncoupled v, frequency 
would be 3252 cm-I. The uncoupled 0-H 
stretching frequency is 3273 cm-' (32, 37, 59), 
which is 22 cm-' higher. In the vapor the cor- 

leak for thetechnique used, as is the corresponding band 

responding bands differ by 50 cm-l. This differ- 
ence may be due to a smaller v,-v, splitting in 
the crystal than in the vapor or to the vibrations 
that contribute to the v, in-phase and out-of- 
phase bands not having near neighbors moving 
precisely in phase or out of phase respectively, or 
to a combination of both. Fifer and Schiffer (60) 
have shown that the v,-v, splitting of water 
molecules in several metal chloride hydrates is 
significantly smaller than in the vapor. While the 
hydrogen bonding in these salts may not be 
exactly comparable to that in ice I, the observa- 
tion is consistent with the proposed assignment 
of ice I. 

Longitudinal optic vibrations have occasion- 
ally been identified in .the past in disordered 
materials. Fournier et al. (61) have identified 
what appears to be an LO band in the Raman 
spectrum of liquid carbon tetrafluoride, Devlin 
et al. (62, 63) have identified LO bands in the 
Raman and attenuated total reflection spectra of 
orientationally disordered and molten nitrate 
salts, and Galeener and Lucovsky (64) have 
identified LO bands in the Raman spectra of 
vitreous silica and germania. A TO-LO splitting 
also appears to occur in the translational in- 
frared and Raman spectra of ice I (65). The 
occurrence of TO-LO splitting in disordered 
materials appears to be now well established. It 
presumably means that at least some of the 
normal vibrations are coupled over significant 
distances. 

The assignment of D 2 0  follows similar 
arguments except that the v3L0 and v, out-of- 
phase bands appear to overlap, and so their 
frequencies were calculated from the H 2 0  
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frequencies using the isotope ratios obtained for 
the v,TO and v, in-phase bands respectively. The 
frequencies are summarized in Table 4. 

4.3. Ice Ih 
Ice Ih has four n~olecules in a hexagonal cell. 

I t  can be considered as being made from two 
hexagonal puckered sheets stacked one on top of 
the other, and two molecules from each sheet 
make a unit cell. Each sheet has only one ordered 
arrangement of the protons having two mole- 
cules in the repeating unit, and it is shown by 
either the upper or lower pairs of either Fig. 3a 
or 3b. Two equivalent arrangements can be made 
by rotating the sheet +2n/3 about a vertical 
axis through any oxygen atom. Two ordered 
arrangements of ice Ih in the four-molecule unit 
can be made by stacking equivalent sheets on 
top of one another, puckered in the right way, 
or by alternately stacking rotationally equivalent 
but not identical sheets. The first gives a C,, 
structure in space group Pmc2,, C,: shown in 
Fig. 3a, and the second a C, structure in space 
group P1, C, shown in Fig. 3b. 

In the C,, structure, the molecules are all on 
sites of C, symmetry. Two have the plane per- 
pendicular to the n~olecular plane, so that v, 
and v, do not couple for these molecules at the 
zone center. The other two have the plane in the 
molecular plane, and so symmetry does not for- 
bid the coupling of v, and v,. 

Both structures have eight Raman-active 
vibrations, four v, and four v,, which may of 
course couple. The v, in-phase vibration will be 
particularly strong, and no doubt corresponds to 
the 3083-cm-' band of ice Ih and Ic. The v, 
vibrations will be only slightly coupled inter- 
molecularly, and all are active in the Raman. 
They no doubt correspond to the 3209-cm-I 
band. Only three v, infrared bands of the C,, 
structure are allowed, that belonging to the A,  
species being infrared inactive. Hence, a small 
difference in the infrared and Raman v, fre- 
quencies, which is experimentally about 11 cm- ', 
can be understood. The TO-LO splitting will 
occur, much as in ice Ic, and the 3323-cm-' 
Raman band is assigned to v,LO. The v, out- 
of-phase Raman band, which would belong to 
the A ,  species in C,, ice, no doubt corresponds 
to the 3420-cm- band. 

I t  seems likely therefore that this discussion 
provides an approximation to the assignment of 
the infrared and Raman bands of ice Ih, and 
that the assignment in Table 4 applies to dis- 

FIG. 3.  The two ordered arrangements of the water 
molecules in the four-molecule unit cell of ice Ih and 
their symmetry species. 

ordered ice Ih as well as to Ic. The caveat in- 
corporated into Section 4.2 should of course be 
kept in mind. 

Although ice Ih (43, 44) and Ic appear7 to be 
fully disordered within the restrictions of the ice 
rules, there is still a good deal of order. If there 
were no correlation of the orientations of neigh- 
boring molecules, the mean value of the reduced 
scalar product (p, . C12)/p2 of the dipole moments 
of near-neighbor molecules 1 and 2 would be 
zero, and if it were fully ordered it would be 1. 
As the orientations are fully disordered within 
experimental uncertainty and within the limits of 
the ice rules, the product is 3. Perhaps this large 
amount of local order is partly responsible for 
the visibility of particularly the Raman bands of 
ice I. 

5. Amorphous Ice 
The infrared (31, 32, 37, 68, 69) and Raman 

(29, 35, 70) spectra of amorphous ice have been 
investigated several times, and typical spectra 
are reproduced in Fig. 1. The infrared H,O and 
D,O spectra are from Buontempo (68) and 
Bertie and Whalley (32) respectively, and the 
Raman spectra are from Venkatesh et al. (29). 
The spectra of others are in substantial agree- 
ment. They are all similar to the spectra of ice Ih, 
the main differences being an increase in fre- 
quency, due no doubt to the distortion of the 
hydrogen bonds and an increased band width. 
The increase in band width is partly due to the 
variable distortion of the bonds, which causes a 
variation of the frequencies of the 0-H oscilla- 

7The similarity of the low-frequency permittivities of 
ice Ih and Ic (67) shows this. 
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TABLE 5. Assignment of the infrared and Raman bands of amorphous ice 

H z 0  D2O Isotope effect 

Vibration Ramanb Infraredc Ramanb Infrared Raman Infrared 

vl in-phase 3116 3191 2318 1.344 1.377 
v ~ T O  3220 3253 3281 2436 1.352 1.366 
vBLO 2483 1.358 
vl out-of-phase ::::I 3367 25301 2499 1.3771 

YFrequencies are at  -100 K. 
bAs resolved using Gaussian line shapes by Venkatesh et a / .  (29). The frequencies are somewhat 

arbitrary because the band is a product of a density of states and an intensity, and there is no reason to 
assume it is a sum of a limited number of Gaussian bands. 

<Frequencies taken from Hardin and Harvey (37). The spectra of D 2 0  (32) and H 2 0  (68) agree. 

tors (32), and perhaps to a decrease in the extent 
of the intermolecular coupling, so that small 
variations of the extent from vibration to vibra- 
tion will cause a variation of frequency. It 
appears (2) that the frequency of the in-phase v, 
vibrations that dominate the low-frequency 
Raman peak at 3108 cm-I at 30 K is not signifi- 
cantly broadened from its width in ice Ih by a 
decrease of coupling, but it is not known whether 
the other bands behave similarly. 

The similarity of the crystalline and amor- 
phous bands strongly suggests that they have 
similar causes. Consequently they can be assigned 
by analogy with the assignments of ice I, as 
given in Table 5. 

6. Ice VI 
The Raman spectrum of ice VI (5) at 14 kbar 

and 292 K resembles the spectrum of ice I, but 
the bands are broader, and are more like the 
bands of amorphous ice. Their centers are at 
-3180, 3310, and 3400 cnl-l, and there may be 
a significant band at -3500 cm-I. At atmo- 
spheric pressure and 77 K the strong Raman band 
is (51) at 3204 cm-' in H,O and 2370 cm-I in 
D,O. By analogy with ice I, the bands can be 
assigned to v, in-phase, v,(TO), and v, out-of- 
phase mixed with v,(LO), in order of increasing 
frequency. 

7. Discussion 
It  appears that a fairly detailed justifiable 

assignment of a quite complicated spectrum of a 
highly disordered material has been achieved, 
perhaps for the first time. The most likely avenue 
for further progress on ice is lattice dynamical 
calculations on ordered and eventually, but with 
much more difficulty, on disordered ice. Two 
calculations have been published, one (71) on 

the C,, ordered ice in the four-molecule cell and 
one (46) on disordered ice. Both, however, used 
too little intermolecular 0-H coupling, and so 
result in two too narrow and nonoverlapping 
bands of v, and v, vibrations. 

One of the conclusions from this work is that 
the spectra of disordered phases are frequently 
closely related to the spectra of the correspond- 
ing crystalline phases, and in the 0-H stretching 
region in ice I there appears to be almost a one- 
to-one correspondence. The correspondence 
extends even to the longitudinal vibrations, 
whose frequencies in the crystal are raised above 
the frequencies of the corresponding transverse 
vibrations by the long-range electric field in a 
well understood way (55). Their existence in 
disordered phases is less well u n d e r s t o ~ d . ~  When 
a crystal is disordered, the integrated infrared 
intensity of its strong bands is not markedly 
changed. The transition-moment coupling that 
causes the TO-LO splitting in the crystal is 
therefore still present with about the same 
magnitude. It will cause a long-range coupling 
of the atomic motions, and so also of course 
will the short-range forces which will also cause 
a finite range of coupling of the motions (46, 57, 
66). The vibrational spectra of models of dis- 
ordered solids resemble in general features the 
spectra of models of the corresponding crystals 
(46, 57, 66) and it appears that for most of the 
vibrations "the localization, although somewhat 
higher than for a crystalline solid, is by no means 
intense" (57). If this is so, it seems likely that 
many of the vibrations will have a significant 
plane-wave component of finite extent and can 
be approxin~ately characterized by a local wave 

'See the comments of E. Galeener appended to the 
paper by Galeener and Lucovsky (56). 
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vector. There will be vibrations in which the 
polarization is mainly parallel or respectively 
perpendicular to the wave vector, and so there 
will be local LO and TO vibrations having 
approximately the same separation as in the 
crystal. 

It appears therefore that the appearance of LO 
vibrations in highly disordered solids can be 
understood, at least on a qualitative and some- 
what intuitive level. 

8. Summary 
The arguments and conclusions of this paper 

can be summarized as follows. 
1. The 0-H stretching bands of ice are strongly 

coupled and can only be understood in detail 
from the point of view of solid-state spectros- 
copy, not from single-molecule spectroscopy. 

2. Ice VIII is composed of two interpenetrating 
ordered ice Ic structures. Its ex~erimental Raman 
and predicted infrared spectraLhave been used to 
predict the Raman and infrared spectra of 
ordered ice Ic. 

3. Ice VII is an orientationally disordered ice 
VIII whose Raman spectrum has similar features 
to that of ice VIII. An assignment of the ice VII 
bands follows from the assignment of the ice 
VIII bands. 

4. The similarity of the spectra and assign- 
ments of ice VIII and VII suggests that there will 
be a corresponding similarity in the spectra and 
assignments of ordered and disordered ice Ic. 
This allows the bands of disordered ice Ic to be 
assigned in some detail. 

5. The infrared and Raman spectra of ice I11 
and Ic are indistinguishable at present accuracy, 
and so the ice Ih bands can be assigned by 
analogy with the ice Ic bands. 

6. The high infrared intensity of the 0-H 
stretching bands of ice requires that there shall 
be strong TO-LO splitting of the bands of 
ordered ice Ic, particularly of the v,e band. The 
bands in ordered ice Ih should be split in a 
similar way. A band that can be considered to 
be derived from the v,e(LO) band of ordered ice 
has been identified in the Raman and infrared 
spectra. The v, bands should also show LO-TO 
splitting, perhaps by a smaller amount, but their 
effects have not been observed. The assignments 
are summarized in Table 4. 
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Etude par resonance paramagnetique electronique de la radiolyse de la pyridine 
N-oxyde en matrice vitreuse de methanol 

J .  P. QUAEGEBEUR ET B .  PERLY 
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J. P. QUAEGEBEUR, B. PERLY, G. SURPATEANU et A. LABLACHE-COMBIER. Can. J. Chem. 55, 
3442 (1977). 

L'analyse des spectres de rpe de la pyridine N-oxyde soumise au rayonnement y, en matrice 
vitreuse methanolique a 77 K montre la presence d'un melange de radicaux 2 et 4-azacyclo- 
hexadienyles N-oxydes (respectivement 1 et 2), formts par addition de l'espece primaire 
hydroxymethyle sur le cycle pyridinique. La determination de la structure des differents 
radicaux a ete facilitke par I'utilisation de pyridines N-oxydes substitutes. 

J. P. QUAEGEBEUR, B. PERLY, G. SURPATEANU, and A. LABLACHE-COMBIER. Can. J. Chem. 
55,3442 (1977). 

The allalysis of esr spectra derived from y irradiated pyridine N-oxide in a methanolic 
vitreous matrix at 77 K shows the presence of a mixture of 2- and 4-azacyclohexadienyl N- 
oxide radicals (respectively 1 and 2) formed by the addition of the hydroxymethyl primary 
species to the pyridine ring. The structure of the different radicals was determined by com- 
parison with spectra derived from several substituted pyridine N-oxides. 

Introduction 
Les radicaux libres dCrivCs des composCs 

httCrocycliques azotts, gCnCrCs aussi bien sous 
rayonnement y que par photolyse ont fait I'objet 
de nombreux travaux (par ex. rCf. 1). Dans le 
cadre de 1'Ctude des effets des radiations sur 
la pyridine et ses dCrivCs, nous nous proposons 
d'examiner les esp6ces radicalaires formtes B 
partir de la pyridine N-oxyde (py N-0), dans le 
but de mettre en Cvidence I'influence du groupe- 
ment N-oxyde sur la rtactivitC du cycle pyri- 
dinique. La radiolyse a 77 K de ce composC en 
matrice mkthanolique vitreuse donne naissance 
aux espkces primaires 'CH,OH lesquelles, par 
addition sur les moltcules de solutt engendrent 
un nouveau radical dont le spectre de rpe 
senible diffkrent de ceux obtenus a partir de la 
pyridine. 

Afin d'identifier ce nouveau radical et 
d'Clucider le micanisme de sa formation, des 
ttudes compltnientaires effectutes sur diffC- 
rentes py N-0  deutCrCes silectivement ou 
mCthyltes ont ttC effectutes et ont permis de 
niettre en Cvidence la non sClectivitC de I'addition 
du groupement hydroxymCthyle sur le cycle 
pyridinique. 

Mode expCrimental 
Les experiences de rpe ont Cte effectutes a I'aide d'un 

spectromttre Varian V 4502, en bande X, avec une 
frtquence de modulation de 100 kHz. Les Cchantillons 
degazts et scellts SOLIS vide ont t t t  irradits a 77 K a 
l'aide d'une source 60Co de 10 kCi (doses de 1 a 2 Mrad). 
Les spectres ont Ctt enregistrts a 90 K aprts rkhauffe- 
ment des echantillons vers 11 5 K, afin de faire disparaitre 
les radicaux provenant de la matrice. 

La dideutero-3,5 pyridine N-oxyde ('Hz-3,5 py N-0) 
a t t t  prtparte par oxydation de la 'H2-3,5 pyridine (dont 
la synthese a t te dtcrite dans la reference Ic) par I'acide 
peracttique suivant la n~tthode mentionnte dans la 
ref. 2. La lutidine-3,5 N-oxyde a ete preparte a partir 
de la 3,5 lutidine de la mCme faqon. La 2,6 dideutero 
pyridine N-oxyde (2H2-2,6 py N-0) a t t t  synthttiske 
suivant la mtthode dtcrite par Hershenson et Bauer (3). 
La purete isotopique de ces composCs a Ctt vCrifite par 
spectroscopie rmn a 60 MHz (Jeol C 60 HL) ou 250 MHz 
(Cameca TSN 250). Les autres derives methyles de la 
pyridine N-oxyde, provenant de chez Aldrich, ont t te  
utilists sans purification prealable. 

Identification des spectres de rCsonance 
paramagnhtique Clectronique 

A 77 K, les signaux de rpe obtenus sous ir- 
radiation y de la py N-0 en concentration 
0.3 M e n  matrice vitreuse CH30H (ou CD30D) 
sont attribuCs exclusivement aux radicaux issus 
du solvant, c'est a dire 'CH20H et 'CD20D 
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4 

-5 
20 Gauss 

FIG. 1. Spectres rpe apres irradiation a 77 K de la py N-0 en matrice CH30H (spectres de gauche) 
et CD30D (spectres de droite). (a) et (c): respectivement des radicaux 'CH,OH et 'CD,OD (enregistres 
a 90 K avant rechauffement de I'khantillon). (b) et (d): enregistres a 90 K apres rechauffement vers 
115 K. Trait vertical: g = 2.0028. 

respectivement. Lors du rkchauffement de 
l'tchantillon de 90 115 K, nous assistons 
une dCcroissance progressive de ce signal puis 
ensuite l'apparition d'un nouveau signal 
(fig. 1) avec conservation du paramagnktisme. 
Cette dernikre constatation, ainsi que l'allure 
gCnCrale du spectre dont la structure hyperfine 
principale se compose d'un doublet partiellement 
structurC nous permettent d'envisager une 
espece radicalaire diffkrente de celles obtenues 
a partir de la pyridine dans diverses conditions 
(lb, c et d). 

Par ailleurs, la deutkration de la matrice ne 
se manifeste que par une diminution lCg&re de 
la largeur de raie, sans modification notable 
du spectre de rpe (fig. l), ce qui nous permet de 
supposer que le radical obtenu dans ces condi- 
lions provient d'une addition du groupement 
'CH20H (ou 'CD20D) sur le cycle pyridinique 
et peut Etre assimilC a un radical du type aza- 
cyclohexaditnyle substituk.' Trois especes radi- 
calaires peuvent etre envisagCes, selon que 
l'addition de 'CD20D se fait en position 2, 4 ou 
3 par rapport a l'azote (numkrotation cf. 
tableau 2). 

'Le groupement hydroxymCthyle ne contribuant pas 
au spectre, CD,OD a CtC utilisk comme solvant dans les 
experiences suivantes. 

L'attribution du spectre provenant de la 
py N-0  a CtC effectuCe par comparaison avec 
ceux issus de diffkrents dCrivCs deuttrts ou 

mCthylCs. Les diffkrentes constantes de couplage 
ont CtC dCduites des largeurs totales et des 
seconds moments des spectres de rpe (4), dont 
l'analyse a CtC dCcrite prCcCdemment (5). La 
validit6 des attributions a CtC vCrifiCe par calcul 
INDO des densitCs de spin. La simulation des 
spectres a CtC effectuCe d'apres le programme 
de Lefebvre et Maruani (6), en tenant compte 
de l'anisotropie du couplage des protons 0 et du 
tenseur 9. Les diffkrents parametres ont CtC 
ltgerement modifiCs jusqu'a obtenir un accord 
satisfaisant entre les spectres calculCs et expCri- 
mentaux. 

Compte tenu de la dClocalisation partielle de 
la densit6 de spin sur l'atome d'oxygene, con- 
duisant a un parametre de couplage spin- 
orbite important, nous avons dtterminC les 
composantes principales gll et g, du tenseur g. 
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En supposant que ce dernier est a symCtrie 
axiale, g l l  est donn6 par la position moyenne 
des deux raies extrCmes du spectre et sera pris 
comme la composante la plus petite, per- 
pendiculaire au plan du cycle (gil = gx,) (7). 
Les composantes gL ne pouvant Etre dCtermintes 
directement a partir du spectre, nous avons 
calculC la valeur isotrope giso de g partir du 
premier moment mesurC par rapport a Ho : 

ou Ho = 3320 G et go la valeur correspondante 
de g Ctant tgale a 2.0028. 

La valeur moyenne de MI  Ctant (-4.41 + 
0.20) G, il s'en suit gis, = 2.0055 f 0.0004; par 
suite comme gll  = 2.0028, gL = t(3gis0 - gI1) = 

2.0068 f 0.0004. La contribution au second 
moment de l'anisotropie du tenseur g est alors 
Cgale a (6) : 

avec E,, = g,,/go - 1 (u = x,  y ou z )  et g,, 
Ctant la coniposante principale de g suivant 
I'axe u soit 

 AH^), N (20 + 4) G2  

Ces valeurs principales du tenseur g sont 
voisines de celles des radicaux nitroxydes pour 
lesquels g,,  = g,, - 2.0030 et gis, N 2.0060. 
DiffCrents calculs INDO effectuks sur les formes 
1 ,2  et 3 (tableau 2) font apparaitre tout d'abord 
que l'addition de 'CDzOD en position 3 par 
rapport a l'azote conduirait A un spectre de 
rpe dont la largeur totale serait voisine de 
95 G et le second moment M 2  supCrieur a 
440 G2, valeurs incompatibles avec les rCsultats 
expkrimentaux. 

Le choix entre les esp6ces 1 et 2 semble plus 
difficile: en particulier les densitCs de spin 
voisines dans les deux cas (cf. tableau 2) fourni- 
raient des spectres de rpe identiques, hypothcse 
vCrifiCe ultCrieurement lors de la simulation des 
spectres. Nous envisagerons dans un premier 
temps, l'existence d'une esp6ce radicalaire du 
type 1. 

Les constantes de couplage aH3 et aH5 sont 
dCterminCes par la comparaison des largeurs 
totales et seconds moments de la py N - 0  et de 
son dCrivC deutCrC en 3 et 5 (2H2-3,5 py N-0) 
(tableau 1). En supposant que les densitks de 
spin portCes par les carbones C3 et C5 sont 
pratiquement Cgales, 

soit, comme aD -- 0. 154aH, 

Des valeurs du meme ordre sont retrouvies 
en comparant les rCsultats exptrimentaux de la 
py N - 0  et de la dimtthyl-3,5 py N-0. Dans ce 
cas la largeur totale est augmentte de: 

En supposant d'autre part que la substitution 
des protons par les groupements mCthyles ne 
modifie pas de mani6re apprCciable la ripartition 
des densites de spin, le second moment est accru 
de : 

avec QH, = -23 G et QHCH3 = 28 G, nous en 
dCduisons 

Les spectres expkrimentaux provenant des 
2 et 4 picolines N-oxydes Ctant sensiblement 
identiques (fig. 3) et leurs caractkristiques 
voisines de celles de la py N-0, les constantes 
de couplages aH, et aH2 (ou aH,), dans l'hypoth6se 
des esp6ces du type 1 ou 2, sont du mEme ordre 
de grandeur et infkrieures a la largeur de raie 
o: laz\ - (a,\ < 2 G .  

I1 est alors possible, dans le cas du radical 

d'estimer approximativement la densitt de spin 
p," ainsi que la constante de couplage isotrope 
aH2, a partir de AH et M,. En incluant aH4 et 

TABLEAU 1. Largeurs totales (AH) et seconds 
moments (M2) des spectres de rpe des radicaux 
azacyclohexadienyles N-oxydes (matrice CD,OD) 

ComposC AH/G M2/G2* 

PY N - 0  86 (347 L- 15) 
'H2-2,6 py N - 0  86 (217+ 15) 
'H2-3,5 py N - 0  75 (304 + 15) 
Mtthyl-2 py N - 0  87 (343 k 20) 
Mtthyl-4 py N - 0  87 (343 + 20) 
Dimtthyl-3,5 py N - 0  119 (405 + 20) 

*Mesur&s par rapport g = 2.0028 a T = 90 K apri-s 
rkhauffement de l'tchant~llon a 115 K. 
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QUAEGEBEUR ET AL. 3445 

TABLEAU 2. Densitts de spin et constantes de couplage donnkes par calcul INDO des radicaux 
azacyclohexadienyles N-oxydes 

Constantes de couplage (G) 

Densites Valeurs optimiskes 
de spin Valeurs pour la simulation 

Radical Position n INDO* expkrimentales des spectres 

*Les valeurs des distances interatomiques et des angles de liaison utilisees dans ces calculs sont donnkes dans la ref. 8, en supposant la liaison 
N-0 situee dans le plan du cycle et l'angle 8 (cf. texte) &gal a 50'. 

aH, dans la largeur de raie o ,  si bien que 

[5] AH - o - aH3 - aH, = 2ANIl + aHz a, - QNNpN" 

Le couplage isotrope aH2 est relik aux densitCs 
soit de spin p," et pNn portCes par les atomes 

2ANI + aH2 - 65 G adjacents, par la relation (9) : 
De m2me, la contribution des couplages hyper- 
fins au second moment Ctant (4): [9] aH2 = Q ( ~ ~ ' / '  + pN1/') COS' 0 

- ,  
oh Q = (58 + 55)/2 = 56.5 G et 0 est l'angle M2 - (AH2), - 0'14 = que fait le plan (C,C2H2) ou (NC2H2),avec 

= + C C niSiAuiZ I'axe de l'orbitale de l'e- non apparie, en 
i a admettant que la liaison N-0 se trouve dans 

il s'en suit: le plan du cycle.' 
[61 (2/9)(A,112 + ~ANL') + (1/4)(aHz)' La substitution de [7], [8] et [9] dans [5] et - 278 G2 [6] nous fournit ainsi 1 p,l - 0.303 et 0 - 50". 

Les valeurs principales du tenseur de couplage Dans 17hypoth6se du radical 2 et en supposant 

de l'azote sont relikes a pNn par: que p, reste du m2me ordre (cf. calcul INDO du 
tableau 2), nous obtenons 8 = 51". 

[7 I ANII  = a, + 2B - 62pNn La validitk de nos rksultats est confirmCe 

[8 I AN, = aN - B - 1lpNn par simulation des spectres de rpe des radicaux 

D~~~ ces expressions, dans la limite des 'Nous avons dkmontrk, par calcul INDO que la 
distribution de densites de spin et 1'6nergie Blectronique incertitudes expkrimentales, nous avons nkgligk totale n,Ctaient que faiblement aflectCes par l'inclinaison 

la contribution SNpN" de l'orbitale 1s de l'azote ~ ( 0  < a  < 200) du groupement N-0 par rapport au 
ainsi que l'interaction entre les noyaux N et 0 ,  plan du cycle. 
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' ~ ~ 2 . 6  py ridine N-Ox ' ~ ~ 3 . 5  pyridine N-Ox 

+ 
H  
14 

20 G a u s s  

FIG. 2. Spectres rpe exptrimentaux et calculCs des radicaux azacyclohexadienyles N-oxydes (matrice: 
CD,OD). A3, B4 et C2: spectres expkrimentaux. Al et A2 : spectres calcults correspondant aux espkces 
1 et 2 respectivement (cf. tableau 2). B1 et Bz: spectres calculCs correspondant aux radicaux 4 et 5. 
B3 rtsulte de la superposition de B, et Bz dans les proportions respectives 2: 1. C1 : spectre calculC 
correspondant au radical 1. Entre parentheses figurent les seconds moments. Trait vertical: g = 
2.0028. 

1 et 2 (figs 2 et 3), pour lesquels les parambtres 
optimists figurent dans le tableau 2. I1 apparait 
ainsi que les spectres calcults des radicaux 1 et 2 
sont pratiquement semblables de sorte que nous 
ne pouvons conclure a la prisence prtftrentielle 
de l'une ou de l'autre espbce. Le cas de la 
'H2-2,6 py N - 0  permet de lever cette ambiguitt. 
En admettant l'existence de la seule espbce 4 
formte dans ces conditions, 

la largeur et le second moment thtoriques, 
calcults a partir des caracttristiques (AH),, .-, 
et (M,),, ,-, du spectre de py N - 0  sont 
respectivement tgales 8 : 

(AH) = <AH),, N-O - aH2 + 2aD2 = 66 G 

De la mCme faqon, les caracttristiques du 
spectre de rpe d'un radical du type 5 

0- 
5 

seraient voisines de 84 G et 335 G2 respective- 
ment. Ces valeurs thioriques des seconds 
moments ne sont pas compatibles avec M2  
expirimental = 217 G2. De plus les spectres 
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QUAEGEBEUR E T  AL. 3447 

-+ 
IHI, 
2 0  Gauss 

FIG. 3. Spectres rpe exptrimentaux (ligne du haut) et calcults (ligne du bas) des radicaux dtrives des 
mtthyl pyridines N-oxydes, avec leurs seconds moments correspondants. (a):  Radicaux 1 et 2; (b): 
radical 1; (c): radicaux 1 et 2. Trait vertical: g = 2.0028. 

calculCs pour les formes 4 et 5 ne correspondent 
pas prCcisCment au spectre experimental obtenu 
a partir de la 2H2-2,6 py N-0  (fig. 2). En sup- 
posant alors que l'addition du groupe hydroxy- 
mtthyle se fasse sur les positions 2 (ou 6) et 4, 
nous aurons un mClange des radicaux 4 et 5 
dans les proportions respectives 2 : 1. 

Ce rapport est effectivement celui obtenu en 
appliquant la regle d'additivitk des seconds 
moments : 

M2exp = ~ ( ~ 2 ) ( 5 )  + - ~ ) ( ~ 2 ) ( 4 )  
soit 

x - 0.31 

Une ~Crification supplCmentaire de notre 
hypothese est apportCe par la comparaison entre 
le spectre experimental provenant de la 2H2-2,6 
py N-0  et celui obtenu par addition des spectres 
calculCs des radicaux 4 et 5 dans ces proportions 
relatives (fig. 2). 

I1 devient alors possible, compte tenu des 
donnCes rassemblies pour les differents radicaux 
Ctudits, d'attribuer avec plus de certitude les 
spectres de rpe obtenus. En particulier dans le 
cas de la py N-0 et de ses derives 3-5 disubstituks, 
et 2-6 dideutCrC nous obtenons les deux especes 
correspondantes 1 et 2 dans les proportions 2 : 1, 
alors que l'addition de 'CD20D se fait prCfd- 
rentiellenient en position 2 (ou 6) dans la 
methyl-4 py N-0, et en position 4 dans le cas de 
la methyl-2 py N-O(fig. 3). Ce resultat est different 
de ceux obtenus par Symons et coll. (la) lors 

de la radiolyse de l'ion pyridinium. Dans ce 
dernier cas l'addition de H sur le cycle se faisait 
exclusivement en position 4 pour donner nais- 
sance au radical 4-azacyclohexadienyle 6. 

Dans le cas de la py N-0, la non sClectivitC de 
la reaction serait induite par le groupe N- 
oxyde lequel favoriserait l'attaque sur les posi- 
tions 2 et 4 de densitis Clectroniques faibles. 
Ceci suggere que le groupement hydroxymkthyle 
piCgC dans la matrice possede un caractere 
nucliophile faible : 
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Conclusion tions et ses remarques qui nous ont CtC tres 
Bien au'un accord satisfaisant entre les utiles. 

spectres expirimentaux et ceux calculCs ait 
nCcessitC l'introduction d'une anisotropie du 
tenseur g dont la dktermination des composantes 
principales reste assez approximative, les rC- 
sultats obtenus par simulation des spectres de 
rpe et par la mCthode des moments confirment 
notre hypothkse concernant l'existence d'un 
mklange de deux radicaux. Cependant nous 
n'avons pu dCtecter ces radicaux lors de l'ir- 
radiation uv en phase liquide et B tempkrature 
ambiante d'une solution M de py N - 0  
daiis CH,OH + 1% H20,, selon la mCthode de 
Livingston et Zeldes (10) B cause de la durCe 
de vie trop courte de I'espkce primaire 'CH20H 
ou parce que la transformation des espkces 1 et 2 
en une molCcule stable diamagnktique est beau- 
coup plus rapide que celle de la formation des 
radicaux. 
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Ligand substitution kinetics of nickel(I1) ion 
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PRAPHULLA KUMAR CHATTOPADHYAY and BYRON KRATOCHVIL. Can. J. Chem. 55, 3449 
(1977). 

Rate constants and activation parameters for formation of the monocomplexes of Ni(I1) ion 
with several mono-, bi-, and terdentate ligands in N,N-dimethylformamide were obtained by 
stopped-flow spectrophotometry. The gross features of substitution for all the ligands studied 
could be accommodated within the structure of an I,-type mechanism. 4-Phenylpyridine 
behaves most 'normally', and 1,lO-phenanthroline stabilized most strongly outer-sphere com- 
plex formation with Ni(I1). Comparison of these data with previously reported work by other 
authors for substitution at Ni(I1) in acetonitrile with the same ligands indicates that in dimethyl- 
formamide pyridine-type ligands generally affect the stability of metal-ligand outer-sphere 
complexes less dramatically than in acetonitrile. Hammett correlation is observed for 1,lO- 
phenanthroline and its 5- and 5,6-substituted derivatives. The slope of the Hammett correlation 
plot in dimethylformamide is in the order of -0.2, about half the value of -0.4 reported 
previously in acetonitrile by other authors. This indicates that the stability of the metal-ligand 
outer-sphere complex is affected more greatly by small differences in the electronic nature of 
the coordinating substituted 1,lO-phenanthrolines in acetonitrile than it is in dimethylforma- 
mide. 

PRAPHULLA KUMAR CHATTOPADHYAY et BYRON KRATOCHVIL. Can. J. Chem. 55,3449 (1977). 
On obtient, par spectrophotomttrie a flux stoppe, les constantes de vitesse et les parametres 

d'activation pour la formation de monocomplexes d'ion Ni(I1) avec plusieurs ligands mono-, 
bi- et terdentate dans la N,N-dimethylformamide. Les traits caracteristiques de la substitution 
pour tous les ligands CtudiCs peuvent &tre assimilCs a I'intbrieur d'un mbcanisme de type I,. 
La phenyl-4 pyridine se comporte le plus souvent 'normalement' et la phknanthroline-1,lO 
stabilise plus fortement la formation d'un complexe sphkre exttrieure avec le Ni(I1). La 
comparaison de ces valeurs avec celles rapporties antkrieurement par d'autres auteurs pour la 
substitution au site Ni(I1) dans I'adtonitrile avec les m&mes ligands indique que pour les ligands 
de types pyridine dans la dimethylformamide, la stabilitb des complexes mbtal-ligand aux sphbes 
exttrieures est moins affectee que dans l'adtonitrile. On observe une corrblation d'Hammett 
pour la phenanthroline-1,lO et ses dCrivCs 5- et $6-substituCs. La pente de la courbe pour la 
correlation d'Hammett dans la dimCthylformamide est de l'ordre de -0.2 correspondant a 
environ la moitie de la valeur -0.4 rapportee antkrieurement par d'autres auteurs pour 
I'acetonitrile. Ces resultats indiquent que la stabilitC des complexes metal-ligand aux sphtres 
extbrieures est affectee plus grandement par de petites differences dans la nature electronique 
des phenanthrolines substitubes si la coordination se produit dans I'acetonitrile que si elle se 
produit dans la dimethylformamide. 

[Traduit par le journal] 

Introductio~i methanol (3), ethanol (4), acetonitrile (9, and 
N,N-Dimethylformamide is an important di- propylene carbonate (6). Little data are available 

polar aprotic solvent frequently used as a in dimethylformamide, however, and the mech- 
reaction medium for inorganic and organic anism of substitution at nickel(I1) in this solvent 
reactions because of its ability to solvate both has not yet been determined. Bennetto and 
metal ions and nonpolar organic compounds. Caldin have investigated the nickel(I1)-bipyri- 
In recent years considerable data have been dine system (7a), and Hoffman and co-workers 
collected on metal-ligand equilibria and reaction have made preliminary measurements on rates 
rates in a variety of solvents, especially between of reaction between nickel(I1) and thiocyanate, 
nickel(I1) and amines, and it has been found that chloride, trifluoroacetate, andp-toluenesulfonate 
a dissociative-interchange (I,) type mechanism ions (7b). The nickel(I1)-isoquinoline reaction 
(1) fits the rate data for the reaction of nickel(I1) has also been investigated (7c). 
with simple mono-dentate ligands in water (2), For an I, mechanism the pathways for 
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reaction between nickel(I1) and a monodentate 
ligand L can be represented by 

in which the rate-determining step for the 
formation of the inner-sphere complex (process 
11, forward rate constant k,,) is preceded by 
rapid formation of an outer-sphere complex 
(process I, equilibrium formation constant K,,). 
In eq. 1 S stands for a solvent molecule and 
charges on the metal ion and ligand have been 
omitted for convenience. 

For a 'normal' type of substitution (5b), when 
K,,[L] << 1, the second order rate constant kf 
for formation of the inner-sphere complex is 
given by 

PI 4 = K12k23 

As discussed before, for a 'normal' reaction the 
quantity R, given by 

should be close to unity (7c). Here kex and K,, 
have their usual significance (8). For normal sub- 
stitution with a neutral monodentate ligand the 
enthalpy of activation for formation (AH,') of 
the complex is expected to be close to the cor- 
responding quantity for solvent exchange(A~,,*) 
for a given metal-ligand system in the same 
solvent. 

Investigations of ligand substitution reactions 
at nickel(I1) in solution have led to the identifica- 
tion of several specific rate-determining effects. 
These include (a) a solvent-dependent steric 
requirement exhibited by multidentate ligands 
during chelation, (b) a solvent-dependent rota- 
tional barrier to the proper orientation in space 
of coordinating ligand atoms during chelation, 
and (c) stabilization of metal-ligand outer-sphere 
complexes by n orbital or electrostatic inter- 
actions between the incoming ligand and polar- 
ized solvent molecules in the first coordinating 
sphere of the metal ion. All these effects influence 
the rate of substitution at nickel(II), especially 
in dipolar aprotic solvents such as acetonitrile 
and dimethylsulfoxide (5). 

Of the solvents studied thus far, acetonitrile is 
the one in which nickel-ligand outer-sphere 
complexes are most influenced by variations in 
electronic character of the entering ligands (5a). 

Similar outer-sphere stabilization is absent in 
water, and has not been reported in any other 
dipolar aprotic solvent, although with phen- 
anthroline there may be some stabilization in 
poor donor solvents such as propylene carbonate 
or sulfolane (9).' The specific property of ace- 
tonitrile that causes the stability of the metal- 
ligand outer-sphere complex to be so sensitive 
to the electronic character of the ligand has not 
been identified. Dimethylformamide and ace- 
tonitrile have similar dipole moments but differ 
considerably in size and in donor properties 
towards metal ions, acetonitrile being a weaker 
Lewis base toward nickel(I1) than dimethyl- 
formamide. Hence a study of substitution at 
nickel(I1) in dimethylformamide with ligands of 
varying electronic and steric properties could 
aid in improving understanding of the specific 
properties of the solvent that contribute to the 
stability of metal-ligand outer-sphere complexes, 
and will help establish the gross features of the 
mechanism of substitution at nickel(I1) in 
dimethylformamide. 

Experimental 
Solvent 

N,N-dimethylformamide (Fisher, Certified ACS) was 
purified as described before (7c). Purified solvent was used 
within 24 h after the final purification step. 

Reagents 
4-Phenylpyridine (Aldrich, mp 69-73'C) was recrystal- 

lized from ethanol. 2,2'-Bipyridine (G. F. Smith, mp 
7OoC), 2,2',2"-terpyridine (G. F. Smith, Reagent Quality, 
mp 68-6g0C), 1 ,lo-phenanthroline monohydrate (B.D.H., 
mp 98"C), 5x-1,lO-phenanthroline monohydrate (x = 
chloro, nitro, methyl) (G. F. Smith, Reagent Quality), 
and 5,6-dimethyl-1,lO-phenanthroline (J. T. Baker, Baker 
Grade) were used as received. Nickel was used as 
Ni(C104)2.H20; the method of preparation of the salt 
was described previously (5b). Concentrations of nickel(I1) 
solutions were determined by EDTA titration with 
murexide indicator after dilution with water and buffering 
at pH 10 with ammonia-ammonium chloride. 

Pvoceduve 
Kinetic measurements were made with a stopped-flow 

spectrophotometer (Durrum Instrument Co., Model 
D-110). Descriptions of the instrument, along with 
modifications for better temperature control, were given 
previously (7c, 10). All other instruments and techniques 
used were as described before (7c). 

Kinetic measurements for formation rate constants 
were made under pseudo-first-order conditions, the ratio 
of nickel(I1) to ligand being held in the range of 10 to 100 
throughout. All ligand and metal ion solutions were used 
within 4 to 6 h of preparation. Measurements were made 

'Confer both ref. 9 and J. F. Coetzee, private com- 
munication. 
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CHATTOPADHYAY AND KRATOCHVIL 345 1 

TABLE 1. Rate constants for formation of the monocomplexes of pyridine-type ligands with 
nickel(I1) in dimethylformamide at various temperatures 

Rate constant (kf) x ( e  mol-I s-') 

Ligand 

4-Phenylpyridine 
Bipyridine 
Terpyridine 
Phenanthroline 
5-Chlorophenanthroline 
SNitrophenanthroline 
5-Methylphenanthroline 
5,6-Dimethylphenanthroline 

"Additional values: 0.409 at 4.75'C, 1.469 at 20°C, 

at wavelengths where the complex absorbed more strongly 
than the reactants: 277 nm for 4-phenylpyridine, 335 nm 
for 2,2',2"-terpyridine, 308 nm for 2,2'-bipyridine, and 
272 nm for 1,lO-phenanthroline and the substituted 1,lO- 
phenanthrolines. Reaction rates were calculated from the 
rate of change of absorbance of the reaction solutions 
with time. All other experimental procedures were as 
described before (7c). 

Results 
The rate constants for substitution of the 

ligands studied at nickel(I1) are presented in 
Table 1. Under the experimental conditions used, 
only 1 : 1 complexes are expected. A pseudo- 
first-order rate plot with terpyridine as the ligand 
is shown in Fig. 1. Except for 6phenylpyridine 
and bipyridine, plots for all the ligands studied 
pass near the origin. This indicates that the 
equilibrium constants for formation of the 
nickel(I1) monocomplexes are all relatively large; 
on the basis of the experimental uncertainty in 
the pseudo-first-order rate constants we estimate 
formation constants greater than 3 x lo4 at 
25°C for all the systems studied. In Table 2 rate 
constants and associated activation parameters 
for substitution of the above ligands at nickel(I1) 
are compared with those for solvent exchange 
(1 1). 

Discussion 
Pseudo-Jirst-order Rate Constants 

In a simple pseudo-first-order kinetic plot, the 
intercept is equal, in theory, to the dissociation 
rate constant for the reaction. This was found 
previously to hold for the nickel(I1)-isoquinoline 
complex in dimethylsulfoxide (8). Intercepts 
that do not correspond to k,  have been observed 
in some solvents, however (7a). This may result 
from the presence of substances that affect the 
rate of reaction. Thus, traces of amine-type 

and 3.27 at 30°C. 

FIG. 1. Pseudo-first-order rate constants for formation 
of the monocomplex of nickel(I1) with terpyridine as a 
function of nickel(I1) concentrationin dimethylformamide. 
CL = 2.52 x M. 

impurities in the solvent that can form stable 
complexes with nickel(I1) can increase the 
magnitude of the real intercept owing to simul- 
taneous formation of ternary complexes. This 
was observed in earlier work on the nickel(I1)- 
isoquinoline system in dimethylformamide, where 
the value of 19.5 for k, obtained from the inter- 
cept of pseudo-first-order plots agreed only 
approximately with the value of 26.5 obtained 
from K,, and k, measurements (8). A parallel 
but better-behaved system exists in dimethyl- 
sulfoxide, where intercepts of pseudo-first-order 
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TABLE 2. Rate constants at 25°C and associated activation parameters for formation of the 
monocomplexes of pyridine-type ligands with nickel(I1) in dimethylformamide 

kc x AHr* ASf * 
Ligand (e mol-I s-I) R (kcal mol-I) (eu) 

Dimethylformamidea 3.8 - 15.0 + 8 
Isoquinolineb 2.42 0.98 12.4k0.4 - 2 k  1 
4-Phenylpyridine 2.00 0.81 13.6k0.6 -2.Ok2.0 
Bipyridine 0.564 0.23 13.2k0.5 -1.8k1.7 
Phenanthroline 3.28 1.33 11.7k0.1 -3.2k0.4 
5-Chlorophenan throline 2.39 0.97 12.5+0.26 +1.3+0.9 
5-Nitrophenanthroline 1.59 0.64 12.5k0.4 -1.9k1.4 
5-Methylphenanthroline 3.51 1.42 11 .5k0 .4  -3 .7k1 .4  
5,6-Dimethylphenanthroline 4.00 1.62 12.0+0.2 -2.Ok0.8 
Terpyridine 0.300 0.12 12 .2k0 .2  -6 .1k0 .7  

'Data from ref. 11. 
bData from ref. 7c. 

plots for formation of the 4-phenylpyridine and 
isoquinoline complexes of nickel(I1) both agree 
with directly measured kb values (8, 12). Since 
both complexes are of comparable stability in 
dimethylsulfoxide (K,, = 35.8 and 31.3) it seems 
likely that the reaction of Cphenylpyridine with 
nickel(I1) in dimethylformamide has an equilib- 
rium constant of about the same size as that of 
isoquinoline, and that an intercept value for kb 
at 25°C on the order of 15 may be reasonable. 

In general, however, dissociatioi~ rate con- 
stants should be determined either directly or 
calculated from directly measured overall equi- 
librium constants and formation rate constants 
rather than being obtained from the intercepts of 
pseudo-first-order kinetic plots for formation of 
the complex. Thus the intercepts observed with 
2,2'-bipyridine in this work cannot be assumed 
to give correct values for k,, especially since 
Bennetto and Caldin did not observe a positive 
intercept for this system in dimethylformamide 
(70). Our values for the formation rate constant 
of this complex as measured from the slopes of 
the pseudo-first-order plots, and for the activa- 
tion enthalpy for the formation of the complex, 
agree with their results within 1%. The dis- 
crepancy in intercept may be due to the presence 
in our solvent of a constant trace amount of a 
complexing impurity such as dimethylamine, a 
hydrolysis product of dimethylforrnamide. The 
concentration of bipyridine being on the order 
of lop5 M, a concentration of dimethylamine in 
the solvent as low as lop4 M would be likely to 
increase the pseudo-first-order rate constant with 
different concentrations of nickel(I1) by a con- 
stant amount, and thereby cause a shift in the 
pseudo-first-order plots (13). Of the systems 
studied in this work, the one involving nickel(I1) 

and terpyridine is most effected by the addition 
of low concentrations of dimethylamine. For 
example, the pseudo-first-order rate constant 
for the reaction between nickel(I1) at 2.5 x loF3  
M and terpyridine at 2.5 x M was doubled 
by the addition of about 5 x M dimethyl- 
amine. The presence of traces of a complexing 
impurity is further indicated by the deviation 
from linearity of the points in Fig. 1 at nickel(I1) 
concentrations below about 3 x lop3  M. There- 
fore, we suspect the presence of a contaminant, 
probably dimethylamine, in the range of l op5  
to M in our solvent; however, values for 
formation rate constants obtained from the 
slopes of pseudo-first-order plots using data 
measured at higher concentrations of nickel(I1) 
are considered to be accurate within t 2 to + 3%. 

Formation Rate Constants 
From the k, and R values listed in Table 2 it 

appears that the reaction with nickel(I1) of 4- 
phenylpyridine, like isoquinoline, is 'normal' in 
dimethylforrnamide, and that an I, type of 
reaction mechanism is involved. Recently Coet- 
zee and co-workers reported that the reaction of 
4-phenylpyridine with nickel(I1) is normal in 
propylene carbonate, 2-propanol, and isobuty- 
ronitrile (6). Analysis of the values of R listed 
in Table 2 shows that the same conclusion can 
be applied to all the ligands studied in this work. 

Terpyridine reacts more slowly with nickel(I1) 
in dimethylformamide than does bipyridine, 
while 1,lO-phenanthroline reacts more rapidly. 
This order is the same as that observed in all the 
nonaqueous solvents studied. Chattopadhyay 
and Coetzee (5) explained this order in acetoni- 
trile by considering the thermodynamic param- 
eters associated with the reactions. As in 
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acetonitrile, in dimethylformamide also the rings 
of bipyridine and terpyridine may experience 
some solvent-hindrance to attainment of the cis 
position during formation of the outer-sphere 
complex, while the rigid phenanthroline ligand 
is not affected.' 

Enthalpy of Activation ( A H f * )  
The variation in AH,' found for the ligands 

studied in this work is relatively small. Despite 
this, some significance can be attached to the 
differences because the formation rate constants 
vary by over an order of magnitude for the same 
set of ligands, and because the experimental un- 
certainty in AH, * values is smaller relative to the 
spread of results for the ligands studied. The 
observed AH, * values can be related to AHex* 
for solvent exchange at nickel(I1) in dimethyl- 
formamide by considering (a) the effect of the 
ligand on the stability of the metal-ligand outer- 
sphere complex, and (b) the steric effect ex- 
hibited by the ligand molecule. In this discussion 
it is assumed that the stability of the metal- 
ligand outer-sphere complex increases with an 
increase in the number of pyridine nitrogens and 
benzene rings in the ligand, and that benzene 
rings fused to pyridine rings have a greater 
stabilizing effect on the metal-ligand outer- 
sphere complex than do those connected by a 
carbon-carbon bond. On this basis the value of 
AH,' for 4-phenylpyridine is expected to be 
closest to AHe,* ; this is indeed observed (Table 
2). The values of AH, * for bipyridine, isoquino- 
line, and phenanthroline would be expected to 
be lower than for 4-phenylpyridine in the order 
given; this is in agreement with experimental 
results for all but bipyridine. As mentioned 
above, bipyridine may be hindered by solvent 
interaction from ready attainment of the cis 
configuration necessary for chelation with 
nickel(I1). The energy required to overcome this 
rotational barrier is compensated for by the 
extra stabilization of the metal-ligand outer- 
sphere complex provided by the additional 
pyridine nitrogen. The difference between the 
AH, * values for bipyridine and 4-phenylpyridine 
depends on the magnitude of the two opposing 
effects; since that for bipyridine is only 0.4 kcal 
lower than the corresponding quantity for 4- 
phenylpyridine, and about at the level of experi- 
mental uncertainty, we conclude that the two 
opposing effects for bipyridine are either about 
equal in magnitude or the stabilizing effect is 
slightly stronger than the steric effect. 

In the solid state the rings of bipyridine are 
coplanar, with the nitrogen atoms in the trans 
position (14); this conformation is likely in 
solution also. For chelation with nickel(I1) the 
two nitrogens must rotate from the trans to the 
cis position. The energy required for this rotation 
being small, it can be concluded that the de- 
crease in AH,* due to extra stabilization of the 
metal-ligand outer-sphere complex by the addi- 
tional pyridine nitrogen atom in bipyridine, as 
compared to 4-phenylpyridine, is also small. This 
may explain why AH, * for the reaction of nickel- 
(11) with 4-phenylpyridine is only 1.4 kcal lower 
than AHex* for solvent exchange and why 4- 
phenylpyridine follows a 'normal' I,-type mech- 
anism. Similarly, comparison of AH,* for the 
reaction of terpyridine with that of 4-phenyl- 
pyridine can be rationalized by assuming that in 
dimethylformamide the extra stabilizing effect on 
the metal-ligand outer-sphere complex of the 
additional two pyridine nitrogen atoms is 
greater than the energy required to put all the 
terpyridine nitrogen atoms in the cis position 
for chelation with nickel(I1). We conclude that 
of the ligands studied in this work 5-methyl- 
phenanthroline has the strongest influence on 
the stability of the metal-ligand outer-sphere 
complex, 1,lO-Phenanthroline and its 5-methyl 
derivative behave similarly; the difference in 
AH, * values is within experimental uncertainty. 

Hammett Correlation 
In dimethylformamide pyridine-type ligands 

generally affect the stability of metal-ligand 
outer-sphere complexes less dramatically than 
in acetonitrile. This is demonstrated in Fig. 2, 
in which the slope of Hamnlett plots for reactions 
of nickel(I1) with substituted 1, lo-phenanthro- 

log (KO,*  /Ko,n] in water 

FIG. 2. Hammett correlation plots for reaction of sub- 
stituted phenanthrolines with nickel(I1) in acetonitrile 
(circles, slope = - 0.40) and in dimethylformamide 
(squares, slope = -0.20). 
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lines in diniethylformaniide are compared with 
previous results in acetonitrile by Chattopadhyay 
and Coetzee (5a). 

The Hammett correlation shown is based on 
relative pKa values of the ligands in water (15). 
The correlation in any solvent preferably should 
be based on relative pK, values of the ligand in 
that solvent. It has been reported that a virtually 
constant difference exists between pKa values in 
acetonitrile and water for a series of closely- 
related bases (16). Therefore the use of relative 
pK, values in water for Hamniett correlation in 
dimethylformamide should be feasible. 

The different reaction rates observed in di- 
methylformamide for substitution at nickel(I1) 
with 5- and 5,6-substituted 1,lO-phenanthrolines 
may be the result of different electronic effects of 
the substituent groups on the stabilities of the 
metal-ligand outer-sphere complexes. A similar 
trend in rates was observed in acetonitrile (5a). 
The nature of the reaction mechanism in both 
cases is Id rather than I,. Slopes of Hammett 
correlations in the order of -0.4 + 0.03 in 
acetonitrile and -0.2 + 0.01 in dimethylfornia- 
mide indicate that the metal-ligand outer-sphere 
complexes are more susceptible to the electronic 
nature of substituent groups on the parent 
phenanthroline in acetonitrile than in dimethyl- 
formamide. 

Acetonitrile coordinates to nickel(I1) through 
the nitrogen atom in the cyanide group, while 
dimethylforrnamide coordinates through the 
oxygen atom in the amide group, but the dipole 
moments of 3.92 and 3.86 D at 25°C are similar 
(17). Dimethylformamide is more bulky and 
exerts more steric hindrance to the approach of 
an incoming ligand to a dimethylformamide- 
solvated metal cation than does acetonitrile. 
Also, Gutmann donor numbers of 26.8 for di- 
methylformamide and 14.1 for acetonitrile (1 8) 
indicate that dimethylformamide is a much 
stronger Lewis base toward nickel(I1) than 
acetonitrile. If the stability of the metal-ligand 
outer-sphere conlplex is mainly dependent on 
the intensity of 7~ orbital or simple electrostatic 
interaction between the incoming ligand and a 
polarized solvent molecule in the inner sphere of 
the central cation, then froni consideration of the 
molecular size and dipole moments of dimethyl- 
formamide and acetonitrile it is predicted that 
the outer-sphere coniplex with the phenanthro- 
lines will be stabilized more in acetonitrile than 
in dimethylformamide. Coniparisons of AH,' 

and AH,,' values in Table 2 with earlier results 
in acetonitrile (5a) show this to be the case. 
Similarly, the solvent donicity values suggest that 
stability of the outer-sphere phenanthroline 
complex is influenced by variation of 5- and 
5,6-substitution more in acetonitrile than it is in 
dimethylforrnamide. This also is substantiated by 
the greater slope of the Hammet correlation plot 
for acetonitrile in Fig. 2. 

In summary, we conclude that pathways for 
ligand substitution reactions between nickel(I1) 
and the mono-, bi- and terdentate ligands studied 
so far in dimethylformamide can be accommo- 
dated within the framework of an Id-type 
mechanism if effects of possible fine interactions 
between solvent and solute are considered. Of 
the ligands studied 4-phenylpyridine shows 
least interaction with dimethylforrnamide, 
whether the dimethylformamide is considered as 
bulk solvent or as polarized individual solvent 
molecules in the inner sphere of nickel(I1). 
Consequently its reaction with nickel(I1) in this 
solvent appears to  be guided most 'normally' by 
an Id-type mechanism. As was previously ob- 
served in acetonitrile, in dimethylformamide 
also 1,lO-phenanthroline among all the ligands 
studied stabilizes most strongly the outer-sphere 
coniplex in reaction with nickel(II), but this in- 
fluence on stabilization of the outer-sphere com- 
plex is less significant in dimethylformamide than 
in acetonitrile. Also, the stability of the metal- 
ligand outer-sphere complex is affected more 
greatly by small differences in the electronic 
nature of the coordinating substituted 1,lO- 
phenanthrolines in acetonitrile than it is in 
dimethylformamide. 
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Conformational study of a series of 6-substituted 5,6,7,12-tetrahydrodibenzo[a,d]- 
cyclooctenes by nuclear magnetic resonance spectroscopy1 
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Can. J. Chem. 55,3456 (1977). 

The conformational properties of seven 5,6,7,12-tetrahydrodibenzo[a,d]cyclooctenes bearing 
substituents at C-6 have been studied using variable temperature proton nmr spectroscopy. The 
position of the equilibrium between boat-chair (BC) and twist-boat (TB) conformers has been 
measured in several solvents. In contrast to the unsubstituted dibenzocyclooctene, appreciable 
amounts of TB conformer are present when C-6 is substituted by alkyl, hydroxy, or cyano sub- 
stituents. Measurements at different temperatures showed the TB form to possess the greater 
entropy. Barriers to the BC + TB interconversion were determined by coalescence studies, 
using both approximate and complete line shape methods. Barriers ranged from 10.1 kcal/mol 
for the 6-keto derivative to 16.7 kcal/mol for the 6-hydroxy-6-methyl derivative. 

ROGER N. RENAUD, JOHN W. BOVENKAMP, ROBERT R. FRASER et JEAN-LOUIS A. ROUSTAN. 
Can. J. Chem. 55,3456 (1977). 

On etudie, par resonance magnktique du proton (rmn) et variant la temperature, les pro- 
priktts conformationnelles de sept tetrahydro-5,6,7,12 dibenzo[a,d]cyclooctenes ayant des 
substituants en C-6. La position de l'tquilibre entre les conformeres chaise-bateau (CB) et 
bateau-crois6 (BC) est mesuree dans plusieurs solvants. Contrairement au dibenzocyclooctene 
non substitue, une quantite appreciable de conformeres (BC) est prtsente lorsque le C-6 est 
substitue par un groupe alkyle, hydroxy ou cyano. Les mesures a differentes temperatures 
montrent que la forme BC possede une plus grande entropie. Les barrieres d'interconversion 
CB + BC sont dttermintes par des etudes de coalescence en utilisant les methodes approxima- 
tives et completes basees sur la forme des courbes. Les barrieres s'ktalent de 10.1 kcal/mol pour 
le derivt cCto-6 a 16.7 kcal/mol pour le derive hydroxy-6 methyl-6. 

[Traduit par le journal] 

I n  the past few years the dibenzocycloocta- 
1,4-diene3 ring system l a  has attracted con- 
siderable interest regarding its conformational 
properties. The first evidence on this topic came 
from a 'H nmr study of compounds related to 
la, specifically the azocines 2a-f (1, 2). Subse- 
quently studies on a variety of other heterocyclic 
analogs 3a-1 were reported (3) and, most re- 
cently, the conformational properties of the 
hydrocarbon l a  itself have been described (4). 
The parent compound, 1,4-cyclooctadiene, has 
been the subject of analysis by I3C and 'H tech- 

'NRCC No. 16120. 
2Present address: Defence Research Establishment 

Ottawa, Ottawa, Ont., Canada KIA 024. 
3The eight-membered ring l a ,  whose correct name is 

5,6,7,12-tetrahydrodibenzo[a,d]cyclooctene, has the num- 
bering shown in formula 1. This numbering is employed 
throughout the paper. 

niques (5) as well as by strain energy or force 
field calculations (5, 6). In this paper we wish t o  
describe the elucidation of the conformational 
properties of a series of dibenzocyclooctadiene 
derivatives lb-h (7) by the use of 'H nmr tech- 
niques. 

1 2 

a X = CH, a R = CH,, R' = lone pair 
bX=C==o b R = H, R' = lone pair 
c X = C=CH, c R = CD,C,H,, R' = lone pair 
d X = CHCH, d R = CH(CH,),, R' = lone pair 
e X = CHCOOCH, e R = C(CH,),, R' = lone pair 
f X = C(OH)CH, f R = R' = CH,, I- 
g X = C(CH,)CH,OH 
h X = C(CN), 
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a X = C H , ;  Y = S  
b X = CH,; Y = SO, 
c X = CH,; Y = NCH2C6Hs 
d X = O ;  Y = S  
e X = 0 ;  Y = SO, 
f X = 0 ;  Y = NCH2C6Hs 
g X = S ;  Y = S  
h X = S; Y = NCH2C6H, 
i X = S 0 2 ;  Y = S  
j X = SO,; Y = SO2 
k X = SO,; Y = NCH2C6Hs 
I X = CO; Y = NCH2C6H, 

Initial proton studies of the azocine series, 2, 
established the presence of two conformational 
isomers having comparable energies (1, 2). De- 
pending upon the substituent at nitrogen either 
the boat-chair (BC) or the twist-boat (TB) con- 
former predominated in the equilibrating mix- 
ture. Barriers to this interconversion were found 
to be of the order of 15-17.5 kcal/mol. In a re- 
cent paper by Gellatly et al. (3) the relative ener- 
gies of the various conformers of 2a as well as 
the possible pathways to their interconversion 
were computed using force-field calculations. 
The values they obtained for the enthalpy dif- 
ference between BC and TB conformers was 
1.2 kcal/mol (BC more stable) in fair agreement 
with the experimental value for AH of 3.2 kcall 
mol (1). Two additional results of the calcula- 
tions are pertinent in relation to the general 
properties of the ring system 2. Calculations for 
a number of boat-like geometries indicated that 
of three possible conformers, a boat (BB) having 
C, symmetry, a twist-boat (TB) having C, sym- 
metry, and an asymmetric distorted twist-boat 
(DTB), the boat (BB) was of higher energy than 
either of the  other^.^,^ The geometries of these 
conformers are depicted in Fig. 1. Calculations 
were also performed on three possible transition 
states for the BC + TB interconversion. One of 
these, involving rotation about the C-4 to C-5 

4This nomenclature has been adopted to coincide with 
that employed by Anet (5) for 1,4-cyclooctadiene. It  
differs from that of Gellatly et al. (3) which uses C rather 
than BC and Boat rather than DTB. 

5The small energy differences between the DTB and 
TB forms suggest that the more stable conformer may 
well differ for various members of series 1 and 2. In the 
absence of definitive evidence on relative stabilities we 
will arbitrarily refer to any twist-boat conformer as TB. 

BC(Cr) BB(Cs) TB(C2) DTB(C,) 

FIG. 1. Possible low energy conformations of 5,6,7,12- 
tetrahydrodibenzo[a,d]cyclooctene with their symmetry 
classification. 

and C-5 to C-6 bonds of the BC form, was of 
much lower energy than the other two. The acti- 
vation energy of 18.3 kcal/mol calculated for the 
BC -t TB process is in remarkably good agree- 
ment with the experimentally derived value of 
17.0 k ~ a l / m o l . ~  On the basis of these calcula- 
tions we 'need consider only one transition state, 
with the result that the interconversion pathways 
available to la-h can be represented as shown in 
Scheme 1. 

/ T B  + 
yDTB\ 

BC B B BB* yDTB2 \ BC * 

SCHEME 1. Allowed conformational interconversions 
for 5,6,7,12-tetrahydrodibenzo[a,d]cyclooctene. The spe- 
cies designated by an asterisk are mirror images of those 
lacking an asterisk. Subscripts are used to differentiate 
DTB, from DTB2 since, although the two forms repre- 
sent the same enantiomer, they can in principle be dif- 
ferentiated by the proton shifts at C-5 and C-7. 

A. Criteria for Assignment of Conformation 
Several parameters diagnostic of either the 

TB or BC conformation have been employed in 
our earlier studies of the azocines (1, 2). The 
same criteria to be applied to compounds lb-h 
are summarized as follows. 

i. The flexibility of the TB conformer gives it a 
greater entropy than the rigid BC conformer 
(e.g. A S  = 7 eu for 2a (1)). 

ii. The geminal coupling coilstant between the 

6Previously AG*,ll (TB -+ BC) has been measured as 
15.3 kcal/mol, AS,, as -7 eu, and AH0 as 3.2 kcal/mol. 
If we make the assumption that S *  = 0, then ASe = 
- 7 eu, and thus AH '(TB -+ BC) = 13.8 kcal/mol. To 
obtain the BC -+ TB barrier one must then add AH0 = 
3.2 kcal/mol giving AH*(BC -+ TB) = 17.0 kcal/mol. 
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protons at C-12 is much more positive for the 
BC (-12 to -14 Hz) than for the TB (-19 Hz) 
conforn~ation, as was anticipated on the basis of 
the previous known effect of a benzene ring (8). 

iii. Two of the vicinal coupling constants be- 
tween protons at C-5 and C-6 will be close to 
zero in the BC conformer only. This results from 
the fact that in the BC conformer the dihedral 
angles for two pairs of vicinal protons are ap- 
proximately 90". 

iv. The BC conformer will normally give rise 
to two sets of nonequivalent methylene proton 
absorptions whereas the TB conformer, when- 
ever the equilibration process (TB $ TB*) is 
rapid, will give rise to two singlets (except when 
C-6 bears two different substituents). 
B. Criteria for Assignment of Configuration 

at C-6 
In the derivatives Id-h two BC conformers 

are possible, one in which the bond to the sub- 
stituent at C-6 is essentially in the plane of either 
benzene ring (which will be referred to as the 
pseudoequatorial position), the other having the 
substituent oriented downwards from this plane 
(a pseudoaxial orientation). Distinction between 
these conformers can be made in two ways. 

i. As was observed in the azocines, there 
should be a marked difference in chemical shift 
between a pseudoaxial and pseudoequatorial 
substituent. The shift of the pseudoaxial sub- 
stituent to higher field by 0.6-0.8 ppm is attrib- 
utable to the ring currents of the two benzene 
rings (9). 

ii. Examination of a Dreiding model of the 
rigid BC conformer indicates the dihedral angles 
to be 90" and 150" between the protons at C-5 
and the pseudoaxial proton at C-6. When the 
C-6 proton is pseudoequatorial the angles are 
90" and 30". From the extensive studies on the 
Karplus relation it is clear that the protons 
oriented at 150" to one another will exhibit a 
larger vicinal splitting than those oriented 30" to 
one a~io ther .~  Thus of two BC conformers, that 
with pseudoequatorial substituent (pseudoaxial 
proton) will exhibit the larger vicinal splitting. 
Determination of Barrier Heights from Variable 

Temperature Nuclear Magnetic Resonance 
Data 

The measurement of free energies of activation 

'While application of the Karplus relation to stereo- 
chemical problems must be made with caution, as was 
discussed extensively by Jackman and Sternhell (9, p. 
280), there is general agreement that the right hand side 
(90" < 0 5 180") gives rise to larger coupling constants. 

for the interconversion of conformers has been 
accomplished for compounds lb, c, e,f, g, and h. 
In each case the free energy has been calculated 
from the standard expression (10, 11) for coales- 
cence of an AB system. For compounds 1b and c 
the coalescence of an AB pattern to a singlet was 
complicated by the presence of about 10% of 
the TB conformer whose singlet coalesced at the 
same time. However, it has been demonstrated 
by a comparison of a complete line shape (cls) 
analysis with the simple AB coalescence that the 
only effect of the second conformer is to cause 
unequal line widths of the A and B signals. Its 
presence in minor amounts does not affect the 
accuracy of determination of the coalescence 
temperature (3). 

For compounds le, f, and g the coalescence 
being monitored involved two singlets of not 
quite equal intensities (the most unequal ratio 
was 2: 1 (CH,, vs. CH,,). It has been shown pre- 
viously by Raban and Carlson (12) that in such 
cases, treatment of the system by the simple 
two-site equation for equal populations still 
gives the same resultant AG* as that obtained by 
cls analysis. For compound lh  measurement of 
the TB p TB* interconversion involved straight- 
forward analysis of the AB coalescence of two 
protons at C-5 and C-7. To obtain the BC ~1 
BC* barrier the coalescence of two approxi- 
mately equal intensity singlets8 for the BC and 
TB absorptions at C-5 and C-7 was observed. 
To convert the derived barrier TB FI BC into 
BC P BC* one simply adds RT In 2 to correct 
for the fact that for the equilibrium involved, 
BC + TB + BC*, the BC FI BC* process is half 
as fast (probable) as the BC F), TB process. 

For compound lh, a complete line shape 
analysis was carried out for comparison with the 
results obtained by use of the two-site approxi- 
mation. 

One additional method of measuring the 
TB + BC process was used with Id. This 
method, previously used by us (1) to study 2a 
measured the rate of equilibration of a sample 
of Idcontaining excess TB conformer (at - 72°C) 
produced by plunging a heated sample into liquid 
N, before transferring to the nmr probe for 
monitoring. Similar 'T-jump' techniques have 
recently been elegantly exploited (13) to obtain 
observable concentrations of the boat conforma- 
tion of cyclohexane. 

The basic nmr spectral parameters, equilib- 

sThe BC absorption of the C-5,7 protons appeared as 
a singlet in toluene but as an AB pattern in CDCI,. 
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TABLE 1. Equilibrium constants for BC TB equilibria 

Compound T (K) Kw Solvent* 

0.021 
0.1 
1.0 
0.05 
0.14 (BC,)$ 0.17 (BC,) 
0.17 (BC,) 
0.06 (BC,) 
0.08 (BC,) 
0.45 (BC,) 0.33 (BC,) 
O.lO(BC,) 0.18(BCe) 
0.62 
1 .o 

*The solvents used to obtaln the data In Tables 1-4 are as follows. 
(A) CDCI3; (B) acetone-d6-CDC1,-CS2(1: 1 : 1); (C) toluene-d8- 
CSAl: 1); (D) toluene-d8-CS2(4: 1); (E) toluene-d8; (F) acetone-d6. 

?Reference 3. 
$The subscript a or e designates the orientation of the methyl 

substltuent at '2-6. 

rium concentrations of conformers and bar- 
riers to interconversion, are presented in Tables 
1-4. Distinctive aspects of these spectral studies 
will be best considered individually. 

5,6,7,12-Tetrahydrodibenzo[a,d]cyclooctene- 
6,6-d2, la-d2 

The analysis of the 'H nmr spectrum of l a  at 
several temperatures has been described by 
Elhadi et al. (4). They conclude that the mole- 
cule exists in the BC conformation in ecluilibrium 
with 2% of a TB conformer. Our iesults of 
examination of the spectra of la-6,6-d, in several 
solvents lead us to essentially the same conclu- 
sion. 

The dideuteroderivative of l a  was used to 
study the coalescence of both methylene quar- 
tets by variable temperature. The barrier to in- 
terconversion BC $ BC* was found to be 15.1 
kcal/mol at 36.5"C, in good agreement with both 
the recent experimental (15.2) and calculated 
(15.2) values reported by Elhadi et al. (4). Since 
the presence of 2% of a TB conformer was indi- 
cated by their studies of line shapes, we at- 
tempted to observe weak peaks ascribable to the 
TB form in the simplified spectrum of la-d,. No 
peaks due to a second conformer could be de- 
tected. 

5,6,7,12-Tetrahydrodibenzo ja,d]cycloocten-6- 
one, l b  

The presence of two singlet methylene ab- 
sorptions in the nmr spectrum of l b  indicates 
either a TB conformer or a mobile equilibrium 
between BC and TB conformers. As the tem- 

perature is lowered the two singlets broaden and 
diverge to several overlapping multiplets (in a 
1 : 1 : 1 mixture of acetone-d6, CS,, and CDCI,). 
From a study of 5,5,7,7-tetradeutero l b  in this 
solvent mixture over the temperature range 
- 107 to - 50°C the barrier to interconversion 
of BC conformers was found to be 10.1 kcall 
mol. At - 107°C the BC to TB ratio was 10 : 1. 
The absorption of the C-12 protons of the BC 
conformer appeared as an AB quartet while the 
TB absorption was a singlet. When the spectrum 
of lb-d, was measured in toluene-d,-CS,(l : 1) at 
the same temperature the ratio of conformers 
changed to 1 : 1 again appearing as a quartet and 
a singlet. Comparison of this latter spectrum 
with that of l b  (undeuterated) allowed the 
identification of an AB quartet and a singlet due 
to the protons at C-5,7. All shifts and coupling 
constants thereby obtained are given in Table 2. 
An interesting value was found for the geminal 
coupling constant between the methylenes adja- 
cent to the carbonyl group of the BC conformer. 
This coupling constant is 3 Hz more positive 
than the value for ' J  at C-5 in the hydrocarbon 
la .  This increment to ' J ,  caused by replacing a 
CH, group with a C=O oriented orthogonal to 
the antisymmetric MO of the CH, group (14), 
is in perfect agreement with the value predicted 
from the empirical relation of Montecalvo and 
St-Jacques (1 5). 

6-Methylene-5,6,7,12-tetrahydrodibenzo[a,d]cy- 
clooctene, l c  

The spectrum of l c  at room temperature 
showed three sharp singlets for the three types 
of methylene groups at 6 3.65 (C-5,7), 4.06 
(C-12), and 5.0 (vinyl). At - 65°C the protons 
at C-12 and those at C-5,7 appeared as AB quar- 
tets while the olefinic protons remained as a 
singlet. The nonequivalence of the C-12 protons 
indicates a BC conformer. A small amount of 
TB conformer (5%) is also present as indicated 
by a second singlet peak in the exo methylene 
region (6 5.11). The barrier to the BC $ BC* 
interconversion was found to be 13.1 kcal/mol. 

It is interesting to note that the difference in 
the BC p BC* barrier for the ketone versus the 
exo methylene derivative is 3.0 kcal/mol, remi- 
niscent of the difference between cyclohexanone 
(AG* = 4.0 kcal/mol(16)) and methylene cyclo- 
hexane (AG* = 8.4 kcal/mol (17)). 

6-Methyl-5,6,7,12-tetrahydrodibenzo[a,d]cy- 
clooctene, I d  

The spectrum of this compound shows a 
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TABLE 2. Nuclear magnetic resonance parameters* for BC conformers 

Solvent 
Compound (T (K)) C-12 

l b  A (300) 4.01 3.86 
1 b-d4 B (253) 4.06 
1 b-d4 B (166) 4.47, 3.99 ( J  = 13.0) 
16 C (183) 3.61, 3.28 ( J  = 12.0) 3.67, 2 . 9 6 ( J =  11.2) 
l c  A (300) 4.06 3.65 4.95 
IC A (208) 4 .36 ,  3.82 ( J  = 12.7) 3.88, 3 . 5 5 ( J =  13.0) 4.98 
ld(CH3ax) A (253) 4.28, 3.65 ( J  = 12.3) 3.44. 2 . 8 8 ( J =  14.0) 0.47 

J5,6 = 0,  Jsc6 = 6.7 2.5 (C-H) 
ld(CH3,q) A (253) 4.20, 3.65 ( J  = 12.4) 3.15, 2 . 6 9 ( J =  14.0) 1.27 

J5,6 = 10.0,J5,6 = 0 . 0  1 .8 (C-H) 
l e  A (228) 4.25, 3.71 ( J  = 12.4) 3.42, 3 . 0 8 ( J =  14.3) 3.81 

J5=6 = 1 0 . 0 , ~ ~ ~ ~  = 0.0 2.48 (C-H) 
lf(CH3ax) A (233) 4.27, 3.73 ( J  = 12.7) 3.59, 2 . 8 7 ( J =  13.5) 0.85 
lf(CH3eq) A (233) 4.27, 3.76 ( J  = 12.7) 3.49, 2 . 9 7 ( J =  14.4) 1.65 
lg(CH3,J A (238) 4.27, 3.69 ( J  = 12.7) 3.29, 2 . 6 6 ( J =  13.6) 0.41,3.57 (CH,) 
lg(CH3,q) A (238) 4.27, 3.69 ( J  = 12.7) 3 .24, 2 . 7 8 ( J =  14.0) 1.35, 2.89 (CH,) 
l h  A (233) 4.13, 3.83 ( J =  13.0) 3.90, 3 . 5 7 ( J =  14.6) 
l h  E (255) 3.16, 3.00 ( J  = 12.5) 2.67 
l h  F (300) 4.40, 3.84 ( J =  12.8) 4.22, 3 . 6 7 ( J =  14.4) 

*Chem,ical,shifts are in 6 units, coupling constants in Hz. Coupling constants without subscripts represent geminal interactions which are 
negatlve In slgn (ref. 9, p. 270). 

similarity to its nitrogen analog, 2a, in the 
methyl region, having three distinct methyl ab- 
sorptions representing TB, BC, and BC, con- 
formers in a ratio of 8: 42 : 50. The identification 
of the methyl signal of weakest intensity as a 
TB absorption follows from the observation of 
its increase in intensity from 3% of total methyl 
absorption at - 73°C to 8Y, at - 30°C, indicative 
of itsgreater entropy (+4ku) than either of the 
more intense signals whose ratio stays constant. 
Furthermore the coupling constants for the 
methylene protons at C-12 of the two most 
abundant conformers confirm their identitv as 
BC conformers. The assignment of an equatorial 
configuration to the methyl group of the weaker 
BC doublet rests on both the chemical shift and 
vicinal coupling constant criteria mentioned 
earlier. 

All temperature dependent spectra were run 
using the 6,12,12-trideutero derivative. The 
barrier to interconversion, BC, + BC, was de- 
termined to be 15.9 kcal/mol at 55"C, the coales- 
cence temperature of the two methyl singlets. 
Using the quenching technique the TB -, BC 
barrier was found to be 14.2 kcal/mol from the 
rate of equilibration of the TB signal. The rate 
constant for this Drocess remesents the TB + 

15.5 kcal/mol at 55°C reveals a good agreement 
between the two methods. If one assumes AS* = 

0, and ASe, = 4 eu then AG* (TB -, BC,) can 
be calculated to be 15.0 kcal/mol at 55°C. These 
two barriers, having a common transition state, 
should differ by AGe, for TB + BC, which is 
0.5 kcal/mol at 55"C, consistent with the experi- 
mental values. 

Methyl 5,6,7,12-tetrahydrodibenzo[a,d]cyclo- 
octene-6-carboxylate, l e  

The methyl ester l e  gives rise to a simple 'H 
spectrum at -20°C which shows a dominant 
conformer to be present accompanied by 7% of 
a second isomer. The major component can be 
identified as the BC conformer from both the 
chemical shift and the coupling constant data. 
The pseudoequatorial orientation of the car- 
bomethoxy group of the BC form is indicated by 
the 10 Hz vicinal coupling constant involving 
the methine proton at C-6. The second isomer 
can be assigned to the TB conforn~ation. A 
sample of 6,12,12-trideuterated ester clearly 
showed a small singlet for the protons at C-5 
and 7 (6 2.86) whose intensity diminished as the 
temperature was lowered (i.e. it has greater 
entropy than the BC form). 

BC, and TB + Be, transfoimations. Thus the 6-Hydroxy-6-methyl-5,6,7,12-tetrahydro- 
TB -, BC, rate constant will be half as large dibenzo[a,d]cyclooctene, If 
giving AG* (TB + BC,) = 14.5 kcal/mol at The tertiary alcohol, If, gives rise to a 'H 
-72°C. A comparison with AG* (BC, -, TB) = spectrum which is considerably broadened by 
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RENAUD ET AL. 

TABLE 3. Nuclear magnetic resonance parameters for TB conformers* 

Solvent 
Compound (T (K)) C-12 C-5,7 C-6 

lb-d4 B (166) 3.79 t 
lb C (178) 3.32 3.10 
l c  A (208) t t 5.11 (CH,) 
Id A (253) t t 0.93 (JCH3-A = 6.5) 
I f  A (233) 'r 'r 1 .28 (CH3) 
l g  A (273) .I t 0.95 (CH3) 
l h  A (231) 4.45 3.28,3.12(J= 14.1) 
l h  F (300) 4.50 3.26 

*Chemical shlfts are glven In S unlts, coupl~ng constants In Hz. 
?Peaks not ~dentifiable. 

TABLE 4. Barrier to ring inversion (kcal/mol) 

Compound Solvent Process 

BC -+ BC* 
BC + BC* 
BC -+ BC* 
BC -+ BC* 
BC -+ BC* 
BC, -+ BC, 
TB + BC 
BC, -+ BC, 
BC, + BC, 
BC -+ TB 
BC -+ TB 
BC -+ TB 
TB -+ TB* 

Coalescence type 

AB + A, at C-12 
AB + A, at C-12 
AB + A, at C-12 
AB + A, at C-5,7 
AB -+ A, at C-12 

* 
T-jump 

* 
* 

AB + S -t S by cls 
? 

AB + S + S at C-12 
AB + A, at C-5,7 

- - 

*Unequal singlets coalescence. 
?Equal singlets coalescence. 

interconversions between the various conformers version of the two BC conformers was found to 
at 0°C or above. At -40°C the spectrum shows be the same as for If, as one would expect for 
three sharp methyl singlets indicating the pres- two compounds, each having two substituents 
ence of three conforn~ers com~rising 50. 16. and of similar size at C-6. 
34% of the total and represe&ing <he BC,; TB, 
and BCa conformers, respectively, whose assign- 
ments followed from the customary applications 
of criteria A, i and ii, and B, i. A measurement 
of the coalescence of the two more intense 
singlets at 68°C indicates the barrier to intercon- 
version of boat chairs to be 16.7 kcal/mol. The 
increase in this barrier over that of the parent 
(15.2) is quite consistent with the additional 
eclipsing of both the CH, and OH substituents 
with their vicinal protons in the transition state. 

6,6- Dicyano-5,6,7,12-tetrahydrodibenzoja,d]cy- 
clooctene, lh 

The conformational properties of lh differ 
significantly in several ways from the other mem- 
bers of the series. In CDCI, at -30°C, the 
proton spectrum of lh shows the presence of a 
BC conformer (59%) represented by two AB 
quartets in the methylene region and a TB con- 
former (41%) whose methylene absorptions are 
a singlet (C-12 protons) and an AB quartet 
(~ro tons  at C-5 and C-7). As the tem~erature is 
%A 

6-Hydroxymethyl-6-methyl-5,6,7,12-tetrahydro- raised to - 3°C the quartet for the C-5,7 protons 
dibenzoja,d]cyclooctene, lg of the TB conformers broadens and coalesces, 

From the nmr spectrum, the primary alcohol indicating the conformational process which 
lg at - 18°C was found to exist in the three con- averages the proton environments to have 
formations BCe (methyl equatorial), BC,, and AG* = 13.4 kcal/mol. This process, already ob- 
TB in the ratio 34 : 6 : 60, assignable on the basis served by us in the structurally similar quater- 
of criteria A, i and ii. The barrier to intercon- nary methiodide of the azocine 2a, was termed a 
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racemization process, i.e. TB P TB*. One dis- 
tinctive property of lh,  as indicated by the data 
in Table 1, is that its conformational equilibrium 
is less influenced by temperature than was Id. 
That the entropy difference between BC and TB 
conformers is smaller in lh  by 2 eu is consistent 
with the presence of two cyano groups restricting 
the mobility of the twist-boat. Interestingly this 
BC P TB equilibrium is surprisingly sensitive to 
solvent. At 27"C, the ratio [TB]/[BC] is unity in 
both CDC1, and toluene-d,, whereas in acetone 
it is 0.2. 

The barrier to the TB P BC interconversion 
for lh  was determined in several solvents. In 
toluene-d,, a AG* of 16.5 kcal/mol was obtained 
by observing the coalescence Tc = 59°C of the 
singlet for C-5,7 for the TB confornler with the 
equally intense absorption of the C-5,7 protons 
of the BC form which in this solvent appears as 
a singlet. At the same time the singlet (TB) and 
the AB quartet (BC) representing the C-12 pro- 
tons also coalesced (Tc = 59°C). This latter 
coalescence was subjected to a complete line 
shape analysis (18) which yielded a value for 
AG* of 16.4 kcal/mol. 

In CDCI,, observation of coalescence of the 
AB quartet (BC) and the singlet (TB) due to the 
protons at C-5 and C-7 indicates a AG* of 16.3 
kcal/mol. Thus for lh,  the effect of solvent on 
the BC --+ TB barrier is negligible. 

The similarity in the geminal coupling con- 
stants for the methylene protons at C-5 and C-7 
in the BC (- 14.6 Hz) and TB (- 14.1 Hz) con- 
formers gives some indication of the geometry 
of the TB conformer of lh.  Recently we have 
shown that the hyperconjugative effect of a 
phenyl substituent on the geminal coupling 
constant of an attached methylene group varies 
from 0-5.5 Hz (19). Specifically the coupling 
coilstant is 5.5 Hz more negative when the rt 
orbitals of the ring and a line drawn through the 
two protons are parallel (projected angle + = 
0") rather than perpendicular (+ = 90"). Since 
MO theory predicts the effect to be proportional 
to cos2 +, the hyperconjugative shift can be ex- 
pressed as A J  = 5.5 cos2 +. Dreiding models 
show that the projected angle 4 for l h  is 75" in 
the BC, 85" in the dissymmetric TB form and 0" 
in the symmetric BB. Models indicate that the 
DTB conformer produced from the symmetrical 
TB form by a 30" rotation about the C-5 to C-6 
bond has the projected angle changed to 75". 
Any further rotation would lead to a projected 

angle sufficiently smaller to cause a difference of 
greater than 0.5 Hz in the geminal coupling con- 
stants of the TB and BC conformers. Thus for 
l h  at least, the conformation of the twist-boat is 
either the symmetric TB or a DTB in which the 
change from the TB form is not great. 

Experimental 
All nmr spectra were recorded on a Varian HA-100 

spectrometer, using simultaneous deuterium spin-decou- 
pling by means of an SD-100 decoupler for those mea- 
surements involving deuterated derivatives. All coupling 
constants were determined with an  accuracy of i 0 . 2  Hz. 
At temperatures other than ambient, the probe tempera- 
ture was measured before and after recording the spectra 
by means of a copper-constantan thermocouple inserted 
into a nonspinning sample tube containing solvent. Such 
measurements are thought to be accurate to better than 
i lCC. Spectra near the coalescence temperature were 
recorded at  sweep widths of 250 Hz using a sweep time 
of 0.25 Hz/s. Care was taken to avoid saturation. The 
AV'S used in calculating AG* were determined over the 
range 213-263 K. No significant temperature dependences 
were encountered. Spectral calculations using the com- 
plete line shape program of Kleier and Binsch (18) were 
carried out on an IBM 360165 computer. 

The preparation of all the compounds except lb-d4 and 
1 fused in this study has been published elsewhere (7). 

The 5,5,7,7-tetradeuterio ketone l b  was obtained by 
the exchange of l b  with a DC1- D3PO3 - D20-dioxane 
solution according to the method of Seible and Gaumannl 
(20). No  peaks for the C-5 and C-7 protons were seen in 
the l H  nmr. 

6-Hydroxy-6-methyl-5,6,7,12-tetrahydrodibenzo[a,djcy- 
clooctene If 

Using the procedure of Cope and Fenton (21), the 
ketone l b  was reacted with methylmagnesium iodide in 
dry ether to give a quantitative yield of the alcohol 1 f. 
An analytical sample was obtained by passing the crude 
oil through silica gel and distilling it at  an  air bath tem- 
perature of 100°C (0.01 Torr) using a Spath bulb appara- 
tus to give a colorless viscous oil. Anal. calcd. for 
C17H180: C 85.67, H 7.61; found: C 85.46, H 7.43. 
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Studies of a model of hydrogen recombination 
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NEIL S. SNIDER. Can. J. Chem. 55, 3464 (1977). 
A Morse oscillator model for recombination of hydrogen and its isotopes was investigated 

computationally. The model is very similar to one recently studied by Pritchard and co-workers. 
The aims of the study were the test of certain approximations and the determination of the 
range of validity of the model. It was found that at low temperatures the steady state approxima- 
tion is an increasingly accurate and increasingly convenient approximation. A way of estimating 
the error arising from this approximation was proposed. Other approximations which were 
tested gave unsatisfactory results. The rate constant vs. temperature curve for the model does 
not agree well with the experimental curve for hydrogen in argon except insofar as it reproduces 
the observed levelling-off at high temperatures. For the model this result may be ascribed to 
increasing relative rates for multiquantum transitions among the levels of the diatom. The 
model does give the experimentally observed ratios of the rate constants for H- and D-atom 
recombination. This result indicates that the important factor in determining the isotope ratio 
is the effect of mass change on the density of states rather than its effect on the collision 
dynamics. 

NEIL S. SNIDER. Can. J. Chem. 55, 3464 (1977). 
On a etudie, a I'aide d'un calculateur, la recombinaison de I'hydrogene et de ses isotopes en 

prenant comme modele l'oscillateur de Morse. LC modtle est tres proche de celui rtcemment 
Btudie par Pritchard et ses collaborateurs. LC but de cette etude est de verifier certaines approxi- 
mations et de determiner la zone oh le modele est valable. I1 apparait qu'a basse temperature 
I'approximation de 1'Ctat stationnaire est de plus en plus exacte et convenable. On propose une 
methode d'haluation de I'erreur sur cette approximation. Plusieurs autres approximations 
n'ont pas donne de bons resultats. La courbe de la constante de vitesse vs. la temptrature pour ce 
modde ne correspondent pas bien a la courbe expCrimentale pour l'hydrogtne dans I'argon. On 
peut utiliser cette courbe en autant qu'elle reproduit le palier observe a haute tempQature. LC 
resultat obtenu pour ce modele peut ttre attribut a l'accroissement des vitesses relatives de 
transitions multiquantiques parmi les niveaux du diatome. D'ailleurs, le modtle reproduit les 
rapports qui sont observes expCrimentalen~ent pour les constantes de vitesse pour la combi- 
naison des atomes H et D. Ce resultat suggere que le phknomtne majeur dans la determination 
du rapport isotopique est I'effet de la variation de masse sur la densitt des ttats plut8t que son 
effet sur la dynamique des collisions. 

[Traduit par le journal] 

Introduction The solution of [l ] is characterized by the eigen- 

has been for some time (1) that a values of K, the matrix of coefficients of the ni's. 

theoretical description of thermal dissociation of The dissociation rate constant k, is related to hl,  

diatomic molecules A, in the presence of a the smallest (in magnitude) of these eigenvalues, 

diluent gas M, k, = -h,/n, 
M 

Az + 2A The rate constant for recombination k, is k, 
entails the solution of a set of N coupled linear divided by K7 the equilibrium constant for 
differential equations, dissociation. 

N +  1 
Computation of the eigenvalues of K is a 

C11 
dni 
- = C kijnj - C kjini 

straightforward task, but it is a lengthy one if N 
dt j=1 j =  1 is large. Hence, approximation methods are 

it i Z i normally employed to find hl .  It has been known 
where ni is the concentration of A, in level i, N for some time (2) that the steady state approxi- 
is the number of levels of A,, level N + 1 cor- mation is useful here. A further simplification 
responds to atoms, and kji is the frequency of can be effected by approximate conversion of [ I]  
transitions to j from i. The kji's are directly pro- to an equivalent diffusion (Fokker-Planck) 
portional to n,, the concentration of the diluent. equation (3). Recently still another approxima- 
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tion has been proposed (4) wherein the distribu- length (4-6). Less attention has been paid to the 
tion of level populations is assumed to have a accuracies of the second (3, 4) and the third (4) 
plausible functional form which is characterized of the just mentioned approximations. 
by two parameters. The best values of the param- In this article are presented computational 
eters for a given case are found by the variational tests of these approximations for a model similar 
method. The accuracy of the steady state approxi- to one which has been assumed for H, dissocia- 
mation for kd and k, has been discussed at some tion in helium (7). The kij's are given by 

[2 1 k i j ( z  Aij) = .rC1[l - exp (-49.6Ai,i-1)] exp [-49.6Aij + (617 + 223 In T)Aij2] 

forO < Aij < 0.157, 1 s i s  N 

= .rY1 exp [-49.6Aij + (617 + 223 In T)Aij2] 

forO < Aij < 0.157, i = N +  1 

= kij(F, 0.157) exp [-67.2(Aij - 0.157)] for Aij > 0.157 

= kji(F, exp ( A ~ ~ I T )  for Aij < 0 

where Tis kT/D,, D, is the depth of the potential 
well for the ground electronic state of Hz, 
AijDe is the difference between the energies E~ and 
E~ of the levels i and j, and T is the average time 
between collisions. The model, as characterized 
by [2], applies just to transitions between vibra- 
tional levels of the molecule. A simple generaliza- 
tion which takes account of rotation is intro- 
duced later in this article. This model differs from 
the one treated in ref. 7 in two ways: the Morse 
oscillator formula' is used for the E,'s, 

[3 I E, = - De[l - s(i - +)I2 

and a factor 
1 - exp (-49.6Ai,i-1) 

is included (admittedly arbitrarily) to prevent 
the total rate of transitions out of closely spaced 
levels from becoming anomalously large. 

None of the aforementioned approximations 
has yet been tested on a model of the type just 
described. Such a studv is warranted since the 
model, hereafter referred to as the Morse oscilla- 
tor model, has some realistic features. 

The present article has as its other goal the 
test of the model itself as a predictor of isotope 
effect and temperature dependence for H- and 
D-atom recombination rate constants. The effect 

'Equation 3 differs slightly from the standard Morse 
oscillator energy level expression because the levels are 
numbered from 1 to N rather than from 0 to N - 1 as is 
usually the case. The parameter s in  terms of the potential 
parameters a and D, and the reduced mass y is equal to 
a?i/(2yD.)"Z. 

on rate constants of a change in level density has 
been examined for the Morse oscillator model 
(8) and for the so-called separable exponential 
model (4). In both studies the preexponential 
factor of kd was found to increase with increasing 
level density, but it is not evident that the cause 
of the increase is the same in both cases. The 
present article attempts to clarify this point and 
to answer the related question of whether or not 
changes in level density alone can account for 
experimentally observed isotope effects. 

Finally, it has been argued (9) that much of 
the temperature dependence of k, is due to a 
simple factor which accounts for the rotation of 
A,. It is therefore of interest to treat a simple 
generalization of the Morse oscillator model 
which includes rotation. In the present article 
such a treatment is carried out, and comparison 
is made between the temperature dependence of 
k, for the model and the observed temperature 
dependence of k, for Hz in argon. 

Tests of Approximations 
The equations which underlie the various 

approximations to be tested have been presented 
in ref. 4. They are briefly summarized here to 
provide an immediate frame of reference. In the 
steady state approximation the time derivatives 
in [I ] are set equal to 0 for all i greater than 1. 
The resulting equations can be cast in the form of 
N - 1 linear algebraic equations for N unknown 
tji's given by 

?ji = (xi/xi,&) - 1 
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where x i  is the fraction of molecules in level i, 
and xi,, is the fraction of molecules which level i 
would contain if a Boltzmann distribution were 
maintained. For the Morse oscillator model 
xi,, is given by 

- 1 [4a] xi,, = q, exp [-s(2 - si)(i - l)/T] 
N 

[4b] q ,=  exp[-s(2-si)( i -  l)/T] 
i =  1 

The aforementioned equations for the 6,'s are as 
follows : 

where Rji is given by 

The additional subscript s is appended to the 
6,'s in [5] to indicate that they are the steady 
state approximations to these quantities. The 
dissociation rate constant is given by 

In the computations reported here 6i,s was set 
equal to zero for all i less than m where m is an 
appropriate integer greater than 1. Equations 5 
for i equal to and greater than m were then 
solved for the remaining 6,'s. A subroutine 
based on the square root method (10) was em- 
ployed in the solution of the equations. 

For the approximately equivalent stepladder 
model the Rij's, call them R*ij, are given by 

The dissociation rate constant, call it k,,,, is 
given by 

This approximation is the simplest of the three to 
carry through computationally. 

In the final approximation considered, 6i is 
taken to have the form 

where p and o are variational parameters. The 

best values of p and o, denoted below by sub- 
script zeros, are given by 

provided that po differs sufficiently from 1. 
The primes in [7a] denote differentiation with 
respect to  p, and the f~~nctions a and b are 
given by 

The dissociation rate constant in this approxi- 
mation is denoted kd,,  and is given by 

where kd,, is the rate constant which applies 
if the level populations maintain a Boltzmann 
distribution, 

N 

The basic approximation here is [6]. This 
equation is suggested by results for the separable 
exponential model (4), a model which reproduces 
the important features (although perhaps not the 
details) of many models of dissociation and re- 
combination of diatomic molecules. 

Calculations were carried out on a Burroughs 
B-6700. In finding the eigenvalues of K, the 
matrix was first symmetrized by a standard 
similarity transformation (I). The symmetrized 
matrix was then tridiagonalized using the library 
subroutine TRED1, and the eigenvalues of the 
tridiagonalized matrix were found using the 
library subroutine RATQR. Because of tech- 
nical difficulties, eigenvalues were only obtained 
for temperatures 3000 K and above. However, as 
will be shown, there is good reason to take the 
steady state approximation to be essentially 
exact below 3000 K. 

For H, a value of s equal to 0.0575 was chosen. 
This gives the best fit to the known spacings of 
the low-lying vibrational levels of this molecule. 
There is probably no really suitable criterion for 
choosing a most appropriate value of s. The 
results of this study indicate that the Morse 
oscillator expression for the energy levels is 
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probably inadequate in any case. For T greater 
than 7000 K [2] gives a range of Aij for which kij 
increases with increasing Aij. I t  was considered 
best to terminate this study at a temperature well 
short of that at which the model develops this 
unphysical feature. The temperature 5000 K was 
chosen. 

In Table 1 exact and approximate results are 
compared. Said results are expressed in terms of 
the dinlensionless preexponential factor p given 
by 

p = zkdn, exp (DlkT) 
I 

where D is the dissociation energy. As before, 
subscripts s, 1, v refer to steady state, equivalent 
stepladder, and variational approximations, 
respectively. The steady state approxinlation is 
clearly the most reliable of the three approxima- 
t i o n s . - ~ ~  mentioned above, F,,, was set equal to 
zero for all i less than some m. Results accurate 
to three or more significant figures were obtained 
provided E,, was - 8kT or less relative to the 
dissociation energy. The variational method, 
although it gives somewhat better values of p at 
the highest temperatures, gives values of 6, at 
3000 and 5000 K which are less than - 1. This 
result has the physically absurd implication that 
level N has a negative population. The varia- 
tional approximation is also unsatisfactory in 
that eqs. 7 are difficult to solve computationally 
because of spurious roots. 

It  has been shown (4-6) that the fractional 
error f in the steady state approximation is of the 
same order as h,/h,, the ratio of the first two 
eigenvalues of K, 

The present calculations confirm this assertion, 
as is shown by Table 2. At 5000 K, f is about a 
factor of four larger than h,/h,. It has been 
argued (1) that - h, is zv- I, the reciprocal of the 
vibrational relaxation time. For the harmonic 

TABLE 1. Comparison of approximate and exact pre- 
exponential factors for the Morse oscillator model of H, 

dissociation 

T (K) P P. PI Pv 

300 0.8169 1.1544 
1500 0.2778 0.5533 0.6146 
3000 0.1354 0.1354 0.2965 0.2979 
5000 0.0834 0.0832 0.1845 0.1255 

'Technical difficulties precluded the computation of these values. 

TABLE 2. Exact and estimated eigenvalues of K and error 
in the steady state approximation for the Morse oscillator 

mode1 of H, dissociation 

oscillator model zv is given by (1 1) 

Values of -h,z and k,,z/q, for the Morse 
oscillator model are given in Table 2. As found 
previously (7), the latter quantity is larger, but 
by less than a factor of two. Since kd,,n, is very 
close to -h,, a rough estimate of the error in 
the steady state approximation is given by 

Since k, increases much more rapidly with T than 
does k,,, the steady state approximation is 
sufficiently accurate below a certain temperature. 
As is seen from Table 1, that temperature is 
about 3000 K for the model under investigation. 

Rate Constants and Distribution Functions 
Vibrational Levels Only 

In Table 3 are shown values of p for the 
various values of s considered., In descending 
order, these values of s are meant to correspond 
to H,, D,, T,, and a hypothetical isotope of H, 
with a molecular weight of 10. Decreasing s 
implies increasing N as indicated in the table. An 
increase in N always produces an increase in p. 
This result is in agreement with earlier findings 
(8). 

In order to better understand this result, the 
variation of r with s was considered where r is 
the factor by which the rate constant is reduced 
due to deviations from a Boltzmann distribution, 

Figure 1 shows logarithmic plots of r vs. T for 
Hz,  T2, and the hypothetical isotope. In all three 
cases the curves level off at the temperature 
extremes. As s decreases, the rate of change of r 
with T decreases so that r increases with in- 
creasing s at low temperatures but decreases 
with increasing s at high temperatures. From [8] 
and Table 3 it is seen that p, must decrease with 
increasing s at low temperatures. It  was found 

'In what follows, p is taken to be equal tops. 
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TABLE 3. Preexponential factors at two tempera- 
tures for Morse oscillator models with different o 

level spacings 

T (K) s N P 

that p, decreases with increasing s at all tem- I 
peratures.' 

FIG. 1. Rate reduction due to non-Boltzmann distribu- Figure shows curves of In vs. ' i t k T  at tion as a function of temperature for Morse oscillator 
3000 K for the three cases discussed above.4 The models with different level spacings. 
curves coincide near the dissociation limit, but 
for the underlying levels the population at given 
E~ is closer to being in a Boltzmann distribution 
at smaller s. Nevertheless, even for the case with 
the smallest s, deviations from a Boltzmann 
distribution are already as high as 50% for a few 
of the levels which are more than kT below the 
dissociation limit. Similar results were found at 
the other temperatures investigated. 

In Fig. 3 are shown plots of contributions to 
the rate from the individual levels as a function 
of level energy. Curves are shown only for T, 
because they are very similar for the other iso- 
topes. The contributions are expressed in terms 
of pi which is given by 

[91 ~ i = ~ R ~ + l , i ( l + 6 i > e x P ( D / k T )  

As can be seen from [2], kN+ , i  increases mono- 
tonically with E~ at the temperatures in question. 
However, because of the drastic depletion of the 
uppermost levels, pi goes through a maximum. 
Also of note is that the maximum is broader at 
the higher temperature. 

These results enable one to account for the 
variation of r with temperature for the various 
values of s. At low temperatures most of the 
dissociation comes from levels in the energy 
range for which 6 ,  at given E~ is the same for all 
the isoto~es. The Dattern of levels and the 

FIG. 2. Semilog plot of fractional deviation of level 
populations from a Boltzmann distribution as a function 
of level energy at 3000 K for Morse oscillator models with 
different level spacings. 

crease in s produces a decrease in r. At high 
temperatures this effect is offset by the relatively 
greater contribution to the rate from levels for 
which the populations come closer to maintaining 
a Boltzmann distribution at the smaller values of 
s. Since this contribution is decisive at the higher 
temperatures, r increases with decreasing s. 

A Rotational-Vibrational Model 
variation of k N + l , i  with E~ are such that a de- In order to make meaningful comparisons 

with ex~eriment. one must generalize the Morse - 
3The values of PC and r for D2 are out of step with model to account for rotalion. It is 

these trends. However, D, can be regarded as the 
exception which proves the rule because the Nth level in necessary an 
this case is exceedingly close to the dissociation limit. for T - ' .  The simplest assumption in the latter 

4As will be seen later. this reoresentation of the 6's case is based on hard sphere collision theory, 
was chosen in order to facilitate comparison with pre- 

[lo1 dictions of the separable exponential model. T -  l = o ( 8 k ~ / n p ) ~ / ~ n ,  
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FIG. 3. Contributions to the rate from individual levels 
as a function of level energy for the Morse oscillator 
model of T2 at 300 K and at 3000 K. 

where o is the hard sphere collision cross section 
(not to be confused with the o of [6] and [7])  
and p is the reduced mass of the A,-M pair. 

Let L be the angular momentum of A, and 
let P, + , , ,(L) be given by 

where k,+ , ,i(L) is the rate constant for dissocia- 
tion of A, with angular momentum L and 
vibrational quantum number i. The dissociation 
rate constant k,,, is a thermal average of 
k ~ +  ~ , i ( ~ ) ?  

where q,,, is the partition function for the 
rotational-vibrational degrees of freedom of A,, 
L, is the maximum angular momentum which a 
bound A, may possess, zi(L) is the energy of 
level iL relative to the top of the centrifugal 
barrier, N(L) is the number of vibrational levels 
for given L, and E,(L) is the height of the centri- 
fugal barrier relative to the dissociation energy 
at L = 0. Strictly speaking, the integral over L 
in [ l l ]  should be a sum over the allowed values 
of the angular momentum quantum number. 
However, for the model assumed, the dis- 
crepancy between sum and integral is small even 
at the lowest temperature considered. 

The recombination rate constant k,,, is 
related to k,,, by a factor K- ' .  With K-I written 
in terms of molecular parameters, this relation 
takes the form 

( h2 ) 'I2 exp ( D / ~ T )  kr,e = kd,eRgql~~ X k T  

where mA is the mass of A and R, is the ratio of 
the electronic degeneracy of the ground state of 
A, to the square of the electronic degeneracy of 
the ground state of A. Substitution of [ lo ]  and 
[ l l ]  for z and k,,, and multiplication by r gives 
the following equation for k,: 

The right-hand side of [12] really only contains 
a factor of Planck's constant to the first power 
since only the vibrational degree of freedom of 
A, is being regarded as quantum mechanical. 
For most diatomic molecules one likely can, to a 
good approximation, treat this degree of freedom 
classically as well. 

Equation 12 is based on a reasonably realistic 
model for atom recombination, but further 
approximations are necessary in order to obtain 
numerical results. First, E;(L) and P,+,,i are 
taken to be independent of L so that the sum 
and the integral in [12] become separable. Next, 
E ,  is taken to have the form 

where X* and n are constants. The variable X 
is related to L by 

where is the reduced mass of A, and re is its 
equilibrium internuclear separation. This ap- 
proximation for E ,  may be fairly good since [13] 
has been found (5) to provide an accurate 
representation of the angular momentum de- 
pendence of E ,  for the potential of the rotating 
Morse oscillator, 

De[exp [-2a(r - re)] - 2 exp [-a(r - re)] 
+ Xre2/r2] 

With the two just mentioned approximations, 
[ I  1 ] becomes 
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where 0, is the rotational temperature of A,, 
y(n-l, cC/kT) is .the incomplete gamma function, 
and E, is E,(L,). The factor 

can be regarded as a rotational equilibrium 
constant. It corresponds to the formation of 
metastable A, at the top of the rotational barrier. 
The decrease with temperature can be ascribed 
to the slow increase of the thermally averaged E, 

relative to that of the average energy associated 
with orbital motioil of the unbound atoms. The 
contribution of this effect to the temperature 
fall-off of k ,  has recently been emphasized (9). 

For the Morse potential used in the previous 
section one obtains values of 9.21 and 1.46 for 
X* and n, respectively. The potential has a 
minimum only for X less than 2.26, which in 
conjunction with [13] implies that E, equals 
0.1360,. Equation 13 with these specific values 
of the parameters gives for H, 

For D, the result is exactly twice as large. At a 
temperature of 77 K the right-hand side of [15] 
is smaller by about 4% than the corresponding 
quantum mechanical sum. Furthermore, the 
ratio of ortho and para contributions to the sum 
is almost exactly 3: 1. Therefore, this model 
predicts no significant para enrichment of H, 
due to recombination at 77 K, a result which 
agrees with experiment (12). 

For r times the sum of the P N + l , i ' ~ ,  one may 
take pq, where p is given by the computations 
reported in the previous sections, and q, is 
readily computed from [4b]. As shown by Fig. 1, 
r decreases with T, albeit more slowly at the 
highest temperatures considered. The factor 
p,q, increases with temperature, which may be 
the most unrealistic feature of the model. The 
hard sphere collision cross section o in [14] is 

treated here as an adjustable parameter. Assum- 
ing for it a not unreasonable value of 10 A2, one 
obtains for hydrogen 

[16] k, , ,  = (5.4 x lo8) T-0.315y(0.685,0.136/T) 
x q,p e 2  molT2 s-I 

For deuterium the factor mA2 Or in the denom- 
inator of [14] is twice as large as it is for hydro- 
gen. Thus the isotopic ratio is given by 

The factor of two more than outweighs the 
larger q,p values for deuterium. 

Figure 4 shows a logarithmic plot of [16] 
along with the most recent experimental values 
(13-15) of k ,  for H, in argon. The graph of [16] 
is seen to level off at  the extremes of temperature, 
a reflection of the levelling-off of r. Agreement 
with experiment is not very good. The experi- 

FIG. 4. Recombination rate constant as a function of 
temperature for H, in Ar. Dashed line was calculated 
from [16], circles represent data of ref. 13, and solid lines 
represent data of refs. 14 and 15. 

TABLE 4. Calculated and experimental 
ratios of rate constants for H- and D-atom 

recombination in argon 

k r , ~ / k r , ~  

T (K) Calculateda Experimental 

'Equation 17. 
*Reference 20. 
=Reference 15. 
*Reference 21. 
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mental curve does level off at the highest tem- from [17] are compared with values obtained 
peratures. However, it does not level off at low from experiment. Here the agreement is good. 
temperatures, and there appears to be a shoulder 
between 1000 and 2000 K.  It is of some signifi- Discussion 
cance that the modified phase space theory (16) Comparison with the Separable Exponential 
does predict these latter two features of the Model 
experinlental curve. The separable exponential model (4) is 

In Table 4 values of the isotope ratio calculated defined by the equations 

1 R . .  I J  = ~ - l ( l  - e-e ) exp [P(N - i)0 - cc(N - j)0 - NO] f o r j < i < N + l  

= ~ - ' ( 1  - e-e)2(ew - I ) - '  exp [P(N - i)0 - cc(N - j)0 - NO] for i = N + 1 

= R,, for j > i 

The model is characterized by parameters a ,  P, and 0. The parameter 0 is a measure of the level 
spacing and is of greatest interest in the present discussion. In ref. 4 it was shown that the steady 
state approximation gives for this model 

where E~ is - (N  - i)0. 
The monotonic increase of p with decreasing s 

for the Morse oscillator model has been ascribed 
to network effects (17). The monotonic increase 
of p with decreasing 0 for the separable ex- 
ponential model cannot be explained in this way 
(4). The present study goes beyond ref. 17 by 
showing which independent paths are important 
for bringing about the increase, namely those 
which lead directly to the dissociated state. 
Increase of the number of these paths increases 
p,, and p is thereby increased even at low tem- 
peratures where r decreases markedly with 
increasing s. 

As mentioned above, the. increase of r with 
decreasing s for the Morse oscillator model at 
high temperatures is apparently due to differences 
in the variation of 6 ,  with E ,  for the different 
values of s. From Fig. 2 one would surmise that 
the curves of In ( -6 , )  vs. E~ converge to a con- 
tinuum ( s  + 0 )  limit and that this limit is ap- 
proached more rapidly for E ~ ' S  near the dissocia- 
tion energy. From [I91 one sees that the con- 
tinuum limit of the In ( -6 , )  vs. E~ curves for the 
separable exponential model is approached at 

'For the separable exponential model as well it is the 
increase of p,  with decreasing 9 that is decisive, but here 
the increase can be ascribed only in part to network 
effects. 

the same rate for all E ~ .  Furthermore, the curves 
approach this limit from below whereas the cor- 
responding curves for the Morse oscillator model 
appear to approach their continuum limit from 
above. These differences between the In ( -  tii) vs. 
E ,  curves for the Morse oscillator model and 
those for the separable exponential model can be 
explained on the basis of the variable level 
spacings for the former model. Simply because 
the levels for the Morse oscillator approach a 
continuum most rapidly near the dissociation 
limit, it would seem reasonable that 6i should 
approach its continuun~ value most rapidly here 
as well. The downward concavity of the In (- 6,) 
vs. E~ curves for the Morse oscillator model can 
also be ascribed to the variation in level spacing 
since a greater number of levels per energy 
interval of given size is almost certain to imply 
less tendency for any one of them to be re- 
plenished. Thus the populations of the lower, less 
densely packed levels come closer to being in a 
Boltzmann distribution than would be expected 
on the basis of a linear extrapolation from the 
higher levels. Finally, since the relatively high 
depletions of the uppermost levels account for 
the maxima in the pi vs. E ,  curves for the Morse 
oscillator model, this effect can be ultimately 
traced back to the variation of level spacing 
with ci. 
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Comparisons with Experiment and with other 
Theories 

As already mentioned, the modified phase 
space theory (16) gives a k ,  vs. T curve more 
nearly in agreement with the experimental curve 
for H, in Ar than does the cruder theory dis- 
cussed here. However, it has been pointed out (7) 
that the Morse oscillator model is really intended 
to describe H-atom recombination in He at high 
temperatures. No experimental data are avail- 
able for this case, but the differences between He 
and Ar as third bodies are probably not large. 
Mass effects appear not to be important (la), 
and the effects of attractive forces are important 
only at low temperatures. One sees from Fig. 4 
that the Morse oscillator model does come closest 
to representing the experimental variation of k ,  
with T at  high temperatures. What is notable 
about this variation is the levelling-off of the 
curves as Tincreases. In the case of the model this 
levelling-off is a consequence of the levelling-off 
of r. The levelling-off of r is probably due to the 
increase with T of the probabilities of multiquan- 
tum transitions. Such an increase would slow the 
decrease of r in two ways: by evening out the 
reactivities of the various levels and by causing 
the reactive levels to be more easily replenished. 

The failure of the Morse oscillator model to 
reproduce the low temperature portion of the k ,  
vs. T curve is most likely a consequence of the 
neglect of atom - third body attraction. As can 
be seen from the results of ref. 16, the prediction 
of the modified phase space theory as to the 
rapidity of the fall-off of k ,  with T at low tem- 
peratures is quite sensitive to the assumed depth 
of the H-M potential well. The absence of a 
shoulder on the curve for the model in the inter- 
mediate temperature range may be due to a 
decline of r with T which is too gradual. Cal- 
culations, the results of which were not pre- 
sented here, show that a relative widening of the 
level spacings near the dissociation limit results 
in a more abrupt fall-off of r with T. It  is known 
(19) that [3] gives energy levels near the dissocia- 
tion limit which are more closely spaced than 
those actually observed for Hz. It  may be that 
the k ,  vs. T curve for a model with level spacings 
somewhere between those of a harmonic oscilla- 
tor and those of a Morse oscillator would 
exhibit the observed shoulder. Such an explana- 
tion of the shoulder would be, nevertheless, 
ambiguous. The modified phase space theory of 
ref. 16 is also based on a Morse oscillator model, 
and it does predict the shoulder. 

Conclusions 
The present study of the Morse oscillator 

model of hydrogen dissociation and recombina- 
tion has two parts: a test of approximations to 
the smallest eigenvalue h, of the matrix K for the 
model and an analysis of rate constants and 
level populations for the model in the light of 
experimental and of other theoretical results. I t  
was found that the steady state approximation 
gives a highly accurate result for h, provided 
that T is sufficiently low. A rough estimate of 
the error due to the steady state approximation 
is given by 

This ratio increases rapidly with temperature, 
but it does not become appreciable compared to  
one until temperatures such as are only oc- 
casionally investigated experimentally. The 
steady state approximation reduces the problem 
of calculatiiig the rate constant and the level 
populations to one of solving a system of 
simultaneous linear algebraic equations. The 
number of equations which must be solved to  
get an accurate result decreases as T decreases. 
No satisfactory further simplification of the 
calculations was found. Conversion to an 
approximately equivalent stepladder model led 
to inaccurate results. 

Transformation to an equivalent separable 
exponential model by means of the variational 
principle was also found to lead to inaccurate 
results. The failure of this approximation is 
elucidated by comparing curves of In (- 6,) vs. E ,  

for the two models. For the Morse oscillator 
model the curves are concave downward over 
most of the range of .si whereas they are linear 
for the separable exponential model. This 
difference can be ultimately related to the de- 
crease in level spacing with increase in E~ for the 
Morse oscillator model. 

The recombination rate constant for the 
Morse oscillator model decreases as T increases. 
The decrease is due in part to the decrease of the 
rotational equilibrium constant for the forma- 
tion of metastable A,. The rest of the decrease is 
due to the fall-off of r. The temperature variation 
of k, with T for the model does not agree well 
with that observed for H-atom recombination in 
argon. It  seems fairly certain that neglect of 
atom - third body attraction is partly to blame 
for this discrepancy. The use of a rather un- 
realistic energy level expression may also be 
partly to blame. 
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The model best re~roduces the observed 
variation of k, with T a t  high temperatures where 
a levelling-off of both curves is found. For the 
model this levelling-off is due to increase with T 
of the relative rates of multiauantum transitions. 
The model also reproducesA the experimentally 
observed ratios of the rate constants for H-atom 
and D-atom recombination. Phase space factors 
for degrees of freedom other than vibration of 
A, give a ratio of k,,, to k,,? equal to 2. The 
effect of increasing the vibrational level density 
is to reduce this ratio to values not much 
greater than one, which agrees with experiment. 
Apparently the effect which requires special con- 
sideration in predictions of k,.,/k,,, is the effect 
of the change in the spacing of vibrational levels. 
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Intrinsic acidities of carbon acids: the nitroalkanes. Solvation effects 
in water and DMSO 
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J. B. CUMMING, T. F. MAGNERA, and P. KEBARLE Can. J. Chem. 55,3474 (1977). 
The ion equilibria R I H  + R2- = R1- + R2H involving nitroalkanes and compounds with 

known gas phase acidity were measured at 500 K with a pulsed high pressure mass spectrom- 
eter. The resulting AGO = -RT In K combined with calculated AS0 values lead to the 
corresponding AH changes. The enthalpy changes are used for the evaluation of the difference 
between the bond dissociation energy and the electron affinity D(R-H) - EA(R). The values 
obtained are: CH3N02 44.0, CH3CH2N02 43.7, (CH3)2CHN02 43.0 kcal/mol. D(R-H) - 
EA(R) is a measure of the gas phase acidity. The nearly equal gas phase acidities of the nitro- 
alkanes above are due to a decrease of D(R-H) and to a decrease of EA(R) with methyl sub- 
stitution. In aqueous solution the acidities are known to increase substantially for the above 
nitroalkane order. Decrease of EA with methyl substitution indicates that there will be more 
charge localization on the 0 atoms in R -  with methyl substitution. This leads to better H 
bonding and solvation of R -  in protic solvents. This explains the higher acidity of the methyl 
substituted nitroalkanes in aqueous solution. The acidities in DMSO are closer to those in the 
gas phase since DMSO is not so sensitive to the charge distribution in R-. 

J. B. CUMMING, T. F. MAGNERA et P. KEBARLE. Can. J. Chem. 55,3474 (1977). 
L'equilibre ionique R,H + R2- = R1- + R2H impliquant des nitroalkanes et des com- 

poses d'acidite connue en phase gazeuse sont mesurts a 500 K avec un spectrometre de masse 
a haute pression impulsive. L'expression AGO = - RTln K resultante, combinke avec les 
valeurs calculees du AS0 conduisent aux valeurs AH correspondantes. Les changements d'en- 
thalpie sont utilises pour evaluer la difference entre l'energie de dissociation d'une liaison et 
l'affinite electronique D(R-H) - EA(R). Les valeurs obtenues sont: CH3N02 44.0, 
CH3CH2N02 43.7, (CH3),CHN02 43.0 kcal/mol. La difference D(R-H) - EA(R) est une 
mesure de I'aciditC des composts en phase gazeuse. Cette similarite des valeurs de l'acidite, en 
phase gazeuse des nitroalkanes ci-dessus, est due a une diminution des termes D(R-H) et 
EA(R) avec la substitution par un groupe methyle. Par contre, pour la m&me sequence que 
ci-dessus, on note une augmentation de l'aciditk de ces nitroalkanes en solution aqueuse. La 
diminution du terme EA avec la substitution par un groupe methyle indique qu'il y a une 
localisation de charge plus grande sur les atomes d'oxygene 0 dans R -  avec la substitution par 
un groupe mkthyle. Ceci nous amene a un meilleur ttablissement de la liaison H et une meilleure 
solvatation du radical R-  dans les solvants protiques. Ceci explique I'acidite plus grande des 
nitroalkanes methyl-substitues en solution aqueuse. Les acidites dans le DMSO sont proches de 
celles obtenues en phase gazeuse puisque le DMSO n'est pas aussi sensible a la distribution de 
charge dans R - .  

[Traduit par le journal] 

Introduction 
Recently we reported gas phase acidities of a 

large variety of carbon acids RH obtained from 
measurements of the gas phase proton transfer 
equilibria 1 and 2 (1). 

1-21 RH + C1- = R-  + HCI 

The proton transfer process 2 relates the acidities 
to that of a common standard HCl. The previous 
measurements included only one nitro com- 
pound, p-NO, toluene. The anion of p-NO, 
toluene is highly delocalized and therefore not 

essentially different from the other highly 
delocalized anions reported in that work. The 
nitroalkanes, whose acidities are reported in the 
present work, are of special interest for several 
reasons. They are similar to the carbonyl carbon 
acids for which recently gas phase acidities (1,2) 
and electron affinities (3) have become available. 
Therefore comparisons between the alkyl sub- 
stituent effects prove to be quite fruitful even in 
the absence of electron affinities and bond dis- 
sociation energies for the nitro compounds. 
The nitroalkanes undergo measurable acid dis- 
sociation in aqueous solution so that acidity 
constants for that medium are available (4). 
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CUMMING ET AL 

FIG. 1. Dependence of AG1O = RT In K1 for proton transfer reaction involving nitroalkane and 
reference acid pyrrole. (a) CH2N02- + PyH = CH3N02 + Py-. (b) (CH3),CN02- + PyH = 
(CH3)2CHN02 + Py-. Because of reaction producing NO,- (see text) consistent equilibrium con- 
stants could be obtained only for large [pyrrole]/[nitroalkane] ratios. 

Acidity measurements in the important aprotic 
solvent DMSO have also been determined (5 ) .  
Therefore comparisons between the acidiiies 
in the dilute gas phase, water, and DMSO are 
possible and, as will be seen, prove very in- 
formative. 

Experimental 
The measu~ements of the proton transfer equilibria 1 

were made in a high pressure mass spectrometer (6) 
using procedures very similar to those described earlier 
(1). A gas mixture containing the buffer gas methane at 
1-4 Torr, R I H  and RZH generally in the 1-100 mTorr 
range, and NF, at -20 mTorr was passed in slow flow 
through the ion source. Fluoride ions are formed by the 
dissociative electron capture: e- + NF, = F- + NF,. 
The ions R- result from the proton transfer: F -  + RH 
= H F  + R-.  This reaction removes all the fluoride ions, 
since H F  is a much weaker acid than RH. Pulsing of the 
electron beam permits one to follow the temporal change 
of R,- and R2-. In normal measurements, after a kinetic 
stage of some 50 ys, the concentration ratio RI-/R,- 
becomes constant, which indicates the achievement of 
equilibrium 1. 

Some difficulties were encountered with the nitro 
compounds. For all nitroalkanes RH, the major ion 
observed was not R- but NO,-. This ion was present 
directly after the electron pulse and continued to grow 
slowly in intensity at the expense of the R- ions. Low 
pressure mass spectrometric studies (7) have shown that 
NO2- is produced directly by dissociative electron 
capture e- + C.H,.+lNO, = NO2- + C,Hz,+l. While 
this reaction might be responsible for the NOz- ob- 
served at the beginning of the pulse, the growth of NOz- 
with time after the pulse must be due to some ion mole- 
cule reaction. One possibility is the occurrence of 
nucleophilic displacement reactions of the type: CH2- 
NO2- + CH3N02 = CH3CH2N0, + NOz-. Another 

possibility is proton transfer from HNO, i.e. CHzN02- 
+ HNO, = CH3N02 + NO2-, where the HNO, is 
either a minor impurity present in the nitroalkanes or a 
product of some reaction occurring in the ion source. 
Since HN02 is a much stronger acid, HN02 present at 

Torr i.e. less than 0.1% of RH will still be able to 
convert half of the R-  to RH in - 1 ms. 

It was found that equilibrium 'constants' Kl obtained 
at longer reaction times where the anion ratio had 
become constant were not always independent of the 
neutral acid ratio used. Constant values of K1 could be 
obtained only if the concentration of the nitroalkane R H  
was much lower than the concentration of the reference 
acid (pyrrole). This situation is illustrated by the results 
shown in Fig. 1. AG10 = RT In K1 is seen initially to 
increase with the [pyrrole]/[nitroalkane] ratio but the 
value becomes constant for a ratio larger than - 10. This 
behaviour may be a r e s ~ ~ l t  of the side reactions producing 
NO,-, which were mentioned above. The following 
scheme written for nitromethane AH and pyrrole PyH 
may be considered: 

k, 1 

[41 Py- + AH + NOZ- + neutrals 

k,, 
[51 A- + AH + NO2- + neutrals 

The possible neutrals being PyCH, and CzH,N02 
respectively if the side reactions are nucleophilic sub- 
stitution processes. The results shown in Fig. l a  were 
measured for long reaction times where [A-]/[Py-] = 
constant. For this condition to hold: d[A-]/dt = 
d[Py-]/dt. Expressing the rates in terms of the concen- 
trations and the rate constants one obtains, after re- 
arranging 
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where, 

Q is the equilibrium quotient for the proton transfer 
reaction 3. 

A replot of the data used in Fig. la is shown in Fig. 2, 
where Q is plotted vs. the concentration ratio [AH]/ 
[PyH]. An (approximately) straight line is obtained, 
which shows that the experimental results are consistent 
with the mechanism [3]-[5]. The slope of the straight line 
obtained is 0.2 while the intercept with the Q axis is - 0.325. This leads to the expressions: 

and, 
ksz/(2k, + kSl) = 0.2 

Evidently Q will be close to the equilibrium constant K 
for [3], only if 2k, > kSl. Unfortunately quantitative 
measurements of the rate constants were not made; 
however qualitative examinations of the concentration 
changes of the ions before the ion ratio [A-]/[Py-] 
becomes constant did indicate that k,, which corresponds 
to the exothermic direction of equilibrium 3, is consider- 
ably larger than k,, + k,,. The equilibrium constant 
therefore should be equal to 0.325 the same value as that 
obtained by the extrapolation in Fig. la .  An additional 
reason for confidence in the results is the thermodynamic 
consistency of the data presented in Fig. 3. The results of 
Fig. 3 are considered in the next section. 

It should be pointed out that an equation of the same 
form as [61 will be obtained if the side reactions 4 and 5 
involved not AH directly but some impurity like HNOl 
whose concentration is proportional to that of AH. 

Results and Discussion 
The free energy changes for reaction 1, 

AG10(500) = R T  In K for T = 500 K, are 
shown in Fig. 3. The determinations include, 
for the ion equilibria, 

RH + C1- = R- + HCl 

some multiple thermodynamic cycles which are 

FIG. 2. Replot of data from Fig. la as a test of eq. 
6. Q = [AH][Py-]/[PyH][A-] is the equilibrium coef- 
ficient of reaction: PyH + A- = Py- + AH, slope of 
line equals 0.2 and intercept of Q axis equals 0.325. 

AG;(~OO) A G ~ ( S W )  

22.2 Pyrrole 

1.07 1.16 

20.9 3 . 2 2 - i  tropropane 

FIG. 3. Summary of gas acidity measurements. Num- 
bers beside double arrows represent directly measured 
AG10(500) = - R T  In  K1 for reaction 1 : RIH + R,- + 
R2H measured at 500 K.  RIH is the compound on the 
upper end of the double arrow. AGZ0(500), given in 
column on the left are values for reaction 2: RH + 
C1- = R-  + HCI, relating present acidities to the 
orimarv standard HC1. 

consistent to 0.1 kcal/mol. The AG;(500), also 
shown in Fig. 3, relate the acidities to  the pri- 
mary standard HCl. They were obtained from 
AGIO and the AGZ0 for pyrrole which was deter- 
mined in separate measurements (1,9). 

From AGZ0, AH,' can be evaluated by using 
calculated AS2' values. Since AH,' = D(R-H) 
- EA(R) - D(H-CI) + EA(Cl), it is possible to 
evaluate D(R-H) - EA(R) by using the known 
D(H-CI) - EA(C1) = 20 kcal mol (8). The 
entropy change in reaction 2 was evaluated (9) 
by considering the appearance of two rotational 
degrees of freedom in the change C1- -+ HCl 
and the conversion of an internal rotation to a 
restricted rotation in the change C,H,,+ ,NO2 -+ 

C,H,,NO,-. Symmetry number changes were 
considered also. The barrier to  internal rotation 
around the C-N bond arises because of the 
formation of a partial double bond in the anion. 
The corresponding structures for the nitro- 
methane anion are shown in 1. 

A full account of entropy calculations for 
reactions 2 involving all measurements done in 
our laboratory is given elsewhere (9). The cal- 
culated (9) TAS,' are approximately 2.2 kcal/mol 
(at 500 K) for the nitroalkanes. Since they don't 
change much for the three nitroalkanes studied, 
they do not have a significant effect on the 
relative acidities. However, this correction im- 
proves the accuracy of the absolute D - EA 
results. The D - EA values for the nitroalkanes 
are shown in Table 1. 

A key to the changes of gas phase acidities of 
the nitroalkanes can be obtained by comparison 
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CUMMING ET AL. 

TABLE 1. Thermochemical information for carbon acids R H a  

R H  D(R-H) - E A ( R ) b  E A ( R )  D(R-H) 

aAll values in kcal/mol. 
bFrom gas phase equilibria measurements of reaction R1- + R 2 H  = R I H  + R,- and evaluations of 

entropy change. 
CCumming and Kebarle (2). 
dPresent work. Absolute D - EA values believed to be accurate to + 2  kcal/mol, relative values to *0.2 

kcal/mol. 
ezimmerman Reed and Brauman (3). 
fFrom D ( R ~ H )  ' E L ( R )  and EA(R). 
gDirect (kinetic) determinations of bond dissociation energy, Solly, Golden, and Benson (13). 
hEstimated electron affinities on the basis of assumed D(R-II) and determinations of D(R-H) - EA(R), 

see text. 
hGas phase acidity determinations and entropy change evaluation (1, 9). 
'Richardson Stephenson, and Brauman (14). 
mDirect (kinetic) determination by King and Goddard (15). 

with the acidities of the carbonyl compounds 
also shown in Table I .  

Recent determinations of the photodetach- 
ment thresholds of the enolate ions R- by 
Zimmerman, Reed, and Brauman (3) have pro- 
vided electron affinities for the enolate radicals R. 
With these data the D(R-H) - EA(R) obtained 
from gas phase acidity measurements (2) can be 
separated into substituent effects on EA(R) and 
on D(R-H) for the carbonyl compounds. 
Examining the pairs HCOCH2-H, HCOCH- 
(CH,)-H and CH3COCH2-H, CH,COCH- 
(CH3)-H (Table I), we notice that methyl 
substitution on the carbon carrying the acidic 
hydrogen lowers the electron affinity of R by 2.8 
and 2 kcal/mol and the bond energies D(R-H) 
are lowered by 3.4 and 3.8 kcal/mol, respectively. 
Since electron affinity and bond energy have 
opposite effects on the acid dissociation energy, 
the net result is a very small increase of acidity 
with methyl substitution. The bond energy 
change with methyl substitution is the familiar 
decrease which occurs from a primary to a 
secondary C-H bond. Since for the nitroalkanes 
CH3N02, C2H,N02, and i-C3H,N02 we liave 
again a change from primary to secondary and 
to tertiary C-H bonds one may certainly expect 
that decreases of D(R-H) of some 3-4 kcal/mol 
will be occurring with each methyl that is intro- 
duced. Since the measured D - EA values 
change (decrease) by much smaller amounts the 
electron affinities must be decreasing with methyl 
substitution. It is interesting to note that D- 
(CH3CH2--H) = 98 and D(CH3CH(CH3)-H) 

= 94.5 kcal/mol (10) are very close to D(CH3- 
COCH2-H) z 97 and D(CH3COCH(CH3)- 
-H z 93 kcal/mol (Table 1). The lack of 
change when CH, is replaced by the electron 
withdrawing group CH,CO makes it plausible 
to assume that the R-H bond energies in the 
nitromethanes might also be approximately 
equal to the bond energies of the primary, 
secondary, and tertiary C-H in the alkanes. 
Using D((CH,),C-H) = 91.5 kcal/mol (10) 
and the values 97 and 93 kcal/mol for primary 
and secondary C-H given above one obtains 
the approximate values for EA(R) of the nitro- 
alkanes given in Table 1. 

It is interesting to  compare the three sub- 
stituted 'methanes' (CN)CH3, (CH3CO)CH3, 
and (N02)CH3 (Table 1). The D - EA values 
are 58.7, 56.4, and 44 kcal/mol, an acidity order 
observed previously in the more qualitative 
measurements by Bohme (11). The lack of a 
reliable D(N02CH2-H) is unfortunate, but the 
available data indicate that the observed acidity 
change is determined by increases in the electron 
affinities: 34.8, 40.6, and -53 kcal/mol. The 
bond energies also increase in this order but 
the changes are much smaller. 

A comparison between the nitroalkane acidities 
in the dilute gas phase, in aqueous solution, and 
in DMSO can be made on the basis of the data 
shown in Table 2. This is best done by considering 
the experimental AG data for proton transfer in 
the gas phase, water, and DMSO since these do 
not involve corrections for symmetry number as 
do the D - EA data. While the acidity in the gas 
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TABLE 2.  Acidities in the dilute gas phase, in water, and in DMSO 

nD(R-H) - EA(R) from Table 1. 
bPearson and Dillon (4). 
cBordwell (5). 
"Free energy change for proton transfer reaction CH3N02 + R- = CH2N02- f RH in kcal/mol. Water and DMSO measurements at 

300 K .  

phase experiences practically no increase with 
methyl substitution to the carbon carrying the 
acidic hydrogen, in water a substantial increase 
of acidity is observed. Generally alkyl substitu- 
tion decreases the aqueous acidity relative to 
that in the gas phase so that, at a first glance, the 
results for the nitroalkanes appear surprising. 
However there is a good explanation for these 
observations. As noted earlier methyl substitu- 
tion decreases the electron affinity EA(R). 
Therefore it may be assumed that methyl 
relative to H has a charge localization effect in 
the anion, i.e. the partial negative charge on the 
oxygen atoms increases in the order CH,NO,- 
< CH,CHNO,- < (CH,),CNO,-. This means 
that the first and the few subsequent strong 
hydrogen bonds with HOH molecules, which 
will occur to the oxygen atoms as in structure 2, 
will be stronger for the more highly methyl 
substituted anions. 

solvent molecules. Since the positive charge in 
aprotic dipolar molecules is distributed diffusely 
over bulky hydrocarbon groups, the centre of the 
positive pole of the dipole is relatively inacces- 
sible to the negative ion. The strength of the 
interaction of the first few solvent molecules with 
the negative ion is therefore less sensitive to  
increase of ionic radius or delocalization of 
negative charge from a small functional group. 
Therefore, the solvation of the nitro anions in 
DMSO will not increase appreciably with charge 
localization on the 0 atoms upon methyl 
substitution and consequently the relative DMSO 
acidities will follow approximately the gas 
phase acidities. 
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Microwave spectrum of trans-1-methoxy-l,3-butadiene 
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R. KEWLEY and S. C. DASS. Can. J. Chem. 55,3480 (1977). 
The microwave spectra of two conformers of 1-methoxy-1,3-butadiene have been studied in 

the 18 to 40 GHz region. One conformer is the s-trans conformer of trans-1-methoxy-1,3- 
butadiene. The other is most likely the corresponding s-cis conformer. The rotational constants 
for the ground vibrational state are (in MHz) s-trans: A = 24 524(16); B = 1336.51(1); C = 
1277.76(1); s-cis: A = 12 642.73(23); B = 1607.61(1); and C = 1439.64(1). The centrifugal 
distortion parameters Dj,  and DJ have also been determined for each conformer. 

For the s-trans conformer two series of torsional satellites have been found which are assigned 
as 0-CH torsion with frequency 60(20) cm-' and =C-C= torsion, frequency 80(30) cm-'. 
For the s-cis conformer one series of satellites has been observed, which has been assigned to 
=C-C= torsion, of frequency 103(30) cm-'. 

R. KEWLEY et S. C. DASS. Can. J. Chem. 55,3480 (1977). 
On a enregistre les spectres microondes de deux conformeres du mkthoxy-1 butadiene-1,3 

dans la rtgion de 18 a 40 GHz. L'un d'eux est le conformQe s-trans du methoxy-1 butadikne- 
1,3 trans. L'autre est vraisemblablement le conformere s-cis correspondant. Les constantes de 
rotation pour I'etat vibratoire fondamental sont (en MHz) pour le s-trans: A = 24 524(16); 
B = 1336.51(1); C = 1277.76(1); et pour le s-cis: A = 12 642.73(23); B = 1607.61(1); C = 
1439.64(1). Les parametres de distorsion centrifuge DjK et Dj sont aussi determints pour chaque 
conformkre. 

On a trouve pour le conformere s-trans deux series de satellites de torsion auxquelles sont 
assignees la torsion 0-CH de frtquence 60(20) cm-' et la torsion =C-C= de frtquence 80 
(30) cm-'. Pour le conformere s-cis, on observe une strie de satellites a laquelle on attribut la 
torsion =C-C= de frtquence 103(30) cm-'. 

[Traduit par le journal] 

Recently a number of straight chain methoxy 
compounds have been studied by microwave 
spectroscopy. These include methyl ethyl ether 
(I), chloromethyl ether (2, 3), bromomethyl 
ether (3), methyl propargyl ether (4), methoxy- 
acetonitrile ( 5 ) ,  and 3-methoxypropionitrile (6). 

Less work has been done on fairly small 
molecules of the type in which a methoxy oxygen 
is attached directly to an unsaturated carbon 
atom. The only conformer of methoxyethyne, 
CH,OC=CH, is planar except for two of the 
methyl hydrogens (7) and in methyl formate, 
HCOOCH,, the 0-CH, and C=O bonds are 
cis to one another (8). Of all the n~olecules in- 
vestigated previously the one which has the 
greatest structural similarity to 1-methoxy-1,3- 
butadiene is methyl vinyl ether, CH,OCH= 
CH,. The conformer observed in -the n~icrowave 
study of this molecule (9) is the one which is 
structurally analogous to methyl formate, having 

'Present address : Microwave Technology, 751 2 Bath 
Road, Mississauga, Ont., Canada IAT 1L2. 

the CH,-0 bond cis to C=C. The gas phase 
infrared spectrum of methyl vinyl ether (10) also 
showed the cis conformer to be predominant 
with about 12% trans conformer also present. In 
an infrared study of the molecules CH,OCH= 
CHCH, and CH,OCH=CHC,H, Owen and 
co-workers (1 1) concluded that in the geometric 
isomer in which the CH,O and CH, (or C,H,) 
are trans to one another the situation is like that 
in methyl vinyl ether, i.e. the conformer with an 
s-cis CH,O predominates and there is also a less 
abundant s-trans CH,O conformer. The other 
isomer, which has CH,O and CH, (or C,H,) 
cis, is considered to have a slightly nonplanar 
s-trans structure (1 1). 

The cis and trans isomers of 1-methoxy-1,3- 
butadiene have been the subjects of an nmr 
solution investigation by Diez and Rico (12). 

In their study the trans and cis isomers were 
synthesized separately, the cis by hydrogenation 
of cis-CH,OCH=CH-CECH and the trans by 
treatment of crotonaldehyde, CH,CH=CH- 
CHO, with methanol. The analysis of the nmr 
coupling constants data led to the conclusions 
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,CH3 

Trans 
isomer CGZ* H H :s",. H H 

s-trans 1 s-cis 2 

H  
cis isomer C H ~ \ ~ % H  :,%H 

H  H CH3 H  H 

s-trans 3 s-cis 4 

that the  referred conformation of the trans 
isomer is blanar s-cis (conformer 2) and that the 
cis isomer has the s-trans conformer 3 as its 
preferred configuration. The corresponding con- 
clusion was reached, by dipole moment studies, 
for the related molecule l-methoxy-but-l-ene-3- 
yne (13). 

Because of the relative lack of microwave data 
on unsaturated methoxy compounds and because 
of the possibility of comparing the results with 
those found in a liquid medium by nmr it was 
considered to be of interest to use the microwave 
rotational spectrum of 1-methoxy-1,3-butadiene 
as a means of studying the conformational 
situation in the vapor state. 

Experimental 
Three samples of 1-methoxy-1,3-butadiene (technical 

grade), consisting of 88-95 of the trans isomer2, were 
purchased on separate occasions from the Aldrich 
Chemical Company. Even a sample from a freshly 
opened vial gave strong microwave absorption lines due 
to trans-crotonaldehyde, for which the a-type J = 5 + 4, 
6 +- 5, 7 t 6, 8 +- 7, and 9 t 8 transitions fall within the 
frequency region studied (14). Although the presence of 
this strong spectrum caused some initial confusion its 
overlap with that of the molecule under study was not 
a serious difficulty, so that it was possible to use the 
commercial samples throughout without further purifica- 
tion. A few weak lines of methanol were also noticed in 
the 15-30 GHz region. 

The initial work in the 18-26.5 GHz region was carried 
out at Queen's University using a Hughes-Wilson 100 
kHz Stark-modulated spectrometer (15) at both room 
and dry ice temperatures. Samples pressures between 100 
and 200 mTorr and Stark voltages in the range 100 to 
2000 V cm-' were used. Later work, in the 26.5 to 40 
GHz region, was done using a Hewlett-Packard model 
8460A MMR spectrometer in the laboratory of Professor 
R. F. Curl at Rice University, Houston, TX. All the 
measurements on this instrument were made at room 
temperature with pressures of 20-60 mTorr and Stark 

'This information was kindly provided by Technical 
Services, Aldrich Chemical Company, Milwaukee, WI, 
U.S.A. 

voltages of 800-2000V cm-'. The accuracy of the 
frequency measurements is 0.1 MHz or better. All com- 
putations were carried out in double precision arithmetic 
on the Queen's University Burroughs 6700 computer. 

Rotational Spectrum 
Prediction and Assignments, Ground Vibrational 

State 
As an aid to the initial assignment the rota- 

tional constants and spectra were predicted for 
conformers 1-4, see Introduction, using struc- 
tural parameters taken from refs. 5 and 16. The 
resulting values of B + C and the asymmetry 
parameter K are given in Table 1. 

I t  was considered unnecessary to include in 
these predictions isomers in which the carbon- 
carbon double bonds are s-cis since Carreira3, in 
a Raman study, found the s-cis configuration of 
1,3-butadiene to be 873 cm-' higher in energy 
than the s-trans form. 

For conformers 1-4 estimates were also made 
of the pa and pb dipole moment components and 
were based on the observed magnitude and 
direction of the dipole moment of methyl vinyl 
ether (9). The estimated values of (pa, pb) were 
(in D):  1 (0.07, 0.96); 2 (0.65, 0.72); 3 (0.51, 
0.83); 4 (0.95, 0.16). 

The a-type J = 9 + 8 and 10 + 9 transitions 
of conformer 1 were identified on a scan of the 
22-26.5 GHz region. The J = 12 t 11 and 
14 t 13 transitions were then examined in detail 
using the Hewlett-Packard instrument. Only in 
these transitions was it found possible to make a 
detailed assignment of the high K- , components. 
This is because the value of the centrifugal 
distortion parameter DjK is such as to largely 
nullify the asymmetry shifts for lines with smaller 
K-, values. This results in considerable over- 
lapping of lines that would be well resolved for a 
rigid rotor. Once a satisfactory high K-, 
assignment had been achieved the K- , = 1 lines 
were identified by using the (B + C), (A - 
+(B + C))b:, Dj, and DjK values from the high 
K-, fit together with the condition that the out- 
of-plane hydrogen coordinate, c,, is expected to 
be close to 0.89 A. The value in methyl vinyl 
ether is 0.889 A (9) and similar values are found 
in other methoxy compounds (5, 6). In addition 
a further check on the K-, = 1 assignment was 
made by comparing the resulting A, B, and C 
values with those obtained from the assumed 
structure; see also below. The K-, = 1 lines 

3L. A. Carreira, private communication. 
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TABLE 1. Predicted B + C values (MHz) 
and Ray's asymmetry parameters for four 

conformers of 1-methoxy-1,3-butadiene 

Conformera B + C K 

1 2578 -0.995 
2 3131 -0.963 
3 2998 -0.979 
4 4563 -0.761 

"For the numbering of the conformers, see Intro- 
duction. 

TABLE 2. Some observed a-type transition frequencies 
(MHz) of trans-1-methoxy-1,3-butadiene, s-trans con- 

former (I), ground vibrational state 

Transition Observed Obs. - Calcd. 

however were weak and difficult to assign as 
Stark lobes were not observed. The assigned 
transitions of conformer 1 are given in Table 2 
and the derived constants in Table 4. The con- 
stants given were obtained using the program 
DLSQF which fits the observed transition 
frequencies to the asymmetric rotor constants 
(A + C)/2, (A - C)/2, and K and the centrifugal 
distortion constants DJK and Dj of a slightly 

asymmetric rotor. Since this program does not 
yield directly the standard errors in the rotational 
constants A, B, and C a second fit was carried 
out as a check and to obtain consistent standard 
errors. In this fit multiple linear regression was 
carried out using the known derivatives of the 
line frequencies with respect to D,, and D, and 
the derivatives with respect to A, B, and C,  
calculated using the rigid rotor frequency pre- 
diction program ROTSPE with the values from 
the DLSQF fit as the initial ones. The second fit 
gave essentially the same constants as the first. 
In both fits the centrifugal distortion constant 
D, was set equal to zero. Some use was also 
made of the program CDANAL (written by Dr. 
W. H. Kirchoff and modified by Dr. R. S. Lowe) 
for predicting unobserved lines. However, this 
program was not used in the final fit as for this 
type of molecule, with very slight asymmetry, a 
constrained value of T",,,, has to be used giving 
rather dubious values for the other T coefficients. 
The absence of observed b-type lines for confor- 
mer 1, in spite of the relatively large p, com- 
ponent, is due to the large uncertainties (over 
100 MHz) attached to the prediction of such 
lines from the CDANAL program. Also only a 
few widely spaced b-type transitions would be 
expected to lie in the region studied. 

The initial scan also revealed a group of lines 
near 24.4 GHz which was assignable as the a- 
type J = 8 + 7 transition of a second conformer. 
Vibrational satellites are much less in evidence 
for this conformer. This may be seen on the trace 
shown in Fig. 1. Work at higher frequencies led 
to detailed assignments for the J = 9 t 8, 

FIG. 1. A trace of the spectrum of trans-1-methoxy-1,3- 
butadiene in the 27 to 32 GHz region, showing the 
vibrational satellite patterns of the s-trans and s-cis 
conformers and the strong absorption due to the presence 
of crotonaldehyde impurity. 
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TABLE 3. Some observed a-type and h-type transition frequencies (MHz) of trans-1-methoxy-1,3-butadiene, s-cis 
conformer (2), ground vibrational state 

Transition Observed Obs. - Calcd. Transition 
- - 

Observed 
- -- 

Obs. - Calcd. 

10 c 9, 11 t 10, and 12 c 11 transitions. In each case, might be expected to have rather 
the case of this conformer the K - ,  = 1 lines similar vibrational satellite patterns, mainly as 
were quite easy to assign from an accurate pre- regards intensity, but this is not what is observed; 
diction based on the frequencies of the remaining see Fig. 1. - 
K- , components, no assun~ptions concerning 
the value of c, being needed. The CDANAL 
program was used to predict a few b-type 
transition frequencies. This allowed an improve- 
ment in the accuracv of the A rotational con- 
stant to be brought about. The observed fre- 
quencies and derived constants for this confor- 
mer are given in Tables 3 and 4. In the DLSQF 
fit for this conformer DK was again set equal to 
zero because of the small number of b-type lines 
measured and their weak dependence of their 
frequencies upon DK.  

On the basis of the B + C of 3047.25 MHz 
and K value of -0.970 it would not be possible 
to assign this second conformer unequivocally as 
conformer 2 or conformer 3. However it would 
be surprising to find no observable spectrum 
from the s-cis form of the trans isomer when the 
s-trans form has already been detected, since the 
similar molecule methyl vinyl ether is mainly in 
the s-cis form (9). An additional point is that the 
two s-trans isomers (1 and 3), in which the 
methoxy group is situated rather similarly in 

Abundance of Conformers 
Because of the rather large J values involved 

in the observed transitions of both conformers 
and because the spectra are not very intense it 
has not proved possible to obtain any Stark shift 
measurements. This makes it difficult to make 
meaningful estimates of the relative abundances 
of the conformers 1 and 2. The small estimated 
pa (0.07 D) for the s-trans form is particularly 
susceptible to large uncertainty. By comparing 
the intensity of the s-trans peak at 36 602.30 
MHz, which is assigned as a superposition of the 
K - ,  = 4, 7, and 8 components of the J = 14 c 
13 transition, with that of the s-cis peak at 
36 607.27 MHz, assigned as J = 12 t 11, K- , = 
4, the intensity ratio was determined as 

s-trans ( J  = 14 + 13 (K-, = 4, 7, 8)) 
s - ~ i s ( J = 1 2 + l l ( K ~ , = 4 ) )  

The deduction of the relative proportion of the 
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TABLE 4. Rotational and centrifugal distortion constants of trans-1-methoxy-l,3-butadiene, 
ground vibrational state 

Constant s-trans Conformer (1) s-cis Conformer (2) 

A (MHz) 
B (MHz) 
C (MHz) 
K 

DJK (kHz) 
DJ (kHz) 
Number of transitions 

Standard deviation of fit 

I, + Ib - Ic (amu A2) 
A" (MHz) 
B" (MHz) 
C" (MHz) 

21 (MHz) 
22 (MHz) 
23 (MHz), assumed 
T",,,, (MHz) 
~ " b b b b  (MHz) 
T",,,, (MHz) 

'Conversion factor 505 379.2 MHz amu A2 from the constants in ref. 17. 
bThe figure given in parentheses after the value of the constant represents one standard 

two conformers from this ratio is, unfortunately, 
so highly dependent on the assumptions made in 
estimating p, (s-trans) that it is not considered 
meaningful to quote a precise figure. About all 
that can be said is that the s-trans form is prob- 
ably between about 50 and 98% in abundance 
(corresponding to an energy difference E(s-cis) - 
E(s-trans) in the range 0 to 8 kJ mol-I). Com- 
paring this result with that of the nmr study (12) 
indicates that, for the trans isomer, the propor- 
tion of the s-trans conformer increases on going 
from the liquid solution phase (in TMS) to the 
vapor phase. 

Vibrational Satellites 
In addition to the ground vibrational state 

spectrum the s-trans conformer exhibits two 
series of vibrational satellites to higher fre- 
quency; see Fig. 2. For one series four successive 
excited states are easily observable. These are 
designated TI-T4. Relative intensity measure- 
ments on the high K- , bunches in the J = 11 + 

10, 12 c 11, and 14 t 13 transitions yielded a 
vibrational frequency of 60 + 20 cm-' for the 
T series. Two excited states of the second (Y) 
vibrational motion were assigned and a vibra- 
tional frequency of 80 + 30 cm-' obtained from 
intensities. The B* values for these states are 
given in Table 5 together with the values for two 
states in which both vibrations are excited. The 

error of the quantity. 

I I 1 
31 500 31 450 31 400 MHz 

GROUND 
STATE 

J = 12-11 

FIG. 2. A trace of a portion of the J = 12 + 11 transi- 
tion of the s-trans conformer showing some of the 
torsional satellites. 

B* values for the T series fit the equation (for 
T = 1-4) 

indicating a fairly harmonic potential. The T and 
Y vibrational satellites clearly must be those due 
to progressive excitation of the torsional motions 
about the 0-CH and =C-C= bonds. The 
lower frequency (60 cm-l) may be assigned to 
the 0-CH torsion. This is con~parable with the 
0-CH, torsional frequencies in methoxy- 
acetonitrile, CH,OCH,CN and 3-methoxypro- 
pionitrile, CH,0CH,CH2CN, which are, re- 
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KEWLEY AND DASS 3485 

TABLE 5. Effective rotational constants 
B* (MHz) for the ground and excited 
vibrational state peaks of s-trans trans- 

1-methoxy-1,3-butadiene 

State B* " 

Ground 
T 1 
T2 
T3 2630.77 
T4 2634.86 
Y1 2615.63 
Y2 2616.71 
YlTl 2621.75 
Y1T2 2627.08 

aObtained by dividing the frequency of the 
peak of the high K - ,  group by J + 1. B* -- B + C. 

spectively, 74 k 32 and 90 f 17 cm-' (5, 6). 
These molecules are not exactly analogous to 
the present one. In methyl vinyl ether the lowest 
vibration frequency of the molecule, at 219 + 
20 cm-I, was assigned to the 0-CH torsional 
mode (9). However for a molecule of this type in 
the s-cis conformation interaction between the 
methyl hydrogens and the nearby CH hydrogen 
should restrict the torsional motion, giving it a 
relatively high frequency. In s-trans trans-l- 
methoxy-1,3-butadiene the methyl group is 
situated further away from the closest CH 
hydrogen and the 0-CH torsion is evidently less 
restricted. 

The other frequency (80 cm-l) is assigned to 
torsion about the --C-C= bond. The fre- 
quency is surprisingly low compared to the cor- 
responding one in unsubstituted 1,3-butadiene, 
of 162 ~ m - l , ~  even though a lower frequency 
would be expected because of increased mass in 
the present case. 

The only vibrational satellites observed for the 
s-cis conformer were the first and second excited 
states of a vibration for which the satellites are 
to the low frequency side of the ground state 
transition; see Table 6. The intensities yield a 
frequency of 102 f 30 cm-l. These excited 
states (Yl and Y2) are assigned as due to 
=C-C-- torsion on account of the proximity 
in frequency to the value of 80 cm-I for the s- 
trans conformer and also because of the absence 
of any such low frequency modes in methyl vinyl 
ether. 

For neither of the two observed conformers 
has an assignment been made of a satellite due to 
methyl torsion. Possibly t h s  is due to the fact 
that in a relatively long-chain molecule the 

TABLE 6. Observed frequencies (MHz) and relative in- 
tensities" for vibrational satellites in the J = 11 c 10 

transition of s-cis trans-1-methoxy-1,3-butadiene 

Vibrational state 

Transition Ground Y1 Y2 

11(9,3)+10(9,2) 33530.92 33505.5 33485.2 
10(9, 2) t 10(9, 1) (1.00) (0.63) (0.41) 

aThe relative intensity of a vibrational satellite is in each case given 
with respect to the corresponding ground state peak. 

excitation of methyl torsion does not cause 
enough change in the rotational constants to 
shift the satellite clear of the corresponding 
ground state transition. This is more likely to be 
a cause in the s-trans conformer, with its 
bunched high K- ,  lines, than in the s-cis. If the 
barrier to internal rotation were 3820 cal mol-' 
in the s-cis conformer, as it is in the structurally 
similar s-cis methyl vinyl ether, then using the 
equation 

[31 V3 = (819) 7c2 v2 I,. 
together with an assumed methyl top moment of 
inertia I, = 3.123 amu A2 and a resulting I,. of 
3.088 amu A2, calculated from the assumed struc- 
ture, a value of v of 256 cm- ' is estimated for the 
frequency of the methyl torsion mode. A similar 
calculation for the s-trans conformer predicts a 
frequency of 268 cm-I. With a lower assumed 
barrier of 3000 cal mol-I a value of 237 cm-I is 
obtained. The barrier is likely to be less in the 
s-trans conformer due to a smaller interaction 
between the CH, group and the nearest CH 
hydrogen. These considerations serve to  confirm 
that the vibrational satellites already assigned 
(T and Y for s-trans, Y for s-cis) are not due to 
methyl torsion. 

Structure Calculations 
On the basis of the observed rotational con- 

stants of the two conformers estimates have been 
made of the CCO and COC bond angles in each. 

Since the constants are more accurate for the 
s-cis conformer an assumed structure for it was 
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first set up using data from the molecule methyl The values of Za + I, - Zc from Table 4 give 
formate (8) to established the C-0-CH, a cH coordinate of 0.894 f 0.003 A for the s- 
parameters and from trans-l,3-pentadiene for trans conformer and one of 0.904 f 0.001 A for 
the remainder of the structure (16). This initial the s-cis conformer. These values may be com- 
structure was pared with that for the c, coordinate in methyl 

H51 vinyl ether (9), which is 0.889 A, and with the 
\ ,-H53 values in trans- and cis-1,3-pentadiene (1 6) /C5'-~52 which are respectively 0.900 and 0.905 A. 

All C-H distances = 1.09 A, HC,H angles all 
110.67", C,C2 = C3C4 = 1.337 A, all HC,O 
angles equal, C2C3 = 1.476 A, CIO = 1.334 A, 
OC, = 1.437 A, LH41C4C3 = 121.5", LH42- 
C4C3 = LH1C1C2 = 120.5", LC4C3H3 = 
119", LC2C3C4 = 122.9", LH2C2C3 = 118.1°, 
LH2C2Cl = 119", LC2C10 = 124.5", LCl-  
OC, = 114.8". 

when the C2C10 and C10C5 angles were 
varied, holding the other parameters constant, a 
fit to the observed Pa and Pb planar moments of 
the s-cis conformer was achieved at LC2C10 = 
131.0" and L C10C5 = 114.3". The increased 
value of the first angle possibly indicates the 
effect of the repulsion between H2 and the methyl 
group. When 131.0" and 114.3" were used as 
starting angles for the s-trans conformer and 
these angles were then varied, with other param- 
eters fixed, the Pa and Pb planar moments of the 
s-trans conformer were reproduced when L C2- 
CIO = 123.5" and LC10C5 = 114.1". This 
appears to be a reasonable result and can be 
taken as additional confirmation of the correct- 
ness of the observed rotational constant of the 
s-trans conformer. 

The PC planar moments for the two con- 
formers, which were kept fixed in the above 
calculations, are related to the observed moments 
of inertia and out-of-plane hydrogen coordinates 
by 
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Preparation and Mossbauer spectra of organotin(1V) compounds containing the 
CH,(C,H,)Sn(IV) moiety 
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T. K. SHAM, J. S. TSE, V. WELLINGTON, and G. M. BANCROFT. Can. J. Chem. 55,3487 (1977). 
The synthesis and Mossbauer spectra of 16 organotin compounds of the type MePhSnX, 

(X = F, Cl), [Et4N]MePhSnC1,, MePhSnClzLz (L = oxygen and nitrogen neutral donor 
ligands), and MePhSnLzf (L' = acetylacetonates and 8-hydroxyquinolate) are reported. The 
Mossbauer quadrupole splittings (qs) are used to assign the structures of the complexes. The 
MePhSnX, (X = F, C1) compounds have similar structures to their Me2Sn analogues, while 
the six-coordinate complexes show a greater structural similarity to their Ph2Sn analogues. Thus 
MePhSnF, is a highly associated structure like Me2SnF2 with a six-coordinate Sn atom; while 
the MePhSnL,' complexes have the cis structure like their PhzSn analogues. The structures of 
the six-coordinate organotin complexes are rationalized using steric calculations and the known 
bonding properties of the ligands. The quadrupole splittings and centre shifts (cs) are also used 
to suggest variations in ligand bonding properties, and to discuss variations in C-Sn-C 
angles from the MePhSn complexes to their PhzSn analogues. 

T. K. SHAM, J. S. TSE, V. WELLINGTON et G. M. BANCROFT. Can. J. Chem. 55,3487 (1977). 
On prCsente la synthese et les spectres Mossbauer de 16 composes organostanniques de types 

MePhSnXz (X = F, Cl), [Et4N]MePhSnC13, MePhSnCl,L, (L = ligand neutre ayant un oxy- 
gene ou azote donneur), et MePhSnLzl (L' = acCtylacCtonate et hydroxy-8 quinolate). Les 
dedoublements quadrupolaires (dq) tires des spectres Mossbauer sont utilisCs pour determiner 
la structure des complexes. Les composCs MePhSnX, (X = F, C1) ont une structure similaire a 
leurs analogues Me,Sn alors que les complexes hexacoordonnes montrent une plus grande 
similarite structurale B leurs analogues Ph,Sn. Le compose MePhSnF, a une structure trts 
associke comme Me2SnF2 et possede un atome Sn hexacoordonne; tandis que les complexes 
MePhSnL,' possedent une structure cis comme leurs analogues Ph,Sn. Les structures des 
complexes organostanniques hexacoordonnes sont rationalisees en faisant appel a des calcula- 
tions steriques et des propriites liantes deja connues pour ces ligands. Les dCdoublements 
quadrupolaires ainsi que le centre des deplacements (cd) sont aussi utilises pour expliquer les 
variations des propriCt6s liantes du ligand et de discuter les variations des angles C-Sn-C 
lorsqu'on passe des complexes MePhSn a leurs analogues PhzSn. 

[Traduit par le journal] 

Introductioll 
The stereochemistry of diorganotin com- 

pounds has been a subject of recent interest (1-3). 
The variable C-Sn-C angle in Me2Sn com- 
pounds has been rationalized using ligand- 
ligand repulsion calculatioils (2), and the 
Mossbauer quadrupole splittings (qs) are useful 
for estimating this angle (1, 3). However, the 
stereochemical preference of trans and cis con- 
figurations in six-coordinate dimethyl and 
diphenyl compounds is not clearly understood. 
Accun~ulated X-ray structures (1, 3, 4) of 
dimethyl tin compounds indicate that with the 
exception of Me,Sn(oxin), (5) [oxin = anion of 
8-hydroxyquinoline] and Me,Sn(ONHCOMe,) 
(6), all the six-coordinate dimethyl tin compounds 
have the trans or distorted trans configurations. 
By contrast, Mossbauer data (7, 8) strongly 

suggest that all the diphenyl compounds with 
chelating ligands have the cis configuration. This 
trans-cis difference is manifested in the study of 
diorganotin acetylacetonates (8). All the dime- 
thy1 tin acetylacetonates are trans, whereas all 
the corresponding diphenyl compounds are cis. 
It is also interesting that while Me2SnF2 (9) is 
six coordinate with a linear Me-Sn-Me group 
and Me2SnC1, (10) forms an associated com- 
pound, Ph2SnCI2 (1 1) is a monomer in the solid 
state. 

The above differences in Me,Sn and Ph,Sn 
compounds make structural studies of MePhSn- 
(IV) compounds very desirable, but only a few 
MePhSn compounds have been previously 
prepared (12, 13), and the '19Sn Mossbauer 
spectra of only two compounds have been 
recorded (13). The previous preparations of 
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TABLE 1. Melting points and analytical data 

Found (calculated) (%) 

Compounda Melting point ("C) C H 

MePhSnF, 
MePhSnCl, 
[Et4N] [MePhSnC13] 
MePhSnC12pyz 
MePhSnC1,bipy 
MePhSnC1,phen 
MePhSnCl,(Ph,PO), 
MePhSnCl,(dmso), 
MePhSnCI,(HMPA), 
MePhSnCl,(bipyo) 
MePhSnCl,(opo) 
MePhSnCl,(d~phoso) 
MePhSn(BzBz), 
MePhSn(oxin), 

32. S(33.8) 
29.7(29.8) 

np. 40.5(40.3) 
45.4(46.4) 
46.8(46.6) 
50.6(49.2) 
61.8(61.6) 
30.4(30.2) 
35.4(35.7) 
43.7(43.2) 
54.9(55.1) 
55.7(55.5) 
41.1(40.0) 
60.1(59.9) 

'The MePhsn(AcA~)~ and MephSn(B~Ac)~ compounds could not be prepared 
analytically pure (see text). Abbreviations used stand for: py = pyridine; bypy = 1,l'- 
bipyridine; phen = ],lo-phenanthroline; dmso = Me,SO; HMPA = (Me,N),PO; 
bipyo = 2,Z'bipyridine N',N-dioxide; opo = methylenebls (diphenylphosphlne oxlde); 
diphoso = ethylenebis (diphenylphosphine oxide) BzBz = anion of dibenzoyl- 
methane; oxin = anion of 8-hydroxyquinoline; A C A C  = anion of acetylacetone; 
BzAc = anion of benzoylmethane. 

MePhSn compounds, and the very similar 
bonding properties of Me and Ph from Moss- 
bauer partial quadrupole splittings (pqs) (8, 
14-18), strongly suggested that a large number 
of MePhSn compounds could be prepared. In 
this study, we report the preparation and 
Mossbauer parameters of 16 compounds of 
the type MePhSnX, (X = F, Cl), [Et,N] 
MePhSnCl,, MePhSnC12L2 (L = nitrogen or 
oxygen donor), and MePhSnL,' (L' = anion of 
acetylacetonates and 8-hydroxyquinoline). The 
structures of these compounds are assigned using 
the "'Sn Mossbauer quadrupole splittings. Our 
results show that the stereochemical behaviour 
of MePhSn(1V) and Ph2Sn(IV) units are similar 
in six-coordinate Sn(1V) compounds, and that 
the relatively bulky phenyl group plays an 
important stereochemical role in both types of 
complexes. 

Experimental 
All the reagents are commercially available or prepared 

with well established techniques (16). The starting 
material, MePhSnClz, was prepared by reacting Me4Sn 
with PhSnC1, as described by Kuivila et al. (12). Re- 
actions (13, 16) described previously in preparing 
analogous MeZSn(IV) and Ph,Sn(IV) compounds were 
used with slight modification. All the compounds appear 
to be air stable although most of them were prepared 
under a dry Nz atmosphere. Yields are always excellent 
(> 90%) except in the cases of MePhSnL,' compounds 
(L,' = acetylacetonates) where oily products make the 
separation of the pure product difficult (L,' = AcAc, 

BzAc). We were, however, able to crystallize MePhSn- 
(BzBz), as light yellow needles. 

The new compounds were characterized by spectro- 
scopic techniques (ir, nmr, and Mossbauer), melting 
points, and elemental analyses (Table 1). Typical pre- 
parative procedures are as follows: 

(i) [Et4N] [MePhSnC13]: MePhSnCI, (0.27 g) was dis- 
solved in a minimum amount of ethyl alcohol. Dried 
tetraethylammonium chloride (0.17 g) was added to the 
solution. Crystallization of the product was obtained 
after the solvent was evaporated under reduced pressure. 
Recrystallization was from alcohol. The yield was 
quantitative. 

(ii) MePhSn(oxin),: MePhSnC1, (0.56 g) was dissolved 
in a minimum amount of alcohol. 8-Hydroxylquinoline 
(0.58 g) was added, and the solution was neutralized with 
aqueous ammonia. The yellow precipitate was collected 
through suction filtration. Yield - 90%. 

(iii) MePhSn(BzBz), : TlBzBz (0.64 g) was dissolved in 
20 ml of benzene. PhMeSnCl, (0.21 g) was added, and 
the solution was stirred under nitrogen for an hour. The 
TlCl was filtered off, and the excess solvent was evapo- 
rated under vacuum. The oily residue was dissolved in 
hexane, and the yellow crystals of MePhSn(BzBz), were 
collected. 

Mossbauer spectra were recorded at 110 K for all the 
compounds. A 10 mCi BaSnO, source was used for "9Sn 
spectra. The spectrometer was calibrated using a 99.99% 
Fe foil. All the spectra were fitted to Lorentzian line 
shapes using methods described previously (8, 19). The 
magnetic spectrum of MePhSn(BzBz), (Fig. 1) was 
obtained at the PCMU Harwell. 

Nuclear magnetic resonance spectra of MePhSn(1V) 
compounds, with sufficient solubility in organic solvents, 
were obtained using T60 and HA 100 spectrometers. The 
chemical shifts and coupling constants are given in 
Table 2. Infrared spectra were obtained using a Perkin- 
Elmer 621 spectrometer. 
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SHAM ET AL. 3489 

VELOCITY (mm s-I) 
FIG. 1. "'Sn Mossbauer spectrum of cis-MePhsn(BzB~)~ taken at 4 K in a magnetic field of 6 T. 

Results and Discussion 
( I )  Chemistry 

The compounds reported in this study were 
prepared using the following well documented 
reactions (1 6) : 

where L = neutral nitrogen or oxygen ligands. 

where L' = AcAc, BzAc, BzBz. 

These reactions yield the desired products 
readily except in eq. 2 where reactions between 
MePhSnCl, and the thallium salts seem to be 
less smooth than those reported previously for 
Me2SnC1, and Ph,SnCl2 (8, 17). Oily products 
always result from reaction 2. We had difficulty 
in isolating the MePhSn(AcAc), and MePhSn- 
(BzAc), from the oily substance. The Mossbauer 
spectra of these two compounds are however 
very good, and indicate no visible Sn impurity. 

(2)  Structure and Bonding from Mossbauer 
Spectra 

(a )  Structure from Quadrupole Splittings 
The Mossbauer parameters for the MePhSn 

TABLE 2. Nuclear magnetic resonance data of RRfSnC12 
and RRfSnL2' (R = Me, R' = Ph, L' = BzBz and oxin) 

Compound 7 2 J ~ ~ 2 - 1 1 9 ~ n  (HZ) 

"This work; solvent CDCl, with TMS as reference. 
bReference 16. 
=Reference 8. 

compounds are given in Tables 3 and 4 along 
with those for the corresponding Me,Sn and 
Ph,Sn compounds. It is immediately apparent 
that all the MePhSnCl,L, adducts have qs 
values in the 4 mm s- l  range, while the 
MePhSnL,' compounds (L' = AcAc, BzAc, 
BzBz, and oxin) have qs values in the 2 mm S - '  

range. As discussed previously (18, 19), these 
results strongly indicate that all the MePhSn- 
Cl,L, compounds have trans-C-Sn-C struc- 
tures whereas the MePhSnL,' compounds hake 
cis structures. 

The cis structure occurring in the MePhSnL,' 
compounds is particularly interesting, since the 
analogous compounds Me2SnLz1 and Ph2SnLz1 
have the trans and cis configurations respectively. 
These configurations are consistent with the 
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TABLE 3 Mossbauer parameters of RRfSn(IV)C12L2 complexes 
(mm s-l, 20.03 mm s-I)" 

Me2Snn MePhSnb PhzSnR 

Compound cs qs cs qs cs qs 

RR'SnF, 1.33 4.38 1.32 4.44 1.28 3.43 
RRfSnC12 1.56 3.55 1.44 3.11 1.38 2.82 
RR'SnC13- 1.40 3.30 1.28 2.95 1.25 2.62 
RR'SnC12py2 1.37 3.92 1.30 3.66 1.32 3.39 
RR'SnC1,bipy 1.46 4.09 1.26 3.75 1.26 3.45 
RRISnClzphen 1.32 4.03 1.34 3.74 1.21 3.37 
RR'SnC12(Ph,PO)2 1.37 4.30 1.36 3.99 - - 
RR'SnC12(dmso)2 1.40 4.13 1.33 3.86 1.23 3.54 
RR'SnC12(HMPA), 1.32 4.28 1.31 3.97 - - 
RR'SnClz(bipyo) 1.39 4.08 1.30 3.69 1.28 3.49 
RR'SnClz(opo) 1.44 4.32 1.30 3.67 1.27 3.78 
RR'SnC12(diphoso) 1.27 4.19 1.38 4.24 1.26 3.65 

.From refs. 7 8 14 and 15. 
bThis work. All'me~surements at 110 K. Centre shifts are quoted relative to BaSn03. 

TABLE 4. Mossbauer parameters of RR1Sn(IV)L2' (R,R' = Me,Ph) 
(mm s-') 

Quadrupole 
Compound Centre shift splitting Reference 

tr~ns-Me~Sn(AcAc)~ 
tran~-Me~Sn(BzAc)~ 
trun~-Me~Sn(BzBz)~ 
ci~-Me~Sn(oxin)~ 
cis-MePhsn(AcA~)~ 
cis-MePhSn(BzAc), 
cis-MePhSn(BzBz), 
cis-MePhSn(oxin);, 
ci~-Ph~Sn(AcAc)~ 
ci~-Ph~Sn(BzAc)~ 
ci~-Ph~Sn(BzBz)~ 
cis-PhzSn(oxin), 

'Uncertainty (+ 0.03 mm s -  
quoted relative to BaSn03. 

1.16 +4.02 8 
1.06 + 3.87 8 
1.18 +4.08 8 
0.88 +2.02 27 
0.62 1.81 This work" 
0.59 1.75 This worka 
0.63 + 1.89 This worka 
0.82 1 .76 This work4 
0.71 2.07 8 
0.73 2.23 8 
0.73 2.15 8 
0.68 $1.69 27 

Measurement at 110 K. Centre shifts are all 

donor properties of Me and Ph, and our steric 
calculations (20) based on the ligand-ligand 
repulsion arguments introduced by Kepert (2) 
and steric angle calculations introduced by 
Zahrobsky (21). For any RR'SnL,' structure 
(R,R1 = Me or Ph), the cis structure is always 
favoured sterically (2, 20), with the cis preference 
increasing in the order Me,SnL,' < MePhSnL,' 
< Ph,SnL,'. The trans configurations in 
Me2SnL2' (L' = AcAc, BzAc, BzBz) can be 
attributed to the small differences in the cis- 
trans repulsive energies (20), and the electronic 
effect of the two methyl groups. Since the methyl 
group is a very good donor, and tends to 
acquire most of the tin 5s character (Bent's rule 
(22)), a linear C-Sn-C structure results. If the 
methyl group(s) is (are) replaced by a poorer o 

donor (e.g. chloride or phenyl), the cis-structure 
becomes more favourable for both steric and 
electronic reasons. The cis-Ph,Sn (8, 18) and 
C1,Sn (23, 24) structures are consistent with this 
argument. Our calculations (20) indicate that the 
C-Sn-C angle in MePhSn compounds should 
be smaller than those in the analogous Ph2Sn 
compounds. Consistent with these steric cal- 
culations, the qs and cs for the MePhSn acetyl- 
acetonates are smaller than those for the 
analogous Ph,Sn compounds (Table 4, and see 
next section for discussion). 

The qs values for MePhSnF, and MePhSnCl, 
show that the former compound has an asso- 
ciated six-coordinate Me,SnF, structure (9); 
while the latter compound has a very weakly 
associated structure intermediate between the 
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SHAM ET AL. 

TABLE 5. Observed and calculated quadrupole splittings (mm s-') 

Quadrupole splitting 

Type L (or L') Observed Calculated" 

MePhSnLz'b AcAc 1.81 -1.92 
BzAc 1.75 -1.86 
BzBz +1.89 -1.96 
oxin 1.76 -1.88 

MePhSnClzLzc PY 3.66 f 3 . 7 6  
bipy/2 3.75 +3.88 
phen/2 3.74 t-3.80 
WsPO 3.99 +4.14 
dmso 3.86 t-4.18 
HMPA 3.97 t-4.12 
bipyo/2 3.69 +3.90 
0 ~ 0 1 2  3.67 +4.16 
diphoso/2 4.24 +4.10 

"sing the pqs values in refs. 8, 14, and 15, and the electric field gradient 
expressions in ref. 7. 

'cis structures. 
<trans-Me-Sn-Ph and cis-C1-Sn-C1 moieties. 

weakly associated Me2SnC1, (10) structure and 
the unassociated Ph,SnCI2 (I I) structure. 

(b) Application of Partial Quadrupole Splitting 
Values in the MePhSn(1V) System 

The quadrupole splittings for the MePhSn 
complexes can be used once again to test the 
validity of the additive model (7, 19, 25). It is 
immediately apparent from additive model 
expressions (7, 19, 25) that the qs for a trans- 
MePhSn compound (C-Sn-C angle = 180") 
should be midway between the qs values for the 
analogous trans-MeSn and trans-Ph,Sn ana- 
logues. The results in Table 3 show that most 
of the MePhSn con~pounds have qs midway 
between the two analogues. The exceptions 
(e.g. RR1SnC12(opo) and RR1SnC12(diphoso) in 
Table 3) may be due to the different degrees of 
distortion of the C-Sn-C moiety between the 
three types of organotin complexes. 

Using the pqs values in refs. 8, 14, and 15, the 
calculated qs for the trans compounds are com- 
pared with the observed values in Table 5. The 
agreement is generally good, although the cal- 
culated qs values are larger (with one exception) 
than the observed qs. This trend has already 
been observed in the corresponding Me2SnC12L2 
and Ph2SnC12L2 systems studied previously 
(15). This trend is due either to a distortion of 
the C-Sn-C bond angle, or to a slight change 
of bonding properties of the ligands from 
R2SnL,2+ compounds to the R2SnC12L2 com- 
pounds. 

It is also interesting to compare the qs values 

of the trans-RPhSnCl, phen compounds (R = 
Me, Ph, and Mn(CO),, with qs = 3.74, 3.37, 
and 3.25 mm s-', respectively (26)). This trend is 
entirely consistent with the pqs values derived 
for these ligands (26), and confirms the o donor 
series, Me > Ph > Mn(CO),. 

Considering the cis compounds (Tables 4 and 
5), it is apparent that the MePhSn compounds 
have smaller qs values than their Ph,Sn ana- 
logues. Also, the calculated cis-MePhSn lqsl are 
in good agreement with the observed Ph2Sn qs 
values (8). Because (pqs),, > (pqs),,, the smaller 
MePhSn qs are perhaps surprising. However, the 
trend is consistent with the repulsion calculations 
described above: the C-Sn-C bond angle in 
the MePhSn compounds is closer to 90" than in 
the Ph,Sn analogues, and a smaller qs results (1). 

We had hoped that the proposed smaller 
C-Sn-C angle in the MePhSn compounds 
would lead to the first negative cis-llgSn qs (27), 
but the observed sign for cis-MePhSn(BzBz), is 
still positive (q = 0.5). This result, combined 
with recent 12'Sb Mossbauer results1 and our 
steric calculations (20), shows that the chelates 
are important in determining the C-Sn-C 
angle and/or contribute substantially to the 
electric field gradient themselves. X-ray deter- 
minations of cis-Ph2Sn and cis-MePhSn com- 
pounds are now needed. 

'A negative "'Sb qs has been observed in cis-PhzSbCIz- 
(oxin) (28) which has only one chelating ligand. The 
C-Sb-C angle is thus probably less than 109.5" (27). 
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(c) Centre Shifts and Bonding 
Centre shift (cs) values (Table 3) show that all 

the trans-MePhSn compounds have similar cs 
values (-1.3 mm s- l)  to the Me,Sn and Ph,Sn 
compounds. The general order of cs (Me,Sn > 
MePhSn > Ph,Sn) is consistent with the pqs 
values for Me and Ph, which show that Me is a 
better donor than Ph and/or that the Me C-Sn 
bond has a higher s character than the Ph C-Sn 
bond. These similar cs values also indicate that 
the bonding properties of Me and Ph (and thus 
the C-Sn-C angle) do not vary substantially 
from the trans-MePhSn compounds to their 
Me,Sn and Ph,Sn analogues. 

The cis-MePhSnL,' complexes (like other 
cis-R,Sn compounds) have considerably lower 
cs values than their trans-Me,Sn analogues, due 
to the lower Sn 5s character in the Sn-C bonds 
in the cis position (7, 8, 25). The nmr coupling 
constant ,J,, - l l g S n  of cis-MePhSn(BzBz), (83 
Hz) compared with the trans-Me,Sn(BzBz), 
value (97.2 Hz) is entirely consistent with these 
differences in cs and s character arguments (16). 

From the above trans-R,Sn cs values and the 
known donor properties of Me and Ph, it is 
perhaps surprising that the cs values for cis- 
MePhSnL,' (L' = AcAc, BzAc, BzBz) are con- 
sistently smaller than those for the correspond- 
ing Ph,Sn compounds (Table 4). This trend can 
be readily rationalized if the C-Sn-C bond 
angle in the MePhSn compounds is smaller than 
that in their Ph,Sn analogues, as previously 
suggested by the steric calculations and the qs 
values. The Sn 5s character in the Sn-C bonds 
in the MePhSn compounds would be smaller 
than in the Ph,Sn compounds, and a lower cs 
for the MePhSn compounds would result. If our 
conclusions are correct, the MePhSn com- 
pounds violate Bent's rule. Thus, the Me-Sn 
bond in MePhSn con~pounds does not have a 
higher Sn 5s character than the Ph-Sn bond in 
Ph,Sn compounds. Ligand-ligand repulsion 
effectively forces this situation (20). 

The relative cs (and qs) values for the cis- 
R,Sn(oxin), (R = Me, Ph) are consistent with 
the above argument. The chelate ligand oxin has 
a substantially smaller bite than the AcAc 
ligands, and ligand-ligand repulsion will not be 
as important for the oxin compounds. Due to 
the normal electronic effect of the Me group to 
maximize Sn 5s density in its C-Sn bond, the 
C-Sn-C bond angle probably increases in the 
order Ph,Sn < MePhSn < Me,Sn in the oxin 

compounds. The normal trend in cs (and qs) for 
the oxin compounds is thus not surprising. 

Finally, it is interesting (and puzzling) that the 
cs of the four-coordinate Sn(1V) compounds 
(such as MePhSnCl,) have substantially larger 
cs values than the six-coordinate complexes. 
Similar trends have been observed previously (7, 
25). This trend is not expected on s character 
arguments, which are supported by proton and 
13C nnlr results (16, 29). Thus, the s character in 
R-Sn bonds in tetrahedral structures (sp3 
hybridized Sn) should be less than in R-Sn 
bonds in trans-R,SnL,' structures (sp hybridized 
Sn for the C-Sn bonds). Also, the bond lengths 
in four coordinate Me-Sn compounds are, if 
anything, larger than those in six coordinate 
Me-Sn compounds. Thus, there is no evidence 
that the R groups in tetrahedral compounds are 
better donors than in octahedral con~pounds. 
On both hybridization and bond length criteria, 
we would expect the tetrahedral compounds to 
have a smaller cs than the octahedral compounds. 
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RONALD F. CHILDS and YEE-CHEE HOR. Can. J. Chem. 55,3495 (1977). 
The protonation and formation of the boron trifluoride, trichloride, and tribromide adducts 

of eucarvone, 1, are described. Examination of the nmr and uv spectra of these systems showed 
that in each case the proton or Lewis acid was bonded to the carbonyl oxygen of 1. From the 
various 13C chemical shifts of the Lewis acid adducts of 1, it is concluded that there is signifi- 
cantly less positive charge induced on the dienylic part of these molecules than is found with 
protonated 1. All of these cationic systems undergo a ring inversion process, the barriers of 
which are about 1 kcal/mol greater than that reported for the comparable inversion of 1. 

RONALD F. CHILDS et YEE-CHEE HOR. Can. J. Chem. 55,3495 (1977). 
On dkcrit la protonation ainsi que l'addition du trifluorure, trichlorure et tribromure de bore 

sur I'eucarvone 1. L'examen des spectres rmn et uv de ces systemes montre que, dans chaque 
cas, le proton ou acide de Lewis est lik a l'oxygkne du groupe carbonyle de l'eucarvone 1. En se 
basant sur les diffkrents dkplacements chimiques du 13C obtenus pour les adduits des acides de 
Lewis sur 1, il apparait que la charge positive induite sur la partie diknylique de ces molecules 
est plus petite que celle observke pour la forme protonke de 1. Tous ces systemes cationiques 
subissent une inversion de cycle, les barrieres d'knergie ktant environ 1 kcal/mol plus grande 
que celles rapportkes pour une inversion comparable de 1. 

[Traduit par le journal] 

In the following paper we present the results tively few complexes of ketones and boron tri- 
of our investigation into the effect on the photo- chloride or tribromide have been described (4, 
chemistry of eucarvone on its complexation with 7-9). Before the excited state behaviour of the 
various boron trihalides (1). There are numerous complexed or protonated cycloheptadienones 
reports of the protonation of aldehydes and can be examined, it is necessary to establish their 
ketones and the spectroscopic characterization 
of the resulting hydroxy substituted carboca- 
tions (2). Well defined complexes of carbonyl 
compounds and boron trifluoride have also been 
known for a long time (3, 4) and recently there 
has been a spate of publications defining their 
spectral properties (5-7). In contrast, compara- 

'The chemistry of cycloheptadienones, Part IX. 
'Author to whom correspondence should be addressed. 

ground state properties and this question is 
addressed in this paper. In particular, the dif- 
ferent effects of complexation and protonation 
on the charge distribution and conformational 
mobility of eucarvone are examined. 

Results and Discussion 
Dissolution of eucarvone, 1, in FS0,H at 

-78°C gave a clear yellow solution which 
exhibited nmr spectra (Tables 1 and 2) which 
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TABLE 1 .  Proton chemical shifts of eucarvone, protonated eucarvone, and the boron trihalide complexes of eucarvone* 

Chemical shifts (ppm) Coupling constant (Hz) 
T -- 

Compound Solvent ("C) H3 H4 H5 H7 C2Me C6Me J3.4 J4,5 

*HA 100 spectra using tetramethylsilane (6 = 0.00) as internal standard for 1 and CH2C12 (6 = 5.30) as internal standard for 2, 3, 4, and 5. 

TABLE 2. Carbon chemical shifts of eucarvone, protonated eucarvone, and boron trihalide complexes of eucarvone* 

Chemical shifts (ppm) 
T 

Comvound Solvent PC) CI CZ CB c4 c5 C6 C, C2Me C6Me 

1 CDCI, 30 200.1 138.5 133.8 122.2 148.8 33.1 54.1 19.9 26.9 
2 FS03H 30 210.2 134.1 164.6 125.6 167.4 34.1 48.8 17.2  23.3 
3 CDC13 -40 210.6 138.0 157.0 124.7 159.7 33.4  47 .2  20.2  24.5 
4 CDC13 -40 210.9 138.3 156.8 124.7 159.6 33.5 47.6 20.1 24.8  
5 CDCI3 -40 209.8 138.2 159.9 125.3 161.0 33.3 47.1 20.3 24.3 
6 CDC13 30 201.3 131.2 137.9 126.5 140.5 22.2  41.4 - - 

7 FSOqH 30 214.4 124.3 169.6 130.8 158.0 21.8 35.7 - - 

*22.63 MHz spectra using tetramethylsilane (6 0.00) as internal standard for 1 and 6, CDCI, (6 77.2) for 3,4,  and 5, and CD2C12 (6 53.6) for 7. 
External dimethylsulfoxide-d6 (6 39.6) was used as a standard for 2. Carbon resonances were assigned on the bas~s of gated and select~ve proton 
decoupling. 

were con~pletely consistent with the formation 
of the hydroxydienyl cation 2. For example, the 
downfield shifts of the various proton resonances 
of 1 on protonation are very comparable to 
those found in protonation of 6,6-disubstituted- 
cyclohexa-2,4-dienones (10). At temperatures 
above -60°C, no signal attributable to an OH 
resonance could be detected in FS0,H solutions 
of 2; however on cooling the samples to - 90°C 
a singlet at 6 12.02 was observed. This signal, 
which is in a typical position for an OH reso- 
nance of a protonated enone (1 I), broadened 
and appeared to average with the solvent peak 
when the acid solution was warmed to -60°C. 
No change in the 'Hmr spectrum of 2 occurred 
when FS0,H solutions of this cation were kept 
at room temperature for several hours. Neutrali- 
zation of the acid solution of 2 led to the re- 
covery of 1 in 90-95% yield. 

Eucarvone was reacted with the boron tri- 
halides, BX, (X = F, C1, and Br), by condensing 
the appropriate Lewis acid into a CDCI, or 
CH2C12 solution of 1. The spectroscopic 
properties of the resulting yellow solutions 
indicated that the various boron trihalides had 
in each case formed a complex with 1. 

As is shown in Tables 1 and 2, the nmr spectral 
changes associated with the protonation of 1 or 
its reaction with the three boron trihalides are 
very similar. There are some differences in the 
magnitude of the shifts involved but the overall 
pattern of changes is the same in each case, 
indicating that the Lewis acids have coordinated 
with the carbonyl oxygen of 1 to give 3, 4 and 5. 

The similarity of the structures of 2, 3, 4, and 
5 is also demonstrated in their uv spectra. The 
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TABLE 3. Ultraviolet spectra of eucarvone, protonated 
eucarvone, and boron trifluoride complexes of eucarvone* 

Compound Solvent n log E 

It CzH50H 303 3.83 
23 96% HzS04 400 3.63 
3 CHZCIZ 389 3.85 
4 CHzC12 389 3.89 
5 CHZC12 400 3.93 

absorption maximum of 1 is red shifted by 
about the same amount on either the protona- 
tion or complexation of eucarvone (Table 3). 
Shifts of this magnitude of what would appear 
to be a n,n"and, are consistent with either 
coordination (12) or protonation (13) of the 
carbonyl oxygen. 

Dilute solutions of 2, 3, and 4 were stable at 
temperatures below 0°C for long periods of 
time and could be reacted with bicarbonate to 
regenerate 1 in high yield. The complexes slowly 
decomposed on standing at room temperature 
for a few hours (14). This decomposition was 
more rapid when BBr, was used as the Lewis 
acid or when the concentrations of the com- 
plexes were increased beyond 0.1 M. 

Charge Distribution 
There has been considerable discussion over 

the question of the charge distribution in pro- 
tonated aldehydes and ketones (2, 11, 15). In this 
present case, however, the issue is not only one 
of how the positive charge is distributed but how 
this distribution is affected by change of the 
group attached to the oxygen from a proton to 
a Lewis acid. 

Examination of the chemical shift data 
presented in Tables 1 and 2 indicates that it is 

the C,, C,, C,, and C, carbon resonances and 
the C,, C,, C,, and C, proton resonances which 
are most affected by protonation or complexa- 
tion of eucarvone. Apart from the C, and C, 
carbon and C, proton resonances, the changes 
in chemical shifts observed on complexation of 1 
are smaller than those found on its protonation 
(Table 4). As the carbon-oxygen bond in these 
cationic systems will still have some double bond 
character, formally a proton or Lewis acid 
bonded to the oxygen of 1 could take a position 
which is either cis or trans with respect to C,. 
It is known that a proton (11) or Lewis acid (6) 
normally adopts the sterically least hindered 
position which in this case is cis to C,. The large 
deshielding effects observed wit11 the C, proton 
and carbon resonances of 3, 4, and 5 as com- 
pared to 2 most probably result from the 
anisotropy of the adjacent boron trihalide 
group. 

Carbons C,, C,, and C, are well removed 
from any anisotropic effects of the Lewis acid 
groupings and the change in chemical shifts of 
these carbon resonances should reflect the frac- 
tion of positive charge induced on the dienylic 
part of the system by reaction with a proton or a 
Lewis acid. The downfield shifts observed for 
these carbons on complexation of 1 (Table 4) 
are in general only some 70% as large as those 
found on its protonation. Thus significantly less 
charge is induced at these carbons when a boron 

TABLE 4. Change in chemical shifts on protonation or complexation of eucarvone and cyclohepta-2,4-dienone* 

Downfield shift (ppm) 
Trans- 

formation Hz H, H, H, H, C, CZ CJ C4 C5 c6 C7 

"Positive number indicates a downfield shift. 
?Proton data taken from ref. 18. 
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TABLE 5. Barriers to ring inversion of eucarvone, protonated eucarvone, and boron trihalide complexes of eucarvone 

Limiting separation 
Coalescence of CsMe resonances Rate constant AGS 

Compound Solvent temp. T, ("C)* (Hz) at Tc (s-l) (kcal/mol) 

*For C6-Me resonances. 
?At 90 MHz. 
$At 100 MHz. 
I/At 60 MHz. 
@Result of Cuthbertson and MacNicol (17). 

trihalide rather than a proton is coordinated to 
the carbonyl oxygen of eucarvone. 

The charge distribution in these Lewis acid 
adducts should also vary as a function of the 
boron trihalide used. It is anticipated that posi- 
tive charge should be increasingly located on the 
dienylic portion of the molecule as the halogens 
bonded to the boron are changed from fluorine 
to chlorine to bromine (7, 9, 16). Examining the 
chemical shifts of the C,, C,, and C, carbon 
resonances of 3,4, and 5 (Table 2), it can be seen 
that this is indeed the case for 5 as compared to 
3 or 4. The resonances of the C,, C,, and C, 
carbons of 5 occur at significantly lower field 
than those of the comparable carbons of 3 and 4. 
There would appear, however, to be little 
difference in the charge distributions of 3 and 
4. It is not clear at this stage whether this is a 
general feature of boron trichloride and fluoride 
complexes of enones, or specific to the eucarvone 
complexes. 

While the fraction of the positive charge 
residing on the dienylic portion of 2, 3, 4, and 5 
varies, the distribution of the charge between the 
various sp2 hybridized carbons of these systems 
would appear to be much the same. Cornelis 
and Laszlo (17) have pointed out that the changes 
in the nmr spectrum of 1 as it is protonated 
closely parallel those observed on the protona- 
tion of cyclohexa-2,4-dienones. As the cyclo- 
hexadienones and protonated cyclohexadienones 
are planar species this would strongly suggest 
that the dienylic portions of 2, 3, 4, and 5 are 
also close to being planar. 

Included in Table 2 are details of the 13C 
nmr spectra of cyclohepta-2,4-dienone, 6, and 
protonated cyclohepta-2,4-dienone, 7 (1 8). As is 
shown in Table 4, the magnitude of the shifts 

observed of both the 'H and 13C resonances of 6 
on its protonation are very similar to those ob- 
served on the protonation of 1, indicating that 
the charge distribution in these systems is not 
affected to any great degree by the methyl sub- 
stituents on eucarvone. 

Ring Inversion 
Despite the apparent simplicity of the room 

temperature nmr spectra of eucarvone, the 
seven-membered ring of this molecule is not 
planar. Cuthbertson and MacNicol (19) have 
shown that by cooling a sample of eucarvone to 
- 130°C, it is possible to sufficiently slow a ring 
inversion process for the C, methyl proton 
resonances to appear as two singlets and C, 
methylene proton signals to occur as an AB 
quartet in its 'Hmr spectrum. The barrier to this 
ring inversion was found to be 8.3 kcal/mol. 

The 'Hmr spectra of 2, 3, 4, and 5 each 
exhibited a similar temperature dependence to 
that described by Cuthbertson and MacNicol 
for 1. For example at - 106°C the C ,  methyl 
signals of 3 appeared as two singlets at 1.13 and 
1.34 6 and the C, protons as an AB quartet at 
3.31 and 4.02 6 (J = 16.8 Hz). Apart from some 
general line broadening, the rest of the reso- 
nances of 3 were unchanged on cooling the 
sample to - 106OC. On warming the solution, 
the gem dimethyl and methylene proton reso- 
nances reverted to singlets. The resolution of the 
'Hmr spectra of 2, 3, 4, and 5 at temperatures 
below - 100°C were not sufficient to warrant a 
full line shape analysis of these systems. The 
coalescence temperatures and low temperature 
limiting separation of the gem dimethyl group 
resonances of compounds 2 to 5 were obtained 
and are given in Table 5. 
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In view of the similarity in the temperature 
dependence of the 'Hmr spectra of 1 and 2 to 5, (=J @ - 0 

.._.. . it would appear that a ring inversion process is  OM^ 
occurring with these latter systems similar to 8 9 
that suggested for 1 itself. To confirm this and 
compleiAy eliminate the possibility of involve- 
ment of any exchange or isomerization reactions 
involving the groups coordinated to the oxygen, 
the variable temperature 13C nmr spectrum of 3 
was examined. It was found that the resonance 
attributed to the C, methyl carbons of 3, a sharp 
singlet at temperatures above -40°C, broad- 
ened at low temperatures and below - 80°C, two 
singlets at 33.1 and 20.1 ppm were observed for 
these methyl carbons. No changes in any of the 
other carbon resonances were detected as the 
temperature was varied. The temperature de- 
pendencies described above of both the 13C and 
'H nmr spectra of these cationic systems are thus 
fully consistent with a ring inversion process 
which interconverts the two C ,  methyl groups 
and also the C, methylene protons on the 
seven-membered ring. 

It is interesting to compare the barriers to this 
ring inversion of the seven-membered ring of 
eucarvone and its complexed and protonated 
forms. The barrier to inversion of 1 (AG* = 8.3 
kcal/mol) is somewhat less than that found for 2 
(AG* = 9.1 kcal/mol). An examination of 
models suggests that ring inversion is helped if 
the five sp2 hybridized carbons of these systems 
are allowed to be twisted somewhat away from a 
planar configuration. The higher energy barrier 
found for 2, compared to 1, is consistent with 
this view as conjugation, which would be more 
important with 2, would be diminished as the 
dienylic portion of the molecule is twisted. 
However, the magnitude of the difference in the 
barrier to inversion of 1 and 2 and the similarity 
of the barriers of 2, 3, 4, and 5 would indicate 
that conjugation is by no means completely lost 
in the transition state of this inversion process. 

In conclusion, it is instructive to note that the 
conversion of cvclic unsaturated ketones to their 
corresponding cationic forms can, in some 

cases, have very large effects on the conforma- 
tional mobility of the ring. Thus the barriers to 
ring inversion of cyclooctatrienone, 8, (E, = 
11.9 kcal/mol) (20) and the corresponding 
methoxy cation, 9, (AG* = 19.6 kcal/mol) (21) 
are considerably different. In this case, however, 
the conversion of the trienone to the cationic 
system involves the formation of a cyclically 
delocalized system, for 9 has been shown to be 
homoaromatic. The difference in the barriers to 
inversion of 8 and 9 in this case reflects the im- 
portance of 1~omoaromaticity in a charged 
versus a neutral system. 

Experimental 
Materials 

Eucarvone was prepared from carvone by the proce- 
dure of Corey and Burke (22). FSOBH was doubly dis- 
tilled through a 12 in. glass column and stored in glass 
ampoules. CHZC12 was purified by the procedure of 
Jones and Wood (23). The boron trihalides, CHCI,F, and 
S0,ClF were all distilled on a vacuum line before use. 

Protonation of Eucarvone 
Protonations were carried out by slowly adding pre- 

cooled FS03H (0.5 ml) to a dry nmr tube which con- 
tained 1 (ca. 20 mg) and which was kept in a dry-ice - 
acetone bath. Solution was achieved by agitating the 
sample with a quartz rod. 

Formation of Complexes 
Eucarvone (10-15 mg) was weighed into a dry nmr 

tube which was attached to a high vacuum line. The tube 
was cooled with liquid N, and the appropriate solvent 
distilled in. The sample was warmed to room temperature 
to allow 1 to dissolve, cooled again, and a known amount 
of the appropriate boron trihalide distilled over. The 
sample tube was sealed under vacuum and allowed to 
warm to - 78°C. 

For the uv measurements, a similar procedure was 
adopted except that a 200 ml reaction flask fitted with a 
side arm leading to a 2 mm quartz cuvette was used. The 
complexes were prepared in the 200 ml flask and after 
completion of the reaction some of the solution was 
transferred into the cuvette which was then sealed under 
vacuum. All these operations were carried out at low 
temperatures. 

Quenching Procedure 
The solution of protonated or complexed 1 was added 

dropwise to a stirred suspension of NaHC03 (5 g for 2; 
0.5 g for 3, 4, or 5) in ether (25 ml) at -78°C. Upon 
warming to 0°C ice water (5 ml) was added, and the 
mixture stirred and filtered under suction. The organic 
layer was washed with saturated brine solution and dried 
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(MgSO,). The products were recovered by careful 
evaporation of the solvent at atmospheric pressure 
through a 6 in. Vigreux column and analyzed by glpc. 
(Varian Aerograph 204 using a 10 ft x Q in. column 
packed with 20% Carbowax 2000 M on Chromosorb W) 
and 'Hmr. In each case only 1 was detected and re- 
coveries were in the 90-95% range. 

Spectroscopic Procedures 
'Hmr spectra were obtained on Varian HA-100 and 

A-60 spectrometers and both 'H and 13C nmr spectra on 
a Bruker WH 90 instrument. All three instruments were 
fitted with variable temperature probes, the probe 
temperature being measured with a copper-constantan 
thermocouple mounted at the appropriate depth in a 
nonspinning nmr tube. The rate constants for ring 
inversion at the coalescence temperature were obtained 
by using the equation k = R V A B / J ~ .  Ultraviolet spectra 
were obtained with a Cary 14 spectrometer. 
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Photoisomerization of the boron trihalide complexes of eucarvonel 
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RONALD F. CHILDS and YEE-CHEE HOR. Can. J. Chem. 55,3501 (1977). 
The photoisomerization of the BF3, BCI, and BBr, complexes of eucarvone (2,6,6-trimethyl- 

cyclohepta-2,4-dienone), 1, have been examined. Irradiation of these zwitterions at low tem- 
perature gave, after subsequent recovery of decomplexed materials, 3,7,7-trimethylbicyclo- 
[4.1.0]hept-2-en-4-one, 2, 2-methyl-5-isopropylphenol, 3, 2-methyl-6-isopropylphenol, 4, 
dehydrocamphor, 5, and carvone, 6. In the case of l'BF3 and l.BC1, the initial photoproducts 
were shown to be the complexes of 2,3,4, and 5. The complexes of 6 were shown to arise from 
a secondary photoisomerization of 2.BX3. It was not possible to establish the primary product 
distribution, obtained from 1.BBr3 as further photoisomerization of 2.BBr3 occurred even at 
very low degrees of conversion. The mechanisms and synthetic utility of these reactions is 
discussed. 

RONALD F. CHILDS et YEE-CHEE HOR. Can. J. Chem. 55, 3501 (1977). 
On examine la photoisomtrisation des complexes BF,, BC13 et BBr, de I'eucarvone (trimt- 

thyl-2,6,6 cycloheptadiene-2,4 one), 1. L'irradiation de ces ions hermaphrodites a basse tem- 
ptrature conduit, apres recuperation des substances dtcomplextes, au trimethyl-3,7,7 bicyclo 
[4.1.0]hept&ne-2 one-4, 2, mtthyl-2 isopropyl-5 phenol, 3, methyl-2 isopropyl-6 phtnol, 4, 
dtshydrocamphre, 5, et a la carvone, 6. Dans le cas des esptces l'BF3 et l.BC1, on a montrt 
que les produits initiaux de photolyse sont les complexes de 2, 3, 4 et 5. Les complexes de 6 
proviennent d'une seconde photoisomtrisation de 2.BX3. I1 n'a pas tte possible de dtterminer 
la distribution des produits primaires obtenu a partir de 1.BBr3 ttant donnt qu'une photoiso- 
mtrisation plus pousste de 2.BBr3 a lieu m&me & trBs bas degrt de conversion. On discute des 
mkanismes et des avantages synthttiques de ces rtactions. 

[Traduit par le journal] 

In preceding papers we have examined the 
interrelationship of the photochemistry of 
neutral and protonated ketones (1-3). It is 
apparent from these and related studies (4-6) 
that protonation represents a method of exerting 
considerable control over the excited states 
reached and products obtained in the photoiso- 
merization of a carbonyl compound. However, 
several problems stand in the way of the ef- 
fective utilization of protonation as a general 
technique for the regulation of a photoreaction. 

One of the major difficulties rests in the use of 
a strong acid such as FS0,H to effect the com- 
plete protonation of a carbonyl compound. 
While the transfer of a ketone into such an acid 
is usually straightforward and the photo- 
chemical transformations are remarkably clean 
and free from intermolecular side reactions, the 
subsequent recovery of the products from the 
acid solution can be troublesome. On a small 
scale, substrates may readily be recovered in 

'The chemistry of cycloheptadienones, Part X. 
,2h&w+whorn correspondence should be addressed. 

high yield on quenching the acid solutions with 
an appropriate base. However, in our experience 
the yields of recovered materials drop signi- 
ficantly as the scale of the reaction is increased. 

Coordination of the carbonyl oxygen of a 
ketone with a Lewis acid induces changes in its 
ground state properties similar to those en- 
countered on protonation (7). As the regener- 
ation of a ketone from a Lewis acid complex is 
generally facile, the question arises whether a 
Lewis acid might not be used in a similar manner 
to a proton to modify the photochemistry of a 
ketone. Photochemically induced reactions of 
certain complexes of carbonyl compounds have 
been previously reported (8, 9). However, it 
would appear that no systematic study of their 
behaviour has been made. To this end we have 
examined the photoisomerizations of the boron 
trihalide adducts of eucarvone, 1, a ketone for 
which the effects of protonation have been 
previously investigated (1). The boron halide 
complexes were selected for this study on the 
basis of their ready availability, ease of manip- 
ulation, and solubility characteristics as well as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3502 CAN. J .  CHEM. VOL. 55 ,  1977 

the possibility that the nature of the photoiso- 
merizations could change as an increasingly 
heavy atom is introduced into the system on 
going from BF, to BBr,. 

Results 
Product Characterization 

Irradiation of a CH2C1, solution of l.BCl, 
(A,,, = 389 nm (7)) at -90°C with light of 
wavelength greater than 370 nm caused it to 
isomerize to give a series of products. The low 
temperature 'Hmr spectrum of the resulting 
solution was too complex to be readily inter- 
pretable and accordingly the products were 
recovered by quenching the solution with an 
ether-bicarbonate slurry. Five major compon- 
ents were found to be present by glpc and these 
were collected and shown to be 2, 3, 4, 5 and 6., 
Samples of 2 and 5 were available from the 
photoisomerizations of protonated (1) and neu- 
tral eucarvone (6, lo), while 3 and 6 were both 
obtained commercially. In  each case the glpc 
retention time and spectroscopic properties of 
the authentic material were identical to those of 
the corresponding compound isolated from the 
photoisomerization. 

The ir, mass, and nmr spectra of the remaining 
compound were entirely consistent with the 
structure shown as 4. A sample of 4 was prepared 
by the procedure of Sowa et al. (11) and found 
to be identical in every respect to the material 
obtained in the photoreaction. 2-Methyl-4- 
isopropylphenol, 7, prepared by the method of 
Carpenter and Easter (12), had different spectral 
and glpc properties from any of the above 
products. The phenol 7 could have been detected 

,Other minor products (each much less than 1%) were 
detected by glpc. These were not characterized. 

as a photoproduct if it had been formed in 
greater than 1 7, yield. 

The photoisomerizations of 1.BF3 and 1.BBr3 
were examined in a similar manner to that 
outlined above for l.BCI,. In each case the same 
five products were formed. 

Quantitative product analyses were carried out 
on each of these systems and the results are given 
in Table 1. The yields of the recovered material 
were generally high ( > 947,) and the compositions 
were reproducible. 

These photoisomerizations were also examined 
in a nonchlorinated solvent medium. Difluoro- 
ethane was eventually found to be a suitable 
solvent for the three complexes at low temper- 
atures. The same products were formed in CH,- 
CHF, as were found in CH2C12 and details of 
the product compositions are given in Table 

Product Stability 
The composition of the photoproducts ob- 

tained on irradiation of 1.BF3 and l.BC1, was 
found to be a function of the degree of conver- 
sion of the initial complex. This was particularly 
noticeable with l.BCl,, entries 4 and 5, Table 1, 
where 6, a major product in the latter stages of 
the photoisomerization, could not be detected 
when the reaction was only taken to 47, com- 
pletion. It would seem that 6 is a~ising from a 
secondary photochemical or thermal reaction of 
one of the photoproducts, most likely, in fact, 
2.BX3. Accordingly, the individual photoprod- 
ucts and several related potential products 
were reacted with BX, and the stability of the 
resulting complexes examined. 

The bicyclic compound 2 was reacted with 
BCl, in CH,C12 at -90°C to give 2.BC13. The 
'Hmr spectrum of this complex was very similar 
to that of protonated 2 (1) (Table 2) and 2 was 
recovered in high yield on treatment of the 
solution with base. While 2.BC13 was stable at 
-90°C, it underwent a slow decomposition 
when kept at -78°C. No products could be 
recovered on quenching the CH2C12 solution 
after this decomposition had occurred. The 
reaction of 2 with BF, and BBr, proceeded in a 
comparable manner to give 2.BF3 and 2.BBr3. 
Both of these complexes were stable at -90°C 
and gave back the starting ketone when treated 
with base. 

4There appeared to be a slow thermal reaction of BBr, 
with CH3CHF2 which resulted in the formation of a 
yellow solid. This reaction was not investigated further. 
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TABLE 1. Products arising from the photoisomerization of 1.BX3 and related species* 

Products (%)? 
Entry Conversion - 
No. Compound Solvent (%I 2 3 4 5 6 9 11 

1 1.BF3 CH2C12 74 68 18 10 1 3 nd nd 
2 CHzClz 5 69 20 10 1 nd nd nd 
3 CH3CHFz 5 74 16 9 1 nd nd nd 
4 l.BC13 CH,Cl, 83 29 38 10 1 22 nd nd 
5 CHzClz 4 69 20 10 1 nd nd nd 
6 CH3CHFz 5 72 19 8 1 nd nd nd 
7 l.BBr3 CHZC12 6 1 7 60 8 0 . 5  25 nd nd 
8 CHzClz 4 7 60 8 0 . 5  25 nd nd 
9 CH3CHF2 5 48 28 7 3 14 nd nd 

10 2.BF3 CH2C12 - nd 56 nd nd 44 nd nd 
11 2'BC13 CH2C12 - nd 57 nd nd 43 nd nd 
12 2.BBr3 CH2CI2 - nd 40 nd nd 60 nd nd 
13 13 CHzC12 5 6 nd nd nd nd nd 94 
14 1H§ FS03H/S02 70 73 17 nd nd nd 10" nd 

*At -90"C, unless otherwise specified; recovery of mater~al in each case in excess of  94%; nd, not detected, < 0.5%. 
?Expressed as relative percentage of total products after quenching the reactions; error +2%. 
$Reference 21. 
§At -75°C. Products both thermally and photochemically stable under the reaction cond~tions. 
(9H undergoes a subsequent thermal rearrangement (1). 

TABLE 2. 'Hmr spectra of various BCI3 complexes in CH2C12* 

Chemical shifts (ppm) 

Compound Hz Hz H3 H4 H5 Hs H7 Other 

2 . ~ ~ 1 ~  1 .30 8 .07 - - 3.52 2 .00 - 0.88, 1.47, 1.88 (Me) 
6.BC1, - - 7.81 2.78 2.78 2.78 - 1 .69, 1 .88 (Me), 4.81 (=CHz) 
9.BCI3 - 6.67 6.67 3.68 - 1.67 - 0.92, 1.10, 1 .24 (Me) 

1.60 
1@BCl3 - - 7.63 8 .60 3.34 - 2.25 0.90, 1.40, 1 .42 (Me) 

1.76 
8.BCI3 - - 7 . 3  - 7 .3  7 . 3  - 2.31, 4 .52  (Me), 1 .17 (Me2C), 

2 .89 (CHMe,) 

*All spectra recorded at 5 0 ° C  apart from that of 2.BC13 which was obtained at -90°C. 

The complexes of 2 were found to be photo- 
labile under the conditions used in the irradia- 
tions of l.BX,. Two products were formed in 
each case and these were identified after quench- 
ing the solutions as 3 and 6 (Table 1 ,  entries 
10-12).  Qualitatively it was found that the rel- 
ative efficiencies of the photoisomerization of 
the three complexes of 2 were quite different. 
Thus while 2.BF3 and 2-BC1, each reacted about 
a factor of two more slowly than 1-BF, or 
l.BCl,, respectively, when irradiated under 
comparable conditions, 2.BBr3 photoisomerized 
some four times more rapidly than 1.BBr3. A 
mixture of 1.BBr3 and 2.BBr3 in a ratio 2 . 5  : 1 in 
CH2C12 was irradiated at - 90°C for the time 
normally taken to achieve a 5-10% photo- 
conversion of 1.BBr3. After quenching the solu- 

tion the ratio of 1 :2  was found to be 2 0 : 1 ,  in- 
dicating that competitive photoisomerization of 
2.BBr3 is significant even in the early stages of 
the rearrangement of 1.BBr3. It is clear that for 
1.BF3 and 1.BC1, and quite possibly also for 
1-BBr,, that the complexes of 6 are not initial 
photoproducts but are produced in secondary 
photoreactions of 2.BX3. While complexes of 3 
are also produced in this subsequent photo- 
isomerization, it would seem that they are also 
produced directly from l.BX,. 

OBX3 9 2. I .  hvl-WC Base , a, + $,. 
2.BX3 3 6 
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TABLE 3. lHmr spectra of protonated phenols* 

Chemical shifts (ppm) 
Site of 

Phenol protoilation C2Me C3H C4H C5H CsH CHMe2 

3 c4 2.25 8.10 4.13 - 7.15 1.35d 
4 c4 2.15 8.22 4.18 8.22 - 1 .30d 
7 c4 2.33 8.4 3.92m 8.50d 7.23d 1.13d 
7 c6 2.33 8.4 - 7.21 4.32d 1.30d 
7 0 2.37 7.2 - 7.2 7.2 1.30d 

*In FSOSH at -50°C; d = doublet, m = multiplet. 

Reaction of 6 with BCl, in CH2C12 at - 78°C 
resulted in the formation of the corresponding 
complex 69BC1,. The 'Hmr spectrum of 6.BC13 
was entirely consistent with its assigned structure 
(Table 2) and 6 was recovered in good yield on 
reacting the solution with ether-HC0,- slurry. 
The complex was found to be stable at -20°C 
for long periods of time and to be photochemi- 
cally stable under the conditions used in the 
photoisomerization of l.BCl,. 

The phenols 3, 4, and 7 gave solutions with 
rather ill-defined 'Hmr spectra when reacted 
with BCl, in CH2C12. This is in contrast, for 
example, with the reaction of the anisole 8 with 
BCI, which results in the formation of 8.BC1, 
(Table 2). 

The presence of a resonance at ca. 6 1.3 in the 
'Hmr spectra of solutions of these phenols and 
BCl, which was absent when the O-deuterated 
phenols were used, suggested that HCl was 
being formed in these reactions. Solutions of 
anhydrous HCl and BCl, in CH2C12 at low 
temperatures exhibited a signal in a comparable 
position. Phenols are known to react with BCl, 
to give mixtures of phenoxyboron halides and 
triaryl borates together with HCl (13) and it 
would appear that similar reactions take place 
between 3, 4 and 7 and BCl,. The phenols were 
recovered unchanged on reaction of these 
solutions with base. 

It would seem likely from a mechanistic 

consideration, vide infra, that complexes of the 
keto tautomers of phenols 3 and 4 are obtained 
in the photoisomerization of l.BC1,. As it was 
not possible to form this type of conlplex 
directly, the protonation of 3, 4, and 7 was 
examined in order to see if migration of the 
isopropyl groups would occur in these systems. 

The cation 3H, formed on protonation of 3 in 
FSO,H, is known to be stable below O"C (1). 
Dissolution of 4 in FS0,H gave a cation with a 
'Hnir spectrum (Table 3) completely consistent 
with protonation in the para position, while 7 
gave, as would be expected on the basis of the 
protonation of 2,4-dimethylphenol (14), a mix- 
ture of carbocations. No isopropyl group 
migrations could be detected in any of these 
systems at temperatures up to - 20°C. 

Unlike the photoisomerizations of l H ,  none 
of the 7-norbornenone 9 could be detected as a 
product of 1.BX3. To ensure that complexes of 9 
would be stable under the reaction conditions, 
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9.BC1, was prepared. This complex ('Hmr 
spectral data in Table 2) was found to be ther- 
mally stable up to at least - 15°C and unchanged 
when irradiated under the same conditions as 
used with 1.BC13 The thermal stability of 9.BC1, 
is in marked contrast with that of the corre- 
sponding protonated material which isomerized 
to give 10H in FS03H - 55°C (1). 

Discussion 
It is clear from the results presented above that 

the boron trihalide complexes of 1 predominantly 
undergo isomerization reactions on irradiation. 
In each case, apart from small manipulative 
losses. the vields of recovered materials are 
essentially quantitive and can be accounted for, 
after quenching, entirely in terms of isomers of 1. 
It should be noted, however, that the wave- 
length of the incident light was such that only the 
complexed dienone chromophore and not any 
free boron halide could be excited (15). BCl, and 
BBr, are known to undergo dissociation on di- 
rect irradiation and this can lead to the occur- 
rence of substitution reactions with hydrocarbon 
solvents (16). No such substitution reactions 
would appear to be occurring during the photo- 
isomerizations of l.BX, nor were they observed 
by Griffith and Hart (8) on irradiation of the 
BF, complex of 2,4,6,6-tetramethylcyclohexa-2, 
4-dienone, a system with a similar chromophore. 

The profound effect of protonation on the 
photoisomerizations of eucarvone has largely 
been attributed to the reversal in the relative 
energies of the n,n* and n,n* states attendant 
upon protonation (1, 6). The uv spectra of 

l.BX3 and 1H are very similar (7) and it is again 
likely that the lowest energy transition in 1.BX3 
is of n,n* character. 

It is interesting to compare the photoproducts 
obtained on irradiation of protonated eucarvone, 
l H ,  with those formed from l.BX,. In each case 
2 and 3 are the major products obtained on 
neutralization of the acid solulioils and no ma- 
terials corresponding to 1,4,4-trimethylbicyclo- 
[3.2.0]hept-6-en-2-one, 11, are formed. The 
bicyclic ketone 11 is the predominant material 
obtained on irradiation of eucarvone itself in a 
wide variety of solvents, including CH,Cl,, 
Table 1, entry 13 (17). While the major products 
obtained on irradiation of 1.BX3 and 1H are the 
same, they differ in that 4 (4.BX3) and a trace of 
5 (5.BX3) are produced in the Lewis acid cases 
whereas 9H is obtained from 1H. 

At first sight it is attractive to consider that the 
production of 4 or 9 in the complexed or pro- 
tonated eucarvone photoisomerization respec- 
tively are somehow linked, especially as they are 
both formed in about the same yield. However, 
such a possibility is very unlikely. The control 
experiments described earlier showed that the 
products 4 and 9 do not interconvert when either 
protonated or complexed with BCl,. It has also 
been shown by trapping experiments (I) that the 
precursor to 9H is the bicyclic cation 12 and it is 
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Intermolecular H 
H shift / 14Y 5 Y 

! I  

very difficult to conceive how an analogous 
species, differing only in the replacement of the 
OH group by an 0 ~ ~ 1 ,  group, could rearrange 
to give 4.BC1,. 

The formation of the major photoproducts in 
both the complexed and protonated cases can be 
understood in terms of the intermediacy of the 
same type of carbocation. As is shown in 
Scheme 1 ,  an intermediate such as 13 could, by 
bonding the positive centre to either C, or C,, 
yield derivatives of 2 and 5 respectively, the latter 
process only occurring to a minor extent with 
13.BX3 and not being detectable with 13H. 
Alternatively, a 1,2 hydride shift would in each 
case convert 13 to 14. While 14 would yield 3 on 
reaction with base, it is known that 14 rear- 
ranges in FS0,H to give the more stable, 
isomeric cation 3H (I). This thermodynamic 
preference for the formation of the cross con- 
jugated dienone derivative should still be main- 
tained in the corresponding Lewis acid com- 
plexes. 

5While the same relative order of stability is expected 
between the protonated and BX3 complexed forms of 
3,14, and 15, the exact positions of the various equilibria 
will be dependent on the nature of the group coordinated 
to the oxygen atom (18). 

One possible difference between these pro- 
tonated and complexed systems which might 
account for the formation of 4.BX3 in the latter 
case involves the mechanism of this hydride 
shift. In FSO,H, the rearrangement of 14H to 
3H most probably occurs via an intermolecular 
hydride shift (14, 19). On the other hand, if the 
isomerization of 14.BX3 were to proceed by 
successive intramolecular hydride shifts, 15 
would be involved as an intermediate. This 
zwitterion could undergo subsequent hydride or 
isopropyl group migrations, the latter possibility 
eventually leading to 4.BX3. It is somewhat 
surprising that if 4.BX3 is indeed formed by 
such a route, there is no concurrent migration of 
the isopropyl group to the C, position (3, 5). 

It has been suggested that the formation of 9H 
from protonated eucarvone involves a triplet, 
n,~* state, whereas the other photoproducts, 
2H and 3H are derived from a singlet n,n* state 
(I). With these complexes, an increasingly heavy 
atom is introduced into the zwitterions as the 
Lewis acid is changed from BF, to BCl, to 
BBr,. It  might well have been expected that the 
rates of intersystem crossing between the singlet 
and triplet states of l.BX3 would be dependent 
on the halogen atom present. If such an effect is 
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operative, it is not apparent in terms of the 
photoproducts obtained from these complexes. 
Even in CH,CHF,, a solvent comprised solely 
of light atoms, there are no different photo- 
products obtained from 1.BBr3 as are formed 
from l.BF, and no evidence for the formation of 
9.BX3. 

Overall it is apparent that a Lewis acid and a 
proton exert a comparable modifying effect on 
the direction of photoisomerization of a carbonyl 
compound. In view of the very large differences 
in the polarity of the halocarbon solvents used 
with the Lewis acid complexes and the FS0,H 
employed in the photoisomerizations of lH ,  it is 
remarkable how similar the initial product dis- 
tributions are in these two systems. In the case of 
eucarvone, the thermal and photochemical 
lability of the complexes of 2 strictly limits the 
synthetic utility of using a Lewis acid to direct 
the course of the photoisomerization. This 
extreme lability of 2.BX3 is unexpected in view 
of the known properties of 2H and the stability 
of the boron halide complexes of the other 
related ketones. It is likely that the difficulties 
encountered are specific to the eucarvone 
system and that they do not detract from the 
general usage of a Lewis acid to direct the course 
of the photoisomerization of a carbonyl com- 
pound. 

Experimental 

General 
'H nmr spectra were recorded on Varian HA-100 and 

A-60 spectrometers equipped with variable temperature 
probes. The probe temperature was measured with a 
copper-constantan thermocouple mounted at the 
appropriate depth in a nonspinning sample tube. Chemi- 
cal shifts of neutral materials are referred to internal 
tetramethylsilane and those of the complexes and pro- 
tonated compounds are referred to internal CH2C12 taken 
as 5.30 6.  Infrared spectra were obtained with a Perkin- 
Elmer Model 337 grating spectrometer. A Nicolet 1080 
Mini-Computer using the Nuclear Resonance Spectrun~ 
Calculation Programme (NMRCAL NIC-801s-7117-D) 
was used to simulate the 'Hmr spectrum of 4 and obtain 
the coupling constants of the ring protons. Varian Aero- 
graph 204 (analytical) and Aerograph A-90-P3 (pre- 
parative) gas chromatographs were used with He as a 
carrier gas. The columns employed were: A, 10 ft x Q in., 
20% Carbowax 2000 M on Chromosorb W; B, 10 ft x 
4 in., 15% SE 30 on Chromosorb W; C, 13 ft x t in., 
20% Carbowax 2000 M on Chromosorb W. 

Materials 
The purification of solvents, formation of the various 

complexes and protonation of the phenols were carried 
out as outlined in the previous paper (7). 

2-Methyl-6-isopropylphenol, 4 
2-Methyl-6-isopropylphenol was prepared by the 

method of Sowa et al. (11) and purified by preparative 
glpc, column C;  'H nmr (CC14) 6 6.92 (1, H-3), 6.67 (1, 
H-4), 6.82 (1, H-5), J3,4 = 7.74 HZ, J4.5 = 7.54 HZ, 
J3.5 = 1.66 HZ, 4.24 (s, 1, OH), 3.14 (h, 1, CH(CH3)2), 
2.20 (s, 3, 2-CH,), 1.15 (d, J = 7 HZ, 6, C(CH3)2). 

2-Methyl-4-isopropylphenol, 7 
This phenol was prepared by standard procedures 

(12); 'H nmr (CCI,) 6 6.82 (d, J,,, = 2.1 Hz, 1, H,), 
6.80(q, J3 .5  = 2.1 HZ,J5.6 = 7.8 HZ, 1, H-5), 6.52 (d, 
J5 .6  = 7.8 HZ, 1, H-6), 4.46 (s, 1, OH), 2.75 (h, 1, 
CH(CH3)2), 2.17 (s, 3, 2-CH,), 1.16 (d, J = 7 HZ, 6, 
C(CH3)z). 

Photochemical Procedures 
A Phillips SP 500 W lamp was used in conjunction 

with the apparatus previously described (20). A Corning 
Glass filter #3850 was used in all irradiations and this cut 
off light with wavelength less than 370 nm. The temper- 
ature of the sample was maintained at -90°C during the 
course of the photoisomerizations, the temperature being 
monitored by a glass encased copper-constantan thermo- 
couple inserted into the solution. 

Following completion of the photoreaction the prod- 
ucts were recovered by the addition directly to the 
sample tube of 2 ml of a cold (-90°C) slurry of NaHCO, 
(0.5 g) in ether (25 ml). The sample tube was agitated 
with a glass rod during this addition. The quenched 
solution was quickly transferred into the remaining ether- 
NaHC0, mixture and allowed to warm to O°C. Ice 
water (5 ml) was added to the ether slurry, the mixture 
swirled and filtered under suction. The organic layer was 
washed with brine until neutral (litmus) and dried 
(MgSO,). The solution was concentrated by careful 
evaporation of the solvent at atmospheric pressure 
through a 6 in Vigreux column and subjected to glpc 
analysis. 

Large scale photoisomerizations of 1.BC13 (prepared 
from 200 mg of 1) in CH,C12 (2 ml) required some 4-5 h 
of irradiation and after quenching the solution, the 
products were collected by preparative glpc using 
column B. The products obtained were identified as 
2, 3, 4, 5 and 6 on the basis of the comparison of their 
ir and 'Hmr spectra with those of authentic samples. 

The product distributions (Table 1) were obtained with 
samples containing the appropriate complex (formed 
from ca. 15 mg of 1) in CHzClz or CH3CHF2 (0.5 ml). 
Following recovery of the products, a weighed amount 
of cycloheptanone was added and the percent recovery 
and product compositions determined by analytical 
glpc, column A. The areas of the peaks were found by 
triangulation or by cutting and weighing. Detector 
response curves were established in the usual manner. 
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Tricarbonylferrole iron tricarbonyl derivatives: formation from thiophenes 
and iron atoms in a CO atmosphere and fluxional behaviour 

TRISTRAM CHIVERS' AND PETER L. T IMMS~ 
Department of Chemistry, The Universiw of Calgary, Calgary, Alta., Canada T2N IN4 

Received May 13, 1977 

TRISTRAM CHIVERS and PETER L. TIMMS. Can. J. Chem. 55,3509 (1977). 

Co-condensation of metal atoms (Cr, Fe) with thiophenes R 'SARI (R = R r  = H, Me; 
R = H, R' = Me) at - 196°C leads to desulphurization of the thiophene. Warm-up of the 
iron-thiophene co-condensate in a CO atmosphere produces derivatives of tricarbonylferrole 
iron tricarbonyl, C4H2RR'Fe2(C0)6. 13C nmr studies of these complexes show that the tri- 
carbonyl ferrole unit is static from - 95°C to + 60°C, while the R - F ~ ( C O ) ~  group exhibits 
fluxional behaviour. Addition of dienes or Me3P in hexane to the iron-thiophene co-conden- 
sate at - 196°C yields thermally unstable red solutions on melting. 

TRISTRAM CHIVERS et PETER L. TIMMS. Can. J. Chem. 55,3509 (1977). 

La co-condensation d'atomes de metaux (Cr, Fe) avec les thiophenes R 
(R = R' = H, Me; R = H, R' = Me) a - 196"C, conduit a la desulfuration de ces derniers. 
Le rechauffement du compost5 co-condense thiophenefer dans un atmosphere de CO, conduit 
aux dtrives du tricarbonyle tricarbonylferrole-fer C4H2RRfFe2(CO),. Les etudes par rmn du 
13C de ces complexes montre que la partie tricarbonylferrole est statique de -95°C a + 60°C, 
alors que le groupe ~c-Fe(C0)~ presente un comportement variable. L'addition de diknes ou du 
Me3P dans l'hexane au compost co-condenst thiophene-fer a - 196"C, conduit par fusion a 
des solutions rouges, thermiquement instables. 

[Traduit par le journal] 

Introduction ref. 11). carried out as a ~ossible source of 

phene with a transition metal, v~z.'(c,H,s)F~- 
(CO), (1, 2), numerous studies of related com- 
plexes have appeared (3-5) and corresponding 
cationic manganese complexes have been pre- 
pared(6). Bis(tetramethylthiophene)Fe2+(PF,-), 
has recently been isolated (7), but no neutral 
bis(thi0phene)metal complexes are known al- 
though electrochemical reduction of this salt 
suggested the possibility of isolating bis- 
(tetramethylthiophene)iron(O). 

The direct synthesis of bis(arene)metal com- 
plexes from arenes and metal vapours at 
- 196°C (8) is a versatile route to such com- 
plexes (9), and this approach has recently been 
extended to the synthesis of bis(2,6-dimethyl- 
pyridine)chromium (10). We describe here 
parallel investigations of the reactions of thio- 
phenes with iron or chromium vapours at 
- 196°C (for a preliminary communication see 

Experimental 
Apparatus and Techniques 

Evaporation and low temperature co-condensation re- 
actions of Fe and Cr were carried out in a glass apparatus 
previously described (12) and in a prototype of the com- 
mercially available Kontes metal atom reactor. Metals 
were evaporated from alumina-coated molybdenum wire 
crucibles at 25-30 A and 5-6 V. Solvents were dried, 
freshly distilled, and de-aerated before use. 

The following instruments were used to obtain spec- 
troscopic data: Perkin-Elmer 457 (ir spectra), Atlas CH5 
(mass spectra), Varian HA100 ('H nmr spectra), Bruker 
WH90 (I3C nmr spectra) operating in the pulsed Fourier 
transform mode at 22.63 MHz. The latter instrument is 
equipped with a Nicolet B-NC 12 data system. The 13C 
chemical shifts were measured relative to tetramethyl- 
silane as internal standard. Tris(acetylacetonato)chro- 
mium(II1) (ca. 0.05 M )  was added to each nmr sample to 
reduce TI relaxation times, and the spectra were recorded 
at various temperatures in the range -95°C to +60°C. 
The thiophenes were commercially available samples 
(Aldrich) and were used without further purification. 

'Author to whom correspondence should be addressed. Iron, Thiophenes, and Carbon Monoxide 
'Department of Chemistry, University of Bristol, The typical reaction procedure is described here for 

Bristol, England. 2,5-dimethylthiophene. Analogous products were ob- 
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tained from thiophene and 2-methylthiophene (see 
Discussion). 

Iron (1.0 g, 18 mmol) was vaporized and condensed at 
- 196°C with 2,5-dimethylthiophene vapour (20 g, 179 
mmol) in 2 h. After addition of the thiophene, the reac- 
tion flask was allowed to slowly warm up under nitrogen. 
A deep purple-plum solution was observed when the co- 
densate melted. The solution retained this colour up to 
ca. -2OoC, whereupon it gradually became colourless 
with deposition of Fe metal. When the co-condensate was 
allowed to warm up under CO (3 atm), the solution 
remained purple up to ca. -30°C when CO uptake 
occurred and the solution became red-brown. Excess of 
thiophene was removed by vacuum transfer, and the 
residue was extracted with benzene (150 ml). The solution 
was filtered by forcing it under a pressure of N, through 
a stainless steel tube (1 mm diameter) with filter paper 
attached to one end. Benzene was removed from the clear 
red-brown filtrate by vacuum transfer to give a brown oil 
which was purified by chromatography on alumina using 
n-hexane. Orange crystals of tricarbonyl-2,Sdimethyl- 
ferrole - iron tricarbonyl (mp 45°C) were obtained after 
solvent removal under vacuum. The yield was 91 mg or 
ca. 5% (allowing for 40% loss of the metal evaporated). 
Anal. calcd. for Cl,H8Fe20,: C 40.0, H 2.24; found: 
C 39.9, H 2.35. The mass spectrum showed a molecular 
ion (M+) at mle 360 (59) together with major peaks at 
332 (22), 304 (34), 276 (29), 248 (loo), 220 (54), 192 (47) 
corresponding to the stepwise loss of six CO's from M + .  
The infrared spectrum of the product was identical to 
that of an authentic sample prepared from Fe3(C0)12 
and 2,5-dimethylthiophene by the literature procedure 
(13, 14). 

The benzene-insoluble residue was washed several 
times with benzene, dried under vacuum, and ground up 
in a mortar before analyzing for sulphur. Values in the 
range 11-17% S were obtained for several residues re- 
sulting from the reactions with different thiophenes. 

Vapour and liquid phase ir spectra and lH nmr spectra 
of the recovered volatiles provided no evidence for 
volatile products other than the recovered thiophene, 
with the exception of ir bands at 2970 (m) (aliphatic 
C-H) and 911 (m) cm-I in the vapour phase ir spec- 
trum of the volatiles from the reaction with thiophene. 

Chromium, Thiophene, and Carbon Monoxide 
Chromium (1.5 g, 29 mmol) was vaporized and con- 

densed at - 196°C with thiophene (12 g, 143 mmol) 
during 1.5 h. The co-condensates were allowed to melt 
under a nitrogen atmosphere to give a yellow-brown 
solution which became colourless at room temperature 
(1 5).3 Excess of thiophene was removed in vacuo and the 
dark-green solid residue was washed with hexane and 
benzene, dried under vacuum (25°C; Torr), and 
analyzed for sulphur. Found S = 13.501,. The ir spectrum 
(Nujol) showed no bands (other than Nujol) in the 
2000-600 cm-' region. 

In a separate experiment the chromium-2,Sdimethyl- 
thiophene co-condensate was allowed to warm up under 
a CO atmosphere (0.5 atm). The solution was orange- 

3The reaction of thiophene with chromium atoms has 
been reported to give a dark, involatile product insoluble 
in the common organic solvents, but no details were given. 

brown on melting but colourless at room temperature. 
Excess of thiophene was removed under vacuum to give 
a pale-yellow solid (on the sides of the reaction flask), 
insoluble in benzene and involatile at 50°C/10-2 Torr. 
This solid became green in air and showed no bands in 
the 2000-600 cm-' region of the ir spectrum. After 
drying under vacuum, the sulphur content of this solid 
was 11.4%. Infrared spectra of the volatile products 
(vapour phase and liquid film) showed no peaks other 
than those attributable to 2,5-dimethylthiophene. 

Synthesis of Tricarbonylferrole Iron Tricarbonyl Deriva- 
tives from Iron Carbonyls 

For comparison with the products from the iron 
atom - thiophene-CO reactions and for spectral mea- 
surements, tricarbonylferrole iron tricarbonyl and the 
2-methyl, 3-methyl, and 2,Sdimethyl derivatives were 
prepared from the appropriate thiophene and Fe(CO)5 
or Fe3(C0)12 according to the literature procedures (13, 
14). The 2-methyl and 3-methyl compounds were ob- 
tained as orange oils, after chromatography on alumina, 
and their ir and mass spectra were entirely consistent 
with the spectra expected for tricarbonylferrole iron 
tricarbonyl derivatives. 

Results and Discussion 

Co-condensation Reactions 
The co-condensation of Cr atoms with 

thiophenes at - 196°C produces yellow-brown 
solutions on melting which become colourless at 
room temperature. Analysis of the solid residues 
for sulphur, after removal of excess of thio- 
phene, gave values in the range 10-13.5%, 
demonstrating that desulphurization of the 
thiophene had occurred. There was no evidence 
for the formation of a thermally stable organo- 
metallic product. 

Similarly the co-condensation of Fe atoms 
with thiophene, 2-methyl- or 3-methyl-, or 
2,5-dimethylthiophene at - 196°C gives a plum- 
coloured matrix which retains its colour on 
melting up to ca. -20°C but becomes colourless 
at room temperature. After removal of excess 
ligand, the solid residues gave values in the 
range 11-17% for sulphur. When the iron- 
thiophene co-condensate was allowed to warm 
up in an atmosphere of CO, orange-brown 
crystals of 1 or 4 were isolated in low yield. The 
compounds 2 and 3 were obtained as orange oils. 

Nature of the Iron-Thiophene Co-condensate 
The isolation of the organometallic complexes 

1-4 confirms that thiophenes are desulphurized 
after co-condensation with iron vapour at 
- 196°C. It has previously been observed that 
tricarbonylferrole derivatives are formed via 
desulphurization of thiophenes by iron car- 
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bonyls (13). In the metal atom reactions, it is 
necessary to decide whether desulphurization 
occurs immediately on co-condensation or on 
warm-up of an unstable (thiophene),metal com- 
plex, which may involve o- or x-coordination 
of thiophene to iron (16,, 17,) or a combination 
of both. 

The following observations and experiments 
indicate that the former pathway predominates. 
(a) Whereas the thermal stability of (arene),Fe 
complexes increases markedly with alkyl sub- 
stitution on the arene ligand, the thermal 
stability of the plum-coloured Fe-thiophene co- 
condensates appears to be independent of alkyl 
substitution on the thiophene. (b) Addition of 
cyclopentadiene to an Fe-benzene co-condensate 
at - 196°C produces ferrocene in 40% yield (8), 
but no ferrocene is obtained when an Fe-thio- 
phene co-condensate is treated in a similar 
manner. (c) No (thiophene)Cr(CO), was ob- 
tained from warm-up of the Cr-thiophene co- 
condensate in a CO atmosphere. 

We therefore pursued the possibility that the 
Fe-thiophene co-condensate contained ferroles 

e.g. Me-&Me which might be trapped 
Fe - - 

by the addition of suitable ligands, e.g. dienes, 
Me,P (1Q6 When trimethylphosphine (20% 
solution in n-hexane) was added to an Fe- 

4The detection of CrSf in the mass spectrum of 
(C4H8S)Cr(CO), suggests that o-bonding of sulphur to 
chromium is important in the C4H8SCr+ ion. 

sThe o-bonded thiophene complex, (2-methyl$ 
diethy1borylthiophene)chromium pentacarbonyl has re- 
cently been described. 

Me 
Me, I 

V h e  novel iron heterocycle E F ~ ( P M ~ , ) ~  

~ e '  I 
Me 

has recently been isolated and is described as a blue, 
highly volatile solid of high thermal reactivity. It was 
purified by vacuum sublimation at 40°C. 

2,5-dimethylthiophene co-condensate at - 196"C, 
a bright-red solution was observed on melting. 
At 0°C the red colour was much less evident, and 
the solution became orange-yellow with deposi- 
tion of some black solid at 20°C. No derivatives 
of the type described by Rathke and Muetterties 
(18) could be isolated. Similarly, the addition of 
dienes, e.g. butadiene, 1,5-cyclooctadiene to 
Fe-thiophene co-condensates at - 196°C gave, 
on melting, red solutions which were unstable 
above ca. -20°C. Thus the exact nature of the 
species responsible for the plum colour of the 
Fe-thiophene co-condensate remains uncertain. 

Tricarbonylferrole Derivatives : ' H Nuclear 
Magnetic Resonance Spectra 

The 'H nmr spectra and crystal structure of 
C,H,Fe,(CO), have been reported recently (14). 
The spectrum was analyzed as an AA'XX' 
system and chemical shifts of 6.2 and 6.8 ppm, 
respectively, were assigned to the pairs of 
protons H,,, and H,,, (the subscripts refer to 
the carbon atoms to which the hydrogens are 
attached in 1). The coupling constants are 
indicated in Table 1 together with our data for 
the tricarbonylferrole derivatives 2-4 which 
suggest that the chemical shift assignments re- 
ported for 1 (14) should be reversed. For the 
2,5-dimethyl derivative, 4, two singlets are 
observed at 5.82 ppm and 2.30 ppm and these 
can readily be assigned to ferrole protons and 
methyl substituents respectively. The 'H nmr 
spectrum of the ferrole protons of the 2-methyl 
derivative, 2, is that of an AMX system. In 
addition to the signal for the methyl group, three 
equally intense signals are observed at 6.66, 6.18, 
and 5.94 ppm, which appear as two doublet of 
doublets and a triplet, respectively. The triplet 
clearly arises accidentally as a result of two 
approximately equal couplings to non-equiva- 
lent protons as expected for H, on the basis of 
coupling constants reported for 1. The assign- 
ment of the other two signals to H, or H, is, 
at  this stage, ambiguous. The 'H nmr spectrum 
of the 3-methyl derivative, 3, showed two 
doublets at 6.84 and 6.37 ppm, respectively, and 
a doublet of doublets at 6.14 ppm, in addition 
to the signal for the methyl substituent. From 
the data for compound 1 in Table 1, the larger 
doublet (6.84 ppm) is assigned to H, and the 
smaller doublet (6.37 ppm) to H,. Thus the 
signal at 6.14 ppm must be due to H,, which 
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TABLE 1. 'H nmr data for tricarbonylferrole iron tricarbonyl derivatives 
- - - 

6 (PP~Y'  
-- 

J (Hz) 
Com- 
pound H, H3 H4 H5 CH3 H z ~ (  = H45) H34 H24( = H35) H25 

l b  6.2 6.8 6.8 6.2 - 5.3 2.4 2.3 0 
2 - 5.94(dd) 6.18(t) 6.66(dd) 2.41(s) 5.26 2.34 2.34 - 
3 6.37(d) - 6.14(dd) 6.84(d) 2.25(s) 5.18 - 2.73 - 
4 - 5.82(s) 5.82(s) - 2.30(s) - - - - 

's, singlet, dd, doublet of doublets, t, triplet. Recorded in CDCI3 solution with tetramethyls~lane (0 ppm) as internal reference. 
bData from ref. 14. 

shows two couplings of ca. 5.2 and 2.7 Hz, as 
expected. The high field signal therefore cor- 
responds to the ferrole proton remote from the 
iron atom, and this assignment together with the 
chemical shift (5.82 ppm) of the ferrole protons 
in 4 suggests that the signals at 6.66 and 6.18 
ppm in 2 can be assigned to H, and H,, respec- 
tively. We, therefore, propose that the reported 
assignments for the ferrole protons in 1 should 
be reversed, i.e. 6,, = 6,, = 6.8 ppm and 
6,, = ?jH4 = 6.2 ppm. Thus the chemical shifts 
of the protons (Hz, H,) nearest to  iron in tri- 
carbonylferrole derivatives are consistently to 
high field of the chemical shift for the remote 
protons (H,, H,). 

13C Nuclear Magnetic Resonance Spectra and 
Fluxional Behaviour 

The crystal structure of 1 shows that one of the 
CO groups of the n-bonded Fe(CO), unit forms 
a highly unsymmetrical bridge to the other iron 
atom (Fe,) (14). This structural feature has been 
observed in a number of other (19-21), but not 
all (22), tricarbonylferrole iron tricarbonyl deriv- 
atives. The static structure suggests, therefore, 
that such molecules should exhibit four carbonyl 
resonances with relative areas of 2 : 2 : 1 : 1. A 
number of recent 13C nmr studies have shown, 
however, that in solution the n-Fe(CO), group 
is stereochemically nonrigid. For example, the 
3 carbonyl resonances of this group in the tri- 
carbonylferrole derivative (R, = R, = CH,; 
R, = R, = C=CCH,) remain magnetically 
equivalent down to -78°C (23). Similarly, the 
derivative in which R, = R, = Ph; R, = R, 
= H shows an unchanged 13C nmr spectrum 
over the temperature range - 125°C to +95"C 
(21), although other authors (24)7 report signifi- 

7This paper also reports some 13C nmr data for various 
methylsubstituted tricarbonylferrole iron tricarbonyls, 
including 4, but they were not obtained as pure samples, 
and thus the carbonyl carbon signals were not resolved. 

cant broadening at - 75°C. It was suggested that 
the area 3 resonance was due either to a coinci- 
dental overlap of two signals or to a very low 
energy fluxional process (21). Resolution of the 
13C signals of the K-Fe(CO), group has been 
reported for compound 5 (R, = R, = t-Bu) 
(24). At - 100°C two signals (intensities 2: 1) 
were observed at 214.1 and 222.2 ppm. This 
result suggests that a fluxional process is indeed 
responsible for the apparent equivalence of 
carbonyl groups on Fe, at higher temperatures, 
and that the steric bulk of the tert-butyl group 
results in a higher activation energy for rotation 
of the n-Fe(CO), group in 5 compared to other 
tricarbonylferrole derivatives. 

Our 13C nmr data for compounds 2-4 are 
compared with the literature data for 1 (21) and 
5 (25) in Table 2. Methyl substitution results in a 
deshielding of the ferrole ring carbon signals by 
20-25 ppm. A similar deshielding is observed for 
phenyl (21) and tert-butyl substituents (25). 
Con~pounds 2-4 show three sharp resonances at 
room temperature with relative intensities 
3 : 1 :2. The area 3 resonance was not signifi- 
cantly broadened down to - 95°C suggesting 
that the exchange of the CO groups on Fe, via 
rotation of the Fe(CO), unit has a lower activa- 
tion energy for compounds 2-4 compared with 
5. There was no evidence for exchange between 
carbonyls on Fe, and Fez at higher temperatures 
(+60°C, see also ref. 21) and, thus, in solution 
the two Fe(CO), groups in these con~plexes 
behave independently despite the observation of 
a semi-bridging CO in the solid state structure 
(vide supra). The loss of the plane of symmetry 
which bisects C,-C, results in distinct signals 
for C, and C, in 2 and for C, and C, in 3. For 
the same reason the equatorial CO's on Fe, are 
no longer equivalent in 2 and 3, although 
separate signals could only be resolved for 2. 

It is instructive to compare these results with 
the extensive studies of the fluxional behaviour 
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CHIVERS AND TIMMS 

TABLE 2. 13C nmr data for tricarbonylferrole iron tricarbonyl derivatives 

Unique Equivalent 
Compound CH3 CZ CP c4 C5 CO on Fel CO's on Fel CO's on Fez 

#For conditions of measurement see Experimental section. 
bData from ref. 21. The pattern of the CO signals does not change in the temperature range -125°C to f95"C. 
<Data from ref. 24; values in parenthesis are for -1000C. The tert-butyl group shows signals at 33.7 (CH3)  and 43.1 (C) ppm. 

of (11-diene)Fe(CO), derivatives carried out by 
Kruczynski and Takats (25) who found a marked 
dependence of the rate of carbonyl scrambling 
on the nature of the diene. For nonconjugated 
dienes, e.g. cycloocta-l,5-diene, no evidence for 
line broadening was observed even at the lowest 
accessible temperatures (- 130°C), whereas for 
conjugated 1,3-dienes, e.g. butadiene, the acti- 
vation barrier was sufficiently large to be ob- 
servable by nmr. This difference was attributed 
to significant contributions from six-coordinate 
structures (B) in the case of conjugated dienes 
and the relative unimportance of such contri- 
butions in complexes with nonconjugated dienes. 

Our results suggest that, in contrast to the 
general accepted bonding description for buta- 
diene iron tricarbonyl (25, 26) back-bonding 
between filled metal d orbitals and the LUMO 
(n3*) of the diene is an unimportant component 
of the ligand-metal bonding in tricarbonyl- 
ferrole iron tricarbonyl derivatives. For the tri- 
carbonylferrole ligand there is good evidence 
from X-ray structural data for multiple bonding 
in the Fe-C bonds of the ferrole ring (14).Thus 
these bonds are 1.94-1.95 A compared to 2.08- 
2.12 A expected for the sum of the covalent radii 
of iron and carbon. Such multiple bonding can 
arise via interaction of d,, and d,,, on Fe, with 
n,* of butadiene. This electron donation would 
greatly diminish contributions to n,* from the 
n-bonded Fe(CO), group and hence six- 

coordinate structures would be less important 
in the bonding of tricarbonylferrole Fe(CO), 
complexes compared to C,H,Fe(CO),. This 
conclusion is in accord with the observed low 
activation energies for carbonyl exchange in 
ferrole complexes and provides further support 
for the arguments used by Kruczynski and 
Takats to explain the dynamic behaviour of 
(diene)Fe(CO), compounds (25). 
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and potassium methoxide D2-H20 and D2-CH30H exchange1 
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(1977). 

The kinetics and mechanism of exchange of deuterium between D 2  and water and between 
D z  and methanol, catalyzed respectively by concentrated potassium hydroxide and potassium 
methoxide, has been studied between 348 and 398 K. In  the Dz-KOH-H20 case, the transfer 
of deuterium was found to be controlled by the rate of activation of the D 2  molecule by OH-.  
Rapid exchange of D +  with the aqueous solution followed. From the D,-KOCH,-CH30H 
studies, it was concluded that deuterium exchange depended upon the rates of both D, activa- 
tion by methoxide and interaction of the solvent with the transition, or encounter, complex. 
The dependence of second-order rate constants on solvent activity for both systems was 
determined by normalization of the exchange reaction rates to unit reagent activity. Analysis 
of the kinetic isotope effects for each system suggested that their increase with base concentra- 
tion or temperature was due to solvation effects. 

GRAEME G. STRATHDEE, DAVID M. GARNER et RUSSELL M. GIVEN. Can. J. Chem. 55,3515 
(1977). 

On Ctudie entre 348 K et 398 K les cinetiques et le mecanisme d'echange du deuterium entre 
D 2  et l'eau puis entre D, et le methanol, catalyse respectivement par des solutions concentrtes 
d'hydroxyde de potassium et de methylate de potassium. Dans le cas Dz-KOH-H20, le transfert 
du deuterium semble &tre contr6lt par la vitesse d'activation de la molecule D, par I'ion OH-.  
Un echange rapide de I'ion D +  avec la solution aqueuse s'en suit. A partir des etudes faites sur 
Dz-KOCH,-CH30H, on en deduit que I'echange du deuterium depend de la vitesse d'activation 
de D 2  par le methylate et de la vitesse d'interaction du solvant avec le complexe de transition ou 
rencontre. La dkpendance des constantes de vitesse du second ordre sur l'activite du solvant 
pour les deux systemes est determinee par normalisation des vitesses d'echange par unit6 
d'activite du reactif. L'analyse des effets isotopiques cinetiques pour chaque systtme suggtre 
que leur augmentation avec la concentration en base ou la temperature est due a des effets de 
solvatation. 

[Traduit par le journal] 

Introduction 
Strong bases such as alkali metal hydroxides 

(1-6), alkoxides (4), amides (7, 8), and alkyl- 
amides (9-1 1) are effective homogeneous cata- 
lysts for the exchange of deuterium between D, 
and their corresponding protic solvents. The 
general pattern of reactivity of these catalyst 
systems is well known: the nitrogen bases are 
substailtially better for the D,-exchange applica- 
tion than are the oxygen bases and alkyl sub- 
stitution of the amide anion, NH,-, yields 
higher specific rate constants for this proton 
transfer process. The present research has dealt 
mainly with the relative activity of aqueous KOH 
with respect to methanolic KOCH, and has 
allowed us to make a better comparison of the 
performance of these oxygen bases with that of 

- 
'Issued as AECL No. 5871. 

KNH, in ammonia or KNHCH, in methyl- 
amine. 

We have also investigated in detail the 
mechanism of deuterium transfer from D, to the 
protic solvent. The solution properties were 
nonideal because of the high electrolyte con- 
centrations. To enable us to analyze the data at 
unit activity of the reagents we have evaluated 
the activities of the solutes and solvent in both 
the D,-KOH-H,O and D,-KOCH,-CH,OH 
systems. Our kinetic studies have shown that in 
these solutions where the proportion of 'free' 
solvent is small, the manner in which the solvent 
participates in the proton transfer process may be 
defined. The mechanism which we propose to 
explain our results requires that D-D bond- 
breaking and solvation steps are of comparable 
importance in determining the overall rate of the 
exchange reaction. In this respect our con- 
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clusions differ from that of Ritchie and King (12) 
who have argued that solvation is of greater 
importance. 

It was also our intent to investigate why the 
oxygen bases promote D, exchange at rates 
which are unattractive from the chemical pro- 
cessing standpoint. Solutions of these catalysts 
are thermally stable and easily handled and are 
therefore of interest because of ~otent ial  
application for heavy water production, for 
example, in a bithermal hydrogen-water system. 
By describing the mechanism of proton transfer 
we h o ~ e d  to assess if chemical modification of 
the system would lead to enhancement of rates 
of exchange. 

Experiment 
Puri'cations 

Deuterium gas was C.P. grade (Matheson) and was 
used as received or was evolved from uranium deuteride 
(UD,) at 723 K. The UD3 was formed by reaction of 
commercial Dz with uranium metal turnings at 600 K. 
No difference between exchange rates was found using 
D, from these sources. Water was distilled and deionized. 
Methanol was percolated through a bed of Linde 4A 
molecular sieves and distilled under dry nitrogen. 

Preparations 
Hydroxide solutions were made gravimetrically with 

reagent grade KOH. Alkoxide solutions were prepared 
by dissolution of the alkali metal in freshly distilled 
methanol. The metal was handled in a nitrogen filled 
glove box. The solution concentrations were determined 
by acid titration. 

Procedures 
The transfer of deuterium from D2 gas to the protic 

solvents was followed by sampling the gas phase of a 
stirred two-phase reactor and by analyzing the gas for 
D,, HD, and H2 mass spectrometrically. The exchange 
reactions were run in either a 116 cm3 Pyrex glass cell or 
in a glass-lined 248 cm3 stainless steel autoclave, depend- 
ing upon the total pressure at the operating temperature. 
The gas space - solution volume ratio was 7.7 in each 
case. Stirring speeds were always above 25 Hz to maintain 
satisfactory dispersion of the gas in the solution. Reaction 
rates were independent of agitation speed under those 
conditions. Constant temperatures were obtained by 
circulating a hydrocarbon oil from a thermoregulated 
bath through fluid-jackets around the reaction cells. 

In other experiments, solubilities of H2 in methanol 
and in alkali metal methoxide solutions in methanol were 
measured by gas chromatography using our dissolved gas 
stripping technique (13). The solutions were saturated 
with H2 at known pressure and temperature. Liquid 
samples were withdrawn into a 1 cm3 sampling valve loop, 
and were injected into a 10 cm3 stripping cell held at 
room temperature. Sampling valves and all lines were 
heated to avoid precipitation of methoxides from the 
concentrated solutions. The partial pressure of H2 in the 
autoclave was readjusted after each sampling step. 

FIG. 1. Rate of Dz-H,O exchange catalyzed by KOH. 

Results 
In this section, D2 exchange rate, physical 

property, and kinetic isotope effect data are 
presented for both the D,-KOH-H20 and 
D2-KOCH,-CH,OH cases. Our method of cal- 
culation of rate constants is considered in the 
section on Treatment of Data. The two systems 
are compared in the Discussion. 

Deuterium Exchange Rates 
D2-KO H-H2 0 
The rates of exchange of D, with water 

catalyzed by KOH at 348 and 373 K are shown 
in Fig. 1 as a function of KOH molality. The 
rates were calculated as described later in the 
section on Treatment of Data. These rates are 
essentially the same as those quoted by Flournoy 
and Wilmarth (3) and by Schindewolf (4). A plot 
of log exchange against log base concentration 
showed that the apparent reaction orders in 
hydroxide were greater than unity, although in 
dilute solution Wilmarth and co-workers have 
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0 2 4 6 8 10 

[ K O C H ~ ]  mol /kg 

FIG. 2. Rate of D2-CH30H exchange catalyzed by 
KOCH3. 

shown that the rate law for deuterium transfer 
contains first-order terms in hydroxide and 
D, (2). The remainder of this paper deals with 
the factors which contribute to the form of these 
results. 

For reference purposes, the H- basicity scale 
at 293 K for these aqueous KOH solutions (14) 
has been included on the upper abscissa of 
Fig. 1. It is noteworthy that for a unit increase 
in H- (factor of 10 in basicity) there is approxi- 
mately a 5-fold increase in D, reaction rate. This 
topic is also considered later in the Discussion. 

D2-KOCH3-CH30H 
In Fig. 2, the D, exchange rate data for the 

D,-KOCH,-CH,OH system are presented for 
348, 373, and 398 K as a function of base con- 
centration. The absolute rates are very similar 
to those reported for the D,-KOH-H,O case, 
although there is somewhat less curvature on 
this logarithmic plot at high concentrations. The 
apparent order of the exchange reaction in 
KOCH, at 373 K, obtained from a plot of log 
(rate) against log [KOCH,], increased from 1 

at low concentration to about 3 above 4 mol/kg. 
The HM basicity scale for these solutions deter- 
mined at 20°C (15a) is shown as the upper scale 
of Fig. 2. As was the case with the D,-KOH- 
H,O system, the exchange rates increased by 
approximately a factor of 5 per unit of HM. 

Activities and Activity CoefJicients 
Our results for each system will be discussed 

in this order: activity coefficients for dissolved 
H,, activity of the solvent, activity coefficient of 
the solute base. For the D2-KOH-H20 ternary 
mixture, data were available in the literature. For 
the D,-KOCH,-CH,OH solutions, our new 
data were employed to derive the appropriate 
functions. In each case the mean activity co- 
efficient for the catalyst was calculated from 
solvent vapour pressure data by integration of 
the Gibbs-Duhem equation as discussed below. 
All activity coefficients for D, and KOH were 
unsymmetrically normalized (16) and refer to 
the standard state of infinitely dilute base. The 
subscripts 1, 2, and 3 refer to the solvent, D,, 
and base respectively. 

D2-KOH-H2 0 
Shoor, Walker, and Gubbins (17) have re- 

ported activity coefficients for H, in water at 
temperatures up to 373 K, and their results have 
been used to calculate the activity of D, in our 
aqueous solutions. It is probable that D, is 
slightly more soluble than H, in aqueous KOH 
(5, 18) but in the absence of specific data we have 
employed results for H,. The activity coefficient 
for H, does not vary with temperature between 
298 and 373 K (17) and for a given KOH 
molality c, it is given by y,* = 10°.129c as shown 
in Fig. 3. 

The activity of water was calculated from the 
ratio of the vapour pressure of the aqueous KOH 
solution to that of pure water at the temperature 
of interest using the data of Anisimov (19). The 
activity of water for a given KOH mole fraction 
x, was essentially independent of temperature. 
The activity coefficients were calculated using 
the usual relation y, = a,/x, and are summarized 
in Fig. 3 for 373 K. 

To calculate the activity coefficients for KOH 
from the activity of the solvent we employed the 
integral form of the Gibbs-Duhem equation: 
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Comparison at 373 K 

D2 - CH30H - KOCH3 

N 
n 
* - 10 '0 10 t 

FIG. 3. Comparison of activity coefficients for D,, the 
solvent, and the base for each exchange reaction mixture 
at 373 K. In the text, the subscripts 1-3 refer to solvent, 
D,, and base respectively. 

It was assumed that the resultant binary solution 
activity coefficients could be used for our three- 
component system calculations because the mole 
fraction of D2 was exceedingly low. The right- 
hand side of eq. 1 was made explicit in x ,  by 
differentiation of log y, = log a,  - log x ,  : 

in which f1(x ,)  was the first derivative of the 
computer-fit polynomial log a, = f(x,). Also, we 
made the approximation x ,  - = ( 1  - x1)- l  and 
expanded that as a binomial series in x,. Since 
f(x,)  for the KOH-H,O system using Anisimov's 
data for 373 K was: 

[3] log a,  = - 10.6216 + 20.6578~~ 
- 10.O365xl2 

eq. 1 became: 

[4] log y,* = 4.O144xl5 - 0.1463xl4 
+ 0.05O0xl3 - 10.1 1 15xI2 

+ 0 . 4 3 4 ~ ~  + 13.791 

FIG. 4. Dependence of activity coefficients for H, in 
methanol on KOCH, concentration. 

between the integration limits of x ,  = 1 to 
x, = x,. These equations are valid up to a KOH 
molality of 8 mol/kg. The values for y,* plotted 
in Fig. 3 apply to both 348 and 373 K since [4] 
holds at each temperature. Activity coefficients 
calculated in this way are similar to those 
tabulated by Robinson and Stokes for aqueous 
KOH up to 6 kmol/m3 (6.55 mol/kg) at 298 K 
(20). 

D2-KOCH3-CH3 OH 
Solubilities of H2 in methanolic KOCH, were 

measured by the solution purging method 
described in the Experiment section. The 
resultant data were treated in the same way as 
those of Shoor et al. (17) for the aqueous KOH 
system. The effect of KOCH, concentration c, 
on H2 solubility was slight, and our results are 
summarized in Fig. 4 as a plot of activity co- 
efficient y,* values for H, in each catalyst 
solution at each temperature. Presumably, 
dissolution of H, is less affected by KOCH, 
concentration in methanol than by KOH in 
water because the free energy of cavity formation 
for the small H, molecule is much less in the 
methanolic system. The greater molar volume of 
methanol compared with water is consistent with 
the lesser dependence of y,* on c, in the 
methanolic case. 

The vapour pressures of methanolic KOCH, 
solutions were measured and used to calculate 
solvent activities and activity coefficients. 
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Activities, a, = PIPo where P and Po are the 
solution and pure solvent vapour pressures 
respectively, were found to be independent of 
temperature and the correlation given by [8] held 
between 348 and 398 K. 

Potassium methoxide activity coefficients were 
calculated from those of the solvent by using 
[I] and [2] in which: 

[5] log a, = f(x,) = -7.6312 
+ 14 .0291~~  - 6.3919x12 

This gave 

[6] log y,* = 2.5568x15 - 0.3113xl4 
- 0.27O4xl3 - 6.7975x12 

+ 0 . 4 3 4 0 ~ ~  + 4.3884 

which holds up to 10 mollkg KOCH, in 
methanol. The results for 373 K are shown in 
Fig. 3 together with those for aqueous KOH. 

The greater dependence of y,* for KOCH, in 
methanol compared to KOH in water was due 
mainly to the higher molecular weight of 
KOCH,. For a given molal concentration, the 
former solution contained fewer moles of solvent 
than did the latter. This relative reduction of 
available solvent in the KOCH, solutions 
resulted in the greater sensitivity of y,* to 
KOCH, concentration. 

Kinetic Isotope Eflects 
We have defined the kinetic isotope effect 

(kie) to be the ratio of the best first-order rate 
constants, 2k,,/k,,, calculated by the procedure 
discussed later in the section on Treatment of 
Data. The factor of 2 is a statistical correction 
for the fact that although either end of the HD 
molecule can react, only removal of the D by 
base can be observed. The standard deviation 
on the calculated kie was usually much less than 
10% of the value, particularly at large overall 
conversion of D2 to yield the products HD and 
Hz. 

D2-KOH-H20 
At both 348 and 373 K the kie was found to 

be greater than 1, as expected for a normal 
HD : D2 kie. As illustrated in Fig. 5, at  348 K the 
kie was independent of KOH concentration, but 
at 373 K a significant increase of kie was found. 
Our kie data are similar to those of Schindewolf 
(4), who reported a kie of 1.42 -1- 0.06 for 
D2-H20 exchange catalyzed by NaOH at 388 K, 
although the kie was independent of base 
concentration. 

Fig. 5. Variation in the kinetic isotope effect for D,- 
H,O exchange with KOH concentration at 348 and 373 K. 

1 .o 

0 2 4 6 8 1 0 1 2  
[KOCH~]  mo-I /kg 

FIG. 6. Variation in the kinetic isotope effect for 
D,-CH30H exchange with KOCH3 concentration 
between 348 and 393 K. 

D2-KOCH3-CH30H 
The kie's for this system increased with base 

concentration at each temperature we selected. 
The scatter in the results at 348 and 373 K was 
primarily due to the low total conversion of D, 
for cases where the D, exchange rates were 
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slow. The trend of each set of data in Fig. 6 is 
clear. We believe these observations are due to 
a transition in the mode of solvent participation 
in the component steps of the deuterium transfer 
mechanism. This topic is dealt with in the 
Discussion. 

Treatment of Data 
Calculation of Exchange Rates 

In-solution rates of exchange of D, to yield 
HD were calculated from the change of D, in 
the gas phase with the equation: 

where no, n,, and n, represent the mol% D2 at 
time t = 0, t ,  and at equilibrium, respectively. 
A is the total gas-to-liquid mole/volun~e ratio in 
moles D, per litre of solution at 293 K. The 
reaction rates which we auote at elevated tem- 
perature T, are high by an amount equal to the 
ratio of specific volumes of the electrolyte 
solutions at T, compared to 293 K. Densities of 
the methanolic solutions at high temperatures 
were unavailable. We were, thus, unable to 
correct solution volunles to T,. It was necessary 
to treat our data in this manner because H, 
solubilities were measured on a volumetric basis. 
The resultant error in the D, exchange rates 
given below was small and less than the experi- 
mental error. 

In each D, experiment, the sequential conver- 
sion of both D, to H D  (kDZ) and of HD to Hz 
(k,,) by reaction with the protic solvent were 
accurately first-order. 

[81 
k ~ 2  D2 + ROH \ HD + ROD 

k,  
[91 HD + ROH 2. Hz + ROD 

Back reactions were ignored because ROD was 
always less than 1 molz of the ROH. To 
calculate apparent kinetic isotope effects, kie = 
2kHD/kD2, an iterative curve-fitting technique was 
employed in which the computer program mini- 
mized the standard deviation between the 
observed and calculated H D  yield and gave the 
best values for k,, and kD2. Provision was made 
for the possibility that initial concentrations of 
HD and H, (in the feed D,) might be significant. 
This procedure was necessary when overall D, 
conversions were low, e.g., 10-35% (21). 

log H20 Activity 

FIG. 7. Second-order rate constants for D2-H20 
exchange catalyzed by KOH. 

Rate Constants for D, Exchange 
Wilmarth and co-workers (2) and Lin (22) 

have demonstrated the rate law for deuterium 
exchange with dilute aqueous KOH (less than 
1 kmol/m3) to be: 

We have assumed that the deuterium transfer 
mechanism was the same as in dilute solution, 
that is the reaction order in D, and base re- 
mained unity in concentrated alkali. A corre- 
sponding equation was considered to hold for 
KOCH, in methanol. Accordingly, we have 
calculated second-order rate constants (identified 
by the subscript 2) for both systems in this way: 

where K refers to the potassium cation, and p to 
the anion OH- or 0CH3-  of the corresponding 
solvent. 

The results are presented in Fig. 7 for D,- 
KOH-H,O and in Fig. 8 for D,-KOCH,- 
CH30H. All numerical values have also been 
summarized in Tables 1 and 2.' In each figure 
the logarithm of the rate constant k, is plotted 
against the logarithm of the solvent activity. The 

'Copies are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Canada KIA OS2. 
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log CH30H Activity 

FIG. 8. Second-order rate constants for D2-CH30H 
exchange catalyzed by KOCH3. 

corresponding base concentration is indicated 
on the upper abscissa in each figure. 

In the aqueous system, k, appears to exhibit a 
slight maximum at about 3 mollkg of KOH at 
both 348 and 373 K, although additional data 
below 2 mollkg would be required to confirm 
that trend. The cumulative error associated with 
the evaluation of k, was approximately 10%; 
therefore assignment of significance to that trend 
requires caution. The reaction mechanism which 
we propose in the Discussion considers k, to be 
essentially independent of KOH concentration 
below about 5 mollkg. At that point, the molar 
ratio of so1vent:solute is 6.25, which is some- 
what less than the sum of solvation numbers of 
3 for hydroxide plus 4 for Kf (23, 24). 

In Fig. 8, k, initially decreases with decreasing 
methanol activity, that is, with increasing 
KOCH, concentration at each temperature. 
Above about 6mol/kg KOCH,, k, is only 
slightly dependent upon solvent activity. This 
unexpected result suggested that the solvent 
plays an important part in determining the over- 
all rate of the D, exchange reaction and also 
that there was no increase in the intrinsic 
reactivity of KOCH, upon reduction of solvent 
molecules available for stabilization of KOCH,. 
In the following section we present a mechanism 

activity in the D,-KOCH,-CH,OH system and 
the independence of k, from water activity in 
the D,-KOH-H,O case. 

Activation Energy 
An apparent activation energy at infinite 

dilution of the base may be calculated from the 
limiting values 

lim k, 
as-0 

taken from Figs. 7 and 8. Our results for the 
D,-KOH-H,O system do not extend to suffi- 
ciently low concentrations of base to permit satis- 
factory extrapolation. That uncertainty, plus the 
limited data and cumulative error in evaluation 
of the two k, values at 75 and 100°C as described 
above, suggests that the activation energy for the 
D,-KOH-H,O case falls within the range 88 
+ 20 kJ/mol. The studies of Wilmarth and co- 
workers (2) of the temperature dependence of 
para-hydrogen conversion or of Schindewolf (4) 
of HD exchange yielded comparable activation 
energies of about 100 kJ/mol. 

The values of k, taken from Fig. 8 for the 
D,-KOCH,-CH,OH system are more reliable, 
and an activation energy of 81 + 5 kJ/mol was 
obtained. 

Discussion 
Review of Base-catalyzed Activation of D, 

This discussion of the mechanism of base- 
catalyzed D, exchange is essentially a con- 
sideration of the nature of an unidentified 
unstable intermediate. A brief review of this 
topic is necessary. 

In the early work of Wilmarth and his 
colleagues (2), attack of OH- on D, to yield an 
intermediate deuteride anion was thought to be 
the most probable rate-determining process 
(reaction 12) : 

[I21 D2 + OH- * D- + HDO 

which was followed by the rapid abstraction of 
a proton from water and regeneration of the 
base : 

[I31 D -  + H 2 0  -+ HD + OH- 

It was also recognized that the exchange rate 
data could not be employed to distinguish 
between this reaction sequence and the con- 
certed proton transfer process (reaction 14): 

which explains the dependence of k, on methanol [14] D2 + OH- -+ HD + OD- 
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whereby D f  transfer occurred smoothly via a 
multicentered intermediate. One argument 
against the former scheme rests on the inability 
of these aqueous KOH solutions containing H, 
to catalyze reductions of unsaturated organics or 
hydride-transfer reactions (4)., However, the 
former mechanism, which requires rate-con- 
trolling cleavage of the D-D bond, can account 
for the relatively high activation energy of the 
exchange reaction of about 100 kJ/mol. Note 
also that [13] specifically requires discharge of 
the D-  anion by water. 

The calculations of Ritchie and King (12) on 
the gas phase reaction: 

[I51 H- + H20 -+ HOHH- 

which showed the HOHH- species to be slightly 
stabilized with respect to the reactants, caused 
Ritchie to speculate that the rate-determining 
step in the D, exchange sequence was the loss of 
one molecule of solvatioi~ from the primary 
solvation shell of the OH- anion prior to rapid 
attack of D,. In that scheme, the high energy of 
activation was attributed to the enthalpy of 
solvation of OH- by 1 mol of water. The struc- 
ture of the intermediate encounter complex in 
that mechanism was considered to be similar to 
that of the product in [15]. 

Catalytically Active Species in Concentrated 
Solution 

In eqs. 16 and 17 which follow, the anionic 
species OH- and CH,O- have been considered 
to be catalytically active. Ion-pair formation is 
probably an important process in each base 
system. However, the limited data available in 
the literature do not allow us to treat that topic 
quantitatively. Under our experimental con- 
ditions, KOH was likely highly dissociated in 
water (26, 27) and the dominant catalyst species 
was OH-(H,O), (23). Evidence from other 
proton-transfer reactions at carbon centers has 
suggested that the ion pair K f O H -  does not 
promote rapid deuterium exchange (26). 

Information on KOCH, in methanol (27) also 
favours ion-pair formation, although Barthel, 
Wachter, and Knerr (28) reported an association 
constant of zero based on conductometric 
studies on dilute KOCH, at  298 K.  Jones has 
concluded from a review of the kinetic studies 

3The hydride-transfer mechanism is a plausible one for 
the D2-KOCH,-CH30H system (25). 

of proton transfer that ion-pairing of alkoxides 
is significant in concentrated solution (26). Our 
own unpublished data on D2-methanol exchange 
have shown that NaOCH, and KOCH, possess 
identical reactivities which are about an order of 
magnitude greater than that of LiOCH, at a 
given base concentration and temperature. That 
suggests that ion-pairing of KOCH, is incom- 
plete. The anion CH,O- is probably the species 
which activates D,, firstly, because of its close 
relationship to OH- and, secondly, because k, 
falls off at high KOCH, concentration where 
ion-pairing is greater (cf. Fig. 8). If KOCH, were 
a superior catalyst to CH,O-, k, would be 
expected to increase in that region. 

Exchange Reaction Mechanism 
In the mechanism which we present below, 

two points are noteworthy, (i) the exact structure 
of the intermediate need not be specified, but (ii) 
the stage at which solvent participation is 
essential must be identified to account parti- 
cularly for the form of the D,-KOCH,-CH,OH 
data presented in Fig. 8. The simple reaction 
sequence which we favour is as follows: 

We consider that the initial equilibrium of D, 
with the solvated base P- occurs with no net 
change in solvation and that is followed by decay 
of the intermediate D2P- to yield products by 
reaction with n mol of solvent. The symbols P- 
and S refer to the solvated base anion and solvent 
respectively, and S-dl denotes monodeuterated 
solvent. 

If we consider the species D2P- to be present 
in a low, steady-state concentration, the rate of 
exchange of D, may be written as: 

where the subscripts 2 and 3 refer to D, and P- 
as previously defined. For the case in which the 
terms in the denominator k-  ,, + kl,aln are of 
similar magnitude, this expression can be used 
to explain the decrease in k, of eq. 11 with 
decrease in solvent activity in the D,-KOCH,- 
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0- 
0 2 4  6 

METHANOL ACTIVITY 

FIG. 9. Variation of kz-' with al- '  for DI-KOCH3- 
CH30H system. 

CH,OH system (cf. Fig. 8).4 Equation 18 can 
also account for the independence of k, from 
water activity in the D,-KOH-H,O case (cf. 
Fig. 7) if k,,a," >> k- ,, since k,, alone would 
account for the observed D, exchange rate. 

We may test the validity of this mechanism by 
transforming eq. 18 to give: 

For the D,-methanol exchange, k,-' and a,-" 
can be linearly correlated reasonably well up to 
7 mollkg KOCH, for n = 1 as shown in Fig. 9 
at 348,373, and 398 K. Above that concentration 
the so1vent:solute molar ratio is less than 4.5 
and our mechanism appears to become unsatis- 
factory with respect to the constraint that n = 1. 
Note that our results plotted in Fig. 8 as log k, 
against log a, also suggest that n ( = d  log k,/d 
log a,) decreases from 1 at a, = 1 to apparent 
fractional values at high KOCH, concentrations. 
That behaviour was expected as the amount of 
'free' solvent became negligible. 

The two-step mechanism which we have 
presented (eqs. 16 and 17) accounts for the 
fall-off in k, with decrease of the solvent 

4Note that k,  is equal to the bracketed rate constant 
in eq. 18. 

activity. Alternative models such as that in which 
D, activation by P -  is rate-controlling, or that 
described by Ritchie (12, 29) in which loss of one 
molecule of solvent from p- precedes attack 
upon D,, cannot explain the form of our 
D,-KOCH,-CH,OH data of Fig. 8. Those two 
mechanisms cannot, however, be rejected for 
the D,-KOH-H,O case because the slight 
dependence of k, on water activity up to 5 
mollkg KOH does not allow identification of the 
best option. Experiments at higher KOH con- 
centrations may show the hydroxide and 
methoxide behaviour to be similar. 

To review, we conclude that in both strongly 
basic media, the activation of D, by P -  is 
generally the rate-determining process but in 
concentrated solutions reaction of an unstable 
complex involving transfer of D +  to the solvent 
may be of comparable magnitude. 

Kinetic Isotope Efects 
Three topics will be considered: (i) the 

magnitude of the kie's, and the effect of (ii) base 
concentration, and (iii) temperature on the 
experimental values (cf. Figs. 5 and 6). Two 
points must be clarified: firstly, because we 
quote the kie as a ratio of two pseudo-first-order 
rate constants, each of which is affected equally 
by reagent activities to a first approximation, 
then that ratio should be independent of those 
variables; secondly, we consider that dual 
exchange of D, to yield Hz without transfer of 
the intermediate product H D  to the gas phase is 
improbable for the reasons cited in the following 
text. The effect of such an event would be to yield 
an abnormally high kie compared to that 
calculated assuming the sequential first-order 
conversion D, -t HD -t Hz. 

The kie's for both systems were always above 1 
and are normal in that HD, with the higher 
zero-point energy, reacted more rapidly than D,. 
This is consistent with our assignment of the 
rate-controlling process in the D,-KOH-H,O 
system to be D, bond cleavage (reaction 16 
forward) and in the D,-KOCH,-CH,OH case 
to be that plus solvation of the encounter- 
complex intermediate (reaction 17). 

The effect of base concentration and tempera- 
ture on the kie requires a more tentative inter- 
pretation. Recall that in the aqueous system, 
rate constant k,  was independent of, but the kie 
increased with, KOH activity (i.e., reduction of 
solvent activity). Alteration of the relative 
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solvation of ground and encounter-complex 
species during the overall proton-transfer process 
must therefore favour HD over D, exchange. We 
suggest that an increase in the entropy of 
activation of DH compared to D, occurs with 
KOH concentration. Furthermore, to account 
for the increase in kie with temperature at a 
given KOH molality it is necessary that the 
activation energy for HD must exceed that for 
D,, which is contrary to the usual sequence (30). 
Since the difference in the zero point energies 
between H D  and D, is approximately given by 
the difference between their fundamental stretch- 
ing modes of 3632 and 2993 cm-', respectively 
(31), it is necessary that the ground-state 
difference of 639 cm-' be exceeded by 450 f 
110 cm-I for the corresponding encounter com- 
plexes to account for our observed dependence 
of kie on temperature. An explanation of the 
constraints thus placed on the activation entropy 
and enthalpy may lie in the marked reduction of 
'free' solvent with increased electrolyte con- 
centration. 

Our data do not justify more detailed specula- 
tion upon the chemical bonding interactions 
which control the observed kie's. However, in 
principle it may be argued that reorientation of 
the H-bonded solvent structure surrounding an 
intermediate of the type proposed by Ritchie and 
King (12) could result in appropriate changes in 
the relative eilergelics of the different isotopically 
substituted species. 

The commeilts above have been restricted to 
the D,-KOH-H,O system but are also applic- 
able to the D,-KOCH,-CH,OH case. In the 
latter, however, the interpretation of kie results 
must include the fact that the experimental con- 
stant k, is a function of k,,, k,,, and methanol 
activity. If the kie for k,,  is less than that for 
k,,, the above discussion is directly applicable. 

Reactivity of KOH and KOCH, and Basicity 
Scales 

The acidity function approach has been 
applied t~ che investigation of the participation 
of the solvent in proton-transfer reactions by 
several workers. Rochester (15b) and Boyd (32) 
have each reviewed this subject. It is the purpose 
of this section to consider the manner in which 
D, exchange rates for each system vary with the 
corresponding basicity scales. 

First-order rate constants for D,-H20 ex- 

FIG. 10. Dependence of the first-order rate constant for 
D2-H,O exchange on H- . 

change, k, = - (ll[D,])(d[D,]/dt) plotted 
against H- values for aqueous KOH at 298 K 
(15) are shown in Fig. 10. Since temperature will 
mainly affect the K, term in this definition of 
H- (15c), 

[20] H- = pKw + log [OH-] - 

log aw + 1% (~s~3"YoH- 1%) 

where the subscript w refers to water, SH to the 
indicator acid, and S to its anion. It is reasonable 
to correlate our rate data at 348 and 373 K with 
H- (298 K). 

The slopes of the two straight lines for the 
D2-KOH-H,O system were 0.97 and 0.98 at 348 
and 373 K, respectively. This direct dependence 
of k, on H- supports our conclusion that 
activation of D, is the rate-controlling process in 
aqueous solution (1 5b). Our attempts to evaluate 
the difference between solvation of species in the 
ground and transition states by the methods of 
Yagil and Anbar and co-workers (23, 33), 
Rochester (34), and others (15) (i.e., from plots 
of our log k, data against logarithm of water 
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FIG. 11. Dependence of the first-order rate constant for 
D2-CH30H exchange on HM. 

concentration or activity) yielded spuriously high 
results. We attributed that to the invalidity of the 
usual approximation, that the activity coefficient 
ratio term (in our case y2*y,*/yDDo,-) was 
unity, mainly because of the extensive salting- 
out of D, (17). 

The slopes of the three straight lines given in 
Fig. 11 for the D,-KOCH3-CH,OH case were as 
follows: 348 K, 0.32; 373 K, 0.35; 398 K, 0.30. 
These values are smaller than those found for 
other correlations between rate constants for 
proton-transfer reactions at carbon acids and 
HM (15). Perhaps our slopes are low because our 
D, exchange mechanism has shown the first-order 
rate constant employed here to be complex: 

All parameters in [21] are functions of HM 
except for [P-1, therefore unequivocal identifica- 
tion of the origin of the slight dependence of 
Rate/[D2] on HM cannot be made. The basicity 
scale approach is therefore of limited utility for 
detailed analysis of the deuterium exchange 
mechanism in this system. 
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The crystal structure of bis(ethy1diazoacetate) mercury01) Hg(CN2C02C2H5)2 
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R. A. SMITH, M. TORRES, and 0 .  P. STRAUSZ. Can. J. Chem. 55,3527 (1977). 
Bis(ethy1diazoacetate) mercury(I1) is orthorhombic with the following unit cell data at 20°C: 

Fdd2, a = 19.810(8), b = 14.387(5), c = 9.015(2) A, V = 2569.3 A3, p,, = 2.17(2), p, = 2.21, 
Z = 8 (MoKm1, h = 0.70930 A). The structure was solved by heavy atom methods and refined 
to R = 2.2% for 706 reflections. The molecule has a 2-fold axis of symmetry and all thermal 
parameters are large in the direction of this axis; diffuse scattering was observed in the rotation 
photograph taken about this axis. As expected the diazoacetate portion is planar. 

R.  A. SMITH, M. TORRES et 0 .  P. STRAUSZ. Can. J. Chem. 55,3527 (1977). 
Le bis-ethyldiazoacttate de mercure(I1) cristallise dans le systeme orthorhombique avec des 

valeurs de maille suivantes a 20°C: Fdd2, a = 19.810(8), b = 14.387(5), c = 9.015(2) A, V = 
2569.3 A3, po = 2.17(2), p, = 2.21, Z = 8 (MoK,~, h = 0.70930 A). La structure est rCsolue 
par la methode des atomes lourds et affinee a R = 2.2% pour 706 rtflections. La molCcule 
possede un axe de symCtrie d'ordre 2 et tous les parametres thermiques sont eleves en direction 
de cet axe; une diffraction est observke sur un clichC lorsqu'on fait une rotation autour de cet axe. 
Conformement aux prkvisions, la partie diazoacttate est planaire. 

[Traduit par le journal] 

Introduction 
Bis(ethy1diazoacetate) mercury(II), Hg(CN,- 

CO,C,H,),, (I), was synthesized by Buchner in 
the past century (1). Together with its analog 
bis(methy1diazoacetate) mercury(I1) it remained 
the only known representative of a metal 
a-diazo structure until the last decade. Since 
then a large number of molecules with the same 
generic structure has been synthesized (2). The 
crystal structure of these molecules, with the 
exception of tert-butyl ethyldiazoacetate mer- 
cury(I1) (3), has not been determined and for 
this reason we have currently undertaken a 
systematic X-ray diffraction study to elucidate 
the crystal structure and molecular geometry of 
the known diazomercurial compounds. 

Some of these diazomercurials, in particular 
(I), have been employed as a photolytic source 
of carbynes (4) in the liquid phase and a knowl- 
edge of the molecular geometry may be helpful 
in the elucidation of the primary photochemical 
step. 

Experimental 
CsHi oHgN404 fw = 426.70 
Fdd2, a = 19.810(8), b = 14.387(5), c = 9.015(2) A, 
V = 2569.3 A3, Po = 2.17(2), 0, = 2.21, Z = 8 (MoKaI, 
h = 0.70930 A; 20°C). 

The crystals were yellow prisms with all faces of the 
form {1,1,1). Rotation photographs were taken about 

each axis and that about c showed very weak diffuse 
scattering corresponding to hk* only. Mercury exhibits 
large anomalous dispersion with MoK. radiation and 
unless these effects are correctly allowed for, large errors 
in bond distances are possible in polar space groups (5). 
Therefore, intensities of both hkl and hki were collected 
and used in refinement. A very regular crystal with all 
faces 0.0067 cm from the center was selected, mounted 
about a, and placed on a Picker FACS-1 diffractometer. 
Twelve highangle reflections were carefully centered and 
accurate cell constants were derived. (MoKU1 radiation, 
no monochromator.) 

Data sets hkl and hklwith 0 5 28 5 45" were collected 
(MoK, radiation, graphite (002) monochromator) by the 
coupled 8/28 scan method. A scan width of 2" was em- 
ployed, the scan rate was 2" min-' and background 
counts were accumulated for 20 s either side of the scan. 
Decomposition was monitored by measurement of 
standards every 100 reflections. A total of 844 reflections 
were measured and corrected for Lorentz-polarisation, 
decomposition, and absorption (p, MoK, = 122 cm-l) 
(6). The data were reduced to IFl, o(F), and o(Z) using a 
p value of 0.06 (7). Using an acceptance criterion I ?  
3o(I) 706 reflections had significant intensity and of these 
only 40 had no net contribution from the Hg atom. 

The Hg is required to occupy a position 0,0,z and in 
view of the polar nature of the space group it was 
assigned coordinates 0,0,0. The mercury was allowed 
anisotropic thermal parameters and anomalous disper- 
sion corrections were applied to a refinement of this atom 
to the 666 reflections of the data sets h, k, 1, = 2n + 1 and 
h + k + I = 4n only. This model refined to R = 8.0% 
and a difference Fourier map was then calculated. The 
procedure outlined above led to false site symmetry, 222, 
that expected for the centrosymmetric case. The inclusion 
of anomalous dispersion had greatly favoured one 
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TABLE 1. Atomic parameters and std. dev. ( x  lo3; Hg x lo4) for bis(diethy1diazoacetate) mercury(I1) 
Temperature factors, exp ( - 2 ~ c ~ { a * ~ h ~ U l ~  + ... + 2a*b*hkUlz + .-I) 

(0,0,0; 0,+,5-; +,0,+; +,+,O) + (x,y,z; x,y,z; t-x,t+y,$+z; $+x,t-y$+z) 

Atom x Y z UII u2 2 u3 3 UI z u13 UZ 3 

FIG. 1. A schematic representation of Hg(CN2C0,- 
C2H5), showing the atom numbering scheme and impor- 
tant bond angles, distances, and associated standard 
deviations. 

logical set of 8 atoms and with anisotropic vibration 
allowed for all atoms R was reduced to 2.3% for all 706 
reflections of the general data set. Structure factors were 
taken from Cromer and Mann (8). A weight of 4F2/ 
02(FZ) was applied to every reflection. The model with 
z = -z w o ~ ~ l d  not refine below 7% and the thermal 
parameters of several atoms reached absurd proportions 
at R of 7.4%. The first model can thus be taken as the 
correct one (9). The secondary extinction parameter was 
refined after examination of the data indicated such a 
problem (lo), the refined value was 4.1(6) x lo-' and 
the final R value was 2.2%. The R value for all 844 
measured reflections was 3.2%. A final difference Fourier 
map contained peaks of the order 1.25 e A-3 and con- 
sequently no attempt was made to determine the H atom 
coordinates. 

Results and Discussion 
The atomic numbering scheme and important 

bond angles and distances are given in the 
schematic representation in Fig. 1. Final atom 
parameters are given in Table 1 and the Table of 

Structure Factors has been placed in the Deposi- 
tory of Unpublished Data.' 

The thermal parameter U,, is large for all 
atoms and is expected in a polar space group in 
view of the weak diffuse scattering from a 
doubled polar axis. A slight disorder in the z 
coordinate of the mercury atom is possible, the 
fixing of the z value at 0 for all Hg atoms would 
give a ghost molecule slightly displaced in z from 
the chosen molecule and lead to large U,, 
values for all atoms during refinement compen- 
sating for the uilexplained electron density. All 7 
atoms of the HgCN,CO, portion of the mole- 
cule lie within 0.03 A of the mean plane, and the 
shape and dimensions of the diazo moiety are 
similar to those found in (11). The standard 
deviations in (11) were large because of prob- 
lems associated with severe decomposition; 
however the Hg-C distance in this case, 
2.01(1) A, is significantly shorter than that 
observed in (11), 2.12(2) A. The strength of the 
Hg-C bond to the carbon atom of the diazo- 
acetate moiety and that of the C-N bond in 
compounds of the form R-Hg-CN,CO,C,H, 
are of great interest, in view of the changes in 
photolysis products as a function of R and the 
proven formation of carbethoxymethyne during 
these reactions (4). 

A detailed discussion of the structural impli- 
cations of various bond strengths in these sys- 
tems would require further data on diazo- 
mercurials and on the compound ethyldiazo- 
acetate, the latter requiring a low temperature 

'The Structure Factor Table is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 
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study. Other members of the diazomercurial 4. T. Do MINH, H. E. GUNNING, and 0 .  P. STRAUSZ. J .  
series are currently under investigation. Am. Chem. Soc. 89, 6785 (1967); 0. P. STRAUSZ, T. 

Do MINH, and J. FONT. J.  Am. Chem. Soc. 90, 1930 
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Thermochemical measurement of the ligand field splitting energies 
for hexaammine complexes of Mn(II), Fe(II), and Zn(1I)l 

M. BADRI AND J. W. S.  JAMIESON~ 
Department of Chemistry, Universiti Pertanian Malaysia, Serdang, Selangor, Malaysia 

Received September 8, 1976 

M. BADRI and J. W. S. JAMIESON. Can. J. Chem. 55, 3530 (1977). 
Various lower ammines and high-energy modifications of lower ammines of the sulphates 

of Mn(II), Fe(II), and Zn(I1) have been prepared and their heats of solution have been mea- 
sured. For each of these ammine systems, the maximum difference in heat of solution, ex- 
pressed in kcal/mol of heptaammine, has been found to be of the right order of magnitude to 
be regarded as the ligand field splitting energy for the hexaammine complex of the metal ion. 

M. BADRI et J. W. S. JAMIESON. Can. J. Chem. 55,3530 (1977). 
On a prepare et mesure les chaleurs de solutions de diverses ammines de bas poids mole- 

culaires et de diverses modifications riches en Bnergie d'ammines de bas poids molkulaires de 
sulphates de Mn(II), Fe(I1) et Zn(I1). Pour chacun de ces systtmes ammines, on a trouve que 
la difference maximum dans la chaleur de solution exprimee en kcal/mol d'heptaammine est 
du bon ordre de grandeur pour 1'6nergie de dissociation du champ de ligand pour le complexe 
hexaammine de l'ion mktallique. 

[Traduit par le journal] 

Introduction Experimental 
The maximum differences in heat of solution The anhydrous manganese(I1) sulphate, iron(I1) 

between the normal crystalline lower hydrates sulphate, and zinc(I1) sulphate were ~ r e ~ a r e d  by heating 
their respective hydrates at suitable temperatures which and the high-energy modifications of the lower were experimentally determined using thermogravimetric 

of manganese(11) sul~hate, iron(11) analysis (TGA) and differential thermal analysis (DTA). 
sulphate, cobalt(I1) sulphate, and nickel(I1) Thus MnS04.H20 (Merck and Co. Ltd.) and Zn- 
sulphate, when expressed in kcal/mol of each SO4.7HzO (J. T. Baker 'analyzed' reagent) were heated 

heptahydrate, have been observed (1) to be gradually to 265°C in an oven and kept at that temper- 
ature for a period of two days. Anhydrous FeS04, 

equivalent to the ligand field splitting energies from the Fisher Scientific Company, was found to con- 
of the corresponding hexaaquo metal(II) ions. tain some water which was removed by heating the salt 
Further ex~erimental verification of the validitv in vacuo at 170°C. 
of this the;mochemical method for the measure- The anhydrous salts were finely powdered and samples 

of about 3 g were taken for reaction with anhydrous ligand energies? which had ammonia (supplied by Matheson of Canada, Ltd.) in 
previously been obtainable only from rather the manner oreviouslv described for the meoaration of 
comolex interoretation of observed soectra. the ammine' comvlexes of nickel(I1) 'sufvhate and 
has ;ecently bekn provided (2) by the resilts of 
studies with the ammine complexes of cobalt(I1) 
sulphate and nickel(I1) sulphate. Thus it has 
been shown that the maximum differences in 
heat of solutioil between the normal crystalline 
lower ammines and the high-energy modifica- 
tions of the lower ammines of these salts, when 
expressed as kcal/mol of each heptaamine, are 
equivalent to the ligand field splitting energies 
of the hexaamine metal(I1) ions. 

'The experimental work was done while the authors 
were at Dalhousie University, Halifax, N.S., Canada. 

'Present address: Kars, Ont., Canada. 

cobalt(I1) sulphateA (2-7). Since the hexaammines are 
unstable at room temperature, each sample prepared 
was analyzed for ammonia content. These samples were 
stored in an atmosphere of ammonia in sealed tubes. 

The lower ammines were prepared by heating the 
hexaammines of the metal(I1) sulphates in an oven or in 
vacuo at various temperatures. They were kept in sealed 
glass tubes to ensure that no reactions with water vapour 
from the air would take place. Such reactions may 
produce mixed ligand complexes and these would have 
different heats of solution depending on the amount of 
water absorbed. 

Integral heats of solution were measured as previously 
described (1). To ensure complete solubility, the ammines 
of zinc(I1) sulphate were dissolved in 0.75 M N H 4 0 H  
solution and the ammines of manganese(I1) sulphate 
and iron(I1) sulphate were dissolved in 1 MHCl solution. 
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BADRl AND JAMIESON 353 1 

Q TABLE 1. Heats of solution for various ammines of 
manganese(I1) sulphate 

9 2 5 0 -  
a 
a % Ammonia Heat of solution Method of 
a in sample (cal/g) preparation 
p 2 0 0 -  
W a 18.17 -24.1 Heated at 75°C 

19.20 -26.1 Heated at 75°C 
U) 

!! 150- 
24.92 -38.2 Heated at 75°C 
25.28 - 38.5 Heated at 75°C 
31.08 -44.9 Heated at 75°C 
32.36 -42.4 Direct preparation 
35.15 -50.0 Direct preparation 
38.31 -50.8 Direct preparation 

0.0  54.1 Heated at 300°C 
1.90 42.6 Heated at 300°C 
2.16 45.2 Heated at 300°C 
6.02 29.6 Heated at 300°C 
8.07 20.0 Heated at 300°C 
9.68 8.91 Heated at 141°C 

11.68 2.87 Heated at 141°C 
11.83 9.22 Heated at 141°C 
12.17 6.91 Heated at 141°C 
12.54 -1.71 Heated at 141°C 
13.83 -5.09 

I Heated at 141°C I I I 
10 2 0  3 0  4 0  0.0 93.1 Vacuum at 112°C 

PERCENT AMMONIA IN SALT 2.53 78.0 Vacuum at 112°C 

FIG. 1. Heats of solution for various ammines of 8.40 56.4 Vacuum at 112°C 

MnS04 in I M aqueous HCl. 0, uncorrected; 0, cor- 9.05 49.4 Vacuum at 112°C 

rected. 
10.75 46.0 Vacuum at 112°C 
11.91 41.2 Vacuum at 22°C 

Results 12.36 36.3 Vacuum at 22°C 
13.34 37.3 Vacuum at 22°C 

For the ammine complexes of manganese(I1) 
sulphate and iron(I1) sulphate the heats of 
solution were found to increase with increasing 
ammonia content. Such results for some of the 
ammine complexes of manganese(I1) sulphate 
are shown by the open circles in Fig. 1 .  This 
increase seems to disagree with the previous 
observations of the heats of solution for the 
ammine complexes of cobalt(I1) sulphate and 
nickel(I1) sulphate as well as the aquo complexes. 
In the case of the latter, the heat of solution 
decreases as the percent ligand increases. Thus 
it appears that all the ammonia in the ammine 
complexes of manganese(I1) sulphate and iron(I1) 
sulphate has been neutralized by hydrochloric 
acid. The heat of neutralization has been rep- 
resented in Fig. 1 by the straight line PQ 
passing through the origin having a slope of 
7.10 cal/l% ammonia. The lines HF and FC in 
Fig. 1 denote the differences between the heats 
of solution measured and the heats of neutraliza- 
tion of the ammonia, thus giving normal linear 
relations as have been observed for other systems. 
Values corrected in this way (Tables 1 and 2) have 

13.44 36.5 Vacuum at 22°C 
18.26 19.0 Vacuum at 22°C 
25.58 -14.9 Vacuum at 22°C 
26.24 -21.0 Vacuum at 22°C 

been plotted in Fig. 2 for the ammine complexes 
of manganese(I1) sulphate and in Fig. 3 for the 
ammine complexes of iron(I1) sulphate. 

Manganese(I1) Sulphate 
Using the method of least squares, the heat 

of solution data of Fig. 2 for the ammine com- 
plexes of manganese(I1) sulphate can be ex- 
pressed as 

y,, = - 1 .32~  - 2.36 

y,, = -4 .17~ + 52.4 
and 

y,, = -4 .15~  + 90.6 

Extrapolation of the line BC gives the heat of 
solution of [Mn(NH3),]2+S0,2-.NH3 (with 
44.11 % ammonia) as - 60.5 cal/g and that of 
MnSO,.NH, (with 10.13% ammonia) as -15.7 
cal/g. The line CE has been drawn through the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3532 CAN. J. CHEM. 

TABLE 2. Heats of solution for various ammines of 
iron(I1) sulphate 

% Ammonia Heat of solution Method of 
in sample (calig) preparation 

Sealed at 123'C 
Over HzSO, at 22°C 
Heated at 79°C 
Heated at 79°C 
Heated at 79°C 
Heated at 79°C 
Direct preparation 
Direct preparation 
Direct preparation 

Vacuum at 79°C 
Vacuum at 79°C 
Vacuum at 79'C 
Vacuum at 22°C 
Vacuum at 22OC 

Sealed at 123°C 
Heated at 79°C 
Sealed at 123'C 
Heated at 79°C 
Sealed at 123°C 
Sealed at 123°C 
Over H,S04 at 22°C 

Sealed at 123'C 

10 2 0  30 4 0 SO 
PERCENT AMMONIA IN SALT 

FIG. 2. Heats of solution for various ammines of 
MnSO,. 

VOL. 5 5 ,  1977 

lS0 1 

PERCENT AMMONIA IN SALT 

FIG. 3. Heats of solution for various ammines of 
FeSO,. 

point C for MnS0,.7NH3, the species which 
would probably contain the hexaammineman- 
ganese(I1) ion, with a slope equal to that of the 
line IK. Thus it is possible to estimate the heat 
of solution for the high-energy modification of 
MnS0,.NH3 at the point D as 80.5 cal/g. The 
maximum energy of transition DB is therefore 
96.2 cal/g of monoammine, or 26.0 kcal/mol 
of heptaamine, which is equivalent to 9.10 x 
lo3 cm-l. 

Iron (11) Sulphate 
To prevent oxidation of iron(I1) the normal 

lower ammines of iron(I1) sulphate were pre- 
pared by heating higher ammines in a nitrogen 
atmosphere. 

Using the method of least squares, the heat 
of solution data of Fig. 3 for various ammine 
complexes of iron(I1) sulphate can be expressed 
by the linear relations 
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BADRI AND JAMIESON 

TABLE 3. Heats of solution for various ammines of 
zinc(I1) sulphate 

% Ammonia Heat of solution Method of 
in sample (callg) preparation 

0.0 124 Heated at 350°C 
1.05 118 Heated at 240°C k 
2.06 113 Heated at 350°C 
6.56 75.1 Heated at 300°C v, 

9.60 52.7 Heated at 300°C 
5.27 89.9 Heated at 300°C 
5.88 89.4 Heated at 335°C 

9.60 52.7 Heated at 300°C 
19.43 15.4 Heated at 50cC 
24.03 -2.08 Heated at 36°C 
27.32 - 14.4 Direct preparation 
29.67 -22.9 Direct preparation 5 50 - 
34.15 -38.8 Direct preparation 5 
0.0 198 Vacuum at 298°C $ 
9.63 131 Vacuum at 210°C 

10.86 125 Vacuum at 203°C 
13.47 101 Vacuum at 10OCC + 

16.43 81.8 Vacuum at 87'C 2 
24.61 16.4 Vacuum at 22°C I 

25.21 17.4 Vacuum at 22°C - 5 0  - 

and 
yIK = - 4 . 5 9 ~  + 82.5 uc 10 2 0 3 0  4 0  5 0  

Extrapolation of the line BC gives the heat of 
solution of [Fe(NH3),I2+S0,2-.NH3 (with 
43.96% ammonia) as - 77.4 cal/g and that of 
FeS04.NH3 (with 10.08% ammonia) as - 36.2 
cal/g. The line CE has been drawn through the 
point C for FeS04.7NH3, the species which 
would probably contain the hexaammineiron(I1) 
ion, with a slope equal to that of the line IK. 
Thus the heat of solution of the high-energy 
modification of the monoammine at point D is 
estimated as 78.3 cal/g, and the maximum 
energy of transition DB is therefore 114.5 cal/g 
of monoammine, or 31.0 kcal/mol of hepta- 
ammine, which is equivalent to 1.09 x lo4 cm-'. 

PERCENT AMMONIA IN SALT 

FIG. 4. Heats of solution for various ammines of 
ZnS04. 

-71.6 cal/g and that for ZnS04.NH3 as 52.5 
cal/g. Using the slope of the line FH, the line 
CE has been drawn having the equation 

which gave the heat of solution for the mono- 
ammine at D as 170 cal/g. The maximum heat 
of transition is 117.5 cal/g or 32.9 kcal/mol of 
heptaammine which is equivalent to ' 11.5 x 
lo3 cm-l. 

Zinc(I1) Sulphate Discussion 
The heat of solution data for the ammine 

complexes of zinc(I1) sulphate (Table 3, Fig. 4) spectroscopic have 
have been similarly treated. The relations are: been given for the ligand field splitting energies 

of the hexaammines of nlanpanese(I1). iron(I1). 

and 
yFH = - 7 . 3 2 ~  + 201 

\ ,, 
and zinc(I1). Therefore the values n'o; obtained 
for these complexes cannot be compared with 
the spectroscopic values as has been done for 
the hydrates and the hexaammines of cobalt(I1) 
and nickel(I1) (1, 2). 

The heat of solution for Zn(NH3),S04.NH3 In aqueous ammonia the ammines of man- 
(with 42.76% ammonia) was estimated as ganese(I1) and iron(I1) are hydrolyzed to their 
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hydroxides which precipitate as black solids. 
These salts dissolve readily in 1 M aqueous 
hydrochloric acid. This could be due to marked 
lability of ammonia ligands which allow reac- 
tions such as 

where L could be either H,O or C1- in solution. 
The ammonia released could then undergo 
hydrolysis to produce the hydroxide ions which 
in turn could react with the complex [ML,I2+ 
to form the black hydroxide observed. 

In the presence of excess hydrogen ions, the 
net reaction can be written as 

From the heat of solution data, e.g., Fig. 1 for 
the ammines of manganese(I1) sulphate, it is 
apparent that all the ammonia ligands in the 
heat of solution samples have been replaced 
by water molecules or chloride ions, and there- 
fore it is necessary to subtract the heat of 
neutralization of ammonia from the heat of 
solution of every sample except the anhydrous 
salt. The quantity to be subtracted, 7.10 cal/l% 
ammonia content, is obtained from thermo- 
chemical data (8) for the equation 

It is probably due to this that no attempt has 
been made to measure ligand field splitting 
energies spectroscopically for the hexaammines 
of maganese(I1) and iron(II), since the hexa- 
ammines (or any lower ammine) do not exist 
in aqueous solution. It is, of course, impossible 
to measure the ligand field splitting energies for 
zinc(I1) complexes spectroscopically since all the 
3d-orbitals are filled so that no absorption spectra 
due to the d-d transitions could be observed. 

However, the values obtained both by the 
present calorimetric technique and the spectro- 
scopic method for other con~plexes of the metal 
ions may be used for the purpose of comparison. 
From the spectrochemical series it is known 
that the ligand field splitting energies due to 
H,O, NH,, and ethylenediamine (en) are in the 
order 

H 2 0  < N H ,  < en 

The values (9-15) for those ligands and various 
cations under consideration are reproduced in 
Table 4 and Fig. 5 together with the values 

TABLE 4. Ligand field splitting energies for some com- 
plexes of metal(I1) ions 

lODq  in l o 3  cm-I 

Cation Ligand H z 0  N H 3  en 

*From ref. 9. 
+From ref. 15. 
$From ref. 14. 

FIG. 5. Ligand field splitting energies for some com- 
plexes of metal(I1) ions. 

found for the hexaammines of mangenese(II), 
iron(II), and zinc(I1). It seems that they all are 
of the same order of magnitude; thus giving 
confidence in the present method. For the 
reason discussed above, it is unfortunate that no 
ligand field splitting energy for the tris(ethy1- 
enediamine) zinc(I1) has yet been given. How- 
ever, the ligand field splitting energy obtained 
for hexaaquozinc(I1) (10) appears to suggest 
that the present assignment of lODq for hexa- 
amminezinc(I1) is correct. 

1. J. W. S. JAMIESON, G. R. BROWN, D. W. GRUENER, 
R. V. PEILUCK, and R. A. LAMONTAGNE. Can. J. 
Chem. 43,2148 (1965). 

2. B. MUHAMMAD and J. W. S. JAMIESON. Can. J .  
Chem. 48,2177 (1970). 

3. Gmelins Handbuch der Anorg. Chem. Vol. 8, Part B. 
No. 59. 1929. p. 58. 

4. P. PASCAL. Noveau traite de chimie minerale. Vol. 5. 
Masson et Cie. 1962. p. 256. 

5. F. EPHRAIM. Ber. 52,957 (1919). 
6. J. W. MELLOR. A comprehensive treatise on inor- 
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Polar radicals. XI. Kinetic studies on the mechanism of the liquid phase 
bromination of 1-chl~robutane'~~ 

DENNIS D. TANNER, TAMEICHI OCHIAI ,~  JEFF R O W E , ~  
TONY P A ~ E ,  HIDEKI TAKIGUCHI,~ AND PETER W. S A M A L ~  

Department of Chemistry, University ofAlberta, Edmonton, Alta., Canada T6G2G2 
Received November 18, 1976' 

DENNIS D. TANNER, TAMEICHI OCHIAI, JEFF ROWE, TONY P A ~ E ,  HIDEKI TAKIGUCHI, and 
PETER W. SAMAL. Can. J. Chem. 55,3536 (1977). 

A general method for the evaluation of the kinetics of the solution phase bromination of 
alkanes and substituted alkanes is presented. The model used considers reversible transfer 
reactions of the radicals formed with both hydrogen bromide and hydrogen tribromide. Cage 
reversal of the geminate radical - hydrogen bromide pair and reversal with hydrogen tribromide 
are used to rationalize the differences observed between the vapor and solution phase kinetics. 

The method is applied to the bromination of I-chlorobutane. 

DENNIS D. TANNER, TAMEICHI OCHIAI, JEFF ROWE, TONY PACE, HIDEKI TAKIGUCHI et PETER 
W. SAMAL. Can. J. Chem. 55,3536 (1977). 

On prtsente une mtthode gentrale d'tvaluation de la cinttique pour la bromation en solution 
d'alkanes substitues et non substitues. Le modele utilist tient compte des rCactions reversibles 
de transfert des radicaux formes avec le bromure et le tribromure d'hydrogene. L'inversion en 
cage de l'ensemble, radical gtmine et bromure d'hydrogene, et l'inversion avec le tribromure 
d'hydragene sont utilisees pour rationaliser les differences observees entre la cinetique en solu- 
tion et en phase vapeur. La methode est appliquee a la bromation du chloro-1 butane. 

[Traduit par le journal] 

Introduction 
The detailed mechanism of the liquid phase 

vhotobromination of alkanes and substituted 
alkanes has been a topic of both theoretical and 
synthetic concern. Recently several new details 
of the mechanism have been reported which 
make possible a clearer understanding of the 
reaction (2, 3). The more detailed pathway 
suggested for the reaction is presented in 
Scheme 1. 

Cage reversal (the reverse of A), the reaction 
of the caged geminate radical - hydrogen bromide 
pair, was found to be a reaction which is 

lFor Part X, see ref. 9. 
ZPresented in part at 1st International Symposium on 

Organic Free Radicals, Sirmione, Italy (10) and in part at 
57th Canadian Chemical Conference, C.I.C., Regina, 
Sask. (1 1). 

3Postdoctoral Fellow, University of Alberta, Edmon- 
ton, Alta. 1974-1975. 

4Taken in part from the Doctoral Dissertation of Jeff 
Rowe, University of Alberta, Edmonton, Alta. 1974. 

5Postdoctoral Fellow, University of Alberta, Edmon- 
ton, Alta. 1975. 

6Postdoctoral Fellow, University of Alberta, Edmon- 
ton, Alta. 1976. 

7Revision received May 16, 1977. 

k ,  
[A1 RH + Br' (R' + HBrPge 

k - ,  

k d  
[B 1 (R' + HBr)'ape _t R. 

[CI 
k-a 

R' + HBr - RH + Br 

kt 
[El R' + BrZ _t RBr + Br. 

SCHEME 1 

competitive with diffusion of the radical from 
the solvent cage, reaction B. The cage reversal 
reaction was deemed to be competitive with 
diffusion since k - ,  is a rate constant whose 
magnitude is near the diffusion controlled limit 
and the concentration of the species in the 
individual cage can be approximated as their 
bulk concentrations.* It was suggested that in 
the bromination of a substrate which can yield 

8For a discussion of this assumption for reactions 
involving cage recombination reactions see ref. 8. 
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isomeric products, the variation of the rates of 
reversal of the isomeric radicals, when com- 
peting with diffusion, could lead to a differen- 
tiation in the proportion of each radical that 
escaped from the cage and ultimately formed 
products (3). In solution the relative rates of 
transfer, with bromine and with hydrogen 
bromide, of the radicals free of the solvent cage 
were found to be dependent upon the concentra- 
tion of bromine and hydrogen bromide. The 
rate of transfer with hydrogen relative to 
bromine was found to be increased at higher 
concentration of transfer agents since a new 
species HBr,, was found to react with an 
organic radical at a faster rate (k'-,) than 
hydrogen bromide itself. 

HBr + Brg =$ HBr3 

No information was available concerning the 
possibility that the species hydrogen tribromide 
could, likewise, act as a bromine atom donor. If 
this were so, however, the measured value, 
k'-,/k-,, would be even larger than reported. 
The possibility also existed that hydrogen 
abstraction in solution could take place by, the 
presumably more selective and less reactive 
species, Br,'. Although this process would com- 
plicate the kinetic expression used to evaluate 
the relative rates of product formation for 
reactions carried out in solution, the values of 
the relative rates of abstraction used to evaluate 
the kinetics were obtained from vapor phase 
studies where this complication is not important. 
Both of these processes are not further con- 
sidered in the development of this model 
although they can conceivably occur. 

The liquid phase bromination of l-chloro- 
butane has been previously studied and the 
product distribution obtained from the reaction 
has been rationalized on the basis of both the 
polar effects of the electronegative substituent 
and the strength of each carbon hydrogen bond 
that is broken in the abstraction p r o c e ~ s . ~  

A study of the kinetics of the bromination of 
perdeuterio-1-chlorobutane in the vapor phase 
allowed the determinations of the relative rates 
of abstraction of hydrogen in each position of 
1-chlorobutane and the relative rates of transfer 
with bromine and hydrogen bromide of the 
isomeric set of radicals formed from the abstrac- 
tion reaction (1). When the bromination was 
carried out in the vapor phase, to low con- 
version, and at high concentrations of molecular 
bromine, neither the cage reactions nor the 
transfer reactions with HBr, were present as 
competing processes. 

In this publication we would like to report a 
study of the kinetics of the liquid phase photo- 
bromination of 1-chlorobutane which takes into 
account all of the details established previously, 
reactions A-E. The report details a general 
method which can be applied to evaluate the 
solution phase kinetics of bromination of sub- 
strates which yield isomeric mixtures of bro- 
mination products. 

Discussion and Results 
The simplest mechanism for the solution 

phase bromination of a molecule which yields 
isomeric radicals on hydrogen abstraction can 
be exemplified by the bromination of l-chloro- 
butane (see Scheme 2). The relative rates of the 
appearance of any two products can be derived, 
using this mechanism (i.e. (d[R"Br]/dt)/(d[RYBr]/ 
dt), PI ;  (d[RPBrlldt)l(d[RYBrlldt, [21). 

9 F ~ r  reference on the bromination of 1-chlorobutane see ref. 1 and the references quoted therein. 
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[ R ~ B ~ I  

k-3 
/ y C l  +Bra -CI + Br. iA (-CI + HBr) 5 N\CI 

k-3 \ H 

[R? Br] P Acl + Br* 

' - Mcl+Br.  1 + B k-5 ( B )  A - 
\ 

HBr 
HI 

I 
+ ~r t-Cl + HBr) 'mCI , 

k -7 k-7 H-C1 +Bra 

\ 
HBr 

[R'H] 

Equations 1 and 2 were derived using a steady was the same for all of the 1-chlorobutyl radicals 
state approximation for the concentrations of involved. If the reaction is carried out with high 
both 'free' and caged radicals and by assuming concentrations of bromine and hydrogen bro- 
that k,, the specific rate constant for diffusion, mide, to low conversion, where the concentra- 
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tions of bromine and hydrogen bromide are 
relatively constant, then [ l ]  and [2] can be 
integrated. 

The relative rates of transfer, other than cage 
transfer, can be evaluated at each position in the 
molecule by a study of the relative rate of 
product formation (RiH and RiBr) for each 
position of perdeuterio-1-chlorobutane. The 
expression takes the form of [3] (a-position), 
[4] (P-position), and [5] (y-position), and each 
expression may in turn be integrated when the 
reaction is carried out to low conversion using 
high concentrations of bromine and hydrogen 
bromide. 

By a combination of the integrated forms of [3], 
[5], and [I] or [4], [5], and [2], two expressions 
([6] and [7]) can be obtained that will allow an 
experimental evaluation of the effect of cage 
reversal on the ratio of products formed. 

The effect of cage reversal, C,', may be evaluated 
from the results of the bromination of perdeu- 
terio-1-chlorobutane if one invokes the assump- 
tion proposed by Mayo (4) that there will be 
negligible solvent effects on the relative rates of 
competitive free radical reactions of the same 
kinetic order. If one makes the substitution 
(kl/k5)vapo' N (kl/k5)so1ution then [6] and [7] may 
be evaluated using the vapor phase values pre- 
viously reported (AR'H is the change from the 
initial to the final concentration of protium at 
each position i and [DBrIc is the cage concentra- 
tion of deuterium bromide). 

TABLE 1. Photobromination of perdeuterio-l-chloro- 
butane in Freon 113 (23.0°C) 

Concentration (moll! x lo3) 
-- 

Run 1 Run 2 Run 3 

Reactants" 

a[RD(H)] refers to the concentration of perdeuterio-1-chlorohutane, 
and [R'H] is the average concentration of the residual protium at  
position i. 

bThe values for [RiH] at  the end of the reaction were calculated 
as: [RiH]f + I/2([RiH]0 + [R'H]')([RDHIo 7 [RDH]'/[RDHIo), in 
order to correct for the small amount of prot~ated mater~al that has 
undergone reaction. 

'Not detected by glpc. 

The photobrominations of perdeuterio-l- 
chlorobutane were carried out at 23OC in Freon 
113 solution. The reactions were carried out to 
low conversion where multiple exchange re- 
actions (H for H or D for D) will be negligible 
and where the concentration of bromine or the 
initially added hydrogen bromide were not 
appreciably changed during the reaction. The 
reaction mixture after photolysis was freed from 
excess bromine and hydrogen bromide and the 
yields of the bromination products were deter- 
mined by glpc analysis. The analysis showed the 
presence of only the perdeuterated analogs 
of 1-bromo- 1-chlorobutane, 2-bromo- l-chloro- 
butane, 3-bromo-1-chlorobutane, and the un- 
brominated substrate. A material balance of 
> 97% for each of the brominated materials was 
obtained (in control experiments) using this 
analytical procedure (1). The unbrominated 
substrate was collected by preparative glpc and 
the change in the relative amount of incor- 
porated protium at each position (see Table 1) 
was determined from a comparison of the 'H 
100 MHz nmr spectrum of the residual protium 
in the (Merck, Sharp and Dohme, 98.3 at.% D) 
starting perdeuterio-1-chlorobutane and the 
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TABLE 2. Relative kinetic values calculated for l-chloro- 
butyl radicals" 

I. Relative rates of transfer of 1-chlorobutyl radicals 
with Br, and HBr (vapor phase, 23"C)* 
(a-position) kz/k- = 65.5 + 7.9 
(P-position) k4/k- = 15.6+ 3.0 
(y-po~iti011) k6/k- 5 = 8.1 i O. 5 

11. Relative rates of transfer of I-chlorobutyl radicals 
with HBr, and HBr (Freon 113, 23.0°C) 
(a-position) k'-,/k-, = 57.6+ 1 . 2  
(p-position) k'-3/k-3 = 13 . O +  0 .4  
(y-position) k'-5/k-5 = 26.8+ 1.8 

111. Cage reversal effect, C.,' for the 1-chlorobutyl radicals 
(Freon 113, 23.0°C) 
C.,' = 0.73+0.01 
CYB = 0.89k0.04 
CYY = (1 .OO) 

#Errors quoted are based on the reproducibility between kinetic 
determinations. 

bData taken from ref. 1. 

spectrum of the recovered unbrominated sub- 
strate. The total amount of protium in the 
starting material and the recovered substrate 
was determined by mass spectrometry. The con- 
centrations, conditions, and values obtained for 
the kinetic analysis are listed in Table 1. 

The ratio of rate constants for the abstraction 
of a deuterium atom from perdeuterio-l-chloro- 
butane in the ti-, p-, and y-positions can be 
equated to the same ratio of rate constants in 
the undeuterated substrate if the assumption is 
made that analogous ratios of rate constants for 
the two substrates are the same, eq. 8. 

From the data in Table 1, using the integrated 
forms of 131, [4], and [5], and the vapor phase 
relative rate data for transfer of each radical 
with bromine and hydrogen bromide (see Table 
2) the ratio of transfer rates with HBr, vs. HBr 
could be calculated for each position in the 
molecule. The value of [HBr,] could be obtained 
from the equilibrium constant, K = 2.8 + 0.3 
(23"C), determined by the nmr method pre- 
viously described (2). Although the experimental 
error is large the value of kt-,/k-, listed in 
Table 2 is quite similar to the analogous value 
reported for perdeuteriocyclohexyl radicals, 
k t -  Jk- = 22 + 7 (32°C) (2). The similarity of 
these values was expected for structurally and 
energetically similar secondary radicals. 

The effect of cage reversal, Cyi, as was 
expected, follows the same trend as that 

observed for the relative rate of transfer with 
bromine compared with hydrogen bromide (1). 
As the radical center involved was further 
removed from the electron withdrawing chlorine 
substituent the ratio of transfer rates for the 
three secondary radicals decreased in the order, 
k,/k-, > k,/k-, > k,/k-,. This change in 
relative rates was rationalized on the basis of a 
polar deactivation to transfer with hydrogen 
bromide which falls off as the distance from the 
electronegative substituent was increased, while 
the transfer with molecular bromine was little 
affected. The cage reversal effect is the result of 
a competition between diffusion and the reversal 
of the isomeric radicals formed with deuterium 
bromide, and since from the above reasoning 
kD-, < kD-, < kD- ,, then it follows that cage 
reversal, Cyi, should increase as observed from 
C; to CYy (see Table 2).1° 

In the absence of external reversal [ l ]  (or 121) 
reduces to an expression [9] (or [lo]) which can 
be integrated to obtain the predicted ratios of 
products obtained for the bromination of the 
natural protiated material. 

When the bromination of 1-chlorobutane was 
carried out to low conversion (see Table 3, 
reactions 1-8) under conditions where the 
reversal reaction was negligible the ratio of 
products found agreed reasonably well with the 
values predicted using [9] and [lo] (Table 4, 
entries 1 and 2). The agreement between the 
observed and calculated values of the product 
ratios lends support to the assumption made, 
that the vapor phase values of the relative rate 
constants may be substituted into the kinetic 
expression for the solution phase reactions, and 
the cage reversal expression CYi, evaluated using 
the data obtained from the bromination of the 
perdeuterated substrate, can equally well be 
used to  predict the products obtained from the 
natural protiated substrate. 

lousing [6] the cage reversal effect a t  the &-position, 
CTS, was found to have a value of 0.56, rather than one 
closer to unity, as expected. This result may be due to the 
large error in the calculated value, since [RSBr] and 
[RSH] are both rather small. 
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TANNER ET AL. 

TABLE 3. Photobromination of 1-chlorobutane in the liquid phasea 

Concentration (M) 
Reaction Temperature % - - -  [R"Br] [RQr] [RYBr] 
number [C4H9C1l0 [BrZI0 PC) conversionb [RYBr] [RYBr] [RYBr] 

@Reactions 1-8 were run in Freon 113 solvent; reactions 9-12 were run in liquid bromine solvent. 
bBased on 1-chlorobutane. 

TABLE 4. Comparison of the vapor and liquid phase product distribution in the photobromina- 
tion of 1-chlorobutane and perdeuterio-1-chlorobutane 

[RaBrIa [RPBr]" [RYBr]" 
Conditions [RYBr] [RYBr] [RYBr] 

1. Freon 113, 23"C, 1-10% reaction of 
1-chlorobutaneb 0.52k0.02 0.54k0.01 1 .O 

2. Calculated (eqs. 8, 9) for the liquid 
phase bromination of 1-chlorobutane, 23°C 0.47 k 0.04 0.55k0.07 1 .O 

3. Liquid bromine, 1-3% reaction of 
1-chlorobutane, 21°C' 0.33k0.02 0.47k0.00 1 .O 

4. Vapor phase, 4.5% reaction of 
1-chlorobutane, 24"Cd 0.36k0.02 0.47k0.02 1 . O  

5. Calculated from the vapor phase rates of 
bromination of perdeuterio-1-chlorobutaned 0.35 + 0.02 0.48k0.04 1 .O 

"Ratio of 1-bromo-, [RuBr], and 2-bromo-1-chlorobutane, [RPBr], to 3-bromo-I-chlorobutane, [RyBrl. 
bTaken from Table 3, reactions 1-8. 
=Taken from Table 3, reactions 9-12. 
dTaken from ref. 1. 

We have previously suggested that the values 
obtained for the relative rates of bromination of 
several pairs of substrates in solvent liquid 
bromine (10-18 M) could be rationalized on the 
basis of competitive abstraction reactions which 
proceeded to products without internal (cage) or 
external return (5). In support of this suggestion 
that cage return can be interfered with by carry- 
ing out the brominations in very high concen- 
trations of bromine it has been recently demon- 
strated that the deuterium isotope effect for the 
bromination of cyclohexane and perdeuterio- 
cyclohexane, in the absence of external reversal, 
gave the same value, kR,/kR,, in the vapor phase 
and in solution (10-18 M liquid bromine) (3). 
The brominations of 1-chlorobutane in liquid 
bromine (reactions 9-12, Table 3), likewise, 

show the same product distribution as the vapor 
phase reactions of perdeuterio-1-chlorobutane 
and of 1-chlorobutane carried out under 
irreversible conditions, low conversion in the 
presence of excess bromine (see Table 4, compare 
entries 3 and 4 or 5). The coincidence of the 
product distributions obtained from these 
experiments in the vapor phase and in solution 
further substantiates the concept of cage 
scavenging of an alkyl radical by liquid bromine, 
and serves as a further example of the import- 
ance of considering differential cage reversal of 
isomeric radicals in solution phase brominations. 
The conclusions reached in the vapor phase 
study (I) ,  that hydrogen abstraction and its 
reversal are both deactivated by the polar in- 
fluence of the substituent, and that the effect 
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TABLE 5. The nmr determination of HBr + Brg HBr3 equilibrium constant (23.0°C) 

Spectrum HBr (M) Brz (M) F (Hz)" K 

1 0.0509 357.3 
2 0.0681 354.5 
3 0.0764 355.4 
4 0.0814 354.7 
5 0.0925 355.1 
6 0.0675 0.0311 353.6 2.4 
7 0.0655 0.1899 344.1 3 .7  
8 0.0630 0.3098 341.4 3.1 
9 0.0594 0.5091 338.8 2 .6  

10 0.0651 1 .040 333.8 2.6 
11 0.0638 2.123 329.8 2.7 

Average 2 .820.3 ,  A = 29.9Hzh 

aAverage 6 (Hz) for HBr in Freon 113  was 355.4 f 0.8 upfield from TMS. 
6Computed shift of HBr, signal relative to that of HBr. 

falls off as the distance of the substituent from 
the C-H bond involved increases, are con- 
sistent with the results of this study. The con- 
clusion previously reached (1) that there is no 
evidence for anchimeric assistance by a neigh- 
boring chlorine atom during hydrogen abstrac- 
tion is further enforced. 

Experimental 
Materials 

I-Chlorobutane was washed with concentrated sulfuric 
acid, water, 10% aqueous sodium carbonate solution, 
and water, dried over calcium chloride, and distilled 
twice through a 1 ft Vigreaux column. The middle 
fraction was collected, bp 72.5-73.5"C (708 mm). Com- 
mercial perdeuterio-1-chlorobutane (Merck, Sharp and 
Dohme of Canada Ltd.) was used without further 
purification: glpc analysis showed it to be 99.5% pure. 
Analysis by mass spectroscopy showed it to contain 
98.3 at.% D, while nmr analysis, using 1,l-diphenylethene 
as internal standard, showed it to be 98.0 at.% D.  

Molecular bromine (Raylo Chemicals Ltd.) was 
washed with concentrated sulfuric acid and distilled, 
bp 56.7"C (700 mm). Hydrogen bromide (Matheson) was 
distilled prior to use. 

Freon 113 (Matheson) and Freon 112 (PCR) were dis- 
tilled from phosphorus pentoxide through a 1 ft Vigreaux 
column, bp 45.5"C and 88.0°C (700 mm), respectively. 

1,l-Diphenylethene (Eastman Organic Chemicals) was 
distilled under reduced pressure, bp 133.5-133.8"C 
(7.6 mm), nDZO 1.6088 (lit. (6) bp 139°C (11 mm), nDZO 
1.6085); nmr spectroscopy and glpc analysis showed it 
to have no detectable impurities. 

added in the absence of light, and the concentrations of 
bromine and hydrogen bromide were determined by 
iodometric titration (7). The solution was irradiated 
(2 x 200 W incandescent lamps) until 4410% of the 
perdeuterio-1-chlorobutane had reacted. The reaction 
mixture was washed with ice-cold, 5% aqueous sodium 
bisulfite solution and with water. It was dried over 
anhydrous sodium sulfate, and then analyzed by glpc 
(10 ft x f i n .  10% UCON 50 LB 550X on Chromosorb 
P AW, glass column) for the remaining perdeuterio-l- 
chlorobutane and products (1). The solution was con- 
centrated by distillation on a 24 in. Teflon spinning band 
column and the unbrominated perdeuterio-l-chloro- 
butane was collected by preparative glpc. The protium 
content was then determined (using nmr and mass 
spectroscopy) as previously described (1). 

Equilibrium Constant Measurements 
Solutions of hydrogen bromide and bromine in Freon 

113 (1% in TMS) were prepared in 4 mm id nmr tubes as 
previously reported (1). The tubes were allowed to 
equilibrate to the probe temperature, 23.0 f 0.2"C, and 
the nmr spectrum was obtained. All line positions were 
measured in Hertz relative to TMS by counting the 
difference between the lock and sweep oscillator frequen- 
cies using a Varian HA 100 spectrometer. Reproducibility 
of the measurement was better than 0.2 Hz. The equili- 
brium constant was determined as described in our 
previous paper (1). The results are given in Table 5. 

Photobromination of 1-Chlorobutane 
Aliquots of Freon 113 solutions of 1-chlorobutane, 

bromine, and Freon 112 (internal standard) were placed 
in Pyrex tubes. The tubes were degassed three times by 
the freeze-thaw method and sealed. They were placed 
in a water bath, equilibrated in the absence of light for 

Photobrominarion of Perdeuterio-1-chlorobutane with 10 min, and then irradiated until 1-10% of the l-chloro- 
Excess Bromine and Excess Hydrogen Bromide butane had been brominated. The tubes were opened, the 
A Freon 113 solution of hydrogen bromide was excess bromine destroyed with aqueous sodium bisulfite 

allowed to equilibrate in a water bath maintained at solution, and the organic layer washed with water and 
23.0 f 0.IoC. The solution was protected from the dried (NazSO,). It was then analyzed by glpc (10 ft x 
atmosphere by a mercury bubbler. Perdeuterio-1-chloro- $in. 10% UCON 50 LB 500X on Chromosorb P AW, 
butane, bromine, and Freon 112 (internal standard) were glass column). 
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Ultrasonic velocities for deuterium oxide - water mixtures at 298.15 K1y2 

OSAMU KIYOHARA,~ CARL J. HALPIN, A N D  GEORGE C .  BENSON 
Division of Chemistry, National Research Council of Canada, Ottawa, Ont., Canada KIA OR6 
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OSAMU KIYOHARA, CARL J. HALPIN, and GEORGE C. BENSON. Can. J. Chem. 55,3544 (1977). 
Ultrasonic velocities in deuterium oxide - water mixtures were measured at 298.15 K and 

1 atm pressure using the pulse-echo-overlap method in a successive dilution mixing cell. On a 
mole fraction basis, the velocities show negative deviations from linearity. Excess adiabatic 
compressibilities derived from the results are almost zero or slightly negative. 

OSAMU KIYOHARA, CARL J. HALPIN et GEORGE C. BENSON. Can. J. Chem. 55,3544 (1977). 
On mesure les vitesses ultrasonores dans des mtlanges oxide de deuterium - eau a 298.15 K 

sous 1 atm de pression en utilisant le recouvrement impulsion-kho dans une cellule a mtlange 
par dilution successive. En se basant sur la fraction molaire, les vitesses montrent des karts  
negatifs a la lintarite. Les compressibilitts adiabatiques d'exces dtrivees a partir des rksultats 
sont presque nuls ou legerement ntgatifs. 

[Traduit par le journal] 

Introduction mine its density (1.10420 g cm-3 at 298.15 K) just before 
making the ultrasonic measurements. Assuming the only 

In spite of the physical similarity between impurity to be HzO, the mole fraction of DzO in our sam- 
water and deuterium oxide, the difference of the ple was estimated to be 0.9976, based on a value of 
velocities of ultrasound in these liauids is rela- 1.104449 g ~ m - ~  (6) for the density of pure D,O at 
t i v e l ~  large, -98 at 298 K'- have 29!12 titer was distilled and deionized. Both compo- 
been several previous ultrasonic studies of nent liquids were partially degassed prior to their use in 
terium oxide - water mixtures (1-4). Mathieson the ultrasonic measurements. 
and Conway (3) found that a plot of ultrasonic 
velocity against mole fraction showed a small 
but significant curvature away from the com- 
position axis. Gupta et al. (4) reported that the 
speed of sound varies linearly with volume frac- 
tion. 

Our ultrasonic velocity measurements were 
undertaken as part of an on-going study of the 
thermodynamic properties of deuterium oxide - 
water mixtures. To avoid the exchange of deu- 
terium oxide with atmospheric water vapor, a 
new mixing cell was designed in which the mixing 
could be carried out in the absence of any vapor 
space. 

Experimental 
Component Liquids 

The deuterium oxide was Merck, Sharp and Dohme 
reagent with a specified minimum isotopic purity of 99.7 
at.% D. An Anton Paar densimeter (5) was used to deter- 

'NRCC No. 16175. 
'This work was presented in part at the 32nd Annual 

Calorimetry Conference, Universitt de Sherbrooke, 
Sherbrooke, Quebec, Canada, July 6-9, 1977. 

3National Research Council of Canada Research 
Associate. 

Measurements of Ultrasonic Velocity 
Ultrasonic velocities were determined by the pulse- 

echo-overlap method (7, 8) in which the time interval is 
measured between a pair of echoes of an ultrasonic wave 
travelling between a transducer and reflector. For the 
present work the rf generator was operated at 3 MHz. 
Details of our equipment have been described previously 
(9); only the mixing cell was new. 

Ultrasonic Cell 
A schematic drawing of the cell is shown in Fig. 1, and 

structural details are given in the legend. The whole unit 
is securely mounted on a brass frame which can be im- 
mersed in a thermostated water bath. The cell was de- 
signed to allow successive additions of one component to 
a known mass of the other component in the absence of 
any vapor space. The body of the cell is a Pyrex cylinder 
with a small U-shaped side chamber. The bottom is 
closed by a transducer-reflector assembly, the top by a 
movable plunger. The total inner volume when the plun- 
ger is withdrawn to its highest position is about 120 cm3. 

The transducer (Panametrics Type 5070 VIP) is 
mounted in a brass holder. In our previous cell (9), the 
face of the transducer was gold plated to protect it from 
the action of the liquid in the cell. It was found that this 
coating deteriorated with exposure to a variety of sol- 
vents. In the new cell direct contact between the trans- 
ducer and the cell liquid is avoided by coupling through a 
double transition layer resonator (10). The latter consists 
of a thin layer of epoxy resin mixed with tungsten powder 
which couples the transducer to a piece of brass shim 
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FIG. 1. Schematic drawing of the ultrasonic cell. A, 
control handle for plunger; B, brass collar and plunger 
support; C, Teflon insert; D, threaded brass rod; E, 
cylindrical Pyrex glass tube; F, Teflon plunger; G,  
O-ring seals; H, magnetic stirrer; I, stirrer blades; J, re- 
flector; K, adjusting screws; L, stirring arm; M, brass 
support rods for reflector; N, rubber gasket; 0 ,  brass 
collar and transducer holder; P, Teflon insert; Q, cap for 
transducer holder; R, protective cap for connector and 
cable; S, coaxial cable; T, transducer and backing mate- 
rial (Panametrics Type 5070 VIP); U, brass shim stock 
(0.025 mm) coupled to transducer by a layer of epoxy 
resin containing tungsten powder; V, O-ring seal; W, 
U-shaped side chamber containing mercury, X, stainless 
steel and Teflon feed tube (id 1 mm); Y, filling port closed 
by Teflon stopper; Z, pyrex capillary (id 1 mm); A', coil 
of Teflon tubing connected to piston burette; B', nylon 
extension; C', water level in thermostat. 

stock (thickness 0.025 mm) (see Fig. 1 insert). The trans- 
ducer and reflector are connected by a rigid framework 
which also supports the pivot of the magnetic stirrer. 
Four screws are provided for adjusting the parallelism 
between the transducer and reflector faces. 

The plunger sealing the upper end of the cell is moved 
by a threaded rod. Thus the volume of the cell can be in- 
creased during the addition of the feed component, and 
the level of mercury in the capillary part of the side cham- 
ber can be altered to maintain a constant pressure within 
the cell. 

The mercury also keeps the two components separate 
before mixing. The feed component is delivered by a 
calibrated piston displacement burette (11). The liquid 

flows through Teflon and stainless steel tubing and is in- 
jected into the mercury. The magnetic stirrer is activated 
by a rotating magnet outside the cell. It has four blades 
with long narrow brass arms attached and provides quick 
mixing of the liquid above and below the reflector. 

Loading and Operating Procedure 
After the cell is cleaned, the plunger is set just above 

the connection to the side chamber. Mercury (- 3 cm3) 
is placed in the U-tube and one of the component liquids 
(-40 cm3) is introduced through the filling port from a 
weighing burette. All weighings are corrected to vacuo. 
The filling port Y is temporarily closed with an auxiliary 
stopper to prevent evaporation while the piston burette 
is loaded with the other component. The burette is 
operated to expel all air bubbles from it and the attached 
feed tubes (X and A'). The end of tube X is dipped into a 
dish containing mercury and the burette motor is reversed 
briefly, sucking a small amount of mercury into X before 
the motor is stopped. The filling port is then opened and 
the level of liquid in the cell is raised to the top of the side 
chamber by readjusting the plunger. The feed tube, still 
sealed by mercury, is inserted and the cell is closed with- 
out any vapor space by the Teflon stopper. 

The loaded cell is immersed in a water bath operated 
at 298.15 + 0.01 K and controlled to better than k0.003 
K during a run. The temperature is monitored by a quartz 
crystal thermometer. After thermal equilibrium is 
reached, the mercury level in the feed tube is set close to a 
reference mark on the tube X by operating the piston 
burette, and the mercury levels in the two arms of the 
U-tube are set at the same height by readjusting the 
plunger. 

After measuring the ultrasonic velocity of the liquid 
in the cell, the feed component is slowly added by the 
piston burette. At the same time the plunger is gradually 
raised to increase the inner volume of the cell. A balance 
is achieved by keeping the level of the mercury in the 
capillary nearly constant. The amount of the component 
added is obtained from the difference of the readings of 
the counter coupled to the piston burette. A small cor- 
rection is subtracted from the first addition to allow for 
the mercury initially present in the feed tube. The im- 
precision of the composition of the mixture is estimated 
to be less than 0.02%. 

Calibration of the distance between the transducer and 
reflector was based on the value of the ultrasonic velocity 
for pure water (1496.687 m s-' at 298.15 K) reported by 
Del Grosso and Mader (12). The relative error of veloc- 
ities measured with our equipment is estimated to be less 
than 0.2 m s-'. 

Measurements on Aqueous NaCl Solurions 
Results of very accurate ultrasonic velocity measure- 

ments are avilable for aqueous NaCl solutions (13-15). 
Although the mercury and brass in the present cell make 
it rather unsuitable for measurements of this type, a few 
test runs were carried out. An aqueous NaCl solution of 
known concentration (- 3 m) was prepared by mass from 
Anachemia reagent which had been dried in an oven at 
338 K. This solution was successively added to the cell 
which was originally filled with water. Velocity measure- 
ments were made as rapidly as possible but changes in the 
appearance of the mercury indicated that some reaction 
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FIG. 2. Deviation plot for ultrasonic velocities, u, at 298.15 K in aqueous NaCl solutions with mol- 
ality m. Plot shows deviations from eq. l. 6u = u - uo - m(64.804 - 4.679mli2). Experimental re- 
sults: 0, present work; +, Sakurai et al. (13); 0, Gucker et al. (14); A, Millero et al. (15). Dotted lines 
represent deviations of + 0.1 %. 

was occurring within the cell. The results obtained for 
m i 0.7 are represented by 

where u and u, (1496.687 m s-l)  are the velocities for a 
solution of molality m and for water respectively. The 
standard deviation of the representation is 0.014 m s-'. 

Our results, compared in Fig. 2 with values from the 
literature (13-15), are in close agreement with those of 
Sakurai et a/.  (13) and of Millero et al. (15). The apparent 
molal adiabatic compressibility $K,O of NaCl in water at 
infinite dilution, calculated from our velocity results using 
the limiting value of the apparent molal volume of NaCl 
(16) is - 50.2 cm3 mol-I GPa-I at 298.15 K. This agrees 
reasonably well with values reported by other workers: 
-50.45 (13), -52.88 (14), -50.5 (15, 17), -49.8 (IS), 
and -50.8 (19). 

the value 1398.6 m sei obtained by Yosioka 
(1) using the optical method. Other published 
values for u/(m s-l) in pure D 2 0  at 298.15 K 
are: 1403.31 (4) and 1401 (20), interferometer 
method; 1402 (21) and 1399.24 (22), pulse 
method; - 1396 (3), sing-around method. 

The deviation of the ultrasonic velocity in a 
mixture from additivity on a mole fraction 
basis is 

where uo is the velocity in pure component i. 
Our results for the present system are repre- 
sented by the polynomial expression 

Results and Discussion 

Ultrasonic velocities, u, measured at 298.15 K 
in D20(1) + H,0(2) mixtures with various mole 
fractions x, of D,O are listed in Table 1. These 
results were obtained in two independent dilution 
runs starting with H20,  and with D20,  in the 
cell. The smooth overlap of the results in the 
central part of the mole fraction range provides 
a good check on the consistency of the dilution 
technique. Extrapolation of the results for 
D,O-rich mixtures leads to a value of u = 
1398.74 m s-' at x, = 1. This agrees well with 

with a standard deviation o = 0.007 m s-l. A 
comparison of our results with values taken 
from the literature (1, 4) is given in Fig. 3. Our 
results are in close agreement with those of 
Yosioka (I). We find that Au is negative over the 
whole mole fraction range, and this behavioral 
pattern is qualitatively unchanged if volume 
fractions are used in place of mole fractions in 
eq. 2. This is in contrast to the findings of Gupta 
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TABLE 1. Ultrasonic velocities and adiabatic com- 
pressibilities for D20(1) + H20(2) mixtures at 

298.15 K 

Ks 
(TPa - ') 

0.0034 1496.33 
0.0092 1495.72 
0.0209 1494.48 
0.0319 1493.32 
0.0455 1491.89 
0.0592 1490.42 
0.0786 1488.42 
0.0978 1486.41 
0.1218 1483.90 
0.1467 1481.30 
0.1741 1478.47 
0.2041 1475.39 
0.2366 1472.06 
0.2700 1468.65 
0.3015 1465.47 
0.3336 1462.21 
0.3619 1459.38 
0.3882 1456.75 
0.4090 1454.66 
0.4152 1454.06 
0.4445 1451.16 
0.4454 1451.07 
0.5157 1444.17 
0.5507 1440.77 
0.5873 1437.23 
0.6247 1433.62 
0.6666 1429.62 
0.7130 1425.23 
0.7541 1421.36 
0.8010 1416.98 
0.8417 1413.20 
0.8878 1408.96 
0.9188 1406.10 
0.9467 1403.55 
0.9682 1401.61 
0.9831 1400.28 
0.9892 1399.71 
0.9946 1399.23 
0.9976 1398.96 
1.0000 1398.74* 

*Extrapolated value. 

et al. (4) who reported that the speed of sound 
varied linearly with volume fraction. 

Adiabatic compressibilities, K,, were calcu- 
lated from the ultrasonic velocities using the 
relation 

[4] K, = [u2 C Mixi/(VE + C xiV:)]-l 

where Mi  and V: are the molecular mass and 
molar volume of component i, and VE is the 
molar excess volume of the mixture. Estimates 
of YE for D 2 0  + H 2 0  mixtures were based on 
the work of Bottomley and Scott (23). Results 

for K, are given in Table 1. Also included in 
Table 1 are values of the excess adiabatic com- 
pressibility defined by 

where K , ' ~  is the adiabatic compressibility of an 
ideal mixture of the components at the same 
temperature and pressure. Previously we ap- 
proximated K,'* by a volume fraction average 
of the adiabatic compressibilities K O , , ~  for the 
pure components (9). However in the present 
work we used the exact expression (24) 

[6] K , ' ~  = C +:y ~ O K O , , ~  

x (C xi(Cop, i/~i">/C xicop ,i> 

where 

and 

In eq. 8, T is the temperature, and Capri  and 
are the isobaric molar heat capacity and 

thermal expansibility for pure component i. 
Numerical values of Cp/(J K-' mol-I) equal to 
84.68 (25) and 75.297 (26), and of 103a,/K-' 
equal to  0.1918 (27) and 0.2572 (26) were adopted 
for D 2 0  and H 2 0  respectively. 

Although our results for K,E are only slightly 
larger than the estimated imprecision of 
K, (-0.02 TPa-I), it appears that the adiabatic 
compressibilities of D 2 0  + H 2 0  mixtures dis- 
play small negative deviations from ideal be- 
havior, and that the variation of these with mole 
fraction is somewhat asymmetric. Our value of 
KO,,, for pure D,O corresponds to an isothermal 
compressibility KO,,,(= ylo~O,,!) of 465.13 
TPa- I, in excellent agreement with 465.3 TPa-I 
(27) and 465.2 TPa-I (28) obtained from direct 
PVT measurements by Millero and co-workers. 

NOTE ADDED IN PROOF: Since the submission 
or our manuscript, correspondence with Dr. 
J. G. Mathieson has revealed that the ultrasonic 
velocities in ref. 3 should be increased by about 
0.24% to allow for a change in calibration con- 
stant. The corrected value for D20 ,  1399.2 m 
s- I ,  is thus much closer to our result than indi- 
cated in our text. We are indebted to Dr. 
Mathieson for sending us a copy of the primary 
data. I t  also appears from this that there is excel- 
lent agreement between our values of Au for 
D 2 0  + H 2 0  mixtures and the results of Mathie- 
son and Conway. 
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XI 

FIG. 3. Plot of AU for D20(1) + Hz0(2) mixtures a t  298.15 K against mole fraction of DzO. Experi- 
mental results: 0 and 0, present work (two separate dilution runs); +, Yosioka (1); A, Gupta e t  al. 
(4). Curve calculated from eq. 3. 
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HENRIQUE E. TOMA and PAULO S. SANTOS. Can. J. Chem. 55,3549 (1977). 
A study is presented on the chemistry of the binuclear complex [(CN),FepzRu(NH,),]" 

(n = 0 for the 11-111 complex and n = - 1 for the II-II complex, pz = pyrazine) in solid state 
and in aqueous solution. Evidence for a mixed valence transition for the 11-111 complex was 
observed in the near infrared region. Based on infrared and resonance Raman spectra, a 
trapped-valence or class 11 formulation was proposed for the complex. Cyclic voltammetry 
indicated the occurrence of two reversible waves at 0.48 V and 0.72 V vs: NHE, which were 
assigned to the oxidation of the ruthenium(I1) and iron(I1) centers, respectively. 

HENRIQUE E. TOMA et PAULO S. SANTOS. Can. J. Chem. 55,3549 (1977). 
On presente ]'etude de la chimie du complexe binucleaire [(CN),FepzRu(NH,),y (n = 0 

pour le complexe 11-111 et n = - 1 pour le complexe II-II, pz = pyrazine) dans 1'Ctat solide 
et en solution aqueuse. On a observe dans la region proche-infrarouge, I'existence d'une 
transition de valence mixte pour le complexe 11-111. En se basant sur les spectres infrarouge et 
Raman, on propose pour le complexe, une valence piegke ou une formulation de classe 11. Des 
mesures polarographiques cycliques nous indiquent la presence de deux ondes rkversibles a 
0.48 V et 0.72 V vs. NHE, lesquelles sont attribukes respectivement a l'oxydation des sites 
ruthenium(I1) et fer(I1). 

[Traduit par le journal] 

Iiltroduction (C7H,S03)2.3H,0 was dissolved in ca. 50 ml of water, 
and mixed with 10 ml of aqueous solution containing 

Binuclear ammines 0.065 g (0.2 mmol) of Na3[Fe(CN),NH3].3H20 under 
have been much studied over the last 6 years argon atmosohere. After 20 min. the dark-violet solution 
(1-5) since the mixed valence complex [(NH,),- was treated kith argon saturated ethanol to precipitate 

R ~ ~ ~ R ~ ( N H , ) , ~ ~  + was first described by creutz the binuclear complex. Anal. calcd. for Na[Fe(CN),- 
~ ~ R U ( N H ~ ) ~ ] . ~ H ~ O :  C 20.42, N 31.75, H 4.7; found: and Taube (1, 2). Similar studies involving 20.2, 31.5, 5,5, 

c~alloferrate complexes have also appeared in The 11-111 complex was prepared in a similar way of 
the literature (6-8). In the present work we the 11-11 analog, except that aqueous bromine M )  
report some properties of the binuclear complex was added in nearly stoichiometric amounts to the final 

solution to oxidize the binuclear complex. The 11-111 
'(CN)5FepzRu(NH3)51" (n = 0, - pz = pyr- complex is neutral and practically insoluble in water, 
azine) in solid state and in aqueous solution. precipitating immediately after the addition of aqueous 

Experimental 
Materials 

[ R ~ ( N H ~ ) ~ p z l ( C 1 0 ~ ) ,  was prepared as described by 
Anson and co-workers (9). The p-toluenesulfonate salt 
was also prepared as described (9) but using silver p- 
toluenesulfonate instead of silver trifluoroacetate to 
remove the chloride ions from the starting materials. 
Na3[Fe(CN),NH3].3H,0 was prepared from sodium 
nitroprusside according to the conventional procedure 
(10). The purity of these complexes was checked spectro- 
photometrically and by microanalysis. 

The dark red II-II (n = - 1) complex can be easily 
prepared in aqueous solution by mixing equimolar solu- 
tions of the pentaammine(pyrazine)ruthenium(II) com- 
plex and of the aquopentacyanoferrate(I1) ion (10-14) 
under argon atmosphere. The 1:  1 composition of the 
complex in solution was demonstrated using Job's 
method. The II-II complex was isolated as the sodium 
salt Na[Fe(CN),pzRu(NH3),].3H20 according to the 
following procedure: 0.12 g (0.2 mmol) of [Ru(NH,),pz]- 

bromine. ~ n a l .  calcd, for [F~(cN)~~zRU(NH~)~].SH~O: 
C 19.93, N 31.00, H 5.3; found: C 20.0, N 31.3, H 4.9. 

Spectra 
Near infrared and visible spectra were measured on a 

Cary 14 spectrophotometer in aqueous solution or in 
KBr pellets. Infrared spectra were recorded on either a 
Perkin-Elmer 337 or 180 spectrophotometer. A Jarrel- 
Ash, Model 25-300 spectrometer was used for the Raman 
measurements with argon ion laser excitation at 5145 A, 
and a spinning cell to prevent or minimize the decom- 
position of the sample. 

Studies in Solution 
The kinetics of formation and dissociation of the II-II 

binuclear complex were investigated with a Durrum 
D-110 stopped-flow spectrophotometer equipped with a 
Kel-F flow system, or with a Cary 14 spectrophotometer 
in the conventional way. Pseudo-first-order behavior was 
observed during at least three half lives. For the cyclic 
voltammetry measurements, a PAR system consisting of 
a Model 173 Potentiostat and a Model 175 Universal 
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Programmer was employed. Platinum wires were used as 
auxiliary and working electrodes, with saturated calomel 
as the reference electrode. 

Results and Discussion 
The 11-11 binuclear complex is rapidly formed 

when solutions containing the aquopentacyano- 
ferrate(I1) ion and the pentaammine(pyrazine)- 
ruthenium(I1) complex are mixed. 

The reaction can be monitored at 520 nnl, the 
maximum wavelength for the visible absorption 
band of the product, with the stopped-flow 
apparatus. Using always freshly prepared solu- 
tions of the aquopentacyanoferrate(I1) ion (3 x 
lo-' M to 2 x M)  the specific rate of the 
formation reaction was 3.1 f 0.1 x lo3 M- '  
s-I, at 25"C, y = 0.10 M (lithium perchlorate), 
and p H  4.5 (acetate buffer, lo-' M), under 
argon atmosphere. The rates decrease with the 
ionic strength (e.g., for p = 0.015 M and 0.20 M, 
k, = 1.60 x lo4 and 1.58 x lo3 M- '  s - ', re- 
spectively), suggesting a S,1, dissociative ion- 
pair mechanism (15). 

The complex dissociates very slowly in 
aqueous solution, in the presence of ligands such 
as dimethyl sulfoxide. This ligand reacts with 
the aquopentacyanoferrate(I1) ion to form the 
stable and inert pentacyano(dimet1~ylsulfoxide)- 
ferrate(I1) complex (16), driving to completion 
the dissociation of the binuclear complex. As 
expected for a limiting S,1 dissociative mechan- 
ism (11-14), the rates were independent of the 
concentration of dimethyl sulfoxide (0.05 M -  
0.5M). For y = 0.20, 0.10, and 0.015M 
(lithium perchlorate), at 25"C, the specific rates 
were 6.5 x 6.9 x lop4, and 8.1 x 
s-', respectively. From the rates of formation 
and dissociation of the binuclear complex, the 
equilibrium constants were calculated to be 
2.4 x lo7, 4.5 x lo6, and 1.9 x lo6 M- '  , at 
25°C and y = 0.015, 0.10, and 0.20 M, re- 
spectively. 

The electronic spectra of KBr pellets of the 
11-11 and 11-111 complexes, in the visible and near 
infrared region are shown in Fig. 1. As in the 
system described by Creutz and Taube (1, 2), 
combination of the filled Ru and Fe d, orbitals 
with the vacant pyrazine n* orbital of appro- 
priate symmetry would result in a set of three 
n-MO orbitals, Q,, +,, +,, having respectively a 

L m ,  5po 6 6 6  , , l l 0 0  , . . , 2900 , nm 

FIG. 1. Absorption spectra of the II-II and 11-111 
binuclear complexes, in KBr pellets. 

bonding, nonbonding, and antibonding charac- 
ter. The band centered at 19.1 kK for the II-II 
and 11-111 complexes can be assigned to the 
transition from the occupied, nonbonding 
(metal) orbitals to the antibonding (ligand) 
orbitals. For the 11-111 complex, the new band 
appearing at 7.5 kK could be assigned to the 
+,-+, transition, or using a valence trapped 
description, to a metal(I1)-to-metal(II1) transi- 
tion. A comparison of the absorption spectra of 
the binuclear Ru-pz-Ru, Fe-pz-Fe, and Ru- 
pz-Fe complexes can be seen in Table 1. 

The absorption bands of the mononuclear and 
binuclear cyanoferrates occur systematically a t  
higher energies than those of the corresponding 
ammine complexes. The hypsochromic shift of 
the visible band of the cyanoferrates from 19.8 
to 21.8 kK contrast with the bathochromic shift 
from 18.3 to 17.7 kK, for the binuclear ruthen- 
ium ammines, when the 11-11 complexes are 
oxidized to  the 11-111 mixed valence species. It is 
therefore remarkable that the visible absorption 
band of the Ru-pz-Fe complex is not shifted in 
the oxidation process, but remains at an inter- 
mediate position with respect to those for the 
Fe-pz-Ru and Ru-pz-Ru complexes. A similar 
behavior is shown by the intervalence transitions 
in the near infrared region. 

In an attempt to identify the nature of the 
donor and acceptor centers in the asymmetric 
mixed valence complex, (NH,),RupzFe(CN),, 
the infrared and Raman spectra were recorded 
and compared to those for the original II-II 
complex. This can be seen in Table 2. 

The wavelength of the exciting radiation from 
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TOMA AND SANTOS 

TABLE 1. Charge transfer and intervalence transitions in binuclear ruthenium- 
pyrazine-iron and similar complexes 

Intervalence 
Charge transfer transition 

Complexes (kK (nm)) (kK (nm)) Ref. 

22.2 (452) 11 
21.2 (472) 30 

19.8 (505) 8 
21.8 (458) 8 .5  (1170) 8 

19.1 (523) This work 
19.1 (523) 7.5 (1330) This work 

18.3 (547) 1 , 2  
17.7 (565) 6.4 (1570) 1, 2 

TABLE 2. Infrared (ir) and resonance Raman (rr) frequencies (cm-') for [(NH&- 
RupzFe(CN),In complexes 

n = - 1 (11-11) n = 0 (111-11) 

irb rrb irb rrb Tentative assignmenta 

1 Sdegr~H~, S H ~ O  
pz, ring stretch 

1 pz, ring stretch 

pz, ring stretch 
(Sryrn ,~~~)  

1225 m 1228 s 1225 m 1228 s 
1190 w 1185 w 1 pz, 6 c ~  in plane 

1095w 11OOw IlOOvw 1103w 
1075 m 1075 m 1075 m 1074 s 1 pz, SCH in plane 

1040 w 1030 m 
1015 m 1018 m 1015 s lo18 1 pz, ring stretch 

825 m Masked pz, 2," out of plane 

770 m 800 s P N H ~  
675 m 675 m 675 m 675 m pz, ring def. in plane 

575 m 570 m 
525 w 515 w 1 VMC, SMCN 

420 w 420 w pz, ring def. out of plane 

300 wc 310 s 300 wc 313 s VMN, pz, ring def. out 
270 w 270 w 1 of plane 

5 e e  ref. 20 for the vibrational modes of pyrazine. 
bInfrared of KBr pellets, Raman of pure solid; br = broad, s = strong, m = medium, w = weak, 

vw = very weak, sh = shoulder. 
cIn Nujol. 
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the argon laser (5145 A) practically coincides 
with the maximum of the visible absorption band 
of the complexes. This is especially convenient 
for the purposes of investigating the occurrence 
of resonance Raman phenomena (17-19) which 
can be very useful in the assignment of the 
vibrational spectra. Analogously to a recent work 
(5) with the binuclear Ru-pz-Ru complex, we 
have observed that the enhancement of the 
Raman bands is associated exclusively with the 
pyrazine ligand, the MNH, and MCN groups 
being practically undetectable in the presence of 
the enhanced bands. 

Since the resonance effect is related to the 
excited electronic state of the molecule (17-19), 
the enhancement of the pyrazine bands can be 
taken as evidence for its involvement in the 
electronic excitation responsible for the absorp- 
tion in the visible region. The enhancement has 
been observed essentially with the totally sym- 
metric vibrations of pyrazine. According to 
Albrecht and Hutley (18) this may be the case of 
a typical vibrational interaction with a single 
excited electronic state. When two or more 
electronic states are involved in the excitation 
process, vibroilic mixing should enhance any 

V o l t s  r s  SCE 

o:r a\ 0.k 0.~3 0.~2 0.1 o I 

FIG. 2. Cyclic voltammograms of the binuclear com- 
plex [ ( C N ) , F ~ ~ Z R U ( N H ~ ) ~ ] "  in aqueous solution. 

symmetry mode which is contained in the direct 
product of the representations of the two 
electronic states. 

Comparison of the data collected in Table 2 
shows that except for the NH, bands, the spectra 
of the II-II and 11-111 complexes are very nearly 
the same. This is ail important observation if we 
are interested in the problem of valence de- 
localization in the system. 

It is currently known (21) that the frequencies 
associated to the vibrations of the CN and NH, 
groups depend on the nature and charge of the 
metal ions to which they are coordinated. The 
symmetric deformation and rocking vibrational 
modes of the coordinated NH, group occur at 
frequencies which usually increase with the 
oxidation state and electronegativity of the 
central ion in the complex (22). For ruthenium 
hexaammines in the oxidation states I1 and 111, 
they occur at 1220 and 769 cm-' (23) and 1316- 
1362 and 788 cm-' (24), respectively. Therefore, 
the observed shifts from 1280 and 770 cm-I in 
the 11-11 complex to 1310 and 800 cm-' in the 
11-111 complex are consistent with the oxidation 
of the ruthenium(I1) center. 

The similar cyanide stretching frequencies, in 
the range of 2080-2040 cm-', for the II-II and 
11-111 species, are characteristic of cyanoferrate- 
(11) complexes (21, 25). In the case of cyano- 
ferrate(I11) complexes they are usually observed 
in the 2100-2150 cm- ' region. We therefore 
conclude that the con~plex 11-111 belongs to a 
valence trapped, or a class I1 type of system (26, 
27) in which the oxidized center is mainly 
localized on the ruthenium ammine moiety. 

Cyclic voltammetry waves for the binuclear 
complex, recorded at 25"C, = 1.0 M in NaC1, 
at several sweep rates, are shown in Fig. 2. 

The two reversible waves with El,, of 0.48 
and 0.72V vs. NHE were ascribed to the 
oxidation of the ruthenium(I1) and iron(I1) 
centers, respectively. They can be compared to 
0.37 and 0.76 V for the analogous binuclear 
ruthenium ammine complex (2). 

Without additional information, the choice of 
the oxidized center could represent a real chal- 
lenge in the present system. The oxidation 
potentials of the mononuclear Ru(NH3),Ln+ 
and Fe(CN),Lm- complexes (28, 29) do not 
necessarily constitute a criterium, since they are 
very sensitive to substituent effects on the ligand 
L, as well as to the nature of the metal-ligand 
bond. For example, the oxidation potentials for 
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the ruthenium ammine complexes of pyridine, 
pyrazine, N-methyl pyrazinium, and dimethyl 
sulfoxide are - 0.35, - 0.49, - 0.89, and - 1.0 V, 
in comparison to -0.47, -0.55, -0.78, and 
-0.89 V, respectively, for the analogous penta- 
cyanoferrate(I1) complexes. 

These ligands were ordered according to their 
n-acceptor affinities (29) to show that the 
oxidation potentials of the ruthenium ammines 
decrease more rapidly in comparison to those 
for the cyanoferrates, becoming nearly the same 
at the proximity of ligands such as pyrazine. 
Therefore, in the case of the binuclear com- 
plexes here reported, the prediction of the 
oxidized center will depend on the knowledge of 
the relative stabilities of the Ru(II1)-pz-Fe(I1) 
and Ru(I1)-pz-Fe(II1) species, which can not 
be estimated from the properties of each moiety, 
isolately. 

NOTE ADDED IN PROOF: The spectra of the 
mixed valence complex have been measured only 
for the solid, since it is not stable in aqueous 
solution. We would like to acknowledge Dr. 
Albert Haim for calling our attention to the 
possibility of decomposition even in the solid, 
which we neglected in the tentative assignment of 
the electronic and vibrational spectra. 
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J. P. MICHAUT and J. RONCIN. Can. J. Chem. 55, 3554 (1977). 
Nitrogen and proton coupling tensors have been measured for the (CH3)3Nf radical trapped 

in five different single crystal matrices. As all isotropic coupling constants are the same within 
experimental error (a ,  = 21.2 G, a, = 28.4 G),  no measurable crystal field effect is found. In 
these solids the motions of the radical depend on the dimension of the trapping cage and the 
motions of the surrounding molecules. 

J. P. MICHAUT et J. RONCIN. Can. J. Chem. 55, 3554 (1977). 
Les tenseurs de couplage de I'azote et des protons ont kt6 mesures pour le radical (CH3)3N t 

piCgt dans cinq matrices monocristallines. Pour ces cinq matrices les constantes de couplage 
isotrope sont semblables aux erreurs expkrimentales pres (a,  = 21.2 G, a~ = 28.4 G). Ceci 
indique que le champ cristallin a un effet nkgligeable sur la structure du radical. Les mouve- 
ments qui animent ce radical dependent de la matrice de pitgeage premierement par la dimen- 
sion de la cage de piegeage, deuxiemement par les mouvements des molecules voisines. 

Introduction 
Several studies (1, 2) have pointed out the 

influence of the polarity of the trapping matrix 
on the structure of some Si, Sn, Ge, or P centered 
free radicals: variations from 10-25% of the 
central atom spin densities are observed when 
replacing a nonpolar matrix by a polar one. It is 
known also that the matrix strongly influences 
the motion of the trapped radicals. It is for these 
two reasons that we have studied the temperature 
dependence of the coupling tensors of the 
radical N'(CH,), trapped in five different 
matrices. We have chosen this radical firstly 
because the isotropic nitrogen coupling con- 
stants quoted in the literature seem to be very 
matrix sensitive (from 18.0 G (3) up to 22.6 G 
(4)) and secondly, because from its high degree 
of symmetry it is expected that it may have 
various kinds of reorientational motions in 
these solids. 

Experimental 

with a tendency to twinning.' All crystals have been 
irradiated in a 60Co source (doses of about loZ0 eV/g). 
The esr spectra were recorded on a JEOL ME 1X 
spectrometer. 

Results 
1. Betaine Hydrochloride 

Two magnetically unequivalent trapping sites 
are present in this matrix. The principal values of 
N and H coupling tensors are given in Table 1. 
They are quite different from the values reported 
in a previous study on this compound (4). How- 
ever, the isotropic couplings agree quite well 
within experimental error with the value deter- 
mined in the liquid phase (5) (a, = 20.55 G, 
a, = 28.56 G). We found no temperature 
dependence of the couplings between 77 and 293 
K. As expected from the symmetry of the radical 
the nitrogen coupling tensor is cylindrical within 
the limits of experimental error. The direction 
cosines of the largest principal value of this 
tensor give the direction of the free electron n: 
orbital axis of the radical. The angle between 

All the single crystals, except betaine hydrochloride, these directions for the two radical sites is about 
were grown from saturated alcoholic solutions by slow 300, a value which corresponds approximately to 
cooling. The betaine hydrochloride single crystals come 
from saturated aqueous solutions. Due to their highly that of the between the N-CH2 bonds 
hygroscopic character all the methylammonium salts the undamaged molecules in the crystals (35") 
were manipulated in a dry box. The crystal habits are 
hexagonal plates for betaine hydrochloride, rectangular 'We are greatly indebted to Mister Jean Godard, 
plates for betaine, and square plates for betaine mono- Laboratoire de Physique cristalline Orsay, for the growth 
hydrate. The methylammonium salts also give plates but of a tetranlethylammonium chloride single crystal. 
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TABLE 1. Coupling of nitrogen and proton in the five different matrices 

Sample 

Total 
coupling 

tensor 

Betaine hydrochloride 

Betaine monohydrate 

Betaine (168 K) 

Trimethylammonium 
chloride (100 K) 

Trimethylammonium 
chloride (293 K) 

Tetramethylammonium 
chloride 

Nitrogen Proton 

Dipolar 
Isotropic coupling 
coupling tensor 

28.20 
21.20 -14.40 

- 13.90 

26.50 
21.10 -12.20 

-14.30 

29.50 
21.30 -13.40 

-16.00 

28.90 
24.90 -13.50 

-15.50 

26.40 
21.70 -14.70 

-11.70 

-7.50 
21.10 3.90 

3.50 

Total 
coupling 

tensor 

27.00 
28.40 
28.40 

27.50 
29.30 
29.10 

27.10 
28.70 
28.70 

22.40 
24.30 
24.30 

23.80 
25.50 
25.70 

29.30 
28.70 
28.70 

Dipolar 
Isotropic coupling 
coupling tensor 

-0.90 
27.90 0.50 

0.50 

-1.10 
28.60 0.70 

0.50 

-1.10 
28.20 0.50 

0.50 

-1.30 
23.70 0.60 

0.60 

-1.20 
25.00 0.50 

0.70 

0.40 
28.90 -0.20 

-0.20 

(6). The H coupling tensor is also cylindrical and coupling tensors are smaller. This difference may 
the direction of its smallest principal value is arise from a small librational oscillation of the 
parallel to that of the largest principal value of C,,  symmetry axis of the radical around its 
the nitrogen coupling tensor. This fact, together mean direction in the crystal. 
with the equivalence of the coupling tensors of all 
the nine protons and the very low values of the 
dipolar part of the H tensors, indicates that the 
N:(CH,), radical undergoes two types of 
motion in this matrix: a reorientation of the CH, 
groups around the N-C bonds and another 
reorientation of the whole radical around its 
C,, symmetry axis. The frequencies of these 
motions are certainly higher than 108-10' even 
at 77 K. 

2. Betaine Monohydrate 
In that matrix too, two magnetically unequi- 

valent sites for the radical in the crystal are 
present. The measured N and H coupling tensors 
are given in Table 1. The angle between the 
orbital directions in the two sites is about 20". 
Here also no temperature dependence of the 
coupling was found between 77 K and room 
temperature. 

The behaviour of N:(CH,), in matrices I and 
I1 is very similar, However, in betaine mono- 
hydrate the values of the nitrogen dipolar 

3. Betaine 
Figure 1 shows a spectrum of the Nf(CH,), 

radical trapped in a room temperature y-ir- 
radiated single crystal of betaine. In this matrix 
there is only one trapping site. The nitrogen and 
proton coupling tensors principal values mea- 
sured at 168 K are given in Table l .  These 
couplings are not temperature dependent be- 
tween 77 and 168 K. Above 168 K all the cou- 
plings coi~tii~uously and reversibly decrease and 
at 345 K the N$(CH,), radical disappears. Since 
all the couplings decrease by the same amount 
(about 9% between 168 K and 345 K as seen in 
Table 2), these variations are certainly due to a 
reduction of the n spin density in the 2p orbital 
of this planar radical. The origin of this decrease 
of spin density is not yet understood. 

Figure 1 shows that a second radical is pro- 
duced during the irradiation of betaine. Its 
spectrum consists of two broad lines arising from 
a very anisotropic interaction of the free electron 
with an a proton and some other nuclei which 
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FIG. 1. Electron spin resonance spectrum of (CH,),Nt radical trapped in betaine single crystal. 
Spectra obtained for matrices 1-2 and 4 are quite similar to this one. 

TABLE 2. Temperature variation of the coupling in the betaine matrix 

Nitrogen Proton 
-- 

Total Dipolar Total Dipolar 
T coupling Isotropic coupling coupling Isotropic coupling 

(K) tensor coupling tensor tensor coupling tensor 

168 50.80 29.50 27.10 -1.10 
7.90 21.30 -13.40 28.65 28.20 0.45 
5.30 -16.00 28.75 0.55 

232 50.20 29.20 26.95 -1.05 
7.70 21.00 -13.30 28.50 28.00 0.50 
5.10 -15.90 28.60 0.60 

293 48.90 28.30 26.30 - 1 .OO 
5.40 20.60 -15.20 27.80 27.30 0.50 
7.60 -13.00 27.70 0.40 

330 47.60 27.60 25.70 -0.20 
6.60 20.00 13.40 26.90 26.50 0.40 
5.80 14.20 26.90 0.40 

345 45.40 26.90 25.10 -0.60 
5.50 19.50 -14.00 26.10 25.70 0.40 
6.60 -12.90 25.90 0.20 

gives unresolved couplings. 011 the basis of the 
great similarity (Table 3) of the coupling tensor 
of this proton to that found by Ghosh and 
Whiffe? (7) for the proton of the radical 
N+H,CHCOO- trapped in irradiated glycine 
we tentatiyely attribute this spectrum to the 
N+(CH,),CHCOO- radical. 

4. Trimethylammonium Chloride 
In this matrix Nt(CH,), has oidy one trap- 

ping site. The couplings are temperature depen- 
dent. The values of N and H coupling tensors 
measured at 100 K and 393 K are given in Table 
1. The low temperature values are quite different 

from those obtained in other crvstals. The 
isotropic nitrogen coupling is larger and the 
isotropic proton coupling is smaller than those 
found in the betaines while the dipolar tensors 
are the same. All these observations may be 
accounted for in the following way. When the 
Nt(CH,), radical is formed by y irradiation of 
trimethylammonium chloride crystal it is not in 
its equilibrium planar configuration. A slightly 
pyramidal structure of the radical in the crystal 
may account for the 3.5 G increase of the iso- 
tropic nitrogen coupling constant which cor- 
responds to a variation of the CNC angle from 
120" to around 119.5" at 100 K. This deviation 
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FIG. 2. Electron spin resonance spectrum of (CH,),Nt radical trapped in tetramethylammonium 
chloride single crystal. 

TABLE 3. Comparison of the, couplings of the alleged 
additional radical N+(CH,).,CHCOO- in betaine and 
the couplings of the N+H,CHCOO- radical in glycine 

Total Dipolar 
coupling Isotropic coupling 

Radical tensor coupling tensor 

N+(CH~)~CHCOO- - 34.80 -10.60 
in betaine -22.10 -24.20 +2.10 

-15.60 +8.60 

N+H,CHCOO- -35.20 -11.50 
in glycine -22.00 -23.70 +1.70 

-13.90 +9.80 

from the equilibrium configuration may result 
from a balance between the intramolecular 
electronic interactions which tend to give to the 
radical a planar configuration and the inter- 
molecular repulsion interactions which tend to 
keep the pyramidal structure of the parent 
molecule. Then the variations of isotropic 
couplings (decrease for nitrogen, increase for 
proton) as temperature increases is due to a ther- 
mal expansion of the matrix. However, one 
difficulty still remains. The hypothesis of steric 
hindrance seems to be in contradiction with the 
existence of fast reorientational motions of the 
radical in the crystal as shown by the values of 
the dipolar coupling tensors. In fact this contra- 
diction is only apparent because, even at low 
temperature, the trimethylammonium chloride 
molecules undergo fast intra- and intermolecular 
motions in the crystal so that the radical may be 
carried as if in a set of gear wheels. This explan- 
ation also supposes that the deformation energy 
of the radical is small. 

5. TetramethyZammonium Chloride 
Figure 2 shows a spectrum of the Ni(CH,), 

radical trapped in a room temperature y- 

irradiated tetramethylammonium chloride single 
crystal. No site splitting is observed above the 
transition temperature of the matrix (185 K) and 
the couplings are not temperature dependent 
between 185 K and room temperature. From 
Table 1, it can be seen that the values of the 
nitrogen and proton isotropic couplings are in 
good agreement with those found in the other 
matrices but they are different from those re- 
ported in a previous study on the same com- 
pound (a, = 18 G, a, = 26.7 G) (3). 

The dipolar parts of the couplings in this 
matrix are very different both in magnitude and 
in sign from those obtained in the betaines and in 
trimethylammonium chloride. This indicates a 
difference in the motion of N+(CH,), in this 
matrix which is probably an additional motion of 
the radical reducing the parallel values of the 
tensor from the mean values of these couplings 
in the betaines (b, 1 = 27.7 G, b, = - 1.1 G) 
to bNll = -7.5 G and b,1 = 0.38 G. This 
motion may be either free rotation or jumping 
reorientation between at least three equivalent 
positions in the crystal. In both cases the motion 
has to occur around an axis making an angle of 
about 23" with the C,, symmetry axis of the 
radical. Then the parallel coupling becomes 

where 2B is the mean parallel value of the 
nitrogen dipolar coupling for the N'(CH,), 
radical in the matrices studied in this paper 
(28.3 G). 

The measured N and H isotropic coupling 
constants of the Nt(CH,), radical are the same 
within experimental error in all the matrices 
studied. The only exception is the trimethylam- 
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monium chloride crystal but it seems that, in this 
case, steric hindrances may explain the observed 
distorted structure. Furthermore, the mean 
values of these couplings in the solid matrices 
studied (a, = 21.2 G and a, = 28.4 G) are in 
very good agreement with isotropic couplings 
found in the liquid phase (a, = 20.55 G and 
a, = 28.56 G) (5). This shows that the crystal 
field has a negligible effect on the structure of the 
radical, its only effect being to allow or inhibit 
some kinds of motion of the trapped radical. 
These motions depend on the dimensions of the 
trapping cage and also on the motions of the 
surrounding n~olecules. A good example is given 
by the tetramethylammonium chloride matrix. 
In this crystal the spectrum of Ni(CH,), is well 
resolved only above 185 K, the transition 
temperature of the matrix, when the reorienta- 
tions of the N+(CH,), ions are allowed (4). 

From the crystal structure (8) it may be shown 
that even at these temppatures the cage is not 
large enough to allow tlie motion seen by esr so 
that a cooperative motion of the radical with the 
surrounding molecules has to be invoked to 
explain the nitrogen and proton couplings. 
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Kinetics of ligand exchange between a uranium(IV) P-diketonate 
and free P-diketone 

G. FOLCHER, N .  KELLER, C. KIENER, AND J. PARIS 
CEN-Saclay, Division de Chimie, S.E.P.C.P., B.P. no 2-91190 Gif-sur- Yvette 

Received March 1, 1977 

G. FOLCHER, N. KELLER, C. KIENER, and J. PARIS. Can. J. Chem. 55,3559 (1977). 
The intermolecular ligand exchange kinetics between a uranium(1V) P-diketonate and free 

!3-diketone were studied by 'H nrnr as a function of temperature and concentration. The reaction 
was found to be of first order in both chelate and free ligand. The results suggest that the ex- 
change mechanism involves a ninth coordination site in the uranium(1V) chelate. 

G .  FOLCHER, N. KELLER, C. KIENER et J. PARIS. Can. J. Chem. 55,3559 (1977) 
La cinetique d'kchange intermoleculaire du ligand entre une a-dicetonate d'uranium(1V) et la 

a-dicetone libre a Cte etudiee par rmn du proton en fonction de la temperature et de la concen- 
tration. On montre que la cinetique est du premier ordre par rapport aux deux especes en 
echange. Les resultats suggerent que le mecanisme d'echange implique un neuvieme site de 
coordination dans la chelation de l'uranium(1V). 

The kinetics of intermolecular ligand exchange washed with a little petroleum ether, dried, and subli- 
1 in coordination compoun~s  of u r a n i u m ( ~ ~ )  is mated at 2503C in a water cooled apparatus under lob2 

Torr. The product is reasonably pure (Anal, calcd.: U 
little known. Johnson and Larsen ('1 have mea- 16.8, C 33.8; found: U 16.8, C 33.6; mp 165°C). The nrnr 
sured oxalate exchange lifetimes by using C14- spectra are obtained with a 60 MHz Varian NV-14 spec- 
labeled oxalate in tetraoxalatometallates of zir- trometer fitted with a variable temperature probe. 
conium(IV), hafnium(IV), and uranium(1V). In 
the case where uranium(1V) P-diketonates form 
adducts with a variety of Lewis bases, we have 
noticed (2) that the base exchange rate is rapid 
on an nrnr time scale. The same holds for the 
ligand exchange rate between free amino acids 
and the corresponding uranium(1V) complexes 
in aqueous solutions (3). By contrast the co- 
ordinated proton lifetime in the aquo-ion of 
uranium(1V) lies between 10 ms and 1 s (4). 

Intermolecular ligand exchanges in metal 
P-diketonate con~plexes have been followed by 
nrnr spectroscopy: quadrivalent (5, 6), trivalent 
(6, 7), and divalent (8) compounds have been 
studied. 

The present paper describes the kinetics of 
intermolecular ligand exchange between a ura- 
nium(1V) paramagnetic complex and free ligand 
in solution. The exchange rates have been fol- 
lowed by high-resolution nmr techniques and 
have been studied as a function of temperature 
and concentration (9, 10). 

Experimental Section 

Results 
The 'H nrnr spectrum of U(fod), in solution 

displays two resonance signals. The first one is 
assigned to the 36 protons of the four tert-butyl 
groups shifted 5.5 ppm upfield from the corre- 
sponding Hfod signal. The second signal is as- 
signed to the four methyiene protons. We have 
chosen to investigate ligand exchange between 
U(fod), and Hfod, by following the variations 
of the strong tert-butyl signals. 

Figure 1A displays the experimental 'H nrnr 
spectra between 30 and 100°C in deuterated 
toluene and for concentrations of [U(fod),] = 
0.046 M and [Hfod] ,,,, = 0.238 M. In the low 
temperature range (T 5 4O0C), the tert-butyl 
proton resonances are separated and remain 
approximately Lorentzian. As temperature is 
increased, the two signals collapse at about 
100°C. 

This behaviour can be explained in terms of 
ligand exchange between the acid form and the 
bound form by the following reaction: 

The U(fod), (1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl k~ 
octane-4,6 dione) is prepared as follows: an aqueous solu- [I] U(fod), + Hfod* U(f~d)~(fod*)  + Hfod 
tion of UCI, (0.5 M) and HCl (1 N) is mixed with one k - I  
Hfod (Pierce Chemicals) equivalent and stirred. Within a 
few minutes, a solid compound forms. It is filtered, In the slow exchange limit, the bound ligand 
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OBSERVED A 

CALCULATED B ~ 

FIG. 1. Proton resonance signals of the (teut-butyl) 
groups in a toluene-d8 solution of U(fod), and Hfod, as 
a function of temperature, [U(fod),] = 0.046 M, 
[Hfod] = 0.238 M. A,  experimental spectra; B, calcu- 
lated spectra. 

lifetime z,,, is given by: 

Transverse relaxation times are obtained from 
the linewidths observed in the high resolution 
nmr spectra. T,,,, stands for the transverse 
relaxation time of the complex in absence of 
exchange. The corresponding linewidth 
(llT,uL4)-' does not vary significantly with tem- 
perature and is roughly equal to 1 Hz. The free 
ligand lifetime z,, is obtained from an equation 
analogous to [2]. 

The exchange reaction rate can be described 
by the following equation: 

The kinetic law is first order in UL, and HL 
(Fig. 2). 

Temperature Dependence 
In the higher temperature range (T > 40°C) 

the condition 1 5 2JIzAv is realized. Av is the 
chemical shift difference between the protons in 
the free and coordinated sites and 7-' = 

FIG. 2. Log ( T ~ ( ~ ~ ~ ) ~ - ~ )  VS. log [Hfod],,,, and log 
( T ~ ~ ~ ~ - ~ )  VS. log [ U ( f ~ d ) ~ ]  at 36"C, 0 CCIJ and x tolu- 
ene-d,. 

T-I,,, + T-I,, is the ligand exchange rate. The 
absorption band shapes are calculated under the 
assumption that the exchange model between 
two unequally populated sites (1 1) is applicable. 
These are fitted to the experimental band shapes. 
The parameters involved in the fit are tempera- 
ture dependent: i.e. the exchange time z and the 
chemical shift of the bond ligand which is mainly 
paramagnetic. This paramagnetic contribution 
varies similarly to the magnetic susceptibility 
and follows a- Curie Law in this temperature 
range. The best fit for the lineshapes is obtained 
using the following equation yielding the ex- 
change time : 

There is good agreement between the calculated 
lineshapes and the experimental spectra (Fig. 
1 A,  B). The free energy of activation can be cal- 
culated from the value of the rate constant k 
according to Eyring's equation : 

where the symbols have their usual meanings 
and by making the assumption that the trans- 
mission coefficient K is equal to 1 (12). The ex- 
change rate is given by: 

Hence, the enthalpy and the entropy of activa- 
tion can both be calculated: AH* = 5.2 kcall 
mol and AS* = 26 eu. 
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Base Dependence 
As one equivalent of DMSO is added to a 

CCl, or toluene-d, solution of U(fod), con- 
taining also free Hfod, the bound and free ligand 
resonances become much narrower. Their line- 
widths are again of the same order of magnitude 
(1 Hz) as in the absence of exchange. Simul- 
taneously, we observe an important upfield shift 
of the DMSO proton signals resulting from the 
DMSO molecule bounding onto the U(fod), 
chelate (2). The same results have been obtained 
with strong bases like HMPA, DMF. Therefore 
the strong bases hinder ligand exchange by 
forming adducts with the chelates. 

Discussion 
The crystal structures of several uranium(1V) 

P-diketonates have been determined by X-ray 
crystallography (13, 14). The uranium(1V) atom 
is coordinated to eight oxygen atoms according 
to a square antiprismatic or dodecahedra1 ar- 
rangement. Besides, a recent study (2) shows that 
uranium(1V) P-diketonates form adducts with 
Lewis bases with a possible nine-coordination 
configuration. The absence of ligand exchange in 
the presence of a Lewis base suggests that the 
base occupies the ninth coordination site which 
is then no longer available. We propose here an 
exchange mechanism where a free P-diketone (in 
an enolic form) binds with an UL, chelate. From 
this adduct, the enolic proton escapes along with 
another ligand L (Fig. 3). Our mechanism differs 
from that proposed by Adams and Larsen (5 )  
and assumed by Glass and Tobias (6) and also 
by Tanner, Tuck, and Wells (7). Their mech- 
anism, which appears to apply to the transition 
metals and tin(I1) (&), includes a first step invol- 
ving the breaking of one metal-oxygen bond 
which consequently lowers the coordination 
number. In our case, the breaking of one bond 
leads to a 7 coordinated uranium which is not 
likely, while the 9 coordinance is more favorable. 
Adams and Larsen (5) have reported a faster 
ligand exchange for thorium(1V) than for zir- 
conium(1V) and hafnium(1V) chelates. The ex- 
change rate for a uranium(1V) chelate is found 
to be similar to that of the corresponding tho- 
rium(IV) chelate. A possible explanation of this 
behaviour is the existence of an accessible ninth 
coordination site which confers to the actinide 
complexes a greater lability as compared to 
transition metal complexes. 
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Cyclization of glycol monoesters to give hemiorthoesters: a test of the 
thermochemical method for determining free energies of 

tetrahedral intermediates 

Department of Chemistty, University of Western Ontario, London, Ont., Canada N6A 5B7 
Received November 9, 19762 

J. PETER GUTHRIE. Can. J. Chem. 55,3562 (1977). 
From calorimetric heat of formation data, free energies of cyclization (to the hemior- 

thoester) for the following glycol monoesters have been calculated: ethylene glycol mono- 
formate, + 7.54; ethylene glycol monoacetate, + 10.72; pinacol monoformate, + 3.21 ; ethylene 
glycol monotrifluoroacetate, + 2.83; pinacol monotrifluoroacetate, - 3.38. The latter two 
results are shown to be in satisfactory agreement with experimental results. This investigation 
represents a further test of the therrnochemical method for calculating free energies of tetra- 
hedral intermediates in acyl transfer reactions which was reported earlier. 

In the course of this work, various thermochemical quantities were determined. Heats of 
reaction for the process: 

R2C-0\  ,OR' I R 2 C - 4 x 0 - R "  I /C, (1) + H20(1) = x ( (as) + RIOH(aq) 
RZC-0 R" RzC-OH I 

I R2C-0H 
+ (1 -x) 1 (as) + R"-CO--OR' (aq) 

R2C-OH I 
have been measured for three compounds: 1, R = H, R' = CH3, R" = H; x = 0.92, AH,,, 
= - 7.13 + 0.60 kcal/mol; 2, R = H, R' = CH3, R" = CH3; x = 0.98, AH,,,, = - 10.1 1 + 
0.40 kcal/mol; 9, R = CH,, R' = C,H,, R" = H; x = 0.98, AH,,, = -4.76 + 0.19 kcal/ 
mol. From these may be obtained heats of formation of the liquids: 1, - 126.01 k 0.94; 2, 
- 137.25 + 0.87; 9, - 173.87 _+ 2.09 kcal/mol. For some related esters, heats of hydrolysis 
were measured, leading to the following heats of formation of the liquids: tert-butyl formate, 
- 117.85 L- 0.80; teut-butyl trifluoroacetate, -271.28 + 1.14; pinacol monoformate, - 175.02 
i 2.12 kcal/mol. Heats of hydrolysis were measured for methoxyethyl formate and acetate, 
but in the absence of a reliable value for the heat of formation of methoxyethanol, do not lead 
to calorimetric heats of formation. Equilibrium constants for formation of the monoesters of 
ethylene glycol with formic, acetic, and trifluoroacetic acids were measured (nmr analysis of 
equilibrated solutions) and lead to free energies of hydrolysis of -2.34, - 1.65, and -2.75 
kcal/mol respectively. 

J. PETER GUTHRIE. Can. J. Chem. 55,3562 (1977). 
On calcule, a partir des enthalpies de formation, obtenues par calorimetric, les energies libres 

de cyclisation (pour former I'hCmiorthoester) des monoesters de glycol suivants: le mono- 
formiate d'ethylene glycol, + 7.54; le monoacetate d'ethylkne glycol, + 10.72; le monoformiate 
de pinacol, + 3.21 ; le monotrifluoroacetate d'ethylene glycol, +2.83; le monotrifluoroacetate 
de pinacol, -3.38. Ces deux derniers resultats sont en bon accord avec les rBsultats experi- 
mentaux. Cette etude represente un autre essai de la methode thermochimique pour le calcul 
des energies libres des intermediaires tetrahedriques dans les reactions de transfert de groupes 
acyle rapportbe antkrieurement. 

Dans ce travail, plusieurs entites thermochimiques sont dkterminees. Les chaleurs de reaction 
pour le processus suivant : 

I R2C-OH 
+ (1 - x)  I .(as) + R"-CO--OR' (aq) 

R2C-OH 

R C O\ /OR' 
C ( I ) + H 2 0 ( I ) = x  

R2C-0 R" 

'Alfred P. Sloan Fellow, 1975-1977. 
ZRevision received May 5, 1977. 

R2C-4-CO-R" 
I (as) + RIOH(aq) 

R,C-OH I 
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GUTHRIE 

sont mesurtes pour trois composes: 1, R = H, R' = CH,, R" = H ;  x = 0.92, AHobs = 
-7.13 f 0.60 kcal/mol; 2, R = H, R' = CH,, R" = CH,; x = 0.98, AHobs = -10.11 f 
0.40 kcal/mol; 9, R = CH3, R' = C2H,, R" = H; x = 0.98, AHob, = -4.76 ) 0.19 kcal/ 
mol. De ces donntes, on peut obtenir les chaleurs de formation des liquides; 1, - 126.01 ) 
0.94; 2, -137.25 + 0.87; 9, - 173.87 f 2.09 kcal/mol. A partir des mesures des chaleurs 
d'hydrolyse de quelques esters analogues, on obtient les chaleurs de formation suivantes des 
liquides: formiate de tert-butyle, - 117.85 + 0.80; trifluoroacttate de tert-butyle, -271.28 f 
1.14; monoformiate de pinacol, -175.02 + 2.12 kcal/mol. Les chaleurs d'hydrolyse sont 
obtenues pour le formiate et l'acttate de mtthoxytthyle; n'ayant pas une bonne valeur de 
chaleur de formation du mtthoxytthanol, il n'est pas possible de calculer les chaleurs de for- 
mation calorimetriques. Les constantes d'tquilibre de formation des monoesters d'kthylene 
glycol par les acides formique, acttique et trifluoroacttique sont mesurtes (analyse rmn des 
solutions tquilibrtes), puis on en dtduit les tnergies libres d'hydrolyse qui sont respectivement 
de -2.34, - 1.65 et - 2.75 kcal/mol. 

[Traduit par le journal] 

Introduction 
The vast majority of acyl transfer reactions 

proceed by way of tetrahedral intermediates (I), 
although other mechanisms intervene for some 
special situations (2). These intermediates are 
normally much too unstable to be detected, 
although stable analogs are known in the form 
of orthoesters and related compounds (3). In 
some cyclic or polycyclic compounds species 
analogous to the tetrahedral intermediates in 
ester hydrolyses, i.e. orthoacid diesters or 
hemiorthoesters, are thermodynamically favored 
relative to the ordinary ester plus alcohol (4, 5). 
There have been to date only two cases where 
the equilibrium constant for formation of a 
neutral tetrahedral species has been directly 
measured (4, 5), and one for formation of an 
anionic species (6, 7). 

Recently, a method has been developed for 
evaluating the free energies of formation of 
tetrahedral intermediates (7-lo), starting with 
the free energies of formation of the orthoester 
analogs. The basis of this method is that the 
dependence of the (symmetry corrected) free 
energy change for process [I] upon steric and 
electronic factors can be evaluated for alcohols, 

I I 
[I]  -C-OR + H 2 0  -C-OH + ROH 

I I 
carbonyl hydrates, and hemiacetals from experi- 
mental data, and then (with a small extra- 
polation) applied to orthoesters. All available 
data for free energies of formation of ethers and 
alcohols and for equilibrium constants for 
hemiacetal and acetal formation involving 
methanol or ethanol and carbonyl compounds 
could be fitted to a straight line relating AGO 
to Co*, once steric and symmetry factors were 
allowed for (10). 

This proce&re has been applied to esters 

(7, 8), and amides (9), and gave results which 
were intuitively reasonable. Having a method for 
evaluating the equilibrium constant for addition 
to acyl groups should prove very useful in 
mechanistic analysis since it permits calculation 
of all the microscopic rate constants in favorable 
cases, whereas the best that can be done without 
the equilibrium constant for formation of the 
tetrahedral intermediate is to evaluate the rate 
constant for addition and the partitioning ratio. 
Indeed, the method has already been employed 
in this way (1 1). Although the basis of the method 
appears sound, it does involve an extrapolation, 
so that it seems desirable to test it as thoroughly 
as possible. 

The first such test involved the addition of 
methanol to methyl trifluoroacetate (7). The 
equilibrium constant for addition of methoxide 
ion, in methanol, to methyl trifluoroacetate to 
give the anionic addition compound is readily 
measurable. Unfortunately, a direct test of the 
thermochemical approach was not possible, 
since the hydrolysis of trimethyl orthotri- 
fluoroacetate was too slow to permit measure- 
ment of the heat of hydrolysis (7). In the absence 
of a heat of combustion for this orthoester, only 
an indirect test was possible. The equilibrium 
constailts for addition of water to the acids, 
calculated using equilibrium constants for [I], 
and starting from the free energies of forma- 
tion of trimethyl orthoacetate and trimethyl 
orthoformate, and the equilibrium constant for 
addition of methanol to methyl trifluoroacetate, 
showed a linear dependence upon o* with a 
slope similar to, but somewhat larger than, the 
slope which was observed for addition of water 
to the analogous carbonyl compounds (8). 

This paper reports another test of the method, 
employing it to calculate the equilibrium con- 
stants for cyclization of glycol monoesters to 
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hemiorthoesters. Hine et al. (5) found that 
pinacol monotrifluoroacetate (and monotri- 
chloroacetate) was partially or predominantly 
(depending upon the solvent) present as the 
hemiorthoester. For the monoesters of ethylene 
glycol the presence of the hemiorthoester could 
be demonstrated by trapping experiments, 
although it could not be detected spectroscopi- 
cally ( 5 ) .  A direct application of the thermo- 
chemical method is not practical, since the heats 
of hydrolysis of the appropriate orthoesters are 
not measurable for technical reasons (7). 
Accordingly, an indirect test has been carried 
out, by determining the heats of formation, and 
hence the free energies of formation of analogous 
orthoformates and acetates, and then calculating 
the desired free energies of formation of the 
orthotrifluoroacetates by methods based upon 
the assumption of group additivity. From these 
values, equilibrium constants for the cyclization 
reactions could be deduced; these will be seen 
to be in satisfactory agreement with the experi- 
mental values. 

Results 
Calorimetric heats of reaction and solution 

determined in this work are found in Table 1. 
For the cyclic orthoesters, it was necessary to 
determine the stoichiometry of the reaction, 
expressed as x, the fraction of hydrolysis leading 
to the glycol monoester. Nuclear magnetic 
resonance analysis of product solutions permit- 
ted the determination of the product ratio; the 
final heat of formation of the orthoester is 
relatively insensitive to experimental errors in the 
stoichiometry. In order to calculate the heat of 
formation of the orthoester from the heat of 
reaction [2], it is also necessary to have heats of 

formation for the products. Literature values are 
available for methanol, ethanol, methyl formate, 
ethyl formate, methyl acetate, ethylene glycol, 
methoxyethanol, and pinacol (see Table 2; for 
the latter two, see also the Discussion section). 

The heat of formation in aqueous solution of 
pinacol monoforn~ate could be calculated from 
the heats of hydrolysis and solution measured in 
this work. Although the monoformate and 
monoacetate of ethylene glycol are known com- 
pounds (12), it seemed likely that they would be 
difficult to obtain free of the diester and glycol 
(13). Accordingly, the heats of formation have 
been calculated on the assumption that the heat 
of hydrolysis for reaction [3] is independent of 

whether R is H or CH,, using heats of reaction 
and solution for methoxyethyl formate and 
acetate determined in this work. The heats of 
formation of the orthoesters are found in Table 
2. Entropy values were calculated by standard 
estimation procedures. Where possible, free 
energies of transfer from gas to aqueous solution 
were calculated from solubility and vapor pres- 
sure data. For those compounds which were 
excessively water soluble (methoxyethyl acetate, 
methoxyethyl formate, 2-methoxydioxolane, 2- 
methoxy-2-methyldioxolane), free energies of 
transfer were calculated by the group equivalent 
method of Hine and Mookerjee (14). 

Equilibrium constants for the formation of the 
ethylene glycol monoesters of acetic, formic, and 
trifluoroacetic acids were determined bv nmr 
analyses of solutions containing the acid, the 
glycol, and (except in the case of trifluoroacetic 
acid) 0.1 N HCl as a catalyst. The ester signal 
was integrated relative to the signal from the 
acid, or, when very little ester was present, the 
13C satellite of the signal from the acid. In some 
cases it was necessary to shift the p H  to 7 after 
equilibrium had been established in order to get 
adequate separation of the ester and acid signals, 
since the acid and not the ester undergoes 
titration and consequently the resonance posi- 
tion shifts. The results of these experiments are 
found in Table 3. Free energies of formation of 
the esters were calculated from these results and 
the free energies of formation of the other 
reactants, and are found in Table 2. The free 
energy of formation (in aqueous solution) of 
pinacol monoformate is more difficult to obtain, 
since the equilibrium is quite far on the side of 
hydrolysis. For neither pinacol nor pinacol 
monoformate could the free energy of transfer 
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TABLE 1. Heats of reaction and solutiona 

AH,,: 
Reaction (kcal mol- ') Stoichiometry 

C H 2 4  H 

1 >c< + H30' -7.13(0.60) 0.92(0.10) 
CH2-0 0-CH3 

0 
I I -16.20(0.65) 

C H 3 0 C H 2 C H 2 0 2 - H  + OH- 

I /  
CH30CH2CH20C-CH3 + OH- -16.87(0.67) 

I I  
(CH3)3 C - 0 2 - H  + OH- ' 

HCOOH + OH- ' 

Hz0 + O H  -0.29(0.03) 
(CH3 ),C-OH + OH- ' -0.27(0.11) 

(CH3)3C-O-COCF3 + OH- -12.88(0.57) 

CF3COOH + OH-' - 13.63(0.55) 

'For aqueous solutions unless otherwise specified. 
"verage values (normally for three tr~als) w ~ t h  standard dev~at~ons  In parentheses. 
'75% (v/v) methanol used as solvent 

be determined by the simple method involving monoformate. In the first, free energies of trans- 
solubilities and vapor pressures, since pinacol fer were calculated by methods based upon the 
forms a hexahydrate on contact with water and assumption of group additivity. From the known 
solubility and vapor pressure do not therefore free energy of transfer of ethylene glycol, and the 
refer to the same species, and pinacol mono- group contributions for CH,(C)(O), CH,(C), 
formate is miscible with water. Two methods and C(C),(O) a free energy of transfer for pinacol 
were used to calculate the free energy of pinacol could be calculated. For pinacol monoformate, a 
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TABLE 2. Thermodynamic quantities for compounds used in this papera 

Hz0 
HCOOH 
CH,OH 
CF,COOH 
HCOOCHl 
CH,COOH 
CH,CH,OH 
CH,(OH)CH,(OH) 
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TABLE 2 (Concluded) 

Compound AHro(gIb s o ( &  AGr0(glb AH,b.d AHro(l)b AHs0lnfi,' AHr0(adb AGtb.f AGro(aq)b. q 

(CH,),C-0, ,CF, 

1 /C \  
(CH,),C-0 OCH, 

OAt 25°C; standard states are ideal gas at 1 atm, pure liquid, and 1 M aqueous solution with an infinitely dilute reference state, unless otherwise noted. Quantities in parentheses are estimated 
standard deviations. Quantities in brackets were estimated by group additivity; an asterisk indicates an ideal quantity, calculated assuming no hydrogen bond is present. 

bkcal mol-I. <cal deg-I mol-I. dHeat of vaporization. eHeat of solution, liquid to infinitely dilute aqueous solution, unless otherwise noted. fFree energy of transfer, gas at  1 atm to 
1 1M aqueous solution with an infinitely dilute reference state. Gtandard state is infinitely dilute aqueous solution. "eference 34a. 'Standard state is the pure liquid. JReference 15. 
kReference 14h. 'Reference 15 '"Calculated from other values in this table. nReference 8. 'Reference 36. PReference 37. ?Reference 9 .  'Reference 38. SReference 14. .-.-.--- ~.. . .. .....- ~~ .. -. . ~. ~-~~ 

'Reference 39. "Reference 40 .  ". P. Guthrie. Unpublished results. '+Reference 1 4 .  'Reference 7. ,.An old value of uncertain reliability (see ref. 15). *Reference 41.  ""Calcu- 
lated by group additivity, after ref. 14, using the distant polar interaction correction for ethylene glycol. bfiCalculated as described in the text. '<Reference 42. ddThis work. ==Estimated 
from the boiling point (see text). "Estimated from the entropy of a model compound (see text). ggCalculated from the heats of hydrolysis and vaporization given in ref. 40 .  hhReference 43. 
iiEstimated by the method of atomic additivity; ref. 17. "Calculated from equilibrium constants a% described in the text. Q\ 

4 
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TABLE 3. Equilibrium constants for ester formation from ethylene glycol" 

Final concentrations 

Acid Acid Alcohol Ester K(eq.Ib K(av.) AGO 

HCOOH 1.02 0.99 0.018 0.018(0.002) 0~019(0,002) 2 ,  34(0.08) 
0.97 2.00 0.040 0.021(0.002) 

"In aqueous solution at 25 i. 2°C. 
bError limits based upon the standard deviations for the integrations. 
CTotal trifluoroacetic acid concentration was 1.93 M ;  corrected for vartial ionization and medium effects 

as described in ref. 7 

TABLE 4. Free energies of hydrolysis of tertiary estersa 

Reaction 
AGO 

(kcal mol-') 

0 
I 1  

(CH3)3C-0-C-H + H z 0  = (CH3)3C-OH + HCOOH - 4.79(1.37) 

0 
l l  

(CH3)zC-0-C-H + H z 0  = (CH3)ZC-OH + HCOOH -5.12(1.40) 
I I 

'IIn aqueous solution: standard state for water is the pure liquid with unit activity. 
bcalculated from the free energy of formation data in Table 2. 

value for the free energy of transfer was cal- 
culated from the group contributions reported 
by Hine and Mookerjee, with the inclusion of 
the 'distant polar interaction' which they report 
for ethylene glycol. This is equivalent to the 
assumption that in both ethylene glycol and 
pinacol monoformate an intramolecular hydro- 
gen bond is present in the gas phase. In the 
second method, the assumption was made that 
the free energy of hydrolysis of pinacol mono- 
formate was the same as for tert-butyl formate. 
This assumption involves the subsidiary as- 
sumption that the second hydroxyl in pinacol 
does not affect the stability of the ester in a 
strongly hydrogen bonding solvent such as 
water. The agreement between the two methods 
is good (see Table 4). The free energy of forma- 
tion (in aqueous solution) for pinacol monotri- 
fluoroacetate was calculated using the assump- 
tion that the free energy of hydrolysis for this 
ester was the same as for tert-butyl trifluoro- 
acetate. The latter value was calculated from the 
heat of hydrolysis determined in this work. 

The free energies of formation for 3 and 11 
were calculated from those for 1 and 2, and 10 
respectively. The free energy of formation of 
10 was calculated from that for 9 making the 
assumption that the free energy change for 

O\ /" 

[ C 
[O'.' cH3pH CH3 0-CO-R 

0' 'OCH3 0' 'OH 
CH3 

1 R = H  4 R = H  7 R = H  
2 R = C H 3  5 R = C H 3  8 R = C F 3  
3 R = C F ,  6 R = C F ,  

CH3 
I 

CH3-C-0 R 
1 'c' 

CH~-C-0' 'OR' 
I 

CH3 
9 R = H; R' = C2H, 

10 R = H; R' = CH3 
11 R = CF3; R' = CH3 
12 R = H; R'  = H 
13 R = CF,; R' = H 
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TABLE 5. Differences in free energy of formation between 2-methoxy dioxolanes and the 
corresponding trimethyl orthoestersa 

Trimethyl 
orthoester AGfO Dioxolane AGfO AAGfob 

HC(OCH3)3 - 87.22(0.20) H\- /O-?Hz - 84.99(1.49) 2.23(1.50) 

.'In aqueous solution at 25°C; kcal mol-'. 
bAAGro = AGfP dioxolane - AGfo orthoester. 
"Calculated uslng the appropriate value for AAG 
'Assumed. 

reaction [4] was zero. Advantage was taken of 
the small, and within experimental error con- 
stant, magnitude of the difference in free 
energy of formation of 1 and trimethyl ortho- 
formate, or 2 and trimethyl orthoacetate (see 
Table 5). The corresponding quantity for the tri- 
fluoroacetates was also assumed to be constant. 
This assumption is equivalent to the assumption 
of group additivity; the particular method 
employed has the advantage of using a small 
difference in free energies of formation. Similarly 
the free energy of formation of 11 was calculated 
making the assumption that the difference in 
free energies of formation of 11 and trimethyl 

I 
-C-0 H 

(aq) + MeOH(aq) = 

-c-0 OEt 
I 

orthotrifluoroacetate was the same as that for 10 
and trimethyl orthoformate. 

Finally, the free energies of formation of 
4,5, 6, 12, and 13 were calculated from those for 
1, 2, 3, 9, and 11 by the methods previously 
described (10). 

~ h e r m o h ~ i a m i c  data for all the compounds 
discussed in this paper are found in Table 2. 
Further details of the calculation procedure are 
to be found in the Experimental. 

In principle, all of the group equivalents (and 
most of the steric interaction corrections) 
necessary to calculate AH,O(~), SO(g), and AGt for 
the compounds considered in this paper are 
available, either from the tabulations in Benson 
(17, 18) and Hine (14), or from other work. In 
order to test the predictive power of these 
methods, and also as a check on the calorimetric 
determinations, values were calculated for many 
of the compounds in Table 2. In the case of 
hydroxy compounds, no correction to AHfO(g) 
was made for hydrogen bond formation (since the 
heat of hydrogen bond formation in the gas phase 
is unknown), and therefore the 'distant polar 
interactions' correction to AG, was that for 
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RO-C-C-OR and not for HO-C-C-OH 
(14). The values so calculated are also found in 
Table 2. The agreement is quite satisfactory, and 
indicates that the group contributions approxi- 
mation is quite satisfactory for these compounds, 
provided that adequate corrections can be made 
for steric interactions. In the case of the pinacol 
orthoesters and monoesters, the magnitudes of 
the steric corrections necessary were not obvious, 
and experimental measurements were obligatory. 

Equilibrium constants for the cyclization 
reactions are found in Table 6, which compares 
the thermochemical and experimental values. 
Despite the fact that the thermochemical values 
were necessarily calculated in a rather round- 
about way the agreement is satisfactory. 

Discussion 
Thermochemical Quantities 

Several of the heat of formation values upon 
which this work is based are less reliable than 
would be desired : the values for methoxyethanol 
and pinacol are old (pre 1930 (1 5)),  and could be 
in error by several kilocalories (although the 
pinacol value is consistent with values calculated 
by the group additivity scheme, the value for 
methoxyethanol is in disagreement by 14 kcall 
mol, whether the calculated value is estimated 
directly or indirectly, starting with an estimated 
value for n~ethoxyethyl formate, and using the 
experimental value for the heat of hydrolysis). 
Although this introduces a systematic error of 
unknown magnitude into the enthalpies and free 
energies of formation of each series of esters and 
orthoesters, it does not affect the relative values 
within each series, nor the absolute values of the 
free energy changes for the cyclization reactions. 

Steric Interactions 
Several of the compounds studied in this work 

are subject to significant crowding; for these 
compounds comparison of the observed free 
energies of formation with those calculated by 
the group additivity method permits an evalu- 
ation of the magnitude of this interaction 
(subject to possible systematic errors resulting 
from the uncertainty in the heat of formation of 
pinacol)., 

3The effect of alkyl substituents upon the ease of ring 
formation (the gem-dialkyl effect) has been shown to 
result from both enthalpic and entropic contributions 
(44) for the case of six-membered rings. The 'strain 
energies' evaluated in this section will likewise contain 
both enthalpic and entropic contributions. 

For tert-butyl formate, the observed strain is 
2.53 + 2.13 kcal/mol; for tert-butyl trifluoro- 
acetate the observed strain is 3.39 f 2.72 kcal/ 
mol. These values are indistinguishable within 
experimental error, and therefore it seems prob- 
able that both esters adopt the same con- 
formation, 14, with the carbonyl eclipsing the 

tert-butyl group rather than 15, since the latter 
conformation would show a significant increase 
in crowding when R changes from H to CF,? 

For pinacol the observed strain is 2.13 f 2.85 
kcal/mol; for pinacol monoformate the strain is 
higher, 6.95 f 3.07 kcal/mol; the strain in 9 is 
only 2.07 + 2.92 kcal/mol, which is within 
experimental error the same as for pinacol. 
Cyclization of pinacol monoformate to the 
orthoester apparently provides considerable 
relief of strain. 

Free Energies of Cyclization 
In Table 6 are summarized the thermo- 

chemically derived free energies of cyclization 
which were the object of this investigation, as 
well as the experimental values of Hine et al. (5) 
which permit a test of the thermochemical 
approach. 

In calculating the probable errors for Table 6, 
it was necessary to perform a complete error 
analysis to determine the terms which actually 
contributed to the uncertainty in the change in 
free energy for cyclization. The uncertainties in 
free energy of formation in Table 2 are not 
independent quantities for related orthoesters 
and glycol monoesters. Consequently the un- 
certainties reported are in some cases signi- 
ficantly smaller than would be obtained directly 
from Table 2. 

For the monoformates and monoacetates of 
ethylene glycol, the free energies of cyclization 
are quite unfavorable (and in fact are only 
about 3 kcal/mol more favorable than for the 
analogous intermolecular reaction of methanol 
with the methyl esters (7)), so that these reactions 

4Esters normally adopt the s-tram ( Z )  conformation 
14 (49, but for tevt-butyl esters it seemed quite possible 
that there might be a shift to the E conformation 15, 
particularly in the case of the formate. This appears not 
tohavehappened. 
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TABLE 6.  Free energies of cyclization for glycol monoesters 

AGOa 

Reaction Calculated Exuerimental 

C H , 4 H  
I L 

C H 2 4 \  ,CF3 - I C 
C H , ~ '  \OH 

2.83(1.98) +(various solvents)' 
C H 2 4 C O C F ,  

(CH,)2C-O-H (CH,)zC-O\ ,,CF3 - 0.24 (eel,)' 

I L - - 3.38(2.75) - 0.56 (benzene)' 1 /c\ 
(CH,),C-0-COCF, (CH,),C-0 OH - 1 .75 (dioxane)' 

- 1 .75 (acetonitrile)' 

RIn kcal mol-1. 
bCalculated using pK, values estimated (by methods described in ref. 8) as 14.4(1.0) for HOCH,CH,OCOCF, 

and 8.8(1.0) for 6 .  
[Reference 5;  although no equilibrium constant could be measured for cyclization of HOCH,CH,0COCF3 

or its anion, it was demonstrated that some 6 was present in neutral solutions, and that extenslve cycl~zat~on 
occurred in basic solutions. 

are essentially unobservable by any direct 
method. Pinacol monoformate shows a much 
greater tendency to cyclize, although the 
equilibrium is still sufficiently unfavorable that 
the noncyclicform predominates overwhelmingly, 
and is the only species observable in the nmr 
spectrum. Comparison of Tables 6 and 7 
shows that the greater tendency for pinacol 
monoformate to cyclize, relative to ethylene 
glycol monoformate, may be attributed to relief 
of steric compression involving the methyl 
groups of pinacol. It would be of interest to see 
if molecular mechanics calculations predict an 
effect of this magnitude, but unfortunately no 
calculation for the appropriate tetramethyl 
cyclopentane appears to have been done. 

Ethylene glycol monotrifluoroacetate shows 
the expected (7) increase in cyclization tendency 
resulting from the electron withdrawing acyl 
substituent, but the equilibrium is still un- 

favorable for the neutral compound. The 
thermochemical prediction is in accord with 
experiment, since Hine et al. (5) report that none 
of the cyclic form could be detected, although 
enough of this rather acidic hydroxyl compound 
was present to be trapped by diazomethane. 
Using pK, values estimated using p*-o* cor- 
relations (7), the free energy of cyclization of the 
anion of ethylene glycol monotrifluoroacetate 
can be estimated as -4.82 i- 2.80 kcal/mol, 
which is consistent with the observation that 
addition of this ester to a solution of sodium 
2-hydroxyethoxide in ethylene glycol leads to 
rapid formation of a less basic species, presumed 
to be the conjugate base of 6, followed by a 
slower decomposition (5). 

When both of the effects which favor cycli- 
zation (electron withdrawing acyl substituent 
and steric compression by methyl substituents) 
operate together, as in pinacol monotrifluoro- 
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TABLE 7. Strain energy for crowded compounds 

Compound Ideal Experimental AAGfO(aq)" 

(CH3)BC-OCHO -76.69(1.64) -74.16(1.36) 2.53(2.13) 

(CH3)ZC-OH -84.56(1.64) -82.43(2.34) 2.13(2.85) 
I 

(CH3)3C-OCOCF3 -216.48(1.64) -213.09(2.18) 3.39(2.72) 

'In kcal mol-I; no corrections for gauche interactions. 
bDifference in strain between pinacol monoformate and pinacol. 
CCalculated including a correction for ring strain (ref. 16), but no corrections for steric interactions. 

acetate, the cyclization of the neutral ester 
becomes favored. The calculated value of - 3.38 
+ 2.75 kcal/mol, aqueous solution, is in 
satisfactory agreement with the observed value 
of - 1.75 kcal/mol in dioxane or a~etoni t r i le .~ 

The results in Table 6 show that predictions 
based upon the thermochemical method de- 
veloped in this laboratory for calculating the free 
energies of formation of tetrahedral intermedi- 
ates are in satisfactory agreement with the 
available data for cyclization of glycol mono- 
esters, and provide a means to calculate the 
equilibrium constant for cyclization in cases 
where direct measurement is impossible. The 
results in this paper constitute a further test of 
the method, which demonstrably had led to 
valid results in those cases where comparison 
with experiment has been possible, and therefore 
may be assumed to be a reliable guide when no 
other source of information is available, as is the 

5Although an experimental value for the free energy of 
cyclization for pinacol monotrifluoroacetate in aqueous 
solution would be extremely desirable, it is likely to be 
extremely difficult to measure, if it is ever possible, 
because of the rapid and irreversible hydrolysis of tri- 
fluoroacetate esters (28). The solvent effect has been 
attributed (5) to the need for a hydrogen bond accepting 
solvent to stabilize the cyclic hemiorthoester, which 
cannot form an intramolecular hydrogen bond as can the 
acyclic tautomer. However, the well known insensitivity 
of hydrogen bond strength to acceptor basicity (46), 
which is borne out by the identity of equilibrium con- 
stants in dioxane and acetonitrile, despite the very 
different basicities of the solvents, suggests that the 
equilibrium constant in water will be very similar to that 
in acetonitrile. 

case for almost all tetrahedral intermediates in 
acyl transfer reactions. 

Furthermore, the results in Table 2 show that 
the free energies of formation of the orthoesters 
could be calculated quite successfully by the 
group additivity methods of Benson and co- 
workers (17, 18) and Hine and Mookerjee (14) 
in the absence of severe steric interactions. For 
many classes of organic compounds calculations 
by these methods deserve to be considered com- 
petitive with experiment as sources of thermo- 
dynamic information. Calculations of this sort 
coupled with extrathermodynamic relations of 
the sort used to obtain free energies of forma- 
tion of tetrahedral intermediates from free 
energies of formation of orthoesters (7-10) are 
potentially a very powerful source of information 
otherwise unobtainable concerning the energetics 
of reaction intermediates. It is the thesis of this 
paper that these calculational methods deserve 
to be included in the standard armamentarium 
of the physical organic chemist engaged in 
studying the mechanisms of reacticns in solution. 

Experimental 
Materials 

Ethylene glycol, methoxyethanol, triethyl ortho- 
formate, trimethyl orthoformate, trifluoroacetic acid, 
and tert-butyl alcohol were reagent grade chemicals, 
redistilled before use if necessary. Pinacol was freed of 
water by azeotropic distillation with benzene and recry- 
stallized from benzene - petroleum ether and then pen- 
tane; mp 41.5-44"C; lit. (19) mp 42.544.5"C. 

Methoxyethyl formate was prepared by the method of 
van Es and Stevens (20) for alkyl formates; bp 126.5- 
128.5"C; lit. (21a) bp 131°C. Methoxyethyl acetate was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUTHRIE 3573 

prepared from methoxyethanol and acetic anhydride; 
bp 6466°C (12 Torr); lit. (21b) bp 144°C. 1 and 2 were 
prepared by exchange reactions from the trimethyl 
orthoester and ethylene glycol (2lc); bp (1) 126-129°C; 
lit. (21b) 129.5"C; (2) 129°C; lit. (22) 132-134°C. 9 was 
prepared from triethyl orthoformate and pinacol by the 
method of Crank and Eastwood (23); bp 78-80°C 
(12 Torr); lit. (23) bp 72-75°C (17 Torr); 168-172°C. 7 
was prepared from 9 by partial hydrolysis (23); 9 was 
dissolved in 0.001 N HCI, allowed to stand a few minutes, 
neutralized with bicarbonate, and extracted repeatedly 
with ether; bp 80-82.5"C (12 Torr); lit. (24) bp 84-85°C 
(18 Torr). Tert-Butyl formate was prepared by the 
method of Stevens and van Es (20,25); bp 82"C, Ilt. (25) 
bp 83°C. tert-Butyl acetate was prepared by the method 
of Hauser et al. (26); bp 96°C; lit. (26) bp 97°C. tert- 
Butyl trifluoroacetate was prepared by the method of 
Bourne et al. (27); bp 84.5"C; lit. (27) bp 85-86°C. All 
compounds were checked for purity by nmr spectroscopy. 

Methods 
Heats of reaction and solution were measured using a 

simple Dewar calorimeter of the kind previously de- 
scribed (9). Solubilities were measured as previously 
described (7), by nmr analysis of equilibrated samples, 
integrating relative to suitable internal standards. In this 
way were measured the following solubilities in water at  
25 + 2°C: 1, ca. 3 M; 2, ca. 2 M; tert-butyl formate, 
0.30 , 0.3 M ;  tert-butyl acetate, 0 043 f 0.004 M ;  
9, 0.104 f 0.001 M ;  methoxyethyl formate and acetate 
were miscible with water as was 7. Since tert-butyl tri- 
fluoroacetate hydrolyzes rapidly (28), its solubility was 
estimated from that of tert-butyl acetate using the 
relationship between solubility and hydrophobicity 
(measured by Hansch 7-c values (29)) (30) and the 7-c values 
for CH, and CF, bound to carbonyl groups (31). 

The stoichiometry of the hydrolysis of 1, 2, or 9 was 
determined by nmr analysis of a solution obtained from 
100 ~1 of the orthoester in 1.0 ml of 0.001 N HC1. A lower 
concentration of HCI than in the calorimetric measure- 
ments was used to slow the hydrolysis of the esters which 
are the immediate products of hydrolysis from the 
orthoesters. Error analysis shows that the final results are 
insensitive to errors in the stoichiometry. 

Equilibrium constants for ester formation were deter- 
mined by dissolving weighed amounts of acid and al- 
cohol, with l ml of l N HC1 in a known total volume 
(made to 10 ml with water). After standing overnight a t  
room temperature (24 f l°C), the solutions were analyzed 
by nmr. If the acid and ester peaks were not resolved, a 
portion of the equilibrium solution was titrated to p H  7 
(pH meter) using saturated aqueous Na3P04. Ionization 
of the carboxylic acid caused a chemical shift sufficient for 
easy resolution of the ester and 'acid' peaks. 

For this work, the literature value of the heat of 
formation of solid pinacol was used. The heat of vapori- 
zation was estimated from the available boiling point data 
(bp 173°C a t  762 Torr, bp 85°C at 21 Torr) by fitting to 
the Antoine equation 

logp  = A - B/(t + C )  

with C = 230. Empirically this equation has been found 
to correlate vapor pressure data for a wide range of 
compounds remarkably well (16). The heat of vapori- 
zation of the liquid was then calculated from the deriva- 

tive of this equation; the value so obtained was 14.08 
kcal/mol. The heat of melting was estimated by assuming 
that the entropy of melting is the same as that for tert- 
butyl alcohol, i.e. 5.32 eu (15). Then from the melting 
point (41°C), the heat of melting is 1.67 kcal/mol, and the 
heat of sublimation is 15.75 kcal/mol. For methoxy- 
ethanol, the heat of formation employed for calculations 
was that derived from the heat of hydrolysis of meth- 
oxyethyl formate, starting with the heat of formation of 
the ester estimated by the group additivity method. 

Calculations 
Vapor pressures were calculated from the normal 

boiling point using heats of vaporization estimated using 
the Wadso equation (32), and an average value of - 12 
cal deg-' mol-' for the heat capacity of vaporization 
(33). When the only available boiling point was at  
reduced pressure, the normal boiling point was estimated 
by iterative solution of the equation obtained by sub- 
stituting the Wadso equation into the integrated equation 
for In p as a function of T.'j 

Free energies of transfer were calculated from vapor 
pressure and solubility data as previously described (8). 
Entropy Values 

Wherever possible, entropy values were taken from 
standard compilations (15, 34); where no literature values 
were available, the entropies were estimated by accepted 
procedures, using, in order of preference, the methods of 
substitution (15), starting with the analogous hydro- 
carbon (for I), the method of group contributions (18) 
(for methoxyethanol, 2, tert-butyl formate, methoxyethyl 
acetate, pinacol, pinacol monoformate, and 9), and the 
method of atomic contributions (17) (for tert-butyl 
trifluoroacetate). 
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Metal-ion oxidations in solution. Part XX.' The mechanism of 
the reaction of thallium(II1) with 2-mercaptosuccinic acid 

in perchlorate media 
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and 
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ZAHID AMJAD, JOHN G .  CHAMBERS, and ALEXANDER MCAULEY. Can. J. Chem. '55, 3575 
(1977). 

The oxidation of 2-mercaptosuccinic (thiomalic) acid (HRSH) by thallium(II1) proceeds via 
an inner sphere mechanism. Spectrophotometric and kinetic evidence are provided for the 
formation of a sulphur-bonded thallium(II1) intermediate. The data are consistent with the 
reaction scheme 

Kz kz 
TIOHZ+ + HRSH [T1SRHI2+ + Tl(I1) + HRS' 

in which the complex decomposes via a one-electron intramolecular transfer k2 = 3.8 x low4 
s-' at 25"C, with Kz = 1650 M-'. The enthalpy of activation AHz+ for the redox reaction 
(11.8 f 1.2 kcal/mol) is considerably smaller than for other systems of this type and reflects 
the greater ease of reaction. Comparison is made of possible one- and two-electron transfer 
pathways. 

ZAHID AMJAD, JOHN G. CHAMBERS et ALEXANDER MCAULEY. Can. J. Chem. 55,3575 (1977). 
L'oxydation de I'acide mercapto-2 succinique (thiomalique) (HRSH) par le thallium(II1) 

procede selon un mtcanisme "sphere interne". Les rksultats des mesures spectrophotomCtriques 
et cinetiques sont en faveur de la formation d'un complexe intermkdiaire prksentant une liaison 
soufre-thallium(II1). Ces resultats sont en accord avec le schema reactionnel suivant: 

Kz kz 
T10H2+ + HRSH [T1SRHlZ+ 4 TI(I1) + HRS' 

dans lequel le complexe intermediaire se dkcompose par transfert intramolkculaire d'un electron 
( k ~  = 3.8 X 104s-I et KZ = 1650 M-' a 25°C). L'enthalpie d'activation AH2+ pour la 
rtaclion d'oxydation-reduction (1 1.8 + 1.2 kcal mol- ') est considCrablement plus petite que 
pour d'autres systemes du meme genre et reflete une plus grande reactivitk. On fait une com- 
paraison entre la possibilite d'un processus par transfert d'un ou de deux tlectrons. 

[Traduit par le journal] 

Thallium(II1) has recently been used as a mild Recently, the stopped-flow technique has been 
oxidant in the reactions of a variety of organic used to investigate the oxidation of catechol and 
compounds (2, 3). Most of these oxidations have other 1,2- and 1,4-dihydroxybenzenes (5-7). In 
been carried out in acetate media owing to these reactions there is no spectroscopic or 
solubility problen~s associated with more polar kinet~c evidence for any precursor complex for- 
media. In some instances, nitrate, sulphate, and mation prior to the electron transfer step except 
chloride salts have been investigated in aqueous in the case of the adrenaline oxidation (7) where 
solutions but difficulties in interpretation arise kinetic parameters are suggestive of the existence 
from the presence of several reactant Tl(II1) of an intermediate. Spectrophotometric evidence 
complexes (4). The situation is somewhat clearer for complex formation in Tl(II1) oxidations of 
in perchloric acid media where there is less this type was first provided by Halvarson and 
tendency for con~plexatioii between TI3' and Halpern (8) in the reaction with formic acid. 
C10,- to occur. Kinetic analysis of the reaction with phosphor- 

ous acid (9) is also consistent with an initial pre- 
.... . 

'For Part XIX, see ref. 1. equilibrium. 
'Present address: Department of Chemistry, University The oxidation of sulphur-containing substrates 

of Victoria, Victoria, B.C., Canada V8W 2Y2. by various metal ions has been the subject of 
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0.14 C 

FIG. 1. Spectrum of Tl(II1)-thiomalic acid intermediate. T = 25'C; [Hf ] = 1.00 M ;  I = 2.00 M. 
(0) [TI(III)] = 3 x M, [thiomalic acid] = 3 x M ;  ( x ) [TI(III)] = 3 x M, [thio- 
malic acid] = 3 x M ;  (-) [TI(III)] = 3 x M. 

numerous investigations and in many instances due account being taken of the protons liberated in the 
(e.g. with ~e(111) (lo), V(V) (1 I), &(vI) (12)) peroxide reduction. ~reshly   re pared T I ( C I O ~ ) ~  solution 
intermediates have been characterized from (ca. 0.225 MT13+ in 6.39 M HC104) was found to contain 

less than 0.1% Tl(1) and storage at - 5'C in a dark bottle 
initial absorbance changes. There are, however, showed a content of i0.3% after months, 
no data available on the reactions of thallium(II1) Thiomalic acid (Evans Chemetics or Koch-Light . , - 
with thiols and it is of interest to examine (pure)) was used. In some instances material re-crystal- 
whether ~ 1 ( r 1 1 ) - ~ ~ l ~ h ~ ~  bonded complexes have lized from ethanol was also reacted. The preparation and 

standardization of sodium perchlorate, lithium per- 
any significant in &lorate, and perchloric acid have been described 
aqueous media. In the present study, the reaction previously (10). 
with thiomalic acid (2-n~erca~tosuccinic acid) The wroduct disulvhide was identified swectroscowicallv. 
has been investigated at various ligand and whereas the thiol shows only a broad band in the range 

hydrogen ion concentrations using stopped-flow 200-230 nm, the disulphide exhibits a peak at 215 nm. 
On reacting solutions of TI(II1) and thiol in 0.5 M 

and conventional methods. HCIOa. the spectrum produced was identical to that 

Experimeiital 
Thallium(II1) perchlorate was prepared by dissolution 

of T120, (Koch-Light 99.99% pure) in 5-7 M HC104 at 
60-70°C over a period of 6-8 h. An alternative approach 
was also used where after reaction of T12C03 with excess 
HC104, the washed acidified slurry of thallium(1) per- 
chlorate was electro-oxidized at room temperature until 
all the metal ion was dissolved. The thallium(II1) con- 
centration was determined by dilution of a known volume 
of the stock to yield a solution less than 0.5 M in HC104. 
Addition of 2% KI was followed by litration against 
sodium thiosulphate. The end point was marked by the 
change from dirty blue to the clear yellow of the pre- 
cipitate of thallium(1) iodide. The thallium(1) content of 
the stock was determined following addition of HC1 by 
titration with potassium iodate with chloroform as indi- 
cator. The analytical hydrogen ion concentration was 
determined by dilution, reaction with H 2 0 2  to reduce the 
metal ion and after cooling, titration with standard base, 

obtained on treatment-of a solution of the thiol with 
hydrogen peroxide which is known to yield the di- 
sulphide. 

Kinetic Measurements 
The reactions were investigated in an excess of thio- 

malic acid in order to maintain the disulphide as product 
and to minimize any overoxidation which has been ob- 
served previously in reactions of this type (13). A modified 
two-jet mixer stopped-flow system incorporated into a 
Unicam SP800 spectrophotometer was used for most 
kinetic runs although at low temperatures either a SP800 
or Cary 17 spectrometer with thermostatted cell holder 
was used to monitor the absorbance changes directly. 
In a typical experiment, reactant solutions were prepared 
immediately prior to use. Comparison of optical densities 
at h = 280 nm of 'blank' solutions in which Tl(II1) was 
diluted with acid perchlorate solution with those where 
thiomalic acid was present indicated the formation of a 
complex within the time of mixing. Data derived under 
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TABLE 1. Observed rate constants at various mercaptosuccinic acid (HRSH) acid 
hydrogen ion concentrations, [TI(III)] = 3.0 x M, I = 2.00 M, h = 308 nm. 

Slopes (S) and intercepts (I) were derived from plots according to eq. lla 

'Unweighted least-squares treatment. 
b h  = 330 nm. 
C h  = 290 nm. 
dh = 350 nm. 
'Using degassed solutions. 

differing sets of conditions are presented as the spectrum 
of the intermediate in Fig. 1. In previous reactions where 
complexes have been identified it has been possible, in 
some instances where the equilibrium constant is low, to 
evaluate K from the initial absorbance changes (10). 
Attempts to derive this information by this method were 
unsuccessful probably owing to a fairly high formation 
constant with consequent virtual total complexing of the 
metal present (vide infra). The subsequent redox reactions 
were monitored at h = 290-350 nm. The [H+] range 
studied was 0.25-1.00 M a t  a total ionic strength of 2.00 
M. All experiments were conducted in the presence of air 
which was shown to have no detectable effect on the 
observed rate constants Reactions carried out under 

nitrogen with solutions previously de-gassed yielded the 
observed rate constants to within experimental error 
(Table 1). Although air sensitivity has been found for the 
Np(V1) oxidation of thiols, this has not been shown to 
be the case for the corresponding cerium(1V) oxidations 
(14). 

Results and Discussion 

The stoichiometry of the reaction was deter- 
mined by spectrophotometric titration of the un- 
reacted thiomalic acid present in the mixture 
(14). Typical reaction conditions were [Tl(III)] = 
5-12 x lo-' M, [thiol] = 5.2 x M, 
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[Ht] = 1.2 M and three evaluations yielded a various [Ht] and [HRSH] are presented in 
ratio of 2.1 f 0.3 mol of thiomalic acid (HRSH) Table 1. 
reacting per mole of metal ion, consistent with The inverse hydrogen ion dependence may be 
the reaction correlated with the hydrolytic equilibrium of 

[I] TI(II1) + 2HRSH -+ Tl(1) + HRSSRH + 2H+ TI,:' and using a hydrolysis constant K, = 
0.073 M (15), the aquated metal ion TI,:+ is 

The ~verall kinetics may be adequately repre- present, under the experimental conditions used, 
sented by the following reaction scheme to the extent of 78-94Z. An alternative origin of 

K1 

Ti3+ + HRSH [TIHRSHI3+ 

K2 
T10H2+ + HRSH [T1SRHl2+ + H 2 0  

k2 
[T1SRHl2+ + Tl(I1) + HRS' 

k3 
[TI(II)I + HRSH TI(1) + FIRS. + H+ 

k4 
2HRS' + HRSSRH 

the effect may derive'from equilibrium 5 where 
K,K, = K,K,. It is impossible to distinguish 
kinetically between reaction combinations [2] 
and [4], and [3] and [5] as to the route for for- 
mation of [T1SRHI2+. An equilibrium similar to 
[5] has been favoured, however, in the oxidation 
of H202  (16) and hypophosphorous acid (9). 

According to [I l l  at constant [Ht], plots of 
kOb,-l against [HRSHI-' should be linear and 
this is observed. Using the slope (S) and intercept 
( I )  values derived (Table 1) the following equa- 
tions may be evaluated 

and 

Further hydrolysed species of Tl(II1) and the 
proton-dissociated carboxylate anion form of the In order to calculate the rate and equilibrium 
ligand are also possible reactants but at the parameters, accurate values for K, are required. 
hydrogen ion concentrations used, the amounts There appears to be little dependence of this 

of such species present in solution would be very equilibrium constant on ionic strength (15, 17, 
Inw 18) and the data used in this study are extrapol- .., ,, . 

Providing the protolytic reactions are fast, and ated from those at various at 
the electron transfer sufficiently slow such that l.OO M. the side eq. l 3  
k,, k, >> k,, k, then in an excess of substrate the showed the to be independent of LHi] 

decrease of TI(II1) may be described as (Table 2). It would thus appear that only one 
complex, namely [T1SRHI2+, predominates in 

and using the above scheme, the observed rate 
constant, k,,,, may be expressed in the form 

Kinetic runs showed good linearity of first order 
plots to 80-902 reaction. Measured values at 

TABLE 2. Determination of equilibrium 
constants using eq. 13 
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AMJAD ET AL. 1 

TABLE 3. Equilibrium and rate constants and thermodynamic parameters 

TPC Kz Kh I O - ~ K ~ / M - '  104k2/s -' 
7.8  84.7k  1.4 

20.7 127 +6 
25.0 129 +8 
30.0 184 +9  

AHz = - 4 . 4 f  1.0 kcal/mol 
ASz = 0+ 3 cal deg-' mol-' 

AHz * = 5.98 + 1.2 kcal/mol 
AS2 * = - 7 f 6 cal den-' mol-' 

the rate determining redox step. The spectrum 
shown in Fig. 1 probably closely approximates 
that of a Tl(II1)-S bonded con~plex. The value 
at 25°C of the equilibrium constant for the 
reaction 

may be computed to be 129 + 8. 
Modification of eq. 11 to exclude terms in- 

volving k, and K,, which are negligible under the 
experimental conditions, thus allows for the 
evaluation of the redox rate constant k,. Values 
at various temperatures together with associated 
thermodynamic data are presented in Table 3. 
The associated activation enthalpy is 11.8 + 1.2 
kcal/mol. This value is substantially lower than 
that for reaction of the oxygen bonded com- 
plexes: 26.0 (formic acid) (8), and 27.8 kcal/mol 
(oxalic acid) (19) respectively. This may be the 
result of a greater degree of electron delocaliza- 
tion in the TI-S bond compared with that in 
T1-0. 

Unfortunately there are few data available 
with which to make comparisons. Also, the 
reaction is too slow to allow for detection of 
radical intermediates of this substrate. With the 
one-electron oxidants Fe(II1) (20) and Cu(I1) 
(21) a rate determining dimerisation provides a 
low-energy pathway for electron transfer via a 
four-centre M,S, system which yields disulphide 
without radical formation. In cases where two- 
electron transfer reactions have been encountered 
(e.g. Cr(VI) + cysteine (12) or thioureas (22)) 
2 mol of thiol are generally incorporated in the 
transition state. Since there is no evidence for 
any second-order kinetic term in reductant (and 
little change in the uv spectrum in the presence 
of a 10-fold excess of mercaptosuccinic acid 
confirms the absence of significant build-up of 
1 :2  complexes, see Fig. 1) it may be assumed 
that the rate determining reaction is a one- 
electron transfer to TI(I1) and the organic radical. 

Tl(I1) has been shown recently to be a powerful 
oxidant (23) and a rapid second reaction to 
produce Tl(1) with formation of another RS' 
species would be consistent with the observed 
stoichiometry. It is considered unlikely that 
thallium(II1) is a sufficiently strong oxidant to 
undergo a two-electron reaction to give RSf 
which could react with a second mole of thiol to 
yield the disulphide. More data are required on 
reactions of this type especially to enable com- 
parisons to be made of Tl(II1)-0 and Tl(II1)-S 
bond types. Attempts are currently underway to 
measure the reaction rates of the initial com- 
plex formation in order to provide much needed 
detail on the reactivity of Tl(II1) aquo-ions. 

Acknowledgements 
One of us (Z.A.) wishes to thank the University 

of Glasgow for the award of a Demonstrator- 
ship. Support from the Science Research Council 
(U.K.) and the National Research Council of 
Canada is acknowledged. 

1 .  A. MCAULEY and M. A. OLATUNJI. Can. J. Chem. 
55,3335 (1977). 

2. A. MCKILLOP, B. P. SWANN, M. E. FORD, and E. C. 
TAYLOR. J .  Am. Chem. Soc. 95, 3641 (1973). 

3. J .  E .  BYRD and J. HALPERN. J. Am. Chem. Soc. 95, 
2586 (1973). 

4. K .  S. GUPTA and Y. K. GUPTA. Inorg. Chem. 14,2000 
(1975). 

5. E .  MENTASTI, E .  PELIZZETTI, E. PRAMAURO, and G. 
GIVAUDI. J .  Inorg. Nucl. Chem. 37, 537 (1975); E .  
MENTASTI, E. PELIZZETTI, and E. PRAMAURO. J. In- 
org. Nucl. Chem. 37, 1733 (1975). 

6. E. PELIZZETTI, E. MENTASTI, M. E. CARLOTTI, and 
G. GIRANDI. J. Chem. Soc. Dalton Trans. 794 (1975). 

7 .  E .  PELIZZETTI, E. MENTASTI, E. PRAMAURO, and M. 
E. CARLOTTI. Gazz. Chim. Ital. 105,307 (1975). 

8. H .  N .  HALVORSON and J. HALPERN. J. Am. Chem. 
SOC. 78,5562 (1956). 

9. K. S. GUPTA and Y. K .  GUPTA. J.  Chem. Soc. A, 256 
(1970). 

10. A. G. LAPPIN and A. MCAULEY. J.  Chem. Soc. Dalton 
Trans. 1564 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3580 CAN.  J .  CHEM. VOL. 5 5 .  1977 

11. W. F. PICKERING and A. MCAULEY. J .  Chem. Soc. A, 
1173 (1968). 

12. J .  P. MCCANN and A. MCAULEY. J .  Chem. Soc. Dal- 
ton Trans. 783 (1975). 

13. C. J .  WESCHLER, J .  C. S U L L I V A N ,  and E. DEUTSCH. 
Inorg. Chem. 13,2360 (1974). 

14. D. K .  LAVALLEE, J .  C. SULLIVAN, and E. DEUTSCH. 
Inorg. Chem. 12, 1440 (1973). 

15. G.  BIEDERMAN. Ark. Kemi, 6,527 (1964). 
16. P. D.  SHARMA and Y. K .  GUPTA. J .  Chem. Soc. Dal- 

ton Trans. 81 (1975). 
17. B .  M. THAKURIA and Y.  K .  GUPTA. J .  Chem. Soc. 

Dalton Trans. 77 (1975). 

18.  T .  E .  ROGERS and G .  M.  WAIND.  Trans. Faraday Soc.  
57, 1360 (1961). 

19. L.  B.  MONSTEAD, 0 .  MONSTEAD, and G.  NORD. 
Trans. Faraday Soc. 66,936 (1970). 

20. K.  J .  ELLIS, A.  G .  LAPPIN, and A. MCAULEY. J.  
Chem. Soc.  Dalton Trans. 1930 (1974). 

21. A. G.  LAPPIN and A. MCAULEY. Unpublished data. 
22. M. A.  ~ L ~ T U N J I  and A. MCAULEY. J .  Chem. Soc.  

Dalton Trans. 683 (1975). 
23. B. FALCINELLA,  P. D. FELGATE, and G .  S .  LAW- 

RENCE. J .  Chem. Soc.  Dalton Trans. 1367 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Metal-ion oxidations in solution. Part XXI.' Kinetics and mechanism of 
the reaction of ascorbic acid, hydroquinone, and catechol 

with 12-tungstocobaltoate(III) 
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ZAHID AMJAD, JEAN-CLAUDE BRODOVITCH, and ALEXANDER MCAULEY. Can. J. Chem. 55, 
3581 (1977). 

The mechanisms of oxidation of the three di-hydroxy substrates in the title reactions have 
been investigated in acid media [HCIO,] = 0.04-1.00 M, at an ionic strength of 1.0 M [LiCIO,] 
over the temperature range 5-35°C using the stopped-flow method. In contrast to the reactions 
of hydroquinone (k2(25"C) = 1.43 x 10, M - '  s-' , AH* = 3.6 + 0.4 kcal mol-I, AS* = 
-34 + 8 cal deg-' mol-') and catechol (k2(25"C) = 9.5 x 102M- '  s-', AH* = 5.9 _+ 0.9 
kcal mol-', AS* = 27 + 8 cal deg-I mol-I) where no hydrogen ion dependence is observed 
over the range studied, the rate variations of oxidation of ascorbic acid (H2A) are consistent 
with two reactions involving H2A (k, = 77.4 M- '  s-I, AH* = 4.5 , 0.6 kcal niol-', AS* = 
-35 + 5 cal deg-I mol-') and HA- (k ,  = 2.41 x lo5 M - '  s-' , AH* = 2.0 + 1 kcal mol-', 
AS* = - 17 + 6 cal deg-I mol-I). The dissociation constant of ascorbic acid has been re- 
determined over the temperature range studied. Solvation effects are considered important in 
these outer-sphere systems, which may be discussed in terms of the Marcus relationship. Com- 
parisons with related reactions are discussed. 

ZAHID AMJAD, JEAN-CLAUDE BRODOVITCH et ALEXANDER MCAULEY. Can. J.  Chem. 55, 3581 
(1977). 

On Ctudie par la mCthode du flux stoppC les mkcanismes d'oxydation des trois substrats 
dihydroxylks figurant dans le titre, en milieu acide [HCIO,] = 0.04-1.00 M, pour une force 
ionique de 1.0 M [LiCIO,] et dans un Ccart de temperature de 5-35°C. En comparaison avec les 
rkactions de l'hydroquinone (k2(25"C) = 1.43 x lo4 M-'  s-I, AH* = 3.6 _+ 0.4 kcal mol-I, 
AS* = -34 + 8 cal deg-' mol-I) et du catechol (k2(25"C) = 9.5 x 102 M - '  s-', AH* = 
5.9 + 0.9 kcal mol-I, AS* = 27 + 8 cal deg-I mol-I) ou il n'y a pas de dependance avec 
I'aciditk du milieu dans l'ecart Ctudik, les variations de la vitesse d'oxydation de l'acide as- 
corbique (H2A) sont en accord avec les deux reactions impliquant les espkes H2A (k, = 
77.4 M- '  s-I, AH* = 4.5 _+ 0.6 kcal mol-I, AS* = -35 + 5 cal deg-' mol-') et HA- 
(k6 = 2.41 x lo5 M-'  S-', AH* = 2.0 + 1 kcal mol-', AS* = -17 f 6 cal deg-' mol-I). 
La constante de dissociation de I'acide ascorbique est recalculee pour les conditions expkri- 
mentales indiquees ci-dessus. Les effets de solvatation semblent Ctre importants pour ces 
systkmes a sphkres extkrieures lesquels peuvent Ctre interprktts selon la thkorie de Marcus. Une 
comparaison avec d'autres reactions similaires est prksentte. 

[Traduit par le journal] 

Although the 12-heteropoly-acids and their 
salts were first described in 1933 (2), relatively 
little is known of the mechanism of their re- 
actions in solution. The 12-tungstocobaltate(1I) 
[CO( I I )O , .W,~O~~]~-  and 12-tungstocobaltate- 
(111) [CO(III)O,~W,,O~~]~- ions, hereafter de- 
scribed as [Co(II)] and [Co(III)], have been 
shown (3, 4) to be examples of complexes in 
which both the oxidized and reduced forms of the 

'For Part XX, see ref. 1. 
ZPresent address: The University of Victoria, Victoria, 

B.C., Canada V8W 2Y2. 

metal are located within COO, tetrahedra. 
Indeed, in the case of the cobalt(II1) complex it 
is one of the few instances of this metal ion in a 
tervalent state in a tetrahedral site. Unlike many 
octahedral cobalt(II1) complexes the metal centre 
in the tungstocobaltiate ion is reduced reversibly. 
Brubaker and Rasmussen (5) have described the 
kinetics of the electron exchange between 
[Co(II)] and [Co(III)] using 60Co tracer tech- 
niques. From the structure and stability of these 
anions it appears that the tungstate groups are 
substitutionally inert and species of this type 
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represent ideal complexes for the study of outer- 
sphere electron transfer in solution. 

In many studies of the oxidation of ligands by 
metal ions the possibility exists for transient 
complex formation. Intermediate cobalt(II1) 
species have been identified in several instances 
(6-8). In the present study, using [Co(III)], such 
interactions between oxidant and reductant 
would be expected to be weak and this enables 
the investigation of other factors in electron 
transfer reactions of this type. 

The oxidation of L-ascorbic acid has been 
studied using a variety of reagents and con- 
ditions. An intermediate complex has been 
identified with vanadium(V) (9), the redox 
decomposition involving the formation of an 
ascorbate radical rather than a two-electron 
transfer to the diketone. Similar radical forma- 
tion has also been established in the reactions 
with iron(II1)-EDTA complexes (10) and hexa- 
cyanoferrate(II1) (1 I). In a recent study (12) the 
rates of oxidation of ascorbic acid by tris(1,lO- 
phenanthroline)iron(III) and its derivatives have 
been discussed in terms of free energy changes 
using the Marcus theory (13). The reaction of 
benzene 1,2- and 1,4-diols by hexaquo-cobalt- 
(111) (14) may also involve some outer-sphere 
character. In the case of hydroquinone parti- 
cularly, there is conflicting evidence as to the 
reaction mechanism. Davies (15) has suggested, 
from a comparison of reactivity of several sub- 
strates, that an outer-sphere process is operative 
but this conflicts with the data of Wells (16). 
Later investigations (14) support the former 
suggestion with no evidence for any reaction 
intermediates. Studies with the heteropolyacid 
system may help to resolve this problem and for 
this reason the investigations were extended to 
include both hydroquinone and catechol. 

Experimental 
Potassium 12-tungstocobaltiate was prepared by the 

method of Baker and McCutcheon (3) either from the 
12-tungstodicobaltoate by oxidation with persulphate or 
by electrolysis of the 12-tungstocobaltoate complex. The 
uv-visible spectrum was monitored and it was found that 
no changes in absorbance were evident over the hydrogen 
ion concentration range pH - 5.5-0. At 388 nm, E = 
1150 + 5 M-'cm-'. 

Stock solutions of L-ascorbic acid (Hopkin and 
Williams) and hydroquinone (B.D.H. reagent) and 
catechol (Fisher, resublimed) were prepared prior to use. 
Details of preparation and standardisation of other 
solutions have been published previously (17). 

Stoichiometry 
Spectrophotometric titrations were used to determine 

reaction stoichiometries. Spectra of solutions containing 
various concentrations of organic substrate (0.7-15 x 

M )  at a constant oxidant concentration in the range 
1.0-4.5 x M at [H+ ] - 0.5 M (ascorbic acid), 
[ H f ]  = 0.04 M (catechol and hydroquinone) were 
measured after reaction had occurred. 

Dissociation Constants 
In the hydrogen ion concentration ranges used ([Hf ] = 

0.041.00 M )  any proton dissociation of the phenol 
groups was considered to be negligible (pK > 6) (18). 
Ascorbic acid, however, is known to act as a monobasic 
acid and since data are few (11, 19) on the value for the 
dissociation constant at the ionic strength used in this 
study and over a range of temperatures, it was decided 
to measure this value precisely. Since the kinetic data 
(vide infra) are insensitive to C1- ions, solutions were 
prepared using this anion since better reproducibility was 
obtained in glass electrode measurements when com- 
pared to perchlorate solutions. Accurate dilutions of 
[H+] - (4.00 x - 5.00 x M )  were made in 
1 .OO M LiCl solutions and a reference slope derived from 
measurements using a glass electrode/saturated calomel 
system. Hydrogen ion concentrations of ascorbic acid 
solutions in acidlbase titrations were thus obtained 
directly. The concentration quotient K, = [H+l[HA-I/ 
[H,A] was measured (reproducibility k 6%) over the 
temperature range 3.8-35.O0C. 

Kinetic Measurements 
The reactions were studied either at 388 nm (decrease 

of [Co(III)]) or 625 nm (formation of [Co(III]) under 
conditions of excess reductant. The latter wavelength was 
used specifically in the reaction with catechol where there 
was evidence for a slower secondary process (interpreted 
as hydrolysis of the ketonic product) which interfered 
with infinity readings. Measurements were made using 
the stopped-flow apparatus described previously (20) and 
a modified Applied Photophysics instrument. The 
hydrogen concentration range employed was [H+] = 
0.04-1 .OO M at a total ionic strength of 1 .OO M (LiC10,). 
The presence of a sufficient excess of reductant ensured 
pseudo-first order reaction conditions and plots were 
linear to at least 85-90% reaction. In the case of catechol, 
however, interference from the secondary reaction was 
noted at higher temperatures. Replicate measurements 
agreed to + 3%. Studies were carried out in the presence 
of air which was found to have no detectable effect on the 
observed rate constant. 

Results and Discussion 

(a) Stoichiometry 
In all three systems studied, the spectrophoto- 

metric titrations showed oxidant-reductant 
ratios of (2.01 f 0.02) : 1 (ascorbic acid), (2.00 + 
0.03) : 1 (hydroquinone), and (2.09 + 0.05) : 1 
(catechol). The overall reaction may thus be 
written in the form 
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represents the dihydroxy sub- 

strate. 

(b) Dissociation Constant of Ascorbic Acid 
The data from acid-base titrations using the 

known [H'] of each solution were treated in the 
manner suggested by Speakman (21). The data 
at several temperatures are presented in Table 1 
where there is seen to be only a small variation 
in Ka over the range studied. Determinations in 
both chloride and nitrate media indicate that the 
values derived in the present study are slightly 
higher at lower temperatures than those obtained 
recently (12). The agreement at room tempera- 
ture and above, however, is excellent. Dissocia- 
tion constants are known to vary markedly with 
temperature over wide ranges and for many 
systems the values pass through a minimum at 
or near room temperature (22). The position of 
this minimum is dependent 011 solvation and 
electrostatic effects. In the present conditions 
(I = 1.0 M), however, over the temperature 
range studied, the best representation of all the 
available data is of a linear relationship between 
pKa and temperature. This line was used in the 
interpolations to yield the dissociation constants 
at the appropriate temperatures. 

(c) Kinetics and Mechanism 
The linearity of first order plots confirmed the 

reaction order as unity with respect to the 
oxidant and data over a wide range of reductant 
concentrations established a first order depen- 
dence. Data at 25°C are presented in Fig. 1 for 
the systems studied. The rate law may thus be 
expressed in the form (H2L = reductant) 

TABLE 1. Dissociation constanta for ascorbic acid at 
various temperatures, I = 1 .OO M LiCI, or I .O M NaN03 

M e a n  errors of individual constants ( 2  673 based on 10 measure- 
ments at each temperature. 

"itrate media. 
=Reference 12. NaC104 solutions. 

The second order rate constants k2 were found 
to be independent of wavelength of investigation, 
[Co(lI)], oxygen, and added chloride ion. Extinc- 
tion coefficients obtained by extrapolation to 
t = 0 were identical to those obtained in the 
absence of reductant. Values for k2 for hydro- 
quinone and catechol showed no variation with 
[H'] over a 25-fold concentration range and 
rate constants are presented in Table 2. The data 
are thus consistent with the reaction scheme 

fast 
[31 [Co(III)I + HL'-[CO(II)] + L + H +  

The reaction with ascorbic acid, however, 
showed a marked hydrogen ion dependence on 
the rate. In this case the data may be represented 
by the scheme 

Ka 
[41 H~L-HL- + H+ 

k6 
[61 [Co(III)] + HL- + [Co(II)] + HL' 

fast 
[71 Co(II1) + HL' +[Co(lI)] + L + Hi 

where H2L and HL- represent the protonated 
and dissociated forms of ascorbic acid. Assum- 
ing the pre-equilibrium to be rapidly established, 
and allowing for the overall stoichiometry, the 
reaction rate may be written as 

TABLE 2. Second order rate constants for reactions of 
[Co(III)] with hydroquinone and catechol, I = 1.0 M 

LiClO,, [H+] = 0.04 M, [Co(III)] = 1-3 x M 

Hydroquinone 
5.0 8.84 

12.0 10.4 
19.0 12.8 
25.0 14.3 
30.0 16.5 

AH* = 3.6 & 0.4 
kcal mol-' 

AS* = -34 + 8 cal 
deg-' mol-I 

Catechol 
11.47 5.65 
19.0 7.90 
25.0 9.50 
30.0 11.58 
35.0 13.50 

AH* = 5.9 , 0.9 
kcal mol-' 

AS+ = -27 + 8cal 
deg-' mol-' 

OEach constant quoted represents the mean value of at least five 
separate determinations over the ligand concentration range 0.6- 
10 x 10-j M. 
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FIG. 1. Plots o f  kobsagainst [H2A].  (a) Ascorbic acid [0.3-3.0 x lo-' MI, [Co(III)] = 3.0 x M, 
[H+]  = 0.50 M, T = 15.loC. ( x )  Hydroquinone [2.4-20 x MI, [Co(III)] = 4.06 x M, 
[ H f ]  = 0.04 M,  T = 25.0°C kObs). (0) Catechol [1.3-6.50 x MI, [Co(III)] = 1.64 x 

M,  [H+]  = 0.04 M ,  T = 25.O"C (upper and right hand coordinates). 

TABLE 3. Second order rate constants at various [H+]  and temperatures for the ascorbic 
acid reaction; [Co(III)] = 1.85 x M ,  h = 388 nm, I = 1 .O M (LiCIO,) 

T/"C [H+]IM 10-Zk2/(M-1 s-') T/"C [H+]/M 10-'k2/(M-' s- ')  

where [H2L] ,  = [H2L] + [HL-I.  Under the 
experimental conditions used, [H'] = 0.04- 
1.00 M,  K,/[HC] << 1 (Table l), the second order 
rate constants may be expressed in the form 

191 k 2  = ( k ,  + k,K, /[Ht])  
2CH2LI 

Treatment of the data (Table 3) according to 
eq. 9 yielded straight lines at all temperatures 
studied, with slopes and intercepts equal to 

k,K, and k ,  respectively. The rate constants for 
the various reactions studied are presented in 
Table 4. Since there is no change in the nature 
of the oxidant over the hydrogen ion concentra- 
tion range studied (confirmed both spectro- 
scopically and by a lack of any [ H C ]  dependence 
in the reactions of the benzene diols) it is possible 
to assign the reaction pathways ui~ambiguously. 
It is of interest to note that although the oxidant 
carries a large negative charge, the anionic form 
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AMJAD ET AL. 2 

TABLE 4. Dependence o f  rate constants on temperature 

T/"C k 5 / ( M - I s - ' )  k6Ka/s-' PIC," 10-5k,j/(M-1 s - ' )  

8.8 49.1 17.0 4.065 1.97k0.07 
15.1 58.2 22.3 4.025 2.36k0.11 
25.0 77.4 28.3 3.96 2.58k0.17 
30.1 93.1 31.5 3.935 2.71 k0 .21  

AH5* = 4.5 f 0.6 kcal/mol AH6* = 2.0 + 2 kcal M-' 
AS5* = -34.7+ 5caldeg-'M-' AS6* = -29+ 5calM-'deg-'  

YData interpolated from Table 1. 

TABLE 5. Reaction rates o f  metal complexes with ascorbate anion at 25°C 

Oxidant 10-3kz/(M-1 s-I) AH2*/(kcal M - ' )  AS2 */(cal deg-' M - l )  Ref. 

c o w l  zo405 - 24 1 
Fe(III)(h EDTA) 21.5 
Fe(III).EDTA- 4.0 
Fe(II1)-CDTA 1.3 
Fe(II1)-DPTA 0.88 
Fe(CN)63 - 0.37 

- 29 This work 
- 21 21 
- 27 21 
- 30 2 1 
- 32 21 
- 1 1 

of the ascorbic acid in fact is substantially more 
reactive than the undissociated substrate. Second 
order rate constants for reaction 6 were cal- 
culated using the K, values interpolated at the 
appropriate temperatures. The increased re- 
activity of the ascorbate anion has been observed 
previously in the reactions with anionic iron(II1) 
chelates (23) (Table 5) where unlike the present 
study there is no evidence for any pathway 
corresponding to k,. An analysis of the data 
presented in the paper by Mushran and co- 
workers (11) indicates (Fig. 2 of ref. 1 I )  that a 
hydrogen ion dependence similar to that 
observed with the cobalt complex is shown in the 
reaction with hexacyanoferrate(II1). Also, inter- 
estingly, the ratio of k6/k, rate constants in the 
Fe(CN)63- system is - 1.25 x lo3 which is not 
too markedly different from the corresponding 
ratio of 3.1 x lo3 observed in the present study. 
For the reaction with HA-. however, the rate 
constants obtained are very much (- lb6) lower 
than those derived for the reaction of the 
cationic Fe (~hen ) ,~+  oxidants (12). This may 
reflect the importance of electrostatic parameters 
in these reactions. 

The activation parameters for the various 
reactions investigated are very similar and 
possibly indicate cornmoi~ reaction features, 
especially for the three dihydroxy species, hydro- 
quinone, catechol, and undissociated ascorbic 
acid. It is interesting to note that the more rapid 
reaction of the ascorbate ion is associated with 

the only species among those studied here for 
which no proton solvation is required. 

An attempt was made to interpret these data 
using the LFER proposed by Marcus (13) as 
applied by Pelizzetti and Mentasti (12). For an 
outer-sphere transition complex, one would 
expect the activation to be given by the ex- 
pression 

where A,, = 2(AG*,, - w,, + AG*,, - w,,), 
and AG*',, = AGO,, + w, - w,. The terms 
AG*, , and AG*,, represent the free energies of 
activation of the self-exchange reaction and 
AGO,, the standard free energy of the reaction. 
The different work terms, w,,, w,,, w,, w,, 
required to bring the reactants and products 
together are considered to provide only a small 
contribution at this ionic strength and were 
neglected (24). 

Equation 10 is usually written in the form 

A plot of the left-hand side of eq. 11 against 
AGO,, should have a slope of + and zero 
intercept. 

All the parameters required for such a plot 
were either available (5, 12, 24) or could be 
inferred. For the Co(III)/Co(II) self-exchange 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 5 5 ,  1977 

TABLE 6. Evaluation of free energy parameters 

Eo/V k 2 M 1  s )  AG"/(kcal mol- I) Qd/(kcal mol- ') h12 AG*l Z/(kcal mol-l) 

HA- 0.93" 1 . 5 8 ~  lo5  -2 .08 - 1.505 38.72 8 .20 
H2Q 1 .08b 1 . 4 3 ~  lo4 1.39 0.359 43.72 11.30 
HzCat 1 .17b 1 .16x104 3.46 0.512 43.72 11.51 
H2A 1.31' 7 . 7 4 ~  10' 6.58 1.593 43.72 12.70 

BReference 24. 
(Extrapolated value from plot log k 2  vs. E, for other three species. 
d Q = A G * ~ z  - (11214) - ( ( A G 0 ~ 2 ) 2 / 4 ~ ~ z ) .  

reaction the value AG*,, = 15.36 kcal/mol was 
obtained by extrapolating to 1.0 M ionic strength 
the data of Rasmussen and Brubaker (5) .  The 
corresponding parameter AG*,, = 6.5 kcal/mol 
for the H2L/HLS couples was assumed to be con- 
stant for all the dihydroxy forms of the reduc- 
tants (24). For the ascorbate ion the value 
AG*,, = 4 kcal/mol for HA-/HA' was used 
(12). The AG*,, values were obtained from the 
experimental activation parameters. The redox 
potentials were identical to those quoted 
previously (24), except for that of the couple 
H2A/HAS. In this case by extrapolating from a 
plot of log k ,  against E O  for the three dihydroxy 
substrates under investigation the value E0 = 
1.31 V for H,A/HA' was determined. 

Table 6 includes the values of the terms 
involved in eq. 11. When plotted these data gave 
a slope of 0.34 + 0.07 and an intercept of 
- 0.56 f 0.6 kcal/mol. Considering the relative 
scarcity of data and the precision with which all 
the various parameters are known, these results 
show at least a good qualitative agreement with 
the theory. More definitive statements must 
await written data using the same oxidant but 
with different reducing species encompassing a 
wide range of E, values. 
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Nonexistence of the alleged isobindone. The aldol-retroaldol reaction 
of 1,3-indandione 

ALFRED TAURINS 
Department of Chemistry, McCill University, Montreal, P .Q. ,  Canada H3A 2K6 

Received April 4, 1977 

ALFRED TAURINS. Can. J. Chem. 55,3587 (1977). 
The existence of the alleged isobindone has been disproved. The compound, mp 330°C, 

formed as a byproduct in the aldol-retroaldol condensation reaction of 1,3-indandione is not 
isobindone but 1-(1,3-indandionyl-2)-3-(1,3-indandionyliden-2)indene. The compound, mp 
337"C, formed from bindone in pyridine solution has the composition C36H1805. 

ALFRED TAURINS. Can. J. Chem. 55,3587 (1977). 
On refute I'existence de la soi-disante isobindone. Le compose qui fond a 330°C et qui se 

forme comme produit secondaire dans la condensation aldolique-retroaldolique de I'indan- 
dione-1,3, n'est pas I'isobindone mais le (indandione-1,3 yl-2)-1 (indandione-1,3 ylidene-2)-3 
indene. Le compose forme a partir de la bindone en solution pyridinique, et qui a un point de 
fusion de 337"C, possede la composition C36H1805. 

[Traduit par le journal] 

In 1931, Fischer and Wanag (I) claimed that 
bindone (1) possessed an isomer, 'isobindone', of 
structure 2. They studied the transformation of 
bindone to 'isobindone' and a reverse reaction 
under various conditions and considered these 
processes as isomerization (1, 2). Thirty years 
later an ir and uv investigation (3) did not 
provide support for the structure 2; however, no 
further work on this subject appeared. 

0 

II 
0 0 

1 2 

the Na-salt: Ama,(CH30H) 420, 655 nm (log E 

1.45, 1.05) (3). Hot aqueous sodium hydroxide 
(0.1 N) forms a violet solution of the Na-salt of 
bindone. 

Comparison of the spectral properties of the 
salts of bindone and 'isobindone' (see above) 
leads to the conclusion that the latter has a more 
extended chromophore and, in order to accom- 
modate the more extended chromophore, it is 
likely to be a larger molecule. 

An additional sign of the inadequacy of 
formula 2 for 'isobindone' is the existence of 
2,2'-dimethylisobindone (3) (4) (systematic name : 
2,2'-dimethyl-2,3'-biindenyl-l,11,3(2H)-trione). 
Both formulas 2 and 3 possess the same basic 

C2H50-Na+ Despite the closely related structural formulas 
for bindone (1) and isobindone (2) there are I 
striking differences in their chemical and 

\ CH, ZH3 acg-cA-\ P 

physical properties indicating the inadequacy of 
the structure 2. 1 1  

Bindone; mp 210°C. Soluble in hot glacial o 
acetic acid. Aqueous sodium hydroxide forms a 

' 8'" 
3 

violet solution of the Na-salt of 1. Ultraviolet 
spectrum of the Na-salt of 1:  hma,(H20) 305, \ 
355.5, 525 nm (log E 1.58, 1.17, 1.38) (3). Dry 0 
K2C03 in hot toluene forms a dark green K-salt I I CH3 
of isobindone (2). I C-0C2H5 

'Zsobindone'; mp 330°C. Insoluble in hot 
C 
,c=c' \\C-0-Nai 

glacial acetic acid. Methanolic 0.5% sodium 
methoxide forms a dark-green solution of the o l 1  AH3 6 
Na-salt of 'isobindone'. Ultraviolet spectrum of 3a 
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structure. The only difference between them is 
that the structure 2 has hydrogens on C-2 and 
C-2' while in 3 the same carbon atoms carry 
methyl groups. Therefore, one could expect that 
if 'isobindone' had the structure 2, its physical 
properties should be similar to those of com- 
pound 3. However, that is not the case, since 
compound 3 is volatile in vacuo and has mp 
198°C (4), significantly lower than the mp of 
'isobindone' (see above). 

Despite the fact that compound 3 has no 
-CH2CO- groups, and coilsequently cannot 
enolize, it very easily forms a blue solution with 
ethanolic sodium ethoxide (4). Therefore, we 
postulate that the reaction involves the ring 
opening (3 -t 3a). 

Reinvestigation of the alleged 'isobindone' 
showed definitely that it has the formula 
C,,H1404, formed by the aldol condensation of 
three molecules of 1,3-indandione. The proof 
was provided by elemental analysis and mass 
spectrometry. Anal. calcd. for C2,H1404 (mw 
402.41): C 80.6, H 3.5; found: C 80.7, H 3.8. 
Mass spectra for C2,H1404: mle 402 (M+), 
374 (M' - CO), 358 (M+ - CO - 0 ;  HR 
Cz6Hl4O2), 346 (M' - 2CO), 329 (M' - 

2C0  - OH; HR CZ5Hl3O), 289 (M' - 4C0  - 
H;  HR C2,HI3); ms for bindone, Cl,Hlo03 
(mw 274.28): mle 274 (M'), 246 (M' - CO), 
219 (M' - 2 C 0  + H ;  HR C16HloO), 189 
(M' - 3C0 - 1H; HR C15H9), 163 (HR 
C13H7), I l 4  (HR C9H6). 

In order to obtain compound C2,H1404 in the 
pure state, it is essential to crystallize it from a 
low boiling solvent, like chloroforn~, but not 
from nitrobenzene as suggested by Fischer and 
Wanag (1). In boiling nitrobenzene the com- 
pound undergoes a chemical change resulting in 
blackening of the solution from which only a 
part of the solute of varying composition can 
be recovered. Fischer and Wanag (1) claimed 
that they established the composition of 'iso- 
bindone' by elemental analysis and cryoscopic 
mw determination in phenol (mw found: 246, 
265; calcd. for Cl,Hlo03: 275). Obviously, 
their sanlples were not the right ones, and their 
oversight arose from the fact that they did not 
recognize the true nature of the transformation: 
bindone + 'isobindone' as being an aldol- 
retroaldol reaction which occurred also during 
the crystallization of the sample from nitro- 
benzene and mw determination in phenol. 

For compound C2,H1404 (mp 330°C) struc- 
tures 4 and 5 must be excluded on steric grounds 
and, therefore, the most probable structure could 
correspond to 1-[1,3-indandionyl-21-3-[1,3-in- 
dandionyliden-2lindene (7). Examination of 
space-filling molec~~lar models for bindone and 
compound C,,H1404, containing two or three 
1,3-indandionyl units, respectively, shows that 
the molecules cannot be planar at the C=C 
bonds due to interference of a C=O group with 
a hydrogen atom on the neighboring benzene 
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ring. The twist of the double bond could be - 30" 
resulting in decrease of the overlapping of 
7c-electrons and the decrease in the double-bond 
character. The structure 4 is the most crowded 
while the structure 5 could lead to  the formation 
of truxenquinone (6). It is believed that the 
reaction of compound 7 with 0.5% methanolic 
sodium methoxide is not based on enolate 
formation, but is analogous to the reaction of 
compound 3 forming a dark-green salt (8) by the 
ring opening and increasing the number of con- 
jugated double bonds. 

In conclusion, the name 'isobindone' must be 
removed from the literature. 

The condensation product of bindone (1) in 
pyridine solution which has been described 
either as C4,HZ4O7 (5) or CZ7Hl4O4 (I), 
actually is C,,H,,O,. It melts at 337°C and is 
slowly soluble in 1.5% methanolic sodium 
methoxide solution with a dark-blue color. For 
this compound the structure 9 is proposed 
possessing single bonds between the indandionyl 
units. These bonds allow the existence of a non- 
planar structure. The incorrect results by the 
previous workers have been apparently obtained 
by crystallizing the compound 9 from nitro- 
benzene. In this work, compound 9 was obtained 
in pure state by precipitating it from the solution 
in sodium methoxide with dilute HCl, washing 
with water and methanol, and drying. Anal. 
calcd. for C,,H,,O, (mw 530.54): C 81.5, H 3.4; 
found: C 81.5, H 3.7; ms: mje 530 (M'), 513 
(M' - OH), 502 (M' - CO), 485 (M' - 
CO - OH), 474 (M' - 2CO), 460 (M' - 
2 C 0  - CH2), 460 (M' - C6H4 (CO),) + 2H. 
Ultraviolet visible spectrum of the Na-salt of 9: 
h,,,(CH,OH) 283, 312, 345, 378, 538, 605, 625 
nm(log~4.39,4.29,4.13,4.06,4.07,4.13,4.12). 
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Influence de la coordination du thallium sur la cinetique de dCcomposition 
du compose d'oxythallation: C6H5-CH(OCH3)-CH2T1(OAc), 

LOUISE NADON ET MIKLOS ZADOR 
DCpartement de chimie, Universitk de Montreal, C.P.  6210, Montreal (QuC.), Canada H3C3V1 

R e p  le 17 fevrier 1977 

LOUISE NADON et MIKLOS ZADOR. Can. J. Chem. 55, 3590 (1977). 
L'influence de la coordination du thallium sur la vitesse de decomposition du compose 

d'oxythallation C6H5-CH(OCH3)-CHZT1Xz(R'T1X2) a ete BtudiCe en milieu eau-methanol. 
En presence de faibles concentrations d'ions C1-, la vitesse de decomposition oxydante 
diminue a cause de la formation d'especes R'TIClf et -RfT1C1OH, ces deux dernieres etant 
moins reactives que l'espkce R'TlZ+. A haute concentration en ions C1-, il y a formation 
d'especes RfT1ClZ ou R'T1Cl3-; on observe alors la decomposition en reactifs de depart, soit 
le styrene et le Tl(III), similairement observee pour les organomercuriques. 

Le mecanisme des reactions est discute en termes de changement du caractere Clectrophile du 
thallium dO a la coordination par le ligand. 

LOUISE NADON and MIKLOS ZADOR. Can. J. Chem. 55,3590 (1977). 
The effect of coordination of thallium was studied on the rate of decomposition in methanol- 

water of the product of oxythallation, C6H5-CH(OCH3)-CHZTIXZ(R'TIXz). At low C1- ion 
concentrations, the rate of the oxidative decomposition decreased because of the formation of 
RfT1C1+ and R'TICIOH, both of which are less reactive than R'TlZ+. At high C1- ion concen- 
tration, R'TICI, or R'TlC1,- are formed and a decomposition to the starting materials, namely 
styrene and Tl(III), was observed; this is analogous to the behaviour of organomercurials. 

The mechanism of the reactions is discussed in terms of the electrophilic character of thallium 
effected by the coordination by ligand. 

[Journal translation] 

Introduction par un systeme d'acquisition et de traitement de donnkes 
de notre construction (4). Les constantes de vitesse sont 

Le mkcanisme de decom~osition d'organo- obtenues directement par un programme de regression 
thalliques du type R,R2C(OR3)-CH2T1X2 approprik a l'aide d'une calculatrice programmable 
(R'TlX,) prtsente un inter& particulier ttant Tektronix 31. Les constantes de vitesse sont, en general, 

donnt que ces compos~s se ferment cornme in- les moyennes de cinq experiences et la reproductibilitk des 
resultats est d'environ k 5%. 

termtdiaires dans l'oxydation d'oltfines par les 
sels thalliques (I). 

Les ttudes prtctdentes ont permis de montrer RCsultats et discussion 

que les principales formes rtactives sont R'T~' + La dtcomposition oxydative de l'organo- 
et R'TIOHf et que la rtactivitt de R ' T ~ ~ '  est thallique R'Tl(OAc), se fait d'aprks l'tq. 1. 
beaucoup plus grande que celle de R'TIOHf 
(2, 3). ROH 

[I] C6H5-CH(OCH3)-CH2T 1 (OAC)~ A 
Dans ce travail on presente les rtsultats d'une 

ttude de l'influence de quelques ligands sur la C6H5-CHZ-CH(OCH3)(0R) + T1+ + OAc- 

vitesse de dtcomposition-de C,H,-CH(OCH3) 
-CH2Tl(OA~)2. 

Rkactifs et produits 
La methode de synthese de C6H,-CH(OCH3)-- 

CH2T1(OAc)Z ainsi que l'analyse des produits d'oxyda- 
tion ont kt6 decrites preddemment (2). Les reactifs 
utilists sont de qualite analytique. 

Mkthodes cinktiques 
Les reactions sont suivies par la mesure de la variation 

de l'absorbance. La methode experimentale a kt6 decrite 
auparavant (2). Les resultats de flux stoppe sont trait& 

+ HOAc 

Elle implique la migration du groupe phtnyle et 
conduit a un acttal ou un aldthyde suivant la 
nature de R (2). 

En solution eau-mkthanol (75% v/v - 25% 
v/v) il a ttk montrt (2) qu'8 des pH < 5 et a des 
concentrations en R1T1(OAc), 5 loF3 M, celui- 
ci se dissocie et les esp6ces dominantes en 
solution sont relites par l'tquilibre 2. 
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NADON ET ZADOR 3591 

L'aciditt influence cet tquilibre et, partant, la 
nature et la concentration des especes tventuelles 
se formant en prtsence de ligands. 

Influence de faibles concentrations en ions CI- 
En l'absence d'acide fort ajoutt (pH -- 5.0) 

l'addition d'ions C1- entraine la diminution de 
la vitesse de rtaction, comme I'indiquent les 
rtsultats du tableau 1. Ceci est attribut, en se 
basant sur les connaissances acquises sur 
l'affinitt du TI3+ pour les halogtnures, a la 
formation d'especes telles RfTIC1 :- ", moins 
rtactives que R'TIZ+. Les rtsultats indiquent 
que, pour un rapport [R'Tl]/[Cl-] = 1 la vitesse 
ne diminue que d'un facteur de 0.7 et qu'il faut 
la prtsence de grands exces de C1- pour avoir 
une diminution de vitesse apprtciable. 

A une aciditt plus tlevte o c  l'tquilibre 2 est 
plus dtplact vers la formation de R'T~", 
l'influence des ions chlorure est plus prononcte 
(voir tableau 2). 

TABLEAU 1. Influence des ions C1- en absence 
d'acide fort* 

TABLEAU 2. Influence des ions C1- en pre- 
sence de HC1O4* 

[CI-I 10' x kexp 10' x kcalc 

(MI 6 - I 1  (s-l) 

*T = 25OC; [R'TI(OAc),] = 2.5 x M; [Htl  = 
0.025 M; solvant: H20-CH,OH 75%-25% (vlv); 
p = 0.5 M. 

Pour interprtter l'ensemble des rtsultats il a 
fallu tenir compte des tquilibres 3 et 4. 

La vitesse de rtaction est donnte par l'tq. 5. 

Ces hypotheses conduisent B l'tq. 6. 

C61 k e x p  = 

La dttermination des parametres de l'tq. 6 a 
t t t  faite par une mtthode d'ittration en utilisant, 
en premiere approxin~ation les valeurs de K,, 
k, et kz obtenues prtctdemment (2). 

Le calcul des concentrations des diverses 
exp&ces B l'tquilibre a t t t  fait en admettant des 
valeurs de K2 et K, raisonnables compte tenu de 
l'affinitt de TI3+ pour I'ion C1-. L'affinement 
des rtsultats consiste B optimiser les valeurs de 
K,, K ,  et k,. Les valeurs suivantes des para- 
m2tres ont t t t  obtenues: k, = 0.36 s-', k2 = 
1.5 x s-l, k, = 3.0 x lop4 s - ' , ~ ,  = 300 
M-', Kz = 5 x lo4 M- I  et K, = 300 M - l .  

La constante de vitesse calculte a l'aide de ces 
param&tres est en accord satisfaisant avec les 
rtsultats obtenus aux deux aciditts (tableaux I 
et 2). 

Les valeurs des parametres indiquent que la 
coordination de R'T12+ par le C1- entraine une 
diminution des rtactivitt (k,/k, = 1200) du 
meme ordre que la coordination par OH- 
(k,/k2 = 2400). Les deux ligands entrainement 
donc une diminution similaire du caractere 
tlectrophile du T1, et du carbone adjacent ce qui 
rend la migration du groupe phtnyle lors de la 
rupture httirolytique du lien C-TI, moins 
favoriste. 

La constante d'tquilibre de formation de 
RfTICl+, K, est d'au plus un ordre de grandeur 
inftrieure B la constante similaire du Tl(II1) 
 TIC^^+ + c i +  = T I C I ~ + ,  K,,, = 1.5 lo5 
M-I (5)); ceci montre que le thallium conserve 
son affinitt pour ce ligand dans I'organothallique. 

I1 y a une espece 1 :2, R'TlOHCl, qui inter- 
vient dans l'interprttation des rksultats. Sa 
concentration est relativement importante B 
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p H  - 5.0, ce qui est dQ au fait que R'TIOHf 
est l'espece qui domine, par rapport a R'Tl2+, 
dans ces conditions. Sa contribution B la vitesse 
n'est pas significative mais elle pourrait l'6tre a 
p H  > 5; toutefois, il y a alors formation d'un 
prCcipitC, ce qui rend 1'Ctude impossible. A 
aciditt plus ClevCe (> lo-' M)  sa concentration 
devient ntgligeable. 

L'hypothbse impliquant la formation d'une 
autre espbce 1 :2, R1T1Cl2, n'amCliore pas de 
f a ~ o n  significative l'accord entre rCsultats ex- 
ptrimentaux et calculCs. 

Influence des lzautes concentrations en ions C1- 
A hautes concentrations en ions chlorures 

(2 0.1 M) et B acidit6 plus Clevee (20 .1  M) un 
phCnombne nouveau apparait. En effet, au lieu 
de la diminution habituelle d'absorbance, on 
observe une augmentation. L'Ctude de la nature 
des produits a permis de montrer que dans ce 
cas l'organothallique se dCcompose pour re- 
donner les rtactifs de dCpart : 

Dans ces conditions il n'y a pas de disparition 
de thallium d'Ctat d'oxydation 3 +, tel que 
montrC par le dosage iodomktrique, dans lequel 
l'organothallique se comporte comme le Tl(II1) 
(voir plus loin). L'analyse chromatographique 
en fin de rCaction, correspondant l'arr6t de la 
variation de l'absorbance, indique que le 
styrbne s'est regCnCrC quantitativement B l'ex- 
clusion des produits d'oxydation habituels. 

I1 apparait donc, que dans le schCma habitue1 
de l'oxydation thallique: 

k l  
[71 TI(II1) + olefine organothallique 

k -  1 

k2 
[8] organothallique -t produits d'oxydation 

l'ttape correspondante au retour vers les rCactifs 
de dCpart (k-,) devient prCpondCrante.' En 
tenant compte de l'ensemble des rCsultats, on 
peut expliquer ce phCnombne (au point de vue 
dynamique) comme suit. (i) L'augmentation de 
la concentration en C1- entraine la formation 

'A des concentrations en H+ et en C1- inferieures a 
0.1 M les Ctapes 7 et 8 interviennent simultanement, leur 
importance et vitesse relatives dependant des conditions. 

d'espbces telles R1TlC12, R1T1Cl3-. (ii) L'Clec- 
tronCgativitC du thallium ainsi coordinC est 
nettement diminuCe; ceci cause une diminution 
de la polarisation du lien C-T1 et la diminution 
ou m&me la disparition du caractbre Clectrophile 
du carbone liC au thallium. (iii) La rupture 
hCtCrolytique du lien C-T1 pour conduire aux 
produits d'oxydation est emp6chte ou du moins 
drastiquement ralentie. (iv) En m6me temps, 
l'attaque tlectrophille par H+ est favorisCe et le 
retour vers les rCactifs de dCpart est accC1Crt. 

Au point de vue thermodynamique l'explica- 
tion est Cgalement assez cohCrente avec les con- 
naissances acquises. Pour TI3+ 17Cquilibre 7 est 
dCplact complbtement vers la droite. Toutefois, 
en pr6sence de 0.1 M en ion C1-, la concentra- 
tion du TI3+ libre est d'environ de celle 
du Tl(II1) total, compte tenu des constantes de 
stabilitk des complexes avec C1- (5) ce qui 
explique le renversement de la situation. 

La r6action de dCcomposition en rCactifs de 
dCpart est d'ordre un en organothallique. La 
constante k-, varie linkairenlent avec la con- 
centration en H', mais elle est ind6pendante de 
la concentration en C1- (voir fig. 1). 

Ces r6sultats sont compatibles avec le m6ca- 

FIG. 1. Decomposition de l'organothallique en reactifs 
de dCpart. T = 25°C; [R'TI(OAC)~] = 2.5 x M ;  
solvant: H20-CH,OH 75%-25% (v/v); 1 = 0 5 M .  
0, [Cl-] = 0.1 M; 0, [Cl-] = 0.5 M. 
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nisme suivant : 
K 

CaH5-CH-CH2-TIC1,2~" + Hf C6H,<H-CH-TIC1,2-" 
I 

0CH3 
I 

HOCH3 
0 

n k 
C6H,-CH-CH,-TIC1,2-n - C,H,XH=CH, + CH,QH + T1Cln3-" 

11 
HOCH, 
0 

avec k-, = kK[Hf] et kK = 1.5 x M-I s-I a25"C 

Dans le cas de la dCcomposition des organo- 
mercuriques dans le mtthanol un mCcanisme 
ICgkrement diffkrent a CtC proposC; il implique 
une attaque concertCe par un acide halogCnC, 
HX (6):  

Dans notre cas l'ion C1- coordine le mCtal 
avant I'attaque de H+ ,  et son r6le consiste A 
rendre le thallium moins Clectrophile. Le fait que 
la vitesse de rCaction soit indkpendante de la 
concentration en C1- (0.1 M a 0.5 M) indique2 
que la coordination ne change pas dans ce 
domaine ou, si elle change (e.g. R'TICI, + 
C1- + RITIC1,-), ce changement n'a pas d'in- 
fluence apprCciable sur la vitesse de dCcomposi- 
tion. A cause de la gamme de concentration 
IimitCe, il n'est pas possible d'avoir plus d'infor- 
mation sur la nature exacte des expkces. 

I1 est remarquer que l'influence des ions C1- 
observCe dans ce cas est trhs diffkrente de celle 
observCe dans la dCcomposition des diacetoxy- 
alkylthallium (e.g. CH3TI(OAc),). Cette rCaction 
est accClCrCe par les ions C1- (7). Ceci est 
expliquC en admettant que C1- agit comme 
rCactif nuclCop11ile dans I'attaque S,2 sur le 
carbone portant le thallium (8). Ce changement 
du mecanisme d'intervention des ions C1- 
montre l'importance de la participation ou la 
migration des groupes en position P (H, alkyle, 
aryle, OH, OR, OOCR) lors de la rupture du 
lien C-TI dans le cas des composCs d'oxy- 
thallation. 

ZA acidit6 constante, l'augmentation de la concentra- 
tion en C1- entraine l'augmentation de la tres faible 
quantite de HC1 non-dissocie I1 ne semble donc pas que 
le mecanisme concert6 puisse avoir une contribution 
majeure. 

L'influence d'ions I -  et de l'e'thyl6nediamine 
La dCcomposition de I'organothallique en 

prCsence d'ions I-  se fait d'aprks 1'Cq. 9. 

La quantitt de 1, form6 correspond B la 
quanlitC de3 RT12+ et le styrkne est rCgCnCrt 
quantitativement, a I'exclusion de tout produit 
d'oxydation. 

La cinCtique de cette rCaction rapide n'a pas 
pu Ctre CtudiCe par flux stoppC, dil aux pro- 
blkmes causCs par la prtcipitation de TlI. Par 
analogie au cas des ions C1-, il est logique 
d'admettre qu'il y a d'abord coordination con- 
duisant B R'TII;-", qui se dkcompose ensuite 
par le micanisme discuti plus haut. Dans ce cas, 
1'Cquilibre 7 est dCplacC vers la formation du 
styrkne a cause de la reduction du TI(II1) form6 
par I-. 

Nous avons voulu Ctudier I'influence de divers 
ligands azotis. Deux limitations ont CtC rencon- 
tries, soit I'absorption par les bases aux lon- 
gueurs d'onde utilisCes et, l'influence faible (e.g. 
NH,) due B la protonation des bases en milieu 
acide. 

A p H  = 5.0, l'influence de 1'Cthylknediamine 
(en) a CtC CtudiCe. Dans ce cas on observe encore 
une diminution de la vitesse de dicomposition 
oxydative (voir fig. 2). Ceci est attribuC k la 
coordination du thallium entrainant une baisse 
importante de la rCactivitC. 

Le TI(II1) forme divers complexes avec 
I1Cthyl&nediamine (9). En solution aqueuse on 
admet la formation d'un complexe 1 : 1 d'aprh 
l'iquation: T~(OH),+ + en + ~1(OH),.en+, 
avec une constante de 1 x 1013 M-' (10). Par 

3Cette reaction peut Stre utilisee pour le dosage de 
l'organothallique par iodom6trie. 
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FIG. 2. Influence de I'ethyltnediamine. T = 25°C; 
[R'TI(OAC)~] = 1.0 x M ;  [H+] = 1.7 x M ;  
solvant: HzO-CH30H 75%-25% (v/v); p = 0.5 M. 
Courbe calculee; points expkrimentaux. 

analogie, il est probable que dans notre cas il 
s'agisse de la formation de R1T1OH.en+. 

L7interprCtation des rtsultats, en admettant 
que le complexe form6 n'a pas de contribution a 
la vitesse4, conduit a un accord satisfaisant entre 
rtsultats exptrimentaux (points) et la courbe 
calculke de la fig. 2, d'apris 1'Cq. 10. 

On obtient une constante de formation ap- 
parente5 de Ken = 30 M-I .  En utilisant les 
valeurs de pK, de l'Cthyl6nediamine dans l'eau 
(pK,, = 7.5, pK,, = 10.8) on peut estimer la valeur 
de la constante d'kquilibre pour la rCaction: 
R1TlOH+ + en + RfTIOH.en+ a - 10'' M - '. 

4A des concentrations en ligand >0.1 M un phCno- 
mene parasite, identifit comme une reaction secondaire 
des produits avec l'Cthyl8nediamine interfkre dans les 
variations d'absorbance. Ceci emp&che ]'etude plus 
poussee, pouvant conduire a la dttermination de la 
constante de vitesse, trts faible, de cette espece. 

5La constante est obtenue en considerant la concen- 
tration totale en ne tenant pas compte de la protonation 
de 1'Cthyltnediamine. 

La stabilitC de R'TIOH.enf est donc d'un 
facteur d'environ lo3 infkrieure B celle de 
TI(OH),.en+. Ceci permet de comprendre les 
rCsultats B une acidit6 plus ClevCe ([H+] = 0.025 
M B 1'Cquilibre); dans ces conditions, Tl(II1) est 
complex6 significativement (lo), malgrC la faible 
concentration de 1'Cthylinediamine non-pro- 
tonCe, mais RTlOH ne l'est plus et on n'observe 
pas d'effet mesurable sur la vitesse. 

Conclusion 
L'Ctude de la cinCtique de formation du com- 

pose d'oxythallation a dCjB permis de montrer 
que la coordination du TI3+ par l'ion C1- 
entraine une baisse de sa rCactivitC (1 1). Les 
rCsultats prCsents montrent, que la vitesse de 
dCcomposition oxydative de l'organothallique 
formt dtpend, de f a ~ o n  encore plus marqute, de 
la coordination du tl~allium dans R 1 ~ 1 2 + .  De 
plus, dans ce composC, I'affinitC du T1 pour 
divers ligands (OH-, C1-, Cthylinediamine) est 
comparable B celle de TI3+. 

La rCactivitC de R 1 ~ I 2 +  est beaucoup plus 
grande que celle de R1T1OH+ et R1T1C1+, 
tandis que celle de R'TlOHCl n'est pas me- 
surable dans les conditions expCrimentales. La 
diminution du caract6re Clectrophile du T1 en- 
traine la polarisation moindre du lien C-TI et 
la migration du groupe phCnyle est dCfavorisCe. 

La formation d'espices, telles R'TICI, ou 
RfT1Cl3- amplifie encore ce phtnomine et la 
vitesse de dtcomposition oxydative devient 
nCgligeable. Par contre, elle favorise l'attaque 
Clectrophile par H +  sur le groupe mCthoxy, con- 
duisant de f a ~ o n  semblable aux cas des organo- 
mercuriques B la dCcomposition de l'organo- 
thallique pour rCgCnCrer le styrine et le Tl(II1). 

En conclusion, l'influence des ligands affecte 
de f a ~ o n  dtterminante la vitesse relative des 
Ctapes de I'oxydation thallique et l'ensemble doit 
&tre considtrk lorsqu'on interprite les rtsultats 
obtenus pour des sels thalliques diffCrents. 
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Consecutive reactions in the thermal decomposition of phenylalkyldiazirines 
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MICHAEL T. H. LIU and BARRY M. JENNINGS. Can. J. Chem. 55,3596 (1977). 
The thermal decomposition of phenyl-n-butyldiazirine and of phenylmethyldiazirine in 

DMSO and in HOAc have been investigated over the temperature range 80-130°C. The inter- 
mediate diazo compounds, 1-phenyl-1-diazopentane and 1-phenyldiazoethane respectively 
have been detected and isolated. The decomposition of phenyl-n-butyldiazirine and the subse- 
quent decomposition of its product, 1-phenyl-1-diazopentane, are an illustration of consecutive 
reactions. The kinetic parameters for the isomerization and decomposition reactions have been 
determined. The isomerization of phenylmethyldiazirine to 1-phenyldiazoethane is first order 
and probably unimolecular but the kinetics for the subsequent reactions of 1-phenyldiazoethane 
are complicated by several competing rate processes. 

MICHAEL T. H. LIU et BARRY M. JENNINGS. Can. J. Chem. 55,3596 (1977). 

On ttudie la dtcomposition thermique entre 80 et 130°C du phtnyl-3 n-butyl-3 diazirine et du 
phenyl-3 mtthyl-3 diazirine dans le DMSO et I'acide acttique. Les composts diazo intermt- 
diaires sont respectivemei~t le phtnyl-1 diazo-l pentane et le phenyl-1 diazo-1 tthane. Ces 
derniers ont t t t  dktectts et isolts. La dtcomposition du phtnyl-3 n-butyl-3 diazirine et la dtcom- 
position ulttrieure de son intermtdiaire le phtnyl-1 diazo-1 pentane sont un bon exemple de 
rtactions successives. On determine les paramktres cinttiques pour les rtactions d'isomtrisation 
et de decomposition. L'isomtrisation du phtnyl-3 methyl-3 diazirine en phtnyl-1 diazo-1 
tthane est d'ordre 1 et probablement unimoltculaire, mais les cinttiques des rtactions ultt- 
rieures du phenyl-1 diazo-1 tthane sont compliqutes par plusieurs processus qui entrent en 
compttition. 

[Traduit par le journal] 

Introduction 
The intermediacy of diazomethane in the de- 

composition of diazirine has been the subject of 
discussion for many years (1-3). While there is 
sufficient evidence for the diazomethane inter- 
mediate in the photolysis of diazirine (4), its 
presence in the thermal decomposition has only 
been implicated, and no diazomethane inter- 
mediate has ever been isolated from a diazirine 
pyrolysis experiment (5-8). In one report (9), 
the attempted synthesis of 3,3-diphenyldiazirine 
resulted in the formation of diphenyldiazo- 
methane; however, the precursory existence of 
diazirine was never verified. Only in the case of 
3-methyl-3-vinyldiazirine has the linear diazo 
isomer been observed (8) as its subsequent reac- 
tion product, 3-methylpyrazole. We have re- 
cently reported (10) the formation of l-phenyl-l- 
diazopentane (2) as evidence for diazo inter- 
mediate in the thermolysis of phenyl-n-butyl- 
diazirine (1). In this paper, we wish to report the 
complete kinetic data for the thermal decom- 
position of 1 and 2 as well as the data for the 
decomposition of phenylmethyldiazirine (4). 
Conlparisons will be made in relation to the 
existing data for the thermal decomposition of 

methylvinyldiazirine and of various chloro- 
diazirines. 

Results and Discussion 
I. Decomposition of Phenyl-n-butyldiazirine (1)  

The thermal decomposition of 1 in DMSO 
solutions (0.1 M) at 100°C gave nitrogen, cis- 
and trans-1-phenyl-1-pentenes (ratio cis : trans = 
1:5) along with a small amount (<5%) of 
valerophenone. No azine was found. The forma- 
tion of valerophenone was due to the oxidation 
of 2 by DMSO and the olefins were the rear- 
rangement products of carbene 3. When the reac- 
tion was followed by uv or ir spectroscopy, an 
intermediate species was observed to form 
rapidly and subsequently diminish, uv,,, at 520 
nm (low E )  and ir at 4.90 p are consistent with 
this intermediate being assigned as l-phenyl-l- 
diazopentane, 2. The isolation of 2 was possible 
by interruption of the reaction after 1 h fol- 
lowed by extraction with petroleum ether. Com- 
pound 2 appears to be very stable, as the red 
petroleum ether solution remained unchanged at 
room temperature for several days. The above 
results serve to support a stepwise mechanism 
for the decomposition of the diazirine as in 
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Scheme 1. The rates of decomposition of 1 in 
DMSO were studied over the temperature range 
80-130°C by measuring the disappearance of 
its uv,,, at 371 nm (k,) and by measuring the 
evolved nitrogen during the decomposition (k,) .  
The first-order rate constants, k,  and k,, are 
presented in Table 1. The determination of k, 
in DMSO by the N, evolution method requires 
elaboration. The first-order plot from N, mea- 
surements does not give a straight line; in fact, 
there is a slight curvature (convex) during the 
first 20-30 min of the reaction. This curvature is 
due to the build-up of the diazo compound. 
After such time, N, evolution begins to approxi- 
mate first-order behavior and it is in this portion 
of the graph that k, was taken. In order to con- 
firm the value of k,, we have synthesized 
1-phenyl-1-diazopentane from a separate experi- 
ment, and its N, evolution in DMSO was mea- 
sured. The first-order rate constants determined 
in this manner were within 3% of the values re- 
ported in Table 1. That the two measurements in 
DMSO solvent differ by a factor of 3 suggests 
that in fact two different rates are being mea- 
sured; k, can therefore be taken as the rate of 
isomerization of 1 to 2, while k, may be regarded 
as the rate of decomposition of 2 giving nitrogen 
and 3. The assignment of k, and k, above finds 
further support in their measurement in acetic 
acid (Table 1). It is well established that diazirine 
decomposition is unaffected by acid (I) while 

TABLE 1. Rate constants for the thermal decomposition 
of phenyl-n-butyldiazirine ( k l )  and l-phenyl-l-diazopen- 

tane ( k z )  

Solvent T r C )  kl x 104(s-I)* k, x 104(s-I)* 

DMSO 82.2 
89.0 
97.4 

100.2 
109.4 
98.8 

100.2 
105.4 
111.4 
119.4 
126.5 

HOAc 100.2 

*All k l  values were determined by uv and kz values by N2 measure- 
ments. 

the decomposition of diazomethanes is acid 
catalyzed (1 I). Thus in this case, the isomeriza- 
tion of 1 to 2 would be the rate determining step 
in the overall reaction and k, would be expected 
to equal k,, which is the experimental observa- 
tion. The data in Table 1 gave excellent Arrhe- 
nius plots from which equations 1 and 2 were 
obtained by least-squares analysis. R is taken as 
[ I ]  k, = 1013.26k0.05 exp ((- 28 080 

1.987 cal mol-I K- '  throughout this text. The 
errors quoted are standard deviations. The 
Arrhenius parameters for k, are in good agree- 
ment with reported values for decomposition of 
other diazirines (7). The parameters for k, com- 
pare well with those for the decomposition of 
diethyl diazosuccinate (1 1) (E = 27.3 1 kcal/mol, 
log A = 11.77) and for the decomposition of 
diphenyldiazomethane (12) (E = 27.9 kcal/mol, 
log A = 13.25). 

Now the question arises whether the concerted 
elimination of N, from 1 to give carbene 3 can 
be completely ruled out. In  order to answer this 
question and also to test the consistency of the 
rate constants (k, and k,) assignment, the fol- 
lowing experiments have been carried out. For a 

kl  k2 
consecutive reaction of the type A -, B + C,  the 
concentration of B is given by [3] (13). 

k 1 [B] = [A], k,k, (eCklt - e-*'') 

Thus by knowing the initial concentration of 1 
and the values of k, and k, at  the temperature 
of the experiment, the concentration of 2 can be 
determined at any time t. The concentration of 2 
a t  a time t was determined by withdrawing an 
aliquot of reaction mixture and running it into 
a large excess of acetic acid to convert 2 to the 
ester, I-phenyl-1-pentyl acetate. This mixture 
was then worked up in the usual manner and 
analyzed by vpc. When observed m mole ester 
vs. calculated m mole ester are plotted, a straight 
line with a slope of 0.90 is obtained. This indi- 
cates that 90% of the calculated amount of 2 is 
being accounted for in the measured ester. Owing 
to the number of manipulations required in the 
experimental procedure and analysis, a value for 
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Ph>C: + Styrene - Cyclopropyl 
CH3 products 

Ph\C /r X, Ph\ + - DMSO Ph\ 
C=N=N , C=O + N2 

CH3 
/ 'N CH~' k" CH~' 

the experimental error of +5-10% does not 
seem unreasonable. Hence, it is suggested that 
all diazirine 1 decomposes via the diazo isomer 2. 

2. Decomposition of Phenylmethyldiazirine (4) 
Schmitz and Ohme (14) reported that the ther- 

mal decomposition of phenylmethyldiazirine 4 
in nitrobenzene gave styrene. This is to  be con- 
trasted with Overberger and Anselme's results 
(15) for which they reported that the thermal 
decomposition of 1-phenyl-diazoethane 5 gave 
acetophenone azine as the only product. In  our 
present work, the thermal decomposition of 4 
in DMSO (0.1 M) gave the following products: 
styrene 10-1 5%, cyclopropyl products (car- 
bene + styrene) 15%, acetophenone 45%, and 
acetophenone azine 10-15%. In addition, l-phe- 
nyldiazoethane (5) has been isolated as evidence 
for a diazo intermediate during the decomposi- 
tion of phenylmethyldiazirine (4). The decom- 
position pathways are summarized in Scheme 2. 
Further experimentation (16) shows that in the 
decomposition of diazirine 4, the formation of 5 
is not affected by the nature of the solvent, but 
its subsequent decomposition to stable products 
is dependent on solvent polarity and concentra- 
tion. A separate study in the mechanism of azine 
formation (17) clearly indicates that azine could 
not be formed by the attack of carbene on 5. It 
is interesting to note that the absence of azine 
formation in the decomposition of phenyl-n- 
butyldiazirine could well be explained in terms 
of a steric effect. It is because of this steric effect 
that the decomposition of 1 is truly an example 
of consecutive reactions. In the decomposition 
of 4, the kinetics are complicated by the presence 
of several other competing reactions in the de- 
composition of 5. However, the isomerization 

of 4 to 5 is still first order and probably unimolec- 
ular. Thus, rate constants in DMSO for the 
isomerization reaction were determined by uv 
spectroscopy and are listed in Table 2. The data 
gave a good Arrhenius plot from which [4] was 
obtained by least-squares analysis. W h ~ n  N, 
[4] k4 = 1013.45f0.46 exp ((- 28 500 

kinetics were attempted in DMSO, great curva- 
ture was evident in the first-order plots, thus 
confirming the complexity of the reaction. Since 
the rate of nitrogen formation is 

the order of the reaction should, in fact, be be- 
tween first and second order in 5. When 4 is 
decomposed in HOAc, the diazo compound 5 
will immediately be removed by HOAc as the 
ester; hence, the rate constant obtained by uv 
measurements should be equal to the one ob- 
tained by N, measurement. This was observed 
experimentally. The activation energies for the 
thermal decon~position of the diazirines 1 and 

TABLE 2. Rate constants for the thermal decomposition 
of phenylmethyldiazirine (k4)  

Solvent T ("C) k4 x 104(s-l) Method 

DMSO 83.6 0 .98k0.02 uv 
92.1 2 .70k0.04 uv 
99.6 6 .44k0.05 uv 

108.6 14.40k0.31 uv 
116.0 28.03k0.55 uv 

HOAc 99.6 4.20k0.08 uv 
99.6 4 .79k0.03 N1 
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4 as well as that of chlorophenyldiazirine (7c) in 
DMSO solvent are about 28 kcal/mol. It  would 
appear that the energy of activation depends 
only on the presence of the phenyl ring. How- 
ever, the relative rate for k(chloropheny1diaz- 
irine)/k(l or 4) at 100°C is approximately equal 
to 6. 

Our earlier work (7b, d, e) on the thermal de- 
composition of chlorodiazirines suggests that the 
decomposition of diazirine occurs by a two- 
step mechanism. We have also inferred that the 
intermediate is similar to diazomethane in struc- 
ture and the extent of polarization in this inter- 
mediate would depend on the substituent present 
in the diazirine ring (7b, e). Perhaps the most 
striking example for a polarized transition state 
is the 3-chloro-3-p-methoxyphenyldiazirine in 
which the positive charge on the carbon of the 
diazo group is stabilized by thep-methoxyphenyl 
substituent (7b). In the decomposition of 1, the 
two measurements (by uv and N,) in DMSO 
differ by a factor of 3, but in the decomposition 
of chlorophenyldiazirine in the same solvent, the 
rate constants obtained by either method are 
equal (7c). This implies that the chlorophenyl- 
diazomethane intermediate decomposes rapidly 
as soon as it is formed. However, we are certain 
that there is a definite lifetime for the chloro- 
phenyldiazonlethane intermediate but the dura- 
tion is too short to be detectable by conventional 
techniques. Several chlorodiazomethanes are 
also known to be unstable (18, 19). 

In conclusion, all diazirines will isomerize 
(ki) to the corresponding diazo intermediate 
with similar rate constants (hence similar E and 
A)  since all reactions involve the ring opening 
process. However, the rate constants (k,) for 
the subsequent reaction of the diazo intermedi- 
ates differ in many powers of 10. In the case of 
phenyl-n-butyldiazirine, a value of 0.33 was ob- 
tained for kd/ki and in the case of methylvinyl- 
diazirine (7d, 8, 20), a value of approximately 70 
was found for kd/ki. It is reasonable to assume a 
value of > lo3 in the case of chlorophenyldiazi- 
rine. It is to be noted that the diazirines, which 
we have chosen in the above discussion, are all 
stable compounds (chlorophenyldiazirine has 
the least kinetic and thermodynamic stability) 
and they can be kept in the refrigerator (0°C) for 
several weeks without decomposition. Such 
stability is not observed for the corresponding 
diazo compounds. The indicated order of stabil- 
ity is as follows: 

Experimental 
The ir and nmr spectra were obtained with Perkin- 

Elmer Model 257 and Varian Associates, T60 instruments 
respectively. The chemical shifts are given in T scale to- 
gether with splitting pattern, relative integrated areas, 
and assignments. The uv spectra were measured with a 
Unicam SP 800 spectrophotometer and mass spectra with 
a Hitachi-Perkin-Elmer model RMS-4 spectrometer. 
The vpc analyses were carried out using a Perkin-Elmer 
model F I1 equipped with a hydrogen flame detector; 
the peak areas were integrated by a ball and disc inte- 
grator. 

I .  Synthesis of n-Butylphenylketimine 
To a 1 e, 3 neck flask equipped with magnetic stirrer, 

dropping funnel, and condenser was added 100 ml of 
anhydrous ether and 100 ml (0.22 mol) of 2.2 M n-butyl- 
lithium in hexane. With stirring, a solution of 20 g (0.2 
mol) of benzonitrile in 100 ml ether was added dropwise. 
Considerable heat was evolved and the reaction mixture 
became dark in color. After complete addition, the reac- 
tion mixture was refluxed for 3 h, then allowed to cool. 
Anhydrous methanol (50 ml) was added dropwise and 
stirring was continued for an extra half hour. The mix- 
ture was then filtered and concentrated in vacuo, giving 
a dark oil, which was distilled (90-9S0C, 0.8 Torr) to 
give 18.6 g (61%) of the product: ir 1620 cm-I (C=N); 
nmr 7 0.7 (br m, 1, =NH), 2.4 and 2.7 (each nl, total 5, 
aromatics), 7.4 (t, 2, J = 7 Hz, > C(=NH) -CH,), 8.5 
(br m, 4, methylenes), 9.05 (m, 3, methyl). 

%2. Synthesis of Phenyl-n-butyldiaziridine from 
n-Butylphenylketimine 

A solution of 19 g (0.12 mol) of ketimine in 125 ml of 
methanol was added dropwise with stirring to 50 ml of 
liquid NH3 at - 50°C in a three neck 250 ml flask. After 
stirring for + h at - 50°C, hydroxylamine-0-sulphonic 
acid (HOS, 25 g, 0.22 mol) was added in small portions. 
After stirring for 1 h at - 50°C, the reaction mixture was 
allowed to warm up overnight. The mixture was added 
to 400 ml ether, filtered, washed with water, and dried. 
After filtering and removal of solvent, 21 g amber oil 
remained: ir 3450 cm-l (N-H). 

3. Synthesis of Phenyl-n-butyldiaziridine from 
Valerophenone (n-Butylphenylketone) 

A mixture of valerophenone (13 g, 0.08 rnol), benzyl- 
amine (13 g, 0.12 rnol), p-toluenesulphonic acid (1 g), 
and benzene (100 ml) was heated to reflux for 68 h. The 
water formed during the reaction was trapped in a Dean 
Stark apparatus via benzene azeotrope. After this period, 
the theoretical quantity of water was collected and the 
reaction mixture was allowed to cool. After filtering the 
mixture the benzene solution was washed with saturated 
NaHCO,, water, and was dried. Removal of benzene left 
a yellow oil which was distilled at 170-180°C (2 Torr) to 
give 16.43 g (82%) of N-benzyl-n-butylphenylketimine; 
ir 1625 cm-' (C=N). This product was dissolved in 125 
ml methanol and added dropwise to 75 ml of liquid am- 
monia at -30°C. After stirring at - 30°C for 3 h, 18.65 g 
(0.165 mol) of HOS were added in small portions, and 
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the procedure continued in the same manner as in part 2 
above. Yield was 18.4 g of amber oil. 

4. Synthesis of Phenyl-n-butyldiazirine (I)  from 
Phenyl-n-butyldiaziridine 

The crude diaziridine (1 1.45 g) prepared by either 
method above was dissolved in 150ml methanol and 
added to a suspension of freshly prepared silver oxide in 
50 ml methanol. After stirring for 2 h, during which time 
a heavy silver mirror coated the interior walls of the 
flask, the solution was filtered, added to 600 ml ether, 
washed with several portions of water, and dried. Re- 
moval of ether left 11.5 g of yellow oil which was chro- 
matographed on lOOg silica gel (100-200mesh) with 
CH2C12 - petroleum ether (1 : 6). This resulted in 4.0 g 
(this represents an overall yield of 35% with respect to 
either n-butylphenylketimine or N-benzyl-n-butylphenyl- 
ketimine) of diazirine as a nearly colorless liquid: ir 1580 
cm-' (N=N); nmr T 2.8 (m, 3, meta andpara aromatics), 

N=N 
3.13 (m, 2,ortho), 8.07 (br t, J =  7Hz ,2 ,  

'CH2- 
8.7 (m, 4, methylenes), 9.1 (br t, 3, methyl); uv,,, (petro- 
leum ether) 372 (E 235), 382 sh (E 214); ms (70 eV) mle 
146 (parent - N2), The synthetic procedures for phenyl- 
n-butyldiazirine are sumn~arized in Scheme 3. 

5. Product Analysis 
a. Decompositions of1 in DMSO 
The reaction mixtures from two kinetic experiments 

were combined and diluted with 200 ml water. This was 
extracted with 2 x 25 ml ether and the combined ether 
extracts were washed with 50 ml water, dried and concen- 
trated in vacuo, giving 340 mg of yellow oil. The vpc 
analysis on a 12 ft 20% Carbowax showed three compo- 
nents. Column chromatography (silica gel, 50% benzene- 
CHCl,) resolved the mixture into two components. The 
minor fraction was identified as valerophenone (<5%) 
while the major portion was a mixture of the other two 
components, which were identified as cis and trans (1 : 5) 
1-phenyl-1-pentenes on the basis of identical retention 

times as authentic samples and nmr data: .r 2.8 (s, 5, 
aromatic), 3.8 (m, 2, olefinic) 7.9 (m, 2, allylic), 8.6 (m, 2, 
methylene), 9.1 (br, t, 3, methyl). 

b. Decomposition of I in HOAc 
The reaction mixture from one kinetic experiment was 

extracted as above to give 190 mg of oil. The vpc showed 
three components in a ratio of 1 : 5 : 19. Column chroma- 
tography on silica gel with CC1,-CHC1, separated the 
mixture into two fractions. The first, 27 mg, was shown 
to be a mixture of cis- and trans-1-phenyl-1-pentenes. 
The second, 158 mg, was identified as l-phenyl-l-pentyl- 
acetate on the basis of these spectral properties: ir 1745 
cm-' (ester C=O); nmr T 2.77 (s, 5, aromatic), 4.35 (t, 

J  = 6.5 Hz, 1, ,&, 8.04 (s, 3, acetate methyl), 
C6H5 

H 
8.2 (m, 2, methylenes), 8.7 (m, 4, methylenes), 9.13 (t, 3,  
J  = 6 Hz, methyl); mle parent 206; Anal. calcd. for 
C l3HI8o2 :  C 75.69, H 8.80; found: C 75.33, H 8.76. 

c. Isolation of I-Phenyl-I-diazopentane (2) 
Phenyl-n-butyldiazirine (0.5 g) in 20 ml DMSO was 

heated at 91°C for 2 h. At this time the now red mixture 
was added to 700 ml water at 10°C and the mixture was 
extracted with 2 x 50 ml petroleum ether. The combined 
petroleum ether fractions were washed with water, dried, 
and concentrated in vacuo to give 400 mg of dark-red oil. 
The ir of this material showed an intense band at 2040 
cm-' (diazo > C=N2), plus indications of a little olefin 
and carboxyl material. The crude diazo mixture retained 
its color for several days at room temperature. 

6. Photolysis of Phenyl-n-butyldiazirine (I)  in Benzene; 
Zsomerization to I-Phenyl-I-diazopentane (2) 

A solution of 400 mg diazirine in 100 ml benzene was 
degassed and was irradiated with light from a Hanovia 
450 W type L lamp in a quartz immersion well, filtered 
through a 20 cm x 20 cm plate of Corning #5840 glass 
(transmit 330 < h < 400 nm). The reaction was mon- 
itored by uv spectroscopy, which showed, after 1 h of 
irradiation, complete disappearance of the diazirine ab- 
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sorption and the appearance of a long band of low E 
centered at  about 520 nm (diazo isomer). Good isosbestic 
points were observed, indicating no other product was 
found. The solution was concentrated in vacuo giving 
370 mg of a deep-red oil, the diazo compound. 

7. Synthesis of Phenylmethyldiazirine (4) 
Phenylmethyldiazirine, 4, was synthesized from the 

N-benzylmethylphenylketimine in the manner of Schmitz 
and Ohme (14). The final yield of diazirine (colorless) 
was 23%, based on the starting ketimine. Spectral prop- 
erties: ir 1600 cm-' (N=N); nmr T 2.8 (m, 3, meta and 
para aromatics), 3.2 (m, 2, ortho), 8.52 (s, 3, methyl) 
uv,,, (methanol) 368 nm (E 187). 

8.  Product Analysis 
a. Decomposition of Phenylmethyldiazirine ( 4 )  in 

DMSO 
The reaction mixtures from several DMSO kinetic 

experiments were combined and worked up as in part 
5 above. The products were: styrene 10-15%, cyclopropyl 
products (carbene + styrene) 15%, acetophenone 45%, 
and acetophenone azine 10-15%. 

b. Decomposition of 4  in Acetic Acid 
The reaction mixtures from two kinetic experiments 

were combined and worked up as above. The product 
was identified as 1-phenyl-1-ethylacetate on the basis of 
the following spectral properties: ir 1745 cm-I (ester 
C=O); nmr T 2.76 (s, 5, aromatic), 4.22 (q, J = 6.5 Hz, 

8.03 (s, 3, acetate methyl), 8.50 (d, 3, 
Ph 
H 

J = 6.5 Hz, methyl); ms (70 eV) parent 164; Anal. calcd. 
for CloH1202:  C 73.15, H 7.37; found: C 72.81, H 7.38. 

9. Isolation of I-Phenyldiazoethane (5) 
Phenylmethyldiazirine 4 (0.5 g) in 20ml DMSO was 

heated at 90°C for 2 h. The solution turned red. The red 
material has a strong ir absorption at  2040 cm-l and was 
isolated as in part 5c and identified as l-phenyl-diazo- 
ethane (5). 

10. Kinetic Procedure 
The methods described previously (76, c) were em- 

ployed for 10 1111 solutions of diazirine (0.1 M )  in either 
DMSO or  HOAc. 
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RODERICK E. WASYLISHEN, BRIAN A. PETTITT, and WERNER DANCHURA. Can. J. Chem. 55, 
3602 (1977). 

The viscosity and temperature dependence of 'H, 'H, and 13C nmr relaxation rates of tri- 
phenylene were investigated. The observed q / T  dependence of the reorientation correlation 
time, T,, is compared with that derived from the work of Hu and Zwanzig based on hydro- 
dynamic rotation with 'stick' and 'slip' boundary conditions. In the hydrodynamic regime, 
7, = Cq/T. The observed slope, C ,,,,, ,,,,, is 6.2 f 2 ns K/cP and the calculated values are 
C,,,, = 4.1 f 0.6 ns K/cP and Cstick = 31.0 f 3.1 ns K/cP. These data imply that the re- 
orientation of triphenylene obeys a near-slip condition. That is, rotation in the plane of the 
molecule encounters little resistance, but rotation of the plane of the molecule is resisted by 
shear forces in the solvent displaced during rotation. Expressions are given for Boltzmann- 
averaged free rotation times and comparisons are made with the q = 0 intercept and the 
times for slightly hindered rotation. 

RODERICK E. WASYLISHEN, BRIAN A. PETTITT et WERNER DANCHURA. Can. J. Chem. 55, 3602 
(1977). 

On etudie par rmn 'H, 'H et 13C I'effet de la viscosite et de la temperature sur les vitesses de 
relaxation du triphenyltne. La dependance observte q /T  du temps correlatif de reorientation 
5, est comparke avec celle obtenue des travaux de Hu et Zwanzig basee sur la rotation hydro- 
dynamique dans des conditions limites "collantes" et "glissantes". Pour le regime hydrodyna- 
mique, r ,  = CqlT. La pente observee Ce,,;,i,,,t,l est 6.2 f 2 ns K/cP et les valeurs calculees 
sont Ckl i  ,,,, t, = 4.1 f 0.6 ns K/cP et CcoI1 ,,,, = 31.02 f 3.1 ns K/cP. Ces resultats im- 
pliquent que la reorientation du triphenylene suit une condition qui rapproche de la "glissante". 
Par exemple, on rencontre une petite resistance pour la rotation dans le plan de la molecule, 
mais la rotation du plan de la molCcule est gCnCe par des forces de rupture developptes au 
sein du solvant deplace lors de la rotation. Des expressions sont presentees pour les temps de 
rotation libre moyens de Boltzmann et des comparaisons sont faites entre I'ordonnee q = 0 
et les temps pour une rotation 1Cgerement empechee. 

[Traduit par le journal] 

Introduction 
Recent calculations by Hu and Zwanzig (1) 

relating rotational friction coefficients of spher- 
oids under two sets of boundary conditions have 
proved useful in the study of molecular rotations 
in liquids by nuclear magnetic relaxation 
methods (2). When combined with Woessner's 
theory (3), their results bring calculated rota- 
tional correlation times, T,, into line with those 
measured by nmr. The important equations can 
be summarized as 

where q is the shear viscosity and T the tem- 

perature of the liquid, and the two models 
predict very different slopes. 

In this paper, the method is outlined for a 
restricted class of molecules and results are 
presented from a detailed study of triphenylene 
(Fig. 1) by proton, deuterium, and carbon-13 
relaxation. An appendix presents a brief dis- 
cussion of rotation in the inertial limit. 

Theory 
A spin-lattice relaxation time, TI, is cal- 

culated by manipulating the equations of 
motion for the decay of nuclear magnetization 
into the form (4) 
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-1EN ET AL. 3603 

FIG. 1. Triphenylene within a circle of radius 6 A. 

d 1 
121 ( M , )  = - T; ( ( M , )  - (M,),)  

where ( M , ) ,  is the equilibrium value of 
(M,). For quadrupolar and dipolar intra- 
molkcular relaxation in liquids, the time de- 
pendence of the spin-lattice interaction is a 
result of n~olecular rotation. Consequently, TI 
can be related to molecular parameters that 
characterize the dynamics of rotation; in 
particular, the rotational time z,. In the limit 
where rotational motion is much faster than the 
Larmor freauencies of the nuclei considered, 
the important relations for the molecules con- 
sidered here are as follows. 
(a) Carbon-13 : 

(b) Protons: 

for proton i, where j is summed over other 
protons near enough to cause relaxation. 
(c) Deuterium : 

ignoring the asymmetry parameter for C-D 
bonds. Here h = 2xh - Planck's constant; 
y,, - magnetogyric ratio of 'H or 13C; r = 
internuclear distance; and e2qQlh - quadru- 
polar coupling constant. 

In the hydrodynamical model of molecular 
rotation (1, 3, 5-7), zc can be related to the 
components of the rotational friction tensor, .- - 
5, of the solid body representing the molecule 

in a continuous fluid. It is assumed that the 
molecule undergoes small, random jumps char- 
acterised by a rotational diffusioq tensor, 8. 
The elements of the diagonalized a are defined 
such that the molecule diffuses through angles 
(rms) 

[6] (AOi2)'I2 = ( 2 ~ ~ A t ) ' l ~  i = 1, 2, 3 

in time At small on a macroscopic scale but 
large enough for several jumps to occur (8). 
Perrin (7a) has shown that, for small jumps at 
equilibrium, 

For brevity, the equations of this model are 
restricted to those of spheroidal molecules 
(R, = R2 # R,) with all relevant internuclear 
vectors perpendicular to the symmetry axis (the 
3 axis). Under the boundary condition that the 
fluid a t  the surface of the spheroid has the 
same velocity as the surface, the 5's are (3) 

where a = b are the 1 and 2 semi-axes and c is 
the 3 semi-axis of the spheroid. 

C ~ I  for a > c (oblate spheroid) 

for a < c (prolate spheroid) 

Woessner's (3) calculation of zc then becomes 
1 2 

Inspection of [7], [8], and [lo] shows that zc is 
proportional to q/T and the slope can be cal- 
culated from the size of the molecule. 

Hu and Zwanzig (1) calculated the Ci7s for 
spheroids under boundary conditions where 
the body slips through the fluid and resistive 
forces are due only to the displacement of 
fluid as the body rotates. Thus, 5, = 0 since 
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no fluid is displaced by rotation about the sym- 
metry axis, and the viscosity dependence of TI 
is due to displacement of fluid by rotation of the 
symmetry axis. That is, as c, + very small, 
R, + very large and z, of [lo] is dominated by 
the first term 

1 1 z,' = 1,'/24kT 

where the prime indicates that the calculation 
is done under 'slip' boundary conditions. Hu 
and Zwanzig tabulate their results in terms of 
the ratio 

where 

p = c/a for oblate spheroids 

= alc for prolate spheroids 

Hence, 

and 7,' < z, since f (p) 5 1 and the contribution 
of the second term of [lo] has been lost. 

In precise terms, it is important to distinguish 
between hydrodynamical (continuum) and 
molecular (discrete) ideas, but the qualitative 
correspondence used here implies that the 'slip' 
condition is appropriate in the absence of at- 
tractive solute-solvent interactions, whereas the 
'stick' condition requires these interactions to 
be strong. On this basis, the two types of 
boundary conditions would appear to represent 
lower and upper limits to z,. The 'stick' model 
is especially poor for large solvent molecules 
because the boundary is not even approximately 
hydrodynamical. 

Experimental 
Triphenylene was obtained from the Aldrich Chemical 

Company and from Dr. Herman Ziffer, N.I.H., Bethesda, 
Maryland. Triphenylene-dlz was obtained from Merck 
Sharp and Dohme. All solvents were available com- 
mercially. Non-deuterated solvents were all spectro- 
quality reagents. 

Proton-decoupled 13C nmr spectra were obtained on a 
Varian CFT-20 spectrometer (10 mm probe) using a 
sweep width of 500 Hz and a data acquisition time of 
4.095 s. A co-axial tube containing D 2 0  provided the 
necessary deuterium lock for the CFT-20. Spin-lattice 
relaxation times were measured using the inversion- 
recovery pulse sequence (d - 180" - t - 90°), where d 
is a delay time (d > 5T1) and t is a variable time. The 90" 
pulse was 18 ps. Nuclear magnetic resonance spectra 
were obtained for 11 different t values and Tl was cal- 
culated from the slope of a plot of In(<M,), - <M,)) 

vs. t (9). All lines were broadened by approximately 
3 Hz using a sensitivity enhancement factor. Approxi- 
mately 1000 transients were required in order to obtain 
reasonable signal to noise. The nOe factors were mea- 
sured using the gated proton decoupler on the CFT-20 
(d F 10Tl). 

All triphenylene solutions used in the proton nmr 
studies were 0.02 M or less depending on the solubility 
of I. Solutions were degassed on a high vacuum gas line 
at  least five times by the freeze-pump-thaw technique. 
All proton measurements were carried out on a Varian 
HR-200 MHz nmr spectrometer equipped with a Fourier 
transform accessory. No lock was required for this 
superconducting magnet therefore it was not necessary 
to add an internal reference to the solutions. The proton 
spectrum of triphenylene at  220 MHz is that of a typical 
AA'XX' spin system. The HA protons were typically 
200 Hz or more downfield from H,. Proton spin-lattice 
relaxation times were measured using non-selective 
pulses and the inversion recovery sequence. Spectra 
were obtained for at least 20 different values of t .  Typically 
the 90" pulse was 40 ps while the 180" pulse was 80 ps. 
The data were accumulated, acquisition time 8 s, and the 
resulting free induction decay was weighted with an  
exponential weighting factor and Fourier transformed 
with a Varian 620L computer. The exponential weighting 
factor broadened all transitions by approximately 1.6 Hz 
a t  half height. Spin-lattice relaxation times were cal- 
culated from slopes of plots of In(<M,), - <M,)) vs. f .  
These plots were quite linear thus the recovery rates 
have been assumed describable in terms of a single ex- 
ponential time constant (TI) (see Figs. 2 and 3). 

Deuteron relaxation rates of triphenylene-dl, were 
measured at  10 MHz on a Bruker B-KR322 variable 
frequency spectrometer. The inversion-recovery pulse 
sequence was used and Tl was calculated from the slope 
of a plot of In(<M,), - <M,)) vs. f .  The free induction 
decays were not Fourier transformed. 

Results and Discussion 
1. Geometric Considerations 

a. z, from Carbon-13 Relaxation 
For a 0.045 M solution of triphenylene in 

CCl, at 28.5 + 2°C the value T(~~C,, , . )  = 

T,(~~C,,,,) = 2.15 _+ 0.1 s was observed. Equa- 
tion 3, with a C-H bond length of 1.08 A, 
gives z, = 20.5 ps. For CA,A, and C,,,, the 
nOe's were 3.0 + 0.1. 

b. Proton-Proton Separations 
To calculate T, for triphenylene from 'H nmr 

spin-lattice relaxation rates and [4], it is 
necessary to know the various proton-proton 
separations. Only protons HA and H,, are 
sufficiently proximate to Hx to be effective in 
its relaxation. Similarly, only HA, and Hx are 
effective in relaxing HA. For a 0.02 M solution 
of triphenylene in CCl, at 28.5"C, Tl(HA) = 
2.81 s and Tl(Hx) = 7.10 s. Assuming z, = 
20.5 ps and rAx = r,,,, substitution into [4] 
gives rAx = rxx, = 2.51 A and rAAr = 1.99 A. 
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XO 6.0 9.0 12.0 

TlME (s) 

FIG. 2. Plot of ln((M,),, - (M, ) )  vs. t for HA. 

t O.02M T R I P H E N Y L E N E  I N  CS2 : T,(H,]= 14.1 *l.Os 

TlME (s) 

FIG. 3. Plot of ln((M,), - (M,))  vs. t for H,. 

These values of r,, are used in all subsequent 
calculations of zc from proton Tl's of tri- 
phenylene. 

From the carbon skeleton determined by X- 
ray crystallography (10) the values rAx = 
2.46 A, rxx, = 2.48 A, and rAAr = 1.86 were 
calculated assuming a planar molecule with all 
C-H bonds 1.08 A and all CC,C angles bi- 
sected by the C,-H vectors. A neutron dif- 
fraction study (11) gave rAA, = 1.91 A. 

Because we have ignored multi-spin effects 

(see footnote 1 in part 2b) the H-H separations 
obtained here may not be reliable. 

c. Molecular Size 
For the calculation of Cs,ip and CSti,, from 

[11] and [lo], an estimate of the size of tri- 
phenylene was necessary. The atomic volume 
increments given by Edward (12) give a molec- 
ular volume of 209.4 A3. X-ray data (10) in- 
dicate that the triphenylene ring planes are 
separated by 3.4 A in the solid state (note: the 
accepted van der Waals radius for carbon is 
1.65-1.7 A). V = 4/3xa2c = 209.4 .A3 and c = 

1.7 A gives a = 5.42 A. This value for a was 
taken to be a lower limit. If the molecule is con- 
sidered to extend one van der Waals radius 
(1.25-1.45 A) beyond the periphery of the Hxxf  
protons, then a = 4.75 + 1.45 = 6.2 A can be 
regarded as an upper limit. 

2. Comparison of Observed and Calculated q/T 
Dependence of z, 

a. Proton Results 
Proton spin-lattice relaxation times for 0.02 M 

solutions of triphenylene in a number of sol- 
vents at 20°C are given in Table 1. The ob- 
served ratio of Tl(Hx,x,)/Tl(HA,A,) is approxi- 
mately constant, 2.61 + 0.22 in all solutions. 
When a 0.1 M solution of triphenylene in CS, 
was saturated with oxygen, Tl(HA) = 1.94 s and 
Tl(Hx) = 2.23 s. Intermolecular dipolar con- 
tributions to the proton Tl's were ignored on the 
basis of general agreement with the deuterium 
data, and measurements in benzene-d, (0.1 M) 
which were within the experimental error of 
the values in benzene-d, (0.02 M). 

Proton T,'s were also measured for a 0.02 M 
solution of triphenylene in CCl, as a function 
of temperature. In Fig. 4, z,(Hx) is plotted vs. 
q/T (correlation coefficient = 0.994). A plot 
of approximately the same slope was obtained 
for z,(HA) vs. q /T  (correlation coefficient = 
0.989). At temperatures greater than 60°C, the 
ratio Tl(Hx)/Tl(I-I,) appears to decrease slightly 
(-2.34 at 79°C). 

b. Deuterium Results 
Deuterium spin-lattice relaxation times and zc 

values for 0.1 M triphenylene-d,, in several 
solvents at 25°C are given in Table 2. A plot of 
z, vs. q gives a straight line with correlation 
coefficient = 0.996. 

With the exception of the DMSO solutions, 
the z, values calculated for triphenylene and tri- 
phenylene-dl, are in good agreement. If inertial 
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TABLE 1. Proton spin-lattice relaxation times for 0.02 M solutions of triphenylene at 20°C 

Solvent viscosity TI(HA) Tl(Hx) G(HA) sc(Hx) 
Solvent Q (cp) 6 )  6 )  (PSI (PS) 

Dimethylsulfoxide-d6 2.203 0.91 2.45 64.0 59.7 
Dioxane-d, 1.306 1.56 4.31 37.3 34.0 
Pyridine-d, 0.974 2.34 6.05 24.9 24.2 
Carbon tetrachloride 0.969 2.45 6.25 23.8 23.4 
Cyclohexane-dl, 0.960 2.90 7.00 20.1 20.9 
Tetrachloroethylene 0.870 2.51 7.10 23.2 20.6 
Benzene-d6 0.652 3.45 9.14 16.9 16.0 
Toluene-d, 0.590 3.44 8.67 16.9 16.9 
Chloroform-d 0.580 3.27 8.58 17.8 17.1 
Carbon disulfide 0.363 5.50 14.10 10.6 10.4 
Acetone-d, 0.326 4.50 11.30 12.9 12.9 

TABLE 2. Deuterium spin-lattice relaxation times of 0.1 M triphenylene-dl, 
at 25°C 

Solvent viscosity Ti('H) 7, 

Solvent n (cP) (ms) (DS) 

Dimethylsulfoxide 1.996 42.5 45.9 
1,1,2,2-tetrachloroethane 1.637 47 41.6 
Carbon tetrachloride 0.904 85 22.8 
Benzene 0.603 130 15.0 
Chloroform 0.542 122 16.0 
Dichloromethane 0.415 152 12.8 
Carbon disulf de 0.356 195 10.0 

FIG. 4. 7,(Hx) VS. q / T  for 0.02 M solution of triphenyl- 
ene in CCI, between - 11°C and 95.5"C. 

effects were important, the T,'S for the deuterated 
molecule would be longer, but the errors in the 
Tl's preclude serious consideration of the dif- 
ferences. The l H  data is less reliable than the 'H 
data for the following reasons. (1) Because 

protons have longer Ti's than deuterons, they 
are more likely to be affected by intermolecular 
relaxation with traces of paramagnetic species 
such as 0,. (2) Cross-relaxation and cross- 
correlation terms may become significant for 
spin 4 nuclei under certain circumstances (13). 
Such effects result in non-exponential recovery 
of (M , )  after a 180" pulse, and a description 
in terms of a single time constant is then in- 
correct. Near-exponential recovery1 of ( M , )  and 
the agreement between the z,'s derived from the 
proton and deuterium data suggest that errors 
due to these effects are relatively small. 

Experimental and calculated values of C 
are summarized in Table 3. Agreement is 
especially good between the experimental values 
obtained by varying the temperature in CCl, 

'Non-exponential behavior became most evident at 
times greater than the Ti's derived from the initial re- 
covery rates. One referee has correctly pointed out that 
the linear three-spin correlation power density JAVAx 
is greater in magnitude than the direct A-X interactions 
(JA,Ax > JAx). By using more concentrated solutions 
and/or signal averaging for longer periods of time it 
would probably be possible to demonstrate that the 'H 
recovery curves are actually logarithmically bilinear. 
If the errors due to multi-spin effects are indeed relatively 
large, then the derived Y H H  values in part l b  are not real 
proton-proton separations. 
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TABLE 3. Slopes of 7, vs. q / T  

HA H x  a (A) Stick Slip 

(I) Table 1 8 .18  7 . 5 1  5 . 6  2 8 . 2  3.58 
(2 )  Without dioxane 

and DMSO 5 .27  5 . 1 2  5 . 8  3 1 . 0  4 . 0 8  
(3)  Figure 4 6 . 3 2  6 . 0 8  6 . 0  34.1 4.63 
(4)  Table 2 6 . 2 2  6 . 2  37 .3  5 .22  

(proton Ti's) and varying the viscosity for the 
deuterium Ti's. If the highly polar solvents 
dioxane and dimethyl sulfoxide are omitted 
from the proton data, C is substantially de- 
creased. C,,, is best regarded as 6.2 f 2 ns K/cP. 
If the plane of the triphenylene ring is assigned 
a radius a = 5.8 + 0.2 A, then C,,,, = 4.1 f 
0.6 ns K/cP and Csti,, = 31.0 ) 3.1 ns K/cP. 
These data imply that the reorientation of tri- 
phenylene obeys a near-slip condition. That is, 
rotation in the plane of the molecule en- 
counters little resistance but rotation of the 
plane of the molecule is resisted due to shear 
forces in the solvent displaced during rotation. 
That is also the case for benzene (2a), and pre- 
liminary work in this laboratory on pyrene and 
coronene indicates that it is also true for those 
molecules. 

The intercepts of T, vs. q/T plots have been 
regarded (2b, 14) as quantitatively representing 
inertial rotation on the basis of heuristic use 
of the equipartition theorem. In the Appendix 
the free rotar time, zFR, is given as an ensemble 
average and compared with the results of 
Moniz, Steele, and Dixon (15) for small (but 
non-zero) friction coefficients. The results of 
triphenylene and a few other molecules are 
presented in Table 4. Free rotation is slightly 
faster than the slightly hindered rotation and 
considerably faster than the experimental inter- 
cept. It is not a satisfactory procedure to 
extrapolate linearly out of the hydrodynamic 

TABLE 4 .  Free rotation times (ps) 

Adamantane 1.4" 0 . 6 3  0 .57  
Benzene 0 . 7 5 b  0 . 3 4  0 . 3 1  
Triphenylene 2.6' 1.15 1.05 
Coronene 5 . 6 d  1.38 1.26 

"Deuterium nmr in several solvents at 23.5"C 
bReference 2a: 23°C. 
'From results given in Table 2: 25°C. 

pyridine-d, and CS2 at 20°C. 

regime, through the kinetic regime, and into the 
inertial limit. 
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3. Prolate spheroids: I ,  = I ,  > I ,  

Appendix: Inertial Rotation of Spheroids 

With angular velocity o, a molecule rotates 
through angle 0 in time 

[ A : l ]  T = Om-' 

The average value of this quantity in a Boltz- 
mann distribution of energies is If the molecule is crudely treated as a sphere 

T~~ = e ~ ~ h $ ~ ~ ~ 2  s d 3 a  a-I 

x exp {- ( Z ~ O , ~  + 1 ~ 0 , ~  + ~ ~ a ~ ~ )  2kT 

with average moment of inertia I,,, given by 

the method of Moniz, Steele, and Dixon 

where I i  ( i  = 1,2,3) are the principal moments 
(MSD) (15) gives 

of inertia. This expression results in the following. [ A : 7 ]  T~~~ = $ ( 7 ~ 1 , , / 3 k T ) ~ / ~  
I .  Spheres: I ,  = I ,  = I ,  - I 

for rotation through 0 = 9 1 3  rad ( [ 6 ]  with 
[ A : 3 ]  T,, = 0(21/nkT)li2 At = 2, and 7, = 1/6R). 
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Nuclear charge dispersion studies in the light-mass region formed 
in the fission of 238U by protons of energy 35-85 Mevl 
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J.-L. GALINIER, M. DIKSIC, and L. YAFFE. Can. J. Chem. 55,3609 (1977). 
Cross sections for the independent formation of 76As and 78As, for the partially cumulative 

formation of 77As and 77Ge, and the cumulative formation of 79As, 78Ge, and 75Ge formed in 
the fission of 238U by protons of energies 35-85 MeV have been determined. Charge dispersion 
curves have been obtained. Values of (Z, - Z,) and full-widths at half-maximum of the curves 
show that the behaviour of these light-mass products is the same as their complementary frag- 
ment (A z 152). This is inconsistent with values found at  A = 96. 

J.-L. GALINIER, M. DIKSIC et L. YAFFE. Can. J. Chem. 55,3609 (1977). 
On mesure les sections efficaces pour la formation independante de 76As et 78As, la formation 

cumulative partielle de 77As, 77Ge, ainsi que pour la formation cumulative de 79As, 78Ge et 75Ge 
issus de la fission de Z38U par des protons ayant des energies comprises entre 35 et 85 MeV. Des 
courbes de distribution de charge sont ainsi obtenues. Les valeurs de (Z ,  - Z,) et les largeurs a 
mi-hauteur de ces courbes indiquent que les produits ayant des masses legeres se comportent 
de la meme maniere que leurs complements lourds ( A  z 152). Ceci est en desaccord avec les 
valeurs trouvtes a A = 96. 

[Traduit par le journal] 

Introduction 

Charge distribution in the fission of heavy 
nuclei has been the object of numerous studies. 
In the 20-85 MeV range, the McGill group has 
produced a substantial body of experimental 
data, particularly for the proton fission of 238U 
(1-7). Charge dispersion curves have been found 
to be adequately represented by a Gaussian dis- 
tribution. The study of the dependence of charge 
distribution parameters on the excitation energy 
imparted to the target nucleus shows that, for a 
given mass chain, Z,, the most probable charge, 
moves towards stability with increasing incident 
energy, whereas the width of the distributions 
increases correlatively. Both effects are found to 
be more pronounced in the heavy partner (1, 4) 
than in the light one (3) when one considers the 
type of asymmetric mass split which is most 
probable ( Z  = 55 and Z = 38 regions respec- 
tively). Symmetric mass divisions yield inter- 
mediate results so far as the rate of displacement 
of Z, is concerned (6). Recent results obtained 
show that in the case of very asymmetric fission, 
changes in Z,, are less sensitive to increases in 
incident energy and that only narrow charge 
distribution curves are compatible with the 

'With financial assistance from the National Research 
Council of Canada. 

experimental data (7). This was explained as due 
to energy transfers involving deposition of 
energies far below what one can expect from 
compound nucleus formation, or the fission of a 
nucleus having undergone substantial neutron 
evaporation. The rather broad curves obtained 
in the Z = 55 region were assumed to be the 
result of competition between neutron evapora- 
tion and fission at each successive step in the 
de-excitation of the initial cascade nucleus (8). 

Very little information has been available con- 
cerning nuclear charge distribution in fission of 
238U for mass number regions below A = 90-93 
(3). The present work was undertaken to supple- 
ment data obtained in the medium-energy 
range, particularly to study the behaviour of 
fission products complementary to the rare- 
earths nuclides previously investigated (7). We 
have, therefore, chosen to look at isotopes of 
germanium and arsenic produced in 2 3 8 ~  

fission, covering a mass range A = 75-79. 

Experimental 
(A) Irradiations 

The target assembly consisted of three uranium foils 
(134mg/cm2) carefully aligned, the center foil con- 
stituting the master target and the other two serving to 
compensate for recoil losses of fission products, and two 
copper foils (44 mg/cm2) of the same size placed upstream 
of the uranium stack with respect to the proton beam. 
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The outer copper foil was used to monitor the beam by 
means of the reaction 65C~(p,pn)64C~.  The whole stack 
was wrapped in thin aluminum foil, fixed on to the end 
of the cyclotron probe, and irradiated in the internal beam 
of the McGill synchrocyclotron for 10 min. The beam 
energy degradation at the level of the master target was 
of the order of the uncertainty in the beam energy ( + 2  
MeV) and hence could be neglected. The bombarding 
energies ranged from 35 to 85 MeV in steps of 5 MeV. 

(B) Chemical Separations 
( i )  Arsenic and Germanium 
Following irradiation, the leading edge of the target 

assembly was sheared off and the middle uranium foil 
was selected for chemical treatment. Arsenic and ger- 
manium were separated by adaptation of standard 
radiochemical procedures (9-1 1). The uranium target was 
dissolved in 0.1 rnl 10 N HC1 in the presence of 0.1 ml of 
30% H20z,  to which is added 20 mg of sodium arsenate 
carrier, 1 ml each of 74As and 69Ge tracer solutions (pre- 
pared beforehand by (p,n) reaction on 74Ge and 69Ga 
respectively), and 6 ml of H20.  The solution was trans- 
ferred to a separatory funnel containing 7 ml 7.2 N HI 
and 20ml of benzene. The funnel was immediately 
shaken for 30 s and the time of phase separation recorded 
as the time for the isolation of arsenic from the germa- 
nium parent. The aqueous phase containing the fission 
products, among which is germanium, was drained and 
set aside for subsequent germanium separation. The 
arsenic was back-extracted twice with 8 ml HzO and the 
combined aqueous fractions washed with 10 ml benzene 
for 10 s. Then 1.0 ml (10 mg) of sodium tellurate hold- 
back carrier and 7.0 rnl 10 N HCI were added to the 
solution which was heated nearly to boiling and reduced 
with SOZ. After elementary tellurium was filtered, the 
supernatant solution was boiled to eliminate excess SO,. 
The solution was cooled, 1 ml of antimony hold-back 
carrier and 20 ml 6 N HC1 were added, and arsenic 
reduced to the elementary state by adding 100 mg KI and 
1 g of sodium hypophosphite. Coagulation was completed 
on a water bath and the arsenic transferred to a fiber-glass 
disk, washed with ethanol and isopropyl ether, dried at 
1 10°C, and mounted for activity measurements. The time 
elapsed between the end of bombardment and the end of 
the separation was typically 20min, thus making the 
measurement of 9.0 min 79As feasible. 

To the aqueous phase containing germanium and the 
other fission products, 10 ml of 10 N HCI and 10 ml of 
saturated H3B03 solution were added. GeSz was pre- 
cipitated with 5 ml of saturated NazS solution and 
centrifuged. The supernate was discarded and the GeS, 
precipitate washed and transferred with 15 m14.5 N HCl 
to a distillation unit. GeC1, was distilled at 120°C and 
recovered in 10 ml 4.5 MHCI, saturated with H,S, and 
placed in an ice bath. After 20 min, the GeS, precipitate 
thus obtained was filtered on a fiber-glass disk, washed 
with ethanol and isopropyl ether, dried at llO0C, and 
mounted for activity measurements. 

(ii) Copper 
The chemistry of copper separation followed the 

standard procedure of Kraus and Moore (12). The 
copper monitor foil was weighed, dissolved in 3 N HCI 
to which 2 drops of 30% H20z  had been added, the 
solution was evaporated to dryness, and the residue 

transferred with a minimum amount of 4.5 N HC1 to a 
20.0 x 0.7 cm anion-exchange column loaded with 
Dowex-1x8 resin (100-200 mesh size) pretreated with 
4.5 N HC1. After Zn, Co, and Fe were removed with 
4.5 N HC1, Cu was eluted with 1.5 N HCI, the middle 
fraction of the eluate being retained. CuZ+ was reduced 
to Cu+ by heating in the presence of NaHS03, CuSCN 
was precipitated by addition of 1 ml of 10% NH4SCN 
solution, and a solid sample for activity measurements 
was prepared as described previously. 

(C) Activity Measurements and Treatment of Data 
Relevant properties of the nuclides measured in this 

work are shown in Table 1. The y-radiations were 
measured with a calibrated 30 cm3 Ge(Li) detector 
operated in conjunction with a 4096-channel pulse- 
height analyzer equipped with magnetic tape readout. In 
the case of 6 4 C ~ ,  the solid samples were sandwiched 
between two aluminum absorbers sufficiently thick to 
ensure complete annihilation of the positrons within 
them. Portions of the y-ray spectra containing the peaks 
of interest were analyzed with the spectrum-stripping 
program GAMANAL (20) to locate peaks and to 
calculate net-peak areas after subtraction of the Compton 
background. The counting rate of each nuclide was 
usually followed for several half-lives and then extra- 
polated to the time of end of bombardment, or separation 
time from parent (whichever was applicable), with the aid 
of the CLSQ least-squares analysis program (21). These 
extrapolated counting rates were converted to disin- 
tegration rates by making the usual corrections for 
chemical yields, branching ratios, and detector efficien- 
cies, and used to calculate formation cross sections 
following standard procedures. The monitor cross 
sections used to that effect are shown in Table 2. 

TABLE 1. Summary of the decay properties of observed 
nuclides 

y rays y rays 
measured Per 

Nuclide Half-life (keV) 100 decays Ref. 

76As 26.32h 559.1 45 13 

77As 38.7 h 239.1 1 .4  16 

78As 90.7 min 613.6 54 15 
695.4 18 
827.8 7 

1308.8 11 

79As 9.01 min 95.5 9.37" 17 

75Ge 82.78 min 264.8 11.2 14 

264.0 100 
366 31 
415 49 
557 34 

78Ge 87.0 min 277.3 96 15 

6 4 C ~  12.74 h 511.0 P+ 38 19 
annihilation 

"E3 transition. Total internal conversion coefficient ar = 9.57 (18). 
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TABLE 2. Cross sections for the reaction 
6 s C ~ ( p , p n ) 6 4 C ~  (22) 

Results 
The independent formation cross sections for 

76As and the cumulative cross sections 78Ge, 
77gGe, and 78Ge were computed directly at each 
incident energy. The independent cross sections 
of 78As were calculated using the cumulative 
78Ge cross sections simultaneously measured in 
order to correct for the parent contribution 
during irradiation and between the end of 
bombardment and the time of As-Ge separation. 
The same method was applied to the calculation 
of the partially-cumulative cross section of 77As 
using the cumulative cross section of 77gGe (this 
cross section includes a 24% isomeric transition 
contribution from the cumulative cross section of 
77mGe (19)). In the case of 79As, the branching 
ratio for the highly-converted 95.5 keV y-ray was 
corrected by a total internal conversion coefficient 
of 9.57 (18). All cross sections determined in this 
workappear inTable3. The error quotedwitheach 
value is associated with monitor cross sections 
(5.473, detector efficiencies (I%), chemical yield 
(4x1, and target superficial density (2%). In the 
case of 78As independent cross sections, an 
additional 5% error was added, due to uncer- 
tainties in the cross-section values of the pre- 
cursor 78Ge. NO error was associated with 
uncertainties in decay schemes and half-lives. An 
additional uncertainty due to counting statistics 
was added for each individual determination, as 
given by the CLSQ program. In most measure- 
ments, it rarely exceeds 2%. However, in the 
case of 76As, due to the extremely low formation 
cross sections at low bombarding energies, this 
type of error could amount to 15%. The total 
error was assessed for each measurement by 
taking the square root of the sums of the squares 
of individual errors outlined above. The error 
varies between + 13% and + 28%. Excitation 
functions for the nuclides studied are shown in 
Figs. 1 and 2. 

FIG. 1 .  Excitation functions for the cumulative forma- 
tion cross section of 79As and 7 7 A ~  (partially), and the 
independent formation cross section of 76As and 78As. 

n "Ge 

" G e  

FIG. 2. Excitation functions for the cumulative forma- 
tion cross section of 7sGe, 77gGe, and 78Ge. 
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TABLE 3. Experimental cross sections 

EP 7 6 A ~ a  77Asb 78Asa 7 9 A ~  75Ge 77Gec 78Ge 
(MeV) N/Z= 1.3030 N/Z= 1.3333 N/Z= 1.3636 N/Z= 1.3939 N/Z= 1.3438 N/Z= 1.4063 N/Z= 1.4375 

OIndependent cross section. 
bPartially-cumulative cross section: 77As ( I )  4 0.76 77mCe (c). 
  par ti ally-cumulative cross section: 77Ge (c) + 0.24 77mGe (c) 

TABLE 4. Parameters of charge dispersion curves 

Full-width at 
Peak position half-maximum 

EP - 
(MeV) N/Zp A," ZAb Z A  - Zp N/Z z 

35 1 ,420 79.86 34.97 1.97 0.073 0.99 
40 1 .442 80.57 35.24 2.24 0.090 1.22 
45 1.433 80.28 35.13 2.13 0.080 1.08 
50 1.446 80.73 35.30 2.30 0.097 1.31 
5 5 1.445 80.70 35.29 2.29 0.098 1.32 
60 1.428 80.12 35.07 2.07 0.084 1.14 
65 1.434 80.31 35.14 2.14 0.093 1.26 
70 1.427 80.09 35.05 2.05 0.095 1.29 
75 1.426 80.04 35.04 2.04 0.098 1.33 
80 1.409 79.51 34.83 1.83 0.089 1.22 
8 5 1.410 79.52 34.84 1.84 0.096 1.31 

UCalculated from arsenic isotopic distribution. 
bFrom Coryell (25). 

The independent cross sections were converted 
into independent fractional chain yields for the 
purpose of constructing charge dispersion curves. 
The cumulative cross sections were used as a 
first estimate of the total chain yields for A = 75, 
77, 78, 79, while for A = 76 the total chain yield 
value was estimated by interpolation. A first set 
of charge dispersion curves was thus generated 
with the help of the ORGLS program (23) using 
the usual constraint prescribed by Friedlander 
et al. (24). This in turn allowed for the adjust- 
ment of total chain yields to more realistic 
values. Two iterations were sufficient to arrive at 
the final results shown in Table 4. A repre- 
sentative sample of a charge dispersion curve is 
shown in Fig. 3. 

The average precision on the most probable 
neutron-to-proton ratios (NlZ,) and the full- 
widths at half-maximum (fwhm) in N/Z units is 
2% and 3% respectively, as given by the ORGLS 
program. The most probable mass (A,) was 
calculated, at each incident energy, for arsenic 
isotopic distribution and the corresponding ZA 
values were deduced from Coryell (25). The 
precision on the resulting values of (ZA - Z,) 
and fwhm in Z units is, on the average, 3.5% and 
8%, respectively, with the exception of the 
(2, - 2,) value at 35 MeV which appears to be 
too low by - 15%, this being probably attribut- 
able to poor precision on 76As and 7 8 A ~  inde- 
pendent cross sections at that particular energy. 
The variation of (Z, - 2,) and fwhm as a 
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FIG. 3. Charge dispersion curve at 55 MeV. 

20 40 60 60 100 

E , (MeV) 

FIG. 4. Displacement of the most probable charge from 
stability as a function of incident energy. 

function of bombarding energy is shown in 
Figs. 4 and 5 respectively, along with data of 
several other workers (1, 3, 5-7). 

Discussion 
The excitation functions of the independently 

formed nuclides 76As and 78As (Fig. 1) show a 
monotonic increase in the 35-85 MeV bombard- 
ing energy range, thus exhibiting, at least in this 
limited region, the classical behaviour of species 
close to the stability line found in medium- 

FIG. 5. Full-width at half-maximum of charge dis- 
persion curves as a function of incident energy. 

energy fission. The yield of 76As (NIZ = 1.3030) 
increases by about 1.5 orders of magnitude, 
compared to a factor of -4 for the more 
neutron-rich 78As (NIZ = 1.3636). The scarcity 
of data at higher energy unfortunately does not 
allow for a precise determination of the incident 
energy at which these excitation functions would 
reach a maximum. However, the values of 
0.8 mb at 170 MeV and 0.21 mb at 340 MeV 
reported respectively by Hagebo et al. (26) and 
Folger et al. (27) for the production of 76As 
suggest that the excitation function of this 
particular nuclide goes through a broad maxi- 
mum, or levels off, at an incident energy con- 
siderably lower (by about 1 order of magnitude) 
than the prediction from the systen~atics of 
Friedlander et al. (24) for nuclides in the vicinity 
of the cesium region. If this is the case, the light 
products appear to behave differently from their 
heavy partners. (For instance the excitation 
function for the production of independently 
formed lSOPm is in accord with systematics by 
reaching its maximum at 100 MeV (7).) On the 
other hand, if we compare our data to those of 
Khan et al. (3) in the yttrium mass region, we 
observe a qualitative agreement ("Y (N/Z = 
1.3590) and 93Y (N/Z = 1.3846) reach their 
maxima much below the predicted incident 
energy). However, one must await higher-energy 
data before drawing further conclusions. 

The excitation functions for the cumulatively 
formed species 7 8 ~ e ,  77gGe, 7 8 ~ e ,  and 79As 
(Figs. 1 and 2) exhibit broad maxima shifting 
toward lower incident energies with increasing 
value of N/Z of the nuclide. The excitation 
function of 79As (NIZ = 1.3939) is almost flat 
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within experimental uncertainties, while that of 
7sGe (N/Z = 1.3438) indicates a variation of 
cross sections of about a factor of 5 in the 35-85 
MeV bombarding energy range. This trend 
agrees well with that found in the complementary 
mass region (7) and, again, as in the case of the 
heavier rare-earths, differs from that reported for 
heavy cumulatively formed products resulting 
from the most probable-fission mode (cesium 
region and its vicinity) where cross sections 
decrease sharply over the whole bombarding 
energy range (1, 2, 4, 5). This difference indicates 
that the displacement of the most probable 
charge along light isobaric chains plays a less 
prominent role in the decrease of cumulative 
cross sections with increasing bombarding 
energy. 

The values of (Z, - Zp) deduced in this work 
appear to be quite similar in magnitude to those 
found in the complementary mass region 
(A = 152) as shown in Fig. 4. A linear least- 
squares fit performed on the variation of Zp 
(arbitrarily calculated for mass A = 80) against 
the variation of the average excitation energy E* 
of the fissioning nucleus obtained by DikSiC et al. 
(5) using the Vegas Stepno code (28) followed by 
Monte Carlo evaporation (29, 30) gives a value 
of 6Zp/6E* = 0.0197 MeV-'. This result is in 
excellent agreement with the value of 0.0208 
MeV-' found in the complementary mass region 
in the 20-85 MeV bombarding energy range (7), 
and the value of 0.0200 MeV-' reported by 
Nethaway (31) in the excitation energy range 
6.8-21.2 MeV for mass chain A = 82. However, 
our data differ considerably in magnitude from 
those reported at mass chain A = 96 (3), as 
seen in Fig. 4. This is a direct consequence of the 
very low values of N/Zp found in the present 
work. Such a trend of sharply decreasing N/Z, 
with mass below A - 90 has already been 
pointed out at higher energies by Hageba et al. 
(26) and Pappas and Hageba (32) at 170 MeV 
and Hogan and Sugarman (33) at 440 MeV. 
Wahl et al. (34) have also shown that, at  thermal 
energies, 235U fission gives rise to light products 
whose N/Zp values are much below those of their 
complementaries (by about -0.05 N/Z unit), 
even though these values do not seem to vary 
much below mass A = 100. Figure 6 shows the 
results of the McGill group (1-7) at 50 and 
85 MeV, along with the curve constructed by 
Pappas and Hageba (32) at 170 MeV. Both sets 
of data are in good agreement as far as trends 

are concerned. The reason as to why the light 
fission products exhibit such a sharp drop in 
N/Zp values has been attributed, at 170 MeV, to  
fast fission events taking place at the highest 
excitation energy available (26). In our case, such 
an argument would contradict the conclusions 
drawn in the complementary mass region (7) 
where highly asymmetric mass divisions have 
been shown to be caused by low-deposition 
energy cascades, as demonstrated by the 
relatively small number of post-fission neutrons 
deduced from the variation of Zp, using the 
method of McHugh and Michel (35). Our 
results on N/Zp indicate also that the conclusion 
of Hageba et al. (26) that the UCD hypothesis 
cannot be applied in its simple form to the fission 
reactions leading to light fragments at 170 MeV, 
may be extended to the lower excitation energy 
range involved ill this work. This is also sup- 
ported by the work of Lee et al. (36) on the 
isotopic distributions of rubidium and cesium 
formed in the fission of 2 3 8 ~  at 80 and 100 MeV. 
In order to explain the low N/Zp value found for 
rubidium, these authors show that the ratio of 
the number of post-fission neutrons emitted by 
the heavy fragment to that emitted by its light 
partner should equal 0.78 if the UCD prescrip- 
tion is to describe the processes of charge 
division in an adequate fashion. This value is not 
consistent with the experimental findings of 
Cheifetz et al. (37) who report an experimentally 
measured ratio of 2.2 for the mass split, 1.5 in 
the 155 MeV proton-induced fission of 238U, and 
Bishop et al. (38) who report ratios from 1.12 to 
1.34 for similar mass divisions in the 11.5-22 
MeV proton energy range. If we look at the 

FIG. 6. Variation of the most probable neutron-to- 
proton ratio with the mass of the fission chains for three 
incident energies. 
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variation of the full-width at half-maximum as a 
function of bombarding energy (Fig. 5), we see 
that fission products of mass A = 80 behave 
virtually in the same fashion as their comple- 
mentary partners, fwhm varying respectively 
from 0.99 to 1.31 2 units and 1.06 to 1.53 Z units 
(7). Again, we notice a large difference in 
magnitudes between the results of Khan et al. 
(3) at mass A = 96 and ours, as shown in Fig. 5. 
One qualitative explanation for both narrow 
widths and low N/Zp could be that early mem- 
bers in the isobaric decay chains are likely to be 
delayed-neutron emitters. The occurrence of 
such a type of decay has indeed been observed 
in the vicinity of the mass region investigated, as 
reported by Kratz et al. (39), for nuclides such as 
84As, 8 5 A ~ ,  and 86As which are only 3 units of Z 
removed from the stability line. The extent to 
which delayed-neutron emission might alter the 
original charge dispersion features is, however, 
very difficult to assess as far as widths are con- 
cerned, while it probably contributes to sub- 
stantial shift towards lower values in N/Z,. It is 
then surprising to see that both N/Zp and fwhm 
exhibit essentially the same variation in both the 
As-Ge and the rare-earths complementary mass 
regions. If this agreement is not to be fortuitous, 
it seems reasonable to assume that delayed- 
neutron emission superimposes itself to the de- 
excitation process of the primary fission frag- 
ments without masking the influence of in- 
creasing bombarding energy. 
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The reaction of iodine with lithium tri-tert-buto~yaluminohydride.~ A reaction with 
variable stoichiometry unsuitable for analytical standardization 

DONALD C. WIGFIELD A N D  FREDERICK W. GOWLAND 
Department of Chemistry, Carleton University, Ottawa, Ont., Canada KlS5B6 

Received January 21, 1977 

DONALD C. WIGFIELD and FREDERICK W. GOWLAND. Can. J. Chem. 55,3616 (1977). 
Solutions of lithium tri-tert-butoxyaluminohydride (LTBA) have been standardized by re- 

duction of cyclohexanone, followed by gas-liquid chromatography (glc) and/or spectral analy- 
sis of the extent of reaction. These results are compared with the standard titrimetric analysis of 
LTBA by iodine, to determine whether the standardizing equation is 

[3 1 LiAI(OBut),H + +I2 + 3H2 + LiI + A1(OBut), 

It is clear that in fact both of these reactions occur, with [5] predominating at low hydride to 
iodine ratios, and [3] becoming increasingly significant when the hydride and iodine concentra- 
tions become comparable. The usual titrimetric method of standardizing LTBA is therefore 
essentially unusable. 

DONALD C. WIGFIELD et FREDERICK W. GOWLAND. Can. J. Chem. 55,3616 (1977). 
On etalonne des solutions de tri-tert-butoxyaluminohydrure de lithium (TBAL) par rtduc- 

tion de la cyclohexanone suivie par CPG ou par analyse spectrale du degrk de reaction ou les 
deux B la fois. Ces resultats sont compares a l'analyse titrimetrique etalonnee de (TBAL) par 
I'iode, afin de determiner si l'equation de normalisation est: 

I1 est clair qu'en fait les deux reactions se produisent, [5] etant predominante B faibles rap- 
ports hydrure B iodure; [3] a un accroissement devenant important lorsque les concentrations 
en hydrure et en iodure deviennent comparables. La methode titrimetrique habituelle pour 
etalonner (TBAL) est par consequent inutilisable. 

[Traduit par le journal] 

Kinetics play a vital role in unravelling the 
mechanistic details of reductions of carbonyl 
compounds by complex metal hydrides (see, for 
example, ref. 3 and references cited therein). 
Since these reductions are generally first-order 
both in organic substrate and in hydride, an 
accurate knowledge of the concentration of the 
complex metal hydride in the reduction solution 
is required. Recently we have needed to measure 
the concentration of solutions of lithium tri- 
tert-butoxyaluminohydride (LTBA) for kinetic 
and other (4) studies; in doing so we have found 
that the currently used titrimetric method can 

loften called lithium aluminum tri-tert-butoxyhydride. 
Related nomenclative problems occur for substituted 
borohydrides (1). Chemical Abstracts is currently (Vol. 
83) referring to this compound as "aluminate (I-), 
hydrotris (2-methyl-2-propanolato) lithium". We have 
retained the name given to it by its discoverers (2). 

give rise to anomalous results. We wish to report 
the unsuitability of this titrimetric method for 
LTBA analysis. 

The Problem 

Complex metal hydrides, such as lithium 
aluminum hydride (LAH), are generally ana- 
lysed titrimetrically by reaction with iodine. The 
procedure involves two titrations: (a) titration of 
the iodine solution with thiosulfate (ref. 5, p. 453 
et seq.); and (6) the addition of a deficient 
amount of lithium aluminum hydride to the same 
volume of iodine solution as in (a), followed by 
titration of the remaining iodine with thio- 
sulfate. The difference between the two titrations 
clearly has equivalence to the quantity of hy- 
dride oxidized. Felkin (6) has shown that the 
following equation holds : 

[I] LiA1H4 + 212 + 2H2 + LiI + AII, 
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WIGFIELD A N D  GOWLAND 3617 

This equation, in combination with the reaction and unreacted cyclohexanone after reaction with 
of iodine with thiosulfate (ref. 5, p. 453 et seq.) a deficient amount of LTBA. With this method 

[21 2Sz032- + I, + s4o62- + 21- the molarity of a LTBA solution is given by 

establishes the 1 :4 equivalence between lithium 
aluminum hydride and sodium thiosulfate. 

Direct extrapolation of the I,-LAH reaction 
to LTBA gives the following equation 

[3] LiA1(OBuC),H + +I2 + +HZ + LiI + AI(OBU*)~ 

This equation, in combination with [2], clear- 
ly implies a 1:l  equivalence between LTBA 
and thiosulfate. If the original titre of x ml of 
thiosulfate to reduce the iodine solution is 
diminished to z ml by the prior addition of y ml 
of LTBA solution, then the molarity of LTBA is 
given by: 

This equation is equivalent to that suggested by 
Ayres et al. (7). 

In the course of using [3] and resulting 
expressions, however, certain peculiarities led us 
to consider its basis more carefully. In the 
absence of further experimental data the alter- 
native reaction (eq. 5), seemed equally plausible. 

This equation, .in combination with [2], gives 
a 1 :2 equivalence between LTBA and thiosulfate, 
and, retaining the same designation of the 
volumes x, y, and z,  leads to [6]. 

Equations 4 and 6 clearly differ by a factor of 
two, and an independent method of quantitative 
analysis is required to establish which of the 
two is correct. For this purpose we have chosen 
the reaction of LTBA with cyclohexanone, and 
evaluation of the extent of reduction. This 
reaction has the twofold advantage that, firstly, 
it is the reaction in which we are interested, and, 
secondly, that cyclohexanone is known to react 
with LTBA with a 1 : 1 stoichiometry (8). 

Results and Discussion 
In order to utilize the reduction of cyclo- 

hexanone as a measure of [LTBA], accurate 
assay of the extent of reduction is required. This 
was achieved with two independent methods. 

The first of these methods involved glc deter- 
mination of the relative amounts of cyclohexanol 

[7] [LTBA] = [Ketone] 

where p and q are the volun~es (ml) of the LTBA 
and ketone solutions, respectively. For the glc 
system used in this work a significant detector 
response differential between cyclohexanol and 
cyclohexanone was measured; the actual percent 
reduction was thus obtained by multiplying the 
apparent percent reduction by a factor of 0.92. 

The second method involved the analysis of 
unreacted ketone by the absorbance of the n-K* 
band at 288 nm. We have, in fact, utilized this 
method for following the kinetics of this reac- 
tion; this analytical application was somewhat 
simpler, involving only the initial absorbance and 
the absorbance after reaction was complete 
(-2 min). The molarity of a LTBA solution in 
this determination is given by 

where A, is the final absorbance value, A,  is the 
initial absorbance value, already corrected for 
the change in volume that will occur on adding 
the LTBA solution, a is the molar absorptivity, 
and p and q are the volumes as indicated above. 
It  was found that glc and spectral analyses were 
in close agreement. 

Armed with reliable analyses of LTBA solu- 
tions, comparisons were made with the apparent 
analysis given by the iodine titration method 
using both [4] and [6]. From the results, sum- 
marized in Table 1, a number of points are 
evident. 

I .  At low hydride to iodine ratios, [5] appar- 
ently occurs and use of [6] gives reasonably 
good2 agreement with the glc or spectral analysis. 
In fact these ratios were those actually used for 
our related kinetic work, and led us initially to 
believe that [5] was the chemistry involved. 

2. At hydride concentrations comparable to 
the iodine concentration, [3] appears to occur 
and the use of [4] gives the correct analysis of the 
hydride concentration. 

3. At most [hydride]:[iodine] ratios (i.e., those 

2There is still a substantial error, however, due to the 
small quantity of iodine consumed and the crucial 
volume thus being a small difference between two large 
titres. 
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TABLE 1. Comparison of titration, gas-liquid chromatography, and spectral concentrationsa 
of LTBA solutions 

Titration Correct 
Gas-liquid titration 

Equation 4b Equation 6b chromatography Spectral equation 

'[LTBAI, moll e .  
blodine concentration 

lying between those covered in the above two 
cases), the true hydride concentration lies 
between the values obtained using [4] and [6]. 
Presumably, therefore, this corresponds to 
LTBA and iodine reacting by both [3] and [5]. 

4. The consequence of point 3 is that the 
iodine titration method for LTBA is an un- 
reliable and almost useless analytical method. 
The stoichiometry is variable and unpredictable 
unless the concentration of LTBA is already 
known with sufficient accuracy to ensure that 
conditions for predominance of either [3] or [5] 
will be in effect. 

These conclusions, although unexpected, are 
not unreasonable. Even if [3] were to occur, the 
first step of such a process would presumably 
be [5]. The second step would be 

From the data, therefore, it would appear that 
[9] is viable and the question of whether [3] or 
[5] is appropriate is essentially a question of 
competition between [5] and 191. Clearly at low 
[hydride] to [iodine] ratios there will always be a 
predominance of I, over HI; [9] is effectively 
eliminated by this concentration effect, and the 
data will correspond to [5] and [6]. At higher 
hydride to iodine concentrations, more HI will 
be produced, [9] will compete more effectively 

with [5] to the point where [3] and [4] accom- 
modate the data. We have attempted to illustrate 
this change of stoichiometry from the 1:l of 
[5] to the 2 : 1 of [3] in the plot of Fig. 1. 

The difference in chemistry between LTBA 
and LAH is worth considering. Clearly the 
reduction of HI by LAH competes more 
effectively with reduction of I, than it does in 
the LTBA case. One important difference 
between LAH and LTBA are the four hydrides of 
LAH compared to only one hydride of LTBA, 
and it is worth noting that after the reaction of 
LAH with I,, the HI and the modified aluminum 
species (still containing three hydrides and still a 
reducing agent) are necessarily produced in the 
same vicinity. It is possible, therefore, that the 
efficient reduction of HI to Hz by LAH is, at 
least in part, due to this local concentration or 
solvent cage effect. Such an effect, of course, 
would not be applicable in LTBA reductions. 

Conclusions 
The stoichiometry of the standardizing reac- 

tion between iodine and LTBA is variable, 
ranging from 1 : 1 to 1 :2. This titrimetric method 
for determination of [LTBA] is therefore of no 
use unless the value of [LTBA] is already known 
with some accuracy beforehand. Data in the 
literature which may derive from this standard- 
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WIGFIELD AND GOWLAND 

0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 8  0 .10  0.12 0.14 0.16 0.18 
GLC / SPECTRAL CONCENTRATION 

FIG. 1. Comparison of [LTBA] from glc/spectral determinations with apparent values from titri- 
metric analysis. The dashed lines correspond to [4] and [6], respectively. 

izing reaction must .therefore be regarded as injection the chart recorder was activated and the decay 
suspect. trace, characteristic of the second order reaction, was 

obtained. The limiting absorbance (Af) was observed 
Experimental after 1-2 min. The initial absorbance ( A o )  was obtained 

by dividing the absorbance of the ketone solution by 
Materials three to allow for dilution. 

Tetrahydrofuran (Fisher Certified) was distilled from 
lithium aluminum hydride (Ventron; Alfa Products) at Gas-Liquid Chromatography Method 
atmospheric pressure, protecting the distillate from To 5.0 ml of a stock cyclohexanone solution (0.05416 
moisture. Benzene (Fisher) was distilled under nitrogen M in THF), 5.0 ml of the hydride solution was added and 
and stored over molecular sieves (Fisher; 4 A). Iodine the vessel stoppered. After 2 days3 at room temperature 
(Fisher), sodium thiosulphate (Baker), glacial acetic acid the solution was treated with 1 M HCl (1 ml), extracted 
(Fisher), soluble starch (Fisher), cyclohexanone (Fisher), with ether (2 ml), and analyzed by glc. In the glc system 
cyclohexanol (Fisher), diethyl ether (Mallinkrodt), and used (flame ionization detector), the detector response to 
lithium tri-tert-butoxyaluminohydride (Ventron; Alfa cyclohexanol and cyclohexanone were found to be 
Products) were used without further purification. Gas- significantly (8%) different. Thus a correction to the 
liquid chromatography was performed on a Hewlett- cyclohexanol:cyclohexanone ratio needed to be applied 
Packard F and M 402 gas chromatograph equipped with in order to obtain the true amount of cyclohexanone 
a QF-1(5%) column. Carrier gas flow was 4 ml/min, oven remaining in the sample. Use of [7] then yielded the 
86°C. injector port 200°C. manifold 200°C. Peak areas concentration of available hydride. 
were determined electronically with an Infotronics CRS- 
208 electronic integrator. The retention times for cyclo- 1. H. I. SCHLESINGER and H. C. BROWN. J.  Am. Chem. 

SOC. 75, 186 (1953). and c~clOhexanO1 were 2.9 and 5.8 min (9), 2, H, C, BROWN and R. F, M C F A R L I ~ ,  J ,  Am, Chem, respectively. Spectral analyses were performed on a 
Beckman 25 spectrophotometer at 288 nm. SOC. 80,5372 (1958). 

3. D. C. WIGFIELD and D. J.  PHELPS. J. Org. Chem. 41, 
Titrimetric Analysis 

A typical determination follows; stock solutions of 
standardized sodium thiosulphate (ref. 5, p. 455 et seq.) 
(0.06382 M )  and of iodine in benzene (6) (0.07605 M )  
were prepared. LTBA (0.05245 g) was dissolved in 
10.0 ml of tetrahydrofuran; an aliquot (5.0 ml) of this 
solution was pipetted into a iodine flask containing 5.0 
ml of the stock iodine solution. The flask was stoppered 
and swirled periodically (ca. 5 min). Glacial acetic acid 
(15 ml) was added and the solution was titrated against 
the standard thiosulphate solution to the starch indicator 
end point. A blank following the above outlined pro- 
cedure was run omitting the hydride solution. The data 
were analyzed using [4] and [6], respectively. 

Spectral Method 
To 2.0 ml of hydride solution in a cuvette, which had 

been fitted with a cover, 1.0 ml of ketone solution of 
known concentration was injected. Simultaneously with 

2396 (1976). 
4. D. C. WIGFIELD, D. J. PHELPS, R. F. POTTIE, and R. 

SANDER. J. Am. Chem. Soc. 97,897 (1975). 
5. D. A. SKOOG and D. M. WEST. Fundamentals of 

analytical chemistry. 2nd ed. Holt, Rinehart and 
Winston, Inc. 1969. p. 453 et seq. 

6. H. FELKIN. Bull. Soc. Chim. Fr. 347 (1951). 
7. D. C. AYRES, D. N.  KIRK, and R. SAWDAYE. J.  Chem. 

Soc. B, 505 (1970). 
8. H. C. BROWN and H. R. DECK. J.  Am. Chem. Soc. 87, 

5620 (1965). 
9. D. C. WIGFIELD and D. J. PHELPS. J.  Am. Chem. Soc. 

96,543 (1974). 

3The time is not critical, in the usual uv analysis pro- 
cedure the absorbance had decreased to a finite value 
within 1-2 min under the conditions of our kinetic 
experiment. 
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Nuclear magnetic resonance studies on the self-association of adenosine 
5'-triphosphate in aqueous solutions1 

YIU-FAI LAM* AND GEORGE KOTOWYCZ 
Department of Chemistry, The University ofAlberta, Edmonton, Alta., Canada T6G2G2 

Received March 22, 1977 

YIU-FAI LAM and GEORGE KOTOWYCZ. Can. J. Chem. 55,3620 (1977). 
The self-association of adenosine 5'-triphosphate (ATP) in aqueous, basic solutions has been 

studied. The results indicate that the monomer-dimer-trimer equilibrium model for base 
association fits the data well, but so does a model which includes higher order species. This 
indicates that the ATP n~olecules in solution can undergo indefinite linear self-association. The 
average value of the association constant based on the 'H and 31P chemical shift measurements 
is 0.9 + 0.3 M- ' .  Longitudinal relaxation rates for the H8, HI', and H2 protons of ATP were 
obtained as a function of the nucleotide concentration. The analysis of the viscosity-corrected 
proton H2 data yields an association constant of 5.1 + 1.3 M-' .  

YIU-FAI LAM et GEORGE KOTOWYCZ. Can. J. Chem. 55,3620 (1977). 
On a 6tudie l'auto-association du triphosphate-5' d'adenosine (TPA) en solution aqueuse et 

basique. Les rksultats indiquent que l'equilibre modele monomere-dimere-trimere pour 
l'association basique se compare bien aux donnees, mais il en est de m6me pour un modele qui 
inclut des espkces d'ordre superieur. Ceci indique que les molCcules TPA en solution donnent 
lieu a une auto-association lineaire indkfinie. La valeur moyenne de la constante d'association 
basee sur les mesures du deplacenlent chin~ique est de 0.9 i 0.3 M - ' .  Les vitesses de relaxation 
longitudinale pour le protons H8, HI  ' et H2 du TPA sont obtenues comme Ctant fonction de la 
concentration du nucleotide. L'analyse des valeurs pour le proton H2 corrigees de la viscosite 
nous donne une constante d'association de 5.1 + 1.3 M-' .  

[Traduit par le journal] 

Adenosine 5'-triphosphate (ATP) self-associ- 
ates in aqueous solutions (1-3) due to the base- 
stacking interactions which have been observed 
for many nucleotides (4-7). However, the exact 
nature of the complex or complexes formed in 

N H 2  

AT P 

solution, especially at neutral or slightly basic 
pH, is still not known. On the basis of circular 
dichroism and uv measurements (2), an associ- 
ation constant of 8.2 M-I at 25°C was obtained 
at a p H  of 8.7 in a 1 M Tris HCl buffer with 
0.5 M MgCl,. The proposed model (2) is one 

lThis is paper No. 8 in the Nuclear magnetic resonance 
studies of nucleotide - metal ion interactions. 

2Postdoctoral fellow, 1975-1 976. Present address : 
Department of Life Sciences, University of Pittsburgh, 
Pittsburgh, PA 15260, U.S.A. 

with indefinite linear self-association and each 
step has the same equilibrium constant. Heyn 
and Bretz (2) could not assign a unique geometry 
for the ATP molecules in the stack but feel that 
head-to-tail association of the adenine bases is 
most likely. Further circular dichroism measure- 
ments (3) were interpreted in terms of a mono- 
mer-dimer model. At a p H  of 2.8 and 20°C, a 
dimerization constant of 88 M-' was obtained. 
In the complex, the charged phosphate of one 
ATP molecule interacts electrostatically with the 
charged adenine ring of the second ATP mole- 
cule. In this model, the two adenine rings are 
stacked head-to-tail and the ATP molecule is in 
the anti conforn~ation (3). At basic pH's, the 
model of Heyn and Bretz (2) was applied (3) 
and an association constant of 51 M-I was 
obtained (2O0C, p H  8.7) with no MgCI, present. 
Stacking interactions have also been studied in 
the presence of 0.154 M NaCl (1) and a mono- 
mer-dimer-trimer association model at acidic 
pH's describes the data best of all. 

Nuclear magnetic resonance (nmr) experi- 
ments also offer valuable information concerning 
the self-association of ATP. Based on the ring 
proton chemical shift studies carried out at a 
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LAM AND KOTOWYCZ 3621 

p H  of about 7 (9), a dimerization constant of 
about 5 M - I  was obtained (8) when higher 
order associations were neglected. In addition, 
nmr techniques have been applied in the study of 
stacking interactions of a related system, adeno- 
sine 5'-monophosphate (10-19), or 5'-AMP. A 
head-to-head base association model has been 
proposed (10) as well as the head-to-tail (11, 12, 
19). Deuterium substitution is now being applied 
extensively in these studies (1 1, 16-20). Ellis and 
co-workers (19) have studied the stereospecificity 
of stacking interactions by measuring the proton 
relaxation times of 5'-AMP and 8-deutero- 
adenosine 5'-monophosphate. Their results in- 
dicate that the base stacking of 5'-AMP is 
stereospecific at 5°C and, from their calculated 
internuclear distances, they propose a head-to- 
tail stacking model. They also observe that, at 
30°C, even though the molecules may stack, the 
stereospecificity is gone. Egan (16) has also 
studied intermolecular association in 8-deutero- 
adenosine 5'-monophosphate by monitoring the 
deuterium magnetic resonance relaxation times 
over the concentration range 0.01-1.0 m (pH 
7.0). He observed that a plot of (qT1)-l vs. the 
solute concentration is concentration dependent 
(q = viscosity) and this was attributed to the 
effect of stacking. An analysis of the data in 
terms of a monomer-dimes equilibriun~ yields a 
value for the equilibrium constant of 2.1 f 0.7 
(30°C) and the analysis also indicates that the 
association may proceed past the dimes stage. 

The object of the present study is to determine 
the nature of the ATP association complex at a 
p H  of 8.4. With this in mind, the chemical shifts 
of the H8, H2, and H1' protons, as well as the 
u, p, and y phosphorus nuclei have been mea- 
sured as a function of the ATP concentration. In 
addition, longitudinal relaxation times of the H2 
proton, which are extremely sensitive to inter- 
molecular effects, were measured as a function of 
the nucleotide concentration. A viscosity correc- 
tion is applied to these longitudinal relaxation 
times. The data are analyzed in terms of several 
association models. The monomer-dimes-trimer 
equilibrium model fits the data well, but so does a 
model which includes tetramers, pentamers, and 
higher order species. 

Experimental 
Sample Purification and Preparation 

ATP (disodium salt) was purchased from Sigma 
Chemical Co. It was purified by passing a 0.1 M ATP 
solution through a Dowex-50 cation exchange resin and 

then freeze-dried. For all 'H and 31P nmr experiments, 
samples were then freeze-dried three times from D 2 0  and 
then dissolved in D 2 0 .  For the proton homonuclear 
nuclear Overhauser effect (nOe) experiments, samples 
were degassed four times using the freeze-pump-thaw 
technique and then were sealed in nmr tubes. The 
pD of all the solutions was 8.4. All nucleotide con- 
centrations were determined by uv techniques. Two 
sets of samples were prepared for all of the nmr experi- 
ments with the exception of the 31P shift studies and the 
proton-proton nOe experiments. The first series con- 
tained purified ATP, whereas the second series also con- 
tained 2% EDTA (as a mole fraction of the ATP con- 
centration) to check for the effects arising from any trace 
metal ion impurities (21). The nmr experiments were 
repeated with both sets of samples. The 31P chemical 
shifts were measured on solutions containing only purified 
ATP, whereas the proton-proton nOe experiments were 
carried out on solutions that contained 2% EDTA. 

Inosine 5'-triphosphate (ITP) was purchased from 
Sigma Chemical Co. and was purified using Chelex 100. 
The purified ITP was freeze-dried several times from 
D 2 0  and then two solutions were prepared in D 2 0  for 
the proton spin-lattice relaxation time measurements. 
The 2% EDTA (as a mole fraction of the ITP concentra- 
tion) was added to both solutions and the pD was 6.4 and 
7.2. The ITP was slightly hydrolyzed (-10%) but this 
does not affect the present conclusions. 

Viscosity Measurements 
Viscosities of ATP solutions at 27°C were measured 

both in D 2 0  (pD 8.4) and in H 2 0  (triply distilled) ( p H  
8.0) following standard procedures using an Ostwald 
viscometer. For the measurements in D 2 0 ,  2% EDTA 
(as a mole fraction of the ATP concentration) was added 
to the solutions. 

Proton Magnetic Resonance Experiments 
Proton chemical shifts, as well as spin-lattice relaxa- 

tion times, were measured at  27°C in the Fourier trans- 
form mode (100.0 MHz) using the Varian HA-100-15 
nmr spectrometer interfaced with the Digilab FTS/ 
NMR-3 Fourier transform system including the pulse 
unit (FTS/NMR 400-2) and the Nova 1200 computer. 
The temperature was controlled using the Bruker B-ST 
100/700 temperature controller. The deuterium resonance 
from the solvent D 2 0  was used for the lock signal. 
Depending on the signal to noise ratio, 30-200 free 
inductioi~ decay signals were collected for each spec- 
trum. The sweep width for each spectrum and the 
number of data points were chosen for a resolution of 
0.25 Hz per data point. The spin-lattice relaxation times 
were measured using the (7--7-7-12) two-pulse sequence 
(22, 23). The n/2 pulse width was 45 ws. The ATP proton 
H8, H2, and HI '  chemical shifts were calibrated with 
respect to three internal references: tert-butyl alcohol, 
p-dioxane, and DSS. Since the behaviour of the proton 
chemical shifts as a function of the ATP concentration 
was the same with respect to both tert-butyl alcohol and 
p-dioxane, the results are expressed with respect to 
tert-butyl alcohol. The concentration of each internal 
reference was 2 mM. When the common internal refer- 
ence con~pound DSS was used (sodium-2,2-dimethyl-2- 
silopentane-5-sulphonate), it was found that this refer- 
ence signal shifted with the ATP concentration. DSS is 
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FIG. 1. Proton chemical shifts of protons H8, H2, and HI '  plotted as a function of the ATP con- 
centration. All three protons experience a shift to high field with an increase in the ATP concentration. 
The data represented by the open symbols are for solutions without EDTA, whereas the solid symbols 
represent the data obtained for solutions with EDTA. The shifts are expressed in ppm to low field of 
internal tert-butyl alcohol. The experiments were carried out at 100.0 MHz at 27°C. Solutions were 
prepared in D 2 0  at a pD of 8.4. The solid curves represent the computer fit to the data based on the 
monomer-dimer-trimer equilibrium model. 

therefore not a satisfactory reference compound for these 
studies (24). 

31P Nuclear Magnetic Resonance Experiments 
Proton decoupled Fourier transform 31P nmr spectra 

were obtained at 27°C using the Varian HA-100-15 nmr 
spectrometer (40.48 MHz) and the Digilab FTS/NMR-3 
Fourier transform system, as was discussed in the pre- 
ceding paragraph. One hundred free induction decay (fid) 
signals were collected for each spectrum and the resolu- 
tion was 0.25 Hz per data point. The 31P shifts for the 
a, B, and y ATP resonances were calibrated with respect 
to an internal reference, NaZHPO4, and are expressed as 
ppm to high field of this reference. 

Proton-Proton Nuclear Overhauser Effect Measurements 
These experiments were carried out at 27'C in the 

H2' to lower field (12, 25). Consequently, irradiation of 
one of these protons may affect the other proton. The 
nOe is defined as (A, - A1)/A1 where A, is the area of 
the observed peak with irradiation while Al is the area of 
the same peak without irradiation. 

Results 
A plot of the H8, H2, and HI '  proton chemical 

shifts as a function of the ATP concentration is 
shown in Fig. 1. The results clearly indicate that, 
as the ATP concentration increases, the proton 
resonances shift to high field due to stacking and 
hence to ring-current shielding. Sigmoid curves 
are observed for the three proton chemical 

Fourier transform mode using the Bruker WP-60 nmr shifts and the largest high-fieldAshift is observed 
spectrometer (60.0 MHz) and the Bruker temperature for proton ~2 (0.37 ppm). Excellent agreement 
controller B-ST 100/700. The pulse angle was set at 20" 
less than the normal n/2 pulse angle, and the repetition is when the are compared with 
rate was 8 s. which was sufficientlv lone for the nuclei to and without EDTA. . - 
relax back tb thermal equilibrium. The signal areas were A plot of the 31P chemical shifts for the a, P, 
integrated digitally. Throughout the experiments, the and 7 resonances is shown in Fig. 2. All three 
proton decoupler was on, except during the digitization 
of the fid signal. In the present experiments, protons H2' resonances shift to low field as the ATP con- 
and H3' were separately irradiated. However, the chemi- centration increases, an effect that is opposite 
cal shift betweei these two protons was -0.17 ppm with to that observed for the proton chemical shifts. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LAM A N D  KOTOWYCZ 

1 x 1 0 - ~  
- 2 

5 x 1 0  1x10 -~  5  x  10-I 

[ A T P ]  ( M I  

FIG. 2. 31P chen~ical shifts of the cc, p, and y phosphorus nuclei plotted as a function of the ATP 
concentration. All three phosphorus nuclei experience a shift to low field with an increase in the ATP 
concentration. The shifts are expressed in ppm to high field of internal inorganic phosphate ( N  3 mM)  
so that shifts with the most positive value (in ppm) are to lowest field. The experiments were carried 
out at 40.48 MHz in the Fourier transform mode at 27'C. Solutions were prepared in D 2 0  at a pD 
of 8.4. 

The greatest shift is observed for the P resonance 47cqa3 
(1 ppm) whereas the a phosphorus resonance is [21 7 ,  =- 

very slightly affected. No significant changes in 
3kT 

the coupling constants between the ~ h o s ~ h o r u s  where 7 is the viscosity of the solution and k is 
nuclei are observed. For 0.034 M ATP solutions, the ~~l~~~~~~ constant. 
J(a7P) = 19 f 1 Hz and J(P,?') = 19.5 f 1 Hz. With this in mind, viscosities were measured 

0.51 ATP, J(a,P) = l8  f Hz and on ATP solutions, at 27"C, both in H,O and in 
J(P,y) = 18.5 + 1 Hz. D20 .  The results of these measurements are 

The results of the relaxation measurements on shown in ~ i ~ .  4. ~ ~ ~ l ~ i ~ ~  the viscosity correc- 
proton H2 are shown in Fig. 3, both in the tion for the solvent D 2 0 ,  a plot of [ q ~ , ] - l  vs. 
absence and presence of 2% EDTA. Protons the concentration of ATP for proton H2 is 
relax predominantly via the dipole-dipole relaxa- shown in ~ i ~ ,  5. A significant change is observed 
tion mechanism which is given by the equation up to a nucleotide concentration of about 0.20 M ,  
(26) and then the results are concentration inde- 

1 3 pendent. For protons H8 and HI' ,  T I  measure- 
[l] ('H) = - yH4d2 1 ( Y - ~ ) ~ T , ,  2 ments were also carried out, but the results are 

i  sensitive to the presence of EDTA (Fig. 6) and 
In [I], y is the magnetogyric ratio of hydrogen, hence to the presence of trace metal ions in 
( Y - ~ )  is the conformationally averaged value of solution. In addition, since the relaxation of these 
the inverse sixth power of the distance and irepre- protons is not due only to intermolecular dipole- 
sents the protons which affect the T I  ofthe proton dipole effects as is the case for proton H2, the 
under consideration via the dipolar interaction. data in Fig. 6 were not further analyzed in the 
The average reorientational correlation time, z,, study of intermolecular association equilibria. 
can be approximated by the Stokes or Einstein In view of the results in Fig. 6, T I  values for 
equation (27) the H8, H2, and H1' protons of purified ITP 
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0.1 0.2 0.3 0.4 

[~uclsotide] (M) 

FIG. 3. The TI-' values for proton H2 of pure ATP are plotted as a function of the nucleotide 
concentration in solution. These TI-'  measurements were carried out at 100.0 MHz in the Fourier 
transform mode (27°C) on samples prepared in DzO at a pD of 8.4. The data represented by the open 
symbols are for solutions without EDTA, whereas the solid symbols represent the data obtained for 
solutions with EDTA. 

FIG. 4. A plot of the viscosities of ATP solutions measured in H,O and D20  as a function of the 
ATP concentration. The experiments were carried out at 27°C. 
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LAM AND KOTOWYCZ 

FIG. 5. A plot of the viscosity corrected relaxation rate (Tlq)-' for proton H2 of pure ATP plotted as 
a function of the nucleotide concentration in solution. As discussed in the caption to Fig. 3, the solid 
symbols represent the data obtained for solutions with EDTA, whereas the open symbols are for 
solutions without EDTA. The solid curves represent the best fit to the data based on the monomer- 
dimer-trimer equilibrium model. 

FIG. 6. A plot of the H8 and HI' proton TI-'  data as a function of the ATP concentration. The 
experiments were carried out at 100.0 MHz in the Fourier transform mode (27°C) on samples prepared 
in D 2 0  at a pD of 8.4. The data represented by the open symbols are for solutions without EDTA, 
whereas the solid symbols represent the data obtained for solutions with EDTA. 
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TABLE 1. The nuclear Overhauser effect observed for proton H8 upon irradiation of proton 
H2 and the ribose protonsa 

'The samples were degassed, and the temperature was 2TC. The solutions were at a pD of 8.4 and con- 
tained 27, EDTA. In addition, the adenine H2 proton was not affected when the ribose protons were irradiated. 

solutions (with 2% EDTA) were remeasured (28). 
For two ITP solutions prepared in D 2 0  with 
[ITP] = 0.20 f 0.03 M and a pD of 6.4 and 7.2, 
the average values of the proton TI data are: 
H8 = 1.3 f 0.15 s, H2 = 3.0 f 0.3 s, and 
H1' = 1.6 f 0.2 s. These relaxation times are 
significantly longer than those previously re- 
ported (28), suggesting that in the earlier study, 
even though some EDTA was added, the relaxa- 
tion times were shortened by paramagnetic 
impurities. 

Proton-proton nOe experiments were carried 
out as a function of the ATP concentration. The 
results are tabulated in Table 1. Large enhance- 
ments are observed for proton H8 upon irradia- 
tion of protons H2' and H3'. Since the ribose 
proton resonances are not well resolved at 
60.0 MHz, the measured values of the nOe must 
be treated with caution. 

to the ATP concentration, only the a, and a ,  
coefficients are significant. In analyzing the 
viscosity corrected relaxation rates for H2, the a, 
coefficient was found to be significant. Values of 
the a, coefficient are listed in Table 2. These are 
important in the following analysis, as this 
coefficient corresponds to the values of the 
chemical shifts and to the relaxation rates for the 
ATP monomer in the limit of infinite dilution. 

The nature of the intermolecular association 
may now be considered. The intermolecular 
stacking interactions in solution are analyzed in 
terms of the following equilibria in solution 
(4, 5) :  

K2 
m1 + m, + m2 

Data Treatment Kt, 
In order to decide on the nature of the inter- ml + mn-, +mn 

molecular complex present in solution, the data The terms mi and Ki are the concentration and 
were first analyzed as a function of the ATP con- the association constant, respectively. These 
centration using multiple regression. The equa- terms are related by the equations 
tion that was used is n 

k 

[3 1 f (c) [observed] = C aici 
i = O  

where k is the order of the polynomial, cxi is the 
ith regression coefficient, and c is the concentra- 
tion. This relationship is, in general, applicable 
for studies of self-aggregating systems (2, 4, 29, 
30). In carrying out the regression analysis, each 
set of data was fitted to a power series and k was 
varied (k = 2, 3 . . . 6). Then, the significance of 
each of the regression coefficients thus obtained 
was tested using the F test (30, 31). The results 
indicate that for the chemical shift data for 
protons H8, H2, and HI' ,  and for the P and y 
phosphorus, the coefficients a,, a, ,  and a, are 
significant in the regression analysis when a 
confidence limit of 99% is applied. For the 
a-phosphorus shifts, which are not very sensitive 

TABLE 2. Limiting values of the parameters for the ATP 
monomer (ao coefficient) obtained from the multiple 

regression analysisa 

Measurement a. coefficient 

H8 chemical shift 7 .32  ppm 
H2 chemical shift 7 .04  ppm 
HI ' chemical shift 4.91 ppm 
a-P chemical shift -13.5  ppm 
0-P chemical shift -24.1 ppm 
y-P chemical shift - 8 . 3  ppm 
H2 viscosity corrected relaxation 

rate (qTl)-' 0.047 s-' cP-' 

.The limiting values of the chemical shift parameters for the ATP 
monomer (ao) were obtained by a mult~ple regression analysis of the 
data using the polynomial Yobs = a0 + alx + a2x2. The ATP con- 
centration is represented by x. For the v~scos~ty corrected relaxation 
rates, the polynomial Yobs = a0 + a,x + a2x2 + 0 ~ ~ x 3  was used. 
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TABLE 3. Results of the calculations for the monomer-dimer equilibrium model 

Measurement 

Association Standard 
constant Value of pza errorb of 
(M-') for the dimer the fit 

H8 chemical shift 1.08+0.15 6.91k0.03 ppm 7 . 9 9 ~  
H2 chemical shift 0 .74k0.09 5.91k0.08 ppm 1 . 3 3 ~  
H l  ' chemical shift 0 .88k0.17 4.62k0.03 ppm 6 . 4 8 ~  
a-P chemical shift 0 .32k0.23 -12.6k0.4 ppm 1.85 x 
(3-P chemical shift 0 .53k0.08 -20 .6k0 .3  ppm 2 . 6 9 ~  
y-P chemical shift 0.75+0.19 - 6 . 4 2 0 . 3  ppm 3 . 1 6 ~ 1 0 - ~  
H2 viscosity corrected relaxation rate (qTl)-' 5 .0  + 1 .5  0 .45k0.04 2 . 2 9 ~  

s-' cp-' 

.In the analys~s, the characterlstlc values of p l  used for the monomer are the corresponding values of a. (=pl )  lrsted in Table 2. 
bThe standard error of the fit was calculated using the equation 

[(robs - Ypr.diclrd)2/(N~. of data polnts - No. of parameters)]l~2 

TABLE 4. Results of the calculations for the monomer-dimer-trimer equilibrium model 

Association Standardb 
constant Value of pza error of 

Measurement w - ' )  and p3 the fit 

H8 chemical shift 1 .29k0.15 6.99k0.02 ppm 7 . 5 2 ~  
H2 chemical shift 0 .92k0.09 6.16k 0.05 ppm 1 . 2 5 ~  
HI '  chemical shift 1.08+0.18 4.68k0.02 ppm 6 . 2 5 ~  
a-P chemical shift 0.43+0.26 -12 .9k0 .3  ppm 1.83 x 
(3-P chemical shift 0 .66k0.09 -21.4k 0.2  ppm 2 . 5 5 ~  
y-P chemical shift 0 .90k0.19 - 6 . 8 k 0 . 2  ppm 3.06 x 
H2 viscosity corrected relaxation rate (qTl)-' 5 .1  + 1 .3 0 .40k0.03 2 . 1 7 ~  

s-' cP-' 

"For the analysis, p2 was chosen equal t o p p  The characteristic values of p l  used for the monomer are the corresponding values of 
a, (-PI) listed In Table 2. 

bThe standard error of the fit was calculated using the equation 

[(Yabr - Yprcdlct.d)2/(N~. of data points - No of parameten)]'12 

and simple monomer-dimer equilibrium model are 

C6l 
m. given in Table 3. The data were also analyzed in 

K .  = L (i 2 2) ' mimi-, terms of a monomer-dimer-trimer equilibrium 
model present in solution. In this analysis, how- 

Under conditions of fast exchange, the observed ever, since K, and K,, as well asp, and p,, are 
~hemical shift or relaxation rate is given by the perfectly correlated, a fit to the data could only 
equation be achieved with K2 = K, and p2  = p,.  The 

n 

C ~ I  f(c)[observed] = C xipi results of this analysis are given in Table 4. In 
i =  1 these analyses, p, was set equal to the corres- 

where p i  is the chemical shift or the relaxation ponding value from Table 2. Equilibria in- 
rate of a given nucleus in the species with i ATP volving higher order species were also tested, UP 
molecules in a stack, xi  is the corresponding to n = 10, with Ki = Ki+1 and p i  = pi+l .  
mole fraction (xi imi/c), and n is the degree 
of association. Discussion 

The proton H8, H2, and HI '  chemical shift X-ray studies by Kennard et al. (34) show the 
data, as well as the 3 1 ~  chemical shifts and the presence of two molecules of ATP, four sodium 
H2 viscosity corrected relaxation rates, were ions, and six water molecules in the asymmetric 
fitted to [5], [6], and [7] using a nonlinear unit. The triphosphate chain is in the folded 
least-squares program (32, 33). All the data for conformation in both ATP molecules, and the 
proton H2 (Fig. 5) were used in the analysis. base to sugar conformation is anti. In one 
When the analysis was carried out including molecule (A) of ATP, the triphosphate chain is 
only the solutions containing EDTA, very folded so as to form part of a left-handed helix, 
similar results were obtained. The results of the while in the second n~olecule (B), it forms part of 
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a right-handed helix. The ribose ring is in the 
C3' endo conformation in molecule A and C2' 
endo conformation in n~olecule B. In addition, 
it was observed that for the base stacking, the 
base planes are stacked almost parallel to each 
other with A and B molecules alternating, with 
an average separation of 3.40 A. The degree of 
overlap was considerable, and the base stacking 
is head-to-tail. Theoretical calculations (35-37) 
support the folded triphosphate chain. The 
molecular orbital calculations (36) indicate that 
the free ATP nlolecule has an intrinsic tendency 
to adopt a folded conformation due to a pos- 
sible hydrogen bonding between the terminal 
OH and the adenine N7 nitrogen. In addition, 
recent phosphorus-proton nOe experiments (0.1 
M ATP in D,O, pD 7.5) indicate that the y 
phosphorus interacts spatially with the ribose 
protons in the H3' and H4' region (38). 

The H8, H2, and H1' proton chemical shifts 
(Fig. 1) are independent of concentration up to 
an ATP concentration of about 0.02 M. As the 
ATP concentration increases, a sigmoid depen- 
dence of the chemical shifts is observed, and all 
resonances shift to high field, due to inter- 
molecular association and ring-current shielding 
effects. The largest concentration effect is ob- 
served for proton H2, followed by proton H8. 
The smallest shift is for proton Hl ' .  This same 
order of concentration effects was observed for 
adenosine 5'-nlonophosphate (12), a system in 
which the adenine bases stack in a head-to-tail 
manner (1 1, 12, 19). The ATP proton chemical 
shifts are consistent with a head-to-tail adenine 
base stacking, in agreement with the solid state 
observations. 

Brown et al. (39) carried out water proton 
relaxation time measurements on ATP solutions 
in the presence of paramagnetic Mn(I1) ions. 
Their results are independent of the ATP con- 
centration when concentrations of about 0.02 M 
and lower are studied. Consequently, the proton 
chemical shift data and the results of Brown et 
al. (39) are self-consistent and indicate that the 
degree of self-association is very small or neg- 
ligible for ATP solutions less than 20 mM. This 
result indicates that in the cell where the ATP 
concentration is less than 10 m M  (40), the ATP 
molecules probably do not self-associate. 

A comparison of the proton chemical shifts in 
the monomer (Table 2) and those calculated for 
the aggregate (Table 4) yields values of +0.33, 
+0.88, and +0.23 ppm for protons H8, H2, and 

HI '  respectively. These data further support, in 
a qualitative manner, the head-to-tail stacking 
model. With the aid of the theoretical calcula- 
tions for the ring current shielding areas for the 
adenine base (41), the observed and calculated 
chemical shifts due to the base stacking are self- 
consistent. By placing one adenine base in a 
head-to-tail fashion over another base at a 
separation of 3.4 A, and locating C2 of the top 
base on the + 1 ppm contour line of the bottom 
base, protons H2 and H8 are then in the +0.8 
and +0.3 ppm shielding regions, respectively. 

In solution, the nOe experiments (Table 1) 
indicate that comparable enhancements are 
observed for the adenine H8 proton when the 
ribose H2' or H3' protons are irradiated, while 
an enhancement was not observed for the 
adenine H2 proton. In addition, the measured 
enhancements are independent of the ATP 
concentration. Since the nOe is sensitive to the 
distance between the observed proton and the 
proton under irradiation, comparable nOe 
effects, within experimental error, for H8 upon 
irradiating H2' or H3' indicate that proton H8 
is located predominantly near protons H2' and 
H3' whereas proton H2 is far removed. These 
results indicate (42) that the ATP molecules are 
predominantly in the anti conformation over the 
concentration range studied, as is observed in the 
solid state. However, the nOe is also sensitive to 
a variety of effects (42-45), so the conclusions 
reached from the present nOe data must be 
treated with caution. To determine precisely the 
exact conformations of the ATP molecules and 
the exact stereospecificity of the intermolecular 
base-base orientation, proton relaxation rates 
must be obtained for 8-deutero ATP and com- 
pared with those for pure ATP, at 5OC (11, 17, 
18, 19). 

The behavior of ( ~ ~ q ) - '  for H2 (Fig. 5) is very 
similar to that observed for D8 in 8-deutero- 
adenosine 5'-monophosphate (16) as a function 
of the nucleotide concentration. Hence both sets 
of data measure the degree of intermolecular 
association (16), since H2 proton is relaxed 
primarily by the H8 proton of the neighboring 
base in the head-to-tail base stacking model (1 1, 
12, 19). However, proton H8 is relaxed via 
intermolecular dipole-dipole interactions with a 
neighboring base H2 proton as well as by intra- 
molecular dipole-dipole interactions with the 
ribose protons of the same molecule (19). This is 
only a qualitative conclusion. I t  has been 
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observed that 5'-AMP (19) at 5°C is almost 
exclusively in the anti coiiformatioi~. However, 
at 30°C, a simple two-state model, in which the 
purine ring spends 92% of its time in the anti 
conformer and only 8% of the time in the syn 
conformer, fits the data, and so does a model 
which allows large amplitude rotations about 
the pure anti position (19). 

A comparison of the standard errors in Tables 
3 and 4 indicates that the monomer-dimer- 
trinler equilibrium model in solution fits the 
data better than the monomer-dimer model. The 
constants given in Table 4 were used to plot the 
solid curves to the data in Figs. 1, 2, and 5. 
However, when higher order complexes were 
introduced into the analysis, very little improve- 
ment in the fit to the data was obtained and the 
equilibrium constants increased slightly. For 
example, for the proton H8 data, when tetramers 
are included in the analysis, K = 1.40 f 0.16 
and when pentamers are also included, K = 

1.45 + 0.17. Consequently, the present results 
suggest the presence of higher oligomers and 
indicate that the ATP molecules in solution can 
undergo indefinite linear self-association. This 
conclusion is in agreement with the stacking 
model proposed on the basis of uv and cd 
studies (2, 3), a model with indefinite linear 
self-association where each step has the same 
equilibrium constant. 

The average value of the association constant 
based on the proton and phosphorus chemical 
shift data (Table 4) is 0.9 f 0.3 M - l .  However, 
for the viscosity corrected H2 relaxation rates 
(ilT,)-', the association constant is 5.1 + 1.3 
M - l .  The relaxation measurements give a slightly 
larger value for the association constant than is 
obtained from the chemical shift data. This may 
be due to the large macroscopic viscosity correc- 
tion that has been applied to the relaxation rates 
(16, 46), whereas the n~icroscopic viscosity is 
really necessary. Secondly, the chemical shift 
data may be more sensitive to initial dimerization 
or trimerization with higher order species exerting 
less influence, whereas the IIT, relaxation data 
should be continuously proportional to aggre- 
gate size, due to the dependence on the correla- 
tion time. 
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J. KEITH FAWCETT, NORMAN CAMERMAN, and ARTHUR CAMERMAN. Can. J. Chem. 55,3631 
(1977). 

The crystal and molecular structure of diphenylsilanediol, a compound with recently demon- 
strated anticonvulsant activity, has been determined and its stereochemistry compared with 
other antiepileptics. Crystals of diphenylsilanediol are triclinic, space group Pi, with cell 
dimensions a = 9.912, b = 15.048, c = 14.519 A, a = 120.83, = 99.95, y = 100.84, Z = 
6 molecules per cell (3 molecules per asymmetric unit). The structure was determined by 
Patterson and Fourier methods and refined to a final discrepancy value R = 0.034. The phenyl 
ring planes in the molecule are rotated by 80" with respect to each other, and the hydroxyl 
oxygen atoms are 2.66 A apart. The molecular parameters help to delineate limits of stereo- 
chemical variation in these molecules with retention of anticonvulsant activity. 

J. KEITH FAWCETT, NORMAN CAMERMAN et ARTHUR CAMERMAN. Can. J. Chem. 55,3631 
(1977). 

On a determine la structure cristalline et moleculaire du diphCnylsilanediol, compose ayant 
dkmontre une activite anticonvulsive et sa stertochimie est comparee a d'autres composCs 
antikpileptiques. Les cristaux du diphenylsilanediol sont tricliniques de groupe spatial P i  avec 
des dimensions de maille suivantes: a = 9.912, b = 15.048, c = 14.519 A, a = 120.83, [3 = 
99.95, y = 100.84, Z = 6 molecules par maille (3 molecules par unite asymktrique). La struc- 
ture est determinee par les methodes de Patterson et Fourier et affinte a une difference finale 
de R = 0.034. Les plans des cycles phenyles dans la molecule sont tournes de 80" l'un par 
rapport a l'autre et les atomes d'oxygkne des groupes hydroxyles sont a une distance de 2.66 A. 
Les parametres moltculaires aident a delimiter la variation stCreochimique dans ces molecules 
ayant une activite retenue et anticonvulsive. 

[Traduit par le journal] 

Introduction 
In previous papers in this series (1-5) we have 

described X-ray crystallographic determinations 
of the molecular structures of chemically dif- 
ferent agents which all possess clinical or labora- 
tory demonstrated activities against grand ma1 
epilepsy. These researches resulted in the dis- 
covery and identification of certain stereo- 
chemical features common to the structures of the 
different drugs, features which may be the basis 
of their one mutual pharmacological activity, 
anticonvulsant efficacy. Thus diphenylhydantoin 
(DPH), diazepam, procyclidine, trihexyphenidyl, 
and ethylphenacemide all possess two hydro- 
phobic regions of structure, and when the drug 
conformations are compared so that these 

'For part V see ref. 1. 
ZTo whom correspondence should be addressed. 

regions are maximally superposed, each com- 
pound has two electron-donor groups situated 
in similar orientations and positions with respect 
to each other and to the hydrophobic groups. 

Recently, reports have appeared ascribing 
anticonvulsant properties to the silicon-con- 
taining compound diphenylsilanediol (DPSD). 
DPSD has been shown to inhibit electroshock 
and chemically induced seizures in laboratory 
tests (6) and to be of use in controlling idio- 
pathic epilepsy in animals (6).3 There is evidence 
that the mechanism of action of DPSD is similar 
to that of diphenylhydantoin. We have under- 
taken the determination of the structure of 
DPSD in order to compare its three-dimensional 
molecular conformation and stereochemistry 
with those of the other anticonvulsants. The 

3R. H. Rech. Personal communication. 
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quantitative description of the relative positions 
and orientation of the hydrophobic phenyl rings 
and the electron-donor hydroxyl moieties should 
prove valuable in further delineating the range of 
variation permitted for these features in drug 
structures with retention of anticonvulsant 
activity. 

Experimental 
Crystals of diphenylsilanediol, obtained by slow 

evaporation from ethanol-water solution, are colorless 
needles elongated along a. Unit cell parameters were 
determined by diffractometer measurement of 20 values 
for 15 general reflections, and crystal data (Delaunay 
reduced cell) are: 

C12Hi202Si fw = 216.31 
Triclinic, a = 9.912 , 0.002, b = 15.048 + 0.008, c = 
14.519 + 0.008 A, a = 120.83" + 0.04", 0 = 99.95" + 
0.04",y = 100.84" + 0.04", V =  1731A3,Z= 6, Dc1.24g 
~ m - ~ .  Space group (confirmed by structure analysis) Pi. 
CuK, radiation, h = 1.54178 A, p(CuK,) = 15.8 cm-l. 

The intensities of all independent reflections having 
20(CuK.) 1 132" (corresponding to a minimum inter- 
planar spacing d = 0.84 A) were measured on an auto- 
mated four-circle diffractometer with nickel-filtered 
CuK, radiation using the 20-0 scan technique, with a scan 
range of 2" and stationary background counts at each end 
of the scan. The intensities were corrected for background 
and Lorentz and polarization factors applied; no absorp- 
tion corrections were made. Three standard reflections 
monitored frequently showed no significant decrease in 
intensity during data collection. A total of 6048 unique 
reflections were measured of which 5506 (91%) had 
I > 2 4 I )  and were considered to be observed. 

Structure Determination 
The structure was determined using Patterson methods. 

Density calculations indicated that the triclinic unit cell 
probably contained either six molecules of diphenyl- 
silanediol or fewer DPSD molecules plus some solvent. 
Two Patterson syntheses were calculated, one containing 
contributions from all observed reflections (5506) and the 
other including only those observed reflections having 
sin 0/h > 0.40A-' (3717). When peaks from the two 
maps were compared it was found that the three highest 
peaks common to both maps could represent cross-vectors 
between three silicon atoms in an asymmetric unit of a 
centrosymmetric unit cell. The corresponding three self- 
vectors were also present, but because of their size (half 
that of the cross-vectors) they did not stand out among 
the large number of other peaks. A weighted three- 
dimensional Fourier map, phased on the derived silicon 
positions, revealed one phenyl ring and parts of others. 
Two more weighted Fourier syntheses revealed the com- 
plete structure, which was found to have six molecules of 
diphenylsilanediol/unit cell with no solvent of crystalliza- 
tion. Three cycles of isotropic least squares, during which 
all 36 hydrogens were located on difference Fourier maps, 
resulted in the discrepancy index R = 0.102. 

Five sets of least-squares cycles having three blocks/ 
cycle (one molecule/block) completed the refinement. The 
heavy atoms were refined anisotropically; the hydrogen 
positions were refined and, after each set of cycles, the 

hydrogen isotropic B's were made equal to the tempera- 
ture factor of the atom to which they are attached. The 
5506 observed reflections were used for the refinement. 
The function minimized was Zw(An2; unit weights were 
employed and final residuals were R = R, = 0.034. 
The maximum shiftlerror in the final cycle was 0.1 and 
the final (Zw(AF)'/(m - n))'I2 = 1.29. Scattering factors 
used for silicon, oxygen, and carbon (7) and for hydrogen 
atoms (8) were as cited. Table 1 lists the fractional co- 
ordinates of the nonhydrogen atoms and Table 2 the 
hydrogen positional parameters4 

Results and Discussion 
Molecular Structure 

Figure 1 is a stereoscopic drawing of the three 
crystallographically independent DPSD mole- 
cules comprising the asymmetric unit of the 
crystal cell. The conformations of the three 
molecules are extremely similar, having only 
very small differences in torsional angles be- 
tween comparable parts of the different mole- 
cules. The phenyl rings in each DPSD are in a 
nearly mutually perpendicular arrangement, the 
angles between normals to the two rings 
averaging 80" (52"). The hydroxyl groups all 
participate maximally in an intricate hydrogen- 
bonding network which links molecules within 
each asymmetric triplet, as well as from triplet 
to triplet. There are two systems of H-bonds: 
(I) the even-numbered oxygens in a given triplet 
of DPSD molecules (0(2), 0(4), 0(6), the upper 
three in the stereoscopic drawing) form one end 
of a hydrogen-bonded chair of 0 atoms, the 
other being comprised of oxygens in a triplet 
related to these by a center of symmetry, i.e., 
resulting in a chair 

with an average 0 .  . . 0  distance of 2.74 A; (2) 
the odd-numbered oxygen atoms (lower three in 
Fig. 1) in a DPSD triplet form a hydrogen- 
bonded chair of 0 atoms through alternating 
involvement with odd-numbered counterparts in 
molecules related by a different center of 
symmetry, i.e., 

. average 0. .0 distance is 2.70 A. 
Figure 2 shows the bond lengths and angles in 

DPSD, the values given being the averages over 

4Tables of final observed and calculated structure 
factors and nonhydrogen atom thermal parameters are 
available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 1. Fractional atomic coordinates 

Atom x Y z Atom x Y z 

Sil 0.2876 0.1977 0.0156 C18 0.3560 0.0402 0.3948 
0 1 0.4278 0.1576 0.0266 C19 0.2361 -0.2142 0.1543 
0 2  0.1456 0.0906 -0.0383 C20 0.0987 - 0.2684 0.1419 
C1 0.3044 0.3092 0.1603 C2 1 0.0707 -0.3595 0.1454 
C2 0.4401 0.3788 0.2392 C22 0.1791 -0.3986 0.1631 
C3 0.4561 0.4658 0.3457 C23 0.3150 - 0.3474 0.1748 
C4 0.3371 0.4869 0.3767 C24 0.3435 -0.2566 0.1698 
C5 0.2018 0.4195 0.3009 Si3 0.2466 -0.1735 -0.2166 
C6 0.1852 0.3316 0.1941 0 5  0.4226 -0.1161 -0.1669 
C7 0.2835 0.2432 -0.0815 0 6  0.1681 -0.1125 -0.1225 
C8 0.2421 0.1660 -0.1978 C25 0.1991 -0.3165 -0.2558 
C9 0.2430 0.1976 -0.2719 C26 0.1934 -0.3400 -0.1751 
C10 0.2842 0.3052 -0.2327 C27 0.1577 -0.4461 -0.2038 
C11 0.3252 0.3832 -0.1190 C28 0.1268 -0.5317 -0.3143 
C12 0.3251 0.3524 -0.0432 C29 0.1338 -0,5114 -0.3954 
Si2 0.2722 - 0.0892 0.1545 C30 0.1699 -0.4047 -0.3667 
0 3  0.4163 -0.0778 0.1155 C3 1 0.1860 -0.1620 -0.3368 
0 4  0.1345 -0.0989 0.0657 C32 0.0536 -0.1476 -0.3623 
C13 0.3077 0.0358 0.2961 C33 0.0088 -0.1371 -0.4508 
C14 0.3050 0.1333 0.3081 C34 0.0929 -0.1434 -0.5175 
C15 0.3520 0.2308 0.4150 C35 0.2227 -0.1594 -0.4958 
C16 0.4006 0.2324 0.5098 C36 0.2698 -0.1675 -0.4058 
C17 0.4025 0.1379 0.5007 

Standard deviations 
Si 0.00005 0.00004 0.00004 0.00005 0.00004 0.00004 
0 0.0002 0.0001 0.0001 0.0002 0.0001 0.0001 
C 0.0003 0.0002 0.0002 0.0003 0.0002 0.0002 

TABLE 2. Fractional atomic coordinates for hydrogen atoms 

Atom x Y z Atom x Y z 

H 0 1  0.462 0.144 -0.012 HC18 0.355 -0.026 0.387 
H 0 2  0.080 0.089 -0.052 HC20 0.026 -0.238 0.136 
HC2 0.520 0.367 0.216 HC21 -0.023 -0.394 0.135 
HC3 0.548 0.515 0.396 HC22 0.159 -0.465 0.164 
HC4 0.349 0.550 0.453 HC23 0.398 -0.375 0.186 
HC5 0.116 0.434 0.324 HC24 0.445 -0.218 0.182 
HC6 0.080 0.281 0.138 H 0 5  0.460 -0.128 -0.134 
HC8 0.209 0.090 -0.226 H 0 6  0.165 -0.064 -0.106 
HC9 0.214 0.141 -0.355 HC26 0.214 -0.281 -0.097 
HClO 0.282 0.326 -0.291 HC27 0.154 -0.461 -0.149 
H C l l  0.353 0.458 -0.088 HC28 0.098 -0.606 -0.338 
HC12 0.354 0.405 0.035 HC29 0.116 -0.568 -0.472 
H 0 3  0.459 -0.021 0.135 HC30 0.177 -0.391 -0.423 
H 0 4  0.138 -0.104 0.019 HC32 -0.004 -0.140 -0.312 
HC14 0.265 0.130 0.239 HC33 -0.086 -0.128 -0.468 
HC15 0.343 0.292 0.415 HC34 0.057 -0.133 -0.583 
HC16 0.435 0.304 0.584 HC35 0.286 -0.164 -0.540 
HC17 0.438 0.139 0.571 HC36 0.360 -0.183 -0.390 

Standard deviations 
0.003 0.002 0.002 0.003 0.002 0.002 

equivalent parameters in all three independent terminations contributing to that averaged 
 molecule^.^ (The figure in brackets under each value.) The coordination around the silicon is 
value indicates the number of independent de- tetrahedral, the angles between groups reflecting 

the relative degree of steric and/or electronic 
5Tables of individual bond lengths and angles have repulsion between them. The Si-OH distance 

been deposited. See footnote 4. of 1.633 A agrees closely with Si-OCH, and 
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FIG. 1. Stereoscopic drawing of three molecules 
crystal cell. 

FIG. 2. Bond distances (A) and valency angles (deg) 
averaged over equivalent parts of the independent 
DPSD molecules. Standard deviations of bond lengths 
are in parentheses. Standard deviations of angles are 0.1" 
for angles at Si and 0.2" for angles at C. The numbers in 
parentheses below the values are the number of inde- 
pendent measurements contributing to that averaged 
value. 

Si-O(menthoxy) lengths of 1.636 and 1.630.A 
in (+)-a-naphthylphenyl-1-menthoxymethoxy- 
silane (9); the Si. . . C(pheny1) separation of 
1.851 A also compares closely to  the value of 
1.855 A for a similar bond in that compound, 
and is a little shorter (though probably not sig- 
nificantly so) than an average of 1.866 A for 
Si-C(pheny1) bonds in a number of phenyl- 
silanes (10). The C-C bonds in the phenyl rings 
appear systematically shortened around the para 
carbon atoms; this is undoubtedly an artifact of 
the increased thermal vibrations at the distal 
ends of the rings. The significant decrease in 
C-C-C angle at the carbon bonded to silicon 
(117.0") likely relieves intramolecular steric 
repulsions. 

Comparisons With Other Anticonvulsants 
In previous studies in this series we have 

of DPSD comprising the asymmetric unit of the 

shown that the molecular conformations of 
diphenylhydantoin, diazepam, procyclidine, tri- 
hexyphenidyl, and ethylphenacemide have ste- 
reochemical features in common. They all con- 
tain two bulky hydrophobic groups and two 
electron-donor functions, and when the drugs' 
three-dimensional structures are compared these 
entities occupy similar positions and orienta- 
tions in space. These stereocl~emical similarities 
in chemically different anticonvulsants have led 
us to postulate that they may be the features 
responsible for antiepileptic activity (2). 

The fact that DPSD has been reported to have 
anticonvulsant activity is further support for our 
postulation, as DPSD possesses only those 
stereochemical features common to the above 
drugs; i.e., it consists of a central silicon atom to 
which are bonded two phenyl rings (hydro- 
phobic groups) and two hydroxyl groups (elec- 
tron donors). Table 3 compares distances 
between these groups in DPSD with similar 
separations in diphenylhydantoin. The ring-ring 
separation is slightly larger in DPSD, but the 
main difference in dimensions in the two mole- 
cules involves the electronegative oxygen atoms. 

TABLE 3. Distances (A) between phenyl ring 
centroids and oxygen atoms in diphenylhy- 

dantoin (DPH) and diphenylsilanediol 
(DPSD) 

DPH DPSD 

Ring (I) - Ring (2) 4.84 5.43 
Ring (I) - O(1) 
Ring (1) - O(2) 
Ring (2) - O(1) 

is 1 4.09 

Ring (2) - O(2) 4.23 
O(1) - O(2) 4.56 2.66 
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FIG. 3. Space filling models of diphenylhydantoin (top) 
and diphenylsilanediol. 

Because both hydroxyls are on the same atom in 
DPSD, their separation is necessarily shorter 
than the distance between (ketonic) oxygens in 
DPH, 2.66 A vs. 4.56 A in DPH. This may 
indicate that either there is some flexibility in the 
receptor to acconln~odate electron donors of 
somewhat different separations, or that the 
groups on the receptor which interact with the 

\ 
electronegative atoms (-OH, NH perhaps) 

may do so by donating hydrogens in H-bond 
formation in the case of DPH and by accepting 
H-bonds from the hydroxyl oxygens of DPSD. 
There is slight evidence that either the latter 

possibility may be more likely, or that the oxy- 
gen. . . oxygen separation of 2.66 A may be 
approaching a lower limit for retention of anti- 
convulsant action: the (ketonic) oxygen. . . oxy- 
gen separation of 2.45 A in phenylbutan- 
sultam ( I )  is accompanied by only a weak anti- 
convulsant effect. (Figure 3 shows space filling 
models of DPH and DPSD and illustrates 
graphically the conformational similarities.) 
Because of the molecular symmetry of DPSD 
the ring.. .oxygen distances are all closely 
similar; the value of 4.09 A in Table 3 represents 
the average of 12 independent measurements in 
the molecule (range = 4.01-4.19 A). 
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Photolyse du trans-but'ene-2 vers 7.1 eV 

DCpartement des Sciences pures, UniversitC du Qutbec 6 Chicoutimi, Chicoutimi (QuC.), Canada G7H 2B1 

Requ le 16 juin 1977 

ANDRZEJ WIBCKOWSKI et GUY J. COLLIN. Can. J. Chem. 55,3636 (1977). 
Nous avons etudie la photolyse du trans-butene-2 (tB-2) dans un systeme statique en utilisant 

une lampe a azote: 7.10-7.1 1 eV (174.5-174.3 nm). Les principaux modes de fragmentation de la 
molecule tB-2 photoexcitee sont la rupture de la liaison terminale C-C avec liberation de 
radicaux CH, et CH,CHCH (@ = 0.33) et l'elimination d'hydrogene (atomique ou mole- 
culaire) avec formation concurrente de butadiene-1,3 (@ = 0.27). Le radical CH3CHCH 
s'isomerise en radical allylique, qui a son tour se fragmente en alltne et atome d'hydrogene. Cette 
derniere reaction est sensible a la pression, de telle sorte que vers 13 300 N m-' (100 Torr), 
certains intermediaires sont stabilises par collision. On n'a en outre pas pu mettre en evidence la 
stabilisation de la molCcule tB-2 photoexcitee. En particulier, on n'observe pas ou trts peu 
d'isomerisation du tB-2 en cis-butene-2 a basse pression: P 5 133 N m-,. 

ANDRZEJ WIFCKOWSKI and GUY J. COLLIN. Can. J. Chem. 55,3636 (1977). 
The photolysis of trans-2-butene (tB-2) was studied at 7.10-7.11 eV (174.5-174.3 nm) in a 

static system using a nitrogen lamp. The main primary photochemical processes are the C-C 
split leading to the formation of CH, and CH3CHCH radicals, the primary quantum yield, 
@ = 0.33 and the molecular orland atomic hydrogen elimination, @ = 0.27 with concurrent 
formation of 1,3-butadiene. The excited CH,CHCH radicals isomerize, followed by allene 
formation, or are stabilized by collisions. The stabilization of the photoexcited tB-2 molecules 
is an inefficient process in the pressure region studied (10-20 000 N m-'). Only small isomeriza- 
tion of tB-2 was observed below 133 N nl-' (E 1 Torr). 

Introduction 
La photolyse des olCfines dans la rCgion de 

l'ultraviolet sous vide est bien connue (pour une 
revue, voir ref. 1). Dans le cas particulier du 
tB-2 il faut noter le travail de Borrell et coll. (2). 
A 184.9 nm on remarque qu'il est facile de 
stabiliser non seulement les radicaux inter- 
mediaires provenant de la fragmentation de la 
molCcule photoexcitCe, mais Cgalement la molC- 
cule photoexcitCe (2). A plus courte longueur 
d'onde, A 147 nm, nous avons montrC qu'il est 
pratiquement impossible de stabiliser par col- 
lision quelle qu'espkce excitCe que ce soit (3). En 
outre 1'isomCrisation est relativement importante 
A 184.9 nm, alors qu'elle est pratiquement ab- 
sente a 147 nm. Enfin on note ti 147 nm le bris de 
la liaison C-C d'une f a ~ o n  plus marquee qu'a 
184.9 nm (2, 3). Nous avons repris cette Ctude en 
photolysant le tB-2 entre ces deux longueurs 
d'onde. Notre but est d'obtenir plus d'informa- 
tions sur la fragmentation de la molCcule 
photoexcitke, sur la nature et la qualit6 de ces 
fragments et, bien scr, d'essayer de reconcilier 

ces importantes divergences entre les deux 
travaux mentionnts plus haut. 

Partie expbimentale 
La preparation de la lampe a azote a dkja etC decrite 

(4, 5) et est munie d'une fen&tre en quartz. Son spectre 
d'emission enregistre a I'aide d'un monochromateur 
McPherson, GCA-235, d'un demi-metre, montre les deux 
raies situees a 174.3-174.5 nm dans le rapport 1:0.5 
respectivement. Ces deux raies sont entourees d'un 
certain nombre de raies provenant probablement d'impu- 
retts. On a estime d'apres l'enregistrement du spectre 
(fente 30 Dm; vitesse de 5 nm/min) que la lampe debite 
15% de son intensite entre 165 et 170 nm, 70% entre 170 
et 175 nm (raies de l'azote) et 15% au-dessus de 175 nm. 

L'actinometrie est realisee par comparaison avec la 
photochimie de 1'6thylene. Le rendement en acetylene est 
pratiquement independant de la longueur d'onde entre 
163.4 et 193 nnl et de la pression de ]'ethylene tout au 
moins entre 133 et 2660 N m-I  (1 a 20 Torr) (6, 7). On a 
admis que @(C,H,) = 0.75 dans ces photolyses. 

Le tB-2 est un produit "Matheson" et contient du cis- 
butene-2 (0.48%), du butane normal (0.25%) et du 
butadiene-1,3 (0.063%) comme impuretes et est utilise 
apres degasage sous haut vide N m-', systeme a 
vide en pyrex equip6 de robinets en verre-teflon. Les autres 
details sont indiclues ailleurs (3, 8). 

L'imprkcision sur les valeurs expkrimentales indiquees 
'Adresse permanente: Departement de chimie, Uni- est en genbale plus petite que lo%, sauf dans le cas ou les 

versite de Varsovie, Varsovie, Pologne. valeurs calculees sont la difference de deux valeurs Cle- 
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mentaires (voir plus loin a I'usage de HI). L'analyse du 
butane normale, du cis-butene-2 et du butadiene-1,3 a 
CtC IimitCe a des pressions inferieures ou egales a 133 N 
m-2 (1 Torr) a cause du taux d'impuretes. 

RCsultats 
Les rCsultats dCtaillCs sont rapportis dans la 

tableau et les figures qui suivent. En bref, le 
rendement en acktylene est independant de la 
pression entre 13 et 20 000 N m-2 (0.1 et 150 
Torr). Le rendement en mCthane est aussi 
insensible a la pression. 11 en est de meme des 
rendements en mtthyl-3-butene-l , isopentane, 
cis- et trans-penthe-2 entre 150 et 13 300 N mP2. 
L'addition d'oxyde nitrique (5%) ne modifie pas 
les rendements en acCtylkne, Cthylene, propylene, 
propyne, al lhe et butadhe-1,3. Par contre la 
formation de l'Cthane, de l'isopentane et des 
penttne-2 disparait. L'addition de 10% de HI 
augmente fortement les rendements du mCthane 
et du prophe, lCg6rement celui de I'Cthylene 
(tableau I). La pression a un effet important sur 
les rendements (elle les diminue) en Cthylkne, 
Cthane, alline et propine (voir les figures qui 
suivent). 

Discussion 
Rkactions radicalaires 

L'effet de l'addition de 5% de NO, ou de 10% 
de HI montre sans ambiguitCs la prCsence de 
radicaux libres qui participent la formation des 
produits observCs. L'tthane et les C,, sur la base 
de l'effet de NO, sont le rtsultat de rCactions 
radicalaires. La prCsence de radicaux mCthyles 

TABLEAU 1. Photolyse du tB-2 vers 174 nm; rendements 
quantiques obtenus a 133 N m-2 

Produits tB-2 pur + 5% NO + 10% HI 

Methane 
AcCtyltne 
Ethylene 
Ethane 
Proptne 
Propyne 
Allene 
Butadiene-1,3 
Butadiene-1,2 
n-Butane 
Methyl-3-butene-1 
Isopentane 
trans-Pentene-2 
cis-Pentene-2 

0.047* 
0. O7Ob 
0.025 
0.125 
0.16 
0.028b 
0.036 
0. 34"sb 
traces 
0.0 
0. O3Ob 
0. 13b 
0. 045b 
0.02b 

0.028 
0.071 
0.028 
0.00 
0.16 
0.028 
0.04 
0.27 
traces 
0.0 
0.0 
0.0 
0.0 
0.0 

0.71 
0.071 
0.040 
0.01 
0.36 
0.028 
0.040 
0.32 
traces 
0.15 
0.0 
0.0 
0.0 
0.0 

OEn fait pic composite de butadiene-l,3, isobutPne et bu the- I .  
bRendement pratiquement independant de la pression entre 130 et 

13 300 N m-2. 

est confirmte par l'effet de HI, de meme que la 
presence de radicaux C3H,. Ces radicaux formts 
en prCsence de HI, rCagissent avec celui-ci (9) 
(rCaction 1). L'augmentation de produit RH en 
prCsence de HI, permet d'estimer le rendement 
+(R) = $(RH),, - +(RH),,. En particulier 
@(CH3) 11 0.70. 

Par contre, la formation de radicaux Cthyles est 
trks faible puisque le rendement en Cthane en 
prCsence de HI est de l'ordre de 0.01. L'Cthane 
est donc form6 par combinaison de radicaux 
mCthyles; l'isopentane l'est par combinaison de 
radicaux mCthyles et butyles secondaires. Ces 
radicaux sont formts par addition d'atome 
d7hydrog&ne sur la double liaison. Le radical 
butyle form6 est vibrationellement excitC et se 
dCcompose s'il n'est pas stabilisC par collision 
(10) 

[21 H + tB-2 + s-C4H9* 
A H  = - 1.65 eV (-38 kcal mol-I) 

[31 s-C4H9* + CH3 + C3Hs 
A H  = 1.1 eV (28 kcal mol-') 

Le rendement des radicaux mCthyles dCcroit 
donc lorsque la pression augmente; celui des 
radicaux butyles secondaires au contraire aug- 
mente. Ces deux effets contraires expliquent 
partiellement I'insensibilitC observte du rende- 
ment en isopentane avec la pression. Le rende- 
ment en propyl6ne dCcroPt rapidement avec la 
pression (fig- 1) conformCment au mCcanisme 
PI-[41. 

L'existence de radicaux butyles est dkfinitive- 
ment prouvCe par l'apparition de butane normal 
en prCsence de HI (tableau I). Ce rendement 
constitue une limite infkrieure du rendement en 
radicaux butyles dans la photolyse du tB-2 pur. 
En effet HI est un excellent intercepteur d'atome 
d'hydroghe. Des rCsultats de la 1ittCrature on 
peut estimer le rapport k,/k, - 18 (9, 11) 

Ainsi dans le syst6me pur, le rendement en 
radicaux butyles stables est Cgal a celui en 
butane normal observC en prCsence de 10% de HI 
multiplit par 2.8: @(C,H,) 11 0.42. Le rende- 
ment de la reaction 2 est alors tgal 2 la somme 
du rendement en radicaux butyles stables et de 
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FIG. 1. Rendements quantiques du propene, de l'ethane 
et de I'ethyline obtenu dans la photolyse du tB-2 vers 7.1 
eV en fonction de la pression. 

celui de la rtaction 3. Si le propene est entiere- 
ment form6 dans le processus [3],2 on obtient 
alors : 

Pour obtenir le rendement en atomes d'hydro- 
gene il faut a cette valeur ajouter participation 
de la rtaction d'abstraction d'atome d'hydro- 
gene : 

En retenant pour le rapport k,/k, une valeur 
proche de 0.08 (11, 13), le rendement de la 
rtaction 6 peut Ctre estimte: (D([6]) - 0.05. Ce 
rendement est inftrieur au rendement des pro- 
duits insaturts en C, formts par combinaison des 
radicaux mtthyles et C4H,, et explique donc par- 
tiellement leur formation. Au total le rendement 
O(H') est voisin de 0.63. 

Enfin, une partie du pic composite de buta- 
dikne-1,3 (voir tableau 1) est sensible la 
prtsence de NO. Bien que l'analyse complete de 
ce pic n'a pas t t t  faite, il faut noter la prtsence de 
radicaux C3H, dans ce systeme. Ceux-ci ont 
probablement la structure CH3CHCH s'ils sont 
formts par fragmentation de la mol6cule tB-2 
photoexcitte (2). 11s s'isomtrisent probablement 
en radicaux allyliques comme cela est observt 
dans le cas du cis-butene-2 (8, 13). 

[7 1 CH3CHCH* + CH2CHCH2* 

La dtduction du rendement 0(C3H,) 

'On n'a pas observt de formation de produit provenant 
de la reaction CH2 + tB-2 -+ dimethylcyclopropane, 
m8me a haute pression (12). On peut donc en conclure 
que la fragmentation tB-2** -+ C3Hs + CH2 est de peu 
d'importance dans ce systeme: @ < 0.02. 

partir de l'effet de HI n'est pas simple. Ce 
rendement est au moins Cgal au rendement en 
prCsence de HI, rCaction 1, diminut de celui 
observC en prksence de NO. Cependant, puisque 
HI intercepte facilement les atomes d'hydrogine 
(9), rtaction 5, le rendement de la reaction 3, 
doit Ctre diminut d'une valeur d'environ 0.10. Le 
rendement en radicaux C3H, serait donc proche 
de 0.30 a 133 N m-2. La rCaction de combinaison 
des radicaux mCthyles et CH3CHCH d'une part 
et CH2CHCH2 d'autre part conduit respective- 
ment au cis- ou au trans-buthe-2 d'une part et 
au butene-1 d'autre part. 

La nature du radical C3H, peutltre davantage 
prtciske sil l'on admet que les radicaux C3H, 
sont partiellement excitts lorsqu'ils sont formts 
(voir plus loin). Ceux qui ont la structure viny- 
lique ne pouvant former l'allene, ceux ayant la 
structure allylique le formant. 

Ce mtcanisme de fragmentation-stabilisation 
par combinaison doit rtpondre a une tquation 
de type Stern-Volmer. La fig. 2, montre que 
cela est le cas pourvu que la pression soit 
suptrieure a 10 Torr. On peut mCme en dtduire 
un rendement 0' obtenu par extrapolation a 
pression nulle de l'ordre de 0.028. A basse 
pression la lintaritt de l'tquation Stern-Volmer 
est rtcuptrte si l'on soustrait du rendement en 
al lhe,  la valeur @' obtenue ci-haut, fig. 3. On 
peut en dtduire une deuxitme valeur @" ob- 
tenue par extrapolation a pression nulle: @' = 

0.037. Cette f a ~ o n  de diviser l'tchelle de pression 
en deux parties n'est pas ntcessairement arbi- 
traire. La lintaritt observte dans les deux zones 

0 
50 

loo Torr 
150 

FIG. 2. Variation de [@(allene)]-' en fonction de la 
pression dans la photolyse du tB-2 pur entre 0 et 20 000 N 
m-2, 0 ; et dans le systirme tB-2 (133 N mW2) + helium, 
0. 
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201 I 
0 0.2 0.4 0.6 0.8 1.0 

Torr 

FIG. 3. Variation de [@(alli.ne) - 0.0281-' avec la 
pression dans la photolyse du tB-2 entre 0 et 133 N m-2. 

de pression peut indiquer l'existence de deux 
variCtCs de radicaux allyles, varittCs differem- 
ment excitCes. Ainsi la fragmentation de la 
moltcule photoexcitCe ne produirait pas des 
radicaux C3H, avec une distribution d'Cnergie 
trks large. Au contraire, cette distribution 
prtsenterait au moins deux "pics": ceux des 
radicaux ayant le plus d'tnergie se dtcomposent 
meme a haute pression; les autres ne se dCcom- 
posant partiellement qu'a basse pression. Une 
observation supplkmentaire qui sert a justifier le 
fait que le prtcurseur de l'allkne qui est stabilist 
n'est pas la molCcule photoexcitte rtside dans le 
fait que 1'hClium et le tB-2 n'ont pas la m&me 
efficacitk dans la stabilisatioll du prkcurseur 
(fig. 2) contrairement a ce qui est observe par 
Borrell et coll. A 184.9 nm (2). 

Enfin, on observe la formation de radicaux 
tthyles et vinyles en faibles quantitCs et a travers 
le processus [I], on peut estimer le rendement 
Q(C2H5) Y @(C2H3) - 0.01. 

Fragmentation de la mole'cule photoexcitPe 
A partir des donntes obtenues, il est tentant 

d'examiner la fragmentation de la moltcule 
photoexcitCe. Sur la base des produits obtenus 
en prtsence d'oxyde nitrique et de ceux en 
prtsence de HI, on peut reternir les processus 
suivants : 

[ l l ]  tB-2** -+ C 4 H 6  + 2H (OU Hz) @ E 0.27 

Les rendements des riactions 11, 12, 13, 14 et 
15 sont bakes sur les rendements en butadiene- 
1,3, acttylene, propyne, a l lhe  (lorsque la pres- 
sion est zCro), et en C3H, (effet de HI) respec- 
tivement (la rCaction 15 correspondant B la 
formation de radicaux C3H5 qui ne se dtcom- 
posent pas a basse pression). Le rendement de la 
rCaction 16 est difficilement apprtciable. En 
admettant que les radicaux C4H7 rkagissent avec 
les autres radicaux sur une base statistique, on 
obtient la relation, 

@(C,H,,) est Cgal a 0.025 (tableau I), Q(CH3) B 
1 Torr est voisin de 0.70 et @(R) est la somme des 
rendernents de tous les radicaux: @(R) - 
1.8 f 10%. On obtient donc @(RC4H7) = 
1.8 x 0.095/0.70 - 0.24 f 0.03. De cette valeur 
qui est voisine du rendement @(C,H7), il faut 
soustraire le rendement de la rCaction 6:  
@([16]) 1: 0.19 f 0.05. 

I1 faut ajouter que cette valeur est une valeur 
maximum, car si certains radicaux sont chauds, 
(H*, CH3*) leur Cnergie interne favorise l'abs- 
traction d'un atome d'hydrogkne. Enfin le fait 
que les produits en C,Hlo aient des rendements 
insensibles avec l'augmentation de pression, 
montre que le radical C,H7 n'est pas le prCcur- 
seur de l'alltne ou de 1'Cthylkne. 

Ce dernier produit a un rendement qui suit la 
relation de Stern-Volmer: fig. 4. Ces risultats 
sont insufisants pour proposer le mtcanisme de 
formation ou tout au moins l'un de ces prCdCces- 

lo4 N m 
0 2 

60 

loo Torr 
150 

FIG. 4. Variation de [CJ(C~H,)]-~ avec la pression dans 
la photolyse du tB-2 entre 0 et 20 000 N m-'. 
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seurs. A 184.9 nm, Borrell et coll. (2) montrent 
que la stabilisation de l'intermtdiaire est insensi- 
ble a la nature du stabilisant et en dtduisent in- 
directement que l'espice stabiliste est la mold- 
cule photoexcitte elle-m&me. Dans le cas du 
cis-buthe-2 photolyst a 174 nm, nous avons 
rtcemment montrt l'inverse (5). Ce qui tendrait 
B prouver qu'un fragment excitt existe entre la 
moltcule photoexcitte et la formation de 
l 'tthylhe. A 133 N mF2, on trouve un rende- 
ment en radicaux tthyles et vinyles qui cor- 
respondraient assez bien B la faible stabilisation 
observte sur la fig. 4. On aurait donc: 

La valeur obtenue par extrapolation a pression 
nulle donne un rendement maximum : @([I 71) = 
0.02. 

La somme des rendements de fragmentation: 
@([11] + . . . [17]) est Cgale a 0.91 $- 10z.  A 
l'imprtcision exptrimentale prbs, on a donc 
dtcomposition compl6te de la moltcule photoex- 
citte, sans observer de stabilisation de celle-ci 
m&me une pression en tB-2 de 20 000 N m-2 
(150 Torr). Cette situation a t t t  tgalement 
observte avec le cis-buthe-2 (5). 

Ces rtsultats sont tout A fait difftrents de ceux 
observts par Borrell et James a 185 nm (15). La 
photochimie des butenes-2 y est expliqute en 
terme d'Ctat Rydberg et d'ttat singulet n*, n 
comme intermkdiaires. L'Ctat Rydberg se frag- 
mente en une varittt de produits a basse pression 
ou sont stabilists par collision A haute pression 
avec retour dans l'ttat original: il n'y a pas 
d'isomtrisation cis-trans. L'Ctat singulet V(n*, n) 
conduit uniquement B l'isomtrisation [15]. Ici, 
la longueur d'onde incidente correspond B peu 
pres au maximum de l'absorption V t N (14) 

et en suivant l'argument prtsentt Borrell et 
coll., on ne devrait observer que I'isomCrisation 
contrairement a ce qui est observt. I1 n'est pas 
interdit de penser A l'existence du melange 
d'ttats Rydberg et d'ttats V; a moins que 
l'interprttation donnte par Borrell et coll. soit 
partiellement erronte [15]. 
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Characterization of natural gas hydrates by nuclear magnetic resonance and 
dielectric relaxation1 
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Chem. 55,3641 (1977). 

Continuous-wave proton nmr spectra of the clathrate hydrates and/or deuteriohydrates of 
methane, ethane, propane, isobutane, and neopentane-D2S have been recorded down to 2 K. 
Between 50 and 200 K each H 2 0  hydrate spectrum consists of a line 3 to 4 G wide from re- 
orienting guest molecules and a broader band from rigid water molecules. Line shapes charac- 
teristic of non-rotating guests are obtained in D 2 0  hydrates at low temperatures, except for 
methane which gives a narrow line to 2 K. Neopentane, shown for the first time to be capable 
of enclathration, exhibits a Resing effect and other features related to its tetrahedral symmetry. 
Low-temperature dielectric absorption from reorienting guest-molecule dipoles has been 
measured in H,S, propane, isobutane, and n-butane-H2S hydrates. For steric reasons n-butane 
is encaged as a gauche rather than the trans isomer. Average barriers to reorientation estimated 
from nmr and dielectric data are 1.2 kcal/mol for ethane in type I hydrate and 0.6, 1.2, 1.4, and 
0.8 kcal/mol for propane, isobutane, n-butane, and neopentane in type 11. 

D. W. DAVIDSON, S. K. GARG, S. R.  GOUGH, R .  E. HAWKINS et J. A. RIPMEESTER. Can. J. 
Chem. 55, 3641 (1977). 

On enregistre le spectre rmn du proton a onde continue des hydrates et des deuteriohydrates de 
clathrate de methane, ethane, propane, isobutane et neopentane jusqu'a une valeur inferieure de 
2 K. Entre 50 et 200 K, chaque spectre hydrate H 2 0  consiste en une raie de largeur 3 a 4 G 
obtenue a partir de la reorientation des molecules encagees et d'une plus large bande obtenue 
a partir des moltcules d'eau rigides. On obtient les courbes caracteristiques des moltcules 
encagees qui ne tournent pas dans les hydrates D,O a basse temperature, a I'exception du 
methane qui donne une raie fine a 2 K. On montre pour la premiere fois que le neopentane a 
une aptitude a I'enclathration et manifeste un effet Resing et d'autres caracteristiques relikes a 
sa symCtrie tktrahedrique. L'absorption diklectrique a basse temperature obtenue it partir de la 
reorientation des dipoles des molecules encagees est mesuree pour les hydrates de H2S, le 
propane, l'isobutane et l'hydrate de n-butane-H2S. Pour des raisons steriques, le n-butane est 
insere sous forme d'isomere gauche plut8t que sous forme d'isomtre trans. Les barrieres 
moyennes d'energie a la reorientation, dvaludes a partir des donnees rmn et diklectriques, sont 
de 1.2 kcal/mol pour l'ethane sous la forme hydrate I et 0.6, 1.2, 1.4 et 0.8 kcal/mol pour le 
propane, I'isobutane, le n-butane et le nkopentane sous la forn~e 11. 

[Traduit par le journal] 

The discovery that natural gas occurs in the 
form of solid hydrate deposits in permafrost 
regions of the USSR (1, 2) and Canada (3) has 
revealed the need for more complete knowledge 
of the properties of natural gas hydrates. Prac- 
tically all the numerous previous experimental 
studies of these hydrates (4, 5)  have been con- 
cerned with thermodynamic properties and the 
determination of the temperature and pressure 
conditions of stability of hydrates in water- 
hydrocarbon systems. 

Among the 91 molecular species now known 
(5, 6) to individually form gas hydrates are most 

'NRCC No. 16178. 

of the common components of natural gas. Of 
the hydrocarbon components of natural gas, 
methane and ethane individually form hydrates 
of von Stackelberg's structure I, while propane 
and isobutane, which are too large for incor- 
poration in the 12- and 14-hedral cages of 
structure I, form structure I1 hydrates in which 
they occupy the 16-hedral but not the 12-hedral 
cages. 

Recent studies of a number of gas hydrates by 
nmr (5, 7) and dielectric (5, 8) techniques have 
shown the encaged or guest molecules in these 
clathrates generally to possess a remarkable 
degree of freedom of reorientation. We have now 
extended these studies to hydrates formed by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3642 CAN. J. CHEM. VOL. 55, 1977 

the components of natural gas. Wide-line proton 
magnetic resonance spectra have been recorded 
over wide temperature ranges for H 2 0  and/or 
D 2 0  hydrates of hydrocarbon n~olecules and 
hydrogen sulfide. In addition, low-temperature 
low-frequency dielectric absorption has been 
measured in the hydrates of H2S and of slightly 
dipolar propane, isobutane, and n-butane mole- 
cules. 

Although n-butane by itself is not known to 
form a gas hydrate, its presence is demonstrated 
in the 16-hedral cages of the double n-butane- 
H,S hydrate, the hydrate being stabilized by the 
partial filling by H2S of the 12-hedral cages of 
structure 11. This result confirms the recent 
thermodynamic conclusions of Wu et al. (9) who 
found evidence of a double hvdrate of n-butane 
and methane, with methane here serving as the 
'Hilfsgas' (10). Likewise, our nmr measurements 
show neopentane (2,2-dimethylpropane) to form 
a double hydrate with H2S, apparently the first 
evidence of the encagability of this relatively 
large n~olecule. 

Experimental Methods 
Preparation of Hydrates 

Nominal purities of the gases employed were in excess 
of 99.5% except for ethane and neopentane which were 
99.0+%. 

Ethane hydrate (deuteriohydrate) was prepared over 
a period of about a month in a pressure vessel at  0°C 
(5°C) under 13 atm of ethane gas, the formation of 
hydrate being monitored by the fall in pressure. Propane 
and isobutane hydrates were prepared by condensing the 
liquid hydrocarbon onto cooled, powdered H 2 0  or D 2 0  
ice and conditioning for a period of weeks at - - 13'C. 
H2S-n-butane double hydrate was formed from a cooled 
mixture of liquid butane and H 2 0  under H2S gas at a 
pressure less than that required to form the single H2S 
hydrate. This hydrate was nucleated in the melt by 
vigorous agitation with a Vortex mixer and grown at 
-2°C over several days until further uptake of H2S 
became negligible. A similar procedure was used to 
prepare the neopentane-D2S-D20 hydrate, with a 
reaction temperature of 6°C. Three samples of CC1,-H2S 
hydrate of different H2S content were prepared by 
shaking CC1,-H20 mixtures at 2OC in a large vessel 
containing H2S gas. H2S hydrate itself was grown at 
-22°C over a period of weeks in the dielectric cell itself 
(see below), which was placed in a pressure vessel and 
subjected to about 20 atm of H2S. In most of the above 
cases, the samples were periodically cooled to low 
temperatures during the reaction period to crack the 
hydrate crust which tends to inhibit further hydrate 
formation. 

The amount of unreacted hydrocarbon could be 
monitored by the intensity of the narrow liquid line in 
the nmr spectrum at temperatures above the hydro- 
carbon melting point. This showed none of the samples 

employed to contain more than a few percent of un- 
reacted hydrate-former. 

Nuclear Magnetic Resonance Measurements 
Proton nmr spectra were recorded as the derivative of 

the absorption signal in a marginal oscillator circuit 
resonating at  -21.4 MHz, with 84 Hz modulation and 
phase-sensitive detection using a PAR 124 lock-in 
amplifier. Samples in sealed glass tubes were set in a 
sample holder consisting of a coil wound on a threaded 
quartz tube which was mounted in an  Andonian Asso- 
ciates liquid helium cryostat equipped with a tail-piece 
elongated to fit between the pole pieces of a Bruker 
electromagnet. Temperature control and measurement 
were as previously described (1 I). 

Line widths were obtained as separations between the 
extrema of the recorded derivative curves. Second 
moments of absorption lines, corrected for small modula- 
tion broadening, were evaluated by a PDP8-E computer 
from spectra converted to digital form. N o  problems 
with signal saturation were encountered. 

Dielectric Measurements 
The brass dielectric cell used for the hydrocarbon 

hydrates was constructed with horizontal parallel plate 
electrodes, the lower electrode being provided with a 
concentric guard ring. The disc-shaped sample was held 
firmly between the electrodes by a bellows arrangement. 
Samples were finely ground in the cold vapour over 
liquid nitrogen and then pressed in a pre-cooled 1.9-cm 
diameter die under a pressure of about 1200 kg/cm2. The 
sample disc was about 2 mm in thickness, thinner 
samples being found to be subject to cracking. The cell 
constant was calculated from the thickness of the sample 
measured at  -77 K. As a result of uncertainty in cell 
constant and the effects of surface roughness and voids 
in the pressed samples, the measured low-temperature 
permittivities may be in error by as much as 5%. 

H2S hydrate was grown in a stainless-steel cylindrical 
dielectric cell similar in design and geometry to the brass 
cell used in previous low-temperature dielectric studies 
of ice (12). 

Of the methods previously used (13) to measure the 
capacitance and conductance of gas hydrates, only the 
General Radio 1615A Bridge has resolution and sen- 
sitivity good enough to define the small dielectric loss 
associated with the reorientation of enclathrated pro- 
pane, isobutane, and n-butane molecules. The con- 
ductance resolution of this bridge (AG = 10-l2 n-') is 
associated with a limiting uncertainty A&" in dielectric 
loss of iAG/(2wCo), where w is the angular frequency 
and C,  the cell constant in farads. For our hydrocarbon 
hydrate samples C,  was - 10-l2 F and measurements 
were undertaken only at  frequencies of 1 kHz and 
greater, where A&" was less than + 0.0001. 

Results 
Dielectric Measurements 

Dielectric absorption at sub-MHz frequencies 
has previously been observed at low tempera- 
tures in a number of hydrates of dipolar mole- 
cules (5, 13, 14). Since this absorption arises 
from reorientation of the dipole m;ment of the 
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guest molecule, it is expected to be absent in the 
hydrates of methane, nitrogen, carbon dioxide, 
and other components of natural gas which lack 
permanent dipole moments. This is true also of 
ethane in its centrosymmetric (staggered) form 
or in the presence of rapid rotation of the CH, 
groups with respect to one another. No low- 
temperature dielectric absorption was in fact 
found in ethane hydrate within the sensitivity of 
the measurements (-2% of the absorption 
shown by propane hydrate). 

Figure 1 shows the temperature dependence 
of the real (E') and imaginary (E") parts of the 
complex permittivity of the structure I1 hydrates 
of propane (dipole moment 0.083 D) and iso- 
butane (0.132 D), as measured at three fre- 
quencies. The maxima in the dielectric loss (E" )  

curves associated with the reorientation of en- 
caged propane molecules occur at temperatures 
less than half those of the corresponding 
absorption by isobutane and the two species 
are easily distinguished, even though the ab- 
sorption associated with each is relatively broad. 
The corresponding dispersion of E' with tem- 
perature is likewise distinctive. (The difference 
in Fig. 1 between the absolute values of sf for the 
two hydrates is not experimentally significant.) 

FIG. 1. Dispersion of permittivity ( E ' )  and dielectric 
loss (E") in propane and isobutane hydrates at low 
temperatures. 

FIG. 2. Dielectric behavior of n-butane-H,S hydrate 
at low temperatures. 

Results for the double hydrate of n-butane 
and H2S are shown in Fig. 2. The principal 
dielectric loss peaks from n-butane occur only 
2 to 3 deg above those from isobutane at the 
same frequencies of measurement and these 
peaks would overlap in a hydrate containing 
both isomers. The secondary absorption region 
which occurs between 10 and 20 K for n-butane 
may serve to distinguish this guest from iso- 
butane but propane also absorbs in this region. 
The relatively large value of E', its rise with 
decrease of temperature, and the sharp rise of 
E" below 4 K all arise from the presence of H2S. 
Behavior of this kind has previously been 
observed for the structure I1 H2S double 
hydrates of tetrahydrofuran and trimethylene 
oxide (13). 

The structure I H,S hydrate itself behaves as 
show11 in Fig. 3. The maximum loss from re- 
orienting H2S molecules in both single and 
double hydrates occurs below 1.8 K even at 
1 MHz. The extremely fast reorientation rate of 
enclathrated H2S is unique among the polar 
guest molecules which have been studied. 

Nuclear Magnetic Resonance Measurements 
The formation of a H 2 0  clathrate by a hydro- 

gen-containing species is generally to be recog- 
nized by a proton magnetic resonance spectrum 
which, at temperatures between roughly 50 and 
200 K, consists of a narrow component 3 to 4 G 
wide arising from the protons of the 'rotating' 
guest species superimposed on a broad ice-like 
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H2S 

0.3 a 10 kHz 
o l MHz 

1 l 0  

FIG. 3. Dielectric behavior of H,S hydrate at low 
temperatures. 

resonance arising from 'rigid' water molecules 
(for examples, see refs. 15-17). 

Most previous nmr studies of the motions of 
enclathrated molecules have been made in D 2 0  
rather than H 2 0  lattices to eliminate the signal 
from the water protons (except for HDO im- 
purity). This also greatly reduces the broadening 
effect of the magnetic nuclei of the host lattice 
on the spectrum of the guest molecule and more 
spectral detail is revealed at low temperatures 
(18). 

In the present study of hydrocarbon hydrates 
more extensive measurements have been made 
in D 2 0  than in H20.  Since deuteriation of the 
host lattice is likely to have a negligible effect on 
the motion of the guest molecules, it is normally 
possible to predict the hydrate spectrum from 
the deuteriohydrate spectrum of the same guest 
molecule. 

Structure 1 Hydrates 
The structure I hydrate of CH, in D 2 0  has 

previously been studied (19). At temperatures 
upward from 1.8 K there is a single structureless 
line whose width (Fig. 4) is 1.6 G  and second 
moment 0.42 f 0.02 G2 between 30 K and 
130 K. Although spectra of CH, in H 2 0  have 
not been obtained, it is anticipated from the 
D 2 0  results that these will resemble that shown 
for ethane hydrate at 146 K (Fig. 5), and remain 
unchanged over essentially the whole range of 

SECOND MOMENTS 

4 r 1 
LINE WIDTHS I 

FIG. 4. The nmr line widths and second moments of 
structure I hydrocarbon hydrates. 

FIG. 5. Line shapes of ethane hydrate. 

temperature between 1.8 and 200 K, the width 
of the narrow component being about 3.6 G. 

Ethane has been studied in both D 2 0  and 
H20. Line shapes at a number of temperatures 
are shown in Figs. 5 and 6 and the temperature 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FIG. 6. Line shapes of ethane deuteriohydrate. 

dependence of line width and second moment in 
Fig. 4. Below about 15 K the line shape of C2H, 
in D 2 0  (and H20) is independent of tempera- 
ture and shows the absence of overall re- 
orientation of C2H6 molecules. The presence of 
tunnelling of the methyl groups, however, is 
clearly shown by a value of the low-temperature 
second moment (7.6 f 0.5 G2) of C2H6 deu- 
teriohydrate which is much less than the value 
(-25 G2 (20)) expected for rigid C2H6 mole- 
cules. With increase of temperature, narrowing 
occurs and the second moment falls to half its 
low-temperature value by about 36 K and there- 
after with increasing slowness to - 1.1 G2 at 
100 K and -0.75 G2 at 200 K. The second 
moment of C2H6 in H 2 0  shows a corresponding 
fall which is less pronounced because this 
second moment is mostly determined by the 
protons of rigid H 2 0  molecules. There is overlap 
of the H 2 0  and C2H6 signals (Fig. 5) at very low 
temperatures where the widths of the narrow 
component plotted (Fig. 4) are only approxi- 
mate. 

Structure II Hydrates 
Line shapes of the H 2 0  clathrates of propane 

and isobutane are illustrated in Fig. 7. Line 
widths and second moments of the deuterio- 
hydrates are plotted in Fig. 8. The isotopically 

PROPANE 

ISOBUTANE 

FIG. 7. Line shapes of propane and isobutane hydrates. 

2 5  

SECOND MOMENTS 

2 0  X CH3CD2CH3-D20 
0 LCH3l3CH - D20 

o (CH3),C-D2S-D20 

I 5  CHq-C4D80-D20 

LU O CH3CH2CH3-H20 
(3 
\ + (CH3l3CH - H20 
I 10 
0 A (CH3),CH - D2S-D20 

5 

0 

LINE WIDTHS 

4 

? 
+ bQ ----v-- o-a ------ 

I 
a 

2 

FIG. 8. Line widths and second moments of structure I1 
hydrocarbon hydrates. 

substituted CH3CD2CH3 form was chosen for 
better definition of the low-temperature line 
shape of the CH, groups. The low temperature 
second moment of 5.0 + 0.5 G2 (this would 
have been -8 G2 for CH3CH2CH3 in D20)  
falls to 2.5 G2 at 18 K and to about 0.35 G2 at 
100 K. These values are not consistent with the 
very large second moments of CH,CH2CH3 in 
D 2 0  previously reported above 77 K (21). 

For (CH,),CH in D 2 0  the second moment 
is 22.4 1.5 G2 below 25 K and falls to half 
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this value at -37 K, to 0.30 G2  at 90 K, and to 
0.23 G2  at 210 K. The line width of 1.20 + 0.04 
G between 60 and 210 K agrees with the width 
of 1.3 G reported by Chassonneau et al. (22) for 
the isobutane-D2S-D20 hydrate at two tem- 
peratures (see Fig. 8). (However, our second 
moments at comparable temperatures are only 
half the 0.55 f 0.05 G2  value obtained by these 
workers.) There is also agreement between their 
line width (3.0 G between 100 and 200 K) of the 
isobutane component in the isobutane-H2S-H20 
system and our width (2.85 f 0.10 G at 86 K) 
of isobutane in H 2 0 .  

Line shapes of neopentane in the D2S-D20 
double hydrate are illustrated in Fig. 9. The 
absorption begins to narrow at about 13 K, the 
second moment (Fig. 8) falling to half its low 
temperature value of 21.0 f 1.5 G2  at about 
24 K and to about 0.30 G2 at 50 K. Thereafter 
it shows little change with temperature, the 
second moment being 0.26 f 0.03 G2  between 
60 and 180 K. The line width is 1.23 + 0.04 G 
over this temperature range. 

Any natural gas hydrate of structure I1 is 
likely to contain considerable quantities of 
methane, mainly in the 12-hedral cages. Previous 
measurements of the CH,-tetrahydrofuran-d,- 
D,O type I1 hydrate (19) gave proton spectra 
rather similar to that of the structure I CH, 
deuteriohydrate itself, with second moments 
which hardly changed from 5 K upward. From 
these results one anticipates that the line width 
of the CH, absorption in a type I1 H 2 0  double 
hydrate should likewise remain independent of 
temperature above 5 K at a value of about 4.1 G. 
This width is estimated from the assumption 
that all CH, molecules occupy 12-hedra. 

It does not seem possible to prepare for nmr 
study a sample of H2S hydrate in D 2 0  because 
of the well-known rapid exchange of hydrogen 
atoms between water and hydrogen sulfide. 
Figure 10 shows a spectrum of a hydrate sample 
of approximate composition 0.9CC1,.O.40H2S. 
17H20. The narrow component, identified with 
H2S from its variation with H2S content, 
appears only as a central shoulder on the H 2 0  
line which makes up 98% of the absorption 
intensity. It is inferred from the dielectric results 
that this line characteristic of rotating H,S 
molecules should persist down to liquid helium 
temperatures. 

We cannot agree with Chassonneau et al. (22) 
that the very narrow line (width < 150 mG) 

FIG. 9. Line shapes of neopentane in D,O double 
hydrate with DzS. 

FIG. 10. Line shape of CC1,-HIS double hydrate a t  
75 K. 

reported by them at all temperatures above 
120 K in the H2S double hydrates of CCI,, 
tetrahydrofuran, isobutane, and thiophene is 
due to rapid reorientation and dzffusion of en- 
caged H2S molecules. This line is much more 
likely to have arisen from the presence of liquid 
H2S jn their samples. 

Discussion 

Proton Nuclear Magnetic Resonance Line Shapes 
at Low Temperatures 

None of the low-temperature proton spectra 
of the hydrocarbon deuteriohydrates show a 
line shape characteristic of either rigid CH, 
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DAVIDSON ET AL. 

TABLE 1. Reorientational properties of guest molecules 
-- 

Dielectric absorption Nuclear magnetic resonance 
line narrowing 

Temp. of max. E" -- 

Hydrate at  100 kHz EA T I , ~  VO 
Guest structure (K) (kcal/mol) (K) (kcal/mol) 

groups or, at the other extreme, of CH, groups 
which are undergoing rotation in the fast 
tunnelling limit (23). More detailed analysis of 
methyl-group line shapes in hydrocarbon and 
other enclathrated molecules will be presented 
elsewhere. 

Reorientation Rates of Enraged Molecules 
For hydrogen sulfide the average reorientation 

rate is greater than 1 MHz even at 1.8 K and for 
methane is also too fast to be definable by the 
present techniques in the sense that the proton 
spectrum remains a narrow line to below 2 K. 
For the remaining guests the general reorienta- 
tion rates and their dependence on temperature 
may be derived from analysis of the nmr and 
dielectric data. It is emphasized that both line- 
narrowing and dielectric absorption show the 
presence of wide distributions of reorientation 
rates in all the hydrates studied. These distribu- 
tions are a general characteristic of clathrate 
hydrates and are ultimately attributable to the 
'frozen-in' orientational disorder of the lattice 
water molecules, as discussed elsewhere (5, 13, 
17). 

Average reorientation rates and 'activation 
energies' for reorientation are given in Table 1. 
For dipolar guest molecules the temperature of 
maximum dielectric absor~tion at 100 kHz is 
given along with an effective Arrhenius activa- 
tion energy EA derived from the dependence of 
the temperature of maximum absorption on 
frequency (Fig. 11). 

With increasing temperature an nmr line 
begins to narrow a t  the-temperature where the 
n~olecular reorientation rate becomes approxim- 
ately equal to the width (in frequency units) of 
the unnarrowed line. For the present hydro- 
carbon deuteriohydrates, this width, as the 
square root of the second moment, is about 

FIG. 11. Temperature dependence of the frequency of 
maximum E" in structure I1 hydrates. 

10 kHz. For a single reorientation rate v, which 
varies with temperature according to v, = 
v, exp (- Vo/RT), Waugh and Fedin (24) showed 
that, with 'normal' values of the rotational 
oscillation frequency v, of about 10" Hz, Vo 
(kcal/mol) z 37Tc, where Tc is the temperature 
of the onset of narrowing. Where, as in the 
present cases, there is a wide distribution of 
reorientation rates, the temperature of initial 
narrowing not only loses its simple significance 
but is experin~entally difficult to define. We have 
therefore chosen instead of Tc the temperature 
TI/, at  which the second moment has fallen to 
one half its low temperature value. Under the 
assumption that the average reorientation rate is 
about 100 kHz at this temperature, the Waugh 
for~nula is modified to Vo (kcal/mol) z 32.4TlI2, 
the new factor being 37 - R In 10. Values of Vo 
estimated from this relationship are given in 
Table 1 where the Tll,'s recorded are accurate 
to about + 2  K. 

There is good agreement between the activa- 
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TABLE 2. Contributions to proton second moments (G2) of isotropically rotating guests in 
rigid D 2 0  lattices, SM(HD0-D20) = 0.89 G2 

Guest SM(interguest) SM(guest-D20) SM(HD0-guest) 

TABLE 3. Total second moments (G2) for isotropically rotating guests in rigid D 2 0  lattices 
of different HDO content 

x = O , z = O  x = 0.003 x = 0.010 

Guest SM(tota1) z SM(tota1) z SM(tota1) 

tion energies EA and V,  derived from the two 
techniques for propane and isobutane hydrates. 

Second Moments for Isotropically Rotating Guests 
The second moments of proton absorption 

lines for isotropically rotating guest molecules 
in rigid D,O lattices were calculated by the 
method given in the Appendix. The results are 
given in Table 3, where x is the atom fraction 
of H as impurity in the D20 employed. The 
sensitivity of second momer,t to x is consider- 
able, the eff'ect of 1% HDO in the D20 being to 
increase the second moment by one-third to 
three-quarters, depending on the hydrate. 

Comparison of Table 3 with the experimental 
second moments of 0.40 + 0.2 G2 for CH, 
(30-130 K), 0.23 G2 for (CH3)3CH (210 K), and 
0.26 + 0.03 G2 for (CH3),C (60-180 K) shows 
good agreement for somewhat less than 1 at.% 
H in the D,O. 

EfSects of Cage Type and Guest-molecule 
Symmetry on Motional Averaging 

For ethane in D20 the second moment con- 
tinues to fall with increasing temperature over 
the whole range of measurement (Fig. 4) and is 
well in excess of the value calculated for isotropic 
reorientation (Table 3) even at 200 K. This 
behavior probably results from the oblate shape 
of the 14-hedral cage which tends to favor 
orientations in which the long axis of the ethane 

molecule lies in and near the equatorial plane 
midway between opposite hexagonal rings of 
water n~olecules. The preference of ethane for 
equatorial configurations is likely to be some- 
what greater than that already suggested (25), 
with some experimental support, for the smaller 
chlorine molecule in the same cage. With 
increase of temperature the motional averaging 
becomes somewhat more isotropic. 

The 16-hedral cages occupied by the larger 
hydrocarbon molecules are much more spherical 
than the 14-hedra. The space average symmetry, 
or the symmetry averaged over the disordered 
orientations of the water molecules, is tetra- 
hedral (33m). At temperatures below about 
200 K the motion responsible for nmr line 
narrowing is reorientation within cages which 
are distorted from tetrahedral symmetry to an 
extent determined by the fixed (on an nmr time 
scale) positions of the hydrogen atoms of the 
cage water molecules. The variation of this dis- 
tortion from cage to cage is mainly responsible 
for the distribution of reorientation rates of 
guest molecules in structure I1 hydrates. It may 
also lead to some residual lack of isotropy in the 
time averaged directions of the inter-proton 
magnetic fields of the guest molecules, even 
when the reorientation rates are very fast. The 
degree of this anisotropy varies with the geo- 
metry of the guest molecule, the greatest effect 
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on the proton second moment being observed 
for such relatively unsymmetrical molecules as 
tetrahydrofuran (17). The I9F second moments 
of SF, and CF, encaged in H 2 0  and D20 ,  on 
the other hand, show no residual anisotropy, 
even at temperatures down to -20 K (19). 
Analysis shows that guest molecules of cubic 
symmetry (i.e., tetrahedral or octahedral mole- 
cules) in a cage of any symmetry should be 
characterized bv a zero contribution to the 
second moment from interactions between 
magnetic nuclei within the guest molecule at all 
temperatures where the reorientation rates are 
sufficiently fast (say > 1 MHz). It is only 
necessary that such a molecule undergo a 
thermally activated process which interchanges 
the o equivalent orientations, where o, the 
symmetry number, is 12 for tetrahedral and 24 
for octahedral molecules. It is immaterial 
whether there is one or more distinguishable 
preferred orientations within the cage. 

In agreement with these conclusions, the 
second moment of the tetrahedral neopentane 
molecule (Fig. 8) shows no change with tem- 
perature between 60 and 180 K and has a value 
indistinguishable from that for isotropic re- 
orientation. P r o ~ a n e  and isobutane on the 
other hand have, near 100 K, somewhat larger 
moments than the isotropic value. 

The spectra of enclathrated neopentane 
recorded at seven temperatures between 14 and 
35 K exhibit clearly the Resing 'apparent phase- 
change' effect (26) in the form of a super- 
position of the broad, structured 'rigid lattice' 
line and a narrow line of almost Gaussian shape, 
only the latter being observed above 50 K (cf. 
Fig. 9). This behavior is attributed to a broad 
distribution of correlation times 7, such that at 
temperatures in the transition region w , ~ ,  >> 1 
(rigid molecules) or o , ~ ,  << 1 (rotating mole- 
cules) for most molecules and o , ~ ,  - 1 for 
relatively few, where o, is approximately the 
square root of the rigid-lattice secoild moment 
(-2n x 20 kHz). For the reasons of symmetry 
already given, neopentane molecules which are 
rotating at all appear to do so isotropically. The 
temperature variation of the second moment 
may be analyzed in terms of a simple Gaussian 
distribution of activation energies E, (or log- 
normal distribution of correlation times), as 
already described (19) for the Resing effect in 
SF, and CF, hydrates. For the mean correlation 
time 7, = 10-l2 exp (E,,,/RT) and the distribu- 

tion G(E,) = n-*A-' exp ((E, - E,)/A)~, 
values of Em = 743 and A = 280 cal/mol were 
found for the mean activation energy and width 
parameter, respectively. 

Geometry of Encaged n-Butane 
Of the two rotational isomers of n-butane 

which exist in the gaseous phase, the trans form 
is more stable than the gauche by about 760 
cal/mol (27). The longest van der Waals dimen- 
sion of the trans isomer is 7.9 A if 2.0 A is taken 
for the van der Waals radius of the CH, groups. 
This form is much too long for encagement in 
the structure I1 16-l~edron (5). Moreover, the 
trans isomer has zero dipole moment and 
cannot give rise to the dielectric absorption 
observed. The gauche form on the other hand is 
smaller (length 7.1 A for the gas-phase dihedral 
angle of 62.3") and has a finite dipole moment. 
The contribution of the interaction with the 
cage water molecules to the dependence of 
potential energy on dihedral angle will, in all 
probability, result in a smaller dihedral angle 
than in the gas, i.e., the geometry of encaged 
n-butane is likely to be intermediate between the 
gauche form of the gas and the cis form (length 
6.7 A). 

The effect of the cage on the geometry of 
n-butane may have another consequence. The 
barrier to interchange of two gauche isomers via 
the cis form is considerably reduced by the 
interactions with the cage which favour the cis 
form and it is possible that the dielectric ab- 
sorption observed (Fig. 2) between 10 and 20 K 
arises from this interchange, which would result 
in some dipole reorientation. 
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Appendix 

Calct*lation of Second Moments of Isotropically 
Rotating Guests 

These second moments include contributions 
from the absorption of protons present (mainly 
as HDO) as impurity in the D 2 0  as well as from 
the protons of the guest molecules: 

[ l ]  SM(tota1) = (1-z)SM(guest) + zSM(HD0) 

where z is the fraction of the total number of 
protons which is present as impurity in the D 2 0 .  
The absorption by guest molecules is broadened 
by the magnetic fields of the protons of neigh- 
boring guests and by the deuterons (and protons) 
of the water lattice: 

where the second term depends on the atom 
fraction x of H in the D 2 0  according to 

Values of SM(interguest) and SM(guest-D20) 
were calculated (1 5) from the Van Vleck formula 
by taking the guest-molecule protons to be 
located at the cage centres and half deuterons 
to be distributed tetrahedrally around the 
oxygen atoms with OD bond lengths of 1.00 A, 
one position lying on the radial extension of the 
position vector of each oxygen atom with 
respect to the cage centre (19). 

The HDO impurity second moment is 

where the first term is 

Since the second moments of both the structure I 
and structure I1 H 2 0  lattices are about 32 G2 (5), 

where the I's are nuclear spin quantum numbers 
and the y's gyromagnetic ratios. Values of 
SM(HD0-guest) were evaluated from the 
tetrahedral water molecule assumption, taking 
explicit account of the guest molecules in the 
four cages to whose walls each water n~olecule 
is common. The contribution of more distant 
guests was estimated as an additional 10%. 

Complete occupancy of the large cages has 
been assumed for type I1 hydrates. For CH,, 
97.5% occupancy of cages of both sizes (corres- 
ponding to CH,.5.9D20) and for C2H,, 93.5x 
occupancy of the large cages (C2H,.8.2D20), 
have been assumed. 

The contributions for 100% D 2 0  are given in 
Table 2 and the total second moments for D 2 0  
consisting of 100, 99.7, and 99.0at.Z D in 
Table 3. 
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The deprotonation and rearrangement of N-methyl methylphosphazenium 
quaternary salts: a novel synthetic route to cyclic azaphosphorins 
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Received February 2, 1977 

RICHARD T. OAKLEY and NORMAN L. PADDOCK. Can. J. Chem. 55, 3651 (1977). 
The N-methyl methylphosphazenium salts (NPMe,),,,.MeI and N3P3Ph4Me2.MeI can be 

deprotonated by a variety of bases to yield the novel azaphosphorins Me2,-,(NHMe)P,N,- ,- 
CH (n = 3, 4) and Me(NHMe)Ph4P3N2CH, formed by a rearrangement in which the methy- 
lated nitrogen atom is displaced from the PN ring by the initially produced exocyclic methylene 
group. The 'H nmr spectra of the azaphosphorins indicate a rapid proton exchange between 
the endocyclic carbon and the exocyclic nitrogen, which can be slowed by the addition of an 
auxiliary base. When KO-t-Bu reacts with the quaternary salts, nucleophilic attack competes 
with proton removal, and the linear oxides (NHMe)(PMe2N).PMe20 (n = 2-4) have been 
isolated from these reactions. The azaphosphorins Me2,-l(NHMe)P,N,-lCH (n = 3, 4) are 
hydrolysed in aqueous ethanol to give the cyclic oxides Me2,- ,(O)P,N,_ ,CH2, and react with 
methyl iodide by a proton transfer reaction to givelthe hydroiodides Me2.- ,(NHMe)P.N,- ,- 
CH.HI. Their reaction with benzoyl chloride leads to the derivatives Me7(NHMe)P4N3CCOPh 
and Me7(NMeCOPh)P3N2CCOPh, the initial substitution on carbon indicating that it is the 
primary basic centre. Model calculations of x-electron energies suggest that both the azaphos- 
phorin rearrangement and the proton exchange reactions depend on the relative orbital electro- 
negativity of the ring and exocyclic atoms, the less electronegative atom being more stable in the 
endocyclic position. 

RICHARD T. OAKLEY et NORMAN L. PADDOCK. Can. J. Chem. 55,3651 (1977). 
Les sels de N-methyl methylphosphazeniun~ (NPMe2)3,4.MeI et N,P3Ph4Me2 .Me1 peuvent 

&tre dCprotonCs par une variete de bases conduisant a de nouvelles azaphosphorines Me2.- I -  

(NHMe)P.N.-,CH (n = 3, 4) et Me(NHMe)Ph4P,N2CH, formees par rearrangement, oh 
l'atome d'azote mCthylC est dCplacC du cycle PN par le groupe methylene exocyclique 
forme initialement. Le spectre rmn 'H des azaphosphorines indique un Cchange rapide de 
protons entre le carbone endocyclique et l'azote exocyclique, qui peut &re ralenti par I'addition 
d'une base auxiliaire. Lorsque le KO-t-Bu rtagit avec les sels quaternaires, une attaque nucleo- 
phile concurrence l'abstraction du proton et il resulte de ces reactions des oxydes lintaires 
(NHMe)(PMe2N),PMe,0 (n = 2-4). Les azaphosphorines Me2.-,(NHMe)P.N,.. ,CH (n = 3, 
4) sont hydrolyskes dans l'ethanol aqueux pour conduire aux oxydes cycliques Me2,-1- 
(O)P,N,-,CH2, et elles reagissent avec I'iodure de mCthyle par une reaction de transfert 
de protons pour conduire aux hydroiodures Me2,- ,(NHMe)P,N, - lCH. HI. Elles rtagissent 
avec le chlorure de benzoyle pour conduire aux derives Me7(NHMe)P4N3CCOPh et 
Me7(NMeCOPh)P3N2CCOPh; la substitution initiale sur le carbone indique que celui-ci est 
le premier centre basique. Des calculs modeles des energies pour les electrons-n suggerent 
que tant le rearrangement des azaphosphorines que les reactions d'echange de protons depen- 
dent de l'electron6gativite relative des orbitales du cycle et des atomes exocycliques, I'atome le 
moins Clectrontgatif ttant plus stable en position endocyclique. 

[Traduit par le journal] 

Introduction we have investigated the reaction of N-methyl 
The formation of carbanions from methyl- meth~l~hosphazenium salts (NPMe2);MeI with 

phosphazenes by their reaction with strong bases (3). As expected, these salts can be depro- 
bases (1) parallels the acidic behaviour of simple tOnated a bases, as are such 
alkylphosphine oxides (2) and exemplifies the phosphonium as MezP(NMez)2+X- (4). 
many chemical similarities that exist betweell However, the final products of such reactions 
cyclic phosphazenes (X,PN), and simple phos- indicate the occurrence of an unusual skeletal 
phoryl compounds X,PO. In a further study of rearrangement, thereby illustrating that al- 
the acidic properties of the methylphosphazenes, though many properties phosphazenes tor- 

respond to those of mononuclear phosphorus 
'Author to whom correspondence should be addressed. compounds, certain chemical features are di- 
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rectly related to their cyclic structure. The 
reaction leads to several new azaphosphorin 
derivatives. 

Results 
Reactions of Quaternary Methylphosphazenium 

Salts with Bases 
We have used chiefly the bases potassium 

tert-butoxide (KO-t-Bu) and sodium hexa- 
methyldisilylamide. Both are appreciably soluble 
in hydrocarbons, which are the most convenient 
media for achieving a clean separation of the 
products, and both have been used successfully in 
the deprotonation of phosphonium salts (5-8). 
The reaction with the silylamide is the simpler. 
In boiling octane or toluene, NaN(SiMe,), 
reacts smoothly with the quaternary iodides 
N,P,Me, Me1 and gem-N,P,Ph,Me, - MeI, (1, 
R = Me, Ph) removing a proton from one of the 
P-methyl groups adjacent to the quaternized 
nitrogen atom. The final products are not the 
expected ylids 2, but rather the novel azaphos- 
phorins 4 (a, R = Me; 6, R = Ph), formed from 
the ylids by a rearrangement in which the 
methylated nitrogen atom is displaced from the 
ring, the resulting exocyclic imine (3) then 
tautomerizing to give the aromatic amine form 4. 
An exactly analogous reaction occurs with 
N4P4Me,. Me1 (5), to give the azaphosphorin 8. 

Potassium tert-butoxide reacts both as a base, 
removing a proton from an exocyclic group, (as 
in Scheme l), to form an azaphosphorin, and as a 
nucleophile attacking a phosphorus atom ad- 
jacent to the quaternized nitrogen atom, to form 
a linear oxophosphazene. The products obtained 
from the reactions of the monoquaternary salts 
(NPMe?), ,, . Me1 and the diquaternary salt 
(NPMe2),-2MeSO3F with KO-t-Bu collectively 
demonstrate both possibilities, and indicate that 
the relative importance of the two processes is 
strongly dependent on the size and charge of the 
cyclic phosphazenium cation. 

In the reaction of (NPMe,), .Me1 with 
KO-t-Bu, proton abstraction does not occur. 
Instead, the tert-butoxide ion effects a nucleo- 
philic attack on phosphorus, and cleaves the PN 
skeleton (Scheme 2). The subsequent elimination 
of isobutene or (less probably) an ether (9, 10) 
then produces the novel linear oxophosphazene 
(NHMe)(PMe,N),PMe,O (9) in high yield 
(92%). The reaction of the tetrameric salt 
(NPMe,),.MeI with KO-t-Bu shows a marked 
contrast to the one just described. Nucleophilic 

CH3 I- 
H3C\p/ /CHI 

H3C\ f H 2  

N/p\N/ CH3 N/ + 
I, +"i' Base - I I 

-HI R-P, +P-R 
R' \R 

1 2 

I 

II I 
R-P, +P-R 
R' \R 

attack of tert-butoxide ion still occurs, to give the 
open chain oxide (NHMe)(PMe2N),PMezO 
(10) but the yield of this product is low (-5%). 
The principal product (-80%) is the cyclic 
azaphosphorin 8, formed presumably by a 
deprotonation reaction and a phosphazene- 
azaphosphorin rearrangement. The reaction of 
the diquaternary ion [ ( N P M ~ , ) , . ~ M ~ ] ~ +  with 
KO-t-Bu reflects the effect of an increase in charge 
on the tetrameric ring. Nucleophilic attack on 
phosphorus now predominates, the only product 
of the reaction, the linear oxophosphazene 
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OAKLEY AND PADDOCK 3653 

CH3 
H3C\ /CH3 H3C, I,,OtBu 

/P+ /CH3 N//P N/CH3 

fi' +"; KOtBu (NHMe)(PMe2N),PMe20 9 
F I II - + 

H3C-P /P-CH3 H3C-P, P-CH3 
/ \N' \ /\N' \ O(tBu), or Me2CCH2 

\ / 
,P\ f H 3  

N \+? ,,CH3 KOtBu H3C\// 
P - (NHMe)PMe,NPMe,O 11 

H3CA\; & \ C H ~  + 
/ \P' O(tBu), or Me2CCH2 

(NHMe)(PMe2N)PMe20 ( l l ) ,  indicating that 
ring cleavage occurs twice. 

Spectra and Structures 
The structures of the azaphosphorins 4 and 8 

have been established spectroscopically (see Table 
1 for numerical details). The 'H nmr spectrum of 
4b in benzene (Fig. la) shows the expected fea- 
tures, the resonances of the MeP, the MeN, the 
NH, and the CH protons all being clearly distin- 
guishable. The N-methyl signal is similar in posi- 
tion and appearance to the equivalent resonance 
in N3P3(NHMe), (G,(NMe) = 2.57 ppm (ll)), 
for which no 'H-lH coupling is observed. The 
chemical shift of the CH proton is close to that 
found in other phosphorins (12, 13), and as such 
is at lower field than in C-alkyl ylids R3P=CHR' 
(6,(CH) = -0.5 to - 1.0 ppm (14)) in which 
the anionic nature of the ylidic carbon atom has 
a large shielding effect on the CH proton. It is at 
higher field than in those ylids which are stabi- 

lized by electron withdrawing substituents on 
carbon (e.g. FH(CH) in Ph,P=CHC(O)Me is 
3.68 ppm (1 5)). 

The lack of resolution of the CH resonance 
into the expected triplet is explicable in terms of a 
rapid proton exchange between nitrogen and 
carbon, a process which has already been ob- 
served for methylene diphosphine dioxides in 
the presence of aniline (16), and which, in the 
present case, corresponds to the tautomeric 
change between the imine and anline forms 3 and 
4. Similar effects have been observed elsewhere; 
the sulphur ylid 12 has been shown to exist in 
solution in two tautomeric forms (17), and the 
azaphosphorin MeS(NPPh,),CH (13), whose 
broad CH singlet at 6, 1.6 ppm is not resolved 
into the expected triplet even at -30°C (13), 
may well undergo a similar exchange. 

In the present system, proton transfer is 
believed to be promoted by traces of acid, as is 
found for simple ylids (13, 14, 18, 19) and, as in 

TABLE 1.  'H nmr parametersa and vibrational frequenciesb of  azaphos- 
phorin derivatives 

Compound 4a 8 4b4 

.S(ppm) in C6D6, reference internal tetramethylsilane. J(PH) (Hz) in parentheses. 
bv(cm-') from Nulol mull spectra, assignments tentative. 
'No 'H-'H coupling observed (at amb~ent temperature). 
'Unresolved multi~let. 
'G(Phenyl) -7.C8.0 ppm. 
SAssignment confirmed by ir spectrum of Me,(NHCD3)P4N3CH,v(N-C)1037 cm-', 

cf. v(N-C) in MeNH2, 1044 cm-I, CD3NH2, 973 cm-' (52, 53). 
sS(CH) = 1.23, S(NH) = 1.76 ppm (broad singlets). 
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H 

H,C N-CH, 
\ / 

P 4 ~ ~ ' c - n  

1 11 (CH3&P --) 
H3c-j!'\N,'';c2 

H3C (CH3)>P -+ 

( C Y )  N + 

d 
V 

4 "  

I I I I I I I I I I 

45 40  35 30 25 20 15 1 0 3 5  30 25 20 15 10 
8 ( ppm 8 (ppm) 

FIG. 1 .  'H nmr spectra of azaphosphorins 4b(a, 100 MHz, C6D6; b, 220 MHz, C5D5N) and 4a(c, 
100 MHz, C6D6; d, 100 MHz, 3'P decoupled). 

ylids (19), can be suppressed by the addition of in the NHMe group and also the 'H-31P 
an auxiliary base. For example, the 'H nmr coupling of the CH p r ~ t o n . ~  
spectrum of 4b in pyridine (Fig. lb) is better The corresponding methyl derivative 4a is 
resolved than the same spectrum run in benzene more basic, sufficiently so to deconlpose chloro- 
(Fig. la), and shows clearly the 'H-'H coupliiig form, and proton exchange from carbon to 

nitrogen is consequently more rapid. Its 'H nmr 

CH3 CH3 spectrum in benzene (Fig. lc and d) shows no 
I I 

S=CH2 
NH or CH signals, even when pyridine is added. 

[ I 1  ~ s - c H 3  - a The other structural features, however, are 
observed; the resonances of the PMe group, the 

J two inequivalent PMe, groups, and the NMe 
1 group are readily distinguished. The NH and CH 

H resonances are also absent from the 'H nmr 
12 spectrum of the corresponding eight-membered 

~h ~h ring compound 8 but, for all the azaphosphorins 
I Ph listed in Table 1, the presence of the NHMe 

/-$ flZP\C,H group is confirmed by the observation of a 
H3C-S C-H r H2C=S 

\ / 
N=P \ N= P, ' 'H ?he dependence of the chemical shifts of the NH and 

I ' ~ h  I Ph CH resonances on the nature of the solvent, and on 
Ph Ph temperature, is noteworthy. Further work is required to 

13 relate this dependence to the imine-amine equilibrium. 
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OAKLEY AND PADDOCK 

TABLE 2. 3iPo and 'Hb nmr parameters and vibrational frequenciesc of 
linear oxophosphazenes MeNH(PMeZ),PMezO 

n = 1 2 3 

%(ppm), CDCla, reference external P406. Phosphorus atoms lettered alphabetically 
from the oxygen atom. Positive shifts upfield of P406. 

bG(ppm), CD3CN, reference internal TMS; J(PH)(Hz) in parentheses. 
<(cm-'), Nujol mulls, assignments tentative. 
dJ(PH) (long range) -1.0 Hz. 
=In Hz. 

v(N-H) band in their infrared spectra. Its 
frequency (-3200 cm- l )  is similar to the value 
found for it in N-alkyl phosphoramidates (20). 
The high values of v(N-C) indicate a single 
rather than a double exocyclic PN bond. In 
N-alkylphosphoramidates, for example, v(N-C) 
is found in the region of 1020-1220 cm-I (20), 
whilst in N-methyl phosphinimines (21, 22), its 
value is much lower (848 cm-' in Ph3PNMe 
(21)). 

The 'H and 31P nmr spectra (Table 2) of the 
compounds NHMe(PMe,N),PMe,O (n = 1, 
2, 3) indicate an open chain structure, since all 
the phosphorus atoms, and PMe, protons, are 
inequivalent. Shielding of the phosphorus atoms 
is expected to decrease with increasing distance 
from oxygen, because of the polarization of 
charge towards the more electronegative end of 
the molecule, and, as in the analogous phenyl 
compounds (23), the 6, values are so assigned. 
Hydrogen bonding is indicated for all the com- 
pounds listed in Table 2 by the low value of 
v(P=O) (1 170 cm-I in Me3P0 (24)). 

Reactions of Azaphosphorins 
The chemical properties of the azaphosphorins 

reported here are primarily those of a strong 
base but, depending on the position of the 
equilibrium between the imine and amine tauto- 
meric forms, the compounds can be regarded as 
being related either to phosphorus ylids 
R3PCHR1 or to imines R3PNR1. In some 

respects their behaviour is similar to that of 
A,-phosphorins (25); they do not, for example, 
react with molecular oxygen (as do simple ylids 
(26, 27)), nor do they undergo the Wittig 
reaction, the P=C bond being insufficiently 
polar. In the reaction of 4a and 8 with aqueous 
ethanol, the exocyclic P-N bond is broken 
rather than the endocyclic P=C bond, to give the 
cyclic oxides 14, 15; the ready loss of the exo- 

cyclic methylamino group from these molecules 
is in contrast to the hydrolytic stability of amino- 
phosphazenes. In related molecules, cleavage of 
the P=C bond can occur, as in the hydrolysis of 
the azaphosphorin MeC(NPPh,),CH (12). Both 
reaction paths are exemplified in the hydrolysis 
of the di-imine PhN=PPh,CH,PPh,P=NPh. 
In basic solution, the expected diphosphine 
dioxide is produced, but acidic hydrolysis results 
in the cleavage of a central P-C bond, and the 
formation of the simple oxides MePh,PO and 
(NHPh)Ph,PO (28). The course of the reaction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3656 CAN. J .  CHEM. VOL. 55.  1977 

TABLE 3. 'H nmr parameters" of cyclic phosphazene oxides 14, 15 

Compound 6(CHz) 6(MeP) 6(MezP)b 6(Me2P')b 6(MezP")b 

14 1.95(13.5)' 1.96(13.5) 1.61(14.0) 1.48(15.0)d - 

2.11(13.5) 1.53(15.0) 

15 2.31(12.5) 1.94(13.0) 1.63(14.0) 1.54(13.0)" 1.47(14.0) 
1.56(14.0) 1.47(13.0) 

'S(ppm), CDCI,, reference internal TMS. J(PH) (Hz) in parentheses. 
bRing positions of P, P', P" uncertain. 
"ABXY pattern partially obscured by P-methyl resonances; J(PH) values approximate. J(H,H,) = 13.5 Hz. 
dlnequivalent geminal methyl groups displaying second order coupling. 
eInequivalent geminal methyl groups. 

evidently depends sensitively on the conditions 
used. 

Like their parent azaphosphorins, the oxides 
14, 15 can be represented by either of two tauto- 
meric forms 16a, b. However, the appearance of 

H H H 

~ e ,  7-H Me \ 0 

[2] ~ e - P /  \ P - M ~  a Me-P 
I I I I1 I 

characteristic methylene signals in their 'H nmr 
spectra (Table 3), and the absence of a v(0-H) 
band from their infrared spectra, indicates that 
the equilibrium favours the oxide structure 16b. 
In the six-membered ring, the methylene protons 
are magnetically inequivalent, as expected, and 
give rise to an AB proton coupling pattern. In 
the eight-membered ring, the two protons are 
accidentally equivalent, and give rise to a simple 
triplet (Fig. 2). 

Unlike other azaphosphorins (12), and simple 
ylids R,PCHRr (14, 29-32), which react with 
methyl iodide to give C-methylated phos- 
phonium salts, the azaphosphorins reported here 
react to give the corresponding C-hydroiodides, 
17 and 18 (X = I). Presumably the initial 

H I 
I 

H3C\ /N-Me 
p /HH N / + \ ~ /  

I1 I 
R-P, gP-R 
/ N \  

N 
R R / \ 

methylation is immediately followed by a proton 
transfer reaction with a second mole of azaphos- 
phorin (eq. 3), as is found in the alkylation of 

3.0 25 20 1.5 10 
8 ( P P ~ )  

FIG. 2. lH nmr spectra of the phosphazene oxide 15 
(100 MHz, CDCI,); (A) direct, (B) 31P decoupled. 

phosphinimines (33). Protonation on carbon 
rather than on nitrogen is confirmed by the 'H 
nmr spectra (Table 4) of the salts, which show a 
characteristic AB proton coupling pattern for the 
inequivalent methylene protons. The presence 
of a positive charge on the rings further facilitates 
the interpretation of their spectra; the charge 
distribution is less uniform than in the neutral 
compounds, and the various signals are better 
separated, as is illustrated in Fig. 3, which 
shows the 'H nmr spectra of 17 (X = I). 
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OAKLEY AND PADDOCK 

TABLE 4.  ' H  nmr parametersa of  the azaphosphorin hydrohalides 17, 18 

17 (R = Me) 18 17 (R = Ph) 
--- 

Parameter X = I  X  = C1 X = I  X = C1 X  = I* 

G(MeN) 2.65(13.5) 2.63(13.5) 2.62(13.0) 2.57(13.5) 2.19(14.5) 

J (HH)  5 .5  5.5 5.5 6.0 5.5 

W H N )  5.85 6.03 4.24 5.37 4.51 

G(MeP) 1.99(13.0) 1.99(13.5) 1.96(13.5) 2.04(13.5) 1.83(14.5) 

G(MeZP)" 1.86(13.5) 1.79(14.0)d 1.79(13.5) 1.78(13.5) - 
1.73(14.0) 

G(MeZPf)" 1.58(14.0) 1.53(14.0) 1 .53(13.5)d 1 .58(15.0)d - 

1.49(13.5) 1.51(15.0) 

6(MezP'?, - - 1.49(13.5) 1.51(15.0) - 

6(CHz)(HA)e 3.74 4.09 3.75 3.96 3.77 
(15 .0 , l l .O)  (14 .0 , l l .O)  (15.5,12.5) (15.0, 12.0) * 

G(CH,)(H,)" 2.78 2.27 3.05 2.86 3.55 
(13.5, 13.5) (14.0, 13.5) (15.5, 12.5) (15.0, 13.0) 

J ( H A H B ) ~  15.5 15.0 15.5 15.0 15.0 
.S(ppm), CDCI3, reference internal TMS; J(PH) (Hz) in parentheses. 
bPhenyl reglon omltted. 
CRelat~ve positions of P P' P uncertain 
dInequ~valent methyl grouds on same phosphorus atom. 
eABXY pattern, partially obscured; J(PH) approximate. 
*J(PH) not assigned. In CD3CN, H A , ,  equivalent, S = 3.44 ppm, J(PH): 13.0Hz.  
gln Hz. 

The appearance and position of the resonance 
of the N-methyl protons is similar to that found 
in aminophosphonium salts (34), exhibiting both 
31P-1H and 'H-'H coupling. However, the 
addition of one drop of D,O to a solution of 
17 (X = I) in CDCI, brings about the immediate 
collapse of 'H-'H couplings, and the loss of the 
NH resonance (Fig. 3B), indicating that proton 
exchange between the solvent and the exocyclic 
nitrogen is rapid. The methylene protons are 
expected to be less acidic, and their exchange 
with protic solvents is consequently slower, but 
the effect is nonetheless observable. When 17 

(X = I) is dissolved in D,O, the methylene 
resonance appears as a simple triplet which, 
upon allowing the solution to stand, becomes 
less intense and finally vanishes (after about 
2 h). 

In the reaction of the azaphosphorins with 
methyl iodide, the neutral product 20 cannot be 
isolated. It apparently undergoes a second 
methylation and proton transfer reaction, the 
overall yield of hydroiodide being such that 3 
mol of azaphosphorin are converted into 2 mol of 
hydroiodide. In order to determine the position 
of primary substitution on the azaphosphorin 
ring (carbon or nitrogen), the reactions of 4a and 
8 with benzoyl chloride have been examined. In 
the case of the eight-membered ring, the reaction 
yields the C-benzoyl derivative 22. The reaction 
of the six-membered ring is more vigorous and, 
as with its reaction with methyl iodide, cannot be 
stopped at the first stage. Instead, the initially 
formed C-benzoyl derivative reacts with a 
second mole of benzoyl chloride, to give the 
N-benzoyl C-benzoyl compound 21. 

As in the case of their parent azaphosphorins, 
the 'H nmr spectra of the benzoylated derivatives 
21 and 22 (Table 5) reveal very little separation 
of the P-methyl resonances, thereby indicating 
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(CHJ2 P -1 

H-N 
L 

I 

FIG. 3 .  'H nmr spectra (100 MHz) of the azaphosphorin hydroiodide 17 (X = I) in CDCI,; ( A )  
direct, (B) with one drop of D,O added, (C)  31P decoupled. 

the uniformity of the charge distribution within 
the ring. For the tetrameric compound, 'H-lH 
coupling in the NHMe group is now observed (as 
it is in simple N-methyl amides); proton ex- 
change is obviously suppressed by the low 

basicity of the nitrogen. The shielding of the 
N-methyl protons in 21 (S,(NMe) = 2.50 ppm) 
is greater than in N-methyl benzanilide (8,- 
(NMe) = 3.40 ppm, CDCI,, reference internal 
TMS), suggesting that the diffusion of lone pair 
density from nitrogen to phosphorus is limited. 

The infrared spectra of these compounds are 
too complex to allow a detailed interpretation, 
but their carbonyl stretching frequencies (Table 
5) are well isolated and easily identified. For both 
the six- and the eight-membered ring, the low 
value of the carbonyl frequency is similar to that 
found in other acylated ylids (35-37), and 
reflects the extent to which resonance such as that 
depicted in eq. 4 weakens the C=O double 
bond. The lower frequency found in the six- 
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OAKLEY AND PADDOCK 3659 

TABLE 5. IH nmr parametersa and carbonyl stretching frequenciesb of azaphosphorin 
benzoyl derivatives 21, 22 

Compound F(MeN) F(MeP) 6(MezP)' v(C-0) 

'6(ppm), CDCI,, reference internal TMS; J(PH) (Hz) in parentheses. 
bv(C=O) (cm-1). Nujol mull. 
<No equivalent methyl groups. 
*J(HH)(MeNH) = 5.5 Hz; 6(NH) = 2.70 ppm. 
'Unresolved PMe, PMez multiplet near 6 = 1.55 ppm. 

membered ring suggests that electron release 
onto the C-benzoyl group is greater for that ring 
size. The amide carbonyl frequency of 17 (1642 
cm-') is similar to that found in simple tertiary 
amides (e.g. v(C=O) in PhCONMe, is 1640 
cm- ' (38), and in PhCONMePh3 is 1653 cm- I). 

In these latter compounds, the presence of an 
N-phenyl group increases v(C=O). the com- 
petitive electron withdrawing effect of the aro- 
matic ring reducing the influence of the ionic 
form Ph-N+=C-0- (40). The relatively low 
value of the amide carbonyl frequency in 17 
is consistent with the 'H nmr evidence indi- 
cating that conjugative interactions between 
phosphorus and the exocyclic nitrogen are 
limited. 

Discussion 
N-Ethyl phosphazenium salts (41), like their 

pyridine analogues, react with bases to yield the 
neutral compound and ethylene. Such an eli- 
mination reaction is not possible for the N- 
methyl compounds, and their principal reactions 
with bases are deprotonation and nucleophilic 
attack. In the pyridine series, a 2-methyl group is 
deprotonated to give a methide, which is 
alkylated on carbon rather than on nitrogen, 
thereby conserving ring aromaticity (42). When 

which is enhanced by the strength of the carbonyl 
b0lld. 

In the reactions reported here, deprotonation 
and nucleophilic attack both occur, but the 
balance between them is determined by the 
reagent and by the ring size. Open chain oxides 
are produced when KO-t-Bu is used, primarily 
because the elimination of isobutene or dibutyl 
ether allows the formation of a strong phos- 
phoryl bond. The size of the ring has a marked 
effect on the relative yield of cyclic and linear 
products. The 'P nmr shifts of (NPMe,), ,,a Me1 
(43) suggest that the partial positive charge on 
the phosphorus atoms adjacent to the N- 
methyl group is greater in the six-membered ring 
compound, nucleophilic attack and the forma- 
tion of the linear oxide being thereby promoted, 
as found. 

Deprotonation of the N-methyl methylphos- 
phazenium salts occurs, as expected, at  the 2- 
position, and the consequent rearrangement is 
probably aided by the electrophilic character of 
the phosphorus atoms adjacent to the alkylated 
nitrogen atom. Although the detailed mechanism 
is unknown, it seems likely to involve a four- 
centre interaction (as shown) similar to that of 

an electron-withdrawing substituent is present 
in the 2- (or 4-) position, the susceptibility of the the Wittig reaction., A related mechanism has 

molecule to nucleophilic attack at these positions been suggested (44) for the base catalyzed 

is increased. and. in basic solutions. such salts rearrangement of (Me3PCSiMe2),, in which a 

are hydrolysed to'pyridones (42), the'stability of 
4The possibility that the reaction is bimolecular, so 

3Present work, CCl, solution; Nujol mull, 1650 cm-'; reducing strain in the transition state, has been suggested 
cf. 1641 cm-I (39). by a referee, and cannot at present be excluded. 
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methylene group enters the ring. A rearrange- 
ment in the opposite sense, but also involving a 
4-centre mechanism, occurs during the ammono- 
lysis of bis(dipheny1phosphino)methanein carbon 
tetrachloride to give (MePPh2NPPh2NH2)C1 
(12), and may account for the apparent migration 
of a methyl group during the chloramination 
of bis(diphenylphosphino)methylamine, which 
yields the salt [NHMePPh2NPPh2NH2]C1 (45). 

In the latter two examples, the driving force of 
the reaction is probably the formation of the 
resonance stabilized (P=N=P)+ cation. The 
phosphazene-azaphosphorin system is more 
complicated, in that both a cyclic 7c-system and 
an exocyclic n-bond are involved, but we can 
nevertheless understand the rearrangements that 
take place by simple model calculations of the 
x-energy changes. The three related molecular 
forms are shown in Fig. 4 which shows how the 
7c-electron energies of the three forms depends on 
the assumed Coulomb parameter of carbon. 
Isomer a is the e ~ o c ~ c l i c ~ y l i d  6 formed by the 
deprotonation of the quaternary cation, b is 

FIG. 4. x-Electron energies (eV, arbitrary zero) of the 
three isomers shown, as a function of the assumed 
Coulomb parameter of carbon. The values of ap(2 eV) 
and a, (- 1 eV) used are not critical, but have been 
found useful for the description of other properties of 
(NPMe,),. All resonance parameters were taken to be 
- 1 eV, independent of overlap, in both out-of-plane and 
in-plane x-systems. 

the product of its direct rearrangement to an 
exo-imide 7, and c results from the f ~ ~ r t h e r  
proton migration to give the azaphosphorin 8. 
Form c is unique in restoring the cyclic delocal- 
ization of the initial quaternary compound 5. 

Although the energetic advantage of the 
delocalization may be important, the calculations 
show that it may be outweighed by a high 
localized 7c-energy in an exocyclic bond in a or b. 

The general result is that the exocyclic position 
is favoured for the more electronegative atom. 
To take the extreme cases first, if a, < - 1, (the 
value for nitrogen), a is the most stable form, 
and no rearrangement would be expected. On the 
other hand, if a, < -0.7 (approximately), 
rearrangement should take place, but should 
stop at the exo-imide stage b. In both cases the 
molecule is stabilized by a strong exocyclic 7c- 

bond. For intermediate values of a,, the 
situation is more interesting. The azaphosphorin 
c is now slightly more stable than the exo-ylid a,  
because cyclic delocalization is now possible; if 
localized bonds are assumed, the azaphosphorin 
is never favoured over the exo-ylid. In terms of 
the simple model used, it is therefore possible to 
understand the azaphosphorin rearrangement as 
being driven by the increase of 7c-energy arising 
from the displacement of the more electronega- 
tive atom from the ring, and reinforced by the 
attainment of cyclic delo~alization.~ 

Although the results of Fig. 4 are qualitative, 
the assumed parameters are realistic enough to 
show that the energy differences between the 
three forms are likely to be small, and it is not 
surprising that proton transfer between the 
endocyclic carbon and endocyclic nitrogen 
atoms of the azaphosphorins is fast enough to 
cause a collapse of the 31P-1H coupling of the 
CH signal. The results have another application. 
Since oxygen is more electronegative than nitro- 
gen, the introduction of an exocyclic phosphoryl 
group in the cyclic oxophosphazenes 14,15 alters 
the equilibrium in favour of exocyclic 7c-bonding, 
lowering the energy of the exo-imide b without 
direct effect on the energies of a and c. I t  is 
consistent with this result that rapid proton 

51n a reaction which is apparently similarly dependent 
on relative electronegativity, 2-arylaminopyrylium chlo- 
rides can be deprotonated to pyranimines, which then 
rearrange to pyridones in a reaction closely analogous to 
the azaphosphorin rearrangement described above. The 
corresponding reaction of the thiapyrylium iodides stops 
a t  .the thiapyraninline stage (51). 
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migration is not observed in the cyclic oxophos- 
phazenes described above. The general concepts 
are further supported by the structures of the 
phosphazenes N,P,Ph,(OH) and N4P4Ph,(OH), 
(non-geminal) for which hydroxy- rather than 
oxy-structures have been suggested (46, 47). 
From the present point of view, the potential 
tautomeric equilibrium is that between forms b 
and c of Fig. 4, N being substituted for CH in the 
ring, and 0 for NCH, in the exocyclic position. 
The increased electronegativity of the ring atom 
would tend, following the diagram, to stabilize 
the cyclically delocalized form c. The energy 
balance is sensitively dependent on the relative 
electronegativities of the relevant atoms. The 
same feature is found in pyridine chemistry; 2- 
and 4-hydroxy pyridines normally exist in the 
pyridone form, but when the oxygen is replaced 
by a less electronegative atom, as in 2-amino- 
pyridine, the aromatic amino-form, rather than 
the exocyclic imide, is the more stable. 

Experimental 
Sodium metal, hexamethyldisilazane, methyl iodide, 

and benzoyl chloride were commercial products. Potas- 
sium tert-butoxide and methyl fluorosulphate were also 
obtained commercially. The former was purified by 
sublimation in vacuo, the latter by distillation under 
nitrogen. Hexane and octane were of reagent grade. 
Toluene, diethyl ether, and acetonitrile were dried by 
distillation from sodium, lithium aluminium hydride, and 
calcium hydride, respectively. All of the preparations 
were carried out under an atmosphere of nitrogen. 

Quaternary Salts 
The monoquaternary salts (NPMe2)3,4. Me1 were 

prepared by the reaction of the neutral methylphos- 
phazenes with methyl iodide (43). The preparation of the 
salt (NPMe2),.2MeC1 by the reaction of Me2PC13 and 
MeNH2.HCI has already been reported (48); the 
diquaternary salt (NPMe2)4.2MeS03F used here was 
prepared by treating (NPMe2)4 with two equivalents of 
MeS0,F in acetonitrile solution. The product was pre- 
cipitated quantitatively from the solution by the addition 
of diethyl ether, and purified by recrystallization from 
acetonitrile: mp 231-233°C; 'H nmr spectrum, 100 MHz 
(6, CDCI,, int. TMS), 2.84 (6H, triplet, J p H  = 11.5 Hz), 
1.95 (24H, doublet, J p H  = 13.7 Hz); ir spectrum v(P=N) 
1275, 1330 cm-I ; v(C-N), 1070 cm-'. Anal. calcd. for 
C10H30FZN406SZP4: C 22.7, H 5.7, N 10.6; found: 
C 22.9, H 5.9, N 10.6. gem-Dimethyltetraphenylcyclotri- 
phosphazene N3P3Ph4Me2 was prepared by the reaction 
of (NH2PPh2NPPh,NH2)CI with Me2PC13 (49) in 
chlorobenzene, the neutral compound being liberated 
from its hydrochloride by treatment with triethylamine; 
mp 142-144°C (lit. (50) 140-142°C). The methiodide was 
prepared from it by heating it in methyl iodide for 72 h.  
The precipitated salt was recrystallized from ethanol and 
dried at 60"C/0.01 Torr for 7 h to remove all the solvent: 
mp 226-227°C (dec.); 31P nmr spectrum (6, CDCI,, ext. 

P406), 64.1 (IP, PMe2), 81.0 (lP, PPh2 adjacent to NMe), 
93.5 (lP, remote PPh,); 'H nmr spectrum (6, CDCI,, 
int. TMS), 3.07 (3H, triplet, J,, = 11.0 Hz), 2.22 (6H, 
doublet, J p H  = 14.0 HZ), 7.0-8.0 (20H, broad unresolved 
multiplet); ir spectrum; v(P=N), 1220, 1260 cm-I ; 
v(C-N), 1070 cnl-l. Anal. calcd. for C27H291N3P3: 
C 52.7, H 4.75,120.6, N 6.8; found: C 52.9, H 5.0,120.4, 
N 6.8. 

Reaction of (NPMe2)4. Me1 with NaN(SiMe,) , 
Sodium (0.20 g, 8.7 mmol) was added to a slurry of 

(NPMe2)4.MeI (3.54 g, 8.0 mmol) in 200 ml octane. 
About 0.5 ml of HN(SiMe,), was injected into the 
reaction mixture at the reflux temperature, and, to com- 
pensate for possible losses by evaporation, again at 24 h 
intervals to a total reaction time of 72 h. The mixture was 
cooled and filtered and the solvent distilled from the 
filtrate to leave a white solid, which was purified by 
sublimation at -- 130"C/0.01 Torr and recrystallization 
from hot hexane to give colourless hygroscopic prisms of 
8 (2.21 g, 7.0 mmol, 88%); mp 104-105°C. Anal. calcd. 
for C9NZ6N4P4: C 34.3, H 8.6, N 17.8; found C 34.4, 
H 8.5, N 17.6. 

Reaction of (NPMe,) ,- Me1 with NaN(SiMe3), 
In a similar reaction, sodium (0.35 g, 15.3 mmol) and 

(NPMe,),.MeI (5.11 g, 13.9 mmol) were allowed to 
react with HN(SiMe3)2 in octane (200 ml). After 96 h, 
the mixture was filtered while still hot and the solvent 
distilled from the filtrate. The white solid product was 
purified by sublimation at --13O0C/0.01 Torr and re- 
crystallization from hot hexane to give colourless hygro- 
scopic plates of 4a, (2.68 g, 11.2 mmol, 80%); mp 140- 
142°C. Anal. calcd. for C7Hz0N3P3: C 35.15, H 8.4, 
N 17.6; found: C 35.4, H 8.5, N 17.6. 

Reaction of Me2Ph4P3N3. Me1 with NaN(SiMe3), 
Sodium (0.06 g, 2.6 mmol), MeZPh4P3N3. Me1 (1.34 g, 

2.2 mmol) dried as before to remove EtOH and HN- 
were allowed to react together in 60 ml boiling 

toluene for 24 h. The mixture was filtered and the solvent 
distilled off. The residual white solid was purified by 
recrystallization from benzene-octane to give colo~irless 
prisms of 46, (0.95 g, 2.0 mmol, 93%); mp 147-149°C. 
Anal. calcd. for C,,H2,N3P3: C 66.1, H 5.3, N 8.9; 
found: C 65.9, H 5.55, N 8.65. 

Reaction of (NPMe2)4. Me1 with KO-t-Bu 
Finely powdered (NPMe2)4.MeI (3.00 g, 6.8 mmol) 

was added to a slurry of KO-t-Bu (0.84 g, 7.4 mmol) in 
100 ml hexane, and the mixture heated under reflux for 
24 h. The solvent was distilled from the filtered solution to 
leave a white solid (1.82 g) which was sublimed at 
N 1 30°C/0.01 Torr on to a water cooled cold finger. The 
sublimate (8) was recrystallized from hot hexane (1.71 g, 
5.4 mmol, 80%) and identified by comparison of its ir 
spectrum with that of an authentic sample, and by its 
mp, 104-105°C. The residual oil in the sublimation vessel 
solidified into a white solid, which was purified by 
recrystallization from hot hexane to give colourless 
hygroscopic cubes of 10 (0.11 g, 0.33 mmol, 5%); mp 
72-74°C. Anal. calcd. for C9HZ8N40P4: C 32.5, H 8.5, 
N 16.9; found C 32.6, H 8.6, N 16.9. 

Reaction of (NPMe,) 3 .  Mel  with KO-t-Bu 
Similarly, (NPMe,),.MeI (1.38 g, 3.8 mmol) was 
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allowed to react with a slurry of KO-t-Bu (0.50 g, 
4.5 mmol) in 50 ml boiling hexane. After 24 h, the mixture 
was filtered and the solvent removed from the filtrate to 
leave a colourless oil. Sublimation of this oil at -- 130°C/ 
0.01 Torr on to a cold finger at -78°C yielded 9 as a 
white hygroscopic solid (0.89 g, 3.4 mmol, 92%), which 
was recrystallized as colourless plates by cooling a con- 
centrated solution of it in pentane to -23°C; mp 35- 
37°C. Anal. calcd. for C7HzzN30P3: C 32.7, H 8.6, 
N 16.3; found: C 32.6, H 8.5, N 16.0. 

Reaction of (NPMeZ),.2MeSO3F with KO-t-Bu 
In a similar experiment, a slurry of KO-t-Bu (1.30 g, 

11.6 mmol) and (NPMez),.2MeS03F (2.70 g, 5.1 
mmol) was heated to reflux in 60 ml hexane. After 24 h, 
the solution was decanted from the pasty residue and the 
solvent distilled off to yield a white solid, which was 
recrystallized from hot hexane to give colourless feather- 
like crystals of 11 (0.93 g, 5.0 mmol, 50%); mp 73-75'C. 
Anal. calcd. for C5H16NzOPz: C 33.0, H 8.9, N 15.4; 
found: C 33.3, H 8.9, N 15.25. 

Hydrolysis of Azaphosphorins 4a, 8 
In separate experiments, samples of 4a and 8 (0.3-0.4 g) 

were dissolved in 25 ml of a 50150 ethanol-water mixture. 
After 24 h, the solvent was removed at room temperature 
in vacuo to leave a white solid. Recrystallization from 
benzene of the solid from 4a gave colourless hygroscopic 
blocks of 14, mp 184-186°C. Anal. calcd. for C6H17NZ- 
OP3: C 31.9, H 7.6, N 12.4; found: C 32.2,H7.6,N 12.3. 
Recrystallization from hot hexane of the solid from 8 
gave colourless feather-like crystals of 15; mp 140- 
143°C. Anal. calcd. for C8HZ3N30P4: C 31.9, H 7.7, 
N 13.95; found: C 32.1, H 7.9, N 14.0. 

Reaction of Azaphosphorins 4a, b,8, with Methyl Iodide 
The addition of an excess of methyl iodide to a solu- 

tion of 4a (1.04 g, 4.33 mmol) in ether resulted in the 
precipitation of the hydroiodide 17 (R = Me) (0.99 g, 2.7 
mmol). Similarly, the azaphosphorins 46 (0.155 g, 0.32 
mmol) and 8 (0.44 g, 1.4 mmol) yielded, respectively, 
the hydroiodides 17 (R = Ph) (0.14 g, 0.23 mmol) and 
18 (0.43 g, 1.0 mmol). The neutral products of the 
transylidation reactions could not be isolated. The air- 
stable crystalline hydroiodides were recrystallized from 
acetonitrile-toluene: 17 (R = Me), mp 194-195°C. 
Anal. calcd. for C7HzlIN3P3: C 22.9, H 5.8, I 34.6, 
N 11.45; found: C 23.0, H 5.9, 134.2, N 11.3; 17 (R = 
Ph), mp 248-252°C. Anal. calcd. for C27H2yN3P31: 
C 52.7, H 4.75, N 6.8; found: C 52.7, H 4.75, N 6.9; 
18, mp 155-156°C. Anal. calcd. for CyH271N4P4: C24.45, 
H 6.15, 128.7, N 12.7; found: C 24.5, H6.3, 128.55, 
N 12.6. 

Reaction of Azaphosphorins 4a, 8, with Benzoyl Chloride 
A solution of benzoyl chloride (0.21 g, 1.5 mmol) in 

20 ml ether was added dropwise to a stirred solution of 
4a (0.54 g, 2.25 mmol) in 100 ml ether. After 3 h the 
mixture was filtered, leaving the hydrochloride of 17 
(R = Me) (0.45 g, 1.64 mmol): mp 194-197°C. Anal. 
calcd. for C7HzlC1N3P3: C 30.5, H 7.7, CI 12.9, N 15.2; 
found: C 30.2, H 7.8, C1 12.6, N 15.0. Distillation of the 
solvent from the filtrate left the crude dibenzoyl derivative 
21 (0.26 g, 0.59 mmol), which was recrystallized from hot 
benzene-octane as colourless blocks: (dec.) 181- 

184°C. Anal. calcd. for CZ1HZ8N3OZP3: C 56.4, H 6.3, 
N9.4; found: (256.1, H 6.2, N9.6. 

In another experiment, a solution of benzoyl chloride 
(0.12 g, 0.9 mmol) in 10 ml ether was added dropwise to a 
stirred solution of the azaphosphorin 8 (0.56 g, 1.8 
mmol) in 50 ml ether. A fine white precipitate was 
immediately formed. After 3 h the mixture was filtered, 
and the hygroscopic solid recrystallized from acetoni- 
trile-benzene to give small colourless cubes of the 
hydrochloride of 18 (0.26 g, 0.7 mmol): mp 193-195°C. 
Anal. calcd. for CyH27C1N4P4: C 30.8, H 7.8, N 16.0; 
found: C 30.9, H 7.7, N 15.9. The solvent was distilled 
from the filtrate to leave a yellow oil which, on drying 
in vacuo, solidified to a yellow, air stable powder. Re- 
crystallization of this solid from hot hexane yielded 
yellow mica-like plates of the benzoyl derivative 22: 
mp 133-134°C. Anal. calcd. for C16H30N40P4: C 46.0, 
H 7.2,N 13.4; found: C45.7,H 7.3,N 13.1. 
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M. PERIC, S. D. PEYERIMHOFF, and R. J. BUENKER. Can. J. Chem. 55, 3664 (1977). 
Ab initio SCF and CI calculations for the potential surfaces of HCN in ground and various 

l(n,n*) excited states are carried out using an A 0  basis of double-zeta quality augmented with 
various polarization functions. These results are then combined with transition moment data 
to allow for a Franck-Condon analysis of the vibrational structure of the lowest three elec- 
tronic transitions in both HCN and DCN. The resulting intensity distribution is then compared 
with the corresponding experimental data reported by Herzberg and Innes. This work confirms 
the earlier conclusion of Schwenzer et al. that the upper state in the a + 3 band system is the 
lZ--'A" species, and not the 'A as originally believed. In addition a detailed mechanism for the 
observed predissociation of the a state is outlined, in which the gradual conversion of the n* 
MO of bent HCN into a pure hydrogenic 1s A 0  plays a key role. Arguments are also presented 
in favor of assigning the P e 8transition seen in DCN to a 'A-2'A' upper state with the same 
D + CN dissociation limit as for the 'Z--'A" species. 

M. PERIC, S. D. PEYERIMHOFF et R. J. BUENKER. Can. J. Chem. 55,3664 (1977). 
Les calculs ab initio SCF et CI pour les surfaces de potentiel de HCN a 1'Ctat fondamental et 

a differents Ctats excites '(n,x*) sont effectues en se basant sur des A 0  de qualit6 double-zeta 
augmentkes avec diverses fonctions de polarisation. Ces resultats sont ensuite combines avec les 
donnks du moment de transition pour permettre une analyse Franck-Condon de la structure 
de vibration des trois transitions electroniques les plus basses dans HCN et DCN. La repartition 
de I'intensitk resultante de ces calculs est comparee avec les donnees experimentales correspon- 
dantes rapportkes par Herzberg et Innes. Ce travail confirme la conclusiou postulee aupara~ant 
par Schwenzer et ses collaborateurs a savoir que l'etat superieur dans la bande a i- X est 
I'espkce 'Z--'A" et non 'A comme on le croyait initialement. En plus, on schematise un 
mecanisme detail16 pour la predissociation de l'etat a dans laquelle une conversion graduelle 
de n* MO pour le HCN courbe en Is A 0  purement hydrogenique joue un r61e principal. 11 est 
aussi propose que la transition B e 3 observee dans DCN implique un Ctat superieur IA-2lA' 
avec la m&me limite de dissociation D + CN que pour I'espkce 'Z--'Af'. 

[Traduit par le journal] 

1. Introduction 
The ultraviolet spectrum of HCN has been 

recorded in considerable detail experimentally 
(1-4) between 1120 and 2000 A. Although the 
high-energy absorption in this region is quite 
strong (1, 2), that observed in the near-ultra- 
violet between 2000 and 1700A (3, 4) is much 
weaker; under high resolution the latter feature 
appears to consist of two distinct band systems 
with fine structure, referred to as a c 8 and 

'Permanent address: Institut za Fizicku hermiju, 
Prirodno-matematicki fakultet, Studentski trg 12, 1100 
Beograd, Jugoslavia. 

'Present address: Gesamthochschule Wuppertal, Lehr- 
stuhl Theoretische Chemie, D-5600 Wuppertal-Elberfeld, 
GauSstraRe 20. 

p t 8 respectively (4). The first of these is 
observed in both the HCN and DCN isomers 
and shows diffuseness (predissociation) toward 
shorter wavelengths; the P t 8 system, on the 
other hand, has only been reported for DCN 
(4). Vibrational and rotational analyses of these 
bands have led to the conclusion that the mole- 
cule is bent (THCN = 125") in the a upper 
state and (with somewhat less certainty) also in 
the p state (&HCN = 114.5"). In the original 
work both of these states have been concluded to 
possess 'A" symmetry (7c37c* configuration), 
correlating with lA(a) and 'X-(P) states of the 
linear HCN geometry respectively. The much 
stronger absorption lines of a third system 
(C t x) around 1500 A and below is believed to 
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correspond to a different upper state (4 HCN = 
141") of 'A' symmetry which correlates with a 
'II species in linear HCN. It should be noted 
that excitation from the 'Z+ ground state to the 
latter is allowed by the dipole selection rules, in 
contrast to the situation for the other states of 
'A and 'C- symmetry. 

Theoretical studies (5, 6) dealing with four 
HCN states of A' and three of A" symmetry, on 
the other hand, predict that the second 'A" 
state of this system should prefer a linear or 
nearly line& geometry. Furthermore this finding 
is in complete agreement with the qualitative 
predictions of molecular orbital theory (7, 8), 
but of course stands in strong contrast with the 
value of 114.5" derived by Herzberg and Innes 
(4) for the equilibrium internuclear angle of the P 
state. In addition the calculated excitation 
energies (5) to 2'A" are seen to differ from 
the experimental (B'A") quantities by approxi- 
mately 0.75 eV. More extensive theoretical 
treatments (6) have confirmed the originally 
calculated results and have also indicated that 
Rydberg characteristics are absent in all such 
'(n,n *) states of this molecule. 

In light of these discrepancies between the 
experimental inferences derived from the HCN 
spectrum and the above theoretical predictions 
it was decided to carry out a further theoretical 
study of the '(n,n *) excited states of this system 
using the ab initio CI method. Such calculations 
(9) have recently been successful in reproducing 
and/or predicting details of the electronic spectra 
of a good number of molecular systems (water, 
hydrogen sulfide, ethane, diborane, formalde- 
hyde, acetone, thioacetone, and butadiene, 
for example), quite generally leading to excita- 
tion energies which differ from their experi- 
mental values by no more than a few tenths of an 
eV. At the same time the vibrational structure of 
the HCN bands in question is also calculated 
using a priori methods, in a ,similar way as 
previously done for 0, (10) an4 HSO (l l ) ,  in 
order to allow for a more detailkd theoretical 
comparison with the measured absorption 
spectrum than has heretofore been possible. 
The present paper reports the results of these 
investigations. 

2. SCF Results for Excited States and 
Qualitative Aspects 

The basis set employed in this study is 
essentially of double-zeta quality augmented by a 
few polarization functions, consisting of the lobe 

functions for N, C, and H derived by Whitten 
(12), i.e. 4s and 2p groups for each of the heavy 
atoms and two s groups for the hydrogen 
expansion with scaling factor qz = 2.0. In 
addition a one-component p f~~nction (exponent 
a = 0.735824) is employed on H and one s 
Gaussian is located in each of the CN (a = 
1.45) and CH bonds (a = 1.54) respectively. 
The influence of Rydberg functions on the lower- 
lying SCF states was tested (at 4 H C N  = 125") 
and the conclusion reached earlier (6) was 
thereby supported, namely that such (n,n*) 
states show no tendency to mix in Rydberg 
character; thus long-range Rydberg-like func- 
tions are omitted from the basis set in all further 
investigations. The total SCF energy obtained 
for the HCN ground state in this basis is 
- 92.8467 hartree; this value is comparable with 
the - 92.85738 hartree result obtained with a set 
of six contracted s and three contracted p 
functions on carbon and 3s groups on hydrogen 
(13), but is inferior to the same set including 
various d-type AO's (-92.90768 hartree (13)) 
or the double-zeta plus polarization value 
(-92.8897 hartree) of ref. 6. On the other hand, 
experience with a number of systems has shown 
that such additional polarization functions have 
a similar energy-lowering effect on both ground 
and excited states (14) (differences after CI have 
been observed to be generally less than 0.3 eV) 
and thus there is good reason to believe that the 
present basis should be capable of allowing for a 
sufficiently realistic description of the low- 
energy HCN spectrum. 

For all calculations the HCN molecule is 
placed in the xz plane with the C-N bond lying 
on the z axis. Variations in the HCN inter- 
nuclear angle and the corresponding CN and 
CH distances were then systematically under- 
taken relative to the experimental equilibrium 
ground state structure (&HCN = 180°, CN = 
2.1845 bohr, and CH = 2.0107 bohr). 

The SCF calculations are carried out for all 
states accessible by the normal Roothaan pro- 
cedure (15); the resulting angular potential 
curves are contained in Fig. 1. It is immediately 
seen that the SCF curves for the excited states 
do not correspond to states of pure symmetry 
in the linear nuclear arrangement; a very 
similar picture is also obtained for the corres- 
ponding states of isoelectronic HCO' (16). 
The lowest triplet states are thus expected to 
fall in the following energetic ordering: 3C+ 
(6a' -t 7a1), 3A (la" -+ 2a", la" -+ 7a'), and 
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180" 150" 120" 90" 60" 

HCN 

FIG. 1. SCF angular potential curves for various states 
of HCN. Note that at 180' the results obtained do not 
correspond to states of pure symmetry (CH = 2.0107 
bohr, CN = 2.1 845 bohr in all cases). 

3X- (6a' + 2a"). Among the singlet states only 
(la" -+ 7a') and (6a' -+ 2a") are accessible in the 
SCF treatment, corresponding to a mixture of 
'E- + 'A species at 180". The other pair, 
6a' -+ 7a' and la" -t 2a", are in all likelihood 
higher in energy since the splitting between the 
corresponding singlet and triplet multiplets of 
such configurations (representing an excitation 
between orbitals lying in the same plane, i.e. 
with large exchange integral K) is considerably 
larger than for singlet-triplet states in which the 
two singly occupied MO's lie in different planes. 
The same situation is found in HCO' after CI 
is carried out (16), as well as in isoelectronic 
acetylene (17), for which the energy ordering of 

ng states of 3Xu+ < 3Au < 3XU- 2 'Xu -<  
'iu < 'Xuf is well known (or alternatively upon 
inspection of the observed N, spectrum (18)). 

It is also seen from Fig. 1 that occupation of 
the 7ar species (or the corresponding MO in 
acetylene), as found in many instances before 
(5, 7, 8, 16, 17), always results in a bent upper 
state, in complete agreement with qualitative 

MO theory. On the other hand, Fig. 1 also makes 
it clear that the shapes of the angular SCF 
potential curves may deviate considerably from 
the actual surfaces, particularly at large HCN 
angles, and thus that the SCF equilibrium data 
(especially force constants) for these '(Ic,Ic*) 
states might thereby be in considerable error. 
From investigation of the charge density of the 
7a' orbital it is also obvious that occupation of 
this MO promotes dissociation into H + CN, 
since (although it is a IC*-type MO at small 
C-H distances) it changes in bent geometries 
into a purely hydrogenic species at large inter- 
nuclear separations. This behavior has been 
found in related molecules such as HCO' 
(16), HNO (19), HCO, HN, (18), HN,' (20), 
and HNO' (21). 

The variation of the SCF energy with CN and 
CH distances in various electronic states of this 
system is contained in Fig. 2 a, b (linear nuclear 
arrangement). A marked increase in the CN 
bond length is seen upon n: -+ IC* excitation 
relative to the ground state, as one would expect; 
the corresponding potential curves for the 
various ( I C , ~  *) states themselves are seen to bear 
a great similarity to one another, however. The 
results for CH stretching in the linear arrange- 
ment are not greatly different in ground and 
excited states, also as would be expected, but 
given the change in the 7a' - IC* component 
upon molecular bending discussed above, there 
is reason to believe that this uniform pattern 
may be broken in non-linear conformations. 

To summarize then one expects the 'X-- 
'A" state to be the lowest-lying singlet excited 
state of HCN, followed by the 'A-('A",'Ar), 
i.e. the reverse ordering to what has been 
assumed in the original assignment of the 
observed band structure (4); vertical transitions 
to both states are dipole forbidden from the 
linear 'X' ground state. The remaining '(Ic,~") 
state ('X') is not only less stable than 'X- and 
'A but quite possibly even lies above 'n(o + 
IC*); transitions to both 'X' and 'II are dipole 
allowed. It thus seems clear that only the lowest 
three '(n,n: *) states, correlating with 'X- and 'A 
species, could be responsible for the relatively 
weak absorption observed in the 1700-2000 A 
region of the HCN and DCN spectra and there- 
fore the CI calculations to be discussed below 
will only consider electronic transitions to these 
upper states. 
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4 I * 
-0.L 0.0 0 5 1.0 -0.5 0.0 0.5 ACH lbohrl 

A C N  (bohrl 

FIG. 2. SCF potential curves for CN stretch (a) and CH stretch (6) for various states of HCN. 
(Linear nuclear arrangement, CN = 2.1845 bohr, CH = 2.0107 bohr; the abscissa shows changes 
relative to the above values.) 

3. CI Calculations and Potential Curves for 
the ~ X + - Z ~ A ' ,  'E-- lAf' ,  and 1A-21A',21A" 

(n,n*) States 
The CI calculations including configuration 

selection and energy extrapolation are carried 
out in the standard manner (9). In the present 
case four electrons are always kept in core, i.e. 
the inner shells of carbon and nitrogen are held 
doubly occupied, while the remaining electrons 
are allowed to variably occupy the other MO's 
in the basis. The natural orbitals of the lowest 
state of a given symmetry (i.e. 'C+-'A' and 
'C--'A") are employed for the construction of 
configurations; they are obtained in each 
instance by diagonalizing the first-order density 
matrix of a large-threshold CI (with a relatively 
small secular equation) for the lowest state. For 
the 'A' space eight main configurations are used 
for constructing the configuration space and a 
2-root selection procedure corresponding to 
l lA' and 2'A' states is carried out. In order to 
represent the lowest two 'A" states single- and 
double-excitation species with respect to four 
main configurations are generated, while con- 
figuration selection is based on the energy 
lowerings for both of these states. The same pro- 
cedure (i.e. the same main configurations) is 
maintained for the construction of the entire 

potential curves. In this way 27 079 configur- 
ations are generated for the 'A' space at each 
geometry and 15 007 for the 'A" space; the 
orders of the secular equations actually solved 
in the energy extrapolation procedure fall 
between 1300 and 3000. Several examples for the 
expansion of the four states under consideration 
are contained in Table 1, always given at two 
different internuclear angles. 

The angular potential curves thus obtained are 
given in Fig. 3. At &HCN = 180" the two 
components of ' A  are not entirely degenerate, 
primarily because in the 'A' component two 
configurations with lcil > 0.1 are not included 
in the set of main configurations (see Table 1) 
and therefore this component lies too high com- 
pared to its 'A-'A" counterpart by roughly 0.1 
eV. At relatively small angles yet another con- 
figuration of 'A '  symmetry, correlating with 'II 
in linear geometry, makes a significant contri- 
bution to the 2'A' (Table I), and hence the 
repulsive part of this potential curve is probably 
calculated to be somewhat steeper than it would 
be in an exact treatment. 

The first 'A" state has a quite compact CI 
expansion in the NO basis employed, parti- 
cularly for bent configurations. The 2'A" state 
requires a larger number of reference species for 
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TABLE 1. Expansion coefficients (Jcil 2 0.1) and corresponding configurations for the four 
lowest HCN states at two different internuclear angles; 8 main, 2 root selection treatment 

for 'A' and 4 main, 2 root selection for the 'A" space 

k HCN State cia Configuration 

180" 'Z+(XIA' )  0.951(1) ... 6at2 (... n4) 
-0.121(2) -+ 2aU2 
-0.121(3) 6afZ -+ 7afZ  (n2 -+ R * ~ )  

0.123(4) la"6a' -+ 7af2a" 

'A(2lA') 0.66(5) la" -+ 2a" 
- 0.66(6) 6a' -+ 7a' 

j n - n *  

0.148(7) la" -+ 4a" 
-0.148(8) 6a' -+ 5a" 

0.116 la" -+ 5a" 1 - 4n* 
-0.116 6a' -+ 16a' 

... lau2 6af2 
la'Iz -+ 2aU2 
6aI2 -+ 7 a f 2  
la"6a' + 7af2a" 

6a' - 7a' 
la" -+ 2a" 
6a' - 14a' 
la" + 4a" 

4a' -+ 7a' 
5a' - 7a' origin 

la" -+ 7a' 
i "'"* 

6a' -+ 2a" 

6a' + 4a" n + 3n* 

la" -+ 7a' 
6a' -+ 2a" 

6a' -+ 2a" 
5a' -+ 2a" 
6a' -+ 4a" 
la" + 7a' 
4a' + 2a" 

'The numbers in parentheses always indicate the main configuration; no number denotes the fact that the 
corresponding species has not been included in the set of main configurations. Note that the basis set consists 
of NO'S derived for the lowest state of a given irreducible representation in C,  symmetry. 

a proper description. Despite the fact that the 
4a' + 2a" configuration appears with sizeable 
coefficient at 120" (Table I), it was not included 
in the generating set of configurations since a 
value of 120" for the internuclear angle is already 
quite far from the minimum for this electronic 
state. 

The CN stretch potential curves obtained in 
the CI calculations do not differ greatly from 
their SCF counterparts but a general tendency 
toward larger equilibrium bond lengths in all 
states treated is noted (Table 2). The ground 
state CH stretch curve has not been calculated 
since very little change from the SCF results 
already discussed (Fig. 2b) is expected, at  least in 

the neighborhood of the equilibrium structure, 
which is critical for representation of the 
absorption spectrum. The situation for the 
lowest excited state of HCN is more interesting, 
however, because of the dissociative behavior 
of this species. The calculated CI potential curve 
for the 'A" state (Fig. 4) shows a maximum 
near 3.20 bohr, reflecting an avoided crossing 
between the bound '(Tc,~") curve of HCN and 
that for the H('S) + CN(211) dissociation pro- 
ducts. As discussed in section 2 this circun~stance 
arises because of the fact that the 7a' component 
of the n* MO correlates with a pure hydrogenic 
1s A 0  at infinite separation (for bent nuclear 
arrangements). The calculated barrier height for 
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TABLE 2 .  Equilibrium data for the lowest electronic states of HCN obtained from the SCF 
and CI treatment. Comparison with previous theoretical predictions and the experimentally 

deduced values is also made. (Distances are given in bohr, angles in degrees.) 

State Method CN k HCN CH 

Ground state SCF 2.163 180 1.980 
CI 2.245 180 2 .00  

INO, ref. 5 2.230 180 1.994 
Exptl. (ref. 4 )  2.185 180 2.011 
SCF, ref. 12 2.1793 180 2.0026 

IAU SCF 2.466(& 180") 127 1.980 
CI 2.514($125") 123 2 .05  

INO, ref. 5 2.491 127.2 2.071 
cc state, Exptl. (ref. 4 )  2.451 125 2.154 

SCF, ref. 12 2.499 121.05 2.075 

2'A" SCF 2.466 180 1.980 
CI 2.527 r 180 - 

INO, ref. 5 2.487 164.4 2.033 

2'A' SCF - - - 

CI 2.554 120 - 

Ref. 5 2.432 124.9 2 .082  

B State, Exptl. 2.521 114.5 2 .15  

60 100 140 180 110 100 60 4 HCN 

FIG. 3 .  Angular potential curves for the low-lying 
states of HCN obtained from the CI calculations. The 
calculated vibrational levels are also indicated. 

dissociation along this channel is 1.0 eV relative 
to the 'A" energy minimum. 

A summary of the various calculated equili- 
brium structural parameters obtained via poly- 
nomial fits to all the data points for each of the 
states under investigation is given in Table 2. 
If the various vibrational modes are allowed to 
be coupled (22) the calculated equilibrium dis- 

FIG. 4 .  Dissociative CH stretch potential curve for the 
'A" excited state obtained from the CI calculations 
( 4 H C N  = 125", CN = 2.52 bohr). Corresponding 
vibrational levels for HCN and DCN are also indicated. 

tances are found to be slightly larger than those 
obtained under the assumption of separability 
of modes, while the 'A" internuclear angle is 
calculated to be reduced in this more elaborate 
procedure. The present calculated values are in 
close agreement with those of earlier theoretical 
treatments (5); the latter values generally fall 
between those of the present SCF and CI 
calculations resuectivelv. 

In general the various theoretical results are 
seen to be in reasonably good accord with their 
corresponding experin~entally reported values 
for the lowest two states of HCN, with the 
possible exception of the CH distance in the 'A" 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3670 CAN. J .  CHEM. VOL. 55, 1977 

TABLE 3. Calculated vibrational frequencies (under the assumption of uncoupled modes) 
for the various states of HCN and DCN en~ploying SCF and CI potential curves. (Values 

are given in cm- I.) 

State Potential v G N )  vz(& HCNY v~(CH)  

HCN: Ground state SCF 

CI 
Exptl. (ref. 4) 

'A" 

SCF 
CI 

Expt!. (ref. 4) 

2lA' SCF 
CI 

2'A" 
SCF 
CI 

DCN: Ground state CI 
'A" 

CI 
Exptl. (ref. 4) 

2'A' CI 

2'A" CI 

!3 State (Exptl. (ref. 4)) 

'Two values are obtained, corresponding to the Fourier and Hermite type (Roe)  expansion of the vibrational 
wavefunction. 

bValues given in ref. 4 forthe state of DCN; however, since the v 2  numbering is unclear, this result may not 
correspond to the zeroeth v~brat~onal level. 

upper state, for which uniformly smaller results 
are obtained in the calculatioi~s than the 2.154 
value deduced by Herzberg and Innes (4) for this 
quantity. As remarked earlier (5, 6), however, 
the calculatioils are in clear disagreement with 
the earlier experimental assignment of the P 
state (with a small equilibrium T H C N  value of 
114.5") as the 2'A" state. On the other hand, an 
assignment for this experimental species as the 
2'A' state instead of 2'A" does appear to fit in 
reasonably well with the observed structural 
data for the upper state in question. 

the nuclear motion occurs; the CN and CH 
stretching species are represented via a poly- 
nomial fit in the corresponding internal co- 
ordinate, while for the bending motion a Fourier 
series in cos 2n$ is employed or alternatively a 
polyiIomia1 in the variable R,$ (where R, is the 
CH distance). Thus the anharmonicity of the 
potential is taken into account in this treatment, 
but the various vibrational modes are left 
uncoupled therein. The vibrational wavefunc- 
tions are similarly expanded in a series of Her- 
mite polynomials or in cos 2n$ and sin 2n$ series 
(23) and the corresponding energy levels and 
expansion coefficients are obtained using the 4. Vibrational Structure of the '(n,n*) 

Transitions variational method by solving the appropriate 
secular equation. Normally up to 25 terms are 
employed in each expansion; more details on the 

In order to obtain the vibrational levels 
associated with the various electronic states of 
HCN it is assumed (in contrast to the ground 
state treatment (22) given earlier) that the various 
modes, namely CH stretching, CN stretching, 
and 4 H C N  ($) bending can be treated inde- 
pendently of one another. The corresponding CI 
energy curves are taken as the potential in which 

general procedure employed may be found else- 
where (22-24). The vibrational frequencies thus 
obtained are given in Table 3 and are compared 
with the best ex~erimental values available for 
these quantities. i t  is found that these calculated 
results agree with the corresponding observed 
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values to within an error of 50-200 cm-I; 
similar error limits have been noted in other 
applications of this method, as for example for 
HSO (11) and N,H, (25), for which coupling 
between the vibrational modes is neglected. 

In order to calculate the intensity distribution 
for the transitions between various vibrational 
levels of the different electronic states, the elect- 
ronic transition moment is assumed to be 
independent of the CN stretching and CH 
stretching coordinate. The latter quantity is 
assumed to depend strongly on the angle HCN, 
however, since Re,,.. between the ground and all 
three upper states vanishes at 180" ( ' z - -~ 'c+ ,  
'A-8'~')  while it has a non-zero value in the 
non-linear H-C-N arrangement. The cal- 
culated variation of Re.,,, for the upper states 
under consideration is found in Fig. 5. The total 
transition moment between different vibrational 
levels is then approximated by the expression3 

R d ~ t d r ~ r ,  = <+t~ , , l+~ , ,~)  
x <+u2,1Re,e,,(+) 

For the lowest-energy 'A" t 8 ' ~ '  ('Z') 
transition the Franck-Condon factors between 
8 ' ~ '  (v," = 0) and the v,' (CN) vibrational 
levels of the upper state are plotted in Fig. 6a 
for both the HCN and DCN isotopes; because 
of the increased CN bond length in the '(n,n*) 
upper state the largest overlap is not found for 
the corresponding 0-0 transition but rather 
between v," = 0 and the second and third 
energy level of the excited electronic state. 
The situation is even more drastic for the cor- 
responding quantities in the angular distribution 
(Fig. 6b); the highest intensity is predicted be- 
tween the v," = 0 level and the v,' = 6 species 
of the 'A" state. At the same time it is seen from 
Fig. 3 that the depth of the 'A" angular potential 
well is such that the v,' = 7 level lies above the 
energy maximum at 180°, while all other lower- 
energy v,' levels are still found within the well. 
For DCN the situation is slightly changed since 7 
(almost 8) vibrational levels are indicated to lie 
within the angular potential well, whereupon it is 
calculated that the most intense transition in 
DCN should occur for somewhat larger angular 
quantum number (v,' = 8) than for the lighter 
isotope. No significant intensity shift between 

3The last integral in this expression is evaluated by 
fitting Re.,,,(+) in the same basis as is used for the 
expansion of yUz. 

FIG. 5. Calculated electronic transition moments for 
various upper states of HCN as a function of internuclear 
angle. The direction of polarization is indicated in each 
instance. 

1 <Jlyl~ev{Wv2.>I '  b 
HCN 

0.5 'A ' l ~ ,v , ' ,O l -  X'A'IO,O,OI 

FIG. 6. Calculated Franck-Condon factors for various 
vibrational transitions in HCN and DCN; CN pro- 
gressions are shown in part a, while a bending progression 
is given in part b. 
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HCN and DCN is expected for the CN vibra- 
tional pattern according to the present treatment, 
however (see also Table 3). 

Finally, by far the largest Franck-Condon 
factor is calculated between the corresponding 
zeroeth CH vibrational levels of 8 ' ~ '  and 
alA". It is also seen from Fig. 4 that excitation 
into higher-lying CH levels of the 'A" state 
could lead effectively to dissociation into 
H + CN('II) via a tunnelling process. 

The calculated results for the transition to the 
other bent '(.x,.x") upper state (2'A') are wholly 
analogous to those for 'A", with the modi- 
fication that the intensity maximum for v, 
vibrations is shifted to somewhat smaller upper- 
state quantum numbers (4 or 5) compared to the 
latter case (since the depth of the angular well is 
found to be somewhat more shallow than for 
the 'A" state). The 2'A' species should also dis- 
sociate into H('S) + CN('II), and presumably 
with even greater facility since the absolute 
minimum in energy for this state lies above that 
of the 'A" (see Fig. 3). Because the 2'A" state is 
calculated to be linear, just as the ground state 
itself, the most intense vibrational transition in 
this case occurs for v," = 0 to v,' = 1, as 
required by the dipole forbiddenness of the cor- 
responding electronic transition; also all higher- 
energy v, vibrational transitions are calculated 
to be much weaker than the 1 + 0 species. The 
intensity distribution for the other two vibra- 
tional modes in this transition is found to be 
similar to that found for the cilA" + 8 ' ~ '  and 
2'A' +- Z'A' species. Finally it should be noted 
that, consistent with the results of Fig. 5, the 
overall intensity of the lowest-energy 'A" + 

8 ' ~ '  transition is found to be markedly smaller 
than for either of the other two '(n,n*) species 
calculated. 

5. Comparison with Experiment 
A. The ci +- 8('A" + FA') Transition 

The calculated T, and To values for the various 
'(.x,ng) transitions of HCN treated in this study 
are compared with experiment and earlier 
theoretical findings in Table 4. The present CI 
treatment appears to overestimate the lowest To 
value by some 0.25 eV, an error which is quite 
consistent with experience based on similar CI 
calculations for other small molecules. As noted 
above, however, this lowest '(.x,.x*) species does 
not correlate with the 'A state in the linear 
nuclear arrangement but rather with 'Z-. The 

experimental data for this transition show a long 
bending progression, with an intensity maximum 
for v,' = 6 (see Fig. 7b), which is rather faith- 
fully represented in the calculated results of 
Fig. 6b. Similarly the shift of the maximum to 
v,' = 5 in the corresponding hot bands [ci(O,n,O)O 
+- 8(0,1,0) and a(O,n,O)' +- 8(0,1,0)] for this 
transition is also mirrored in the calculated 
findings, which show ($,,,I Rye, , , ,  I$,,, ,) values 
of 0.0652, 0.0654, and 0.0647 for the upper 
quantum numbers v,' = 4, 5, and 6 respectively 
if the ground state v," = 1 species replaces the 
v," = 0 wavefunction. The results for DCN 
show quite similar behavior, except that the 
intensity maximum is shifted to higher v,' 
quantum numbers because of the decreased 
magnitude in its vibrational frequency (Table 3). 

The analogous findings for the v, CN stretch 
progressions are not as easily understood, how- 
ever, as can be seen by comparing calculated 
and experimental results in Figs. 6a and 7a 
respectively. The calculations show virtually no 
distinction between the intensity distributions in 
this vibrational species for the two isotopes HCN 
and DCN, a finding which seems reasonable in 
light of the small change in reduced mass which 
occurs for this mode upon deuteration. Yet the 
experimental spectrum shows a marked shift in 
both the overall shape and location of the 
maximum for the intensity distribution in such 
CN progressions in going from one isotope to 
the other. The calculated distribution for both 
systems is thus seen to agree reasonably well with 
the observed DCN spectral results, which show a 
maximum for v,' = 3, but it is significantly less 
peaked than that reported for HCN. Whether a 
more nearly exact theoretical treatment of the 
vibrational structure of this transition can suc- 
ceed in representing such a distinction between 
HCN and DCN remains to be seen, but at least 
at this point it is not immediately clear why the 
CN progressions of the two systems should 
appear so dissimilar. 

In the higher-energy range of the ci + 2 
transition the various absorption lines become 
increasingly diffuse, with this phenomenon 
setting in somewhat earlier in HCN than in 
DCN. In addition, in the latter isotope there is 
evidence of a second electronic transition, re- 
ferred to as p +- 8 by Herzberg and Innes (4) in 
this spectral region; the experimental intensity 
distribution for the strongest observed bending 
progression in this system is shown in Fig. 8. 
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respectively. 

Herzberg and Innes (4) have argued that the 
diffuseness in the a t bands is most likely 
caused by CH (or CD) predissociation, and this 
interpretation is certainly consistent with the 
calculated potential curve shown in Fig. 4. The 
Do value for dissociation of the upper state into 
H(2S) + CN(211) is now believed to be 0.32 eV 
(4, 26), compared with the present calculated 
value of 0.40 eV (the energy of the dissociation 
products relative to that of the lowest ground 
state vibrational level is observed to be 6.80 eV, 
while the corresponding CI result is 7.12 eV; 

TABLE 4. Relative energies (eV) calculated for the minima of the various states. (Ground 
state energy is - 93.0700 hartree.) 

Te To (HCN) T, (ref. 5) To, Exptl. (ref. 4) 

Ground state 'Z+ 0.0 0.0 0 .0  0 .0  
1 ~ "  6.76 6.73 6.48 6.48 
2'A' 7.55 7.52 6.78 [7.48Ia 

1A-2'AU 8.03 7.99 7.52 - 
CN(W) + H(2S) 7.37(De) 7.12(D0) - 6. 80(Do) 

.Deduced under the assumption that the 13(0,8,0) - 2(0,0,0) line of ref. 4 corresponds to the 0-0 transition 
(see text). 

B. The P t 3 Transition 
Although the theoretical description of the 

a c 3 transition fits in quite well with the cor- 
responding experimental data (geometry, transi- 
tion energy, intensity distribution, and predis- 
sociation features in HCN and DCN), the 
situation for the p c 8 band system at shorter 
wavelength is by no means clear. As indicated at 
the end of section 2, there seems to be general 
agreement that only the lowest three '(n,n") 
species of HCN fall in the energy range which 
corresponds to the a t 2 and P t 8 absorp- 
tion region. The observation that DCN is more 

Intensity a 

Intensity CH vibrational levels in HCN and three such 
CD species in DCN. Tunnelling of H or D 

6000 across the barrier obviously adds an additional 

LOO0 
instability factor to the overall physical situation, 
however, whereby Herzberg and Innes (4) have 

2000 argued that distinctions in the masses of the 
1000 hydrogenic isotopes and resultant differences in 

0 1 2 3 L 5 6 7 8 9  ~ ; l * l  their ability to tunnel are at least partially 
FIG. 7. Measured relative intensity values (taken from responsible for the fact that diffuseness in the 

ref. 4) for various vibrational transitions in HCN and 
DCN. These results should be compared with the cor- bands sets in at lower energies for the lighter 
responding theoretical findings given in Fig. 6 a, b HCN system. 
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FIG. 8. Measured relative intensity values (taken from 
ref. 4) for a bending progression in the [I +- 2 transition. 

see Table 4). Because of the avoided crossing 
discussed in section 3, however, there is a barrier 
hindering this process which is approximately 
1.0 eV in height. As indicated in Fig. 4 a potential 
well of this depth would allow for two stable 

'+: 
,' 

1 ,  

: aiv,',6,0)--Xi0,0,0) 

, 

.. --_ 
0 1 2 3 L V,'(CN) 

/-\ 
DCN 

: \ ,' ' a iv,',6,01- X~O,O,O) 

I , 
I 

I 
I 

I 

, 
I 

I 
/ 
I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3674 CAN. J .  CHEM. VOL. 5 5 .  1977 

likely to possess a stable v,' = 1 level in the 'A" 
a state than HCN might lead to the conclusion 
that the p + 8 band system, which is only 
seen in the DCN spectrum, involves the same 
upper electronic state. On the other hand the 
calculated Franck-Condon factors of the pre- 
vious section indicate that vibrational transitions 
to the v,' = 1 level in the a + 8 system should 
only be about 10% as intense as the correspond- 
ing v,' = 0 species, whereas the observed P t 8 
absorption lines are seen to be comparable in 
intensity to the strongest a t 8 species found at 
longer wavelength. Thus when both energy and 
intensity results are considered, it does not 
appear that other than v,' = 0 vibrational 
transitions are observed in the spectrum, and 
hence it seems best to conclude that the v,' = 1 
and higher species indicated to lie below the 
potential maximum in Fig. 4 for both isotopic 
species are in fact unstable relative to tunnelling 
across the corresponding barrier to dissociation; 
a similar conclusion has been reached earlier by 
Herzberg and Innes (4). 

Consequently the list of choices for assign- 
ment to the p state can be narrowed down to the 
remaining two '(n,n*) species, 2'A' and 2'At', 
but unfortunately there appear to be strong 
arguments against both of these possibilities as 
well. According to Herzberg and Innes (4) the P 
state is characterized by a strongly bent equili- 
brium geometry (- 114.5") and possesses 'A" 
symmetry, the latter conclusion having been 
based on the appearance of the rotational fine 
structure in the p t 2 band. The present cal- 
culations find, on the other hand, that although 
one of these two states does show the desired 
(bent) geometrical characteristics, it is the 2 ' ~ '  
species which does so and not the 2'A", and thus 
there is clearly a conflict which needs to be 
resolved. Ordinarily a violation of selection rules 
is a more important consideration than the 
occurrence of such discrepancies in structural 
data but there is reason to believe the situation 
may not be so simple in the present case. First of 
all there is by now a large amount of evidence 
that ab initio calculations of the type employed 
in the present work are quite reliable for the 
prediction of such geometrical characteristics; 
both previous calculations as well as the con- 

a similar electronic transition in HO,, namely in 
the 14 300 A 'A' + 'A" band ~ y s t e m . ~  In view 
of both these considerations it therefore seems 
worthwhile to look more closely into the pos- 
sibility that the 2'A' '(n,n*) species is the upper 
state involved in the P t 8 absorption system 
observed by Herzberg and Innes (4). 

Comparison of the observed intensity dis- 
tribution in the bending progression of this 
transition (Fig. 8) with the calculated results of 
the previous section raises still further questions, 
however. The most intense lines in this progres- 
sion are assigned by Herzberg and Innes (4) as 
v,' = 12 and 13 respectively, for example, 
whereas the calculations suggest that the length 
of such bending progressions (in the 2 ' ~ '  t 8 
transition) from maximum to tail should 
actually be somewhat smaller than for the a t 8 
band (in which v,',,, = 7 or 8 for DCN; Fig. 3). 
On the other hand it seems possible that the 
observed group of vibrational transitions in 
question actually consists of two progressions, 
the weaker of which shows a maximum at 
0,' = 7. Such an interpretation would then lead 
to an assignment for the origin of the stronger of 
the two progressions as the P(0,8,0) c 8(0,0,0) 
member, thereby placing the absorption maxi- 
mum for this system at v,' = 12 (or 13) minus 
8 = 4 (or 5), in much better agreement with the 
calculated results for the 2'A' t 'A' intensity 
distribution (see section 4).5 

The fact that the P t 8 system can only be 
observed for the deuterated isotope of HCN also 
seems to be satisfactorily rationalized in terms of 
a 2'A' assignment for the upper state. Both 2'A' 
and 'A" (a species) have the same dissociation 
limit, namely H(,S) + CN('II), but the more 
stable 'A" species appears to be some 0.8 eV 

41n addition to AK = 1 the AK = 0 line is observed 
to occur with relatively high intensity near the band 
centers (27). 

51n support of this argument, it can be noted that there 
is also a plausible assignment for the lower-energy 
portion of the intensity distribution in Fig. 8, namely as a 
hitherto unassigned series of hot bands for the a c 2 
system. The cold bands for the a(2,u2',0) c 2 pro- 
gression are relatively strong, with a maximum relative 
intensity of 3500 having been reported in the original 
paper (4). The latter species is assigned as a(2,7,0) c 2 
(0,0,0) and is found at 60 142 cm-l, and hence one would 

elusions based on qualitative MO theory agree expect the corresponding hot band species to occur some 

with the present finding that the 2 1 ~ "  state is 500 cm-l to the red thereof, with fairly substantial 
intensity; this description fits the previously assigned 

linear very so (5)). there is p(0,7,0) c 2(0,0,0) member reasonably well, especially 
some evidence that the operation of such rota- since the a(2,7,0) c 2(0,1,0) species remains unassigned 
tional selection rules is unclear in the spectrum for in the original experimental interpretation. 
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more stable at their respective equilibrium geom- 
etries (Fig. 3). As a result it seems clear that the 
2'A' is marked by a relatively small potential 
barrier to dissociation (in the order of 2000 cm-' 
according to the calculations), and hence, given 
the greater capacity of the proton to tunnel 
through this barrier (plus the fact that the zero- 
point energy of HCN is significantly greater than 
in DCN), it seems plausible that only the heavier 
isotope could be stable to predissociation in this 
electronic state. 

The exact numbering of the individual mem- 
bers of the progression shown in Fig. 8 is very 
difficult to discern based on the relatively small 
range of wavelength over which the p t 8 
band is actually observed. Consequently it ap- 
pears impossible to locate the true To value for 
the p t 8 transition. One of the most plausible 
alternatives from the standpoint of the present 
interpretation, however, is that the P(0,8,0) t 
8(0,0,0) line (at 60 350 cm-') in the original 
notation (see Fig. 8) corresponds to the 0--0 
species and thus that To is 7.48 eV for this DCN 
transition, which value in turn lies less than 0.1 
eV below the corresponding calculated result of 
Table 4. If the latter vibrational species involves 
v,' = 1 instead, the error between calculation 
and experiment would be greater by the amount 
of one additional v,' quantum, i.e. by roughly 
0.15 eV (1300-1400 cm-I). The earlier cal- 
culated To result of Schwenzer et al. (5) is 0.7 
eV below the present CI value (Table 4). 

In summary it is found that the vibrational 
intensity distribution calculated for the 2'A' t 
'A' transition appears to be in reasonably good 
agreement with the experimental observations 
for the p t 8 band, just as the results for the 
1 ~ 1 t  + I A I  species are seen to satisfactorily 
reproduce the details of the measured spectrum 
for the a t 8 system. Since such an assignment 
for the p t 8 species appears to be at odds 
with the rotational selection rules for such 
polyatomic systems there is still clearly a need to 
justify this interpretation in more detail, but in 
considering this point the difficulties with the 
alternative 2'A" t 'A' assignment should not 
be overlooked. The presence of the rather long 
(and relatively intense) 500 cm-' vibrational 
progression in the P t 2 transition of DCN 
needs to be explained in a manner which is 
consistent with the appearance of the associated 
rotational fine structure of this band system 
before it can be claimed that theory and experi- 
ment are fully reconciled in this instance, and the 

results of the present CI study indicate that none 
of the 'A" states of this molecule possesses the 
type of potential surface required to account for 
such vibrational characteristics. 
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DAVID C. FROST, NICK P. C. WESTWOOD, NICK HENRY WERSTIUK, LUBOMIRA CABELKOVA- 
TAGUCHI, and JOHN WARKENTIN. Can. J. Chem. 55,3677 (1977). 

The results of an ultraviolet photoelectron spectroscopic study of the thern~olysis of 5,5- 
dimethyl-1-phenyl-A3-1,3,4-triazoline-2- (1) are presented. That CS2 is one of the major 
products establishes that carbon monosulfide (CS) is formed as a reaction intermediate in the 
thermolysis. Other products of thermolysis of 1 are molecular nitrogen and isopropylidenephe- 
nylamine (2). The photoelectron spectrum of the latter is also reported. Thermolysis of 1 in 
solution also leads to CS, which polymerizes extensively in the absence of trapping agents but is 
partly converted to CS2 in the presence of S, and to COS in the presence of cyclohexanone. 

DAVID C. FROST, NICK P. C. WESTWOOD, NICK HENRY WERSTIUK, LUBOMIRA CABELKOVA- 
TAGUCHI et JOHN WARKENTIN. Can. J. Chem. 55,3677 (1977). 

On presente les rksultats d'une etude ups sur la thermolyse du dimethyl-5,5 phknyl-1 A3-tria- 
zoline-1,3,4 thione-2 (1). Le CS, etant l'un des produits principaux implique que le monosulfure 
de carbone se forme comme intermediaire dans la reaction de thermolyse. Les autres produits 
de la thermolyse de 1 sont l'azote molCculaire et l'isopropylideneph~nylamine (2). Le spectre 
photoelectronique de ce dernier est aussi prksente. La thermolyse d'une solution de 1 conduit 
aussi au CS qui polymerise considerablement en absence d'agents pikgeurs mais se convertit 
partiellement en CS2 en presence de S8 et en COS, en presence de cyclohexanone. 

[Traduit par le journal] 

Ultraviolet photoelectron spectroscopy (ups) 
is a technique for measuring the ionization 
potential for removal of electrons from molecular 
orbitals. The results, through the use of Koop- 
man's theorem, give information about the 
nature of bonding in molecules. Although ups 
thus far has been used predominantly in a con- 
ventional way to study bonding in appreciably 

lAuthors to whom enquiries should be addressed. 

volatile and stable molecules of known structure 
(1-3), clearly the technique could be used to 
identify highly reactive intermediates, unstable 
molecules, and their reaction products in the gas 
phase. At present there are few studies of the 
latter, unconventional application of photo- 
electron spectroscopy documented in the litera- 
ture (4-8). 

In this paper we describe an ups study of the 
products from vacuum thermolysis, at 225"C, 
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of 5,5-dimethyl- 1 -phenyl-A3- l,3,4- triazoline-2- 
thione (1). Kinetics and products of thermolysis 
of 1 in chlorobenzene solution are also reported. 

Experimental 
Materials 

Compound 1 was prepared from the 4-phenylthiosemi- 
carbazone of acetone by oxidative cyclization on alumina 
(9). The sample used for this work was recrystallized from 
ethanol. It was homogeneous (tlc) and melted sharply at 
170°C. 

UItrauiolet Photoelectron Spectroscopy 
The ups study was carried out with a versatile ups 

spectrometer of the design of Frost and co-workers (10). 
Thione (1) was sublimed (Pinitial = Torr) into a 
pyrolysis tube (glass, I = 10 cm) maintained at 225 k 
10°C. The tube led through a U trap cooled to - 100°C, 
directly into the photoionization chamber of the spec- 
trometer. The spectrumz shown in Fig. l a  is that of the 
volatile thermolysis products that passed through the 
- 100°C trap. That in Fig. l b  was obtained by warming 
the trap after pumping the volatiles out of the spectrom- 
eter.' 

Kinetics 
Thermolysis of 1 in chlorobenzene was followed by 

'Hmr. For a typical kinetics experiment, a solution of 1 
(0.0268 M )  in chlorobenzene containing toluene (0.0281 
M) as internal standard for integration was degassed and 
sealed into an nmr tube. Five or more 'Hmr spectra 
were recorded with a Varian HA-100 intrument before 
the tube was placed in an oil bath at 148 + 0.l0C. The 
tube was removed at intervals, cooled quickly with liquid 
nitrogen, and warmed to room temperature before five or 
more spectra were recorded. Time outside the 148°C bath 
was not counted and the time scale was not corrected for 
warm-up and cooling periods which were short and partly 
cancelling. 

As reaction progressed the intensity of the methyl 
singlet of 1 (1.2 6) diminished and two new singlets of 
equal intensity appeared near 1.6 and 2.0 6. A standard 
first-order plot of log (peak height at 1.2 6 ,  normalized 
with respect to that of the reference singlet) against time 
was a straight line with correlation coefficient in the range 
0.9875 to 0.9983. The average first-order rate constant 
(seven runs) obtained from the slopes was kl = 6.42 x 
1 0 - ~  S-l. 

Products 
In spent solutions from kinetics runs the two product 

singlets, attributed to isopropylidenephenylamine (2), to- 
gether accounted for more than 95% of the methyl groups 

ZThe thermolysis experiments and the resulting spectra 
were reproducible. 

of 1. A gummy, brown solid qualitatively fitting the 
literature description of polymeric CS (11) was also ob- 
tained. Isopropylidenephenylamine (2) was prepared 
independently by the method of Kuhn and Jochims (12). 
The crude anil was vacuum redistilled twice: bp 8&81°C, 
'Hmr (CDCI,) 6 2.05 (s, 3H), 1.70 (s, 3H), 3.0-7.4 (m, 
5H). A sample of 2 isolated by gas chromatography 
(Varian Aerograph A90-P3, 5 ft x 114 in. column, 15% 
SE30 on 60-80 mesh Chromosorb P, 65°C) of the prod- 
ucts from thermolysis of 1 had the identical 'Hmr spec- 
trum. Hydrolysis of either sample afforded acetone and 
aniline. 

Trapping of CS with Sulphur 
A sample of 1 (0.20 g) in chlorobenzene (35 ml) con- 

taining sulphur (1.5 g) was placed in a flask connected to a 
gas sampling bulb. The system was evacuated and purged 
with argon until the mass spectrum of a gas sample was 
free from air peaks. The system was then sealed off and 
heated at the reflux temperature for 6 h. The flask con- 
taining the solution was cooled to room temperature and 
then to Dry Ice temperature before a gas sample was 
taken for mass spectrometry. Major peaks at mle 76 
(CSz), 40 (argon), and 28 (N,) were recorded. A control 
experiment, run in the same way except for the absence 
of sulphur, gave a gas sample with large peaks at mle 40 
and 28 but a negligible signal at mle 76. 

Trapping of CS with Cyclohexanone 
This experiment was analogous to the one described 

above. Compound 1 was decomposed in neat cyclohex- 
anone and the gas phase was sampled for mass spectrom- 
etry. A signal at mle 60, assigned to COS, was observed 
as well as masses 40 and 28. A control sample from de- 
compositior~ of 1 in chlorobenzene under air instead of 
argon did not give a signal at mle 60. 

Results and Discussion 
The spectrum2 in Fig. l a  shows that CS, (IP 

10.17, 12.80, 14.47, 16.16 eV) and N, (IP 15.57, 
16.6-17.8 envelope, 18.73 eV) are the major 
volatile products from the gas phase thermolysis 
of 1 that pass through the - 100°C trap. A small 
quantity of CS is indicated by the weak band at 
11.28 + 0.05 eV (13). Trace quantities of CO 
(IP 14.00 eV) are evident. The band at 8.62 eV 
and the broad bands centered at 10.44 and 12.30 
eV cannot be assigned with confidence at this 
time. Their appearance and disappearance sug- 
gest that they arise from a single species and the 
band positions correspond to those of propane- 
thione (14). 

That CS, is one of the major products of the 
gas phase thermolysis of 1 is explained by in- 
voking the intermediacy of CS. That CS is the 
source of CS, is supported by the work of 
Richardson and co-workers (1 5) who established 
that CS is converted to  CS, at room tempera- 
ture via a heterogeneous wall reaction. 

When the volatiles were pumped off and the 
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FIG. 1. (a) The He(1) photoelectron spectrum 
He(1) photoelectron spectrum of 2. 

- 100°C trap was warmed, an additional small 
amount of the unknown species2 (IP 8.62, 10.44, 
and 12.30) was initially observed. At ambient 
temperature, the photoelectron spectrumZ shown 
in Fig. lb was obtained, which was assigned to 
isopropylidenephenylamine (2), the major prod- 
uct of the solution thermolysis of 1. The first 
two IP's with maxima at 8.19 and 9.13 eV we 
assign, respectively, to the b, and a, type n 
MO's (local C,, symmetry) which result from a 
separation of the degenerate n MO's (e,,) upon 
substitution of benzene (16). As usual, the a, 
MO remains unperturbed since there is a node 
at the point of substitution and the b, MO is 
destabilized. The bands at 10.04 and 10.57 eV 
we assign to the C=N .rr MO and the nitrogen 
lone pair, respectively, on the basis of a com- 
parison with other alkylidene alkyl and aryl 
amines (17, 18) and isoelectronic styrenes (19). 
This ordering could be reversed depending on 
the magnitude of the torsional angle about the 
phenyl-nitrogen single bond which determines 
the magnitude of the n-n separation (17). 

The thermolysis chemistry of 1 in solution 
lends support to the conclusioi~s drawn from the 
ups experiment. At 148"C, in chlorobenzene, 
decon~position of 1 is first order (k, = 6.42 x 

s-l) and isopropylidenephenylamine (2) ac- 
counts for more than 95% of the methyl and 
phenyl groups of 1. Some attack by CS on 1 or 
on 2 probably accounts for the remaining 5%. 

Several mechanisms for thermolysis of 1 have 
to be considered, including heterolytic and 
homolytic bond cleavages. The fact that an in- 

of the volatiles from the pyrolysis of 1. (b) The 

crease in solvent polarity decreases the rate con- 
stant (k ,,,,,, ,, = 0.53k ,,,, at 148°C) suggests 
that highly polar transition states and interme- 
diates are not involved. Among homolytic path- 
ways, stepwise decomposition via intermediate 
3 is considered most likely because of growing 
evidence that some unsymn~etric azo compounds 
thermolyze by the two-step mechanism (for 
examples and leading references see ref. 20). The 

expected energy difference between C(spZ)-N 
and C(sp3)-N bonds should make 1 a strong 
candidate for stepwise decomposition. Further 
mechanistic conjecture is not warranted at this 
time. 

Our brief ups study of the thermolysis of 1 
illustrates the utility of the technique for study- 
ing the intermediates from gas phase organic 
reactions. The solution chemistry of 1 confirms 
that it is a thermal source of CS and suggests 
that it may be particularly useful for studies of 
the chemistry of that reactive intermediate in the 
liquid phase. 
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Substituent effects of phosphorus-containing groups on aromatic reactivity. 
Determination of substituent constants by 13C nuclear magnetic resonance 

spectroscopy 
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TOMASZ A. MODRO. Can. J. Chem. 55, 3681 (1977). 
13C nmr spectra have been obtained for a series of benzene derivatives substituted with 

phosphorus-containing groups of the type PZ,, P(O)Z,, and P(S)Z2. Inductive and resonance 
substituent constants were determined from the shielding of meta and para carbon atoms 
according to the dual-substituent parameter approach. Possible mechanisms of substituent 
effects of PI1' and PV derived functional groups are discussed and in some cases compared with 
effects of the analogous nitrogen derivatives. 

TOMASZ A. MODRO. Can. J.  Chem. 55,3681 (1977). 
On a enregistre les spectres de resonance magnetique nucleaire 13C d'une serie de derives du 

benzbne, substitues par des groupes d'atome central phosphore de types PZ,, P(0)Z2 et P(S)Z2. 
Les constantes d'induction et de resonance des substituants sont determinees a partir des effets 
de blindage des carbones mera et para selon l'approche parambtre substituant-double. Des 
mkcanismes possibles pour l'effet des substituants du PI1' et PV, lies aux groupes fonctionnels, 
sont discutks et dans certains cas compares aux effets de derives analogues de l'azote. 

[Traduit par le journal] 

The use of 13C nmr spectroscopy in the 
elucidation of the electronic structure of organic 
molecules continues to increase (for a recent 
review see ref. 1). For aromatic systems, ring 13C 
chemical shifts have been found to be a useful 
and sensitive probe in studies of the polar and 
resonance effects of substituents, particularly at 
the para and meta positions (2). Substituent- 
induced changes in 13C chemical shifts have been 
correlated with various substituent constants, 
with a variable degree of success. It is now 
recognized that structural effects on the 13C nmr 
chemical shift of the para and meta carbon atoms 
relative to benzene are best described by the 
dual-substituent parameter (dsp) approach (3). 
According to this approach, the relative change 
in shielding at a given position results from the 
contributions of inductive and resonance effects 
of the substituent, expressed in terms of o, and 
o? constants: 

13C nmr spectroscopy seems to be a particularly 
useful tool for investigations of substituent 
effects of phosphorus-containing groups. For 
both tervalent and tetravalent phosphorus 
derivatives -PZ, and -P(Y)Z,, numerous 
structural variations are possible (in the nature 
of both Z and Y ligands) which modify the net 

electronic effect of the substituent. This effect is 
a function of various factors, such as the electro- 
negativities of Z and Y, bond order at the P 
atom, donor properties of phosphorus non- 
bonding electrons (in case of PZ, substituents), 
and acceptor abilities of the vacant d orbitals on 
phosphorus. The evaluation of substituent 
effects by determination of the reactivities of a 
series of PZ, and P(Y)Z, substituted benzene 
derivatives can often be hindered by the high 
reactivity of the phosphorus-containing function 
itself (e.g. oxidation, hydrolysis, Arbuzov-type 
reactions, etc.). 

13C nmr spectra were employed by Retcofsky 
and Griffin (4) in determining the o, and 0,' 
constants for some organophosphorus groups. 
The substituent constants derived could be used 
to compare the electron-withdrawing abilities of 
the related pairs of PI1' and PV functional groups, 
PZ, and P(O)Z,. Although the P(O)(OEt), sub- 
stituent has been found to be more electro- 
negative than P(OEt), (o, values +0.55 and 
+0.33, respectively), according to Retcofsky and 
Griffin the substituent PPh, is more electron 
withdrawing than P(O)Ph, (o, values +0.68 and 
+ 0.53, respectively), and PCl, more electron 
withdrawing than P(O)Cl, (o, of +0.61 and 
+ 0.43). Such a conclusion (resulting most likely 
from erroneous 13C chemical shift assignments) 
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TABLE 1 .  13C chemical shifts for phenyl carbon atoms of Ph-X (in ppm relative to 13C6H6, low field shifts positive) 
and (in parentheses) l3CP3lP coupling constants (in Hz). Solvent CCI4, unless indicated. Concentration ca. 0.5 M 

Position 

No. X @so ortho meta para 

'In cyclohexane. 
bNo peak observed due to solubility limitation. 
=Assignment uncertain. 
"Determination of .Ic, difficult because of additional '3C-'gF coupli 
=Taken from ref. 9. 
fIn CHC13. 

is not only counter to chemical intuition, but also 
is not in accord with known facts about struc- 
ture-reactivity relationships in organophos- 
phorus chemistry. Substituent constants derived 
by Schindlbauer and Prikoszovich (5) from 1 9 ~  

nmr chemical shifts for a series of meta and para 
substituted fluorobenzenes clearly show that 
P(O)Z, is always more electron withdrawing 
than the corresponding PZ, group. Recently, 
Klabuhn et al. (6) demonstrated that in various 
reactions (base-catalyzed ester hydrolysis, aro- 
matic nucleophilic substitution, SN2 and SN1 
reactions), the p-P(O)R, substituent (R = 
phenyl, cyclohexyl) is significantly more electron 
withdrawing than the corresponding p-PR, 
group; the reactivity ratio varied from 1.6 to 380. 

Unfortunately, Retcofsky and Griffin's results 
have recently been uncritically cited by Nelson 
and Williams in their review article (ref. 1, p. 247) 
as an illustration of the application of 13C nmr 
spectroscopy in estimating substituent constants 
which have not been determined chemically. 

In continuation of our interest in the sub- 
stituent effects of phosphorus-containing groups 
upon the properties of an adjacent aromatic 
system (ref. 7, and preceding papers of this 
series), we have used 13C nmr chemical shifts to 
monitor changes in the electron distribution of 
the benzene ring in a series of Ph-PZ,, 

Ph-P(O)Z, and Ph-P(S)Z, derivatives (in- 
cluding compounds investigated by Retcofsky 
and Griffin). The chemical shifts obtained were 
used to evaluate substituent inductive and 
resonance constants, according to the dual- 
substituent parameter approach. 

Results and Discussion 
13C chemical shifts for the ring carbon atoms 

in 16 derivatives of benzene, substituted with 
PZ,, P(O)Z,, or P(S)Z, groups, have been 
measured in CCl, or cyclohexane solutions. No 
common solvent could be used for all com- 
pounds studied, because of either insolubility in 
cyclohexane (compounds 8,9 ,  13, 14 of Table 1) 
or reaction with carbon tetrachloride (com- 
pounds 1, 7, and to some extent compound 6). 
However, the differences in the chemical shift 
values obtained for a given compound in these 
two solvents never exceeded 0.03 ppm, and did 
not affect the derived values of substituent con- 
stants. The identical values of 13C chemical 
shifts for various monosubstituted benzenes 
measured in CCI, and cyclohexane have been 
reported previously (8). Chemical shifts (and 
l3CP3'P coupling constants) for the substituted 
benzenes of interest are shown in Table 1. 

The values obtained for A6 do not confirm 
Retcofsky and Griffin's observations; in all cases 
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MODRO 

TABLE 2. Estimated ol and oRO constants for organophosphorus substituents 
- 

Substituent 01 ol (lit.") ~ R O  oRO (lit.") 

OReference 5. 
bTaken from Hine (13, Chapt. 3.3). 

the carbon atom para to the P(O)Z, substituent 
is more deshielded than that para to the corre- 
sponding PZ, group.' In agreement with earlier 
results obtained for monosubstituted benzenes 
(lo), the largest variation of shifts is found for 
the @so carbon atom, and the smallest occur at 
the meta carbon. The variations at the @so 
position, as well as at the ortho carbons, reflect 
not only polar, but also purely magnetic effects 
of the substituent and therefore cannot be used 
as reliable measures of substituent effects. The 
chemical shifts of the meta and para carbon 
atoms are believed to be essentially free of 
magnetic anisotropy effects of a substituent (1 1) 
and can be used without any correction in 
evaluating the appropriate substituent constants. 

Inductive and resonance substituent con- 
stants of phosphorus-containing groups were 
calculated from the dsp fits for meta and para 
13C shifts, according to [2] and [3] (12). The 

PI AF 13C, = 3 . 9 8 ~ ~  + 19.790R0 

results are summarized in Table 2. Where 
possible, o, and o2 values are compared with 
those obtained by Schindlbauer and Prikos- 
zovich (5) from the 19F nmr chemical shifts for 
the meta and para substituted fluorobenzenes. 

'We believe that the values reported by Retcofsky and 
Griffin as para carbon shielding for the PPh,, P(0)Phz, 
P(O)Cl,, and P(S)CI, groups probably represent the 
chemical shifts of the ortho carbon atoms. 

Resonance parameters crRO, calculated by 
Schindlbauer and Prikoszovich from the differ- 
ence in shielding of the para and meta carbons, 
agree very well with our values obtained from 
[2] and [3]. The values of inductive substituent 
constants 0, on the other hand are seriously 
different; in almost all cases the o, constants 
reported in ref. 5 are much more positive than 
our values obtained from the dsp approach. o, 
values were calculated by Schindlbauer and 
Prikoszovich according to the single substituent 
parameter approach (A6 19Fm = ao, + b) and 
in our opinion these results tend to grossly over- 
estimate the inductive electron-withdrawing 
properties of the organophosphorus groups 
studied. For example, their o, values for the PR, 
groups (R = Me, Ph) are almost identical with 
those for the corresponding NR, groups; a 
result not likely on the simple basis of the 
electronegativity difference of phosphorus and 
nitrogen. Similarly, it would be difficult to 
rationalize the stronger inductive effect of the 
P(O)Me, substituent (o, = +0.35 (5)) com- 
pared to that of the acetyl group (0, = +0.28 
(13)). 

The data presented in Table 2 permit one to 
arrange phosphorus-containing groups with 
respect to their electronic effects. As for the 
inductive effects, the electron-attracting proper- 
ties decrease within each class of substituents in 
the following order of (3, values. 

For the PZ, type substituents: 
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PCl, > PF, > P(Ph)Cl > PPh, > 
PMe, > H > P(OEt), > P(NEt,), 

For the P(O)Z, groups: 

For the P(S)Z, substituents : 

P(S)Cl, > P(S)Me, > P(S)Ph, > 
H > P(S)(OEt), 

The observed order of inductive withdrawal 
does not follow the order of decreasing electro- 
negativity of atoms bonded to the phosphorus 
atom (F > 0 > C1 - N > CSpZ > CSp3). The 
effective charge density on the phosphorus 
results from the superimposition of the inductive 
withdrawal by groups Z (following the electro- 
negativity scale) and the p,dn electron back- 
donation from the groups Z to the vacant d 
orbitals of the phosphorus atom. Interestingly 
enough, the PF, group has a weaker inductive 
effect than the PC1, substituent, contrary to the 
significant difference in electronegativities of 
fluorine and chlorine., This result remains, how- 
ever, in agreement with the p,dn electron 
feedback model; the 3p nonbonding orbitals of 
chlorine are less effective in resonance donation 
to the vacant d orbitals of phosphorus, relative 
to the 2p nonbonding electrons of fluorine (14a). 
In consequence, the less electronegative chlorine 
substituents increase the electron deficiency of 
phosphorus more than do the fluorine atoms. The 
high degree of the 2p ,dn bonding between 
oxygen (or nitrogen) and the phosphorus atom 
is well documented for various organophos- 
phorus systems (1 5). This effect results in a con- 
siderable net inductive electron donation (re- 
lative to hydrogen) of the ester and amide groups 
derived from the P"' atom (compounds 5 and 6), 
as well as reducing the inductive electron with- 
drawal practically to zero for the phosphoryl and 
thiophosphoryl esters and amides (compounds 
11, 12, and 16). 

Resonance effect parameters aRO are similar 
for all tetravalent phosphorus groups P(O)Z, 
and P(S)Z, (a,' range f0.10 to +0.18) and 
locate these substituents among strong, meso- 
merically electron-withdrawing groups such as 

nitro, cyano, or acetyl substituents. The reson- 
ance effects in this case are due to the p,dn 
interactions between the pV atom and the 
aromatic system; the oRO values indicate that 
this effect is of a similar order of magnitude to 
the pn-p, conjugation between the ring and the 
nitro or carbonyl functions. For the PZ, type 
groups, despite the presence of the nonbonding 
electrons on phosphorus, net conjugative with- 
drawal is observed for fluorine-, chlorine-, and 
alkoxy-substituted systems. In these cases, the 
high electronegativity of Z promotes the meso- 
meric electron withdrawal from the ring to the 
vacant d orbitals of phosphorus to an extent that 
is not counterbalanced by the pn-p, donation 
of the phosphorus lone pair. 

According to the data in Table 2, the PR, 
substituents (R = Me, Ph) are weakly electron 
withdrawing by inductive effects and almost 
negligibly electron donating by resonance effects. 
This should result in total electronic effects for 
these substituents upon reactivity which are 
weak in magnitude and possibly variable in 
direction, depending on the relative response of 
the reaction center to inductive and resonance 
effects. In reactions studied by Klabuhn et al. 
(6), the PR, (R = cyclohexyl, phenyl) behaves 
in ester hydrolysis as a weakly electron-with- 
drawing (by a factor of ca. 2) and in S,1 reaction 
as a weakly electron-donating (by a factor of 
ca. 3) substituent. Dissociation measurements 
for the meta- and para-PR, substituted benzoic 
acids (16) and phenols (17) demonstrate the weak 
electron-accepting properties of phosphorus- 
containing substituents, and therefore suggest 
greater importance of inductive effects upon the 
acidity of phenolic and carboxyl groups. On the 
other hand, the relative reactivity of P"' deriva- 
tives in Arbuzov-type reactions seems to follow 
the order of resonance electron release of the 
phosphorus moiety. These reactions involve 
nucleophilic attack of the phosphorus non- 
bonding electrons at saturated carbon atoms, 
and the relative reactivity of the system Z,P 
decreases in the order Z = alkyl > aryl > 
alkoxyl (14b, IS), following the order of de- 
creasing values of oRO constants. 

There is little structural parallel between 
organic compounds of phosphorus and nitrogen ; 
nevertheless the substituent effects of the few 

 he difluoromethyl group is, as expected, more phosphorus-containing groups investigated can 
electron withdrawing than the dichloromethyl group, as 
can be demonstrated by the values of their Taft's sub- be directly compared with those of the nitrogen 
stituent constants cr* (+ 2.05 and + 1.94, respectively) analogues. Such comparisons can 
(13, Chapt. 3.6). phosphines and their oxides; substituent con- 
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stants for the corresponding nitrogen derivatives 
are included at the bottom of Table 2. Com- 
parison of o values of MZ, groups (M = P, N;  
Z = Me, Ph) clearly demonstrates fundamental 
differences in electronic properties of phosphorus 
and nitrogen. While the inductive electron with- 
drawal, due to the higher electronegativity, is 
significantly greater for amino groups, the NZ, 
substituents show (relative to the negligible 
effects of the PZ, groups) powerful electron- 
donating resonance effects (- 0.52 vs. - 0.02 and 
-0.33 vs. 0.00, respectively). This reflects the 
dramatic difference in the conjugative abilities 
of the nitrogen 2p and phosphorus 3p non- 
bonding electrons with respect to an aromatic 7c 
system. In N,N-dimethylaniline-N-oxide (19), 
the substitucnt effect (if the hyperconjugative 
electron-release is ignored) operates solely via 
the inductive mechanism; consequently similar 
deshielding of the meta and para positions is 
~ b s e r v e d . ~  The inductive effect of the N(O)Me, 
group is again much greater than that of the 
P(O)Me,, because of the electronegativity 
difference, and also because oxygen lone pair 
back-donation is not possible for the nitrogen- 
containing substituent. 

Substrates 2,3,4,9,10,14,15, and 18 were commercial 
products and were recrystallized or distilled where 
necessary. Substrates 1, 5, 6, 7, 8, 11, 12, 13, 16, and 19 
were synthesized according to standard procedures. 

13C chemical shifts were determined on a Varian 
CFT-20 spectrometer operating in pulsed Fourier 
transform mode at  a probe temperature of 35-40°C. A 
capillary containing 80% D20 - 20% dioxan was used as 
a lock in each case. The 13C chemical shifts were measured 
relative to the internal solvent resonance and are reported 
relative to the chemical shift of benzene measured in the 
same solvent. Solutions of 0.5 M were used, solubility 
permitting. In a few cases chemical shifts were measured 
for various substrate concentration (0.5-0.1 M ) ;  no 
change in chemical shift values was observed. Chemical 
shift values are reproducible to better than k0.02 ppm. 

13C chemical shift assignments were based upon 
relative intensities, off-resonance decoupling experiments, 
and values of l3CP3lP coupling constants in related 
systems. The assignment of the Cip,, and C,.,, carbon 
atom resonances is simplified by the absence of a nuclear 
Overhauser effect for the quaternary Cipso carbon atom, 
and therefore by its much lower intensity relative to the 
C ,.,, signal. The assignment of the C ,,,. and C ,,,,, (and 
also of Cipso and C,.,.) resonances was based upon the 
magnitude of the J(13C31P) coupling. For all four ring 
carbon atoms the following ranges of the J(13C3'P) 

3The NH3+ and NMe3+ groups give the identical 
deshielding of meta and para carbon atoms in the 
corresponding benzene derivatives (19). 

coupling constants were found (in Hz): PV derivatives: 
Cipso (82-187), Corrho (8.6-14.41, Cmero (10.8-17.81, Cpara 
(1.8-4.0): P"' derivatives: Cips. (12.6-51.8), Coptho (8.8- 
31.2), C ,,,,, (2.8-8.0), C ,,,, (-0). Some of the observed 
J(13C31P) coupling constants could be compared with the 
available literature data; excellent agreement was found 
for both PV (20) and PI1' (21) derivatives. 
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A comparison of substituent effects on vicinal proton-proton - 

and carbon-proton coupling constants 
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T. P. FORREST and S. SUKUMAR. Can. J. Chern. 55,3686 (1977). 
Vicinal carbon-proton coupling constants have been determined for a series of tert-butyl 

derivatives and compared to the vicinal proton-proton coupling constants in the analogous 
series of isopropyl derivatives. In both series coupling constants were found to decrease with 
electronegativity of substituent, with 3JC,H decreasing more rapidly than 3JH,H. The relationship 
between the two types of coupling was found to be Jc,H = ~ . ~ J H , H  - 3.5. The regular change in 
the ratio of J,-,H to JH,H indicates that substituent effects can be useful in predicting carbon- 
proton coupling constants from proton-proton models. 

T. P. FORREST et S. SUKUMAR. Can. J. Chern. 55,3686 (1977). 
Les constantes de couplage vicinales carbone-proton sont mesurees pour une serie de derives 

tert-butyles et comparkes aux constantes de couplage vicinales proton-proton obtenues pour 
une serie analogue de derives isopropyles. Dans les deux series, les constantes de couplage sem- 
blent dirninuer avec I'ClectronegativitC du substituant avec 3Jc,H diminuant plus rapidernent que 
3JH,H. La relation entre les deux types de couplage est Ctablie cornme etant JC,, = 1.2JH,, - 3.5. 
Le changernent regulier dans le rapport de Jc,H a JH,H indique que I'effet des substituants peut 
Ctre utile dans la prediction des valeurs des constantes de couplage carbone-proton A partir des 
modeles proton-proton. 

[Traduit par le journal] 

Proton-proton coupling constants are used conclusion that definite correlations were not 
much more frequently than carbon-proton easily made but electronegativity effects did not 
coupling constants in structural and stereo- appear to be very important (4, 5). Other results 
chemical analysis because of the well developed indicate that the electronic effect is quite large 
correlations between the coupling constants and (6-8). 
molecular structure in the former case, and the A recent report (9) describes the correlation of 
greater ease with which the proton-proton 
couplings may in general be obtained. However, 
for many compounds the carbon-proton coup- 
lings are easily measured, yet the lack of an 
extensive background of structural correlations 
limits their usefulness. Because the major con- 
tributing mechanism, the Fermi contact mechan- 
ism, is the same for both couplings, attempts 
have been made to develop correlations between 
JC,, and J,,, in order that predictions of carbon- 
proton coupling sizes in particular structures 
might be made from proton-proton models. In 
the case of vicinal couplings, parallel behavior of 
3 ~ c , H  and 3 ~ H , H  with respect to dihedral angle is 
suggested by several investigations which in- 
dicate that vicinal carbon-proton couplings have 
an angular dependence similar to the Karplus 
relationship found for proton-proton systems 
(1-3). The conclusions regarding the electronic 
effect of substituents on 3Jc,H seem somewhat 
more equivocal. Attempts to correlate substituent 
electronegativity with 3Jc,H have led to the 

proton-proton couplings with carbon-proton 
couplings in analogous compounds in which the 
proton is replaced by a carboxylic acid group. 
For the series of 20 pairs of coupling constants, 
which include 'J, 3J, 4J, and 'J values, through 
aliphatic, aromatic, and olefinic systems, a plot 
of JC,, values against the corresponding JH,, 
values gave a 'straight line' (correlation coef- 
ficient 0.95). Although the average value of the 
ratio of JC,, to JH,, was 0.76, the ratio of 
individual pairs of compounds varied between 
0.45 and 1.64. It would appear that the use of a 
simple ratio for predicting JCaH values from J,,, 
values would not yield reliable results, and that 
the different stereoelectronic effects of groups on 
JC,, and JH,, must be taken into account. In this 
investigation we have attempted to compare the 
effect of substituent electronegativity on 3Jc,H 
and 3JH,H while as much as possible maintaining 
other factors constant. For this purpose 3Jc,H 
values have been determined for a series of tert- 
butyl derivatives and compared to 3 ~ H , H  values 
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FORREST AND SUKUMAR 3687 

of the isopropyl analogues. This yields a com- 
parison of a methyl group vs. a proton in 
identical situations. In each case the observed 
coupling would be the average of three coupling 
constants, two gauche, gJH9'  and gJH3C, and one 
anti, "J (Fig. 1). 

In order that no factor might be introduced 
due to conformer population differences, the 
substituents were restricted to groups with axial 
symmetry, i.e, the halogens, hydrogen, and the 
methyl group. The results (Table 1) indicate that 
the 3Jc,H values follow the trend of the 3JH,H 
values, decreasing with increasing electro- 
negativity of the substituent. 

Figure 2 shows plots of JC,,, J,,,, and their 
1 I 
2 3 4 

ratios against electronegativity, all showing Ektronegatiitty 

monotonic decreases with increasing electro- FIG. 2. plot of 3JH,~  (01, 3Jc,H (01, and 3 J c , ~ / 3 J ~ , ~  (0)  
negativity. A plot of J,,, against J,,, (Fig. 3) against Huggins (10) electronegatlvlty values. 

gives a straight line (correlation coefficient 
0.991) fitting eq. 1. 

The results indicate a parallel behavior of the C 

carbon-proton and proton-proton couplings 
toward substituent electronegativity, with the 
carbon-proton coupling appearing to be slightly 'CH 
more sensitive to the electronegativity effect (Fig. 
3, slope = dJ,,,/dJ,,, = 1.2). This parallel be- 
havior of the two types of couplings should not 
be projected to situations in which the substituent 4 

is in different positions or orientations relative to 
the coupled atoms. The electronegativity effect 

6 7 8 

3 ~ H  H 

FIG. 3.  Plot of vicinal proton-proton coupling con- 
stants from isopropyl derivatives against vicinal carbon- 
proton coupling constants in the tert-butyl analogues. 

Isopropyl X terr-butyl X 

FIG. 1. Subscripts refer to the coupling atoms; super- 
scripts refer to the atoms anti to the coupling atoms. 

TABLE 1. Nuclear magnetic resonance data for isopropyl 
and tert-butyl derivatives 

Substituent Ea 3JC.H 3 J ~ . ~  Ratio 

has been shown in the proton-proton case to be 
greatest when the substituent is anti to the pro- 
ton (11). This effect has not been tested in this 
investigation since the electronegative substituent 
has always been anti to the proton in the com- 
pounds used. Furthermore, it has been reported 
(4, 8) that when the electronegative substituent is 
directly attached to the coupled carbon the size 
of the coupling constant increases with increas- 
ing electronegativity, although there seems to be 
some inconsistency in this trend. 

Experimental 
'Huggins electronegativity values (10). 
*Reference 12. 
(Reference 13. 

The coupling constants were obtained from 'H spectra 
and natural abundance 13C spectra, determined on a 
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Varian CFT 20 spectrometer using 65% v/v solutions in 4. G. K.  KARABATOS, J.  D. GRAHAM, and F. M. VANE. J. 
deuterochloroform at ambient temperature. Am. Chem. Soc. 84,37 (1962). 

5. G. K. KARABATOS and C. E. ORZECH, JR. J .  Am. 
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Application de la spectrometrie infrarouge, Raman et resonance magnetique 
nucleaire a 1'Ctude des complexes en solution aqueuse. AJ~+-H~C,O,  

M. JABER,' F. BERTIN ET G. THOMAS-DAVID 
Laboratoire de Chimie Analytique II, Universiti de Lyon I ,  43 boulevard du I1 Novembre 1918 

69621 Villeurbanne, France 

R e ~ u  le 11 janvier 1977 

M. JABER, F. BERTIN et G. THOMAS-DAVID. Can. J. Chem. 55,3689 (1977). 
L'Btude par spectrometrie Raman du systeme AI3+-H2C204 en solution aqueuse en fonction 

du degr6 d'acidite de solutions et du rapport t = [metal]/[coordinat] montre tres nettement 
la formation successive de complexes A1(C204)+, A1(C204)2- et La formation 
de l'espece Al(C204)+ qui avait ete rejetke par certains auteurs est confirmke ici et l'on peut 
identifier facilement ses frequences caracteristiques ainsi que celles de l'espece Al(C204)2-. La 
rmn de deux noyaux "A1 et 13C confirme ces rksultats et permet d'identifier chaque complexe 
par un signal bien caractbistique. De plus cette etude nous a permis de rejeter I'hypothese 
d'une formation de complexes hydroxydes du moins en quantitC importante. 

Nous avons pu Cgalement utiliser les hauteurs de bandes de diffusion Raman aux huit 
frequences selectionnees caractkristiques des especes A1(C2O4)+, A1(C204)2- et A1(C204)33- 
pour determiner leur distribution en fonction de l'acidite de la solution. 

M. JABER, F. BERTIN, and G. THOMAS-DAVID. Can. J. Chem. 55,3689 (1977). 
A study by Raman spectrometry of the system A13+-H2C204 in aqueous solution as a 

function of the acidity of the solution and of the ratio t = [metal]/[ligancl] shows very clearly 
the successive formation of the complexes Al(C204)+, A1(C204)2-, and A1(C204)33-. The 
formation of the species Al(C204)+, which had been rejected by some authors, is confirmed and 
it was easily possible to identify its characteristic frequencies as well as those of the species 
A1(C204)2-. The "A1 and 13C nmr spectra confirm these results and allow the identification 
of each complex by means of a clearly characteristic signal. Moreover, the results of this study 
permit the rejection of the hypothesis of the formation of hydroxylated complexes, at least in 
important quantities. 

I t  also was possible to use the intensities of the Raman scattering bands at eight selected 
characteristic frequencies of the species Al(C204) +, A1(C204)2 -, and A1(C204)33 - to determine 
their distribution as a function of the acidity of the solution. 

[Journal translation] 

Introduction 

Dans un travail antCrieur appliquC a l'acide 
oxalique (I), nous avons mis au point une 
mCthode de ditermination des concentrations 
des diffkrentes especes en Cquilibre: H2C204,  
HC204- et C2042- en mesurant les hauteurs 
des bandes Raman caractCrisliques de chaque 
esp&ce, et nous en avons dCduit les constantes de 
formation de l'acide oxalique. Les rCsultats 
obtenus. en bon accord avec ceux de la mCthode 
classique de pH, nous ont convaincu de 17utilitC 
de la spectromCtrie Raman pour suivre des 
Cquilibres se formant en milieu tres acide, 18 ou 
la potentiomktrie ne peut pas donner des 
renseignenlents precis. 

Nous avons CtudiC le systeme H2C204-A13+ 
pour lequel certains travaux mettent en Cvidence 
la prCsence de deux complexes seulement: 

'Boursier du C.N.R.S. Libanais. 

Al(C2O4),- et Al(C204)33-, et donnent des 
valeurs pour les constantes successives K2 et K3 
(2) ou globales P2 et P3 (3, 4). Dutt et Sur (2) en 
particulier aflirment que le complexe A1(C2O4)' 
ne se forme pas, la complexation conduisant 
directement a 1'espi.ce A1(C204),-. Seul Babko 
et Dubovenko ( 5 )  ont mis en Cvidence par 
spectrophotomCtrie d'absorption uv l'existence 
de trois especes successives, mais les valeurs 
obtenues pour K2 et K3 diffi.rent beaucoup de 
celles obtenues par Dutt. Enfin signalons que 
Zolotukhin (4) a remarquC la formation des 
complexes hydroxydks sans indiquer leur nature. 

Devant ce nombre restreint de rCsultats et leur 
discordance, nous avons tent6 de reprendre 
1'Ctude de ce systeme d'abord par la mkthode 
de pH, mais celle-ci s'avere inadequate car les 
complexes se forment en milieu trop acide; la 
courbe de formation de Bjerrum que nous avons 
obtenue pour ce systeme n'est pas exploitable 
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(I). Par contre l'tvolution, en fonction du pH, 
des spectres Raman de solutions contenant le 
coordinat acide oxalique et les ions A13+ permet 
de suivre les tquilibres de formation de com- 
plexes et ce sont les rtsultats de cette ttude que 
nous prtsentons ici. Jusqu'h prtsent seul le 
spectre de diffusion d'une solution aqueuse de 
K3A1(C204), a inttresst plusieurs auteurs (6-10, 
14). 

Parallelement. nous avons examint nos solu- 
tions par la rtsonance magnttique nucltaire de 
deux noyaux 27A1 et 13C, afin de dtnombrer et 
de caracttriser les especes en prtsence. Dans ce 
domaine, seule la rmn de 27A1 a t t t  ttudite par 
Haraguchi et Fujiwara (1 1) et Toy et coll. (12); 
ces auteurs montrent l'existence d'une seule raie 
attribute au compost A1(C204)33- mais de 
dtplacement chimique nu1 par rapport B la raie 
de l'espece A1(H20):+ (1 I). 

Conditions expCrimentales 
Les solutions etudikes sont de concentration 0.50 M 

en acide oxalique avec des concentrations en A13+ telles 
que le rapport (metal)/(coordinat): t = &, 3, 3 et 1. On 
fixe I'acidite des solutions qui sont absentes de sel de fond 
par addition de potasse 10 M ou d'acide chlorhydrique 
Prolabo R.P. L'acidite est exprimte soit par le pH, soit 
par la concentration equivalente en acide chlorhydrique 
mesuree par I'intermediaire d'un potentiornetre Metrohm 
E 388, au moyen de la chaine suivante: electrode en 
verre/solution titrke/NaCl sature/Hg2Cl2-Hg, prkalable- 
ment etalonn6e. 

Toutefois la precision sur la mesure du p H  est faible 
compte tenu de la valeur elevee et variable de la force 
ionique, c'est pourquoi on donne les valeurs du p H  a 0.1 
unit6 prks. 

Le domaine d'ttude est limite pour chaque rapport par 
le debut de precipitation de I'hydroxyde d'aluminium: 
p H  - 3.0 pour t = 1, p H  - 4 pour t = 3 et p H  - 6.4 
pour t = 3. Dans I'ensemble une cinquantaine de spectres 
sont enregistres afin de suivre de facon systkmatique 
1'Cvolution des spectres en fonction de l'acidite donc de la 
complexation. 

Les solutions deutCriCes aux diffkrentes acidites sont 
preparees a partir de I'oxalate de sodium et de chlorure 
d'aluminium, produits Merck, par addition de DCl - 7.8 
N dont la teneur en D 2 0  est 99.5%. 

Les spectres Raman sont enregistres a la temperature 
ordinaire (20°C) dans un domaine de frequences compris 
entre 1800 et 150 cm-' avec un spectromktre Coderg 
modele PHO equipe d'un laser a argon ionise Spectra- 
physics. La longueur d'onde de la raie excitatrice est de 
488 nm. L'echantillon a examiner est contenu dans une 
petite cuve en verre parall6lCpipedique de 0.3 ou 1 ml. Les 
spectres ir sont enregistres dans un domaine de frequences 
compris entre 2000 et 700 cm-I avec un spectromttre 
Perkin-Elmer 457. L'epaisseur des cellules en Irtran I1 
utilisCes est de 27 wm. 

Les spectres de rmn, sont enregistres a la temperature 
ordinaire avec le spectrometre Varian XL 100 du centre 
de rmn (Federation des Centres Lyonnais de Mesures et 
d'Analyses) a la frequence de 25.2 MHz. Pour le 13C, 1e 
champ est stabilise grbce aux noyaux de deutbium de 
C6D6 utilist Cgalement comme reference externe; I'en- 
registrement est effectuC apr6s une accumulation de lo4 
passages environ. Dans I'etude du noyau 27Al, il est 
impossible d'utiliser la m&me technique de stabilisation; 
nous ne disposions pas, d'autre part, de lock externe. 
Neanmoins, le champ Ctait suffisamment stable pour que 
les rCsultats obtenus soient trks reproductibles. L'en- 
registrement est realis6 avec une accumulation de 10' 
passages; la reference est constituee par les ions 
A1(H20)63+ contenus dans la solution, ou introduits en 
reference externe (solution de AlC13 a pH - 0) quand 
tous les ions A13+ de la solution etudiee sont complex6s. 

RCsultats de la spectromCtrie Raman 
L'tvolution des spectres Raman en fonction 

de l'aciditt des solutions pour difftrents rap- 
ports [mttal]/[coordinat] est prtsentte dans les 
tableaux 1 et 2 oh sont indiqutes les bandes des 
spectres Raman les plus caracttristiques pour 
les trois rapports ttudits en donnant les frt- 
quences et leur intensitt relative par rapport B 
la bande de l'eau situte a 1640 cm-' (1). 

L'observation globale des spectres Raman des 
solutions d'oxalatoaluminate, pour t = 3, nous 
permet de distinguer trois domaines principaux 
(tableau I). 

Au degrt d'aciditt [HCI,,] = 4.8 N le spectre 
comporte les bandes de l'acide oxalique situtes 
a 456, 590, 848, 1335, 1460 et 1750 cm-' et la 
bande de l'ion A~(H,o),~ + B 523 cm-' (1). Pour 
4.8 N > [HCI,,] > 1.7 N, ces bandes diminuent 
rtgulierement en intensitt et la formation des 
complexes se manifeste par l'apparition de 
bandes intenses situtes aux frtquences: 373, 573, 
915, 1423, 1698 et 1727 cm-' qui augmentent 
d'intensitt au fur et mesure de la neutralisation. 

Dans l'intervalle suivant jusqu'a p H  -- 0.5, les 
bandes du coordinat continuent a diminuer, 
celles des complexes situtes a 373, 573, 1698 et 
1727 cm-' se dtplacent progressivement pour 
atteindre les frtquences 370, 580, 1689 et 1732 
cm- ' B p H  = 0.4, tandis que les deux bandes 91 5 
et 1423 cm-I maintiennent leurs positions 
initiales. Les intensitts relatives des bandes se 
modifient netternent. 

Pour les solutions de 0.5 < p H  < 2.1, nous 
remarquons la diminution d'intensitt des bandes 
dues B H2C204 et de la bande de HC204- 
apparue B 868 cm-' et qui disparait complete- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JABER ET AL. 

C. 
ff m m m m m w -  m  w w w w m w w m w  

2 s : a s z g ~  2 a s z z % ? z z s ~  

CZN vr m vr m  3 
* m  - 2 0 
0 0  3 - E l  

-2 .- 
'0 .- 

II % I . $  C. 
m m m m m w -  m  w w  w a  w m w  
%:a%zgz 2 z s  5 2  225 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 55 ,  1977 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JABER ET AL. 3693 

ment a p H  = 1.4. Les frCquences de vibration 
des complexes situCes a 370, 580, 915, 1423 et 
1689 cm-' migrent respectivement vers 369, 583, 
918, 1429 et 1686 cm-I avec une modification 
considerable d'intensitk. La bande a 1732 cm-' 
tend a disparaitre et il se forme dans ce domaine 
de frkquences une bande situCe a 1746 cm- ; la 
presence simultande de ces deux bandes se voit 
tris nettement sur les spectres correspondants 
aux p H  0.8, 0.9, 1.2 et 1.5. En mCme temps cinq 
raies nouvelles situCes a 273, 473, 811, 1408 et 
1723 cm-' sont observtes. 

Pour les valeurs du p H  > 2.1, les positions et 
les intensites des bandes restent constantes. Deux 
raies de tr6s faible intensite dues a l'ion C2042-  
en solution (1) apparaissent vers 1308 et 1486 
cm-' pour les p H  > 5 (le p H  varie brusque- 
ment par addition de soude de p H  2.3 & 5). 

Pour t = 3 (tableau 2), les spectres des solu- 
tions d'acidite 4.9 N > [HCI,,] > 1.9 N prt- 
sentent les bandes dkja observtes dans la 
premiire ttape du rapport t = 3. Les bandes 
des complexes augmentent d'intensitk sans 
modification des frkquences. Dans l'intervalle 
[HCl,,] = 1.9 N - p H  < 0.6 les bandes de 
H2C204 diminuent pour disparaitre compl6te- 
ment; celles des complexes qui augmentent 
d'intensitk subissent la mCme .modification im- 
portante signalte dans la deuxiime Ctape du 
rapport t = +. Et pour des p H  > 0.6, les bandes 
des complexes gardent des frequences constantes, 
leurs intensites augmentent leg6rement et il 
apparait une bande suppltmentaire A 473 cm-' 
attribuable aux complexes; enfin juste avant la 
precipitation de l'hydroxyde d'aluminium on 
aper~oi t  deux bandes tris faibles situtes a 273 et 
81 1 cm-' et deux epaules faibles aussi vers 1408 
et 1746cm-I, intenses sur les spectres du 
rapport t = 3 p H  > 0.5. 

Pour t = 1 (tableau 2), les complexes com- 
mencent a se former dans un milieu tris acide, a 
une concentration en [HCI,,] = 4.9 N. La 
neutralisation des solutions entraine la mCme 
evolution observee pour t = 4, dans le domaine 
4.8 N > [HCI,,] > 1.7 Net  pour t = 3,4.9 N > 
[HCI,,] > 1.9 N. Les bandes des complexes 
augmentent d'intensitt sans changer de frC- 
quence sur toute la gamme d'aciditt a l'exception 
de celle a 573 cm-I qui commence a se dCplacer 
lCg6rement pour [HCl,,] - 1.8 N pour atteindre 
577 cm-I a p H  0.2. A cette valeur de p H  les 
bandes dues a H2C204 et A1(H20),3+ ont 

disparu et il n'apparait aucune bande caractiris- 
tique de l'ion HC204- .  

Discussion 
1. Mise en Pvidence des esptces AI(C204)+, 

A I ( C ~ O ~ )  22-  et AI(C,O,) 33- par 
spectrome'trie Raman 

Pour le rapport t = 1 quelle que soit l'aciditk 
de la solution, les frequences observkes pour les 
complexes ont une position constante a l'excep- 
tion de la bande a 573 cm-I qui se diplace 
1Cgirement. Ces mCmes frkquences Ctant ob- 
servees pour les rapports t = 3 et t = 5 aux 
fortes acidites, on peut penser que dans ces 
domaines le complexe A1(C2O4)+ est prepon- 
derant, ses frequences caracteristiques sont 373, 
453, 573, 608, 859, 915, 1278, 1423, 1698 et 
1727 cm-I. 

Pour le rapport t = 3 a p H  > 2.1, les bandes 
du coordinat ayant complitement disparu, le 
complexe en solution ne peut Ctre que 
A1(C204)33- dont les frkquences de vibration 
caracteristiques sont 273, 369,473,583, 608, 81 1, 
859, 918, 1278, 1408, 1429, 1686, 1723 et 1746 
cm-I. Notons que ces frtquences sont tout a fait 
comparables a celles observees pour le complexe 
K3Al(C204)3.3H20 cristallisC (1). Par contre le 
deplacement tris net de certaines bandes dans 
l'intervalle [HCl,,] < 1.7 N - p H  < 0.5 pour 
le mCme rapport caractkrise la prtsence d'une 
nouvelle esp6ce vraisemblablement AI(C204)2-. 
En effet une telle modification spectrale n'est pas 
attribuable a l'existence simultante des deux 
espices Al(C204)+ et A1(C204)33- car on 
devrait constater simuItanCment une migration 
des deux bandes 915 et 1423 cm-I vers 918 et 
1429 cm-I, d'autant plus que ces derniires 
possident des coefficients de diffusion beaucoup 
plus grands que les premiires; de plus l'existence 
du compose A1(C204)33 - doit se manifester par 
]'apparition des deux bandes fortes situCes a 1408 
et 1746 cm-' ce qui n'est pas le cas. Les mCmes 
modifications se produisent pour le rapport 
t = + dans l'intervalle d'acidite [HCI,,] < 1.9 N 
- p H  < 0.6 confrmant une telle attribution. 
L'existence de deux espices Al(C204)2- et 
A1(C204)33- en solution pour t = 3. se manifeste 
a p H  = 0.9 par la juxtaposition tris nette de 
deux bandes 1732 et 1746 cm-I. Donc les frC- 
quences de vibration dues a l'espice Al(C204),- 
se situent a 370, 473, 580, 608, 859, 915, 1278, 
1423, 1689 et 1732 cm-l. 
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I1 est B noter que dans le cas du rapport t = 1, rapports t = 1, et t = 4, ce qui n'est pas le cas; 
pour les p H  ClevCs, 17esp&ce Al(C,O,),- doit de plus la concentration en ion oxalate calculee 
Ctre prisente en quantitk non nkgligeable sur les deux bandes 1308 et 1486 cm-I garde une 
puisqu'on constate un dCplacement de frkquence valeur tr&s faible. 
de la bande B 573 cm-l vers 577 cm-'. De mCme 
la presence du complexe A1(C204)33 - en faible 
concentration, A des p H  ClevCs dans un rapport 
t = 4 explique l'apparition des bandes tr&s 
faibles vers 273, 81 1, 1408 et 1746 cm-l. 

Sur la fig. 1, on donne les spectres des oxalato- 
aluminates enregistrks dans des conditions telles 
que chaque complexe est majoritaire. On 
observe nettement les modifications d'intensitk 
relative des bandes reportee A la mCme intensit6 
de la bande de l'eau, en passant d'une esp&ce A 
une autre. Les tableaux 1 et 2 montrent plus 
clairement la diffkrence en frkquences. 

Le spectre que nous attribuons au complexe 
AI(C,04)33- en solution est tr&s proche de celui 
obtenu rdcemment par Vaisserman et Gouteron 
avec toutefois quelques kcarts dans les frCquences 
et une bande supplkmentaire situke a 81 1 cm-' 
observCe Cgalement par Murata. 

On remarquera que la formation des com- 
plexes hydroxydks, si elle existe, ne peut avoir 
lieu en forte proportion car on devrait sans doute 
assister a une modification progressive du 
spectre pour les p H  ClevCs surtout pour les 

FIG. 1. Spectres Raman des oxalatoaluminates en 
solution aqueuse. (1) t = 1, pH = 2.5;  (2)  t = 4, p H  = 
1; (3) t = 3, p H  = 6.4. (1) Bandes de C204'- en 
solution. 

2. Conjrmation apporte'e par les spectres 
infrarouge 

L'Cvolution des spectres ir des oxalatoalumi- 
nates i differentes aciditCs nous permet, pour un 
rapport t = 3, de distinguer deux Ctapes 
diffkrentes. 

La premi&re caractkrise une esp&ce individuelle 
prkpondkrante a p H  > 2.1 ou les bandes du 
coordinat ont disparu. Puisque la prkcipitation 
de l'hydroxyde d'aluminium n'a lieu qu'8 
p H  - 6.4 les ions A13+ soiit complexks et 
I1esp&ce ne peut Ctre que A~(c,o,),~- carac- 
tkriske par les frCquences d'absorption ir 810, 
825, 912, 1270, 1290, 1405, 1450?, 1690 et 
1720 cm-', qui sont analogues B celles observkes 
pour le complexe K3AI(C,04)3.3H,0 B 1'Ctat 
cristallisk (7, 9, 14). 

La seconde Ctape s'ktend du [HCI,,] = 4.8 N 
jusqu'a p H  - 0.5; elle est caracteriste, outre les 
bandes du coordinat libre, par les frkquences 
820, 912, 1280, 1415, 1440?, 1695 et 1725 cm-l;  
ces frCquences sont observCes aussi pour le 
rapport t = 1 sur toute la gamme d'aciditk 
CtudiCe, elles correspondent donc au complexe 
AI(c,o,)+, par analogie aux rksultats cie la 
spectromktrie Raman. 

Les spectres ir ne subissent pratiquement pas 
des modifications rCsultant du passage de 
I'espece AI(C,O,) + B Al(C,O,),-. D'ailleurs 
pour le rapport t = 3 B p H  - 3 le spectre est 
analogue A celui du rapport t = 1, a ceci pr&s 
qu'il prCsente deux baiides B 1720 et 810 cn1-' 
dues B la prCsence d'une quantitk importante de 
complexe ~1 (C ,0 , ) ,~  - (1). 

3. Conjrmation obtenue par rksonance 
magne'tique nuclkaire des noyaux "A1 et l3c 

3.1. Re'sonance magnktique nucle'aire du "Al  
Les rksultats obtenus sont schCmatisks sur la 

fig. 2. Pour les deux rapports t = f et t = 4 B 
p H  5, un seul signal symCtrique est obtenu ( a ) ;  
il est caractkristique du composk A1(C,04)33- 
et se situe B 405 Hz du signal de A~(H,O); + pris 
comme rCfCrence. Pour le rapport t = 1 et une 
acidit6 [HCI,,l - 1.5 N, le spectre comporte 
aussi un seul signal large, symktrique (d) situk a 
160 Hz de la rCfCrence; quand on neutralise la 
solution par la potasse, ce signal s'kloigne de la 
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FIG. 2. Spectres rmn du noyau 27Al des oxalatoalu- 
minates h differentes aciditts et pour differents rapports. 
( I ) t = + , p H = 5 ; ( 2 ) t = + , p H = 2 ; ( 3 ) t = : , p H =  
0.1; (4) t = 1 , p H -  0. 

rifirence tout en gardant sa symktrie sur toute la 
gamme d'aciditi. 

L'Ctude systkmatique du rapport t = + en 
fonction du degrC d'aciditi conduit en milieu 
trks acide aux nlcmes risultats que ceux obtenus 
pour le rapport t = 1. L'augmentation du p H  
entralne un diplacement rCgulier du signal sans 
changemelit de symCtrie (exemple: courbe 3) 
puis on observe dans l'intervalle 0.6 < p H  < 
4 un dkdoublement de la raie: une des deux 
raies se trouve B la friquence caractiristique de 
A1(~ ,0 , ) ,~ -  (405 Hz) (b); la deuxieme ( c )  qui 
se trouve B environ 330 Hz de la rifirence est 
due trks probablement a l'espkce AI(C2O4),- ; il 
semble que la raie large observke aux frkquences 
intermkdiaires risulte de l'ichange des noyaux 
"A1 entre les deux espkces Al(C,O,)' et 
AI(C,O,),- dont les concentrations relatives 
varient avec le pH. 

3.2. Re'sonance magne'tique nucle'aire du 13C 
On donne sur la fig. 3 certains spectres carac- 

tiristiques. Pour le rapport t = B p H  5,  les 
spectres rmn comportent deux signaux de mCme 
intensiti, l'un caractiristique de C2042- ,  prCsent 
en excks, a 1170 Hz l'autre situi a 970 Hz est 
attribui a A1(C204),3-. Pour le rapport t = 3 
on observe seulement le signal dii a A 1 ( ~ , 0 , ) , ~ -  ; 
ceci implique que tous les carbones de ce com- 
posi rksonnent a la m&me frkquence. 

Pour un rapport t = 1 a [HCI,,] = 1.5 N, on 

FIG. 3. Spectres rmn du noyau 13C des oxalatoalu- 
minates en solution. (1) t = &, p H  = 6; (2)  t = 4, 
p H  = 3; (3) t = 1, p H  N 0.1. 

observe un seul pic situi a 965 Hz, qui ne peut 
i t re  dQ qu ' i  l'espkce Al(C,O,)+. Pour un 
rapport t = 4 a p H  - 3, le spectre prCsente 
trois signaux voisins, les deux extremes se 
trouvent aux frCqueilces caractkristiques des 
espkces Al(C204)' et A1(C,04),3 - , le troisikme 
situC au milieu (967 Hz), le plus intense est 
certainement dQ a AI(C,O,),- en solution. Cette 
attribution est confirmCe par les variations 
d'intensitC relative des trois raies en fonction du 
p H  sur le meme rapport. Plusieurs spectres d'un 
m&me Cchantillon enregistrks en faisant varier le 
temps d'acquisition et le temps d'attente entre 
deux passages montrent que les phknomknes de 
relaxation n'influencent pratiquement pas les 
intensitks relatives des trois pics. 

Les rksultats de la rmii de deux noyaux 27A1 
et 13C recoupent ceux que nous avions observks 
par spectromCtrie Raman; mais l'interfirence 
des pics et la faible diffirence des diplacements 
chimiques, 2 et 3 Hz, ne permettent pas une 
mesure directe des concentrations en espkces. 

4. Me'thode de de'termination des concentrations, 
par spectrome'trie Raman, des dzffe'rents 
complexes forme's 

4.1. Choix des bandes 
Aprks avoir mis en kidence par Raman et 

rmn la prisence de trois espkces en solution et 
identifiC les bandes de diffusion propres B 
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chacune, nous tentons d'exploiter les hauteurs 
de ces bandes pour dtterminer la concentration 
des oxalatoaluminates complexes; cette ex- 
ploitation est d'autant plus difficile que ces 
espkces sont simultankment prtsentes en solution 
et que les bandes interfkrent entre elles. 

Pour dtterminer la concentration de deux 
espkces H2C204 et HC204- on utilise la hauteur 
des bandes B 848 et 868 cm-I caractkristiques 
de ces espkces et qui sont peu influenctes par la 
bande trks faible des complexes, situte a 859 
cm-l;  les deux bandes 1308 et 1486 cm- sont 
utilisCes pour calculer [C2042-]. 

Pour calculer la concentration des trois com- 
plexes Al(C204)+, Al(C204),- et A1(C204)33- 
on peut utiliser les hauteurs des bandes aux 
frtquences 369, 373, 573, 583, 915, 918, 1423 et 
1429 cm-I qui n'interfkrent pas avec les frt- 
quences de vibration propres au coordinat, en 
particulier les deux dernikres bandes ne sont 
certainement pas influenctes par le triplet 1380- 
1410-1444 cm-l, dO a HC204- :  I'intensitt de 
ce triplet doit en effet Ctre trks faible puisque la 
bande a 868 cm-l caracttristique de cette mCme 
espkce et dont le coefficient de diffusion est trois 
fois suptrieur B celui du triplet (1) n'est visible 
que pour un rapport t = 3 et dans u11 domaine 
de p H  Ctroit. 

Pour tous les calculs, la bande de l'eau est 
utilivte comme Ctalon interne, dans les mCmes 
conditions que prtctdemment (1). 

4.2. Principe de la me'thode de calcul des 
concentrations 

Les symboles utilists ont la signification sui- 
vante: X, Y et Z sont respectivement les con- 
centrations de H2C204, HC204- et C 2 0 2 - ;  
A,, B, et C, sont les coefficients de diffusion 
respectifs A la frtquence v, dttermints dans un 
travail antCrieur (1). P, Q et R sont les con- 
centrations de Al(C204)+, Al(C204),- et 
A1(C204)33-, D,, E, et F, leurs coefficients de 
diffusion (paragraphe 4.3). h, reprCsente B la 
frCquence v 17intensitC relative, par rapport B la 
bande de l'eau 1640 cm-l, d'une bande qui peut 
Ctre due a la contribution de plusieurs e~ykces. 
C, et C, sont respectivement les concentrations 
analytiques du ligand et du mttal en solution. 

Le principe de la mtthode de calcul est le 
suivant: les bandes 848, 868, 1308 et 1486 cm-' 
permettent de determiner la concentration du 
coordinat libre selon les relations : 

Les relations de bilan pour le coordinat et le 
mttal sont: 

Etant donnt l'interfirence des bandes de 
diffusion dues aux trois complexes pour chacune 
des huit frkquences sClectionnCes, on peut tcrire 
huit relations du type: 

[6I h, = PD, + QE, + RF, 

Ayant dttermint de proche en proche les 
coefficients de diffusion D,, E,, et F, un pro- 
gramme intitulC SPECTRAL, analogue au pro- 
gramme SPECTRAM (I) utilist prtctdemment, 
permet de calculer par moindres carrts les con- 
centrations optimales P, Q et R. 

4.3. Calcul des coeflcients de dzffusion D,, E, 
et F, ci dzffe'rentes fre'quences 

On se place d'abord dans des conditions telles 
que Al(C204)+ est le seul complexe prtsent en 
solution, ceci est rtalisC pour les diffkrents 
rapports t en milieu suffisamment acide. Les 
relations 1 et 2 donnent facilement le bilan du 
coordinat non engagt et par constquent la valeur 
de P, d'aprks 1'Cq. 4. D, est ensuite calcult suivant 
la relation 6. Les rtsultats obtenus sont rassemblts 
dans le tableau 3. 

On utilise ensuite les spectres obtenus dans un 
rapport stoechiomCtrique t = Q et dans un 
domaine de p H  tlevt, compris entre 2.5 et 6.4 oh 
la formation du complexe A1(C204)33- est 
pratiquement totale, les bandes dues aux com- 
plexes gardent une intensitt pratiquement cons- 
tante; les bandes a 1308 et 1486 cm-' du co- 
ordinat libre donnent une estimation de Z - 0.01 
M soit 2% de C,. Etant donnt la grande stabilitC 
du trioxalatoaluminate, on peut considtrer P et 
[A13+] comme pratiquement nulles et les tqs 4 
et 5 entrainent : 

Si de plus on ntglige, en premikre approxima- 
tion, l'influence du complexe A1(C204),- on 
peut calculer directement les diffirents co- 
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TABLEAU 3. Coefficients de diffusion D, 

Rapport t [HCIeqI X + Y P 0 3 6 9  0 3 7 3  D 5 7 3  0 5 8 3  0 9 1 5  0 9 1 8  0 1 4 2 3  0 1 4 2 9  

1 3.1 0.26 0.16 0.52 0.45 2.01 1.57 1.08 1.02 2.74 2.40 
1 2.0 0.14 0.33 0.66 0.75 2.15 1.83 1.18 1.10 3.24 2.82 
21 3.2 0.32 0.09 0.50 0.40 1.97 1.66 0.91 0.78 2.76 2.16 
5 2.6 0.31 0.12 0.51 0.65 2.21 1.65 1.18 0.93 3.13 2.39 

Moyenne 0 . 5  0.6 2.1 1.7 1.1 1 .0  3.0 2.4 
k 0 . 1  k 0 . 2  kO.1 0 .  kO.1 k 0 . 2  k 0 . 3  k 0 . 4  

TABLEAU 4. Coefficients de diffusion F, 

PH F 3 6 9  F 3 7 3  F 5 7 3  F 5 8 3  F 9 1 5  F 9 1 8  F 1 4 2 3  F 1 4 2 9  

2.1 1.81 1.68 4.69 11.47 8.74 10.10 17.86 21.79 
4.9 1.87 1.75 4.72 11.29 8.62 9.84 16.81 20.83 
5.5 1.79 1.74 4.08 11.67 7.50 9.82 15.93 20.81 
6.1 1.96 1.81 4.39 11.56 8.46 10.00 15.80 20.75 
6.4 1.94 1.74 5.18 11.96 8.09 9.87 15.21 19.56 

Moyenne 1.87 1.74 4.6 11.6 8.3 9.9 16.0 21 
+0.09 k0.07 k 0 . 6  - - + 0 . 4  k 0 . 8  k 0 . 2  - + 1 - + 1 

TABLEAU 5. Coefficients de diffusion E, 

Rapport t PH X + Y =  Q R E 3 6 9  E 3 7 3  E 5 7 3  E 5 8 3  Egis E g i s  E l 4 2 3  E l 4 2 9  

!i 0.1 0.13 0.12 2.84 2.85 6.26 6.58 4.94 4.21 10.56 9.22 
3 0.2 0.08 0.16 2.66 2.62 5.07 6.25 4.46 4.00 9.81 8.29 
!i 0.6 0.03 0.21 2.54 2.52 4.90 6.16 4.18 3.71 8.96 7.73 
3 0.7 0.02 0.21 2.55 2.53 4.86 6.23 4.55 4.08 9.77 8.43 

Moyenne 2.6 2.7 5.0 6.0 4.3 3.6 10.0 8 
kO.2 k 0 . 2  + 1  +0.8 k 0 . 8  k 0 . 9  + 1  + 1 

efficients Fv, par la relation 6 en mesurant les 
hauteurs relatives h, sur les spectres. 

L'utilisation de ces valeurs approchtes de F, 
permet d'estimer la valeur des E, dont le calcul 
prtcis est difficile car il est impossible d'isoler 
un domaine d'aciditk oh l'espkce Al(C204),- est 
seule. Pour le rapport t = 3 et dans un domaine 
de 0.1 < p H  < 0.5 nous pouvons considtrer 
que [A13+] et P sont nulles. En appliquant les 
relations 1 et 2 on dttermine (X + Y); les 
relations 4 et 5 donnent Q et R et par constquent 
E, d'aprks la relation 6 en utilisant les co- 
efficients Fv approchts. Ces premikres valeurs de 
E, permettent de corriger les rtsultats obtenus 
pour Fv en tenant compte de la prtsence du 

complexe A1(C2O4),-. Les resultats dtfinitifs 
pour Fv sont prksentts dans le tableau 4 et per- 
mettent de recalculer les valeurs de E,. 

A titre de vtrification nous avons tgalement 
dttermink E, en nous plaqant dans un rapport 
t = 3 et dans un domaine de 0 < p H  < 0.5 
conditions dans lesquelles nous pouvons sup- 
poser que [A13+] et R sont ntgligeables; seules 
P et Q sont prkpondtrantes; D, ttant donnt. 

Le tableau 5 rksume toutes les valeurs ob- 
tenues pour E, ii difftrents p H  et dans les deux 
rapports. 

L'examen des tableaux nioiltre que les co- 
efficients D,, E, et Fv sont bien caractkristiques 
des difftrentes espkces aux huit frkquences 
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TABLEAU 6. Constantes de stabilitk des oxalates complexes d'aluminium(II1) 

Auteurs Log KI Log KZ Log K3 Log pz Log B 3  Methode 

Lacroix (3) 13 16.3 Solubilite 
Babko et Dubovenko (5) 7.26 4.85 1.31 Spectromktrie uv 
Dutt et Sur (2) 5.45 3.69 Potentiomttrie 
Zolotukhin (4) 13 16.79 Fluorimdtrie 
Nos valeurs (1) 6 . 1 k 0 . 2  5 .0k0 .1  3.87+0.06 1 1 . 1  15.0 Potentiomktrie 

7 .3  6 .0  3.87 13.3 17.2 Spectromktrie Raman 

choisies. La dtviation moyenne rend compte de 
l'imprtcision sur la mesure des hauteurs de 
bandes des complexes et du coordinat libre 
(bandes 848 et 868 cm-I). 

4.4. De'termination des concentrations des 
complexes, re'partition des dzj3e'rentes esptces 
en fonction du degre' d'acidite' de la solution 
et calcul des constantes de stabilitk 

Connaissant les coefficients de diffusion de 
trois especes aux huit frtquences stlectionntes, 
nous avons, B l'aide du programme SPECTRAL, 
utilisant les concentrations du coordinat engagt 
et les hauteurs des bandes aux frtquences 
choisies, calculC la concentration optimale des 
especes prtsentes en solution et dCtermint l'tcart 
quadratique sur chaque concentration. Les con- 
centrations ainsi obtenues pour les rapports 
t = 4 et t = + sont prtsenttes dans la fig. 4 en 
fonction du p H  ou [HCI,,]. 

Enfin ces valeurs de P, Q et R obtenues pour 
les rapports t = 1, 4 et sont utilistes pour 
dtterminer les valeurs o~timales des constantes 
des tquilibres de formation des complexes: 

L'affinement par moindres carrCs est rCalisC B 
I'aide d'un programme intilult AFFIBETA, 
variante du programme AFFIPLNE mis au 
point ulttrieurement (13). AFFIBETA est cons- 
trpit en rempla~ant la fonction ii = f(pH) du 
programme AFFIPLNE par les parametres P, 
Q et R exprimes en fonction du p H  et en utilisant 
les dCrivtes aP/ap,, aQ/ap, et aR/ap, au lieu 
de a i i ~ a ~ ~ .  

L'affinement est effectut B partir de 17 points 
expkrimentaux situts dans un domaine de 
p H  > 0.5. Une variation de 0.2 unit6 sur la 
valeur numtrique du p H  n'a pas d'influence 
sensible sur la valeur des constantes: 

FIG. 4. Courbes de rtpartition de l'aluminium engag6 
dans chaque complexe par rapport ?I la concentration 
analytique CM pour (I) t = 5 et (2)  t = 5.. (a) AICzO4+ ; 
(*) Al(Cz04)~- ; (A) Al(C~04)3~- .  

Les constantes ont Cte utilistes pour tracer la 
courbe de rtpartition des complexes par le pro- 
gramme CALCON; on a constate alors que pour 
les p H  < 0.5 les points exptrimentaux ne sont 
pas places exactement sur cette courbe calculte; 
ceci est dG certainement au domaine ttroite du 
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JABER ET AL. 3699 

p H  utilist pour l'affinement. C'est pourquoi nous 
avons tent6 de calculer une strie de courbes de 
rtpartition en modifiant les valeurs des cons- 
tantes successives K, et K,, K3 Ctant maintenue 
a la valeur prtcise obtenue par la mtthode du 
p H  (K3 = 7.53 x lo3) de f a ~ o n  a obtenir la 
meilleure concordance possible entre les con- 
centrations exptrimentales et les courbes cal- 
cul6es. Les valeurs ainsi obtenues sont donntes 
dans le tableau 6 ainsi que celles dttermintes par 
difftrents auteurs. 
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Additivity schemes permitting the estimation of partial molar heat 
capacities of organic compounds in aqueous solution 

J .  PETER GUTHRIE~ 
Department of Chemistty, University of Western Ontario, London, Ont., Canada N6A 5B7 

Received March 9, 1977 

J. PETER GUTHRIE. Can. J. Chem. 55,3700 (1977). 
The available Cp, values for neutral organic compounds in aqueous solution can be fitted 

with useful precision by additivity schemes based on atomic, bond, or group contributions. 
For the set of 132 compounds these schemes require 11, 14, or 49 parameters and give weighted 
average deviations of 14, 9, or 6 J K-' mol-'. For acyclic molecules the atomic contributions 
scheme permits chemically useful estimates of cp2 to be made for compounds of C, H, 0, and N. 

J. PETER GUTHRIE. Can. J. Chem. 55,3700 (1977). 
Les donnCes disponibles pour les valeurs de Cp2 de composes organiques neutres en solu- 

tion aqueuse peuvent Ctre ajustees avec une bonne prkision grlce a des schemas d'additivite 
bases sur des contributions atomiques, de liaison et de groupe. Pour une serie de 132 composes, 
ces schtmas demandent 11, 14 ou 49 parametres et conduisent a des Ccarts de moyenne pon- 
dtrte de 14, 9 ou 6 J K-' mol-'. Pour des molCc~~les acycliques, le schema des contributions 
atomiques permet d'ttablir une bonne evaluation chimique des valeurs Cp2 qui peut Ctre appli- 
qute aux composts contenant les atomes C, H, 0 et N. 

[Traduit par le journal] 

Introduction et al. (1 1) have shown that heat capacities of 
ln the course of another investigation a need gaseous molecules can be estimated quite suc- 

was found for free energies of transfer from gas to cessfully schemes, and has 
solution for some small, water miscible organic reported tables of Parameters for atom, bond, 
compounds. Although free ellergies of transfer and group contributions ( 1 1, 12) ; this procedure 
are readily determined for sparingly soluble has recently been extended to liquid hydro- 
compounds, the determination becomes more carbons (13). It seemed worthwhile to investigate 

difficult for very soluble materials. Experimental and to what such 
activity coefficient data (equivalent to free procedures be applied to  partial molar 
energies of transfer) are frequently available at heat capacities for in water. 
the boiling point, so that it would be advanta- Several authors (4-638-10) have considered the 

geous to be able to correct tllese data to room question of additivity of group contributions and 

temperature. Since the temperature difference is and cO-wOrkers (lo) in particular have 
considerable, and the change in heat capacity analyzed their data in this way. All schemes pub- 

from gas to aqueous solution is large (11, olle lished to date are, however, very limited in their 

may not assume that the enthalpy of transfer is lange of 

temperature independent. Provided that heats of We wish rep0rt here that partial heat 
solution and vaporization were available, the in aqueous solution, C p 2 ,  can be 
remaining requirement if free energies at 2 5 0 ~  estimated quite well using the atom, bond, or 

were to be calculated from data at higher group colltributions schemes (with increasing 
temperatures was that a value for the change in precision as one goes from atom contributions to 

heat capacity from gas to aqueous solution be group and in particular that 
available. estimates of useful reliability can be obtained 

sl1 the past decade there has been a using atom contributions. In the course of this 

increase in the quantity and quality of heat investigation several additional C,, values were 
capacity determinations for aqueous solutes of published data. 
(2110).- everth he less, the numberAof compounds 
for which data are available is small compared to Calculational Methods 
the number which might be studied. Benson Heat Capacities From Activity Data 

Literature data (5, 14) in the form of In (plc)  
'Alfred P. Sloan Fellow, 1975-1977. were fitted (16) to the equation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUTHRIE 3701 

(where 0 is the reference temperature, here 
298 K) by means of a nonlinear least squares 
(17) program. C;(g) was estimated by Benson's 
group contributions method (12a) where experi- 
mental values were not available. Although this 
treatment permitted the evaluation of C,, values 
for several ketones, the values are of low pre- 
cision. There is a clear need for more measure- 
ments on different carbonyl compounds. 

Heat Capacities of Benzoic Acids 
Partial molal heat capacities of sodium ben- 

zoate, sodium m-hydroxybenzoate, and sodium 
p-hydroxybenzoate have been reported (4). The 
corresponding Cp2 values for the carboxylic 
acids may be calculated using values of AC, for 
ionization (18), and the C,, values for Na' and 
H+ (19). Because of the indirect way these were 
calculated, and the necessity for using AC, of 
ionization values derived as second derivatives 
from equilibrium data, the C,, values for benzoic 
acid were assigned an estimated precision of + 25 J K-I  mol-l. 

Determination of Parameter Values 
The e,, data were fitted to the equation 

where Ai is the parameter for the ith structural 
feature and X i j  is the number of times the ith 
structural feature appears in compound j, by 
means of a least squares program. Initially the 
full set of data was employed, and then the set 
was restricted so that only parameters defined by 
three or more compounds were included. For 
the bond and group contributions, the set was 
further restricted by eliminating compounds for 
which calculated and observed values differed 
markedly. Compounds which were not included 
in the least squares fitting are indicated in Table 
1. 

The remaining parameters were evaluated for 
each scheme by taking the parameters deter- 
mined by least squares as given and fitting the 
remaining conlpounds, one parameter at a time. 
As far as possible values for parameters deter- 
mined this way were calculated from the set of 
compounds for which the new parameter was 
the only one needed besides the set already 

determined. Since the parameter values which 
were not determined by least squares are based 
upon small numbers of compounds they can 
only be regarded as provisional. 

Results and Discussion 
Atomic Contributions 

The C,, data employed conlprise a set of 132 
compounds (see Table I).' For the atomic 
contributions approach, different parameters 
were employed for H bonded to C, to 0, or to 
N, and atoms were classed as to hybridization 
state. The rationale for this approach is that 
C,, contains a large contribution reflecting the 
interaction of water with the solute, or the effect 
of solute upon the organization of water mole- 
cules (10, 20). Thus it seemed important to 
choose parameters in a way which reflected the 
ability of groups to hydrogen bond to water; this 
leads to a larger set of parameters than Benson 
employed for gaseous molecules. This scheme 
seems justified because the different parameters 
for a given atom were assigned different value by 
the least square program. Thus Hc is 75 3 
while H, is 60 + 3 and HN is 64 + 3. Similarly 
C, is -68 + 7 while C, is - 14 f 3 (all in J 
K- l  mol-l). 

Strictly speaking benzene ring carbons should 
be treated separately since, as will be seen below, 
cyclization normally leads to a significant change 
in CPz0. Initially, following Benson (1 I), CB was 
used as a distinct parameter, incorporating one 
sixth of the cyclization effect. However CB and 
C, (the parameter for an ethylenic or other 
sp, hybridized carbon) were indistinguishable 
and so in the final least squares calculation all 
sp2 carbons were treated alike. For saturated 
cyclic molecules the fit was markedly poorer than 
for the acyclic compounds, so that the cyclic 
compounds were omitted from the least squares 
calculations. The fit was somewhat improved by 
the addition of parameters for five- or six- 
membered rings, but these parameters were ill 
defined and the fit remained poor. No obvious 
wav to improve the fit with a small increase in 
the number of parameters presented itself. 

For acyclic compounds or benzene derivatives 
the fit is really quite good, with a weighted aver- 
age deviation (calculated as (C(C,, (obs.) - C,, 
( ~ a l c . ) ) ~ / ( o ~ ~ : , ,  (obs.))'/(degrees of freedom))'I2) 

2A few additional compounds containing new struc- 
tural features (such as triple bonds (2) or seven-membered 
rings (21)) were not included in order to avoid introduc- 
ing still more parameters. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 55 ,  1977 

TABLE 1. Partial molar heat capacities 

Calculated 

Experimentala Atom Bond Group 
- 

Compound C Z b  crc Ref. CPzb Ad C P b  Ad CPzb Ad 

Methane 
Ethane 
Propane 
n-Butane 
n-Pentane 
n-Hexane 
Benzene 
Toluene 
Ethylbenzene 
n-Propylbenzene 
Ethylene 
Methanol 
Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 
n-Hexanol 
n-Heptanol 
i-Propanol 
i-Butanol 
tert-Butanol 
s-Butanol 
tert-Pentanol 
Neopentanol 
2,2-Dimethyl-1,3 

propanediol 
l,l,l-Tris (hydroxymethy1)- 

ethane 
Pentaerythrytol 
Glycerol 
1,2-Ethanediol 
1,3-Propanediol 
1,4-Butanediol 
1,5-Pentanediol 
1,6-Hexanediol 
Benzyl alcohol 
2-Phenylethanol 
3-Phenylpropanol 
Ally1 alcohol 
Crotyl alcohol 
3-Buten-1-01 
4-Penten-1-01 
2-Methoxyethanol 
2-Ethoxyethanol 
2-Propoxyethanol 
2-Butoxyethanol 
1,2-Dimethoxyethane 
I-Ethoxy-2-methoxyethane 
1-Propoxy-2-methoxyethane 
I-Butoxy-2-methoxyethane 
1,2-Diethoxyethane 
Phenol 
p-Cresol 
p-Ethylphenol 
2-Phenoxyethanol 
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TABLE 1 (Continued) 

Calculated 

Compound 

Acetaldehyde 
Acetone 
Isobutylmethylketone 
Dipropropylketone 
Dipropylketone 
Methyl n-pentylketone 
Formic acid 
Acetic acid 
Propanoic acid 
Butanoic acid 
Pentanoic acid 
Isobutyric acid 
Pivalic acid 
Succinic acid 
Glutaric acid 
Adipic acid 
Pimelic acid 
Benzoic acid 
m-Hydroxybenzoic acid 
p-Hydroxybenzoic acid 
Methylamine 
n-Propylamine 
n-Butylamine 
n-Pentylamine 
n-Hexylamine 
i-Propylamine 
i-Butylamine 
tert-Butylamine 
Dimethylamine 
Ethylmethylamine 
Diethylamine 
Ethylpropylamine 
Dipropylamine 
Trimethylamine 
Diethylmethylamine 
Triethylamine 
1,2-Ethanediamine 
1,3-Propanediamine 
1,4-Butanediamine 
Aniline 
Benzylamine 
2-Phenylethylamine 
3-Phenylpropylamine 
Tris(hydroxymethy1)- 

amino methane 
Formamide 
N-Methylformamide 
Acetamide 
N-Methylacetamide 
N-Ethylacetamide 
N-Propylacetamide 
N-Butylacetamide 
N-Methylpropanamide 
N-Methylbutanamide 
N-Methylpentanamide 

Atom Bond Group 

Ref. 
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TABLE 1 (Concluded) 

Calculated 

Experimentala Atom Bond Group 

Compound cpzb oC Ref. CP; Ad Cpzb Ad CP: Ad 

N-Methylisobutyramide 
N-Isopropylacetamide 
N-Methylpivalamide 
N-(tert-Buty1)acetamide 
Lactamide 
Urea 
N,N-Dimethylurea 
N,N'-Dimethylurea 
Tetramethylurea 
Cyclopentanol 
Tetrahydrofuran 
2-Methyltetrahydrofuran 
Pyrrolidine 
N-Methylpyrrolidine 
1,3-Dioxolane 
Cyclohexane 
Cyclohexylamine 
Cyclohexanol 
Piperidine 
Tetrahydropyan 
1,4-Dioxane 
Piperazine 
Morpholine 
Glucose 
Sucrose 

'Reference 10 collects data from many sources; for compounds included in ref. 10 individual references are made only where one of several 
reported values was chosen as best and used for regression analysis. 

bJ deg-I mol-1. 
=Uncertainty in the experimental value. 
'Difference, observed - calculated. 
'Average of two reported values. o is Ivalue-averagel. 
fDetermined by least squares an&sis of solub~lity data from the references cited. 
gNo indication of ~perimental error was given-in the original reference. 
hCalculated from C,, for the sodium salt (4), C,, for Na+ and H +  (19), and ACD for ionization of the acid (18). 
'Not included in the regression analysis. 
  this compound contains a unique group. 

equal to 10.7 J K-' mol-I or 2.6 cal K-' mol-l. 
In terms of the precision comn~only attainable 
experimentally this is really quite good, and in 
terms of the original motivation for this investi- 
gation, namely to allow extrapolation of data at 
100°C to 25"C, it is more than adequate. Error 
analysis shows that the contribution of uncer- 
tainties in AC, to  uncertainties in AG, is 

For 0 = 298, T = 373 K;  this amounts to 7.0 x 
OACp (in kcal mol-I), so that for errors in AC, to 
contribute less than 0.1 kcal to the error in 
AG, oAcP must be less than 4 cal K-I  mol-l, a 
condition which is easily satisfied by the atomic 
contributions estimates. 

In Table 1 may be found calculated values of 
C,, for all compounds used in this study as well 
as the differences between observed and calcu- 
lated values; the parameters are given in Table 2. 

Bond Contributions 
For this approach the parameters were chosen 

in the manner employed by Benson and Buss (1 1) 
with C=O treated as a bivalent atom, C C  
treated as a tetravalent atom (so that Cd-X 
includes a contribution for the carbon-carbon 
double bond) and a benzene ring treated as a 
hexavalent atom (so that C,-X includes a 
contribution for the ring). The least squares 
analysis included 102 compounds and 12 para- 
meters, with a weighted average deviation of 
8 J K-I mol-I. The compounds containing 
ethylenic bonds were omitted from this cal- 
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TABLE 2. Atomic contributions to cQ, 

Parameter Parameter 
value value 

(J K-' (J K-'  
Atoma mol- ') Atoma mol-') 

Hc 75(3) Nz - 80(4) 
Ho 60(3) 0, - 42(4) 
HN 64(3) 01 - 12(4) 
c4 - 68(7) Five-membered 
c3 - 14(3) ring 70(47) 
N3 - 119(8) Six-membered 

ring 31(41) 

O H c  is hydrogen bonded to carbon; Ho is hydrogen bonded to 
oxygen, HN is hydrogen bonded to nitrogen; Ca is tetracoordinate 
( sp3 )  carbon, etc.; N 3  is tricoordinate ( sp3 )  nitrogen, etc.; O2 is 
dicoordinate (sp3) oxygen, etc. 

culation because the parameters involved (Cd-H 
and Cd-C) were not well determined by the 
data, as were compounds containing CB-0 or 
C,-N bonds, and all saturated cyclic com- 
pounds. The remaining parameters were cal- 
culated separately, taking the parameters deter- 
mined by least squares as given. The ring com- 
pounds were not satisfactorily treated at the bond 
level of approximation, although corrections for 
five- or six-membered rings improved the fit; the 
parameters are given in Table 3. 

Group Contributions 
This approach requires a much larger set of 

parameters, and consequently a much larger data 
base if they are to be evaluated. When the 
condition was imposed that each parameter be 
determined by at least three compounds, only 12 
parameters could be evaluated by least squares, 
from a set of 48 compounds. For this set the 
weighted standard deviation of calculated from 
observed values was 6 J K- '  mol-'. The 
remaining parameters were evaluated (to give 
preliminary values) by taking the well determined 
set of 12 as given, and calculating the value 
required to fit a compound with one more para- 
meter. This allowed a further 9 parameters to be 
determined. Then the process was repeated 
taking the 21 parameters as given to determine 
the final set of 28 parameters. When ring con- 
tributions were calculated as before there re- 
mained serious discrepancies between observed 
and calculated values. This situation could be 
considerably improved by introducing a 'ring 
parameter', and a 'heteroatom-in-ring param- 
eter' for each of five- and six-membered rings. 
By using these four parameters, the cyclic 
compounds could be fitted about as well as the 

[THRIE 3705 

TABLE 3. Bond contributions to Cp2 

Parameter Parameter 
value value 

(J K-' (J K-' 
Bond" mol - ' j Bond" mol-'j 

C-H 
C-C 
CB-H 
C,-C 
Cd-H 
C,-C 
0-H 
C-0 
C,-0 
CO-H 

CO-C - 60(2) 
CO-CB 20(16)b 
CO-o 14(2) 
N-H 26(1) 
C-N - 64(2) 
CO-N - l l (2) 
CB-N - 4Sb 
Five-membered 

ring 44(25)b 
Six-membered 

ring 17(35jb 

CC, represents a benzene ring carbon: the ring is treated as a 
hexavalent atom; C represents an ethylenic carbon; the double bond 
is treated as a tetravalent atom; CO is treated as a divalent atom. 

bNot fitted in the regression analysis. 

acyclic compounds. Clearly C p 2  for a cyclic 
molecule is much more sensitive to subtle steric 
efforts and solvation interactions than is C,, for 
an acyclic molecule, since the latter is 'satis- 
factorily fitted even by atomic contributions, 
whereas the former requires that the degree of 
substitution of each atom be taken into account, 
and that the presence of a heteroatom in a ring, 
rather than in a side chain, be explicitly allowed 
for. At the earlier levels of approximation the 
various contributions to C,, for cyclic com- 
pounds were not taken account of in a way 
which permitted any improvement when the 
presence or absence of heteroatoms in the rings 
was included as a Darameter. 

Several groups are specified by only one 
compound; such groups have been included in 
Table 4 only when Cp2 for the compound is 
reasonably precise, i.e. probably known to 
within less than 20 J K- l  mol-'. 

For the full set of 132 compounds for which 
C,, values were available, the atomic contri- 
buiions scheme required 11 parameters to give a 
weighted average deviation of 14 J K-  ' mol- ' ; 
the bond contributions scheme required 19 
parameters to give a weighted average deviation 
of 9 J K - l  mol-l; and the group contributions 
scheme required 49 parameters to give a weighted 
average deviation of 6 J K-'  mol-l. Although 
the group contributions scheme is superior, it 
requires a dramatically larger set of parameters, 
and is only markedly superior for ring com- 
pounds. 
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TABLE 4. Group contributions to  Cp2 Acknowledgements - 
Parameter 

1 thank the National Research Council of 
Parameter 

value Canada and the Alfred P. Sloan Foundation for 
(J K-l (J K-' financial support of this work. 

Groupa ho l - l )  Group" mol-l) 

CO(O)(C) 
CH,(C)(CO) 
CH(C)z(Co) 
C(C),(CO) 
CO(C)z 
CB(C0) + 

c o ( o ) ( C ~ )  
NHz(C) 
NH(C)z 
N(C)3 
CHz(C)(N) 
CH(C),(N) 
C(C)3(N) 
NHz(CB) f 

CB(N) 
NHz(C0) 
NH(C)(CO) 
N(C)z(CO) 
CO(C)(N) 
CO(N)z 
Five-membered 

ring 
Six-membered 

ring 
Heteroation in 

five-membered 
ring 

Heteroation in 
six-membered 
ring 

"This list does not include several groups for which only one Cp 
value of low precision is available. Following Benson (12) and ~ i z e  
(25). CH3(X) has been assigned the same value for all X;  C, C,, CB, 0 ,  
N, CO; similarly HCO(Y) has been assigned the same value for all Y ;  
C, 0, N. The number in parentheses is the estimated standard devia- 
tion of the parameter, where this could be estimated. 

hDetermined by least squares analysis. 
'Based on only one compound for which this was the new contribu- 

tion. 
dOH(CB) was assigned the same value as OH(C). 

Conclusions 
It appears clear from the results reported 

above that for acyclic compounds C,, can be 
estimated with a precision which is not only good 
enough to be useful, but competitive with all but 
the best experimental determinations. As re- 
liable data for more classes of con~pounds be- 
come available it will be possible progressively 
to replace the atomic by the bond and finally the 
group contributions schemes. At present it will 
most often be necessary to employ the atomic 
contributions scheme to estimate an unknown 
C,, value because the higher order schemes lack 
parameter values. 
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Pyridine nitrosazones and their cobalt(II1) chelates 
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AHMAD SAMI SHAWALI and IKHLASS M. ABBASS. Can. J. Chem. 55,3707 (1977). 
Nitrosation of pyridine aldehyde p-tolylhydrazones 2 with amyl nitrite gives rise to p-tolu- 

eneazopyridine aldoximes 4 which form stable tris chelates with cobalt(II1). Spectral data (ir, uv, 
and 'Hmr) indicate that the ligands exist mainly in the assigned azooxime structure 4, and that 
their chelates have five-membered ring structure 7. Also, the 'Hmr spectra imply mer-configura- 
tion 9 for the chelates examined. No evidence for the tautomeric nitrosohydrazone structure 3 
for the ligands and the fac-configuration 8 for Co(II1) chelates could be obtained. Using the 
HMO method, the azooxime form 4 for the ligand was shown to be more stable than the 
nitrosohydrazone structure 3. Also, good agreement was obtained between observed transi- 
tion energies and those calculated by the HMO method. The acid dissociation constants of the 
ligands in 50 vol% ethanol-water at 25'C and ionic strength of 0.1 were determined spectro- 
photometrically. 

AHMAD SAMI SHAWALI et IKHLASS M. ABBASS. Can. J. Chem. 55,3707 (1977). 
La nitrosation dep-tolylhydrazones aldehydiques de pyridine 2 par le nitrite d'amyle conduit 

a des aldoximesp-tolueneazopyridine 4 lesquels forment des chelates stables avec le cobalt(II1). 
Les donnees spectrales (ir, uv et rmn) indiquent que les ligands existent principalement sous la 
forme azooxime 4 et leurs chelates possedent une structure comportant un cycle a cinq membres 
7. De plus, les spectres rmn suggerent une configuration mer 9 pour les chelates CtudiCs. On ne 
peut obtenir de preuves evidentes pour une structure tautomere nitrosohydrazone 3 pour les 
ligands et d'une configuration fac 8 pour les chelates Co(II1). En utilisant la mCthode HMO, on 
peut demontrer que la forme azooxime 4 pour le ligand est plus stable que la structure nitro- 
sohydrazone 3. Un bon accord est aussi obtenu entre les energies de transition observees et celles 
calculees par la methode HMO. Les constantes de dissociation acide des ligands dans une 
solution a 50% par volume ethanol-eau a 25°C a une force ionique de 0.1 sont determinees 
spectrophotometriquement. 

[Traduit par le journal] 

Various nitrosazones of type 1 (X = H, alkyl, 
or aryl and Ar = substituted phenyl) have been 
described (1-4). However, nitrosazones in which 
X (in 1) is a heterocyclic group have so far not 
been reported. In this paper we describe the 
synthesis of three heterocyclic nitrosazones, 
namely 4a to 4c, and report on their spectro- 
scopic and acid dissociation properties. We have 
also probed the synthesis, structure, and stereo- 
chemistry of cobalt(II1) chelates with these 

X--C( : N0H)N : NAr 
1 

heterocylic nitrosazones, and the results are 
described in this report. The present investiga- 
tion was undertaken to see the effect of the 
presence of a heteronitrogen atom in the X group 
on the tautomeric structure of 1, and to establish 
the relative stability of the possible tautomeric 
forms of 1 within the framework of the Huckel 
molecular orbital method (HMO). Also, it was 

IAuthor to whom all correspondence should be ad- 
dressed. 

our intention to examine the effect of such a 
heteroatom on the structure and the stereo- 
chemical pattern of the Co(II1) chelates with 1. 

Results and Discussion 
Treatment of pyridinealdehyde p-tolylhydra- 

zones 2a to 2c with amyl nitrite in methanol in 
the presence of sodium methoxide gives the 
corresponding nitrosation products. The spectral 
characteristics of the latter products indicate 
that they exist exclusively in the azooxime 
structure 4 .  No evidence for the tautomeric 
nitrosohydrazone structure 3 could be obtained. 
The latter form is probably first formed in the 
nitrosation of 2 ,  and immediately tautomerises 
to 4 .  

In ethanol each compound exhibits two 
characteristic bands: a weak n-x* maximum 
(log E < 4) near 430 nm, and a strong n-n* 
band (log E > 4) at 323 nm (Table 1). Such an 
electronic absorption pattern is similar to that 
reported (5) for trans azo compounds, and 
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TABLE 1. Spectral characteristics of the compounds 

Compound (cm- ') (assignment) (KBr) 

3200-3280(NH)d 
3220-3240(NH)d 
3140-3260(NH)d 
320&2300(0H), 1025(NO) 
320&2500(0H), 1050(NO) 
3 100-2300(0H), 1043(NO) 
3400-3000(0H), 1032(NO) 
1245(NO) 
1255(NO) 
1220(NO) 
1230(NO) 

"From tetramethylsilane at 60 MHz in CDCI3; aromatic protons give multiplet signal in the region 6.80-8.90 ppm. 
bCenter of a broad signal. 
COverlapped by aromatic proton multiplet. 
dWeak. 

accordingly is in support of the assigned azo- 
oxime structure 4. 

Infrared spectra of the compounds 4a to 4c in 
the solid state and in solution (CCI,) show an 
intense band near 1040 + 10 cm-' assignable to 
the N-0 stretch. Simple monoximes usually 
exhibit their N-0 stretch in the region 930- 
960 cnl-'. The higher frequency position of the 
NO band in 4 might be due to the possible con- 
tribution of the resonance structure 5, as was 
suggested for quinone monoximes (V,, = 975- 
1007 cm-') (6). Furthermore, the spectra of 4 in 
the solid state (KBr) and in solution (CCI,) show 
a broad band in the 2800-3150 cn1-', due to the 
hydrogen bonded OH group. The parent hydra- 
zones 2a to 2c exhibit a weak NH band near 
3200 cm-l. The solution phase of 4 shows an 
additional sharp band near 3500 cm-' whose 
intensity is concentration dependent. Most 
probably the latter band arises from a free OH 
group. nCH3 
R-C //N-NH R-C //NN--NH 

\H 'N=O 

K-c, 

N-OH \ N = ~ H  

The 'Hmr spectra of 4a to 4c also support their 
assigned structure. Thus, in CDCl, all com- 
pounds exhibit a one proton broad signal at 
6 12.6-1 3.6 ppm (disappeared on shaking the 
solution with D,O) assignable to =NOH. The 
Ar-CH, protons in 4 show two distinct but 
overlapping signals (Table 1). This observation 
suggests that each of the con~pounds exists in 
solution as a mixture of the EE and ZE isomers. 
Unsymmetrical ketoxirnes exhibit solution equi- 
libria of isomers which can be identified by their 
'Hmr spectra (7). The arylazooximes (R = H, 
alkyl, or aryl) show a parallel behaviour (3, 4). 

To establish the relative stability of the 
azooxime and nitrosohydrazone tautomers of 
the compounds prepared within the framework 
of the Huckel molecular orbital (HMO) method 
( 9 ,  use has been made of the concept of bonding 
energy, defined by the equation: 

where W is the total n-electrons localized on 
atomic orbitals. That is 

4 5 where n is the number of atomic centres, si is the 
a R = 2-F'yridyl c R =CPyridyl number of electrons contributed by atom i to 
b R = 3-F'yridyl d R = Phenyl the n system, and ai is the Coulomb integral for 
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atom i. For a given tautomeric pair, the tautomer 
with the greater bonding energy is expected to 
have the greater stability. 

In  the application of the HMO method, the 
standard convention was adopted for hetero- 
atoms (X) in which h, and kc, were related, 
respectively, to the Coulomb integral (a,) and 
the resonance integral (PC,) by the relationships: 

Pcx = kcxPo 

The values used in this work are based on those 
given by Streitwieser (8); the values for the azo 
group have been successfully used by Block (9). 
In Table 2 are summarized the values of the 
heteroatom parameters used. 

Bonding energies were calculated for the 
tautomers of compounds studied (3a to 3d) and 
the values of ABEAOpNH are given in Table 3. As 
shown for all the compounds, the ABE value is 
positive indicating greater stability for the 
azooxime form. The results are in agreement 
with the spectral evidence presented above. The 
energies for the first electronic transitions were 
also calculated and the results are given in Table 
3 together with the observed transition energies. 
The good agreement between the two sets of 
values substantiates further the azooxime struc- 
ture assigned. 

The acid dissociation constants of the nitro- 
sazones 3a to 3c together with that of p-toluene- 
azobenzaldoxime (3d) were determined spec- 
trophotometrically in 50 vol% ethanol-water 
solution at 25.0 + O.l°C and ionic strength 
p of 0.10. At p H  7 7, each compound exhibits 
an intense n-n* band near 325 nm. In alkaline 
medium the ambident anion, RC(N0-)N:NAr 
H RC(N0) : N N A ~  shows an intense n-n* band 
at 350 + 5 nm. Spectra recorded at different 
p H  values showed an isosbestic point near 

TABLE 2. The HMO heteroatom parameters used in the 
study of azooxime-nitrosohydrazone tautomerism 

Azooxime Nitrosohydrazone 

330 nm. The absorbance values of freshly 
prepared solution measured at A,,, of the anion 
plotted against p H  showed a dependence in the 
shape of a dissociation curve of a monobasic 
acid. From the pH-absorbance data, the pKa 
values for 3a to 3d were calculated. At least two 
independent runs were conducted for each com- 
pound. The pKa values were reproducible to 
f 0.02 pK unit in different titrations, and the 
average values thus obtained are listed in Table 3. 
The data show that the heterocyclic nitrosazones 
3a to 3c are more acidic thanp-tolueneazobenzal- 
doxime 3d. The low values of pKa for 3a to  3c 
are due to  the electron withdrawing character of 
the heterocyclic substituent (10). 

Arylazooximes 4a to 4c, like 4d, combine quite 
readily with cobalt(I1) acetate in aqueous 
ethanolic solution and the tris arylazooximato 
cobalt(II1) separates out as dark-red crystals 
from such solutions. Analysis of the complexes 
synthesized substantiates the assigned com- 
position. It is known (1 1) that cobalt(I1) under- 
goes very fast oxidation by aerial oxygen in 
presence of nitrosazones. 

Hunter et al. (4) described the cobalt(II1) 
complexes of arylazobenzaldoximes and assigned 
them the six-membered ring formulation 6 on the 
basis of analogy with tris-(2-ary1azophenolato)- 
Co(II1). On the other hand Kalia et al. (1 l), on 
the basis of infrared spectra, assigned the five- 
membered ring structure 7 for such complexes. 
The infrared spectra of the complexes of this 
study seem to be compatible with the five- 
membered ring structure 7. Thus, in their ir 

spectra each compound exhibits its N-0 band 
at a frequency which is about 200 cm-I higher 
than that of the corresponding ligand. This large 
increase in v,, indicates that in the chelate the 
ligand does not exist in the oxime form. N- 
Oxides and ilitrones exhibit their N-O bands at 
much higher frequency ranges than that of 
oxomes (12). It is assumed that the arylazo- 
oximes, by analogy with some oximes (1 1, 13), 
probably react momentarily in the nitrone form. 

On the basis of the five-membered ring 
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TABLE 3. Acid dissociation constants, bonding energy differences between azooxime and nitroso- 
hydrazone tautomers of nitrosazones, and observed and calculated transition energies 

C a l ~ d . ~  transition 
energies 

ABEAo-NHb Major h,,,(EtOH) EmaXC 
Compound B" tautomer (nm) (ev) 8" eV PK, 

4a 0.901 A 0  435 2.850 0.857 2.845 9.61 
4b 0.899 A 0  436 2.843 0.848 2.815 9.54 
4c 0.900 A 0  430 2.883 0.864 2.868 9.45 
4d 0.799 A 0  430 2.883 0.846 2.809 9.99 

T h e  HMO resonance integral. 
bAO = azooxime: NH = nitrosohydrazone. 
Transition energy in electron volts. 
dcalculated transition energy for azooxime form in units of P, and in electron volts using the conversion factor of 

3.32 eV/P (15). 

structure 7, the Co(II1) chelates can have the mer-isomer to be sterically more favourable than 
fac- and/or the mer-configurations, 8 and 9 the fac-form. 
respectively. To identify the exact configuration 
of such chelates, their 'Hmr spectra in CDC1, Experimental 

were examined. The spectral data are summa- Melting points are uncorrected and were measured on 

rized in Table As shown, each chelate exhibits a Gallenkamp electrothermal instrument model 1A6301. 
The 'Hmr suectra were recorded on a Varian T60-A 

8 9 

three signals of equal intensity for the p-methyl 
protons. This observation indicates that the 
complexes have the mer-configuration, 9. This is 
because the mer-isomer 9 has no symmetry 
element and this makes the three chelate rings 
magnetically unequivalent, and accordingly the 
p-tolyl groups would have different chemical 
shifts. On the other hand, the fac-form, 8, has a 
threefold axis of symmetry and this renders all 
three chelate rings magnetically equivalent. This 
difference has been used to determine the con- 
figuration of several tris-chelates of Co(II1) (14). 
That the complexes prepared take up the mer- 
formulation 9 rather than the fac-structure 8 
seems to be due to the lower degree of steric 
crowding in 9 than in 8. Thus, in the fac-isomer 
three p-tolyl groups project from corners of one 
of the faces of the octahedron, whereas in the 
mer-form a maximum of two p-tolyl groups pro- 
ject on each face. This difference renders the 

spectrometer: Electronic and vibration spectra were 
measured on Unicam SP8000 and SPlOOO spectrophotom- 
eters respectively. Elemental analyses were performed 
by Alfred Bernhardt Mikroanalytisches Laboratorium, 
West Germany. 

Hydrazones (2a to 2c) 
Thep-tolylhydrazones 2a to 3c were prepared by adding 

the appropriate aldehyde (0.01 mol) to p-tolylhydrazine 
hydrochloride (0.01 mol) in methanol (70 ml). In each 
case, the mixture was refluxed for 3 h, and working it up 
gave the corresponding hydrazone in 80-90% yield, 
which was crystallized from methanol. Anal. calcd. 
(found) for 2a: mp 177°C; C13H13N3; C 73.90 (73.88), 
H 6.20 (6.20), N 19.89 (19.90); for 2b: mp 160°C; 
C13H13N3; C 73.90 (73.79), H 6.20 (6.18), N 19.89 
(18.87); for 2c: mp 182°C; CI3Hl3N3; C 73.90 (73.95), 
H 6.20 (6.19), N 19.89 (19.89). 

Synthesis of Nitrosazones (4a to 4d) 
These were prepared by allowing the appropriate 

hydrazone to react with excess n-amyl nitrite following 
the procedure as previously described by Bamberger (3). 
All compounds were crystallized from methanol. Anal. 
calcd. (found) for 4a: mp 139-140°C; C13H1,N40; 
C 64.98 (64.54), H 5.03 (4.99, N 23.32 (23.28); for 4b:  
mp 164-165"C, C13H12N40; C 64.98 (65.02), H 5.03 
(5.10), N 23.32 (23.30); for 4c:  mp 18O0C, C13H12N40; 
C 64.98 (64.82), H 5.03 (4.94), N 23.32 (23.31); for 4d:  
mp 110-1 l l°C (lit. (2) 11 1°C). 

Cobalt (111) Chelates: General Method 
Nitrosazone (0.007 mol) was dissolved in ethanol 

(20 ml) and to it was added cobalt(I1) acetate.4H20 
(0.002 mol) dissolved in water (6 ml) at room tempera- 
ture. The reaction mixture, which turned immediately 
deep pink in colour, was stirred for 2 h, left overnight at 
room temperature, diluted with water, and extracted with 
chloroform. The extract was dried (MgSO,) and filtered. 
The solvent in the filtrate was removed and the residue 
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left was crystallized from benzene - petroleum ether. 
Anal. calcd. (found) for 7a:  mp 194-195°C; C39H33N12- 
O ~ C O ;  C 60.31 (60.15), H 4.28 (4.30), N 21.64 (21.49), 
Co 7.58 (7.32); for 7b: mp 218-219°C; C 3 9 H 3 3 N 1 2 0 3 C ~ ;  
C 60.31 (60.04), H 4.28 (4.36), N 21.64 (21.63), Co  7.58 
(7.67); for 7c: mp 205-207°C; C 3 g H 3 3 N 1 2 0 3 C ~ ;  C 60.31 
(60.50), H 4.28 (4.47), N 21.64 (21.51), Co 7.58 (7.36); 
for 7d: mp 145-146°C (lit. (4) 145°C). 

Acid Dissociation Constants of the Ligands 4a to 4d 
These were determined spectrophotometrically in 

50 vol% ethanol-water at ionic strength of 0.10 and 
25 + 0.1"C as previously described (1). p H  measurements 
were made using a Radiometer p H  meter model 63, and 
the observed p H  values (B) were corrected to  hydrogen 
ion concentration using the relation: -log [H+]  = B + 
log U, where log UH is the correction factor for the 
medium used (1). The pK, values are given in Table 3. 

H M O  Calculations 
These were carried out on Hewlett-Packard calculator, 

model 9830A. 

1 A. S. SHAWALI and B. ALTAHOU Can. J. Chem. 54, 
3260 (1976). 

2. K. C. KALIA and A. CHAKRAVORTY. J.  Org. Chem. 35, 
223 (1970). 

3. E. BAMBERGER and W. PEMSEL Ber. 36,85 (1903). 

4. L. HUNTER and C.  B. ROBERTS. J .  Chem. Soc. 823 
(1941). 

5. A.  E. GILLAMS and E.  S. STERN. Electronic absorp- 
tion spectroscopy. Edward Arnold, London. 1960. p .  
271. 

6. D. HADZI. J .  Chem. Soc. 2725 (1956). 
7. E. LUSTIG. J .  Phys. Chem. 65,491 (1961). 
8. A. STREITWIESER. Molecular orbital theory for or- 

ganic chemists. John Wiley & Sons, New York. 1961; 
N. C. BAIRD and M. A. WHITEHEAD. Can. J. Chem. 
45,2059 (1967). 

9. H.  BOCK. Angew. Chem. Int. Ed. Engl. 457 (1965). 
10. M. SIMONETTA and G. FAVINI. Gazz. Chim. Ital. 84, 

566 (1954); 85, 1026 (1955). 
11. K. C.  KALIA and A. CHAKRAVORTY. Inorg. Chem. 7 ,  

2016 (1968). 
12. R.  BLINK and D. HADZI. J .  Chem. Soc. 4539 (1950); 

K. BURGER, I .  RUFF, and F. RUFF. J.  Inorg. Nucl. 
Chem. 27, 179 (1965); L. E .  GODYCKI and R. E .  RUN- 
DLE. Acta Crystallogr. 6 ,  487 (1953); E. FRASSON, R. 
BARDI, and S.  BEZZI. ActaCrystallogr. 12,201 (1959). 

13. P. PFEIFFER and J.  RICHARZ. Ber. 61, 103 (1928); P. 
PFEIFFER. Ber. 63, 1811 (1930); N. J. PATEL and B. C. 
HALDER. J .  Inorg. Nucl. Chern. 29, 1037 (1967). 

14. A. CHAKRAVORTY and K .  C. KALIA. Inorg. Nucl. 
Chem. Lett. 3, 319 (1967) and the references cited 
therein. 

15. J .  K. ELWOOD. J .  Org. Chem. 38,2430 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Spectra of the 1: 1 and 3: 1 solid complexes of coronene-TCNQ 
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KIM DOAN TRUONG and ANDRE D .  BANDRAUK. Can. J. Chem. 55,3712 (1977). 
Two new solid TCNQ complexes have been isolated, coronene-TCNQ 1 : 1 and 3 : 1. The 

infrared and electronic absorption spectra are presented for the two different stoichiometries. 
From these spectra we infer that the complexes are covalent in the ground state with a charge 
transfer band appearing at 730 nm. The out of plane vibrations of the individual molecules are 
noticeably perturbed upon complexation. 

KIM DOAN TRUONG et ANDRE D.  BANDRAUK. Can. J. Chem. 55,3712 (1977). 
Deux nouveaux complexes de TCNQ ont CtC isoles a l'etat solide, coronene-TCNQ 1 : 1 et 

3:  1. Les spectres d'absorption infrarouge et electronique sont prksentes pour les deux stoi- 
chiometries. Nous avons Ctabli que ces con~plexes sont covalents a l'etat fondamental avec une 
bande de transfert de charge situee a 730 nm. Les vibrations de deformation des molecules sont 
perceptiblement perturbkes par la complexation. 

Introduction nection with the nature of their charge transfer 
M ~ ~ - ,  attention is presently being focused excitons (6). These are thought to be responsible 

upon charge transfer con~plexes as these offer for the photoconductor properties of charge 
alternative possibilities for semiconductor ma- transfer systems 
terials (1). In particular, complexes with TCNQ In this we present the synthesis and 
as an acceptor have given rise to interesting ~pectroscopic characterization of a system 
systems, ranging from insulators to one- similar to the ~er~lene-TCNQ system. We have 
dimensional conductors. These latter complexes obtained crystals of coronene-TCNQ in 1 1 and 
fall in the category ofn-molecular charge transfer 3 : 1 stoichiometric ratios. In Fig. 1 we illustrate 
crystals and have unusual electrical properties the structure of the individual molecules. Of 

(1, 2) .  note is the fact that perylene and coronene have 
we have recently discovered a new stoichio- very similar dimensions. In addition, TCNQ fits 

metric form of perylene-TCNQ, i.e., its 3 :  1 right into the middle of perylene. It is not sur- 
modification (3). ~ ~ ~ ~ t h ~ ~  with the 1: 1 form, prising therefore that the crystal structure of 
they present interesting examples of solid state P ~ ~ Y ~ ~ ~ ~ - ~ ~ ~ Q  (I : I) an alternation of 
solutions of organic molecules. Of note was the dollor-acceptor in linear stacks (7). Further- 
fact that the vibrational structure of the absorp- more, ~ e r ~ l e n e  in its P form (8) and coronene (9) 
tion band of pure solid perylene (4) remained have similar crystal structures. Both crystals are 
intact in the 3: 1 complex but was completely 
broadened in the 1 : 1 complex. Furthermore, the N N 
charge transfer band of both complexes showed 
no room temperature structure. To our know- 
ledge there is only one confirmed observation of 
vibrational structure in the organic solid state 
charge transfer band (5).' As it is generally 
believed that the mechanism of charge carrier 

C formation in these crystals is associated with the 
charge transfer interaction between donor and Perylene C /  'C & NN Coronene 

acceptor molecules (I), the study of crystal N 
spectra of these complexes is interesting in con- Tetracyanoquinodirnethane 

'Recently, Haarer (5) has observed a zero phonon 
(TCNQ) 

transition for a charge transfer crystal. We thank the FIG. 1 .  Structures of perylene, tetracyanoquinodi- 
referee for this observation. methane (TCNQ), and coronene. 
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TRUONG AND BANDRAUK 

FIG. 2. Infrared spectra of: (a) 3: 1 complex; (b) 1 : 1 complex. 

monoclinic with nearly perpendicular linear 
stacks of molecules. Considering the similar 
structure both for the isolated molecules and 
their crystals, it is not surprising these form 
analogous complexes with TCNQ. We should 
add that we were unable to synthesize 3 :  1 
crystals of pyrene with TCNQ. Although 
pyrene has physical similarities to perylene and 
coronene, its crystal structure (lo), although 
monoclinic, shows four molecules per unit cell 
as opposed to two molecules for perylene and 
coronene. Thus a slight geometrical disparity 
seems to be important in controlling the stoi- 
chiometries of these charge transfer systems. 

became green. The solution was cooled overnight at 
room temperature. Green needles were found to preci- 
pitate. The same crystals were found when prepared by 
the diffusion method as described in ref. 11. Elemental 
analysis gives the following result (theoretical values in 
parentheses) for the 3 : l  complex: C 91.28 (91.30), 
H 3.92 (3.62), N 4.87 (5.08). 

The 1: 1 complex was prepared as above but using 
equimolar ratios. Deep blue-black crystals were found 
after crystallization. Elemental analysis gives the 
following: C 85.72 (85.71), H 3.16 (3.17), N 10.9 (11.12). 

Electronic absorption spectra were taken in KBr with 
a Varian Techtron 635 spectrometer. Infrared spectra 
were recorded on a Perkin-Elmer 621 model with a range 
of 200-4000 cm-'. Spectra were taken in both Nujol 
mulls and KBr. Little difference was observed between 
the two media. 

Experimental Infrared Spectra 
Commercial coronene was recrystallized from ben- In Fig. 2 we present the infrared spectra of the 

zene whereas pure TCNQ was obtained from aceto- two different stoichiometric complexes. Table 1 
nitrile solution. The purified coronene (0.001 mol) was also gives a r~sumi of the more important fie- 
dissolved in hot benzene. Purified TCNQ (0.003 mol) 
was also dissolved in hot benzene in a different flask. The quencies including measurements on pure 
two solutions were then mixed hot. An exothermic TCNQ and coronene. The interpretation of 
reaction was observed immediately and the solution these results will be based on the infrared and 
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TABLE 1. Infrared frequencies (cm-I)" 

Coronene-TCNQ Coronene-TCNQ 
3: l  TCNQ Coronene 1 : 1 

as = strong, m = medium, w = weak. 

Raman study of TCNQ by Takenaka (12) where 
detailed calculations and assignments of TCNQ 
vibrational modes have been made. The vibra- 
tional spectra of coronene are less complete and 
here we rely on the partial assignments of 
Babkov et al. (13, 14). 

A perusal of Table 1 for the high frequency 
modes reveals that these modes are little per- 
turbed when compared to the isolated molecular 
frequencies. Thus the characteristic C=C vibra- 
tion of TCNQ at 1540 cm-' is essentially un- 
displaced with respect to pure TCNQ in the 1 : 1 
and 3 : 1 complexes. Similarly the very strong 
absorption of coronene at 1314 cm-' also re- 
mains unchanged in the complexes. The one 
slight difference between the conlplexes is the 
accentuation of an absorption at 1190 cm-I in 
the 3 : l  con~plex. This line occurs in pure 
TCNQ (1200 cm-I) albeit weak (12) but is also 
accentuated in the 3 : 1 perylene TCNQ complex 
(3). Thus in the region of 800-1600 cm-I, one 
can infer that one has superpositions of un- 
perturbed TCNQ and coronene molecules. 

The low frequency region of Fig. 2, 1000-700 
cm-l, shows more clearly the effect of the for- 
mation of the complexes. In particular the band 
in the region 900-800 cn1-' is quite different for 
the two stoichiometries. Thus the TCNQ and 
coronene C-H out of plane bending vibrations 
with corresponding frequencies at 856 and 848 
cm-I (12, 14) are visibly perturbed in the 3:  1 

complex. Thus the shoulder at 850 cm-I in the 
1 : 1 complex separates off in the 3 : 1 complex 
from the vibrations at 865 and 831 cm-I and 
seems to be split into two components. We 
attribute the 865 cm-' vibration to TCNQ, 
whereas the 831 cm-' vibration would seem to 
belong to complexed coronene. The doublet at 
854 cm-I probably comes from a Davydov 
splitting occurring between two equivalent un- 
complexed coronenes. This interpretation is sup- 
ported by the fact that in the 1: 1 complex the 
865 and 831 cm-' vibrations appear isolated. Of 
note is the fact that the same sort of behaviour 
occurs in the C-H region of the perylene- 
TCNQ complexes (3). As indicated in the Intro- 
duction, this is not surprising in view of the 
physical similarities between the two donors. 
We add, finally, that whereas the 962 cm-' band 
of TCNQ is absent in the 1 : 1 complex, it re- 
appears in the 3 : 1 complex. 

Electronic Spectra 
The infrared spectra in the previous section 

indicate that the complex is weak and therefore 
that one has hardly any charge transfer in the 
ground state. The charge transfer in fact occurs 
in the first excited state as shown in Fig. 3. A 
maximum occurs for both stoichiometries at 
730 nm. This transition also appears in the solu- 
tion spectrum of coronene with TCNQ ob- 
served at 740 nm by Beukers and Szent-Gyorgyi 
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I I I , I , I  

X X )  350 400 450 480 580 68) 7EO nrn 

FIG. 3. Electronic spectra: (-) coronene; (---) 3 : l  
complex; (-.-) 1 : 1 complex. 

(15). This corresponds to  the charge transfer 
band. The maximum at 400 nm corresponds to 
TCNQ (16) whereas the maxima at 300 and 350 
nm correspond to the characteristic P and p 
bands of coronene (17). In this region, the spec- 
tra of the individual moieties are well separated. 
Of interest is the fact that the p band of coro- 
nene remains virtually unchanged in pure 
coronene in the 1 : 1 and 3: 1 complexes, as seen 
clearly in Fig. 3. This is in contrast to the pery- 
lene-TCNQ complexes, (3), where the vibra- 
tional structure of the perylene absorption 
persisted in the 3 : 1 complex but was completely 
broadened in the 1 : 1 complex. This aspect of the 
coronene spectra reinforces the suggestion that 
the p band is indeed a new electronic transition 
(17). 

Returning once more to the charge transfer 
band at 730 nm, it must be noted that no vibra- 
tional structure is observed in the case of both 
1 : 1 and 3 : 1 complexes. In the analogous pery- 
lene-TCNQ system this unstructured band 
appears at 930 nm. The difference in energy 
between the charge transfer bands of these two 
systems amounts to 0.36 eV. This corresponds 
precisely to the difference in ionization poten- 
tials of the last occupied molecular orbitals of 
the isolated perylene and coronene molecules as 
reported by Boschi et al. (18). Inasmuch as these 
orbitals are of a,  symmetry for perylene and of 
e,, symmetry for coronene, one would expect 
some Jahn-Teller distortion in the charge 
transfer band of the coronene complexes. It 
would therefore be of interest to examine these 
bands at low temperature in order to resolve 

the vibrational structure and thus elucidate 
further .the true nature of these charge transfer 
states. 

Discussion 
Our spectroscopic studies of the new 1 : 1 and 

3: 1 coronene-TCNQ complexes in the solid 
state show that both stoichiometric forms are 
weak complexes with a charge transfer band 
occurring at 730 nm. The infrared spectra of 
these complexes confirm the weak interaction in 
the ground state. In addition, it is observed that 
the C-H bending vibrations are perturbed in 
both stoichiometries. This phenomenon was also 
observed in the perylene-TCNQ analogous 
system (3). The crystal structure of the 3:  1 
modification of .this system is now being investi- 
gated by HansonZ and this should help ascertain 
the cause of the splitting of these vibrations for 
that stoichiometry. 

The coronene, perylene, and TCNQ systems 
deserve further study in view of the many simi- 
larities alluded to in the Introduction. In par- 
ticular, there are phase transitions which occur 
in pure coronene (17,19) and also in perylene (8). 
It will be interesting to see what is the effect of an 
acceptor such as TCNQ on these phase transi- 
tions. We are presently studying these by reso- 
nance Raman scattering experiments and plan to  
report these results shortly (20). Another out- 
standing problem in these systems is the vibronic 
couplings in the charge transfer bands. As men- 
tioned in the previous section, the coronene 
cation should exhibit a Jahn-Teller distortion in 
the charge transfer state. This aspect and other 
problems will be examined at low temperatures 
to establish the true nature of charge transfer 
states in the solid state. 
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Potential affinity and photoaffinity reagents for the membrane protein of human 
erythrocytes involved in glucose transport. Synthesis of 6-amino-6-deoxy 

derivatives of D-glucose1 

MOHABIR RAMJEESINGH AND ARTHUR KAHLENBERG~ 
Laboratory ofMembrane Biochemistry, Lady Davis Institute for Medical Research, 

Jewish General Hospital, Montreal, P.Q.,  Canada H3TlE2 
Received January 26, 1977 

MOHABIR RAMJEESINGH and ARTHUR KAHLENBERG. Can. J. Chem. 55,3717 (1977). 
From 1 ,2-0-isopropylidene-a-D-glucofuranose 1, the 6-amino-6-deoxy-1,2 : 3,s-di-0-iso- 

propylidene-a-D-glucofuranose 6 was prepared in a four-step sequence in an overall 50% yield. 
The conversion of 6 to the 6-bromoacetamido-6-deoxy 10, 6-deoxy-6-isothiocyanato 11, and 
6-(p-azido-o-nitroani1ino)-6-deoxy 12 derivatives of D-glucose is described. 

MOHABIR RAMJEESINGH et ARTHUR KAHLENBERG. Can. J. Chem. 55,3717 (1977). 
On prepare I'amino-6 deoxy-6 di-0-isopropylidene-1,2:3,5 a-D-glucofurannose (6) a partir 

du 0-isopropylidene-1,2 a-D-glucofurannose (1) dans une synthese comportant quatre etapes 
et de rendement global de 50%. On decrit la transformation de 6 en dCrivts bromoadtamido-6 
dboxy-6 (lo), deoxy-6 isothiocyanato-6 (11) et (p-azido o-nitro-ani1ino)-6 dCoxy-6 du D- 

glucose. 
[Traduit par le journal] 

The stereospecific transport of D-glucose 
across the human erythrocyte membrane repre- 
sents a typical example of facilitated diffusion, 
mediated, apparently, by a membrane protein 
possessing one or more sugar binding sites (1,2). 
However, the results of recent attempts to 
identify this D-glucose transport protein have 
been neither definitive nor in agreement (2-8). 
The application of the methods of affinity or 
photoaffinity labelling, currently in widespread 
use for the attachment of covalent labels at the 
active-site of protein molecules (9, lo), would 
aid in establishing the identity of the D-glucose 
transport protein and would allow subsequent 
investigation of its properties. In this paper we 
wish to report the synthesis of three potential 
substrate-directed alkylating agents of the D- 
glucose transport protein, namely 6-bromo- 
acetamido-6-deoxy-D-glucose 10, 6-deoxy-6-iso- 
thiocyanato-D-glucose 11, and 6-(p-azido-o- 
nitroani1ino)-6-deoxy-D-glucose 12. Based on 
previous studies of the structural requirements 
and bulk tolerance for substituents on the D- 
glucose molecule for binding to the D-glucose 
transport protein (1 1, 12), these glucose deriva- 
tives should prove to be successful alkylating 
substrates for this transport protein. The bromo- 

'Supported by a grant (MT-3120) from the Medical 
Research Council of Canada. 

ZTo whom inquiries should be addressed. 

acetamido moiety of 10 is a well-known alkyla- 
ting group for proteins by virtue of the facile 
displacement of the bromine atom by amino 
groups (13). The isothiocyano moiety of 11 is 
known to react readily with amino and sulfhydryl 
groups of proteins yielding thioureas and dithio- 
carbamic esters, respectively (14). Upon photol- 
ysis, the p-azido-o-nitroanilino moiety of 12 is 
converted into a nitrene derivative capable of 
insertion into neighbouring C-H bonds (15). 
Moreover the absorption maximum (452 nm) of 
12 enables photolysis to be effected without 
damage to the protein. 

Selective mesylation of 1,2-0-isopropylidene- 
u - D - ~ ~ u c o ~ u ~ ~ ~ o s ~  1 gave the methylsulfonate 2 
(16). Treatment of 2 with acetone-dimethoxy- 
propane in the presence of p-toluenesulfonic 
acid gave, after 2 days of refluxing, the diacetone 
derivative 3. Displacement of the mesyloxy 
group of 3 with sodium azide in refluxing ace- 
tone-water yielded the azide 5 in good yield. 
Alternatively, displacement of the mesyloxy 
group of 2 with sodium azide gave 4 (17) which 
was then converted to 5 using acetone-dime- 
thoxy-propane and a catalytic amount of p- 
toluenesulfonic acid. Reduction of 5 by either 
catalytic hydrogenation with 10% palladium on 
charcoal or excess sodium borohydride in re- 
fluxing isopropanol gave the syrupy amine 6 in 
good yield. The amine 6 had been obtained pre- 
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viously and characterized as its crystalline p- 
toluenesulfonate salt by Grosheintz and Fischer 
(20) and by Ohle and v. Vargha (21). 

Reaction of the amine 6 with bromoacetic 
anhydride in dimethylformamide gave the 
crystalline bromoacetamido-D-glucofuranose de- 
rivative 7. Treatment of 7 with 50% aqueous tri- 
fluoroacetic acid gave the 6-bromoacetamido-6- 
deoxy-D-glucose 10, mp 1 15-1 19°C. 

Treatment of the amine 6 with dicyclohexyl- 
carbodiimide and carbon disulfide in tetra- 
hydrofuran (18) at - 10°C yielded the crystalline 
isothiocyanate 8. Mild cleavage of the diaceton- 
ide with 50% aqueous trifluoroacetic acid at 
10°C gave the oily 6-deoxy-6-isothiocyanato-D- 
glucose 11. 

Upon treatment of the amine 6 with 4-azido- 
1-iluoro-2-nitrobenzene (19) in ethanol at 60°C 
for 24 h, 6-(p-azido-o-nitroani1ino)-6-deoxy- 1 ,- 
2 : 3,5-di-0-isopropylidene-a-D-glucofuranose 9 
was obtained as bright red crystals, mp 95°C. 
Cleavage of the diacetonide with 50% aqueous 
trifluoroacetic acid at room temperature gave the 
corresponding glucose derivative 12, mp 180°C 
(dec.). 

Experimental 
Melting points were determined on a Mel-Temp block 

and are uncorrected. Mass spectra were obtained on a 
AE1-MS-902 mass spectrometer at 70 eV using a direct- 

insertion probe. Nuclear magnetic resonance spectra were 
recorded on a Varian Associates T-60 spectrometer using 
tetramethylsilane as an internal standard. Infrared 
spectra were obtained on a Unicam SP-200G Grating 
Spectrophotometer. Ultraviolet spectra were determined 
with a Beckman spectrophotometer Acta V. Micro- 
analyses were carried out by C. Daessle, Montreal. 
Analytical thin layer chromatography was performed on 
silica gel coated plastic plates (Eastman Kodak) and on ti 
preparative scale on silica gel (Merck UV254,366) coated 
glass plates. Ascending paper chromatography was per- 
formed on Whatman No. 1 paper. 

1,2-0-Zsopropylidene-6-0-methylsulfonyl-a- D- 
glucofuranose 2 

The procedure of Freudenberg and v. Oertzen (16) was 
used with modifications in the work-up procedure. After 
the reaction was completed, the solvent was evaporated 
off and the residue dissolved in a small volume of chloro- 
form was passed through a silica-gel column (act. III), 
using ethyl acetate as an eluent. The first several fractions 
collected gave the product as a clear viscous oil which 
crystallized on standing, mp 99°C (lit. (16) mp 99'C), 
yield 90%; ir (film) 1185, 1360 (-SOz), 1385 (gem- 
dimethyl), 3500 cm-' (OH); 'Hmr(CDC1,) 6 1.30 (s, 3H, 
C-Me), 1.50 (s, 3H, C-Me), 3.06 (s, 3H, S-Me), 4.10 
(2H, exchangeable, 2 OH), 4.15 (m, 2H), 4.48 (m, 3H), 
4.52(d, J =  3.5Hz, H-2), 5.90(d, J =  3.5Hz, H-1). 

1,2: 3,S-Di-0-isopropylidene-6-0-methylsulfonyl-a-D- 
glucofuranose 3 

The mesylate 2 (6 g, 16.8 mmol) was heated under 
reflux in a mixture of acetone (50 ml) and dimethoxy- 
propane (75 ml) containing p-toluenesulfonic acid (10 
n ~ g )  with a Dean-Stark trap filled with molecular sieves. 
After 48 h, the mixture was evaporated to dryness and 
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purified on a silica-gel column (act. 111) with ethyl ether - 
benzene (3:7) as eluent. The first fractions gave the oily 
diacetonide (4.8 g, Rf = 0.65, ether-benzene 3: 7), yield 
85%; ir (film) 1185, 1350, 3185 cm-' (gem-dimethyl); 
'Hmr (CDCI,) F 1.30 (s, 3H, C-Me), 1.32 (s, 6H, 
C-Me,), 1.44 (s, 3H, C-Me), 3.10 (s, 3H, S-Me), 4.06 
(m, 2H), 4.48 (m, 3H), 4.60 (d, J = 3.5 Hz, H-2). 5.90 
(d, J = 3.5 HZ, H-1). 

6-Azido-6-deoxy-I,2: 3,5-di-0-isopropylidene-cc-o- 
glucofuranose 5 

The diacetonide 3 (5 g, 14.8 mmol) was dissolved in 
acetone-water (80 ml, 5:3) and sodium azide (5 g) was 
added. The mixture was heated under reflux for 72 h. The 
solution was then evaporated down to dryness. Water 
(50 ml) and chloroform (25 ml) were added and the mix- 
ture transferred to a separatory funnel. The organic layer 
was collected and the aqueous layer was further extracted 
with chloroform (2 x 25 ml). Drying of the chloroform 
extract with sodium sulfate and evaporation gave the oily 
azido derivative 5. The oil was chromatographed on a 
silica-gel column (act. 111) with methylene chloride - 
hexane (3:2) as eluent. The first several fractions gave the 
oily azido derivative (3.4 g), yield 80%; ir (film) 1385 
(gem-dimethyl), 2100 cm-' (azide; 'Hmr (CDCI,) 6 1.32 
(s, 3H, C-Me), 1.35 (s, 6H, C-Me,), 1.52 (s, 3H, 
C-Me), 3.52 (m, 2H, H-6, 6'), 4.02 (m, 2H), 4.32 (lH), 
4.50 (d, J =  3.5Hz, H-2), 5.90(d, J = 3.5 HZ, H-1). 

Alternatively 5 can be prepared from 4 by refluxing the 
latter in a mixture of acetone (30 ml) and dimethoxy- 
propane (45 ml) containingp-toluenesulfonic acid (10 mg) 
with a Dean Stark trap filled with molecular sieves. The 
work-up is the same as above giving 5 in good yield. 

6-Azido-6-deoxy-1,2-0-isopropylidene-a- D- 
glucofuranose 4 

The procedure of Cramer (17) was used for the prepara- 
tion of 4; ir (KBr disc) 1385 (gem-dimethyl), 2110 (azide), 
3600 cm-' (OH); 'Hmr (CDCI,) 6 1.32 (s, 3H, C-Me), 
1.52 (s, 3H, C-Me), 3.52 (d, J = 2.5 Hz, H-6, 6'), 3.55 
(b, 2H, OH), 4.04 (m, 2H), 4.32 (lH), 4.50 (d, J = 3.5 
HZ, H-2), 5.90 (d, J = 3.5 HZ, H-1). 

6-Amino-6-deoxy-1,2: 3,5-di-0-isopropylidene-E-D- 
glucofuranose 6 

The azide 5 (1 g, 3.5 mmol) was dissolved in absolute 
ethanol (50 ml) and hydrogenated at 2 atm pressure over 
100 mg of 10% palladium on charcoal. After 16 h, the 
catalyst was filtered off, and the solvent was removed 
under reduced pressure to give a quantitative yield of the 
syrupy amine 6.  

Alternatively, to the azide 5 (1 g, 3.5 mmol) in iso- 
propanol (50 ml) was added sodium borohydride (2.5 g) 
and the mixture refluxed for 14 h. The isopropanol was 
evaporated under reduced pressure, water (40 ml) added, 
and the aqueous solution extracted with methylene chlor- 
ide (3 x 30 ml). Drying of the methylene chloride extract 
with sodium sulfate, and evaporation gave the amine 
(0.75 g), yield 82%; ir (film) 1385 (gem-dimethyl), 3350, 
3410 cm-' (NH); 'Hmr (CDCl,) 6 1.32 (s, 3H, C-Me), 
1.35 (s, 6H, C-Me,), 1.52 (s, 3H, C-Me), 2.90 (2H, 
exchangeable, NH,), 3.52 (2H, H-6, 67, 4.02 (m, 2H), 
4.32 (lH, H-3), 4.50 (d, J = 3.5 HZ, H-2), 5.90 (d, J = 
3.5 HZ, H-1). 

The procedure of Grosheintz and Fischer (20) was used 
to prepare the crystallinep-toluenesulfonate derivative of 

the amine 6 ;  mp 172°C with heating at 10°C per minute 
(lit. (20) 171.5-172S0C); +30° (c 3.884, water). 
Ohle and v. Vargha (21) reported a rotation of $30.5" 
(c = 5.4, water). 

6-Bromoacetamido-6-deoxy-1,2 : 3,5-di-0-isopropylidene- 
a-D-glucofuranose 7 

The amine 6 (450 mg) was dissolved in dimethyl- 
formamide (5 ml). To this was added bromoacetic an- 
hydride (460 mg) dissolved in dimethylformamide (2 ml), 
The reaction mixture was stirred overnight. The solvent 
was then evaporated off and the residue chromatographed 
on a silica-gel column (act. 111). Elution with ethyl ether - 
petroleum ether (1 : 1) gave 7 (Rf = 0.5, ether - petroleum 
ether 1 : 1) which was recrystallized twice from ethyl ether, 
mp 152-154"C, [aIDz5 + 12' (C 1.5, methanol), yield 95%; 
ir KBr (disc) 1385 (gem-dimethyl), 1550 (N-H), 1670 
(amide), 3400 cm-' (N-H); 'Hmr (CDCI,) 6 1.32 (s, 
3H, C-Me), 1.35 (s, 6H, C-Me,), 1.52 (s, 3H, C-Me), 
2.92 (apparent d, J = 5 Hz, H-6, 6'), 3.58 (m, 2H), 3.82 
(s, 2H, CH2Br), 4.22 (m, IH), 4.52 (d, J = 3.5 Hz, H-2), 
5.90 (d, J = 3.5 Hz, H-1), 6.95 (lH, exchangeable, N-H). 
Anal. calcd. for C14H2zN06Br: C 44.21, H 4.79, N 3.68, 
Br 21.05; found: C 44.32, H 5.71, N 3.79, Br 21.48. 

6-Bromoacetamido-6-deoxy-D-glucose 10 
Bromoacetamido-glucofuranose 7 (500 mg, 1.3 mmol) 

was added to 50% aqueous trifluoroacetic acid (10 ml) 
and the reaction mixture was stirred for 1 h. The solvent 
was then evaporated off under vacuum, leaving a solid 
residue which was dissolved in hot ethanol (15 ml). 
Addition of ethyl acetate (5 ml) and cooling gave the 
crystalline bromoacetamido-glucose 10, mp 11 5-1 19"C, 
[aIDZ5 +3S0 (after 2 h; c 4.425, water), yield 90%; ir 
(KBr disc) 1545 (N-H), 1655 (amide), 1640 (weak, 
aldehyde), 3450cm-' (broad, 0-H); 'Hmr (D20) 6 
3.4-3.6 (3H), 3.90 (s, 2H, CHzBr), 4.0 (m, 2H), 4.7 (IH, 
H-2), 5.18 (d, J = 2.5 Hz, C-1); mass spectrum (70 eV) 
mle 265,263 (M' - 2H20), 247,245 (Mf - 3H20), 166 
(M+ - 3H,O - Br), 139, 137. Anal. calcd. for C8HI4- 
N06Br: C 32.0, H 4.67, N 4.67, Br 26.67; found: C 31.75, 
H 4.62, N 4.57, Br 27.31. 

6- Deoxy-1,2 : 3,5-di-0-isopropylidene-6-isothiocyanato- 
a-  D-glucofuranose 8 

The amine 6 (1.25 g, 4.8 mmol) dissolved in ethyl ether 
(10ml) was added to an ethyl ether (25 ml) solution 
of dicyclohexylcarbodiimide (0.9 g, 0.9 mol. equiv.) and 
carbon disulfide (10 ml) stirred at - 10°C. The reaction 
mixture was kept at - 10°C for 1 h and then allowed to 
reach room temperature during 3 h. The solution was set 
aside at room temperature overnight after which the 
dicyclohexylthiourea was filtered off. The solution was 
evaporated to a small volume which was chromatographed 
on silica-gel plates eluting with ethyl ether - hexane (1 : 1). 
The band (Rf = 0.85, ethyl ether - hexane 1: 1) was 
extracted with chloroform and evaporated to give an oil 
which crystallized on standing, mp 6S°C, [a]DZ5 +45' 
(c 2.1, acetone), yield 69%; ir (film) 1385 (gem-dimethyl), 
2100cm-' (N=C=S); 'Hmr (CDCI,) 6 1.32 (s, 3H, 
C-Me), 1.38 (s, 6H, C-Me2), 1.52 (s, 3H, C-Me), 
3.24 (d of d, JAB = 8 Hz, J = 2.5 Hz, H-6), 3.60 (d of d, 
J A , = 8 H z ,  J = 3 H z ,  H-67, 4.15 ( m + s ,  3H), 4.25 
(d, J =  3.5Hz, H-2), 5.92 (d, J =  3.5 Hz, H-1); uv h,,, 
(EtOH) 247 nm(c = 1500). Anal. calcd. for C,,H,,NO,S: 
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C 51.82, H 6.31, N 4.65, S 10.63; found: C 51.27, H 6.45, 
N 4.72, S 10.68. 

6-Deoxy-6-isothiocyanato-D-glucose 11 
The isothiocyanate 8 (600 mg, 2 mmol) was dissolved 

in 50% aqueous trifluoroacetic acid (15 ml) and stirred 
at  10°C for 1 h. The solvent was then evaporated off 
under vacuum leaving the 6-deoxy-6-isothiocyanato-D- 
glucose 11 as an  oil. Paper chromatography had shown 
the product to be homogeneous with Rf = 0.5 (1- 
butanol-EtOH-H20, 6:4:3) and with Rf = 0.75 (EtOH- 
Py-H20, 6:4:3); ir (film) 2100cm-' (N=C=S); 'Hmr 
(D20)  6 3.4-4.5 (5H), 4.7 (IH), 5.18 (d, J = 2.5 Hz, C-I). 
Anal. calcd. for C7HllN05S:  C 38.05, H 4.98, N 6.33, 
S 14.48; found: C 37.92, H 5.02, N 6.31, S 14.30. 

6- (p-Azido-o-nitroanilino) -6-deoxy-1,2 : 3,5-di-0- 
isopropylidene-a-D-glucofuvanose 9 

The amine 6 (250 mg, 1 mn~ol)  and 4-azido-l-fluoro-2- 
nitrobenzene (550 mg, 3 mmol) were heated together a t  
60°C in ethanol for 48 h. Evaporation of ethanol gave a 
red residue which was chromatographed on silica-gel 
plates with benzene - methylene chloride (4: 1) as eluent. 
The coloured band at  R, = 0.55 was extracted with 
chloroform. The oil so obtained was dissolved in hexane 
and refrigerated at  4°C to give the crystalline product, 
mp 98-10O0C, [aIDz5 - 142' (c 0.82, acetone), yield 65%; 
ir (KBr disc) 1385 (gem-dimethyl), 1520 (NO2), 2100 
(N,), 3360 cm-' (amine); 'Hmr (CDCI,) 6 1.32 (s, 3H, 
C-Me), 1.35 (s, 6H, C-Me,), 1.54 (s, 3H, C-Me), 3.23 
(m, 2H, H-6, 6'), 4.25 (m + s, 3H), 4.51 (d, J = 3.5 Hz, 
H-2), 5.90 (d, J = 3.5 Hz, H-I), 6.92 (IH, exchangeable, 
N-H), 7.7 and 8.82 (3H, aromatic protons). uv h,,, 
(EtOH) 252, 455 nm (E  = 28 200 and 4600). Anal. calcd. 
for C18HZ3N507: C 51.31, H 5.46, N 26.60; found: C 
50.92, H 5.56, N 26.46. 

6- (p-Azido-o-nitroanilino) -6-deoxy- D-glucose 12  
The azido derivative 9 (150 mg) was stirred in 50% 

aqueous trifluoroacetic acid (10 ml) for 1 h in the dark. 
The reaction mixture was then evaporated to dryness. 
The residue after washing with methylene chloride (2 x 
15 ml) was filtered giving 95 mg of the product, mp 192°C 
(dec.), yield 78%; ir (KBr disc) 1520 (NO,), 1680 (C=O), 
2110 (N,), 3450 cm-' (b, 0-H); uv h,,, (EtOH) 252, 

455 nm ( E  = 28 000,4600). Anal. calcd. for CIZHl5N5O7: 
C 42.23, H 4.40, N 20.53; found: C 41.24, H 4.45, N 
19.86. 
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Bo-LONG POH. Can. J. Chem. 55,3721 (1977). 
A modified MacInnes equation is presented and its relationships with Taft and Brernsted 

equations discussed. 

Bo-LONG POH. Can. J. Chem. 55,3721 (1977). 
On presente une equation modifike de MacInnes; ses relations avec les Cquations de Taft et 

Brernsted sont discutees. 
[Traduit par le journal] 

Introduction Results and Discussion 
About 50 years ago MacInnes ( I )  found that The has the 

the ionization constants of several homologous form 

series of o-substituted carboxylic acids could be [3] pK, = pK, + Sl12/12 
expressed by 

where 1,  refers to the distance between the car- 
[ I ]  pK, = pK, + S/n boxylic acid group and the substituent in the 

first member of the homologous series, namely 
where n is the number of methylene carbon XCH,COOH.  ti^^ 3 is similar to [21 with 
atoms between the carboxylic acid group and the S ,  = s1,2 and is also similar to [ I ]  because the 
substituent and pK, and S are empirical con- values of j 1 2 / 1 2  turn out to be close to the corre- 
stants. Later, Greenstein (2) showed that the sponding values of l / n  (see Table 1 )  when the 
MacInnes equation could be modified to fully extended conformation is used to calculate 

[21 pKa = pK, + S'/12 1 in the usual manner (3).  We suggest that those 
acids which give linear pK, against l / n  plots are 

where 1 is the distance between the carboxylic fully extended in conformation. Table 2 lists the 
acid group and the substituent and S' is an em- acids that follow the MacInnes equation closely 
pirical constant. In this paper we put forward together with the calculated values of pK,, S, 
a slightly modified MacInnes equation that en- and the correlation coefficients. The results indi- 
compasses [ I ]  and [2] and discuss some inter- cate that the dipolar and charged substituted 
esting deductions from it. acids listed in Table 2 are fully extended in 

+ 
TABLE 1. Con~parison of l / n  and ll2/I2 for some X(CH,).COOH and X(CH2).NH3 

1 /n 1 0 . 5 0  0 . 3 3  0 . 2 5  
X = C1 1 0 . 5 4  0 . 3 4  0 . 2 1  ( 3 . 3 9 4 "  
X = Br 1 0 . 5 4  0 . 3 4  0 . 2 1  (3 .43  A)" 

lI2/l2* for X(CH2).COOH 
X = Ib 1 0 . 5 3  0 . 3 5  0 . 2 2  (3 .49A)"  
X = OHb 1 0 . 5 4  0 . 3 3  0 . 1 9  (3.35 A)" 
X = CNb 1 0 . 5 2  0 . 3 9  0 . 2 6  (4.18 A)" 
X = COOH 1 0 . 5 2  0 . 4 1  0 . 2 9  (4 .87A)"  

+ 
l,z/lz* for x(cH,),&H, 

X = NH,' 1 0 . 4 6  0 . 3 7  0 . 2 7  (3 .02  A)" 
X = COO- 1 0 . 5 2  0 . 3 8  0 . 2 5  (3 .97A)"  

112/12 for free rotation conformationd 1 0 . 7 5  0 . 5 8  0 . 5 2  

NOTE: * indicates fully extended conformation. 
QThe ratios were calculated from data taken from ref. 3 unless otherwise stated. The values of lI are given in parentheses. 
bcalculated in this work using the method in ref. 3. 
CCalculated from data taken from ref. 22. + 
dAverage 112/12 value for free rotation conformation for X = C1, Br, COOH, and NH, in X(CH2),,COOH. Calculated from data taken from 

ref. 3. 
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water. Similar conclusions have been reached 
for charged substituted acids but the conclusions 
for the dipolar substituted acids are not ill agree- 
ment with earlier ones which are, however, not 
clear cut (4, 5). The deviation of malonic acid 
(2) from such a plot can be explained in terms of 
the folded structure of its monoanion due to the 
presence of intramolecular H-bonding (6-8). A 
folded conformation gives a smaller value of I 
and thus a smaller pK, value. This is indeed the 
case for malonic acid. Equation 3 was applied to 

TABLE 2. Calculated values of pK and S for some o-sub- 
stituted aliphatic carboxylic acids and amine conjugate 

acids, X(CHZ).Y 

X S pK, n* r** Ref. 

Y = COOH 
H -0.15 4.91 7 - 19a 
C1 -2.52 5.34 4 1.000 20 
Br -2.46 5.32 5 0.999 20 
I -2.19 5.30 4 0.992 20 
OH -1.38 5.20 4 0.999 20 
COOH -0.97 4.99 5 0.985 19b 
COO - +0.34 5.03 5 0.987 19b 

f b ~ ,  -2.55 4.88 5 1.000 21 
so,- -1.12 5.31 5 1.OOO 1 9 ~  
CsHs -0.83" - - - - 
F -2.57" - - - - 

CHSCO - 1.56" - - - - 
CH3S -1.42" - - - - 
HZNCO - 1 .50a - - - - 

CH30 -1.61" - - - - 
CN -2.67" - - - - 

NOZ -3.46" - - - - 

~ ( c H , ) ~  -3.31a - - - - 
+ 

Y = NH3 
H 0.00 10.64 9 - 2 1 
Br -5.34 11.12 3 0.925 21 
OH -3.32 11.14 5 0.991 21 
COO - -1.29 11.02 5 0.979 21 
h ~ 3  -8.54 11.43 6 0.991 21 
so,- -6.35 12.15 6 0.997 21 
NH2 -3.03 11.17 6 0.965 21 
COOCzH5 -3.28 10.89 5 1.000 21 
C ~ H . S  -1.46 10.71 5 0.993 21 
Po,' - -1.31 11.35 4 0.981 21 
CC13 -6.47 12.15 4 0.979 21 
CF3 -2.95b - - - - 

CH3S -3.52' - - - - 
CH30 -3.28' - - - - 
CN -5.91b - - - - 
HC=C -3.10b - - - - 

NOTE: Average pK, = 5.14 f 0.18 for Y = COOH; 11.25 + 0.50 
for Y = NH,. *Number of points used in the correlation. **Correla- 
tion coefficient. 

aCalculated from the pK, values of XCH,COOH using 111 with 
n = 1 and pK, = 5.14. + 

bCalculated from the pK, values of XCH2NH3 using [I]  with n = 1 
and pK, = 11.25. + 

CCalculated from the pK, values of X(CH,),NH, using [I] with 
n = 2 and pK, = 11.25. 

three series of carboxylic acids with known struc- 
tures, namely 4-substituted bicyclo[2.2.l]hep- 
tane-1-carboxylic acids, 4-substituted bicyclo- 
[2.2.2.]octane- 1 -carboxylic acids, and trans-4- 
substituted cyclohexane-1-carboxylic acids, to 
test its applicability in predicting their pK, values 
in water. The values of pK, and S used were 
taken from Table 2 and the values of I were cal- 
culated from the known geometries of the mole- 
cules. The results given in Table 3 show that the 
observed and calculated values are in good agree- 
ment. 

From the close agreement in the pK, values 
for different substituents and their closeness to 
the pK, value for the unsubstituted series we 
may approximate [3] to 

where KO is the ioiiization constant for the un- 
substituted acid. Equation 4 is analogous to the 
Taft equation 

with S and lI2/l2 analogous to - o* and p*, 
respectively. For the ionization of substituted 
acetic acids, XCH2COOH, in water at 25°C with 
p* = 1.72 and 112/12 = 1, and using o, = 0.45~* 
(9, lo), we expect o, = - 0.26s from [4] and [5]. 
A plot of o, against S (Fig. 1) is linear and yields 
a slope of -0.23 which is close to the predicted 
value of - 0.26. Comparing [4] and [5] we expect 
the ratio of the S values for the aliphatic car- 
boxylic acids and amine conjugate acids to be 

TABLE 3. Observed and calculated ionization constants of 
4-substituted bicyclo[2.2.1]heptane-1-carboxylic acids, 
4-substituted bicyclo[2.2.2]octane-1-carboxylic acids, and 
Pans-4-substituted cyclohexane-1-carboxylic acids in 

water 

Substituent pKaa pKab PK," 

H 4.88(4. 86)d 5.08(4. 87)d 4.90(4. 87)d 
COO- 4.98(4.92) 5.16(5.12) 5.06(5.12) 
OH - - 4.69(4.83) 
OCH, - - 4.66(4.71) 
COOCH, 4.49(4.58) 4.76(4.67) 4.66(4.67) 
COOH 4. SO(4.68) 4.77(4.73) 4.67(4.73) 
C1 4.36'(4.53) 4.62'(4.66) 4.58(4.66) 
CN 4.23(4.29) 4.55(4.92) 4.48(4.42) 
&(cH,), 3.72(4.08) 4.08(4.25) - 

~4-Substituted bicyclo[2.2.1lheptane-1-carboxylic acids, 112/12 = 

0.32; pK, data taken from ref. 23. 
b4-Substituted bicyclo[2.2.2]octane-1-carboxylic acids, lI2/l2 = 

0.27; pK, data taken from ref. 23. 
<trans-4-Substituted cyclohexane-1-carboxylic acids, 112/12 = 0.27; 

pK, data taken from ref. 24. 
dCalculated values in parentheses. 
eBr. 
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POH 

1.0 1 

SOOH 

FIG. 1. or vs. S(CO0H). 

FIG. 2. S ( N H ~ )  vs. ~ ( C O O H ) .  

equal to the ratio of their p* values. A plot of constants, eq. 4 can similarly be modified by re- 
the two sets of S values yields a slope of 2.30 placing the equilibrium constant K,  by the rate 
(solid line, Fig. 2) which is close to the p* ratio constant k,. For a general acid-catalyzed reac- 

of 1.85 (11) for the two series XCH,&H, and tion 6 + 6 -  + 
XCH,COOH, and 1.87 (11) for the two series [61 HA + B B---H---A $ BH + A-  

+ 
A~CH,NH, and ArCH,COOH. The reason that where HA is an acid and B a base, the charge 
the charged substituents fall on a separate and developed on A in the transition state is only a 
almost parallel line (slope 2.48) is not clear fraction (a, the Brsnsted coefficient) of that of 
(9, 10). the conjugate base A. Therefore, the equation 

Since the Taft equation is applicable to rate correlating the rate constants is 
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TABLE 4. Anomalous and corrected Brmsted exponent (a) 

a 

Reaction series Reported Correcteda Ref. 

H z 0  
2. ArCHzNOz + B + ArCHNO2- + BH+ 

(B = morpholine) 

50% H z 0  
5. ArCHMeNO, + OH ArCHMeN0,- + H 2 0  1.17 0 . 7 0  

Dioxane 
(16) 

50% H20-MeOH 
6. ArCHMeNO, + OR - ArCHMeN0,- + ROH 1.37 0.83 (17, 18) 

50% H20-MeOH 
7. ArCH,CHMeNO, + OR > ArCH2CMeN02- + ROH 1.61 0 .89  (17, 18) 

'The values of  I that were used to calculate these numbers are given 

[71 -log k,  = aSlj2/12 - log ko 

The combination of [4] and [7] yields 

[8] log k,  = ma log K, + (log ko - ma log KO) 

where m = (1e/1r)2 and I, and I, denote the dis- 
tances between the substituent and the center 
where the charge is located for the general acid- 
catalyzed reaction and the ionization equili- 
brium, respectively. When the charge is located 
on the same atom in both the transition state of 
the general acid-catalyzed reaction and in the 
conjugate base in the ionization equilibrium of 
the corresponding acid m is unity and [8] is re- 
duced to the Bransted (12) equation. The reac- 
tions that give anomalous a values (outside the 
range of zero to one) are those that do not have 
the charge located on the same atom in both the 
transition state of the general acid-catalyzed 
reaction and in the conjugate base in the ioniza- 
tion equilibrium of the corresponding acid. In 
such cases the reported a values should really be 
ma values. Table 4 gives a list of reactions which 
have anomalous a values (1 3). In the nitroalkane 
series the negative charge of fully formed nitro- 
nate ions is very probably largely delocalized 
onto the nitro group (13) whereas the partially 
developed negative charge in the transition state 
of the nitronate ions producing process is prob- 
ably located on the a-carbon atom. By substi- 
tuting the estimated 1 values the reported values 
were corrected and found to be normal (Table 4). 

in the Appendix. 

We are currently attempting to relate the 
modified MacInnes equation to the Kirkwood- 
Westheimer (3) equation. We hope to be able to 
explain why in the case of charged substituted 
acids their pK, values are inversely proportional 
to the square of 1 in the modified MacInnes 
equation but are inversely proportional to 1 in 
the Kirkwood-Westheimer treatment. 
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Appendix 
The values of 1 used in Table 4 were calculated 

from the following data using chlorine as the 
substituent. 

Arylnitromethanes 
l,(para) = PC, = 5.18 A;  l,(meta) = MC, = 

5.12 A; le(para) = PL = 6.46 A; le(meta) = 

ML = 6.76 A; m(para) = 1.56; m(meta) = 
1.75. Ring is at 90" to the NClC2 plane; C,M = 

C,P = 0.89 A; C-C(ring) = 1.38 A; Cl-C2 = 
1.53 A; C,-N = 1.44 A; angle C,-C,-N = 
120" for nitronate ion; negative charge is located 
at L, 0.62 A beyond the N atom on the extension 
of the C,-N bond for the nitronate ion. 

1 -Arylnitroethanes 
l,(para) = PC, = 5.86 A; l,(meta) = MC, = 

5.78 A; l,(para) = PL = 7.90 A; l,(meta) = 
ML = 7.77 A; m(para) = 1.82; m(meta) = 1.80. 
Ring is at 90" to the NClC2 plane; angle 
C,-C,-C, = 109"; others identical to those 
for arylnitromethanes. 
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F'yridine-catalyzed halogenation of aromatic compounds. 111. Chlorination 
and the relative stabilities of trichloride and tribromide in chloroform 
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GERALD E. DUNN and JAMES A. PINCOCK. Can. J. Chem. 55,3726 (1977). 
The mechanism of catalysis of aromaticchlorination by pyridine was investigated by measuring 

the rates of chlorination of toluene in acetic acid with and without added pyridine, pyridinium 
nitrate, or lithium chloride. All three increase the rate of chlorination slightly and to about the 
same extent. The effect on the second-order rate constant for chlorination of p-chloranisole 
in chloroform was determined for pyridine, pyridinium chloride, N-ethylpiperidinium chloride, 
tetra-n-butylammonium chloride, and tetra-n-butylammonium perchlorate. Again, all additives 
increase the rate constant, with the increase being least for pyridine. It is concluded that, for 
chlorination in dilute solution, pyridine has no specific catalytic effect, but probably increases 
the rate by increasing the polarity of the medium. Tetra-n-butylammonium chloride was ob- 
served to have a decreasing accelerating effect on chlorination in chloroform as its concentra- 
tion is increased. This was thought to be the result of complexation of chlorine as trichloride. 
The formation constant for tetra-n-butylammonium trichloride in chloroform was found by 
the Benesi-Hildebrand spectrophotometric method to be 17 f 3 M-'. This, together with the 
previously determined value of 9 x lo4 M-I for the corresponding tribromide, shows that the 
order of stability of trihalides in nonaqueous solvents is Br3- >> CIS-, contrary to an earlier 
report. 

GERALD E. DUNN et JAMES A. PINCOCK. Can. J. Chem. 55,3726 (1977). 
On Ctudie le mecanisme catalytique de la pyridine dans la chloration de noyaux aromatiques, 

en mesurant les vitesses de chloration du toluene dans l'acide acetique avec ou sans addition de 
pyridine, nitrate de pyridinium ou chlorure de lithium. Ces derniers augmentent legerement la 
vitesse de chloration et environ dans la m&me mesure. L'influence sur la constante de vitesse 
d'ordre 2 pour la chloration du p-chloroanisole dans le chloroforme est dtterminte pour la 
pyridine, le chlorure de pyridinium, le chlorure de N-ethylpiptridinium, le chlorure et le per- 
chlorate de tetra-n-butylammonium. Encore une fois, tous ces catalyseurs augmentent la cons- 
tante de vitesse. Cette augmentation est moins marquee dans le cas de la pyridine. On en deduit 
que pour la chloration en solution diluee, la pyridine n'a pas un effet catalytique sptcifique 
mais accroit probablement la vitesse en augmentant la polarit6 du milieu. On remarque que le 
chlorure de tetra-n-butylammonium a un effet d'augmentation de la vitesse de chloration dans le 
chloroforme qui diminue a mesure que sa concentration augmente. On pense que ceci soit le 
resultat d'une complexation du chlore sous forme de trichlorure. La constante de formation du 
trichlorure de tetra-n-butylammonium dans le chloroforme determinee par la methode spectro- 
photometrique de Benesi-Hildebrand est de 17 f 3 M-'. Cette valeur avec celle dtterminee 
anterieurement de 9 x lo4 M-' pour le tribromure correspondant montre que l'ordre de stabilitk 
des trihalogenures dans des solvants nonaqueux est Br3- >> C13- et en opposition avec un 
rapport anterieur. 

[Traduit par le journal] 

Introduction 
In 1908 Cross and Cohen  (1) reported the use 

of  pyridine as a catalyst f o r  aromatic  halogena- 
tion, and its use for  this purpose is still occasion- 
ally recommended (2, 3). P a r t  I of  this series 
examined the effect o f  pyridine u p o n  the bromi- 
nat ion of  mesitylene i n  dilute solutions i n  chloro- 
f o r m  o r  acetic acid and reported that,  while 
pyridine and its salts increase the rate o f  bro-  
mination, the effect is no larger than those o f  
several other  electrolytes, s o  that under these 
conditions it appears to be no more  than a simple 
salt effect (4). The present report concerns 

chlorination, which Cross  and Cohen also 
found  to be catalyzed b y  pyridine. 

Results 
Preliminary Experiments 

Cross and Cohen (1) passed chlorine gas i n t o  
benzene containing a few drops  of  pyridine at 
50°C and isolated a 42% yield of  chlorobenzene 
together with a little dichlorobenzene. When we 
at tempted to repeat this procedure the on ly  
product  isolated was a-benzenehexachloride, 
either i n  daylight or i n  the dark .  On the other 
hand, when  benzene was saturated with chlorine 
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DUNN AND PINCOCK 3727 

TABLE 1. Second-order rate constants for the chlorination of toluene in acetic acid at 25°C 

[C12] x lo2 [C,H,I k x lo4 
(MI ( M )  Catalyst ( M  s )  Ref. 

2 .5  0.10 - 5 .0  5 
0.7-2.7 0.1-0.4 - 6 .5  6 
3.1-3.4 0.19 - 5.3 7 

9 .3  0.16 - 5 .3  8 
14.2 0.83 - 3.8 8 
4.28 0.127 - 5.05 This work 
2.58 0.170 - 4.65 This work 
6.44 0.235 - 4.95 This work 
6.31 0.233 - 4.96 This work 
6.16 0.377 - 4.46 This work 
8.99 0.375 - 4.55 This work 
9.71 0.391 - 4.66 This work 
9.34 0.389 Pyridine, 0.0228 M 5.62 This work 
5.96 0.354 Pyridinium nitrate, 0.031 3 M 6.36 This work 
9.14 0.371 Lithium chloride, 0.0313 M 5.45 This work 

at room temperature, then thermostated at 60°C convenient rates and a single product, 2,4- 
in the dark and analyzed by gas chromatography, dichloroanisole. The disappearance of chlorine 
chlorobenzene was found. In the absence of was followed spectrophotometrically with the 
pyridine the yield after 19 h was about 4% based aromatic substrate in large excess, so that 
on chlorine, whereas in the presence of 1-2% of pseudo-first-order kinetics were expected. How- 
pyridine the yield was about 85% after 6 h. Thus ever, first-order plots were found to have a 
it is evident that pyridine does catalyze the distinct accelerating curvature, as shown in Fig. 
chlorination of benzene even though we were 1, line A. On the other hand, when the con- 
unable to repeat Cohen's preparation. centrations of chlorine and substrate were varied, 

the initial rates measured over the first 10% of 
Rate Studies reaction show the reaction to be first-order with 

Many of the earlier kinetic studies of aromatic respect to each of chlorine and aromatic sub- 
chlorination were done on methylbenzenes in strate. Table 2 shows the constancy and repro- 
acetic acid solutioll (5-8), so we began with ducibility of the second-order constant calculated 
toluene in acetic acid. The earlier workers re- from initial pseudo-first-order rate constants and 
ported the reaction to give exclusively nuclear p-chloroanisole concentrations. ~t also shows 
substitution and to be first order with respect to that pyridine increases the initial second-order 
each of aromatic hydrocarbon and chlorine (5-8). rate constant by a factor of 4-5, but not in 
We followed the disappearance of chlorine proportion to  the concentration of pyridine.l 
iodimetrically and obtained good second-order From facts that pseudo-first-order plots of 
plots over at least two half-lives. Table 1 shows chlorination in chloroform are curved, although 
the reproducibility of the rate constant at differ- initial rates suggest that the reaction is first order 
ent initial concentrations of chlorine and toluene, respect to chlorine, it was suspected that the 
and compares the results with literature values. curvature in the rate plots is due to acceleration 
It also shows that both pyridine and pyridinium by the HCl produced in the reaction. This was 
nitrate increase the rate constant for chlorina- confirmed when the chlorination was carried 
tion, but the effect is small and not significantly out in the presence of an initial concentration 
larger than that of lithium chloride. of HCI in excess of that produced during the 

In an attempt to approach Cohen's nonpolar, reaction. Figure 1, line B, shows that under 
aprotic reaction conditions more closely, atten- these conditions a good first-order plot can be 
tion Was turned to other solvents. C l l l ~ r ~ f ~ r m  obtained, and Table 3 shows that the second- 
was chosen because in the bromination studies 
it was found to be the least polar solvent which lA referee makes the very reasonable suggestion that 

the apparent pyridine catalysis is due in large part to the 
dissolves pyridinium salts and does not react pyridinium chloride formed from the HCl produced in 
with halogen (4). p-Chloroanisole was chosen as the reaction, and that this explains why the catalysis is 
substrate because in chloroform solution it gives independent of the initial amount of pyridine. 
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Minutes 

FIG. 1. Chlorination of p-chloroanisole in chloroform 
at 25°C. (A) p-Chloroanisole 0.947 M, chlorine 6.1 x 
lo-' M. (B) p-Chloroanisole 0.142 M, chlorine 5.74 x 

M, hydrogen chloride 4.34 x M ;  the plot 
continues straight to log A = -0.85. (C) Data from line 
A plotted as eq. 2; the ordinate for this line is log 
A/(k2 f k3 [HCII). (D) p-Chloroanisole 0.163 M, chlor- 
ine 0.906 x lo-' M, TBACl 1.85 x M. 

TABLE 2. Initial second-order rate constants for the 
chlorination of p-chloroanisole in chloroform at 25.0°C 

[p-Chloroanisole] [CI,] x lo2 [Pyridine] x k x lo4 
(M) ( M )  102(M) (M-Is- l )  

order rate constant is proportional to the con- 
centration of HCl. This could be interpreted as 
meaning that the reaction is third order (first 
order with respect to each of p-chloroanisole, 
chlorine, and hydrogen chloride), which suggests 
that the runs without added HCI should obey a 
rate law of the form: 

Integration of [I] with the assumption that 
absorbance A is proportional to [Cl,] yields [2]. 

[Arl 
[2] -log A = - (k, + k, [HCl])t - log A,  

2.3 

Figure 1, line C, shows a plot of log A/(k, + k, 
[HCl]) vs. t in which k, is taken to be the rate 
constant for the initial reaction with no added 
HCl (Table 2), k, is the third-order rate constant 
in the presence of added HCl (Table 3), and 
[HCI] is calculated from the decrease in chlorine 
concentration. The fit is reasonably good, con- 
firming that the downward curve in the ordinary 
rate plot is caused by the HC1 produced as the 
chlorination proceeds. 

That HCl exerts its effect as a specific reactant, 
however, is made doubtful by the observation 
that similar effects are produced by various 
other electrolytes. Table 3 shows that the second- 
order rate constants for chlorination of p- 
chloroanisole in chloroform are proportional to 
the concentration of each of hydrogen chloride, 
pyridinium chloride, N-ethylpiperidinium chlor- 
ide (NEPCI), and tetra-n-butylammonium per- 
chlorate (TBAC10,). The first three of these 
contain chloride and an acidic cation, either of 
which could conceivably participate in the 
chlorination reaction, but the fourth contains 
neither, so it seems highly unlikely that any of 
these reagents are direct participants in the 
mechanism. It is more likely that their effect is 
on the polarity of the medium. That the effect 
should be linear in concentration of electrolvte 
is somewhat surprising, but perhaps the range 
of concentration of electrolytes available in 
chloroform is not large enough to reveal a 
deviation from linearity. 

Tetra-n-butylammonium chloride (TBACI) 
behaves differently from the other electrolytes in 
two respects. Figure 1, line D, shows that the 
pseudo-first-order rate constant of a run using 
this salt decreases as the run progresses, so that 
the rate constants given in Table 3 are initial 
rates only. Furthermore, these initial rate con- 
stants are not directly proportional to the con- 
centration of TBACI. as is the case with the other 
electrolytes, but increase much less rapidly than 
the salt concentration. This behavior is rem- 
iniscent of bromination in chloroform solution. 
where most electrolytes have an accelerating 
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TABLE 3. Chlorination of p-chloroanisole in chloroform in the presence of various additives at 25°C: 

k (M-' s-') 
[p-Chloroanisole] [C12] x lo2 [Additive] x lo2 x lo2 

Additive (M) (MI (M) [Additivel (M) 

Hydrogen 0.167 2.70 3.85 1.45 
chloride 0.142 5.74 4.34 1.45 

0.344 2.89 5.42 1.36 
0.274 2.70 7.06 1.36 
0.283 2.87 8.79 1.50 

Pyridinium 0.272 1.35 1.15 7.8 
chloride 0.544 0.675 2.30 8.3  

0.271 1.78 2.63 8.5  
0.541 0.898 5.26 7.3 

NEPCl 0.325 0.356 2.87 2.63 
0.325 0.356 3.42 2.66 
0.650 0.178 5.74 2.68 

TBACl 0.163 0.453 1.85 32.6 
0.163 0.906 1.85 34.5 
0.325 0.453 3.70 23.6 
0.407 0.906 4.64 21 . O  
0.813 0.453 9.27 11.1 

TBAClOj 0.218 0.672 1.28 10.3 
0.436 0.336 2.56 11.3 
0.218 0.672 2.70 12.3 
0.436 0.336 4.60 10.8 

effect but bromides retard bromination, with the 
retardation being greater for tetra-n-butyl- 
ammonium bromide than for pyridinium or N- 
ethylpiperidinium bromides (4). The retardation 
was found to be caused by complexation of 
bromine as tribromide ion, with the formation 
constant of tribromide increasing with the size 
and symmetry of the accompanying cation. If 
the formation constants for trichloride ion show 
a similar dependence on cation, it is possible 
that the formation of trichloride could produce a 
retarding effect at high concentrations of TBACl 
but not with the other chlorides of Table 3. We 
therefore examined the formation constant for 
tetra-n-butylammonium trichloride. 

Formation Constant 
That TBACl does indeed form a complex 

with chlorine is indicated by the following 
observations. In the spectral region 250-400 nm 
chlorine in chloroform solution shows a single 
broad absorption maximum at 330 nm ( E  = 
loo), whereas a mixture of chlorine with a 30- 
fold excess of TBACl shows a single sharper 
absorption maximum at 257 nm (E = 6.6 x 10' 
based on chlorine concentration). That the new 
absorption arises from interaction of chlorine 
with chloride rather than tetra-n-butylammonium 

ion is shown by the fact that a 30-fold excess of 
TBACIO, produces no change in the chlorine 
absorption in this region. 

To determine the formation constant for 
TBAC1, in chloroform the Benesi-Hildebrand 
spectrophotometric method (9) was used with 
slight modification. The form of the equation 
and the conditions used are the same as those 
described earlier for pyridinium tribromide (4). 
The absorbance data at 305 nm are given in 
Table 4 and plotted in Fig. 2. From a least- 
squares treatment of the data it was calculated 
that K (the formation constant) = 17 + 3 M-I  

TABLE 4. Absorbance at 305 nm of TBACI, 
solutions in chloroform at 25.0°C 

[TBACI] x lo2 [C12] x lo4 
(MI (MI Absorbance 
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FIG. 2. Benesi-Hildebrand plot for determining the 
formation constant of TBACI,. D = A - ETBACI 

[TBACI] - E C ~ ,  [Clzl. 

and E,  (the absorptivity of the complex) = 1.9 x 
10' M- '  cnl-l. 

Discussion 
Rate Studies 

Table 1 shows that pyridine, pyridinium 
nitrate, and lithium chloride at similar concen- 
trations in acetic acid solvent all produce similar 
small increases in the rate of chlorination of 
toluene. Consequently, there seems no need to 
ascribe any specific catalytic role to pyridine other 
than the salt effect it (as pyridinium acetate) 
shares with the other electrolytes listed. 

In chloroform the effects are larger. It is 
difficult to  compare the effect of pyridine (Table 
2) with those of other electrolytes (Table 3) 
because their concentration dependences vary, 
but interpolation or extrapolation of the data in 
Tables 2 and 3 give the following approximate 
factors for the increase in second-order rate 
constant produced by an 8.0 x 10-'M con- 
centration of each additive: pyridine 4.8, hydro- 
gen chloride 11, pyridinium chloride 64, NEPCI 
21, and TBAC10, 90. I t  appears that the more 
ionic the additive, the larger is its effect. As in 
acetic acid solution, the results are consistent 
with a medium effect (larger in chloroform than 
in acetic acid because of the smaller polarity of 
chloroform). Certainly there is no evidence of 
any special catalytic effect by pyridine. 

In general, then, the results for chlorination 
agree with those for bromination: although 
pyridine has an accelerating effect on the rates of 
aromatic halogenation by both bromine and 
chlorine in dilute solutions in either acetic acid or 
chloroform, the effect is of the same order of 
magnitude as that produced by soluble salts. 

Since the effect increases in less polar solvents, 
it is possible that it could be great enough to 
account for Cohen's results using the aromatic 
substrate (benzene) as solvent. Also, for each 
halogen, addition of the corresponding halide 
(particularly with tetra-n-butylammonium ca- 
tion) causes a decrease in rate of halogenation by 
complexation of some of the halogen as trihalide. 

Tetra-n-butylammonium Trichloride 
There has been considerable disagreement in 

the literature about the relative stabilities of the 
trihalides in nonaqueous solvents. In 1964 
Nelson and Iwamoto (10) reported the formation 
constants of the three trihalides in acetonitrile to 
be 106.6, lo7, and 10" for I,-, Br,-, and C1,-, 
respectively, thus indicating that the order of 
stabilities is the reverse of that in water. Subse- 
quent investigators have disagreed with these 
results, finding trichloride to be much less stable 
than tribromide or triiodide in nitromethane, 
acetonitrile (11), and sulfolane (12). The values 
of the stability constants vary somewhat from 
one investigator to another. Using polarographic 
methods, Manchon (11) did not detect any tri- 
chloride in nitromethane or acetonitrile, whereas 
Benoit et al. (12) found a formation constant of 
lo3.' for trichloride in sulfolane. Giordano et al. 
(13), using a vapor pressure method, found for- 
mation constants of trichloride in acetonitrile to 
vary from 107 at ionic strength 0.0095 to 7 at 
ionic strength 0.365. In view of our observation 
that stability constants of tribromide and tri- 
chloride in chloroform depend to some extent 
upon the accompanying cation, it may be that 
the different values obtained for trichloride for- 
mation by different workers are due in part to  
the different cations used: tetraethyl (1 l), tetra- 
n-butyl (lo), and lithium (13). 

However that may be, our results are in 
qualitative agreement with those which find tri- 
chlorides to be less stable than tribromides in 
nonaqueous solvents, just as in water. The forma- 
tion constant for TBABr, is so large (9 x lo4 
M - l )  that addition of TBABr nearly stops 
bromination of mesitylene (4), whereas TBACl 
has only a small retarding effect on the chlorina- 
tion of p-chloroanisole. 

Experimental 
Materials 

Pyridine (Karl Fischer reagent), chlorobenzene, and 
2,4-dichloroanisole were commercial products (Eastman) 
used without further purification. Chlorine and hydrogen 
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chloride (Matheson) were passed from the suppliers' 
cylinders through two concentrated sulfuric acid bubblers. 
Benzene and toluene were purified by the method of 
Fieser (14). Chloroform, acetic acid, TBACl, TBAC104, 
NEPCI, and pyridinium chloride were prepared as 
previously described (4). p-Chloroanisole (Eastman) was 
purified by distillation through a 90-plate column, 
collecting the fraction boiling at 89.0°C, 21 Torr. 

Rate Measurements 
The rate of disappearance of chlorine in acetic acid 

solutions was followed iodimetrically. Solutions of known 
concentrations of chlorine and toluene (or toluene plus 
salt) were mixed in a thermostat at 25.0 + 0.l0C and 
aliquots were withdrawn for titration over periods up to 
three half-lives. Solutions containing only chlorine 
showed no concentration change over this period. 

In chloroform solution the disappearance of chlorine 
was followed spectrophotometrically at a wavelength 
between 330 and 400 nm chosen to give initial absorbances 
in the range 0.5-1.0 and to keep the absorbance of salts 
below 0.05. Solutions containing only chlorine showed no 
change in absorbance over 24 h. Slow reactions were run 
in a thermostat with aliquots withdrawn at intervals for 
absorbance measurements. Faster reactions were carried 
out in the cuvette of a Beckman DK-1 spectrophotometer 
thermostated at 25.0 + 0.l0C by circulating water from a 
constant temperature bath. Initial concentrations of 
chlorine and hydrogen chloride were obtained by 
titration of the stock solutions before mixing. 

The product of chlorination of p-chloroanisole was 
determined by allowing a run to proceed for 10 half-lives 
or more, then injecting samples into a gas chromatograph 
(30% Apiezon-L on Chromosorb-W) at 180°C. Only two 
peaks were found: p-chloroanisole and 2,4-dichloro- 
anisole, identified by comparison with authentic samples. 
Yields of 2,4-dichloroanisole ranged from 84 to 99%. 

0.l0C) of the Beckman DK-1 spectrophotometer and 
absorbance readings were recorded over a 20 min period. 
Extrapolation to zero time gave initial absorbances with 
a spread of + 3% over several repetitions. Including the 
error in transferring small amounts of chloroform 
solutions, we estimate the overall error at + 5%. This gives 
rise to the error bars in Fig. 2. 
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Concerning the nonexistence of the intramolecular hydrogen bond 
in 2-nitrothiophenol 
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TED SCHAEFER and WILLIAM J. E. PARR. Can. J. Chem. 55,3732 (1977). 
The long-range spin-spin coupling constants between the sulfhydryl proton and the ring 

protons in 2-nitrothiophenol in CDCI, and C6D6 solutions suggest the presence of two con- 
formers in which the S-H bond prefers the benzene plane. The conformer in which the S-H 
bond lies trans to the nitro group is favoured over the cis conformer by a free energy difference 
of 0.5 ? 0.2 kcal/mol at 305 K. Apparently any intramolecular hydrogen bond is very weak 
compared to that in 2-nitrophenol. 

TED SCHAEFER et WILLIAM J. E. PARR. Can. J. Chem. 55,3732 (1977). 
Les constantes de couplage spin-spin a longue distance entre le proton sulfhydryle et les 

protons du cycle aromatique du nitro-2 thiophenol dans des solutions CDCI, et C6D6 sug- 
gerent la presence de deux conformeres dans lesquels le lien S-H s'oriente dans le plan du 
cycle. Le conformere dans lequel la liaison S-H se situe trans au groupe nitro est favorise par 
rapport au conformere cis par une difference d'energie libre de 0.5 i 0.2 kcal/mol a 305 K. I1 
apparait qu'une liaison hydrogene intramoleculaire quelconque est vraiment faible comparee 
a celle observee dans le nitro-2 phenol. 

[Traduit par le journal] 

Introduction 
The energy of the intramolecular hydrogen 

bond in o-nitrophenol has never been directly 
determined (1). Indirect methods based on the 
chemical shift of the hydroxyl proton (2, 3) and 
on the torsional frequency of the hydroxyl 
group (4, 5 )  yield the energy as 6.7 + 0.2 kcall 
mol. These methods apparently work for weaker 
hydrogen bonds as well, agreeing with the 
measured enthalpy of formation of - 1.4 
kcallmol for the intramolecular hydrogen bond 
in o-fluorophenol (5). Furthermore, the pre- 
dictions based on chemical shifts and torsional 
frequencies are in accord with the deduction, 
from the contact shifts of hydroxyl protons 
induced by the di-teut-butyl nitroxide radical 
(5), that the intramolecular hydrogen bond in 
o-nitrophenol is somewhat weaker than in 
salicylaldehyde. 

Another method for the determination of the 
relative energies of conformers such as l a  and 
l b  depends on the well-known stereospecificity 

x ~ Y  H ~ x  

l a  1 b 

X = O , S  

'Postdoctoral fellow, 1974-1976. 

of the nuclear spin-spin coupling constants over 
five bonds, 5JH,H(F) ,  between the proton on the 
sidechain, XH, and the protons or 19F nuclei in 
the positions meta to XH. For example, in l a ,  
5 ~ m H , H 3  = 5Jc - 0 HZ and 5JmH,H5 = 5Jt - 0.6 
Hz in a variety of phenol derivatives (6, 7). 

Now, if Y = NO, and if the energy of the 
hydrogen bond is as large as 6 to 7 kcallmol, then 
16 is negligibly populated at  ambient temper- 
atures; so that 5Jc - 0 HZ, in agreement with 
the observed spectra for 3-fluoro-6-nitrophenol 
and other nitrophenol derivatives (7). For 
o-dihalophenol derivatives, on the other hand, 
5Jc and 5 ~ t  have comparable magnitudes and 
AGO is a few hundred calories per mole at room 
temperature (6). 

The enhanced intensity of the infrared band, 
corresponding to the S-H stretching frequency, 
of o-nitrothiophenol relative to thiophenol has 
been attributed to an intramolecular hydrogen 
bond; although, in contrast to the phenols, the 
shift in frequency is remarkably small (8). The 
dipole moment in benzene solution of o-nitro- 
thiophenol has been interpreted as arising from 
76 + 4% abundance of the hydrogen bonded 
form, l a ,  the apparent increased population of 
the nonbonded conformer being attributed to 
intermolecular S-H ...n bonding (8). 

The small shift in the S-H stretching fre- 
quency does suggest a small proportion of the 
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TABLE 1. Proton chemical shifts and spin-spin coupling constants for 2-nitrothiophenol 

Value" Value 

Parameter C6D6-CDC13b CDC13c Parameter CsD6-CDC13h CDCl,' 

'J3 6 
4J H,SH 

0 

5J H3.SH 

5J H5.SH 

6J H,SH 
P 

Rms deviation 
Transitions calculated 
Peaks observed 
Transitions assigned 

.'In Hz at 100 MHz at 305 K to low field of internal tetramethylsilane, numbers in parentheses giving the 
standard deviation in the last place. 

bFive m o %  in 4: 1 v/v C6D6-CDCI, solution. 
cFive molx  in CDCI, solution. 

intramolecularly bonded form. Therefore a SH being known to an estimated accuracy of 
measurement of 5 ~ c  and/or 5 ~ t  is indicated for 0.04 Hz. 
o-nitrothiophenol. Recent work (9) has demon- However, the solution containing about 80% 
strated that intermolecular proton exchange can v/v of C6D6 yielded spectra with larger internal 
be retarded, leading to multiplet structure in the chemical shifts and could be analyzed satis- 
proton magnetic resonance spectra of the sulf- factorily. The results are given in Table 1. Note, 
hydryl proton in thiophenol and some of its however, that the couplings to SH from the ring 
derivatives. protons are equal in the two solutions, to within 

Experimental experimental error. 
The calculated and observed SH resonance 

The 2-nitrothiophenol was prepared and purified by the 
method of Foster and Reid (10). A 5 mol % solution in peaks are in Fig' for both . , , "  

CDCI3, containing a small amount of tetramethylsilane 
(TMS), was carefully degassed by the freeze-pump-thaw The Conformational Popuzations 
technique. The proton magnetic resonance spectrum was Jp H 3 S H  and the Coplanarity of the SH and 
calibrated in the frequency sweep mode at sweep rates of Benzene Moieties 
0.02 and 0.01 Hz/s on an HA 100 spectrometer. The 

~ J ~ H , O H  in phenol is less than 0.03 Hz, and probe temperature was 305 K. Decoupling experiments 
ascertained the presence of all splittings in the ring proton 6JpH'SH is * 0.02 Hz in thiO~henO1 (I3, 
spectrum caused by spin-spin coupling to the sulfhydryl 14). The nonzero value in the latter compound 
proton. 

Another sample, consisting of a 5 mol% solution in 
1:4 v/v CDC13/C6D6 was also calibrated by reading 
sweep and manual oscillator frequencies at approxin~ately 
5 Hz intervals. 

Results and Discussion 
Spectral Analysis 

The spectrum of 2-nitrothiophenol in CDCI, 
solution was analyzed as a five spin system by 
means of the computer program LAME (1 1, 12). 
It turned out that the protons at positions 5 and 6 
were very tightly coupled. The relative chemical 
shift is 0.8 Hz and the coupling constant is 8 Hz. 
The sulfhydryl proton, SH, couples to these two 
protons and also to that at position 3, H,, 
leading to extensive overlap of peaks in its own 
spectral region. In consequence, the spectral 
parameters became imprecise, the couplings to 

reflects the much smaller barrier to internal 
rotation in the thiophenol; 6J being proportional 
to (sin2B), where 0 is the angle by which the 
S-H bond twists away from the aromatic plane 
(14). The barrier in phenol is about 3.5 kcal/mol 
(15) but drops to about 1 kcal/mol in thio- 
phenol (14). However, in p-nitrothiophenol the 
internal barrier to rotation about the C-S bond 
rises to about 2.5 kcal/mol (l6), attributable to 
increased double-bond character induced by 
conjugation with the nitro group. 

As the barrier increases, (sin2B) approaches 
zero. The observation that 6JpH,SH in 2-nitro- 
thiophenol is -0.03 + 0.02 Hz (Table 1) sug- 
gests a barrier to internal rotation of greater 
than 3 kcal/mol(14) for the SH group. Of course, 
the barrier is no longer twofold in this com- 
pound, but it is reasonable to conclude that 
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FIG. 1. In a and b the observed and calculated spectra 
of the sulfhydryl proton of 2-nitrothiophenol as a 5 m o l z  
solution in 1:4 v/v CDC13-C6D6 solution are given; 
similarly in c and d for a 5 m o l z  solution in CDCI,. 
The spectral parameters in Table 1 are used to calculate 
the spectra. The different appearance in the two solutions 
arises not from large differences in the couplings to the 
sulfhydryl proton, but from the different internal chem- 
ical shifts of the ring protons. 

nonplanar conformations are inappreciably pop- 
ulated and that 2-nitrothiophenol can be dis- 
cussed in terms of conformations l a  and l b .  This 
is not to say that the nitro group necessarily lies 
in the plane of the benzene ring. 

The ~ o ~ u l a t i o n s  of l a  and 1b 
If nonplanar forms of 2-nitrothiophenol can 

be ignored, the o-n mechanism does not con- 
tribute to 5J,H3SH (16). If this coupling displays 
the stereospecificity of 5J,H,0H, then 5JcH3SH is 
0.0 Hz, i.e., 5JH33SH is zero in l a  and 5JH53sH 
vanishes in l b .  With these assumptions it fol- 
lows that the free energy difference between l a  
and l b  is 0.4 kcal/mol at 305 K, i.e., the trans 
form, l b  is approximately twice as abundant as 
the form l a .  Within experimental error, this 
conclusion applies to both solvents, CDCI, and 
C,D6. 

On the other hand, if 5 ~ c  is as large as 0.1 Hz, 
then 5Jt = 0.6 Hz, and two equations can be 
written for the populations of l a  and l b .  The 
trans form is then 2.9 times as abundant as the 
cis form, corresponding to a free energy dif- 
ference of 0.65 kcal/mol. 

A third possibility, in which 5Jt in l b  is some- 
what smaller than 5Jt in l a ,  the most likely 

situation2 if the electronegative nitro group 
polarizes the bonds in the coupling path in l b ,  
involves an even larger preponderance of the 
trans form, l b .  

Small Intermolecular Hydrogen Bonding 
Strong intermolecular hydrogen bonding of 

the sulfhydryl group would favor form l b .  How- 
ever, the equilibrium constant for the association 
of benzenethiol itself in CCl, is only 0.01 1 e/mol 
(18), while infrared data on a variety of thio- 
phenol derivatives suggest that noticeable inter- 
molecular association occurs only at concen- 
trations exceeding 1 M in CCl, (19). 

The concentration of 2-nitrothiophenol in 
CDCI, is only ca. 0.6 M. The chemical shift of the 
sulfhydryl proton, vs,, of a 2 mol% solution of 
4-nitrothiophenol in CDC1, is 3.73 ppm3 and is 
4.04 ppm for the 2-nitro isomer (Table 1). The 
relatively small shift to low field of 0.3 ppm can 
arise simply from the proximity of the nitro 
group in conformer l a  and is not an indication of 
intermolecular hydrogen bonding. Rather, when 
compared to the very large downfield shift of the 
hydroxyl proton caused by an ortho nitro sub- 
stituent (3), the observed v,, in 2-nitrothio- 
phenol is consistent with the conclusions based 
on 5J,H,SH above. 

In the presence of C,D6, vs, moves to high 
field, but no more so than the shifts of nearby 
ring protons (Table 1). 

Conclusions 
Contrary to the interpretation of infrared and 

dipole moment data, the present work implies 
that the S-H bond in 2-nitrothiophenol prefers 
to lie trans to the nitro substituent in CDCI, and 
C,D6 solutions. The transform is favored over the 
cis form by a free energy difference of 0.5 k 0.2 
kcal/mol at 305 K. Any tendency to intramolec- 
ular hydrogen bond formation is clearly rather 
weak. Furthermore, the S-H bond apparently 
prefers the benzene plane in both forms and, as 
indicated by van der Waals radii, the nitro group 
may well twist out of the benzene plane so as to 
relieve steric strain. 
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3Unpublished data from this laboratory. 
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The reaction of Zaminopyridine 1-oxides with thiophosgene. 
2H-[1,2,4]Oxadiazolo[2,3-a]pyridin-2-thiones 
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DAN~ELLE ROUSSEAU and ALFRED TAURINS. Can. J. Chem. 55,3736 (1977). 
2-Aminopyridine 1-oxides react with thiophosgene in ethanol solution in the presence of 

sodium bicarbonate to produce 2H-[1,2,4]oxadiazolo[2,3-a]pyridin-2-thiones. The products 
are stable at room temperature, however, they explode on being heated at the temperature 
range 121 to 137'C. 

DAN~ELLE ROUSSEAU et ALFRED TAURINS. Can. J. Chem. 55,3736 (1977). 
Les oxydes #amino-2 pyridine reagissent avec le thiophosgkne en solution Cthanolique en 

prCsence de bicarbonate de sodium pour conduire a des [2H]-oxadiazolo-[l,2,4] pyridine- 
[2,3-a] thiones-2. Les produits sont stables la temperature de la piece cependant, ils explosent 
par chauffage dans un k a r t  de tempkrature se situant entre 121 et 137°C. 

[Traduit par le journal] 

2H- [1,2,4]0xadiazolo[2,3-alpyridin-2-one (1) 
has been prepared by heating ethyl N-2-pyridyl- 
carbamate 1-oxide (2) at 150°C (I), and by treat- 
ment of 2-aminopyridine 1-oxide with phosgene 
(2, 3). Since compound 1 exhibited in its ir spec- 
trum a carbonyl band at 1773 cm-', in the range 
for y-lactones (- 1770 cm-'), it was concluded 
that it has a normal C=O group within a five- 
membered ring. It showed considerable stability 
towards heat (3), and underwent pyrolysis at 
600°C (4). 

An isomeric compound, 1,3,4-oxadiazolo[3,2- 
alpyridin-2(3H)-one (3) was prepared by treating 
1-amino-2(2H)-pyridone (4) with phosgene (3). 
Its ir spectrum showed bands at 1745 and 1785 
cm-l, a region assigned to meso-ionic carbonyl 
stretching. 

On treatment with ethanol or ammonia, com- 
pound 1 yielded pyridine 1-oxide derivatives: 
N-2-pyridylcarbamate 1-oxide (2) and N-2- 
pyridylurea 1-oxide (5), respectively, whereas 
compound 3 with the same reagents gave 2-py- 
ridone derivatives: ethyl N-[2(2H)-pyridon-1- 
yllcarbamate (6) and N-[2(2H)pyridon-1 -yl]urea 
(7), respectively. 

In this paper, the formation and properties of 
sulfur analogs of compounds 1 and 3 are de- 
scribed. When an ether solution of thiophosgene 
was mixed with an ethanolic solution of 2-amino- 
pyridine 1-oxide in the presence of sodium bicar- 
bonate, a cream colored solid was immediately 
deposited. On being heated to 132°C in a melting 

'NRCC Scholarship holder 1967-1972. 
ZAuthor to whom correspondence should be addressed. 

\ N-N + I y' NH-CONHI 

point tube, this product unexpectedly exploded. 
Its ir spectrum did not show any bands charac- 
teristic of the isothiocyanate group. T11e elemen- 
tal analysis, nmr and mass spectra of the new 
compound agreed with the structure of 2H- 
[I ,2,4]oxadiazolo[2,3-alpyridin-2-thione (8). The 
compound reacted slowly at room temperature 
with methanol or ethanol by losing sulfur and 
deoxygenation of the N-0 bond to give methyl 
or ethyl N-2-pyridylcarbamates. However, there 
was no reaction between ammonia and com- 
pound 8. It has a low solubility in other organic 
solvents, except dimethylsulfoxide, from which 
it could be successfully recrystallized. 

A number of methyl substituted 2H-[1,2,4]ox- 
adiazolo[2,3-alpyridin-2-thiones (9-13) were pre- 
pared from 2-amino-x-methylpyridine 1-oxides 
and thiophosgene, and all of them possessed the 
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ability to explode on heating. The nature of the 
products formed during the explosion is being 
studied. In addition, it is necessary to mention 
that all 2H-[I ,2,4]oxadiazolo[2,3-alpyridin-2- 
thiones are stable at room temDerature and do 
not decompose on standing in closed containers. 

It was found that 2H-[1,2,4]oxadiazolo[2,3- 
alpyridin-2-thiones are formed not only in the 
reaction of thiophosgene with 2-aminopyridine 
1-oxides, but also with 2-acetamidopyridine and 
ethyl N-2-pyridylcarbamate 1-oxides. On the 
basis of this evidence the mechanism for this 
reaction must differ from that suggested for the 
analogous reaction of phosgene with 2-amino- 
pyridine 1-oxide (3). In the latter mechanism, the 
first step involves the interaction of the amino 
group with phosgene to form an isocyanate 
group, followed by the attack of the N-oxide 
group on the isocyanate group and the ring 
closure. The mechanism of the thiophosgene 
reaction (Scheme 1)  indicates that the oxygen 

NaOH N, - C' + NaCl + H20 + CH,COONa 
\ N-0 

SCHEME 1. Reaction of 2-acetamidopyridine I-oxide with 
thiophosgene. 

atom of the N-oxide group initiates the reaction 
by attacking the carbon of the thiophosgene 
molecule to form a C-0 bond. Since the reac- 
tion occurs in slightly basic solution, the hy- 
droxyl ions are involved in establishing the N-C 
bond and eliminating the proton or acetyl group, 
respectively. 

That this mechanism (Scheme 1) requires a 
free access by thiophosgene to the N-oxide 
group to initiate the reaction, is obvious from 
the fact that N,N1-diethoxycarbonylaminopy- 
ridine 1-oxide (14) does not react with thiophos- 
gene, presumably because of the steric hindrance 
by the two bulky ethoxycarbonyl groups near 
the N-oxide oxygen. 

The previously proposed (3) formation of 
2-isocyanatopyridine I-oxide with phosgene is 
doubtful for the following reason. Since it is 
known that Hofmann degradation of acid 
amides involves the formation of intermediate 
isocyanates (6) one should expect a fast inter- 

+ 
action between -N-0- and -N=C=O 
groups, and formation of 2H-[1,2,4]oxadiazolo- 
[2,3-alpyridin-2-one in the degradation of 2-py- 
ridinecarboxamide I-oxide. However, the only 
product observed in this reaction was 2-amino- 
pyridine 1-oxide (7). In addition, compound 1 is 
stable toward prolonged alkaline hydrolysis. 

Thiophosgene reacted also with l-amino-3- 
methyl-2(2H)-pyridone (15), in a reaction ana- 
logous to that of phosgene (3) to give 8-me- 
thyl-[l,3,4]oxadiazolo[3,2-a]pyridin-2-thione (16) 
melting at 249-250°C without exploding (Scheme 
2). Its mass spectrum revealed the presence of a 
molecular ion of mle 166. The composition of 
compound 16 was confirmed by the high resolu- 
tion mass spectrum. Exact Mass calcd. for 
C,H,N,OS: 166.0201 ; found: 166.0200. 

- 

Experimental 
2H-[1,2,4jOxadiazolo[2,3-ajpyridin-2-thione, 8 

(a) To 2-aminopyridine 1-oxide (0.5 g, 5 mmol) dis- 
solved in 10 ml of water in presence of sodium bicarbo- 
nate (0.85 g, 10 mmol) was added gradually a solution of 
thiophosgene (0.6 g, 5 mmol) in 15 ml of ethyl ether. A 
white solid was immediately formed. The mixture was 
stirred for 2 h at 20°C, then filtered to give 0.660 g 
(87.5%) of 2H-[1,2,4]oxadiazolo[2,3-a]pyridin-2-thione 
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SCHEME 2 .  Reaction of I-amino-3-methyl-212H)-pyridone (15) with thiophosgene. 

(8), exploding at  132-133°C in the melting point tube. 
After recrystallization from DMSO it exploded at 134°C; 
nmr (DMSO-d,): 6 9.59 (s, H-5), 7.75 (s, H-6), 8.47 (s, 
H-7), 8.08 (s, H-8); uv (C2H50H): h,,, 289, 331.5 nm 
(log E 4.27, 3.72); ir (KRr): 1619 (vs), 1577 (m), 1485 (s), 
1449 (vs), 1400 (vs), 1382 (vs), 1290 (vs), 1146 (s), 1123 
(m), 903 (m), 851 (m), 763 (vs), 623 (m), 434 (m) cm-'. 
Anal. calcd. for C6H4N20S:  C, 47.4, H, 2.6, N 18.4; 
found: C 47.1, H 2.9, N 18.2. 

(b) A mixture of 2-acetamidopyridine I-oxide (1.037 g, 
6.8 mmol) and sodium bicarbonate (1.28 g, 15.2 mmol) 
in aqueous ethanol (25 ml) was treated with thiophosgene 
(0.88 g, 7.7 mmol) in 15 ml of ether. The mixture was 
stirred for 1 h and filtered to give 0.61 g (58.5%) of 8, 
exploding at 134'C (recrystallized from dimethylsul- 
foxide), and showing the spectral characteristics men- 
tioned under (a). 

Compound 8 and ethanol produced ethyl N-2-pyridyl- 
carbamate which was identilied by its melting point, in- 
frared spectrum (band at 1722 cm-'), and mass spectrum 
(mle 166). Treatment of 8 with refluxing methanol for 
2.5 h gave colorless needles of methyl N-2-pyridylcar- 
bamate, mp 12SoC, lit. (5) 128-129°C. 

5-Methyl-2H-/1,2,4!70xadiazolo/2,3-a~7pyridin-2- 
thione, 9 

(a) 2-Amino-6-methylpyridine 1-oxide hydrochloride 
(1.50 g, 9.3 mmol), thiophosgene (1 .15 g, 10 mmol) and 
sodium bicarbonate afforded 1.286 g (81%) of 9. Recrys- 
tallization from dimethylsulfoxide-benzene mixture pro- 
duced cream-colored crystals, exploding at 134'C; uv 
(ethanol): h,,, 287, 333.5 nm (log E 4.20, 3.61); ir (KBr): 
1623 (m), 1569 (m), 1502 (m), 1413 (s), 1370 (s), 1322 
(vs), 1255 (m), 1159 (m), 1086 (m), 1020 (m), 799 (s), 
622 (vw), 427 (w) cm-'. Anal. calcd. for C7H6N20S: C 
50.5, H 3.6, N 16.9, S 19.3; found: C 50.2, H 3.7, N 16.8, 
S 18.9. 

(b) By reacting 2-acetamido-6-methylpyridine 1-oxide 
(9.12 g, 54.9 mmol), thiophosgene (6.6 g, 57.4 mmol) and 
sodium bicarbonate in ethanol, 7.77 g (85.2%) of 9 was ob- 
tained, exploding at 134°C (dimethylsulfoxide-benzene). 

6-Methyl-2H-[1,2,4 :oxadiazolo[2,3-a27pyridin-2- 
thione, 10 

(a) Treatment of 2-amino-5-methylpyridine I-oxide 
hydrochloride (1.01 g, 6.2mmol) with thiophosgene 
(0.81 g, 7 mmol) and sodium bjcarbonate in ethanol gave 
0.585 g (56.4%) of 10 as beige needles, exploding at  
121°C (dimethylsulfoxide); uv (ethanol): h,,, 288, 330 
nm (log E 4.20, 3.65); nmr (DMSO-d,): 6 9.50 (s, H-5), 
8.33 (d, H-7), 8.00 (d, H-8). 2.77 (s, CH3-6); ir (KBr): 
1622 (m), 1503 (s), 1418 (vs), 1387 (vs), 1322 (vs), 1266 
(s), 1024 (m), 819 (s), 733 (w), 559 (w) cm-'. Anal. calcd. 
for C7H6N20S: C 50.5, H 3.6, N 16.9; found: C 50.7, 
H 3.9, N 16.6. 

(b) Similarly, 2-acetamido-5-methylpyridine I-oxide 
(7.04 g, 42.4 mmol), thiophosgene (5.1 g, 44.3 mmol), 
and sodium bicarbonate in ethanol gave 5.1 g (72.3%) of 
10, exploding at 121.5"C. 

Compound 10 and refluxing ethanol gave ethyl 
(5-methyl-2-pyridyl)carbamate, mp 143°C; lit. (5) 144- 
145°C. 

7-Methyl-2H-/1,2,4]oxadiazolo[2,3-a27pyri-2- 
thione, I1 

(a) By treatment of 2-amino-4-methylpyridine 1-oxide 
hydrochloride (1.06g, 6.6mmol) with thiophosgene 
(0.76 g, 6.6 mmol) and sodium bicarbonate in ethanol, 
0.84 g (76.3%) of 11 was obtained. Colorless needles 
(dimethylsulfoxide-benzene) were obtained, exploding 
at  131.5"C; uv (ethanol): h,,, 289, 326 nm (log E 4.28, 
3.83); nmr (DMSO-d,): 6 9.47 (d, H-5), 7.60 (d, H-6), 
7.91 (s, H-8), 2.88 (s, CH3-7). Anal. calcd. for C7H6N20S:  
C 50.5, H 3.6, N 16.9; found: C 49.9, H 3.7, N 16.7. 

(b) Similarly, reaction of 2-acetamido-4-methylpyridine 
1-oxide (8.09 g, 48.7 mmol) with thiophosgene (5.94 g, 
51.6 mmol) afforded 70% of 11, exploding at  132'C. 

(c) The treatment of ethyl N-(4-methyl-2-pyridy1)car- 
bamate I-oxide (0.63 g, 3.2 mmol) with thiophosgene 
(0.36 g, 3.2 mmol) and sodium bicarbonate gave 0.48 g 
(90%) of 11, exploding at 132'C. 

8-Methyl-2H-/I ,2,4;oxadiazolo/2,3-adbyridin-2- 
thione, 12 

In similar fashion, a mixture of 2-acetamido-3-methyl- 
pyridine I-oxide (3.57 g, 21.5 mmol) gave upon treatment 
with thiophosgene (2.63 g, 22 8 mmol) and sodium bicar- 
bonate in ethanol 2.69 g (75.4%) of 12 as a cream-colored 
precipitate. Colorless needles (dimethylsulfoxide-ben- 
zene) were obtained, exploding at 134'C; uv (ethanol): 
h,,, 287.5, 336 nm (log F, 4.16, 3.63); nmr (DMSO-d,): 
6 9.44 (d, H-5), 8.28 (d, H-7), 7.46 (t, H-6), 2.87 (s, 
CH3-8); ir (KBr): 1607 (s), 1497 (s), 1440 (m), 1428 (m), 
1388 (vs), 1310 (s), 1278 (s), 1064 (m), 1002 (m), 809 (s), 
780 (s), 741 (m), 626 (w) cm-'. Anal. calcd. for 
C7H,N,0S: C 50.5, H 3.6, N 16.9, S 19.2; found: C 
50.4, H 3.8, N 16.6, S 19.2. 

5,7-Dimethyl-2H-/I,2,4]oxadiazolo[2,3-alpyridin-2- 
rhione, 13 

2-Amino-4,6-dimethylpyridine I-oxide hydrochloride 
(2.44 g, 14 mmol), thiophosgene (1.73 g, 15 mmol), and 
sodium bicarbonate in ethanol gave 1.87 g (74.4%) of 
13. Cream-colored crystals (dimethylsulfoxide-benzene 
were obtained), exploding at 137°C; nmr (DMSO-d,): 
6 7.71 (s, H-8), 7.10 (s, H-6), 2.74 (s, CH3-5), 2.61 (s, 
CH3-7); ir (KBr): 1628 (s), 1569 (s), 1418 (vs), 1381 (s), 
1335 (s), 1271 (s), 1027 (m), 848 (s), 798 (m), 728 (w), 
534 (w) cm-'; ms no molecular ion of m/e 180 was 
present; the strongest peak at m/e 148 ( M t  - S) was 
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assigned to 4,6-dimethyl-2-pyridyl isocyanate. Anal. 
calcd. for C8H8N20S:  C 53.3, H 4.4, N 15.5, S 17.8; 
found: C 53.0, H 4.4, N 15.8, S 17.8. 

8-Methyl-[1,3,4, oxadiazolo[3,2-n,pyridin-2-thione, 16 
1-Amino-3-methyl-2-pyrldone (0.2 g) (15) (3) was dis- 

solved in aqueous ethanol (10 ml) in the presence of 
sodlum bicarbonate (0.5 g) and treated with a solution of 
thiophosgene (0.5 g) in ether (10 ml). The precipitate was 
filtered off and extracted with boding ethanol. The evapo- 
ration of the ethanolic extract left 0.245 g of the product 
16, mp 249-250-C (short colorless needles after crystal- 
lizatlon from dimethylsulfoxide) (Scheme 2). 

Low resolution mass spectrum: mle 166 is the M t ,  in 
agreement with the composition of compound 16. A frag- 
ment ion of m/e 109 may be assigned to 3-methyl-2- 
pyridone whose presence may be rationalized as being 
created by the expulsion of SCN from the molecular ion. 

High resolution mass spectrum: Exact Mass calcd. for 
C7H6N,0S : 166.0201 ; found : 166.0200. The nmr spec- 
trum (DMSO-d,): 6 9.16 (d, H-5), 7.94 (t, H-6), 8.42 (d, 
H-7), 2.87 (s, CH3-8). 
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The acid-catalyzed hydrolysis of phosphinates. 111. The mechanism of 
hydrolysis of methyl and benzyl dialkylphosphinatesl 
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KHAMIS A. ABBAS and ROBERT D. COOK. Can. J. Chem. 55,3740 (1977). 
The rates of the acid-catalyzed hydrolysis of methyl dimethyl-, diethyl-, diisopropyl-, and 

di-tert-butylphosphinate in D2S04-D20 and of p-methoxybenzyl, p-chlorobenzyl, p-nitro- 
benzyl, and benzyl diethylphosphinate in - 70% W/W DMSO-H20 have been studied. 
The bell-shaped pH-rate profiles, the Bunnett-Olsen + (0.91 to 1.28), Bunnett w (2.28 to 3.52) 
and w* (-0.94 to +0.17), and Yates-McClelland r (0.61 to 2.6) values, and the entropies of 
activation (- 18 to - 24 eu) all support an A2 mechanism for the methyl esters. The suggested 
mechanism for the benzyl esters is a unimolecular hydrolysis (A,,l). This conclusion is sup- 
ported by the pH-rate profiles, the +, values (-0.12 to -0.29) and the entropies of activation 
(-4 to -7 eu). The pK,'s of the esters are also reported and they range between - 2.4 to - 3.3. 

KHAMIS A. ABBAS et ROBERT D. COOK. Can. J. Chem. 55,3740 (1977). 
On ktudie les vitesses d'hydrolyse catalyskes par un acide du dimkthyl-, dikthyl-, diisopropyl- 

et di-tert-butylphosphinate de mkthyle dans une solution D2S04-D20 ainsi que pour les 
dikthylphosphinates dep-mkthoxybenzyle, p-chlorobenzyle, p-nitrobenzyle et benzyle dans une 
solution H2SO4 - 70% W/W DMSO-H20. Les courbes obtenues en forme de cloche du pH- 
vitesse d'hydrolyse, les valeurs + (0.91 a 1.28) de Bunnett-Olsen, de w (2.28 a 3.52) et w* 
(-0.94 a +0.17) de Bunnett et les valeurs de r (0.61 a 2.6) de Yates-McClelland ainsi que les 
entropies d'activation (- 18 a -24 ue) sont favorables a un mkcanisme de type A2 pour les 
esters mkthyliques. On propose un mkcanisme d'hydrolyse unimolkculaire (A,,l) pour' les 
esters benzyliques. Cette conclusion est appuyke par l'allure des courbes (pH-vitesse d'hydro- 
lyse), les valeurs +, (-0.12 a -0.29) ainsi que les entropies d'activation (-4 a -7 ue). On 
prksente aussi les valeurs des pK, des esters qui se situent entre -2.4 et - 3.3. 

[Traduit par le journal] 

Introduction 
Because of their biological importance, the 

hydrolysis reactions of phosphates (I), and to a 
lesser extent, phosphonates (2), have been 
extensively studied. Although phosphinates do 
not occur in nature, their hydrolysis reactions 
have also been the subject of several reports. 
Most of these studies have been carried out in 
alkaline medium (3). It has been shown that, in 
general, phosphinates hydrolyze via a mechanism 
involving attack of hydroxide on phosphorus 
and subsequent cleavage of the P-0 bond. A 
few esters, p-nitrophenyl diphenylphosphinate 
(1) (4), some methyl methylarylphosphinates 
(2a-c) (5 ) ,  some 1-arylethyl diphenylphosphin- 
ates (3a-d) (6) and some alkyl phenylethylphos- 
phinates (4a-e) (7) have been studied in acid 
medium. There are four general possibilities for 

'Taken from the Ph.D. dissertation of K. A. Abbas, 
American University of Beirut (1975). For Part 11, see 
ref. 30. 

2Address correspondence to this author at the Ameri- 
can University of Beirut, Beirut, Lebanon. 

the hydrolysis of phosphinates in acid medium. 
These possibilities are: (i) water not involved in 
the rate-determining step and P-0 bond cleav- 
age (A,,l) ; (ii) water not involved and C-0 bond 
cleavage (A,,l); (iii) water ii~volved and P-0 
bond cleavage (A,,2); (iv) water involved and 
C-0 bond cleavage (A,,2). An A2 mechanism 
with P-0 bond cleavage as shown by 0-18 
studies has been proposed for the hydrolysis of 
1 (4). A similar mechanism was suggested for 
compounds 2a-c; however, no evidence was 
presented to support P-0 bond cleavage (5). 
Subsequently, McClelland has shown by 0-18 
experiments that compounds 2a-c undergo 
acid-catalyzed hydrolysis with approximately 
90% P-0 bond cleavage (8). A unimolecular 
(A,,1) pathway has been proposed for com- 
pounds 3a-c (6). Compounds 4a and 4b hydro- 
lyze by an A2 mechanism with 49% and 65% 
C-0 bond cleavage respectively (7). In this 
paper we report our results on the hydrolysis of 
methyl dimethyl- (5a), diethyl- (5b), diiso- 
propyl- (5c), and di-tert-butylphosphinate (5d) 
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ABBAS A N D  COOK 

TABLE 1. Rate constants for the hydrolysis of methyl dialkylphosphinatesa (R2P02CH3) in D2S04-D20 
at 75"Cb 

OEster = 0.15-0.21 m bT = 75.4 2 0.4"C, unless indicated. T h e  molarity, determined from a calibration curve which 
was prepared by titration. *k x 106 s - I ;  obtained from a least squares computer analysis; correlation coefficients given in 
I, m, and n. eT = 62.7'C. JT = 523°C. ST = 52.0°C. hT = 67.S°C. i T  = 50.8"C. JT = 84.8'C. kT = 
958°C. 'Correlation coefficient, r > 0.99. "0.99 > r > 0.98. nr < 0.98. 

in D,O-D2S04 solution as well as our results 
for the hydrolysis of p-methoxybenzyl (6a), 
benzyl (6b), p-chlorobenzyl (6c), and p-nitro 
benzyl diethylphosphinate (6d) in H2S04 - 70% 
w/w dimethylsulfoxide-water solution. 

P - X C ~ & ( C H , ) C H O ( O ) P ( C ~ H S ) ~  CsHs(C2Hs)P(O)OR 
3 4 

a X = H  a R = CH, 
b X = C H ,  b R = C2Hs 
c X = C l  c R = C2&OCH3 
d X = N 0 2  d R = i-C3H7 

e R = I-C,H9 

R2P(0)OCH3 P-XC,&CHZO(O)P(CZHS)Z 
5 6 

a R = C H ,  a X = OCH, 
b R = C2Hs b X = H  
c R = i-C3H, c X = C l  
d R = t-C,H9 d X = N 0 2  

Results 
Rate Data 

The observed first-order rate constants for the 
hydrolysis of con~pounds 5a-d and 6b-c a t  
different acid strengths3 (C, + or C, +)  are 
given in Tables 1 and 2 respectively. In sub- 
sequent correlations the Hammett acidity func- 
tions Do and Ho are also used. The Do values are 
corrected for temperature (9, 10); however, the 
H, values are for 25°C (11). Rate-pH profiles 
are given in Figs. 1-3. 

Basicity Data 
The basicity measurements as determined by 

the nmr method (12) for compounds 5a-d, 
6b-d and for ethyl diethyi- and isopropyl 
diethylphosphinate are given in Table 3. A 
typical plot of the nmr chemical shift versus the 
appropriate acidity function for methyl dimethyl- 
phosphinate (5a) is given in Fig. 4. The value of 
M in Table 3 is the slope of the plot of log,, 

3CD+ and CH+ are the deuterium and hydrogen ion 
concentrations and were determined from calibration 
curves which were prepared by titrating weighted samples. 
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3742 CAN. .I. CHEM. 

TABLE 2. Rate coilstants for the hydrolysis of p-chloro- 
benzyl and benzyl diethylphosphinatea in HzS04 - 70% 

DMSO-H20 

1.75 2.73' 1.82 1.41j 
2.50 4.47' 2.46 2.42' 
3.10 7.88' 3.10 3.21' 
3.70 10.34' 3.45 4.30' 
3.80 10.20' 4.15 6.19' 
4.60 31.68' 4.80 10.06' 
5.78 10.18' 5.70 42.36' 
1 . 70f 10.94k 1 . 90f 4.76j 
1 . 80g 26.99' 1 .8Y 13.63j 
1.75h 62.61' 1 .85h 37.78' 

.Ester = 0.30-0.35 m. bT = 50.2"C unless indicated. cT = 
50.5"C unless indicated. dThe molarity ; determined from a calibra- 
tion curve which was prepared by titration. eObtained from a least 
squares computer analysis; correlation coefficients given in i, j ,  and k.  
IT = 60.1YC. OT = 70.0°C. hT = 77.7"C. ,r  = (correlation 
coefficient) > 0.99. 10.99 > r > 0.98. k0.98 > r > 0.97. 

w O/o D2S04 

FIG. 1. Rate profiles for methyl dialkylphosphinate 
hydrolysis in D2S04 at 75°C; ( a )  methyl; (m) ethyl; 
(A) isopropyl; ( 0 )  fert-butyl. 

CsD +/Cs versus - D o  and represents the devia- 
tion of the substrate from Hammett basicity4 
(eq. 1) (12). 

111 log,, Cs,+ICs = M (PKSD+ - Do) 

Activation Parameters 
The values of the activation parameters 

calculated for the acid-catalyzed hydrolysis of 
compounds 5a-d, 6b, and 6c are given in Table 4. 

4Cs and CsD+ are the concentrations of ester and pro- 
tonated ester respectively. 

VOL. 

- - 
I 
V) - 

(D 

G 
X 

A 

FIG. 2. Expanded rate profiles for methyl dialkyl- 
phosphinate hydrolysis in D2S04 at 75°C; (A) ethyl; 
( a )  isopropyl; ( 0 )  ferf-butyl. 

FIG. 3. Rate profiles for benzyl (66) and p-cfiloro- 
benzyl (6c) diethylphosphinate hydrolysis in H2S04 - 
70% DMSO-H20 at 50°C. 

Treatment of the Kinetic Data 
Bunnett w and w" Equations (13) 
The equations used for determining the w and 

w* values are the appropriate ones for when the 
substrate is appreciably protonated (eqs. 2 and 
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ABBAS A N D  COOK 

TABLE 3. Basicity of phosphinates as determined by the nmr method" 

Compound Half protonationd pKae M valuee r e  

Methyl dimethyl- 
phosphinateb 

Methyl diethyl- 
phosphinateb 

Methyl diisopropyl- 
phosphinateb 

Methyl di-tert-butyl- 
phosphinateb 

Ethyl diethyl- 
phosphinateb 

Isopropyl diethyl- 
phosphinateb 

Benzyl diethyl- 
phosphinatec 

p-Chlorobenzyl 
diethylphosphinatec 

p-Nitrobenzyl 
diethylphosphinatec 

"eference 12. 
DzSOI-D20. 

=In H2S0, - 707 DMSO-H20. 
dTaken from pl; of chemical shift versus -Do or -Ho. 
eObtained from the least squares analysis of the plot of log [SH+I/[Sl versus -Do or -Ho; r = correlation 

coefficient. 

FIG. 4. Protonation of methyl dimethylphosphinate as 
measured by chemical shift and the dependence of log 
CsD+/Cs on Do. 

3).5 The results of the application of these 
equations to the rate data obtained for com- 
pounds 5a-d are given in Table 5. All the 

PI log10 kobs - log10 dOl(d0 + KsD+) 

= w log,, aD,o + C 
'In [2] and [3] and the following equations the a o , ~  

values (activity of deuterium oxide) are for 20°C (14) and 
-log,o do = Do. 

w plots are curved as is predicted when data 
obtained over a wide range of acid strength are 
used (13). The w* plots give better correlations. 
However, if the rate data obtained in a medium 
range of acidities is used then that section of the 
w plot is relatively linear (see correlation coeffi- 
cients). Figure 5 gives the w and w* plots for 
compound 5a. 

Bunnett and OIsen 4 Approach (15) 
Bunnett and Olsen suggested that the linear 

free energy relationship (lfer) represented by 
[4] would be useful in determining the mecha- 
nism of acid-catalyzed reactions when a wide 
range of acidities is used (15). The 4 values 
obtained are composites of +,, which relates 
to the equilibrium protonation step, and +,, 
which relates to the reaction step. The values for 
4, and 4, can be obtained from [5] and [6] 
respectively. Equation 6 represents the proper 
form of the Bunnett-Olsen lfer for a moderately 
basic substrate. The values obtained for 4, +,, 
and 4, are given in Table 5. A typical 4 plot is 
given 
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TABLE 4. Activation parameters obtained for the acid-catalyzed hydrolysis of phosphinates 

Weight Y, Ea AH* AG* AS* 
Compound acid Slopec r (kcal/mol) (kcal/mol) (kcal/mol) (eu) 

5a Methyl dimethyl- 50.Sd 4 . 8 1  1 . 000 22.1 21.5 27.7 -18+3 
phosphinate" 90.5 -4.93 0.998 22.7 22.0 28.3 -18+3 

56 Methyl diethyl- 
phosphinatea 55" -4.60 0.999 21.1 20.5 28.8 -24+3 

5c Methyl diisopropyl- 
phosphinate" 52.5" -5.21 0.986 23.8 23.1 29.3 -18+3 

5d Methyl di-tert- 
butylphosphinate" 50" -5.11 1 ,000 23.5 22.8 29.5 -19+3 

6b Benzyl diethyl- 
phosphinateh 14.7 -5.50 0.997 25.3 24.6 27.4 - 7 + 3  

6c p-Chlorobenzyl 
diethylphosphinateh 15.5 -5.89 0.999 27.1 26.4 27.9 - 4 + 3  

"In D,SO,-D,O at 75°C. 
H2SO4 - 70% DMSO-H,O at 77.7% 

cobtamed from a least squares computer analysis of  the plot o f  log k versus 1/T;  r : correlation coefficient. 
d A c ~ d  strength where the substrates are half-protonated. 

TABLE 5. Results of the analyses of the kinetic data by the Bunnett, Bunnett-Olsen, and Yates-McClelland equations 

w values" W *  valuesa 4, valuesf 
-- -- - 

Weight % weight Y,  Weight Y, 
Compounds D2S04  Pts. M) rh D2S04  Pts. w* rb D2S04  Pts. $c r 

15-26' 5 6.74 0.994 
5a 26-51d 7 2.28 0.991 26-51" -0.94 0.995 

15-61' 14 1.88 0.956 25-58' 11 -1.2 0.982 15-85 18 0.58 0.998 
10-35" 7 4.53 0.988 

5b 30-SOd 6 3.00 0.989 30-50" -0.18 0.689 
10-55' 11 3.30 0.987 10-55' 11 -0.31 0,832 15-85 14 0.56 0.993 
7-30' 8 5.71 0.990 

5c 30-48- 3.19 0.996 30-4Sd 5 -0.04 0.198 
7-54' 13 3.33 0.986 15-74 14 0.60 0.998 
8-3Sc 10 6.26 0.987 

5d 26-4gd 7 3.52 0.992 26-4Sd 7 +0.17 0.802 
8-55' 15 3.64 0.978 8-90 19 0.47 0.999 

4, valuesg 4 valuesh Yates-McClelland r values' 
- - -- 

Weight Weight Y, Weight % Y-M 
Conlpounds D2S04  Pts. 4, rh Pts. rh 4 4  D2S04 Pts. r rh 

OReference 13. br = Correlation coefficient; from a least squares computer analysis. Low values o f  r are expected if the slope value is close 
to zero. 'Low acidity range. *Medium acidity range. eAll points for which a,,, values are known; for w*.  low acidity points are 
ignored because o f  scatter. fReference 150, eq. 5. "Reference 15h, eq. 6 .  "eference 1 Sh, eq. 4 .  'Reference 16a. 

[51 log10 CSD + / c s  + Do for compound 5d in Fig. 6 .  The 4 plots are 
linear over the entire range of acidities studied 

= + log lo  + C"' even though 141 strictly applies only to very 
weakly basic substrates. 

Yates-McClelland Euuation f 16) , , 

= +,(Do + loglo C D + )  + C" In order to eliminate the problems created by 
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ABBAS AND COOK 3745 

FIG. 5. Bunnett w and w* plots of the rate data ob- 
tained for methyl dimethylphosphinate hydrolysis. 

0 

+ 
4 lo- 
r 
m - 9- 
I 

8. 

-(Do + log C,.) 

FIG. 6. Bunnett-Olsen 4 and 4, plots of the rate data 
obtained for methyl di-tert-butylphosphinate hydrolysis. 

the non-cancellation of the activity coefficient 
ratios when analyzing the rate data of the acid- 
catalyzed hydrolysis of a non-Hammett sub- 
strate, Yates and McClelland suggested that the 
appropriate acidity function for that substrate 
be used (16). In order to avoid defining new 
acidity functions for every new type of substrate 
it was suggested that the Hammett acidity func- 
tion be modified as in [7] (the M value comes 

molecules involved in the rate-determining step, 
are given in Table 5. A typical r plot is given in 
Fig. 7. 

loglo k O b s  - loglo dOM/(dOM f K~~ 

= r loglo a,,, + Ct  

Discussion 
Methyl Esters: General Comments 

The pH-rate profiles for compounds 5a-d 
are given in Fig. 1 and an expanded profile for 
compounds 5b-d is given in Fig. 2. The rates of 
hydrolysis of these compounds show both acid 
catalysis and at higher acidities acid inhibition 
of reaction. The bell-shaped curves that are 
obtained are typical of acid-catalyzed reactions 
where water is involved in the rate-determining 
step (17). The acid-catalyzed portion of the curve 
represents an increase in reactivity due to in- 
creasing amounts of protonated ester while the 
acid-inhibited part is due to a decrease in the 
activity of water in more concentrated acid 
solution. The four esters are approximately 40% 
protonated at their maximum rate. Further 
proof for an A2 mechanism can be found in the 
application of the Bunnett w and w* equations 
(13) as well as the Bunnett-Olsen 4 (15) and 
Yates-McClelland r-value (16) approaches to 
the study of acid-catalyzed reactions (see next 
section). 

r7 I Hphosphinates  = M H ~  
-log a 

from [I]). The form of the Yates-McClelland "zO 

equation used is given in [a]. The values obtained FIG. 7. Yates-McClelland r plot of the rate data ob- 
for r, which represents the number of water tained for methyl di-tert-butylphosphinate hydrolysis. 
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It is also important to note that the pH-rate 
profiles show no upward curvature at high acid 
concentrations unlike several acetate esters (16). 
These acetates, for example methyl acetate, have 
bell-shaped pH-rate profiles which at concen- 
trations above 85% sulfuric acid show slight 
increases of rate. These upward tails have been 
explained as a change of mechanism from 
AaC2 to AaC1, that is, rate-determining formation 
of an acylium ion (16). The analogous species 
for phosphinates would be a phosphinylium ion 
(R,P(O)+). There is evidence from studies on 
the hydrolysis of phosphinyl chlorides that such 
species are not very stable (18) and therefore in 
the acid-catalyzed hydrolysis of phosphinates an 
Aacl pathway is most likely of high energy. An 
Aall mechanism in the case of the methyl esters 
is equally unlikely because of the instability of 
the methyl carbonium ion. 

Treatment of the Kinetic Data 
The hydrolysis of esters 5a-d has been studied 

over nearly the entire range of sulfuric acid 
concentration. Because of this factor, the w plots, 
as predicted, are curved, that is, the value of w 
is dependent on the concentration range of acid. 
If a medium concentration range is used 
(25-50% D2S04), the values of w range from 
2.28-3.52 increasing from 5a to 5d. These 
values are indicative of an A2 mechanism with 
water acting as a nucleophile or as a proton 
transfer agent in the rate-determining step. The 
w* plots give straighter lines over a wider acid 
concentration range than those for w and again 
the results support an A2 mechanism. This 
mechanism is also suggested by the results 
obtained from the Bunnett-Olsen 1fe relation- 
ship ($ values). The $, and +, values were also 
determined. Because the substrates are moder- 
ately weak bases the proper form of the Bunnett- 
Olsen relationship is that which is represented 
by [6] (4,). The +, values support a rate-deter- 
mining step in which water participates as a 
nucleophile. The appropriate form of the Yates- 
McClelland equation (eq. 8) gives r values which 
range from 0.6 to 2.6. The value of r repre- 
sents the number of water molecules needed in 
the rate-determining step. Clearly, for these 
methyl esters, at least one molecule of water is 
necessary. 

Underlying all these results is the interesting 
relationship between solvation as represented by 
the value of M and the range of values for the 

different parameters w, w*, and r. Further work 
is needed in this area although some progress 
has been achieved by the group of McClelland, 
Yates and co-workers (19). 

Activation Parameters 
The entropies of activation of compounds 

5a-d are in the range of - 17 to -24 eu. These 
values are typical of A2 reactions (20). The en- 
tropy of activation was also calculated for com- 
pound 5a from the rate data in 90.5% D2S04 
and the value obtained is the same as that in 
50.5% acid. This result also supports the con- 
clusion drawn from the pH-rate profiles that the 
mechanism does not change at very high 
acidities. 

Relative Rate and Point of Cleavage 
The relative rate values for a number of 

different ester systems under varying conditions 
of pH, solvent, and temperature are given in 
Table 6. The rates of acid-catalyzed hydrolysis 
of phosphinates are much less sensitive to the 
size of the substituents on phosphorus than are 
the corresponding rates in alkaline medium. 
This result is similar to that obtained for car- 
boxylic esters. The mechanism for carboxylic 
ester hydrolysis in acid or base involves attack 
at carbonyl carbon to form a tetrahedral inter- 
mediate. It has also been shown that in the 
alkaline hydrolysis of phosphinates attack takes 
place on phosphorus with resultant cleavage of 
the P-0 bond (3). However, in acid, water 
attacks both phosphorus and carbon leading to 
cleavage of both the P-0 and C-0 bonds 
(7, 8). The place of attack appears to be very 
sensitive to conditions, to the nature of the 
nucleophile, and to the size of the substituents on 
phosphorus. For example, compound 2a hydro- 
lyzes in 1.0 M HC10, with 90% P-0 bond 
cleavage (8) and compound 4a hydrolyzes in 
3 M HClO, with 51% P-0 bond cleavage (7). 

It is likely that the energy barriers to attack 
at phosphorus and to attack at carbon are very 
similar and that these esters hydrolyze via both 
pathways with C-0 cleavage becoming more 
favourable as the size of the alkyl groups on 
phosphorus increase. 

At very high acid concentration hydrolysis 
does take place, although very slowly. The 
activity of water at these acid concentrations is 
extremely low and therefore, it is possible that 
HS0,- is the nucleophile affecting reaction (21). 
Above 85% HH,S04 the concentration of HS04- 
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TABLE 6. Relative rates of ester hydrolysis 

Reaction CH3 C2H5 i-C3H7 t-C4H9 Ref. 

RzPOZCH3 + D+ 3 . 6  
RzP02CH3 + D+ 11 
RzPOzCH3 + D+ 40 
C~H~(C~H~)POZR + H+ 1 . 6  
C~HS(C~H~)POZR + Hf 1 . 5  
RzPOzCH3 + OH- 1700 
RCOzCzH5 + OH- 100 
RCOZH + H+ (CZH50H) 40 

.In DzS04-Dz0; DO = - 1 ,  at 75°C. This work. 
D2S04-D20; DO = ~ K E D + ,  at 75°C. This work. 

=In D2S04-DzO; DO = -5.8, at 75°C. This work. 
dReference 7. 3.01 M HC104 (H20) at 100°C. 
*Reference 7.2.31 M HCIOn in 409, dlmethoxrethane-water at 

0.31 and R = (CH,),CHCH,-, 0.2: 
IReference 3. 60% Dimethoxyethane-water at 75'C. 
gReference 28. 8 8 9  Ethanol-water at 30°C. 
hReference 29. ~stirification in HCI at 14.3"C. 

is more than 100 times greater than that of 
H 2 0  and this would more than offset their 
nucleophilicity difference (22). 

In McCoy's study of the acid-catalyzed 
alcoholysis of phosphinates 4a and 46 with 
methanol and isobutyl alcohol, ethers were 
isolated as products (greater than 95% attack 
of alcohol on carbon) (7). In our hydrolysis 
experiments dimethyl ether is formed in the 
reactions run in acid strengths above 25% 
D2S04. Although under these experimental 
conditions the product of our reaction, methanol, 
dehydrates, one cannot rule out the possibility 
that some of the ether is formed in an alco- 
holysis reaction similar to that observed by 
McCoy. 

In conclusion it can be stated that the evidence 
clearly suggests an A2 mechanism for the 
hydrolysis of compounds 5a-d. 

Benzyl Esters 
Noyce and Virgilio (6) have studied the 

solvolysis of I-arylethyl diphenylphosphinates 
(3a-d) in 80% ethanol-water at 75°C. The 
evidence clearly supports their suggested Aa,l 
mechanism. The title compounds, 6a-d, are less 
sterically hindered than 3a-d toward attack of 
water (associative mechanism) and they would 
give rise to a slightly less stable carbonium ion 
(dissociative mechanism), therefore the possi- 
bility of either an A2 or A1 mechanism exists 
for the hydrolysis of these compounds. 

The methoxy ester (6a) hydrolyzes too quickly 
for the determination of either the pKsH+ or 

relative rates for R 

accurate rate constants. The nitro ester (6d), on 
the other hand, only shows appreciable hydrol- 
ysis in solutions containing more than 60% 
H2S04. The pH-rate profiles for compounds 
66 and 6c are given in Fig. 3. These compounds 
show a continuous increase in rate with in- 
creasing acid concentration. Such profiles are 
indicative of hydrolysis reactions where water 
is not involved in the rate-determining step, i.e. 
dissociative mechanisms. 

The 4 values obtained for compounds 66 and 
6c are positive (0.45 and 0.53 respectively) but 
the 4, values are negative (-0.12 and -0.29 
respectively). The positive values for 4 would 
indicate the involvement of water; however, very 
little is known about the effect of organic 
solvents on the value of 4 (15) and, in any case, 
the values do not take into consideration the 
amount of protonated substrate as do the 4, 
values. Negative values of 4, are consistent with 
an A1 mechanism. 

The strongest evidence for a dissociative 
mechanism comes from the values of the entropy 
of activation. The A S *  values for compounds 
6b and 6c at 77°C are -7 and -4 eu respec- 
tively. These values fall between the ranges of 
entropies of activation expected for an A1 and 
A2 reaction (20); however, there are several 
examples of A1 reactions which have small 
negative entropies\ (20). Tommila and Murto 
(23) have also found that the A S *  for the hydrol- 
ysis of ethyl acetate in HCI-DMSO-H20 is 
smaller than the A S *  in HCI-H20 (22). This 
result indicates that the AS' values for com- 
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pounds 6b and 6c might even be slightly positive 
if the reaction were carried out in H,S04-H,O 
only. 

The substrate which is least likely to undergo 
dissociation to a carbonium ion is the p-nitro 
ester (6d). This compound undergoes hydrolysis 
at a reasonable rate onlv at an acid concentra- 
tion where the activity of water is very low and 
beyond the point where the compound is com- 
pletely protonated. Therefore it is reasonable to 
assume that this compound also hydrolyzes by 
a dissociative A,,1 mechanism. An Aa,l mech- 
anism cannot be completely ruled out but it is 
less likely given the apparent instability of the 
phosphinylium ion (18). 

A Hammett p value was calculated for the 
reaction using relative rate data taken from the 
reaction half-lives at 40% HH,S04 and 50°C.6 
The value obtained using oi was -3.5. This 
result also supports a unimolecular reaction 
involving carbonium ion formation. The p value 
obtained by Noyce and Virgilio for compounds 
3a-d is - 5.1 (6). Therefore, an A,, 1 mechanism 
is suggested for compounds 6a-d. 

Basicity of Phosphinates 
Because of the similarity between the protona- 

tion behaviour of phosphine oxides and phos- 
phinates, protonation undoubtedly takes place, 
in the latter compounds, on the oxygen of the 
P=O group. There appears to be no correlation 
between the pKa of the phosphinates and the 
nature of the carbon groups attached to phos- 
phorus. However, the methyl-, ethyl-, and 
isopropyl diethylphosphinates have pKa values 
which decrease appreciably with the decreasing 
size of the alkyl group in the alcohol part of the 
ester (-3.56, - 3.21, and -2.41 respectively). A 
possible explanation for this trend is to postu- 
late that interaction of the type shown in struc- 
ture 7 is important. As the R group becomes 
more electron donating the interaction as de- 

0 
II 0. 

(C,HS),P-O-R 
7 

picted in structure 7 will become more im- 
portant and the ester would be expected to be 
more basic. Supporting evidence for this point 
comes from the large polar substituent effect of 
the R group in the alkaline hydrolysis of the 
identical esters (p* = 8) (3). 

6Approximate calculated rate constants were used for 
compounds 6a and 6d. 

The values of M given in Table 3 indicate how 
different phosphinates are from anilines (Ham- 
mett bases). The lower the M value the more 
that substrate is solvated. All the phosphinates 
have approximately the same M value (0.5) 
except for methyl di-tert-butylphosphinate and 
isopropyl diethylphosphinate. For these com- 
pounds there appears to be some steric inhibi- 
tion of solvation. Phosphinates should be more 
highly solvated than anilines because of the 
presence of two oxygens each with two pairs 
of non-bonding electrons. Oxygen is also a 
harder base than nitrogen and therefore should 
interact better with the proton (12). 

The results for benzyl diethylphosphinate are 
difficult to explain. The M value is 0.78, con- 
siderably higher than all of the other esters 
studied. One possible explanation would be that 
the compound is undergoing reaction even in 
the short time needed for the nmr measure- 
ment. Of all the compounds for which the pK, 
was determined this ester is the most reactive. 

Experimental 
General 

Elemental analyses were performed by E. Pascher, 
Bonn, Germany. Melting points were taken in capillary 
tubes and are uncorrected. All nuclear magnetic spectra 
were taken on a Varian model A60D spectrometer and 
infrared spectra were taken on a Perkin-Elmer model 257 
spectrophotometer. 

Synthesis of Esters 
The synthesis and the physical and spectral data for 

compounds 5a-c as well as for ethyl diethyl- and iso- 
propyl diethylphosphinate have been previously reported 
(3 and references therein). Benzyl diethylphosphinate has 
been synthesized by a method different from that re- 
ported here but the compound was not characterized 
(24). For all compounds nmr and infrared spectra were 
consistent with structural assignments. The elemental 
analyses and boiling points for the previously unreported 
esters are given in Table 7. 

Methyl di-tert-Butylphosphinate 
The ester was prepared by addition of diazomethane to 

a methanol solution of di-tert-butylphosphinic acid. The 
methanol was removed and the ester distilled. The acid 
was prepared by refluxing the acid chloride with aqueous 
1 N sodium hydroxide for 48 h (25); mp 205-207°C (lit. 
201°C (25), 208-210°C (26)). The di-tert-butylphosphinyl 
chloride was synthesized from tert-butyldichlorophos- 
phine by a procedure similar to that of Crofts and Parker 
(25). The phosphinyl chloride (101-105"C/5 Torr) was 
recrystallized from petroleum ether; mp 80-81.5"C (lit. 
82.5"C (25), 80.1-80.9"C (27)). The tert-butyldichloro- 
phosphine was prepared by a method similar to that of 
Voskuil and Arens (27). 

Benzyl and Substituted Benzyl Diethylphosphinates 
Into a four-necked round bottom flask equipped with 
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TABLE 7. Physical constants and C, H, and P analyses 

Analysis 
- - - - - 

Calculated Found 

Compound bp C H P C H P 

5d 76-7710.7 Torr 51.43" 10.95 14.77 51.76 10.55 14.94 
6ac Not distillableb - - - - - - 

66 Not distillableb 62.25 8.07 14.60 61.41 8.12 14.18 
(133-3510.5 Torr)* 

6c Not distillableb 53.56 6.54 12.56 53.64 6.56 12.46 
6d Not distillableb 51.35 6.27 12.04 50.82 6.17 12.11 

'Analyzes for the monohydrate, C9H12P02.H,0. 
*The benzyl and subst~tuted benzyl esters were punfied by chromatography. 
CElemental analys~s not performed. 
*Reference 24. 

a stirrer, a condenser, a dropping funnel, and a thermo- ments with sealed and capped tubes. In the nrnr the 
meter were placed diethylphosphinyl chloride (0.1 mol) decrease in the intensity of the CH, of the OCH, or the 
and 100 ml of dry ether. The flask was cooled to 5°C and CH2 of thep-XC6H40CH, of the esters and the increase 
a solution of the appropriate alcohol (0.15 mol) and in the intensity of the same groups in the respective 
freshly distilled triethylamine (0.15 mol) in 100 ml of alcohols were followed. Each aliquot was integrated 
ether was added with stirring over a period of 3 h. A 10-16 times and the results were averaged. The chemical 
second portion of alcohol (0.5 mol) was then added over shift difference between these resonances is between 20 
a period of 1 h and the reaction was stirred for a further and 24 Hz. At the higher concentrations of acid another 
4 h at 5°C. The mixture was allowed to come to room peak appears; this peak was shown to be due to ether 
temperature and stand overnight. The triethylammonium formation. Samples of methanol and p-methoxybenzyl 
chloride was filtered and the filtrate was washed first with alcohol were placed in acid under reaction conditions and 
1% HCl and then with 5% sodium bicarbonate. The ether after a period of time another peak appeared at a chemical 
layer was finally washed with water, dried over sodium shift difference equal to the shift difference observed 
sulfate, and concentrated at room temperature on a during hydrolysis. This conclusion is also supported by 
rotatory evaporator. The separation of the alcohols from nrnr studies on mixtures of methanol and dimethyl ether 
the esters was achieved by column chromatography using (Matheson) in acid solution. 
silica gel. The alcohols were eluted with a 4: 1 benzene- The spectra of ethyl diethyl- and isopropyl diethyl- 
chloroform solution and the esters with a 5: l  chloro- phosphinate are too complex to be integrated properly 
form-methanol solution. The chromatogram was fol- and therefore the kinetics of hydrolysis of these com- 
lowed by thin-layer chromatography on silica gel with pounds were not studied. 
chloroform as solvent. When benzyl diethylphosphinate By plotting log,, (unhydrolyzed esterloriginal ester) 
was distilled at 110-112°C/0.05 Torr, nrnr showed that versus time, straight lines were obtained. The slopes of 
the ester had partially decomposed into acid and alcohol. the plots were obtained by a least squares computer 
Henning et al. (24) have prepared the benzyl ester by a analysis. The rate constant, kobs, is then equal to 2,303 
transalkylation reaction of ethyl diethylphosphinate and (slope)/3600 s-l. 
benzyl chloride using a catalytic amount of triphenyl- 
phosphine. The ir and nrnr spectra were not reported; 
however, the authors mentioned that the compound 
decomposed at 180°C. The crude yield for the prepara- 
tion of the benzyl esters by the method reported in this 
paper is 85-907,. 

Kinetic Measurements 
The hydrolyses of compounds 5a-d were run in 

dideuterosulfuric acid - deuterium oxide solution and 
the hydrolyses of compounds 6a-d were run in solutions 
of sulfuric acid and 707, w/w dimethylsulfoxide-water. 
The molarities of the acids were determined from cali- 
bration curves. The calibration curves were prepared by 
titrating weighted samples of the acid solutions. The 
dimethylsulfoxide was purified by distillation. 

The rates were followed by nrnr spectroscopy. Aliquots 
of the reaction mixtures were capped in nrnr tubes which 
were immersed in a bath at appropriate temperatures. 
The nrnr spectra were recorded at different time inter- 
vals. Two runs were carried out in sealed nrnr tubes. 
Identical results were obtained from the kinetic experi- 

Measurement of pKa's 
The pK,'s of the esters were measured using the pro- 

cedure of Haake et al. (12). The pK,'s of compounds 
5a-d were measured in D2S0,-D20 solution (concentra- 
tion of the ester was approximately 0.1 M) and those for 
6a-d were measured in H2S04 - 70% w/w DMSO-H20 
solution. ~rimeth~lammonium chloride was used as an 
internal standard. 
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Open-chain nitrogen compounds. Part 111.' The formation of triazenes 
in the reaction of diazonium salts with a-aminoacetonitrile 

and related a-substituted alkylamines 
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THERESA A. DANIELS, SHIRAZ SIDI, and KEITH VAUGHAN. Can. J. Chem. 55,3751 (1977). 
Several triazenes of type Ar.N=N.NH.CH,Y, where Y is electron withdrawing, have 

been prepared by reaction of the diazoniurn salts X.C6H4Nz+ (X = H, p-NOZ, p-COzMe, 
p-COPh, and o-COPh) with the a-substituted alkylarnines NH2CHzY (Y = CN, COZEt, COPh, 
and CH(OCH,),) in aqueous solution, without prior isolation of the diazoniurn salt. In all 
cases, the diazonium ion attacks at the NH2 moiety exclusively and the methylene group in 
NHzCH2Y shows no tendency to compete for the diazoniurn ion. 

THERESA A. DANIELS, SHIRAZ SIDI et KEITH VAUGHAN. Can. J. Chern. 55,3751 (1977). 
Plusieurs triazenes de types Ar.N=N,NH,CH,Y, ou Y est un groupe attracteur d'elec- 

trons, sont prepares, en solution aqueuse, par reaction de sels diazoniurn XC6H4Nz+ 
(X = H,p-NOZ,p-C02Me,p-COPh et o-COPh) avec des alkylamines a-substituees NH2CHzY 
(Y = CN, COZEt, COPh et CH(OCH,),) sans isolation prealable des sels diazonium. Dans 
tous les cas, l'ion diazonium attaque exclusivernent le site NHz et le groupe methylene dans 
NH2CH2Y montre aucune tendance a entrer en competition vis-a-vis de l'ion diazonium. 

[Traduit par le journal] 

Introduction work by looking at the reaction of diazonium 
The reaction of diazonium salts with proteins ions with amines of type NH,CH,Y (where Y 

has been extensively used as a structural probe, is electron withdrawing), to examine the tri- 
typically in the elucidation of the topography of azenes arising therefrom (eq. 1) and to assess 
the active sites of enzymes (2). The azo-proteins the possibility of competitive coupling at the 

formed in this way arise largely from diazo- activated CH2 group (eq. 2). 

coupling with the activated aromatic rings of A ~ N ~ +  + N H ~ C H ~ Y  + ArN=N.NH.~H,Y 
tyrosine and histidine residues and the &-amino 
group of lysines (3). The reaction of diazonium 
salts at the a-amino group of free amino acids 

[21 ArN2+ + CH2 
NH2 
/ 

NH2 
/ 

+ AraNH-N=C 
leads to deamination of the amino acid (4, 5), ' Y 

\ 

via the unstable triazenes, ArN=N.NH.CHR. Y 

CO,H, but the rate of this N-diazo coupling is Discussion 
independent of the pK, of the acid (6). By 
contrast, N-diazo coupling with glycine ethyl 
ester affords stable triazenes (5, 7, 8), which 
usefully decompose under acid catalysis to give 
ethyl diazoacetate, N,CH.CO,Et (7). 

In part I1 ( I )  of this series, the preparation and 
characterisation of a number of monomethyl- 
triazenes, X.C,H,.N=N.NH.Me, were de- 
scribed; the formation of triazenes by the reaction 
of aqueous diazonium salts with methylamine 
was favoured by the presence of an electron- 
withdrawing substituent (X) in the aryl group. 
It was of interest to us to extend the previous 

'For part I1 see ref. 1. 
'To whom all correspondence should be sent. 

Previous reports of the formation of triazenes 
of type 1 (7, 9) employed diazonium fluoro- 
borates as starting materials, with an organic 
solvent or an aqueous-organic mixture as the 
medium. Since methylamine couples readily in 
aqueous solution with diazonium salts sub- 
stituted with electron-withdrawing groups (I), 
it seemed worthwhile to attempt reaction of the 
same diazonium salts with a-substituted alkyl- 
amines in purely aqueous solution. Indeed, direct 
coupling of the diazonium salts, X.C,H,N,+ 
(X = H, p-NO,, p-CO,Me, p-COPh, and 
o-COPh) with aminoacetonitrile, NH,CH2CN, 
in aqueous solution, in the presence of 
sodium acetate, proved to be most successful 
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1 
a X = H , Y = C N  
b X = N 0 2 , Y = C N  
c X = C02Me, Y = CN 
d X = A c , Y = C N  
e X = NO,, Y = COZEt 
f X = CO,Me, Y = C0,Et 
g X = CO,Me, Y = COPh 
h X = NO,, Y = COPh 
i X = NO,, Y = -CH(OCH3)2 

and afforded the triazenes (la-d and 2a) in 
moderate to excellent yields. Similarly, reaction 
of the diazonium salts, p-X.C,H,N,+ (X = NO, 
and C0,Me) with glycine ethyl ester gave high 
yields of the N-arylazoglycine ethyl esters ( le  
and f) .  However, attempts to couple the diaz- 
onium salts from aniline and p-an~inoaceto- 
phenone with glycine ethyl ester under identical 
conditions were unsuccessful. 

The structures of the cyanomethyltriazenes 
(la-d and 2a) are corroborated by elemental 
analysis and spectroscopic data. The ir spectra 
all display NH absorption in the range 3200- 
3250 cm- ' ; l c  displays ester-carbonyl absorption 
at 1695 cm-' and l b  exhibits the nitro-group 
bands at 1530 and 1350 cm-'. However, absorp- 
tion due to the CEN group is either absent, or 
extremely weak at 2260-2300 cm-', as in the ir 
spectra of l b  and Id. Although the absence of 
strong cyano bands suggests that these triazenes 
may exist in a cyclic iminotriazoline form, the 
open-chain nature of the cyanomethyltriazenes 
is clearly demonstrated by the nmr spectral data. 
The N-methylene proton resonance appears 
consistently as a singlet in the range 6 4.53-4.68 
ppm; NH proton resonance is observed in the 
spectrum of the ester (lc) at 6 9.3 ppm. Pre- 
liminary studies of the chemistry of the cyano- 
methyltriazenes suggests that cyclization may be 
initiated by heating in ethanol and affords 
5-arylaminotriazoles (3); the scope and synthetic 
use of this reaction are under f ~ ~ r t h e r  investiga- 
tion. The spectral characteristics of the N-aryl- 
azoglycine ethyl esters ( l e  and f )  are also con- 
sistent with open-chain structures. Significant 
broadening of the N-methylene and aromatic 
proton resonance is seen in the nmr spectrum of 
le ,  suggesting that this triazene, like the mono- 
methyl analogue (1, X = NO,, Y = H), is in 
a state of rapid tautomeric equilibrium at room 
temperature (10). 

Whereas the reaction of p-nitrobenzene di- 
azonium tetrafluoroborate with a-aminoacet- 
aldehyde dimethyl acetal (which, unlike the free 
aldehyde, is readily available) in acetonitrile 
at - 10°C gave only dark red oils, aqueous 
coupling of diazotized p-nitroaniline with the 
dimethyl acetal gave a low yield of the solid 
triazene (li). Treatment of the p-nitrobenzene 
diazonium salt with o-aminoacetophenone in 
aqueous solution afforded the keto-triazene (lh), 
which, on the basis of spectroscopic evidence, 
exists exclusively as the cyclic 5-hydroxytri- 
azoline (4), as proposed previously (9, 11). 
Carbonyl absorption is absent from the ir 
spectrum of 4, whereas a broad band at 3200 
cm-' probably arises from the hydroxyl group. 
On the other hand the p-methoxycarbonyl- 
phenyltriazene (lg), obtained in low yield in an 
analogous manner, appears to exist in the open- 
chain form, since the ir spectrum displays a keto- 
carbonyl band at 1660 cm-', in addition to N H  
and ester-carbonyl bands at 3350 and 1720 cm-' 
respectively. 

a Y = C N  
b Y = COPh 

o-Acetylphenyltriazenes, e.g. 2b and 2c, are 
potential precursors of 4-methylenebenzotri- 
azines, since other o-acetylphenyltriazenes cyclize 
over alumina (12). However, the keto-triazene 
(2b) was unstable and decomposed in contact 
with alumina to give a mixture of o-aminoaceto- 
phenone and diazoacetophenone, N,CH.COPh. 
The formation of the diazoketone was indicated 
by ir absorption at 2100 cm-' and by methine 
proton resonance at 6 5.9 ppm in the nmr spec- 
trum; analogous fragmentation of the p-nitro- 
phenyltriazene (lh) has been reported (9). Diazo- 
tization of o-aminoacetophenone, followed by 
treatment with glycine ethyl ester, is strangely 
anomalous and affords an unstable, bright red 
solid, which does not appear to be the expected 
triazene (2c). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DANIELS ET AL. 3753 

Considerable interest in the pharmacology of 
triazenes has been aroused by the potential of 
dialkyltriazenes (ArN=NNR,) to act as anti- 
tumour agents (13). Recent studies have demon- 
strated the importance of monomethyltriazenes 
in the metabolism of these anti-tumour agents 
(14), and therefore it is important to establish the 
biological effects of the monoalkyltriazenes des- 
cribed here. Dialkyltriazenes display selective 
action against a broad spectrum of tumours, 
including plasma cell tumours and the R1 and 
TLX5 lymphomas (13). However, the nitro- 
phenyltriazenes ( lb  and le) were found to be 
inactive towards TLX5 lymphoma cells in in vivo 
tests, and the cyanomethyltriazenes (lb and lc) 
were inactive towards the P388 tumour in vivo. 
The inactivity of these triazenes suggests that 
they cannot metabolize to produce monomethyl- 
triazenes, which is not an unexpected result. 

In conclusion, it is evident that diazonium 
salts may be coupled with certain a-substituted 
alkylamines in aqueous media to afford mono- 
alkyltriazenes directly from the reaction mixture. 
Isolation of the diazonium fluoroborate, prior to 
coupling, is certainly not always necessary, and 
may in some cases be less desirable than aqueous 
coupling. In all cases studied here, the diazonium 
ion attacks at the NH, moiety and shows no 
tendency to attack at the activated CH, (in 
NH2CH2Y), which would give rise to hydrazone 
formation (eq. 2). Although such hydrazone 
formation is well known (15) in the case of bi- 
functional methylene compounds, the methylene 
group in NH2CH,Y does not compete success- 
fully for the diazonium ion and triazene forma- 
tion is exclusive. 

Experimental 
Melting points were obtained on a hot stage apparatus 

and are uncorrected. Infrared spectra were recorded with 
Nujol mulls on Perkin-Elmer Infracord and 467 grating 
spectrophotometers, and nmr spectra were obtained in 
deuteriochloroform, with tetramethylsilane as internal 
standard, on a Varian EM 360 60 MHz spectrometer. 
Microanalyses were conducted by Chemalytics Inc., 
Tempe, Arizona. 

Reaction of Diazonium Salts with Glycine Ethyl Ester or 
Aminoacetonitrile or a-Aminoacetophenone 

General Procedure 
The aromatic amlne (0.013 mol) was dissolved In 2 M 

hydrochloric acid (30 ml), diluted with water (40 ml), 
and diazotized at 0°C with sodlum nitrite (0.013 mol) in 
a minlmum volume of water. A solution of either glycine 
ethyl ester hydrochloride or aminoacetonltrile hydro- 

chloride or a-aminoacetophenone hydrochloride (0.013 
mol) in water was added slowly to the diazonium salt 
solution. The mixture was stirred for 1 h at O°C, where- 
upon the solution was normally clear. The clear solution 
was treated with a large excess of sodium acetate (25-30 g). 
and the triazene precipitated slowly from the reaction 
mixture. Precipitation was normally evident after 15 min, 
and was usually complete within 24 h after warming 
slowly to room temperature. (Note: addition of the dia- 
zonium salt solution to a solution of the amine hydro- 
chloride, containing sodium acetate, did not decrease the 
time required for full precipitation of the triazene, but 
did increase the yield in one case.) This procedure 
afforded the following triazenes, which usually recrystal- 
lized from hexane or benzene or a mixture of the two 
solvents. 

I-Phenyl-3- (a-cyanomethyl-) triazene (la)-Yield 22% ; 
mp 92-95°C; v,,, 3200, 1600cm-I; 6 (CDC1,) 4.53 (s, 
2H, CH,), 7.27 (s, 5H, aromatic), and 7.5 (br s, lH ,  NH). 
Anal. calcd. for CsHsN4: C 60.0, H 5.03, N 34.98; 
found: C 59.99, H 4.99, N 34.56. 

I -  (p-Nitrophenyl-) 3- (a-cyanomethyl-) triazene (1b)- 
Yield 94%; mp 95-96°C (dec.); v,,, 3250, 2300(w), 1610, 
1530, and 1350 cm-I;  6 (CDCI,) 4.67 (s, 2H, CH,), 7.33 
(d, 2H, aromatic), and 8.23 (d, 2H, aromatic). Anal. 
calcd. for CsH7N,02: C 46.80, H 3.41, N 34.15; found: 
C 46.65, H 3.40, N 34.29. 

I- (p -Methoxycarbonylphenyl-13- (a-cyanomethyl-) tria- 
zene (Ic)-Yield 94%; mp 132.5-135.5"C; v,,, 3250, 
1695, and 1610 cm-I;  6 (CDC1,) 3.88 (s, 3H, 0-Me), 
4.59 (s, 2H, CH,), 7.21 (d, 2H, aromatic), 7.99 (d, 2H, 
aromatic), and approx. 9.3 (v br s, IH, NH). Anal. 
calcd. for C10H10N402: C 55.04, H 4.60, N 25.70; 
found: C 55.22, H 4.72, N 25.75. 

I-(p-Acetylphenyl-13-(a-cyanomethyl-) triazene (Id)- 
Yield 36%; mp 86-88°C; v,,, 3220, 2260(w), 1656, and 
1620 cm-l ;  Anal. calcd. for C10H10N40: C 59.40, H 
4.98; found: C 59.72, H 4.66. 

I -  (o-Acetylphenyl-) 3- (a-cyanomethyl-) triazene (2a)- 
Yield 78%; mp 80-82°C; v,,, 3180 (broad) and 1640 
cm-l ;  6 (CDCI,) 2.66 (s, 3H, acetyl Me), 4.68 (s, 2H, 
CH,), 6.8-8.0 (m, 5H, aromatic and NH). Anal. calcd. 
for CloHl0N4O: C 59.40, H 4.98, N 27.71; found: 
C 59.41, H 4.82, N 27.67. 
N-(p-Nitrophenylazo-)glycine Ethyl Ester (1e)-Yield 

80%; mp 98-99°C (lit. (9) 96-98°C); v,,, 3300, 1710, 
1600(w), 1510, and 1340 c p - l ;  6 (CDCI,) 1.30 (t, 3H, 
CH,), 4.30 (q, 2H, CH,-Y)), 4.50 (br s, 2H, CH2-N), 
7.4 (br d, 2H, aromatic), 8.13 (d, 2H, aromatic), and 9.3 
(br s, lH ,  NH). Anal, calcd. for C10H12N404: C 47.62, 
H4.80, N22.21; found: C47.47, H4.73, N22.18. 

N-(p-Methoxycarbonylphenylazo-)glycine Ethyl Ester 
(If)-Yield 84%; mp 70-71°C; v,,, 3320, 1720, 1708, and 
1597 cm-l ;  6 (CDCI,) 1.23 (t, 3H, CH,), 3.87 (s, 3H, 
0-CH,), 4.2 (q, 2H, 0-CH2), 4.4 (br s, 2H, N-CH,), 
7.3 (d, 2H, aromatic), 8.0 (d, 2H, aromatic), and 9.5 
(br s, lH ,  NH). Anal. calcd. for CI2Hl5N304:  C 54.30, 
H 5.66, N 15.85; found: C 53.95, H 5.63, N 15.42. 
I-(p-Methoxycarbonylphenyl-)3-phenacyltriazene (1g)- 

Yield 6%; mp 145-148°C; v,,, 3250, 1710, and 1660 
cm-I. Anal. calcd for Cl6HI5N303:  C 64.65, H 5.05; 
found: C 64.29, H 5.06. 

I -p  -Nitrophenyl-5-hydroxy-5-phenyl-A'-I, 2,3-triazoline 
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Reductive desulfurization using tributyltin hydridel 
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JOHN M. MCINTOSH and CALVIN K. SCHRAM. Can. J. Chem. 55,3755 (1977). 
Reaction of tributyltin hydride with a variety of organic sulfides gives results which depend 

on the structure of the starting material. Acyclic sulfides undergo desulfurization leading to 
hydrocarbons in varying yields. However, 2,5-dihydrothiophenes give dienes and 3,6-dihydro- 
2H-thiopyrans are inert. 

JOHN M. MCINTOSH et CALVIN K. SCHRAM. Can. .I. Chem. 55,3755 (1977). 
La reaction de I'hydrure de tributylktain avec une varittt de sulfures organiques donne des 

resultats qui dependent de la structure du produit de depart. Les sulfures acycliques subissent 
une desulfuration conduisant a des hydrocarbures avec un rendement variable. Cependant, les 
dihydro-2,5 thiophknes conduisent aux diknes tandis que les dihydro-3,6 2H-thiopyrannes sont 
inertes. 

[Traduit par le journal] 

For the past several years, we have been 
engaged in a study of the preparation and use of 
2,5-dihydrothiophenes (1) (1) and 3,6-dihydro- 
2H-thiopyrans (2) (2) and as part of these in- 
vestigations we considered a reductive desulfur- 
ization (Scheme 1). Considering the ease of 

formation of 1 and 2, a ready desulfurization 
which proceeded without isomerization would 
afford an operationally simple stereo- and regio- 
specific preparation of cis-olefins, which would 
have application in the area of pheromone 
synthesis. 

method for effecting this transformation which 
would tolerate a wider range of functionality 
would be beneficial. 

The well-known abilitv of divalent sulfur 
atoms to enter into radical reactions suggested 
that a reducing agent that functions by a radical 
mechanism might effect the desired reaction. 
One of the most common reagents of this type is 
the trialkyltin hydride (3) (7). We now report the 
results of a brief survey of the use of this reagent 
for reductive desulfurization. 

Prior to our work, scattered reports on the use 
of 3 on divalent sulfur-containing products had 
appeared (8) which suggested that desulfuriza- 
tion would occur. However, two interfering 
reactions, viz. hydrostannylation and double- 
bond reduction, can occur when using olefinic 
substrates 1 or 2 and for that reason we began 
our investigations with saturated and aromatic 
substrates. When these were completed several 
olefinic substrates and two thioketals were 
examined. 

Results and Discussion 
The results of the reactions are summarized 

Of the many reagents that have been used to in Table 1. All reactions were carried out using 
effect desulfurizations of sulfides, Raney Nickel tri-n-butyllin hydride (3a) as the reducing agent 
has been (3)9 but this and products were identified by comparison with 
reagent suffers from the concomitant reduction authentic samples. 
of other sites of unsaturation (4). More recently As can be seen, the results fall into three 
lithium in ethylamine (5) alone or in combination distinct categories. Most simple acyclic carbon- 
with R a n e ~  (6) has given sulfur bonds are cleaved to some extent. As ex- 
in cases. However, we felt that another Dected. allvlic and benzvlic bonds to 

, d .A 

'Presented in part at the Annual Conference, Chemical cleave more easily than aliphatic ones. It must be 
Institute of Canada, Montreal, P.Q., June 1977. noted that our work-up procedure (see Experi- 
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TABLE 1 .  Desulfurization ex~eriments",~ 

Run Sulfide Reference Products % ~roduct 

, , 

10 8 10 C6H12 44 

1 1  
n 
S S - < 10 w, 

"See Experimental section for details. 
"(C,H,),SnH used in all reactions. 
' 90% based on unconsumed sulfide. 
"Starting material quantitatively recovered after all hydride consumed. 

mental section) would not detect non-volatile 
hydrostannylated products, and therefore in 
cases where an olefinic product is formed, which 
may react further with 3a (runs 4-7 and 1 I), the 
yields indicated represent minimum values for 
the actual cleavage process. 

Inspection of Table 1 further suggests that 
cleavage of a carboil-sulfur bond in a sulfide 
may be more difficult than that in which one of 
the sulfur bonds is joined to tin as in the pre- 
sumed intermediate 4 (Scheme I). Thus, the 
yield of alkanes in runs 2 and 5 (40-50%) is much 
larger than that in run 3. 

We are unable to account satisfactorily for the 
complete inertness of thiopyrans 2 (runs 8 and 
9). These were recovered quantitatively from the 
reaction mixtures. In view of the results of runs 
4 and 5, it seems unlikely that both reductive 
desulfurization and hydrostannylation would be 
completely suppressed by an electronic inter- 
action between the sulfur atom and the n-bond 
electrons. On the other hand, the presence of 
some degree of steric interference in the form of 
methyl group(s) at the a-position also seems 
insufficient to cause the observed results. 

Reduction of dihydrothiophenes 1 (runs 6 and 
7) resulted in a completely different reaction. 
The diene products obtained are identical with 
those obtained from the cheletropic sulfur 
dioxide elimination from the corresponding 
sulfone (la). At this time, we are unable to say 
whether this reaction is concerted. In run 7, the 
sole product obtained is the E-isomer but while 
this is formally the result of a disrotatory ring 
opening, it is also the most stable product and 
its formation may simply reflect the preferred 
thermodynamic orientation. The low yield of 
product also makes any mechanistic conclusions 
tenuous at best. 

Conclusion 
It is clear from these rather limited results that 

we have not achieved our original goals of a 
viable olefin synthesis. At present we are con- 
sidering other ways this might be achieved and 
will report any developments at a later date. 

Experimental 
Nuclear magnetic resonance spectra were run on a 

JEOL C60 HL spectrometer in CDCl, solution with 
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Me4Si as internal standard: infrared spectra were run 
on a Beckman IR 12 in chloroform solution. Gas-liquid 
chronlatographic analyses were run on an F & M Model 
720 instrument using a 10 ft x 0.375 in. column packed 
with 20% SE-30 on Chromosorb W. 

Materials 
Starting materials for all runs except 2, 5, and 11 were 

purchased or prepared as outlined in the literature. 
Hydride 3a was routinely prepared by reduction of 
bis(tri-n-butyltin)oxide with polymethylhydrosiloxane 
(11). 

Reduction Procedure 
A mixture of 0.01 mol of the sulfide, 0.022 mol of 3a, 

and a catalytic amount of azobisisobutyronitrile (VAZO) 
was placed in a round-bottom flask fitted with a magnetic 
stirrer, and a condenser with a nitrogen inlet. The system 
was purged with dry nitrogen and heated at  80°C (oil 
bath temperature) for 8 h. In cases where more than 2.2 
mol equivalents of 3a were used (in runs 10 and 11, 4.4 
equiv. of 3a were used) the remainder of the hydride was 
added at  intervals during the reflux period. Additional 
initiator was added occasionally to these reactions. The 
cooled solution was diluted with 20 ml of diglyme and 
distilled at atmospheric pressure to a head temperature of 
162°C. The distillate was added to 10 ml of water, the 
organic phase separated, washed with an additional 10 ml 
of water and dried. Gas-liquid chromatographic analysis 
gave the ratio of products formed, which when multiplied 
by the weight of organic product gave the percentage 
yields. These were confirmed by nmr analysis. Products 
were identified by comparison of their retention times 
and nrnr spectra with authentic samples. In the case of 
runs 6 and 7, the infrared and mass spectra were also 
identical to authentic samples (lb). 

Heptyl Benzyl Sulfide 
n-Heptyl mercaptan (6.6 g, 0.05 mol) was titrated to 

the phenolphthalein endpoint with a 1.0 N solution of 
sodium ethoxide. Benzyl chloride (6.3 g, 0.05 mol) was 
added dropwise with stirring at room temperature and 
then the mixture was stirred overnight. After filtration 
and evaporization of the filtrate, the remaining yellow oil 
was taken up in methylene chloride, dried and evapor- 
ated. Distillation afforded 9.6 g (869,) of a colourless oil, 
bp 174-180°C (17 Torr); nmr 7.25-7.30 (s, 5), 3.60-3.55 
(s, 2), 2.45-2.18 (t, 2, J = 6 Hz), 1.65-1.05 (m, 12), 0.95- 
0.65 (t, 3, J = 4 Hz); ir(CHC1,) 3080, 3020, 2960, 2920, 
2860, 2840, 1450, 700 cm-'; nDZO = 1.5204. Anal. calcd 
for Cl4HZZS:  C 75.61, H 9.97; found: C 75.77, H 9.88. 

3-Cyclohexen-I-yl Heptyl Sulfde 
3-Cyclohexen-1-yl heptyl sulfide was prepared by the 

same general procedure using 0.05 mol of 3-bromo- 

cyclohexene (12) and n-heptyl mercaptan. Distillation 
gave 8.0 g (76%) of a colourless oil, bp 92-96°C (0.04 
Torr); nmr 5.90-5.80 (m, 2), 3.62-3.30 (m, I), 2.84-2.52 
(t, 2, J = 8 Hz), 2.3G1.75 (m, 6), 1.65-1.15 (m, 12), 1.05- 
0.85 (t, 3, J = 4 Hz); ir(CHC1,) 3020, 2970, 2950, 2850, 
1465, 1455, 1440 cm-'; nDZO = 1.4951. Anal. calcd for 
C13HZ4S: C 73.51, H 11.39; found: C 73.35, H 11.55. 

2- (3-Buten-I-yl) -2-methyl-I,3-dithiolane 
A mixture of 10 g (0.1 mol) of allylacetone, 15 g (0.16 

mol) of ethane dithiol, and 1 g of p-toluenesulfonic acid 
in 150 ml benzene was refluxed for 8 h under a Dean- 
Stark water separator. The cooled solution was washed 
with an equal volume of 1 N potassium hydroxide, once 
with water, and then was dried. Evaporation of the solvent 
and chromatographing the residue on basic alumina 
(pentane) gave 80% of a colourless liquid, bp 114-116 
(14 Torr); nmr 6.05-5.5 (m, 1), 5.15-4.75 (m, 2), 3.30 (s,4), 
2.45-1.85 (m, 4); ir 3100, 2960, 2940, 2870, 2860, 1652, 
1460, 925 cm-'. Anal. calcd. for C8H14SZ: C 55.12, H 
8.09; found: C 55.33, H 8.19. 
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Mise en evidence d'un nouvel acide tungstique en solution. 
Filiations avec d'autres polytungstates 

I 

Laboratoire de Chimie 111, Universite' Pierre et Marie Curie, 4 ,  place Jussieu, 75230 Paris, Cedex 06, France 

Requ le 10 fevrier 1977 

JEAN LEMERLE et JEAN LEFEBVRE. Can. J. Chem. 55,3758 (1977). 
Un nouvel acide tungstique est prepare en solution aqueuse par Bchange d'ions. A la tem- 

perature ambiante les solutions se gelifient en quelques heures, puis 3 a 4 jours plus tard prk- 
cipitent l'oxyde jaune W03. En solution aqueuse, cet acide est constituk de tetrameres des 
motifs elementaires W60192-, s'associant par la suite pour donner le gel. Isole a l'etat solide cet 
acide est amorphe aux rayons X. En milieu hydroorganique, l'acide tungstique est stabilise en 
solution, mais existe alors en equilibre avec les ions tungstique Y et hexatungstique mis en 
evidence par Fuchs. La condensation de I'acide Y et d'une des formes rkduites est discutee. Les 
formes acides des ions hexatungstique (Fuchs) et tungstique Y ont etC preparees a I'ktat pur en 
solution et a l'etat solide. 

JEAN LEMERLE and JEAN LEFEBVRE. Can. J. Chem. 55,3758 (1977). 
A new tungstic acid has been prepared in aqueous solutions by ion exchange. At room tem- 

perature gelation occurs in solutions in a few hours, and 3 or 4 days after, the yellow oxide WO, 
precipitates. In aqueous solutions, this acid is formed by tetramers of W60,92- units, which 
give a gel after association. X-ray analyses of tungstic acid in the solid state demonstrate the 
absence of crystallinity. In hydroorganic medium, tungstic acid is stabilized in solution, but 
exists in equilibrium with the Y tungstic and hexatungstic (Fuchs) anions. The condensation 
of the Y acid and one of its reduced forms is discussed. The pure acid forms of hexatungstic 
(Fuchs) and Y ions are obtained in solutions and in the solid state. 

Introduction 
L'acidification de I'ion tungstate par un acide 

fort conduit B de nombreux polytungstates dont 
la nature et les proprittts dtpendent du degrC 
d'acidification (1). La prtparation en solution 
d'acides tungsto VI antimoniques V pyrochlores 
(2) nous a aments B prtparer des solutions tung- 
stiques oh le seul cation prCsent est le proton 
(I'acide antimonique est flocult ou gtlifit par de 
nombreux cations). Cette prtparation d'acide 
tungstique conduit ii un nouveau type de poly- 
m6re que nous appellerons acide tungstique a et 
que nous prCcisons dans ce travail.' 

CaractPristiques de l'acide tungstique a 
Les solutions aqueuses d'acide tungstique a 

B la concentration voisine de 0.1 moll[ en tung- 
st6ne ne sont stables B la tempkrature ambiante 
(t 1. 20°C) qu'une dizaine d'heures. Apr6s ce 
temps elles deviennent opalescentes, se gClifient 
au bout d'une vingtaine d'heures, puis apr6s 3 a 
4 jours prtcipitent totalement l'oxyde W03.H20 

'Lorsque I'acidification d'un anion conduit immediate- 
ment a un acide bien defini mais instable, on designe 
gkneralement par la lettre a cette forme initiale instable, 
souvent soluble dans l'eau, et par la lettre la forme 
stable. Exemples: acides stanniques et acides antimoni- 
ques a et p. 

jaune (caractCrisC par son diffractogramme X). 
Cette Cvolution peut etre ralentie, voire stoppte 
par l'addition de solvants organiques (DMSO) 
des la preparation (50% de DMSO suffisent 
pour maintenir la solution indtfiniment limpide). 

Les solutions aqueuses sont caracttristes par 
des spectres d'absorption dans l'uv prtsentant 
un Cpaulement vers 275 nm (fig. 1). DiluCes B 
basse tempkrature elles suivent la loi de Beer. 
Par contre si les solutions sont prtpartes dilutes, 
un Cpaulement apparait vers 325 nm et se trans- 
forme en maximum pour les fortes dilutions 
([W] < 4.6 x mollC) (fig. 1). Ce maximum 
est caractkristique du dtcatungstate (3), qui dans 
ces conditions de concentration doit se former 
en quantitC non nkgligeable. L'Ctude de l'acide 
tungstique a est donc conduite sur des solutions 
de concentration suptrieure B 6 x mol/t  
en tungst6ne. 

Pendant la ptriode o~ les solutions aqueuses 
d'acide a sont limpides, celles-si sont constitutes 
pour l'essentiel d'esp6ces contenant 24 atomes 
de tungst6ne. 11 faut nCann~oins noter la prCsence 
de particules tr6s condenstes, d'abord en 
quantitt ntgligeable, dont la proportion croit 
au cours de l'tvolution et devenant prtpondt- 
rantes quand l'acide se gtlifie. 
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LEMERLE ET LEFEBVRE 

FIG. 1. Spectre uv des solutions aqueuses d'acide tungstique u dts la prtparation. (a) [W] = 10-I 
molje; (b)  [W] = 4.4 x mol/!; (c) [W] = 2 x mol/e; (d) [W] = 4.6 x mol/f. 

FIG. 2. (a) Spectre raman de I'acide hexatungstique; (b) spectre ir de I'acide hexatungstique; (c)  
spectre ir de I'acide tungstique a. 

D'autre part en solution hydroorganique 
(eau-DMSO 50x), la condensation apparente 
de l'acide tungstique a n'est plus que de 6. 
Ntanmoins la baisse de condensation apparente 
en solution hydroorganique ne se produit pas 
immkdiatement aprhs l'addition de DMSO. On 
peut penser que I'Cdifice de base est constituC par 
un ion contenant six atomes de tungsthne, pou- 
vant s'associer dans l'eau, pour donner aux 
concentrations voisines de 0.1 mol/t  un en- 
semble soluble de quatre motifs Cltmentaires. 
L'association dans I'eau ne doit cependant pas 
procCder uniquement par liaisons hydrogkne, car 
elles seraient rompues immtdiatement par 
l'addition de DMSO. Au cours du vieillissement 
des solutions aqueuses l'association se poursuit 
pour donner le gel, et doit s'accompagner 
d'une dkshydratation pour conduire A l'oxyde 
WO,.H,O jaune. 

L'addition d'un grand exc&s d'ions Li', Na+ 
ou K+ A une solution d'acide tungstique a pro- 
voque la prtcipitation de son se].' On stpare 
alors par centrifugation un solide gommeux 
amorphe aux rayons X. La composition des 
solides est rCsumte au tableau 1. Ces prCcipitCs 
sont en tous points comparables a l'acide 
tungstique a solide obtenu par congClation 

ZL'addition d'ions Cs+ ou N(CH,),+ provoque la 
prkcipitation d'un autre polytungstate (dkcatungstate) qui 
sera etudike plus loin. 

TABLEAU 1. La composition des solides 

Cation (M+) [H+] combint/[W] [M+I/[Wl 

Li + 1.59-1.61 0.26-0.28 
Na + 1 .62-1.66 0.33-0.34 
K + 1.63-1.66 0.30-0.34 

rapide de la solution d&s la prCparation, et 
insolubilisC par l'tthanol au cours de la fusion 
A 0°C du g la~on dans ce solvant. 11s ont mCme 
spectre ir (fig. 2) et sont tous amorphes aux 
rayons X. 

D'autre part les titrages protomCtriques 
rapides des solutions fraichement prCparCes 
prtsentent deux points equivalents, l'un vers 
p H  5, l'autre vers p H  9. Le premier (pH 1: 5) 
correspond A 0.37 [H+]/[W]. Le spectre uv de 
la solution obtenue A ce p H  n'est pas modifit par 
rapport a celui de l'acide initial. I1 y a donc bon 
accord entre le nombre de protons titrables 
immtdiatement et celui des cations contenus 
dans le sel de l'acide. Le polyion est donc 
porteur d'une charge nCgative pour trois atomes 
de tungstkne. La formation du motif tltmentaire 
peut se rtsumer ainsi : 

6W042- + lOH+ + W60192- + 5H20 

L'acide tungstique a n'est pas rCductible a 
1'Clectrode a goutte de mercure. D'autre part le 
nombre de protons titrts, soit B p H  5, soii a 
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p H  9 varie avec le temps d'Cvolution de la 
solution (tableau 2). 

La dkgradation de I'acide tungstique a en 
W 0 2 -  peut avoir comme intermtdiaire l'ion 
paratungstique A, HW,02 ,5 - , comme c'est 
souvent le cas pour les polytungstates. Ceci peut 
etre obtenu en ajoutant 0.8 [OH-]/[W] B l'acide, 
soit aprks 24 h de contact avec la base si l'acide a 

par Cchange (N(CH,),+/H+) dans une rtsine 
Dowex 50 WX2, une solution d'acide dCcatung- 
stique. Aprks Cvaporation de celle-ci sous pres- 
sion rCduite B chaud, on isole l'acide dkcatung- 
stique A l'ttat solide sous forme d'une poudre 
jaune bleuissant trks rapidement B la lumi6re. 

Le tungstate Y mis en Cvidence par Glemser 
et coll. (3) a 6tC l'objet de controverses quant ti 

est utilist en solution, soit dks la dissolution sa masse molaire. Boyer et coll. (8,9) ont montrC 
(quelques minutes) de l'acide a ti 1'6tat solide que les propriCtCs Clectrochimiques de ce tung- 
(obtenu par congtlation) dans la base. La state Ctaient en accord avec une dodkcacon- 
prCsence du paratungstate A seul dans ces densation. Plus rkcemment Fuchs et coll. (10) ont 
conditions est mise en tvidence par Clectro- dCterminC la structure du sel de tributylam- 
phorkse, centrifugation analytique et spectre ir monium montrant qu'il s'agit d'un dkcatung- 
du sel d'argen t. state. Les solutions aqueuses de tungstate Y ne 

L'acide tungstique a est donc un isom6re de sont stables qu'8 basse tempkrature ( t  - 0°C). 
l'ion hexatungstique is016 par Jahr, Fuchs et coll. Par contre l'addition de 20 B 30% de DMSO 
(4-6) mais dont la forme solide est amorphe aux stabilise les solutions plusieurs jours B la tem- 
rayons X. I1 est donc de composition tr6s pCrature ambiante. Quelle que soit la prtpara- 
diffkrente de celle annoncCe par Richardson (7). tion (tungstate Y de tCtramCthylammonium ou 
Le problirme pouvait se poser de savoir s'il Ctait forme acide obtenue ti partir de l'acide a, 
trks diffkrent d'un autre polytungstate form6 
rapidement dans ce domaine d7aciditC: le + 
mttatungstate. Le spectre ir du solide et la con- 
densation de l'acide a en solution prouvent que 
ces deux lungstates sont bien diffkrents. 

Transformations de l'acide tungstique a en acide 
de'catungstique 

Le principe de cette transformation consiste B 
faire agir les ions N(CH,),+ ou Cs+ en milieu 
aqueux sur une solution d'acide tungstique a. On 
obtient alors rapidement, avec un rendement de 
90%, du dCcatungstate (tungstate Y) (3), 
caractCrisC par le spectre ir du solide, le spectre 
uv et le po~arogra&me de la solution diluke. 

A partir d'une solution hydroorganique (eau- 
DMSO 50%) de dkcatungstate de tttramCthylam- 
monium ([W] - mol/C) on peut obtenir 

TABLEAU 2. Variation avec le temps d'Cvolution des 
solutions 

Age de l'acide PH 9 
tungstique Cvolue 

a 20°C At,a 
(h) pH 5 ImmCdiatement pH constant 

tungstate Y de sodium (11) ou de potassium 
(12)), la condensation du polytungstate (dCter- 
minte par centrifugation analytique) est toujours 
la meme dans le domaine de concentration 
6tudiC (2 x lop3  [W] I 8 x mol/L). 
Elle est comprise entre 8 et 9 et le solutC est molC- 
culairement homogkne. Par contre le dCrivC 
correspondant au premier stade de rCduction de 
ce polytungstate est dodCcacondensC. La masse 
molaire du tungstate Y en solution est donc plus 
en faveur de celle dtterminke par Fuchs (dCca- 
tungstate), mais la rCduction doit s'accompagner 
d'une modification de structure du polyanion. 

Transformation de l'acide tungstique a en acide 
hexatungstique 

L'acide tungstique Y est alors prCparC en 
dissolvant prialablement le tungstate de sodium 
(W0,2-) dans un mClailge eau-DMSO 50% 
puis en realisant l'tchange Na+/H+ dans une 
rCsine Dowex 50 WX2 (rCfrigCrCe B 2°C). Par 
evaporation sous pression rCduite, a chaud, d'une 
solution rCcente d'acide tungstique a en milieu 
eau-DMSO 50% on recueille un solide jaune 
cristallisk ayant meme spectre ir que l'hexatung- 
state de Fuchs et coll. (6). La solution dans le 
mkthanol a un spectre uv prksentant un maxi- 
mum B 275 nm caractkristique de ce polytung- 
state. La condensation, dkterminte par ultra- 
centrifugation analytique en solution mtthano- 
lique est Cgale B 6. Par dissolution dans l'eau cet 
acide se transforme en acide dkcatungstique. En 
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LEMERLE ET LEFEBVRE 

j. 

echange Na+/Ht 

Solution hydroorganique 
eau-DMSO 50% 

echange Na+/H+ I 1 

Solution aqueuse 

acide tungstique cc 

acide acide + acide 

evaporation rapide 
sous pression 

reduite a chaud 

acide tungstique cc 

W O ,  . H,O paratungstate decatungstate 
A 

1 
echange 

acide hexatungstique 4 acide decatungstique 
DMSO 

effet en suivant l'tvolution des spectres uv aprks 
dissolution dans l'eau a basse temptrature, on 
constate l'apparition de deux points isosbesti- 
ques a 268 nm et 303 nm. Le spectre final prt- 
sente le maximum caracttristique du tungstate 
Y a 325 nm. 

Par contre une solution hydroorganique (eau- 
DMSO 50%) d'acide tungstique a, 2gCe de 
plusieurs mois a un spectre uv prtsentant un 
tpaulement A 325 nm indice de la prtsence de 
dtcatungstate. Cette solution peut &tre prtcipitte 
par difftrents cations. L'argent prtcipite l'acide a 
tandis que l'ion N(CH,),+ prtcipite l'hexatung- 
state (caracttrists par leur spectre ir). Dans les 
deux cas le spectre uv du filtrat prtsente un 
maximum trks marque a 325 nm. L'ion 
P(C,H,),+ prtcipite un nltlange de dtcatung- 
state et d'hexatungstate. Par contre le filtrat ne 
prtsente plus de maximum a 325 nm. On peut 
donc envisager la presence en solution de trois 
especes tungstiques. La transformation en milieu 
eau-DMSO 50% aboutit aux Cquilibres: 

[I]  acide tungstique a acide hexatungstique 
+ acide decatungstique 

On peut considtrer qu'a l'tquilibre on obtient 
75% du tungstene sous forme de dtcatungstate. 
Par contre la proportion d'hexatungstate et de 
tungstate a est difficile prtciser. 

Si certaines transformations de l'acide tung- 
stique a en solution hydroorganique peuvent 
s'expliquer a partir du dtplacement de l'tquilibre, 
d'autres en contradiction, peuvent &tre expliqutes 
par des considtrations cinttiques. 

L'tvaporation a chaud d'une solution fralche- 
ment prtparte d'acide a enrichit le solvant en 
DMSO, donc favorise la formation de l'hexa- 
tungstate plutat que celle du dtcatungstate (1 1). 
Par contre lorsqu'on Cvapore une solution 
d'acide dkcatungstique obtenu par tchange en 
milieu eau-DMSO, le solvant s'enrichissant en 
DMSO, on devrait obteilir uniquement l'hexa- 
tungstate. Le fait que l'on obtienne de l'acide 
dtcatungstique pur peut s'expliquer par une 
vitesse d'tvaporation du solvant organique 
beaucoup plus rapide que la transformation 
dtcatungstate + hexatungstate. Ceci a CtC con- 
firm6 en chauffant reflux une solution de 
dtcatungstate dans le DMSO. On observe alors 
la transformation, mais dans un temps infiniment 
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plus long que celui mis pour l'kvaporation con- 
duisant A l'acide dkcatungstique solide. 

On Deut donc rCsumer les diffkrentes filiations 
entre les ions polytungstiques par le schCma 1. 

Pripararions des solutions 
L'acide tungstique ci est prepare par Cchange d'ions 

dans une rtsine Dowex 50 WX2, 100-200 mesh sous 
forme H+ a partir d'une solution de tungstate de sodium. 
La colonne dans laquelle a lieu l'khange et le recipient 
recueillant I'acide sont thermostates par une circulation 
d'alcool a 2°C. 

Dosage des klkmenrs 
Les cations alcalins sont doses par spectrophotometrie 

d'absorption atomique (appareil Jobin Yvon type Delta). 
Le tungstene est dose par colorimetric a 400 nm du 
complexe W riduit - KSCN (13). Le nombre de protons 
combines est determine en mesurant la quantite de base 
necessaire a la degradation totale du polyion en WOa2- 
a p H  9 (combititreur MCtrohm 3D). 

Les differents composts obtenus sont caracterises par: 
(a) leur spectre uv visible (spectrophotometre Beckman 
Acta V); (b) leur spectre ir (Cchantillonnage en micro- 
pastilles de KBr, spectrophotometre Perkin-Elmer 
modele 457); (c) leur spectre Raman (spectrometre 
Coderg type PHO); (d) leur diffractogramme X (genera- 
teur Philips PW 1008 equip6 d'une chambre Debye- 
Scherrer de 114 mm de diametre (rayonnement utilise: 
raie K. du cuivre; filtre de nickel)); (e) leur mobilitt 
Clectrophoretique (appareil LKB Multiphor); (f) leur 
masse molaire (ultracentrifugation analytique). 

L'ultracentrifugation analytique est realisee a l'aide 
d'une centrifugeuse Beckman modele E equipte des 
optiques schlieren et a absorption, avec monochromateur 
et scanner. La masse molaire de I'acide tungstique ci est 
determinee a basse temperature ( t  = 10"C), selon la 
technique de transition vers I'equilibre de skdiment~tion 
(14) a 36 000 et 48 000 tours min-' et a la concentration 
en tungstene egale a 7 x 10-2 mol/!, en presence de 
divers solvants: solutions aqueuses HC104, LiCI, ou 
solutions hydroorganiques (eau-DMSO 50%) de HCI et 

NaC1. Tous les electrolytes sont a la concentration 
0.1 mol/e et sont ajoutes au moment de la mesure. Dans 
ces conditions aucune precipitation n'a lieu. 

La condensation de l'acide dkcatungstique est deter- 
minee a I'equilibre de sedimentation (vitesse de rotation 
10 000, 15 000, 20 000, 22 000 tours min-I) dans une 
cellule a six canaux. Un tCmoin de metatungstate a la 
m&me concentration que I'echantillon ttudit est introduit 
dans l'un des compartiments de la cellule. Pour ce 
tungstate la dodecacondensation a toujours CtC verifiee. 
Toutes ces determinations sont faites en milieu eau- 
DMSO 30%. 

Les volumes spCcifiques partiels sont determines par 
picnometrie (1 5). 
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The synthesis, thermochromism, and cycloadditive properties of 
an o-methylenethioquinone system 

P. DE MAYO AND H. Y .  NG 
Photochemistry Unit, Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 3K7 
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P. DE MAYO and H. Y. Nc. Can. J. Chem. 55,3763 (1977). 
The irradiation of 4,5-benzo-1,2-dithiole-3-thione (1) in the presence of cyclopentene and of 

tetramethylethylene gives 1 : 1 adducts. In solution these adducts are in equilibrium with eight- 
membered-ring dimers. The thermodynamic parameters for this equilibrium have been deter- 
mined. The available evidence suggests a head-to-head configuration. These same monomeric 
adducts give Diels-Alder addition products with normal dienophiles, but also react similarly 
with simple thiones (adamantanethione, norbornanethione, cyclohexanethione) to give 
thioorthoesters. The structures of the latter substances have been demonstrated both spectro- 
scopically and, chemically, by hydrolysis to a thiosalicylic acid derivative. The thioorthoesters 
have been show11 to undergo stereoisomerization on acid catalysis. Of the two mechanisms 
considered for this process (reversal to thiones and ion-pair formation) the former has been 
excluded. 

P. DE MAYO et H. Y. NG. Can. J. Chem. 55,3763 (1977). 
L'irradiation du benzo-4,5 dithiol-1,2 thione-3 (1) en presence de cyclopentene et de tetra- 

mCthyltthylene conduit a des adduits 1 : l .  En solution, ces adduits sont en equilibre avec des 
dimeres cycliques a huit chainons. On determine les parametres thernlodynamiques pour ces 
Cquilibres. L'indice connue est en faveur d'une configuration ttte a ttte. Ces mtmes adduits 
monomeres donnent des produits d'addition Diels-Alder avec des diCnophyles normaux, mais 
ils rkagissent d'une maniere analogue avec des thlones simples (adamantanethione, nor- 
bornanethione, cyclohexanethione) pour conduire a des thioorthoesters. On determine la 
structure de ces derniers spectroscopiquement et chimiquement en les hydrolysant en derives 
d'acide thiosalicylique. Les thioorthoesters demontrent une tendance a la stereoisom6risation 
lors d'une catalyse acide. Deux mtcanismes sont envisages pour ce processus; ]'inversion en 
thiones et la formation d'une paire d'ions; seul le dernier est retenu. 

[Traduit par le journal] 

Substances containing the o-quinonoid moiety Irradiation of 4,5-benzo-l,2-dithiole-3-thione 
are of considerable general interest because of (1) in the presence of cyclopentene or of tetra- 
the wide variety of chemical transformations of methylethylene gave the desired quinonoid 
which they are capable (1, 2). Frequently they, system (2) directly. 
or their derivatives, are so reactive that their 
ephemeral existence has only been detected by 
chemical trapping (see, for example, refs. 3-6) or 
by the nature of further transformation products 

dS ,- ds 2 Dime. 

(e.g. refs. 7-10). Our object, deriving from a 1 2a R = (CH,), 3a R = (CH,), 
general interest in the fundamental photo- b R = (CH,), b R = (CH,), 
chemistry of thiones, was to prepare an o-methy- 
lene thioquinone derivative, a species at that s s ~ R  
time unknown. - olefin &> 

The photochemistry of 1,2-dithiole-3-thiones - - 
\ 

+ 2 

S' \ 2. 
had previously been investigated (1 1-13) and the 
results obtained by Okazaki, Inamoto, and their A B 
collaborators and by ourselves suggested a route The formation of 2 may be envisaged as 
to such o-methylene thioquinones. This was occurring, formally, via A and B (1 1-13). 
successful; the present paper describes the The adduct 2a, obtained with cyclopentene, 
preparation of two examples of such a system when refluxed in carbon tetrachloride fo'r 12 h 
and an account of their unusual properties.' regenerated 1 in high yield. This adduct was 

obtained as a colourless solid which was, at the 
'After our preliminary communication of part of this 

work (14) Okazaki and Inamoto described plated and time, and with 
independent work which was, in part, complementary the monomeric formulation 20: this, having a 
(15). conjugated thione function, should be deep blue. 
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The solid adduct 2b obtained with tetramethyl- 
ethylene, was, indeed, blue, but pale. Both sub- 
stances, however, gave blue solutions whose 
intensities were temperature dependent, to the 
extent that in the case of 2a a solution in benzene 
became colourless near 5°C. The quite striking 
Prussian Blue colour was regenerated on warm- 
ing to blood temperature and, in the absence of 
oxygen, the cycle would be repeated, apparently 
indefinitely (the substance evidently had potential 
use for magicians and others). In both cases, 
then, the supposed monomers 2 were in an 
equilibrium which was temperature dependent 
with some other species, 3, which was colourless : 
the nature of this equilibrium will be discussed 
later. 

The Monomer Structures, 2 
The ready reversibility of the formation of 2a 

(together with its mode of formation) (11-13) 
strongly suggested that no deep seated rearrange- 
ment involving carbon-carbon bonds was in- 
volved. Presuming, therefore, that the blue 
entity, 2a, was the desired species, whatever its 
further and reversible transformation, a Diels- 
Alder addition was attempted with N-phenyl- 
maleimide and with acetylenedicarboxylic acid, 
dimethyl ester. The adducts 4 and 5 were 
obtained. 

H 

COOMe 

COOMe 

COOMe 

COOMe 

The 'Hmr of 4 was consistent with that of a 
1 : 1 adduct, and this was confirmed by the mass 
spectrum. Aside from the nine aromatic protons 
a singlet at 4.93 ppm for two protons was also 
present. In view of the different environments 
of Ha and H, this was puzzling, but the coin- 
cidental identity of the chemical shifts was 
revealed by the resolution into two doublets 
(J = 9 Hz) on the addition Eu(fod),. Although 

two stereoisomers are possible the crystalline 
adduct appeared to be a single isomer (80°C). 
The structure assigned to 4 was further con- 
firmed by total desulfurization with Raney 
nickel to benzyl-N-phenylsuccinimide, 6. 

The acetylene adduct, on the other hand, was 
not obtained crystalline. The mass spectrum of 
the amorphous solid nonetheless indicated a 1 : 1 
adduct, and the infrared spectrum (v,,, 1721 
cm-') the presence of the conjugated ester 
functions. Desulfurization gave, as expected, 7. 

In a similar manner 2b was allowed to react 
with N-n-propylmaleimide, N-phenylmaleimide, 
and acetylene dicarboxylic acid, dimethyl ester. 
The structures of the adducts (8-10) were con- 
firmed in a similar way. 

eNPh aNpr *OM. OMe 

0 0 0 

Attempted desulfurization of 8 with a vintage, 
4 year old, sample of Raney nickel yielded 11. 
This substance resembled 8 closely in its mass 
spectrum and infrared spectrum. It was, there- 
fore, presumed to be the trans adduct, isomerisa- 
tion having been induced by the basic catalyst. 
The coupling constant for the methine protons 
is 9 Hz in 8 and 19 Hz in 11. There figures are in 
good accord with those for the corresponding 
protons in 12 (16). 

12 

The 'Hmr spectra of 8, 9, and 11 all showed 
four singlets for the nonequivalent methyl 
groups. With the ester 10 two six-proton singlets 
were observed, as expected for a rapid boat-boat 
interconversion of the central ring. Determina- 
tion of the spectrum in carbon disulphide 
between +3O0C and - 110°C indicated a 
coalescence temperature near - 70°C. Below this 
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temperature four peaks were seen to be partly 
resolved. These did not sharpen at - llO°C, 
probably because of the high viscosity. The 
activation energy for the inversion, on the 
assun~ption that the above interpretation is 
correct, is 10.0 f 1.0 kcal/mol (1 7, 18). The large 
uncertainty is partly due to the imprecision in 
the coalescence temperatures and the values of 
the chemical shifts. 

The total of the above evidence suggests that 
the adducts are adequately represented by the 
o-methylene quinonoid structures, and this is 
consistent with the visible and ultraviolet 
absorption spectra. Both 2a and 2b showed 
intense absorption at 585 nm. Most conjugated 
thiones show absorption in this region (19-22), 
indicative of transitions of n* + n type, but 
there is no doubt that the present absorption has 
a different origin: the molar extinction co- 
efficients observed are far too high for what is a 
symmetry forbidden transition. It is, therefore, 
almost certainly a n* c n transition, the n* c n 
absorption submerged and unresolved. There 
cannot be much ct (charge-transfer) contribution 
to this transition in view of the very slight solvent 
dependence of the absorption (Table 1). This is 
to be contrasted with the large shift observed for 
Michler's thione (22) where there is a large ct 
contribution. In fact, the extended n system, 
together with the effect of sulphur substitution 
(23-25) could be sufficient to account for the 
position of the n* c n band. Thus the parent 
o-xylylene absorbs at 373 nm (26) and the 
corresponding thione would be expected at 
longer wavelength (compare 3-methylenecholest- 
4-ene (239 nm, ref. 24) with 13 (296 nm, ref. 19)). 

S 

13 

Single sulphur substitution in enones results in 
displacements of - 85 nm (24). 

The fact that the presently noted properties of 

TABLE 1. Solvent effect on h,,, of 2a 

Solvent L a x  (nm) 

Acetonitrile 580 
Methanol 583 
Chloroform 585 
Methylene chloride 585 
Benzene 585 

the monomeric species 2a and 2b are adequately 
described by those representations does not 
exclude the possibility of the existence of an 
additional equilibrium with the cyclized valence 
tautomers of type 14. Such equilibria have been 

proposed for ketene imines and ketene thiones 
(27-29), but in the present case we have no 
evidence for its existence. 

The Structure of the Dimers 
The reversible equilibria observed with 2 were 

not, in themselves, indicative of dimerization. 
The first hypothesis, in fact, was that it repre- 
sented something of the type 14. That it repre- 
sented a reversible dimerization was shown in 
two ways. 

The first was by the establishment of the con- 
centration dependence of the average molecular 
weight. The n~olecular weight, determined 
cryoscopically in benzene for 2a was 496 f 10: 
that calculated for a dimer was 502. However, 
the molecular weights determined osmometric- 
ally in chloroform yielded the results shown in 
Fig. 1. Here, a concentration dependence is 
clearly indicated though, regrettably, values at 
very low concentrations could not be determined. 

The second was by the use of optical method 
for measuring monomer concentration. With 
this technique (see Appendix) equilibrium con- 
stants (Kc) could be determined at various con- 
centrations at constant temperature. Only for 
the system 

A2 2A 

was the equilibrium 'constant', in fact, constant. 
The values are indicated in Table 2 for 2a and 2b; 
in addition, values for other conceivable 
equilibria for 2a are included to indicate the 
changes in Kc. 

Given that the equilibrating species was a 
dimer, a number of possibilities existed for the 
actual structures. Diels-Alder addition, though 
known with such systems (see following section) 
and in general with o-quinonoid systems (for 
instance, refs. 26, 30-32), could be eliminated on 
spectroscopic grounds. The dimers were trans- 
parent above 300 nm: any (2, + 2,) or (2, + 4,) 
addition must leave a conjugated absorbing 
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Concentration 

FIG. 1. Concentration dependence of the molecular weight of 2a in chloroform as determined 
osmometrically. 

TABLE 2. Equilibrium constants at 24.5"C 

Pa l  K(M) [2bl K(M) Kz K3 
( m g i ~  ml) ( x lo6) (mg15 ml) ( x lo4) K, a ( X  lo8) ( x 109 

YFor 2b assuming the equilibrium A + A ' .  
*For 2b assuming the equilibrium A, s 3A. 
=For 2b assuming the equilibrium 2A3 s 3A2. 

system, 15 detectable above 300 nm (33), or 
contain a spectroscopically recognizable thione 
group. In addition, the latter type of addition 
was excluded by the lH and 13C nmr spectra 

which clearly indicated symmetry and the lack 
of unsaturation aside from the aromatic rings. 
The 13C spectrum of 2b, for instance, contained 
by 13 signals. The most probable structures were 
thus eight-membered rings 16a,b or 17a,b. An 

*s s% S c X  

&-% S-S KB 
.scs 

eight-membered ring has been reported for 
dithietenes. This is also an equilibrium, but 
requires higher temperatures (34). On desul- 
phurization with Raney nickel at 40-60°C a 
small yield of bibenzyl (4%) was obtained. At 
face value this suggested 16a for the dimer 
structure, but the possibility of a trans-annular 
coupling (28) cannot be completely excluded, 
nor the formation of bibenzyl from monomeric 
precursors. 

Another argument may be adduced to support 
the same structure. It seems most probable that 
3a and 3b should have the same regiospecificity. 
If that be accepted, then were the trans arrange- 
ment 17a,b, that obtaining the equilibrium for 
the two pairs might be expected to  be very 
similar. In fact (section following) there is a free 
energy difference of 3.3 kcal/mol which should 
be steric in origin. Such an effect is hard to 
rationalize without involving 16a,b. 

The Equilibrium 
The position of the equilibrium was dependent 

on the polarity of the medium, the monomer 
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FIG. 2. Solvent effect on the absorption of 2a: (-) CH2Clz-hexane 1:4; (---) 2:3; (-) 3:2; 
(-.-.) pure CH2ClZ. 

being favoured with increasing polarity (Fig. 2). 
In a particular solvent the position of the 
equilibrium was also temperature dependent. For 
a methylene chloride solution the change over 
the range - 16°C to +33"C is shown in Fig. 3. 
Similar displacements could also be achieved by 
brief irradiation at both 254 nm and at 585 nm 
(Fig. 4). On removal of the light the original 
equilibrium was slowly restored. 

Equilibrium constants (Kc) were measured at 
585 nm (see Appendix) in benzene and chloro- 
form over a range of -40". The values of Kc were 
obtained and plots of In Kc against reciprocal 
temperatures are shown in Fig. 5. The values of 
AH' and AS' were computed (least squares) and 
are shown in Table 3. The value of AH' for 2a is 
about 2 kcal/mol larger than that of 2b in both 
solvents. We interpret this, as stated, in terms of 
steric crowding in 16, but we recognize that the 
argument is not conclusive. It is interesting that 
in the recent extension to the naphthalene series 
(35) the isolation of the monomers has been 
reported without there being evidence for 
equilibria with dimers. 

Cycloaddition Reactions 
In the characterization of the monomers 

normal dienophiles were used. At a stage when 
Diels-Alder structures for the dimers were still 
thought possible the addition of 2a and 2b to 
alicyclic thiones was also attempted as a model 

reaction. Adducts were obtained and the 
chemistry thereof is here r e p ~ r t e d . ~  

The thiones selected were adamantanethione, 
norbornanethione, cyclohexanethione, and thio- 
camphor. From the first three substances and 2a 
pure adducts were obtained at room tempera- 
ture. In the case of norbornanethione only one 
isomer could be obtained crystalline. With 
thiocamphor 3 days were necessary before the 
colour of the thione was discharged, and on 
attempted isolation 2a was regenerated. Similar 
experiments were performed with 2b, but only 
in the case of cyclohexanethione could an adduct 
be isolated. 

The structure of the 2a-adamantanethione 
adduct followed from the evidence to be de- 
scribed. Similarity of analytical and spectral data 
allowed that of the other adducts to be allocated 
by analogy. 

Two adducts were obtained from 2a and ada- 
mantanethione. These were 1 : 1 adducts and the 
four possibilities 18a,b, 19a,b were to be con- 
sidered. Since the mass spectral fragmentation 
patterns for the two isomers were identical the 
choice lay between 18 and 19: it seemed unlikely 
that structural isomers could behave so similarly. 
This view was supported by the isomerization to 
be described. Only one isomer was formed from 

2For the addition of thiones to dienes, see refs. 36-38. 
For the use of a,P-unsaturated thiones as dienes, see 
refs. 35, 39-44. 
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I 
30'0 ro'o sob 60'0 7d0 

FIG. 3. Temperature effect on absorption of 2a in 
methylene chloride. 

2b and cyclohexanethione, in agreement with 
this view. 

The chemical distinction between 18 and 19 is 
that 19 is a thioorthoester whereas 18 is a 

. VOL. 55 ,  1977 

disulphide. Under conditions of reduction with 
lithium aluminium hydride when a disulphide 
would be expected to be cleaved there was no 
reaction (45). This, though negative evidence, 
appeared to  favour 19, as did the reversibility of 
the Diels-Alder formation. Accordingly, the 
hydrolysis of the thioorthoester was undertaken. 
Stirring a mixture of 19 with mercuric oxide in 
the presence of boron trifluoride at 0°C gave 
adamantanone in 50% yield. In addition, the 
mercaptide chloride, 20, of o-mercaptobenzoic 
acid was obtained in similar yield. 

20 

The possibility that the thiosalicylic acid was 
formed in some way from 2a itself was eliminated 
by showing that the adduct was thermally stable 
under the conditions used. Only isomerization 
occurred (see below). 

The Adduct Isomerization 
It was observed that a pure isomer of 19 

showed a single methine proton signal at 6 = 4.4 
ppm (CDCI,). After 12 h the signal for the other 
isomer (6 = 4.0 ppm) was also visible, and the 
presence of the second isomer was confirmed by 
isolation. The equilibrium could be approached 
from both sides, and the final ratio was - 1 : 1. 
The same isomerization could be achieved in 
benzene at 80°C but was slow and needed over 
3 days. 

The adduct of 2a with norbornanethione 
behaves similarly: in methylene chloride-d, - 
acetonitrile-d3 (2: 1) at 40°C 20% conversion of 
the 6 4.4 isomer to the other was achieved in 4 
days. In carbon tetrachloride no change was 
observed in 4 days. 

Since more polar solvents appeared to  favour 
the isomerization and since chloroform fre- 
quently contains acid, it seemed likely that the 
process was heterolytic. This was confirmed 
when a solution of the 2a - cyclohexanethione 
adduct (mixture, major isomer 6 = 4.4, ratio 
4:  1) in carbon tetrachloride, which had been 
stable for at least 58 h. when acidified with dry 
hydrogen chloride equilibrated (final ratio: 2: 1) 
in 1 h. 

Two general possibilities existed for the inver- 
sion: a reversion of the adducts to  starting 
materials, followed by recombination; or a 
cleavage of a single bond (C-S) of the thio- 
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Time (s) 

FIG. 4. Effect of light on the 2a-3a equilibrium. 

FIG. 5. Plot of In Kc of (0) 2a in benzene, (0)  2a in CHC13, (0) 2b in benzene, (W) 26 in CHCI3 
as a function of the reciprocal absolute temperature. 

TABLE 3. Thermodynamic parameters 

2a 2b 

Dimer $ Monomer Dimer $ Monomer 

Solvent CsH6 CHCI, CsH6 CHC13 
AH0 (kcal/mol) 15.8k1.0  11.5k0.4 14.1k0.3  9 .4k0 .2  
AS0 (eu) 25 .6k2 .0  16.1+1.2 31.1k0.8  21.8k0.8 

orthoester, followed by rotation and recom- 
bination (Scheme 1). If the first be not occurring 
in a solvent cage from which there is no escape, 
then the mechanisms are distinguishable. To 
reveal the distinction the isomerization of the 
norbornanethione - 2a adduct was carried out 
in benzene at 80°C in the presence of norbor- 
nanethione-a,a-d,. The recovered, but partly 
isomerized, adduct contained no deuterium, as 

shown by mass spectrometry. Further, permit- 
ting the isomerization to occur in the presence 
of the powerful dienophile, N-phenylmaleimide 
both in benzene and chloroform, gave none of 
the adduct 4. The route via the dithiolenium ion 
is thus preferred. 

The allocation of the stereochemistry of the 
isomers may be reasonably made on the follow- 
ing grounds. The relevant protons are either syn 
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or anti to  the aromatic ring. The higher field 
protons would, from the inspection of models, 
be expected to be those syn to the aromatic ring. 
To confirm this the adducts from 21 (13) and 
adamantanethione were prepared. Both were 
observed in solution but only one isomer could 
be isolated. However, both isomers, as shown by 
integration, had the relevant proton signals at 
4.5 ppm. 

Experimental 
Melting points were determined on a Reichert hot 

stage apparatus. Cyclopentene and tetramethylethylene 
were refluxed over zinc dust and distilled. Benzene was 
purified by irradiation with chloranil for 7 days and 
fractionally distilled. Boron trifluoride etherate was 
purified according to Fieser (47). 4,5-Benzo-1,2-dithiole- 
3-thione was prepared according to the method of 
Lozac'h (48). 

2-Benzyl-N-phenylsuccinimide 
This was prepared according to Arcona (49) from 

2-benzylsuccinic acid (0.4 g) and aniline (0.18 g) at 180°C, 
mp 128-130°C; v,,,: 1778, 1714cm-'. Exact Mass 
calcd. for C17H1,02N: 265.1 102; found (ms): 265.1090. 

Irradiation of 1 with Cyclopentene 
It was established optically that no reaction occurred 

between these substances in ethereal solution in the dark 
in several hours. Exposure to room light led to reaction. 

A mixture of 1 (99 mg), cyclopentene (1 ml), and ether 
(30 ml) was irradiated with a 450 W medium pressure 
lamp until the solution turned deep blue (ca. 2 h). After 
evaporation of the solvent the residue was chromato- 

graphed (silica gel, 9 g; light petroleum (60-80°C) - ben- 
zene, 2:3) to give 2a as a white solid, recrystallized from 
methylene chloride - methanol, mp 158-160°C (dec.), 
112 mg (80%); 6: 3.95 (m, ca. 1.5H, S-(CH2),-S), 
4.40 (m, ca. 0.5H, S-(CH2)2-S); h,,, (benzene, 5.24 x 

M) 585 (24.8), 351 (139); (acetonitrile, 6.61 x 
M )  580 (348), 346 (620); (methylene chloride, 5.02 x 

M )  585 (97), 347 (136), 260 (3590). 
When a solution of 2a (20 mg) in carbon tetrachloride 

(5 ml) was refluxed for 12 h the product showed one spot 
on tlc and crystallization (hexane) gave 1 in quantitative 
yield. 

Desulphurization of 2a 
The compound (1.08 g) and Raney nickel (10 g) was 

heated in benzene at 40°C for 20 h. Starting material 
remained, and the temperature was raised to 60°C for 4 h. 
From the mixture, by tlc, was isolated bibenzyl (4%) and 
benzyl alcohol'(l3.5%) both identified by comparison 
with authentic specimens. 

Reaction of 2a with N-Phenylmaleimide 
The thione (39 mg) and imide (29mg) in benzene 

(10 ml) were stirred at room temperature in the dark. The 
tlc yielded the adduct 4 (53 mg, 80%) crystallized from 
ethyl acetate, mp 93-95°C; v,,,(CHC13): 1770, 1710 
cm-'; 6: 1.5-2.4 (m, 6H), 4.1-4.4 (m, 2H), 4.93 (s, 2H), 
6.80-8.13 (m, 9H). When Eu(fod), (53 mg) was added 
the peak at 4.93 became a pair of doublets (J = 9 Hz); 
h,,,(MeOH): 283 (sh) nm ( E  = 300). Anal. calcd. for 
CZ2H19N02S3 : C 62.1 1, H 4.50, N 3.29; found: C 62.1 1, 
H 4.56, N 3.30. 

Desulfurization of the adduct (300 mg) with Raney 
nickel (3 g) in benzene by refluxing for 24 h gave 
(ethanol-water, I : I) the benzyl-N-succinimide 6 (142 mg, 
7773, mp and mixture mp 128-13O0C, further identified 
by ir, 'Hmr, and mass spectrum. 

The adduct with acetylene dicarboxylic acid, dimethyl 
ester prepared in the same way could not be obtained in 
crystalline form though apparently it was homogeneous 
on tlc. The 'Hmr spectrum was consonant with the 
assigned structure; h,,,(CH2C12): 318 (3900), 253 nm 
(8400). Desulfurization gave dimethyl benzylsuccinate 
identified by ir and mass spectrum. 

Irradiation of 1 with Tetrameihyleihylene 
The irradiation was performed as with cyclopentene. 

From 90 mg 1 was obtained (methylene chloride - 
methanol) 2b as pale blue crystals (135 mg, 90%), mp 
136138°C (dec.); 6 (220 MHz, CD2C12 at -50°C): 1.2 
(s, 3H), 1.33 (s, 3H), 1.59 (s, 3H), 1.80(s, 3H); h,,,(C6H6) 
(2.59 x M )  585 nm (2270); 13Cmr (CD2C12): 
148.6 (s), 139.4 (d), 134.19 (s), 129.52 (d), 128.67 (d), 
128.07 (s) (aromatic), 77.60 (s), 06.23 (s), 66.12 (s), 28.32 
(q), 26.93 (q), 23.48 (q), 23.31 (q). Exact Mass calcd. for 
Ci3H16S3 : 268.0409; found (ms): 268.0405. Anal. calcd. 
for C13H16S3: C 58.20, H 6.01, S 35.79; found: C 58.33, 
H 6.19, S 34.88. 

The molecular weight determined at 5.8 mg/ml at 3S°C 
by osmometry was 496. This is equivalent to the presence 
of 7.4% monomer. Determined by absorption at 585 nm 
a value of 9.7% was obtained. 

Reaction of 2b with N-Phenylmaleimide 
A solution of 2b (500 mg) and the imide (400 mg) in 

benzene for 24 h yielded the adduct 8, mp 242-245°C 
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(700 mg, 85%), from ethyl acetate; h,,,(CHCI,): 1775, 
1710 cm-'; 'Hmr 6: 1.36 (s, 3H), 1.46 (s, 3H), 1.58 
(s, 3H), 1.70 (s, 3H), 4.405 (s, lH), 4.415 (s, 1H). After 
the addition of Eu(fod), (28 mg) the signals at 4.41 were 
replaced doublets at 4.83 and 5.9 ( J  = 9 Hz). Anal. 
calcd. for C2,H2,N02S3: C 62.58, H 5.25, N 3.17, 
S21.75; found: C63.28,H5.55,N 3.20,S21.55. 

Desulfurization of 8 with Raney nickel (12 g) of 2b 
(500 mg) gave 2-benzyl-N-phenylsuccinimide (230 mg), 
mp and mixture mp 128-130°C. Attempted desulfuriza- 
tion of 8 with vintage (4 year old: stored in alcohol) 
Raney nickel in absolute alcohol (22 h, reflux) gave 
material which was separated by tlc. Aside from the 
adduct 8 recovered there was obtained the isomer 11, mp 
225-227°C (1 19 mg); 'Hmr (CHCl,) 6: 1.46, 1.55, 1.60, 
166(all s,all3H),3.34(d,J= 19Hz),4.11(d,J= 19Hz); 
uv h,,,(CH2C12): 298 nm (2500). Anal. calcd. for 
C23H23NOzS3: C 62.58, H 5.25, N 3.17, S 21.75; found: 
C62.62,H5.13,N3.27,S21.72. 

Reaction of 26 with N-n-Propylmaleimide 
The thione (100 mg) and the imide (50 mg) in benzene 

(30 ml) gave, in 30 min at room temperature, the adduct 
9, 128 mg (7973, mp 213-214°C; v,,,: 1724 cm-'; 'Hmr 
(CDCI,): 0.4 (t, J = 4 Hz), 0.9-1.3 (m, 2H), 1.26, 1.46, 
1.53, 1.70 (s, 3H each), 3.20 (t, 2H J = 4 Hz), 4.20 (s, 2H). 
Anal. calcd. for C20H25N02S3: C 58.96, H 6.18, N 3.44, 
S 23.56; found: C 58.96, H 6.09, N 3.41, S 23.79. 

Reaction of 26 with Acetylene Dicarboxylic Acid, 
Dimethyl Ester 

The thione (100mg) and ester (0.5 ml) in benzene 
(10 ml), after 12 h at room temperature gave, after tlc, 
the adduct 10 (67%, 95 mg) from methanol, mp 94-97°C; 
h,,,(CHC13): 1721; 'Hmr (CDCl,): 1.4 (s, 6H), 1.54 (s, 
6H), 3.94 (s, 3H), 3.96 (s, 3H). The spectrum was scanned 
(CS,) from +30 to - 110'. The separation of the 
resolved peaks at low temperature was 160 ? 15 Hz. 
Anal. calcd. for CI9Hz2O4S3: C 55.61, H 5.40, S 23.39; 
found: C 56.10, H 5.70, S 22.88. 

The ester was desulfurized to give dimethyl 2-benzyl- 
succinate by Raney nickel (15%). 

Determination of Molar Extraction Coeficients 
A Gilford spectrophotometer 240 was used with a 

double set of thermospacers with matched 1.0 and 10.0 
cm cells at 24.5 + 0.2% For variable temperature 
measurements a Kryothermat Haake model KT-62 
constant temperature circulator with a cell in a Cary 14 
was used. The temperature was measured with an iron- 
constantan thermocouple. One hour minimum was 
allowed for equilibration. 

Thionorbornanone 
This was prepared by the method described by 

Greidanus (50) for adamantanethione. The final product 
was distilled at 55-60°C/0.02 Torr. Exact Mass calcd. for 
C7HloS: 126.0503; found (ms): 126.0509. 

Thionorbornane-d2 
Sodium metal (0.5 g) was added to a solution of 

methanol-d (10 g) and was stirred until all the metal had 
dissolved. Norcamphor (1 g) was added and the mixture 
refluxed 24 h. Deuterated water was added and the 
mixture extracted with ether. The residue, after removal 
of the solvent, was reacted with phosphorus pentasulfide 
to give the thione. The ratio do:dl :dz was 1.1 : 1.0: 1.9. 

Diels-Alder Addition with Thiones 
The following procedure is typical. A solution of a 2a 

(420 mg, 1.67 mmol) and adamantanethione (320 mg; 
2.0 mmol) in benzene (20 ml) was kept in the dark at 
room temperature for 24 h. After removal of solvent the 
residue was separated by preparative tlc (light petroleum 
(60-80°C) - methylene chloride, 1 : 1). The adduct thus 
obtained, if containing two stereoisomers, was further 
separated by tlc using cyclohexane (4 cycles). 

In the present instance one isomer (higher Rc) was 
obtained as a white solid (280 mg; 51%), mp 188-189°C 
(from ethyl acetate); h,,,: 298 (sh, 1500). Anal. calcd. for 
CZ2H2,S4: C 63.15, H 6.26, S 30.59; found: C 63.10, 
H 6.18, S 30.33. 

The slower-moving material (109 mg, 22%) had mp 
145-146°C (from ethyl acetate). Anal. calcd. for CZ2HZ6- 
S4: C 63.15, H 6.26, S 30.59; found: C 63.64, H 6.41, 
S 30.19. 

With thionorbornanone the faster-moving compound 
was obtained in 63.5% yield (132 mg) from 120 mg of 2a. 
It had mp 143-145°C (from ethyl acetate); X,,,(CH,CI,): 
300 (sh, 1200). Anal. calcd. for C19HZZS4: C 60.31, 
H 5.86; found: C 60.41, H 6.10. The slower-moving 
component could not be induced to crystallize. 

With cyclohexanethione (51) 2a (92 mg) gave 79 mg 
(64%) of faster-moving material, mp 106-108°C; 
X,,,(CH,CI,): 296 (sh, 2750); ms (mle): 366 (M+,  9%) 
252 (20), 184 (100), 120 (39, 114 (25), 67 (35). Anal. 
calcd. for C18HZZS4: C 59.01, H 6.05, S 35.94; found: 
C 59.45, H 5.74, S 35.08. The slower-moving isomer 
(31 mg, 25%) had mp 143-145°C; h,,,(CH,Cl,): 270 (sh, 
4000); ms (mle): 366 (M+, 10%) 252 (25), 184 (100), 120 
(39,114 (23),67 (35). Anal. calcd. for C18HZZS4: C 59.01, 
H 6.05, S 35.94; found: C 59.21, H 6.01, S 35.02. 

With cyclohexanethione and 2b a single adduct was 
obtained in 88% yield (250 mg), mp 142-144°C (from 
ethyl acetate); h,,,(CH2CI,): 270 (sh, 2000). Anal. calcd 
for Cl9HZ6S4: C 59.67, H 6.85, S 33.47; found: C 60.20, 
H 7.01, S 33.08. 

With adamantanethione and thionorbornanone the 
colour of 26 was discharged in 3 days. On evaporation of 
the solvent at 35'C reversion to the starting material 
occurred. With thiocamphor there was no reaction. 

The Reaction of 21 and Adamantanethione 
This was carried out as in the previous examples. Two 

isomers were obtained in about 25% total yield based on 
28 mg thione. The ratio of isomers, based on singlets at 
6.27 and 6.29 in the 'Hmr spectrum, was 3: 1. One isomer 
was separated by tlc and had mp 136-138°C (from ethyl 
acetate); 6: 4.5 (m, 2H), 6.29 (s, 1H); ms (mle): 278 
(M+, 6%) 210 (SO), 166 (loo), 145 (60), 91 (43, 77 (20), 
67 (25). Anal. calcd. for C24H28S4: C 64.85, H 6.35; 
found: C 64.99, H 6.35. 

Hydrolysis of 19 with Mercuric Oxide 
A cooled solution of 19 (20 mg) in tetrahydrofuran 

(5 ml) was added to a stirred mixture of red mercuric 
oxide (2 mol equiv.) and boron trifluoride etherate (2 mol 
equiv.) in aqueous tetrahydrofuran (IS%, 15 ml). After 
30 min, diethyl ether was added and the precipitate 
filtered off. 

The filtrate was washed (saturated NaHCO,, saturated 
aqueous NaCI). The residue, after evaporation of the 
solvent gave adamantanethione, mp 258-259°C (3 mg, 
SO%), characterized as the 2,4-dinitrophenylhydrazone, 
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mp 219-220°C (52). The original precipitate from the 
hydrolysis was stirred with concentrated hydrochloric 
acid for 3 h at  room temperature. The white solid (10 mg) 
was collected and washed with water. This compound 
was soluble in KzC03 solution and had the same R, as 
thiosalicylic acid mercaptide chloride on an Eastman 6060 
sheet using isopropanol-triethylamine-water (2: 1 : I), mp 
270°C (sub.); v,,,(KBr): 3400 (b), 1680 (vs), 1470, 1422, 
1300, 1270, 745 cm-I. 

Isomerization of 19 
A solution of each pure isomer (12 mg in 0.3 ml CDC1,) 

was examined in an nmr tube over 48 h at the end of 
which both isomers were present in - 1 : 1 ratio. The 
reaction was also performed in a sealed nmr tube in 
benzene at 80°C. 

Exchange Experiments 
A solution of the 2a-norbornanethione adduct (12 mg) 

and deuterated norbornanethione (10 mg) in benzene 
(2 ml) was sealed under N, in a glass tube and kept 
at  80°C for 4 days. Under these conditions the thione 
itself is stable except for isomerization. The reaction 
mixture which contained only the starting materials was 
separated. The M, M + 1, M + 2 ratios were 100:24: 17. 
The undeuterated material was 100: 24: 21. The minimum 
exchange detectable was estimated to be -4%. Similar 
experiments using N-phenylmaleimide instead of the 
thionorbornanone at  room temperature or in benzene 
solution at 80°C gave no trace of the adduct 4. 
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TABLE 4. Molar absorbance variation with concentration 

Concentration 
Compound ( M a s  monomer) Absorbance Solvent 

2 . 4 8 ~  
1.61 x 
3 . 2 2 ~  
1.28 x 
5 . 3 6 ~ 1 0 - ~  
2 . 1 4 ~  
8 . 5 8 ~  lo-' 
5 . 1 4 ~  
0.00 (extrap.) 

2 . 5 6 ~  
1.53 x 
9.21 x 
2 . 7 6 ~  
5 . 5 3 ~  lo -=  
0.00 (extrap.) 

2 . 4 7 ~  
9 . 8 8 ~  
4 . 9 4 ~  
2 . 4 7 ~  
0.00 (extrap.) 

4020 
4730 
5440 
5456 f 150 

2269 Benzene 
2690 
3105 
4097 
4705 
5004i  100 

463 5 
4959 
5101 
5180 
5254 + 100 

Appendix 
Optical Measurements 

The absorption spectrum of the dimer of 2a 
could be obtained at low temperature in ether 
(no absorption at 585 nm). The spectrum of the 
pure monomer could not be obtained, but peaks 
at 346 and 585 and a shoulder at 260 nm were 
found in a wide variety of solvents and are 
attributed to the monomer. The molar extinc- 
tions for the monomers were obtained, at 585 
nm, by the method of Keussler and Liittke (46) 
used for nitroso compound association. 

The dimer dissociation constant is 

where C,, and C, are the molar concentrations. 
C, the total molar concentration is Cm + 2Cd. 
If a is the monomeric fraction 

The effective molar absorbancy, E, is given by 

where E, and E* are the absorption extinctions 
for monomer and dimer. But since at 585 nm, 
the monitoring wavelength, E, = 0, then a = 
E/E, where eq. 2 becomes 

where 
K = - 2/(&,KC) 

Hence E, at 585 nm could be obtained by 
plotting E vs. s2C and extrapolating to zero con- 
centration. The molar extinction coefficients 
were determined in benzene and chloroform at 
24-25°C. The results are given in Table 4. The 
low degree of dissociation of 2a in benzene pre- 
cluded the obtention of a reliable value. It was 
assumed that the same ratio held in this solvent 
as did for 2a/2b in chloroform, giving E = 5250. 
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Migration of hydroxyl in secondary systems during solvolysis 
- 

in acid solution1 
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ROBERT C. CATHCART, JOHN W. BOVENKAMP, ROBERT Y. MOIR, ROBERT A. B. BANNARD, 
and ALFRED A. CASSELMAN. Can. J. Chem. 55,3774 (1977). 

A system of compounds has been prepared which is well adapted for displaying the role of 
trans vicinal, secondary hydroxyl in solvolysis. On methanolysis in acid solution, compounds 
5, 7a, and 8a all gave the same products, 9a and 10a, and in practically the same proportions, 
suggesting that at  least one intermediate was common to all three reactions. These intermediates 
were such that 7a and 8u were not interconverted during the solvolysis, a fact in support of 6 
as a common intermediate. Several alternative explanations were shown to be untenable, 
largely by taking advantage of the remarkable differences between hydroxyl and methoxyl. 
The work provides the most decisive evidence available for the covalent participation of 
hydroxyl as a neighbor group in the solvolysis of secondary systems, and contributes also to the 
study of the reverse reaction, the acid-catalyzed scission of epoxides. 

ROBERT C. CATHCART, JOHN W. BOVENKAMP, ROBERT Y. MOIR, ROBERT A. B. BANNARD, 
et ALFRED A. CASSELMAN. Can. J. Chem. 55,3774 (1977). 

On prepare un systeme de composes lequel est bien adapte pour mettre en evidence le r61e 
du groupe hydroxyle trans vicinal dans des reactions de solvolyse. La mkthanolyse en solution 
acide des composks 5, 7a et 8a conduit aux mCmes produits 9a et 10a et essentiellement aux 
m&mes proportions suggerant qu'au moins un intermediaire est commun aux trois reactions. 
Ces intermediaires sont de telle sorte que 7a et 8a ne sont pas convertis I'un dans I'autre pendant 
la solvolyse, ce qui est en accord avec l'hypothese que 6 soit un intermediaire commun. Plusieurs 
interprktations ne peuvent Ctre soutenues, essentiellement parce qu'elles ne tiennent pas 
compte des grandes differences entre un groupe hydroxyle et methoxyle. Ce travail apporte 
l'evidence tres nette de la participation covalente du groupe hydroxyle comme groupe voisin 
dans la solvolyse de systemes secondaires et contribut aussi a l'etude de la reaction inverse, la 
scission catalyske par un acide des Cpoxydes. 

[Traduit par le journal] 

The role of neighboring hydroxyl in the 
solvolysis of secondary systems is still not clear. 
As shown later, there seems little prospect of 
demonstrating its participation by isolating or 
trapping a bridged intermediate under the acid 
conditions needed to prevent confusion with 
another r e a ~ t i o n . ~  Less direct and less compelling 

'Most of the work is taken from the Ph.D. Theses 
(Queen's University) by (a) J. W. Bovenkamp, November, 
1973, and (b) R. C. Cathcart, September, 1975. 

'Revision received June 22, 1977. 
jOxides have been demonstrated as intermediates (or 

by,products) in the solvolysis of tertiary systems (3c, 3d, 
5), but as the authors point out, the nonacidic conditions 
were such that at  least some participation by the conjugate 
anion of hydroxyl was to be suspected. Aside from this 
difficulty there would be little doubt that hydroxyl is 
capable of migration in tertiary systems, since in them 
even methoxyl has been observed to migrate (3a, 3b). A 

evidence has often been offered. The observed 
steric course for solvolysis has been said to be 
evidence for covalent participation by hydroxyl 
(I), but it is obviously not sufficient, since the 
similar methoxyl group has the same configura- 

secondary oxide, cis-cyclooctene oxide, has been isolated 
(8c) in the solvolysis of the corresponding trans-bromo- 
hydrin with acetic acid and sodium acetate. One may 
infer from the contexts (8) that the authors suspected 
oxyanion intervention in this system also. Although 
epoxides have been demonstrated as 'intermediate by- 
products' in the acid-catalyzed pinacolic rearrangement 
of tetraphenylethylene glycols (13a), solvolysis of the 
similar 1,1,2-triphenyl-2-bromoethanol does not proceed 
through the epoxide (13b). Epoxides have been established 
as intermediates in one route for ketone-ketone re- 
arrangements (14), and recently Ganem (15) has described 
the attack of trans-hydroxyl groups upon neighboring 
chloronium ions, in certain addition reactions of olefins. 
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CATHCART ET AL.  

tion-holding effect (2), and is, at least in second- 
ary systems (3) at the vicinal position (4), known 
to show little or no covalent participation (5-7).4 
Rate enhancement by trans, vicinal hydroxyl is 
of course stronger evidence for participation (1, 
8-1 1) but tlie fact that the net effect of hydroxyl 
is nearly always inhibitory (1) may be sufficient 

I to indicate the difficulty of dissecting the effect 
due to covalent participation from the inductive 
effects, from steric effects, and from effects due 
to 'internal solvation' or 'ion-dipole stabiliza- 
tion' (1, 5, 8, 10-12). Ingenious but even less 
direct methods for detecting participation liave 
been suggested (1, 8-1 1). 

Much the most convincing practically avail- 
able evidence would be the demonstration of 
hydroxyl wandering during the solvolysis of 
secondary systems. The only example3 known to 
us is that reported by Dicko and Bodot (1 1) who 
showed that hydrolysis of 1 gave 2, and pointed 
out that the most probable explanation is that 
the reaction proceeds through the intermediate 3. 
Two reservations are possible. The reaction may 
not be typical, since 3 cannot be formed from 
the locked structure 1 through the usual chair- 
like conformations (16). Secondly, it is possible 
that the route may have lain partly through 4, 
which is much more reactive than 1, and hence 
difficult to detect. The suggested possible con- 
version of 1 to 4, by way of a doubly-bridged 
transition state, or by anion migration within an 
intermediate ion-pair, is analogous to mechan- 
isms most familiar in the equilibration of locked 
diaxial and diequatorial dibromides, or in the 
self-racemization of 2-norbornyl brosylate (17), 
but frequently proposed for other neighbor 
groups, including hydroxyl (13, 14, 18-21). 

A more decisive approach is obtained by 
focusing attention upon the oxide 5 and its 
protonated form 6. If a protonated epoxide is an 
intermediate in solvolysis with neighboring trans 
hydroxyl, then 6 is the common intermediate in 
the solvolyses of 5,7a, and 8a. In previous work 
we had shown (22) that the acid-catalyzed 
methanolysis of 5 gave two products, 9a and IOU, 
the former predominating greatly. If a proton- 
ated epoxide is an intermediate, then methanolysis 
of the oxide 5 and of each of the tosylates 7a and 
8a should give both 9a and IOU. In this paper it is 
shown that not only does the indicated migration 

4The strongest evidence for this lies in the success of 
Haworth's method for determining the structures of 
carbohydrates (7). 

@o"R"H3 

OTs 

@gcH3 OTs 

0CH3 
16a R = H 
16b R = Ts 
16c R = CH, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3776 CAN. J. CHEM. VOL. 5 5 ,  1977 

TABLE 1. Gas-liquid chromatographic analyses of sol- 
volyses productsa (see footnote 14) 

Relative areaCbdse 
of peak due 

Reaction to lob  
Run No.* Substrate time (%I 

i Tosylate 7a 200 h 3.4(0.07)* 
ii Tosylate 7a 300 h 3.3(0.07) 
viii Tosylate 8a 500 h 4.2(0.19) 
ix  Tosylate 8a 587 h 4.0(0.19) 
- Epoxide 5 (few min.) 4.0(0.10) 

%s their acetates. 
*For referral to Exoerimental and to Table 2. -~~ ~ 

'As 100 (area due io lOb)/(total area due to 96 and lob). 
dFigures in parentheses are standard deviations of the mean for 5 

or 6 successive injections of the sample into the chromatograph. 
'Calibration of the method (isolation, acetylation. and injection) 

was done in the previous work (see footnote 16) uslng the same detec- 
tor, integrator, column packing, and nearly the same ratio 961106, but 
with somewhat different conditions of temperature and loading. 
Applying this calibration to the present results gives, for a peak area 
ratio of 4.0:96.0, a molar ratio of 6.5:93.5, and for a peak area ratio 
of 3.4:96.6, a molar ratio of 5.6:94.4. As a check, extrapolation of 
the value obtained in previous work (see footnote la) for the solvolysis 
of 5 in aqueous methanolic perchloric acid at 2.4" gives the molar 
ratio 7.6:92.4 at 64'C under the condition A'S* = 0 (unoublished 
data). These corrections, unnecessary for the discussion of scheme 1, 
are useful for Scheme 2 and for later papers. 

of hydroxyl occur in the solvolyses of both 7 a  
and 8a, but in addition, 7 a  and 8a each give the 
products 9a and 10a in approximately the same 
ratio as that observed for the oxide 5 (Table 1). 
When considered together with the kinetic 
evidence obtained by others (1, 8-11), these 
results seem to us to be direct evidence for the 
covalent participation of hydroxyl. This view has 
also been strengthened by an experimental in- 
vestigation of the likely alternatives. 

Methanolysis, catalyzed by perchloric acid 
at 64"C, was complete in a few minutes when .the 
oxide 5 was the substrate, but was only about 
three-fourths complete after 200 h when the 
tosylate 7 a  was used, and was less than half 
complete in 500 h when 8a was used. Clearly, if 
Scheme 1 represents the mechanism- there is no 

Tosylate + Protonated epoxide (6) + Products 

(9a and 10a) 
SCHEME 1 

prospect of verification by direct isolation of the 
epoxide. Mousseron, Bodot, and co-workers 
(10, 11) have used the reversibility of the first 
step in Scheme 1 (that is, the external return of 
the nucleophile) in gaining indirect evidence for 
the presence of intermediates analogous to 6. 
Under the conditions of our solvolyses, this 
reversibility was suppressed, along with the 
consequent rearrangement pathway (22, 23): 

TsOH TsOH 
7a + Protonated epoxide 6 + 8a 

Indeed, no such rearrangement of either tosylate 
was observed during the solvolyses. By attempt- 
ing to fit reaction profiles to the sheaf of possi- 
bilities crudely represented by 11 (as transition 
state or intermediate, with varying degrees of 
concertedness, and with 12 and 13 as possible 
co-intermediates), one can therefore rule out the 
possibility of any important contribution from 
all those pathways,536 alternative to Scheme 1, 
which involve the internal migration of tosylate: 

Product t Tosylate 7a + Tosylate 8a + Product 

Another set of pathways alternative to Scheme 
1 involve the anions3 of the tosylates (e.g. 14). 
Previous workers have felt that these routes 
could not have been important in their rate 
studies, on the basis of the curious method used 
to follow the kinetics of the reactiom7 In spite 

$If routes involving internal 7a e 8a are a main con- 
tributor to the solvolyses, then the energy barrier be- 
tween 7 a  and 8a must at the same time be very low, in 
order to allow each of them to give the same product 
ratio, and very high, in order to prevent appreciable 
equilibration between 7a and 8a; this is impossible of 
course. Competition between these routes and Scheme 1 
gives rise to the following system, which as a limit problem 
can be solved exactly: 

In the solvolyses, no rearranged tosylate was seen, though 
it would have been detected with certainty if it had 
amounted to as little as 3% of the reactant. Consequently 
the maximum possible intervention of 7a e 8a, consistent 
with this, in the solvolysis of 7a can easily be shown to 
have entirely negligible results. However, calculations 
also show that the maximum intervention of 7a + 8a in 
the solvolysis of 8a might cause its observed half-life to 
be as much as 20% lower than that appropriate to Scheme 
1 alone; there might also be a very small effect upon the 
product ratio obtained from 8a (see footnote 14). There is 
of course no positive evidence for any of these effects. 

6Corresponding internal migrations in other systems 
(13, 14, 17-21) have been supposed to occur easily. By 
far the simplest explanation for the failure of the migra- 
tion in the present system lies in the preferred production 
of the protonated epoxide 6 either directly from 7a or 8a, 
or by a very rapid internal attack of hydroxyl upon its 
neighboring centre in 12 or 13. 

'The reactions were allowed to begin at neutrality and 
proceed to high acidity at the end, being followed by 
titration of aliquots. 'Straight line' plots have been re- 
ported both for derivatives of ethane (24) and of cyclo- 
alkanes (1, 8). 
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TABLE 2. Methanolysis of the tosylates 7a and 8a 

Acidc Time of Cruded Yieldd of 
added heating yield P/Re crude acetate 

Run No." Procedureb Tosylate (ml) (h) (mg) ratio (mg) 

I a 7a 5.00 200 9 1 (5) 108 
ii a 7a 5 00 300 86 (1 2If 142 
iii b 7a 0 . 5  125 75g 1 .1  
iu b 7a 2 .5  125 72g 1 . 2  
u b 7a 0 . 5  200 78 3.0 
ui b 7a 2.5 200 79 2 4 43d 
uiih - 7a 0 00 95 - 0 7?h 
U ~ I I  a 8a 5.00 500 138' 0.44 140 
ix a 8a 5.00 587 139' 0.56J 102 
x b 8a 0 .5  500 90 0.42 
xi b 8a 2 .5  500 82 - 

aFor reference to text and Table 1. 
bSee Experimental. 
COf 0.100 Mmethanollc perchlorlc ac~d.  Total volume In procedure a was about 30 ml, and In b 15.00 ml at room tempera- 

ture. 
dFrom 0 20 g tosylate In procedure a, 0.10 g In b 
*The molar ratlo 9a/tosylate, est~mated by nmr, the less accurate values in parentheses the ratlo 9a/8a belng much more 

accurately estlmated than 9a/7a. From these ratlos the apparent solvolys~s rateconstants k m'ay be calculated (1.e k 3  = k,, = 0, 
Scheme 2) and compared w ~ t h  the tltratlon value (see Exper~mental). The effect of nonzero values of k s  and k,, 1s to move the 
values of k for 7a and 8a closer together and closer to the ratlo observed for the alkali-catalyzed reactions of the corresponding 
chlorohydnns. See Footnote la .  

fInterrupted at 95 h, t h ~ s  run gave a P/R value of 0.89. 
gSeml-sol~d products. 
hTltrat~on experiment, see Expenmental. 
'Almost completely solld products. 
)Interrupted at 95 h, t h ~ s  run showed (nmr) 11ttle reaction. 

of certain difficulties in the a r ~ u m e n t . ~  we believe - 
their conclusions to be correct. To guard against 
the possible intervention of the anions of the 
tosylates, all but one of our solvolyses were 
conducted at high acidities, and in addition it 
was shown that large changes in the acidity had 
little effect upon the rates of solvolysis of 7a and 
8a (see Table 2). Finally, a tedious but obvious 
analysis showed that at least in the present 
system, the small or zero effect on the rates, 
caused by changes in the acidity, could not be 
due to approximately offsetting catalysis by 
both acid and base. 

Direct intervention of free anions such as 14 
was therefore negligible. Nevertheless the great 
driving force available in routes involving the 
alkoxide anions such as 14 (5) would appear to 
be partially realized through general base cata- 
lysis by the solvent, that is, by hydrogen bonding 
through the hydrogen of the hydroxyl group. No 
other explanation seems possible for two facts 
brought to light by the careful work of Roberts 
and co-workers (1, 8). The ability of hydroxyl to 

'Curvature has been reported in other plots, and 
attributed either to salt effects (IOc), or to the reversibility 
of Scheme 1 (10). However, the much larger curvature due 
to base catalysis could not have been missed, and when 
rate constants are available both for the neutral and the 
base-catalyzed reaction (24, 25), it is clear that the latter 
is negligible at low pH. 

VIa V I b  VIc 

FIG. 1. Condensed illustration of ion-pair (and other) 
routes in acid-catalyzed epoxide scissions and in solvolyses 
with neighboring trans-hydroxyl. (a) The asterisks are 
meant to show the approximate position of the counter- 
ion, when appropriate. All possible routes are not shown, 
and in particular the separate positions, in the sequences, 
of the three subspecies are not shown. (b) Illustration of 
the three subspecies for one of the above ions; each of 
I-V is also supposed to possess forms a, b, and c, that is, 
tight, solvent-separated, and 'free', respectively. In par- 
ticular, the process k,, connecting VIa and V I b  has been 
supposed (31) to be rate-determining in certain epoxide 
scissions. 
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participate was found to be very sensitive to the 
solvent used; paradoxically, the more nucleo- 
philic the solvent, the more effective was the 
(nucleophilic) participation by hydroxyl. Alter- 
native explanations9 (based on the then current 
view that unaided solvolysis was nearly limiting 
in mechanism (26)) showed difficulty in coping 
with the second fact: while hydroxyl's effect on 
the rate was very sensitive to the solvent used, 
that of the very similar methoxyl was uniformly 
inhibiting in all solvents. These results are 
obviously in agreement with methoxyl's inability 
to respond to general base catalysis.1° 

The remaining alternatives to Scheme 1 are " 
presented in condensed form in Fig. 1, which 
also serves to unite the chemistry of our previous 
(22, 23, 27, 28) and following (e.g. 29) papers on 
the mechanisms of epoxide scission and forma- 
tion. Discussion of the ion-pair mechanisms 
(26, 30) is made easier by the recent application 
of these concepts to oxide scissions by Wylde 
and his co-workers (31, 32"). Figure 1 is 
essentially their scheme, considerably modified 
to allow for the two secondary centres and for 
the necessary stereochemical prescriptions. 

Each of the species I to VI in Fig. l(a) appears 
in the three forms of tight ion-pairs, solvent 

'Some holders of the view that hydroxyl does not 
participate have been driven to the clearly wrong con- 
clusion that the solvent acts by altering the inductive 
effect of hydroxyl (cf. methoxyl). Better versions of this 
view can be constructed, and operational distinctions 
between these versions and Scheme 1 can again be had in 
the contrast between methoxyl and hydroxyl as neighbors. 
Whereas methoxyl binds tightly enough to the reaction 
centre to enforce retention of configuration, during 
solvolysis (1, 2), it seems to have no rate-enhancing effect 
(5, 6) and, in secondary systems, it does not wander (7). 
Hydroxyl, besides possessing the same steric control and 
a modest rate-enhancing effect, clearly wanders with ease, 
passing through a symn~etrical structure, which whether 
a true intermediate or not, clearly has hydroxyl covalently 
bonded to both reactive centres. 

1°Titration experiments, showing how easily 7a was 
converted to 5, via 14, by base, made it imperative to 
show that the base used in the isolation of the products 
had no appreciable effect on the results. This was done in 
two ways. The more reactive tosylate (7a) was recovered 
unchanged when subjected to the process of isolation. 
The results obtained were unaffected either by the use of 
a weaker base or by subjecting the isolated product of an 
interrupted solvolysis to further reaction. Further for- 
mation of 9a and 10a during isolation was in any case 
impossible, since the half-life of 5 under more severe 
conditions of base catalysis is known to be about 30 h (27). 

"Reference expressing a cautionary or contradictory 
opinion. 

separated pairs, and 'free' (i.e., solvated) ions, as 
indicated for VI in Fig. l(b). For example, 12 is 
a conventionalized drawing of Ia, 13 of Va, and 
the free ions IIc, IIIc, IVc, and VIc are identical 
to each other. The asterisks in Fig. l(a) are 
meant to show the approximate positions of the 
counter ions; in all but VI they are trans to 
hydroxyl and (according to current theory) 
block their attached, but perhaps not their 
vicinal, positions from direct attack by outside 
reagents. Since the vicinal hydroxyl is a very 
effective block on the other side, the chemistry of 
oxide-related ion-pairs may actually be much 
simpler than those of more conventional ions, in 
spite of the following additional complexities. 
The number of ions is almost doubled because of 
the two possible counter-ions, and nearly 
doubled again on account of the stereochemistry 
about oxygen (33). According to the general 
theory, any of the 54 ionic species of Fig. 1 may 
lie either in a linear sequence of reactions, in a 
side-branch, or in loops; any of the species may 
be a true intermediate, a transition state, or 
simply an approximation to an ordinary point 
on the reaction profile, and which of these it is 
may vary with the environment. For example, 
the scission of VIc to form 8a might proceed 
either through a route in which IVa is a true 
intermediate, or by the process labelled k, in 
Fig. l(a), in which IVa might represent fairly 
well a transition state with some charge separa- 
tion, that is, the 'borderline S,2' favored in the 
past by most authors (32, 34). Only experiment 
can distinguish among the possibilities. Ob- 
viously, even when the experiments are brilli- 
antly designed and executed, as by Shiner and 
co-workers (35), the rate constants (23 in the 
model (35) on which Wylde (31) based his 
mechanisms) will be hopelessly underdetermined, 
and the results will have to be interpreted with a 
long series of assumptions, a general procedure 
obviously subject to astronomically large errors 
(35, 36). 

Fortunately, large simplifications are possible. 
In the first place, there is no need to consider 
other ionic species, such as those with 'free' 
hydroxyl groups (more open than I and V). This 
is shown by the strong configuration-holding 
effect of hydroxyl (1, 8, 11, 37, and present 
work). Confirmation is afforded (a) by the rela- 
tive rates of solvolysis reported here for 7a and 
8a, the inhibition of the rate caused by neighbor- 
ing methoxyl being much less than that observed 
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by Roberts et al. (8) in the absence of hydroxyl; 
(b) by the rate-enhancing effects observed for 
neighboring hydroxyl by Roberts (1); and (c) by 
the agreement of product distributions from 7a  
and 8a with that formerly seen for the epoxide 
5 (28). Unlike the situation in the phenonium ion 
series (26b), the solvent in this system is unable 
to compete with the neighbor group for initial 
possession of the reactive centre. Finally, the 
fact that if ions with 'free' hydroxyl did exist, 
their only fate was collapse to more bonded 
systems, was shown by the failure of a careful 
search for reaction products typical of the 'free- 
hydroxyl' structures (i.e. from attack by solvent 
or by neighboring methoxyl). This search was 
conducted through proton magnetic resonance 
spectroscopy of both crude and acetylated re- 
action products, and by the more sensitive 
method of gas-liquid chromatography, the 
latter supported1" by the previous study of the 
retention times of a large number of related 
compounds (38). 

A second simplification results from the clear 
requirement (Table 1) that there must be at least 
one common intermediate in the solvolyses of 
7a and 8a. Intervention of any of the 34 ions 11, 
111, IV, or VI as intermediate would be the 
equivalent of Scheme 1, and the only remaining 
alternative to Scheme 1 is that I and V exist as 
pairs of intermediates, with the more sym- 
metrical systems 11, 111, IV, and VI existing at 
most as mere transition states. This alternative 
can only be held with the further postulate that I 
and V must be in rapid equilibrium with each 
other, in order to explain the fact that 7a and 8a 
give essentially the same product mixture. At 
first sight, therefore, the alternatives of Scheme 
1 or of the rapidly interchanging pairs I and V 
would seem to involve the same difficulty as that 
in the controversy over nonclassical ions (26, 
30).12 However, in all probability, the cor- 
responding ion (6) is both stable and easily 

lZSerious difficulties arise in the alternative hypothesis. 
Two of these will be clear to the reader from the initial 
considerations given already (see footnotes 6 and 9). A 
third stems from the hypothesis, not necessarily true (21, 
but see 39) though deeply embedded in recent interpreta- 
tions of ion-pair theory (35a, 40; however, see 35b), that 
substrate (e.g. 7a) and intermediate (e.g. Ia) are in rapid 
pre-equilibrium. With the further requirement (in the 
alternative mechanism) that I and V are also approxi- 
mately in equilibrium, 7a and 8a should interconvert, but 
the] do not. Obviously, the easiest and most convincing 
escape from this dilemma lies in postulating the existence 
of a third intermediate, 6. 

reached. The results of Table 1 show that sol- 
volysis of the epoxide 5 must involve inter- 
mediates which, except possibly for the counter- 
ion, are the same13 as those involved in the 
solvolysis of the tosylates. The non-classical ion 
of hydroxyl-assisted solvolysis (e.g. 6) is there- 
fore merely the conjugate acid of a well-known 
and stable compound (e.g. 5); furthermore there 
is some physical evidence (33, 42) for the exis- 
tence of stable cyclic oxonium ions. There are 
excellent reasons (22, 28, 32) for the almost 
universal acceptance (34) of the cyclic protonated 
epoxide as an intermediate in epoxide scissions. 
Even those (43; see also 31) who look upon 
analogues of I and V as reactive intermediates 
postulate analogues of 6 as the structures for the 
protonated epoxides present in considerable 
amounts in their solutions. 

While Scheme 1 is thus undoubtedly the 
main mechanism of solvolysis of the tosylates, 
intermediates such as I and V might still occur as 
small notches in the reaction profile. Partition 
at such intermediates might make them detect- 
able. Indeed the results of Table 1 suggest that 
an intermediate resembling I may be a reality, 
since relatively more 9a is formed from 7a than 
from 5 or from 8a. According to the very careful 
standardization of the analytical method (29) in 
the previous work,'" the difference in product 
ratios (Table 1) is significant. Two constant 
errors, nearly always ignored in previous work, 
fortunately proved to be small in the present 
system. The first error, due to  a possible side 
reaction, was estimated as mentioned pre- 
v i o ~ s l ~ , ~ , ~ ~  while the second error (due to 
differential survival of the products under sol- 

k3 
kl 9a -+ Further products k = kl  + k, 
7 

Tosylate .( 
I k4 

k, 10a + Further products Ak = k3 - k4 

13The agreement in product ratios between epoxide 
and tosylates (Table 1) cannot be a coincidence. Whether 
9a and 10a are formed from a rapidly equilibrating pair 
such as I and V, or by direct attacks upon a protonated 
epoxide (e.g. 6),  the product ratios will be governed by 
Curtin-Hammett theory (28, 41). Diagrams will quickly 
show that both conformational and polar effects would 
result in much less 10a being formed from I and V than 
directly from 6, and that it is impossible to escape the 
conclusion that oxide and tosylate must solvolyze in the 
same way. 
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volvsis conditions') was determined bv calcula- standard for solutions in chloroform-d and the apparent 

tioAs based on ihe approximate n;echanism coupling patterns and constants (Hz) are taken directly 
from the spectra Elemental analyses were performed by shown in Scheme 2.'4 It was shown that Alfred Bernhardt Microanalytisches Laboratorium, 

the nlethods used previously for the purpose Bonn, liquid samples being homogeneous to glc. Analyses 
lacked the necessary accuracy. Neither correc- by glc were carried out with a Jarrell Ash Model 700 
tion had any important effect upon the results of analytical gas chromatograph fitted with a strontium-90 

~ ~ b l ~  1.14 ~h~~~~ would also lead one to expect detector and a recorder fitted with a mechanical inte- 
grator. The column, aluminum t ~ ~ b i n g  of 6.35 mm outside 

that structure I be important than diameter and length 366cm, was packed for half its 
Structure V (Fig. 1). The polar effect of neigh- length with 4% diethylene glycol sebacate, and for the 
boring methoxvl is unfavorable to V. and the other half with 4 Z  silicone fluid Q F  1, both on Chromo- 
confo;mationa< effects favorable to I: each in sorb G (70-80 mesh, acid washed, and treated with 

with routes involving pure S,2, DMCS (Chromatographic Specialties, Brockville, On- 
tario). Melting points marked (p) are corrected (44); 

view the the others were determined on a Koffler hotstage. Trans- and 
experiments, it seems safer to say that while cis-3-methoxycyclohexene oxides (5 and 15) (22, 23) were 
there may be some evidence for partition at an shown by glc to be at least 99.5% pure. 

intermediate resembling I, at least three-fourths 
of 7 a  must solvolyze by Scheme 1. The propor- 
tions for 5 and for 8a must be even larger. These 
estimates are satisfactory for certain further 
applications of Curtin-Hammett theory. 

The work was made possible by a new syn- 
thesis devised for 8a and 10a. Formerly 10a had 
been obtained (22) in very low yields after a 
difficult separation, from the direct methanolysis 
of 5.  In the new route, treatment of the stereo- 
isomeric epoxide 15 with benzyl alcohol gave as 
the only product compound 16a, which was 
easily converted either to its tosylate 16b or its 
methyl ether 16c. Catalytic hydrogenation of 16b 
gave 8a, the benzyl group being removed in 
preference to the somewhat sensitive tosyl group 
(23). Hydrolysis of 16c with concentrated hydro- 
chloric acid gave a good overall yield of 10a. 

Experimental 
Infrared spectra were recorded on a Perkin-Elmer 

model 180 grating spectrometer. Proton magnetic 
resonance spectra (nmr) were determined on a calibrated 
Bruker HFX 60 spectrometer or on a Varian T 60 
spectrometer; some were repeated at the Canadian 220 
MHz Centre. The apparent chemical shifts are reported 
in parts per million downfield from an internal TMS 

14From the product-survival experiments, Ak was 
found to be 0.00023 h- l .  Calculations based on Scheme 2 
showed that correction for product losses required only 
very small changes in the relative peak areas of Table 1 
(to 3.2 from 7a, and to 3.8 from 8a). These experiments 
also showed that 9a and 10a were not equilibrated during 
the solvolysis. Further correction to remove the effects of 
intervention of routes involving internal 7a G 8a (see 
footnote 5) was shown to require the value from 8a to 
move from that from 7a by an amount proportional to 
their diffelznce. For example, the difference given in 
Table 1 implies that the corrected value for 8a should be 
moved upward by an amount not greater than 0.1, i.e. at 
the most from 3.8 to 3.9. 

( f ) -(lRS,2RS,3RS)-I-O-Benzyl-3-O-methyl-I,2,3- 
cyclohexanetriol (16a) 

Sodium (0.55 g) was dissolved in benzyl alcohol (6 ml) 
and the mixture was added to a solution of cis-3-methoxy- 
cyclohexene oxide (15) (5.15 g) in benzyl alcohol (40 ml, 
previously fractionated), heated on a steam bath for 70 h, 
and then neutralized with acetic acid. Most of the benzyl 
alcohol was then distilled away (0.04 Torr) through a 
micro-fractionating column. The organic product was 
separated from the residue by solution in ether, the ether 
was removed, and the oil distilled in a Spath apparatus. 
The fraction distilling at 58-115°C (bath temperature) 
and 0.004 Torr, yield 7.81 g, slowly crystallized on stand- 
ing. One washing with light petroleum (bp 30-60°C) and 
one recrystallization from this solvent yielded 5.72 g of 
crystals (61%); mp 51.6-52.5"C (p). Five more recrystal- 
lizations gave the analytical sample; mp 53.4-53.6"C (p). 
Anal. calcd. for C14H,,0,: C 71.16, H 8.53; found: C 
71.15, 71.21, H 8.82, 8.85. 

The p-nitrobenzoate, after one recrystallization from 
ethanol, had mp 81.8-82.2"C (p); nmr (T-60): 8.22 
(aromatic, 4H), 7.24 (aromatic, 5H, narrow), 5.34 
(geminal to nitrobenzoxyl, IH, dd, J ,  2.7 and 6.6), 4.60 
(benzyl methylene, 2H, sharp), 3.80 (2H, overlapped), 
3.34 (methyl). Anal. calcd. for CZ1HZ3O6N: C 65.44, H 
6.02, N 3.63; found: C 65.28, 65.34, H 6.01, 5.97, N 
3.64, 3.72. 

( f )-(lRS,2RS,3RS)-I-O-Benzyl-2,3-di-O-mefhyl- 
1,2,3-cyclohexanetriol (16c) 

The general method is that of Diner et al. (45). The 
benzyl methyl ether (16a) (2.86 g, made as just above) was 
dissolved in dry 1,2-dimethoxyethane (7.06 ml) together 
with methyl iodide (2.00 g). While the mixture was 
magnetically stirred, sodium hydride (0.376 g) was added 
in 5 equal portions during 30 min. Another portion (0.3 
ml) of methyl iodide was added, the stirring was continued 
for 2.5 h, and the volume was then reduced to one-third 
by distillation. Dry ether (10 ml) was added to the residue, 
and the insoluble salts were washed with more ether. 
Evaporation of the dried ether filtrates gave a light yellow 
oil which after redistillation in the Spath apparatus was 
colorless, b.p. 96-97"C, bath temperature at 0.005 Torr; 
yield 2.56 g (85%). Comparison by nmr with starting 
material showed the disappearance of hydroxyl, and the 
appearance of a second methoxyl at 3.46 ppm. Anal. 
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calcd. for CI5H22o3: C 71.97, H 8.86; found: C 71.94, 
71.87, H 8.85, 8.86. 

( + ) - ( I  RS,2SR,3RS) -1,2-Di-0-methyl-I ,2,3-cyclo- 
hexanetriol (IOU) (22), and Derivatives 

The benzyl dimethyl ether (16c) (2.91 g, made as just 
above) was stirred 1.5 h with concentrated hydrochloric 
acid (34 ml) at 95°C. The mixture was neutralized with 
sodium bicarbonate and then repeatedly extracted with 
ether (10 x 30 ml). Careful fractionation of the oil re- 
covered from the dried ethereal solution yielded 0.953 g 
(51%) of a colorless oily product (b.p. 72-106"C, bath 
temperature at 14 Torr in the Spath apparatus). Analysis 
by glc showed the absence of starting material and the 
presence of an unknown impurity (0.2-0.4%); nmr (T-60): 
3.81 (overlapped, 2H, b), 3.38 (methyl), 3.46 (methyl), 
2.97 (geminal to 2-methoxyl, lH, dd, J ,  2.8, 9.1), 2.92 
(hydroxyl, lH, exchanged with D20). Anal. calcd. for 
C8Hl6O3: C 59.96, H 10.07; found: C 59.82, 59.88, H 
9.91, 9.96. 

Unlike its isomers, the p-nitrobenzoate of 10a formed 
with difficulty. The alcohol (0.160 g) and p-nitrobenzoyl 
chloride (0.1865 g) were heated on the steam bath for 3 h 
with dry pyridine (0.8 ml). Water (0.25 ml) and a little 
potassium carbonate were added, and the complete 
solution subjected to Spath distillation. A solid subliming 
at 90°C bath temperature (20 Torr) was discarded, and a 
colorless oil, 0.053 g, was collected, b.p. 175°C at 0.6 
Torr; nmr (T-60): 8.29 (aromatic, 4H, narrow), 5.44 
(geminal to p-nitrobenzoxyl, lH,  m), 3.74 (overlapped, 
2H), 3.53 (methyl), 3.46 (methyl). Two recrystallizations 
of the oil from aqueous ethanol gave crystals, 18 mg, mp 
70.0-70.8"C (p) (lit. (22) 71.2-71.8"C). 

The acetate (lob) was obtained as a pure oil (glc), bp 
77.5-78"C, bath temperature at 15 Torr, after two careful 
fractionations in the Spath apparatus; nmr (220 MHz): 
5.13 (geminal to acetoxyl, IH, dt, J 4.05 and 7.39, 3.33 
(geminal to 2-methoxyl, lH,  dd, J 2.90 and 7.25), 3.62 
(geminal to 1-methoxyl, lH, m), 3.37 and 3.45 (methoxyls), 
2.05 (acetate methyl). Anal. calcd. for C10H1804: C 
59.39, H, 8.97; found: C 59.24, 59.40, H 8.85, 8.85. 

( k ) - (lRS,ZRS,3RS) -1-O-Benzyl-3-O-methyl-2-0-p- 
toluenesulfonyl-1,2,3-cyclohexanetriol (16b) 

Crude crystalline benzyl methyl ether 16a (6.35 g, made 
as above from the cis-oxide) was warmed 1 h on the 
steam bath with dry pyridine (1 5 ml) andp-toluenesulfonyl 
chloride (6.3 g). When this mixture was poured into 
water, an oil separated which crystallized when stirred. 
After being recovered, washed with water, extracted with 
light petroleum (bp 60-110°C) and then recrystallized 
from this solvent, the product was obtained in a yield of 
5.8 g (36%). Its mp (88-92°C) was raised to 91-92'C by 
two further recrystallizations; nmr (Bruker): 7.50 (aro- 
matic, 4H, A2B2), 7.25 (aromatic, 5H, narrow), 4.56 
(geminal to tosyloxyl, lH,  dd, J 2.6 and 7.2), 4.46 (benzyl 
methylene, 2H, narrow), 3.75 (2H, hump), 3.20 (meth- 
oxyl), 2.38 (aromatic methyl). Anal. calcd. for CZ1Hz6- 
0 , s :  C 64.59, H 6.71; found: C 64.68, H 6.84. 

( k ) -(IRS,ZSR,3RS) -I-0-Methyl-2-0-p-toluenesulfonyl- 
1,2,3-cyclohexanetriol (8a) (the '2-Tosylate') 

The benzyl ether (166) (2.90 g, mp 91-92"C, prepared 
as above) was shaken with absolute ethanol (200 ml) and 
palladized charcoal (0.13 g, 10%) for 28 h under a hydro- 
gen pressure of 70 psi. The crude product (2.49 g) gave 

2.1 1 g (95%) of feathery needles, mp 88.5-89"C, after two 
recrystallizations from ethanol - light petroleunl (1 : 1); 
nmr (Briiker): 7.43 (aromatic, 4H, A2B2), 4.37 (geminal 
to tosyloxyl, lH,  dd, J 8.8 and 2.8), 3.98 (geminal to 
methoxyl, lH,  m), 3.65 (geminal to hydroxyl, lH,  hump), 
3.20 (methoxyl), 2.43 (aromatic methyl). Anal. calcd. for 
CI4HZ0O5S: C 55.98, H 6.71; found: C 56.04, H 6.75. 

The acetate (8b) was obtained in 92% yield as colorless, 
feathery needles, mp 86.5-88°C. One recrystallization 
from light petroleum gave the analytical sample, whose 
mp (88.5-89.5"C) was similar to that of its isomer (76) 
(23). The nmr (Briiker) was distinctive: 7.57 (aromatic, 
4H, A,B,), 5.1 (geminal to acetoxyl, IH, broad m), 4.56 
(geminal to tosyloxyl, lH,  dd, J 9.0 and 2.8), 3.92 
(geminal to n~ethoxyl, IH, b m), 3.29 (methoxyl), 2.45 
(aromatic methyl), 1.82 (acetate methyl). Anal. calcd. for 
C 1 6 H ~ ~ 0 6 S :  C 56.12, H 6.48; found: C 56.08, H 6.57. 

I ,3-Di-0-methyl-r-I ,t-2,c-3-cyclohexanetl (9a) and its 
Acetate (96) 

The alcohol (9a) (22, 23, 27), available in the pure state 
(glc) from previous work, was recognizable in the nmr 
chiefly by its very sharp single methoxyl peak, appearing 
in spectra of the pure compound at 3.39 (T-60) or 3.40 
(cal. A-60), but in spectra of synthetic mixtures with its 
isomer (10a) overlapping the downfield methoxyl of the 
latter. Also characteristic were single small peaks on 
either side of the methoxyl peak, representing the outlying 
members of the triplet due to hydrogen geminal to 
hydroxyl. Its acetate (9b), mp 68.5-68.9"C (p) (lit. (23) 
65.5-66.5"C), pure to glc, had a much more distinctive 
spectrum (220 MHz): 4.85 (geminal to acetoxyl, lH, t, 
J 9.39, 3.33 (methoxyls, 6H), 3.14 (geminal to methoxyl, 
2H, m), 2.10 (acetate methyl). Anal. calcd. for C10H1804: 
C 59.39, H 8.97; found: C 59.28, 59.40, H 8.67, 8.80. 

( + )-(I  RS,2SR,3SR) -I-0-Methyl-3-0-p-toluenesulfonyl- 
1,2,3-cyclohexanetriol (7a) (the 'I-Tosylate') 

This compound, made from the trans-oxide (5) as 
previously described (23), was obtained after two re- 
crystallizations as colorless, poorly formed crystals, mp 
129-130.5"C (lit. (23) 127.5-129°C); nmr (Bruker): 7.61 
(aromatic, 4H, A2B2), 4.37 (geminal to tosyloxyl, lH ,  
unresolved m), 3.48 (geminal to hydroxyl, lH,  t, J 9.0), 
3.40 (methoxyl), 3.0 (geminal to methoxyl, IH, hump), 
2.85 (hydroxyl, lH,  sharp), 2.44 (aromatic methyl). The 
acetate (76) of this tosylate, made as previously described 
(23), showed in particular a characteristic triplet at 5.10 
(J  = 9). 

Solvolysis Experiments 
Each solvolysis was carried out in a flask equipped 

with reflux condenser and drying tube, and heated under 
reflux, with stirring, in an oil bath. In particular, the five 
experiments reported in Table 1 were performed together 
under exactly the same conditions, using reagents from 
the same sources. 

Methanolysis of the trans-Oxide (5 )  
The oxide (0.128 g) was dissolved in dry methanol 

(10.0 ml) and heated to reflux. In another flask, 0.1 M 
methanolic perchloric acid (made by dilution of 72% 
perchloric acid with dry methanol, thus introducing a 
trace of water) (5.00 ml) and methanol (15.0 ml) were 
heated to reflux, the hot oxide solution rapidly added, 
and the combined solutions heated an additional 5 min 
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under reflux. Most of the solvent was removed by rotary 
evaporation at room temperature, and then ethyl ether 
(15.0 ml) and an excess of sodium carbonate were added. 
The mixture was filtered, the solid washed with ether, 
and the combined ether extracts were evaporated to yield 
a pale yellow oil (0.243 g), the analysis of which is de- 
scribed later. 

Methanolysis of the Tosylates (7a and 8a) 
Procedure (a)-The tosylate (0.20 g) was dissolved in 

reagent methanol (25.0 ml) and 0.1 M methanolic per- 
chloric acid (5.00 ml) was added. The mixture was heated 
for the prescribed time (Table 2), and the crude solvolysis 
product isolated as described for the product from the 
oxide, but usually with further purification (i.e. separation 
from small amounts of polymers) by extraction into light 
petroleum. Results are given in Table 2. 

Procedure (b)-The tosylate (0.10 g) was treated with 
0.1 M methanolic perchloric acid (amounts in Table 2), 
the volume made up to 15.0 ml with dry methanol, and 
the mixture was heated for the times shown in Table 2. 
After being cooled, the mixture was treated with sodium 
acetate in amounts equivalent to the added acid (0.050- 
0.25 mmol), the volume was reduced to about 1 ml by 
rotary evaporation under reduced pressure, the residue was 
treated with sodium carbonate (0.05 or 0.25 mrnol), the 
rest of the solvent removed, and the residue extracted 
with light petroleum. Evaporation of the extract gave the 
pale yellow solvolysis product in yields given in Table 2. 

Nuclear Magnetic Resonance Spectra of the Crude 
Solvolysis Products 

The spectra from the reaction products of 7a were, 
except in the proportions of the contributors, all re- 
markably alike, and could be regarded as due to mixtures 
of the 1,3-dimethyl ether (9a) and the unreacted '1- 
tosylate' (7a), the latter distinguished by its aryl, aryl 
methyl, and methoxyl peaks, the last 0.05 ppm upfield 
from that of 9a. A total absence of signals near 3.78 
showed that even moderate amounts of other likely 
compounds (rearranged reactant or product or diols from 
hydrolysis) could not be present, as their signals from H 
geminal to hydroxyl were absent. A more sensitive test for 
the absence of the rearranged tosylate (8a) lay in the 
absence of its methoxyl signal in a clear region of the 
spectrum, so that as little as 2-3% would have been seen. 
The signal envelope from the methylene ring protons had 
the shape characteristic of 1,2,3-tri-equatorially sub- 
stituted cyclohexanes. Not all impurities would have been 
as apparent as the rearranged tosylate; for example no 
certain sign of the 1,2-dimethyl ether (loo), known to be 
present to the extent of about 5% (see glc results), could 
be detected. In synthetic mixtures of 10a with 9a, one of 
the methoxyl signals of 10a was resolved from that of its 
neighbor, but at much less than one-third the apparent 
area at equal concentrations. P/R ratios (see Table 2) 
were usually calculated by comparing the area of the aryl 
methyl signal with that from the 'methoxyl' region, the 
error being larger than that for 8a. 

The spectra of the solvolyses products from 8a (runs 
viii-x, Table 2) were extremely similar to each other, and 
to that of a synthetic mixture containing '1-tosylate' (7a) 
(3 mg), '2-tosylate' (8a) (30 mg), and the 1,3-dimethyl 
ether (9a) (6.5 mg). In the spectrum of the synthetic 
mixture no trace of signal due to the I-tosylate could be 
discerned, showing the need for the separation described 

below. However, because the methoxyl peak of the 
'2-tosylate' (8a) was well separated from those of the 
ethers 7a and 9a, it was possible to say that the lack of a 
second methoxyl peak from the ethers r ~ ~ l e d  out the 
presence of any considerable amounts of the direct 
product of solvolysis (10a). This peak separation also 
allowed much more accurate determinations of the P/R 
ratios than for 7a. 

Separation of Reactant and Product; Demonstration of 
Rearrangement in the Latter and Its Lack in the 
Former 

The crude product from the methanolysis of the '2- 
tosylate' (8c) from run x (Table 2) was dissolved in ethyl 
acetate (3 ml), and extracted twice with water (10 ml 
portions). The material from the organic layer was much 
enriched in the '2-tosylate', as shown by nmr, and two 
more similar extractions left in the organic layer a material 
whose nmr spectrum (compared to that of authentic 8a) 
showed it to be almost pure '2 tosylate', containing a trace 
of 9a. Comparison with a spectrum of 7a, and with a 
spectrum of a mixture of '2-tosylate' (30 mg) and '1- 
tosylate' (7a) (3 mg), showed that as little as 2-3% of 7a 
would have been detectable in the spectrum of the 
extract, but none was seen. 

The aqueous extracts were evaporated to small volume, 
taken up in ethyl acetate, dried over magnesium sulphate, 
and again evaporated to leave a residue (13 mg) whose 
nmr spectrum consisted mainly of a very large methoxyl 
signal shown to belong to 9a by comparison with the 
very small residual peaks of 8a that remained. This 
residue was heated at 110°C for 14 h with acetic anhydride 
(0.5 ml), the excess anhydride was destroyed with 
ethanol, and the solvents were removed. The residue (1 1 
mg) showed in nmr the pattern decisive for 9b (23): 
absence of aromatic peaks; 4.85 (t, J = 9.9, 3.34 
(methoxyl singlet), 2.04 (half the area of the methoxyl 
peak; acetate methyl, singlet). Fairly large shoulders on 
the methyl and methoxy peaks, as well as a small signal 
near the triplet, pointed to the presence of impurities. 
Distillation of the sample in the Spath apparatus (at 60°C 
in vacuo) gave a distillate (5 mg) which partly solidified. 
Its nmr spectrum showed that the feature near the triplet 
had been removed and the shoulders (due to unacetylated 
material 9a) much reduced, in comparison with the peaks 
due to 96. 

Solvolysis with No Added Acid; Rate by Titration 
The 'I-tosylate' (7a) (0.201 g) was heated under reflux 

95 h with dry methanol (30.0 ml). After being cooled, the 
solution was made up to 50.00 ml with methanol, and 10 
ml aliquots were titrated with standard aqueous sodium 
hydroxide (0.01000 N, Fisher Scientific Certified). Equal 
amounts of bromthymol blue and phenol red were used 
as the mixed indicator (46), giving a sharp color change. 
The alkali consumptions (6.66 and 6.62 ml) in duplicates 
suggested the reaction had proceeded to 49.7% com- 
pletion. (The titration procedure was checked by using 
p-toluenesulphonic acid as substrate.) However, the nmr 
spectrum of the product differed from those of runs i-vi 
(Table 2) in having a large water peak and in showing the 
presence of an impurity, likely p-toluenesulphonic acid, 
which made the regular procedure for determining P/R 
inapplicable. It was altered as follows. Quite satisfactory 
linear plots were obtained, from the other runs, for two 
different peak height ratios versus P/R; use of these gave 
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a P/R ratio for the present experiment of 0.7. The titra- 
tions had to be done with care; end-point colors faded 
quickly, and if pursued, the unknowns (or a test sample 
of pure reactant 7a) consumed, within a few minutes at 
room temperature, an amount of alkali equal to 100% 
reaction of 7a (showing its rapid conversion to 5). This 
was the only result if bromthymol blue was used as the 
sole indicator, the color change then being insufficiently 
sharp. 

Stability of the Reactant during Isolation 
The '1-tosylate' (7a) (76 mg) was dissolved in methanolic 

perchloric acid (2.5 ml of 0.1 M made up to 15.0 ml with 
methanol). The mixture was then worked up immediately 
according to procedure a, care being taken to make the 
conditions slightly more rigorous than those of the 
solvolysis. The product (76.5 mg), nearly all crystalline, 
showed in its nmr spectrum only peaks due to the reactant, 
except for extremely small peaks due to solvent im- 
purities well downfield from the peak due to H geminal 
to tosyloxy in 7a. 

Relative Stability oj  the Reaction Products towards the 
Conditions of Solvolysis 

The nmr spectra were recorded for separate solutions 
of 9a (76.0 mg) and 10a (76.65 mg), each in CDC13 
(1 ml). The two solutions were then mixed and made up 
to a total volume of 10 ml in chloroform; the resulting 
solution was accurately divided in two, and the solvent 
removed from each portion. One half was kept for refer- 
ence; the other half of the mixture was treated with 
methanol (31.25 nil) and 0.100 M methanolic perchloric 
acid (6.25 ml of a solution made by adding 250 ml of 
methanol and 3.49 g of 72% aqueous perchloric acid). 
After the solution had been heated under reflux for 210 h, 
it was treated with an excess of solid sodium bicarbonate 
and then filtered. Solvent was removed on the rotary 
evaporator near room temperature, the residue was 
stirred with ether (50 ml) and magnesium sulfate, and the 
solid and solvent successively removed once more to 
yield a clear oil (67 mg, or 88%). (In a preliminary trial, 
using procedure a, the yield was 102%.) Infrared spectra 
of product and reference samples showed a band centered 
near 171 3 cm-' in both. In a preliminary trial, this band 
was considerably more intense for the product, but in 
the main experiment, using a different instrument, the 
reference sample gave the more intense band. In none of 
the spectra was there any band near 2700 cm-' (aldehyde 
C-H stretch, to be expected from rearrangement 
products). The iimr spectra for CDCl, solutions of prod- 
duct and reference samples (taken with forward and 
backward scans, and with or without prior treatment of 
the solutions with D20)  were alike, except for minor 
variations in the hydroxyl peak and in the degree of 
deuteration. Especially notable was the survival of the 
prominent quartet, upfield from the methoxyl signals, due 
to IOU, and of the outer parts of the triplet due to 9a, 
straddling the methoxyl signals. (In the preliminary, 
200 h trial these bands were especially well resolved, and 
similar in product and reference). Methoxyl peak height 
ratios (5 trials each) were found to be 2.51 + 0.03 for the 
product, and 2.53 + 0.03 for the reference standard, in 
forward scans observed after treatment of the samples 
with D20.  (It is noteworthy that this degree of accuracy 
is insufficient.) Each sample was then acetylated by the 
procedure described below, the reaction period being 4 h, 

and the excess acetic anhydride being removed with 
ethanol. The crude acetates so obtained (83 mg from the 
heated product, 92 mg from the reference standard) were 
then subjected to glc analysis, using the '4% DEGS' 
column and the instrument and conditions previously 
described (38), the analyses being performed in succession 
on the sanie day. The reference standard (5 trials) showed 
peak areas for 9b/10b of 1.000:0.795 f 0.002 and the 
reaction product (6 trials), 1.000:0.835 + 0.002, re- 
spectively, the errors quoted being standard deviations 
of the means. The peaks due to 9b and lob were identified 
by their retention times, 8.13 and 4.89 min, respectively, 
and also by successive additions of authentic 9b and lob.  
The standard sample showed two small peaks, one at 
9.95 min, 4% of the total integrated area, the other, 
smaller and broad, at approx 10.7 min, due to impurities 
in the original 9a; these persisted unchanged in position 
and relative area in the heated material, and likely repre- 
sent diacetates, as suggested below. The glc of the heated 
sample showed two new peaks, one very small and broad, 
the other, 2% of the total integrated area (4 peaks) at 
5.92 niin. Successive injection of 9a and 10a showed that 
it was not due to unacetylated materials, so that the peaks 
identified as such in the solvolysis products (see below) 
probably also include a small proportion of this un- 
known by-product. The nmr spectra showed the expected 
three methoxyl and two acetate peaks, similar in product 
and reference standard. 

Analyses by Gas-Liquid Chromatography of the Solvolysis 
Products 

Lack of Interference by Tosylates 
Trial acetylations of 7a and 8a under the conditions 

described below for the solvolysis products showed 
(nmr) no detectable products due to acetolysis; 7a was, 
however, incompletely acetylated. Heated at 180-200°C, 
compound 8b rapidly gave a blue-black tar. When the 
decomposition was followed at a lower temperature, no 
rearrangement products could be detected (nmr). A 
similar decomposition of 8b occurred at the injection port 
of the gas-liquid chromatograph, giving rise to small 
peaks reported below. 

Acetylations of Samples prior to Analysis 
The crude sample from solvolysis was heated overnight 

in an oil bath at 94'C with acetic anhydride (3 ml), the 
anhydride then being destroyed by the addition, and 
removal under reduced pressure, of successive portions 
(5 ml) of water, or in later runs, ethanol. Yield (from the 
solvolysis product of the oxide) 0.181 g or 90% based on 
the oxide 5. Samples from the tosylates were treated in 
the same way, dark products being purified by re-extrac- 
tion into light petroleum. Yields are given in Table 2. In 
one experiment (run vi, Table 2) the acetylated product 
from the solvolysis of 7a showed (nmr) the presence of 9b 
(the main product), 9a, and 7a;  lines of 76, if present, 
would have been hidden. Rearranged product lob was 
possibly represented by one small peak on the side of a 
much larger acetate-methyl peak. An acetylated product 
from the solvolysis of the '2-tosylate' 8a (run xi, Table 2), 
gave a very well resolved spectrum (nmr) which showed, 
aside from aqueous acetic acid, the presence only of 86, 
9a, and 9b, the major product, thus confirming the lack 
of major side reactions already deduced from the spectra 
of unacetylated materials. 
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Gas-Liquid Chromatography 
All analyses were performed under exactly the same 

conditions, an argon gas pressure of 40 psi and an  oven 
temperature of 190°C being maintained. All five solvolysis 
samples were analyzed successively on the same day, and 
special care was taken to ensure that samples of the same 
size were taken for each injection, so that the highest 
peak on each chromatogram reached at  least 80% of the 
maximum recorder reading. (Otherwise the nonlinearity 
of the detector had noticeable effects on the results for 
minor products.) Smaller peaks were read at  l o x  
amplification. At least five injections were made for each 
sample. The principal results are given in Table 1, minor 
peaks being reported below. (In all cases, the peak due to 
9b had at  least 7 times the area of any other.) 

The product from the trans-oxide (5) gave a peak due to  
the unacetylated alcohols (90 and lOa), 8% of the total 
area, and two minor peaks, at  1.7 and 2.0 min, each less 
than 0.5% of the largest peak. The product from the 
'I-tosylate' 7a gave a peak due to 9a and 100, 10% and 
11% of the total area, and three small peaks, all less than 
0.5% of the largest peak, at  1.6 min and at  6.0 and 8.4 min 
(diacetates). Preliminary trials were useful in showing that 
little or no bias was introduced by incomplete acetylation 
a t  the levels experienced. Successive acetylations of a 
sample gave products showing peak areas due to  9a of 
15.0, 13.6, and 8% of the total, and area ratios 100 x 
(10b)/(9b + lob) of 2.9, 3.0, and 3.3%, respectively. Much 
of this small bias appeared to be due to a slight tailing of 
the unacetylated material. The product from the '2- 
tosylate' 8a  gave peaks due to unacetylated material, 
3.2% of the total area in run viii, 7.4% in run ix. Two 
other peaks occurred at  times characteristic of the de- 
composition of the '2-tosylate' or its acetate (8b), that at  
2.1 min amounting to  5.3% of the total in run viii, 7.4% 
in run ix, and that at  5.9 min, 3.5% in run viii, 11.3% in 
run ix. Two very small peaks, at  1.4 and 1.7 min, amounted 
to  less than 0.5% of the largest peak in both runs. 

Standard retention times were determined with purified 
samples under the conditions of the analyses: the acetate 
9b of the 1,3-dimethyl ether, 4.7 min; its isomer lob, 3.2 
min; both unacetylated ethers (90 and loo), 2.6 min; 
from injection of the '2-tosylate' @a), 1.7 and 1.4 min 
(small peak); of its acetate (8b), 2.1, 1.7 (small peak), 
and 5.9 min (trace). These times served not only for 
recognition of the peaks described in the analysis, but 
also by calibrating the times observed with those of the 
previous workla (38) to eliminate from consideration the 
far wider range of possibilities previously studied. 
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Reductive acylation of the aliphatic diazo function. N-(2-Diazo-3-oxoalkanoy1)- 
glycine esters as synthetic precursors of [ y-(aryloxy)threonyl]glycine derivatives1 
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(1977). 

Catalytic reduction of several N[2-diazo-3-oxo-4-(aryloxy)alkanoyl]glycine esters gives 
N-[2-hydrazono-3-oxo-4-(aryloxy)alkanoyl]glycine esters. A pyrazine is obtained by catalytic 
reduction in ethanolic hydrogen chloride of N-[2-diazo-3-oxo-4-~phenoxy)butanoyl]glycine 
ethyl ester. A two-step procedure involving reductive acetylation or trifluoroacetylation of the 
diazo function, and subsequent borohydride reduction of the keto group yields the correspond- 
ing acylamino alcohol derivatives. 

JAMES H. LOOKER, JAMES W. CARPENTER et NORTON P. PEET. Can. J. Chem. 55,3786 (1977). 
La reduction catalytique de plusieurs esters N-[diazo-2 0x0-3(aryloxy) alkanoyl-41 glycine 

conduit aux esters N-[hydrazono-2 0x0-3(aryloxy) alkanoyl-41 glycine. Une pyrazine est ob- 
tenue par reduction catalytique dans une solution ethanolique de chlorure d'hydrogene de l'ester 
ethylique N-[diazo-2 0x0-3(phCnoxy) butanoyl-41 glycine. Une technique comportant deux 
etapes et irnpliquant une acetylation ou trifluoroacdtylation par reduction de la fonction diazo 
et une reduction subsequente par le borohydrure du groupe carbonyle conduit aux amino- 
alcools acylts. 

[Traduit par le journal] 

Introduction Results and Discussion 
4-Phenoxyl derivatives of N-(2-diazo-3-0x0- catalytic reduction of aroyldiazoacetic esters 

butanoy1)glycine esters are readily available is a useful route to arylserines (2). Its extension 
from the interaction of ~-(diazoacet~l)gl~cine to previously described (1) 4-phenoxy derivatives 
ethyl ester (DGEE) with the appropriate acid of N-(2-diazo-3-oxobutanoyl)glycine esters has 
chloride (1). Reduction under suitable conditions been investigated. Reduction at atmospheric 
would lead to novel [y-(ar~lox~)threon~l]glYcine pressure of esters 1-4 in aqueous acetic acid with 
derivatives. Previous studies of aroyldiazoacetic 1.2 to 1.4 mol of hydrogen over 10% palladium- 
esters have shown that catalytic reduction Over on-charcoal results in N-[2-hydrazono-3-oxo-4 
~alladium-charcoal (2a) or ~ l a t i n u m - o ~ - ~ a ~ ~ ~ ~  (0, 5)-(aryloxy)alkanoyl]glycine esters 5, 7, 8, 
(2b, 2c) yields arylserines. Chemical reduction and 9 (eq. 1). In reduction of 1, use of platinum- 
of aroyldiazoacetic esters gave nitrogen-free on-carbon, and a hydrogen pressure of 3 atm 
products. Because catalytic reduction procedures also gives 5. Insolubility of product hydrazones 
do not lead to threonylglycine derivatives accounts in part for their ready isolation. The 
(sequel), chemical reduction procedures were resistant nature of the aliphatic carbonyl group 
reexamined. Of particular interest, were the ob- in 1-4, and 5,7, 8, and 9 towards reduction over 
servations of Albertson and co-workers (3~1, palladium catalysts is not surprising (4). In our 
who devised a procedure for the reductive acetY- hands, platinum-on-carbon also is an ineffective 
lation of a-oximinoacetoaceti~ ester, of Regitz catalyst for reduction of the carbonyl group in 
(3b), who effected the reductive acet~lation of keto peptides. Data for catalytic reduction of 1 
phenylbenzoylketazine, and of Pfister and co- and 3 a,e given in Table 1. 
workers (3~) ,  whose synthesis of threonine util- 1, ethanolic hydrogen chloride, hydrogens- 
ized a reductive acetylation step. tion of 1 over palladium-on-charcoal leads to 

In the presellt paper, we report both catalytic pyrazine 6. Presumably 6 results from an in- 
and chemical reduction studies of N-(2-diazo-3- termediate 2-amino-3-oxo-alkanoylglycine ester 
oxoalkanoyl)glycine ester derivatives. (10) which undergoes dimeric condensation to a 

'Dedicated to the memory of Herbert Dorr. dihydropyrazine, which is oxidized to 6 (eq. 2). 
ZNational Institutes of Health Predoctoral Fellow, No reduction of 3 occurred over palladium-on- 

1968-1970. charcoal in ethanol in absence of added acid. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOOKER ET AL. 3787 

TABLE 1. Catalytic hydrogenation of N-[2-diazo-3-0x0-4- 
(aryloxy)butanoyl] glycine ethyl esters (1) (3) 

Substrate Solvent Catalyst Product (% yield) 

1 70% HOAc 10% Pd/Ca Hydrazone (50.5) 
1 GI. HOAc 5% Pt/Ca Hydrazone (42.3) 
1 EtOH-HC1 10% Pd/Ca Pyrazine (22.3) 
1 G1. HOAc 10% Pd/Cb Hydrazone (66) 
1 80% HOAc 5% Pt/Cb Hydrazone (47.5) 
3 EtOAc 5% Rh/Cb Hydrazone (28.5)" 

'Atmospheric pressure. room temperature. 
bPressure 40 psig, room temperature. 
<An 18% yield of an oil tentatively identified as N-[3-0x0-4-(0- 

methoxyphenoxy)butanoyllglycine ethyl ester, from loss of nitrogen, 
also was isolated. 

11 

NHCOCH, 
12 
13 

3 and 12 Ar = o(CH30)C6H.,- 
11 and 13 Ar = p-(CH30)C6H.,- 

Zn-TFA 
[4] 3 - ArOCH2COCHCONHCHZC02C2H5 

11 
TFAA I 

NHCOCF3 

In previous studies (5, 6) reduction of hydra- NaBH 
zones to P-amino alcohols has been effected. An [51 l4 A Ar0CH~CH(0H)CHC0NHCH2C02C2H5 

15 CH,OH 
attempt to hydrogenate 5 in glacial acetic acid NHCOCF3 
over palladium-on-charcoal at approximately 
3 atm pressure gave no hydrogen uptake; 83% 16 Ar = o-(CH,0)C6&- 

17 Ar = p-(CH30)C6&- of 5 was recovered. 

1,2,3, and4 

l a n d 5  Ar=C6H5,n = 1 
2 and 7 Ar = p-F-C6H.,, n = 1 
3 and 8 Ar = o-(CH,0)C6&-, n = 1 
4 and 9 Ar = o-(CH30)C6H.,-, n = 2 

5,7,8, and 9 

[Dihydropyrazine] - 
Air 

K R 

Zn 
R 

[61 3 - 
AcOH 

R 

Catalytic reduction of a-diazo ketones of this 
study proceeds with addition of hydrogen to 
yield the hydrazone, or hydrogenolysis of a re- 
duced diazo function of undetermined nature to 
give the amino ketone. The latter dimerizes even 
in strongly acidic medium. 

An alternative to catalytic reduction involves 
a modification of reductive acetylation proce- 
dures cited (3). Diazo keto derivatives 3 and 11 
from interaction of the appropriate acid chloride 
with DGEE can be purified without column 
chromatography. Reductive acetylation of 3 and 
11 (eq. 3) yields [2-acetamido-3-0x0-4-(0-meth- 
oxyphenoxy)butanoyl]glycine ethyl ester (12) 
and the p-methoxy isomer (13) in 77% and 32% 
yields, respectively. Inasmuch as the trifluoro- 
acetyl blocking group is useful in peptide syn- 
thesis, because of its ready removal in dilute base 
(7-9), treatment of 3 and 11 with zinc, trifluoro- 
acetic acid, and trifluoroacetic anhydride has 
been carried out, and gives the trifluoroacetyl 
analogs 14 and 15 (eq. 4). Either the acetyl or the 
trifluoroacetyl blocking group is effective in pre- 
venting pyrazine formation. 

In order to obtain the threonine or allothreo- 
nine amino alcohol unit, the N-acylamino 
ketones 12, 14, and 15 were reacted with sodium 
borohydride in methanol, in a procedure pre- 
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viously shown to effect reduction of a keto group 
without significant attack at an ester carbonyl 
function (10). The borohydride reduction prod- 
uct of 12 possessed a wide melting range, and 
could not be purified by crystallization. How- 
ever, the [y-(aryloxy)threonyl]glycine derivatives 
16 and 17 were obtained (eq. 5) from 14 and 15 
upon borohydride reduction in 71 and 40% 
yields, respectively. One stereoisomer, of unas- 
signed configuration (erythro or threo), was iso- 
lated in each instance. Stereoselectivity for the 
reduction procedure was not in evidence, how- 
ever. 

Simultaneous removal of the N-trifluoroacetyl 
group and saponification of the carboethoxy 
function of 16 were attempted with alcoholic 
sodium hydroxide by the procedure of Schallen- 
berg and Calvin (9). The infrared spectrum of 
the hygroscopic product did not possess ester 
and trifluoroacetamido carbonyl bands, but did 
have a band at 1660 cm-l, tentatively attributed 
to the peptide amide carbonyl group. The prod- 
uct formed both hydrochloride and hydrobro- 
mide salts, also extremely hygroscopic. 

Chemical reduction of 3 with zinc - acetic 
acid gives a low yield of 2,5-dimethyl-3,6-bis- 
carboethoxymethylcarbamoylpyrazine (18) (eq. 
6). Formation of a pyrazine in acetic acid is not 
surprising. However, cleavage of the phenoxy- 
methyl group during chemical reduction is note- 
worthy. 

Experimental 
All melting points are uncorrected, and were deter- 

mined by the capillary tube method on a Mel-Temp ap- 
paratus. Elemental analyses were performed by A. Bern- 
hardt, Miilheim, Germany, or by Micro-Tech Labora- 
tories, Skokie, Illinois. Nuclear magnetic resonance spectra 
were recorded on a Varian A60 spectrometer with tetra- 
methylsilane as internal standard. Infrared spectra were 
obtained with a Perkin-Elmer model 237 spectrophotom- 
eter. Mass spectra were recorded on a Hitachi RMU-6D 
spectrometer. 

N-[2-Hydrazono-3-0x0-4- (phenoxy) butanoyl]glycine 
Ethyl Ester 5 

One gram of N-[2-diazo-3-oxo-4-(phenoxy)butanoyl]- 
glycine ethyl ester (I), prepared as previously described 
(I), was dissolved in 24.5 ml glacial acetic acid. Water 
(10.5 ml) and 50 mg of 10% palladium-on-charcoal were 
added, and hydrogenation carried out immediately. 
Hydrogen uptake was 101 ml over 47 min. A colorless 
precipitate appeared after 15 min and 23 ml of hydrogen 
uptake. The reduction mixture was filtered over Celite on 
a sintered glass funnel. The mixture of catalyst and in- 
soluble organic material then was washed with methylene 
chloride until no organic solid remained in admixture 
with the catalyst. The filtrate was concentrated and cooled 

to give 0.51 g, (50.5%) of colorless crystalline 5, mp 
173.6-174.O0C; ir (CH2C12) 3460 (NH), 3310 (NH), 3150 
(NH), 1750 (ester CO), 1678 (amide CO), 1642 (keto CO) 
cm-I. Anal. calcd. for C14H17N305: C 54.72, H 5.58, N 
13.68; found: C 54.79, H 5.62, N 13.54. 

Hydrogenation of 0.54 g of 1 in 35 ml, of glacial acetic 
acid with 30mg of 5% platinum-on-carbon resulted in 
uptake of 233 ml of hydrogen over 5.5 h. Catalyst re- 
moval by filtration, followed by solution of the total fil- 
trate in methylene chloride, extraction of acetic acid with 
water (extract discarded), drying, and solvent removal 
gave a white residue. Crystallization of the latter from 
methylene chloride gave 0.23 g (42.3%) of 5, mp 169- 
170°C. 

N-[2-Hydrazono-3-0x0-4- (p-fluorophenoxy) butanoyllgly- 
cine Ethyl Ester, 7 

One gram of N-[2-diazo-3-oxo-4-(p-fluorophenoxy)bu- 
tanoyl]glycine ethyl ester (2) in 35 ml of 70% acetic acid, 
with 50 mg of 10% palladium-on-charcoal, was hydro- 
genated with 11 1 ml of hydrogen over 53 min (room tem- 
perature, 1 atm). Product isolation was as described for 5. 
Hydrazone 7 was removed from catalyst with methylene 
chloride and methanol. The extract was dried, concen- 
trated, and cooled to yield 1.08 g of 7, mp 183-184°C. 
Recrystallizatian from 60 ml of hot methanol gave color- 
less needles, yield 0.98 g (9773, mp 183-184.5"C; ir 
(KBr) 3395 (NH), 3360 (NH), 3160 (NH), 1740 (ester 
CO), 1680 (amide CO), 1650 (keto CO) cm-I. Anal. calcd. 
for C14H16N305F: C 51.69, H 4.96, N 12.92, F 5.84; 
found: C 51.96, H 5.06, N 12.87, F 5.98. 

N-[2-Hydrazono-3-0x0-4- (0-methoxyphenoxy) buta- 
noyl]glycine Ethyl Ester, 8 

One gram of N-[2-diazo-3-oxo-4-(o-methoxyphenoxy)- 
butanoyl]glycine ethyl ester (3) in 80ml of 62% acetic 
acid, with 50 mg of 10% palladium-on-charcoal was 
hydrogenated with 102 rnl of hydrogen (room tempera- 
ture, 1 atm). The mixture was filtered and water added 
to the filtrate. The substance resulting was collected and 
dried in vacuo; yield 0.64 g (63.6%), mp 117-120°C. Re- 
crystallization from ether - methylene chloride gave 
colorless needles of 8 (540mg), mp 119.8-120°C; ir 
(CH2C12) 3465 (NH), 3320 (NH), 3155 (NH), 1747 (ester 
CO), 1677 (amide CO), 1645 (keto CO) cm- ' . Anal. calcd. 
for CI5HI9N3o6: C 53.40, H 5.68, N 12.46; found: C 
53.30, H 5.73, N 12.30. 

N-[2-Hydrazono-3-0x0-5- (0-methoxyphenoxy)penta- 
noyl]glycine Ethyl Ester, 9 

N-  [2-Diazo- 3 - 0x0-5-(0-methoxyphenoxy)pentanoyl]- 
glycine ethyl ester (4) (160 mg) in 10 ml of 70% acetic acid 
with 10 mg of 10% palladium-on-charcoal was reacted 
with 14 ml of hydrogen over 18 min (room temperature, 
1 atm). The mixture was filtered, and the mixture of 
catalyst and product washed with methylene chloride and 
methanol as for 7. Filtrate was heated to effect complete 
solution, then cooled to yield 40 mg of 9 (24.8%), mp 
143-144°C; ir (KBr) 3408 (NH), 3264 (NH), 3148 (NH), 
1740 (ester CO), 1650 (amide CO), 1617 (keto CO?), 1600 
(phenyl) cm-'. Anal. calcd. for C16H21N3O6: C 54.69, H 
6.02, N 11.96; found: C 54.52, H 5.95, N 12.00. 

2,5-Bis-phenoxymethyl-3,6-bis- (carboethoxymethy1)car- 
bamoylpyrazine, 6 

N-[2-Diazo-3-oxo-4-(phenoxy)butanoyl]glycine ethyl 
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ester (650 mg) in 50 ml of absolute ethanol was added to 
2.5 ml of 17% anhydrous hydrogen chloride in absolute 
ethanol. Hydrogenation over 200 mg of 10% palladium- 
on-charcoal (room temperature, 1 atm) gave 119 ml of 
hydrogen uptake (3 h). The reaction mixture was filtered, 
solvents removed by flash evaporation of the filtrate, and 
the colorless residue heated with 50 ml of ethyl acetate. 
A trace of insoluble material was removed by filtration 
and discarded. Filtrate concentration gave a light yellow 
oil (660 mg), which in methylene chloride solution was 
chromatographed on 65 g of silicic acid - Celite 545 
(5: 1 w/w). The column was eluted successively with 90 
ml benzene, 235 ml of benzene - methylene chloride 
(I : l v/v), 345 ml of benzene - methylene chloride (9: 1 
v/v), and methylene chloride - ethyl acetate (9: l v/v). 
Removal of solvent from the latter eluate gave 131 mg 
of solid residue, recrystallized from ethyl ether - methy- 
lene chloride to give 6, mp 133-136°C; ir (CHZClz) 3400 
(NH). 1755 (ester CO). 1690 (amide CO), 1605 (phenyl) 

(s, 1, ether CH,), 5.79 (d, J  = 6.5 Hz, 1, amide CH), 6.95 
(s, 4, aromatic), 7.17 (b d, J  = -5.5 Hz, 1, acetamido 
NH), 8.08 (b t, J  = -6.5 Hz, 1, peptide NH). Anal. 
calcd. for Cl7HzzN2O7: C 55.73, H 6.05, N 7.65; found: 
C 55.67, H 5.98, N 7.75. 

N-[2-Acetamido-3-0x0-4- (p-methoxyphenoxy) butanoyl]- 
glycine Ethyl Ester, 13  

The title compound was prepared in 31.9% yield from 
1.87 g of 11 as described for 12. The product 13 melted 
at 137.5-139°C; ir (CH2C1,) 3410 (b, NH), 1745 (ester 
CO), 1685 (b, amide and keto CO) cm-'; 'Hmr (CDCI,) 
F 1.23 (t, J  = 7.2 Hz, 3, ester CH,), 2.15 (s, 3, COCH,), 
3.73 (s, 3, OCH,), 3.96 (d, J = 5.5 Hz, 2, glycine CH2), 
4.14 (q, J  = 7.2 Hz, 2, ester CH,), 4.79 (s, 2, ether CH,), 
5.56 (d, J = 6.5 Hz, 1, amide CH), 6.82 (s, 4, aromatic), 
7.09 (b d, J  = - 6.5 Hz, 1, acetamido NH), 7.46 (t, J  = 
5.5 Hz, 1, peptide NH). Anal. calcd. for C17HZ2N207: C 
55.73, H 6.05, N 7.65; found: C 56.01, H 6.09, N 7.66. 

cm-' ; 'Hmr (CDCI,) G 1.28 (t, 6H, CH3 groups), 4.02- N-[2-Tripuoroacetamido-3-oxo-4-(o-methoxyphenoxy)- 
4.28 (m, 8H, carboethoxymethyl and ester CH, groups), butanoyljglycine Ethyl Ester, 1 4  
5.83 (s, 4H, phenoxymethyl CHI groups), 6.83-7.30 (m, N-[2-Diazo-3-oxo-4-(o-methoxyphenoxy)butanoyI]gly- 
10H, aromatic), 7.93-8.23 (s, 2H, NH). Anal. calcd. for cine ethyl ester (3) (3.79 g) was added to a mixture of 
CZ,H3,N4Os: C 61.08, H 5.49, N 10.18; found: C 60.79, trifluoroacetic acid (18 ml) and trifluoroacetic anhydride 
H 5.59. N 10.18. (6 ml) which had been precooled to O°C. Zinc dust (3.0 g) 

N-12- Diazo-3-0x0-4- (p-methoxyphenoxy) butanoyl]gly- 
cine Ethyl Ester, 11 

To 38.36 g of N-diazoacetylglycine ethyl ester (1, 11) 
in 500 ml of methylene chloride was added a solution of 
22.49 g of p-methoxyphenoxyacetyl chloride in 100 ml 
of methylene chloride over 35 min. The reaction mixture 
was stirred for 43 h, washed with 100 ml water, dried, 
and solvent volume reduced to 100 ml. Addition of 200 
ml ethyl ether and cooling yielded colorless 11 which was 
collected and air-dried; yield 17.78 g (47.3%), mp 86- 
88'C; ir (CH2C12) 3310 (NH), 2140 (CN,), 1745 (ester 
CO), 1675 (amide CO), 1625 (keto CO) cm-'; 'Hmr 
(CDCI,) 6 1.30 (t, J  = 7.2 Hz, 3, ester CHS), 3.82 (s, 3, 
OCH,), 4.18 (d, J = 5.5 Hz, 2, glycine CH,), 4.27 (q, 
J = 7.2 Hz, 2, ester CHI), 4.91 (s, 2, ether CH,), 6.93 
(s, 4H, aromatic), 8.78 (b m, 1, NH). Anal. calcd. for 
C1jHl7N3O6: C 53.73, H 5.11, N 12.53; found: C 53.58, 
H 4.94, N 12.68. 

N-[2-ace famido-3-0x0-4- (0-methoxyphenoxy) butanoyl]- 
glycine Ethvl Ester, 12  

N-[2-Diazo-3-oxo-4-(o-methoxyphenoxy)butanoyI]gly- 
cine ethyl ester (3) (5.00 g), prepared as previously de- 
scribed (I), was dissolved in acetic acid (52.5 ml) and 
acetic anhydride (17.5 ml) added. Zinc dust (3.75 g) was 
added over 30 min; when the temperature rose to 35"C, 
the reaction mixture was maintained at 30-35°C. The re- 
action mixture was stirred for an additional 10 min, and 
then 52.5 ml of water added over 60 min. The reaction mix- 
ture was stirred 18 h,filtered, and extracted withmethylene 
chloride (50 ml, x 5). The extract was washed with 100 
ml of water, dried, and solvent removed. Trituration of 
residual oil with petroleunl ether (bp 30-60°C) yielded 
colorless 12, mp 131-133°C yield 4.21 g (77.2%); ir 
(CH2C1,) 3390 (NH), 3340 (NH), 1740 (ester CO), 1650- 
1685 (b, amide and keto CO) cm-'; 'Hmr (CDCI,) 6 1.21 
(t, J = 7.2 Hz, 3, ester CH,), 2.08 (s, 3, acetyl CH,), 3.88 
(s, 3, OCH,), 4.01 (d, J  = 5.5 Hz, 2, glycine CH,), 4.15 
(q, J  = 7.2 Hz, 2, ester CH,), 4.82 (s, 1, ether CH,), 4.86 

, , 

was added over 35 min, when the temperature rose to 
26°C. Methylene chloride (200 ml) was added, then 20 ml 
water over 10 min. The reaction mixture was filtered, and 
the aqueous phase washed with methylene chloride (30 
ml, x4). The extracts were washed with 75 ml water, 
dried, and solvent removed. The residual solid was recrys- 
tallized twice from methylene chloride - petroleum ether 
(bp 30-60°C) to give 1.81 g (38.3%) of colorless 14, mp 
133.5-134.5"C; ir (CH,Cl,) 3350 (NH), 1740 (ester CO), 
and 1685-1650 (b, amide and keto CO) cm-'; 'Hmr 
(CDCI,) 6 1.93 (t, J  = 7.2 Hz, 3, ester CH,), 3.93 (s, 3, 
OCH,), 4.07 (d, J  = 5.5 Hz 2, glycine CH,), 4.17 (q, J  = 
7.2 Hz, 2, ester CH,), 4.83 (s, 2, ether CH,), 5.93 (d, J = 
6.5 Hz, 1, amide CH), 7.02 ( n ~ ,  4, aromatic), 7.86 (b d, 
J  = -6.5 Hz, 1, trifluoroacetamido NH), 8.30 (b, t, 
J = -5.5, 1, peptide NH). Anal. calcd. for C17H19- 
F3N2O7: C 48.58, H 4.56, F 13.56, N 6.66; found: 
C 48.52, H 4.70, F 13.78, N 6.60. 

N-[2-Tri~uoroacetamido-3-oxo-4-(p-methoxyphenoxy) - 
butanoyl]glycine Ethyl Ester, 15 

The title compound was prepared in 53.4% yield from 
3.45 g of 11 as described for 14, and melted at 136-137°C; 
ir (CH2CI,) 3370 (b, NH), 1745 (ester CO), 1720 (tri- 
fluoroacetamido CO), 1690 (b, peptide and keto CO) 
cm-'; 'Hmr (CDCI,) 6 1.27 (t, J = 7.2 Hz, 3, ester CH,), 
3.78 (s, 3, OCH,), 4.04(d, J =  5.5Hz, 3, glycineCH,), 
4.20 (q, J = 7.2 Hz, 2, ester CH,), 4.78 (s, 1, ether CHZ), 
4.81 (s, 1, ether CH,), 5.68 (d, J  = 6.5 Hz, 1, amide CH), 
6.98 (s, 4, aromatic), 7.42 (b t, J = - 5.5, 1, peptide NH), 
7.86 (b d, J = -6.5 Hz, 1, trifluoroacetamido NH). 
Anal. calcd. for Cl7Hl9F3N2O7: C 48.58, H 4.56, F 
13.56, N 6.66; found: C 48.72, H 4.75, F 13.88, N 6.67. 

N-[2-Tripuoroacetamido-3-hydroxy-4- (o-methoxy- 
phenoxy) butanoyl]glycine Ethyl Ester, 16 

N- [Trifluoroacetamido-3-0x0-4-(0-methoxyphenoxy)- 
butanoyllglycine ethyl ester (14) (1.81 g) was dissolved in 
dry methanol (250 ml) and the solution cooled to 10°C. 
Sodium borohydride (0.091 g) was added, and the re- 
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sulting mixture stirred in an ice bath for 3.75 h. Water 
(250 ml) was added and the aqueous solution extracted 
with methylene chloride (50 ml, x 6). The extracts were 
dried, solvent removed, and viscous residual oil triturated 
with petroleum ether (bp 30-60°C) to give a white solid. 
Recrystallization of the latter from methylene chloride - 
petroleum ether (bp 30-60°C) gave 16, mp 121-123"C, in 
1.30 g yield (71.5%); ir (CH2C12) 3575 (free OH), 3385 
(b, NH and H-bonded OH), 1730 (ester CO), 1685 (b, 
amide CO groups) cm-'; 'Hmr (CDCI,) 6 1.22 (t, J = 
7.2 Hz, 3, ester CH,), 3.83 (s, 3, OCH,), ca. 4.15 (m, 8, 
ester, glycine and ether CH2 groups, CHOH), 4.87 (m, 1, 
amide CH), 6.89 (s, 4, aromatic), 7.70 (b t, J = - 5.5 Hz, 
1, peptide NH), 8.08 (b d, J = -8.0 Hz, trifluoroacet- 
amido NH). Anal. calcd. for C17HZ1F3N207: C 48.34, H 
5.01, F 13.49, N 6.63; found: C 48.20, H 5.19, F 13.13, 
N 6.52. 

N-[Trifluoroacetamido-3-hydroxy-4- (p-methoxy- 
phenoxy) butanoyl]glycine Ethyl Ester, 17 

The title compound was prepared in 40.0% yield from 
1.05 g of 15, as described for 16, and melted at 126- 
128°C; ir (CH2CI2) 3575 (free OH), 3385 (b, NH groups 
and H-bonded OH), 1735 (ester CO), 1685 (b, amide CO 
groups) cm-'; 'Hmr (CDCI,) 6 1.22 (t, J = 7.2 Hz, 3, 
ester CH,), 3.75 (s, 3, OCH,), ca. 4.15 (m, 8, ester, glycine 
and ether CH2 groups, CHOH), 4.86 (m, 1, amide CH), 
6.81 (s, 4, aromatic), 7.47 (b t, J = - 5.5, 1, peptide NH), 
8.04 (b d, J = -8.0, 1, trifluoroacetamide NH). Anal. 
calcd. for C17H21F3N207: C 48.34, H 5.01, F 13.49,, N 
6.63; found: C 48.35, H 4.92, F 13.21, N 6.62. 

2,5- Dimethyl-3,6-bis-carboethoxymethylcarbamoyl- 
pyrazine, 18 

N- [2-Diazo-3-0x0-4-(0-methoxyphenoxy)butanoyl]gly- 
cine ethyl ester (3) (1.60 g) was dissolved in 20 ml of 
acetic acid. Zinc dust (2.5 g) was added over 30 min with 
external cooling (temperature at 30-35°C). The mixture 
was stirred for an additional 20 min, then 20 ml of water 
added over 30 min. The mixture was stirred for 1.5 h, 
filtered, and the filtrate extracted with methylene chloride 
(40 ml x 3). The extracts were washed with 25 ml of 5% 
sodium bicarbonate, dried, and solvent removed. Tritura- 
tion of residual oil with a small amount of ether gave a 
yellow solid, which was recrystallized from methylene 
chloride - petroleum ether (bp 30-60°C) to give 18 in 41 
mg yield, mp 169-170.5"C; ir (CH2CI2) 3410 (NH), 1740 

(ester CO), 1675 (amide CO) cm-'; 'Hmr (CDCl,) 6 
1.33 (t, J = 7.2 Hz, 6, ester CH, groups), 2.97 (s, 6, 
pyrazine 2,5-methyl groups), 4.24 (d, J = 5.5 Hz, 4, 
carboethoxymethyl groups), 4.29 (q, J = 7.2 Hz, 4, ester 
CH2 groups), 8.55 (b t, J = -5.5 Hz, 2, NH); ms mle 
calcd. for Cl6HZ2N4o6: 366; found: 366. Anal. calcd. for 
C16HzzN406: C 52.45, H 6.05, N 15.29; f0~11d: C 52.33, 
H 6.24, N 15.18. 
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L. H. DAO, A. C. HOPKINSON, E. LEE-RUFF, and J. RIGAUDY. Can. J. Chem. 55,3791 (1977). 
1,2-Dioxenes 2, 7, and 14 are obtained from the reactions of potassium superoxide with 

1,2-bishalomethylarenes. Rearrangement products are also formed in competition with the 
cyclization reaction. The relative yields of dioxenes depend on the relative concentration of 
superoxide to substrate as well as reaction conditions. Mechanisms for the formation of the 
rearrangement products are proposed. 

L. H. DAO, A. C. HOPKINSON, E. LEE-RUFF et J. RIGAUDY. Can. J. Chem. 55,3791 (1977). 
Les dioxenes-1,2 (2, 7 et 14) sont obtenus par reaction du superoxyde de potassium avec 

les bis-halogenom6thyl-1,2 arenes. Des produits de rearrangement sont aussi formes par une 
reaction competitive avec celle de cyclisation. Les rendements relatifs en dioxkne dependent de 
la concentration relative du superoxyde aussi bien que des conditions de reaction. On propose 
des micanismes pour la formation des produits de rearrangement. 

[Traduit par le journal] 

During the past decade there has been good Results 
evidence for the production of superoxide ion ~h~ reactions of 1,2-bishalomethylbenzenes 
(02-1 in the reduction of 0 2  by several enzymes 1, and b with potassium superoxide (KO,) 
including some present in mitochondria and in complexed dicyclohexyl crown-6 resulted in 
the endoplasmic reticulum (1-3). This ion the formation of two 2 and 3 with 
radical has been implicated to intervene in lipid relative depending on relative concentra- 
peroxidation processes involving production of tion of KO, and substrate, nature of solvent, 
allylic hydroperoxides during the early Stages of and reaction times, The yield of o-xylylene 
the reaction (2). It is not known whether 0,- is peroxide 2 was a maximum when the reaction 
directly involved or whether it acts as a pre- was carried out in dimethylformamide (DMF) 
cursor to other reactive species (e.g. singlet and stopped after 2-3 h us;ng about a 2: 1 
oxygen) in such Processes. Non-enz~matic for- equiv. ratio of KO, to substrate. Attempted 
mation of alkyl and acyl peroxides and hydro- isolation of 2 from solution led inevitably to 
peroxides using free superoxide with a1ky1 and violent explo.yions. The identity of 2 was inferred 
acyl halides, and sulphonate esters have been 
reported (4-6). It was further shown that super- X 

oxide is a moderately active nucleophile in dis- 
placement reactions of alkyl and electrophilic 
aryl halides (6-9). With the idea of extending 3Kx+@xp o 

x these reactions to include alkyl dihalides and the 
preparation of cyclic peroxides, we embarked on l a  = Br 2 3a X = Br 

h X = I  h X = I  an investigation of the reactivity of a series of 
bishalomethylarenes with 0,- .  In this paper we 
wish to report the synthesis of the hitherto 
unknown o-xylylene peroxide (2) (a potential 
precursor to  the theoretically interesting o- 
xylylene) and derivatives of 2 along with com- 
petitive rearrangements in the reactions of 0,- OH 
with 1,2-bishalomethylarenes l a ,  b. 4 5 
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from the foliowing observations: Purified 2 (in 
solution) gave a positive test for peroxide with 
I- .  Reduction of 2 with lithium aluminum 
hydride (LAH) gave the diol 4 (16) which was 
prepared independently by complete reduction 
of o-phthalaldehyde with LAH as well as 
hydrolysis of either l a  or b with hydroxide ion. 
The nmr spectrum of 2 exhibited two signals 
(6 7.15(m), 5.12(s)) of equal intensities. Indirect 
evidence that 2 was not dimeric was gathered 
from the following experiment. Reaction of an 
equimolar mixture of dihalides 1 and 6 resulted 
in an equimolar mixture of peroxides 2 and 7, in 
addition to acetals 3 and 8. After separation of 
the more stable 7 from the mixture there was no 
evidence for the presence of the mixed peroxide 9 
as seen by thin-layer chromatography and nmr 
spectrum of the mixture. The identity of acetals 
3a-c was established by its acidic hydrolysis to a 
mixture of phthalanol 5 and diol 4 as well as by 
analysis of its spectral data ('H, 13C nmr, ir, and 
mass spectra). Acetals 3c and 3d appeared to be 
secondary products from subsequent oxidation 
of 3a and b. Reaction of dihalides 6a and b with 
crown ether complexed KO, resulted in similar 
products 7 (10-30%) and 8 (40-90%). The 
physical and spectral properties of 7 were 

m1 3 @& + Mixture 
of acetals 

identical to those reported for the product 
obtained from oxygenation of 1,2-bisallenyl- 
benzene (10). The structure of acetal 8 was 
established by its hydrolysis to a mixture of 11 
and 12 which were independently synthesized. 
The 'H nmr spectra of derivatives 3, 5, 8, and 12 
all exhibited long range coupling between the 
methyne proton and one of the benzylic protons 
across the acetal bridge (J = 2 Hz). This phe- 
nomenon has been observed in other substituted 
naphthalans (10). 

Extension of these reactions to dihalide 13 
resulted in lower yields of the cyclic peroxide 14 
(10-15%) along with an inseparable mixture of 
acetals inferred from the analysis of the spectral 
data and comparison with spectral data of 
acetals 3 and 8. The structure of 14 was shown 
by analysis of its spectral data and reduction to 
the diol 15 as well as its positive test with I-  for 
peroxide. 

Discussion 

Formation of cyclic peroxides 2, 7, and 14 is 
presumed to follow a similar mechanism as in 
the case of acyclic peroxides, namely double 
nucleophilic substitution of 0,- with the inter- 
vention of a peroxyl radical (4) (Scheme I). 
Yields of peroxides were highly dependent on 
reaction times and relative concentration of 0,-. 
It was found that peroxides 2 and 7, when sub- 
jected to reaction conditions identical to  those of 
their synthesis, underwent decomposition to a 
complex mixture over an extended period of 
time. On the other hand 9,lO-diphenylanthra- 
cene-9,lO-peroxide (16) was reduced by super- 
oxide to diol 17. Similar observations were made 
by San-Filippo and co-workers (12) in the re- 
duction of diacyl peroxides to carboxylic acids in 
the presence of superoxide. These transforma- 
tions may involve initial formation of an alkoxy 
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0 2 -  0 2 -  
R-X - R 4 4 '  - ROO- sodium salt of 18 was generated independently 

from phthalanol 12 and shown not to  undergo 

\-x 
nucleophilic substitution with 1 under identical 
conditions. Furthermore nucleophilic substitu- 

R - 0 4 - R  tions by alkoxide on 1 was found to be quite 
SCHEME I inefficient. The most stable conformation of 1 is 

likely to be such that both halogens occupy the 
0 - 

R - - 0 4 - R  R-0' + RO- + 0, exo positions as shown here. 
Br 

SCHEME 2 

radical according to Scheme 2. Such radicals 
may undergo hydrogen abstraction or be further 
reduced by 0,- yielding another equivalent of 
alkoxide. Precedent for such a mechanism was 
demonstrated by Peters and Foote (13) in the 
reduction of tert-butyl hydroperoxide to the 
tert-butoxyl radical. 

Two mechanisms (Scheme 3) can be en- 
visaged leading to cyclic acetals 3 and 8:  (A) 
o-xylylene peroxides 2 and 7 may be involved as 
intermediates to these acetals via hemiacetal 
anion 18 or (B) competitive formation of a 
dihaloperoxide 19 undergoing base-catalyzed 
disproportionation to 20 and 21 which upon 
recoupling generates the observed acetal3. Base- 
catalyzed rearrangements of cyclic peroxides 
possessing an a-hydrogen have been reported to 
generate hydroxycarbonyl products (14). How- 
ever, it does not appear that mechanism A plays 
an important role in these transformations. The 

@qH W H  

Br 
1 

Thus bimolecular nucleophilic substitutions 
would require the nucleophile to approach the 
substrate from the more hindered endo side. On 
the other hand such steric constraints would not 
be as important for the linear and smaller 0,- 
ion. 

From our results it would appear that alicyclic 
peroxides can be obtained in moderate to good 
yields using superoxide. The advantage in using 
superoxide to hydroperoxy anion or peroxide is 
that 0,- being a weaker base (22) will minimize 
competitive base-catalyzed reactions such as de- 
hydrohalogenations and rearrangements of base 
sensitive peroxides. 

We are extending these reactions to include 
1,3- and 1,2-alkyl dihalides to explore the poten- 
tial use of 0,- in the synthesis of more strained 
peroxides such as dioxetanes. We are also 
exploring the nature of peroxides 2, 7, and 14 as 
potential sources of o-quinodimethanes. Deriva- 
tives of 2 have been obtained previously by 
oxygenation of the photoenols of o-toluyl- 
aldehyde and ketones (15). 
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Experimental 
E,U-Xylylene dibromide was obtained from Aldrich 

Chemicals. 2,3- and 1,2-bisbromomethylnaphthalenes 
were obtained from bromination of 2,3- and 1,2-dimethyl 
naphthalenes according to the method of Wittig (20). 
The bisiodomethylarenes were prepared by reaction of 
the dibromides with sodium iodide in acetone and re- 
crystallization of the resultant precipitate from chloro- 
form. All of the diiodides gave correct analyses. 

1,4- Dihydro-2,3-benzodioxin, 2 
o-Xylene dibromide (2.64 g, 10 mmol) was added to a 

vigorously stirred mixture of powdered potassium super- 
oxide (1.42 g, 20 mmol) in dry DMF (70 ml) at 25°C. The 
resulting mixture was allowed to stir for 2 h, then 
cautiously poured onto 100 ml ice-water, and extracted 
with three 50-1111 portions of ether. The ethereal solution 
was washed with three 30-ml portions of ice-water and 
evaporated to dryness to give 1.05 g of a crude liquid 
which was purified by tlc (benzene as eluant); yield 0.60 g 
(44%); ir (neat) 2900, 1505, 1460, 1430, 1363, 1040, 1018, 
977, 865 cm-'; nmr (CC14) 6 5.12 (4H, s), 7.00-7.30 
(4H, m); ms mle 254 (M+).' Positive iodine test. It was 
the only time we isolated 2 pure enough. Other attempts 
resulted in explosion or vigorous decomposition. 

Reduction of l,4-Dihydro-2,3-benzodioxin, 2 
A solution of 2 in ether was added slowly to a stirred 

mixture of LiAIH, in ether at -50°C. The resulting 
mixture was stirred at - 50°C for 30 min and 2 h at 25'C. 
A solution of 10% aqueous sodium hydroxide was added 
slowly until a clear solution had formed. The precipitate 
was filtered and washed with ether. The combined 
washings and filtrate were washed with water, dried over 
&SO,, and concentrated to give an oily paste. Re- 
crystallization of the product from benzene gave pure 
1,2-bishydroxymethylbenzene, mp 65-66°C: which had ir 
and nmr spectra identical to those of authentic material 
prepared by reduction of phthalide with LiA1H4 or 
hydrolysis of o-xylene dibromide l a  (16). 

Phthalanyl Ethers 3 
o-Bromomethyr'benzenemethyl I-Phthalanyl Ether, 3a 
Potassium superoxide (250 mg, 3.52 mmol) in dry 

benzene (5 ml) or dry THF was carefully crushed with a 
glass rod. Dicyclohexyl-18-crown-6 (200 mg) and o-xylene 
dibromide (250 mg, 0.95 mmol) were added slowly. The 
resulting mixture was protected from moisture with a 
CaCI, drying tube and was stirred vigorously. Instant 
evolution of gas was observed and the reaction was 
followed by tlc. After 2 h at room temperature, the solid 
was filtered and washed with dry benzene. The filtrate 
was stripped to a pale yellow residue. The residue was 
applied to tlc and eluted with 1 : 1 v/v benzene-hexene. 
Starting material (153 mg) was isolated besides 3c and 
61 mg (40%) of 3a; nmr (CDCI,) 6 4.55 (s, 2H), 4.75 
(s, 2H), 5.05-5.15 (2H, m, ABX), 6.30 (d, lH), 7.10-7.40 
(m, 8H); ir (neat) 3075, 1460, 1363, 1255, 1220, 1065, 
1000,905 cm-'. 

-When the reaction was left for a longer period 3a was 
completely transformed to 3c. 

o-lodomethylbenzenemethyl I-Phthalanyl Ether, 3b 
The o-xylene diiodide 16 was converted to 36 and 3c 

as described above. 3b was purified by preparative tlc 
(benzene as eluant); nmr (CDCI,) 6 4.62 (2H, s), 4.80 
(2H, s), 5.15-5.30 (2H, ABX, m), 6.44 (IH, d), 9.25-7.55 
(8H, m); 13C nmr (ref. TMS) 140, 138, 137, 135 ppm 
(q. C's), 130-121 ppm (8 peaks, aromatic), 106 ppm 
(methine C), 73 ppm (methylene C), 66 ppm (methylene 
C), 4 ppm (methylene C). 

o-Hydroxymethylbenzenemethyl I-Phthalanyl Ether 3c 
l a  or l b  (10 mmol) was added to a stirred mixture of 

powdered potassium superoxide (1.42 g, 20 mmol) in dry 
DMF (70 ml) at 25"C., After 15 h, the mixture was poured 
into 100 ml ice-water and worked up as for 2. After 
purification by tlc, a pale yellow oil was obtained (0.768 g, 
60%); nmr (CDC1,) 6 4.85 (2H, s) 5.12 (2H, s), 5.10-5.20 
(2H, ABX), 6.35 (lH, d), 7.20-7.50 (8H, m); ir (neat) 
3500, 1616, 1460, 1365, 1257, 1075, 1000 cm-'; ms (30 
eV) 256 (M+), 238 (M - H,O+), 135 (100%). 

Hydrolysis of 3a, b, c 
3a, b, c (2 mmol) were dissolved in 10 ml EtOH 95%. 

Concentrated H2S04 (1 ml) was added and the mixture 
was refluxed for 1 h. The cooled solution was neutralized 
carefully with aqueous NaOH (2073, saturated with 
NaCI, and extracted with ether. The ethereal solution was 
dried over MgS04 and concentrated to an oil (the nmr 
spectra showed an equimolar mixture of 4 and 5), which 
gave after separation by preparative tlc 4 and 5 (17). 

5 was independently prepared by reduction of phthalide 
in toluene at -78'C under N, with diisopropyl alu- 
minium hydride; nmr (CCl,) 6 5.00-5.15 (2H, ABX) 
6.15 (lH, d, J = 2 Hz), 7.15-7.40 (4H, m); ir (neat) 3480, 
1465, 1365, 1100, 1075, 1000 cm-'. 

o-Formylbenzenemethyl I-Phthalanyl Ether, 3d 
l a  (6.5 g, 24.6 n~mol) was added to a stirred suspension 

of powdered potassium superoxide (3.0 g, 42.2 mmol) in 
dry DMSO (150 ml) at 25°C. After 2 h, the mixture was 
poured in ice-water and worked up in the usual way to 
give 2.0 g of yellow oil which was purified by preparative 
tlc (CHC13-benzene 80:20) to give 1.60 g of pure 3d; 
nmr (CCl4) 6 5.00-5.25 (2H, m), 5.12 (2H, s), 6.28 ( lH,  
d), 7.10-8.00 (8H, m), 10.10 (lH, s); ir (neat) 3490, 1770, 
1700, 1600, 1480, 1367, 1287, 1220, 1050, 1000 cm-'; ms 
(70 eV) 254 (M+), 253 ( M  - 1 +). 

3d (0.50'g, 1.96 mmol) was dissolved in 10 ml of 95% 
EtOH. (2 ml) was added and the mixture was 
refluxed for 1 h, cooled, neutralized with 20% NaOH, 
saturated with NaCl and extracted with ether. The 
ethereal solution was dried and concentrated to give 
exclusively pure 5. 

1,4-Dihydro-2,3-naphtho[2,3 ]dioxin, 7 
To a suspension of potassium superoxide (220 mg, 

3.1 mmol) in dry THF (10 ml) was added dicyclohexyl-16- 
crown-18 (150 mg) and diiodide 66 (614 mg, 1.5 mmol). 
The mixture was stirred for 3 h, filtered, and filtrate con- 
centrated to a residue (300 mg) which gave by tlc 100 mg 
of 6b, 20 mg (7%) of 7, mp 170-172°C (lit. (1 1) 166-167"C), 
which had nmr and uv spectra identical to those of 

'The ms exhibited an identical fragmentation pattern 
as 3d. It was shown (see following) that 2 was thermally 
labile. 

ZIf benzene or THF were used as solvent in presence of 
crown ether, the mixture was concentrated and directly 
purified by tlc to give 3c. 
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authentic material (1 1). A polar compound 8 was also iso- 
lated. 

The dibromide 6a was converted to 7 and 8 in benzene 
and crown ether as described above. 

2-Hydroxymethylnaphthalene-3-methyl2,3-Naphthalanyl 
Ether, 8 

The dibromide 6a (1.68 g, 5 mmol) was added to a 
stirred suspension of potassium superoxide (1.42 g, 20 
mmol) in dry DMF (100 ml). After 20 h, the mixture was 
worked up with ether to give after purification by tlc pure 
8 (200 mg, 25%), mp 135-136°C; nrnr (CDC1,) 6 4.88 
(2H, s), 5.20 (2H, s), 5.00-5.25 (2H, m), 6.45 (lH, d), 
7.40-7.90 (12H, m); ir (KBr) 3400,1668,1600,1500 cm-', 
ms (70 eV) 356 (M+). 

Hydrolysis of 8 
To dimer 8 (190 mg, 0.53 mmol) in 5 n ~ l  of 95% EtOH 

was added 1 ml &So,. The mixture was refluxed for 1 h, 
neutralized with NaOH 20%, saturated with NaCI, and 
extracted with ether. The ethereal solution was concen- 
trated and the residue separated by tlc to give 11 (75 mg, 
7573, mp 158-160°C (lit. (16) 159-16O0C), and 12 (55 mg, 
567,). 

12 was oxidized by Cr03 to naphthalide, mp 206°C (lit. 
(1 8) 206°C). 

1,4-Dihydro-2,3-Naphtho[l,2]dioxin, 14 
The diiodide 13 (600 mg) was added to a suspension of 

powdered KO, in 20 ml of dry tetrahydrofuran. The 
solution was stirred at room temperature for 48 h. The 
excess KO, was filtered off and the filtrate evaporated. 
The residue was chromatographed on five plates (ben- 
zene) to give 20 mg of peroxide 14, mp 5456°C; nrnr 
(CDCI,) 6: 8-7.1 (6H, m), 5.64 (2H, s), 5.33 (2H, s); mle 
186; positive iodine test. 

Reduction of 14 
To a solution of peroxide 14 (1 5 mg) in 5 ml THF was 

added 20 mg of LiAIH,. The solution was stirred at room 
temperature for 10 min. Water (0.5 ml) was slowly 
added. The solution was filtered and the filtrate washed 
neutral with water, dried with anhydrous MgS04, and 
evaporated to yield a solid material (15 mg); mp (CHCI,) 
123-124°C (lit (21) 126°C). 

meso-9,10-Dihydroxy-9,IO-diphenyl Anthracene, 17 
Peroxide 16 (1.0 g, 2.76 mmol) was added to a stirring 

mixture of potassium superoxide (2.4 g, 34 mmol) in dry 
DMF (100 ml) under N,. After 5 days, the mixture was 
poured into ice-water and worked up with ether. The 
ethereal solution, after concentration, gave 1 g of crude 
product which recrystallized in chloroform-benzene to 
give 0.80 g of pure 17, mp 255-256°C (lit. (19) 256°C). 

Reaction of 2 and 7 with KO, 
Peroxide 2 (or 7) was added to a stirring mixture of 

potassium superoxide in dry DMF. The reaction was 
followed by tlc. After complete reaction of 2 (or 7), the 
mixture was poured in ice-water and extracted by ether. 
The work-up of the ethereal solution gave a complex 
mixture of products as seen by the nrnr spectrum of the 
product. 

Dynamic Studies of 1 and 6 with KO, in Crown Ether - 
THF by Nuclear Magnetic Resonance 

Dibromide l a  (26.4 mg, 0.1 mmol) was added to a 
suspension of potassium superoxide (14.2 mg, 0.2 mmol) 
and dicyclohexyl-crown ether 6 (20 mg) in 0.5 ml dry 
THF in a nrnr tube. The reaction was followed by 'H 
nmr. After 10 min, there was a formation of - 10% of 2. 
The percentage of 2 did not increase with the time (the 
same after 10 h). With the time (about 30 min after 
mixing) 3 slowly formed to reach the maximum (-30%) 
after 10 h. The proportions of l a ,  2, and 3 did not change 
with the time. More KO, was added (14.2 mg, 0.2 mmol) 
and in 5 min, all starting material 1 was consumed, 
raising the yield of 3,  but in the same time all of 2 was 
destroyed to an unidentified product (dec.). 

The same observation was made with 6 in a similar 
reaction. 

Reaction of 7 with KO, in the Presence o f  Silica Gel 
Peroxide 7 in chloroform was added to a mixture of 

KO,, crown ether, and silica gel in chloroform. The 
mixture was stirred for 30 min and passed through a short 
column of silica gel - chloroforn~. The chloroform solu- 
tion was concentrated to give naphthalide, mp 206- 
207°C (recrystallization benzene) (lit. (18) 206°C); nrnr 
(CDC1,) 6 5.50 (2H, s), 7.50-8.50 (6H, m); ir (KBr) 1770, 
1640, 1610, 1470,1330,1230 cm-I ; ms (70 eV) 184 (M+). 

Thermal Stability of 2 and 7 
Peroxide 7 (40 mg) in CC14 in a nrnr tube was heated 

in a CCl4 bath. The reaction was followed by nmr. 7 was 
unchanged after 4 days. 

Peroxide 2 in CC14 in a nrnr tube was heated in a CC14 
bath. After 15 h, 70% of 2 was consumed (by following 
the decrease of the integration of the CH2 signal of 2 
and formation of new signals in the aromatic area). After 
5 days, all of the CH, signal had vanished. Only the 
aromatic signal was observed. 

Attempts to Prepare 3a and 3b 
NaH (50%) in oil (350 mg, 7 mmol) was added to a 

solution of phthalanol 5 (0.610 g, 4.5 mmol) in dry THF 
(20 ml) under nitrogen. The mixture was stirred and 
refluxed overnight. Dibromide l a  (1.18 g, 4.5 mmol) in 
5 ml THF was slowly added and the mixture refluxed for 
10 h. The mixture was then worked up to give, after 
separation by tlc, starting materials. 

Different attempts were made in benzene, ether, and 
chloroform but without success. 
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Preparation of N,N,N',N'- tetramethylphosphorodiamidate intermediates for 
reductive deoxygenation of alcohols using N,N-dimethylphosphoramidic 

dichloride 
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HSING-JANG LIU, SING PING LEE, and WING HONG CHAN. Can. J. Chem. 55,3797 (1977). 
Treatment of alcohols with n-butyllithium and N,N-dimethylphosphoramidic dichloride fol- 

lowed by addition of dimethylamine gave rise to N,N,N',Nr-tetramethylphosphorodiamidates, 
intermediates involved in a process for reductive deoxygenation of alcohols. This procedure 
should prove especially useful for alcohols in which the hydroxyl group is sterically hindered. 

HSING-JANG LIU, SING PING LEE et WING HONG CHAN. Can. J. Chem. 55,3797 (1977). 
Le traitement d'alcools avec le n-butyllithium et du N,N-dimethyl amidodichlorophosphate 

suivi d'une addition de dimethylamine conduit aux N,N,Nr,N'-tetramethyl phosphorodiami- 
dates qui sont des intermediaires impliquks dans un processus de deoxygknation des alcools. 
Cette prockdure peut s'affirmer specialement dans le cas des alcools ayant un groupement 
hydroxyle steriquement encombr6. 

[Traduit par le journal] 

Recently, Ireland and his co-workers (1) re- 
ported an elegant method for replacing a hy- 
droxyl group with a hydrogen, a process which 
is often required in organic synthesis. They 
showed that alcohols could be readily converted 
to the corresponding N,N,N',N1-tetramethyl- 
phosphorodiamidates (TMPDA) by reacting 
the alkoxide anion with N,N,N',N1-tetramethy1- 
diamidophosphorochloridate and that subse- 
quent treatment of the TMPDA derivatives with 
lithium-ethylamine resulted in reductive cleavage 
of the carboil-oxygen bond to give the deoxy- 
genation products in high yields (Scheme I). 
During the course of our synthetic studies on 
5-epikessane (I), it became necessary to remove 
the hydroxyl group of alcohol 2' and therefore 
the preparation of its TMPDA derivative was 
attempted. Apparently due to the steric conges- 
tion of the hydroxyl group, 2 was found to be 
completely unreactive towards N,N,N',Nf-tetra- 
methyldiamidophosphorochloridate; under both 
the reported reaction conditions and modified 
conditions, the starting material was recovered 
intact. As a consequence of these findings an al- 
ternative method for preparing the TMPDA 
derivative of 2 was required. We wish to report 
a procedure for the formation of TMPDA from 
alcohols, which shouldprove especially useful for 

'Preparation of 2 will be reported elsewhere in con- 
nection with the total synthesis of 1. 

ClPO[N(CH3)zIz 
T, N(cH~)Z 

ROH RO-P, 

those alcohols in which the hydroxyl group is 
highly hindered. 

The present procedure involves the use of the 
more reactive N,N-dimethylphosphoramidic di- 
chloride (DMPADC) (2) as the phosphorylating 
reagent. In contrast to its observed lack of reac- 
tivity towards N,N,Nf,N'-tetramethyldiamido- 
phosphorochloridate, the anion of 2 generated 
by n-butyllithium reacted smoothly with 
DMPADC in 1 ,Zdimethoxyethane and N,N,N1, 
N'-tetramethylethylenediamine. At room tem- 
perature, the phosphorylation was found to be 
complete within 16 h. The resulting monochlo- 
ride 3, which was shown by thin-layer chroma- 
tography to be the sole product, was conveni- C
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ently converted to the TMPDA 4 by addition of 
dimethylamine prior to the work-up of the reac- 
tion. The material thus obtained was virtually 
free of impurities and a rapid column chroma- 
tography afforded a 95% yield of 4,. The syn- 
thetic applicability of this procedure is further 
illustrated with decal01 5. While 5 was found also 
unreactive with N,N,N',N1-tetramethyldia- 
midophosphorochloridate, its reaction with 
DMPADC resulted in total consumption of the 
starting material in 3 h and its TMPDA deriva- 
tive 6, was isolated in 81% yield after brief treat- 
ment of the phosphorylation product 7 with 
dimethylamine. The procedure is apparently a 
general one. Additional examples are to be found 
in Table 1 which also summarizes the physical 
data of the TMPDA prepared by this method. 

On the basis of the mode of reactions, mono- 
chlorides such as 3 and 7 could be logically 
assumed to be involved as the first-stage prod- 
ucts (i.e. products formed before the addition of 
dimethylamine) in the described transformation 
ROH 4 ROPO[N(CH,),],. Experimentally, it 
was verified as follows. Treatment of 5 with 
DMPADC without the subsequent addition of 
dimethylamine (vide supra) gave rise, as ex- 
pected, to 7,g4, the structure of which was clearly 
indicated by its nmr [(CCI,) 6 2.65 (d, 6H, 
J = 10 Hz, -N(CH,),) and 4.48 (m, 1 H, 

-CHO-)I and mass spectra [M' 279.1 153 and 
281.1 128 (Anal. calcd. for C,,H,,ClNO,P: 
279.1 155 and 281.1126)l. 

Experimental 
General and Material 

Elemental analyses were performed by the microanalyt- 

'Upon treatment with lithium-ethylamine, both 
TMPDA 4 and 6 underwent smoothly the reductive 
cleavage of the C-0 bond. Under the reported condi- 
tions (I), 6 afforded cis-decalin in 70% yield and a 75% 
yield of 5-epikessane (1) was obtained from 4. 

3This compound was found to be rather unstable. 
Satisfactory yield (55%) of the pure material was ob- 
tained by rapid column chromatography of the crude 
product on silica gel with ether-benzene (1 :9) elution. 

4Several N,N-dimethylphosphoramidic chlorides have 
previously been prepared by the reaction of DMPADC 
with sodium alkoxide - phenoxide (see ref. 3 for exam- 
ple). We are grateful to one of the referees for drawing 
our attention to this aspect. 

ical laboratory of this department. Melting points were 
determined on a Kofler hot stage apparatus and are un- 
corrected. Infrared (ir) spectra were recorded on a Per- 
kin-Elmer model 457 or 257 grating infrared spectro- 
photometer. Nuclear magnetic resonance spectra were 
recorded on Varian A-60, 90 MHz Perkin-Elmer 32 and 
HR-100 spectrometers using tetramethylsilane as internal 
standard. The following abbreviations are used: s = 
singlet, d = doublet, t = triplet, and m = multiplet. 
Mass (ms) spectra were recorded on an AEI MS-50 mass 
spectrometer. 

With the exception of 2' and 5', commercially available 
alcohols were used without purification. DMPADC was 
prepared according to a reported procedure (2). 

Preparation of TMPDA Derivatives of Alcohols 
Other than reaction time (see Table I), the conditions 

used for the transformation of the six alcohols studied to 
their TMPDA derivatives were identical to those illus- 
trated below with 1-hexadecanol. Physical data and 
yields of all the products are compiled in Table 1. 

To a solution of 1-hexadecanol (485 mg, 2 mmol) in 
1,2-dimethoxyethane-N,N,N',N'-tetramethylethylenedia- 
mine (4: 1 ; 8 ml) was added a 2.38 M solution of n-butyl- 
lithium in hexane (1.3 ml; 3 mmol) under a nitrogen 
atmosphere. After stirring at room temperature for 15 
min, DMPADC (1.619 g, 10 mmol) was introduced. 
Stirring was continued for 5 h at which time complete 
disappearance of the starting material was observed 
(thin-layer chromatography). An excess of dimethylamine 
(ca. 5 ml) was added at O°C and after 30 min the reaction 
mixture was poured into water and extracted with ether. 
The extracts were washed three times with saturated 
aqueous sodium chloride solution, combined, dried with 
magnesium sulfate, and filtered. Concentration of the 
solution gave an oil which was subjected to silica gel 
column chromatography. Elution with ether afforded 
590 mg of the corresponding TMPDA. 
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Amino group acidity in aminopyridines and aminopyrimidinesl 
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MADELEINE G. HARRIS and Ross STEWART. Can. J. Chem. 55,3800 (1977). 
The acidities of the amino group in 18 heterocyclic compounds, nine pyridines, eight pyrimi- 

dines, and one triazine, have been measured. The pKHA values (standard state water) were 
calculated using the Bunnett-Olsen and Marziano-Cimino-Passerini extrapolative techniques 
from ultraviolet spectral changes accompanying ionization of the amino group in aqueous 
DMSO containing base. These compounds, together with seven anilines previously studied, 
constitute a well-behaved Hammett system (o dependency) with a p value of 5.20, provided 
compounds containing nitro groups ortho or para to the amino group are excluded. The acid- 
strengthening effect of aza groups is additive and appears to be primarily due to induction 
rather than resonance, in contrast to the behaviour of the nitro group. 

MADELEINE G .  HARRIS et Ross STEWART. Can. J. Chem. 55,3800 (1977). 
On mesure les acidites du groupe amin6 de 18 composes hCterocycliques: neuf pyridines, huit 

pyrimidines et une triazine. Les valeurs de pKHA (I'etat fondamental, l'eau) sont calculees en 
utilisant les techniques d'extrapolation Bunnett-Olsen et Marziano-Cimino-Passerini a partir 
des variations du spectre ultraviolet accompagnant l'ionisation du groupe amink dans une 
solution aqueuse de DMSO contenant une base. Ces composes, rtunis avec sept anilines 
etudites anterieurement, constituent un systirme se comportant selon Hammett (dependant de 
o) avec une valeur de p de 5.20; on ne peut admettre des composis contenant des groupes nitro 
en ortho ou para du groupe amink. L'effet qui renforce I'aciditC des groupes aza est additif et 
semble Ctre cause principalement par de I'induction plutBt que par de la resonance en opposition 
avec le conlportement du groupe nitro. 

[Traduit par le journal] 

Introduction 
During the past 15 years polar aprotic solvents 

such as dimethyl sulfoxide (DMSO), sulfolane, 
and hexamethylphosphoramide have been widely 
used to increase the basicity of hydroxide ion 
towards carbon and nitrogen acids (1). We have 
previously developed acidity functions for such 
systems and determined acidity constants of a 
number of anilines and diphenylamines (2). We 
now turn our attention to the amino group 
acidity in amino-substituted nitrogen-containing 
heterocyclic systems. There are two reasons for 
so doing. First, useful information can be 
obtained regarding the effect of aza substitution 
on reactivity. Secondly the amino-substituted 
heterocycles adenine, guanine, and cytosine are 

mination of the pKHA values of the amino group 
in 18 aza-substituted anilines (nine amino- 
pyridines, eight aminopyrimidines, and one 
aminotriazine) together with an analysis of the 
effect of the aza group on acidity. The following 
paper (36) deals with the acidities of the nucleo- 
tide bases, which, because of the smaller spectral 
changes that accompany ionization, present 
special difficulties in the determination of pK. 

Although pKHA is defined in terms of simple 
proton dissociation (1, 2) the reaction that takes 
place in the systems described herein can be 
illustrated as follows. 

of great biological interest, since the amino 
groups of these nucleotide bases participate in from what is presumed be 

hydrogen-bonding in the double-stranded DNA hydroxide addition occurred in a few instances. 

helix. Indeed, th; rate of hydrogen exchange in 
DNA has been linked to the acidity of the Experimental 
amino hydrogens in such compounds (3). Preparation of Compounds 

The present paper is concerned with a deter- Compounds 1-59 8, 11-14, 17, and 19 (Table 1) were 
obtained commercially and purified by recrystallization 

lTaken in part from the Ph.D. Thesis of Madeleine G .  or sublimation. Where discrepancies (usually minor) were 
Harris, University of British Columbia, Vancouver, B.C. noted with literature properties elemental and spectral 
1976. analyses were performed. 
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HARRIS AND STEWART 

TABLE 1. Spectral data for neutral and anionic forms of 1-19 
- - - - 

Neutral moleculea Anionb 

Compoundd A,,. (nm) log E Amax (nm) log E 

1 2-Aminopyridine 298.5 3.58 378 3.39 
2 2-Amino-5-chloropyridine 314 3.54 395 3.31 
3 2-Amino-3,5-dichloropyridine 321 3.72 397 3.54 
4 2-Amino-3-nitropyridine 398 3.86 523 3.96 
5 2-Amino-5-nitropyridine 362 4.22 445 4.46 
6 2-Amino-3-chloro-5-nitropyridine 359 4.20 439 4.46 
7 2-Amino-3,5-dinitropyridine 375(sh) 3.94 489 4.02 
8 4-Aminopyridine 275(sh) 3.25 291 4.18 
9 4-Amino-3-nitropyridine 368 3.69 468 3.84 

10 4-Amino-3,5-dinitropyridine 383 3.85 e 

11 2-Aminopyrimidine 298 3.52 373 3.30 
12 2-Amino-4-chloropyrimidine 300 3.57 3 60 3.63 
13 2-Amino-4,6-dichloropyrimidine 301 3.60 351 3.38 
14 2-Amino-5-nitropyrimidine 333 4.16 412 4.38 
15 4-Aminopyrimidine 274 3.49 324 3.27 
16 4-Amino-2-chloropyrimidine 277 3.60 319 3.35 
17 4-Amino-2,6-dichloropyrimidine 278 3.55 320 3.27 
18 4-Amino-2-chloro-5-nitropyrimidine 348 3.78 430 3.76 
19 2-Amino-s-triazine 266 3.29 316 3.06 

.In DMSO. 
9699 .57  DMSO containing hydroxide or tert-hutoxide ion. 

CInitial red golour fades within seconds to yellow, owing probably to Meisenheimer adduct formation (35). 
Acidification restores spectrum of neutral 10. 

'The numbering of the pyridine, pyrimidine, and triazine rings is as follows: 

5NQNi 0, ~CJ;, 6 k  LA2, respectively, 
I 1 1 

2-Amino-3-chloro-5-nitropyridine (6)  
2-Amino-5-nitropyridine (1.39 g) in ethanol (100 ml) 

was treated with chlorine gas for a few minutes at 0°C 
until the solution turned bright orange. Evaporation of 
the solvent gave an orange oil. Addition of 20 ml water 
effected the precipitation of a rust-coloured solid, which 
was collected, washed with water, and dried. Two-fold 
recrystallization from ethanol (charcoal), then from 
ethanol alone, gave light yellow needles, mp 207-209.5"C 
(lit. (4) 211-213°C; (5) 205-206°C). Anal. calcd. for 
CSH4N3O2C1: C 34.60, H 2.32, N 24.22; found : C 34.54, 
H 2.42, N 23.93. 

2-Amino-3,5-dinitropyridine (7) 
2-Amino-3-nitropyridine was converted to 2-nitramino- 

3-nitropyridine by the method of Talik and Talik (6). It 
isomerized to the dinitro compound upon standing in 
concentrated sulfuric acid for 24 h. Recrystallization from 
ethanol gave orange-yellow needles, mp 189.5-190.5"C 
(lit. (7) 190-191°C). 

4-Amino-3-nitropyridine(9) 
A modification of the procedure of Koenigs et al. (8) 

was used. A suspension of 4-aminopyridine (5 g) and 20 
ml of concentrated sulfuric acid was kept at 0-10°C while 
fuming nitric acid (3.5 g) was added over a period of 30 
min. The mixture was brought to room temperature, 
stirred for 60 min, and then poured onto ice. After over- 
night storage the mixture was filtered and the filtrate 
treated with concentrated aqueous ammonia. The re- 
sulting precipitate was crystallized from water to give 
yellow needles of 4-nitraminopyridine, mp 235°C (violent 

dec.). This compound (2 g) was added carefully to con- 
centrated sulfuric acid (10 ml) to form a dark red solu- 
tion, which was maintained at 90°C for 1 h. The solution 
was cooled to room temperature, left overnight, then 
poured onto crushed ice, and made just neutral with 
concentrated aqueous ammonia. Upon standing at O°C, a 
granular dark brown solid precipitated. Recrystallization 
once from 80% ethanol, then twice from water (charcoal) 
gave a chartreuse-coloured powder, mp 203-204.5"C 
(lit (9) 200°C (dec.); (10) 200-202°C; (11) 204°C). Anal. 
calcd. for C5H5N302: C 43.16, H 3.63, N 30.21 ; found: 
C 43.14, H 3.81, N 30.24. (An elemental analysis was con- 
ducted because of discrepancies between observations 
made during the synthesis and those reported in the 
literature (8).) 

4-Amino-3,5-dinitropyridine (10) 
Prepared by the method of Koenigs et al. (9), but using 

an excess of sulfuric and nitric acids : light yellow needles, 
mp 169-171°C (lit. (9) 170-171°C; (12) 168-169°C). 

4-Aminopyrimidine (15) 
Kindly supplied by D. J. Brown; mp 149.5-151.5"C. 
4-Amino-2-chloropyrimidine (16) 
This compound was prepared from 2,4-dichloro- 

pyrimidine and ammonia by the method of Ballweg (13). 
Sublimation and recrystallization from water gave 
colourless needles, mp - 200"C, with decomposition to a 
red tar (lit. (14) 206-207°C; (15) 219-220°C; (16) 209- 
210°C). A satisfactory nmr spectrum was obtained. 

4-Amino-2-chloro-5-nitropyrimidine (18) 
Purified 2,4-dichloro-5-nitropyrimidine was treated 
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with 1.5 M aqueous ammonia at 0°C. The resulting solid steeply than similar plots for the anilines and diphenyl- 
was recrystallized from water to give white crystals, mp amines used to define the H- function.) Extrapolation of 
217.5-218°C after coloration at 206°C (lit. colours, the linear arm of the titration curve (E,- vs. H- )  gave the 
205"C, mp (17) 217°C; (18) 220-221°C). value of E,- in each solution where the indicator was 

Preparation of Solutions 
Solutions containing up to 90 mol% DMSO were pre- 

pared as previously described (2). Those in the range 
90-100% were prepared by adding anhydrous DMSO 
(purified over calcium hydride, distilled, and then sub- 
jected to zone-freezing) to reagent bottles in a nitrogen- 
filled dry box; the bottles were sealed with a rubber serum 
cap, removed from the dry box, and various volumes of 
water added by syringe through the serum cap. The 
bottles were stored in a desiccator when not in use. Karl 
Fischer analysis of the anhydrous DMSO indicated a 
water content of less than 0.005% by weight. 

Tetramethylammonium hydroxide was added either as 
a 10% by weight aqueous solution, or as the solid pen- 
tahydrate in the dry box. Anhydrous solutions containing 
base tended to turn yellow within 1-2 days if care was 
not taken to exclude light and traces of air. Potassium 
tert-butoxide solutions were also prepared in the dry 
box using the pure solid. Titration with acid was used in 
all cases to determine the concentration of base present. 
A DMSO solution of the amino compound to be studied 
was injected by syringe to a serum-capped uv cell con- 
taining the DMSO solution and the spectrum recorded. 

Treatment of Data 
Substantial changes in their uv spectra accompany the 

conversion of most of the aminopyridines and amino- 
pyrimidines to their anions (Table 1). As the mole 
fraction of DMSO is increased the wavelength maxima 
of both the un-ionized and ionized forms of all the indi- 
cators studied shift to the red. The I,,, of the neutral 
form usually shifts 1-2 nm and I,,, of the anion 3-5 nm 
over the region of 10-90% ionization, although shifts in 
the latter are as much as 10 nm in some cases. Further- 
more the E,,, of the un-ionized and ionized forms 
generally increase with increasing DMSO content. 

Medium effects on the spectrum of HA and A-  were 
corrected for using a combination of the methods of 
Hammett et al. (19) and Katritzky and co-workers (20). 
Measurements of E were made at 1,- max observed for 
each DMSO-water solution examined. Occasionally, in 
solutions where the indicator was partially ionized, the 
spectrum of HA overlapped that of A-  to the extent 
that A,- max could not be determined with certainty. It 
was observed experimentally, however, that I,- max 
varied linearly with the acidity function H- (determined 
using aromatic amines (2a)) for nearly all the indicators 
studied. Assuming that the rate of lateral shift of ha- is 
the same within and without the region of ionization, 
values of 1,- max where &HA = 0 were plotted against 
H- and the least squares straight line extrapolated to 
give A,- max in the desired solution. 

Values of E thus obtained were plotted against H- 
yielding good sigmoidal titration curves in every case. 
The inflection point was estimated by eye and was taken 
to correspond to 50% ionization. To ensure that the 
values of E A -  on the arm of the titration curve corre- 
sponded to values greater than 99% ionization, only values 
of E,- in solutions of H- at least three units greater than 
H- at half-ionization were used. (Plots of log Zvs. m o l z  
DMSO for the aminopyridines and pyrimidines rose less 

partially ionized. 
When using DMSO-water solutions &HA may be 

directly determined in each solution by injecting avolume 
of water equal to the volume of base into the cell, or by 
omitting the injection of extra water altogether with an  
appropriate correction in E,, due to the changed con- 
centration. In practice, however, values of &HA were 
smoothed out by plotting against H - .  The ionization 
ratio I was then calculated for each solution using the 
equation Z = [A-]/[HA] = E - - E, where E is 
the measured extinction coefficient at  ha-, and &HA and 
E, - are the corrected extinction coefficients at  this wave- 
length of the neutral and anionic species, respectively. 

Acidity function studies often make use of ionization 
ratio data and we have deposited such data for the com- 
pounds described herein with the Depository of Un- 
published Data,2 together with sundry observations of 
the spectral changes that accompany ionization. 

Results 
The compounds studied in this work did not 

obey H - ,  the acidity function derived using 
anilines and diphenylamines (2a). Although 
plots of log I of the indicators against H- were 
invariably linear, the slopes were usually less 
than unity. The pKHA of a given indicator may 
be arrived at without the construction of an 
appropriate acidity function by using two 
extrapolative procedures : the Bunnett-Olsen 
method (21) (the B.O. method) and the Mar- 
ziano-Cimino-Passerini method (22) (the M.C.P. 
method). Both of these methods, originally 
derived for acid systems, have been adapted to 
basic DMSO-water systems by Cox et al. (23). 

It was observed that, for most of the com- 
pounds studied in this work, log I varies linearly 
with mo lz  DMSO. (This data is also deposited 
with the Depository of Unpublished Data.2) 
Non-linear plots were observed only for indi- 
cators ionizing at high mol% DMSO. These 
observations suggest that log I values of the 
indicators are linear functions of one another as 
the DMSO content is varied. 

The equations used to calculate pKHA by the 
B.0 ,  method is [I], and that used in the M.C.P. 
method is [2]. 

2Complete set of tabular data is available, at  a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada K I A  0S2. 
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TABLE 2. Acidity constants' determined by the B.O. and M.C.P. methods 

B.O. method M.C.P. method 

Correlation PKHA 
Compound f$ PKHA coefficient m* PKHA (average) 

Pyridines 
1 -0.150 23.50 0.992 0.924 23.48 23.5 
2 -0.184 21.74 0.999 0.905 21.88 21.8 
3 +0.010 20.87 0.991 1.037 20.65 20.8 
4 -0.195 16.65 0.999 0.887 16.76 16.7 
5 -0.272 15.69 0.999 0.803 15.84 15.8 
6 -0.062 14.84 0.999 1 .009 14.99 14.9 
7 -0.087 13.75 0.999 1.143 13.87 13.8 
8 -0.156 22.26 0.990 0.927 22.33 22.3 
9 -0.068 15.82 0.999 1 .046 16.08 15.9 

Pyrimidines 
11 -0.353 19.78 0.992 0.885 21.24 20.5 
12 -0.308 18.20 0.999 0.715 18.07 18.1 
13 -0.268 16.61 0.998 0.809 16.77 16.7 
14 -0.179 14.60 0.999 0.881 14.72 14.7 
15 -0.265 18.53 0.996 0.724 18.18 18.4 
16 -0.322 16.34 0.995 0.741 16.45 16.4 
17 -0.328 15.07 0.999 0.760 15.29 15.2 
18 - 0.407 13.33 0.996 0.608 13.36 13.3 

O K , ,  = [H+][ArNH-1/[ArNH21 in standard state, water. 

H- is a suitable acidity function, that determined the B.O. and M.C.P. methods give values in good 
for aromatic amines in the present case, and Kw agreement for all compounds except 11. 
and a,,, are the dissociation constant and ac- Could these acidity constants have been de- 
tivity (23, 24), respectively, of water. termined using the standard acidity function 

approach? If the pyridines and pyrimidines were 
[2] pKw + log [HO-] - log a,,, - log 1 = perfectly behaved indicators with respect to the 

m* log ( fA-,lf,,* f,,-) + pK,, aniline scale H-,  one would simply read off the 
H- value at half-ionization to obtain pK,,. In 

Heref,-* andf,,* are the activity coefficients of fact, the pyridines and pyrimidines give highly 
a reference acid, in this case 2,4,4'-trinitro- linear plots of log I against H-, but the slopes 
diphenylamine. Using [I 1 the quantity H- -log 1 vary between 0.8 and 1.1, most of them being 
is plotted against (H- - pKw - log ["O-I + less than unity. Not surprisingly, in several 
log give P ~ H A  as the and 4 as instances H-  at half-ionization is more than one 
the slope. In analogous fashion r21 gives PKHA as pK unit different from the average values re- 
intercept and m* as slope. The value of pK, at corded in Table 2. 
250C has been taken as 13.996 (23)- There are sufficient data available from the 
contains the values of the acidity constants of present work to enable an acidity function to be 
the aminopyridines and aminopyrimidines de- determined that better reflect the ioniza- 
termined by the B.0. method and the 4 values tion behaviour of pyridines and pyrimidines than 
obtained. does H-,  and such a function is described 

the P ~ H A  values obtained in the accompanying paper ('6). 
by the M.C.P. procedure, the values of log 
(fA-*FHA* fHO-) being taken from the values 
determined by Cox and Stewart (23a). The cor- Discussion 
relation coefficients are remarkably high for most Cox and Stewart (23a) have proposed that a 
of the con~pounds studied. (Correlation coeffi- given set of indicators form an adequate acidity 
cients have little significance in the B.O. treat- function set if their m* values lie within a range 
ment when 4 is small and they have accordingly of ma,* + 0.100. Applying this criterion, the 
not been given in Table 2.) It can be seen that aminopyridines form such a set, ma,* = 0.962 
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f 0.084, if 2-amino-5-nitropyridine, 5, and 2- 
amino-3,5-dinitropyridine, 7, are omitted. The 
2- and 4-aminopyrimidines, with the exception 
of 4-amino-2-chloro-5-nitropyrimidine, 18, form 
another set, ma,* = 0.788 + 0.097. 

The value of ma,* for the mono-aza com- 
pounds, the pyridines, is only slightly less 
than unity, but that for the di-aza com- 
pounds, the pyrimidines, is markedly less. More 
significant, perhaps, is the fact that the tri-aza 
compound, 19, has a m* value of only 0.492 
(Table 2). Clearly, insertion of nitrogen atoms in 
the aromatic ring causes deviations from normal 
behaviour, using H- and aromatic amines as the 
standard for comparison, and it is worthwhile 
speculating upon the reasons for this effect. 

It can be readily shown that a less-than-unit 
value of m* results from activity coefficient 
behaviour in the mixed solvent of the following 
type, 

~ A - * & A *  C~P-IJHP 

where HP and P represent the aza compounds 
and HA* and A* represent the reference com- 
pound and, hence, the entire aniline and di- 
phenylamine series. Such behaviour can be 

FIG. 1. Hammett plot for the acidity of pyridines 
(triangles), pyrimidines (circles), anilines (squares), and 
triazine (half-filled circle). The filled symbols represent 
compounds in which a nitro group is para to the anionic 
centre. In order of decreasing acidity the compounds are 
14, 19, 17, 5, 16, 13, 12, 4-nitroaniline, 15, 11, 2, 8, 1, 
3,4,5-trichloroaniline, 3,5-dichloroaniline, 3,4-dichloro- 
aniline, 3-cyanoaniline, 3-trifluoromethylaniline, and 
3-chloroaniline; the pKH, values of the named com- 
pounds come from ref. 23a. The substituent constants 
come from refs. 27 and 31 The rho value is 5.20 (correla- 
tion coefficient 0.992), neglecting the para nitro com- 
pounds. 

associated with the extent of delocalization of 
charge in the anion of the compounds under- 
going dissociation. Those with small degrees of 
charge delocalization, alcohols and to a lesser 
extent, phenols, will have small values of m* 
(again using anilines as the reference), which 
corresponds to a flat acidity function vs. solvent 
composition curve. (This analysis ignores the 
contribution of changes in the activity coefficient 
of the neutral con~pounds with changing 
medium, a common but not always reliable 
practice (25)) 

Consider the two compounds 4-nitroaniline, 
pK 18.2 (23a), and 4-aminopyrimidine, pK 18.4, 
both of which are measurably ionized in 70 
molz  DMSO containing 0.01 M hydroxide ion. 
The lower value of m* for the latter compound 
(0.724, compared to 0.958 (23a)) suggests that 
there is less formal delocalization of charge in 
the pyrimidine anion X than in the nitrophenyl 
anion Y, despite the presence of two loci for such 
charge dispersal in the former case. 

Previous work indicated that a para nitro sub- 
stituent was extraordinarily proficient at dis- 
persing negative charge in nitrogen and carbon 
anions, as revealed by the requirement for a 
greatly exalted value of o- for this group (26). 
On the other hand, as shown below, the aza 
substituent does not even require the use of the 
o-  constant to correlate acidities, and this sug- 
gests that the aza substituent operates mainly by 
induction, in agreement with the activity coeffi- 
cient argument delineated above. 

Substituent constants for the aza group have 
been determined by Deady and co-workers (27) 
using the basic hydrolysis rates of methyl 
pyridine carboxylates in 85% methanol at 25"C, 
and a p value of 2.26, established for the basic 
hydrolysis of methyl benzoates using the same 
reaction conditions. The values for the aza 
substituent were o,, = 0.75, o,, = 0.65, and 
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o,, = 0.96, in good agreement with the o, 
values obtained previously using data for the 
basic hydrolysis of ethyl benzoates (28). (The 
steric effect of an aza substituent is negligible 
and for this reason the 2-aza group is better 
behaved than are ordinary ortho substituents.) 

The additivity of aza substituent constants has 
been demonstrated by Deady et al. (29) using the 
basic hydrolysis rates of six methyl diazine 
carboxylates in 85% methanol at 10°C. Excel- 
lent correlations were obtained, even when the 
aza groups were adjacent to each other. Such 
additivity is consistent with the results of Chan 
and Miller (30) on the rate of nucleophilic sub- 
stitution of chlorodiazines withp-nitrophenoxide 
ion. 

The acidities of meta and para substituted 
anilines and their aza derivatives (including the 
2-aza substituent) have been correlated with the 
substituents' Hammett o values (31) in Fig. 1. 
An excellent correlation is obtained (correlation 
coefficient 0.992), providedpara nitro substituted 
compounds are neglected. This substituent, of 
course, is able to conjugate directly with the 
negatively charged site, and we have previously 
observed that a greatly exalted value (con- 
siderably larger than o - )  would be required to 
represent its acid-strengthening effect in aro- 
matic amines. The enormous anion-stabilizing 
property of the nitro group that so affects the 
4-nitroaniline equilibrium is very greatly reduced 
in the aza compounds. Indeed, in 2-amina-5- 
nitropyrimidine, 14, the deviation in the Ham- 
mett plot is so modest that were o- to be used 
for the nitro group para to the amino group the 
conjugative effect would be overcompensated 
for. 

It  is interesting to note that the aza group, to 
which the nitro group is sometimes compared 
(32, 33), shows no such tendency. That is, the 
effect of an additional aza group is essentially 
unaffected by the number of aza groups already 
present in the molecule. Substituting a single 
nitro group at the 4-position of aniline has a 
much greater acid-strengthening effect than does 
the substitution of an aza group at this position 
(pKHA = 18.2 for Cnitroaniline (23a) and 22.3 
for 4-azaaniline, 8). Indeed, two aza groups are 

required to roughly equal the effect of one nitro 
group; the pKHA of 2,4-diazaaniline, 15, is 18.4. 
However, addition of a third aza group produces 
a slightly greater increase in acidity than does the 
addition of a second nitro group, 3.5 pK units 
compared to --3 for the nitro compounds (2b). 
This effect is reminiscent of the differing effects 
of nitro and cyano groups on the acidities of 
alkanes (26a, 34). 

Included in Fig. 1 are all substituted anilines 
for which data is available, except Ccyano- 
aniline. The cyano group is in direct conjugation 
with the anionic site and it has been omitted, 
although its degree of deviation is not par- 
ticularly great. 

The plot in Fig. 1, covering some I1 pK 
units, extrapolates to a value of 27.8, in reason- 
able agreement with the value of 27.3 previously 
estimated for the pKHA of aniline ( 2 ~ ) . ~  The slope 
of the line, 5.20, is somewhat larger than the p 
value for diphenylamines, 4.07 (2a). This result 
is not unexpected, since in the latter case two 
rings are involved in charge dispersal. 

The fact that an excellent linear correlation 
between pK and o is obtained over a range of 
some 11 pK units using compounds with mul- 
tiple substituents shows-not only that substituent 
effects in these systems are additive, but also that 
the aza group transmits effects through the ring 
to essentially the same extent as does trigonal 
carbon. That is, benzene and heterocyclic nuclei 
are similar in their ability to transmit electronic 
effects. 
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Amino group acidity in nucleotide bases1 
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Ross STEWART and MADELEINE G. HARRIS. Can. J. Chem. 55,3807 (1977). 
The acidities (standard state, water) of the amino groups in 17 N-alkylated derivatives of 

adenine, guanine, cytosine, and isocytosine have been determined in aqueous DMSO con- 
taining base. Adenine methylated at the 9-position is a weaker acid than its 7-methylated 
isomer by 2.0 pK units and this difference is explained in terms of the known stabilities of the 
parent tautomers. A similar situation exists with 1- and 3-methylcytosine (ApK = 3.3). The 
position of alkylation of the isocytosine and guanine systems has a small or negligible effect on 
acidity, again consistent with known tautomeric effects. A modified ribosyl group attached to 
the 1-position of cytosine has an acid-strengthening effect of 1.9 units, relative to methyl. Of 
the amino groups involved in nucleotide base-pairing, that in the methyl derivative of guanine 
has the highest acidity, pKHA = 14.6; those in the cytosine and adenine derivatives have 
identical acidities, 16.7. An acidity function for purines and pyrimidines is reported for aqueous 
DMSO containing 0.011 M tetramethylammonium hydroxide (H-P). 

Ross STEWART et MADELEINE G. HARRIS. Can. J. Chem. 55,3807 (1977). 
On determine les aciditis (l'etat fondamental, I'eau) du groupe amink de 17 derives N- 

alkyles de l'adenine, guanine, cytosine et isocytosine dans une solution aqueuse de DMSO 
contenant une base. L'adCnine methylee en position 9 est un acide plus faible que son isomere 
methyl6 en position 7 par 2.0 unites de pK. Cette difference est expliquke en termes de stabilites 
connues pour les tautomeres parents. Une situation analogue existe dans le cas de la methyl-1 
et methyl-3 cytosine (ApK = 3.3). La position du groupe alkyle dans l'isocytosine et la 
guanine, a peu ou tres peu d'effet sur I'acidite et compatible avec les effets tautomeres connus. 
Un groupe ribosyle modifiC, fix6 a la position 1 de la cytosine a un effet qui renforce I'acidit6 de 
1.9 unites par rapport au methyle. De tous les groupes aminks impliques dans I'appariement 
d'une nucleotide avec une base, c'est le derive methyl6 de la guanine qui posstde la plus grande 
acidit6 pKHA = 14.6; pour les derives de la cytosine et adenine, ceux-ci ont des aciditks iden- 
tiques de 16.7. On decrit une fonction d'aciditi pour les purines et pyrimidines dans une solu- 
tion aqueuse de DMSO contenant 0.011 M d'hydroxyde de tCtramethylammonium (H-'). 

[Traduit par le journal] 

Introduction N H 2  o NH2 R 
In the accompanying paper we examined the 

acidity of the amino group in some substituted 
aza-benzenes : pyridines, pyrimidines, and s- 

t~~ t~~ {I?+? f $ ~  
I I I I NH2 

triazine (1). Herein we extend the work to H H H H 

another important group of heterocyclic corn- 1 2 3 4 
pounds, the nucleotide bases. The amino groups 
in such compounds are involved in the base- 
pairing interaction that is responsible for the 
replicating ability of nucleic acids and, indeed, 
the acidity of the amino hydrogens is believed to 
determine to a considerable extent the strength 
of the base-pairing interaction (2). 

Of the four main nucleotide bases, cytosine 1, 
uracil 2, adenine 3, and guanine 4, only uracil 
does not possess an amino group, and hence it is 
not included in this study. 

The other three compounds all have one or 

more acidic centres in addition to the amino 
group and to avoid interfering with the measure- 
ment of the latter's acidity the other centres have 
been alkylated. This has the further advantage of 
increasing the resemblance to the naturally 
occurring nucleosides, in which a ribose unit 
replaces the acidic hydrogen at such locations. 

The 18 compounds studied in this work 
include two derivatives of cytosine, three of 
isocytosine 5, eight of adenine, two of guanine, 
one of isoguanine 6, and a cytidine 7. 

'Taken in part from the Ph.D. thesis of Madeleine G. the compounds modest 
Harris, University of British Columbia, Vancouver, B.c. spectral changes Upon deprotonation, generally 
1976. much less than for pyridines and pyrimidines, 
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7, R = trityl 

and special techniques were needed to determine 
their degrees of dissociation.' As before, 
aqueous dimethyl sulfoxide (DMSO) solutions 
containing added hydroxide ion were used to 
produce the basic media required to effect the 
deprotonation of the amino groups. 

Experimental 
Preparation of Compounds 

Compounds 8, 10, 17, 21, and 22 (Table 1) were ob- 
tained from commercial sources and were purified by 
recrystallization. Elemental analyses were performed as 
checks on identity and purity. 

I-Methyl-5-bromocytosine ( 9 )  
Prepared by bromination of 1-methylcytosine fol- 

lowing the method of Doub and Krolls for the methyl 
analog (3). The compound was purified by chroma- 
tography on alumina to give yellow crystals, mp 210- 
211.5"C. Anal. calcd. for C5H6N30Br+H20: C 28.18, 
H 3.28, N 19.73, Br 37.50; found: C 28.25, H 3.30, 
N 19.51, Br 37.33. A complex of this compound has been 
previously reported (4). 

I-Merhylisocytosine (11) 
Prepared by methylation of isocytosine with methyl 

iodide, essentially as described by Brown and Jacobsen 
(5); mp 280°C (dec.) (lit. (5) 283-285°C; (6) 275-280°C). 

3-Methylisocyiosine (12)  
Kindly supplied by D. J. Brown; mp 257-260°C (lit. 

(5) 257-260°C). 
9-Methyladenine (13)  
Prepared from adenine and tetramethylammonium 

hydroxide (7). Sublimation and recrystallization gave 
white crystals, mp 305-306°C (lit. (7) 301-302°C). 
2-Chloro-9-methyladenine (14) 
2,6-Dichloropurine was methylated in DMSO with 

methyl iodide in the presence of potassium carbonate to 
give a mixture of the 7- and 9-methyl isomers (8). Separa- 
tion of the isomers was best effected by chromatography 
over neutral alumina with ethyl acetate as eluant. The 
recrystallized 2,6-dichloro-9-methylpurine thus obtained 
was aminated (9) to give 2-chloro-9-methyladenine. Re- 
crystallization from water gave white crystals which were 
dried in vacuo at 100°C before analysis. The compound 
turns yellow near 270°C but does not melt below 300°C; 
nmr 6 3.70 (s, 3H), 7.68 (m, 2H), 7.97 (s, 1H). Anal. 

'The method of characteristic vector analysis, very 
recently described (40) might also be used to advantage in 
such cases. 

calcd. for C6H6N5CI: C 39.23, H 3.27, N 38.15; found: 
C 39.26, H 3.14, N 38.45. 
2-Chloro-8-methoxy-9-methyladenine (15) 
2,8-Dichloro-9-methyladenine (0.05 g) was dissolved in 

30 ml of warm methanol and a solution of 0.5 g of sodium 
hydroxide in 25 ml methanol added. The solution was 
refluxed for 5 h, then cooled to room temperature, and 
allowed to stand overnight. Recrystallization of the 
granular precipitate from 95% ethanol gave white 
crystals which were dried at 100°C in vacuo for 24 h 
before analysis, mp 27C270.5"C (dec.); nmr 6 3.43 (s), 
4.12 (s), 7.28 (m). Anal. calcd. for C7H,N50CI: C 39.36, 
H3.77,N 32.78; found: C39.57,H 3.90,N 32.96. 
2,8-Dichloro-9-methyladenine (16) 
Uric acid was converted to 2,6,8-trichloropurine (10) 

and then methylated with methyl iodide (1 I). Treatment 
with ethanolic ammonia gave the product (12). White 
crystals, mp 266-268°C (lit. (12) 260-261°C). 

2-Chloro-7-methyladenine (18)  
Theobromine was converted to 2,6-dichloro-7-methyl- 

purine (13) which was selectively aminated to the desired 
product as follows. A saturated solution of ammonia in 
methanol was heated in a sealed tube with 0.9 g of the 
dichloro compound at 90-100°C for 19 h. After work-up 
with base and then acid, followed by recrystallization, 
white needles were obtained; mp 284.5"C (gas evolution) 
(lit. (14,15) 284°C (gas evolution)). Satisfactory elemental 
analyses and nmr spectra were obtained. 
2-Chloro-7-methyl-8-methoxyadenine (19)  
Prepared using Fischer's method (16) from 20. White 

crystals which, upon heating, turn yellow at 227°C and 
melt at 248S°C with gas evolution, nmr 6 3.67 (s, 3H), 
4.12 (s, 3H), 7.03 (m, 2H). Anal. calcd. for C7H8N50CI: 
C 39.36, H 3.77,N 32.78; found: C 39.43, H 3.83, N 32.58. 
2,8-Dichloro-7-methyladenine (20)  
Prepared from theobromine according to the method 

of Fischer (14, 17). White needles which, upon heating, 
turn yellow near 270°C but do not melt below 300°C (17). 
Satisfactory elemental analyses and nmr spectra were 
obtained. 

3,7-Dimethylisoguanine (23)  
Prepared from theobromine, essentially by the method 

of Nikolaeva and Golovchinskaya (18). White needles, 
mp 350°C (dec.) (lit. (18) 360°C). 
2,3-Dihydro-IH-5-oxoimidazo(1,2-c)pyrimidine (24) 

Hydrochloride 
Prepared from uracil by the method of Ueda and Fox 

(19). Does not melt upon heating; a satisfactory elemental 
analysis was obtained. 
2',3'-0-Benzylidene-5'-0-tritylcytidine ( 7 )  
Kindly supplied by R. C. Lord and used without 

further purification. 
Measurements and Treatment of Data 

Spectral measurements were made in DMSO con- 
taining tetramethylammonium hydroxide as previously 
described (1, 20). Most of the nucleotide bases show 
spectra comprising two or more transitions for both the 
un-ionized and ionized forms. For example, the spectrum 
of 20 in the neutral form can be reconstructed with a 
Dupont 310 Curve Resolver using a minimum of five 
Gaussian transitions; the ionized form required three 
such functions. With the exception of 10, 12, 21, and 22 
the un-ionized and ionized spectra, though markedly 
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STEWART AND HARRIS 

TABLE 1. Spectral data for neutral and anionic forms 

Neutral moleculea Anionb 

Compound hmax (nm) log 8 hmax (nm) log 8 

.In 30-55 mol% aqueous DMSO, except where noted. 
OIn 86-96 moly  aqueous DMSO, except where noted. 
cNo absorptio~maximum above 260 nm. 

water at pH 10.0. 
'In 63 m o l z  aqueous DMSO. 

different in shape from each other, overlap to a large 
extent and, because of medium effects on spectra, the 
ionization ratio I cannot be evaluated accurately using 
the approach taken with the pyridines and pyrimidines 
(1). In such cases no one method of correcting for medium 
effects appears to be entirely satisfactory and we have 
found it useful to exploit the spectral peculiarities of the 
individual indicator to calculate I. In one case, 23, the 
spectral change with the medium is about the same as the 
change caused by ionization, too small for any meaningful 
estimate of I to be made. 

Even though the shift in h,,, that accompanies ioniza- 
tion is quite small for most of the compounds under con- 
sideration the areas under the spectral curves of the 
neutral molecule and anion are sufficiently different in 
many cases to allow good estimates of I to be made. 

The values of I so obtained were compared to those 
obtained using several other approaches, including that 
of Katritzky and co-workers (21) which makes use of 
measurements at a single wavelength, and the details are 
given elsewhere (22). With one exception, 8, the values 
obtained by the area method and that of Katritzky and 
co-workers are quite close. Since the change in area that 
accompanies ionization of 8 is quite small the method of 
Katritzky and co-workers was used to calculate I, and 
similarly with 13, 24, 11, and 7, although in the latter 
cases the two methods give similar results. For 10,12,21, 
and 22, the method used previously was employed (1). 

The equation used to calculate the ionization ratio I by 
the area method is [I], which is analogous to the equation 
using extinction coefficients used previously (1). 

Z is the area under the total spectral curve for the mixture 

of A- and HA in any given solvent mixture; P i s  the area 
under the curve for a solution of HA in the same solvent 
mixture in the absence of base; and Q is the area for A- 
determined by extrapolation from data obtained in the 
presence of base and higher concentrations of DMSO, 
the extrapolation being made by plotting area against 
H- (20) and reading off the area for the H-  correspon- 
ding to the solvent mixture. 

A difficulty with the area method (23, 24) arises from 
the fact that usually not all of the spectral transitions 
under consideration lie above 260 nm, the effective cut-off 
wavelength when DMSO is used. There are two alterna- 
tive methods which were felt to be appropriate for 
choosing the wavelength ranges. The first is to use as 
much of the unobscured spectrum as possible by mea- 
suring the area from 260 nm to longer wavelengths. The 
second is to employ the area from the isosbestic point, 
defined by the two curves closest to 50% ionization (25), 
to longer wavelengths. These two methods were investi- 
gated for two representative con~pounds 18 and 20 and 
we have concluded that I does not depend significantly 
on the choice of wavelength cut-off, provided Q and P 
differ significantly (preferably by a factor of 1.5), a con- 
dition that was met by many of the compounds studied. 
For reasons of simplicity of operation we have used the 
260 nm cut-off method. Areas were measured using a 
planimeter. Since the ionization data were to be con- 
verted to pK by an extrapolative procedure it was 
necessary to avoid as much as possible errors at the 
extrema. Accordingly, only log I values between +0.80 
and -0.80 were, in general, used. 

All compounds reacted instantaneously and reversibly 
with base and we have assumed, as before (20), that 
proton loss rather than hydroxide addition takes place. 

The ionization ratio data for the compounds described 
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TABLE 2. Acidity constantsa determined by the B.O. and M.C.P. methods 

B.O. method M.C.P. method 
- PKHA 

Compound 4 pKHA Corr. coeff. m* PKHA (average) 

.KHA = [H+I[ArNH-II[ArNH21 in standard state, w 
bSee also ref. 19. 

herein have been deposited with the Depository of 
Unpublished Data.3 

Results and Discussion 
The pKHA values were calculated from ioniza- 

tion data by the extrapolative procedures of 
Bunnett and Olsen (B.O.) and Marziano, 
Cimino, and Passerini (M.C.P.), as described 
previously (1, 26-28). These values are given in 
Table 2, together with rounded-off averages that 
will be used in subsequent discussion. 

The Cytosine and Isocytosine Systems 
Compounds 8, 10, 11, and 12 are all much 

stronger acids than the aminopyrimidines (I), 
reflecting the considerable acid-strengthening 
effect of the carbonyl group. 

There is an interesting difference between the 
cytosine system, 8 and 10, and the isocytosine 
system, 11 and 12, the latter two compounds 

3Complete set of tabular data is available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 

ater. 

having identical acidities whereas the former 
pair differ by 3.3 pK units. Acid-strengthening or 
acid-weakening effects in organic acids are 
usually rationalized in terms of electronic effects 
in the acid anion. One looks in vain, however, at 
the anionic structures of the four compounds for 
such a rationale. They are all isomeric species 
with apparently very similar charge distribu- 
tions. On the other hand the neutral compounds 
8 and 10 must differ markedly in stability; 
indeed, by an amount equivalent to about 3 pK 
units, provided that the same difference in 
stability exists as for the de-methylated com- 
pounds (29, 30, 31). 

y 4 2  NH2 I 

Katritzky and Waring (30) used a related 
argument based on basicity differences to de- 
termine this quantity. The greater acidity (and 
basicity) of 10 than of 8 is thus due to lower 
stability of the neutral m ~ l e c u l e . ~  

41t is unfortunate that 8 is the one compound studied 
in this work that gives I values that depend significan.tly 
on the method used. The area method gives a pK of 
15.5, which were it correct would mean that the ApK 
between 8 and 10 is 2.1 instead of 3.3. We believe that the 
larger value is the more reliable, partly because the 
ionization data determined using a single wavelength (see 
Experimental) leads to a well-behaved Hammett indicator 
plot (Fig. 2). 
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Are the identical acidities of the isocytosines 
11 and 12 also consistent with the known 
tautomeric constants of the corresponding de- 
methylated species? Yes, for it has been shown 
that isocytosine is a mixture of the two tauto- 
mers, both in aqueous solution and in the solid 
state, where, indeed, a 1 : 1 ratio exists (29, 32, 
33). 

The Adenine and Guanine Systems 
9-Methyladenine 13 is 2.0 pK units weaker 

than the 7-methyl isomer 17 and similar dif- 
ferences, 1.5-2.0 units, exist for the three pairs 
of derivatives 14-16 and 18-20. 

Me 

1 3 , X = Y = H  1 7 , X = Y = H  
14, X  = C1,Y = H 1 8 , X =  C1,Y = H 
15, X  = CI, Y  = M e 0  19, X  = CI, Y  = M e 0  
1 6 , X = Y = C I  2 0 , X  = Y  = CI 

Like the cytosine and isocytosine systems dis- 
cussed earlier the anionic charge distribution is 
much the same in the 9- and 7-methyl series 
except that here the anions of the weaker acids, 
those belonging to the 9-methyl series, have an 
additional contributing structure 13a that is not 
present in the anions of the 7-methyl series. 

Structure 13a has the negative charge on 
carbon and would not be expected to have a 
great effect on the ion's stability. Nonetheless, 
whatever influence it exerts would produce an 
effect in the opposite direction to that observed. 

The difference in acidity of the two series can 
again be traced to the stabilities of the neutral 
molecules. Eastman's estimate for the tauto- 
meric constant favouring the 9- over the 7- 
system in adenine is 16 (34,29) corresponding to 
a difference of 1.2 pK units in the correct 
direction in the acid strengths of the alkylated 
derivatives, assuming there is no difference in the 
stabilities of the anions. 

The guanines 21 and 22 differ in acidity by 
only 0.4 pK units and although precise data for 

the tautomeric constant of the parent compound 
is not available it has been suggested that 
guanine, itself, as we might now expect, exists in 
solution as a mixture of the 9- and 7-tautomeric 
forms, corresponding to the de-methylated forms 
of 21 and 22 (ref. 29, p. 523). 

Me 

21 ( p K  = 14.6) 22 (pK = 15.0) 

Substitution of chlorine at the 2-position in 
the two adenine systems produces an expected 
increase in acid strength, compare 13 and 14, 
and 17 and 18, although the effect is smaller than 
in the pyrimidine series (1). Further chlorine sub- 
stitution at the 8-position, as in 16 and 20, 
produces an additional, but smaller, increase in 
acidity. The smaller effect of the second group 
appears to be a consequence of the resonance 
effect exerted by + R  groups in this position. 
This follows from a consideration of the 2- 
chloro-8-methoxy compounds 15 and 19. The 
effect of a 2-chloro group (largely inductive and 
acid-strengthening) is cancelled by the effect of 
an 8-methoxy group (largely resonance and 
acid-weakening). 

EfSect of an Imidazole Ring 
Fusing a methylated imidazole ring to 4- 

aminopyrimidine produces the adenines 13 and 
17. These are, respectively, 1.7 and 3.7 units 
stronger than the pyrimidine, an effect that can 
be attributed largely to the inductive effect of the 
sp2 nitrogen atom in the five-membered ring. 
On the other hand, fusing a methylated imida- 
zole ring to 3-methylisocytosine produces the 
guanines, 21 and 22, which are 0.3 and 0.7 units 
weaker acids than the isocytosine. Presumably, 
the conjugation of the sp3 nitrogen atom of the 
imidazole ring with the carbonyl group in the 
six-membered ring greatly reduces the latter 
group's acid-strengthening effect with the result 
that the imidazole's net effect becomes one of 
electron donation. 

Ribonucleoside Acidity 
The compounds studied in this work possess 

a methyl group at the position occupied by the 
ribose moiety in ribonucleosides and it is of 
interest to determine the effect of such substitu- 
tion on amino group acidity. Fox and Van Praag 
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used a 5-nitro substituent to increase the acid 
strength of 1-methylcytosine and cytidine so 
that their acidities could be directly compared in 
aqueous solution (35, 36). They found the pK to 
be 10.55 for the 1-methyl compound and 9.12 
for the cytidine, a 1.4 pK unit acid-strengthening 
effect of ribosyl over methyl. It was suggested 
that hydrogen bonding occurs between the un- 
ionized 2'-OH group and the carbonyl group of 
the pyrimidine ring since spectral changes in the 
pyrimidine spectrum accon~panied hydroxyl 
ionization (37). No such shifts were observed in 
2'-deoxyribosyl derivatives where the 2'-OH 
group is replaced by a proton. 

Since we are able to measure the acidities of 
very weak acids we should be able to compare 
the effects of ribosyl and methyl groups in the 
absence of such acid-strengthening groups as 
nitro. Unfortunately, ionization of the hydroxyl 
groups in the ribosyl unit (37) occurs at lower 
basicities than those required to ionize the 
amino group and we have had to block the 
hydroxyl functions for this reason. The cytidine 
7, which has the interfering hydroxyls blocked 
with a benzylidine and a trityl group, has a 
pKHA of 14.8 (half-ionized in 51.0 molz  DMSO), 
considerably lower than the value of 16.7 found 
for 1-methylcytosine 8 (half-ionized in 65.0 
molz  DMSO). 

This increase in acidity of 1.9 pK units is com- 
parable to the 1.4 pK unit increase found by Fox 
et al. (35,37) for the nitro-substituted compound. 
It is significant that 7 does not possess a 2'- 
hydroxyl group and, hence, the increased acidity 
cannot be attributed to the presence of such a 
group. We believe the ribosyl group's acid- 
strengthening effect is a result of the cumulative 
inductive effect of the oxygen atoms in the 
ribosyl group, particularly that in the ring. 

It is difficult to give a very precise estimate of 
the acidity of the amino group in adenosine but 
it will certainly be greater than that of 9- 
methyladenine, whose pK is 16.7. Since the 
ribosyl and amino groups are further away from 
one another than in cytidine the inductive 
effect will be less and one might expect a value 
near 16 for the amino group in adenosine. 

The pertinence of amino group acidity to the 
matter of base-pairing in nucleotide chains was 
alluded to in the Introduction. It is curious that 
the amino groups in 9-methyladenine 13 and 
1-methylcytosine 8 have identical acidities, 
pK = 16.7 (although following the argument in 

the previous paragraph the ribosyl effect will be 
greater in cytidine than in adenosine). The 
amino group in adenine, of course, base-pairs 
with thymine and that in cytosine with guanine 
(Fig. I). Each pair has, in addition, a link that 
does not involve an amino group, and the 
cytosine-guanine pair has a third link through 
guanine's 2-amino group. It is noteworthy that 
the latter appears to be the most acidic of the 
three amino groups under consideration (pKHA 
of 21 is 14.6). Provided amino group acidity in 
the methylated bases is indeed related to hydro- 
gen-bonding ability in the nucleotides, guanine 
can be assumed to have a more effective hydro- 
gen-bonding amino unit than either adenine or 
cytosine. 

An Acidity Function for Purines and Pyrimidines 
The compounds studied in this work and most 

of the pyrimidines and pyridines studied pre- 
viously are not well-behaved Hammett indica- 
tors with respect to the H- scale previously 
developed using aromatic amines (20). In most 
cases the increase in ionization with increasing 

FIG. 1. The base-pairing arrangements in nucleotides, 
R = nucleotide attachment, R' = H. Upper pair: 
thymine-adenine; lower pair: cytosine-guanine. The 
bonds whose acidities have been measured in the un- 
paired molecules with R = R' = methyl are identified: 
pKHA values are a, 16.7; b, 16.7; c, 14.6. 
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DMSO content is smaller than would be ex- 
pected and the probable origins of this effect 
were described previously (1). We have made use 
of the B.O. and M.C.P. extrapolative techniques 
since. when sufficient ionization data is avail- 
able, reliable pK values can be determined re- 
gardless of the adherence or lack thereof to an 
acidity function. The alternative approach to 
pK determination in mixed solvents is to 
attempt to construct an acidity function using 
the compounds in question (38). We have 
sufficient data to construct such a scale to which, 
it turns out, most of the pyrimidines and purines 
adhere satisfactorily. We are reluctant to inflict 
upon the body scientiiic yet another acidity 
function but we feel obliged to do so since it may 
be of use in examining acidities of compounds 
of related structure for which sufficient, ac- 
curate, ionization data have not or cannot be 
obtained to enable the extrapolative techniques 
to be used. In such cases estimating the DMSO 
concentration in which the compound is half 
ionized allows one to calculate a pK, on the 
assunlption that the compound follows the 
acidity function constructed using compounds 
of similar structure. Such an operation is pre- 
ferable to using the B.O. or M.C.P. techniques 
when only a few imprecisely determined values 
of the ionization ratio are available. 

The scale has been anchored in the standard 
state water using 24, whose pK,, has been 
reported to be 12.6 (19). Our potentiometric 
measurements in water at 25°C give a value near 
this, 12.43, and we have used the latter value in 
our calculations. 

H N i  

A plot of log I for 24 against molz  DMSO is 
parallel to those for the slightly weaker acids 
3-nlethylcytosine 10 and 2,s-dichloro-7-methyl- 
adenine 20. An attemDt was made to use 20~ to  
anchor the scale by using a high enough con- 
centration of hydroxide ion to enable the ioniza- 
tion ratio to be determined in water. This could 
be done using 0.1 M tetramethylammonium 
hydroxide. Plots of log I vs. mo lz  DMSO in 
0.1 and 0.01 1 M base are parallel, but, un- 
fortunately, the value of A log I is 1.12, appre- 
ciably larger than the value expected from the 
difference in base concentration (39). 

TABLE 3. Acidity function for 
pyrimidines and purines in the 
system DMSO - H,O - 0.01 1 M 
tetramethylammonium hydroxide 

Mol% DMSO H- p0.b 

'Interpolated and rounded-off values 

(222betermined using indicators of Fig. 2. 
= H -  value is 21.2 (20). 

I 
I 7 1 

I 

10 20 30 40 50 60 70 80 
Mole % DMSO 

FIG. 2. Ionization ratio as a function of solvent com- 
position. From left to right the compounds are 24,10,20, 
18, 11, 12, 4-amino-2,6-dichloropyrimidine (I), 16, 14, 
4-amino-2-chloropyrimidine (I), 2-amino-4,6-dichloro- 
pyrimidine (I), 15, 8, 2-amino-4-chloropyrimidine (I), 
and 4-aminopyrimidine (1). 

Table 3 gives values for aqueous DMSO of the 
scale, designated H - P  where P signifies pyrimi- 
dine or purine. Figure 2 shows the excellent 
parallelism in the ionization plots of the indica- 
tors used to determine the scale. In the case of 
other purines or pyrimidines not used in con- 
structing the scale, deviations between H-' at 
half-ionization and the pK determined by the 
B.O. and M.C.P. methods amounted in two 
cases, 13 and 17, to as much as one pK unit. 
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JOHN L. COLLISTER and Huw 0. PRITCHARD. Can. J. Chem. 55,3815 (1977). 
Thermal explosions of methyl isocyanide have been studied in spherical reaction vessels with 

volumes in the range 300-5000 ml. The normal inverse dependence of the explosion limit on the 
square of the radius appears to hold over limited ranges, e.g. from 30C1000 ml and from 
2000-3000 ml, but the explosion limits at 1000 ml and 2000 ml are characterized by markedly 
different values of the critical parameter 6,. Temperature measurements were made at and near 
the vessel walls, but they do not reveal any abnormalities which could be used to explain these 
results. 

An appendix reports measurements of the thermal conductivities of methyl cyanide and 
methyl isocyanide from 200-350°C 

JOHN L. COLLISTER et Huw 0. PRITCHARD. Can. J. Chem. 55,3815 (1977). 
L'explosion thermique de I'isocyanure de methyle a fait l'objet d'une etude dans differents 

vases reactionnels spheriques de volumes compris entre 300-5000 ml. L'expression de la 
dependance normale inverse de la limite d'explosion sur le rayon au carre semble ktre valable 
au dela des ecarts delimitts, e.g. a partir de 300 a 1000 ml puis de 2000 a 3000 ml, mais les 
limites d'explosion a 1000 ml et 2000 ml sont caractbriskes par nettement differentes valeurs du 
parametre critique 6,. Les mesures de la temphature sont faites a et pres de la paroie du 
recipient, mais celles-ci ne rkvelent pas d'anomalies qui pourraient &tre utilisees pour expliquer 
les resultats. 

Un appendice rapporte les mesures de conductivite thermique du cyanure et isocyanure de 
methyle a partir de 200 jusqu'a 350°C. 

[Traduit par le journal] 

It was suggested some time ago that the ther- 
mal isomerization of methyl isocyanide might be 
a good reaction with which to test the theory of 
explosions (1); principally, the kinetics of the 
isomerization are well understood, and since it is 
not a chain reaction, the usual problems of 
variable inhibition by impurities are absent. We 
have recently made an extensive study of the 
rate of this isomerization over wide ranges of 
both temperature and pressure (2) and we now 
report an attempt to use this reaction to make a 

'Revision received July 27,1977. 

test of thermal explosion theory over a wide 
range of one parameter, the radius of the vessel. 

The experimental technique is simple and well 
known (1-4): methyl isocyanide is admitted to a 
spherical vessel held in a constant temperature 
air bath by momentarily opening an electrically 
operated valve; the temperature at the centre of 
the vessel is monitored using a fine thermo- 
couple, and the pressure using a pressure trans- 
ducer attached to the neck. If the pressure of 
isocyanide admitted is below the critical explo- 
sion pressure, a temperature rise of less than 
40°C is recorded at the centre of the vessel, 
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Results and Discussion whereas above this critical pressure, the tempera- 
ture at the centre rises very markedly, and at 
the same time a peak appears in the pressure 
trace (1): the critical pressure is located by 
trial and error for each bath temperature and 
for each reaction vessel. 

Experimental 
The original aim of this experiment was to establish the 

precision of the scaling law by performing very accurate 
experiments in 500, 1000, and 2000 ml vessels. The 
reaction vessels were enclosed in an air thermostat, 
stirred by a large high-speed fan, and controlled by 
electronic proportionating devices fed with a primary 
signal from a Hewlett-Packard 2802A platinum resistance 
thermometer; the fine control heaters had a thermal time 
constant of less than 1 s, and the platinum resistance 
element was calibrated at the melting point of lead. For 
these three vessels (and also for the 300 ml vessel), both 
the spatial homogeneity and the resettability were of the 
order of +0.l0C. However, in later work, a 5000 ml 
vessel was used, which was rather too large to be properly 
accommodated in the furnace: in this case, the reset- 
tability was still f O.l°C, but the spatial homogeneity was 
no better than rf: O.S0C. 

The electrically operated valve (Leybold-Hereaus 
NWIO) was the same as has been used in previous work 
(1) and was held open for the required length of time by a 
50 V dc square-wave pulse. The forepressure of methyl 
isocyanide was adjusted before each experiment to 
within 0.01 Torr using a Texas Instruments quartz spiral 
gauge: by this technique, and profiting from the fact that 
the methyl isocyanide isomerization is insensitive to both 
impurity and surface effects, it was an easy matter to 
locate the critical explosion pressure with high precision. 
However, it very quickly became apparent that the scal- 
ing law (eq. 1 below) failed disastrously between the 1000 
and 2000 ml vessels and, thereafter, we were content to 
bracket the explosion limit with a critical and a sub- 
critical experiment differing by less than 1% in pressure. 
Thus, the values of PC listed in Table 1 may be regarded as 
being accurate to + 1% or rf: 0.03 Torr, whichever is the 
greater. 

In previous work, it had been thought that convective 
effects, signalled by a discontinuity in the temperature 
rise at the centre of the vessel (I), were important for 
Rayleigh numbers in excess of 400. We chose, therefore, 
to limit our experiments to cases having low Rayleigh 
numbers2 and (with two inadvertent exceptions) the 
Rayleigh numbers for all experiments listed in Table 1 are 
less than 400, accounting for the absence of data for most 
sizes of vessel below either 320 or 300°C. We also im- 
posed a high-temperature limit on these experiments of 
360°C because we did not feel that it was possible to 
extrapolate the reaction rate data accurately in the fall-off 
region (2) beyond this point. 

2A Rayleigh number of 400 does not, of course, cor- 
respond to the complete absence of convection. Ra = 400 
corresponds to a Nusselt number (Nu = 0.3(Ra)li4) of 
about 1.3, and hence about 25% of the heat transport is by 
convection at this limit. 

The results are reduced to non-dimensional 
form in Table 1, using rate constants derived 
from our own measurements (2) and thermal 
conductivities given in the Appendix. The 
explosion limits are characterized by the critical 
value of 6, 6,, where 6 is dimensionless and is 
given by (5) 

E is the activation energy, To is the vessel tem- 
perature, r is the vessel radius, h is the thermal 
conductivity, Q is the (exothermic) heat of 
reaction, P is the pressure, and kUni is the (fallen- 
off) rate constant for that pressure; for a spheri- 
cal vessel, in the absence of diffusion effects, 6, 
should have a value of between about 4 and 4.5 
for this reaction (B - 60 and E - 0.01 in the 
notation of ref. 5), and if anything, because both 
B and E are temperature dependent, there should 
be a slight increase in 6, as To increases (cf. Table 
I1 of ref. 5). 

First, we notice that for a fixed radius, the 
values of 6, are approximately constant, but the 
magnitudes of the variations are disappointingly 
large. If the lack of constancy in  6, for a given r 
were due to errors in the thermal conductivity, 
then each row of 6" in Table 1 should show the 
same trends, which is not the case. Since the 
temperature in each experiment was stable and 
reproducible to within f O.l°C and each critical 
pressure was accurate to within + 1%, we can 
only conclude that the fairly large scatter of 6, 
within one row is inherent in the nature of the 
experiment. Since the reaction is in its fall-off 
region, and is almost second order at the lowest 
values of PC, the value of 6, contains (in effect) a 
power P,Y where y approaches 2; this causes a 
relatively small magnification ratio but, with the 
precision in the temperature and pressure mea- 
surements attained in this work, should present 
no difficulties. 

Second, we notice that in general the values of 
6, appear to be much greater than the predicted 
value of between 4 and 4.5 whereas, previously, 
values near 5 had been found (I): the agreement 
found previously was fortuitous, since it was 
based on an assumed value for Q of 15 kcal 
mol-l;  using the recently determined value of 
Q = 23.7 kcal mol-' (6), together with our new 
thermal-conductivity data, the previous results 
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TABLE 1. Thermal explosion limits for methyl isocyanide as a function of vessel radius and temperature* 

T ("C) 
h (cal (cm "C s)-' x lo5) 

V = 300 PC (Torr) 
k (s-') 
6 ,  

V = 500 PC (Torr) 
k (s-I) 
6,  

V =  1000 PC (Torr) 
k (s-I) 
6,  

V = 1500 PC (Torr) 
k (s-') 
6 ,  

V = 2000 PC (Torr) 
k (s-l) 
6, 

V = 3000 PC (Torr) 
k (s-I) 
6, 

V = 5000 PC (Torr) 
k (s-') 
6,  

*Comparison between nominal and actual volumes: 
Nominal volume (ml) 300 500 1000 1500 2000 3000 5000 
Actual volume (ml) 305 481 1043 1657 1922 3280 5240 
Mean radius (3V/4rc)'13 (cm) 4.18 4.86 6.29 7.34 7.71 9.22 10.78 
tThese two cases have R a  > 400. 

would now correspond to values of 6, = 10.1, 
9.0. and 8.1 at 299, 323, and 351°C respectively. 
We note that there is a discrepancy between 
our values for 6, in the 1000 ml vessel of 11.0 + 
0.4 and the previous ones, obtained in a 1200 
ml vessel (I), which could be accounted for by 
an error in one or other of the temperature or 
pressure calibrations. We have checked very 
extensively both our temperature and pressure 
measurements, and found them to be accurate; 
unfortunately, it is not possible to reconstruct 
the original apparatus (1) to check for calibration 
errors there, so we cannot reconfirm their cor- 
rectness; however, we note that the data in Table 
1 show large changes to  occur in the value of 6, 
between the 1000 and 2000 ml vessels, so that the 
existence of this discrepancy does not necessarily 
imply any error. 

Examining Table 1 in closer detail, we notice 
that the data from the 500 and 1000 ml flasks 
conform well to the scaling law, but the observed 
value of 6, is almost a factor of 3 too large; the 
data from the 300 ml flask also conform, more- 
or-less, to the scaling law. Similarly the data from 

the pair of 2000 and 3000 ml flasks also scale 
reasonably well, and the corresponding value of 
6, is only some 20-50% larger than the theoretical 
value. Thus, it would appear that some kind of 
transition in the scaling behaviour occurs 
between 1000 and 2000 ml, and the earlier data 
(1) from a 1200 ml flask (as recalculated above) 
would actually fit in with the observed trend. 
We hoped to understand this trend better by per- 
forming experiments in another size of vessel 
(V  = 1500 ml), but this vessel yielded a totally 
inconsistent set of 6, values, usually the highest 
of any observed at each temperature in these 
 experiment^.^ Finally, we decided to examine the 
explosion limits in a 5000 ml flask, the largest 

3Although 1.5 ! spherical flasksareno longer commerci- 
ally available, we were able to locate a 1.5 ! flat-bottomed 
flask, which we had blown into a sphere by hand; the 
radius of this flask varies by + 1.5 mm, which is con- 
siderably more variation than is exhibited by the other 
(machine made) flasks; normally, this departure from 
roundness would be of only minor importance, but in 
view of the unexplained nature of the behaviour we have 
found, we note it here. We did not equip this particular 
flask with a thermocouple. 
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our furnace could accommodate, and found yet 
another unexpected result, a value of 6, less than 
the theoretical value, which means that in this 
flask, the explosion takes place more readily 
than can be explained by the thermal theory. It 
is relatively easy to conceive of mechanisms 
which will dampen the explosion but there are 
few effects which could cause the explosion to 
become easier than expected. 

We have carried out the following diagnostic 
tests in order to try to elucidate the cause or 
causes of these failures in the scaling law. 

(i) As before (2) we tested for radical chain 
effects, which were shown to be absent pre- 
viously at smaller volumes (2), by adding 1% of 
propylene to the reactant gas; again, 6, was only 
slightly affected and it seems that this is not the 
problem. 

(ii) Tests were made for spurious admission 
heating effects (7): different neck diameters were 
used, the time the electrically operated value was 
held open (normally 0.2 s) was varied from 0.05 
to 0.4 s, and for the largest vessel (where such 
effects are normally the most prevalent) the 
geometry of the flow was altered; none of these 
tests revealed any spurious heating effects as the 
gas entered the vessels. 

(iii) The temperature-rise profiles at the centre 
of the various vessels were always4 normal in the 
sense that they approached 40°C (1) as the critical 
pressure was approached, and once above the 
critical pressure the induction times became pro- 
gressively shorter the greater the excess pressure. 

(iv) The observation, noted above, that in the 
5000 ml flask the explosion is initiated more 
readily than thermal theory would predict is 
disturbing and so we decided to examine the 
assumption of infinitely rapid heat dissipation at 
the walls. Consequently, we constructed two 
flasks, 500 ml and 5000 ml, with a second thermo- 
couple placed about 0.5 mm away from the wall, 
and compared the behaviour in the two vessels. 
In the subcritical range, we could detect no 
temperature rise near the wall in either vessel. 
However, in explosions whose initial pressures 
were within 2% of PC, there was a significant 
difference in behaviour: in the 500 ml flask, 
temperature rises near the wall were still only of 
the order of 0.3-0.5"C whereas in the 5000 ml 
flask, they were 5-7°C. If the walls can be 
assumed to remain at the furnace temperature 

4Except in the 1500 ml flask, where they were not 
measured. 

throughout, this observation shows no more 
than that once an explosion has occurred, the 
convective cooling is much more rapid in the 
smaller flask where the pressure is higher.' 

Since it is important to know whether there is 
any change in temperature at the walls, we 
vacuum-coated the inside of two flasks (3000 and 
5000 ml) with platinum. Electrical contact was 
established at two points about 10 cm apart such 
that the resistance of the platinum film was about 
15 R, and using this as one arm of a conventional 
resistance bridge, we could detect a change of 
between 0.1 and 0.2"C in the mean wall temper- 
ature. In the 3000 ml vessel, there was no de- 
tectable change in resistance either below or 
above the explosion limit. In the 5000 ml vessel, 
we could not detect any temperature rise in 
subcritical experiments; however, when an 
explosion occurred, there appeared to be a con- 
sistent temperature rise of about 0.25"C at the 
wall, but this is so little in excess of our noise 
level during the explosion that it may not be 
~ignificant.~ Thus, the validity of this assumption 
of constant wall temperature appears to be 
confirmed. 

In summary, we have been unable to  find any 
experimental reason for the surprising variation 
of the critical parameter 6, for this explosion 
from vessel to vessel at constant temperature, or  
for the same vessel at different temperatures; 
these variations far exceed our experimental 
precision. There is one theoretical possibility 
we have not yet examined, however: we have 
used in the calculation of our 6 values the normal 
equilibrium thermal conductivity of methyl 
isocyanide and methyl cyanide. But newly 
formed methyl cyanide molecules are rather far 
from being equilibrium molecules, for although 
their translational temperature will be the same 
as that of the reactant molecules from which 
they were formed, they have in excess of 62 kcal 
mol-' of internal energy: the validity of using 
equilibrium thermal conductivities (for mole- 
cules having about 3 kcal mol-' of internal 
energy) under these conditions needs to  be con- 
sidered. 

5We are indebted to Dr. B. J. Tyler and a referee for 
pointing this out. 

61n these experiments, an opaque platinum film was 
deposited fairly evenly over the spherical part of the 
vessel: since the explosion limit remained unchanged, we 
can also rule out any hypotheses involving radiation 
losses. 
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Appendix 
The thermal conductivities of methyl cyanide 

and methyl isocyanide were measured using the 
hot-wire column technique described by Chen, 
Jody, and Saxena (8, 9). The column used was a 
Pyrex tube 1 m long (2L), 6.061 mm in internal 
diameter (2b) and with a platinum wire of 0.204 
mm in diameter (2a) stretched along the axis: the 
outer wall was water-cooled and maintained at 

12"C, and the experiment consisted of deter- 
mining the electric power dissipation (Q,) re- 
quired to maintain the platinum wire at a series 
of known temperatures (TH); thence the thermal 
conductivity at the wire temperature is (8) 

The method is very simple to use, especially so in 
the region of temperatures of interest in explo- 
sion studies, and of acceptable accuracy (say, 
within 10%) with a minimum of sophistication in 
instrumentation: the apparatus was tested out on 
He, Ar, N,, and CO, and gave results within 
about 5% of the best accepted values; further 
details are available in thesis form (10) and in the 
original publications (8, 9). Table A l  sum- 
marizes the results of these measurements which 
are probably accurate to within f 10%: our 
values are about 30% lower at 300°C than those 
estimated previously (I), and somewhat less 
temperature dependent; slow decomposition of 
methyl isocyanide at 400°C and above to give 
noncondensable gases causes the thermal con- 
ductivity to rise abruptly, so results are quoted 
only up to 350°C. 

Using this technique, the measured thermal 
conductivity values for methyl cyanide are 
indistinguishable from those for methyl iso- 
cyanide, as given in Table Al .  
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Partial tosylation of 1,5-anhydro-~glucito11 
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YBTARO KONDO, KAZUYOSHI YABUUCHI, and SH~GEHIRO HIRANO. Can. J. Chem. 55,  3820 
(1977). 

Dimolar tosylation of 1,5-anhydro-D-glucitol (1) in pyridine yielded the 2,6-di-0-tosylate (6) 
(35%) as the major product, along with the tetra-0-tosylate (2) (I%), the 3,4,6-tri-0- (3) (I%), 
2,4,6-tri-0- (4) (8%), and 2,3,6-tri-0-tosylate (5) (673, and the 3,6-di-0- (7) (4%) and 4,6-di-0- 
tosylate (8) (6%). The order of the relative reactivity of the hydroxyl groups in 1 towards tosyl 
chloride was predicted as 6-OH > 2-OH > 4-OH > 3-OH. 

YBTARO KONDO, KAZUYOSHI YABUUCHI et SHIGEHIRO HIRANO. Can. J. Chem. 55, 3820 
(1977). 

La tosylation dimolaire de l'anhydro-1,s D-glucitol (1) dans la pyridine conduit a un melange 
contenant principalement le di-0-tosylate-2,6 (6) 35%, puis du tetra-0-tosylate (2) I%, du 
tri-0-tosylate-3,4,6 (3) 1%, -2,4,6 (4) 8% et -2,3,6 (5) 6%, du di-0-tosylate-3,6 (7) 4% et -4,6 (8) 
6%. L'ordre relatif de reactivitC des groupements hydroxyles dans 1 vis-A-vis le chlorure de 
tosyle a etC Ctabli comme Btant 6-OH > 2-OH > 4-OH > 3-OH. 

[Traduit par le journal] 

Systematic studies of selective sulfonylation of 
monosaccharides have been reported and the 
orientation of aglycon was found to greatly 
affect the reactivity of the ring hydroxyl groups 
(1-9). Selective sulfonylation of monosac- 
charides having no aglycon has received little 
attention. This communication describes dimolar 
tosylation of 1,5-anhydro-D-glucitol (1). 

3 R1 = H,RZ = R3 = R 4  = TS 
4 R1 = R3 = R4 = Ts, R2 = H 
8 Rl = RZ = H, R3 = R4 z TS 

10 R1 = R3 = R4 = Ts, R2 = AC 
14 R1 = R2 = Ac, R3 = R4 = TS 

(5) (679, and the 2,6-di-0- (6) (3573, 2,4-di-0- 
(7) (4%) and 2,3-di-0-tosylate (8) (6%). Tri-O- 
tosylates 4 and 5 could not be separated by 
column chromatography. 

In order to determine the position of tosyl 
groups in the tri-0-tosylate 3 and a mixture of 
4 and 5, and in the di-0-tosylates 6,7, and 8, the 
respective compound was converted into the 
corresponding mono-0-acetyl-tri-0-tosyl deri- 
vatives 9 and a mixture of 10 and 11, and di-0- 
acetyl-di-0-tosyl derivatives 12, 13, and 14. 
Compound 9 was identical with 2-0-acetyl-1,5- 
anhydro-3,4,6-tri-0-tosyl-D-glucitol which was 
obtained by the sequential acetylation, debenz- 
ylidenation, and pertosylation of 1,5-anhy- 

OH OAC 
Treatment of 1 (10) with 2 mol equiv. of tosyl 

chloride in pyridine gave a mixture which was 
fractionated by column chromatography on 

l7 A H  

silica gel to afford the tetra-0-tosylate 2 (1x1, 
the 3,4,6-tri-0-tosylate (3) (1x1, a mixture of 
the 2,4,6-tri-0- (4) (8%) and 2,3,6-tri-0-tosylate 

HO TsO 
'Presented at the Annual Meeting of the Agricultural 

Chemical Society of Japan, April 1, 1977, Yokohama, 
Japan. 

0 Ac OAc 
9 

SCHEME 1 
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KONDO ET AL. 382 1 

dro-4,6-0-benzylidene-3-0-tosyl-D-glucit (17) 
(Scheme 1). Crystallization of the mixture of 10 
and 11 gave 4-0-acetyl-l,5-anhydro-2,3,6-tri-0- 
t0~yl-D-gl~~it01 (11) which had physical con- 
stants in good agreement with those of the 
authentic sample prepared by successive de- 
benzylidenation followed by preferential tosyla- 
tion at the 6-OH group and acetylation of 1,5- 
anhydro-4,6-0-benzylidene-2,3-di-0-tosyl-D-glu- 
citol (15) (1 1) (Scheme 2). The 'Hmr spectrum 
of 11 showed the methyl proton of the acetoxyl 
group at T 8.22. In the 'Hmr spectrum of the 

I 

OTs OTs 
15 / 

OTs OTs 

OTs OTs 
6 12 

SCHEME 3 

mixture of 10 and 11, the signals of the methyl 
proton of the acetoxyl group appeared at .r 8.22 
and 8.30 with relative proton intensities of 4:3. 
Therefore, the resonance at T 8.30 was assigned 
to the acetyl-methyl proton signal of 3-0-acetyl- 
1 ,5-anhydro-2,4,6-tri-0-tosyl-D-glucitol (10). This 
indicates the ratio of 10 to 11 in the mixture to 
be 4:3. 

The structures of 12 and 13 were determined 

as 3,4-di-0-acetyl-1,5-anhydro-2,6-di-0-tosyl-D- 
glucitol and 2,4-di-0-acetyl-l,5-anhydro-3,6-di- 
O- t~Sy l -D-g l~~ i t~ l  by comparison of their phy- 
sical properties with those of the authentic 
samples prepared from 1,5-anhydro-4,6-0-ben- 
zylidene-2-0-tosyl-D-glucitol (16) (12) and 1,5- 
anhydro-4,6-0 -benzylidene-3-0-tosyl-D -glucitol 
(17), respectively, by sequential acetylation, 
debenzylidenation, 6-0-tosylation, and acetyla- 
tion (Schemes 3 and 4). Accordingly, the 
remaining compoui~d 14 must be the structure 
of 2,3-di-0-acetyl-l,5-anhydro-4,6-di-0-tosyl-D- 
glucitol. 

In the dimolar tosylation of 1, the preponder- 
ance of the 2,4,6-tri-0-tosylate 4 over 3 and 5 
and that of the 2,6-di-0-tosylate 6 over 7 and 8 
shows that the order of the relative reactivity of 
the hydroxyl groups in 1 is 6-OH > 2-OH > 
4-OH > 3-OH. 

In the sulfonylation of methyl a-~-glucopy- 
ranoside (5, 8) and methyl a-D-xylopyranoside 
(6), the relative reactivity order of the secondary 
hydroxyl groups was reported as 2-OH > 4-OH 
> 3-OH. The finding that the 2-OH groups 
are the most reactive of the ring hydroxyl 
groups is in agreement with the results of 
selective benzoylatioi~ (3, 9) of these compounds. 
Intramolecular hydrogen bonding between the 
2-OH group and the glucosidic oxygen atom at 
C-1 has been invoked to rationalize the en- 
hanced reactivity of the 2-OH group (3). In the 
sulfonylation of methyl p-D-glucopyranoside (5) 
and methyl 6-deoxy-P-D-glucopyranoside (7), the 
4-OH groups are the most reactive of the 
secondary hydroxyl groups. The relative re- 
activity to sulfonylation of methyl p-D-xylopy- 
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ranoside (6) was in the order 4-OH > 3-OH > 
2-OH. It is of interest to note that the 4-OH 
groups are the most reactive to sulfonylation of 
methyl P-D-glucopyranoside and methyl 6- 
deoxy-P-D-glucopyranoside since the 4-OH group 
in the latter is the least reactive to benzoylation 
(4). The lowest reactivity of the 4-OH group 
towards benzoyl chloride was interpreted (3, 4) 
as steric hindrance with the 5-benzoyloxymethyl 
(or 5-methyl) group. On the other hand, the 
greater reactivity to sulfonylation of the 4-OH 
group compared with the 3-OH group in methyl 
a- and P-D-glucopyranosides, methyl 6-deoxy- 
P-D-glucopyranoside, and 1 may be explained 
by the inductive effect (7) of the 5-tosyloxy- 
methyl (or 5-methyl) group (sulfonylation at the 
primary hydroxyl group being assumed to occur 
first) or a hydrophobic interaction between the 
5-tosyloxymethyl (or 5-methyl) group and the 
methylphenyl group of the incoming sulfonyl 
reagent. However, it is shown (7) that the 
tosyloxy group in the sugar ring has no sub- 
stantial accelerating effect on the neighboring 
hydroxyl groups; the rate of tosylation is 
decelerated. It is noteworthy that the 4-OH 
group in methyl P-D-xylopyranoside and the 
2-OH group in 1 are the most reactive of the 
secondary hydroxyl groups. The 2-OH group 
in 1 cannot take part in hydrogen bonding. This 
indicates that deoxygenation has an activating 
effect on a neighboring hydroxyl group. 

From the results reported for sulfonylation of 
methyl a- and P-D-glucopyranosides and methyl 
6-deoxy-P-D-glucopyranoside, it is clear that 
intramolecular hydrogen bonding is rather more 
important than the electronic effects to account 
for the difference in the reactivity of the secon- 
dary hydroxyl groups. The order of the reactivity 
of methyl a- and P-D-xylopyranosides to sul- 
fonylation suggest that an accelerating effect of 
hydrogen bonding on the rate of sulfonylation is 
stronger than the stereochemical effect caused 
by the introduction of the deoxy group into C-5. 
The result in the present study on the sulfonyla- 
tion of 1 indicates that this stereochemical factor 
is more important than the electronic effects. 

Accordingly, the above argument suggests 
that the order of the factors governing the 
relative reactivity of the secondary hydroxyl 
groups to sulfonylation is intramolecular hy- 
drogen bonding > stereochemical factors 
(whether or not hydroxyl groups are adjacent to 

deoxy groups, -CH,-) > electronic effects. 
From this order it may be possible to predict 
the order of the relative reactivity of the secon- 
dary hydroxyl groups in methyl glycopyrano- 
sides with gluco- and xylo-configurations. 

Experimental 
Melting points were determined on a Yanagimoto 

micro hot-stage apparatus and are uncorrected. Optical 
rotations were measured with a Yanagimoto OR-50 
polarimeter and 'Hmr spectra were recorded on a 
Hitachi R-24 60 MHz instrument using chloroform-d 
with tetramethylsilane as an internal standard. 

Dimolar Tosylation of l,5-Anhydro-D-glucitol (1 )  
Tosyl chloride (2.555 g, 2.2 mol equiv.) was added 

portionwise to a solution of 1,5-anhydro-D-glucitol (10) 
(1, 1 g) in anhydrous pyridine (20ml) at 0°C. The 
solution was kept at O°C for 24 h and stirred at 5'C for 
48 h, and then extracted with chloroform. The extract 
was washed with dilute sulfuric acid, saturated sodium 
bicarbonate, and water, and dried over Na2S04. The 
residual syrup after evaporation of the solvent was 
subjected to a silica gel column (70-230 mesh, Merck). 
Elution with benzene-acetone (9:l (v/v)) gave 1,5- 
anhydro-2,3,4,6-tetra-0-tosyl-D-glucitol (2, 34 mg, 0.7%), 
which was crystallized from chloroform, mp 212-213"C, 
[aIDl6 - 1.8" (c 4.4 in pyridine). Anal. calcd. for 
C34H36013S4: C 52.29, H 4.66, S 16.42; found: C 52.1 1, 
H 4.38, S 16.13. 

Benzene-acetone (4: 1 (v/v)) eluted a mixture (541 mg, 
14.1%) of 1,5-anhydro-2,4,6-tri-0-tosyl-D-glucitol (4) and 
1,5-anhydro-2,3,6-tri-0-tosyl-D-glucitol (S), and 1,5- 
anhydro-3,4,6-tri-0-tosyl-D-glucitol (3, 32 mg, 0.8%). 
Benzene-acetone (2: 1 (v/v)) eluted 1,5-anhydro-3,6-di- 
0-tosyl-D-glucitol (7, 124 mg, 3.6%). Benzene-acetone 
(1 : 1 (v/v)) eluted 1,5-anhydro-2,6-di-0-tosyl-D-glucitol 
(6, 1.168 g, 34.5%) and 1,5-anhydro-4,6-di-0-tosyl-D-glu- 
citol (8, 197 mg, 5.8%). The above syrupy tosylates could 
not be crystallized. 

1,5-Anhydro-4,6-0-benzylidene-D-glucitol 2-0-Tosylate 
(16) and 3-0-Tosylate (17) 

1,5-Anhydro-4,6-0-benzylidene-D-glucitol (11) (965 
mg) was partially tosylated with tosyl chloride (869 mg, 
1.2 mol equiv.) in pyridine (8 ml) according to the 
method of Newth (12). Usual work-up afforded the 
crystalline residue which was chromatographed on silicic 
acid (100 mesh, Mallinkrodt) and eluted with benzene - 
ethyl acetate (9:l (v/v)) to give 1,5-anhydro-4,6-0- 
benzylidene-2,3-di-0-tosyl-D-glucitol (15, 202 mg, 9.473, 
mp 193-195"C, [ct]DZ2 - 40.8' (c 1.0 in chloroform) (lit. 
(11) mp 185-189"C, [aIDz0 - 48.5" (c 1.5 in chloroform)); 
1Hmrdata~4.78(s.1H,+CH),5.16(t,1H,J2,3 = J3,4= 
8.5 Hz, H-3), 7.58, 7.78 (2s, 6H, CH3+). Elution with 
benzene - ethyl acetate (4: 1 (v/v)) gave 1,5-anhydro-4,6- 
0-benzylidene-2-0-tosyl-D-glucitol (16, 637 mg, 41.0%), 
mp 177-178"C, [aIDz4 - 15.8" (c 1.4 in chloroform) (lit. 
(12) mp 174-175°C); lHmr data T 4.52 (s, lH,  +CH), 
7.23 (b s, lH,  OH exchanges in D20), 7.53 (s, 3H, CH3+). 
Elution with benzene - ethyl acetate (2: 1 (v/v)) gave 
1,5-anhydro-4,6-0-benzylidene-3-O-tosyl-~-glucitol (17, 
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106 mg, 6.8%), mp 145-146"C, [ct]DZ2 - 42.3O (c 0.7 in 
chloroform); 'Hmr data T 4.45 (s, IH, +CH), 6.53 (b s, 
lH,  OH exchanges in D20), 7.61 (s, 3H, CH3+). Anal. 
calcd. for C20H2207S: C 59.10, H 5.46; found: C 58.71, 
H 5.48. Finally the starting material (247 mg, 25.6%) was 
eluted with ethyl acetate. 

Procedure A 
Acetic anhydride (1 ml) was added to a solution of 

compound 3 (31 mg) in pyridine (1 ml) and the mixture 
was stirred overnight at room temperature. The reaction 
mixture was extracted with chloroform and the extract 
was washed with water. The residual syrup after evapora- 
tion of the solvent was crystallized from ethanol to give 
the title compound (33mg, 96.7%), mp 181-182"C, 
[ ~ c ] ~ ~ "  + 27.0' (C 0.2 in chloroform); 'Hmr data T 7.59 
(s, 9H, CH3+), 8.18 (s, 3H, CH3CO). Anal. calcd. for 
C29H32012S3: C 52.08, H 4.83, S 14.38; found: C 52.38, 
H 4.74, S 14.42. 

Procedure B 
1,5-Anhydro-4,6-0-benzylidene-3-O-tosyl-~-glucitol 

(17, 115 mg) was acetylated with acetic anhydride (1 ml) 
in pyridine (2 ml) in the usual way. The reaction mixture 
was extracted with chloroform, and the extract was 
washed with water, dried over NaZSO4, and concen- 
trated. The residual syrup was dissolved in acetic acid - 
water (4:l (v/v), 5 ml), and the solution was heated at 
80°C for 1 h, and repeatedly evaporated after addition of 
water to afford a syrup. The debenzylidenated product 
was treated with tosyl chloride (650mg) in pyridine 
(2 ml) at 40°C for 4 days. The reaction mixture was 
worked-up in the usual way and the resulting residue was 
recrystallized from ethanol to yield compound 3 (1 13 mg, 
59.2 %) which was identical with the substance prepared 
by procedure A. 

4-O-Acetyl-1,.5-anhydro-2,3,6-tri-O-tosyl-~-glucitol (11) 
Procedure A 
Acetylation of a mixture of 4 and 5 (540 mg) with 

acetic anhydride (3 ml) in pyridine (3 ml) in the usual way, 
followed by normal work-up, gave a syrup (522mg, 
90.6%) which on crystallization from ethanol yielded the 
title compound (200 mg, 34.773, mp 132-134"C, [aIDz0 + 
3.1" (c 1.0 in chloroform); ir data v,,, (KBr) 3450 cm-' 
(hydrate); 'Hmr data 7 7.55 (s, 9H, CH3+), 8.22 (s, 3H, 
CH3CO). Anal. calcd. for C29H32012S3~HZO: C 50.71, 
H 5.00, S 14.00; found: C 50.58, H 4.93, S 13.88. 

Procedure B 
A solution of 1,5-anhydro-4,6-0-benzylidene-2,3-di-0- 

tosyl-D-glucitol (15, 100 mg) in acetic acid - water (4: 1 
(v/v), 3 ml) was heated at 80°C for 1 h. The residual syrup 
after evaporation was treated with tosyl chloride (33 mg, 
1 mol equiv.) in pyridine (2 ml) at 0°C. The mixture was 
stirred at the same temperature for 1 h, at room tem- 
perature for 1 h, and then at 40°C for 1.5 h. Acetic 
anhydride (1 ml) was added to the solution which was 
stirred overnight. The reaction mixture was extracted 
and purified as described above to give a syrup. Crystal- 
lization from ethanol yielded compound 11 (95 mg, 79.0%) 
which was identical with the substance prepared by 
procedure A.  

3,4-Di-O-acetyl-1,5-anhydro-2,6-di-O-tosyl-~-gluc~tol(12) 
Procedure A 
Compound 6 (900 mg) was treated with acetic anhy- 

dride (5 ml) in pyridine (6 ml) overnight. Usual work-up 
followed by crystallization from ethanol gave the title 
compound (942mg, 89.0%), mp 149-150"C, [a],20 
+68.3" (c 1.4 in chloroform); 'Hmr data T 7.57 (s, 6H, 
CH3+), 8.08, 8.27 (2s, 6H, CH3CO). Anal. calcd. for 
C24H28011S2: C 51.78, H 5.08, S 11.52; found: C 51.91, 
H 4.93, S 11.30. 

Procedure B 
1,5-Anhydro-4,6-0-benzylidene-2-O-tosyl-~-glucitol 

(16, 343 mg) was debenzylidenated with acetic acid - 
water (4 : 1 (v/v), 15 ml) in the usual way. The resulting 
syrup was tosylated with tosyl chloride (155 mg, 1 mol 
equiv.), and the reaction mixture was extracted with 
chloroform and the extract was washed with water, and 
dried over Na2S04. Evaporation and acetylation with 
acetic anhydride (2 ml) in pyridine (3 ml) afforded com- 
pound 12 (305 mg, 59.8%) which was identical with the 
substance prepared by procedure A. 

2,4-Di-O-acetyl-l,5-anhydro-3,6-di-O-tosyl-~-glucitol(13) 
Procedure A 
Acetylation of compound 7 (95 mg) with acetic 

anhydride (2 ml) in pyridine (2 ml) gave the title com- 
pound (109 mg, 97.373, mp 167-168"C, [ c ( ] ~ ~ ~  + 38.8' 
(c 1.1. in chloroform); 'Hmr data 7 7.58 (s, 6H, CH3+), 
8.06, 8.15 (2s, 6H, CH3CO). Anal. calcd. for CZ4HZs- 
OllSZ: C 51.78, H 5.08, S 11.52; found: C 51.89, H 5.04, 
S 11.61. 

Procedure B 
1,5-Anhydro-4,6-0-benzylidene-3-O-tosyl-~-glucitol 

(17, 93 mg) was debenzylidenated with acetic acid- 
water (4: 1 (v/v), 4 ml) and treated with tosyl chloride 
(44 mg, 1 mol equiv.) in pyridine (2 ml) at 0°C. The 
solution was stirred at 0°C for 1 h and at room tem- 
perature for 4 h, extracted with chloroform, and the 
extract was concentrated. The residual syrup was treated 
with acetic anhydride (1 ml) in pyridine (2 ml) to give 
compound 13 (90 mg, 65.0%) which was identical with 
the substance prepared by procedure A. 

2,3-Di-O-acetyl-1,5-anhydro-4,6-di-O-tosyl-~-glucitol(14) 
Compound 8 (196 mg) was treated with acetic anhy- 

dride (2 ml) in pyridine (2 ml) overnight. The reaction 
mixture was worked-up in the usual way to yield the title 
con~pound (219 mg, 94.8%) as a syrup which could not 
be crystallized, + 20.2" (c 1.0 in chloroform); ir 
data v,,,(film) 3500 cm-' (hydrate); 'Hmr data 7 7.60 
(s, 6H, CH3+), 8.08, 8.12 (2s, 6H, CH3CO). Anal. calcd. 
for C24H2s011S2~2H20: C 48.63, H 5.45, S 10.82; 
found: C 48.52, H 5.21, S 10.45. 
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Polyol-Water interactions. Apparent molal heat capacities and 
volumes of aqueous polyol solutions 

GIUSEPPA DIPAOLA~ AND BERNARD BELLEAU~ 
Department of Chemistry, McGill University, Montreal, P.Q., Canada H2A 2K6 

Received April 28, 1977 

GIUSEPPA DIPAOLA and BERNARD BELLEAU. Can. J. Chem. 55,3825 (1977). 
Volumetric specific heats (25°C) and densities (24°C) were measured with a flow micro- 

calorimeter and flow densimeter for 12 polyols in water (0.05 to 2 m), and for NaCl and 
n-Bu,NBr in 1 m aqueous alditol solutions. The infinite dilution properties (+,O and +,O) of the 
polyols show specificities in polyol-water interactions which are discussed in terms of the com- 
patibility of the polyol stereochemistry and the existing water environment. The derived heat 
capacities and volumes of transfer of hydrophobic and hydrophilic probes to aqueous solutions 
of homologous polyols suggest that structural interactions are reduced in these systems as com- 
pared to pure water. 

GIUSEPPA DIPAOLA et BERNARD BELLEAU. Can. J. Chem. 55,3825 (1977). 
On mesure les chaleurs sptcifiques volumttriques (25°C) et densitts (24°C) a l'aide d'un 

microcalorimttre et densimttre dynamiques de 12 polyols dans l'eau (0.05 2 m), et du NaCl et 
n-Bu4Br dans des solutions aqueuses d'alditol 1 M. Les proprittts de dilution infinie (+,O et 
+,O) des polyols demontrent des sptcificitts pour les interactions polyol-eau qui sont inter- 
prtttes en termes de compatibilitt sttrtochimique du polyol et de I'environnement aqueux 
existant. Les capacitts calorifiques et volumiques dtrivtes du transfert de sondes hydropho- 
biques et hydrophiliques aux solutions aqueuses des polyols homologues suggtrent que les 
interactions structurales sont rtduites dans ces systtmes en comparaison avec l'eau pure. 

[Traduit par le journal] 

In a previous publication (1) we reported re- 
sults of a study of apparent molal volumes and 
heat capacities of various 'structural' probes in 
aqueous glycerol solutions. We now wish to de- 
scribe the results of similar studies for the case of 
alditols and related polyols in aqueous solution 
(2) in order to determine whether there exists a 
correlation between polyol-water interactions 
and the stabilizing effects of polyols on biolog- 
ical systems (1). 

Thermodynamical studies giving information 
on the infinite dilution properties of hydrophilic 
solutes have been limited mainly to some mea- 
surements of heats of solution (3-5). Recently, 
standard apparent molal heat capacities were ob- 
tained for a number of low molecular weight 
alcohols and polyols (6). A number of volum- 
etric studies of solutions of monosaccharides 
have also been reported (4, 6, 7). 

lHolder of a Centennial Predoctoral Scholarship of the 
National Research Council of Canada; present address: 
Department of Chemistry, University of Toronto, 
Toronto, Ontario, Canada M5S 1Al. 

2Author to whom correspondence may be addressed. 

Experimental 
Heat capacities were measured with a flow micro- 

calorimeter capable of detecting differences between the 
volumetric specific heat of a solution and that of a ref- 
erence solvent to + 3 x low5 J K-' ~ m - ~ .  Densities 
were determined with a flow digital densimeter sensitive 
to k 3  x g ~ m - ~ .  Details of the experimental pro- 
cedure have been published previously (1). Apparent 
molal quantities (+,, 4,) were calculated in the usual 
way (1). 

Reagent grade polyhydric alcohols were used without 
further purification: glycerol (Fisher Certified Spec- 
tranalyzed); ethylene glycol and 1,2-propanediol (Mathe- 
son, Coleman and Bell, Chromatoquality); 1,3-propane- 
diol (Eastman Kodak Reagents); D-arabitol, D-xylitol, 
ribitol (Nutritional Biochenlicals); D-mannitol, D-sorb- 
itol, myo-inositol, sucrose (Fisher Certified Reagents); 
and meso-erythritol (Aldrich). 

Results 
Binary Systems 

Relative densities (24°C) and volumetric heat 
capacities were measured for several alditols and 
other related polyhydroxy compounds in water 
in the concentration range of 0.05 to 2 me3 

3Complete sets of tabular data for do/d, G / G ~ ,  I$", and 
4, are available, at a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council 
of Canada, Ottawa, Ont., Canada KIA 0S2. 
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FIG. 1. Concentration dependence of the apparent molal quantities of the alditols [CHZOH- 
(CHOH),CHzOH] in water: (a) ethylene glycol; (b) glycerol; (c)  meso-erythritol; (d )  D-xylitol; (e)  
D-arabitol; (f) ribitol; (g) D-sorbitol; ( h )  D-mannitol. ( A )  +, at 25'C. (B)  4, at 24'C. This temperature 
was selected because of the experimental set-up. The error introduced by taking the density ratios at 
24 rather than 25°C is vanishingly small. 

The derived 4, and +, values for the alditols 
exhibit a linear concentration dependence (Fig. 
1). These results were fitted by linear regression 
analysis to equations of the form 

where m represents the molal concentration of 
the polyol, and +, represents the appropriate 
apparent molal quantity. The resulting excess 
coefficients (B,, B,) are collected in Table 1, 
which also includes the limiting apparent molal 
quantities (42, 4:) for the 12 polyols studied. 
The estimated uncertainties on 4: and $2 are 
k0.1 cm3 mol-I and +(I-2) J K-I mol-l. For 
most of the excess coefficients, only the magni- 
tude is significant, owing to the limited number 
of data points (5-9 points were obtained in 
duplicate in the concentration range quoted for 
each polyol). A comparison of $2 and +: data 
with earlier results (from the literature) shows 
excellent agreement for those few cases where 

such measurements have been previously under- 
taken (Table 1). 

The present results reveal several interesting 
features. 

( I )  The replacement of a hydrogen atom 
(C-H) by an -OH group (for example, com- 
pare 1,3-propanediol and glycerol results) 
sharply reduces the apparent molal heat capa- 
city, but only slightly affects the volume. This is 
in agreement with the results of Jolicoeur and 
Lacroix (6) and Franks et al. (4, 8). 

(2) The limiting thermodynamic properties 
show significant differences between stereoisom- 
eric molecules. For example, the $2 and 4: 
values for sorbitol are 32 J K-I mol-I and 0.55 
cm3 mol-I lower than the corresponding values 
for mannitol. Similar trends in the volumetric 
properties of this stereoisomeric pair have also 
been observed by Franks et al. at 5°C (4). 

Such specificity implies non-additivity of 
group contributions to the overall measured 
property. One must therefore exercise caution 
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TABLE 1. Apparent molal volumes and heat capacities of various polyols in water at 24°C 
and 25°C respectively 

dh0 4 e 0  Concentration 
Polyol (cm3 mol-l) B, (J K - l  mol-') B, range (m) 

Ethylene glycola 
1,2-Propanediol 
1,3-Propanediol 
Glycerol 
meso-Erythritol 
D-Xylitol 
D-Arabitol 
L-Arabitolb 
Ribitol 
D-Mannitol 
D-Sorbitol 
Sucrosen 

'Literature values of+,Q data for aqueous polyols at25'C: ethylene glycol 191.9 JK-1 mol-'(6); Be= -5.5. 
Literature values of +,Q data at 2S°C: for ethylene glycol 54.63 cm3 molk'(6); B, = -0.08. Sucrose 21 1.124 
ml mol-I (7); B, = 1.997, sucrose 21 1.49 ml mol-I (see reference cited in ref. 7). 

bData shown in parentheses are considered unreliable due to the limited number of points investigated 
(3 points). 

when using group contributions for predicting 
solution behavior. 

(3) There is no apparent difference in the lim- 
iting solution behavior of D- and L-configura- 
tions of the alditols, e.g. identical results (within 
experimental uncertainty for D- and L-arabitol. 

(4) Both the B, and B, coefficients exhibit the 
same trends, i.e. negative signs which reach zero 
in the case of glycerol or meso-erythritol and 
become increasingly positive for the higher 
molecular weight p o l y o l ~ . ~  Monohydric alcohols 
and diols have negative Bv coefficients which de- 
crease as the size of the hydrocarbon group in- 
creases (6). The corresponding Bc coefficient for 
a,@-alcohols becomes positive with increasing 
chain length (6). It therefore appears difficult to 
draw any definite conclusions about the nature 
of polyol-polyol interactions from the excess 
coefficients. 

Ternary Systems 
Apparent molal volumes and heat capacities 

of transfer of 0.1 m NaCl and 0.1 m n-Bu4NBr 
to 1 m aqueous alditol solutions are summarized 
in Table 2. The heat capacities of ti-ansfer are 
negative for the hydrophobic 'structure-maker' 
n-Bu4NBr, and positive for NaCl. The volumes 
of transfer are positive, except in the case of the 

41t is interesting to note that AH, also changes sign at 
the same crossover point, i.e. lower homologs show exo- 
thermic behavior; the higher molecular weight polyols 
show endothermic behavior (3-5). 

transfer of n-Bu4NBr to glycerol and erythritol 
solutions. The electrostrictive structure-breaker, 
NaCl, appears to be more effective (as judged 
by the absolute magnitude of the transfer func- 
tions) than n-Bu4NBr in differentiating the struc- 
tural effects of stereoisomeric  molecule^.^ 

Discussion 
Binary Systems 

The polyhydroxy compounds studied behave 
ideally, i.e. the apparent molal quantities in 
water exhibit only a marginal concentration 
dependence (0.05-2 m), indicating the absence 
of any marked solute-solute interactions (no 
long-range interactions) in these systems. 

It is interesting to examine a plot of the stan- 
dard apparent molal quantities-vs. the number 
of carbon atoms of the alditols (general formula 
CH,0H(CHOH),CH20H, where n = 0 to 4) 
(Fig. 1). The experimental points for glycerol, 
meso-erythritol, arabitol, ribitol, and mannitol 
fall on a straight line (linear correlation coef- 
ficient 0.99). However, xylitol and sorbitol show 
marked negative deviations from such a line; 

5Although the dielectric constant of glycerol-water 
mixtures is similar to that of water, the difference in 
dipole moments could be significant in ion-solvent inter- 
actions with the smaller ions. This could be a possible 
reason for the better discrimination of NaCl as compared 
to n-Bu4NBr towards various polyols (C. Jolicoeur, per- 
sonal communication). 
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TABLE 2. Apparent molal volumes (24°C) and heat capacities (25°C) of transfer of 0.1 m NaCl 
and n-Bu4NBr from water to 1 m aqueous alditol solutions" 

NaCl n-Bu4NBr 
- 

tr A+" tr tr tr 
Solvent (J K-'  mol-') (cm3 mol-') (J K-'  mol-') (cm3 mol- ') 

Glycerol 10 0.5 - 50 -0.55 
meso-Erythritol 8 0.31 - 53 -0.74 
D-Arabitol 20 1.10 - 47 -0.02 
Ribitol 18 1.34 - 44 -0.15 
D-Xylitol 27 1.65 - 45 0.72 
D-Mannitol 13 -0.01 - 53 0.04 
D-Sorbitol 41 3.34 - 50 0.65 

'The estimated uncertainties on AQ, ,, and AQ, ,, are + 2 J K-I mol-' and + 0.15 cm3 mol-1. Salt concentrations 
are expressed on the aquamolality concentration scale. Transfer functions are defined as AQ, ,, = Qr(soln) - Qx(H20), 
where Q, represents the appropriate molal quantity at a specific concentration. 

NO OF CARBON ATOMS 

5 0 0  

joOl 
- 

T~ 

I 3 0 0  
7 

Y 

7 - 
2 

2 0 0  

ALDITOLS - H 2 0  

@ 

- ALDITOLS - H 2 0  

- 

- 

1 2 3 4 5 6  1 2 3 4 5 6  

NO O F  CARBON ATOMS 

FIG. 2. Standard apparent rnolal quantities of the alditols in water: (a) ethylene glycol; (b) glycerol; 
(c) meso-erythritol; (d )  D-xylitol; (e)  D-arabitol; (f) ribitol; (g) D-sorbitol; (h) D-mannitol. ( A )  4,' at 
25°C. (B)  +,O at 24°C. This temperature was selected because of the experimental set-up. The error 
introduced by taking the density ratios at 24 rather than 25°C is vanishingly small. 

conversely ethylene glycol shows a marked pos- 
itive deviation from the line. 

The present results can be explained in terms 
of the adaptability of the particular alditol mole- 
cule to its water environment. A consideration 
of alditol (solution) stereochemistry may be the 
key to a possible explanation. Nuclear magnetic 
resonance studies have shown that the most 
stable conformation of an acyclic polyhydric 
alcohol in solution is a planar, zig-zag arrange- 
ment of the carbon chain (9, lo), in which the 
0 .  . . 0  separation corresponding to (2-0, 
C(,+,,-0 bonds is 2.50 A (9, 11). If any 1-3 

(OH-OH) unfavorable non-bonded interactions 
exist in the planar zig-zag form, then the mole- 
cule assumes a bent or 'sickle' conformation 
which is generated from the zig-zag form through 
a 120" rotation about an internal C-C bond 
(12-15). The polyols that fall on the line (Fig. 2) 
exist in the planar zig-zag conf~rmation,~ 

6Ribitol seems to be an exception. Although it exists in 
the bent conformation (12-15), it appears to fall on the 
line. However, a careful examination of the data reveals 
that the numerical values for ribitol are considerably 
lower than those for arabitol, even if this difference is 
sometimes within the limit of experimental uncertainty. 
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whereas the others would assume the bent con- of the higher molecular weight polyols. The ap- 
formation. An excellent correlation thus exists parent molal volumes of transfer are consistent 
between differences in the solution conformation with the explanation centered on structural com- 
of the alditols, and their limiting thermodynamic 
properties ($2, +:). 

The lower standard apparent molal heat 
capacities of sorbitol and xylitol, as compared to 
the values for mannitol and sorbitol, suggest that 
sorbitol and xylitol are relatively more disruptive 
of the solvent structure than the corresponding 
stereoisomers.' Wilson (16) has reached the 
same conclusion from studies of heats of transfer 
of NaCl to the aqueous hexitols. 

The steric discrimination effects, and the 
structure-altering characteristics shown by the 
polyols in water may be understood in terms of 
an observation made by Warner (17). If a hypo- 
thetical alcohol molecule could adopt a confor- 
mation in which the projected 0-0 distances 
were approximately 4.8 A apart (corresponding 
to the second nearest neighbor oxygen distance 
in water), then the solvent would experience a 
minimum disturbance. However, if the polyol 
has negligible hydrophobic character, and if the 
orientation of the hydroxyl groups on the carbon 
chains is unable to assume a conformation com- 
pletely compatible with the solvent, then the 
polyol would act as a 'structure-breaker'. The 
amount of structure-breaking would be deter- 
mined by the compatibility of the polyol con- 
formation with the solvent structure. 

Studies supporting the present proposals in- 
clude spectroscopic (7, 18) and thermodynamic 

patibility between glycerol and water (I), and the 
increasing incompatibility of the higher homo- 
logs (because of their greater rotational flexibil- 
ity) and water. The anomaly in the sign of A+, ,, 
observed for transfers of hydrophobic probes 
to aqueous glycerol (1) disappears as the struc- 
tural compatibility decreases. This is illustrated 
by the positive volumes of transfer of n-Bu4NBr 
to aqueous solutions of the pentitols and hexitols 
(Table 2). 

The results show that structural hydration 
effects for a homologous series of polyols in 
water are not too different from what was pre- 
viously observed with aqueous glycerol systems 
(1). This work therefore further substantiates the 
hypothesis that an effect other than a simple 
alteration of water structure would be implicated 
in the stabilizing effect of polyols on biological 
macromolecules (i.e. proteins). 
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IAN A. OXTON, T. STANLEY CAMERON, OSVALD KNOP, and ARCHIBALD W. MCCULLOCH. Can. 
J. Chem. 55,3831 (1977). 

The ir spectrum of the isotopically isolated NH3D+ ion was used to deduce the possible site 
symmetries of the NH4+ ion in ammonium benzoate, NH4PhCO0, and ammonium hydrogen 
bisbenzoate, NH4H(PhC00)2. The NH4* ion in both crystals is strongly hydrogen-bonded, 
one of the two isotopically isolated ND frequencies in ammonium benzoate belng the lowest 
such frequency reported to date. The site symmetry C2 of NH4* in NH,H(PhCOO), has been 
confirmed by determining the crystal structure of this compound. The O...H...O bond in the 
dibenzoate ion, (PhCOO.,.H...OOCPh)-, is short, 2.46(1) A, and probably symmetric. 

IAN A. OXTON, T. STANLEY CAMERON, OSVALD KNOP et ARCHIBALD W. MCCULLOCH. Can. 
J. Chem. 55,3831 (1977). 

On a utilisk le spectre ir du NH,D* isole isotopiquement pour dCduire les symetries de site 
possibles de l'ion NH4+ dans le benzoate d'ammonium, NH4PhCO0, et dans le bisbenzoate 
d'ammonium et d'hydrogene, NH4H(PhC00)2. L'ion NH,+ dans les deux cristaux est forte- 
ment lit par des ponts hydrogenes, et une des deux frkquences ND isotopiquement isolee dans le 
benzoate d'ammonium est la plus basse frkquence de ce type rapportke A date. La symetrle de 
site C2 du NH4+ dans le NH,H(PhCOO), est confirmee par une determination de la structure 
cristalline de ce compose. Le lien O..,H.,.O dans l'ion dibenzoate (PhCOO H- 0OCPh)- est 
court, 2.46(1) A, et probablement symktrique. 

[Traduit par le journal] 

The original aim of this investigation was to mixtures of these. The monohydrate has not been 
deduce the symmetry of the ammonium ion(s) described previously, but hydrates of the alkali 
in ammonium benzoate (AB), a compound of salts, PhCOOLi.H,O, PhCOONa.H20, and 
unknown crystal structure, using the dilute PhCOOK.3H20, as well as PhCOONH4.1.5- 
NH,D+ ion as an ir spectroscopic probe (1). MeOH have been reported (3). 
This method has given correct results when ap- Very little information is available in the 
plied to some structurally well-characterized literature on the properties of AHB (cf. ref. 3), 
ammonium salts (2), and we now wished to show but salts of the type K+(XHX)- (X = carboxy- 
that a prediction of the site symmetry of an am- late ion) have been the subject of a number of 
monium ion can be made in a complete absence studies (4-8; data compiled by J. C. Speakman 
of structural information. in Table 5-4 of ref. 9), with much of the discus- 

For compounds that are recoverable without sion centering on the nature of the X...H...X 
change from aqueous solution, recrystallization hydrogen bond. We therefore took advantage of 
from water containing 1-2% D 2 0  is the standard the availability of AHB to make a prediction of 
method of preparing suitable material. However, the NH4+ site symmetry in this compound as 
it was found that the crystals obtained from a hot well as in AB, and to verify the prediction from a 
aqueous solution of AB on cooling were not AB determination of the crystal structure of AHB, 
but ammonium hydrogen bisbenzoate (AHB), with a view to providing, in addition, what infor- 
NH,H(PhCOO),, or a mixture of AHB and mation might be obtainable from the X-ray 
hydrated AB. A closer investigation showed that study about the O...H...O bond. 
under various conditions the products of recrys- 
tallization from aqueous media, including aque- Experimental 

ous ammonia, might be AHB, AB, AB.H,O, or The ammonlum benzoate used in this work was from 
two sources: Mallinckrodt and Eastman. One supply was 

'NRCC No. 16209. 25 years old and appeared to consist entirely of AHB. 
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100 I I I 

I I I 
4000 3000 2000 1000 cm-' 

FIG. 1. Infrared spectrum of ammonium hydrogen bisbenzoate (AHB) at 77 K. 

100 1 I I I I 

FIG. 2. Infrared spectrum of ammonium benzoate (AB) at 77 K. 

The solubility of AB appeared to increase appreciably 
on heating, but it is not clear whether this is due to an 
intrinsic increase in the solubility of AB or to partial or 
complete conversion to AHB. Recrystallization of the 
fresh supply of commercial AB from hot aqueous solution 
usually resulted in a mixture of AHB and AB, the latter 
frequently hydrated; the proportion of AHB increased 
with the period of heating. Recrystallization of material 
from either source from concentrated ammonia solution 
produced AB alone (see below). Samples of the salts con- 

taining 1% D were prepared in a similar manner with the 
addition of an appropriate quantity of D20 to the solvent. 

Infrared spectra of Nujol and Fluorolube mulls were 
recorded with a Perkin-Elmer model 180 spectrophotom- 
eter fitted with a variable-temperature cryostat. No visible 
changes in the spectra accompanied cooling of the sample 
from room temperature to liquid-nitrogen temperature 
(Figs. 1 and 2) other than band sharpening and small fre- 
quency shifts. Vibrational frequencies are accurate to 
+ 1.0 cm-l. - 
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The 'H nmr spectra were recorded at a concentration 
of 65 mg per 0.5 g of anhydrous dimethylsulfoxide-d6, 
using a Varian A-60A spectrometer and Me4Si as internal 
standard. 

The crystal data of AHB are as follows: 
Ci4Hi~04N fw = 261.28 
Monoclinic, B2/b, a = 29.301(8), b = 11.439(3), c = 
3.901(1) A, y = 94.93(1)", V =  1302 A3, po = 1.298 
(flotation), Z = 4, p, = 1.332 (18 , 2°C); CuKa,, 
h = 1.54051 A (carbon monochromator), 1 = 7.73. 
F(000) = 552 e. 

Because of the high vapour pressure of AHB the single 
crystal that was used for the intensity measurements was 
sealed inside two concentric Lindemann-glass capillary 
tubes.' A Picker FACS 1 four-circle diffractometer was 
used to determine the unit-cell dimensions, from 12 gen- 
eral reilections with 20 in the range of 50-60°, and to mea- 
sure (a-20 scan) the intensities of 296 independent reflec- 
tions (26% of those observable) with I > 3o and 20 values 
between 4 and 120". The minimum base width was 3.5". 
Three standard reflections were measured every 60 re- 
flections. The intensities of these three reflections de- 
creased steadily throughout the data collection but could 
be adjusted to a standard scale from a least-squares fit 
(o = 0.032) to a first-order decay; from the counting 
statistics the esd of these standard reflections was 2.2%. 
The data were reduced to 1F.J by the routine procedure. 
No absorption or extinction corrections were applied. 
The scattering factors for neutral atoms were taken from 
ref. 10. Fifty reflections with IEl > 1.0 were used to solve 
the structure by an application of the tangent formula 
that examined 128 = 2' sets of starting phases and suc- 
cessively eliminated all but the most likely. This program 
is part of an X-ray system written by Sheldrick (11). From 
the E map with the lowest Karle R factor (12) the posi- 
tions of all non-hydrogen atoms could be found. 

The structure was refined by full-matrix least squares, 
Z(AlFl)2 = min., with isotropic temperature factors on 
all the atoms.3 When the conventional R factor was 
0.1 3 the H atoms of the ammonium ion and phenyl groups 
were located from a difference Fourier synthesis. The H 
atom of the carboxyl group could not be found. The final 
R factor with the H atoms included was 0.08; there were 
no significant features on the difference Fourier map cal- 
culated at this stage. The least-squares weights were 
calculated from w = l/(021FoI - 0.001 /F,12). The posi- 
tional parameters are given in Table 1, and interatomic 
distances and inter-bond angles in Table 2. 

Results and Discussion 
Characterization and Relative Stabilities of AB 

and A HB 
The crystals obtained on cooling a hot aque- 

ous solution of commercial AB were usually 
plate-like. Their ir spectrum is shown in Fig. 1. 
That this compound was AHB is apparent from 

'The vapour pressure (presumably of NH3) was suf- 
ficient to burst a single capillary tube after the crystal 
inside it had been irradiated for about 2 days. 

3A list of the structure factors (Table 3) is available, at 
a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada KIA 0S2. 

TABLE 1. Final atomic parameters in AHB* ( x  lo4 for 
C ,  0 ,  and N; x lo3 for H) 

Atom x Y z u (A') 

C(1) 3850(5) -433 (12) 3050(42) 417 
C(2) 3720(5) - 1598 (12) 3815(50) 463 
C(3) 3276(5) - 2056 (14) 3263(59) 573 
C(4) 2968(6) - 1391 (15) 1741(56) 621 
C(5) 3087(5) -235 (13) 920(51) 536 
C(6) 3524(5) 246 (13) 1538(52) 490 
C(10) 431 8(5) 118 (12) 3757(50) 535 
O(1) 4404(4) 1211 (9) 3417(36) 638 
O(2) 4625(3) -553 (8) 4589(29) 524 
N(1) S t  $? -975(63) 626 
H(2) 398(3) -201 (8) 503(29) 26 
H(3) 317(4) -295 (12) 421(41) 36 
H(4) 264(4) - 168 (10) 175(36) 48 
H(5) 284(5) 30 (12) - 3(52) 73 
H(6) 361(4) 117 (10) 121(31) 71 
H(10) 468(2) 224 (9) - 26(3 1) 68 
H(11) 513(4) 181(7) -211(34) 87 

*Note the disparity in the unit-cell dimensions (see Experimental). 
tThis value has not been multiplied by lo4. 

its 'H nmr spectrum which showed a six-proton 
multiplet (meta and para) at 6 7.43, a four-proton 
multiplet (ortho) at 6 7.98, and a broad singlet 
at 6 8.52 (exchangeable protons) integrating for 
five hydrogens. 

However, the crystals freshly prepared from a 
strongly basic aqueous ammonia solution were 
laths which tended to be hygroscopic. After only 
brief drying they were dissolved in DMSO-d,, 
with some difficulty; their 'H nmr spectrum in 
this solution showed a three-proton multiplet 
at 6 7.35, a two-proton multiplet at 6 7.95, and a 
broad singlet at 6 6.12 (6.2 H). On this evidence 
the briefly-dried crystals were AB.H,O. Upon . 
further drying anhydrous AB was obtained, but 
prolonged drying resulted in gradual loss of 
ammonia. This was reflected by increasing solu- 
bility in DMSO, a gradual downfield shift of the 
averaged signal for the exchangeable hydrogens 
and an obvious change in the relative integral for 
the latter. The end product of the decomposition 
was AHB.4 

The 'H nmr spectrum of anhydrous AB 
showed a multiplet for the meta and para ring 
hydrogens centred at 6 7.33. The broad singlet 
(6 8.09) for the hydrogens of the ammonium ion 
was superposed on the multiplet (6 7.92) for the 
remaining aromatic hydrogens. The spectrum 
integrated correctly for the normal salt AB. The 
ir spectrum of AB is shown in Fig. 2. 

4Berzelius reported as early as 1805 that on evaporation 
of an aqueous solution of AB ammonia is liberated, with 
the formation of an acid salt (3). 
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TABLE 2. Interatomic distances (A) and inter-bond angles (deg) in AHB* 

Bond Distance (A) Bonds Angle (deg) 

The ir spectrum of AHB (Fig. 1) is very similar 
to those of KH(PhCOO), (13) and KH(PhCH2- 
COO), (5) with the NH,' absorptions added. 
The main differences between the spectra of AB 
and AHB are summarized in Table 4. No band 
which could be satisfactorily assigned to the OH 
stretching mode was observed. This also seems 
to be the case in several other compounds of this 
type (5, 13), although in AHB such a band could 
be obscured by the NH stretching bands of 
NH4+. 

Although AB appears to decompose into 
AHB fairly readily, AHB may not itself be very 
stable in view of the observation2 that it dis- 
sociates in the X-ray beam, presumably into 
benzoic acid and ammonia. 

Isotopically Isolated NH3 D+ Ions in AHB 
and AB 

The ND stretching region of the isotopically 
isolated NH3D+ ion in AHB, at liquid-nitrogen 
temperature, is shown in Fig. 3. Two sharp bands 
are observed which are separated in frequency 

TABLE 4. Infrared frequencies (an-') of 
ammonium benzoate (AB) and ammonium 

hydrogen benzoate (AHB) at 77 K 

Assignment AB AHB 

v(OH) * - 

v(C=O) - 1690 
v(C=O), asym. 1535 - 

v(C=O), sym. t - 
&(OH), in-plane - 

- 
t 

v(C-0) 1229 
6(OH), out-of-plane - - 950 

by about 100 cm-1 (Table 5). Of the two com- 
ponents of v,(NH,Df) that at the lower fre- 
quency is somewhat more intense. This is not sur- 
prising in view of the difference in hydrogen- 
bond strength implied by the frequency differ- 
ence (cf. below). Assuming that only one set of 
equivalent NH,' ions is present in the crystal 
the observed spectrum is consistent with an 
NH,' ion of an effective (1) symmetry C,, or 
C2 and hence with the existence of two pairs of 
nonequivalent N-H bonds. 

The corresponding region in the spectrum of 
AB (1% D) is complicated by the presence of an 
underlying absorption (see Fig. 2) but it seems 
more than likely that the absorption arising 
from the NH3Df ion again consists of two sharp 
bands (Fig. 4, Table 5); overtone and combina- 
tion modes may frequently appear with greater 
intensity than v,(NH,D+) when the NH,D+ 
ion is present at a 1% concentration level. The 
characteristically pronounced sharpening of this 
mode upon cooling (14) is often extremely useful 
in assisting assignment where interference from 
other absorptions occurs. 

Upon the above assumption, and using the 

TABLE 5. Infrared frequencies (cm- l) 
of the isotopically dilute NH3D+ ion 

in AB and AHB at 77 K 

AB 2271.9 8 . 0  
2195.7 * 

AHB 2340.1 6 . 0  
2246.0 7 . 0  

*Not observed. 
tNot assigned because of proximity of v4(NHd+). 

*Half-width uncertain because of  underlying 
combination band. 
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I I I I 
2300 2200 cm-1 

FIG. 3.  The ND stretching region of the ir spectrum of the isotopically isolated NH,D+ ion in AHB 
at 77 K. 

nomenclature of ref. 1, the possible site sym- tween O(1) and N(l) to form a layer parallel to 
metries S of the ammonium ion in AHB and AB the (100) plane. The hydrogen-bonded distances 
may be deduced as 0(2)...0(2'), N(1)...0(1), and N(1)...0(2) are 

2.46(1), 2.78(1), and 2.93(1) A, respectively. 
E ' ( N H ~ D + )  E(NH4+) S(NH4+) Of the two non-equivalent H atoms of the 

amn~oniun~ ion, H(10) is clearly defined in the 
Cs(2), Cs(2) CZ v CJU, D2h, CZ" difference Fourier synthesis and forms an angle 

or H(10)-N(1)-H(10') of 148(10)" with its two- 
C1(2), C1(2) CZ C4, C2h, C2 fold-related atom. This large deviation from the 

tetrahedral angle could be the result of strong 
The spectra in both salts are indicative of hydrogen bonding. H(11) is poorly defined, with 

strongly hydrogen-bonded ammonium ions. ~ (11 ) -~ (1 ) -~ (11 ' )  of 129(10)0. ~ ~ t h  hydro- 
This is especially true of the lower-lying of the gens are located about 1.0 A from ~ ( 1 ) .  
two absorptions in each compound. In fact, There was no trace at, or near, the centre of 
the i so to~ica l l~  isolated ND stretching frequency symmetry in the difference Fourier synthesis, of 
of 2195.7 cm-I observed in AB is the lowest the H atom that forms the bond between the 
such frequency reported to date. benzoate units in the dibenzoate ion. Attempts 
Crystal Structure of AHB to place and refine a hydrogen atom in all the 

AHB is practically isostructural with reasonable positions produced a very large iso- 
KH(PhCOO), (6) except that the ammonium tropic temperature factor. The 0.e .0 contact is 
ions in the AHB structure form with the diben- short (15), comparable with the corresponding 
zoate ions (PhCOO...H...OOCPh)- hydrogen- 0 . . . 0  separations in acid salts of other organic 
bonded helices which lie in the zone of the b axis acids (9), and represents a strong hydrogen bond. 
(Figs. 5 and 6). One hydrogen bond is between The two C-0 bond lengths in the carboxyl 
the centrosymmetrically related carboxyl oxy- group are not significantly different: C(10)- 
gens O(2) and O(2') of the dibenzoate ion and 0(1), 1.26(1) A, and C(10)-0(2), 1.27(1) A. 
another between O(2) and N(1). The N(l) atom They are similar to those found in KH(PhCOO),, 
is located on a twofold axis and therefore able 1.22(4) and 1.24(4) A (6), and in the benzoate ion 
to propagate the helix through a hydrogen bond itself, in a thallous benzoate thiourea complex 
to a diad-related benzoate unit (Fig. 6). Adjacent (16), where the ion has C,, symmetry and a 
helices are linked through hydrogen bonds be- C-0 bond length of 1.25(2) A. It thus seems 
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FIG. 4. The ND stretching region of the ir spectrum of the isotopically isolated NH,D+ ion in AB 
at 77 K. The dashed line corresponds to the estimated contour of the underlying absorption (see text). 

unlikely that the proton in AHB is closely asso- 
ciated with either carboxyl oxygen in the 
O..-H...O bond. The dimensions of the rest of 
the anion are unexceptional and there are no 
other unusually short inter-ion contacts. 

Additional Observations 
We have not investigated the structural features 

of AB in any detail beyond the effective symmetry 
of theNH,' ion. Some statements are nevertheless 
possible when the information available in the 
literature is examined. The only crystallographic 
data are derived from optical-goniometer and 
optical measurements (3, 17, According to 
these the crystal symmetry of AB is mmm, with 
an axial ratio of 0.9873 : 1 : 2.1504 and a measured 
density (3) of 1.260, 1.262, or 1.213 g/cm3, and 
there is perfect cleavage along (001). Assuming 
this point-group symmetry and the composition 
AB to be correct, the site symmetry of the NH4+ 
ion will be one of the following: D,,, C,,, C,,, 
or C, (see above). Steinmetz (18) pointed out the 
similarity of the axial ratios of AB and benzoic 
acid6 when the largest term in the ratio for AB 
is doubled; this would suggest that Z(AB) = 4. 
On this additional, reasonable assumption a 

3 o m e  of these are due to de Marignac and date as far 
back as 1857 (3). 

6The axial ratio quoted in ref. 18 for benzoic acid is in 
fact the ratio of the unit-cell dimensions. 

symmetry S = D,, at the NH,+ site could only 
occur in space group no. 69; S = C,, only in 
nos. 63, 65, 67, 71, or 74; S = C,, only in 
nos. 63-67, 72, or 74; and S = C, only in nos. 
48-58 or 60. 

The unit cell of AHB shows dimensional and 
space-group similarity not only to KH(PhCOO), 
(6) but also to KH(PhCH,COO), (4, 7). 

Adducts of Na benzoate with two and three 
molecules of benzoic acid, NaB.2HB and 
NaB+3HB, have been reported (3). It would be 
of interest to establish whether ammonium 
analogues of these compounds exist. 

Conclusions and Summary 
Under different conditions of crystallization 

and drying, three salts (ammonium benzoate 
AB, ammonium benzoate monohydrate 
AB.H,O, and ammonium hydrogen bisbenzoate 
AHB) have been obtained from solutioi~s of 
commercial ammonium benzoate. Both AB and 
AB.H,O are readily converted to AHB. 

Infrared spectra of the isotopically dilute 
NH3D' ion in AB and AHB were used to pre- 
dict that the effective symmetries E of the NH,+ 
ion in these crystals are C,, (corresponding to 
site symmetries S = C,,, D,,, or C,,) or C, 
(corresponding to S = C,, C,,, or C,). This pre- 
diction was confirmed, for AHB, by a deter- 
mination of the crystal structure of this com- 
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centrosymmetric dibenzoate ions. AHB is essen- 
tially isostructural with its potassium analogue. 

The N-H.s.0 bonds in AB and AHB are 
strong. The isotopically isolated ND stretching 
frequency of NH,D' in AB, 2195.7 cm- ', is the 
lowest such frequency reported to date. 

Placing a H atom at, or close to, the centre of 
the dibenzoate ion resulted in very large isotropic 
temperature factors for this atom when the struc- 
ture of AHB was refined on this hypothesis. This 
finding is similar to that obtained by Bacon and 
Curry (7) in their neutron-diffraction study of 
the crystal structure of KH(PhCH,COO),. 
While the O..-H...O bond in AHB is formally 
symmetric, no definite conclusion can be made, 
in static terms, about the location of this hydro- 
gen atom from the present evidence. 
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Mass and infrared spectra of some S4N4 complexes of group VIII metals1 
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IAN S. BUTLER and TSUTOMU SAWAI. Can. J. Chem. 55,3838 (1977). 
The mass and ir spectra of the complexes formed between S4N4 and MCI, (M = Ni, Co, Pd) 

in methanol solution have been investigated. The mass spectral data indicate that the stoichiom- 
etry of the complexes is M(S2N2H), and the principal fragmentation is the stepwise loss of SN 
units, as is the case for S4N4 itself. The ir spectra of the complexes show the presence of N-H 
groups and suggest cis-planar configurations for the S2N2H chelating ligands. 

IAN S. BUTLER et TSUTOMU SAWAI. Can. J. Chem. 55,3838 (1977). 
On etudie les spectres de masse et infrarouge de complexes formes dans une solution methano- 

lique entre S4N4 et MCI, (M = Ni, Co, Pd). Les donnees obtenues a partir du spectre de masse 
indiquent que la stoichiometrie des complexes est M(SZN2H), et que la principale fragmenta- 
tion est la perte successive des unites SN comme pour le cas de S4N4. Le spectre infrarouge des 
complexes montre la presence de groupes N-H et suggtre une configuration planaire cis pour 
les ligands de chelation SzN2H. 

[Traduit par le journal] 

Introduction Ni(S2N2H), established that Ni(S2N2Me), has 

In 1953, the isolation of the first transition 
metal thionitrosyl complex, Ni(NS),, from the 
reaction of Ni(CO), with S4N4 in benzene was 
reported (I). Following this, it was quickly 
established that monomeric M(NS), complexes 
could be synthesized by three_ main routes: 
heating anhydrous MC1, (M = Ni, Co, Pd) with 
S4N4 in alcohols (2); reaction of metal carbonyls 
(e.g., Co2(CO), (3) and Fe(CO), (4)) with S4N4; 
shaking finely divided metal powders (Ni, Co, 
Pd) with S2N2 in tetrahydrofuran (5). The 
analogous platinum derivative, Pt(NS),, was 
prepared by the reaction of H2PtC16 with S4N4 
in dimethylformamide-H20 (6). Surprisingly, an 
X-ray analysis of Pt(NS), revealed the presence 
of two S2N2 bidentate chelating ligands instead 
of the four coordinated NS groups expected and 
these chelating ligands were arranged in a cis- 
planar configuration (7) : 

Concurrent with this X-ray study, Piper was 
investigating the ir and nmr spectra of the 
complex obtained from the reaction of anhy- 
drous NiC1, with S4N4 in methanol (8,9) and he 
was able to show the presence of two N-H 
groups. Subsequent research on derivatives of 

a trans-planar configuration (lo), while a cis- 
planar structure is preferred for Ni(S2N2H)- 
[S2N2(CONHPh)] (1 I). In both cases, the sub- 
stituent groups, H, Me, and CONHPh, are 
attached to the nitrogen atoms which are bonded 
directly to the central nickel atom. The trans 
stereochemistry for Ni(S2N2Me), was rational- 
ized on the basis of steric considerations and it 
was concluded that the cis-planar structure 
shown below was the most likely for Ni(S2N2H),, 
assuming that no rearrangement took place 
during the reactions. Furthermore, the analogous 
complexes of other group VIII metals were pre- 

sumed to have the same structure. However, this 
has never been established definitively. 

In this paper, we report the mass and ir 
spectra of the complexes formed by the reactions 
of MC1, (M = Ni, Co, Pd) with S4N4 in 
methanol. Our objectives were to verify the 
presence of N-H groups and, if possible, to 
determine the structures of the complexes. The 
products obtained from the reaction of H2PtC16 
with S4N4 in dimethylformamide-H20 were also 
investigated. 

'Taken in part from the Ph.D. thesis of T.S., McGill Experimental 
University, Montreal, P.Q. 1973. Presented in part at  the Tetrasulphur tetranitride (S4N4) was prepared accord- 
173rd National Meeting of the American Chemical ing to the literature method (12). Other materials were 
Society, New Orleans, LA, March, 1977. obtained from the sources indicated: anhydrous NiC1, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUTLER AND SAWAI 3839 

and CoCI, (Alfa Inorganics, Inc.); anhydrous PdCI2 and 
H2PtC16.6H20 (Research Organic/Inorganic Chemical 
Corp.); acid-washed alumina (Fisher Scientific Co.). The 
nickel, cobalt, and palladium complexes were prepared 
as described previously (2, 9). Complete details of these 
syntheses are contained in ref. 13. The synthesis of Pt- 
(S2N2H), according to the method of Fluck et al. (6) 
was attempted 10 times but no product analyslng as 
Pt(S,N,H), could be obtained. In every case, a white 
precipitate was formed which was identified by ir and 
elemental analysis as (NH4),S0,. Anal. calcd for 
H8N204S: H 6.1, N 21.2, S 24.3; found: H 6.2, N 20.8, 
S 24.0. 

Infrared spectra were recorded on a Perkin-Elmer 
model 521 grating spectrophotometer as KBr disks. The 
spectra were calibrated against the bands of polystyrene 
(accuracy ca. i 2 cm-I). Mass spectra were measured on 
an AEI MS-902 spectrometer under the following con- 
ditions: 70 eV electron energy, 145-180°C inlet tem- 
perature, 8 kV acceleration voltage, and resolution of 
1000. The samples were introduced into the ion source 
using a direct insertion probe. The most important frag- 
ments observed, thelr relative intensities, and the pro- 
posed assignments for S4N4 and the nickel, cobalt, and 
palladium complexes are given in Figs. 1 4 ,  respectively. 
The assignments for the complexes are based on the 
principal metal isotopes present: 58Ni, 5 9 C ~ ,  and lo6Pd. 
A least-squares computer program was written to de- 
compose the observed peak intensities into the intensities 
associated with the various fragment ions concerned, e.g., 
FH2 +, F H + ,  and F +  where F = a metal-containing 
fragment. 

Results and Discussion 
The proposed fragmentation scheme for the 

mass spectrum of S4N4 is shown in Fig. 1. The 
principal fragmentation is the loss of SN units to 
give species such as S3N3+; the transient SN 
molecule has been identified by microwave 

Y 

S2N2+ 
mle 92 \ 

FIG. 1. Proposed mass spectral fragmentation scheme 
for S4N4. 

spectroscopy (14). One of the main peaks cor- 
responds to S2N2 + ; the S2N2 molecule is known 
to exist as a highly reactive species (5). Other 
reasonably abundant ions are S3N2+, S3N+, 
S2Nf ,  S2+,  N4+,  and the doubly charged species 
S3N22+. There is a major peak at mle 76 which 
cannot be attributed to any of the S,NYf species; 
this peak is assigned tentatively to SN20+  
formed by combination with residual oxygen 
present in the mass spectrometer. 

There are several common features in the mass 
spectra of the nickel, cobalt, and palladium com- 
plexes. First, all three complexes exhibit parent 
molecular ions in which there are two hydrogen 
atoms present, thus confirming the previously 
assumed M(S2N2H), stoichiometry of the 
species. Second, the successive loss of SN groups 
is the predominant fragmentation process. In 
particular, the loss of the first SN group from 
each of the parent molecular ions is verified by 
the appearance of the expected metastable ion. 
This behaviour is reminiscent of S4N4 itself. The 
final feature in common is the loss of hydrogen 
atoms from the various fragment ions through- 
out the spectra. Table I gives the ratios of the 
abundances of the fragment ions FH,', FH', 
and F f  (e.g., MS4N4H2 +, MS,N,H+, and 
MS4N4+, respectively) calculated from the ob- 
served peak intensities assuming that they are 
sums of the intensities of the different fragments 
present. In the case of the nickel complex, the 
parent molecular ion, NiS4N4HZf (mle 244), is 
the dominant species, while the palladium com- 
plex apparently readily loses its two hydrogen 
atoms and pdS4N4+ (mle 290) is the most abun- 
TABLE 1. Calculated ratios of abundances of fragment 
ions in the mass spectra of M(S2N2H), complexes (M = 

Co, Ni, Pd) 

Relative ratio of fragment 
ionsa 

Fragment ion n Co Ni Pd 

MS4N4H,+ 2 100 100 1.8 
1 3 1 0 1 . 3  
0 0 0 96 

MS3N3H8,+ 2 57 43 0 
1 42 20 5.8  
0 8.3 0 69 

MS2N2Hn+ 2 12 60 0 
1 3 5 50 2 1 
0 3 7 3 8 2 1 

MSNH,+ 2 0 0 5 .7  
1 28 22 14 
0 50 89 3 5 

aRatio derived from t h e  relative abundances i n  t he  mass  spectra. 
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NiS4N,H,+ 
mle 244 (100.0) 

(20.0) 

NiSNH2+ mle 150 
mle 106 

(3.8) I (38.0) 

k NiSNH+ 
Io5 

NisN+ (22.0) 

mle 104 

I (89.0) 

NiNH+ 
mle 73 

(4.6) NiS+ 
mle 90 

(9.6) 

NiH+ 

(8.3) 
mle 58 
(18.3) 

FIG. 2. Proposed mass spectral fragmentation scheme for Ni(S2N,H)2. 

dant of the PdS4N4Hnf (n = 2, 1, 0) ions. The 
cobalt complex lies in between these two 
extremes. These mass spectral observations are 
in accord with the nickel complex being general- 
ly considered to be the most stable of the three. 

In the case of NiS,N4H2+, there is also a 
metastable peak corresponding to the release of 
an SNH group. Thus, bond rupture within the 
chelate ring seems to take place rather in- 
discriminantly. In contrast to the cobalt deriva- 
tive, there is no evidence for the loss of SzN2 
from any of the fragment ions nor is the de- 
hydrogenated species, NiS,N4Hf, formed. The 
appearance of the expected metastable peak 
confirms the loss of SN from NiS,N,HZf (m/e 
198) to give NiSzNzHzf (m/e 152). 

The chief observation of Piper in his study of 
the ir spectrum of the nickel complex was the 

appearance of N-H stretching modes at 3235 
and 3095 cm-I (8, 9). He was apparently unable 
to deduce any more structural information but 
he favoured a trans-planar arrangement of 
the S2NzH chelating ligands with the location of 
the N-H groups being unknown. However, as 
mentioned in the Introduction, the structures of 
the substituted nickel complexes, Ni(SZNzMe), 
(10) and Ni(SzNzH)[SzNz(CONHPh)] (1 I), have 
since been determined by X-ray diffraction and 
these complexes adopt trans- and cis-planar 
structures, respectively. In both cases, the S2Nz 
chelate rings, the nickel atom, and the carbon 
atoms attached to the nitrogen atoms of the 
rings share the same plane. On the basis of these 
results and Piper's ir data, it is generally accepted 
that the parent Ni(S2NzH)2 complex has two 
N-H groups bonded to the central nickel atom 
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rnle 244 
(31 .O) 

CoS3N3H+ 
mle 198 

mle 106 (6.9) \ 

CoS3N3+ 
mle 197 

CoS+ 
mle 91 
(14.3) 

FIG. 3. Proposed mass spectral fragmentation scheme for C O ( S ~ N ~ H ) ~ .  

with the hydrogen atoms lying in the same plane 
as the chelate rings. Although the structure of 
Pt(S,N,H), has been determined as cis-planar 
(7), it has yet to be established whether or not 
the other M(S,N,H), (M = Ni, Co, Pd) com- 
plexes have the same structure. 

The two possible geometrical isomers for the 
M(S,N,H), complexes are shown below. From 
symmetry considerations, there are 23 ir-active 
vibrations (lOa, + 9b, + 4b2) for the cis-C,, 
structure and 15 (5au + lob,) for the trans-C,, 

H H H 

structure. Moreover, two ir-active N-H stretch- 
ing vibrations (a, + b,) are expected for the cis 
isomer, while only one mode (b,) should be 
observed for the trans isomer. The ir spectra of 
the nickel, cobalt, and palladium complexes are 
very similar and the data are compared in Table 
2. There are two distinct N-H stretching bands 

observed for each complex observed at -3265 
and - 3145 cm-l. Since the energy difference 
between these absorptions (- 120 cm-I) is too 
large to be attributable to site or factor group 
splitting, the cis structure is favoured. Further- 
more, the close similarity of the ir spectra 
suggests that all three complexes adopt the same 
structure. On the basis of the number of bands 
in the spectra, the cis structure is again favoured 
because there are about 15 bands which may 
reasonably be considered as fundamentals, even 
ignoring the region below 300 cm-I where some 
low energy modes are expected to absorb. 

For comparative purposes, the ir data for 
S4N4 and TiC14.S4N4 (15) are also given in 
Table 2. The spectrum observed for S4N4 is in 
good agreement with that reported by Lippincott 
and Tobin (16). There is little coincidence be- 
tween the spectra of the group VIII complexes 
and that of S,N,, while the spectrum of TiCl,. 
S4N4 is quite similar to that of S4N4. This is 
consistent with the fact that the original S4N4 is 
not held intact in the complexes being considered 
in the present work. 
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PdS4N4H2+ 
mle 292 

PdS4Ndi 
t 

PdS3N3Hf 

PdS2N2H+ mlj 'Yil .o\ 

1- 
PdSNH+ PdS2N+ 
mle 153 mle 184 
(14.0) (6.4) 

mle 290 

PdS3N3+ 
mle 244 

(69.0) 

L 
PdS2N2+ 
mle 198 

PdS2+ mle 152 
mle 170 1 (35.0) 

PdSNC 
mle 138 

+ 
Pd+ 

mle 106 
(19.0) 

FIG. 4. Proposed mass spectral fragmentation scheme for Pd(S2N2H),. 

Since only small amounts of the complexes 
were obtained from the syntheses, no far-ir 
spectra were recorded. Attempts were made to 
measure the Raman spectra using Kr' (647.1 
nm) laser excitation, but these failed owing to 
the poor scattering properties of the dark-red- 
violet complexes. In view of this, it is pointless 
to give detailed vibrational assignments for the 
ir spectra, but some general assignments can be 
made and these have been included in Table 2. 

The N-H bending modes in S4N4H4 occur 
at - 1300 cm-I (16), i.e., considerably lower in 
energy than those for saturated secondary 
amines (1580-1490 cm-l) (17). In the present 
study, .the very weak, broad bands observed in 
the 1400-1200 cmP1 range are assigned tenta- 
tively to the N-H bending modes. Banister et al. 

have examined the relationship between v(S-N) 
and the S-N bond length (18). For example, the 
S-N bond length in S4N4 is 1.616 A, and 
Banister et al.'s prediction for v(S-N) is -940 
cm-l; the observed value for v(S-N) is 925 
cm-l. From the X-ray study (7) on Pt(S,N,H),, 
the average S-N bond length is - 1.59 A and 
accordingly the ir bands for the group VIII 
complexes appearing at - 1030 cm-l have been 
assigned to v(S-N) vibrations. 

As part of our study on the structures of the 
group VIII metal S4N4 complexes, we attempted 
to prepare Pt(S,N,H), according to the litera- 
ture method but all our efforts proved in vain. 
Copious amounts of (NH4),S04 and, in some 
cases, small quantities of a dark-violet com- 
pound could be isolated. Unfortunately, we 
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BUTLER AND SAWAI 3843 

TABLE 2. Infrared spectra of M(S2N2H), and related complexes (cm-') 

S4N4 TiCI4.S4N4' C O ( S ~ N ~ H ) ~  Ni(S2N2HI2 Pd(S2N2H), Assignment 

3278 w 
3267 m,sp 3274 m,sp 3262 s,sp N-H stretching 
3136 m,br 3147 m,br 3134 s,br / 

- - 

1399 vvw,br 1401 vvw,br 1399 s 
1234 vvw,br 1205 s,hr I N-H bending and 

1164 w,br 1158 m 11 50 s,sh combination modes 

S-N stretching 

Skeletal modes 
of chelate rings 

579 sh 585 w 
551 vs 567 w 
546 vs 545 vw 
525 w,m 525 w 520 m 537 w,br 

516 sh 487 
456 m 447 w,br 442 vw 

410 5 

375 s 
365 s 

575 i 
I Skeletal modes 

340 s 345 s 338 ms and 
329 s 317 ms metal-ligand modes 

321 w 311 w,sp 

.Data from ref. 15 

could not obtain a reproducible elemental etc.), have only recently been reported (20). 
analysis for this dark-violet compound. The Finally, in view of the considerable current 
formation of (NH,),SO, is presumably the interest in polymeric sulphur nitride, (SN),, 
result of the acid-catalysed (H,PtCl,) reaction of because of its metallic behaviour (21), we antici- 
S,N, with water. The mass spectrum of the pate that there will be renewed interest in the 
dark-violet product is con~plex but Pt(S,N), and chemistry of the M(S,N,H), species and their 
a trace of Pt(S,N,H)(S,N) appear to be present. derivatives as these complexes may well prove 
The ir spectrum (KBr disk) shows the presence to be convenient precursors to (SN), and related 
of one N-H stretching absorption at -3120 
cm-l. Complexes of the compositions, M(S,N), 
and M(S,N,H)(S,N), have been reported pre- 
viously for nickel (9), and cobalt and palladium 
(19), but not for platinum. 

In conclusion, the stoichiometry of the 
M(S,N,H), (M = Ni, Co, Pd) complexes has 
been verified and it appears that all three com- 
plexes adopt a cis-planar geometry. These 
complexes are certainly not thionitrosyls and it 
is worth mentioning here that the first authentic 
thionitrosyls, Mo(NS)(S,CNR,) (R = Me, Et, 

polymers. 
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Fluorine exchange between four-, five-, and six-coordinate silicon compounds1 
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RONALD KIRK MARAT and ALEXANDER F. JANZEN. Can. J. Chem. 55,3845 (1977). 
Intermolecular fluorine exchange in the systems SiF4-SiF,-, MeSiF3-MeSiF4-, PhSiF3- 

PhSiF4-, SiF,--SiFs2-, SiF4-SiFs2-, and MeSiF,-SiFs2- has been studied by fluorine and 
proton nmr spectroscopy. Exchange is postulated to involve fluorine-bridged intermediates; 
alternative pathways of exchange, such as fluoride dissociation or impurity (HF and H20) 
catalyzed exchange, have been eliminated. Addition of NH3 to SF,--SiFs2- slows down 
exchange whereas addition of Et2NH to MeSiF, promotes exchange. 

RONALD KIRK MARAT et ALEXANDER F. JANZEN. Can. J. Chem. 55,3845 (1977). 
On Btudie par rmn du proton et du fluor 1'Cchange intermolCculaire du fluor dans les systtmes 

SF4-SiF5-, MeSiF3-MeSiF4-, PhSiF,-PhSiF4-, SiF,--SiFs2-, SiF4-SiF,2- et MeSiF3- 
SiFs2-. On fait I'hypothese que 1'Cxchange implique des intermediaires a fluor pontC; on 
Climine la possibilite d'un autre mode d'echange comme la dissociation du fluor ou de 1'6change 
catalysee par une impurete (HF et H20). L'addition de NH, au systeme SiF5--SiFs2- a pour 
effet de ralentir I'khange; par contre l'addition de Et2NH a MeSiF, la favorise. 

[Traduit par le journal] 

Introduction coordination number of silicon have on the 

On the basis of our study of catalyzed inter- 
molecular fluorine exchange in the MeSiF,- 
anion (I), we concluded that H F  is a very effec- 
tive fluorine transfer reagent and that any re- 
agents such as H 2 0  or MeOH, which react with 
MeSiF,- to liberate HF, can promote fluorine 
exchange, whereas reagents such as Pr,NF or 
(Me,Si),NH, which remove H F  from solution, 
can inhibit fluorine exchange. Since the presence 
of H F  and H 2 0  impurities could be monitored 
and their concentration reduced, it became 
feasible to study intermolecular fluorine ex- 
change between four-, five-, and six-coordinate 
silicon fluorides without interference from im- 
purity catalyzed processes. 

Five- and six-coordinate silicon fluorides are 
known, e.g. SiF, -, RSiF4-, SiF, : base, 
SiF4(C204)2-, SiF2(C204)22-, RSiFS2-, SiF,: 
2base, SiF, :base- (2-9); however, less is known 
about the mechanism of exchange in silicon 
fluorides than about exchange processes in the 
analogous tin (lo), phosphorus (1 I), antimony 
(12), or boron (13) fluorides. 

Previously, we suggested that six-coordinate 
intermediates and four-center reactions may be 
important in reaction mechanisms of silicon and 
phosphorus compounds (1, 14). In this paper, we 
we wish to describe the effect that changes in the 

'Presented at the 2nd Joint CIC-ACS Conference, 
Montreal, Canada, May 29 -June 2,1977. 

intermolecular fluorine transfer process in 
systems such as SiF4-SF,-, MeSiF3-MeSiF4-, 
PhSiF3-PhSiF,-, SiF,--SiF,2-, SiF4-SiF,2-, 
MeSiF3-SiF2 - , NH3-SiF, --SF$-, and 
NHEt2-MeSiF,. 

Experimental 
General 

Dichloromethane (Fisher), CH3SiF3 (PCR), SiC14 
(M.C.B.), ammonia (Matheson), 49% hydrofluoric acid 
(Fisher), and 10% aqueous (~z-C~H,)~NOH (Eastman) 
were used without further purification. SiF4 was pre- 
pared from SiCI, and SbF3 in a stainless steel cylinder. 
C6H5SiF3 was prepared from C6H,SiC13 and SbF3 in 
tetramethylene sulfone solvent (15). (n-C3H7)4NF (16), 
(n-C3H7)4N+SiF5- (2), (n-C3H7)4N+CH3SiF4- (1, 3), 
and (n-C3H7)4N+C6H5SiF4- (3) were prepared by 
literature methods and characterized by their mp, ir, and 
nmr spectra. [(n-C3H,)4N]2SiF6 was prepared by neutrali- 
zation of 10% aqueous (~Z-C~H,)~NOH with 3% aqueous 
H F  followed by addition of an equimolar quantity of 
(n-C3H,),N+SiF5-; water was evaporated with the 
addition of methanol and the product recrystallized from 
1 : 1 chloroform -ethyl acetate in 77% yield. The white 
needle-like crystals, mp 75-77"C, had an ir spectrum 
characteristic of the SiFs2- anion (17). 

Nuclear Magnetic Resonance Spectra 
The nmr spectra were recorded on Varian A-56/60A 

and HA-100-D spectrometers at 56.4 and 100 MHz for 
fluorine and proton, respectively; proton decoupled 
13C nmr spectra were recorded on a Bruker WH90 
spectrometer at 22.63 MHz. Temperatures were cali- 
brated by the method of Van Geet (18) and are considered 
accurate to I l ° C .  Calculated spectra for the SF5- -  
SiFs2- system were produced with the program DNMR-3 
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TABLE 1. Chemical shifts of some fluorides 

19F chemical 
Compound Solvent and concentration shift (ppm) 

aThe bifluoride ion is observed as an impurity peak in the tetrapropylammonium fluoride sample 
T h e  chemical shift and line width of HF vary with solvent and temperature. 

(19) using the Fortran H compiler on an IBM 370-158 
computer. Calculated spectra for the CH3SiF3-CH3SiF4- 
system were produced as described previously (1). The 
pseudo-first-order rate constants for exchange were ob- 
tained by visual comparison of the calculated and experi- 
mental spectra and are considered accurate to f 10%. 

The n n ~ r  samples were prepared by weighing solid 
reagents, recrystallized and dried under vacuum, directly 
into dry nrnr tubes. Dichloromethane (0.5 ml) was added 
and nrnr tubes degassed and sealed under vacuum. Small 
quantities (10 ~ 1 ) )  of C6F6 were added to produce a con- 
venient internal chemical shift and line width standard. 
Table 1 lists the chemical shifts and coupling constants 
of compounds used in this study. Chemical shifts were 
converted to the CFC1, scale by adding the chemical shift 
of a dilute C6F6/CFC13 mixture in CH,Cl, (162.87 ppm). 
All chemical shifts in Table 1 are reported to high field of 
CFC13; they agree well with literature values obtained 
under different conditions (1, 3, 8. 20). 

Results and Discussion 
It was essential to verify that impurities such 

as HF, H 2 0 ,  F- ,  FHF-, etc. were not the cause 
of the rapid intermolecular fluorine exchange 
processes observed in this study. This was ac- 
complished in several ways: firstly, by observing 
2 9 S i - ~  or F-Si-CH, coupling in all starting 
materials; secondly, by noting the effect on the 
nrnr spectra of reagents, e.g. (Me,Si),NH, which 
are known to react with trace amounts of HF ;  
thirdly, by diluting the sample (an increase in the 
rate of exchange might be caused by impurities 
in the solvent whereas a decrease would be con- 
sistent with a bimolecular exchange mechanism). 

Exchange between Four- and Five-coordinate 
Silicon Fluorides 

The fluorine nrnr spectra of MeSiF4- (Fig. 
1A) and MeSiF, (Fig. 1B) show well-resolved 
quartets with retention of F-Si-CH, coupling, 
thereby confirming that impurity catalyzed inter- 
molecular exchange is not occurring in the 

FIG. 1. Fluorine nmr spectra of 0.66 M (n-C3H7),- 
N+CH3SiF4 (1A) and 0.66 M CH3SiF3 (1B) in CH2C1, 
solution. Figure 1 C  shows mixture of samples 1A and 
1B at +41°C. 

starting materials. On mixing Pr4N4MeSiF4- 
(0.66 M)  and MeSiF, (0.66 M), the quartets are 
replaced by a single peak of half-height width 
-20 Hz at + 122.0 ppm (Fig. 1C). The proton 
nrnr spectrum shows a single sharp peak at 
-0.2 ppm, assigned to the methyl group of 
rapidly exchanging MeSiF4- and MeSiF,. 

The temperature dependent proton nrnr spec- 
trum, from - 50 to + 33"C, of a sample con- 
taining Pr4~'MeSiF4- (0.49 M) and MeSiF, 
(1.8 x lo-, M) was analyzed by the method 
described previously (I) and gave an activation 
energy E,  = 5.4 + 1.1 kcal/mol. Attempts to 
determine the order in MeSiF, were unsuccess- 
ful, mainly because of the difficulty of measuring 
and condensing small quantities of MeSiF, into 
nrnr tubes (the addition of as little as 2.5 x 
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MARAT AND JANZEN 

mol of MeSiF, to 2.45 x mol of Pr,N+- 
MeSiF,- in 0.5 ml dichloromethane produced 
coalescence). 

In a similar experiment, the fluorine nmr 
spectrum of a mixture of SiF, (0.66 M) and 
Pr,N+SiF,- (0.64 M) was recorded at - 51°C. 
A single peak of half-height width - 10 Hz was 
observed at + 152.3 ppnl and only minor changes 
occurred in the spectrum from - 51" to + 40°C; 
for example, at - 1 1°C the single fluorine peak 
shifted to + 149.5 ppm (towards SiF,-), the 
half-height width increased to -20 Hz and the 
intensity decreased slightly, suggesting that the 
concentration of SiF, in solution decreased 
slightly at higher temperature, thus slowing 
down the rate of fluorine exchange. 

The PhSiF3-PhSiF,- system also showed 
rapid intermolecular fluorine exchange, as veri- 
fied by I9F and 13C nmr. 

Rapid intermolecular fluorine exchange be- 
tween four- and five-coordinate silicon fluorides 
in the systems SiF,-SiF,-, MeSiF,-MeSiF,-, 
and PhSiF3-PhSiF4- is readily explained in 
terms of coordination changes Si 4 + 5, F 1 + 2, 
and intermediate (i) 1. 

L 

i-1 

R = F, Me, Ph 

Five- and Six-coordinate Silicon Fluorides 
The reagents Pr4N+SiF5- and (Pr4N),SiF6 

gave single sharp peaks in the fluorine nmr 
spectra (Table 1) with retention of 2 9 S i - ~  
coupling. On mixing Pr,N+SiF,- (0.5 M) and 
(Pr4N),SiF6 (0.5 M), the 29Si-F coupling was 
lost and two broad peaks were observed at 
+41°C, with half-height width of 210 Hz for 
SiF,- and 150 Hz for SF6'-. Coalescence of 
the peaks occurred at about +80°C. The 
Arrhenius plot over the temperature range -40 
to +80°C was reasonably linear and gave an 
activation energy E, = 5.1 f 0.2 kcal/mol (Fig. 
2). 

Intermolecular fluorine exchange can be 
explained in terms of coordination changes Si 
5 +6 ,  F 1 e 2 ,  and intermediate 2. Dilution of 
the SF5--SiF,'- sample produced a decrease 
in the exchange rate, consistent with the pos- 
tulated bimolecular mechanism; however, the 

- 

3 4 
T-1.10 

FIG. 2. Plot of In l /z  vs. 1/T. Sample contained 
(n-C3H7)4N+SiF5- (0.5 M) and [(n-C3H7)4N]ZSiF6 (0.5 
M) in CHzCI, (0.4 ml). 

fact that both free ions are in equilibrium with 
ion-pairs or aggregates precludes a more defini- 
tive kinetic analysis. The addition of a small 
amount of (Me3Si),NH (3 p1) had no noticeable 
effect upon the exchange rate. 

A comparison of the SiF,--SiF,'- and 
RSiF3-RSiF4- systems shows that coalescence 
in the SiF,--SiF,'- system occurs at higher 
temperature and higher concentration of re- 
agents. This difference probably resides in the 
unfavourable dissociation of Pr,N+SiF,- and 
(Pr,N),SiF,; hence, the concentration of free 
SiF,- and SF6'- ions in solution is probably 
quite low as compared to the concentration of 
RSiF,. 

Four- and Six-coordinate Silicon Fluorides 
A mixture of SiF, (0.49 M) and (Pr,N),SiF, 

(0.49 M) showed a broadened peak at + 136.6 
ppm, close to the chemical shift of pure Pr4N+- 
SiF,- (Table 1). The reaction was repeated on a 
larger scale using 1.2 mmol SiF, and 0.14 mmol 
(Pr,N),SiF,. Evaporation of the solution and 
recrystallization gave pure Pr,N+SiF,- as con- 
firmed by comparison of its melting point, in- 
frared, and nmr spectrum with that of an authen- 
tic sample. 

Similarly, a mixture of MeSiF, (1.0 M)  and 
(Pr,N),SiF, (0.49 M) showed two broad peaks 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3848 CAN. J. CHEM. VOL. 55,  1977 

in the region expected for MeSiF,  and SiF,-. 
Evaporation and infrared and nmr examination 
of the white residue showed it to be a mixture of 
MeSiF,- and SiF,-. 

These reactions may be summarized by co- 
ordination changes Si 4 =$ 5 e 6, F I S 2, and 
intermediate 3. They demonstrate that the 

formation of five-coordinate silicon fluorides is 
thermodynamically and kinetically favoured in 
the SiF,-SiF2- and M ~ S ~ F , - S ~ F , ~ -  systems; 
therefore, simply mixing four- and six-coordinate 
silicon fluorides represents a convenient way of 
preparing five-coordinate silicon fluorides., 
(Pr,N),PhSiF, was also prepared (9) for this 
study; however, attempts to recrystallize the 
compound and remove impurities such as H F  
and FHF- were not successful, therefore, we 
could not distinguish between impurity cata- 
lyzed or bimolecular fluorine exchange. 

Base and Intermolecular Fluorine Exchange 
The results discussed above demonstrate that 

intermolecular fluorine exchange is rapid, on the 
nmr time scale, if the coordination number of 
silicon in the exchanging species is different. 
Conversely, fluorine transfer is extremely slow 
between silicon fluorides of the same coordi- 
nation number, i.e. exchange is not observed 
in the systems SiF4-SiF,, RSiF,-RSiF,. SiF,-- 
SiF, - , RSiF4--RSiF,-, and SiF62--SiF62-. 

The relationship between coordination num- 
ber and intern~olecular fluorine exchange may 
also be investigated by using a Lewis base, 
rather than a fluorine ligand, to vary the co- 
ordination number of silicon. In such an experi- 
ment it was found that addition of a large 
excess of NH, (10 M) to a sample containing 
Pr4N+SiF,- (0.5 M) and (Pr,N),SiF, (0.5 M) 

21t is of historical interest that Berzelius prepared 
SiFs2- salts from SiF, and metal fluorides in 1828 
(cited in ref. 21). Perhaps the facile addition of ionic 
fluoride to Sip,-, combined with the volatility of SiF,, 
prevented earlier detection of S F 5 - .  

inhibited fluorine exchange, presun~ably because 
SiF,- is converted to SiF,(NH,)- (7, 8) and 
intern~olecular fluorine exchange between six- 
coordinate SiF,(base)- and SF6'- is slow on the 
nmr time scale. 

Base may also promote exchange, as illustrated 
by the addition of NHEt, (0.2 M) to a non- 
exchanging sample of MeSiF, (1.6 M) which 
produced single peaks in the 19F and 'H nmr 
spectra at +41°C with loss of F-Si-CH, 
coupling. In this case, the addition of base 
presumably facilitates fluorine transfer between 
the four-, five-, and six-coordinate silicon spe- 
cies MeSiF,, MeSiF,(base), and MeSiF,(base),. 

Zntramolecular Axial-Equatorial Exchange 
Intramolecular axial-equatorial exchange in 

SiF,-, MeSiF,-, and PhSiF,- was found to be 
rapid on the nmr time scale under all experi- 
mental conditions. Although this study provides 
no direct evidence related to the mechanism of 
axial-equatorial exchange, the postulate that 
exchange occurs via intermediates 4 or 5 is 
consistent with our previous suggestion that the 
lowest energy pathway of axial-equatorial ex- 
change in trigonal bipyramidal molecules in- 
volves Lewis acid-base interactions and rapid 
equilibration of five- and six-coordinate geo- 
metries (8). Since SiF,- samples do not exhibit 

11 Base or 
solvent 

intermolecular fluorine exchange (in the absence 
of impurities (8)) it must be concluded that 
cleavage at six-coordinate Si in i-4 is faster than 
at five-coordinate Si, hence, fluorine transfer will 
not occur despite the formation of i-4. Any 
Lewis base or solvent may also induce rapid 
coordination changes Si 5 + 6 via i-5 and lead 
to axial-equatorial exchange. 
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SHEILA TERESA LOBO and Ross ELMORE ROBERTSON. Can. J. Chem. 55,3850 (1977). 
The temperature dependence of the limiting equivalent conductances of the ions 2-methoxy- 

ethylammonium, bis-2-methoxyethylammonium, 3-methoxypropylammonium, piperidinium, 
quinuclidinium, cyclohexylammonium, and diethylammonium have been determined over the 
range 5-45°C. The probable effect of these ions on the adjacent water structure has been ex- 
plored in terms of an approach used by Kay and co-workers and the behaviour in water has 
been compared with that of other alkylammonium ions. 

SHEILA TERESA LOBO et Ross ELMORE ROBERTSON. Can. J. Chem. 55,3850 (1977). 
On etudie l'influence de la temperature sur les conductances equivalentes limites des ions 

mkthoxy-2 Cthylammonium, bis-methoxy-2 ethylammonium, methoxy-3 propylammonium, 
piperidinium, quinuclidinium, cyclohexylammonium et diethylammonium dans 1'6cart de 
temperature de 5 a 45°C. L'effet probable de ces ions sur la structure de l'eau adjacente est 
etudiC en profondeur en fonction d'une approche utilisee par Kay et ses collaborateurs et le 
comportement dans l'eau de ces ions est compare avec celui d'autres ions alkylammonium. 

[Traduit par le journal] 

Introduction 
In our pK, studies of various substituted 

amines in water, such as simple alkylamines (1, 
2), cyclic amines (3), and aminoethers (4, 5)' by 
the Shedlovsky-Kay method (6), limiting equiva- 
lent conductances, A,, of the corresponding 
amine hydrochlorides (BH'C1-) were deter- 
mined as a function of temperature between 5 
and 45°C. 

These experimental A,(BH+Cl-) can easily 
be dissected into their contributory ionic 
h,(BH+) and ho(C1-) values. The ho(BH+) 
values, thus obtained, in combination with the 
viscosity of water, q,  permit the calculation of 
the Walden product, h,q. Kiy  and co-workers 
(7-9) have used h,q and its temperature depen- 
dence in classifying the effect of tetraalkylam- 
monium ions, alkali metal, and halide ions on 
the surrounding water in terms of structure- 
making or -breaking. The various substituted 
ammonium ions studied by us lend themselves 
to such an analysis. 

These ions are amphiphilic, consisting of a 
polar ionic part, i.e., -NH3+, NH2+,  NH+ and 
a nonpolar hydrocarbon part. The interaction 
of these two parts with the adjacent water struc- 
ture is necessarily different. The ionic part of the 
solute will be hydrated electrostrictively, whereas 

'Tables reporting Kb as a function of temperature re- 
port Ao(BH+CI-) instead of Ao(BH+OH-); this com- 
ment applies to refs. 3 and 4 as well. 

the alkyl hydrocarbon part will be subjected to 
hydrophobic hydration-to the extent permitted 
by the adjacent charge. The balance between 
these two types of hydration will determine 
whether a particular ion appears to be a water 
structure-breaker or -maker. 

Most of the h,(BH+) values obtained here 
have not been reported before and the tempera- 
ture de~endence of these values as far as we 
know have never been examined. It is proposed 
in the present work to correlate A,, h,q, and 
d(hoq)/dT of the ions studied with those avail- 
able in the literature and determine their net 
effect on the neighbouring water structure. We 
examine as well the effect of variation in the 
structure of the ammonium ion, i.e. RNH3+, 
R2NH2+, R3NH+, and R,N+, where R = Me, 
Et, n-Pr, on the above-mentioned physical quan- 
tities. 

Experimental 
The conductance meihod for determining A. of the 

amine hydrochlorides required the utmost care with 
respect to the purity of the salts and water, temperature 
control during measurements, and accuracy of conduc- 
tance-concentration data. The experimental set-up and 
technique have been described previously (1) and were 
designed to achieve these standards. 

The hydrochlorides were prepared from commercially 
available amines, which were purified prior to the prep- 
aration of the salt. Quinuclidille was available as quinuc- 
lidine hydrochloride (Eastman White Label) which was 
converted to the free base by the method of Brown and 
Eldred (10). The purity of the amines was checked by gc 
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LOR0 A N D  ROBERTSON 385 1 

and mass spectral analysis. The hydrochlorides of the 
amines were prepared by passing dry hydrogen chloride 
gas (Matheson of Canada Ltd.) through an ethereal solu- 
tion of the purified amine. The salt was washed with ether 
and dried under vacuum over silica gel. The aminoether 
hydrochlorides presented added problems in that they 
were deliquescent. In these cases, after removal of most 
of the ether and water, the last trace impurities were re- 
moved by short path distillation under high vacuum. The 
bis-2-methoxylamine hydrochloride was recrystallized 
from a toluene-ethanol mixture, under anhydrous con- 
ditions 

Potassium chloride used for cell-constant determina- 
tions was of analytical grade, recrystallized from con- 
ductivity water twice, and fused in a platinum boat (11). 
Ao(BHfCl-) was determined as a function of tempera- 
ture between 5 and 45°C at 10" intervals. 

Results 
The conductance-concentration data2 were 

fitted by a linear least-squares fit to the Onsager 
equation, modified by Robertson and co-workers 
(1) to correct for any errors peculiar to our sys- 
tem of measurement, i.e. zeroing the titrimeter 
capable of delivering fixed concentration of salt 
solutions to the cell, possible adsorption on the 
walls of the cell at lower concentrations, and a 
check on the water correction. The equation 
used was 

where Ri and R, are resistances of the solution 
measured at concentrations ci (ci being between 
10 and 15 values) and c,, respectively, the con- 
centration of the chloride being determined 
gravimetrically. A is the limiting slope, Ck is the 
cell constant, and A, is the intercept of the A vs. 
concentration plot. The concentration of the 
stock solution was approximately 0.05 M so that 
the concentration range used in determining A, 
was between 0.00015 M and 0.003 M. Since A, 
of the amine hydroxides (BH'OH-) was of 
interest in obtaining the basic dissociation con- 
stants, K,, of amines, the A, values of the hydro- 
chlorides (BH'CI-) were converted into those 
of the corresponding hydroxides by using the 
Kohlrausch equation 

'The original conductance data are available, at a nom- 
inal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 

ho(C1-) used in [2] was from Harned and Owen 
(12), who fitted h, vs. temperature data to the 
cubic equation 

Similarly hot(OH-) vs. temperature values from 
Robinson and Stokes (13, p. 465) were fitted to 
a cubic equation as above, to obtain the required 
constants (1) of [3] needed for interpolation. 

The A,(BH+OH-) values vs. temperature 
data were fitted to a cubic equation by linear 
least squares. Although the standard deviation 
(oA, cf. last column of Table 1) of the equivalent 
conductance vs. concentration plot is better than 
0.03% for individual A, determinations, the 
reproducibility (precision) of the A, values at any 
given temperature may show somewhat larger 
errors (cf. column 4 of Table 1). A, vs. tempera- 
ture data for bis-2-methoxyethylamine hydroxide 
are reported in Table 1 as a typical illustration of 
the type of results obtained. The table contains 
the observed A,(BH+OH-) values as a function 
of temperature, the difference between observed 
and calculated values, the latter obtained from 
the cubic equation used to fit the data, and the 
standard deviation of oA for individual A, 
determinations from plots of equivalent con- 
ductance vs. concentration. Table 2 contains 
values of the parameters A, B, C,  and D of the 
cubic equation 

used to fit A,(BH+OH-) vs. temperature data 
for all the amine hydroxides studied here. These 
parameters are useful for interpolating any 
desired A, value in the range 5-45°C. 

Since the hydrochlorides examined here are 
salts of a weak base and strong acid, the pos- 
sibility that hydrolysis might have a significant 
effect on the value of A,(BH+Cl-) was con- 
sidered, particularly with respect to salts of the 
weaker amines, 2-methoxyethylamine and bis-2- 
methoxyethylamine (pK, = 9.390 and 8.609, 
respectively). In the absence of the correction 
for hydrolysis, the experimental A, values will be 
higher, because ammonium ions are replaced by 
hydrogen ions of higher mobility. 

The hydrolysis correction has been determined 
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TABLE 1. Limiting equivalent conductance (Ao) vs. temperature for bis-2-methoxyethyl- 
ammonium hydroxide in water 

Ao(obsd.)" Ao(calcd.) Ao(obsd.) - Ao(calcd.) 
T ("C) (cm2 a-1 mol-') (cm2 0-' mol-') (cm2 0 - I  mol-') oh 

4.993 150.96 150.94 f 0 . 0 2  0.02 
5.000 150.96 150.96 -0.002 0.01 

15.002 188.99 189.09 -0.09 0.02 
15.004 189.10 189.09 f 0 . 0 0 8  0.02 
24.986 229.05 228.92 +0.13 0.04 
25.008 229.00 229.00 -0.004 0.02 
35.000 269.98 270.00 -0.02 0.04 
35.013 269.99 270.01 -0.07 0.03 
44.997 311.55 311.51 +0.04 0.03 
44.998 311.49 311.51 -0.02 0.03 

.Not corrected for hydrolysis. 

TABLE 2. Constants of eq. 4 

Hydroxide A B c x l o 3  D x lo5  
- - 

2-Methoxyethylammonium 137.782 3.8234 8.4623 -2.400 
Bis-2-methoxyethylammonium 132.737 3.5596 0.13527 -0.1058 
3-Methoxypropylammonium 138.718 3.8729 9.1429 - 1.935 
Cyclohexylammonium 132.135 4.2798 -0.13572 f0 .2288 
Piperidinium 136.873 3.7793 8.5587 - 

Quinuclidinium 135.540 3.8461 6.0898 - 

Diethylammoniuma 235.974 4.1939 6.2265 -6.129 

by taking into consideration the equilibrium TABLE 3. Limiting equivalent conductance (Ao) VS. tem- 
perature for bis-2-methoxyethylammonium hydroxide 

[51 BH+ f H 2 0  $ B f H30' in water 

and the procedure followed is essentially that of 
Ao(obsd.) Ao(corr. for hydrolysis) Campbell and Bock (14). The corrected con- rC) (cm2 0- mol-l) (cm2 a- mol- 

ductance (A,,,,) can be calculated by 

15.002 where A, values were obtained from Robin- 188.99 188.74 
189.10 188.85 

son and Stokes (13, p. 465), and x is the degree 24,986 229.05 228.59 
of hydrolysis. It was found that for 2-methoxy- 25.008 229.00 228.54 
ethylammonium hydroxide, the maximum dif- 35.000 269.98 269.29 
ference in the observed and corrected A, values i:::;; 269.99 269.40 

311.55 310.71 
was 0.1% and for bis-2-methoxyethylammonium 44,998 311.49 310.61 
hydroxide 0.3Z. It was therefore not necessary 
to correct for A, values of the hydroxides &f 
3-methoxypropylamine, cyclohexylamine, piperi- 
dine, quinuclidine, or diethylamine, all of which 
are salts of stronger bases than methoxyethyl- 
amine and bis-2-methoxyethylamine. The effect 
of hydrolysis on A, is illustrated for bis-2- 
methoxyethylammonium hydroxide in Table 3. 

Discussion 
The problems associated with estimating and 

interpreting solute-solvent interactions are 
varied and to a considerable degree dependent 

on the experimental method. It is well known that 
water, as a solvent, presents special problems in 
such studies because of its peculiar structure. 
The latter may be described in terms of a mixture 
model or a continuous model but each will treat 
bulk water as possessing, to a greater or lesser 
degree, three-dimensional hydrogen bonded 
structures. These structures are modified by the 
solute, as indicated by measurement of various 
physical properties of the solute-water system. 
In the case of ionic solutes the evaluation of the 
value of the physical property for the ion of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LOR0 A N D  RORERTSON 3853 

TABLE 4. Limiting ionic conductances (Lo) of selected substituted amnloniunl ions in water for a series of' 
temperaturesa 

Temperature ("C) 

Ion 5 10 15 25 

Cyclohexylammonium 22.43 24.17 28.12 35.04 
Piperidinium 25.19 25.89 29.56 37.52 
Quinuclidinium 24.13 24.98 28.67 36.32 
2-Methoxyethylammonium 26.32 27.21 31.03 39.10 
3-Methoxypropylan~monium 27.52 28.71 32.87 41.77 
Bis-2-methoxyethylammonium 20.07 19.95 22.89 29.35 
Ethylammonium (1) 30.52 32.34 36.58 46.60 
Diethylammonium 21.51 25.07 28.81 36.79 
Triethylammoniumb 18.38 21.42 24.56 31.29 
Trimethylammonium (2) 28.39 32.52 37.06 46.94 

.Units of Lo: cm2 R - I  mol-'. 
OD. Northcott and R. E. Robertson. Unpublished data. 

TABLE 5. Walden products (L,I~) of selected substituted ammonlum ions in water for a serles of temperatures" 

Temperature ("C) 

Ion 5 

Cyclohexylammonium 0.3407 
Piperidiniunl 0.3826 
Quinuclidinium 0.3674 
2-Methoxyethylammonium 0.3998 
3-Methoxypropylammonium 0.4180 
Bis-2-n~ethoxyethylammonium 0.3049 
Ethylammonium 0.4636 
Diethylammonium 0.3267 
Triethylammonium 0.2792 
Trimethylammonium 0.4312 

Wnits of hoq  : cm2 R-' mol-' P. 

interest and, specifically, its effect on water struc- 
ture may not be simple nor satisfactory, due to 
the inability of separating out the contribution 
of the counter-ion. 

Conductance measurements offer the advant- 
age in that accurate estimates of single ion 
limiting equivalent conductances, A,, can be ob- 
tained without introducing arbitrary assump- 
tions. However, h, alone does not give as satis- 
factory a parameter for determining the effect of 
an ion on water structure as the Walden prod- 
uct, hoq, and its temperature dependence. These 
have been used by Kay and co-workers (7-9) 
to classify ions as structure-breakers or -makers. 

In order to obtain h, values for the ions 
studied here, ha values of the substituted am- 
monium ions are obtained from Ao(BH+OH-) 
(cf. Table 2) and ho(OH-) values (13, p. 465) 
and q values have been taken from ref. 15. ha 
and hoq for all the substituted ammonium ions 
studied here are listed in Tables 4 and 5, repec- 
tively. For the sake of con~parison, values for 

ethylammonium (I), trimethylammonium (2), 
and triethylammonium3 ions are also included. 

Figure 1 illustrates the temperature depen- 
dence of h,q of the ions listed in Tables 4 and 5. 
As rationalized by Kay and Evans (8), structure- 
breakers usually have high Walden products. 
These values tend to decrease with increasing 
temperature, because there is less water structure 
to break at higher temperatures. 

Such ions as n-Pr,N+ and n-Bu,N+, which 
show a positive temperature coefficient of hoq, 
are judged to be structure-makers since the 
hydrophobic cage-like structures formed by 
such ions melt with increasing temperature, 
producing smaller faster moving entities. From 
Fig. if we ignore the 5°C points, we conclude 

3D. Northcott and R. E. Robertson. Unpublished 
data. 

4The 5°C points for most of the compounds investigated 
here appear to be anomalous; however, we found no 
justifiable reason to ignore these data (cf, last column 
of Table 1). 
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FIG. 1. Temperature dependence of Walden products 
for selected ammonium ions: (a) cyclic and methoxy sub- 
stituted ammonium ions; (b) simple aliphatic ammonium 
ions. 

that 2-methoxyethylammonium, cyclohexylam- 
monium, quinuclidinium, ethylammonium, and 
trimethylammonium ions are structure-breakers. 
By the same criterion the piperidinium ion is seen 
to be a weak structure-maker. Bis-2-methoxy- 
ethylammonium, 3-methoxypropylammonium, 
triethylammoniun~, and diethylammonium ions 
appear to have no net effect on water structure. 
That the latter four ions should have no net 
effect on water structure is unexpected. Intra- 
molecular hydrogen bonding in the case of 
3-methoxypropylammonium ion may affect its 
structure-breaking ability. However, the secon- 
dary ammonium ions also appear to show anom- 
alous behaviour. Rather than rely solely on the 
temperature dependence of hoq of these ions, 
we have used a plot of ClOz5 VS. Loz5 for dis- 
tinguishing between structure-breakers and 
-makers, as suggested by Kay (9). We have super- 
imposed our values on Kay's original plot (9), 
Fig. 2. The results of this plot are interesting. 

In Fig. 2, structure-making ions have high 
ClOz5 values and lie in the upper left-hand corner 
of the plot, whereas structure-breakers lie in the 

FIG. 2. Plot of C,025 VS. Loz5 : I, cyclohexylamm~nium; 
2, piperidinium; 3, quinuclidinium; 4, 2-methoxyethyl- 
ammonium; 5, 3-methoxypropylammonium; 6, bis-2- 
methoxyethylammonium; 7, ethylammonium; 8, diethyl- 
ammonium; 9, triethylammonium; 10, trimethylam- 
monium. 

lower right-hand corner of the plot. Ions that 
have both these features balanced have a ClOz5 
value of unity and lie on the centre of the plot. 
Thus the alkylammonium ions and the cyclicam- 
monium ions studied here lie slightly below the 
centre of the plot and indicate an overall struc- 
ture-breaking effect, although it is not very 
strong. The bis-2-methoxyethylammonium ions 
and diethylammonium ions have no net effect 
on water structure, the reason, as mentioned 
earlier, not being obvious. Thus, although a 
smooth correlation is possible for the tetra- 
alkylammonium ions, small variations are noted 
for the partially substituted ammonium ions. 

In order to determine if these deviations are 
related to the size of the ion, we recall the Stokes 
relation (13, p. 125), which for univalent ions is 

15.4 15.4 (4 ;~ )  'I3 (+) 'I3 [7] hoq = - = --- - 
6nr, On: 

where r, is the radius in aqueous solution, N is 
Avogadro's number, and V 0  is the partial molar 
volume. If [7] is obeyed, the plot of hoq vs. 
(11 7/0)113 should give a straight line. In Fig. 3 the 
well-known fact that the hypothetical line is not 
in accord with the experimental facts for small 
ions is of less significance here than the system- 
atic deviations evident in the case of alkylam- 
monium ions. The larger the alkyl groups and 
the more insulated the charge, the closer the 
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LOB0 A N D  ROBERTSON 

- 
0 c10; / 

Stokes' line -/ 
- / 

FIG. 3. Plot of Loq vs. at 25°C. Lo and Todata are taken from Kay (18) and Friedman and 
Krishnan (19) and this work, except for Lo of MeNH3+ (20), EtNH3+ (20), n-PrNH3+ (20), n-BuNH3+ 
(20), n-Pr2NH2+ (16), Et3NH+ (16) and T0of MeO(CH2)NH3+ (17), MeO(CHZ)3NH3+ (17). 

adherence to the above relation (cf. Bu4N+). 
This trend has been explained by Kay (18). It ap- 
pears that each category of ions, i.e. primary, 
secondary, tertiary, and quaternary ammonium 
ions, is well correlated by straight lines, al- 
though each series deviates from the Stokes line 
in the direction of higher mobility, with the 
quaternary ammonium ions deviating the most. 
The Me, Et, Pr, and Bu series are correlated 
among themselves, although in the case of the 
Me series, Me4N+ deviates from the line, but as 
we progress to the Bu series the deviation of the 
quaternary ammonium ion vanishes. Thus in any 
given series, be it type of ion or the type of sub- 
slituent, size of the ion is related to the Walden 
product, and VO. No apparent correlation, de- 
pendent on size, is found for the ethyl substi- 
tuted ammonium ions (the only series for which 
CIo2' values are available, Fig. 2) and unfortu- 
nately no volumetric data are available for all the 
cyclic ammonium ions studied here. Neither are 
accurate conductance data available for all the 

members of the methyl, propyl, and butyl series 
to draw any firm conclusions about the scatter 
of points in the structure-breaking region in Fig. 
2. As for the methoxyalkylammonium ions (cf. 
Fig. 3), MeO(CH2),NH3+ falls on the line of the 
primary ammonium ions and its hoq value ap- 
pears to be related to size. However, MeO- 
(CH,),NH3+ deviates in the direction of larger 
hoq although its size is close to  that of 
n-BuNH,'. If this ion does break water struc- 
ture in its immediate vicinity so as to have a 
higher mobility, one would naturally expect its 
apparent size in aqueous solution to  be smaller. 
That the effective size of the ion in solution 
governs the magnitude of 3L0 and v0 is seen in 
Fig. 3. This was observed also by Desnoyers and 
co-workers (20) for ions of the type RNH,'. 

Although on the basis of the above analysis, 
the ions studied here are classified as weak water 
structure-breakers, we must admit that the con- 
cept of structure-makers and -breakers is not 
entirely satisfactory, because it is not known 
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specifically what type of water structure is made 8. R. L. KAY and D. F.  EVANS. J .  Phys. Chem. 70,2325 

or broken. However, we tend to agree with Kay 
9. R. L.  KAY. Adv. Chem. Ser. 73, l(1968). and Evans (8) that analysis of '0 based On 10. H. C. BROWN and N. R. ELDRED. J.  Am. Chem. Soc. 

the model of structure-breaking and -making 71,445 (1949). 
properties of ions in aqueous solution is prefer- 11. T. SHEDLOVSKY. J.  Am. Chem. Soc. 54, 14 11 (1932). 
able to that based solely on the approach of 12. H.  S. HARNED and B. B. OWEN. The physical chemis- 

try of electrolytic solutions. 3rd ed. Reinhold Publish- electrostrictive hydration and arbitrary correc- ing Co., New York, NY, 1958. p. 233. 
tions to Stokes' law. 13. R. A. ROBINSON and R. H. STOKES. Electrolvte solu- 
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A radiochemical study of the kinetics of ion-exchange on zirconium antimonate 

JOHN MATHEW AND SHIV NATH TANDON 
Department of Chemistry, University ofRoorkee, Roorkee -247672, India 

Received April 6, 1977 

JOHN MATHEW and SHIV NATH TANDON. Can. J. Chem. 55,3857 (1977). 
This paper reports the radiochemical study of the kinetics of ion-exchange of Rb+ and Cs+ 

with H +  on zirconium antimonate. The slow step which determines the rate of exchange of 
these ions is diffusion through the particle. Values for the diffusion coefficients, energy of 
activation, and entropy of activation have been calculated. The data obtained have been 
compared with those reported for other organic and inorganic exchangers. 

JOHN MATHEW et SHIV NATH TANDON. Can. J. Chem. 55,3857 (1977). 
Cet article rapporte 1'Ctude radiochimique de la cinttique de 1'Cchange ionique de Rb+ et Cs+ 

avec H +  sur de l'antimonate de zirconium. L'ttape lente qui dCtermine la vitesse de 1'Cchange 
de ces ions est la diffusion a travers la particule. On a calcult des valeurs pour les coefficients 
de diffusion, l'tnergie d'activation et l'entropie d'activation. On a aussi compart les valeurs 
obtenues avec celles rapportkes pour d'autres Cchangeurs organiques et inorganiques. 

[Traduit par le journal] 

Introduction 
The rate-controlling step in ion-exchange was 

first shown by Boyd et al. (1) to be diffusion 
either in the exchanger particles itself ('particle 
diffusion') or in an adherent stagnant liquid layer 
('film diffusion'); in an intermediate range of 
conditions both mechanisms may affect the rate. 
Though many studies of the kinetics of ion- 
exchange on organic resins have been reported, 
rather less information exists on the kinetics of 
exchange on inorganic ion-exchangers. Nancollas 
and Paterson (2) have found particle diffusion to 
be the slow step which determines the rate of 
exchange on zirconium phosphate. Similar 
observations have also been made on some hy- 
drous oxides ( 2 4 )  and tantalum arsenate (5). 
However, with less concentrated solutions, the 
rate-determining step for exchange on zirconium 
phosphate involves both film and particle 
diffusion (6). 

Recently, we reported (7) the ion-exchange 
characteristics of zirconium antimonate and 
showed the utility of the material by demonstra- 
ting various separations of analytical and radio- 
chemical interest. It was observed that Rb' and 
Cs+ exchange stoichiometrically with this ex- 
changer. In the present report, a radiochemical 
study of the kinetics of the exchange of Rb' and 
Cs' with H +  on zirconium antimonate is 
described, and the thermodynamic parameters 
for the exchange are calculated. The data ob- 
tained for this material are compared with those 
for organic resins and other inorganic exchangers. 

Experimental 
Reagents and Apparatus 

Zirconium oxychloriae (Riedel, A. R.) and potassium 
pyroantimonate (E. Merck, G. R.) were used. All other 
chemicals were of analytical grade. '=Rb (tllZ = 18.8 d) 
and 134Cs (tllZ = 2.19 y) obtained from BARC, Bombay, 
were employed as tracers. 

All radiometric determinations were done by scintilla- 
tion counting, by means of a NaI/Tl well-type crystal 
employing a counter together with a single-channel 
analyser (ECIL, Hyderabad). 

Kinetic Measurements 
The synthesis of the exchanger is described elsewhere 

(7) and the sample No. 4A which has the highest exchange 
capacity was chosen for the study. The air-dried material 
wasconverted to the H+ form by treatment with 1 M HCl. 
Finally, it was washed several times with deionised water 
and dried over saturated ammonium chloride solution 
(relative humidity 79%). The exchange capacities deter- 
mined by a radiotracer technique (8) for Rb+ and Cs+ 
were 0.61 and 0.55 mequiv./g, respectively. 

The radius of the particle of the sieved fractions was 
determined by measuring the diameter of 100 particles 
with a micrometer microscope. The mean radius of the 
particle measured was 6.42 x cm for the smaller- 
sized fractions and 1.20 x cm for the larger-sized 
fractions. 

Rates of exchange were determined by the 'limited bath 
technique'. Twenty millilitres of the labelled metal 
chloride solutions (total ionic strength = 0.1 1 N )  were 
shaken in a thermostatic bath at the desired temperature. 
Then 0.2 g of the exchanger in the H +  form was added. 
At preset time intervals, samples of the supernatent solu- 
tion were removed for analysis to determine the extent of 
exchange. The experiments were conducted at 20, 30, 40, 
and 50°C (+ 0.5"C). 

Analytical Procedures 
Rubidium and cesium solutions were analysed radio- 

metrically. The results are expressed in terms of the 
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TABLE 1. B values as a function of particle size and temperature 

B values (s-') 
Particle size 

System r (cm) 20°C 30°C 40°C 50°C 

exchange fraction F, with time according to the following 
expression 

F = (So - St)/(So - Sm) 

where F = fraction exchanged at time i, So = counts s-' 
1111-' at t = 0, St = counts s-' ml-' at t = t, S, = counts 
s-' ml-' at equilibrium. 

The data obtained were analysed by the least-squares 
method (9). The estimated errors were within 5% for each 
measured value of the diffusion coefficient and other 
thermodynamic parameters. 

Results and Discussion 
The conditions of the present experiment were 

set to  study the particle diffusion mechanism 
only. As the limited bath technique was em- 
ployed, the equation developed by Boyd et al. (I) 
and improved by Reichenberg (10) can be used. 
If the rate-determining step is diffusion through 
the exchanger, then the following equation is 
valid. 

6 " l  
[I] F = 1 - ;;i 7 exp (- n 2 ~ t )  

n = l  n 

where F is the fractional attainment of equili- 
brium, n is an integer, B = n2D/r2, in which 
is the effective diffusion coefficient of the 
exchanging ion inside the exchanger and r is the 
radius of the particle. 

According to the above equation, F is a func- 
tion of B and t only and is thus independent of 
the concentration of the external solution. 
Experimental results may be tested to determine 
whether they conform to the above equation by 
plotting values of Bt (calculated from the 
experimentally determined values of F )  against 
corresponding values of t ;  Bt values are taken 
from Reichenberg's table (10). 

The values of F as function of time for different 
concentrations of Rbf and Csf on zirconium 
antimonate are shown in Fig. 1. The plots of 
Bt vs. t for the Cs+/H+ system are linear and 
pass through the origin with constant diffusion 
coefficients within experimental error only for 

FIG. 1. Effect of the concentration of Rb+ and Cs+ on 
the rate of exchange on zirconium antimonate. (A, A) 
R b + :  1,0.02 M; 2,0.05 M;3,0.1 and0.2M. (@, O)Cs+:  
4 and 4',  0.02 M; 5 and 5', 0.05 M ;  6 and 6', 0.1 and 
0.2 M. 

concentrations above 0.1 M. Similar plots were 
obtained for the R b f / H f  system. These results 
suggest that in the initial stages of the exchange, 
diffusion of Rbf and Csf is not controlled by 
particle diffusion alone for 0.02 and 0.05 M solu- 
tions, while at concentrations 2 0.1 M, the slow 
step which determines the exchange is particle 
diffusion. 

The results of the variation of particle size of 
the exchanger on the rate of exchange of Rbf 
and Csf on zirconium antimonate are given in 
Table 1. For the Rbf /H+  system at 20"C, the 
ratio of the squares of the radii is 3.49 which 
agrees within experimental error with the inverse 
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ratio of the B values, 3.0, as required by [I]. 
Similarly, for the Cs+/H+ system at 20°C, the 
ratio of the squares of the radii is 3.49 and the 
inverse ratio of B values is 3.32. Thus the pro- 
portionality of B to r P 2  is confirmed within 
experimental error and an effective diffusion 
coefficient can be calculated. 

The rate of exchange increased with an in- 
crease in temperature from 20 to 50°C, suggesting 
that the mobility of these ions increases with 
increasing temperature. As a typical example, a 
plot of Bt vs. t obtained at different temperatures 
for the Rb+/H+ system is shown in Fig. 2; the 
values of B are tabulated in Table 1. 

The resolution of the McKay plot (1 l), given 
in Fig. 3, in the case of the Rb+/H+ as well as the 
Cs+/H+ system indicates that the resulting 
graphs are curves similar to those of inde- 
pendently decaying activities. A complex ex- 
change reaction likely occurs due to the presence 
of more than one type of functional site, or to the 
presence of [Sb(OH),]- bound in different ways. 
A similar exchange mechanism has already been 
observed in the isotopic exchange kinetics of 
pl~osphate ions between aqueous solution and 
solid zirconium phosphate (12). 

When log D is plotted against 1/T (Fig. 4), 
straight lines are obtained, enabling the energy of 
activation (E,) and the pre-exponential constant 
(Do) to be estimated from an Arrhenius equation 
D = Do exp (- E,/RT). The entropy of acliva- 

t.rn8" 

FIG. 2. Plot of Bt VS. t for Rb+ at different temperatures. 

FIG. 3. McKay plot for the Rb+/H+ and Cs+/Hi 
systems on zirconium antimonate (A ,  Rb+ ; 0, Cs+). 

FIG. 4. Plot of log D vs. 1/T. 

tion (AS*) can then be calculated from Do by 
substituting in the equation proposed by Barrer 
et al. (1 3) 

Do = 2.72(k~d'/h) exp (AS*/R) 

where k = Boltzmann constant, T = 273 K, d = 
average distance between two successive posi- 
tions in the process of diffusion, taken as equal 
to  5 A, h = Planck's constant, R = gas constant. 

The values of the diffusion coefficient obtained 
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(Table 2) for Rb+ and Cs+ on zirconium anti- 
monate are much less than those obtained for 
strongly cationic resins, but appreciably higher 
than those for zeolites. On Dowex 50-8.6X, D 
for rubidium and cesium ions are reported to be 
13.8 x loF7 and 13.7 x cm2/s respectively 
(14). For zeolites, however, the values of the 
effective diffusion coefficients are much smaller 
and are of the order of 10-'2-10-16 cm2/s (15). 
The D value of Csf at 20°C on zirconia, given by 
Hallaba et al. (4), is 2.2 x lo-' cm2/s and on 
zirconium phosphate (16) the reported value is 
1.1 x lo-' cm2/s. Thus, a comparison of the 
values of the diffusion coefficient reported herein 
with that of inorganic resins and other exchangers 
indicates that zirconium antimonate shows rates 
of exchange approaching those of organic resins 
as well as some inorganic exchangers. 

Energies of activation show an increase in 
magnitude with increase in ionic size. This is 
analogous to the behaviour of alkali metal ions 
migrating through analcite (17), where the diffu- 
sion coefficient decreases with increasing ionic 
size and energies of activation increase with 
increasing ionic size. It may therefore be said 
that rubidium and cesium ions suffer from a 
certain degree of dehydration while diffusing into 
the pores of zirconium antimonate and this may 
presumably explain why D for the Rb+/H+ 
system is higher than that for the Cs+/H+ 
system. The coefficient D, also shows the trend of 
being higher in value with increasing covalent 
ionic size (18). A negative value for the entropy of 
activation suggests that upon exchange of these 
cations, no significant structural change occurs in 
zirconium antimonate. 
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Raman spectrum of solid CH, in phase I1 
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A. CABANA and NGUYEN DINH THE. Can. J. Chem. 55,3862 (1977). 
The Raman spectrum of crystalline CH, in phase I1 has been obtained. The v,, vz, and v3 

bands have been observed as well as two weak bands in the lattice vibration region. The 
spectrum is found to be consistent with the structure originally proposed by James and Keenan. 
There is excellent agreement between a theoretical model proposed by Yamamoto and co- 
workers and the spectra presented here. 

A. CABANA et NGUYEN DINH THE. Can. J. Chem. 55,3862 (1977). 
On a enregistre le spectre Raman du CH, cristallin dans la phase 11. Les bandes v l ,  vn et v3 

ont ete observees de m6me que deux bandes faibles dans la region des vibrations de reseau. On 
a pu conclure que le spectre peut &tre interprete sur la base de la structure proposee par James 
et Keenan. I1 existe un accord excellent entre un modele theorique propose par Yamamoto et 
ses collaborateurs et les spectres presentes ici. 

The infrared (1-3) and Raman (4) spectra of 
CH, in noble gas matrices were found to exhibit 
some fine structure which has been tentatively 
assigned to various rotation-vibration features. 
A suitable model for the hindered rotation of the 
molecule in the matrices was developed later 
(5, 6) and the assignment proposed by the 
experimentalists proved to be qualitatively 
correct. 

The infrared spectra of neat CH, crystals 
have also been reported by several investigators 
(see ref. 7). Chapados and Cabana (7) compared 
the spectrum of the neat solid in phase I1 with 
the spectrum of the molecule in a krypton matrix 
and recognized that the spectrum is consistent 
with the theoretical model proposed by James 
and Keenan (8), a model which was confirmed 
later by Press (9) from a coherent neutron 
diffraction experiment of CD,. The Raman 
spectra of the neat crystals have also been re- 
ported (10, 11). Only Anderson and Savoie (1 1) 
have obtained the spectrum of the solid in phase 
11. Considering that these investigators worked 
before the advent of powerful gas lasers their 
spectra were very satisfactory, and the phase I 
spectrum we have obtained is no different from 
theirs. However, the phase I1 spectrum lacked 
the resolution now available and is not good 
enough to reveal the weaker features that pro- 
vide convincing evidence for rotation in that 
phase. We report here the Raman spectrum 
recorded with the higher resolution obtainable 
using the equipment and techniques described 
previously (12, 13), and discuss the spectrum in 

terms of the recent calculations of the v, and v, 
infrared and Raman bands reported by Yama- 
mot0 and co-workers (14). Their calculations 
have provided a quantitative basis for the 
assignment of the infrared data. 

Of the four fundamental vibrations, v,, v,, 
and v, have been observed, but v, has not been 
found although the appropriate region was care- 
fully scanned at wide slits and high gains. The 
spectrum of the neat crystal is shown in Figs. 
1 (v,), 2 (v,), and 3 (v,) and the Raman shifts 
are collected in Tables 1 and 2. The weak band 
on the low frequency side of v, has been assigned 
to the strong v, band of C2H6 present at low 
concentration in our sample of CH,. 

Phase I1 CH, very likely belongs to space 
group 0: (Fm3c). In this structure there are eight 
molecules per primitive cell of which six, occupy- 
ing sites of D,, (42m) symmetry, are ordered and 
two, occupying sites of 0 (432) symmetry, are 
free to rotate. Therefore, the molecules at sites 
of symmetry 0 should lead to rotational features 
in the spectrum whereas n~olecules at sites of 
symmetry D,, could lead to site and factor group 
splittings as predicted from group theory (7). 
It is to be noted that the centrosymmetric 
structure imposes that all of the ir active com- 
ponents should be Raman inactive and vice- 
versa. The infrared spectrum (7) did not reveal 
any site or factor group splittings. It is likely 
that these splittings are too small to be re- 
solvable; the same appears to be applicable to 
the Raman spectrum. Three lattice modes, of 
which one is of rotational origin, are expected for 
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3038.4 

3 C H4 phase I1 

cm-' 3080 3060 3040 3020 3300 

FIG. 1. The Raman spectrum of the v, vibration region of CH, recorded at 9 K in phase 11. 

FIG. 2. The vl Raman bands of CH, recorded at 9 K 
in phase 11. The low frequency band at 2897.8 cm-' 
arises from C2H6 present at low concentration in our 
sample. The phase I spectrum was obtained just above the 
transition temperature. 

the D,, molecules in the Raman as well as in the 
infrared spectrum (see Table 6, ref. 7) but only 
two of these have been observed in either the 
infrared (7) or the Raman spectrum (Table 2). 

The v, band of CD, at low concentration in 

FIG. 3 .  The v2 Raman band of CH, recorded at 9 K 
in phase 11. 

crystalline CH, phase I1 has been recorded and 
is shown in Fig. 4. The vibrations of the guest 
CD, molecule should, under these conditions, 
be largely uncoupled from those of the host 
molecules such that factor group splitting 
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TABLE 1. Observed and calculated Raman shifts in the 
v3 band of CH, crystal phase I1 

Frequencies (cm- I)" 

Observed Calculated"  assignment^"^^ 

nReference 14. 
bAssignments are for molecules at sites o f  symmetry Oh, unless 

otherwise noted. 
<v = very, s = strong, w = weak, sh = shoulder, m = medium, 

br = broad. 

TABLE 2. Observed and calculated Raman shifts for 
crystalline CH4 phase I1 

Frequencies (cm- ') 

Observed Calculateda Tentative assignment 

41 vw D2d 

52 vw 1 Lattice 
D z d  

1526.7 D ~ d  

1530 m, sh 1530.0b Q(1) of Oh 
1544 m, sh 1542.6 Mainly R(1) of Oh VZ 

1554 s 1551 .5 Mainly S(0) of Oh 
2903.1 v, s D z d ,  vi 
2908.6 m Q of Oh 

I 
t 

'Frequencies calculated from ref. 14. 
bQ(l) of Oh molecules is adjusted to the experimentally measured 

wave number. 

should be absent. Therefore, the component of 
lower intensity found at the higher frequency 
(2095.9 cm-I) should arise from the rotating 
molecules. Since in the v, band only A J  = 0 
transitions are expected, this band should be 
mainly due to the Q(l) and Q(2) transitions. 
Several transitions due to the rotating molecules 
are identified in the v, band of the neat crystal 
where agreement between theory and experiment 
is satisfactory (see Fig. 1 and Table I). In the 
v, band of the neat crystal it is very likely that 
the component of lower intensity found at the 
higher frequencies is also attributable to rotating 

I I 

2100 2095 2090 cm-1 

FIG. 4. The vl Raman band of CD, at low concentra- 
tion in CH, phase I1 at 9 K. The phase I spectrum was 
obtained just above the transition temperature. 

molecules (see Fig. 2 and Table 2). Several 
features are also tentatively assigned to rotating 
molecules in the v, band of the neat crystal (see 
Fig. 3 and Table 2). The two main components 
(1554.0 and 1526.7 cm-l) are certainly too far 
apart to arise from site or factor group splitting. 
Although the assignment proposed here for some 
of the weaker lines is uncertain, the main fea- 
tures of these Raman spectra are found con- 
sistent with the structure generally accepted for 
the solid in phase 11. The v, Raman band, cal- 
culated by Yamamoto and co-workers (14), is 
certainly in good agreement with the experiment. 
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Interactions solutks-solvants dans les mClanges eau - alcool 
tert-butylique. VIII. Volumes molaires apparents des benzoates 

halogCno-substituCsl 

NICOLE DOLLET, LEVON AVEDIKIAN ET JEAN JUILLARD 
Laboratoire d'Etude des Interactions SolutPsSolvants, Universite' de Clermont I I ,  Les Ce'zeaux, 

B.P. 45, 63170, Aubitre, France 
R e ~ u  le 6 avril 1977 

NICOLE DOLLET, LEVON AVEDIKIAN et JEAN JUILLARD. Can. J. Chem. 55,3866 (1977). 
Les volumes molaires apparents du benzoate de potassium et de quelques benzoates para- 

substitues (-F, -C1, -I, -CH3) ont tte determines dans les melanges eau - alcool tert- 
butylique pour des teneurs en alcool comprises entre 0 et 40% en poids. Des variations impor- 
tantes de volume sont observkes en milieu riche en eau. L'effet de la taille des substituants sur ces 
variations et la situation des maxima de volume apparent sont discutes en relation avec la 
structure des melanges solvants. 

NICOLE DOLLET, LEVON AVEDIKIAN, and JEAN JUILLARD. Can. J. Chem. 55,3866 (1977). 
Apparent molal volumes of potassium salts of para-substituted (- F, - CI, -I, - CH,) and 

unsubstituted benzoic acids in water - tert-butyl alcohol mixtures (0-40% by weight) are re- 
ported. Large volume changes are observed in media rich in water. Substituents size effects on 
both the location and the amplitude of the volume maxima are discussed in terms of the struc- 
ture of the mixed solvents. 

Les mClanges eau - alcool tert-butylique 
(TBA) sont parmi les plus CtudiCs des mClanges 
hydro-alcooliques. En effet, cet alcool apparait 
comme le type m&me des cosolvants promoteurs 
de la structure de l'eau. En particulier, l'addition 
de TBA B une solution aqueuse dCtermine sou- 
vent des variations spectaculaires des proprittCs 
des solutts. De nornbreux rCsultats concernant 
les propriCtCs thermodynamiques de solutCs 
variCs (haloginures alcalins, sels d'ammonium 
quaternaires, acides carboxyliques et leurs sels) 
ont CtC accumulCs ces dernikres annCes. Dans un 
mCmoire rCcent (2) nous avons trait6 des en- 
thalpies de transfert des benzoates para halo- 
&no-substituis. L'Ctude de l'effet de substituant 
nous a permis de souligner l'existence d'un effet 
de taille et d'un effet spCcifique dans la solvatation 
de ces compods, l'effet de taille dtterminant l'exis- 
tence de maxima endothermiques de l'enthalpie 
de transfert pour une composition bien dCiinie 
( x  z 0.051) des mklanges. Ce travail a CtC pour- 
suivi et nous prksentons aujourd'hui des rC- 
sultats concernant les volumes molaires ap- 
parents des mCmes espkces dans ces mClanges. 
Une Ctude prkliminaire (3) des p-bromobenzoate 
et benzoate de potassium nous a dCjB permis de 
noter que l'effet de substituant est le plus notable 
pour une composition voisine de 0.055 en 
fraction molaire. Nous avons mesure ici, dans 
des conditions expQimentales plus satisfaisantes, 

'Article prkkdent dans cette serie, ref. 1. 

les masses volumiques de solutions de benzoate, 
p-fluoro, -chloro et -iodobenzoates de potassium 
dans des mClanges contenant de 0 B 40% de 
TBA. Nous avons aussi dCterminC les volumes 
apparents et les enthalpies de transfert du p- 
mCthylbenzoate, rCsultats utiles pour la dis- 
cussion sur la nature des effets de-substituants. 

La prkparation des sels et la purification des solvants: 
eau et TBA, sont effectuees selon les procedures dkji 
dtcrites (2,  4). Les masses volumiques des solutions sont 
mesurtes a 25.00 + O.Ol°C a l'aide d'un densimktre a 
flux SODEV, modkle OID, conformkment a la technique 
dtcrite par Picker et al. (5). Pratiquement, les masses 
volumiques des solutions de benzoates sont comparks a 
celle d; melange solvant correspondant, elle-meme 
determinee par rapport a celle de I'eau (p = 0.997047 
g/cm3 25°C (6)). Compte tenu des conditions op6ra- 
toires relatives a I'appareillage et a la nature des solutions, 
les masses volumiques sont connues a ? 1 x g cm-3 
prks. 

La determination des enthalpies de dissolution du p- 
methylbenzoate de potassium dans les melanges eau- 
TBA est faite selon la methode utiliske prCctdemment (2). 

Les volumes molaires apparents +, se dCdui- 
sent simplement des masses volumiques p et po, 
respectivement des solutions et du mClange 
solvant correspondant : 
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TABLEAU 1. Volumes molaires apparents 4, en cm3 pour une molalite de 0.08 des benzoates de potassium dans les 
melanges eau-TBA a 298.15 K 

Benzoate p-Fluorobenzoate p-Chlorobenzoate p-Iodobenzoate p-Methylbenzoate 
Xa de potassium de potassium de potassium de potassium de potasssium 

0 96.7 99.7 109.3 121.1 112.8 
5 .0  96.4 98.3 108.0 120.0 111.1 
7.0 95.1 98.2 108.1 120.1 111.0 

10.0 95.5 98.9 109.2 121.8 111.5 
12.0 96.2 100.0 110.7 124.1 112.4 
15.0 98.1 102.9 115.2 129.6 114.8 
18.0 100.2 106.8 120.1 134.7 118.1 
20.0 101.7 108.6 122.2 136.7 120.1 
22.0 102.5 109.6 123.0 136.7 121.1 
25.0 103.2 110.2 122.8 135.9 121.4 
30.0 103.6 110.1 121.9 134.6 121.2 
35.0 103.7 109.6 120.4 132.7 121 . O  
40.0 103.6 109.2 119.2 131.6 121.2 

.Pourcentage en poids de TBA. 

oh M est la masse mo1ail-e du solutC et m la TABLEAU 2. Enthalpies molaires de dissolution AH, et 

molalitC de la solution. effet de substituant sur les enthalpies molaires normales 
de transfert 6,AH,e" du p-methylbenzoate de potassium La variation avec la concentration est donnCe dans melanges eau-TBA 298.i5 6 R A ~ :  en 

par la relation de Redlich et Meyer (7) : k~ mol-I) 

oh c est la molarit6 de la solution, bv une con- 
stante empirique et Sv la pente limite de Debye- 
Hiickel. Celle-ci ne dCpend pas de la nature de 
1'Clectrolyte mais seulement de sa valence, de 
la tempkrature et des propriktks du milieu sol- 
vant (constante diklectrique D et son coefficient 
de pression aD/aP, compressibilitC isotherme 
Pt). 

La mCthode expdrimentale ne permettant pas 
d'atteindre le domaine des tr&s faibles concen- 
trations, une extrapolation a concentration nulle 
de 4, en fonclion de & ne saurait conduire B 
une valeur acceptable de $:, c'est-&-dire au 
volume molaire partiel dilution infinie Ve. De 
plus, il n'existe pas de donntes sur la variation 
avec la pression de la constante ditlectrique des 
mClanges ktudiks, ce qui ne permet pas le calcul 
de Sv et donc l'extrapolation de 4, - Sv& en 
fonction de c. Ceci nous a conduit B ne con- 
sidCrer dans chaque solvant CtudiC, que les 
volumes molaires apparents des sels pour une 
molalitC dtterminCe (0.08 m). Ces volumes 
apparents sont donnts dans le tableau 1. Notons 
a ce propos que, pour des solutions de NaCl dans 
les mCmes milanges, I$, et Ve varient de f a ~ o n  
analogue avec la composition du milieu solvant 
(8). 

Sur le tableau 2 sont rapporties les enthalpies 
molaires de dissolution du p-mkthylbenzoate 
pour une molalitC de environ dans tous les 

'Calculbes en utilisant les valeurs des enthalpies molaires normales 
de transfert du benzoate de potassium provenant de la ref. 2. 

mtlanges CtudiCs, ainsi que l'effet, sur les en- 
thalpies de transfert, du substituant p-mCthyl. 

Discussion 
Les volumes apparents de transfert sont portts 

sur la fig. 1. Toutes les courbes obtenues ont une 
allure analogue. On observe un minimum de 
volume molaire en milieu tr&s riche en eau 
(x z 0.02), puis un accroissement brutal, enfin 
une dCcroissance apr&s passage par un maximum. 
L'augmentation de la taille du substiluant cor- 
respond B une augmentation rapide de I'ampli- 
tude du maximum et de f a ~ o n  moins sensible, a 
son dkplacement vers les milieux plus riches en 
eau. On observe donc, mis a part l'existence du 
premier minimum, une allure des courbes com- 
parable a celle des enthalpies de transfert. 

L'analogie est encore plus frappante si l'on 
consid6re les effets de substituant sur ces gran- 
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FIG. 1. Volumes apparents de transfert (+,), A 298.15 K 
des benzoates de potassium, de l'eau aux mtlanges eau- 
TBA en fonction de la fraction molaire en TBA: 8, 
benzoate de K; 0, p-fluorobenzoate de K ;  a, p-chloro- 
benzoate de K;  0, p-iodobenzoate de K;  0, p-mtthyl- 
benzoate de K. 

deurs de transfert : 

6,($,), traduit l'effet de la prCsence du substi- 
tuant sur le volume de transfert de l'anion, celui 
du cation potassium Ctant CliminC dans la sous- 
traction. 

Les minima B x z 0.02 disparaissent sur ces 
courbes (fig. 2) et l'on obtient des maxima situCs 
ici, a des compositions un peu plus riches en 
TBA que pour les enthalpies ( x  z 0.06). 

On observe d'autre part, pour une composi- 
tion quelconque des mClanges, une certaine 
corellation entre effets de substituant sur les 
enthalpies et les volumes de transfert des dif- 
fCrents benzoates. Les effets observCs ici sem- 
blent donc, comme dans le cas des enthalpies, 
directement lies B la taille du substituant. 
Toutefois, au seul vu des rtsultats concernant les 
benzoates halogCno-substituks, il n'est pas 
possible d'Climiner B priori l'hypothbse d'effets 
de substituant de type Hammett, ces effets 
variant pour ces substituants dans le mCme sens 
que la taille. Les rCsultats concernant le sub- 

VOL. 5 5 ,  1977 

fS R ( + v ) t / c m 3  

FIG. 2. Effets de substituants, A 298.15 K, sur les 
volumes apparents de transfert, des p-fluoro (O), p- 
chloro (a), p-iodo (0) et p-methyl ( 0 )  benzoates en 
fonction de la fraction molaire en TBA. 

stituant p-mCthyl dont le o de Hammett est 
nigatif, incitent B penser qu'il s'agit bien d'un 
effet de taille, encore qu'une correlation ri- 
goureuse entre taille du substituant et amplitude 
du maximum impliquerait des effets plus voisins 
des substituants p-CH, et p-C1. 

Nous avons suggCrC dans le travail prCcCdent 
(2) l'existence de deux effets principaux dans la 
solvatation des solutCs en mClange eau-TBA: un 
effet de solvatation spkcifique et un effet de 
taille. Cet effet serait dominant dans les dif- 
fCrences entre benzoate et benzoates substituks. 
Ces diffkrences peuvent Ctre estimCes B partir des 
grandeurs thermodynamiques de formation de 
cavitC pour les solutCs correspondants. Des 
calculs utilisant la thkorie des particules cali- 
brCes (scaled particle theory) sont exclus dans la 
mesure ou il n7est pas possible de dCterminer de 
f a ~ o n  simple les diambtres de sphbre rigide de ces 
solutts. Par contre, la formule d'Eley (voir rCf. 
9) permet de calculer, B partir des volumes des 
benzoates, les enthalpies de formation de cavitC: 
AH, = Ty,ve ou AH, est l'enthalpie de forma- 
tion d'une cavitC de taille molaire B tempCrature 
et pression constantes, Ve le volume molaire du 
solutC et y, le coefficient thermique de pression 
du milieu solvant : 
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DOLLET ET AL. 3869 

Un exemple des rCsultats obtenus, comparCs 
aux valeurs expkrimentales, est donnC sur la 
fig. 3 oii nous avons portC, d'une part les dif- 
fCrences calculCes entre AH de transfert du ben- 
zoate et du p-iodobenzoate de potassium (en 
utilisant les valeurs de y, interpoltes, aux con- 
centrations considCrCes, h partir de celles don- 
nCes par Macdonald et Hyne (lo)), et d'autre 
part, les diffbrences expbrimentales. La cor- 
respondance est acceptable jusqu'h x = 0.05 
mais la formule de Eley ne permet pas de prCvoir 
la dCcroissance brusque de la grandeur CtudiCe 
au-delh de cette fraction molaire en alcool tert- 
butylique. 

En fait, la prCsence de maxima aigus, parti- 
culibrement sur les diffirences entre benzoates 
substituCs et non-substituCs pour des fractions 
molaires en alcool comprises entre 0.05 et 0.06, 
nous incite a interprkter l'effet de volume a l'aide 
du modble des "cages fluctuantes" de Baum- 
gartner et Atkinson (11). Ce modele Ctablit une 
analogie entre la structure des hydrates solides: 
clathrate de molCcules organiques, et la structure 

FIG. 3. Effet de substituant expCrimental (-) et effet 
de substituant calcule (---) par la formule d'Eley sur les 
enthalpies de transfert dup-iodobenzoate a 298.15 K. 

des solutions aqueuses de ces molCcules B 
tempCrature ordinaire, analogie dCja suggCrCe 
par divers auteurs (12). Compte tenu de la taille 
de l'alcool tert-butylique, il s'agit d'un clathrate 
de type 11. Un clathrate de ce type stabilisC par 
une inclusion d'acide sulfhydrique (17 H20 ,  
1 TBA, 2 H2S) a d'ailleurs CtC signal6 et CtudiC 
par Glew et al. (13). Baumgartner et Atkinson 
ont proposC (1 1) de considCrer que les solutions 
aqueuses pourraient conserver partiellement, A 
1'Ctat liquide, la structure de l'hydrate solide, 
celle-ci Ctant soumise toutefois B des fluctuations 
notables. Dans ces conditions la fraction 
molaire 1118 w 0.055 en TBA correspondrait au 
maximum de structuration des mClanges. Le 
minimum de compressibilitC adiabatique est 
d'ailleurs observC sensiblement pour cette com- 
position (11). Dans l'hypothese d'une telle 
structure "quasi-clathrate" des solutions, les 
solutCs d'une certaine taille ne pourraient entrer 
dans 1'Cdifice qu'en le brisant ce qui correspon- 
drait aux maxima endothermiques d'enthalpie. 
Ceux-ci seraient obtenus pour la composition 
1-17 des mClanges et leur amplitude serait 
fonction de la taille des solutCs. 

C'est bien ce que l'on observe avec des solutCs 
volumineux tels que les sels de tCtraphCny1- 
borate (14, 15) par exemple. L'effet de taille 
constat6 prCcCdemment sur les enthalpies de 
transfert des benzoates halosubstituCs et con- 
firm6 ici par 1'Ctude du mCthylbenzoate s'expli- 
que bien dans ce cadre, l'introduction de sub- 
stituants de plus en plus volumineux corres- 
pondant h un accroissement de l'amplitude des 
maxima d'enthalpie, maxima situCs B une com- 
position des mClanges voisine de x % 0.055. 

On peut raisonnablement supposer que le bris 
de la structure dCtermine aussi un accroissement 
local de volume dans la solution, accroissement 
reflCtC par une augmentation du volume ap- 
parent des solutCs. Cet accroissement serait le 
plus net pour le milieu le plus structurC et 
fonction de la taille du solutC introduit. L'ad- 
dition de substituants de plus en plus volu- 
mineux correspond bien a un accroissement de 
volume molaire de plus en plus net, accroisse- 
ment maximal pour une composition des 
mClanges de plus en plus proche de celle de la 
composition de "pseudo-clathrate" (fig. 2). I1 
convient de noter d'ailleurs, a propos de la 
situation exacte des maxima tant d'enthalpie que 
de volume de transfert, que celle-ci est dif- 
ficile B pricker; les grandeurs mesurCes : volumes 
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et enthalpies, le sont pour des concentrations 
finies; une correction de dilution convenable 
entrainerait sans doute de 16gers glissements. 
I1 est clair toutefois que les maxima d'effet de 
substituant ici considtrCs sont observCs pour des 
concentrations trks voisines de la fraction 
molaire 1/17. 

En conclusion donc, les rCsultats rapportCs ici 
sont parfaitement compatibles avec le mod&le 
"des cages fluctuantes" propost5 par Baum- 
gartner et Atkinson (11) pour rendre compte de 
la structure de certains mClanges hydro-organi- 
ques et en particulier des solvants mixtes eau - 
alcool tert-butylique. 
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The effects of counter ion nature on the adsorption of 
nitrate ion at the mercury/solution interface 
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W. RONALD FAWCETT and JAMES B. SELLAN. Can. J. Chem. 55, 3871 (1977). 

The adsorption of nitrate ion at  mercury has been studied from two systems at  constant 
ionic strength, namely, x M NaNO, + (0.2 - x )  M NaF and x M KNO, + (0.2 - x )  M KF. 
The surface excess due to adsorbed nitrate ions was determined from differential capacity 
data using a modified version of the Hurwitz-Parsons analysis which takes into consideration 
variation in ionic activity coefficients with solution composition. The amount of adsorbed 
nitrate ion at a given electrode charge density and bulk nitrate ion concentration is shown to 
depend markedly on both ionic strength and the nature of the counter ion at  the o ~ ~ t e r  Helm- 
holtz plane; when the charge in the diKuse layer is positive, an increase in ionic strength results 
in more anion adsorption and vice versa. A change in the cation from Na+  to K +  also results 
in increased anion adsorption. The effects observed are discussed in terms of the Stern- 
Grahame-Levine model for ionic adsorption which is based on an electrostatic description 
of the charged interface with consideration of discreteness-of-charge effects. 

W. RONALD FAWCETT et JAMES B. SELLAN. Can. J .  Chem. 55, 3871 (1977). 
On ttudie I'adsorption de I'ion nitrate par le mercure dans deux systtmes a force ionique 

constante a savoir x M NaNO, + (0.2 - x )  M NaF et x M KNO, + (0.2 - x )  M KF. L'exces 
de surface dG aux ions nitrate adsorbts est dttermine a partir des risultats sur la capacite 
differentielle en utilisant une version modifite de l'analyse Hurwitz-Parsons qui tient compte de 
la variation des coefficients d'activitt ionique avec la composition de la solution. La quantitt 
d'ion nitrate adsorbe une tlectrode de densit6 de charge donnee et a une concentration en 
ions nitrate donnee semble dependre nettement de la force ionique et de la nature de I'ion 
oppose au plan Helmholtz de I'exttrieur; lorsque la charge dans la couche diffuse est positive, 
un accroissement de force ionique produit une plus grande adsorption d'anion et vice versa. 
Un changement de nature de cation N a +  a K +  occasionne aussi un accroissement d'adsorption 
d'anion. Les effets observes sont interpret& en termes d'un modele de Stern-Grahame-Levine 
pour l'adsorption ionique lequel est bast sur une description electrostatique de l'interface 
chargt tout en tenant compte des effets de caractkre discret de charge. 

[Traduit par le journal] 

Introduction 
In a recent experimental study of the adsorp- 

tion of iodide ion at mercury from solutions of 
constant ionic strength (I), it was shown that 
the amount of adsorbed iodide ion depends on 
the nature of the cation in the solution. More 
specifically, the adsorbed charge density in- 
creased for constant electrode charge density and 
bulk iodide concentration when the cation was 
changed from Na' to K'. This result was 
rationalized on the basis of a model in which the 
thickness of the inner region of the double layer 
and the average potential profile as a function 
of distance from the electrode/solution interface 
depends on the nature of the counter ion forming 
the boundary of the inner region at the outer 
Helmholtz plane (oHp). Since the adsorption of 
iodide ion is strong, the field at the oHp is 

negative under normal experimental conditions 
and the counter ion is always a cation. On the 
other hand, the adsorption of nitrate ion at 
mercury is of intermediate strength (2, 3). Payne 
has shown (2, 3) that the parameters of the 
nitrate adsorption isotherm depend greatly on 
ionic strength. When nitrate adsorption is studied 
from solutions containing only an alkali metal 
nitrate salt, the magnitude of the adsorbed 
charge density, lo,l, at a positive electrode is 
greater than the electrode charge density, om for 
bulk nitrate concentrations in the range 0.01 to 
1 M (3). However, when the ionic strength is 
maintained at a high level by adding an indif- 
ferent electrolyte such as an alkali metal fluoride, 
the influence of the diffuse layer is reduced and 
lo,l falls below om at lower bulk nitrate concen- 
trations (2). As a result, the field at the oHp for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3872 CAN. J. CHEM. VOL. 55 ,  1977 

a given positive electrode charge density changes 
from positive to negative and the nature of the 
counter ion at this plane from anion to cation. 
Thus, the variation of inner layer properties 
with the nature of the counter ion at the oHp 
may be investigated more extensively in this 
system. 

The adsorption of nitrate ion and of some 
other polyatomic anions such as perchlorate (4) 
and hexafluorophosphate (5) can be character- 
ized as anomalous with respect to the behaviour 
of most other anions (6). A particularly striking 
feature of their behaviour is the fact that the 
slopes of Christie plots, that is, plots of the 
potential drop across the inner layer against 
adsorbed charge density, decrease markedly with 
increase in electrode charge density becoming 
negative when om is large and positive (2, 6). 
According to Grahame's electrostatic model of 
the inner layer (7), the slope of the Christie 
plot is equal to the reciprocal of the integral 
capacity of the region between the adsorption 
or inner Helmholtz plane (iHp) and the oHp. 
Thus, a negative slope cannot easily be rational- 
ized on the basis of the electrostatic model. 
Furthermore, analysis of nitrate adsorption on 
the basis of an isotherm model which accounts 
for diffuse layer effects (8, 9) would lead to an 
adsorption isotherm at constant om character- 
ized by attractive interaction between adsorbed 
anions on the iHp. Damaskin (10, 11) has argued 
on the basis of data for anion adsorption from 
concentrated solutions that adsorbed nitrate and 
perchlorate anions are separated from the 
electrode by a layer of water molecules. If 
this interpretation is correct, then the iHp and 
oHp could be very close to one another; further- 
more, Grahame's model of the inner layer could 
be inapplicable to these systems. On the other 
hand, the data for anion adsorption from solu- 
tions of constant ionic strength may be com- 
plicated by concomitant adsorption of fluoride 
ion at high positive electrode charge densities 
(5). 

The present study was undertaken in an at- 
tempt to resolve the anomalous features of 
nitrate adsorption at mercury outlined above. 
The systems studied were NaNO, + NaF and 
KNO, + K F  at constant ionic strength (0.2 M). 
The low ionic strength was chosen in order to 
minimize possible effects of fluoride ion adsorp- 
tion and problems connected with defects in the 
Gouy-Chapman model used to estimate diffuse 
layer properties. 

Experimental 
Differential capacity against potential data for the 

mercury/aqueous solution interface were measured for 
18 systems of composition x M NaNO, + (0.2 - x) M 
NaF and x M KNO, + (0.2 - x) M K F  where x had 
the values 0, 0.01, 0.016, 0.025, 0.04, 0.063, 0.1, 0.14, and 
0.20 M. The capacity data were obtained with an ac 
bridge at a frequency of 1000 Hz and at 50 mV increments 
in potential of the mercury electrode with respect to 
a saturated calomel reference electrode. The counter 
electrode was a platinum cyclinder whose area was much 
larger than that of the mercury drop. Procedures for 
operation of the bridge and determination of drop area 
at balance and of the potential of zero charge were 
those given by Hills and Payne (12). The experiments 
were carried out at 25.0 + O.I0C. 

Variation in nitrate ion activity with solution com- 
position was estimated from previously reported activity 
coefficients for the pure salts (13) as described previously 
(I). The analysis of the capacity against potential data 
was the same as described earlier (1). 

Results 
Capacity against potential curves for the 

NaN0,-NaF system are shown in Fig. 1. As 
reported previously (2, 3), a pronounced capacity 
maximum is observed at potentials just positive 
of the potential of zero charge (pzc); as the bulk 

Differential Capacity-Potential 
Curves for the systems 

32 xM NaN03 t (0.2-x)  M NaF I 

FIG. 1. Differential capacity against electrode potential 
curves for a mercury electrode in contact with aqueous 
solutions of x M NaNO, + (0.2 - x) M NaF at 25°C. 
The concentration of NaNO, is indicated for each curve. 
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concentration of nitrate ion increases, the posi- 
tion of the maximum shifts to more negative 
potentials with the pzc and its height increases. 
Capacity curves for the KN0,-KF system are 
qualitatively similar. At potentials positive of 
the pzc there is negligible difference between 
capacities in the two systems at a given potential; 
at  negative potentials, the capacity is somewhat 
higher in the K +  system with a value of 16.25 pF 
cm-2 at the capacity minimum (- 1.1 V), the 
corresponding value in the Na+ system being 
15.95 pF cm-'. 

The experimental potential scale was con- 
verted to one of thermodynamic significance 
corresponding to the potential of the polarizable 
electrode against a reference electrode reversible 
to the cation in the system, E+ in the following 
way. Individual cationic activity coefficients in 
the mixed electrolyte were assumed to be given 
by 

[11 In YM = 

where A and B are the Debye-Hiickel constants, 
ii,, the ion size parameter for cation M +  
(Na' or K'), p, the ionic strength, P,,, the 
interaction coefficient between cation M and 
anion X, and c,, the concentration of anion X; 
anionic activity coefficients were assumed to be 
independent of solution composition (1). If 
PMNo3 is significantly different from PMF, one 
might expect yM to vary with solution composi- 
tion at constant ionic strength. From the data 
reported by Robinson and Stokes (13), y,(NaF) 
= 0.710, y ,(NaNO,) = 0.703, y ,(KF) = 0.727, 
and y,(KNO,) = 0.663 at p = 0.2 M. Since 
y,(NaF) -- y,(NaNO,), one may assume that 
P N ~ F  PNaN03. difference (PKNO~ - PKF) 
can be estimated from the following ratio 

From the above data, p = (PKNo3 - PKF)p N 

-0.082. The corresponding shift in the thermo- 
dynamic potential scale E+ with respect to that 
measured against a constant reference electrode 
E, is given by (I) 

13 I dE+ = dE, - (P/f)dx 

where x = c ~ ~ ~ / ( c ~ ~ ~  + c,) and f = FIRT. Ac- 
cording to this analysis, the potential scale 

shifts by 2 mV when the electrolyte is changed 
from 0.2 M K F  to 0.2 M KNO,. Although the 
above correction is small it is important that 
activity effects be carefully considered in the 
present context where the relatively minor effect 
of counter ion nature on ionic adsorption iso- 
therms is being studied. 

The capacity-potential data were twice inte- 
grated from negative potentials (E+ = - 1.669 V 
at om = -22 pC cm-2 for the NaN0,-NaF 
system, and E +  = - 1.640 V at om = - 22 pC 
cm-2 for the KN0,-KF system) where anion 
adsorption could be assumed negligible. At+,  
the value of Parsons' function t+ at any charge 
density with respect to its value at om = - 22 pC 
cm-2 was calculated for integral increments in 
om using well established techniques modified 
to take into account the variation in y,+ in 
the KN0,-KF system as described previously 
(1). The adsorbed charge density due to NO3- 
ion, o,,was calculated according to the equation 

where o,d is the surface excess of anions in the 
diffuse layer. The derivative (aAt+/a In x),_ was 
estimated using a least-squares fit of a cubic 
equation to At+ against In x data over the total 
experimental range (14). o,d was estimated from 
the Gouy-Chapman theory according to which 

where O = (RTE/~TC) ' /~ ,  E being the dielectric 
constant of the pure solvent. Initially, it was 
assumed that o,d N -Opl/'; the estimate was 
improved using an iterative technique, successive 
approximations for o, and o,d being obtained by 
solving eqs. 4 and 5 for o, and o,d respectively. 

Adsorption isotherms for the NaN0,-NaF 
and KN0,-KF systems at constant charge 
density are shown in Fig. 2. When om is positive, 
lo,l falls below om at low bulk nitrate concentra- 
tions but is greater than om when the nitrate 
concentration is high. A similar result was ob- 
tained by Payne (2) for the case of adsorption 
from solutions of composition x M NH4N03 + 
(1 - x) M NH4F. The value of o, in the K +  
system is approximately the same as that in the 
Na+ system when lo,l < om but significantly 
larger when lo,l 2 om. Although one does not 
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FIG. 2. Plots of adsorbed charge density due to NO3-, 
o,, against the logarithm of N03-  concentration in the 
bulk, log cNO3,, for various constant charge densities on 
the electrode (~ndicated by the integers adjacent to each 
curve) for adsorption from the NaN0,-NaF (0)  and 
KN03-KF (A) systems. 

expect ionic adsorption isotherms to be con- 
gruent in either electrode potential or charge 
density on the basis of the electrostatic model 
for ionic adsorption (1, 8, 9), Payne (2, 3) was 
able to fit data for nitrate adsorption to a simple 
Frumkin isotherm congruent in electrode charge 
density. Examination of the present data on the 
basis of tests described by Parsons (15) showed 
that the interaction parameter in the adsorption 
isotherm varies significantly with electrode 
charge density. More specifically, plots of 1/12 - 
l/Co against o, at constant charge density, 
where C is the differential capacity and C, that 
in the solution containing no nitrate, showed a 
maximum whose position and height depended 
on om. Thus, there is no merit in fitting these 
data to a simple congruent isotherm, since any 
parameters derived would not be subject to 
direct interpretation. 

The effects on ionic strength on nitrate adsorp- 
tion at positive om are illustrated in Fig. 3. 
At low nitrate ion concentration where lo,l < 
om, the field at the oHp is positive. When the 
ionic strength is increased, the potential drop 

across the diffuse layer +d becomes less positive 
and the diffuse layer has a smaller enhancing 
effect on anion adsorption; thus, leal decreases 
when the ionic strength increases. On the other 
hand, when bulk nitrate concentration is sufi- 
ciently high that leal > om, +d is negative, and 
anions are repelled from the double layer. When 
the ionic strength is increased, I+*l decreases in 
magnitude and the amount of specifically ad- 
sorbed anion increases at constant electrode 
charge density and bulk anion concentration. 

Plots of the potential drop across the inner 
layer, +md, against the adsorbed charge density 
o, at constant om are shown for the NaN0,- 
NaF system in Fig. 4. The plots are linear with 
positive slopes for lower values of om. However, 
as om becomes more positive, the slope decreases 
and eventually becomes negative. It should also 
be noted that the latter plots possess some curva- 
ture such that the slope increases with increase 
in oa. This observation would undoubtedly not 
have been made if the value of $md for o, = 0 
had not been included. Indeed, .these data are 
often missing in previously published Christie 
plots for systems studied at constant ionic 
strength so that their interpretation is subject 
to some doubt. The fact that the average slope 
of the Christie plots changes with om = 0 is 
further support of the conclusion reached above, 
namely, that the adsorptioil of nitrate ion cannot 
be described by an isotherm congruent in either 
electrode potential or charge density. The 
average slope of the plots of +md against o, was 
determined by fitting the data to a straight line 
by least squares. The results for both the Na- 
NO,-NaF and KN0,-KF systems are shown in 
Fig. 5. The behavior of both systems is qualita- 
tively similar in that the average slope decreases 
with increase in om. However, the average slope 
for the K +  system is consistently smaller as was 
observed previously for the corresponding 
iodide systems (1). 

The present data were tested to determine 
whether the variation in adsorbed charge density 
with bulk activity at constant electrode charge 
density could be described by a simple non- 
congruent adsorption isotherm. Since the nitrate 
ion concentration was limited to 0.2 M, the 
maximum adsorbed charge density, o,,, could 
not be determined; it was assumed to be -25 pC 
~ m - ~ ,  the value obtained by Payne from analysis 
of nitrate adsorption data at bulk concentrations 
up to 1 M at both constant and varying ionic 
strength (2, 3). According to the Frumkin iso- 
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FAWCETT AND SELLAN 

Effect of Ionic Strength on 
Adsorbtion o f  Nitrate Ion  1 . 
*-• present data (p=0.2) I 1 - ~avne 's  data (LL = I )  I 

FIG. 3. Plots of adsorbed charge density due to NO,-, o,, against electrode charge density, om, 
for bulk NO3- concentrations of 0.01 and 0.1 M at varying ionic strength p; the data at p = 0.2 M 
are for the x M NaNO, + (0.2 - x )  M NaF system and those at p = 1 M for the x M NH4N03 + 
(1 - x) M NH4F system (2). 

FIG. 4. Plots of the potential drop across the inner layer, 
+md, against the adsorbed charge density due to NO3-, 
o,, at constant electrode charge density om (indicated 
by the integer adjacent to each plot) for adsorption 
from the system x M NaNOj + (0.2 - x) M NaF. 

therm, plots of In (- o,/c,,,) - In (o, - o,,) 
against o, at constant electrode charge density 
o, should be linear with a slope independent of 
o, if the isotherm is congruent in om. The 

FIG. 5. Plots of the average slope of Christie plots, 
(a+md/ao,),,, against electrode charge density, o,,, for 
the NaN0,--NaF (0) and KN0,-KF (A) systems. 

corresponding plots for the NaN0,-NaF 
system are shown in Fig. 6; it is apparent that, 
although the plots are approximately linear, 
their slope varies markedly with om. Closer 
examination of the data at o, = 10 and 12 yC 
cmP2 shows that the corresponding plots are 
somewhat curved; however, the curvature could 
be due to errors in o, at the lowest and highest 
bulk concentrations where the numerical dif- 
ferentiation procedure used in the data analysis 
is least accurate (14). According to the electro- 
static theory of ionic adsorption (1, 8, 9) which 
assumes Grahame's model of the inner layer, 
the Frumkin isotherm should contain a term in 
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FIG. 6. Plots of adsorption data for the NaN03--NaF 
system at constant electrode charge density according to 
the Frumkin isotherm (eq. 13). 

+d, the potential drop across the diffuse layer. 
Plots of In (-oa/cN,,) - In (o, - o,,) - f+d 

against o, were constructed for the same data, 
+d being calculated from the Gouy-Chapman 
model of the diffuse layer. The slope of these 
plots was much less than those shown in Fig. 6. 
For om = 0, 2, and 4, the slope was approxi- 
mately zero. At higher electrode charge densities, 
the plots had a negative slope at low o, which 
decreased to zero with increase in o,. I t  is im- 
portant to note that since o, + om is close to 
zero, +d varies markedly with o, + om. Since 

f+d is not negligible in comparison with In (- oa/ 
cNO3) - In (o, - oam), small errors in o, will re- 
sult in large errors in +d, and thus, large errors in 
the isotherm plots. On the other hand, if the 
negative slope observed at higher electrode 
charge densities is not due to experimental error, 
a naive interpretation of these plots is that 
ion-ion interactions on the iHp are attractive for 
these conditions. However, as is argued below, 
the results obtained can also be attributed to a 
significant change in inner layer properties with 
increase in adsorbed charge density. Because of 
the curvature, the isotherm plots according to 
the electrostatic model could not be used to 
determine the variation in standard free energy 
of adsorption with om and, therefore, they are 

not presented. Qualitatively similar results were 
obtained for the KN0,-KF system, the principal 
difference being that the slopes of the isotherm 
plots were lower at a given electrode charge 
density. 

Discussion 
Effects of Activity CoefJicient Variation 

As argued previously (I), the activity coeffi- 
cients of anions in a mixed salt solution con- 
taining a single cation may be assumed to be 
constant to a first approximation. This follows 
from the fact that the nature of the counter ion 
atmosphere around a given anion does not 
change when solution composition is changed. 
On the basis of experimental mean ionic 
activity coefficients, and assuming that the ef- 
fective radii of the ions in the present systems 
are approximately equal (16), one may assume 
that the activity of nitrate ion in a 0.2 M KNO, 
solution is less than that in a 0.2 M NaNO, 
solution. Thus, other factors ignored, one would 
expect less adsorption from the KN0,-KF 
system at a given bulk nitrate ion concentration 
and electrode charge density. The fact that the 
opposite is observed must be attributed to other 
effects. 

The parameter P, which accounts for the 
change in metal ion activity when F- is sub- 
stituted by NO3-, is negative in the KN0,-KF 
system. In this case failure to account for the 
variation in y, with solution con~position would 
result in lo,l being underestimated by about 8% 
at the highest nitrate ion concentration. It  is 
interesting to note that if the data analysis had 
been carried out without the correction described 
above, the derived charge densities for adsorbed 
nitrate ion would still be greater in the K f  
system than in the Naf system at higher bulk 
concentrations. In conclusion, the observed de- 
pendence of o, on the nature of the cation in the 
system cannot be attributed to bulk activity 
effects, or to the model used to account for 
variation in individual ionic activity coefficients 
with solution composition. 

The Properties of the Inner Layer 
According to Grahame's model, the potential 

drop across the inner layer is given by 

where Kmd is the integral capacity of the inner 
layer and K,,, the integral capacity of the region 
between the iHp and oHp. If Kmd and Kad are 
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constant for a fixed value of om, then the slope 
of the Christie plot is equal to l/Kad. It is ap- 
parent from Fig. 4, that this condition holds at 
lower values of om where o, + om < 0 over 
most of the experimental range. Then, the 
predominant counter ion at the oHp is the 
cation Na+ and the thickness and dielectric 
properties of the inner layer may be assumed to 
be approximately independent of adsorbed 
charge density, o,. At higher values of om, 
o, + om is positive for low values of o, and even- 
tually becomes negative. Accordingly, the 
counter ion at the oHp changes from anion to 
cation, and variation in both the thickness and 
dielectric properties of the inner layer with o, 
is possible. In general, the slope of the Christie 
plot is given by 

It seems reasonable to assume that the deriva- 
tives defining changes in Kmd and K,, with o, are 
approximately constant for a given value of om. 
Since the slopes decrease with increasing om 
for constant o,, one may assume that (a(l/Kmd)/ 
ao,),_ is negative. Therefore, the inner layer 
capacity, Kmd, decreases with increasing adsorp- 
tion when the counter ion defining the boundary 
of the inner layer changes from anion to cation. 
Similarly, for fixed om, the slope of plots at 
higher om increases with increase in lo,l in- 
dicating that (a(1/Kad)/ao,),_ is also negative; 
this change corresponds to a decrease in K,, 
with increasing adsorption. Since a change in 
the nature of the counter ion will chiefly affect the 
properties of the outer region of the inner layer, 
K,, is expected to vary much more than Kmd. 

Although variation in the nature of the counter 
ion at the oHp could affect the local dielectric 
constant of the solvent through its influence on 
solvent dipole orientation, it is probably valid 
to assume that the chief effect is a variation in 
thickness of the inner region with solvated size of 
the counter ion when the concentration of these 
ions on the oHp is low. Since the average slope 
of the Christie plots for the K +  system are 
lower than those for Na+ (Fig. 5), one may as- 
sume that Kad is higher when K +  is the counter 
ion. This corresponds to the inner layer being 
less thick when the more weakly solvated K +  

ion forms its boundary on the solution side. 
The fact that K,, decreases when the counter ion 
at the oHp changes from anion to cation can be 
attributed to an increase in thickness of the 
inner layer when a weakly solvated anion is 
replaced by a more strongly solvated cation. 
Since the dependence of the slopes of the 
Christie plots on o, and om is qualitatively 
similar for the K+  system, one may assume 
that the thickness of the inner layer with K +  
ions at the oHp is greater than with anions. In 
the region where om + o, is positive, F -  is the 
predominant anion in the mixed electrolyte 
system. Thus, the anomalous behaviour of the 
Christie plots for the present systems can be 
rationalized if it is assumed that the thickness 
of the inner layer, xd depends on the nature of 
the predominant counter ion at the oHp in the 
order xd(F-) < xd(K+) < xd(Na+). 

The form of the Christie plots observed in the 
present case is qualitatively similar to that ob- 
served by Payne for the system x M NH4N0, + 
(1 - x) M NH4F (2), with the exception that no 
curvature was noted. This could be due to the 
fact that the value of $md in the limit o, + 0 was 
not considered but it could also reflect smaller 
changes in K,, with counter ion nature at higher 
ionic strength where diffuse layer screening is 
more effective. The behaviour of Christie plots 
for NO3- adsorption from KNO, solutions of 
varying ionic strength is entirely different (3). 
As pointed out by Payne (3), these plots appear 
to have a constant slope independent of om. 
For the range of bulk concentrations involved, 
o, + om is negative so that the counter ion at the 
oHp is always the cation. Interpretation of these 
data is much more difficult since imaging con- 
ditions and the effective thickness of the inner 
layer probably change with ionic strength. It is 
undoubtedly true that the Christie plots would be 
curved in this case if data were available at very 
low nitrate ion concentrations. 

Payne (2, 3) argued that one should consider 
the contribution to $md of solvent dipoles removed 
from the inner layer in the adsorption process. 
He also suggested that the decrease in average 
slope of the Christie plots with increase in om 
could be attributed to the fact that water mole- 
cules compete more effectively for adsorption 
sites under these conditions. According to the 
above analysis, a change in the number and 
orientation of water dipoles with o, would effect 
the dielectric constant distribution in the inner 
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layer and lead to curved Christie plots. As 
pointed out by Levine (8), this effect is quantita- 
tively accounted for by eq. 6 and does not re- 
quire the addition of an explicit term to account 
for the potential drop across oriented solvent 
dipoles. However, it is much more difficult to 
rationalize the large difference in adsorption 
behaviour for single and mixed electrolyte solu- 
tions on the basis of more effective water adsorp- 
tion at high om;  if this were important, one 
would also expect the slopes of the Christie 
plots in the single electrolyte system to de- 
crease with increase in om. 

It is instructive to compare the present re- 
sults with those obtained for the adsorption of 
chloride ion at Hg from solutions of constant 
ionic strength (17). Since C1- adsorption is 
moderate, the magnitude of o, falls below om 
for the low bulk C1- concentrations. Thus for 
positive values of om, the sign of the charge in 
the diffuse layer changes from negative to posi- 
tive and the counter ion at the oHp, from anion to 
cation, when the bulk C1- concentration is 
increased at constant om. However, in this case 
the Christie plots are not curved and have posi- 
tive slopes over the range of values of om 
studied. The lack of curvature can be interpreted 
as evidence that the distances of closest ap- 
proach of a non-adsorbed C1- ion and the 
cation, in this case K f ,  are approximately equal 
so that K,, is independent of the nature of the 
counter ion at constant om. The decrease in the 
slopes of these plots with increase in om can be 
attributed to a change in dielectric properties of 
the inner region which results in an increase in 
K,, and K,,. This increase may well be associated 
with a break up of water clusters in the inner re- 
gion with increase in om (18). Another important 
difference between the present data and those 
for C1- adsorption (17) is that the integral 
capacity K,, is significantly smaller in the C1- 
system. This suggests that the iHp is closer to 
the oHp in the NO3- system so that small 
changes in the distance of closest approach of 
the counter ion have a large effect on the inte- 
gral capacity of the outer region of the inner 
layer. If the adsorption of NO,- does not result 
in displacement of water molecules next to the 
electrode, one would indeed expect the iHp to 
be further from the electrode than it is for 
halide ions which are assumed to interact 
directly with the Hg electrode. Thus, the present 
interpretation of inner layer properties in the 

presence of adsorbed NO,- is in agreement with 
that of Damaskin et al. (lo), which was based 
on an analysis of thermodynamic data obtained 
at very high bulk NO3- concentrations. 

Tilak and Devanathan (28) presented a de- 
tailed model for nitrate ion adsorption on the 
basis of a study of adsorption from NH,N03 
solutions in the concentration range 0.05 to 
11.23 M. However, in their data analysis they 
failed to consider the fact that the experimentally 
derived relative surface excess is significantly dif- 
ferent from the absolute surface excess for con- 
centrated solutions (10, 11). Thus, the values of 
o, reported by these authors cannot be con- 
sidered reliable. It is undoubtedly true that some 
of the apparent anomalies discussed in ref. 28 
are due to the erroneous data analysis. Any 
assessment of their model for nitrate adsorption 
must await reanalysis of the data. 

The Adsorption Isotherm 
According to the electrostatic model for ionic 

adsorption (8, 9), the adsorption isotherm may 
be written 

[8] In (-0,) - In (o, - o,,) = cD + In a,,, 
+ f$, + ao, + born 

where a,,, is the bulk nitrate ion activity, a and 
b, parameters relating the change in free energy 
of adsorption to changes in o, and om, respec- 
tively, and @, a parameter related to the standard 
free energy of adsorption. @, a, and b depend 
on the electrical state of the interface which is 
determined by the value of om, but they are 
normally assumed to be independent of a,,, and 
thus, o,. When discreteness-of-charge effects are 
estimated on the basis of the cutoff-disc model, 
the following expressions for a and b are ob- 
tained (8) : 

where Kma is the integral capacity of the region 
between the metal and the iHp, and g,  a dimen- 
sionless parameter which is often assumed to be 
close to unity (19), and 

[lo1 b = flKad 

According to the Gouy-Chapman-Stern model, 
the potential drop across the diffuse layer in the 
presence of specific adsorption is given by 
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When om + oa < ~ p l / ~ ,  f$d is given to a good 
approximation by 

For the present systems @pli2 = 2.62 pC ~ m - ~ ;  
examination of the data in Fig. 4 reveals that the 
sum om + oa is indeed small and that the 
limiting expression for f$d may be applied to the 
data over most of the experimental range. The 
adsorption isotherm may now be written 

[13] In (-o,) - In (o, - cam) = @ + In a,,, 

Equation 12 is of the form of the Frumkin iso- 
therm but gives explicit expressions for the inter- 
action parameter and the variation in free 
energy of adsorption with om.' 

According to the data shown in Fig. 6, the 
Frumkin interaction parameter as determined 
from the slopes of the adsorption isotherm plots 
at constant om varies from 0.36 cm2 PC-' at 
om = 0 to 0.28 cm2 PC-' at om = 12 pC ~ m - ~ .  
Since 1/0p1I2 = 0.382 cm2 PC-', the term 
f (1 - gKmd/Kma)/Kad must be negative. Con- 
sidering the fact that all parameters involved are 
positive by definition, it is concluded that 
Kma < gKmd for the present system over the 
range of values of om considered. Furthermore, 
since the integral capacity of any portion of the 
inner layer must be greater than the total 
integral capacity of the inner layer, Kmd, it is 
apparent that the dimensionless parameter g is 
greater than unity. Levine and Robinson (19,21) 
have calculated g on the basis of models which 
assume both discontinuous (19) and continuous 
variations (21) of the dielectric constant E with 
distance from the electrode. It is clear from these 
calculations that one expects g to depend 
significantly on the relative positions of the iHp 
and oHp. If the planar nitrate ion is adsorbed 
flat on the Hg surface without an intervening 
water molecule, then the iHp would be about 
2 A from the metal surface. Assuming the inner 
layer has a thickness of 5.5 A when the counter 
ion is Na', this spatial arrangement of iHp 

'It should be noted that some variation in @ with om 
is expected due to a corresponding variation in the 
polarization and self-image energies of the adsorbed 
species (20). 

and oHp would lead to values of g which are 
less than unity, independent of the model 
chosen for E (19, 21). On the other hand, if 
adsorbed nitrate ions are separated from the 
electrode by an intervening layer of water 
molecules, the iHp would be approximately 
5 A from the electrode, and thus much closer 
to the oHp. Under these circumstances g is 
greater than unity and can reach values suffi- 
ciently large that the parameter a is negative 
(eq. 9) when $d is small (19, 21). Physically, 
these conditions are such that the individual 
charge centres on the iHp are very efficiently 
screened by their local ionic atmospheres in the 
diffuse layer. 

Although analysis of the isotherm parameters 
at high values of om would be complicated by 
variation in Kad with o,, an approximate 
analysis can be carried out for the data obtained 
in the region 0 < om i 4 pC cm-'. From the 
Christie plot, Kmd = 30.3 pF cm-2 and Kad = 
222 pF cmP2 at om = 2 ~ C c m - ~  in the Na' 
system. From the slope of the isotherm plot, 
a = -0.02 cm2 PC-' and on the basis of 
eq. 9, g = 1.3. This parameter is constant in 
the given range of om, and falls within the 
range of values of g estimated by Levine and 
Robinson (19, 21). Examination of the equi- 
valent data for the K+ system reveals that 
Kad = 417 ~ F c m - ~ ,  Kmd = 30.8 p F ~ r n - ~ ,  and 
a = -0.13 cm2 PC-' at om = 2 pCcm-'. The 
corresponding value of g, 2.6, falls outside of 
the range considered in analysis of the dis- 
creteness-of-charge model but undoubtedly it 
indicates that the iHp is very close to the oHp. 
The fact that Kad for the K' system is approxi- 
mately twice that for the Na' system indicates 
that the distance between the iHp and oHp, 
xad, decreases by approximately a factor of two 
when the counter ion is changed from Na' to 
K+.  

On the basis of the above analysis, one can 
distinguish two factors which account for the 
increase in nitrate adsorption when the counter 
ion is changed from Na+ to K'. Firstly, the 
average potential drop across the region between 
the iHp and oHp, $ad which is given by 

becomes less negative as Kad increases in magni- 
tude (om + o, < 0). Since +d is independent of 
counter ion nature to a first approximation, the 
average potential on the adsorption plane is less 
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negative and the concentration of nitrate ions 
increases. Secondly, as x,, decreases, the screen- 
ing of adsorbed ions by the diffuse layer becomes 
more effective so that the difference between 
the micro-potential at an adsorption site and the 
average potential on the iHp becomes more 
positive; accordingly, discreteness-of-charge ef- 
fects also contribute to lo,l being larger in the 
K f  system. The effect is sufficiently large in the 
present system that the interaction parameter a 
in the Stern-Grahame-Levine isotherm (eq. 8) 
is positive, that is, attractive. 

An alternative explanation of the increase in 
lo, 1 in going from the Naf to the K f  system is 
that alkali metal cations are weakly adsorbed, 
the extent of adsorption increasing with cation 
atomic number (22, 23). However, the field 
assisting possible cation adsorption is much 
weaker in the present case, than in systems where 
anion adsorption is strong, such as iodide (I). 
The fact that the differences in amounts ad- 
sorbed between the Naf and K f  systems are 
quantitatively similar for NO,- and I-  adsorp- 
tion suggests that cation adsorption is not the 
cause of the dependence of o, on the counter 
ion nature. As pointed out previously (24), the 
general features of Csf adsorption estimated on 
the basis of double layer data for the system 
x M CsCl + (1 - x) M LiCl can be attributed to 
a dependence of the thickness of the inner layer 
on solvated cation size. More generally stated, 
the Gouy-Chapman theory does not account for 
differences in the sizes of ions Dresent in the 
diffuse layer. For this reason theLdetailed argu- 
ments based on this model used by Damaskin 
(25) in support of alkali metal cation adsorption 
are subject to doubt. It is clear that further 
clarification of the possible role of cation adsorp- 
tion must await the development of a model for 
the diffuse layer which properly accounts for 
finite ion size. 

Finally, Hills and Reeves (5) have argued that 
the differences in adsorption behaviour ob- 
served for moderately adsorbed anions in 
solutions of varying and constant ionic strength 
can be attributed to coadsorption of F- anion 
from the mixed electrolyte system at high 
positive values of om. However, these authors 
did not consider the effect of ionic strength 
on ionic adsorption so that their conclusions are 
subject to some doubt. Schiffrin (26) showed 
that small but significant specific adsorption of 
F- could be detected at Hg for om 2 6 yC cm-2 

and c, 2 0.1 M at 15°C. When F -  ion specific 
adsorption is significant, the measured surface 
excess due to adsorbed anions is actually given 
by 

where o,(NO,-) and o,(F-) are the adsorbed 
charge densities due to nitrate and fluoride ions, 
respectively. The effect of possible F- ion 
adsorption would be greatest for cNo3 - = cF - = 
0.1 M; at lower F- ion concentrations, o,(F-) 
goes to zero, and at higher concentrations, 
cNO3-/cF- is less than unity. Neglect of F-  ion 
adsorption leads to underestimation of the 
adsorbed charge density due to nitrate ions and 
would result in the Christie plots being less 
curved. It is extremely difficult to assess the 
role of F- ion adsorption since errors in the 
analysis of the interfacial thermodynamic data 
for single fluoride salt solutions can be large 
(26) and the role of defects in the Gouy- 
Chapn~an theory used in data analysis very in1- 
portant (24). However, when one compares the 
present results with those for the PF,--F- 
system studied by Hills and Reeves (5), it is 
clear that F- adsorption is much less important 
in the present case. If, as suggested by Baugh 
and Parsons (27), the adsorbed fluoride ion re- 
tains its primary hydration shell, it may be ex- 
cluded from its adsorption plane when that 
plane is already occupied by the more strongly 
adsorbed NO, - ion. 
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JACOB J. HABEEB, FAROUQ F. SAID, and DENNIS G. TUCK. Can. J. Chem. 55,3882 (1977). 
Electrochemical oxidation of titanium, zirconium, or hafnium(1V) in the presence of a 

solution of chlorine or bromine (X) in acetonitrile (L) leads to direct synthesis of MX4L2 
species in good yield. These compounds are easily transformed into other neutral adducts. On 
addition of tetraalkylammonium salts to the solution phase, the products are the salts 
(R4N)MCI, or (R4N)2MBr6, except that with titanium Et4NTiBr4 was also formed under some 
conditions. The advantages of this method are discussed, and a possible reaction mechanism 
proposed. 

JACOB J. HABEEB, FAROUQ F. SAID et DENNIS G. TUCK. Can. J. Chem. 55,3882 (1977). 
L'oxydation electrochimique du titane, du zirconium ou de I'hafnium(1V) en presence d'une 

solution de chlore ou de brome (X) dans I'acktonitrile (L) conduit ?I la synthtse direct d'espkces 
MX4L2 avec de bons rendements. On peut facilement transformer ces composCs dans d'autres 
adduits neutres. Par addition de sels de tktraalkylammonium i la phase en solution, les produits 
sont les sels (R4N)MCI5 ou (R4N),MBr6, excepte avec le titane alors que le Et4NTiBr4 se forme 
aussi suivant quelques conditions. On discute des avantages de cette mtthode et on propose 
un mecanisme possible pour la reaction. 

[Traduit par le journal] 

Introduction state obtained, a pattern which parallels that 
The complexes of the elements titanium, established in the electrochemical preparation of 

zirconium, and hafnium, and in particular the P-diketonate complexes of these elements (3). 
neutral adducts of the tetrahalides, form one of This work completes a series of electrochemical 
the best explored topics in classical coordination preparations of anhydrous halides of the 
chemistry. The parent tetrahalides are key row transition metals, work which has resulted 
pounds in the preparation of these derivatives, in the production of VX2 (X = C1, Bry I) (4)3 

many of which have been obtained by direct CrBr3 ( 5 )  and mono- or dihalides of Mn, Fe, 
reaction of the two components in non-aqueous CO, Niy Cu, and Zn (6).  Anionic brOmO- 
solution (1). Various methods are available for complexes of these and other metals (7) have also 
the preparation of the tetrahalides themselves. been prepared in good yield at room temperature 
Direct combination of the metal and halogen is direct 
not recommended for TiCl,, which, like the Experimental bromide, is obtained by the high temperature 
(200-1250°C) treatment of TiO, by various Mf2.:p:etals titanium (foil, o.a7 mm thick, m2N7), 
chlorinated species. Direct bromination of the zirconium (foil, 0.25 mm thick, M3N), and hafnium 
metal at 300-600°C yields TiBr,. Similar methods (wire, 1 mm diameter, n13N7) were used as supplied 
have been used for tetrahalides of zirconium and (Alfa Inorganics). Solvents were dried over molecular 
hafnium (2). sieve (acetonitrile, methanol) or sodium (benzene), and 

We have now shown that the tetrachlorides distilled under nitrogen before use. 

and tetrabromides of these three chemically inert Preparative Procedures 

metals can be prepared at room temperature by , The electrochemical method was essentially that used 
In earlier work (5, 7). Samples of metal formed the anode electrochemical oxidation of the metal in a cell of a containing an organic solvent phase with a 

containing an organic solution phase. The prod- platinum wire (0.5 mm diameter) as the counter elec- 
ucts are either the adducts MX,.2CH3CN, which trode. The detailed experimental conditions are given in 
can readily be converted to other adducts, or the Table 1 .  

In certain specific cases noted below, we determined 
anionic M(lV) complexesy depending the current efficiency expressed as moles of metal dis- 
On the the solution. Only in the solved per Faraday, in experiments of relatively short 
case of titanium were complexes of the M(II1) duration (1-2 h), during which time the current was held 
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HABEEB ET AL. 

TABLE 1. Experimental conditions for electrochemical preparation of Group IVA halide 
complexes 

Time 
Initial of Weight 

Solution phase R4NX electro- metal 
composition added Voltage Current lysis dissolved 

Elements (volumes in cm3) (g) (V) (mA) (h) (g) 

CH3CN 50; C12(g) 
CHBCN 50; C1Zcg) 
CH3CN 50; Clz(,) 
CH3CN 50; Br2 2 
CH3CN 50; Br, 2 
CH3CN 50; Br2 2 

SOClz 50; C1zc,) 
SOC12 50; Clz(g) 
SOClz 50; ClZ(,) 
C6H6 60; Br2 2 
C6H6 15; Br, 3 
C6H6 20; Br2 2 
CbH6 15; Br, 2 

Neutral complexes 
0 20 
0 10 
0 20 
0 10 
0 10 
0 15 

Anionic complexes 
0.5' 30 
1 .Oc 30 
1 .Oc 50 
1 .Od 30 
1 .Od 15 
1 .Od 15 
1 .Od 15 

"Two phases; reaction apparently occurs only in lower, conducting, layer. 
*See text for details. 
CR = C3H7. 
dR = C2HS. 
=Not recorded. 

constant. The chemical efficiency of the system, expressed 
as mole of complex obtained per mole of metal dissolved, 
was generally in the range 8@95%. In view of these high 
yields from room temperature experiments lasting 1-10 h, 
no attempt was made to study the effect of electrode 
size, current, temperature, etc., on the overall chemical 
efficiency. 

The electrochemical preparation affords the bis- 
acetonitrile adduct of the tetrachlorides and bromides, 
except in those cases where gram quantities of tetra- 
ethylammonium halide were present, when the appro- 
priate anionic halogeno con~plexes were obtained. 
Thionyl chloride proved to be the most satisfactory 
solvent for the preparation of the anionic chloro- 
complexes (see Table 1). 

The bisacetonitrile adducts are soluble in acetonitrile, 
and the resultant solutions have been the starting point 
for the synthesis of other neutral adducts. The results of 
these experiments are in some respects at variance with 
the existing literature, and we return to this point below. 

Analytical and Spectroscopic Methods 
Halogen analysis was by the Volhard method. Titanium 

was determined by titration against ethylenediamine 
tetraacetic acid (EDTA, disodium salt). The sample was 
dissolved in nitric acid and oxidized with hydrogen 
peroxide; after addition of excess EDTA, and neutraliza- 
tion, the solution was titrated with standard bismuth(II1) 
nitrate, using xylenol orange as indicator. A similar 
method was used for zirconium and hafnium, with solu- 
tions prepared by dissolving the sample in sulphuric acid 
plus sodium sulphate (8). 

Infrared spectra were obtained on a Perkin-Elmer 
IR-12 instrument, and served to identify the presence of 

neutral ligands or substituted ammonium cations in the 
solids prepared. 

Results and Discussion 
Neutral Halides 

The experimental conditions detailed in Table 
1 allowed us to produce gram quantities of 
MX4.2CH,CN (M = Ti, Zr, Hf; X = C1, Br) 
within a few hours. The presence of two cis- 
acetonitrile ligands was confirmed by doublet 
absorptions in the v(C_N) region of the 
infrared spectrum (Table 2). The frequencies are 
in good agreement with those previously re- 
ported (9) for these compounds, confirming the 
formulation based on the analytical results. Thus 
the first conclusion from our work is that these 

TABLE 2. Infrared absorptions of MX4.2CH3CN 
adducts (M = Ti, Zr, Hf; X = C1, Br)" 

Compound v(C=N) 

TiCI4.2CH3CN 2286, 2310 
TiBr4.2CH3CN 2280, 2305 
ZrC14.2CH3CN 2284, 2306 
ZrBr4.2CH3CN 2260, 2285 
HfC14.2CH3CN 2275, 2303 
HfBr4.2CH3CN 2280, broad 

.Frequencies in cm-1; samples run as Nujol mulls 
between potassium bromide plates. 
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complexes are now readily available in high 
yield by a room temperature synthetic route 
which uses the metals as the accessible source of 
high purity element. 

We have not been able to prepare any of the 
tetraiodo complexes of these elements (nor any 
anionic iodo-complexes), despite the fact that 
iodides of a number of other transition metals 
have been obtained by electrochemical synthesis 
(6). A range of experimental conditions was in- 
vestigated, varying such factors as voltage, 
current, composition, metal surface pre-treat- 
ment, and the use of Br2-I, mixtures, all without 
success, in that in no case were we able to isolate 
MI,, or M14L2 species. By monitoring the weight 
of the anode, we showed that appreciable 
quantities (0.5-0.05 g) of titanium (and zir- 
conium) dissolved, and in some cases solids of 
indeterminate composition were obtained. For 
example, electrolysis of titanium (anode) with a 
solution of iodine in acetonitrile yielded a prod- 
uct containing 7.4% Ti, 32.5% I, and having no 
v(C_N) absorption in the infrared. In another 
case, zirconium was electrolytically dissolved 
(0.38 g) into a benzene-methanol solution of 
iodine and n-Pr4NI; the final solid contained 
36.7% Zr, 26.5% I. No explanation for these and 
similar results is forthcoming, and further work 
on this topic is planned. 

Adducts of M X ,  
The literature on the adducts of the tetra- 

chlorides and tetrabromides of Group IVA is 
very extensive (I). Our experiments have re- 
vealed one aspect of the chemistry of these 
compounds not apparently reported, namely that 
bidentate ligands such as ethylenediamine and 
2,2'-bipyridine may form both 1 : l  and 1:2 
adducts with TiBr,. The existing literature on 
the preparation of the adducts of such ligands 
(10, 11) refers to experiments carried out in 
benzene solution, from which compounds such 
as TiBr,.bipy precipitate. Our earliest prepara- 
tions used electrochemically prepared solutions 
of MBr, in benzene-methanol (3:l);  excess 
bromine was removed from the solution with a 
stream of nitrogen, and ethylenediamine (also in 
benzene-methanol) added dropwise until preci- 
pitation occurred. The resultant solids were 
shown to be the 1 : 1 adduct MBr,.en (M = Ti, 
Zr, Hf: see Table 3). Later experiments used 
TiBr4.2CH3CN as the starting material, and 
acetonitrile as the reaction medium. Typical 
conditions would involve 50-100 mg of 

TiBr4.2CH3CN in 10 cm3 acetonitrile; a solution 
of 50 mg of 2,2'-bipyridine in 15 cm3 of the same 
solvent was added dropwise until yellow precipi- 
tation occurred. The product was collected and 
dried in vacuo. Under such conditions, we ob- 
tained the compounds TiBr4.2en (12) and 
TiBr4.2bipy, of which the latter does not appear 
to have been reported previously. Solvent 
dielectric constant may be the critical factor in 
these preparations; benzene may favour the 
neutral six-coordinate MX,L, while in aceto- 
nitrile an ionic species [MX2L2]X2 could be 
formed. Further investigation of this problem is 
planned. 

Anionic Complexes 
Although benzene-methanol proved to be a 

satisfactory reaction medium for the electro- 
chemical preparation of a number of transition 
metal anionic bromo-complexes (7), we were not 
able to use it for the preparation of anionic 
complexes of Group IVA metals. For the 
chlorides, thionyl chloride proved very usef~d, 
and the electrochemical oxidation of titanium, 
zirconium, or hafnium in the presence of 
chlorine in this solvent (Table 1) containing 
tetra-n-propylammonium chloride leads to the 
formation of the salt n-Pr4N[MCl,] in each case. 
With the two heavier metals, the compound 
precipitated from the solution as the electrolysis 
proceeded; for titanium, addition of diethylether 
to the final reaction solution resulted in precipi- 
tation of the salt. In cells containing benzene, 
bromine, and tetraethylammonium bromide, 
two different experimental conditions applied. 
For relatively low bromine concentrations (those 
marked " in Table I), two phases are present; 
only the lower of these had any significant con- 
ductivity, and the cell was arranged so that both 
electrodes (and especially the Group IV metal of 
the anode) were immersed in this layer. As the 
electrolysis proceeded, precipitation of the 
(Et,N),MBr, salts occurred, with the reaction 
visibly taking place in the lower phase. 

The MC1,- and MBr,'- salts (or their 
analogues with other cations) have been reported 
previously, with one exception. The salt 
Et4N[TiC1,] results from the reaction of 
Et,NCl and TiCl, in dichloromethane (13) and 
a solvated salt Et,N[ZrCl,]CH,CN has been 
reported by Feltz (14). The hexabromo com- 
plexes of the Group IVA metals were prepared 
by Clark and co-workers (15), who also analysed 
the vibrational spectra. Thus only the salt 
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HABEEB ET AL 

TABLE 3. Analytical results for neutral and anionic Group IVA halide complexes 

Found (%I Calculated (%) 

Compound Colour Metal Halogen Metal Halogen 

Electrochemical syntheses 
TiCI4.2CH3CN Yellow 17.7 52.2 17.7 52.2 
ZrCI4.2CH3CN Colourless 28.8 45.1 28.9 45.1 
HfCI4.2CH3CN Colourless 44.2 35.1 44.4 35.3 
TiBr4.2CH3CN Red 10.8 71 1 10.7 71.1 
ZrBr4.2CH3CN Orange 18.4 64.8 18.5 64.9 
HfBr4.2CH3CN Orange 30.1 54.8 30.8 55.1 
(C3H7)4NTiC15 Yellow 11.7 43.1 11.7  43.1 
(C3H7)4NZrCIs Colourless 20.4 38.9 20.2 38.8 
( C ~ H ~ ) ~ N H ~ C ~ S  Colourless 32.5 32.6 32.8 32.8 
(C2H5)4NTiBr4 Blue-black 9 . 4  63.7 9 .5  63.2 
[(C3H5)4N12TiBr6 Red 6 .0  60.3 6 .1  60.9 
[(C2H5)4N12ZrBr6 Pale yellow 10.6  56.7 10.7 56.7 
[ ( C Z H S ) ~ N I ~ H ~ B ~ ~  Pale yellow 19.1 51.0 19.0 51.4 

Neutral addition compounds" 
TiBr4.en Colourless 11.2 74.0 11.2 74.4 
TiBr4.2en Pale yellow 9 . 6  65.1 9 .8  65.5 
TiBr4.2bipy Yellow 7.2  46.8 7 .1  47.0 
ZrBr4.en Colourless 19.2 67.3 19.3 67.9 
HfBr4,en Colourless 30.5 57.4 31.9 57.4 

Oen = ethylened~amine; blpy = 2,2 -b~pyr~dyl.  

n-Pr,N[HfCl,] represents a new complex, and 
one which completes a group of lighter ana- 
logues. In view of the extensive literature on the 
structure and vibrational spectra of these 
anions, we have not carried out any further 
investigation of the compounds prepared. 

If the bromine content is increased in the ben- 
zene-Br2-Et,NBr system, prepared by adding 
Et,NBr to a solution of bromine in benzene, the 
two phases eventually coalesce; in the present 
case, this occurred when the benzene-bromine 
ratio was approximately 5: 1 (v/v). Electro- 
lytic oxidation of titanium in this solution, 
produced not titanium(IV), but the known 
titanium(II1) salt (16) Et,N[TiBr,]. We discuss 
below a possible explanation of the anomaly that 
an increase in the concentration of the apparent 
oxidizing agent in solution (i.e. Br,) results in a 
decrease in the oxidation state of titanium in the 
final product. Two relevant precedents for this 
synthesis can be noted immediately. Firstly, the 
electrochemical oxidation of titanium in the 
presence of P-diketonates and similar ligands 
results in the formation of titanium(II1) TiL, 
complexes, which can be subsequently oxidized 
to TiOL,. Zirconium and hafnium form only 
ML, species under such conditions (3). Secondly, 
the electrochemical oxidation of other top row 

transition metals to form anhydrous bromide 
under conditions similar to those used in the 
present work yields low oxidation state com- 
pounds, including vanadium(I1) (4) and cop- 
per(1) (6). The formation of the TiBr,- anion is 
therefore part of this pattern; we were not able 
to produce the M(II1) states of either zirconium 
or hafnium, again in keeping with our results 
with diketonates. 

We conclude that the electrochemical method 
of these various complexes represents a rapid and 
convenient synthesis which avoids the synthesis 
and isolation of the MX, intermediates. 

Reaction Mechanism 
In an earlier discussion of the electrochemical 

synthesis of other transition metal halides (6), it 
was pointed out that measurement of the current 
efficiency gives a good indication of the possible 
reaction mechanism. In the present work, we 
have carried out such experiments over short 
periods of time (1-2 h) at constant current 
(40-50 mA) for the M-Br, in benzene system. 
The measured current efficiencies were 1.1 mol 
Ti F- l ,  2.7 n ~ o l  Zr F- l ,  and 1.25 n ~ o l  Hf F-I ,  in 
terms of weight of metal dissolved. These values 
are somewhat lower than the range of 2-10 mol 
F- I  reported earlier (6), but higher than can be 
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accounted for by a primary process M + M4 + 
4e-, for which the current efficiency should be 
0.25 mol F-l. 

The proposed mechanism envisages the first 
step as being the formation of C1,- or Br,- 

and the anode process is believed to be 

121 Brz- + M + MBr + Br + e- 

with subsequent reactions 

[3] MBr + Br + MBr, 

[41 MBr + Br, + MBr3 

Other reactions are also possible; the main point 
of [3], [4], and [5] is to show that different 
oxidation states of a given metal may be pro- 
duced in such systems. Reactions such as the 
sequence 

161 MBr + Br, + MRr2 + Br 

[71 M + Br -, MBr 

can be invoked to explain current efficiencies 
higher than 1 mol metal dissolved per Faraday. 

In all but one case, the oxidation sequence 
obviously produces compounds in which the 
M(1V) oxidation state is stabilized. The excep- 
tion is the oxidation of titanium in the presence 
of high concentrations of Br, and Br- (and 
hence Br,-). This may point to the importance 
of [4] under such conditions. Certainly the 
stability of the M(II1) state is significantly 
higher in titanium than in the heavier metals, 
and this, coupled with the observed precipitation 
of a salt that is insoluble and therefore kinetically 
resistant to oxidation, serves to rationalize the 
experimental result. Thus while the present 
results do nothing to bolster the previous 

arguments quantitatively, the information of an 
intermediate oxidation state does support a 
mechanism involving stepwise oxidation of the 
metal in these electrochemical experiments. 
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K. A. IDRISS, I. M. ISSA, and M. R. MAHMOUD. Can. J. Chem. 55,3887 (1977). 
A rapid and precise method is described for the determination of tri- and tetrathionate. It is 

based on oxidation of S306'- or S406'- with KMn04 in sulphuric acid medium in the presence 
of fluoride, required for preventing the formation of insoluble oxides of manganese. The 
optimum conditions for both the visual and potentiometric end-point detection are 0.1-0.16 M 
H2S04 and 0.24-0.38 M NaF. Trithionate is oxidized to sulphate as an end product, whereas 
the oxidation product of tetrathionate comprises dithionate and sulphate according to 

Examination of the potentiometric titrations and the spectrophotometric scans of samples 
being titrated showed the presence of intermediate equilibria in solution. The species produced 
are identified and a theory is given for the net reactions. The method is thoroughly dependable 
for the determination of amounts of S306'- or S4062- corresponding to 0.1-10 mg of sulphur. 

K. A. IDRISS, I. M. ISSA et M. R. MAHMOUD. Can. J. Chem. 55,3887 (1977). 
On prtsente une mtthode rapide et prtcise pour la determination de tri- et tttrathionates. 

Cette technique est baste sur l'oxydation des esptces S306'- ou S4O6'- par le KMn04 en 
milieu acide sulfurique et en presence d'ions fluorure ntcessaires pour prtvenir la formation 
d'oxydes de manganese insoluble. Les conditions optimums pour la limite de detection visuelle 
et potentiomttrique sont: 0.1-0.16 M H2S04 et 0.24-0.38 M NaF. Le trithionate est oxydt 
jusqu'au sulfate tandis que le produit d'oxydation du tttrathionate comprend le dithionate et 
le sulfate. Ce processus est reprtsente par l'tquation suivante: 

L'examen des titrations potentiomttriques et des enregistrements spectrophotometriques des 
tchantillons montrent la prtsence d'equilibres intern~kdiaires en solution. Les especes produites 
sont identifiees et une theorie est proposte pour les rtactions globales. La mtthode est totale- 
ment prtcise et permet la dttermination d'une quantitt d'especes S306'- ou S406'- pouvant 
correspondre a 0.1-10 mg de soufre. 

[Traduit par le journal] 

Introduction manganese. In the present method, this difficulty 

The determination of macro-amounts of poly- 
thionates have been investigated by oxidation 
with vanadate (I), iodate, bromate (2) ,  and 
periodate (3). The reaction of polythionates 
(S,0,2-) where n = 3-5, with mercuric chloride 
was applied by Jay (4) for their analysis. The 
acidity produced from the reaction was mea- 
sured. Nietzel and DeSesa (5) described a 
spectrophotometric method for determining as 
little as 5 mg/e of S,O;- based on the reduc- 
tion of tetrathionate with cyanide to form 
thiocyanate, and the latter was determined 
colorin~etrically with an excess of Fe(II1) ions. 

No method has yet been given involving the 
oxidation of tri- or tetrathionate with perman- 
ganate. The reaction in acid medium, however, 
is beset with difficulties due to its sluggishness 
and the precipitation of insoluble oxides of 

'Revision received July 9, 1977. 

is overcome by carrying out the oxidation in a 
sulphuric acid medium in the presence of 
fluoride, since the latter is capable of capturing 
trivalent manganese as complex anions (6). The 
method is simpler than those given before and 
includes both the visual and potentiometric 
titration of thionate solution with Mn0,- and 
vice versa. It is also planned to investigate the 
application of the method as an analytical pro- 
cedure for the determination of micro-amounts 
of tri- and tetrathionate and to put forward a 
mechanism for the reactions involved. 

Experimental 
Solutions 

Potassium permanganate solutions were prepared by a 
method similar to that of Stamm (7) and standardized 
with sodium oxalate (8). Sodium trithionate and tetra- 
thionate solutions were prepared and standardized 
according to recommended procedures (3). Other 
solutions included -2% M sodium fluoride, 2 M 
sulphuric acid, and 0.25 M copper sulphate. 
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Equipment 
The emf of the titration cell was measured by a direct 

reading millivoltmeter of the Radiometer (28 Mb) type, 
using a Pt electrode with a saturated calomel electrode as 
reference half-cell. The uv and visible absorption spectra 
of solutions were recorded using a Unicam S.P. 8000 
spectrophotometer within the wavelength range 200- 
600 nm using 1 cm matched silica cells. 

Titration Procedure 
A volume of tri- or tetrathionate solution containing 

0.1-10 mg of sulphur was placed in a titration vessel and 
mixed with the required volume of 2 M H2S04 to give 
an acidity of 0.2-0.32 N a n d  also with 50 ml of 2 2  NaF 
solution. The mixture was diluted to 100 ml with twice- 
distilled water and then titrated with KMn04 solution. 
If a visual end-point was desired, an appropriate amount 
of 0.25 M CuSO, solution was added. 

Results and Discussion 
The reaction of both S,062- and s,O$- with 

permanganate in the presence of fluoride pro- 
ceeds less rapidly at the beginning of the titration, 
needing 2-3 min for attainment of equilibrium. 
However, as the volume of KMnO, consumed 
exceeds one-half that required for complete 
reaction, the oxidation process becomes rapid. It 
therefore appears that the oxidation of tri- or 
tetrathionate includes an intermediate equilibria. 
The stoichiometry of the reactions involved is 
proposed and the species produced in each case 
has been identified and confirmed by recording 
the spectrophotometric scans of the titrated 
solutions. 

The results of the potentiometric titration are 
not affected by addition of Cu(I1) which is 
essential for the detection of the end-point in the 
visual titration (9, 10) (to mask the pink colour 
of the MnF,- complex). The visual end-point 
method is suitable in the presence of copper 
sulphate solutions containing 0.07-1 g Cu. 

Determination of Trithionate 
Titration of Trithionate with Permanganate 
From the results obtained the reaction appears 

to proceed quantitatively in accordance with the 
equation : 

The potentiometric titration curves possess 
two inflections (Fig. I), the first being due to the 
reduction of MnO,- to Mn(1I) and the second 
to the formation of Mn(II1). Trithionate is 
oxidized to dithionate in the first step, whereas 
in the second step an induced coupled reaction 

VOL. 55 ,  1977 

I 

I 
0 1 2 3 4 5 6 7 8  

rnl of KMn04 added 

FIG. 1. Titration of S306'- with KMn04. (a) Titration 
of 2 ml 0.025 M S306'- with 0.02 M Mn04- in the 
presence of 0.12 M H2S04 and 0.24 M NaF. (b) Titration 
of 1 ml 0.0020 M S3062- with 0.00124 M Mn04 in the 
presence of 0.12 M H2S04 and 0.24 M NaF. (c) Titration 
of 3 ml 0.025 M S30G2- with 0.02 M Mn04- in the 
presence of 0.16 M H2S04 and 0.24 M NaF. 

of Mn(I1) and S2062- with permanganate 
occurs. 

As shown from data obtained in Table 1 and 
the spectrograms a and b in Fig. 2, the first 
inflection corresponds to reaction 2 and the 
second inflection to  reaction 3. 

The conversion of trithionate to S 0 2 -  
according to eq. 3 presumably takes place due to 
the presence of Mn(I1) in solution. The stoichio- 
metry of reaction 3 can be obtained from the 
following equations. 

+ 2H+ + 4 H 2 0  (ref. 11) 
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TABLE 1. Potentiometric titration of S,OsZ- with KMn04, total volume made up to 100 ml 
with water 

Experimental Theoretical 
end-point end-point 

(ml) (ml) Error (%I 
Titration 
medium (i) (ii) (i) (ii) (i) (ii) 

(a) In the presence of 0.24 M NaF and varying concentrations of H2S04 
1. No acid added Yellowish turbidity 
2. 0.04 M H2:04 Slow reaction 
3. 0.06 M 3.02 5.82 3.0 6 .0  +0.67 -1.33 
4. 0 . 1 0 M  " 2.96 5.96 3.0 6 .0  -1.33 0.67 
5. 0 . 1 2 M  " 2.94 6 .0  3.0 6 .0  -2 .0  Nil 
6. 0 . 1 4 M  " 2.94 6 .0  3.0 6 .0  -2 .0  Nil 
7 .  0.16 M " 2.88 5.96 3.0 6.0 -2.67 -0.66 
8. 0.20 M " 2.85 5.88 3.0 6 .0  -4 .0  -2.0 
9. 0 . 0 8 M  " 3.18 6.32 3.2 6.4 -0.63 -1.25 

10. 0.12 M " 3.15 6.38 3.2 6 .4  -1.67 -0.31 
11. 0.20 M " 3.08 6.28 3 .2  -4.0 -1.88 

(b) In the presence of 0.12 M H2S04 and varying concentrations of NaF 
0.24 M N a F  2.86 5.85 3.0 6 .0  -4.66 -2.5 
0 . 3 0 M  " 2.94 5.98 3.0 6.0 -2.0 0.33 
0 . 3 6 M  " 2.95 5.98 3.0 6 .0  -1.66 0.33 
No NaF added Reaction slow and brown precipitate formed 

(c) In the presence of 0.12 M H2S04 and 0.24 M NaF 
s3062- Sulphur 

content 
ml M (mg) 

1 .  4 0.025 9.6 4.5 9.95 5.0 10.0 -10.0 -0.5 
2 . 2  0.025 4.8 2.42 5.0 2.5 5.0 -3 .2  Nil 
3. 2 0.012 2.3 1.18 2.4 1.2 2.4 1.7 Nil 
4. 5 0.0042 2.02 4.88 9.4 4.72 9.44 1.27 0.42 
5 . 2  0.0042 0.81 1.86 3.78 1.89 3.78 1.58 Nil 
6 . 2  0.002 0.38 3.15 6.38 3.2 6 .4  1.56 0.31 
7 .  2 0.001 0.19 1.56 3.18 1.6 3 .2  2.5 0.62 

NOTES: (i) Mn(VII1) -+ Mn(ll); (ii) Mn(VI1) --t Mn(II1); (a) Nos. 1-8, 5 m10.012 M S30G2- titrated with 0.02 M 
KMn04, 9-11, 2ml  of 2 x M S30G2- titrated with 1.25 x M KMn04; (6) 5 ml of 0.012 M S30e2- 
titrated with 0.02 M KMn04;  (c) Nos. 1-3. using 0.02 M KMnOa as titrant. 4-5. using 8.9 x 10-3 M KMnOd as 
titrant, 6-7, using 1.25 x M KMn04 as titrant. 

The overall reaction 1 can be obtained by 
combining [2] and [3]. Figure 2 reveals the 
absence of an absorption band for MnF,- (12) 
in the spectrum of the reaction mixture at the 
first inflection but it is present in the spectrum 
of the solution at the second step. It is apparent 
also that the absorption band due to Mn(I1) and 
S20,2- (10) disappears when the second end- 
point is attained. 

Optimum Experimental Conditions 
Reasonable accuracy in either the visual or 

potentiometric end-point detection is attained at 
acidities ranging from 0.1-0.18 M sulphuric acid 
in the presence of 0.24 A4 NaF. At low acidities 
( ~ 0 . 0 4  M) the solution becomes slightly turbid 

owing to partial production of higher man- 
ganese oxides. At higher acidities the end-point 
occurs too early owing to the sluggishness of 
reaction 3. 

The results obtained indicate that the fluoride 
concentration can be varied from 0.24-0.38 M 
at a constant concentration of sulphuric acid 
(0.12 M) without causing appreciable errors. The 
visual titration was found to be favourable for 
the determination of amounts of S306'- con- 
taining 0.3-8 g of sulphur, whereas the potentio- 
metric procedure is applicable for amounts of 
S3062- containing 0.09-10 mg S. With higher 
trithionate concentrations the reaction becomes 
less rapid and the titration medium slightly 
turbid owing to hydrolysis of Mn(II1) to 
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Wavelength (nm) 

FIG. 2. Spectrophotometric scans of the reaction 
mixtures (blank solution contains the same concentration 
of sodium fluoride and sulphuric acid) at the first and 
second oxidation steps. (a) Reaction of 3 ml 2.5 x 10'- 
M S30eZ- with 0.01 M Mn04- in the presence of0.12 M 
H2S04 and 1% NaF at the second step. (6) Reaction of 
10 m14.2 x M S30e2- with 0.01 M Mn04-  in the 
presence of 0.12 M H2S04 and 1% NaF at the first step. 
(c) Reaction of 5 ml 1.343 x lo-' M S40eZ- with 
0.0096 M Mn04-  in the presence of 0.16 M H2S04  and 
1 z  NaF at the first step. (d) Reaction of 5 ml 1.343 x 
lo-' M S40e2- with 0.0096 M Mn04-  in the presence 
of 0.16 M H2S04 and 1% NaF at the second step. 

Mn203 (11). The error is generally <0.7% 
when the optimum conditions are adopted. The 
curves obtained on titrating KMnO, solution 
with S30,2- are shown in Fig. 3. 

Determination of Tetrathionate 
The reaction of tetrathionate with perman- 

ganate in acid solution containing fluoride pro- 
ceeds relatively slowly at the start, needing -3 
min between each addition of titrant. As the 
end-point is approached the electrode equilibra- 
tion becomes very rapid. The results obtained 
indicate that the reaction proceeds quantitatively 
in accordance with the equation: 

VOL. 5 5 .  1977 

I I 

rnl of s3o2; added 

FIG. 3. Titration of KMn04  with trithionate. (a) 
Titration of 5 ml 0.02 M KMn04  with 0.012 M S30e2- 
in the presence of 0.06 M H2S04  and 0.24 M NaF. (b) 
Titration of 5 ml 0.02 M Mn04- with 0.012 M S30e2- 
in the presence of 0.1 M HASOL and 0.24 M NaF. (c) 
Titration of 5 ml 0.02 M MnO4- with 0.012 M S30e2- 
in the presence of 0.14 M HzSO4 and 0.24 M NaF. (d) 
Titration of 10 ml 0.00124 M Mn04-  with 0.0021 M 
S30e2- ill the presence of 0.12 M H2SO4 and 0.24 M 
NaF. 

Titration of Tetrathionate with Permanganate 
The titration curves obtained when tetra- 

thionate solutions are titrated with MnO,- (cf. 
Fig. 4) are characterised by two inflections, the 
first of which corresponds to the equation 

The volume of MnO,- consumed at the first 
inflection, as well as the appearance of the 
absorption bands characterising HS03- and 
MnF,- (10) in the spectrum of the reaction 
mixture at the first inflection, provides support 
for eq. 5. 

Reaction 5, however, is experimentally verified 
by choosing the suitable p H  range within which 
the solutions can be titrated successfully. The 
quantitative course of the reaction is achieved 
at p H  2.5-4.0. This range is suitable for the 
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rnl of KMn04 added 

FIG. 4. Titration o f  S406'- with K M n 0 4 .  (a) Titration 
o f  5 ml 0.0091 M S4O6'- with 0.02 M K M n 0 4  in  the 
presence o f  0.1 M and 0.24 M NaF. (b)  Titration 
o f  8 ml 0.0091 M S4O6'- with 0.02 M K M n 0 4  i n  the 
presence o f  0.1 M H 2 S 0 4  and 0.24 M NaF. (c) Titration 
o f  2ml1.4 x MS406 ' -  with 1.8 x M K M n 0 4  
in the presence o f  0.1 M and 0.24 M NaF. ( d )  
Titration o f  5 ml 0.0091 M S4062- with 0.02 M K M n 0 4  
in the  presence o f  0.2 M H 2 S 0 4  and 0.24 M NaF. 

quantitative reaction of HS03- with Mn04- 
without decomposition of the sulphur com- 
pound to yield SO, (10). This intermediate 
oxidation product (HS0,-) is then further 
oxidized along the second step, according to the 
reaction 

MnF4- + S206'- + S042 -  + 3 H z 0  (ref. 10) 

The formation of dithionate is confirmed by 
the presence of an absorption band at 242 nm 
(10) in the spectrum of the reaction mixture at 
the second inflection (Fig. 2d), and by its 
analysis using the method of Murthy (13). 
Reaction 6 is also realized by determining the 
concentration of the MnF4- complex produced 
at the second end-point using the spectral data 
and comparing the results with theoretical 
values. It was found that the concentration of 
the MnF4- produced at the second inflection, 

as well as the volume of permanganate con- 
sumed at that step, each represent one-third of 
the total as given by the overall eq. 4. This 
verifies the validity of the suggested mechanism. 

It is noteworthy that the end product in the 
oxidation of S406,- differs from that obtained 
in the case of s,o,'-. Tetrathionate produces 
a mixture of S,02- and S 0 2 - .  The production 
of S 2 0 2 -  can be attributed to the absence of 
Mn(I1) necessary for the catalytic oxidation of 
dithionate according to eq. 3. If Mn(I1) were 
added to a solution of s ,o~-  prior to titration, 
SO2- would be the only sulphur containing 
product. This can be shown by doing the 
following experiment. 

A known excess of Mn(I1) is added to a 
solution of tetrathionate (varying concentra- 
tion), followed by the addition of the appro- 
priate amount of 1 M sulphuric acid and 0.5 M 
NaF. The mixture is then titrated with KMnO,. 

1 2  3 4  5 6  7 8 ( b )  

o i i b i io li ,(a' ( c  

0 2 4 6 8 1 0  
ml of S~ 0;- a d d e d  

FIG. 5. Titration o f  K M n 0 4  with S4O6'-. (a) Titration 
o f  8 m10.0058 M K M n 0 4  with 0.0028 M S4062- i n  the 
presence o f  0.08 M H2S04  and 0.24 M NaF. (b)  Titration 
o f  8 ml 0.0059 M K M n 0 4  with 0.0028 M S40,'- i n  the 
presence o f  0.12 M H2S04  and 0.24 M NaF. (c) Titration 
o f  15 ml 0.0188 M K M n 0 4  with 0.00908 M S406'- i n  
the presence o f  0.12 M H2S04  and 0.24 M NaF. ( d )  
Titration o f  8 ml 0.0188 M K M n 0 4  with 0.00908 M 
S406'- in  the presence o f  0.15 M H 2 S 0 4  and 0.24 M 
NaF. 
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TABLE 2. Potentiometric titration of S4O6'- with KMn04 

Titration 
medium 

Experimental Theoretical 
end-point end-point 

(ml) (ml) 
- 

(i) (ii) (i) (ii) (i) (ii) 

(a) In the presence of 0.24 M NaF and varying concentrations of H2S04 
No acid added Yellowish turbidity 
0.03 M Hz;o4 Slow reaction 
0.08 M 4.35 6.84 4.55 6.76 - 4 . 4  
0 . 1  M " 4.32 6.78 4.55 6 .76 - 5.17 
0 .12  M " 4.25 6.76 4.55 6 .76 - 6 . 6  
0 . 1 6 M  " 4.15 6 .72 4.55 6.76 - 8 .8  
0 . 2 0 M  " 4.08 6 .68 4.55 6.76 -10.33 
0 . 2 2 M  " 3.95 6.60 4.55 6.76 - 14.3 

(6) In the presence of 0.1 M HzSO4 and 0.24 M 2% NaF 
S406'- titrated Sulphur 

content 
ml M (mg) 

1. 8  0.0091 9 .32  6.98 10.84 7 .28 10.80 -4 .1  
2. 3  0.0091 3.49 2.67 4.06 2.73 4.05 - 2 . 2  
3 . 2  0.0045 0.93 0.86 1.35 0 .90 1.35 - 4 . 4  
4. 2  0.0014 0.36 2.98 4 .64 3.11 4.66 -4.11 
5 . 2  0.0004 0 .10 1.29 1.98 1.33 2 . 0  - 3 . 0  

+1 .18  
+ 0 . 3  

Nil 
-0 .59 
- 1.18 
-2.37 

+0.37 
+0 .24  

Nil 
-0 .43 
- 0 . 5  

NOTES: (i) At the first step; (ii) at the second step; (a) 5 rnl of 0.0091 M S4062- titrated with 0.02M KMn04; 
(b) Nos. 1-3, using 0.02 M KMn04 as titrant, 4-5, using 1.8 x 10-3 M KMn04 as titrant. 

By knowing the amount of permanganate con- 
sumed in reaction with Mn(II), the amount of 
KMnO, necessary for the oxidation of S406'- 
can be evaluated. The results obtained indicate 
that the oxidation of S40,2- takes place in 
accordance with 

The last equation can be deduced, however, 
by combining eqs. 5, 6, and 3b. This leads to the 
opinion that the role played by Mn(I1) to  convert 
S20,2- produced in reaction 6 can be represented 
stoichiometrically as given in eq. 3. 

On the other hand, the catalytic effect of 
Mn(I1) in the conversion of tetrathionate to 
sulphate as an end product is evidenced by 
performing titrations of mixtures of tri- and 
tetrathionate containing large amounts of 
S306'- (25 mg). The stoichiometry of the 
tetrathionate reaction does not remain the same 
as for the reaction carried out individually but 
proceeds according to eq. 7 and yields S 0 2 - .  
Thus the method can be applied under such 
conditions to determine the sum of S306'- and 

S,06'- on the basis that the two reductants are 
oxidized to sulphate. However, this method 
cannot be used to determine either tri- or 
tetrathionate in a mixture of the two. 

Optimum Experimental Conditions 
Reasonable accuracy is obtained on titrating 

tetrathionate solutions with KMnO, at acidities 
ranging from 0.1-0.18 M sulphuric acid in the 
presence of 0.24 M sodium fluoride. At higher 
acidities, early end-points are obtained owing to 
the instability of tetrathionate under such 
conditions. At low acid concentrations (<0.08 
M H2S04), the reaction becomes rather slow or  
alternatively yields partially Mn(1V) as MnO,. 
The fluoride concentration can be varied from 
0.24-0.38 M when the acidity of the medium is 
kept constant at 0.12 M H2S04. Table 2 indi- 
cates that when the optimum acidity and 
fluoride content are adopted, amounts of 
S406'- corresponding to 0.1-10 mg sulphur can 
be titrated either visually or potentiometrically 
with an error less than 1%. Figure 5 demon- 
strates the titration of permanganate with 
s40,' - . 
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A new route to ring-fused tetrahydrofurans: reaction of A4-unsaturated alcohols 
with phenylselenenyl chloride 

DERRICK L. J. CLIVE,~  GIM CHITTATTU, AND C. K. WONG 
Department of Chemistry, University ofAlberta, Edmonton, Alta., Canada T6G2G2 

Received May 4, 1977 

DERRICK L. J. CLIVE, GIM CHITTATTU, and C. K. WONG. Can. J. Chem. 55,3894 (1977) 
A4-Olefinic alcohols react with phenylselenenyl chloride to produce tetrahydrofurans with a 

phenylseleno-group trans and !3 to the ether oxygen. The [4.3.0] and [3.3.0] oxabicyclic systems 
produced have cis ring fusion as in 5 and 7. 

DERRICK L. J. CLIVE, GIM CHITTATTU et C. K. WONG. Can. J. Chem. 55,3894 (1977). 
Les alcools A4-olefiniques reagissent avec le chlorure de ph6nylsCltnCnyle produisant des 

tetrahydrofurannes ayant un groupe phtnylstlenC trans et en position de l'h6tCroatome. Les 
systkmes oxabicycliques [4.3.0] et [3.3.0] produits, ont une fusion de cycle cis comme pour 5 
et 7. 

[Traduit par le journal] 

The introduction of selenium into organic 
n~olecules as, for example, PhSe, is an important 
process since the resulting phenyl alkyl selenides 
have considerable utility in synthesis because 
they can be converted into olefins in high yield 
(e.g. ref. 1). 

One route to selenides that is extremely rapid 
and gentle is the stereospecific addition across 
double bonds of species formally represented as 
PhSeZ, where Z can be CF,COO (2), CH,COO 
(3a), Me0  (3a, 3b), EtO (3b), or PriO (3b). This 
reaction is a clean anti addition (2, 3) but is 
characterized by poor regioselectivity (2, 3b, 4). 
The observations (2a, 3b) summarized by [I] are 

we have examined the preparation of tetra- 
hydrofurans because of the widespread occur- 
rence among natural products of structures with 
five-membered rings incorporating oxygen. Our 
route to these heterocycles (eqs. 2-4) involves 

I 
PhSe 

L 1 

typical, so that any refinement of the process 
that makes it regiospeciiic would constitute a 
useful synthetic method. The product distribution 
of [I] results from attack at both electrophilic 
carbons (5) in the intermediate 1 but we have 
found that strict regiochemical control is possi- 
ble by arranging for the intermediate (see 1) to be 
captured in an intramolecular process. Of several 
ring systems that should be accessible in this way 

PhSe 

treating a A4-olefinic alcohol with phenylselen- 
enyl chloride (PhSeC1). 

If the reaction is regarded as a trigonal 
cyclisation (see Scheme 1) then the empirically 
based rules for ring cIosure (6) suggest that both 
5-exo- and 6-endo-trigonal pathways may be 
followed, leading, in the case of pent-4-en01 2 to 
the tetrahydrofuran 3 and the tetrahydropyran 8 
(see Scheme I). If the intermediate is of type 9 
both modes of cyclisation are again allowed but 

'Author to whom correspondence should be addressed. production of a five-membered-ring is expected 
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CLIVE ET AL 

PhSe 

Q 
8 

(7) to be preferred. It is known that ring closure 
of pent-4-en01 with halogens leads to tetra- 
hydrofurans (8) but that cyclisation with lead 
tetraacetate gives both five- and six-membered 
heterocycles (9). 

In order to establish the preferred pathway 
with selenium reagents we treated pent-4-en01 
in ethyl acetate, with 1 equiv. of phenylselenenyl 
chloride and found that it is rapidly transformed 
into the tetrahydrofuran 3, which can be isolated 
in 75% yield.' The proton magnetic resonance 
spectrum defines the structure of 3, and, as 
expected, mass spectral analysis shows the 
production of fragments corresponding to 
(PhSeCH')', (PhSe)', and (M-PhSeCH,)'. 

In order to have synthetic utility this cyclisa- 
tion must be applicable to ring-fused ethers and 
should proceed in a clearly defined stereochemi- 
cal fashion. Therefore, we examined the sub- 
strates 4 and 6. 

Compound 4 was converted cleanly into the 
bicyclic ether 5 which was isolated in 84% yield. 
Mass n~easuren~ent on the molecular ion defined 
the elemental composition of 5, and the stereo- 
chemistry shown at each of the asymmetric 
centres was evident from the proton magnetic 
resonance spectrum. The signal for H,, which is 
centred at 4.36 ppm, is a doublet of doublets in 
which the smaller coupling is barely resolved. 
The larger coupling is 6.5 Hz. For cis ring fusion 
the dihedral angle between Ha and Hb is esti- 
mated from Dreiding models to be less than 20" 
and a value of ca. 7 Hz is therefore anticipated 
for Jab. The small value of Jb, establishes that the 
PhSe-group is trans to the ether oxygen. For 
trans ring fusion neither relative orientation of 
the PhSe-group would make J,, vanishingly 
small. 

Compound 6 was cyclised in the same way 
and gave 7 in 77% yield. Mass measurement 
served to define the constitution of 7 and the 
stereochemistry of the ring fusion was established 
chemically by hydrogenolysis with Raney nickel 
(10) to the known (1 1) cis-perhydrobenzofuran. 
The proton magnetic resonance spectrum (270 
MHz) of 7 shows a quartet ( J  = 5.1 Hz) due to 
H,. This pattern is the result of three equal (or 
nearly equal) vicinal couplings as would be 
experienced by an equatorial hydrogen in a chair 
conformation of cy~lohexane.~ We have found a 
close analogy, using the same electrophile, for 
supporting the stereochemical assignment made 
to 7. The olefinic acid 10 can be cyclised to the 
lactone 11 by treatment with phenylselenenyl 
chloride and the structure of the product 11, in 
which H, gives rise to a quartet with J = 4 Hz, 
was established by unambiguous synthesis from 
the known (13) epoxide 12 (14). 

10 11 12 

PhSeCH2CH2CI 

SePh 

In the preparation of the tetrahydrofurans 
3, 5, and 7 the minimum reaction time was 
not established but small scale spectroscopic 
runs described below showed that cyclisation is 
very rapid. A priori it was possible that the first 
stage in these reactions is addition of phenyl- 
selenenyl chloride to the double bond to produce 

'During preparation of this manuscript we received a 
report (19) of cyclisation of a symmetrical hydroxy olefin 
and of hydroxy olefins of the type shown in [3]. 

- 

31-Chloro-2-pheny1selenocyclohexane exists at room 
temperature largely (60%) in the diaxial conformation 
(12). 
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a P-chloroselenide which is converted into the 
cyclic ether if the phenylseleno-group is trans to 
the hydroxyalkyl side chain. If the relationship is 
cis then chloroselenide formation would have to 
be a reversible process (15). When phenylselen- 
enyl chloride was mixed (using CD2C12 solu- 
tions) at -80°C with 1 equiv. of 4 then low 
temperature (- 60°C) 'H nmr measurements, 
made within 5 min of mixing, showed no olefinic 
protons. The spectra obtained correspond to the 
cyclised product but the presence of at least some 
P-chloroselenide cannot be excluded. Evidently 
the ring closure is a very rapid process. 

In order to establish whether formation of P- 
chloroselenides is easily reversible we heated 
con~pound 13 (16) in CDCl, at 60°C in the 
presence of an excess of cyclohexene. The 
cyclohexyl derivative 14 (12) was not formed and 
no change was seen during 16 h. 

Although halogen-induced ring closures (8a) 
and cyclisations in tellurium chemistry (17) 
provide analogies for the reactions reported here, 
the exam~les in the selenium series allow 
advantage to be taken of the mildness with 
which selenides (18) can be subjected to further 
synthetic transformations. 

Experimental 
All reactions were conducted under nitrogen using 

oven-dried apparatus. Ethyl acetate was refluxed over 
phosphorus pentoxide (2 h) and then distilled from the 
mixture. Phenylselenenyl chloride was used as supplied by 
Aldrich. Pent-4-en01 (2), 2-(2-cyclopenten-1-y1)ethanol 
(4), and 2-(2-cyclohexen-1-y1)ethanol (6) were prepared 
by the methods cited. Nuclear magnetic resonance 
spectra were run in CDC13 on a 100 MHz instrument, 
unless otherwise stated. Thin layer and preparative layer 
chromatography employed Merck Silica Gel PF-254 and 
the plates were activated at llO°C for I h before use. 
Merck Silica Gel 60 (particle size 0.063-0.200 mm) was 
used for column chromatography. 

2- (Phenylselenomethyl) terrahydrofuran 3 
Phenylselenenyl chloride (382 mg, 1.99 mmol) in ethyl 

acetate (3 ml) was injected over 5 min into a cooled and 
magnetically stirred ethyl acetate solution (3 ml; in- 
ternal temperature - 77°C) of pent-4-en01 (172 mg, 1.99 
mmol). A further portion (0.5 ml) of ethyl acetate was 
used to wash residual reagent from the addition syringe 
into the reaction mixture. Within 5 min after the end of 
the addition the cold reaction mixture had become colour- 
less and none of the alcohol could be detected by tlc 
(silica, ethyl acetate - 2,2,4-trimethylpentane (1:4 by 
volume)). The solvent was evaporated (water pump 
vacuum, room temperature) 15 min after the end of the 
addition and the resulting oil was chromatographed over 
silica gel (20 x 1.4 cm) with a mixture of ethyl acetate 
and 2,2,4-trimethylpentane (1 :4  by volume). Appropriate 
fractions (tlc) were combined and evaporated. Bulb to 

bulb distillation (bath temperature 82'C; 0.01 Torr) gave 
compound 3 (362 mg, 75.1%) as a colourless oil that was 
chromatographically homogeneous (silica, ethyl acetate - 
2,2,4-trimethylpentane (1 :4 by volume); Rf 0.5); ir v,,, 
(neat) 1580, 1480, 1437, 735 cm-'; 'H nmr 6 1.45-2.14 
(m, 4H), 2.8-3.2 (m, 2H), 2.55-4.2 (m, 3H), 7.1-7.3 (m, 
3H), 7.35-7.65 (m, 2H); ms 242 (M)+., 172 (C6H,- 
SeCH2)+, 157 (CsH5Se)+, 171 (M - C6H5SeCH2)+. 
Anal. calcd. for CllH140Se: C 54.77, H 5.80, 0 6.63; 
found: C 54.73, H 5.89, 0 6.79. Mol. Wt. calcd. for 
C1 1H140Se: 242.0204; found : 242.0210. 

8-exo-Phenylseleno-2-oxabicyclo[3.3.0]ocane 5 
Phenylselenenyl chloride (382 mg, 1.99 mmol) in ethyl 

acetate (4 ml) was injected over 5 min into a cooled and 
magnetically stirred ethyl acetate solution (4ml; in- 
ternal temperature - 78°C) of 2-(2-cyclopenten-1-y1)- 
ethanol (224 mg, 1.99 mmol). A further portion (0.5 ml 
of ethyl acetate was used to wash residual reagent from 
the addition syringe into the reaction mixture. After 1 h 
at -78°C the temperature was raised to 25°C during 30 
min and kept at 25°C for 3 h. The reaction vessel was then 
immersed for 30 min in an oil bath preheated to 80°C by 
which time no alcohol remained (tlc control). The product 
was then isolated exactly as described above except that 
the solvent for chromatography was a 3:7 (by volume) 
mixture of ethyl acetate and 2,2,4-trimethylpentane. 
Compound 5 was obtained, after bulb to bulb distillation 
(bath temperature 104"C, 0.01 Torr), as a pale yellow 011 
(450mg, 84.3%) that was chromatographically homo- 
geneous (silica, ethyl acetate - 2,2,4-trimethylpentane 
(3.7 by volume); Rf 0.5); ir v,,, (neat) 1580, 1480, 1067, 
1042, 1025 cm-'; 'H nmr 6 1.2-2.35 (m, 6H), 2.6-3.0 
(m, lH), 3.45-3.95 (m, 3H), 4.36 (d, J = 6.5 Hz; each 
signal broad, lH), 7.0-7.38 (m, 3H), 7.38-7.65 (m, 2H); 
ms 268 (M)+., 157 (C6H5Se)+. Anal. calcd, for C13H16- 
OSe: C 58.43, H 6.04, 0 5.99; found: C 58.56, H 6.11, 
0 5.99. Mol. Wt. calcd. for Cl3H1,OSe: 268.0366; 
found: 268.0357. 

5-exo-Phenylseleno-7-oxabicyclo[4.3.0]nonane 7 
Phenylselenenyl chloride (382 mg, 1.99 mmol) in ethyl 

acetate (5 ml) was injected over 45 min into a cooled and 
magnetically stirred ethyl acetate solution (5 ml, internal 
temperature - 65°C) of 2-[2-cyclohexen-I-yllethanol 
(252 mg, 1.99 mmol). A further portion (1 ml) of ethyl 
acetate was used to wash residual reagent from the addi- 
tion syringe into the reaction mixture. After the addition 
the cooling bath was removed and the mixture was stirred 
at room temperature for 18 h (with protection from light). 
The solvent was then evaporated (water pump vacuum 
at room temperature) and the residual oil, in dichloro- 
methane (1.5 ml), was applied to two preparative layer 
silica plates (20 x 60 x 0.1 cm) which were developed 
once with benzene-ethylacetate (5: l  by volume). The 
product band (located under uv light) was extracted with 
ether. Removal of the solvent and bulb to bulb distillation 
(bath temperature llO°C, 0.005 Torr) gave compound 7 
(431 mg, 77%) as a pale yellow oil that was chromatog- 
raphically homogeneous (silica, benzene-ethylacetate 
(5: 1 by volume); Rf 0.6); ir v,,, (neat) 1583, 1480, 1458, 
1439, 1305, 1164, 1070, 1023, 1000, 967, 935, 737, 688 
cm-' ; 'H nmr (270 MHz) G 1.25-1.80 and 1.86-2.07 (m, 
8H), 2.36 (m, Wl,, = 21 Hz, lH), 3.50 (q, J = 5.1 Hz, 
lH), 3.8-4.1 (m, 3H), 7.2 (m, 3H), 7.4 (m, 2H); ms 282 
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(M)+., 157 (C6H5Sef)+, 125 (M - C6H5Se)+. Anal. 
calcd. for Cl4Hl,OSe: C 59.79, H 6.41,O 5.69; found: C 
59.64, H 6.49, O 5.91. Mol. Wt. calcd. for C14H180Se: 
282.0523; found: 282.0524. 

Conversion of 5-exo-Phenylseleno-7-oxabicyclo[4.3.0]- 
nonane into 2-Oxabicyclo[4.3.0]nonnne 

Raney nickel (1 ml of settled W-2 catalyst, stored under 
ethanol) was rinsed under a nitrogen atmosphere with 
several portions of ether and was then covered with ether 
(5 ml). Compound 7 (281 mg, 1 mmol) in ether (1 ml) was 
injected and a further portion (0.5 ml) of ether was used 
as a rinse. The nitrogen atmosphere above the reaction 
mixture was replaced by hydrogen and the mixture was 
stirred at  room temperature under hydrogen for 21 h. 
At this stage no starting material was left (tlc control). 
The catalyst was filtered off and washed with ether 
(4 x 10 ml). The combined organic extract was evapor- 
ated (water pump vacuum, room temperature) and the 
residual oil (96mg) was applied in dichloromethane 
(1 ml) to a preparative layer silica plate (20 x 60 x 0.1 
cm) which was developed once with chloroform-ethyl- 
acetate (9: 1 by volume). The required band, located by 
spraying one edge of the plate with iodine vapour, was 
extracted with ether. Removal of the solvent under 
vacuum gave an oil (31.5 mg, 25%) identical with an  
authentic (1 1) specimen of cis-7-oxabicyclo[4.3.O]nonane. 
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Synthesis and crystal structure of thiosemicarbazidedichloromercury(II) 
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CHUNG CHIEH and DIANNA H. COWELL. Can. J. Chem. 55, 3898 (1977). 
Thiosen~icarbazidedichloromercury(II) was synthesized in an ethanol-water solution by 

keeping the molar ratio of HgCl, and thiosemicarbazide (tsc) at 1 : 1. The crystal is monoclinic: 
a = 8.966(11), b = 6.817(9), c = 12.092(14)& 0 = 100.3(1)", and space group P2,lc with 
four molecules per unit cell. The tsc is a bidentate ligand in this complex with Hg-S = 2.417(6) 
A, Hg-N = 2.51(2) A. The mercury atom is trigonal pyramidally four-coordinated, with two 
Hg-Cl distances of 2.366(6) and 2.770(5) A. When the tsc is coordinated to the mercury(I1) 
ions, the chemical shift of the 'H atoms on the NH, and NH groups shift to a lower field. 

CHLING CHIEH et DIANNA H. COWELL. Can. J. Chem. 55,3898 (1977). 
On a synthktisk la thiosemicarbazide de dichloromercure(II) dans une solution Cthanol%au 

en maintenant un rapport molaire de HgC12 et de thiosemicarbazide (tsc) k 1 : 1. Les cristaux 
sont monocliniques a = 8.966(11), b = 6.817(9), c = 12.092(14)& 0 = 100.3(1)" et groupe 
d'espace P2Jc avec quatre molCcules par maille; tsc est un ligand bidentate dans ce complexe 
avec Hg-S = 2.417(6) A, Hg-N = 2.51(2) A. L'atome de mercure est tCtracoordonn6 dans 
une pyramide trigonale avec deux distances Hg-CI de 2.366(6) et 2.770(5) A. Lorsque le tsc 
est coordonne aux ions de mercure(II), le dCplacement chimique des atomes 'H sur les groupes 
NH, et NH se dkplace vers les bas champs. 

[Traduit par le journal] 

Introduction 
During the synthesis of bisthiosemicarbazide- 

dichloromercury(II) a thin needle-like crystalline 
product was formed at first (I). Those needles dis- 
appeared in the reaction in which the molar 
ratio of HgCl, to thiosemicarbazide (tsc) is 1 
to 2. When the molar ratio was kept at 1 : 1, 
thiosemicarbizidedichloromercury(II) was syn- 
thesized and the crystals became prismatic as 
they grew. A similar complex was found with 
zinc(I1) (2) instead of mercury(I1) but the two 
compounds are not isostructural. The crystal 
structure and nmr spectra of HgCl,(tsc) are 
described in this paper. 

Experimental 
Preparation of HgCl, (tsc) 

The chemicals used in this study are the same as those 
of ref. 1. To an ethanol-water solution containing 2 mM 
of tsc, 2 m M  of HgC1, crystals were added. A new 
kind of needle-like crystal started to form and the 
crystals were visible in 10 min. The solution was covered 
and the reaction proceeded slowly at room temperature, 
25 + 3"C, overnight. The crystals were collected by 
filtration. There was a trace of black material due to 
decomposition and the sample appeared silvery. 

The nmr spectra were measured on a WP-60 (Bruker) in 
DMSO-d6 with TMS as standard. 

Crystallographic Measurements 
Photographic methods were used for space group 

determination. Cell constants were estimated from film 
data and then refined by the least-squares method from 
the 20 values of 34 reflections measured on a G.E. 
XRD-6 diffractometer. Crystal data are: 

CC12H5HgN3S fw = 362.7 
Monoclinic, a = 8.966(11), b = 6.817(9), c = 12.092(14), 
p = 100.3(1)". V = 727.1 A3, Do = 3.31 (by flotation), 
Z = 4, D, = 3.313 g ~ m - ~ ,  mp = 182°C. Systematic 
absences: h01, I = 2n + 1, OkO, k = 2n + 1 ; space group 
P2'/c, p(MoKcc) = 225.1 cm-'. 

The crystal used for intensity nleasurements had 
{O, 1, 1 } and {I, 1, 1 } faces developed. It was cut out of a 
prism perpendicular to a and a face (100) was included as 
boundaries for absorption correction which was done by 
a revised version of the program written by Coppens et al. 
(3). The dimensions of the crystal along a, b, and c are 
0.14, 0.10, and 0.11 mm respectively. Among 1268 
independent reflections with 28 < 50" measured, 1031 
reflections having I > 341) wereconsidered observed. The 
stability of the crystal and instrument were monitored by 
four standard reflections as described in ref. 1. Data 
reduction was also similar. 

In the Patterson map, there was an intense (0.9 x 
origin) peak at (0, 3, 3). This led us to think that the mer- 
cury was located at a special position. However, the 
measured density corresponds to four molecules per unit 
cell; therefore, the intense peak was treated as one on a 
Harker line. The solution was then straightforward. 

The atomic scattering factors from Cromer and Waber 
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(4) were used with anomalous dispersion coefficients for 
Hg from Cromer (5). At the final stage a weighting 
function w = (o(FZ))-' was used and the R (= ZI IF,I - 
IF,IIIZIF,I) and R w  (=(Zw2[lFol - IFcIIZIZ~F,Z)''2) 
were 0.068 and 0.065. The difference Fourier at this 
stage showed only ripples around the mercury atom. 
The atomic coordinates are given in Table 1. Refinement 
using data without absorption corrections gave R of 0.12 
and some atoms had negative temperature factors. 

Results and Discussion 
The crystal consists of individual molecules. 

Bond lengths and angles are given in Fig. 1, 
which shows two molecules that are related to 
each other by a center of symmetry. The mercury 
is four coordinated with a trigonal pyramidal 
geometry. A least-squares plane calculated for 
Hg, S, N(3), and Cl(2) has a maximum deviation 
of 0.21 A. The mercury atom is 0.30 A above 
the plane containing S, N(3), and Cl(2). This 
coordination geometry is different from that of 
thiosemicarbazidedichlorozinc(II), in which the 
two crystallographically independent molecules 
are tetrahedrally coordinated. 

However, the large angle found for LCl(2)- 
HgS, 157.3", indicated the preference of diagonal 
coordination in many mercury complexes (6). 
An alternative description is 'two plus two co- 
ordination'. There are two strong and nearly 
linear S-Hg-C1 bonds and two weak C1- 
Hg-N bonds. The Hg-Cl bonds are not 
equivalent. The attraction between the two 
molecules is surprisingly weak with a Hg. .S 
distance of 3.65 A in contrast to the interaction 
found in other compounds (7). 

The five-membered chelating ring is relatively 
flat; the maximum deviation from the least- 
squares pIane is 0.14 A. The LNNC and 
LNCS angles are greater than 120" for both the 
mercury and zinc complexes, but values for 
these angles in nickel complexes and the free 
tsc are close to 120" (8). The bond lengths for 
the tsc ligand are normal. The planarity, how- 
ever, is not as good as that of free tsc or tsc 
in HgCl,(tsc), (1). The dihedral angle for NNCS 
is 5.5" for HgCl,(tsc). 

The molecules are held together by very weak 
N-H- . .C1 hydrogen bonds. The significant 

'Copies of the tables of structure factors and tem- 
perature parameters may be obtained, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 

TABLE 1. Final atomic parameters with estimated standard 
deviations + (x, y, z ;  x, + - y, 5 + z) 

Atom 

Hg 
CK1) 
CI(2) 
S 
N(1) 
N(2) 
N(3) 
C 

FIG. 1. Bond lengths and angles for thiosemicarbazide- 
dichloromercury(I1). The two molecules are related to 
each other by a center of symmetry. The estimated 
standard deviations are given by the small numbers re- 
ferred to the last digits. 

short intermolecular distances are: Cl(1). - -N(2) 
= 3.20(2), Cl(1). - -N(l) = 3.22(2), Cl(2) . -N(3) 
= 3.27(2), and Cl(2). .N(I) = 3.40(2) A. 

The chemical shifts, T, of the hydrogens for 
tsc, HgCl,(tsc), and HgCl,(tsc), are given in 
Table 2. The assignment was made in compari- 
son with the nmr spectra of thioacetamide, N- 
methylthiourea, and 4-methylthiosemicarbazide 
(9). Upon complexing, the CNH, and NH 
protons shift down field. In HgCl,(tsc), the 
protons of the bonded NH, group gave a very 
broad peak which overlapped with the also 
TABLE 2. Chemical shifts, +r, of mercuric chloride and 

thiosemicarbazide complexes (ppm) 

Bond tsc HgC12.tsc HgCl,(tsc)~ 

N-NH2 4.51 4.6" 4.78 
C-NH2 7.30 8.46 8.32 
N-H 8.58 10.00 9.62 

.A very broad peak due to NH2 overlapped with the peak of the 
impurity in DMSO-d6. 
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broadened peak due to H 2 0  present as impurity 3. P. COPPENS, L .  LEISEROWITZ, and D. ROBINOVICH. 
Acta Crystallogr. 18, 1035 (1965). in It is not 'lear whether the NNH2 4. D T. C a o ~ ~ n a n d J .  T. WABER. Acta Crystallogr 18, group is coordinated to the mercury in DMSO 104 (1965). 

solution, since the solvent interacts rather 5. D. T. CROMER. Acta Crystallogr. i8,17 (1965). 
strongly with the mercuric ion. The small net 6. D. GRDENIC. Q. Rev. 19,303 (1965). 

chemical shift for the NNH, proton in H,pCl2- 7. C. CHIEH a n d l .  P. C. LEUNG. Can. J. Chem. 54,3077 

(tsc) reflects this tendency. (1976). 
8. R. G. HAZELL. ActaChem. Scani. 22,2171 (1968): 22, 

2809 (1968). 
1. C. CHIEH. Can. J .  Chem. 55, 1583 (1977). 9. C. J .  POUCHERT. The Aldrich library of nmr spectra. 
2. L. CAVALCA, M.  NARDELLI, and G. BRANCHI. Acta Vol. 3. Aldrich Chemical Co. Inc., WI. 1974. pp. 

Crystallogr. 13,688 (1968). 144-145. 
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Etude conformationnelle par spectroscopie photoelectronique de sulfures de 
bithienyle 

Laboratoire de Polarographie Organique (LA 333, Faculti des Sciences Gabriel, Bd Gabriel, 21000, Dijon, France 

ET 

G. PFISTER-GUILLOUZO~ 
Laboratoire de Chimie Organique Physique, I.  U.R.S., Avenue Philippon, 64000 Pau, France 

Relu le 11 mai 1977 

P. MEUNIER et G.  PFISTER-GUILLOUZO. Can. J. Chem. 55,3901 (1977). 
Les sulfures de bithienyle-3,3' et de bithienyle-2,2' ont fait l'objet d'une etude par spectro- 

scopie photoelectronique. L'analyse de ces donnkes experimentales a permis de proposer pour 
ces composts des conformations privilegiees de nature diffkrente selon ]'orientation des 
substituants. 

P. MEUNIER and G. PFISTER-GUILLOUZO. Can. J. Chem. 55,3901 (1977). 
3,3'-Bithienyl and 2,2'-bithienyl sulfides have been studied by photoelectron spectroscopy. 

Experimental data allow one to suggest different preferential conformations according the 
orientation of the substituents. 

Introduction 
Les oxyde et sulfure de biphdnyle, substituCs 

ou non, ont fait l'objet d'ktudes conformation- 
nelles nombreuses. Divers travaux effectuks par (" 

dipolemktrie (1-4), diffraction de rayons X 
(5-9), spectroscopie d'absorption dans l'ultra- 
violet (10, 11) et diffraction Clectronique (12) ont 
permis a leurs auteurs de conclure sans ambi- 
gui'te la prkdominance de formes non planes, 
l'existence privilCgiCe d'une forme asymitrique 
semblant, en revanche, beaucoup moins bien 
Ctablie. 

RCcemment, dans le cas du sulfure de bipy- 
ridyle-2,2' Chachaty et coll. (13), par une Ctude 
en rmn, concluent A l'existence de formes 6 8 1 0  12 14 16 IP[~V] 

symktriques, twistCes de 36" par rapport au FIG. 1. Spectre photoClectronique du sulfure de 
plan CSC central. bithiknyle-3,3'. 

Dans la sCrie des sulfures de bithiCnyle, 
aucune Ctude n'a, a notre connaissance, CtC 
entreprise. Nous avons tent6 d'aborder ce 
probl&me, comme dans le cas des bithitnyles 
(14) et certains de leurs dCrivCs hCtCropontCs 
(15) a l'aide de la spectroscopie photoClectroni- 
que, en Ctudiant, paralldement aux sulfures de 
bithiCnyle eux-m&mes, des dCrivts dibromes 
susceptibles, a priori, de prCsenter des con- 
formations hautement privilCgiCes. 

et les valeurs des potentiels d'ionisation sont 
indiquCes dans le tableau 1. 

Le spectre photoilectronique du sulfure de 
bithitnyle-3,3' prksente, eiltre 8 et 11 eV, trois 
bandes: (a) une premibre bande, peu intense, 
A 8.06 eV; (b) une deuxikme bande, tr6s intense, 
pour laquelle on observe distinctement deux po- 
tentiels 9.16 et 9.50 eV; (c) une troisi2me 
bande, peu intense, a 10.40 eV. 

Les spectres des deux dCrivCs dibromCs 
Sulfure de bithidnvle-3.3' et dCrivCs CtudiCs sont assez semblables 6, celui du sulfure 

" ,  
de bithitnyle lui-mCme. La seule diffkrence Spectres exp&rimentaux notable est 1'Ccart sensiblement plus important Les spectres sent reproduits dans les figs 1-3, observ6 entre les troisikme et quatribme PO- -- 

I~ qui demande d3information devra Btre tentiels d'ionisation dans le cas du dCrivC 
adressee. dibromC en 2,2'. 
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TABLEAU 1. Potentiels d'ionisation (verticaux) du sulfure de bithienyle-3,3' et de ses derives 
dibrom6s en 2,2' et 4,4' 

Attribution R C = C  R s  R C = C  71s R s  I cBr*  RB,* 

R'=RZ=R3=R4=H 8.06 9.16 9.50 10.40 
R1=RZ=Br; R3=R4=H 8.10 8.80 9.00 9.55 10.40 10.85 11.40 
R'=RZ=H; R3=R4=Br 8.20 9.00 9.40 10.30 10.80 11.45 

*Pour tous les composes examines I'interaction entre le systeme rr des cycles thiopheniques et la paire du brome 
de mOme symetrie conduit a une stabilisation nette de cette derniere. 

FIG. 2. Spectre photo6lectronique du dibromo-4,4' 
sulfure de bithienyle-3,3'. 

Dans le cas des sulfures de bithiknyles, les 
interactions entre le groupement sulfure et les 
noyaux thiophkniques seront trts diffkrenciees 
selon l'angle entre la paire 7c de l'atome de soufre 
et les deux cycles thiophkniques et selon la con- 
formation de la molkcule. En effet, pour une 
molkcule plane ou presentant une certaine 
symetrie, l'influence du soufre ne se traduira que 
par une interaction destabilisante sur les or- 
bitales totalement symktriques. Par contre, cette 
influence sera, pour une conformation dis- 
symktrique, non nkgligeable pour tous les 
potentiels d'ionisation considkrts. 

On note dam les spectres des trois composCs 
ktudiks des bandes aux environs de 9 et 9.5 eV, 
valeurs trts proches de celles observkes pour 
le thiophhe, le bromo-2 thiophtne et le bromo-3 
thiophhe. 

Ceci ne s'interprtte que dans le cadre des 
hypothbses suivantes : (a) interaction nkgligeable 
entre les deux noyaux thiophkniques et quasi 

I:". 8 10 lb  14 16 ~ p [ ~ v ]  - 
FIG. 3. Spectre photoelectronique du dibromo-2,2' 

sulfure de bithienyle-3,3'. 

dkgknkrescence des combinaisons antisymktrique 
et symktrique des orbitales A, et 2B, du thio- 
phtne; (b) interaction nulle entre les combinai- 
sons antisymktriques des orbitales A, et 2B, 
du thiophtne et l'orbitale .rr: du soufre du groupe- 
ment sulfure. 

On est donc conduit h penser que ce sulfure de 
bithiknyle existerait plut6t sous une conforma- 
tion pseudo-symktrique prksentant une rotation 
des deux cycles en sens opposks, c'est-8-dire 
l'une ou l'autre des deux conformations sui- 
vantes. 

L'ensemble du spectre s'interprkte ainsi compte 
tenu des seules interactions entre la paire 7c 

de l'aton~e de soufre du groupement sulfure et 
les combinaisons symktriques des orbitales A, et 
2B, des noyaux thiophkniques (fig. 4). 
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TABLEAU 2. Potentiels d'ionisation calcules pour le sulfure de bithitnyle-3,3' (conformation 1) 

Potentiels 
d'ionisation 
(verticaux) Valeurs 

expkrimentaux theoriques 
(ev) (ev) Contribution des orbitales atomiques (%) Nature SymCtrie 

\ \ 

28,- ?+-I--- 

(groupernent sulfure) 

FIG. 4. Interactions orbitalaires n~ises en jeu: sulfure 
de bithienyle-3,3'. 

Les considtrations prtctdentes ne permettent 
pas de dtfinir la conformation adoptte prt- 
ftrentiellement par les moltcules de sulfure de 
bithitnyle-3,3'; afin de chercher a prCciser ce 
point, nous avons examint les spectres des 
dtrivts dibromCs en 4,4' et 2,2'. 

Dans les deux cas on peut remarquer tout 
d'abord que, contrairement a ce qui a t t t  
signal6 pour les dibromobithitnyles (14) (qui 
pourtant prtsentent un angle de rotation im- 
portant des deux cycles thiophtniques) on 
n'observe pas d'tclatement entre les paires libres 
des atomes de brome. Ce fait peut &tre attribut 
a un tloignement beaucoup plus grand entre ces 
deux atomes. 

Dans le cas du dibromo-4,4', un tel Cloigne- 
ment ne peut se concevoir que pour une con- 
formation de type 1 assez "twistte." La stabi- 
lisation du premier potentiel (alors qu'on attend 
un effet destabilisant du brome) et la destabilisa- 
tion du cinquieme potentiel conduisent par rap- 
port aux dCrivt non substitut & conclure une 
interaction ltgerement plus faible entre le 
soufre central et les noyaux thiophtniques et 
donc a l'existence d'une conformation plus 
twistte. 

Dans le cas du dibromo-2,2!, le maximum 

d'tloignement entre les deux atomes de brome 
ne peut &tre obtenu que pour une conformation 
de type 2, assez fortement "twistCe." 

Nous avons chercht a confirmer les hypo- 
theses prtctdemment formultes par une com- 
paraison des donntes exptrimentales avec les 
rtsultats tirCs de calculs CNDO/S (tableaux 2 et 
3) pour une conformation de type 1 et une 
conformation de type 2 (chaque noyau thio- 
phtnique faisant un angle de 30" avec le plan 
du groupe sulfure). Nous n'avons indiqut la 
contribution relative des orbitales atomiques que 
pour la conformation 1, les rCsultats obtenus 
pour la conformation 2 ttant tres voisins. A 
noter que les deux structures choisies pour 
effectuer les calculs correspondent sensiblement 
a un contact de van der Waals entre les hydro- 
genes H, et H,, (conformation 1) et H, et H,, 
(conforn~ation 2), ce type de conformation prt- 
ftrentielle ayant souvent ttC mis en tvidence dans 
des problemes du m&me type (13, 16, 17). 

L'examen des tableaux 2 et 3 conduit aux 
remarques suivantes: (a) les spectres calcults 

TABLEAU 3. Potentiels d'ionisation calcules pour le sulfure 
de bithienyle-3,3' (conformation 2) 

Potentiels 
d'ionisation 
(verticaux) Valeurs 

expkrimentaux thkoriques 
(ev)* (ev) Nature Symktrie 

8.10 9.60 n B 
8.80 10.30 x B 
9.00 10.40 n A 
9.55 10.90 x A 

10.40 11.80 x B 

*D6riv& dibromk en positions 2 et 2'. 
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pour les deux conformations sont assez sem- 
blables, ce qui correspond bien aux spectres 
expirimentaux; (b) toutefois on constate sur les 
spectres calculCs un Ccart entre les deux premiers 
potentiels d'ionisation plus faible (0.7 eV) pour 
une conformation de type 2 que pour celle de 
type l ( l . 1  eV). 

Cette constatation s'accorde bien avec l'expt- 
rience, et ce compte tenu de la diffkrence d'effet 
d'un atome de brome en a et en p. 

L'Ctude des spectres photoClectroniques ambne 
donc B proposer une structure de type 1 pour 
le sulfure de bithitnyle lui-meme et son dCrivC 
dibromC en 4,4', le dibromo-2,2' prCsentant par 
contre une conformation privilCgiCe de type 2. 

Le fait que le sulfure de bithiCnyle-3,3' 
prCsente des conformations diffirentes selon la 
substitution est d'ailleurs confirm6 par I'allure 
nettement diffirenciie des spectres Clectroniques 
de ces mCmes d t r i ~ i s . ~  En effet, pour le dCrivC 
dibromC en 4,4', les deux bandes de moyenne 
intensit6 a 271 et B 259 nm dans le n-heptane sont 
B rapprocher de celles observies B 278 et B 
249 nm pour le dCrivC non substituC. Au con- 
traire, pour le dCrivC dibromt en 2,2' on ob- 
serve une bande B 292 nm et un massif trbs in- 
tense aux environs de 24.0 nm. 

Sulfure de bithihnyle-2,2' et dCrivCs 
Spectres expkrimentaux 

Les spectres sont reproduits dans les figs 5-7 
et les valeurs des potentiels d'ionisation sont 
rassemblCes dans le tableau 4. 

On constate que ces spectres sont assez 
semblables pour tous les composCs considCrCs et 
comprennent: (a) une premibre bande, peu 
intense, aux environs de 8.5 eV; (b) une deu- 
xibme bande, trbs intense, entre 9 et 9.5 eV qui 
apparait plus ou moins rtsolue selon le compod 
considCrC; celle-ci rCsulte sans doute du re- 
couvrement de plusieurs ionisations; (c) enfin, 
une dernibre bande peu intense aux environs de 
10.2 eV; celle-ci apparaissant sous forme d'un 
Cpaulement dans le cas du sulfure de bithiCnyle 
lui-meme. 

Discussion des rksultats 
Comme dans le cas du sulfure de bithiCnyle- 

3,3': (a) on retrouve dans le spectre deux bandes 
aux environs de 9 et 9.5 eV; (b) on n'observe 
pas d'kclatement des paires libres des atomes 
de brome, ce qui nous incite B proposer une 

FIG. 5. Spectre phototlectronique du sulfure de 
bithiknyle-2,2'. 

FIG. 6. Spectre photoelectronique du dibromo-4,4' 
sulfure de bithiknyle-2,2'. 

FIG. 7. Spectre photoClectronique du dibromo-3,3' 
sulfure de bithienyle-2,2'. ZP. Meunier. Travaux non publies. 
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MEUNIER ET PFISTER-GUILLOUZO 3905 

TABLEAU 4. Potentiels d'ionisation (verticaux) du sulfure de bithiknyle-2,2' et de ses dCrivCs 
dibromCs en 4,4' et 3,3' 

Attribution ~ C = C  7 1 ~ ~ ~  71s ns 1 o ~ r *  n ~ r *  

R1=RZ=R3=R4=H 8.40 8.95 
R1=RZ=Br, R 3 = R 4 = H  8.60 9.00 
R1=RZ=H, R3=R4=Br 8.50 8.95 

*Confer tableau 1. 

conformation pseudo-symCtrique correspondant 
A une rotation en sens inverse des deux cycles 
thiophiniques. 

De plus, Ctant donnC la position mCme du 
premier potentiel d'ionisation, il semblerait 
que les interactions schCmatisCes dans la fig. 8, 
entre la paire libre du soufre du groupement 
sulfure et les deux combinaisons symktriques 
des orbitales A, et 2B, soient faibles. Ceci 
correspondrait ainsi, pour l'une ou l'autre des 
deux conformations envisageables 3 ou 4, a un 
angle de rotation relativement important. 

Nous avons enregistrC Cgalement le spectre 
d'un dCrivC plus encombrC stkriquement : celui du 
diiodo-3,3' sulfure de bithiknyle-2,2'. Bien que, 
dans ce cas, il y ait superposition partielle des 
ionisations dues aux atomes d'iode avec celles 
des cycles thiophkniques, les valeurs observCes 
pour les cinq premiers potentiels d'ionisation 
sont tris voisines de celles signalkes pour son 
analogue bromC. Ceci semble indiquer que la 
conformation prCfCrentielle d'un dCrivC disubs- 
tituC en 3,3' doit Ctre celle pour laquelle les 
deux substituants sont le plus CloignCs possible. 
Cette conformation, compatible avec l'en 
combrement relatif des atomes de soufre, doit 
&tre de type 3. 

, --ns 
(gfwpernent sulfure), 

FIG. 8. Interactions orbitalaires mises en jeu: sulfure 
de bithienyle-2,2'. 

Pour cette conformation remarquons que les 
atomes de soufre thiophiniques sont au contact 
de van der Waals pour un angle de chacun des 
deux cycles avec le plan CSC d'environ 50". 

Si l'on compare le dCrivC dibromC en 4,4' 
(pour lequel, on peut raisonnablement ne con- 
sidCrer que l'effet Clectronique) avec le dibromo- 
3,3' (oh intervient de plus l'effet stCrique des 
substituants), on constate pour le composC le 
plus encombrC, une destabilisation de 0.1 eV 
des premier et troisiime potentiels d'ionisation 
et une stabilisation peu pris Cquivalente du 
potentiel d'ionisation associC B l'orbitale 7c du 
groupement sulfure. Cet effet peut &re attribuC 
B une interaction sensiblement plus grande entre 
les cvcles et le soufre central. 

Si l'on supposait que tous les composCs 
examinks prCsentent une disposition spatiale du 
mCme type, la destabilisation observte lors de la 
substitution en 3,3' ne pourrait s'expliquer que 
par un angle moins grand, entre les deux cycles, 
ce qui est tout B fait contradictoire avec l'effet 
stCrique apportC par deux atomes de brome, a 
fortiori par deux atomes d'iode. 

I1 est vraisemblable au contraire que la 
substitution en position stkriquement encombrCe 
a un effet similaire B celui observC pour le 
sulfure de bithiknyle-3,3', c'est-a-dire modifie la 
conformation privilCgiCe de la molCcule. On 
est donc tout naturellement amen6 a proposer 
pour le sulfure de bithiCnyle-2,2' et son dCrivt 
dibromC en 4,4', une conformation du type 4, 
avec un angle de torsion du m&me ordre que 
celui proposC pour la conformation de type 3. 

Nous avons rassemblC dans les tableaux 5 et 
6 les rCsultats obtenus par la mCthode CNDO/S 
pour les deux conformations 3 et 4 comme pour 
le sulfure de bithiCnyle-3,3', nous n'avons indi- 
quC les contributions des orbitales atomiques 
que pour l'une des deux conformations (chaque 
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TABLEAU 5. Potentiels d'ionisation calculCs pour le sulfure de bithiknyle-2,2' (conformation 4) 

Potentiels 
d'ionisation 
(verticaux) Valeurs 

experimentaux theoriques 
iev) (ev) Contribution des orbitales atomiques (%) Nature Symetrie 

TABLEAU 6. Potentiels d'ionisation calcules pour le sulfure 
de bithiknyle-2,2' (conformation 3) 

Potentiels 
d'ionisation 
(verticaux) Valeurs 

experimentaux theoriques 
(eV)* (eV) Nature Syn16trie 

8.50 9.40 x B 
8.95 10.40 71 A 
9.15 10.55 n B 
9.45 11.10 n A 

10.30 11.20 x B 

*Derive dibrome en positions 3 et 3'.  

noyau thiophinique faisant un angle de 50" avec 
le plan CSC central). 

On constate tout d'abord une assez bonne 
concordance entre les valeurs thCoriques et les 
valeurs expkrimentales, concordance qui se 
traduit d'ailleurs par deux spectres thCoriques 
assez voisins parallblement a ce qui est observe 
expkrimentalement. 

De plus, on remarque dans le spectre thCori- 
que, pour la conformation 3, une destabilisation 
du troisibme potentiel d'ionisation et une stabili- 
sation du cinquibme potentiel d'ionisation. Ces 
constatations sont en excellent accord avec les 
caractkristiques spectrales signalCes pour les 
deux dirivis dibromCs. 

Dans ce cas Cgalement l'hypothbse avancCe de 
deux conformations diffirentes selon la substitu- 
tion est confirmie par l'allure des spectres 
Clectroniques. Les dCrivCs substituis en positions 
3 et 3' prksentent en effet un massif unique aux 
environs de 260 nm alors que les absorptions du 
produit non substitui et de son dCrivi dibromi 

en 4,4' correspondent A deux bandes a 270 et 
240 nm. 

Synthdses 
Les dibromo et diiodo thiophenes ont etk obtenus selon 

les donnees de la littkrature citCes en reference: dibromo- 
2,4 thiophene: p Bb,,: 120-125°C (litt. (19) p Bb,-,, 
8345°C); dibromo-3,4 thiophene: p ebZ0: 1 15-120°C 
(litt. (20) p 6b12 94-95°C); diiodo-2,3 thiophene: p eb,,: 
160-163'C (litt. (21) p ebll  135-140°C). Le bromo-3 
iodo-2 thiophene a ete synthetise par action du melange 
iode - acide iodique sur le bromo-3 thiophene selon les 
modalit6s decrites pour la synthese des bromoiodo 
thieno(2,3-b) thiophenes (22). Au dtpart de 163 g 
(1 mol) de bromo-3 thiophene, on isole 260 g (rdt 90%) 
de derive bromoiode: p eb,,, 87-90°C. Anal. calc. pour 
C4H2SBrI: C 16.63, H 0.70, S 11.10, Br 27.66, 143.92; 
trouvk: C 16.9, H 0.8, S 11.3, Br 27.5, I 43.7. Caracte- 
ristiques rmn (CDCI,): H,: d / l ,  6 6.92 ppm; H,: d / l ,  
6 7.43 ppm; JUp = 4.8 Hz. 

Les sulfures de bithidnyle ont ete obtenus par action 
du sulfure de bis-phenyl sulfonyle sur les thienyl-2 et 
thienyl-3 lithium selon les modalites operatoires proposees 
par De Jong et Janssen (23). Les s~~lfures ainsi obtenus 
ont kt6 purifies par chromatographie en phase gazeuse. 

Sulfure de bithidnyle-2,2'-Temperature de la colonne 
235°C; temps de retention 8.6 min; debit d'helium 200 
cm3/min. 

Ssrlfure de bithidnyle-3,3'-Temperature de la colonne 
255°C; temps de retention 6.9min; debit d'helium 
200 cm3/min. 

Les sulfures de bithidnyles dihalogdnis ont pour la 
plupart ete synthetises par action a -70°C d'une demi- 
mol de dichlorure de soufre ou de sulfure de bisphenyl- 
sulfonyle sur l'organolithien obtenu par action de 
1 mol de n-butyllithium sur 1 mol de dihalogeno thio- 
phbne convenable. Les caractkristiques des reactions sont 
rassemblees dans le tableau 7. 

Quant au dibromo-2,2' sulfure de bithiknyle-3,3', il a 
etC obtenu par action du N-bromo succinimide sur le 
sulfure de bithiknyle-3,3' selon le mode operatoire 
suivant: 4 g (0.02 M) de sulfure de bithiknyle-3,3' sont 
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TABLEAU 7. Obtention des sulfures de dihalogeno bithiknyles 

RCactif utilise 
Thiophkne aprts action du MCthodes de Solvant de Rdt 
substitue n-butyllithium Produit obtenu purification recristallisation (%) 

I-2,Br-3 SClz 1 Chromatographie sur Pentane 41 
S(C6HsSOz)z R3=R6=Br gel de silice 70 

R1=R2=R4=R5=H (Cther de petrole, 
40-65°C) 

diBr-2,4 S(C6HsS0z)z 1 Chromatographie sur Pentane 54 
RZ=R5=Br gel de silice 

R1=R3=R4=R6=H (Cther de petrole) 
diBr-3,4 S(CsHsS0z)z 2 Distillation puis 68 

R ~ ,  R~ = Br chromatographie en 
R1=R3=R4=R6=H phase vapeur* 

diI-2,3 SClz 1 Chromatographie sur Ether 46 
S ( C ~ H S S ~ Z ) Z  R3=R6,1 gel de silice de 72 

R ~ , R ~ , R ~ = R ~ , H  (Cther de petrole) pCtrole 

*TempCrature de colonne 265'C; temps de rCtention 7.9 min; d6hit d'h6lium 250 cm31min. 

TABLEAU 8. Caractkristiques des composes obtenus 

CaractCristiques Anal~se (%) 
physiques 

Calc. 
Composes Ce travail Litt. ou Tr. C H S Br I CaractCristiques rmn 

Sulf~~res de bithiknyle-2,2' 
DiBr-3,3' P f pf H2,H6 : d/2 6 = 7.30 (CDCI,) 

56°C 54-55°C H3,H7: d/26=6.95 J2,3=5.3 HZ 
(23) Litt. (23) (CD3COCD3) 

DiBr-4,4' P f Calc. 
29-30°C Tr. 

DiI-3,3' P f Calc. 
87°C Tr. 

DiBr-2,2' Huile Calc. 
Tr. 

DiBr-4,4' p 6b0.07 p Bbo.06 
180°C 164-165°C 

(23) 

26.98 1.13 27.01 44.88 H,;H, : 4 2  6 = 7.20 (CC14) 
26.7 1.1 26.8 44.8 H4,Hs: d/26=7.08 J2,4=1.5 HZ 
21.33 0.89 21.37 56.41 H2,H6: d/2 6 ~ 7 . 3 5  (CDCl3) 
21.2 1.0 21.3 56.3 H3,H7: d/26=7.05 JZs3=5.5  HZ 

Sulfures de bithienyle-3,3' 
26.98 1.13 27.01 44.88 Hz,H6 : d/2 6 = 7.12 (CC14) 
27.1 1.1 26.9 45.0 H3,H7: dl2 6=6.77 J 2 , 3 = 5 . 4 H ~  

H2,H6 : d/2 6 = 7.25 (CC14) 
H5,Hg: d/26=7.05J2,5=3.5 HZ 
Litt. (23) (CD?COCD3) 

dissous dans 50 cm3 de chloroforme anhydre. A cette sur gel de silice (eluant Cther de pktrole). On isole 4.5 g 
solution vigoureusement agitCe sont ajoutks par petites (rdt 63%) d'une huile incolore. La purification est com- 
fractions 7.1 g (0.04 M) de N-bromo succinimide. Le plCtCe par chromatographie en phase gazeuse: tem- 
milieu reactionnel est maintenu 5 h ii temperature am- perature de la colonne 235°C; temps de rCtention 7.1 min; 
biante puis trait6 par 30 cm3 d'eau. Le melange est ex- debit $helium 250 cm3/min. Les caractCrisliques des 
trait au chloroforme et les phases organiques sont sulfures dihalogCnCs synth6tisCs sont rassemblCes dans 
sechCes, Cvaporks et le residu obtenu est chromatographie le tableau 8. 
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Spectroscopie photo&lectronique 
L'Ctude spectroscopique a etC realisee sur un appareil 

Perkin-Elmer PS 18 muni d'une source a helium I 
(21.21 eV ou 584 A). Les spectres ont e t t  calibres B 
l'aide des pics associes aux doublets et 'P,,, de 
l'argon (15.755 et 15.933 eV), et du xtnon (12.127 et 
13.427 eV). Les potentiels d'ionisation sont estimts a 
+ 0.02 eV p r b .  

Chromatographie en p h ~ s e  gazeuse 
L'appareil utilisk Btait un chromatographe Aerograph 

Autoprep 700. La colonne presentait les caracttristiques 
suivantes: longueur 609.6cm; diamtttre 9.5 mm; phase 
stationnaire Chromosorb WAW, 45-60 mesh impregne 
de SE30 a 15%. 

Calculs 
11s ont CtC effectuts a l'aide de la methode CNDO/S 

Ctendue a la troisieme ptriode avec intervention des 
orbitales d (24). Les geomttries utilistes ont ete dtduites 
des valeurs experimentales indiqutes pour le thiophtne 
(25) et de celles couramment utilistes pour les derives 
sulfurCs : longueur C-S = 1.76 A (9), angle CSC = 
100.Oo (18). 
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Studies of reagents for spectrophotometric measurement of ionic magnesium 
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DENNIS G. MCMINN and BYRON KRATOCHVIL. Can. J. Chem. 55,3909 (1977). 
Four mono-azo aryl dyes having the o-carboxy-0'-hydroxy functionality were investigated as 

reagents for the measurement of ionic Mg2+ in solutions containing complexing ligands. 
2-(2'-Carboxyl-l'-benzeneazo)-1,8-dihydroxynaphthalene-3,6-disufonic acid came closest to 
the ideal of having absorbance unaffected by pH over the p H  range of interest and of dif- 
ferentiating between Ca2+ and Mg2+ complex formation. Ligand acid dissociation constants 
and formation constants for the metal-ligand complekes were measured. 

DENNIS G. MCMINN et BYRON KRATOCHVIL. Can. J. Chem. 55,3909 (1977). 
On a BtudiC quatre colorants mono-azo aryles ayant une fonction o-carboxy 0'-hydroxy 

comme reactif pour la mesure de Mg2 + ionique dans des solutions contenant des ligands com- 
plexants. L'acide (carboxy-2' benztneazo-1')-2 dihydroxy-1,8 naphthalene disulfonique-3,6 
est celui qui se rapproche le plus de 1'Btat idCal oh l'absorption n'est pas affectee par le pH i 
des valeurs de pH intkressantes et ou il est possible d'effectuer une differentiation entre la for- 
mation de complexes de Ca2+ et de Mg2+. On a mesure les constantes de dissociation acide des 
ligands et les constantes de formation des complexes metal-ligand. 

[Traduit par le journal] 

The measurement of free, or ionic, calcium (b) a large molar absorptivity for the metal- 
and magnesium levels in biological systems is indicator complex at a wavelength free of inter- 
important because often the ionic concentration ference from the uncomplexed ligand or other 
is of greater clinical significance than the total components of the sample; and (c)  minimal side 
metal concentration. However, free metal ion effects on the properties of the system under 
levels (that is, aquated but not complexed to measurement. 1t also advantageous if the 
other species) are often difficult to determine in spectrum and conditional formation constant of 
physiological fluids. The most widely used the metal-ligand complex undergo no appre- 
method of determining ionic calcium is the mem- ciable change over a broad range of pH. In this 
brane ion selective electrode that, although of way prior p H  adjustment, which may shift 
use in blood serum analysis, does not provide equilibria and change ionic metal levels, can be 
reliable results in urine. A corresponding ion avoided. 
selective electrode for magnesium is not yet This approach has seen use in the determina- 
available. tion of ionic concentrations of only two metals, 

A second approach to the determination of calcium and magnesium. For calcium, murexide 
ionic calcium or magnesium is by a spectro- and tetramethylmurexide have been used as 
photometric procedure involving formation of indicator ligands for measurements in urine and 
a weak but highly absorbing metal-ligand com- other biological systems (2). Tetramethylmur- 
plex in a manner analogous to the measurement exide is the better of the two, but both have the 
of p H  by an indicator. The requirements of ail disadvantage that the spectra of the free indi- 
indicator ligand for measurement of free metal cator and the calcium complex overlap exten- 
ion concentration have been outlined by Scarpa sively, and that the absorbance of the calcium 
(1). These include: (a) a small conditional for- complex fades relatively rapidly. Also, high con- 
mation constant for the metal ion of interest, but centrations of sodium interfere. For magnesium 
negligible tendency to complex other metals; the most studied compounds have been of the 

o,of-dihydroxyazoaryl class because the mag- 
'Revision received August 6, 1977. nesium complexes of these ligands have high 
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molar absorptivities and are more stable than 
the corresponding calcium analogs. Eriochrome 
Blue SE and Calmagite (1, 3) have been investi- 
gated for this purpose; in each case calcium 
forms a complex of sufficient stability to inter- 
fere, and absorbance readings at two wave- 
lengths are necessary to correct for the calcium 
present. Eriochrome Black T has also been 
studied (4); its properties and range of applic- 
ability are similar to the other two dyes. 

Diehl and Ellingboe, in a study of the proper- 
ties of a large number of azo dyes, demonstrated 
that complexation with calcium and magnesium 
occurs if one of the ortho positions in an azoaryl 
system is occupied by a hydroxyl group and the 
other by either a hydroxyl or carboxyl group (5). 
Further, they showed that conditional forma- 
tion constants for calcium and magnesium are 
both smaller by a factor of about 100 when the 
second ortho position contains a carboxyl 
group. The hydroxyl-carboxyl combination is 
more attractive as a system for measuring ionic 
magnesium concentrations because a small 
formation constant minimizes disruption of 
equilibria already established in the system to be 
measured. Also, the larger acid dissociation 
constant of a carboxyl group increases the p H  
range over which the ligand possesses the same 
degree of protonation and the same spectral 
properties, which may permit measurement over 
a wider p H  range without correction. In this 
work three compounds containing the o- 
carboxyl-0'-hydroxyl functionality were studied 
to obtain more information about the role of 
ligand structure in optimization of the measure- 
ment of ionic magnesium. 

Experimental 
Apparatus and Materials 

Anthranilic acid (BDH) was purified by recrystalliza- 
lion from water using Norit-A (Fisher) and washing with 
cold water. Sodium 2-naphthol-6-sulfonate was purified 
by precipitation from water by bubbling in HC1 gas, 
filtering, and washing with 30z  aqueous HCl; brilliant 
white crystals were obtained (6). 2-Naphthol (British 
Drug House), chromotropic acid (practical grade, 
Eastman P-230 as disodium salt with two waters of 
hydration), and 3-methyl-1-phenyl-2-pyrazolin-5-one 
(Eastman 1397) were used as received. 

Ammonia buffer, p = 0.10, was used for measure- 
ments at p H  10.1. A 0.0334 M solution of MgCl, was 
prepared and standardized by titration with standard 
0.01 M EDTA. Stock solutions ( N  M )  of sulfonated 
compounds were prepared in water; non-sulfonated 
compounds were dissolved in 989, ethanol. All solutions 
of the ligands were protected from light. Absorption 

spectra were obtained on a Unicani SP 1700 recording 
spectrophotometer. p H  measurements were made on an 
Orion Model 801 digital pH meter. The meter and glass 
electrode were standardized with NBS standard buffers. 
Melting points were determined on a Fisher-Johns 
melting point apparatus and are uncorrected. Micro- 
analyses were performed in the Microanalytical Labora- 
tory, Department of Chemistry, University of Alberta, 
Edmonton, Alta. Thin layer chromatography (tlc) was 
performed on precoated Silica Gel 60 F-254 plates 
(Brinkmann) in a presaturated chamber (Gelman Model 
51325) with 989, ethanol as eluting solvent. 

The acid dissociation constants for the hydroxylic 
and carboxylic protons were determined by potentio- 
metric titration with NaOH or by spectrophotometry. 
Values of pK1 for the non-sulfonated ligands could not 
be determined in water because of insolubility at low pH. 
Formation constants for the magnesium and calcium 
complexes of the four ligands at p H  10.1 and p = 0.10 
were determined by pipetting 1.0 ml of stock solution2 
of dye and an aliquot of stock solution of metal ion into 
a volumetric flask, adding KC1 as necessary to adjust 
ionic strength, then diluting the solution to volume with 
NH,-NH4Cl buffer. Absorption measurements were 
made immediately after mixing because solutions of the 
complexes decompose slowly with time, especially when 
exposed to light. Calculations of the conditional forma- 
tion constants were performed by the method of Ramette 
(7), using a BASIC computer program supplied by the 
author and modified for use on a Digital Equipment 
Corporation PDP-11 computer. In all cases the 'initial' 
metal ion concentrations were adjusted to take account of 
complexation by the ammonia present in the buffer 
solution. No spectrophotometric evidence for formation 
of ML, or higher complexes was found. 

Preparation of Dyes 
(a) 1-(2'-Carboxyl-1'-benzeneaz0)-2-hydroxynaphtha- 

lene (1) was prepared according to the published method 
(5) and recrystallized from acetic acid: mp 275-277OC 
(lit. (8) 268°C; (9) 278°C; (5) 273.5-274.5"C). Thin-layer 
chromatography showed one spot (RI = 0.21). 

(b) 1-(2'-Carboxyl-1'-benzeneazo)-2-hydroxynaphtha- 
lene-6-sulfonic acid (2) (C.I. 15975) was prepared in an 
analogous manner from diazotized anthranilic acid and 
purified sodium 2-hydroxynaphthalene-6-sulfonate. It was 
isolated by bubbling in gaseous HC1, filtering the slurry 
as much as possible (sintered glass), then transferring to 
acetone. The suspension was warmed until the solid 
dissolved, then benzene added until precipitation began. 
The material was cooled, filtered, and washed with cold 
benzene. The hard brick-red solid was removed from the 
filter and dried under vacuum. Elemental analysis indi- 
cated the product was a mixture of the free acid and the 
sodium salt. Thin-layer chromatography showed one 
colored band which stretched from near the origin to 

21n the approach used here the initial ligand concen- 
tration, and therefore the presence of non-complexing 
impurities in the dye, is not crucial since only differences 
in absorbances are necessary to measure the formation 
constant. Measurements of molar absorptivities of the 
ligand-metal complexes do, however, require knowledge 
of the analytical concentrations of both the ligand and 
the metal ion. 
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McMINN AND KRATOCHVIL 391 1 

COOH OH 

Rf - 0.28, and small spots of three colorless impurities 
at slightly higher Rf. 

(c) 2-(2'-Carboxyl-1'-benzeneazo)-1,8-dihydroxynaph- 
thalene-3,6-disulfonic acid (3) was prepared by slow 
addition of a cooled solution of diazotized anthranilic 
acid (7.25 mmol) to a solution of chromotropic acid (7.25 
mmol) in 25 ml of 0.1 M NaOH. When the resulting 
solution was acidified with gaseous HCl a dark red solid 
precipitated. This material was filtered, washed with 30% 
aqueous HCl followed by a few drops of cold water, dried 
over calcium chloride, and ground to give a brick-red 
powder. The powder was taken up in methanol and 
added to the top of a 1.5 x 10 cm column containing 
7.5 g of Amberlyst 15 strongly acidic cation exchange 
resin (Rohm and Haas, 120-325 mesh, de-fined). The resin 
had been converted previously into the hydrogen form by 
washing with HCI until free of sodium (flame test), with 
water until neutral, and finally with methanol until 
transparent in uv light. Elution of the dye mixture with 
additional methanol gave a dark eluate; a faint purple 
band remained on the column. The solid obtained on 
evaporation of the solvent from the eluate showed no 
sodium (flame test), no halogen (Beilstein test), and gave 
a l H  nmr spectrum showing no aliphatic protons. 
Attempts to establish unambiguously the site of coupling 
on the chromotropic acid by 13C and 'H nmr were 
unsuccessful, but from reaction of other azo compounds 
with chromotropic acid the predicted position is ortho to 
one of the hydroxyl groups. Duplicate samples (82.7 mg 
and 77.2 mg) upon titration with NaOH gave equivalent 
weights of 184.6 and 186.7. From these results a formula 
C I ~ H ~ ~ N ~ O ~ ~ S ~ ~ ~ H ~ O  is proposed (equiv. wt. 186.2 
based on three titrated protons). Thin-layer chroma- 
tography showed one spot (Rf = 0.47) plus a faint residue 
which remained at the origin. Anal. calcd, for C17H1Zm 
N2010S2~5H20: C 36.55, H 3.97, N 5.02, S 11.48; 
found (duplicate elemental analysis): C 36.36, 36.39, 
H3.27,3.09,N4.51,4.55,S11.13,10.08. 

( d )  4-(2'-Carboxyl-1'-benzeneaz0)-3-methyl-1-phenyl- 

2-pyrazolin-5-one (4) (C.I. 18690) was prepared by coup- 
ling diazotized anthranilic acid (7.25 mmol) to 3-methyl- 
1-phenyl-2-pyrazolin-5-one (7.25 mmol) dissolved in 25 
ml of 0.3 M NaOH. Reaction was immediate at 5OC. The 
compound was isolated by filtration and recrystallized 
from ethanol-water giving fluffy orange crystals: mp 
278-279°C. Anal. calcd. for C17H14N403: C 63.35, 
H 4.38, N 17.38; found (duplicate elemental analysis): 
C62.10, 62.25, H4.38,4.36, N 17.04, 17.33. 

Results 
Figure 1 shows the absorption spectra for the 

four ligands studied, along with spectra of 
solutions of the ligand plus calcium or mag- 
nesium. In Fig. 2 are shown plots of spectral 
dependence on p H  measured at selected wave- 
lengths for each ligand. Table 1 summarizes 
the absorption data and Table 2 gives the 
experimentally determined acid dissociation 
constants and the conditional formation con- 
stants for the complexes of the four ligands with 
MgZt and Ca2+. From these data equilibrium 
constants were calculated using the formula 
K = KtaML/aMaL, where K is the equilibrium 
constant at p = 0.10; K t  the conditional forma- 
tion constant at p = 0.10, p H  10.1 ; a,, the 
fraction of complex present in 1 : 1 ratio; a, the 
fraction of uncomplexed metal present as 
aquated species; and a, the fraction of uncom- 
plexed dye present in the form available for 
complexing (10). 

The value of a, in each case was calculated 
from knowledge of K, for the second acid 
dissociation constant of L and the p H  at which 
K' was measured. a,, was taken as 1.0, since no 
evidence for formation of other than 1 : 1 com- 
plexes was reported by Diehl and Ellingboe ( 5 ) ,  
nor was any detected in the present study. The 
other significant metal complex present, 
M(NH,)'+, was accounted for in determining 
the 'initial' metal concentration so a,  was also 
taken as 1.0. This could be done because the 
fraction of the total metal present that was con- 
verted to the metal ligand complex was less than 
1% in all cases, and the ratio of the concentra- 
tion of free M2 to M(NH,)'+ was little affected 
by the addition of ligand. The results are tabu- 
lated in Table 2. 

Discussion 
Compounds 1-4 were synthesized and studied 

to provide information on the properties of azo 
dyes that might lead to improved reagents for 
the measurement of ionic magnesium levels over 
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r 2 
000 - - Free Ligand 

WAVELENGTH IN nm 

FIG. 1. Absorption spectra of ligand, ligand + Mg2+, and ligand + Ca2+ ([M2+] - M )  at 
p H  10.1 and ionic strength 0.10. (a) 5 x M 1; (b) 2.7 x M  2; (c )  9.4 x M 3; (d) 
1.8 x 10-5 M 4. 

a range of pH, particularly in the region of 
physiological pH. To achieve this goal the 
absorbance of the ligand must be independent of 
p H  over the range of interest. All three of the 
o-carboxyl-0'-hydroxyl systems met this criterion 
over the range of p H  5 to 9. A second require- 
ment is that the conditional formation constant 
for the magnesium-ligand complex not vary 
significantly over the p H  range encountered in 
samples. Since K '  depends on a,, the pK of the 
hydroxyl group is the major factor determining 
the usable p H  range. Thus con~pound 3, which 
has the lowest pK for the hydroxyl group of the 
compounds studied, gives a spectral response to 
changes in Mg2+ concentration at lower p H  
values than do the other three compounds. 
Thirdly, the conditional formation constant 
between ligand and magnesium should be on the 

The uncertainty in measuring K '  for the complex 
between Ca2+ and either 1 or 2 is large because 
spectra of the ligand and the metal-ligand com- 
plex are highly similar. 

The ligands investigated so far for measure- 
ment of ionic magnesium in biological systems 
require careful p H  adjustment during measure- 
ment because they undergo acid dissociation and 
corresponding spectral changes of the free 
ligand over the physiologically important p H  
range of 6.5 to 8. The free ligand properties are 
important because overlap of the spectra of 
uncomplexed ligand and complex make correc- 
tion for free ligand absorbance necessary. With 
compounds 2 and 3, overlap of the spectra of 
the free and complexed ligands still is present, 
but wavelengths can be chosen where absorbance 
of the free ligand is unaffected by p H  over a 

order of only a few hundred so that equilibria relatively wide range. For these systems the 
between ionic magnesium and other components factor limiting the usable p H  range is that com- 
of the sample are not greatly affected. plexation with magnesium is too small at p H  

Diehl and Ellingboe (5) found the formation values below about 9 for 2 and 7 for 3 (three p H  
constants for complexes of the o,o'-substituted units below pK(0H)) for the systems to be useful 
azoaryl ligands with magnesium to be greater analytically. 
than those for calcium. This was the case for all In an effort to reduce interference from cal- 
the compounds studied here except compound l. cium the pyrazole system 4 was investigated. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



McMINN AND KRATOCHVIL 

FIG. 2. Plots of absorbance of ligand vs. p H  for ligands 1-4 at selected wavelengths. 

TABLE 1. Spectral data for ligands and their magnesium and calcium complexes at p H  10.1 

h,,, 

Free Ligand Ligand 
Compound ligand + MgZ+ + CaZ+ 

1 490 480b 490 
2 486 480b 486 
3 532 552 540 

512 (sh) 
4 395 412 395 

log E" 

Free Ligand Ligand 
ligand + MgZ+ + Ca2+ 

4.33 4.13 4.21 
4.32 4.09 4.24 
4.39 
4.36" 4.26" 4.28' 
4.37 4.29 4.25 

.Measured at h,,, of free ligand. 
bEstimate, since h,,, is dependent on [Mg2+l. 
CMeasured at 512 nm, pH 10.2. 

TABLE 2. Acid dissociation constants of ligands, conditional equilibrium constants for magnesium 
and calcium complexes at p H  10.1, p = 0.10, and thermodynamic equilibriumconstants at p = 0.10 

Mg2 + Ca2 + 

Compound pK(C0OH) pK(0H) log K' (pH 10.1) log K log K' (pH 10.1) log K 

QInsoluble below pH 5. 
bReported: pK, = 12.0, log K' (MgZ+) = 2.10 at = 0.10, pH 10.1, no complex formation with Ca2+ (4). 
=From spectrochemical data. 
dFrom potentiometric titration. 
.Measured at pH 10.2. 
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Snavely et al. reported an appreciable difference 
between Mg2+ and CaZ+ complex formation 
constants for the similar compound 4-(2'- 
hydroxyl- 1 '- benzeneaz0)-3-methyl- 1 -phenyl-2- 
pyrazolin-5-one (log K'  for Mg2+, 10.94; for 
Ca2+, 8.72 in 75% dioxane) (11). However, 
although the formation constant for mag- 
nesium with 4 is in the right range, that for 
calcium is too close to be useful in selective 
measurements. Also, the complexes are yellow, 
which would further hamper their use for the 
direct determination of ionic magnesium in some 
applications, as in urine. 

Of the compounds synthesized, 3 appears the 
most useful for measurement of ionic mag- 
nesium. This compound is similar in structure 
to many analytically useful azo dyes, but has not 
been reported previously. The widely separate 
pK, values of 3.5 and 10.2 make possible a wide 
variation in p H  without accompanying spectral 
changes due to changes in concentration of 
HL-, and the conditional formation constant 
with magnesium makes the system usable over a 
p H  range of about 7 to 10. However, it shares 
with previously studied compounds the dis- 
advantages that the free ligand absorbs signifi- 
cantly at the same wavelength as the magnesium 
complex, and the formation constant for cal- 
cium, while smaller than that of magnesium, is 
sufficiently large to cause some interference. 

We conclude that the o-carboxyl-0'-hydroxyl 
azo function is not likely to provide a reagent 
capable of complexing magnesium and not 
calcium. The reagents previously proposed, 
Eriochrome Blue SE, Eriochrome Black T, and 

Calmagite, along with compound 4 discussed 
here, are similar in complexing properties; all 
require a correction for calcium. This correction 
is best done by recording the difference in 
absorbance readings at two wavelengths (1). 
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Un exemple d'isomerisation radicalaire en chaines: la photoinduction de - 

l'isomerisation cis-trans de la pentkne-3 one-2 

ARMEL RIOUAL, A N D R ~  DEFLANDRE ET JACQUES LEMAIRE 
Laboratoire de Photochimie, U.E.R. Sciences Exactes et Naturelles, Universite' de Clermont 11, Clermont-Ferrand, 

France 
Requ le 26 janvier 1977' 

ARMEL RIOUAL, ANDRE DEFLANDRE et JACQUES LEMAIRE. Can. J. Chem. 55,3915 (1977). 
Une ktude des variations des rendements quantiques initiaux de I'isomkrisation cis-trans 

photosensibiliske de la pentene-3 one-2 en fonction des concentrations initiales du donneur et de 
l'accepteur, de la longueur d'onde d'excitation, de la nature du donneur et du solvant permet de 
proposer des mkcanismes de sensibilisation n'impliquant pas seulement des transferts d'tnergie 
triplet-triplet. Les donneurs carbonylks (acktophtnone, benzophtnone, acktone) sont suscep- 
tible~ d'induire une isomtrisation radicalaire en chaines dans les solvants ou le sensibilisateur 
est rkduit; I'exemple de l'acttophtnone est particulikrement significatif. Dans les solvants qui ne 
conduisent pas a la photortduction du donneur (comme le benzene ou le CCI,), le mkcanisme 
classique du transfert d'knergie triplet-triplet permet d'expliquer les rtsultats obtenus. L'iso- 
mkrisation sensibiliske par les donneurs aromatiques (benzene, mksitylkne) s'interprkte par un 
double mkcanisme: a faible concentration d'accepteur, les transferts d'knergie (triplet-triplet) 
sont prkpondkrants, alors qu'a forte concentration, il se forme un exciplexe entre I'aromatique 
excite dans son niveau singulet et la cttone; cet exciplexe se dtsactive en se dissociant et en 
provoquant l'isomkrisation de la cttone a,P insaturte. 

ARMEL RIOUAL, ANDRE DEFLANDRE, and JACQUES LEMAIRE. Can J. Chem. 55,3915 (1977). 
Mechanisms of the photosensitized cis-trans photoisomerization of 3-penten-2-one which do 

not imply only classical triplet-triplet energy transfer are proposed; they are based upon 
measurements of the variations of initial quantum yields of isomerization with the initial donor 
and acceptor concentrations, the wavelength of excitation, and the nature of the donor and of 
the solvent. Carbonyl donors (acetophenone, benzophenone, acetone) induce a radical isomeri- 
zation by a chain process in reducing solvents; the example of acetophenone is specially 
interesting. In solvents in which the donor is not photoreduced (as benzene or CCl,) classical 
triplet-triplet energy transfers occur. Sensitization with aromatic donors (benzene, mesitylene) 
proceeds through triplet-triplet energy transfer at low concentrations of the acceptor. At higher 
concentrations of acceptor, an exciplex is formed between the ketone and the aromatic in its 
singlet excited state; this exciplex is deactivated by dissociation and by causing the isomerization 
of the a,P-unsaturated ketone. 

De trts nombreuses mesures du rendement amen& a examiner les processus dYisomCrisation 
auantiaue de transition inter-svsttmes sont bastes cis-trans sensibilisCe he la ~enttne-3 one-2. 
sur des isomCrisations cis-trans photosensibi- Comme nous allons le rapporter plus loin, les 
lides, tant en phase gazeuse (1) qu'en solution rtsultats expbrimentaux obtenus nous am6nent h 
(cf. par exemple rCfs 2-7). Les auteurs admettent proposer d'autres mtcanismes d'isomtrisation 
alors que l'interaction entre la molCcule 2 i  Ctudier que ceux impliquant de simples transferts 
et l'accepteur isomtrisable peut se rCduire un d'Cnergie triplet-triplet. 
transfert d'tnergie triplet-triplet dans un domaine 
convenable de concentration de cet acce~teur. Techniques expdrimentales 
~~i~ s9il est facile d'exclure la participation de Pr6puration etpurifcation despent2nes-3 ones-2 trans et cis 

Les formes trans et cis de la pentene-3 one-2 sont 1'Ctat excitt singulet d'un donneur fluorescent, il extraites d,un produit technique La forme trans 
est ~a r fo i s  plus difficile d'assurer que le niveau est skparke par une bidistillation sur une colonne bande 
triplet du donneur ne participe qu'a un transfert tournante Nester-Faust, suivie d'une chromatographie 
d'Cnergie. prkparative en phase vapeur sur un appareil Hupe et 

D~~~ le cadre curie btude des aspects quanti- B U S C ~  APG 402 (tquipk d'une colonne ?I 5% de Carbowax 
20M). La pentene-3 one-2 ainsi obtenue contient 4% de 

tatifs du comportement photochimique des mtthyl-4 pentbne-3 one-2. Nous avons vtrifik que la 
ctt0nes Ct,p insaturkes (8, 9), nOUS aVOnS prtsence de ce dernier compost, que nous avons prt- 

- ctdemment ktudie (8), ne perturbait pas le cornportement 
'Revision recue le 27 juillet 1977. photochimique de la pentene-3 one-2 trans. La penthe-3 
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one-2 cis est ensuite preparee par irradiation de la forme 
trans. Aprks une nouvelle separation par chromatogra- 
phie preparative, l'isomkre cis obtenu contient 6% de 
forme trans et environ 10% de pentkne-4 one-2 et il doit 
&re consemi a l'obscurite, ti 0°C. La pentkne-4 one-2 ne 
peut &re excitee dans le melange, ni par absorption 
directe, ni par transfert d'knergie, et nous avons vkrifik 
qu'elle ne modifiait pas les processus photochimiques des 
pentknes-3 ones-2. 

Techniques d'irradiation 
Deux dispositifs d'irradiation monochromatique ont 

Cte utilisks: une lampe a vapeur de mercure type "basse 
pression" a resonance (Philips TUV 15 W) et une lampe A 
vapeur de mercure type "tres haute pression" (Osram 
HBO 200 W) associee a un monochromateur Bausch et 
Lomb haute intensite. Les reacteurs sont en quartz 
Suprasil et I'oxygkne dissous peut &re BliminC par les 
cycles classiques congelation, pompage sous vide dyna- 
mique, liqu6faction. L'intensite lumineuse disponible est 
mesurke par des actinometries bakes soit sur la photolyse 
de l'acide oxalique sensibilisee par les ions uranyles (10) 
soit sur la photoreduction de ferrioxalate (1 1) soit encore 
sur l'isomerisation cis-trans de l'azobenzkne (12, 13). 

Techniques analytiques 
Les solutions diluees de pentkne-3 one-2 cis ou trans ont 

CtB dosees soit par spectrophotomktrie uv (Jobin et Yvon 
Monospac) soit par chromatographie en phase vapeur a 
I'aide d'un appareil' Varian serie 1400 equipe d'une 
colonne a 10% de Carbowax 20M de 10 pieds de longueur. 
Quelques dosages ont kt6 egalement realises par spec- 
troscopie infrarouge a I'aide d'un spectrophotomktre 
Perkin-Elmer modkle 180. Les spectres de fluorescence 
ont et6 enregistrks sur un appareil Perkin-Elmer-Hitachi 
MPF 3. 

Expkriences prkliminaires sous excitation directe et photo- 
sensibilisations 

Nous avons dkja rapport6 I'essentiel des rksultats acquis 
en excitation directe (9). Les rendements quantiques 
initiaux et Qot,, mesures et les regimes photo- 
stationnaires observes s'interprktent en admettant que le 
niveau triplet d'un isomkre se desactive avec une Bgale 
probabilitk vers les deux formes cis et trans de la pentene-3 
one-2. Les principales propriktes des sensibilisateurs 
employes sont rassemblees dans le tableau 1. 

Isomkrisation trans-cis de la penthe-3 one-2 
photosensibiliske par des composks carbonylks 

Etude expirimentale de la sensibilisation par 
l'acito~hinone 

Le tableau 2 rassemble les rendements quan- 
tiques initiaux d'isomtrisation cis-trans sensibi- 
liste par I'acCtophCnone, mesurts dans diverses 
conditions exptrimentales. Nous avons succes- 
sivement examint l'influence des concentrations 
initiales du donneur et de l'accepteur, l'influence 
de la longueur d'onde d'excitation et celle du 

u 

solvant en milieu soigneusement dtgazC. La 
prtsence d'oxygbne provoque une nette diminu- 
tion du rendement (@Sc,,)O (0.11 au lieu de 1.5 

en milieu dtgazt dans les mCmes conditions de 
concentration et d'irradiation). I1 convient de 
noter les valeurs supCrieures B 17unitC des rende- 
ments quantiques mesurts dans le n-heptane. On 
a rapportt dans la litttrature, des rendements 
quantiques d'isomtrisation cis-trans du 2,4- 
hexadibne sensibiliste par la benzophtnone, 
suptrieurs B 160 (20); des mesures ulttrieures 
ont ramen6 ces rendements B des valeurs plus 
habituelles (21). Le seul exemple non contro- 
versC concernerait l'isomtrisation cis-trans du 
piperylbne sensibiliste par la benzophCnone, 
qui aux fortes concentrations (1 B 10 M), prksente 
des rendements augmentant de 1 B 1.7 (22). Dans 
les solvants comme le tttrachlorure de carbone 
ou le benzbne, les rendements quantiques initiaux 
d'isomtrisation cis-trans de la pentbne-3 one-2 
reprennent des valeurs plus classiques. Dans le 
tableau 3, nous indiquons les valeurs du rende- 
ment (iDSC,,)O en solvant binaire (n-heptane- 
benzbne) de composition variable. 

Si la solution dans le n-heptane contient 
initialement la forme trans, le rendement quan- 
tique (@S,,c)O reste toujours faible (0.02 dans une 
solution 2 x M en acttophtnone et 4 x 

Ad en pentbne-3 one-2). 
Nous avons reprtsentt, B titre d'exemple, sur 

la fig. 1, les variations des concentrations des 
formes trans et cis de la pentbne-3 one-2 dans une 
solution contenant initialement M de forme 
cis, M d'acttophtnone et irradite B 313 nm. 
Ces courbes appellent trois remarques: (a) le 
rapport de la concentration de la forme trans B 
celle de la forme cis atteint des valeurs maximales 
aussi tlevtes que 7; (b) les processus d'isomtrisa- 
tion cis + trans sont accompagnts d'un processus 
de disparition irrtversible de la pentbne-3 one-2; 
nous avons rapportt dans le tableau 2 les 
rendements quantiques initiaux de ce processus; 
(c) l'acttophtnone est susceptible d'Ctre photo- 
rtduite par le solvant, mais la disparition du 
sensibilisateur ne devient inesurable que lorsque 
la concentration de pentbne-3 one-2 n'est plus 
que de M. 

Etude expirimentale de la sensibilisation par la 
benzophknone 

L'influence des parambtres macroscopiques 
usuels (concentrations initiales du donneur et de 
l'accepteur, longueur d'onde d'excitation, nature 
du solvant) sur les rendements quantiques 
initiaux d'isomtrisation cis -, trans de la pen- 
tbne-3 one-2 sous forme cis a Ctt B nouveau 
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RIOUAL ET AL. 

TABLEAU 1. Caracteristiques des sensibilisateurs employes 

examinCe et le tableau 4 rapporte les rCsultats de 
nos mesures. Nous avons egalement CtudiC les 
variations des concentrations des diffkrents com- 
posants du mClange sous irradiation. La encore, 
le rapport de la concentration de la forme trans 

celle de la forme cis atteint des valeurs maxi- 
males trbs superieures a 1'unitC (6 a 8 sous excita- 
tion a 297 ou a 313 nm, 4.2 sous excitation a 
365 nm); les processus de disparition irre- 
versible se superposent aussi a I'isomCrisation de 
la pentbne-3 one-2. Enfin, conlme le montre la 
fig. 2, la benzophenone disparait dbs les premiers 
instants de l'irradiation dans le n-heptane sans 
presenter la mCme "pCriode d'induction" que 
I'acCtophCnone. 

La benzophenone n'est pas susceptible de 
sensibiliser I'isomCrisation trans + cis de la 
pentbne-3 one-2 dans le n-heptane. Par contre, ce 
mCme donneur a 2 x lo-' M, sensibilise cette 
isomCrisation dans le tktrachlorure de carbone 
(cf. tableau 5); parallelement, la phosphorescence, 
a temperature ambiante de la benzophenone dans 
le tetrachlorure de carbone est Cteinte par la 

cCtone insaturee selon une mCme loi de Stern- 
Volmer que I'isomCrisation sensibiliske. 

Etude expe'rimentale de la sensibilisation par 
l'ace'tone 

L'acCtone est un sensibilisateur d'emploi 
difficile; substance peu absorbante, elle doit Ctre 
employee a des fortes concentrations oh elle 
s'autodCsactive. Mais ce donneur permet de 
comparer le comportement de la pentbne-3 one-2 
en solution aqueuse et en solution dans le n- 
heptane. Le tableau 6 rassemble les rendements 
quantiques initiaux dans ces deux solvants. 

Interpre'tation des re'sultats expe'rimentaux 
L'excitation de I'acCtophCnone dans un solvant 

pouvant participer a un processus de photo- 
reduction du donneur provoque I'isomCrisation 
cis-trans de la pentbne-3 one-2 avec un rende- 
ment quantique initial trbs supirieur A 0.5. Un 
tel rCsultat ne peut Ctre interprCt6 par un trans- 
fert d'knergie rapide entre sensibilisateur et la 
cCtone a,p insaturke. En effet, un sensibilisateur 
qui peuple totalement son niveau triplet peut 

Mesi t y l  ene 

(14,17,18,19) 

80,3 

0 , 6 0 3 0 , 5 5  

-- 

3 7 

Benzene 

(6,14,16,17) 

84,3 

3 , 2 5 a 0 , 7 1  

- 

30 

0,s 

a 
6 x 1 0 ~ ~  

Acetone 

(14,15)  

79-80 

1 

- 

Benzophenone 

( 1 4 )  

70 

1 

0,02 

0,005 

20 (eau)  

E (Aexc) dans 
l e  n-heptane 

mole-!l . cm-I  

S e n s i b i l i s a t e u r  

( References ) 

Energ ie  du 

n i v e a u  T1 

kca l /mo le  

Rendement quan- 

t i q u e  de t r a n s i -  

t i o n  i n t e r - s y s -  

temes S1 +TI 

Duree de v i e  de 

s1 ( ns ) 

Duree de v i e  de 

33 (297nm) 

39 (313 nm) 

6 (365nm) 

Acetophenone 

(14 )  

74 

1 

100 (eau)  

116 (297nm) 

73 (365nm) 

0,3 (cyc lohexane)  0,4 

0 ,04 ( i sopropano l )  (n-hexane) 
T1 (!Js) 

9 '5  
(297nm, 

eau)  

0,23(cyc lohexane)  

O , l l ( i  sopropanol  ) 
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TABLEAU 2. Rendements quantiques initiaux des processus d'isomkrisation et de disparition irrkversible 
de la penthe-3 one-2 cis sensibiliskes par I'acktophCnone 

Sol vant  

Xexc ("1 

:Pent@ne-3 one-2 c i s )  

rnole.1-I 

( A c e t o p h @ n ~ n e ) ~  

mole. I-' 
l o  ( @c+t 

S 
@disp 

Sol vant  

Xexc (nm) 

(Pen the-3  one-2 c i s ) o  

rnole.1-' 

(Acgtophenone) 

mole.1-' 

S 
( Qc+t ) 

TABLEAU 3. Rendement quantique initial d'isornCrisation provoquer au maximum la population quanti- 
sensibiliske par I'acetophknone M) en solvant tative du niveau triplet de la pentine-3 one-2; 

binaire n-heptane-benzene; [penthe-3 one-2 cis] ktant donnk qu'en excitation directe, une popula- = mol P - ' ;  he,, = 313 nm tion de 80 2 90% du niveau triplet de la forme 
trans ou cis conduit a un rendement quantique 
d'isomkrisation de 0.40 a 0.45 (9)' la population 
quantitative du niveau triplet de la pentine-3 
one-2 permettrait d'obtenir un rendement maxi- 
mum kgal a 0.5. Cette situation se rencontre 
d'ailleurs dans les solvants qui ne peuvent par- 
ticiper a un processus de photorkduction du 
sensibilisateur, comme par exemple le benzine ou 
le tktrachlorure de carbone; il intervient alors un 
transfert d'knergie relativement rapide se mani- 
festant par des rendements quantiques d'isomkri- 
sation sensibiliGe infkrieurs a 0.5 (cf. tableaux 2 
et 4). 

n-heptane 

S 
( @c+t )O 

0,30 

0,51 

0,80 

1,05 

1,50 

I 

365 

2.10-' 

0,97 

29 7 

benzene 

313 

10-3 

0,30 

CC1 

Proportion de n-heptane 

0 

0,20 

0,50 

3,80 

1 

5,2. 

1.10-' 

5,2. lo-' 

2.10-' 

1,50 

36 5 

10-3 

2. 

0,20 

297 

10-3 

10-2 

0,19 

0,19 

1,05. 

5. 10-3 

10-2 

0,19 

0,5.10-2 

I l Y 6 O  1 I, 1,50-1,60 1,55 1,55 

1.10-' 2.10-' 

0,145 0,065 
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RIOUAL ET AL 

Fm. 1. Isomerisation de la pentene-3 one-2 cis M) sensibiliske par l'acktophenone (lo-' M) 
(h,,, = 313 nm; solvant: n-heptane dCgaz6): courbe 1 :  forme cis; courbe 2: forme tuans; courbe 3: 
disparition de la pentene-3 one-2; courbe 4: disparition de 1'acCtophCnone. 

A 3 

I1 est A noter tgalement que l'excitation de 
l'acttophtnone ou de benzophtnone dans un 
solvant rtducteur ne conduit pas A l'isomtrisa- 
tion trans-cis de la penthe-3 one-2. 

Par contre, dans un solvant non rtducteur, un 
transfert d'tnergie permet de sensibiliser tout 
aussi bien l'isomtrisation trans-cis que l'isomtri- 
sation cis-trans. En particulier, I'ttude effectute 
dans le cas de la benzophtnone le montre claire- 
ment (cf. tableau 5). 

I1 faut donc considtrer que dans les solvants 
rtducteurs, l'acttophtnone est capable d'induire 
une isomtrisation radicalaire de la forme cis et 
non de la forme trans. L'effet de solvant sur 
l'isorntrisation sensibiliste de la forme cis montre 
que les radicaux responsables de l'isomtrisation 
radicalaire ne sont pas issus d'une dissociation 
photochimique du sensibilisateur, mais plutat 
d'un processus de photortduction de ce sensibi- 
lisateur par le solvant SH. 

80 

Une interprttation tr2s analogue peut Ctre 
proposte pour les rtsultats acquis en sensibilisa- 
tion par la benzophtnone, bien que l'isomtrisa- 
tion de la forme cis s'effectue avec un rendement 
(@Sc,t)O = 0.30 suffisamment faible pour Ctre 
interprttte en termes de transfert d'tnergie. Deux 
remarques justifient le mtcanisme d'induction 
radicalaire: (i) En solution dans le n-heptane le 
rendement quantique d'isomtrisation sensibiliste 
par la benzophtnone de la forme trans est nu1 et 
donc trks infkrieur A (@S,,t)O. Dans le benzene et 
le tttrachlorure de carbone ou la sensibilisation 
implique un transfert d'tnergie, les rendements 
quantiques (@Sc,,)O et (@St,c)O sont voisins. (ii) 
Le rapport [trans]/[cis] en regime photostation- 
naire est voisin de 1 dans le benz6ne ou le tttra- 
chlorure de carbone, alors que dans le n-heptane 
ce rapport prend des valeurs maximales trks 
suptrieures A I'unitt. 

La benzophtnone apparait exptrimentale- 
ment comme un inducteur moii~s efficace que 
l'acttophtnone, alors que la population du 
niveau triplet de ces deux sensibilisateurs est 

A . e . - .  
% DE LA CONCENTRATION INITIALE 

/' 
3 /' 
I 
1 I' 
1 i 

* 4 

duree de I i r r a d i a t t o n  ( e n  h e u  r e s )  

1 2 
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X DE IA CONCENTRATION INITIALE 

FIG. 2. Isomerisation de la pentene-3 one-2 cis M) sensibilisee par la benzophenone (0.8 x 
M) (h,,, =, 313 nm; solvant: n-heptane degaze): courbe 1: forme cis; courbe 2: forme trans; 

courbe 3: disparltion de la pentene-3 one-2; courbe 4: disparition de la benzophknone. 

TABLEAU 4. Rendements quantiques initiaux des processus d'isomerisation et de disparition irreversible 
de la pentene-3 one-2 cis sensibilisees par la benzophenone 

( So l van t  1 n-heptane I benzene 

Aexc  ("1 

(Pentene-3 one-2 c is ) ,  

mole.1-I  

(Benzophenone), 

mole .1- I  

l o  ( @c+t 

S 
@d isp  

313 

0,21 

- 

297 313 

0,8. 

0,26 

0,029 

365 

0,13 

- 

5. 

0,32 

0,03 

365 

. 

0,115 

0,013 

l o -?  

0,29 

0,03 
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RIOUAL ET AL. 392 1 

TABLEAU 5. Rendement quantique initial d'isomirisation de la pentkne-3 one-2 trans sensibilisie par 
la benzophtnone (2 x lo-* mol ! - I )  dans le tttrachlorure de carbone (sous excitation a 313 nm) 

TABLEAU 6. Rendement~ quantiques initiaux des processus d'isomtrisation et de disparition irrtversible 
de la pentene-3 one-2 cis sensibilisees par I'acitone 

(Pentene-3 one-2 trans ) 
0 

mole.1-I 

S 
( @bc l o  

pratiquement totale et que leur photoriductibi- combrants que les radicaux issus de l'acito- 
lit6 par le n-heptane reste voisine. La difference ph6none. 
de comportement pourrait etre attribuie B la L'induction radicalaire de I'isomirisation cis- 
nature des radicaux C,H,-C-C,H,, plus en- trans de la penthe-3 one-2 par les deux c6tones 

I aromatiques employees peut s'interpriter par le 
OH micanisme en chaines suivant (schema 1). 

Amorcage photochimique 

[ 11 
QrIa 

C,H,COR + n-C,H,h C,H,C(OH)R + n-C7H15 

2 .  

0,lO 

R = CH, ou C,H, 

Propagat~on C,H,C(OH)R C6H,C(OH)R 
\ 

C,H,C(OH)R + 
/ 

P I  \ 
CH,-4-k-COCH, ou CH,>-C-XOCH, 

H ' ' H  ' H  
(radlcaux r: ) 

2. 

0,015 

So lvan t  

he,, ("m) 

( p e n t ~ n e - 3  one-2 c i s  ) o  

mole.1-'  

( Acetone )o  

mole.]- '  

( )O 

' i i s p  

Rupture 

1,35. 

0,07 

3,4. 

0,15 

n-heptane 

297 

k4 
C6H5-C(0H)R + C,H,-C(OH)R 7 
C,H,-C(OH)R + r: produits 7 
rL + rL 

S C H ~ M A  1 

3,4.10-' 

0,69 

0,31 

eau 

297 

5,4. 

0,18 

1,0!3. 

0,31 

5 . 1 0 - ~  

3,4.10-' 

0,69 

0,17 

2 . 1 0 - ~  

6 ,8 .10 -~  

0,13 

0,035 

0,20 

0,033 

5 . 1 0 - ~  

5,5.10-l 

0,34 

0,21 

2 . 1 0 ' ~  

2,75.10-I 

0,088 

0,056 

5 , 5 . 1 0 - ~ 8 , 2 5 . 1 0 - ~  

0,11 

0,026 

2,75.10 '~ 

0,30 

0,012 

5. 

5,5.10-I 

0,18 

0,017 
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TABLEAU 7. Variations du rendement quantique (@Sc,,)O en fonction de l'intensitk lumineuse absorbee 

Ce schCma appelle les remarques suivantes : 
(a) La catalyse par atomes libres ou radicaux de 
I'isomCrisation cis-trans du dideuterioCthylCne, 
du butkne-2 et du stilbkne a dCjB CtC rapportCe 
dans la IittCrature (23). (b) Les cCtones aroma- 
tiques en se photorCduisant ne peuvent pas 
induire I'isomCrisation de la forme trans de la 
penthe-3 one-2; ceci s'interpr&te en admettant 
que les radicaux C,H,G(OH)R ne peuvent 
rCagir, pour des raisons sttriques, avec l'isom6re 
trans. On peut aussi supposer que la forme trans, 
plus stable que I'isomhre cis, peut capturer les 
radicaux C,H,C(OH)R en donnant des radicaux 
(rl), non dissociatifs, disparaissant par recombi- 
naison. (c) Si le processus de rupture prCpon- 
dCrant intervient par recombinaison des radicaux 
(ri), le schema cinCtique conduit aux relations 
suivantes : 

Si le processus de rupture prCpondCrant im- 
plique les radicaux C,H,C(OH)R, de mCme 

C6l L-C,H,C(OH)Rl = (@IIa/2k4)1'2 

S e n s i b i l  i s a t e u r  

Acetophenone 

Benzophenone 

Seule la relation 5 est compatible avec nos 
rCsultats expkrimentaux; en effet, les rendements 
quantiques d'isomkrisation (QSC+,)O sont indk- 
pendants de la concentration de pentkne-3 one-2. 

297 

7 (2,2+0,2).10 

1,50+0,10 

(2,6+0,1).10~ 

0,32+0,03 

Xexc (nm) 

1/2 
(1,) 

(photon/cn3. s)"' 

S 
(@c+t)O 

1/ 2 
(1,) 

3 1/2 (photon/cm .s )  

MCme B faible concentration, la cCtone capte 
tous les radicaux C,H,C(OH)CH, formis. La 
relation 5 nous permet en outre d'interprkter 
I'influence apparente de la longueur d'onde sur 
les rendements quantiques mesurCs. Nous rap- 
portons dans le tableau 7 les valeurs de la racine 
carrCe des intensitCs lumineuses absorbCes 1,'12 
lors de nos mesures B diffkrentes longueurs 
d'onde: on vCrifie alors aue les rendements 
quantiques sont inversement proportionnels B 
r:I2. 

3 13 

- 

- 

(3+0,1).10 7 

0,26+0,03 

Dans les solvants o c  le mtcanisme de I'iso- 
mCrisation sensibilisCe implique un processus 
molkculaire de transfert d'Cnergie, les rende- 
ments quantiques apparaissent Etre trks normale- 
ment indCpendants de I'intensitt lumineuse 
absorbCe et donc aussi de la longueur d'onde 
d'excitation. 

L'influence de 170xyg6ne se manifeste par une 
inhibition importante de I'isomCrisation cis -t 
trans induite radicalairement. L'oxygkne peut 
rCagir avec les radicaux prCsents dans le milieu 
pour donner naissance B des radicaux peroxy- 
diques; ces radicaux oxygbnCs ne seraient donc 
plus susceptibles de s'additionner sur la double 
liaison de la penthe-3 one-2 et disparaitraient 
par duplication. L'oxygCne est, en outre, sus- 
ceptible de disactiver 1'Ctat triplet du sensibilisa- 
teur. 

Au mCcanisme radicalaire proposC doit, en 
fait, se superposer un mtcanisme molCculaire 
mettant en jeu des transferts d'Cnergie entre le 
sensibilisateur et I'accepteur. De tels transferts 
provoquent une dksactivation partielle du niveau 

365 

(3,8+0, 1).10 7 

0,97+0,05 

(6,6+0,2).10 7 

0,12+0,01 
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triplet du sensibilisateur, ce qui peut se mani- 
fester exptrimentalement par l'inhibition de la 
photortduction du sensibilisateur (comme dans 
le cas de 17acCtophtnone). Cependant, mCme 
dans la phase ou la photortduction du sensibili- 
sateur par le n-heptane est inhibte par la 
pentine-3 one-2, nos rtsultats expkrimentaux 
montrent que le micanisme radicalaire en 
chaines d'isomtrisation reste prtpondtrant de- 
vant celui impliquant le transfert d'tnergie. Le 
rendement (@Sc,,)O est toujours suptrieur B 
(@S,,c)O; tout se passe comme si seule l'isomtri- 
sation cis-trans ttait possible. A des temps 
d'irradiation de plus en plus longs, le rapport 
[trans]/[cis] doit donc prendre des valeurs de plus 
en plus Clevtes et tendre vers l'infini. Mais B 
l'isomtrisation se superpose une disparition de la 
penttnone. La concentration de trans passe ainsi 
par un maximum pour ensuite dicroitre jusqu'a 
la disparition complite du rtactif. 

Enfin, dans le cas de l'acttone en solution 
aqueuse, l'existence du phtnomine d'auto- 
dtsactivation du sensibilisateur est facilement 
mise en tvidence. A mCme concentration de 
pentine-3 one-2, un accroissement de la concen- 
tration d'acttone se manifeste Dar une diminu- 
tion du rendement quantique d'isomCrisation. 
Les radicaux formts au cours de ce processus 
d'autodtsactivation ne peuvent donc pas initier 
une isomtrisation radicalaire. L'isomtrisation 
sensibiliste mise en tvidence ne peut alors Ctre 
qu'un processus moltculaire par transfert d'Cner- 
pie. 
u 

En solution dans le n-heptane, le rendement 
quantique d'isomtrisation (@Sc,,)O peut Ctre 
suptrieur B 0.5, et les rendements de disparition 
sont plus Clevts qu'en solution aqueuse. Un trans- 
fert d'tnergie entre l'acttone et la pentine-3 one-2 
ne permet pas, B lui seul, de justifier ces valeurs; 
l'isomtrisation est donc. au moins ~artiellement 
initite par les radicaux issus de la photortduc- 
tion. 

Une difftrence apparait cependant entre les 
valeurs du rendement quantique d'isomtrisation 
sensibiliste d'une part par l7acCtophCnone, et 
d'autre part par l'acttone. En effet, alors que les 
rendements quantiques de l'isomtrisation sensi- 
biliste par l'acttophtnone ne dtpendent pas des 
concentrations du donneur et de I'accepteur dans 
le domaine CtudiC, les rendements de l'isomtrisa- 
tion sensibiliske par I'acttone dtpendent de la 
concentration d'acttone. Cette difference de 
comportement peut signifier que l'autodtsactiva- 

tion de l'acttone est plus rapide que celle de 
l'acitophtnone. 

Parallilement B I'isomCrisation, une dispari- 
tion importante est mesurCe. Cette disparition 
peut Ctre initite par les radicaux issus de la 
photorCduction, mais tgalement par les radicaux 
issus de l'autodtsactivation; le rendement de dis- 
parition augmente avec la concentration d'act- 
tone. Or l'acttone prtsente des coefficients d'ex- 
tinction molaire plus faibles que l'acttophtnone 
ou la benzophtnone et doit alors Ctre utiliste B 
concentration plus forte; l'autodtsactivation, et 
par constquent la disparition, sont favoristes au 
dttriment de l'isomtrisation. 

IsomCrisation trans-cis de la penthe-3 one-2 
photosensibilisde par le benzene et le mdsitylbne 

Par opposition aux "sensibilisateurs" car- 
bonylts induisant des isomtrisations radicalaires, 
en solution dans les alcanes, les sensibilisateurs 
aromatiques devraient impliquer uniquement des 
transferts d'tnergie. Les rtsultats que nous 
rapportons ici montrent que les mtcanismes 
d'interaction entre aromatiques excitis et pen- 
tine-3 one-2 ne sont pas aussi simples. 

Etude expe'rimentale de la sensibilisation par le 
benz2ne et le rnbityl6ne 

Nous avons d'une part mesurt les rendements 
quantiques initiaux d'isomtrisation trans + cis 
et cis + trans de la pentine-3 one-2 sensibiliste 
par le benzine ou le mtsitylkne exciti B 253.7 nm 
(cf. tableau 8) et d'autre part le degrt d'extinction 
de fluorescence de ces donneurs par la cttone 
insaturte en solvant dtgazt (cf. tableau 9).0n 
peut observer l'apparition de rtgimes photo- 
stationnaires avec l'un ou l'autre des donneurs; 
ces rtgimes sont caractirists par un rapport 
[trans]/[cis] voisin de l'unitt. 

Interpre'tation des r&sultats expkrimentaux 
A M de pentine-3 one-2 trans, l'ex- 

tinction de la fluorescence du benzine et du 
mtsityline atteint respectivement 77 et 83%. Si 
I'on se rifire B nouveau B l'excitation directe, on 
s'attend B mesurer un rendement quantique 
d'isomtrisation sensibiliste par transfert d'tner- 
gie triplet-triplet respectivement tgal B 0.23 x 
0.25 x 0.50 = 0.03 et B 0.17 x 0.55 x 0.50 = 
0.05 avec les deux donneurs envisagts (le rende- 
ment quantique de la transition S ,  + T, du 
benzine en solution dilute est pris Cgal B 0.25 et 
celui du mtsityline B 0.55). Les rendements 
quantiques effectivement mesurCs montrent que 
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TABLEAU 8. Rendements quantiques initiaux des processus d'isomkrisation de la penthe-3 one-2 cis et 
trans sensibiliskes par le benzene et le mksitylkne 

Natu re  du s e n s i b i l i s a t e u r :  BENZENE 

Na tu re  du s e n s i b i l i s a t e u r :  MESITYLENE 

l'isomkrisation ne rksulte pas exclusivement d'un 
transfert triplet-triplet. En outre, il faut exclure 
un transfert singulet-singulet qui devrait, B la 
limite, provoquer la m&me isomkrisation qu'en 
excitation directe. Pour interprkter nos rksultats 
expkrimentaux, nous devons alors proposer un 
mkcanisme d'isornkrisation sensibilide impli- 
quant une espece instable justifiant de l'extinction 
de la fluorescence et conduisant B l'isomkrisation 
de la penthe-3 one-2; cette esp2ce instable 
introduite pour les seules raisons cinktiques 
pourrait &tre un exciplexe conduisant B l'isomkri- 

( ) 
rnole.1-' 

(Pentene-3 one-2 

t r a n s  ) 

rnole.1-I 

(Pentene-3 one-2 

c i s )  

rnole.1-' 

s 
( @t+c )O 

S 
( @c+t 

sation de la pentbne-3 one-2 lors de sa dksactiva- 
tion dissociative. 

D(Sl) + Atrans(S0) -, (A-D)' (D donneur 
aromatique) 

(A-D)' -, D(So) 

+ (1 - ~e,c)A,,ns(So) + @",CACiXSO) 

2,9@.10" 

5. 

0,13 

Le calcul du rendement quantique d'isomkrisa- 
tion sensibiliske (@S,,c)O peut &tre effectuC B 
partir du mCcanisme classique oh interviendrait 
la formation d'un exciplexe et un transfert 

2,9. 

0,16 

2,9. lo- '  

5. 

0,223 

2,". 

l o - z  

0,225 

2 ,9 .10 -~  

7,72. 

@,I5 

2,9.10-~ 

5,00. 

0,15 

2,g. 

9,00. 

0,145 
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RIOUAL ET AL. 

TABLEAU 9. Extinction de la fluorescence du benzene ou du mksitylene par la 
pentene-3 one-2 trans 

TABLEAU 10. Importance des deux voies compktitives d'isomkrisation de la pentene-3 one-2 trans 
sensibiliskes par le benzene et le mksitylene 

- 2 

16,s 

16,7 

d7Cnergie triplet-triplet; il conduit A l'expression cence du donneur mesurCes en l'absence et en 
suivante : prCsence de penthe-3 one-2, O,,,,, rendement 

de transition inter-systkmes du donneur, kT est la 
constante de vitesse du transfert d'Cnergie 
triplet-triplet, kd est la somme des constantes de 

k,(A) rF tous les autres processus de dksactivation du 
+ @ S ~ - ~ T ~  

kd + kT(A) 
mttc p niveau triplet du donneur, attc est le rendement 

quantique de I'isomCrisation consCcutive A une 
oa Qet, est la probabilitC d'isomCrisation issue de population totale du niveau triplet de l'accepteur. 
l'exciplexe, rFO et IF sont les intensitis de fluores- Une expression analogue peut &tre tcrite pour 

(Pentene-3 one-2 

t r a n s )  

rnole.1-' 

I n t e n s i  t e  de f luorescence 

du benzene 

(rnesuree i3 277,5 nm) 

I n t e n s i  t 6  de f luorescence 

du oi@si  t y l e n e  

(rnesuree ti 290 nm) I I  I 

2 . 1 0 - ~  

39 

47,5 

S e n s i b i l i s a t e u r  

( P e n t h e - 3  one-2 

t r a n s )  

rnole.1-I 

IF - 

1; 

IF a;% ( 1,) 

1; 

S 0 
( @t+c)exp 

Pourcentage de 

6.10-3 

24,5 

26,5 

o 

72,5 

93 

Mesi t y l  ene 

l o - 3  

44 

74 

1 ' i s o m e r i  s a t i o n  

v i a  

1 ' e x c i p l e x e  

Benzene 

0,23 

0,135 

0,17 

5.10-4 

/ 

0,026* 

0.13 

0.17 

0,175 

0,225 

80% , , 72% , , 7 77% , = 67%. 57%* , 32% 20% 

6.10-3 

0,27 

0,155 

/ 

6.10-3 

0,34 

0,115 

Z . I O - ~  

0,485 

0,110 

/ 

Z . IO-~  

0,54 

0,080 

5.10-3 

/ 

/ 

0,15 

0,755 

0,051 

0,16 

0,61 

0,070 

0,105 
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(@Sc,,)O. A forte concentration de pent6ne-3 
one-2, le terme kT(A)/(k, + kT(A)) tend vers 
l'unitt et il est alors possible de calculer @',,, 
(0.177 dans le cas du benz6ne, 0.21 dans le cas du 
mtsityl6ne). On peut alors calculer la part de 
l'isomtrisation issue du transfert d'tnergie et 
celle in~pliquant l'exciplexe (cf. tableau 10). 

Cette interpretation fait intervenir l'existence 
des deux mkcanismes concurrents et complt- 
mentaires que sont la formation d'exciplexe et le 
transfert d'tnergie triplet-triplet. I1 permet 
d'interprtter les rendements quantiques d'iso- 
merisation de la penthe-3 one-2 sensibiliste par 
le benzkne et le mtsityl6ne. 
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Catalytic asymmetric hydrogenation using ruthenium(I1) 
complexes with chelating chiral sulfoxide ligands 
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BRIAN R. JAMES and RODERICK S. MCMILLAN. Can. J. Chem. 55,3927 (1977) 
A chelating sulfoxide ligand, (2R,3R)-2,3-0-isopropylidene-2,3-dihydroy-1,4-bis(methyl 

sulfiny1)butane monohydrate, or 'dios', containing chiral carbons has been synthesized. A corre- 
sponding bis(benzy1 sulfinyl) compound, 'bdios', and an acetal-cleaved derivative, 'ddios', are 
also reported. Ruthenium(I1) neutral complexes have been made containing such ligands, which 
can bind via oxygen or sulfur; the complexes are active homogeneous catalysts for hydrogena- 
tion of prochiral olefinic acid substrates; optical purities of up to 25% were attained. 

BRIAN R.  JAMES et RODERICK S. MCMILLAN. Can. J. Chem. 55,3927 (1977). 
On a synthetise un ligand chelatant sulfoxyde, le monohydrate du (2R,3R) O-isopropylidene- 

2,3 dihydroxy-2,3 bis(methy1esulfinyl)-1,4 butane ou "dios", contenant des carbones chiraux. 
On rapporte aussi la preparation d'un compose correspondant bis(benzylsulfinyl), "bdios", et 
d'un derive dont l'acetal a ete clivk, "ddios". On a prepare des complexes neutres du ruthe- 
nium(I1) contenant de tels ligands qui se lient par I'intermediaire d'un oxygene ou de soufre; 
les complexes sont des catalyseurs homogttnes actifs pour I'hydrogenation de substrats acides 
olefiniques prochiraux; on a obtenu des activites optiques allant jusqu'a 25%. 

[Traduit par le journal] 

Introduction Results and Discussion 
Our continuing interest in asymmetric homo- 

geneous hydrogenation, especially using ruthe- 
nium(I1) and rhodium(1) catalysts containing 
chiral phosphine and sulfoxide ligands (1-3), has 
led us to the development of three new chelating 
chiral sulfoxide ligands : (2R,3R)-2,3-0-isopro- 
pylidene-2,3-dihydroxy-1,4-bis(methy1 su1finyl)- 
butane monohydrate, the corresponding bis- 
(benzyl sulfinyl) derivative, and (2R,3R)-2,3- 
dihydroxy-l,Cbis(methyl suliinyl)butane. We 
have named these ligands dios, bdios, and ddios, 
respectively, since they are patterned after the 
chelating phosphine derivative diop, developed 
by Kagan and Dang (4). Diop complexes of 
rhodium(1) and ruthenium(I1) are known to be 
highly effective as catalysts for stereoselective 
hydrogenations (5-7). 

Three complexes of ruthenium(II), (RuC1,- 
(ddios),.2H20, RuCl,(dios)(ddios), and RuC12- 
(ddios)(dmso)(CH,OH), where dmso = di- 
methylsulfoxide), have been synthesized and 
characterized, and have been tested as catalysts 
for asymmetric hydrogenation of some prochiral 
olefinic substrates. Although the dios-type sulf- 
oxide ligands are prepared as a mixture of the 
diastereomers, the corresponding catalysts do 
induce a moderate degree of asymmetry in the 
hydrogenated substrates. 

Sulfoxide Ligands 
The dios and bdios ligands were prepared 

from L-(+)-tartaric acid, although the non- 
naturally occurring acid may also be used. 
Scheme 1 summarizes the synthetic procedures. 
The route to the dithiol (I) follows literature pro- 
cedures (8). Treatment with methyl iodide or 
benzyl bromide in aqueous NaOH then gives the 
methyl or benzyl sulfide derivative; this displace- 
ment of the halide by the anion formed from 
the mercaptan (9) went smoothly, and the use of 
a N, atmosphere prevented formation of a 
dithioketal (8). The sulfides were extracted from 
the aqueous mixtures in high yield. Efficient oxi- 
dation to the sulfoxides was carried out using a 
stoichiometric amount of H 2 0 2  in acetone (10). 
The overall yield of dios and bdios from tartaric 
acid was 15 and 13%, respectively. The oxidation 
process at the sulfur should be non-stereospecific, 
although we were unable to determine the ratio 
of diastereomers by nmr using a lanthanide 
chiral shift reagent (2). Carbon atoms 2 and 3 
will remain R while the configuration at the sul- 
furs will be (S,S), (R,R), (S,R), and (R,S), the 
last two giving identical products. 

The dios and bdios products both contain an 
associated H 2 0  molecule. Dios is a white, 
hygroscopic solid, soluble in common solvents 
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diethyl 2,2-dimethoxy- fi"z3C02R 
ester propane, H+ ' Me 

'-C02R 
C 0 2 H  H 

CH2SOCH3 

NaOH Me 

H 

I I1 dios 

NaOH $CH2Br I 

111 bdios ddios 

SCHEME I .  Synthetic scheme for dios, ddios, and bdios. 

except hexanes in which it is slightly soluble; 
bdios is a white, non-hygroscopic solid showing 
similar solubility characteristics although it is 
insoluble in hexanes and is only slightly soluble 
in benzene and diethyl ether. 

The ddios ligand was originally detected 
during synthesis of the ruthenium con~plexes, 
and results from acid cleavage of the acetal; the 
acetone by-product is readily detected. Ddios 
will again be a mixture of diastereomers. 

Dichlorobis(ddios)ruthenium(II) Dihydvate, 1 
This complex was prepared by (a), the addi- 

tion of dios to the 'blue solution' formed on re- 
fluxing RuCl,.3H20 in methanol under 1 atm 
Hz (11, 12); and by (b), sulfoxide exchange with 
cis-RuCl,(dmso), (13) in methanol. Compound 
1, which gives the correct elemental analysis, is a 
yellow solid, insoluble in acetone, slightly solu- 
ble in alcohols, and more soluble in water and 
NN-dimethylacetamide (dma), in which it is 
non-ionic. 

The ir shows v(S0) of S-bonded sulfoxide at 

1095 cm-l, and a 970 cm-' band is assigned to a 
methyl rocking mode (14); broad bands centred 
at 3370 and 1630 cm-I are attributed to H20 .  A 
poorly resolved far ir region precludes assign- 
ment of v(Ru-Cl). 

The nmr spectra in dmso-d, and in D 2 0  show 
closely spaced narrow resonance peaks at 6 
3.25-3.70 due to the methylene and methyl pro- 
tons of S-bonded ddios (14), and broad absorb- 
ances from 6 3.70-4.30 due to methine and 
hydroxyl protons. No, absorption due to 
0-bonded or free sulfoxide is present in the re- 
gion 6 2.00-3.00 (14), and there are no peaks at 
6 1.00-2.00 due to isopropylidene methyl protons 
of a coordinated dios (see Experimental). A nar- 
row resonance at 6 3.25 in dmso-d, decreased in 
height on addition of molecular sieve, and is 
attributed to H 2 0 .  

The spectral data show that the four sulfoxide 
moieties are all S-bonded, which contrasts with 
RuC12(dmso), where one dmso is 0-bonded, 
presumably due to steric reasons (13). The water 
molecules must be those of solvation, or be 
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H-bonded to the ligand alcohol groups. A cis 
geometry of chlorides is favoured on comparison 
with the cis yellow tetrakis(dms0) complex; the 
pale green solid observed during the synthesis 
of 1 (see Experimental) could be the trans isomer. 
There remains the uncertainty of the configura- 
tion at the sulfurs. 

Dichloro (dios) (ddios) ruthenium (11) , 2 
The neutral yellow complex, synthesized from 

cis-RuCl,(dmso), by an exchange reaction with 
dios in CHCI,, analyzes correctly and is soluble 
in polar and halogenated solvents, and is insol- 
uble in ether and alkanes. Aqueous solutions are 
air-sensitive and become green, probably due to 
formation of ruthenium(II1). 

A strong ir band at 1100 cm-I is assigned to 
v(SO), S-bonded, and a medium band at 932 
cm-I could be v(SO), 0-bonded. Bands at 3500 
and 1065 cm-' are due, respectively, to v(0H) 
and tentatively v(C0) of the diol. A medium 
doublet at 1104 and 11 13 cm- is assigned to the 
C-H bending mode of a geminal dimethyl 
group (15). The far ir region is not well resolved 
but a 335 cm-' band could be v(Ru-Cl). 

The 'H nmr of 2 in CDC1, shows a singlet at 6 
1.42 due to the six isopropylidene methyl pro- 
tons, and a singlet at 6 2.58 due to protons of a 
methyl group a to an uncoordinated sulfur; be- 
tween 6 2.61-2.90 are multiplet resonances due 
to the protons of a methyl and a methylene group 

I 

a to an uncoordinated or '0-bonded' sulfur 
atom; between 6 3.07-3.80 and 6 3.90-4.70 are 
multiplets due to the remaining protons of 
S-bonded dios and ddios ligands. The integration 
ratios for the S-bonded, 0-bonded, free sulf- 
oxide methyl and methylene protons show that 
in CDCl, three of the four sulfoxides are 
S-bonded, the other 0-bonded one is partly dis- 
sociated, and the amount of dios and ddios is 
equal. The nmr spectrum is essentially the same 
in D 2 0 ;  addition of DCl-D20 rapidly removes 
the 6 1.42 singlet, and generates a singlet at 6 
2.05 attributed to acetone. These data show the 
cleavage of the isopropylidene groups of coordi- 
nated dios to form ddios and acetone. 

Apparently two dios ligands are not readily 
chelated, while cleavage to give one ddios likely 
increases the ligand flexibility and decreases the 
size, allowing coordination of one dios and one 
ddios. Even then, coordination through one sul- 
foxide oxygen atom appears necessary to de- 
crease steric interactions. The dios ligand is con- 

sidered more likely to coordinate through oxy- 
gen, and thus a probable structure involves a 
bidentate S-bonded ddios and a bidentate dios 
coordinated through one sulfur and one oxygen. 
The complex in CDCl, behaves like cis-RuC1,- 
(dmso), in that the single 0-bonded sulfoxide 
here also partly dissociates (16). In water, the 
0-bonded dmso of RuCl,(dmso), dissociates 
con~pletely (17); a chelate effect presumably 
reduces the effective lability of the 'dangling 
0-atom' in con~plex 2. 

Dichloro (ddios) (dmso) (CH, OH) ruthe- 
nium (11), 3 

Exchange of dios with cis-RuCl,(dmso), in a 
1 : 1 mole ratio in refluxing methanol resulted in 
the neutral complex 3, which is soluble in water, 
and dma, and slightly soluble in alcohols. The ir 
shows bands at 3400 cm-I v(0H); 1123 and 1100 
cm-I v(SO), S-bonded; a number of bands in- 
cluding a sharp one at 1018 cm-' could be 
v(C0) stretches of the alcohol groups. Bands at 
325 and 305 cm-I are tentatively assigned to 
v(Ru-Cl), implying a cis-dichloride structure. 

The 'H nmr in D 2 0  shows sharp closely 
spaced resonances (perhaps singlets) at 6 3.52, 
3.60,3.63, and 3.75, and are due to the 12 methyl 
protons of S-bonded ddios and dmso, the three 
methyl protons of methanol, and the four methy- 
lene protons of ddios. A pair of broad peaks be- 
tween 6 3.9-4.1 and 4.2-4.4 are due to methine 
protons (ddios) and alcohol protons (ddios, 
methanol). An integration ratio of the sharp to 
broad peaks is -4: 1, consistent with the assign- 
ments. Resonances due to 0-bonded or free 
ddios or dmso (6 2.0-3.0), or the isopropylidene 
methyl protons of dios (6 - 1.45) are not ob- 
served. The labile methanol is almost certainly 
displaced by the water (17). 

Considering the nature of complexes 1 and 2, 
the 1: 1 exchange reaction was expected to pro- 
duce RuCl,(ddios)(dmso), with one 0-bonded 
sulfoxide (possibly of a dmso) to limit steric in- 
teractions, but clearly the methanol competes 
effectively for coordination. The ruthenium(I1) 
cluster (Ru3(CO2CH,),(CH3OH),) features an 
ir band at 996 cm- ' (18); this and the 1018 cm- 
peak of 3 could be the v(C0) of coordinated 
methanol. 

Catalytic Asymmetric Hydrogenation 
The results of some hydrogenations catalyzed 

by complexes 1, 2, and 3, are summarized in 
Table 1. 
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11 In water or dma, M solutions of RuC1,- 
n - 8 

(ddios),.2H20 containing -0.5 M olefinic sub- - - strate (e.g. acrylamide, itaconic acid) were un- 
5 reactive toward 3 atm Hz at 60°C. Similar solu- 
m 
0 .- 
c .- tions containing cationic derivatives of 1 (chlo- 
CJ ride being removed by filtering after treatment 
B - 
X with AgPF,) reacted extremely slowly with Hz. 
5 
B Addition of 'proton sponge' (the strong base 
S - 1,8-bisdimethylaminonaphthalene) enhanced 
w - these hydrogenation reactions somewhat, pre- 
5 6 sumably by promoting formation of interme- 
i; 0 

E 0 - C diate hydrides via a reaction such as [l] (21), 

& 4 
u s Diethyl itaconate was completely hydrogenated 
:- P 2 0 

using such a catalyst system at high Hz pressure 
w s  

l o  
(Table 1) to give (R)-a-methylsuccinate in low 

11  but significant enantiomeric excess (ee); some 
: -  
n u - metal precipitated during the hydrogenation and 
2 2 - ,X the extent of contribution from a heterogeneous 
d O 
G s .- process is uncertain. 
g 2 - The RuClz(dios)(ddios) catalyst without pro- 
2 3 
g6 % 

ton sponge effected homogeneous hydrogenation 
0- G of itaconic, atropic, and 2-acetamidoacrylic acids *%j - under 3 atm H2 with different degrees of stereo- 
33 : .-u a selectivity (Table 1); a maximum 25% ee was 33.3 

'n attained with itaconic acid. RuC12(ddios)(dmso)- 
zmm3 
S U - ~  (CH,OH) was less effective. 
0 0  .- 
2; g All three catalyst systems give predominantly 
U P  m the R enantiomer of a-methylsuccinic acid, and 

. b +B 
- C  1 1  7. data using 2 indicate decreasing asymmetric in- 
8.2: c .. ..$ duction with increasing temperature; this might 
EEas 
3 0- E 

result from greater ligand dissociation, and 
m = a O  
E.Z?~.S , hence less stereoselective catalytic species present 
Z$.Z c 
- m  CJ o o with concomitant less restriction on motion of 
.; 0'aUe . 

+==c.e 5; g o  e.$ coordinated substrate. The higher rates observed 

5: %& s (2 > 1) are probably due to the greater lability 
2 wa-,; 2 

m c, 0 "  
of the 0-bonded sulfoxide present in 2. The 

6=B 4 - 5  
. - e  L;.; ok stereoselectivity sequence (2 > 3) parallels the 
-.N o " r ~ ~ s g  number of bulky chiral chelated sulfoxides. The 
a g3-,-. 
Z . - ~ G ~ O  

lower optical yields (using 2) obtained for reduc- 
G.2 c E ,5 Sjz"; ;g" tion of atropic and 2-acetamidoacrylic acids 

Z?: g ~1 compared to itaconic acid likely result from 
$ 2 B a o  differences in substrate bonding. This could in- 
L % ~ - $ g i  
$5 z clude n-bonding, carboxylate coordination, and ..E&2B P 
z .2 2 g.2 .$ H-bonding (-COOH or 'NH with sulfoxide 

g"3 m-.EJ 
/ 

oGc rA c o o oxygen or -OH of ddios); for example, see ref. 
.; $:%s""  
5% g,e g g 5. The additional carboxyl acid group of itaconic 
,- 4- a== -s.- a Cl acid almost certainly plays a role. 
E ey-3; 
'"38.z.z The high pressures necessary to effect catalysis, 
~ F $ z ~ $ $  plus the effect of added base, suggest that activa- 

+ tion of H, is a rate-determining step (eq. 1); 
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whether olefin is coordinated prior to or after this 
step cannot be ascertained without kinetic data. 

Experimental 
General 

Dried, degassed reagent grade solvents were used 
throughout. Ru complexes were made under Hz, Ar, or 
N2 atmospheres using schlenk-tube techniques. Spectra 
were run on a Perkin-Elmer 457 (ir, Nujol mulls between 
CsI), and a Varian T60 ('H nmr using as references TMS 
in CDCI3, acetone, and sodium 2,2-dimethyl-2-silapen- 
tane-5-sulfonate in D20) .  Optical rotations were recorded 
on a Perkin-Elmer 421 polarimeter at room temperature 
using a 10 cm path length microcell. Uncorrected melting 
points were measured on a Gallenkampt using evacuated 
capillary tubes. Microanalyses were done by P. Borda of 
this department. 

Itaconic acid (Eastman) and 2-acetamidoacrylic acid 
(Fluka) were CP grade; atropic acid was prepared ac- 
cording to the literature (22). Ruthenium(II1) trichloride 
trihydrate was obtained as RuCI3.3H2O (41.83% Ru) 
from Johnson Matthey Limited. 

Sulfoxide Ligands 
2,3-0-Isopropylidene-I,#-dithio-L-threit, I 
A preparation (8) from 104 g of L-(+)-tartaric acid 

([aIDz5 = +12& C 17, HzO) gave 42 g (32%) of the 
colourless liquid I, bp 60°C (0.10 mm); = - 13.3", 
C 3.3, CHC13; 8 ~ ~ 5  (neat) 1.38 (singlet, 6H, CMe2), 1.74 
(triplet, J = 8 Hz, 2H, -SH), 2.58-2.95 (multiplet, 4H, 
-CHI-), 3.76-4.05 (multiplet, 2H, -CH) (lit. (8) 
[aIDz3 = - 13.0°, C 3.2, CHC13; 87MS (neat) as observed). 

(2R,3R) -( - ) -2,3-Isopropylidene-2,3-dihydroxy-I ,4- 
bis(methy1thio) butane, II 

To a 250 ml three-necked flask equipped with a gas- 
inlet tube, a reflux condenser, an addition funnel, and 
internal stirring, was added 12.7 g (0.32 mol) of NaOH 
in 75 ml of water. Compound I (30 g, 0.15 mol) was 
added slowly to the vigorously stirred, N2-flushed solu- 
tion (a white solid precipitated). Iodomethane (43.8 g, 
0.31 mol) was then added as rapidly as the resulting 
exothermic reaction would allow, and the stirred reaction 
mixture was refluxed for 4 h. The sulfide layer was sepa- 
rated, washed with water, 10% sodium hydroxide, and 
finally water before drying with CaC1,. The aqueous 
layer was extracted with petroleum ether (4 x 100 ml), 
washed with water, 10% sodium hydroxide, water, and 
the solvent then stripped off. The liquid residue was 
washed with 10% sodium hydroxide, water, and dried 
over calcium chloride. The two dried sulfide fractions 
were combined and vacuum-distilled to give 20.6 g (60%) 
of clear colourless liquid, bp 66°C (0.02 mm). [ c ( ] D ~ ~  = 
-6.8", C 4.9, CHC13; 6,,, (CCl,) 1.37 (singlet, 6H, 
CMe2), 2.17 (singlet, 6H, -CH3), 2.58-2.80 (multiplet, 
4H, -CH2-), 3.77-4.05 (multiplet, 2H, -CH). 

(2R,3R) -(-) -2,3-0-Isopropylidene-2,3-dihydroxy- 
1,4-bis(methy1 suIfiny1) butane.H20; dios 

Compound I1 (20.2 g, 0.09 mol) and 50 ml of acetone 
were placed in a 250 n ~ l  flask. Thirty percent hydrogen 
peroxide (9.6 ml, 0.18 mol) was added slowly to the 
cooled (ST), stirred solution. After stirring overnight, 
the solvent was flash-evaporated with the final traces of 
water removed at the vacuum pump. The resulting clear 

oil solidified over a period of one week, to give 18.9 g 
(82%) of a hygroscopic white solid, mp 63-85°C; [aIDz3 = 
-85.8", C 5.2, CHCI3; 8TMS (CDCI3) 1.43 (singlet, 6H, 
CMe2), 2.66 (singlet, 6H, -CH3), 2.90-3.35 (multiplet, 
4H, -CH2-), 4.05-4.02 (multiplet, 2H, -CH); 87,s 
(acetone-d6) 3.0 (singlet, 2H, H 2 0 ) ;  v(S0) 1042 cm-'. 
Anal. calcd. for C9H2,05S2: C 39.68, H 7.40; found: C 
39.24, H 7.05. 

(2R,3R) - (-) -2,3-0-Isopropylidene-2,3-dihydroxy- 
I,#-bis(benzylthio) butane, 111 

Compound I (11.3 g, 0.06 mol) was added to 4.76 g 
(0.12 mol) NaOH in 30 ml H 2 0  in a N2-purged 100 ml 
three-necked flask equipped with an addition funnel, 
reflux condenser, gas-inlet tube, and internal stirring. 
After dissolution was complete, 19.9 g (0.12 mol) of 
a-bromotoluene was added with vigorous stirring, and 
the reaction mixture heated to reflux for 3 h when the sul- 
fide layer formed. Diethyl ether (400 ml) was added to the 
cooled reaction mixture to dissolve the sulfide. The ether 
layer was separated, and the aqueous layer further ex- 
tracted with ether (3 x 75 ml). The ether fractions were 
combined, washed with water, 10% sodium hydroxide, 
and water, and dried over anhydrous CaC1,. Removal 
of the ether gave a white solid, which could be recrystal- 
lized from CCI,; 18.3 g (84%), mp 86-88°C. [aIDz5 = 
-56.7', C 2.7; CHCI3; (CDC13) 1.38 (singlet, 6H, 
CMe,), 2.50-2.70 (multiplet, 4H, -CH2-), 3.65-3.95 
(multiplet, 2H, -CH), 3.72 (singlet, 4H, ArCH2-), 7.22 
(singlet, 10H, Ar-H). 

(2R,3R) -( -) -2,3-0-Isopropylidene-2,3-dihydroxy- 
I,#-bis(benzy1 sulfinyl) butane. H20 ; bdios 

Compound 111 (15.9 g 0.043 mol) and 50 ml acetone 
were placed in a 100 ml flask. Thirty percent H 2 0 2  (9.0 
ml, 0.086 mol) was added slowly to the cooled (S0C), 
stirred solution. The white solid which precipitated over- 
night was filtered, and the mother liquor flash-evaporated 
to give a colourless oil, which on addition of 50 ml diethyl 
ether gave more white precipitate. The ether precipitates 
were combined, washed with petroleum ether, and 
vacuum dried; 10.5 g (SO%), mp 158-168°C (dec.); 
[a]D25 = - 15.0, C 1.5, CHCI3; v(cm-') 1021 (SO), 1605 
1591 (C=C); 6,,, (acetone-d6) 1.30-1.50 (multiplet 
6H, CMe2), 2.90-3.10 (multiplet, 6H, -CH2-, H2O), 
4.0-4.5 (multiplet, 2H, -CH), 4.0-4.1 (multiplet, 4H, 
ArCH2-), 7.32 (singlet, 10H, Ar-H). Anal. calcd. for 
C21H2805S2: C 59.41, H 6.65; found: C 59.51, H 6.71. 

Ruthenium Compounds 
cis-RuC12 (dmso) 
A literature preparation was used (13, 16). 
Dichlorobis[(2R,3R) -2,3-dihydroxy-1 ,4-bis(methy1 

sulfnyl) butanelruthenium (II) Dihydrate ; Dichloro- 
bis(ddios)ruthenium(II) Dihydrate, I 

To the blue solution, formed by refluxing 0.75 g 
RuC13.3H20 in 50ml C H 3 0 H  under I atm H2, was 
added 1.56 g dios. Refluxing under H z  was continued for 
another 12 h, when a faint green solid precipitated (0.90 g, 
46%) and this was filtered and washed with methanol. The 
filtrate was concentrated (10 ml) and a yellow precipitate 
filtered off (0.52 g, 27%). Combination of the solids and 
precipitation from a water solution with acetone yielded 
1.33 g (68%) of pale yellow solid: 6,,, (D20)  3.25-4.30 
(multiplet, 26H, ddios); ir (see text). Anal. calcd. for 
C12H32C120,0RuS4: C 22.6, H 5.07, C1 11.14; found: 
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C 22.70, H 4.62, C1 11.30. Compound 1 was also prepared 
from R ~ C l ~ ( d m s o ) ~  (0.50 g) and dios (0.63 g) by allowing 
them to react in refluxing methanol (40 ml) overnight, 
when a yellow precipitate formed. Concentration to 15 ml 
and cooling to 3"C, yielded, after washing with acetone 
and drying in vacuo, 0.45 g (69%) of product. 

Dichloro[(2R,3R) -(-) -2,3-0-isopropylidene-2,3- 
dihydroxy-1,4-bis(methy1 sul'nyl) butane][(2R,3R) - 
2,3-dihydvoxy-1,4-bis(methy1 sulfinyl) butanelruthe- 
nium (ZZ) ; Dichloro(dios) (ddios) ruthenium(ZI), 2 

RuClz(dmso), (0.94 g) and dios (0.80 g) in CHCI, 
(50 ml) were refluxed for 120 h; the solution changed 
from yellow to golden. Removal of the CHCI, left a resi- 
due which dissolved in acetone (15 ml). After filtering, 
addition of ether (50 ml) precipitated a light yellow solid, 
which was filtered off, washed with ether and vacuum- 
dried, 0.57 g (46%); 6-rMs (CDCI,) 1.42 (singlet, 6H, 
CMe2), 2.58 (singlet, 3H, S-CH,, uncoordinated), 
2.61-2.90 (multiplet, 5H, -CH2SCH3), 3.07-3.80 (multi- 
plet, 17H, -CHzSCH3, -OH), 3.90-4.70 (multiplet, 
4H, -CH); h,,, (CHCI,) (log s); 309 nm (2.67), 356 nm 
(2.74); ir (see text). Anal. calcd. for C15H32C120sR~S4: 
C 28.12, H 5.03, C1 11.07; found: C 28.30, H 5.13, C1 
1 1.04. 

Dichloro[(2R,3R) -2,3-dihydroxy-l,4-bis(methy1 
sul'izyl) butane] [dimethyl sulfoxide][rnethanol]ru- 
thenium(Z1) ; Dichloro(ddios) (dmso) (MeOHJruthe- 
niurn(Z1) , 3 

R ~ C l ~ ( d m s o ) ~  (1.0 g) and dios (0.57 g) were refluxed 
in 50 ml of methanol; after 42 h the reaction mixture was 
cooled and the yellow powder filtered off, washed with 
methanol and ether, and vacuum dried to yield 0.90 g 
(88%). Recrystallization from dma gave yellow micro- 
crystals: 6,,, (D20)  3.52, 3.60, 3.63, 3.75 (singlets, 19H, 
CH3S-CH2, CH3S, CH,O), 3.9-4.1, 4.2-4.4 (multi- 
plets, 5H, OH, CH); ir (see text). Anal. calcd. for 
C,Hz4C1206RuS3: C 21.77, H 4.87, C1 14.24; found: C 
21.69, H 4.68, C1 14.57. 

Hydrogenation Procedures 
The procedure for following Hz-uptake at  1 atm has 

been described previously (23). Hydrogenations a t  about 
50 psi were performed in a Vortex apparatus; reactions 
at  1800 psi were carried out in a stainless steel Parr high 
pressure bomb (3000 psi). Solutions containing catalyst 
and substrate were prepared under Ar. The final reaction 
mixtures were filtered through celite, and the filtrate 
pumped to dryness. For the itaconic and atropic acid 
systems, the residue was dissolved in 10% aqueous 
NaOH; this was filtered, and the filtrate extracted with 
CHCI, to remove sulfoxide and catalyst and then made 
just acidic with aqueous HC1. The hydrogenated products 
and unreacted substrates were then extracted with ether, 
and the ether solution dried over anhydrous MgSO,; 
reduction in volume yielded the acids. For the 2-ace- 
tamidoacrylic acid system, the dry residue was dissolved 
in water; filtering, extraction with CHCI,, and removal 
of the water left a brown oil which on addition of ice-cold 

ether gave crystals of N-acetylalanine and unreacted sub- 
strate. 

The composition of the product mixtures was deter- 
mined by 'H nmr, and the optical rotations measured in 
the appropriate solvent (see Table 1). 

Acknowledgments 
We thank the National Research Council of 

Canada for financial support and Johnson 
Matthey Limited for loan of ruthenium. 

1. B. R. JAMES, R .  H. MORRIS, andK. J. REIMER. Can. J. 
Chem. 55,2353 (1977). 

2. B. R. JAMES, R. S. MCMILLAN, and K .  J. REIMER. J .  
Mol. Catal. 1,439 (1976). 

3. B. R. JAMES and D. K .  W. WANG. Inorg. Chim. Acta, 
19, L17 (1976). 

4. H. B. KAGAN and T. P. DANG. J .  Am. Chem. Soc. 94, 
6429 (1972). 

5. W. S. KNOWLES, M. J. SABACKY, and B. D. VINE- 
YARD. Adv. Chem. Ser., 132,274 (1974). 

6. B. R. JAMES and D. MAHAJAN. Isr. J. Chem. In press. 
7. B. R. JAMES, D. K. W. WANG, and R. F. VOIGT. 

Chem. Commun. 574 (1975). 
8. M. CARMACK and C. J. KELLEY. J .  Org. Chem. 33, 

2171 (1969); P. W. FEIT. J. Med. Chem. 7, 14 (1964). 
9. D. T. MCALLAN, T. V. CULLUM, R. A. DEAN, and F. 

A. FIDLER. J. Am. Chem. Soc. 73,3627 (1951). 
10. S. HWNIG and 0. BOES. Ann. Chem. 579,23 (1953). 
11. J. D. GILBERT, D. ROSE, and G. WILKINSON. J. Chem. 

Soc. A, 2765 (1970). 
12. B. R. JAMES and R. S. MCMILLAN. Inorg. Nucl. 

Chem. Lett. 11,837 (1975). 
13. A. MERCER and J .  TROTTER. J. Chem. Soc. Dalton, 

2480 (1975); B. R. JAMES, E. OCHIAI, and G. L. 
REMPEL. Inorg. Nucl. Chem. Lett. 7,781 (1971). 

14. R. S. MCMILLAN, A. MERCER, B. R. JAMES, and J. 
TROTTER. J. Chem. Soc. Dalton, 1006 (1975). 

15. J. R. DYER. Applications of absorption spectroscopy 
of organic compounds. Prentice-Hall, Englewood 
Cliffs, NJ. 1965. p. 33. 

16. I. P. EVANS, A. SPENCER, and G. WILKINSON, J .  
Chem. Soc. Dalton, 204 (1973). 

17. K. I. HARDCASTLE, D. 0. SKOVLIN, and A. H. 
EIDAWAD. Chem. Commun. 190 (1975). 

18. A. SPENCER and G. WILKINSON. J .  Chem. Soc. Dal- 
ton, 1570 (1972). 

19. S. M. BIRBAUM, L. LEVINTOW, R. B. KINGSLEY, and 
J. P. GREENSTEIN. J. Biol. Chem. 194,455 (1952). 

20. R. E. BURNETT. Ph.D. Thesis. University of New 
Hampshire, Durham, New Hampshire. 1971. 

21. B. R. JAMES, A. D. RATTRAY, and D. K .  W. WANG. 
Chem. Commun. 792 (1976). 

22. L. HORNER, H. WINKLER, A. REPP, A. MENTRUPKA, 
and P. BECK. Tetrahedron Lett. 965 (1963). 

23. B. R. JAMES and G. L .  REMPEL. Discuss. Faraday 
SOC. 46,48 (1968). 



Electron scavenging by COS in the radiolysis of supercritical cis- and 
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MASARU NISHIKAWA, KAZUO IMAI, and YUKO SOMA. Can. J. Chen~. 55,3933 (1977). 
The electron scavenging reaction with COS was studied in y-irradiated supercritical butenes 

in the density range 0.24-0.48 g/cm3 at 170 k 1°C and in the liquid phase at room temperature. 
G(CO)fi estimated by means of the 'square root' model a t  each density studied agreed within 
experimental accuracy with G(N2),, obtained previously. In liquid butenes, G(CO),,, as well 
as G(N&, agreed with Gfi obtained by electrical measurements. Rate constants estimated from 
the reactivity parameters for reactions with COS were less than 1/10 of those with N 2 0  at each 
density studied except at d = 0.48 g/cm3 in trans-2-butene. 

MASARU NISHIKAWA, KAZUO IMAI et YUKO SOMA. Can. J. Chem. 55,3933 (1977). 
On a CtudiC les reactions de piCgeages dlClectrons avec COS dans des butenes a l'ktat super- 

critique irradiks par des radiations y a des densitks allant de 0.24-0.48 g/cm3 a 170 + 1°C et 
dans une phase liquide a tempkrature de la piece. A I'intkrieur des limites expkrimentales les 
valeurs de G(CO),, estimCes par le modele de la "racine carrw' a chacune des densites BtudiCes 
sont en bon accord avec les valeurs de G(N2),, obtenues antkrieurement. Dans les butenes 
liquides G(CO)fi de meme que G(N& sont en bon accord avec les GI, obtenues par des mesures 
Clectriques. Les constantes de vitesses estimkes a partir des parametres de reactivite pour les 
reactions avec COS sont moins que 10 fois plus petites que celles de N 2 0  a chacune des 
densites 6tudiks except6 a d = 0.48 g/cm3 dans le butene-2 trans. 

[Traduit par le journal] 

Introduction 
Electron scavenging reactions by N 2 0  have 

recently bee11 studied in several supercritical 
hydrocarbons, and it has been established that 
they are quantitatively described by the 'square 
root' model (1). The treatment of the data by the 
model has allowed one to estimate the free ion 
yields (Gfi) and the kinetic parameters for the 
reaction of electrons with N,O in supercritical 
hydrocarbons. The present work extends the 
observation to the system of COS in supercritical 
butei~es. The objective of the study is to test the 
applicability of and the interpretation by the 
model in a system other than N,O-hydrocarbon 
mixtures. 

Experimental 
Phillips Research Grade cis-2-butene (99.90%) and 

trans-2-butene (99.78%) were passed through a 1 m 
column of activated silica gel and were degassed. They 
were further purified by circulating overnight through 
traps filled with crushed potassium hydroxide and 
(bubbling through) Na-K alloy, respectively, by means 
of an electromagnetically operated pump. Matheson 
Research Grade carbonyl sulfide (96.0%) was used after 
passing through a trap filled with potassium hydroxide 
and bulb-to-bulb distillation. 

Methods of sample preparation and irradiation in a 

'j°Co source were described previously (1). The irradiation 
was carried out at 170 k 1°C; the critical temperatures 
are 160.0°C and 155.0°C for cis-2-butene and trans-2- 
butene, respectively. The dose rate was 4.66 x loi8 eV 
g-' h-' in Fricke solution and appropriate corrections 
were made for the electron density ratios. Total dose for 
most samples did not exceed 5 x loi8 eV/g, but it was 
ca. 1 x loL9 eV/g for the liquid. 

The method of product analysis was essentially the 
same as described previously (I), except that a 50 cm 
column of Molecular Sieve 5A was used at 60°C and the 
whole contents of the irradiated cell was introduced into 
a gas chromatograph for the samples of lower density. 

Results and Discussion 
Carbonyl sulfide has been found to give carbon 

monoxide upon electron capture (2-4). Although 
the detailed mechanism is not yet known, some 
secondary reactions subsequent to electron 
capture by COS appear to be present in liquid 
benzene when the COS concentration is suffi- 
ciently high (3). Sato et al. (3) maintain that COS 
behaves in a quite similar manner to N 2 0  in the 
radiolysis of liquid benzene solutions. 

The yields of CO from the y-radiolysis of 
cis-2-butene-, and trans-2-butene-COS mixtures 
in the supercritical state over the density range 
0.24-0.48 g/cm3 and in the liquid phase can be 
adequately described by the square root model 
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G(C0) = G(CO),, + G(CO),i(A[COS])112 in the 
lower concentration range (Figs. 1 and 2). 
G(CO),, obtained as the intercepts in the square 
root plots agree within experimental accuracy 
with the values of G(N2),, previously observed 
with N 2 0  as the electron scavenger (lc) at each 
density studied in both isomeric butenes. The 
agreement, together with the fact that both 
G(N2),, and G(CO),, obtained in the liquid 
butenes at room temperature agree quite well 
with Gfi determined by electrical measurements 
(5), supports our interpretation that secondary 
reactions are unimportant in the concentration 
range studied (<0.01 M)  and there is a one-to- 
one ratio between the product and the electron 
captured both by N 2 0  and COS. 

From the slope of the plot and assuming 
Gfi + G,, = 1001 W = 4.2 (5), one can cal- 
culate the reactivity parameter A (Table l). At 
each density studied the value of A obtained in 
trans-2-butene is much larger than that in 
cis-2-butene. The trend has been observed pre- 
viously with N 2 0  as the electron scavenger (lc). 
However, the magnitude of A for N 2 0  is always 
much larger in both hydrocarbons. The ratio of 
A for COS and N 2 0  ranges from 0.045, in trans- 
2-butene at d = 0.36 g/cm3 to 0.08 in trans-2- 
butene at d = 0.61 glcm3 (liquid, 23"C), with an 
exception at d = 0.48 g/cm3 where it is 0.16 
(Table 1). 

The parameter A is given by 

where k, is the rate constant for charge scaveng- 
ing, and h a constant for a given solvent, 
representing the rate of geminate recombination 
(6). Since tbe ratio of A's is taken at the same 
density, the values of h should be the same. 
Hence, it is actually the ratio of the rate con- 
stants for charge scavenging by COS and N,O. 
Thus, it is concluded that dissociative electron 
capture takes place with a much slower rate with 
COS in liquid and supercritical butenes. 

Sato et al. argue that the rate constants for 
N 2 0  and for COS are equal in liquid benzene 
(3). The disparity is not unexpected since it is 
known that the reactivity of a solute for electrons 
is different in different media (8). Moreover, 
their argument is based on a competition study 
where complications such as charge transfer 
might be present. Recently determined values of 
electron affinities (4b, 7) suggest such a possi- 
bility. In addition, the concentration range of 

FIG. 1. Yields of CO from trans-2-butene-COS 
mixtures at 170°C as a function of the square root of the 
molar concentration of COS: 0, 0.24g/cm3; 0, 0.36 
g/cm3; A, 0.48 g/cm3; A, 0.61 g/cm3 (liquid, 23°C). 

FIG. 2. Yields of CO from cis-2-butene-COS mixtures 
at 170°C as a function of the square root of the molar 
concentration of COS: 0, 0.24 g/cm3; 0, 0.36 g/cm3; 
A, 0.48 g/cm3; A, 0.62 g/cm3 (liquid, 23°C). 

their study is much too high (20 .4  M)  and a 
reaction mechanism including sequences of 
secondary reactions has to be constructed. In  
contrast, the present method offers a much 
simpler and less ambiguous way of determining 
relative k,  values for charge scavenging. 

The variation in A ratios, i.e. k, ratios, is 
difficult to understand until individual values 
of k, and other information are obtained. How- 
ever, perhaps it could be accounted for in terms 
of the relationship noted in liquid hydrocarbon 
between k, and the energy of the electron in its 
conducting state Vo, or Vo - 0.8P-, P- being 
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Proton and fluorine magnetic resonance studies of some benzoyl 
fluoride derivatives. Sensitivity of the fluorine shifts to 

intramolecular van der Waals interactions and steric effects 

TED SCHAEFER, KIRK MARAT, KALVIN CHUM, AND ALEXANDER F. JANZEN 
Department of Chemistry, University ofManitoba, Winnipeg, Man., Canada R3T2N2 

Received June 13, 1977 

TED SCHAEFER, KIRK MARAT, KALVIN CHUM, and ALEXANDER F. JANZEN. Can. J. Chem. 
55,3936 (1977). 

The syntheses and the analyses of the high resolution proton and fluorine magnetic resonance 
spectra of the 3-fluoro-4-methyl-, 2-fluoro-5-chloro-, 2-fluoro-6-chloro-, 2,6-difluoro-, and of 
the pentafluorobenzoyl fluorides are reported. The spin-spin coupling constants over five bonds 
between the sidechain fluorine-19 and the ring protons are sensilive to intrinsic substituent 
perturbations. Their use in the deduction of conformational preferences is much more problem- 
atical than is the use of the corresponding proton-proton couplings in benzaldehyde derivatives. 
The 2-iluoro-6-chloro compound is nonplanar, as indicated by a finite magnitude of the long- 
range proton-fluorine coupling over six bonds. The nonplanarity is also indicated by a com- 
parison of the through-space fluorine-fluorine coupling to those in the other compounds. The 
chemical shift of the sidechain fluorine moves to low field by over 35 ppm as the size of the two 
ortho substituents increases. The individual shifts are discussed in terms of intramolecular van 
der Waals interactions and of out-of-plane twisting of the COF group. 

TED SCHAEFER, KIRK MARAT, KALVIN CHUM et ALEXANDER F. JANZEN. Can. J. Chem. 
55,3936 (1977). 

On rapporte la synthese et l'analyse des spectres de resonance magnetique nucleaire du proton 
et du fluor des fluorures du fluoro-3 methyl-4, du fluoro-2 chloro-5, du fluoro-2 chloro-6, du 
difluoro-2,6 et du pentafluorobenzoyle. Les constantes de couplage spin-spin a travers cinq 
liaisons entre le fluor-19 de la chaine lattrale et les protons du cycle sont sensibles a des pertur- 
bations intrinsttques du substituant. Leur utilisation dans la deduction des conformations 
prefkrentielles est beaucoup plus problematique que I'usage des constantes correspondantes de 
couplage proton-proton dans les dkrives du benzaldthyde. LC fluorure du fluoro-2 chloro-6 
benzoyle n'est pas planaire tel qu'indiqd par une grandeur finie du couplage a longue distance 
ti travers six liens entre le proton et le fluor. I1 y a aussi une indication de non planarite par une 
comparaison du couplage fluor-fluor a travers l'espace avec celui observk dans d'autres com- 
poses. Les deplacements chimiques du fluor de la chaine laterale se deplacent vers les bas 
champs par environ 35 ppm i. mesure que I'encombrement des deux substituants ortho aug- 
mente. On discute des deplacements individuels en termes d'interactions de van der Waals 
intramoleculaires et de torsion hors plan du groupe COF. 

[Traduit par le journal] 

Introduction 
The long-range coupling constants between 

the aldehydic proton and ring protons or fluo- 
rine nuclei in benzaldehyde (1) and its derivatives 
(2-7) indicate that 5~mH,CH0, the coupling invol- 
ving protons in the meta position to the aldehyde 
group, is not very sensitive to intrinsic substitu- 
ent effects but that it is highly stereospecific. In 1, 

5J rn H33CH0 apparently lies between 0.76 and 0.96 
Hz depending on the nature and position of 

groups X, and there is no evidence that 5J,H53CH0 
is other than zero (4). The observed 5JmH3CH0 
values are never smaller than the 0.38 Hz in 
benzaldehyde. 

In benzaldehyde itself, 6~pH,CH0 is perhaps 
-0.04 Hz (I), in agreement with a o-n mech- 
anism (8) which yields a nonzero 6~pH,CH0 for 
a nonplanar geometry. The barrier to internal 
rotation in benzaldehyde is at least 4.6 kcal/mol 
(9, lo), so that nonplanar conformations are not 
appreciably populated at ambient temperatures. 
However, when ortho substitution forces the 
aldehyde group out of the benzene plane, as in 
2,6-dichloro- and 2,6-dinitrobenzaldehydes (1 I), 
6JpH$CH0 becomes as large as 0.2 Hz in magni- 
tude. 

In benzoyl fluoride, 4~,H3CF0 is - 0.60 Hz, 
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5~,HyCF0 is 1.33 Hz, and 6~,H,CF0 is undetectably 
small (1). In p-chloro- and in p-methylbenzoyl 
fluoride (12), the first two couplings change by 
only about 0.05 Hz from their values in benzoyl 
fluoride, suggesting that 4 ~ H , C F 0  and 5JH,CF0 
might be useful as indicators of conformational 
populations. In this paper we report a full analy- 
sis of the proton or fluorine magnetic resonance 
spectra of five derivatives of benzoyl fluoride, 1 
to 5. The long-range couplings to 19F in the side- 
chain are discussed in terms of their stereospecifi- 
cities and their substituent dependence. The 19F 
chemical shift in COF is very sensitive to the 
presence of ortho substituents and is rationalized 
in terms of short-range interactions. 

SCHAEFER E T  AL. 3937 

Experimental 
Compounds 

Fluorination of the commercial benzoic acid derivatives 
with SF, (13) yielded the corresponding benzoyl fluorides 
(13, 14). Product identity was confirmed by mass, 'H, and 
19F spectra and by analysis (A. Bernhardt) for C, H, and 
F in 2, 3, and 4 which, respectively, had mp 30°C, bp 
45"C/0.5 Torr, and bp 64"C/2 Torr; 5 had bp 35"C/5 Torr. 
1 was a by-product of the synthesis of 3-fluoro-4-methyl 
benzotrifluoride and was separated from the mixture by 
gc on a 5 ft x f in. 3% SE-30 column. The bp was not 
recorded. The yields ranged from 83% for 4 to 45% for 5. 

Spectral Work 
Solutions of 1 , 5  mol% in C6D6; 2,20 mol% in CDC1,; 

3;20 mol% in CS2; 4, 25 vo1.z in CF3CC13; and 5, 20 
vol.2 in CF3CC13, were degassed and sealed into 5 rnm 
sample tubes. Internal TMS or CF3CC13 served as 
sources of lock signals. 

Proton magnetic resonance spectra were calibrated 
at 5 Hz intervals in the frequency sweep mode on an 
HA100 spectrometer at 32°C. Fluorine magnetic reso- 
nance spectra were similarly calibrated on a DA60I 
spectrometer at 29°C. The manual oscillator in this spec- 
trometer was replaced by an external HP 4204A audio- 
oscillator and either the high-field (for ring fluorines) or 
the low-field (for COF) sidebands of CF3CC13 were used 
as lock signals. The resonance of internal CFCI3 occurs at 
82.2 ppm to low-field of CF3CC13 (14). 

Extensive double resonance experiments (15, 16) or 
standard spectral analysis procedures gave the signs of 
F,F and H,F coupling constants relative to known F,F 
or H,F couplings between nuclei on the benzene ring. 

Results and Discussion 
Spectral Analysis 

These were performed in the usual manner 
by means of the computer program LAME (17, 
18). Separate iterations were carried out for the 
proton spectra at 100 MHz and for the fluorine- 
19 spectra at 56.4 MHz. Table 1 presents the 
ensuing spectral parameters for 3-fluoro-4- 
methylbenzoyl fluoride. The standard deviations 
were 10.006 Hz, and a comparison between 
those parameters obtainable from both sets of 
spectra suggests an accuracy of 0.02 Hz in the 
coupling constants (except perhaps for ,J,,). 

For reasons of space, somewhat briefer sets of 
spectral data for 2 to 5 are given in Tables 2 and 
3. The previous data for 5 in CCl, gave no signs 
of the couplings to the sidechain fluorine nucleus 
(19) and gave ,J,, as < 10.61 Hz, whereas we 
find -0.54 Hz. Figure 1 shows the observed and 
calculated spectra for F, and F, (meta position). 

Note that spectra were calibrated in the fre- 
quency sweep mode, so that, in the tables, a 
'shift to low field' from the internal lock is taken 
as equivalent to  a frequency higher than the lock 
frequency and vice versa. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3938 CAN. J.  CHEM. VOL. 55, 1977 

TABLE 1. Proton and fluorine-19 spectral parameters for 3-fluoro-4-methylbenzoyl fluoride,* 1, 
(5 m o l z  in benzene-d6) 

Parameter 1 1 Parameter 1 1 

v l t  5608.254(2)+ - 'JzS 0.361(3)* - 
V2 750.383(2) - 4J2 6 1 .720(3) - 
Vs - 1844.1 OO(2) 4J34 2 .120(4) 2.119(3)§ - 
v4 234.51 6(2) - 4J3 5 7.329(4) 7.310(5) 
V5 729.374(2) - 5J36 -0.519(5) -0.531(6) 
Vs 763.91 7(2) - 4J45 - 0.782(2) - 
4J1 2 -0.444(4)$ -0.481(5)§ 3J46 0.388(2) - 
'J13 - 4.516(3) 3J56 7.897(2) - 
'J14 <0.03 - Rms deviation 0.021 Hz 
5J15 1 .550(4) 1 .563(5) Peaks observedI1 162 
4J1 6 -0.589(5) - 0.592(5) Transitions 

Ca l~u la ted~~  650 
'J23 9.497(4) 9.516(6) Assignedll 586 
5J2 4 0.428(2) - 

*The numbering of the nuclei is as in 1 of the text. 
?The proton chemical shifts in Hz to low-field of internal TMS at 100 MHz and 32°C; the fluorine-19 shifts in Hz 

to low-field of internal CF3CC13 at 56.443 MHz and 29'C. 
$The numbers in parentheses are the standard deviations in the last place. The couplings in this column are obtained 

from iteration on proton peaks at 100 MHz. 
5The couplings in this column are obtained from iteration on the l g F  peaks at 56.4 MHz. The average deviation 

between the two sets of couplings is 0.015 Hz. with one large deviation of 0.037 Hz ( J f 2 ) .  
Summed over both spectra. 

TABLE 2. Proton and fluorine-19 spectral parameters for 2-fluoro-5-chlorobenzoyl fluoride,* 
4, and for 2-fluoro-6-chlorobenzoyl fluoride,? 3 

Parameter 4 3 Parameter 4 3 

*25 vo1.Z in CF3CC13. 
t20 moly  in CS2. 
$Proton lhemical shifts in Hz at 100 MHz to low-field of internal TMS at 32'C; fluorine-19 shifts in Hz at 

56.4 MHz to low-field (posit~ve numbers) of CF3CC13 a! 2g°C. 
$The coupling constants are accurate to 0.03 Hz, iterat~ng on the spectra from 'H and F2. 

Ring Proton and Fluorine Chemical Shifts and 
Coupling Constants within the Ring 

These parameters have been repeatedly dis- 
cussed (1, 4, 12, 19-21) for related compounds 
and nothing really new can be added here. This is 
not to say that the parameters are fully under- 
stood. 

Proton Couplings to Fluorine in the COF Group 
Over Five and Four Bonds 
From the 5J,5 and 5J,3 values for 1 to 4 in the 

Tables, it is clear that, in general, 5J,,,H,C0F dis- 
plays an appreciable intrinsic substituent depen- 
dence, i.e. this coupling does not depend only 
on whether the C-H and C-F bonds lie cis 

(5Jcis) or trans (5Jt,,,,) to one another. 5J,,,H3C0F 
varies between 0.76 and 1.55 Hz. 

In benzaldehyde derivatives in which, for 
example, an ortho hydroxyl group holds the 
aldehyde group firmly in one conformation, 
5JciF,CH0 is zero (2, 4, 5). Unfortunately, this 
situation cannot be attained for benzoyl fluoride 
derivatives; reaction of phenols with SF, gave 
unidentiiiable products. INDO MO FPT calcu- 
lations appear to be of dubious validity for the 
purpose of finding whether 5~ciF>CF0 is zero 
(22). It is conceivable that 5Jcis < 0; a negative 
5Jci/30H of -0.35 HZ exists in a m-fluorophenol 
derivative (23). 

With these difficulties in mind, perusal of 
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TABLE 3. Spectral parameters for 2,6-difluorobenzoyl fluoride,* 2, and for pentafluorobenzoyl 
fluoride.? 5 

Parameter 2 5 Parameter 2 5 

*20 m o l z  in CDC13. 
t2O volz  in CF,CC13. 
$Chemical shifts as in Tables 1 and 2, negative sign indicating to high-field of CF3CCls. 
BCoupIing constants in Hz to an accuracy of 0.02 Hz for 2 'and to 0.04 Hz for 5. The average difference between 

parameters derived from 'H and lgF spectra was 0.01 Hz for 2. 

5 H,COF and 4 j  H,COF 
Jm in the tables suggests that 

a study of other accessible substitution patterns 
can hardly lead to regularities from which reli- 
able estimates of conformer populations can be 
made. 

These discouraging conclusions stand in sharp 
contrast to those reached for benzaldehyde deriv- 
atives (4, 6) or for fluorophenol derivatives (23). 
In the latter, 5~,F30H is a precise and accurate 
indicator of conformer populations. 

Over Six Bonds, 6JpH3C0F 
As has been argued previously for phenol 

(24) and benzaldehyde (11), in which 6 ~ p H , 0 H  

and 6JpH,C0H are probably less than 0.04 Hz in 
magnitude, the unobservably small 6 ~ p H , C 0 F  in 
benzoyl fluoride is consistent with a barrier to 
internal rotation of greater than 4 kcal/mol. The 
argument depends on the assumption that 6J is 
proportional to sin2 0, where 0 is the angle by 
which the COF group twists out of the benzene 
plane, i.e. that 6~ is transmitted via a o-n mech- 
anism (8,25). If so, then in 1 7JpCH3C0F should be 
very nearly equal to -6JpH,C0F in benzoyl fluo- 
ride (25). Indeed, these two couplings are less 
than 0.03 Hz in both compounds. 

6 ~ p H , C 0 F  is also ~ 0 . 0 3  Hz in 2 and 4, indicating 
planarity, or a very small twist, of the COF 
group, in the presence of one or two ortho fluo- 
rine substituents. On the other hand, in 3, 
6~pH,C0F is -0.29 + 0.03 Hz, somewhat smaller 
in magnitude than the -0.37 Hz observed in 
2,6-dimethylbenzoyl fluoride (22) for which an 
angle of twist of about 25" has been estimated. 
It is assumed here that 6~pH,C0F has an appreci- 
able magnitude only when the COF group lies 
out of the aromatic plane. This assumption 
leads to no inconsistencies of interpretation, 
although it cannot be proved that intrinsic sub- 
stituent effects will not give rise to a nonzero 6~ 

for a coplanar conformation. It may be noted 

that in 2,6-dinitro- and 2,6-dichlorobenzalde- 
hydes the COH group very likely twists away 
from the aromatic plane (1 1). 

The planarity of 1, 2, 4, and 5, and the non- 
planarity of 3 and of 2,6-dimethylbenzoyl flu- 
oride are in congruence with the large through- 
space 4J0F3CF0 values as well as with the peculiar 
chemical shifts of the COF fluorine nucleus to be 
discussed below. 

Through-space F ,F  Couplings and the Chemical 
Shift of 19F in COF 

F,F Couplings 
Through-space or proximate F,F couplings, 

arising from direct interactions between the 
orbitals centered on the fluorine atoms (26), are 
exceedingly sensitive to the internuclear dis- 
tance, rFF. For example, the empirical equation 
J ~ , ~  (HZ) = 6800 x exp (- 1.99 rFF(A)), ap- 
parently valid between 2.2 and 4.0 A (27), 
roughly reproduces the observed 4JF,F values in 
2-fluorobenzotrifluoride derivatives. 

If, in the trans arrangement of the C-F 
bonds in 2, 4 ~ F , F  is only about 1.5 Hz (28), a 
COF geometry based on microwave data on 
acetyl fluoride (29) and benzoyl fluoride (10) 
and on a regular benzene. geometry entails 
4JF,F as 69.6 Hz in the cis arrangement on the 
basis of the above equation. If the assumed rigid 
geometry is altered to change rFF from 2.30 A to 
2.275 A, exact agreement with the observed 
37.5, Hz in 2 is achieved: (1.5 + 73.5)/2. Of 
course, this result does not prove the planar 
geometry of 2, indicated by the near zero value 
of 6 J H,COF above. 

The increase of 1.3 Hz in 4JFF for 5 can be 
simply rationalized by a decrease of 0.01 A in 
r,, relative to 2, arising perhaps from slightly 
greater crowding in the C6F, compared to 
the C6F2H, moiety. Writing 4JF,F = 43.56 Hz = 
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FIG. 1. The observed and calculated spectra at 56.443 
MHz of the fluorine nuclei meta to COF in pentailuoro- 
benzoyl fluoride, 5, as a 20 vo1.Z solution in CF3CC13 
at 29°C. The observed spectrum was recorded at a sweep 
rate 0.1 Hz/s, clearly too large for a clean resolution of 
some of the small splittings. The inset shows a set of peaks 
recorded at a sweep rate of 0.02 Hz/s, used in calibration 
procedures. 

73.5pcis + 1.5Ptrans, and Pcis + ptrans = 17 yields 
pcis = 0.5, for 4, i.e. 4b is probably somewhat 
more highly populated than 4a. 

4 F,F J is 30.6 Hz in 3, which is indicated as 
nonplanar by the finite magnitude of 6 ~ p H , C 0 F .  

An average increase of rather less than 0.1 A in 
rFF for the cis conformation accounts for the de- 
crease in 4 ~ F , F ,  and is consistent with an average 
angle of twist of about 20" of the COF group. 

The 19F Shift in COF 
The magnetic nuclei in the 13C1H1'0 and 

13C019F groups are less shielded than are their 
counterparts in most other organic functional 
groupings (1, 20, 30, 31), perhaps as a conse- 
quence of low-lying excited electronic states in 
the C=O bond. Of interest here is the large 
shift to low-field caused by the ortho substituents 
in benzoyl fluoride derivatives. The shifts are, 
in Hz at 56.443 MHz relative to internal 
CF3CC13: 5608 (H,H), 6397 (H,F), 7291 (F,F, 
2), 7297 (F,F, 5), 7529 (F,Cl), and 7629 
(CH3,CH3, (ref. 22)). Allowing for differential 
internal solvent shifts of up to 30 Hz (20, 32), 
the shielding range of near 2000 Hz, or about 35 
ppm, is remarkable. 

The change in shielding is clearly not a strong 
finction of the mesomeric or inductive proper- 

ties of the ring substituents. For example, 2 and 
5 are characterized by almost identical C019F 
shifts, whereas two ortho methyl groups cause 
the largest low-field shift (although the shifts 
were measured in different solvents, the shift 
difference between 1 and p-methylbenzoyl fluo- 
ride (12) is apparently only about 0.4ppm 
(25 Hz)). 

Large decreases in shielding in the presence of 
proximate atomic groupings have been inter- 
preted (20, 33-36) either in terms of intramolec- 
ular van der Waals forces or in terms of steric 
effects. The distinction between these mech- 
anisms rests on the 'distance', r, between the 
atomic groupings. The former are proportional 
to r -6  and are attractive forces, whereas steric 
effects come about when the electron clouds 
overlap and cause mutual distortion of the elec- 
tron clouds or small changes in molecular geom- 
etry. The quantitative calculations of shielding 
changes from these two mechanisms are prob- 
lematical (20, 36), although it appears certain 
that the van der Waals interactions cause de- 
shielding and there is some evidence (35) that 
steric interactions do the same. 

In Fig. 2, the observed CO"F shift is plotted 
versus the mean of the van der Waals radii of 
the two ortho substituents. Indications from 
6 ~ p H , C 0 F  are that the molecule is planar for H,H, 

A 

FIG. 2. The shift in Hz at 56.443 MHz to low-field of 
internal CF3CCl3 of the CO19F group is plotted versus 
the mean of the van der Waals radii in of the substitu- 
ents ortho to COF. 
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H,F, and F,F substituents, suggesting that steric 
effects, as described above, are still relatively 
small or, in any event, not large enough to cause 
appreciable twisting about the partial double 
bond between the benzene ring and the COF 
group. 

The use of microwave data for the geometry 
of the COF group suggests an overlap of at least 
0.2 A between the van der Waals radii of the 
fluorine atoms situated in the COF group and 
the ring C-F bonds, leading us to believe that 
the shift of ca. 30 ppm to low-field caused by 
two ortho F,F substituents may well contain a 
contribution from the steric effects. 

The F,Cl and CH3,CH3 pairs induce a sub- 
stantial out-of-plane twist of the COF moiety, 
as indicated by 6 ~ p H , C 0 F ,  the twist being largest 
for CH3,CH3. The curvature of the plot in Fig. 2 
implies that further large down-field shifts by 
large substituents, like I,I, will be relatively small 
because overlap of electron clouds can be re- 
lieved by twisting of the COF group. 

It may be noted that the 19F shift in alkyl 
COF compounds lies to low-field of C6H5COF 
(37-39) and that therefore at least part of the 
observed low-field shifts caused by the F,Cl and 
CH3,CH, pairs may arise from partial inhibition 
of conjugation with the benzene ring. 

The resonance of (CH,),COF occurs at about 
200 Hz to low field of that in C6H5COF. On the 
assumptions that this shift arises from conjuga- 
tion and that it depends on the square of the 
cosine of the angle of twist in C6H5COF, an 
estimated angle of twist of 25" in 2,6-dimethyl- 
benzoyl fluoride (22) would lead to a low-field 
shift of about 40 Hz in the latter compound. 
Apparently, the shift due to partial loss of con- 
jugation is only a small fraction of the observed 
shift changes. 
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Reactions avec le diazomethane d'esters cinnamylid'ene maloniques ou 
cyanacetiques methyles ou phenyles en y des groupements fonctionnels et des 

malononitriles correspondants. Thermolyse des pyrazolines obtenues 

Groupe de Recherches de Physicochimie Structurale, ERA No 389, Universite de Rennes, 
B.P. 25 A ,  35031 Rennes, Cedex, France 

R e ~ u  le 6 avril 1977 

J. MARTELLI et R. CARRIE. Can. J. Chem. 55,3942 (1977). 
La synthese d'esters cinnamylidene maloniques ou cyanacttiques rntthylCs ou phenylts en 

y des groupements fonctionnels est realisee. Les configurations des divers isomtres obtenus 
sont dtterminees et les conformations discutees. Le diazomethane s'additionne exclusivement 
sur la double liaison cr,p de ces dipolarophiles selon une orientation unique. La thermolyse des 
pyrazolines-1 obtenues est ttudite. 

J. MARTELLI and R. CARRIE. Can. J. Chem. 55,3942 (1977). 
The syntheses of cinnamylidene malonic or cyanacetic esters, bearing a methyl or a phenyl 

group in the position y to the withdrawing groups, were achieved. The configurations of the 
various isomers were established and the conformations are discussed. Diazomethane adds 
exclusively to the cc,B double bond of these dipolarophiles in only one orientation. The thermo- 
lysis of the resultillg 1-pyrazoline was studied. 

Dans le cadre de recherches expirimentales et 
thCoriques sur l'addition des dipoles 1,3 B 
des dipolarophiles presentant plusieurs sites 
d'addition potentiels, 1'Ctude de l'addition de 
diazocomposCs a divers diknes conjuguts gem 
diactivCs a CtC entreprise (1). Afin de complCter 

kl 
I 

les rCsultats relatifs aux esters cinnamylid6ne 
maloniques, cyanacktiques et aux malononitriles 
correspondants (2) nous avons CtC conduit B 
prCparer les composCs I et B prCciser leur com- 
portement vis B vis du diazomkthane dans le 
but de discuter l'influence d'un groupement en 
y des substituants activants sur la rCactivitC des 
deux sites dipolarophiles et sur l'orientation de 
l'addition. Les composCs I sont susceptibles 
d'exister sous diffkrentes formes isomkres gCo- 
mCtriques qui sont quelquefois isolCes et dans 
tous les cas caractCrisCes B l'aide des donnCes 
spectroscopiques uv et de rmn. Le diazomkthane 
est additionnC B ces olkfines; les monocycload- 
duits obtenus sont CtudiCs ainsi que leurs pro- 
duits de thermolyse. 

mCthyl6ne actif correspondant; quatre formes 
isom6res gComCtriques peuvent exister (1 2 4 
avec R' = CH,, R2 = H, 5 B 8 avec R1 = 4, 
R2 = H). 

Les condensations conduisent (1) lorsque 
R' = CH,, a l'isom6re 1 avec 2 B 1'Ctat de 
traces et (2) lorsque R' = 4, au mklange des 
isom6res 5 et 6 qui peuvent Ctre sCparCs dans 
certains cas. 

L'irradiation des composCs 1, 5 ou 6 en 
solution les isomCrise au niveau soit de la double 
liaison y6 seulement lorsque le solvant est le 
mCthanol soit B la fois des liaisons ap et y6 si 
l'on opere dans le benzkne pendant un temps 
suffisamment long. Ainsi, en solution benzCni- 
que, aprks 4 h d'irradiation B la temperature 

Synthbse et Ctude structurale des dibnes 1(1 a 8) 1 a 4  R' = CH,, RZ = H X = CN, Y = COZCH, 
5 8 8  R ' = ( b , R Z = H  b X = CN, Y = C02C2Hs 

11s sont prtparCs par condensation de l'aldC- 11  a 1 4  R I  = c ~ , .  RZ = CH, x = y = CN -- - - - ., , 
hyde cinnamcque substitu~ et du composC B 15 8 18 R I  = 9, R Z  = CH, ' d x = Y = CO,CH, 
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d'tbullition du solvant, on obtient, B partir de 
la,  le mtlange: l a  (41%); 2a (31%); 3a + 4a 
(28%) (dttermination rrnn). 

Les divers composts sont isolts cristallists ou 
caracttrists A l'aide de la rmn: leurs caracttristi- 
ques figurent au tableau 1. 

Les composts 1 et 2 (5 et 6) sont des isomeres 
de configuration au niveau de la double liaison 
y6. En effet, l'isomtrisation dans le mtthanol 
des composts 1 donne 1 + 2 (5 ou 6 donne 
5 + 6) et ceci est vtrifit avec lc, Id, 6c, 6d 
pour lesquels il ne peut y avoir d'isomtrisation 
au niveau de ap. De plus les caracttristiques 
spectroscopiques uv des composts 1 (5) sont 
trop difftrentes de celles des composts 2 (6) pour 
qu'il puisse s'agir d'une isomtrisation de con- 
figuration ap. 

Ces caracttristiques sont, dans le cas des 
composts 1, tout B fait comparables ii celles des 
esters cinnamylidene cyanacttiques, maloniques 
et des malononitriles correspondants non sub- 
stituts en p et y ou uniquement mtthylts en P, 
que la configuratioii au niveau de ap  soit E ou 
Z (2); la double liaison y6 est donc de type E 
pour 1 et Z pour 2. 

Bien que la difftrence de valeur du couplage 
4J (du proton en 6 et du substituant mtthyle en y) 
entre le compost 1 et le compost 2 correspondant 
ne soit pas suffisante pour prouver elle seule 
la configuration de la double liaison y6 (3), les 
valeurs observtes, 4J = 1.3 a 1.5 HZ (cisoi'd) > 
4J = 1.1 a 1.2 Hz (transoid), sont en accord avec 
les structures propostes. 

Lorsque l'ttude rrnn est effectute en solution 
dans CDCl,, les signaux dQs aux protons du 
substituant aromatique sont des singulets pour 
l a  B I d  et des multiplets plus ou moins larges 
pour 2a i 2c; or il est bien connu qu'un tel 
substituant s'il est coplanaire avec la double 
liaison (et en l'absence d'autres effets dQs 
tventuellement au reste de la moltcule) donne 
un multiplet alors que le signal est singulet si la 
double liaison porte en cis du phtnyle un autre 
substituant sttriquement important (4-7). 

Enfin la proximitt du phtnyle en cis de Hp 
dans les composts 2 explique le dtblindage de ce 
proton par rapport B celui du compost 1 cor- 
respondant. Un dtblindage semblable est ob- 
servt par Pattenden et Weedon (8) pour les 
mtthyl-2 phtnyl-5 pentadienoates de n~tthyle 
correspondants. 

Les donntes spectroscopiques uv et plus 
particulierement les valeurs des coefficients 

d'extinction moltculaire des composts 5 et 6 
pour les maxima d'absorption de plus grande 
longueur d'onde (respectivement E, -- 14 000 
et E ~ '  -- 30 000) rappellent celles des cis et 
trans stilbenes diversement substituts (9, 10). 
La configuration Z au niveau y6 (les deux 4 sont 
en cis l'un de l'autre, compost 5) entraine la non 
coplaneit6 des phtnyles et de la double liaison 
tthyltnique d'ou un abaissement important de 
EM. L'aspect des signaux rrnn das aux phtnyles 
est tgalement en accord avec les configurations 
y6 propodes. 

Au niveau de la configuration de la double 
liaison ap  les attributions de structure sont en 
accord avec les donntes spectroscopiques de 
rmn: comme pour tous les mtthylkne cyanact- 
tates ttudits jusqu'8 prtsent (1 1, 2), l'ester en cis 
de Hp rend compte du dtblindage plus tlevt de 
l a  et lb. 2a et 2b com~arativement a l c  et 2c: 
de mCme pour les composts phtnylts en y 5 et 6 
on constate un dtblindage d'environ 0.40 a 
0.50 ppm du proton H, de l'ester nitrile par 
rapport celui du dinitrile correspondant. 

On note enfin la quasi identitt des dtplace- 
ments chimiques de H, des composts phtnylts 
6a B 6d et des n ~ t t h ~ l t s ' e n  y de structure corres- 
pondante 2a B 2d. 

Les composts 3a ou 4a, 7a et 8a obtenus 
~hotochimiauement sont des isomires de con- 
figuration a; niveau de la double liaison a p  
respectivement de l a  ou 2a, 5a et 6a, le proton 
Hp de ces derniers (Hp en cis du groupement 
ester en a)  est dtblindt par rapport au Hp des 
premiers. Pour ces composts de configuration Z 
au niveau de la double liaison a0  une interaction 
d'origine sttrique au niveau de l'ester en a et 
du substituant en y est susceptible d'expliquer 
leur obtention difficile dans l'tventualitt d'une 
conforn~ation S trans. 

La conformation des dienes 1 A 8 est dtlicate 
k ttablir (absence de couplage 3~p, )  cependant la 
similitude des caracttristiques spectroscopiques 
uv et de rrnn des composts 1 avec celles des 
dienes du mCme type non substituts en y (dont 
la structure est ttablie) (2, 8) suggkre une con- 
formation priviltgite S trans. I1 est logique de 
penser que la conformation priviltgite des 
composts 2 reste voisine de S trans, au moins 
pour 2a, 2b et 2c (Hp nettement dtblindt par le 
phtnyle en 6). 

De mCme, une coilformation S trans privilB 
gite, voisine de la planCi'tt, semble pouvoir Ctre 
attribute aux composts 6:  la comparaison des 
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MARTELLI ET CARRIE 3945 

dtplacements chimiques de Hg des composCs 
6 et 2 correspondants indique une analogie 
structurale. 

Action du diazomhthane 
Le diazomtthane s'additionne d'une manibre 

sttrtospCcifique sur la double liaison a p  des 
composts I. De mCme que pour les composts 
non substituis en y la vitesse de l'addition et la 
stabilitt du monoadduit formt sont trbs dif- 
ftrentes suivant la nature des substituants X et Y, 
nous envisagerons deux cas. 

Compose' I dinitriles et esters nitriles 
Les composts I de configuration E en a p  con- 

duisent quantitativement, par action d'une 
quantitt stoechiomttrique de dipale, aux com- 
posts P-mCthyl6s correspondants. Partant d'un 
mtlange d'isombres gtomCtriques au niveau 
de la double liaison y6 (en proportions connues), 
les deux isombres P-mtthylts sont obtenus dans 
les mCmes proportions. La mtthylation s'ef- 
fectue (schCma 1) par l'intermkdiaire d'une 
pyrazoline-1 instable qui est mise en Cvidence 
dans deux cas: 9a et 10a (X = CN, Y = C02-  
CH,), en optrant l'addition du diazomtthane a 
- 20°C sur l a  et 6a respectivement. 

+cH=c(R~) 
\c=c /X 

H 'Y 
l a ,  16, l c ,  2a R 1  = CH3 
60, Sb, 6 6 . 6 ~  R 1  = C6H5 

"I 
+cH=c(R') x 

\c=c / ' 'Y CH3 
l l a ,  l l b ,  l l c ,  120 R 1  = CH, 
160, lSb, 16b, 16c R 1  = C6H5 

Le site et I'orientation de cette cycloaddition 
sont Ctablis a l'aide de la rmn (systbme ABX). 
Les caracttristiques des pyrazolines 9a et 10a 
sont les suivantes (rmn CDCI,): 9a: 6.46 
(s tlargi, +CH=), 1.67 (s tlargi, R1 = CH,), 
3.92 (s, CO,CH,); systbme ABX: HA = 5.19, 
HB = 4.95, Hx = 3.50; JAB = 18.2, JAx = 3.2, 
JBx = 7.8. 10a: 6.44 (+CH=), 3.37 (s, C0,- 
CH,); systkme ABX HA = 5.28, HB = 4.97; 
JAB = 17.8, JAX = 7.7, JBx = 7.8. 

Comme les dibnes dont ils dtrivent, les com- 
posCs P-mtthylts R1 = CH, et R1 = + peuvent 
exister sous quatre formes isomkres geomttri- 
ques 11 8 18. 

L'isomCrisation au niveau de la double 
liaison a p  seule, se produit lorsque le composC 
11 ou 12 (R1 = CH,, X # Y) est abandonnt en 
solution tthtrte. Un mtlange photostationnaire 
de deux (X = Y = CN) ou quatre (X = CN, 
Y = C02R) isombres est obtenu lorsqu'on ir- 
radie une solution mtthanolique ou benztnique 
des composts 11, 12 (R1 = CH,), 15 ou 16 
(R1 = 4). Les composts obtenus par perte 
d'azote partir des monoadduits 9 ou 10 ont 
la mCme configuration que les dibnes dont ils 
dtrivent, cette caracttristique de la mtthylation 
par le diazomtthane est tout a fait conforme 
gux observations anttrieures (12, 2). 

Les attributions de structures sont effectutes 
sur les considtrations spectroscopiques uv et de 
rmn dCvelopptes pour les dibnes prtcurseurs. 
Les rtsultats figurent au tableau 2. 

L'aspect des signaux des protons aromatiques : 
singulet lorsque le phtnyle 6 est en cis de R1 = + 
(15 et 17) ou R1 = CH, (11); les couplages 
4J(H,, CH,,) lorsque R1 = CH, ( J  ciso'id > 
J transold); l'examen des dtplacements chimi- 
ques du mtthyle j3 dCblindt par le groupement 
ester en cis pour les composks 11, 12, 15 et 16 
comparativement B 13, 14,17 et 18; la similitude 
des variations relatives (suivant les isomQes 
considCrts) de CH, en P et du Hp des dibnes 
dont ils dtrivent; enfin des comparaisons pou- 
vant Stre effectutes avec les donnCes spectros- 
copiques cities dans la littCrature (3, 13, 14) per- 
mettent d'ttablir la structure des dibnes P- 
mtthylts. 

A l'exclusion des composCs 11 auxquels une 
structure S trans EE voisine de la plantit6 peut 
encore Ctre attribute (Wiley et coll. ont montrt 
que l'acide dimtthyl-3,4 phtnyl-5 pentadibno'ique 
est S trans EE (13, 14)), les composks P-mCthylCs 
obtenus 12 a 18 ne semblent pas pouvoir Ctre 
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TABLEAU 2. Caract6ristiques des diknes 11 i 18, X = CN 

rmn CDCI,, (C6D6) 

uv ethanol COZCH, 
ou C6Hs 

No R1 Y pf ("C) hM (nm) EM R2 = CH3 Hs R1 = CH3 C02CH2CH3 (aspect) 4J@I-R1) 

l l a  
12a 
13a 
14a 
l l b  
126 
13b 
146 
l l c  

12c 

15a 

16a 

17a 

18a 
15b 
166 
176 
186 
15c 
16c 

'Cornpod non purifit caracttrist B I'aide de la rmn. 
BAbsence de bande d'absorption dans la rbgion 33C350 nm. 
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MARTELLI ET CARRIE 3947 

TABLEAU 3. Caractkristiques des composCs 19-21 

N o  R1 -CH= J R1 C02CH3 HA HB HX JAB JAX JBX $(aspect) 

19 CH3 6.27 1 .2  1.67 3 . 6 7 e t 3 . 8 2  
20 CH3 6.39 1 .5  1.41 3 . 6 7 e t 3 . 8 2  
21 $ 6.28 3.70 et 3.82 

plans A cause de fortes interactions sttriques 
s'exercant au niveau du substituant en -Y et d'un 
substituant en a d'une part, du phtnyle en 6 et du 
mtthyle en P d'autre part. 
Composks I diesters 

Le diazomtthane s'additionne exclusivement 
(mCme en prtsence d'un gros excbs de dipale) 
sur la double liaison ap de ces diesters et selon 
le sens indiqut (schtma 2); il y a formation de 
pyrazoline-1 stable a la temptrature ambiante. 
L'addition du dipale est beaucoup plus lente 
que dans le cas des esters nitriles correspondants. 
5d ne rkagit pas avec le diazomkthane (il faut 
remarquer que 7a, ester nitrile de structure 
analogue, additionne lentement le dipale). 

Les pyrazolines obtenues sont caracttristes a 
l'aide de la rmn. La valeur du dtplacement 
chimique du mtthyle (R1 = CH,), celle de la 

4.90 4.76 - 18.1 4 . 8  7 . 8  m 
Systtrme ABX non analysk s 

5.08 4.91 3.98 18.5 4 . 1  8 . 8  

constante de couplage 4J allylique sont des 
preuves de la conservation de la configuration de 
la double liaison au niveau de y6. L'existence 
d'un systtme ABX donne l'orientation de 
l'addition. 

Les caracttristiques de rmn (CDCI,) des 
composts figurent au tableau 3. 

Les pyrazolines-1 19 et 21 sont dtcompostes 
thermiquement dans le xyltne au reflux (schtma 
3); elles conduisent respectivement aux oltfines 
22 (65%) + 23 (35%) et 24 (65%) + 25 (26%) 
accompagntes d'un autre produit non identifit. 

Les composts 22 a 25, non isolts, sont carac- 
ttrists dans le melange obtenu aprts thermolyse 
par leurs proprittts spectroscopiques (rmn) 
(tableaux 4 et 5). 

Composts 22 et 24: les trois protons tthyleni- 
ques (p, y,  E )  sont dtblindts et le couplage avec 
Jpu = 15 et 16 Hz, caracttrise une sttrtochimie 
trans. On observe un doublet correspondant 
au proton plus blindt portt par le carbone a 
substitut par deux esters dont les mtthyles 
sont tquivalents; on notera tgalement la con- 
servation, par rapport aux ditnes de depart, de 
la forme des signaux das aux phtnyles et pour 22 
le couplage du mtthyle en 6 avec H,. 

Composts 23 et 25: le dtdoublement des 
signaux pour CH,, et H, (23) est tCmoin d'un 
couplage 4~ entre ces protons; les deux esters ne 
sont pas tquivalents, ce qui confirme l'existence 
d'une double liaison en ap. 
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TABLEAU 4. Caractbristiques de rmn (CDCI,) des composes 22 et 24 

22 6.42 1.2 1.95 6.34 16 5.86 9 4.10 3.65 s 
24 6.52 6.49 15 5.43 9 4.08 3.62 rnm 

TABLEAU 5. CaractCristiques de rmn (CDCI,) des composes 23 et 25 

No H* J CH3y C H ~ B  C02CH3 

23 6.25 1 .2  1.95 2.19 3.58 et 3.65 
25 * - 2.04 3.71 et 3 . 5 0 i 3 . 6 2  

*Signal masque par ceux des protons arom 

Dimdrisation des dBnes 1 
Les composCs lb, l c  et I d  sont photosensibles 

B 1'Ctat solide. S'ils ne sont pas conservCs B 
l'abri de la lumibre, ils conduisent rapidement 
aux produits de dimirisation correspondants 
26, 27, 28, dont la structure est ttablie A l'aide 

(x)(Y)c=c-~-~-~ 
I l l  

H CH3 H 
26 X = CN, Y = C02C2H, 
28 X = Y = C02CH, 

de la rmn (la stCrCochimie n'est pas prCcisCe). 
26 (CDCI,): 0.80 et 1.34 (-CH2-CH,), 3.96 
et 4.32 (-CH2-CH,), 1.46 (s, CH,), 1.93 
(s Clargi, CH,), 6.60 (s Clargi, H), 8.47 (s, H), 
4.20 (s Clargi, H), 4.32 (s, H); + aspect: deux 
multiplets Ctroits. 27 (DMSO-d6): 8.30 (s, 2H), 
1.48 (s, 6H), 4.39 (s, 2H); + (aspects): deux 
multiplets Ctroits. 28 (C6D6): 4.27 (s, lH), 4.95 
(s, IH), 6.61 (s Clargi, IH), 7.51 (s, lH), 1.96 
(d, 3H, J = 1.2), 1.73 (s, 3H), 3.06 (s, 6H, 
2C02CH, fortuitement Cquivalents), 3.26 (s, 3H, 
C02CH3) et 3.29 (s, 3H, CO,CH,). 

Conclusion 
La synthbse d'esters cinnamylidbne cyana- 

cCtiques ou maloniques y  substituts et des 
malononitriles correspondants est rCalisCe et leur 
stCrCochimie discutCe. 

atiques. 

L'introduction d'une substitution en y ne 
modifie pas le comportement de ces diknes vis B 
vis des diazocomposCs : l'addition s'effectue 
exclusivement sur la double liaison ap et dans 
le sens attendu. I1 convient ce~endant de noter 
la nette diffkrence de rCactivitC entre certains 
isomirres gComCtriques. 

L'tvolution thermique des pyrazolines-1 ob- 
tenues n'est pas non plus affectte par cette 
substitution en y :  lorsque l'un des groupements 
activants est un groupement nitrile la thermolyse, 
d'une manibre quantitative et stCrCospCcifique, 
conduit a des dibnes P-mCthylCs. 

Les cycloadduits dCrivCs des diirnes gem- 
diactivts par deux groupements esters se com- 
 ort tent diffkremment. Les oltfines rksultant de 
la migration du groupe vinyle substituC sur le 
carbone 5 de la pyrazoline-1 sont principalement 
formCes. Elles s'isomCrisent par prototropie dans 
le milieu rkactionnel. 

Partie expdrimentale 
Les spectres de rrnn sont realises avec un appareil 

JNM MH 100 (Jeolco) a 100 MHz. Les spectres uv 
sont obtenus a l'aide d'un appareil Unicam SP 700 a 
partir de solutions dans l'alcool a 95". Les points de 
fusion sont pris au banc chauffant Kofler. Tous les com- 
poses pour lesquels le mot "analyse" est indique, suivi 
d'une formule moltculaire explicite, ont fourni des re- 
sultats analytiques correspondant a ? 0.4% prts, au plus, 
sur les Blernents analyses (C, H, N) (Service de Microana- 
lyse de 1'Universite de Rennes). 

Le phenyl-3 methyl-2 proptne-2 a1 est obtenu par 
crotonisation de I'aldChyde benzoique et de 1'aldChyde 
propionique en presence de rnkthylate de sodium selon 
la technique de Burton (15). L'aldehyde phCnyl-2 cin- 
namique est Bgalement prepark par crotonisation suivant 
la mkthode de Etienne et Weill-Reynal (16) dkcrite par 
Bargain (17). 

Dienes 1 a 8 
Les mtthodes sont: A, condensation suivant Cope et 

coll. (18); B, condensation du type prkkdent n~odifiie 
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MARTELLI ET CARRIE 

'C=C(Q)-CHO + HF 
/ 

e Q-CH-~($1-CHO 
H 

-\ 
COZCZHS I ,CN 

CH. 

selon Mowry (19); C, condensation suivant Allen et 
Spangler (20). 

l a  (A, rdt 38%), pf 108°C (mtthanol). Analyse 
Ci4Hi3NOz. 

lb, 2b (A, rdt 73%, melange l b  (88%) + 2b (12%)) (in- 
tegration du signal rmn dil a HB). 

lb, pf 81°C (tthanol). Analyse C15H15N02. 
l c  (B, quantitt de solvant doublte, rdt 5573, pf 129°C 

(tthanol). Analyse C13H10Nz. 
Id, pf 50-52°C (tther). Analyse CI5Hl6o4. 
Sa, 6a (A, rdt 73%, mtlange Sa (20%) + 6a (80%)). 
6a, pf 151°C (tthanol). Analyse C19H15NOz. 
Sb, 66. La mtthode A conduit avec un rendement 

global de 40% a un melange des deux isomtres dans des 
proportions relatives tres variables suivant la manipula- 
tion. De I'huile obtenue a partir du produit brut de 
reaction aprts distillation du cyanacttate en excts, 
cristallisent les dienes par addition d'tthanol; du rtsidu 
distille, 140°C sous 2 mm, un compose qui cristallise 
par refroidissement pf 50°C, c'est I'ester cc-cyanocinnami- 
que +CH=C(CN)(C02CZH5), dont la formation rtsulte 
d'une addition de Michael de I'anion cyanacetate sur la 
double liaison de I'aldthyde (schtma 4), il est identifie 
par comparaison avec un tchantillon authentique (21). 

Sb, pf 148°C (tthanol). Analyse CzoH17NOz. 
6b, pf 78°C (ethanol). Analyse CZoHZ7NO2. 
5c, 6c. La methode B conduit au mtlange des deux 

isomtres. Aprts distillation du solvant, on recueille 9 g 
de cristaux jaunes (pf 173°C) et 1 g d'une huile constitute 
du mtlange des deux isomtres. 

6c, rdt 59%, pf 176°C (tthanol). 
Sd, 6d. La condensation (C) conduit a un mtlange de 

deux isomtres, ils cristallisent ensemble par addition 
de quelques cm3 de mtthanol ?I I'huile tpaisse obtenue 
par distillation du solvant; rdt 64%. 6d cristallist est 
obtenu a partir d'une solution benztnique concentrte 
du produit brut de la rtaction en distillant partiellement 
le solvant. 

5d, pf 81-83"C, est obtenu par cristallisation frac- 
tionnee dd'n mtlange enrichi en 5d par irradiat~on. 

Zsomdrisation photochimique 
Les composts 1 ou 6 sont isomerists en solution (1 g 

dans 130 cm3 de mtthanol ou de benzene sec). La solution 
contenue dans un ballon de quartz surmonte d'un 
refrigerant est irradite au moyen d'une lampe Hanau 
(brfileur TQ 81) placte exttrieurement; I'irradiation est 
effectute la temptrature de reflux du solvant. 

(0.5 M) et le diene sont abandonnts en solution Bthtrte 
a WC; les composts p-methylts ou les pyrazolines 
correspondants sont obtenus par simple distillation du 
solvant sous vide a basse temptrature. Dans le cas des 
esters nitriles et dinitriles, la reaction est gentralement 
totale apres 24 h avec une quantite de dipale tgale ou 
Itgerement superieure a la stoechiomttrie. On notera 
cependant une mtthylation partielle dans un cas: Sa 
(18%) + 7a (82%) f CH2Nz (1.5 fois la quantitt stoe- 
chiometrique) conduit apres 24 h a une methylation totale 
de Sa (5a 4 1Sa) et une mtthylation partielle de 7a 
(7a + 7a + 17a). L'addition du diazomtthane aux 
diesters necessite une plus grande proportion de dip8le 
(1.5 a 4 q.s.) et un temps de reaction plus long; dans ces 
conditions le dipale est sans action sur Sd. 

X = CN, Y = CN ou CO7.R (R = CH3, C2H5) 
Pyrazolines-Si la rtaction d'addition du dip8le sur 

le diene est conduite a -20°C l'adduit obtenu est suffi- 
samment stable a basse temptrature, pour permettre une 
etude de ses caracteristiques de rmn. 

Oldfines 0 mtthylds-llc, pf 71°C (tthanol). Analyse 
C14H12NZ. 12c, pf 108-109°C (tthanol). Analyse C14- 
HlzNz. 15a, pf llWC (tthanol). 16a, pf 126-127°C 
(ethanol). lSb, pf 125°C (tthanol). 16b, pf 134°C (tthanol). 
16c, pf 109-111°C (tthanol). Analyse C19H14N2. 

X = Y = COZCH3 
P.vrazolines-Les pyrazolines-1 obtenues sont des 

huiles: 20 est ttudite a partir du mtlange 19 + 20 dans 
lequel elle est minoritaire. 

Photodimtrisation des disnes 1 
Les composts lb, l c  et Id  abandonnts a la lumiere du 

jour a l'ttat finement pulvtrise, conduisent en quelques 
jours aux dimtres correspondants 26 a 28. 

26, analyse C30H30NZ04; pf 123'C (ethanol). 
27, pf 264°C (CHCl,, tther); trts peu soluble. 
28. La dimerisation est plus lente que pour les com- 

poses prtctdents (plusieurs semaines). Le produit rt- 
sultant pf 95-10O0C, trop soluble dans les solvants 
organiques usuels, n'a pu Ctre recristallist. 

J. MARTELLI. Thtse, UniversitC de Rennes, Rennes. 
1976. 
J. MARTELLI et R. CARRIB. Bull. Soc. Chim. Fr. A 
paraitre. 
H. ROTTENDORF, S. STERNHELL et J. R. WILMS- 
HURST. Aust. J. Chem. 18,1759 (1965). 
G. J. MARTIN et M. L. MARTIN. The stereochemistry 

Action du diazomdthane sur les 01Clfine.s of double bonds. Duns Progress in NMR spectres- 
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The mechanism of the thermal decarbonylation of 
2,2-dimethyl-3- butenal 
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ROBERT J. CRAWFORD, STUART LUTENER, and HIROKAZU TOKUNAGA. Can. J. Chem. 55,3951 
(1977). 

The thermal decarbonylation of 2,2-dimethyl-3-butenal is shown to be an intramolecular 
extrusion of carbon monoxide concerted with the transfer of hydrogen (deuterium) to the 
y-position. The reaction displays a kinetic isotope effect of 2.8 (at 296.9"C) and follows first 
order kinetics (E, = 44.2 L- 0.2 kcal mol-l, log A = 13.4 k 0.3). 

ROBERT J. CRAWFORD, STUART LUTENER et HIROKAZU TOKUNAGA. Can. J. Chem. 55,3951 
(1977). 

On dkmontre que la dkcarbonylation thermique du dimkthyl-2,2 buttne-3 a1 est une extrusion 
intramoltculaire de monoxyde de carbone concertke avec un transfert d'hydrogkne (deutkrium) 
vers la position y. La rtaction prtsente un effet isotopique cinttique de 2.8 (a 296.9"C) et suit 
une cinktique du premier ordre (E, = 44.2 + 0.2 kcal mol-', log A = 13.4 + 0.3). 

[Traduit par le journal] 

Introduction 
Recently we examined the thermolysis of 2- 

vinyloxirane (1) and concluded that one of the 
initial products was 3-butenal which, depending 
upon the surface of the vessel, was tautomerized 
to E- or 2-2-butenal or produced propylene and 
carbon monoxide. Traces of oxygen brought 
about a catalytic reaction and large amounts of 
CO and propylene were produced, but even 
after the most careful conditioning propylene 
and CO were present. We suggested that the 
decarbonylation of 3-butenal was both radical 
catalyzed and under oxygen free conditions 
proceeding via an intramolecular mechanism. 
To study this more thoroughly we have examined 
the thermolysis of the non-enolizable 2,2- 
dimethyl-3-butenal (1). There are few instances 
of decarbonylation of P,y-unsaturated alde- 
hydes. The most thoroughly studied is the work 
of Schaffner (2) where the singlet photosensitized 
decarbonylation of R-(+)-laurolenal (2)  to S- 
(-)-1,2,3-trimethylcyclopentene (3) is observed. 

The stereochemistry in this, and other steroid 
cases (3), leads to the suggested skeletal mech- 
anism wherein the hydrogen (or deuterium) is 
attached in the product to the same carbon to 
which the aldehyde carbon was attached in the 
reactant; this was accompanied by a small 
amount of allylic rearrangement. 

Synthesis of Deuterated 2,2-Dimethyl-3-butenals 
We required for our mechanistic studies 2,2- 

dimethyl-3-butenal(1) and its deuterium labelled 
derivatives 1-d,, and 1-d,. The aldehyde 1 was 
conveniently prepared from the cyclohexylimine 
of tiglaldehyde using lithium diisopropylamide in 
tetrahydrofuran (THF) at - 78°C and methylat- 
ing the resulting anion with methyl iodide to 

,,C~HII 

( I )  (i-Pr),NLi, THF (2 )  CH,I, -78°C 
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produce the imine of 1. Methyl-d3 iodide was 
used to produce 1-d3. The C(l) labelled aldehyde 
(1-dl) was prepared using the method of Corey 

and Seebach (4) wherein the dithiane (4) is 
converted to its corresponding anion and 
deuterated. Mild hydrolysis (4) gave the aldehyde 
1-dl with less than 1% protium at C(l) as 
assessed by 'H nmr. 

"W S c u o  - 1-d, 'J CuCI, 

Kinetics 
The rate of decarbonylation of 1 was followed 

by measuring the pressure increase as a function 
of time. The reaction vessel consisted of a 1 e 
well-conditioned Pyrex sphere as described in 
our earlier paper (1) except that a side-arm 
was attached and extended through the wall of 
the thermostated vessel. A National transducer 
LX 3702 A reading 0-10 V was interfaced with 
a Hewlett-Packard 5150 A thermal printer 
equipped with a time interval control, thus 
pressure readings were taken automatically at 
regular intervals. That the reaction followed 
first order kinetics was established by measuring 
the rate at different pressures and finding the 
rate constant to be unchanged on going from 
50 to 200 Torr initial pressure of 1: Having 
observed a 1 to 2 min warm-up period from the 
time of injection of our sample we decided to 
use the method of Guggenheim (5) to obtain 
more precise values of the rate constants. While 
it is possible that the warm-up period was in 
fact an induction period for a chain reaction, 
samples of pentanal required the same length 
of time to come to temperature equilibrium, and 
with a thermocouple well extended to the centre 
of the reaction vessel we were able to observe a 
comparable initial temperature differential upon 
admission of any gas. The values of the rate 
constants obtained over the temperature range 

282 to 302°C are listed in Table 1. Aliphatic 
aldehydes such as acetaldehyde undergo high 
temperature pyrolysis and under certain con- 
ditions can give rise to first order kinetics for 
the chain process outlined in eqs. 1-4 (6). We 

111 RCHO -t Re + .CHO Initiation 

121 Re + RCHO -t RH + RCO Propagation 

P I  2R. -t R-R Termination 

have examined the effect of two radical chain 
inhibitors, toluene and 1,4-cyclohexadiene, upon 
the reaction rate constant, and these data are 
presented in Table 2. 

Product Studies 
The thermolysis of 1, 1-dl, and 1-d, at 300°C 

leads to carbon monoxide and 2-methyl-2- 
butene with less than 0.5% of any other hydro- 
carbon present. The 'H nmr spectra of 1-dland 
1-d3 indicate that the aldehydic hydrogen (deute- 
rium) has been transferred to the C(4) position 
of the original butenal. 

The reaction was shown to be intramolecular 
by attempted crossover experiments involving 
1-dl and 1-d,. The 2-methyl-2-butene produced 
was carefully examined by mass spectron~etry 
for the presence of C5Hl ,, C,H,D, C,H,D3, and 
C,H,D4. After correcting for the natural 
abundance of 13C and deuterium incorporation 
level, we found no evidence for the crossover 
products C,Hlo and C5H,D4. Our mass spectra 
were sufficiently reproducible that if either of 
these were present at the 0.5% level they would 
have been detected. 

Discussion 
The experimental data demonstrate that the 

thermal decarbonylation of 1 is an intramolec- 
ular, nonradical scavengeable process of a highly 
reproducible rate. These data are best inter- 
preted in terms of a molecular mechanism in- 
volving the transfer of the aldehydic hydrogen to 
the y-position as in 5. 

CH2 H 

The reaction is very similar to that involving 
the decarboxylation of the corresponding car- 
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CRAWFORD ET AL. 

TABLE 1. Kinetic data for the rate of thermolysis of 2,2-dimethyl-3- 
butene at 0.3 atm pressure 

Temperature ("C) 104kl (s-l) 

281.7k0.1 1.168k0.006 Ea=44.2f 0.2 kcal mol-I 
286.7 1.668k0.004 log A=13.4+0.3 
291.8 2.40 kO.01 

2.41 k0.01 AH*=43.1 k 0 . 2  kcal mol-I 
296.8 3.35 kO.01 + 2 . 0 k 0 . 5  eu 
301.9 4.74 kO.01 

TABLE 2. Thermolysis of 1 in the presence of radical chain 
inhibitors, at 298.5"C 

Pressure 
of 1 

(atm) Inhibitor 104kl (ssl) 

0.4 3.55k0.02 
0.3 0.04 atm toluene 3.54k0.01 
0.3 0.04 atm 1,4-cyclohexadiene 3.41 k 0.01 

boxylic acid, 2,2-dimethyl-3-butenoic acid (log 
A = 11.13, Ea = 36.6 kcal mol-I) (7). The mag- 
nitude of the kinetic isotope effect, k,/k, = 
2.8 at 296.9"C corresponds to a value of 7.2 at 
25°C (see Table 3), indicates that the hydrogen 
is extensively transferred in the transition state; 
this coupled with the low activation energy in 
comparison with that normally associated with 
the thermolysis of RCO-H bonds (Ea 44.2 
kcal mol-I vs. bond dissociation energy of 
greater than 82 kcal mol-' (6)) suggests that the 
process is highly concerted. 

Experimental 
All boiling points are uncorrected. Purifications by 

preparative gc were carried out on a Nester Faust model 
850 'Prepkromatic'. The columns used were 6 ft biwall 
tubing packed with 20% Carbowax 1500 on Chromosorb 
W 30-60 mesh. The carrier gas was helium at a flow rate 
of 500 ml min-'. The nuclear magnetic resonance 
(nmr) spectra were obtained using a Varian A 60 or 
HA 100 spectrometer. 

Thevmolysis Kinetics 
Quantitative rate experiments were conducted in a 

static Pyrex vacuum system constructed as described 

TABLE 3. Kinetic isotopeeffect for the thermolysis of 1 and 
1-dl. Reactions run as pairs on same day at 296.9"C 

Sample 104kl (SKI) kelko 

earlier (I). The rates were followed by means of a pressure 
transducer (National LX 3702 A) attached to the cell via 
a 3 mm Pyrex tube. The transducer was mounted on 
the outside of the oven wall thus the dead space was less 
than 1% of the total reactor volume. The transducer was 
calibrated against a mercury manometer and was 
found to be linear over the desired pressure range. The 
output signal from the transducer (0-10 V range) was 
recorded at regular intervals on a Hewlett-Packard 
5150 A thermal printer equipped with a time interval 
control. 

All samples for kinetic runs were prepared from 
materials dried over 4A molecular sieves, transferred to 
breakseals, and degassed by standard procedures. At 
least 20 points were taken for each rate measured. 

2,2-Dimethyl-3-butenal (1 )  
The aldehyde 1 was prepared by alkylation of the 

cyclohexylimine of tiglaldehyde which was prepared by 
adding cyclohexylamine (10.9 g, 0.11 mol) to a solution 
of tiglaldehyde (8.4 g, 0.11 mol) in benzene (125 ml). 
The solution was stirred and the water removed by 
azeotropic distillation using a Dean Stark trap (2 h). 
The benzene was then removed on a rotary evaporator 
and the residual liquid was essentially identical (nmr, ir) 
with that of an aliquot purified by distillation, bp 60- 
65"C/2 Torr (8). The undistilled residual liquid was used 
directly for the alkylation step. 

A solution of n-butyllithium (21.4 ml, 52.5 mmol) was 
reduced to half volume under reduced pressure and dry 
tetrahydrofuran (THF) (50ml) was added. After the 
addition of bipyridyl (12 mg) the solution was cooled to 
- 50°C and diisopropylamine (5.30 g, 52.5 mmol) in 
THF (25 ml) was slowly added and the red solution 
cooled to - 78°C. The afore-mentioned tiglaldehyde 
imine (8.25 g, 50 mmol) was dissolved in THF (25 ml) 
and added dropwise. The solution was maintained at 
-78°C and methyl iodide in THF was added in a titra- 
tion-like procedure. The colour of the solution abruptly 
changed to pale yellow upon the addition of 1 equiv.; 
this was then followed by an additional 20%. The re- 
sulting solution was diluted with approximately three 
volumes of ether and poured into ice water (100 ml), 
washed with saturated NaCl solution, and the solvent 
evaporated. Gas chromatography (Carbowax, 1500, 
150°C) indicated the residual product to be a 5: 1 mixture 
of imines and an nmr spectrum of the crude indicated 
that the imine of 2,2-dimethyl-3-butenal was the major 
product and the imine of 2-methyl-2-pentanal was the 
isomer. 

The imine derivatives were then placed in a flask with 
a solution of oxalic acid (40 g) in water (100 ml) and the 
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TABLE 4. Attempted crossover experiments at 248'C 

Sample Reaction Initial Product ratio 
ratio time pressure 

1-dl : I-d3 (h) (atm) do dl  d2 d3 d4 

aldehydes steam distilled. Extraction of the distillate with 
ether, followed by drying and distillation, resulted in two 
fractions, exclusive of solvent, bp 93-94"C/700 Torr, 2,2- 
dimethyl-3-butenal(2.6 g, 60%) (9) and bp 130-13l0C/700 
Torr 2-methyl-2-pentanal (0.4 g, 10%) (10). Yields were 
improved to 80% upon scaling up by fourfold. 

2-Methyl-2-trideufeviomethyl-3-butenal (1-d3) 
The method of synthesis was the same as that above 

for 1 only that trideuteriomethyl iodide was used. The 'H 
nmr spectrum displayed a peak at  6 1.21 which was three 
times the size of the peak at  6 9.39. 

The propanedithiol derivative of 1 was prepared in a 
250 ml round bottom flask equipped with a magnetic 
stirrer, CaClz drying tube, and a gas inlet. A solution of 
2,2-dimethyl-3-butenal (1 1.0 g, 0.1 1 mol) and 1,3- 
propanedithiol (12.0 ml, 0.12 mol) was stirred and cooled 
to 0°C. Hydrogen chloride gas was bubbled through the 
solution for 5 min, after which the temperature rose to 
+5"C and fell back to zero. After work-up in the con- 
ventional manner a vacuum distillation on the residual 
oil gave 15.0 g, 73z ,  of a pale yellow oil, bp 103"C/2.5 
Torr; 'H nmr (CDC13) STMS: 1.23 (s, 6H), 2.0 (m, 2H), 
2.9 (m, 4H), 4.04 (s, 1 H), 4.9-6.2 (m, 3H). 

The dithiane (15 g, 96 mmol) was dissolved in dry 
T H F  and cooled to -40cC after which 1.2 equiv. of n- 
butyllithium in hexane was added over + h, and stirred 
for 2 h under a nitrogen atmosphere. The reaction was 
quenched with D 2 0  and the dithiane isolated as above: 
15 g recovered, l H  nmr same as above except for the 
signal at 6 4.04 which was less than 1% of its original 
intensity. 

A solution of the dithiane (4.72 g, 25 mmol) in 200 ml 
acetonitrile containing 2 ml H 2 0  was warmed to 70°C on 
cupric oxide (7.9 g, 100 mmol), CuC1,-2H20 (8.5 g, 
50 mmol) was added, and the solution maintained at 
70°C for an additional 30 min (4). The solution was then 
cooled and filtered, the precipitate washed with aceto- 
nitrile, the solution plus wash diluted with H 2 0  (150 ml) 
extracted with pentane and dried, and the aldehyde 

purified by distillation (2.3 g, 95%). The aldehydic signal 
at  6 9.39 was less than 0.005 times its original intensity. 

Attenzpted Cvossovev Expeviments 
Sample tubes containing 1-dl, 1-d,, and mixtures of 

these were carefully degassed and then heated at  298'C. 
Table 4 gives the experimental conditions and the inten- 
sities corrected for 13C for each of the runs. 
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Simultaneous diffusion and chemical activation control of the kinetics of the binding 
of carbon monoxide to ferroprotoporphyrin IX in glycerol-water mixtures of high 
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BRIAN B .  HASINOFF. Can. J. Chem. 55,3955 (1977). 
The kinetics of the reaction of ferroprotoporphyrin IX with CO have been studied in mixed 

glycerol-water solvents of high viscosity in order that the simultaneous influence of chemical 
activation and diffusion control of the reaction might be observed. Analyses of curved Arrhenius 
plots indicated that in the low temperature high viscosity limits the reaction is largely diffusion 
controlled. The deviation of the second order diffusion rate constants, from that predicted by 
simple theory for reaction between uniformly reactive spheres of equal radii, is a factor of 0.3 to 
0.9, depending upon the solvent composition. A couple of other models for diffusion controlled 
reaction, ascribing these deviations to changes of steric requirements, were also examined. 

BRIAN B .  HASINOFF. Can. J. Chem. 55,3955 (1977) 
On a etudie la cinetique de la reaction de la ferroprotoporphyrine IX avec le CO dans des 

solvants mixtes de g lyce ro l~au  de grande viscosite de f a ~ o n  a pouvoir observer simultankment 
l'influence de l'aclivation chimique et du contrale de la diffusion sur la reaction. L'analyse des 
courbes d'Arrhenius indique qu'aux limites de basse temperature et de haute viscosite la reac- 
tion est grandement contralee par la diffusion. La dkviation des constantes de vitesse de dif- 
fusion du deuxieme ordre par rapport a celles qui sont prtdites par la theorie simple de la 
reaction entre des spheres reactives uniformes qui ont un rayon &gal est d'un facteur de 0.3 a 
0.9 dkpendant de la composition du solvant. Une couple d'autres modeles pour une reaction 
contralee par la diffusion et attribuant ces deviations a des changements dans les facteurs 
steriques ont aussi kt6 examines. 

[Traduit par le journal] 

In a previous study (1) the reaction of fer- 
roprotoporphyriil IX (heme) with carbon mon- 
oxide was studied by laser flash photolysis as a 
function of temperature and pressure in 100% 
glycerol and 80% vv/ ethylene glycol - water. A 
comparison of the activation enthalpies and 
activation volumes with the viscosity activation 
parameters indicated that in 100% glycerol the 
kinetics are almost totally controlled by diffusion. 

lThis work has been supported in part by a National 
Research Council of Canada Grant, No. A9430. 

From a consideration of AV* (I), obtained in 
80% vv/ ethylene glycol - water, a dissociative 
mechanism was indicated. 

This study extends the range of viscosities 
studied by using mixtures of glycerol and water, 
such that both chemical activation and diffusion 
control contribute to the kinetics. It is of interest 
to measure the kinetics in this region as a test 
of the applicability of the theory of diffusion 
controlled reactions. Glycerol-water solvent 
mixtures exhibit a wide range of viscosities (2) 
with large temperature coefficients so that the 
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diffusion controlled region can be easily dis- 
tinguished from the chemical activation con- 
trolled region of normally lower activation energy. 

The theory of the effects of diffusion con- 
trolled rates on chemical kinetics is historically 
due to voil Smoluchowshi (3) and has been re- 
viewed and critically examined by Noyes (4). 
Since the classical theory is only strictly applic- 
able to spherical molecules of uniform surface 
reactivity, a number of refinements to the basic 
theory have been proposed. The theory has been 
extended to n~olecules with orientation con- 
straints due to limited accessibility of their active 
sites (5-9). Even moderate steric requirements 
(5-7) can produce drastic reductions in the dif- 
fusion controlled rate constants. A recent related 
study (10) of the binding of CO and 0, to 
myoglobin in glycerol-water indicated the im- 
portance of diffusion control on these reactions. 

For the reaction of spherical, uniformly reac- 
tive molecules in a homogeneous fluid the dif- 
fusion controlled second order rate constant, 
k, is (4) 

where R is the sum of the radii of the reacting 
molecules (r, + r,) and D is the sum of the 
translational diffusion coefficients. Use of the 
Stokes-Einstein expression 

for r, and r, and eq. 1, with conversion to units 
of M-I s-I, gives 

where R is the gas constant in J K-I  mol-l, q 
the viscosity in Pa s (1 Pa s = 1 kg m-I s - I  = 
10 P). If r, = r, then 

Note that eq. 4 has no adjustable parameters 
and depends only on T and q of the solvent. 
Modifying eq. 4 to include a factor, a, that is a 
measure of the departure of the reaction from 
that predicted for reaction between spheres of 
equal radii and uniform reactivity, yields 

The factor a may include steric, probability, 
interaction, and radius factors. With a = 1 in 
eq. 5 for 100% glycerol at 20°C (q = 1.41 Pa s) 

k, = 4.6 x lo6 M - l  s-l ,  which compares to 
water at the same temperature (7 = 1 mPa s) 
k, = 6.4 x lo9 M-' s-l. 

The activation enthalpy of a diffusion con- 
trolled reaction is (I) 

and for the solvent 

[71 B = R a In q / a ~ -  l 

where B is the viscosity activation energy in the 
empirical relationship 

In the more general case where there is simul- 
taneous chemical activation and diffusion con- 
tributing to the observed kinetics (4, 6) 

19 I k-1 = ko-1 + k,-1 

where k is the observed second order rate con- 
stant and k, is the rate constant that would be 
observed if diffusion effects were absent. In eq. 
9, k, represents the maximum rate at which an 
association reaction can proceed. 

Experimental 
Reagents 

Heme (as hemin chloride, Eastman) was dissolved in 
1 M aqueous NaOH on the day of use. The spectro- 
photometrically determined (1) heme solution in N2 
saturated glycerol-water of known composition was 
added to a serum cap sealed fluorescence cell containing 
a few crystals of sodium dithionite to reduce the iron. The 
final [NaOH] was either 0.01 or 0.02 M. The CO stock 
solution was prepared by bubbling C.P. CO through 
water for 20 min at a known temperature and pressure, 
and its concentration determined using Henry's Law 
(11). This CO saturated solution was then transferred to 
the reaction cell with a gas tight syringe. Using published 
densities, the weights of additions, and known dilutions, 
the final concentrations of the glycerol-water solution, 
heme, and CO were determined. 

Apparatus 
The flash photolysis apparatus, the spectrophotometric 

detection system, and the analog-to-digital data acqui- 
sition system have been described (10). The reaction of 
heme and CO was followed at a wavelength of 430 nm 
(7 nm band pass). The first order rate constants, kObs, 
were obtained by fitting 256 digitized voltage-time 
values to a three parameter nonlinear least squares equa- 
tion of the form A = A, exp (-kobrt) + Am,  where A, 
A,,, and A, are the absorbances at time t = t ,  t = 0, and 
t = cc respectively. Only the last 10% of the reaction 
was followed for about 6 half-lives. Three or more 
values of kobr were averaged, giving a relative standard 
deviation of 2-5%. The temperature of the reaction cell 
was held constant to k0.03"C. 
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Results 
Dependence of the Kinetics of the Heme + 

CO Reaction on Solvent Composition and 
Temperature 

The recombination of heme with CO after 
flash photolysis may be represented by 

hv 
heme-CO -heme + CO (dissociation) 

k 
heme + CO -heme-CO (recombination) 

The reaction has been well studied (1, 13, 14) 
and the rate has been shown to be proportional 
to [CO]. Upon flash photolysis of heme-CO 
in the presence of 15- to 30-fold excess ligand, 
recombination was first order where heme varied 
from 2.9 to 7.3 pM and k,,, fell in the range 25 
to 480 s-'. The second order rate constant was 
calculated from k = k,,,/[CO]. The variation 
of log k with T- '  is plotted in Fig. 1. The reac- 
tion was studied over a temperature range of 10 
to 60°C which gave a variation in viscosity of 
0.01 to 1.7 Pa s. Data from ref. 14 are plotted in 
Fig. 2. The curvature in the plots is ascribed to 
diffusion control. The magnitude of the curva- 

Heme + CO -!- H a m a  - CO 

In 79.1% Glycerol-waler 

FIG. 2. Log k vs. T-' for the reaction of heme and CO 
from the data of ref. 14 in 79.1 wt.% glycerol-water. Other 
comments as in Fig. 1. 

tures makes it unlikely that this effect is due to a 
change in heat capacity of activation of the 
reactants. 

The data were analyzed with eq. 5 in eq. 9 
yielding 

k-' = k,-' + k,-' 

FIG. 1. Log k VS. T-I in glycerol-water mixtures for the 
reaction of heme and CO. The curved solid lines are 
those calculated from the three parameter nonlinear least 
squares analysis of the rate and viscosity data in eq. 10. 
At the high temperature limit the reaction kinetics are 
controlled by chemical activation and by diffusion at the 
low temperature limit. At the highest and lowest vis- 
cosities studied the reaction is 92% and 18% diffusion 
controlled respectively. 

where k, is assumed to have the usual tempera- 
ture dependence. 

Nonlinear least squares analysis (12) was used 
to obtain the three best fit parameters AH*, 
AS*, and a .  The results are listed in Table 1 and 
plotted as the continuous curves in Figs. 1 and 2. 
Equation 10 has two independent variables, T 
and ; the latter was obtained from an empirical 
equation (10) at the appropriate temperature 
and solvent composition. 

Also listed in Table 1 are values of AH,* ob- 
tained from a four parameter (AH,', AH*, 
AS*, and a/qo) nonlinear least squares analysis 
of eqs. 5, 6, and 8 substituted in eq. 9. This 
analysis provides a semiquantitative independent 
test of eq. 9. Since B, the viscosity activation 
energy parameter, varies considerably with tem- 
perature (Table I), the kinetically determined 
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TABLE 1. Diffusion and chemical activation control parameters for the reaction of heme with CO 
in glycerol-water mixturesa 

wt.% AH* AS* AHD* Range of B 
glycerol (kcal mol-I)b (cal K-' mol-I)b ctC (kcal mol-') (kcal mol-I) 

'Error values are standard deviations from nonlinear least squares analysis. 
OActivation parameters for pure chemical control of reaction. 
CFrom an analysis of eq. 10 and is the factor by which kD departs from reaction between uniformly reactive spheres of equal radii; 

eq. 4. 
dFrom a reanalysis of data in ref. 14. 
.From ref. 1 in 807 v/v ethylene glycol -water containing 10 m M  NaOH. 
,When constrainedoto a positive value, a value of 0 was obtained with no significant difference in the standard deviation of the fit. 

The value of a was the same within its standard deviation. 
VIndeterminate error. 

AHD* would be expected to show only a rough 
correspondence. In general, it is seen that values 
of AHD* do approach the values of B at the low 
temperature limits where diffusion control is the 
greatest. Also since both the previously deter- 
mined AH,* and AvD* in 100 wt.% glycerol (1) 
showed a close correpondence with both the tem- 
perature and pressure viscosity activation param- 
eters, it is with some assurance that the results 
may be analyzed with the three parameter eq. 10. 

The AH* at the highest glycerol composition 
is not very well determined as the contribution 
from chemical activation ranges from only 8 to 
45%. In general the values of AH* are somewhat 
lower than for reaction in 80% vv/ ethylene 
glycol - water (1) even though the AG*'s are 
similar. 

Discussion 
Interpretation of the DgfSusion Controlled 

Reaction of Heme with CO 
Clearly it is possible to write more complex 

reaction schemes to explain curved Arrhenius 
plots. In a temperature study (14) extending from 
5 to 340 K, at a single glycerol-water composi- 
tion, results were rationalized on the basis of a 
sequential mechanism with one bimolecular and 
three unimolecular steps. After making assump- 
tions about the relative magnitudes of the 
observed rate constants, the data were inter- 
preted in the high temperature limit, using 
three rate constants (six activation parameters). 
The effect of diffusion control on the kinetics 
was considered (14) and the conclusions reached 
agreed partly with results given in ref. 1. How- 
ever, the situation was described as being 
different for the less viscous glycerol-water 
mixture as a correspondence with kD was not 

achieved with the three-step mechanism. In 
the discussion given here the-curved Arrhenius 
plots are ascribed to simultaneous chemical 
activation and diffusion control, with nonunity 
values of a being due to steric and other require- 
ments. At the closest comparable solvent com- 
positions of the two studies the rate constants 
agree absolutely within about 20% (k = 3.3 x 
10' M-' s-I in 81.4 wt.% glycerol at 60.1°C and 
k = 4.2 x lo7 M-I  s-I in 79.1 wt.% glycerol 
at 56.8"C), which is fair considering the different 
solvent con~positions and methods of prepara- 
tion. 

At the highest glycerol composition employed 
a is close to 1, indicating that the rate of the 
reaction is close to that ~redicted for reaction 
between uniformly reactive spheres of equal 
radii. Obviously heme and CO are not uniformly 
reactive spheres and their radii would be signi- 
ficantly different.2 

With these considerations, taking a slightly 
more sophisticated model (17) and factoring a 
into components 

where rCoS is the Stokes radius of CO, and oco 
and oherne are steric factors on CO and heme 
which may be visualized as the fraction of the 
total surface area on each reactant over which 
reaction can occur. It is known that the radii 
of 0, molecules in glycerol-water, calculated 
from eq. 2 and polarographically determined 
diffusion coefficients (18), are anomalously 

=The radius of the heme molecule from X-ray data is 
estimated from the shortest in-plane dimension (15) on 
tetraphenylporphine to be -4 A. The radius of CO is 
estimated from gas viscosity data (16) to be 1.8 A. 
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small (the Stokes radii vary from 0.15 A in 80 
wt.% glycerol to 0.086 A in 92.5 wt .2  glycerol). 
These radii are between 12 and 21 times smaller 
than might be reasonably expected. Conversely, 
the diffusion coefficients are abnormally large in 
these solvents. Similarly, for the diffusion of 
H 2 0  in glycerol-water (19) the Stokes radii have 
also been found to be anomalously small. What- 
ever the cause for the failure of the Stokes- 
Einstein expression, since eq. 3 is based on eq. 2, 
the contribution of the smaller Stokes radii 
should be considered in eq. 11. Assuming a value 
of oco of + (17), the values of ohem,, calculated 
from the Stokes radii for 0 2 ,  physically reason- 
able radii for heme and C02 ,  and experimentally 
determined values of ci in eq. 11, are given in 
Table 2. 

A reasonable independent approximation to 
ohem, might be the ratio of the area of the binding 
site, considered to be equal to the cross-sectional 
area of a CO molecule, to the surface area of the 
heme considered as a sphere.' This ratio is 

2 
(Theme = ACO/Aheme = 7CYC0 /4iTrhem> = 0.05. The 
experimental values range from 0.04 to 0.1 which 
is in good agreement, considering the model and 
its assumptions. These values of ohem, are up to 
26 times larger than corresponding values (10) 
found for the reaction of myoglobin and CO 
where, as might be expected, the steric require- 
ments are more severe. The reasons for the de- 
cline in ohem, or ci with solvent composition can- 
not be explained with any certainty. Qualitative 
changes in the hydration shell from lowest to 
highest water compositions could conceivably 
change the steric requirements of the reactants. 
This change might come about through a change 
in the long range interaction potential (16) due 
to changes in the dielectric constant (A&/& - 
25% (2)) or charge distribution. Possibly the 
model is oversimplified in its assumptions. 

In a more sophisticated theoretical treatment 

TABLE 2. Diffusion control and steric factors for the reac- 
tion of heme and CO in mixtures of glycerol-water 

wt.% Radius 
glycerol a factoro obemeb 0 (")c r~ (A)d 

.Equal to (rhCrn. + rc0)(rhernc + r ~ ~ ~ ) l r h ( ~ ~ r ~ ~ ~  in eq. 11. 
bFraction of total surface area for reactlon on heme. Comvares to a 

calculated value of 0.05. 
=Half cone angle of constraint for l~gand entry. 
dTarget radius. Compares to rco 2 1.8 

of diffusion controlled reactions (5-7), a model 
was employed that included the effects of both 
translational and rotational diffusion. This 
model made the following assumptions: (1) the 
center of the incoming ligand (a mobile orien- 
tatable sphere of radius rco) must lie on the sur- 
face of a small target hemisphere of radius r, 
centered at a distance rco above the reactive site 
on the surface; (2) the reactive site vector must 
lie within the reaction cone of constraint (half 
cone angle 0); and (3) Orco = r, (0 in radians). 
From these considerations, an equation, said to 
be valid to better than 20%, was presented (5) 
that was not formally derived but rather in- 
ferred from the results of numerical integrations. 

[12] kD = 

(1 - cos 0) Orco (rcoS + rheme)2000RT 
3rcoS rheme 

A feature of eq. 12 is its extreme sensitivity to 
0, particularly at low 0. A measure of ci as before 
may be obtained from eq. 12 by comparison 
with eq. 5. 

From the experimental values of ci and eq. 13, 
values of 0 and r, are given in Table 2. Both 0 
and r, decrease at higher water compositions, 
which accords with the decrease in ohem, in the 
previous model. The large values of 0 indicate 
that the heme binding site does not have a high 
steric requirement. The values of 0 obtained for 
the heme-CO reaction range approximately be- 
tween 50% and a factor of six larger (depending 
on the solvent composition) than that found (10) 
for the reaction of myoglobin and CO. These 
differences undoubtedly reflect the increased 
accessibility of heme compared to myoglobin. 
One possible interpretation of the large 0's is that 
reaction with Fez + may even be from either side of 
the planar heme molecule. The size of the target 
radius is also quite reasonable, being about the 
same order as that of the CO m~lecu l e .~  Prob- 
ably this model should not be relied upon to 
give much better than order-of-magnitude esti- 
mates in k,. 
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Thermodynamics of transfer of pnitroaniline from water to alcohol + water 
mixtures at 25°C and the structure of water in these media 
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KUMARDEV BOSE and KIRON K. KUNDU. Can. J. Chem. 55,3961 (1977). 
Free energies (AG,") and entropies (AS,") of transfer at 25°C of the nonelectrolyte p-nitro- 

aniline from water to various alcohol + water mixtures have been determined from solubility 
measurements at seven temperatures from 10-40°C. Increasing specific solute-solvent inter- 
actions have been proposed to interpret the nature of the AG,"-composition profiles and the 
enhanced structure of water in the water-rich mixed solvents has been correlated with maxima 
in the AS,"-composition profiles. The effectiveness of p-nitroaniline as a useful probe for 
studying solvent structure has been pointed out. 

KUMARDEV BOSE et KIRON K. KUNDU. Can. J. Chem. 55,3961 (1977). 
On a determine les energies libres (AG,") et les entropies (AS?) de transfert a 25°C du non- 

Clectrolytep-nitroaniline de l'eau vers divers melanges d'alcool + de l'eau; ces valeurs ont kt6 
determinkes a partir de mesures de solubilite a sept temperatures entre 10-40°C. On a propose 
une augmentation specifique des interactions solute-solvant pour interpreter la nature des 
profils AG? des compositions et l'on a pu effectuer une correlation entre ]'augmentation 
d'orientation de l'eau dans des solvants mixtes riches en eau et les maxima dans les profils 
AS? con?position. On a mis en evidence l'efficacitk de la p-nitroaniline comrne sonde utile pour 
etudier la structure de solvants. 

[Traduit par le journal] 

Introduction structure studies as any of the more sophisticated 

From the study of a wide variety of processes methods. 

in aqueous mixtures of simple nlonohydric Recently, interpretation of entropies of trans- 

alcohols (1-3), it is now a fairly well-established fer of hydrogen halides in terms of solvent 

fact that small amounts of alcohols strengthen Structure has been attempted for a few 
the three-dimensional structure of liquid water. Systems, ethylene glycol + water ( l  

In terms of Frank and Wen's "flickering clusters" urea + water (1 lc), tert-butyl alcohol + water 

(4), the average lifetime of such bulky ice-like (12a), ~ ~ o ~ a n - ~ - o l  + water (12b-e), and ethanol 

clusters is extended; in other words, the equili- + Water (12~-e). The ionic entropies of transfer 

brium, bulky "icebergs" tt monomeric water, obtained (1 lb) or guessed (1 lc) therefrom have 

existing in pure water is shifted to the left in proved useful but electrostatic contributions 

water-rich aquo-alcoholic mixtures. necessarily confuse the issue. In this regard, 

thermodynamic quantities, specifically the ne~~ t r a l  nonelectrolytes should be better suited 

enthalpy and the entropy, of transfer of quite a as structural probes. Furthermore, as pointed 

number of inert nonelectrolytes have been used Out by Arnett ( 5 ) 9  the rather than the 
to glean structural information in aquo-organic e n t h a l ~ ~ ,  of transfer of these species should be 

mixtures (5-7). ~h~ determination of these considered to reflect structural features more 

transfer parameters is very simple, being obtain- 
able from heat of solution and/or solubility data In this study the by us is 

at different temperatures. These observations p-nitroaniline (PNA). Although it cannot accur- 

support the findings obtained by use of more ately be called a nonelectrol~te, PNA, having a 

direct techniques like nmr spectroscopy (8), predominant resonance contribution from a 

ultrasonic absorption and relaxation p), and zwitterionic structure (see Discussion), has an 

X-ray diffraction (lo), and may prove to be as appropriately low solubility in alcohol + water 

valuable and as reliable probes to solvent- solvents, yet a high enough optica1 
extinction coefficient at 380 nm to be determined 

'Author to whom correspondence should be addressed, accurately by s ~ e c t r o ~ h o t o m e t r ~ .  Saturated 
'Revision received July 13, 1977. solubilities of pNA in water and in aqueous 
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mixtures of methanol, ethanol, isopropanol, and [4] AS: = - [(b, - b,) + (c, - c,) 
tert-butyl alcohol were measured at seven 
equidistant temperatures ranging from 10 to -I- (cS - cW) In To1 
40°C and the free energies (AG:) and entropies where To = 298.15 K, and the subscript w indicates 
(AS:) of transfer from water to the mixed quantities for water. AG: and AS: values are 
solvei~ts were obtained therefrom. given in Table 1 ; the maximum uncertainties in 

Experimental 
The alcohols were purified by standard methods (13). 

The water used was distilled in an all-glass apparatus after 
prior de-ionization and distillation with alkaline per- 
manganate. The pNA (Riedel) was recrystallized twice 
from 95% ethanol and dried in vacuo. The mixed solvents 
were prepared by mixing weighed quantities of alcohol 
and water. The aqueous mixtures of methanol and ethanol 
contained 10, 20, 30, 50, and 70% while those of isopro- 
pan01 and tevt-butyl alcohol contained 10, 20, 30, and 
50% by weight of alcohol. The measurement of solubilities 
at each temperature in the various solvents was essentially 
similar to that described previously for ethylene glycol + 
water (14a) and methanol + propylene glycol mixtures 
(146) at 25°C. In order to restrict the absorbance values 
within the range 0.100-0.800 the saturated solutions were 
diluted (200-5000 times) with water. Optical absorbances 
of the diluted solutions were measured by a Beckmann DU 
model G 2400 spectrophotometer at 380 nm. The molar 
extinction coefficient of pNA in water was taken to be 
12 800 (15). Saturation at a given temperature was 
attained in all solvents within 7-10 days. The error in 
measuring solubility was about + 2%. 

Results 
Molar solubilities (S,) of pNA in the aquo- 

alcoholic solvents as well as in pure water at 
different temperatures, expressed as -log S,  are 
available el~ewhere.~ The free energies of 
solution (AG;) on the molar scale were calculated 
for each solvent using [ l ]  

and fitted by the method of least squares to an 
equation of the form 

where T is the absolute temperature. The values 
of the coefficients a,, b,, and c, are listed in 
Table 1 .  The free energies (AG:) and entropies 
(AS:) of transfer at 25°C were calculated 1 sing 
PI and [41 

3Complete set of the actual experimental data is 
available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Canada KIA 0S2. 

these quantities as calculated by Please's method 
(16) are f 0.06 kJ mol-I and 54.0 J K-I mol-I 
respectively. 

Discussion 
As seen from Fig. 1 ,  AG; for pNA decreases 

as the proportion of alcohol in the solvent 
increases, while AS: passes through a maximum 
for all alcohols. Since the pNA molecule is a 
resonance hybrid and the most important con- 
tributor is the zwitterionic form 

H ~ N + = ~ N o ~ -  - 

the observed behaviour will be dictated by the 
solvation of the hydrocarbon nucleus as well as 
of the charged ends relative to their solvation 
in pure water. 

It has been observed by various workers 
( 1 ,  5, 1 1 ,  17) that entropies of transfer of various 
electrolytes, polar nonelectrolytes, and neutral 
nonelectrolytes pass through maxima at certain 
critical con~positions of alcohol + water 
mixtures. In our recent papers (12) we have 
attempted to explain the AS: values for hydrogen 
halides in these mixtures in terms of a four-step 
mechanism proposed earlier ( 1  la-c). Lately, this 
approach has been rationalized by a semi- 
quantitative treatment of the transfer process 
(12e). The same approach may be used, with 
some modifications, to deal with the present 
problem concerning AS?'s of pNA. As will be 
shown, the same formulation of the process 
provides a satisfactory interpretation of AG: as 
well. 

The hydrophobic effect ( 1  8,19) of the aromatic 
nucleus in pNA is a characteristic feature of all 
such solutes possessing a bulky organic group 
and provides the key to the understanding of the 
problem. It has been suggested by Parker and 
co-workers (20) that water molecules around a 
hydrophobic solute form a hydrogen-bonded 
network among themselves and the formation of 
such a highly ordered surface or 'skin' contri- 
butes appreciably to the AS: of the solute. 

The model we adopt for discussion of the 
solvated state of the pNA molecule is shown in 
Fig. 2. The general amphiphilic solute molecule 
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TABLE 1. Coefficients of [2] and free energies and entropies of transfer ofp-nitroaniline from water to alcohol + water 
mixtures at 25°C 

Mol% as/ bs/ cSl Act''/ AS?/ 
Alcohol alcohol (kJ mol-') (kJ mol-I K-') (kJ mol-I K-l) (kJ mol-') (J K - l  mol-l) 

Methanol 5.88 -35.50 1.5184 -0.23810 -0.67 11 
12.33 152.47 - 2.6065 0.37437 -2.10 34 
19.43 -64.89 2.2701 -0.35421 -3.18 37 
35.99 10.06 0.4363 - 0.07836 -6.38 23 
50.00 -0.66 0.5988 -0.10171 -8.32 17 
56.76 70.40 - 1 .0649 0.14804 -9.01 8 

Ethanol 4.17 -12.67 1.0314 - 0.16604 -0.64 15 
8.91 87.58 - 1.1087 0.14979 -1.94 40 

14.36 51.43 -0.2594 0.02083 -3.94 54 
28.13 34.84 -0.1358 0.00676 -7.58 25 
40.00 31.25 -0.1762 0.01511 -9.02 10 
47.73 - 124.37 3.3365 -0.51011 -9.55 15 

Isopropanol 3.23 54.35 -0.3704 0.04039 -0.87 34 
6.98 92.14 -1.1170 0.14797 -2.94 60 

11.39 -3.74 0.8274 -0.13851 - 5.76 3 5 
20.00 44.66 -0.4537 0.05640 -8.21 10 
23.08 -85.47 2.4614 - 0.37879 -8.49 10 

tert-Butyl alcohol 2.63 -21.42 1.3943 - 0.22474 -0.90 45 
5.73 297.30 -5.7697 -3.58 55 0.84341 
9.44 24.44 0.1164 - 0.03055 -6.15 15 

15.00 -22.76 1 .0574 -0.16889 -7.81 8 
19.57 -38.93 1.3586 -0.21252 -8.31 - 1 

Water 39.55 -0.2139 0.02215 - - 

2 0 . 0  
0 methanol  
Q ethanol 

13 isopropanol 

v t e r t - b u t y l  alcohol 

10.0 
- 
I_ 0 

E 
k 

f 
0 C 
m 
Q 
I- 

0 

w 
a 

-10.0 

Mole 2 Alcohol 

FIG. 1. Variation of AGtO and TAStO of p-nitroaniline 
at 25°C on the molar scale with alcohol mole percent. 

M is represented by R (X,,X ,...), where R is the 
hydrophobic moiety and X,,X ,... are hydro- 
philic groups capable of undergoing hydrogen- 
bonded interactions with water or any other 
suitable solvent. In pure water as well as in a 
mixed aqueous solvent, M is enclosed by the 
hydrophobically created skin and X,,X ,... enter 
into hydrogen-bonding with water or cosolvent 
molecules at the skin surface. If the cosolvent is 
an amphiphilic molecule R'Z (R' = hydrophobic 
part, Z = hydrophilic part), in the mixed solvent 
R'Z molecules may enter the cavity and parti- 
cipate in two types of interactions: (i) dispersion 
interaction between R'  and R, (ii) hydrogen- 
bonded interaction between Z and the skin 
surface. Collectively, these interactions may be 
called 'buffer bonds', as the R'Z molecule acts 
as a buffer, so to speak, between the R group 
and the skin. 

The transfer of the molecule M from water to 
the mixed solvent, i.e. from state (a) to state (b) 
(Fig. 2) may be considered to take place in four 
successive steps: ( I )  rupture of the H-bonds 
between X,,X ,... and the skin surface, followed 
by the removal of M from the cavity; (2) collapse 
of the skin to form normal water structure; (3) 
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(b) 

created ;kin' 

FIG. 2. An amphiphilic molecule in (a) water, (b) mixed 
aqueous solvent. In the transfer process, (a) is the initial 
state and (b) is the final state. 

creation of a suitable cavity inside the mixed 
solvent; (4) introduction of M into the solvent 
cavity and formation of buffer bonds. 

The change of any standard thermodynamic 
function X0 (free energy, enthalpy, heat capacity, 
etc.) in the overall process will then be given by 

with 

[6bI AX2 = XbW - XaW 

[6cI AX, = X," - XbS 

where the subscripts a and b respectively signify 
states of solvent molecules in the 'skin phase' and 
in the 'bulk phase', the superscripts w and s refer 
to pure water and mixed solvent respectively, and 
AX,, and AX,, are the thermodynamic func- 
tions of formation of the total number of hydro- 
gen bonds and buffer bonds respectively. 

Combining [6a]-[6d] with [5], we get 

This equation is quite general and may be used 
to predict the behaviour of AX: for any amphi- 
philic solute in aquo-organic solvents. In the 
present case where M = pNA and the cosolvent 
is an alcohol R'OH, the analysis of AG: and 
AS: in terms of [7] is as follows. 

Free Energies of Transfer 
The skin phase is a more compact and more 

stable structure in pure water than in a mixed 

solvent, because steric inhibition (by R') and 
fewer H-bonding sites in R'OH discourage 
strong solvent-solvent interactions when R'OH 
is present in that phase. With the increasing 
addition of R'OH, the skin phase becomes more 
and more loosely bound, which means that the 
term (G," - Gaw) is increasingly positive. In the 
mixed solvent as compared to water, the strength 
of individual H-bonds in the bulk phase increases 
while their total number decreases (17). Con- 
sequently, the change in the total interaction 
energy in the bulk solvent with increasing pro- 
portions of alcohol should be small, i.e. the 
term (Gbw - Gbs) is small, whatever its sign may 
be, at least when the alcohol content is not too 
high. 

The term (AGHBs - AGHBw) relates to the 
H-bonding interactions of the NH, and NO, 
groups with the skin surface. The positively 
charged NH, group is likely to be solvated pre- 
ferentially by the more 'basic' alcohol molecules 
and the negatively charged NO, group by the 
more 'acidic' water molecules (21). Thus, out of 
the four H-bonds formed, two are progressively 
strengthened and two weakened with increasing 
proportions of R'OH. It follows that the value 
of (AGHBs - AGHBw) should remain approxi- 
mately zero with changing solvent composition. 

With increasing alcohol content, dispersion 
interactions between R'  and the hydrocarbon 
nucleus ofpNA grow increasingly strong causing 
AGBB to assume increasingly large negative 
values. 

The sharp fall of AG: in water-rich composi- 
tions arises from the predominance of AGBB over 
the other terms in these regions. With further 
amounts of added alcohol, dispersion inter- 
actions reach saturation and the term (G," - 
Gaw) becomes sufficiently large to cause a 
flattening out of the AG? curve, as observed. The 
observed order in IAG?I: tert-butyl alcohol > 
isopropanol > ethanol > methanol, is a con- 
sequence of the increasing strength of dispersion 
interactions with increasing size of R'. 

Entropies of Transfer 
For reasons cited above, the skin phase is a 

more ordered region in pure water than in a 
mixed solvent, hence (S," - Saw) is a positive 
quantity which increases in magnitude with 
increasing alcohol mole percent. 

Small quantities of alcohol are known to 
extend and reinforce the hydrogen-bonded three- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOSE AN D KUNDU 3965 

dimensional structure of water (17). The 
'supernormal' structure in water-rich com- 
positions is rapidly broken up by further 
addition of alcohol, with the commencement of 
formation of alcohol-water H-bonded associates, 
the so-called two-dimensional structure (17). In 
the region where the supernormal structure is 
being built up, order is being created in the bulk 
solvent and (Sbw - Sbs) is iilcreasingly positive. 
In the region of structural collapse and destruc- 
tion of bulk order, the positive value of this term 
decreases. This means that (Sbw - Sbs) should 
pass through a maximum at the point of maxi- 
mum structure promotion. 

The third term at [7], (ASHBS - ASHBW), is 
even less important than the corresponding free 
energy term, since the change in configuration 
and disposition of the H-bonds formed by the 
NH, and the NO, group is hardly significant to 
cause appreciable changes in entropy. 

The formation of buffer bonds in the mixed 
solvent leads to an ordering effect of a kind 
which slightly increases with increasing alcohol 
content; ASBB is thus increasingly negative, 
although the increase is slow. 

In water-rich compositions of alcohol + water 
mixtures, the behaviour of AS," ought to be 
guided almost exclusively by the bulk structure 
term (SbW - Sb" since the opposing smaller 
effects of the skin phase term (Sa" Saw) and 
the buffer-bond term are likely to neutralize each 
other. At higher alcohol contents, where these 
terms are of comparable magnitude, the observed 
AS," contains a significant contribution from 
each. Since the bulk structure term first increases 
and then decreases, the appearance of a maxi- 
mum near the region of maximum solvent 
structuredness is an expected feature of the 
AS," curves in alcohol + water mixtures. 

The position, height, and sharpness of the 
maximum depends on the structure-forming 
propensity of the alcohol concerned. Indeed, as 
Fig. 1 shows, AS," for tert-butyl alcohol not only 
reaches the highest maximum and reaches it the 
earliest, but also falls away the most rapidly. This 
is because, of all the hydrocarbon groups (R'), 
the tert-butyl group is the largest and hence the 
most effective in promoting water structure. As 
R' decreases in size, the maximum shifts towards 
higher alcohol mole percents, becoming shorter 
and broader at the same time, till at methanol, it 
is only a smooth hump. The maximum appears 
for tert-butyl alcohol at 0.04, for isopropanol at 

0.07, for ethanol at 0.15, and for methanol at 
0.20 mole fraction of alcohol. These positions 
agree more or less with those obtained from other 
studies (1) and seem to represent the solvent 
composition at which the highest degree of 
water structure prevails. 

It may be questioned whether it is justified to 
ignore the effect of simple electrostatic solvation 
in our discussion, sincepNA has a predominantly 
zwitterionic structure. In mixed solvents having 
dielectric constants less than that of water, the 
electrostatic contributions to AG," and AS: of 
a pair of ions, as estimated tentatively by the 
Born equation, may be shown (12) to have 
positive and negative values respectively. This 
would mean that after correcting for this effect, 
AG," values will become more negative and 
AS," values more positive, while their essential 
behaviour remains unaltered, and the present 
model still explains the observed trends satis- 
factorily. 
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Carbonyl stretching frequencies in acyl- and aryl-substituted phenyl benzoates 
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AHMAD SAMI SHAWALI and NAMEK FARAHAT EWEISS. Can. J. Chem. 55,3967 (1977). 
The infrared carbonyl stretching frequencies of acyl-substituted p-tolyl, phenyl, andp-chloro- 

phenyl benzoates, XC6H4COOC6H4Y, have been determined in carbon tetrachloride. Each 
of the substituted phenols generated an independent V-o plot which was correlated precisely 
with the Harnmett equation (r = 0.999-0.998). The values of px so obtained show no tendency 
to vary with the structure of the parent phenol and are all within k0.202 of the mean value of 
13.899. Similar correlations were obtained with the Hammett plots made by varying the aryl 
moieties of the esters while holding the acyl portions constant. For the four sets (4-8) studied, 
the mean value of py is 8.964 k 0.266. Using the slopes of VcZo vs. o correlations in the series 
studied, the transmissive factor for the ether bridge in carbon tetrachloride was calculated 
(n' = 0.64). An expression relating substituents in both acyl and aryl moieties to the mono- 
substituted compounds suggests that substituents on the two different groups act reasonably 
independently of each other; AVxy = 1.021 (k0.031) (AVx + A&) - 0.44 (k0.254). For all 
esters studied the equation Vxy = 127.215 (k 1.444) ((ox/py) + (oY/pX)) + 1734.9 (k0.078) 
was found to hold with r = 0.998. 

AHMAD SAMI SHAWALI et NAMEK FARAHAT EWEISS. Can. J. Chem. 55,3967 (1977). 
On a dktermint, dans le tktrachlorure de carbone, les frtquences d'tlongation du carbonyle 

dans I'infrarouge de benzoates de p-tolyle, de phtnyle et dep-chlorophknyle, substituts dans la 
portion acyle, XC6H4COOC6H4Y. Chacun des phtnols substituks gtnere une courbe T/o 
independante qui prksente une corrtlation prkcise avec l'tquation de Hamrnett (r = 0.999- 
0.998). Les valeurs de px ainsi obtenues ne prksentent aucune tendance de variation avec la 
structure du phenol de base et soiit toutes a l'inttrieur de k0.202 de la valeur moyenne de 
13.899. On a pu obtenir des correlations semblables avec les courbes de Hammett en faisant 
varier la portion arylke des esters et en maintenant les portions acylkes constantes. Pour les 
quatre stries (4-8) CtudiBes, la valeur moyenne de py est de 8.964 + 0.266. Utilisant les pentes 
de &=o vs. o daiis les series etudikes, le facteur de transmission du pont ether6 dans le tetra- 
chlorure de carbone a pu &tre calculC (n' = 0.64). Une expression reliant les substituants & la fois 
des portions acyles et arylCs avec les composCs monosubstituts suggkre que les substituants 
sur les deux groupes diffkrents agissent d'une f a ~ o n  raisonablement indkpendante I'un de 
I'autre AVxy = 1.021 ( k  0.031) (ATx + AVy) - 0.44 (k0.254). Pour tous les tthers ttudies 
]'equation: Vxy = 127.215 (+ 1.444) ((ox/py) + oY/px)) + 1734.9 (i-0.078) est suivie avec 
r = 0.998. 

[Traduit par le journal! 

Linear correlation of the infrared group fre- 
quencies in meta- and para-substituted benzene 
derivatives with the Hammett o constant have 
been reported by several workers (1). The re- 
lation is usually expressed by a Hammett-type 
equation, 

[I I v = po + v, 
A survey of literature indicates that the sensi- 

tivity, as measured by p, of the group frequency 
to substituents in structurally related compounds 
seems to exhibit little, if any, change with the 

'Author to whom all inquiries should be addressed. 

structure of the parent compounds. For example, 
the values of p reported for ethyl benzoates (2) 
and acetophenones (3) in carbon tetrachloride 
are 14.81 and 15.9, respectively. To shed more 
light on this problem, the carbonyl stretching 
frequencies of phenyl benzoates (1-8), which 
were substituted in both the acyl and aryl 
moieties, were determined in carbon tetra- 
chloride. Each aryl derivative was used to gener- 
ate an independent Hammett plot by systematic 
substitutions on the acyl groups. The present 
infrared investigation was also undertaken to 
obtain quantitative information pertinent to the 
effectiveness of the transmission of electronic 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 55 ,  1977 

1 x = pOCH,, p-CH,, H, pCI,  m-CI, m-NO,, P-NO,; 
Y = H  

2 X = H, p-CI, p-NO,, m-C1, m-NO,; Y = p-CH, 
3 X = H, pCH3, pC1, m-NO,, pNO,; Y = p-C1 
4 X = H; Y = pCH,, H, pC1, m-CI, p A c ,  m-NO,, p-NO, 
5 X = pCI;  Y = rn-CI, p-C1, H, p-CH, 
6 X = p-NO,; Y = p-C1, p-Me, m-C1, H 
7 X = p M e ;  Y = m-NO,, pC1, pNO,, H 
8 X = m- NO,; Y = p-C1, H, p-Me 

effects through the ether bridge, and to examine 
the effects of multisubstitution. 

Results and Discussion 
The EfSect of Substituents on the Acyl Moiety 

The carbonyl stretching frequencies (cm-I) 
obtained for the esters studied in carbon tetra- 
chloride are listed in Table 1. As can be seen in the 
table, electron attracting groups shift the ab- 
sorption band to higher frequency values 
(cm-I), as compared with the unsubstituted 
compound, in the three series (1-3) studied. An 
opposite shift is observed in the compounds with 
substituents that supply electrons. The values of 
V,=, (cm-l) have been correlated with the o 
constants as taken from Ritchie and Sager (4). 
A computer program was written to carry out 
the least-squares and statistical treatment of the 
data with the o constants according to the 
method of Jaffe (5). The results of the computa- 
tion for the three series of esters are given in 
Table 2. It is obvious that there is no apparent 
tendency of the p values to vary as the pK, of the 
phenol changes. All of the p values are within one 
standard deviation from the mean value of 
13.899. The p value of -13.90 obtained for 
phenyl benzoates should be compared with the 
value of 14.81 obtained from a similar study on 
ethyl benzoates (2). The ratio of these p values, 
being close to unity, further substantiates the 
foregoing conclusion that the value of p appears 
to be independent of the nature of the alcohol 
portion of the ester molecule. 

In order to get a further estimate of the re- 
lative importance of resonance (R) and field (F) 
effects, the treatment reported by Swain and 
Lupton (6) has been employed using the equa- 
tion 

where a and p represent the sensitivity of C--0 
stretching frequency to the field and resonance 
effects, respectively. The equation that fits the 
data for phenyl benzoates, 1, is 

The value for the resonance contribution, 97, R, 
to the correlation is ca. 45 (7).' Comparison of 
this value with that reported for benzophenones 
(97, R = 43) (3) indicates that sensitivity of the 
carbonyl stretching frequencies to resonance 
effects in these two series of compounds is 
approximately the same. 

The EfSect of Substituents on the Aryl Moiety 
In 1960, Freedman (7) observed that the C=O 

stretching frequencies of aryl acetates failed to 
correlate with o for the para-substituents. To 
explain this behaviour, he concluded that the 
frequency was dependent only on the inductive 
component of o.  In 1973, Cohen and Takahashi 
(8) determined the absorption frequencies of the 
C=O group in a series of 48 mono- and poly- 
substituted phenyl hydrocinnamates in CCl,, 
and found the values to correlate well with o0  
(or Zoo) constants for the ring substituents. 
They concluded that the carbonyl frequency is 
thus dependent on the electronic effects (in- 
ductive and resonance) that the substituent group 
would exercise on the C-1 bearing the acyloxy 
group. More recently, do Amaral and do Amaral 
(9) observed that the values of the carbonyl 
group absorption frequencies for three series of 
phenyl esters of allylacetic, diphenylacetic, and 
allyldiphenylacetic acids in CCl, are satisfac- 
torily correlated with o as well as o0 constants. 

In the present study, the application of Ham- 
mett's equation for the carbonyl group absorp- 
tion frequencies of the four sets of aryl benzoates, 
4 to  7, using o as well as on and o0 constants was 
tried. Values of o ,  on, and o0 were taken from 
the compilation of Ritchie and Sager (4). The 
results of the statistical analysis of the data by 
the least-squares method are given in Table 3. 
It  can be seen that for a given set of esters the 
values of p, pn, and are in very close agree- 
ment, and that the values of the correlation 
coefficients do not permit a judgement as to 

ZPercent resonance contribution was calculated as 
indicated in ref. 6; c$ and y were calculated internally, 
based upon the number of points used in the correlation. 
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TABLE 1. Carbonyl stretching frequencies (cm-') and characterization of phenyl ben- 
zoate~, XCsH4COOC6H4Y 

Acid Phenol 
substituent substituent - mp (lit. mp) 

X Y V C = O ~  AT ("c) Ref. 

4-OCH, H 1731 -4.0 85-86(87) 12 
4-CH3 H 1733 -2.0 82(83) 13 
H H 1735 0.0 71(68) 10 
4-C1 H 1738.5 3.5 108(107) 15 
3-C1 H 1739.5 4.5 58(56) 10 
3-NO2 H 1744.5 9.5 98-99(97-98) 16 
4-NO2 H 1746 11.0 128(128-129) 10 
H 4-CH3 1733.5 -1.5 72(70-71) 10 
H 4-C1 1737 2.0 89(88-89) 10 
H 3-CI 1738.5 3.5 72(71-72) 17 
H 4-COCH, 1739 4.0 135(132-133) 18 
H 3-NO2 1741.5 6.5 96(95) 14 
H %No2 1742.5 7.5 142(142-143) 10 
4-CH, 3-NO2 1739 4.0 106(106-107) 10 
4-CH3 4-C1 1734.5 -0.5 91(91-92) 19 
4-CH, 4-NO2 1739.5 4.5 122(120-121) 10 
4-C1 3-Cl 1741.5 6.5 94(95) 20 
4-C1 4-C1 1740 5.0 96(96-96.5) 10 
4-C1 4-CH, 1736.5 1.5 98(97.5-98.5) 10 
4-NO2 4-C1 1748 13.0 171(171-172) 10 
4-NO2 4-CH3 1744 9 . 0  98(98-99) 10 
4-NO2 3-C1 1749 14.0 162-163(164-165) 20 
3-C1 4-CH3 1738.5 3.5 78(75.1-76) 21 
3-NO2 4-C1 1747 12.0 124(124.5) 17 
3-NO2 4-CH3 1743 8.0 76(77-78) 22 

UMeasured in carbon tetrachloride. 

TABLE 2. Correlation between the carbonyl frequencies (cm-') of acyl-substituted phenyl 
benzoates in CC14 and the Hammett substituent constantsa 

- - - - - - - - - - - - - - 

Series Best-fit linear equation r s," S,b n 

'Hammett's p value is dimensionless. In this work it has the dimension of cm-' as is common in the literature 
in spectroscopic comparison. 

&Standard deviations in the slope (So) and intercept (S,). 

which one of the o value series our results fit 
best. This probably results from the fact that the 
values of o, on, and o0 for the substituents 
examined are so similar that a statistically valid 
distinction becomes impossible. The mean values 
of p, pn, and p0 for the four sets of esters are 
8.966, 9.274, and 8.836 and the mean standard 
errors are 20.266, k0.674, and k0.473, 
respectively. 

These data also show that the p value appears 
to be insensitive to the nature of the acyl portion 
of the esters over the range studied. This result 
is in accord with the finding of Kirsch et al. (10) 
that the values of p obtained for the rates of 

alkaline hydrolysis of acyl-substituted p-nitro- 
phenyl, m-nitrophenyl, p-chlorophenyl, phenyl, 
and p-tolyl benzoates show no tendency either to 
increase or decrease with the intrinsic reactivity 
of the parent phenol. All values are within 
5 0.040 of the mean of 2.021. 

A comparison of the results reported in Tables 
2 and 3 reveals that the stretching frequency of 
the ester carbonyl group is more sensitive to 
substituent effects in the acyl portion than in the 
phenolic moiety. This greater sensitivity is 
obvious in terms of the vibrating CO group being 
one bond closer to the acyl substituent than it is 
to the phenol. Taft and Lewis (11) have shown, 
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TABLE 3. Correlation between the carbonyl frequencies (crn-') of substituted phenyl 
benzoates in CC14 and the Harnmett substituent constants 

Best-fit linear equation Y SO Si n 

Aryl benzoates, 4 
0.996 0.360 
0.996 0.507 
0.998 0.252 

Aryl p-chlorobenzoates, 5 
0.993 0.725 
0.972 2.110 
0.982 1 .I73 

Aryl p-nitrobenzoates, 6 
0.995 0.663 
0.998 1.563 
0.993 0.787 

Aryl p-toluates, 7 
0.998 0.384 
0.996 0.705 
0.994 0.868 

empirically, from a consideration of substituent 
effects upon the dissociation constants of acids, 
that the transmission of electronic effects through 
saturated atoms falls off according to the 
equation p E (2.8 + 0.5)lTi, where i = the 
number of saturated atoms between the benzene 
ring and the reaction centre. 

The correlation of the data for series 4 with 
F and R constants gave the relation 

and a value of 34% for the resonance contribu- 
tion to the correlation was obtained. This value 
suggests that the ether bridge can transmit 
resonance effects. 

Using the p values obtained for acyl-sub- 
stituted phenyl benzoates and aryl-substituted 
phenyl benzoates (cf. Tables 2 and 3) we cal- 
culated the transmissive factor of the electronic 
effects for the ether bridge, nor,  from the 
equation 

where p, and py are the slopes of the A 5  vs. 
ox and A 5  vs. oy linear free-energy relationships, 
respectively. The average value of no' obtained 
from the different series studied was found to be 
63.97 (52.358)x. This value is, within statistical 
limits, close to the value of 62% calculated from 
the reaction constants of alkaline hydrolysis of 
substituted phenyl benzoates (12). 

Substitution in Acyl and Aryl Moieties 
In an attempt to gain further information as to 

the influence of a substituent on the acyl group 
or of a substituent on the phenolic ring, the 
disubstituted phenyl benzoates in Table 1 were 
examined. If an acyl substituent has the same 
effect on the carbonyl frequency, regardless of the 
substituent on the aryl group, then a plot of the 
sum of AV values for the two monosubstituted 
compounds vs. the A 5  value for the correspond- 
ing disubstituted compound should give a 
linear relationship. Least-squares analysis of the 
data provides eq. 4, with correlation coefficient, 
r = 0.995. 

The good correlation obtained (Fig. 1) sug- 
gests that substituents on the phenolic ring 
influence the carbonyl stretching frequency in a 
manner which is reasonably independent of 
substituents on the benzoyl group and vice 
versa. This observation suggests, therefore, that 
the effect of substituents on the carbonyl stretch 
ing frequency of aryl aroate would be correlated 
by 

A similar equation was proposed by Jaffe (5) 
for compounds containing two substituted 
benzene rings that are not symmetrically placed 
with respect to the reaction site. To test the 
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5r  

FIG. 1. Correlation of ATX, (cm-') for disubstituted 
phenyl benzoates with (A& + ATY) for the monsubsti- 
tuted analogs. 

applicability of this equation, its linear form (eq. 
6) was used. 

In Fig. 2 are plotted the AV values for the CO 
absorption (cm-l) of the 25 compounds in the 
series studied as ordinate and the (ox/p,) + 
(oy/px) function as abscissa. It is seen that all 
mono- and disubstituted esters follow this 
Hammett relation closely. The equation of the 
straight line in Fig. 2, 

(with correlation coefficient, r,  of 0.998) can be 
used to predict the V,=, stretching frequencies of 
other substituted phenyl benzoates. 

Experimental 
Materials 

The substituted phenyl benzoates were generally pre- 
pared by the interaction of equivalent amounts of aroyl 
chloride and phenol in 10% sodium hydroxide solution 
or in pyridine while stirring as previously described (12). 
The products precipitated were collected by filtration, 

FIG. 2. Hammett plot of the carbonyl stretching fre- 
quency (cm-') versus the combined substituent effects for 
mono- and polysubstituted phenyl benzoates. 

washed with 5% sodium carbonate solution, crystallized 
from ethanol until a constant melting point was obtained, 
and then dried over P,O, in a vacuum desiccator. Table 
1 lists the uncorrected melting points obtained with an 
electrothermal melting point apparatus (Gallenkamp 
1A6301), and literature references for compounds pre- 
pared. 

Infrared Frequencies 
The ir stretching frequencies for all the esters were 

determined in spectral grade carbon tetrachloride using a 
Beckman IR-12 grating spectrometer operated in the 
expanded scale mode at a scan rate of 8 cm-'/min, chart 
speed of 1 in./min, and period setting of 2. Calibration and 
paper alignment difficulties were minimized by recording 
the 1583.1 cm-' polystyrene band on each spectrum. The 
carbonyl absorption band had a symmetric shape that 
simplified the determination of its position in the spec- 
trum. The band frequencies were taken at the half-width 
of the half-height. All frequencies reported were obtained 
from averaging at least three different scans, all of which 
gave frequencies which were within 0.3 cm-' of one 
another. The estimated relative error in frequencies is 
approximately 0.5 cn1-'. 

Calc~~larions 
The least-squares treatment, the multiple regression 

analysis, and other statistical computations (5) were 
performed using a Hewlett-Packard calculator model 
9830A. 
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NORIYUKI KATO, TOYOAKI KIMURA, and KENJI FUEKI. Can. J. Chem. 55,3973 (1977). 
Trapped electron yields were measured by means of optical absorption spectroscopy for a 

hydrocarbon glass y-irradiated at 77 K in the presence of an external electric field. It was 
observed that the yield of trapped electrons increased in .the presence of an external electric 
field as compared with that in the absence of an external electric field. The experimental results 
were analyzed theoretically and interpreted as due to overall effects involving changes in gemi- 
nate recombination times which were caused by an external electric field. 

NORIYUKI KATO, TOYOAKI KIMURA et KENJI FUEKI. Can. J. Chem. 55,3973 (1977). 
On a mesure les rendements d'6lectrons piegCs-en faisant appel a la spectroscopie d'absorp- 

tion optique-dans un verre hydrocarbon6 irradiC par des radiations y a 77 K en presence d'un 
champ Clectrique externe. On a observe que le rendement des electrons pieges augmente en 
presence d'un champ Clectrique externe par comparaison avec I'absence d'un tel champ. On a 
analyse les resultats experimentaux d'une faqon thCorique et on les a interpret& en fonction 
d'effects globaux impliquant des changements dans les temps de recombinaison geminale qui 
sont causes par un champ Blectrique externe. 

[Traduit par le journal] 

Introduction 
The properties of trapped electrons in organic 

glasses at low temperatures have extensively been 
investigated in the last decade (1-3). It is now 
well established that trapped electrons can be 
produced with significant yields in y-irradiated 
organic glasses. Trapped electron yields pro- 
duced in y-irradiated nonpolar hydrocarbon 
glasses at 77 K were reported by several investi- 
gators (4-10). The largest yield of trapped elec- 
trons (e,-) in y-irradiated hydrocarbon glasses 
was obtained for 2-methylpentane (2MP) glass in 
which G(e,-) was reported to be 1.1 at 77 K 
(10). 

The effect of an external electric field on the 
yield of trapped electrons in a y-irradiated 2MP 
glass at 77 K was first observed in the present 
work. By applying high voltages during y-ir- 
radiation, the yield of trapped electrons produced 
in 2MP glass was increased almost linearly with 
increasing external electric field strength under 
our experimental conditions. In order to inter- 
pret the experimental results, we have calculated 
theoretically the yield of trapped electrons in the 
presence of an external electric field by applying 
the Nernst-Einstein relation to the motion of 
thermalized electrons in the Coulombic field 
and assuming a modified exponential distribu- 
tion function for thermalized electrons. 

Experimental 
2-Methylpentane was used as a hydrocarbon matrix 

which forms a clear glass at 77 K and yields the most 
trapped electrons among hydrocarbon matrices reported 
hitherto. Tokyo Kagaku Seiki standard pure 2MP was 
dried over calcium hydride and purified with freshly 
activated molecular sieve (13X 1/16) pellets in vacuum. 
The sample preparation was carried out by distilling 
purified solvent into a quartz cell on a vacuum line. The 
cell was of a rectangular type (10 mm x 20 mm) with 
Suprasil windows and two stainless steel mesh electrodes 
separated by 1 mm from each other. A Fluke Model 
410B power supply was used to apply a high voltage 
between the electrodes during y-irradiation. The sample 
was y-irradiated at 77 K at a dose rate of 4.5 x lo5 rad 
h-I to a dose of 1.5 x lo5 rad. The range of external 
electric field strengths was 10-80 kV cm-'. The relative 
yield of trapped electrons at 77 K was determined by 
optical absorption measurements with a Hitachi Model 
323 recording spectrophotometer; the analyzing light 
was passed through the cell in the direction perpendic- 
ular to the electrode plane and the bleaching light from a 
slide projector was passed through the cell in the direction 
parallel to the electrode plane. The optical absorption 
measurements were made in such a way that the optical 
absorption of trapped electrons at 1700 nm was measured 
5 min after the termination of y-irradiation. 

Results and Discussion 
The experimental results are given in Figs. 1 

and 2. Figure 1 shows optical absorption spectra 
of trapped electrons produced in 2MP glass 
y-irradiated at 77 K in the absence (curve 1) and 
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FIG. 1. Optical absorption spectra of trapped electrons 
in 2-methylpentane glass y-irradiated at 77 K in the 
presence and absence of an external electric field: I, 
E = 0; 2-9, E = 10, 20, 30, 40, 50, 60, 70, and 80 
kV/cm, respectively. 

presence (curves 2-9) of an external electric 
field. It can be seen in Fig. 1 that the optical 
absorption increases in intensity with increasing 
applied voltage, but the shape and position of the 
absorption spectra remain essentially the same. 
Figure 2 shows the optical density ratio, ODE/ 
OD0, plotted against the applied electric field, E. 
Here O D ~  and OD0 are, respectively, the optical 
densities at 1700 nm of the trapped electron 
absorption observed for the samples y-irradiated 
in the presence and absence of an external 
electric field. The experiments were repeated 
several times at each applied field. As a result, it 
was found that the values of ODE/ODO given in 
the present paper were somewhat smaller than 
those in the previous communication (11). 
The values of ODE/ODO represented by vertical 
bars in Fig. 2 indicate the range of reproduci- 
bility in the experiments. 

Our theoretical analysis of the experimental 
results is based on an estimation of changes in 
recombination times of thermalized electrons by 

FIG. 2. Plots of observed ODE/ODO at 1700 nm and 
calculated G(et-)E/G(et-)O versus applied electric field 
strength: (-) n = 1.0: b = 75 (a), 72 (b), and 70 (c) A; 
(---) n = 0.1: b = 55 A. 

the presence of an external electric field which 
would affect the efficiency of electron trapping in 
the matrix. Figure 3 shows the potential energy, 
U(r), of an electron versus the separation dis- 
tance, r, between a positive ion and an electron. 
The potential energy in the presence of an 
external electric field is given by eq. 1. 

[1 1 U(r) = (- e2/&r) + eEr cos 0 

Here e is the electronic charge, e the dielectric 
constant of the matrix, E the applied field 
strength, and 0 the angle between the direction 
joining the electron to the positive ion and that 

- 0 6 t  I 
- 0.7 

FIG. 3. Potential energy curves of an electron in the 
presence of an external electric field. E = 50 kV/cm; 
E = 2.2. 
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of the external electric field. Figure 3 illustrates 
the potential energy curves for several values of 
0 at E = 50 kV cm-I. The curve for 0 = n/2 is 
identical to that in the absence of an external 
electric field. The potential energy increases 
monotonously with increasing separation dis- 
tance for 0 5 0 j 742, and it goes through a 
maximum for n/2 5 0 j n, where the distance, 
rm, at which the potential energy is maximum, 
depends on 0. The recombination times, z1 and 
z2, of thermalized electrons with positive ions 
can be calculated separately in the two regions 
of potential energies corresponding to 0 5 0 5 
n/2 and n/2 5 0 5 n, respectively. The motion 
of thermalized electrons at 77 K can be described 
to a good approximation by the Nernst-Einstein 
relation, neglecting the random diffusion of 
electrons due to their thermal motion. The 
Nernst-Einstein relation is given by eq. 2. 

where D, k, and T are the diffusion constant of 
an electron, Boltzmann's constant, and the 
absolute temperature, respectively. The dif- 
fusion constant is related to the electron mobility, 
p, by D = kTp/e. The value of p was taken as 
0.1 cm2 V-I s - which was the measured 
electron mobility in 3-methylpentane glass at 
77 K (12). Equation 3 gives -aU(r)/ar under an 
external electric field. 

Substituting eq. 3 into eq. 2, we get 

[4] ar/at = (DlkT) [(- e2/sr2) - e E  cos 01 

The recombination time, 7, of the thermalized 
electron with the positive ion can be written as 
eq. 5 by integrating eq. 4. 

[5] T = - 
dr  k TE (el& cos 0) 

--(e/&E cos 0) % Lo (l/r2) + (sE cos Ole) = ~e~ Lo [ l  - ( ~ / E E  cos 0) + r2 

Performing the integration of eq. 5, we get eqs. 6 and 7 for the two regions of 0, respectively. 

[r - J '  tan- ' ( J Z Z Z j l r ) ]  C61 " = (k) (EE cos 0) for 0 5 0 5 n/2 

e - e/sE cos 0 - r 
= (&) (EE cos 0) [ r + i \ l w l n  J J- e/sEcosO + r 1 

for n/2 5 0 j n, r 5 rm 

where r, = e 2 / s k ~  (s = 2.2). It is assumed that all the thermalized electrons at n/2 5 0 5 n and 
initial separation distances r > rm have escaped from the positive ion, since in this case a U(r)/ar < 0. 
Thus, the theoretical yield of trapped electrons in the presence of an external electric field can be 
expressed as 

[8] G(e,-)E = G,[ Soni2 1 f(r){l - exp (- k,r1))2n sin 0 do r2  d r  

+ 1:2 Lm f(r){l - exp (-klr2))2n sin 0 do r2 d r  + I:2 1: f(r)2n sin 0 d0 r2 d r  I 
where rm = J- e/sE cos 0; k ,  represents the 
electron trapping rate, which was determined by 
equating the theoretical value of G(e,-)O in eq. 
8 to the experimental value of G(e,-)O = 1.1 in 
the absence of an external electric field; G, is the 
total yield of thermalized electrons. The value of 
G, in hydrocarbon glasses is not known at pres- 
ent. Since the glass and the liquid are both 
disordered systems and the density of glasses is 
only slightly higher than that of liquids, electron 

energy loss processes, leading to ionization, in 
glasses would be similar to those in liquids. 
Therefore, it seems reasonable to assess the 
value of G, in hydrocarbon glasses on the basis 
of the value of G, in hydrocarbon liquids. 
Although the value of G, in hydrocarbon liquids 
is not exactly known, it is considered to lie in the 
range 4-5 from several investigations (13-18). 
Thus, we have assumed G, = 4.2 in the present 
calculations. This value is also close to the gas 
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phase value. f(r) is the initial spacial distribution 
function of thermalized electrons. In the present 
calculations we have used a modified exponen- 
tial distribution function (eq. 9). 

n + l  P I  f(r) = dnnbrz 

x [l  - exp (-nrlb)] exp (-rlb) 

where b and n are adjustable parameters, and 
Som f(r) 4xrZ dr = 1. This function behaves like a 
simple exponential distribution function f(r) = 
(114xbr ') exp (- rlb) for large values of r, and the 
value of 4nrzf(r) becomes zero at r '= 0. The 
property of this function appears to be more 
realistic than that of the simple exponential 
distribution function at r = 0. Equation 9 
reduces to the simple exponential distribution 
function for n -, co. The mean range, F, of 
thermalized electrons can be derived from eq. 9 
as 

A number of studies have been made on the 
spacial distribution function of thermalized 
electrons in liquid hydrocarbons (19-22). Gaus- 
sian functions and exponential functions are the 
most representative types of electron distribution 
f~~nctions used in such studies. A one-parameter 
Gaussian function gives too low values for G, 
when its parameter is adjusted so that the theor- 
etical curves best fit the experimental curves for 
the electric field dependence of free ion yields 
(22). On the other hand, a one-parameter simple 
exponential function gives too high values for 
G, (22). A Gaussian-power function gives better 
theoretical results, but still somewhat too low 
values for G, (22). Our two-parameter modified 
exponential function can well account for the 
electric field dependence of free ion yields in 
several liquid hydrocarbons with reasonable 
values of G,.' Thus, we have applied the modi- 
fied exponential distribution function to ther- 
malized electrons in a hydrocarbon glass. 

The first term of eq. 8 represents the yield of 
trapped electrons arising from the region 
0 5 0 5 4 2 ,  and the second and third terms 
give the trapped electron yield from the region 
n/2 5 0 5 n. It can be shown that the cal- 
culated relative yield of trapped electrons re- 

IT. Kimura and K. Fueki. Unpublished results. 

TABLE 1. Electron trapping sate and the mean range of the 
thermalized electron distribution in 2-methylpentane 

at 77 K 

produces well the observed relative yield of 
trapped electrons at each applied field strength 
by using the two common parameters, b and n, 
of the electron distribution function. 

Comparison of the calculated trapped electron 
yield with the experimental one is made in Fig. 2. 
The curves show the calculated ~ ( e , - ) ~ / ~ ( e , - ) '  
plotted against the applied electric field, where 
G(e,-)E and G(e,-)' are the trapped electron 
yields in the presence and absence of an external 
electric field, respectively. The solid curves a, b, 
and c show the theoretical curves for n = 1.0 
and for b = 75, 72, and 70 A, respectively. The 
dashed curve was obtained for n = 0.1 and 
b = 55 A. It can be seen from Fig. 2 that 
the calculated G(e,-)E/G(e,-)O increases almost 
linearly with increasing applied field strength 
except at low field strengths, and this is in 
accord with the experimental results. The 
solid curve b and the dashed curve best fit 
the experimental data. Table 1 shows the 
calculated values of the mean range, F, of the 
initial electron distribution and the electron 
trapping rate, k,, determined so as to be con- 
sistent with the observed yield of trapped elec- 
trons. The average time required for electron 
trapping in 2MP glass may be given by ilk, 
which is -3 x 10-lo s. The mean range, F, is 
100-1 10 A for both values of n = 1.0 and 0.1. 
In a paramagnetic relaxation study of trapped 
electrons, Lin and Kevan (5) concluded that the 
average distance of trapped electrons from other 
paramagnetic species in 3-methylpentane glass at 
77 K was greater than 130 A. It  should be noted, 
however, that the mean range obtained in the 
present work is associated with the initial dis- 
tribution of thermalized electrons, while the 
trapped electron distribution as studied by 
paramagnetic relaxation is associated with the 
distribution of stably trapped electrons. There- 
fore, it is reasonable that our value of the 
electron range is somewhat less than that ob- 
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FIG. 4. Distribution functions of thermalized electrons: (-) n = 1.0, b = 72 A, (---) n = 0.1, 
b = 55 A. 

tained by Lin and Kevan. It is interesting to note 
that the shape of the electron distribution 
function is almost the same, in spite of the 
large difference in the n values used. Figure 4 
shows the electron distribution functions used to 
calculate the yield of trapped electrons which 
agree well with the experimental results, where 
the parameters n = 1.0 and b = 72 A (solid 
curve) and n = 0.1 and b = 55 A (dashed 
curve) are used. The close similarity of the 
electron distribution functions in Fig. 4 indi- 
cates that the electron distribution function 
obtained in the present calculation is appropriate 
for describing the spacial distribution of ther- 
malized electrons within the framework of the 
modified exponential distribution function. 
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BERT FRASER-REID, NEVILLE LEWIS HOLDER, DAVID ROY HICKS, and DAVID LOUIS WALKER. 
Can. J. Chem. 55, 3978 (1977). 

The photochemically induced conjugate addition of simple alcohols to a variety of a-enones 
has been investigated. With hex-2-enopyranosid-4-uloses (I), the alkylations occur from the 
less-hindered side and are completely stereo- and regioselective. The resulting 1,4-ketoalcohols 
(2) are readily cyclized to a-cyclopropyl ketones which have been prepared by alternative, less 
desirable routes. Alkylative additions of hex-1-enopyran-3-uloses occur also although less 
readily and without stereospecificity, giving C-glycosides. 2-Cyclohexenone and carvone are 
also photoalkylated by methanol giving moderate yields of the 1,4-ketols. In the case of carvone, 
carvone camphor was not detected as a by-product. Steroidal a-enones and mesityl oxide both 
fail to be photoalkylated by methanol. 

BERT FRASER-REID, NEVILLE LEWIS HOLDER, DAVID ROY HICKS et DAVID LOUIS WALKER. 
Can. J. Chem. 55,3978 (1977). 

L'addition conjuguee photochimiquement induite d'alcools simples a une variete d'knones-a 
est ttudiee. L'alkylation des hexeno-2 pyrannosiduloses-4 (1) a lieu sur le cBtC le moins encom- 
bre de la molkcule et est compl&tement stereo et rCgiosClective. Les c6toalcools-l,4 (2) resultants 
sont ensuite cyclises en a-cyclopropyl cttones lesquelles ont tte preparees par des routes moins 
desirables. L'addition par alkylation des hextno-l pyrannuloses-3 se produit aussi quoique 
moins facilement et sans stereospecificitk, conduisant B des C-glycosides. La cyclohexkne one-2 
et la carvone sont aussi photoalkylCes par le methanol conduisant avec un rendement moyen 
aux cetols-1,4. Dans le cas de la carvone, la carvone-camphre n'est pas dttectte comme produit 
secondaire. Les Cnones-a dans la sCrie des stCroldes ainsi que I'oxyde de mksityle ne sont pas 
photoalkylts par le methanol. 

[Traduit par le journal] 

The ready availability in recent years of car- 
bohydrate a-enones (1) has prompted the use of 
these versatile compounds in a variety of syn- 
theses (see for example ref. 2). Conjugate-addi- 
tion-alkylation of these enones offers simple 
access to biologically important branched-chain 
sugars, and hence we undertook an examination 
of a number of such reactions (3). In an accom- 
panying paper (4) we report our results on the 
stereochemical course of copper-induced addi- 

terebic acid, Schenck et al. added isopropanol to 
maleic acid (6) .  The reaction has been of interest 
to photochemists (7) but prior to our own work 
(3) there was only oile recorded investigation 
of its synthetic utility (8), and the results there- 
from were not encouraging. In this and the ac- 
companying paper (5), it will be shown that the 
photoalkylation reaction is a simple and highly 
promising method of carbon-carbon bond for- 
mation. Experiments to determine some mech- 

tion of organometallic reagents to some carbo- anistic as~ects of these reactions are currently 
hydrate enines. In this an; the following paper underwaGand will be reported in the future. - -  - 
(5) we describe the photoinduced addition of 
oxycarbinyl species to these enone receptors. Additions to Alkyl Hex-2-enopyranosid-4- 

The photoinduced addition of alcohols to uloses ( I )  

ci-enones is not popular, although it dates back Photoalkylation was effected by irradiating 

to 1957 when, in connection with a synthesis of the enones (1) derived from D-glucose in meth- 
ano13 containing benzophenone at 350 nm. In 

'For vreliminarv accounts of this work see ref. 3. the case of the keto alcohol la ,  a single 1,4- 
' ~ a k i n  in part from the Ph.D. Theses (University of 

Waterloo) of N.L.H. (1972) and D.R.H. (1975), and the 3For the addition of species other than methanol see 
M.Sc. Thesis of D.L.W. (1975). the accompanying paper (5). 
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FRASER-REID ET AL. 1 

1 

a R, = H, R, = H, R, = Et 
b R, = C P h 3 , R 2 = H , R 3  = E t  
c R, = Ac, R2 = H, R3 = Et 
d R, = CPh,, R, = Me, R, = Me 

OEt 

3 

adduct, 2a, was isolated in 66% yield after chro- 
matography. For characterization 2a was (i) 
acetylated and converted to the 2,4-dinitrophe- 
nylhydrazone, (ii) converted to a di-p-nitroben- 
zoate, and (iii) converted to a di-0-trityl deriva- 
tive. 

The tritylated (lb) and acetylated (lc) enones 
were similarly photoalkylated with methanol to 
give 2c (75% yield) and 2b (50% yield) respec- 
tively, and the adducts were readily correlated 
with those described in the preceding paragraph. 
In all cases there were variable amounts (5-16%) 
of carbohydrate-aromatic contaminants which 
were removed during the chromatographic 
separation. 

Addition of ethanol to the enone acetate l c  
gave a 50% yield of the adduct 2d which was 
characterized by formation of a crystalline 
derivative. 

In order to correlate the stereochemistries of 
the products of photoalkylation with those ob- 
tained from cuprate additions (4), the primary 
alcohol in the adduct 2b was converted to a 
methyl group via tosylation, iodinolysis, and 
hydrogenolysis. The resulting acetate 3b was 
prepared alternatively by acetylation of the 
cuprate adduct 3a described in the accompanying 
paper (4). 

Thus both modes of alkylation proceeded with 
the same stereoselectivitv. However the 'H nmr 
spectrum did not allow an unambiguous assign- 

L 

a R, = H, R2 = H, R3 = Et, R4 = H 
b R, = Ac, Rz = H, R3 = Et, R4 = H 
c R, = CPh,, R2 = H, R, = Et, % = H 
d R, = Ac, R, = H, R3 = Et, R, = Me 
e R, = CPh,, R, = Me, R, = Me, R4 = H 

R2 
4 

a R, = H, R, = Et 
b R, = Me, R, = Me 

E 1 

ment of orientation. Thus in compound 2a, H-1 
was located around 4.8 ppm with a coupling 
constant, J , ,  E 4.0 Hz. This value seemed to 
indicate cis hydrogens (i.e. axial H-2) as in a-D- 
gluco derivatives (9).4 However, when the 
primary hydroxyl group in 2c was tosylated and 
the product treated with base, the lyxo-cyclo- 
propyl ketone 4a was formed rapidly and in vir- 
tually quantitative yield. Con~pound 4a and the 
related ribo diastereomer (cf. 7) have both been 
prepared in this laboratory (10). 

The effect of substitution at the P-carbon 
upon the course of the photoalkylation was 
assessed by use of enone Id. Addition of meth- 
anol gave a 61% yield of 2e which was cyclized 
to 4b in the previously described manner. In 
order to confirm the structure of 4b the diastereo- 
mer 7 was synthesized as shown in Scheme 2. In 
view of the stereochemistry of Simmons-Smith 
cyclopropanation of olefins such as 5 (ll) ,  rib0 
configuration of 7 is assured. Thus the presence 
of a P-substituent on the a-enone system does 
not affect the stereochemistry of the photoalky- 
lation. 

Additions to Hex-1-enopyran-3-uloses (8-11) 
In view of the successful experiments detailed 

above, we decided to examine additions to the 
hex-I-enopyran-3-uloses since, if the reactions 

4This conclusion was reached erroneously in our pre- 
liminary communication (3a). 
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0 C P h 3  

RO*o.e 

Simmons-Smith 

proceeded with the same degree of regioselec- 
tivity, this would offer a simple entry into C-gly- 
cosy1  compound^.^ The latter are of current 
interest for the elaboration of biologically im- 
portant nucleoside analogues (for reviews see 
ref. 13). 

The enones 8-11 required in this study had 
been synthesized previously either by Collins 
et al. (14) and (or) ourselves (15). 

Irradiation of enone 8 in methanol containing 
benzophenone for 6 h afforded two polar prod- 
ucts (12 + 13) which were isolated as a mixture 
by chromatography. The formation of a trityl 
ether indicative of a primary alcohol suggested 
that the desired photoalkylation had occurred, 
but the yield of material was low (-45%) and 
there seemed to be little hope of resolving the 
two products. 

The isopropylidene analogue 9 proved even 
less encouraging in that the mixture of alcohols 
was obtained in 25% yield. 

The conformationally mobile systems 10 and 
11 were next in~estigated.~ Enone 10 yielded 
only -40% of a substance which could have 
been an addition product of methanol. How- 
ever, the results with 11 were more encouraging. 
Thus the product from irradiation of 11 in 
methanol for 12 h was chromatographed, and a 
crystalline material was obtained in 65% yield. 
The mass spectrum showed a molecular ion at 
mle 460 as expected for the methanol adduct. 
However, the melting point range (1 57-165°C) 
suggested a mixture (14a + 15a). This was sup- 
ported by the presence, in the nmr spectrum, of 
two overlapping doublets (6 - 5.5) assignable 
to H-6 of the proposed structures. 

In an attempt to achieve fractionation, the 
mixture was detritylated and, in order to remove 

'For some other syntheses of C-glycosyl compounds 
see ref. 12. 

6Possible effects of conformational mobility of these 
receptors in photoalkylation reactions are currently being 
examined and will be discussed in future publications. 

any confusion arising from acetyl migration, 
the product was converted to the triacetates 
(14b + 15b), but these also were unresolved on 
thin layer chromatograms. 

Attempts to obtain the triols by deacetylation 
of the triacetate mixture revealed that the com- 
pounds in this series (14 and 15) are labile to 
base. Reduction of the ketone gave base-stable 
products but the reduction was not stereoselec- 
tive and therefore of little use. A mode of base- 
induced fragmentation which necessitates a carb- 
onyl group at C-4 is expressed in 16. 

Finally resolution of 14a + 15a was achieved 
using the method of 'short-fat' column chroma- 
tography (16). Recovery from the column was 
only 80%, but con~ponents 14a and 15a were ob- 
tained as crystalline substances, mp 171-173°C 
and 175-177°C respectively, in the ratio 7:3. 

Structural assignments were made by studying 
the signals for H-2, H-3a and H-3e in the 220 
MHz spectra of the derived acetates 14c and 
15c, the coupling constants being determined 
by double irradiation. In each case, the geminal 
H-3 protons were identified as two double 
doublets with conimon coupling constants of 
16.0 Hz in 14c, and 14.4 Hz in 15c. For the latter 
isomer H-3a should show an additional large 
coupling for J,,,,, while H-3e should show a 
corresponding small coupling. Accordingly the 
signal with the additional coupling J2,,, of 12.0 
Hz at 2.72 ppm was ascribed to H-3a, while that 
with the smaller coupling (J,,,,) of 2.8 Hz at 
2.58 ppm was ascribed to H-3e. 

Similar reasoning when applied to the major 
photoproduct 14c gives H-3a at 2.94 ppm 
(J2,,, = 7.0 HZ), and H-3e at 2.53 ppm (J,,,, = 
2.5 Hz), J,,,,, being 16.0 Hz. 

Further evidence substantiating the above 
assignment was obtained from the 13C nmr 
spectra of the triacetates 14b and 15b. Carbons 
2, 3, and 5 are a, p, and 6, respectively, to the 
C-1 substituent and should be more shielded in 
the axial than in the equatorial adduct. Accord- 
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FRASER-REID ET AL. 1 

8 R, = H , R 2  = P h  
9 R, = Me, R, = Me 

phTz%R3 Acoh2 Ace* CH20R7 1 

0 R  4 0 CH20R7 0 
1 

12 R, = H, R4 = CH20H 14 15 
13 R, = C H 2 0 H , R 4  = H  a R, = C P h , , R , = H  

b R, = Ac, R7 = Ac 
c R , = C P h , , R , = A c  

SCHEME 3 

ingly, the resonances for C-2, -3, and -5 are at of 2-cyclohexenone in methanol was still incom- 
72.4,41.6, and 73.0 ppm respectively in 14b and, plete after 25 h, the reaction was stopped because 
at 75.2, 43.5, and 77.2 ppm in 15b. a large number of products was evident on tlc. 

H O - 3  The major product was isolated by chromatog- 
raphy in 33% yield and shown to be the known Acok 3-hydroxymethylcyclohexanone, 17 (19). 

With ethanol, the addition was complete 
within 24 h and there seemed to be fewer by- 

CH20R7 products. The keto alcohol 18 was isolated as a 
16 mixture of epimers in 33% yield and oxidized 

to the diketone 19 for characterization (20). 
Photoalkylation of Some Noncarbohydrate Carvone 20 was regarded as an interesting 

Enones test case because of the ease with which cycliza- 
There have been only a few reported instances 

where the photoinduced alkylation described 
herein has been applied to carbocyclic enones. 6 Methanol 

or ethanol 
Following Schenck et al.'s addition of isopro- b,.. =,& pan01 to maleic acid (6), the same alcohol was 
added to cyclopentenone (7a), a steroidal enone OH 0 

(8), and addition of methanol (7e) or ethanol (8) 17 R = H  19 

has been observed only rarely. Following upon 18 R =  CH, 

our initial report (3a), Bundy (17) and Wissner hv 

(18) added methanol and n-octanol, respectively, 
to substituted cyclopenteiloiles in connection 

p M;;;:::' Hoq &f 
with synthetic studies in the prostaglandin area. 

In view of the foregoing successful additions 
to the carbohydrate enones, a sampling of 2o 
noncarbohydrate enones was investigated. 

22 

Although benzophenone sensitized irradiation SCHEME 4 
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tion to carvone camphor, 22, occurs in polar 
solvents (21). In fact the product mixture from 
the reaction of carvone with methanol showed no 
trace of carvone camphor prepared indepen- 
dently (21), judging from glc. Instead chroma- 
tographic fractionation afforded a 58% yield 
of keto alcohols judged to be a mixture of the 
diastereomers of 21 because of the overlapping 
doublets for the 2-methyl groups. Repeated 
careful fractionation afforded one of these 
diastereomers as a crystalline substance. Elemen- 
tal analysis and spectroscopic data indicated the 
gross structure to be 21, although the stereo- 
chemistry was not deduced. 

Noteworthy failures in the alkylation with 
ethanol or methanol were the 1- and 4-choles- 
tene-3-ones. The enones were consumed in both 
cases and a number of products were formed. 
However, these did not contain a hydroxyl 
group, judging from the infrared spectrum. 
Crotonaldehyde and mesityl oxide similarly 
failed to give any evidence of photoalkylation. 

Experimental 
Melting points were determined in capillary tubes in a 

Mel-Temp block and are uncorrected. Elemental analyses 
were by Micro-analyses Laboratory,   or onto, 
Ontario. The nmr spectra (CDCl,, TMS) were determined 
on a Varian T-60, a Varian HA 100, or a Varian HR-220 
spectrometer, the J values quoted being the spacing mea- 
sured directly from the spectra. Infrared spectra were 
determined on a Beckman model IR-10 spectrometer 
using 0.1 mm sodium chloride solution cells (chloroform 
as solvent). Optical rotations were determined on a Carl 
Zeiss model LEP niir 370740 Lichtelektrishes Prazision 
polarimeter at 23'C. 

Thin-layer chromatography was performed on glass 
plates coated with silica gel (HF-254, E. Merck) to a 
thickness of 0.3 mm. The following solvent systems were 
used to develop the plates; ethyl acetate - petroleum 
ether (30-60°C) (1 :4); ethyl acetate - petroleum ether 
(30-60°C) (1 :I); ethyl acetate; or benzene. For column 
chromatography E. Merck silica gel (0.063-0.20 mm, 
70-230 mesh A.S.T.M.) was used. 

General Conditions for Photoalkylation Reactions 
The apparatus used was a Rayonet Photochemical 

Reactor (model RPR-100). A solution of the enone (1.0 
mmol) and benzophenone (0.16 mmol) in the alcohol- 
addend (80 ml) was placed in a Pyrex photolysis cell 
equipped with a cold finger through which cold water 
was circulated. Nitrogen gas was bubbled into the solu- 
tion through a glass capillary for 1 h to remove oxygen, 
and then the lamps (350 nm) were switched on, the gas 
flow being maintained. The reaction was monitored by 
tlc and when it was completed, the solvent was removed, 
and the residue chromatographed on a silica gel column 
in order to isolate the product. 

Ethyl 2,3-Dideoxy-2-C-hydroxymethyl-a- D-threo- 
hexopyranosid-4-ulose, 2a 

A solution of enone l a  (1.54 g, 8.9 mmol) (lb) and 
benzophenone (0.255 g, 1.44 mmol) in methanol (720 ml) 
was irradiated as described in the general procedure 
above. After 5 h the reaction was finished and chroma- 
tography on silica afforded con~pound 2a (1.1 g, 66%) as 
a syrup. There were small amounts of slow-running 
material showing features of aromatic and carbohydrate 
compounds which were discarded. Rf = 0.4 in ethyl 
acetate; ir 3367, 1720 cm-I; nmr (60 MHz) 6: 5.05 (d, 
1, H-1, JIZ = 4.0 HZ), 2.1-2.7 (m, 3, H-2, H-3a, H-3e), 
4.20 (m, 1, H-5, JS6 = JS6, = 4.0), 3.42-3.90 (m, 2, H-6, 
H'-6). 

For the di-p-nitrobenzoate of 2a: mp 134.5- 
135°C; [a]DZ3 +75.04' (c 5, CHC13). Anal. calcd. for 
C23H2ZN2011 : C 54.97, H 4.41, N 5.57; found: C 54.85, 
H 4.13, N 5.06. 

For the ditritylate of 2a: mp 180.5-181°C; [aIDz3 
+79.2" (c 2.5, CHCI,). Anal. calcd. for CA7H44O5: C 
81.94, H 6.43; found: C 81.57, H 6.60. 

Ethyl 6-0-Acetyl-2,3-dideoxy-2-C-hydroxymethyl-a- 
D-threo-hexopyranosid-4-ulose, 2b 

The acetylated enone l c  (1.73 g, 8.94 mmol) (lb) and 
benzophenone (0.255 g, 1.4 mmol) in methanol (720 ml) 
was irradiated as described in the general procedure for 
5 h. Chromatographic fractionation on silica using ethyl 
acetate - petroleum ether (30-60°C) (1 : 1) afforded the 
major product 2b (1.1 g, 50%) as well as slower-running 
material showing aromatic and carbohydrate features. 

Rf = 0.46 in ethyl acetate - petroleum ether (1 : 1); 
nmr (60 MHz) 6: 5.01 (d, 1, H-1, JIZ = 4.0 HZ), 2.2-2.9 
(m, 3, H-2, H-3a, H-3e), 4.1-4.3 (m, 3, H-5, H-6, H'-6), 
3.5-3.9 (m, 4, 0CHzCH3 and OCHzOH), 1.1 (t, 3, 
OCH,CHs). - -. 

For characterization, 2b was acetylated and converted 
to the 2,4-dinitrophenylhydrazone, mp 146-148°C. Anal. 
calcd. for Cl9HZ4N4Ol0: C 48.72, H 5.16, N 11.96; 
found: C 48.87, H 4.94, N 12.21. 

Ethyl 2,3-Dideoxy-2,3-C-methylene-6-O-triphenylrnethyl- 
a- D-lyxo-hex-2-enopyranosid-4-ulose, 5a 

(a) The tritylated enone l b  (lb) (2.5 g) was irradiated 
with benzophenone (500 mg) in methanol (400 ml) for 
8.5 h in the usual manner described above. Fractionation 
on a silica column using ethyl acetate - petroleum ether 
(30-60°C) (1 : 1) afforded 1.97 g (75% yield) of 2c. (This 
compound was identified by tritylation to the above- 
described ditritylate of 2a). 

A portion ofthe photoproduct 2c (900 mg) was treated 
with a twofold excess of p-toluenesulfonyl chloride (800 
mg) in pyridine (20 ml) and methylene chloride (10 ml) 
at 0°C overnight. Customary work-up gave the expected 
tosylate (Rf = 0.68 in 50% ethyl acetate - petroleum 
ether (30-60°C) which showed signs of being unstable. 

The tosylate (0.81 g, 1.35 mmol) was dissolved in dry 
THF (50 ml) and a solution of diazabicyclononene (0.20 
g, 1.6 mmol) in THF (10 ml) was added. After 0.5 h the 
solution was poured into ice water (50 ml) and extracted 
three times with chloroform. The chloroform was washed 
successively with dilute hydrochloric acid, water, and 
saturated sodium bicarbonate and then dried. The solu- 
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tion yielded 4a (0.53 g, 92%) having identical nmr spectra 
to the previously described material (10). 

(b) Alternatively the tosylate described in (a) (180 n~g)  
was refluxed in butanone (1.5 ml) with sodium iodide 
(310mg) for 1.5 h when tlc indicated completion. The 
derived iodide (R, = 0.76 in 50% ethyl acetate - petro- 
leum ether (30-60°C)) (0.17 g) was dissolved in dry pyri- 
dine (4 ml), and silver fluoride (0.17 g) was added with 
stirring. The solution turned black immediately and a 
silvery mirror was deposited within minutes. Thin-layer 
chromatography (petroleum ether (30-60°C) - ethyl 
acetate (4:l)) after 5 min showed the absence of the 
starting iodide (R, = 0.52) and one product of lower Rf 
(0.35). The reaction mixture was poured into ice water 
(10 ml) and extracted with diethyl ether (2 x 15 ml). The 
combined ether layers were washed with 5% hydrochloric 
acid (until the aqueous layer remained acidic), a sodium 
bicarbonate solution, and then dried over sodium sul- 
phate. Subsequent evaporation afforded 4a (0.061 g, 
36%). 

(c) Silver fluoride (0.10 g, 4.25 mmol) was added to a 
stirred acetonitrile (5 ml) solution of the iodide described 
in (b) (0.105 g). The reaction was monitored by tlc (petro- 
leum ether (30-60°C) - ethyl acetate (4: l)) and after 20 h 
was complete. The solution was filtered and evaporated 
and the resulting residue taken up in diethyl ether (20 ml) 
and filtered again. Evaporation of the ether after de- 
colourization gave 4a (0.060 g, 78%). 

Ethyl 6-O-Acetyl-2,3-dideoxy-2-C-i(R,S)- 
hydroxy (methy1)methylJ-a-D-threo-hexopyranosid- 
4-ulose, 2d 

A solution of the ketoacetate, l c  (1.5 g, 7.73 mmol) 
and benzophenone (0.200 g, 1.12 mmol) in ethanol (720 
ml) was irradiated for 7 h when tlc indicated completion. 
The photoadduct 2d was isolated in the usual way (see 
general procedure above) and characterized by mesyla- 
tion and then conversion to the 2,4-dinitrophenylhy- 
drazone. For the latter derivative: mp 138-140°C; [a]d3 
+ 72.22" (c 5.2, CHCI,). Anal. calcd, for C1,HZ6N4SOl : 
C 44.09, H4.86, N 10.82, S 6.19; found: C 44.07, H 5.10, 
N 10.72, S, 6.01. 

The nmr spectrum of 2d shows two doublets 5.0 ppm 
( J  = 4 Hz for both), corresponding to the (R) and ( S )  
configurations at the secondary a l c ~ h o l . ~  

Methyl 2,3-Dideoxy-2-C-hydroxymethyl-2-C-methyl-6- 
O-triphenylmethyl-a-~-threo-hexopyranosid-4-ulose, 
2e 

A solution of enone l d  (0.246 g, 0.59 mmol) and benzo- 
phenone (0.020 g, 0.1 mmol) dissolved in methanol (50 
ml) was irradiated in the manner described above. After 
5.5 h tlc indicated that no starting material remained and 
that a new compound, R, 0.24 in ethyl acetate - petroleum 
ether (30-60°C) (1 :4), had been formed. After evapora- 
tion of the solvents the residue was chromatographed on 
a silica gel column using the same solvent mixture. Com- 
pound 2e (0.163 g, 61%) was recovered as a syrup; [a]d3 + 27.4" (c 2.08, CHCI,); ir v,,,: 3430 (OH), 1720 (C=O) 
cm-'; ms mle: 369 (M+ - Ph), 203 (M+ - Tr); nmr 
(60 MHz) 6 :  5.56 (s, 1, H-1), 2.0-2.35 (m, 2, H-3a, H-3e), 

'For other examples and further discussion, see the 
accompanying paper (5). 

4.20 (m, 1, H-5), 3.5-3.8 (m, 2, H-6, HI-6), 0.98 (s, 3, 
CCH,), 3.5-3.8 CHZOH. 

Merhyl2,3-Dideoxy-2-C-merhyl-2,3-C-methylene-6-0- 
triphenylmethyl-a-D-lyxo-hexopyranosid-4-ulose, 
4b 

The tritylated photoproduct 2e (0.122 g, 0.25 mmol) 
was dissolved in dry pyridine (5 ml) and p-toluenesul- 
phony1 chloride (0.190 g, 1.0 mmol) was added. The 
reaction mixture was placed in an oil bath (45°C) and 
stirred for 4 h. At this time, no starting material remained 
(tlc) and a new compound, R, = 0.42 in ethyl acetate - 
petroleum ether (30-60°C) (1 :4), had been formed. The 
cooled reaction mixture was poured into ice water (50 ml) 
and extracted with ether (50 ml). The ether layer was 
washed successively with a 5% hydrochloric acid solution 
(50 ml), a saturated sodium bicarbonate solution (50 ml), 
and water (50 ml) and then dried over sodium sulphate. 
The residue obtained upon evaporation of the solvent 
weighed 0.068 g (65%). Compound 46 was a syrup which 
gave the following data: ir v,,,: 1695 (ketone conjugated 
to cyclopropyl ring) cnl-'; ms mle: 351 (Mf - Ph), 
185 (M+ - Tr); nmr 6: 0.9-1.3 (m, 2, cyclopropyl methy- 
lene), 1.25 (s, 3, C-CH,) 1.90 (m, l ,  H-3), 3.41 (s, 3, 
OCH,), 3.40-3.80 (m, 2, H-6, -67, 4.0 (t, 1, J5,6 = 
J5,6T = 6.OHz, H-5), 4.95 (s, 1, H-1), 7.2-7.8 (m, 15, 
phenyl). 

Methyl 2,3-Dideoxy-2-C-methy1-2,3-C-methylene-6-0- 
triphenylmethyl-a-D-ribo-hexopyranosid-4-oe 7 

The alcohol 5a (la) (1.0 g, 2.4 mmol) was dissolved in 
dry pyridine (10 ml) and cooled to O°C in an ice bath. 
Acetic anhydride (1 ml) was added and the reaction mix- 
ture stirred for 6 h at 0°C. At this time, tlc indicated the 
formation of a new compound, R, = 0.60 in ethyl 
acetate - petroleum ether (30-60°C) (1 : 4), and no starting 
material. The reaction mixture was worked up in the 
usual manner and afforded the syrupy acetate 56 (0.950 g, 
86%). Significant nrnr features were: 6 1.75 (m, 3, 
C-CH,), 1.90 (s, 3, OCOCH,), 3.2-3.4 (m, 2, H-6, -6'), 
3.58 (s, 3, -OCH3), 3.90-4.2 (m, 1, H-5), 4.8 (s, 1, H-1), 
5.2-5.4 (m, 1, H-4), 5.58 (m, 1, H-3), 7.2-7.8 (m, 15, 
phenyl). The material (5b) was used directly as follows. 

Zinc/copper couple (0.500 g), methylene iodide (0.72 
ml), one crystal of iodine, and dry diethyl ether (5 rill) 
were placed in a dry 25 ml round bottom flask. The 
acetate 56 (0.900 g, 1.96 mmol) dissolved in dry diethyl 
ether (5 ml) was added. After 24 h at reflux the starting 
material had all been consumed and tlc indicated that 
a new product, R, = 0.18 in ethyl acetate - petroleum 
ether (30-60°C) (1 :lo), had been formed. The reaction 
mixture was diluted with ether (20 ml), washed with a 
saturated ammonium chloride solution (2 x 20ml), a 
saturated sodium bicarbonate solution (20ml), water 
(20 ml), and dried over sodium sulphate. The residue ob- 
tained upon evaporation of the solvent was chromato- 
graphed on a silica gel colunln to afford 6b (0.256 g, 
28.4%). Significant nmr features were: 6 1.21 (s, 3, 
C-CH,), 1.05-1.55 (m, 3, cyclopropyl), 1.85 (s, 3, 
-OCOCH,), 3.10-3.85 (m, 3, H-5, -6, -6'), 3.50 (s, 3, 
-OCH3), 4.87 (s, 1, H-1), 5.08 (dd, 1, J4 ,5  = 10.0 HZ, 
J3.4 = 5.0 HZ, H-4), 7.18-7.80 (m, 15, phenyl). 

The crude cyclopropyl acetate 66 (0.225 g, 0.49 mmol) 
was dissolved in methanol (10 ml) and sodium carbonate 
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(0.126 g) was added. The reaction mixture was stirred at 
room temperature for 4 h. At this time, tlc indicated that 
deacetylation was complete and a new product, Rf = 0.21 
in ethyl acetate - petroleum ether (30-60°C) (1 :4), had 
been formed. The reaction mixture was filtered and the 
residue obtained upon evaporation of the solvent was 
extracted with ethyl acetate. The ethyl acetate solution 
was filtered and evaporated to afford 6a (0.187 g, 89%). 
Con~pound 6a exhibited the following nmr features: 6 
0.92-1.35 (m, 3, cyclopropyl), 1.05 (s, 3, C-CH,), 1.96 
(bs, 1, OH), 3.1-3.5 (m, 3, H-5, -6, -6'), 3.40 (s, 3, 
-OCH3), 3.82 (dd, 1, J4,5 = 10.0 HZ, J3,4  = 6.0 HZ, 
H-4), 4.65 (s, 1, H-l), 7.10-7.6 (m, 15, phenyl). 

The cyclopropyl alcohol 6a (0.175 g, 0.4 mmol) was 
dissolved in methylene chloride (10 ml). To this vigor- 
ously stirred solution was added the chromium trioxide - 
dipyridine complex (1.05 g, 4.0 mmol). After 1 h at room 
temperature tlc indicated the reaction was complete and 
a new compound Rf = 0.37 in ethyl acetate - petroleum 
ether (30-60°C) (1 :4) had been formed. The reaction 
mixture was diluted with ether (40 ml) and stirred for an 
additional 15 min. The solution was then filtered through 
a bed of Celite. The filtrate was washed with a 5% hydro- 
chloric acid solution (30 ml), a saturated sodium bicar- 
bonate solution (30 ml), and water (30 ml). The organic 
layer was then decolourized, dried over anhydrous sodium 
sulphate, and evaporated to give 7 (0.142 g, 83%). Com- 
pound 7 was a syrup which gave the following data: ir 
v,,,: 1690 (ketone conjugated to cyclopropyl ring) cm-' ; 
ms mle: 351 (M+ - Ph), 185 (M+ - Tr); nmr 6: 1.0- 
1.4 (m, 2, cyclopropyl methylene), 1.35 (s, 3, C-CH,), 
1.95 (m, 1, H-3), 3.40 (s, 3, OCH,), 3.4-4.0 (m, 2, H-6, 
-67, 4.2 (m, 1, H-5), 5.35 (s, 1, H-l), 7.2-7.8 (m, 15, 
phenyl). 

5-0-Acetyl-2,6-anhydro-3-deoxy-7-O-triphenylmethyl-~- 
arabino-hept-4-ulose, 14c and 5-0-Acetyl-2,6- 
anhydro-3-deoxy-7-0-triphenylmethyl- D-ribo-hept- 
4-ulose, 15c 

4-O-Acetyl-6-O-triphenylmethyl-~-erythro-pyran-3- 
ulose 11 (2.0 g, 4.67 mmol) (16), and benzophenone (0.32 
g, 1.7 mmol) were dissolved in methanol (800 ml) and 
irradiated in the usual manner for 12 h at which time tlc 
(ethyl acetate - petroleum ether (30-60°C) (1 : 1)) showed 
completion. The solvent was removed under reduced 
pressure and the resultant residue chromatographed to 
yield 14a and 15a as a mixture (1.35 g, 65%). 

A portion of this product (0.70 g) was eluted through a 
short column (20 cm x 2.5 cm) of tlc silica gel using 
petroleum ether (30-60°C) - ethyl acetate (3 : 2). Upon 
identification of resultant fractions (nmr) 14a (0.397 g) 
and 15a (0.158 g) were isolated in a total recovery of 80%. 
Compound 15a constituted 30% of the mixture (20% 
yield from photolysis), 14a constituting 70% (45% yield 
from photolysis). Both 14a and 15a were recrystallized 
from cold ethanol. 

For compound 14a: mp 171-173°C; [c(]DZ3 +168.2" 
(C 1.46, chloroform); Anal. calcd. for C28H2806: C 
73.03, H 6.13; found: C 72.83, H 6.29. 

For compound 14c: nmr (220 MHz) 6: 2.53 (dd, 1, 
J3a.3e = 16.OHz, J2,3@ = 2.5Hz, H-3e), 2.94 (dd, 1, 
J2,3,,= 7.OHz, H-3a), 3.13 (dd, 1, JT~,~, ,=  9.8Hz, 
J6,7e = 3.9 Hz, H-7e), 3.48 (dd, 1, J6,7a = 2.0 Hz, H-7a), 
4.08 (dd, 1, Jl,,l, = 12.2Hz, Jle,2 = 3.8Hz, H-le), 
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4.18(m, 1,H-6),4.45(dd, 1 ,J la ,2 = 7.0Hz,H-la),4.75 
(m, 1, H-2), 5.50 (d, 1, J5,, = 10.0 Hz, H-5). 

For compound 15a: mp 171-173°C; [c(IDz3 +293.4' 
(C 1.85, chloroform). Anal. calcd. for Cz8H2806: C 
73.03, H 6.13; found: C 73.18, H 6.28. 

For compound 15c: nrnr (220 MHz) 6: 2.58 (dd, 1, 
Jsa,se = 14.4Hz, J2,,= = 2.8 Hz, H-3e), 2.72 (dd, 1, 
JZ,,, = 12.0Hz, H-3a), 3.12 (dd, 1, J7e,7. = 10.3 HZ, 
J6,7,= 3.8Hz, H-7e), 3.49 (dd, 1, J 6 , 7 , =  1.7Hz, 
H-7a), 3.75 (dq, 1, H-6), 3.95 (m, 1, H-2), 4.30 (d, 2, 
J1,= = 4.6 Hz, H-la, H-le), 5.47 (d, 1, J5 ,6  = 10.0 HZ, 
H-5). 

Photoadditions to 2-Cyclohexenone. Compounds 17 
and 18 

2-Cyclohexenone (l.lg), benzophenone (150 mg), and 
methanol (600 ml) were irradiated for 24 h in the usual 
manner. The crude oily product was chromatographed 
on a silica gel column using ethyl acetate - petroleum 
ether (30-60°C) (1 : 1). Unreacted starting material (410 
mg) was recovered, as well as the adduct 17 (Rf = 0.21), 
308 mg (33% corrected for unreacted starting material). 

In agreement with the literature (19b), the nmr spec- 
trum of compound 17 shows (CC14) 6TMS: 3.72 (d, 2, 
CH20H), 1.4-2.5 (m, 10, ring protons and OH); ir: 3400, 
1705 cm-'. 

Similar reaction of 2-cyclohexenone (1.5 g), benzo- 
phenone (200 mg), and ethanol (800 ml) for 24 h, and 
subsequent chromatographic fractionation with ethyl 
acetate - petroleum ether (30-60°C) (1 : 1) afforded 18 
(880 mg, 3373, Rf = 0.47. The 220 MHz nmr spectrum 
(CDC13) showed 6TMS: 3.5 (m, 1 CH-OH), 2.0-2.46 (m, 
4, CH2COCH2); ir: 3400, 1705 cm-'. Compound 18 
was oxidized to 3-acetyl cyclohexanone (20). 

Photoaddition of Methanol to Carvone (20) 
Carvone (20) (1.26 g) and benzophenone (255 mg) 

were dissolved in methanol (700 ml) and irradiated for 
34 h in the usual manner. Under these conditions carvone 
camphor (22) prepared independently (21) was not 
formed, judging by glc; however, if benzophenone was 
excluded, 22 was formed (21). The crude photoproduct 
was chromatographed on a silica column using ethyl 
acetate - petroleum ether (30-60°C) (1:2) in order to 
remove aromatic substances. A fraction (700 mg, 58%) 
was obtained which was consistent with the gross struc- 
ture, 21 judging from nmr evidence. Refractionation 
afforded a pure isomer of 21, which was crystallized from 
ether-hexane, mp 104.5-105°C; nmr (60 MHz, CDCI,) 
6TMS: 4.78 (bs, 2, CH2=C), 3.6 (m, 2 CH20H), 1.68 (bs, 
3, CH3-C=), 1.0 (d, 3, CH,CH); ir: 3500 cm-' 
(OH), 3090 (=CH2), 1645 (C=C). Anal. calcd. for 
CllH1802: C 72.49, H 9.95; found: C 72.44, H 9.95. 
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Synthetic applications of the photochemically induced addition of oxycarbinyl 
species to a-enones. Part 1I.l The addition of ketals, aldehydes, and 

polyfunctional  specie^^,^ 
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BERT FRASER-REID, ROBERT CHARLES ANDERSON, DAVID ROY HICKS, and DAVID LOUIS 
WALKER. Can. J. Chem. 55,3986 (1977). 

Alcohols possessing an a-hydrogen, acetals, and aldehydes undergo photochemically induced 
conjugate addition to a variety of u-enones to give 1,4-ketols, 1.4-keto ketols and 1.4-diketones 
respectively. It appears that the aldehydes frequently succeed where acetals and alcohols fail, 
and acetals where alcohols fail. It is therefore possible to employ polyfunctional addenda and 
achieve addition at only one of the activated sites. The reactions are always regiospecific and 
are frequently completely stereoselective. 

BERT FRASER-REID, ROBERT CHARLES ANDERSON, DAVID ROY HICKS et DAVID Lours WALKER. 
Can. J. Chem. 55,3986 (1977). 

Les alcools possedant un hydrogene en a, les acetals et les aldehydes subissent une addition 
conjuguee photochimiquement induite avec une varietb d'enones-u pour conduire respective- 
ment ti des cetols-1,4, &to-cktols-1,4 et dicbtones-1,4. I1 apparait frbquemment que les aldehydes 
rbussissent oh les acktals et alcools bchouent, puis les acetals oh les alcools bchouent. I1 est 
maintenant possible d'employer des produits polyfonctionnels fixes par addition et d'effectuer 
l'addition seulement i l'un des sites actifs. Les reactions sont toujours rbgiospCcifiques et sont 
souvent complBtement stbr~osklectives. 

[Traduit par le journal] 

In the accompanying paper (I), we report 
several examples of the photochemically in- 
duced conjugate addition - alkylation of a- 
enones by simple alcohols. Other projects in 
our laboratory (2) required that the synthetic 
potential of these reactions be explored. In 
contemplating the utility of these products we 
were mindful of the recent work of Schlessinger 
and co-workers (3) who have shown that 1,4- 
dicarbonyl species can be extremely versatile 
synthons. Differentiation of the two hydroxyl 
groups could, at times, be advantageous as has 
been ably demonstrated by Stork and Jung (4). 
The appeal of the photoadducts is therefore 
apparent since, being at  different oxidation 
levels, the I,4-functionalities lend themselves to 
selective manipulation. 

In view of the excellent promise of this simple, 

'For Part I, see ref. 1. 
2For preliminary accounts of this work, see refs. 9 

and 12. 
3Taken in part from the Ph.D. Thesis (University of 

Waterloo) of D.R.H. (1975) and M.Sc. Thesis of D.L.W. 
(1975). 

economical procedure in synthetic organic 
chemistry, we wondered whether more complex 
addenda could be attached in an equally un- 
demanding experimental operation. In this paper 
we describe some results of these investigations. 

In the previous studies (I), the reacting al- 
cohol also served as the solvent, a requirement 
which obviously posed a severe limitation. How- 
ever, it was found that cyclohexane or acetonitrile 
were excellent solvents, even though the ratio of 
addend to substrate still had to be very high 
(-40: 1) for the reaction to proceed a t  a useful 
rate. For purposes of solubility, acetonitrile is our 
preferred solvent. 

The readily prepared enone 1 (5) was our 
favorite substrate primarily because its photo- 
alkylation reactions had been found to go with 
complete stereoselectivity (I), yielding the axial 
adduct at  carbon-2. 

Ethylene glycol, propane-1,3-diol, methyl 
hydracrylate, and methyl glycollate were chosen 
as polyfunctional alcohols for the studies sum- 
marized in Table 1 (entries 1-4). With ethylene 
glycol and the enone la, the ketodiol 3a was 
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FRASER-REID ET AL. 2 3987 

TABLE 1 .  Benzophenone-induced addition of oxycarbinyl species to a-enones 

Percent yield 
Entry Substrate Addend Time (h) Product (after chromatography) 

OCPh, 

la 
0 E t  

3 
a R = H  

b R = CPh, 

Ro\ 
OCPh, 

ObOEt la 

OCPh, 

HO 
w O H  

5 O ~ H  

OEt 

a R = H  

b R = CPh, 

OCPh, 

O-oEt 

HO 

w ~ ~ , ~ e  
5.5 

OEt 
5 

a R = H  

b R = T H P  

32 R = H  

74 R = THP 

OCPh, 

O b O E t  

OCPh, 

OQOMe 

OMe 
6(a,  + a 2 )  

OCPh, 

"bOEt 
OEt 

12 

[:2H 4 O d  OEt 

20 21 

OCPh, 

O b O E t  

OCPh, 

O b O M e  I 
OMe 

2 3  2 
OCPh, 

O b O E t  
OEt 

24 
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TABLE 1 (Concluded) 

Percent yield 
Entry Substrate Addend Time (h) Product (after chromatography) 

obtained in 75-79% yield after chromatography. 
Similarly the photoadduct 4a was obtained in 
49% yield. 

The adduct with methyl hydracrylate (5a) de- 
composed during silica column chromatography, 
and as a result the isolated yield was low (32%). 
If, however, the crude photoproduct was pro- 
tected as the tetrahydropyranyl ether prior to 
chromatography, the adduct 5b could be isolated 
in 74% yield. 

There was no evidence for photoaddition 
when methyl glycollate was used under the usual 
conditions (Table 1, entry 4). 

The photoadducts 3a, 4a, and 5a showed 
hydroxyl and strong carbonyl absorptions in the 
infrared indicating that internal hemiacetal 
formation had not occurred. In support of this 
3a and 4a were converted readily at room tem- 
perature to the ditritylates 3b and 4b. The 
photoproducts were, as expected, epimeric at 
the newly created secondary alcohol (C-7) and 
this was apparent from the presence of two 
doublets -5 ppm for two anomeric protons, 
J,, r 4.5 + 0.5 Hz. The epimers were not re- 
solved in any of these cases but oxidation of 3b, 
4b, and 5a give the diketones 7, 8, and 9 respec- 
tively which now showed only one doublet 
-5 ppm, J,, 4.5 Hz. 

The photoproduct of enone 2 with ethylene 
glycol provided a contrast in that chromatog- 
raphy afforded two substances 6a, and 6a, in 
38 and 33% yields respectively. These compounds 
were assigned hemiacetal structures because of 
the absence of ketonic absorption in the in- 
frared and the fact that tritylation did not pro- 

Alk R X 
3a Et H OH 
3b Et H OCPh, 
4a Et H CH,OH 
46 Et H CH,OCPh, 
5a Et H CH2C0,Me 
6b,6b,Me Me OCPh, 

\ Collin's 
reagent 

Alk R X 
7 ~t H OCPh, 
8 Et H CH20CPh3 
9 Et H COOMe 

10 Me Me OCPh, 

ceed at room temperature. However, at 50"C, 
reaction occurred slowly, requiring 36 h for 
complete formation of the corresponding di- 
tritylates 6b1 and 6b, as amorphous solids. 

Each of the ditritylates 6b1 and 6b2 upon 
oxidation gave the same amorphous diketone 10 
(Scheme 1). 

In contemplating alternative methods for dif- 
ferentiating the 1,4-functionalities in the photo- 
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adducts we recalled the photosensitized addition 
of dioxolane to olefins, a reaction first demon- 
strated by Rosenthal and Elad (6). Its utility in 
the synthesis of branched-chain sugars has been 
explored by Jewel and Szarek (7) and Matsuura 
and co-workers (8). However, with these simple 
olefins, the additions are usually neither regio- 
nor stereoselective. 

To our knowledge, there were no instances of 
alkylation of a-enones with acetals prior to our 
preliminary report (9). However, an example of 
acid catalyzed intramolecular addition (the out- 
come of which was a six-membered ring com- 
ponent of a linear tetracyclic molecule) had 
been reported by Barton and co-workers (10). 

Attempts to alkylate l a  with dioxolane as 
solvent were abandoned because of the forma- 
tion of a heavy oily residue from which the 
photoproduct could not be extricated. This 
problem was not encountered when 2-propyl-1,3- 
dioxolane (11) was used as a reagent (Table 1, 
entry 6). The ketone 12 was the sole product, its 
stereo- and regiochemistry being apparent from 
the appearance of the H-1 signal (5.12 ppm, 
J , ,  = 4.0 Hz). 

However, the dioxolane could conceivably add 
to the receptor l a  either at the dioxycarbinyl site 
a giving 12, or at the monoxycarbinyl site b 
giving an adduct such as 13 (Scheme 2). Had 
the latter been formed the nmr spectrum would 
have shown a signal of -5 ppm for the acetal 
proton of the dioxolane residue. This was not 
observed. 

Chemical proof for this aspect was desirable 
but the carbohydrate adducts were not suitable 
because of their lability to acid hydrolysis. 
Consequently it was decided to examine the 
reactions of 2-cyclohexenone (routes d, e, f )  
summarized in Scheme 3. Addition of ethanol to 
2-cyclohexenone (14) gave a 40% yield of the 
previously described keto alcohol 15 (1) which 
upon oxidation gave a substance whose nmr 
data were identical to those published by 
Corey and co-workers (1 1) for the diketone 18. 

Alternatively addition of the dioxolane 16 
gave a 54% yield of a substance judged to be 17 
on the basis of nmr and mass spectral data. 
Furthermore acid hydrolysis gave the same 
diketone, 18, obtained in route d. In order to 
detect whether a product such as 13 had been 
formed, the total photoproduct from reaction 
of 14 and 16 was hydrolyzed, and the crude 

\ Ph2C0 
350 nrn 

hydrolysate examined for the presence of a 
glycol (such as 19) by periodate oxidation. A 
negative result indicated that addition at site b 
of .the dioxolane ring had not occurred. 

The interesting acetal20, prepared as indicated 
in Scheme 4, added equally selectively at the 2- 
position, giving the highly functionalized sub- 
stance 21 (Table 1, entry 7), in 42% yield after 
chromatography. Again addition at the alternate 
carbinyl sites a or c (Scheme 2) to give structures 
such as 13 or 22 respectively were ruled out by 
the presence of only one acetal proton in the 
nmr spectrum. 

Addition of 20 to enone 2 (Table 1, entry 8) 
proved understandably more difficult, con- 
sidering the fact that a maximally substituted 
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8 

% OH \% 
c*3 h d  

H' 
54% 16 ('1::'" $ , &  U 0 

14 f 17 18 

SCHEME 3 

carbon-carbon bond is being forged in 23. Thus 2-cyclohexenone and acetaldehyde af- 
After being allowed to go 10 times longer than forded a 42% yield of diketone 18 completing the 
with la ,  the reaction was still incomplete. How- series shown in Scheme 3. 
ever, it was stopped, since there was evidence of The results with 1-cholesten-3-one 27 and 4- 
decomposition of the product. The isolated cholesten-3-one are interesting (Scheme 6). The 
yield of 23 was 46%, based on unrecovered latter fails to give a photoadduct with alcohols, 
starting material. acetals, or aldehydes; with the former (27) we 

have had success only with acetaldehyde. Thus coH 1. Ac20/HOAc 
the diketone 28 was obtained in 42% yield after 

+ AcOCH,CHO 
OH 2 .  0, chromatography. . Assignment of configuration of the acetyl 

3. Ethylene 
4 .  Na2C0, group in 28 is based on our interpretation of 

glycol the 220 MHz nmr spectrum in which H-1 ap- 
pears as a doublet of doublets with spacing of 

[,*OH 
1.8 and 6.0 Hz. These values suggest that H-1 
is equatorially oriented and coupled to two 
gauche protons. Furthermore we have noted (1) 

20 
SCHEME 4 

The success with the acetals suggested that it OCph, RCHO 
Ph2C0 

might be possible to add aldehydes directly to 350 nm 
the enones in cases where differentiation of the 
carbonyl groups was not desired (12). We were 

O b O E t  - OS OEt 

encouraged by the work of Stockmann in- 
la 24 R = CH, (67%) 

volving free-radical addition of acetaldehyde to 25 R = Ph(58%) 
norbornene (13). 

The enone l a  was irradiated under the usual 
conditions using acetaldehyde as the addend Ph2C0 ~ C H ' O H  /;;n3s 
(Table 1, entry 9). The diketone 24 was ob- 350 nm reagent 
tained in 67% yield after chromatography. 76% 
Similarly, benzaldehyde was added to l a  to 
give 25 in 58% yield (Table 1, entry 10). OCPh, OH 

The stereochemistry and identity of aldehyde 
addition were established as shown in Scheme 5 

ow 

via the previously described keto alcohol 26 (1). O E ~  
Some noncarbohydrate enones were also 26 

found to react moderately well with aldehydes. SCHEME 5 
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Alcohols 
or 

27 
Alcohols and acetals 

that these photoalkylations like cuprate addi- 
tions are very sensitive to steric effects; hence 
the incoming addend should add anti to the C-19 
methyl group. 

The alkylation of mesityl oxide (Table 1, 
entry 12) is noteworthy since other additions (i.e. 
of alcohols and acetals) to acyclic systems have 
usually been unsuccessful. However, the addi- 
tion of acetaldehyde was con~plete within 2 h, 
the yield after isolation of the known diketone 
(29) (13) being 31%. 

The results in this and in the accompanying 
paper (1) indicate a wide disparity between the 
success of various a-enones as receptors in the 
photoalkylation reactions. A11 understanding of 
the factors responsible for these differences is 
obviously desirable and studies aimed at this 
objective are continuing in our laboratories. 

Experimental 
Materials and methods used have already been given 

in ref. 1. 
General Conditions for Photoalkylation Reactions 

Method A 
A solution of the enone (1.0 mmol) and benzophenone 

(0.16 mmol) dissohed in the solvent-addend (80 ml) was 
placed in a Pyrex photolysis tube. The reaction mixture 
was cooled by means of a cold finger extending into the 
solution. Nitrogen gas was bubbled into the solution 

throughout the length of the irradiation by means of a 
glass capillary tube. The reaction was photolyzed at 
350nm in a Rayonet Photochemical reactor (model 
RPR-100) until tlc indicated the reaction was con~plete. 
At this time the solvent was removed and the residue 
chromatographed on a silica gel column in order to 
isolate the product. 

Method B 
A solution of the enone (1.0 mmol), benzophenone 

(0.16 mmol), and the addend (40mmol) was dissolved 
in either hexane or acetonitrile (80 ml) and photolyzed as 
above. The reaction mixture was worked up as above 
except that in cases where the addend was a high boiling 
liquid it was removed by high vacuum distillation. 

Ethyl 2,3-Dideoxy-2-C-(R,S) -hydvoxy(hydroxyrnethyl)- 
methyl) -6-0-triphenylmethyl-a-D-threo-hexo- 
pyranosid-4-ulose, 3a 

The enone l a  (1.0 g, 2.42 mmol) and benzophenone 
(0.12 g, 0.68 mmol) were dissolved in acetonitrile (40 ml) 
and ethylene glycol (400n1l) and the solution was 
photolyzed in the usual manner (method B). Thin-layer 
chromatography (diethyl ether - benzene (1 : I)) after 4 h 
showed no starting material and one spot of lower Rf 
(0.16). The solvents were evaporated under reduced pres- 
sure and the resulting residue was chromatographed on a 
silica column to yield 3a (0.79 g, 69%) as a thick colour- 
less oil. The nmr spectrum of the oil showed two doublets 
at 5.28 ppm (J12 = 4.1 Hz) and 5.08 ppm (JI2  = 5.0 Hz) 
in 2: 1 ratio; ir: 1730 cm-I (saturated ketone). 

Ethyl 2,3-Dideoxy-2-C- (0x0 (trighenylrnethoxyrnethyl) - 
methyl) -6-0-triphenylrnethyl-a-~-thveo-hexo- 
pyranosid-4-ulose, 7 

The photoproduct from the preceding experiment, 3a 
(0.79 g, 1.66 mmol) was tritylated in pyridine (20 ml) with 
trityl chloride (1.38 g, 5.0 mmol) over 5 days. Normal 
work-up and subsequent column chromatography 
(petroleum ether (30-60°C) - ethyl acetate (4: 1)) afforded 
the ditritylate 3b (0.81 g, 97%) as a thick oil. This oil was 
dissolved in methylene chloride (30 ml) and chromium 
trioxide - dipyridine (4.0 g, 1.55 mmol) was added with 
vigorous stirring. At 1 h the solution was diluted with 
diethyl ether (100 ml), stirred for an additional 5 min, and 
then filtered through Celite. The filtrate was washed with 
5% hydrochloric acid and then a saturated solution 
of sodium bicarbonate, dried over anhydrous sodium 
sulphate, and decolourized with activated charcoal. 
Evaporation under reduced pressure gave 7 (0.68 g, 85%) 
which crystallized on standing. Recrystallization from 
diethyl ether gave fine white fibers; mp 180-181.5"C; 
[aIDz3 +90.8" (c 1.31, chloroform); ir v,,,: 1730cm-I; 
nmr (60 MHz) shows one doublet 6 5.27(J12 = 5.0 Hz).4 
Anal. calcd. for C48H4406: C 80.42, H 6.18; found: C 
80.35, H 6.22. 

Ethyl 2,3-Dideoxy-2-C ( (R ,S )  -hydvoxy(O-hydroxyethy1)- 
methyl) -6-0-triphenylmethyl-a-D-threo-hexo- 
pyranosid-Culose, 4a 

A solution of the enone l a  (0.82 g, 1.98 mmol) and 
benzophenone (0.16 g, 0.88 mmol) in acetonitrile (40 ml) 
and 1,3-propanediol (300 ml) was irradiated in the usual 

4For characteristic nmr features of these systems see 
the analysis of the 220 MHz spectrum of 8. 
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way (method B) for 5 h. Thin-layer chromatography 
(diethyl ether - benzene (1 : 1)) at this time showed only 
photoproduct (R, 0.14). The solvents were evaporated 
under reduced pressure (0.01 Torr and bath temperature 
of 94°C to remove propanediol). Column chromatography 
of the resulting residue afforded 4a (0.470 g, 49%) as an 
oil; ir: 1730 cm-' saturated ketone; nmr (60 MHz) shows 
two doublets 6 5.24 (J lz  = 50) and 5.08 (J lz  = 4.2) in 
2: 1 ratio. 

Ethyl 2,3- Dideoxy-2-C- (0x0 (rJ-triphenylmethoxyethyl) - 
methyl) -6-0-triphenylmethyl-a-D-threo-hexo- 
pyranosid-4-ulose, 8 

The photoproduct from the preceding experiment, 4a 
(0.287 g, 0.58 mmol), was tritylated in pyridine (5 ml) 
with trityl chloride (0.65 g, 2.34 mmol) over 72 h. 
Normal work-up and column chromatography (petroleum 
ether (30-60°C) - ethyl acetate (4: 1)) gave the ditritylate 
4b (0.225 g, 53%). This ditritylate was oxidized in meth- 
ylene chloride (20 ml) with chromium trioxide - dipryi- 
dine (1.1 g, 4.3 mmol) for 0.5 h. The solution was diluted 
with diethyl ether (80 ml) and filtered through Celite. 
The filtrate was processed in the usual manner to afford 8 
(0.210 g, 93%). Recrystallization from diethyl ether gave 
needles, mp 140-141°C; [aIoz3 f99.8' (c 1.96, chloro- 
form); nmr (HR-220) 6: 2.42 (dd, 1, Jz,,, = 4.2 Hz, 
J3e,3a = 15.2 HZ, H-3e) 2.64-2.92 (m, 3, H-3a, 8, 8'), 3.05 
(m, 1, J 2 , 3 0  = 12.2 HZ, H-2), 3.38 (dd, 1, J 5 , 6 e  = 6.1 HZ, 
Jse ,6a = 10.0 HZ, H-6e), 3.49 (dd, 1, J5,6a = 2.9 HZ, 
H-6a), 3.30-3.50 (m, 2, H-9, 9'), 4.20 (dd, 1, H-S), 5.25 
(d, 1, JlS2 = 5.5 Hz, H-1). Anal. calcd. for C49H4606: C 
80.52, H 6.34; found: C 80.49, H 6.42. 

Ethyl 2,3-Dideoxy-2-C-((R,S)-hydroxy(carbomethoxy- 
methyl) methyl) -6-0-triphenylmethyl-a-D-threo-hexo- 
pyranosid-4-ulose, 5a, and Its Tetrahydropyranyl 
Derivative 56 

(a) A solution of the enone l a  (0.25 g, 0.60 mmol) and 
benzophenone (0.03 g, 0.17 mmol) in methyl 3-hydroxy 
propionate (90 ml) was irradiated for 5.5 h in the usual 
manner (method A). Thin-layer chromatography (petro- 
leum ether (30-60°C) - ethyl acetate (13 :7)) revealed the 
absence of enone (R, 0.60) and the production of 5a (R, 
0.32). The methyl 3-hydroxy propionate was evaporated 
at 0.01 Torr with a bath temperature of 60°C. Column 
chromatography of the resulting residue gave 5a (0.112 g, 
32%) as a yellow oil. 

(b) A solution of enone l a  (1.50 g, 3.62 mmol) and 
benzophenone (0.18 g, 0.99 mmol) in methyl 3-hydroxy 
propionate (600ml) was irradiated for 6 h in the usual 
manner (method A). The methyl 3-hydroxy propionate 
was evaporated off as described in (a) and the resultant 
residue was treated with 3,4-dihydropyran (3.0g, 
35 mmol) and toluenesulphonic acid (0.020 g, 0.10 mmol) 
in methylene chloride (40 ml) at - 10°C for 0.75 h. The 
reaction mixture was poured into a sodium bicarbonate 
solution and the methylene chloride layer separated, 
washed with water, dried over sodium sulphate, and 
evaporated. Compound 56 (1.62 g, 74% from la)  was 
isolated after column chromatography (petroleum ether 
(30-60°C) -ethyl acetate (4: 1)) of the resulting oil. Rf 
0.30 in petroleum ether (30-60°C) - ethyl acetate (4: 1); 
ir: 1730 cm-'. Treatment of 5a (prepared in (a)) with 
dihydropyran gave an identical derivative. 

Ethyl 2,3-Dideoxy-2-C-(oxo(carbomethoxymethyl)- 
methyl) -6-0-triphenylmethyl-a-D-threo-hexo- 
pyranosid-4-ulose, 9 

The photoproduct 5a (0.090 g, 0.17 mmol) was 
treated with chromium trioxide - dipyridine (0.80 g, 
3.14 mmol) in methylene chloride (10 ml) for 0.5 h. The 
reaction mixture was then diluted with diethyl ether 
(30 ml) and filtered through Celite. The filtrate was 
washed with 5% hydrochloric acid and then a saturated 
sodium bicarbonate solution. Evaporation, after drying 
over sodium sulphate gave 9 (0.031 g, 34%) as an oil; 
nmr (HR-220) 6: 2.50 (dd, 1, J 2 , 3 e  = 4.4 Hz, J3e,30 = 
15.6 Hz, H-3e), 2.85 (dd, 1, J2,3,, = 12.5 HZ, H-3a), 3.18 
(m, 1, H-2), 3.39 (dd, l , J ~ . 6 ~  = 6.1 Hz,Jse.ea = 9.6Hz, 
H-6e), 3.49 (dd, J5,,ja = 2.5 Hz, H-6a), 3.60 (s, 2, H-8, 8'), 
3.73 (s, 3, OMe), 4.24 (dd, 1, H-5), 5.23 (d, 1, Jlg2 = 
5.8 HZ, H-1). 

Methyl 2,3-Dideoxy-2-C-(R,S) -hydroxy(hydroxymethyl) - 
methyl) -2-C-methyl-6-0-trityl-m-threo-hexo- 
pyranosid-4-uloses, 6al and 6az, and Their Ditrityl 
Derivatives, 6b1 and 6bz 

The enone 2 (1.242 g, 3.0 mmol) and benzophenone 
(0.087 g, 0.48 mmol) were dissolved in ethylene glycol 
(240 ml) and photolyzed in the usual manner (method A). 
After 7 h tlc indicated that the reaction was complete 
and that two new products had been formed. Evaporation 
of the solvent and chromatographic separation afforded 
6al (0.810 g, 38%) (R, 0.16, in petroleum ether (30- 
60°C) -ethyl acetate (4:l)) which on tlc charred red 
on spraying with sulphuric acid, and 6a2 (0.70 g, 33%) 
(R, 0.20, same solkent mixture) which on tlc charred 
black on spraying with sulphuric acid. 

The diol 6al (or 6az) (0.500 g, 1.05 mmol) was dis- 
solved in dry pyridine (10 ml) and trityl chloride (0.836 g, 
3.0 mmol) was added. The reaction mixture was placed 
in an oil bath (50°C) and stirred for 36 h. At this time 
tlc indicated that the starting material had been con- 
sumed and a new compound had been formed. Con- 
ventional work-up and chromatography of the reaction 
product afforded 6b1 (or 662) (0.653 g, 91%). 

Compound 661 was an amorphous solid: Rf 0.57 in 
petroleum ether (30-60°C) - ethyl acetate (4: 1); ir 
v,,,: 3600, 3440 (OH), 1735 (saturated ketone) cm-'; 
ms mle: 463 (M+ - Tr); nmr (220 MHz) 6: 0.88 (s, 3, 
C-CH3), 1.77 (d, 1, J3e,3a = 12.0 HZ, H-3e), 2.14 (d, 
1, H-3a), 2.91, 3.27, 3.45, 3.82, 4.09 (set of multiplets 
(2 ABM systems), 6, H-5, -6, -6' and H-7, -8, -8'), 3.09 
(s, 3, OCH,), 5.70 (s, 1, H-1), 7.2-7.8 (m, 30, phenyl). 

Compound 6b2 was a syrup: R, 0.64 in petroleum ether 
(30-60°C) - ethyl acetate (4: 1); ir v,,,: 3440 (OH), 1735 
(saturated ketone) cm-'; ms m/e: 463 (M+ - Tr); nmr 
(220 MHz) 6: 0.83 (s, 3, C-CH3), 1.75 (d, 1, J3e,3. = 
11.5 Hz, H-3e), 2.0 (d, 1, H-3e), 3.05, 3.45, 3.77, 4.05 
(set of multiplets (2 ABM systems), 6, H-5, -6, -6', and 
H-7, -8, -8'), 3.25 (s, 3, OCH,), 5.55 (s, 1, H-1), 7.2-7.8 
(m, 30, phenyl). 

Methyl 2,3-Dideoxy-2-C-(oxo(triphenylmethoxymethy1)- 
methyl) -2-C-methyl-6-0-trityl-a-D-threo-hexo- 
pyranosid-4-ulose, 10 

(a) The ditritylated alcohol 6b1 (0.350 g, 0.49 mmol) 
was dissolved in methylene chloride (10 ml) and the 
chromium trioxide - dipyridine complex (2.1 g, 8.1 mmol) 
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was added to the vigorously stirred solution. After 1 h 
at room temperature a tlc of the reaction mixture in- 
dicated that all of the starting material had been con- 
sumed and a new slower-running compound had been 
produced. The reaction mixture was diluted with ether 
(40 ml) and stirred an additional 15 min. The solution 
was then filtered through a bed of Celite and the filtrate 
was washed successively with a 5% hydrochloric acid 
solution (20 ml), a saturated sodium bicarbonate solution 
(20 ml), and water (20 ml). The organic layer was then 
decolourized, dried over sodium sulphate, and evaporated 
to afford 10 (0.312 g, 89%). 

(b)  The ditritylated alcohol 6b2 (0.320 g, 0.45 mmol) 
when subjected to the same reaction as above afforded 
6b1 (0.272 g, 85%). 

The compounds produced in parts (a) and (b) had the 
same Rf 0.52 in petroleum ether (30-60°C) -ethyl acetate 
(4: 1) and gave identical ir and nrnr spectra. 

The diketone 10 was a noncrystalline foam which gave 
the following data: ir v,,,: 1730 (saturated ketone) 
cm-'; ms m/e: 461 (M+ - Tr); nrnr (220 MHz) 6: 
1.07 (s, 3, C-CH3), 2.34 (d, 1, J3e,3a = 16.0 HZ, H-3e), 
2.73 (d, 1, H-3a), 3.40 (m(ABX), 2, J6,6f = 11.0 Hz, 
J5,6=7.0Hz,  J 5 , 6 , = 2 . 5 H ~ ,  H-6, -69, 3.45 (s, 3, 
OCH,), 3.96 (s, 2, H-8, -8'), 4.03 (dd, 1, H-5), 5.05 
(s, 1, H-1), 7.2-7.8 (m, 30, phenyl). 

Ethyl 2,3-Dideoxy-2-C-(2-propyl-1,3-dioxolan-2-yl) -6-0- 
trityl-a-D-threo-hexopyranosid-4-ulose, 12 

The enone l a  (0.248 g, 0.6 mmol), benzophenone 
(0.018 g, 0.1 mmol), and 2-propyl-1,3-dioxolane (2.80 g, 
24 mmol) were dissolved in acetonitrile (70 ml) and 
photolyzed in the usual manner (method B). After 2 h 
tlc indicated that the reaction was complete and a new 
product (Rf 0.33, petroleum ether (30-60°C) -ethyl 
acetate (4: 1)) had been formed. The residue obtained 
after evaporation of the solvents was chromatographed 
on a silica gel column using the same solvent system and 
afforded 12 (0.197 g, 62%). Compound 12 was a syrup 
which gave the following data: ir v,,,: 1730 (saturated 
ketone) cm-l; ms m/e: 485 (M+ - OEt), 287 (M+ - 
Tr); nrnr 6: 0.7-1.9 (m, 10, -CH,CH3, alkyl side 
chain), 2.2-2.75 (m, 3, H-2, -3e, -3a), 3.3-4.4 (m, 9, 
H-5, -6, -6', -CH2CH,, ketal methylene), 5.12 (d, 1, 
JlSz = 4.0 Hz, H-1), 7.2-7.8 (m, 15, phenyl). 

2- (3-Oxocyclohexyl) -2-methyl-1,3-dioxolane, 17 
2-Cyclohexenone (5 g, 0.05 mol), benzophenone (600 

mg, 3.3 mmol), and 2-methyl dioxolane (50 ml) in cyclo- 
hexane (800 ml) was irradiated in the usual manner 
(method B) for 57 h. The product was fractionated on a 
silica column using petroleum ether (30-60°C) - ethyl 
acetate (4: 1) and the material of Rf 0.19 was collected 
(5.2g, 54%). Compound 17 gave the following data: ir 
v,,,: 1730 (saturated ketone) cm-l; ms mle: 183 
(M+ - 1); nrnr (60 MHz) 6: 1.2 (s, 3, CH3), 1.4-2.5 
(m, 9, ring protons), 3.87 (s, 4, ketal methylene). 

2-Hydroxymethyl-1,3-dioxolane, 20 (Scheme 5 )  
Acetic anhydride (118 ml, 1.25 mol) and acetic acid 

(120 ml, 2.1 mol) were refluxed in a 500 ml flask while cis- 
2-butene-1,4-diol (44.0 g, 0.5 mol) was added dropwise. 
The reaction mixture was refluxed for 24 h. At this time 
the reflux condenser was replaced by a Vigreux column 
(30 cm) and the reaction mixture was fractionally distilled 

under aspirator vacuum. The product, 1,4-di-0-acetyl- 
cis-2-butene-1,4-diol, was collected by high vacuum 
distillation after the acetic anhydride and acetic acid had 
been removed: yield 66.0 g, bp 75-80°C (1.5 Torr). 

The diacetate (10.0 g, 0.058 mol) was dissolved in ethyl 
acetate (100 ml) and cooled to 0°C in an ice bath. Ozone 
was bubbled through the solution until the starting olefin 
had been consumed (tlc). Pd/C (5%) (0.5 g) was added 
and the reaction mixture was hydrogenated at atmo- 
spheric pressure at 0°C. The crude product obtained upon 
filtration and evaporation was dissolved in benzene 
(20 ml). Ethylene glycol (1.86 g) and p-toluenesulphonic 
acid (0.018 g) were added and the reaction mixture was 
refluxed using a Dean-Stark trap to remove the water 
formed during the reaction. After 6 h the reaction mixture 
was poured into a separatory funnel and diluted with 
ether (20ml). The organic layer was washed with a 
saturated sodium bicarbonate solution (20 ml) and water 
(20ml), dried over sodium sulphate, and evaporated. 
The residue was fractionally distilled to give 2-acetoxy- 
methyl-1,3-dioxolane: yield 5.1 g;  bp 49-5l0C, 0.4 Torr; 
Rf 0.44 (petroleum ether (30-60°C) - ethyl acetate 
(1 :I)); nmr 6: 2.03 (s, 3,. -OCOCH3), 3.90 (m, 4, 
-CH,CH,-), 4.0 (d, 2, J = 4.0 HZ, -CH,CH-), 5.03 
(t, 1, J = 4.0 Hz, acetal proton). 

The acetylated acetal (5.0 g, 0.034 mol) was dissolved 
in methanol (30ml) and sodium carbonate (4.25 g, 
0.051 mol) was added. The reaction mixture was stirred at 
room temperature for 4 h, filtered through a bed of Celite, 
and evaporated to dryness. The residue was extracted 
with chloroform and filtered. The filtrate was evaporated 
to dryness and the resulting oil was distilled under high 
vacuum to give 20: yield 2.9 g; bp 44-48"C, 0.5 Torr; 
R, 0.18 (petroleum ether (30-60°C) - ethyl acetate (1 :I)); 
nrnr 6 : 2.9 (bs, 1, OH), 3.68 (d, 2, J = 3.0 Hz, -CH20Ac), 
4.0 (m, 4, -CH,CH,-), 5.05 (t, 1, J = 3.0 Hz, acetal 
proton). 

Ethyl 2,3-Dideoxy-2-C-(2-hydroxymethyl-1,3-dioxolan-2- 
yl)-6-O-trityl-a-D-threo-hexopyranosid-4-uose, 21 

The tritylated enone l a  (0.620 g, 1.5 mmol) and the 
acetal 20 (6.0 g, 60 mmol) were dissolved in acetonitrile 
(140 ml) and photolyzed in the usual manner (method B). 
After 4 h the reaction was complete (tlc) and a new 
product had been formed, Rf 0.23 in petroleum ether 
(30-60°C) - ethyl acetate (2: 1). The residue obtained 
after normal work-up was chromatographed on a silica 
gel column using the same solvent system as eluant to 
afford 21 (0.319 g, 42%). Compound 21 was a syrup 
which gave the following data: ir v,,,: 3460 (OH), 1735 
(saturated ketone) cm-'; ms m/e: 487 (M+ - CH,OH), 
441 (M+ - Ph); nrnr 6: 1.26 (t, 3, J = 7.0 Hz, CH,CH3), 
2.3-2.9 (m, 3, H-2, -3e, -3a), 3.3-4.4 (m, 10, H-5, -6, -6', 
ketal methylene, -CH,OH), 5.15 (d, 1, J,,, = 4.0 Hz, 
H-1), 7.2-7.8 (m, 15, phenyl). 
Methyl 2,3-Dideoxy-2-C-(2-hydroxymethyl-l,3-dioxolan- 

2-yl) -2-C-methyl-6-0-trityl-ci-D-threo-hexopyranosid- 
4-ulose, 23 

The tritylated enone 2 (0.435 g, 1.05 mmol), the acetal 
20 (4.2 g, 42 mmol), and benzophenone (0.032 g, 0.18 
mmol) were dissolved in acetonitrile (100 ml) and photo- 
lyzed in the usual manner. The reaction was stopped 
after 48 h. At this time tlc indicated that a new product 
had been formed, Rf 0.21 in petroleum ether (30-60°C) - 
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ethyl acetate (4:l). Some starting material was still 
present, and some decomposition had occurred. After 
the usual work-up the residue was chromatographed 
on a silica gel column using the same solvent system, 
whereby unreacted starting material (0.152 g) was 
obtained. On this basis the yield of compound 23 (0.163 
g) was 46%. Con~pound 23 was a syrup which gave 
the following data: ir v,,,: 3450 (OH), 1720 (saturated 
ketone) cm-'; ms m/e: 487 (M+ - OCH,) or (M+ - 
CH20H); nmr 6: 0.85 (s, 3, C-CH,), 1.92 (m, 2H, 
H-3e, -3a), 3.22 (s, 3, 0CH3), 3.34.5 (m, 10, H-5, -6, -6', 
ketal methylenes, -CH,OH), 4.88 (s, 1, H-1), 7.2-7.8 
(m, 15, phenyl). 

Ethyl 2-C-Acetyl-2,3-dideoxy-6-O-trityl-a-~-thveo-hexo- 
pyranosid-4-ulose, 24 

(a) The enone l a  (0.465 g, 1.12 mmol), benzophenone 
(0.036 g, 0.2 mmol), and acetaldehyde (6.3 ml, 0.112 
mol) were dissolved in acetonitrile (90 ml) and photolyzed 
in the usual manner (method B). The reaction was com- 
plete in 5 h (tlc) and a new compound had been formed 
(Rf 0.40 in petroleum ether (30-60°C) - ethyl acetate 
(4:l)). The residue obtained after evaporation of the 
solvents was chromatographed on a silica gel column in 
the same solvent system to afford compound 24 (0.344 g, 
67%). 

(b) The enone l a  (1.5 g, 3.72 mmol) and benzophenone 
(0.113 g, 0.62 mmol) were dissolved in ethanol and 
photolyzed in the usual manner (method A). After 7 h 
tlc indicated that the reaction was complete and a new 
product had been formed (Rf 0.20 in petroleum ether 
(30-60°C) -ethyl acetate (4: 1)). The residue obtained 
after the usual work-up was chromatographed on a silica 
gel column and afforded 26 (1.29 g, 76%) as a mixture 
of epimers. The material (0.59 g, 1.3 mmol) was dissolved 
in methylene chloride (35 ml) and the chromium trioxide - 
dipyrid~ne complex (1.8 g) was added to the vigorously 
stirred solution. After I h tlc indicated that the starting 
material had all been consumed and a new product had 
been formed. The reaction mixture was diluted with ether 
(100 ml) and stirred for an additional 15 min. The 
solution was then filtered through a bed of Celite, de- 
colourized, and dried over sodium sulphate. Compound 
24 (0.515 g, 86%) was recovered when the solvents were 
evaporated. 

Compound 24 after crystallization from ethanol gave 
the following data: mp 107-108°C; [aIDz3 + 150" (c 1 .O, 
CHCI,); ms mle: 381 (M+ - Ph), 215 (M+ - Tr); 
nmr 6: 1.3 (t, 3, J = 8 . O H z ,  CH2CH3), 2.21 (s, 3, 
-COCH,), 2.47 (m, 1, H-3e), 2.79 (m, 1, H-3a), 3.03 
(m, 1, H-2); 3.3-4.2 (m, 5, H-5, -6, -6', -CH2CH3), 5.32 
(d, 1, J 1 , ~  = 5.0 HZ, H-1); 7.20-7.70 (m, 15, phenyl). 
Anal. calcd. for C29H3005: C 75.96, H 6.59; found: C 
75.98, H 6.53. 

Ethyl 2-C-Benzoyl-2,3-dideoxy-6-O-trityl-a-~-threo-hexo- 
pyranosid-4-ulose, 25 

The enone l a  (0.464 g, 1.12 mmol), benzophenone 
(0.036 g, 0.2 mmol), and benzaldehyde (10 ml) were dis- 
solved in acetonitrile (80 ml) and photolyzed in the usual 
manner (method B). After 2 h tlc indicated that the start- 
ing material had all been consumed and a new product 
had been formed R, 0.41 in petroleum ether (30-60°C - 
ethyl acetate (4: 1)). The residue obtained upon evapora- 
tion of the solvents was dissolved in ether (50 ml) and 

washed successively with a saturated sodium bisulphite 
solution (3 x 50 ml) and water (50 ml). The solution was 
then dried over sodium sulphate and evaporated to 
dryness. The residue was separated on a silica gel 
colun~n using the same solvent system and afforded 25 
(0.338 g, 58%). Compound 25 was crystallized from 
ether-hexane and gave the following data: mp 127- 
128°C; [a]DZ3 +178.7' (c 1.83, CHCl,); nmr 6: 1.3 
(t, 3, J = 7.0 Hz, -CH,CH,), 2.4-3.0 (m, 3, H-2, -3a, 
-3e), 3.2-4.4 (m, 5, H-5, -6, -6', -CH2CH3); 5.4 (d, 1, 
JiS2 = 5.OHz, H-1), 7.2-8.3 (m, 20, phenyl). Anal. 
calcd. for C3,H3,O5: C 78.44, H 6.20; found: C 78.50, 
H 6.17. 

3-Acetylcyclohexanone, 18 
(a) 2-Cyclohexenone (0.432 g, 4.5 mmol), benzo- 

phenone (0.136 g, 0.75 mmol) and acetaldehyde (40 ml) 
were dissolved in acetonitrile (320 ml) and photolyzed 
in the usual manner (method B). After 10 h an nmr 
spectrum of the crude reaction mixture indicated that the 
reaction was complete. The residue was chromatographed 
on a silica gel column and afforded compound 18 
(0.317 g, 42%); Rf 0.23 in petroleum ether (30-60°C) - 
ethyl acetate (4: 1). The structure of 18 was confirmed by 
comparison of its nmr and ir spectra with published data 
for the compound prepared by another route (1 I). 

(b) 3-(-1-Hydroxyethyl)cyclohexane (1) (0.564 g) was 
dissolved in methylene chloride (20 ml) and treated with 
3.0 g of chromium trioxide - dipyridine complex. After 
1 h, the reaction was worked up as described above for 
10 and the material was purified by column chromatog- 
raphy: Rf 0.31 in benzene-ether (1 : 1); nmr (60 MHz) 
6: 1.4-2.4 (m, 8, ring protons), 2.10 (s, 3, CH,), 2.5-3.0 
(m, 1, methine). These data were in excellent agreement 
with those described for compound 18 (11). 

(c) The ketal 17 (500 mg) was dissolved in dioxane 
(5 ml) and 1 N sulfuric acid (5 ml) added. The solution 
was stirred at room temperature and after 1 h, tlc in 
benzene-ether (1:l) indicated that the hydrolysis was 
complete. Customary work-up and chromatography af- 
forded 300 mg of 18. (The ketal 17 on standing at room 
temperature decon~poses to diketone 18.) 

I-Acetyl-3-cholestanone, 28 
1-Cholesten-3-one27 (0.431 g, 1 . l  mmol), benzophenone 

(0.036 g, 0.2 mmol), and acetaldehyde (10 ml) were dis- 
solved in acetonitrile (100 ml) and irradiated for 12 h 
in the usual manner (method B). The product was 
chromatographed on a silica column using diethyl ether - 
benzene (1:9) and the substance having Rf 0.22 was 
recovered (0.192 g, 42%) and recrystallized from meth- 
anol; mp 139-140°C; ms m/e: 428 (M+) ,  413 (M+ - CH3), 
385 (M+ - Ac), 385 (M+ - (Ac + CH3)); 315 (M+ - 
CsH,,); nmr 6: 2.00-2.31 (m, 3, H-2 ax., H-4 eq., 
H-4 ax.), 2.21 (s, 3, COCH,), 2.40 (q, 1, H-2 eq.), 3.26 
(dd, 1, H-1). Anal. calcd. for C2,Hz,0z: C 81.25, H 11.29; 
found: C 81.28, H 11.12. 

3,3-Dimethyl-2,5-hexanedione, 29 
Mesityl oxide (0.440g, 5.1 mmol), benzophenone 

(0.154 g, 0.85 mmol), and acetaldehyde (40 ml) were dis- 
solved in acetonitrile (320ml) and photolyzed in the 
usual manner (method B). After 2 h an nmr spectrum of 
the crude reaction mixture obtained upon evaporation 
of the solvents indicated that the starting material had all 
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been consumed. The residue was chromatographed on 
a silica gel column using petroleum ether (30-60°C) - 
ethyl acetate (4: 1). One fraction (R, 0.33) which was de- 
tected by exposing the tlc plate to iodine vapor, gave 
compound 29 (0.205 g, 31%) as a light yellow oil. The 
nmr spectrum of 29 exhibited the following: 6: 1.25 
(s, 6, C-CH,), 2.12 (s, 3, COCH,), 2.18 (s, 3, COCH,), 
2.8 (s, 2, CH,). Compound 29 was characterized as its 
bis-2,4-nitrophenylhydrazone, mp 216-217"C, (lit. (13) 
217-218°C). 
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STEVE YIK-KAI TAM and BERT FRASER-REID. Can. J. Chem. 55,3996 (1977). 
Cyclopropyl glycopyranosides which solvolyze via a stabilized cyclopropyl carbinyl-oxocar- 

bonium ion react under neutral conditions with nucleoside bases in nitromethane at 200°C to 
give good yields of the corresponding cyclopropanated nucleosides. Under similar conditions 
hex-2-enopyranosides (which solvolyze by allyl-oxocarbonium ions) do not react. However, 
under catalysis by mercuric bromide or acetic acid, the corresponding 2',3' unsaturated nucleo- 
sides are formed although accompanied by appreciable amounts of 1',2'-unsaturated-3'-nucleo- 
sides. Formation of the latter may be avoided if the hex-2-enopyranosides are first converted to 
the hex-2-enopyranosyl acetates by treatment with boron trifluoride and acetic anhydride. The 
derived acetates react with the nucleoside bases without catalysis to give anomeric mixtures of 
nucleosides, there being no trace of the unwanted 3'-nucleosides. 

STEVE YIK-KAI TAM et BERT FRASER-REID. Can. J. Chem. 55,3996 (1977). 
Les cyclopropyl glycopyrannosides lesquels se solvolysent via un ion cyclopropyl-oxocar- 

bonium stabilise, reagissent dans des conditions de neutralite avec des bases nucleosides dans le 
nitromethane a 200°C pour conduire avec de bons rendements au nucltoside cyclopropyle 
correspondant. Dans des conditions similaires, les hexeno-2 pyrannosides (lesquels se solvoly- 
sent par un ion allyl-oxocarbonium) ne reagissent pas. Par contre, ces reactions catalysees par 
le bromure mercurique ou I'acide acetique conduisent aux nucleosides 2',3'-insatures corres- 
pondants quoique accompagnks d'une quantite apprbciable de nuclCosides-3' lf,2'-insatures. 
La formation de ce dernier peut-Ctre Cvitee si on transforme en premier lieu les hexkno-2 
pyrannosides en acetate d'hexeno-2 pyrannosyle par action du trifluorure de bore et de I'anhy- 
dride acetique. Ces acetates reagissent, sans catalyseur, avec les bases nuclCosides pour con- 
duire a des melanges anomeriques de nuclCosides. On n'observe aucune trace des nucl6osides-3' 
non desires. 

[Traduit par le journal] 

Introduction 
In a previous paper from our laboratory, the 

synthesis and chemistry of some cyclopropyl 
glycopyranosides (e.g. 1 and 2) were described 
(1). The fact that the glycosides, 1 and 2, were 
readily hydrolyzed by boiling water to the car- 
boxaldehyde 4 was attributed to the remarkable 
stability of the intermediate cyclopropylcarbinyl- 
oxocarbonium ion (3)3 (2, 3), the existence of 
which was supported by the exclusive formation 
of 4 in the silver-ion assisted hydrolysis of the 
homoallyl iodide 5 (1, 5). Further study of the 
solvolysis of the cyclopropyl compounds re- 
vealed that in 3 the stabilization of the anomeric 

cation by the ring oxygen completely overwhelms 
that by the cyclopropyl ring (4). Thus the stabil- 
ized ion 3 may be regarded as an 'activated' 
intermediate for carbonium ion reactions oc- 
curring at the anomeric center. In this paper we 
report that this stable intermediate (Scheme 1) 
may be exploited for the preparation of 2',3'- 
cyclopropanated nucleosides which proceed via 
an anomeric cation (for a review see ref. 6), 
and as an extension of this study we have devel- 
oped a new approach to the synthesis of 2',3' 
unsaturated nucleosides by making use of 
stabilized allyl-oxocarbonium ions (6) (7). 

Results and Discussion 
'Cyclopropylcarbinyl-oxocarbonium ions, Part VIII. with 6-ch10r0~urine was 

For Part VII see ref. 4. effected bv heatinn the reactants in nitromethane 
'Taken from the Ph.D. Thesis of S. Y-K. Tam. Present without any addid catalyst (Scheme 2). After 

address: Sloan Kettering Institute for Cancer Research, 6 h of reaction, a 1 : 1 anomeric mixture of the 
145 Boston Post Road, Rye, New York, NY 10580, 
U.S.A. 2',3'-cyclopropanated nucleosides 7 was isolated 

3An alternative name for 3 is cyclopropyl(oxo)methy- in 71% yield- The anomers could be partially 
lium ion (4). separated by silica gel column chromatography, 
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TAM AND FRASER-REID 

and anomeric configurational assignments were 
made by comparing their 'H nmr spectra to 
those of their glycosidic counterparts 1 and 2 
(1) (Table 1). Thus a-configuration was assigned 
to the anomer showing the larger J,,,,, value. 

resulting from elimination of hydrogen iodide 
was isolated in 20% yield.4 

The reaction of the 2,3-unsaturated glycopy- 
ranoside 9 with 6-chloropurine in refluxing 
nitromethane was very slow in comparison to 
the cyclopropyl glycopyranoside 1, and 9 re- 
mained largely unreacted even after 1 day. 
Addition of mercuric bromide or acetic acid to 
the reaction mixture resulted in formation of 
a significant amount of the unwanted 3'-nucleo- 
sides, 11, identifiable by characteristic (see for 
example ref. 11) 'H nmr signals, -6.6 and -5.0 
ppm for the glycal protons HI-1 and HI-2. 

We suspected that the formation of 11 might 
7 

a a-anomer 
b p-anomer 

be due to the acidic catalyst employed and con- 
sequently decided to examine a substrate which 
would not require such catalysis. Thus the 
glycoside 9 was first converted to the glycosyl 
acetate 12 by treatment with acetic anhydride 
in the presence of a catalytic amount of boron 
trifluoride etherate (Scheme 3), and 12 was then 
reacted with 6-chloropurine in refluxing nitro- 
methane. This alteration proved advantageous 
since a 1 : 1 anomeric mixture of 10 was obtained 
in 48% yield, and 11 was not detected in the The position of substitution on the purine 

residue was determined to be N-9 by the uv data 
in ethanol: 263 nm (E = 10 383) and 257 nm 
(E = 9161). These values are closer to those 
usually observed for N-9 substitution (8, 9) than 
to those (278-283 nm, E = 7400) for N-7 sub- 
stitution (10). 

Reaction of the homoallyl iodide 5 with 
6-chloropurine under the agency of silver nitrate 
and sodium carbonate afforded the same mixture 
of the anomers of 7 in 58% yield. In the latter 
reaction the previously described (3, 4) diene 8 

reaction mixture. Interestingly, small amounts 
of glycal sugars, 13 and 14, were also formed in 
the boron trifluoride - acetic anhydride reac- 
tion of 9. However. these were recovered un- 
reacted in the nucleoside-formation reaction. 

4Attempts were made to obtain the free nucleosides 
from 7. Since the usual methods of debenzylidenation, 
viz. hydrogenolysis and acid hydrolysis, were incom- 
patible with the cyclopropane ring, the Hanessian-Hular 
reaction (22) was attempted, but this led to a complex 
mixture. 
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TABLE 1. Proton magnetic resonance parameters for 6-chloro-9-(4',6'-O-benzylidene-2',3'-dideoxy-2',3'-C-methylene-(a and p)-D-allopyranosy1)purine and 
their methyl glycoside analogues* w w 

w 00 

Chemical shifts (T values) 

Compound Anomer H-1' H-2' H-3' H-4' H-5' H-6' H-6" H-7'exo H-7'endo Base 

7 a 3.38 7.83 8.05 5.68 6.50 6.28 5.53 8.96 8.58 1.64and 1.19 
17 a 5.00 8.35 8.49 5.92 6.53 6.32 5.78 9.25 8.74 
7 3.67 8.29 8.08 5.54 6.50 6.28 5.74 8.85 8.61 1.64and 1.19 
27 p 5.23 9.00 8.88 5.70 6.71 6.29 5.78 9.14 8.93 

Coupling constants (Hz) 

Compound Anomer J112, J2,3, J2t7,exo J ~ , ~ , ~ ~ ~ ~  J ~ , ~ ,  J ~ , ~ , ~ ~ ~  J ~ , ~ , ~ ~ ~ ~  J ~ , ~ ,  J5 '6 '  J5'6', J6p6p, J7'encio J7'exa 

7 ~1 6.0 9.0 8.0 5.5 5.0 8.0 5.5 9.5 10.0 4.5 -10.5 -5.5 
17 a 6.0 9.0 8.0 5.5 5.0 8.0 5.5 9.5 10.0 4.5 -10.5 -5.5 
7 p 1.0 9.0 8.0 5.5 5.0 8.0 5.5 9.5 10.0 4.5 -10.5 -5.5 
2 

0 
0 1 .0  9.0 8 .0  5.5 5.0 8.0 5 .5  9.5 10.0 4.5 -10.5 -5.5 P z 

*Determined at 220 MHz in CDCIJ (TMS). J values were read directly from spectra run at 250 Hz sweep width. 
tSee ref. 5.  

n 
A 

TABLE 2. Proton magnetic resonance parameters for some 2',3'-unsaturated nucleosides rn 
B 
C 

Compound Anomer Solvent 

10 CL CDCl3 
10 ~1 CDCI3 
15 a CDC1, 
10 p CDC13 
10 p CDC13 
15 0 CsD6 

Chemical shifts (T values) 6 
r 

Base [alDz3 Ref. 
UI 

- 
59.9 8 

w 
1.18 1.67 -J 4 

1.16 1.67 65.7 This work 
1.71 10.5 9 

1.16 1.68 85.6 8 
1.18 1.72 80.5 This work 

2.42 45 9 

Coupling constants (Hz) 

Compound Anomer J, .,. J l r3 ,  J1,4, J2 t3 '  J2'4' J 3 s 4 ,  J 4 p 5 ,  J5,6' J5'6" J6,6', Ref. 

10 C( 3 .0  -2.0 1.6 10.2 -2.0 2.0 9.0 5.3 2.6 - 12.1 8 
10 a 2.0 -1.5 1.5 10.2 * 2.0 9.0 5.3 2.6 -12.2 This work 
15 a 3.0 -1.5 1.2 10.0 -1.7 1.7 8.5 * * * 9 
10 j3 1.8 -2.2 2.6 10.2 -1.6 1.8 8.4 4.7 3.3 - 12.2 8 
10 p 2.0 -2.0 2.2 10.2 -2.0 1.8 8.6 * * * This work 

15 I3 1.5 -2.0 2.2 10.0 -2.2 2.0 9.0 * * * 9 

'Values not determined. 
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TAM AND FRASER-REID 

A. A 

CH,NO, 
HgBr, or HOAc 

Reflux 

lo ( X  = H )  
a a-anomer 
b p-anomer 
15 ( X  = CI) 

13 arabino 
14 rib0 

SCHEME 3 

The anomers of 10 could be partially separated 
by silica gel colun~n chromatography. The 'H 
nmr parameters and optical rotation values 
(Table 2) of the pure anomers are in good agree- 
ment with the reported data for the authentic 
anomers, which were obtained by Garcia- 
Munoz and co-workers, from the reaction of 
triacetylglucal with 6-chloropurine (8). Ac- 
cordingly, the p-anomer was identified as the 
isomer showing the larger homoallyl coupling 
(J,,,,,) and smaller J,,,,, value. For purposes of 
comparison, the parameters of the 2,6-dichloro- 
purine derivatives (15) which were prepared by 
Ferrier and Ponpipom (9) are also included in 
Table 2. 

When the same sequence of reactions (Scheme 
4) was applied to the 6-deoxy olefinic sugar 17 

dl 
11 

a arabino 
b rib0 

obtained from 16 (12), an overall yield of 33% of 
the 6'-deoxy-2',3'-unsaturated nucleosides 18 
was obtained. In this case, the p-anomer (18b) 
could be fractionally crystallized from the 
anomeric mixture. Again, no trace of nucleosides 
of the glycal type (e.g. 11) was detected. 

Summary 
Compound 7 is the first example of a 2',3'-cy- 

clopropanated nucleoside. Its formation from 1 
without the need for acid catalysis demonstrates 
once again the exceptional stability of the cyclo- 
propylcarbinyl-oxocarbonium ion3 intermediate 
(3) which results upon cleavage of the glycoside 
bond (5). The formation of 7 from the homoallyl 
iodide 5 further confirms the intervention of 3 
in these reactions. The comparatively slower 

CH3 6-Chloropunne 
Ac,O 

BZO&OAC 

CH3N02 
BF, .OEt, Reflux 

BzO 
, ,c_3 

OEt 
16 17 18 

a a-anomer 
b 8-anomer 

Bz = PhCO 
SCHEME 4 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



4000 CAN. J. CHEM. VOL. 55, 1977 

reaction of the 2,3-unsaturated glycopyranoside 
9 parallels the previously observed differences 
in the rate of hydrolysis of 1 and 9 (13). All these 
results indicate that 3 is a more highly stabilized 
carbonium ion than the allyl-oxocarbonium 
ion, 6. 

Conversion of the glycoside, 9, to the glycosyl 
acetate, 12, facilitated the formation of the ion 6 
for obvious reasons. This approach to the syn- 
thesis of 2',3'-unsaturated nucleosides from a 
2,3-unsaturated hexopyranoside via the corre- 
sponding acetate, offers at least one advantage 
over the existing and most commonly used 
'glycal approach' (8, 9, 14-16). The method pro- 
vides exclusively the 2',3'-unsaturated nucleo- 
sides, whereas the 'glycal approach' furnishes 
the 1',2'-unsaturated 3'-nucleosides (17, 18) 
and/or 2'-deoxy nucleosides (8, 19-21) as side 
products, thereby increasing the difficulty in 
isolating the desired product. Further experi- 
ments to test the generality of the method are 
underway and will be reported in due course. 

Experimental 
General 

Melting points were determined on a Fischer-Johns 
heating stage or a Mel-Temp apparatus, and are uncor- 
rected. The nmr spectra were determined, unless other- 
wise stated, in deuteriochloroform containing 1% tetra- 
methylsilane as internal standard with either a Varian 
T-60, a Varian HA 100, or a Varian HR 220 spectrom- 
eter. Coupling constants were obtained by measuring 
spacings of spectra judged to be first order. 

Thin-layer chromatography (tlc) was performed on 
glass plates coated with silica gel (HF-254, E. Merck) to 
a thickness of 0.3 mm and developed with petroleum 
ether (35-60°C) -ethyl acetate (1 : 1) unless otherwise 
stated. The chromatograms were first viewed under 
ultraviolet light, then exposed to iodine vapor, and finally 
sprayed with concentrated sulfuric acid. Heating in an 
oven is required for complete visualisation. 

For column chromatography, E. Merck silica gel 
(0.05-0.20 mm, 7C325 mesh A.S.T.M.) was used. 

6-Chloro-9- (4',6'-0-benzylidene-2',3'-dideoxy-2',3'-C- 
methylene-(a and 8)-D-allopyranosyl)purine, 7 

(a) 6-Chloropurine (2 g, 12.9 mmol) was dissolved in 
95 rnl freshly dried nitromethane and methyl 4,6-0- 
benzylidene-2,3-dideoxy-2,3-C-methylene-u-~-allopyran- 
oside 1 (1) (2 g, 7.3 mmol) was added. After refluxing 
vigorously under anhydrous conditions for 6 h, the reac- 
tion mixture was allowed to cool. Evaporation of the sol- 
vent afforded a solid residue the nmr spectrum of which 
indicated the presence of unreacted starting material and 
a 50: 50 mixture5 of 7a and 7P. The product mixture was 
fractionated on a column of silica with 50% ethyl acetate 

5Nuclear magnetic resonance estimate based on rela- 
tive intensity of the (H-1')'s of (7u) and (7p) at .r 3.39 and 
3.67 respectively. 

in petroleum ether (30-60°C) as irrigating solvent. The 
chromatogram afforded 550 mg of starting material (I), 
60 mg of pure 78, 1.45 g of a mixture of the two anomers 
(78 (R, 0.29) and 7a (Rf 0.22)) and about 0.9 g of 6-chlo- 
ropurine. The total yield of nucleosides was thus cal- 
culated to be 71% based on the recovered starting mate- 
rial. A further amount (32 mg) of 7p could be crystallized 
out from the mixture with ethyl acetate - petroleum ether 
as solvent. 

(b) 6-Chloropurine (200 mg, 1.3 mmol) was dissolved 
in 20 ml of hot nitromethane and then treated with 
sodium carbonate (400 mg), silver nitrate (100 mg), and 
4,6-0-benzylidene-1 ,2,3-trideoxy-3-C-iodomethyl-D-ribo- 
hex-1-enopyranose, 5 (200 mg, 0.56 mmol). After re- 
fluxing vigorously under anhydrous conditions for 6 h, 
the reaction mixture was allowed to cool. Evaporation 
of the solvent afforded a solid residue, the nmr spectrum 
of which showed the complete disappearance of the 
starting material and the presence of the known (3, 4) 
diene 8 and a 50: 50 mixture4 of 7a and 78. Column 
chromatography afforded 22 mg of the diene 8 (20% 
yield) and 125.1 mg of a mixture of 7a and 7B (58% 
yield). A small amount of unreacted 6-chloropurine was 
also recovered. 

For compound 78 after recrystallization from meth- 
anol: mp 222.0-224.5"C; [ulDZ3 + 23.54' (c 1, CHC13); 
uv A,,, (EtOH): 263 nm (E 10 383) and 257 nm (E 9161). 
The nmr parameters are presented in Table 1. Anal. 
calcd. for CI9H1,O3N4C1: C 59.31, H 4.45, N 14.56, C1 
9.21; found: C 59.30, H 4.62, N 14.25, C1 9.73. 

Compound 7u has not been obtained completely free 
of 78. The nmr parameters shown in Table 1 were ob- 
tained on a slightly impure sample. 

6-Chloro-9- (4',6'-di-0-acetyl-2',3'-dideoxy- (a  and 8) - 
-D-erythro-hex-2'-enopyranosyl)purine, I 0  

Ethyl 4,6-di-0-acetyl-2,3-dideoxy-a-D-erythro-hex-2- 
enopyranoside 9 (2 g, 7.7 mmol) was dissolved in a mix- 
ture of acetic anhydride (9 ml) and dry benzene (20 ml) 
and then boron trifluoride etherate (0.02 ml) was added. 
After stirring at room temperature for 8 h, the light brown 
solution mixture was poured into ice-cold sodium bicar- 
bonate solution (50 ml) and stirred for 0.5 h. The mixture 
was then extracted with ether and washed with water. The 
dried (NaZS04) solution on evaporation afforded a thick 
syrup from which methanol was evaporated a few times 
to remove acetic acid. The final syrupy product weighed 
1.98 g and showed, on tlc, two overlapping spots of Rf 
0.45 and 0.40. The latter was later shown to be the 
glycosyl acetate 12 and the former was a mixture of the 
unreacted starting material 9 and the glycal side products 
13 and 14. The nmr spectrum of the product showed that 
12 constituted 77% of the mixture and since fractionation 
could not be effected the mixture was used directly for the 
following synthesis. 

The syrupy mixture containing 12 (1.4 g) was dissolved 
in nitromethane (50 ml), and 6-chloropurine (1.0 g) was 
added. The mixture was then refluxed vigorously for 
8 h. After removal of the solvent, the solid residue was 
fractionated on a silica column with 40% ether in benzene 
as eluant. The first zone afforded 325 mg of a mixture 
of 13, 14, and unreacted 12. The second zone afforded a 
pure syrupy sample of the a-nucleoside 108 (25 mg), and 
the third a (50:50) mixture of 10u and 108 (883 mg). 
The pure a-nucleoside 10u (24 mg) was obtained from 
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TAM AND FRASER-REID 4001 

the fourth zone. The total yield of the nucleosides was 
thus calculated to be 48% based on compound 9, or 669, 
based on the glycosyl acetate 12. 

For loci: [ctIDZ3 $65.7" (c 1, CHC13); X,,, (EtOH): 
263 nm. 

For l ap :  [ctJDZ3 + 80.5" (C 0.5, CHCI3); h,,, (EtOH): 
263 nm. 

Nuclear magnetic resonance parameters are shown in 
Table 2. The physical constants of 10ct and 10p are in 
good agreement with published data for the compounds 
prepared by another route (8). 

6-Ch1oro-9-(4'-0-benzoyI-2',3',6'-trideoxy-(ct and P)- 
D-erythro-hex-2'-enopyranosyl)purine, 18 

Methyl 4-0-benzoyl-2,3,6-trideoxy-a-D-hex-2-enopy- 
ranoside 16 (12) (1 g) was dissolved in a mixture of acetic 
anhydride (4.5 ml) and dry benzene (10 ml), and boron 
trifluoride etherate (0.01 ml) was added. The mixture 
was stirred at room temperature for 5 h and then worked 
up as described above for 12. The syrupy product weighed 
about 1 g and appeared to be homogeneous on tlc (Rf 
0.69 in 50% ether in benzene), although the nmr spectrum 
showed that there were some glycal derivatives (cf. 13  and 
14) in addition to 17. 

The syrupy product mixture (1 g) was dissolved in 
30 ml of nitromethane and 6-chloropurine (600 mg) was 
added. The mixture was then heated in a Wood's alloy 
bath at a temperature of 200°C for 7 h. After removal of 
the solvent, the solid residue was fractionated on a silica 
column with 50% ether in benzene as eluant to afford 
154 nlg of a mixture of 17 and glycal impurities. The 
nucleosides obtained from the column had a total weight 
of 489 mg. The nmr spectrum of the mixture closely 
resembled that of 10ct and 10B (Table 2). The composition 
of the ct and [3 anomers of 18 in the mixture was about 
50:50 based on the relative intensity of the signals cen- 
tered at  r 8.62 and 8.70 for the methyl doublets. The yield 
of the anomeric mixture of 18 was calculated to be 33% 
based on compound 16. 

Fractional crystallization of the mixture with hexane 
afforded 135 mg of pure 18P: mp 186-188°C; [ctJDZ3 
+162.3" (c 1, CHCI,); h,,, (EtOH): 263 and 232 nm. 
Anal. calcd, for C18H1503N4C1: C 58.31, H 4.08, N 
15.11, C1 9.56; found: C 58.27, H 4.26, N 15.21, C1 9.53. 
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The stereochemistry of conjugate addition of lithium dialkyl cuprate reagents to 
some carbohydrate a-enones 
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55,4002 (1977). 

Conjugate addition-alkylation reactions of lithium dialkyl cuprates to hex-2-enopyrano-4- 
ulosides (I), hex-3-enopyrano-2-ulosides (2), and hex-1-enopyrano-3-uloses (3) have been inves- 
tigated. Extensive studies with 1 show that the homogeneous system using the soluble tri-n- 
butylphosphine copper(1) complex is less satisfactory than the heterogeneous medium in which 
copper(1) iodide is used. The use of Grignard reagents versus alkyl lithiums has also been 
investigated, the latter being found preferable. 1,2-Addition was observed in some cases, but 
conditions were developed to avoid formation of these side products. 

With a-enones 1 and 2 alkylation is completely stereoselective, the newly introduced alkyl 
group being in axial orientation. With 3 a complex mixture is obtained from which equatorial 
and axial adducts can be isolated in approximately equal amounts. 

MARK BERNARD YUNKER, DIETER ERNEST PLAUMANN et BERT FRASER-REID. Can. J. Chem. 
55,4002 (1977). 

On Ctudie les reactions conjugutes d'addition-alkylation des dialkyl cuprates de lithium aux 
hexCno-2 pyrannoulosides-4 (I), hexkno-3 pyrannoulosides-2 (2) et hexeno-1 pyrannoulose-3 (3). 
Une etude developpee sur 1 montre que le systkme homogene utilisant le complexe soluble tri-n- 
butylphosphine-cuivre(1) est moins satisfaisant que le milieu hetkrogirne dans lequel I'iodure de 
cuivre(1) est utilise. On etudie aussi l'utilisation des reactifs de Grignard par rapport aux alkyl- 
lithiums, ces derniers ayant etC trouves preferables. Dans quelques cas, on observe une addition- 
1,2, mais les conditions sont dCveloppees de f a ~ o n  a avoir le moins de ces produits secondaires. 

Avec les enones-a 1 et 2, I'alkylation est entierement stCrCosClective et le groupement alkyle 
introduit a une orientation axiale. En utilisant 3, un melange complexe est obtenu dans lequel 
des adduits axiaux et Cquatoriaux peuvent Stre isoles dans des quantites approximativement 
egales. 

[Traduit par le journal] 

A programme of research in this laboratory 
involves the preparation of unsaturated deriva- 
tives of sugars and investigation of their useful- 
ness for iiltroducing new functionality into the 
pyranose ring (1). In pursuing this objective we 
have developed efficient syntheses of the a- 
enones 1 (2 ) ,  2 (3), 3 (4), and 4 (9, each of which 
opens the possibility for attaching new substi- 
tuents at one, two, or three different sites of the 
molecule. Carbon-carbon branched sugars are 
of particular importance in view of their omni- 
presence among the major antibiotics. As a 
result we have investigated the stereochemical 
course of alkylation of enones 1, 2, and 3 and we 
report our findings herein. In accompanying 
papers (6, 7) we describe some photoalkylation 
reactions of these receptors. 

'Taken in part from the Ph.D. Thesis of M. B. Yunker, 
University of Waterloo, 1975. Holder of NRCC Student- 
ships 1972-1975. Present address: Chemistry Department, 
University of Victoria, Victoria, B.C., Canada. 

phToO+ 0 o@oy; 
OCOPh 

Lithium dialkyl copper(1) complexes are the 
preferred reagents for achieving conjugate- 
addition-alkylation of a-enones (8) and although 
the mechanism of the reaction has not been 
established firmly (9), it is apparent that the 
course of addition is strongly influenced by 
steric factors (10). 

The reagent may be generated in either 
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YUNKER ET AL. 4003 

TABLE 1. Copper(1) induced addition of alkyl residues to some carbohydrate a-enones 

Organoalkyl Equivalents of 1,4-Adduct 1,2-Adduct 
Entry Substrate (4 equiv.) nBu3PCuI (% yield)" (% yield)" 

MeMgI 
MeLi 
MeLi 
MeMgI 
MeLi 
MeLi 
C2H3MgBr 
LiMezCu 
LiMe2Cu 

6a (trace) 
6a (1 9 and 7) 
6a (trace) 
6b (2 and 1) 
66 (16 and 21) 
None 
6c (10) 
None 
None 

'After isolation by column chromatography. 

homogeneous or heterogeneous systems (9) and 
we decided to examine both.' 

Additions to Alkyl Hex-2-enopyranosid-4-uloses 
(1) 

Enone 1, being the most accessible of the 
three, was used for our preliminary studies. The 
results in Table 1 show that with the homogene- 
ous systems, the best yields of conjugate addition 
were achieved with alkyl lithiums rather than 
Grignards as the organometallic reagents. Also 
evident from the results is the fact that substantial 
amounts of the soluble copper complex must be 
used, and entries 1-3 versus 4-8 indicate the 
general superiority of the tritylated enone l b  for 
producing 2b. 

With the heterogeneous system, the yield of 
adduct was somewhat less (Table 1, entry 8). 
However, this method is preferable since (a) 
preparation of the phosphine complex and (b) 
chromatography of the reaction product to re- 
move the liberated phosphine are both avoided. 

In either case the reaction gave a single 1,4- 
adduct (Scheme 1). The methyl 5a and vinyl 5c 
adducts were characterized as their 2,4-dinitro- 
phenylhydrazones. Adduct 5b was detritylated 
and found to be identical to 5a. 

The additions are therefore completely stereo- 
selective and because of the sensitivity to steric 
effects (lo), we had anticipated that addition 
would occur on the side opposite to the aglycon 
of 1. However, the nmr spectra of 5 did not allow 
an unambiguous assignment of orientation. Thus 
in 5a, H-1 was located at 4.71 ppm with an ob- 
served spacing, J12 = 4.0 Hz. This value seemed 
consistent with cis hydrogens (i.e. axial H-2) as in 
a-D-gluco derivatives (1 I), implying that the 

2Since this work was initially done (14) another soluble 
copper complex, Me2S-CuBr, has been developed which 
is reported to be superior to Bu3P-CuI (20). 

addition had occurred from the most hindered 
side. 

In order to gain clarification of this question, 
5a was reduced with lithium aluminium hydride 
(Scheme 2). The product, 7, was evidently a 
mixture of epimers judging from the elongated 
'spot' on thin-layer chromatograms. Although 
the epimers could not be resolved, the 220 MHz 
nmr spectrum showed two anomeric protons at 
4.47 and 4.57 ppm in the ratio 2:3 respectively, 
and with associated coupling constants J12 = 0.0 
and 2.6 Hz. The value of these couplings is 
definitive evidence (12, 13) for a diequatorial 
relationship of H-1 and H-2.3 

3Additional, more rigorous proof for the stereo- 
chemistry at C-2 of 5a was obtained by correlation with 
the product from the photochemical addition of methanol 
to 1 (6, 14). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



4004 CAN. J .  CHEM. VOL. 5 5 ,  1977 

I I 
OEt OEt 

5a 7 
J1 = 4.0 HZ J12  = 0.0 and 2.6 Hz 

SCHEME 2 

It is evident that changing the hybridization at 
C-4 from sp2 (in 5a) to sp3 (in 7) affects signi- 
ficantly the magnitude of J12. Special caution in 
making assignments on systems such as these is 
therefore advisable, particularly since the value, 
J12 E 4, is usually diagnostic (11, 12) of axial- 
equatorial protons as in 9. Thus with the epimers 
8 and 9 prepared recently in connection with the 

$8 

OEt 

8 9 
J12 = 5.2 Hz J 1 2  = 4.6 Hz 

synthesis of pillarose (15), the J,, values are T ' ,  ' ' i '  , ' i "  ' ; '  i , "  i '  i " 8  ' 

6.0 5.5 P P ~  5.0 
5.2 Hz for the equatorial-equatorial hydrogens, 
and 4.6 for the equatorial-axial pair (16). FIG. 1 .  (a) 220 MHz nmr spectrum of ethyl 2,3-dideoxy- 

4-C-vinyl-a-D-threo-hex-2-enopyranoside 6c; (6) simu- As indicated in Table 1, (entries 2 and 5) lated spectrum (see also Table 3). 
1,2-addition products were also obtained, es- 
pecially when smaller amounts of catalyst were evident that those of lo and 6c are 'loser than 

employed. These products were recognized by those of 11 and 6c. 

their polar nature on thin-layer chromatograms It is seen from Table 1 (entries 6 and 8), that by 

and, after isolation, by their nmr spectra which judicious choice of reagent and substrate, the 

showed olefinic signals and their infrared spectra Occurrence of products may be 

which showed hydroxyl absorptions. obviated. 
The epimeric tertiary alcohols 6 were usually Additions to Hex-3-enopyranosid-2-uloses, 2 

isolated from chron~atograms as syrupy, un- With the foregoing evidence from enone 1, we 
stable mixtures. However, one epimer of 6a was turned our attention to enone 2. Alkylation 
obtained in sufficient quallti t~ and purity (Table 1, using the heterogeneous method (Scheme 3) gave 
entry 2) to be characterized as its p-nitroben- 
zoate. 

There was only one vinyl adduct 6c obtained, boMe - LiMe2Cu & 
and it was characterized by its nmr spectrum. The 
complex olefinic region consisted of super- 

0 
imposed AB(H-2,3) and ABM(H-7,8,9) patterns, OMe 

2 12 
and this analysis was verified by computer SCHEME 3 
simulation (Fig. 1). a single product, 12, obtained in 83% yield, there 

The orientation of the vinyl group in 6c is being no evidence of a 1,2-adduct. 
assigned as equatorial by comparison with the The structure of 12 was deduced from its 
epimeric pair of allylic alcohols 10 and 11 pre- 100 MHz 'H nmr spectrum; data from this 
pared by Walker and Fraser-Reid in connection spectrum are shown in Table 2. Assignment of 
with the synthesis of pillarose (15). From the nmr the stereochemistry at C-4 rests on information 
data for 6c, 10, and 11 shown in Table 3, it is obtained, with the aid of decoupling experiments, 
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TABLE 3. Nuclear magnetic resonance data for some 4-C-vinyl pyranosidesa 

OMe OMe 
10 11 

R = H 9 ~  

Chemical shifts (ppm)* Coupling constantsC 

Compound H-7 H-8 H-9 J7 8 J8 9 J7 9 

#For additional data see Experimental. 
bCDC13, TMS. 
CRead directly from 220 MHz spectra run at 250 Hz sweep width. 
*See refs. 15 and 16. 

from the C-3 of methylene protons. Usually with 
a geminal pair of protons, the equatorial one 
occurs at lower field than the axial. This trend is 
increased in 12 by the anisotropy of the carbonyl 
group (17). Hence H-3 equatorial occurs at 2.98 
ppm while H-3 axial is at 2.20 ppm. The signal 
for H-3 axial appears as a doublet of doublets 
J = 15.0 and 2.5 Hz, the former value being 
obviously the geminal coupling. The small value 
of 2.5 Hz is consistent only with an equatorial 
H-4 proton. The signal for H-3 equatorial is also 
a doublet of doublets with J = 15.0 and 6.0. 

Additions to Hex-I-enopyran-3-uloses, 3 
With the a-enone 3, reaction with lithium di- 

methyl cuprate using either the homogeneous or 
heterogeneous system (Scheme 4) gave a complex 

13 14 
a R, = H, R, = Me a R, = H, R, = CH,OAc 
b R, = Me, R2 = H b R, = CH20Ac, R2 = H 

SCHEME 4 

mixture from which two conjugate addition 
products 13a and 13b were isolated by column 
chron~atography in 18 and 20% yields respec- 
tively. There was no evidence for 1,2-addition in 
the other components of the complex mixture. 

The stereochemistries of the epimeric pair 13a 
and 13b were assigned by comparison with the 
pair of C-glycosides 14a and 14b prepared by 
Walker and co-workers (6, 16). The data in 
Table 4 show that in the case of the equatorial 
congeners, 13b and 14b, H-2 resonates at 4.0 and 
3.95 ppm respectively while with the axial pair, 
13a and 14a, H-2 is at lower field, 4.6 and 4.76 
ppm respectively. Similarly, in 13b and 14b, H-3 
axial is -2.5 and 2.72 ppm respectively, while in 
13a and 14a, this proton is at 2.93 and 2.94 ppm 
respectively. 

In summary, in the alkylation of enones 1 and 
2, the products of conjugate addition are exclu- 
sively axial. This is in agreement with the usually 
observed course of addition to 2-cyclohexenones 
(9, lo), as well as the observations of Gero and 
co-workers on the direction of kinetically con- 
trolled addition of nucleophiles to 1 (18). With 
enone 3, however, this rule is apparently not 
obeyed. 

Experimental 
Melting points were determined in capillary tubes in a 

Mel-Temp block and are uncorrected. Elemental analyses 
were performed by Micro-analyses Laboratory, Toronto, 
Ontario. The nmr spectra (CDCI,, TMS) were determined 
on a Varian T-60 a Varian HA 100, or a Varian HR-220 
spectrometer, the J values quoted being the spacing 
measured directly from the spectra. Infrared spectra were 
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YUNKER ET AL, 

TABLE 4. Nuclear magnetic resonance data for some C-glycopyran-4-ulosidesa 

phqO%R, 0 AcO % 5 

4 3 2  4  3  2 R 1  

0 R2 0 R2 

13 14 
a R, = H, R, = Me a R, = H, R2 = CH,OAc 
6 R, = Me, R, = H b CH20Ac, R, = H 

Chemical shifts ( ~ p m ) ~  Coupling constantsC 

Compound H-2 H-3ax H-3eq J23ax J23eq J3ax3aq 

13a 4.60 2.93 2.35 6.0 1 .5  14 
14a 4.76 2.94 2.53 7 2.5 14 
13b 4.00 2.50 Unresolved 
146 3.95 2.72 2.58 Unresolved 

"For additional data see Experimental. 
bCDCl TMS. 
'Read 2irectly from 220 MHz spectra run at 250 Hz sweep width. 
"See ref. 6. 

determined on a Beckman model IR-10 spectrometer Results of various experiments using differing concen- 
using 0.1 mm sodium chloride solution cells (chloroform trations of the phosphine catalyst are shown in Table 1. 
as solvent). Optical rotations were determined on a Carl For compound 5aRf = 0.34inethylacetate- petroleum 
Zeiss model LEP niir 370740 Lichtelektrishes Prazision ether (30-60°C) (1 : 1); nmr data additional to those in 
polarimeter at 23°C. Table 2; 6 3.56 and 3.85 (m, 2, 0CHAHBCH3, JAB = 9.5 

Thin-layer chromatography was performed on glass Hz), 1.25 (t, 3, 0CH2CH3, J = 7.0), 1.1 1 (d, 3, CH-CH3, 
plates coated with silica gel (HF-254, E. Merck) to a J = 6.0). 
thickness of 0.3 mm. The following solvent systems were For the 2,4-dinitrophenylhydrazone of 5a recrystallized 
used to develop the plates. Ethyl acetate - petroleum from ethyl acetate, mp 188.5-189°C; [a]DZ3 + 203' (c 0.51, 
ether (30-60°C) (1 :4); ethyl acetate - petroleum ether CHCI,). Anal. calcd. for C15H20N407: C 48.91, H 5.47, 
(30-60°C) (1:l); ethyl acetate; benzene. For column N 15.21; found: C 48.80, H 5.62, N 15.34. 
chromatography E. Merck silica gel (0.063-0.20 mm, Compound 56 was characterized by detritylation to 
70-230 mesh A.S.T.M.) was used. 5a. For Sb, Rf = 0.46 in ethyl acetate - petroleum ether 

Ethyl 2,3-Dideoxy-2-C-methyl-a-~-threo-hexopyranosid-4- 
dose (5a) and Its 6-0-Triphenylmethyl Derivative 
(5b) 

The procedure in part (6) is generally preferred since 
chromatography is not needed for obtaining pure product. 

(a) Methyl iodide (0.75 ml, 12 mmol) was added to a 
suspension of dry magnesium (0.296 g, 12 mmol) in an- 
hydrous ether (20 ml) containing a crystal of iodine, an N2 
atmosphere and efficient stirring being maintained 
throughout. The mixture was then refluxed until the 
magnesium had all reacted, after which the solution was 
cooled to - 78°C in a Dry Ice - acetone bath. The desired 
amount of tri-n-butylphosphine copper(1) iodide (19) (see 
Table 1) was added in ether ( N  15 ml) to give a bright 
yellow suspension. 

Alternatively, the ethereal solution of tri-n-butylphos- 
phine copper(1) iodide was added to methyl lithium at 
-78°C and diluted with ether to give a bright yellow 
solution. 

In either case, after 15 min the enone l a  or l b  (3.0 mmol) 
(2) in ether (30 ml) was added dropwise. The mixture was 
stirred for 25 min and then poured into stirred saturated 
aqueous ammonium chloride (0.25 !). The ether layer 
was separated, the aqueous layer extracted several times 
with ether, and the ether phases combined and dried. The 
residue resulting after evaporation was chromatographed 
on a silica column. 

(30-60°C) (1 :4); nmr data for 56 additional to those in 
Table 2: 3.3-4.1 (m, 2, 0CH2, CH3), 1.24 (t, 3, OCHZ, 
CH3, J = 7.0 HZ), 1.06 (d, 3, CH-CH3, J = 6.5), 7-7.6 
aromatic. 

(b) Into a dry three-necked round bottom flask 
equipped with a nitrogen inlet and stirring bar were 
placed cuprous iodide (22.4 g, 0.1 18 mol) and anhydrous 
ether (500 ml). The suspension was cooled to - 78'C and 
methyl lithium (0.238 mol) was added dropwise giving, 
eventually, a yellow solution. After 0.5 h the enone l b  
(24.0 g, 0.0585 mol) (16) dissolved in the minimum 
amount of ether was added dropwise and then stirring was 
continued for 1 h. The mixture was poured into saturated 
aqueous ammonium chloride and the product isolated by 
ether extraction in the usual way. The residue remaining 
after evaporation (21.0 g,  84%) was usually chromatogra- 
phically pure 5b described above. 

Ethyl 2,3-Dideoxy-4-C-methyl-a-o-hex-3-enopyranoside, 
6a and its 6-0-Trityl Derivative 6b 

If in the reaction described in (a), the reactant ratios in 
entries 3 and 7 (Table 1) were used, quantities of the 
epimeric tertiary alcohols 6a or 66 were obtained. These 
were readily recognized since they moved more slowly on 
tlc than the major products 5a or 56 respectively. 

For the epimers 6a: Rf = 0.13 and 0.07 in ethyl 
acetate - petroleum ether (30-60°C) (1 : 1). 

For component of Rf = 0.1 3 : ir 3600 cm-', no car- 
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bonyl; nrnr data additional to those in Table 2: 6 3.5-4.2 
(m, 2, OCHz-CH,), 1.25 (t, 3, OCH,-CH,), 1.18 (s, 3, 
C-CH,) exchangeable OH, JIZ = 2 Hz, JZ3 = 10 HZ. 

p-Nitrobenzoate derivative recrystallized from ether - 
petroleum ether (30-6O0C), mp 83.5-84°C; [aID +29.OC 
(C 1.88, in CHC1,). Anal. calcd. for C10H19N07: C 56.97, 
H 5.68, N 4.15; found: C 56.88, H 5.64, N 4.22. 

For component of Rf = 0.07: ir 3600 cm-', no car- 
bonyl; nrnr data additional to those in Table 2: 6 3.3-4.1 
(m, 2, 0CHZCH3), 1.22 (t, 3, 0CH,CH3), 1.25 (s, 3, C- 
CH,) exchangeable OH. 

For the epimers of 5b: R, = 0.29 and 0.18 in ethyl 
acetate - petroleum ether (30-60°C) (1 : 4). 

For compound of R, = 0.29: ir 3600cm-', no car- 
bonyl; nrnr data additional to those in Table 2: 6 3.1-4.2 
(m, 2, 0CH2CH3), 1.25 (t, 3, 0CHzCH3), 1.26 (s, 3, 
CCH,), aromatic and exchangeable OH, J12 = 3 Hz, 
JZ3 = 10 HZ. 

For component of R, = 0.18: ir 3600 cm-', no car- 
bonyl; nrnr data additional to those in Table 2: 6 3.2-4.2 
(m, 2, 0CHZCH3), 1.32 (t, 3, 0CHzCH3), 1.28 (s, 3, 
CCH3), aromatic and exchangeable OH. 

Ethyl 2,3-Dideoxy-2-C-uinyl-~1-~-threo-hexopy~ano~id-4- 
ulose, 5c 

A few crystals of iodine were added to dry magnesium 
(0.483 g, 20 mmol) in dry tetrahydrofuran (25 ml) and 
vinyl bromide (1.4 ml, 20 mmol) was added, and the mix- 
ture was brought to reflux under a nitrogen atmosphere 
and with constant stirring. It was necessary to use a Dry 
Ice-isopropanol condenser during the reflux. After 1 h the 
magnesium had all reacted. The solution was cooled to 
-78"C, and tri-n-butylphosphine copper(1) iodide (see 
Table 1) dissolved in ether (- 20 ml) was added. Enone l a  
(0.86 g, 5 mmol) (Ib) in ether (40 ml) was added dropwise 
and the stirring continued for 0.5 h. After the usual work- 
up procedure (see above) the residue was fractionated on 
a silica column using ethyl acetate - petroleum ether 
(30-60°C) (1 : 1). 

For compound 5c: Rf = 0.52 in ethyl acetate - petro- 
leum ether (30-60°C) (1 : l ) ;  nrnr data additional to those 
in Table 2: 6 3.60 and 3.85 (m, 2, 0CHAHBCH3,  JAB = 
9.5 Hz), 1.25 (t, 3, 0CH2CH3, J = 7.0 Hz). For -CH7= 
CH8H9: 6 5.85 (m, 1, H-7, JZ7 = 6.5 Hz, J78 = 10 Hz, 
J79 = 17 HZ), 5.18 (d, 1, H-8, Js9 = 1.25 HZ), 5.14 (d, 1, 
H-9). 
2,4-Dinitrophenylhydrazone of 5c was recrystallized 

from ethyl acetate, mp 175-175.5"C; [c(]DZ3 + 144" (c 1.13, 
CHC13). Anal. calcd. for Cl6HZ0N4o7: C 50.53, H 5.30, 
N 14.73; found: C 50.37, H 5.39, N 14.59. 

Ethyl 2,3-Dideoxy-4-C-uinyl-~1-~-thueo-hex-2-enopyrano- 
side, 6c 

The chromatographic fractionation described immedi- 
ately above (see also Table 1) afforded con~pound 6c, 
Rf 0.19 in ethyl acetate - petroleum ether (1: 1); ir 3600 
cm-', no carbonyl; nrnr data additional to those in 
Table 3: 6 3.6-4.2 (m, 2, 0CHZCH3), 1.25 (t, 3, 0CH2-  
CH,). For -CH7=CH8H9: 6 5.88 (dd, 1, H-7, J78 = 
10.25, J7, = 17.13), 5.21 (dd, I ,  H-8, Jsg = 1.80), 5.35 
(dd, 1, H-9). 

Methyl 3,4-Dideoxy-4-C-methyl-6-O-trighenylmethyl-cc-~- 
thueo-hexopyuanosid-2-ulose, 12 

Into a dry three-necked flask equipped with a stirrer, 
nitrogen inlet, and dropping funnel was placed 9.0 g 

(0.047 mol) of cuprous iodide and dry ether (250 ml). The 
suspension was cooled to -78°C in a Dry Ice - acetone 
bath, and to it was added dropwise 79 ml of 1.3 M methyl 
lithium (0.102mol). The solution became clear and a 
trace of yellow material remained in suspension. After 
10 min, a solution of enone 2 (9.5 g, 0.023 mol) in the 
minimum amount of dry ether was added dropwise. Once 
the addition was completed, the solution was stirred for a 
further 45 min and was then poured into aqueous satu- 
rated bicarbonate solution (2 e )  and stirred for 1 h. The 
solution was then poured into a separatory funnel and the 
ether layer was recovered. The aqueous layer was washed 
with chloroform (2 x 150 ml) and the organic phases were 
combined and dried (Na2S04). Evaporation under re- 
duced pressure yielded 9.5 g of crude product which was 
eluted down a column of silica gel using 50% ethyl 
acetate - petroleum ether (30-60°C). Compound 12 
(8.1 g, 83%) was a crystalline substance, mp 164-165°C; 
[a]DZ3 +4.6' (C 3.10, chloroform); nmr data for 12 addi- 
tional to those in Table 2: 6 3.56 (s, 3, OCH,). 7.25-7.60 
(m, 15, aromatic), Jlz = 0, J3ax4 = 2.5, J3eq4 = 6.0, 
J3ax3eq = 15.0, J 5 6  = 6.0, J 5 6 ,  = 7.0, J66'  = 12.0. Anal. 
calcd. for C26H2804: C 77.86, H 6.71; found: C 77.98, 
H 6.71. 

2,6-Anhydro-5,7-benzylidene-1,3-dideoxy-~-arabino-hept- 
4-ulose, 13a, and 2,6-Anhyduo-5,7-benzylidene-1,3- 
dideoxy-D-ribo-hept-4-ulose, 13b 

Conjugate addition of methyl to the enone 3 (0.230 g, 
1.0 mmol) (4) was carried out as described above for 
preparation of 5a. The two products 13a and 13b were 
isolated by silica column chromatography, 0.044 g (20%) 
and 0.043 g (18%) respectively, using ethyl acetate- 
petroleum ether (30-60°C) (1:l);  Rf = 0.36 and 0.42 
respectively. 

For compound 13a: nrnr (60 MHz) 6: 1.32 (d, 3, J,, = 
8.0 HZ, H-1), 4.60 (ddq, 1, H-2), 2.93 (dd, 1, J3,3, = 14 HZ, 
J 2 3 a  = 6, H-3a), 2.35 (dd, 1, J 2 3 e  = 1.5, H-3e), 3.5-4.5 
(m, 4, H-5, H-6, H-7, H'-7), 5.5-6 (s, 1, H-8), 7.1-7.5 (m, 
5, aromatic). 
2,4-Dinitrophenylhyd1.a~011e: mp 243-243.5"C; [c(IDz3 

-58" (c 0.34, CHCl,). Anal. calcd. for CZOHZ0N4O7: 
C 56.07, H 4.71, N 13.08; found: C 56.04, H 4.62, N 
13.09. 

For compound 136 : nrnr (60 MHz) 6 : 1.32 (d, 3, Jl2 = 
7.0 Hz, H-1), 4.0 (m, 1,  H-2), 2.5 (rn, 2, H-30, H-3e), 3.5- 
4.7 (m, 4, H-5, H-6, H-7, H'-7), 5.56 (s, 1, H-8), 7.2-7.6 
(m, 5, aromatic). 
2,4-Dinitrophenylhydrazone: n ~ p  (sealed tube) 256- 

257°C. [aIDz3 - 128" (c 0.20, CHCl,). Anal. calcd. for 
CZOHZON407: C 56.07, H 4.71; found: C 55.94, H 4.80. 
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Analyse de quelques processus photophysiques chez les dCrivCs diphCnylCs en 
position 4 du y-pyranne et du y-thiopyranne 

GABRIEL LORD,' LUC FOISY, LUCIE BARIL, 
DENIS GRAVEL ET GILLES DUROCHER 

De'partement de chimie, Universite' de Montre'al, C.P. 6210, Succ. A, Montre'al (Que'.), Canada H3C3VI 
R e ~ u  le 5 avril1977 

GABRIEL LORD, LUC FOISY, LUCIE BARIL, DENIS GRAVEL et GILLES DUROCHER. Can. J. Chem. 
55, 4010 (1977). 

L'etude des processus photophysiques ainsi que de la photolyse des dCrivts diphenyles en 
position 4 du y-pyranne (1) et du y-thiopyranne (2) est discutee dans cet article. Les effets de 
solvants, de tempkratures et de variations dans I'intensite de la source photolytique sont parmi 
les parametres expkrimentaux utilisCs lors de cette Ctude. 11 est dCmontrC que la premiere 
transition Clectronique singulet-singulet chez les molCcules (1) et (2) est de nature nn*. Les 
chromophores divinylkther et divinylthiokther contribuent a la premiere transition Clectronique 
de ces molecules et Cgalement ils participent a la dksactivation non-radiative de 1'Ctat premier 
singulet excitC de ces molCcules. Par ailleurs, l'tnergie de 1'Ctat triplet nx* infkrieur semble 
surtout localiste dans les groupements phtnylCs. 

I1 est egalement dCmontrC que la photolyse du diphCny1-4,4 pyranne (1) s'effectue suivant un 
mkcanisme monomolCculaire pour produire une photoaldehyde qui a son tour est dCcomposee 
sous l'effet du rayonnement. I1 est de plus montre que cette aldehyde est un photoproduit 
secondaire dans la stquence photortactionnelle du diphCny1-4,4 pyranne. 

- - 

GABRIEL LORD, LUC FOISY, LUCIE BARIL, DENIS GRAVEL, and GILLES DUROCHER. Can. J. 
Chem. 55, 4010 (1977). 

The photophysical processes along with the photolysis of 4,4-diphenyl-y-pyran (1) and 4,4- 
diphenyl-y-thiopyran (2) are discussed in this paper. The solvent effect, the temperature effect, 
and the photolytic source intensity dependence of the yield of the secondary photoproduct are 
all among the experimental parameters investigated. It is shown that the first singlet-singlet 
electronic transition in molecules 1 and 2 is nx* in nature. The divinyl ether and divinyl 
thioether chromophore play a role in this transition and also directly contribute to the 
radiationless deactivation of the first excited singlet states of these molecules. On the other 
hand the energy of the first triplet nn* state seems to be more localized in the phenyl groups 
of the molecules 1 and 2. 

It is also shown that the photolysis of molecule 1 occurs by a monomolecular mechanism 
to produce a photoaldehyde which is also photolysed under prolonged irradiation. This alde- 
hyde has also been shown to be a secondary photoproduct in the photoreaction sequence 
of 4,4-diphenyl-y-pyran. 

Introduction Alors que peu de rCactions photochimiques 
D~~~ le cadre plus g ~ n ~ r a l  de 136tude des ont CtC CtudiCes aussi intensCment que le rCar- 

propriCtts photophysiques et photochimiques de rangement di-x-mkthane surtout Par le groupe 

syst6mes divinyliques cycliques substituks par de Zimmerman et ses collaborateurs ( 1 - 3 1 2  on 
diffkrents hktkro atomes en position 1 du cycle, ne rel6ve que deux Ctudes dans la littkrature 
nous rapportons dans ce travail le comportement sur les dCrivCs disubstituCs en position 4 du 

photophysique de deux molCcules types: le PYranne et ce sent des substitutions de type 

diphCllyl-4,4 y-pyranne (1) et le diphknyl-4,4 y- a r~ l -benz~ l  (4, 5). RCcemment7 Gravel et ~011. 

thiopyranne (2). ont publiC la synthkse de mSme qu'une Ctude 
photochimique du diphCny1-4,4 y-pyranne (6). A 
notre connaissance, aucune Ctude spectroscopi- 
que ni photophysique des dCrivCs disubstituts 
en position 4 du pyranne et du thiopyranne 

1 2 n'a CtC publike jusqu'a ce jour. Ce travail 
s'ins6re dans le projet d'Ctude de la photo- 

'Etudiant au doctorat, boursier du Ministkre de chimie et de la spectroscopie des chromophores 
1'Cducation du Qutbec. du type -C-C-0-C-C- et -C-C-S- 
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C-C-. Deux articles sur ces derniers ont dCjA 
CtC publiCs (7, 8). 

Conditions expkrimentales 
Produits chimiques 

Le diphCny1 pyranne (1) et le diphtnyl thiopyranne (2) 
ont CtC synthCtisCs puis purifiCs par recristallisatioil et 
sublimation par Gravel et coll. (6). Le mCthyl-3 pentane 
utilise comme solvant 6tait de marque "Pure grade" de 
la compagnie Phillips Petroleum. I1 a CtC trait6 sur 
H2S04, distille, neutralis6 puis redistill6 sur sodium. 
L'Cthanol 95% de marque commerciale a CtC distill6 sur 
H2S04 puis redistill6 sur sodium. Ces deux solvants 
ainsi traitCs formaient de beaux verres a 77 K dans des 
tubes cylindriques de 3 mm de diametre inttrieur ou en- 
core dans des cellules rectangulaires de 2 mm de parcours 
optique. De plus I'intensitC de I'Cmission provenant des 
impuretts rCsiduelles Btaient nettement infkrieure par un 
facteur 10 environ a I'intensitC des emissions provenant 
des molecules 1 et 2. 

Mesures spectrales 
Les spectres d'absorption ont kt6 enregistrks la 

temperature ambiante ainsi qu'a 77 K sur un spectro- 
photometre Cary 17 et Cgalement dans quelques cas 
(pour les cinetiques) sur un appareil Spectronic 505 de 
Bausch and Lomb. Les spectres de fluorescence et de 
phosphorescence ont Cte enregistrCs a l'aide d'un spectro- 
fluorophosphorimetre Aminco-Bowman a focalisation 
ellipsoidale; la correction des spectres en unit6 de 
quanta s-' a CtC decrite antkrieurement de mEme que 
le module expCrimental pour I'observation de la phos- 
phorescence (9). Une lampe x6non a kt6 utilisee a 
I'excitation avec un arrangement de fentes nous pro- 
curant une bande passante de 3 nm. 

La methode d'obtention des rendements quantiques de 
fluorescence a la temperature ambiante a deja BtC decrite 
en utilisant le diphCnyl-9,10 anthractne (DPA) comme 
substance Ctalon (10). Alors que l'on continue dans la 
litterature de rkferer a deux valeurs bien distinctes pour 
le rendement quantique de la DPA en solution diluCe 
( < 5  x M) dans le cyclohexane soit 0.83 (11) et 
1.0 (12), nous avons utilisC la premiere valeur pour des 
raisons deja CnumCrks preckdemment (10). Les solutions 
ont d'abord BtC degazees et le pourcentage de dCsactiva- 
tion de la fluorescence par I'oxygene a kt6 obtenu et 
utilisC a nouveau pour d'autres solutions, la repro- 
ductibilite s'est av6rCe tres bonne. Le rendement quanti- 
que de fluorescence a 77 K des molCcules 1 et 2 a ete 
obtenu par comparaison des surfaces sous les bandes de 
fluorescence a la temperature ambiante et a 77 K. Nous 
avons alors tenu compte de la variation dans l'indice de 
refraction des solvants entre les deux tempkratures de 
mCme que de la variation dans la densite optique a la 
longueur d'onde d'irradiation (13). 

Les rendements quantiques de phosphorescence a 
77 K des composCs 1 et 2 ont CtC obtenus a l'aide de deux 
substances etalons differentes avec le mCme rCsultat 
compte-tenu de la precision exptrimentale de I'ordre 
de 15% dans les rendements de phosphorescence. La 
fluorescence de la DPA a 77 K avec un rendement quanti- 
que de 0.83, a CtC ut~lisee puisqu'il a CtC d6montrC que ce 
rendement quantique ne dCpend pas de la tempCrature 
(13). La phosphorescence du naphtalene 77 K avec 

un rendement quantique de 0.06 a Cgalement CtC utilisCe 
(14). Pour chacune des substances Ctalons la densitt 
optique a 77 K a kt6 ajustke a celle du produit dont le 
rendement Ctait inconnu a la longueur d'onde d'excita- 
tion. 

Photolyse 
Les irradiations a 2537 A ont CtB effectukes avec deux 

montages diffkrents: 1 .  Une lampe au mercure basse 
pression (Hanovia "Flat Spiral" 21500-203) a Cte 
utiliste dans toutes les mesures de cinktique d'apparition 
des photoproduits observes. Un dispositif a CtC c o n ~ u  
pour intercaler des filtres de densit6 neutre entre le 
faisceau lumineux produit par cette lampe et I'echantillon 
a photolyser. Ces filtres de densite neutre faits en grillage 
metallique possedaient les pourcentages de transmission 
suivants: 75, 64.6, 50.1 et 27.5%. 2. D'autres skies 
d'experiences ont Ctt effectuCes dans un reacteur Rayonet. 

RCsultats et discussion 
(1)  Spectres d'absorption 

Les spectres d'absorption des molCcules 1 et 2 
sont tracks sur les figs 1 et 2 et cela pour un 
solvant non polaire et un solvant polaire. 
Comme on peut le constater l'effet de solvant 
est minime sur 1'Cnergie du premier systkme de 
bandes, un faible effet bathochrome est observC 
en passant d'un solvant non polaire B un solvant 
polaire comme 1'Cthanol. Le second systkme de 
bandes a Cnergie plus ClevCe est davantage in- 
fluence par le solvant, ce qui contribue B 
expliquer le recouvrement plus marquC des deux 
premiers systkmes de bandes Clectroniques de ces 
molCcules dans u11 solvant comme 1'Cthanol. 
Par ailleurs les spectres d'kmission sont tout 
B fait identiques 1orsqu'enregistrCs dans les 
solvants polaires et non polaires. Ceci est 
caractkristique d'une transition TC* + n faible- 
ment permise comme celle observCe chez le 
benzkne ('B,, t 'A,) .  

Les coefficients d'extinction molaire confir- 
ment Cgalement cette dernikre attribution. Par 
soustraction du deuxieme systkme de bandes, 
nous avons CtC amenCs a mesurer les coefficients 
d'extinclions molaires (E) au maximum d'absorp- 
tion de la premiere transition Clectronique de ces 
molCcules: la moltcule 1 montre un E de 440 M- '  
cm-l a 38 460 cm-' (2600 A) dans le mCthyl-3 
pentane (3MP) pour lequel le recouvrement entre 
les deux systkmes est rCduit A son minimum. Par 
ailleurs ils nous a fallu utiliser l'approximation 
de la bande de type gaussien B 41 kK pour en 
dCduire un E de 540 M-'  cm- ' B 34 250 cm- ' 
dans le 3MP pour la molCcule 2. Les Cnergies des 
transitions Clectroniques pures (V,,) ont 6tC 
CvaluCes en faisant la moyenne arithmktique 
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FIG. 1. Spectres d'absorption, de fluorescence et de phosphorescence du diphenyl-4,4 py- 
ranne (1) dans l'ethanol et dans le methyl-3 pentane. Les spectres d'kmission sont corriges 
et traces en unites relatives de quanta cm-3 s-I en ordonnee. 

FIG. 2. Spectres d'absorption, de fluorescence et de phosphorescence du diphinyl-4,4 thiopyranne 
(2) dans l'ethanol et le methyl-3 pentane. Les spectres d'emission sont corriges et traces en unites 
relatives de quanta cm-3 s-' en ordonnee. 

entre les maxima en absorption et en fluorescence 
puisque l'image miroir entre les deux spectres, 
telle que calculte par la mtthode de Birks et 
Dyson (22), est bonne. En consCquence nous 
croyons que la configuration Clectronique des 
moltcules 1 et 2 dans 1'Ctat Clectronique premier 
singulet excitt (S , )  doit s'apparenter celle 
dans 1'Ctat fondamental (So). Les tnergies des 
transitions electroniques pures tvalutes sont 
donnCes dans le tableau 1. 

Dans le mCme tableau nous retrouvons la 

valeur de la constante radiative theorique k ,  
telle que calculte a partir des spectres d'absorp- 
tion des molCcules 1 et 2 dans le 3MP. Par 
examen des spectres corrigts pour le recouvre- 
ment, ces valeurs de k ,  ne seraient que peu 
modifites dans un solvant comme l'tthanol. La 
mCthode de calcul de k ,  proposte par Birks et 
Dyson (11, 15) a CtC utilisee et ses limites ont CtC 
discutCes dans un article anttrieur (10). Etant 
donnt le recouvrement assez important des 
deux premiers systimes de bandes pour la 
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LORD ET AL. 401 3 

TABLEAU 1. Paramktres de I'Ctat premier singulet excite: (S1) des diphtnyl-4,4 pyranne et thiopyranne 

- 
vrnaxa Emax vo,o(So-S1) k~ X k,, x lo-9h k,, x 10-9' 

(cm-') (M-I  crn-') (cm-') ( s )  +F x (s-l) + F  x lo3= (s-I) 

Diphenyl-4,4 
pyranne (1) 38 460 440 35 740 11 1 . 2  9 . 2  37 0.29 

Diphenyl-4,4 
thiopyranne (2) 34 250 540 32 030 7 1 .5  4 . 7  1 1  6 . 4  

RAbsorption. 
bEn solution fluide a 300 K, he,, = 260 nm. 
<En matrice vitreuse a 77 K, he,, = 260 nm. 

molCcule 2 surtout, la precision sur ces cons- 
tantes est de +2  x lo6 s-', ce qui implique que 
les deux molCcules 1 et 2 posstdent la mCme 
probabilitC intrinstque d'Cmettre des photons en 
fluorescence. 

En conclusion, la premitre transition Clectroni- 
que dans les molCcules 1 et 2 semble &tre de 
nature n* c n et de type benzCnoide. L'effet de 
solvant, la valeur des coefficients d'extinction 
molaire ainsi que la comparaison des spectres 
d'absorption et de fluorescence jouent en faveur 
d'une telle interprktation. Cependant, alors que 
le benztne absorbe a 38 400 cm-' (bande 0-0) 
dans un solvant non polaire, la premitre 
transition de la molCcule 1 a subit un dkplace- 
ment bathochrome de 2660 cm-I et celle de la 
molCcule 2 a subit un diplacement bathochrome 
de 6370 cm-I par rapport au benztne. Nous 
croyons que ceci dCmontre une participation du 
chromophore divinylkther B la premitre transi- 
tion Clectronique de ces molCcules. Bien qu'il 
soit gCnCralement admis que les Clectrons d du 
soufre ne jouent pratiquement pas de sale dans 
1'Cnergie de la transition nn* de chromophores 
semblables -C=C-S-C=C- (7, 16), 1'Clec- 
trontgativitC du soufre Ctant identique a celle 
du carbone, il a CtC proposC que chez le thio- 
phene la dClocalisation des Clectrons p-n du 
soufre sur le noyau aromatique puisse expliquer 
le dCplacement bathochrome de 6000 cm-I de la 
premihe transition nn* du thiophtne comparC B 
celle du furane qui est l'analogue oxygCnC 
(17, 18). La participation du chromophore 
divinylkther semble donc &re impliquCe dans 
la premitre transition Clectronique des molCcules 
1 et 2. Une preuve irrCfutable serait obtenue si 
les spectres du diphCnyl tCtrahydropyranne et 
tCtrahydrothiopyranne ttaient disponibles. 

(2) Spectres d'kmission et rendements quantiques 
( A )  Fluorescence 
Les spectres de fluorescence et de phosphores- 

cence des molCcules 1 et 2 sont reproduits aux 
figs 1 et 2. Ces spectres sont totalement in- 
dCpendants du solvant qu'il soit polaire ou non 
polaire et ceci aussi bien en ce qui concerne 
1'Cnergie des transitions que pour les rendements 
quantiques. Le spectre d'action corrigC de ces 
fluorescences se superposent en tout point aux 
spectres d'absorption. Les spectres de fluores- 
cence forment une image en miroir avec le 
spectre d'absorption dans des conditions de re- 
solution spectrale identiques. Ceci nous permet 
d'utiliser avec une bonne approxin~ation la cons- 
tante de dksactivation radiative thCorique k, 
comme paramare dans 1'Ctude cinCtique de 
1'Ctat S, de ces molCcules (10). Les rendements 
quantiques de fluorescence sont rapportCs au 
tableau 1 pour une excitation A 260 nm dans 
17Cthanol. Ce sont des valeurs corrigCes pour 
l'effet gComCtrique et l'effet de concentration et 
donc obtenues par extrapolation B une densit6 
optique nulle. Etant donnC la faible valeur des 
rendements, l'erreur relative sur la repro- 
ductibilitk se situe B 25%. Les rendements $, 
sont donc identiques pour les deux molCcules 
CtudiCes dans les conditions de prCcision expCri- 
mentale actuelle. 

Compte-tenu de la dkfinition du rendement 
quantique de fluorescence: $, = kF(kF + k,,)-', 
la constante de dksactivation non radiative (k,,) 
de 1'Ctat premier singulet excitC des molCcules 
1 et 2 est rapportke dans le tableau 1. Cette 
constante non radiative globale est en fait la 
somme de trois constantes du premier ordre 
correspondant aux processus de conversion 
interne S,.-+S,(k,), d'intercombinaison S,* 
T,(ki) et de rCaction photochimique A 1'Ctat 
S,(k,,). A tempkrature ambiante dans un milieu 
fluide, la conversion interne peut en toute 
probabilitC compCtitionner aussi bien avec l'inter- 
combinaison qu'avec la photochimie d'autant 
plus que les spectres d'absorption de m&me que 
les constantes radiatives k, dCmontrent claire- 
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TABLEAU 2. Parambtres de I'ttat triplet (TI) des d~phtnyl-4,4 pyranne et th~opyranne 

%laxa vo,o(So-T~) TP 
(cm-11 (cm- I) +, x lo3 (s) 

Diphenyl-4,4 pyranne (1) 24 500 (27 200) 3 .2  1 . 8  

Diphtnyl-4,4 thiopyranne (2) 24 000 (26 700) 2 2 2.1 

 phosphorescence. 

ment l'influence des groupements phCnyliques dans la molCcule 2 est beaucoup plus probable 
dans cette premiere transition Clectronique. que dans la molCcule 1 rendant k,  << ki aussi 
Examinons l'effet du milieu sur la constante non bien a 300 K qu'a 77 K. Pour que la deuxi2me 
radiative k,,. hypothese soit valable, il faudrait que ki  

(A.1) EfSet de la ternp6rature etlou de la (2) 2 10 k ,  (1) de f a ~ o n  B pouvoir expliquer la 
rigidit6 du milieu sur les rendernents de Jluores- compktition entre kc (1) et ki (1) B tempkrature 
cence-Alors que les intensitks intkgrkes des ambiante. 
spectres d'absorption des molCcules 1 et 2 ne ( ~ j  Phosphorescence 
sont pas modifiCes en passant d'un milieu fluide L,S spectres de phosphorescence des molCcules 
a tempCrature ambiante B un milieu vitreux B 1 et 2 sent reprCsentCs aux figs 1 et 2 respective- 
77 K, le Tendement cluantique de fluorescence du ment. MCme si ces spectres de phosphorescence 
dkrivC oxygCnC (1) est augment6 Par un facteur sent pratiquement au rneme endroit (une dif- 
30 a 77 K pendant Clue le rendement $F  du fkrence de 500 cm-I existe entre les deux), il a 
dCrivC soufrC (2) n'est pas affect6 par la tempkra- kt6 vtrifiC que leurs spectres d'action corrigts 
ture OU la rigidit6 du milieu comme le dkmontre correspondent bien aux spectres d'absorption 
les rksultats au tableau 1. Etant donnC que la des molCcules 1 et 2 B 77 K. La transition (0,O) en 
formation du photoproduit primaire est Pro- phosphorescence a CtC CvaluCe en prenant le 
bablement 1'Ctape cinktique lente dans le pro- nombre d'onde qui correspond au dixi&me de 
cessus de dkcomposition de la molkcule (11, et I'intensitk maximale du spectre. Cette valeur ne 
itant donni Clue nous avons vCrifiC Clue la peut qu'Ctre approximative et elle est exprimke 
vitesse d'apparition du photoproduit aldChydi- entre parenth&ses dans le tableau 2 chtC du 
que (voir sect. 3) sous l'effet de la photolyse a nombre d'onde correspondant au maximum 
2537 A est B peu de chose pr2s inchangCe lorsque Franck-Condon de la transition. 
!'on travaille la tempkrature ambiante ou en Les rendements quantiques de phosphores- 
nlatrice vitreuse a 77 K, la variation obtenue cence de m@nle que les durCes de vie sent &ale- 
dans le rendement quantique $, de la molkcule 1 merit indiquCs au tableau 2. Tout comme pour 
pourrait surtout etre attribuCe l'un OU les rendements de fluorescence, une erreur de 
l'autre des phknom&nes de conversion interne OU 25% sur la reproductibilitC de ces rendements a 
d'intercombinaison, bien que ]'on ne puisse kt& observke, L'erreur sur la durke de vie n'est 
exclure coup sur une illfluence possible de la cependant que de i 0 . 1  s. Les rendements $,  et 
tempkrature sur k ~ , .  Comme il est Peu vraisem- les temps de vie T ,  des molCcules 1 et 2 sont 
blable que la probabilite d'i~itercombinaison done pratiquement identiques. 
diminue par un facteur 30 77 K Ctant donne Les spectres de phosphorescence ainsi que la 
que l'knergie de la premiere transition Clectroni- cinCtique de l'Ctat TI dkmontrent lo  que 1'Ctat 
que SO-SI dans ces nlol6cules est tres Peu triplet de plus basse energie dans les molCcules 
modifike par l'abaissement de la tempkrature, 1 et 2 est de nature nn* et que 2" la phosphores- 
nous attribuons la variation du rendement $ F  cence de ces molCcules est de nature benzknoide 
surtout une diminution de la constante kc dans et doit prendre son origine dans 1'un ou l'autre 
la m0lCcule 1 10rsque cette m0lCcule eSt pikgke des noyaux aromatiques sans Ctre influencke par 
dans une matrice vitreuse. Cette hypothese les hkt&oatomes de ces molkcules. 
poss&de cependant son corollaire sur la cinktique Le rendement quantique de phosphorescence 
de la molCcule 2. Ou bien la conversion interne est dkfini comme suit: 
dans cette derniere molCcule est constante en 
fonction de la tempkrature (car +, est constant $ p  = k i k P 

en fonction de T) ou encore, l'intercombinaison k~ + knr k p  f kip + ~ R T  
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FIG. 3. Spectres d'absorption avant (A) et aprks (B) un temps de photolyse (2 min pour la molecule 

(I) et 7 min pour la molCcule (2)) du diphenyl-4,4 pyranne (trait continu) et du diphenyl-4,4 thio- 
pyranne (trait discontinu) dans le methyl-3 pentane a temperature ambiante. 

oh kp est la constante de disactivation radiative molCcules. Les spectres de phosphorescence, les 
de 1'Ctat triplet, kip est la constante de disactiva- rendements de phosphorescence ainsi que les 
tion non radiative pour l'intercombinaison temps de vie semblent dCmontrer une localisa- 
T,^.hSo et kRT est la constante de dtsactivation tion de 1'Cnergie triplet au niveau des groupe- 
de 1'Ctat triplet par le processus photochimique ments phknyliques. 
rkactionnel. Du fait que la durte de vie de 
phosphorescence zp = (k, + kip + kRT)-', des (3)  Photolyse et etude du photoproduit aldkhydi- 

tableaux 1 et 2 et appliquant [I] aux deux que 
molCcules 1 et 2 B 77 K on tire que: Lorsque I'on irradie B l'aide de lampes 

"basse pression" (appareil Rayonet) B 2537 

ki(2)/kp(2) = 13 les molCcules 1 et 2 dans le mCthyl-3 pentane ou 
C21 

ki(l)/kp(l) 
dans l'Cthano1, un nouveau systkme d'absorption 
Clectronique apparait centrC B 3180 A pour la 

Etant donnCes les valeurs identiques de I$, et molkcule 1 et B 3330 A approximativement pour 
de zp pour les deux molCcules, aucun effet la moltcule 2 dans le 3MP comme l'indique la 
d'atome lourd interne ne peut &re mis en fig. 3. 
Cvidence (19) et il est alors trks probable que ( A )  Nature de la transition 6 3180 A 
kp(2) - k,(l). Ainsi done, le rapport des cons- 11 a CtC dCmontrC par Gravel et coll. (6) que 
tantes pour l'intercombinaison serait de l'ordre l'un des photoproduits secondaires Ctait I'aldC- 
ki(2) z 10ki(l). Ce risultat vient confirmer la hyde suivant 
deuxikme hypothkse discutCe B la sect. A.l B 
I'effet que le processus d'intercombinaison 
Sl-TI est beaucoup plus probable dans le ~h & 
dtrivC soufrC que dans le dCrivt oxygCnC. 3, diphenyl-3,4pentadiene-2,3 a1 

En conclusion des parties 1 et 2, les spectres (+ isorneres geornetriques) 

d'absorption ainsi que les cinCtiques de 1'Ctat Ce produit a CtC isole et caracttrist par rmn 
S ,  des molCcules 1 et 2 semblent dCmontrer la (6). I1 montre un spectre d'absorption tout B fait 
participation du chromophore divinylither B la identique B celui observC sur la fig. 3 avec un 
premikre transition Clectronique So -+ S ,  de maximum B 3180 A dans le 3MP et une structure 
type nn* de ces molCcules. Par ailleurs la transi- fine vibrationnelle assez bien dCfinie dans le 
tion TI  + So semble etre independante du mCme solvant. Cette transition Clectronique 
chromophore divinylither dans les mCmes centrCe B 3180 A subit un effet bathochrome dans 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



4016 CAN. J .  CHEM. VOL. 5 5 ,  1977 

un solvant polaire comme l'tthanol et le maxi- 
mum de la bande se retrouve % 3340 soit 
un dtplacement de 1510 cm-l. La photolyse de 
la moltcule 1 en matrice vitreuse de 3MP fait 
tgalement apparaitre avec 2 peu prbs la niCme 
vitesse la bande du produit aldthydique qui est 
cependant dtplacte vers le rouge (3300A) 
comparativement au spectre a temptrature 
ambiante, le dtplacement est de 1150 cm-l. 

Le fait que la rtaction photochimique 
s'effectue avec approximativement la m2me 
facilitt en milieu fluide et en milieu rigide 
dtmontre que l'apparition de l'aldthyde doit 
s'effectuer par l'intermtdiaire d'un mtcanisme 
monomoltculaire. D'autre part, les effets de 
solvant sur la position de la bande d'absorption 
de l'aldthyde dtmontre que cette transition est 
de nature nn*. Dans le cas de la moltcule 2, la 
rtaction photochimique semble proctder par le 
mCme mtcanisme, la bande dont le maximum 
est ma1 dtfini vers 3400 A serait la bande 
caracttristique de la premibre transition nn* de 
la thioaldthyde correspondante. La bande 
s'ttend jusque dans la rtgion du visible et doit 
englober la transition n -t n* aux plus grandes 
longueurs d'onde (20). 

(B) Cine'tique d'apparition et de disparition de 
I'alde'hyde (3 )  

A l'aide d'une lampe au mercure "basse 
pression" (Hanovia flat spiral) focaliste sur une 
des faces d'une cellule rectangulaire de 1 cm de 
parcours optique, nous avons observt la varia- 
tion de la densitt optique a 3180 A en fonclion 
du temps de photolyse de la moltcule 1 dans le 
3MP. La figure 4 montre cette variation pour 
deux tchelles difftrentes des temps de photolyse. 
Le graphique dtmontre clairement que l'aldt- 
hyde une fois formt est dttruite sous l'effet du 
rayonnement a 2537 A. I1 est tvident sur la fig. 3 
que l'aldthyde absorbe fortement a 2537 A, 
rtgion correspondante a une transition nn* 
suptrieure. La cinttique d'apparition de l'aldt- 
hyde est du premier ordre aux temps de photo- 
lyse courts, dans l'intervalle de temps ou la 
dtcomposition n'affecte pas encore la cinttique 
de montee. Entre 150 et 400 s de photolyse, 
l'aldthyde disparait en suivant tgalement une loi 
cinttique du premier ordre pour atteindre un 
palier aux temps plus longs, ce qui semble 
dtmontrer que le produit formt de la photolyse 
de l'aldthyde absorbe tgalement A 2537 A. Ceci 
confirme que l'apparition de l'aldthyde est un 
phtnombne nionomoltculaire ainsi que sa dis- 
parition. 

FIG. 4. Variation du logarithme de la densite optique 
du photoproduit aldkhydique (3) en fonction du temps de 
photolyse de la mol&ule (1) dans le mkthyl-3 pentane 
(C = 1.22 x M) avec la raie du mercure a 2537 A. 
(---) correspond a l'echelle 0-100 s en abscisse; (-) cor- 
respond a l'echelle 0-1000 s en abscisse. 

( C )  Eflet de l'intensite' de la lampe photolytique 
sur la vitesse d'apparition de l'alde'hyde ( 3 )  

Des filtres de densitt neutre dtcrits a la partie 
expirimentale ont CtC intercalts entre la source 
photolytique et la cellule optique. La densitt 
optique de l'aldthyde a 3180 A a it6 mesurte 
pour un temps de photolyse fixe de 20 s, temps 
ou l'apparition de l'aldthyde obtit a une loi 
cinttique du premier ordre comme en fait foi 
la fig. 4. Une solution fraiche (1.22 x M) 
du produit 1 a t t t  photolyste pour chacun des 
quatre filtres utilists. De la relation gtntrale 
existant entre la vitesse d'une rtaction photo- 
chimique et l'intensitt de la lumibre absorbte 
(I,), on tire pour de faibles densitts optiques que 
D = aIOn oil I, est l'intensitt de la lumike 
excitatrice (21). Une valeur de n = 1.9 f 0.1 a 
it6 obtenue montrant bien que deux photons a 
2537 A sont ntcessaires pour produire une 
moltcule d'aldthyde 3. L'aldthyde est donc un 
photoproduit secondaire provenant d'un photo- 
produit primaire suite g l'irradiation de la 
moltcule 1. 
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Gravel et coll. (6) ont rtcemment is016 et 
caracttrist les produits secondaires suite B une 
irradiation de la molCcule 1 B 2537 A en plus de 
mettre en Cvidence l'unique photoproduit pri- 
maire de la rtaction. La stquence rtactionnelle 
proposte est la suivante dans I'alcool t-butylique 
comme solvant : 

Ph. Ph 
h v 

Ph Ph &x(y 
1 l a  

Ph 

4 (isorneres cis et trans) 

Ph<H,<H,--C%H--COOH 
I 
Ph 

5 (isomeres cis et trans) 

Le diphtnyl-5,6 bicyclo [3.1 .O] oxa-2 hexhe-3 
trans endo (la) est en fait l'unique photoproduit 
primaire formt a la suite du rtarrangement di-n- 
mtthane (6). Les autres produits isolts: 3, 4 et 5 
ainsi que les isombes gtomttriques rtsulteraient 
de I'irradiation du photoproduit primaire et de 
l'irradiation substquente des sous-produits se- 
condaires. Etant donnt que les moltcules la ,  4 
et 5 absorbent dans la rtgion de 2800-2300 A, la 
spectroscopic ultraviolette ne peut en aucun cas 
les caractbiser. Cependant l'ttude cinttique ef- 
fectute sur l'aldthyde 3 et dtcrite plus haut con- 
firme en tout point cette stquence rtactionnelle. 
En effet l'apparition du photoproduit 3 doit 
obtir a une loi cinttique du premier ordre et de 
plus sa vitesse d'apparition doit etre propor- 
tionnelle au carrt de l'intensitt de la lumikre 
absorbte par la moltcule 1 c'est-8-dire propor- 
tionnelle au carrt de l'intensitt de la source de 
photolyse aux faibles densitts optiques du 

produit 1. Par ailleurs, nous avons aussi montrt 
que la moltcule 3 se dtcompose Cgalement par 
un mtcanisme cinttique de premier ordre au 
cours de l'irradiation continue B 2537 A con- 
firmant ainsi que les moltcules 4 et 5 sont des 
photoproduits secondaires obtenus de la photo- 
dtcomposition de l'aldthyde 3. 
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Salt effects on adsorbed nonelectrolytes 
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ROBERT AVEYARD and SYED M. SALEEM. Can. J. Chem. 55,4018 (1977). 
An approach to the study of the influence of electrolytes on adsorbed nonelectrolytes at 

liquid surfaces is described. The adsorption of tetrabutylammonium bromide (Bu4NBr) from 
aqueous solution to the interfaces with octane, decanol, and air has been determined. Results 
are presented for the effects of some inorganic salts (NaCI, NH4Br, and Na2C03), and of 
Bu4NBr on monolayers of butanol at the air - aqueous solution interface, and of Bu4NBr on 
dodecanol adsorbed at the octane - aqueous solution interface. The interfacial salt effects dif- 
fer from the bulk effects in the cases studied. The inorganic salts, which salt-out butanol (and 
alkanols generally) in aqueous solution, have little or no effect on adsorbed butanol. On the 
other hand, Bu4NBr which salts-in alkanols in bulk aqueous solution has a strong salting-out 
effect on dodecanol at the liquid-liquid interface; a similar but less marked effect is observed 
for butanol at the liquid-vapour surface. Salting-in of alkanols by Bu4NBr in bulk has pre- 
viously been ascribed to hydrophobic interactions between cations and alkyl groups of the 
alkanol, whereas the surface effect is assumed to result from interactions between alcoholic OH 
groups and cations. 

ROBERT AVEYARD et SYED M. SALEEM. Can. J. Chem. 55,4018 (1977). 
On dkcrit une maniere d'approche a ]'etude de I'influence des electrolytes sur les non- 

electrolytes adsorbes a la surface des liquides. L'adsorption du bromure de tetrabutylam- 
moniun~ (Bu4NBr) provenant d'une solution aqueuse aux interfaces avec l'octane, le decanol 
et l'air est determinee. On presente les rCsultats de I'effet de quelques sels inorganiques (NaCl, 
NH4Br et Na2C03), et du Bu4NBr sur les monocouches de butanol a I'interface air - eau de 
la solution ainsi que celui du Bu4NBr sur le dodecanol adsorbe a I'interface octane - eau de 
la solution. Dans les cas etudies, les effets interfaciales de sels different des effets de masse. 
Les sels inorganiques relarguant le butanol (gentralement un alkanol) en solution aqueuse, 
ont peu ou tres peu d'effet sur le butanol adsorbe. D'un autre cBtC, le Bu4NBr qui absorbe les 
alkanols en solution concentree dans I'eau a un grand effet relarguant sur le dodecanol a 
l'interface liquide-liquide; un effet similaire mais moins marque est observe pour le butanol 
a la surface liquide-vapeur. L'absorption des alkanols par Bu4NBr en solution concentre a tte 
attribuke anttrieurement aux interactions hydrophobiques entre les cations et les groupes 
alkyles de l'alcanol, tandis que I'effet de surface semble resulter des interactions entre les 
groupes hydroxyles (des alcools) et les cations. 

[Traduit par le journal] 

Introduction 
A considerable body of literature exists 

stretching back over several decades, concerning 
the ways in which electrolytes, both organic and 
inorganic, influence the chemical potential of 
nonionic solutes in aqueous solution. Much of 
the current interest centres on effects of salts on 
proteins. Frequently the solutes studied have 
been polar and, to some extent, surface-active 
(1, 2). The question naturally arises as to what 
effect electrolyte has on the solute adsorbed at 
an interface, particularly if the electrolyte itself 
is surface-active. Only a very limited amount 
has been reported on interfacial salt effects (3, 4) 
even though they are intrinsically as interesting 
as bulk effects, and are likely to be of relevance 
in a variety of systems, including some of 

biological and of industrial importance. Of 
course, there have been many investigations into 
the effects of inorganic salts on adsorbed ionic 
surfactants in connection with electrical double 
layer theory (5a). In such studies the much 
smaller effects of the kind reported here are 
usually neglected. 

We have previously studied the ways in 
which some simple inorganic electrolytes in- 
fluence alkane-water interfacial tensions (6) and 
decanol-water interfacial tensions (3). In addi- 
tion we have considered the effects of NaCl on 
very dilute adsorbed films of alkanols at the 
dodecane - aqueous solution interface (3). In 
the present work we propose an approach to the 
study of surface salt-effects, and extend previous 
investigations to take in adsorbed films at air- 
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AVEYARD A 

solution interfaces, and to include a surface- 
active organic electrolyte, tetra-n-butylammo- 
nium bromide, Bu4NBr. 

We are unable at this stage to view our re- 
sults in terms of theory, as we were in recent 
studies on bulk salt effects on alkanols (7, 8). 
Our main aim has been to obtain experimental 
results to ascertain the magnitude and nature 
of the effects. Nonetheless, interesting empirical 
observations emerge which may prove of value 
in the surface and colloid chemistry of systems 
involving interfaces which contain polar organic 
surfactants. 

Experimental 
Measurement of Surface and Interfacial Tensions 

Surface and interfacial tensions were determined, as 
described in ref. 9, using the drop-volume technique in 
conjunction with the smoothed correction factors of 
Harkins and Brown (10). The apparatus was immersed 
in a water thermostat maintained at the required tem- 
perature to within k0.01 K. All necessary densities were 
determined to within + 2 x g ~ m - ~  using a 25 cm3 
density bottle. Surface tensions were reproducible to 
better than -10.10 mN m-', and interfacial tensions to 
better than k0.05 mN m-l. 

Distribution of Bu4NBr between Water and Decanol 
This salt is soluble in decanol, and in order to cal- 

culate equilibrium concentrations in the aqueous phase, 
as required for the determination of adsorption at the 
decanol-solution interface, we have determined dis- 
tribution ratios, K, defined as (salt molality in water)/(salt 
molality in decanol). Weighed amounts of decanol, 
water, and Bu4NBr were placed in stoppered conical 
flasks and immersed in a water thermostat at 25°C for 
at least 24 h, with frequent shaking of the flasks. Weighed 
amounts of aqueous phase were then withdrawn and 
analysed for Bu4NBr, in terms of Br- concentration 
using the Volhard method. The amount of salt in the 
decanol phase was estimated by mass balance. The values 
of K, given in Table 1, cannot be regarded as being very 
precise since in the presence of Bu4NBr the mutual low 
solubilities of water and decanol may be enhanced, and 
this has not been allowed for. As far as this system is 
concerned, however, we have only sought to obtain 
rough adsorption values, as mentioned later 

Materials 
Two samples of tz-octane, puriss grade from Newton- 

Maine (England), were passed over chromatographic 
alumina before use, and each had a purity (estimated, as 
were other quoted purities, by glc) of > 99.5%. One 
sample had an interfacial tension against water at 20°C 
of 51.55 mN m-l, and the other 51.71 mN m-'. Dode- 
can01 (puriss grade from Koch-Light, England) was re- 
distilled using a spinning band fractionating column, 
and had a purity >99.9%. A Fluka pliriss sample of 
butanol was found to have a purity e99.8% and was 
used without further treatment. 

The inorganic salts (NaCI, NH4Br, and Na2C03) were 

TABLE 1. Values of K for Bu,NBr dis- 
tributed between water and decan-1-01 at 
25"C, for various aqueous phase molalities, 

m, of salt 

all 'Analar' grade from Hopkin and Williams, England, 
and were treated as described in ref. 6. Tetrabutylam- 
nlonium bromide was obtained from Eastman, with a 
quoted purity (by titration) of at least 98%. It was 
further purified in the way described by Conway et a/. 
(11). 

All water used was twice distilled, the second time 
using an all-Pyrex glass still. The best test of purity in 
the present context is the surface tension. Our values 
of 72.67, 71.89, and 71.14 k 0.10mN m-' at 20, 25, and 
30°C, respectively, are in very good agreement with 
those (72.75, 71.97, and 71.18 + 0.05 mN m-' respec- 
tively) quoted in the International Critical Tables (12). 

Results 
Adsorption of Tetrabutylammonium Bromide 

Unlike the inorganic salts discussed later, 
Bu4NBr is positively adsorbed at the interfaces 
of present interest, and it is the adsorbed salt 
which gives rise to the salt effects on adsorbed 
nonelectrolytes. We have therefore determined 
the extent of adsorption at the octane-solution 
(0-s), air-solution (a-s), and decanol-solution 
(d-s) interfaces, using interfacial tensions mea- 
sured in the present work,' in conjunction with 
the Gibbs equation. 

The Gibbs adsorption equation for an i- 
component system is 

where y is the interfacial tension and Ti the 
surface excess of i; subscripts o, w, and A+ 
refer to the organic liquid (octane or decanol), 
water, and Bu,N+ respectively. Terms for H +  
and OH- arising from dissociation of water are 
negligible, and are omitted from eq. 1. 

'These interfacial tensions, and others referred to 
subsequently, are available, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont. Canada 
KIA OS2. 
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In octane + water systems dp, << dpA+, dpBr- In the case of the d-s interface at 25°C we have 
and so T,dp, is negligible. For the decanol + fitted interfacial tensions to 
water system, where higher concentrations of 
Bu4NBr (which is soluble in decanol) are [6] y/(mM m-') = -0.66932 - 4.10705 In a, 

employed, the approximation of neglecting - 0.45568 (In a,)' 
T,dp, will be less valid, but in the present con- 
text this is probably not important. Choosing a 
Gibbs dividing surface such that Tw = 0, eq. 1 
becomes (5b) 

[2] rWA+,,- = (O.S/RT)(dn/d In a,) 
= (0.5a,/RT)(dn/da,) 

where n is the surface pressure, defined as the 
lowering of interfacial tension caused by adsorp- 
tion (so that -dy = dn), and a, is the mean 
activity of the electrolyte. For strong adsorption 
as at the o-s and a-s interfaces, r\+,,-, the 
total surface concentration of Bu4NBr, does 
not differ much from the excess TwA+,,- . 

The molal activity a, is equal to mf, ; m is the 
molality of electrolyte, and f, the mean molal 
activity coefficient. For dilute solutions of salt 
(such as those used for adsorption to the o-s and 
a-s interfaces) f, differs only slightly from the 
mean molar activity coefficient, y,, and hence 
can be obtained to a very good approximation 
using an equation of Guntelberg (see ref. 13): 

in which c is the salt molarity and E the relative 
permittivity of the solution, taken here to be 
equal to that of water at the appropriate tem- 
perature (14). Values off, from eq. 3 are very 
close to those obtained by interpolation of the 
experimental data of Lindenbaum and Boyd (15). 

The n-a, data for the various temperatures 
between 17 and 30°C are, within experimental 
errors, superimposable both for the o-s and for 
the a-s interfaces, and can be expressed, for the 
o-s interface, bv 

for m (aqueous phase) I 0.33 mol kg-'. In this 
system both phases contain all three conl- 
ponents, and higher concentrations of salt have 
been used. Values of a, for Bu4NBr in the 
aqueous phase have been interpolated directly 
from the results of Lindenbaum and Boyd (15), 
and no account has been taken of the effect of 
decanol in the aqueous phase on a,. For this, 
and other reasons mentioned earlier, surface 
excesses of Bu4NBr at the d-s interface are less 
reliable than those obtained for the o-s and 
a-s interfaces. 

Tamaki (16) has studied the adsorption of 
Bu4NX (X = C1, Br, I) at the a-s and hexane- 
solution interfaces. The results are not fully re- 
ported, however, and are only given in graphical 
form so that comparisons with our data have not 
been possible. 

Adsorption of Dodecanol at the Octane - Aqueous 
Bu4NBr Interface 

Dodecan-1-01, mole fraction x in dilute solu- 
tion in octane, has been adsorbed to interfaces 
with aqueous Bu4NBr of varying molality m at 
20°C, and to the interface with 1.26 x m 
Bu4NBr at several temperatures between 17 and 
30°C. 

Standard free energies of adsorption, Aape, for 
dodecanol have been obtained from the inter- 
facial tensions by use of the expression (5c) 

[7] peso-p '"=Aape= -RTln(lim[n/x]) 
x-to 

where p*," and p*,' are standard chemical 
potentials of alcohol in surface and bulk (alkane) 
respectively, and n is the surface pressure of 
adsorbed alkanol. The standard states are unit 
n for the surface and unit x for bulk, both 
assumed ideal. In the range of x studied. n is a " + 9.%776 In a, + 6.24598 x 10-I (In a d 2  rectilinear function of x (see Fig. 1;) and 

for I mol kg- I,  and for the a-s lim [nix] is equal to the slope of this line. 
x - r o  

interface by Values of Aape are given in Table 2, and their 

[5] n/(mN m-l) = 6.33503 x lo-' significance is discussed later. 
A mean standard enthalpy, Aahe, and entropy, 

+ 4.55516 - 104a*2 Asse, of adsorption of dodecanol from octane to 
thk interface with 1.26 x m Bu4NBr have 

for m I 0.9 x lo-' mol kg-'. Combination of been obtained, in the range 17 to ~ O O C ,  using 
[4] or [5] with the appropriate form of [2] 
yields surface excesses. [8 1 Aape = Ash* - TAs* 
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AVEYARD AND SALEEM 

FIG. 1. Surface pressures, rr, of alkanol monolayers as a function of mole fraction, x, of alkanol 
in bulk, at 20°C. (a) Dodecanol films adsorbed from octane to the interface with aqueous Bu4NBr; 
molality zero (m), 1.31 x (n), 7.64 x (A), 2.05 x (A). (b) Butanol films adsorbed 
from aqueous NaCl to the air-solution interface; salt molalities are zero (O), 0.907 (+), 1.578 (0). 

TABLE 2. Standard free energies of adsorption, A,pe, of dodecanol from octane to 
interfaces with aqueous Bu,NBr 

(a) Aqueous Bu4NBr, molality m, at 203C 

1O3m/(mol kg-') -AO/(kJ m o )  1O3m/(mol kg-') -Aape/(kJ mol-') 

(b) 1.26 x m Bu4NBr at various temperatures 

The AapO - T data, plotted in Fig. 2a, were 
treated by the method of least squares, yielding 
the values for Aahe and A,? given in Table 3. 

There is a contribution to the variation of 
Asp* with T from the variation of rw, + ,, - with 
T, but by assuming dAap'/dTWA+,,- is in- 
dependent of T in the range studied, we have 
allowed for the very small contribution from 
this source, and the A,pO used are 'corrected' 
values. 

Adsorption of Butanol from Aqueous Electrolyte 
to the Air-Solution Interface 

Aqueous Solutions of Bu4NBr 
Surface tensions of various solutions con- 

taining Bu4NBr and butanol have been deter- 
mined, and standard free energies of adsorption 
of butanol, given in Table 4, have been cal- 
culated using eq. l, where p'" is now a standard 
chemical potential of the alcohol in the aqueous 
phase. The mean standard enthalpy and standard 
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TABLE 3.  Values of A,X* and AX*," for dodecanol at the o-s interface and for butanol at the a-s 
interface, at 20°C 

o - water or a - water o - salt solution or a - salt solution 

AahO Ass* A h  A,sO A h *  Ase*" 

Dodecanol - 3 1  . l a  -25.4" -19.5 +11.5 +0.82 +11.6 f 3 6 . 9  

Butanol - I S b  + 73b -4.1 +64.0 +0.10 -2.6 -9 

OFrom ref. 18. 
bFrom ref. 19. Free energy and enthalpy changes given in kJ mol-' and entropy changes in J mol-I K-'. The salt 

solution is 1.26 x 10-3 m Bu4NBr giving a surface excess of 3.2 x 10-7 mol m-2 at the o-s interface and 1.1 x 10-7 
mol m-2 at the a-s interface. 

TABLE 4. Standard free energies of adsorption, A,pe, of butanol from aqueous Bu,NBr 
to the air-solution interface 

(a) Aqueous Bu4NBr, molality m, at 20°C 

103m/(mol kg-') - A,pe/(kJ mol-') 103m/(mol kg-') - A,pe/(kJ mol-') 

(b) 1 .26 x 1 0-3 nz Bu4NBr at various temperatures 

entropy of adsorption of butanol from 1.26 x 
low3  m Bu4NBr to the a-s interface were cal- 
culated using eq. 8 (see Fig. 2b) and the values 
are given in Table 3. 

Aqueous Solutions of Inorganic Salts 
We have previously studied the bulk salt 

effects of various inorganic salts, including 
NH4Br, NaCI, and Na,C03, on butanol. These 
salts influence the chemical potential of butanol 
to widely different extents and for that reason 
we have chosen them for the present study. 

Adsorption free energies for butanol, ob- 
tained from the appropriate surface tensions 
(see Fig. lb), are given in Table 5. Three con- 
centrations of NaCl have been studied and 
Asp' for butanol is a linear function of salt 
molality. Only one concentration each has 
been used for Na,C03 and NH4Br, both con- 
centrations being close to 1 m. 

Discussion 
Thermodynamic Parameters Associated with Sur- 

face Salt EfSects 
It is convenient to discuss the effects which 

salts have on adsorbed nonelectrolytes in terms 

of the parameters AXe,"(where X'," = standard 
chemical potential pO,", partial molar enthalpy 
he,", or partial molar entropy s*," of non- 
electrolyte in an infinitely dilute film), defined as 

[9] AX*," = Xe,"(Salt present) 
- Xe*"(Salt absent) 

These quantities are in turn related to the adsorp- 
tion parameters AaXO (see eq. 7) by 

[lo] AaXe(Salt present) - AaXe(Salt absent) = 

A(AaXe) = AX*," - At,Xe 

The quantity At,Xe is defined by 

[I 11 At,Xe = XO"(Salt present) 
- ~ ~ , ' ( ~ a l t  absent) 

it being understood that the bulk standard state 
is the same for adsorption and bulk transfer. 

There are two special, but important cases. 
First, in the event that the nonelectrolyte is 
adsorbed from (a) an organic solvent in which the 
electrolyte is insoluble, or (b) an aqueous phase 
in which the bulk salt effect on the nonelectrolyte 
is negligible, eq. 10 becomes 
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AVEYARD AND SALEEM 

FIG. 2. Plots of free energies of adsorption, A,pe, against T for (a) dodecanol at (1) octane-water, 
(2) octane - Bu4NBr solution interface, and (b) butanol at (1) air-water, (2) air - Bu4NBr solution 
interface. The salt solution is 1.26 x m, and at 20°C the surface excess is 3.2 x mol m-2 
at the o-s interface and 1.1 x loM7 mol m-2 at the a-s interface. 

TABLE 5. Standard free energies of adsorption, A,pe, of butanol from aqueous inorganic 
salts, molality rn, to the air-solution interface at 20°C 

H 2 0  NaCl NaCl NaCl Na2C03 NH4Br 

m/(mol kg- l) - 0.518 0.907 1.578 1 ,002 1 ,008 

- A O ( k J  n o l )  23.05 23.62 23.98 24.77 25.91 23.61 

[I21 A(A,x") =  AX^," ka = log f "(m = 1) 

Second, if the surface salt effect is negligible If Ape," and m are not linearly related then 
eq. 10 reduces to 

[I31 A(A,x*) = - A ~ ~ x +  
Positive values of Ape," correspond to salting- 
out, and negative values to salting-in. 

Much of the data for bulk effects is reported 
in terms of so-called salting constants k (2). 
It may be useful to define a similar quantity for 
surface effects to facilitate comparisons in future 
work. By analogy with the treatment of bulk 
effects, we may define a salting constant, kc, 
for the surface in a system where Ape," is a 
linear function of m, such that 

[14] ApO,"(m = 1) = 2.303RTkC 

The constant k" is in turn related to an activity 
coefficient, f ", for adsorbed nonelectrolyte, by 

[I61 k" = [d log f "/dm],, , 
The activity coefficient is a distribution ratio for 
the i~onelectrolyte between the surface of water 
and of salt solution, the activity coefficient on 
water being unity. 

In the case of surface-active electrolytes one 
might choose to define k" and f" in terms of 
surface concentrations of electrolyte rather than 
bulk concentration. 

Systems Containing Inorganic Salts 
The inorganic salts studied are negatively ad- 

sorbed at both the o-s and a-s interfaces, and 
from the point of view of surface or interfacial 
tensions, the systems behave as if there were a 
salt-free layer of water at the interface of the 
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V I I I 
0 05 1.0 1.5 

rnolality of NaCl /mol kg-' 

FIG. 3. Effects of NaCl on butanol at the a-s interface (O), the o-s interface (+), and in bulk 
aqueous solution (full line). 

order of 0.3 to 0.6 nm thick (6). If ions in the 
vicinity of the surface are to interact with 
adsorbed alcohol molecules it must therefore 
be from below the salt-free layer. We have 
shown elsewhere (3) that Wac1 up to bulk 
concentrations of about 2 mol kg- ' in water has 
a negligible effect on the free energy of adsorp- 
tion of dodecanol from dodecane so that, since 
NaCl is insoluble in the alkane, Ay*," is negligible 
(see eq. 12). On the other hand Aape for the 
adsorption of butanol from aqueous NaCl to the 
dodecane solution interface is significantly de- 
pendent on salt concentration. In this case it 
was found that A(Aape) is equal to -At,ye, so 
that again NaCl has no effect on the chemical 
potential of adsorbed alkanol (eq. 13). 

From the present results for butanol at the 
a-s interface we find that for NaCl up to con- 
centrations of about 1.5 mol kg-', - A(A, y*) is 
within experimental errors equal to Atrye, so 
that here too Ape," is zero. This can be ap- 
preciated from Fig. 3 where we show - A(Aape) 
for butanol adsorbed from aqueous NaCl to the 
a-s interface, together with Atrye for transfer 
of butanol from water to aqueous NaCl; the 
latter results are taken from ref. 8. Also in- 
cluded are the results for the adsorption of 
butanol from aqueous NaCl to the dodecane- 
solution interface (3); all three sets of data are 
coincident. 

We thus have the rather surprising result 

that NaCl up to quite high concentrations does 
not affect the properties of surface water, at the 
o-s or a-s interface, in any way which alters the 
chemical potential of adsorbed alkanol. We 
note that butanol is salted-out by NaCl in 
bulk aqueous solution ( 9 ,  but that the OH group 
gives a salting-in contribution to the overall 
effect (17). The values of Atrp* for 1 m NaCl are, 
for butanol 1.07 kJ mol-' (at 20°C), and for 
OH -0.17 kJ mol-I (at 25°C). 

For NH4Br and Na2C03, -A(Aape) for 
butanol adsorption at the a-s interface (0.56 and 
2.86 kJ mol-l respectively from Table 5) differs 
slightly from At,ye (0.42 and 3.14 kJ mol-I for 
the molalities shown in Table 5), indicating a 
slight salting-out of adsorbed butanol by NH4- 
Br and a slight salting-in by Na2C03. 

Systems Containing Bu4NBr 
Adsorption of Bu4NBr 
As mentioned, Bu4NBr is positively adsorbed 

from dilute aqueous solution at the interfaces 
of present interest. Results are presented in 
Fig. 4 as plots of In (TWA+,,-la,) vs. n for 25°C; 
the plots are linear and limiting values of 
In (TW,+,,-la,) at 7~ = 0 have been obtained by 
extrapolation. The extent of adsorption at the 
interfaces increases in the order d-s < a-s < 
o-s, the ratios of (TwA+,,-la,) at infinite dilu- 
tion being 1:11:48. The standard free energy 
of adsorption of Bu4NBr is therefore more 
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AVEYARD AND SALEEM 4025 

FIG. 4. Adsorption of BulNBr at decanol-water (@), 
air-water (+), and octane-water (m) interfaces at 25°C. 

negative for the o-s interface than for the a-s 
interface by an amount RT In (48111) = 3.67 kJ 
mol-' at  25°C. For straight chain homologues 
the standard free energy of adsorption of the 
methylene group from water is more negative 
by about 0.5 kJmol-' for the o-s interface 
than for the a-s interface (5d). Assuming the 
same to be true for CH, groups in Bu4N+, and 
that the cation is immersed in water to the same 
extent at the o-s and a-s interfaces, we may say 
as a rough estimate that 3.6710.5 (-7) CH, 
groups per Bu4N+ ion leave the aqueous phase 
on adsorption. That is, the adsorbed cation is a 
little over half immersed in water, as might be 
expected intuitively. 

In a relative sense adsorption of Bu4NBr at 
the d-s interface is weak. We have reported 
elsewhere (3) that of the three types of interface 
studied here, alkali halides are least desorbed at 
the d-s interface. Thus it is probably not a 
simple charge effect that causes the relatively 
low adsorption of Bu4NBr. The effect may 
originate in the nature of the different kinds of 
hydration layers around the alcoholic OH 
groups and the alkyl groups of the cation. This 
point is mentioned again later. 

Eflect of Bu4NBr on Dilute Adsorbed Layers o j  
Alkanols 

We first remark that alkanols are salted-in 
(i.e., p*,' made more negative) by Bu4NBr in 
bulk aqueous solution, the effect being greater 
the greater the alkanol chain length (7). Here 

we consider the effect of adsorbed Bu4NBr on 
( i )  dodecanol at the o-s interface and (ii) 
butanol at the a-s interface. 

The free energy for the adsorption of dode- 
can01 from octane to the o-s interface is shown 
as a function of both molality and the surface 
excess of Bu4NBr in Fig. 5a. The relationship 
involving the surface excess is rectilinear. Since 
the salt is insoluble in octane eq. 12 is applicable 
and we find that dp","/dTwA+,, - = 0.256 kJ 
m0l-'/10-~ mol m-,. Similar results for butanol 
at the a-s interface are shown in Fig. 5b, and 
again the plot of A,pe vs. surface excess of salt is 
linear, but of smaller slope. For the concentra- 
tions of salt used (m < 0.9 x lo-, mol kg-') 
it is known that At,pe for butanol is negligible 
(7) and so eq. 12 is again applicable and 
dpe."/dTwA+B,- = 0.094 kJ m01-'/10-~ mol 
m-,a 

Earlier, we quoted standard heats and 
entropies of adsorption of butanol and dodecanol 
to interfaces involving 1.26 x m aqueous 
Bu4NBr (Fig. 2 a,b; Table 3). Also included in 
Figs. 2a and b are corresponding plots of AapO 
vs. T for adsorption to the interfaces with water, 
the data being taken from refs. 18 and 19. 
Various relevant free energy, enthalpy, and 
entropy changes are presented in Table 3, and 
referred to below. 

Contrary to  the situation for bulk solutions, 
adsorbed alkanols are salted-out by adsorbed 
Bu4NBr. The bulk effects have been attributed 
to hydrophobic interactions between alkyl 
chains of alkanol and cation (7). At the surface, 
however, the OH groups of the alcohol are con- 
strained in a way which they are not in bulk, to 
come into close proximity with the hydrophobic 
cations. The salting-out of dodecanol at the 
o-s interface is about 3 times greater than that 
of butanol at the a-s interface. For dodecanol it 
is likely that the major part of the salt effect 
results from interactions occurring on the water 
side of the interface since all the materials on 
the alkane side consists of hydrocarbon groups. 
Thus, we believe that interactions between 
alcoholic OH groups and adsorbed ions, prob- 
ably Bu4N+ ions but possibly to some extent 
Br- ions, are responsible for the salting-out. In 
this connection we recall that Bu4NBr is ab- 
sorbed much less strongly to  the d-s interface 
than either the a-s or o-s interfaces. 

The values of Ah*," and TAs*," for dodecanol 
at the o-s interface (where l-wA+B,- = 3.2 x 

mol rnp2), given in Table 3, are both large 
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FIG. 5. Standard free energies of adsorption of alkanols to interfaces containing Bu4NBr at 20°C. 
(a) Adsorption of dodecanol from octane to octane - Bu4NBr solution interface as a function of 
surface excess of salt (A), and molality of salt (A). (b) Adsorption of butanol from salt solution to 
air - Bu4NBr solution interface as a function of surface excess of salt (O), and molality of salt (0). 

and positive, almost compensating, giving the of direct technical or biological importance, 
relatively small positive free energy change. It together with a wider range of electrolytes. It is 
is not possible at present to account quantita- clear, however, from the present findings that, 
tively for these results. If however, salting-out for a given nonelectrolyte and surface-active 
does result in the main from interactions be- salt, surface salt effects can be quite different 
tween 'incompatible' hydration shells around at different kinds of interfaces, and that the 
OH and Bu4N+, it appears likely from the sign effects can operate in an opposite sense to  those 
of Ah*," and A f  ," that a net disruption of water in bulk. For the salts which are desorbed, the 
structure occurs in the salting-out process. surface salt effects are small or zero, even though 

Similar interactions between OH and Bu4N+ the salt-free layer of water at the surface is only 
presumably also exist in films of butanol at the a few A thick, and the bulk effects are sizeable. 
a-s interface, and yet butanol is less strongly It is probable that in the case of alcohol films 
salted-out than dodecanol. It appears then that at the alkane-water interface however, the 
there is an additional salting-in component for surface salt effect should really be compared with 
butanol; this could result from interactions the effect on the OH group in bulk, rather than 
between the alkyl chains of the alcohol and those on the whole molecule, since the alkyl chain of 
chains of the Bu4Nf which are not immersed the adsorbed alcohol is presumably 'dissolved' 
in water. Values of Ah*," and T A P  ," for butanol in alkane. 
(with rwA+,,- = 1.1 x mol mP2) are neg- Acknowledgment 
ative and almost compensating. The salting-in 
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JOSEPH WAGNER,' PIERRE VITALI, JOSIANE SCHOUN, AND EUGENE GIROUX~ 
Centre de Recherche Merrell International, 16, rue &Ankara, 67084 Strasbourg, Cedex, France 

Received June 21, 1977 

JOSEPH WAGNER, PIERRE VITALI, JOSIANE SCHOUN, and EUGENE GIROUX. Can. J. Chem. 
55, 4028 (1977). 

Protonation constants of several a-mercapto-a-aryl acrylic acids and constants for formation 
of complexes between these ligands and bivalent metal cations were determined by computer- 
assisted analysis of pH-titration data. Ligand-metal ion mixtures in 50% (v/v) dioxane-water 
and in water, I = 0.1 M (NaC104) were titrated at 25'C with sodium hydroxide. Initial esti- 
mates of complex formation constants were refined with the SCOGS program. The ligands 
were shown to conlplex zinc(I1) and nickel(I1) metal ions avidly. These ligands potently inhib- 
ited the metal-dependent enzymes alkaline phosphatase, carboxypeptidase A, coeruloplasmin, 
and thermolysin. Partition of zinc(I1) between aqueous and n-butanol or n-octanol phases was 
enhanced in favor of the organic phase by several of these complexants. 

JOSEPH WAGNER, PIERRE VITALI, JOSIANE SCHOUN et EUGENE GIROUX. Can. J. Chem. 55,4028 
(1977). 

Les constantes de protonation et les constantes deformation decomplexes demetaux bivalents 
avec une skrie d'acides a-mercapto-P-aryl acryliques ont et6 diterminees par analyse B l'ordina- 
teur des courbes de titration pH-metriques. Les titrations ont kt6 effectutes sur des melanges de 
ligand et du cation mktallique dans des solutions de 50% (v/v) dioxane-eau et dans I'eau, .I = 
0.1 M (NaCIO,) B 25°C avec de la soude. Les valeurs initiales des constantes ont CtC deter- 
minkes ti partir des courbes de formation et ont et6 affinkes par utilisation du programme 
SCOGS. Les constantes obtenues montrent que les ligands prksentent une grande affinitC 
specialement pour le zinc(I1) et le nickel(I1). Ces ligands inhibent fortement les metalloenzymes, 
phosphatase alcaline, carboxypeptidase A, ceruloplasmine et thermolysine. Plusieurs de ces 
ligands augmentent I'extraction du zinc dans la phase organique dans des essais de partition du 
zinc(I1) entre I'eau et le n-butanol ou le n-octanol. 

Introduction 
Some P-aryl derivatives of a-mercaptoacrylic 

acid influence the distribution and metabolism 
of zinc in the rat. Following administration of a 
single dose of a-mercapto-P-(2-fury]) acrylic acid 
or a-mercapto-P-phenyl acrylic acid, blood 
plasma zinc concentration increased many-fold 
within a few hours and remained elevated for as 
long as 5 days (1). Evidence for formation of a 
ternary complex of plasma albumin, zinc, and 
the fury1 derivative was obtained (2). While the 
complexation of metal ions by many a- and 
P-mercapto acids and amino acids has been well 
studied (3), few data of a similar nature are avail- 
able for the a-mercapto-P-aryl acrylic acids. 
Foye and Lo (4) reported stability constant data 
for complexes of the phenyl derivative with 
A13 +, Cu2 +, and Fe3 + ; they also found this com- 
poundto have antimicrobial activity. In this report 
we present data characterizing complexation 
by several a-mercapto-P-aryl acrylic acids of 

'Author to whom correspondence should be addressed. 
'Present address: Merrell-National Laboratories, 

Cincinnati, OH 54215, USA. 

zinc and of other metal cations and data on the 
inhibition of four metal-dependent enzymes by 
these ligands and other metal-complexing agents. 

Experimental 
Syntheses 

The a-mercapto-P-aryl acrylic acids depicted in Scheme 
1 were prepared by alkaline hydrolysis of the correspond- 
ing rhodanine derivatives obtained from the condensa- 
tion of the appropriate aldehyde with rhodanine, fol- 
lowing the procedure of Campaigne and Cline (5). Melt- 
ing points were determined on a Kofler hot stage ap- 
paratus and are uncorrected. The nmr spectra were 
recorded on a Varian T60 using tetramethylsilane (TMS) 
or 3-(trimethylsily1)-1-propane sulfonic acid as internal 
standards. Chemical shifts are given in ppm (6, TMS = 
0) and coupling constants in Hz. The abbreviations s, d, 
m, and br refer to singlet, doublet, multiplet and broad- 
ened, iespectively. Compounds 1, 2, 5, 6, 7, and 10, al- 
ready described in the literature (6-9) presented analytical 
data in agreement with their s t r~c ture .~  Thiosalicylic 
acid 9 (Fluka) was recrystallized from methanol. 

3These data have been deposited in the Depository of 
Unpublished Data. Copies may be obtained,at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Canada KIA 0S2. 
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R was recovered by filtration. The material was washed by f stirring with 50 ml of water under nitrogen at room tem- 
R-CHO + CHI-C R-CH=C-C 

/ \ -  perature, acidified with concentrated hydrochloric acid 

S\C/NH 
' \ and filtered to yield 0.8 g (60%) of slightly brown crystals, S\C /NH mp 158°C; nmr (acetone-d6): 7.1 (m, 2H, ring protons), 

1 1 1 1 7.6 (s, lH,  exocyclic -CH=). Anal. calcd. for 
S S C8H,F303S: C 40.34, H 2.1 1, S 13.46; found: C 40.26, 

H 2.11, S 13.60. 

5- (5-Sodiumsulfbnate-2-fury!methylene) Rhodanine 
5-Sodiumsulfonate-2-furanaldehyde was converted as 

above to the rhodanine derivative. Recrystallization in 
/SH water gave yellow crystals (73% yield), mp 280°C (dec.); R-CH=C 
\COOH nmr (DMSO-d6): 6.62 (d, J = 3, 1H, ring proton), 7.03 

(d, J = 3, lH,  ring proton), 7.4 (s, lH,  exocyclic-CH=). 

1 R =  0- 6 R =  
Anal. calcd. for C8H4N05S3Na: C 30.67, H 1.29, N 
4.47; found: C 30.63, H 1.32, N 4.51. 

4 R =  
Na03S a 9 msH 

5 R =  
COOH 

,COOH 

I 
COOH 

5-(5-TriJluoromethyl-2-furylmethylene) Rhodanine 
5-Trifluoromethyl-2-furfural(3.4g, 2.1 mmol) (lo), rho- 

danine (2.92 g, 2.2 mmol), and dry sodium acetate (5.16 
g) in 35 ml of glacial acetic acid were stirred together and 
heated to reflux. After 10 min, a precipitate occurred and 
heating was continued for 2 h. The reaction mixture was 
cooled, 30 ml of water was added, and the precipitate 
was filtered, washed with water, and dried. Chromatog- 
raphy over silica gel (eluent CH2C12), followed by recrys- 
tallization in dichloromethane-pentane yielded 3.7 g 
(63%) of yellow crystals, mp 174°C; nmr (CDCI,): 6.80 
(m, 2H, ring protons), 7.38 (s, lH,  exocyclic -CH=). 
Anal. calcd. for C,H4F3N02S2: C 38.71, H 1.44, N 5.01, 
S 22.96; found: C 38.70, H 1.56, N 5.10, S 22.91. 

a-Mercapto-[3-(5-triJ(uorometlzy1-2-furyl) Acrylic 
Acid (3) 

5-(5-Trifluoromethyl-2-furylmethylene) rhodanine (1.58 
g, 5.66 mmol), 25 ml of 1 N sodium hydroxide solution, 
and 25 ml of water were stirred under nitrogen at room 
temperature for 10 h. After cooling and acidification at 
p H  1.5 with concentrated hydrochloric acid, a precipitate 

a-Mercapto-0-(5-sodiumsulfonate-2-fury) Acrylic 
Acid (4) 

This compound was obtained from the corresponding 
rhodanine derivative (89% yield); mp >220"C (dec.); 
nmr (D20): 6.88 (s, 2H, ring protons), 7.45 (s, lH ,  
exocyclic -CH=). Anal. calcd. for C7H506S2Na: C 
30.88, H 1.85; found: C 30.69, H 1.81. 

5- (1,2,3,4-Tetrahydro-6-methyl-2,4-dioxo-5- 
pyrimidylmethylene) Rhodanine 

This compound was obtained from 5-carbaldehyde-6- 
methyluracil (11) (83% yield); orange crystals, mp 
> 260°C; nmr (DMSO-d6): 2.33 (s, 3H, CH,), 7.21 (s, IH, 
exocyclic -CH=), 11.46 (s, lH,  NH), 12.33 (b s, 1H, 
NH). Anal. calcd. for C9H7N303S2: C 40.13, H 2.62, N 
15.60; found: C 40.20, H 2.74, N 15.64. 

a-Mercapto-[3 (1,2,3,4-tetrahydro-6-methyl-2,4-dioxo- 
5-pyrimidyl) Acrylic Acid ( 8 )  

This compound was obtained from the preceding com- 
pound (68% yield); yellow crystals, mp 240°C (dec.); 
nmr (DMSO-d6): 2 (s, 3H, CH,), 7.2 (s, 1 H, -CH=), 
11.1 (b s, 3H, NH, COOH). Anul. calcd. for C8H8N2O4S: 
C42.09, H 3.54,N 12.27; found: C41.99,H 3.72,N 12.31. 

Potentiometric Titrations 
Water with greater than 10 MIL cm-' resistivity was 

prepared using a Millipore 'Milli-Q' system. Dioxane 
(Baker AR) was refluxed 48 h over sodium and distilled 
through a Vigreux column. Solutions (0.1 IM) of sodium 
perchlorate, zinc(I1) nitrate, nickel(I1) chloride (all from 
E. Merck) or of the perchlorates of cobalt(II), iron(II), 
manganese(II), nickel(II), or zinc(I1) (all from Pierce 
Chemical) in water or in 50% (v/v) dioxai~e-water were 
slightly acidified with perchloric acid (pH = 3) to sup- 
press hydrolysis; concentrations were determined by 
Schwarzenbach's procedure (12). Sodium hydroxide solu- 
tions were standardized by titration with hydrochloric 
acid (Titrisol, E. Merck). Solutions (0.1 M )  of ligands in 
50% (v/v) dioxane-water were prepared by dissolving 
the ligands in 5 ml of dioxane (degassed by bubbling of 
nitrogen) and adjusting to 10 ml with degassed water. 
One half equivalent of HCIOl was added in preparation 
of solutions of ligands 1, 2, 5, and 9. Ligand solutions 
were stored under nitrogen at 5°C. Fresh stock was pre- 
pared each day, as some ligands in solution, especially 6 
and 7, oxidized to disulfide (5-10%) after 6-10 h. 

Mixtures (20 ml) of ligand and metal ion were titrated 
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with NaOH (0.3 M in water, or in 50% (v/v) dioxane- 
water). At each of two ligand concentrations (2 and 4 
mM), metal ion concentrations were employed to yield 
ligand-metal stoichiometries of 8 : 1 ,4  : 1, and 2 : 1. Ligand 
solutions also were titrated in the absence of metal ion. 
All titrations were carried out in a water-jacketed vessel 
thermostated at 25 0.l0C. The titration cell was tightly 
covered and nitrogen saturated with solvent was bubbled 
through the solution. 

A Mettler semi-automatic titration system consisting 
of modules DK 10, 12, 13, and 15 connected to a DV 11 
burette and equipped with a Metrohm glass electrode 
EA 109 and an E 430 saturated calomel electrode was 
used. The electrodes and p H  meter were calibrated to 
read p H  with four aqueous buffer solutions (pH = 4.01 
to 10.01). For measurements in 50% aqueous dioxane, 
the glass electrode was conditioned for several davs in 

tained. Experimental and calculated formation curves 
were compared on a Hewlett-Packard 9820 desk calcu- 
lator fitted with a HP 9862 plotter. 

Ligands and Zinc Partition Experitnents 
Two millilitres of a solution of zinc sulfate (33.5 pM), 

prepared in 0.05 M 3-(N-morpholino)propanesulfonic 
acid, 0.15 M NaCI, p H  6.0, was shaken with complexant 
and n-octanol (8 ml) or n-butanol (2.5 ml). The com- 
plexant (4 mol/mol ZnS04) was freshly dissolved either 
in the organic solvent or in the zinc sulfate solution. After 
5 min of contact the phases were separated by centrifuga- 
tion. Zinc concentration in the aqueous phase was deter- 
mined by atomic absorption spectroscopy. Zinc standards 
were prepared by dilution of Titrisol standard (E. Merck), 
using aqueous solvent contacted with organic solvent. 
Each partition mixture was analyzed in triplicate. 

the mixed solvent (1 3). The sleeve-type calomel electrode 
was refilled with saturated KC1 after five to six titrations. Inhibition ofEnzymes by Complexants 

The pH values were measured to +0.01 unit. E. Coli alkaline phosphatase (E.C.3.1.3.1., Sigma 
Chemical) was assayed s~ectro~hotometrical~y (18). 

Protonation and Formation Constants using the'kit supplied by ~ o e h r i n ~ e r - ~ a n n h e i m .  ~nz;r& 
Formation constants P p q ,  correspond to the general was incubated with inhibitor (freshly dissolved in di- 

eauation methylsulfoxide or in buffer) for 15 min at 30°C in v H  

'Practical' protonation constants of the ligands are 

Initial estimates for plol and plO2 were obtained from 
titration curves and formation curves (6, = f(pH)) and 
were refined using the computer program SCOGS (14) 
on a UNIVAC 11 10 computer. For the calculation of H +  
and OH- concentrations from H+ activities as measured 
by the glass electrode, a correction factor of -0.06 + 
0.02 was determined by titrating at a constant ionic 
strength of 0.1 at 25°C a 0.01 M solution of HC1 in 50% 
(v/v) dioxane-water with a solution of NaOH in 50% 
(vlv) dioxane-water. The pK, was calculated to be 
15.38 + 0.02, in agreement with previous results (15, 16). 
For n1easuren1ents in water, the mean activity coefficient 
f * was taken as 0.79 and the pK, as 13.996 (17) at 25°C 
and I = 0.1 M (NaC104). Approximate values of forma- 
tion constants pilo and pZl0 were obtained at R = f(pL), 
given by [4] and [5]. CM and CL are total ligand and 

metal concentrations, respectively, [EXacid] is the excess 
of perchloric acid added in preparation of stock solutions 
and Chase is the concentration of added base. Constants 
were refined over the entire range of experimental data 
by the use of the SCOGS program. If by adding other 
species, no further reduction in the standard deviation 
of titre could be achieved, the last set of values was re- 

10.5 buffer before initiation of the enzymatic reaction-by 
addition of substrate. In all assays dimethylsulfoxide was 
present at a final concentration of 5% (v/v). Bovine car- 
boxypeptidase A (E.C.3.4.12.2, Sigma Chemical) was 
assayed by a pH-stat technique (19). Enzyme was incu- 
bated with inhibitor (freshly dissolved in polyethylene 
glycol 300 or in buffer) for 10 min at 30°C at pH7.5 before 
initiation of the enzymatic reaction by addition of sub- 
strate, hippuryl-D,L-P-phenyllactic acid (Fox Chemical). 
The final concentration of polyethylene glycol 300 was 
5% (v/v). The pH of the reaction mixture was maintained 
at 7.5 with a Mettler titration system. Human coerulo- 
plasmin (E.C.1.16.3.1., Sigma Chemical) was assayed 
spectrophotometrically using o-dianisidine (Sigma Chem- 
ical) as substrate (20). The rate of reaction was deter- 
mined after preincubation of enzyme with inhibitor 
(freshly dissolved in ethanol; final ethanol concentra- 
tion 2.5% (v/v)) for 15 min at 30°C in p H  5.0 buffer. 
Assay mixtures contained 0.1 mM disodium EDTA (21) 
to suppress enhancement of activity due to traces of iron. 
The possibility of decolorization of the assay mixture by 
inhibitor was checked by the method of Curzon and 
Cumings (22). Thermolysin (E.C.3.4.24.4., Sigma Chem- 
ical) was assayed fluorimetrically using enzyme freed of 
low molecular weight contaminants by gel chromatog- 
raphy on sephadex G-25 (Pharmacia - ~ k e  chemicals). 
Enzyme solution was stored at -25°C and thawed prior 
to assay. An aliquot was diluted to 1.8 ml with a buffer 
of 10 mM 5,5-diethylbarbituric acid, 90 mM NaCI, p H  
7.5. (23). To the enzyme solution was added inhibitor 
freshly dissolved in buffer or in ethanol (a total of 0.1 ml 
ethanol in all assay tubes). The mixture was heated for 
10 min in a water bath at 40°C. The enzymatic reaction 
was initiated by addition of 0.1 ml of a 20 m M  solution 
of carbobenzoxyglycyl-L-leucineamide (Protein Research 
Foundation, Osaka, Japan) in ethanol. The reaction mix- 
ture was maintained at 40°C and six aliquots of 0.2 ml 
were removed at 5 min intervals. Hydrolysis of the pep- 
tide bond was measured in these samples by the fluo- 
rescamine technique (24). 

In all inhibition studies the effect of four or more con- 
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centrations of a given inhibitor was assessed. Remaining 
enzyme activity was plotted as a function of inhibitor 
concentration. From a smooth curve drawn through the 
data, the concentration of inhibitor necessary to reduce 
activity to 50% of the control value was obtained by 
interpolation. 

Results 
Protonation Constants 

Computer-refined values of protonation con- 
stants of the thiol and carboxyl groups of the 
ligands are presented in Table 1. In the series of 
cl-mercapto-P-aryl acrylic acids the nature of the 
aryl substituent did not influence strongly the 
ionization of the carboxyl group, but ionization 
of the thiol group was influenced by the electron 
donation ability (25) of the aryl group (compare 
1,2,  and 5). For the furan derivatives, ionization 
of the carboxyl and thiol groups varied in the 
same order as the inductive effect of the sub- 
stituent (26) in position 5 of the furan ring (com- 
pare 2, 3, and 4). The pKa values found for 
ligands 1 and 9 are in agreement with those of 
other workers (4, 27, 28) if we take into account 
that our results are 'practical' pKa values. 

Metal Complex Formation Constants 
Computer-refined values of formation con- 

stants of metal-ligand complexes are presented 
in Table 2. An emphasis was placed upon the 
study of zinc complexes because of the effect 
these ligands have upon zinc metabolism. In Fig. 
1 are illustrated titration curves of two concen- 

TABLE 1. Protonation constants ((3,,,) of ligands at 25°C 
and I = 0.1 M (NaC104) in 50% (v/v) aqueous dioxane 

Ligand ~ O I  ( 3 1 0 ~  nb mc 

afl,,, refers to the general complex L,M,H,, where L = ligand, 
M = metal, and H = proton; o is the standard deviation. 

bNumber of experimental observations. 
=Number of titration curves analyzed. 
*pKa1 = 10.22, pKa2 = 4.72 in 50% ethanol-water at 25'C (4). 
.Values determined in aqueous medium. 
JpKa1 = 4.93, pKa2 = 9.96 in 50% (v/v) dioxane-water at 25"C, 

I = 0.1 M (NaC104) (27). pK,, = 6.50, pK,, = 11.95 i n  75% ((rv) 
dioxane-water at 30°C, I = 0.02 (KCI) (sto~ch~ometr~c stab~llty 
constants) (28). 

trations of a-mercapto-P-fury1 acrylic acid 2 in 
the absence and in the presence of zinc(I1) at 
ligand-metal ratios of 8 : 1, 4 : 1, and 2 : 1. Similar 
curves were prepared for the other ligands. The 
formation curves (Fi versus log [L2-1) corre- 
sponding to the titration curves of Fig. 1 for 
CL = 4 m M  were all superimposable. This indi- 
cated that for the zinc(I1)-ligand system only 
the mononuclear species ZnL and ZnLz2- were 
present. Approximate values of the stability 
constants log PI,, (11.1) and log Pzl0 (20.5) ob- 
tained at ii = 112 and Fi = 312 were refined with 
the SCOGS program over the entire p H  range 
(2.8-9.7) to an estimated standard deviation in 
titre of 4.1 x (6 curves and 161 points). 
The value found for the estimated standard devi- 
ation of titre in calculation of the protonation 
constants was 3.8 x lop3.  Qualitatively similar 
conclusions were reached for all ligands listed 
in Table 2: only mononuclear zinc(I1) complexes 
appeared to be formed. 

Only mononuclear complexes appeared to 
form between nickel(I1) and the ligands. Titra- 
tion curves obtained with a-mercapto-P-thienyl 
acrylic acid 5 and several bivalent metal ions at 
a ligand-metal ratio of 2 : 1 are illustrated in Fig. 
2. In titrations with iron(I1) and manganese(II), 
hydrolysis occurred at high p H  values, especially 
at lower ligand-metal ratios. Attempts to titrate 
ligand-copper(I1) mixtures failed; dark-colored 
solutions occurred upon adding copper(I1) salt 
to carefully degassed ligand solutions, indicating, 
presumably, oxidation-reduction involving the 
thiol group (29). Cadmium(I1) and lead(I1) 
precipitated with ligands 1 to 8 in the mixed 
solvent when the p H  was raised to 3-5. No for- 
mation constants were obtained. The values ob- 
tained for formation of calcium(I1)-ligand 5 
complexes indicated, as expected, that affinity 
of these ligands for alkaline earth cations was 
relatively low. 

Using data in Tables 1 and 2, species distribu- 
tions in metal-ligand systems were calculated 
as a function of pH. In Fig. 3 are illustrated con- 
centrations across the p H  range of zinc ion, 
ligand 2 species, and zinc-ligand complexes in 
50% aqueous dioxane at two ligand-metal 
ratios. In Fig. 4 are illustrated species distribu- 
tions of the zinc ion - ligand 4 system in two 
media, an aqueous and a mixed solvent. Under 
any of these conditions essentially all of the 
metal is complexed by these ligands at neutral 
pH. 
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TABLE 2. Formation constants (P,,,) of metal(I1) cation-ligand complexes at 2S°C and 
I = 0.1 M (NaCI04) in 50% (v/v) aqueous dioxane 

Ligand Metal - P I I O  P210 nb me 

ap,,, refers to the general complex L,M,H,, where L = ligand, M = metal, and H = proton; a is the 
standard deviation. 

bNumber of  experimental observations. 
<Number of titiation curves analyzed. 
Values determined in aqueous medium. 
.Log Dl = 9.95; log a 2  = 18.52 in 757' (v/v) dioxane-water at 30DC, I = 0.02 M (KCI) (28). 
,Log KI = 8.1; log K2 = 5.25 in 50% :v/v) dioxane-water at 2S0C, I = 0.1 M (NaCIO,) (27). 

Partition Studies of Zinc (11) -Ligand Complexes 
Data on extraction of zinc(I1) from an aqueous 

phase into immiscible alcohols are presented in 
Table 3. In the absence of complexant, little zinc 
(added as zinc sulfate) partitioned into the 
organic phase. Some water-soluble complexants 
such as EDTA did not induce transfer of zinc 
into either alcohol. Other complexants did 
solubilize zinc(I1) in the alcohols. Alcohol- 
soluble species were presumably those in which 
complexation was involved, although com- 
plexant concentration was not determined in any 
phase. Ligands 1, 2 and 5 appeared to extract 
zinc ion well, relative to most of the complexants 
tested. 

Inhibition of Metalloenzymes 
Also presented in Table 3 are data on inhi- 

bition by complexants of enzymatic activity of the 
zinc-dependent enzymes, alkaline phosphatase 
and carboxypeptidase A, and the copper-depen- 
dent enzyme, coeruloplasmin. The tabled values 
were obtained from plots of inhibition vs. con- 
centration curves, but the precision with which 
such concentrations were determined was not 
evaluated by statistical techniques, since in sev- 

eral cases the curves appeared to indicate com- 
plex inhibition kinetics. However, the mercapto 
acrylic acids were judged to be potent inhibitors. 
Results of the study of inhibition of thermolysin, 
a zinc-dependent enzyme, are plotted in Fig. 5, 
in which the concentration of complexant neces- 
sary to inhibit half of the total enzymatic activity 
appears related to the value of the formation 
constant of the 1: 1 complex of zinc ion and 
inhibitor. 

Discussion 
Compared to many a- and P-mercapto acids 

and amino acids described in the literature (3), 
a-mercapto-P-aryl acrylic acids complex bivalent 
metal cations with relatively high affinity. Re- 
sults obtained for P2 ,, complexes of a-mercapto- 
P-thienyl acrylic acid 5 with several metals 
showed that the affinity of complexation fol- 
lowed the Irving-Williams order, Mn2+ < 
Fez+ < Co2+ < Ni2+ > Zn2+. With a given 
metal ion, but different a-mercapto-P-aryl acrylic 
acids, values of the complex formation constants 
varied with values of the protonation constants, 
as expected. Protonation constants of ligand 4 
in aqueous solvent and in 50% (v/v) aqueous 
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b a s e  O M )  

FIG. 1. Titration curves for a-mercapto-0-fury1 acrylic acid - Zn(N03), in 0.1 M NaC104 in 50% 
(v/v) dioxane water. Curve I, CL = 2.0 mM, CM = 0.0 M ;  2, CL = 2.0 mM, CM = 0.25 mM; 3, CL = 
2.0 mM, CM = 0.5 mM; 4, CL = 2.0 mM, CM = 1.0 mM; 5, CL = 4.0 mM, Chl = 0.0 M ;  6, CL = 
4.0 mM, CM = 0.5 mM;  7, CL = 4.0 mM, CM = 1.0 mM; 8, CL = 4.0 mM, CM = 2.0 mM. 

1 1 1 I I 1 I 1 1 I 

0 20 40 60 80 100 120 140 160 180 200 

b a s e  (4M) 

FIG. 2. Titration curves for a-mercapto-0-thienyl acrylic acid alone (L) and in the presence of cations 
in 50% (v/v) dioxane-water. CL = 4.0 mM; Ch, = 2.0 mM. 
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FIG. 3. Computed species distribution as a function of 
pH for solutions of a-mercapto-P-fury1 acrylic acid (4.0 
mM) with (a) Zn2+ (2.0 mM) and (b) Zn2+ (4.0 mM) in 
50% (v/v) dioxane-water. 

dioxane indicated increases in pK, of 1.4 and 
1.75 units in passing to the mixed solvent. One 
may compare pK, values of ligand 4 in aqueous 
solution for dissociation of the carboxyl and 
thiol groups, 3.2 and 7.35, respectively, with 
those for a molecule such as a-mercapto acetic 
acid, 3.5 and 10.2, respectively (29). The more 
facile ionization is due in part to the double bond 
in the a position and the inductive effect of the 
arvl substituent. This characteristic underlies 
the potent complexation of metal ions by these 
compounds at physiological pH. Lipid solubility 
of zinc - mercapto acrylic acid complexes may 
be another important feature underlying their 
physiological effects. 1 and 2 were among the 
most effective ligands in enhancing the alcohol 
solubility of zinc, compared to many ligands 
previously studied in the aqueous buffer - bu- 
tan01 system (30). 

Consistent with the generalizations drawn 
from the potentiometric study of complex forma- 

tion, results of the study of inhibition of metal- 
loenzymes were compatible with avid complexa- 
tion of metals by mercapto acrylic acids. Alkaline 
phosphatase contains two zinc atoms per enzyme 
molecule (31) and coeruloplasmin contains at 
least six copper atoms (32). Carboxypeptidase 
contains a single zinc atom per molecule, but 
hydrolysis by the enzyme of the ester substrate 
does not follow simple Michaelis-Menten kin- 
etics (33). Thermolysin contains a single zinc 
atom (34). 

Relative differences in inhibitory potency may 
reflect characteristics of the interaction of en- 
zyme with inhibitor, or they may reflect less pro- 
found properties such as the stability of the 
con~pound in the assay milieu. The four enzymes 
were assayed at acid p H  (coeruloplasmin), at 
neutral p H  (carboxypeptidase and thermolysin), 
and at alkaline p H  (alkaline phosphatase). At 
micromolar concentrations of total zinc, ranking 
of the degree to which zinc would be complexed 

" 2 3 4 5 6 7 8  
P H 

FIG. 4. Computed species distribution as a funcrion of 
pH for solutions of a-mercapto-P-(5-sodiumsulfonate-2- 
furyl) acrylic acid (4.0 mM) and Zn2+ (2.0 mM) in (a) 
50% (v/v) dioxane-water and (b) aqueous solvent. 
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TABLE 3. Effect of complexants on partition of zinc(I1) between aqueous and organic phases and as inhib- 
itors of metalloenzymes 

PC" Ligand concentration (mM) for 50% inhibition 

Alkaline Carboxy 
Ligand Butanol Octanol phosphatase peptidase A Coerulo-plasmin 

1 
2 
5 
6 
7 
9 

NazEDTA 
8-Thioquinoline 
8-Hydroxyquinoline 
1 ,lo-Phenanthroline 
Mercapto acetic acid 

'PC = concentration of zinc in organic phase/concentration of zinc in aqueous phase. 
Wore than 90% of total zinc in aqueous phase. 
CLess than 10Z of total zinc in aqueous phase. 
dDecolorisation (22) of reaction mixture. 

concentration in serum 10- to 15-fold, it had 
little or no effect on serum copper and iron con- 
centration (1). Presumably the avidity of metal 
complex formation, the lipid solubility of the 
complexes, the stability of the complexant, and 
other features as well are involved in the effects 
of these compounds on trace metal metabolism. 

.-. 
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FIG. 5. Ligand concentration calculated for 50% 
inhibition of activity of thermolysin versus apparent 
formation constant at p H  7.5 for the ML complex. For- 
mation constants of reference inhibitors were taken from 
the literature: a = 8-thioquinoline (35); b = 1,lO- 
phenanthroline (36); c = 8-hydroxyquinoline (37); d = 
mercapto acetic acid (29). 

at neutral p H  by a considerable excess of 
ligand was calculated to be 5 > 4 > 2 > 3 > 6 
> 8 > 1 > 7 > 9. This order bears some 
relationship to that observed in the inhibition 
studies. 

We have demonstrated that mercapto acrylic 
acids form complexes with a variety of metal 
cations. Yet in rats, these compounds affect zinc 
metabolism most markedly. While a-mercapto- 
P-fury1 acrylic acid 2, for example, raised zinc 
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The electro-deposition of silver on stationary and rotating glassy carbon discs 

REMIGIO GERMANO BARRADAS, STEPHEN FLETCHER, AND SANDOR SZABO' 
Department of Chemistry, Carleton University, Ottawa, Ont., Canada KIS  5B6 

Received June 3, 1977 

REMIGIO GERMANO BARRADAS, STEPHEN FLETCHER, and SANDOR SZABO. Can. J. Chem. 55, 
4037 (1977). 

The deposition of silver onto glassy carbon is described. The solution consisted of lo-' M 
AgC10, in 1.0 M HC1O4. Experiments reveal the difficulties in trying to separate nucleation 
and growth phenomena from mass transport effects. A simple semi-quantitative model is pro- 
posed to explain the experimental data. It is also shown that the deposition reaction is not 
completely reversible under certain experimental conditions. 

REMIGIO GERMANO BARRADAS, STEPHEN FLETCHER et SANDOR SZABO. Can. J. Chem. 55, 
4037 (1977). 

On dkcrit le dkp6t de l'argent sur du carbone vitreux. La solution est form& de AgClO, 
0.01 M dans du HClO4 1.0 M. Des expkriences montrent les difficultks qui existent lorsque 
I'on veut separer les phknomknes de nuclkation et de croissance des effets de transport de 
masse. On propose un modkle simple semi-quantitatif pour expliquer les donnks expkri- 
mentales. On montre aussi que la reaction de dkposition n'est pas completement rkversible 
sous certaines conditions expkrimentales. 

[Traduit par le journal] 

Introduction of a polymeric material; possibly a phenolic 
The electrochemical formation of new phases resin (3). Consequently, even a highly po1is11ed 

on foreign substrates is of considerable impor- surface must exhibit local inhomogeneities 
tance in electrocatalysis. ~ ~ d i f i ~ ~ t i ~ ~  of cat- related to the carbon structure. A second minor 
alysts by metal deposition reactions is now difficulty is that glassy carbon has a high re- 
commonp~ace~ studies of metal deposition on sistivity, and this contributes to ohmic problems 
glassy carbon are of particular interest in work in the measurement of accurate c~rrent-voltage 
of this kind because the carbon remains inert and current-time relationships. Nevertheless, 
during the deposition reaction.  hi^ is in sharp glassy carbon is an excellent material for the 
contrast to most metal surfaces, for which com- study of metal deposition 
plex surface area changes accompany the re- In the Present investigation the principal 
action proper. Also, bulk metals have oxide techniques employed were the linear potential 
layers, adsorbed molecules, crystal defects, Sweep and the single and double potentia1 
intergrain boundaries, etc. which further com- methods. These were chosen because 
plicate the interpretation of data. Avoidance of allowed straightforward measurement the 
these complications can usually be realized on processes occurring, while a t  the same time en- 
metal-amalgam substrates (I), or else on specially suring some degree of separation between 
prepared single-crystal electrodes, as has been nucleation and growth phenomena and the in- 
demonstrated for the deposition of Ag+ on fluence of mass transport from the bulk of 
Ag (2). In the latter case, it is possible to observe solution. Rotating disc electrodes were also 
the propagation of steps of monomolecular employed for the same 
height across the electrode surface accompanied 
by two-dimensional nucleation. Experimental 

Although glassy carbon is superior to metals The glassy carbon used in the present work was 

in many respects, its structure is still little under- purchased directly from the Tokai Electrode 
facturing Co. Ltd. (Japan). Rotating disc electrodes were 

stood. It is however, consist of a sealed in Araldite and machined into small cylinders. 
network of ribbon stacks obtained by pyrolysis Before use. the surfaces were ~olished with ceric oxide - - -  - 

to a mirror finish and washed many times with double- 
'On leave from Central Research Institute for Chem- distilled water. It was observed that further polishing 

istry of the Hungarian Academy of Sciences, H-1525/17, with tissue paper resulted in a hydrophobic surface; 
Budapest, Hungary. this procedure was therefore avoided. 
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The cell used in voltammetric measurements was 
divided by a glass frit, while the counter electrodes were 
made of platinized platinum sheets of large surface area. 
An adjustable-luggin reference probe was included in the 
cell design in order to minimize the solution component 
of the total ohmic resistance in the measuring circuit. 
All potentials are quoted with respect to the hydrogen 
electrode in the same solution. 

Unless otherwise stated, the plating solution con- 
sisted of M silver perchlorate in 1.0 M (Aristar) 
perchloric acid. The constant potential source was a 
PAR 170, and experimental data were recorded directly 
on the same instrument. Deoxygenation was achieved by 
flushing the solution with purified nitrogen. 

Results 
Figure 1 shows the results of applying linear 

scans of potential to a freshly prepared glassy 
carbon electrode, over the potential range 
+ 800 mV to + 400 mV. For clarity, only the de- 
position reaction is shown, while the reverse 
reaction is omitted. It is immediately apparent 
that the second and subsequent scans (curve B) 
are displaced from the original data (curve A) by 
a factor of approximately 60 mV. Removal of 
the electrode, followed by polishing with ceric 
oxide, resulted in the regeneration of curve A 
upon repeating the experiment. This remarkable 
behaviour may be explained in terms of residual 

FIG. 1. 1 M HC104, M AgC104, glassy C elec- 
trode. Linear potential scan from + 800 mV to + 400 mV. 
v = 10 mV s - I ,  o = 0. (A) Clean surface, (B) second and 
successive cycles. 

nuclei of electrodeposited silver on the electrode 
surface after the first potential scan. The 
presence of these nuclei obviates the need for 
nucleation on the carbon surface in the second 
and successive scans. This hypothesis could be 
tested in three ways. Firstly, examination of the 
electrode surface in situ with bright illumination 
clearly indicated the presence of a silvery white 
deposit remaining on the electrode surface at 
+ 800 mV. Secondly, removal of the electrode at 
this potential, followed by examination using 
scanning electron microscopy, indicated the 
presence of a large number of residual silver 
nuclei associated with minute scratches on the 
electrode surface (Fig. 2). Thirdly, the chemical 
identity of the nuclei could be confirmed by 
switching the electrode to open circuit. After 
a few minutes, the electrode assumed the 
equilibrium potential of bulk silver in the same 
solution. The conclusion, therefore, is that the 
Agf /Ag deposition reaction is not entirely re- 
versible at the glassy carbon electrode in 
1.0 M HClO, (cf. ref. 4). 

A similar conclusion may be achieved by 
repeatedly cycling the electrode potential until 
a pseudo steady state is reached. The results of 

FIG. 2. Electrode surface viewed by scanning electron 
microscopy. Magnification 1000x, showing residual 
silver nuclei after 2 cycles between + 800 mV and + 400 
mV at 50 mV s-'. 
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this procedure are illustrated in Fig. 3. The manner of Fig. 3, so that throughout the present 
voltammogram obtained is complex, and may work a large number of 'seed' nuclei were al- 
not be analysed in a completely quantitative ready present on the glassy carbon substrate. 
way. This is because the curves contain con- After this process, the electrode was also 
tributions from both the deposition reaction and rotated before each measurement to ensure that 
from the relaxation of diffusion zones associated the bulk concentration of Ag' extended to the 
with mass transport from the bulk of solution. 
What is clear, however, is that a residual current 
is observed at + 800 mV. The lack of complete 
reversibility therefore appears to be kinetic in 
origin, rather than being an intrinsically thermo- 
dynamic phenomenon. 

The presence of the complicating features 
described above was of fundamental importance 
in designing further experiments. Because of sur- 
face roughness considerations, it was decided 
that the use of freshly prepared surfaces for 
every measurement might introduce small ir- 
regularities into the experimental data of a 
purely random nature. These irregularities would 

electrode surface. 

Investigation of Nucleation Processes 
The transient response of the pretreated 

electrode following the application of a single 
potential step is illustrated in reduced variable 
form in Fig. 4. The transient exhibits a t 2  rise 
of current, which reaches a maximum and then 
decays as t-'I2. The reaction is therefore pro- 
ceeding via a nucleation and growth mechanism 
which at longer times is dominated by mass 
transport from the bulk of solution. In the 
limit the well-known equation for semi-infinite 
linear diffusion is obeyed 

harticularly influence the nucleation phenomena, [I]  i = ~FA,C, (D, / IC~)~/~  
and so this approach was rejected. Instead, it 
was decided to bring the electrode surface to a where (mA) is the transient current, t (s) the 

standard state prior to making any measure- transient time, Do (cm2 s-') the diffusion coeffi- 

merits. This could easily be carried out by cient, Cb (mol cm- '1 concentration, and As sur- 

linearly scanning the applied in the face area of electrode, respectively. Equation 1 

FIG. 3. 1 M HC1O4, 10-'M AgC104, glassy C elec- FIG. 4. Reduced variable test for complete experi- 
trode. Continuous cycling linear potential scans from mental transient. Single potential step from + 800 mV 
+800 mV to + 400 mV. v = 100 mV s-', w = 0. Note to + 620 mV. Solid line is the theoretical shape according 
residual current at + 800 mV. to eq. 9. 
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indicates that any diffusion zones surrounding 
the original nuclei have expanded and over- 
lapped. The rising sections of the transients are 
tested in Fig. 5. The t 2  dependence is closely 
obeyed, in agreement with the data of Harrison 
(5, 8). Also, from the gradients of Fig. 5, it is 
possible to calculate the rate of growth of the 
deposit as a function of potential. This is 
shown in Fig. 6, where a very extreme dependence 
on potential is noted, about 5 mV per decade. 

The use of the double potential step technique 
proved to be particularly interesting. A small 
pre-step (+450 mV for 40 ms) was first applied, 
followed by a second step on the time scale of 
seconds. In this case the current rises as t', 
while it decays as t -'I2. Investigation of the rising 
transients as a function of potential is shown in 
Fig. 7. The linear dependence of current on time 
is observed at each potential, although extrap- 
olation shows that the lines do not pass 
through the origin. This effect is quite usual with 
the double pulse technique, merely indicating 
that the current from the first step has not en- 
tirely decayed before the onset of growth at the 

" 

l0O0 12/52 
2000 

FIG. 5. 1 M HC104, lo-' M AgC104, glassy C elec- 
trode. Single potential steps from +SO0 mV to (A) 
+ 649 mV, (B) + 651 mV, (C) + 653 mV, (D) + 655 ~ I V ,  
(E) + 657 mV, (F) + 659 mV. Note t dependence of 
current. Data recorded at short times, w = 0. 

FIG. 6. Potential dependence of the function i / t2 from 
single potential step experiments. 

lower overpotential. The gradients of the linear 
portions of the current-time curves (Fig. 7) are 
shown plotted versus potential in Fig. 8. As 
expected, an extreme dependence (-6.5 mV 
decade-') is noted in accord with the single 
step results (Fig. 6). 

It is apparent from comparison of the single 
and double potential step results that the short- 
time behaviour of the current depends upon t2  
in the former case and upon t1 in the latter in- 
stance. These two limiting cases may be under- 
stood on the assumption of a first-order nuclea- 
tion law (1) of the form 

[21 N = No[l - exp (-At)] 

where N is number of nuclei and A (nuclei 
cm-2 s-I) nucleation rate constant, respectively. 
At short times the exponential term may be ex- 
panded so that 

[3] N - NoAt (progressive nucleation) 

Alternatively, if No is intrinsically large (or is 
enhanced by the double potential step technique) 
then N - No. Consequently, the additional time 
dependence of the single step results may be ex- 
plained on this basis. 

However, a contradiction arises here because 
the pretreatment of the electrode indicates that 
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t/ s 
FIG. 8. Potential dependence of the function i/t from 

FIG. 7. Transients obtained by the double potential step double step experiments. 
method. Electrode potential switched from + 800 mV 
to + 400 mV (10 ms) then to (A) + 662 mV. (B) + 663 
rnV, (C) + 664 m ~ , '  (D) + 665 &v, (E) + 666 Av, (F) 
+ 667 mV, (G) + 668 mV, (H) + 669 mV, (I) + 670 mV. 
Note the linear dependence of i on t at short times. 

No should always be large, so that progressive 
nucleation will not be possible. The only realistic 
resolution of this dilemma is that the number of 
'seed' nuclei on the carbon substrate must indeed 
be considered fixed by the pretreatment process, 
whereas progressive nucleatioil occurs at the 
same site during deposition at higher over- 
potentials. 

This hypothesis is tested by scanning electron 
microscopy in Fig. 9. Although it is seen that 
nucleation is indeed occurring at the same sites, 
about four times as many 'seed' nuclei are present 
at + 500 mV as compared to the electrode pre- 
treatment (Fig. 2). This does not seriously in- 
validate the assumption of a constant number 
of seed nuclei, however, because (a) the over- 
potential used in obtaining Fig. 9 was much 
larger than that employed in the accun~ulation 
of the single-step data and (b) the nucleation 
rates observed at the sites of the 'seed' nuclei 
exhibit an extreme dependence On overpotential' FIG. 9. Electrode surface viewed by scanning electron 
and this is not detected by scanning electron microscopy. Magnification 1000 x , showing silver nuclei 
n~icroscopy. after potential step from + 800 mV to + 500 mV for 28 s. 
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The InJEuence of Mass Transport on the Nuclea- 
tion Processes 

The influence of mass transport on the nuclea- 
tion processes is best observed by the use of 
rotating disc electrodes. Figure 10 shows a 
typical Levich plot for the deposition reaction, 
data being obtained from limiting currents ob- 
served during slow linear potential scans at 
various electrode rotation speeds. The experi- 
mental result is distinctive and highly re- 
producible. The unusual divergence from linear- 
ity at 0.2 Hz-'/' is noteworthy; it arises because 
of complex surface area changes during the 
growth of the electrodeposit. Thus 

where A, is the actual surface area of the elec- 
trode, v kinematic viscosity, and o (Hz) electrode 
rotation speed, respectively. Under these cir- 
cumstances a well-developed Nernst diffusion 
layer must be present at the electrode surface, so 
that 

[51 6 = 1 . 6 2 ~ 1 / 3 ~ 1 / 6 ~ -  112 

where 6 (cm) is diffusion layer thickness. It is of 

FIG. 10. 1 M HCI04, lo-' M AgCI04, glassy C elec- 
trode. Limiting current versus for the deposition 
reaction. Linear potential scans from + 800 mV to + 400 
mV, v = 10 mV s-', o = various. 

interest to conduct single and double potential 
step measurements under these circumstances. 
The resnlts of single step experiments are shown 
in Fig. 11 for various rotation speeds. Once 
again a t 2  dependence is noted (cf. o = O), but 
the absolute rate of reaction is related to the 
flux of Ag' to the electrode surface. That the 
flux occurs through a semi-infinite linear dif- 
fusion zone, rather than a hemispherical dif- 
fusion zone, is shown in Fig. 12. The current is 
obviously proportional to 116. 

The response of the rotating electrodes to the 
double potential step technique complicates the 
picture even further. Figure 13 shows a typical 
current-time plot obtained at o = 25 Hz. At 
short times i cc t1I2, rather than t 1  when o = 0 
Hz. This implies that the flux of Ag' from the 
bulk of solution is having a profound effect 
upon the growth mechanism. 

Discussion 
When the Nernst diffusion zone hypothesis is 

applicable, a simple model for the growth of the 
electrodeposit may be proposed. Written for 

FIG. 11. Transient response to single potential step 
(+ 800 mV to + 635 mV) with electrode rotation. (A) 
60 Hz, (B) 50 Hz, (C) 40 Hz, (D) 30 Hz, (E) 10 Hz. The 
gradient .v 2.0. 
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FIG. 12. Rotation speed dependence of growth 
transients measured at short times (t  = 6.25 s). Double 
potential step, + 800 mV to + 400 mV (10 ms) then 
to + 640 mV. 

instantaneous nucleation 

where A' is the 'effective' area of the Nernst 
diffusion layer per nucleus experiencing linear 
flux, and 6 is the diffusion layer thickness. This 
equation therefore predicts i,,,,,, K o1I2 for a 
rotating disc electrode. Also, at long times, 
N0A1 - A, so that a t - l i 2  dependence of the 
current is predicted (eq. 1). At short times at a 
stationary laminar electrode, however, the 
problem is considerably more complex because it 
involves the overlap of individual hemispherical 
diffusion zones around each nucleus as well as 
the possible overlap of nuclei themselves. 
Various models for this type of growth have been 
proposed by Harrison and co-workers (6, 9, 
10). In the present case, the observed results 
(Fig. 4) suggest 

That is, the growth of the electrodeposit and 

0 05  1.0 

l og  (t) 

FIG. 13. Growth transient obtained from double po- 
tential step method with electrode rotation. Data re- 
corded at short times. Potential switched from + 800 mV 
to + 400 mV (10 ms), then to + 646 mV. o = 25 Hz. 
Gradient .̂ 0.50. 

the relaxation of the diffusion layer may be 
considered to be consecutive processes 

where x represents the time dependence of the 
growth process at short times. In reduced vari- 
able form 

where im (mA) is the current maximum in experi- 
mental transient and t ,  time taken to achieve i, 
respectively. This equation is shown in Fig. 14 
as a function of x. Experimental data are in 
close agreement with this formulation (Fig. 4) 
although explanation of x in terms of models is 
still far from satisfactory (6). 

An interesting conclusion follows from eq. 9. 
This is that accurate observation of growth 
transients at short times may only be achieved 
for currents below -im/lO. This is because the 
influence of the falling section of the transient 
makes itself apparent above this value. 
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FIG. 14. Graphical representation of eq. 9. x = (A) 
0.5, (B) 1.0, (C) 2.0, (D) 3.0. 

Although a more complete model for the 
growth of Ag on glassy carbon cannot as yet be 
proposed, inspection of the experimental data 
shows that two types of nucleation are occurring. 
Firstly an approximately constant number of 
'seed' nuclei are created by the pretreatment 
process. Secondly, new nuclei of silver are 
created on top of the seed nuclei progressively in 
time. 

It  should be noted that the three-dimensional 
silver deposits created on the electrode surface 
were rather amorphous in structure, and were 
crudely hemispherical in shape. Consideration 
of the crystallographic orientation of the de- 
posits was therefore precluded. What was clear, 
though, was that the nuclei almost certainly 
grew into hemispherical diffusion zones emanat- 

VOL. 5 5 .  1977 

ing from the seed nuclei, and that at longer times 
these diffusion zones overlapped to create a 
condition of semi-infinite linear diffusion. 

According to Frank (7) the growth of a three- 
dimensional deposit into a hemispherical dif- 
fusion zone should follow an equation of the 
form 

[lo] i = ~ , A n F ( p / ~ ) n s ~  ~~~~~t~~~ 

where S is a constant defined by Frank (6), 
M (g) gram-molecular weight, and p (g ~ m - ~ )  
density of deposited material, respectively. How- 
ever, in the present work the t 'I2 dependence is 
not observed (Fig. 7). The reason for this is 
somewhat obscure, although two possibilities 
present themselves. Either the mass transport 
has an unpredicted influence on the growth 
mechanism (e.g. the nucleation rate may be 
determined in part by the flux) or else the 
establishment of diffusion zones occurs so 
rapidly that overlap takes place on the time 
scale of the experimental data acquisition. 
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A. GANDINI. Can. J. Chem. 55,4045 (1977). 
Several monomers were submitted to pulsed TEA-C02 laser radiation. In the condensed 

phase neither polymerization nor decomposition was observed. In the vapour phase, poly- 
merization did not take place but extensive decomposition occurred, mainly through molecular 
elimination reactions. Possible reasons for the lack of polymerization are discussed. 

A. GANDINI. Can. J. Chem. 55,4045 (1977). 
On a soumi plusieurs monomeres a la radiation d'un laser a C 0 2  a impulsions. En phase 

condensee ces monomkres n'ont polymeris6 ni souffert aucune dkomposition. En phase vapeur 
on n'a observe que des importantes reactions de fragmentation moldculaire. On propose des 
interpretations visant a expliquer I'absence de polymerisation. 

The recent development of high-power in- 
frared lasers has promoted a number of studies 
dealing with the interaction of this intense 
radiation with organic and inorganic substrates. 
The often selective character of the excitation, 
which can lead to isotope enrichment (I), and 
other unique features of this new type of photo- 
chemistry (2-5) have already been recognised 
and are attracting considerable interest. 

Following a report by Chin (6)  that ethylene 
can be partly converted into low molecular- 
weight parafins by pulsed radiation from a 
TEA-CO, laser, we decided to investigate the 
susceptibility of various monomers to poly- 
merization by this technique. 

The monomers were purified by standard 
procedures and stored under conditions which 
guaranteed .the absence of thermal or photo- 
induced polymerization. 

Experimental 
Condensed-phase Experiments 

Monomers in the liquid and solid phase were intro- 
duced into a test-tube type cell (3.5 cm id) provided with 
a side arm and a NaCl window. After purging the cell 
contents with pure nitrogen, irradiation with the appro- 
priate line of a Lumonics 103 TEA tunable C 0 2  laser 
was started. The beam could be focused onto the mono- 
mer surface with a NaCl lens (7.5 cm focal length). 
Typically, a reaction would last 30 to 60 min, at a pulse 
rate of about 1 Hz. Power densities of 1 to 3 MW/cmZ 
were measured for the unfocused beams. The search for 
polymers at the end of the experiments consisted of 
pouring a portion of the liquid monomer (or a solution of 
the solid monomer) into an excess of a precipitant for the 
polymer in question. Another portion of the monomer 
was vacuum distilled at room temperature to search for 

'NRCC No. 16239. 

possible residual oligomers. Infrared and nmr spectra 
of the monomers before and after the experiments were 
also taken to look for nonpolymeric products arising 
from the interaction. 

Acrylonitrile 
The liquid was irradiated with the 10.247 pm line 

(focused and unfocused) both at room temperature and at 
-78"C.The monomer slowly turned yellow and its tem- 
perature was raised by about 15°C. However, no polymer 
was obtained nor was any appreciable quantity of 
other products detected. 

Methyl Methacrylate 
The liquid was irradiated at room temperature with 

the 10.653 pm line with focused and unfocused beams. 
Warming was observed (to about 40°C). No polymer or 
any other products were obtained. Experiments at  
-78°C and -196°C with the solid monomer were 
equally unsuccessful. 

Vinyl Acetate 
The liquid was irradiated at room temperature and at 

-78°C with the 10.532 pm line (focused and unfocused). 
No products were formed in detectable quantities. 

Styrene 
The 10.220 pm line was used to irradiate the liquid at 

room temperature and the solid at -78°C. The monomer 
was recovered unchanged in both experiments. 

N- Vinylcarbazole 
The solid crystalline monomer was irradiated at room 

temperature with the 10.532 pm line. During irradiation 
some monomer crystals melted. Some polymerization was 
observed, but the yields were very small (less than 1% in 
30 min). The same results were obtained with annealed, 
glassy monomer. 

Acenaphthylene 
The solid monomer (crystalline and glassy) was 

irradiated at room temperature with the 9.271 pm line. As 
in the case of N-vinylcarbazole the monomer sublimed in 
part to the side walls of the vessel. Traces of a brown 
product precipitated from n-pentane, but the yield was so 
small that no analysis could be carried out. 

Gas-phase Experiments 
Experiments with vapours were conducted with a 
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cylindrical cell provided with NaCl windows (8 cm 
optical path, 3.5 cm diameter). Following evacuation, a 
known pressure of the monomer vapour was introduced 
and an infrared spectrum taken. The cell was then placed 
in front of the CO, laser (Lumonics 101 TEA-COZ laser) 
and its contents submitted to pulsed radiation at 10.57 pm 
with a frequency of 1.2 Hz. The beam was focused in the 
middle of the cell, using a germanium lens (10 cm focal 
length). Infrared spectra were taken periodically to follow 
the appearance of products. At the end of each run the 
volatile products were analyzed by mass spectrometry 
after a rough separation based on vapour pressure. The 
solid products (if any) were analyzed by infrared spec- 
troscopy. 

Acrylonitrile (70-80 Torr) 
The first 2&25 pulses produced an intense plasma. 

Thereafter the breakdown was less frequent and towards 
the end of the experiments (500-700 pulses) it was very 
sporadic. After 50 pulses a faint brown deposit was 
noticed on the cell walls and windows. This increased as 
the reactions proceeded. After 50 pulses the ir spectrum 
showed appreciable amounts of acetylene and HCN. 
After 200 pulses at least 50% of the acrylonitrile had been 
consumed and the only products detected by ir were 
acetylene and HCN. After 700 pulses there was little 
monomer left in the cell. The concentration of acetylene 
and HCN had increased correspondingly. Mass spectra 
of the products confirmed the predominance of these two 
compounds among the products, but also revealed the 
presence of smaller amounts of acetylene dimers, benzene, 
and hydrogen. The brown polymeric material deposited 
during the irradiation was not polyacrylonitrile; its aspect 
and ir spectrum suggested that it could be polyacetylene 
of low molecular weight. 

Methyl Methacrylate (30 Torr) 
Breakdown in the vapour was very infrequent and 

absent during the first 50 pulses. The formation of 
several products could be followed by taking ir spectra. 
Already after 50 pulses the presence of acetylene, methane, 
CO,, and CO could be assessed. As the reaction pro- 
ceeded, the concentration of methyl methacrylate de- 
creased and, correspondingly, the typical bands of these 
four major products increased. After 1600 pulses more 
than 90% of the monomer had been consumed and a slight 
brown deposit was visible on the walls. Mass spectra of 
the final mixture confirmed the importance of the four 
major products and also indicated the presence of 
hydrogen, diacetylene, benzene, and probably isobuty- 
lene. No polymethylmethacrylate was deposited in the 
cell. 

Vinyl Acetate (70 Torr) 
Breakdown with this vapour occurred at every pulse 

for the first 100 pulses, then became less frequent. 
Extensive decomposition was noticed. The formation of 
CO, acetylene, methane, and CO, was followed by taking 
ir spectra during the reaction. After 300 pulses more than 
70% of the monomer had been consumed. Mass spectra 
confirmed the predominance of CO, acetylene, and 
methane among the products. CO, and other products 
were also present. No polyvinylacetate was formed. 

Vinyl Choride (50-500 Torr) 
Irradiation of this monomer did not produce any 

plasma. Extensive decomposition into acetylene and 

hydrochloric acid occurred and as conversion increased 
a slight brown deposit began to form on the cell walls 
and windows. No polyvinylchloride was formed in these 
reactions. The decomposition of vinyl chloride also 
occurred with unfocused pulsed radiation of 10.611 pm 
and 9.603 pm from a tunable Lumonics 103 TEA-CO, 
laser. Again, no polymerization of the substrate occurred. 

Discussion 
From the experiments in the condensed phase 

it is obvious that, despite the fact that the 
radiation was strongly absorbed by the mono- 
mers, the concentration of free radicals generated 
by the pulse must have been minimal in all the 
systems studied, i.e., insufficient to induce a sig- 
nificant amount of chain initiation. It can be 
argued that either the energy absorbed is 
rapidly dissipated into the medium as heat or the 
interaction produces chemical changes of a non- 
radical nature, i.e., molecular decomposition 
processes giving volatile products. No important 
reaction forming aggregation products can be 
involved, since such products would have 
remained in the substrate and been detected. 

The experiments in the gas phase indicate that 
decomposition of monomer molecules indeed 
occurs and without any appreciable polymeriza- 
tion. These fragmentation reactions seem to take 
place essentially through molecular elimination 
processes, the initial characteristic step being 

Acrylonitrile and vinyl chloride follow this 
simple mechanism and only at high conversions 
other products, arising from the pyrolysis of 
acetylene, become important. Vinyl acetate 
probably produces acetic acid which in turn 
decomposes into methane, CO, and CO,. The 
decomposition of methyl methacrylate is more 
complex, but the products again suggest the 
predominance of molecular splits. 

It  can be concluded that in the conditions 
selected for this work the energy from a high- 
power CO, laser is not effective in promoting 
polymerization. This has been attributed to a 
failure to produce radicals in sufficient concen- 
tration. Another explanation which might be 
considered is that radicals are formed after each 
pulse but the transient temperature attained in 
the reaction zone is higher than the ceiling tem- 
perature for the system and thus chain growth is 
thermodynamically precluded. If during thermal 
equilibration the radicals decay by other pro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GANDINI 4047 

cesses, then the net result would be the absence 
of aggregation products. 

Ethylene oligomerization seems to take place 
under high pressure (6). However, the very low 
yields of paraffins obtained (< 0.1%) indicate 
that chain processes are not favoured. Although 
in that study (6)  no search for other products 
was made, it is known that CO, laser radiation 
induces the decomposition of ethylene, to give 
mainly acetylene and hydrogen (7). Thus, in the 
experiments described by Chin (6)  most of the 
energy absorbed is channelled into pathways 
which do not involve chain-propagation reac- 
tions with the substrate. It seems therefore 

inappropriate to consider the behaviour of that 
system as typical of a polymerization process. 
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Ligand effects upon the reactions of Ni(I1) with sodium tetrahydroborate: 
Ni(1) complexes of bipyridyl and 1,lO-phenanthroline 
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DAVID G. HOLAH, ALAN N. HUGHES, and BENJAMIN C. HUI. Can. J. Chem. 55,4048 (1977). 
The reactions between NaBH, and Ni(I1) have been studied in the presence of a variety of 

ligands in an effort to determine (a) the conditions under which reduction occurs, (b) the extent 
of the reduction (e.g. to Ni(I), Ni(0) complexes, or to Ni metal or boride), and (c) whether inter- 
mediate Ni complexes can be isolated. 

With ligands having no n-bonding capabilities (NH3, ethylenediamine, edta, citrate), reduc- 
tion depends upon the Ni:ligand ratio and, in the presence of an excess of the ligand, reduction 
of Ni(1I) is very slow. When vacant coordination sites exist on the metal through dissociation 
of, for example, Ni(NH,),'+, allowing for the interaction of the BH4 group with the metal, 
then rapid reduction to the metal (or boride) takes place. 

With the K-bonding N-donor ligands 1,lO-phenanthroline (phen) and 2,2'-bipyridyl (bipy) 
reduction of the stable ML,'+ complexes probably occurs via an outer-sphere electron transfer 
mechanism but, in these cases, new species of the type NiL2X (L = phen, bipy; X = BH4, PF6, 
BPh4), which formally contain Ni(I), have been isolated. 

DAVID G. HOLAH, ALAN N. HUGHES et BENJAMIN C. HUI. Can. J. Chem. 55,4048 (1977). 
On a etudit la reaction entre NaBH, et Ni(I1) en presence d'une variete de ligands afin de 

dtterminer (a) les conditions permettant la rtduction, (b) le niveau de la reduction (par exemple 
jusqu'a des complexes de Ni(1), Ni(0) ou vers le Ni mktallique ou le borure) et (c) si l'on peut 
isoler des complexes intermtdiaires de Ni. 

Lorsque les ligands n'ont pas de capacitt de liaisons n (NH,, tthylknediamine, edta, citrate), 
la reduction depend du rapport Ni : ligand et, en prtsence d'un exces de ligand, la reduction de 
Ni(I1) est tres lente. Quand des sites de coordination vacants existent sur le metal par I'inter- 
mtdiaire d'une dissociation, par exemple de Ni(NH,),'+, permettant une interaction du groupe 
BH4 avec le metal, il y a alors une rtduction rapide conduisant au mttal (ou borure). 

Avec des ligands donneurs par l'azote et pouvant crter des liens K comme la phtnanthroline- 
1,10 (phen) et bipyridyl-2,2' (bipy) la reduction des complexes stables ML,,+ se produit 
probablement par l'intermkdiaire d'un mtcanisme de transfert Clectronique au niveau de la 
sphere exttrieure mais dans ces cas on peut isoler de nouvelles esfices du type NiL,X (L = phen, 
bipy; X = BH,, PF,, BPh4) qui contiennent d'une f a ~ o n  formelle du Ni(1). 

[Traduit par le journal] 

Introduction 
It is known that the presence of certain ligands 

prevents the rapid reduction by NaBH, of metal 
salts to the metal or to the insoluble borides (1). 
Without doubt, reactions between NaBH, and 
transition metal complexes containing phos- 
phines are best documented and, in the case of 
nickel, these proceed by two different routes. 

depending on the nature of the phosphine (1-4). 
The extent to which other ligands such as N-, 

0- ,  C-, or S-donors are able to prevent the reduc- 
tion of metal salts by NaBH, has not been well 
studied. In the case of N-donors, Ni(I1) in liquid 

ammonia (5) or in the presence of an excess of 
concentrated ammonia (6, 7) is not reduced by 
NaBH,, the product being Ni(NH,),(BH,),. The 
reaction of NaBH, with Nien,Cl, (en = ethylene 
diamine) in concentrated ammonia produces 
Nien,(BH,), (6), while Nien,Cl, is rapidly 
reduced to the metal or boride (8). Also, NaBH, 
does not reduce a variety of Ni(I1) - cyclic 
nitrogen base complexes (9) even at 60°C. 

Other ligands allow the incomplete reduction of 
metal ions. Thus Co(1) (10, 11) and Rh(1) (10) 
complexes of 1,lO-phenanthroline (phen) and 
2,2'-bipyridyl (bipy) have been obtained from 
NaBH, reductions (Ni(I1) has not been studied) 
and the presence of dimethylglyoxime (DMGH,) 
stabilizes a Co(1)-DMGH complex from Co(II1)- 
NaBH, reactions (12, 13). Of industrial im- 
portance is the reaction of NaBH, with Ni(I1) 
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and Co(I1) in the presence of CN- to produce 
Ni,(CN),,- and HCo(CN),,-, which catalyze 
the NaBH, reduction of dyes (14). Both the Ni 
and Co systems have been extensively studied in 
the homogeneous hydrogenations of a variety of 
unsaturated substances (15). Also, NaBH, solu- 
tions are used in electroless metal plating, where 
amines are usually present in solution (16). 

In view of the considerable industrial interest 
in the use of NaBH,, the object of this work is to 
study the effects that influence the course of 
Ni(I1)-ligand-NaBH, reactions. These include 
the nature and electronic properties of the ligand, 
the stereochemistry of the starting metal com- 
plex, the molar ratios of the reactants, the time of 
the reaction, and the nature of the solvent. 

Results and Discussion 
I. Reactions With Nickel Complexes Containing 

N-donor Ligands 
We have investigated the reactions between 

NaBH, and Ni(I1) salts in the presence of a 
range of NH, and en concentrations in air and 
under nitrogen and find that the ability of these 
ligands to stabilize Ni(I1) depends on the Ni: li- 
gand ratio in solution. For example, aqueous 
solutions of Ni(NH,),Cl, are rapidly reduced to 
the metal (or boride) while from aqueous or more 
concentrated ammonia solutions; the known 
(5-7) Ni(NH,),(BH,), can be isolated. Only 
traces of metal (or boride) are formed when 
aqueous Nien,Cl, is treated with NaBH, 
(reflecting the greater stability of Nien," over 
Ni(NH,),,+) and reduction is suppressed com- 
pletely in 50% en solutions. However, Nien,Cl, 
is rapidly reduced (8). 

The complexes Ni(NH,),(BH,), and Nien,- 
(BH,), both slowly decompose in air, but no 
intermediate reduced-Ni complex could be iso- 
lated. 

Reduced-Ni Complexes 
In air, reactions between Ni(I1) and NaBH, in 

the presence of phen and bipy lead initially to the 
complexes NiL,(BH,), (L = phen, bipy) al- 
though decomposition generally occurs on drying 
and only Nibipy3(BH,),.3H2O was isolated in 
reasonable purity (v,,,- at 2200 cnl-I). As de- 
composition occurs, the solids turn to the deep 
purple color typical of reduced-Ni complexes 
(see later) but all attempts to extract such species 
into organic solvents accelerated decomposition. 
In air, the decomposition products are slowly 
reoxidized to the tris(ligand)Ni(II) ions. 

Under N,, however, aqueous solutions of 
Niphen,Cl, react with an excess of NaBH, to 
precipitate the air sensitive Niphen,BH,.H,O 
(Table 1). Solutions of this complex also result 
from similar reactions in alcohol. When Niphen,- 
BH,.H,O is stirred in ethanol with NaPF, or 
NaBPh,, the complexes a-Niphen,PF, and 
Niphen,BPh, precipitate. The former complex is 
converted into a second form, P-Niphen,PF,, 
when recrystallized from acetone while the latter 
is unchanged on recrystallization (Table 1). 
Reactions between NaBH, and NiC1,-phen 
mixtures (1:2 and 1 : l )  in water produce 
Niphen,BH,.H,O and a blue solid (possibly 
NiphenBH,.H,O?), respectively. 

The Ni:ligand ratio is also important in 
similar reactions involving bipy. Thus, reductions 
by NaBH, of aqueous Ni-bipy mixtures where 
the ratio is 1 : 6 result in no reduction, where the 
ratio is 1 : 3  a mixture of Ni(1) and Ni(I1) is 
obtained, while a ratio of 1 : 2 produces Nibipy,- 
BH4.2H20. In ethanol, the reduction of Nibipy,- 
C1, by NaBH, produces a dark blue solution. 
The only solid that could be isolated from this 
reaction (unlike the corresponding phen reac- 
tion) is an unstable pyrophoric solid, tentatively 
identified as NibipyPF,, obtained after the addi- 
tion of NaPF,. This proved so difficult to 
handle that no further work on it was carried out. 
However, similar reductions in the presence of an 
excess of bipy produce solutions (of Nibipy,BH,) 
from which Nibipy,PF, and Nibipy,BPh, can be 
isolated (Table 1). The former complex can be 
recrystallized unchanged from acetone while the 
BPh,- complex is much less stable in organic 
solvents and, in acetonitrile for example, readily 
disproportionates to Nibipy,(BPh,), and metal. 
The extreme air sensitivity of these complexes 
renders good analytical data difficult to obtain, 
but the close agreement of analyses and the 
magnetic and spectroscopic data leave little 
doubt that the structure assignments are correct. 

Attempts to Prepare NiL,' (L = Phen, Bipy) 
It has not been possible to synthesize com- 

plexes containing the NiL,' ion and indeed there 
appear to be no reports in the literature of six- 
coordinated Ni(1) con~plexes. Reactions between 
Niphen,Cl, and NaBH, in the presence of an 
excess of ligand result in the formation of 
Niphen,BH,.H,O. Decomposition of the initially 
formed pink precipitate (presumably Niphen,- 
(BH,),) formed from NiC1,-phen-NaBH, reac- 
tions in alcohol in the presence of an excess of 
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TABLE 1. Analytical data 

Analyses (%) 

Color Found Calcd. 

Blue 12.3 12.4 
Blue 12.8 13.3 
Purple 10.1 9.9 
Blue 9 . 7  9.9 
Violet 10.4 10.9 
Purple 7 . 7  7.6 
Blue 7.5 8.1 
Purple 10.0 10.3 
Dark blue 7.8 7.8 
Pink 14.0 13.8 

Found Calcd. Found Calcd. 

*Ni: found 13.9%. calculated 13.94,. 
tNi :  found 16.5%, calculated 16.3%. 

phen produces, after -4 h, Niphen2BH4.H20, 
which on longer stirring (3-4 days) reacts to 
form a purple solution. Addition of NaPF, or 
NaBPh, to this produces a-Niphen2PF, and 
Niphen2BPh4, respectively. In the absence of free 
phen, Niphen,(BH,), decomposes in alcohol to 
a pyrophoric purple solid tentatively identified as 
NiphenBH,.H,O. Recrystallization of a-Niphen,. 
PF, from acetone in the presence of an excess of 
phen produces only the P complex, which does 
not react with either pyridine or PPh,. Reactions 
between Niphen,BH,.H,O and NaBPh, in 
ethanol in the presence of an excess of phen 
result in the slow production of Niphen,(BPh,),, 
probably formed by the oxidation of the Ni(1) 
compound by water (17). 

Attempts to synthesize Niphen,' as the 
perchlorate salt from Niphen,(ClO,), and 
NaBH, in a similar manner to that used in 
making Cophen,(ClO,) (11) were also un- 
successful. No reaction was observed after 8 h at 
-5°C in 10% ethanol-water and at room tem- 
perature impure Niphen,BH, is produced. Also, 
reactions between Niphen3X2 (X = BPh,, PF,) 
in THF and NaBH, lead only to the (slightly 
impure) Niphen2X complexes. 

Similarly, no evidence for Nibipy,' has been 
observed even from reactions involving a 10-fold 
excess of bipy. Indeed, the fact that Nibipy,' can 
only be produced in the presence of an excess of 
ligand suggests that dissociation of Nibipy, + and 
even of Nibipy,' is more extensive than in the 
case of phen. 

Physical Data 
In the absence of single crystal X-ray data, it 

has proved difficult to assign structures to these 
Ni(1) complexes and to account satisfactorily for 
their electronic properties. Spectroscopic, mag- 
netic, and electrical conductivity measurements 
are recorded in Tables 2 and 3 and some spectra 
are also illustrated in Figs. 1 and 2. Room tem- 
perature magnetic moments (Table 2) are, in 
general, consistent with one unpaired electron, 
although the moments of the Nibipy,X (X = PF, 
and BPh,) are somewhat high. These values are 
reproducible and there is no evidence for the 
presence of small amounts of either para- 
magnetic Ni borides or, less likely, Ni(I1) im- 
purities. 

Regarding electronic spectra, the complexes 
appear to fall into three clear structural types. 
There is obviously a close resemblance between 
the structures of Niphen2BH4-H,O and a-  
Niphen2PF6, as shown from their reflectance 
spectra (Fig. 1, Table 2). These spectra show 110 

similarities with those of either tetrahedral (4, 18) 
or square planar (19) Ni(1) complexes and are 
probably therefore due either to five-coordinated 
metal, to which the spectra have some similarities 
(20), or to extensively distorted 6-coordinated 
structures. In either case, the weakly interacting, 
BH,- or PF,- groups dissociate in dilute solu- 
tions producing the 1 : 1 electrolytes [Niphen,]+- 
BH,- and P-[Niphen,]+PF,-. The infrared 
spectrum of the solid BH,- complex shows the 
B-H deformation and stretching frequencies at 
1080 cm-l, and 2150 sh, 2230, and 2300 cm- 
respectively, not inconsistent with very weakly 
coordinated BH, groups (4, 2). (It is interesting 
to note in passing that Cobipy,(C1O4) is thought 
(10) to contain coordinated perchlorate.) 
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HOLAH ET AL. 

TABLE 2. Spectroscopic and magnetic properties 

Complex Spectrum (cm-')* 
l leff  

(B.M.) 

Niphen2BH4.H20 Reflectance 
DMSO (5.39 x 10-4 M) 

DMSO (1.82 x M )  
Sat. with NaBH, 

NiphenBH4.H20 DMSO (4.91 x M) 

a-Niphen2PF6 Reflectance 
e-Niphen2PF6 Reflectance 

Acetone (1.42 x M) 

Niphen2BPh4 Reflectance 
Acetone (1.0 x M )  

Nibipy2BH4.2H20 Reflectance 
Nibipy2PF6 Reflectance 

Acetone (3.99 x lov3  M )  
Nibipy2BPh4t DMSO (1.72 x M )  

*Molar extinction coefficients in parentheses. 
tInsoluble in acetone, soluble with decomposition in DMSO. 
SE values difficult to estimate because of charge transfer transition. 

TABLE 3. Electrical conductivities, 25°C 

Concentration Molar conductance 
Compound Solvent (M x lo3) (ohm-' cm2 mol-l) 

Reference compounds 
Ph4PCl (1 : 1) 

EtOH 
DMSO 
DMSO 
DMSO 
CH3N02 
CH3CN 
Acetone 
DMSO 
DMSO 
DMSO 
DMSO 

EtOH 
DMSO 
CH3N02 
CH3CN 
DMSO 
Acetone 
DMSO 
DMSO 
DMSO 
DMSO 

The second group of complexes having exceptionally high background absorption in the 
similar electronic spectra include P-Niphen2PF6, visible and near ir regions (see Table 2 and some 
Niphen,BPh,, Nibipy2X (X = BH4-, PF6-, representative spectra in Fig. 2). These spectra 
BPh,-), and dilute solutions of Niphen2BH4. are all characterized by a band or shoulder in the 
H20,  although measurement of the reflectance -20 000 cm-I region (E - 1500), which com- 
spectra of the bipy complexes is complicated by pares very favorably with the spectra of other 
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FIG. 1 .  Electronic spectra: - Niphen2BH4.H,0 (reflectance); --- E-Niphen2PF6 (reflectance). 

FIG. 2. Electronic spectra: - Niphen2BPh4, 1.78 x M in acetone; - - - Niphen,BPh,, reflec- 
tance; --- Niphen2BH4.H20, 5.39 x M in DMSO; ----- Niphen2BH4.H20, 8.88 x M in 
DMSO saturated with NaBH4; -.-.- NiphenBH4, 4.91 x M in DMSO. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HOLAH ET AL. 4053 

square planar Ni(1) compounds (19) and with 
that of AgbipyZ2+, which shows a band at 
-20 000 cm-' (E - 1500) (22). The absorption 
in the 25 000 cm-' (E - 2500) region in these 
complexes is probably due to an electron transfer 
band. A band similar to the weak low energy 
shoulder (- 14 000 cm- l), which is particularly 
noticeable in the solution spectra of the Niphen,X 
(X = PF6-, BPh,-) complexes, has also been 
observed previously (20). 

The reflectance spectrum of P-Niphen,PF,, 
after only one recrystallization, still shows the 
very weak remains of the 9800 cm-' band of the 
a compound, although this is totally absent in 
the solution spectrum. All the complexes in the 
group are 1 : 1 electrolytes in - M DMSO 
solutions (Table 3). 

The remaining structural type is shown by 
NiphenBH,.H,O, which in DMSO solution 
shows (Table 2) a band at 7810 cm-' (E - 234), 
although in more dilute DMSO solutions the 
compound dissociates to a 1 : 1 electrolyte. The 
above absorption spectrum is typical of a tetra- 
hedral d9 configuration (4, 18), and the ir spec- 
trum of the solid is consistent with bidentate 
BH,-(21), having bands at 1970 (b), 2150, 2220, 
2380, and 2480 cm-l. It has already been men- 
tioned that, in DMSO solution, Niphen,BH,. 
H,O changes to the square planar [~iphen,]' 
species, but in the presence of an excess of 
NaBH,, a further reaction occurs. This is 
probably the Ni(1) catalyzed decomposition of 
BH,- with the liberation of Hz gas, and in the 
course of the reaction .the solution develops a 
spectrum with a maximum at 7870cm-I 
(E - 203) very similar to that of NiphenBH,. 
H,O (Table 2). The dissociation 

Niphen2BH4 NiphenBH, + phen 

is probably involved. The analogous treatment 
of a-Niphen,PF, with an excess of NaPF6 in 
DMSO immediately produces Niphen,(PF,),. 

Preliminary studies show that Niphen,BH,. 
H,O is an extremely active catalyst in the tetra- 
hydroborate reductions of various functional 
groups. For example, NaBH,, in the presence of 
a suspension of the above complex in methanol, 
reacts with acetonitrile and nitromethane (the 
latter reaction is extremely vigorous) to produce 
the corresponding amines, which were identified 
by mass spectrometry and by their odor. 
(NaBH, alone does not reduce either of these 
compounds.) The complex itself reacts with both 

compounds, although less extensively than with 
added NaBH,. 

Finally, attempts to use the above complex as a 
starting material to synthesize other Ni(1) com- 
plexes (of, for example, DMGH, and N,N- 
diethyldithiocarbamate (dtc)) resulted in oxida- 
tion to the corresponding Ni(I1) derivatives. 

Throughout this discussion the complexes have 
been presented in terms of Ni(1) species, with the 
unpaired electron localized on the metal. While 
we feel that this is the most reasonable arrange- 
ment, especially in view of results obtained from 
closely related Ni(I1)-NaBH,-phosphine reduc- 
tions (23), the unpaired electron cannot be un- 
ambiguously located without epr results and 
even then some confusion exists in terms of the 
interpretation of the data (see, for example, ref. 
24). The complexes could be formulated as 
Ni(I1) species with one ligand present as a radical 
anion (it is difficult to explain why only one 
ligand would be reduced in reactions where such 
a large excess of NaBH, was used) or as Ni(II1) 
species containing two one-electron reduced 
ligands. Such phenomena have been observed in 
electrochemically reduced Ni macrocyclic amine 
complexes (25, 26) where epr has proved useful 
(25) in establishing the location of the unpaired 
electrons. 

II. Reactions with Ni Complexes Containing C, 0, 
and S Donor Ligands 

Reactions between NaBH, and Ni(I1) in the 
presence of a variety of other ligands, such as 
edta, citrate (used in the preparation of high 
surface area heterogeneous catalysts of Co and 
Ni (27)), DMGH, dtc, and CN- have been 
studied. In no case has any Ni(1) complex been 
isolated even from reactions where large cations, 
e.g. Ph,P+, had been added. Reduction of Ni(I1) 
is prevented by edta and metal production is very 
slow in the presence of an excess of citrate. 
Reduction of Ni(CN,)'- occurs, as has been 
observed previously (28), probably via the forma- 
tion of an intermediate BH, complex, which 
would be facilitated by the lability and rapid 
exchange of CN groups in ~i(cN), '- .  On the 
other hand, the complexes Nidtc, and 
Ni(DMGH), (non-labile ligands) are remarkably 
stable towards NaBH,, even on heating, and 
metal production is very slow. These data are 
consistent with the results obtained from reac- 
tions between NaBH, and cationic Ni(I1) com- 
plexes of cyclic tetramines and non-cyclic 
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tetradentate amines (9) and it seems that five- 
coordinated BH, complexes do not readily form 
under these conditions. 

Conclusions 
With the Ni(I1) complexes of ligands with no 

n-bonding capabilities (edta, en, NH,), the first 
step in the reduction appears to be the formation 
of a Ni-BH, link, which is facilitated by a 
vacant coordination site on the octahedral metal 
ion. This is related both to the stability constants 
for a given M-L system (edta > phen > bipy > 
en > NH, (29)) and to the lability and ease of 
dissociation of the ligands. When dissociation is 
prevented, reduction does not occur (or is 
dramatically slowed down), but with more dilute 
ligand concentrations, reduction to the metal or 
boride is rapid and complete. 

Reductions by NaBH, of the very stable 
Niphen," and Nibipy," ions probably occur 
via an outer-sphere electron transfer mechanism, 
the n-bonding properties of the ligands enabling 
the Ni(1) species to be isolated. 

With square planar Ni(I1) complexes (DMGH, 
dtc) there appears to be a marked reluctance for 
BH, to interact in the axial positions. Ni(CN),'- 
is reduced, but in this case, the CN groups are 
extremely labile. It appears, however, that square 
planar cationic bidentate phosphine-Ni(I1) spe- 
cies, unlike the cyclic amine complexes mentioned 
earlier, can interact with BH,- to produce Ni(1) 
complexes (23). 

Experimental 
Materials 

All chemicals were reagent grade and were used without 
purification. Solvents were purified in the usual way, 
degassed, and stored over molecular sieves (4A). 
Ni(NH3)6C12~2H20,Nien3C12~2H20,Nibipy3C12~6H20, 

Niphen3Cl2.7HzO, Niphen3(C104)2, Niphen3(BPh4)2, 
Ni(DMGH),, Ni(dtc),, Na2[Ni(edta)], and K,[Ni(CN,)] 
are well known conlpounds and were prepared according 
to literature methods. 

Physical Measurements 
Physical measurements were carried out as previously 

described (4). 

Syntheses 
NiL, (BH,) (L = Phen, Bipy) 
The addition of aqueous solutions of NaBH, (10 M 

excess) to aqueous solutions of NiL,C12 caused the rapid 
precipitation of pink solids, which are probably 
NiL3(BH4)2. Both solids decomposed and became dark 
purple when dried under a stream of dry N2 or by pump- 
ing under reduced pressure. When dried over concen- 
trated H2S04, Nibipy3(BH4),.3H20 was obtained but the 
phen complex again deconlposed to a brown residue. This 

bipy complex turned to a pink paste and then to a purple 
solid under reduced pressure. 

Aqueous suspensions of the above pink solids reacted 
further with NaBH, and produced green (bipy) or blue 
(phen) solutions with the liberation of Hz. Reactions left 
exposed to air continued to develop a surface pink layer, 
which disappeared on shaking, until all the BH4- was 
consumed when both solutions finally became pink. Heat- 
ing speeded up this process and the Ni(1I) starting mater- 
ials were obtained from such solutions. 

The following syntheses were carried out in a glove box 
under nitrogen. 

Niphen2BH4.H20 
A solution of NaBH4 (-0.5 g) in water (5 ml) was 

added to a stirred solution of Niphen3C12.7H20 (1 g) dis- 
solved in water (20 ml). The initially formed pink preci- 
pitate slowly turned first to green and then, after 2 h, to 
blue. The blue precipitate was filtered off, washed with 
water and, when almost dry, washed again with benzene 
and ether before being dried under high vacuum for - 5 h. The complex is insoluble in water, slightly soluble 
in ethanol, and soluble in DMSO. Solvents such as nitro- 
methane and acetonitrile cause rapid decomposition 
(oxidation). 

Nibipy2BH4.2H20 
A solution of NaBH, (0.65 g) in water ( N  10 ml) was 

added very slowly to a suspension of Nibipy2C12 (1.0 g) in 
water (- 10 ml). A large volume of gas was evolved as the 
mixture became dark blue. The solution was stirred for 
-15 min when the blue precipitate was filtered off, 
washed with water and, when almost dry, with ether, 
before high-vacuum drying. 

Niphen2 PF, 
Niphen2BH4.H20 was stirred with a 5 M excess of 

NaPF6 in ethanol for 4 days to yield a-Niphen2PF6, which 
was filtered off, washed with ethanol, water-ethanol, 
ethanol, and finally ether, and then vacuum dried. 

Alternatively, NiC12.6H20 (0.67 g) and phen (3.16 g) 
were heated in ethanol (- 40 ml). The mixture was cooled 
to room temperature and a suspension of NaBH, (0.53 g) 
in ethanol (-10 ml) was added dropwise. The mixture 
slowly turned green and after 2 days, became purple. 
After filtration, NaPF, (0.77 g) dissolved in ethanol 
(- 10 ml) was added to the purple filtrate; the dark purple 
a-form precipitated immediately. Recrystallization from 
acetone-ethanol produced b-Niphen2PF6. 

Niphen2BPh4, Nibipy2X ( X  = PF,, BPh4) 
These complexes were prepared in a manner similar to 

that used for Niphen2PF6. A suspension of NaBH4 in 
ethanol was added to a mixture of NiC12.6H20 and the 
ligand (1 : 6). In the case of the bipy complexes, the anions 
were added after the mixture was stirred for - 24 h. 

NiphenBH,. Hz 0 
NiC12.6H20 (0.72 g) and phen (2.15 g) were heated 

together briefly in EtOH (-25 ml). After cooling the 
mixture, NaBH, (1.06 g) was added as an EtOH sus- 
pension. The mixture slowly turned purple on stirring 
overnight. A small amount of NaBH, (-0.2 g) was then 
added and the mixture was again stirred for - 30 min 
before the purple solid was separated, washed with EtOH, 
H,O, EtOH, and ether. 

NibipyPF, 
Nibipy,Cl2.6H2O (0.71 g) was dissolved in EtOH 
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(-15 ml) and NaBH, (0.11 g) was added as an  EtOH 
suspension. The solution became blue quickly. It was 
stirred for - 2 h before the solution was filtered. T o  the 
filtrate, NaPFs (0.71 g) in EtOH (-5 ml) was added, 
when a blue solid precipitated instantaneously. The 
product was filtered and washed with EtOH, H 2 0 ,  EtOH, 
and ether. 
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DCplacements chimiques de la rCsonance magnetique nuclCaire 13C dans les 
complexes carbonyles octaCdriques des metaux de transition du groupe VIB. Effet 

Ccran produit par les Clectrons d non-liants du mCtal1 
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DANIEL COZAK et IAN S. BUTLER. Can. J. Chem. 55,4056 (1977). 
L'effet &ran db a la circulation pararnagnetique des dectrons d non-liants du metal de 

transition a kt6 calcule pour la rmn 13C des complexes octakdriques hexacarbonylks M(CO)6 
du groupe VIB. On trouve que les seules contributions d'importance au deplacement chimique 
de ces complexes produit par le remplacement du metal sont a I'opposk du dkplacement observe 
exp6rimentalement. Le deplacement chimique produit par le remplacement d'un ligand car- 
bonyle est discute en fonction de la structure Blectronique du metal et de la distance metal- 
carbonyle des complexes M(C0)5L. 

DANIEL COZAK and IAN S. BUTLER. Can. J. Chem. 55,4056 (1977). 
The 13C nrnr shielding effect at the carbonyl ligands due to the paramagnetic current in the 

non-bonding d orbitals of the metal in the group VIB M(CO)6 complexes has been evaluated. 
For these complexes, the only contribution of significant importance to the chemical shielding 
calculated for the carbonyl ligands is opposite to that observed experimentally. The carbonyl 
chemical shift produced by substitution of one of the carbonyl ligands is discussed in terms 
of electronic structure of the metal and the metal-carbonyl bond lengths in the M(CO)5L 
complexes. 

Introduction carbonyles des sCries de complexes homologues 
Depuis l'utilisation de la rtsonance magnCti- tel Clue M(CO)6 et M(CO)5L (M = Cr, Mo, W; 

que nuclCaire du carbone (rmn 1 3 ~ )  pour L = ligand donneur de deux Clectrons) (2-4). 
caractiriser les fragments organiques des corn- Dans ~ O U S  les cas, ces attributions ont CtC tr&s 
plexes organometalliques, 19interaction electroni- contreversCes et demeurent jusqu7A date in- 
que des mCtaux de transitions avec le ligand a certaines (5-7). 
CtC le plus souvent invoquee pour rendre compte Les complexes carbon~lks des mttaux de 
des diplacements chimiques observCs. Par transition du grouPe VIB M(CO)6 et M(CO)5L, 
exemple, Cooper et al. (1) dans leurs etudes en Ce 9ui concerne leurs structures, sent corn- 
spectroscopiques de la rmn 13C des ligands parables au cas hypothitique des hydrures 
olifiniques et allyliques complexCs au platine(II) octakdriques des mCtaux de transition ayant une 
et au paladium(II) ant attribut le dCplacement  onf figuration 6lectronique d6 et partir duquel 
chimique des carbones complexts au mCtal a le diplacement chimique 2 champ fort de la 
l'effet Ccran produit par les Clectrons d des rmn 'H fut interprCt6 de la theorie et avec brio 
orbitales libres de celui-ci. C5est-A-dire un par Buckingham et Stephens (8). I1 est bien 
blindage paramagnktique qui rCsulterait de la connu que le pouvoir acide des orbitales n* des 
circulation des tlectrons non-liants sur le metal. groupe$ carbon~les a Pour effet d'augmenter le 
Depuis, plusieurs autres chercheurs ant candide- nombre d'oxydation du metal, modifiant ainsi en 
merit fait allusions A cet effet pour rendre q~elque  sorte la configuration d6 de celui-ci. 
compte, du moins en partie, du deplacement Ce~endant,  la rmn des complexes car- 
chimique observe pour la rmn 13c des groupes bonylks etudiee A date ex. (r16-C6~6)CrH(CO)2~ 

(91, (v~-C~H,)WH(CO), (10) et (q5-CsH5)- 
'Cette communication fut extraite de la thkse de MnH(CO),L (1 1) indique un diplacement 

doctorat presentee par D.C., Universite McGill, Mont- chimique champ fort du Proton hydrure. 
real (Que.), Canada, 1977. Alors, il est raisonnable de croire que malgrC 
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COZAK A1 

l'interaction d-n* entre le mttal et ses ligands, 
le courant paramagnttique des tlectrons d du 
mttal pourrait aussi dominer le blindage des 
ligands lits au mCtal m&me dans les complexes 
carbonylts. 

Nous avons effectut les calculs nCcessaires 
pour tvaluer cet effet pour la liaison M-C(0) 
dans les complexes de la forme M(CO), de 
symitrie 0, et M(CO),L de symttrie C4, 
(M = Cr, W) en se basant sur la thtorie exposte 
par Buckingham et Stephens (8, 12) et revue par 
Lipscomb (13). Nous prisentons ici nos rt- 
sultats ainsi que les conclusions qui en dt- 
coulent pour le dtplacement chimique de la 
rmn I3C des ligands carbonylts dans les com- 
plexes en question. 

Partie experimentale 
Les equations utllisees pour le blindage sont indenti- 

ques ti celles donnees par Buckingham et Stephens (8) 
pour les nombres quantiques principaux n = 3 et n = 5 
correspondant ici, respectivement, au cas du chrome et 
du tungstbne. Les calculs ont BtC effectuks sur un ordi- 
nateur IBM 360-75 et les graphiques de a vs. k ont et6 
traces a l'aide d'un programme PLOTON pour des 
increments de l'abscisse k egales a 0.2 unites a partir de 
k = 0.4. Dans nos calculs la valeur approximative de 
1'Bnergie moyenne des niveaux electroniques excites AE 
figurant dans ]'equation du blindage a CtC choisie comme 
Btant Bgale a la plus basse transition singulet d-d du 
metal pour M(CO),. La seule qui soit permise d'apres 
les rbgles de selection de symktrie O h  pour les operateurs 
du moment angulaire du blindage est la transition 
'Al(tZg6eg0) -+ 1T2g(t2~eg1). Beach et Gray (14) dans 
leurs etudes spectroscopiques des complexes Cr(C0)6 et 
W(CO), ont attribue les bandes a 32 500 et 33 500 cm-', 
respectivement, a cette transition. La longueur du lien 
metal-carbonyle R utilisCe comme valeur representative 
est la longueur du lien M-C(0) rapportCe pour 1'6tat 
solide de Cr(C0)6, 1.92 A et de W(CO)6, 2.06 A (14, 15). 
La valeur de l'exposant k de la fonction d'onde atomique 
de Slater r("-') exp (-kr) (16) calculQ d'apres les regles 
du meme auteur est de 1.6 pour les orbitales 3d du 
chrome complexees (i.e. configuration d 6  a spin bas). De 
f a ~ o n  semblable, en prenant la valeur du rayon covalent 
du chrome ou la valeur estimCe a partir de la longueur du 
lien Cr-C(0): on trouve k = 1.3. I1 faut cependant 
mentionner que les fonctions d'ondes atomiques de 
Slater representent mieux la distribution Clectronique 
radiale lorsque k est superieur a la valeur calculee par 
ses regles (18). Alors, dans la discussion qui suit k sera 
considQ6 cornrne Ctant supkrieur a 1.6 pour les orbitales 
d du chrome et du tungstene. 

Rbsultats 
L'effet Ccran du courant paramagnitique 

mCtallique sur les ligands carbonyles a t t t  

VD BUTLER 

5 C 

FIG. 1. Graohe de ap vs. k Dour AE = 32 000 cm-I: 
(a) W(CO)6, -- R = 2.06 A, --- R = 1.92 A ;  (b) Cr(CO),, 
R = 1.92 A. 
tvalut pour le cas plus gCntral des complexes 
M(CO), de symttrie 0,. Pour les complexes 
correspondants M(CO),L de symttrie C4,, 
l'expression mathtmatique du blindage demeure 
la m&me a l'exception des termes AE comme 
nous le verrons ici. 

M(CO) 6 
Les calculs effectuts pour difftrentes valeurs 

de R indiquent que le blindage paramagnttique 
oP est tr6s sensible aux variations de ce para- 
metre.3 Comme le dtmontre les courbes de la 
fig. 1, une diminution de R tgale a 0.14 A 
entraine pour W(CO), une augmentation de 
l'intercepte de la courbe avec l'abscisse k de 
0.1 unitt. Bien que les minima se trouvent a la 
mCme valeur de k, le fond du puits de la courbe 
se trouve dtplact de 3 ppm a champ faible et le 
maximum de la courbe (R = 1.92 A) de 0.8 ppm 
a champ fort. Parall$lement, pour le complexe, 
on observe pour cette diminution de R une 
augmentation du blindage diamagnttique od de 
1.4 ppm (k = 1.6) (cf. fig. 2). L'ampleur de ses 
dtplacements est like au choix de la valeur de 
AE pour oP seulement. Par exemple, le minimum 
de la courbe oP de W(CO), passe de - 12.7 ppm 
a - 13.9ppmpourAE = 33 000et 30000cm-l, 
respectivement. Les m&mes observations ont t t t  
nottes pour Cr(CO),, mais les dCplacements 
Ctaient plus petits. 

2L'orbitale coordinante 50 de CO peut &re considCree 
comme &ant un hybride sp du carbone (17). 

jDans cette ouvrage les termes op  et ad se rapportent 
qu'h I'effet kcran BtudiB. 
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L'examen de la fig. 1 nous rCvele qu'un dC- 
placement chimique significatif A champ faible 
des carbonyles de W(CO), par rapport B ceux 
de Cr(CO), est B prevoir pour les valeurs de k 
entre 1.6 et 2.0. Dans la fig. 2, malgrt la du 
lien mCtal-carbonyle plus grande dans W(CO),, 
on constate que le blindage diamagnetique des 
carbonyles de ce dernier est plus important. 
Ainsi, par rapport leur analogues du chrome 
les groupes carbonyles de W(CO), se trouvent 
dtblindCs de -4 ppm dQ a oP  et blindCs de 
-2 ppm dQ a od. Un diplacement chin~ique 
total o = oP + od de l'ordre de 2 ppm a champ 
faible est B prCvoir, pour une meme valeur de k, 
entre le blindage des carbonyles de ces deux 
complexes. D'autre part, pour les valeurs de 
k > 2 un dkplacement chimique total o du 
m&me ordre de grandeur, B champ fort, est 
prCvu a cause des contributions positives de oP 
et de od (cf. figs 1 et 2). 

M(CO) 5L 
Pour les complexes n~onosubstituCs M(CO),L 

il est possible de prtdire la direction et l'intensiti 
de la contribution paramagnttique du mCtal oP 
sur les groupes carbonyles en considtrant les 
valeurs calculies pour M(CO),. L'Ctat Clectroni- 
que excit6 1T,g(t2,5eg1) du mCtal pour la symC- 
trie 0, se scinde en deux composantes pour la 
symCtrie C,, de M(CO),L, soit 'E(b22eg3a,1) et 
1A2(b21e,4bl') comme indiquC dans la fig. 3. La 
transition Clectronique 'A, + ' E  n'est com- 
patible qu'avec la symttrie de I'opCrateur du 
moment angulaire I,, et I,,, et la transition 'A, + 
'A2 qu'avec celle de I,,. Ainsi, les tquations du 

FIG. 2. Graphe de C J ~  vs. k: (a) W(CO)6, - R = 
2.06 A, --- R = 1.92 A;  (b) Cr(CO),, R = 1.92A. 

FIG. 3.  Diagramme d'orbitales rnoleculaires pour les 
orbitales d dans un champ de symetrie 0, et C4". 

blindage oP prennent la forme (8) : 

oh A est une constante, F(R) et G(R) des 
fonctions de R, AE(E) = E(E) - E('A1) et 
AE(A2) = E('A2) - E('A,), respectivement. 
Pour les complexes octakdriques neutres 
M(CO),L, 1'Cnergie AE(E) est de beaucoup in- 
fCrieur a celle de la transition AE(A2) (19). 
Donc, nous avons loxxP + 0,: I (pour M(CO),L) 
> IoxxP + oy:l (pour M(CO16) et lo221 (pour 
M(CO),L) > loZzPI (pour M(CO),) pour k > 
1.6 Ctant donne que AE > AE(A2) > AE(E). 
La figure 4 montre les courbes du blindage 
paramagnktique indCpendant de l'Cnergie, soit 
oxxPAE et oZ,PAE ainsi que oPAE = (+oxxP + 
+G,,~)AE pour W(CO),. A l'aide de ces courbes 
et des eqs 1 et 2 un dkplacement chimique 21 
champ fort pour oxxP de M(CO),L par rapport 
a M(CO), est prCvu Ctant donnC son signe 
positif (k > 1.6) et un dkplacement, moins im- 
portant que celui de oxxP, champ faible pour 
oZzP. Donc, une augmentation du blindage due 
a 1'Cnergie est prtvue pour les carbonyles des 
composCs monosubstituts par rapport au com- 
posC hexacarbonylC correspondant. 

Les variations de R, comme pour M(CO),, 
sont tr6s importantes ii la fois pour od et oP. De 
f a ~ o n  gCnCrale les liaisons M-C(0) des dCrivCs 
monosubstituCs M(CO)5L sont Cgales ou in- 
fkrieures a celles du complexe parent et le lien du 
carbonyle-trans est le plus court, R > R,, > 
R ,,,,, (15, 20). Donc, l'effet de R est sans 
Cquivoque d'accroitre le blindage des car- 
bonyles par le biais des blindages accrus de oP et 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COZAK AND BUTLER 4059 

FIG. 4. Graphe du blindage paramagnetique inde- 
pendent de I'energie pour W(CO)6 (R = 2.06A) vs. 
k ;  (a) oxxPAE; (b) apAE; (c )  o,,pAE. 

od pour k > 2. Etant donnCe une diffirence 
tr6s nette entre RCi, et R,,,,, le carbonyle-trans 
sera le plus affecte. Cependant, comme le 
dCmontre les courbes de la fig. 1, pour les 
valeurs de k infkrieures au pointe d'intercepte 
des deux courbes de W(CO), les carbonyles sont 
dCblindCs et l'ordre relatif des carbonyles-cis et 
-trans se trouve renversC. 

Discussion 
Le dtplacement chimique de 20 ppm a champ 

fort observt (21) pour la rmn 13C des carbonyles 
de W(CO), par rapport a ceux de Cr(CO), ne 
peut pas Ctre expliquC que par l'effet considCrC 
ici. Au maximum un deplacement de 2-5 ppm 
dans cette direction pourait Ctre obtenu pour 
des valeurs approprites de k, R et AE. Si nous 
considkrons les valeurs de k comprisent entre 
1.3 et 2.0, l'effet Ccran calcult prtvoit un dC- 
blindage total de 2 ppm pour les ligands car- 
bonyles. Bien que les valeurs de k infkrieures a 
2.0 peuvent Ctre un choix discutable4 pour les 
mCtaux de groupe VIB, il n'en demeure pas 
moins que la valeur de k = 1.3 calculte ici est 
une approximation du mCme ordre et tout aussi 
valable que les fonctions d'onde atomique de 
Slater qui ont servi au calcul du blindage chimi- 
que. Ce diplacement chimique ne demeure 
cependant pas sans explication. Selon Mann (6), 
il serait attribuable au nombre croissant de la 
charge nucltaire du mital du transition et aux 
orbitales d plus diffusent des mitaux plus 
lourds, rCduisant ainsi l'interaction liante d-IT* 

4Voir la discussion traitant de ce sujet aux refs 8 et 12. 

du mCtal avec les carbonyles. De mCme Mahnke 
et al. (22) ont calcult que le dtplacement chimi- 
que de la rmn 13C, observC lorsque la molCcule 
diatomique CO est complexte a un atome 
mttallique, Ctait lier principalement a l'interac- 
tion d-7c-t par consequent au terme AE du 
ligand. En plus vient s'ajouter le blindage dia- 
magnetique du carbone qui est directement pro- 
portionnel au nombre atomique du mttal (23). 
Notons que ces explications sont en accord avec 
le dCplacement champ fort observe lorsque CO 
est complexCe a des mCtaux de transition du 
groupe IB (24). 

Le diplacement chimique de la rmn 13C a 
champ faible observk pour les complexes 
octatdriques monosubstituCs M(CO),L (21) des 
mttaux du groupe VIB ainsi la position relatif 
des carbonyles-cis et -trans est l'oppost du 
diplacement prCvu ici pour k > 2.0. Cependant, 
pour les valeurs de k entre 1.3 et 2.0 l'ordre 
relative cisltrans est consistant avec les rCsultats 
expkrimentaux (i.e. le carbonyle-trans est a 
champ faible par rapport aux cis). I1 est inte- 
ressant de noter que mCme si les complexes 
octakdriques neutres des mttaux de transition 
des groupes VIIB et VIII ne sont pas encore 
connus. La rtsonance observCe pour le carbonyle- 
trans des complexes M(CO),X (M = Mn (25); 
M = Re (26)) et cis-M(CO),X, (M = Fe, Ru, 
0 s  (27)) oh X = ligand donneur de 1 Clectron, 
se trouve a champ fort par rapport aux car- 
bonyles-cis. 

Le diplacement des carbonyles champ fort 
prCvu ici dans les complexes monosubstituCs est 
dQ principalement ii la sCquence des niveaux 
tlectroniques des orbitales d du metal tel qu'il 
est indiquC dans la fig. 3. Cette reprtsentation 
des niveaux knergitiques des orbitales d est celle 
gCnCralement admise pour le fragment M(CO), 
de symitrie C4, (19, 28). Cotton et al. (29) pour 
expliquer 1'Cnergie plutBt faible des transitions 
d-d observCes des spectres uv des complexes 
Cr(CO),(amine), ont utilisC un diagramme oh 
l'ordre des orbitales moliculaires a, et b,  serait 
inverti par rapport a celui utilist ici. Evans et al. 
(30) et derni6rement Fenske (31), ont dC- 
montrC dans leurs Ctudes photoClectroniques des 
complexes Mn(CO),X et Re(CO),X que l'ordre 
des niveaux Clectroniques superieurs remplis de 
symttrie e et b, varie selon le caractere acidlbase 
du ligand X. Dans 1'CventualitC d'un tel ren- 
versement la valeur de AE(A,) serait plus petite 
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que celle de AE(E)  et un &blindage des car- 15. J.  A. CONNOR et 0. S. MILLS. J .  Chem. SOC. A, 334 

bonyles en rtsulterait par rapport au compost 
16. J. C. SLATER. Phys. Rev. 361,57 (1930). hexacarbonylt. 17. R. K .  NESBET. J .  Chem. Phys. 40, 3619 (1964); 43, 
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Isolation of intermediates in the rearrangement of 4-cyano- 
4,s-dihydroazepines to furo[2,3-blpyridine derivatives 
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BRIAN GREGORY, ERIC BULLOCK, and TENG-SONG CHEN. Can. J. Chem. 55,4061 (1977). 
4-Cyano-4,5-dihydroazepines, when treated with an acidic ion-exchange resin in aqueous 

alcohol, undergo hydrolytic cleavage to a cyanooctanedionediester. The cyanooctanedione- 
diester and its thermal cyclization product, a 4,7-dihydrofuro[2,3-blpyridine, are shown to be 
intermediates in the rearrangement of cyanodihydroazepines to furo[2,3-blpyridines by aqueous 
alcoholic silver nitrate. The mechanism of this rearrangement and the role of silver(1) are 
discussed. Ethyl 2-(2-cyanoethy1)acetoacetate cyclizes to a 1,2,3,4-tetrahydro-2-oxopyridine 
when refluxed with silver nitrate in aqueous ethanol. 

BRIAN GREGORY, ERIC BULLOCK et TENG-SONG CHEN. Can. J. Chem. 55,4061 (1977). 
Le traitement de cyano-4 dihydro-4,5 azkpines par une rksine kchangeuse d'ions acide en 

milieu alcool aqueux provoque une hydrolyse conduisant a un cyanooctanedionediester. Cet 
ester et son produit de cyclisation thermique, une dihydro-4,7 furo[2,3-b] pyridine sont des 
intermkdiaires dans le rkarrangement des cyanodihydroazkpines en furo[2,3-b] pyridine par 
le nitrate d'argent en solution alcoolique aqueuse. On discute du rnkcanisme de ce rkarrange- 
ment et du rBle de I'argent(1). Le (cyano-2 Cthy1)-2 acktoacktate d'kthyle se cyclise en tCtra- 
hydro-1,2,3,4 0x0-2 pyridine lorsqu'on le porte au reflux avec du nitrate d'argent dans I'kthanol 
aqueux. 

[Traduit par le journal] 

Earlier we have shown that the 4-cyano-4,5- 
dihydroazepine 3 gave a mixture of the furo[2,3- 
blpyridine 8 and the pyrrolo[2,3-blpyridine 9 
when refluxed with silver nitrate in aqueous 
ethanol (1). It was suggested that the mechanism 
may involve acid-catalyzed hydrolytic ring- 
opening to give the acyclic vinylogous urethanes 
11 and 13 and further hydrolysis to the octane- 
dionediester 15, followed by cyclization, de- 
hydration, and oxidation to give 8 (1). The 
pyrrolopyridine 9 was thought to arise in a 
similar manner from 11 or 13. In agreement 
with this hypothesis it was shown that aqueous 
nitrous acid gave only 8, and that the character- 
istic ultraviolet absorption spectrum of 3 was 
rapidly lost in acidic media. Further indirect 
support was provided by Johnson and co- 
workers who showed that a dihydroazepine 
lacking the 4-cyano group was hydrolyzed to 
an octanedionediester (2) and that the reaction 
of an N-methyl-4-chloromethyldihydropyridine 
with potassium cyanide gave, after chromatog- 
raphy on silica gel, the furopyridine 4 and other 
products (3). We now report the isolation of 
intermediates and by-products which provide 

'Author to whom all correspondence should be 
addressed. 

very strong evidence in support of the suggested 
mechanism, and suggest new potential syn- 
thetic applications of silver(1). 

The lability of vinylogous urethanes to 
aqueous acid is well documented. Thus Robinson 
showed that ethyl 3-aminocrotonate is hydrol- 
yzed in aqueous acid to ethyl acetoacetate and 
postulated that this involves protonation on the 
carbon atom situated p to the nitrogen (4). 
Similar protonation of Hantsch dihydropyridines 
(5) and esters of tetrahydronicotinic acid (6) has 
been suggested. Experimental support for P- 
protonation of vinylogous urethanes has been 
obtained using infrared (7), ultraviolet (6), 
and nuclear magnetic resonance spectroscopy 
(8). Protonation of 1 at C-3 or C-6 followed by 
attack of water on the resulting iminium salt 
would give the acyclic vinylogous urethanes 10 
and 12, which could either cyclize or be hydrol- 
yzed further to the cyanooctanedionediester 14. 
Early attempts to hydrolyze 1 to 14 using 
mineral acid gave very complex mixtures. Care- 
ful hydrolysis, using aqueous methanol in the 
presence of an acid-form ion exchange resin 
under an inert atmosphere, afforded a colorless 
oil, C1 ,H,,NO,, which exhibited properties con- 
sistent with structure 14. In particular, the posi- 
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1 R 1 = H , R = C H 3  4 R 1 = H , R = C H 3 , X = 0  
2 R 1 = R = C H 3  5 R' = H, R  = CH,, X = NH 
3 R' = H, R  = CH2CH, 6 R' = CH,, R  = CH,, X  = 0 

7 R 1 = C H 3 , R = C H 3 , X = N H  
8 R' = H, R  = CH2CH3, X = 0 
9 R' = H, R  = CH2CH3, X  = NH 

tive ferric chloride test and the shift and in- 
tensification of its ultraviolet absorption band in 
basic media are consistent with the presence of a 
P-ketoester moiety. The infrared spectrum 
showed the presence of cyano, saturated ester, 
and saturated ketone groups and additional 
peaks at 3474 and 1657 cm-' which were as- 
signed to hydroxyl and chelated carbonyl of an 
en01 form of 14. The infrared spectrum showed 
many similarities with that reported for the 
closely related dimethyl 2,7-octanedione-3,6- 
dicarboxylate (2). The mass spectrum showed 
fragments typical of a P-ketoester (9) and was 
entirely consistent with the structure 14. In 
addition to compound 14, traces of the furo- 
pyridine 4 and the pyrrolopyridine 5 were also 
isolated, and were identical with the products 
formed when the cyanodihydroazepine 1 was 
refluxed with aqueous methanolic silver nitrate. 
The furopyridine 4 was also formed by exposure 
of solutions of the cyanooctanedionediester 14 
to air in the presence of a trace of acid, or to 
aqueous methanolic silver nitrate. It is therefore 
clear that in acidic media the furopyridine 4 
is formed via 14. When aqueous methanolic 
silver nitrate was used, silver(1) cation functioned 
as a dehydrogenating agent in the penultimate 
step (see below). This resulted in the drop in pH 
which was observed during the course of the 
reaction. It is not clear whether the ring opening 

occurs entirely by acid catalysis or whether silver 
cation can itself catalyze hydrolysis. 

Attempts have been made to decide whether 
the cyclization of dimethyl 4-cyano-2,7-octane- 
dione-3,6-dicarboxylate 14 involves nucleophilic 
attack by the nitrile nitrogen on a ketone car- 
bony1 or by enolic hydroxyl on the nitrile carbon, 
and how silver(1) is involved. Attack by the 
nitrile group on the 2- or 7-ketone groups would 
give, after loss of water, the nitrilium ions 16 or 
17. Although cyclization to give 16 would ap- 
pear to be precluded by the failure to find 
pyrrole or pyrrolopyran derivatives in the 
reaction product, the involvement of 17, which 
could cyclize to give a dihydrofuropyridine, is 
supported by the nature of the final product and 
by the isolation, from a related system 2, of a 
1,2,3,4-tetrahydro-2-oxopyridine (see below). 
Further, the cyclization of bketonitriles in acid 
media to give 1,2,3,4-tetrahydro-2-oxopyridines 
is well known (10-12) and has been postulated 
to proceed via nitrilium ions (10). In particular, 
ethyl 2-(2-cyanoethyl)acetoacetate is known to 
give ethyl 6-methyl-1,2,3,4-tetrahydro-2-0x0- 
pyridine-5-carboxylate (13) in the presence of 
hydrochloric acid, and we have shown that this 
cyclization can also be accomplished using silver 
nitrate in refluxing ethanol. 

Cyclization by attack of enolic hydroxyl at 
C-7, on the 4-cyano group to give the imino- 
pyran 19, or a tautomer, is not considered to be 
involved in view of the absence of pyrrolopyran2 
derivatives in the reaction product. However, 
similar attack by the enolic hydroxyl at C-2 
would give, after tautomerism, the Zaminofuran 
20.3 The coordination of silver(1) with the 
nitrogen of the nitrile4 should render the 
nitrile carbon more susceptible to nucleophilic 
attack,' e.g. by the enolic hydroxyl, thus facilitat- 
ing the formation of 20. However, compound 14, 

ZIn the Knoevenagel reaction of malononitrile with 
cyclic P-ketoesters, iminopyran derivatives have been 
considered to be intermediates in the formation of 
alkoxypyridinols (14). 

3Temnikova and co-workers (15) have observed the 
formation of 2-aminofurans from y-ketonitriles in basic 
media. 

4The formation of complexes between silver(1) and 
nitriles, e.g. 2AgNO3.C,H4(CN),, is well known (16-19). 

5During the hydration of the nitrile function of 2- 
cyano-l,l0-phenanthroline, transition metal ions are 
believed to function as general acid catalysts (20). 
Homogeneous hydration of nitriles may be catalyzed by 
transition metal derivatives and is believed to involve 
attack of hydroxide ion on the carbon of a coordinated 
nitrile (21). 
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when heated alone at 160°C, slowly solidified 
to  give a product C,,H,,NO, whose spectro- 
scopic properties were in accord with the 4,7- 
dihydrofuropyridine structure 21 and which was 
easily oxidized by air, silver nitrate, or nitrous 
acid to the furopyridine 4. Thus the cyclization 
of 14 can be accomplished in the absence of 
protons or silver(1). This is in contrast to ethyl 
2-(2-cyanoethy1)acetoacetate which was re- 
covered unchanged after prolonged heating at 
160°C and from refluxing aqueous ethanol. In 
this latter case, silver(1) or proton catalysis would 
appear to be essential. This difference in be- 
haviour may indicate that the formation of 21 
from 14 proceeds by attack of the enolic hydroxyl 
group on the cyano carbon to give the 2- 
aminofuran 20 which then cyclizes to give 21. 

The action of silver nitrate in refluxing 
aqueous methanol on the 4-cyanodihydroazepine 

26 resulted in the formation of the expected 
furopyridine 6 and pyrrolopyridine 7 and, in 
addition, a third product, C,,H,,NO,. The 
structure of this latter compound follows from 
its spectroscopic properties. Thus the presence 
of a methyl acetoacetate moiety was suggested 
by the presence of saturated ester and ketone 
carbonyl absorptions in the infrared spectrum, 
the presence of singlets at 6 2.28 (methyl of 
acetyl) and 3.78 (methyl ester) in the nmr 
spectrum, and the loss of methyl acetoacetate 
by McLafferty rearrangement in the mass 
spectrum (base peak at  mle 181). The ultraviolet 
spectrum (cf. ref. 22) was reminiscent of un- 
saturated y- or 6-lactam ester chromophores. 
As a result of these observations structures 22 
and 23 were considered. The latter structure was, 
however, eliminated by the absence of a band 
in the infrared spectrum at  1724-1730 cm- ' 
(cf. ref. 22) and, more significantly, by the nmr 
spectrum which showed a double doublet at 
6 3.57. The structure was confirmed when 22 
gave the furopyridine 6 when treated with con- 
centrated sulfuric acid. The formation of the 2- 
0x0-l,2,3,4-tetrahydropyridine 22 from 2 may 
be the result of nucleophilic attack by water, 
rather than enolic hydroxyl, 011 some intermedi- 
ate such as 18, although silver(1) catalyzed 
hydration of the nitrile and cyclization (cf. refs. 
11, 12) of the resulting amide cannot be ex- 
cluded. 

The foregoing results establish that the re- 
arrangement of the cyanodihydroazepine 1 to 
the furopyridine 4 involves the intermediates 14 
and 21. Although the cyclization of 14 to 21 
would appear to be initiated by nucleophilic 
attack of enolic hydroxyl on the cyano carbon, 
the present work does not eliminate com- 
pletely the participation of nitrilium ion 17. 
The possibility that coordination of a nitrile 
nitrogen with silver(1) renders the nitrile carbon 
more susceptible to nucleophilic attack under 
conditions near neutral p H  has many synthetic 
implications, some of which are under investiga- 
tion and will be reported in a subsequent com- 
munication. 

Experimental 
All details concerning spectral measurements, analyses, 

etc. are provided in an earlier publication (23). Ethyl 2- 
(2-cyanoethy1)acetoacetate was prepared by the method 

=The preparation of this compound will be described 
in a forthcoming publication. 
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of Albertson (24) and has bp 123-125"C/1 Torr (lit. (24) 
1 2loC/2 Torr). 

The Reaction of Dimethyl 4-Cyano-4,5-dihydro-2,7-di- 
methylazepine-3,6-dicarboxylate 1 with Silver Nitrate 

A solution of the cyano compound 1 (2.0 g) and silver 
nitrate (1.4 g) in methanol (30 ml) and water (2 ml) was 
heated under reflux for 2 days. The deposited silver was 
filtered off and the filtrate evaporated in uacuo. The re- 
sidue was dissolved in chloroform and chromatographed 
on basic alumina using benzene and ethyl acetate as 
eluent. The first fraction yielded, after removal of 
solvent, dimethyl 2,6-dimethylfuro[2,3-blpyridine-3,5- 
dicarboxylate 4 as white needles (1.32 g, 6673, mp 122- 
123°C (lit. (3) 122.5-124°C); ms m/e: 263(100, M+), 
232(96), 231(70), 203(46). The product had ir, uv, and 
nmr spectra which were identical with those of an 
authentic specimen prepared by the method of Childs 
and Johnson (3). 

The second fraction yielded dimethyl 2,6-dimethyl- 
pyrrolo[2,3-blpyridine-3,5-dicarboxylate 5 as fine white 
crystals (0.22 g, 11%), mp 250-251°C; ir v,,,: 3426 
(NH str.), 1709 cm-' (aryl ester); uv h,,,: 235.5 nm 
(E 35 400), 255 nm (infl. E 16 500), 298 nm (E 8250); 
'Hmr (DMSO-d6) 6: 2.67 and 2.75 (each s, methyls at 
C-2, -6), 3.84 and 3.88 (each s, methyl esters), 8.70 (s, H 
at C-4); ms m/e: 262 (99.5, M+), 231(100), 230(43), 
202(43), 171(49). Anal. calcd. for CI3Hl4N,O4: C 
59.54, H 5.38, N 10.68; found: C 59.49, H 5.38, N 10.51. 

The Acid-catalyzed Hydrolysis of the 4-Cyano-4,5-di- 
hydroazepine, 1 

A mixture of the cyano compound 1 (2.0 g) and Dowex 
50W-X8 (15 g) in methanol (60 ml) and water (10 ml) 
was stirred at 45°C for 4 h under a nitrogen atmosphere. 
After cooling, the resin was filtered off and the solvent 
removed under reduced pressure. The residue was trans- 
ferred to a sublimation apparatus and distilled at 135- 
140°C (oil bath temperature) under 0.02-0.03 Torr to give 
dimethyl 4-cyano-2,7-octanedione-3,6-dicarboxylate 14 as 
a colorless viscous oil (1.74 g, 81%); ir v,,,: 3474 (en01 
OH), 2252 (C=N str.), 1752 (saturated ester), 1729 
(saturated ketone), 1657 (chelated carbonyl of en01 
form); uv (95% ethanol) h,,,: 218 nm (E 1350), 260 nm 
(E 1700); (0.01 M sodium hydroxide in 95% ethanol) 
h,,,: 275 nm (E 27 000); ms m/e: 283 (1.5, M+) 263(3), 
241(3), 210(9), 168(7), 167(5), 155(22), 129(20), 117(15), 
116(12), 112(5), 98(5), 97(20), 87(28), 85(5), 59(5), 55(16), 
43(100). Anal. calcd. for CI3Hl7NO6: C 55.12, H 6.05, N 
4.95; found: C 55.13, H 6.14, N 5.13. 

Compound 14 was quantitatively converted to di- 
methyl 2,6-dimethylfuro[2,3-b]pyridine-3,5-dicarboxylate 
4, mp 122-123"C, when refluxed with silver nitrate in 
aqueous methanol. 

Dimethyl 4,7-Dihydro-2,6-dimethylfuro[2,3-blpyridine- 
3,5-dicarboxylate, 21 

Dimethyl 4-cyano-2,7-octanedione-3,6-dicarboxylate 14 
(1 g) was sealed under vacuum in a tube and heated at 
160°C for 24 h. The oil gradually solidified to give a 
pale yellow product which was rapidly recrystallized 
twice from chloroforn-ether - petroleum ether to give 
dimethyl 4,7-dihydro-2,6-dimethylfuro[2,3-blpyridine-3,5- 
dicarboxylate 21 as pale yellow crystals (0.54 g, 58%); 
ir v,,,(KBr): 3297 (NH), 1720 (aryl ester), 1686 (un- 

saturated ester), 1654cm-I (C=C); uv h,,,: 223 nm 
(E 9400), 347 nm (E 8550); 'Hmr (DMSO-d,) 6: 2.20 (d, 
J h o m o a ~ ~ y t  0.5 HZ, CH3 at C-6), 2.47 (s, CH3 at C-2), 3.60 
(9, Jhomoally~ 0.5 HZ, protons at C-4), 3.65, 3.78 (s, s, 
methyl esters), 9.48 (s, NH); ms m/e: 265 (50, M+), 
264(35), 250(100), 234(24), 232(33), 206(19), 204(35), 
190(20). Anal. calcd. for C13Hl5NOJ: C 58.84, H 5.70, 
N 5.28; found: C 58.86, H 5.49, N 5.05. 

Compound 21 was quantitatively oxidized to the 
furopyridine 4 by the action of silver nitrate in boiling 
aqueous methanol. 

The Reaction of Dimethyl 4-Cyano-4,5-dihydro-2,5,7- 
trimethylazepine-3,6-dicarboxylate, 2 with Silver 
Nitrate 

A solution of the cyano compound 2 (2.0 g) and silver 
nitrate (1.4 g) in methanol (30 ml) and water (2 ml) was 
heated under reflux for 2 days. The deposited silver was 
filtered off and the filtrate was evaporated in vacuo. 
The residue was dissolved in benzene and chromato- 
graphed on silica gel H using benzene - ethyl acetate as 
eluent. The first fraction yielded, after evaporation and 
recrystallization from aqueous dioxane, dimethyl 2,4,6- 
trimethylfuro[2,3-blpyridine-3,5-dicarboxylate 6 as color- 
less prisms (0.39 g, 19.5%), mp 98-98.S0C; ir v,,,: 1727 
(aryl ester); uv h,,,: 218 nm (E 23 800) 251 nm (E 9150), 
260.5 nm (infl. E 8000), 287 nm (E 8500); 'Hrnr 6: 
2.55, 2.64, and 2.71 (s, s, s, CH3's at C-2, C-5, and C-6), 
3.91 and 3.97 (s, s, methyl esters); ms m/e: 277(100, M+), 
246(84), 245(63), and 217(44). Anal. calcd. for C14HlJ- 
NO,: C60.64, H 5.45, N 5.05;found: C60.52, H 5.58, 
N 4.89. 

The second fraction was recrystallized four times from 
benzene to give white prisms of methyl 3-(1-methoxy- 
carbonyl-2-oxopropyl)-4,6-dimethyl-2-oxo-l,2,3,4-tetra- 
hydropyridine-5-carboxylate 22 (0.37 g, 17%), mp 151- 
153°C; ir v,,,: 3395 (NH, free), 3218 (NH, bonded), 
1753 (saturated ester), 1714 (ketone), 1701 (unsaturated 
ester), 1641 (lactam); uv h,,.: 214 nm (E 3200), 279.5 
( E  11 500); 'Hmr 6: 0.94 (d, J 7.0 Hz, CH3 at C-4), 
2.28 (s, acetyl), 2.45 (s, CH3 at C-6), 3.09 (m, J 7.0 and 
5.5 Hz, H at C-4) 3.57 (d d, J 11.4 and 5.5 Hz, H at C-3), 
3.78 and 3.81 (s, s, methyl esters), 4.01 (d, J 11.4 Hz, H 
at C-1 of side chain), 8.63 (s, NH); ms m/e: 297 (14, M'), 
182(34), 181(100), 180(39), 142(56), 110(46), and 43(58). 
Anal. calcd. for CI4Hl9NO6: C 56.56, H 6.44, N 4.71; 
found: C 56.44, H 6.47, N 4.52. 

The third fraction was recrystallized from ether - 
petroleum ether and yielded white prisms of dimethyl 
2,4,6-trimethylpyrrolo[2,3-b]pyridine-3,5-dicarboxylate 7 
(0.82 g, 41%), mp 157.5-159°C; ir v,,.: 3435 (NH, free), 
3205 (NH, bonded), 1727 (aryl ester at C-3), 1709 (aryl 
ester at C-5); uv h,,,: 228 nm (E 24900), 250 nm 
(infl. E 15 500), 294 nm (E 11 000); 'Hmr 6: 2.58, 2.65, 
and 2.68 (s, s, s, CH,'s at C-2, C-4, and C-6), 3.89 and 
3.97 (s, s, methyl esters), 12.05 (s, NH); ms: m/e: 276 
(100, M +), 245(83), 244(35), 21 6(48), and 107(20). 
Anal. calcd. for Cl4HI6N,O4: C 60.86, H 5.84, N 10.14; 
found: C 60.73, H 5.99, N 10.10. 

The Reaction of Methyl 3-(I-Methoxycarbonyl-2-0x0- 
propyl) -4,6-dimethyl-2-0x0-i,2,3,4-tetrahydro- 
pyridine-5-carboxylate, 22, with Sulfuric Acid 

Compound 22 (20 mg) in concentrated sulfuric acid 
(1 ml) was stirred at room temperature for 3 h and then 
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poured into ice water (30 ml). The acidic solution was 
neutralized with dilute sodium hydroxide and extracted 
with ether (3 x 20 1~11). The ether extract was washed 
with water and dried over MgS04. After evaporation of 
the solvent, the residue was recrystallized from aqueous 
methanol to give prisms (6 mg, 32%), mp 95-96°C. This 
substance had uv and ms which were identical with those 
of authentic 6 and its mp was undepressed on admixture 
with 6. 

Reactions of Ethyl 2-(2-Cyanoethy1)acetoacetate 
(a) Freshly distilled ethyl 2-(2-cyanoethy1)acetoacetate 

(0.454 g) was heated at 160°C in a sealed, evacuated tube 
for 12 h. Although the oil acquired a slight yellow color, 
it was found to be homogeneous by tlc and identical 
with starting material by ir, ms, and nmr and contained 
no ethyl 6-methyl-2-0x0-1,2,3,4-tetrahydropyridine-5- 
carboxylate. 

(b) Freshly distilled ethyl 2-(2-cyanoethy1)acetoacetate 
(0.343 g) and silver nitrate (1.1 19 g) in ethanol (8 ml) and 
water (4 ml) were refluxed for 32 h. The solution was 
then filtered and concentrated to remove most of the 
ethanol. The aqueous mother liquors were extracted using 
chloroform (3 x 10 ml) and the chloroform extract 
washed with water (5 ml), dried with MgSO,, filtered, 
and evaporated. The colorless slightly oily solid (330 mg) 
was recrystallized from ethanol to  give ethyl 6-methyl- 
2-0x0-1,2,3,4-tetrahydropyridine-5-carboxylate (290 mg, 
85x1, rnp 156-157°C (lit. (13) mp 154-156'C), which had 
ir, ms, and 'Hmr spectra identical with those of an 
authentic sample. 

When ethyl 2-(2-cyanoethy1)acetoacetate was refluxed 
in aqueous ethanol under the above conditions but 
lacking silver nitrate, no ethyl 6-methyl-2-0x0-l,2,3,4- 
tetrahydropyridine-5-carboxylate was detected using tlc 
or nmr after 37 h. 
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The synthesis of methyl 2-0-benzoyl-3,4-0-(S)- and methyl 
2-0-benzoyl-3,4-0-(R)-benzylidene- P-L-ribopyranoside 
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DAVID M. CLODE. Can. J. Chem. 55,4066 (1977). 
Benzylidenation of methyl 8-L-arabinopyranoside, by the method of Oldham and Honeyman, 

followed by benzoylation, gave methyl 2-0-benzoyl-3,4-0-(S)-benzylidene-~-~-arabinopyrano- 
side (1). Selective acid hydrolysis of a 1 :1 mixture of the diastereomeric forms of methyl 2-0- 
benzoyl-3,4-0-benzylidene-p-L-arabinopyranoside gave the (R)-isomer (3). Debenzoylation of 
1 and 3 gave methyl 3,4-0-@)-and methyl 3,4-0-(R)-benzylidene-p-L-arabinopyranoside (2 and 
4)respectively. Oxidation of 2, followed by reduction and benzoylation, gavemethyl 2-0-benzoyl- 
3,4-0-(S)-benzylidene-0-L-ribopyranoside (7). A similar reaction sequence with 4 gave methyl 
2-0-benzoyl-3,4-0-(R)-benzylidene-~-~-ribopyranoside (8). 

DAVID M. CLODE. Can. J. Chem. 55,4066 (1977). 
La benzylideiiation du a-L-arabinopyrannoside de m6thyle par le methode de Oldham et 

Honeyman, suivie par une benzoylation, conduit au 0-benzoyl-2 0-(S)-benzylidene-3,4 p-L- 
arabinopyrannoside de methyle (1). Une hydrolyse acide selective de melange 1 :1 des formes 
diast6rtoisomtres du 0-benzoyl-2 0-benzylidkne-3,4 p-L-arabinopyrannoside de mkthyle 
fournit l'isomtre (R) (3). Les debenzoylatioiis de 1 et de 3 conduisent respectivement aux 0- 
(S)-benzylidene-3,4 et au 0-(R)-benzylidtne-3,4 8-L-arabinopyrannoside de mtthyle (2 et 4). 
L'oxydation de 2 suivit par une reduction et une benzoylation fournit le 0-benzoyl-2 0-(S)- 
benzylidene-3,4 8-L-ribopyrannoside de mtthyle (7). Une sequence similaire de rtaction avec 4 
fournit le 0-benzoyl-2 0-(R)-benzylidene-3,4 p-L-ribopyrannoside de mkthyle (8). 

[Traduit par le journal] 

Introduction mer, mp 120-122°C. No other physical measure- 

In order to study the condensation of methyl 
P-D-ribopyranoside with benzaldehyde (follow- 
ing paper) it was considered necessary to prepare 
an 0-benzylidene-ribopyranoside of known struc- 
tural configuration. A suitable starting material 
for such a derivative is methyl 3,4-0-benzylidene- 
P-D-arabinopyranoside which by inversion of the 
configuration at C-2 would give methyl 3,4-0- 
benzylidene-P-D-ribopyranoside. 

Using the Gerhardt (3) method of benzyli- 
denation Oldham and Honeyman (1) isolated the 
two diastereomers of methyl 3,4-0-benzylidene- 
P-L-arabinopyranoside as their benzoates. They 
found that an old sample of methyl 3,4-0- 
benzylidene-P-L-arabinopyranoside, which had 
been freed from methyl P-L-arabinopyranoside, 
gave an acid stable (hot 0.05 N hydrochloric acid 
in aqueous acetone) benzoate, mp 126-127°C. 
This was probably a pure diastereomer. They 
also found that benzoylation of a freshly pre- 
pared sample of the acetal gave a mixture of 
benzoates having mp 100-102°C. The pre- 
dominant isomer was acid labile (0.05 N hydro- 
chloric acid) and fractionation of this mixture 
gave what was probably a second pure diastereo- 

ments were made. 
Baggett et al. (2) benzylidenated methyl P-L- 

arabinopyranoside, using Oldham and Honey- 
man's method (I), and the crude product showed 
benzyl proton signals at 6 5.70 and 5.44 with 
integrated areas in the ratio ca. 1 :2.5. Benzoy- 
lation of this mixture gave a product, with benzyl 
proton signals at 6 5.82 and 5.47, from which 
was separated a benzoate, mp 1 19-120°C, with a 
single benzyl proton signal at 6 5.49. This benzoate 
was assigned the structure methyl 2-0-benzoyl- 
3,4-0-(S)-benzylidene-P-L-arabinopyranoside(1). 

Results and Discussion 
Benzylidenation of methyl P-L-arabinopyrano- 

side, using Oldham and Honeyman's method 
(I), and benzoylation of the product, gave 1. 
Debenzoylation of 1 gave methyl 3,4-0-(S)- 
benzylidene-P-L-arabinopyranoside (2). In sub- 
sequent reactions it was possible to crystallize 
out the (S)-isomer 2 directly from the initial 
product of the benzylidenation. Benzoylation of 
the mother liquors from this fractional crystal- 
lization gave a crystalline product A whose nmr 
spectrum showed two benzyl protons of equal 
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integrated area. This benzoate A was evidently 
an equimolar mixture of diastereomers. From 
the work of Oldham and Honeyman (1) it is 
apparent that the (S)-benzoate isomer 1 (mp 
120-122°C) is acid labile, compared with the 
(R)-benzoate isomer 3 (mp 126-127°C). Thus A 
was treated with acid and the hydrolysis of the 
(S)-isomer was followed by nmr spectroscopy. 

OMe 

1 R = H , R ' = P h , R " = H , R ' " = O B z  
2 R = H , R 1 = P h , R " = H , R ' " = O H  
3 R = P h , R ' = H , R " = H , R ' " = O B z  
4 R = Ph, R' = H, R" = H, R"' = OH 
5 R = H, R' = Ph, R" = H, R"' = 0CH2SCH, 
6 R = Ph, R' = H, R" = H, R"' = 0CH2SCH3 
7 R = H , R ' = P h , R " = O B z , R " ' = H  
8 R = P h , R ' = H , R " = O B z , R " ' = H  

9 R = H, R' = Ph 
10 R = Ph, R' = H 

Initially the behaviour of the isomers, with 
acid, under essentially anhydrous (i.e., non- 
hydrolysing) conditions, was examined. The 
benzoate A was dissolved in chloroform-d con- 
taining p-toluenesulphonic acid (4%) and the 
signals in the benzyl region of the nmr spectrum 
were examined at intervals. After 24 h there was 
no change observed in the initial spectrum 
indicating that the 1 : 1 mixture of isomers was an 
essentially equilibrium mixture,' a result which 
agreed with the findings of Baggett et al. (2). 
This is in contrast to recent work by Buchanan 

'A similar treatment of methyl 3,4-0-(S)-benzylidene- 
a-L-arabinopyranoside (2) (benzyl proton signal 6 5.75) 
rcsulted in the rapid appearance of a second signal at  
6 6.03 in the nmr spectrum. After 3 min the two signals 
had equal integrated areas, which did not alter during 
a further 18 h, indicating that an  equilibrium mixture of 
two diastereomers had been formed. The addition of a 
drop of water to this mixture resulted in the rapid dis- 
appearance (10 min) of the signal at  6 5.75. 

and Edgar (4), on the acid-catalyzed ethyliden- 
ation of some methyl pentopyranosides, where 
they show that there is a strong preference for the 
isomer in which the methyl group has the endo 
configuration. A drop of water was then added 
and the high-field benzyl proton signal, cor- 
responding to the (S)-isomer, slowly decreased 
in size. After 21 h and the addition of more acid 
this signal could no longer be detected. The 
reaction mixture was then processed in the 
normal way and methyl 2-0-benzoyl-3,4-0-(R)- 
benzylidene-P-L-arabinopyranoside (3) was iso- 
lated. In subsequent large scale reactions dioxan 
was used as the solvent and 5 N hydrochloric 
acid was added dropwise. Debenzoylation of 3 
gave methyl 3,4-0-(R)-benzylidene-P-L-arabino- 
pyranoside (4)." 

Oxidation of 2 with methyl sulphoxide - acetic 
anhydride (5) gave methyl 3,4-0-(S)-benzylidene- 
P-L-erythro-pentopyranosidulose (9) directly in 
32% yield. Fractionation of the mother liquors 
gave more of the ketone 9 (13%) plus methyl 
3,4-0-(S)-benzylidene-2- 0- (methy1thio)methyl- 
P-L-arabinopyranoside (5), an expected by-prod- 
uct from these reactions (6). In a similar manner 
oxidation of 4 gave the ketone 10 in 60% yield 
and a syrupy product which was considered to be 
the (methy1thio)methyl derivative 6. 

Reduction of 9 with sodium borohydride in 
aqueous ethanol, following the general method 
of Theander (7), gave a syrupy product B whose 
nmr spectrum showed two benzyl proton signals 
at 6 5.91 and 5.83 with integrated areas in the 
ratio 3:17. Part of this product was hydrolysed 
and examination of the hydrolysate by paper 
chromatography showed two components cor- 
responding to reference standards of L-ara- 
binose and D-ribose, and clearly different from 
D-lyxose and D-xylose. The ribose component 
appeared to be the major product. The riboside 
has been shown (8) to be the major product of 
the reduction of methyl 3,4-0-isopropylidene-P-L- 
erythro-pentopyranosidulose. A similar result was 
obtained from the reduction of 10 and the nmr 
spectrum of the syrupy product C showed two 
benzyl proton signals at 6 6.17 and 6.04 with 
integrated areas in the ratio 14:3. 

Benzoylation of B and C gave crystalline 
benzoates, in good yield, which were clearly 

'Compound 4 could also be isolated, following the 
selective hydrolysis of a 1 :1 mixture of 2 and 4 (dioxan 
and 5 N hydrochloric acid), but this procedure was less 
satisfactory. 
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TABLE 1. Nuclear magnetic resonance data for compounds 2,4-10 

Chemical shifts (6) (first-order couplings, Hz, in parentheses)' 

Corn- H-1 H-2 H-3 H-4 - CHz- 
pounda (Jl,z) (J2,3) (J3,4) (J4.d H-5 SCH3 Aryl PhCH 0CH3 SCH3 O H  

2 4.65d -3.60-4.40m- 7.37111 5.84s 3.39s 2.87s 
(3.5) 

4 4.77d -3.60-4.60m- 7.37m 6.17s 3.42s 2.82d 
(4.0) (7.5) 

5 4.78d -3.80 - 4.60m - 4.78s 7.43m 5.90s 3.43s 2.05s 
(4.0) 

6 4 3.70 -5.OOm 7.33111 6.17s 3.40s 2.16s 

7 b  -4.10-5.20m- 3.78m 7.00-8.20111 5.64s 3.38s 

S b  -4.10-5.20m- 3.86111 6.90-8.1Om 6.08s 3.34s 

9 4.65-4.90m 4.65-4.90111 4.56dt 4.22m 7.41m 5.89s 3.47s 
(6.5) (1.5) 

10 4.77s 4.93d 4.53dt 4.15111 7.34111 6.12s 3.48s 
(5.5) (1.5) 

'In chloroform-d, unless otherwise stated. 
*In carbon tetrachloride. 
'Abbreviations for nmr: s, singlet; d, doublet; t, triplet; and m, multiplet. 

different from the arabinoside isomers 1 and 3. and Honeyman (1). Excess of benzaldehyde was then 
These benzoates were thus methyl 2-O-benzoyl- removed by distillation and the syrupy residue was 

3,4-O-(S)-benzylidene-P-L-ribopyranoside(7) and poured into benzene. Unchanged starting material (0.53 
g) was filtered off and the filtrate was shaken with 2% 

2-O-benzo~1-3,4-O-(R)-benz~1idene-P-L- sodium hydroxide solution, washed with water, dried 
ribopyranoside (8) respectively. (MgSO,), and evaporated. The syrupy product was 

benzoylated during 18 h with benzoyl chloride (5 ml) in 

Experimental 
All melting points are uncorrected. Evaporations were 

performed under diminished pressure with a bath 
temperature below 40°C. Light petroleum refers to the 
fraction boiling at 60-80°C. Thin-layer chromatography 
was performed with Silica Gel G (E. Merck, Darmstadt, 
Germany), activated at llO°C, and components were 
detected with iodine vapour or vanillin - sulphuric acid 
solution, as appropriate. Column chromatography was 
conducted with Silica Gel 7734 (70-325 mesh ASTM, 
E. Merck). Solvent systems A, B, C, D, and E, used in 
the above chromatography, refer to the following systems 
of carbon tetrachloride - ethyl acetate 9:1, 8:2, 7:3, 6:4, 
and 1 :1 respectively. Paper chromatography was carried 
out by downward irrigation, using Whatman No. 1 paper, 
and sugars were detected with alkaline silver nitrate. The 
nmr spectra were measured at 60 MHz with a Perkin- 
Elmer R-10 instrument. Chemical shifts refer to an 
internal standard of tetramethylsilane (6 = 0.00) and are 
recorded, together with spin-coupling values (Hz), in 
Table 1. The ir spectra were measured with a Perkin- 
Elmer model 257 ir spectrometer. 

Methyl 2-0-Benzoyl-3,4-0-(S)-benzylidene-b-L- 
arabinopyranoside ( I )  (1 ,  2) 

A mixture of methyl b-L-arabinopyranoside (3.5 g, 
21.34 mmol) and benzaldehyde (20 ml) was heated for 4 
h at 135°C with removal of water as described by Oldham 

anhydrous pyridine (10 ml) to give a-syrup which crystal- 
lized from chloroform - light petroleum. Recrystalli- 
zation from ethanol - light petroleum gave 1 (1.4 g, 
2073, mp 123-124°C; [aIDz5 +224" (C 1.0, CHC13) (lit. 
(2) mp 119-120"C, [aIDZ0 +224" in CHCI,); v,,, 1712 
cm- ' (C=O). 

Methyl3,4-0-(S)-Benzylidene-b-L-arabinopyranode (2) 
Sodium (catalytic quantity) was added to a solution of 

1 (1 g, 2.81 rnmol) in anhydrous methanol (50 ml) and the 
reaction mixture was kept overnight at room temperature. 
A few drops of water were added to the reaction mixture 
and carbon dioxide was bubbled through it for 15 min. 
The solution was then evaporated and the resulting syrup 
was dissolved in ethyl acetate. The solution was filtered 
and the filtrate evaporated to give a syrup which crystal- 
lized. Recrystallization from ethyl acetate - light petrole- 
um gave 2 (0.49 g, 64%), mp 81°C; [alDZs + 162' (c 1 .O, 
CHCI,). Anal. calcd. for Cl3Hl6Os : C 61.9. H 6.4; found: 
C 62.0, H 6.5. 

In another experiment methyl b-L-arabinopyranoside 
(9 g) was benzylidenated as above and 2 (3 g, 19%) was 
isolated directly by fractional crystallization, with the aid 
of a seed crystal. 

Methyl 2-0-Benzoyl-3,4-0- (R) -benzylidene-0-L- 
arabinopyranoside (3) 

The mother liquors from the above fractional crystal- 
lization were evaporated and the resulting syrup was 
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benzoylated during 18 h with benzoyl chloride (3.5 ml) in 
anhydrous pyridine (5 ml) to give a solid product. 
Recrystallization from ethanol - light petroleum gave 
mixture A (6.4 g) whose nmr spectrum (CCI,) showed two 
benzyl proton signals at 6 5.81 and 6.17 of equal inte- 
grated area. 

Fused p-toluenesulphonic acid (5 mg) was added to a 
solution of A (120 mg, 0.34 mmol) in chloroform-d and 
the signals in the benzyl proton region of the nmr spec- 
trum were examined at intervals. After 24 h there was no 
change in the initial spectrum, with signals at 6 5.80 and 
6.12, and a drop of water was then added. After 4 h the 
signals had integrated areas in the ratio ca. 1 :2, but in 
another 12 h there was no further change. More acid (5 
mg) was added and after another 5 h only the signal at 
6 6.12 was detected. The solution was then diluted with 
chloroform, washed with saturated aqueous sodium 
hydrogen carbonate and water, dried (MgSO,), and 
evaporated. The resulting syrup crystallized and was 
recrystallized from ethanol to give 3 (20 mg, 17%), 
mp 125-127°C; [aIDz5 + 168" (c 1 .O, CHCI,); (lit. (1) mp 
126-127°C; [aIDl8 + 174' in CHC13); v,,. 1725 cm-I 
(C=O). 

In subsequent large scale reactions A was dissolved in 
dioxan and 5 N hydrochloric acid was added dropwise. 
Aliquots were withdrawn at intervals and the benzyl 
proton region of the nmr spectrum examined. The reac- 
tion was complete when the initial signals at 6 5.54 and 
5.90 were replaced by a single signal at 6 5.90, and was 
processed as above to give 3 in 35-40% yield. 

Methyl 3,4-0-(R)-Benzylidene-p-L-arabinopyranoside (4) 
Sodium (catalytic quantity) was added to a solution of 

3 (0.91 g, 2.56 mmol) in anhydrous methanol (50 ml) 
and the reaction mixture was kept overnight at room 
temperature. The reaction was processed in the normal 
manner to give 4 (0.43 g, 6673, mp 72-74°C; [aIDz5 
+173" (c 0.6, CHCl,). Anal. calcd. for C13H,,05: 
C 61.9, H 6.4; found: C 62.1, H 6.3. 

Methyl 3,4-0-(S)-Benzylidene-S-L-erythro- 
pentopyranosidulose (9) 

Acetic anhydride (40 ml) was added to a solution of 2 
(2 g, 7.94 mmol) in methyl sulphoxide (60 ml) and the 
reaction mixture was stirred for 21 h at room temperature. 
The solution was then diluted with water. neutralized 
with aqueous potassium carbonate solution, and extract- 
ed with chloroform. The chloroform extract was washed 
with water, dried (MgSO,), and evaporated. The result- 
ing syrup crystallized on the addition of diisopropy: 
ether and recrystallization from the same solvent gave 9 
(0.64 g, 32%), mp 106-107°C; +136' (C 1.0, 
CHC13); v,,. 1757 cm-l (C=O). Anal. calcd. for 
C13H14O5: C 62.4, H 5.6; found: C 62.4, H 5.8. 

The tlc (solvent B) examination of the mother liquors 
showed two components, the slower moving correspond- 
ing to 9. This material was placed on a column of silica 
gel (100 g) and eluted with solvent B, collecting 100 ml 
fractions. The fractions were examined by tlc and 
fractions 5 and 6, containing the faster moving com- 
ponent, were evaporated to give a syrup (0.36 g, 14.5%) 
which crystallized on standing. Recrystallization from 
ethanol gave methyl 3,4-0-(S)-benzylidene-2-0-(methyl- 
thio)methyl-p-L-arabinopyranoside (S), mp 45-47°C; 

[aIDz5 + 67" (c 2.0, CHCI3). Anat. calcd. for C15HZO05S: 
C 57.7, H 6.4, S 10.3; found: C 57.8, H 6.2, S 10.5. 

Fractions 9-14, containing the slower moving com- 
ponent, were evaporated to give more 9 (0.26 g, 13%). 

Methyl 3,4-0-(R)-Benzylidene-S-L-erythro- 
pentopyranosidulose (10) 

Compound 4 (0.4 g, 1.59 mmol) was oxidised as des- 
cribed above to give a syrup that showed two major 
components by tlc (solvent B). The syrup was placed on a 
column of Silica Gel (34 g) and eluted with solvent B, 
collecting 25 ml fractions. The fractions were examined 
by tlc and fractions 8-12, containing the slower moving 
component, were evaporated. The crystalline residue was 
recrystallized from ether-light petroleum to give 10 
(0.24 g, 60%), mp 74-75°C; [aIDz5 + 122" (c 1.0, CHCI,); 
v,,, 1745 cm-' (C=O). Anal. calcd. for C13H1405: 
C 62.4, H 5.6; found: C 62.2, H 5.6. 

Fractions 4 and 5, containing the faster moving com- 
ponent, were evaporated to give syrupy 6 (68 mg, 14%), 
[aIDZ5 +45O (C 1.2, CHC13). 

Methyl 2-0-Benzoyl-3,4-0-(S) -benzylidene-p-L- 
ribopyranoside (7) 

Sodium borohydride (100 mg) was added to a solution 
of 9 (100 mg, 0.40 mmol) in 70% aqueous ethanol (40 ml) 
and the reaction mixture stirred for 4 h at room temper- 
ature. Water (15 ml) was then added and the solution 
was extracted with ethyl acetate (8 x 15 ml). The 
extract was dried (MgSO,) and evaporated to give a 
syrup B (81 mg, 80%). The nmr spectrum (chloroform-d) 
showed two benzyl proton signals at 6 5.91 and 5.83 with 
integrated areas in the ratio 3:17; tlc (9:l benzene- 
methanol) showed two components, the minor cor- 
responding to 2. 

Treatment of B (80 mg) with 1 N sulphuric acid (15 mi) 
at 100°C and examination of the neutralized (barium 
carbonate) hydrolysate by paper chromatography 
(8:2:1 ethyl acetate - pyr~dlne-water), with D-xylose, 
u-ribose, L-arabinose, and D-lyxose as standards, showed 
two components corresponding to ribose and arabinose, 
the former predominating. 

Benzoylation of B (150 mg) with benzoyl chloride 
(0.15 ml) in anhydrous pyridine (0.3 ml) during 18 h gave 
a syrupy product that solidified after 2 days. Recrystal- 
lization from ethanol gave 7 (105 mg, 50%), mp 106- 
107OC; + 170' (C 0.6, CHCI3); v,,, 1720 cm-' 
(C=O). Anal. calcd. for CzoHzo06: C 67.4, H 5.7; 
found: C 67.7, H 5.4. 

Methyl 2-0-Benzoyl-3,4-0-(R)-benzylidene-p-L-ribo- 
pyranoside (8) 

Compound 10 (50 mg, 0.20 mrnol) was reduced as 
described above to give a syrup C (34 mg, 65%). The nmr 
spectrum (chloroform-d) showed two benzyl proton 
signals at 6 6.17 and 6.04 with integrated areas in the 
ratio 14:3. 

Hydrolysis of C as described above and examination 
of the neutralized hydrolysate by paper chromatography 
showed two components corresponding to ribose and 
arabinose, the former predominating. 

Benzoylation of C (155 mg) with benzoyl chloride 
(0.15 ml) in anhydrous pyridine (0.3 ml) during 18 h gave 
a syrupy product that solidified after 2 weeks. Recrystal- 
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lization from ether-pentane gave 8 (90 mg, 41%), mp 
83-85°C; [aIDZ5 +57" (c 0.6, CHC13); v,,,, 1724 cm-' 
(C=O). Anal. calcd. for C2,H,,O6: C 67.4, H 5.7; 
found: C 67.3, H 5.6. 
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The acid-catalyzed rearrangement of methyl 
3,4-0-benzylidene- P-D-ribopyranoside 
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DAVID M. CLODE. Can. J. Chem. 55,4071 (1977). 
Methyl 3,4-0-(R)-benzylidene-p-D-ribopyranoside (2) rapidly rearranged, under anhydrous 

acidic conditions, to give methyl 2,3-0-(R)-benzylidene-p-D-ribopyranoside (6). Further re- 
arrangement of 2 and 6 gave the (S)-isomers 4 and 8, an equilibrium mixture of the four pyrano- 
side acetals 2,4,6, and 8 resulting. At higher acid concentrations, the rearrangement proceeded, 
with ring contraction, to give the diastereomeric forms of methyl 2,3-0-benzylidene-p-D-ribo- 
furanoside (11 and 13) as the sole product. Treatment of methyl 3,4-0-(S)-benzylidene-p-D- 
ribopyranoside (4) with acid resulted in the immediate formation of the equilibrium mixture of 
pyranoside acetals. On increasing the acid concentration this mixture again underwent ring 
contraction to give the diastereomers 11 and 13 as the final product. The rearrangement of 2 and 
4 was monitored by following the change in signals in the benzyl proton region of the nmr 
spectrum. 

DAVID M. CLODE. Can. J. Chem. 55,4071 (1977). 
Le 0-(R)-benzylidene-3,4 e-D-ribopyrannoside de mtthyle (2) se rearrange rapidement dans 

des conditions acide anhydre pour conduire au 0-(R)-benzylidene-2,3 e-D-ribopyrannoside de 
methyle (6). Des rearrangements subsequents de 2 et de 6 fournissent les isomeres (S) 4 et 8; il 
en resulte un melange a l'tquilibre des quatre acCtals des pyrannosides 2 ,4 ,6  et 8. A des con- 
centrations plus elevkes d'acide, le rearrangement se produit avec une contraction de cycle 
pour conduire aux formes diasttrtoisomeres des 0-benzylidtne-2,3 p-D-ribof~~rannoside de 
methyle (11 et 13) comme seuls produits. Le traitement acide du 0-(S)-benzylidene-3,4 p-D- 
ribopyrannoside de mkthyle (4) par de I'acide conduit a la formation immtdiate d'un melange 
a I'tquilibre d'acetals de pyrannoside. Par augmentation de la concentration d'acide, ce me- 
lange subit a nouveau une contraction de cycle pour conduire aux diast~rtoisom~res 11 et 13 
comme produits finals. On a suivi le rearrangement de 2 et 4 en surveillant le changement dans 
les signaux des protons benzyliques dans le spectre de resonance magnetique nuclkire. 

[Traduit par le journal] 

Introduction 
Levene and Stiller (1) isolated methyl 2,3-0- 

isopropylidene-D-ribofuranoside following the 
condensation of acetone with methyl D-ribo- 
pyranoside. They also isolated a second product 
which they considered to be methyl 2,3-0-iso- 
propylidene-D-ribopyranoside. Barker et al. (2) 
reexamined this reaction and showed that 
methylation of the mixed products, followed by 
hydrolysis, yielded 2-, 4-, and 5-0-methyl-D- 
ribose. This suggested that both methyl 2,3- and 
methyl 3,4-0-isopropylidene-D-ribopyranoside 
are products of the condensation. I t  was subse- 
quently shown (3) that the supposed methyl 
2, 3-0-isopropylidene-4-0-p-toluenesulphonyl-D- 
ribopyranoside, obtained by Levene and Stiller 
(I), was in fact methyl 3,4-0-isopropylidene-2-0- 
p-toluenesulphonyl-D-ribopyranoside. It was con- 
cluded by Levene et al. (4) that, since methyl 
D-ribopyranoside is normally formed from the 
furanoside under acidic conditions, the ring con- 
traction must have taken place after conden- 

sation with acetone. This reaction has recently 
been reinvestigated by Hughes and Maycock (5) 
who showed that the formation of methyl 2,3-0- 
isopropylidene-D-ribofuranoside probably arose 
from the presence of methyl D-ribofuranoside in 
the starting material and not from a ring con- 
traction. 

Barker et al. (2) also reported that the benzyli- 
denation of methyl P-D-ribopyranoside gave a 
syrupy methyl 2,3-0-benzylidene-D-ribofurano- 
side of unspecified configuration. In this reaction, 
because pure methyl P-D-ribopyranoside was 
used, the formation of the furanoside acetal 
must have been the result of a ring contraction. 
The present work describes an examination of 
this ring contraction as part of a programme 
concerned with the formation and migration of 
cyclic acetals of carbohydrates. 

Results and Discussion 
It seems reasonable to assume that benzyli- 

denation of methyl P-D-ribopyranoside gives an 
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initial product consisting of a mixture of the 
diastereomeric forms of methyl 2,3- and methyl 
3,4-0-benzylidene-P-D-ribopyranoside. Rear- 
rangement of these pyranoside acetals, to give the 
thermodynamically most stable product, a 
methyl 2,3-0-benzylidene-D-ribofuranoside, then 
occurs. The driving force for the reaction is the 
formation of the favourable cis-fused system of 
two five-membered rings (6). In order to test this 
proposition it was proposed to treat an O-ben- 
zylidene-ribopyranoside of known structural con- 
figuration, under anhydrous acidic conditions, 
in an attempt to promote a ring contraction. 

R  
1  R  = H,  R' = Ph, R" = O B z  
2 R  = H,  R' = Ph, R" = OH 
3  R = P h , R 1 = H , R " = O B z  
4 R = P h , R f = H , R " = O H  

OMe 
I 

5 R = H , R 1 = P h , R " = O B z  
6 R = H , R 1 = P h , R " = O H  
7 R = P h , R 1 = H , R = O B z  
8 R  = Ph, R' = H ,  R" = O H  
9 R = R 1 = C H , , R " = O B z  

10 R  = H, R' = Ph, R" = OBz 
11 R = H , R 1 = P h , R " = O H  
12 R = P h , R 1 = H , R " = O B z  
13 R  = Ph, R' = H ,  R  = O H  

v OH OH OBz (4y OH 

Methyl 2-0-benzoyl-3,4-0-(R)- and methyl 
2- 0 - benzoyl- 3,4- 0-(S)- benzylidene - P -D -ribo- 
pyranoside, (1) and (3) respectively, were pre- 
pared as described in the preceding paper for the 
L-enantiomer, starting with D-arabinose. De- 
benzoylation of 1 gave methyl 3,4-0-(R)-benzy- 
lidene-P-D-ribopyranoside (2) as a homogeneous 
(tlc and nmr spectroscopy) syrup. The rearrange- 
ment of 2, under anhydrous acidic conditions, 
was then followed by nmr spectroscopy. A solu- 
tion of 2 in chloroform-d was treated with acidic 
chloroform (chloroform containing ca. 0.2% 
hydrogen chloride) and aliquots were removed at 
various intervals and the signals in the benzyl 
proton region of the nmr spectrum examined. 
After 10 min a new benzyl proton signal at 
6 5.88 had appeared with a corresponding 
diminution of the initial signal at 6 5.80. There 
was no further change in the nmr spectrum and 
so after 30 min more acidified chloroform was 
added. A third benzyl proton signal at 6 6.32 
then appeared and after 1 h the three signals at 
6 5.80, 5.88, and 6.32 had integrated areas in the 
ratio 13 :8 :15, which did not alter during a 
further 24 h with the addition of more acid. 

Since a significant amount of 2 still remained 
in the mixture, it appeared that this isomer had 
rearranged to give an equilibrium mixture of 
pyranoside acetals but that no ring contraction 
had occurred. This suggested that the acidic 
conditions may not have been drastic enough to 
effect a change in ring size and, therefore, 
anhydrous hydrogen chloride was bubbled 
directly into the reaction mixture. An immediate 
change in the benzyl proton signals was observed; 
the signals at 6 5.80 and 5.88 merged to form a 
broad hump and two new signals at 6 5.75 and 
5.98 appeared. After 30 min only the new 
signals a t  6 5.75 and 5.98 remained. These were of 
approximately equal size and the difference in 
chemical shift was consistent (7, 8) with their 
being the benzyl protons corresponding to the 
diastereomeric forms of methyl 2,3-0-benzyli- 
dene-P-D-ribofuranoside (11 and 13) (2,9). 

Acetal migration is a fairly well established 
phenomenon. One of the earliest examples was 
observed by Hibbert and co-workers (10) who 
found that the isomeric methylidene, benzyli- 
dene, and p-nitrobenzylidene cyclic acetals of 
glycerol were readily interconverted in the pres- 
ence of hydrogen chloride. Acetal migration 
has more recently been studied (1 1, 12) by fol- 
lowing the change in the signal pattern in the 
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benzyl proton region of the nmr spectrum. 
Other examples include the observation made by 
Williams (13) that methyl 2,3-0-isopropylidene- 
P-D-allofuranoside and methyl 2,3 :5,6-di-0- 
isopropylidene-P-D-allofuranoside were two of 
the products obtained during the acid-catalyzed 
methanolysis of 1,2 :5,6-di-0-isopropylidene-a- 
D-allofuranose. This rearrangement has also 
been studied by Haga et al. (14) who showed that 
treatment of the above di-o-isopropylidene- 
allofuranose with acidic acetone resulted in the 
formation, in good yield, of the 2,3:5,6-di-0- 
isopropylidene derivative. Closely related to the 
above is the rearrangement of 5-0-benzoyl-1,2- 
0-isopropylidene- 3 - C-methyl-a-D-ribofuranose 
to the 2,3-0-isopropylidene derivative in acidic 
methanol solution (1 5). 

Migration of an 0-isopropylidene group on 
a pyranose ring is also known; thus the 2,3-0- 
isopropylidene derivative is formed as an inter- 
mediate in the hydrolysis, in aqueous acetic 
acid, of 1,6-anhydro-3,4-0-isopropylidene-P-D- 
talopyranose (16). Inch (17) has shown that 
methyl 4,6-0-benzylidene-2-deoxy-2-halogeno-a- 
D-altropyranoside undergoes facile, acid-cata- 
lyzed, acetal migration to give methyl 3,4-0-(S)- 
benzylidene-2-deoxy-2-halogeno-a-D-altropyran- 
oside. It was also shown that the (S)-isomer is the 
thermodynamically more-stable form of this 
compound since a sample of the (R)-' isomer 
rearranged into this isomer under acidic condi- 
tions. Closely related to the rearrangement of 2 
is the observation (1 8) that 1,2 :4,5-di-0-isopro- 
pylidene-D-psicopyranose rearranges in acidic 
acetone to give 1,2 :3,4-di-0-isopropylidene-D- 
psicofuranose. In this case it is reasonable to 
assume that we have migration of the 4,5-0- 
isopropylidene group to the 3,4-position prior 
to ring contraction. 

Treatment of 2 with acid had resulted in the 
rapid formation of an isomer with a benzyl 
proton signal at 6 5.88. Previous work on the 
correlation of configuration of substituted de- 
rivatives of 2-phenyl-1,3-dioxan and 2-phenyl- 
1,3-dioxolanwith the chemical shifts forthe benzyl 
proton signals in the nmr spectra (7,8), and also a 
mechanistic interpretation of the formation and 
migration of benzylidene acetals, enabled this 
signal to be assigned to the benzyl proton of 
methyl 2,3-0- (R) - benzylidene - P -D - ribopyrano- 
side (6). The benzyl proton signal at 6 6.32, which 
had appeared more slowly, was tentatively 
assigned to the benzyl proton signal of 4. It was, 

however, considered possible that the benzyl 
proton signal of methyl 2,3-0-(S)-benzylidene- 
P-D-ribopyranoside (8) might also have the same 
chemical shift. 

To confirm these assigned structures the 
various acetals present in the early stages of the 
rearrangement were isolated and characterized. 
Thus the rearrangement was repeated and the 
reaction terminated after 4.5 h before the direct 
introduction of anhydrous hydrogen chloride. 
Fractionation of the product gave three homo- 
geneous (tlc) syrups A, B, and C, in order of 
elution. Compounds B and C had identical nmr 
spectra to 4 and 2 respectively and the structure 
of these products was proved conclusively by 
converting them into their known crystalline 
benzoates 3 and 1. Syrup A showed benzyl proton 
signals at 6 5.88 and 6.32 which were considered 
to belong to the benzyl protons of the diastereo- 
mers 6 and 8 respectively, the signal at 6 6.32 in 
the rearrangement thus representing the signal 
from the benzyl proton of both 4 and 8. This 
assignment of structure for A was coniirmed by 
the following sequence of reactions. Mixture A 
was converted into syrupy methyl 4-0-benzoyl- 
2,3-0-benzylidene-P-D-ribopyranoside (5 and 7) 
and hydrogenolysis of this benzoate gave homo- 
geneous (tlc) syrupy methyl 4-0-benzoyl-P-D- 
ribopyranoside (15). Isopropylidenation of 15 
gave methyl 4-0-benzoyl-2,3-0-isopropylidene- 
P-D-ribopyranoside (9), in fair overall yield, 
which had physical properties in agreement with 
those of a sample of the L-enantiomer prepared 
by a benzoate displacement reaction on methyl 
2,3-0-isopropylidene-4-0-p-toluenesulphonyl- a- 
D-lyxopyranoside. Displacement at C-4 in D- 
lyxoside derivatives with various nucleophiles is 
known (19-21) and these give the corresponding 
4-substituted L-riboside derivatives. It was noted, 
however, that attempted displacement at C-4 in 
D-rhamnose derivatives, with a variety of nucleo- 
philes, resulted in ring contraction to give 5- 
substituted furanosides (22). 

As pointed out earlier in the discussion, the 
first product of the rearrangement (benzyl pro- 
ton signal 6 5.88) was assigned the structure 6. 
This compound was isolated by termination of 
the reaction, when only the starting material 
(benzyl proton signal 6 5.80) and compound 6 
(benzyl proton signal 6 5.88) were present, and 
fractionation of the mixture. Benzoylation of 6 
gave a crystalline product whose nmr spectrum 
(Table 1) was consistent with its being methyl 
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TABLE 1 .  Nuclear magnetic resonance data for compounds 2,4-10,12,14, and 15 

Chemical shifts (6) (first-order couplings, Hz, in parentheses)* 

Corn- H-1 H-2 H-3 H-4 
pounda (JIs2) (J2.3) (J3,4) (J4,5) H-5 A r ~ l  PhCH 0CH3 OH CCH, 

2 4.68d - 3.55 -4.60111- 7.42m 5.80s 3.42s 2.93s 
(6.0) 

4 4.69d - 3 . 6 0 - 4 . 6 0 1 1 1  7.40m 6.32s 3.43s 2.90s 
(5.0) 

5 -3.80-4.90m- 5.65m 3.80-4.90m 7.00-8.30111 5.91s 3.49s 

6 4.73d -3.60-4.60m- 7.47111 5.88s 3.45s 2.56s 
(3.5) 

5 , 7  4 3.80- 5.80111 , 7.20-8.40m 5.91s; 6.32s 3.49s 
(ratio 6:4) 

A 
( 68 )  4 3.50- 5.00111 * 7.40111 5.88s; 6.32s 3.43s 2.58s 

(ratio 7 :4) 

9 -3.80-4.80111- 5.54m 3.80-4.80m 7.30-8.40m 3.49s 1.37s; 1.50s 

10,12 3 3.90 - 5.00m r 6.80-8.001-11 5.53s; 5.80s 3.15s 
(ratio 1 :1) 

14 4.87s - 3.90 - 4.70m- 7.20-8.30111 3.29s 3.66s 

15 4.76d c 3 . 6 0 - 4 . 4 0 m +  5.25111 3.60-4.40m 7.20-8.40m 3.42s 3.37s 
(3 .O) 

.In chloroform-d. 
"Abbreviations for nmr: s, singlet; d, doublet; and m, multiplet. 

4-0-benzoyl-2,3-0- (R) - benzylidene-P-D-ribopy - 
ranoside (5). Compound 5 had the same mobility 
(tlc) as the slower moving component of the mix- 
ture 5 and 7, prepared by the benzoylation of A. 

The final product of the rearrangement was 
expected to be the diastereomeric forms of 
methyl 2,3-0-benzylidene-P-D-ribofuranoside (11 
and 13) and this was proved by the following 
reaction sequence. Benzoylation of the above 
product gave methyl 5-0-benzoyl-2,3-0-benzy- 
lidene-P-D-ribofuranoside (10 and 12) (23). 
Hydrogenolysis of this benzoate gave, in good 
yield, methyl 5-0-benzoyl-P-D-ribofuranoside 
(14), identical with an authentic sample, con- 
firming the assigned structures. The formation of 
the furanoside isomers 11 and 13 from the acid- 
catalyzed rearrangement of 2 may be attributed 
to the thermodynamic stability of the system of 
two cis-fused, oxygen-containing, five-membered 
rings (6). The ring contraction proceeded with 
retention of configuration at the glycosidic 
centre since only the benzyl proton signals at 
6 5.75 and 5.98, corresponding to methyl 2,3-0- 
benzylidene-P-D-ribofuranoside (11 and 13), 
were observed in the nmr spectrum. Retention of 
configuration at the glycosidic centre has been 

observed (24) during the acid-catalyzed conver- 
sion of methyl 3,6-anhydro-a-D-glucopyrano- 
side into the a-furanoside. Methyl 3,6-anhydro- 
P-D-glucopyranoside underwent a similar con- 
version to give the P-furanoside derivative. 
Closely related is the recently reported (25) 
rearrangement of 3,6:3',6'-dianhydro-a,a-treha- 
lose into the difuranoid form. Other examples of 
the opening of the sugar ring accompanying 
acetal migration are known. Thus 1,2-0- 
isopropylidene-a-D-apio-L-furanose and its 5- 
thio analogue rearrange, in the presence of anhy- 
drous methanolic hydrogen chloride, to give the 
respectivemethyl 2,3-0-isopropylidene-P-D-apio- 
D-furanoside derivative (26, 27). In the latter 
product the oxygen atom of the hemiacetal ring 
has been replaced by a sulphur atom. Extensive 
studies by Maeda et al. (28) on the acetalation 
mechanism of L-sorbose have confirmed that a 
pyranose to furanose ring conversion takes place 
following condensation with acetone. These 
workers have postulated that this change in ring 
size takes place via keto-form intermediates. 
Treatment of 1,2 :4,5-di-0-isopropylidene-D-psi- 
copyranose with acidic acetone resulted in 
migration of the 4,5-acetal and ring opening to 
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CLODE 4075 

give 1,2 :3,4- di - 0 -isopropylidene-D -psicofura- 
nose (18). From the results obtained and from 
the above discussion it is clear that the change in 
ring size observed by Barker et al. (2) probably 
occurred after condensation of the methyl P-D- 
ribopyranoside with benzaldehyde. The pyrano- 
side acetals, which would be formed initially, 
isomerize to give the final product, methyl 2,3-0- 
benzylidene-P-D-ribofuranoside. 

The rearrangement of methyl 3,4-0-(S)-benzy- 
lidene-P-D-ribopyranoside (4) under anhydrous 
acidic conditions, was again conveniently fol- 
lowed by observing the change in the benzyl 
proton signals in the nmr spectrum. After 25 
min two new benzyl proton signals at 6 5.80 and 
5.88 had appeared with an accompanying de- 
crease in the size of the initial signal at 6 6.32. 
These two new signals increased in size until 
after 3 h the three signals at 6 5.80,5.88, and 6.32 
had integrated areas in the ratio 7 :4:9, which did 
not alter during a further 24 h. Anhydrous 
hydrogen chloride was then introduced directly 
into the reaction mixture. An identical change in 
the benzyl proton signals, to that noted at the cor- 
responding point in the rearrangement of 2, was 
observed and after 2 h only the two new signals 
at 6 5.75 and 5.98 remained. No change in this 
pattern was observed during another 24 h. The 
reaction mixture was then neutralized and the 
isolated product had identical nmr, ir, and 
chromatographic properties to methyl 2,3-0- 
benzylidene-P-D-ribofuranoside (11 and 13). 

It is thus obvious than an essentially identical 
rearrangement, to that observed for the (R)- 
isomer 2, had occurred and that the (S)-isomer 4 
had rearranged ultimately to give a mixture of the 
diastereomers 11 and 13. It is also clear, how- 
ever, that in the early stages of this rearrangement 
there are some significant differences. In the 
above rearrangement we observed the simultane- 
ous appearance of benzyl proton signals at 6 
5.80 and 5.88 which may be assigned to 2 and 6 
respectively. It is also probable that the benzyl 
proton signal for 8 appeared at the same time; 
however, it could not be observed since it had the 
same chemical shift as 4. Thus from the start of 
the rearrangement we were observing the forma- 
tion of an equilibrium mixture of pyranoside 
acetals. There did not appear to be any kinetic 
phase in this reaction. In contrast we did ob- 
serve an initial kinetic phase in the rearrangement 
of the (R)-isomer 2, where we have the selective 
formation of 6, equilibration then taking place to 

give 4 and 8. This initial kinetic control must " 
reflect the low energy barrier for the conversion 
of the (R)-isomer 2 into the (R)-isomer 6, com- 
pared with that for the conversion of 2 into the 
(S)-isomer 4 or 8. 

Experimental 
The general methods are described in the preceding pa- 

per. Acidified chloroform refers to chloroform which has 
been shaken with water, dried (MgSO,), and stood over 
anhydrous calcium chloride for 2 days. The chloroform 
solution was then filtered and anhydrous hydrogen 
chloride was bubbled through it for ca. 2 min. This pro- 
cedure gave a chloroform solution containing ca. 0.2% 
of hydrogen chloride. 

Methyl 3,4-0-(R)-Benzylidene-@-ribopyranoside (2) 
Methyl 2-0-benzoyl-3,4-0-(R)-benzylidene-p-D-ribo- 

pyranoside (I), mp 109-110°C; [a]nZ5 -168" (c 0.6, 
CHC13), was prepared as for the L-enantiomer (see pre- 
ceding paper) starting with D-arabinose. 

Sodium (catalytic quantity) was added to a solution of 
1 (0.8 g, 2.25 rnrnol) in anhydrous methanol (75 ml) and 
the reaction mixture was kept overnight at room temper- 
ature. The reaction was then processed in the normal 
manner to give a syrup contaminated with methyl ben- 
zoate. Column chromatography with Silica Gel and 
elution with solvent C gave pure syrupy methyl 3,4-0- 
(R)-benzylidene-p-D-ribopyranoside (2) (567 mg, 9973, 
[ ~ r ] ~ ~ ~  - 100' (C 1.6, CHCI,). 

Methyl 3,4-0-(S)-Benzylidene-P-D-ribopyranoside (4) 
Methyl 2-0-benzoyl-3,4-0-(S)-benzylidene-P-D-ribo- 

pyranoside (3), mp 84-85"C, [c(IDz5 -43" (c 0.6, CHCI,), 
was prepared as for the L-enantiomer (see preceding 
paper) starting with D-arabinose. 

Sodium (catalytic quantity) was added to a solution of 
3 (0.3 g, 0.84 mmol) in anhydrous methanol (35 ml) and 
the reaction mixture was kept overnight at room temper- 
ature. The reaction was processed as above to give pure 
syrupy methyl 3,4-0-(S)-benzylidene-p-D-ribopyranoside 
(4) (167 mg, 7973, [aIDz5 - 107" (c 1.1, CHCI,). 

Rearrangement of Methyl 3,4-0-(R)-Benzylidene-p-D- 
ribopyranoside (2) 

(a) Acidified chloroform (0.1 ml) was added to a solu- 
tion of 2 (0.5 g, 1.98 rnmol) in chlorofom-d (2.5 ml). 
Aliquots were removed at various intervals and the signals 
in the benzyl proton region of the nmr spectrum exam- 
ined. After 10 min the initial benzyl proton signal (6 5.80) 
had been replaced by two signals at 6 5.80 and 5.88, with 
integrated areas in the ratio 9:4, which did not alter 
during a further 20 min. More acidified chloroform 
(0.1 ml) was added and a third signal then appeared at 
6 6.32. After 1 h the three signals at 6 5.80,5.88, and 6.32 
had integrated areas in the ratio 13:8:15, which did not 
alter during a further 24 h and with the addition of more 
acid (0.1 ml after 3 h and 8 h); tlc (solvent E) showed three 
components (R, ca. 0.5), respectively, having the same 
mobilities as 2 and 4, and a third component of higher 
mobility. 

Anhydrous hydrogen chloride was then bubbled 
through the reaction mixture (ca 30 s) and after 30 min 
the three benzyl proton signals had been replaced by two 
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new signals at 6 5.75 and 5.98 with integrated areas in the 
ratio 5:6. This ratio did not change during a further 24 h. 
The reaction mixture was then poured into saturated 
aqueous sodium hydrogen carbonate and extracted with 
chloroform. The chloroform extract was washed with 
water, dried (MgSO,), and evaporated to give syrupy 
methyl 2,3-0-benzylidene-p-D-ribofuranoside (11 and 
13) (2, 9) (0.3 g, 60%); tlc (solvent D) showed two conl- 
ponents (R, ca. 0.5) which did not correspond to any of 
the three components observed previously. The nrnr 
spectrum (9) inter alia two benzyl proton signals at 
6 5.75 and 5.98 with integrated areas in the ratio 5:6. 

Benzoylation of 11 and 13 (300 mg, 1.19 mmol) with 
benzoyl chloride (0.2 ml) in anhydrous pyridine (0.8 ml) 
during 18 h gave syrupy methyl 5-0-benzoyl-2,3-0- 
benzylidene-p-D-ribofuranoside (10 and 12) (23) (320 
mg, 80%); v,,, 1724 cm-' (C=O); tlc (solvent A) showed 
two components. 

(b) In a second experiment acidified chloroform (0.1 
ml) was added to a solution of 2 (0.87 g, 3.45 mrnol) in 
chloroform-d (4.5 ml) and the reaction terminated after 
3.5 h. The reaction was processed as before to give a 
syrup (0.78 g, 90%). The nrnr spectrum showed benzyl 
proton signals at 6 5.80, 5.88, and 6.32 with integrated 
areas in the ratio 14:7:12 and tlc (solvent E) showed 
components, respectively, having the same mobilities as 
2 and 4, and a third component of higher mobility. 
Separation of this product by column chromatography 
on Silica Gel and elution with solvent C gave three homo- 
geneous (tlc) syrups A, B, and C, in order of elution. 

Compound C (208 mg, 0.83 mmol), whose nrnr spec- 
trum was identical with that of 2, gave a crystalline 
benzoate (129 mg, 44%) that was indistinguishable from 
authentic 1. 

Compound B (100 mg, 0.40 mmol), whose nrnr 
spectrum was identical with that of 4, gave a crystalline 
benzoate (60 mg, 42%) which was identical with authen- 
tic 3. 

Syrup A (100 mg, 0.40 mmol) was benzoylated in the 
normal manner with benzoyl chloride (0.07 ml) in 
anhydrous pyridine (0.5 ml) during 18 h to give syrupy 
methyl 4-0-benzoyl-2,3-0-benzylidene-p-D-ribopyrano- 
side (5 and 7) (128 mg, 88%) which showed two com- 
ponents by tlc (chloroform). 

(c) In a third experiment acidified chloroform (0.1 ml) 
was added to a solution of 2 (0.63 g, 2.50 mmol) in 
chloroform-d (3 ml) and the reaction terminated after 30 
min. The reaction was processed as before to give a 
syrup (0.47 g, 75%). The nrnr spectrum showed benzyl 
proton signals at 6 5.80 and 5.88 with integrated areas in 
the ratio 17:7 and tlc (solvent E) showed two components, 
the slower moving corresponding to 2 and the faster to 
A. Fractionation of this mixture gave 2 (285 mg), which 
on benzoylation gave the crystalline benzoate 1 (287 mg, 
71%) and methyl 2,3-0-(R)-benzylidene-(3-D-ribopyrano- 
side 6 (123 mg). 

Benzoylation of 6 (123 mg, 0.49 mmol) with benzoyl 
chloride (0.09 ml) in anhydrous pyridine (1.0 ml) during 
18 h gave a solid that was recrystallized from ethanol to 
give methyl 4-0-benzoyl-2,3-0-(R)-benzylidene-p-D-ribo- 
pyranoside (5) (108 mg, 62%), mp 78-79°C; [aIDz5 f7.5" 
(c 0.8, CHCl,); v,,, 1724 cm-' (C=O). Anal. calcd. for 
CZOH2006: C 67.4, H 5.7; found: C 66.8, H 5.7. 

Rearrangement of Methyl 3,4-0-(S)-Benzylidene-p-D- 
ribopyranoside (4) 

Acidified chloroform (0.1 ml) was added to a solution 
of 4 (0.15 g, 0.60 mmol) in chloroform-d (0.8 ml) and the 
signals in the benzyl proton region of the nrnr spectrum 
were examined at intervals. After 25 min two new signals 
at 6 5.80 and 5.88 had appeared and after 3 h the three 
signals at 6 5.80,5.88, and 6.32 had integrated areas in the 
ratio 7:4:9 which did not alter during a further 24 h;  
tlc (solvent E) showed components, respectively, having 
the same mobilities as 2,4, and A. 

Anhydrous hydrogen chloride was then bubbled 
through the reaction mixture (ca. 30 s). After 2 h the 
three benzyl proton signals had been replaced by two new 
signals at 6 5.75 and 5.98 with integrated areas in the 
ratio 7:8 which did not change during a further 24 h. 
The reaction was worked up as in the preceding experi- 
ment to give a syrupy product (106 mg, 71%) that had 
identical nmr, ir, and chromatographic properties to 
methyl 2,3-0-benzylidene-p-D-ribofuranoside (11 and 
13). 

Methyl 5-0-Benzoyl-p-D-ribofuranoside (14) 
Methyl 5-0-benzoyl-2,3-0- benzylidene- (3 -D-ribofur- 

anoside (10 and 12) (320 mg, 0.90 mmol) was dissolved in 
ethanol (100 ml) and 5% palladium-on-charcoal (100 mg) 
was added. The reaction mixture was then shaken at 
room temperature, with hydrogen, at a pressure slightly 
greater than atmospheric, for 24 h, when the theoretical 
quantity of hydrogen (40 ml) had been absorbed. The 
catalyst was then filtered off and the filtrate evaporated 
to give a syrup which rapidly crystallized. Recrystalliza- 
tion from ether-pentane gave 14 (133 mg, 60%) indis- 
tinguishable from an authentic sample. 

Methyl 4-0-Benzoyl-2,3-0-isoyropylidene-p-L-ribo- 
pyranoside 

(a) Methyl 2,3-0-isopropylidene-4-0-p-toluenesul- 
phonyl-a-D-lyxopyranoside, mp 105-106"C, [aIDz5 - 12" 
(c 1.85, EtOH) (lit. (29) mp 96-9TC, [aIDzZ -10.2" in 
EtOH), was prepared by the method of Kent and Ward 
(29). 

(b) Sodium benzoate (4 g, 27.8 mmol) was added to a 
solution of methyl 2,3-0-isopropylidene-4-0-p-toluene- 
sulphonyl-a-D-lyxopyranoside (1 g, 2.79 mmol) in dime- 
thylformamide (200 ml) and the reaction mixture was 
stirred for 70 h at 130°C; tlc (solvent B) showed two com- 
ponents, the slower corresponding to the starting material. 
The reaction mixture was then poured into water (400 
ml) and the aqueous solution was extracted with chloro- 
form. The chloroform extract was washed with water, 
dried (MgS04), and evaporated. The syrupy product 
was placed on a column of Silica Gel (75 g) and eluted 
with solvent A, collecting 10 ml fractions. The fractions 
were examined by tlc and fractions 17-20, containing the 
faster moving component, were evaporated to give a 
crystalline residue (113 mg, 13%) which was recrystallized 
from ethanol-water to give methyl 4-0-benzoyl-2,3-0- 
isopropylidene-p-L-ribopyranoside, mp 53-55°C; [aIDz5 
+56" (c 1.0, CHCI,); v,,, 1716 cm-' (C-0). Anal. 
calcd. for C16HZ006: C 62.3, H 6.5; found: C 62.0, 
H 6.8. Fractions 23-32, containing the slower moving 
component, were evaporated to give the starting material 
(31 1 mg, 31%). 
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Preparative synthesis of 1-deoxy-D-erythro-2-pentulose and some 
of its derivatives1 

JEAN-CLAUDE FISCHER, DEREK HORTON, AND WOLFGANG WECKERLE 
Department of Chemistry, The Ohio State University, Columbus, OH 43210, U.S.A. 

Received April 5, 1977 

JEAN-CLAUDE FISCHER, DEREK HORTON, and WOLFGANG WECKERLE. Can. J. Chem. 55, 
4078 (1977). 

Methyl 4,6-0-benzylidene-2-deoxy-a-~-eryrhro-hexopyranosid-3-ulose (1) was converted, 
by means of lithium hydroxide in a two-phase system, into 3,5-0-benzylidene-1-deoxy-keto- 
D-erythro-2-pentulose (2) in 55% yield. Compound 2 was further characterized as its (2,4- 
dinitropheny1)hydrazone 3, its 4-acetate 4, and the 4-benzoate 5. The configurational assign- 
ment for the corresponding pentitol derivatives (6 and 8) of 2 was achieved by 'Hmr analysis 
of the cyclic carbonates 11 (from 6) and 13 (from 8) and confirmed by comparing the physical 
constants of the 1-deoxypentitols having the D-rib0 (12) and D-arabino (14) configurations 
with literature data. Hydrolysis of 2 with mild acid afforded the title ketose (9) as a syrup 
that gave a crystalline (2,4-dinitropheny1)hydrazone (lo), and an acyclic triacetate (15) as an 
oil. A mechanism for the chain degradation of compound 1 to give 2 is proposed. 

JEAN-CLAUDE FISCHER, DEREK HORTON et WOLFGANG WECKERLE. Can. J. Chem. 55,4078 
(1 977). 

On a prepare le 0-benzylidene-3,s dkoxy-1 ctto-D-trythro-pentulose-2 (2) avec un rende- 
ment de 55% en faisant rCagir l'hydroxyde de lithium dans un systbme a deux phases sur le 
0-benzylidkne-4,6 dCoxy-2 a-D-trythro-hexopyranosidulose-3 de mtthyle (1). Le composd 2 
a egalement Cte converti en ses derives caractbistiques; le dinitro-2,4 phenylhydrazone (3), 
I'acCtate-4 (4) et le benzoate-4 (5). La configuration absolue des composCs 6 et 8, derivks des 
pentitols de 2, a ttC ttablie par analyse rmn des carbonates cycliques 11 (de 6) et 13 (de 8 )  
puis confirmke par comparaison des constantes physiques de dtoxy-1 pentitols de configura- 
tion D-ribo (12) et D-arabino (14) avec les donnees de la littkrature. L'hydrolyse acide douce 
de 2 a donne une cCtose sirupeuse 9 qui a BtC convertie en sa dinitro-2,4 phenylhydrazone 
cristalline (10) et en son triacetate acyclique se presentant sous forme huileuse (15). On propose 
un n~ecanisrne pour la degradation du compose 1 en 2. 

Introduction 
In an earlier publication (1) it was reported 

that scaled-up experiments of the reaction of 
butyllithium with methyl 2,3 :4,6-di-0-benzyl- 
idene-a-D-mannopyranoside initially led to a 
complex mixture containing a wide range of 
products accompanying the methyl 4,6-0-ben- 
zylidene-2 - deoxy- a-D-erythro - hexopyranosid - 
3-ulose (1) that was desired as an intermediate in 
a proposed synthesis of daunosamine (I) and 
related sugars (2). From the mixture, a crystal- 
line product was isolated in relatively low yield 
and subsequently identified as the 3,5-benzyl- 
idene acetal2 of the title ketose. As compound 2 
is synthetically interesting in its own right, a 
more practical procedure for its synthesis was 

'Portions of this work were presented at the 171st 
National Meeting of the American Chemical Society, 
New York, NY, March 1976, CARB-3, and the Joint 
Meeting of the American Chemical Society and the 
Chemical Institute of Canada, Montreal, Canada, May 
1977, CARB-39. 

considered a desirable objective and is described 
in the present article. This compound (2) has 
been obtained before by Overend and his co- 
workers (3) from the ketone 1 via its trimethyl- 
hydrazone iodide, but attempts to effect the 
direct conversion resulted in decreased yields of 
2 and gave other unidentified and apparently 
unstable products. 

The parent sugar of 2, 1-deoxy-D-erythro-2- 
pentulose (9), constitutes one of the two possible, 
to the best of our knowledge thus far unknown, 
I-deoxy analogs derived from (D or L)-erythro- 
pentulose ('ribulose') and the threo epimer 
('xylulose'), although 9 must have been the 
(unidentified) intermediate in a study (4) cor- 
relating the configuration of 2-C-methyl-D- 
ribonic acid ('a'-D-glucosaccharinic acid) with 
1-deoxy-D-arabinitol. The tribenzoate of 1- 
deoxy-L-threo-pentulose has been prepared (5), 
but attempted saponification failed to  give the 
free sugar. 

The value of 2 as precursor in the synthesis of 
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compounds of potential interest is demonstrated 
by the convenient preparation of the uniquely 
protected epimeric 1-deoxypentitols having D- 

rib0 (6) and D-arabino (8) configurations in high 
yields. A synthesis, utilizing 2 as key inter- 
mediate, of optically pure analogs of atrolactic 
aldehyde is the topic of another report (for a 
preliminary report see ref. 6). These aldehydes 
constitute precursors of dioxolane derivatives 
that may exhibit anticholinergic activity (7). 

Results and Discussion 
The unexpected formation of the O-benzyl- 

idenepentulose 2 in the aforementioned reaction 
of methyl 2,3 : 4,6-di-0-benzylidene-a-D-n~anno- 
pyranoside with butyllithium was traced to de- 
composition of the ketone 1 as the initial prod- 
uct under the strongly alkaline conditions of the 
original (8) isolation procedure. Consequently, 
the ketone 1 was treated with base under a wide 
variety of conditions, as by altering the nature 
and proportion of alkaline reagent, changing 
the solvent(s), and examining the mode of addi- 
tion of the reagent to the substrate (or vice 
versa). From an estimated yield of 2 as low as 
5-10% in the crude, complex mixture obtained 
under the original conditions (8), the procedure 
could be effectively improved by using a two- 
phase system of water and ether and employing 
stoichiometric amounts of lithium hydroxide as 
the base. The product 2 could then be isolated 
pure in 55% yield simply by recrystallization 
without recourse to chromatographic purifica- 
tion; further improvement in net yield was 
realized by processing the mother liquor. 

The structure of 2 was corroborated from its 
elemental composition as well as from its spec- 
tral (ir, strong OH and C=O absorption bands; 
ms, M t  , M - .OH, M - Ac.) behavior, and 
especially from the 'Hmr data. The complex, 
poorly resolved spectrum in chloroform-d (com- 
pare ref. 3) was rendered essentially first order 
by using benzene-d, as the solvent. In particular, 
the spectrum displayed (Table 1) a noteworthy 
multiline pattern for H-4 that collapsed to a 
six-line signal after the hydroxyl proton had 
been exchanged by deuterium. The physical con- 
stants of 2 were in fair agreement with those 
reported by Overend and co-workers (3) for the 
same compound obtained by an independent 
route. 

The reactions exhibited by 2 provided addi- 
tional evidence for the proposed structure. The 

presence of the carbonyl group was confirmed 
by the formation of a (2,4-dinitropheny1)hydra- 
zone (3) and by the reduction to the epimeric 
pentitols (6 and 8), discussed in more detail in 
the next paragraph. Chemical evidence for a 
free hydroxyl group was obtained by formation 
of the acetate 4 (as a distillable oil) and the 
crystalline benzoate 5, both of which gave 
(Table 1) well-resolved 'Hmr spectra in chloro- 
form-d, in contrast to 2, as a result of the antici- 
pated downfield shift of the H-4 signal. 

Treatment of the 0-benzylidenepentulose 2 
with sodium borohydride led to a semicrystal- 
line product that was shown by tlc analysis to 
consist of two components (6 and 8), which 
were readily separated, without recourse to chro- 
matography, by exploiting the very low solu- 
bility of 8 in cold toluene to isolate crystalline 8, 
essentially quantitatively, from syrupy 6. Con- 
ventional acetylation of the latter gave the crys- 
talline diacetate 7. 

Configurational assignment at the newly 
formed, secondary alcoholic centers in 6 and 8 
was accomplished by analysis of the spin-cou- 
pling interactions exhibited by H-2 in the 'Hmr 
spectra of the corresponding 2,4-carbonates 11 
and 13. Carbonates were chosen for the forma- 
tion of the cyclic derivatives instead of more 
common protecting groups (such as benzylidene 
or isopropylidene acetals) to achieve adequately 
dispersed 'Hmr spectra (Figs. 1 and 2). Inspec- 
tion of these figures and Table 1 shows that the 
multiplet attributable to H-2 (readily identified 
by double irradiation at the position of the 
methyl resonance) appears at lowest field in both 
instances, and is well separated from the doubled 
doublet for H-3. In the spectrum of 11 (Fig. I), 
the large J2 , ,  value (9.2 Hz) clearly indicates the 
trans-diaxial disposition of the protons at C-2 
and C-3, thereby unequivocally establishing the 
D-ribo stereochemistry for the parent pentitol. 

The other product (13) must, therefore, be 
the D-arabino isomer. The J,,, value (6.2 Hz) 
determined from its spectrum (Fig. 2), although 
still within the usual range (9a; for extensive 
studies on pyranoid sugar systems see ref. 9b) 
for the interaction of axially-equatorially dis- 
posed, vicinal protons on a six-membered ring, 
is somewhat larger than anticipated. This may 
be explained by the well-known (10) tendency of 
the chair form of the 1,3-dioxane ring to be 
additionally puckered in the 0-C-0 region 
and at the same time flattened in the C-C-C 
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TABLE 1. The 100-MHz lH nuclear magnetic resonance data for compounds 2-8,11, 13, and 15 

Chemical shifts (6)" (first-order couplings, Hz, in parentheses) 

2d 

3' 

4 

5 

6 /  

7 

8f  

l l f  

13f 

lSd 

7.23 s (NH) 
0 

'2.01 s (Ac) 2 
r 

1 .79 s (Ac) 
1.71 s (Ac) 

.Signal multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; m,, sextet, septet, etc. 
'In chloroform-d, unless otherwise stated. 
'Assignments in parentheses. 
dIn benzeneas. - 
CAdditional signa!s at S 9.10 (1 H, d, J 3 t , 5 ,  2.2 Hz, H-33, 8.33 (1 H, dd, .Is. 6 .  9.2 Hz, H-53, 7.85 (1 H, d, H-6'). 
f ln  methyl sulfox~de-d6. 
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""7- - p h T + O H  0 - 
COCH, 

OMe 

Ph"yp&~~ Ph-$+R + 

I I 
P h > + ~ ~  HCOH A HCOH + 

COCH3 (5) HIC-Me HO-.C.----Me HCOH I 
I 

HCOH 
I 

OR H CH20H I CH20H 1 

4 R = A c  8 9 10 

5 R = B z  

= Po2 NO2 

I I 
HOCH 

1 
HCOH C=O 

P h - y  0 

o&~\~ H.0. pha*ko HLoH H c o A c  I I 

HCOH Me HCOH HCOAc 

region. Such flattening leads to diminution of 
the H-2e-H-3a torsional angle and, in accor- 
dance with the Karplus equation, the J,,, value 
should consequently be larger.' 

Further evidence for the configurational as- 
signments made for 6 and 8 was provided by 
comparing the physical data of the parent pen- 
titols with values for these compounds recorded 
in the literature. Mild acidic hydrolysis of 6 
furnished crystalline 1-deoxy-D-ribitol (5-deoxy- 
L-ribitol, 12), mp 69°C and [a], + 15" in water. 
This product has been described (1 1) as having 
mp 74-75°C and [a], + 9" in water. The physical 
characterization of the enantiomer of 12 in the 
literature is somewhat ambiguous; mp 7740°C 
for a product containing solvent of recrystal- 

2The same holds true for adjacent diaxial protons (as 
in ll), but the respective spin-coupling interaction is not 
very sensitive to small decreases of this angle (compare 
ref. 10). 

lization, 6569°C for the solvent-free compound 
(12), and mp 80435°C (13) have been reported. 

Likewise, acidic hydrolysis of 8 led to the 
crystalline 1-deoxy-D-arabinitol (5-deoxy-D-lyxi- 
tol, 14) whose physical constants (mp 130°C, 
[a], + 1.4" in water) are in excellent agreement 
with data given in the literature for 14 (14) and 
(allowing for the sign of the specific rotation) 
for its enantiomer (14, 15). 

The ratio between the products 6 and 8 in the 
borohydride reduction of 2 was determined by 
'Hmr spectroscopy to be 3:4 in favor of the 
crystalline D-arabino isomer 8. When the ben- 
zoate 5 was treated with the same reducing 
agent, with subsequent debenzoylation, the over- 
all high yielding (91%) sequence gave a slightly 
higher proportion of 8 (2: 1 ratio of 8:  6). A 
noteworthy change in favor of 8 was observed, 
however, when catalytic hydrogenolysis of the 
0-benzylidenepentulose 2 was attempted under 
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H 

FIG. 1. Partial 100-MHz 'Hmr spectrum of 3,5-0-benzylidene-2,4-O-carbonyl-l-deoxy-~-ribitol 
(11) in methyl sulfoxide-d6. 

FIG. 2. Partial 100-MHz 'Hmr spectrum of 3,5-0-benzylidene-2,4-O-carbonyl-l-deoxy-~-arabinitol 
(13) in methyl sulfoxide-d6. 

conditions under which the carbonyl functioil instead, the deoxypentitols 6 and 8 were formed 
was anticipated to be stable. Originally envis- in good net yield, the ratio being 1 : 5 in favor 
aged for the conversion of 2 into the free ketose of 8. 
9, no reaction occurred at all during 24 h under The conversion of 2 into 1-deoxy-D-erythro-2- 
atmospheric pressure, and under more-forcing pentulose (9) was achieved by mild acidic hy- 
coilditions (1 kg cm-2 pressure of hydrogen) drolysis. The syrupy ketose 9 was isolated in 
scarcely any debenzylidenation took place but, good yield and was further characterized as its 
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FISCHER ET AL. 4083 

(2,4-dinitropheny1)hydrazone 10. Compound 9 
may be assumed to exist mainly in the open- 
chain form, as a strong carbonyl-stretching ab- 
sorption is evident at 1705 cm-' in its ir spec- 
trum. In solution, considerable proportions of 
the anomeric furanoses coexist with the open- 
chain form, as manifested by the 'Hmr spectrum 
in methyl sulfoxide-d,; the spectrum displayed 
three signals for the methyl group, having esti- 
mated intensities of 1 : 1 : 2. 

Finally, the pentulose triacetate 15 was pre- 
pared, as it was needed as precursor for the 
dithioacetal of 9 that was required in ongoing 
studies (for reviews see ref. 16) in this laboratory. 
Compound 15 was prepared by acetylating 9 
with acetic anhydride - zinc chloride and was ob- 
tained as a chromatographically homogeneous, 
colorless syrup that could be distilled in vacuo. 

A plausible mechanism for the formation of 2 
is illustrated in Scheme 2. Under basic condi- 
tions the corresponding enolate (16) of 1 may 
eliminate (route a) the glycosidic methoxyl 
group to give the enulose 17. Hydration of this 
product and subsequent attack on 18 by hy- 
droxide ion would lead, with elimination of 

formate, to the pentulose derivative 2. The re- 
action does require a stoichiometric amount of 
base, together with an excess of water, to afford 
the product. The idea of elimination of the gly- 
cosidic group (route a) was supported by the 
fact that 1 anomerizes readily (Scheme 3) under 
alkaline conditions in anhydrous, methanolic 
solution, and gives an approximately equimolar 
ratio of the two anomers 1 and 22; no degrada- 
tion product 2 could be detected under these 
conditions. The P anomer 22 was isolated by 
column chromatography and was fully charac- 
terized. 

In a further effort to support the foregoing 
mechanism, the enulose 17 (17) was prepared. 
When subjected to alkaline treatment in abso- 
lute methanol (Scheme 3), the anomeric glyco- 
sides l and 22 were indeed formed. However, 
when treated under the conditions used for the 
conversion of 1 into 2, only minor proportions 
of the degradation product 2 could be detected, 
together with unchanged 17, even after an ex- 
tended period of reaction. This observation 
parallels a report by Garegg and Norberg (18) 
on the reaction of methyl 4-0-benzyl-2,6-dide- 
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1 kO\~' NaOMe (catal.) P h d  hO, NaOMe (catal.) ph'opoMe absolute MeOH ' '4 ' 

, - - -  \ L  

0 
O// 
0 

-/ 
0 

u~ absolute MeOH Yh-Y 

oxy-a-L-threo-hexopyranosid-3-ulose with meth- 
yllithium, which afforded an enulose analogous 
to 17. Obviously, once this product is formed, 
it is fairly stable, even under the strongly alkaline 
conditions of the isolation procedure. 

Therefore, route a, although conceptually ap- 
pealing, cannot coilstitute the major avenue for 
the chain degradation, and an alternative mech- 
anistic course must be available. A proposal is 
presented in Scheme 2 (route b): the enolate 16 
may rearrange with cleavage of .the C-1-0-5 
bond to form the enone 19. P-Addition of a 
hydroxyl ion to this product, and subsequent 
expulsion of the niethoxyl group would lead to 
the glycosulose 18. This intermediate, common 
to both possible pathways, would be trans- 
formed by the route outlined before, to give 2. 
Route b is, of course, in accord with the require- 
ments mentioned before (presence of water and 
a stoichiometric amount of base), but is difficult 
to prove. 

Experimental 
General Methods 

Evaporations were performed under diminished pres- 
sure at a bath temperature below 50°C. Melting points 
were determined with a Thomas-Hoover apparatus and 
are uncorrected. A Perkin-Elmer model 141 polarimeter 
and 1-dm tubes were used for measurement of specific 
rotations in chloroform, unless otherwise stated. Infrared 
spectra were recorded on a Perkin-Elmer model 457 grat- 
ing ir spectrometer with solids dispersed in potassium 
bromide and syrups as film on sodium chloride discs. 
The 'Hmr spectra were recorded at 100 MHz with a 
Varian HA-100 spectrometer; chemical shifts refer to an 
internal standard of tetranlethylsilane (6 = 0.00), and 
are listed together with first order spin-coupling values 
(Hz) in Table 1. The assignments were confirmed in most 
instances by decoupling experiments. Thin layer chroma- 
tography was performed on precoated plates of Silica 
Gel 60 (E. Merck, Darmstadt); zones were detected by 
uv light and by spraying with sulfuric acid and subsequent 
heating. Solvent volumes are v/v; petroleum ether refers 
to the fraction boiling at 65-110°C. Column chroma- 
tography was performed with silica gel (Merck No. 7734; 
63-200 pm). Microanalyses were performed by W. N. 
Rond. Mass spectra were recorded by C. R. Weisen- 
berger with an AEI MS-9 double-focusing, high resolu- 
tion spectrometer operating at an ionizing potential of 

70 eV and an accelerating potential of 8 kV; the source 
temperature (direct-inlet system) was 120°C. Data and 
probable assignments for compounds 9,10,12,14, and 15 
are summarized in Table 2. The spectra of all benzylidene 
acetals displayed intense peaks of aromatic ions (mle 107, 
106, 105, 91, 79, and 77); the notations hi and h, in the 
assignments refer to the h-rupture process proposed by 
Chizhov et al. (20). X-ray powder diffraction data give 
interplanar spacings, A, for CuKa radiation. The camera 
diameter was 114.59 mm. Relative intensities were esti- 
mated visually: m moderate, s strong, v very, w weak. 
The strongest lines are numbered (1, strongest); double 
numbers indicate approximately equal intensities. 

3,EO-Benzylidene-I-deoxy-keto-~-erythro-2-pentuose (2) 
To a suspension of methyl 4,6-0-benzylidene-2-deoxy- 

a-D-erythro-hexopyranosid-3-ulose (1) (1,50 g, 189 mmol) 
in ether (2 e) was added a solution of lithium hydroxide 
monohydrate (8 g, 191 mmol) in water (1200 ml) and the 
mixture was vigorously stirred at ~ 2 0 ° C  for 16 h, after 
which time tlc (4: 1 ether - petroleum ether) indicated 
that all 1 had reacted. The organic layer was separated 
and the aqueous, yellow phase was extracted with ether. 
The combined extracts were washed with ice-water and 
evaporated to give a white, crystalline residue (-28 g). 
Recrystallization from 10 parts of 1 :4 ethyl acetate - 
petroleum ether afforded the title compound 2 as fine 
needles; yield 23.2 g (5573, mp 82S°C, [uIDz3 +40.5" 
(C 1) (lit. (3) mp 76.5-78.5"C, [&ID +38.7" in chloroform); 
v,,,(KBr) 3430 (OH), 1710 cm-' (C=O); mle (rel. in- 
tensity) 222 (0.6, Mi) ,  205 (0.7, M - *OH), 180 (12, 
M - ketene), 179 (100, M - Ace), 149 (6, hz), 107 (100, 
PhCHOH+; m* at  64.0, calcd. for 179 + 107: 63.96), 
106 (50, PhCO+; m* at  75.4, calcd. for 149 + 106: 
75.41), 91 (21, PhCH2+; m* at  46.3, calcd. for 179 -+ 91 : 
46.26), 71 (5; m* at 33.8, calcd. for 149 -t 71 : 33.83), 43 
(74, Ac+); X-ray powder diffraction data: 9.25 m (3), 
6.06vw, 5.84s (I), 5.50111, 4.47m, 4.36s (2), 3.85111, 
3.77 m, 3.66 m, 3.55 m, 3.41 w, 2.59 w and 2.44 vw. 
Anal. calcd. for C,,H,,04 (222.24): C 64.85, H 6.35; 
found: C 64.99, H 6.42. 

3,s-0-Benzylidene-1-deoxy-D-erythro-2-pentulose 
(2,4- Dinitrophenyl) hydrazone (3) 

To a solution of the pentulose derivative 2 (150 mg, 
0.68 mmol) in methanol (5 ml) was added (2,4-dinitro- 
pheny1)hydrazine (150 mg, 0.76 mmol) and the mixture 
was kept for 15 h at ~ 2 5 ° C .  The solvent then was dis- 
tilled off, and the residue triturated with ether. The 
extract was filtered and evaporated to afford a yellow 
solid that was shown by tlc (4: 1 ether - petroleum ether) 
to be a mixture of two components. The slower moving, 
major product was obtained pure by preparative tlc and 
was recrystallized from ethanol - petroleum ether; yield 
120 mg (44%), mp 180"C, [aID2' t 13.1" (c 0.4); v,,,(KBr) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FISCHER ET AL. 4085 

TABLE 2. Major fragment ionsa (% of base peak) observed in the electron-impact mass spectra of acyclic pentulose 
derivatives 

Compound 

10 
R', RZ = 12' 

NNHCsH3(N0z)2 R', R3 = H 
R3 = H RZ = OH 

9b 
R', RZ = 0 

R3 = H 

14d 15' 
R' = OH R', RZ = 0 

RZ, R3 = H R3 = AC Assignment 

136 (-) 260 (-) M i  
137 (0.4) 262 (0.3) M + 1 / + 2  

Ye 

158 (9) Others 
M - Act0  

98 (13) 
158 - ketene 

OProminent metastable fragments observed in the spectra are indicated by an asterisk at the daughter ion of the process involved. 
bMetastable ions were observed for the following transitions: 61 - 43 (calcd. 30.31/found 30.3); Mf - 74 (60%; 40,87140.9); 74- 56 

(22%; 42.38142.4) 91 + 73 (58,56158.5). 
eAdditional meiastable ions were found for the following transitions: 74 (777')- 56 (73%; 42,38142.3). 75 --t 57 ( 3 8 7 .  43.32143.3). 
'Additional metastable ions were recorded for the following transitions: 1c9- 60 (11%. 30.25130.3); 74 (70%)- 3 (67%; 42.38142.4); 

75 --t 57 (48%; 43.32143.3); 137 + 119 (103.36/103.3). 
'Subsequent fragmentailon of mje 217 leads (19) to ions of the CC series: 157 (I%, CC,), 115 (4%, CC,), and 73 (3.5%, CC,,). 

3500 (OH), 3330 (NH), 1625 (C=N), 1600 and 1505 
(phenyl), 1525 and 1340 cm-' (NOz); m/e (rel. intensity) 
402 (11, Mt) ,  265 (6), 253 (18, h,), 220 (3, M - *NHC,- 
H,(NOz)z), 205 (91, 183 (9, (NOz)zCsH3NHz+), 179 
(7, M - *C(Me)=NNHC6H3(N02),), 163 (19), 150 
(12), 149 (100, h2), 117 (ll),  and 43 (34); X-ray powder 
diffraction data: 11.04 m (3), 9.02 w, 7.34 w, 6.91 m, 
6.48 s (2). 5.50 m, 4.96 m, 4.58 w, 4.27 m, 3.87 w, 3.55 m 

ished pressure (5 mTorr, bath temperature 150°C); 
[aIDz3 +26.6" (c 1); v,,,(film) 1750 (ester C=O) and 
1730 cm-' (C=O); m/e (rel. intensity) 264 (0.1, M?), 
221 (24, M - Ac*), 204 (0.3, M - HOAC), 149 (2.4, hz), 
115 (100, 221 - PhCHO; m* at 59.9, calcd. 59.84), 43 
(80, Ac+ ; m* at 16.1, calcd. for 115 -+ 43: 16.08). Anal. 
calcd. for C14H1605 (264.28): C 63.63, H 6.10; found: 
C 63.74, H 6.21. 

(4), a n d  3.41 vs (1). knal. calcd. for Cl8HI8N4O7 
(402.37): C 53.73, H 4.51, N 13.92; found: C 53.54, 
H 4.72, N 13.93. 

4-0-Benzoyl-3,S-0-benzylidene-I-deoxy-D-erythuo- 
2-pentulose (5) 

To a mixture of the pentulose derivative 2 (6.0 g, 
27 mmol) in pyridine (30 ml) was added benzoyl chloride 
(5 ml, 43.3 mmol). After 18 h at -25'C, the mixture was 
poured into ice-water (500 ml) saturated with potassium 
carbonate. The crystalline precipitate was collected, 
washed with water, dried, and recrystallized from ether 
(or ethyl acetate) - petroleum ether to give pure 5; yield 
7.98 g (91%); mp 95-96"C, [aIDz2 - 23.1" (c 1); v,,,,,(KBr) 
1730 (ester C=O), 1715 (C=O), 1600 and 1580 cm-' 
(monosubstituted phenyl); m/e (rel. intensity) 326 (0.3, 
M?), 283 (22, M - Ac*), 221 (0.1, M - PhCO*), 220 

4-0-Acetyl-3,5-0-benzylidene-1-deoxy-D-erythuo- 
2-pentulose (4) 

The pentulose derivative 2 (300 mg, 1.35 mmol) was 
treated with 1 : 2 acetic anhydride - pyridine (6 ml) for 
18 h at -25°C. Methanol (5 ml) was then added with 
cooling and, after 1 h, the mixture was evaporated. 
Pyridine and then toluene (two 10 mL portions each) were 
added to and evaporated from the residue to afford 
syrupy 4 in theoretical yield (360mg). To secure an 
analytical sample, a portion was distilled under dimin- 
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(0.1, M - PhCHO), 204 (0.7, M - PhCOzH), 178 (17, 
283 - PhCO*), 177 (100, 283 - PhCHO; m* at 110.7, 
calcd. 110.70), 149 (5, h,), 122 (6, PhCO,Hf), 105 (89, 
PhCO+ ; m* at 90.3,62.3, and 33.8, calcd. for 122 + 105: 
90.37, for 177 -+ 105: 62.29, and for 326 -+ 105: 33.82), 
43 (22, Act); X-ray powder diffraction data: 11.78 s (3), 
9.66 w, 8.07 vw, 7.62 vw, 7.10 m, 5.60 m, 5.26 m, 5.01 m, 
4.79m, 4.54s (2), 4.34vw, 4.18w, 3.79s (I), 3.61 w, 
3.43 vw, 3.15 vw, and 3.04 m. Anal. calcd. for Cl,H180, 
(326.35): C 69.93, H 5.56; found: C 70.14, H 5.70. 

3,5-0-Benzylidene-I-deoxy-D-ribitol (6) and its 
D-Arabino Analog 8 

From 2 with Sodium Borohydride 
Sodium borohydride (1.7 g, 44.9 mmol) was added to 

a cooled (0°C) solution of the pentulose derivative 2 (4 g, 
18 mmol) in aqueous methanol (95%, 60 ml) and the 
mixture was kept for 18 h at -25°C. Methanol was then 
distilled off and the residue was dissolved in dichloro- 
methane (150 ml) and washed with water. The aqueous 
phase was extracted again with dichloromethane, and 
the combined organic solutions were dried (nlagnesiunl 
sulfate) and evaporated. The resultant, semicrystalline 
residue (3.46 g, 86%) was shown by 'Hmr spectroscopy 
to be a 3:4 mixture of 6 and 8. Recrystallization from 
toluene (90 ml) afforded the pure D-arabino isomer 8 as 
light, fluffy crystals; yield 1.97 g (49%); mp 138-139"C, 

- 17.3' (c 1); RF 0.17 (ether); mle (rel. intensity) 
224 (12, Mt) ,  1801179 (9136, M - CH3CHO*/CH,CH- 
(OH).; m* at 144.61143.0, calcd. 144.65/143.04), 162 
(0.9, 180 - Hz0/179 - *OH), 119 (1.5, M - PhCO*), 
108 (18, PhCHzOHf; m* at 64.8, calcd. for 180 -+ 108: 
64.80), 107 (100, PhCHOH+; m* at 64.0, calcd. for 
179 + 107; 63.96), 91 (14, PhCH,+; m* at 46.3, calcd. 

1 2 1 

for 179 + 91 : 46.26), 73 (9, CH,-CH(OH)-CO+), 45 
(16), 44 (9), 43 (25); X-ray powder diffraction data: 
10.77w, 9.06 w, 6.73 s (2), 6.28 s (I), 5.43 m, 4.55m, 
4.21 s, 4.04 m, 3.78 s (3), 3.59 s, and 3.28 s. Anal. calcd. 
for C1,Hl6O, (224.26): C 64.27, H 7.19; found: C 64.05, 
H 7.04. 

Evaporation of the mother liquor after separation of 8 
gave the D-rib0 isomer 6 as an essentially pure syrup that 
solidified to an opaque glass after keeping for several 
days in uacuo over paraffin; yield 1.49 g (37%). For 
analytical purposes, a sample was further purified by 
column chromatography on silica gel with ether as 
eluant: [a]D2' -28.6" (c 1.8); RF 0.26 (ether); mle (rel. 
intensity) 224 (20, Mt) ,  181/180/179 (4.6110.513.7, M - 
Ac*/CH,CHO*/ZH,CH(OH)*; m* at 146.2/144.7/143.0, 
calcd. 146.25/144.65/143.04), 162 (1, 180 - H20/179 - 
*OH), 119 (1.3, M - PhCO* ; m* at 63.3, calcd. 63.22), 
108 (12.2, PhCHzOH+; m* at 64.8, calcd. for 180 + 108: 
64.80), 107 (100, PhCHOH+; m* at 64.0, calcd. for 
179 -+ 107: 63.96), 91 (7.8, PhCH2+; m* at 46.3, calcd. 

1 2 3 
for 179 + 91: 46.26), 73 (5, CH,-CH(OH)-CO+), 45 
(8), 43 (9). Anal. calcd. for ClZHl6O4 (224.26): C 64.27, 
H 7.19; found: C 64.26, H 6.99. 

From 2 by Catalytic Hydrogenation 
The pentulose derivative 2 (2 g, 90 mmol) in methanol 

(40 ml) was hydrogenated under pressure (1 kg cm-') 
in the presence of 5% palladium-on-charcoal (200 mg). 
After 20 h, tlc (ether or 2:3 benzene-acetone) revealed 
that scarcely any debenzylidenation had occurred, but 

that the epimeric deoxypentitols 6 and 8 had been formed 
instead. The catalyst was filtered off and the filtrate 
evaporated. The resulting residue was dissolved in chloro- 
form and the solution processed as described in the pre- 
ceding section to afford a 1 :5 mixture (as estimated 
from 'Hmr data) of compounds 6 and 8, identical with 
the products isolated by the first procedure; yield 1.52 g 
(75%). 

From 5 with Sodium Borohydride 
A cooled (-15°C) solution of sodium borohydride 

(2 g, 52.8 mmol) in 9 : 1 methanol-water (40 ml) was 
added to a cooled solution of the benzoate 5 (7.9 g, 
24.5 mmol) in a mixture of methanol (150 ml) and ethyl 
acetate (50 ml). The solution was kept for 3 h at - 15"C, 
water (100 ml) was then added, and the organic solvent 
was distilled off. To the remaining turbid, aqueous phase 
was added a 4 M solution of potassium hydroxide in 
2: 3 water-methanol (50 ml). After 4 h at -2O0C, water 
(100 ml) and acetic acid (10 ml) were added and the 
product was extracted with chloroform. Processing as 
described in the previous sections gave a 1 : 2 mixture (as 
judged from 'Hmr data) of the epimers 6 and 8, yield 
5 g (91%). Fractional crystallization afforded the pure, 
crystalline arabino derivative 8 (3.17 g, 58%) and the 
syrupy rib0 analog 6 (1.7 g, 31%); both products were 
indistinguishable from those prepared by the previous 
procedures. 

2,4-Di-0-acetyl-3,5-0-benzylidene-I-deoxy- 
D-ribitol (7) 

The benzylidene acetal 6 (400mg, 1.78 mmol) was 
treated with 1 :2 acetic anhydride - pyridine (9 ml) for 
18 h at -25°C. After conventional processing, the crys- 
talline product (480mg, 88%) was recrystallized from 
hexane: mp 62-63"C, [aID2' -72.7" (c 1.1); v,,,(KBr) 
1725 (C=O), 745 and 695 cm-I (aryl); mle (rel. intensity) 
308 (3.7, MI) ,  265 (0.3, M - Ac*), 248 (1.2, M - 
HOAC), 231 (0.4, M - Ph*), 221 [4.5, M - *CH(CH3)- 
OAc], 205 (0.3, M - HOAC - Ac*), 203 (0.25, M - 
PhCO*), 186 (1.9, M - PhCOZH), 149 (6.7, hz), 142 
(10, M - PhCHO - HOAC), 115 (55, OCH-(CH3)C= 
+ 
OAc), 43 (100, Act); X-ray powder diffraction data: 
9.30s, 7.79s, 6.30s (3), 5.11w,4.94m, 4.41m, 4 . 2 9 ~ s  
(I), 4.17 w, 3.98 vs (2), 3.57m, and 3.45 w. Anal. calcd. 
for Cl6Hz0o6 (308.33): C 62.33, H 6.54; found: C 62.18, 
H 6.45. 

I-Deoxy-D-erythro-pentulose (9) 
A solution of the pentulose derivative 2 (4 g, 18 mmol) 

in acetic acid (30 ml) and water (70 ml) was heated for 
1 h on a water bath whereupon tlc (2: 3 benzene-acetone) 
indicated that deacetalation was complete. The solution 
was concentrated and small portions of toluene and then 
2-propanol were repeatedly distilled from the residue. 
A solution of the remaining, yellow syrup in water (50 ml) 
was extracted with ether, and then lyophilized, to give 9 
as a chromatographically homogeneous, colorless syrup; 
yield 1.76 g (7373, [a]," -37" (equil., c 1.3, water); 
v,,,(film) 3500-3200 (OH), 1705 cm-' (C=O); for ms 
data see Table 2; 'Hmr (methyl sulfoxide-d6; hydroxyl 
protons exchanged by deuterium) 6 4.60-3.70 (4 H, com- 
plex m, H-3,4,5,5'), 2.59, 2.57, 2.55 (total integrated 
peak area 3 h, 3 s, estimated ratio 1 : 1 :2, H-1). Anal. 
calcd. for C5H1004 (134.13): C 44.77, H 7.51; found: 
C 44.64, H 7.19. 
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After being kept for several days, the product turned 
yellow, and fast-moving, uv light-absorbing compounds 
could be detected by tlc. 

I-Deoxy-D-erythro-pentulose 
(2,4- Dinitrophenyl) hydrazone (10) 

A mixture of the pentulose 9 (1.1 g, 8.2 mrnol) and 
(2,4-dinitropheny1)hydrazine (2 g, 10.1 nlrnol) in aqueous 
ethanol (95%, 50 ml) was heated for 6 h on a water bath. 
Thin layer chromatography (2: 3 benzene-acetone) of the 
residue obtained after evaporation of the solvent re- 
vealed the presence of two products (R, 0.30 and 0.36) 
as well as unchanged reagent that was present in excess. 
Column chromatography on silica gel, with 1 : 1 benzene- 
acetone as eluant, furnished the slower-moving, major 
product 10; yield 1.47 g (57%). After recrystallization 
from ethyl acetate it had mp 116-118"C, [aID2' -53.7" 
(c 0.3, acetone); v,,,,,(KBr) 3500-3300 (OH, NH), 1615 
(C=N), 1595 and 1500 (phenyl), 1515 and 1340 cm-I 
(NO,); forms data, see Table 2; X-ray powder diffraction 
data: 11.94vw, 10.39 w, 7.08 m, 5.88 m, 5.01 w, 4.56 m, 
4.27 s (2), 3.95 m, and 3.63 s (1). Anal. calcd. for CllH14- 
N407 (314.26): C 42.04, H 4.49, N 17.83; found: C 42.03, 
H 4.62, N 17.60. 

3,5-0-Benzylidene-2,4-O-carbonyl-l-deoxy-~-ribitol (11) 
To a cooled (0°C) solution of the pentitol derivative 6 

(450 mg, 2 mmol) in pyridine (20 ml) was added a solu- 
tion of phosgene in benzene (12.52, w/v, 10 ml, 12.6 
mmol). After 1 h at -25°C the excess of phosgene was 
decomposed by adding a saturated solution of sodium 
hydrogen carbonate (100 ml), and the mixture was ex- 
tracted with dichloromethane. Evaporation of the dried 
(magnesium sulfate) extract and removal of residual 
pyridine by evaporating a little toluene from the residue 
gave crystalline 11; yield 490 mg (98%). After recrystal- 
lization from ethanol, it had mp 181-183"C, [aID2l 
+5.3" (c 0.8); v,,,,,(KBr) 1750 (C==O), 750 and 700 cm-' 
(aryl); mle (rel. intensity) 250 (63, Mf), 2511249 (6116, 
M k I), 206 (3.3, M - COz ; m* at 169.8, calcd. 169.74), 
191 (1.1, 206 - Me*), 173 (1.2, M - Ph*), 163 (1.4, 
206 - Ac*), 149 (1.6, h2), 145 (3.8, M - PhCO*), 144 
(15,M - PhCHO),134(1.5,M - C 0 2  - Ac* - CHO*; 
m* at 71.8, calcd. 71.82), 115 (1, 145 - CH20) 105 (100, 
PhCO+; m* at 44.1, calcd. for 250 -t 105: 44.10), 71 

3 2 1  
(1 1.5, 115 - Cop), 57 (57, OCH-CH-CH31t), 43 (16, 
Act); X-ray powder diffraction data: 7.13 m, 6.10 s (2), 
5.08 s (3, 3), 4.64 s (3, 3), 3.81 w, 3.60 s (I), 3.22 w, and 
3.07 w. Anal. calcd. for CI3Hl4o5 (250.23): C 62.39, 
H 5.64; found: C 62.28, H 5.58. 

I-Deoxy-D-ribitol (5-Deoxy-L-ribitol, 12) 
A solution of the benzylidene acetal6 (1.7 g, 7.6 mmol) 

in acetic acid (15 ml) and water (35 ml) was heated for 
90 min on a water bath. The solvent then was evaporated 
off and 1-propanol (three 10 ml portions) was added to 
and distilled from the residue to remove last traces of 
benzaldehyde. The resulting white solid was recrystal- 
lized from acetonitrile (15 ml) to afford 12; yield 880 mg 
(85%), mp 69"C, [aIDz1 + 15" (c 0.9, water) and + 11.8" 
(c 1, methanol); RF 0.35 (3.17 methanol-ether); for ms 
data, see Table 2; X-ray powder diffraction data: 10.39 vs 
(2, 2), 8 . 0 0 ~ s  (2, 2), 6.73vw, 6.19vw, 5.12w, 4.95s, 
4.61 w, 4.35 w, 4.12 m, 3.93 vs (I), and 3.78 m. Anal. 

calcd. for CsHlz04 (136.15): C 44.11, H 8.88; found: 
C 44.10, H 8.69. 

For this compound, Foster and co-workers (11) re- 
ported mp 74-75"C, [a], +9" in water; the enantiomorph 
of 12 has been reported (12) to have mp 7740°C (for a 
product containing solvent of recrystallization) and 
65-69°C (solvent-free), [aID - 10.6' in water, and (13) 
mp 80-85"C, [a], - 11.2" in methanol. 

3,5-0-Benzylidene-2,4-0-carbonyl-I-deoxy-D- 
arabinitol (13) 

Treatment of the benzylidene acetal 8 (500 mg, 2.2 
mmol) in pyridine (20ml) with phosgene (12.5% w/v 
solution in benzene, 12 ml, 15.2 mmol) afforded, after 
processing as described for 11, crude, crystalline 13; yield 
540mg (97%). After recrystallization from ethanol, it 
had mp 158-159"C, [aIDz1 +99.7" (c 0.7); v,,,,,(KBr) 
1750 (C=O), 748 and 700 cm-' (aryl); mle (rel. inten- 
sity) 250 (39, M i ) ,  2511249 (55115, M I), 206 (5, M - 
CO,), 191 (1.4, 206 - Me.), 173 (1.1, M - Ph*), 163 
(1, 206 - Ace), 149 (2, h,), 145 (5.7, M - PhCO*; m* 
at 84.1, calcd. 84.10), 144 (18, M - PhCHO), 134 (6, 
M - CO, - Ac- - CHO* ; m* at 71.9, calcd. 71.82), 
115 (2.7, 145 - CHZO), 71 (7, 115 - CO,) 57 (12, 

3 2  1 
OCH-CH-CH31 +), 43 (20, Ac+); X-ray powder dif- 
fraction data: 7.19 m, 6.10 m, 5.15 s (3), 4.68 s (2), 
3.82 vw, 3.70 s (I), and 3.16 m. Anal. calcd. for C13H14- 
0 5  (250.25): C 62.39, H 5.64; found: C 62.11, H 5.44. 

I-Deoxy-D-arabinitol (5-Deoxy-D-lyxitol, 14) 
The benzylidene acetal 8 (2.8 g, 12.5 mmol) was hy- 

drolyzed in the way already described for the rib0 
analog 6. Recrystallization from ethanol gave 14 as 
white crystals; yield 1.48 g (87%), mp 130°C, [aIDZ1 
+ 1.4" (c 1.2, water) and -0.6" (c 2.3, methanol); R, 0.25 
(3.17 methanol-ether); for ms data, see Table 2; X-ray 
powder diffraction data: 7.16 vs (I), 6.58 vw, 4.82 vs (2), 
4 . 6 3 ~ s  (3), 4.15vw, 3.86m, 3.55m, 3.33vw, 3 . 2 7 ~ ~ .  
3.10 vw, 2.92 m, 2.74 m, and 2.49 m. Anal. calcd. for 
C5H1204 (136.15): C 44.11, H 8.88; found: C 44.41, 
H 8.71. 

For this compound, Bollenback and Underkofler (14) 
found 131-132"C, [a], +2.46" in water, and, for the 
enantiomorph, mp 129-131°C, [a], -1.46" in water; 
for the latter the mp 131-133°C has also been reported 
(15). 

3,4,5-Tri-O-acetyl-l-deoxy-keto-~-erythro-pentulose (15) 
A mixture of the pentulose 9 (2.1 g, 15.7 rnmol) and 

powdered, anhydrous zinc chloride (500 mg) in acetic 
anhydride (50ml) was kept for 18 h at P C .  After a 
further 15 h at --2O0C, the mixture was poured into ice- 
water (250ml) saturated with sodium hydrogencar- 
bonate. The product was extracted with dichloromethane 
(three 50 ml portions), the extract washed with aqueous 
sodium hydrogencarbonate, dried (magnesium sulfate), 
and evaporated. Pyridine and toluene (two 10 ml por- 
tions each) were successively added to and evaporated 
from the residue to give crude 15 as a pale yellow syrup; 
yield 3 g (74%). To secure an analytical sample, a portion 
was distilled under diminished pressure (0.05 Torr, bath 
temperature -- 120°C); [aID2' - 8" (c 2.3); v,,,&ilm) 
1740cm-' (C=O); for ms data, see Table 2. Anal. 
calcd. for CllHl6O7 (260.25): C 50.77, H 6.20; found: 
C 51.09, H 6.15. 
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Treatment of Methyl 4,6-0-Benzylidene-2-deoxy-a-D- 
erythro-hexopyranosid-3-ulose (1 )  with Base under 
Anhydrous Conditions 

To the glycoside 1 (400 mg, 1.5 mmol), dissolved in 
absolute tetrahydrofuran (10 ml), was added 30 m M  
sodium methoxide (5 ml) and the solution was kept at  
-25°C for 24 h, whereupon tlc (4: 1 ether - petroleum 
ether) revealed the presence of another product (RF 0.38) 
accompanying 1 (RF 0.27) in the mixture. The solution 
was poured with vigorous mechanical stirring into ice- 
water (100ml) containing ammonium chloride (5 g). 
Extraction with dichloromethane (two 40 ml portions) 
and evaporation of the dried (magnesium sulfate) extract 
furnished a crystalline residue (340mg, 85%) that was 
shown by 'Hmr to be a 1: 1 mixture of the anomeric 
methyl hexulosides 1 and 22. Separation was effected by 
column chromatography on silica gel using the tlc 
solvent as eluant. The component having RF 0.38 crys- 
tallized upon evaporation of the solvent and was recrystal- 
lized from ethanol to give pure methyl 4,6-0-benzylidene- 
2-deoxy-0-D-erythro-hexopyranosid-3-ulos (22); mp 194- 
195'C, [aID2' -51.3' (c 0.8); v,,,(KBr) 1725 (C=O), 
750 and 690 cm-' (aryl); mle (rel. intensity) 264 (3, M i ) ,  
2331232 (1.212.2, M - MeO*/MeOH), 204 (2, M - 
HCOZMe), 190 (4.5, 232 - ketene; m * a t  155.6, calcd. 
155.60), 177 (19, M - OCH-CH2-HC-OMe; m* at 
118.7, calcd. 118.67), 161 (3, 204 - Ace), 149 (100, h2; 
m* at 84.1, calcd. 84.09), 145 (12), 129 (18, M - 
PhCO* - CHzO), 115 (18, hi), 97 ( l l ) ,  87 (76, h1 - 
.CO), 59 (43, 87 - CO; m* at 40.0, calcd. 40.01), 58 (82), 
43 (21, Ac+); 'Hmr (chloroform-d) 6 7.64-7.28 m (5 H; 
m, aryl), 5.56 (1 H, s, PhCH), 4.75 (1 H, dd, J,,,, 7.6 
HZ, H-I), 4.45 (1 H, dd, J 5 , 6  4.3 HZ, H-6), 4.32 (1 H,  d, 
J4,5 9.4HZ,H-'I), 3.89(1 H , t , J 6 , 6 ,  lOHZ,H-6'), 3.68 
(1 H, dt, J s , ~ ,  10 HZ, H-5), 3.51 (3 H, S, OMe), 2.84 (1 H, 
dd, J1,ze 3.7 Hz, H-2e), 2.64 (1 H, dd, J2e,2a 15 HZ, H-2a) ; 
X-ray powder diffraction data : 11 $86 w, 10.52 m, 8.54 s 
(3), 7.79w, 6.13s (2), 4.82w, 4.38m, 4.18m, 3.97s (I), 
3.89 m, 3.73 m, 3.59 m, 3.25 m, and 3.07 w. Anal. calcd. 
for Cl4H160s (264.28): C 63.63, H 6.10; found: C 63.56, 
H 6.06. 

The second fraction (RF 0.27) was indistinguishable 
(by mixture mp and spectroscopic data) from the starting 
material 1. 
1,5-Anhydro-4,6-0-benzylidene-2-deoxy-D-erythro- 

hex-I-eno-3-ulose (17) 
1,5-Anhydro-4,6-0-benzylidene- 2-deoxy-D-ribo-hex-1 - 

enitol (4,6-0-benzylidene-D-allal, 780 mg, 3.3 mmol) (21) 
was oxidized with the chromium trioxide-dipyridine 
complex as described by Collins (17) to afford the title 
compound 17; yield 520 mg (67%). After recrystallization 
from 2-propanol, 17 was obtained as white, cottonlike 
crystals: mp 128-129"C, [aIDZ1 + 170" (c 0.8) (lit. (17) 
mp 128-129"C, [a], + 189" in chloroform); v,,,(KBr) 
1685 and 1590 (C=C-C=O), 750 and 695 cm-' (aryl); 
mle (rel. intensity) 232 (5, M i ) ,  204 (4.5, M - CO), 
190 (3.3, M - ketene), 162 (3.6, M - CO - ketene), 
160 (1, 204 - CH,CHO; m* at 125.5, calcd. 125.49), 
145 (15, 162 - *OH; m* at 110.7, calcd. for 190 + 145: 
110.66), 105 (100, PhCO+; m* at 68.1, calcd. for 162 -+ 
105: 68.06), 97 (20, 0(CH=CH)2C=OH+), 71 (23, 
OCH-CHz-CO+); 'Hmr (chloroform-d) 6 7.60-7.25 
(5 H, m, aryl), 7.19 (1 H, d, JlSZ 5.9 Hz, H-1), 5.52 (1 H, 

s, PhCH), 5.37 (1 H, d, H-2), 4.50-3.80 (4 H, m, H-43,- 
6,6'); X-ray powder diffraction data: 10.27 s, 5.82 s, 
5.57 s, 5.14 m, 4.95 w, 4.68 w, 4.50 s, 4.20 vs (I), 2.83 s, 
3.60 s (3), and 3.48 vs (2). Anal. calcd. for C1,H120, 
(232.24): C 67.23, H 5.21; found: C 67.18, H 5.42. 

When the glycenulose 17 was treated with catalytic 
amounts of sodium methoxide in absolute methanol - 
tetrahydrofuran, approximately equal amounts of the 
anomers 1 and 22 were formed (detected by tlc). 

For the attempted conversion into 2, a mixture of the 
enulose 17 (200 mg, 0.86 mmol), dissolved in ether 
(20 ml), was shaken with 100 m M  aqueous solution of 
lithium hydroxide (10 ml) for 48 h at -20°C. Thin layer 
chromatography (4: 1 ether - petroleum ether) of the 
ethereal phase then revealed that unchanged 17 (RF 0.29) 
was mostly still present, together with small amounts of 
the pentulose derivative 2 (RF 0.36; estimated yield 10%) 
and minor, unidentified side-products 
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The yellow pigments of Beauveria species. Structures of tenellin and bassianin' 
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CHI-KIT WAT, A. GAVIN MCINNES, DONALD G. SMITH, JEFFREY L. C. WRIGHT, and LEO C. 
VINING. Can. J. Chem. 55,4.090 (1977). 

Tenellin and bassianin are deduced from chemical and spectroscopic evidence to be the 3- 
[(E,E)-4,6-dimethylocta-2,4-dienoyl] and 3-[(E,E,E)-6,s-dimethyldeca-2,4,6-trienoy] derivatives 
of 1,4-dihydroxy-5-(p-hydroxypheny1)-2(1 H)-pyridone. Spin-spin coupling information in the 
'H and 13C nuclear magnetic resonance spectra after biosynthetic enrichment of tenellin with 
13C and 15N isotopes was a valuable aid in elucidating the structure. 

CHI-KIT WAT, A. GAVIN MCINNES, DONALD G. SMITH, JEFFREY L. C. WRIGHT et LEO C. 
VINING. Can. J. Chem. 55,4090 (1977). 

A partir des indications chimiques et spectroscopiques, il apparait que la tCnelline et la 
bassianine sont les dCrivCs [(E,E) dimtthyl-4,6 octadikne-2,4 oyll-3 et [(E,E,E) dimCthy1-6,s 
dCcatrikne-2,4,6 oyll-3 de la dihydroxy-1,4 (p-hydroxyphCny1)-5 (1 H)-pyridone-2. L'informa- 
tion sur le couplage spin-spin tirCe des spectres de rCsonance magnktique nuclCaire du 'H et 
13C de la ttnelline par un enrichissement biosynthktique prkalable en isotopes 13C et I5N est 
d'un grand intCrCt dans I'tlucidation de la structure. 

[Traduit par le journal] 

Introduction 
Cultures of the insect pathogenic fungi Beau- 

veria bassiana (Bals.) Vuill. and B. tenella 
(Delacroix) Siem. often develop a yellow color 
which is due to the formation of a mixture of 
related pigments (1, 2). Two of these substances, 
tenellin (1) and bassianin (8), have been isolated ; 
their structures were reported in a preliminary 
communication (3) and we present here the 
evidence that establishes them as members of a 
new group of fungal biochromes. A related 
compound, ilicicolin H, has recently been 
isolated as an antifungal antibiotic from the 
imperfect fungus Cylindrocladium ilicicola (4). 

Results and Discussion 
Molecular formulae for tenellin, C,,H2,N05, 

and bassianin, C,,H2,N0,, were determined by 
elemental analyses and high resolution mass 
spectroscopy. A terminal sec-butyl substituent in 
1 was indicated by characteristic signals in the 
'Hmr spectrum (Table I), and confirmed by 

'NRCC No. 16189 
ZNational Research Council of Canada Postdoctorate 

Fellow, 1969-1971. Present address: Botany Department, 
University of British Columbia, Vancouver, B.C. 

double resonance experiments (vicinal coupling 
of H-13 to H-12 and H-14, and of H-12 to 
H-15). The chemical shift of the methine hydro- 
gen H-12, and its vicinal coupling to an olefinic 
hydrogen H-11, required the sec-butyl group to 
be attached to a double bond. Double resonance 
studies also showed H-11 to be long-range 
coupled to the hydrogens (H-16) of a vinylic 
methyl group, and to one (H-9) of a pair of 
vinylic protons (H-8, H-9) which were trans 
vicinally coupled, and gave an AB sub-spectrum. 
Thus tenellin possesses an (E,?)-3,5-dimethyl- 
1,3-heptadienyl residue. 

Since the 'H and I3C nmr spectra of 1 and its 
methylated derivative 2 were essentially in- 
distinguishable, except for difference~ associated 
with replacement of a hydroxyl by a methoxyl 
substituent (Tables 1 and 2), the structural, 
stereochemical, and conformational features of 1 
must be retained in 2. Consequently a con~plete 
description of the stereochemistry of double 
bonds in the alkenyl substituent obtained by a 
nuclear Overhauser enhancement (nOe) study 
on 2 applies equally to 1. The nOe measurements 
for 2 (irradiated proton(s) in parentheses) gave 
H-9 (H-11) 22%, H-8 (H-16) 20%, H-8 (H-11) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1. Proton magnetic resonance data (100 MHz) for tenellin (I), some derivatives (2-7), and bassianin (a)* 

H-2',H-6', 
Compound R1 R2 R3 H-3',H-5't H-6 H-8, H-9 H-1 1 H-12 H-13 H-14 H-15 H-16 

1 11.67@s) 9.48(s) 16.98(s) 7.07 (AA'BB') 8.1qs) 7.78 (AB) 5.92(bd) 2.40(m) 1.38(m) 0.85(t) 1.01(d) 1.88(bs) 
AvAB49.6, N8 .6  AvAB 50.4, JAB 15.3 J11.12 9.6 J12.15 6.3 

2 3.98(s) 9.51(s) 17.40(s) 7.06 (AA'BB') 8.26(s) 7.74(AB) 5.96(bd) 2.50(m) 1 .36(m) 0.83(t) 0.99(d) 1 .86(bs) 
AvAB 52.1, N 8 . 6  Av40.3, JAB 15.3 J11.12 9.6 J12.15 6.3 

3 4.02(s) 3.79(s) 17.48(s) 7.24 (AA'BB') 8.34(s) 7.67 (AB) 5.98(bd) 2.52(m) 1 .34(m) 0.84(t) 0.99(d) 1 .86(bs) 
AvAB 47.7, N 8 . 6  AVAB 41 .%JAB 15.4 J11.12 9.4 Jlz.15 6.4 

4 3.98(s) 3.77(s) 3.41(s) 7.18 (AA'BB') 8.07(s) 6.76 (AB) 5.88(bd) 2.44(m) 1.3qm) 0.81(t) 0.96(d) 1.8qbs) 
AVAB 39.8, N 8 . 8  AVAB 81.1, JAB 15.9 Ji1.12 9.5 J12.15 6.3 

5$ 2.22(s) 17.1(s) 7.33(AA'BB') 8.13(s) 7.88 (AB) 5.90(bd) 2.55(m) 1.4qm) 0.88(t) 1.02(d) 1.92(d) $ 
AvAB 41.2, N 8 . 7  AVAB 50.8, JAB 15.0 Jl1.12 9.5 J12.15 6.3 J11.16 0.1 + 

6% 16.0(s) 7.02 (AA'BB') 8.00(s) 3.23(t) H-9 through H-16 in envelope, 0.8 + 2.0 m 
AvAB 52.5, N8 .6  i 

7 10.7(bs) 8.4(bs) 15.9(s) 7.02 (AA'BB') 8.00(s) CH JCO 9 
AvAB 52.8, N8 .6  2.70(s) r 

8 10.8(bs) 8.5(bs) 17.08(s) 7.03 (AA'BB') 7.96(s) 7.88 (AB) 
AvA8 53.7, N 8 . 6  AvAB 48.2, JAB 15.0 

H-10, H-11 H-13 H-14 H-15 H-16 H-17 H-18 

6.60 (AB) 5.58(bd) 2.49(m) 1.34(m) 0.85(t) 0.98(d) 1.84(d) 
AvAB 26.2, JAB 15.0, J13.14 9.6 J14.17 6.6 J13.18 1.1 
Jg.10 10.2 

*Chemical shifts are given in ppm relative to tetramethylsilane (average value for complex multiplets). Coupling constants (J) and shift differences (AvAB) are given in Hz. Multiplicities are de- 
noted by b = broad d = doublet, m = multiplet s = singlet, t = tnplet. Spectra for compounds 1-4 were recorded in dimethylsulfoxide-d6, and for 5-8 in tetrahydrofuran-d8. 

?These four protdns fonned an AA'BB' system'typical of a para-disubstituted benzene ring. N = J,. + JAB., with JAB. probably < 0.5 Hz (5). 
$The hydroxy proton signals (R2 in 5, and R1, R2 in 6) were too broad to detect. 
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TABLE 2. I3C chemical shifts (6,  T M S )  and I3C-'H coupling constants ("J Hz )  for tennelin (I), its mono-, 
di-, and trimethyl ethers (2, 3, 4) ,  and bassianin (8 ) t  

Carbon 1 2 3 4 Carbon 8 

2 157.5(d) 156.8(d) 156.8(d) 155.9(d) 2 157.5(d) 
(3J 5.5) ( 3 J ~  5.5) (3J 4.6)  (3J 5.1) (3J 5 .0)  

3 105.9(d) 106.5(d) 106.5(d) 115.6(bd) 3 105.9(d) 
(3J 5 .5)  (3J- 4.5)  (3J 6.1)  (3J 5.1)  

4 173.0(dd) 175.l(dd) 175.l(dd) 162.6(m) 4 173.3(dd) 
( 3J8 .9  ( 3 J 8 . 5  ( 3 J 9 . 0  (3J 10.1 
4J3 .8 )  4 J ~  3) 4J4 .0 )  4 J 2 . 5 )  

5 110.9(bs) 1 12.2(bs) 11 1 .8(bs) 1 19.7(bs) 5 110.9(bs) 
6 140.0(d) 140.9(d) 141.l(d)  135.8 6 140.3(d) 

( ' J  183.6) ('J 184.4) ( ' J  184.5) ('J 185.8) ('J 183.5) 
7 193.8(t) 193 .7(t) 193 .7(t) 192.2(t) 7 193.2(t) 

('J 5.0 ('J- 3 J ~  5) ('J 5.3 ('J- 3 J ~  5) ( ' J5 .2  
3J 5 .0)  3J5 .3 )  3 J 5 . 2 )  

8 123.l(dd) 122.8(dd) 122.8(dm) 126.0(dd) 8 127.0(dm) 
('J 167.5 ('J 167.6 ('J 166.4) ('J 152.9 ( 'J  167.5) 
' J 4 . 6 )  ' J 5 . 0 )  ' J 5 . 5 )  

9 149.7(dm) 150.2(dm) 150.2(dm) 149.8(dm)* 9 145.8(dm) 
( 'J  159.1) ( ' JN 158) ( ' JN 158) ( ' JN 157) 

10 125.3(dm) 
( ' JN 155) 

11 146.l(dm) 
('J- 158) 

10 132.6(m) 132.6(m) 132.7(m) 131.9(m) 12 133.0(m) 
11 150.8(dm) 151.2(dm) 151.2(dm) 150,l(dm)* 13 148.6(dm) 

( 'J  154.8) ( ' JN 152) ( ' JN  154) ( ' JN 155) 
12 34.6(dm) 34.6(dm) 34.6(dm) 34.4(dm) 14 34.2(dm) 

( ' J  125.4) 
13 29.4(tm) 29.3(tm) 29.4(tm) 29.3(tm) 15 29.6(tm) 

( 'J  126.0) 
14 1 1 .7(qm) 1 1 .7(qm) 11 .7(qm) 11 .7(qm) 16 11 .7(qm) 

('J 125.2) 
15 19.8(qm) 19.8(qm) 19.8(qm) 19.8(qm) 17 20.1 (qm)  

('J 125.8) 
16 12.3(qm) 12.3(qm) 12.3(qm) 12.2(qm) 18 12.3(qm) 

('J 126.2) 
1' 122.8(dt) 122.5(dt) 124.2(dt) 125.3(dt) 1' 122,8(dt) 

(3J 7 .4 ,  (3J 7 . 6 ,  (3J 7 .4 ,  (3J 8.1, 
3.5) 4.0)  3.2)  3.5) 

2',6' 130.2(dd) 130.3 130.3(dd) 130.l(dd) 2',6' 130.2(dd) 
('J 160.0 ( ' J  160.1 ( l J  161.1 ('J 160.8 ('J 159.9 
3J7 .3 )  3 J 7 . 2 )  3 J 7 . 2 )  3 J 7 . 2 )  3J 7 .4 )  

3',5' 115.0(dd) 11 5.0(dd) 113.6(dd) 11 3.9(dd) 3',5' 115.0(dd) 
( 'J  160.0 ('J 159.4 ('J 160.9 ('J 160.9 ('J 159.9 
3 J ~  3) 3J-4) 3 J 4 . 5 )  3J4 .4 )  3 J 3 . 2 )  

4' 156.9(t) 157.0(t) 158.8(m) 158.8(m) 4' 156.9(t) 
(3J 8.8) ( 3 J ~  8.5) (3J 9.1)  

1-OCH3 64.7(q) 64.7(q) 64.7(q) 
('J 146.7) ( 'J  146.8) ('J 146.8) 

4'-OCH3 55.l(q)  55.l(q)  
('J 144.2) ('J 144.2) 

4-OCH3 60.5(q) 
('J 146.5) 

*Values may be interchanged. Multiplets were not resolved in the high resolution spectrum. 
?Pulse Fourier transform spectra recorded at 303C on 0.3-0.4 M solutions in dimethylsulfoxide-d, at 25.16 MHz, acquisition 

time 0.8 s, data accuracy 0.6 Hz, spectra width 5120 Hz, flip angle 40°, internal ZH pulse lock to solvent, proton noise decoupling 
yH2/2rr, ca. 3800 Hz. Multiplicities (high resolution spectra) are denoted by b = broad, d = doublet, m = multiplet, q = quartet, 
s = singlet, t = triplet. Multiplet signals from carbons 12 through 16 in the high resolution spectra of 2, 3, 4, and carbons 14 
through 18 in 8 were not resolved sufficiently to estimate coupling constants to i 0 . 6  Hz. Separat~ons were in the range of 126 + 2 
Hz. Values for carbons whlch are shown as approximations are probably within + 1 Hz. '3C-H couplings in Z(1H)-pyridone 
involving H-6 were 'J5,6 3.3; 3Jzs6 7.5; 3J4,6 8.6 HZ (11). 
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0%, and H-9 (H-16) Ox, establishing the presence 
of an (E,E)-3,5-dimethyl-l,3-heptadienyl unit. 

Pulse Fourier transform 13C nmr studies 
provided further structural information. The 13C 
spectral data were obtained from proton noise 
decoupled (pnd) and high resolution (hr) 
spectra; assignment of resonances arising from 
carbons bonded to hydrogen were aided by off- 
resonance decoupling (ord) experiments which 
permitted the lH  and 13C spectra to be correlated 
(6). In some cases isotopic labelling with 13C 
facilitated assignments. Thus splitting of reso- 
nances due to 13C-13C spin-spin coupling 
('J,,) in the pnd 13C spectrum of 1 enriched with 
[1,2-13C]acetate (90% 13C) showed that five 
pairs of carbons had been incorporated as intact 
two carbon units. Four of these pairs were 
C-7,C-8 ('J,, 55.9 Hz); C-9,C-10 ('J,, 53.6 Hz); 
C-ll,C-12 ('J,, 43.2 Hz); and C-13,C-14 ('J,, 
34.4 Hz). As resonances for the carbons bonded 
to hydrogen (C-8 and C-9, and C-11 through 
C-16) were readily assigned the results of the 
[1,2-13C]acetate experiment enabled C-7 (6, 
193.8) to be identified as a ketone carbonyl 
carbon, permitted the resonance for the quater- 
nary olefinic carbon C-10 (6, 132.6) bonded to 
the vinylic methyl ((2-16) group to be assigned, 
and, together with the 'Hmr data, proved the 
carbon skeleton of the fragment C-7 through 
C-14 in structure 1. The combined evidence 
establishes the presence of an E,E-4,6-dimethyl- 
octa-2,4-dienoyl unit in tenellin. 

OR, 

9 11  12 13 
1 R, = R2 = R, = H; R, = q&,!+n Me 

Me Me l4 
16 15 

2 R, = CH3;R2 = R, = H;R4 a s i n l  
3 R, = R2 = CH,; R, = H; R4 as in 1 
4 R, = R2 = R, = CH,; R, as  in 1 
5 R,  = COCH,; R2 = R3 = H; & as  in 1 
6 R, = R 2 = R ,  = H ; R ,  = 

- ' l - - P ~ e  
Me Me 

7 R, = R, = R, = H; R, = CH, 
8 R, = R, = R, = H; R, = 

Me 

18 17 

Chemical evidence also supported the above 
conclusion. Treatment of 1 under retro-aldol 
conditions gave a mixture of volatile aldehydes 
which were characterized as ethanal, propanal, 
2-methylbutanal, and 2,4-dimethylhex-2-enal. 
The other fragment was isolated as the non- 
volatile crystalline compound 7, which had a 
molecular formula C13H,,N0,, and gave a 
'Hmr spectrum which closely resembled that of 
1 with signals for H-8 through H-16 replaced by 
an acetyl methyl (6 2.70) resonance. Proton 
magnetic resonance evidence (Table 1) also 
showed that the double bonds of the acyl 
group in 1 could be selectively reduced by 
catalytic hydrogenation to give a tetrahydro 
derivative 6, which lacked the strong ultraviolet 
absorption maximum exhibited by tenellin at 
340 nm (2). 

Apart from replacement of the A(H-8)B(H-9) 
system of 1 by an A(H-8)B(H-9)M(H-IO)N(H- 
11) sub-spectrum, the 'Hmr spectrum of bas- 
sianin (8) matched that of tenellin very closely 
(Table 1). The magnitudes of the three vicinal 
coupling constants, obtained by analysis of the 
ABMN system, indicated that adjacent olefinic 
hydrogens in 8 were trans-oriented (7). The 13C 
nmr spectrum of 8 differed from that for 1 only 
by the presence of two additional resonances 
arising from the vinylic methine carbons C-10 
and C-11 (Table 2). Consequently, related acyl 
groups must account for the structural difference 
between the metabolites, and by analogy bas- 
sianin must contain an (E,E,E)-6,8-dimethyl- 
deca-2,4,6-trienoyl unit. This is consistent with 
the bathochromic shift of maxima seen when 
the ultraviolet and visible absorption spectra of 
bassianin are compared with those of tenellin (2). 

Another structural fragment was identified 
when oxidation of tenellin with alkaline hy- 
drogen peroxide gave p-hydroxybenzoic acid. 
Three other more volatile acidic reaction prod- 
ucts which gave molecular ions of mle 168, 156, 
or 142 on mass spectral analysis were identified 
as C,,, C,, and C, acids derived by cleavage of 
the acyl substituent. The p-hydroxyphenyl 
group accounted for the typical A(H-2')Af(H- 
6')B(H-3')Bf(H-5') multiplets in the 'Hmr 
spectra of 1 and 3, and for four distinctive 
resonances in their corresponding I3C nmr 
spectra. Two of these 13C signals arose from the 
chemically equivalent pairs of carbons C-2',C-6' 
and C-3',C-5', which were characteristically one- 
and three-bond 13C-H coupled and gave the 
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most intense 13C signals. The signals for the 
hydrogens and carbons at the 3'- and 5'-posi- 
tions occurred at higher field because they were 
shielded by the neighbouring phenolic hydroxy 
group. Typical deshielding by this group com- 
bined with three-bond 13C-H coupling (1, 
3JcH 8.8 Hz; 8, 3JCH 9.1 Hz) to a pair of chemi- 
cally equivalent aromatic hydrogens (H-2', H-6') 
permitted the triplet resonance occurring at 6, 
156.9 for both metabolites to be assigned to 
C-4'. Consistent with this assignment, the 
resonance at 6, 158.8 for the corresponding 
carbon in derivative 3 (see below) was a multiplet 
(triplet of quartets) due to additional coupling 
with the hydrogens of the methoxyl substituent 
which had replaced the phenolic hydroxy group 
of 1. Distinctive three-bond coupling (1, 3JcH 
7.4 Hz; 8, 3JcH 8.1 HZ) to mother pair of chemi- 
cally equivalent hydrogens (H-3', H-5') identi- 
fied the resonance (6, 122.8) for C-I' in both 1 
and 8, although the carbon was also coupled 
(3JcH 3.5 Hz) to another hydrogen (H-6). Re- 
maining unidentified resonances for quaternary 
carbons (C-2, C-3, C-4, and C-5 in Table 2) 
could not be confused with those for C-I' and 
C-4' since they had different multiplicities. 

Three hydroxyl groups in 1 gave rise to reso- 
nances in the 'Hmr spectrum (6 9.48, 6 11.67, 
and 6 16.98) which had clear counterparts 
(6 8.50, F 10.80, and 6 17.08) in the correspon- 
ding spectrum of 8 (chemical shifts were tempera- 
ture dependent, and signals disappeared when 
hydrogens exchanged with the deuterium of 
D20). The groups were progressively methylated 
with methyl iodide and silver oxide to yield 
derivatives with one (2), two (3) or three (4) 
methoxyl groups (Tables 1 and 2). Differences 
observed in the chemical shifts of corresponding 
hydroxyl groups in the two metabolites were 
largely due to the use of different solvents (1, 
DMSO-d6 ; 8, THF-d6). The p-hydroxyphenyl 
hydroxyl group in 1 (6 9.48), and 2 (6 9.51), was 
easily identified because its replacement by a 
methoxyl substituent in 3 (6 3.79, 6, 55.1) was 
accompanied by the extra three-bond 13C-H 
coupling to C-4' referred to above. 

The remaining structural fragment of tenellin 
and bassianin, accomn~odated by the partial 
formula C5H3N03, contained the unassigned 
sp2 carbons C-2 through C-6 and the two un- 
identified hydroxyl groups (1, 6 11.67, 6 16.98; 
8 , 6  10.8, 6 17.08). High resolution mass spectral 
studies together with precursor ion experiments 

showed that a major fragmentation pathway for 
both metabolites involved initial loss of an 
oxygen atom; in contrast the methyl ether deriva- 
tives 2, 3, and 4 lost CH20.  These uncommon 
reactions suggested that the metabolites pos- 
sessed a cyclic hydroxamic acid unit (8), and the 
combination of mass spectral and nmr results 
established that the hydroxamate hydroxyl 
group (6 11.67) of 1 was methylated preferen- 
tially. Similarly, the monoacetate derivative 
(acetyl methyl 6 2.22, Table I) was assigned 
structure 5 because the acetoxyl substituent was 
clearly not on C-4 (OH, 6 17.1), and a hydrox- 
amic acid hydroxyl group, like those of the 
aspergillic acids (9), should be preferentially 
acetylated because of its acidic properties. 

Carbons in and adjoining the hydroxamic acid 
group were identified with the aid of 15N- 
labelling. Tenellin was 95% enriched with 15N by 
supplying potassium nitrate-15N as the sole 
nitrogen source for cultures of B. bassiana. 
Intense satellite resonances arising from 15N- 
H("JNH) and 15N-13C("~,,) spin-spin coupling 
(10) in the 'Hmr and pnd 13C spectra of the 
labelled metabolite revealed that the nitrogen 
atom was directly bonded to C-6 (6, 140.0; 
'JNC 15.0 HZ) and C-2 (6, 157.5; lJNC 11.0 Hz), 
and geminal to C-3 (6, 105.9; 2 ~ N c  9.2 Hz) and 
the only coupled hydrogen H-6 (6 8.10; 'J,, 1.0 
Hz). For all compounds in Table 2 spin-spin 
coupling between C-6 and H-6 ('J,, 183-186 Hz) 
was similar to that in 2-pyridone ('J,, 179.7 Hz).3 
Also C-2 and C-3 were identified as the fifth pair 
introduced as an intact unit ('J,, 75.3 Hz) in the 
study with doubly labelled acetate (12) men- 
tioned above. The high 'J,, value suggested that 
one of these carbons belonged to a carbonyl 
group (13). High 13C-enrichments permitted 
coupling to be observed between adjacent 
13C-13C units (C-3,C-7, 'J,, 65 + 2; C-8,C-9, 
'J,, 70 + 2; C-10,C-11, lJCc 70 , 2; C-12,C-13, 
'J,, 37 f 2 Hz) in the [1,2-13C]acetate study, 
and between C-2 and C-7 ( 2 ~ c c  4.6 + 0.3 Hz) 
and C-3 and C-8 ('JCc 7.7 + 0.3 Hz) when 1 was 
labelled with [I-13C]- and [2-13C]acetates (12). 
Besides establishing the positions of C-2, C-3, 
and C-6 (hence H-6) relative to nitrogen, these 
results placed the acyl substituent on the 
shielded quaternary carbon C-3, and enabled the 
low-field C-2 resonance to be assigned to the 
hydroxamate carbonyl carbon. 

3A. G. McInnes and J. A. Walter. Unpublished results. 
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Further nOe measurements on 2 showed that 
the p-hydroxyphenyl and methoxyl substituents 
were both in a vicinal relationship to H-6: 
H-6 (H-2',-6') 26%; H-2',-6' (H-6) 10%; H-3',-5' 
(H-6) 0%; H-6 (>NOCH3) 8%. This implied 
that the carbon (C-5, 6, 110.9) bearing the p- 
hydroxyphenyl substituent in 1 was shielded by 
a P-nitrogen, and that the remaining carbon 
(C-4, 6, 173.0), which must carry the only 
unidentified hydroxyl group (6 16.98), was 
attached to both C-3 and C-5. The conclusion, 
that tenellin possesses a 1-hydroxy-2(1 H)- 
pyridone ring substituted as shown in structure 
1, was supported by the following observations. 

Replacing the hydroxyl group common to 1 
(6 16.98), 2 (6 17.40), and 3 (6 17.48) with a 
methoxyl substituent (6 3.41, 6, 60.5) in 4 in- 
creased the n~ultiplicity of the C-4 resonance due 
to additional 13C-H coupling with the methoxyl 
hydrogens (Table 2), locating this hydroxyl 
group on C-4 of 1. The deshielding of C-3 
( ~ 9  ppm), and slight shielding of C-7 ( ~ 1  
ppm), accompanying this exchange of substi- 
tuents was similar to the chemical shift trends 
exhibited by analogous carbons in juglone and 
its derivative (14). Moreover, a P-diketone 
system in en01 form containing C-4, C-3, and 
C-7 in 1, 2, 3, and 8 was consistent with the 
chemical shifts observed for these carbons, and 
the characteristic resonance for a strongly 
hydrogen-bonded hydroxyl group appearing at 
lowest field in the 'Hmr spectrum. The chelate 
ring in structures 1 ,2 ,3 ,  and 8, due to hydrogen 
bonding of the C-4 hydroxyl and C-7 carbonyl 
groups, restricts the conformational mobility of 
the acyl substituent and places H-8 in the 
deshielding region of the C-2 carbonyl group. 
This explains why H-8 (6 8.03) was unexpectedly 
at lower field than H-9 (6 7.54). The AB system 
for the corresponding hydrogens in 4, on the 
other hand, was at appreciably higher field. 
Decoupling experiments indicated that H-1 1 in 4 
was coupled to the hydrogen at H-9 (6 7.17) 
giving rise to the low-field component of the AB 
system, as in the case of 1 (J,,,, < 0.5 Hz). In 
addition a 25% nOe of the high-field component 
(H-8; 6 6.36) was observed on irradiating the 
vinylic methyl hydrogens (H-16). The results 
indicated that methylation of the C-4 hydroxyl 
group caused a marked change in orientation of 
the acyl substituent, thereby removing H-8 from 
the deshielding effect of the C-2 carbonyl group. 
The chemical shifts of C-4 (6, 173-176) in 1, 2, 

and 3 were similar to those for the carbonyl 
carbons ( ~ 6 ,  176) of 4-pyridones (15, 16), 
whereas the corresponding carbon in 4 (6, 
162.6) and C-4 (6, 164.9) of 4-methoxypyridine 
(15) was considerably more shielded. This sug- 
gested considerable double bond character in the 
bond between C-4 and oxygen in 1,2,  and 3, but 
not 4, as a result of electron delocalization in the 
chelate ring of the P-diketone system (17). 
Published 13C nmr data on 2-pyridones (15, 16) 
permitted the chemical shifts of the other 
carbons in the 1 -hydroxy-2(1 H)-pyridone ring to 
be rationalized when the probable effects of the 
acyl and aromatic substituents were taken into 
account. Furthermore, 1 3 C - ~  spin-spin coup- 
lings between H-6 and the carbons in the 
heterocyclic ring of the metabolite and its 
derivatives were similar to those observed for 
2(1H)-pyridone (see footnote f to Table 2). 

The mass spectral fragmentation patterns 
observed for tenellin and bassianin were con- 
sistent with the proposed structures. Most of the 
reaction sequences depicted in Fig. 1 to account 
for the more abundant fragment ions from 
tenellin were indicated by metastable ions or 
were established by precursor ion experiments. 
Alkyl fragments were lost in a stepwise and 
predictable manner but there was some branch- 
ing of reaction pathways because tenellin, as 
well as the intermediate ions formed from it, 
were susceptible to the loss of a single oxygen 
atom from the hydroxamate grouping. The 
product ions then underwent further fragmen- 
tation in the alkyl moiety leading eventually to 
bond scission between C-7 and C-8, which gave 
rise to the relatively stable ion at mle 230. 

Biosynthetic labelling experiments have shown 
that C-4 and C-6 of 1 are enriched by [I-13C]- 
and [2-13~]phenylalanine, respectively (12). A 
structural unit consisting of C-4, C-5, C-6, and 
the aromatic substituent of 1 accounts for all of 
the amino acid carbons if it is assumed that the 
carboxyl carbon of phenylalanine migrates to 
the carbon adjacent to the aromatic ring at some 
stage in the biosynthetic process. The con- 
tiguous relationship of C-4 and C-5 and the 
nature of the intramolecular rearrangement have 
been confirmed in a more recent study (18) 
which demonstrated that only these two carbons 
were 13C-13C coupled ('J,, 62 Hz) in the pnd 
13C spectrum of 1 enriched with [1,3-l3C]phenyl- 
alanine. 

It  follows that tenellin is 3-(4,6-dimethyl-E,E- 
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Tenellin 
- 0 l t  , -C3H4 C21 Hz~NOS l+ .-, 
* C 2 1 H 2 3 N 0 4  

mle 369 mle 353 * 

- 0 l+ C19H18N04 
mle 340 mle 324 

l+ C I ~ H ~ ~ N O ~  
rnle 313 

mle 296 

mle 299 

mle 283 mle 272 

l+ 
rnle 269 

c l 4 H 1 O N ~ 7 +  
mle 246 , mle256 

1' C,2H8N04 
mle 230 

FIG. 1. Fragment ions in the mass spectrum of tenellin. Pathways marked with an asterisk were 
demonstrated by precursor ion experiments or deduced from the presence of metastable ions. 

octa-2,Cdienoyl)- I, 4-dihydroxy- 5- (p-hydroxy- 
pheny1)-2(1 H)-pyridone, and bassianin is 3- 
(6,8-dimethyl-E,E,E-deca-2,4,6-trienoyl) - 1,4-di - 
hydroxy-5-(p-hydroxypheny1)-2(1 H)-pyridone. 

Experimental 
Melting points were measured with a Fisher-Johns hot 

plate and are uncorrected. Ultraviolet and infrared 
absorption spectra were recorded with Beckman model 
DK-2 and Perkin-Elmer model 237 spectrophotometers 
respectively. Mass spectra were obtained with a Dupont 
model 21-1 lOB double-focusing spectrometer used in the 
electrical detection mode with 8 kV accelerating voltage 
and 70 eV electron energy. Accurate mass measurements 
were made by peak matching again3t a perfluorokerosene 
reference. In precursor ion measurements the ion 
accelerating voltage was varied while the voltage applied 

to the plates of the energy-focusing sector was kept 
constant (10). 

A Varian Associates model HA 100 spectrometer was 
used to measure 'H nmr spectra, and a Varian Associates 
model XL 100 was used to record the pulse Fourier 
transform 13C nmr spectra. Operating conditions are 
given in the footnotes to Tables 1 and 2. 

Biosynthetic Enrichment with Isotopes 
Methods of culturing B. bassiana HLX 83 are described 

in detail elsewhere (2). The fungus was grown in a medium 
containing D mannitol (5%) potasslum nitrate (0.5%), 
potassium dihydrogen phosphate (0.1%), magnesium 
sulfate heptahydrate (0.05%), sodium chloride (0.01%), 
calcium chloride (0.01%), and a trace mineral solution 
(1% v/v) containing zinc sulfate heptahydrate (880 mg), 
cupric sulfate pentahydrate (40 mg), manganous sulfate 
tetrahydrate (7.5 mg), boric acid (6 mg), and ammonium 
molybdate monohydrate (4 mg) per litre of water. To  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WAT ET AL. 4097 

obtain 15N-enriched tenellin potassium (15N) nitrate 
(95% enriched) replaced the usual nitrogen source at the 
same (0.5%) concentration. Sodium (13C)acetate (90% 
enriched) was added to the cultures as a sterile aqueous 
solution, on the 3rd day after inoculation to give a con- 
centration of 10 nlM in the broth. In each experiment the 
volume of cultures grown was 500 ml. 

Tenellin 
Samples were isolated and purified as described pre- 

viously (2). Measurements of the optical activity gave 
[aIDz4 - 44.0" (I%, acetone). The mass spectrum showed 
Mf at mle 369 (15% of base peak) and fragment ions at 
mle 353 (2.5%), 340 (OX%), 334 (1.273, 324 (0.8%), 313 
(19.6%), 312 (loo%), 299 (0.7%), 296 (6.9%), 283 (0.7%), 
272 (4.773, 269 (0.4%), 246 (23.9%), and 230 (11.9%). 
Selected ions were accurately mass measured as mle 
369.1576 (CzlHZ3NO5 calcd.: 369.1576), 353.1626 
(Cz1Hz3NO4 calcd.: 353.1630), 312.0874 (C17H14N05 
calcd.: 312.0872), 272.0561 (C14H10N05 calcd.: 
272.0559). Metastable ions were present at mle 312 
(369 + 340), 264 (340 -+ 299) and 279 (353 -+ 313). 
Precursor ion measurements showed the following ion 
fragmentation pathways: mle 369 + 353, 353 + 324, 
353 + 296, 340 -+ 324, 340 -+ 312, 312 -t 296, 312 -+ 

272, 272 -+ 246, 299 + 246, 283 -+ 230, 269 + 230, 
246 -+ 230. 

Methylation 
To a mixture of potassium carbonate (1.2 g) in acetone 

(20 ml), tenellin (185 mg) and methyl iodide (10 ml) were 
added. The reaction vessel was flushed with nitrogen and 
the contents were stirred in the dark for 2 h. Chloroform 
was added and the filtered solution evaporated. Examina- 
tion of the greenish residue by thin-layer chromatography 
(tlc) on silica gel FZs4 (E. Merck, Darmstadt) in meth- 
anol-chloroform (1 : 20) showed unreacted tenellin 
(Rf 0.16) and three less polar components (R,  0.30,0.44, 
and 0.76) as quenching zones under ultraviolet light. The 
material was fractionated by tlc on preparative plates 
(500 x 20 x 2 mm) using methanol-chloroform (1 :50) 
as solvent; zones were scraped off the plate and eluted 
with ethyl acetate or chloroform. 

The product with Rf 0.30 yielded tenellin monomethyl 
ether as a greenish yellow solid (125 mg), mp (194°C; mle 
at 383 (13.2%), 353 (12.3%), 326 (loo%), 296 (73.6%), 
260 (17.5%), and 230 (50%); accurate measurement of 
M t  gave mle 383.1731 (CZZHz5NO5 calcd.: 383.1726). 
The upper zone with R, 0.76 by tlc afforded tenellin 
dimethyl ether as a greenish yellow solid (40 ~ng), mp 
96-98°C; mle at 397 (23%), 381 (373, 367 (973, 340 
(loo%), 310 (43%), 274 (19%), 261 (28%), 244 (44%), 
231 (18%), and 230 (25%). Accurate mass nleasurements 
gave mle 397.1876 (CZ3HZ7NO5 calcd. : 397.1889), 
274.0713 (Cl4HlZNO5 calcd. : 274.0715), 244.061 1 
(C13H10N04 calcd.: 244.0610). From the middle zone 
(R, 0.44 by tlc) a small amount of tenellin trimethyl ether 
was obtained as a gum (10 mg). 

With methyl iodide and silver oxide as the methylating 
system higher yields of the trimethyl ether could be 
achieved by extending the reaction time. Thus when 
tenellin (100 mg) was shaken for 18-20 h with silver oxide 
(200 mg) and methyl iodide (30 ml) and the filtered and 
evaporated reaction mixture fractionated by preparative 

tlc the trimethyl ether was the main product (80 mg), mle 
at 411 (5.973, 397 (9.1%), 395 (7.36%), 340 (41.2%), 
261 (loo%), 231 (40.3%), 230 (48.3%), and 219 (82.4%); 
accurate measurement of M i  gave 41 1.2052 (CZ4Hz9NO5 
calcd. : 41 1.2038). 

Acetylation 
Tenellin (100 mg) and acetic anhydride (1.5 ml) in 

pyridine (0.1 ml) were allowed to react at ambient tem- 
perature for 18 h. Chromatography of the product on a 
column of silicic acid - Celite with chloroform as eluant 
,gave two fractions, one of which was recrystallized from 
chloroform-ether as orange-yellow needles (82 mg) mp 
175-177"C, v,,, (carbon tetrachloride) at 1770, 1645 
cm-'; h,,, (ethanol) at 254 and 343 nm (log E 4.31 and 
4.35); mle at 411 (8.8%), 354 (loo%), 338 (21.6%), 312 
(18.6%), 288 (12.7%), 272 (8.8%), 246 (13.2%), and 230 
(10.8%); Rf (tlc, silica gel, and chloroform) 0.1 1. 

The second fraction, Rf (tlc, silica gel, and chloroform) 
0.24, was not purified but showed v,,, (potassium bro- 
mide) 1775, 1750, 1660, and 1645 cm-I ; M i  at mle 453. 

Hydrogenation 
Tenellin (80 mg) in methanol (35 ml) was reduced with 

hydrogen over 5% palladized charcoal. Hydrogen uptake 
(2.3 mol/mol) ceased after 1 min. The product was 
crystallized from aqueous methanol as cream needles, 
mp 145-147"C, h,,, (ethanol) at 254,285 (inflection) and 
358 nm (log E ,  4.37, 4.09, and 3.71); v,,, (potassium 
bromide) at 1650, 1620 cm-l; M t  at mle 373.1873 
(CZ1HZ7NO5 calcd.: 373.1889), mle at 373 (36.1%), 
356 (11.5%), 274 (loo%), 261 (61.5%), 246 (26.4%), and 
230 (16.3%). 

The same product was obtained when tenellin was 
hydrogenated under acidic conditions (a 1 : 1 mixture of 
methanol -acetic acid containing 1.2% (v/v) of concen- 
trated hydrochloric acid) for 18 h;  tlc of the crude reac- 
tion product showed no evidence of a deoxy derivative. 

Retro-aldol Cleavage 
Tenellin (55 mg) was heated under reflux in a slow 

stream of nitrogen with 2 N potassium hydroxide solu- 
tion (10 ml) for 2 h. Volatile aldehydes from the reaction 
were trapped in a 0.3% solution of 2,4-dinitrophenyl- 
hydrazine in 2 N hydrochloric acid, and the precipitated 
hydrazones chromatographed on a column of silicic acid 
developed with benzene - petroleum ether (bp 60-80°C). 
Four orange-colored zones separated and the products, 
in order of elution, were characterized as: ethanal-2,4- 
dinitrophenylhydrazone (1 mg), mp 168"C, M i  at mle 
224; propanal-2,4-dinitrophenylhydrazone (13 mg), mp 
153"C, M i  at mle 238; 2-methylbutanal-2,4-dinitro- 
phenylhydrazone (13 mg), mp 128.5-12g°C, M i  at mle 
266.1019 (C1 1H14N404 calcd. : 266.1015), 6 (chloroform- 
d) at 1.00 (t, 3H), 1.20 (d, 3H), 1.56 (m), 2.48 (m), 7.45 
(d), 8.13 (AB part of ABX, JAx 2.5 Hz), 9.14 (X part of 
ABX), and 10.99 (bs) ppm; 2,4-dimethylhex-2-enal-2,4- 
dinitrophenylhydrazone (16 mg), mp 160-16l0C, M t  at 
mle 306, 6 (chloroform-d) at 0.88 (t, 3H), 1.03 (d, 3H), 
1.42 (m), 1.97 (d, 3H), 2.60 (m), 5.75 (bd), 7.73 (s), 8.11 
(AB part of ABX, J,, 2.7 Hz), 9.1 1 (X part of ABX), and 
11.08 (bs) ppm. The derivatives of ethanal, propanal, and 
2,4-dimethylhex-2-enal were identified by melting point 
measurements after admixture with authentic specimens. 
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The reference sample of (+)2,4-dimethylhex-2-enal-2,4- 
dinitrophenylhydrazone derived from sclerotiorin (11) 
was a gift from Dr. W. B. Whalley, School of Pharmacy, 
University of London. 

A nonvolatile product was removed from the acidified 
reaction mixture by extraction with ether. After sublima- 
tion in vacuo at 145-160°C and crystallization from 
methanol-ether it was obtained as cream-colored needles 
(8.5 mg), mp 230-231°C; h,,, (ethanol) at 254, and 360 
nm (log E 4.19 and 3.64); v,,, (potassium bromide) 1655, 
1620 cm-I; M i  at m/e 261 (50% of base peak) and frag- 
ment ions at m/e 245 (100%) and 230 (72%). Accurate 
mass measurements gave m/e 261.0635 (C13HllN05 
calcd. : 261.0637) and 245.0682 (C13H, ,NO4 calcd. : 
245.0688). 

Oxidation with Alkaline Peroxide 
Tenellin (100 mg) was heated with hydrogen peroxide 

(3 ml of a 3% solution) in 0.1 Nsodium hydroxide (40 ml) 
on a steam bath for 6 h. Ether extraction of the acidified 
reaction mixture and sublimation in high vacuum gave 
two main fractions: at 30-9O0C, a viscous liquid (6 mg) 
which was separated by gas-liquid chromatography using 
FFAP as liquid phase into three components; A (trace) 
M i  at m/e 168; B, M t at m/e 156.1148 (C9HI6o2 calcd. : 
156.1150); and C, M i  at m/e 142.0992 (C8HI4O2 calcd. : 
142.0994); the second fraction (12 mg) subliming at 
100-125°C gave, after resublimation, p-hydroxybenzoic 
acid, mp 213-214"C, identified by comparison with an 
authentic specimen. 
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Decharge triboelectrique dans le systeme propane - vapeur d'eau 

J A N  A. HERMAN 
Dipartement de Chimie, Universiti Laval, Quebec (Que.) ,  Canada GIK  7P4 

R e ~ u  le 29 decembre 1976' 

JAN A. HERMAN. Can. J. Chem. 55,4099 (1977). 
Le propane gazeux additionnt de quantites variables de vapeur d'eau est soun~is a la dtcharge 

triboelectrique dans un systeme verre borosilicatk-mercure. Le taux de dkcomposition du 
propane semble Ctre indCpendant de la presence de la vapeur d'eau jusqu'a p(H,O) 2 2 Torr. 
Au-dela de cette valeur de la pression du H 2 0  la dtcharge disparait. La composition relative en 
produits de dCcomposition du propane varie en fonction de la concentration de la vapeur d'eau. 

JAN A. HERMAN. Can. J. Chem. 55,4099 (1977). 
Gaseous propane containing various amounts of water vapour was subjected to a tribo- 

electric discharge in an apparatus of mercury in borosilicate glass. The extent of decomposition 
of propane appeared not to depend on the presence of water vapour below a partial pressure 
of about 2 Torr. Above this pressure of H 2 0  the discharge disappeared. The relative com- 
position of the products of the propane decomposition varied with the concentration of water 
vapour. 

[Journal translation] 

Introduction 
L'Ctude des effets chimiques rCsultant de la 

dCcharge triboklectrique nous a conduit a 
examiner de plus pres l'influence de la vapeur 
d'eau sur une telle dicharge. En effet, il n'est pas 
facile de contr6ler la teneur, surtout en trace, de 
la vapeur d'eau, aussi bien dans l'kchantillon 
que celle adsorbee sur les parois du recipient. 
Or, il est reconnu que d'une part certaines 
riactions ioniques sont tr&s sensibles B la 
prCsence de la vapeur d'eau, et d'autre part 
parmi les facteurs intervenant sur la tribo- 
Clectrisation la nature de la surface joue un r6le 
trks important (1, 2). Ces deux aspects liCs a la 
prCsence Cventuelle de la vapeur d'eau justifient 
la prisente elude. 

L'influence sur l'electrisation par contact de 
la vapeur d'eau adsorbCe sur les parois est ma1 
difinie en raison de facteurs structuraux des 
matkriaux utilisCs et de la prCsence d'autres 
contaminants (au sens de la triboelectrisation) 

deux manieres : (I) son influence sur I'accumula- 
tion de charges electrostatiques sur les surfaces 
dans l'electrisation de contact, et (2) sa presence 
en phase gazeuse modifiant le caractere de la 
dicharge (tribo)electrique. Dans le premier cas 
son influence pourrait se faire sentir au niveau 
de I'intensitC de la dCcharge a travers le gaz en 
raison de I'importance de la charge superficielle. 
Dans le deuxi&me cas la presence des molCcules 
de vapeur d'eau dans le gaz peut jouer un r6le 
moderateur de I'tnergie cinttique (moyenne) des 
electrons accClCrts par le champ electrique. De 
plus la prtsence de la vapeur d'eau influencera 
les rCactions ioniques, mais cet aspect ne sera 
pas abordC dans ce travail. 

L'examen partiel de ces deux aspects de 
l'influence de la vapeur d'eau sur la dCcharge 
triboelectrique est essay6 sur le systkme C,H, + 
H,O, ou la pression du propane est maintenue 
constante, tandis que celle de la vapeur d'eau 
est variable. 

qui peuvent, selon les prktraitements des sur- 
faces, modifier ou masquer la participation ProcCdure expkrimentale 

eventueile des couches adsorb~es de l'eau (3, 4). Les cellules de rkactlons de forme cyllndrique (volume: 
232 f 15 cm3) sont en verre borosllicate (Pyrex). Elles Kunkel ( 5 ) ,  par exenl~le, a qu'un sent equipCes de pointes cassables, 

changement d'humiditt n'affecte pratiquement ~'electrisatjon de contact i tant trhs sensible la 
pas la formation des charges Clectriques par qualit6 de la surface nous avons adopt6 une procedure 
friction a 20°C de la poudre de quartz. rigoureuse de nettoyage des rkacteurs (6). La cellule 

Dans le cas qui nous pr~occupe la propre est soudee a une rampe a vide (limite du vide - Torr) et chauffee pendant 12 h a environ 350°C 
de I'eau dans le systeme peut se manifester de dans un four amovible. SimultanCment dans un dis- 

positif approprie connect6 au systime a vide au-dessus du 
'Revision r e ~ u e  le 2 aoGt 1977. rCacteur on chauffe a reflux a environ 250°C pendant 
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FIG. 1. Taux de decon~position du propane dans une decharge triboelectrique en presence de la 
vapeur d'eau. Le point a gauche de l'axe des ordonnees se rapporte au propane sec. 

2 a 3 h sous haut vide (- Torr) 130 g de mer- 
cure. Une connection articulee permet de transvaser 
le mercure dans le reacteur sans deterioration du vide 
etabli dans le systeme. Cette operation de transvasement 
du mercure dans le reacteur est executee apres refroidisse- 
ment a la temperature arnbiante et juste avant l'admis- 
sion d'une quantite contrBlee de vapeur d'eau et de 
propane. Ensuite le reacteur est scelle et mis en rotation 
autour de I'axe longitudinale du recipient pendant 60 min 
a une vitesse lineaire d'envion 21 cm s-' (72 revolutions/ 
min). Toutes les experiences sont faites a la temperature 
ambiante, soit 23 i 2°C. 

La provenance des reactifs et la procedure analytique 
sont deja decrites (6). Precisons cependant que la presence 
du propane masque sur le chromatogramme le propyne et 
I'allene. L'hydrogene, les composes alkylmercuriques et 
les produits oxygenes (aldehydes, alcools) n'ont pas kt6 
analyses systematiquement, cependant on n'a pas 
detect6 de methanol parmi les produits form&. 

RBsultats et discussion 
La pression du propane est maintenue cons- 

tante A 9.6 Torr pendant toutes les exptriences, 
tandis que la pression partielle de la vapeur d'eau 
est variable. Les rksultats de la dtcomposition 
du propane dans la tribodtcharge sont prtsentts 
dans les figs 1 A 3. La fig. 1 montre le taux de 
dkcomposition du propane en fonction de la 
pression partielle du H 2 0 .  Les figs 2 et 3 
prtsentent les variations de la composition 
relative des produits provenant de la decomposi- 
tion du C3H8 en fonction de la teneur en H,O. 
Dans toutes ces figures l'kchelle des pressions 
partielles du H,O (axe des abscisses) est loga- 

rithmique. Les points se rapportant A la dtcom- 
position du propane sec (stcht sur du sodium 
mktallique) sont rapportts en dehors et A gauche 
de l'axe des ordonntes. On a indiqut par un 
segment vertical l'kcart moyen des mesures, qui 
est de l'ordre de 20% pour les valeurs de la 
composition relative. 

Le taux de dtcomposition du C3H8 (fig. 1) 
est calculk suivant l'expression - A(C3H8) = 
0.33C1 + 0.66CC2 + (C3H,) + 1.33CC4. Pour 
nos conditions expkrimentales ce taux de dt- 
composition du propane sec est de 0.55 $ 0.10% 
pour tous les rtacteurs utilisks. Pour des pres- 
sions partielle < 2  Torr de la vapeur d'eau les 
rtsultats du taux de dtcomposition du C3H8 
fluctuent dans une large zone et ne manifestent 
pas' de tendance prtcise. Cela rtsulte des parti- 
cularitks propres de chacun des rkacteurs utilists. 
Certains rkacteurs affichaient systtmatiquement 
des taux de dkcomposition du C3H8 plus tlevks 
que d'autres. De plus, au fur et A mesure que 
les nettoyages des rtacteurs se succ2dent il ap- 
parait un effet favorable A l'tlectrisation de con- 
tact rksultant selon toute vraisemblance d'une 
modification irrtversible de la surface du verre. 
On peut conclure prudemment que jusqu'A 
p(H,O) < 2 Torr l'adsorption de la vapeur 
d'eau ne semble pas diminuer en moyenne la 
capacitk tribotlectrique du syst6me. Mais au- 
delk de cette valeur de pression du H,O la 
dtcharge diminue progressivement pour dis- 
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HERMAN 4101 

FIG. 2. Variation de la composition relative du mtthane, de I'acttylene et du n-butane dans une 
dtcharge tribotlectrique en prtsence de la vapeur d'eau. Les points a gauche de l'axe des ordonnt se 
rapportent au propane sec. 

FIG. 3.  Variation de la composition relative de l'tthylene, de I'tthane et du proptile dans une 
dtcharge tribotlectrique en prtsence de la vapeur d'eau. Les points gauche de I'axe des ordonntes se 
rapportent au propane sec. 
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paraitre complktement vers environ 3 Torr. Les 
causes de la diminution jusqu'a disparition com- 
plkte de la dtcharge peuvent &re multiples, p.ex. 
recombinaison des charges par migration super- 
ficielle sur les parois humides, blocage des sites 
prCfCrentielles a la formation des charges, ex- 
tinction "chimique" de la dCcharge Clectrique, 
etc. 

Les compositions relatives des produits formCs 
dans la tribodkcharge du C,H, en fonction de la 
pression partielle du H,O (figs 2 et 3) montrent 
des Ccarts de l'ordre de 20% par rapport a la 
valeur moyenne, ce qui est normal pour ce 
genre d'expkriences (6). Ici on peut dCceler 
nettement des tendances: (a) les concentrations 
en CH, et C2H4 diminuent progressivement 
avec l'augmentation de la pression de la vapeur 
d'eau, (b) le pourcentage en C,H, ne semble pas 
Ctre influencC par la prCsence du H,O, et (c) tous 
les autres produits analysts C,H6, C3H,, n- 
C,H,, et iso-C,H,, (ce dernier co'incide en 
grandeur a peu de chose pres avec le n-butane) 
augmentent leur proportion avec la teneur de 
vapeur d'eau. 

L'attachement d'Clectrons a la vapeur d'eau 
explique les diminutions progressives des con- 
centrations des produits dont la formation exige 
l'existence de prCcurseurs hautement excitCs. En 
effet, il est reconnu que le principal micanisme 
de perte d'klectrons dans une dCcharge 
travers le gaz est l'attachement d'ilectrons. 
L'attachement dissociatif d'ilectrons a la vapeur 
d'eau est bien Ctabli et on connait deux pics de 
risonance de l'ion H- 6 et 8 eV et deux pics de 
l'ion 0- 9 et 11 eV (7). Malheureusement, on 
ne connait pratiquement rien en ce qui concerne 
l'attachement d'klectron au propane, ce qui rend 
toute comparaison avec H,O impossible. Le 
"refroidissement" des Clectrons accClCrCs dans le 
champ par attachement H,O entrainera une 
augmentation de collisions inklastiques moins 
tnergttiques entre les Clectrons et le propane, de 
sorte que les produits de dCcomposition tels le 
C,H6 et les radicaux mCthyl et propyl seront 
favorisis au dttriment de produits moleculaires 
du genre C2H4 ou CH,, ou ceux formCs par 
rtactions avec le radical CH,, dont la formation 
exige des prCcurseurs excitCs a des niveaux 

d'knergie plus ClevCs. La comparaison des 
spectres par impact Clectronique du H 2 0  et du 
C3H, v'a dans le mCme sens. Celui de la vapeur 
d'eau montre une bande d'absorption situke 
entre 6.8 et 8.7 eV et centrie sur ~ 7 . 4  eV 
(transition lb, -t 3s) (8, 9), laquelle empiete a 
peine sur le dtbut du spectre d'excitation Clec- 
tronique du propane commen~ant a 7.5 eV (10). 
Par contre les potentiels d'ionisation de la 
vapeur d'eau et du propane sont respectivement 
12.6 et 11.1 eV (1 I), donc si l'ionisation comptait 
pour le principal mode de perte d'Cnergie c'est 
le propane qui en subirait la plus grande partie. 

La formation de I'acCtylkne Cchappe apparem- 
ment a ce mtcanisme. La concentration cons- 
tante en C2H2 est, soit le rCsultat d'une rCaction 
ion-molCcule, soit d'une rtaction hCtCrogkne, 
par exemple la dtcomposition du propane 
adsorb6 sur les sites d'oh s'initie ou se termine la 
dCchar~e. 

u 

En conclusion on peut dire que des faibles 
quantitCs de vapeur d'eau ne semblent pas 
influencer de manikre apprtciable les phCno- 
mknes chimiques accompagnant la dCcharge 
triboklectrique. 
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Pyrrole chemistry. XVI. Acylation of the pyrrolyl ambident anion 
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NAM-CHIANG WANG and HUGH J. ANDERSON. Can. J. Chem. 55,4103 (1977). 
An investigation of the acylation of the pyrrolyl ambident anion has been carried out. The 

results have been rationalized in terms of the 'principle of hard and soft acids and bases.' The 
metal cation, solvent or complexing agent, halide of the pyrrole Grignard reagent, and tempera- 
ture were varied. As well, the reactions of acylating agents of the carbonyl, cyanide, and car- 
bimine type with the pyrrole Grignard reagent were studied to determine N/C acylation ratios 
under the same conditions. Several new products were isolated and identified. 

NAM-CHIANG WANG et HUGH J. ANDERSON. Can. J. Chem. 55,4103 (1977). 
On a effectuk une etude de l'acylation de I'anion ambivalent pyrrolyle. On a rationalise les 

resultats en termes du principe des acides et des bases durs et mous. On a fait varier le cation 
mCtallique, le solvant ou l'agent de complexation, I'halogenure du reactif de Grignard pyrrole 
et la temperature. On a de plus 6tudi6 les reactions des agents acylants de type carbonyle, 
cyanure et carbimine avec le reactif de Grignard pyrrole afin de determiner les rapports 
d'acylation N/C dans les m&mes conditions. On a isole et identifie plusieurs nouveaux produits. 

[Traduit par le journal] 

Introduction 
The reactivity of the N-hydrogen of pyrrole 

and many of its C-substituted derivatives has 
made it possible to prepare numerous metal 
salts, including those of the Grignard type (1). 
Modern physical evidence has confirmed that it 
is the N-hydrogen which exchanges with methyl- 
magnesium halide (2), that the proton magnetic 
resonance spectra of pyrrolylsodium and pyr- 
rolylmagnesium 'chloride are similar, and that 
bonding to these metals is through the nitrogen 
(3). However, reaction products from these and 
other metal derivatives often include both N- 
and C-substitution products. The proportions of 
these products change with solvent, temperature, 
metal cation, reactant, and other factors ( la ) .  
Thus, these metal derivatives show ambident 
anion behaviour. 

In his review of ambident anion reactivity, 
Shevelev (4) provides a thorough discussion of 
the reactions of metal derivatives of pyrrole with 
alkylating agents. Much less is known of their 
reactions at unsaturated carbon during acyla- 
tions. We have been interested in the latter 
reactions because they serve to introduce func- 
tional groups at either carbon or nitrogen. The 
fact that pyrrolylmagnesium bromide reacts in 

a need for further study and an attempt to pro- 
vide a rationalization. 

The 'principle of hard and soft acids and bases' 
(hsab) of Pearson (6) was used by Shevelev in his 
review (4) and appeared to us to provide a 
satisfactory method for attempting to rationalize 
the observed results. However, as Shevelev 
points out, there are complicating factors. The 
hardnesses of the various unsaturated carbons 
may be modified by coordination of the nucleo- 
philic part of the acylating agent with the metal 
cation and the electrophilic part with the 
metal - ambident anion pair. 

The nitrogen of the pyrrolyl anion is more 
electronegative, less polarizable, and a harder 
base, while the carbon (usually C-2, sometimes 
C-3) is less electronegative, more polarizable, 
and a softer base. Thus, the hard electrophilic 
carbon of an attacking carbonyl group would be 
expected to attack nitrogen, and does so when 
pyrrolylmagnesium bromide reacts in ethyl 
ether with ethyl carbonate. When the carbonyl 
carbon is softened, as in ethyl dithiolcarbonate, 
acylation is on carbon under the same condi- 
tions (5). 

To rationalize pyrrole acylations, we have 
varied the metal, solvent, temperature, concen- 

ethyl ether with ethyl carbonate to give almost tration, and acylating agent. 1n addition, com- 
entirely N-acylation, but with ethyl dithiol- plexing agents have also been employed in some 
carbonate to give only C-acylation (5), suggested experiments. Through these alterations various 
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TABLE 1. The reaction of magnesium and alkali metal salts of pyrrole with ethyl chloro- 
formate in ethyl ether 

Total 
1 -Ester 2-Ester I , l  '-Ketone 1,2-Diester N/C yield 

Cation (%) (%) (%) (%I ratio (%) 

MgZ + 13 21 0 19 25:75 53 
Li + 3 9 0 16 0 100:O 55 
Na+ 87 0 0 0 100:O 87 
K + 64 0 0 0 100:O 64 

TABLE 2. The reaction of pyrrolylmagnesium bromide and ethyl chloroformate in the 
presence of added reagents 

Added reagent Total 
for 0.100 mol I-Ester 2-Ester 1,2-Diester 1,2'-Ketone N/C yield 

Grignard (%I (%) (%) (%I ratio (%) 
-- 

(Ether) 13 21 19 0 25 : 75 5 3 
1,4-Dioxane 

(0.150 mol) 6 7 22 0 17:83 3 5 
Dimethoxyethane 

(0.150 mol) 13 2 65 0 16:84 80 
TMED* 

(0.100 mol) 5 1 5 0 2 89:11 58 
(0.150 mol) 76 1 0 1 98:2 78 

N- and C-acylated mixtures have been obtained. 
The results have been used to  establish trends in 
behaviour and to correlate these with the hsab 
principle. Some experiments in alkylation will be 
reported separately (7). 

Discussion 
I .  The Metal Cation 

Alkylation studies of pyrrole and indole metal 
salts and Grignard reagents (8-10) suggested 
that a decreasing coordinating ability of the 
metal (or other) cation leads to increasing dis- 
sociation of the ion pair and to an increasing 
N/C ratio. Shevelev has equated the trend with 
the decreasing hardness of Mg2+ > LiC > 
Na' > K C  > R,NC, leading to lowered associ- 
ation with the hard centre (N) and decreased 
hindrance to attack at that position. 

Previous acylation experiments (1 1, 12) have 
usually involved a single comparison of the 
Grignard reagent with another metal derivative 
in reaction with a single reagent and appear to 
follow the expected pattern. Treibs and Diet1 
(13) made somewhat wider comparisons in both 
alkylation and acylation reactions. Many of 
their observations fit the expected pattern, 

although their report of mainly C-acylation of 
pyrrolyllithium by ethyl chloroformate in ethyl 
ether was neither confirmed by Hodge and 
Rickards (1 1) nor by us. 

Our observation (Table 1) was that in ethyl 
ether, pyrrolylmagnesium bromide and ethyl 
chloroformate gave more C- than N-acylation 
while the K C ,  NaC,  and LiC salts all gave 
exclusively N-acylation under comparable con- 
ditions. Similarly, ethyl chlorothiolformate gave 
mainly C-acylation with the pyrrole Grignard 
and entirely N-acylation with the lithium salt. 

2. The Solvent 
The most important factor for ambident anion 

reactions is the capacity of the solvent t o  solvate 
cations (4). Increased solvation of the cation 
weakens the attraction between the metal cation 
and the harder center of the ambident ion per- 
mitting attack by the alkylating or acylating 
agent on the nitrogen. In solvents other than 
ethyl ether, the Schlenk equilibrium may also be 
involved (14). 

We have carried out a series of acylations of 
pyrrolylmagnesium bromide in ethyl ether, with 
ethyl chloroformate, to which was added 1: mol 
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TABLE 3. The reaction of pyrrolylmagnesium bromide with ethyl chlorothiolformate in 
ether in the presence of different ratios of TMED* 

S,S-Diethyl Total 
Ratio 1-Thiol- 2-Thiol- 1,l'- 1 2 -  dithiol- yield of 

TMED/ ester ester Ketone Ketone carbonate? N/C pyrroles 
Grignard (%I (%) (%) (%) (%I ratio (%I 

0: 1 3 42 0 Trace 2 6:94 45 
1 : 1 3 31 0 Trace 35 10:90 34 

1 .5 : l  16 35 0 0 64 32:68 51 
2: 1 34 23 Trace Trace 55 60:40 57 
3 : l  46 10 6 0 3 5 84: 16 62 
4: 1 4 1 1 4 2 42 96:4 48 
5:l 51 1 7 0 34 99: 1 59 

*TMED = N,N,N',N'-tetramethylethylenediamine. 
?Based on the quantity of the ethyl chlorothiolformate used. 

TABLE 4. The reaction of pyrrolylmagnesium halides with ethyl chlorothiolformate in the 
presence of TMED in ether* 

S,S-Diethyl Total 
1 1 2 -  dithiol- yield of 

Pyrrolyl- 1-Ester 2-Ester Ketone ketone carbonate? N/C pyrroles 
MgX (%) (%) (%I (%I (%) ratio (%) 

C1 52 6 0 0 3 8 89:ll  58 
Br 34 23 Trace Trace 55 60:40 57 
I 10 28 0 5 27 28 : 72 43 

*The ratio of TMED to pyrrolylmagnesium halides was 2: l .  
?Based on the ethyl chlorothiolformate used. 

equiv, of dioxane or of 1,2-dimethoxyethane. As 
shown in Table 2, neither of these caused a sig- 
nificant change in the N/C acylation ratio of 
about 1 :4. However, the addition of 14 mol 
equiv, of tetramethylethylenediamine (TMED) 
produced almost exclusive N-acylation. When 
ethyl chlorothiolformate was the acylating agent 
in ethyl ether there was a small amount of N- 
acylation. The N/C ratio increased steadily as 
the proportion of TMED was increased (Table 
3), becoming mostly N-acylation above about 
2: 1 TMED-Grignard reagent, and almost com- 
pletely N-acylation at about 4:  1. The results of 
acylation were consistent with those for alkyla- 
tion under like conditions (7). The harder sol- 
vating agent probably displaced the coordinated 
ether molecules from the metal cation first, then 
caused a further separation of the ion pair and 
increased N-attack. 

3. The Halide of the Grignard Reagent 
In order to determine whether acylation is 

sensitive to alterations in halide ion, we added 
2 mol equiv. of TMED to the ethereal pyrrole 

Grignard solution and then acylated with ethyl 
chlorothiolformate. As shown in Table 4 there 
was a marked decrease in the N/C ratio going 
from the chloride to bromide to iodide that 
almost exactly paralleled the results of Reinecke 
et al. (10) in methylations of the indole Grignard 
where HMPA (hexamethylphosphoric triamide) 
was their added reagent. Our rationalization is : 
the softer the halide, the softer the magnesium 
becomes, weakening its coordinating ability. 
Thus the ion pair is less separated by TMED or 
HMPA complexing and less N-attack occurs. 
An alternative explanation is that ethyl chloro- 
thiolformate exchanges halide ion with Br- and 
I- to form increasingly soft acylating agents 
which iilcreasingly attack carbon. There is no 
evidence that such exchange occurs, however. 

4. Temperature 
A few alkylations of the pyrrolyl anion are 

known where the temperature has been varied 
from the normal 0-35°C range (8, 15, 16). We 
found that while pyrrolyllithium was N-acylated 
by ethyl carbonate in dioxane at room tempera- 
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ture, there was a substantial amount of C-acyla- 
tioil at the boiling point. Closer examination of 
this reaction suggested that the kinetically 
formed 1-ester was slowly converted to the 
thermodynamically more favorable 2-ester under 
these conditions (see Scheme 1). These observa- 
tions agree with the proposition that when a 
reversible reaction permits thermodynamic con- 
trol of products, the electrophilic reagent forms 
a bond preferentially with the atom of an 
ambident anion that is most basic in relation to 
the proton, and here C is more basic than N 
(17). No such rearrangement took place when 
1-butylpyrrole was refluxed with the pyrrole 
Grignard in ethyl ether (18). 

5. Substituent Groups 
The presence of substitueilt groups on the 

ambident pyrrolyl anion produced predictable 
results. It would be expected that electron with- 
drawing groups would stabilize the ambident 
anion and aid in dissociation of the N-metal 
bond while electroil donor substituents would 
reduce this dissociation. While ethyl chloro- 
formate with pyrrolylmagnesiurn bromide in ethyl 
ether gave both C- and N-acylation, it gave only 
C-acylation with 2-methylpyrrolylmagnesiun~ 
bromide (19). Treibs (13) acylated the potassium 
salt of 2,4-dimethylpyrrole in xylene with ethyl 
chloroformate and obtained only the N-ester in 
moderate yield, while the corresponding lithium 
salt gave only the C-ester in unspecified yield. 
We found that the Grignard reagent from ethyl 

2-pyrrolecarboxylate in ethyl ether was N- 
acylated by ethyl chloroformate in high yield 
under the usual conditions. 

6. The Acylating Agent 
The reaction of pyrrolylmagnesium bromide 

in ethyl ether with a variety of acylating agents 
was studied. We determined the N/C ratios for 
each under identical reaction conditions. Some 
of the initial products reacted further, so it was 
necessary to realize that a 1,2-(or 1,3-)disub- 
stituted product could only arise from an initially 
C-acylated product which had undergone metal- 
hydrogen interchange with more pyrrolyl- 
magnesium bromide. While N-acylated pyrroles 
do react with pyrrolylmagnesium bromide it is 
not by loss of a proton from the ring but by 
addition to the carbonyl leading to 1,2'-dipyr- a 

rolyl ketone (20). 
Table 5 shows our results, supplemented by 

others in the literature, in a sequence to demon- 
strate that the N/C ratio depends on the hard- 
ness of the carbonyl carbon when all other 
parameters are constant. Thus, the hardest 
carbonyl compound examined was the carbonate 
ester where two hard ether oxygens are bonded 
to it. When one of these was replaced by softer 
atoms the N/C ratio fell. Our observa~ion is that 
the order of decreasing hardness is 0 > C=O > 
C1 - CH, - SEt - H. When both ether oxy- 
gens were replaced by softer groups the amount 
of N-substitution was very small. 

The much softer thiocarboilyl group of 
(EtO),C=S gave only C-acylated pyrroles, while 
the much harder C=N- of dicyclohexylcar- 
bodiimide gave only N-substitution. The be- 
havior of the cyanides was closely similar to that 
of the carbonyl compounds. 

There are two possible rationalizations for 
these N/C ratios. First, the carbonyl group of the 
acylating agent may have displaced a coordin- 
ated ether molecule from the metal cation, 
altering the degree of hardness of the metal, and 
the degree of separation of the ion pair. Second, 
there may be a difference in the reactivity of the 
carbonyl group itself toward the metal cation - 
ambident anion combination in a solvent whose 
bonding to metal remains constant. In any case, 
the hsab priilciple may be conveniently used to  
rationalize and to predict. 

7. Products porn Acylations 
(a) When pyrrolylmagnesium bromide reacted 
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TABLE 5. Acylation of pyrrolylmagnesium bromide withvarious acylating agents in ether 

Reactions N/C References 

Pyrrolylmagnesium 
bromide in 
ethyl ether + 97:3 

EtO 
\ + 
/c=O 

46:54 

EtOOC 

EtO 
\ 

+ /c=O 
25:75 

C1 

EtS 

+ \ 
/'=" 

C1 

Mostly C 
/ 

EtOOC 

C1 

All C 

EtS 

+ \ 
/c=O 

EtS 
H 

+ \ 
7-" 

All C 

All C 

All N 

All N 

All C 

All C 

80:20 

75:25 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



4108 CAN. J .  CHEM . VOL. 55 ,  1977 

with ethyl acetate in ether, only 1- and 2-acetyl- 
pyrroles were obtained in modest yield under our 
conditions. However, in the presence of 1.5 mol 
equiv. of TMED a new compound, l-aceto- 
acetylpyrrole, was obtained as the major 
product. The compound could be obtained in 
good yield by adding ethylmagnesium bromide 
to a solution of 1-acetylpyrrole in the same ether- 
TMED solution, followed by ethyl acetate. So, 
the most acidic proton of 1-acetylpyrrole is on 
the acetyl group. A similar acylation of substi- 
tuted pyrroles using an acyl halide and sodium 
hydride in THF gave 1-acylation followed by 
(i) in some examples 0- and C-acylation of that 
group and (ii) in others exclusively 0-acylation 
(25). 

(b) The reaction with ethyl oxalate gave a 
mixture of ethyl 1-pyrrolylglyoxylate and the 
known ethyl 2-pyrrolylglyoxylate (21). 

(c) The reaction with dicyclohexylcarbodi- 
imide gave an excellent yield of N,N1-dicyclo- 
hexyl-1-pyrrolylcarban~idine (1). The lithium 
aluminum hydride reduction of this compound 
gave a good yield of N,N'-dicyclohexylform- 
amidine (2) (26), confirming that the pyrrole N 
was the position attacked by the hard reagent, 
R-N=C=N-R. 

(d) The reaction with dimethylcyanamide gave 
exclusively N,N-dimethyl-1-pyrrolylcarbamidine 
(3) in low yield. The same product, also in low 
yield, was obtained from pyrrolyllithium and 
dimethylcyanamide. 

(e) The reaction with methyl thiocyanate, as 
reported before (5), gave only the 2-nitrile. 
However, using pyrrolyllithium a mixture of 
1,l '-dipyrrolyl N-methylthioketimine (4) and 

l,lf-dipyrrolyl ketimine (5) was isolated instead 
of the 1-nitrile. 

(f) The reaction with ethyl chlorothiolformate 
gave the usual 1- and 2-thiolesters as well as 
traces of 1,2'-dipyrrolyl ketone and S,S-diethyl 
dithiocarbonate (6). The latter product probably 
arises from the reactions shown in Scheme 2. 

(g) As reported in Section 4, the reaction of 
pyrrolyllithium with ethyl carbonate in boiling 
dioxane gave a lower N/C ratio than reaction at 
35°C. Refluxing a mixture of pyrrolyllithium and 
the 1-ester in dioxane resulted in its conversion 
to the 2-ester and much 1,2'-dipyrrolyl ketone. 
On the other hand, subjecting the 2-ester to this 
treatment gave only the 1,2'-dipyrrolyl ketone 
and none of the 1-ester. It was also found that 
lithium ethoxide acted on 1,2'-dipyrrolyl ketone 
under these conditions to give only the 2-ester. 
These observations are consistent with Scheme 1. 

Experimental 
The instrumental and related data are described in 

ref. 5. Analysis of reaction mixtures was carried out as 
follows. Each product was dried, the volume reduced to 
50 ml or 100 ml, and a 1 ml sample retained for analysis. 
The rest of the solution was used for isolation and 
identification of products. A standard solution of an 
authentic sample of each compound to be analyzed by 
gas chromatography was prepared and used to select the 
analytical conditions. Suitable attenuation enabled 
selection of peaks of appropriate size to be cut and 
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weighed. In this way calibration and the percentage (0.100 mol) and ethyl chloroformate (0.100 mol) was 
composition of mixtures could be determined. carried out at reflux for 14 h. Work-up was as described 

I. Pyrrolylmagnesium Bromide 
A solution of ethylmagnesium bromide was prepared 

under nitrogen from ethyl bromide (11.99 g, 0.1 10 rnol), 
magnesium (2.43 g, 0.100 mol) in absolute ethyl ether 
(60 ml). After 1 h reflux, pyrrole (6.70 g, 0.100 mol) was 
added slowly followed by a further 1 h reflux. 

2. Pyrrolyllithium 
Following the method of Hodge and Rickards (1 I), a 

solution of butyllithium (0.100 mol) in ethyl ether (40 
ml) was stirred under nitrogen at P C  while a solution of 
pyrrole (7.37 g, 0.1 10 mol) in absolute ether (40 ml) was 
added. The mixture was stirred at room temperature a 
further 3 h. 

3. Pyrrolylsodium 
In a procedure similar to that of Hobbs et al. (8), a 

solution of pyrrole (8.41 g, 0.125 mol) in absolute tetra- 
hydrofuran (10 ml) was added slowly to a suspension of 
sodium hydride (2.40 g, 0.100 mol) in tetrahydrofuran 
(75 ml). After 4 h reflux, the solvent was removed under 
vacuum and the residue flushed with dry nitrogen. 
Absolute ether (100 ml) was added and the suspension 
refluxed 5. h. 

4. Pyrrolylpotassium 
In a procedure similar to that of Clemo and Ramage 

(27), a solution of pyrrole (8.4.1 g, 0.125 mol) in absolute 
ether (25 ml) and absolute ethanol (2 drops) was added to 
potassium (3.91 g, 0.100 mol) and absolute ether (75 ml) 
under nitrogen. The reaction mixture was refluxed until 
all potassium had reacted. 

5. Acylation with Ethyl Chloroformate and Ethyl 
Chlorothiolforrnate 

(a) The Grignard solution (0.100 mol) was cooled to 
-20°C and a solution of ethyl chloroformate (10.9 g, 
0.100 mol) in absolute ether (90 ml) was added over l+ h. 
The cold mixture was stirred 5. h and then hydrolyzed 
with 1 Maqueous ammonium chloride (200 ml). When all 
solid had dissolved, the layers were separated and the 
aqueous layer extracted twice with equal volumes of 
ether. The combined ether extracts were washed twice 
with water and dried (MgSO,). The volume was reduced 
to 100 ml and 1 ml was used for gc analysis. 

After removal of ether, the residue was vacuum dis- 
tilled to give ethyl 1-pyrrolecarboxylate (2.74 g, 19%), bp 
78-8l0C/14 Torr, and ethyl 2-pyrrolecarboxylate (5.97 g, 
4473, bp 86-87"C/1 Torr. These are known compounds 
(28), possessing spectral properties in accord with the 
methyl esters (1 1). 

(b) The reaction between pyrrolyllithium (0.100 mol) 
and ethyl chloroformate (0.100 mol) was carried out in 
ether (80 ml) at room temperature over 17 h. Hydrolysis 
was with ether saturated with water, while cooling, to 
yield ethyl 1-pyrrolecarboxylate (39%) and 1,l'-dipyr- 
rolyl ketone (11%), bp 78-8l0C/1 Torr; uv (ethanol):243 
nm (E 16 700); ir (KCI): 1725 cm- ; nmr T: 2.70 (2H, t, 
aH), 3.65 (2H, t, (3H). Anal. calcd. for C9H8N20: C 
67.49, H 5.03, N 17.49; found: C 67.62, H 4.96, N 17.44. 

(c) Following procedure 5(b), reaction of pyrrolyl- 
sodium (0.100 mol) and ethyl chloroformate (0.100 mol) 
gave only ethyl 1-pyrrolecarboxylate (87%). 

(d) Reaction between pyrrolylpotassium suspension 

in 5(b). Only ethyl l-pyrrolecarboxylate (64%) was 
obtained. 

(e) As described in 5(a) a solution of ethyl chloro- 
thiolformate (12.46 g, 0.100 mol) was added to the cold 
ether solution of pyrrolylmagnesium bromide (0.100 mol). 
After stirring 3 h the mixture was worked up to give 
ethyl 1-pyrrolethiolcarboxylate (3%) and ethyl 2-pyrrole- 
thiolcarboxylate (42%) (5). 

Ethyl 1-pyrrolethiolcarboxylate was also prepared by 
the addition of ethyl iodide (25.0 g, 0.150 mol) to 1- 
pyrrolylthiocarboxanilide (12b) (23.0 g, 0.120 mol) in 
aqueous 6 M sodium hydroxide (100 ml) followed by 
stirring at 100°C for 1 h. After cooling and separation of 
layers the aqueous layer was extracted twice with ether 
and the combined organic layers washed with water. The 
ether was removed and the residue heated to 100°C for 1 h 
with 6 M aqueous sulfuric acid (100 ml). After cooling, 
the ether extract was washed with 10% aqueous sodium 
bicarbonate and dried (MgSO,). After removal of ether 
the product was distilled to give ethyl l-pyrrolethiol- 
carboxylate (6.25 g, 24%), bp 105-106"C/10 Torr; uv 
(ethanol): 248 nm (E 12 300); ir (film): 1680 cm-l; nmr 
r : 2.72 (2H, t, EH), 3.73 (2H, t, pH), 6.92 (2H, q, S-CH2) 
8.63 (3H, t, -CH,). Anal. calcd. for C7H9NOS: C 54.19, 
H 5.85,N9.03,S20.65; found: C54.32,H5.79,N9.13, 
S 20.78. 

(f) Following procedure 5(b) but using ethyl chloro- I 

thiolformate, the products were ethyl l-pyrrolethiol- 
carboxylate (4.85 g, 31%), 1,1 '-dipyrrolyl ketone (1.11 g, 
14%), and a trace of ethyl 2-pyrrolethiolcarboxylate. In 
addition, diethyl dithiolcarbonate (1.48 g), bp 105-109"C/ 
42 Torr. was obtained. The infrared svectrum was iden- 
tical to'that of an authentic sample- prepared by the 
literature method (29). 

6. Solvents and Coordinating Agents 
(a) After 1,2-dimethoxyethane (13.0 g, 0.150 mol) had 

been added to the solution of pyrrolylmagnesium bro- 
mide (0.100 rnol), reaction 5(a) was repeated (see Table 2). 

(b) Procedure 6(a) was followed, after adding dioxane 
(13.2 g, 0.150 mol) (see Table 2). 

(c) After N,N,N',N'-tetramethylethylenediamine (1 1.6 
g, 0.100 mol) had been added to the solution of pyrrolyl- 
magnesium bromide (0.100 mol), the mixture was refluxed 
3 h, cooled, and treated as in 5(a). Products obtained 
were ethyl 1-pyrrolecarboxylate (7.09 g, 51%), ethyl 
2-pyrrolecarboxylate (0.71 g, 579, and 1,2'-dipyrrolyl 
ketone (0.18 g, 2%)- mp 60-61°C (petroleum) (lit. (5) mp 
58-6O0C), mixture mp undepressed. 

(d) Procedure 6(c) was followed, using TMED (0.150 
mol) (see Table 2). 

(e) After adding various molar ratios of TMED to the 
solution of pyrrolylmagnesium bromide (0.100 mol), 
reaction 6(c) was repeated using ethyl chlorothiolformate 
(0.100 mol) (see Table 3). 

7. Pyrrolylmagnesium Halide Changes 
(a) Pyrrolylmagnesium cl-~loride was prepared from 

butylmagnesium chloride. After addition of TMED 
(2 mol equiv.), the mixture was refluxed 3 h. The pro- 
cedure 5(a) was then followed (see Table 4). 

(b) Procedure 7(a) was followed, using pyrrolyl- 
magnesium bromide (see Table 4). 

(c) Pyrrolylmagnesium iodide was prepared from 
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ethylmagnesium iodide, then 7(a) was followed (see 
Table 4). 

8. Temperature Changes 
(a) Pyrrolyllithium was prepared as usual but in absolute 

dioxane. To this solution was added an equimolar 
quantity of ethyl carbonate in dioxane and the reaction 
mixture stirred at 36°C (oil bath) for 36 h. After removal 
of much dioxane under reduced pressure and addition of 
ether, the mixture was worked up in the usual manner. 
The products isolated were ethyl I-pyrrolecarboxylate 
(41%) and ethyl 2-pyrrolecarboxylate (1%). The N/C 
ratio was 98: 2. 

(b) Procedure 8(a) was followed; the reaction mixture 
was kept at reflux for 13 h. The products isolated were 
ethyl I-pyrrolecarboxylate (37%), ethyl 2-pyrrolecar- 
boxylate (16%), and 1,2'-dipyrrolyl ketone (19%). The 
N/C ratio was now 65 : 35. 

(c) Equimolar quantities of pyrrolyllithium and ethyl 
I-pyrrolecarboxylate were refluxed in dioxane for 24 h. 
After the usual work-up the products were found to be 
ethyl 2-pyrrolecarboxylate (32%) and 1,2'-dipyrrolyl 
ketone (22%). 

(d) A solution of ethyl 2-pyrrolecarboxylate in dioxane 
was refluxed with 2'1 times its molar eauivalent of vvrrolvl- 
lithium for 24 h. After work-up, l , i ' -dipyrrol~l~keto~e 
(62%) was isolated. No ethyl I-pyrrolecarboxylate was 
detected. 

(e) A mixture of lithium ethoxide (1.04 g, 0.020 mol) 
and 1,2'-dipyrrolyl ketone (1.60 g, 0.01 mol) was refluxed 
in dioxane (100 ml) for 24 h. After work-up, ethyl 2- 
pyrrolecarboxylate (0.47 g, 34%) was isolated. No ethyl 
I-pyrrolecarboxylate was detected. About 20% of the 
ketone was recovered. 

9. Acylation of the 2-Ester 
A solution of ethyl 2-pyrrolecarboxylate (6.95 g, 0.050 

mol) in ethyl ether (30 ml) was added slowly to ethyl- 
magnesium bromide (0.05 mol) inether (50 ml). Heat was 
evolved as well as large quantities of gas, and a white 
precipitate was observed. After 30 min reflux, the solu- 
tion was cooled in a bath to about -20°C. To the cold 
solution, ethyl chloroformate (5.43 g, 0.050 mol) in ether 
(60 ml) was added over about I) h. Then the reaction was 
stirred at room temperature 17 h, hydrolyzed with 
saturated aqueous ammonium chloride, and worked up 
as usual. The product was ethyl 1,2-pyrroledicarboxylate 
(8.80 g, 83%), bp 86-87"C/1 Torr. 

10. Reactions of Pyrrolylmagnesium Bromide 
(a) Ethyl acetate (8.81 g, 0.100 mol) in absolute ether 

(90 ml) was added to a cold (- 20°C) solution of pyrrolyl- 
magnesium bromide (0.100 mol) in ethyl ether (60 ml) 
over 13 h. The reaction mixture was stirred + h longer at 
- 10°C. After the usual work-up, the product mixture was 
analyzed. Unreacted starting material was distilled, 
followed by I-acetylpyrrole (0.69 g, 6%), bp 80-81°C/12 
Torr, identical in physical properties to a sample pre- 
pared by the method of Reddy (30). The residue was 
cooled and recrystallized from cyclohexane to give 2- 
acetylpyrrole, mp 89-90°C (2.03 g, 19%), identical to 
authentic material (31). 

(b) When this reaction was repeated with stirring at 
room temperature for 17 h there was no significant change 
in yield or ratio of products. 

(c) When reaction 10(a) was repeated in the presence of 
a 1+: 1 molar ratio of TMED - pyrrolylmagnesium 
bromide, and the product hydrolyzed with 6 M hydro- 
chloric acid, the organic extract gave 1-acetylpyrrole 
(379, 2-acetylpyrrole (I%), and 1-acetoacetylpyrrole 
(go%), bp 80-84"C/1 Torr; mp (cyclohexane) 49-51°C; 
uv (ethanol): 350 nm (E 30 700); ir (KC]): 1710, 1685, 
1625 cm-'; nmr (CCI4) T: 0.24 (0.6H, s, -OH), 2.80 
(2H, t, aH), 3.80 (2H, t, pH), 4.45 (0.6H, s, C=CH), 
6.24 (0.8H, S, -CH,-), 7.75 (1.2H, S, -CH3), 7.95 
(1.8H, s, -CH3). Anal. calcd. for C9H8NO2: C 63.57, 
H 6.00, N 9.27; found: C 63.67, H 5.98, N 9.25. A pink 
color was obtained with aqueous FeC1,. 

(d) To a solution of ethylmagnesium bromide (0.050 
mol) and TMED (0.075 mol) in ethyl ether (40 ml) was 
added a solution of 1-acetylpyrrole (0.050 mol) in ethyl 
ether (20 ml) at such a rate as to keep at reflux. Following 
1 h at reflux, the solution was cooled to room temperature 
and ethyl acetate (4.84 g, 0.055 mol) in absolute ether (40 
ml) was added over a period of 1 h. After 17 h stirring at 
room temperature it was worked up as in 10(c) and, after 
removal of solvent, 1-acetoacetylpyrrole (60%) was 
isolated by vacuum distillation. 

( e )  Reaction 10(a) was repeated using acetyl chloride 
(7.85 g, 0.100 mol). After removal of the I-acetylpyrrole 
(0.10 g, 1%) and 2-acetylpyrrole (4.08 g, 35%) by vacuum 
distillation, the residue was taken up in 1 : 1 ether - 
carbon tetrachloride. This solution was warmed to 
evaporate some of the ether causing 3-acetylpyrrole to 
crystallize, mp 113-114°C (0.43 g, 473, identical in 
physical properties to an authentic specimen (32). 

( f )  Following the procedure of 10(a), reaction with 
ethyl carbonate gave ethyl I-pyrrolecarboxylate (13.76 g, 
70%) and ethyl 2-pyrrolecarboxylate (0.20 g,  2%). 
(g) A solution bf l,lr-dipyrrolyl ket0n~il .60 g, 0.010 

mol) in ethyl ether (20 ml) was added slowly to pyrrolyl- 
magnesium bromide (0.025 mol) in ethyl ether (40 ml). 
After + h reflux, the product was worked up as usual to 
give 1,2'-dipyrrolyl ketone (1.13 g, 70%). No 1,l'- 
dipyrrolyl ketone was recovered. 

(h) Following procedure 10(a) reaction with ethyl 
oxalate (14.61 g, 0.100 mol) gave ethyl l-pyrrolylglyoxy- 
late ((3.10 g, 19%), bp 70-7IoC/1 Torr; ir (KCI): 1760, 
1725 cm-'; nrnr (CDCI,) 7: 2.60 (2H, t, aH), 3.62 (2H, 
t, pH), 5.55 (2H, q, -CHz-), 8.59 (3H, t, -CH3). Anal. 
calcd. for C8H9N03: C 57.48, H 5.43, N 8.38; found: 
C 57.57, H 5.53, N 8.45) and ethyl 2-pyrrolylglyoxylate 
((3.69 g, 2273, bp 105-109"C/1 Torr, mp 39-40°C (lit. 
(21) mp 44.5"C); ir (film): 1730,1645 cm-'; nmr (CDC1,) 
7: 2.77 (lH, m, H,), 2.92 (lH, m, HZ), 3.80 (IH, m, H4), 
5.71 (2H, q, -CH2--), 8.72 (3H, t, -CH3)). 

(i) The procedure of 10(a) was followed using N,Nf- 
dicyclohexylcarbodiimide (20.63 g, 0.100 rnol). After 
stirring at room temperature for 17 h, the reaction mix- 
ture was worked up in the usual manner. Vacuum dis- 
tillation gave N,N1-dicyclohexyl-I-pyrrolylcarbamidine 
(25.5 g, 93%) at 140-14IoC/1 Torr; mp 4244°C; uv 
(ethanol) : 223 nm (E 13 400); ir (KCI) : 1640 cm- ' ; nmr 
(CDCI,) 7: 3.25 (2H, t, aH), 3.86 (2H, s, pH), 6.00 ( lH,  
b s, NH), 6.78 (2H, s, N-CH), 8.5 (20H, m, 10-CH,-). 
Anal. calcd. for CI7HZ7N3: C 74.68, H 9.95, N 15.37; 
found: C 74.48, H 10.11, N 15.25. 

( j )  The procedure of 10(a) was repeated with dimethyl- 
cyanamide (7.00 g, 0.100 mol). Following 17 h of stirring 
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WANG AND ANDERSON 41 11 

at  room temperature, the customary work-up gave un- 
reacted pyrrole, dimethylcyanamide, and N,Nf-dimethyl- 
1-pyrrolylcarbamidine (1.03 g, 873, bp 109-1 10aC/l 5 
Torr; uv (ethanol): 224 nm (E 13 000); ir (film): 1635 
cm-l ;  nmr (CDCI,) T:  3.15 (2H, t, aH), 3.83 (2H, t, 
pH), 3.90 ( lH,  b s, NH), 7.20 (6H, s, NCH,). Anal. 
calcd. for C7Hl lN3 : C 61.29, H 8.08, N 30.63 ; found : 
C 61.06, H 8.04, N 30.57. This reaction was repeated 
using an ether solution of pyrrolyllithium (0.100 mol) 
together with TMED (0.200 mol) and the product 
hydrolyzed with water and worked up to give N,N'- 
dimethyl-1-pyrrolylcarbamidine 1.30 g (10%). As well, 
starting materials were recovered. 

(k)  A solution of pyrrolyllithium (0.100 mol) in ethyl 
ether (40 ml) and TMED (0.200 mol) was treated at 
about -20°C with methyl thiocyanate (7.30 g, 0.100 mol) 
in ether (40 ml) over 3 h, and stirred at  this temperature 
a further 1 h before the usual work-up. Vacuum distilla- 
tion gave two products. The first was 1,l'-dipyrrolyl 
ketimine (3.97 g, 25%), bp 84-88"C/1 Torr, m p  47- 
48.5"C (petroleum bp 30-50°C); uv (ethanol): 238 nm 
(E 17 800): ir (KCl) : 3240, 1660 cm-' ; nmr (CDCl,) T : 
2.34 ( lH,  b s, NH), 2.92 (2H, t, aH), 3.70 (2H, t, pH). 
Anal. calcd. for CgHgN3: C 67.91, H 5.70, N 26.40; 
found: C 68.03, H 5.79, N 26.26. The second product 
was l,lf-dipyrrolyl N-methylthioketimine (5.69 g, 28%), 
bp 105-llO°C/l Torr, mp 41-42°C (petroleum, bp 30- 
50°C); uv (ethanol): 239 nm (E 9300), 296 nm ( E  11 400); 
ir: 1640, 1625 cm-l;  nmr (CDC13) T:  3.80 (2H, t, aH), 
3.71 (2H, t, pH), 7.32 (3H, s, -SCH3). Anal. calcd. for 
C10H11N3S: C 58.53, H 5.40, N 20.84, S 15.59; found: 
C 58.50, H 5.51, N 20.38, S 15.66. 

11. Reduction of Compound 1 
A mixture of N,Nf-dicyclohexyl-1-pyrrolylcarbamidine 

(1) (3.22 g, 0.012 mol) and lithium aluminum hydride 
(0.88 g, 0.024 mol) in ethyl ether (200 ml) was refluxed 
for 26 h. The mixture was cooled in ice and hydrolyzed 
with water-saturated ether (200 ml). The organic solution 
was filtered, washed with water, and dried (MgSO,). 
After filtration and solvent removal, the residue was 
vacuum distilled to give N,N'-dicyclohexylformamidine 
(1.38 g, 56%), bp 120-12l0C/1 Torr, mp 102-104°C (lit. 
(26) mp 106°C). Other physical properties were consistent 
with this structure. 
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Pyrrole chemistry. XVII. Alkylation of the pyrrolyl ambident anion 
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NAM-CHIANG WANG, KANG-ER TEO, and HUGH J. ANDERSON. Can. J. Chem. 55,4.112 (1977). 
A series of experiments were carried out to find optimum conditions for C- and N-alkylation 

of the pyrrolyl arnbident anion. While almost total C-alkylation could be obtained, isolation of 
a single alkylation product was not feasible. However, N-alkylation of pyrrole and several 
2-substituted pyrroles was readily achieved by phase transfer catalysis with primary alkyl 
halides. 

NAM-CHIANG WANG, KANG-ER TEO et HUGH J. ANDERSON. Can. J. Chem. 55,4112 (1977). 
On a effectuk une skrie d'expkriences afin de trouver les conditions optimales pour la C- et la 

N-alkylation de l'anion ambivalent pyrrolyle. Alors que l'on peut obtenir une C-alkylation 
presque totale, il n'est pratiquement pas possible d'isoler un seul produit d'alkylation. Toute- 
fois la N-alkylation du pyrrole et de plusieurs pyrroles substituks en position 2 peut Ctre rkaliske 
par une catalyse de transfert de phase avec des halogknures d'alkyles prirnaires. 

[Traduit par le journal] 

In the course of our investigation of the acyla- 
tion of the pyrrolyl ambident anion under 
various conditions (1) it seemed desirable to use 
the information gained to establish the simplest 
possible preparative methods for C- and N-al- 
kylpyrroles. It has been necessary to extend 
earlier work by others as well as to repeat some 
of it under conditions comparable to those of 
our acylations. 

The review by Shevelev (2) has related, among 
many other reactions, most of the known alkyla- 
tion experiments on the pyrrolyl and indolyl 
ambident anions to the 'hard and soft acids and 
bases principle' (3). Thus alkylation of the pyr- 
rolyl and indolyl salts of the hardest cations give 
the lowest N/C ratio. 

The work of Hobbs et al. (4) has established 
that the order of increasing N/C ratio for allyl, 
crotyl, and benzyl halides is Li+ <Na+ < K+ 
<NR,+, with the hardest ion, Li', giving most 
C-substitution, as expected. The even harder 
Mg2+ of Grignard reagents leads to almost 
exclusive C-substitution by allyl bromide (5). 
The saturated alkyl is harder than the allyl group 
and gives a higher N/C ratio under comparable 
conditions (6). Nevertheless, the amount of 
N-alkylation is very small with Grignard re- 
agents (7). 

Another factor is that the N/C ratio changes 
with the changing polarity of aprotic solvents. 
For example, the change from ethers to arenes 
and alkanes in the reaction of pyrrolylpotassium 

with allyl halides caused a decrease from 4: 1 to 
1 : 6 in the N/C ratio (4). The stepwise addition of 
the strongly coordinating dipolar aprotic solvent, 
hexamethylphosphoric triamide (HMPA), to the 
tetrahydrofuran solution of indolylmagnesium 
halide caused a regular increase in the N/C ratio 
of methylation products (8). In ethyl ether and 
tetrahydrofuran (THF), pyrrolylmagnesium bro- 
mide gave almost entirely C-methylation, but in 
pure HMPA gave only N-methylation (5). This 
hard coordinating agent strongly associates with 
the hard metal and separates the ion pair. 

In an attempt to establish an experimentally 
convenient approach to preparative N-alkylation 
(Table 1) we first added 2 mol equiv. of HMPA 
to the ethyl ether solution of 1 mol equiv. of 
pyrrolylmagnesium bromide. While a rise in 
temperature and the appearance of a white 
precipitate was observed, there was no N-methy- 
lation with methyl iodide nor any significant 
change in the distribution of C-substituted prod- 
ucts. Although our results were similar to those 
of Reinecke et al. (8), at lower ratios of HMPA 
to Grignard reagent we did not obtain in the 
pyrrole series the complete change to N-methyla- 
tion they observed in the indole series. Because 
alkylation in pure HMPA required preparation 
of the Grignard reagent in ether and replace- 
ment of it by HMPA ( 9 ,  this was not considered 
a satisfactorily simple approach to the prepara- 
tion of N-alkylpyrroles. 

Griffin and Obrycki (9) found little change in 
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WANG ET AL. 

TABLE 1. Methylation of pyrrolylmagnesium bromide 

Ratio HMPA 2,3-Di- 2,5-Di- 2,3,5-Tri- 
1-Methyl 2-Methyl 3-Methyl methyl methyl methyl 

Pyrrolyl-MgBr (%) (%) (%) (%I (%I (%) N/C* ratio 

Methyl iodide 
0:  1 
2: 1 
3 : l  
4: 1 
5: 1 

Dimethyl sulfate 
2: 1 

Methyl p-toluenesulfonate 
2: 1 
4 : l  

28.8 3 .5  2 . 9  1 .5  0 . 4  
49 Trace Trace - - 

*About 30-40% of unchanged pyrrole was recovered from each 

the small N/C ratio when pyrrolylmagnesium 
bromide in ethyl ether reacted with methyl 
iodide, bromide, sulfate, phosphate, or p-tolu- 
enesulfonate. However, using the softer allyl 
group, Papadopoulos and Tabello (6) obtained 
a greater N/C ratio for alkali metal salts of 
pyrrole with allyl p-toluenesulfonate than with 
allyl bromide. Thus, the harder leaving group 
does seem to have an effect under favorable con- 
ditions. 

Reinecke et al. (8) had found that the addition 
of 2 mol equiv. of HMPA before treatment with 
methyl iodide permitted observation of de- 
creasing N/C ratios for indolylmagnesium chlo- 
ride, bromide, and iodide in THF solution. We 
added 2 mol equiv. of HMPA of pyrrolylmag- 
nesium bromide and found it possible to observe 
that while no N-methylation took place with 
methyl iodide, there was a substantial proportion 
with methyl sulfate andp-toluenesulfonate. That 
is, the harder the alkylating agent the more the 
N-attack, provided the Mg is coordinated with 
a strongly polar aprotic reagent. We have also 
used tetramethylethylenediamine (TMED) in 
this way to observe the N/C ratios in some acyla- 
tions (1). 

It is not easy to alter the Grignard reaction 
to obtain nearly all N-alkylation by changes in 
solvent, complexing agent, or alkylating agent. 
The traditional use of alkali metal salts for 
N-alkylation requires anhydrous conditions and 
considerable care. One simple approach ap- 
peared to be the use of phase transfer catalysis 
which has recently been used successfully to 
N-alkylate indole and to benzylate pyrrole (10). 
The only other methods available require the 

reaction. 

formation of the relatively expensive thallium(1) 
salt of pyrrole (11) or the use of potassium hy- 
droxide - dimethyl sulfoxide (12). 

The phase transfer catalysis method makes use 
of the very soft quaternary ammonium salt of 
the ambident anion. The choice of a suitable 
tetraalkylammonium cation enables transfer of 
its ion pair with the pyrrolyl anion from the 
aqueous phase into an organic one of low polar- 
ity where it can react with the alkyl halide (13) 
at the harder (N) centre. 

Our results for alkylations of pyrrole itself 
are recorded in Table 2. In each example the 
product was isolated by distillation and was 
found to show a 'Hmr spectrum free of C-alky- 
lated product except for the allyl halide reaction. 
There the 'Hmr spectrum integration showed 
both 1- and 2-allylpyrroles in a ratio of about 
1 : 4. So, once again the softer allyl halide tended 
to give a lower N/C ratio than did the alkyl 
halides (lob). The results were of preparative 
utility for primary alkyl halides, and did not 
require the alkyl iodides used by others (11, 12). 
They were not as satisfactory for the secondary 
(isopropyl) halide, and failed for the tertiary 
(tert-butyl) halide in common with the other 
methods (1 1, 12). For reasons that are not clear, 
butyl bromide gave superior yields to butyl chlo- 
ride. Iodides are generally not satisfactory in the 
phase transfer method (13) as they give the 
softest alkylating reagent. The harder reagents, 
methyl sulfate and methyl p-toluenesulfonate, 
were more successful than methyl, ethyl, or 
butyl iodides. 

The phase transfer method was also satisfac- 
tory for the methyl sulfate methylation of pyr- 
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TABLE 2. Phase transfer alkylation of pyrrole 

Boiling or melting range ("CITorr) 

Alkylating agent Pyrrole isolated % yield Present study 

Methyl iodide 
Methyl sulfate 
Methyl p-toluenesulfonate 
Ethyl iodide 
Ethyl bromide 
Propyl bromide 
Butyl iodide 
Butyl bromide 
Butyl chloride 
Pentyl bromide 
Hexyl bromide 
Isopropyl bromide 
tert-Butyl chloride 
Benzyl bromide 
3-Chloropropionitrile 

30 
68 
72 
28 
84 
70 
3 3 
84 
25 
81 
70 
5 

N.R. 
67 
71 

Lit. (ref.) 

114-1 151747 (16a)* 

129-1 301762 (16a)* 

145.5-146.5 (16a)* 

170-1711760 (16a)* 

80-82115 (16b) 
210-215 (1 6c) 
49-51/21 (16d)* 

248 (mp 15'C) (16a)* 
132-133110 (16e) 

*'Hmr spectra agree with ref. 17. 

TABLE 3. Phase transfer methylation of substituted pyrroles with methyl sulfate 

Boiling range (OC/Torr) 
- - - --  

Substrate Product % yield Present study Lit. (ref.) 

2-Methylpyrrole 1,2-Dimethylpyrrole 25 140-1411760 139-1411760 (17a) 
2-Acetylpyrrole 1-Methyl-2-acetylpyrrole 94 30-3110.5 75-76/15 (17b) 
2-Pyrrolecarbaldehyde 1-Methyl-2-pyrrolecarbaldehyde 77 30-3110.5 75-76/12 (17c) 
2-Pyrrolecarbonitrile 1-Methyl-2-pyrrolecarbonitrile 76 35-3710.5 86-88/11 (17d) 

roles having an electron withdrawing group at Experimental 
position-2. However, 2-methyl~Yrrole gave a Instruments and conditions were as described in ref. 
poor yield of 1.2-dimethvlpyrrole (see Table 3). 19. Analysis of reaction mixtures was carried out on a 

while alkyla&on of the Grignard gives Varian 1 5 2 0 ~  gas chromatograph equipped with a 12 ft 

entirely C-substituted products, it can be seen column packed with 30% ~ a h J w a x  Z0M on Chrornosorb 
W (80-100 mesh) with helium as carrier gas. Each prod- 

that the is for uct was dried, the volume reduced to a fixed volume, and 
the preparation of 2- or 3-methylpvrrole. Most a 1 ml samvle retained for analvsis as described in ref. 1. 
authorifound (5,7,9) that the c:aikylated prod- The rest ofihe solution was used for isolation and identi- 
uct was a mixture from which no single compo- fication products. 

nent was easily obtained in a yield of preparative Pyyrolylmagnesium Bromide 
value, or that the overall yield was low (I4). This compound was prepared as described in ref. 1. 
simple modification of the procedure has im- All Grignard reagents were prepared and reacted under 
proved this situation so far. It  appears that 2- dry nitrogen. 

and 3-alkylpyrroles are still best prepared 
through reduction of the corresponding acyl- R e ~ ~ ~ $ ~ , " ~ g ~ ~ ~ ~ z ~ ~ f ~ i d e  (0,400 in absolute 
pyrroles as suggested by Skell and Bean 5). ether (800 ml) was cooled in ice, and methyl iodide (1 13 g, 

Preparation of the Grignard reagents from 0.800 mol) in absolute ether (100 ml) was added slowly 
2- and 3-methylpyrroles and 2,5-dimethylpyrrole with stirring. The reaction mixture was stirred overnight 

and their reactions with methyl iodide helped to at room temperature, cooled in ice, and cold water added 
until the product was distributed between two layers. confirm the structures of the prod- After two further ether extractions of the aqueous layer, 

ucts as well as to confirm that only C-methYla- the combined extracts were washed twice with water. 
tion occurred in each case. flushed with nitrogen, and dried (K2CO3). 
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WANG I ?T AL. 4115 

The dried product was reduced to 500 ml and analyzed 
by gas chromatography using authentic samples of pyr- 
role: I-, 2-, and 3-methylpyrrole; 2,3- and 2,Sdimethyl- 
pyrrole; and 2,3,5-trimethylpyrrole for comparison. 
Distillation enabled separation into: (a) unreacted pyr- 
role, bp 129-13l0C/760Torr; (b) a mixture of 2- and 
3-methylpyrrole, bp 147-149"C/760 Torr; (c) a mixture of 
2,3- and 2,5-dimethylpyrrole, bp 65-67"C/10 Torr; and 
(d) a mixture of 2,3-, 2,5-dimethylpyrrole and 2,3,5- 
trimethylpyrrole, bp 72-75"C/10 Torr. Percentages are 
listed in Table 1. These fractions were used as well to 
compare nmr (and ir of fractions (a) and (d)) spectra with 
authentic samples. The physical properties of these com- 
poul~ds are given by Hinman and Theodoropulos (18a). 

Reactions with Methyl Iodide in the Presence of HMPA 
A solution of hexamethylphosphoric triamide (21.5 g, 

0.120 mol) in absolute ether (10 ml) was added slowly to 
the pyrrolylmagnesium bromide (0.040 mol) in absolute 
ether (50 ml) at room temperature. The reaction mix- 
ture was refluxed 30 min, then cooled in ice. The reaction 
with methyl iodide (5.68 g, 0.040 mol), work-up, and 
analysis are described above, except that an earlier frac- 
tion, 1-methylpyrrole, bp 113-1 14"C, was collected and 
identified. 

Results of experiments using varying proportions of 
HMPA are given in Table 1. 

Reactions with Methyl p-Toluenesulfonate and Methyl 
Sulfate in the Presence of HMPA 

These reactions were carried out, worked up, and ana- 
lyzed as before. The results are given in Table l .  

Reaction of 2-Methylpyrrolylmagnesium Bromide with 
Methyl Iodide 

The Grignard reagent was prepared from 2-methyl- 
pyrrole (0.040 mol) and reacted with methyl iodide (0.04 
mol) in the manner described for pyrrole. Work-up and 
analysis was as before, giving 2,5-dimethylpyrrole (0.55 
g, 17%), 2,3-dimethylpyrrole (0.43 g, 11%) and 2,3,5- 
trimethylpyrrole (0.33 g, 8%). 

Reaction of 3-Methylpyrrolylmagnesium Bromide with 
Methyl Iodide 

The Grignard reagent from 3-methylpyrrole (0.0070 
mol) reacted with methyl iodide (0.0070 mol) gave, after 
the usual treatment, 2,3-dimethylpyrrole (0.13 g, 22%) 
and 2,3,5-trimethylpyrrole (0.17 g, 24%). 

Reaction of 2,5-Dimethylpyrrolylmagnesium Bromide 
with Methyl Iodide 

The Grignard reagent from 2,5-dimethylpyrrole (0.010 
mol) reacted with methyl iodide (0.010 mol) gave, after 
the usual treatment, 2,3,5-trimethylpyrrole (0.22 g, 20%). 

Typical Phase Transfer Catalysis Alkylation 
A 50% aqueous solution of sodium hydroxide (5 ml) 

was added to a solutio~~ containing pyrrole (0.67 g, 0.010 
mol), butyl bromide (1.5 g, 0.011 mol), and tetrabutyl- 
ammonium bromide (0.32 g, 0.0010 mol) in methylene 
chloride (10 ml) with external cooling. The mixture was 
then stirred and gently refluxed for 20 h. The resulting 
mixture was diluted with water and extracted with 
methylene chloride. The combined extracts were washed 
with 2 M HCI, water, saturated brine solution, and dried 
(MgSOJ. The solvent was removed in vacuo at a tempera- 

ture < 40°C. A crude yield of brown liquid (1.14 g, 93%) 
was obtained. The crude product was then distilled at 
reduced pressure to give pure 1-butylpyrrole (1.03 g, 
84%); the bp (Table 2) was in accord with the literature 
(16a) and its pmr and mass spectrum in agreement with 
the structure. 

See Table 2 for other alkylations. 
Reactions of 2-substituted pyrroles were carried out 

similarly. (Table 3). Some alkylations were checked for 
yield on a 10 x scale. 
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Stereospecific syntheses of the a-patchoulene and a-cedrene 
skeletons from a common intermediate 
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PIERRE DESLONGCHAMPS, JACQUES LAFONTAINE, LUC RUEST, and PIERRE SOUCY. Can. J. Chem. 
55, 41 17 (1977). 

The synthesis of the cyclopropane diketone 3 and its specific conversion into the tricyclic 
enedione 4 (cedrene skeleton) under kinetic control and into the tricyclic enedione 5 (patchoulene 
skeleton) under thermodynamic control is reported. 

PIERRE DESLONGCHAMPS, JACQUES LAFONTAINE, LUC RUEST et PIERRE SOUCY. Can. J. Chem. 
55, 4117 (1977). 

On rapporte la synthkse de la dicetone cyclopropanique 3 et sa transformation sptcifique en 
knedione tricyclique 4 (squelette du ctdrkne) sous contr6le cinetique et en knedione tricyclique 
5 (squelette du patchoultne) sous contr6le thermodynamique. 

The sesquiterpenes a-cedrene and a-patchou- 
lene are known to possess the structures 1 (1) and 
2 (2) respectively (Scheme I). If both structures 
are rewritten and represented by formulas 1A and 
2A, it is interesting to note that a-cedrene and a- 
patchoulene have rings A and B identical (except 
for the configuration of the secondary methyl 
group) and that they differ by the attachment of 
one of the bonds of ring C. Ring C is attached to 
C-1 in cedrene and to C-5 in a-patchoulene. 
Both structures differ also by the position of the 
methyl group in ring C which is at C-8 in 1A 
and at C-10 in 2A. This analysis led us to imagine 
a synthetic.route which could potentially produce 
both skeletons via a single intermediate. We 
wish to report the synthesis of the cyclopropane 
diketone 3, a common intermediate lacking only 
the methyl group of ring C, and its specific con- 
version into the tricyclic enediones 4 (cedrene 
skeleton) or 5 (patchoulene skeleton) respec- 
tively. 

Synthesis of the Cyclopropane Diketone 3 
The synthetic route chosen to build 3 is 

described in Scheme 2. Both epimeric diacetate 
anhydrides 10A (R = H, R' = OAc) and 10B 
(R = OAc, R' = H) have been obtained pure 
and were individually transformed into 3. The 
key steps from 10 are the formation of the tetra- 
substituted olefins (10 -+ 12), the Arndt-Eistert 
homologation of the side chain (12 -+ 16), and 
the formation of the cyclopropane intermediates 

(16 + 19) (3) which were then converted into 3 
by oxidation of the cyclopropane alcohols 20 and 
21. The details of these transforn~ations which 
occurred in good yield in both epimeric series 
are described in the Experimental. The pyrolysis 
of the epimers 11 (A and B) was carried at 200- 
210°C under nitrogen at atmospheric pressure 
and this interesting elimination reaction pro- 
ceeded well in both cases.' 

The epimeric mixture (at carbon-2) 9 is 
known; it is one of the intermediates in the syn- 
thesis of a-cedrene carried out by Stork and 
Clarke (7). In their original synthesis, alkylation 
of the P-ketoester 6 with benzyl a-bromopro- 
pionate gave 7 (X = OCH,C,H,) which was 
then converted (into the methyl ketone 8) in 
five operations by the successive transformation 
of the benzyl ester group into a carboxylic acid 
(7, X = OH), an acid chloride (7, X = Cl), a 
diazoketone (7, X = CHN,), an a-chloroketone 
(7, X = CH,Cl), and a methyl ketone (8). 

We have repeated this sequence of reactions 
and have obtained only one epimer (at carbon-6) 

lThis reaction does not proceed by elimination of 
acetic acid (Scheme 3) to give the intermediate 22 which 
could then undergo a retroene decarboxylative elimina- 
tion (4), since the pyrolysis of 11 (COOH = COOD) did 
not give 12 (X = D) containing a deuterium. It is 
therefore either a direct elimination which c o ~ ~ l d  occur 
via an eight-membered transition state 23 (5) or an 
indirect one, via internal anhydride formation 24 
followed by p-lactone 25 and loss of CO, (6). 
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of diketone 8. Treatment of that pure epimer of 
8 with potassium tert-butoxide in tert-butanol 
gave a mixture of epimers 9. 

We have found that the same mixture of 
epimers 9 could be obtained in two steps from 
the P-ketoester 6. Alkylation of 6 with 3- 
bromo-2-butanone gave an epimeric mixture (at 
carbon-6) of diketone 8 which was then con- 
verted into the same mixture of epimers 9. 

The reduction of crude 9 with sodium boro- 
hydride in ethanol followed by hydrolysis with 
aqueous potassium hydroxide and treatment 
with acetic anhydride in the presence of p- 
toluenesulfonic acid in benzene, gave a crystal- 
line mixture of the epimers 10 which were 
separated by fractional crystallization. 

Configuration of Epimers IOA and IOB 
With the epimer 10A, a nuclear Overhauser 

effect (8) was not observed between the secon- 
dary methyl group and the proton H3 (Scheme 
4). This result was taken as evidence that the 

secondary acetate group is cis to the secondary 
methyl group. In the case of the epimer 10B, a 
12% increase in the intensity of the signal for the 
proton H3 was observed by irradiation of the 
secondary methyl group. This result was taken 
as evidence that the secondary methyl group is 
trans to the secondary acetate group in 10B. 

The following series of transformations 
(Scheme 4) constitute a chemical proof that com- 
pounds 10A and 10B are epimeric at carbon-3 
only. Basic hydrolysis of 10B followed by 
treatment with diazomethane gave the crystalline 
diol diester 26 which was then oxidized by the 
chromium trioxide - pyridine reagent (9) to give 
the ketoalcohol diester 27. Reduction of 27 with 
sodium borohydride in methanol gave a mixture 
of the dihydroxy dimethyl esters 26 (66%) and 
28 (34%) which were separated by preparative 
thin-layer chromatography. Oxidation of 28 
with the chromium trioxide - pyridine reagent 
gave back 27. Finally, basic hydrolysis of 36 and 
28 followed by acetylation gave the epimers 10B 
and 10A respectively. The fact that the epimers 
20 and 21 (Scheme 2) are both converted to the 
same cyclopropane diketone 3 by oxidation 
with the chromium trioxide - pyridine reagent 
further confirms that compounds of the A and 
the B series have different configurations at 
carbon-3 only. 

The relative configurations of the secondary 
methyl and acetate groups of ring A with the 
anhydride and the tertiary acetate groups in 
compounds 10 could be determined by proton 
nmr and infrared spectroscopic analysis. The 
signal of the hydrogen at carbon-3 appears at 
a much lower field in 10A (5.41 6) than in 10B 
(4.84 6) indicating that this hydrogen must be 
cis to the anhydride function in 10A (Scheme 4) 
and trans in 10B. It appears reasonable to as- 
sume that the carbonyl group of an anhydride 
function properly oriented could have a de- 
shielding effect (10). The secondary methyl 
groups have virtually the same chemical shift 
in both epimers (10A = 1.02 6 and 10B = 1.08 6) 
and the value corresponds to that expected for a 
methyl group not subject to strong deshielding or 
shielding effects. In support of this assignment, 
the secondary methyl group of norcedrene di- 
carboxylic acid anhydride (29)' appears at 1.34 6 
(1 1). Thus the methyl group cannot be cis to the 
anhydride function in 10A and 10B. 

2We are grateful to Professor Gilbert Stork for his 
generous gift of norcedrene dicarboxylic acid anhydride. 
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a 

1 
COOEt 

@ p " ~ t  Ref. 7 , XOC 

0 

%iooEt Ref. 7 , o&~ooEt b,  Ref. 7 ,  

COOEt c, d,  e ,  f - 
"H R" ReoocH3 ' 'H A 

OH OAc 0 Ac 

Series A :  R = H, R' = OAc Series B: R' = H,  R = OAc 

( a )  LiH, DME; 3-bromo-2-butanone; (b)t-BuOK, t-BuOH; (c) NaBH,, EtOH; ( d )  
KOH, H20 ;  (e) (CH,CO),O, p-toluenesulfonic acid; V) CH,ONa, CH,OH; (g) 
pyrolysis, 200-210°C; (h)  NaOH, H,O; (i) (CH,CO),O, pyridine; (j) oxalyl 
chloride, pyridine, benzene; (k) CH2N2, ether; (I) Ag,O, CH,OH; (m)  copper, 
benzene (3); ( n )  NaOH, H,O, THF. 

A study of the hydroxyl absorption by in- 
frared spectroscopy at high dilution of com- 
pounds 26, 27, and 28 indicates clearly that the 
hydroxyl groups are cis in 26 and trans in 28. 
Compound 26 showed hydrogen bonded hy- 
droxyl groups only (3460 and 3515 cm-I) while 
the isomer 28 had both bonded and nonbonded 
hydroxyl frequencies (3470 and 3650cm-I). 
Ketone 27 was also studied as a model and it 

showed only bonded hydroxyl group frequency 
(3470 cm-I). 

These results indicate that the alternative 
structures 30 and 31 for 26 and 28 can be 
eliminated. 

Reactivity of the Cyclopropane Diketone 3 
Treatment of the tetracyclic diketone 3 with 

three equiv. of sodium methoxide in methanol 
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CH3 
0 

\, COOCH3 qH3 

R@,"cH~ - cHm~3 - Rwp"H3 
R ' R ; 

R' 

OAc R' CH3 X 

a COOCH~ I COOCH~ HgH ; HoQycH3 - 
CH3-- CH3 
AcO , OH OH 

H CH3 

' COOCH3 

OH 

OAc CH3 

SCHE 
at room temperature for a period of 20 min 
gave a single product which was identified as 
the tricyclic enedione 43 (12). When the same 
reaction was carried out for a period of 12 h, a 
single new substance was formed which was 
identified as the isomeric enedione 5. Clearly, 4 
is a kinetic product while 5 is the result of a 

3With a catalytic amount of sodium methoxide, the 
same product 4 was obtained, but the reaction takes 
68 h. 

2 9 
.ME 4 
reaction under thermodynamically controlled 
conditions. 

These interesting results can be rationalized in 
the following way. It is reasonable to assume 
that enolization of 3 should be faster at the less 
hindered carbon4 (Scheme 5), generating the 
kinetic enolate 32 which would then undergo a 
cyclopropane ring opening via a retro Michael 
addition reaction to give the tricyclic enolate 33 
which yields 4 on protonation. 
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Formation of the other isomer 5 clearly in- 
dicates that 4 is in equilibrium under basic con- 
ditions with the tetracyclic dione 3 although the 
equilibrium is much in favor of 4. It also in- 
dicates that 3 can also enolize at the more 
hindered carbon-2, although at a lower rate than 
at carbon-4, to give the more substituted enolate 
34 which fragments to give the tricyclic enolate 
35 which gives 5 on protonation. 

The isomerization of 4 into 5 represents an 
interesting rearrangement which occurs via a 
cyclopropane intermediate 3 through a 

Michael - retro Michael addition reaction mech- 
anism (12, 13). 

It is in principle possible that the enedione 4 
could possess the isomeric structure 36. How- 
ever, we believe that it is very unlikely that 4 
could have completely isomerized to 36. Demole 
et al. (14) have shown that the Wolff-Kischner 
reduction of 37 under equilibrating conditions 
gave a mixture of epi-cl-cedrene 38 (65%) and 
a-cedrene (1) (35%) (Scheme 5). 

During the course of this work, the pure tri- 
cyclic enone anhydride 41 was also prepared 
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(Scheme 5). Basic hydrolysis of 10B under mild 
conditions gave the alcohol 39 which was 
oxidized by the chromium trioxide - pyridine 
reagent to give crude ketoacetate 40. Attempted 
crystallization of 4.0 resulted in the formation of 
pure enone 41. 

The conversion of 5 into a-patchoulene as 
well as the transformation of 4 into a-cedrene 
was not investigated. 

Experimental 
The ir spectra were taken on a Perkin-Elmer 257 

spectrophotometer. The ultraviolet (uv) spectra were 
registered on a Varian Techtron 635 spectrophotometer. 
Vapor-phase chromatographic (vpc) analyses were car- 
ried out on a Varian aerograph instrument model 90-P. 
Proton nrnr spectra were recorded on a Varian A-60 
instrument. Chemical shifts are reported in 6 values 
relative to tetramethylsilane as internal standard. The 
mass spectra were taken on a Hitachi-Perkin-Elmer 
RMU-6 mass spectrometer. Microanalyses were carried 
out by Mr. J. Tamas, Laboratoire de microanalyse, 
Universite de Sherbrooke, and by Dr. C. Daessle, Or- 
ganic Microanalyses, Montreal. Anhydrous magnesium 
sulfate was used as the drying agent in working up re- 
actions. Low boiling petroleun~ ether (bp 30-60°C) was 
used. 

Benzyl Ester 7 ( X  = 0CH2C6H5) 
Following the experimental procedure of Stork and 

Clarke (7), the a-ketoester 6 (43 g, 0.17 mol) was alkylated 
with benzyl a-bromopropionate. Distillation gave the 
benzyl ester 7 (X = 0CH2C6H5) (33 g, 75%); bp 125"C/ 
1.5 Torr (lit. (7) bp 132-133"C/0.01 Torr); ir v,,, 
(CHCI,): 3300 and 1725 cm-'; nrnr (CDCl,) 6: 7.26 
(5H, S, C6H5), 5.02 (2H, n1, C H Z C ~ H ~ ) ,  4.0 (4H, q, 
2 0CH2CH3), and 1.6-0.6 (15H, 5 CH,). 

Diester Diketone 8 
(a )  From Benzyl Ester 7 ( X  = OCH2CsH5) 
Following the experimental procedure of Stork and 

Clarke (7), the benzyl ester 7 (X = OCH2CsH5) (25 g, 
0.06 mol) gave the carboxylic acid 7 (X = OH) (10 g, 
53%); mp 113-114°C (lit. (7) mp 113-115°C); ir v,,, 
(CHCI,): 3250 (br) and 1725 cm-'; nrnr (CDCI,) 6 :  
4.25 (4H, q, J = 6 Hz, 2 0CH2CH3), 1.44-1.18 (12H, m), 
and 0.92 (3H, s, CH3-C,). 

The carboxylic acid 7 (X = OH) (5 g, 15 mmol) was 
then transformed into 7 (X = CH2C1) (2.2 g, 44%); 
mp 72-73°C (lit. (7) mp 72-73°C); ir v,,, (CHCI,): 
1715 cm-'; nrnr (CDCl,) 6 :  4.22 (4H, q, J = 6 Hz, 
2 0CH2CH3), 4.22 (2H, S, CH2CI), 1.4-1.1 (12H, 4 CH,), 
and 0.95 (3H, s, 1 CH3-C5). 

Compound 7 (X = CH2C1) (2.2 g, 6 mmol) was 
finally converted into the diester diketone 8 (1.8 g, 91%); 
mp 68-69°C (from petroleum ether) (lit. (7) mp 55- 
60°C); ir v,,, (CHCl,): 1725 cm-'; nrnr (CDC1,) 6 :  
4.15 (4H, q, J = 6 HZ, 2 OCHZCH,), 2.08 (3H, S, 
CH3CO), 1.6-1.0 (12H, m, 4 CH,), and 0.82 (3H, s, 
1 CH3-C,). 

( b )  From p-Ketone Ester 6 
The a-ketone ester 6 (150 g, 0.60 mol) in dry di- 

methoxyethane (450 ml) was added to a suspension of 
lithium hydride (4.88 g, 0.61 mol) in dry dimethoxyethane 
(600 ml). After refluxing for 12 h under nitrogen, the 
mixture was decanted and the lithium hydride residue 
was washed with dry dimethoxyethane. To the combined 
dimethoxyethane solution was added 3-bromo-2-buta- 
none (95.4 g, 0.63 mol) in dry dimethoxyethane (30 ml) 
and the mixture heated at reilux for 50 h under nitrogen. 
The solution was evaporated in vacuo and the solid re- 
moved by filtration. The filtrate was diluted with ether, 
washed with 10% aqueous sodium carbonate and water, 
and dried over sodium sulfate. The solvents were 
evaporated and the resulting oil was purified by chroma- 
tography on Florisil to yield the diester diketone 8 
(121 g, 64%); ir v,,, (CHCl,): 1725 cm-'; nrnr (CDCl,) 
6: 4.15 (4H, q's, 0CH2CH3), 2.16 and 2.08 (3H, 2 s's 
(ratio 1 :I) ,  CH,CO), and 1.45-0.84 (15H, m's, 5 CH,). 

Keroalcohol Diester 9 
Following the experimental procedure of Stork and 

Clarke (7), the diketone diester 8 (34.7 g, 0.106 mol) was 
added to a cold solution (0°C) of potassium tert-butoxide 
(from 12.8 g, 0.33 mol, of potassium in 650ml tert- 
butanol). The stirred solution was allowed to come to 
room temperature over 50 min, and then poured into a 
mixture of ether and water. The aqueous phase was 
extracted twice with ether and the combined ether phase 
was washed with a saturated sodium chloride solution. 
Drying and evaporation of the solvent yielded the keto- 
alcohol diester 9 as an oil (24.7 g, 71%) which was not 
further purified; ir v,,, (CHCl,): 3450 and 1725 cm-'; 
nrnr (CDCl,) 6: 4.15 (4H, q's, 0CH2CH3) and 1.48- 
0.80 (15H, m's, 5 CH,). 

The same reaction was carried out with the pure 
epimer 8 (mp 68-69°C) and it gave the same epimeric 
mixture of the ketoalcohol diester 9. 

Diacetate Anhydrides IOA and IOB 
A solution of crude ketoalcohol diester 9 (170 g, 

0.52 mol) in absolute ethanol (200 ml) was added 
slowly to a suspension of sodium borohydride (31.4 g, 
0.85 mol) in absolute ethanol (1.3 e). After 4 h at O°C, 
the mixture was acidified with dilute hydrochloric acid 
to p H  5. The mixture was concentrated and then extracted 
several times with ether. Drying and evaporation of the 
solvent gave an oily residue of crude diol diester (159 g, 
93%). The crude diol diester (165 g, 0.506 mol) was 
heated at reflux with potassium hydroxide (123 g, 
2.19 mol) in water (600 ml). After cooling, the solution 
was extracted with ether, the aqueous phase was acidified 
with dilute hydrochloric acid to p H  5, saturated with 
sodium chloride, then extracted several times with ether. 
Drying and evaporation of the solvent gave the diol 
diacid as an oil (110 g, 85%). A solution of the crude 
diol diacid (1 10 g, 0.405 rnol), acetic anhydride (600 ml), 
and p-toluenesulfonic acid (800 mg) was heated at 60- 
70°C for 24 h. The acetic anhydride was removed in uacuo 
and the residue dissolved in ether. The organic phase 
was washed several times with water, dried, and evap- 
orated to yield a viscous oil. Crystallization from cfiloro- 
form gave the mixture of diacetate anhydrides 10A and 
10B (36 g, 26%). Fractional crystallization from chloro- 
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form-pentane (1 :2) afforded the diacetate anhydrides (M+ - 42). Anal. calcd. for C18H2,08: C 58.38, H 7.02; 
10A and 10B in a ratio of 1 :2. found: C 57.95, H 6.92. 

Diacetate Anhydride IOA : mp 215-216°C (from chloro- 
form-pentane); ir v,,, (CHCl,): 1815, 1768, and 1740 
cm-'; nrnr (CDCl,) 6: 5.41 (lH, m, H,), 2.08 (3H, s, 
CH,CO), 2.00 (3H, S, CH3CO), 1.37 (3H, S, CH3-C,), 
1.17 (3H, s, CH,-C,), and 1.02 (3H, d, J = 7 Hz, 
CH,-C2); ms mle: 338 (M+). Anal. calcd. for C18HZZ- 
0 , :  C 60.35, H 6.51; found: C 59.98, H 6.35. 

Diacetate Anhydride IOB: mp 158-160°C (from chloro- 
form-pentane); ir v,,, (CHCI,): 1835, 1790, and 1760 
cm-'; nrnr (CDCI,) 6: 4.84 (IH, q, J = 7.5 Hz, H,), 
2.06 (3H, S, CH,CO), 2.03 (3H, s, CHBCO), 1.38 (3H, S, 
CH3-C6), 1.16 (3H, s, CH3-C,), and 1.08 (3H, d, 
J = 7 Hz, CH3-C2); ms mle: 338 (M+). Anal. calcd. 

Ester Acetate 12A 
The acid ester 11A (2.0 g, 5.4 mmol) was heated under 

nitrogen in a distillation apparatus and a mixture of an 
oil and acetic acid distilled at 20C210"C. The acetic acid 
was evaporated in vacuo and the oily ester acetate 12A 
was purified by successive microdistillations (1.38 g, 96%) ; 
ir v,,. (CHCI,): 1747 cm-'; nrnr (CDCl,) 6: 5.59 (lH, m, 
H,), 3.71 (3H, s, CH30), 2.07 (3H, s, CH,CO), 1.26 (3H, 
s, CH3-C,), 0.95 (3H, d, J = 7.5 Hz, CH3-C2), and 0.89 
(3H, s, CH,-C,); ms mle: 235 (M+ - 31) and 223 
(M+ - 43). Anal. calcd. for C 1 5 H ~ ~ 0 4 :  C 67.67, H 8.27; 
found: C 67.47, H 8.40. 

Diacetate Anhydride IOA from Diol Diester 28 
A solution of diol diester 28 (33 mg, 0.11 mmol) in 

tetrahydrofuran and sodium hydroxide (N, 0.33 ml, 
0.33 mequiv.) was heated at reflux for 10 h. The solution 
was concentrated by evaporation in vacuo and extracted 
with ether. The aqueous phase was acidified with dilute 
hydrochloric acid (N) and extracted several times with 
ether. Drying and evaporation of the organic phase gave 
a product (crude diil diacid) which was dissolved in 
acetic anhydride (5 ml) containing p-toluenesulfonic acid 
(1 mg). This solution was heated at reflux for 6 h and 
evaporated to dryness and the product obtained was 
dissolved in ether. The organic phase was washed with 
water, dried, and evaporated to dryness to give the 
diacetate anhydride 10A (22 mg, 60%); mp 215-216°C. 

Diacetate Anhydride lOB from Diol Diester 26 
Using the above experimental procedure, the diol 

diester 26 (34 mg, 0.11 mmol) was converted into the 
diacetate anhydride 10B (27 mg, 70%); mp 158-160°C. 

Acid Ester 11A 
The diacetate anhydride 10A (10.0 g, 30 mmol) in dry 

methanol (100 ml) was added to a solution of sodium 
(690 mg, 0.030 mol) in methanol (100 PI). The mixture 
was stirred at room temperature for 1 h, acidified with 
dilute hydrochloric acid to pH 6 and extracted several 
times with chloroform. The organic phase was washed 
with water, dried, and evaporated to give acid ester 11A 
(10.2 g, 93%); mp 11 1.5-1 125°C (from ether-pentane); 
ir v,,, (CHCl,): 3500 (br), 1732, and 1698 cm-'; nrnr 
(CDCI,) 6: 9.99 (lH, COOH), 5.47 (lH, m, H3), 3.73 
(3H, s, OCH,), 2.08 (3H, s, CH,CO), 1.98 (3H, s, 
CHBCO), 1.28 (3H, S, CH3-C6), 0.97 (3H, S, CH3-C6), 
and 0.92 (3H, d, J = 7 Hz, CH3-C2); ms mle: 328 
(M+ - 42). Anal. calcd. for Cl8HZ6O8: C 58.38, H 7.02; 
found: C 58.43, H 6.96. 

Acid Ester 1 l B  
Using the above experimental procedure, the diacetate 

anhydride 10B (5.0 g, 15.0 mmol) was converted into 
acid ester 11B (5 g, 92%); mp 171-172°C (from chloro- 
form-pentane); ir v,,, (CHCI,): 3500 (br), 1732, and 
1702cm-'; nrnr (CDC1,) 6: 10.34 (lH, COOH), 4.63 
(IH, m, H,), 3.73 (3H, s, OCH,), 2.06 (3H, s, CH,CO), 
1.97 (3H, S, CH3CO), 1.39 (3H, S, CH3-C6), 0.96 (3H, 
d, CH3-C,), and 0.93 (3H, s, CH3-C6); ms mle: 328 

Using the above experimental procedure, the acid ester 
11B (2.0 g, 5.4 mmol) was transformed into the oily 
acetate ester 12B (1.4g, 97%); ir v,,, (CHCI,): 1725 
cm-'; nrnr (CDCI,) 6: 5.08 (IH, m, H,), 3.71 (3H, S, 
CH,O), 2.05 (3H, S, CH,CO), 1.23 (3H, S, CH3-C,), 
1.10 (3H, d, J = 7.0 Hz, CH,-C2), and 0.91 (3H, s, 
CH3-C,); ms m/e: 235 (M+ - 31). Anal. calcd. for 
Cl5H22O4: C 67.67, H 8.27; found: C 67.68, H 8.26. 

Alcohol Acid 13  
A solution of acetate ester 12A (3.35 g, 0.013 mol) 

and sodium hydroxide (N, 27 ml, 0.027 mol) in water 
(15 ml) was heated at reflux for 2 h. After cooling and 
extracting with ether, the aqueous phase was acidified 
to pH 4 with dilute hydrochloric acid, saturated with 
sodium chloride, and extracted several times with ether. 
Drying and evaporation of the solvent yielded the alcohol 
acid 13 as a viscous oil (2.68 g, 100%); ir v,,, (CHCl,): 
3600, 3500 (br), and 1702cm-l; nrnr (CDCI,) 6: 7.25 
(lH, br, COOH), 4.65 (lH, m, H,), 1.25 (3H, s, CH3- 
C6), 1.01 (3H, d, J = 7 Hz, CH3-C2), and 0.95 (3H, s, 
CH3-C6); ms mle: 210 (M+). 

Alcohol Acid 14 
Using the above experimental procedure, the acetate 

ester 12B (3.31 g, 13.0 mmol), gave the alcohol acid 14 
(2.2g, 84%); mp 157-158°C (from acetone); ir v,,, 
(CHC13): 3600, 3500 (br), and 1702 cm-'; nrnr (CDC1,) 
6: 5.25 (lH, br, COOH), 4.32 (lH, m, H,), 3.12 (lH, t, 
J = 8.5 HZ, H7), 1.25 (3H, S, CH3-C6), 1.08 (3H, d, 
J = 7 HZ, CH3-C2), and 0.96 (3H, S, CH3-C6); ms 
mle: 210 (M+). Anal. calcd. for ClzH1803: C 68.57, H 
8.57; found: C 68.39, H 8.76. 

Acetate Acid 15A 
The alcohol acid 13 (2.68 g, 0.012 mol) was dissolved 

in a mixture of acetic anhydride (19.5 ml) and pyridine 
(19.5 ml). After 3 h at room temperature, the mixture 
was cooled at 0°C and methanol (19.5 ml) was added 
dropwise. The reaction mixture was left to warm up to 
room temperature (1 h) and it was diluted with ether. 
The organic phase was washed several times with dilute 
hydrochloric acid and water. Drying and evaporation of 
the solvent yielded an oil which gave pure acetate acid 
15A (2.25 g, 70%); mp 151-153°C (from dichlorometh- 
ane-ether-pentane); ir v,,, (CHCl,): 3600, 3500 (br), 
1724, and 1707 cm-l; nrnr (CDCI,) 6: 10.88 (lH, br, 
COOH), 5.61 ( lH,  m, H,), 2.07 (3H, s, CH,CO), 1.28 
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(3H, s, CH,-C6), 1.0 (3H, s, CH3-C6), and 0.95 (3H, 
d, J = 7 Hz, CH3-C2); ms mle: 193 (M+ - 59) and 
192 (M+ - 60). Anal. calcd. for C14Hzo04: C 66.64, H 
7.99; found: C 66.57, H 8.23. 

Acetate Acid 15B 
Using the above experimental procedure, the alcohol 

acid 14 (3.0 g, 14 mmol) was converted into acetate acid 
15B (2.52 g, 70%); mp 105-107°C (from dichlorometh- 
ane - petroleum ether); ir v,,, (CHCI,): 3600, 3500 
(br), 1727, and 1707 cm-'; nmr (CDCI,) 6: 12.65 (lH, 
br, COOH), 5.15 (lH, m, H,), 3.20(1H, m, H7), 2.07 
(3H, S, CH3CO), 1.27 (3H, S, CH3-C6), 1.09 (3H, d, 
J = 7.5 Hz, CH,-C2), and 1.02 (3H, s, CH3-C,); 
ms mle: 193 (M+ - 59) and 192 (M+ - 60). Anal. 
calcd. for CI4HZ0O4: C 66.64, H 7.99; found: C 66.45, 
H 8.23. 

Acetate Ester 16A 
A solution of acetate acid 15A (1.08 g, 4.3 mmol) in 

pyridine (0.88 ml, 10.9 mmol) and anhydrous benzene 
(100 ml) was added dropwise during 1.5 h to a cooled 
solution (0°C) of oxalyl chloride (0.768 ml, 9.0 mmol) 
in anhydrous benzene (72 ml). The reaction mixture was 
left for 1.5 h at room temperature. After filtration, the 
solution was slowly added to a vigorously stirred cold 
(- -30°C; Dry Ice- acetone bath) solution of diazo- 
methane (2: 15 mg of CH2N2/ml) in ether (250 ml). The 
reaction mixture was left for 1 h at room temperature and 
the solvent was removed by evaporation in vacuo to 
yield a crude diazoketone (1.33 g, 2: 100%) which was 
not further purified; ir v,,, (CHCI,): 3110, 2110, 1720, 
and 1630 cm-'. 

A solution of the crude diazoketone (1.32 g, 4.3 mmol) 
in anhydrous methanol (70 ml) containing silver oxide 
(600 mg, 2.4 mequiv.) was heated to reflux during 12 h 
under nitrogen atmosphere. The solution was then 
filtered through Celite and evaporated to dryness. 
Chromatography with Florisil gave the pure oily acetate 
ester 16A (818 mg, 68%); ir v,,, (CHCl,): 1738 cm-'; 
nmr (CDCl,) 6: 5.58 (lH, m, H,), 3.70 (3H, s, OCH,), 
2.07 (3H, S, CH3CO), 1.06 (3H, S, CH3-C,), 0.95 
(3H, d, J = 7.5 Hz, CH3-CZ), and 0.83 (3H, s, CH3- 
C6); ms mle: 221 (M+ - 59) and 220 (M+ - 60). This 
compound was found to decompose slowly at room 
temperature. 

Acetate Ester 16B 
Using the above experimental procedure, the acetate 

acid 15B (1.16 g, 4.6 mmol) was converted into the cor- 
responding diazoketone (1.26 g, - 100%); ir v,,,: 31 10, 
2110, 1720, and 1630 cm-'. 

The crude diazoketone (1.26 g, 4.6mmol) was then 
transformed into the oily acetate ester 16B (842 mg, 
65.4%); ir v,,, (CHCl,): 1725 cm-'; nrnr (CDCI,) 6 :  
5.11 (lH, m, H,), 3.70 (3H, s, OCH,), 2.05 (3H, s, 
CH3CO), 1.09 (3H, d, J = 6.5 HZ), 1.03 (3H, S, CH3- 
C6), and 0.85 (3H, s, CH3-C6); ms m/e: 221 (M+ - 59) 
and 220 (M+ - 60). This compound was found to de- 
compose slowly at room temperature. 

Acetate Acid 17A 
A solution of acetate ester 16A (2.05 g, 7.3 mmol) in 

sodium hydroxide (0.5 N, 40 ml) was heated at reflux 
during 2 h. After cooling, the aqueous solution was ex- 
tracted with ether, acidified with dilute hydrochloric 

acid to p H  5, saturated with sodium chloride, and ex- 
tracted several times with ether. Drying and evaporation 
of the organic phase gave the corresponding alcohol acid 
(1.28 g, 78%); mp 11 1.5-1 12.5"C (from acetone - petro- 
leum ether); ir v,,, (CHCl,): 3640, 3500 (br), and 1705 
cm-'; nmr (CDCI,) 6: 5.80 (lH, br, COOH), 4.64 
(lH, m, H,), 1.07 (3H, s, CH3-C6), 1.0 (3H, d, J = 
8 Hz, CH3-C2), and 0.84 (3H, s, CH3-C,); ms mle: 
224 (M+). Anal. calcd. for C13H2003: C 69.61, H 8.99; 
found: C 69.34, H 8.80. 

A solution of the alcohol acid (1.00 g, 4.4 mmol) in 
acetic anhydride (13.2 ml) and pyridine (13.2 ml) was 
left for 2.5 h at room temperature. The mixture was 
cooled at O°C and then methanol (13.2ml) was added 
dropwise. The reaction mixture was left to warm up at 
room temperature (1 h) and it was diluted with ether. 
The organic phase was washed several times with dilute 
hydrochloric acid and water. Drying and evaporation 
of the solvent yielded an oil which gave pure acetate 
acid 17A (944 mg, 80%); mp 91-92.5"C (from ether - 
petroleum ether); ir v,,, (CHCl,): 3500 (br), 1725, and 
1710cm-'; nmr (CDCI,) 6: 10.25 (lH, br, COOH), 
5.61 (lH, m, H,), 2.07 (3H, s, CH3CO), 1.09 (3H, s, 
CH3-C6), 0.95 (3H, d, J = 7.5 Hz, CH3-C2), and 
0.84 (3H, s, CH3-C,); ms mle: 207 (M+ - 59) and 
206 (M+ - 60). Anal. calcd. for C15H2204: C 67.65, H 
8.33; found: C 67.35, H 8.39. 

Acetate Acid 17B 
Using the above experimental procedure, the acetate 

ester 16B (1.67 g, 6.0 mmol) gave the corresponding 
alcohol acid (1.07 g, 80%); mp 119-120°C (from acetone - 
petroleum ether); ir v,,, (CHCl,): 3500 (br) and 1708 
cm-'; nmr (CDCl,) 6: 7.50 (lH, br, COOH), 4.15 (lH, 
m, H,), 1.05 (3H, d, J = 6.5 Hz, CH3-C2), 1.05 (3H, s, 
CH3-C,), and 0.85 (3H, s, CH3-C,); ms mle: 224 
(Mf). Anal. calcd. for Ci3HZ003: C 69.61, H 8.99; 
found: C 69.34, H 8.80. 

This crystalline alcohol acid (775 mg, 3.4 mmol) was 
then converted into the acetate acid 17B (885 mg, 95%); 
mp 90-91°C (from ether-pentane); ir v,,, (CHCl,): 
3500 (br) and 1715 (br) cm-'; nmr (CDCl,) 6: 11.93 ( lH,  
br, COOH), 5.14 (lH, m, H,), 2.07 (3H, S, CH3CO), 
1.12 (3H, d, J = 7.0 HZ, CH3-Cz), 1.07 (3H, S, CH3- 
C6), and 0.88 (3H, s, CH3-C,); ms mle: 207 (M+ - 59) 
and 206 (M+ - 60). Anal. calcd. for Cl5HZZO4: C 
67.65, H8.33; found: C 67.42, H 8.20. 

Diazoketone 18A 
The acetate acid 17A (300 mg, 1.13 mmol) dissolved in 

a mixture of pyridine (0.264 ml, 3.1 mmol) and anhydrous 
benzene (60 ml) was added dropwise during a period of 
2 h to a cooled (0°C) solution of oxalyl chloride (0.228 ml, 
2.7 mmol) in benzene (48 ml) under nitrogen atmosphere. 
The mixture was left at room temperature for 1 h. After 
filtration, the solution was slowly added to a vigorously 
stirred, cold (2. - 30"C, Dry Ice - acetone bath), solution 
of diazomethane (E 15 mg of CH2N2/ml) in ether (120 
ml). The reaction mixture was left at room temperature 
for 1 hand evaporation of the solvent in vacuo yielded the 
crude diazoketone 18A (320 mg, 100%) which was not 
further purified because of its instability; ir v,,, (CHCI,): 
2120,1740, and 1640cm-'; nmr (CDCI,) 6: 5.58 (lH, m, 
H3), 5.40 (lH, S, COCHNZ), 2.08 (3H, S, CH3CO), 1.07 
(3H, s, CH,-C,), 0.93 (3H, d, J = 7 Hz, CH3-C,), and 
0.84 (3H, S, CH3-Cs). 
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Diazoketone 18B 
Using the above experimental procedure, the acetate 

acid 17B (560mg, 2.1 mmol) was converted into the 
crude diazoketone 18B (609 mg, Y 100%); ir v,,, 
(CHCI,): 2120, 1740, and 1640 cm-'; nrnr (CDCI,) 6: 
5.33 (lH, s, COCHN,), 5.05 (lH, m, H3), 2.05 (3H, s, 
CH3CO), 1.06 (3H, d, J  = 7 HZ, CH3-CZ), 1.03 (3H, s 
CH,-C,), and 0.84 (3H, s, CH3-C,). 

Cyclopropane Acetate 19A 
A solution of the crude diazoketone 18A (340mg, 

1.2 mmol) in anhydrous benzene (60mI) containing 
copper (Fisher Co., 1.14 g) was heated at reflux during 
3.75 h under a nitrogen atmosphere. The solution was 
filtered under Celite and evaporated to dryness. The 
crude product was purified by chromatography with 
Florisil to yield the oily cyclopropane acetate 19A 
(186 mg, 61%) which was not purified further because of 
its instability; ir v,,, (CHCI,): 1730 and 1680cm-'; 
nrnr (CDCI,) 6: 5.10 (IH, m, H3), 2.07 (3H, S, CH3CO), 
1.14 (3H, s, CH3-C,), 1.03 (3H, s, CH3-C,), and 
0.93 (3H, d, J = 7.5 Hz, CH3-C,); ms m/e: 262 (M+); 
vpc one peak at 9.5 min (5 ft, 4 in., SE-30-5% on Chromo- 
sorb W, 200°C). 

Cyclopropane Acetate 19B 
Using the above experimental procedure, the crude 

diazoketone 18B (609 mg, 2.1 mmol) was converted to 
the oily cyclopropane acetate 19B (216 mg, 40%), after 
chromatography; ir v,,, (CHCI,): 1725 and 1680 cm-'; 
nrnr (CDCI,) 6: 5.07 (lH, m, H3), 2.02 (3H, S, CH3CO), 
1.12 (3H, d, J  = 8 HZ, CH3-CZ), 1.10 (3H, S, CHj-Cs), 
and 1.01 (3H, s, CH3-C,); ms mle: 262 (M+); vpc 
one peak at 12.6 min (5 ft, 4 in., SE-30-5% on Chromo- 
sorb W, 181°C). 

Cyclopropane Alcohol 20 
A solution of crude cyclopropane acetate 19A (314 mg, 

1.2 mmol) in tetrahydrofuran (15 ml), sodium hydroxide 
(N, 1.2 ml, 1.2 mmol), and water (3 ml) was heated 
at reflux for 2.5 h. The solution was concentrated by 
evaporation in vacuo and diluted with water (10 ml). It 
was then extracted several times with ether. Drying and 
evaporation of the organic phase yielded the cyclo- 
propane alcohol 20 (240 mg, 75%); mp 118-119°C (from 
ether - petroleum ether); ir v,,, (CHCI,): 3620, 3450, 
1684, and 1667 cm-'; nrnr (CDCI,) 6: 4.31 (lH, m, H,), 
1.12 (3H, s, CH3-C,), 1.02 (3H, s, CH,-C,), and 0.99 
(3H, d, J  = 7.2 Hz, CH3-C2); ms mle: 220 (M+). 
Anal. calcd. for C14HZ0O2: C 76.33, H 9.15; found: C 
75.56, H 8.91. 

Cyclopropane Alcohol 21 
Using the above experimental procedure, the crude 

cyclopropane acetate 19B (204 mg, 0.8 mmol) was con- 
verted into the cyclopropane alcohol 21 (165 mg, 96%); 
mp 120.5-121.5"C (from dichloromethaneether); ir 
v,,, (CHCl,): 3620, 3440, and 1675 cm-'; nrnr (CDCI,) 
6: 4.26 (lH, m, H,), 1.09 (3H, S, CH3-C,), 1.04 (3H, d, 
J = 6 Hz, CH3-C2), and 0.99 (3H, s, CH3-C6); ms 
mle: 220 (M+). Anal. calcd. for C14H2,02: C 76.33, H 
9.15; found: C 75.94, H 8.97. 

Cyclopropane Diketone 3 
(a) From Cyclopropane Alcohol 20 
Chromium trioxide (88 mg, 0.924 mmol) was added to 

a solution of pyridine (145 mg, 1.85 mmol) in dry 

dichloromethane (7 ml) and the mixture was stirred at 
room temperature for 15 min. A solution of cyclopropane 
alcohol 20 (33 mg, 0.154 mmol) in dichloromethane 
(5 ml) was added and the mixture was stirred for 15 min 
at room temperature. The solution was decanted and the 
residue was washed with dichloromethane. The organic 
phase was evaporated, ether was added, and the solution 
was filtered through Celite. Evaporation of the solvent 
gave cyclopropane diketone 3 (30 mg, 90%); mp 97- 
98°C (from ether - petroleum ether); ir v,,, (CHCI,): 
1750 and 1700cm-'; nrnr (CDCI,) 6: 2.93-1.45 (9H, 
m's), 1.18 (3H, d, J =  8Hz, CH3-C,), 1.15 (3H, s, 
CH3-C,), and 1.09 (3H, s, CH3-C6); ms m/e: 218 
(Mf) ;  vpc one peak at 9.8 min (5 ft, 4 in., SE-30-5% on 
Chromosorb W, 175°C). Anal. calcd. for C14H1802: C 
77.03, H 8.31; found: C 76.71, H 8.06. 

(b) From Cyclopropane Alcohol 21 
Using the above experimental procedure, the cyclo- 

propane alcohol 21 (100 mg, 0.46 mmol) was converted 
into the cyclopropane diketone 3 (92 mg, 90%); mp 
97-98°C. 

Tricyclic Enedione 4 
A solution of the cyclopropane diketone 3 (33 mg, 

0.15 mmol) in dry methanol (5 ml) containing sodium 
methoxide (30 mg, 0.45 mmol) was left at room tem- 
perature during 20 min. The solution was concentrated 
by evaporation in vacuo, diluted with water (10 ml), and 
acidified with dilute hydrochloric acid. The aqueous 
phase was extracted several times with ether. Drying 
and evaporation of the organic phase gave the tricyclic 
enedione 4 (33 mg, E 100%); mp 160.5-162°C (from 
dichloromethane-ether); ir v,,, (CHCI,): 1710 and 
1630 cm-'; nrnr (CDCI,) 6: 5.83 (lH, s, H4), 3.05-1.08 
(8H, rn's), 1.24 (6H, s, (CH,),-C,), and 1.13 (3H, d, 
J = 7.5 Hz, CH3-C2); uv h,,, (EtOH): 237 nm (E = 
39 800); ms mle: 218 (M+); vpc one peak at 10.8 min 
(5 ft, 4 in., SE-30-5% Chromosorb W, 175°C). Anal. 
calcd. for Cl4Hl8O2: C 77.03, H 8.31; found: C 76.71, 
H 8.06. 

If a catalytic amount of sodium methoxide (2 mg) is 
used, the tricyclic enedione 4 was obtained after 68 h of 
reaction time. 

Tricyclic Enedione 5 
A solution of the cyclopropane diketone 3 (70 mg, 

0.32 mmol) in methanol (10 ml) containing sodium 
methoxide (50 mg, 0.92 mmol) was left at room tem- 
perature during 12 h. The solution was concentrated by 
evaporation in vacuo, diluted with water (lorn]), and 
acidified with dilute hydrochloric acid. The aqueous phase 
was extracted several times with ether. Drying and 
evaporation of the organic phase gave the tricyclic ene- 
dione 5 (70mg, ~ 1 0 0 % ) ;  mp 96.0-96.5"C (from di- 
chloromethane-ether-pentane) ; ir v,,, (CHCI,) : 1705 
and 1665 cm-'; nrnr (CDCI,) 6: 3.20-1.75 (9H, m's), 
1.69 (3H, t, J  = 2 Hz (homoallylic coupling), CH3-C2), 
1.29 (3H, s, CH3-C,), and 0.89 (3H, s, CH3-C,); uv 
h,,, (EtOH): 243 nm (E = 36 000); ms mle: 218 (M+);  
vpc one peak at 8.6 min (5 ft, 4 in., SE-30-10% Chromo- 
sorb W, 178°C). Anal. calcd. for C14H1802: C 77.03, H 
H 8.31; found: C 76.77, H 8.11. 

Diol Ester 26 
A solution of diacetate anhydride 10B (1.0 g, 3.0 mmol) 

in tetrahydrofuran (30ml) and sodium hydroxide (N, 
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15 ml, 15.0 mequiv.) was heated to reflux for 72 h. The 
solution was concentrated by evaporation in vacuo and 
extracted with ether. The aqueous phase was acidified 
with dilute hydrochloric acid and extracted several times 
with ether. After drying and evaporation of the solvent, 
it was dissolved in ether and a large excess of diazo- 
methane in ether was added. Evaporation of the solvent 
gave the diol diester 26 (777 mg, 96%); mp 124-126°C 
(from dichloromethane-ether) ; ir v,,, (CHCI,) : 3540 
(br), 1720, and 1695 cm-'; nmr (CDCI,) 6: 4.97 (lH, s, 
OH), 3.78 (3H, s, OCH,), -3.75 (lH, m, H,), 3.72 
(3H, S, OCH,), 1.14 (3H, S, CH3-C6), 1.02 (3H, d, 
J = 7 Hz, CH,-C,), and 0.78 (3H, s, CH3-C,); ms 
mle: 300 (Mf). Anal, calcd. for ClSHz4O6: C 59.98, H 
8.05; found: C 60.02, H 7.99. 

Ketoalcohol Diester 27 
(a) From Diol Diester 26  
Chromium trioxide (352 mg, 3.6 mmol) was added to a 

solution of pyridine (580 mg, 7.2 mmol) in dry dichloro- 
methane (20 ml) and the mixture was stirred at room 
temperature for 30 min. A solution of the diol diester 26 
(180 mg, 0.6 mmol) in dichloromethane (20 ml) was 
added and the mixture was stirred at room temperature 
for 20 min. The solution was decanted and the residue 
was washed with dichloromethane. The organic phase 
was evaporated, ether was added, and the solution was 
filtered through Celite. Evaporation of the solvent gave 
the ketoalcohol diester 27 (154 mg, 88%); mp 68-70°C 
(from ether-pentane); ir v,,, (CHCl,): 3450, 1735, and 
1700cm-l; nmr (CDCl,) 6: 5.37 (lH, s, OH), 3.87 
(3H, s, OCH,), 3.73 (3H, s, OCH,), 3.33-1.28 (6H, m's), 
1.17 (3H, S, CH3-C,), 1.07 (3H, d, J = 7 HZ, CH3-C,), 
and 0.76 (3H, s, CH,-C6); ms mle: 298 (M'). Anal. 
calcd. for ClSH,,O6: C 60.39, H 7.43; found: C 59.61, H 
7.08. 

( b )  From Diol Diester 28 
Using the above experimental procedure, the diol 

diester 28 (22 mg, 0.073 mmol) was converted into the 
ketoalcohol diester 27 (18 mg, 81%); mp 68-70°C. 

Diol Diester 26  and 28 from Ketoalcohol Diester 27 
A solution of ketoalcohol diester 27 (133 mg, 0.44 

mmol) in methanol (5 ml) was added to a solution of 
sodium borohydride (34mg, 0.88 mmol) in methanol 
(5 ml) and the mixture was left at 0°C for 2 h. The 
mixture was then acidified with dilute hydrochloric acid 
to p H  6 and concentrated by evaporation in vacuo. The 
resulting solution was extracted several times with di- 
chloromethane. After drying and evaporation of the 
solvent, two products were obtained and separated by 
thin-layer chromatography 011 silica gel. The more 
polar product was identified as the diol ester 26 (56 mg) ; 
mp 124-126°C. The less polar product was identified as 
the diol diester 28 (34 mg); mp 127-128°C (from di- 
chloromethane-ether); ir v,,, (CHCI,): 3620,3450,1720, 
and 1690cm-'; nmr (CDC1,) 6: 5.08 ( lH,  s, OH), 4.36 
( lH,  m, H,), 3.81 (3H, s, OCH,), 3.72 (3H, s, OCH,), 
2.93-2.12 (7H, m's), 1.13 (3H, s, CH3-C,), 1.04 (3H, 
d, J = 7 Hz, CH3-C,), and 0.73 (3H, s, CH3-C,); ms 
mle: 300 (M'). Anal. calcd. for ClsH~406:  C 59.98, 
H 8.05; found: C 60.21, H 8.05. 

Alcohol Anhydride 39 
A solution of diacetate anhydride 10A (1.5 g, 4.5 mmol) 

in tetrahydrofuran (50 ml), sodium hydroxide (N, 14 ml, 
14.0 rnequiv.) was heated at reflux for 12 h. The solution 
was concentrated by evaporation in vacuo and extracted 
with dichloromethane. The aqueous phase was acidified 
with dilute hydrochloric acid and extracted several times 
with ether. Drying and evaporation of the organic phase 
gave a product (diacid) which was dissolved in acetic 
anhydride (50ml) and heated at reflux for 20min. 
Evaporation of the solvent gave the alcohol anhydride 39 
(1.10 g, 84%); mp 165-167°C (from acetone); ir v,,, 
(CHCI3): 3480,1810,1760, and 1710 cm-' ; nmr (CDC13) 
6: 3.93 (lH, m, H,), 1.98 (3H, s, CH3CO), 1.37 (3H, s, 
CH3-C,), 1.10 (3H, s, CH3-C,), and 1.07 (3H, d, 
J = 7 Hz, CH3-C,); ms mle: 237 (M+ - 59) and 236 
(M+ - 60). Anal. calcd. for ClsHz006: C 60.80, H 6.80; 
found: C 60.48, H 6.77. 

Tricyclic Enone Anhydride 41 
Chromium trioxide (599 mg, 6.0 mmol) was added to a 

solution of pyridine (949 mg, 1.2 mmol) in dry dichloro- 
methane (20 ml) and the mixture was stirred at room 
temperature for 30 min. A solution of the alcohol anhy- 
dride 39 (272 mg, 1 .O mmol) in dichloromethane (30 ml) 
was added and the mixture was stirred for 20 min at 
room temperature. The solution was decanted and the 
residue was washed with dichloromethane. The organic 
phase was evaporated, ether was added, and the solution 
was filtered through Celite. Evaporation of the solvent 
gave crude 40 as shown by nmr (no olefinic hydrogen) 
which by attempted crystallization gave the tricyclic 
enone anhydride 41 (212 mg, - 100%); mp 156-160°C 
(from dichloromethane-ether); ir v,,, (CHCI,): 181 5, 
1770, 1730, and 1635 cm-l; nmr (CDCI,) 6: 6.03 (IH, s, 
H4), 3.35 (2H, m's), 2.3 (2H, m's), 1.44 (6H, s, (CH,),= 
C,), and 1.15 (3H, d, J = 7.5 Hz, CH3-C,); uv h,,, 
(EtOH): 235 nm ( E  = 34 950); ms mle: 234 (weak, M+) 
and 190 (M+ - 44). 
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Individual rate constants of methyl radical reactions 
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Can. J. Chem. 55,4128 (1977). 
Dimethyl ether was pyrolyzed in a flow system at 10 to 80 Torr and 1005 K. The average 

concentration of CH3 radicals in the reactor was measured by ultraviolet absorption spectro- 
scopy. Product yields were measured by gas chromatography. The system was simulated using 
a computer program, taking into account the warm-up of the entering gas and the occurrence 
of secondary reactions. Rate constants were varied to find values consistent with experimental 
observations. The limiting, high pressure rate constant for the recombination of CH3 was esti- 
mated to be 1010.15'0.5 C m01-I S-l. Estimated rate constants for the reactions 

CH3 + CH30CH3 -t CH4 + CH20CH3 and CH3 + CH20 -t CH4 + CHO 
were 107.12+0.2 6 mO1-~ S - ~  and 107.5'0.4 e mol-' s-', respectively. 

ANDREW M. HELD, KIM C. MANTHORNE, PHILIP D. PACEY et HOWARD P. REINHOLDT. Can. 
J. Chem. 55,4128 (1977). 

On a effectuk la pyrolyse de I'tther dimkthylique dans un systkme a flux entre 10 et 80 Torr a 
1005 K. On a mesurk la concentration moyenne des radicaux CH3 dans le reacteur par spec- 
troscopie d'absorption ultraviolet. On a mesurt les rendements de produits par chromatogra- 
phie en phase gazeuse. On a simult le systtme en faisant appel a un programme d'ordinateur 
en tenant compte de la pkriode de rkchauffement du gaz qui entre et de I'existance de rtactions 
secondaires. On a fait varier les constantes de vitesse pour trouver des valeurs en accord avec 
les observations expkrimentales. On a estimk que la constante de vitesse a la limite de hautes 
pressions pour la recombinaison des radicaux CH3 est de 1010.15'0.5 t mol-I S-l. On a estimk 
que les constantes de vitesse des rtactions 

CH3 + CH30CH3 -t CH4 + CH20CH3 et CH3 + CH20 -t CH4 + CHO 

sont respectivement de 107.12*0.2 C mol-I s-' et 107.5*0.4 C m01-I S-l. 
[Traduit par le journal] 

This paper reports measurements of the rate (1) used mass spectrometry to follow the disap- 
constants at 1005 K for two types of methyl pearance of methyl radicals in a shock tube at 
radical reactions, the recombination reaction 1120 to 1400 K ;  Glanzer, Quack, and Troe (5) 
(see Table 1 for list of reactions), 

and the abstraction reactions, particularly the 
reaction with dimethyl ether, 

Abstraction reactions involving methyl rad- 
icals are of interest because several studies have 
reported curvature of the Arrhenius plots (1-3). 
With one exception (I), however, these studies 
have not reported direct measurements of the 
rate constants, but, instead, measurements rela- 
tive to the rate constant of reaction 6. 

Since the early work of Ingold and Lossing 
(4), there have been only two measurements of 
the rate constant of reaction 6 at high tempera- 
tures (> 500 K). Clark, Izod, and Kistiakowsky 

used ultraviolet absorption spectroscopy at 
similar temperatures. The rate constants mea- 
sured differed by a factor of three. Knowledge 
of the temperature dependence of this reaction 
is important, both because the reaction is used 
as a reference reaction for studying abstractions, 
like [5], and because the temperature dependence 
provides a sensitive test for theoretical treat- 
ments of recombination reactions. Most Rice- 
Ramsperger-Kassel-Marcus (RRKM) calcula- 
tions, which place the activated complex atop 
a rotational barrier at a point on the reac- 
tion coordinate with potential energy near its 
maximum value, predict a strong increase in rate 
with increasing temperature (5). Theories which 
place the critical configuration at lower energies, 
such as the adiabatic open channel (5), minimum 
state density (6), or maximum free energy theo- 
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ries (7), predict little or no temperature depen- 
dence. 

In this work reactions 5 and 6 were studied in 
the pyrolysis of dimethyl ether. Methyl radical 
concentrations were measured by ultraviolet 
absorption spectroscopy; product concentra- 
tions, by gas chron~atography. In an earlier gas 
chromatographic study (2), it was shown that 
reaction 6 was the only major source of C2H6; 
the rate constant, k,, has been determined herein 
from measurements of the conceiltration of CH, 
and of the rate of formation of C,H,. Reaction 5 
is believed to be the main source of CH, in the 
early stages of pyrolysis (2); k ,  has been deter- 
mined herein from [CH,] and the rate of forma- 
tion of CH,. 

Higher temperatures have been used than in 
the earlier work to increase ultraviolet absorp- 
tion by CH, to a measureable level. The rate 
constant of the initiation reaction, 

determined in the earlier work from yields of 
C,H,, the main termination product, has been 
redetermined at these higher temperatures. Be- 
cause of the higher temperatures, overall reac- 
tion rates and conversions were greater and 
secondary reactions of the products became 
significant. Interpretation of the experiments has 
been assisted by a computer simulation, taking 
into account secondary reactions and the tem- 
perature profile in the reactor. It has been pos- 
sible to place limits on the rate constant of one 
secondary reaction, 

191 CH3 + CH20 -* CH, + CHO 

Experimental 
The experimental system was described previously (8), 

except for the changes that follow. 
Dimethyl ether (Matheson, 99.87%) was degassed and 

allowed to flow at a controlled rate through a 1 cm inside 
diameter quartz reactor, heated externally by a nichrome 
wire resistance furnace. Temperatures were measured 
using a moveable Pt - Pt-15% Rh thermocouple in a 
2 mm inside diameter quartz tube attached to the outside 
of the reactor. By a method described previously (9), 
average reaction temperatures were calculated. 

Liaht from a McKee-Pedersen MP-1035 deuterium 

of the altered monochromator was studied using the 
253.7 nm line from an Hg lamp. With the 1.6 mm slit 
width used, the slit function could be fitted to within 1% 
of the peak height by a Gaussian curve with full width at 
half height of 1.44 nm. 

In most experiments, samples of product gases were 
injected directly into an on-line gas chromatograph. In 
some experiments, products were collected and analyzed 
on an external gas chromatograph. Columns and detec- 
tors have been described previously (2). 

Results 
Curves a and b of Fig. 1 are traces of a photo- 

multiplier signal as a function of wavelength for 
experiments in which 10 Torr of dimethyl ether 
was passed through the reactor at temperatures 
of 850 and 1002 K, respectively. The curvature 
of the upper trace was caused by the optical 
system, as the dimethyl ether absorption con- 
tinuum was found to be featureless at these wave- 
lengths and the methyl radical concentration 
would be too small to contribute. The extra dip 
in curve b was interpreted as being caused by 
absorption by CH,. 

This interpretation was tested in several ways. 
Curve c of Fig. 1 shows the shape of the CH, 
peak calculated for the conditions of these ex- 
periments using a computer program1 based on 
the theoretical model of Glanzer et al. (10). 
This model was shown (10) to match observa- 
tions of the CH, spectrum at room temperature 
and at 1400 K. The computer program has also 
been used to calculate the extinction coefficient 
(2730 e mol-l cm-l) at  the absorption maxi- 
mum and the oscillator strength (7.0 x lo-,) 
of the main band (214.3 to 220.0 nm) for the 
conditions of this work. 

Over 100 traces, like b in Fig. 1, have been 
made; peak heights have been calculated by 
comparing heights at the absorption maximum 
(216.5 nm) and minima (214.3 and 220.0 nm) 
with traces, like a in Fig. 1, at  the same pressure 
but at 800 to 900 K. Average CH, concentra- 
tions in the reactor, calculated from peak heights, 
the extinction coefficient, and the length of the 
hot zone of the reactor, were reproducible, with 
standard deviations of about 10%. 

Radical concentrations have also been calcu- 
lamp was focussed and directed along the axis of the lated from ~ e a k  areas and the oscillator strength; 
reactor. A portion of the light entered a McKee-Pedersen the ratio of the CH, concentrat&ns 
MP-1018A monochromator, which had been altered by 
decreasing the height of the entrance slit and covering all obtained by the two methods was 0.99 + 0.1 1. 
but a 3 mm diameter circle of the parabolic mirror behind When the band was traced with narrow slits, 
this entrance slit. These alterations ensured that light 
from the side walls of the reactor could not reach the 'Copies of this and other original computer programs 
grating and the R372 photomultiplier. The slit function are available from the authors on request. 
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Wavelength, n m  
FIG. 1. Recorder traces of photomultiplier output with ~ . ~ , 5  

10 Torr of (CH,),O in the reactor at 850 K (a) and 1002 e 
K (b). Trace a has been raised 0.002 units for clarity. 
Curve c shows the theoretically predicted spectrum of 
CH, for the condition of curve b. o 0.1 0.2 

the characteristic double peak of the CH, spec- 
trum appeared, as was reported previously (8). 
Variation of the pressure at room temperature 
indicated that absorption by dimethyl ether 
obeyed the Beer-Lambert law. Because the con- 
centration of CH, varied along the reactor, 
there was no straightforward way of testing this 
law for this species. 

Ethylene was found to absorb near 216 nm. 
At 1000 K, mol of C,H, contributed 
an absorption dip from 214 to 220 nm of 0.5%. 
During pyrolysis experiments, average C2H4 
concentrations in the reactor were kept at least 
an order of magnitude less than this to minimize 
interference. 

Over 300 gas chromatographic analyses have 
been performed for reactor pressures from 10 to 
80 Torr at reactor temperatures from 1000 to 
1012 K., H2, CH4, C2H6, and C2H4 were deter- 
mined in most cases, CO and C2H60 in a few. 
As in previous work (2), C2H4 appeared to be 
formed mainly from an impurity; it will be given 
limited weight in subsequent discussions. The 
similarity of analyses performed with the D, 
lamp on and off showed that photochemical 
reactions were not significant. 

Logarithms of the rates of formation of CH,, 
H,, and C2H6 are shown as a function of reactor 
residence time at 10 and 80 Torr reactor pressure 
in Figs. 2 and 3, respectively. Spectroscopically 

'Tables of data are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 

FIG. 2. Logarithms of the rates of formation of CH,, 
Hz, and C2H6 (mol e-' s-l) and of the average concen- 
trations of CH, (mol e -I) as a function of reactor resi- 
dence time at 1005 K and 10 Torr. Points are experimen- 
tal; lines were predicted by the computer simulation. 

determined average concentrations of methyl 
radicals are also shown. 

Discussion 
Computer Simulation 

A computer simulation was used to assist in 
interpreting the experiments. The program, 
modelled after one described in ref. 11, inte- 
grated the rate equations for the system using a 
Runge-Kutta-Gill procedure. The reactions 
taken into account (numbered consistently with 
ref. 2) are listed in Table 1 with the correspon- 
ding rate constants. 

Other reactions, as follows, were considered 
for inclusion in the program, but were estimated 
to make little contribution and were omitted. 
Alternative reactions of CH,O and of C2H5 
were considered in ref. 2 and shown to be negli- 
gible. Reactions of CH,OCH, radicals were 
shown (2) to be possible minor contributors to 
termination at 784 K ;  because of the higher 
activation energy of reaction 4 compared to 
reaction 5, CH,OCH, termination reactions 
would be even less able to compete with reaction 
6 at higher temperatures. The recombination 
alternative to reaction 16 was not included, as 
acetaldehyde has not been observed as a product 
of dimethyl ether pyrolysis. Rates of the reverses 
of the reactions in Table 1 (except [-61 and 
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TABLE 1. Reactions and rate constants used in computer simulation 

Log k at 1005 K E.4 Sources or 
Reaction (e mol-I s-I or s-') (kcal mol-') references 

[I] CzH6O -+ CH3 + CH30 
[2] CH3O -+ CH20 + H 
[31 H + CzHsO -+ HZ + CHZOCH, 
[41 CHzOCH3 -+ CH20 + CH3 
[51 CH3 + CzHsO -+ CH20CH3 + CH4 
[6] 2CH3 + C2H6 

[- 61 C2H6 -+ 2CH3 
[9] CH3 + CHzO -+ CH4 + CHO 

[lo] H + CHzO -+ Hz + CHO 
[ I l l  C H O + M - + H + C O + M  
[I21 CH3 + CzHs -+ CH4 + CZH5 
[I31 H + CzHs -+ Hz + CzH5 
[14] CZH.5 * CZH4 + H 
[I51 CH3 + Hz -+ CH4 + H 

[-I51 H + C H 4 - + C H 3 + H 2  
[I61 CH3 + CHO -+ CH4 + CO 
[17] 2CH0 -+ 2C0 + Hz 
[I81 H + CHO-+H2 + CO 
[19] H + CH3 -+ CH4 

See Table 2 
'7 

9.1 
a 

See Table 2 
See Table 2 
Log k6 - 12.8 
7.4 
9.55 
8 .0  
6.6 
9.1 
a 

7.1 
8 .4  
10.6 
10.0 
10.3 
9-9. 7b 

This work, 2 

12 

This work, 2 
This work 
13, 14 
This work, 15 
16, 17 
18 
This work, 9 
19 

20 
13 
This work 
Estimate 
Estimate 
21 

nAssumed to follow automatically whenever the respective radic 
bAssumed pressure dependent. 

FIG. 3. Logarithms of the rates of formation of CH,, 
Hz, and C,H6 (mol s-') and of the average concen- 
trations of CH, (mol ( - I )  as a function of reactor resi- 
dence time at 1007 K and 80 Torr. Points are experimen- 
tal; lines were predicted by the computer sin~ulation. 

[- 151) were calculated using thermochemistry 
(13) and were found to be negligible. Other 
reactions, such as the unimolecular decomposi- 
tion of C H 2 0  or addition of radicals to C2H4 or 
CH20,  could be eliminated by considering rate 
constants and thermochemistry in the literature 

:al was formed. 

(18, 22). Surface reactions were neglected be- 
cause no effect of surface to volume ratio was 
observed in ref. 2. 

The concentration of CH, was assumed to be 
zero at  the reactor entrance and was allowed to 
relax toward its steady state value as the reaction 
progressed. At 10 Torr the relaxation time for 
this process was found to be 77, of the shortest 
experimental residence time. Use of the steady 
state assumption throughout the reactor would 
have led to an error in predicted product yields 
and average CH, concentration of about 77,. 
Because of their smaller concentrations, the 
corresponding relaxation times for H and CHO 
were at  least an order of magnitude faster, justi- 
fying the use of the steady state assumption for 
these species. 

To observe reaction rates which were as close 
as possible to the initial rates, faster reagent 
flow rates were used in these experiments than in 
ref. 2. As a result the reagent would have pro- 
ceeded farther down the reactor before it was 
heated to the same temperature as the reactor 
wall. This problem has been considered by 
Mulcahy and Pethard (23), who described the 
average temperature of the gas, T,, a distance x 
from the furnace entrance by the formula 

x exp ( - 3.658Ktx/R2L) 
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where T, and To are the temperatures of the wall 
and the entering gas, respectively; Kis the thermal 
diffusivity; t, the residence time; R, the tube 
radius; and L, the length of the furnace. The 
thermal diffusivity was estimated from the 
thermal conductivity (24) and heat capacity (22) 
of the similar molecule, ethanol, to be 3 x 
10-3[C2H60]-1 cm2 s-l. Temperatures within 
the reactor were calculated from eq. 20. Rate 
coefficients at each distance, x, could be calcu- 
lated using the activation energies in Table 1. 
The rate equations were then integrated. This 
modification required changes in k, and k, of up 
to 10%. 

Mulcahy and Pethard (23) have also con- 
sidered the errors that arise because the flow 
velocity has a parabolic profile instead of the 
plug flow profile assumed by our program. For a 
first order reaction occurring at the conditions 
of this work, the error would be 0.5%. Although 
not all reactions in the present system are first 
order, these errors have been neglected. 

Reactions - 6, 17, 18, and 19 did not affect 
the simulations, even when increased by an order 
of magnitude. They could have been omitted. 
Reactions 13, 15, and - 15 were only significant 
at the higher pressures. 

The computer simulation was initially at- 
tempted using values of k,, from ref. 9, but this 
model predicted greater concentrations of C2H4 
than observed at 80Torr and long residence 
times. To correct this, k,, was reduced, although 
reducing k13, increasing k, and k,,, or including 
reactions to remove C2H4 would have had a 
similar result. 

The value of k, was chosen to give agreement 
with observed Hz concentrations at 10 and 20 
Torr. 

Reaction 16 was a minor contributor to chain 
termination at high pressures and long residence 
times. The value of k,, was chosen to match the 
downward slopes of Figs. 2 and 3. This could 
also have been accomplished by adjusting k,,. 

The rates of reactions 1, 5, and 6 were then 
varied at each pressure to match the [CH4]/t, 
[C2H6]/t, and [m,] observations. The results 
for 10 and 80 Torr are shown as the solid lines 
in Figs. 2 and 3. Agreement at the other pres- 
sures used was also within experimental uncer- 
tainty. The coefficients, k,, k,, and k,, used at 
each pressure, are shown in Table 2. ~ o t h  k, and 
k, generally increase as pressure increases, as 
expected for dissociation-recombination reac- 

TABLE 2. Rate constants determined by computer 
simulation 

Pressure k1 x lo2 k, x lo-' k, x 
(Torr) ( s )  (e  mol-I s-l) ( e  mol-I s-l) 

tions in their pressure dependent region. Values 
of k, were almost independent of pressure, as 
expected. 

The rate constants in Table 1 were varied by 
factors of two in various combinations to find 
the sensitivity of k,, k,, and k, to changes in the 
model. Uncertainties in k,, k,, and k, deter- 
mined in this way were combined with estimates 
of the scatter of the data. Uncertainties in the 
extinction coefficient and the thermal diffusivity, 
which have a similar effect at all pressures, were 
not included at this point. 

The uncertainties in k,, shown in Table 2, 
were greater than in the earlier work (2), because 
of the greater conversions. Using the experimen- 
tally determined Arrhenius parameters from 
ref. 2 (log A = 15.2, EA = 77 kcal mol-I), the 
high pressure rate constant at 1005 K would be 
predicted to be 3.1 x lo-' s-l, within the un- 
certainty limits of the high pressure values in 
Table 2. 

Recombination Reaction 
The acceptable ranges for k, are shown, 

plotted as a function of the logarithm of pres- 
sure, by the vertical bars in Fig. 4. Curve a was 
calculated from the equilibrium constant (from 
Table 1) and from the RRKM model3 used by 
Clark and Quinn (25) to reproduce their data 
for k-, at 838 K. Curve b was calculated by the 
method of van den Bergh (26), using reduced 
Kassel curves and a collision efficiency for 
deactivation of excited C2H6 of 0.29. This model, 
with a smaller collision efficiency for deactivation 
by argon, was fitted to the data of Glanzer et al. 
(5) at 1350 K. Both curves can be seen to be 
somewhat steeper than, though compatible with, 
the pressure dependence observed in this work. 

Extrapolating the data of this work to high 

3State densities and sums were calculated using a pro- 
gram by W. L. Hase and D. L. Bunker, Quantum Chem- 
istry Program Exchange, No. 234, Indiana University, 
Bloomington, IN, U.S.A. 
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9 I 
1.0 1.5 2.0 

LOG,, P 

FIG. 4. Dependence of k, (f mol-I s-') on reactor 
pressure (Torr). The vertical bars show the range of 
values compatible with the present experiments for a 
fixed extinction coefficient. Curve a was calculated from 
the theoretical treatment of ref. 25; 6, from ref. 26. 

pressures would place too much emphasis on 
the less reliable 40 and 80 Torr results. Instead, 
comparisons have been made with curves a and 
b, which are based on more extensive and precise 
results. The experimental values of k, were, on 
the average, seven tenths of the values from 
curve b. If this proportion were retained, the 
limiting high pressure rate constant, k,,,, for 
this work would be 1.4 x 10'' t? mol-I s-I, 
compared to the value, 2 x 10'' C mol-I s-I, 
of curve b. By a similar comparison with curve a, 
again k,,, was found to be 1.4 x 10'' C mol-I 
s-I. Values of k, from ref. 5 (the basis of curve 
b) depend directly on the extinction coefficient, 
whereas values from this work depend on its 
square. The uncertainty in the extinction coeffi- 
cient quoted in ref. 5 was i 3 0 % .  If the upper 
limit were taken, the values of k,,, from these 
sources would agree with each other and with 
most values measured at room temperature (27). 
The threefold disagreement between ref. 5 and 
the mass spectrometric measurements of refs. 1 
and 4 would be narrowed but would not disap- 
pear. When the uncertainties in the extinction 
coefficient and the extrapolation are combined 
with the uncertainties in Fig. 4, we estimate that 
individual values of k, from the present work are 
reliable within about a factor of two and k,,, is 
reliable within a factor of three. 

almost independent of the thermal diffusivity. 
Uncertainties from other sources are shown in 
Table 2. This rate constant has not previously 
been measured individually, but only as the 
quotient k5k6,,-112. Calculating this quotient 
from Arrhenius parameters determined at 782- 
936 K in ref. 2 and taking k,,, = 1.4 x 1010 C 
mol-I s-I from this work led to a predicted 
value of k, at 1005 K of 1.36 x lo7 t? mol-I 
s-I, in excellent agreement with the average, 
1.33 rt 0.14 x lo7 C mol-I s-I, from Table 2. 
Taking Arrhenius parameters from photolysis 
experiments at 407-523 K (28), a similar calcula- 
tion led to k, = 1.5 x 10, C mol-I s-l, one 
ninth the observed value. Choice of a different 
source for k,,, would not have removed this 
difference. The difference cannot be caused by 
strong curvature of the Arrhenius plot for reac- 
tion 6, which has a similar rate constant a t  
300 K (27), 450 K (36), and high temperatures. 
Thus we conclude that reaction 5 exhibits a 
strongly curved Arrhenius plot. 

Including the uncertainty in extinction coeffi- 
cient, log k, would become 7.12 f 0.2, in t? 
mol-I s-I units. 

Values of k, of 3 .0 ( i1 .3 )  x lo7 C n~o l - I  
s-I were consistent with the observed Hz  yields. 
Including the uncertainty in the extinction 
coefficient, log k, = 7.5 5 0.4. Combining 
Arrhenius parameters for k9k6,,-1'2 from 
photolysis experiments a t  357-453 K (15) and 
k,,, from this work led to a predicted value of 
k,  of 4.5 x 10, C mol-I s-I  a t  1005K, one 
sixth of the experimental value. This reaction 
also appears to have a curved Arrhenius plot. 

Since this article was submitted, a report (29) 
of a gas chromatographic study of dimethyl ether 
pyrolysis between 1063 and 1223 K has appeared. 
Extrapolation of the higher temperature data to 
1005 K leads to the following predictions : k, = 

4.7 x lo-' s-I a t  1 atm, in satisfactory agree- 
ment with the present work; k, = 2.5 x 10' t? 
mold' s-I, almost an order greater than the 
present results. Reaction 9 merits further work. 

The present results tend to support the con- Acknowledgements 
clusion of Glanzer et al. .that k,,, is no greater 
at high temperatures than at room temperature. The authors wish to thank the National 
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The use of polymer supports in organic synthesis. XII. The total 
stereoselective synthesis of cis insect sex attractants 

on solid phases 

Department ofchernistry, York University, Downsview, Ont., Canada M3J lP3 

A N D  

ForestPest Management Institute, Sault St. Marie, Ont., Canada P6A 5M7 
Received May 9, 1977 

THOMAS M. FYLES, CLIFFORD C. LEZNOFF, and JOHN WEATHERSTON. Can. J. Chem. 55,4135 
(1977). 

A 2% crosslinked divinylbenzene-styrene copolymer, incorporating trityl chloride groups 
(2) was used in the synthesis of insect sex attractants of Lepidoptera by a two-step alkyne cou- 
pling route. Polymer 2 reacted with the symmetrical diols, 1,s-octanediol and 1,lO-decanediol, 
to give the monoblocked polymer-bound diols 5 and 6 respectively. Mesylation of 5 and 6 gave 
the polymer-bound monomesylates 7 and 8 which on coupling with lithioacetylide gave the 
polymer-bound terminal alkynes 9 and 10 respectively. Acid cleavage of 9 and 10 provide 
9-decyn-1-01 and 11-dodecyn-1-01 respectively. A second coupling step was performed by lithia- 
tion of 9 and 10 with n-butyllithium or tert-butyllithium followed by treatment with n-butyl 
bromide or ethyl bromide to give polymer-bound internal alkynes, which on acid hydrolysis 
gave 9-tetradecyn-1-01 (22), 11-hexadecyn-1-01 (23), and 11-tetradecyn-1-ol(24). If 10 had been 
lithiated with n-butyllithium and coupled with ethyl bromide, some translithiation occurred to 
liberate n-butyl bromide which entered into the coupling reaction eventually giving a mixture of 
23 and 24. This problem was resolved by the use of tert-butyllithium in the lithiation step. 
Attempts were made to reduce polymer-bound internal alkynes stereoselectively to cis-alkenes 
with 9-borabicyclononane, diisobutylaluminum hydride, and catechol borane but all these 
reagents proved inadequate due to incomplete reduction, overreduction, hydrogenolysis of the 
alkyne from the polymer, and non-selectivity. Polymer-bound internal alkynes were quantita- 
tively reduced exclusively to cis insect sex attractants using disiamylborane without concurrent 
overreduction or hydrogenolysis. 

THOMAS M. FYLES, CLIFFORD C. LEZNOFF et JOHN WEATHERSTON. Can. J. Chem. 55,4135 
(1977). 

On a utilist un copolymere divinylbenzkne-styrkne rCticul.4 a 2% et incorporant des groupes 
chlorure de trityle (2) pour rCaliser la synthtse de l'attirant sexuel du Lepidoptera en faisant 
appel a un schtma de couplage d'alcynes impliquant deux Ctapes. I,e polymtre 2 rCagit avec les 
diols symCtriques octanediol-1,s et dtcanediol-l,l0 pour conduire suivant le cas aux diols 
monobloquCs 5 et 6 liCs au polymtre. La mksylation de 5 et 6 fournit les monomCsylates 7 et 8 
lies au polymere qui, par couplage avec I'acCtylure de lithium, conduisent respectivement aux 
alcynes terminales 9 et 10 liCs au polymtre. Une scission acide de 9 et 10 conduit respectivement 
aux dCcyn-9 01-1 et dodCcyn-11 01-1. Une nouvelle Ctape de couplage, effectute par la lithiation 

I 
de 9 et 10 avec le n-butyllithium ou le tert-butyllithium, suivie par un traitement avec le bromure 
de n-butyle ou le bromure d'Cthyle conduit aux alcynes internes liCs au polymtre qui par hy- 
drolyse acide fournissent le tCtradCcyn-9 01-1 (22), I'hexadCcyn-11 01-1 (23) et le tCtradCcyn-11 
01-1 (24). Si l'on avait effectuk la lithiation de 10 avec du n-butyllithium et si on I'avait couplC 
avec du bromure d7Cthyle, il se serait produit un peu de translithiation pour IibCrer du bromure 
de n-butyle qui peut entrer Cventuellement dans la riactlon du couplage pour conduire a un 
mClange de 23 et de 24. On a rksolu ce problkme par l'utilisation du tert-butyllithium dans 
1'Ctape de lithiation. On a effectuC des essais pour rCduire d'une f a ~ o n  stCrCosClective les alcynes 
internes liks au polymkre afin d'obtenir des alcknes cis; a cette fin on a fait appel au 9-borabicy- 
clononane, a I'hydrure de diisobutylaluminium et au catkchol-borane mais tous ces rtactifs 
s'avkrent inadCquats a cause soit d'une rCduction incomplkte, d'une rCduction trop grande, 
d'une hydrogCnolyse de l'alcyne du polymkre ou a cause de la non-sClectivitC. On a pu rkduire 
quantitativement les alcynes internes liCs au polymtre et obtenir exclusivement les attractants 
sexuels des insectes cis en faisant appel au disiamylborane sans obtenir de rkduction supplCmen- 
taire ou d'hydrogtnolyse. 

[Traduit par le journal] 
'Holder of NRCC Studentships 1974-1977. 
'Author to whom correspondence should be addressed. 
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Introduction 
Recently, we have reported the preparation of 

insect sex attractants (shown below) of Lepidop- 

cis 

where m = 1-3 and n = 6,8-10 

tera on solid phases by an alkyne coupling route 
and by two different Wittig sequences (1, 2). The 
yields of reactions on solid phases, the use of 
symmetrical starting materials (3), the simplicity 
of solid phase reactions (4, 5), and the potential 
for synthesis in an automated procedure (6) 
showed distinct promise over solution phase 
methods, but several problems remained to be 
solved for the complete stereoselective synthesis 
of insect sex attractants (7) on solid phases. The 
use of expensive terminal alkynes in the coupling 
step can be construed as a disadvantage in both 
solid phase and solution methods of synthesis. 
Furthermore, in our previous syntheses on solid 
phases via the alkyne coupling route, the poly- 
mer-bound alkyne was cleaved from the polymer 
before stereoselective reduction to cis insect sex 
attractants was attempted. The stereoselective 
reduction was then achieved using 9-borabicy- 
clononane (9-BBN) in solution (2, 8). A com- 
plete solid phase synthesis of cis insect sex attrac- 
tants would require that the stereoselective cis 
reduction of an internal alkyne be accomplished 
directly on the polymer support. In this report 
we describe the synthesis of insect sex attractants 
on solid phases by a two-step alkyne coupling 
route using only acetylene and alkyl halides (9, 
10). In addition, the stereoselective reduction of 
a polyn~er-bound alkyne to a polymer-bound 
cis-alkene by an examination of a variety of 
soluble reducing agents is described. 

Results and Discussion 
The Two-step Alkyne Route 

A 2% crosslinked divinylbenzene (DVB)- 
styrene copolymer, incorporating trityl alcohol 
functional groups (1) (1 1, 12), was prepared by 
our direct lithiation method (12) and converted 
to a polymer-bound trityl chloride (2) (11, 12). 
Polymer 2 was treated with 1,8-octanediol (3) 
and 1,lO-decanediol (4) for 48 h in pyridine at 
room temperature to give the monoprotected 
polymer-bound diols 5 and 6 respectively. Mesy- 
lation of 5 and 6 in benzene-pyridine (3: 1) gave 
the polymer-bound symmetrical diol mono- 

mesylates 7 and 8 respectively. The amounts of 
diols bound to 5 and 6 and the yields of mono- 
mesylates derived from 7 and 8 were determined 
by acid cleavage as previously described (2) and 
are recorded in Table 1. 

Monolithioacetylide can now be readily pre- 
pared in large quantities (13). Treatment of 7 
and 8 with nlonolithioacetylide in tetrahydro- 
furan - hexamethylphosphoric triamide (THF- 
HMPT) (14) gave the polymer-bound terminal 
alkynes 9 and 10 respectively. Cleavage of 9 and 
10 with HC1 in dioxane as usual (2) gave 9-decyn- 
1-01 (11) and 1 1-dodecyn-1-oi (12) respectively 
in high conversion (Table 1) and some recovered 
3 and 4 respectively. Lithiation of 9 with n-butyl- 
lithium (13) and 10 with 13 or tert-butyllithium 
(14) yielded the polymer-bound lithioalkynes 15 
and 16 respectively. Coupling in THF-HMPT 
(14) of 15 with n-butyl bromide (17) and 16 with 
17 or ethyl bromide (18) yielded the polymer- 
bound alkynes 19-21 respectively as shown in 
Scheme 1. Polyn~er-bound alkynes 19 and 21 
had been previously prepared by a one-step 
alkyne coupling route from 7 and l-lithio-l- 
hexyne and from 8 using 1-lithio-1-butyne 
respectively. Acid cleavage of 19-21 gave 
9-tetradecyn-1-01 (22), 1 1-hexadecyn-1-01 (23), 
and 11-tetradecyn-1-01 (24) in high conversion 
from the symmetrical diols 3 and 4 (Table 1). All 
yields in Table 1 are calculated on products 
purified by preparative thin layer chronlatog- 
raphy (tlc). 

When a terminal alkyne is lithiated in a nor- 
mal solution reaction (9, lo), equivalent amounts 
of n-butyllithium can be used to effect the lithia- 
tion. On polymer supports it is usually necessary 
to use excess reagents to drive reactions to com- 
pletion and hence in our experiments on polymer 
10, excess 13 was used. Thus, in the coupling reac- 
tion of 16 with ethyl bromide (18), some excess 
13 was present, which could and did exchange 
with 18 to give ethyllithium and some n-butyl 
bromide (17). The coupling of 16 prepared from 
n-butyllithium (13) with 18 thus led to a mixture 
of 20 and 21, which on acid cleavage gave a mix- 
ture of the alkynols 23 and 24. Analysis of this 
mixture, as their acetates, by high pressure liquid 
chromatography (hplc) showed that 24 was con- 
taminated by about 15% of 23 (Table 2). The 
problem of translithiation was overconle by 
using tert-butyllithium (14) for the lithiation step 
and 24 could be prepared free of 23 (Table 2). 

Conditions necessary for the conversion of 9 
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MeS0,CI . m F 4 ( ~ ~ , ) . 0 ~ s  I LiCfCH . 
THF-HMPT 

Ph Ph 

and 10 to 22-24 according to Scheme 1 could be 
readily monitored by hplc analysis of crude 
22-24 prepared via solid phases. In practice, the 
alkyne fraction, containing internal and some- 
times terminal alkyne, was separated by prepara- 
tive tlc from recovered diol and the alkyne frac- 
tion and converted to their acetates which were 
analyzed by hplc. By this method, the amounts 
of terminal alkyne in 22-24 could be accurately 
determined (Table 2). 

cis Reductions of Polymer-bound Alkynes 
Although we had previously reduced internal 

alkynes to cis-alkenes in solution by catalytic 
hydrogenation over a Lindlar-type catalyst (2), 
the results were not completely stereoselective in 
that less than 85% of the pure cis isomers were 
produced. In addition, the use of an insoluble 
palladium oxide catalyst would be incompatible 
with insoluble polymer supports in any attempt 

to reduce polymer-bound alkynes to cis-alkenes. 
It  had been shown (2, 8) that internal alkynes 
can be reduced stereoselectively to cis-alkenes 
with soluble 9-BBN. After experimenting with a 
variety of soluble reducing agents (see below), 
disiamylborane (1 5) was found to be ideal for the 
job of reducing polymer-bound alkynes stereo- 
selectively to polymer-bound cis-alkenes. Thus, 
the polymer-bound internal alkynes, 19 and 21, 
that had been prepared, in fact, by the one-step 
alkyne coupling route (2), were treated with a 
large excess of 0.5 M disiamylborane ((Sia),BH) 
in THF at 0°C for 4 h. Protonolysis with acetic 
acid yielded the polymer-bound cis-alkenes 25 
and 26, which on acid cleavage and acetylation 
yielded, according to Scheme 2, cis-9-tetra- 
decen-1-yl acetate (27) (lo), the sex attractant of 
Spodoptera frugiperda (J. E. Smith), and cis-ll- 
tetradecen-1-yl acetate (28) (16), the sex attrac- 
tant of Argyrotaenia velutinana (Walker), in high 
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conversion (Table 3). Attractants 27 and 28 were 
examined by hplc and vapour phase chromatog- 
raphy (vpc) for isomeric purity about the double 
bond and were found to have cis: trans ratios of 
99 : 1 and 90 : 10 respectively (Table 4). 

Earlier attempts to reduce 21 to 26 using 
excess 9-BBN at 50°C gave complete reduction 
but some hydrogenolysis (cleavage from the 
polymer) occurred and the reduction was not 
completely stereoselective even though it was 
completely stereoselective in solution (Tables 3 
and 4). Less vigorous conditions resulted in in- 
complete reduction of the alkyne (Table 4). 
Catechol borane (17) has been recently recom- 
mended for the stereoselective reduction of 
alkynes to cis-alkenes in solution, but treatment 
of 21 with catechol borane in dioxane under 
normal conditions (17) led to complete hydro- 
genation and hydrogenolysis to  1-tetradecanol, 
analyzed by hplc as its acetate (Table 4). In THF  
under reflux, however, only partial reduction of 
21 to 26 occurred. In addition, some hydro- 
genolysis from the polymer took place and 
product 26 exhibited a cis: trans ratio of only 2 : 3 
and hence reduction took place in a non-stereo- 
selective manner (Tables 3 and 4). Diisobutyl- 
aluminum hydride (DIBAH) has been used for 
the stereoselective cis reduction of alkynes (18). 
Treatment of 21 in THF  with a slight excess of 
1 M DIBAH in hexane at room temperature 
overnight gave little reaction. With excess 
DIBAH at 60°C reduction to alkene was still 
incomplete. Under reflux conditions in benzene, 
reduction was complete, but hydrogenolysis 

4 A from .the polymer was also complete (Tables 3 
W O  - 
g 5 and 4). In addition, some 1-tetradecanol, ana- 
0; 
E p 
YI- 

lyzed as its acetate was detected in the filtrate of 
.- & A  
ri L- the polyn~er, showing that overreduction had 
7" w  

~5 E occurred. The reductions were not completely 
, CA.2 

0 a:: stereospecific in .that 28 exhibited a cis:trans . w o -  
j 6 P  2-2 ratio of 85 : 15. 2zz i  3 $ 5  
2 m m d u *  

As shown in Table 3 the stereoselective reduc- 
:E:E;s .~  tions of 19 and 21 leading to 27 and 28 using 
3 0 0 0 ~ m a  

%&ggE.rz (Sia),BH are virtually quantitative. The analog- 
: $ $ $22:  
8 m m m k  

ous reaction in solution described by Holan 
2 2 I I U % S  
. l ~ O ~ w  and O'Keefe (15) proceeded very well in 90% 
s u u u  G 2 
2'2.n': g 2z yield but was not quite as good as described 
h x h h s ;  
3*99--.- 

herein. We have noticed this phenomenon before 
;BBB.?.Es 
. C C C U  * in which polymer-bound reactions appear to be . .-.-.- 
5 g g ~ 2 . 2  5 consistently 5-20% better than their solution 
iQ+Qz{& analogs (2) although documentation and strict 
3BQ95ek comparisons are difficult to make as, by their 

very nature, polymer-bound reactions are not 
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TABLE 2. High pressure liquid chromatographic analysis of the alkynol fractions," obtained under a variety of condi- 
lions via 9 and 10 according to Scheme 1 

Relative yield Relative yield Solvent for 
Polymer bound Lithiation Alkylating of terminal of internal hplc 
terminal alkyne agentb agentc T ("C) alkynola (%) alkynol" (%) analysisd 

9 13 17 0 65 35f A 
9 13 17 20-30 20 80 A 
9 13 17 60-70 0 100 A 

10 13 17 20-30 15g 85 B 
10 13 17 60-70 0 100 B 
10 13 18 0 50 40' B 
10 13 18 60-70 0 85j B 
10 14 18 0 40 60 B 
10 14 18 60 0 100 B 

40btained by acid cleavage of 19-21, separated from starting diol, and acetylated for hplc analysis. 
T h e  period of lithiation was 0.5-0.75 h. 
T h e  period of alkylation was 3-4 h. 
'Solvent A is water-acetonitrile 2:3 and solvent B is water-acetonitrile, 3:7. 
e9-Decyn-l-yl acetate has a retehio; volume (VT) of 9.3 ml. 
'9-Tetradecyn-1-yl acetate has a VT = 29.8 ml. 
'11-Dodecyn-1-yl acetate has a VT = 9.5 mi. 
hll-Hexadecyn-l-yl acetate has a VT = 25.6 ml. 
ill-Tetradecyn-l-yl acetate has a VT = 15.6 ml and is contaminated with 10% of 11-hexadecyn-1-yl acetate (VT = 25.6 ml). 
'11-Tetradecyn-1-yl acetate (VT = 15.6 ml) is contaminated with 159, of 11-hexadecyn-1-yl acetate (VT = 25.6 ml). 

identical to their solution analogs in all respects. 
We make this observation because for this par- 
ticular reduction a possible explanation is avail- 
able. In the solution reaction the vinyl borane 
intermediate, hydrolyzed by protonolysis with 
acetic acid, yields boron-containing impurities 
which must be removed by treatment with hydro- 
gen peroxide (15). In the analogous reductions 
of 19 and 21 leading to 25 and 26, the boron- 
containing impurities are removed by simple 
filtration, as the desired products are bound to 
the insoluble support, and the products 27 and 
28 are thus not subjected to treatment with 
hydrogen peroxide. 

Elemental Analysis as a Diagnostic Tool for 
the Determination of Polymer-bound 
Products 

We had previously stated that elemental ana- 
lyses of polymer-bound products are unreliable 

guides to the purity of polymer-bound products 
(2), because, as in all reactions, side products 
are often obtained along with the desired prod- 
uct and hence polymer-bound products are un- 
likely to be pure. We prefer to base our yields of 
reactions on pure products isolated after cleavage 
from the polymer. Relles and Schluenz partially 
addressed this problem in discussing polymer- 
bound phosphine dichlorides (19). Firstly, they 
mention that elemental analysis of polymer- 
bound phosphorous is unreliable and irrepro- 
ducible and, secondly, they quantify the amount 
of reagent bound to the polymer by the job it 
does and not by the phosphorous content of the 
polymer, which we feel is reasonable. In our 
own work in this paper, for example, elemental 
analysis of one batch of 8 for S (1.65%) shows 
a sulfur content corresponding to 0.52 mmol of 
1,lO-decanediol monomesylate/g, but acid cleav- 
age yields only 0.29 mmol of l,lO-decanediol 

( I )  Disiamylborane 
19 or 21 

(2) AcoH e { a ( c H 2 ) . c H = c H R  

~h 
cis 

25 n = 8, R = Bu 
26 n = 10. R = Et 

cis 
27 n = 8,  R = Bu 
28 n = 10, R  = Et 
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monomesylate/g of 8. Indeed recycled polymer 1 
contained 0.06 mmol S (0.2%)/g which indicates 
that a small amount of sulfur-containing prod- 
uct or impurities become permanently bound to 
the polymer, while a larger fraction of sulfur- 
containing impurities are washed out during the 
acid cleavage step or during the procedure used 
for cleaning recycled Is3 Thus elemental analysis 
of 8 is an unreliable guide to the quantity of 1,lO- 
decanediol monomesylate bound to 8, but does, 
of course give a maximum possible value. On 
the other hand elemental analysis for N, of 
freshly prepared 1 exhibited 0.78 mmol N 
(l.l%)/g of 1, while recycled 1 still showed 0.29 
mmol N (0.41%)/g. Undoubtedly, the nitrogen 
comes from the N,N,N'N1-tetramethylethylene- 
diamine used in the preparation of 1 (12), but 
the nature and consequences of these irreversibly 
bound polymer-bound nitrogen-containing im- 
purities is unclear at this time. Recycled 1 also 
contains 0.42 mmol C1 (1.49%)/g of 1, probably 
derived from the conversion of 1 to 2 with acetyl 
chloride, but possibly due to multiple cleavages 
with HC1 in dioxane. Since we can separately 
analyze for benzylic and trityl chloride by the 
Volhard method (20) and for aliphatic chloride 
(2) using potassium tert-butoxide, and these 
methods show no residual chloride for recycled 
1, we feel that the residual chloride in recycled 
l4 results from chloride bound to the phenyl 
rings of 1. Perhaps the surprising aspect of these 
analytical results lies in the fact that these ir- 
reversibly bound impurities do not appear to 
affect the success of polymer-bound syntheses, 
although an understanding of these processes 
will make polymer-bound syntheses even more 
attractive. 

Conclusions 
A total stereoselective synthesis of cis insect 

sex attractants on solid phases has been achieved 
by a two-step alkyne coupling route using very 
inexpensive symmetrical diols, acetylene, and 
alkyl halides. Disiamylborane proved to be the 

3Bio-Beads SX-2 were used in all reactions. Chemical 
analysis of the beads as purchased showed 0.91% C1, 
0.68% N, and 0.84% S, while washed beads still showed 
0.73% C1, 0.36% N, and 0.41% S, Thus, non-exhaustive 
washing procedures do not reduce all of the C1, N, and S 
content of the initial polymer, which contribute to un- 
reliable analyses at a later stage. 

4Polymer 1 has been recycled over 25 times without 
degradation or significant loss of capacity to bind sym- 
metrical diols. 
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TABLE 4. High pressure liquid chromatographic analysisa of insect attractants: obtained by reduction of 
polymer-bound alkynes in THF overnight with an excess of various reducing agents at different temperatures 

Relative 
yield of Relative 

unreduced yield of cis: trans 
Polymer alkynolb attractantb ratio 

bound alkyne Reducing agent T (OC) (‘73 (7") of attractant 

(Sia)zBH 
(Sia)zBH 
9-BBNf 
9-BBN 
9-BBN 
Catecholf borane 
Catechol borane 
DIBAHf 
DIBAH 
DIBAHi 

"Solvent B is used (see Table 2, footnote d) .  
"Obtained by cleavage of 25 or 26, separated from starting diol, and acetylated for hplc or vpc analysis. 
This  entry refers to 27. 
These ratios were determined by vpc and hplc analysis. The retention volume (VT) of cis-27 is 24.2 mi, trans-27 26.2 ml, cis-28 
26.0 ml, and trans-28, 27.4 ml. 
'This and all lower entries in this column refer to 28. 
fOnly a small excess of reducing agent was used. 
#This reduction was done in dioxane. 
T h e  remaining nroduct was tetradecan-1-vl acetate uroduced by overreduction. - - 
'In benzene. 
jcomplete hydrogenolysis from the polymer occurred and the product was isolated from the filtrate. 

only effective reagent capable of converting a 
polymer-bound alkyne to a cis polymer-bound 
alkene in almost quantitative yield and high 
stereoselectivity. The polymer-bound products 
proved to be easier to purify and provided higher 
yields than reductions performed in solution. 
Elemental analysis cannot be used to provide 
quantitative information about polymer-bound 
products but can provide useful clues to possible 
side reactions and the presence of polymer-car- 
ried impurities. 

Experimental 
A Bausch and Lomb Abbe 3L refractometer was used 

to record the refractive indices. Infrared spectra were 
recorded on a Unicam SPlOOO ir spectrophotometer as 
neat films between NaCl discs unless otherwise specified. 
Nuclear magnetic resonance spectra were recorded on a 
Varian EM360 spectrometer using deuteriochloroform 
as solvent and tetramethylsilane as internal standard. 
Mass spectra were recorded on a Perkin-Elmer-Hitachi 
RMU6E mass spectrometer. Silica gel was used for all 
thin and preparative layer chromatography. Fractions 
were extracted with ether in a Soxhlet extractor. Filtra- 
tion was done under vacuum through sintered glass 
Buchner funnels. Filtration under an inert atmosphere 
was done as previously described (2). Microanalyses were 
performed by G. Gygli of Toronto. 

Vapour phase chromatograms were run with a Perkin 
Elmer 990 instrument using a 15 ft x +in. column of 
10% Silar C on Gaschrom Q(60/80) at a temperature of 
170°C and a nitrogen flow rate of 15 ml/min. High pres- 
sure liquid chromatograms were run with a Waters Asso- 

ciates Model 440 instrument, with an R-400 refractive 
index detector. A 30 x 0.4 cm reverse phase JL Bondapak 
C-18 column using water-acetonitrile mixtures as solvent 
was used at a flow rate of 1.0 ml/min. Spectral and ana- 
lytical data are given for all new compounds and for 
known compounds where data are unreported. 

Preparation of Polymer-bound Diol Monomesylates 
7 and 8 

The polymer-bound monomesylates 7 and 8 were pre- 
pared as previously described (2) except that benzene- 
pyridine, 3 : 1, was used as solvent instead of pure pyridine 
in the mesylation steps. This change gives a cleaner, less 
brown, polymer than previously described. 

Preparation of Polymer-bound Terminal Alkynes 
9 and 10 

In a typical experiment, 10.8 ml (25 mmol) of a 2-3 M 
solution of n-butyllithium in 100rnl of dry THF was 
cooled in a Dry Ice - acetone bath under argon. Dry, 
acetone free, acetylene was bubbled into the solution for 
0.5 h and the solution was stirred for a further 20 min at 
the Dry Ice bath temperature. To this solution 5 g of 7 
or 8, containing 0.25-0.35 mmol of diol monomesylate/g 
of polymer was added followed by the further addition 
of 100 ml of HMPT. The mixture was warmed to room 
temperature and stirred overnight. The black mixture was 
hydrolyzed with 20 ml of water. The polymer was filtered 
and washed with three 50 ml portions of ethanol, five 
50 rnl portions of water, three 25 ml portions of ethanol, 
and two 50 ml portions of benzene. The polymer, wet 
with benzene, was transferred to a thimble in a Soxhlet 
extractor in which molecular sieves (3A) had been placed 
in a second thimble or in the round bottom flask of the 
extractor, and the polymer wab extracted with benzene 
for 4 h under reflux conditions. The polymer was washed 
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free of benzene with dry ether and dried in vacuo at 0.2 The polymer-bound alkynes did not exhibit absorptions 
Torr for 0.5 h. Their spectra of 9 and 10 exhibited a weak at 2100-2200 cm-' (C=C) in their ir spectra. 
band at 3400 cm-' (C--C-H) and no absorptions at The formation of 19-21 was achieved to some extent 
1360 and 1180 cm-' due to residual mesylate. under a variety of conditions and reagents based on the 

above procedure. These variations are outlined in Table 2. Preparation of 9-Decyn-1-01 (11) and 11-Dodecyn-1-01 
(12) and Their Acetates Preparation of Alkyn-1-01s 22-24 and Their Acetates 

A suspension of 1.0 g of 9 in 40 ml of a 0.35 M HCI Acid cleavage of 1.0 g of 20 as previously described 
dioxane solution was stirred at room temperature for (12) and filtration and washing of the polymer as before 
48 h. The polymer residue was washed as previously de- gave a filtrate which was neutralized and evaporated to a 
scribed (12) and the filtrate diluted with water. As the mixture of salts and oil. Organic material was extracted 
product was somewhat soluble in water it was necessary with ether dried over MgSO, and evaporated to give an 
to isolate the product from the aqueous solution in a oil. Preparative tlc as before gave 59 mg of recovered 4 
liquid-liquid extractor using ether as the organic phase. and 69 mg of 11-hexadecyn-1-ol(23) as an oil; nD 1.4687; 
The ether phase was dried over MgS04 and evaporated ir: 3500 (0-H) and 1050 cm-' (C-0); nmr 6: 3.6 (t, 2, 
to yield 95 mg of crude material. Purification by prepara- J = 8 Hz, CH20), 2.2 (m, 4, C H 2 G C C H 2 ) ,  1.8-1.2 (m, 
tive tlc (eluant, ether-benzene 2:3) afforded, from the 20, aliphatic H), and 0.9 (t, 3, J = 7.5 Hz, CH3CH2). 
slowest moving band (Rf, 0.15), 47 mg of recovered 3 and, Anal. calcd. for C16H300: C 80.61, H 12.68; found: C 
from the faster moving band (Rf, 0.55), 34 mg of pure 80.91, H 12.68. 
9-decyn-l-o1(11), in 38% yield, as an oil; nDz5 1.4851; ir: Acetylation of 23 as before yielded 11-hexadecyn-1-yl 
3500 (0-H), 3400 (=C-H), 2100 (C-C) and 1050 acetate as an oil; n, 1.4645; ir: 1740 (ester C=O) and 
cm-' (C-0); nmr 6: 3.6 (t, 2, J = 7 Hz, CHZOH), 2.2 1250 cm-I (C-0); nmr 6: 4.0 (t, 2, J = 8 Hz, CH20), 
(nl, 2, CHZC-C), 1.9 (t, 1, J = 1.5 Hz, C=C-HI, and 2.2 (m, 4, C H 2 e C C H 2 ) ,  2.0 (s, 3, CH3CO), 1.8-1.2 
1.7-1.2 (m, 12, (CH2)6). Anal. calcd. for CloH180: C (m, 20 aliphatic H), 0.9 (t, 3, J = 8 Hz, CH3CH2); ms 
77.87, H 11.76; found: C 76.98, H 11.88. (70 eV) mle (relative intensity): 280 (22) (MC), 220(11) 

Acetylation of 11 with acetic anhydride in pyridine (MC - CH3C02H), and 43 (100). Anal. calcd. for 
yielded 9-decyn-1-yl acetate as an oil; ir: 3400 (=C-H), C18H3202: C 77.09, H 11.50; found: C 77.50, H 11.58. 
2100 (C-C), 1740 (ester C=O) and 1250 cm-' (C-0); The yields of 23 and the previously reported (2) 22 and 
nmr 6: 4.0 (t, 2, J = 7 Hz, CH20), 2.2 (m, 2, CH2C-C), 24 are recorded in Table 1. The yields of 22-24 relative to 
2.0 (s, 3, CH3CO), 1.9 (t, 1, J = 1.5 Hz, CeC-H), and recovered 11 and 12 under different reaction conditions 
1.8-1.2 (m, 12, (CH2)6); ms (70 eV) mle (relative intens- were determined by hplc analysis of their acetates as 
ity): 196 (2.6) (M+), 136 (10) (M+ - CH3C02H), 43 shown in Table 2. 
(100). Anal. calcd. for C12H2002: C 73.43, H 10.27; 
found: C 73.23, H 10.19. Preparation of Polymer-bound cis-Alkenes 25 and 26 

Similarly (except that liquid-liquid extraction need not Using Disiamylborane and Other Reducing Agents 
be used in this example), 10 yielded 61 mg of recovered A of g 21* 0.3 mmO1 
4 and 56 mg of 11-dodecyn-1-ol(12), in 43% yield, as an 24 21 was treated with 20 mmol of a OS5 THF 
oil (lit. (21) bpo~oo, 8 J - 8 6 ~ ~ ) :  nD 1 . ~ 8 9 ~  (lit. (21) nD solution of (Sia),BH. The mixture was stirred at - 10 to 
1.4898); ir: 3500 (O-H), 3400 (EC-H), 2100 O°C under argon for 4 h, treated with 5 ml of acetic acid, 

and c m - ~  (c-0); nmr 6: 3.6 (t, 2, = 7 Hz, and stirred for a further 0.5 h at 0-10°C. The polymer- 
CH,O), 2.2 (m, 2, C H , ~ C ) ,  1.9 (t, 1, = 1.5 H ~ ,  bound cis-alkene 26 was filtered, washed with 15 ml por- 
C--C-H), and 1.8-1.2 (m, 16, (CH2)8). tions of water (three times), ethanol (three times), dioxane 

Acetylation of 12 as before yielded ll-dodecyn-l-yl (three times), and ether (three times), and air dried. 
acetate as an oil ; ir: 3400 (=c-~), 2lO0 (C-C), 1740 The formation of 25 and 26 was achieved to some extent 

(ester c = ~ ) ,  and 1250 cm-l (c-0); nmr 6: 3.6 (t, 2, under a variety of conditions using soluble reducing 
J = 7 H ~ ,  CH,O), 2.2 (m, 2, CH,=C), 2.0 (s, 3, agents such as 9-BBN, catecho1 borane, and DIBAH 
CH3CO), (t, = Hz, C-C-H), and 1.8-1.2 based essentially on the procedure outlined above. The 
(m, 16, (cH218); ms (70 eV) m/e (relative intensity): 224 variations on the above conditions are outlined in Table 4. 

(M+)j 164 (9) (MC - CH3C02H)9 and 43 (loo). Preparation of cis-9-Tetradecen-I-yl and Acetate (27) 
Anal. calcd. for C14H2402: C 74.95, H 10.78; found: C and ~is-lI-Tetradecen-I-ol and Acetate (28) 
74.61, H 10.75. Insect attractants 27 and 28 were isolated as previously 

Preparation of Po1ymer;bound Internal Alkynes 19-21 
In a typical experiment, 1.25 g of 10, containing 0.4 

mmol of 12 was suspended in 20ml of dry THF at 
60-70°C under argon. The mixture was treated with 
n-butyllithium (13) (3.5 ml of a 0.5 M solution in 
hexane, 8 mmol) and stirred at 60-70°C for 0.5 h. To the 
suspension was added 5 ml of n-butyl bromide (17) and 

described (2) by acid cleavage of 25 and 26 respectively 
followed by acetylation. The yields of 27 and 28 prepared 
by different reduction methods are outlined in Table 3. 
The isomeric purity of 27 and 28 obtained under different 
reaction conditions was determined by hplc analysis given 
in Table 4. 
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The competitive scissions of cycloalkane oxiranes by charged and neutral 
nucleophiles in acidic aqueous methanol 
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JOHN W. BOVENKAMP, ROBERT Y. MOIR, and ROBERT A. B.BANNARD. Can. J. Chem. 55,4144 
(1977). 

Six related oxiranes (the cis and trans isomers derived from 3-methoxycyclopentene and from 
3-methoxvcvclohexene. as well as the oxiranes from the corresuonding unsubstituted olefins) 
were each treated under the same conditions with an acidic soiution containing charged and 
uncharged nucleophiles (chloride ion, water, and methanol). The corresponding perchloric acid 
catalyzed scissions were also carried out. Accurate and reproducible methods of product analysis 
for the reaction mixtures were developed. In this way, nucleophilic attacks upon different oxiranes 
were compared directly. Attacks by different nucleophiles upon the same oxirane, or by a single 
nucleophile upon different positions of the same oxirane, were compared in the very same solu- 
tion. The results are considered to provide the most extensive demonstration of the effects of 
charge orientation yet available. The synthesis of some new isomeric 1,2,3-trisubstituted diols 
and dimethoxyalcohols are reported. 

JOHN W. BOVENKAMP, ROBERT Y. MOIR et ROBERT A. B. BANNARD. Can. J. Chem. 55,4144 
(1977). 

Six oxirannes de m&me type (les isomeres cis et trans du mCthoxy-3 cyclopentene et du 
methoxy-3 cyclohextne, aussi bien que les oxirannes provenant des olefines non-substitukes) sont 
traitks individuellement dans les mCmes conditions par une solution acide contenant des nuclto- 
philes charges et non-charges (ion chlorure, eau et methanol). On rkalise aussi les scissions 
correspondantes catalysees par I'acide perchlorique. On met au point des mtthodes d'analyse 
prkcises et reproductibles des produits provenant du mklange rtactionnel. De cette f a ~ o n ,  les 
attaques nuclkophiles sur les differents oxirannes sont comparees directement. Les attaques de 
differents nuclkophiles sur le m&me oxiranne, ou par un seul nuclkophile ti diffkrentes positions 
du mdme oxiranne, sont comparees dans la m&me solution. Les resultats semblent apporter la 
demonstration la plus marquee connue jusqu'ti maintenant sur les effets d'orientation de charge. 
On rapporte la synthtse de quelques nouveaux diols trisubstituks-1,2,3 isomtres et de dime- 
thoxyalcools. 

[Traduit par le journal] 

The mechanism of oxirane2 opening and the 
stereo- and regioselectivity of the nucleophilic 
addition have been topics of great interest (1-8). 
In these laboratories, we have expended a good 
deal of effort in this area due to our interest in 
conformational factors and the interaction of 
substituents in the cyclopentane and cyclohexane 
ring systems (see refs. 7-10 and references cited 
therein). In fact, it was the availability of com- 
pounds synthesized during these studies (for 

'Present address: Defence Research Establishment 
Ottawa, Ottawa, Ont., Canada KIA 024. 

'For the remainder of this paper oxiranes will be 
designated as epoxides or cycloalkene oxides. These 
designations have been in use for many decades. 

example most of 1-19) (see Figs. la  and 1b)which 
allowed us to proceed with the experiments 
described in this paper. 

Although several papers deal with the scission 
of 3-substituted cyclohexene or cyclopentene 
oxides (see, for example, refs. 7, 8, and 11-15), 
these report almost exclusively either the attack 
of a charged nucleophile in an inert solvent or the 
acid or base catalyzed opening by the solvent. In 
several instances, the effect of the 3-substituent 
on stereo- and regioselectivity has been studied 
by comparing nucleophilic scissions which have 
been conducted under widely varying conditions. 
Although these interpretations are useful in a 
qualitative sense, the derivation of quantitative 
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BOVENKAMP ET AL. 4145 

CI O C H ~  CI 

11 12 13  
a R = H; cyclohexane series c R = H; cyclopentane series 
b R = COCH,; cyclohexane series d R = COCH,; cyclopentane series 

FIG. la.  Structures of the 1,2-di- and 1,2,3-trisubstituted cycloalkanes. To conserve space, the un- 
substituted ring methylenes are not shown. 

FIG. lb. Oxirane structures. 

data from which direct comparisons are possible 
demands careful standardization of ex~eri- 
mental conditions. 

In this paper are described the results obtained 
when the six epoxides 14-19 are subjected to 
scission under the same reaction conditions 
(2.43"C) in 50 wt.% aqueous methanol containing 
hydrochloric acid. A comparison is thus possible 
for charged and uncharged nucleophiles in terms 
of the presence and orientation of the 3-methoxyl 
substituent as well as in terms of the five- and 
six-membered ring  system^.^ The corresponding 
scissions using perchloric acid as the catalyst were 
also carried out. 

Many years ago, Parker and Isaacs (1) strongly 

3A number of papers have dealt with the comparison of 
charged and neutral nucleophiles in straight chain 
epoxides (1). In fact as early as 1929, Bronsted et al. (16) 
compared the attack of chloride ion and water upon 
ethylene oxide under acidic conditions. 

emphasized the need to carry out accurate 
product analyses in epoxide scission reactions. 
This requirement has clearly been met in this 
paper. In Table 1 are given the product analyses 
found in the cyclohexane series, while the 
corresponding figures for the cyclopentane 
series are found in Table 2. 

Immediately apparent from Table 1 is the 
profound effect of the orientation ofthe methoxyl 
substituent on the proportion of chlorohydrin 
produced. In the scission of trans-3-methoxy- 
cyclohexene oxide (set 2), the total amount of 
chlorohydrin formed is 12.9%. Almost four times 
as much chlorohydrin (46.5%) is formed from 
the cis isomer under the same conditions (set 6) .  
Less chlorohydrin is formed from cyclohexene 
oxide than from the cis-3-methoxycyclohexene 
oxide (compare sets 8 and 4; 5.2 : 7.2 respectively). 
A similar trend is found in the cyclopentane 
series (Table 2). As observed and discussed 
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4146 CAN. J. CHEM. VOL. 55, 1977 

TABLE 1. Composition of the reaction mixtures from cyclohexene  oxide^"*^^' 

Percent scissioli at epoxide carbons 1 and 2 

Reagent CHBOH HCI Hz0 
concentrations 

Set (MI C-1 C-2 C- 1 C-2 C-1 C-2 

trans-3-Methoxycyclohexene oxide (14) 
l a  2a 3a 4a 5a 6a 

1 0 .  15 HC104 45.9 2.19 - - 49.2 2.65 
0.065 NaC104 

2* 0.15 HCl 40.9 1.91 11.9 0.97 41.9 2.44 
0.065 NaC104 - +0.01 - +0.3  k 0 . 0 3  k0.07 

cis-3-Methoxycyclohexene oxide (15) 
10a l l a  6a 

0.01 5 HC104 43.4 - 56.6 
0 . 2  NaCIO, k 0 . 9  k 0 . 9  
0.015 HCl (40.2) 7 . 2  (52.6) . . 

0 . 2  NaC104 
0.015 HCI (34.3) 
0.035 NaCl 
0.165 NaC104 
0.15 HCI (23.2) 46.5 
0.065 NaC104 

Cyclohexene oxide (16) 
7a  8a 

7e 0.015 HC104 45.8 - 
0 . 2  NaCIO, k 0 . 7  

8 0.015 HCl (43.4) 5 .2  
0 . 2  NaC104 

9 0.015 HCI (38.4) 16.1 
0.035 NaCl 
0.165 NaC104 

9a 
54.2 

k 0 . 7  
(51.4) 

51 .O by NaI04 ox. 
(45.5) 

45.1 by NaI04 ox. 

nInitial ionic strength for each exoeriment was 0.215 M. Eooxide concentration was initiallv 0.06 M in all runs. The solvent was a 5 0 5 0  wt. '2 ," 
solution of methanoi and water. Rkaction temoerature was 3 . 4 3 0 ~ .  

bThe percentages in parentheses are calculaied using the assumitlon that the ratlo of water to methanol scission is not significantly affected 
by whether the acid used is hydrochloric or perchlonc. Thls assumpt~on was shown to be true In two ways. F~rst,  In sets 1 (perchloric) and 
2 (hydrochloric) (both sets analyzed by glc), the ratlo of water to methanol sclsslon product was 51.9:48.1 and 50.9:49.1 respectively. Also in 
Table 2, set 10 (perchloric acid) and set 11 (hydrochloric acid) were analyzed by glcand again the methanol-water product-ratios were close 
(44.8 in set 10 and 44.4 in set 11). Secondly. the oercentanes of diol in sets 8 and 9 were calculated to be 51.4 and 45.5 from the methanol to 
water scission ratio of set 7. These were veri closeto the vilues of 51.0 and 45.1 found bv sodium oeriodate oxidation. 

<When the methanol and water scission figures are given in parenthesis, the amount of ihlorohyd;in formed was determined by the amount of 
hydrochloric acid consumed (all titrations carried out in triplicate). 

the glc determinations, all of the peaks were well separated except in set 2 where the peaks for 4a and la completely overlapped. However, 
40 could be obtained from the difference between the amount of hydrochloric acid consumed and the value found for 3a. This allowed the 
calculation of la. Two complete product analyses determinations were carried out for set 2. The values for set 1 were so close (on a percentage 
basis) to those of set 2 that-only one determination was done. 

'Average of three determinations. 

previously for single nucleophilic scissions (7), a 
small but significant amount of minor isomer 
(C-2 scission) is formed from trans-3-methoxy- 
cyclohexene oxide 14 while no minor isomer 
formation was detected for the corresponding cis 
oxide 15. As for single nucleophilic scissions, the 
very interesting reversal in minor isomer forma- 
tion between the cyclohexane and the cyclo- 
pentane series is also found under the present 
conditions. In the cyclohexane series, C-2 attack 
is observed in the trans but not in the cis oxide 
while the reverse is found in the cyclopentane 
series. This phenomenon has been interpreted 
previously in terms of transition state geometries 
(8). 

The most interesting comparisons in this type 
of study are those from which the energetics of the 
transition states may be deduced. Second- and 
third-order differences are the significant quanti- 
ties in such a study and the main advantage of 
our approach is the accuracy with which these 
differences may be obtained. Nucleophilic at- 
tacks upon different oxides were performed as 
nearly as possible under exactly the same condi- 
tions of solvent, temperature, and ionic strength. 
Attacks by diyerent nucleophiles upon the same 
oxide, or by a single nucleophile upon different 
positions of the same oxide, were compared in the 
very same solution. Finally, the comparisons 
made in this paper of different rates of reaction 
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TABLE 2. Composition of the reaction mixtures from cyclopentene oxidesa 

Percent scission at epoxide carbons 1 and 2 
- - 

Reagent CH,OH HCI Hz0  
concentrations 

Set ( M )  C-1 C-2 C- 1 C-2 C-1 C-2 

lob  0 .15  HC104 
0.065 NaC104 

l l b  0 . 1 5  HCI 
0.065 NaC104 

1 2 ~  0.015 ~ ~ 1 0 ~  
0.2 NaCIO, 

13 0.015 HCI 
0 . 2  NaClOa 

14 0 . 1 5  HC104 
0 .065  NaC10, 

15b 0 . 1 5  HCI 
0.065 NaC104 

trans-3-Methoxycyclopentene oxide (17) 
l c  3c 

5 5 . 2  - - - 
5 1 . o  
46 .8  - 15.8 - 

k 0 . 4  k 0 . 1  

Cyclopentene oxide (19) 
7 c  8c 

52 .8  - 
k l . l  
(50 .3)  4 . 8  

cis-3-Methoxycyclopentene oxide (18) 
10c 12c l l c  13c 

(47 .8)  (2 .54)  - - 

"See footnotes a, b, and c to Table 1.  
bTwodeterminations. 
Tour determinations. 

are based upon analytical results only and are If E2 represents a second oxide which reacts 
free from the errors inherent in kinetic measure- with nucleophile N, and we wish to compare it 
ments. Although a high order of accuracy was with the attack of the same nucleophile on the 
achieved in the free energy differences discussed first oxide, then 
below, likely more convincing is the fact that the 
conclusions reached are supported by the ob- [3] A 2 ~ *  = F2,,* - F1,,* = (AF2,,* 

viously substantial and significant differences in - AF1,1*) + (FOE, - FOE,) 
product composition reported in Tables 1 and 2. 

In the reaction of a nucleophile N, with an Equation 3 is only useful if one can gain 

epoxide El,  several ground state energies remain some idea of the differences in the standard 

in the expression [l] for the free energy4 of the ground state free energies (FoE, and F',,) of the 

transition state F, , , * : two oxides. Because the theoretical explanation 
of these A2F* values is con~plex, the discussion 

[I] F,,,' = AFl,l* + F~~~ + F O ~ +  + FoNl has been left to the paper on the kinetics of the 

If we wish to compare attack of N, at carbons 
C-1 and C-2 of the same epoxide, then we have 
the familiar Curtin-Hammett equation (17) 

In a previous paper (7), we have applied this 
equation to the results of oxide scissions under 
varied conditions of temperature and solvent 
composition. 

,The symbol Fis used in these papers for the Gibbs' free 
energy in order to avoid confusion with the symbol G used 
in conformational analysis for the free energy due to 
gauche effects. 

reactions. 
Ground state energies may be removed in 

another way, which leads to the most interesting 
conclusions of this paper. If we consider the 
reaction of two nucleophiles, N, and N2, upon 
two epoxides, El and E,, then 

[41 A3F* = ( ~ 2 , 2 *  - F2,1*) - (F1,2* -F1,1*) 
= (AF2,2* - AF2,1*) 

- (AF1,2* - AFl,1*) 

by subtraction involving the appropriate eqs. 1. In 
[4] all ground state energies have disappeared. 
The second-order difference A3p* has an im- 
mediate physical meaning. It is a measure of the 
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FIG. 2. The physical picture (it is the free energies of these transition states in the cyclopentane series 
which are being compared) of A3F* for one set of transition states in the cyclopentane series. 

difference in the ability of two oxides to discrimi- dividing [5] by [6] we obtain 
nate between two nucleophile~.~ Thus in Fig. 2, 
A3F* represents the difference in the free energies [7] -dM kc = 

d C  

of the transition states for chloride and methanol km A. + So - C 
attack on position-1 of trans-3-methoxycyclo- integration of [71 gives 
pentene oxide as compared with the difference of 
the corresponding transition states in the scission -- - ,In 
of unsubstituted cyclopentene oxide. C81 km kc { A o $ i 5 C )  

The calculation of the values of A3F* from the 
product analysis data of Tables 1 and 2 is com- When the reaction is complete, then A,, the 
plicated by the fact that rnethallol and &loride final is to - 'f and L81 becomes 
attack the oxides in reactions of different 

c91 
A0 + So 

apparent kinetic orders. 
As pointed out by Lamaty et al. (6) for 

ethylene oxide, the equation for chlorohydrin Consider the most complicated case where 
(C) formation is given by A3p* (Cl- VS. MeOH; epoxide 14 (set 2) vs. 

epoxide 16 (set 8) (Table 1)) is calculated for 

c51 
d C  1 - kc[EIIH+IICl-I position-1 attack on an epoxide where position-2 
dt K is also attacked. For e~oxide  14, let the amount 

where K is the equilibrium constant for the pro- 
tonation of the epoxide (E). The corresponding 
equation for the product due to methanol 
attack (M) is 

Now [Cl-] = A, + So - C, where A, is the 
initial concentration of hydrochloric acid and So 
is the concentration of sodium chloride. On 

5The theoretical analysis leading to [3] and [4] is subject 
to an error caused by partition at 'hidden' intermediates. 
Such an intermediate may be thought of as occupying a 
notch in the reaction profile, and the size of the resulting 
error as a function of the difference in height of the two 
sides of the notch, reaching a maximum when the two 
sides are equal in height. The error is negligible for inter- 
mediates such as protonated epoxides. At the time of 
writing, it is believed (3c, 6 ,  10, 18) that the error caused 
by ion-dipole or ion-pair intermediates is negligible for 
substitutions at secondary centres in highly nucleophilic 
solvents, and to some extent at least the errors will cancel 
in comparative studies like the present. Nevertheless, the 
large effect of barely perceptible valleys in the reaction 
profile near the rate-limiting transition state must be kept 
in mind in all applications of the Curtin-Hammett 
theory (19). 

of chlorohydrin formeh by position-l attack be 
C, and by position-2 attack be C,. Also let M I  
and M, represent the products due to methanol 
attack at positions-1 and -2 respectively. Thus, 
the rate constants for position-1 attack on 14 are 

and 

From [4] : 

The prime refers to values for theunsubstituted 
oxide 16. Substitution of [9a] and [9b] into [lo] 
results in 
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TABLE 3. Relative abilities of epoxides to discriminate between pairs of nucleophiles in acid 
catalyzed  scission^".^ (symbols and relations from [4]) 

Nucleophiles 
Epoxide carbon A3F* 

Epoxide E2 attacked NI N2 (kcallm01)~ 

Cyclohexane series 
trans-3-MethoxyC 1 C1- MeOH 0.87 

(14) Hz0 MeOH 0.05 
2 C1- MeOH 0.56 

Hz0 MeOH -0.01 
cis-3-Methoxyc 1 C1- MeOH -0.24 

(15) Hz0 MeOH -0.05 

Cyclopentane series 
Unsubstitutedc C1- MeOH -0.14 

(19) Hz0 MeOH -0.15 
trans-3-Methoxyd 1 C1- MeOH 0.61 

(17) Hz0  MeOH $0.05 
cis-3-Methoxyd 1 C1- MeOH -0.32 

(18) H20 MeOH -0.06 
2 C1- MeOH -0.55 

Hz0 MeOH $0.14 
"Reaction conditions are in footnote a, Table 1. The values of the initial and final acidities used in these 

calculations were obtained from titrations carried out in triplicate. 
bValues of A3F* are calculated from [12] and [13]. The standard deviation inA3F* is approximately 0.01 kcal 

(depending on the example being considered). The average standard error (as a percent of the actual value) in 
the product analysis determinations was 1.34. The valueof A3F* for position-1 attack on the cis epoxide 15 can 
vary from -0.22 to -0.27 kcal depending on which of sets 4, 5, or 6 are used for the cis oxide or whether set 
8 or 9 is used for the unsuhstituted oxide. This range shows that there is some error in the replacement of 
sodium perchlorate by hydrochloric acid and sodium chloride at the moderate ionic strength of 0.215 M; 
however, a higher ionic strength results in less chlorohydrin formation. 

cEl is cyclohexene oxide (set 8). 
'El is cyclopentene oxide (set 13). 

Substituting [9] into [l  11 and rearranging gives 

Cl A 0  + S o  
Ml(Cl4- C,) In A f  + S o  

1 Ao '+S , '  
Ar' + S,' 

The equations required when only one epoxide 
carbon is attacked (C, = 0) or when no sodium 
chloride is added (So = 0) can be obtained 
directly from [12]. 

The calculation of A3F* for water versus 
methanol attack is much simpler. Since all of the 
products obtained from the perchloric acid 
catalyzed runs are of the same kinetic order, then 
A3F* can be calculated using [4] from product 
analysis only. Thus for water versus methanol 
attack upon position-1 for epoxides 14 vs. 16 
(sets 1 and 7), eq. 4 becomes 

[13] A 3 ~ *  = - RTln ((W,/Ml)(Ml'/ W,')) 

The calculated values of A3F* (see Table 3) 
indicate the ability of the substituted epoxides to 
discriminate between pairs of nucleophiles as 
compared to that of the corresponding unsubsti- 
tuted epoxides. Other comparisons may be made 

by suitable combinations of the entries. From the 
table, it is seen that cyclopentene oxide discrimi- 
nates between chloride ion and methanol, or 
between water and methanol, by about the same 
amount compared to cyclohexene oxide. In 
terms of yields, the differences of -0.14 and 
- 0.15 kcal/mol are significant (compare set 8 
(Table 1) with set 13 (Table 2)). 

The most important result of Table 3 is the 
clear demonstration of the large variation in 
polar effects with orientation. In Fig. 3, com- 
parison of 20 and 21 shows how unfavourable a 
syn-1,3-diaxial orientation of chloride and 
methoxyl (in 20) is in comparison with the similar 
orientation of the two methoxyl groups (in 21). 
The gauche arrangement of the same groups is 
only moderately less unfavourable to  attack by 
chloride (compare 24 and 25). In both these 
examples, it is not possible to distinguish be- 
tween field effects and the effects of hydrogen 
bonding of the incomiilg methanol with the 
methoxyl substituent (in 21 and 25); however, 
even though hydrogen bonding between 1,2 and 
cis-1,3 substituents has been shown to be im- 
portant (9,20 and references cited therein) under 
certain conditions, the extent to which bonding 
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24 26 d 
0.56 
d 

(-1 
(-) (-0.55) 

FIG. 3. Effect of dipole orientation on the relative selectivities of epoxides towards nucleophiles. ( 1 )  
Values of A3F* with respect to unsubstituted epoxides are given in kcal/mol, the values for the corre- 
sponding cyclopentane compounds being given in parentheses (see [4] and Table 3). NOTE: The num- 
bers do not represent the difference in free energy between the transition states shown. Instead, for 
example, the non-parenthetical number joining 20 and 21 implies that introduction of a methoxyl 
group at the trans-3-position in cyclohexene oxide has made attack by chloride ion more unfavourable 
by 0.87 kcal/mol with respect to attack by methanol, than it was in cyclohexene oxide itself. (2) The 
transition states 20,21,24, and 25 are obtained from the trans epoxides while those for 22,23,26, and 
27 are obtained from the cis epoxides. (3) For examples of the corresponding cyclopentane transition 
states, see Fig. 2. These distorted twist conformations and the orientation of the substituents in them 
has been presented in ref. 8. 

takes place in strongly hydrogen bonding sol- states pictured in Fig. 3 and thus is in agreement 
vents is difficult to ascertain. In fact, Tichf (2i) with the proposal made earlier (8) that the 
has concluded that, in a hydroxylic solvent, transition state of the nucleophilic attack on 
internal hydrogen bonding in the trans-1,2-amino protonated epoxides is more similar to the 
alcohols studied by him does not play an im- products than to the  reactant^.^,^ 
portant role. In specifically comparing the results in Fig. 3 

That the field effects are certainly large is for the cyclohexane series (non-parenthetical 
beautifully shown by the comparisons in which values) with those of the cyclopentane series 
hydrogen bonding cannot have the same relative (parenthetical values), it is seen that for 20 vs. 21, 
importance. In the anticlinal arrangement of the value of 0.61 for the cyclopentane transition 
nucleophile and substituent shown in 22 and 23, states would seem to indicate a deviation from 
or still more in the anti arrangement of 26 and 27 
(Fig. 31, the electrical situation nucleo~hile 7This assumption has more recently (1 1) been applied 
versus substituent) has been reversed, and in in the nucleophilic attack on epibromonium ions. 
agreement with this both are more favourable to 'The residual contribution (not cancelled in the com- 

attack by chloride than by metllanol, in parisons) of ordinary confornlational A, Z ,  and G effects 
(17) to the A3F* differences given in Table 3 and in Fig. 3 

parison with the unsubstituted oxides which lack is essentially zero in the comparisons 22-23 and 2627  
the methoxyl dipole. The results stI-ongly support and negligible in the comparison 2425  (difference of two 
the correctness of the chair-like6 transition similar stericgaucheeffects). Since thecharge-related and 

hydrogen bonding effects must be larger in the compari- 
6Paulsen and Koebernick (22) have recently shown for son 20-21 than in 2425 it follows from the values given, 

the ground state that a 1,3-diaxial interaction must be that the ordinary A, Z ,  and G contributions to the dif- 
large indeed in order to cause the cyclohexane ring to ferences 20-21 (Fig. 3) must be small also and perhaps 
predominate in the boat conformation. negligible. 
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TABLE 4. The effect of ionic strength on the amount of chlorohydrin formed from cyclo- 
hexene oxidea (16) 

Concentration of reagents (M) 

Identification HCl NaClO, NaCl % chlorohydrin 

a 0.015 0.0 0.0 9.4 
b 0.03 0.0 0.0 16.2 
c 0.015 0.03 0.0 7.8 
db 0.015 0.2 0.0 5.2 
ec 0.015 0.165 0.035 16.1 

"Solvent in all entries was methanol-water (5050 wt. %) and the concentration of cyclohexene oxide was 
0.06 M. 

*Set 8 of Table 1.  
"Set 9 of Table 1. 

the syn-1,3-diaxial arrangement of substituent 
and nucleophile; however, the size of the interac- 
tion remaining would indicate that the deviation 
is small. The difference between 22 and 23 for the 
two series is small and thus indicates that the 
orientation of the methoxyl dipole is not signi- 
ficantly different in the two series. In comparing 
the transition states for position-1 attack on the 
cis epoxide for the cyclopentane equivalents of 22 
and 23 with that for position-2 attack (cyclo- 
pentane equivalents of 26 and 27), it is seen that 
the methoxyl dipole stabilizes the transition 
state for chloride attack (relative to that for 
methanol scission at position-2) by 0.23 kcal/mol. 
The results presented here are in total agreement 
with the transition states proposed previously to 
explain isomer distributions for chloride attack 
on the four positions of the cis- and trans-3- 
n~ethoxycyclopentene oxides (8). It  appears that 
the results of Table 3 provide the most extensive 
demonstration of the effect of charge orientation 
yet available. 

In Table 4 are figures showing how the yield of 
chlorohydrin can be controlled by the opposing 
mass law and ionic strength effects. For example, 
adding0.2 mol/e of NaClO, to the reaction solu- 
tion (a vs. d) nearly halves the amount of chloro- 
hydrin formed. The synthetic usefulness of such 
a relationship is readily apparent. A similar effect 
has been observed previously for much simpler 
epoxides (16,23). 

Table 5 compares the relative rates of attack 
upon the six epoxides studied by methanol and by 
water. The trend from the trans to unsubstituted 
to cis oxide is the same in both the cyclohexane 
and the cyclopentane systems. This behaviour is 
intelligible in terms of the dipole effect discussed 
above if (as expected) the positive charge on the 
nucleophilic oxygen in the transition state is less 
dispersed for methanol than for water. Another 

TABLE 5. Comparison of methanol and water scission in 
the six epoxides 

Epoxide 
% scission 

by methanola 

trans-3-Methoxycyclohexene oxide 48.1 
Cyclohexene oxide 45.8 
cis-3-Methoxycyclohexene oxide 43.4 

trans-3-Methoxycyclopentene oxide 55.2 
Cyclopentene oxide 52.8 
cis-3-Methoxycyclopentene oxide 50.4 

'These figures are obtained from the perchloric acid catalyzed 
scissions listed in Tables 1 and 2. The remainder of the reachon pro- 
duct is that due to scission by water. 

factor must be invoked to explain the constant 
7% difference (Table 5) between corresponding 
members of the cyclohexane and cyclopentane 
series, the simplest explanation being that a 
difference in 'size' of the two reagents had 
different effects in the two series. In our solvent, 
which is 50% by weight aqueous methanol (or 
36 mo lz  methanol), methanol is the better 
nucleophile with each of the epoxides studied. 
Newall and Eastham (24) have already pointed 
this out using ethylene oxide as the substrate. 
Interpolation of their results to the conditions of 
Table 5 suggests that ethylene oxide would show 
44% scission by methanol, close to the value 
(46%) reported here for cyclohexene oxide. 

All of the compounds required for this study 
from the cyclohexane series have been previously 
reported (7, 10 and references therein) except for 
the acetates 3b and 4b (see Table 6). In the cyclo- 
pentane series, the epoxides and chlorohydrins 
had been previously reported (8); however, 
several compounds in this series remained to be 
synthesized. The isomeric diols 5c and 6c were 
obtained from epoxides 17 and 18 respectively by 
acid catalyzed scission with water. The epoxide 
17 gave 5c free of its isomer but the epoxide 18 
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TABLE 6. Physical constants and analytical data for the acetates 

Elemental analysis 

Spath air bath Calculated Found 
Compound boiling range Refractive 

No. PC> index (nDZ5) C H C1 C H C1 

36 mp51.4-51.8 52.31 7.32 17.15 52.45,52.47 7.42,7.23 17.21,17.03 
46 70-76(0.001 Torr) 52.31 7.32 17.15 52.12,52.13 7.44,7.45 17.02,17.20 
Id 74-86(9 Torr) 1.4393 57.43 8.57 57.26,57.43 8.45,8.50 
3d 69-80(5 Torr) 1.4556 49.88 6.80 18.40 49.83,49.75 6.88,6.76 18.21,18.35 
5d 80-86(4 Torr) 1.4431 55.55 7.46 55.45,55.48 7.47,7.38 
6d 74-86(4 Torr) 1.4457 55.55 7.46 55.42,55.43 7.35,7.45 
7d  38-50(15 Torr) 1.4337 60.73 8.92 60.52,60.57 8.94,8.77 
8d 68-78(15 Torr) 1.4533 51.70 6.82 21.80 51.89,51.68 6.92,6.83 21.75,21.72 
9d 67-78(11 Torr) 1.4400 58.05 7.58 57.90,58.02 7.44,7.49 

10d 68-78(12 Torr) 1.4397 57.43 8.57 57.19,57.29 8.44,8.45 
l l d  70-77(10 Torr) 1.4559 49.88 6.80 18.40 49.85,49.78 6.74,6.71 18.24,18.28 
12da 55-65(15 Torr) 57.43 8.57 57.60,57.53 8.43,8.42 
13d 65-77(9 Torr) 1.4546 49.88 6.80 18.40 49.74.49.80 6.72.6.80 18.65.18.66 

'This sample contained a small accurately determined amount of  its 

gave a mixture of the diols with 6c predominating 
(93 : 7). The required diol 6c could be obtained 
pure by fractional distillation. This is in contrast 
to the situation in the cvclohexane series where 5a 
and 6a do not even-begin to separate upon 
extensive fractional distillation and 5a must be 
obtained pure by conversion of the mixture of 
diols to the dibenzoates and recrystallization to 
purity (25). 

The acid catalyzed scission of 17 with methanol 
gives the dimethoxy alcohol l c  free of its isomer. 
On opening 18 under the same conditions a 
mixture of 10c and 12c is obtained (90: 10). Pure 
10c was obtained after several tedious fractiona- 
tions while the best that could be obtained for 12c 
was a mixture containing 83% of this isomer. 
The 11 cyclopentane acetates needed for the 
product analysis (Id, 3d, 5d-13d) have not been 
reported previously and their properties and 
elemental analyses are given in Table 6. 

Experimental 
Melting points were determined using a precision 

melting point apparatus (26) with calibrated Anschiitz 
thermometers. Elemental analyses were conducted by the 
Alfred Bernhardt Microanalytisches Laboratorium of 
West Germany. Gas-liquid chromatographic (glc) 
analyses were carried out using a Jarrell-Ash (model 700) 
analytical gas chromatograph equipped with a strontium- 
90 detector and a Texas Instruments recorder (model 
FWS (Int.)) with a mechanical integration unit. The two 
principal columns used were: (A) a 6 ft by 4 in. diameter 
(outside diameter) copper column packed with Embacel 
(60/100 mesh) impregnated with neopentyl glycol seba- 
cate (10%) and (B) a 12 ft by $ in. diameter (outside diam- 
eter) aluminum column packed for half its length with 4% 

; isomer 10d (see Experimental). 

diethylene glycol sebacate and the other half with 4% 
silicone fluid QF-1 both on Chromosorb G (70180 mesh, 
AW, DMCS treated). Column A was used to analyze 
compounds in the cyclohexane series, whereas column B 
was used to analyze compounds in the cyclopentane series 
as well as in all of the product analysis work. 

Compounds Prepared Preuiously 
The preparation of compounds used in this work, when 

not reported here, can be found in earlier papers (7, 8, 10 
and references cited therein). Epoxides 14 and 15 and 17 
and 18 were each free of their respective isomers and had a 
purity of better than 99.9%. The unsubstituted epoxides 
16 and 19 were purer than 99.9 and 99.5% respectively. 

Preparation of Acetates 
The physical properties of newly prepared acetates are 

reported in Table 6. They were synthesized using essen- 
tially the same procedure as that described below for 5d. 

( + ) -1,2-Di-0-acetyl-3-0-methyl- (1,312) -1,2,3- 
cyclopentanetriol (5d)  

To 1.05 g (7.9 mmol) of 5c in a round-bottom flask 
containing a stirring bar was added 3.27 g of acetic an- 
hydride containing a drop of concentrated sulfuric acid. 
The solution which initially became hot was stirred at 
room temperature overnight. Water (8 ml) was added, the 
mixture was heated to 70°C for 15 min, and after being 
cooled was neutralized with sodium bicarbonate. The 
mixture was extracted with ether (3 x 25 ml). The com- 
bined extracts were dried with anhydrous magnesium 
sulphate, filtered, and the solvent removed to leave a 
light yellow oil. On distillation in a Spath tube, a clear 
colourless oil was obtained (1.55 g, 90%) at an air bath 
temperature of 80-86°C (4 Torr). 

Preparation of Alcohols 
( f ) -1-0-Methyl-(1,312) -1,2,3-cyclopentanetriol (5c)  
trans-3-Methoxycyclopentene oxide 17 (8.00 g, 0.070 

mol) was added to water (20 ml) containing perchloric 
acid (three drops). The two phase system was stirred 
vigorously while being heated at 53OC. After 15 min, a 
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homogeneous solution resulted. After heating for a further 
3 h at 53"C, the solution was neutralized (solid sodium 
bicarbonate), the bulk of the water removed at room tem- 
perature in uacuo, and the last traces of water were re- 
moved by azeotropic distillation with absolute ethanol. 
The resultant viscous oil was dissolved in ether and the 
solution was decanted from the small amount of precipi- 
tate. The solvent was removed in uacuo leaving a light 
yellow oil which was subjected to a Spath bulb distilla- 
tion. A colourless viscous oil (7.89 g, 85%) (nDZ5 1.4755) 
was obtained at 87-100°C/0.02 Torr which gave a single 
peak by glc. Anal. calcd. for C6H1203: C 54.54, H 9.15; 
found: C 54.43, 54.38, H 9.08, 9.01. 

( + ) -I-0-Methyl-(1,213) -1,2,3-cyclopentanetriol (6c) 
The cisepoxide 18 (10.0 g, 0.0878 mol) was treated with 

water (24 ml) containing three drops of perchloric acid in 
the manner described in the synthesis above for 5c. Unlike 
the trans isomer, the cis epoxide is soluble in the aqueous 
solutions. After work-up as for the synthesis of 5c, a 
clear, colourless, viscous oil was obtained (1 1.56 g, 99%). 
The crude oil showed two peaks on the glc with the minor 
peak having the same retention time as the diol (5c) ob- 
tained from the trans epoxide. A small amount of this 
mixture was set aside for determination of the isomer 
percentages. (It was later shown by glc that 6.7% of the 
crude mixture was 5c while the remainder was 6c. This 
figure was obtained using the method of McNair and 
Bonelli (27), in which the glc areas were adjusted using 
correction factors obtained from a mixture of known 
composition.) The remainder was subjected to a careful 
fractionation using the Spath apparatus. After two frac- 
tionations, 4.67 g of 6c (bp 68-77"C/O.O2Torr; nDZ5 1.4757) 
was obtained free of its slightly higher boiling isomer. 
Anal. calcd. for C6Hlz03: C 54.54, H 9.15; found: 
C 54.45, 54.50, H 9.25, 9.16. 

( + ) -1,3-Di-0-methyl-(1,312) -1,2,3-cyclopentanetriol 
f lc)  

trans-3-Methoxycyclopentene oxide (8.00 g, 0.0702mol) 
was dissolved in methanol (20 ml) containing one drop of 
concentrated sulfuric acid. The solution was stirred at 
room temperature for 9 h, refluxed for 15 min, cooled, and 
neutralized with solid sodium bicarbonate. After removal 
of the methanol in uacuo, the residual clear colourless oil 
was distilled using the Spath apparatus. The first fraction 
(0.93 g, 8-9 Torr, bp ca. 60°C) was unreacted epoxide. The 
remainder (6.55 g, 64%) distilled at a bath temperature of 
67-78"C/0.03 Torr and gave a single peak by glc (nDZ5 
1.4523). Anal. calcd. for C7H1403: C 57,51, H 9.65; 
found: C 57.32, 57.38, H 9.46, 9.49. 

( + )-1,3-Di-O-methyl-(l,2/3)-1,2,3-cyclopentanetriol 
(1Oc) and Its Isomer (1Zc) 

cis-3-Methoxycyclopentene oxide 18 (10.03 g, 0.088 mol) 
was dissolved in methanol containing three drops of con- 
centrated sulfuricacid. The solution was refluxed for 2.5 h, 
then neutralized with solid sodium bicarbonate. The oil ob- 
tained on removal of the methanol was dissolved in ether 
and dried (magnesium sulfate). On removal of the ether 
from the dried filtrate, a clear mobile oil was obtained 
(12.6 g, 98%). 

This oil was shown by glc to contain three peaks: major 
peak (loc), minor peak (12c), and a trace impurity. A 
small sample of this mixture was shown later to contain 
89.5% 10c and 10.5% 12c. These values were obtained 

after correcting the glc areas using correction factors 
obtained from a mixture of known composition (method 
of McNair and Bonelli (27)). After three careful Spath 
bulb fractionations of the crude oil, pure 10c was obtained 
(3.33 g, bp 65-77"C/9 Torr; nDZ5 1.4487). Anal. calcd. for 
C7Hl4O3: C57.51, H 9.65; found: C 57.35, 57.44, H 9.82, 
9.68. 

The minor isomer (12c) and the unidentified impurity 
were in the higher boiling fractions. These were subjected 
to repeated fractionations in an attempt to obtain pure 
12c. Eventually 0.30 g of a mixture (bp 64-70°C/9 Torr) 
was obtained which contained 83.2% 12c, 12.6% lOc, and 
4.2% unidentified impurity. (In obtaining these figures, 
the glc peak areas for the minor (12c) and major (10c) 
isomers were corrected by adding a known amount of 
pure major isomer to a known amount of the mixture.) 
Anal. calcd. for C7H1403: C 57.51, H 9.65; found: C 
57.28, 57.33, H9.55,9.55. 

Standard Reaction Conditions for Epoxide Scissions 
The epoxide scission reactions were conducted in a 

reaction vessel kept in an insulated Sargent bath main- 
tained at 2.43 + 0.005"C which contained a mixture of 
water and ethanol. A second bath was maintained at 
22.0°C and it was at this temperature that the reaction 
solutions were made up (taking into account the contrac- 
tion of the reaction solutions from 22.0°C to 2.43"C). The 
solvent for all the reactions was a 50: 50 wt.% solution of 
methanol and water. 

The required weight of epoxide was sealed into a thin 
walled glass bulb and placed in the reaction vessel in 
contact with the breaking tip of the end of a glass rod. The 
reaction solution was then pipetted in, a dilatometerg was 
attached to the reaction vessel. and eauilibrated in the 
bath. The bulb was broken by iapping ihe glass rod, the 
mixture was stirred, and the solution was transferred into 
the dilatometer by the application of compressed air to an 
opening in the top of the reaction vessel. 

Analysis of the Epoxide Scission Products 
The main method used in the determination of the 

product composition was glc. This method is capable of 
giving the total composition of the reaction mixture. Two 
other methods which can account for only part of the 
reaction mixture and which can not distinguish between 
positional isomers were used as a check. These were 
periodate oxidation (to determine the amount of 1,Zdiols 
formed) and the determination of the decrease in acidity 
during the reaction (to obtain the amount of chlorohydrin 
formed). 

Product Analysis Using Gas-Liquid Chromatography 
The retention times of the isomeric alcohols formed 

from 14 were too uniform for facile analysis. Therefore 
reaction products in the cyclohexane series were acety- 
lated to provide the more readily separable derivatives. 
The reaction products in the cyclopentane series were also 
acetylated except for those formed from 18 in which the 
retention times of the isomeric acetates were unsuitably 

9A manuscript which reports and discusses the kinetic 
results is being prepared. The main use of the dilatometer 
for the purpose of this paper was to indicate conlpletion 
of the reaction. 
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close for quantitative analysis.1° These were analyzed as 
mixtures of the alcohols which were well separated. 
Column B was used in the product analysis work. The 
only reaction mixture in which overlap between peaks 
occurred was that which resulted from opening the 
epoxide 14 with hydrochloric acid. In this case the ace- 
tates 46 and l b  completely overlapped; however, the 
percent of 46 (and consequently lb) could be calculated 
from the amount of hydrochloric acid consumed and the 
percent of 3b. 

All product analysis using the glc method were carried 
out as described below for the scission of 17 (0.06 M at 
2.43"C) in aqueous methanol (50:50 wt.%; 0.15 M HCl; 
0.065 M NaC104). From the hydrochloric acid titration, 
it was known that 15.7% of chlorohydrin had formed in 
the reaction. Also, from the corresponding run with 
perchloric acid, 37.8% of diol was expected and thus 
46.5% of methanol scission product should be present. A 
mixture of this composition was weighed out and dis- 
solved in 30 ml of the same solution that the epoxide had 
been reacted with to give a solution containing a total 
concentration of 0.0605 M of the alcohols. The solution 
of known composition and 30 ml of the epoxide scission 
solution were then treated in exactly the same manner as 
described below. 

Solid sodium bicarbonate was added to neutralize the 
hydrochloric acid and the bulk of the solvent was then 
removed in vacuo (0.1 Torr). When the volume was 
reduced to 2-3 ml, two 50 ml portions of absolute 
ethanol were added and the residual water was removed 
by azeotropic distillation in vacuo. The residual oil was 
dissolved in chloroform and separated from the solid by 
filtration. After removal of the solvent, 5 ml of acetic 
anhydride was added to the residual mixture of the 
alcohols and the solution was heated under reflux for 4 h. 
The acetic anhydride and acetic acid were removed by 
successive addition and removal (at 0.1 Torr) of three 
10 ml portions and then two 3 ml portions of absolute 
ethanol. The slightly yellowish oil was dissolved in chloro- 
form (1.5 ml) and analyzed by glc. From the known 
mixture 0.384 g of acetates were obtained while 0.366 g 
were obtained from the epoxide scission solution. The 
peak areas of both mixtures were obtained by integration 
and the areas were then corrected with the factors ob- 
tained from the solution of known composition by the 
method of McNair and Bonelli (27). The diacetate or the 
major diacetate (when two were formed) was the com- 
pound which was assigned a correction factor of 1.0000. 

In this manner the composition of the scission product 
of 17 was found to be 47.2% lc, 37.1% 5c, and 15.7% 3c. 
A duplicate set gave values of 46.5% lc, 37.7% 5c, and 
15.9% 3c. The average value of 15.8% 3c agrees remark- 
ably well with the amount of chlorohydrin calculated 
from hydrochloric acid consumption (15.7%). Also the 
average amount of diol 6c was 37.4% which was very 
close to that predicted (37.8%) from the amount of diol 
determined with the same epoxide when perchloric acid 
was used. The results of the product analysis are listed in 
Tables 1 and 2. 

A Check of the Product Analysis Method Using Sodium 
Periodate Oxidation 

The glc method of product analysis was checked for 

1°For a detailed discussion of the retention time 
behaviour in these compounds see ref. 9. 

sets 8 and 9 (Table 1) by determining the amount of diol 
formed from cyclohexene oxide using sodium periodate 
oxidation. The procedure used was that of Dyer (28) with 
one modification. Since the sodium periodate reacts at a 
non-negligible rate with aqueous methanol, it was 
necessary to vary the volume of the solvent added to the 
blank with the expected concentration of diol in the reac- 
tion solution. That is, enough solvent was added to the 
blank so that the initial concentration of periodate was 
equal to that of the reaction solution after all of the diol 
had reacted. This method worked well since the reaction 
of the diol with the sodium periodate solution was rapid. 

A check of the above method with a known mixture of 
the alcohols 7a, 8a, and Ya (in a ratio of 40.1:9.4:50.6 
respectively; total molarity 0.0601) in aqueous methanol 
(50:50 wt.%) (0.015 MHCI) gave a value which was 
within 0.2% of the actual value of Ya. For set 8, the 
amount of cyclohexene oxide opened by water was 
determined to be 51.0 and for set 9 it was 45.1. These 
values compare very favourably with the values 51.4 and 
45.5 respectively found by the glc method. 
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Hydrogen/deuterium selectivity in the infrared laser photolysis of chloroethylenel 
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A. GANDINI, C. WILLIS, and R. A. BACK. Can. J. Chem. 55,4156 (1977). 
The decomposition of chloroethylene to acetylene and hydrogen chloride induced by focused 

radiation from a COZ laser has been shown to be H/D isotopically selective at low pressures. 
As the pressure is reduced below 1 Torr, C-CI bond scission appears to increase at the expense 
of molecular fragmentation and gives rise to radical processes which are isotopically non- 
selective. 

A. GANDINI, C. WILLIS et R. A. BACK. Can. J. Chem. 55,4156 (1977). 
On a montrC que la dCcomposition du chloroCthyltne en acCtyltne et acide chlorhydrique, 

provoquCe par I'irradiation focaliske dd'n laser a C02 ,  est stlective vis-a-vis les isotopes H/D $I 
des pressions faibles. En dessous de 1 Torr, la rupture de la liaison C-Cl devient un processus 
alternatif important par rapport a la fragmentation molCculaire et amorce des reactions radi- 
calaires qui ne possedent pas de ~Clectivitt isotopique. 

We wish to report some preliminary findings 
on the photolysis of chloroethylene and its 
monodeuterated homologues induced by infra- 
red radiation from a high-power CO, TEA laser. 
This technique has been the subject of several 
recent reviews (1-3). 

The gas-phase decomposition of chloro- 
ethylene has been studied under a variety of 
conditions (4-9). While in shock-tube pyrolysis 
(4, 5) molecular dehydrochlorination predomi- 
nates (CH,=CHCl + C2H2 + HCl), the flash 
and steady-state ultraviolet photolyses (6-9) lead 
to two primary modes of fragmentation, viz. 
molecular dehydrochlorination and C-Cl bond 
rupture (CH,=CHCl -, C2H3 + Cl), the latter 
process yielding ethylene as the major product. 
Berry (9) has thoroughly discussed the various 
aspects related to the photochen~istry of this 
compound. 

Chloroethylene was degassed on a vacuum 

onics model 103, gave - 5 J pulses of 250 ns 
duration at 0.6 Hz. Reactions were conducted 
in cylindrical Pyrex cells, 4.0 to 50 mm id and 
60 to 90 mm long, provided with NaCl windows. 
While for most of this work the laser beam was 
focused into the cell with a 50 mm focal length 
Ge lens, the effect of the unfocused beam (power 
density -2 MW cm-,) was also tested. The 
reaction progress was followed by mass spectrom- 
etry and by taking infrared spectra of the cell 
contents. Yields were determined at the end of 
each run by separating the residual reactants 
(chloroethylenes) at 113 K from the products 
(acetylene, HC1, and ethylene) and measuring 
their pressure ratio. The two fractions were then 
analysed by mass spectrometry and occasionally 
by glc. Isotopic ratios were measured before, 
during, and at the end of the reaction from mass 
spectra obtained at 10-13 eV. 

Figure 1 shows the portion of the infrared 
line; only traces of acetylene were detected as spectra relevant to this  study of both chloro- 
impurity by glc analysis. A mixture of a- and ethylene and the synthesized monodeuterochloro- 
P-monodeuterochloroethylenes was prepared by ethylene mixture. From previously reported 
the photochemical addition of hydrogen chloride spectra (10-12) of individual homologues, the 
to monodeuter~acet~lene. Mass spectra of the relative proportion of a and P derivatives in our 
purified product at 13 eV gave the following mixture was estimated as approximately 1 : 1. 
composition: 8% chloroethylene, 6% dideutero- Irradiation of 50 to 500 Torr of chloroethylene 
chloroethylenes, and 86% monodeuterochloro- with various laser lines (focused and unfocused) 
ethylenes. The line-tunable laser used, a Lum- produced appreciable yields of acetylene and 

HC1, as already reported (13). 
'NRCC No. 16344. At low chloroethylene pressures (<2  Torr) it 
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1090.04 cm-' with chloroethylene alone (No. 6, 
Table 1) clearly shows that no thermal reactions 
were induced in these systems if the substrate 
did not absorb the laser radiation. Focusing of 
the laser beam in the cell at substrate pressures 
higher than about 2 Torr resulted in electrical 
breakdown with abundant decomposition into 
acetylene (or acetylene-dl) and HC1 (or DCl) 
and no isotopic selectivity from HID-containing 
mixtures. 

O k~ 960 980 1000 1020 1040 1060 1080 
FREOUENCY / C"-I The data in Table 1 show a decrease in selec- 

FIG. 1. Low-resolution infrared spectra of: (a) chloro- 
ethylene, 55 Torr; (b) mixture of monodeuterated chloro- 
ethylenes (see text), 40 Torr (the slight absorption around 
1020 and 1040 cm-I is due to 8% chloroethylene im- 
purity). Optical path length 80 mm. 

was possible to focus the beam without causing 
electrical breakdown, and decomposition was 
always observed provided the line selected 
matched an absorption feature of the substrate. 
As shown in Fig. 1, marked differences exist 
between the spectrum of chloroethylene and that 
of its monodeuterated homologues, suggesting 
that isotopically selective decomposition from 
mixtures of these two gases might be feasible. A 
mixture containing approximately equal amounts 
of chloroethylene and chloroethylenes-dl was 
therefore prepared and tested with different laser 
lines. Some of the results obtained are given in 
Table 1. Selective decomposition at 1041.34 and 
1045.04 cm-', lines absorbed only by chloro- 
ethylene, produced enrichment in the deuterium 
content of the reactants. Conversely, selective 
decomposition at 1090.04 cm-I resulted in 
deuterium enrichment in the products; the only 
absorbing molecule was a-deuterochloroethylene 
(10-12), and because P-deuterochloroethylene is 
transparent to that line, only about one half of 
the deuterium-containing substrate was in fact 
exposed to decomposition. The experiment at 

tivity with decreasing pressure, an unexpected 
result since in other systems the opposite has 
been observed (14-16). This gradual loss of 
selectivity with decreasing pressure was accom- 
panied by the appearance of progressively larger 
proportions of ethylene (and to a minor degree 
of higher alkenes and alkynes) among the prod- 
ucts. Thus, as the pressure is reduced, a second 
channel for decomposition, the homolytic cleav- 
age of the C-C1 bond (6-9), becomes available 
to the vibrationally excited chloroethylenes and 
competes more and more successfully with the 
molecular elimination channel (final column, 
Table 1). While the activation energy for the 
latter process is 69 + 3 kcal mol-I (5 ) ,  which is 
equivalent to about 23 photons of CO, radiation, 
the threshold energy required for C-CI bond 
rupture in chloroethylene is about 90 kcal mol-I 
(= D(C,H,--Cl) (17)), i.e., for this channel to 
become operative 7 more CO, photons rhust be 
absorbed by the chloroethylene molecule. The 
observation that bond scission becomes increas- 
ingly important as the pressure is reduced indi- 
cates that collisional deactivation is affecting 
the energy content of the decomposing molecules. 
The lifetime of molecules excited above the 
threshold for molecular elimination must be 
long enough to allow absorption of the addi- 
tional photons required for bond scission, and in 
effect the decomposition must proceed from an 
assembly of molecules with a distribution of 
energies determined by the competition between 
absorption of laser radiation, collisional de- 
activation, and decomposition. 

The onset of the second decomposition channel 
does not constitute a loss of primary isotopic 
selectivity, but the subsequent radical reactions 
involving the substrate are nonselective and thus 
cause a decrease in enrichment. Ways of cir- 
cumventing this problem include the addition of 
radical scavengers and the reduction of pulse 
energy. These i n d  other studies on the effect 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



4158 CAN. J .  CHEM. VOL. 55 ,  1977 

TABLE 1. Experiments on the selective decomposition of mixtures of C2H,Cl and C2H2DCl with focused laser 
beams 

Expt . Initial No. of Final CzH2' 
No. %C2H3CI PtOt/Torr v/cm-' pulses %conv." % C2H3C1 Sb 

--Conversions were calculated assuming molecular dehydrochlorination as the dominant fragmentation. When appreciable amounts 
of ethylene are formed (radical reactions) the values are approximate. 

*For ~eactions 1-4: S = [CzH3Clld.,.,p/[C~HzDClldecomD. For reaction 5: S = [CzHzDC~~dec.mp/[C~H~~~]d,o,p. 
=Values obtained from mass spectra are uncorrected for relative sensitivity of the instrument. 

of various parameters upon the quantitative 
behaviour of these systems are in progress. 
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Caerulomycins B and C, new 2,2'-dipyridyl derivatives from 
Streptomyces caeruleus ' 
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A. G. MCINNES, D. G. SMITH, J. L. C. WRIGHT, and L. C. VINING. Can. J. Chem. 55,4159 
(1977). 

Three new metabolites have been isolated from cultures of Streptomyces caeruleus and are 
related to caerulomycin, a known antibiotic metabolite of this organism now designated 
caerulomycin A. The structures of two of the new con~pounds, caerulomycins B and C, are 
shown to be 3-hydroxy-4-methoxy- and 3,4-dimethoxy-2,2'-dipyridyl-6-(E)-aldoxime. 

A. G. MCINNES, D. G. SMITH, J. L. C. WRIGHT et L. C. VINING. Can. J. Chem. 55,4159 
(1977). 

On a isolt trois nouveaux mttabolites A partir de milieux de cultures des Streptomyces 
caeruleus; ces metabolites sont relits A la caerulomycine, un mttabolite antibiotique connu de 
ces organismes, qui est maintenant dtsignt sous le nom de caerulomycine A. Les structures 
de deux des nouveaux composks, les caerulomycines B et C, sont les hydroxy-3 mtthoxy-4 et 
dimkthoxy-3,4 dipyridyl-2,2' aldoxime-6-(E). 

[Traduit par le journal] 

Streptomyces caeruleus, first described by 
Baldacci (I), belongs to a small group of alkaline- 
dependent actinomycetes investigated by Taber 
(2, 3). Cultures grown in starch-Czapek medium 
produce an antibiotic, caerulomycin, isolated in 
1959 by Funk and Divekar (4), and henceforth 
referred to as caerulomycin A to distinguish it 
from a similarly named antibiotic, cerulomycin, 
isolated at approximately the same time from 
Actinomyces caerulescens (5). We have found 
that addition of 1 m M  L-tryptophan to the 
medium modifies the S. caeruleus fermentation 
so that the product isolated is not the expected 
caerulomycin A, but a mixture of two related 
metabolites which are named caerulomvcins B 
and C. Subsequent examination of cultures 

'NRCC No. 16275. 

grown on unsupplemented starch-Czapek me- 
dium showed that the caerulomycin A that they 
produced was accompanied by small amounts of 
caerulomvcins B and C as well as a fourth 
product which we refer to as caerulomycin D. 

The structure of caerulomycin A was deduced 
from chemical and spectral evidence (6) to be 
4-methoxy-2,2'-dipyridyl-6-(E)-aldoxime (la), 
and has been confirmed by synthesis (7). In this 
paper we present evidence that caerulomycins 
B and C have structures 2 and 3a, respectively. 
Caerulomycin D is a glycosidic derivative of 
3,4-dihydro~~-2,2'-dipyridyl-6-(~)-aldoxime.~ 

'A. G. McInnes, D. G. Smith, J. A. Walter, J. L. C. 
Wright, G. P. Arsenault, and L. C. Vining. Unpublished 
results. 
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Isolation 
Procedures described for the isolation of l a  

from culture filtrates (4, 6) were modified to 
allow the recovery of only the ether-soluble basic 
fraction. High vacuum sublimation of the crude 
extract from cultures grown on starch-Czapek 
medium gave l a  mixed with small amounts of 
other caerulomycins, from which it was freed by 
several crystallizations from ethanol. Fractional 
crystallization of the unsublimed residue gave 
caerulomycin D.  Caerulomycin C was the least 
soluble product but crystallized slowly from 
ethanol. It could be obtained pure by fractional 
crystallization of the crude caerulomycin mix- 
ture. This latter procedure applied to the crude 
extract from cultures grown in L-tryptophan- 
supplemented medium gave only caerulomycins 
B and C. In cultures grown on the unsupple- 
mented medium caerulomycin B was a very 
minor component and could be separated only 
by preparative partition chromatography. Chro- 
matography also provided an alternative and 
more satisfactory separation of the other three 
metabolites. 

Properties 
The molecular formulae of caerulomycins B 

and C were established by mass spectral and 
elemental analysis as C1,H,,N3O3 and 
C13H,3N303. Caerulomycin B, but not C, gave a 
positive test for phenolic groups by coupling to 
stabilized diazonium salts. As with l a  (6), caeru- 
lomycin C could be converted to a monoacetate 
(3c, v,,, 1760 cm-l, 6 2.22 ppm) using a mild 
acetylating procedure, and to a nitrile (3b, v,,, 
2240 cm-') by eliminating the acetoxy group 
under more vigorous conditions. The mass spec- 
tra of caerulomycins B and C, like those of la ,  
contained significant ion peaks corresponding to 
the loss of hydrogen, methyl, water, methoxyl, 
and aldoxime fragments. Caerulomycin C 
showed an initial loss of 30 mass units to gen- 
erate an ion with mle 229 equivalent to M +  for l a  
and giving rise to a similar series of fragment 
ions. In particular these included a second loss of 
30 mass units and low abundance ions at mle 155 
(dipyridyl) and 78 (pyridyl). The spectrum of 
caerulomycin B lacked the mle 155 ion but the 
peak at mle 78 was relatively intense. The infra- 
red spectra of the metabolites and their deriva- 
tives contained strong absorption bands in the 
same regions as those of 2,2'-dipyridyl and l a  
(6). Also like 2,2'-dipyridyl and la,  caerulo- 

l a  R,  = H R2 = OCH, R, = CH=NOH 
b R , = H  R2 = OCH, R, = C-N 
c R,  = H  R2 = OCH, R, = CH=NOAc 

2 R, =OH R2 = OCHl R, = CH=NOH 
3a R, = OCH, R2 = OCH, R, = CH=NOH 
b R,  = OCH, R, = OCH, R, = C E N  
c R, = OCH, R2 = OCH, R, = CH=NOAc 

mycins B and C gave a deep-red color in the 
presence of ferrous salts. The color given by 
2,2'-dipyridyl is due to the complex Fe- 
[(C,,H,N2)3]2+ in which the pyridyl rings are 
cis coplanar (9), and steric hindrance due to 
substituents at the 3,3'- (10) or 6,6'-positions 
(1 1, 12) is known to partly or completely inhibit 
con~plex formation. In 2,2'-dipyridyl itself, both 
crystalline (13, 14) and in solution (9, 15, 16), 
the two rings are trans coplanar. 

2,2'-Dipyridyl (16) and l a  (4) show three 
principal absorbing bands in the ultraviolet 
region, with maxima at approximately 230, 260, 
and 280 nm. These bands are present in the 
spectrum of caerulomycin B, but the maxima are 
shifted to longer wavelengths by 13-48 nm, as 
would be predicted with the introduction of a 
hydroxyl group into a pyridine ring at position 3 
(17). By hydrogen bonding to nitrogen of the 
adjacent ring this group should also maintain the 
trans coplanar conformation. Caerulomycin C 
and its derivatives show only two major ultra- 
violet absorption bands with maxima close to  
230 and 260 nm. However, it is known that sub- 
stitution of H-3 and H-3' in 2,2'-dipyridyl shifts 
the weaker 280 nm band hypsochromically to the 
extent that it merges with that at  260 nn?, and the 
shift is attributed to the steric effect of the sub- 
stituents increasing the interplanar angle be- 
tween the rings (16). These properties suggest 
that the two new metabolites contain a 2,2'- 
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MclNNES ET AL. 

TABLE 1. The 'Hmr data for caerulomycin A ( la ) ,  B (2), and C (3a), caerulomycinonitrile A (16) and C (3b), and 
caerulomycin C monoacetate (3c) in DMSO-d,* 

Com- 
~ o u n d  H-3 H-5 H-7 H-3' H-4' H-5' H-6' 3-OCH3 4-OCH, NOH CH3C0 3-OH 

*H-3', H-4', H-5', and H-6' form an AMXY sub-spectrum which was analyzed with the Varian spin simulation program on a 620L data 
system associated with the model XL-100 spectrometer. The coupling constants for this system, and of lb ,  are not given since they agreed 
within experimental error (f 0.1 Hz) with values already reported for 2,2'-dipyridyl (20) and la (6 ) .  

?Nuclear Overhauser enhancement measurements for 3a were as follows: H-5 {4-0CH3) 30%; H-7 {=NOH) 12%. 

dipyridyl residue substituted at the 3- or 3'- nitrogen) at H-3'. Thus, the upfield shift of H-3' 
position. in caerulomycin C agrees with evidence from 

' H Nuclear Magnetic Resonance Spectra 
Proton assignments were confirmed by spin- 

decoupling experiments (19) and nuclear Over- 
hauser enhancement (nOe) studies (20), while 
spectral simulation techniques were used to 
obtain relevant parameters from complex sub- 
groups (see footnote to Table I). 

The 'Hmr spectra of 2,2'-dipyridyl(9,15, 18) in 
a variety of solvents including DMSO-d6 (21), 
and the spectrum of l a  in CDCl, (6), have been 
reported. Known substituent effects in 2-sub- 
stituted pyridines (22) account for spectral 
differences between l a  and its nitrile derivative 
(lb).  Thus H-3 and H-5 of l b  were deshielded 
by about 0.2 and 0.4 ppm, and signals for the 
oxime group of l a  at 6 8.22 and 6 11.72 ppm 
were absent. Signals corresponding to the ring 
A, oxime, and methoxyl hydrogens of l a  were 
also present in the 'Hmr spectra of 2 and 3a 
(Table 1). Indeed, the spectra of 3a and l a  
differed in only three respects. In the former the 
H-3 signal was replaced by one for a methoxyl 
group (6 3.76), the H-5 resonance at 6 7.49 was 
a singlet, and H-3' (6 7.69) was shielded relative 
to the corresponding hydrogen of la .  

In the trans coplanar conformation of 2,2'- 
dipyridyl, H-3 is close to the nitrogen atom of 
the adjacent ring and is deshielded by approxi- 
mately 1.4 ppm as a result of contributions from 
the diamagnetic anisotropy of the neighbouring 
ring and dipolar fields associated with the 
nitrogen atom (9, 16). The remaining hydrogens 
are unaffected, and their chemical shifts are 
similar to those of pyridine (23). Introduction of 
a bulky substituent at C-3 would cause a con- 
formational change (16) and so reduce the 
deshielding (particularly that associated with 

ultraviolet absorptioi and mass spectra, and 
indicates that this metabolite possesses a methoxyl 
substituent at C-3 and has structure 3a. Con- 
firming this conclusion, irradiation at the reso- 
nance frequency of the low-field methoxyl group 
(6 3.98) of 3a caused a 30% nOe of the H-5 
singlet at 6 7.49. No nOe was obtained by 
irradiating the other methoxyl resonance at 
6 3.76. Thus, the lone aromatic hydrogen is 
adjacent to the methoxyl group which has a 
chemical shift identical to that of the methoxyl 
substituent of la .  

The 'Hmr spectrum of the nitrile 3b was 
similar to that of 3a except that it contained no 
signals for an oxime group, and exhibited 
deshielding effects comparable to those noted in 
lb .  Of particular importance, the lone hydrogen 
at 6 7.49 in 3a was shifted by 0.47 ppm to 6 7.96 
in 3b, which was similar to the deshielding of H-5 
(6 7.35 to 6 7.75) accompanying the conversion 
l a  to lb .  Thus, the substitution pattern at the 
4-, 5-, and 6-positions of l a  is retained in 3a, and 
this in turn requires that the additional methoxyl 
group in 3a be attached to C-3. 

Irradiation at the resonance frequency of the 
OH proton in 3a caused a 12% nOe of the H-7 
signal, thus establishing an (E) configuration for 
the oxime group. Similar experiments showed 
that H-5 and H-7 do not contribute to each 
other's relaxation, which indicates that the oxime 
group is oriented as in partial structure 3d 
rather than 3e. A previous study using a dif- 
ferent approach (6) established that the oxime 
group of l a  had an (E) configuration. 

13C Nuclear Magnetic Resonance Spectra 
Further support for the proposed structure of 

caerulomycin C came from examination of the 
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TABLE 2. I3C chemical shifts 6, (TMS) for 2,2'-dipyridyl (4) and caerulomycins in DMSO-d,* 

Com- 
pound C-2 C-3 C-4 C-5 C-6 C-7 C-2' C-3' C-4' C-5' C-6' 3-0CH34-0CH3 

*Pulse Fourier transform 8 K, sweep width 5120 Hz, data accuracy 50.6  Hz. 
?The signals for the acetyl group in this compound appeared at 19.2 and 167.9 ppm. 

I3C nmr data in Tables 2 and 3 which list the 
proton noise decoupled (pnd) and high resolu- 
tion (hr) spectral results. Assignments were 
aided by off-resonance decoupling (ord) experi- 
ments (23) and by the use of 2,2'-dipyridyl as a 
model compound. Apart from providing sup- 
porting evidence for the structure of caerulo- 
mycin C, these data are required for the struc- 
tural elucidation2 of caerulomycin D and for 
biosynthetic studies on 13C-labeled la ,  now in 
progress, which rely upon correct interpretation 
of 13C nmr spectra. 

Assignment of resonances for 2,2'-dipyridyl 
and the ring-A carbons of l a  and l b  was straight- 
forward, the 13C-H spin-spin coupling data in 
Table 3 being similar to those observed for pyri- 
dine (24, 25) and 2-substituted pyridines (25, 26, 
27). Typical deshielding by the directly bonded 
methoxyl substituent (28) and three-bond coup- 
ling to the methoxyl hydrogens (la, 3 ~ c H  = 3 
Hz; 16, bm due to additional coupling with2 
H-5) identified C-4. Signals for ring-B carbons 
bonded to hydrogen (C-3, C-5) were assigned 
from differences in residual couplings in proton 
ord spectra. As expected, dehydration of the 
oxime was accompanied by considerable de- 
shielding of C-5 (%I1  pprn), and to a lesser 
extent C-3 (=3  ppm). Thus the oxime substi- 
tuent in 2-pyridine aldoxime shields C-3 by 3.9 
pprn but does not affect3 C-5, whereas the nitrile 
group in 2-cyanopyridine (8) deshields both C-3 
(4.7 ppm) and C-5 (3.3 pprn). Conversion to a 
nitrile also increased the spin-spin coupling 
between C-5 and H-5 from 165.2 to 171.8 Hz, 
in contrast to coupling between C-3 and H-3 
which changed little. In l a  C-3 was also long- 
range coupled to H-5 (3Jc, 3.8 Hz), and C-5 to 
H-3 (3JcH 3.6 Hz) and one additional hydrogen 

3A. G. McInnes, D. G. Smith, and J. A. Walter. 
Unpublished results. 

("JCH 3.6 Hz). However, in l b  C-3 was still long- 
range coupled to H-5 whereas C-5 was coupled 
only to H-3 (3JcH 3.8 Hz). Thus, the additional 
splitting in the C-5 resonance of l a  must have 
been due to H-7. 

In the hr 13C nmr spectrum of l a  one of the 
resonances due to the quaternary carbons C-2 
and C-6 was a sharp singlet (6, 156.9); the other 
was a doublet (6,153.4) with a spacing of 5.3 Hz. 
Since the latter signal was a sharp singlet in 16 
it was assigned to C-6, because geminal coupling 
of H-7 to C-6 would be removed in the nitrile. 
The singlet at 6, 156.9 was, therefore, assigned 
to C-2. The resonances for C-6 and C-2 in 16 
appeared at 6, 133.5 and 6, 158.4, respectively, 
because conversion of the oxime to a nitrile 
would cause considerable shielding of C-6 
(w 20 ppm) and a slight deshielding (= 1 ppm) of 
C-2. In pyridine-2-aldoxime C-2 is deshielded by 
2.6 pprn and C-6 shielded by 0.4 ppm (28), 
whereas for 2-cyanopyridine C-2 is shielded by 
16.3 pprn and C-6 deshielded by 1.1 ppm.3 

Finally, the carbons of the oxime and nitrile 
groups ((2-7) gave characteristic resonances at 
6, 148.8 and 6, 117.3 (2S3) and the methoxyl 
carbons at 6, 55.5 (la) and 6, 56.3 (lb). The hr 
spectra showed that both the oxime carbon 
(3Jc, 7.7 Hz) and the nitrile carbon (3~c ,  3.8 Hz) 
were long-range coupled to H-5. 

The 13C nmr spectra of 3a and 36 were similar 
to those of l a  and lb, with resonances at 6, 
148.5 and 117.1 pprn for the oxime and nitrile 
carbons. Five signals had chemical shifts and 
multiplicities in hr spectra that permitted them 
to be assigned to ring-A carbons. Of the two 
methoxyl groups in each compound (3a, 6, 56.0, 
6, 61.0; 3b, 6, 56.9, 6, 61.2) one had a chemical 
shift close to that of the methoxyl group in l a  
(6, 55.5) or 16 (6, 56.3). Other differences were 
associated with the ring-B carbons and attribu- 
table to changes induced by the extra methoxyl 
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group. Many of the chemical shift trends and 
coupling characteristics noted for the ring-B 
carbons of l a  and l b  were observed in 3a and 3b. 

The carbon bonded to hydrogen in ring B of 
3a had a similar chemical shift to that of C-5 in 
l a  and both were almost equally deshielded 
upon conversion to the nitriles 3b and l b .  These 
conversions were also accompanied by similar 
increases in the 'J,, values. Furthermore the 
single aromatic proton in ring B was coupled to 
the oxime t3JCH 9.2 Hz) and nitrile (3JcH 3.6 Hz) 
carbons of 3a and 3b just as H-5 was coupled to 
these groups in l a  and l b .  In addition two ring-B 
quaternary carbons of 3a and 3b had similar 
spectral characteristics to C-6 and C-2 of l a  and 
l b .  One (6, 148.2) in 3a was geminally coupled to 
H-7 ('J,, 5.6 Hz), whereas the corresponding 
carbon in 3b (6, 127.8) was characteristically 
shielded ( ~ 2 0  ppm) by the conversion of the 
oxime to a nitrile group. The other (6, 152.8) in 
3b was slightly but typically deshielded relative 
to the corresponding carbon (6, 151.0) in 3a. 
Low intensity signals for the remaining carbons 
which bear methoxyl groups in 3a (6, 143.8, 
6, 159.4) and 3b (6, 146.5, 6, 159.7) were easily 
recognized from their chemical shifts and from 
the broad multiplets which they gave in hr 
spectra as a result of coupling to the methoxyl 
hydrogens and a poor signal/noise ratio. The 
resonance at lowest field could be assigned to 
C-4 as the alternative would require the C-3 
methoxyl to possess unreasonable shielding 
characteristics. The combined observations are, 
therefore, consistent only with the assignments 
given in Table 3, and with caerulomycin C 
having structure 3a and caerulomycinonitrile C 
structure 3b. 

Caerulomycin C monoacetate must have 
structure 3c. In the 'Hmr spectra, absence of an 
OH signal and a slight downfield shift of the 
resonances for H-5 and H-7 are the only dif- 
ferences from 3a. The 13C spectrum of 3c was 
also similar to that of 3a apart from the presence 
of acetoxyl methyl (6, 19.2) and carbonyl 
(6, 167.9) signals, and a downfield shift of the 
oxime carbon resonance to 6, 156.2. 

It was also apparent from 'Hmr evidence 
(Table 1) that replacement of the C-3 methoxyl 
group of 3a by a hydroxyl substituent in caeru- 
lomycin B was the only structural difference 
between the two metabolites. Thus caerulomycin 
B has structure 2. Hydrogen bonding of this 
hydroxyl group with the nitrogen atom in ring A 

of 2 not only accounts for the low-field chemical 
shift of the hydroxyl proton (6 14.62) but, in 
stabilizing the trans coplanar conformation of 
the dipyridyl ring system, ensures that H-3' is 
deshielded as in l a .  Lack of material prevented 
13C nmr data being obtained for this metabolite. 

Experimental 
Melting points were measured on a hot stage and are 

uncorrected. Ultraviolet and infrared spectra were re- 
corded with Unicam model SP 8000 and Perkin-Elmer 
model 237 spectrophotometers. Mass spectra were ob- 
tained with a Consolidated Electrodynamics Corporation 
model 1 10-B double-focusing spectrometer operated in 
the electrical mode. 'H nuclear magnetic resonance 
spectra were obtained with a Varian Associates model 
HA-100 spectrometer. 13C nuclear magnetic resonance 
spectra (25.16 MHz) were recorded with a Varian 
Associates model XL-100-15 pulsed Fourier transform 
spectrometer. 

Isolation of Caerulomycins 
Cultures of Streptomyces caeruleus were grown as 

described by Funk and Divekar in starch-Czapek medium 
(4), or in this medium supplemented with L-tryptophan at 
1 m M  concentration. The filtered broth was extracted 
with three half-volumes of ether and basic products were 
separated by extraction from the ether into N hydro- 
chloric acid. They were recovered, after addition of 
excess sodium bicarbonate, by filtration and by back- 
extraction from the filtrate with ether. The crude residue 
from starch-Czapek cultures was sublimed at 105-130°C 
under high vacuum and the sublimate (mp 168-171°C) 
was recrystallized several times from ethanol to give 
caerulomycin A, mp 176-177°C. 

Repeated recrystallization from ethanol of the un- 
sublimed residue, collecting only the crop of fine color- 
less needles which formed immediately upon cooling, gave 
caerulomycin D, mp 241-242°C. 

When a hot ethanolic solution of the crude caerulo- 
mycin from starch-Czapek medium was allowed to cool 
to room temperature the crop of needles deposited was a 
mixture of caerulomycin A with a smaller amount of 
caerulornycin D. The mother liquor slowly deposited a 
second crop of crystals consisting mainly of caerulomycin 
C (3a). Recrystallization yielded colorless prisms, mp 
208-210°C; A,,, in methanol at 229 and 263 nm (log E 
4.13 and 3.96); v,,, in potassium bromide at 3160, 1585, 
1560, 1490, 1360, 1245, 1200, 1065, 995, 851, 800, and 
712 cm-'; m/e at 259 (15%), 258 (14%), 242 (loo%), 229 
(13%), 228 (lo%), 214 (21%), 199 (14x1, 155 (14%), 105 
(17%), and 78 (31%). Accurate mass measurement of 
M t ,  m/e 259.0952 (calcd. for C13H1303N3: 259.09579); 
found: C 60.39, H 5.05, N 16.12 (calcd. for C13H1303N3: 
C 60.23, H 5.01, N 16.21). Fractional crystallization in 
this manner of the extract from cultures grown on starch- 
Czapek medium containing L-tryptophan did not yield a 
first crop of needles. Caerulomycin C (25 mg/!) separated 
slowly from the solution and was removed. When the 
mother liquor was concentrated caerulomycin B (2, 15 
mg/!) crystallized as feathery needles. These were 
sublimed in high vacuum at 110°C and recrystallized from 
methanol to give needles, mp 215-217°C; A,,, (log E) in 
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ethanol at  249 (4.19), 273 (4.01) inflexion, 328 (3.75); 1. E. BALDACCI. Atti 1st. Bot. Univ. Pavia, 3,139(1944). 
v,,, in potassium bromide at 3250, 3160, 1565, 1472, 2. W. A. TABER. Can. J. Microbiol. 5,335 (1959). 
1374, 1280, 1200, 1165, 1050, 1040, 970, and 710 cm-'; 3. W. A. TABER. Can. J. Microbiol. 6,503 (1960). 
m/e at 245 (100%), 229 (67%), 228 (9373, 200 (2273, 171 4. A. FUNK and P. V. DIVEKAR. Can. J. Microbiol. 5,317 
(19%), 144 (22%), 105 (45%), 79 (26%), and 78 (42%). (1959). 
Accurate mass measurement of M? gave mle 245.0797 5. M. G. BRAZHNIKOVA, I. N. KOVSHAROVA, G. F .  
(calcd. for Cl,Hl,03N3: 245.0800). GAUZE, M. A. SVESHNIKOVA, T. S. BOBKOVA, V. A. 

SHORIN, and 0 .  K. ROSSOLIMO. Antibiotiki, 2, 16 
Chromatography (1957). 

~aerulomycins A, B, C, and D were separated quali- 6. p.  V. DIVEKAR, G. READ, and L. C. VINING. Can. J. 
tatively by thin-layer chromatography (tlc) on silica gel them. 45, 1215 (1967). 
H F Z S ~  ( ~ e r c k  & CO., ~ a r m s t a d t )  using as solvent either 7.  S, RANGANATHAN, B. B. SINGH, and P. V. DIVEKAR. 
a mixture of benzene - acetic acid - water (42: 24: 1) can. J. them, 47,165 (1969). 
giving RI values of 0.09,0.05,0.24, and 0.16, respectively, 8, H. L. RETCOFSKY and R. A. FRIEDEL. J. Phys. Chem. 
or a mixture of benzene-diethylamine (50:3) saturated 72, 2619 (1968). 
with 10% aqueous ammonia giving RI values of 0.39, 9. S. CASTELLANO, H. GUNTHER, and S. EBERSOLE. J. 
0.35, 0.31, and 0.21, respectively. Alternatively, the phys. them. 69,4166 (1965). 
metabolites could be separated by circular chroma- 10. F. W. CAGLE and G. F. SMITH. J. Am. Chem. Soc. 69, 
tography on formamide-treated paper with benzene as 1860 (1947). 
mobile ~ h a s e .    he Rf values were 0.65, 0.57, 0.26, and 11. W. W. BRANDT, F. P. DWYER, and E. C. GYATFAS. 
0.28, respectively. Caerulomycin zones were detected as them, R ~ ~ .  54,959 (1954). 
quenching areas under light of 254 nm, and as red to 12. A. BERGH, p. O ~ D .  OFFENHARTZ, P. GEORGE, and 
purple areas after the plates had been sprayed with G. P. HAIGHT. J. Chem. Soc. 1533 (1964). 
aqueous ferrous sulfate. 13. F. BERTINOTTI, A. M. LIQUORI, and R. PARISI. Gazz. 

For the preparative separation of caerulomycins a Chim. Ital. 86,893 (1956). 
~ o l u m ~  (90 2.6 cm) of Se~hadex  H I 2 0  (Pharmacia, 14. L. L. MERRITT and E. D. SCHROEDER. Acta Crystal- 
Uppsala) was equilibrated with the solvent system logr, 9,801 (1956). 
benzene - ethyl acetate - acetic acid - water (1: 12:4:12). 15. F. A. KRAMER, JR ,  and R. WEST. J, phys. Chem. 69, 
Crude caerulomycin (500 mg) in upper phase (5 ml) was 673 (1965). 
applied and the column irrigated with upper phase while 16. T. McL. SPOTSWOOD and C. I. TANZER. Aust. J .  
fractions (20 ml) were collected. Caerulomycins, eluted Chem. 20, 1227 (1967). 
in the sequence B, A, D, C, were collected in fractions 17. S. F, M ~ ~ ~ ~ .  J. them. sot, 1253 (1959). 
24-29,3440,42-103, and 140-142, respectively. 18. V. M. S. GIL. Mol. Phys. 9.97 (1965). 

Caerulomycin C Monoacetate (3c) 
Caerulomycin C (20 mg) was dissolved in acetic 

anhydride (3 ml) and kept at  room temperature for 24 h. 
Ice was added to hydrolyze excess reagent and the solu- 
tion evaporated in vacuo at 45°C. The product crystallized 
slowly from ether - petroleum ether (bp 60-80°C) as 
feathery needles (19 mg), mp 102-103°C; A,,, (log E) in 
ethanol at 229 (4.13) and 265 (4.02) nm; h,,, in potassium 
bromide at  1760 cm-l ;  M +  at mle 301.1063 (calcd. for 
C15H15N304: 301.1064). 

Caerulomycinonitrile C (3b) 
Caerulomycin C (25 mg) was heated under reflux with 

acetic anhydride (5 ml) for 3 h. The cooled solution was 
diluted with water and evaporated at 45°C in vacuo t o  a 
tan solid which crystallized from ethanol as colorless 
needles (16 mg), mp 114-1 16°C; A,,, (log E) in ethanol 
at  227 (4.67) and 260 (3.81) nm; v,,, in chloroform at 
2240 cm-' ; M t  at mle 241.0849 (calcd. for C1 lN30,: 
241.0851). 
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Synthesis and characterization of binuclear transition metal 
complexes incorporating the tridentate chelating ligand 

dimethyl (N,N-dimethylethanolamino)(l-pyrazoly1)gallate: 
crystal and molecular structure of bis-p-pyrazolyl- 

(N(l),N(2))-bis[dimethyl (N,N-dimethylethanolamino)- 
(1-pyrazolyl)gallato(N(2),O, N)copper(II)] 

dimtthy~t~hanolamino)(pyrazolyl-~)gallate et la preparation et les proprietts physiques de 
comvlexes binucltaires de mttaux de transition incorvorant ce h a n d .  Les cristaux du bis-u- 
pyra~olyl(~(1),~(2))-bis[dimtthyl(~,~-dimtthyltthan~lamino)(py~azolyl-l)gallato(~(2),~,~)- 
cuivre(II)] sont n~onocliniques, a = 12.018(2), b = 10.390(1), c = 13.568(3) A, b = 100.04(6)", 
Z = 2, groupe d'espace P2,lc. On a rtsolu la structure par des mtthodes directes et on I'a 
affinte par la mtthode des moindres carrts (matrice compltte) jusqu'a une valeur finale de R de 
0.045 et de R, de 0.058 pour 2460 rtflexions avec 1 2 341). La moltcule binucltaire centro- 
symttrique comporte des atomes de cuivre dont la gtomttrie de coordination correspond a une 
pyramide carrte dtformte. Trois des positions de base sont occuptes par l'oxygkne, l'azote du 
pyrazolyle et l'azote du groupe amino du ligand trichtlatant et tridentate. Les deux autres sites 
sont occupts par les groupes pyrazolyles formant le pont; ils fournissent un atome d'azote de la 
base d'un des atomes de cuivre et un atome d'azote apical du second atome de cuivre. La 
gtomttrie de coordination des atomes de gallium correspond a un tttrakdre dtformt. Les 
longueurs des liaisons importantes (corrigees pour la libration) sont: Cu-0, 1.981(3), 
Cu-N(base), 1.953(3)-2.143(4), Cu-N(apical), 2.173(3), Ga-0, 1.907(3), Ga-N, 1.991(4) 
et Ga-C 1.962(7) et 1.977(7) A. 

[Traduit par le journal] 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, A N D  JAMES TROTTER 
Department of Chemistry, University ofBritish Columbia, 2075 Wesbrook Mall, Vancouver, B.C., Canada V6T 1 W5 
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 55, 
4166-(1977). 

Details of the synthesis of the tridentate tris chelating ligand dimethyl(N,N-dimethylethanol- 
amino)(l-pyrazoly1)gallate and the preparation and physical properties of the binuclear transi- 
tion metal complexes incorporating this ligand are given. Crystals of bis-p-pyrazolyl(N(l),N(2))- 
bis[dimethyl(N,N-dimethylethanolamino)(1-pyrazolyl)gallato(N(2),0,N)copper(II)] are mono- 
clinic, a = 12.018(2), b = 10.390(1), c = 13.568(3) A, = 100.04(6)", Z = 2, space group 
P2Jc. The structure was solved by direct methods and was refined by full-matrix least squares 
procedures to a final R of 0.045 and R, of 0.058 for 2460 reflections with 1 2 3o(I). The centro- 
symmetric binuclear molec~~le features copper atoms having distorted square pyramidal co- 
ordination geometry. Three of the basal positions are occupied by the oxygen, pyrazolyl 
nitrogen, and amino nitrogen atoms of the tridentate tris-chelating ligand. The two remaining 
sites are occupied by bridging pyrazolyl groups, which provide a basal nitrogen atom to one 
copper atom and an apical nitrogen atom to the second copper centre. The gallium atoms have 
distorted tetrahedral coordination geometry. Important bond lengths (corrected for libration) 
are: Cu-0, 1.981(3), Cu-N(basal), 1.953(3)-2.143(4), Cu-N(apical), 2.173(3), Ga-0, 
1.907(3), Ga-N, 1.991(4), and Ga-C, 1.962(7) and 1.977(7) A. 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 55, 
4166 (1977). 

On rapporte les details de la synthtse du linand tridentate et trichtlatant dimtthyl(N,N- 

Introduction from symmetrical anionic bidentate chelating 
As part of an expanding investigation of pyra- ligands (5-8) have been reported. The present 

zolyl and related derivatives of gallium and account describes the synthesis of the anionic 
aluminum, novel anionic tridentate chelating ligand, dimethyl(N,N-dimethylethanolamino)- 
ligands have been synthesized and their coordina- (1-pyrazolyl)gallate, [Me2Ga(OCH2CH2NMe2)- 
ting abilities studied. Neutral dimeric molecules (N2C,H,)]-, and its coordination properties 
(1-4) and transition metal complexes derived with respect to the transition metal ions Co(II), 
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CHONG ET AL. 

Ni(II), Cu(II), and Zn(I1). The resulting binuclear 
transition metal complexes have distorted square 
pyramidal coordination geometry about the 
transition metal atoms. These atoms are bridged 
by two pyrazolyl groups and end-capped with 
the tridentate ligands. 

Experimental 
Air sensitive materials were handled in a glove box 

under an atmosphere of oxygen-free dry nitrogen or in a 
nitrogen-blankeied apparatus. ~etrahidrofurin (THF) 
was dried bv refluxine over lithium aluminum hvdride and - 
was used immediately after distillation. Benzene was dried 
by refluxing over molten potassium followed by distilla- 
tion. Pyrazole (K and K Laboratories) and sodium hy- 3 
dride (Alfa Inorganic) were used as supplied. N,N- - a 
dimethylethanolamine was refluxed over anhydrous a 

CaS04 and distilled prior to use. Gallium trimethyl was 
E 
S 

prepared as previously described (9). - "I - 
Sodium Dimethyl(N,N-dimethylethanolamino)(l-pyrazol- % 

y l ) g a l l a t e , ~ a ~ [ . ~ e ~ ~ a ( b ~ ~ ~  CH~NM;,) -- 
(N2 C3H3)lF 

THF 
[I] NaH + N2C3H4 + Na+N2C3H3- + Hz % N2 atm 

THF 
[2] Na+N2C3H3- + Me3Ga -b 

B 
N2 atm 

5 
U, 

Na+Me3Ga(N2C3H3)- Z U 

[3] Na+Me3Ga(NzC3H3)- + Me2NCH2CHzOH 0 
w 

THF S 
Nz atm, reflux F? 

L, 

Na+[Me2Ga(OCHzCH2NMe2)(N2C3H3)]- + CH4 2 
d 

Trimethyl gallium (4.28 g, 37.3 mmol) in THF was * 
d 

added to sodium pyrazolide (37.3 mmol) (made from v - 
sodium hydride (0.894 g, 37.3 mmol) and pyrazole (2.54 g, d 0 .- 

C)  37.3 mmol) in THF) in the same solvent. N,N-dimethyl- - A 
ethanolamine (3.32 g, 37.3 mmol) was added to the re- 2 
sulting solution and on refluxing a slow evolution of 4 
methane occurred. The course of the reaction was - 
monitored by 'H nmr as well as by visual observation of 3 
gas evolution. The product solution exhibits a Ga-Me a 

proton resonance 0.1 ppm to lower field than that from s 
the starting material. There was a gradual appearance of 
the new signal at the expense of the original signal in the 
Ga-Me region of the spectrum. The reaction was com- 
plete after refluxing for 24 h. Aliquots of the resulting 
clear solution of the ligand were used in further experi- 
ments since attempts to isolate the sodium salt from the 
THF solution were not successful. 

Attempted Preparation of [Me2Ga(OCH2CH2 NMe,) - 
(NzC3H3)IzM ( M  = Co, Ni, Cu, Zn) 

The experimental procedure is very similar for each 
case and can be illustrated by the preparation of the 
cobalt derivative. The transition metal starting materials 
for all of the preparations are listed in Table 1. 

An aliquot of the ligand solution prepared above and 
containing Na+Me2Ga(OCH2CH2NMe2)(N2C3H3)- 
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4168 CAN. J. CHEM. VOL. 55,  1977 

(2.06 g, 7.43 mmol) was reacted with cobalt chloride, 
CoC12 (0.482 g, 3.71 mmol), dissolved in THF. A white 
precipitate (NaCl) formed and the color of the solution 
changed from pink to purple immediately. The precipitate 
was allowed to settle and the clear solution siphoned off 
prior to removal of the solvent. The resulting purple solid 
was recrystallized from benzene. The purple crystals were 
collected, washed with benzene, and subjected to physical 
measurements (see Table 1). Elemental analysis and mass 
spectral data show that instead of the expected mono- 
nuclear octahedral complex, the purple solid is a binuclear 
cobalt complex having the formulation [Me2Ga(OCH2- 
CH2NMe2)(N2C3H3)2Co]2, 1 (M = Co). 

The nickel reaction produced, in addition to the green 
binuclear complex listed in Table 1, small amounts of 
orange and lilac crystalline materials. These were charac- 
terized by elemental analyses and mass spectrometry. The 
orange compound proved to be identical to the previously 
characterized (5,6,8) compound [Me2Ga(N2C3H3)2]2Ni. 
The lilac compound is a new complex having the formula- 
tion [MeGa(N2C3H3)3]2Ni. The latter has since been 
synthesized in larger quantities by an alternate route and 
will be described in a forthcoming publication together 
with other compounds incorporating the tris-chelating 
anionic ligand MeGa(N2C3H3), - . 

All four transition metal complexes are relatively 
stable in air as solids but solutions are rapidly oxidized on 
exposure to air. These oxidations may involve attack at 
the 'vacant' sixth coordination sites on the transition 
metals. 

Spectra 
Mass spectra were recorded on a Varian MAT CH4 

mass spectrometer at 70 eV with an ion source tempera- 
ture of 80-100°C. Data for the cobalt complex appear in 
Table 2.' Proton nmr spectra were recorded on Varian 
T60 and XLlOO instruments, ir spectra on a Perkin- 
Elmer 457 spectrophotometer, and electronic absorption 
spectra (solutions) on a Cary 14 spectrometer using 
1.0 cm solution cells. 

X-Ray Crystallographic Analysis of Bis-p-pyrazolyl(N(l), 
N(2))-bis[dimethyl(N,N-dimethylethanolamino)- 
(I-pyrazolyl)gallato (N(2 )  ,0, N)copper(II)] 

The crystal chosen for study was mounted with 
(0, - 1,1) normal to the goniostat axis and had dimensions 
of ca. 0.09 x 0.45 x 0.64 mm. Unit-cell and space group 
data were obtained from film and diffractometer measure- 
ments. The unit-cell parameters were refined by a least 
squares on 2 sin 0/h values for 30 reflections measured on 
a diffractometer with CuK. radiation (h = 1.5418 A). 
Crystal data (at 22OC) are: 

C Z ~ H ~ ~ C U Z G ~ ~ N ~ O O Z  fw = 771.20 
Monoclinic, a = 12.018(2), b = 10.390(1), c = 13.568(3) 
A, = 100.04(6)", V = 1668.2(6) A3, Z = 2, pc = 1.535 
g ~ m - ~ ,  F(000) = 788, p(CuK.) = 37.7 cm-I. Absent 

lThe structure factor table and Tables 2 (mass spectral 
data), 4 (thermal parameters), 5b, and 66 (bond lengths 
and angles involving hydrogen) are available, at a nominal 
charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA 0S2. 

reflections: OM), k # 2n, and h01, I # 2n define uniquely 
the space group P2,/c (C:,, No. 14). 

Intensities were measured with nickel-filtered CuK, 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 8-20 scan at 4 deg min-' over a range of 
(1.80 + 0.86 tan 8) degrees in 28 was employed. Back- 
ground counts of 10 s were measured at each end of the 
scan. Data were measured to 28 = 140". The intensities of 
the check reflections, measured every 40 reflections 
throughout the data collection, decreased uniformly to 
final values that were 0.85 times the initial values. Lorentz 
and polarization corrections and batch check reflection 
scaling were applied, and the structure amplitudes were 
derived. An absorption correction was applied by a com- 
puter program using a Gaussian integration method 
(10,ll). Transmission factors ranged from 0.201 to 0.720. 
Of the 3165 independent reflections measured, 2472 (78%) 
had intensities greater than 3o(I) above background 
where 02(I) = S + B + (0.06S)2 with S = scan count and 
B = time averaged background count. 

The structure was solved by direct methods (12). The 
positions of the metal atoms, the oxygen atom, and two 
nitrogen atoms were located on the E-map. Two cycles of 
full-matrix least squares refinement of the coordinates and 
isotropic thermal parameters of these five atoms gave 
R = 0.292. A difference map calculated at this point gave 
the position of the remaining non-hydrogen atoms. The 
non-hydrogen atoms were refined for two cycles with 
isotropic thermal parameters, then for two cycles with 
anisotropic thermal parameters, reducing R to 0.058. All 
22 hydrogen atoms were located on a subsequent differ- 
ence map and were included in the refinement with iso- 
tropic thermal parameters. The entire structure (270 
variables) was refined for four cycles giving a final R of 
0.045 and R,  of 0.058 for 2460 reflections with I 2 3o(I) 
(12 reflections, which had IF,I - IF,I > 3o(F), were 
treated as unobserved in the final stages of refinement; 
instrumental error was suspected for these reflections, but 
it seemed unwise to bias the data by remeasuring them; 
none of the disagreements were exceptionally bad). For 
all 3165 reflections R = 0.059 and R, = 0.066. 

A correction for secondary extinction was approxi- 
mated by basing the least squares refinement on the mini- 
mization of Zw[lF.I - IF,/(l + g1)1I2 where g is the ex 
tinction parameter and I the uncorrected intensity. The 
final value of g was 9.2 x The scattering factors of 
ref. 13 were used for the non-hydrogen atoms and those of 
ref. 14 for the hydrogen atoms. Anomalous scattering fac- 
tors from ref. 15 were used for the Ga, Cu, 0 ,  and N 
atoms. The weighting scheme, w = l/02(F), where 02(F) 
is derived from the previously defined 02(I), gave uniform 
average values of w(lF,I - IF,()2 over ranges of IFoI and 
was employed in the final stages of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.070, the largest shift (0.840) being associated 
with the y coordinate of H(9c). The mean error in an 
observation of unit weight was 1.381. The final positional 
and thermal parameters appear in Tables 3 and 4,' 
respectively. Measured and calculated structure factors 
have been placed in the Depository of Unpublished 
Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHONG ET AL. 4169 

TABLE 3. Final positional parameters (fractional x lo4, 
Ga and Cu x lo5, H x lo3) with estimated standard 

deviations in parentheses 

Atom x Y z 

Ga 
Cu 
0 

N(2) 
N(3) 
N(4) 
N(5) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C(12) 
H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7a) 
H(7b) 
H(8a) 
H(8b) 
H(9a) 
H(9b) 
H(9c) 
H(l Oa) 
H(l0b) 
H(l0c) 
H(l la) 
H(l1 b) 
H(l lc) 
H(12a) 
H(12b) 
H(12c) 

(T), libration (L), and screw (S) motion (16) using the 
computer program MGTLS. The rms standard error in 
the temperature factors o U i j  (derived from the least 
squares analysis) is 0.0030 A'. Analyses were successful 
for the 28 atom group consisting of Ga, Cu, 0, N(l)- 
N(4), C(1)-C(7), and their symmetry related counterparts 
(rms AUij = 0.0059 A') and the N(5) and Ga tetrahedra 
(rms AUij = 0.0019 and 0.0029 A', respectively). 

The appropriate bond distances have been corrected for 
libration (17, IS), using shape parametersq2 of 0.08 for all 
atoms involved. Corrected bond lengths appear in Table 5 
along with the uncorrected values. Changes in the bond 
angles were not significant; thus only the uncorrected 
bond angles appear in Table 6. 

X-Ray film data indicate that the cobalt and nickel 
complexes are isomorphous with the copper complex. 

Results and Discussion 
The mass spectra of the binuclear transition 

metal complexes indicate high thermal stability. 
Signals due to the parent ions were observed in 
all cases. The major peaks in the mass spectrum 
of the cobalt complex (listed in Table 2') provide 
an example of the fragmentation patterns ob- 
served. The isotopic patterns of the individual 
signals are in good agreement with those pre- 
dicted from the isotopic distribution of metal 
atoms (69Ga, 60%; 71Ga, 40%; 59Co, 100%). A 
further indication of the stability of the binuclear 
complexes is the presence of M(N2C3H3),M 
fragments, which can only arise after several 
fragmentation losses. The proton nmr spectrum 
of the diamagnetic zinc complex [Me,Ga(OCH,- 
CH2NMe,)(N2C3H,),Zn], in C,D6 is consistent 
with a binuclear structure as found in the solid 
state for the copper complex. There are two 
unique equal intensity Ga-Me resonances at high 
field, as would be expected from the non- 
equivalent positions of these methyl groups in the 
structure. The N-Me resonances, although not as 
clearly resolved due to overlapping with the 
N-CH2- signal, again occur at different posi- 
tions in the spectrum as predicted from the solid 
state structure of the copper complex. The 
remainder of the spectrum was con~plicated by 
overlapping of signals but the overall integration 
gave the different protons in their expected in- 
tensity ratios. 

The ir spectra of the four complexes are very 
similar and all display strong Ga-C symmetric 
and asymmetric stretching frequencies in the 530- 
540 and 570-580 cm-' regions of the spectrum, 
respectively. 

The visible spectra of the Co, Ni, and Cu com- 
plexes in benzene each consisted of one broad 
asymmetric absorption band. These are listed in 
Table 1 along with extinction coefficients. No 
assignment is attempted at this time but a 
magnetic moment study indicates that the com- 
pounds are high spin complexes. This is expected 
for five-coordinate complexes of this type in- 
volving N and 0 donor atoms (19). The cobalt 
complex, [Me2Ga(OCH2CH2NMe2)(N2C3H3)2- 
Co],, gave a peff value of 4.22 per cobalt ion at 
298 K (corrected for ligand and metal dia- 
magnetism). This is consistent with the presence 
of three unpaired electrons in a high spin 
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CAN. J. CHEM. VOL. 5 5 ,  1977 

FIG. 1. A stereo view of the bis-~-pyrazolyl(N(1),N(2))-bis[dimethyl(N,N-dimethylethanolmino)(l- 
pyrazolyl)gallato(N(2),0,N)copper(II)] molecule. Fifty percent ellipsoids are shown for the non- 
hydrogen atoms, hydrogen atoms are omitted for clarity. 

TABLE 5. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

Ga-0 1 .902(3) 1 ,907 
Ga-N(1) 1 .985(4) 1.991 
Ga-C(9) 1 .958(7) 1.962 
Ga-C(1O) 1 .970(7) 1.977 
CU-0 1 .975(3) 1.981 
CU-N(2) 2.019(4) 2.023 
CU-N(3) 2.170(3) 2.173 
CU-N(4)' 1 .949(3) 1.953 
CU-N(5) 2.134(4) 2.143 
0-C(7) 1.415(6) 1.420 
N(1)-N(2) 1 .367(5) 1.370 
N(l)-C(l) 1 .330(6) 1.330 

*Primed atoms at 1 - x,  1 - y, 1 - z. 

cobalt(I1) ion having square pyramidal coordina- 
tion geometry. 

In previous studies (6-8), symmetric anionic 
ligands of the type Me2Ga(N2C,H3),- have been 
synthesized and their chelating properties to- 
wards transition metal ions studied. Substitution 
of pyrazole by a different active hydrogen com- 
pound in step 3 (see Experimental section) of the 
preparation of these ligands has led to a wide 
variety of asymmetric ligailds of potentially 
higher denticity. The present study involves 

utilization of the active hydrogen compound 
N,N-dimethylethanolamiile in step 3 of the 
ligand synthesis. This compound was of interest 
since it is known to react readily with Me3Ga(20) 
to give the five-coordinate gallium complex 
[Me2NCH2CH20GaMe2]2, and thus should 
react easily with Me3GaN2C,H3- as in step 3. 
The ligand expected from this reaction, 
[Me2Ga(OCH2CH2NMe2)(N2C3H3)]-, may in- 
teract with transition metal ions in a number of 
ways as shown in 2. The ligand may act a triden- 
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CHONG ET AL 

TABLE 6. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Bonds Angle (deg) Bonds Angle (deg) 

0-Ga-N(1) 
0-Ga-C(9) 
0-Ga-C(10) 
N(1)-Ga-C(9) 
N(l)-Ga-C(10) 
C(9)-Ga-C(10) 
0-CU-N(2) 
0-CU-N(3) 
0-CU-N(4)' 
0-CU-N(5) 
N(2tCu-N(3) 
N(2)-CU-N(4)' 
N(2)-CU-N(5) 
N(3)-CU-N(4) ' 
N(3)-CU-N(5) 
N(4)'-CU-N(5) 
Ga-0-Cu 
Ga-0-C(7) 
Cu-0-C(7) 
Ga-N(1)-N(2) 
Ga-N(1)-C(1) 
N(2)-N(1)-C(1) 
CU-N(2)-N(1) 

*Primed atoms at 1 - 

tate tris-chelating system, 2a; as a bidentate 
ligand to the metal atom M while coordinating 
back to the gallium (via the amino nitrogen 
atom) giving five-coordinate gallium as found in 
[Me,NCH,CH,OGaMe,], (20), 2b; or (less 
likely) as a bidentate system via the pyrazolyl and 
amino nitrogen atoms, 2c. In the latter case the 
available lone electron pair on oxygen could then 
give some type of intermolecular association by 
donating to a second gallium atom, indicated by 
the dotted lines in 2c. 
The X-ray crystallographic study of 1 (M = Cu) 

shows that the ligand is acting as a tridentate tris- 
chelating system as in 2a but that it is too bulky 
to enable accommodation of two ligands around 
the transition metal atom. Rather than the mono- 
nuclear complexes envisaged, the products 
isolated were binuclear complexes of the 
general formula [Me,Ga(OCH,CH,NMe,)(N,- 
C,H,),M],, which have two mononuclear 
[Me2Ga(OCH2CH2NMe2)(N2C3H3)]M frag- 
ments bridged by two pyrazolyl (N,C,H,) 
groups.  hef formation of these compounds must 
involve decomposition of the ligand as this is the 
only source of pyrazolyl moieties. It is possible 
that once one ligand has been accommodated, a 
second ligand linked to the transition metal via 

its pyrazolyl nitrogen atom is unable to coordinate 
further and loses 'Me,Ga(OCH,CH,NMe,)', 
which immediately forms the known dimer 
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FIG. 2. The crystal structure of bis-~-pyrazolyl(N(l),N(2))-bis[dimethyl(N,N-dimethylethanolamino)- 
(1-pyrazolyl)gallato(N(2),0,N)copper(I~)] viewed along 6. 

[Me2NCH2CH20GaMe2], (20). This product 
occurred as a white residue obtained during re- 
crystallization procedures and was identified by its 
characteristic mass spectrum. The resulting tran- 
sition metal fragments then dimerize to give the 
observed binuclear transition metal products, 1. 

The crystal structure of the copper complex 
[Me2Ga(OCH2CH2NMe2)(N2C3H3)2Cu]2 (Fig. 
2) consists of discrete centrosymmetric binuclear 
molecules separated by normal van der Waals 
distances. The coordination geometry about 
copper in distorted square pyramidal with the 
copper atom displaced 0.362 A toward the apical 
atom from the mean plane of the basal atoms. 
Three of the basal positions are occupied by the 
amino nitrogen, oxygen, and pyrazolyl nitrogen 
atoms of the tris-chelating ligand. The two re- 
maining sites are occupied by the bridging pyra- 
zolyl nitrogen atoms, which provide a basal 
atom to one copper atom and an apical atom to 
the second copper centre. The steric constraints 
imposed by ring formation are primarily 
responsible for distortion of the copper coordina- 
tion group. The basal group itself is markedly 
non-planar. Bond angles at the copper atom 
between the apical and basal atoms range from 
93.2(1) to llO.l(l)O and within the basal group 
cis angles range from 80.8(1) to 92.9(1)" while the 
trans angles are 148.6(2) and 166.0(1)". The 
Cu-0 and Cu-N bond lengths all lie within the 
normal range of distances observed for such 

less strained central Cu2(N2C,H,), grouping, 
which was indicated by the mass spectrum to be a 
stable fragment. The apical Cu-N (pyrazolyl) 
bond (2.173(3) A) is also part of this central 
grouping and is only 0.03 A longer than the basal 
Cu-N (amino) bond (2.143(4) A), which is 
lengthened by steric repulsion between the C(12) 
methyl group and one of the bridging pyrazolyl 
groups(H(12c). . .N(3)' = 2.51(9)andH(12c). . . 
N(4)' = 2.52(9) A).' 

The gallium atom has tetrahedral coordination 
geometry, distorted by the angle of 90.0(1)" in the 
five-membered chelate ring. The opposite angle, 
C(9)-Ga-C(lO), is correspondingly expanded 
to 121.3(4)". The bond lengths involving gallium 
are close to those in related molecules (1, 2-5, 7, 
20-23). 

The molecular framework consists of a system 
of nine fused rings, five of which are crystallo- 
graphically unique. Torsion angles in the non- 
planar rings are listed in Table 7. The central 
Cu2N4 ring, situated about the molecular in- 
version centre, is significantly non-planar and has 
a flattened chair conformation. The Cu . .  .Cut  
distance across this ring is 3.991(1) A. The pyra- 
zolyl ring that is fused to the central Cu2N4 ring 
is rigorously planar within experimental error 
(x2 = 0.24) but both copper atoms are con- 
siderably displaced from the pyrazolyl mean 
plane (-0.1462(6) and 0.4158(6) A for Cu and 

bonds. The Cu-N (pyrazolyl) dis- Were and elsewhere in this report primed atoms are 
tances (1.953(3) and 2.023(4) A) are significantly related to those whose coordinates are listed in Table 3 by 
different, the shorter distance being part of the the molecular centre of symmetry at (112,112, 1/21. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHONG ET AL. 

TABLE 7. Intra-annular torsion angles (deg) 

Bond Observed Bond Observed 

Cu', respectively). As a result, the coordination 
about both N(3) and N(4) is significantly dis- 
torted from planarity (N(3) and N(4) are dis- 
placed 0.040(3) and 0.122(4) A from their respec- 
tive NCCu planes). The angle between normals 
to the mean planes of the Cu,N, and N(3)N(4) 
pyrazolyl rings is 9.8". The ethanolamine chelate 
ring (CuOC(7)C(8)N(5)) adopts a typical puck- 
ered conformation while the chelate ring 
(CuOGaN(l)N(2)) is nearly planar (mean and 
maximum deviations of atoms from the weighted 
least squares mean plane being 0.01 1 and 0.030(3) 
A (for 0) ,  x2 = 136). The CuOGaN, ring is also 
fused to a planar (x2 = 0.86) pyrazolyl ring and 
as before the metal atoms are significantly dis- 
placed from the mean plane of the pyrazolyl ring 
(Cu by 0.0953(6) and Ga by 0.1313(6) A) and the 
nitrogen coordination groups are not rigorously 
planar (N(1) being 0.041(4) A from the GaNC 
plane and N(2) being 0.026(4) A from the CuNC 
plane). The angle between normals to the 
CuOGaN, and N(l)N(2) pyrazolyl ring mean 
 lanes is 4.3". 

The trigonally coordinated oxygen atom lies 
0.135(3) A off the plane of its substituents and the 
Cu. . .Ga distance is 3.397(1) A. The bond 
lengths and angles in the remainder of the mole- 
cule (see Tables 5 and 6) are generally as 
expected. 
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 prol line derivatives of gallium trimethyl and gallium triethyl: crystal and 
molecular structure of L-prolinatodimethylgallium 
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KENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
55,4174 (1977). 

Crystals of L-prolinatodimethylgallium are orthorhombic, a = 10.624(2), b = 10.567(4), 
c = 8.2268(6) A, Z = 4, space group P21212,. The structure was solved by direct methods and 
was refined by full-matrix least squares procedures to a final R of 0.029 and R, of 0.035 for 1109 
reflections with I 2 3o(I). Details of the preparation and physical properties of L-prolinato- 
dimethylgallium and L-prolinatodiethylgallium are given. The crystal structure of L-prolinato- 
dimethylgallium consists of molecules each linked to two others by weak Ga-0 bonds 
(2.695(3) A) and N-H. . . O  hydrogen bonds (N. . .O  = 2.901(4) A) to form a chain-like poly- 
meric structure extending along the b axis. The gallium atom is five-coordinate and has distorted 
trigonal bipyramidal geometry. Important bond lengths are: Ga-0 (axial), 2.044(3) and 
2.695(3); Ga-N, 2.035(3); and Ga-C, 1.942(5) and 1.958(5) A. 

KENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 55, 
4174 (1977). 

Les cristaux du L-prolinatodimtthylgallium sont orthorhombiques, a = 10.624(2), b = 
10.567(4), c = 8.2268(6) A, Z = 4, groupe d'espace P212121. On a rksolu la structure par des 
mkthodes directes et on I'a affinee par la mtthode des moindres carres (matrice compltte) 
jusqu'a une valeur finale de R de 0.029 et R, de 0.035 pour 1109 rtflexions avec I L 3o(I). On 
donne des details concernant la prkparation et les proprittks physiques de L-prolinatodimkthyl- 
gallium et de L-prolinatoditthylgallium. La structure cristalline du L-prolinatodimtthylgallium 
est formee de molecules qui sont toutes likes avec deux autres par des liens Ga-0 qui sont 
faibles (2.695(3) A) et des liens hydrogknes N-H. . . 0 (N. . . 0 = 2.901(4) A) pour former une 
structure en chaine ressemblant un polymtre s'ttendant le long de I'axe b.  L'atome de gallium 
est pentacoordonnt et posstde une gtomttrie trigonale bipyramidale dtformee. Les longueurs 
de liaisons importantes sont: Ga-0 (axiale), 2.044(3) et 2.695(3); Ga-N, 2.035(3) et Ga-C, 
1.942(5) et 1.958(5) A. 

[Traduit par le journal] 

Introduction mined. This work is part of a contiiluing in- 
Gallium trialkyls react readily wi th compounds vestigation of organogallium compounds in 

containing 'active hydrogen', eliminating alkane which the gallium atom is potentially five- 
to yield products containing either four- or five- COordinate. 
coordinate gallium (1-1 1). These products are Experimental 
often associated and Occur as All solvents were dried and distilled before use. Reac- 
The present the gal- tions involving gallium trialkyls were initiated in a glove 
lium trimethyl and gallium triethyl with the box filled with dry nitrogen, with subsequent handling 
active hydrogen compound L-proline. The crystal under a blanket of dry nitrogen or on a high vacuum line. 
structure of one of the products, L-prolinato- Gallium trimethyl (12) and gallium triethyl (13) were Pre- 

pared as previously described. L-Proline was used as 
dimethylgallium = Me), has been deter- supplied (Sigma Chemical Corporation). 

L-Prolinatodimethylgallium 
This compound was prepared by reacting gallium tri- 

methyl (1.657 g, 14.44 mmol) with L-proline (1.610 g, 
14.00 mmol) in refluxing benzene. The reaction mixture, 
initially milky in appearance, cleared as the reaction pro- 
ceeded. At the completion of the reaction, when methane 
evolution had ceased, a clear benzene solution remained. 
Upon cooling this solution slowly to room temperature, 
large colorless crystals of the desired product were 
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deposited. The crystals were collected and dried. Anal. 
calcd. for C5H8N02.GaMe,: C 39.31, H 6.55, N 6.55; 
found: C 39.60, H 6.80, N 6.40. 

L-Prolinatodiethylgallium 
This compound was prepared by the reaction of gallium 

triethyl (2.540 g, 16.21 mmol) with L-proline (1 364 g, 
16.21 mmol) in refluxing benzene. When evolution of 
ethane ceased, marking the completion of the reaction, 
the benzene solution was slowly cooled to room tempera- 
ture yielding crystals of the desired product. The crystals 
were collected and dried. Anal. calcd. for C5H8N02.Ga- 
Et2: C44.68,H7.45, N5.79; found: C44.66, H 7.58, N 
5.88. 

Spectra 
Mass spectra were recorded on a Varian MAT CH4 

mass spectrometer at 70 eV with an ion source tempera- 
ture of80-100"~. Proton nmr spectra of CDCI, solutions 
were obtained on Varian T60 and XLlOO instruments and 
ir spectra were recorded on a Perkin-Elmer 457 spectro- 
photometer as Nujol mulls. 

X-ray Crystallographic Analysis of L-Prolinatodimethyl- 
gallium 

The crystals chosen for study were mounted with b 
parallel to the goniostat axis and had dimensions of ca. 
0.17 x 0.35 x 0.40and0.17 x 0.23 x 0.49 mm. Unit-cell 
and space group data were obtained from film and 
diffractometer measurements. The unit-cell parameters 
were refined by a least squares on 2 sin 0/h values for 38 
reflections measured on a diffractometer with CuK, radia- 
tion (h = 1.5418 A). Crystal data (at 22°C) are: 

C,Hl,GaNO, fw = 213.9 
Orthorhombic, a = 10.624(2), b = 10.567(4), c = 8.2268(6) 
A, V = 923.6(6) A3, Z = 4, pc = 1.538 g cme3, F(000) = 
440, p(CuK,) = 40.2 cm-'. Absent reflections: hOO, 
h # 212, OkO, k Z 2n, and 001,l# 2n define uniquely the 
space group P212121 (D:, No. 19). 

Intensities were measured with nickel-filtered CuK, 
radiation on a Datex-automated General Electric 
XRD-6 diffractometer. A 8-28 scan at 4" min-' over a 
range of (1.80 + 0.86 tan 8) degrees in 20 was employed. 
10 s background counts were measured at each end of the 
scan. Data were measured to 28 = 160". The intensities of 
the check reflections, measured every 40 reflections 
throughout the data collection, decreased slowly and 
uniformly to values which were 0.94 times the initial 
values then dropped rapidly to 0.70 times the initial 
values. Data collected during the rapid drop in intensity 
of the check reflections were recollected using a second 
crystal. Intensities of the check reflections for the second 
crystal remained constant to within k 1% for this stage of 
the data collection. Lorentz and polarization corrections 
and batch check reflection scaling were applied, and the 
structure amplitudes were derived. An absorption correc- 
tion was applied by a computer program using a Gaussian 
integration method (14, 15). Transmission factors ranged 
from 0.358 to 0.572 for crystal I and from 0.279 to 0.591 
for crystal 11. Of the 1180 independent reflections mea- 
sured, 1117 (95%) had intensities greater than 3o(I) above 
background where oZ(I) = S + B + (0.06s)' with S = 
scan count and B = time averaged background count. 

The structure was solved by direct methods (16, 17). All 

reflections with IEl > 1.35 were phased without the use of 
symbol phases. After tangent formula phase refinement 
(18) an E-map gave the positions of all 11 non-hydrogen 
atoms. Two cycles of full-matrix least squares refinement 
of the non-hydrogen atoms with isotropic temperature 
factors gave R = 0.075. Refinement with anisotropic 
temperature factors reduced R to 0.052. The coordinates 
of 10 of the 14 hydrogen atoms were determined from an 
electron density difference map calculated at this point. 
The remaining hydrogen atom positions were taken from 
subsequent difference maps. The entire structure (hydro- 
gen atoms with isotropic thermal parameters) was refined 
for six cycles giving a final R of 0.029 and R, of 0.035 for 
1109 reflections with I >  3o(I) (8 reflections which had 
IF, - IEI > 3o(F) were treated as unobserved in the 
final stages of refinement; instrumental error was sus- 
pected for these reflections, but it seemed unwise to bias 
the data by remeasuring them; none of the disagreements 
were exceptionally bad). For all 1180 reflections R = 
0.032 and R, = 0.037. 

A correction for secondary extinction was approxi- 
mated by basing the least squares refinement on the 
minimization of Cw[lF,I - IF,/(l + gI)llz where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 6.2(9) x The scattering factors 
of ref. 19 were used for the non-hydrogen atoms and 
those of ref. 20 for the hydrogen atoms. Anomalous 
scattering factors from ref. 21 were used for the non- 
hydrogen atoms. The weighting scheme, w = 1.0 if 
F, < 20.0, w = (20.0/JFo)Z if IF,I 2 20.0, and w = 0.38 
for the unobserved reflections, gave uniform average 
values of w(l F, - IFcl)Z over ranges of 1 F,l and was em- 
ployed in the final stages of refinement. 

The absolute configuration is fixed by the known 
chirality of the C(2) centre. As a result of coordination to 
gallium the proline n~trogen atom becomes chiral as well. 
The chirality of both centres (C(2) and N) is S. On the 
final cycle of refinement the mean parameter shift was 
0.150 and the largest shift (1.50) was associated with a 
hydrogen atom. The mean error in an observation of unit 
weight was 0.5172. A final difference map showed maxi- 
mum fluctuations of + 0.75 e k3 near the gallium atom 
and k0.24 e A-3 elsewhere. The final positional and 
thermal parameters appear in Tables 1 and 2 respec- 
tively.' Measured and calculated structure factors have 
been placed in the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T), libration (L), and screw (S) motion (22) using the 
computer program MGTLS. The rms standard error in 
the temperature factors oU,, (derived from the least 
squares analysis) is 0.0021 AZ. Analysis of the entire 
molecule (rms AU,, = 0.0044 A2) yielded physically 
reasonable rigid-body parameters. 

The appropriate bond distances have been corrected for 
libration (23, 24), using shape parameters qZ of 0.08 for 
all atoms involved. Corrected bond lengths appear in 
Table 3 along with the uncorrectedvalues. Corrected bond 

'The structure factor table and Table 2 (thermal param- 
eters) are ava~lable, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 
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FIG. 1. A stereo view of the unique part of the L-prolinatodimethylgallium structure. Fine line 
represents a hydrogen bond. 50% ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms 
have been assigned artificially small thermal parameters for the sake of clarity. 

TABLE 1. Final positional parameters (fractional x lo4, 
Ga x lo5, H x lo3) with estimated standard deviations 

in parentheses 

Atom x Y z 

angles differ by less than 0.1" from the uncorrected values 
in Table 4. 

Results and Discussion 
Figure 1 shows a general view of the unique 

part of the structure with the crystallographic 
numbering scheme and Fig. 2 shows the structure 
viewed down the crystallographic c axis. Torsion 

angles defining the conformations of the five- 
membered rings are given in Table 5. 

The crystal structure of L-prolinatodimethyl- 
gallium (Fig. 2) features an unusual chain-like 
association of monomer units extending along 
the b axis. Each molecular unit is linked to two 
others (related by the screw axis parallel to b) by 
two weak Ga-0 bonds (2.695(3) A) and two 
N-H . . . O(1)[1 - x,  112 + y, 112 - z ]  hydrogen 
bonds (N . . . 0 = 2.901(4), H . . . 0 = 2.27(5) A, 
N-H . . . 0 = 137(4)") to form a linear polymer 
which contains five-coordinate gallium atoms. 
Non-bonded distances between the parallel 
chains correspond to normal van der Waals 
interactions. Other five-coordinate gallium spe- 
cies consist of discrete molecular units; four of 
these are binuclear (9, 10, 25) while one is poly- 
nuclear (26) and one is mononuclear (27, 28). 

The gallium atom has distorted trigonal bi- 
pyramidal coordination geometry. The equa- 
torial positions are occupied by the nitrogen and 
two methyl carbon atoms and the axial sites by 
oxygen atoms. As in related compounds (9, 10, 
25-28) the angles at the gallium atom are dis- 
torted from 'ideal7 values by steric constraints 
imposed by chelate ring formation. The angle 
between axial substituents is 157.7(1)", axial- 
equatorial angles range from 77.2(1) to 103.4(2)", 
and the angles between the equatorial substituents 
range from 11 1.5(2) to 129.9(3)". The gallium 
atom is displaced 0.2109(5) A toward O(1) from 
the NC(6)C(7) plane. 

The Ga-O(1) and Ga-C bond lengths are 
consistent with corresponding distances in the 
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TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses* 

(a) Non-hydrogen atoms 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

(b) Bonds involving hydrogen atoms 

Bond Length Weighted mean 

N-H 0.80(5) - 

C-H 0.67-1 .1 l(5-14) 0.93(11) 

*Primed atom at 1 - x ,  + + y ,  f - z. 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses* 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

O(1)-Ga-O(2)' 157.7(1) Ga-N-C(2) 108.9(2) 
O(1)-Ga-N 80.5(1) Ga-N-C(5) 117.0(3) 
O(1)-Ga-C(6) 103 .4(2) C(2)-N-C(5) 104.6(3) 
O(1)-Ga-C(7) 101.3(2) O(1)-C(1)-0(2) 124.7(4) 
O(2) '-Ga-N 77.2(1) O(1)-C(1)-C(2) 116.6(3) 
O(2)'-Ga-C(6) 85.9(2) O(2)-C(1)-C(2) 118.7(3) 
O(2)'-Ga-C(7) 87.4(2) N-C(2)-C(l) 109.1(3) 
N-Ga-C(6) 115.1(2) N-C(2)-C(3) 106.3(3) 
N-Ga-C(7) 111.5(2) C(1)-C(2)-C(3) 113.5(4) 
C(6)-Ga-C(7) 129.9(3) C(2)-C(3)-C(4) 105.8(4) 
C(1)-O(1)-Ga 115.1(2) C(3)-C(4)-C(5) 104.9(4) 
Galf-O(2)-C(1) 133.4(3) N-C(5)-C(4) 105.1(4) 

(b) Angles involving hydrogen atoms 

Angle (deg) Weighted mean (deg) 

*Primed atoms at 1 - x, f + y,  f - z ;  double primed 
atom at 1 - x ,  y - f ,  f - z. 

other five-coordinate gallium structures (all of 
which have trigonal bipyramidal coordination 
geometry). The equatorial Ga-N bond (2.035(3) 
A) is longer than those in C24H,2Ga,N1202 (26) 
(1.949(3) and 1.999(3) A) and the axial Ga-O(2)' 
distance (2.695(3) A) is the longest Ga-0 bond 
yet observed. In most of the other five-coordinate 
gallium structures studied one of the axial bonds 
is relatively long, for example : Ga-0 = 2.469(3) 
A in the salicylaldehydatodimethylgallium dimer 
(10) and Ga-N = 2.779(3) A in the polycyclic 
cage compound C24H,2Ga,N1202 (26). 

The conformation of the chelate ring is quali- 

tatively equivalent to that in the related molecule 
L-prolinatodiphenylboron (29), the mean devia- 
tion between corresponding torsion angles being 
3.3". The steric and electronic differences be- 
tween the tetrahedral boron and trigonal bi- 
pyramidal gallium complexes lead to small, but 
possibly significant, geometrical differences in the 
L-proline moieties. The C(1)-O(1) and C(1)- 
O(2) distances in the two complexes (1.300(3) and 
1.219(3) A for the boron and 1.283(5) and 1.232(5) 
A for the gallium complex) reflect the relative 
weakness of the axial Ga-O(1) bond with respect 
to the B-O(1) bond as well as the effect of weak 
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FIG. 2. The crystal structure of L-prolinatodimethylgallium viewed down c.  Fine lines represent 
hydrogen bonds. 

TABLE 5. Intra-annular torsion angles (deg) 

Proline ring Chelate ring 
-- 

Bond Obs. Bond Obs. 

coordination of the carbonyl oxygen atom, 0(2), 
to the gallium atom. 

The strongest signals in the mass spectra of the 
two L-prolinatodialkylgallium compounds were 
due to the parent ion minus one alkyl group. No 
signals with higher mass than the parent mono- 
mer ion were observed. In view of the weak 
association of monomer units in the solid (for the 
methyl derivative) the monomeric constitution in 
the gas phase is not surprising. Salicylaldehydato- 
dimethylgallium was found to be monomeric in 
the gas phase but in the solid dimerizes through 
the formation of two weak Ga-0 bonds (10). 
The parent monomer ion was only observed for 
the diethyl derivative, and then only at about 2% 
of the intensity of the strongest peak in the 
spectrum. The absence or low intensity of parent 
ion signals is common in this type of organo- 
gallium compound (2, 8). Other strong signals in 
the mass spectrum were due to C,H,N.GaR,+, 
C,H,N.GaR+, GaR,', Ga', and C,H,N+ ions. 
The relative intensities of the peaks in the doublet 
signals of gallium containing ions agreed well 
with those predicted from the isotopic distribu- 
tion of the metal atoms [69Ga(60%), 71Ga(40%)]. 

The proton nmr spectra of the two complexes 

in CDC1, solution showed similar patterns with 
the alkyl groups on gallium at high field and the 
L-prolinato proton resonances to lower field. The 
spectrum of L-prolinatodimethylgallium dis- 
played the Ga-Me resonance as a sharp singlet, 
and a sharp triplet-quartet pattern was observed 
for the Ga-Et protons in L-prolinatodiethyl- 
gallium. These observations are somewhat 
surprising considering the different environments 
of the two methyl groups on gallium in the solid 
state structure of L-prolinatodimethylgallium. 

The infrared spectra show strong Ga-C sym- 
metric and asymmetric stretching vibrations in 
the 500-600 cm-' region of the spectrum. In the 
dimethyl gallium compound these occur at 546 
and 597 cm-', respectively, and in the diethyl 
gallium compound they are shifted to 516 and 
563 cm- l, respectively. 

We thank the National Research Council of 
Canada for financial support and the University 
of British Columbia Computing Centre for assis- 
tance. We are grateful to Mr. J. Nip for mass 
spectra; Mr. P. Borda for C, H, N analyses; and 
Dr. S. Chan for nmr spectra. 
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The preparation and absolute configuration of trans-2-aminocyclopentanol 
enantiomers 
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ALEX A. BARR, IRENA FRENCEL, and J. BARRY ROBINSON. Can. J. Chem. 55,4180 (1977). 
A method is reported for the resolution of (f )-trans-2-benzylaminocyclopentanol using D- 

or L-dibenzoyltartaric acid as the resolving agent. Debenzylation of the enantiomeric bases 
gives the enantiomeric trans-2-aminocyclopentanols. These compounds have been converted to 
their quaternary ammonium acetate ester derivatives and the absolute configuration assigned 
by comparison of the ord spectra with the spectra of the appropriate cyclohexane derivatives. 

ALEX A. BARR, IRENA FRENCEL et J. BARRY ROBINSON. Can. J. Chem. 55,4180 (1977). 
On rapporte une methode pour la rksolution en antipodes optiques du (+)-benzylamino-2 

cyclopentanol trans qui fait appel aux acides D- ou L-dibenzoyltartariques comme agent de 
r6solution. La debenzylation des bases enantiomkres conduit aux amino-2 cyclopentanols 
trans enantiomkres. On a transform6 ces composes en ester d'ammonium quaternaire et on a 
attribue leur configuration par comparaison de leur spectre ord avec les spectres des derives 
appropries de cyclohexane. 

[Traduit par le journal] 

Several distinct receptor types (preganglionic 
autonomic, postganglionic parasympathetic, so- 
matic motor) have been identified as specific 
binding sites for the chemically simple molecule 
acetylcholine. However, the conformation of the 
acetylcholine molecule which becomes bound to 
each of these binding sites cannot currently be 
defined and one of the several possible approaches 
to  this problem involves the synthesis of rigid 
and/or semirigid analogues of acetylcholine, of 
known stereochemistry, followed by evaluation 
of these compounds as acetylcholine-like agon- 
ists. (For a recent review, see ref. 1 .) 

The 1,2-disubstituted cycloalkanes of struc- 
ture 1 have proved useful in such studies relating 
stereochemistry of the molecule to its acetyl- 
choline-like pharmacological activity. Thus, the 
muscarinic agonist activity is found in the 

(f )-trans isomer which is a substrate for the 
enzyme acetylcholinesterase (acetylcholine hy- 
drolase E.C. 3.1.1.7) in this series (3,6,9). 

Within the cyclohexane and the cyclopropane 
series of compounds, the trans isomer has been 
resolved and both the muscarinic agonist 
activity and the enzyme catalyzed hydrolysis 
activity have been shown to be either a stereo- 
selective (2-4) or a stereospecific phenomenon 
(6, 7). 

Within the cyclopentyl series of compounds 
(1, n = 3), the relationships between stereo- 
chemistry and biological activity have not been 
as clearly demonstrated. An early preparation 
of (+)-cis- and (+)-trans-2-dimethylamino- 
cyclopentylacetate methiodide (1, n = 3) (10) 
suggested that the ( f  )-cis isomer was a superior 
substrate for the enzyme acetylcholinesterase 
than either the (+)-trans isomer or acetyl- 
choline. Subsequent studies of the muscarinic 
agonist activity among this series of compounds 
demonstrated the (f )-cis isomer to be only a 
weak partial agonist whereas the (+)-trans 

1 ( n  = 1-4) isomer was a more potent pure muscarinic 
agonist (1 1). 

( fktrans isomers in the (1, n = 4) The above results stimulated a reinvestigation 
(2-4), c~clObutane = 2, (5)9 and cyclo- of the biological activity of the (+)-cis and 
propane = (6-8) series. It is also the (+)-trans isomers of the cyclopentyl series (1, 

'Present address: Polish Academy of Science, Poznan, = 3). Enzyme substrate activity was found to 
Poland. be resident in the (_+)-trans isomer only and we 

'Author to whom correspondence should be addressed. were thus further led to attempt the preparation 
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BARR ET AL. 

of the enantiomers of trans-2-dimethylamino- 
cyclopentyl acetate methiodide and to determine 
the absolute configuration of each enantiomer. 
This study is the subject of the present com- 
munication. The biological data (enzyme activity 
and muscarinic agonist activity studies) will be 
the subject of a separate con~n~unication. 

Synthesis 
The preparation of (+)-cis- and (f )-trans-2- 

dimethylaminocyclopentyl acetate methiodide 
(1, n = 3) was accomplished using a previously 
reported method (lo), the structure and stereo- 
chemistry of the products being checked, where 
appropriate, by infrared and proton magnetic 
resonance techniques. The physical properties of 
the products agreed well with reported literature 
data. 

Although resolution of (2)-trans-2-amino- 
cyclopentanol has been previously reported (12) 
using tartaric acid as the resolving agent, the 
requirement for performing all crystallizations at 
an elevated temperature was found to lead to 
poor control of the resolution process. In the 
present work, ($-)-trans-2-benzylaminocyclopen- 
tan01 was resolved using separately D- and L- 

dibenzoyltartaric acid. Decomposition of the 
stereoisomeric salts followed by hydrogenation 
of the extracted bases using palladium-on- 
charcoal gave the enantiomeric trans-2-amino- 
cyclopentanols from which the enantiomeric 
trans-2-dimethylaminocyclopentyl acetate meth- 
iodides were separately prepared using con- 
ventional methods. 

Absolute Configuration of the Enantiomers of 
tvans-2-Dimethylaminocyclopentyl 

Acetate Methiodide 
The absolute configuration of (-)-cis-2- 

dimethylaminocyclohexyl acetate methiodide has 
been previously established as (lR,2S) by un- 
ambiguous synthesis from (1S,2R)-(-)-cis-2- 
hydroxycyclohexane carboxylic acid (2). A 
similar method was also employed for the 
absolute configuration of (1 R,2R)-(-)-trans-2- 
dimethylaminocyclohexyl acetate methiodide (4) 
and these conclusions were independently con- 
firmed by circular dichroism studies of the 
cuprammonium complexes of the appropriate 
aminoalcohols (13). 

In the present study the absolute configuration 
of the enantiomers of trans-2-dimethylamino- 
cyclopentyl acetate methiodide was determined 

FIG. 1. Optical rotatory dispersion spectra in aqueous 
solution of 2-dimethylaminocycloalkyl acetate methiodide 
enantiomers: (-) trans-cyclopentyl derivatives; (--) cis- 
cyclohexyl derivatives; (-.-) trans-cyclohexyl derivative. 

by comparison of the optical rotatory dispersion 
spectra of each of the enantiomers (recorded in 
aqueous solution between 700 and 250 nm) with 
the similarly recorded spectra of (1S,2S)-(+)- 
trans-, (1R,2S)-(-)-cis-, and (1S,2R)-(+)-cis-2- 
dimethylaminocyclohexyl acetate methiodide. 
Plain positive rotatory dispersion curves were 
shown by (1S,2S)-(+)-trans-2-dimethylamino- 
cyclohexyl acetate methiodide, (1S,2R)-(+)-cis- 
2-dimethylaminocyclohexyl acetate methiodide 
and (+)-trans-2-dimethylaminocyclopentyl ace- 
tate methiodide (Fig. l), thus indicating that they 
all possess the same absolute configuration at 
the C,-atom (potential chromaphoric group). 
Thus, (+)-trans-2-dimethylaminocyclopentyl ace- 
tate methiodide has the (1S,2S) absolute configu- 
ration. 

Experimental 
All melting points were obtained using a Thomas- 

Hoover Uni-melt apparatus and are uncorrected. Infrared 
spectra were recorded on a Beckman IR-8 spectro- 
photometer and 'Hmr spectra were recorded on a Varian 
T-60 spectrometer using CC14 as solvent and tetramethyl- 
silane as external standard. Optical rotatory dispersion 
(ord) spectra were recorded on a Jasco ORD/UV-5 
optical rotatory dispersion recorder. Combustion 
analyses were by Microanalysis Laboratory Ltd., 
Toronto. 

(+ )-2-Chlorocyclopentanone, (+ )-2-dimethylaminocy- 
clopentanone, (+)-cis- and (+)-trans-2-dimethylamino- 
cyclopentanol, (+)-cis- and (+)-trans-2-dimethylamino- 
cyclopentyl acetate and their methiodide salts were all 
prepared by known methods (10). Physical properties 
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were consistent with literature values and spectral solved in water, the solution made alkaline (KOH solu- 
properties were consistent with the proposed structures. tion) and extracted with chloroform. The extracts were 
(L-)-cis-2-Dimethylaminocyclopentyl acetate methio- dried (Na2S04), filtered, and the solvent evaporated. The 

dide had mp 178.5-180°C (lit. (10) mp 177-17S0C, (11) residue was fractionally distilled, the fraction bp 104"C/ 
Inp 176-177°C). Anal. calcd. for C10H201N02: C 38.35, 8 Torr being collected as a viscous liquid which slowly 
H 6.44; found: C 38.4, H 6.5. solidified on standing; [alDZ0 -33.3" (c 1.7, EtOH) (lit. 

(+ )-trans-2-Dimethylaminocyclopentyl acetate methi- (12) bp 116-1 17"C/13 Torr; [aIDZ0 - 38" (concentration 
odide had mp 167-168°C (lit (10, 11) mp 166167°C). and solvent not stated)). 
Anal. calcd. for C ,oH201N02~~H20:  C 37.3, H 6.5; 
found: C 37.25, H 6.5. ( +) -trans-2-Aminocyclopentanol 

This compound was prepared in a similar manner as 
( + ) -trans-2-Benzylaminocyclopentanol above but using (+)-trans-2-benzylaminocyclopentanol 

To cyclopentene oxide (24.5 g) was added benzylamine and had bp 100°C/8 Torr; [ccIDZ0 +36" (c 1.1, EtOH); 
(33.75 g) and water (5 ml) and the solution refluxed during hydrochloride salt, mp 160-162°C; [a]DZ0 + 32.2' (c 0.9, 
5 h. Water (50 ml) was added and the solution extracted H,O) (lit. (12) bp 116-117"C/13 Torr; [a]DZO +38" (c 5.5, 
with ether (5 x 50 ml), the extracts dried (Na,SO,), solvent not stated); hydrochloride salt, mp 155-156°C; 
filtered, and evaporated. The residue was fractionally +29.3" (c 6.6, solvent not stated)). 
distilled, the fraction bp 110-1 13"C/0.1 Torr being' col- 
lected. The product (33 g, 67%) crystallized on standing at (-)-trans-2-Dimethy1amin0cyc10pentano1 
room temperature overnight, mp 6043°C; lHmr (- )-trans-2-Aminocyclopentanol(2.75 g) was dissolved 
(CDC13) 6: 7.33 (s, 5H, aromatic protons), 3.65-4.0 (m, in formic acid (20 ml, 98%) and formaldehyde (20 ml, 
with superimposed singlet at 6 3.8, total of 3H, C, 40%) added and the solution warmed on a steam bath 
methine proton and benzylic protons), 2.3-3.1 (m, 3 ~ ,  overnight. The reaction mixture was cooled, acidified 
C, methine OH and NH, latter two displaced by with HCI, and concentrated to half volume under reduced 
D20), 1.1-2.2 (m, 6H, ring methylenes). pressure. The mixture was made alkaline (NaOH, 20% 

w/v) and continuously extracted with chloroform. The 
Resolution of ( + ) -trans-2-Benzylaminocyclopentanol extracts were dried (Na2S04), filtered, and the solvent 
(i)-trans-2-Benzylaminocyclopentanol (54.5 g, 0.28 evaporated. The residue was distilled, the fraction bp 

mol) was dissolved in absolute ethanol (300 ml) and 90-93"C/10 Torr being collected (2 g); [aIDz0 -37OC 
added to a solution of dibenzoyl-D-tartaric acid mono- (c 1.1 EtOH); ir and 'Hmr spectra were identical to those 
hydrate (mp 87-89°C) (113 g, 0.3 mol) in absolute of an authentic sample of (+)-trans-2-dimethylamino- 
ethanol (700 ml). The solution was allowed to stand at cyclopentanol. 
room temperature overnight and then at 4°C for a further 
24 h. The crystals which deposited were collected and 
recrystallized three times from absolute ethanol to yield 
white needle crystals, mp 169-170°C; -74" (c 0.16, 
ethanol), unchanged on further recrystallization. The 
product was dissolved in water, the solution made 
alkaline with KOH solution and extracted with chloro- 
form (5 x 50 ml). The extracts were dried (Na,SO,), 
filtered, and the solvent evaporated. The residue was re- 
crystallized from an acetone - petroleum ether (40-50°C) 
mixture to yield (-)-trans-2-benzylaminocyclopentanol 
(1 3.2 g) mp 7475°C; [a]DZ0 - 52" (c 1.525, ethanol). 

A sample of trans-2-benzylaminocyclopentanol en- 
riched in the (+)-enantiomer was obtained by basifica- 
tion and extraction of the mother liquors from the above 
tartrate salt crystallizations. Reaction of this product 
with dibenzoyl-L-tartaric acid and crystallization as above 
yielded a salt, mp 169-170"C, [a],20 +75" (c 0.13, 
EtOH), from which (+)-trans-2-benzylaminocyclopen- 
tan01 (7.3 g) was obtained, mp 7677°C; [aIDz0 +59" 
(c 1.58, EtOH). 

( - ) -trans-2-Aminocyclopentanol 
(-)-trans-2-Benzylaminocyclopentanol (6 g) was dis- 

solved in ethanol (200 ml) and palladium-on-charcoal 
(2 g, 10%) added. The mixture was shaken over hydrogen 
at 20 Ib/in.2 at room temperature until uptake of gas 
ceased. The reaction mixture was filtered, the filtrate 
acidified (HCI), and the solution evaporated to dryness 
under reduced pressure. The solid residue was recrystal- 
lized from an ethanol-ether mixture to yield white plate- 
like crystals (3.5 g, 81%), mp 161-163°C; [aIDZ0 -34.8' 
(C 1.6, H20) (lit (12) mp 155-156°C; [a]D20 -29" (c 6.6, no 
solvent stated)). The above hydrochloride salt was dis- 

( + ) -trans-2- Dimethylaminocyclopentanol 
The material was prepared in a similar manner from 

(+)-trans-2-aminocyclopentanol and had bp 90-93"C/10 
Torr, +40.S0 (c 0.8, EtOH), and ir and 'Hmr 
spectra identical to those of an authentic sample of the 
racemate. 

( - ) -trans-2-Dimethylaminocyclopentyl Acetate 
This was prepared from (-)-trans-2-dimethylamino- 

cyclopentanol by the method reported for the cyclohexane 
analogue (2). The product had bp 83-86"C/15 Torr, 
[aIDZ0 -37.7" (c 0.76, EtOH), and spectral characteris- 
tics identical to those of the racemate. 

( + ) -trans-2-Dimethylaminocyclopentyl Acetate 
This compound was prepared in a similar manner as 

above but using (+)-trans-2-dimethylaminocyclopentanol 
and had bp 83-85"C/15 Torr, [a]DZ0 +43" (c 0.7, EtOH), 
and spectral characteristics identical to the racemate. 

(- ) -trans-2-Dimethylaminocyclopentyl Acetate 
Methiodide 

Prepared from (-)-trans-2-dimethylaminocyclopentyl 
acetate by the method reported for the cyclohexane 
analogue (2), the product had mp 203-205°C. [aloZ0 
-29.4" (c 0.61, EtOH). Anal. calcd. for C 1 O H ~ ~ I N O ~ :  
C 38.35, H 6.44; found: C 38.33, H 6.29. 

( + ) -trans-2-Dimethylaminocyclopentyl Acetate 
Methiodide 

Prepared in a similar manner as above but using 
(+)-trans-2-dimethylaminocyclopentyl acetate, the prod- 
uct had mp 202-205"C, + 28" (c 1.14, EtOH). Anal. 
calcd. for C10H201N02: C 38.35, H 6.44; found: C 38.28, 
H 6.26. 
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Optical Rotatory Dispersion Spectra 5. J .  G. CANNON, T. LEE, V. SANKARAN, and J.  P. 
The ord spectra of the quaternary ammonium ester LONG. J.  Med. Chem. 18, 1027 (1975). 

salts (Fig. 1) were recorded in aqueous solution (approxi- 6. C. Y. CHIOU, J.  P. LONG, J.  G. CANNON, and P. D. 
mately 5% w/v) using 1 cm path length cells. ARMSTRONG. J.  Pharmacol. Exp. Ther. 166, 243 

(1969). 
7 .  P. D. ARMSTRONG and J. G. CANNON. J .  Med. Chem. 
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13c magnetic resonance studies 70.' The behavior of bicyclo[2.2.2]octenone under 
strongly basic conditions. A competition between retro Diels-Alder and 

Haller-Bauer cleavages 
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A. K. CHENG and J. B. STOTHERS. Can. J. Chem. 55,4184 (1977). 
As a test for possible competitive a- and 0-enolization in bicyclic ketones the behavior of 

bicyclo[2.2.2]octenone in t-BuO--t-BuOH at 185°C has been examined. The major reaction 
(- 90%) involves Claisen condensation followed by retro Diels-Alder elimination of ethylene 
and Hailer-Bauer cleavage. All acidic and phenolic components, accounting for 90% of the 
product, have been identified and characterized, primarily by their 13Cmr spectra. 

A. K. CHENG et J. B. STOTHERS. Can. J. Chem. 55,4184(1977). 
Afin de developper une methode permettant d'evaluer des Cnolisations a et 0 en competition 

dans les systemes de cttones bicycliques, on a examine le comportement de la bicyclo[2.2.2]- 
octtnone en prtsence de t-BuO-It-BuOH a 185°C. La reaction principale (-90%) implique 
une condensation de Claisen suivie par une reaction de rCtro Diels-Alder provoquant l'tlin~ina- 
tion d'tthylene et une coupure de Haller-Bauer. On a identifie et caracterise tous les com- 
posants acides et phknoliques qui reprtsentent 90% des produits; cette identification a Ctt 
principalement effectuee par rmn du 13C. 

[Traduit par le journal] 

It is well-established that proton abstraction 
from ketones can occur at positions more remote 
from the carbonyl group than the a-carbons to 
generate P-enolates in a variety of systems (1-3) 
and even y-enolates in a few cases (la, 4). Such 
enolates are potentially useful for synthesis since 
skeletal rearrangements can occur by protona- 
tion at sites other than that of the initial proton 
abstraction. It is therefore of interest to define 
the scope and limitations of these p- and y- 
enolizations more precisely. One particular fea- 
ture which merits attention is the possibility of 
remote enolization competing with a-enolate 
formation since a successful competition would 
enhance the synthetic utility of the former signi- 
ficantly. With few exceptions, the generation of 
p- and y-enolates has been investigated with 
systems either lacking a-protons or having a-  
protons at bridgeheads thus generally rendering 
enolization difficult if not precluding it because of 
Bredt's rule. A notable exception is the iso- 
camphanone-camphor system (la) for which it 
was found that p-enolization dominated in terms 
of product composition since the a-enolates 
which are undoubtedly formed did not undergo 
Claisen condensation or other side reactions to 
appreciable extents; ketone recoveries were 

- 80%. Similarly p-enolization dominates in the 
cases of the bicyclo[3.2. lloctanones (3, 4c, 5) ; 
although these a-enolize at bridgehead carbons 
the resulting a-enolates are hindered, as are the 
available carbonyl sites and Claisen condensation 
was not observed (3, 4c, 5). From these earlier 
studies, we have shown that the a,a-dimethyl 
derivatives of bicyclo[2.2.2]octanone and bicyclo- 
[3.2.l]octan-6-one are interconvertible via 0- 
enolization (3, 5) albeit very slowly. However, the 
corresponding derivatives of bicyclo[2.2.2]octe- 
none (I), bicyclo[3.2.1]oct-2-en-6-one, and its A3 
isomer are readily isomerized (5) under typical P- 
enolization conditions, t-BuO--t-BuOH, 185°C. 
Since the half-life for equilibration of the latter 
ketones is a few hours, it was felt that this 
system would be suitable for examination of 
competitive a- and p-enolization. Since the [3.2.1] 
skeleton was expected to be the more stable from 
our results for the a,a-dimethyl derivatives (5), 1 
was chosen for study and we wish to present the 
results in this paper. The major path involved 
Claisen condensation followed by retro Diels- 
Alder and Haller-Bauer cleavage. These products 
were identified largely by l3Cmr spectroscopy; 
these data are presented and discussed. 

Experimeiital 
The general procedure described previously (3) was IFor part 69 see ref. 8. 
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employed for the reaction of 1 (6) but the nature of the 
reaction products necessitated changes in the work-up. 
After cooling, the individual reaction tubes were opened 
and the contents poured into water and ether. The 
ethereal layer was extracted 5 times with 20% sodium 
hydroxide solution and all aqueous solutions were com- 
bined. After acidification, the acidic reaction products 
were extracted with methylene chloride and the methylene 
chloride aliquots were combined and reextracted with 
10% sodium carbonate solution. Acidification of the latter 
afforded the carboxylic acid products. A pure sample of 
the major component of this mixture was obtained by 
recrystallization from pentane-ether, mp 125-126°C. 
While the majority of the phenolic product was isolated 
by evaporation of the methylene chloride solution, some 
phenol was also present in the original 'neutral' mixture 
obtained by evaporation of the ether solvent. Gas chroma- 
tographic (gc) analyses were done with FFAP or diethy- 
lene glycol succinate (DEGS) columns. Preliminary gc 
analysis of the carboxylic acid fraction indicated that 
examination of these components as their methyl esters 
would be better. Consequently the total carboxylic acid 
fraction was esterified with diazomethane in the usual 
fashion. Analysis with FFAP columns revealed the pres- 
ence of three major components in a ratio of 20:4: 1;  
these were readily separated by preparative gc. The indi- 
vidual esters were characterized by their ir, uv, mass, lH, 
and 13C spectra. Similarly, the products obtained by hy- 
drogenation over Pt02 and over Pd/C were identified and 
characterized. Hydrolyses to the parent carboxylic acids 
were also carried out in most cases. Precise mass measure- 
ments were obtained for most of these esters and acids. 
The phenolic product was a single compound, mp 56.5- 
57.5"C, and was found to be identical with authentic 2- 
phenylphenol by mixture melting point, ir, mass, 'H, and 
13C spectra; 13Cmr (CDCI,) 6 :  152.4(C-I), 128.2(C-2), 
130.3(C-3), 120.8(C-4), 129.1(C-5), 115.9(C-6), 137.2(C-1, 
phenyl) 129.1(C-2, 3, 5, 6, phenyl), 127.7(C-4, phenyl). 
The neutral fraction, constituting < 10% of the total 
product, was found to contain at least seven components 
on a DEGS column. One of these, present in distinctly 
larger amount than the others, exhibited the same reten- 
tion time as 1. Complete extraction of 2-phenylphenol 
from the neutral fraction was never realized but its reten- 
tion time on the DEGS column was very long, more than 
2 h longer than those of the other components. The com- 
bined yield of the isolated carboxylic acids and phenol was 
ca. 75%. 

Hydrogenation Experiments 
In an initial experiment, a pure sample of the major 

carboxylic acid (100 mg) was dissolved in ether containing 
PtOz (40 mg) and hydrogenated at 4 atm for 4 h. Proton 
and 13C spectra showed the absence of olefinic and aro- 
matic unsaturation in the product, while gc analysis on a 
10% FFAP column after esterification revealed the pres- 
ence of two components in essentially equal amounts. 
These were subsequently shown to be the methyl esters of 
the 4-cyclohexylmethylcyclohexanecarboxylic acids. An 
analogous hydrogenation using Pd/C was found to be 
much slower, but with the methyl ester of the major 
carboxylic acid (90 mg) in methanol containing 10% Pd/C 
(20 mg) hydrogenation occurred at 1 atm in 19 h to afford 
a 60:40 mixture of two compounds subsequently identi- 
fied as the methyl esters of the 4-benzylcyclohexane- 

carboxylic acids 6 and 7. After separation of these esters 
by gc on a 15% FFAP column, each was hydrolyzed to the 
parent acid by refluxing in 12% aqueous sodium hydrox- 
ide solution overnight. Acid 6 whose ester had the shorter 
retention time, melted at 93.5-94.5"C. Precise mass calcd. 
for C14H1802: 218.1306; found: 218.1311. Acid 7 melted 
at 87-8°C (lit. (7) 79-80°C); precise mass found: 218.1310. 
Similar hydrogenation experiments with the total acid 
product, after esterification, afforded the same two 
materials, establishing the isomeric nature of the three 
acids. 

Spectra 
The 13C spectra were obtained with a Varian XL-100-15 

system operating in the Fourier transform mode at 25.2 
MHz with square-wave modulated decoupling or single 
frequency off-resonance decoupling at 100 MHz. The 
samples were examined as 5510% (w/v) solutions in 
CDCI, and the data have an estimated precision of 5- 0.05 
ppm. Proton spectra were recorded with Varian T60 and 
XL-100 instruments using the same solutions. 

Results 
Preliminary experiments using our usual isola- 

tion procedure (3) quickly revealed the necessity 
for modifications. Initially the neutral fractions 
were relatively small indicating the presence of 
substantial proportions of acidic products. 
Acidification of the aqueous alkaline layer 
followed by methylene chloride extraction gave a 
product containing two major fractions with 
markedly different retention times on gc analysis. 
These were readily separated by reextraction of 
the methylene chloride solution with sodium 
carbonate solution. Evaporation of the methylene 
chloride furnished a low melting solid 2 (mp 56- 
57°C) which exhibited only sp2 absorption in its 
13Cmr spectrum. Its precise mass, 170.0727, 
compared favorably with that calculated for 
C12H120, 170.0731, and its infrared spectrum 
indicated the presence of hydroxyl absorption. 
Comparison of its physical properties (ir, 'Hmr, 
13Cmr) and gc analysis with those for authentic 
2-phenylphenol showed 2 to be identical with the 
latter. 

The acidic product, soluble in Na2C0, solu- 
tion, was found by gc analysis to contain three 
components; samples of the major acid were 
isolated by recrystallization from pentane-ether. 
This acid (3) was examined by nmr spectroscopy. 
Its proton spectrum contained a complex multi- 
plet centred at 7.2 ppm arising from six nuclei. 
The characteristic carboxyl proton absorption 
was evident at 10.40 ppm and a doublet due to 
two protons appeared at 2.61 ppm (J -- 7 Hz). 
The infrared spectrum exhibited absorption 
characteristic of carboxylic acids and of aryl 
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1 2 3 R = H  4 5 6 7 
3a R = Me 

COOR COOMe FOOMe 

rings, with the carbonyl absorption at 1675 cm-l. 
The 13C spectrum exhibited signals typical of a 
phenyl group: 140.3(C-1), 129.1(C-2, 6), 128.3 
(C-3,5), and 126.0(C-4) ppm as well as the signals 
for a trisubstituted double bond : 141.7(CH) and 
129.8 ppm. The carbonyl absorption appeared at 
172.9 ppm. In the higher field region, methylene 
signals occurred at 23.7,27.9, 32.3, and 42.4 ppm 
with a lone methine signal at 34.5 ppm. These 
data are consistent with the formulation of acid 3 
as 4-benzylcyclohexene-I-carboxylic acid and a 
precise mass determination of 216.1133 agreed 
nicely with that calculated for C,,H,,O,, 
216.1 149. Esterification with diazomethane fur- 
nished the methyl ester (3a) which exhibited a 
similar 13Cmr spectrum to that for 3 and its 
carbonyl absorption in the infrared occurred at 
1705 cm-I. 

Preliminary attempts to hydrogenate the 
double bond of 3 over PtO, yielded a product 
totally lacking aryl and olefinic absorption in the 
'H and 13C spectra. Esterification with diazo- 
methane followed by gc analysis showed this 
product to contain two components in approxi- 
mately equal amounts which were separable by 
preparative gc. Both esters 4a and 5a exhibited 
nine saturated carbon signals, four of which had 
twice the intensity of the others, in addition to the 
carbonyl and methoxyl absorptions near 176 and 
51 ppm, respectively. The shieldings of ester 4a, 
having the shorter retention time, tended to be 
higher than those for 5a. The presence of four 

equivalent pairs of carbons confirmed that these 
esters contained a plane of symmetry. With Pd/C 
as catalyst, the hydrogenation of 3 proceeded 
sluggishly whereas with 3a a smooth conversion 
to a 2:3 mixture of two nonconjugated esters 
(6a, 7a) was realized. These esters, after isolation 
by preparative gc, exhibited carbonyl absorption 
at 1727 and 1720 cnl-l, respectively, and both 
gave 13C spectra containing signals charac- 
teristic of a phenyl group, a COOMe function, 
and five saturated carbon peaks, two of which 
had twice the intensity of the other three. As 
before, ester 6a with the shorter retention time 
had the somewhat more shielded carbon nuclei. 
Hydrolysis of each of these esters furnished 
samples of the corresponding acids as crystalline 
compounds. Acid 6 melted at 93-94°C while 7 
melted at 87-88°C. The melting point for trans-4- 
benzylcyclohexanecarboxylic acid (7) has been 
reported (6) as 79-80°C but the earlier work did 
not describe a rigorous purification. We conclude 
that the earlier value refers to a sample contami- 
nated with a small amount of the cis isomer 6. 

With these results in hand, attention was 
turned to characterization of the mixture of acids 
isolated by extraction with Na,C03 solution. 
Initially, the mother liquors depleted in 3 were 
examined. Esterification with diazomethane fur- 
nished a mixture of three esters having distinctly 
different retention times upon gc analysis; that 
with the longest time was 3a. Hydrogenation of 
the mixture over PtO, and Pd/C gave the same 
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products as those found from the experiments 
with 3a. Thus the two unknown compounds 
differ from 3a only in the location of the double 
bond. Ester 8a, having the shortest retention 
time, exhibited carbonyl absorption at 1725 cm- 
in the infrared and Amax of 250 nm (E = 180) in 
the ultraviolet. The latter may be compared with 
the values of 260 nm (210) found for 3a. The 13C 
spectrum of 8a contained, in addition to the 
phenyl and COOMe signals, those for a tri- 
substituted double bond, 121.I(CH) and 137.0 
ppm, four methylene signals, 25.5,27.3,27.8, and 
44.2 ppm, and a lone inethine carbon at 39.3 
ppm. These data indicate 8a to be the methyl 
ester of 1-benzylcyclohexene-4-carboxylic acid. 
This is supported by the appearance of a two- 
proton singlet at 3.20 ppm in the proton spec- 
trum of 8a ascribable to a methylene group which 
is allylic and benzylic. The I3C methylene signal 
at 44.2 ppm also strongly suggests the presence 
of a benzylic methylene carbon, tending to rule 
out the remaining double bond isomer having a 
trisubstituted olefinic bond. The third carboxylic 
acid (9) was found to be the latter isomer on the 
basis of the following observations. For the 
methyl ester in the ultraviolet spectrum, Amax was 
290 nm (400) and the proton spectrum contained, 
in addition to a five-proton multiplet at 7.20 ppm 
for the phenyl ring, a one-proton singlet at 6.23 
ppm. These features are consistent with a styryl 
fragment. As in the cases of 3a and 8a, the 13C 
spectrum for 9a consisted of four phenyl signals, 
those for a trisubstituted double bond, 123.3 
(CH) and 138.0 ppm, four methylene signals, 
27.8, 29.7, 30.4, and 35.8 ppm, and a methine 
carbon absorbing at 42.9 ppm. The absence of a 
methylene carbon near 44 ppm is good evidence 
against the presence of a benzylic methylene 
group. Thus the structures of the carboxylic acid 
products are 3, 8 ,  and 9.  Precise mass measure- 
ments for all of the esters described above were 
obtained as well as the 13C spectra. These data 
are tabulated in Table 1 together with the corre- 
sponding results for most of the carboxylic acids. 

A series of runs for 5, 20, and 40 h reaction 
times were carried out and the product distribu- 
tion was assessed by gc analysis. The product for 
the longer intervals was essentially unchanged 
from the results obtained for the shortest reac- 
tion periods. At least 90% of the product was in 
the acidic fractions with the total carboxylic acid 
fraction equal to the yield of phenol 2. The 
neutral fraction constituted less than 10% of the 
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material and was found to contain at least seven 
components by gc analysis. The three carboxylic 
acids were produced in a ratio of approximately 
20: 4: 1 for 3, 8, and 9, respectively. Although 
traces of a fourth acidic component constituting 
< 1% of the acid fraction were detected by gc, 
this material was not isolated. 

Discussion 
The assignments for individual carbons listed 

in Table 1 follow from straightforward considera- 
tions. The carboxyl and methoxyl signals appear 
in characteristic regions while the phenyl absorp- 
tions are similarly readily identified, although the 
assignments for the ortho and meta carbons may 
be interchanged. The upfield shift for the car- 
boxyl carbon in 3 relative to the others is a clear 
indication of its conjugated nature. The lack of a 
benzylic methylene signal in the spectrum of 9a 
near 44 ppm has already been noted as strong 
support for the assigned structure rather than 
that for the isomeric 8a. The slightly increased 
shieldings found for 4a vs. 5a and 6a vs. 7a point 
to the stereochemical assignments of cis vs. trans. 
In these cases, the trans isomers exist essentially 
as single conformations with both substituents in 
equatorial orientations. However, the cis isomers 
populate two axial-equatorial conformers, e.g. 
10 and 11 for 6a but 10 should predominate since 
the conformational free energy of the carbo- 
methoxyl group is smaller than that expected for 
the benzyl group, or, for 4a, the cyclohexyl- 
methyl group. For 7a, the less shielded of the two 
methine carbon signals was assigned to C-1 be- 
cause of its similarity to the corresponding signals 
in the spectra of methyl cyclohexanecarboxylate 
and its trans-4-t-butyl derivative, i.e. 43.4 vs. 43.1 
and 43.4 ppm, respectively. Similar considera- 
tions led to the distinction between the C-2 and 
C-3 signals for 7a. In the cis isomer 6a each of 
these nuclei is expected to absorb at higher field 
because of the axial substituents and the listed 
assignments follow this reasoning. For 4 and 5, 
as well as the corresponding methyl esters, 
specific methylene assignments presented a 
greater problem. For 5 and 5a, comparisons 
with the results for 7 and 7a pointed to the 
listed assignments for C-2(6) and C-3(5). For 
the cis isomers 4 and 4a these centres would 
be expected to be shielded. Some support for 
these methylene carbon assignments for the 
disubstituted cyclohexane ring is provided by the 

occurrence of two methylene signals, each due to 
two carbons, at 26.5 and 33.7 ppm in the spectra 
of 4, 4a, 5, and 5a; these are most readily 
assigned to C-3'(5') and C-2'(6') respectively, in 
the monosubstituted cyclohexane ring. These 
carbons may be expected to be essentially inde- 
pendent of the orientation of the cyclohexyl- 
methyl group in these isomers. The assignments 
for C-3 and -5 for 9a followed from the fact that 
C-3, cis with respect to the phenyl ring, will be 
the more shielded, but the C-2 and -6 signals 
cannot be unequivocally distinguished. 

The generation of the products obtained upon 
treatment of 1 with t-BuO--t-BuOH at 185°C is 
readily explained as shown in Scheme 1. The 
Claisen product 12 can reversibly dehydrate to 13 
which will be in equilibrium with minor amounts 
of 14. (Only one of the possible four isomers of 13 
is included in the scheme for simplicity.) Irrever- 
sible loss of ethylene in a retro Diels-Alder reac- 
tion leads to 15, the en01 form of which can 
undergo a second retro Diels-Alder loss of 
ethylene to produce 2. Hydroxide ion, formed 
from the dehydration step, attacking the car- 
bony1 group of 15 leads to 16 with Haller- 
Bauer cleavage to  generate 17 irreversibly. From 
the product distribution, 15 is partitioned 
approximately equally to 2 and 17. Double bond 
migration to 3 is strongly favored by the forma- 
tion of the conjugated system. Although 9 is also 
conjugated, it was found to be the minor com- 
ponent in the carboxylic acid mixture presumably 
because of steric destabilization arising from the 
close approach of the phenyl ring to the C-3 
methylene group in a planar conjugated arrange- 
ment. Because of the symmetry of the system, 8 
can be generated in two ways, increasing its 
probability of formation. Since the proportions 
of the three acids are independent of reaction 
time the observed ratios must represent the 
equilibrium concentrations. Presumably trace 
quantities of 17 may be present, as suggested by a 
small unidentified peak in gas chromatograms of 
the acid fraction. 

Clearly Claisen condensation occurs readily in 
this system. Although this could be anticipated, 
the condensation is a series of equilibria and P- 
enolization of 1 to the more stable [3.2.1] skele- 
ton could indeed occur in competition. The retro 
Diels-Alder process, however, is irreversible and 
clearly upsets the condensation equilibria by 
generating 15. It follows, therefore, that 0- 
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1 
2 3 = p e 8 9  

coo- 
17 

SCHEME 1 

enolization is much slower and the retro Diels- a- and p-enolization may be realized at signi- 
Alder reaction removes 1 from the reaction ficantly lower temperatures. Experiments to test 
mixture too rapidly for significant rearrangement this suggestion are under investigation. 
via a p-enolate. Since, with few exceptions, the 
retro Diels-Alder process requires elevated Acknowledgements 
temperatures, a successful competition between We are grateful to the National Research 
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The chemistry of anions derived from tetracyanodiphenoquinodimethane 
(TCNDQ) 
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Dihydro-TCNDQ was prepared from biphenyl. The dianion salts of TCNDQ with alkali 
metal and tetraalkylammonium counter ions were prepared and characterized by their nmr 
and uv-visible spectra. Solutions of these dianions undergo two one-electron oxidations at 
-0.31 and -0.15 V in DMF. The electrochemistry is complicated by a second chemical pro- 
cess involving the monoanion TCNDQ". This was postulated to involve a dimerization of 
TCNDQ" and this process was also implicated in the analysis of the uv-visible spectra of this 
anion. The TCNDQ" anion has a solution esr spectrum of over 25 lines which have been ana- 
lyzed by a computer simulation of the spectrum. 

A. W. ADDISON, NAR S. DALAL, YUMIKO HOYANO, SYTZE HUIZINGA et LARRY WEILER. Can. 
J. Chem. 55,4191 (1977). 

On a prtpare le dihydro-TCNDQ 5 partir du biphtnyle. On a pu preparer et caracttriser 
par leurs spectres rmn et uv-visible les sels dianioniques du TCNDQ avec des ions de mttaux 
alcalins ou de tetraalkylammonium comme contre ions. Des solutions de ces dianions subissent 
deux oxydations monotlectroniques B -0.31 et -0.15 V dans le DMF. L'tlectrochimie est 
compliqute par un deuxikme processus chimique impliquant le monoanion TCNDQ'. On a 
postult que ce processus implique une dimtrisation du TCNDQ' et on a aussi impliqut ce 
processus dans l'analyse du spectre uv-visible de cet anion. L'anion TCNDQ' a un spectre rpe 
en solution comprenant plus de 25 lignes qui ont pu &tre analystes par une simulation du 
spectre par ordinateur. 

[Traduit par le journal] 

Introduction electrical conductivities substantially above that 

In the past few years there has been a great of TTF'TCNQ which is the original organic 

deal of interest in the synthesis and study of metal (3). Thus attention has turned to the syn- 

organic charge transfer complexes. Much of this thesis new A number studies 
interest arises from the novel transport proper- have shown that substitution On the basic 

ties of these materials, for example TTF-TCNQ TCNQ produces an adverse 

( F ~ ~  a recent review of this field see ref. 1). A effect on the conductivities of charge transfer 

number of groups has been involved in the syn- solids with these acceptors (4, 11). Hence one is 

thesis of new donors and acceptors to prepare forced to investigate acceptors with a carbon 
skeleton different from that of TCNQ. The only 
successful venture in this area has been the 

NC 
preparation of TNAP (5) and its complex with 

TTF 
TTF (6). 

TCNQ 

additional solid complexes and also to lead to a 
better understanding of the electronic properties 
of these materials. A range of donors has been 
prepared, the most promising of which appears c N 
to be HMTSF (2). However, none of the com- TNAP 
plexes of these donors has room temperature 

An obviously attractive new acceptor would be 
tetracyanodiphenoquinodimethane (TCNDQ). 

Se The reduction potentials of the corresponding 
HMTSF quinone (7) indicate that this basic carbon 
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TCNDQ 

skeleton is an excellent two electron acceptor. 
Unfortunately, attempts to prepare TCNDQ 
have led only to formation of a polymeric 
material (8a, b).' However, we have recently 
been able to prepare a number of salts of the 
anions of TCNDQ and study their physical 
properties. 

Experimental 
Visible and uv absorption spectra were obtained on 

Cary-14 and 17D instruments, and 'H nrnr spectra on a 
Varian Associates T60 spectrometer, with chemical shifts 
(6) reported vs. internal TMS. Infrared spectra were ob- 
tained with a Perkin-Elmer 700, mass spectra from an 
AEI MS-9 spectrometer operating at 70 eV, and esr 
spectra on a Varian E3 instrument, calibrated with a 
'H nrnr probe. Fluorescence spectra were recorded on an 
Aminco-Bowman instrument, at 0.5 mm slit widths, 
wavelength-calibrated with a mercury emission lamp. 

Electrochemistry was performed at 25.0 + 0.2"C with 
a three electrode cell, using apparatus incorporating a 
PAR-173 potentiostat and PAR-176 i/E converter. A 
Beckman rotating platinum disc electrode was used for 
dc polarography, and also served as a stationary electrode 
for cyclic voltammetry. Current vs charge plots were ob- 
tained by integration (McKee-Pedersen MP-1012A 
integrator) of the anodic current, and using the current 
and its integral as inputs for an X-Y recorder. The sup- 
porting electrolyte was G. F. Smith Chemical Co. polaro- 
graphic grade tetraethylammonium perchlorate, dried 
in uacuo over P4Ol0. The reference electrode was a 
AgAgCIO, (0.01 M), TEAP (0.1 M), CH,CN half-cell, 
the potential of which we have measured as being 0.30 V 
positive of the sce, both in CH,CN/TEAP at 25°C. 
Acetonitrile was distilled off P4Ol0 under nitrogen before 
use, dimethylformamide was vacuum-distilled off P4010 
or CaH2, and 9,lO-diphenylanthracene was recrystallized 
from acetonitrile, while other reagents were used as re- 
ceived. 

4,4'-Biphenyldiacetonitvile (2) 
Biphenyl was bisbromomethylated with HBr and 

paraformaldehyde in ca. 30% yield according to the pro- 
cedure of Reynolds and Durham (9). This was converted 
into the bisnitrile (2) in ca. 90% yield by displacement of 
the bromide with NaCN in aqueous ethanol - dioxane 
(9). 4,4'-Biphenyldiacetonitrile (2) was characterized by 
the following data: mp 182-185°C (lit. (9) mp 185- 
187°C); ir (CHCI,): 2280 cm-'; nrnr (CDCI,) 6:  3.77 (s, 
4H) 7.30 and 7.51 (AB quartet, J = 8 Hz, 8H). 

Then 25.4g (283 mmol) of dimethyl carbonate were 
added and this mixture was refluxed for an additional 
3 h. The solvents were then distilled from the reaction 
mixture until the temperature of the distillate reached 
100°C. Finally, ca. 50 additional millilitres of toluene were 
distilled from the reaction mixture. The reaction mixture 
was cooled in ice and treated with 4.0 g (65 mmol) of 
cyanogen chloride in 20 ml of toluene. This mixture was 
heated to reflux for 1.5 h. Most of the solvents were dis- 
tilled off and the residue was poured into a mixture of 
dilute aqueous acid and CH2CI2. The aqueous layer was 
extracted with CH2CIz and the extracts were combined, 
washed with water, dried (MgSO,), filtered, and the sol- 
vents removed to yield 9 g of crude product. This crude 
material was recrystallized from CH2CIz-MeOH to 
yield 7.1 g (85%) of compound 3:  mp 160-162°C; ir 
(CHCI,): 2280, 1770 cm-'; nmr (CDCI,): 3.90 (s, 6H), 
7.7 (br s, 8H); ms m/e (relative intensity): 398 (0.3), 354 
(2), 332 (6), 321 (8), 310 (6), 306 (12), 296 (8), 295 (lo), 
282 (12), 281 (ll) ,  276 (21), 256 (16), 232 (35), 217 (loo), 
190 (70), 152 (20). Anal. calcd. for CZzHl4N4O4: C 
66.32, H 3.54, N 14.07; found: C 66.18, H 3.61, N 14.14. 

4,4'-Biphenyl-a,a'-dicyanodiacetonitvile (Dihydvo- 
TCNDQ) ( I )  

(a) Chromatography of diester 3 on silica gel produced 
varying yields of dihydro-TCNDQ (1). 

(b) Diester 3 (4 g, 0.010 mol) was dissolved in 10 ml of 
dioxane and 45 ml of 10% aqueous KOH. This solution 
was heated to 70°C for about 15 min, cooled to room tem- 
perature, and acidified with 6 N HCI to p H  2. The acid 
mixture was extracted with CHzC12. The extracts were 
combined, dried (MgSO,), filtered, and the solvents 
evaporated to yield 2.3 g (82%) of purple solid, mp 172- 
179°C (lit. (8a) mp 176-181°C); ir (CHCI,): 2260, 1495, 
990 cm-'; nrnr (CDCI,) 6:  5.1 (s, 2H), 7.6 (s, 8H). 

Salts of the Dianion TCNDQZ- 
(a) Solutions of M2+ TCNDQZ- were prepared by 

dissolving dihydro-TCNDQ (1) in an aqueous solution 
of NaOH or KOH, or by dissolving 1 in acetonitrile and 
treating with slightly more than 2 equiv. of NaH or KH. 
These solutions tended to oxidize quite rapidly; how- 
ever, a trace of NaBH4 stabilized the solutions for spec- 
troscopic characterization, which included uv (CH3CN) 
h,,,: 377 (5.1 x lo4) and nrnr (CD,CN) 6: 6.83 (d, J = 
8 Hz, 4H) and 7.22 (d, J = 8 Hz, 4H). 

(b) The bistetraethylammonium and bistetra-n-butyl- 
ammonium salts of TCNDQ2- were prepared from the 
diester 3 or 1 by first forming solutions of the sodium 
salt of TCNDQ2-. These solutions were obtained by 
dissolving 3 or 1 in aqueous NaOH, taking precautions 
to exclude oxygen. The solutions of TCNDQ2- were 
filtered and treated with 2-3 equiv. of the tetraalkylam- 
monium hydroxide, also in water. The bistetraalkylam- 
monium salts precipitated in yields of 60-809,. The 
bistetraethylan~monium TCNDQ2- salt had mp ca. 
70°C and resisted efforts at purification. However, the 

Dimethyl 4,4'-Biphenyl-a,a,at,a'-tetracyanodiacetate (3) bistetra-n-butylammonium TCNDQZ- salt was recrys- 
A mixture of freshly prepared sodium methoxide (56.5 tallized from ethanol-water (1 : 3) to yield pure salt, mp 

mmol from 1.30 g of sodium) and 5.04 g (21.7 mmol) of 155-1 60°C; nrnr (CD,CN) 6 : 1.1 (br t, J = 7 Hz, 24H) 
bisnitrile (2) from above in ca. 300 ml of toluene was re- 1.6 (br m, 32H), 3.2 (br t, J = 8 Hz, 16H), 6.9 (d, J = 
fluxed under nitrogen for 0.5 h to yield a clear solution. 8 Hz, 4H), 7.3 (d, J = 8 Hz, 4H). Anal. calcd. for 

C5,,HsON6: C 78.48, H 10.54, N 10.98; found: C 78.19, 
'L. D. Pedersen and L. Weiler. Unpublished results. H 10.50, N 10.77. 
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Sodium Salt of TCNDQ ' 
Poly-TCNDQ was prepared from dihydro-TCNDQ 

(1) and then converted into crude NaTCNDQ as out- 
lined by Hertler (8a). This crude material was purified by 
continuous Soxhlet extraction with CH,CN. Evaporation 
of the acetonitrile solution gave a black solid which could 
not be combusted in an elemental analysis. The solid was 
characterized by solution uv-visible and esr spectra. The 
solid also has an intense single esr line at g = 2.0035. 

Results and Discussion 
Synthesis of Dihydro-TCND Q and its Anions 

Dihydro-TCNDQ (1) was prepared as out- 
lined in Fig. 1. Biphenyl was converted into 
4,4'-biphenyldiacetonitrile (2) using the method 
of Reynolds and Durham (9). The anion of 
nitrile 2 was reacted with dimethyl carbonate 
followed by cyanogen chloride to yield dimethyl 
4,4'-biphenyl-cl,ci,cl',a'-tetracyanodiacetate (3) 
according to the procedure of Sandman and 
Garito (10). Diester (3) was hydrolyzed and 
decarboxylated to yield dihydro-TCNDQ (1) by 
silica gel chromatography or by hydrolysis in 
aqueous base. A number of attempts to directly 
oxidize dihydro-TCNDQ (1) to TCNDQ were 
unsuccessful (8, lo).' Thus we turned to the 
preparation of the various salts of TCNDQ to 
study the metathetical reactions of these salts 
with salts of donors (D), for example eq. 1 (1 I). 

[I] M'TCNDQ- + D'X- -t D-TCNDQ + MX 
(M')zTCNDQZ- + D2'(X-)z -+ D-TCNDQ + 2MX 

COOMe 

fB' ,,CN NCYCN 

LC, NC+CN 
COOMe 

2 3 

1 
NC y C N  

N C ~ C N  
1 

FIG. 1. Preparation of dihydro-TCNDQ (1). 

The dianions of TCNDQ were prepared by 
deprotonation of dihydro-TCNDQ (1) with a 
variety of potassium and sodium bases to give 
(M+),TCNDQ2-. These salts were charac- 
terized by their nmr spectra and uv-visible spec- 
tra. The proton nmr spectrum of 1 in CDCl, 
has a two-proton singlet at 6 5.05 and an eight- 
proton singlet at 6 7.58. The nmr spectrum of the 
sodium salt of TCNDQ2- in acetonitrile shows 
an AB quartet at 6 = 6.83 and 7.22 (J = 8 Hz). 
The disappearance of the signal at 6 5.05 in 1 
and the upfield shift of the aromatic protons is 
consistent with the formation of TCNDQ2-. As 
a result of our esr and molecular orbital (mo) 
studies (vide infra) we assign the signal at F 6.83 
to the protons on C-3. The mo calculations 
indicate that this carbon has a greater electron 
density than C-2 in the dianion. In addition the 
doublet at 6 6.83 in TCNDQ2- broadens notice- 
ably when air is passed through the solution. 
This is attributed to formation of the radical 
anion TCNDQ- and the larger spin density on 
C-3 (vide infra) would lead to preferential broad- 
ening of this signal. This effect is reversed by the 
addition of NaBH,. 

Dihydro-TCNDQ (1) was converted into a 
polymer of TCNDQ with a number of oxidizing 
agents.' Treatment of the polymer with 
sodium iodide yielded crude NaTCNDQ (8a) 
which was purified via Soxhlet extraction with 
acetonitrile. This material was characterized 
as the radical ion salt, NaTCNDQ, by esr and 
uv-visible spectroscopy (vide infra). 

Redox Chemistry of Anions of TCNDQ~ 
The TCNDQ redox system is not straight- 

forward in its electrochemical behaviour, which 
is typified by the cyclic voltammagram in Fig. 2. 
Of three oxidation processes observable for 
TCNDQ2-, in voltammetry the first two yield 
equivalent anodic currents, while the peak-to- 
peak potential separation of the lowest potential 
process (55-65 mV) is suggestive of an n = 1 
redox step (13). With regard to this first oxida- 
tion process, it was also observed that (i) the 
voltammetric peak current function ( i , ~ - ~ v - ~ I ~ )  
in DMF is within 10% of that observed for the 
le  reduction (14) of 9,lO-diphenylanthracene in 
DMF; (ii) the value of n1I2 obtained from com- 
plementary voltammetry and chronoamperom- 

2Abbreviations : TBA, tetra(n-butyl)ammonium ; 
TEAP, tetraethylammonium perchlorate; DMF, N,N- 
dimethylformamide; rpe, rotating platinum electrode. 
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FIG. 2. Cyclic voltammagram of 0.23 mM (TBA)2- 
(TCNDQ) in DMF-TEAP (0.1 M) at Pt-disc electrode, 
scan rate 0.167 V s-l.  The dashed curve is the extrap- 
olated current decay of the first anodic peak (12). 

etry at the same electrode (15) is 0.89 if reversibil- 
ity is assumed; (iii) at the rpe (Fig. 3), good 
linearity of the iL:oli2 plot (16) demonstrated 
the first oxidation to be diffusion controlled, 
while (iv) the ratio of the polarogram's slope at 
E = El,, to the limiting current, di/(iL dE), was 

t 
$&A mM") 
FIG. 3. Concentration-normalised rpe polarograms of 

(TBA)2(TCNDQ) at 30 revolutions s-': (a) 0.44 m M  in 
DMF (-); (b) 2.0 mM in DMF (--); (c) 2.01 m M  in 
CH3CN) (. .). Supporting electrolyte, 0.1 M TEAP. 

close (9.9 V-l) to the value (9.7 V-l) expected 
for an n = 1 Nernstian p r o c e ~ s ; ~  and ( v )  the 
limiting current was equivalent to that observed 
for the n = 1 9,lO-diphenylanthracene reduc- 
tion. The n = 1 assignment was finally confirmed 
coulometrically (vide infra), and allows computa- 
tion of the diffusion coefficient (Table 1) of 
TCNDQ2-. As expected, the value is lower than 
that of TCNQ, while the Dq products (4.0 x 

g cm s-') agree well with each other for the 
two solvents used, in which the redox process 
may be written as 

TCNDQZ- + TCNDQ' + B 
The third oxidation step is resolved best in 
rpe polarography, which shows the second oxi- 
dation to be coupled with it, in the sense that the 
sum of the limiting currents of these second 
two waves is equal to the limiting current for 
the TCNDQ2- + T C N D Q ~  oxidation. This 
indicates that the oxidation of (nominally) 
TCNDQ' proceeds via two parallel pathways 
under our experimental conditions, to the prod- 
uct, nominally neutral TCNDQ. Precipitation 
(Fig. 3) of product on the electrode renders the 
system intractible with respect to more detailed 
electrochemical study, although observed de- 
pendences of the potentials of the second and 
third redox steps on TCNDQ2- concentration 
and on rpe rotation rate reiterate the non-Nern- 
stian nature of the polarograms obtained for 
these oxidations, which are therefore observed 
only as steady-state results in a kinetically con- 
trolled system. The data of Table 1 are therefore 
derived by extrapolation to zero concentration 
and rotation rate where applicable. The two 
idealised processes 

TCNDQ + B -t TCNDQ' 
and 

TCNDQ' + E -t TCNDQ~- 

are therefore separated by a potential difference 
(150-200 mV) considerably less than that for 

3The usual relationship between current and potentia 
on a reversible polarogram 

on differentiation yields 

where A = E - E0 = E - Ellz for Do = DR. At E = 
El,,, the slope of the polarogram is di/dE = - iLnF/4RT. 
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ADDISON ET AL. 

TABLE 1. Redox properties of TCNDQ and TCNQ" t 

Species Solvent El Ez Db(cm2 s-l) 
i,lmA 

TCNDQZ - CH3CN - 0.3 1' l . 2 x l 0 - ~  
TCNDQZ- DMF -0.31" -0.15c*d 5 . 0 ~ 1 0 - ~  
TCNQ CH3CN -0.10' -0.64' 1 . 3 ~  lo-' 6 h 

@Reduction potentials, in volts f 10 mV, vs. AglAgC104 (0.01 M), 
TEAP (0.1 M), CH3CN reference electrode at 25°C. 

b +  1 0 7  computed from voltammetricpe& currents (14). 
~ 6 x i d A o n  of  species. 
"owest estimated limit; becomes more positive as concentration is I \ 

increased. 
eReduction of species at Pt electrode (cyclic voltammetry). I \ 

TCNQ (17), but similar to that reported (7) for 
4 

the structurally related 1,8-diphenoquinone. 
This is presumably a result of the increased 
delocalisation of, and thereby decreased coulom- 
bic interaction between, successive electrons 
added to the binuclear system. 2 

From the measured potentials, a dispropor- 
tionation constant can be calculated for the 
idealised reaction : 

2TCNDQz $ TCNDQ + TCNDQZ- I 
I . . ,  

at a total TCNDQ concentration in the 1 mM I I w 

region, K = 2 x in 0.1 M TEAP. Hence 0 20  4.0 
the potential difference between the sue- FIG. 4. Current vs. charge output from electrooxida- 
cessive process contains the implication that it tion of TCNDQ~- in CH,CN-TEAP at E = E,,, for 
is not possible to prepare solutions which con- first oxidation step. The current is capacitively damped. 
tain pire TCNDQ' without TCNDQ2- and/or 
TCNDQ present in these solvents. 

Electrosynthesis of TCNDQ' via anodic 
coulometry of TCNDQ2- was therefore per- 
formed firstly at the El,, of the TCNDQ2-/ 
TCNDQ' couple. Electrooxidation of 102 
pmol of (TBA),(TCNDQ) at a platinum mesh 
anode at -0.31 V in 42 ml acetonitrile-TEAP 
resulted in the essentially linear current vs. 
charge plot shown in Fig. 4, intersecting the 
q-axis at 48 pF (0.47 F mol-I). An rpe polarogram 
showed the solution to be 50 f 5% through the 
first oxidation stage. Electrooxidation of 101 
pmol of (TBA),(TCNDQ) in DMF-TEAP at 
+0.25 V was associated with the consumption 
of 1.93 F mol-l, as judged from extrapolation 
of the i vs. q plot to i = 0. The orange solution 
eventually deposited a white precipitate of the 
(probably polymeric) neutral TCNDQ. 

tion spectral changes depicted in Fig. 5. The 377 
nm band of TCNDQ2- decreased in intensity, 
and a structured band system appeared in the 
500-550 nm region, with the spectra exhibiting 
an isosbestic point at 411 nm. The results ob- 
tained suggest that both TCNDQ2- and 
TCNDQ' have absorption maxima near 375 
nm, the latter with what we have deduced to be 
an approximately twofold decrease in intensity 
(Table 2). It would thus seem that the aromatic 
rings of TCNDQ2- and TCNDQ' behave as 
electronically independent systems on the time 
scale of electronic absorption spectroscopy, 
which contrasts with our esr results below. That 
is, both results can be interpreted in terms of a 
twisted geometry with minimum interaction be- 
tween the rings. Figure 6 shows that the dianion 
is luminescent in solution. The emission, which 
maximizes at 420 nm, is excited by the strong 

Electronic Spectra of Anions of TCNDQ absorption in the 370 nm region, while its high 
During electrooxidation of TCNDQ2- to intensity evidences that it is indeed fluorescence, 

TCNDQ', the yellow solutions of the dianion and that a singlet ground state for TCNDQ~- 
became orange. A series of electrooxidation is thereby confirmed. 
steps were carried out on a 2.3 x M solu- When the 2.77 mM solution of (TBA),- 
tion, in DMF-TEAP, and yielded the absorp- TCNDQ in CH3CN-TEAP was oxidized to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. .I. CHEM. VOL. 5 5 ,  1977 

FIG. 5. Spectral changes accompanying electrooxidation of a DMF-TEAP solution of (TBA),- 
(TCNDQ) (2.3 x low5 M )  to the radical anion, TCNDQ". Decreasing absorbances near 370 nm 
correspond to approximately 0%, 40%, 65%, 90% oxidized respectively, as judged from application of 
the Nernst equation and the results of Fig. 4 to the reaction mixture at the attained potentials. 

E = Eli,, to form the TCNDQ'/TCNDQ~- 
equilibrium mixture, the acetonitrile solution 
showed the absorption band at ca. 375 nm and 
the structured band with E,,, = 4200 at 536 nm. 
When this solution was diluted with acetonitrile, 
the apparent molar absorptivity in the 375 nm 
region decreased, and the apparent molar ab- 
sorptivity at 536 nm increased, to E = 73 000 
when [TCNDQ~]  1. 6 x M. This con- 
centration dependence is very suggestive of a 
self-association (e.g. dimerization) of the radical 
anion, with TCNDQ' being the species exhib- 
iting the structured absorption in the 500-550 

TABLE 2. Absorption spectra of TCNDQ anions and 
related compounds 

hmax 
Solvent (nm) E (C mol-I cm-') 

EtOH 
EtOH 
EtOH 
CH3CN 

CH3CN 

EtOH 

DMF" 

DMF" 

'0.1 M in TEAP. 
bAt a total TCNDQ anionic species concentration of 2.3 x 1 0 - 5  M 

of which 50% is monoanionic, 50% dianionic. Apparent E given. 

nm region. Figure 5 shows, indeed, that electro- 
synthesized solutions of TCNDQ' in DMF- 
TEAP also do not obey Beer's law, the apparent 
molar absorptivity at 540 nm again decreasing 
with increasing concentration of TCNDQ'. A 
similar phenomenon has been observed in the 
electronic spectrum of T C N Q ~  in solution 
(17b), and we have previously observed strong 
self-association of organic radical ions in solu- 
tion spectroelectrochemical studies (18). Fur- 
thermore, this postulate is consistent with our 
observations that (i) the peak voltammetric cur- 
rent function, i , ~ - ' v - ~ ~ ~ ,  for the second anodic 
maximum increases with decreasing scan rate, 
v, and (ii) the first oxidation step for TCNDQ2- 
has a peak current ratio ip,,/ip,a greater than 
unity (19). 

Finally, we have compared the electronic ab- 
sorption spectra of TCNDQ with a number of 
related compounds given in Table 2. Ionization 
of Hz-TCNQ to yield the dianion of TCNQ2- 
produces a bathochromic shift of ca. 80 nm and 
indicates a strong interaction between the ring 
and substituents in a fully planar TCNQ2- ion. 
Phenylmalononitrile and Hz-TCNDQ on the 
other hand show much smaller bathochromic 
shifts on ionization. This would indicate that 
the dicyanomethylene groups in the anion of 
phenylmalononitrile and TCNDQ~- are not in 
the plane of the benzene ring. Also it is clear that 
the TCNDQ2- system is not fully planar (also 
vide supra). Twisting about the central CC bond 
and the exocyclic CC bonds is probably due to a 
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ADDISON ET AL 

FIG. 6. Fluorescence emission (-) and excitation (--) spectra of a N 2 x M solution of (TBA),- 
(TCNDQ) in acetonitrile. Spectra uncorrected for instrument spectral response. 

5 GAUSS 
FIG. 7. Electron spin resonance spectrum of TCNDQL in DMF. 

combination of steric and electrostatic effects. 
The bathochromic shift of the long wavelength 
band from TCNDQ2- to TCNDQ' is also seen 
in the TCNQ anions. But the shift is much smal- 
ler in the former anions and again this is consis- 
tent with the proposal that the substituents are not 
conjugated in the TCNDQ system to the same 
extent that they are in the TCNQ system. 

Electron Spin Resonance Spectra of TCND Qz 
The solution esr spectrum of other acceptor 

radical anions (20) and donor radical cations 

(18, 21) have been extremely useful in charac- 
terizing these species and studying aggregation 
(17b) and exchange (22) processes in solution. 
The esr spectrum of TCNDQ' in DMF is shown 
in Fig. 7 .  The spectrum consists of over 25 lines 
with g = 2.0032 + 0.0005 in acetonitrile. The 
esr spectrum of TCNQ' has over 45 lines and 
g = 2.0026 (20a). In acetonitrile solutions, the 
TCNDQ' spectrum shows an asymmetry which 
has not been analyzed as yet. Spectra in acetone 
often show some signal broadening, possibly due 
to an exchange phenomenon. The g value is free- 
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electron like and consistent with the formulation 
of TCNDQ' as a 7c radical anion. 

A computer simulation of the spectrum agrees 
with the observed spectrum when a, = 0.7 G, 
a~~ = 0.7 G, and a,, = 1.1 G.  Because of the 
comple,xity of the spectrum, small changes in 
these calculated values of the hyperfine con- 
stants might occur in a more detailed analysis of 
the spectrum. Although these values are consis- 
tent with the proposed structure of the radical 
anion, there is a difficulty in assigning the proton 
hyperfine couplings. In the radical anion of 
4,4'-dinitrobiphenyl the assignments are a,, = 
0.20 G and a,, = 1.23 G (23). However, the esr 
of the radical anion of 4,4'-dicyanobiphenyl is 
assigned as a,, = 1.82 G and a,, = 0.30 G (24). 
The difficulty in making these assignments has 
been stressed by Rieger and Fraenkel (23, 24); 
in addition, they suggest that a,, and a,, are 
mainly dependent on the electronegativity of the 
substituents at the 4 and 4' positions (23). The 
dicyanomethylene group is probably between the 
nitro and cyano groups in electronegativity and 
this is reflected in the values of a,, and a,, in 
TCNDQ' being between those of 4,4'-dinitro- 
biphenyl and 4,4'-dicyanobiphenyl. We have 
assigned a,, and a,, in TCNDQ on the basis of 
our extended Huckel calculations for the radical 
anion (vide infra). 

It is well known that the McConnell relation, 
a, = QcHp,(25) is followed for a large number 
of organic 7c radicals. We have used the extended 
Huckel method of Hoffmann (26) to calculate 
the spin densities in TCNQ: and TCNDQI. 
From the calculated spin density in TCNQ' and 
the observed proton hyperfine coupling, a, = 
1.44 G (27) we calculate a value of Q = - 24.4 
G, in good agreement with the values of Q ob- 
tained for other organic 7c radicals (28a). Using 
this value of Q and the calculated spin density4 
of TCNDQ' we obtained laH,I = 0.86 G and 
la,,l = 1.10 G.  Thus we suggest that the largest 
proton hyperfine coupling (1.1 G) be assigned 
to a,, and the smaller coupling (0.7 G) be as- 
signed to a,,. This simple McConnell relation 
applies to neutral 7c radicals. Several workers 
have developed methods to include the effect of 
excess charge on the couplings in anions and 
- 

4This calculation assumes a planar geometry for the 
radical anion and that the central double bond in 
TCNDQ is slightly longer than the other double bonds. 
The remaining bond lengths and angles were taken from 
those in TCNQ (29). 

cations (28b). However, this effect is usually 
small for anions and our value of Q calculated 
from the TCNQ' spectrum partially corrects for 
this effect. 

In addition, one can calculate the nitrogen 
hyperfine constants using the relation formulated 
by Rieger and Fraenkel (24) for cyano substi- 
tuted 7c radicals. This relation is 

The calculated nitrogen hyperfine coupling is 
1.43 G in TcNQ' compared with an observed 
value of 1.02 G (27). Similarly, the calculated 
nitrogen hyperfine coupling is 1.04 G in 
T C N D Q ~  compared with an observed value of 
0.7 G. In both cases the calculated value is about 
50% higher than the observed a,. 

The observed esr spectrum is consistent with 
the formation of the TCNDQ' radical anion 
and its serves to characterize the ion in solution. 
The assignment of the esr spectrum, although 
tentative, does allow us to probe the electronic 
nature of the highest occupied mo(homo) in 
TCNDQ'. As we have shown earlier, the homo 
in TCNQ' is very important in understanding 
the conductivity (30) and solid state packing 
(31) in TCNQ salts. Our calculations indicate 
that the homo in TCNDQ' has the same sym- 
metry as that of TCNQL. This is consistent with 
the observed esr spectrum and augurs well for 
the potential use of this acceptor. 

The solid esr spectrum of powder NaTCNDQ 
has a very strong single line at g = 2.0035. This 
solid's esr signal is similar to that of the alkali 
metal salts of TCNQ (32). 
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Phase-transfer catalyzed formation of cyanohydrin ethers and acetates1 
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JOHN M. MCINTOSH. Can. J. Chem. 55,4200 (1977). 
In the presence of an allylic bromide, aldehydes, but not ketones, react with cyanide ion under 

phase-transfer catalysis to give cyanohydrin allyl ethers which can be converted to ketones. 
Other alkylating agents and nucleophiles give different results. Replacing the allylic bromide 
with acetic anhydride leads to cyanohydrin acetates. 

JOHN M. MCINTOSH. Can. J. Chem. 55,4200 (1977). 
En presence d'un bromure allylique, les aldehydes mais non les cetones rkagissent avec I'ion 

cyanure par catalyse de transfert de phase pour fournir des ethers mixtes d'allyl et de cyanohy- 
drine qui peuvent Ctre transformes en cCtones. Des agents alkylant et des nucleophiles autres 
donnent des resultats differents. Le remplacement du bromure allylique par de I'anhydride 
acktique conduit aux acetates de cyanohydrine. 

[Traduit par le journal] 

Recently we have become interested in the 
interaction of nucleophiles with aldehydes and 
ketones under the influence of phase-transfer 
catalysis. This interest stems from our observa- 
tions of 1,4-addition of various sulfur nucleo- 
philes to conjugated aldehydes (1). In order to 
assess the generality of these reactions, we turned 
our attention to a well-studied nucleophile, 
cyanide ion, and we report here some of the 
interesting results observed. 

The simplest reaction between carbonyl com- 
pounds and cyanide ion is an addition reaction 
leading to cyanohydrins. This process is known 
to be reversible and proceeds under general base 
catalysis (2). When an aqueous solution of potas- 
sium cyanide was stirred vigorously with a 
methylene chloride solution of cyclohexanone, 
3-pentanone, or mesityl oxide, no cyanohydrin 
formation could be detected either with or with- 
out the addition of a catalytic amount of triethyl- 
benzylammonium chloride (TEBAC). One pos- 
sible rationale for this result was that the high 
p H  of the cyanide solution did not permit pro- 
tonation of the intermediate oxyanion 1 (eq. 1). 
Thus reversal of addition would occur. Con- 
ducting the reaction using tributylamine catalyst 
and an aqueous solution of hydrocyanic acid did 
lead to an equilibrium amount of 2, but the 
possibility that this reaction did not involve 
phase-transfer catalysis led us to consider other 
alternatives for trapping 1. 

L 

In this regard, the work of Cazes and Julia 
(3) is of interest. They have shown that pre- 
formed cyanohydrins derived from aldehydes 
can be alkylated with allylic halides under phase- 
transfer conditions. The products can be trans- 
formed into ketones via a [2,3] sigmatropic 
rearrangement. They point out that, under their 
conditions, the cyanohydrin may dissociate 
forming cyanide ion, and, in fact, they report 
minor amounts of allylic cyanide as by-products. 
It appeared to us that if cyanide ion was at- 
tacking the carbonyl ion in our reaction, allylic 
halides might trap 1 by an irreversible alkylation 
leading to products analogous to those observed 
by Cazes and Julia. The success of the reaction 
would depend on a preferential attack on the 
carbonyl group, rather than the well-known (4) 
attack at sp3-hybridized carbon which would 
lead to nitriles. 

Results and Discussion 

'Presented in part at the Annual Conference, Chemical Stirring a methylene chloride solution of 
Institute of Canada, Montreal, June 1977. butanal (3b) and ally1 bromide (4a) with an 
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aqueous solution of potassium cyanide in the 
absence of a catalyst led to a rapid disappearance 
of the aldehyde, but only water soluble aldol- 
type oligomers of undetermined structure were 
produced. Incorporation of 4 mol% of TEBAC 
led to a smooth reaction to give cyanohydrin 
ether 6 (eq. 2). Repetition of this reaction using 

[ 21 RCHO + CN- + R1-- Br 

3 4 

I 
0--R1 
I 

RCH-CN 

5-13 

a variety of aliphatic aldehydes led to compara- 
ble results (Table 1). The only other products 
observed were unreacted starting materials and 
the previously mentioned water-soluble mate- 
rial. The latter material was obtained only when 
aldehydes possessing appreciable water solubil- 
ity were employed (runs 1, 2, 4). All reactions 
were run on a 0.05 molar scale, using equimolar 
amounts of 3 and 4 and 1.5 equiv. of cyanide. 
When benzaldehyde (3e) was used, small 
amounts of benzoin were also obtained (5). 
Noteworthy in all these examples is the near ab- 
sence of allylic cyanides as determined by glc 
analysis of the crude reaction mixture. The ease 
with which compounds of type 5 can be obtained 
makes Cazes and Julia's ketone synthesis much 
more attractive. 

Extension of the reaction to related systems 
led to unexpected results. Whereas replacing 4a 
with other primary allylic or benzylic bromides 
afforded the expected products, the less reactive 
allylic chlorides were completely inert (runs 9, 
10) and only the water-soluble oligomers were 
obtained. The same result was obtained using 
1-bromobutane (4d) as the trapping reagent. 
Replacing the aldehydes with representative 
ketones (runs 11, 12) again changed the reaction 
and only ally1 cyanide could be detected. The 
ketones could be quantitatively recovered after 
completion of the reaction. Thus it appears that 
the increased steric congestion present in ketones 
serves either to reduce the equilibrium amount 
of 1 or retards its reaction with 4 to a point 
where the desired reaction is very slow. 

To examine this point in more detail, a more 
reactive trapping reagent was required and we 

turned our attention to the use of acetic anhy- 
dride. When the reaction of this with 3 was car- 
ried out in the usual fashion, a vigorous exo- 
therm occurred, and only highly coloured prod- 
ucts could be isolated. However, by carrying out 
the reaction at 0°C with slow addition of the 
organic reagents, a smooth conversion to the 
cyanohydrin acetate could be achieved (Table 
2). In this case, a representative ketone (run 4) 
also gave the expected product although excess 
cyanide and acetic anhydride are required. Thus 
it appears that the failure of the reaction of 
ketones and 4a is due to an inefficient reaction 
between 1 and 4a. In view of the very rapid hy- 
drolysis of acetic anhydride by aqueous cyanide 
solution, these reactions are quite remarkable. 
The current interest in cyanohydrin esters as 
synthetic pyrethroids (6) makes these latter 
reactions of some practical interest. 

The reaction of conjugated carbonyl com- 
pounds with cyanide ion can occur either by 
1,2- or 1,4-addition. Our previous work using 
sulfur nucleophiles (I) had led to products de- 
rived from 1,4-addition, although 1,Zaddition 
may well be an undetected equilibrium side 
reaction. Very recent work by Liotta et al. (7) 
has shown that, using crown ether-catalyzed 
solid-liquid phase transfer conditions in the 
presence of a suitable proton source, 1,Caddi- 
tion of cyanide ion to conjugated ketones can 
occur. The contrast between these results and 
those of Evans et al. (8) using silyl cyanides is 
noteworthy. Thus, we attempted to apply our 
conditions to this reaction. 

Three different products can be envisaged 
(Scheme 1) depending on the mode of the initial 
cyanide attack. When crotonaldehyde or 2-cyclo- 
hexenone were reacted with cyanide ion and 4a 
(Table 1, runs 13, 14) under the usual conditions, 
only polymers were formed. However, the reac- 
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8 w 
TABLE 1. Formation of cyanohydrin ethers and related reactions 

Run no. Carbonyl RX Anion T Product Yielda (%) 

-Br ( 4a )  CN- Ambient ( 5 )  44 (70) 

-CHO (3h) 4a CN- Ambient 
/- 

CN 
3 C,H,,CHO ( 3 0  4a CN- Reflux I 

C 8 H n - C H - O U /  (7) 
70 (84) 

CN 2: 
CN- Ambient P~-&H-O- (9)b 7W (88) 

n 

CN- Reflux 

CN- Reflux 

CN- Ambient 

CN- Ambient 

CN- Ambient 

CN- Ambient 

CN- Reflux 

CN- Ambient 

CN- Ambient 

Polymers 

Polymers 

Polymers 

W C N  (12) 

12 

Polymers 

Polymers 
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McINTOSH 4203 

tion of 3i with acetic anhydride did lead to a 
clean formation of the ester 19 derived from 
1,Zaddition of cyanide. Under the same con- 
ditions 3h was recovered quantitatively from the 
reaction. 

We have also briefly investigated three other 
nucleophilic species which were chosen to ob- 
tain a less basic aqueous solution and thus mini- 
mize the formation of aldol-type polymers. 
When aqueous sodium azide was employed with 
3a and 4a, no reaction of any kind occurred. 
However, the use of potassium thiophenoxide 
or thiolacetate led cleanly to the formation of 
the allylic sulfides 14 and 15, with complete 
recovery of the carbonyl component (Table 1, 
runs 16-18). None of the previously described 
(9) attack on methylene chloride was observed. 
The contrast between the reaction of thiolacetate 
with 3i in the presence of 4a (formation of 15) 
and in the absence of 4a (formation of 20) (1) 
indicates how delicately balanced these reactions 
are. 

14 15 20 
ri - 
Qn Finally, it should be noted that simple Michael 
e" acceptors do not effectively trap anions 1, pre- 
Z sumably due to a ready reversal of the reactions 
'g under the alkaline conditions. Thus, neither 
w * 
4 acrylonitrile nor ethyl acrylate afforded any use- 
$ ful products. We are currently investigating other 
m 
8 variations of these reactions and the application 
9 of the products to synthesis. We will report on 
5 
a 

these in due course. 
E .- 
m 
2 Experimental .- 
X .- Nuclear magnetic resonance spectra were recorded on 

a JEOL C60 HL spectrometer in deuterochloroform and 
o are reported in parts per million downfield from TMS as 
w m .- internal standard. Infrared spectra were determined on a 
3 Beckman IR 12 instrument in chloroform solution. The 
w 
9 drying agent used was anhydrous sodium sulfate and sol- 
V, vents were removed at reduced pressure. Gas chromato- 
0 - graphic analyses were performed on either an F & M s 2 Model 720 or Hewlett-Packard Model 5750 instrument 
g 2 utilizing a 10 ft x 0.25 in. 20% SE 30 on Chromosorb W 
"o column. Mass spectra were determined on a Varian MAT 
B a CH 5-DF in the electron-impact mode. Microanalyses n g - p 3 were performed by A. B. Gygli, Microanalysis Labora- 
$6 

-C3- 
tory, Toronto. 

$ 3 " j 3  General Procedure for Compounds 5-13 
~ 2 8 e  
3% 5% A solution of 4 g (0.06 mol) of potassium cyanide in 

?$W 10 ml of distilled water was added to 20 ml of methylene 
chloride in a 100 rnl round bottom flask fitted with a 
magnetic stirrer and reflux condenser. Four mol% (500 
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TABLE 2. Formation of cyanohydrin acetates 

Run no. Carbonyl Product Yielda (%) 

'Yields are distilled product; those in parentheses are determined by glc. 
bSee reference 12. 

TABLE 3. Physical constants and nmr spectra of new compounds 

Compound bp ("C) (Torr) nDZ3 
- - 

Nuclear magnetic resonancea 
- - - -  

5 58-60 (8.5) 1.4284 6.22-5.05(m, 3), 4.40-4.05(m, 2), 3.95(d, 1,  J = 6 Hz), 2.04(h, 1, 
J =  6Hz), l . lO(dd ,6 , J=  2.6Hz) 

6 65-67 (7.4) 1.4263 6.30-5.16(m, 3), 4.42-3.80(m, 3), 2.30-1.35(m, 4), 1.01(t, 3, J = 7 HZ) 
7 120-122 (2.7) 1.4395 6.20-5.61(m, I), 5.60-5.10(m, 2), 4.51-3.75(m, 3), 2.00-0.50(m, 17) 
8 86-88 (1.9) 1.4619 6.25-5.10(m, 3), 4.50-3.75(m, 3), 2.40-0.80(bm, 11) 

10 96-98 (1 .O) 1.4888 7.32(5, s), 4.65(AB quart., 2, J = 11 Hz), 3.90(d, 1, J = 6 Hz), 2.02 
(h, 1, J = 6 Hz), 1.04(dd, 6, J = 3, 6 Hz) 

11 102-104 (2 .O) 1.4664 6.05-5.30(m, 2), 4.55-3.75(n1, 3), 2.154.70(bm, 14) 
13 142-144 (1.7) 1.5286 7.28(5, s), 6.80 and 6.52(half AB quart., 1, J = 16 Hz), 6.26 and 

6.01 (half AB quart., 1, each dd, J = 5, 1.5 Hz), 4.37(dd, 2, J = 5, 
2.5Hz),3.97(d, 1 , J =  6Hz),2.OO(h, 1 , J =  6Hz), 1.05(dd,6, 
J = 6, 2 Hz) 

16 72-76 (6.9) 1 .4124 5.14(d, 1, J = 5 Hz), 2.14(s, 3), 2.50-1 .90(m, I), 1 . lO(dd, 6, 
J = 7, 2 Hz) 

17 109-lll(0.25) 1.4360 5.31(t,3,J=6Hz),2.11(s,3),2.05-0.75(bm,20) 
19 81-83 (8.7) 1.4326 6.50-5.30(m, 3), 2.13(s, 3), 1.80(d, 3, J = 6 HZ) 

.In CDC1, solution; tabulation follows the order: chemical shift (6), multiplicity, number of protons, coupling constant. 

mg) of TEBAC was added, the stirrer was started, and a 
mixture of the carbonyl con~pound (0.05 mol) and allylic 
bromide (0.05 mol) was added all at once through the 
condenser. A mild exotherm was noted. (Within 2 h, 
the phases had reversed, the aqueous phase being on 
top.) The reactioil was stirred at ambient temperature or 
reflux (see Table 1) until glc analysis of the organic phase 
showed no further reaction was occurring. The phases 
were separated, the organic phase washed with 15 n ~ l  of 
water and evaporated. Ether was added to the residue to 
precipitate the catalyst. The ether solution was dried, 
filtered, and evaporated and the residue distilled to afford 
the products shown in Table 1. In the cases of 5 and 6 
especially, considerable high-boiling material was left 
after distillation. Physical constants and spectral and 
analytical data for new compounds are given in Tables 3 
and 4.2 

?Copies of Table 4 are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 

Reactions using other nucleophiles or alkylating agents 
were run in exactly the same manner. 

General Procedure for Compounds 16-19 
A solution of 4 g (0.06 mol) of potassium cyanide in 

10 ml of water was added to 10 ml of methylene chloride 
in a 100 ml three-necked round bottom flask fitted with a 
magnetic stirrer, addition funnel, and reflux condenser. 
Four mol% (500 mg) of TEBAC was added and the flask 
was cooled to 0°C in an ice bath. The stirrer was started 
and a mixture of 0.05 mol of each of the carbonyl com- 
pound and acetic anhydride in 15 ml of methylene chlo- 
ride was added dropwise with stirring over a period of 
20 min at 0°C. Stirring was continued at 0°C for 20 min 
and then at ambient temperature until glc indicated no 
further change in the composition of the mixture. Work- 
up was then effected in the same way as before and the 
products shown in Table 2 were isolated by distillation. 
Physical constants and spectral and analytical data for 
new compounds are given in Tables 3 and 4. 

In the case of cyclohexanone, the yields given in Table 
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2 were obtained using 0.1 mol of cyanide and 0.1 mol of 6. Symposium on Synthetic Pyrethroids, Abstracts. 
acetic anhydride. American Chemical Society Convention, Sept. 1976, 
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Crystal and molecular structure of hexamethylcyclotriphosphazene, (NPMe,), 
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RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. 
Chem. 55,4206 (1977). 

Crystals of hexamethylcyclotriphosphazene are monoclinic, a = 12.084(2), b = 13.426(1), 
c = 15.488(2) A, P = 102.92(2)", Z = 8, space group C2/c. The structure was solved by direct 
methods and was refined by full-matrix least squares procedures to a final R of 0.045 and R, 
of 0.060 for 1922 reflections with 12 3o(I). The six-membered phosphazene ring is slightly 
nonplanar and has a distorted chair conformation. Important molecular dimensions (bond 
lengths are corrected for libration) are: P-N, 1.599(2)-1.612(2), P-C, 1.796(3)-1.823(4) A, 
N-P-N, 115.7(1)-117.9(1), P--N-P, 122.1(1)-122.9(1), and C-P-C, 101.8(2)-103.1(2)". 

RICHARD T. OAKLEY, NORMAN L. PADDOCK, STEVEN J. RETTIG et JAMES TROTTER. Can. J. 
Chem. 55,4206 (1977). 

Les cristaux de l'hexamethylcyclotriphosphaztne sont monocliniques: a = 12.084(2), b = 
13.426(1), c = 15.488(2) A, P = 102.92(2)", Z = 8, groupe d'espace C2/c. La structure a kt6 
rksolue par des mCthodes directes et a Bte affinke par la mkthode des moindres carrCs (matrice 
compltte) jusqu'a une valeur finale de R de 0.045 et de R, de 0.060 pour 1922 reflexions avec 
I>_ 3o(I). Le cycle a six chainons du phosphaztne n'est pas complktement planaire et assume 
une conformation chaise deformke. Les dimensions moltculaires importantes (longueurs de 
liaisons corrigees pour les librations) sont : P-N, 1.599(2)-1.612(2), P-C, 1.796(3)-1.823(4) A, 
N-P-N, 115.7(1)-117.9(1), P-N-P, 122.1(1)-122.9(1) et C-P-C, 101.8(2)-103.1(2)". 

[Traduit par le journal] 

Introduction 
Hexamethylcyclotriphosphazene has  been 

known for some time ( la) ,  but its structure h a s  
not been determined. The X-ray crystallographic 
analysis of  (NPMe,), has been prompted  b y  the 
recent structure determinations of the methyl- 
phosphazenes (NPMe,),-, (2-5) i n  addition to 
the  previously known structure o f  (NPMe,), (6). 
The structure o f  (NPMe,), is also of  interest in 
relation to those known for  other  homo-  
geneously substituted cyclotriphosphazenes 
(NPX,),, where X = F (7-lo), C1 (10-14), Br  

(15-18), C6H5 (191, 1/2[02C6H41 (20, 211, 
OC,H, (22), NMe, (23), NCS (24), and 1/2[2,2'- 
0C6H4C6H40] (25). 

Experimental 
Hexamethylcyclotriphosphazene was prepared by 

standard methods (lb). Crystals suitable for X-ray 
analysis were obtained by recrystallization from methy- 
lene chloride - toluene. The crystal chosen for study was 
mounted with a* parallel to the goniostat axis and had 
dimensions of ca. 0.78 x 0.11 x 0.49 mm. Unit-cell and 
space group data were obtained from film and diffracto- 
meter measurements. The unit-cell parameters were 
refined by least squares on 2 sin 8/h values for 36 reflec- 
tions measured on a diffractometer with Cu K, radiation 
(h = 1.5418 A). Crystal data (at 22°C) are: 

C6HisN3P3 fw = 225.15 
Monoclinic, a = 12.084(2), b = 13.426(1), c = 15.488(2) 
A, P = 102.92(2)", v = 2449.1(6) A3, pm = 1.21 (flota- 
tion in aqueous KI), Z = 8, p, = 1.221 g cm- 3, F(000) = 
960, p(Cu K,) = 40.9 cm-l. Absent reflections: hkl, 
h + k Z 2n and h01, I Z 2n. Space group C2/c (C:,, 
No. 15). 

Intensities were measured with nickel-filtered Cu K. 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 8-28 scan at 4' min-l over a range of 
(1.80 + 0.86 tan 8) degrees in 28 was employed. 10 s 
background counts were measured at each end of the 
scan. Data were measured to 28 = 160". The intensities 
of the check reflections, measured every 50 reflections 
throughout the data collection, decreased uniformly to 
values which were 0.91 times the initial values. Lorentz 
and polarization corrections and batch check reflection 
scaling were applied, and the structure amplitudes were 
derived. An absorption correction was applied by a com- 
puter program using a Gaussian integration method 
(26, 27). Transmission factors ranged from 0.160 to 0.622. 
Of the 2686 independent reflections measured, 1931 
(72%) had intensities greater than 3o(I) above background 
where o2(1) = S + B + (0.03s)' with S = scan count 
and B = time averaged background count. 

The structure was solved by direct methods (28). The 
positions of all the non-hydrogen atoms were determined 
from an E-map. Two cycles of full-matrix least squares 
refinement of the coordinates and isotropic thermal para- 
meters of the non-hydrogen atoms, followed by two 
cycles with anisotropic thermal parameters, gave R = 
0.067. The positions of all 18 hydrogen atoms were given 
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by an electron density difference map calculated at this 
point. The entire structure (including hydrogen atoms 
with isotropic thermal parameters) was refined for six 
cycles giving a final R of 0.045 and R, of 0.060 for 1922 
reflections with I 2 341) (9 reflections which had IF,I 
- IFcI > 30(F) were treated as unobserved in the final 
stages of refinement; instrumental error was suspected 
for these reflections, but it seemed unwise to bias the data 
by remeasuring them; none of the disagreements were 
exceptionally bad). For all 2686 reflections R = 0.063 
and R, = 0.064. 

A correction for secondary extinction was approxi- 
mated by basing the least squares refinement on the 
minimization of Zw[F, - IF,/(l + gI)1I2 where g is the 
extinction parameter and I the uncorrected intensity. The 
final value of g was 3.2(9) x The scattering factors 
of ref. 29 were used for the non-hydrogen atoms and 
those of ref. 30 for the hydrogen atoms. Anomalous 
scattering factors from ref. 31 were used for the non- 
hydrogen atoms. The weighting scheme, w = 1.0 if 
IF,( < 20.0, w = (20.0/ F,I)' if IF,I 2 20.0, and w = 0.09 
for the unobserved reflections, gave uniform average 
values of w(lF, - IFcJ)2 over ranges of IFoI and was 
employed in the final stages of refinement. 

On the final cycle of refinement the mean parameter 
shift was 0.040 and no shift was greater than 0.320. The 
mean error in an observation of unit weight was 
0.9013. The final positional and thermal parameters 
appear in Tables 1 and 2 respective1y.l Measured and 
calculated structure factors have been placed in the 
Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation 
(T) ,  libration (L),  and screw (s) motion (32) using the 
computer program MGTLS. The rms standard error in 
the temperature factors oU,, (derived from the least 
squares analysis) is 0.0016 A2. Analysis of the entire 
molecule as a rigid body was unsuccessful, but each of 
the phosphorus tetrahedra was found to behave as a rigid 
body (rms AU,, = 10, 14, and 17 x A2 for P(1), 
P(2), and P(3) respectively). 

The appropriate bond distances have been corrected 
for libration (33, 34), using shape parameters q2 of 0.08 
for all atoms involved. Corrected bond lengths appear in 
Table 3 along with the uncorrected values. Corrected 
bond angles differ by less than 0.1" from the uncorrected 
values in Table 4. 

Results and Discussion 
Figure 1 shows a general view of the molecule 

with the crystallographic numbering scheme and 
Fig. 2 shows the packing arrangement viewed 
down a*. Torsion angles in the six-membered 
ring are listed in Table 5. The mean structural 
parameters for (NPMe,), are compared with 
those of the methylphosphazenes, (NPMe,),-,, 

'The structure factor table and Table 2 (thermal para- 
meters) are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

TABLE I. Final positional parameters (fractional: N and 
C x lo4, P x lo5, H x lo3) with estimated standard 

deviations in parentheses 

Atom x Y z 

and the homogeneously substituted cyclotri- 
phosphazenes, (NPX,),, in Table 6.2 

The crystal structure (Fig. 2) consists of well- 
separated molecules of hexan~ethylcyclotriphos- 
phazene. The shortest intermolecular H...H and 
N...H contacts (2.43(8) and 2.70(4) A respec- 
tively) correspond to normal van der Waals 
interactions. 

At each phosphorus atom in the molecule, the 
two P-N and the two P-C distances are equal 
within experimental error. Small, but significant, 
differences in bond lengths and angles at the 
three independent phosphorus atoms result in a 
small distortion of the molecule from threefold 
symmetry which is probably a result of packing 
forces. The six-membered P,N, ring is slightly, 
but significantly, non-planar, and has a distorted 
chair conformation; the mean and maximum 

ZHere and elsewhere in this report mean values refer to 
weighted means with rms deviations from the mean in 
parentheses. 
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FIG. 1. A stereo view of the hexamethylcyclotriphosphazene molecule. 50% ellipsoids are shown 
for the non-hydrogen atoms. Hydrogen atoms have been assigned artificially small thermal para- 
meters for the sake of clarity. 

TABLE 3. Bond lengths (A) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Bond Uncorrected (A) Corrected (A) Bond Uncorrected (A) Corrected (A) 

(b) Bonds involving hydrogen atoms 

Bond Length (A) Weighted mean (A) 

C-H 0.77-1 .06(4-7) 0.95(8) 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Weighted mean (dea) 

P-C-H 
H-C-H 
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OAKLEY E T  AL. 

TABLE 5. Intra-annular torsion 
angles (deg) 

Bond Value 

deviations from the weighted least squares mean 
plane are 0.043 and 0.162(3) A (N(2)). 

Small deformations of P,N, rings from 
planarity have been ascribed to intra- and inter- 
molecular steric effects (12, 18, 19). In (NPMe,),, 
the sum of the two independent mean ring 
angles is 0.6" less than the maximal 240°, and the 

resulting torsion angles (Table 5) would allow 
some steric relief of the methyl-methyl repulsion. 
The data of Table 6 suggest that there may also 
be an electronic effect. Electronegative sub- 
stituents are known to decrease P-N bond 
lengths, as exemplified by the increase from 
1.570 A in (NPF,), to 1.605 A in (NPMe,),, the 
longest yet found in a trimeric phosphazene. 
There is evidently a related effect on angles, the 
N-P-N angle decreasing in the series F 
(119.6") > Cl > Br > Ph > OPh > Me > 
NMe, (1 16.7"), in which the methyl group falls 
into the position expected chemically. The effect 
probably depends on the migration of bonding 
electron density which results from changes in 
the effective electronegativity of phosphorus. 

In the larger cyclic methylphosphazenes, the 
steric constraints imposed by the six-membered 

TABLE 6. Comparison of structural parameters (distances in A and angles in degrees) 

P-N P-CjX N-P-N P-N-P C/X-P-C/X Ref. 

Methylphosphazenes (NPMe,), 
n = 3  1 .605(6) 1.809(11) 116.8(11) 122.6(4) 102.6(7) This work 

4 1 .596(5) 1 .804(3) 119.8(2) 132.0(2) 104.1(2) 6 
5 1 .586(4) 1.801(4) 118.7(18) 132.9(17) 104.3(8) 2 
6 1.593(6) 1 .808(4) 118.3(18) 133.1(34) 104.2(5) 5 
7 1 .592(6) 1.804(11) 117.1(16) 132.9(20) 103.9(5) 3 
8 1.590(13) 1.811(2) 117.2(20) 139.9(84) 103.5(10) 4 

Cyclotriphosphazenes (NPX,), 
X = F  1.570(13) 1 .529(4) 119.6(1) 120.4(8) 99.1(6) 9 

C1 1.581(5) 1.993(5) 118.4(1) 121.4(2) 101.4(2) 14 
Br 1 .576(9) 2.162(5) 118.2(8) 120.9(16) 102.1(1) 18 
NCS 1 .58(5) 1.63(1) 1 19(3) 121(4) lOO(1) 24 
C6H5 1 .597(9) 1 .804(5) 117.8(3) 122.1(7) 103.8(5) 19 
OCBHS 1 .575(2) 1.582(2) 117.3(5) 121.9(5) 98.1(28) 22 
NMe, 1 .588(3) 1 .652(4) 116.7(4) 123.0(4) 101.5(7) 23 
1/2(O,C6H4) 1 .575(2) 1.594(2) 117.5(15) 122.5(5) 97.0(5) 20 
1/2(2,2'-bi-C6H40) 1 .570(4) 1 .584(4) 118.4(2) 121.0(2) 102.7(2) 25 
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ring are relaxed, and the angle at nitrogen can 14. G. J .  BULLEN. J. Chem. Sot. A, 1450 (1971). 

increase further. Associated secondary effects, 15. H. Angew. Chem. Dtsch. 61, 438 
16. P. DESANTIS, E. GIGLIO, and A. RIPAMONTI. J .  Inorg. such as changes in o-hybridization, induce Nucl. Chem, 24, 469 (1962), 

changes in the other mean structural parameters, 17. E. GIGLIO and R. PULITI. Acta Crystallogr. 22, 304 
most notably a decrease in P-N bond length ( 1967). 
from 1.605(6) A to values ranging from 1.586(4) 18. H. ZOER and A. J.  WAGNER. Acta Crystallogr. Sect. 

to 1.596(5) A in (NPMe,),-,. B, 26, 1812 (1970). 
19. F. R. AHMED, P. SINGH, and W. H. BARNES. Acta 

Crystallogr. Sect. B, 25,316 (1969). 
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ligand concentrations in solutions of complex equilibria 
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ROGER GUEVREMONT and DALLAS L. RABENSTEIN. Can. J. Chem. 55,421 1 (1977). 
The method developed by Osterberg, Sarkar, and Kruck for obtaining the concentrations of 

free ions in solutions of complex equilibria from p H  titration data has been studied to establish 
the conditions under which the method gives accurate values for free ligand and free metal 
concentrations in systems containing a variety of complexes, including protonated, hydroxy, 
mixed ligand, and polynuclear complexes. Simulated titration data have been used so that the 
true values of free ligand and free metal concentrations would be known. Calculation proce- 
dures are described for each step in the data evaluation, including procedures for extracting 
information about the stoichiometry of the complexes from the unique information provided 
by this method. The effect of various systematic and random errors is also considered. 

ROGER GUEVREMONT et DALLAS L. RABENSTEIN. Can. J. Chem. 55,421 1 (1977). 
On a Ctudik la mtthode dCveloppCe par Osterberg, Sarkar et Kruck pour obtenir, a I'aide de 

donnkes de titrations de pH, les concentrations en ions libres dans des solutions impliquant des 
Cquilibres complexes afin d'etablir les conditions oh la methode fournit des valeurs prCcises 
pour les concentrations de ligands libres et de mdtaux libres dans des systtmes contenant une 
variCtC de complexes incluant des complexes des ligands protonCs, hydroxylks et mixtes, et des 
complexes polynuclCaires. On a utilisC des donnCes de titrations simulkes de f a ~ o n  a connaitre 
les valeurs rCelles des concentrations de ligands libres et de mttaux libres. On dkcrit des me- 
thodes de calcul pour chacune des Ctapes dans 1'6valuation des donnkes incluant des mCthodes 
pour extraire de I'information concernant la stoechiometrie des complexes a partir d'informa- 
tions uniques fournies par cette mkthode. On considere aussi I'effet de diverses erreurs systCma- 
tiques et de celles dues au hasard. 

[Traduit par le journal] 

Introduction [21 CM = [MI + CpPPqr [MIPIHlq[Llr 
Of the methods for determining the stability [3] = [L] + zrpPqr [M]P[H]~[L]~  

constants of metal complexes, those based on L 

potentiometry with the glass electrode are used Where Ppqr and Ppqr[MIp["Iq[LIr are the sta- 
the most frequently and generally are considered bility constant and concelltration, respectively, 
to yield the best results. Several procedures can of the species MpHqLr. In outline, the Pro- 
be used for extracting the stability constants from cedures generally involve systematic adjustments 
the experimental data, which usually consist of a in the stability constants to minimize the func- 
series of p H  titration curves for several combin- tion &fined by eq. 4. 
alions of the metal and ligand concentrations. [41 u = z(cHeXP - CHCa1C)2 
If there are no protonated, deprotonated, 
hydroxy, or polynuclear complexes, the Bjerrum where the summation is over all experimental 
method (1) is the method of choice. H ~ ~ ~ ~ ~ ~ ,  if points. c,""'" is obtained at each experimental 
such species do form the stability constants are point by first choosing a model for the solution 
usually calculated by one of several elaborate equilibria and guessing values for the stability 
computer-based evaluation methods, of which constants in this model. The guesses are sub- 

the more widely used are LETAGROP (2), stituted into eqs. 2 and 3, which are then solved 
GAUSS (3), SCOGS (4), and STEW (5). simultaneously at each experimental point for 

Each of these computation methods makes use [MI and iL]. These values and the guesses for 
of the three mass balance equations for each the stability constants are then substituted into 
experimental point. eq. 1 to give CHCa1". Once U has been calculated 

for this set of stability constants, the constants 
[I]  CH = [HI - [OH] + C9Ppqr [ ~ l P [ ~ l q [ ~ l r  are adjusted and the entire set of calculations is 
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repeated. This procedure is continued until U is 
apparently minimized. If the true minimum of 
the residual function has been found, the re- 
sulting stability constants are those which 
'best' fit the experimental data, according to the 
criteria of least sum of the squares of the re- 
siduals, for the chosen model. Usually the 
stoichiometry of the complexes which form is 
not known, and this entire procedure is repeated 
with several models. Clearly, the values calcu- 
lated for [MI and [L] at each experimental point, 
and thus the stability constants, depend on the 
model. It is disconcerting that different models 
can result in equivalent 'best' fits for the same 
chemical system. 

Recently, a p H  titration method has been 
described in which the free metal ion and the 
free ligand can be calculated simultaneously 
throughout the central titration of an appro- 
priately designed set of titrations (6-8). This 
method is appealing in that the concentrations 
are obtained directly from the experimental data, 
without assuming any hypothesized collection of 
species for that system. The calculation of sta- 
bility constants then reduces to a linear least- 
squares problem using any of the mass balance 
equations. If the stoichiometries of the complexes 
are not known, it still is necessary to postulate a 
model. It is to be expected, however, that fewer 
models will fit the data because the free ligand 
and free metal concentrations are known and not 
derived from the model. 

We have undertaken a critical examination of 
this approach, to establish the conditions under 
which it gives accurate values for the free metal 
and free ligand concentrations in systems con- 
taining a variety of complexes. Our approach 
has been to analyze simulated titration data, so 
that the true values of free metal and free ligand 
concentration would be known. In addition, 
since this method provides information not 
available in the study of complex systems by 
other data evaluation procedures, we also con- 
sider ways in which this information can be 
used to provide guidance in the selection of a 
model. 

Overview of the Method 
The basic relationships in this method for 

determining the concentrations of free ions in 
solutioils of complex equilibria1 are 

'For convenience, we will name this method FICS, for 
free ion concentrations in solution. 

where C, is the concentration of titrable proton, 
CL and CM are the total analytical concentrations 
of ligand and metal, and [L] and [MI are their 
free concentrations. For systems containing 
more components, equations analogous to [5] 
and [6] can be written for each component in the 
solution. For simplicity let us only consider the 
component L, remembering that the discussion 
is applicable to every component in the system. 

The quantity p[L], is the negative logarithm 
of the concentration of free L at some initial 
pHo. A pH, is usually chosen at which no 
complex is formed, and consequently [L], is 
equal to (or may be calculated from) C,. The 
integral of (dCH/dCL),, ,,, is evaluated from 
pH, to the p H  at which p[L] is to be evaluated. 

One experimental method for obtaining 
(dCH/dCL)cM,pF as a function of p H  is with a 
series of titrations where the total concentration 
of L is varied, while all the other components are 
at constant concentration. At a given pH, CH is 
extracted from each of the titrations. The de- 
rivative (dCH/dCL),,,,, is the change in C, with 
C,, measured at CL of the middle titration. In 
exactly this way the derivative at each p H  
throughout the titration is calculated. The values 
of (dCH/dCL),,,,, are then integrated from 
pHo to a given pH, and p[L] at that p H  is 
calculated from [5]. The experiment is designed 
in such a way that, given a system of composi- 
tion CL and CM, referred to as the composition 
of the middle titration, each component is in 
turn selectively varied. The FICS method will 
then provide [L] and [MI as a function of pH, 
for a solution of that overall composition. 

The stability constants of the complexes are 
calculated by a linear least-squares fit of the [L] 
and [MI data into the mass balance equations. 
Any one mass balance is completely sufficient 
unless a given complex does not contain any of 
that particular component. 

In the following section, the calculation pro- 
cedures at each step in the method are considered. 

Calculation Procedures in the FICS Method 
C, Calculations 

The total concentration of titrable proton is 
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calculated from the relation 

[7] CH = (NTP x CL) f CA - CB 

where NTP is the number of titrable protons on 
the ligand in the form used to prepare the solu- 
tions, and CA and C, are concentrations of added 
acid and base. Calculation of (dCH/dCL),,,,H 
requires that CH be known at specific and 
closely spaced p H  values throughout the series 
of litrations. Since this is difficult experimentally, 
some manipulation of the data is necessary. We 
have used a simple linear interpolation between 
data points. The linear interpolation is limited in 
that, first it does not use the entire body of data 
as a unit, and therefore does not have the 
smoothing potential which curve fitting proce- 
dures might have, and second it will bias the data 
in some cases. A bias to large CH will result if the 
CH vs. pH  curve is concave upward, and to low 
CH's if the curve is concave downward. However 
we have found that the linear interpolation pro- 
vides very good estimates of CH at the required 
pH's when data points are taken at p H  intervals 
of 0.1 units or less. Eficient use of the experi- 
mental data requires that the p H  interval used 
in the FICS procedure be approximately equal to 
that of the data. 

The Derivative, (dC,/dC,),,,,, 
The reliability of the derivative depends 

strongly on several factors: (1) the accuracy of 
CH, (2) the degree of curvature of the CH vs. C, 
function, (3) the number of titrations of varying 
CL, and (4) the extent to which the concentra- 
tioils of components other than CL remain 
constant. 

In Fig. 1 are plots of CH vs. C, at various p H  
values for a system containing a diprotic ligand 
and complexes ML, ML,, ML,, and H-,ML2, 
where H-,ML2 might be a hydroxy complex. 
The important characteristics to note are that 
CH may vary over several orders of magnitude, 
under conditions of excess metal concentration 
CH may be small, and there may be extreme 
curvature in the function of CH vs. C,. 

The design of the experiment must avoid prob- 
lems arising from the above factors. The 
quantity C, has error associated with it, and if 
the absolute value of C, is small the experi- 
mental data may not be sensitive enough to 
reflect the true behaviour of CH with change in 
C,. In this situation the derivative cannot have 
much significance. This will occur in systems 

0.0 1.0 2.0 3.0 4.0 

C, x lo3 (M) 
FIG. 1. CH VS. CL for a system containing a diprotic 

ligand and complexes ML, ML,, ML,, and H-1ML2. 
The overall ligand protonation constants are 1.0 x lo6 
and 1.0 x 10lO. The formation constants of the com- 
plexes are 1.0 x lo6, 1.0 x lo", 1.0 x 1015, and 1.0 x 
lo4 respectively. CM was constant at 1.0 x M (see 
Tables 1 and 3). 

where CL is low, and in those containing excess 
metal. 

Each point on a CH vs. C, plot represents data 
from a separate titration, and the numbers of 
points are therefore necessarily small. This im- 
poses the requirement that the range of CL be 
chosen so that CH varies linearly with CL. If 
this condition is met only two titrations are 
necessary, and more will provide increasingly 
reliable results. Reasonable random error is 
acceptable since a linear least-squares fit will 
tend to give better derivatives than the limit of 
accuracy of CH might indicate possible. A linear 
variation in CH with C, can be achieved experi- 
mentally if the ligand to metal ratio is higher than 
the stoichiometric ligand to metal ratio of pre- 
dominating complexes. The range of CL must 
not be so wide as to extend into regions of 
curvature of the CH vs. C, function. 

With a small number of data points, a least- 
squares polynomial fit will not solve the prob- 
lem of curvature of CH with C,. First, if the 
function of C, vs. C, is in fact linear with ran- 
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dom error superimposed, the polynomial may 
try to fit even those errors. Second, if the func- 
tion is nonlinear, it is not likely as simple as a 
polynomial of low degree, and systematic 
distortion of the actual relation will occur. 

The Integral SPH (s) dpH 
PHO d C ~  CivvrrpH 

T h e  values of (dCH/dC,)c,,p, a n d  
(dCH/dCM)cL,p, usually fall within the range + n, 
where n is the number of protons on the fully 
protonated ligand. Figure 2 shows the variation 
in these derivatives as a function of p H  for the 
same system considered in Fig. 1. 

The concentrations of free ligand and free 
metal at a particular pHare calculated by integrat- 
ing the functions shown from pH,, to that pH. We 
have chosen to evaluate the integral numerically 
from the tabulated function (dCH/dC,),,,,, 
using the trapezoid rule. This procedure, used 
at 0.1 p H  intervals, gave as good accuracy as 
in most cases is appropriate. Alternatively, the 
entire set of (dCH/dCL)c,,p, can be fit to a poly- 
nomial (7), and the integral evaluated by simple 
calculus. 

All the series of simulated titration data pre- 
sented in this paper were treated in exactly the 

FIG. 2. (~CH/~CL)CM.~H, A, and ( ~ C H / ~ ~ M ) C , , ~ H ,  B, as a 
function of pH for the system of complexes defined in 
the legend of Fig. 1 .  C, = 1.0 x M, C, = 4.0 x 

M (see Tables 1 and 3). 

manner described in the previous sections. 
Examples of free ligand and free metal con- 
centrations derived using FICS are shown in 
Tables 1 and 2. Table 1 contains known and 
derived [L] and [MI corresponding to the 
system already referred to in Figs. 1 and 2. 
Table 2 presents results from which can be seen 
the effect of dilution on [L] and [MI. This is 
discussed in a later section on errors. 

Formation Constants 
The FICS method provides free ligand and 

free metal concentrations as a function of pH. 
Formation constants can be extracted from a 
linear least-squares fit to the mass balance of 
each component in solution. The quantity U is 
minimized. 

In all the examples presented in this paper we 
have used a Gaussian elimination followed by 
matrix inversion to solve the simultaneous 
equations. Each mass balance is treated separate- 
ly and no constants are given as knowns. The 
mass balance for protons, C,, has not been used 
since weighting of the data would be necessary. 
For simplicity in this work, the mass balances for 
ligand and metal are shown as C[L] and C[M]. 

Some estimate of the accuracy of the FICS 
method is necessary. The simplest, though not 
the most reliable quantity, is the goodness of the 
fit of the model to the known total analytical 
concentrations of ligands and metals. The 
experimental values of [L] and [MI and the 
formation constants are inserted into [8] and the 
standard deviation of the fit is [U/(n - 1)]1'2, 
where n is the number of experimental points. 
The relative standard deviation of the fit, in per- 
cent, is used in this work. 

The standard deviation calculation is limited 
in that it does not give any indication of the 
accuracy of the [L] and [MI data, rather it only 
estimates the fit of the hypothesized model to 
that data. For this reason a study of the evalu- 
ation of [L] and [MI by the FICS method using 
simulated titration data, where [L] and [MI are 
accurately known, is particularly important. 

The suitability of a model describing the 
composition of complex species existing in 
solution may be checked several ways. It is 
expected that a good hypothesis will give a low 
standard deviation of the fit, and that the con- 
stants derived from one mass balance will agree 
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TABLE 1. Known free ligand and free metal concentrations and those calculated by FICSa 

Free ligand Free metal 

PH Known Calculated Known Calculated 

'For a system containing a diprotic ligand and the complexes ML, ML2, ML3, and H_,ML2. The known 
constants and those derived from these values are given in Table 3. The following conditions were used in the 
simulation: Cy = 0.90, 0.95, 1.00, 1.05, and 1.10 x 10-3 M with CL = 4.00 x 10-3 M and CL = 3.6, 3.9, 
4.1, and 4.4 x 10-3 M with CM = 1.00 x 10-3 M.  The middle titration is Cy = 1.00 x 10-3 M and C, = 
4.00 x 10-3 M. 

TABLE 2. The effect of dilution on free ligand and free metal concentrations calculated 
by FICSa 

Titrant Free ligand Free metal 
volumeb 

PH (mu Known Calculated Known Calculated 

T o r  a system containing a triprotic ligand and the complexes HML, HML2, and ML2. The known constants 
and those derived from these values are given in Table 3. The titration conditions were: Cy = 0.99, 1.0, and 
1.01 x 10-3 M with CL = 3.0 x 10-3 M,  and CL = 2.99 and 3.01 x 10-3 Mwith Cy = 1.00 x 10-3 M .  The 
middle titration is CM = 1.00 x 10-3 M and CL = 3.00 x 10-3 M.  

*Initial volume was 300 mi. 

with those derived from another. The constants 
which are known, for example, ligand proton- 
ation constants, must be derived correctly from 
the data. The existence of some species may be 
questioned if small or negative formation con- 
stants are produced, or if the agreement of 
values based on different mass balances is poor. 

The next section will deal directly with the 
problem of assigning a model to the system. 

methods. Using [HI, [L], and [MI the concen- 
trations of proton, ligand, and metal whose 
chemical situation has not been determined 
(AC,, ACL, and ACM) can be calculated. For 
example, given the total ligand concentration 
CL, and the free ligand concentration [L], ACL 
equals CL - [L]. If the p H  and protonation 
constants are known, 

A Model for Metal-Ligand Interactions + Pz[H12[LI) 
Titration methods do not in general provide for a diprotic ligand. 

information from which the model, or .the types Figure 3 is a combined plot of ACH, ACL, and 
of con~plexes in a system, can be derived. In ACM for a system containing a triprotic ligand 
this respect, FICS has an advantage over other and complexes H2ML, HM2L, and M2L,. 
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FIG. 3 .  AC", 0, ACL, A, and ACM, 0, for a system 
containing a triprotic ligand and complexes H,ML, 
HM2L, and M2L2. See text for details of calculation. 

Three distinct areas can be seen. ( I )  Below p H  
3.5 there is a region where ACH is about twice as 
large as AC, and ACM. (2) Near p H  6.0 AC, is 
about twice as large as ACH or ACL. (3) Above 
p H  6.0 AC, becomes zero and ACL and ACM are 
equal. Based upon ( I )  a complex of type H2ML 
would be expected to minimize AC,, AC,, and 
ACM if its concentration is about 1 x M 
at p H  3.5. Using [HI, [L], and [MI from p H  
3.0 to 3.5, a formation constant of 1.2 x 1019 
for H2ML was calculated. 

Figure 4 is a plot of ACH, ACL, and ACM, 
where these quantities are calculated using the 
estimated value of the formation constant for 
H2ML. For example 

where [H,ML] equals j3,,,,[HI2 [MI [L]. If the 
series of species included in [lo] completely 
accounts for all the ligand in solution, AC, will 
be zero. This appears to be the case in the region 
near p H  3. However, in the p H  region 4 to 5 
a complex forms which contains approximately 
equal amounts of proton and ligand, and a larger 
amount of metal. A complex of the type HM2L 
may best account for the observed ACH, ACL, 
and ACM. This was not evident in Fig. 3 for the 
same p H  range. Using [HI, [L], and [MI data 
from p H  3 to 6, constants for H2ML and HM,L 
were found to be 1.02 x 1019 and 9.98 x 1017 

FIG. 4. ACH, 0, ACL, A, and ACM, 0, as in Fig. 3, 
except that the complex H2ML is accounted for in the 
calculation of ACH, ACL, and ACM. An estimated value 
of 1.2 x 1019 for pH2ML was used in the calculation. 

respectively. Figure 5 is a plot of AC,, AC,, and 
ACM using these estimated constants. The other 
major complex in solution must contain no pro- 
tons, and equal numbers of ligands and metals. 
Inclusion of the species M2L2 yielded formation 
constants of 1.00 x loz1, 9.97 x 1015, 9.97 x 
lo9, 9.93 x 1018, 1.03 x 1018, and 1.01 x 1017 
for H,L, H2L, HL, H2ML, HM2L, and M2L2 
respectively from the ligand mass balance and 

FIG. 5. ACH, 0, ACL, A,  and ACM, [7, as in Fig. 3, 
except that the complexes H2ML and HM2L are ac- 
counted for in the calculation of ACH, ACL, and ACM. 
Estimated values of 1.02 x 1019 and 9.98 x 10'' were 
used for PH2ML and B H M ~ L .  
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GUEVREMONT AND RABENSTEIN 4217 

9.98 x 1018, 1.00 x 1018, and 1.01 x 1017 for 
H,ML, HM,L, and M,L, respectively from .the 
metal mass balance. 

The Effect of Error on the FICS Method 
This discussion will be limited to error intro- 

duced through the experimental procedure. The 
size of error due to the nature of data handling 
of the FICS method can be seen in Tables 1 and 
2. The systems of simulated titrations were de- 
signed to be experimentally feasible, but without 
the error associated with the actual experiment. 
There has been no attempt to show that FICS 
can produce perfect [Ll's and [MI'S because this 
would require a set of titrations which could 
never actually be performed. At this point we will 
introduce those systematic and random errors 
which are inherent to the real experiment. The 
error in [L] and [MI will then include uncer- 
tainty arising from both sources, the FICS data 
handling and the imposed experimental error. 

Dilution Error 
Three separate types of error are introduced 

by dilution. First, in the experiments designed for 
the evaluation of (dC,/dCL),,,,,, CL is not 
constant but varies as titrant is added. This is 
easily compensated for in the evaluation by 
using CL exactly as it is found at that pH, based 
upon volume of titrant added to that point. 
Each p H  will have a unique set of CL's through 
which the derivative is evaluated. 

The second and third dilution problems are 
related to dilution of components other than 
CL, and cannot be corrected in the data handling 
process. During a set of titrations designed to 
give the derivative (dCH/dCL),,,,,, the C, will 
vary through dilution. Assum~ng that all the 
titrations have equal dilution to a given pH, the 
derivative will be evaluated at a CM different 
from CM at pHo. 

The third type of error is implied above. All 
the titrations do not have equal dilution to a 
given pH, and consequently, at each pH, CM will 
be different for the different titrations. The term 
(dCH/dCL),,,,, explicitly requires that the 
change in CH with C, be measured at constant 
p H  and CM. 

These problems contribute significant error to 
the free ion concentrations. Table 2 shows [L] 
and [MI for a system containing a triprotic acid 
and complexes HML, HML,, and ML,. With a 
total dilution of 7.201 ml titrant into 300 ml, 

the free ligand concentration at p H  10.0 had 
about 10% error and the free metal concen- 
tration about 25%. Without dilution the error in 
[L] and [MI was only 0.5%. Table 3 summarizes 
formation constants derived from these two sets 
of free ion concentration data. 

Error introduced by dilution cannot be cor- 
rected once the data have been taken. On the 
other hand, it is possible to experin~entally en- 
sure that CM remains constant throughout a set 
of titrations, either by eliminating dilution by use 
of coulometric titration, or by simultaneous 
addition of titrant and a concentrated metal 
solution. We have found the latter, using com- 
puter operated instrumentation, to be a 
solution to this problem. 

Error in p H  Measurement 
Unlike other p H  titration methods, the FICS 

procedure does not require that the hydrogen 
ion concentration or the hydrogen ion activity 
be known to get accurate free ion concentrations 
for ligands and metals. The p H  is merely a 
reference scale on which to first evaluate 
(dCH/dCL),,,,,, and to finally integrate this 
quantity from pHo to pH. Its numerical value is 
not required in any stage of the calculation of 
[L] and [MI. However, the p H  does enter into 
the calculation of formation constants. 

If the electrodes are standardized using NBS 
activity buffers, then [L] and [MI are known at a 
series of p,H values. The formation constants are 
calculated using the sets of p,H, [L], and [MI, 
and consequently are of a mixed activity, con- 
centration type. If the electrodes are calibrated 
for Hf concentration, the [L] and [MI are 
correct at those concentrations, and the derived 
p's are concentration formation constants. 

The FICS method requires only that the p H  
electrode standardization be internally consistent 
and serious systematic error is avoided. Random 
errors in individual measurements will exist, 
however. These will give rise to exactly the same 
type of error as random errors in C,, and will 
therefore be discussed in that section. 

Error in the Initial Free Ligand and Free Metal 
Concentrations 

The FICS method requires that [L] and [MI 
be known at pHo, imposing restrictions which 
contradict many of the experimental require- 
ments discussed above. In most cases complexa- 
tion is only negligible at low pH, where protons 
successfully compete for ligand. Under these con- 
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TABLE 3. Actual formation constants and those calculated from p[M] and p[L] values 
obtained by the FICS method 

Formation constants 
Complex 
system Actual CL Mass balance CM Mass balance 

HzLa I .Ox 1Ol0 9.983 x109 
HL 1 .Ox lo6 9.952 x 10" 
ML 1 .Ox lo6 1.021 x lo6 1.004x106 
ML2 1 .Ox 10'' 9.978 x 10l0 9.948 x 1O1O 
ML3 1 . O X  loi5 1 .019 x loi5 1 .015 x loi5 
H-lML2 1 . 0 ~  lo4 1.004 x104 1 . 0 0 2 ~  lo4 

H3Lb 1 .OX loZ1 1.0008 x 10'' 
HzL 1 . O X  10l6 1.0062 x 1016 
HL 1 . 0 ~  loi0 9.9996 x lo9 
HML 1 . 0 ~  loi7 9.984 x 1016 
HMLz 1 . O X  loz5 9.993 x loz4 
ML2 1 .Ox 1ol8 9.989 x 1017 

H3Lc 1 .Ox 102' 9.893 x loz0 
H2L 1 . 0 ~  1ol6 1.073 x 1ol6 
HL 1 .Ox 1O1O 1.215 x10l0 
HML 1 . O X  loi7 1.056 x 1017 
HMLz 1 . O X  loz5 1.044 x loz5 
ML2 1 . 0 ~  1ol8 9.647 x loi7 

'Calculated from the p[Ml and p[Ll data in Table 1 .  The standard deviation of  the fit to both the CL and CM 
mass balances is 0.12%. 

Talculated from the data with no dilution in Table 2. 
CCalculated from the data with dilution in Table 2. 

TABLE 4. Effect of systematic error in p[LIo and p[MIo on free ligand and free metal 
concentrations calculated by FICSa 

Initial concentrations of free ligand and free metal, p[L], and p[MIob 

Free ligand 
1.23 1.21 

1.07 1.05 
1.45 1.42 
1.88 1.85 
2.01 1.99 

Free metal 
3.79 3.54 
3.05 2.85 
4.87 4.55 
8.06 7.53 
2.19 2.04 
2.74 2.57 
2.78 2.60 

"See Table 1 for the model and the known free ligand and free metal concentrations. 
LCorrect p[L], = 6.470 and p[M],= 3.131 at pH, = 3.00. 
Cp[Llo and pIM1, assumlng no complexation has occurred at pH,. 

ditions, CH at pHo is large. This leads to dif- loses significance at correspondingly larger 
ficulty in those regions of the pH titration where values. 
CH is small. As the size of CA and CB (concen- Table 4 illustrates the effect of error in p[L], 
trations of added acid and base) increases, CH and p[M], on [L] and [MI derived for the system 
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considered in Table 1. The far left column is the 
set of [L] and [MI calculated using p[L], and 
p[M], based upon the (incorrect) assumption 
that no interaction between ligand and metal 
has occurred. The error in [L] and [MI is 
significant. 

The problem may be corrected by an iteration 
where (I) the p[L], and p[M], are calculated 
assuming no complexation and used in the FICS 
procedure to estimate p[L] and p[M], (2) the 
formation constants are then estimated, and (3) 
new p[L], and p[M], calculated on the basis of 
the calculated constants. Tables 4 and 5 show 
the effect of this iteration. Each p[L], and 9 

Y1 Y 

p[M], are based upon the [L], [MI, and for- 5 * 
mation constants of the previous column. Each 2 
iteration gives better [L] and [MI values, and 8 
more reliable formation constants. E 

.- 
The method will fail if too much metal and * 

ligand are complexed at pHo, or if the complexes g 
E 

forming at low p H  are not known. In these cases o 
the titrations must be repeated beginning at O 

lower pHo. The CH vs. CL and CH vs. C, plots g - 
indicate the p H  at which the complex starts to a 

form; if no complex forms the slope of the CH -0 

5 
vs. CL plot will equal the average protonation - O 
number of the ligand at that p H  while that of the a cl 

a 
C, vs. C, plot will be zero. .- E 

L 

Random Error 2 
All measurements have some uncertainty 3 

0 .- 
associated with them. In order to evaluate the Y 

effects of random error on the FICS method we 
C) 6 

have imposed random noise of various magni- 5 
tudes on the titration data. The experimental L 

data are CH as a function of pH. We will there- Y 

fore restrict discussion to error in C,, since an # 
error in p H  is equivalent to an error in CH. v; 

Two approaches have been considered, first a 3 
random error based on the absolute magnitude 9 

b 
of CH and, second, a random error of constant 
magnitude. It must be noted here, however, 
that error seldom is totally random, and con- 
clusions based on studies of random errors are 
only qualitative in nature. 

Table 6 summarizes results of the FICS method 
used on the system considered in Table 1, where 
random errors proportional to the size of CH 
have been imposed on the titration data. The 
constants derived from the [L] and [MI from 
Table 6 are shown in Table 7. Considerable error 
develops in [L] and [MI when the random 
errors are larger than 0.5% of CH. Similar con- 
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TABLE 6. Effect of random error in CH on free ligand and free metal concentrations cal- 
culated by FICSapb 

With random error in CH 
Known 

PH free ligand k 0.5% + 1% k 2% k 5% 

4.0  1 . 2 0 4 ~  lo-' 1.21 1.21 1.32 1.50 
5.0 1 . 2 5 0 ~  1.27 1.32 1.38 1.62 
6.0 5.792 x 5.86 6.00 6.14 6.80 
7.0 1 . 0 5 5 ~  lo-3 1.07 1.09 1.12 1.24 
8 .0  1 . 4 2 2 ~  1.45 1.47 1.51 1.68 
9 .0  1.844 x 1.88 1.92 1.97 2.19 

10.0 1 . 9 8 0 ~  2.01 2.06 2.14 2.42 

Known 
free metal 

4.0 3 . 4 1 4 ~  lo-' 3.23 3.40 4.82 8.08 
5.0 2.732 x 2.52 2.91 3.95 6.80 
6.0 4 . 3 1 4 ~  4.17 4.99 5.67 8.34 
7.0 7.151 x 10-lo 6.95 8.27 9.50 10.42 
8 .0  1.959 x 10-lo 1.88 2.24 2.57 3.82 
9 .0  2.463 x lo-" 2.37 2.70 3.25 4.91 

10.0 2.498 x lo-'' 2.47 2.70 3.41 5.40 

'The magnitude of the random error is proportional to the magnitude of CH. 
bFrom simulated titration data for the system considered in Table 1. 

TABLE 7. Effect of random errors in CH on formation constants a ,b  

With random error in CH 

k 0.5% + 1% + 2% k 5% 
Known -- -- - 

Complexes constants WIc x[Mld ULl  x[Ml E L I  x[Ml VLI 

H2L 1 .Ox 1010 1.005 0.982 1 .OO 1.00 
HL 1 .0x106  1.026 0.909 1.01 1.08 
ML 1 . 0 ~  lo6 0.854 0.964 1.08 1.01 0.970 0.855 0.715 
ML2 1 .Ox 10l1 1.059 1.101 1.06 0.951 0.259 0.388 -1.29 
ML3 1 . 0 ~  loL5 0.982 0.985 0.753 0.755 0.652 0.674 3.21 
H-lML2 1 . 0 ~  lo4 0.972 0.991 0.808 0.847 0.575 0.626 0.240 
Standard 

deviation of fit 0.41% 0.99% 1.1% 2.1% 2.2% 3.8% - 

'The magnitude of the random error is proportional to the magnitude of CH. 
F r o m  simulated titration data for the system considered in Table 1. See Table 6 for free ligand and free metal data. 
CCalculated from ligand mass balance. 
dcalculated from metal mass balance. 

clusions result from the consideration of random 
error in C, of a constant magnitude. 

Several words of caution are appropriate. 
Systematic errors are considerably more serious 
than random errors. Therefore a systematic 
error of magnitude comparable to the random 
errors considered in Tables 6 and 7 will not give 
results as good as the results in Tables 6 and 7 
indicate. In addition it must be kept in mind that 
the ligand to metal ratio, and so on, used in the 
simulated data, was chosen with all those factors 
discussed in the section on calculations given care- 
ful consideration. Conclusions arrived at in this 

section on errors cannot be applicable to situ- 
ations where C, is uilnecessarily small, or severe 
curvature in the function of C, vs. CL exists. 

Conclusions 
The FICS method has several important 

advantages over most p H  titration methods for 
the study of complex equilibria. The method 
provides free ion concentrations directly from 
the experiment. Moreover, they are derived for 
each component individually, that is, indepen- 
dent of the other components, and independent 
of the numerical value of the hydrogen ion 
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concentration. In contrast to most other meth- 
ods, FICS derives free ligand and free metal 
concentrations completely independent of any 
preconceived model of interactions which may 
be occurring in solution. The free ligand and 
free metal concentrations are accurate even if a 
model for the system is never found. 

The FICS procedure has been tested extensive- 
ly on simulated titration data, and is applic- 
able to systems containing a variety of species. 
Examples include hydroxy, protonated, poly- 
nuclear, and mixed ligand complexes. No at- 
tempt has been made to show that FICS will give 
completely exact [L] and [MI; rather, attention 
has been focused on each step of the procedure 
to find the most practical and reliable experi- 
mental method to use with FICS. In this respect it 
was found that situations where C, is small and 
where the curvature of CH vs. CL is large must be 
avoided. Systems containing an excess of ligand 
appear to be most favorable. Under these con- 
ditions a series of relatively simple manipulations 
of the experimental data will give accurate free 
ion concentrations. 

The availability of free ligand and free metal 
concentrations presents excellent possibilities 
for the logical deduction of the con~plexes 
existing in solution. For this purpose, the quan- 
tities ACH, AC,, and ACM have been introduced, 
and applied to the deduction of a model from 
simulated titration data. Considerable informa- 
tion concerning the model is also potentially 
available from plots such as those in Figs. 1 and 2. 

The results in this paper indicate, however, 
that proper use of this method requires careful 
design of the experiment. For example, signi- 
ficant error can result from dilution due to the 

systematic violation of the theoretical require- 
ments of the FICS method. The requirement 
that p[M], and p[L], be known at pHo can be 
satisfied even though some complexation has 
occurred at pHo by use of an iterative procedure. 
This makes it possible to avoid extremely low 
p H  values where precise measurement of pH, 
and thus CH, can be difficult. 

We have used the methods described in this 
paper in a study of the zinc complexes of aspartic 
acid and glutamic acid. The theoretical require- 
ment that C, and C, remain constant for the 
evaluation of(dCH/dC,),,,,, and(dCH/dC,),,,,, 
has been satisfied by the addition of the re- 
quired amount of a concentrated metal or a 
concentrated ligand solution with each addition 
of titrant. The results are in excellent agreement 
with literature values and will be presented in a 
future publication on the chemistry of these 
systems. 
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MICHAEL J. KRECH, STANLEY JAMES W. PRICE, and HENRY J. SAPIANO. Can. J. Chem. 55,4222 
(1977). 

The heat of formation of bromopentafluorobenzene has been determined through the use of 
the direct combustion method which has been applied to hexafluorobenzene, octafluorotoluene, 
and iodopentafluorobenzene. While a platinum lined bomb is normally used for these types of 
compounds a steel bomb had to be adopted in this work. The combustion of bromopentafluoro- 
benzene in the steel bomb yields COZ, CF4, Fz, Br2, and BrF,. With a ten-fold excess of oxygen, 
the average C 0 2  to CF4 molar ratio is 7.29 + 0.07. A material balance was obtained for carbon, 
fluorine, and bromine. The value of AHfzgs0(C6F5Br, g) = -711.6 + 16.7 kJ mol-' (- 170.1 
+ 4.0 kcal mol-') has been combined with AHfZg8O(C6F5, g) = -387.4 kJ mol-' (-92.6 kcal 
mol-') and AHfzgsO(Br, g) = 111.7 kJ mol-' (26.7 kcal mol-') to obtain a value for D[C6F5- 
Br] of 435.9 kJ mol-' (104.2 kcal mol-I). 

MICHAEL J. KRECH, STANLEY JAMES W. PRICE et HENRY J. SAPIANO. Can. J. Chem. 55,4222 
(1977). 

On a determine l'enthalpie de formation du bromopentafluorobenztne par l'utilisation de la 
methode de combustion directe qui a Cte appliquee a l'hexafluorobenzene, a l'octafluorotolutne 
et a l'iodopentafluorobenzene. Alors qu'une bombe couverte de platine est generalement 
utilisee pour ce type de composk, on a adopt6 une bombe en acier dans le present travail. La 
combustion du bromopentafluorobenzene dans la bombe d'acier conduit a la formation de COz, 
de CF4, de Fz, de Br2 et de BrF,. Si on utilise 10 fois la quantite necessaire d'oxygbne, le rapport 
molaire moyen de COz sur CF4 est de 7.29 + 0.07. On a obtenu une bonne balance de materiel 
pour le carbone, le fluor et le brome. On a combine la valeur de AHfzgs0(C6F5Br, g) = - 71 1.6 + 16.7 kJ mol-' (- 170.1 f 4.0 kcal mol-') avec la valeur de AHfZgS0(C6F5, g) = -387.4 kJ 
mol-' (-92.6 kcal mol-') et AHf2980(Br, g) = 111.7 kJ mol-' (26.7 kcal mol-') pour obtenir 
une valeur de 435.9 kJ mol-' (104.2 kcal mol-') pour D[C6F5-Br]. 

[Traduit par le journal] 

Introduction 
To date no thermodynamic study for the heat 

of formation of C6F5Br has been reported. The 
combustion of C6F5X (X = F, H, CH,, C1, OH) 
has been determined by Cox and co-workers 
(1, 2). These studies involve the placement of 
fluoro compounds in polyester film bags. To 
ensure complete combustion hydrogen contain- 
ing organic materials were added to the crucible. 
An alternate and successful approach involves 
open dish combustion under anhydrous condi- 
tions and without any auxiliary materials (3-5). 
This method has been adopted for the combus- 
tion of bromopentafluorobenzene through the 
use of a steel crucible in a steel bomb. 

'To whom correspondence should be addressed. 

Experimental 
Materials 

(i) Brornopentafluorobenzene 
C6F5Br obtained from the Imperial Smelting Corpora- 

tion was purified by fractional distillation. The final 
product had the following physical properties (the values 
in parentheses are those reported by the manufacturer 
(6)): bp = 137°C (137"C), ni5 = 1.4483 (1.4483). Anal- 
ysis by gas chromatography (6 ft x & in. od Durapak 
n-octane/Porasil C, 100-200 mesh, Nz carrier, 60cm3/min, 
column temperature 120°C, flame ionization detection) 
showed the presence of a minor impurity which was found 
to represent a maximum of 0.05% of the sample. 

Vapour pressure measurements were taken over the 
range 10-75°C using the same modified Ramsay-Young 
system previously employed for C6F6 (3), C6F5CF3 (4), 
and C6F51 (5). Over 50 vapour pressure measurements 
were made over three independent runs. The data may be 
represented by 
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[I] log,, P (cm) = 7.2304 - 2278.4/T 
+ 0.1 142 log,, T 

The resulting heat of vaporization and average heat 
capacity differences (vapour - liquid) are AH2980 = 43.05 
+ 0.21 kJ mol-' and <ACp)10.750c = 0.954 J deg-' - 
mol-'. 

(ii) C02, CF,, F2, BrF,, BrF, 
C02,  CF,, and F, were obtained from the Matheson 

Chemical Company and were used without further 
purification. BrF, and BrF3 were obtained from the Air 
Products Chemical Company and Fluorchem Ltd., re- 
spectively. Both were stored as received in monel steel 
cylinders under their own vapour pressure. Before use the 
liquids were distilled into Pyrex traps and vacuum dis- 
tilled. The vacuum distillation system used had taps 
equipped with Teflon barrels and Viton-O-rings and all 
joints and glass stopcocks were greased with halocarbon 
grease. 

(iii) Bromine 
Reagent A.C.S. bromine was dried over phosphorous 

pentoxide and vacuum distilled. A middle fraction was 
collected and stored under its own vapour pressure in a 
Pyrex tube. 

(iv) Sodium Thiosulphate 
Sodium thiosulphate pentahydrate (12.5 g) was dis- 

solved in 1 ! of water that had been recently boiled and 
cooled. A few drops of chloroform were added as a pre- 
servative and the resulting solution was standardized with 
potassium iodate (7). 

(0) Potassium Iodide 
Reagent grade potassium iodide was used without 

further purification. 

Apparatus and Calorimetric Procedure 
The apparatus and procedure used for the main com- 

bustion process were identical to those used for C6F6 (3), 
C7F8 (4), and C6F51 (5). The sole exception was the use 
of a Parr model 1004 C steel bomb and steel crucible that 
contained the liquid C6F5Br. 

The rate of loss of C6F5Br from the steel crucible in 
which it was weighed was 0.0207 mg s-'. The time 
between weighing the crucible containing the liquid and 
closing the bomb was such that less than 0.04% of the 
total sample was lost by evaporation. The correction for 
the evaporation is estimated to be accurate to better than 
+ 3%. The error generated by the correction procedure 
should therefore be less than + 0.001%. 

Analysis of Reaction Products 
The analytical procedures for CO,, CF,, and F2 have 

been described elsewhere (3-5). Bra was either weighed 
and/or reduced with KI and titrated with standardized 
0.05 N sodium thiosulphate. Quantitative analysis of BrF, 
was based on determination of F-  using a fluoride 
specific ion electrode in conjunction with an Orion 701 
digital pH meter. Mass spectra were obtained using a 
Varian MAT CH5-DF spectrometer controlled by an 
INCOS computer system. Fluorine nmr spectra were 
obtained on a nmr JELCO C60 HL spectrometer and are 
reported in ppm with trifluoroacetic acid used as an 
internal standard. A Bauch and Lomb Spectronic 20 
calorimeter was used to determine iron with 1,lO-phen- 

anthroline. Standards containing Fe(I1) and Fe(II1) were 
used. Both the ferrous and ferric iron were determined 
simultaneously. Only the ferrous complex absorbs at 
515 nm and both complexes have identical absorption at 
396 nm (the amount being additivej (8). 

Results and Discussion 
Preliminary combustions done in the platinum 

lined bomb resulted in the formation of a dark 
red to yellow-brown solid indicating possible 
formation of PtF,. A noticeable loss in weight of 
the platinum crucible was observed after each 
con~bustion. Spot tests showed that platinum(1V) 
ions were formed (9). 

Combustions were then extended to test the 
suitability of a steel bomb. It has been observed 
that combustion in this bomb with fluoro- 
aromatic compounds produced the formation of 
a green coloration inside the bomb (10). This was 
shown to be iron(I1) and iron(II1) fluorides (9). 
A determination of the amount of Fe(I1) and 
Fe(II1) fluorides after combustion of C6F5Br was 
tested. A spectrophotometric determination (8) 
was used and the amount of iron fluorides found 
after combustion was 1.7 + 0.01 mg. The correc- 
tion to the heat of formation of C6F5Br caused 
by the formation of FeF, and FeF, would be 
less than 3.3 + 0.5 kJ mol-I per experiment. All 
subsequent combustions were therefore carried 
out using the steel bomb and steel crucible. 

The combustion of C6F5Br led to the forma- 
tion of products that were identified as CO,, 
CF,, F,, Br,, and BrF,. 

CO,, CF,, and F, were identified in the same 
manner as reported for the products of combus- 
tion of C6F6 (3), C,F, (4), and C6F51 (5). Quanti- 
tative analysis of these products was carried out 
by gas chromatographic procedures similar to 
those previously used (3-5). In this study two 
types of columns were used. The first column was 
a 6 ft x + in. od silica gel column (25"C, He 
carrier, 15 cm3/min). Uncorrected retention times 
for O,, CF,, and CO, are 1 min 30 s, 3 min 12 s, 
and 12 min 36 s, respectively. In the first five runs 
in Table 1, the CO,/CF, ratio was found through 
the use of this column. Calibrations were carried 
out using 0,-CF, and 0,-CO, mixtures. Use of 
pure CF, leads to a response factor that is low by 
4.6%. The CO, calibration is uneffected. The net 
result is that, if the relative factor determined 
with pure CF, and CO, is used, a value for 
AH,,,,~(C,F,B~, g) is obtained that is about 
17 kJ mol-' too high. 
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The second column which was a 6 ft x in. 
od Porapak Q column (25"C, He carrier, 48 
cm3/min) was used to determine the CO,/CF, 
ratio for the remaining runs. Uncorrected reten- 
tion times for O,, CF,, and CO, are 1 min 3 s, 
1 min 54 s, and 4 min 57 s, respectively. An im- 
proved separation between oxygen and tetra- 
fluoromethane occurred using this column. Use 
of pure CF, leads to a response factor that is low 
by only 1%. 

Condensable products (at - 80°C) were col- 
lected in either a glass or stainless steel trap. To 
ensure all products volatile at 25°C were removed 
from the combustion bomb, the system was 
flushed with ultra high pure oxygen for 2 h and 
the bomb was then evacuated through the trap. 
The cold trap was allowed to come to room tem- 
perature. Two immiscible liquids were observed. 
The major portion (lower phase) had a charac- 
teristic colour of free bromine and the upper 
phase had a colorless to gray-yellow colour. 
Since a carbon balance had already been es- 
tablished the possibility of any halo-carbon 
products were unlikely and the fact that all the 
bromine oxides (11) are unstable at room tem- 
perature indicated that the remaining products 
would be halogen or interhalogen compounds 
such as Br,, BrF, BrF,, and BrF,. BrF has not 
been isolated as of yet but there are indications 
that it does exist through spectroscopic studies. 

By simple vacuum distillation the liquids were 
easily separated. The more volatile substance was 
dark red in colour and appeared to be free 
bromine. This was confirmed by mass spectral 
analysis using a MAT CH5 mass spectrometer. 
Major peaks were obtained at m/e 162, 160, and 
158 with a peak height ratio of close to 1 : 2 : 1. In 
addition peaks of approximately equal height 
(about 7% of the m/e = 160 peak height) were 
observed at m/e = 81 and 79. Since the molec- 
ular constituents in order of increasing volatility 
at 25°C are BrF,, Br,, BrF,, and BrF, any BrF, 
and/or BrF would have been collected in the 
'bromine' fraction. In addition to the mass 
spectral analysis this fraction was tested by 
adding water to the distilled sample. If any 
halogen fluorides were present they would have 
reacted with water to form a complex mixture of 
HF, HBr, HBrO,, Br,, and 0, (12). Fluoride 
analysis of this solution with a specific fluoride 
ion electrode proved to be negative. 

Based on colour and volatility it appeared pos- 
sible that the remaining liquid was BrF,. The 
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TABLE 2. Comparison of D[C6F5-XI values determined from thermochemistry with values 
derived from appearance potential studies 

D[C6F5-X] kJ mol-' (kcal mol-') 

From thermochemistry* 
From appearance 

potentials? 

*All values in this column are based on AHfZ9,O(C6F,,g) = -387.4 kJ mol-I (-92.6 kcal mol-I) deter- 
minedfrom the kinetic value of D(C6Fs-I) and AHfZ9,O(C6FsI,g) = -557.7 + 12.6 kJ mol-' (-133.3 ? 3.0 
kcal mol-I). 

?Based on the kinetic value of D(C6F,I) and differences in AP values. 
$Kinetic value. 

liquid was distilled under vacuum into a care- 
fully dried quartz capillary tube while the tube 
was immersed in liquid nitrogen. The capillary 
was then sealed under vacuum and removed for 
subsequent nmr fluorine analysis. The fluorine 
nmr analysis indicated a singlet peak corre- 
sponding to liquid BrF, at - 55.2 ppm (literature 
value - 54.3 ppm (13)) relative to trifluoroacetic 
acid. 

The amount of Br, was analyzed by either 
weighing the sample collected in a small ampoule 
and/or by iodometric analysis (7). The BrF, was 
reacted with KI solution and analvzed for fluo- 
ride using the corresponding specific ion elec- 
trode. In three runs the BrF, fraction was also 
determined directly by weighing this fraction. 
Good agreement was obtained between specific 
ion and gravimetric determination. 

From the material balance shown in Table 1 
along with the average C02/CF4 molar ratio, 
reaction 2 mav be written to-re~resent the conl- 
bustion of bromopentafluorobenzene. However, 
as will be discussed later, it is unlikely that free 
bromine exists in the bomb. 

In treating a complex mixture of products 
possible interactions between the compounds 
must be taken into account. No detectable heat 
of mixing was observed when F,, O,, CF,, 
and CO, were mixed under anhydrous con- 
ditions (5). 

However, a correction of - 130 + 13 kJ mol- ' 
is required for the interaction between Br,, F,, 

and BrF,. Approximately -68.2 kJ mol-' of 
this correction is due to reaction 3. 

With the excess F2 present the equilibrium should 
be far to the right (14). It should be noted that 
during the slow bleeding of the bomb over a 
period of 20 h to recover the combustion prod- 
ucts for analysis, the BrF equilibrium shifts to the 
left resulting in quantitative conversion of BrF to 
Br, and F,. In an all-metal system (steel traps) 
the reaction may be somewhat inhibited as 
indicated by the apparent slight shortfall in 
bromine recovery (Table 1). The shortfall was 
always accompanied by the appearance of a light 
yellow coloration in the F2 absorbing solution in 
the bubbler. 

In carrying out the thermochemical calcula- 
tions the following heats of formation have been 
used: CO, (g), -393.512 kJ mol-I (15); CF, (g), 
-933.0 kJ mol-I (16); and BrF, (g), -255.60 kJ 
mol-I (12). 

Based on the preceding data and an estimated 
correction to standard state of 5.5 kJ mol-l, 
AHf29,0(C6F5Br, g) = -711.6 5 5.6 kJ mol-' 
with a standard deviation of 5.6 kJ mol-l. How- 
ever, when the uncertainty in the auxiliary experi- 
ments are taken into account the overall limit 
must be set at about + 16 kJ mol-I. 

Defining D(C,F5-X) as b~~~~~ for the reac- 
tion 

141 C,F,X,g -+ C,F,,g + X,g 

and using the value for A H ~ , , , ~ ( C ~ F ~ , ~ )  as 
-387.4 f 12 kJmol-I (5) and AH,(Br,g) = 
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11 1.7 kJ mol-I (17) and the present determined 
value of AH,,,,~(C,F,B~,~) = -71 1.6 ) 16.7 kJ 
mol-I will yield a value of D(C,F,-Br) to be 
435.9 kJ mol-l. 

In Table 2 a comparison is made between 
D(C,F,X) values based on thermochemical 
methods and appearance potential methods (18). 
Agreement of the present value of D(C,F,-Br) 
with the value estimated from the AP studies is 
well within the combined error limits. 
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ELMER C. ALYEA, SHELTON A. DIAS, RAM G. GOEL, and WILLIAM 0. OGINI. Can. J. Chem. 
55,4227 (1977). 

Tris(tert-buty1)phosphine and tri(o-toly1)phosphine form 1 : 1 complexes with mercury(I1) 
halides and with mercury(I1) thiocyanate. Physicochemical measurements, i.e. conductance, 
molecular weight determinations, infrared and Raman spectra indicate a dimeric structure of 
Czh skeletal symmetry. The Hg-X and Hg-P stretching frequencies for all complexes have 
been assigned. 

ELMER C. ALYEA, SHELTON A. DIAS, RAM G. GOEL et WILLIAM 0. OGINI. Can. J. Chem. 55, 
4227 (1977). 

La tris(tert-buty1)phosphine et la tris(o-toly1)phosphine forment des complexes 1 : 1 avec les 
halogenures et le thiocyanate de mercure(I1). Des mesures physicochimiques comme la con- 
ductivitk, les determinations de poids molCculaire et les spectres infrarouges et Raman indiquent 
que les complexes existent sous forme dimere avec une symetrie de squelette CZh. On a fait 
I'attribution des frequences de vibration Hg-X et Hg-P pour tous les complexes. 

[Traduit par le journal] 

Introduction 
Mercury(I1) salts are known (1) to form 

complexes with tertiary phosphines in the 
HgX,:PR, ratios of 1:2, l : l ,2 :3 ,2 :4 ,and3:2 .  
Of these, the complexes of the type (R,P),HgX, 
are the best characterized (1-7). The complex 
(Ph,P),Hg(SCN), has been shown by an X-ray 
diffraction study (6)  to have a tetrahedral struc- 
ture. A similar structure has been assigned (5) 
for the halide complexes (Ph,P),HgX2 on the 
basis of their infrared spectra in the low fre- 
quency region. Although the complexes of the 
type (R,P)HgX, have been studied by several 
workers (1, 3, 7-10), their structures have not 
been well established. The complexes (R,P)HgX, 
where X = halide and R = alkyl were found to 
be dimeric in solution and the dimeric trans 
structure as shown below was assigned by 
analogy with the structure established for the 
complex (Et,As)HgI, by preliminary crystallo- 
graphic analysis (1). 

After the completion of this work, a pre- 
liminary report (11) on the crystal structures of 
the complexes (R,P)HgCl, (R = Me, Et, or 
Ph) and (Ph,As)HgCl, has appeared, which 
shows that the structures of the 1: 1 complexes 
are markedly influenced by the nature of the 

phosphine. The complexes (Ph,P)HgCl, and 
(Ph,As)HgCl, are isostructural and consist of 
the expected chlorine-bridged centrosymmetric 
dimeric molecules. However, the complexes 
(Me,P)HgCl, and (Et,P)HgCl, have poly- 
meric structures containing five-coordinate 
mercury atoms. Likewise, the crystal struc- 
ture (12) of the complex (Ph,As)Hg(SCN), 
unexpectedly shows a trigonal coordination 
around mercury with two additional Hg---NCS 
contacts defining a distorted trigonal bipyramid 
geometry. A similar structure has also been 
suggested (8) for the con~plex (Cy,P)Hg(SCN),' 
on the basis of a vibrational spectral study but 
an X-ray single-crystal analysis (13a) has 
established the structure as polymeric with 
trigonal pyramidal geometry at each mercury 
atom. Similarly, a recent X-ray single-crystal 
determination (14) has established that 
(Ph,P)Hg(NO,), forms infinite chains via 
bridging nitrato groups; the coordination geo- 
metry about mercury may be described as very 
distorted tetrahedral or as distorted square 
pyramidal (if an additional weak Hg-0 bond 
is included). In contrast, the crystal structure 
(13b) of (Cy,P)Hg(NO,), is quite different, the 
molecule being dimeric with each mercury atom 
having a distorted square pyramidal coordina- 
tion geometry. 

lCy3P is tricyclohexylphosphine. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



4228 CAN. J. CHEM. VOL. 5 5 ,  1977 

In order to evaluate the role of steric effects in 
metal complexes of tertiary phosphines we have 
undertaken a study of metal complexes of ter- 
tiary phosphines containing bulky substituents 
(13, 15-17). Recent studies (15b, 18) have clearly 
shown that the steric requirements of the sub- 
stituents on phosphorus have a marked effect on 
the stereochemistry and the chemical reactivity 
of metal complexes of phosphorus ligands. In a 
previous paper (l5a) we reported on the tris(tert- 
buty1)phosphine complexes of zinc(I1) and 
cadmium(I1). Herein we report on the synthesis, 
characterization, and vibrational spectra of 
tris(tert-buty1)phosphine and tri(o-toly1)phos- 
phine complexes of mercury(I1) halides and 
mercury(I1) thiocyanate. 

Results and Discussion 
Reaction of tris(tert-buty1)phosphine with 

mercury(I1) halides or with mercury(I1) thio- 
cyanate in 2: 1 mole ratio, in an aprotic solvent 
such as ether or dichloromethane, gave 1: 1 
complexes instead of the possible 2 : l  com- 
plexes. The reaction of mercury(I1) salts with 
tri(o-toly1)phosphine also gave 1 : 1 complexes. 
Since less bulky tertiary phosphines such as 
tricyclohexylphosphine (8) and tripl~enylphos- 
phine (5-7, 10) form both 1 : 1 and 2 : 1 complexes 
with mercury(II), the formation of only 1 : 1 
complexes in the present work is evidently due 
to the large steric requirements of tris(tert- 
buty1)- and tri(o-toly1)phosphines. A measure of 
the steric requirement of the phosphine ligands 
in terms of a "cone angle" has been proposed by 
Tolman (18). He estimated cone angles for 
(o-tolyl),P, Bu,'P, Cy,P, and Ph,P to be 194", 
182", 170°, and 145" respectively, using CPK 
molecular models. A crystallographic study (17) 
on the complex [Bu,'PH][(Bu,'P)NiBr,] showed 
that the Ni-PBu,' cone angle is 180 f 2". X-ray 
structural studies (13) of several con~plexes have 
established that Tolman's estimates for the cone 
angle of PCy, (originally calculated as 179 f 
10") are in good agreement with the observed 
range of experimentally derived cone angles. 

The melting points, analytical, conductance, 
and molecular weight data for the complexes 
prepared in this work are given in Table 1. The 
conductance data clearly show that all the 
complexes behave as nonelectrolytes in nitro- 
methane or dimethylsulfoxide. The molecular 
weight data for the tris(tert-buty1)phosphine 
complexes show their dimeric constitution in 1,2- 

dichloroethane. The molecular weights of the 
tri(o-toly1)phosphine complexes could not be 
determined due to their insolubility in any 
solvent suitable for molecular weight measure- 
ments. 

The infrared and Raman spectral data for the 
halide complexes in the region below 400 cm-l, 
in the solid state, together with their assignments 
are shown in Tables 2 and 3. From a comparison 
of these infrared data with the infrared data 
reported for the (Ph,P)HgX, complexes (5) it is 
clearly evident that the infrared frequencies 
associated with the vibrations involving the 
metal-halogen bonds in the complexes of 
tris(tert-butyl)phosphine, tri(o-tolyl)phosphine, 
and triphenylphosphine complexes are very 
similar. Thus, there can be little doubt that the 
mercury(I1) halide complexes of tris(tert-buty1)- 
phosphine, tri(o-tolyl)phosphine, and triphenyl- 
phosphine are structurally similar. 

A dimeric trans-tetrahedral structure of C,, 
skeletal symmetry (vide supra) should give rise 
to only one infrared active and one Raman 
active frequency due to the stretching of the 
terminal mercury-halogen bonds. The Raman 
spectrum for each complex listed in Tables 2 
and 3 showed only one band that can be as- 
signed to the terminal mercury-halogen stretch- 
ing frequency. Like the corresponding infrared 
frequency, this frequency is progressively de- 
creased to lower wave numbers as X is changed 
from C1 to Br to I. For the chloride and the 
bromide complexes a Raman band due to a 
bridged Hg-X stretching mode is also observed. 
The Raman spectra of the tris(tert-buty1)phos- 
phine complexes also show a strong band in the 
123-1 10 cm-I region. A similar Raman band is 
observed for the tri(o-toly1)phosphine complexes 
in the 138 to 122 cm-' region. Since no band is 
observed in these regions in the Raman spectra 
of the free phosphines, the above mentioned 
Raman bands are most likely due to the Hg-P 
stretching frequencies. As shown by the far 
infrared data (5) for tetrahedral (Ph,P),HgX, 
complexes, the Hg-X bending frequencies are 
expected in the region below 80 cm-l.  Thus 
the combined infrared and Raman data for 
the present complexes are in complete accord 
with a dimeric tetrahedral structure of C,, skeletal 
symmetry. 

The assignments for the Raman bands in the 
region below 100 cm-l cannot be made with 
certainty without polarization measurements. 
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TABLE 1. Melting points, analytical, conductance, and molecular weight data 

Melting Calculated Found 
point AM* Molecular 

Compound PC) c% H% C H (R- '  cm2 mol-I) weight? 

*For 10-3M solutions in nitromethane (Bu3'P complexes) or dimethylsulfoxide ((0-tolyI),P complexes). 
?In 1 2-dichloroethane'in the 10-4 to 10-3 M concentration range. 
~%~icalcd.: 15.01. found: 15.26. 
§%S calcd.: 12.36; 'found: 12.86. ZN calcd.: 5.41; found: 5.47. 
71  calcd.: 33.45. found: 32.75. 
7 2 ~  calcd.: 4.511 found: 4.37. 

TABLE 2. Infrared and Raman spectral data* for (Bu3'P)HgX2 complexes below 400 cm-'7 

(Bu3'P)HgCI2 (Bu3'P)HgBr2 (Bu3'P)HgI2 

ir R ir R ir R Assignments 

392vw 
374m 

296s 

v(Hg-Cl), terminal 
242m 

224w 

204m 
v(Hg-Br), terminal 

v(Hg-Cl), bridge 

140s 138s v(Hg-I), terminal 
v(Hg-Br, bridge 

ll0vs v(Hg-P) 
90sh 

*In cm-1 for the solid state. 
tir, infrared; R, Raman; m, medium; s, strong; sh, shoulder; v, very; w, weak; v, stretching. 

Unfortunately, attempts to obtain Raman 
spectra in solution were not successful due to 
lack of solubility of the complexes in suitable 
solvents. The remaining Raman bands listed in 
Tables 2 and 3 are due to the internal vibrations 
of the coordinated phosphines. 

In spite of several studies on tertiary phos- 
phine complexes of mercury(I1) little information 
is available on the Hg-P stretching frequencies. 
From the far-infrared spectral study (5) of the 
(Ph3P),HgX2 complexes the Hg-P stretching 
frequencies have been assigned in the range of 
137 to 98 cm-l. In a recent report (19) on tri- 
methylphosphine con~plexes of n~ercury(II), the 

Hg-P stretching frequencies for the complexes 
(Me3P)HgX2 where X = halide or pseudohalide 
have been assigned in the 364 to 342 cm-I 
region. Since the metal-phosphorus stretching 
frequencies (20) for the Ni(I1) and Pd(I1) com- 
plexes (R,P),MX2 have been found to be below 
200 cm-l, we believe that the assignments for 
the Hg-P stretching frequencies for the tri- 
methylphosphine complexes of mercury(I1) are 
erroneous. Our assignments for the Hg-P 
stretching frequencies for the tris(tert-buty1)- 
phosphine and the tri(o-toly1)phosphine com- 
plexes are thus consistent with those for the 
(Ph,P),HgX, complexes. Further support for 
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TABLE 3. Infrared and Raman spectral data* for [(o-t~lyl)~P]HgX, complexes below 400 cm-l? 

[(o-T~lyl)~P]HgCl, [(o-T~lyl)~P]HgBr, [(o-Tol~l)~PlHgIz 

ir R ir R ir R Assignments 

390w 388w 387w 
382w 381w 379m 
270w 369w 
276vs 264vs 270s 270w 271m v(Hg-Cl), terminal 

257s 
240wm 241w 

220w 228w 
211m 206wm 204w 

189vs 180s v(Hg-Br), terminal 
179s 181w v(Hg-CI), bridging 

172w 178w 
143s 140s v(Hg-I), terminal 

132vs 132s v(Hg-Br), bridging 
138s 122s v(Hg-P) 
103vs 93w 
80vs 80s 80m 
69s 67s 60w 

51m 
41m 
32m 

*In cm-1 for the solid state. 
711, infrared; R, Raman; m, medium; s, strong; sh, shoulder; v, very; w, weak; v, stretching. 

the proposed assignments is provided by the TABLE 4. Vibrational frequencies* due to the internal 
Raman data for the tertiary phosphine corn- vibrations of the SCN groups for (BU~~P)H~(SCN) ,  and 
plexes of the halides of the main group elements. [(o-tol~l)3PlHg(SCN),t 

The In-P symmetric frequency for the complex 
(Me,P),InCl, has been found (21) to be at (Bu,'P)Hg(SCN), [(o-Tolyl)3P]Hg(SCN), 

135 cm-I by a single-crystal Raman polarization ir R ir R 
study. The Sn-P symmetric stretching frequency 
for the complex trans-SnCl,(PMe,), has been v(CN) 2128sh 

{ 
2116s, sh 2127s 

reported (22) to be at 146 cm-l.  It is worth 2112s 2063sh 2111ms {2100vs {21111, sh 
2050m, sh 2102s, br 

noting that the Hg-P stretching frequencies for ~ ( c s )  
the tris(tert-buty1)phosphine complexes as well {:::: 77Jm 758m, sh $ 
as the tri(o-toly1)phosphine con~plexes show a W C N )  462sh 460111 462m 
progressive decrease as X is changed from C1 457m j430w 1422m f 

to Br to I. A similar trend has been observed ) 443m 
431m 

(1 5a) for the Zn-P and Cd-P stretching fre- 
*In cm-l for the solid state, 

quencies of the complexes with tris(tert-buty1)- tir, infrared; R, Raman; m, medium; s, strong; sh, shoulder; 

phosphine. v, very; w, weak, v, stretching. 
$Bands obscured by ligand bands. 

The observed infrared and Raman frequencies 
due to the internal vibrations of the SCN groups infrared and Raman data for both compounds 
for the complexes (Bu,'P)Hg(SCN), and [(o- in the low frequency region, shown in Table 5, 
tolyl),P]Hg(SCN),, in the solid state, are given are also consistent with the presence of both S- 
in Table 4. By comparing these frequencies with bonded and bridging SCN groups. The infrared 
the frequencies reported (23) for N-bonded, spectra of both complexes show medium to 
S-bonded, and bridged SCN groups, it can be weak bands at ca. 270 and 250 cm-l. Strong to 
concluded that both complexes contain S- medium bands in these regions are also observed 
bonded and/or bridging SCN groups. The in the Raman spectra. By comparison of these 
observation of three v(CN) frequencies for each bands with the reported (24) infrared and 
compound suggests that each complex contains Raman frequencies for Hg(SCN), they can be 
both S-bonded and bridging SCN groups. The assigned to the terminal Hg-SCN stretching 
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ALYEA ET AL. 

TABLE 5. Infrared and Raman spectral data* for (BU~'P)H~(SCN)~ and 
[(o-t~lyl)~PlHg(SCN), below 400 cm-'t 

(Bu3'p)Hg(SCN), [(o-To~Y~)~PIH~(SCN)Z 

ir R ir R Assignment 

} 256s v(H~-SCN), terminal 
234w 

211w 

183s 
170w v(Hg-SCN), bridge 

112s v(Hg-P) 

*In cm-1 for the solid state. 
tir, infrared; R, Raman; m, medium; s, strong; sh, shoulder; v, very; w, weak; v, stretching. 

frequencies. For both compounds another in- 
frared band is observed at ca. 170-180 cm-'. 
Since this band is not observed for the free 
phosphines it can be assigned to a bridging 
Hg-SCN stretching frequency. The assignment 
of this band to a Hg-SCN bending frequency 
can be ruled out because the Hg-SCN bending 
frequency for Hg(SCN), is reported (24) to be at 
148 cm-l. The Raman spectra for both 
(Bu,'P)Hg(SCN), and [(o-tolyl),P]Hg(SCN), 
show a strong band in the 120-1 12 cm-I region. 
Following the assignments for the halide com- 
plexes, this band can be assigned to the Hg-P 
stretching frequency. 

Although the Raman spectrum of neither 
compound could be examined in solution, the 
infrared measurement for the (Bu,'P)Hg(SCN), 
complex in chloroform solution, in the v(CN) 
spectral region, showed no change in the v(CN) 
frequencies. It therefore appears that the solid 
state molecular geometry of this compound is 
maintained in solution. A dimeric formulation 
is compatible with the solution molecular weight 
determination and the assigned structures of the 
halides. The solid state infrared and Raman 
spectral bands assignable to thiocyanato modes 

buty1)phosphine complexes in dichloromethane 
show a doublet shifted downfield (6 = 1.63-1.65 
ppm; ,J,-, = 15.0 HZ) as compared with the 
chemical shift of the free phosphine (6 = 1.30 
ppm; ,JP-, = 10.0 HZ). A similar downfield shift 
(ca. 0.05 ppm) occurs for the methyl resonance 
in DMSO-d, solution of the tri(o-toly1)phosphine 
complexes. 

Experimental Section 
Chemicals 

Tri(o-toly1)phosphine was prepared according to 
literature methods (25, 26), or obtained from Pressure 
Chemicals; other commercial samples were very impure. 
Tris(tert-buty1)phosphine was synthesized as previously 
described (16). Mercury(I1) halides were obtained from 
Alfa Inorganics, Inc. Hg(SCN)2 was prepared by a 
reported method (24). Solvents were purified and dried 
following standard procedures. 

General Procedures 
All operations involved in the preparation and purifi- 

cation of tris(tert-buty1)phosphine complexes were carried 
out either in a dry-box under an atmosphere of oxygen- 
free dry nitrogen or under vacuum. Elemental analyses 
were performed by M-H-W Laboratories, Garden City, 
Michigan. Molecular weights were measured with a 
Hitachi-Perkin-Elmer 115 osmometer. Melting points, 
conductance, infrared, Raman, and nmr spectra were 
measured as reported previously (16). 

for the [(o-to1y1)3p1~g(sc~)2 are Preparation of iris(tei-butyl)phosphine Complexes 
nearly identical to those found for ( C ~ 3 ~ ) ~ g -  (a) Tris(tert-buty1)phosphine (2.20 rnmol) was added 
(SCN), (note that three Raman bands are with stirring to a solution of mercury(I1) halide (1.00 
observed in the v(CN) region). The latter corn- mmol) in 25ml ether. The white solid forked was filtered 

has a polymeric structure involving one off and recrystallized from a mixture of dichloromethane 
and petroleum ether. Yield: ca. 80%. The filtrate was thiOc~anato bridge lillking trigonal pyramidal concentrated to give a viscous liquid, which was found to 

mercury atoms (13a). be unreacted tridtert-butvl~ohosvhine as shown bv its - ,A A 

The -proton Am; spectra for the tris(tert- 'H nmr spectrum.' 
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(b) A solution of 2.20 mmol Bu3'P in 10 ml dichloro- 
methane was added with stirring to a suspension of 1.01 
mmol Hg(SCN), in 20 ml dichloroethane. A clear solu- 
tion was formed after stirring for 6 h ;  upon concentrating 
the solution and adding petroleum ether to the concen- 
trated solution the white (Bu3'P)Hg(SCN), was precipi- 
tated. Recrystallization from dichloromethane yielded 
colourless needle-shaped crystals. Yield: 75%. 

Preparation of Tri(o-foly1)phosphine Complexes 
(a) A 1.00 mmol solution of tri(o-toly1)phosphine in 

25 ml diethyl ether was slowly added to a stirred solution 
of 1.00 mmol mercury(I1) halide in 25 ml diethyl ether 
(acetone for the bromide). After 3 h reflux, the white 
precipitate was collected by filtration, washed with several 
portions of diethyl ether, and recrystallized from nitro- 
methane or ethanol. The same products were obtained 
using excess (~ - to ly l )~P .  Yield: ca. 90%. 

(b) A warm solution of 1 .OO mmol tri(o-toly1)phosphine 
in 30 ml ethanol was added dropwise to  a stirred sus- 
pension of 1.00 mmol Hg(SCN), in 30 ml of ethanol. The 
reaction mixture was refluxed for 3 h and the white 
crystalline product collected by filtration. After washing 
with ethanol, recrystallization was effected from n- 
propanol. Yield: 96%. 
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Constituents of Nauclea diderrichii. Part I X .  Conversion of sweroside to naucledal 
and 3-epinaucledal 
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JOHN PURDY and STEWART MCLEAN. Can. J. Chem. 55,4233 (1977). 
The aglucone of sweroside has been converted to naucledal and its epimer, 3-epinaucledal; the 

structure and stereochemistry of these products have been established through analysis of their 
nmr spectra. The course of the rearrangement has been studied and the intermediacy of a ring- 
opened isomer, seconaucledal, has been demonstrated. The relative amounts of naucledal and 
3-epinaucledal produced from seconaucledal depend on the conditions of the cyclization. 

JOHN PURDY et STEWART MCLEAN. Can. J. Chem. 55,4233 (1977) 
On a transformi I'aglycone de la sweroside en naucledal et en son Cpimere l'epi-3 nauclkdal; 

on a pu ktablir la structure et la sterkochimie de ces produits par une analyse de leur spectra 
rmn. On a Ctudik l'holution du rearrangement et on a demontrk l'existence d'un isomere a cycle 
ouvert, le seconaucledal, comme intermediaire. Les quantitis relatives de naucledal et d'epi-3 
nauclkdal qui se forment a partir du seconauclCda1 dependent des conditions de la cyclisation. 

[Traduit par le journal] 

One of the neutral materials extracted from the 
bark of Nauclea diderrichii was a colorless syrup, 
the principal component of which was assigned 
the name naucledal(1). Although a homogeneous 
sample could not be obtained and the material 
appeared to be rather unstable, sufficient spectro- 
scopic data could be obtained to allow the assign- 
mei t  of structural formula I to naucledal as a 
working hypothesis. 

The secoiridoid glucoside, sweroside, has been 0 

assigned formula la ,  the structure and configura- 
tion of which appear to be on secure grounds (2). 
Examination of this structure led us to propose l a  R = GI" 2 
that a route to a product of formula I should be b R = H  
available through the aglucone (lb) and a re- 
arranged intermediate, 11. In a preliminary 
report (3) we have shown that this transforma- 
tion could, indeed, be carried out and that 
naucledal can be assigned the structure and rela- 
tive configuration 2. We now report on the 
details of this conversion. 

Aliquots of a solution of the crystalline 
aglucone l b  (4) in pyridine-d, were subjected to a 
range of reaction conditions in which the 
amounts of water and acid added to the solution 
and the temperature were varied. The progress of 
the reaction was followed by nmr spectroscopy. 
Signals appropriate for the intermediate I1 
(which we shall refer to as seconaucledal) and the 
product I appeared at rates that were markedly 

4 5 

formed in smaller amounts, were also observed, 
and the composition of the reaction mixture 
depended on its history. The conditions that 
appeared optimum for the formation of I 
(aqueous pyridine at 100°C) were then applied on 
a preparative scale. Removal of the solvent in 
vacuo and chromatography of the residue 
afforded in 64% yield a product that closely 
resembled natural naucledal in spectroscopic and 
tlc behavior. 

dependent on the reaction conditions; signals It  became apparent, however, that neither the 
attributed to other reaction products, generally material obtained from the Nauclea extract nor 
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TABLE 1. The 220 MHz nrnr spectrum of naucledal, 2 

Proton Chemical Coupling constants 
locationt shift (7) Multiplicity (Hz) 

-- 

1 0.10 d J*1,2 = 2.8 
2 7.64 ddd J * 1 , 2  = 2.8, J * 2 , 3  = 10, J2.7 = 11 
3 5.80 dq J*2,3 = 10,J*3,4 = 6 
4 8.56 d J * 3 , 4  = 6 

5a,b 5.4-5.7 m - 
6a,b 7.9-8.1 m - 

7 7.04 dddd J2.7 = 11, J6a,7 = 12 
J6b.7 = 4,  J*7,9 = 2.0 

9 2.27 d J*7,9 = 2.0 

*Coupling constants established by spin-spin decoupling. 
tSee formula I for the complete numbering system. The relative areas of signals are in accord with the number 

of protons assigned to them. (Signals associated with isomers were also present (see text).) 

TABLE 2. The 220 MHz nrnr spectrum of 3-epinaucledal, 3 

Proton Chemical Coupling constants 
location? shift (7) Multi~licity (Hz) 

d Jl,2 = 0.5 
ddd J1.2 = 0.5,J2,3  = 4 

J2,7 = 1 1  
dq J2,3 = 4,  J*3,4 = 7 
d J*3,4 = 7 

mS - 
mS - 

mS - 
d J7,9 = 2 

*Coupling constants established by spin-spin decoupling. 
?See formula I for complete numbering system. The sample contained -60% of 3 and -40% of 2 (see 

Experimental). Assignments were made after subtracting the spectrum of 2 (see Table 1). 
$These multiplets appear to overlap completely the multiplets associated with 2; the resolution of the signals 

suggests that the characteristics of those from 2 are very similar to those from 3. 

the rearrangement product from l b  was a single 
homogeneous substance, but consisted of a 
mixture of isomers that could not be completely 
separated. It was necessary, therefore, to use the 
close similarity of the ir spectra of the materials 
and a signal-to-signal comparison of their nrnr 
spectra to judge the identity of components. It is 
desirable to reserve the name naucledal for the 
principal isomer obtained in the original isola- 
tion (I). 

The rearrangement conditions described above 
produced material that corresponded most 
closely to the material isolated from N. dider- 
richii. The nrnr spectrum showed that it con- 
sisted mainly of naucledal, but that an epimer 
was also present in smaller amounts. Examina- 
tion of the original spectra showed that this 
epimer was also present in the material from 
N. diderrichii. The rearranged material afforded a 
crystalline oxime that was also a mixture of 
stereoisomers, but gave satisfactory results on 
microanalysis. 

The material obtained from sweroside was 
then used to assign the structure and configura- 
tion of 2 to naucledal from a detailed examina- 
tion of its 220 MHz nrnr spectrum. The key data 
were the values of 11 and 10 Hz assigned to the 
coupling constants between the proton at C-2 
and those at C-7 and C-3, respectively; details of 
the analysis are shown in Table 1. It was found 
that when the aglucone l b  was stirred in water 
with silica gel, naucledal and the epimer observed 
previously were again produced, but the product 
was much richer in the epimer (-60%), and a 
similar detailed examination of the 220 MHz 
nrnr spectrum of this component was carried out. 
The analysis, which establishes that the molecule 
is an isomer of 2, is recorded in Table 2. The 
proton at C-2 still shows the 11 Hz coupling to  
the C-7 proton, but its coupling to the C-3 proton 
is now 4 Hz. It follows that the compound is 3- 
epinaucledal, 3. A careful examination of the 
nrnr spectra of various product mixtures reveals 
the presence of other signals that can reasonably 
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PURDY AND McLEAN 4235 

be attributed to C-2 epimers of 2 and 3, but the 
concentration of these isomers was never high 
enough to allow a thorough analysis of their 
spectra. 

That naucledal, the dominant stereoisomer 
under conditions where equilibrium is ap- 
proached, has the configuration of 2 with no axial 
substituents is in accord with expectations based 
on thermodynamics. It follows that mixtures rich 
in 3-epinaucledal, 3, are formed under conditions 
where kinetic control is more important. It may 
be noted, however, that the antiviral natural 
product, elenolic acid, is structurally related to 
naucledal, but its stereochemistry corresponds to 
that of 3-epinaucledal, 3 (5). Moreover, Kelly 
and Schletter obtained isomerically pure methyl 
elenolate by a rearrangement similar in design to 
ours and apparently carried out under conditions 
very similar to those in which we obtained 2 as 
the dominant product. 

The interconversion of 2 and 3 requires a retro- 
Michael reaction to afford an intermediate such 
as 11, related to (if not identical with) the inter- 
mediate implicated in their formation from Ib. 
As was noted earlier, there is spectroscopic 
evidence for the presence of such an intermediate 
in some of the mixtures produced by rearrange- 
ment. In fact, under some conditions the inter- 
mediate, seconaucledal, appeared to be the 
principal product obtained from Ib and it could 
be methylated with diazomethane and acetylated 
with acetic anhydride. It was not possible to 
obtain any of these compounds in a sufficiently 
pure state for satisfactory characterization, but 
some spectroscopicdata could be collected. These 
data, particularly from the nmr spectra, indicate 
that the intermediate exists, at least predomi- 
nantly, as a single isomer. Some evidence bearing 
on the configuration of the double bonds at C-2 
and C-8 was observed. In the related case of 
vallesiachotamine and its geometrical isomer, 
homoallylic coupling between the methyl group 
corresponding to C-4 and the proton at the site 
corresponding to C-7 was observed only in the 
isomer in which these two carbon centres were 
trans related (6). The absence of such coupling in 
seconaucledal and its derivatives provides evi- 
dence, albeit weak since only one isomer was 
observed, for placing the methyl and aldehyde 
groups in a trans relationship. The configuration 
at C-9 is even less secure, but under the condi- 
tions used to observe the ir spectrum, the values 
obtained for the stretching frequencies of the 

hydroxyl and carbonyl groups, as well as the 
shape of the spectroscopic envelopes they produce 
and their behavior on dilution, indicate that the 
hydroxyl is hydrogen-bonded to the lactone 
carbonyl. Formula 4 is thus the best available 
representation of the molecule. It may be noted, 
however, that while acetylation of seconaucledal 
appears to produce a single en01 acetate, diazo- 
methane converts it to a crude product which 
exhibits two distinct singlets characteristic of 
methyl ethers as well as smaller peaks that may 
also be associated with methyl ethers; it appears, 
therefore, that at least two isomeric en01 ethers 
are formed, but it is possible that isomerization 
has occurred during their formation and isola- 
tion. 

The conversion of sweroside to naucledal and 
3-epinaucledal has allowed us to establish the 
structure and stereochemistry of the products and 
to identify them as constituents of N. diderrichii. 
It is, moreover, gratifying to find evidence that 
the rearrangement did, indeed, follow the pre- 
dicted path through an intermediate of the antici- 
pated type. However, more careful examination 
of the nature and behavior of seconaucledal 
raises questions about details of its role in the 
rearrangement. The C-9 hydroxyl group in 4 
appears to have the wrong orientation for the 
required Michael addition at C-3, but this is a 
relatively minor point, since ready isomerization 
at this enolic centre can be anticipated. Of more 
significance is the apparent stability of the inter- 
mediate under a number of reaction conditions. 
As has been stated previously, the aglucone Ib 
rearranged rapidly to a mixture of 2 and 3 in hot 
aqueous pyridine. In dry pyridine, the inter- 
mediate 4 formed rapidly but was converted to 
ring-closed material very slowly, and under these 
conditions, it could be observed that the ratio of 
3 to 2 in the product was highest in the early 
stages of ring closure. In pyridine containing an 
added acid, the intermediate again formed 
rapidly, but either failed to undergo ring closure 
or did so at a rate slower than that of reactions 
leading to its degradation. 

These results can be best explained by postu- 
lating that 2 and 3 are not, in fact, formed from 4 
by a simple Michael addition. The data from the 
reaction in dry pyridine suggest that the C-9 
hydroxyl group is not an effective Michael donor 
(either for stereochemical reasons or because the 
lone-pair electrons are too delocalized). How- 
ever, water catalyzes the ring closure, and it is 
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logical to propose that it does so by acting as a 
Michael donor itself and converting the un- 
saturated aldehyde to the aldol5 (or its epimer); 
it is the hydroxyl group produced in this way 
that adds to C-9 in the Michael fashion and the 
subsequent elimination of a molecule of water 
leads to 2 (or 3). In the presence of an acid, the 
unsaturated aldehyde in 4 remains unhydrated; 
in accord with this is the common observation 
that aldols undergo very ready dehydration in 
acidic media. The relative amounts of 2 and 3 
formed when kinetic control is important may 
reflect factors influencing the stereochemistry of 
the hydration of 4 as well as those governing the 
cyclization process ; when equilibration can occur, 
the thermodynamic arguments remain un- 
changed. Undoubtedly, we are describing only a 
portion of a larger and more complex equilibrium, 
but in the local area of interest, these proposals 
can explain all of the observations. 

Experimental 
Melting points were determined on a Thomas-Kofler 

micro hot stage. Infrared spectra were obtained on a 
Perkin-Elmer 337 suectrometer with samoles dissolved in 
chloroform; the wavelengths (pm) of significant peaks are 
reported. A Unicam SP 1800 ultraviolet spectrometer was 
used; the solvent was methanol and the wavelengths (nm) 
of absorption peaks are reported. Routine nmr spectra 
(60 MHz) were obtained on a Varian T-60 spectrometer 
with samples dissolved in chloroform-d (containing tetra- 
methylsilane) unless otherwise indicated; chemical shifts 
are reported on the T scale and are followed in paren- 
theses with an indication of the signal multiplicity (initial 
letter), thecoupling constants (J in Hz) if determined, and 
the number of protons associated with the signal; in the 
spectra of impure samples the characteristics of complex 
signals could not be assigned with confidence, but rough 
values are quoted for completeness. The 220 MHz spectra 
were determined at the Canadian 220 MHz NMR Centre 
with a Varian HR-220 spectrometer; the results are 
reported in Tables 1 and 2. Samples rich in naucledal or 
3-epinaucledal (see below) were dissolved in chloroform-d 
(containing tetramethylsilane); signals characteristic of 
the component of interest were identified by as many 
characteristics as possible: relative area, the change in 
relative areas with change in composition, and decoupling 
techniques. The circular dichroism measurement was 
made with a Roussel-Jouan Dichrographe 11. 

Sweroside Aglucone (lb) 
Sweroside, isolated from local Lonicera tatarica, was 

cleaved with almond p-D-glucosidase according to the 
method of Linde and Ragab (4) and the aglucone was 
obtained as crystals, mp 121-123°C. The mp and spectro- 
scopic data were in accord with literature values (4). 

Rearrangement Reactions 
Preliminary studies were carried out with solutions of 

the aglucone l b  in pyridine-d5 (5 to 10 mg in 0.1 ml) con- 

taining variable amounts of water and acid (HCl or 
MeS03H). The nmr spectra of solutions at various tem- 
peratures were recorded and time-dependent changes were 
observed; of particular value for identifying components 
and judging their relative concentrations were the distinc- 
tive methyl doublets and the signals associated with the 
aldehyde groups and the p-proton of the alkoxyacrylate 
groups (see below). Typical results were the following. 

(i) A solution of l b  in pyridine-d5 containing 10% of 
water was heated to 105-110°C. The nmr spectrum was 
recorded at hour intervals for 6 h. After 1 h, signals 
associated with naucledal (- 70%), seconaucledal (- 20%) 
and 3-epinaucledal (- 10%) were observed and only traces 
of the agluconeappeared to be present. Subsequent spectra 
showed little change in product composition. 

(ii) A solution of l b  in dry pyridine-d5 was heated to 
105-1 10°C. After 3 h the aglucone had been converted to 
seconaucledal (-50%) and about equal amounts of 
naucledal and 3-epinaucledal. The composition of the 
reaction mixture then changed slowly with time, with the 
amount of naucledal increasing at the expense of the other 
components, and after about 1 day the composition 
 orr responded to that produced in (i) above. 

(iii) A solution of l b  in pyridine-d5 containing 10% of a 
solution of 50% aqueous methanesulfonic acid was 
observed at room temperature. Signals associated with 
seconaucledal increased steadily with time at the expense 
of the aglucone. Complete conversion required about 2 
days. No signals associated with naucledal or its epimer 
were observed, even when the solution was heated. 

Preparative Scale 
Naucledal (2) 
A solution of sweroside aglucone (lb, 70 mg) in 1 ml 

of 10% aqueous pyridine was heated at 100-1 10°C under 
nitrogen for 3 h. The solution was allowed to cool and the 
solvent was removed by evaporation under reduced pres- 
sure; addition of benzene to the residue and evaporation 
was then carried out repeatedly to ensure the complete 
removal of solvent. Preparative tlc on deactivated silica 
gel with elution by methylene chloride - acetone (9: 1) led 
to a single band (Rf 0.3) which provided a yellow oil 
(45 mg) that was identical in all significant respects with 
the material obtained from N. diderrichii (1) (tlc, ir, uv, 
nmr, and ms); circular dichroism h (MeOH) ( [ O ] , , , )  283 
(10 550), 309 (-3690). Examination of its nmr spectrum 
showed that this material consisted of naucledal(2, - 90%) 
and 3-epinaucledal(3, N 10%) with traces of other epimers 
(see Tables 1 and 2). A sample was converted to a crystal- 
line oxime, mp 175-183°C. Anal. calcd. for CI0H1304N: 
C56.86, H 6.20,N6.63;found: C56.90, H 6.31,N6.68. 

3-Epinaucledal(3) 
The sample richest in 3 was prepared by stirring a solu- 

tion of the aglucone l b  (20 mg) in 1 ml of water with 
silica gel (0.2 g, 70-230 mesh) for 24 h at room tempera- 
ture. The silica gel was removed by filtration, washed with 
methanol, and the washings were combined with the 
aqueous solution. Evaporation under reduced pressure 
then afforded a yellow oil (20 mg) which consisted of 3 
(- 60%) and 2 ( N  402) and traces of isomers (see Tables 1 
and 2). 

Seconaucledal 
A solution of the aglucone l b  (34 mg) in 1 ml of 

pyridine containing about 0.1 ml of 40% aqueous 
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methanesulfonic acid was left at  room temperature for 
2 days and then heated to 70°C for 1 h. A further 20 ml of 
pyridine was added, and the volume of the solution was 
reduced to about 1 ml by distillation under reduced 
pressure to remove water. About 20 ml of dry ether was 
added and pyridinium salts were removed by filtration. 
The solvent was then removed on the rotary evaporator 
to provide crude seconaucledal as a gummy residue 
(32 mg). This material could not be purified satisfactorily 
because of its instability; under some conditions it readily 
cyclized to naucledal and 3-epinaucledal. Spectroscopic 
data: ir: 2.80, 3.0 (b, unchanged on dilution), 3.70, 5.92, 
6.00, 6.22; uv: 245, 282 (shoulder); in base 285, reversed 
by acid; nmr: 0.78 (b s, l), 1.4 (b, I), 2.35 (m, I), 3.20 
(9, J = 7; 1, coupled to 7.95), 5.4-6.2 (complex, 2), 
6.9-7.3 (m, I), 7.7-8.2 (complex, 2), 7.95 (d, J = 7; 3, 
coupled to 3.20). 

When seconaucledal was treated with an  excess of 
diazomethane in ether at  WC, a mixture of products, 
including some cyclized material, was obtained; peaks of 
equal height at 6.20 and 6.35 in the nmr spectrum indi- 
cated the presence of two methyl ethers; small satellite 
peaks were also observed. By preparative tlc on silica gel 
(9: 1 methylene chloride- acetone elution), a single methyl 
ether was isolated, but this could not be purified further. 
Spectroscopic data: ir: 5.88, 6.22; nmr: 0.71 (b s, 1) 2.79 
(d, J = 2; I), 3.40 (q, J = 7; I), -7.9 (con~plex, 2), 8.00 
(d, J = 7; 3). 

When seconaucledal was treated with an  excess of 
acetic anhydride and pyridine and the crude product from 
the standard isolation procedure was subjected to tlc on 

silica gel (9: 1 methylene chloride - acetone elution), an  
impure acetate was obtained. Attempts at  further purifica- 
tion were not fruitful (tlc on silica gel deactivated by water 
led to the formation of naucledal and seconaucledal). 
Spectroscopic data: ir: 5.61, 5.88, 5.92, 6.12, 6.20; nmr: 
0.64(bs,1),1.90(d,1),3.31 ( q , J =  7;1), -5.8(complex, 
3), 7.6-8.2 (complex, 2), 7.82 (s, 3), 7.93 (d, J = 7; 3). 
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ALVIN NEIL STARRATT and BRIAN ELLMAN BROWN. Can. J. Chem. 55,4238 (1977). 
The synthesis of the pentapeptide H-Arg-Tyr-Leu-Pro-Thr-OH by the mixed anhydride 

procedure and by the pentafluorophenyl ester method is described. This synthetic peptide is 
identical to proctolin, a myotropic substance isolated from the cockroach, Periplaneta americana 
c . 1 .  

ALVIN NEIL STARRATT et BRIAN ELLMAN BROWN. Can. J. Chem. 55,4238 (1977). 
On decrit la synthkse du pentapeptide H-Arg-Tyr-Leu-Pro-Thr-OH par la procedure anhy- 

dride mixte ainsi que par la mCthode de l'ester pentafluorophtnyle. Ce peptide synthttique est 
identique a la proctoline, une substance myotropique isolee a partir de I'insecte Periglaneta 
amiricana (L.). 

[Traduit par le journal] 

Recently we reported the isolation of the myo- 
tropic substance proctolin from the cockroach, 
Periplaneta americana (L.), and its identification 
as H-Arg-Tyr-Leu-Pro-Thr-OH (1,2).' Proctolin 
is a peptide of neural origin occurring in highest 
titre in nerves innervating the viscera (4). This 
peptide evokes contraction of the visceral 
musculature at threshold concentrations of 
about lo-' M. Pharmacological and other lines 
of evidence suggest that proctolin functions as an 
excitatory neuromuscular transmitter in insect 
visceral muscle (4, 5). Although most of our 
studies have been limited to P. americana, it has 
been shown that proctolin occurs in a wide 
variety of insects (6). The synthesis of proctolin 
was undertaken to confirm the assigned structure 
and to provide sufficient material for further 
studies of its physiological role. 

Proctolin was first synthesized in a stepwise 
manner by the mixed anhydride procedure using 
conditions for racemization-free coupling (7). 
The overall route is shown in Scheme 1. Reaction 
with the wrong moiety of the mixed anhydride 
can occur to a significant extent during coupling 
of amino acids to proline by this method (8). 
Therefore, to avoid a poor yield at the tripeptide 
stage and difficulties in purification expected 
from a synthesis commencing with the C-terminal 
amino acid of proctolin, we began by coupling 
Boc-Leu-OH to H-Pro-OMe. Treatment of the 
products with hydrogen chloride - acetic acid to 
remove the tert-butoxycarbonyl group yielded 

'Abbreviations used are those recommended by the 
IUPAC-IUB Commission on Biochemical Nomenclature 
(3). PFP = pentafluorophenyl. 

crystalline H-Leu-Pro-OMe HCI. This substance 
was also obtained by the pentafluorophenyl 
ester method of coupling. Sequential addition of 
N-protected H-Tyr(Bz1)-OH and H-Arg(N0,)- 
OH yielded the tetrapeptide, Z-Arg(N0,)- 
Tyr(Bz1)-Leu-Pro-OMe. The acid from alkaline 
hydrolysis was coupled to H-Thr-OBzl by the 
mixed anhydride procedure and, with similar 
results, by the use of diphenylphosphoryl azide 
(9). Hydrogenolysis removed all the protecting 
groups yielding H-Arg-Tyr-Leu-Pro-Thr-OH 
which after purification was shown to be chro- 
matographically, electrophoretically, and phar- 
macologically identical to natural proctolin (2). 

Starting from threonine, the sequential syn- 
thesis of proctolin was also accomplished by the 
pentafluorophenyl ester method (10, 11) as out- 
lined in Scheme 2. In some cases, the penta- 
fluorophenyl esters were prepared immediately 
before the coupling step and used without puri- 
fication. This did not appear to result in lower 
yields or products that were more difficult to 
purify. Occasionally, samples of the penta- 
fluorophenyl ester of Boc-Arg(N0,)-OH were 
partially converted during handling and storage 
to a less polar substance, probably a lactam 
analogous to that obtained when synthesis of the 
p-nitrophenyl ester of Z-Arg(N0,)-OH was 
attempted (12). A significant amount of this sub- 
stance was not observed, however, in samples of 
freshly prepared, crude ester. After removal of 
the tert-butoxycarbonyl group of the penta- 
peptide derivative with hydrogen chloride- acetic 
acid, other protecting groups were removed in 
one operation by catalytic hydrogenolysis. Puri- 
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'i" 
Pro Thr 

']' BOC+OH H i O M e  1 
Boc b:H BIMI~: 

Z OMe 

Z OBzl 

fication by ion-exchange chromatography and the mixed anhydrides to the peptide chain with- 
gel filtration yielded pure proctolin. out purification of the intermediates (8, 11, 13). 

Peptides can usually be synthesized rapidly and Proctolin has been synthesized in this manner by 
efficiently by repeated addition of an excess of both methods. Although by-products were 
either the amino acid pentafluorophenyl esters or formed in each case during the coupling of Boc- 

Z /  

Arg T Y ~  Leu Pro Thr 

Boc OBzl 

NO2 

OBzl 

OBzI 

Boc OBzl 

Boc OBzl 

Bzl 
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Arg(N0,)-OH, the mixed anhydride procedure 
appeared to produce superior results in our 
hands. For the early steps in the synthesis of 
proctolin it is more convenient to use the penta- 
fluorophenyl ester method since chain-lengthen- 
ing can begin at the C-terminal end. 

As well as confirming the structure of procto- 
lin, the syntheses have furnished sufficient mater- 
ial for further physiological studies. In addition, 
intermediates useful in the synthesis of proctolin 
analogs have been characterized. 

Experimeiital 
The L-amino acids and derivatives used as starting 

materials were purchased from Pierce or Sigma Chemical 
Co. Dimethylformamide, dioxane, and tetrahydrofuran 
were passed through columns of basic alumina before use. 
The purity of amino acid and peptide derivatives was 
checked by thin-layer chromatography on Kieselgel DF-5 
(Camag) plates using chlordform-methanol - acetic acid 
(85: 10:5.5) and chloroform-methanol (19: 1,9: 1, or4: 1). 
Spots were detected by use of ninhydrin and uv illumina- 
tion. Melting points were determined on a Kofler hot 
stage and are uncorrected. Microanalyses were performed 
by Dr. C. Daessle, Montreal, and the amino acid analysis 
was carried out by the Amino Acid Analysis Laboratory, 
Chemistry and Biology Research Institute, Agriculture 
Canada, Ottawa. 

Extracts containing completely protected peptides were 
washed successively with 1 N KHCO,, water, 1 M citric 
acid, and water. In the case of products obtained by the 
pentafluorophenyl ester method, extracts were treated 
with N,N-diethylethylenediamine (11) prior to washing to 
remove unreacted active ester. All extracts were dried over 
magnesium sulfate and solvent was removed under 
reduced pressure at 30-35°C. 

Removal of the tert-Butoxycarbonyl Group 
The tert-butoxycarbonyl derivative was dissolved in 

1.1 N hydrogen chloride in acetic acid. After approxi- 
mately 30min at room temperature, the reagent was 
removed under reduced pressure at 30-35°C. 

Preparation of Pentajuorophenyl Esters 
Pentafluorophenyl esters were prepared from N- 

protected amino acids by the method of Kisfaludy et al. 
(10). 
H-Leu-Pro-OMe.HCI 

(a) Mixed Anhydride Method 
Isobutyl chloroformate (0.65 ml) was added to a solu- 

tion of Boc-Leu-OH (1.1 5 g) and N-methylmorpholine 
(0.55 ml) in tetrahydrofuran (4 ml) at - 15°C. The mix- 
ture was stirred for 2 min and then a cold solution of 
H-Pro-OMe.HC1 (0.82 g) and N-methylmorpholine 
(0.55 ml) in dimethylformamide (3 ml) was added. After 
stirring for 1 h at approximately - 15"C, the temperature 
was raised to 0°C and 2.5 M KHCO, added until a basic 
reaction was obtained. The solution was stirred for 30 min 
at O0C, 75% saturated salt solution was then added, and 
the product was extracted into ethyl acetate. The extract 
was washed and dried and the solvent removed, yielding 

the crude product. Removal of the tert-butoxycarbonyl 
group and crystallization of the product from anhydrous 
ether - methanol yielded H-Leu-Pro-OMe.HC1 (825 mg, 
60%), mp 176-178°C (lit. (14) 177°C). 

(b) Pentajuorophenyl Ester Method 
N-Methylmorpholine (142 y1) was added to H-Pro- 

OMe.HCI(182 mg) in dioxane (5 ml) and the mixture was 
stirred for 10 min. Then Boc-Leu-OPFP (275 mg) was 
added and stirring was continued for 30 min. The solvent 
was removed and the product dissolved in ethyl acetate, 
washed, and dried. Removal of the tert-butoxycarbonyl 
group and crystallization of the product yielded H-Leu- 
Pro-OMe.HC1 (220 mg, 71%), mp 182-183°C. 

Boc-Tyr(Bz1) -Leu-Pro-OMe 
Isobutyl chloroformate (285 yl) was added to a solution 

of Boc-Tyr(Bz1)-OH (881 mg) and N-methylmorpholine 
(260 p1) in tetrahydrofuran (3 ml) at - 15°C. After 2 min 
a solution of H-Leu-Pro-OMe.HC1 (470 mg) and N-me- 
thylmorpholine (185 p1) in dimethylformamide (2 ml) was 
added. The mixture was stirred for 1 h at approximately 
- 15"C, unreacted mixed anhydride was destroyed, and 
the product was isolated as described for the preparation 
of Boc-Leu-Pro-OMe by the mixed anhydride method. 
Recrystallization of the product from ethyl acetate - light 
petroleum (60-80°C) yielded Boc-Tyr(Bz1)-Leu-Pro-OMe 
(725 mg, 72%), mp 91-93°C; [ah -43" (c 1.0, CHCI,). 
Anal. calcd. for C3,H4,N3O7: C 66.53, H 7.61, N 7.05; 
found: C 66.82, H 7.40, N 7.09. 

H-Tyr(Bz1) -Leu-Pro-OMe.HCl 
Removal of the tert-butoxycarbonyl group of Boc- 

Tyr(Bz1)-Leu-Pro-OMe and recrystallization of the prod- 
uct from anhydrous ether - methanol yielded H-Tyr(Bz1)- 
Leu-Pro-OMe.HC1, mp 128-134°C; [a], -48" (c 1.0, 
CHCI,). Anal. calcd. for C28H38N305C1: C 63.20, H 7.20, 
N7.90; found: C 62.74, H 7.27, N 8.28. 

2-Arg(NO2)-Tyr(Bz1)-Leu-Pro-OMe 
Isobutyl chloroformate (54 p1) was added to a solution 

of Z-Arg(N0,)-OH (158 mg) and N-methylmorpholine 
(49 p1) in tetrahydrofuran (2 ml) at - 15°C. After 2 min a 
solution of H-Tyr(Bz1)-Leu-Pro-OMe.HC1 (170 mg) and 
N-methylmorpholine (35 yl) in dimethylformamide (2 ml) 
was added. The mixture was stirred for 1 h at - 15"C, un- 
reacted mixed anhydride was destroyed, and the product 
isolated as described for the preparation of Boc-Leu-Pro- 
OMe by the mixed anhydride method. Recrystallization 
from ethyl acetate yielded Z-Arg(N0,)-Tyr(Bz1)-Leu- 
Pro-OMe (206 mg, 78%), mp 101-104°C; [a], - 38" (c 1 .O, 
CHCI,). Anal. calcd. for C4,HS4N80,,: C 60.70, H 6.55, 
N 13.48; found: C 60.83, H 6.44, N 13.65. 

2-Arg(N0,) -Tyr(Bzl)-Leu-Pro-OH 
To a solution of Z-Arg(N0,)-Tyr(Bz1)-Leu-Pro-OMe 

(328 mg) in methanol (4 ml) was added 0.5 N NaOH 
(2 ml). After 3.5 h at room temperature in a nitrogen 
atmosphere, the methanol was removed in vacuo. Water 
was added, the solution acidified with 1 N HCI, and the 
product extracted into ethyl acetate. Removal of the 
solvent yielded Z-Arg(N0,)-Tyr(Bz1)-Leu-Pro-OH (255 
mg, 78%). Thin-layer chromatography (CHC1,-MeOH, 
4: 1) of the gummy material showed a single major spot, 
R, 0.15, and traces of more polar material. 
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H-Thr-OBzl.HCI 
This compound, mp 127-128°C (lit. (15) 125-126°C) was 

prepared by the method of Maclaren (16). 

Boc-Pro-Thr-OBzl 
Boc-Pro-OPFP (2.52 g) in dioxane (2 ml) was added to 

a mixture of H-Thr-OBzl.HC1 (1.61 g) and N-methyl- 
morpholine (868 y1) in dioxane (20 ml). After stirring for 
1 h at room temperature, the solvent was removed in 
vacuo. The residue was dissolved in ethyl acetate and the 
solution was washed and dried. Recrystallization of the 
product from ether-hexane gave Boc-Pro-Thr-OBzl 
(2.24 g, 84%), needles, mp 88-90°C; [aID - 54" (c 1.0, 
CHCI,). Anal. calcd. for CZ1H30N206: C 62.05, H 7.44, 
N 6.89; found: C 62.00, H 7.49, N 6.66. 

H-Pro-Thr-OBzl.HCI 
Removal of the tert-butoxycarbonyl group of Boc-Pro- 

Thr-OBzl (2.17 g) and recrystallization of the product 
from anhydrous ether - methanol yielded H-Pro-Thr- 
OBzl.HCl(945 mg, 52%), mp 134-135°C; [a], -60" (c 1.0, 
CHCI,). Anal. calcd. for C16HZ3NZ04C1: C 56.05, H 6.76, 
N8.17; found: C55.63, H7.07, N8.26. 

Boc-Leu-Pro-Thr-OBzl 
Boc-Leu-OPFP, prepared from Boc-Leu-OH (346 mg) 

and used without purification, in dioxane (4 ml) was added 
to a mixture of H-Pro-Thr-OBzl.HC1 (512 mg) and N- 
methylmorpholine (198 y1) in dioxane (5 ml). After stir- 
ring for 20 min at room temperature, water was added 
and the product was extracted into ethyl acetate. Recry- 
stallization of the product (634 mg) from ether-hexane 
gave Boc-Leu-Pro-Thr-OBzl (140 mg), mp 68-70°C; [a], 
-89" (c 1.0, CHC1,). Anal. calcd. for C27H41N307: 
C 62.41, H 7.95, N 8.09; found: C 62.11, H 8.18, N 8.51. 

Boc-Tyr(Bz1)-Leu-Pro-Thr-OBzl 
Boc-Tyr(Bz1)-OPFP (687 mg) in dioxane (3 ml) was 

added to a mixture of H-Leu-Pro-Thr-OBzl.HCl(486 mg), 
obtained by hydrolysis of the tert-butoxycarbonyl deriva- 
tive, and N-methylmorpholine (140 HI) in dioxane (5 ml). 
After stirring for 20 min at room temperature the product 
was isolated. Addition of hexane to an ether solution of 
this material precipitated Boc-Tyr(Bz1)-Leu-Pro-Thr-OBzl 
(372 mg), mp 73-75°C; [a]D -61" (c 1.0, MeOH). Anal. 
calcd. for C4,H5,N4O9: c66.82, H 7.30, N 7.25; found: 
C 66.97. H 7.43. N 7.68. 

  em oval of the tert-butoxycarbonyl group yielded non- 
crystalline H-Tyr(Bz1)-Leu-Pro-Thr-OBzl.HC1. 

H-Arg-Tyr-Leu-Pro-Thr-OH (Proctolin) 
(a) From 2-Arg(NOz) -Tyr (Bzl) -Leu-Pro-OH 
( I ) ,  Isobutyl chloroformate (14~1)  was added to a 

stirred solution of Z-Arg(N0,)-Tyr(Bz1)-Leu-Pro-OH 
(99 mg) and N-methylmorpholine (13 yl) in tetrahydro- 
furan (1 ml) at - 15°C. After 2 min, a solution of H-Thr- 
OBzl.HC1 (21 mg) and N-methylmorpholine (9 y1) in di- 
methylformamide (1.5 ml) was added and stirring was 
continued for 1 h. Unreacted mixed anhydride was 
destroyed and the product was isolated. Chromatography 
on a Kieselgel plate with chloroform-methanol - acetic 
acid (85 : 10: 5.5) indicated the presence of a major 
product at Rf 0.61 and two minor products at Rf 0.49 and 
0.40. For removal of the protecting groups, the crude 
peptide was dissolved in acetic acid - water (9: 1) and 5% 

palladium-on-barium sulfate (1.5 times the weight of 
peptide derivative) added. The flask was flushed with 
nitrogen and hydrogen was bubbled slowly through the 
reaction mixture for approximately 24 h at room tem- 
perature. The solution was filtered and the solvent re- 
moved in vacuo yielding crude peptide (59 mg) indicated 
by bioassay (1) to contain 50 mg (89%) of proctolin. 

(2). Diphenylphosphoryl azide (31 p1) in dimethylfor- 
mamide (1.3 ml) was added to a stirred mixture of Z- 
Arg(N0,)-Tyr(Bz1)-Leu-Pro-OH (99 mg) and H-Thr- 
OBzl.HC1 (35 mg) in dimethylformamide (2 ml) at WC. 
Triethylamine (37 y1) was added and the mixture stirred at 
WC for 4.7 h and then at room temperature for 13 h. 
After addition of saturated salt solution, the product was 
extracted into ethyl acetate and the extract was washed 
and dried. Thin-layer chromatography indicated that the 
product consisted of the same components as obtained by 
the mixed anhydride method. Hydrogenolysis as de- 
scribed above yielded crude peptide shown by bioassay to 
contain 65 mg (84%) of proctolin. 

(b)  From H-Tyr(Bz1)-Leu-Pro-Thr-OBzl.HCI 
Boc-Arg(N0,)-OPFP, prepared from Doc-Arg(N02)- 

OH (255 mg) and uscd without ~urilication, was dissolved 
in dioxane 73 ml) and added toAa solution bf H-Tyr(Bz1)- 
Leu-Pro-Thr-OBzl.HC1 (358 mg) and N-methylmorpho- 
line (62 y1) in dioxane (5 ml). After stirring for 1 h at room 
temperature and removal of the solvent, the residue was 
dissolved in ethyl acetate and the solution was washed and 
dried. The tert-butoxycarbonyl group was removed and 
the product partly purified by precipitation from methanol ~. . 

with ether. Thin-layer chromatography on Kieselgel with 
chloroform-methanol (4: 1) indicated the oresence of one 
major component, R, '0.36, and several 'minor compo- 
nents. Hydrogenolysis of the hydrochloride as described 
above yielded crude peptide shown by bioassay to contain 
250 mg (82%) of proctolin. 

PuriJication of Proctolin 
Crude proctolin was purified by ion-exchange chroma- 

tography (Rexyn 101, NH4+ form) and gel filtration 
(Sephadex G-15) as employed in the isolation of proctolin 
(1). The purified synthetic proctolin was homogeneous by 
paper and thin-layer chromatography and by high voltage 
paper electrophoresis and was chromatographically, 
electrophoretically, and pharmacologically identical to 
natural proctolin (2). Amino acid analysis of an acid 
hydrolysate (18 h at 110°C with constant boiling HCl in a 
sealed evacuated tube) showed the following molar ratio 
of amino acids: Arg, 0.97; Leu, 1 .O; Pro, 0.99; Thr, 0.93; 
Tyr, 0.95 

Comparison of the Mixed Anhydride and Pentajfuorophenyl 
Ester Methods for Synthesis of Proctolin 

Starting with H-Leu-Pro-OMe.HC1 (4 mmol), the pro- 
tected tetrapeptide Boc-Arg(N0,)-Tyr(Bz1)-Leu-Pro-OMe 
was prepared by the mixed anhydride method as 
described above with the exception that a 1.4-fold excess 
of mixed anhydride was used at each stage (13). The 
product of each coupling was checked by tlc and used 
without further purification for the subsequent step. 
Hydrolysis of the ester and coupling of the product to 
H-Thr-OBzl (small excess) yielded Boc-Arg(N0,)- 
Tyr(Bz1)-Leu-Pro-Thr-OBzl. After removal of the pro- 
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tecting groups, the overall yield of proctolin as determined 
by bioassay was 35%. 

Similarly, beginning with H-Thr-0Bzl.HCI (4 mmol), 
proctolin was synthesized by the pentafluorophenyl ester 
method as described above with the exception that a 1.5- 
fold excess of the Boc-amino acid pentafluorophenyl ester 
was used a t  each step and intermediates were not purified 
(1 1). Chromatography of the resulting protected penta- 
peptide, Boc-Arg(N02)-Tyr(Bz1)-Leu-Pro-Thr-OBzl, on 
Avicel with n-butanol - acetic acid - water (4: 1 : 1) and on 
Kieselgel with n-butanol - acetic acid - ethyl acetate - 
water (1 : 1 : 1 : 1) showed the presence of one major nin- 
hydrin-positive spot. After removal of the protecting 
groups, the overall yield of proctolin by this method as 
determined by bioassay was 409,. 
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Kinetics of flowing dispersions. X. Oscillations in optical properties of streaming 
suspensions of spheroids 

A. OKAGAWA AND S. G .  MASON 
Pulp and Paper Research lnstitute of Canada, Montreal, P .Q. ,  Canada H3A 2A7 

and 

Department of Chemistry, McCill University, Montreal, P . Q . ,  Canada H3A 2A7 
Received June 24, 1977 

A. OKAGAWA and S. G. MASON. Can. J. Chem. 55,4243 (1977). 
Transients in angular light scattering and turbidity of dilute suspensions of nearly mono- 

disperse spheroidal particles undergoing simple shear flow have been investigated by combining 
Rayleigh-Debye light scattering theory for single dielectric particles with fluid mechanical 
theory for the orientation distributions of particle assemblies in shear flow. Applying shear to an 
initially isotropic suspension causes the orientation distributions and thus the angular scattering 
coefficients to oscillate. Various geometrical arrangements are considered with a view to 
selecting those that will maximize such rheo-optical effects. 

By calculating the optical scattering cross section of a single particle, the turbidity of a 
suspension is obtained; like the scattering coefficient, it undergoes oscillations that are damped 
by ( I )  the inevitable spread in particle shape and volume in real systems, (2 )  shear-induced par- 
ticle interactions, and (3) rotary Brownian motion. The rates of damping, expressed as relax- 
ation times, are considered for the three mechanisms acting alone or in concert. 

Preliminary measurements of the turbidity of dilute suspensions of hardened human red 
blood cells confirm this general pattern of behavior. Apart from their intrinsic interest, such 
rheo-optical effects can be used to determine a number of useful properties of dispersions. 

A. OKAGAWA et S. G. MASON. Can. J. Chem. 55,4243 (1977). 
On a CtudiC les espkces de transition qui se produisent dans la diffusion de la lumikre 

angulaire et la turbidite de suspensions dilukes de particules spheoridales presque mono- 
dispersees subissant un dcoulement cisail16 simple; ces etudes ont Cte effectuees en combinant 
la theorie de la diffusion de la lumiere de Raleigh-Debye pour des particules dielectriques 
simples avec la theorie de mecanique des fluides pour les distributions de l'orientation de 
groupements de particules subissant un Bcoulement cisaille. L'application d'un cisaillement a 
une suspension initialement isotrope provoque une oscillation des distributions d'orientation 
et, donc, aussi des coefficients de diffusion angulaire. On a considere divers arrangements 
geometriques afin de choisir ceux qui maximisent de tels effets rheo-optiques. 

En calculant la section droite de diffusion optique d'une particule simple, on obtient la 
turbidite de la suspension; on note que la turbidite subit, comme le coefficient de diffusion, 
des oscillations qui sont attenuees par: ( I )  I'inCvitable dispersion de forme et de volume 
des particules dans le systeme reel; ( 2 )  les interactions de particules induites par le cisaillement 
et ( 3 )  par le mouvement rotatoire Brownien. On considere les taux d'attenuation, exprimes sous 
forme de temps de relaxation, pour les trois mkcanismes agissant individuellement ou ensemble. 

Des mesures preliminaires de turbidite de suspensions diluees de cellules rouges durcies de 
sang humain confirment ce comportement general. En plus de leur interst intrinseque, on peut 
utiliser de tels effets rheo-optiques pour determiner un certain nombre de proprietes utiles des 
dispersions. 

[Traduit par le journal] 

Introduction 
Many macroscopic properties of flowing sus- 

pensions depend on the motions of the individual 
particles and especially their rotations and the 
resulting orientations. Elsewhere the rheological 
(1) and electrical (2) properties have been exa- 
mined. In this paper we consider optical pro- 
perties, specifically angular light scattering and 
turbidity. 

In the past the most commonly measured rheo- 

optical effect has been streaming birefringence, 
used to determine particle (or molecular) size and 
configuration in colloidal sols and polymer solu- 
tions (3-5). On the other hand, light scattering, 
while widely used in quiescent fluids, has received 
relatively little attention in streaming systems ex- 
cept by Diesslhost and Freundlich (6) and Heller, 
Peterlin, and co-workers (7-1 l), the latter workers 
deducing the statistical configuratioll of flowing 
macromolecules in dilute solutions. More re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



4244 C A N .  .I. CHEM. VOL. 55 ,  1977 

cently angular scattering (12) and turbidity 
(13, 14) measurements on dilute suspensions of 
human erythrocytes have been made in simple 
shear flow; the turbidity measurements (13, 14) 
exhibited damped oscillations from which it was 
inferred that cell shapes, size, and orientations 
could be determined. 

In this paper we establish the theoretical 
foundations of the periodic optical properties of 
flowing dispersions by combining angular light 
scattering theory with that for the rotational 
motion of dilute and nearly monodisperse dis- 
persions of spheroids in simple shear flow, and 
offer some corroboratory experimental evidence, 
which goes beyond that in refs. 13 and 14. 

In our theory we assume that particles are 
much larger than the light wavelength and that 
their refractive index is close to that of suspending 
medium so that Rayleigh-Debye scattering 
theory (15) applies. Various geometrical arrange- 
ments of incident and scattered light beams rela- 
tive to the flow field are considered with a view to 
optimizing the rheo-optical effects. The particle 
rotations and the resulting orientations in dilute 
suspensions are then expressed in various co- 
ordinate systems using the theory previously 
developed (I) for transient orientation distribu- 
tions of spheroids. We thus show that the various 
angular scattering coefficients and the turbidity 
undergo oscillations, usually damped, with a 
frequency twice that of the particles rotating 
about the vorticity axis of the flow. 

In our experiments, like some of those in 
ref. 13, dilute suspensions of hardened (i.e., rigid) 
red blood cells, which are biconcave discs, have 
been used to model oblate spheroids for which 
shape all of the numerical calculations from the 
theory are given. However, all of the light 
scattering equations are equally valid for prolate 
spheroids, including spheres. For reasons that 
will be seen later, some of the relations are purely 
formal in nature, while others (i.e., those dealing 
with relaxation times) are based on orientation 

distribution functions and are not applicable 
directly to light scattering. However, sufficient 
detail is given so that the theory can be readily 
used for numerical calculations of a variety of 
systems and geometries extending beyond those 
for which calculated or measured data are 
presented. 

Angular Light Scattering 
Light Scattering by Single Spheroids 

When a particle of maximum linear dimension 
I suspended in a fluid is exposed to linearly 
polarized light of wavelength h, the light may be 
absorbed and scattered by the particle; in this 
treatment we limit consideration to systems that 
do not absorb light, i.e., the optical dielectric 
constant (or refractive index) is not complex; we 
also assume that the particles are optically iso- 
tropic. When I > h and the particle refractive 
index n, is close to that of the medium n,, 
Rayleigh-Debye scattering occurs (1 5 )  for which 
the basic condition is 

where k = 2nlh is the wave number and m = 
n,/n,. The light scattering for this case is given by 
summation of the scattering by each volume ele- 
ment of the particle, which we take to be a 
spheroid whose surface is 

where a, b are the semi-axes (a 5 b for oblate and 
prolate spheroids, and a = b for a sphere) of 
revolution and the Cartesian coordinate system 
Xi1 is fixed in the particle with X I '  on the axis of 
revolution. When the particle is placed in linearly 
polarized light of intensity I, directed along one of 
the Cartesian coordinate axes fixed in space as 
shown in Fig. 1, the scattered light intensity I, at 
the scattering angle Go, 4 ,  (the spherical polar 
coordinates for the scattered light with X, as the 
polar axis) is given (15) by 

where V = 4?cab2/3 and r is the distance from the particle to the light detector. The form factor 
R(O0, P) depends upon particle volume V, its shape, and orientation, and is given by 

3(sin u - u cos u) I 
where 

[51 u = 2kb sin +O0[sin2 P + (a/b)' cos2 
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OKAGAWA AND MASON 4245 

when the fluid medium undergoes slow simple 
shear flow with velocity components vi relative to 
the Cartesian coordinates Xi fixed in space 

21, = U 2  = 0 
[71 v3 = Gx, 

G being the velocity gradient (Fig. 2, top). The * Xk axis of revolution of the spheroid, whose orienta- 
tion O,, +, is now expressed relative to the polar 
axis XI, rotates periodically in a fixed spherical 
elliptic orbit given by Jeffery's equations (1, 16): 

[Sa] tan 0 - C re 
x ;' - (re2 cos2 4, + sin2 +,)'I2 

[Sb] tan +, = re tan (2ntlT + K) 

' Is where re = alb is the axis ratio, C and K are the 
orbit constant and phase angle respectively, and 

10 T is the period of one complete rotation about 
the vorticity axis X, given by 

FIG. 1 .  Various coordinate systems for light scattering 
by a single spherold whose axis of revolution is along XI ' .  
Top: The incident light I, polarized in the direction of X ,  
(indicated by E,) is directed along X,  axis. The direction 
of the scattered light I, is expressed by the spherical polar 
coordinates O,, +, (relative to the incident light beam as 
polar axis). The numbering of i, j, k = 1,2,3 is determined 
by the geometrical arrangement of the optical and flow 
systems. Bottom: The orientation of XI'  relative to the 
Cartesian coordinates XI", X2", X3" is given by the 
spherical coordinates (3, y with the bisectrix (the axis 
bisecting the backward direction of incident beam I ,  and 
I,) as the polar axis which IS taken as XI". 

where the orientation of particle is expressed by 
the spherical polar coordinates P and y when the 
bisectrix (the axis which bisects the angle between 
I,  and I, in the plane containing them) is taken as 
the polar axis (Fig. 1, bottom). Since u is a 
function only of P, thus all particles of a given P 
have the same scattering pattern. It is usual to 
define the relative scattering intensity I, = Is/Is 
(8, = 0), so that from [3] 

[6] I, = (1 - sin2 0, sin2 +,)R(O,, P) 

Thus I, like R(O,, P) is also a function of the 
particle volume, shape, and orientation for a 
given scattering angle O,, 4,. 
Spheroids in the Simple Shear Flow 

We now consider a single isolated spheroid 

Since the particle rotates periodically with a 
frequency which is shape- but not size-dependent, 
I, will vary periodically (but with twice the fre- 
quency of rotation because of fore-aft symmetry) 
in phase with the particle with an amplitude 
depending upon both the shape re and volume V 
of the particle and the geometrical arrangement 
of the optical system. As a guide for optimizing 
the measurement of I, (and its oscillations), a 
number of geometries have been considered, all 
of which are experimentally realizable. These fall 
into two groups; one in which the bisectrix and 
the other in which the incident light coincide 
with one of the fixed coordinate axes Xi of the 
flow field. This classification yields six geo- 
metries as shown in Fig. 2, which we examine in 
detail below. In all cases, the incident and scat- 
tered light beams and their bisectrices are taken 
to lie on one of the XiXj planes and the electric 
field of the incident beam is normal to this plane 
(i.e., 4, = 0") so that 

It thus becomes more convenient to express the 
particle orientation as P, y the transformation 
equations of which from O,, +,, and 0, for the 
six cases are as listed in Table 2. In group I 
(Fig. 2, left), we consider scattering in the X, X2- 
plane with X, as bisectrix (I-A), in the X2X3- 
plane with X2 as bisectrix (I-B), and in the X2 X,- 
plane wit11 X3 as bisectrix (I-C). Since the bi- 
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FIG. 2. Various feasible geometrical arrangements. In group I (A-C), the bisectrix between Zo and I, 
coincides with one of the space-fixed coordinate axes Xi, whereas in group I1 (A-C), Zo itself coincides 
with one of Xi. I, is considered only in the plane XiX, with the polarization of Zo normal to this plane. 
At the top of the figure the spherical polar coordinates 01, of the spheroidal axis are shown relative 
to the simple shear flow given by [7]. 

x 2 
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sectrix is the polar axis for P, y and coincides with orbit constant C such that tan y is limited to 
the Cartesian space coordinates Xi, the trans- + Cr, for I-B and + C for I-C. 
formations are straightforward. For I-A, P = 0, On the other hand, in group I1 (Fig. 2, right) 
and y = 4,, the variations of p and y are thus where the scattering is considered in the XlX2- 
identical to 181, whereas those of P and y for the plane with I, along the XI axis (11-A), in the 
other two cases in group I depends upon the X, X2-plane with I, along the X2 axis (11-B), and 
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TABLE 1. Equations for transformation of coordinates and spheroid rotations for various geometries 

Geometry 
(Fig. 2) cos fl tan y 

I-A cos 0, 
I-B sin 0, cos 4, 
I-C sin 8, sin 4, 

tan $1 
tan 0, sin 4, 
tan 0, cos +, 

0 0 
0 0 2 2 

cos 0, cos 2 + sin 0, cos +, sin 2 
11-A sin 0, cos 4, c o s 2  - cos 0, s i n 2  

2 2 sin 0, sin 4, 

0 0 
sin 0, sin 4, 

11-B cos 0, c o s 2  - sin 0, cos 4, sin 2 
2 2 

0 0 
cos 0, s i n L +  sin 0, cos +, c o s l  

2 2 

0 0 0 0 11-C sin 0, sin +, cos 3 - sin 0, cos 4, sin? tan 0, cos 4, c o s 2  + tan 8, sin 4, s i n 2  
2 2 2 2 

Variation of'cos p" Variation of tan yo 

re tan T** 

I-B Cr, cos y 
(C2reZ + re2 cos2 y + sinz y)'I2 Cr, sin T*  

I- C Cr, sin y 
(cZre2 + re2 cosZ y + sinzy) 'I2 

C cos T* 

0 0 0 0 
C cos o c o s  T*  + sin 2 11-A 2 .  2 2 cos o c o s e c  T * sin 3 cot T *  

+ 2 
[l + C2{cosz T* + re2sin2 T*}I1l2 Cre re 

0 0 
c o s 3  - C sin A c o s  T*  

2 11-B - ---- 
2 Cr, sin T* 

[l + C2{cos2 T* + reZ sin2 T*)]'12 0 0 
sin 3 + C cos O c o s  T* 

2 2 
0 

C{r, cos % sin T* - sin Aces T*} 
2 11-C 2 0 

[l + C2{cosZT* + reZsin2T*}]1'2 
C{r, sin 5 sin T* + cos L c o s  T*) 

2 2 

'Calculated from [El and the transformation equations in columns 2 and 3. 
'T* = (2ntlT) + K. 

in the X2X,-plane with I, along the X,-axis Dilute Suspensions 
(11-C), the transformations of 8,, +, to p, y are If a suspension of identical spheroids is so 
more complicated and are functions of the dilute that there is no secondary scattering (i.e., 
scattering angle 8, (Table 1). The particle rota- by one particle from that scattered from another) 
tions expressed in terms of P and y are also listed the total scattering from the assembly is given by 
in the last two columns of Table 1. the summation, which from [lo] becomes:' 

wherep,(P, y) dB dy is the fraction of particles oriented in the interval dp dy at P, y. We have previously 
shown theoretically for spheroids (1) and confirmed experimentally for rods and discs that behave 
like prolate (re > 1) and oblate (re < 1) spheroids (17) that, in an initially randomly oriented (or 
isotropic) dilute suspension of non-interacting spheroids when each particle retains its original 
orbit constant C and phase angle K in flow [7], the time-dependent orientation probability distribu- 
tion P,(@,, $1) is (1) 

'Syn~bols with an overbar designate instantaneous number averages. 
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where 

sin 8, 
p1(017 $1) = 4n(cos2 + x2 sin2 01)3i2 

[13al x2 = x1 sin2 4, + x2 sin + cos $ + x3 cos2 

[13bl xl = +[I + rep2 + (1 - re-') cos (47ct/T)] 

[13cI x2 = (re- l - re) sin (4ntlT) 

[13dl x3 = *[I + r,' + (1 - r,') cos (4nt/T)] 

The transformation of pt(8,, 4,) to pt(P, y) can be made through the identity: 

with the result: 
sin fi 

P~(" ') = 4n(Fl sin2 P + F2 sin P cos P + F3 cos2 P)3'2 

where F,, F2, and F3 are explicit functions (the used in turbidity measurements (and generally 
details of whose derivations like those in Table 1 considered an anathema to most angular light 
are straightforward and hence omitted) of re, 8,, scattering) is especially convenient for the oblate 
y, and t listed for all six cases in Table 2. Substi- spheroids considered here. 
tuting [15] into [I I], R(8,, P) can be obtained by 
numerical integration over all possible orienta- Turbidity 
lions. 

To illustrate, numerical integrations have been 
made for initially isotropic suspensions of oblate 
spheroids of re = 0.4, b = 4.25 pm with n,  = 
1.40 in a iluid of n, = 1.44, so that (m2 - 1) = 
0.054 and thus satisfying [I], which are exposed 
to linearly polarized incident light of h = 632.8 
nm in vacuum; these physical properties corre- 
spond closely to the experimental system de- 
scribed later. The calculated relative scattering 
intensities at various 8, over a semi-rotation 
0 I t I T/2 for the six geometries (Fig. 2) are 
shown in Fig. 3. Cases I-A and 11-B exhibit only 
small amplitudes of oscillation in I, during rota- 
tion whereas the other four cases clearly show 
appreciable amplitudes of frequency 2/T. The 
scattering intensities at t/T = 0.25 are greater for 
cases I-B and 11-A and lower for I-C and 11-C 
than for random orientations (i.e., at  t = 0 and 
T/2). 

It is immediately clear from those calculations 
that geometries I-A and 11-B are not suitable for 
studying particle orientation phenomena for this 
system, whereas the others are. At this stage it is 
not possible to generalize on the most suitable 
geometry to be used except to state that it will 
depend on (I) particle volume and shape, (2) the 
refractive indices n,, n,, and (3) the use of which 
the measurements are made. As will be seen in 
the following section the much simpler geometry 

Undamped Oscillations 
The attenuation of light transmitted through a 

suspension of particles is given by the Beer- 
Lambert law (1 5) 

[I61 To = It/& = exp (-vd) 

where I, is the transmitted intensity over the path 
length d and To is the transmittance. The attenua- 
tion coefficient v is the absorption coefficient 
when light is absorbed or the turbidity when it is 
scattered; as stated earlier only the latter case is 
considered here. Since we neglect secondary 
scattering, strictly speaking [I61 is limited to low 
concentrations when only the linear term of the 
Taylor expansion is valid, i.e., 

The turbidity v (of dimension [L]) is a measure 
of the total energy removed from the primary 
beam by scattering, and can be written as 

where N is the particle number concentration and 
C;, (of dimension [L']) is the mean particle 
scattering cross section. 

For a spheroid at 8,, $, (polar axis XI) ex- 
posed to incident light directed along the X2-axis 
and polarized in the XI-direction (Fig. 4), 
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30° 

soo 
50' 

60' 
70° 
so0 
%?; 
1200 
140' 
I so" 

%, ROTATIONS 
FIG. 3. Oscillation of relative scattering intensities I, of a dilute suspension of oblate spheroids over 

a half-rotation in shear flow, for the various geometrical arrangements in Fig. 2 for re = 0.4 (a = 1.2 
Fm, b = 4.25, and V = 91 pm3), n~ = 1.44, n~ = 1.40, and h = 632.8 nm. The values at t / T =  0 and 
0.5 are for random particle orientations and for a given 0, are identical for all cases. Equation 11 was 
integrated numerically usingp,(p, y)  given by [IS] and the values of Fi listed in Table 2. 

scattering occurs over all values of go, $,, the 
angular coordinates for the scattered light with [I9] = SZff Sn (I~IIO) r2 '0 d $ ~  

0 0 
X2 taken as the polar axis. The scattering cross 
section is thus (15) where I, is given by [3], so that 

[201 C sca = + I 2 *  1 ~ ~ k ~ ( m ~  - 1)' (1 - sin2 0, sin2 $,)R(B0, p) sin 9, dBod$o 
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However, the angles P, y of the bisectrix for a given el,  4, vary with the scattering angles go, +, via 
the geometrical relations: 

[21a] cos P = cos 8, cos 38, sin 4, + sin 8, cos +, sin $8, - sin 8, sin +, cos 9, cos 4, 
sin 8, (cos +, cos 30, cos 4, + sin 41, sin 38,) 

t any  = 
cos $3, sin +, cos p - cos 8, 

C,,, of a single particle can be conveniently compared with the geometrically projected area S,, 
on the plane normal to the incident beam (i.e., on the X, X3-plane) to yield the 'scattering efficiency': 

[221 Qsca = CscaIS13 

For a spheroid given by [2] 

When 8, = 0, S,, = nab; and when 8, = 90°, constant amplitude reaching a minimum at 
+, = 0°, S,, = nb2; for an oblate spheroid t = T/4 when there is a preferred face-on orienta- 
(re < l )  these cases correspond to viewing it tion towards the X2-axis (I), and a maximum at 
along the X2-axis edge-on and face-on, respec- t = 0, T/2 when there is a preferred edge-on 
tively. Figure 5 shows numerical values of Q,,, orientation and (as with a single particle) vice- 
for various orbit constants C for the oblate versa for s,, (Fig. 6). 
spheroids used in computing Fig. 3 when shear 
flow given by [7] is applied for a half-rotation 
starting at 4, = 0 (i.e., K = 0). When C = 0, 
(i.e., 8, = 0") the particle spins about its axis of 
revolution so that there is no change in Csc, and 
and S13. When, on the other hand, C = co (i.e., 
8, = 90") it faces the incident light near t = 0 
and T/2, and orients edge-on at t = T/4 so that 
Q,,, passes through a minimum and a maximum 
and like I, oscillates with frequency 2/T. It may 
appear paradoxical that the particle scatters 
more light when it is oriented edge-on to the 
incident light (when S,, is least) than when face- 
on (S,, greatest). This is confirmed by the experi- 
ments described below. From [22], Q,,, = 1 
means that all of the light beam falling on the 
particle is removed by scattering. However, it is 
seen in Fig. 5 that Q,,, is often > 1 ; this results 
from the disturbance of the light beam in regions 
away from the surface of the particle. 

The mean value C ?  for an infinitely dilute 
suspension can be obtained from the orientation 
probability pt(8,, 4,) using the relation 

Values of ~ z c a l c u l a t e d  from [12], [20], and [24] 
for an initially random suspension of oblate 
spheroids of the system used in Figs. 3 and 5, and 
for the geometry of Fig. 4, are shown in Fig. 6. 
Sincept(8,, 4,) is a periodic function of frequency 
2/T (I), c, oscillates in synchronism and with 

Damped Oscillations 
The oscillations described above are modified 

by various factors not yet considered. Thus, 
direct measurements of particle orientation 
distributions (17) have shown that the oscilla- 
tions decay with a characteristic relaxation time z 
during which the amplitude is reduced to l /e  of 
its initial value. 

The damping results from various mechanisms 

FIG. 4. Coordinate system for calculating the scattering 
cross section of a spheroid in the simple shear flow 
v 3  = Gxz. The incident light beam is polarized in the XI- 
direction and directed along the Xz-axis. The direction of 
the scattered light is expressed by the spherical angles go, 
41, (Xz as polar axis) and the orientation of the axis of 
revolution of the spheroid by el ,  (XI as polar axis). 
The broken lines are the spherical elliptical orbits given 
by [8a] for oblate (re < 1) and prolate (re > 1) spheroids 
for arbitrarily chosen C's. 
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@I, DEGREES 
0 15 30 60 120 150 165 100 

3.0 1 1  I I I I  

C = 0 

8. ROTATIONS 
FIG.  5. Scattering efficiency Q,,, of a single oblate 

spheroid from the same system as in Fig. 3 rotating in 
simple shear flow at various orbit constants C for an 
initial +, = 0,  K = 0 .  When C = 0,  the spheroid spins 
about its own axis, and is thus steadily oriented edge-on 
to the incident light so that Q,,, is constant. When 
C = w, it orients face-on at t/T = 0 and 0.5, but edge-on 
at t / T  = 0.25 so that QSca alternates between a minimum 
and a maximum and vice-versa for SIS (see text). Thus 
when 0 < C 5 co Q,,,, like I, (Fig. 3), oscillates with a 
frequency 2/T. 

(1, 17), but principally (1) variations in particle 
shape re, (2) shear-induced two-particle interac- 
tions, and (3) rotary Brownian motion, each with 
its own zi. Taking the effects to be additive the 
net T for orientation distributions can be ex- 

which can be rewritten in the dimensionless form 

'Equation 25 is based primarily on the redistribution of 
K, i.e., 'rotational phase mixing' (18). Strictly speaking the 
equation should include a .r4-l for changes in orbit con- 
stants C [8a] due to shear-interactions; on the time and 
concentration scales for the systems considered here 
(1, 17) T/r4 is effectively zero. 
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is then given by the formal relation: 

4 5 where the subscript o designates the spread in re, 
and c?, is given by [24]; analogous equations 
will exist for I,. In many situations, however, [27] 
will not apply and g(r,, V) will be more compli- 
cated and, indeed, may not be known; when it is, 

5 however, the optical properties can be calculated 
numerically by the use of equations given above. 

40 1; We illustrate by numerically calculating ( c , ) ,  
for system considered in Figs. 3, 5, and 6, for 
simplicity taking .r,-' = .r3-' = 0 and particles 
of identical volume, but with a non-zero .r1-l 
resulting from a Gaussian distribution in re : 

0.0 0.1 0.2 0.3 0.4 0.5 where 0, (= 0.07 (17.5%) corresponding to the 
VT, ROTATIONS experimental system) is the standard deviation in 

FIG. 6. Meanscattering cross section C= and mean 
projected area SI3 for an  initially isotropic dilute suspen- 
sion of the system used in Figs. 3 and 5, when subjected to 
the simple shear flow shown in Fig. 4. The values were 
obtained by numerical integration of [24] using [20] with 
pt(B1, 4,) given by [12], and show that C,,, and 
behave oppositely, but with both oscillating with fre- 
quency 2/T. 

where 6, is a known constant for spheroids and 
b, and 6, are thus far calculable only for prolate 
spheroids (re >> 1) (1, 17, 19), although for 
oblate spheroids (re < 1) they may be roughly 
estimated by analogy. 

It is obvious that similar relations should 
apply to the damping of any orientation de- 
pendent property but, of course, with different 
values for the parameters hi. However, the period 
of oscillation T/2 should be the same for all since 
it is determined by the particle rotation about the 
vorticity axis, is given by [9] using the mean 
value (l), and is independent of V. 

Considering now C= (or more generally I,), 
damped oscillations of frequency 2/T with a 
characteristic .r determined by re and Vand their 
distributions should occur. The simplest general 
case to consider is that for which the distributions 
of re and V are independent, with the probability 
distribution g(r,, V) given by the product 

where g,(r,) and g,(V) are the respective proba- 
bility densities. The mean scattering cross section 

re. 
As expected (Fig. 7), the calculated (c,), 

undergoes damped oscillations of frequency 2/T 
with the relative amplitude A(t )  at each quarter 
rotation decreasing nearly exponentially (al- 
though the scale in Fig. 7 is linear) from which 
T ~ / T  = 0.875. This is surprisingly close to the 
value (0.89) from the damped oscillations in 
orientation distribution using the earlier con- 
firmed theory (1, 17) (see [30] below). At this 
stage of our knowledge this agreement between 
the two sets of zl may be fortuitous because of 
the numerical values of r, and o, selected for 
illustrations; however, the agreement in fre- 
quency, as already stated, is not. For the sake of 
brevity we will employ numerical values of b1 
based on the optical data presented in the experi- 
mental part which follows. 

Experimental Part and Discussion 
Methods 

For turbidity measurements, suspensions of 
hardened human red blood cells (mean diameter 
8.6 pm, thickness 2.5 pm) were used as conven- 
ient models of nearly mono-disperse oblate 
spheroids (20). They were suspended in aqueous 
glycerol (75% by volume) with a small amount of 
dissolved SnCl, to eliminate sedimentation. The 
density and viscosity of the medium were 1.29 
g/ml and 0.125 Pa s, respectively. Particle con- 
centrations determined by a hemacytometer 
ranged from 2 x 107 to 4 x 108 cells/ml corre- 
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5, ROTATIONS 

FIG. 7. Values calculated by numerical integration of [28] for the suspension considered in Figs. 3 
to 6, but with a spread in re given by [29] wi thc  = 0.4, o, = 0.07, and T,,,-' = OJhe damping of the 
relative amplitude A(t )  whose values were determined at each peak and valley of (C,,,), is shown by the 
broken line yielding zl/T = 0.875. 

START 

0 5 10 15 20 0 2 4 6 8 
s TIME min 

FIG. 8. Typical example of a recorder trace of the transmitted light intensity (arbitrary scale) for a 
suspension of hardened human red blood cells at N = 4 x 108/ml-I and G = 2.6 s-' over the interval 
marked START to STOP when damped oscillations occurred. The fluctuations in the decaying I, after 
stopping shear appeared to be enhanced; this is due mainly to the expanded time scale. 

sponding to volume fractions of 1.7 x 10-j to 
3.6 x lo-' when the average volume of red blood 
cells is taken as 88 pm3 (20). The refractive in- 
dices were n, = 1.44 and n,  = 1.40, respectively, 
so that m = 1.03. The suspension was then 
placed between two parallel optically polished 
glass discs of diameter 12.7 cm separated by a 
gap of 1.6 mm, with the bottom one rotated at an 
adjustable constant angular velocity (21). 

The turbidity was measured across the discs 
(i.e., along the 1,-axis) using a He-Ne laser 
(Spectra Physics Model 124A, h = 632.8 nm with 
a beam diameter of 1.1 mm) and a power meter 
(Coherent Radiation Laboratory, Model 212) 
whose output was chart-recorded (Keithley 
Instruments, Model 370). All measurements were 

made in a constant temperature room at 21 t. 
1°C. 

Results and Discussion 
A typical example of the changes in light trans- 

mission is given in Fig. 8. When shear was 
applied To initially increased rapidly to a maxi- 
mum and then experienced damped oscillations, 
with superimposed (and apparently random) 
fluctuations, which became more evident as the 
oscillations became smaller. When flow was 
stopped, To decreased monotonically and asymp- 
totically approached the initial value at t = 0. 

The damped oscillations of To parallel the 
theoretical calculation shown in Fig. 7, remem- 
bering ([16] to [1 81) that a decrease in CT,corre- 
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TABLE 3. Measured parameters o f  oscillations in trans- 
mission coefficienta 

@For these systems = 16.9 + 0.6 when measured from the 
period of oscillation of To as in Figs. 7 and 8. 

bFrom intercepts ( T / T ) ~ - I = ~  in Fig. 9 using [341. 
=From slopes in Fig. 9 using [341. 

sponds to an increase in To and vice-versa. The 
periods of oscillation, which should correspond 
to T/2, were measured from those tracings. As 
expected the product TG was found to be inde- 
pendent of N and G, and for some 50 measure- 
ments yielded % = 16.9 + 0.6; from [9] this 
yields a mean equivalent spheroidal axis ratio 

= 0.44, a value that compares reasonably well 
with ry=  0.38 + 0.07 obtained by direct micro- 
scopic observations of % on a different sample 
of the rotating cells (20). 

The amplitude A(t) of the oscillations was 
generally found to decay nearly exponentially. 
Taking the height of the first peak as A(0) = 1, z 
was determined as in Fig. 7. The dimensionless 
relaxation times TIT thus obtained are listed in 
Table 3. Their reciprocals, which can be regarded 
as damping coefficients, are plotted against G - I  
for various concentrations in Fig. 9 where it is 
seen that they vary linearly in accord with [26]. 

ko being the Boltzmann constant, T,  the absolute 
temperature, and q the medium viscosity. The 
parameter a = 6 for orientation distributions at 
Br, = G/2D, = 0 (i.e., at G = 0) (23). For finite, 
but very large Br,, a is estimated to be propor- 
tional to r: for phase mixing (24) when re >> 1. If 
an analogy can be made for oblate spheroids 
(re < 1) we may write 

The slopes give b, and the intercepts at G-' = 0, 
which correspond to orthokinetic conditions (22) 
when the effect of rotary Brownian motion are 
negligible (i.e., the rotary Brenner number 
Br, = oo (22)), yield b, + b,N (Table 3). The 
intercepts (T/z)G-' = 0 are linear with N 
(Fig. 9, top) from which, using [26], b, = 0.68 
and b, = 1.22 x ml-l. 

Using the analytic expression for b, of orienta- 
tion distributions derived in ref. 1 for a distribu- 
tion of re's given by [29] is: 

and inserting the experimental value of b, for 
damping of transmission coefficients, oe = 0.05 
for = 0.44. This is somewhat lower than the 
value (0.07) obtained by the direct microscopic 
measurements (20); however, in view of the 
differences to be expected in b, derived from 
optical measurements and those given for orien- 
tation distributions by [30], the fact our samples 
and those of Goldsmith and Marlow (20) were 
different, and that g,(re) and g,(V) are not 
strictly independent for blood cells (20), the 
agreement in the oe's is considered satisfactory. 
In the absence of a theory of two-body shear- 
interactions for oblate spheroids (I), it is prema- 
ture to comment on our experimental value of b,. 

We now consider the effects of rotary Brownian 
motion which determines z, in [25] by a relation 
of the type (17) 

where a is a parameter yet to be determined and 
D, the rotary Brownian diffusion coefficient 
normal to X I r ,  which for an oblate spheroid 
(re < 1) is given by (23) 

For the system used in our experiments, D, = 
5.2 x s-l, so that from [31] the calculated 
T, = 120 s whereas the experimentgz, obtained 
from the measured mean value of b, = 1.04 s-I 
(Table 3) is 16 s. At G = 0 (as in the last portion 
of Fig. 8 where the decay was due to rotary 
Brownian motion restoring random orientation) 
the measured z, = 4 x 10' s and the calculated 
t, from [31] and [32] with a = 6 (23) is 3.2 x lo3 
s. In both cases the measured z,'s are approxi- 
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OKAGAWA A N D  MASON 4255 

FIG. 9. Measured damping coefficients T/r vs. G-' at 
various Nml- '  (part B). The intercepts (T/r)G-' = 0 vs. 
N are plotted in the upper half. From these plots of the 
experimental data, the constants b ,  in [26]  were evaluated 
(see Table 3 and text). 

mately one order of magnitude smaller than those 
calculated. However, in view of the approxima- 
tions that are inherent in applying [26] and [31] 
to turbidity data the difference between two 
values is not unreasonable. 

The fluctuations, or scintillations (13), which 
are superimposed on the traces to To (Fig. 9), are 
considered to be experimentally significant, and 
are not merely electronic noise and other random 
disturbances: it is significant that at Br, = co 
they, like the oscillations in To, can be perfectly 
reproduced on reversing flow (25) and for this 
reason cannot be random. On the other hand, at 
Br, = 0, when Brownian motion predominates 
and one is dealing with purely perikinetic condi- 
tions (22), the scintillations are random. It is our 
belief that for 0 5 Br, co they arise from sta- 
tistical fluctuations in the number of particles 
sampled by the finite volume (1.5 x ml) of 
the light beam; since only a small fraction of the 
total number are in orientations near maximum 
C,,,, the fluctuation in To can be shown to be 
significant, e.g., 2.5% of To at N = 10' (13). 

Concluding Remwks 
The theory and the preliminary experimental 

results presented here demonstrate some of the 
potentials of rheo-optical measurements in deter- 

mining distributions of size and shape, especially 
when the particles scatter (rather than absorb) 
light and are reasonably monodisperse. Some 
related observations are the following: 

(1) Damped oscillations in To call occur with 
particles that absorb light, e.g., with hardened 
red blood cells like those used here but rendered 
absorbing by coating them with silver (25), under 
which conditions all of the light on a particle is 
removed from the beam and hence, as the 
analogue of [I 81, 

However, the oscillations in To are now in phase 
wi.th those of S,, instead of being 90" out of 
phase (as in Fig. 6), and thus show an initial drop 
to a minimum instead of rising to a maximum 
(as in Fig. 8). Q,,, is now a maximum when the 
cell is face-on to the beam, and a minimum when 
edge-on as expected intuitively. 

(2) When o, becomes very large TIT < 114 and 
oscillations will not occur, i.e., the system is 
overdamped (1). Under these conditions mono- 
tonic changes of To and I, may be expected as we 
have already observed with highly heterodisperse 
suspensions of guanine (26) and kaolin (27) 
platelets, but with both systems recovering the 
original values on stopping shear as random 
orientations are restored by the appreciable D,. 
Further complications undoubtedly arose from 
the optical anisotropy (birefringence) of the 
guanine crystals (26). 

Further development of the theory (including a 
consideration of particles that are deformable in a 
flow) and of instrumental methods that incor- 
porate a number of the geometries described in 
Fig. 2 have been planned or made and will be 
reported later. Additional optical phenomena 
which may prove fruitful for similar-theoretical 
and experimental investigations are streaming 
dichroism and optical rotatory dispersion when 
Br, is much greater, as in classical streaming 
birefringence studies (3). 
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Water-soluble lysine-containing polypeptides. IV. The synthesis, characterization, 
and circular dichroism spectra of sequential polypeptides formed from dipeptides 

of lysine and amino acids of increasing side chain size1 
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LEWIS A. SLOTIN, DENIS R. LAUREN, and Ross E. WILLIAMS. Can. J. Chem. 55,4257 (1977). 
Several polypeptides have been synthesized which contain the alternating sequence lysyl-X, 

where X = gly, L-ala, D-ala, L-val, L-leu, and L-phe. The polypeptides have been characterized 
by gel filtration (molecular weight) and by circular dichroism spectroscopy (secondary struc- 
ture). 

LEWIS A. SLOTIN, DENIS R. LAUREN et Ross E. WILLIAMS. Can. J. Chem. 55,4257 (1977). 
Nous avons synthktise plusieurs polypeptides qui contiennent la sequence alternke lysyl-X, 

ou X = gly, L-ala, D-ala, L-val, L-leu et L-phe. Les polypeptides ont ktk caractkrises par des 
filtrations sur gel (poids molkculaire) et par des spectres du dichroisme circulaire (structure 
secondaire). 

Introduction 
The nuclei and chromosomes of eukaryotic 

organisms contain significant amounts of protein 
and nucleic acid. Many of the proteins are 
basic or cationic in nature and constitute a 
class of proteins known as the histones. Because 
of their cationic character these proteins interact 
strongly with cellular DNA (deoxyribonucleic 
acid) and have thus been postulated to play 
an integral role in chromosomal architecture and 
a smaller role in cellular regulation (1). 

The nature of the association between these 
cationic proteins and cellular DNA may be 
simply electrostatic or may be coupled to a 
more complex sequence-dependent recognition 
process (2). In order to elucidate the role which 
the structure of the protein plays in these in- 
teractions, a number of synthetic models con- 
taining basic amino acids have been utilized 
( 3 - 7 ) . ~ s  an example, the homopolymers poly- 
(L-lysine) and poly-(L-arginine) have been used 
to study DNA - cationic protein interactions 
(3, 4). In order to extend the study of these 
latter model systems the synthesis, characteriza- 
tion. and DNA interaction studv of a series of 
sequential lysine-glycine polypeptides has been 
reported (8). To continue in this approach the 
sequential polymers 

'NRCC No. 16200. 
'NRCC Research Associate, 1975-1977. 
3NRCC Postdoctoral Fellow, 1971-1973. 
4Address correspondence to this author. 

PO~Y-(L-~YS~~Y)  

poly-(L-lys-L-ala) 

poly-(L-lys-D-ala) 

poly-(L-lys-L-val) 

poly-(L-lys-L-leu) 

poly-(L-lys-L-phe) 

have been synthesized. 
In this paper we describe the synthesis of the 

monomer blocks used for the preparation of the 
polymers and the polymerization conditions 
used. The secondary structure and conforma- 
tional mobility of the polypeptides has also 
been examined by circular dichroism (cd) 
spectroscopy. 

Materials and Methods 
All chemicals were of reagent grade and were used 

directly unless otherwise noted. 
Optical rotations were measured on a Perkin-Elmer 

polarimeter Model 141 in a 1 dm microcell. Methanol 
(MeOH) or glacial acetic acid (HOAc) were used as 
solvents as noted. Melting points were taken on a 
Fisher-Johns melting point apparatus (heated block) and 
are uncorrected. Combustion analyses were determined 
on a Perkin-Elmer CHN analyzer, model 240. Amino 
acid analyses were done on a Beckman automatic 
analyzer, model 120. Amino acid hydrolyses were carried 
out in 6 N HC1 at 110°C for 24 h. 

Circular dichroism spectra were taken on a calibrated 
(9) Cary spectropolarimeter, model 61, in quartz cells 
(path length 0.05 cm). Reported ellipticities are based 
upon the lysine concentration (as determined by amino 
acid analysis). Ultraviolet spectra were taken on a Cary 14 
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recording spectrophotometer in quartz cells (path length 
I cm). 
N"Benzyloxycarbonyl(Cbz)-L-lysine was purchased 

from Pierce Chemicals, Rockford, Illinois. Na-tert- 
Butyloxycarbonyl (Boc)-NLCbz-L-lysine, Na-tert-Boc- 
phenylalanine, and Nu-tert-Boc-leucine monohydrate 
were purchased from Beckman Instruments Co., Palo 
Alto, California. L-Alanine was purchased from Bion 
Biochemicals, Oakville, Ontario, D-alanine from Nutri- 
tional Biochemicals Corporation, Cleveland, Ohio, and 
glycine from British Drug House, England. N-Hydroxy- 
succinimide (HOSu) and dicyclohexylcarbodiimide (DCC) 
were obtained from Fluka AG, Buchs, Switzerland. 

Nu-tert-Boc-leucine monohydrate was rendered an- 
hydrous by repeated dissolution in and evaporation from 
anhydrous benzene. Triethylamine (TEA) was distilled 
from p-toluenesulfonyl chloride and stored under 
nitrogen atmosphere. Dicyclohexylamine (DCHA) was 
distilled prior to use. Dimethylformamide (DMF) was 
purified by treatment with barium oxide, filtration, and 
vacuum distillation. Dimethoxyethane (DME) was 
purified by distillation from lithium aluminum hydride. 
Pyridine was purified by distillation from p-toluenesul- 
fonyl chloride and then lithium aluminum hydride. 
Trifluoracetic acid (TFA) was purified by distillation 
from phosphorous pentoxide. 

Polymer molecular weight (mw) distributions were 
established on the unblocked polymers by dialysis 
against 2% aqueous HOAc in Spectrapor dialysis tubing 
(#3 mw cutoff, 3500; #1 mw cutoff, 6000-8000; and #2 
mw cutoff, 12 000 - 14 000) which had been pretreated as 
directed (sodium sulfide and dilute sulfuric acid). 
Dialyses were performed at room temperature for 18 h. 
Polymer molecular weights were also estimated by thin 
layer gel filtration on Sephadex G-100 (sodium phosphate, 
0.002 M; sodium chloride, 0.05 M; pH 7.0) using ribo- 
nuclease, chymotrypsinogen, and ovalbumin as standards 
(10, 11). Detection was by trinitrobenzene - sulfonic 
acid treatment of a paper replica (12). 

Monomer Preparation 
The monomers used for the synthesis of the poly- 

peptides were prepared according to the procedures out- 
lined in Schemes 1 and 2. Elemental analyses, specific 
rotations ([a],), and melting points are given in Tables 
15*6 and 2. The general procedure for the preparation of 

Cbz 
t-Boc-X-lys-dipeptides (Scheme 1) may be exemplified by 
the synthesis of Nu-t-Boc-phenylalanine-NE-Cbz-L-lysine 
DCHA salt. Ne-Cbz-L-lysine (50 g, 0.18 mol) was sus- 
pended in anhydrous methanol (600 ml) and the mixture 
cooled in a Dry Ice - acetone bath. Thionyl chloride 
(42.4 rr11, 0.59 mol) was added dropwise over 0.5 h with 
rapid stirring. Upon completion of addition the reaction 
clarified. The solution was then warmed to 0-5'C and 
stirred overnight during which time the temperature 
rose to ambient. The solvent was removed in vacuo 

5All elemental analyses were within acceptable limits 
(C -t0.2%, H +0.2%, N +0.3%). 

Topies of Table 1 are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 

Cbz 
I Y  s 

SOCI, 
lMeOH 

Cbz 
HCI-lys OMe IF:, l lCc  

Cbz 
Boc X lys OMe 

Cbz 
Boc X lys 

Boc X lys OSu TFA-Xlys 

l N a H C 0 3  

Cbz Cbz 
Boc X lys X lys 

Cbz Cbz 
BocX lysX lys OSu 

Cbz Cbz 
TFA-Xlys X lys OSu 

1 ( I )  TEA 
(2) HBr-HOAc 

X = phe, leu 

below 30°C and methanol-benzene (1 : 1, 400 ml) added 
and evaporated. The process was repeated three times. 
The residue was shaken with acetone (600 ml) and 

Cbz 
HCl.lysOMe (50 g) collected by filtration. t-Boc-phenyl- 
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N ET AL. 4259 

Cbz 
Boc lys DCHA 

Cbz 
BoclysOSu 1 

Cbz 1 NaHCO, 
Boc lys val OMe L-, D-ala, gly 

\ Cbz 
Boc lys X' 

HOS/ \TFA 
DCC 

Cbz ,/ Cbz 
Boc lys X'OSu TFA. lys X' 

Cbz Cbz 
Boc lys X' lys X' 

Cbz Cbz 
Boc lys X' lys X' OSu 

Cbz Cbz 
TFA-lys X' lys X' OSu 

I ( I )  TEA 
(2) HBr-HOAc 

X' = L-ala, D-ala, gly, val 

Cbz 
alanine (45.5 g, 170 mmol) and HCl.lysOMe (56 g, 
170 mmol) were dissolved in DME-DMF (2:3, 250 ml) 
and cooled in ice. N-Hydroxysuccinimide (19.5 g, 
170 mmol) and triethylamine (23.6 m1, 170 mmol), 
followed by a cooled (0-5°C) solution of dicyclohexyl- 
carbodiimide (DCC) in DME-DMF (2:3, 100 ml), were 
added. After stirring overnight, during which time the 
temperature reached ambient, the mixture was filtered 
and the precipitated dicyclohexylurea washed with cold 

methylene chloride (3 x 1 L). The filtrate and washings 
were combined and concentrated in vacuo. The residue 
was dissolved in ethyl acetate (2 L), filtered, and the 
filtrate washed successively with 0.1 N HCl (cold, 2 e), 
5% sodium bicarbonate (cold, 2 e), and water (cold, 
4 L). The organic layer was dried over sodium sulfate, 
filtered, and evaporated in vacuo. The residue, t-Boc- 

Cbz 
phelysOMe (72.5 g, 79%) was recrystallized from ethyl 
acetate - petroleum ether (30-60°C). 

Cbz 
t-BocphelysOMe (40 g, 74 mmol) was dissolved in 

DME (300 ml) and cooled to 0-5°C. Cold 1 NNaOH 
(74 ml) was added and the temperature allowed to reach 
ambient over a period of 2 h. Cold (0-5°C) sodium 
bicarbonate (5%, 1 t )  was added and the mixture cooled 
in ice and then acidified to p H  2 with cold 1 N HCl. 
The aqueous solution was extracted with ethyl acetate 
(3 x 1 L) and the organic phase dried over sodium sul- 
fate and evaporated to dryness in vacuo. The product 
was taken up in ether (1 L) and dicyclohexylamine 
(15.9 ml, 81 mmol) added. The solution was refluxed on a 
steam bath for 2 h, cooled to room temperature, and 
shaken overnight on a mechanical shaker. The DCHA 
salt was collected by filtration and washed with petrol 
(30-60°C) (yield 71%). 

Cbz 
t-BocleulysDCHA salt was prepared in a similar 

manner from t-Bocleu and HCl.lysOMe (yield 50%). 
The general procedure for the preparation of t- 
Cbz 

Boclys-X dipeptides (Scheme 2) was identical to the re- 
Cbz 

ported (8) synthesis of Na-t-BoclysglyDCHA from Na-t- 
Cbz 

BoclysOSu and glycine in aqueous sodium bicarbonate 
Cbz 

(yield 91%). The couplings of Na-t-BoclysOSu with L- 
and D-alanine were performed in an analogous fashion 
(yields: L 73%; D 63%). The dipeptide r-Boclysval was pre- 

Cbz 
pared from t-Boclys and HCl.valOMe by coupling with 
DCC in the presence of hydroxysuccinimide, hydrolysis 
of the methylester on DME-NaOH(aq.), and isolation 
of the acidic product (yield 90%). 

The general procedure for the preparation of t-Boc- 
Cbz Cbz Cbz Cbz 

X-lys-X-lys or t-Boc-lys-X-lys-X tetrapeptides is exempli- 
Cbz Cbz 

fied by the synthesis of t-Boc-phe-lys-phe-lys and is as 
Cbz 

follows: Nu-t-Boc-phe-lysDCHA (15 g, 21.1 mmol) was 
dissolved in cold (0-5°C) ethyl acetate (250 ml). Cold 
(0-5°C) 0.1 N HCl (230 ml, 23 mmol) was added and the 
mixture stirred vigorously at 0-5°C for 10 min. The free 
acid was extracted into ethyl acetate (3 x 300 ml), dried 
over sodium sulfate, and filtered. The filtrate was divided 
into two equal fractions ( A  and B) and each was con- 
centrated to dryness in vacuo. The residue from A was 
converted to its succinimide ester by dissolution in cold 
(0-5°C) DME-pyridine (95 : 5, 50 ml) followed by the 
addition of N-hydroxysuccinimide (1.2 g, 10.55 mmol) 
and DCC (2.28 g, 10.55 mmol). The mixture was stirred 
at 0-5°C for 6 h, filtered, and the filtrate concentrated 
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TABLE 2. Specific rotations and melting points of starting materials and monomer blocks 

mP (OC) 
 ID (deg) (crystallization solvent) 

Cbz 
HC1.lysOMeb 
HCl.valOMec 

Cbz 
t-BocphelysOMe 

Cbz 
t-BocphelysDCHA 

Cbz 
t-BocleulysDCHA 

Cbz 
t-BoclysvalDCHA 

Cbz 
t-Boclys-L-alaDCHA 

Cbz 
t-Boclys-D-alaDCHA 

dbz  
t-BoclysglyDCHA 

Cbz Cbz 
t-Bocphelysphelys 

Cbz Cbz 
t-BocleulysleulysDCHA 

Cbz Cbz 
t-Boclys-L-alalys-L-ala 

Cbz Cbz 
t-Boclys-D-alalys-D-alaDCHA 

Cbz Cbz 
t-Boclysglylysgly 

+15.0 (c2.19, MeOH) 
+ 23.0 (c 2.04, MeOH) 

- 7.78 (c 2.07, MeOH) 

-3.28 (c 1.95, HOAc) 

-12.76 (c 2.11, HOAc) 

- 8.48 (c 1 .87, HOAc) 

- 10.46 (c 2.14, HOAc) 

- 4.74 (c 1 .96, HOAc) 

- 7.34 (c 2.06, HOAc) 

-12.60 (c 2.17, MeOH) 

- 19.53 (c 1.93, HOAc) 

- 26.75 (c 2.29, MeOH) 

-7.97 (c 1.71, HOAc) 

-12.18 (c 2.05, MeOH) 

116-1 17 (Acetone) 
173-174 (MeOH-ether) 

95-95.5 (EtOAc-petrol) 

86.5-88 (Ether) 

86-88 (Ether) 

74-76 (EtOAc-hexane) 

134-135 (Ether) 

135-138 (EtOAc-petrol) 

141-143 (EtOAc-petrol) 

130-131 (EtOAc) 

103-105 (Ether) 

161-164 (EtOAc) 

114-116 (Ether) 

103-105 (EtOAc) 

@All optically active amino acids are of L configuration unless noted otherwise. 
"Literature (13) mp 117'C, [a], + 16.7'(c 2.0, MeOH). 
CLiterature (13) mp 175'C, [a], +23.5 + 0.5' (c 2, MeOH). 

to dryness in vacuo. The residue from B was treated with 
TFA-CH2Cl, (1 : 1, 40 ml) and let stand at room tem- 
perature for 1 h. Excess ether was added and the solution 
concentrated in vacuo. The residue was triturated with 
ether until the TFA was removed. The residue was dis- 
solved inp-dioxane (150 ml) and added to the succinimide 
ester from A. Water (50 ml) was added and the solution 
cooled (0-5°C). Sodium bicarbonate (1.77 g, 21.1 mmol) 
was added and the solution stirred at 0-5°C for 6 h. The 
product was extracted into ethylacetate (4 x 400ml), 
dried over sodium sulfate, filtered, and concentrated to 
dryness in vacuo. The residue was recrystallized from 
ethyl acetate (5.17 g) (60%). The tetrapeptides (yields in 

Cbz Cbz 
parentheses) t-Boc-lys-val-lys-valDCHA (an uncharacter- 

Cbz Cbz 
ired oil 70%), t-Boc-leu-lys-leu-lysDCHA salt (5474, t- 

Cbz Cbz Cbz Cbz 
Boc-lys-L-ala-lys-L-ala (76z), t-Boc-lys-D-ala-lys-D-ala- 

Cbz Cbz 
DCHA salt (83%), and t-Boc-lys-gly-lys-glyDCHA salt 

Cbz 
(7573 were prepared in a similar manner from t-Boc-lys 

Cbz Cbz 
valDCHA, t-Boc-leu-IysDCHA, t-Boc-lys-L-alaDCHA, 

Cbz Cbz 
t-Boc-lys-D-alaDCHA, and t-Boc-lys-glyDCHA respec- 
tively. 

Activation and Polymerization of the Monomev Blocks 
N-Hydroxysuccinimide esters of the blocked peptides 

were prepared by coupling the free acid (liberated from 
its DCHA salt where necessary) with N-hydroxysuc- 
cinimide using DCC in ice cold DME-pyridine (95:5, 
v/v). After reaction (6 h at 0°C) the urea was fiitered off 
and the solution evaporated. The residue was thoroughly 
dried and treated with an excess of TFA and methylene 
chloride (1 : 1, v/v) (approx. 10 ml/g) at room temperature 
for 2 h. The TFA salt was precipitated by addition of 
10-20 volumes of ether by decantation. The product was 
transferred to a centrifuge tube (50 ml) in methylene 
chloride and the solvent evaporated by a stream of 
nitrogen. 

The TFA-succinimide ester (approximately I g) was 
suspended in cold (0-5°C) DME to make the solution 
1 M in monomer. Triethylamine (3 mol equiv./mol of 
monomer) was added and the mixture stirred rapidly 
with a glass rod. The polymerization was allowed to 
proceed in a desiccator (CaCI,) at room temperature 
overnight after which the gel or viscous solution which 
resulted was diluted with DME to give a monomer con- 
centration of 0.5 M.  The polymerization was allowed to 
continue for an additional 6 days. The polymeric material 
was precipitated by addition of 10 volunles of acidified 
water (1 drop concentrated HCl per litre) and then re- 
covered by centrifugation. The polymer was rewashed and 
then the precipitate washed first with isopropanol 
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(3 x 20 ml) and then with ether (3 x 20 ml). The residue 
was then dried in vacuo over calcium chloride at room 
temperature overnight. 

Blocking Group Removal 
Benzyloxycarbonyl (Cbz) blocking groups were re- 

moved from all polymers with saturated HBr - acetic 
acid (15). The hydrobromide salt was isolated by pre- 
cipitation with ether. The HBr - acetic acid treatment was 
repeated in order to ensure complete removal of all 
blocking groups. The ether-insoluble salt was then washed 
with isopropanol-ether (1 : 10, 20 ml, 2 x ) and then dried 
in vacuo over CaCI,. The extent of blocking group re- 
moval after the two HBr - acetic acid treatments could 
be estimated for all but the phenylalanine containing 
polymer by the residual benzyloxycarbonyl (Cbz) absorp- 
tion at 254 nm (aqueous solution, approximately 2 mg/ml 
( ~ 2 5 4  200 (16)). In all cases greater than 98% of all 
blocking groups were estimated to have been removed. 

Isolation of High Molecular Weight Polymeric Material 
Isolation of polymeric material was accomplished 

using Spectrapor 1 (mw cutoff 6000-8000) dialysis sacs 
except for the (lysval), sample which was isolated using 
Spectrapor 3 (3500 mw cutoff). Dialyses of 50 ml volumes 
(polypeptide concentration approx. 50 mg/ml) were 
performed against 3.5 ! of 2% aqueous acetic acid for 
4 h at room temperature followed by further dialysis 
against a fresh 2% aqueous acetic acid solution (3.5 !) 
overnight. The contents of the sacs were then passed 
through Millipore filters (0.45 p) and lyophillized. 

Results and Discussion 
Synthesis of Monomers and Polypeptides 

The routes for the synthesis of the monomers 
and their polymerization are given in Schemes 
1 and 2. The Na-t-Boc-X-Ns-Cbz-lysDCHA di- 
peptides (Scheme 1) were synthesized by coupling 
the Na-t-Boc-X amino acid with HCl.NE-Cbz- 
lysOMe in the presence of dicyclohexylcar- 
bodiimide and N-hydroxysuccinimide. Hydro- 
lysis of the methyl ester, followed by treatment 
of the resulting acid with dicyclohexylamine 
(DCHA), gave the dipeptide DCHA salts, For 
the synthesis of the Na-t-Boc-NE-Cbz-lys-X 
DCHA dipeptides (Scheme 2) the N-hydroxy- 
succinimide active esters 1 were coupled with D- 
or L-alanine or glycine in aqueous sodium bi- 
carbonate solutions via a backing-off procedure 
(17). In both cases activation via the N-hydroxy- 
succinimide ester was used to  minimize racemiza- 

Cbz 
tion (18, 19). The dipeptide Boclysval was pre- 

Cbz 
pared from Boclys and HClvalOMe by coupling 
with DCC, hydrolysis of the methyl ester and 
isolation of the acidic product. The DCHA salts 
could be obtained from the acidic products in 
good yields and were easily characterized com- 

pounds (Table 2). Conversion of the dipeptides 
into their corresponding tetrapeptides was ac- 
complished by converting one half the material 
into the corresponding succinimide ester, 2, 
while the other half was treated with trifluoro- 
acetic acid to remove the Na-tert-butyloxy- 
carbonyl blocking group. The trifluoroacetate 
salt, 3, was then coupled with 2 in the presence 
of triethylamine. Except for Na-t-Boc-leu-Ns- 
Cbz-lys-leu-NLCbz-lysDCHA and correspond- 
ing valine tetrapeptide all the tetrapeptides gave 
satisfactory combustion analyses. The leucine 
tetrapeptide, however, consistently gave a low 
carbon analysis. To further substantiate its 
structure, a molecular weight determination by 
end group titration (14) was determined to be 
within 1.5% of the calculated value and the 
product also had a leucine-lysine ratio of 0.98. 
Na-t-Boc-Ns-Cbz-lys-val-NE-Cbz-lys-val-DCHA 
was an oil which resisted all attempts at crystal- 
lization and its acid was used directly for the 
polymerization. 

The choice of the tetrapeptide as the min- 
imum size of monomer to be used in the poly- 
merizations was determined by a comparison 
of the yields of unblocked polymeric material 
obtained from the polymerizations of phenyl- 
alanine-lysine di- and tetrapeptides respectively 
(Table 3). Dimethoxyethane was chosen as the 
polymerization solvent because higher yields of 
unblocked high molecular weight material were 
obtained when the polymerization of the TFA 
salt of phe-NE-Cbz-lys-phe-Ns-Cbz-lysOSu was 
compared in DMF, DMSO, and DME (Table 3). 

For the polymerization of other tetrapeptides, 
their acids were activated by conversion to their 
succinimide esters since it has been shown that 
good yields of polymeric material could be ob- 
tained using these esters (20-24). The t-Boc 
blocking group was removed and the resulting 
active ester trifluoroacetate (TFA) used for 
polymerization in dimethoxyethane (DME) 
solution. During polymerization the monomer 
concentration was kept high (- 1 M) in order to 
reduce the formation of cyclic and low molecular 
weight material. After isolation the polymers 
were treated twice with HBr - acetic acid to en- 
sure complete removal of all the benzyloxy- 
carbonyl groups as evidenced by uv absorption 
at 254 nm. The resulting hydrobromide salts 
were isolated in good yields (30-50% yield 
based upon the amount of monomer used). 
Unblocked polymeric materials were finally 
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TABLE 3. Effects of monomer size and polymerization solvent on the preparation of high molecular weight 
poly-(L-lys-L-Phe)" 

% retained 
Polymerization Unblocked 

Monomerc solvent polymer 3500 mw 6000-8000 mw < 12 000 mw 

Cbz 
TFAphelysOSu DMFb Poly-(L-lys-L-phe) - 6 3 

Cbz Cbz 
TFAphelysphelysOSu DMFb Poly-(L-lys-L-phe) 38 15 12 

DMF Poly-(L-lys-L-phe) 34 14 6 
DME Poly-(L-lys-L-phe) 59 33 23 
DMSO Poly-(L-lys-L-phe) 3 1 13 7 

'Dialyses were performed using dialysis tubing (Spectrapor 3 1 and 2 nominal mw cutoff of 3500,600CL8000 and 12 000 - 14 000 respectively). 
Percentages retained by the dialysis sacs were determined by bii~~zing'the polypeptide solutions (approx. 4 mg/ml) against 29, aqueous acetic 
acid for 18 h at room temperature and are based on the lysine concentration solution before and after dialysis. 

C bz 
nPolymerization in the presence of 0.01 mol equiv. of chain terminator HCI IysOMe. 
'All optically active amino acids are of the I configuration unless noted otherwise. 

TABLE 4. Percentage retained on dialysis of the unblocked polypeptides 
and molecular weights of lysine-X polypeptides 

% retained 
by Spectrapor 1 

Polymer dialysis sacn Molecular weightb 

Poly-(L-lys) - 33 000 (78 000-8 200) 
Poly-(L-lys-gly) 49 8 700 (21 700-2 300) 
Poly-(L-lys-L-ala) 51 16 500 (33 500-4 100) 
Poly-(L-lys-D-ala) 45 7 800 (21 500-1 800) 
Poly-(L-lys-L-val) 1 OC <2000 (5400-<2000) 
Poly-(L-lys-L-leu) 71 6 000 (1 3 200-2 200) 
Poly-(L-lys-L-phe) 33 3 200 (9 500-<2000) 

.Percentages retained by the dialysis sac were determined as noted in Table 3. 
bMeasured by gel filtration of the unblocked polypeptide on Sephadex G-100 in 

0.002 M sodium phosphate, 0.05 M sodium chloride, pH 7.0 (10, 11). Ribonuclease, 
chymotrypsinogen, and ovalubumin were.used as standards. Molecular weights were 
unaffected by increasing the sodium chlor~de concentration to 0.15 M. The molecular 
weight was taken as mid-point of a spot detected on paper replica by trinitrobenzene- 
sulfonic acid -borate buffer treatment. Ranges are given in parentheses. 

CDialysis was done using Spectrapor 3 (3500 mw cutoff). 

isolated by dialysis against dilute acetic acid 
(Table 4) and stored as lyophilized powders in a 
desiccator. 

Previous reports have described the prepara- 
tion of a high molecular weight poly-(L-lys-L- 
phe) (25) via the tetrapeptide monomer but 
little experimental detail and no characterization 
of the monomer blocks was reported. In addi- 

poly-(L-lys-L-phe) may not be truly representa- 
tive of their actual molecular weights. It is 
possible that these hydrophobic polymers inter- 
act with the gel employed or adopt non-globular- 
like conformations and thus reduce their mobility 
relative to  the globular standards employed. 
Either effect would lead to  molecular weight 
values much lower than reality. 

tion a poly-(L-lys-L-ala) sample has been syn- 
thesized earlier by an alternate approach (26). Circular Dichroic Spectra 

Circular dichroic s~ec t r a  have been used to 
Polypeptide Molecular Weights 

Molecular weight determinations of the un- 
blocked polymeric material obtained by dialysis 
were checked by gel filtration on Sephadex G-100 
(10, 11) (Table 4). This allowed us to determine 
the molecular weight distribution of each of the 
polymers. I t  should be noted the values obtained 
for poly-(L-lys-L-val), poly-(L-lys-L-leu), and 

investigate the conformation of polypeptides 
and proteins (27). Circular dichroic spectra of 
polypeptides in the various standard conforma-. 
tions are available (28-30) and comparison of 
these with the circular dichroic spectra of the 
sequential lysine-X polypeptides would in- 
dicate which, if any, of the standard conforma- 
tions the synthetic polypeptides adopt. 
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SLOTIN ET AL. 

Xnm Xnm 

FIG. 1. Circular dichroic spectra of the unblocked poly-(L-lys) (A) and poly-(L-lysgly) (B) isolated by 
dialysis against dilute acetic acid (Spectrapor 1): (0) p H  7.0, 0.14 M K F ;  (-) pH 7.0, 1.0 M K F ;  
(---)pH 12.0,0.14 M  KF; (-.-)pH 12.0,l.O M  KF; arrows indicate wavelengths whereellipticities listed 
in Table 5 were taken. 

Circular dichroic spectra under differing con- 
ditions of p H  (7 and 12) and salt concentrations 
(0.14 and 1.0 M) have been taken of each of the 
polypeptides (Figs. 1-3). The ellipticities at 
specific wavelengths and based upon molar 
concentration of lysine are presented in Table 5. 

The spectrum of poly-(L-lys) (Fig. lA), at  low 
and high salt (pH 7.0), is characteristic of an 
extended or disordered conformation (3 1-33) or 
3, helix (34) and shows a slight decrease in 
ellipticity at 215 nm upon increasing the salt 
concentration from 0.14 to 1.0 M (35). When the 
p H  of the solution was changed to 12 in order 
to neutralize the side chain charges, the poly- 
(L-lysine) conformation shifted to that of the a 
helix with the concomitant production of in- 
tense negative bands at 225 and 208 nm (36). 

The conformation of poly-(L-lys-gly) (Fig. 1 B) 
is one of a random coil over the complete salt 
and p H  ranges examined. This is in accord with 
the poly-(L-lys-gly) synthesized from the di- 
peptide monomer and reported earlier (8). 
Thus poly-(L-lys-gly) would appear to be very 

flexible, lacking the rigidity observed in poly-(L- 
1~s) .  

The spectrum of poly-(L-lys-L-ala) (Fig. 2A) 
at low salt and neutral p H  is essentially the same 
as that seen for poly-(L-lys) (Fig. IA). At neutral 
p H  and high salt the poly-(L-lys-L-ala) polymer 
shows a slight tendency towards a-helix forma- 
tion or random coil formation (34) either of 
which may be attributed to a greater charge 
separation making the electrostatic shielding 
of the salt more effective than that observed 
with poly-(L-lys). At p H  12 where the side chain 
charges are neutralized, poly-(L-lys-L-ala) adopts 
the typical a-helical conformation with the 
maximum ellipticities centered at 220 and 208 
nm. Changing the salt concentration from 0.14 
to 1.0 M at this p H  had no effect. This con- 
formational assignment is consistent with optical 
rotatory dispersion studies reported for poly- 
(L-lys-L-ala) of similar size (26) and closely re- 
sembles a series of poly-(L-lys-L-ala) random 
copolymers (37). Poly-(L-lys-L-ala-L-ala) (38) and 
poly-(L-lys-L-ala-L-ala-L-ala) (39, 40) show de- 
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X n m  X n m  

FIG. 2. Circular dichroic spectra of the unblocked poly-(L-lys-L-ala) (A) and poly-(L-lys-D-ala) (B) 
isolated by dialysis against dilute acetic acid (Spectrapor 1); symbols and details as in Fig. 1. 

An m Xnm 
FIG. 3. Circular dichroic spectra of the unblocked poly-(L-lys-L-val) (A) and poly-(L-lys-L-leu) (B) 

isolated by dialysis against dilute acetic acid (Spectrapor 3 and Spectrapor 1 respectively); symbols and 
details as in Fig. 1. 
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TABLE 5. Circular dichroic ellipticities 

EL - ERa 
- 

0.14 M K F  1 .OMKF 

- 

POIY-(L-IYS) 225 +0.34 -4.90 $0.25 -5.17 
Po~Y-(L-~Ys-~~Y) 225 -0.19 -0.13 -0.19 -0.13 
Poly-(L-lys-L-ala) 220 +0.05 -8.34 -2.95 - 8 3 8  
Poly-(L-lys-D-ala) 220 -0.53 -0.18 -0.34 -0.18 
Poly-(L-lys-L-val) 220 -1.48 -4.68 -1.91 -4.56 
Poly-(L-lys-L-leu) 215 -1.67 -7.01 -2.95 -4.70 
Poly-(L-lys-L-phe) 220 +1.31 -1.44 +0.50 -0.15 

'The calculations of AE (EL - ER) are based upon the number of moles of lysine in solution (approximately 
2-4 x M )  as determined by hydrolysis and amino acid analysis. Spectra were first taken at pH 7 in Tris- 
HCl buffer, 0.01 M, at the salt concentrations noted. The solutions were then adjusted to pH 12 with con- 
centrated sodium hydroxide (1 N )  and the spectra measured. All polymeric materials used were obtained by 
dialysis of the unblocked polypeptides against dilute acetic acid. 

finite tendencies towards a-helical conforma- 
tions in conditions of low salt and neutral p H  
but this may be attributed to a more effective 
separation of positive charge than is possible 
with poly-(L-lys-L-ala). 

The spectrum of poly-(L-lys-D-ala) (Fig. 2B) 
suggests that the polymer exists in a random 
coil conformation under all the salt and p H  
ranges examined. This is similar to that ob- 
tained for poly-(L-lys-gly) (Fig. 1B) and, thus, 
indicates this polypeptide is very flexible. 
There does appear to be a bathochromic shift 
of the negative band at 220 nm to 230 nm upon 
increasing the p H  from 7.0 to 12.0 which is not 
seen in the poly-(L-lys-gly) spectrum. However, 
structural assignments based upon completely 
L-amino acid systems as references may not be 
applicable and final conclusions as to the solu- 
tion conformation of poly-(L-lys-D-ala) must 
await further examination of more relevant 
models. 

Poly-(L-lys-L-val) (Fig. 3A) is predominantly 
in a random coil conformation at low and high 
salt at  neutral pH. Increasing the p H  from 7.0 
to 12.0 increases the ellipticity at 220 nm 
(Table 5), suggestive of a slight contribution 
from a P-like conformation. 

Poly-(L-lys-L-leu) (Fig. 3B) is predominantly in 
a random coil conformation at low salt and 
neutral pH. Increasing the salt concentration did 
not affect the cd significantly but at p H  12 (low 
and high salt) the spectrum was characteristic of 
a p-structure. Random copolymers of poly-(L- 
lys-L-leu) show a similar tendency towards 

random coil conformation at low salt and neutral 
p H  with the transition to a p-structure as the 
p H  is raised (41, 42). However, in a series of 
random copolymers where the mole fraction of 
L-leucine went from 0 to 0.41, there was an ap- 
parent transition to a-helical conformation upon 
raising the p H  above 9.8 at low salt (41). 

At p H  12.0 and 0.14 M KF the spectrum of 
poly-(L-lys-L-phe) (Fig. 4) resembles that gener- 
ated by a polypeptide adopting a p-structure and 
is similar in shape but weaker in intensity to that 

X n m  
FIG. 4. Circular dichroic spectra of the unblocked poly- 

(L-lys-L-phe) isolated by dialysis against dilute acetic acid 
(Spectrapor 1 ) ;  symbols and details as in Fig. 1 .  
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reported by Seipke et al. (25). At neutral p H  and 
0.14 or 1.0 M salt the spectrum shows a slightly 
positive ellipticity centered at 220 nm which is in 
direct contrast to the reported cd spectrum of the 
Seipke copolymer in which a slightly negative 
ellipticity is evident at 225 nm. The spectrum 
recorded here (Fig. 4) more closely resembles the 
reported cd of a 1 : 1 random poly-(lys,phe) (43, 
44). I t  is possible that the spectral differences 
among the various polypeptide preparations 
arise from a considerable difference in apparent 
molecular weights (70 000 vs. 3200), a pheno- 
mena which has been previously observed in the 
cd spectra of poly L-lysines of varying sizes (45). 
Although the spectrum resembles that generated 
by a P-structured polypeptide the assignment 
of one of the standard secondary conformations 
based upon the spectral appearance in the 215- 
220 nm region becomes quite difficult due to the 
contribution of the IT-IT* transition of the phenyl- 
alanine chron~phore (46). 
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Erratum: An acidity function based on thiocarbonyl indicators / 
JOHN T. EDWARD, IVAN LANTOS, GARY D. DERDALL, / 

A N D  SIN CHEONG WONG 
Department of Chemistry, McGill University, Montreal, P.Q.,  Canada H3C3GI 

Received October 17,1977 
(Ref.: Can. J .  Chem. 55,812 (1977)) 

Indicator No. 2 in Table 1 is incorrectly identified in the table, in line 3 of the Experimental 
section, and in the legend of Fig. 2. The compound used was 4,5-dimethyl-4-imidazoline-2- 
thione. 
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